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Foreword
JOHN BARTLETT

Professor Emeritus, Johns Hopkins University School of Medicine

Kucers’ encyclopedic report on the current status of virtually 
all antimicrobial agents is testimony to the extraordinary, 
un-ending progress in dealing with infectious diseases. 
Never theless, with unexplored or incompletely pursued 
opportunities, there are formidable challenges ahead. The 
most obvious new challenges and opportunities are anti-
biotic resistance, expanded pursuit of antiviral agents, the 
constant emergence of new infectious disease threats, and, 
possibly, manipulation of the microbiome.

A great advantage of most antimicrobial agents is that 
they are readily available, relatively inexpensive, usually short 
course, and generally well-tolerated. These advantages are 
also economic disincentives for new drug development. The 
result is extensive abuse with progressive increases in resis-
tance rates of nearly all pathogens according to Mendelian 
laws of survival. Antimicrobial resistance has now reached a 
crisis stage with warnings for the “post-antibiotic era”. This 
problem was predicted in the 2006 publication Bad Bugs, 
Need Drugs (Talbot et al., 2006), but the concern was largely 
ignored by the medical community until it was declared a 
“crisis” a decade later by the CDC, WHO, and key world 
leaders, including President Obama (Institute of Medicine 
[US] Forum on Microbial Threats, 2010; Spellberg et al., 2008). 
The response to this crisis has been impressive in terms of new 
products for treatment of diverse infections, including those 
caused by resistant pathogens. For example, the number of 
new antibiotics approved by the FDA decreased to only one 
in the four year period of 2008–2012. This has increased dra-
matically to 10 new antibiotics in the last 4 years! (Gould 
and Bal, 2013). This progress has also included methods to 
dissuade antibiotic abuse with improved diagnostics, multi-
ple evidence-based guidelines, new infection prevention 
methods, and new products to help distinguish bacterial vs. 
non-bacterial infections. In addition, the recent history of 
anti-infective development has expanded in multiple direc-
tions (Carlet et al., 2014)

New agents that are recently FDA-approved or in late stage 
development to improve current care options include those 
active against resistant Gram-negative bacilli (ceftazidime/
avibactam [Mazuski et al., 2016], ceftolozane/tazobactam 
[Popejoyet al., 2017]), S. aureus (tedizolid, dalbavancin 
and  oritavancin), and C.difficile infection (fidaxomicin, 

bezloto xumab, and cadazolid [Bassères et al., 2017]). 
Furthermore, the pipe-line of additional new anti-bacterial 
agents to address resistance is robust, including multiple 
new polymyxins, meropenem/rpx7009, and plazomicin. 
Omadacycline is a member of a new class of antibiotics 
(Aminomethylcyclines) with an extraordinary spectrum 
analogous to that of tigecycline against many antibiotic- 
resistant bacteria (Pfaller et al., 2017), but despite this prom-
ise, it is premature to predict its future role in managing 
infections. 

The unexpected and incredibly successful interventions 
to prevent and treat HIV infection have led to what is now 
the remarkable possibility of near-cure for many patients 
with HIV. Other viral pathogens that were once thought un- 
treatable, but now have effective therapies available, include 
influenza, CMV, RSV, Herpes simplex, H. zoster, hepatitis B, 
and hepatitis C. This appears to be an ever-growing area of 
new drug development—one that is reflected in the hugely 
expanded antiviral section of this edition of Kucers’. Never-
theless, other viral infections have proven more difficult. 
For instance, arborviral infections (Zika, dengue, chikagun-
gunya, and yellow fever) represent great threats in much of 
the world, including the US, in part due to climate change 
(Paules and Fauci, 2017). Although new antiviral agents are 
being developed, experience suggests that mosquito control 
and vaccines are likely to be most effective. The same applies 
to Ebola viral infections that have been so devastating in 
some regions of Africa and elsewhere.

A unique feature of the infectious disease field is the 
constant discovery and emergence of new pathogens, each 
representing a new challenge for detection, treatment, and 
public health control. Examples in the past 30 years include 
Staphylococcus toxic shock syndrome, AIDS, West Nile virus, 
Lyme disease, H5N1 influenza, SARS, MERS-CoV, Legionella, 
Clostridium difficile NAP-1 strain, anthrax (bioterrorism), 
norovirus, iatrogenic fungal meningitis, cryptosporidiosis, 
and, more recently, Candida aris, Ebola, and Zika virus. 
Each of these was unexpected and each presented a need 
for a response that usually included antimicrobial agents 
and/or a vaccine. It would be fair to conclude that major 
pathogen surprises are predictable, but the when, where, and 
what, is not.
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Also important is the relatively recent discovery of the 
human microbiome, which consists of a large community 
of uncultivable bacteria that populate virtually all exposed 
human surfaces, including the oral cavity, gastrointestinal 
tract, skin surface, and genital tract. The specific agents 
include Actinobacteria, Bacteroides, Cyanobacteria, Firmi-
cutes, and Proteobacteria. In general, their role in health and 
disease is poorly understood but in some circumstances 
there appear to be associations with specific chronic condi-
tions including obesity, diabetes, the metabolic syndrome, 
immunity, and some cancers (Marotz and Zarrinpar, 2016). 
It is established that antibiotics and possibly probiotics may 
alter the microbiome, but the utility of this work is in nascent 
development. Of considerable interest in this context is the 
recent progress in the use of fecal transplantation as a mech-
anism to alter the colonic flora (Allegretti et al., 2017), with 
interesting studies in relapsing ulcerative colitis and ridding 
colonic carriage of resistant bacteria, as well as multiple other 
conditions now in treatment trials (Cohen and Maharshak, 
2017).

Great challenges are posed by emerging antibiotic resis-
tance, the unpredictability of new microbial threats, and 
the need for constant development and clinical use of new 
weapons to respond to a diverse array of new issues. This is a 
particularly critical time for an updated edition of Kucers’ 
Use of Antibiotics, the widely-used and authoritative encyclo-
pedia of key anti-infective agents. 
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Foreword to the 6th Edition 
ROBERT C. MOELLERING, JR.

While one generally thinks of antibacterial agents as unique 
and important contributions to the battle against infectious 
diseases in the 20th Century, our modern antimicrobial 
agents are not the first effective drugs to be discovered and 
used to treat human infections. Quinine (as an extract from 
the bark of the cinchona tree initially found in the Andes) 
was discovered and utilized as an effective antimalarial agent 
by Europeans since the 17th Century (Snowden, 2006). It 
played a major role in the colonial expansion of the European 
powers thereafter and it, not Salvarsan, was really the first 
‘‘magic bullet’’ of antimicrobial chemotherapy. Moreover, 
when one tracks back through history one finds that agents 
with antibacterial activity such as copper salts, honey grease, 
and myrrh were used for topical wound therapy (with no 
understanding of the basis for wound sepsis, of course) dat-
ing back to the time of the ancient Egyptians in 2500 BC 
and the Greeks and Romans thereafter (Majno, 1975). The 
ancient Chinese employed mouldy soybean curd which likely 
contained antimicrobial activity against wound pathogens as 
well (Majno, 1975). Nonetheless the bulk of the effort to dis-
cover antimicrobials and to learn the mechanisms by which 
they produce selective activity against microbes without 
harming their human hosts is a unique contribution of the 
20th Century, beginning with Paul Ehrlich’s discovery and 
clinical application of Salvarsan in the first decade of this 
century (Moellering, 1995). The flowering of research in 
antibacterials reached its zenith in the 1980’s when many 
new agents were brought to clinical use and some ‘‘experts’’ 
including yours truly raised the possibility that the plethora 
of such agents might overwhelm the clinicians trying to dis-
cover their appropriate use (Murray and Moellering, 1981). 
However, these concerns have proven to be short lived and 
totally incorrect. Since then there has been a steady decline 
in the discovery and licensing of new antibacterial agents. 
The reasons for this are legion, but among them are the fact 
that most of the obvious bacterial targets for antimicrobials 
have been discovered and exploited; the fact that the cost of 
bringing new drugs to the market has skyrocketed; and the 
fact that there are increasing regulatory hurdles in certain 
countries including the United States (Talbot et al., 2006). 
Add to this the fact that worldwide there is increasing resis- 

tance to antimicrobial agents among key bacterial pathogens 
and one has the basis for a looming crisis.

But all is far from bleak. The discovery and successful 
application of antiviral chemotherapy is a particularly bright 
spot. Fifty years ago it was thought that it would be virtually 
impossible to develop antiviral agents with selective toxicity 
because of the unique ability of viruses to invade and take 
over replication of molecular processes in mammalian cells. 
When the AIDS era began in the early 1980’s, this diagnosis 
was a virtual death sentence. The remarkable basic virology 
which led to a literal deconstruction and reconstruction of 
the HIV virus allowed the discovery of numerous potential 
points of attack and provided the basis for the discovery of a 
panoply of new agents, many studied in well-designed pub-
licly funded trials that have demonstrated their efficacy in 
HIV infections. Indeed, the present edition of this textbook 
details 27 chapters on new antiviral agents directed at HIV. 
The use of these drugs has now converted AIDS from a uni-
versally fatal disease to a chronic disease controlled for years 
by effective antiviral agents and allowing a normal or near 
normal lifespan for many of its victims. Similar if somewhat 
less dramatic progress is being made in the discovery and 
development of other antiviral agents as well as new anti-
fungal and antiparasitic agents which are well documented 
in this textbook.

In an era when large textbooks are in danger of becoming 
dinosaurs, Kucers’ ‘‘The Use of Antibiotics’’ stands out. It 
brings together in 258 chapters and two large volumes a 
compendium of information on antimicrobial agents which 
is unmatched. A book which began as a single-authored tour 
de force by Alvis Kucers has evolved into a multi-authored 
therapeutic encyclopedia. The addition of antiparasitic agents 
in this edition means that it now covers the whole of antimi-
crobial therapy. It maintains the clinical bent which made the 
original Kucers texts so valuable for the physician dealing 
with infections, and incorporates enough basic science to be 
useful to microbiologists and researchers in the field as well. 
I am unaware of any textbook which provides such compre-
hensive coverage of the field and doubt that this work will 
be surpassed in the foreseeable future, if ever! My congrat-
ulations to Lindsay Grayson, his co-editors, and all of the 
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authors of chapters in this remarkable contribution to the field 
of antimicrobial therapy. It is a monumental achievement!
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Obituary

DR. ALVIS KUCERS

4/10/1933–15/2/2007
Dr Alvis Kucers, one of Australia’s leading infectious diseases physicians, whose 
seminal textbook on the use of antibiotics became the cornerstone of clinicians’ 
libraries for more than 30 years, has died of disseminated melanoma. He was 73.

Born in Latvia, Kucers arrived in Melbourne from war-torn Europe in 1950, 
aged 16 and unable to speak English. When introduced by the headmaster to his 
new year 11 class at University High School, he was mistakenly announced to the 
other students as planning to do medicine (in fact, he meant to say ‘‘law’’, but got 
the English words muddled). Two years later he graduated with honours and a 
sporting award for soccer.

Despite the initial confusion in his career choices, he decided to study medicine 
after all and graduated second in his year from Melbourne University in 1957. He 
completed his residency at Royal Melbourne Hospital, then trained as a specialist 
physician while working at Fairfield Hospital. Soon after he was appointed as a 
junior clinician at Fairfield.

In 1968, the director, Dr John Forbes, encouraged Kucers to undertake a three-
month hospital-funded trip to the US; both men believed the US approach of 
training infectious diseases physicians, rather than the European focus on training 
clinical microbiologists, was likely to become important.

Kucers was impressed with the US approach but recognised some confusion 
regarding how best to use the new antibiotics that were being rapidly developed at 
that time. When he returned from his study tour in 1969, he wrote an antibiotic 
booklet to assist trainee doctors in understanding how best to use these agents.

Forbes recognised the value of Kucers’ clear, practical writing style for practis-
ing clinicians and encouraged him to publish the first edition of Use of Antibiotics 
in 1972.

Kucers regularly attended key international meetings, where he was highly 
respected for his authoritative comments on practical issues relating to the use of 
antibiotics. He was appointed to a number of World Health Organization commit-
tees to advise on antibiotic use in developing countries, and he helped develop the 
current ‘‘Essential Drug List’’—a key guide for national health departments.

Kucers updated his Use of Antibiotics through five editions (the last in 1997) 
and made sure that all the contracts and details were signed off for the forthcom-
ing sixth edition. In writing Use of Antibiotics, he was an incredible taskmaster for 
himself and others who worked with him. For those of us who had the great honor 
of co-writing the fifth edition with him, he was tremendously supportive and 
encouraging, while being totally dogged, self-disciplined and single-minded in his 
insistence on consistency of style, format and meeting chapter deadlines.

The worldwide recognition achieved by Use of Antibiotics is a total credit to 
Kucers.

In 1981, he took over as director of medical services at Fairfield Hospital follow-
ing the mass resignation of senior medical staff due to administration problems. 
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His appointment calmed the many political tensions and the 
following 10 years under his leadership became a key time 
for the hospital as it took on a leading national role in man-
aging the emerging HIV-AIDS epidemic, assessing new anti-
HIV drugs and caring for the many infected patients who 
were often suffering discrimination in other hospitals.

For Victorian public health, those were the glory years, 
with the then chief health officer, Dr Graham Rouch, and 
Kucers providing an impressive media tag-team; the public 
was calmly informed of the important facts, and the steps 
being put in place to manage the issue. Many Victorian 
health ministers slept soundly at night because of the skill, 
honesty and authority of these two men.

The early 1990s, however, were a more difficult period, 
with the concerted and ultimately successful government 
attempt to close Fairfield Hospital. To Kucers, Fairfield’s clo-
sure highlighted the lack of understanding about the hospi-
tal’s importance to infectious diseases training and the public 

health of Victorians. Generations of Melbourne and Monash 
university medical students benefited from the infectious 
diseases training they received from Kucers and other key 
staff at Fairfield.

Kucers was a tremendous mentor for trainee infectious 
diseases registrars, encouraging them to look beyond 
Australia’s shores to widen their experience.

In recognition of his contribution to Australasian infec-
tious diseases, in 2002 he was made a life member of the 
Australasian Society for Infectious Diseases.

He is survived by his longtime partner, Anne Smith, who 
nursed him tirelessly in his difficult last months, his brother, 
son and daughter.

The Age, Wednesday March 7, 2007

Professor M. Lindsay Grayson, 
President, Australasian Society for Infectious Diseases
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Hail the Greats

WILLIAM (BILL) A. CRAIG

1939–2015
Born in Arkansas City, Kansas, Bill Craig graduated from Haverford College, PA, 
with a major in mathematics, and later a medical degree from Tufts Medical School, 
MA, (1965) before entering the US Army during the Vietnam War. After complet-
ing a 3 year tour of duty in Germany he left the Army as a Major, receiving the 
Army Commendation Medal. In 1970 Bill returned to the University of Wisconsin 
to complete his residency and a fellowship in the newly emerging specialty of 
infectious diseases. In 1973 he joined the UW faculty as a founding member of the 
new infectious disease division and later served as Chief of Infectious Diseases and 
Associate Chief of Staff for Education at the VA.

Bill was well known for his ability to combine both excellent laboratory work 
and a deep understanding of the realities of clinical microbiology, infectious 
diseases, and practical use of antibiotics. Bill’s seminal work was on the pharma-
codynamics of antibiotics, a field that is now a cornerstone of new antibiotic 
development and usage. He established key concepts such as the critical role of the 
time during which the beta-lactam serum concentration remains above the MIC 
and the importance of the AUC24/MIC ratio as the main driver for efficacy for 
most other antibiotics; as well as the critical role of protein binding. These features 
are now recognised as being essential in the assessment and optimization of usage 
of all antibiotics and are now mandatory for registration of novel antibiotics by the 
U.S. Food and Drug Administration, the European Medicines Agency, and most 
other regulatory bodies. He was instrumental in founding the International Society 
of Anti-Infective Pharmacology (ISAP), a group around which much of the science 
of antimicrobial pharmacodynamics-pharmacokinetics has evolved. In this, he 
showed a remarkable ability to share and guide, to the benefit of many people. He 
was also an active editor for Antimicrobial Agents and Chemotherapy and a past 
chairman of the program committee of the Interscience Conference on Anti-
microbial Agents and Chemotherapy (ICAAC), demonstrating his outstanding 
commitment to optimizing the development and use of antibiotics and to main-
taining high-quality science. Bill will be dearly missed but his work lives on.



xxxviii Hail the Greats

JOSEPH (JOEP) LANGE

1954–2014
Joep studied at the University of Amsterdam where he gained his medical degree 
in 1981 and his PhD in 1987. He served as Chief of Clinical Research and Drug 
Development, Global Program on AIDS, World Health Organization (1992–1995) 
and as President of the International AIDS Society, (2002–2004). 

An infectious diseases physician, clinical virologist and researcher, he is re - 
membered for his early work in HIV pathogenesis and his global contributions to 
HIV medicine through his vision and leadership. These especially included early 
pivotal clinical trials in combination antiretroviral therapy and studies to prevent 
mother-to-child transmission, as the founder of PharmAccess (2001) for pioneer-
ing the provision of affordable health care and access to antiretroviral therapy 
in Africa, and as the founder of the Amsterdam Institute for Global Health and 
Development. He made the oft-quoted comment “If we can get cold coca-cola and 
beer to every remote corner of Africa it should not be impossible to do the same with 
drugs”. He was known and respected for his deep commitment to people with HIV 
infection, his strong sense of equity and justice, his intellect, scholarship and 
expertise, his advocacy and his compassion. 

Joep and his partner and colleague Jaqueline van Tongerin died when Malaysia 
Airlines flight MH17 was shot down by Russian-backed forces near Hrabove, 
Ukraine, en route to the International AIDS Conference in Melbourne in 2014. He 
is sadly missed by his friends and colleagues.

ALAN JON MAGILL

1953–2015
Alan Magill received his M.S. from University of Rhode Island (1978), and M.D. 
from Baylor College of Medicine (1984) before joining the Army and working at 
Walter Reed Army Medical Center in Washington, DC, where he specialized in 
leishmaniasis and malaria research. He became Head of Parasitology at the U.S. 
Navy’s Medical Research Center in Peru (1996–1999), and later worked at the U.S. 
National Institutes of Health as head of clinical research for the malaria vaccine 
development unit. After a further term as Science Director at Walter Reed, and 
a posting at the Defense Advanced Research Projects Agency (DARPA) dealing 
with bioterrorism, Alan joined the Bill & Melinda Gates Foundation (2012), where 
he worked as Director of Malaria Programs, as well as on other critical health 
issues, including Ebola. 

Alan was a member of the ICAAC Program Committee, past President of 
the International Society for Travel Medicine and penultimate President of the 
American Society of Tropical Medicine and Hygiene. He often represented these 
infectious disease, travel and tropical medicine communities at policy forums in 
Washington DC.

Alan was passionate about the concept of malaria elimination and his com-
mitment was infectious and inspiring to all who worked with him. He managed 
to excel in many diverse roles including ward attending physician, research and 
development director, and global program leader. Alan’s last and perhaps greatest 
accomplishment was to devise a global malaria elimination strategy for the Bill & 
Melinda Gates Foundation ensuring that many of his ideas will carry on towards 
the ultimate goal of malaria extinction. His untimely death from a heart attack, 
shocked the international health community, but his legacy in focusing on key 
parasitological infections lives on.
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ROBERT (BOB) C. MOELLERING, JR.

1936–2014
Born in Lafayette, Indiana, Bob Moellering received his medical degree from Har-
vard Medical School (1962) and trained at Massachusetts General Hospital, before 
joining the MGH staff and HMS faculty. He was Shields Warren-Mallinckrodt 
Professor of Medical Research at HMS and Chair of the Department of Medicine 
at the Deaconess Hospital from 1981 until its merger with Beth Israel Hospital in 
1996; and soon after became Physician-in-Chief and Chairman of the Department 
of Medicine at Beth Israel Deaconess Medical Center (BIDMC). 

Bob had broad interests in infectious diseases, antibiotic development, and 
antibiotic resistance—and was especially adept at extracting clinical guidance from 
studies on the interface of clinical microbiology and infectious diseases. He was 
particularly interested in the Enterococcus and was the first to describe the mecha-
nism of bactericidal synergism between cell wall-active penicillin and ribosome- 
targeting streptomycin against enterococci, a phenomenon whose clinical application 
increased cure rates for enterococcal endocarditis from ~40% to greater than 80%. 
He studied vancomycin and linezolid as new agents and analyzed the emergence 
of resistance that followed their clinical use. Bob’s insights helped to shape the 
development of numerous other antimicrobials. 

Bob’s prominence within the field was acknowledged by a series of highly 
prestigious awards, including the Garrod Medal from the British Society for 
Antimicrobial Chemotherapy, the Feldman and Maxwell Finland Awards from the 
Infectious Diseases Society of America (IDSA), the Hoechst-Roussel Award from 
the American Academy of Microbiology, the Maxwell Finland Award for Scientific 
Achievement from the National Foundation for Infectious Diseases, the Alexander 
Fleming Award for Lifetime Achievement from IDSA, and the Yen Memorial Award 
from the International Society for Chemotherapy. He served as President of IDSA 
(1991), Chair of the ICAAC Program Committee (1980–82) and for 10 years was 
Editor-in-Chief of Antimicrobial Agents and Chemotherapy, during which the 
journal grew enormously in stature and influence. Bob was a great supporter of 
“Kucers: The Use of Antibiotics”, writing the Foreword for the 6th edition.

Perhaps Bob’s most enduring legacy will be the extraordinary impact he had on 
the large number of trainees who were privileged to learn from him (including two 
editors of this textbook). Who can forget his warm sense of humour, his humility 
and his commitment to equality, meritocracy and social justice. He is sadly missed.

RAGNAR NORRBY

1943–2014
Ragnar Norrby received his medical degree and PhD at the University of Göteborg, 
Sweden, and after a 2 year period at the research laboratories of Merck Sharp & 
Dome in New Jersey, was appointed as Professor and Chairman of the Department 
of Infectious Diseases at Ůmea University, and subsequently at the University 
of Lund. In 2001 he was appointed Director General of the Swedish Institute for 
Infectious Disease Control in Stockholm, a key government organization, which 
led him to deal with many complex situations, including issues related to child-
hood vaccination, HIV infection and epidemic influenza. He placed special emphasis 
on the control of antibiotic resistance and the introduction of population-based 
vaccines for children. His calm and sensible responses to these situations were 
always impeccable and a benchmark for others. 

In addition to being an outstanding clinician, Ragnar had many research inter-
ests ranging from studies of Lyme disease in Sweden, clinical treatment trials, 
pharmacokinetics of new antimicrobial agents, and studies of new vaccines. He 
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held many important appointments including the Presidencies of the Swedish 
Society of Medicine, the Swedish Society for Infectious Diseases, the European 
Society for Clinical Microbiology and Infectious Diseases, the International 
Society for (Antimicrobial) Chemotherapy and the Board of Trustees of the 
International Vaccine Institute in Seoul, Korea. He combined a warm and gener-
ous personality with a determination to seek for excellence in every organization 
that he was associated with. He was an outstanding co-editor of the 6th edition 
of “Kucers: The Use of Antibiotics” and many features of his eloquent writing style 
persist in chapters in the 7th edition of this text.

MARK WAINBERG

1945–2017
Professor Mark Wainberg, the highly-regarded, Canadian HIV researcher and 
activist, drowned in rough waters when holidaying in Bal Harbour, Florida with 
his family, on April 11, 2017. He was aged 71. Mark was Professor of Microbiology 
and Immunology at McGill University and Director of the McGill University 
AIDS Centre at the Montreal Jewish General Hospital.

Dr Wainberg was a Science undergraduate of McGill University Montreal 
(1966) and obtained his PhD at Columbia University, New York (1972). One of his 
many contributions to HIV research and patient care was his early co-discovery of 
the antiretroviral activity of lamivudine, a drug that was a key component of early 
combination regimens and one that has remained an important part of treatment 
globally to this day. His pioneering work as a molecular virologist on antiretroviral 
drug resistance, identifying critical mutations and the mechanisms that resulted 
in resistance, underpinned recognition of the crucial need for combination anti-
retroviral therapy. 

As President of the International AIDS Society and Co-Chair of the XVI 
International AIDS Conference in Durban South Africa, his activism against the 
denialist attitudes of South African president Thabo Mbeki heralded the global 
push to provide access to antiretroviral drugs and care. Indeed Mark told Mbeki 
that it was shameful he wasn’t providing life-saving HIV drugs to the people of his 
country. Later reflecting on his career Mark felt his political contributions out-
weighed his scientific discoveries. 

Dr Wainberg’s numerous professional and civilian awards and honors included 
Officer of the Order of Canada (2001), Officer of the National Order of Quebec, 
and induction into the Canadian Medical Hall of Fame, a fellow of the Royal 
Society of Canada and chevalier in the Légion d’Honneur of France.

Mark will be greatly missed not only personally and professionally, but also for 
his humour (including love of Jewish jokes), his friendship, his fearlessness, and 
his proclivity for fine wine. Over his career he has mentored a generation of sci-
entists, a legacy to the field. He has been described as a “giant of HIV science” by 
Michel Sidibe, the executive director of UNAIDS and, indeed, Mark was larger 
than life.
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Preface

As with previous editions of this defining reference work, 
this 7th edition begins with an inaccuracy. The title The Use 
of Antibiotics should really be The Use of Antimicrobials, as 
we have endeavored to describe the critical details and clini-
cal use of all available antimicrobials—antibiotics, antifungals, 
and antiparasitic and antiviral agents. Since the last edition, 
there has been massive growth in some areas, such as antivi-
ral agents, where the number of highly effective compounds 
available to treat HIV and viral hepatitis has increased enor-
mously, as has the use of combinations of key drugs. For anti-
biotics, the development pipeline has unfortunately slowed 
significantly, but new beta-lactamase inhibitors and some new 
cephalosporins and their combinations have been important 
additions. Similarly, there has been a growth in new anti- 
tuberculous agents, as well as new quinolone and fluoro-
quinolone drugs. Nevertheless, the emergence and spread 
of antimicrobial resistance (AMR) has increased dramati-
cally since the 6th edition of this textbook—thereby high-
lighting for clinicians the importance of better understanding 
the drugs they are prescribing.

We have continued the standardized approach to each 
drug that was introduced in the 6th edition, with the aim of 
making information access easier for the busy clinician. This 
is greatly aided by the electronic version that accompanies 
the print edition, with its search functions, cross-referencing 
among chapters, and hyperlinking to key references. Further-
more, unlike previous editions where we launched immedi-
ately into the details of key drugs, we have included a number 
of introductory chapters to “set the scene.” 

Chapter 1 provides an overview of human antimicrobial 
use, including the importance of key parameters, such as 
pharmacokinetics/pharmacodynamics, in understanding a 
drug’s likely efficacy. In addition, the growth in inappropriate 
antimicrobial usage demands an increasing focus on good 
“antimicrobial stewardship” to ensure that these indispens-
able compounds are used wisely. Infection control activities 
to limit the spread of AMR are also an essential component 
of any containment strategy. Since the vast majority of anti-
microbial use is now actually in agriculture/aquaculture 
rather than in human medicine, we have included in Chapter 
2 an overview of this paradox and tried to summarize the key 

similarities and differences between the agents used in these 
areas and those used to treat humans. In common with many 
others, we consider a “One Health” approach to antimicro- 
bial use to be a critical feature of any future strategies to con-
trol AMR. For clinicians reading this text, we hope this will 
assist in understanding the interrelatedness of antimicrobial 
usage, whether it is in humans, animals, agriculture, or aqua-
culture. There has probably never been a more important 
time for adherence to the World Health Organization’s list of 
“Critically important antimicrobials for human medicine.”

The editorial team for the 7th edition has remained largely 
unchanged, but with some notable additions. Sara Cosgrove 
has taken over the beta-lactam and anti-tuberculosis sections, 
following the death of Ragnar Norrby, while William Hope 
has taken responsibility for the antifungal section. Many 
thanks to Michael Pfaller for his role in the 6th edition and 
ongoing authorship contributions in this edition.

Since the 6th edition, a number of key colleagues and con-
tributors to this text have died—in some cases, such as Joep 
Lange and Mark Wainbergh, in totally unpredictable and 
horrific circumstances. While for Bob Moellering, Ragnar 
Norrby, Bill Craig, and Alan Magill nature sadly had its way. 
These giants of antimicrobial development and use are recog-
nized in a new section “Hail the Greats.” We trust our descrip-
tion of their contributions somehow captures the truth. For 
each of the editors of this 7th edition this section was an 
important addition, since we have all been deeply influenced 
by their respective contributions to medicine and, in many 
cases, to our individual careers. 

In preparing the 7th edition, we were very aware of how 
many have argued that traditional textbooks and reference 
works are no longer necessary, given the growth of the inter-
net and the online search capabilities offered via PubMed 
or Medline. It is our view, however, that there is now simply 
so much information available that texts such as this are 
uniquely placed to help collate these data and to make sense 
of it all for the experienced and less experienced reader alike—
we hope we have achieved this.

Of course, the 7th edition would not be possible without 
the hard work and commitment of the international cast 
of distinguished authors, the eight section editors and the 
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patience of staff at Taylor and Francis, including Jo Koster, 
Amy Martin, and Kay Conerly, plus the production team led 
by Barbara Chernow, including Carol Pierson, Candace Levy, 
and Kathy Patterson.

For those of us who had the good fortune and honor 
to train with Dr Alvis Kucers and to become his colleague 
and friend, we hope we have been able to live up to the high 
standards he always demanded—to focus on the important 
clinical issues that relate to patient care, to balance the impor-
tant anecdote with the randomized double-blind trial, and to 
describe the data in a way that is interesting and useful to 
health professionals who treat patients. 

Alvis Kucers was a very special person—we hope he 
would be happy with the 7th Edition, which is again named 
in his honor.

M. Lindsay Grayson, MD
Editor-in-Chief
Infectious Diseases and Microbiology Department,  
 Austin Health
Department of Medicine, University of Melbourne,
Melbourne, Australia
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Abbreviations

3TC lamivudine
5FC 5-flucytosine/flucytosine
5-FU 5-fluorouracil
5-FUMP 5-fluoruridine monophosphate
5-HT1 serotonin 5-hydroxytryptamine (5-HT1) 

receptor agonists
6-APA 6-aminopenicillinic acid 
7-ACA  7-aminocephalos-poranic acid

AAA abdominal aortic aneurysm
AAAAI American Academy of Allergy, Asthma and 

Immunology 
AAC aminoglycoside acetyltransferase
AAE antibiotic-associated encephalopathy 
AAG alpha-acid glycoprotein
AAUCMB average area under the curve minus baseline
ABC abacavir
ABC ATP-binding cassette
ABCD amphotericin B colloidal dispersion
ABECB acute bacterial exacerbation of chronic 

bronchitis
ABLC amphotericin B lipid complex
ABPA allergic bronchopulmonary aspergillosis
ABS acute bacterial sinusitis
ABSSSI acute bacterial skin and soft structure 

infection
ACh acetylcholine
AchE acetylcholinesterase
ACT artemisinin-based combination therapy
ACTH adrenocorticotropic hormone
ACV-MP aciclovir monophosphate
AD Alzheimer disease
ADH alcohol dehydrogenase
ADI acceptable daily intake
ADP adenosine diphosphate 
ADR adverse drug reaction 
ADV adefovir
AE adverse event
AECB acute exacerbations of chronic bronchitis
AECOPD acute exacerbation of chronic obstructive 

pulmonary disease
AGEP acute generalized exanthematous pustulosis 
Agr accessory gene regulator
AHFS American Hospital Formulary Service
AIDS acquired immune deficiency syndrome
AIN acute interstitial nephritis 

AKI acute kidney injury
ALP alkaline phosphatase 
alpha-APA alpha-anilinophenylacetamide
ALT alanine aminotransferase
AM alveolar macrophage
AMB/AmB amphotericin B deoxycholate
AME aminoglycoside-modifying enzyme
AMI acute myocardial infarction
AML acute myelogenous leukemia
AMOX amoxicillin 
AMOX-C amoxicillin–clavulanic acid 
AMP ampicillin 
AMP/S ampicillin–sulbactam
AMR antimicrobial resistance
AMS antimicrobial stewardship
ANC500 absolute neutrophil count > 500/mm3

ANSORP Asian Network for Surveillance of Resistant 
Pathogens

AOM acute otitis media
APC alkylphosphocholine
AQP aquaglyceroporin
ARC AIDS-related complex
ARC augmented renal clearance
ARDS acute respiratory distress syndrome
ARI acute respiratory infection 
ARN acute retinal necrosis
Arr ADP-ribosyltransferase
ART antiretroviral treatment
AS-PCR allele-specific PCR
AST aspartate aminotransferase
ATP adenosine triphosphate
ATS American Thoracic Society
ATV atazanavir
AUC area-under-the-concentration-time curve
AUC0–24 area-under-the-concentration-time curve 

from 0 to 24 hours
AWARE Assessing Worldwide Antimicrobial 

Resistance Evaluation
AZT zidovudine

BAC benzalkonium chloride
BAL bronchial alveolar lavage
BCG bacillus Calmette-Guérin
BCRP breast cancer resistance protein
BHAP bisheteroarylpiperazine
BHIVA British HIV Association
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BHV bovine herpesvirus
BI bolus infusion
BLBLI beta-lactam/beta-lactamase inhibitor
BLNAR beta-lactamase negative, ampicillin resistant
BLNAS beta-lactamase negative, ampicillin susceptible
BLPACR beta-lactamase positive, ampicillin–

clavulanate resistant
BLPAR beta-lactamase positive, ampicillin resistant
BMD bone mineral density
BMI body mass index
BMT bone marrow transplant
BOACT bismuth, omeprazole, amoxicillin, 

clarithromycin, tinidazole
BORSA borderline oxacillin-resistant S. aureus 
BOS bronchiolitis obliterans syndrome
BOTMO bismuth, omeprazole, ofloxacin, tetracycline, 

metronidazole
BPAA 4-biphenyl-acetic acid
BrdU bromodeoxyuridine
BrinCDV brincidofovir
BSA burned surface area
BSAC British Society for Antimicrobial 

Chemotherapy
BSI bloodstream infection
BSO buthionine sulfoximine
BSS balanced salt solution
BV bacterial vaginosis
BVDU bromovinyl deoxyuridine

CABG coronary artery bypass graft
CABP community-acquired bacterial pneumonia
cAMP cyclic adenosine monophosphate
CA-MRSA community-acquired MRSA
CAP community-acquired pneumonia
CAPD continuous (chronic) ambulatory peritoneal 

dialysis
CAR constitutive androstane receptor
CARA Canadian Antimicrobial Resistance Alliance
cART combined antiretroviral treatment
CAS Chemical Abstracts Service
CAT chloramphenicol acetyltransferase
CAVH continuous arteriovenous hemodialysis
CAVHD continuous arteriovenous hemodiafiltration
CBP clinical breakpoint
CBP chronic bacterial prostatitis
CC50 50% cytotoxicity concentration
CCC chronic chagasic cardiomyopathy
cccDNA covalently closed circular DNA
CCHF Crimean-Congo hemorrhagic fever
CCPA chronic cavitary pulmonary aspergillosis
CCs clonal complexes 
CD conventional dosing
CDAD Clostridium difficile-associated diarrhea
CDC Centers for Disease Control and Prevention
CDI Clostridium difficile infection
CDV cidofovir

CE clinically evaluable (outcome)
CEC contaminant of emerging concern
CERT control-related effective regrowth time
cEVR complete early virological response
CF cystic fibrosis
CFU colony forming unit
cfr chloramphenicol-florfenicol resistance (cfr) 

methyltransferase gene
CFR cumulative fraction of response
CFT complement fixation text
CHB chronic hepatitis B
CHD congenital heart disease
ChE cholinesterase
CHMP EU Committee for Medicinal Products for 

Human Use
CHSS chlorhexidine-silver sulfadiazine
CHV caprine herpesvirus
CI confidence interval
CI continuous infusion
CL clearance
CLABSI central line-related bloodstream infection
CL/F total body clearance
CLM cutaneous larva migrans
CLSI Clinical and Laboratory Standards Institute
CLV clevudine
CM cryptococcal meningitis
CMAS cyclopropane mycolic acid synthase
Cmax peak serum concentration
cmITT clinical modified intent-to-treat
CMMG 9-carboxymethoxymethylguanine
CMS colistin methanesulfonate
CMV cytomegalovirus
CNS central nervous system
CoNS coagulase-negative staphylococci
COLEP contact transmission and chemoprophylaxis in 

leprosy
COPD chronic obstructive pulmonary disease
CPE-RA cytopathic effect reduction assay
CPIS clinical pulmonary infection score
CPK creatine phosphokinase
CRBSI catheter-related bloodstream infection
CrCl creatinine clearance
CRE carbapenem-resistant Enterobacteriaceae
CRF chronic renal failure
CrI credible interval
CRP C-reactive protein
CRRT continuous renal replacement therapy
CSF cerebrospinal fluid
cSSSI complicated skin and skin structure infection
CT computed tomographic/tomography
CTLs cytotoxic T-lymphocytes 
cUTI complicated urinary tract infection
CV% mean steady-state Cavg

CVVH continuous venovenous hemofiltration
CVVHD continuous venovenous hemodialysis
CVVHDF continuous venovenous hemodiafiltration
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CVVHF continuous venovenous hemofiltration
CXA-101 ceftolozane
CYP cytochrome P-450

D4T stavudine
D5W 5% dextrose injection
DAA direct-acting antiviral
DAPY diarylpyrimidine
DAVGx difference in average at week x
DCL diffuse cutaneous leishmaniasis
dCPT deoxycytidine triphosphate
ddI 2′,3′-dideoxyinosine
DDVP dichlorvos (2,2-dichlorovinyl dimethyl 

phosphate)
DDT dichlorodiphenyltrichloroethane
DEC diethylcarbamazine
DEXA dual-energy X-ray absorptiometry
DFI diabetic foot infection
DFMO difluoromethylornithine
dGTP dideoxyadenosine triphosphate
DHBV duck hepatitis B virus
DHFR dihydrofolate reductase
DHFS dihydrofolate synthase
DHHS Department of Health and Human Services
DHP-1 dehydropeptidate-1
DHPS dihydropteroate synthetase
DHS delayed hypersensitivity
DILE drug-induced lupus erythematosus
DILI drug-induced liver injury 
DMPC l-α-dimyristoylphosphatidylcholine 
DMPG l-α-dimyristoylphosphatidylglycerol 
DMSO dimethyl sulfoxide
dNTP deoxyribonucleotide triphosphate
DOL dolutegravir
DOTS Directly Observed Treatment, Short course
DRESS drug reaction with eosinophilia and systemic 

symptoms 
DRM drug resistance mutation
DRV darunavir
DST drug susceptibility testing
DTG dolutegravir

EA essential agreement
EAP Expanded Access Program
EARS-Net European Antimicrobial Resistance 

Surveillance Network
EASC extended-spectrum AmpC
EBA early bactericidal activity
EBV Epstein-Barr virus
EC effective concentration
ECF extracellular fluid
ECG electrocardiogram
ECIL European Conference for Infections in 

Leukemia
ECMO extracorporeal membrane oxygenation
ECOFF epidemiological cut-off

ECV epidemiological cutoff values
ED50 medial effective dose
EDD extended daily dialysis
EDTA ethylenediaminetetraacetic acid
EEFIC epidemic European fusidic acid-resistant 

impetigo clone
EF elongation factor
EFA early fungicide activity
EF-G elongation factor G
EFV efavirenz
eGFR estimated glomerular filtration rate
EHV equine herpesvirus
EIR extended intestinal release
ELF epithelial lining fluid
EM extensive metabolizer
EMA European Medicines Agency
EMEA European Medicines Agency
ENL erythema nodosum leprosum
EOT end of therapy; end of treatment
EPO erythropoietin
EORTC European Organization for the Research and 

Treatment of Cancer
ERCP endoscopic retrograde 

cholangiopancreatography
ERDF efficacy-related discontinuation equals failure
ERPF effective renal plasma flow
ERS European Respiratory Society
ESBL extended-spectrum beta-lactamase
ESC extended-spectrum cephalosporin
ESCMID European Society of Clinical Microbiology 

and Infectious Diseases
ESR erythrocyte sedimentation rate
ESRD end-stage renal disease
ETEC enterotoxigenic strain of E. coli
ETV entecavir
EUCAST European Committee on Antimicrobial 

Susceptibility Testing
EV71 enterovirus 71

FAERS FDA Adverse Event Reporting System
FAS fatty acid synthase
FAS full analysis set
FASII type II fatty acid dehydratase complex
fAUC free area under the concentration-time curve
fAUC/MIC ratio of the free area under the concentration-

time curve ( f ) over the MIC
FDA (U.S.) Food and Drug Administration
FDC fixed-dose (fixed-drug) combination
FDE fixed-drug eruptions 
FEV1 forced expiratory volume in 1 second
FFS film-forming solution
FGF fibroblast growth factor
FHV feline herpesvirus
FICI fractional inhibitory concentration index
FIV feline immunodeficiency virus
FLA free-living amoeba
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F/M fetal/maternal
FOS foscarnet
FPD French Pharmacovigilance Database
FSH follicle-stimulating hormone
FTC emtricitabine
FTV fortovase

G-6-P glucose-6-phosphate
G6PD glucose-6-phosphate dehydrogenase
GABA gamma-aminobutyric acid
GABHS group A beta-hemolytic streptococcus
GAE granulomatous amoebic encephalitis
GAIN Generating Antibiotic Incentives Now (GAIN) 

Act
GAS group A streptococcal
GBS group B streptococci
G-CSF granulocyte colony-stimulating factor
GCV GANCICLOVIR
GES Guiana extended-spectrum
GFP-RA green fluorescence reduction assay
GFR glomerular filtration rate
GGT gamma-glutamyltransferase
GI gastrointestinal
GIQ genotypic inhibitory quotient
GIS genotypic interpretation system
GISA glycopeptide-intermediate resistant 

Staphylococcus aureus
GluCl glutamate-gated chloride channel
GLUT1 glucose transporter type 1
GM geometric mean
GM-CSF granulocyte-macrophage colony-stimulating 

factor
GPCMV guinea pig cytomegalovirus
GPI glucose-6-phosphate isomerase 
GRADE Grading of Recommendations, Assessment, 

Development, and Evaluations
GRD glycopeptide resistance detection
GR-PAS gastro-resistant delayed-release granule 

formation of the free base of PAS
GT genotype
GVHD graft-versus-host-disease

HA hemagglutinin
HAART highly active antiretroviral treatment
HABP hospital-associated bacterial pneumonia
HACEK bacteria Haemophilus spp., Aggregatibacter spp., 

Cardiobacterium hominis, Eikenella corrodens, 
Kingella spp.

HAI histology activity index
HAI hospital-acquired infection
HA-MRSA hospital-acquired MRSA
HAP hospital-acquired pneumonia
HAT human African trypanosomiasis
Hb hemoglobin
HbA1c hemoglobin A1c
HBeAg hepatitis B e antigen
HBIg hepatitis B immunoglobulin

HbsAG hepatitis B surface antigen 
HBV hepatitis B virus
hCABP hospital-treated community-acquired bacterial 

pneumonia
HCAP healthcare-associated pneumonia
HCC hepatocellular carcinoma
HCMV human cytomegalovirus
HCT hematopoietic cell transplant
HCV hepatitis C virus
HD high-dose
HDL high-density lipoprotein
Hdos/Ldur high-dosage/long-duration
HDP host defense peptide 
HE hepatic encephalopathy
HEE human ewingii ehrlichiosis
Hep-2 human epithelial type 2 (cell)
hERG human ether-à-go-go-related gene
HFS hollow fiber system
HGA human granulocytic anaplasmosis
hGISA heterogenous glycopeptide-intermediate 

Staphylococcus aureus
Hib Haemophilus influenzae type b
HIV human immunodeficiency virus
Hla alpha-hemolysin 
HLA human leukocyte antigen
HLAR high-level aminoglycoside-resistant
HLGR high-level gentamicin resistance
HLH hemophagocytic lymphohistiocytosis
HME human monocytic ehrlichiosis
HMG-CoA 3-hydroxy-3-methylglutaryl-coenzyme A
hOAT human organic anion transporter
HOMA-IR homeostasis model assessment insulin 

resistance index
hPEPT-1 human intestinal peptide transporter 1
HPLC high-performance liquid chromatography
HPLC-MS high-pressure liquid chromatography and 

mass spectrometry
HR hazard ratio
hsCRP high-sensitivity C-reactive protein
HSCT hematopoietic stem cell transplant
HSIL high-grade squamous intraepithelial lesion
HSR hypersensitivity reaction
HSV herpes simplex virus
HTLV1 human T-lymphotropic virus type 1
HUS hemolytic uremic syndrome
hVISA heterogeneous vancomycin-intermediate 

Staphylococcus aureus
HVS herpesvirus saimiri

IAI intraabdominal infection
IAP intrapartum antimicrobial prophylaxis
IARC International Agency for Research on  

Cancer
IATCG International Antimicrobial Therapy 

Cooperative Group
IBD inflammatory bowel disease
IBS irritable bowel syndrome
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IBS-D diarrhea-predominant irritable bowel 
syndrome 

IC invasive candidiasis
IC50 half-maximal inhibitory concentration
ICE-PCS International Canada Endocarditis-

Prospective Cohort Study
ICH International Conference on Harmonization
ICU Intensive Care Unit
IDSA Infectious Diseases Society of America 
IDV indinavir
IE infective endocarditis
IE intermediate early (region)
IFI invasive fungal infection
IgG immunoglobulin G
IgM immunoglobulin M
IL interleukin
i.m. intramuscular(ly)
IM infectious mononucleosis 
IMI imipenem-hydrolyzing
IMPDH inosine monophosphate dehydrogenase
IND indinavir
INH isoniazid
INR international normalized ratio
INSTI integrase strand-transfer inhibitor
i.p. intraperitoneal 
IPC infection prevention and control
IPC inositol phosphoceramide
IPT isoniazid preventive therapy
IPTi intermittent preventive therapy of malaria in 

infants
IPTp intermittent preventive therapy of malaria 

during pregnancy
IQR interquartile range
IRF interferon regulatory factor
IRT inhibitor-resistant TEM
IS insertion sequence
ISG interferon-stimulated gene
ISHLT International Society for Heart and Lung 

Transplantation
ISO International Organization for Standardization
ITT intent to treat
IU international unit
i.v. intravenous(ly)

KatG catalase peroxidase
Ki inhibition constant
KPC Klebsiella pneumoniae carbapenemase
KSHV Kaposi sarcoma-associated herpesvirus

LAAM1 levo-alpha acetylmethadol
LABD laryngeal abductor paralysis
LAmB liposomal amphotericin B
LC-MS liquid chromatography-tandem mass 

spectrometry
LD lethal dose
LDH lactate dehydrogenase
LDL low-density lipid protein

LDos/Sdur low-dosage/short-duration
LF lymphatic filariasis
LFT liver function test
LH luteinizing hormone
L-J Lowenstein-Jensen
LMV lamivudine
LPS lipopolysaccharide
LPV lopinavir
LRTI lower respiratory tract infection
LTBI latent tuberculosis infection
LTR long terminal repeat

MA meglumine antimoniate
MAC multicenter AIDS cohort
MAC Mycobacterium avium complex
MALDI matrix-assisted laser desorption-ionization
MALDI-TOF matrix-assisted laser desorption-ionization 

time of flight mass spectroscopy
MALT mucosa-associated lymphoid tissue
MAO monoamine oxidase
MAOIs monoamine oxidase inhibitors
MARS molecular adsorbent recirculating system
MATE multidrug and toxic compound extrusion
MAX maximal concentration
MBBC minimum biofilm bactericidal concentration
MBC minimal bactericidal concentration
MBIC minimum biofilm inhibitory concentration
MBL metallo-beta-lactamase
MCMV murine cytomegalovirus
MDA mass drug administration
MDM minor determinant mixture 
MDR multidrug-resistant
MDR-TB multidrug-resistant tuberculosis
ME microbiologically evaluable (outcome)
MEC minimum effective concentration
MEF middle ear fluid
MELAS mitochondrial encephalomyopathy, lactic 

acidosis, and stroke-like episodes (syndrome)
MELD model for end-stage liver disease
MFC minimum fungicidal concentrations
MFS major facilitator superfamily
MGA meglumine antimoniate
MGE mobile genetic element
MHC major histocompatability complex
MHE minimal hepatic encephalopathy
MHV murine gamma herpesvirus
MIC minimum inhibitory concentration 
microITT microbiological intent-to-treat
mITT modified intention to treat
ML mucocutaneous leishmaniasis
MLC minimum lethal concentration
MLS macrolide-lincosamide-streptogramin
MLSB macrolide-lincosamide-streptogramin B
MLST multilocus sequence typing 
MMAD mean mass aerodynamic diameter 
MMF mycophenolate mofetil
MMP matrix metalloproteinase
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MODS microscopic observation drug susceptibility 
(assay)

MPC mutant prevention concentration
MPE maculopapular exanthems 
MPS mitochondrial protein synthesis
MPS mononuclear phagocytic system
MRI magnetic resonance imaging
MRP multidrug resistance-related protein
MRSA methicillin-resistant Staphylococcus aureus
MRSE methicillin-resistant Staphylococcus 

epidermidis
ms millisecond
MS mass spectrometry
MSF Médecins sans Frontières
MSM men who have sex with men 
MSSA methicillin-susceptible Staphylococcus aureus
MSSE methicillin-susceptible Staphylococcus 

epidermidis
MSW mutant selection window
MTCT mother-to-child transmission
MYSTIC Meropenem Yearly Susceptibility Test 

Information Collection

NA neuraminidase
NAAT nucleic acid amplification test
NAC N-acetylcysteine
nACh nicotinic acetylcholine
NAD nicotinamide adenine dinucleotide
NADPH nicotinamide adenine dinucleotide phosphate
NAG N-acetyl-glucosaminidase
NAI neuraminidase inhibitor
NAL-R resistance to nalidixic acid 
NARTI nucleoside analog reverse transcriptase 

inhibitor
NAT2 N-acetyltransferase 2
NCEP National Cholesterol Education Program
NDA New Drug Application
NDM-1 New Delhi metallo-beta-lactamase 1
NEC necrotizing enterocolitis
NECT nifurtimox-eflornithine combination therapy
NFV nevirapine
NMC nonmetallocarbapenemase
NMDA N-methyl d-aspartate
NMP N-methylpyrrolidine
NNRTI nonnucleoside reverse transcriptase inhibitor
NNT number needed to treat
NOAELs no observed adverse effect levels
NOEL no observed effect level
NOTA nonoperative treatment for acute appendicitis 
NPV negative predictive value
NRTI nucleoside reverse transcriptase inhibitor
NTM nontuberculosis mycobacteria
NTPFS National Typhoid and Paratyphoid Fever 

Surveillance System
NTR NADH-dependent type I nitroreductase
NVS nutritionally variant streptococci 

OAI osteoarticular infections
OATP organic anion-transporting polypeptide
OBR optimized background regimen
OBS optimized background score
OCP oral contraceptive pill
OCT organic cation transport
ODC ornithine decarboxylase
OI opportunistic infection
OMP outer membrane protein
OPAT outpatient parenteral antibiotic therapy
OP-MRSA other-phenotype MRSA
OR odds ratio
OS-MRSA oxacillin-susceptible, methicillin-resistant 

S. aureus 
OTC over-the-counter
ODI optical density index

PABA p-aminobenzoate; para-aminobenzoic acid
PAE postantibiotic effect
PAFE postantifungal effect
PAM primary amoebic meningoencephalitis
PAM proton-pump inhibitor (PPI) + AMOX + 

metronidazole 
PAM pulmonary alveolar macrophages
PAMZ pyrazinamide with pretomanid and 

moxifloxacin
PAP population analysis profile
PAS paraaminosalicylic acid
PA-SME postantibiotic sub-MIC effect
PBDE polybrominated diphenyl ethers
PBMC peripheral blood mononuclear cells
PBP penicillin-binding protein
PC phosphatidylcholine
PCP or PJP Pneumocystis jirovecii (formerly P. carinii) 

pneumonia
PCR polymerase chain reaction
PD peritoneal dialysis
PD pharmacodynamic
PDA progenitor-derived astrocyte
PDIM phthiocerol dimycocerosate
PDVF protocol-defined virologic failure
PEG-IFN pegylated interferon
PenS penicillin-susceptible
PenNS penicillin-nonsusceptible
PEP postexposure prophylaxis
PEPFAR President’s Emergency Plan for AIDS  

Research
PFGE pulsed-field gel electrophoresis
PFOR pyruvate:ferredoxin oxidoreductase
Pfpmt P. falciparum phosphoethanolamine 

methyltransferase
PGP p-glycoprotein
PI protease inhibitor
PID pelvic inflammatory disease
PK pharmacokinetic
PKC protein kinase C
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PKDL post kala-azar dermal leishmaniasis
PK-PD pharmacokinetic-pharmacodynamic
PLEASE Persistent Lyme Empiric Antibiotic Study 

Europe
PLGA poly lactic-co-glycolic acid
PM poor metabolizer
PMA postmenstrual age
PML progressive multifocal leukoencephalopathy
PMMA polymethylmethacrylate
PMN human polymorphonuclear leukocyte
PNP purine nucleoside phosphorylase
PO by mouth
POR pyruvate oxidoreductase
PORT Pneumonia Outcomes Research Team
PP per protocol
PPc clinical per-protocol
PPD purified protein derivative
PPI proton pump inhibitor
PPL penicilloyl-polylysine 
PPS per-protocol analysis
PPV positive predictive value
PR pegylated interferon and ribavirin
PRC plaque-reducing concentration
PrEP preexposure prophylaxis
PROM preterm rupture of the membranes 
PRP pentamidine resistance protein
PRSP penicillin-resistant Streptococcus pneumoniae
PSA prostate-specific antigen
PSGL-1 P-selectin ligand
PSI pneumonia severity index
PSMαs alpha-type phenol-soluble modulins 
PSSP penicillin-susceptible S. pneumoniae
PT prothrombin time
PTA probability of target attainment
PTC peptidyl transferase center
PTE post-therapy (post-treatment) evaluation
PTLD posttransplant lymphoproliferative disorders
PTT partial thromboplastin time
PTRE post-treatment reactive encephalopathy
PVL Panton-Valentine leukocidin
PWID people who inject drugs
PXR pregnane X receptor

QDST quantitative drug sensitivity testing
QIDP qualified infectious disease product
QOL quality of life
QRDR quinolone resistance-determining region
QTc QT corrected
QTcF Fridericia’s corrected QT interval

R resistant
RAE reactive arsenical encephalopathy
RAM resistance-associated mutation
r/ATZ ritonavir-boosted lopinavir
RAV resistance-associated variant
RCMV rat cytomegalovirus

RCT randomized controlled trial
RD recommended dose
RFMP restriction fragment mass polymorphism
RIA radioimmunoassays
RLS restless leg syndrome
RM score resistance mutation score
RNA ribonucleic acid
RND resistance-nodulation-division
ROCM rhino-orbital-cerebral mucormycosis
ROM rifampicin, ofloxacin, and minocycline
ROS reactive oxygen species
RpsA ribosomal protein S1
RPTEC renal proximal tubule epithelium cell
RPV rilpivirine
RR risk ratio
RRDR rifampicin resistance-determining region
rRNA ribosomal ribonucleic acid
RRP recurrent respiratory papillomatosis
RR-TB rifampicin-resistant-TB
RSV rhesus rhadinovirus
rtPCR reverse transcription polymerase chain 

reaction
RTV ritonavir

S susceptible
SA sialic acid
SAE serious adverse event
SAPS II Simplified Acute Physiology Score II
SBA Serum bactericidal activity
SBECD sulfobutylether-β-cyclodextrin
SBP spontaneous bacterial peritonitis
s.c. subcutaneously
SCAR severe cutaneous adverse reaction 
SCC staphylococcal cassette cartridge
SCE sister chromatid exchange
SCID severe combined immunodeficiency
SCIO Scoring Clinical Index for Onychomycosis
SCr serum creatinine
S-CR serum creatinine
s.d. standard deviation
SDD selective decontamination of the digestive 

tract
SDD susceptible dose dependent
SDRIFE symmetrical drug-related intertriginous and 

flexural exanthema
SE squalene epoxidase
SGOT serum glutamic oxaloacetic transaminase 
SGPT serum glutamic pyruvic transaminase 
SHE Syrian hamster embryonic (cells)
SHEA Society for Healthcare Epidemiology of 

America
SHIV simian/human immunodeficiency virus
SIBO small intestinal bacterial overgrowth
SIRS systemic inflammatory response syndrome
SIV simian immunodeficiency virus
SJS Stevens-Johnson syndrome
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SLED sustained low-efficiency dialysis
SLS Sjögren–Larsson syndrome
SME Serratia marcescens enzyme
SME sub-MIC effect
SMR small multidrug resistance
SNAEs serous non-AIDS events
SNPs single nucleotide polymorphisms
SPC summary of product characteristics
SPE A streptococcal pyrogenic exotoxin A
SPF specific pathogen free
SQT sequential therapy
SQV saquinavir
ss steady state
SSD silver sulfadiazine
SSG sodium stibogluconate
SSP sequence specific primer
SSPE subacute sclerosing panencephalitis
SSPH severe symptomatic postural hypotension
SSRIs selective serotonin reuptake inhibitors
SSSI skin and skin structure infection
SSTIs skin and soft tissue infections
ST serotype
STAR Surveillance of Tedizolid Activity Resistance  

(program)
STD sexually transmitted disease
STI sexually transmitted infection
STT standard triple therapy
SUDD symptomatic uncomplicated diverticular 

disease
SVR sustained virologic response
SVV simian varicella virus

t½ half-life
TAF tenofovir alafenamide
TAM thymidine analog mutation
TB tuberculosis
TBSA total body surface area
TBTC Tuberculosis Trials Consortium
TBW total body weight
TCVC tunnelled central venous catheter
TDF tenofovir disoproxil fumarate
TDM therapeutic drug monitoring
TdP torsades de pointes
tds total dissolved solids
TEAE treatment-emergent adverse event 
TEN toxic epidermal necrolysis
TEST Tigecycline Evaluation and Surveillance Trial
TFV tenofovir
THF tetrahydrofolic
THF tetrahydrofuran
TIBO tetrahydroimidazobenzodiazepinone
TJD tendon/joint disorder
TK thymidine kinase
TKN thymidine kinase-negative
TLOVR time to loss of virologic response
tmax mean time to peak plasma concentration

TMP-SMX trimethoprim-sulfamethoxazole
TNF tumor necrosis factor
TNF-α tumor necrosis factor alpha
TOC test of cure
TPN total parenteral nutrition
Tp-Te transmural dispersion of polarization
TPV tipranavir
TRDF treatment-related discontinuation equals 

failure
tRNA transfer RNA
TS thymidylate synthase
TSH thyroid-stimulating hormone
TSST-1 toxic shock syndrome toxin 1
TURBP transrectal ultrasound-guided biopsy of 

prostate
TVT tension-free vaginal tape
TW treatment week

UC ulcerative colitis
UDP uridine diphosphate
UFR ultrafiltration flow rate
UGT uridine diphosphate-glucuronosyltransferase
ULN upper limit of normal
U-MDT uniform multidrug therapy
UMP uridylate
UPRT uracil phosphoribosyltransferase
URM ultra-rapid metabolizer
URTI upper respiratory tract infection
USP United States Pharmacopeia
uSSSI uncomplicated skin and skin structure 

infection
UTI urinary tract infection
UV ultraviolet

VABP ventilator-associated bacterial pneumonia
VAP ventilator-associated pneumonia
Vd volume of distribution
Vdss volume of distribution at steady state
VEGF vascular endothelial growth factor
V/F volume of distribution
VGCV valganciclovir
VGS viridans group streptococci
VISA vancomycin-intermediate-resistant 

Staphylococcus aureus
VL viral load
VL visceral leishmaniasis
VLM visceral larva migrans
VPA valproic acid
VRE  vancomycin-resistant enterococci
VREF vancomycin-resistant E. faecium
VRSA vancomycin-resistant Staphylococcus aureus
Vss volume of distribution at steady state
VVC vulvovaginal candidiasis
VZV varicella-zoster virus

WBA whole blood activity
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WGS whole genome sequencing
WHO World Health Organization
WHV woodchuck hepatitis virus
Wnt wingless-related integration site

XDR extensively drug resistant
XDR-TB extensively drug-resistant TB

ZDV zidovudine
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Principles of Antimicrobial Use

M. Lindsay Grayson, Sara E. Cosgrove, Suzanne M. Crowe, James S. McCarthy, William Hope, 
John Mills, Johan W. Mouton, David L. Paterson

The emergence of antimicrobial resistance (AMR) and its 
linkage to misuse of antimicrobial agents, highlights the 
need to better understand the key features of their action and 
use. These principles apply equally to human, animal, and 
agricultural settings because it is clear that antimicrobial use 
has increased dramatically in all sectors over the past decades 
(WHO, 2012; WHO, 2015; Van Boeckel et al., 2014; Van 
Boeckel et al., 2015; O’Neill, 2016). This chapter will focus 
primarily on human antimicrobial use, and nonhuman use 
is discussed elsewhere (see Chapter 2, Use of Critically 
Important Antimicrobials in Food Production).

The key principles of antimicrobial use include choosing 
the correct drug for the indication, at the correct dose for the 
individual conditions (site of infection, patient age and organ 
[renal, hepatic] function, drug interactions) and for the 
appropriate duration (based on site and severity of infec-
tion). Some national guidelines have expanded these princi-
ples to the simple acronym MIND ME (Table 1.1) (Antibiotic 
Expert Group, 2014). However, this does not fully address all 
the variables that should be considered when prescribing 
antimicrobials, with issues such as prophylaxis vs. therapeu-
tic use and empiric vs. directed therapy also being important 
(Antibiotic Expert Group, 2014). In fact, it is often a misun-
derstanding of these latter issues that is commonly associ-
ated with inappropriate prescribing and excess drug usage 
(WHO, 2001; WHO, 2012; Pulcini et al. 2012; Davies, 2013; 
Laxminarayan et al., 2013). 

Improved knowledge regarding the key pharmacokinetic 
(PK) and pharmacodynamic (PD) indices of antimicrobials 
has made a significant difference to our understanding of 
drug efficacy in various body sites and the potential to 
develop resistance among key pathogens. This is particularly 
true for antibiotics, antifungals and some antivirals for which 
drug penetration into certain so-called sanctuary sites, such 
as the brain, eye, prostate, and bone, is variable, depending 
on the drug’s structure and the impact of the host inflam-
matory response on drug permeability (Antibiotic Expert 
Group, 2014). Furthermore, improved understanding of a 
drug’s key PK-PD features helps define the optimal means 
of dosing. The obvious example is the aminoglycosides, for 
which it is recognized that efficacy is associated with the 
area-under-the-concentration-time curve (AUC) rather than 
time above the minimum inhibitory concentration (MIC) 
(time-dependent activity) and that this feature allows for 
effective once-daily aminoglycoside therapy, while mini-
mizing renal- and ototoxicity. Similarly, beta-lactams are 
increasingly being administered as a prolonged or continu-
ous infusion because their efficacy is time dependent. The 
search for PK-PD relationships to reduce emergence of resis-
tance is still in its infancy, but it is increasingly evident that 
the duration of treatment as well as suboptimal dosing are 
correlated to emergence of resistance (Mouton et al., 2011).
However, a clear understanding of the PK-PD features for 
many commonly used drugs, particularly older agents that 

Table 1.1. Appropriate prescribing acronym MIND ME

M Microbiology guides therapy wherever possible.

I Indications should be evidence based.

N Narrowest spectrum therapy preferred.

D Dosage individualized to the patient and appropriate to the site and type of infection.

M Minimize duration of therapy.

E Ensure oral therapy is used when clinically appropriate.

Source: Modified from Antibiotic Expert Group (2014), with permission.
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Table 1.2. PK/PD indices of various drug classesa

Antimicrobial class

PK-PD index (comment)

Time-dependent 
activity Concentration-dependent activity

Time above MIC AUC AUC/MIC ratio Uncertain

Antibiotics All beta-lactams Aminoglycosides Tetracyclines/doxycycline

Vancomycin/teicoplanin Trimethoprim

Daptomycin (or Cmax/MIC) Sulfonamides (possibly T > MIC) 

Fluoroquinolones Fusidic acid

Macrolides Fosfomycin

Metronidazole/tinidazole Chloramphenicol

Telavancin/dalbavancin/
oritavancin

Methenamine 

Minocycline Nitrofurantoin

Tigecycline Lincomycin/clindamycin

Polymyxin/colistin (uncertainty 
depending on pathogen)

Linezolid (both T > MIC and 
AUC/MIC have correlated in 
various studies)

Quinupristin–Dalfopristin

Anti-TB agents Thiacetazone Isoniazid Pyrazinamide

Rifampicin (or Cmax/MIC) Rifaximin

Streptomycin/
kanamycin (similar 
to other 
aminoglycosides)

Ethambutol (or Cmax/MIC) Rifapentine (probably similar to 
rifampicin)

Paraaminosalicylic acid (PAS)

Ethionamide/prothionamide

Capreomycin

Cycloserine

Antifungals Triazoles Polyenes (Amphotericin) (possibly 
Cmax/AUC)

Echinocandins (or Cmax/MIC) Flucytosine

Antiparasitic drugs Atovaquone (some 
uncertainty) 

Spiramycin (some uncertainty) Chloroquine

Nifurtimox (some 
uncertainty)

Quinine

Lumefantrine (? 
halofantrine)

Mefloquine

Primaquine

Piperaquine

Proguanil/chlorproguanil

Artemisinins

Nitazoxanide

Paromomycin

Suramin/eflornithine/melarsoprol

Ivermectin

Praziquantel

Albendazole/mebendazole/
thiabendazole

Miltefosine.

Pentamidine

aAntiviral agents not included due to limited data.
Abbreviations: AUC/MIC, ratio of the area-under-the-concentration-time curve divided by the MIC of the target pathogen; Cmax/MIC, ratio of the maximum 

serum drug concentration divided by the MIC of the target pathogen; PK-PD, pharmacokinetic-pharmacodynamic; T > MIC, time above MIC.
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are no longer under patent protection, remains less well 
defined—doxycycline, fosfomycin, and artesunate being some 
notable examples (Muller et al., 2015). In comparison, many 
of the newer antibiotics and some antiretroviral and antihep-
atitis drugs are better understood because it was recognized 
early in their development that this issue was important for 
drug efficacy and tolerability (Günthard et al., 2016; Smolders 
et al., 2016; Raffe and Fisher, 2015; Stockmann et al., 2015; 
Pau and George, 2014; Barreiro et al., 2014; de Kanter et al., 
2014; Carpenter et al., 2000). A summary of the PK-PD indi-
ces of various drug classes is shown in Table 1.2.

The emergence of drug resistance is a natural evolution-
ary function of most microbes but is aided by exposure to 
sublethal drug concentrations. Thus a drug’s PK-PD indices 
are important for defining optimal dosing, but these can 
become irrelevant if there is poor patient adherence to the 
prescribed dosing regimen or when there is frequent inad-
vertent clumsy subtherapeutic drug administration, as is 
found in some agricultural sectors such as food animals and 
aquaculture. For humans, the practicality of a drug’s dosing 
(e.g. once or twice daily) and its tolerability are critical fea-
tures to ensure adherence and hence avoidance of emergence 
of resistance. A key example is the requirement for strict dos-
ing adherence (≥ 97%) for antiretroviral agents if resistance 
is to be avoided (Günthard et al., 2016; Carpenter et al., 
2000). Yet human factors such as forgetfulness, social isola-
tion/depression, undereducation, ill-health, and chaotic life-
styles challenge clinicians to employ the simplest practical 
regimens that maximize adherence, even if it may be at the 
price of some perceived efficacy advantage (Carpenter et al., 

2000; Nathanson et al., 2010; Laxminarayan, 2014). Some 
diseases such as tuberculosis (TB), particularly multidrug 
resistant (MDR) and extensively drug resistant (XDR) strains, 
which require complex, multidosing regimens to achieve any 
chance of cure, are therefore innately difficult to treat effec-
tively and encourage researchers to improve drug formula-
tions to minimize pill burden. Furthermore, the structure of 
drug treatment programs, as well as their establishment and 
maintenance, becomes critical for diseases such as TB and 
HIV infection, especially in underresourced countries where 
the disease burden is also often high (Nathanson et al., 2010; 
Schaecher , 2013; Brennan et al., 2014; Laxminarayan, 2014). 
Critical features of appropriate antimicrobial availability and 
delivery have been reviewed by the WHO and others (WHO, 
2001; WHO, 2012; WHO, 2015; Davies, 2013; Laxminarayan 
et al., 2016a; Laxminarayan et al., 2016b; O’Neill, 2016).

Thus the importance and need for good so-called anti-
microbial stewardship (AMS) has never been greater, both 
for human and nonhuman use, particularly for antibiotics and 
antifungal agents. In human health, there remains a paradox 
between poorer nations, where there is inadequate availabil-
ity to quality antimicrobials, and other regions, where there 
is ready access to inexpensive (some would argue, too cheap) 
antibiotics, such that there is gross inappropriate overusage 
(Laxminarayan, 2014; Van Boeckel et al., 2014; Laxminar- 
ayan et al., 2013; Gelband et al., 2015; Laxminarayan et al., 
2016a; Laxminarayan et al., 2016b; see Figure 1.1). For many 
nations, the establishment of AMS programs, to improve 
both in-hospital and community-based antibiotic prescrib-
ing has therefore become a key priority. However, changing 

Figure 1.1. Estimates of global antibiotic consumption by class in 2000 and 2010. From Van Boeckel et al. (2014), with 
permission.
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human behavior (both the prescriber and the patient) can 
be difficult and often takes time, not to mention political 
commitment. Nevertheless, an improved understanding of 
what features are important in effective AMS programs has 
evolved (Cosgrove et al., 2014; Nussenblatt et al., 2013; File et 

al., 2011; Gerber et al., 2014; Spellberg et al., 2016; Fleming-
Dutra et al., 2016; Barlam et al., 2016; Schuts et al., 2016; see 
Table 1.3).

Concerning, however, is the current rapid pace of emerg-
ing AMR both in terms of the rise of new resistant clones and 

Table 1.3. Summary of the characteristics and efficacy of selected antimicrobial stewardship (AMS) strategies

Intervention factors

Antimicrobial stewardship activity

Preprescription approval Postprescription review and feedback Clinical practice guidelines

Advantages Reduces initiation of unnecessary and 
inappropriate antibiotics

Can increase visibility of AMS program 
and build collegial relationships

Institution specific

Optimizes empiric choices and 
influences subsequent use

More clinical data available for 
recommendations, potentially 
enhancing uptake by prescribers

Often well received by other 
providers

Prompts review of clinical data and 
previous cultures at time of initiation 
of therapy

Can be undertaken less frequently 
(e.g. nondaily) if resources are 
limited

Direct control over antibiotic use Greater flexibility in timing of 
recommendations

Provides mechanism for rapid 
response to antibiotic shortages

Can address deescalation of antibiotics 
and duration of therapy

Potentially decreases antibiotic costs, 
especially high-cost agents (e.g. 
antifungals)

Prescriber autonomy maintained

Provides educational benefit to 
clinicians

Disadvantages Impacts on use of restricted agents 
only

Compliance voluntary Dissemination of knowledge does 
not guarantee behavior change

Potential loss of prescriber autonomy Typically labor-intensive

Affects initial empiric use more than 
downstream use

Success depends on delivery method 
of feedback to prescribers

May delay therapy Prescribers may be reluctant to 
change therapy if patient is doing 
well on current therapy

Effectiveness depends on skill of 
approver

May take longer to achieve reductions 
in targeted antibiotic use

Real-time resource intensive Interventions may require information 
technology support and/or 
purchase of computerized surveil-
lance systems

Potential for manipulation of system 
(e.g. presenting request in a biased 
manner to gain approval)

May cause prescribers simply to shift 
to other antibiotic agents and select 
for different antibiotic resistance

Barriers to 
implementation

Resource-intensive, requiring an AMS 
specialist to be on-call

Labor-intensive, requiring stewardship 
specialists to review antibiotic 
regimens

Time intensive to develop

Limited effect on cessation of 
inappropriate antibiotic use and 
therefore limited impact on adverse 
impact of prolonged therapy

Stewardship may not have the 
authority to make changes to 
ordered antibiotics

Limited evidence-base for some 
treatment indications may 
undermine guideline authority

Source: Adapted from Barlam et al. (2016).
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the spread of existing clones. This change has led one leading 
health authority to liken the future impact of AMR on soci-
ety to that of terrorism (Davies, 2013). Unlike antiviral drug 
development, where there have been major recent discover-
ies and new drug development, the development of new anti-
biotic classes has near stalled, with few major solutions in 
sight (Bouchier et al. 2014; see Figure 1.2). It is in this context 
that the WHO and other key authorities have reemphasized 
the need to focus on key infection prevention and control 
(IPC) practices, not just to prevent hospital-acquired infec-
tions (HAIs) but also as a means of controlling the spread 
of  AMR (Davies, 2013; WHO, 2015; White House, 2015; 
Australian Government, 2015; O’Neill, 2016). Reinvestment 
in national IPC programs was a recent World Health 

Assembly resolution, and AMR was the subject of a UN 
General Assembly High-Level Meeting of Heads of State in 
2016 (WHO, 2015; Laxminarayan et al., 2016a). National 
programs to improve healthcare worker hand hygiene com-
pliance, hospital cleaning, management of invasive devices, 
and other IPC activities have been clearly shown to reduce 
the risk of AMR (Pittet et al., 2000; Grayson et al., 2008; 
Grayson et al., 2011; Mitchell et al., 2014; Davies, 2013; 
WHO, 2015; White House, 2015; Australian Government, 
2015; O’Neill, 2016; see Figure 1.3), but they generally require 
effective central coordination and maintenance to sustain 
behavioral change in a hospital environment where through-
put parameters are often prioritized ahead of quality and 
safety metrics. 

Figure 1.2. New systemic antibacterial agents approved by the US Food and Drug Administration in 5-year periods, through 
2012. From Boucher et al. (2013), with permission.
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Figure 1.3. Reduction in Australian national rates of hospital-onset staphylococcal bacteriemia associated with national 
interventions, including introduction of national hand hygiene initiative and other infection prevention and control programs. 
(Reprinted with permission from Mitchell et al., 2014)
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CONCLUSION

Almost all of the world’s key antimicrobials have been devel-
oped in the past 80 years, roughly one human lifetime, yet 
their current misuse is a key factor in the emergence of resis-
tance and their potential loss of efficacy. There has never 
been a more important time to understand the key features 
of these compounds, how to use (or not use) them effectively, 
and how to preserve their value for future generations.
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Use of Critically Important 
Antimicrobials in Food 
Production

Peter Collignon

BACKGROUND

Most genes encoding resistance are complex—they are usu
ally not just newly developed mutations in bacteria, occurring 
when people or animals receive antibiotic therapy. Resistance 
is mostly encoded by resistant genes that are already carried 
by bacteria in the environment, humans or animals, with the 
genes then acquired by other bacteria (Davies and Davies, 
2010; D’Costa et al., 2011; Aminov, 2009; Finley et al., 2013). 
Most resistance genes have been in the environment for very 
long periods, well before antibiotics were developed for med
ical purposes, some potentially for billions of years (Davies 
and Davies, 2010; D’Costa et al., 2011; Aminov, 2009; Finley 
et al., 2013). Wild animals that have never been exposed to 
antibiotics carry resistant bacteria (but at low levels), as do 
people who died in the preantibiotic era and those currently 
living in very remote regions, such as the Amazon (Shirley et 
al., 2000; Clemente et al., 2015). 

The One Health concept is important for efforts to better 
understand, manage, and control antibiotic resistance. All 
sectors (agriculture, the human health sector, and the envi
ronment) are part of One Health. Bacteria, fungi, viruses, 
and resistance genes readily spread among sectors. What we 
do in one sector that increases the numbers of resistant 
microorganisms, or helps their spread, will almost certainly 
have effects in other sectors (Edo et al., 2015; ECDC, 2012; 
Collignon, 2013a). Water is frequently contaminated with 
large numbers of resistant bacteria and their resistance genes, 
by fecal contamination from both people (poor sanitation) 
and animal manure. This contaminated water then recircu
lates to people and food animals given antibiotics, which then 
allows even more resistance to develop and spread (Col
lignon, 2013b; Walsh et al., 2011; Larson, 2015; Xi et al., 
2009; Graham et al., 2014). 

Over the last decades, as economic development and per 
capita incomes have increased in most developing countries, 
there have also been major increases in livestock and meat 
production and consumption (FAOSTAT, 2015; Van Boeckel 
et al., 2015). This is likely to continue, especially for poultry 
and pork. China alone produces and consumes roughly half 
the earth’s pigs, about 500 million annually (FAOSTAT, 2015; 
Van Boeckel et al., 2015; Collignon and Voss, 2015; Krish
nasamy et al., 2015; Zhang et al., 2015). An unfortunate con
sequence of this increased meat production has been the 
increased use of antibiotics in food animals and the adoption 
of potentially poor intensive farming practices. Recent 
modeling suggests that between 2010 and 2030, the global 
consumption of antimicrobials in agriculture will increase by 
67%, from 63,000 tons to 105,000 tons per year. For Brazil, 
Russia, India, China and South Africa, the estimated increase 
in antimicrobial consumption is 99%. This is up to seven times 
higher than the projected human population growth in these 
countries (Van Boeckel et al., 2015).

ANTIBIOTIC USAGE IN MEAT 
PRODUCTION AND ITS IMPACT 
ON HUMAN HEALTH

Antimicrobials are used for at least three main reasons in 
food animals (JETACAR, 1999; Mevius and Heederik, 2014; 
Aarestrup et al., 2008):

Therapeutic use: administration is to individual animals or 
groups of animals for treatment when there is evidence 
or suspicion of an infection.

Prophylaxis: administration is to healthy animals that are 
believed to be at risk of developing an infection but when 
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none (or few) have actual evidence of infection. Often this 
involves mass medication of large numbers of animals 
at the same time (e.g. an entire herd), a situation termed 
metaphylaxis. In some instances, such antibiotics are 
added to feed or water at low concentrations, a situation 
analogous to what often occurs with use for growth 
promotion.

Growth promotion: antibiotics are added to feed or water, 
usually at low concentrations, to increase growth rates 
or increase the efficiency of feed conversion into animal 
mass.

It is likely that much more than half of the total volume of 
antibiotics used in the world, are given to food animals (Van 
Boeckel et al., 2015; JETACAR, 1999; FDA, 2014; FDA, 2012; 
CIPARS, 2013; DANMAP, 2014; EFSA and ECDC, 2015; 
ECDC et al., 2015; UCUSA, 2004). The majority of use is for 
growth promotion and as mass prophylaxis, areas in which 
there is little current evidence for any major ongoing eco
nomic benefit for farmers or health benefits for food animals. 
The antibiotics are added to feed or water and are often given 
for the entire life of the food animals. This usage does not 
appear to help malnourished people achieve better protein 
intake (Collignon et al., 2005). 

Despite its importance, data regarding agricultural anti
biotic usage remain limited. In the United States, Australia, 
Canada, Denmark, and other countries where some data 
are available on antibiotic usage, the proportion used in 
food animals may be as high as 80% of total volumes used 
(JETACAR, 1999; FDA, 2014; FDA, 2012; CIPARS, 2013; 
DANMAP, 2014; EFSA and ECDC, 2015; ECDC et al., 2015). 
Estimates from developing countries are more difficult to 
obtain, but in China it appears that over half of all antibiotics 
used are in food animals. Usage volumes in humans and ani
mals also appear to be much higher than in developed coun
tries. This is likely to be similar to what happens in other 
rapidly developing countries with large populations, such 
as India, Vietnam, and Brazil. Usage in food animals is likely 
to escalate rapidly in the next decades and at a much more 
rapid rate than antimicrobial usage in people (Van Boeckel et 
al., 2015; Collignon and Voss, 2015; Krishnasamy et al., 2015; 
Zhang et al., 2015). 

Many classes of antibiotics used in food animals are the 
same as used in people. This includes groups classified as 
“critically important” for human use by the WHO (WHO, 
2011; WHO, 2013; Collignon et al., 2009). Although many 
antibiotics can be the same as those used in humans (e.g. 
ampicillin), others are in the same class but are not used in 
people. These agents often have unfamiliar names to medical 
workers but nevertheless are from similar drug classes as 
agents used in human health. For example, ceftiofur is a 
commonly used thirdgeneration cephalosporin in animal 
production but in fact is very similar to ceftriaxone (see 
Chapter 27, Ceftriaxone). Similarly, tylosin is a high 
volume usage macrolide administered only in animals, and 
avoparcin is a glycopeptide similar to vancomycin (see 

Chapter 43, Vancomycin), which was used as an animal 
growth promoter.

Table 2.1 lists all the antibiotics and their classes that have 
been registered for use (or there is evidence for their use) in 
food animals and aquaculture in the United States, EU and 
Australia since 2000 (JETACAR, 1999; FDA, 2012; DANMAP, 
2014; APVMA, 2014; ECDC, 2015). However, there is likely 
to be offlabel use of other antibiotics not on this list. Many 
of these agents are critically important or lastline antibiotics 
(or compounds that are chemically similar to antibiotics) 
that are also used for serious human infections (WHO, 2011; 
WHO, 2013; Collignon et al., 2009; Aarestrup et al., 2008). 

Antibiotics have been used since the 1950s as growth pro
moters in food animals, with the perceived benefit thought 
to be the result of altering the gut bacterial flora (particularly 
Grampositive organisms). Some animals then achieve a 
larger weight gain over a set period of time and may con
sume less feed to achieve the same weight (JETACAR, 1999; 
Collignon et al., 2005; Aarestrup et al., 2008; Engster et al., 
2002). In most Scandinavian countries, all antibiotic use for 
growth promotion was banned 15 to 20 years ago. Sweden 
was the first to do so. Denmark followed in 1999. This ban 
followed a series of actions that started in May 1995 when 
Denmark banned the antimicrobial growth promoter avo
parcin (WHO, 2003). This was in response to concerns that 
avoparcin use contributed to the creation of an animal res
ervoir of glycopeptideresistant enterococci (vancomycin 
resistant enterococci; VRE), which posed a potential risk to 
public health. In December 1997 the Commission of the 
European Union banned avoparcin in all EU member states. 
In December 1999 the Danish swine industry voluntarily 
stopped the use of all antimicrobial growth promoters in pigs 
under 35 kg (weaners). A subsequent detailed analysis by the 
WHO of the effects of this termination, showed no major 
economic or major deleterious health effects in food ani
mals following this ban. There continues to be a substantial 
decrease in total antibiotic usage in food animals in Denmark, 
compared to the 1990s (DANMAP, 2014). Following the 
Scandinavian lead, The EU and its member states subse
quently adopted a ban on the use of antibiotics as growth 
promoters (FAOSTAT, 2015). 

Other studies have reported similar findings as the WHO’s 
in terms of the magnitude of the economic benefits attributed 
to antibiotic growth promoters. In some studies, very small 
or no benefits with antibiotics were observed; in some cases 
there were even negative economic effects (Engster et al., 
2002; Graham et al., 2007). The largest benefits were observed 
in animals that were stressed, exposed to large doses of patho
genic bacteria or were raised under nonideal conditions. The 
value to farmers or consumers does not appear to be very 
large—for instance, in chickens the calculated benefit in 
Australia was approximately 3 cents per chicken for the pro
ducer (JETACAR, 1999). In the United States, estimates (in 
1981) of the likely increase in retail price if antibiotics were 
not used as growth promoters were 3 to 6 cents per pound 
for pork and 1.3 to 2.6 cents per pound for chickens (CAST, 
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1981). Overall, the net benefit associated with growth pro
moter use was estimated to be only 1% to 3% for weight 
gain and/or improved feed efficiency, with these benefits 
potentially outweighed by the cost of increased bacterial 
resistance in both animals and humans. Based on these 
analyses and public health concerns, a number of major U.S. 
poultry producers have now decided to cease using antibiot
ics as growth promoters (Perdue Foods, 2015; Tysons Foods, 
2015). Other major food purchasers and retailers are now 
increasingly adopting improved antibiotic usage policies 
in  their purchasing contracts (Zuraw, 2014; McDonald’s 
Corporation, 2015; Huffstutter, 2015). 

Despite these gains in terms of the ban of antibiotic usage 
for growth promotion in the EU, antibiotics continue to be 
used in large amounts in many EU countries for prophylaxis 
and therapeutic purposes (DANMAP, 2014; EFSA and ECDC, 
2015; ECDC et al., 2015). In the Netherlands there appeared 
to be a much higher relative use of antibiotics in food animals 
than in other European countries (Mevius and Heederik, 
2014; Grave et al., 2012; Wageningenur, 2016). Notably, how
ever, a large proportion of the ESBL E.coli bacteremia isolates 
isolated from humans were recently shown to contain anti
bioticresistance genes or were bacterial clones that were 
very similar to what was found in poultry in the same region 
(Leversteinvan Hall et al., 2011; Willemsen et al., 2015; 
Jakobsen et al., 2010; Overdevest et al., 2011). After govern
ment and agriculture sector involvement, the Netherlands 
recently reduced by more than 50%, the total amount of anti
biotics used in food animals (from 561 tons in 2000 to 244 
tons in 2012). Similar to ceasing antibiotic growth promo
tors, this change was achieved without any obvious marked 
economic or production problems (Mevius and Heederik, 
2014; Wageningenur, 2016). Australia has maintained very 
low rates of resistance in human bacterial isolates to fluoro
quinolones and close to zero resistance rates in food ani
mals for fluoroquinolone resistance in E.coli, Salmonella and 
Campylobacter isolates. A major factor contributing to this is 
considered to be the banning of fluoroquinolone use in food 
animals and strict restrictions on imported fresh meats. 
Despite this ban, Australia has continued to increase its very 
high levels of meat production and food animal numbers 
(FAOSTAT, 2015; JETACAR, 1999; Cheng et al., 2012). These 
examples suggest that societies can markedly decrease the 
total antibiotic usage volumes in food animals without major 
economic consequences, while potentially also achieving 
safer animalderived food products and reduced emergence 
of resistance in animals and humans.

For some antibiotics that are extensively used for prophy
lactic purposes in certain farm animals (e.g. pigs and chicken), 
a reduction in use can be achieved by the introduction of new 
innovations, such as vaccines, modification of diets (includ
ing use of probiotics), changed animal husbandry practices 
and research directed to the prevention of these infections, 
such as farm design to improve onfarm infection control. 
For example, in chickens, continuous infeed antibiotics are 
frequently used to prevent necrotizing enterocolitis due to 

Clostridia perfringens, yet changes in animal husbandry prac
tices and diet can prevent this infection without the use of pro
phylactic antibiotics and with an increase in the total number 
of chickens produced annually (Aarestrup et al., 2008). 

The risk of antimicrobialresistant bacteria or resistance 
genes being transmitted to humans via the food chain has 
been documented but has been difficult to quantify. In devel
oped countries almost all Campylobacter spp. and Salmonella 
spp. are likely acquired by humans from food animals, pre
dominantly via foods. C. difficile can also be transferred from 
food animals to humans. More important, resistance genes 
can be acquired by human gut flora from bacteria of animal 
origin, where the gene either originated or was significantly 
amplified (Le Hello et al., 2013; Su et al., 2011; Swann, 1969; 
WHO, 1998; Ho et al., 2011; Price et al., 2012; Gupta et al., 
2003; Mølbak, 2005; Collignon, 2009; Guerra et al., 2014). In 
2003 in Canada and the United States , the thirdgeneration 
cephalosporin ceftiofur was used in an offlabel manner for 
routine administration/injection into chicken eggs or into 
1dayold meat chickens in hatcheries to attempt to prevent 
some E.coli infections. In Québec, a surveillance program 
demonstrated a marked increase in the prevalence of resis
tance to thirdgeneration cephalosporins among Salmonella 
enterica serotype heidelberg from humans and chicken (from 
approximately 30% in 2003 to 48% in early 2005). A survey 
of antimicrobial use in Québec hatcheries confirmed that in 
2004, all chicken hatcheries switched from using gentamicin 
and ceftiofur in an alternating manner to the exclusive use 
of  ceftiofur. In early 2005, Québec hatcheries voluntarily 
stopped using ceftiofur. This was followed by a dramatic 
decline in the prevalence of thirdgeneration cephalosporin 
resistance in this serotype from both humans and chicken 
(retail and abattoir meat). Similar trends in ceftiofur resis
tance were observed among E.coli isolates from retail chicken. 
When the industry subsequently reintroduced an alternating 
ceftiofur regimen, a resurgence in resistance to cephalospo
rins among S. heidelberg isolates was observed (Dutil et al., 
2010).

ANTIMICROBIAL USE IN AQUACULTURE

Large amounts of antibiotics are used in aquaculture but 
there is generally poor documentation of the antibiotic types 
or quantities. World aquaculture production is rapidly 
increasing, with countries in Asia accounting for over 80% 
of the total production. The antibiotics are most often given 
as medicated feed or by adding antimicrobial agents directly 
to the water (“immersion therapy”)—commonly used agents 
include amoxicillin, ampicillin, chloramphenicol, erythromy
cin, streptomycin, furazolidone, nitrofurantoin, oxolinic acid, 
enrofloxacin, ciprofloxacin, flumequine, tetracyclines, and 
sulfonamides (Le Hello et al., 2011; WHO, 2006; Angulo, 
1999; Duran and Marshall, 2005; FAO, 2007; Collignon, 
2013b). In addition, large amounts of antibiotics are added 
into waterways via the runoff from aquaculture farms that 
contains fish feed. In many developing countries, aquaculture 
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Table 2.1. Antimicrobial classes and specific agents used in food animals and horticultural production in the United States, EU and/or 
Australiaa

Antimicrobial class Subclass Agents (some examples)

Antimicrobials used in animals and humans
Aminoglycosidesb Apramycin Neomycin

Dihydrostreptomycin Paromomycin

Framycetin Spectinomycin

Gentamicin Streptomycin

Kanamycin

Amphenicols Florfenicol Thiamphenicol

Cephalosporins First-generation cephalosporin Cephalexin Cefazolin

Cephalonium Cephacetrile 

Cephapirin Cefadroxil

Second-generation cephalosporin Cefuroxime

Third and fourth generation cephalosporinb Cefoperazone Cefquinome

Ceftiofur

Lincosamides Lincomycin Pirlimycin

Macrolidesb Erythromycin Tildipirosin

Gamithromycin Tilmicosin

Kitasamycin Tulathromycin

Oleandomycin Tylosin

Spiramycin Tylvalosin

Nitroimidazoles Dimetridazole

Penicillins Beta-lactamase-sensitive penicillinsb Benzathine benzylpenicillin Penethamate hydriodide 

Benzathine phenoxymethylpenicillin Phenoxymethylpenicillin

Benzylpenicillin Procaine benzylpenicillin 

Beta-lactamase-resistant penicillins Cloxacillin Nafcillin

Dicloxacillin Oxacillin

Penicillins with extended spectrum and/or 
beta-lactam inhibitorsb

Amoxicillin Clavulanic acid

Ampicillin

Polypeptidesb Bacitracin Polymyxin B

Colistin

Quinolonesb Fluoroquinolones Danofloxacin Enrofloxacin

Difloxacin Marbofloxacin 

Other quinolones Flumequine Oxolinic acid

Streptogramins Virginiamycin

Sulfonamides (Sulfas) 
and diaminopyrimi-
dine potentiators

Sulfonamides Formosulfathiazole Sulfamerazine

Phthalylsulfathiazole Sulfamethazine

Sulfacetamide Sulfamethizole 

Sulfachloropyridazine Sulfamethoxazole 

Sulfaclozine Sulfamethoxypyridazine

Sulfadiazine Sulfamonomethoxine

Sulfadimethoxine Sulfanilamide 

Sulfadimidine Sulfapyridine 

Sulfadoxine Sulfaquinoxaline 

Sulfafurazole Sulfathiazole 

Sulfaguanidine 

Trimethoprim and derivatives Ormetoprim Trimethoprim

Tetracyclines Chlortetracycline Oxytetracycline

Doxycycline Tetracycline

Other antibacterials Rifaximinc

Antimicrobials used only in animals
Aminocoumarins Novobiocin

Arsenicals Roxarsone

Benzamides Dinitolmide
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is integrated and animal and human fecal waste is added to 
fish ponds. In this “soup,” resistant bacteria from humans 
and animals are mixed with environmental bacteria and 
potentially multiple antibiotics contained in fish feed. As 
an example, aquaculture likely facilitated genetic transfers 
in multiresistant Salmonella Kentucky (Le Hello et al., 2011; 
Collignon, 2013).

ANTIMICROBIAL USE IN HORTICULTURE, 
INCLUDING FRUIT AND VEGETABLE 
PRODUCTION

There are minimal data regarding the quantity and type of 
antibiotics used in horticulture, but usage occurs (McManus 
et al., 2002; Stockwell and Duffy, 2012; Gusberti et al., 2015; 
Aćimović et al., 2015; Mayerhofer et al., 2009; Fruit Growers 
News, 2007; Traub and Leonhard, 1995; Senkel et al., 2003; 
Goodman and Johnston, 1957–59). One example is the use 
of aminoglycoside sprays (gentamicin and streptomycin) on 
apples and pears to control fire blight, with streptomycin 

residues detected on apples up to 86 days after the last appli
cation of the spray (Mayerhofer et al., 2009). Because amino
glycosides are generally heat stable, they are likely to persist 
on (or in) these fruits despite cooking (Traub and Leonhard, 
1995).

In addition to antibiotics, antifungal agents such as azoles, 
are now used in large quantities in agriculture for crop pro
tection and material preservation (Hof, 2001; Verweij et al., 
2009; Mortensen et al., 2010; Chowdhary et al., 2013; Parker 
et al., 2014; Bromley et al., 2014; Bowyer and Denning, 2014; 
US Forest Service, 2016; U.S. EPA, 2006; ECDC, 2013; 
Eurostat, 2001; ECPA, 2012; see Table 2.1). In Europe in 1996, 
over 9,000 tons of azoles were used as plant and crop protec
tion. In the UK in 2008, 165 tons of triazole antifungals were 
used on wheat; while large volumes of triazole are used on 
beans and oilseed rape. Triazoles were also used on dessert 
apples, field roses, hops, and strawberries (US EPA, 2006; 
ECDC, 2013; Eurostat, 2001). 

Triazoles (difenoconazole, tebuconazole, and propicona
zole) are used for the control of fungal diseases on lawns 

Antimicrobial class Subclass Agents (some examples)

Carbanilides Nicarbazin

Glycolipids Bambermycins

Glycophospholipids Flavophospholipol

Ionophores Laidlomycin Narasin

Lasalocid Salinomycin

Maduramicin Salinomycin

Monensin Semduramicin

Oligosaccharides Avilamycin

Pleuromutilins Tiamulin Valnemulin

Quinoxalines Carbadox Olaquindox

Triazines Toltrazuril

Others Robenidine

Fungicides used for plant protectionc

Azoles Azaconazole Hexaconazole

Bitertanol Hymexazol

Bromuconazole Imazalil

Cyproconazole Metconazole

Diclobutrazol Myclobutanil 

Difenoconazole Penconazole

Diniconazole Prochloraz

Epoxiconazole Propiconazole

Etridiazole Tebuconazole

Fenbuconazole Tebuconazole 

Fenchlorazole Triadimefon 

Fluquinconazole Triadimenol 

Fluquinconazole Triazoxide

Flusilazole Tricyclazole

Flutriafol Triflumizole
aRegistration, or evidence of use, between 2000 and 2013.
bThese antibacterial classes and/or subclasses of antibiotics are classified as “critically important” for human health by WHO.
cFungicides used for plant protection in EU 2000.
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(Fusarium patch, anthracnose, and dollar spot) and orna
mental plants (mildew and rusts). Tebuconazole and propi
conazole are used to prevent wood decay by some fungi (e.g. 
Gloeophyllum trabeum and Poria spp.). They can be used in 
combination with copper carbonate and are the main com
ponents of copper organic wood preservatives used in indus
try to pressuretreat timbers, such as those used in fencing, 
cladding, plywood, roofing, and garden decking. Copper 
triazole combination preservatives are widely marketed in 
North America and across Europe. Wood preservatives con
taining propiconazole and tebuconazole are also available for 
domestic use. Propiconazole is registered for use in adhe
sives, paints, leather, paper, and textiles and is available in the 
UK as the active ingredient in an antifouling agent, biocidal 
paints and surface biocides (U.S. Forest Service, 2016; U.S. 
EPA, 2006; ECDC, 2013; Eurostat, 2001). 

The widespread use of azoles has been defended by indus
try. A modeling study done by the wheat industry estimated 
that if azoles were not used on crops, such as wheat in Europe, 
there would be a drop in domestic wheat production, esti
mated to be about 9.8 million tons in 2013 (from 141.1 to 
131.3 tons) and possibly 18.6 million tons in 2020 (from 152.4 
to 133.8 tons), with the EU potentially ceasing to be a net 
wheat exporter and with possible impacts on global food 
security (ECPA, 2012). 

From a resistance perspective, however, it appears that 
azole resistance has evolved in the environment and may 
be driven by the selective pressure of azole fungicides (Hof, 
2001; Verweij et al., 2009; Mortensen et al., 2010; Chowdhary 
et al., 2013; Parker et al., 2014; Bromley et al., 2014; Bowyer 
and Denning, 2014). One report noted that although evi
dence supporting this hypothesis is growing, the link between 
the environmental use of azole fungicides and the develop
ment of azole resistance in Aspergillus spp. is not yet proven. 
Nevertheless, the following observations support an envi
ronmental route of azole resistance development (ECDC, 
2013). First, azole resistance was observed relatively fre
quently in azole naive patients. In a Dutch culture–based 
survey in seven university medical centers, 64% (14/22) of 
patients with azoleresistant Aspergillus spp. disease were 
azole naive at the time the resistant isolate was cultured, and 
the resistance mechanism(s) observed in these strains was 
consistent with environmental acquisition rather than from 
humantohuman transmission (van der Linden et al., 
2013). Notably, several studies from European countries 
(Netherlands, Denmark, Norway, UK, Italy) have shown that 
A. fumigatus isolates from environmental samples may be 
resistant to medical triazoles, which is consistent with the 
fact that azole fungicides used in agriculture have a similar 
molecular structure to medical azoles (including propi
conazole, tebuconazole, epoxiconazole, difenoconazole, and 
bromuconazole) (ECDC, 2013). 

NEED FOR IMPROVED USAGE AND 
RESISTANCE SURVEILLANCE DATA

Worldwide, antimicrobial (antibiotics and antifungal) usage 
data are limited. Although areas such as Europe, Canada, the 
United States, Australia and some other developed countries 
regularly produce usage data, they are often many years out 
of date and provide little information on the details about 
which antibiotics are used in which agricultural sector. 
Furthermore, some emerging nations, such as China and 
Brazil, are huge food producers and agricultural users of 
antimicrobials, yet very limited surveillance data are avail
able. What information is available, suggests high volumes of 
sulfonamides, tetracyclines, and fluoroquinolones (enroflox
acin, fleroxacin, and norfloxacin) are used (Graham et al., 
2014; FAOSTAT, 2015; Van Boeckel et al., 2015; Collignon 
and Voss, 2015; Krishnasamy et al., 2015; Zhang et al., 2015).

THE WHO LIST OF CRITICALLY 
IMPORTANT ANTIMICROBIALS

The WHO has developed criteria to rank antimicrobials 
according to their importance in human medicine. The 
WHO list of critically important antibiotics was developed 
to provide a tool for risk management strategies and to focus 
resources to address antimicrobial usage in agriculture and 
veterinary medicine. The list was first developed in Canberra 
in 2005, substantially revised in Copenhagen in 2007 and 
in Oslo in 2011, and most recently revised in Bogota in 2013 
(WHO, 2011; WHO, 2013; Collignon et al., 2009). The anti
biotic classes categorized as critically important, highly 
important and important are given in Table 2.2.

POTENTIALLY EFFECTIVE ACTIONS TO 
REDUCE ANTIMICROBIAL USAGE IN 
AGRICULTURE

Three principles to minimize the risk of development and 
spread of antibiotic resistant bacteria related to food animals 
are as follows: 

Antibiotics that are critically important or lastline anti
biotics for serious human infections should not be used in 
food production animals or agriculture or at least should 
have major restrictions imposed on their use.

The use of antibiotics for prophylactic purposes in animals 
should be kept to a minimum, with the current usage 
levels reduced. Other nonantibiotic methods to prevent 
animal infections should be developed and emphasized.

Antibiotics should not be used as growth promoters in 
agriculture.
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Table 2.2. WHO classification and antimicrobial classes

WHO classification Antimicrobial class

Critically important antimicrobials Aminoglycosides

Carbapenems and other penems

Cephalosporins (third and fourth generation)

Cyclic esters

Fluoro- and other quinolones

Glycopeptides

Glycylcyclines

Lipopeptides

Macrolides and ketolides

Monobactams

Oxazolidinones

Penicillins (natural, aminopenicillins and antipseudomonal)

Polymyxins

Rifamycins

Drugs used solely to treat tuberculosis or other mycobacterial diseases

Highly important antimicrobials Amidinopenicillins

Amphenicols

Cephalosporins (first and secibd generation) and cephamycins

Lincosamides

Penicillins (antistaphylococcal)

Pleuromutilins

Pseudomonic acids

Riminofenazines

Steroid antibacterials

Streptogramins

Sulfonamides, dihydrofolate reductase inhibitors and combinations

Sulfones

Tetracyclines

Amidinopenicillins

Amphenicols

Cephalosporins (first and second generation) and cephamycins

Lincosamides

Penicillins (antistaphylococcal)

Pleuromutilins

Pseudomonic acids

Riminofenazines

Steroid antibacterials

Streptogramins

Sulfonamides, dihydrofolate reductase inhibitors and combinations

Sulfones

Tetracyclines

Important antimicrobials Aminocyclitols

Cyclic polypeptides

Nitrofurantoins

Nitroimidazoles

Source: From: WHO (2011).
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Furthermore, consideration needs to be given to banning or 
severely restricting the current heavy use of antimicrobials 
that are on the WHO’s critically important list, such as fluo
roquinolones, colistin, thirdgeneration cephalosporins and 
carbapenems. The current widespread use of antifungals, such 
as azoles, also needs to be reevaluated.
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Benzylpenicillin (Penicillin G)

Alasdair M. Geddes, Ian M. Gould, Jason A. Roberts, Jason A. Trubiano, M. Lindsay Grayson

1. DESCRIPTION

Penicillin was isolated from Penicillium notatum by Fleming 
in 1928 and introduced into clinical medicine in 1941 by 
Florey, Chain, and associates (Fleming, 1929; Chain et al., 
1940; Abraham, 1980). The history of penicillin is recorded 
in a number of monographs (Hare, 1970; Bickel, 1972; Bud, 
2007). 

The penicillin used initially was an amorphous compound 
containing impurities, which were introduced during the 
fermentative process; its activity and dosage were expressed 
in units. Early penicillin was also a mixture of several peni-
cillin compounds, designated F, G, X, and K. Penicillin G 
(benzylpenicillin; Pen G) was the most satisfactory, and this 
is now used in a purified and crystalline form for clinical pur-
poses. Pen G, similar to all penicillins and cephalosporins, is 
a beta-lactam antibiotic, thereby containing a beta-lactam 
ring that incorporates a beta-lactam bond. The penicillin 
nucleus, 6-aminopenicillanic acid (6-APA), consists of three 
components—a thiazolidine ring, the beta-lactam ring, and 
a side chain. The cephalosporin nucleus, 7-aminocephalos- 
poranic acid (7-ACA), is similar, but the five-member thi-
azolidine ring characteristic of the penicillins is replaced by 
a six-member dihydrothiazide ring (Waldvogel, 1982). Both 
6-APA and 7-ACA were isolated some 50 years ago, and they 
have provided convenient starting points for the synthesis of 
other penicillins and cephalosporins that are described else-
where in this book. 

The terms crystalline penicillin G and crystalline penicillin 
are often used as synonyms for either of two highly soluble 
Pen G salts, sodium Pen G (sodium benzylpenicillin) and 
potassium Pen G, but all other penicillins in use are also 
crystalline, unlike the early impure amorphous compound. 
The chemical structure of Pen G is shown in Figure 3.1. Pen 
G is a rather unstable acid; hence a number of relatively sta-
ble salts are used clinically. A summary of the various forms 
of Pen G and their characteristics are shown in Table 3.1.

In spite of the availability of many new antibiotics and the 
progressive development of resistance in many bacterial spe-
cies, Pen G remains a very effective agent against many key 
pathogens (see Table 3.2).

2. ANTIMICROBIAL ACTIVITY

2a. Routine susceptibility

Since the introduction of Pen G into clinical use, many 
organisms that were originally highly susceptible have now 
developed resistance. Tables 3.3 and 3.4 show the wild-type 
distribution of minimum inhibitory concentrations (MICs) 
for some common bacterial species and their suggested 
EUCAST in vitro breakpoints.

AEROBIC GRAM-POSITIVE COCCI

Streptococcus pyogenes (group A 
beta‑hemolytic streptococcus)
Streptococcus pyogenes has remained very susceptible, such 
that routine sensitivity testing is generally not required (Gar-
rod, 1960a; Garrod 1960b; Barber and Waterworth, 1962; 
Burkert and Watanakunakorn, 1992; Chow and Muder, 1992; 
Betriu et al., 1993). There has been no shift toward higher 
MIC levels of Pen G for natural isolates, but less-sensitive 
mutants (MIC 0.2 μg/ml compared with 0.006 μg/ml for sus-
ceptible strains) can be produced in the laboratory (Gutmann 
and Tomasz, 1982; Coonan and Kaplan, 1994). Also, penicil-
lin-tolerant strains of S. pyogenes with minimal bactericidal 
concentration (MBC)/MIC ratios greater than 32 can be pro-
duced experimentally and have also been isolated from clin-
ical specimens (Gutmann and Tomasz, 1982; Dagan et al. 
1987; Grahn et al., 1987; Woolfrey et al., 1988; de Melo et al., 
2003). Penicillin-binding proteins (PBPs) 2 and 3 of such 
mutants have a decreased affinity for Pen G. It is interesting 

Figure 3.1. Chemical structure of penicillin G.
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to speculate on possible reasons for this sustained suscepti-
bility, including beta-lactamases may be toxic to the organ-
ism, low-affinity PBPs cannot be expressed or render the 
organism nonviable, or inefficient mechanisms for, or barri-
ers to, transfer of genetic material from resistant organisms 
exist in the oropharyngeal cavity (Horn et al., 1998).

Pen G induces significant postantibiotic effect (PAE) in 
S.  pyogenes in vitro and in vivo. This means there is a per-
sisting suppression of bacterial growth after short exposure 
to Pen G (Odenholt et al., 1989; Odenholt et al., 1990; Win-
stanley, 1990). In serious infections such as necrotizing 

fasciitis, penicillin may be combined with a protein synthesis 
inhibitor such as clindamycin in an attempt to suppress toxin 
production (Stevens et al., 1988). This feature has also been 
demonstrated in invasive streptococcal disease (Carapetis et 
al., 2014).

Group B beta‑hemolytic streptococcus 
(Streptococcus agalactiae)
Streptococcus agalactiae is usually carried in the lower intes-
tinal tract, and in the perineum and vagina of females 
(Anthony, 1982; Dillon et al., 1982; Easmon, 1986; Persson 

Table 3.1. Summary of various formulations of penicillin G

Penicillin formulation Comments

Sodium Pen G or sodium benzylpenicillin •  A highly soluble salt; dose can be dissolved completely in a few milliliters of water for 
administration.

•  Dosages of this and other Pen G preparations were previously expressed in units. 
•  One unit of activity is equivalent to 0.6 μg of pure sodium Pen G.

Potassium Pen G •  Very soluble salt.
•  One unit of activity equivalent to 0.625 μg of pure potassium Pen G.

Procaine Pen Ga (procaine benzylpenicillin 
or procaine penicillin)

•  Much less soluble salt. 
•  Administered i.m. as a suspension of crystal particles that dissolve slowly, so absorption 

of liberated Pen G takes place over a prolonged period. 
•  One unit of activity is equivalent to 1.0 μg of pure procaine penicillin.
•  Availability varies in some regions.

Benzathine Pen Ga (di-benzyl-ethylene- 
diamine penicillin or DBED penicillin)

•  Even less soluble salt than procaine penicillin
•  Is slowly absorbed after i.m. injection, producing prolonged serum levels of Pen G. 
•  One unit of activity is equivalent to 0.75 μg of the pure substance. 
•  Availability varies in some regions.

aProcaine and benzathine salts of Pen G are known as “long-acting,” “depot” or “repository” forms.

Table 3.2. Infections caused by the following pathogens are often successfully treated with penicillin G

Organism

Actinobacillus actinomycetemcomitans
Actinomyces
Arachnia
Bacteroides melaninogenicus
Bacteroides oralis
Bacillus anthracis and most other Bacillus spp. (not B. cereus)
Bifidobacteria
Bordetella pertussis
Borrelia burgdorferi
Borrelia hermsii
Capnocytophaga canimorsus
Cardiobacterium hominis
Clostridia except some strains of C. perfringens, tertium, and  

butyricum
Corynebacterium diphtheriae and many other coryneforms  

(not JK)

Eikenella corrodens
Erysipelothrix rhusiopathiae
Eubacterium
Fusobacterium necrophorum
Fusobacterium nucleatum
Haemophilus influenzae (beta-lactamase-negative strains)

Kingella kingae/indologenes
Lactobacilli
Leptospira
Leuconostoc
Listeria monocytogenes
Moraxella spp. (not catarrhalis)

Neisseria lactamica
Neisseria meningitidis (but reduced susceptibility in some  

countries)

Pasteurella multocida
Peptococci and anaerobic streptococci
Prevotella melaninogenica
Propionibacterium spp.

Spirillum minus
Streptobacillus moniliformis
Streptococcus agalactiae
Streptococcus pneumoniae
Streptococcus pyogenes (group A)

Streptococcus spp. (alpha- and beta-hemolytic streptococci)

Treponema pallidum
Veillonella spp.
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Kingella kingae/indologenes
Lactobacilli
Leptospira
Leuconostoc
Listeria monocytogenes
Moraxella spp. (not catarrhalis)

Neisseria lactamica
Neisseria meningitidis (but reduced susceptibility in some  

countries)

Pasteurella multocida
Peptococci and anaerobic streptococci
Prevotella melaninogenica
Propionibacterium spp.

Spirillum minus
Streptobacillus moniliformis
Streptococcus agalactiae
Streptococcus pneumoniae
Streptococcus pyogenes (group A)

Streptococcus spp. (alpha- and beta-hemolytic streptococci)

Treponema pallidum
Veillonella spp.

et al., 1987). It is a potentially serious cause of neonatal infec-
tions (McCracken, 1973; Berg et al., 1977; Cowen, 1979; 
Hamoudi and Hamoudi, 1981; Persson et al., 1986) but has 
also been implicated in certain adult infections, such as sep-
ticemia, diabetic foot infections, and meningitis (Anthony 
and Concepcion, 1975; Gallagher and Watanakunakorn, 1986; 
Verghese et al., 1986; Aharoni et al., 1990; Back et al., 1990; 
Dunne and Quagliarello, 1993; Sarmiento et al., 1993). There 
is a 30-fold increased risk of S. agalactiae infection in patients 
with diabetes mellitus, cancer, or HIV infection (Farley et al., 
1993; Wessels and Kasper, 1993). Rare cases have been 
reported with classical toxic shock–like syndrome, in which 
the patient is not bacteremic, but urine and vaginal cultures 
grow group B streptococci that elaborate a pyrogenic toxin 
(Schlievert et al., 1993).

Although group B streptococci (GBS) are reasonably sus-
ceptible to Pen G, this is about 10-fold less than that of group 
A streptococci (see Table 3.3). Until recently, Pen G suscep-
tibility has remained largely unchanged, with truly resistant 
strains only occasionally isolated from humans (Bayer et al., 
1982; Berkowitz et al., 1990; Betriu et al., 1994; de Azavedo 
et al., 2001; Morikawa et al., 2003; Kimura et al., 2008). The 
CLSI-determined susceptibility breakpoint for penicillin is 
0.12 µg/ml and the EUCAST, 0.25 µg/ml. Since 2008, GBS 
isolates with reduced penicillin susceptibility (MICs 0.25–
1.0 µg/ml) have been reported from various clinical facilities 
in Japan, the USA, and Canada. (Kimura et al., 2008; Danesh 
et al. 2008; Murayama et al., 2009; Gaudreau et al., 2009; 
Longtin et al., 2011). In addition, group B streptococci dis-
playing resistance to penicillins, cephalosporins, and several 

Table 3.3. Wild-type distributions and breakpoint MICs of benzylpenicillin for common bacterial pathogens

Organism

MIC (μg/ml) Wild-type 
breakpoint 
(≤ μg/ml)0.002 0.004 0.008 0.016 0.032 0.064 0.125 0.25 0.5 1 2 4

Streptococci

S. agalactiae 0 0 8 188 1629 1346 85 4 0 1 0 0 0.125

S. anginosus 0 0 1 37 161 104 23 11 6 4 2 0 0.25

S. bovis 0 0 0 0 36 31 12 3 0 0 0 0 0.25

S. constellatus 0 0 0 39 263 97 38 3 1 1 1 1 0.25

Streptococcus group C 0 0 0 159 38 17 1 0 0 0 0 0 0.064

Streptococcus group G 1 59 102 24 4 3 0 0 0 0 0 0 0.064

S. intermedius 0 0 0 11 31 18 7 5 5 5 2 1 0.25

S. milleri 0 0 0 28 55 27 16 0 2 1 0 0 0.125

S. mitis 0 0 0 94 190 92 106 69 35 38 25 23 0.25

S. mutans 0 0 0 13 21 2 3 3 1 0 1 1 0.25

S. oralis 0 0 6 85 218 94 80 29 24 20 19 14 0.25

S. parasanguinis 0 0 0 0 19 7 13 13 4 3 5 1 0.25

S. pneumoniae 108 899 5428 14412 5983 1942 1058 1174 992 996 2568 2010 0.064

S. pyogenes 9 180 1493 1894 60 8 2 2 0 0 0 0 0.064

S. salivarius 0 0 0 10 50 47 45 15 17 7 3 2 0.25

S. sanguis 0 0 0 30 38 35 40 25 27 9 14 5 0.25

S. vestibularis 0 0 0 0 2 5 2 1 3 1 0 0 0.25

S. viridans 0 0 13 57 146 171 76 43 28 16 18 9 0.25

Staphylococci

S. aureusa 0 0 85 553 547 223 202 312 893 947 802 720 0.125*

S. lugdunensis 0 0 1 7 6 24 63 14 5 14 16 17 0.125

Enterococci

E. faecalis 0 0 0 7 3 3 8 17 68 515 4899 4081 16.0

E. faecium 0 0 0 2 5 7 9 17 27 51 85 157 16.0

E. gallinarum 0 0 0 0 0 1 0 0 9 32 29 5 8.0

Other species

Listeria monocytogenes 0 0 0 7 1 5 105 227 156 28 1 0 1.0

Propionibacterium acne 0 0 1 118 92 62 30 0 0 0 0 0 0.125

Clostridium perfringens 0 0 0 12 22 23 11 6 2 0 1 0 0.125

Neisseria meningitidis 0 4 11 154 770 1677 683 367 116 23 1 0 0.25

Haemophilus influenzae 0 0 0 0 66 106 1199 6552 3528 1359 1195 370 2.0

aMSSA: methicillin-susceptible S. aureus; MRSA: methicillin-resistant S. aureus.
Source: From EUCAST database.
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other antibiotics have also been isolated from the udders of 
dairy cattle that had received antibiotic chemoprophylaxis. 
Resistance appeared to be due to alteration of PBPs, specifi-
cally PBP2X, with penicillin MICs of 1 μg/ml and ceftizox-
ime MICs of 128 μg/ml (Berghash and Dunny, 1985; Kimura 
et al., 2008; see section 2b).

Similar to S. pyogenes, some strains of group B strepto-
cocci may be penicillin tolerant, with their MBCs greatly 
exceeding their MICs (Kim and Anthony, 1981). This phe-
nomenon can be more marked at a lower pH, which could be 
of clinical significance (Horne and Tomasz, 1981). In vitro and 
animal studies indicate that combinations of Pen G with an 
aminoglycoside, such as gentamicin, are usually synergistic 
against group B streptococci (Deveikis et al., 1977; Baker et 

al., 1981), thereby providing a rationale for the initial use of 
a combination of Pen G plus gentamicin in the treatment of 
group B streptococcal meningitis or endocarditis (Swingle et 
al., 1985; Gallagher and Watanakunakorn, 1986; see section 7). 

Groups C, G, F, and R (Streptococcus suis) 
beta‑hemolytic streptococci
These are less common human pathogens. Group C (Arditi 
et al., 1989; Bradley et al., 1991), group G (Craven et al., 1986; 
Venezio et al., 1986), group F (Libertin et al., 1985), and group 
R streptococci (Arends and Zanen, 1988) are consistently 
susceptible to Pen G. A case of penicillin-resistant group C 
streptococcus has been reported (MIC 2 μg/ml), although 
the mechanism of resistance was not clarified (Hutchinson 

Table 3.4. Breakpoints (µg/ml) for susceptibility and resistance to penicillin and aminopenicillin among various bacterial species

Species/Organism Benzylpenicillin Phenoxymethylpenicillin Ampicillina Amoxicillin

Enterobacteriaceae — — b/8 b/8

Staphylococcus 0.125/0.125 c c c

Enterococcus d — 4/8 4/8

Streptococcus A, B, C, G 0.25/0.25 e e e

Viridans-streptococcif 0.25/2 IE 0.5/2 0.5/2

S. pneumoniae 0.06/2 0.06g 0.5/2 0.5/2

H. influenzaeh IEi IE 1/1 2/2

M. catarrhalisj — — 1/1 1/1

N. gonorrhoeae 0.06/1 — k k

N. meningitides 0.06/0.25 — (0.125/1) (0.125/1)

aEnterobacteriaceae and aminopenicillin breakpoints: The resistant breakpoint of R > 8 mg/l ensures that all isolates with resistance mechanisms are reported 
resistant. The wide range of dosages and intravenous versus oral administration significantly affect therapeutic efficacy. The unspecified S breakpoint enables 
the user to categorize wild-type Escherichia coli and Proteus mirabilis S or I to the aminopenicillins. This will depend on dosing, route of administration, and 
whether the infection is systemic or affects the urinary tract only. Irrespective of susceptibility testing results, Klebsiella spp. and Citrobacter diversus are poor 
targets for penicillins with or without beta-lactamase inhibitors.

bStaphylococci: Most staphylococci are penicillinase producers. Penicillinase-producing strains are resistant to benzylpenicillin; phenoxymethylpenicillin; and 
amino-, carboxy-, and ureidopenicillins. The benzylpenicillin breakpoint will mostly, but not unequivocally, separate beta-lactamase producers from 
nonproducers.

cEnterococci: Refer to national or international endocarditis guidelines for breakpoints for Enterococcus spp. in endocarditis. Ampicillin and amoxicillin are con-
sidered active against wild-type enterococci. Enterococcus faecium resistant to penicillins can be considered resistant to all other beta-lactam drugs, including 
carbapenems.

dStreptococci: The beta-lactam susceptibility of beta-hemolytic streptococci groups A, B, C, and G is inferred from the penicillin susceptibility with the exception 
of phenoxymethylpenicillin for streptococcus group B. Strains with MIC values above the S/I breakpoint are very rare or not yet reported. The identification 
and antimicrobial susceptibility tests on any such isolate must be repeated, and if the result is confirmed, the isolate sent to a reference laboratory. Until there 
is evidence regarding clinical response for confirmed isolates with MIC above the current resistant breakpoint, they should be reported resistant. Streptococci 
groups A, B, C and G do not produce beta-lactamase. The addition of a beta-lactamase inhibitor does not add clinical benefit.

eViridans streptococci: Refer to national or international endocarditis guidelines for breakpoints for viridans streptococci in endocarditis. Use benzylpenicillin to 
categorize the susceptibility of ampicillin and amoxicillin.

fStreptococcus pneumoniae: Most MIC values for penicillin, ampicillin and amoxicillin differ by no more than one dilution step and isolates susceptible to ben-
zylpenicillin can be reported susceptible to these and other relevant beta-lactam antibiotics. In pneumonia, strains with MIC ≤ 0.5 µg/ml should be regarded 
as susceptible to penicillin at doses of at least 1.2 g × 4, with MIC ≤ 1 µg/ml at doses of 2.4 g × 4 or 1.2 g × 6 and strains with MIC ≤ 2.0 µg/ml susceptible at 
doses of 2.4 g × 6. In meningitis, isolates with MICs > 0.06 µg/ml should be categorized resistant to penicillin. For other indications breakpoints of 0.06/2 µg/ml 
are valid. Report S. pneumoniae with benzylpenicillin MICs > 0.06 µg/ml resistant to phenoxymethylpenicillin.

gHaemophilus influenzae: Always test for beta-lactamase and report positive strains resistant to penicillins without beta-lactamase inhibitors. Breakpoints relate 
only to beta-lactamase-negative strains. Strains may be resistant to penicillins, aminopenicillins, and/or cefalosporins due to changes in PBPs (BLNAR: beta-l-
actamase negative, ampicillin resistant) and a few strains have both resistance mechanisms (BLPACR: beta-lactamase positive, ampicillin clavulanate resistant).

hNonspecies-related breakpoints have been determined mainly on the basis of pharmacokinetic/pharmacodynamic data and are independent of MIC distribu-
tions of specific species. They are to be used only for aerobic organisms that do not have specific breakpoints.

iMoraxella catarrhalis: Can be reported resistant to penicillins and aminopenicillins without inhibitors because > 85% of the isolates produce beta-lactamase.
jNeisseria gonorrhoeae: Should always be tested for beta-lactamase. If positive, report resistant to benzylpenicillin, ampicillin and amoxicillin. The susceptibility 

of beta-lactamase negative isolates to ampicillin and amoxicillin can be inferred from the susceptibility to benzylpenicillin.
Abbreviations: IE: insufficient evidence that the species in question is a good target for therapy with the drug.
Source: From EUCAST database.
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and Eltringham, 1995). Strains of group C streptococci can 
exhibit penicillin tolerance (Arditi et al., 1989); this was 
demonstrated in 16 of 17 clinical isolates tested by Portnoy et 
al. (1981). Pen G and gentamicin synergism occurred against 
all of the 17 strains. Clinical isolates of group G streptococci 
also often show tolerance to Pen G and other antibiotics 
that act on the bacterial cell wall (Finch and Aveline, 1984; 
Ashkenazi et al., 1988). Pen G plus gentamicin usually exhib-
its in vitro synergism against group G streptococci (Lam and 
Bayer, 1984).

S. milleri group (or S. anginosus group) were previously 
considered as group F streptococci, but many isolates do not 
exhibit beta-hemolysis and do not react with Lancefield 
serogroup F antibody. Nevertheless, they are usually fully 
susceptible to penicillin, although there are several reports 
of increasing resistance due to altered PBPs (Bantar et al., 
1996; Doern et al., 1996; Tracy et al., 2001). It is most com-
mon among the S. anginosus and S. intermedius isolates. 
Ceftriaxone, cefotaxime, and vancomycin are alternative ther-
apeutic options.

Streptococcus pneumoniae
S. pneumoniae was uniformly Pen G susceptible until approx-
imately 1967, after which strains with intermediate resistance 
or resistance were isolated with increasing frequency from 
infected and colonized patients. In 1977 highly resistant pneu-
mococcal strains appeared in South Africa; initially their 
spread to other parts of the world was minimal, but they have 
now been detected in many other countries. Pneumococcal 
strains with MICs of 0.06 μg/ml or less are traditionally 
regarded as susceptible, those with MICs of 0.1–1.0 μg/ml as 
intermediately resistant or of reduced susceptibility; those 
with MICs of higher than 1.0 μg/ml have in the past been 
designated as highly resistant or simply resistant (Jacobs, 
1992). Breakpoints have since been revised (see section 2b): 
CLSI has changed the in vitro breakpoints for penicillin for 
nonmeningeal infections—strains of S. pneumoniae with 
MICs ≤ 2 μg/ml are now considered susceptible, with resis
tant defined as an MIC ≥ 8 μg/ml (CLSI, 2008; CLSI, 2013). 

Increasing resistance to penicillin among S. pneumoniae 
strains has now been reported in many countries over the 
past two decades (section 2b).

Viridans group streptococci (alpha‑hemolytic 
streptococci)
Alpha-hemolytic streptococci include viridans group strep-
tococci (VGS) (S. sanguis, S. mitior [mitis], S. mutans, and 
S. salivarius) and the S. anginosus group (also known as the 
S.  milleri group, consisting of S. intermedius, S. anginosus, 
and S. constellatus) and are susceptible to Pen G. VGS are 
a  common cause of bacterial endocarditis, and the milleri 
group are often implicated in serious suppurative infections 
(Rapeport et al., 1986; Stein and Nelson, 1987; Gossling, 
1988; Gelfand et al., 1991; Bourgault et al., 1979; Little et 
al.,  1979). Resistant variants may be found in the pharynx 
and dental cavities of patients treated with a penicillin or 
who have received prolonged oral penicillin V to prevent 

rheumatic fever (Phillips et al., 1976). By contrast, patients 
treated with monthly i.m. benzathine penicillin have had lit-
tle, if any, increase in resistant VGS strains. Concerns that 
continuous low-dose oral penicillin prophylaxis would result 
in a high prevalence of endocarditis due to Pen G–resistant 
VGS have lessened, although it is well documented (Parrillo 
et al., 1979; Levin et al., 1982). Pen G–resistant VGS have 
also been isolated from the oral flora and the blood of 
patients who have not received prior penicillin therapy, with 
S. mitis being most common in some studies (Hess et al., 
1983; Rahman, 1982; Venditti et al., 1989; Wilcox et al., 1993; 
Westling et al., 2004). Highly resistant VGS were initially 
detected in South Africa in association with Pen G–resistant 
pneumococci but later appeared in other countries; isolates 
were resistant to Pen G, penicillinase-resistant penicillins, 
cephalosporins, piperacillin, azlocillin, and mezlocillin but 
were susceptible to vancomycin. Similar to the Pen G–resis-
tant pneumococci, these strains have altered PBPs (Farber et 
al., 1983a; Quinn et al., 1988). In a review of community- 
acquired bacteremia in the UK, VGS caused 50/723 (6.9%) 
adult and 13/106 (12.3%) pediatric episodes. The overall rate 
of penicillin resistance was 20%, with 25.5% of the strains 
resistant to erythromycin and 10.9% resistant to both agents 
(Tan et al., 2008b). Similar results have been reported from 
Glasgow, Taiwan, Poland, and Slovakia for S. oralis, S. mitis, 
and S. salivarius (Smith et al., 2004; Teng et al., 1998; 
Rozkiewicz et al., 2006; Mrazova et al., 2005). 

The incidence and severity of VGS infections in children 
with cancer has increased in the past 15 years and can 
account for up to one third of bacteremias in this patient 
group, with up to 37% being high-level penicillin resistant 
(> 4 μg/ml) (Bruckner and Gigliotti, 2006). Children appear to 
be more frequently colonized with penicillin-resistant strains 
of VGS than are adults, possibly due to both more intensive 
antibiotic use for conditions such as acute otitis media; 
quinolone-resistant VGS have also been found in this oncol-
ogy population (Elting et al., 1992; Razonable et al., 2002). 

Overall, S. mitis is the most common VGS species associ-
ated with reduced susceptibility to antibiotics, including beta- 
lactams, quinolones, and macrolides but not vancomycin 
(Han et al., 2006). In general, however, VGS strains are not 
infrequently Pen G tolerant, especially S. sanguis (Dankert 
and Hess, 1982; James, 1990). S. sanguis is defective in autol-
ysins, which are essential for the irreversible bactericidal 
effect of Pen G (Horne and Tomasz, 1977). Tolerant VGS 
strains may possibly be responsible for failures of Pen G to 
protect against bacterial endocarditis (Holloway et al., 1980; 
Anderson and Cruickshank, 1982; Brennan and Durack, 1983; 
Lowy et al., 1983; Wilson et al., 1985). In addition, “nutri-
tionally variant” streptococci have been isolated from 5% 
to 10% of patients with viridans streptococcal endocarditis 
(Gephart and Washington, 1982). These require supplemen-
tal media for isolation and sensitivity testing and may be 
Pen G sensitive, resistant, or tolerant (Feder et al., 1980; Stein 
and Nelson, 1987; Holloway and Dankert, 1982). 

In vitro synergy between Pen G (or other penicillins, ceph-
alosporins, and vancomycin) and aminoglycosides usually 
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occurs with virtually all VGS strains (Sande and Scheld, 
1980), although some VGS clinical isolates have exhibited 
high-level resistance to streptomycin (MICs > 2000 μg/ml) 
and/or gentamicin (MICs > 500 μg/ml) (Farber et al., 1983b). 
Given the prevalence of penicillin-resistant VGS, there are 
remarkably few cases of infective endocarditis (IE) due to 
these strains reported in the literature. A retrospective anal-
ysis of 29 such cases over a 40-year period (including 10 with 
prosthetic valve endocarditis) demonstrated that therapy with 
a beta-lactam plus aminoglycoside combination was associ-
ated with a good outcome (Knoll et al., 2007).

Enterococci
Although enterococci were once classified as streptococci, 
they are now known to be separate species (Herman and 
Gerding, 1991). Enterococcus faecalis and E. faecium are the 
two most common clinical pathogens; with less common 
species include E. durans, E. raffinosus, and E. avium (Gray- 
son et al., 1991b). Compared with streptococci, E. faecalis 
is much less sensitive to Pen G, and E. faecium is even less 
so  (see Table 3.3) (Moellering et al., 1979; Murray, 1991). 
Enterococci were considered to be naturally occurring toler-
ant organisms; penicillins and other drugs that act on the cell 
wall (e.g. vancomycin, cycloserine, and bacitracin) have an 
MBC/MIC ratio greater than 32 for enterococci (Krogstad 
and Parquette, 1980). However, it has now been shown that 
tolerance is an acquired characteristic and not necessarily 
intrinsic. The MICs of Pen G for enterococci from an 
antibiotic- virgin area of the Solomon Islands were similar to 
those of strains isolated in the USA. However, the organisms 
from the Solomon Islands rapidly lysed and were killed by 
concentrations of Pen G just above the MIC. After short expo-
sure to Pen G in vitro, these organisms, like strains in the 
USA, rapidly became tolerant to beta-lactams (Moellering, 
1991). Clinical isolates of enterococci often exhibit a peculiar 
type of tolerance to beta-lactams, in that these bacteria may 
be killed by relatively low antibiotic concentrations (2–4 × 
MIC), but the percentage of survivors increases at increasing 
antibiotic concentrations (Shah, 1982; Fontana et al., 1990a). 
When studying 50 clinical isolates of E. faecalis, Fontana et 
al. (1990b) found that this paradoxical response and toler-
ance were not exhibited by all strains. Some 22% of the strains 
were paradoxically responding but not tolerant, 65% were 
paradoxically responding and tolerant, 12% were neither par-
adoxically responding nor tolerant, and only 2% were toler-
ant, but not paradoxically responding.

The reason enterococci have relatively high MICs to 
Pen G and several other penicillins, such as ampicillin (see 
Chapter 5, Ampicillin and Amoxicillin), and are completely 
resistant to antistaphylococcal penicillins (e.g. methicillin, 
flucloxacillin) and all cephalosporins (except some new 
agents such as ceftobiprole; see Chapter 33, Ceftobiprole) is 
the diminished affinity of their PBPs for these drugs. PBP5 
is of special importance; it has low affinity for penicillins 
and is responsible for the relatively high MICs of E. faecalis 
and E.  faecium to Pen G. If enterococcal cells manufacture 

more PBP5, they develop intrinsic resistance to Pen G and 
ampicillin. This indicates that PBP5 has the potential capac-
ity to take over the functions of all other PBPs and therefore 
can fully compensate for their activity in cells overproduc-
ing PBP5 (Al-Obeid et al., 1990a; Al-Obeid et al., 1990b; 
Moellering, 1991; Fontana et al., 1992; Fontana et al., 1994). 
In one in vitro experiment it was possible to derive an E. fae
cium strain that had no PBP5. This strain could function 
normally and was very sensitive to all penicillins and cepha-
losporins (Fontana et al., 1985).

Enterococci with this intrinsic Pen G resistance have 
caused outbreaks in hospitals (Oster et al., 1990). In one hos-
pital the Pen G susceptibility of E. faecium was studied from 
strains isolated for 22 years starting in 1968. From 1969 to 
1988 the geometric mean MIC was 14 μg/ml; it was 123 μg/ml 
from 1989 to 1990. In the more recently isolated resistant 
strains, the penicillin-binding affinity of PBP5 was notably 
lower (Grayson et al., 1991a). Two E. faecium isolates were 
described that had high-level resistance to Pen G due to 
altered PBP5, and these strains were also resistant to vanco-
mycin (Handwerger et al., 1992). Nosocomial outbreaks due 
to E. faecium have been reported in which the strains had 
a high intrinsic resistance to Pen G and were also resistant 
to  gentamicin and vancomycin (Handwerger et al., 1993; 
Landman et al., 1993). Experimental endocarditis in animals 
due to such strains partially responded to a ciprofloxacin, 
rifampicin, and gentamicin combination, but the infection 
was not eradicated in 5 days (Whitman et al., 1993). If the 
strain of E. faecium is not high-level gentamicin resistant 
(MIC > 250–500 μg/ml) and if the Pen G MIC is lower than 
200 μg/ml, then the Pen G and gentamicin combination is 
synergistic. It may be possible to treat infections by such 
strains with high-dose Pen G plus gentamicin (Torres et al., 
1993). However, if high-level gentamicin resistance is pres-
ent, then synergism is not observed (Mederski-Samoraj and 
Murray, 1983).

In vitro experiments have shown that increase in Pen G 
resistance of E. faecalis with changes in PBPs can be obtained 
by exposure of the strain to stepwise increasing concentrations 
of Pen G or, to a lesser extent, by exposure to unchanging 
concentrations for a prolonged time. Pulsed administration 
of Pen G did not select intrinsic resistance (Hodges et al., 
1992).

The uncommon enterococcal species E. avium and E. raf
finosus have different Pen G susceptibilities. The MIC range 
for the former is 0.5–2 μg/ml, and for the latter, 4–64 μg/ml. 
Enterococcus raffinosus appears to have a PBP7, which is a 
low-affinity PBP, and this may play a role in the relative Pen 
G resistance of this species (Grayson et al., 1991b; Patel et al., 
1993).

Klare et al. (1992) considered that the overproduction of 
PBP5 is not the only intrinsic resistance mechanism for 
enterococci. These authors found that overproduction of PBP5 
occurred in E. faecium strains that were moderately Pen G 
resistant, but when MICs were 128 μg/ml this was no longer 
so and other mechanisms were involved.



2. Antimicrobial activity 29

Another mechanism of Pen G resistance in the entero-
cocci is beta-lactamase production. This was first described 
by Murray and Mederski-Samoraj (1983) for one strain of 
E. faecalis. Soon such strains were found in other areas in the 
USA and elsewhere (George and Uttley, 1989; Murray, 1989; 
Murray, 1991; Moellering, 1992). There was one large out-
break of colonization with beta-lactamase-producing entero-
cocci in a children’s hospital in Boston (Rhinehart et al., 1990). 
Another study found evidence for clonal spread of a single 
strain of beta-lactamase-producing E. faecalis to six hospitals 
in five states in the USA (Murray, 1991). 

The beta-lactamase produced by some E. faecalis strains is 
similar to that produced by S. aureus, and it is encoded on 
plasmids, which can be transferred by conjugation (Murray 
et al., 1986; Zscheck et al., 1988; Patterson et al., 1990; 
Murray, 1992). One E. faecalis strain was found to contain 
three conjugative plasmids and a conjugative transposon. 
These encoded beta-lactamase production, gentamicin resis-
tance, and resistance to other antibiotics (Murray et al., 
1988). All such E. faecalis strains have not arisen from a sin-
gle strain because there is significant variation in the plas-
mids that encode beta-lactamase (Smith and Murray, 1992). 
By contrast, other authors have found that, in E. faecalis 
strains producing beta-lactamase, the beta-lactamase gene 
was integrated into the bacterial chromosome (Rice et al., 
1991b; Chow et al., 1993; Rice and Marshall, 1994).

Similar to S. aureus beta-lactamase, the enzyme produced 
by E. faecalis can be inhibited by beta-lactamase inhibitors 
such as clavulanic acid (see Chapter 13, Beta-Lactamase 
Inhibitors) (Murray, 1991). This can be used in treatment. 
Patterson et al. (1988b) reported two strains of E. faecalis that 
produced beta-lactamase. One also had high-level gentami-
cin resistance, but the other did not. With the latter, it was 
possible to demonstrate synergistic killing with a combina-
tion of Pen G, clavulanic acid, and gentamicin, but not with 
the former. Unfortunately, the majority of beta-lactamase- 
producing strains of E. faecalis also show high-level gentami-
cin resistance (Patterson et al., 1988a; Murray, 1989; Rice et 
al., 1991a; Chow et al., 1993).

At least one E. faecalis strain has been reported that pro-
duced beta-lactamase and was also resistant to vancomycin 
(Handwerger et al., 1992). Beta-lactamase production has 
been largely reported in E. faecalis and not with other entero-
coccal species. Coudron et al. (1992) reported one isolate of 
E. faecium that produced beta-lactamase. This was plasmid 
mediated and transferable into other plasmid-free E. faecium 
strains. The strain also showed high-level aminoglycoside 
resistance. Overall, however, there have been very few reports 
of beta-lactamase-producing strains of enterococci causing 
clinical problems.

Nonenterococcal group D streptococci
Unlike the enterococci, nonenterococcal group D strepto-
cocci, such as S. gallolyticus (bovis), which may cause endo-
carditis, are nearly always highly sensitive to Pen G (Tuazon 
et al., 1986). Similar to VGS, Pen G acts synergistically with 

any of the aminoglycosides against nonenterococcal group D 
streptococci (Moellering et al., 1974).

Leuconostoc and Micrococcus spp.
Leuconostoc species are members of the family Strepto-
coccaceae, and they only rarely cause infections, mainly in 
compromised hosts. These bacteria are moderately suscep-
tible to Pen G, with MICs ranging from 0.25 to 1.0 μg/ml 
(Handwerger et al., 1990), but are frequently vancomycin 
resistant. Micrococcus is usually Pen G sensitive (Von Eiff et 
al., 1995). Stomatococcus mucilaginosus (previously Micro
coccus mucilaginosus and now called Rothia dentocariosa), 
rarely causes septicemia in neutropenic patients. Its sensitiv-
ity to Pen G is variable, but this organism is always suscepti-
ble to vancomycin (McWhinney et al., 1992; Henwick et al., 
1993; Tan et al., 1994; Ramanan et al., 2014).

Staphylococcus aureus
Originally S. aureus was very sensitive to Pen G, but the 
prevalence of Pen G–resistant S. aureus strains in hospitals 
increased during the period 1942–1958, reaching a value of 
> 70% of all isolates. Resistance was due to the production of 
beta-lactamases (penicillinases) that rapidly hydrolyze Pen G 
(Richmond, 1979), and this was mediated by conjugative 
plasmids (Kaplan and Tenenbaum, 1982). A variety of beta- 
lactamase plasmids have now been found in naturally occur-
ring strains of Pen G–resistant S. aureus. Although most 
often found are class II plasmids, an increasing number of 
strains have been described in which the genes for beta- 
lactamase production are located on the chromosome. A 
beta-lactamase transposon may also be present in some 
strains (Lyon and Skurray, 1987; Weber and Goering, 1988). 
S. aureus produces four types of beta-lactamase (A, B, C, and 
D). Types A, B, and C exhibit similar activity against Pen G, 
but type D hydrolyzes the drug less rapidly. These four 
beta-lactamases vary as to how rapidly they hydrolyze other 
beta-lactams—for example, the cephalosporins (Zygmunt et 
al., 1992).

Over the years, the majority of S. aureus strains, even out-
side hospitals, became beta-lactamase producers and resis-
tant to Pen G (Bengtsson et al., 1977; Helling et al., 1980). 
One survey in Denmark found that 87% of isolates were Pen 
G resistant, and this percentage was the same among strains 
isolated in the community as among those isolated in hospi-
tals (Rosdahl et al., 1990). Another Danish survey showed 
that during the period 1977–1990 the frequency of Pen G 
resistance increased from 78.7% to 87.5% among a total of 
278,193 S. aureus strains isolated from hospitalized patients 
(Renneberg and Rosdahl, 1992). In some recent reports, an 
unusually high proportion of penicillin-susceptible S. aureus 
have been noted, suggesting penicillin therapy may be effec-
tive. However, a number of authors have expressed caution 
over the correct interpretation of these findings, citing con-
cerns that some clinical laboratories may not be accurately 
assessing penicillin susceptibility in these isolates. This is 
reflected in recent American Heart Association guidelines 
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(Goodman and Nomura, 2012; Chabot et al., 2015; Baddour 
et al. 2015). 

S. aureus may also be Pen G tolerant. Staphylococci exhib-
iting this phenomenon have deficient cell wall autolytic 
enzyme activity. This enzyme augments bacterial cell wall 
damage initiated by Pen G, and the combined action pro-
duces a lethal effect on bacteria (Sabath et al., 1977). Although 
the penicillins inhibit these organisms in usual concentra-
tions, they are not bactericidal. Further aspects of tolerance 
of S. aureus to the penicillin group of drugs are discussed in 
section 2b.

Resistance of S. aureus can also be intrinsic owing to PBP2 
changes that render them resistant to Pen G and to all other 
penicillins, including the penicillinase-resistant penicillins 
(see Chapter 7, Isoxazolyl Penicillins: Oxacillin, Cloxacillin, 
Dicloxacillin, and Flucloxacillin, and Chapter 8, Nafcillin) and 
cephalosporins, the so-called methicillin-resistant S. aureus 
(MRSA). This involves the insertion of one of several SCCmec 
genes, and these strains have now become dominant in many 
parts of the world.

Coagulase-negative staphylococci
These constitute a heterogeneous group of organisms among 
which over 15 different species are recognized (Parisi, 1985). 
Three, Staphylococcus epidermidis (S. albus), S. haemolyticus, 
and S. saprophyticus, are common pathogens; the former two 
are associated with the use of indwelling foreign devices, and 
the latter is associated with urinary tract infections. The 
majority of S. epidermidis strains are Pen G resistant (> 80% 
of isolates in the UK) because, similar to S. aureus, they pro-
duce plasmid-mediated beta-lactamases (Price and Flournoy, 
1982; Richardson and Marples, 1982). Exchange of R plas-
mids may occur in vivo between S. epidermidis and S. aureus 
(Totten et al., 1981). S. epidermidis usually also possess intrin-
sic resistance to the penicillins, rendering them methicillin 
resistant by insertion of the same SCCmec genes as in S. aureus. 
S. saprophyticus was originally regarded as being always Pen 
G sensitive (Wallmark et al., 1978). Subsequently, an inter-
mediate level of resistance for these organisms was described, 
but the distinction of sensitive and resistant strains by the 
usual laboratory tests is difficult. Resistance seems to be due 
to a beta-lactamase, but its activity and quantity appear to be 
much less than that produced by S. epidermidis. The clinical 
significance of this resistance in S. saprophyticus is uncertain 
(Richardson and Marples, 1980; Price and Flournoy, 1982). 
Cristino et al. (1989) described 100% susceptibility of 150 
strains to penicillin in 1989. Methicillin resistance due to 
carriage of SCCmec has also been described (Higashide et al., 
2008). S. haemolyticus is usually Pen G resistant; many strains 
are also methicillin resistant, and some are now also vanco-
mycin and teicoplanin resistant (Isaac et al., 1993).

Staphylococcus lugdunensis
Staphylococcus lugdunensis causes endocarditis, septicemia, 
deep tissue infections, and osteomyelitis. Of 59 strains tested 
by Herchline et al. (1990), 76% were beta-lactamase negative 
and Pen G sensitive, but 24% produced beta-lactamase and 

were Pen G resistant. While most strains are susceptible to 
oxacillin and vancomycin, some are now oxacillin resistant 
(Tan et al., 2008b; Yeh et al., 2016; Sato et al., 2016; Frank et 
al., 2008; Patel et al., 2000; Shah et al., 2010).

ANAEROBIC GRAM-POSITIVE COCCI

Anaerobic Gram-positive cocci, which include Peptococcus 
and Peptostreptococcus spp. and anaerobic streptococci, were 
nearly always highly susceptible to Pen G (Tally et al., 1975; 
Sutter and Finegold, 1976), but more recently resistance rates 
of 10–24% have been reported (Greenwood and Palfreyman, 
1987; Panichi et al., 1990). Others have also reported signifi-
cant penicillin resistance in Finegoldia magna (16%), Micro
monas micros (8%), and Peptostreptococcus anaerobius (Reig 
and Baquero, 1994; Wren, 1996). No beta-lactamase has 
been described in anaerobic Gram-positive cocci, suggest-
ing altered PBPs as the main mechanisms of resistance. A 
10-country European survey of 299 isolates mainly described 
F. magna and Parvimonas micra (formerly Peptostreptococcus 
micros) (Brazier et al., 2008). All were susceptible to metro-
nidazole and vancomycin, but 7% (n = 21) were resistant to 
penicillin (n = 13) and/or clindamycin (n =12). From a recent 
Australian survey of oral anaerobes, 74.5% of 106 Prevotella 
spp. isolates were penicillin susceptible. Overall 77.6% of 
201 oral anaerobes were penicillin susceptible (Warnke et al., 
2008).

GRAM-POSITIVE BACILLI

Corynebacterium diphtheriae is consistently sensitive to Pen G. 
Other corynebacteria vary in sensitivity, and 17 of 24 strains 
were found to be tolerant (Maple et al., 1994; Hoban and 
Felmingham, 2002). This may be an explanation for the 
well-described failure of penicillin to eradicate the carriage 
state. An amoxicillin-tolerant strain causing endocarditis has 
also been described (Dupont et al., 1995). Arcanobacterium 
(formerly Corynebacterium) haemolyticum, which causes 
pharyngitis, is Pen G sensitive (Carlson et al., 1995). Coryne
bacterium pseudodiphthericum, which may cause endocardi-
tis, is usually susceptible (Colt et al., 1991; Morris and Guild, 
1991; Manzella et al., 1995). Corynebacterium kerosis may 
also be Pen G sensitive (Booth et al., 1991). Corynebacterium 
striatum is usually Pen G sensitive, but resistance has been 
described (Watkins et al., 1993; Rufael and Cohn, 1994; 
Otsuka et al., 2006; Gómez-Garcés et al., 2007). Corynebac
terium bovis varies in its sensitivity, whereas the corynebac-
teria of group JK (C. jeikeium) are always Pen G resistant 
(Lipsky et al., 1982; Lavollay et al., 2009).

Although most strains of Bacillus anthracis are susceptible 
to Pen G in vitro (Doganay and Aydin, 1991), they appear to 
have an inducible low-level penicillinase (class A) and a ceph-
alosporinase (class B), which is more obviously expressed, 
leading to in vitro cephalosporin resistance (Bell et al., 2002; 
Coker et al., 2002). Two beta-lactamases, which are related to 
those found in B. cereus, are described in detail by Chen et al. 
(2003). Penicillin has therefore fallen out of favor as first-line 
monotherapy for serious disease due to B. anthracis. Athamna 
et al. (2004b) found that resistance to many different anti - 
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biotics was easily selected in vitro, and in another study the 
same group showed ceftriaxone to be the least active agent 
against two standard strains. Moxifloxacin, quinupristin–
dalfopristin, and rifampicin were the most rapidly bacteri-
cidal (Athamna et al., 2004a; Athamna et al., 2004b). Cavallo 
et al. (2002) reported 11.5% resistance to penicillin and 
amoxicillin in 96 French strains isolated between 1994 and 
2000, and Mohammed et al. (2002) found 2 of 65 strains 
resistant to Pen G. One of 50 historical isolates was beta- 
lactamase-positive (penicillin MIC 128 μg/ml). Seventy-eight 
percent of isolates showed reduced susceptibility to ceftri-
axone (MIC ≥ 16 μg/ml). All 15 isolates from the USA 
were  penicillin, doxycycline, and ciprofloxacin susceptible 
although Coker et al. (2002) found 3 of 25 diverse isolates to 
be penicillin resistant. All were beta-lactamase negative. All 
28 strains from cutaneous lesions from an endemic area 
were susceptible to penicillin (MIC ≤ 0.03 μg/ml) (Mustafa 
et al., 2002).

Other Bacillus spp. can also cause serious infections in 
humans, such as endocarditis, meningitis, and surgical wound 
infections. Weber et al. (1988) studied 89 strains, all isolated 
from blood cultures of patients. Bacillus cereus (54 strains) 
was the most common species and was Pen G resistant, but 
it was susceptible to imipenem, vancomycin, chlorampheni-
col, gentamicin, and ciprofloxacin. The rarer species, such as 
B. megaterium, B. polymyxa, B. pumilus, and B. subtilis, were 
generally Pen G sensitive, but there was variability among the 
species. Erysipelothrix rhusiopathiae seems to remain fully 
susceptible to penicillin (Gransden and Eykyn, 1988; Venditti 
et al., 1990; Yamamoto et al., 2000).

Listeria monocytogenes is usually Pen G sensitive (Prichard 
et al., 1983; Larsson et al., 1985). This organism has five 
PBPs and PBP3 is an essential protein in the sense that it is 
able to support normal growth of L. monocytogenes by itself 
and therefore becomes the lethal target for beta-lactams. 
Cephalosporins, unlike Pen G, interact poorly with PBP3, so 
L. monocytogenes is resistant to cephalosporins. The organ-
ism is sensitive to imipenem and meropenem. In a labora-
tory an imipenem-resistant mutant of L. monocytogenes was 
produced, and this mutant had altered PBP3, which also had 
reduced affinity for Pen G (Vicente et al., 1990).

L. monocytogenes may show tolerance to Pen G and some-
times this may be to a very high degree (Stamm et al., 1982), 
but if subcultures are performed after 48 hours rather than 
24 hours incubation, Pen G is bactericidal to most strains of 
L. monocytogenes. In this respect, L. monocytogenes is similar 
to S. aureus. The detection of tolerance depends on the labo-
ratory test used and may be of marginal clinical significance 
(Winslow et al., 1983). Pen G and gentamicin act synergisti-
cally against L. monocytogenes both in vitro and in experi-
mental animal infections (Edmiston and Gordon, 1979; Scheld 
et al., 1979). However, the clinical importance of this has 
been debated.

Nocardia spp. are Pen G resistant (Gutmann et al., 1983). 
Rhodococcus equi is a Gram-positive aerobic coccobacillus. 
It was previously known only as an animal pathogen, but is 
now well described as a cause of infections, especially among 

the immunocompromised, including patients with AIDS, in 
whom it usually causes a necrotizing pneumonia. Rhodo
coccus equi is Pen G resistant but is generally susceptible to 
vancomycin, erythromycin, aminoglycosides, and chloram-
phenicol (Emmons et al., 1991). The rare human pathogen 
Rothia dentocariosa is usually, but not always, Pen G sensitive 
(Pape et al., 1979; Schafer et al., 1979; Anderson et al., 1993; 
Sudduth et al., 1993).

Anaerobic Gram-positive spore-forming bacilli, such as 
Clostridium tetani, C. perfringens (welchii), C. septicum, C. 
botulinum, C. innocuum, and C. ramosum, are nearly always 
Pen G sensitive (Swenson et al., 1980; Gabay et al., 1981; 
Dylewski et al., 1989; Finegold, 1989; Nord and Hedberg, 
1990). Resistant strains of C. perfringens and other Clos
tridium spp. have been detected (Silpa et al., 1982; Finegold, 
1989); relatively resistant strains of C. perfringens have also 
been reported. Brown and Waatti (1980) tested 44 C. perfrin
gens strains. Only 68% were inhibited by < 0.25 μg/ml Pen G, 
the remainder requiring either 0.5, 1.0, or even 4.0 μg/ml for 
inhibition. The MICs of 45 C. perfringens strains tested by 
Marrie et al. (1981) were in the range 0.15–9.0 μg/ml; half 
were inhibited by 0.15 μg/ml and 90% by 5.0 μg/ml. Therefore, 
routine sensitivity testing of clinical isolates of C. perfringens 
is advisable. C. perfringens contains six PBPs. Resistance to 
Pen G in C. perfringens is mediated by a decreased affinity of 
the largest PBP, PBP1, for the antibiotic (Nord and Hedberg, 
1990). C. butyricum may be Pen G resistant owing to beta- 
lactamase production (Finegold, 1989). C. tertium is only 
moderately Pen G susceptible, the MICs ranging from 0.25 
to 8 μg/ml (Speirs et al., 1988). C. sordellii is nearly always 
Pen G sensitive (Spera et al., 1992). C. difficile isolates from 
patients with antibiotic-associated diarrhea or colitis are often 
susceptible to Pen G in vitro (MIC90 4 µg/ml); this has no 
clinical relevance (Dzink and Bartlett, 1980; Levett, 1988; 
Jamal et al., 2002; Pirš et al., 2013; Norén et al., 2010; Cheng 
et al. 1999).

Pen G is active against nearly all strains of anaerobic 
Gram- positive asporogenous bacilli, such as Actinomyces, 
Eubacterium, Arachnia, Propionibacterium, Bifidobacterium, 
and Lactobacillus spp. (Sutter and Finegold, 1976; Holmberg 
et al., 1977; Denys et al., 1983; Brook and Frazier, 1991; Fife 
et al., 1991; Brook and Frazier, 1993). Lactobacilli are being 
recognized increasingly as important pathogens causing 
infections such as bacterial endocarditis and neonatal men-
ingitis (Broughton et al., 1983; Griffiths et al., 1992). Their 
MICs for Pen G are quite low (0.3–1.0 μg/ml), but MBCs for 
about 75% of strains are high (Bayer et al., 1978), indicating 
tolerance. Pen G (or ampicillin) combinations with either 
streptomycin or gentamicin are synergistic in vitro against 
tolerant Lactobacillus spp. strains (Bayer et al., 1980; Griffiths 
et al., 1992).

GRAM-NEGATIVE COCCI

Neisseria spp.
Neisseria meningitidis was fully susceptible to Pen G for 
many years but, increasingly, reports of low-level resistant 
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strains are now appearing (see Table 3.5 and Section 2b). 
N.  meningitidis is occasionally isolated from the genitouri-
nary tract and/or anal canal of patients tested for gonorrhoea 
(William et al., 1979), so it is possible that plasmids can be 
transferred from gonococci to meningococci in vivo. A strain 
of N. meningitidis was isolated in Canada that harbored the 
4.5 megadalton beta-lactamase-producing plasmid and the 
transfer factor, which are present in beta-lactamase-producing 
gonococci (Dillon et al., 1983). It was then demonstrated 
by Roberts and Knapp (1988) in vitro that beta-lactamase- 
producing N. gonorrhoeae could easily transfer resistance 
plasmids to N. meningitidis. Subsequently, Botha (1988) from 
South Africa described three patients with clinical meningo-
coccal meningitis. Two had organisms with MICs to Pen G 
> 256 μg/ml and produced beta-lactamase. The third organ-
ism had an MIC of 0.25 μg/ml and had intrinsic relative 
resistance. A further report of beta-lactamase-producing 
N. meningitidis came from Spain (Fontanals et al., 1989), but 
other reports mainly describe isolates relatively resistant 
to Pen G due to intrinsic resistance. Van Esso et al. (1987) 
reported four clinical isolates of meningococci with MICs 
ranging from 0.25 to 0.5 μg/ml. They did not produce 

beta-lactamase, and intrinsic resistance due to altered PBPs 
appeared likely. Ten similar clinical isolates were reported 
from Spain by Uriz et al. (1991). The frequency of this type of 
meningococcal strain in Spain increased from 0.4% in 1985 
to 55.3% in 1994–1997. These relatively resistant strains were 
found among both serogroup B and C isolates (Berrón and 
Vázquez, 1994; see Table 3.5). Meningitis caused by these 
strains still responded to Pen G, but defervescence was slower. 
If the MIC of the meningococcus is > 0.5 μg/ml, the disease 
may not respond to Pen G and alternative therapy, such as 
chloramphenicol, may be needed (Buck, 1994), although 
some argue that any reduced susceptibility should lead to an 
alternative choice of therapy. All the Pen G–resistant strains 
were susceptible to chloramphenicol, rifampicin, cefotaxime, 
and ceftriaxone.

Relatively Pen G–insensitive meningococci have now been 
reported from many countries (see Table 3.5). Special disk 
susceptibility tests should be used to detect these relatively 
resistant meningococci (Campos et al., 1987; Campos et 
al.1992b). This relative resistance is due, at least in part, to a 
decreased affinity of PBP2 for Pen G. Similar low-affinity 
forms of PBP2 are also found in Pen G–resistant isolates of 

Table 3.5. Summary of key studies of penicillin resistance among strains of N. meningitides

Reference Country Study period
No.

isolates
% Resistant
(low level)a Comment

Guibourdenche et al. (1997) France 1994 82  4 52 invasive (blood/CSF)

1995 11 30 miscellaneous

1996 18

Latorre et al. (2000) Barcelona, Spain 1986–1997 498  9.1 in 1986
71.4 in 1997

Invasive serogroup B: 22.1% of resistant 
strains; serogroup C: 52% of resistant 
strains

Arreaza et al. (2000) Spain 1994–1997 901 55.3 invasive Resistance most common in serogroup C

1996–1997 39.0 carriers

Richter et al. (2001) North America 1998–1999 53 30.2 Invasive

Kyaw et al. (2002) Scotland 1994–1999 557  8.3 Invasive isolates: 52.2% serogroup B, 
39.2% serogroup C, 7.8% serogroup 
W135

Punar et al. (2002) Turkey 1997 30 43 Invasive: 17% resistant

Nasopharyngeal carriage: 61% resistant

Antignac et al. (2003) France 1999–2002 2167 31.2 Invasive isolates: 20.1% intermediate to 
amoxicillin; most resistance in 
serogroups C or W135

Gazi et al. (2004) Turkey Uncertain 71 22.5

Ferreira et al. (2006) Portugal 2001–2002 118 24.6 Isolates all invasive; predominant 
resistant strains were serogroups 
C:26:P1.5, ST-8 C/C A4

Australian Meningococcal 
Surveillance Programme 
(2005)

Australia 2005 214 two-thirds

Lahra et al. (2013) Australia 2012 116 81.9 Invasive; one isolate was fully resistant

Du Plessis et al. (2012) South Africa 2005–2008 1147 Invasive

Gorla et al. (2011) Brazil 2006–2008 1096 13 Invasive

Ibarz-Pavón et al. (2011) Mozambique 1998–2008 37  5 Invasive; one isolate fully resistant

aNo high-level resistance (≥ 2 μg/ml or beta-lactamase positive)
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N. lactamica, N. polysaccharea, and N. gonorrhoeae (Saez-  
Nieto et al., 1992). There is, however, a much greater genetic 
diversity in the penA gene of N. meningitidis than of N. gon
orrhoeae, possibly due to the opportunities to acquire DNA 
from commensal Neisseria spp. in the upper respiratory tract, 
such as N. flavescens and N. cinerea. Campos et al. (1992a) 
studied 42 Pen G–resistant strains obtained in Spain. These 
studies showed considerable diversity in the PBP2 genes and 
in the overall genetic relatedness of Pen G–resistant menin-
gococci isolated from one hospital in two years. This suggests 
that both horizontal spread of altered PBP2 genes and clonal 
spread are important in the epidemiology of Pen G–resistant 
meningococci. Zhang et al. (1990), who also found similar 
genetic diversity among Pen G–resistant meningococci, noted 
that some strains isolated in the UK and others in Spain were 
similar and appeared to belong to the same Pen G–resistant 
clone.

Originally N. gonorrhoeae was always sensitive to Pen G 
(Catlin and Reyn, 1982), but this has changed drastically, 
such that Pen G is now no longer recommended as empiric 
treatment of this disease (Workowski et al., 2015). Studies 
demonstrating the increase in antimicrobial resistance in 
N. gonorrhoeae are summarized in section 2b.

Neisseria mucosa, usually a saprophytic organism, can 
occasionally cause human infections such as meningitis and 
endocarditis. It may be sensitive to Pen G, but some strains 
need as much as 4 μg/ml for inhibition. Some strains are also 
completely Pen G resistant because they contain a plasmid 
that codes for the production of beta-lactamase (Pintado 
et al., 1985; Stotka et al., 1991; Ingram et al., 1992). The rare 
human pathogen N. lactamica is usually Pen G sensitive 
(Denning and Gill, 1991), but some strains may be relatively 
or completely resistant owing to an altered PBP2 (Lujan et 
al., 1991). The other unusual pathogens N. elongata (Struillou 
et al., 1993) and N. sicca (Heiddal et al., 1993) are usually Pen 
G sensitive.

ANAEROBIC GRAM-NEGATIVE COCCI

Gram-negative anaerobic cocci such as Veillonella spp. were 
usually sensitive to Pen G (Sutter and Finegold, 1976) but 
resistance is now described (Reig et al., 1997), usually in the 
absence of beta-lactamase production, and may be quite 
common (Nyfors et al., 2003). Up to 68% of Veillonella spp. 
in 49 healthy infants were penicillin resistant, resistance 
increasing with age, although MICs were clustered around 
the 2 μg/ml breakpoint; but strains with an MIC > 8 μg/ml 
have been described (Reig et al., 1997). Ready et al. (2004) 
found that 79% of 24 V. parvula isolates obtained from chil-
dren penicillin resistant, but they had been selected for study 
as they were amoxicillin resistant. A strain of Acidaminococcus 
fermentans was described as penicillin resistant due to class 
A beta-lactamase production (Gallan et al., 2000).

GRAM-NEGATIVE COCCOBACILLI

Acinetobacter spp. are Pen G resistant. Moraxella catarrhalis 
(Branhamella catarrhalis) may be Pen G sensitive, but most 
strains are Pen G resistant as a result of beta-lactamase 

production (Jorgensen et al., 1990). Other Moraxella spp. 
are usually Pen G susceptible (Graham et al., 1990). Kingella 
kingae is a Gram-negative coccobacillus that occasionally 
causes human infections such as endocarditis and septic 
arthritis that is always Pen G sensitive (Morrison and Wagner, 
1989; Meis et al., 1992). Actinobacillus actinomycetemcomi
tans, a rod-shaped coccobacillus, a human pathogen in peri-
odontal disease and also a rare cause of other infections such 
as endocarditis, is generally Pen G sensitive, but some strains 
have rather high MICs and some are completely resistant 
(Kaplan et al., 1989b; Pavicic et al., 1992; Collazos et al., 
1994).

GRAM-NEGATIVE BACILLI

The Enterobacteriaceae, such as Escherichia coli and Sal
monella, Shigella, Enterobacter, Klebsiella, Proteus, Serratia, 
Citrobacter, Providencia, Yersinia, Hafnia, Edwardsiella, and 
Arizona spp., are resistant to Pen G. The same applies to most 
other Gram-negative bacilli, such as Brucella spp., Vibrio 
cholerae, Burkholderia pseudomallei, and P. aeruginosa.

Gram-negative bacilli are resistant to Pen G and certain 
other beta-lactam antibiotics either because they possess 
intrinsic resistance and/or because they produce beta- 
lactamases. Intrinsic resistance is often due to the inability of 
the antibiotic to penetrate the bacterial cell envelope—such 
impermeability is much more pronounced in P. aeruginosa 
than in E. coli (Curtis et al., 1979a; Curtis et al., 1979b; 
Hancock, 1986; Godfrey and Bryan, 1987; Hancock and 
Woodruff, 1988; Livermore, 1988). The intrinsic resistance 
of Serratia marcescens to Pen G, like that of P. aeruginosa, 
is mainly due to a permeability barrier (Takata et al., 1981). 
In the case of P. mirabilis, P. vulgaris, Morganella morganii, 
Providencia rettgeri, and Providencia alcalifaciens, difficulty 
in penetrating their outer membrane also plays a significant 
role in their resistance to Pen G and other beta-lactam anti-
biotics (Mitsuyama et al., 1987). Resistance to beta-lactam 
antibiotics attributable to changes in PBPs of P. aeruginosa 
has been described (Godfrey et al., 1981), but with most 
strains there is no difference in PBPs between highly Pen G–
resistant and more sensitive strains (Zimmerman, 1980; Curtis 
et al., 1981). All Gram-negative bacilli, including anaerobes 
such as Bacteroides spp., produce beta-lactamases (Sykes, 
1982; Acar and Minozzi, 1986; Bush, 1988).

Haemophilus influenzae and Bordetella pertussis are often 
usually regarded as Pen G resistant, but they are inhibited 
by relatively low, clinically achievable Pen G concentrations 
(see Table 3.3). Beta-lactamase-producing strains of H. influ
enzae are highly resistant to Pen G. The same applies to 
H. influenzae strains that have high-level intrinsic resistance 
to ampicillin (see Chapter 5, Ampicillin and Amoxicillin). 
Haemophilus ducreyi may be susceptible, but the majority of 
strains now produce plasmid-mediated beta-lactamases and 
are Pen G resistant (Dangor et al., 1990). Pasteurella multo
cida is usually Pen G sensitive (Raffi et al., 1987; Kumar et al., 
1990), but strains isolated from septic arthritis or osteo-
myelitis may have higher MICs (0.02–0.7 μg/ml) than those 
(0.02–0.08 μg/ml) found in isolates obtained from superficial 
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wounds (Spagnuolo and Friedman, 1979). Resistant strains 
of P. multocida occur but are rare (Stevens et al., 1979; Lion 
et al. 1999; Rosenau et al., 1991).

Legionella pneumophila appears susceptible to Pen G in 
vitro (MIC 0.5–2.0 µg/ml), but the drug does not prevent 
death of guinea pigs inoculated with this bacterium (Fraser 
et al., 1978; Thornsberry et al., 1978). Legionella pneumophila 
produces a beta-lactamase that is primarily a cephalospori-
nase, but it also slowly inactivates Pen G (Fu and Neu, 1979). 
Legionella micdadei (Tatlockia micdadei or Pittsburg pneu
monia agent) does not produce beta-lactamase and is quite 
sensitive to Pen G in vitro, but Pen G is ineffective in vivo 
(Dowling et al., 1982).

Capnocytophaga spp. including C. canimorsus (formerly 
DF-2), a Gram-negative rod that has been associated with 
severe septicemia following dog bites, particularly in patients 
who have undergone prior splenectomy, are usually Pen G 
sensitive but can produce beta-lactamase (Butler et al., 1977; 
Kalb et al., 1985; Westerink et al., 1987).

Campylobacter fetus is resistant to Pen G (Chow et al., 
1978), as is Campylobacter coli (Lachance et al., 1993) and 
Campylobacter jejuni (Karmali et al., 1981). Helicobacter 
pylori is quite sensitive to Pen G in vitro, but the drug is not 
useful clinically for treatment of infection by this organism 
(McNulty et al., 1985).

Eikenella corrodens is an aerobic Gram-negative rod that 
is a normal inhabitant of human oral cavity; it may cause 
periodontitis, human bite wound infections, or more serious 
infections such as endocarditis. Most strains are sensitive 
to  Pen G, but some strains produce a constitutive beta- 
lactamase and are Pen G resistant. Plasmids have not been 
detected in the strains producing the enzyme (Joshi et al., 
1991; Lacroix and Walker, 1991). Luong et al. (2001) reported 
that 100% of 106 isolates of Eikenella corrodens were amoxi-
cillin susceptible.

Cardiobacterium hominis, an opportunistic Gram-negative 
bacillus that has been implicated in diseases such as endocar-
ditis, is usually Pen G sensitive (Rechtman and Nadler, 1991), 
although cases of endocarditis due to beta-lactamase-positive 
isolates have been described (Lu et al., 2000). A high fre-
quency of beta-lactamase-producing strains has also been 
described in patients with neutropenic bacteremia (Maury 
et al., 1999) and some are even cefotaxime resistant. Other 
HACEK group members are more predictably penicillin 
resistant. Flavimonas oryzihabitans, another opportunistic 
Gram-negative bacillus, is Pen G sensitive, but Chryseomonas 
luteola is not (Hawkins et al., 1991).

ANAEROBIC GRAM-NEGATIVE BACILLI

Anaerobic Gram-negative bacilli vary in their susceptibility 
to Pen G. Normal inhabitants of the oropharynx, such as Bac 
teroides melaninogenicus, Bacteroides oralis, Fusobacterium 
nucleatum, and Fusobacterium necrophorum, are usually Pen 
G sensitive (Sutter et al., 1981; Seidenfeld et al., 1982; Sutter 
et al., 1983; Lewis et al., 1989; Bilgrami et al., 1992; Iralu et 
al., 1993; Riordan, 2007). Bacteroides melaninogenicus and 
Fusobacterium spp. can produce beta-lactamase and thereby 

become Pen G resistant (Tunér et al., 1985; Finegold, 1989; 
Foweraker et al., 1990). Bacteroides fragilis habitually pres-
ents in the gastrointestinal tract and is usually Pen G resis-
tant owing to a permeability barrier and the production of 
beta-lactamases (Timewell et al., 1981; Finegold, 1989; Nord 
and Hedberg, 1990). Highly Pen G–resistant strains (MIC > 
128 μg/ml) produce about 10  times more beta-lactamase 
than less-resistant strains (MIC 4–64 μg/ml) (Olsson et al., 
1979). Bacteroides bivius and B. disiens, which are frequently 
encountered in endometrial specimens, are usually beta- 
lactamase producers and resistant to Pen G (Snydman et al., 
1980). Other Bacteroides spp., less well known Fusobacterium 
spp., and other Gram-negative anaerobic bacteria may be 
Pen G sensitive, but many strains are resistant (Kirby et al., 
1980; George et al., 1981b; Finegold, 1989).

Results from a European-wide survey of 488 Prevotella 
spp., 174 Fusobacteria, 69 Porphyromonas spp., 33 non-fragilis 
Bacteroides spp., 28 Bilophila spp., and 16 Campylobacter spp. 
have been reported, with most of the penicillin resistance 
probably due to beta-lactamase production as it was reversed 
by clavulanic acid (King et al., 1999). However, many Prevotella 
spp. are susceptible to clavulanate alone.

SPIROCHETES

Treponema pallidum and the leptospiras are consistently 
sensitive to Pen G (Johnson, 1989). Borrelia hermsii, an etio-
logic agent of relapsing fever, is sensitive (MIC 0.15 μg/ml) 
(Barbour et al., 1982). The same is true for Streptobacillus 
moniliformis and Spirillum minus, the causes of rat bite fever 
(Elliott, 2007). Borrelia burgdorferi, the spirochete that causes 
Lyme disease, is reasonably susceptible to Pen G in vivo, 
but  in vitro antibiotic sensitivity testing is not standardized 
(Benach et al., 1983; Steere et al., 1983a). Stiernstedt et al. 
(1999) reported lower penicillin G MICs/MBCs with the 
dialysis culture method than with broth macrodilution; 
results were similar to those of microdilution. In vitro, this 
organism may not be highly Pen G sensitive. One study 
found an MBC of 6.4 μg/ml, and ceftriaxone, erythromycin, 
and tetracycline are more active against this spirochete in 
vitro (Johnson et al., 1987). In physiologic concentrations of 
calprotectin (present in polymorphonuclear cell cytoplasm), 
B. burgdorferi is not eliminated by therapeutic levels of peni-
cillin G (Montgomery et al., 2006).

OTHER BACTERIA

Mycobacteria are Pen G resistant, except that some strains of 
the Mycobacterium avium complex are sensitive to relatively 
low Pen G concentrations (1.0–10 μg/ml) (Kasik et al., 1980), 
but this has no clinical significance.

Chlamydia are relatively resistant. For instance, Pen G 
interferes with the normal growth of C. trachomatis, as evi-
denced by the production of abnormal nonfluorescent inclu-
sions, but normal growth pattern returns when Pen G is 
removed (Johnson and Hobson, 1977). Rickettsiae are Pen G 
resistant. Rickettsia prowazeki may be inhibited by 20 μg/ml 
Pen G, but other Rickettsia spp. need much higher concen-
trations for inhibition (Wisseman et al., 1982).
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Mycoplasma spp., fungi, and protozoa are all completely 
Pen G resistant.

2b.  Emerging resistance and 
cross-resistance

The two key pathogens of clinical significance in which the 
emergence of resistance to Pen G has had a dramatic clinical 
effect are S. pneumoniae and N. gonorrhoeae.

STREPTOCOCCUS PNEUMONIAE

Streptococcus pneumoniae strains with intermediate resistance 
to Pen G were first detected in Australia and Papua New 
Guinea (Hansman et al., 1971; Hansman et al., 1974). The 
prevalence of such pneumococcal strains in Papua New 
Guinea soon rose to 10% (Gratten et al., 1980). Small num-
bers of such S. pneumoniae strains were soon also detected in 
other countries such as New Mexico (Tempest et al., 1974), 
the UK (Howes and Mitchell, 1976), Spain (Liñares et al. 
1983), and Israel (Dagan et al., 1994) as well as in North 
America (Naraqi et al., 1974; Maki et al. 1980; Lauer and 
Reller, 1980; Breiman et al., 1994). These pneumococcal 
strains also become more prevalent in the USA. Of 103 
pneumococcal isolates from patients in Oklahoma, 16 had 
intermediate resistance to Pen G (Saah et al., 1980; Breiman 
et al., 1994); in Houston, this was also detected in 13 (5.9%) 
of 222 clinical isolates (Krause et al., 1982).

Pneumococci highly resistant to Pen G and to many other 
antibiotics were detected in South Africa in 1977 (Appelbaum 
et al., 1977; Jacobs and Koornhof, 1978). Type 19a pneumo-
cocci, resistant to Pen G (MICs 4–8 μg/ml), cephalothin 
(MICs 4–15 μg/ml), and chloramphenicol (MICs 9–37 μg/ml) 
and less resistant to ampicillin (MICs 1–4 μg/ml), were iso-
lated from five children in a Durban hospital. Subsequently, 
carriers of the same resistant strain were discovered in sev-
eral Durban hospitals. Other pneumococci with a wider 
spectrum of resistance were found in Johannesburg during 
the same period. A child with measles and pneumococcal 
pneumonia following cardiac surgery recovered after treat-
ment with cephalothin and ampicillin. The type 19 pneumo-
coccus isolated from his sputum was relatively resistant to 
both of these drugs, and it was resistant to Pen G (MIC 4–8 
μg/ml), methicillin, erythromycin, clindamycin, tetracycline, 
chloramphenicol, and cotrimoxazole. It was fully sensitive 
only to rifampicin, vancomycin, and bacitracin and moder-
ately sensitive to sodium fusidate (MIC 2 μg/ml). Many car-
riers of this multiply resistant pneumococcus were detected 
among both patients and staff in the same hospital, and a few 
serious infections such as septicemia occurred, which were 
difficult to treat. In Johannesburg, some patients were also 
found to harbor Pen G– and tetracycline-resistant type 6 
pneumococci.

Subsequent surveys in South Africa showed pneumococci 
with at least five patterns of resistance: Pen G only; Pen G and 
tetracycline; Pen G, tetracycline, and chloramphenicol; Pen 
G and chloramphenicol; and Pen G, tetracycline, chloram-
phenicol, erythromycin, and clindamycin. Some strains from 

the last group (referred to as “multiply resistant”) also devel-
oped resistance to other antibiotics such as rifampicin. Pneu-
mococci with these various resistance patterns were either 
type 6 or type 19a (CDC, 1978a).

In South Africa the problem of pneumococcal resistance 
has gradually increased (Oppenheim et al., 1986; Klugman 
and Koornhof, 1988). Nationwide surveys have shown that 
either intermediate or complete resistance to Pen G among 
South African strains of S. pneumoniae increased from 4.9% 
in 1979 to 14.4% in 1990 (Appelbaum, 1992; Koornhof et al., 
1992). Multiply resistant strains belonged mainly to sero-
types 6B, 19A, 14, and, more recently, 23F.

S. pneumoniae isolates with both intermediate and high 
levels of Pen G resistance have also greatly increased in Spain 
and many other countries (Otin et al. 1988; Muñoz et al., 
1991; Muñoz et al., 1992a; Pallares et al., 2003). Fenoll et al. 
(1991) determined antibiotic susceptibilities for 2197 S. pneu
moniae strains isolated from patients over an 11-year period 
in Spain. The prevalence of Pen G–resistant pneumococci 
rose from 6% in 1979 to 44% in 1989, and the degree of Pen 
G resistance also increased throughout the study. Similar 
results have been reported by other authors (Garcia-Leoni et 
al., 1992; Liñares et al., 1992) and infection with high-level 
Pen G–resistant strains has been associated with the previous 
use of beta-lactam antibiotics (Nava et al., 1994).

In France, Pen G–resistant pneumococci remained infre-
quent until 1986 but then increased to 12% in 1990. The fre-
quency of high-level resistance to Pen G among Pen G– 
resistant isolates increased from 13% in 1988 to 48% in 1990 
(Geslin et al., 1992). Problems with Pen G resistance have 
also been noted in Hungary (where many Pen G–resistant 
isolates were also resistant to tetracycline, erythromycin, and 
cotrimoxazole), Romania (25–50% Pen G resistant), Poland, 
other countries in eastern Europe, and the former Soviet 
Union (Nowak, 1994; Marton et al., 1991; Marton, 1992; 
Hryniewicz, 1994). 

In the UK and most northern European countries, resis-
tant pneumococci have been detected, but their prevalence 
remains less common than elsewhere (Appelbaum, 1992; 
Nielsen and Henrichsen, 1993). Belgium (10%), Finland 
(12%), and Ireland (16%) are exceptions, however. The 2006 
EARSS report (2008) on invasive isolates noted that rates in 
Finland, Italy, Slovenia, and Sweden were rising significantly, 
whereas decreasing trends were detected in Belgium, France, 
Spain, and the UK at that time. Penicillin resistance was con-
fined to just a few serogroups, namely 14, 9, 19, 6, and 23, 
many of which have spread around the world. In a survey 
in Australia only 1% of isolates had intermediate degree of 
resistance and none was highly resistant (Collignon and Bell, 
1992) but this is increasing. In a survey in Pakistan, 11.1% of 
pneumococcal isolates showed intermediate Pen G resis-
tance (Mastro et al., 1993). In many developing countries the 
position is not known (Appelbaum, 1992).

In the USA rates of resistance to Pen G have generally 
increased over time (Spika et al. 1991). Two recent studies 
showed similar proportions of penicillin nonsusceptible 
S.  pneu moniae isolates. Richter et al. (2014) studied 1,498 
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clinical isolates from 42 US medical centers during the 
2012–2013 respiratory season and noted an overall penicillin 
nonsusceptibility rate of 35.0% (20.8% intermediate [MIC 
0.12–1 µg/ml]; 14.2% resistant [MIC ≥ 2 µg/ml]) using CLSI 
meningeal breakpoints; 7.7% of isolates were penicillin inter-
mediate or resistant using the breakpoints for nonmeningeal 
pneumococcal infections treated with parenteral penicillin. 
Mendes et al. (2014) assessed 1,190 pneumococci from blood 
or lower respiratory tract sources in hospitalized patients 
from 2011 to 2012 and found penicillin nonsusceptibility 
rates were 42.7% and 10% using the parenteral (≥ 4 µg/mL) 
and oral breakpoints (≥ 0.12 µg/mL), respectively. Thus highly 
resistant pneumococci have increasingly been identified in 
the USA. In a day care center in Ohio, S. pneumoniae type 
23F, resistant to Pen G (MIC 2 μg/ml) and other antimicro-
bial agents, was isolated from the middle ear fluid of a child 
with otitis media. In the subsequent survey of other children, 
approximately 25% of children at this center were noted to 
be nasopharyngeal carriers of this resistant pneumococcus 
(Reichler et al., 1992). Other US authors have reported simi-
lar findings and the clinical implications of pneumococcal 
penicillin resistance have been reviewed (Mason et al., 1992; 
Haglund et al., 1993; Pallares et al., 2003).

Isolates of serotype 23F S. pneumoniae with high-level 
resistance to Pen G probably originated in Spain. The same 
pneumococcus was identified in children in Cleveland, Onio. 
The Spanish and Cleveland isolates were compared by elec-
trophoretic analysis of TBP profiles and other tests. All strains 
were identical, suggesting that this antibiotic-resistant clone 
of serotype 23F S. pneumoniae spread from Spain to the 
USA. Investigators at the CDC have found that a multiresis-
tant clone of S. pneumoniae serotype 23F that is related to 
multiresistant isolates from Spain and South Africa became 
disseminated in the USA (McDougal et al., 1992). There is 
also evidence that a single multiresistant clone of pneumo-
coccus was introduced into Iceland from Spain in the late 
1980s (Soares et al., 1993). 

Over the past two decades, increasing pneumococcal 
resistance to penicillin has now been reported in most coun-
tries, including key reports from Japan (1993–1995), Kenya 
(1994–1996), Lebanon (1996–1998), Turkey (1997–2000), 
Sweden (1995–2001), Israel (1995–2001), Costa Rica (1998–
2001), Brazil (1998–2004), France (2000–2002), Australia 
(2001–2002), Spain (2001–2003), a large 40-country survey 
(South Africa/Europe/Asia, 2001–2004), Turkey (2004–2005), 
Nigeria (2009–2010), Algeria (2005–2012), and numerous 
reports in variousUS states (Louisiana, 1995–1996; Michigan, 
1997–1999; Texas, 1999) and US national surveys between 
2000 and 2006 (Scott et al, 2000; Aldridge et al, 1998; Araj et 
al., 1999; Nagai et al., 2000; Sahin et al., 2001; Esel et al., 2001; 
Yee et al., 2004; Melander et al., 2004; Porat et al., 2004; 
Schrag et al., 2004; Decousser et al., 2004; Brown and Rybak, 
2004; Oteo et al., 2004; Castanheira et al., 2006; Farrell et al., 
2007; Messina et al., 2007; Sahm et al., 2007; Critchley et 
al., 2007; Felmingham et al., 2007; Sener et al., 2007; Lliyasu 
et al.,2015; Ramdani-Bouguessa et al., 2015).

Examination of Pen G–resistant clinical isolates of S. pneu
moniae has revealed extensive strain-to-strain variation in 
the number and molecular size of their PBPs. Resistant iso-
lates can thus be classified into groups, and it appears that 
each group or clone is prevalent in a specific geographic area. 
It appears that resistant strains have emerged independently 
in different locations (Jabes et al., 1989; Hakenbeck et al., 
1991b; Waltman et al. 1992; Smith et al., 1993; Versalovic et 
al., 1993; Chi et al., 2007), in addition to documented cases 
of major clonal spread.

As both intermediate and highly resistant pneumococci 
are also usually resistant to other unrelated antibiotics, treat-
ment of infections by these strains may be difficult. Many 
Pen G–resistant pneumococci are often also resistant to 
erythromycin, tetracycline, and cotrimoxazole, and often less 
commonly chloramphenicol (Jorgensen et al., 1990; Schwartz 
et al., 1991). Erythromycin and clindamycin resistance among 
these strains is quite common in Spain (Latorre et al., 1985). 
Pneumococcal strains with intermediate or high-level Pen G 
resistance also show elevated MICs compared to other beta- 
lactam antibiotics, including amoxicillin and ampicillin. 
Cefotaxime and ceftriaxone are usually more active than 
Pen G against these pneumococci and have been useful to 
treat infections due to such strains. However, compared with 
their activity against Pen G–susceptible strains, their activity 
is reduced 50- to 150-fold (Landesman et al., 1981; Ward 
and Moellering, 1981; Jacobs, 1992). Some newer cephalo-
sporins such as cefpirome and cefpodoxime also show good 
activity against these strains (Appelbaum et al., 1989; Mason 
et al., 1992; Goldstein and Garau, 1994). Resistance to cefo-
taxime and related compounds is also increasingly described, 
although some such strains can even be penicillin and/or 
amoxicillin susceptible (Vergnaud et al., 2000). Most strains 
so far have remained susceptible to rifampicin and vanco-
mycin, similar to multiply resistant strains in South Africa. 
Newer fluoroquinolones with enhanced antipneumococcal 
activity, such as moxifloxacin, are increasingly used, although 
resistance is also emerging to these agents (see Chapter 105, 
Moxifloxacin).

Because the MICs of cefotaxime (see Chapter 26, Cefo-
taxime) and ceftriaxone (see Chapter 27, Ceftriaxone) are 
usually lower than those of Pen G and because these drugs 
penetrate well into the CSF, they have been used with success 
to treat pneumococcal meningitis, even if the MIC for Pen G 
has been as high as 4 μg/ml. Vancomycin has also been used 
to treat meningitis, with differing results. Some cases have 
failed to respond to chloramphenicol even when the strain has 
been chloramphenicol susceptible. Cases of pneumococcal 
meningitis due to organisms that are highly resistant to cef-
triaxone (MIC = 8 μg/ml) have been reported; these patients 
fail to respond to ceftriaxone, although vancomycin with or 
without chloramphenicol usually succeeds. There are now 
also other reports of strains of Pen G–resistant pneumococci 
whose MICs of cefotaxime and ceftriaxone were higher than 
those of Pen G. Meropenem (see Chapter 38, Mero penem 
and Meropenem-Vaborbactam) and fluoroquinolones such 
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as moxifloxacin (see Chapter 105, Moxifloxacin) may also be 
alternative treatment options.

Original studies with multiply resistant South African 
pneu mococci failed to demonstrate beta-lactamases or plas-
mids, suggesting intrinsic resistance. The mechanism by which 
these pneumococci acquire resistance is by the development 
of specific, stepwise, and cumulative alterations in four out 
of their six PBPs (Zighelboim and Tomasz, 1980; Zighel-
boim and Tomasz, 1981; Tomasz, 1982). Sensitive strains of 
S. pneumoniae contain six PBPs—1a, 1b, 2X, 2a, 2b, and 3. 
Characterization of PBP profiles has revealed a considerable 
degree of antigenic variation among PBPs of Pen G–sensitive 
strains (Hakenbeck et al., 1991a). In Pen G–resistant strains 
there is a cumulative stepwise change in the PBPs and their 
affinity for penicillin as the Pen G MIC of that strain 
increases. As the MIC of the strain reaches 0.4 μg/ml, gen-
erally four of the pneumococcal PBPs undergo changes in 
their Pen G affinity. At higher levels of resistance (MIC > 
0.4  μg/ml), the S. pneumoniae cell may no longer contain 
PBPs 1a and 1b, but PBP1c, which has an extremely low 
affinity to Pen G. With selective pressure, pneumococci with 
low-level resistance (often having alterations in PBP2b) 
represent a reservoir from which highly resistant strains 
may emerge during clinical therapy, often in association 
with mutations in PBP2X (Handwerger and Tomasz, 1986a; 
Hand werger and Tomasz, 1986b; Malouin and Bryan, 1986; 
Tomasz, 1986; Chalkley and Koornhof, 1988; Hakenbeck et 
al., 1998). Although these modified PBPs most commonly 
affect penicillin activity more than amoxicillin, this is not 
necessarily the case, depending in some instances at least on 
detailed changes in PBP2b (Kosowska et al., 2004) and inac-
tivation of the mur Mn operon (Critchley et al., 2002; Dagan 
et al., 2001).

Multiply resistant clinical isolates of S. pneumoniae can 
exhibit penicillin tolerance. Exposing these strains to Pen G 
concentrations above their MICs does not induce cell wall 
degradation, lysis, or leakage of intracellular components. 
Their cell walls contain less autolytic enzyme, but they are 
not completely deficient in this enzyme, which is usually the 
case with other tolerant organisms. Pen G tolerance of these 
pneumococcal strains may be related to some alteration in 
the control of autolysin activity (Liu and Tomasz, 1985). Sub-
sequently, Moreillon and Tomasz (1988) demonstrated that 
treatment of pneumococcal cultures with cycles of high Pen 
G concentration selected lysis-defective mutants, whereas 
exposure to sustained low levels of Pen G produced resistant 
mutants. As both types of exposure occur clinically, defective 
lysis and Pen G resistance will often coexist.

Pneumococcal resistance to Pen G is chromosomal, plas-
mids are not involved, and this resistance is not transferable 
by conjugation (Murray, 1989). Yet Pen G resistance in pneu-
mococci can result not only by exposing the organisms to 
Pen G but by transfer of a resistance gene from a resistant 
pneumococcal strain to a sensitive one. Transfer of Pen G 
resistance determinants may also occur from resistant viri-
dans streptococci (such as S. sanguis, S. mitis, S. oralis, and 

S. mitior) to sensitive S. pneumoniae (Chalkley and Koornhof, 
1990; Potgieter and Chalkley, 1991; Janoir et al., 1999). There 
is evidence that transposons in the chromosome of S. pneu
moniae could facilitate the dissemination of Pen G resistance 
in the absence of plasmids (Cooksey et al., 1989) with the 
accumulation of the necessary point mutations.

Susceptibility tests should be performed on all pneumo-
coccal isolates, especially those implicated in serious infec-
tions; relatively resistant strains may not be recognized unless 
special laboratory methods are used (Swenson et al., 1986; 
Jacobs, 1992). For routine testing of penicillin susceptibility 
of S. pneumoniae, 1-μg oxacillin disks have been widely 
employed. However, strains of S. pneumoniae have been 
detected with intermediate resistance to oxacillin (MIC 1 μg/
ml). Such oxacillin resistance is due to acquisition of a gene 
encoding an altered PBP2X (Dowson et al., 1994). These iso-
lates showed similar low-grade resistance to methicillin, 
cloxacillin, and cefotaxime. It is surprising that they were 
completely sensitive to Pen G. Such strains may be wrongly 
regarded as having intermediate Pen G resistance, unless Pen 
G itself is used in sensitivity testing. This is best performed 
using an E test.

Most human infections caused by pneumococcal strains 
of intermediate resistance (but not those caused by highly 
resistant strains) usually respond to Pen G, provided that suf-
ficiently large doses are used (Ward, 1981). However, the 
response of serious infections, especially meningitis, caused 
by these pneumococci has been poor after standard Pen G 
regimens (Howes and Mitchell, 1976; Gartner and Michaels, 
1979; Caputo et al., 1983; Collignon et al., 1988; de Sousa 
Marques et al., 1988; Weingarten et al., 1990). A poor response 
has also been rarely observed in patients with severe pneu-
mococcal pneumonia (Devitt et al., 1977), and although 
there is still some debate about the use of penicillins for 
strains with MICs of 1–4 mg/l, most cases of community- 
acquired pneumonia due to both intermediate- and high-
level resistant pneumococcal strains respond satisfactorily 
to high-dose IV Pen G (Charles et al., 2006; Charles et al., 
2008a). CLSI has changed the in vitro breakpoints for peni-
cillin for nonmeningeal infections—strains of S. pneumoniae 
with MICs ≤ 2 μg/ml are now considered susceptible, with 
resistant defined as an MIC ≥ 8 μg/ml (CLSI, 2008; CLSI, 
2013).

The introduction of conjugate pneumococcal vaccine 
(which includes several of the epidemic multiresistant 
clones) has been reported to lead to reduced rates of penicil-
lin resistance. For instance, penicillin-susceptible pneumo-
coccal strains decreased from 67.1% in 2001 to 33.1% in 2014 
(p < 0.001) in a French study of otitis media. Overall, pneu-
mococcal carriage was reduced from 71.2% to 56.2% from 
2001 to 2014 (p < 0.001) and carriage of PCV7 serotypes 
(STs) from 44.5% to 1.2% (p < 0.001) (Cohen et al., 2015). 
Similar improvements have been noted among invasive iso-
lates in Brazil (Soares dos Santos et al., 2015). In a US study, 
PCV13, licensed in February 2010, effectively targeted all 
major 19A 7 and 7F genotypes and decreased antimicrobial 
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resistance primarily due to removal of the 19A/ST320 com-
plex. The strain complex contributing most to remaining 
beta-lactam resistance during 2011–2013 was 35B/ST558. 
Significant emergence of nonvaccine clonal complexes was 
not evident (Gounder et al., 2015; Metcalf et al. 2016).

In addition to these potential impacts of pneumococcal 
vaccination, the global campaign to reduce antibiotic con-
sumption may assist with reducing rates of resistance, as 
appears to have occurred in some European countries (Oteo 
et al., 2004; Perez-Trallero et al., 2005; Cafini et al., 2006).

NEISSERIA GONORRHOEAE

Relatively resistant gonococcal variants appeared about 40 
years ago, and not only has their degree of resistance slowly 
increased but they have become more frequent (PHLS-CDSC, 
1983; McManus et al., 1982; Gordts et al., 1982; Rice et al., 
1986; Workowski et al., 2015). Their MICs vary, the majority 
of strains requiring at least 0.08 μg/ml for inhibition (Gordts 
et al., 1982; Ison et al., 1987), whereas the remainder require 
0.12–2.0 μg/ml (Rodriguez and Saz, 1975; Dowset, 1980). 
Relatively resistant gonococci have been detected in most 
countries and are usually also resistant to other unrelated 
antibiotics, such as tetracyclines, erythromycin, chloramphen-
icol, streptomycin, and rifampicin. Intrinsic resistance of rel-
atively resistant strains to Pen G is chromosomally mediated 
(Hook and Holmes, 1985). Their PBP2, and to a lesser extent 
PBP1, bind less Pen G (Dougherty et al., 1980; Dougherty, 
1985; Garcia-Bustos and Dougherty, 1987; Spratt and Cromie, 
1988). Subsequently, gonococcal stains with chromosomally 
mediated Pen G resistance with MICs higher than 2 μg/ml 
were increasingly isolated and were completely resistant to 
Pen G. Two gonococcal strains with such resistance to Pen G 
(MIC 30 μg/ml) were isolated in Toronto, Canada, and these 
did not produce beta-lactamase (Shtibel, 1980). Similar gono-
cocci were then detected in the UK (Copley and Egglestone, 
1982). In 1983, an outbreak of Pen G–resistant gonococcal 
infection was reported in North Carolina, in which more than 
200 cases were detected. This intrinsic resistance to Pen G 
was chromosomally mediated, similar to the main resistance 
mechanism of relatively resistant gonococcal strains. Their 
PBPs were again modified (Dougherty, 1986). These gono-
cocci were also moderately resistant to tetracycline and eryth-
romycin, and their sensitivity to cefoxitin and trimethoprim 
was variable. Most isolates were sensitive to spectinomycin, 
cefuroxime, and cefotaxime (CDC, 1984; Rice et al., 1984).

In 1984, of 200 non-penicillinase-producing gonococcal 
isolates tested in one London hospital, 5.5% were resistant 
to > 9.5 μg/ml cefuroxime. These cefuroxime-resistant 
strains were highly resistant to Pen G, erythromycin, and tet-
racyclines. Although all were sensitive to cefotaxime, some 
strains had MICs as high as 0.125 μg/ml (Easmon, 1985). 
Gonococcal infections caused by these strains have proved to 
be a more difficult therapeutic problem than infections caused 
by beta-lactamase-producing strains, because intrinsic resis-
tance to Pen G may be accompanied by similar resistance to 
many beta-lactam antibiotics, including the enzyme-stable 
members of this group.

It was initially reported that gonococcal strains relatively 
resistant to Pen G, although capable of causing uncompli-
cated gonorrhoea, may have a decreased capacity to cause 
disseminated infection (Handsfield et al., 1976; Eisenstein 
et al., 1977). However, other investigators have subsequently 
refuted this (Sackel et al., 1977; Pinon et al., 1981; Bohnhoff 
et al., 1986).

N. gonorrhoeae is highly variable in both its phenotype 
and genotype. Analysis of porB genes has been used for dis-
criminatory analysis, including mechanisms of antibiotic 
resistance (Mingmin et al., 2008). Different levels of suscep-
tibility are associated with various mutations in porB, which 
affect outer membrane permeability, contributing to multi-
resistant strains. Beta-lactamase-producing strains of N. gon
orrhoeae conferring complete resistance to Pen G were first 
recognized during late 1975 in the Philippines. Soon after, 
they were detected in the USA (Ashford et al., 1976; Whit-
tington and Knapp, 1988), the UK (Percival et al., 1976), 
Australia (Lindon and Handke, 1976), Holland (Blog et al., 
1977), and Africa (Hallett et al., 1977). By 1977, these resis-
tant gonococci had been identified in 16 countries, and in 
the USA they had become a significant cause of infection 
in civilian and military personnel (CDC, 1977; Siegel et al., 
1978). Beta-lactamase-producing strains of N. gonorrhoeae 
soon became highly prevalent in the Philippines, in South- 
east Asian countries such as Singapore and Thailand, and in 
West Africa. They constituted 30–50% of all isolates in some 
Southeast Asian countries (Brown et al., 1982; CDC, 1982; 
McCormack, 1982). In the USA, their incidence increased 
from 400 cases yearly during 1976–1979 to 1099 in 1980, to 
2734 in 1981, and to 3424 during early 1982. Nevertheless, 
beta-lactamase-producing isolates still accounted for only 
less than 0.5% of the approximately 1 million cases of gonor-
rhoea reported annually in the early 1980s (Jaffe et al., 1981; 
McCormack, 1982; CDC, 1983). By 1982, beta-lactamase- 
producing gonococci had spread to most countries in the 
world, where they had usually increased twofold to sixfold 
during the preceding 18–24 months (CDC, 1982). Most of 
the early cases in the UK were due to importation of the dis-
ease from endemic areas, but such strains are now endemic 
in the UK also (McCutchan et al., 1982; Thin et al., 1983). 
The use of Pen G, even in large doses, is quite ineffective for 
the treatment of gonorrhoea caused by these beta-lactamase- 
producing strains, and an inoculum effect is observed in 
vitro (Percival et al., 1976). Beta-lactamase-producing gono-
cocci are quite virulent and can cause salpingitis, dissemi-
nated infections (Leftik et al., 1978; Rinaldi et al., 1982), 
and gonococcal ophthalmia neonatorum (Pang et al., 1979; 
Raucher et al., 1982). 

Gonococci producing beta-lactamase are also resistant to 
other penicillins that are beta-lactamase labile, such as ampi-
cillin and amoxicillin. They are often moderately resistant 
to the tetracyclines and erythromycin but usually sensitive to 
kanamycin, gentamicin, spectinomycin, and cotrimoxazole 
(CDC, 1978b; Siegel et al., 1978). Cefotaxime, ceftazidime, 
ceftriaxone, and cefpodoxime were, until recently, very active 
against most of these strains (Sparling et al., 1977; Khan et 
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al., 1981; Kerbs et al., 1983; Workowski et al., 2015), but 
quinolone resistance is now often as common as penicillin 
resistance (MMWR, 2007). Resistance to the third-generation 
cephalosporins can be due to altered Pen A genes, leading to 
a mosaic-structure recombinant PBP2.

The production of beta-lactamase in gonococci is plasmid 
mediated (Elwell et al., 1977; Roberts and Falkow, 1977; 
Handsfield et al., 1989). This plasmid is usually similar to the 
TEM-1 produced by many Gram-negative bacilli (Bergström 
et al., 1978). Moreover, it can be transferred between gono-
cocci and E. coli (Kirven and Thornsberry, 1977; Sparling 
et al., 1977). Plasmid-containing gonococcal strains can lose 
their plasmids and revert to Pen G susceptibility. Initially, 
there were two distinct types of beta-lactamase-producing 
N.  gonorrhoeae. Most strains isolated in, or epidemiologi-
cally linked to, the Far East were relatively tetracycline resis-
tant in vitro, and they carried a plasmid with a molecular 
weight of 4.5 megadaltons. Beta-lactamase-producing gono-
cocci linked with West Africa and Europe were tetracycline 
sensitive, and they contained a smaller 3.2-megadalton plas-
mid. Over 50% of Far Eastern strains, but initially none of 
those from West Africa, also contained a 24.5-megadalton 
conjugative plasmid, which could transfer plasmids to other 
gonococci and to some other Gram-negative bacilli (Van 
Embden et al., 1980; Handsfield et al., 1982). This conjuga-
tive plasmid may have conferred a selective advantage on 
Far Eastern strains, and initially they probably spread more 
readily than those from West Africa (Perine et al., 1977). 
In 1980, there was a sharp increase in prevalence of infec-
tions caused by beta-lactamase-producing gonococci in the 
Netherlands; these were West Africa–type gonococci, which 
contained the 24.5-megadalton conjugative plasmid in addi-
tion to the 3.2-megadalton plasmid (Van Klingeren et al., 
1983). Later, another type of penicillinase-producing gono-
coccus was identified. This was called the Toronto type and 
carried a 3.05-megadalton plasmid. This was first detected in 
several Canadian cities and provinces. Later it was also found 
in Taiwan and other Asian countries, and it might have orig-
inated there (Yeung et al., 1986; Chu et al., 1992). Further-
more, at least three more plasmids have been detected that 
are involved with beta-lactamase production in gonococci. 
These are the 2.9-megadalton Rio type, the 4.0-megadalton 
Nimes type, and the 6.0-megadalton New Zealand type (Van 
Embden et al., 1985; Brett, 1989; Chu et al., 1992). By the 
1990s, most Pen G–resistant gonococci belonged to one of 
the following categories: beta-lactamase-producing N. gon
orrhoeae possessing 2.9-, 3.05-, 3.2-, or 4.4-megadalton beta- 
lactamase plasmids; strains with plasmid-mediated high-level 
resistance to Pen G and tetracycline; and strains with chro-
mosomally mediated resistance to Pen G and tetracycline 
(the 24.5-megadalton conjugative plasmid Tet-M) (Rice and 
Knapp, 1994a; Rice and Knapp, 1994b).

Over the past 25 years penicillin-resistant gonorrhoea has 
spread to virtually all countries with notable reports from 
Rwanda, Tanzania, South Africa, India, Bangladesh, Spain, 
China, Japan, Russia, Cuba, the UK, France, Denmark, 
Australia, New Zealand, Latin America, and the USA (Ison 

et al., 1986; Lind, 1990; Bogaerts et al., 1998; Divekar et al., 
1999; Mbwana et al., 1999; Bhuiyan et al., 1999; Berrón et al., 
2000; Wenling et al., 2000; Dillon et al., 2001; Bhatambare 
and Karyakarte, 2001; Elawad et al., 2002; Sosa et al., 2003; 
Bala et al., 2003; Herida et al., 2004; Heffernan et al., 2004; 
Annual report of Australian Gonococcal Surveillance Pro 
 gramme, 2003; Tanaka et al., 2004; Kobenko et al., 2005; 
Dillon et al., 2006; De Jongh et al., 2007; Wang et al., 2007; 
Palmer et al., 2008; Tapsall et al., 2008). Most of the high-
level resistance is due to beta-lactamase production. 

Very recent studies have confirmed these findings (Unemo 
et al., 2016; Chen et al., 2016; Lahra et al., 2015; Zheng et 
al., 2015; Shimuta et al., 2015: Lee et al., 2015), and the his-
tory of gonococcal resistance emergence has been reviewed 
(Shigemura and Fujisawa, 2015).

NEISSERIA MENINGITIDIS

The incidence of meningococcal strains that have developed 
some resistance to Pen G has increased (see Table 3.5), but 
such resistance has generally low levels such that Pen G 
remains the drug of choice for these serious infections, 
including meningococcal meningitis. Nevertheless, although 
meningitis caused by these strains still responds to Pen G, 
defervescence may be slower. If the MIC of the meningococ-
cus is higher than 0.5 μg/ml, the disease may not respond to 
Pen G, and alternative therapy, such as ceftriaxone, cefotax-
ime, or even chloramphenicol may be needed (Buck, 1994; 
Woods et al., 1994). Relatively Pen G–insensitive meningo-
cocci have also been reported from many regions (Sutcliffe et 
al., 1988; Lopardo et al., 1993; Block et al., 1993; Buck, 1994; 
Jackson et al., 1994; Woods et al., 1994; Winterscheid et al., 
1994; see Table 3.5).

3. MECHANISM OF DRUG ACTION

Pen G, similar to other beta-lactam agents, acts primarily on 
the bacterial cell wall, which is complex and unique to bacte-
ria. Being relatively inelastic, it confers shape on the organ-
ism and protects it against damage due to osmotic pressure 
differences between the cell cytoplasm and the external envi-
ronment (Koch, 1988). The cytoplasmic membrane lies imme-
diately beneath the cell wall and is pressed up against it by 
osmotic forces within the cell. The cell wall and the cyto-
plasmic membrane together form the cell envelope. These 
component structures are interdependent, and alterations in 
one may render the other ineffective. The composition of the 
cell envelope, the complexity of which varies with different 
bacterial species, has an important role in modifying the 
action of antibiotics (Costerton and Cheng, 1975). Antibiotics 
act on protein synthesis within the cell or at a site within 
the envelope, so that they must pass through part or all of the 
envelope to reach their target. 

In Gram-positive bacteria the major portion of the cell 
wall consists of a mucopeptide layer (also known as murein 
or peptidoglycan), which supports the cytoplasmic mem-
brane. This mucopeptide layer consists of a giant molecule, 
constructed in the form of a net of polysaccharide strands, 
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which are interlinked by short peptide bonds. In the resting 
cell, this molecule is apparently united in every direction 
over the cell’s surface and there are no free ends available for 
further growth (Tomasz, 1981). For cell growth to proceed, 
this mucopeptide lattice must be broken to enable new cell 
wall material to be inserted. In the dividing cell, there is the 
additional complex process of the formation of a septum or 
cross-wall (consisting of cytoplasmic membrane and wall), 
which splits in a special way to produce progeny identical to 
the parent cell. Lytic enzymes (autolysins) are involved in 
both of these processes. Obviously in the normal growing 
cell, synthesis and lysis must be balanced to allow cell divi-
sion, without cell destruction. In Gram-positive bacteria the 
interstices within the mucopeptide net, communicating as 
they do with the cytoplasmic membrane, constitute a peri-
plasmic space. A number of degradative enzymes may be 
located in this space, which are capable of destroying a vari-
ety of antibiotics; these include beta-lactamases (penicillinases 
and cephalosporinases), which hydrolyze the beta-lactam 
ring of susceptible penicillins and cephalosporins. The type 
and amount of the enzymes present in the periplasmic space 
depend on the bacterial species. In pathogenic Gram-positive 
bacteria, the bacterial envelope is usually completed by a 
third component, a protein coat or a carbohydrate capsule, 
exterior to the mucopeptide layer.

In Gram-negative bacteria, the envelope is more complex 
and consists of four layers. A mucopeptide net again is exte-
rior to and supports the cytoplasmic membrane, but the 
periplasmic space formed by the niches in the mucopeptide 
is extended out beyond the mucopeptide layer, by protrud-
ing lipoprotein bundles that meet an extra outer membrane 
(Nikaido and Vaara, 1985; Nikaido, 1988; Nikaido, 1989). 
Exterior to this outer membrane there is also usually a protein 
or a carbohydrate capsule. The periplasmic space of Gram-
negative bacteria therefore consists of an area spreading from 
the cytoplasmic membrane through the mucopeptide net, to 
the outer membrane. This outer membrane plays a specific 
role in permeability because it contains several porin pro-
teins with pores that allow small molecules to diffuse into the 
periplasmic space (Jaffe et al., 1982; Piddock and Wise, 1985; 
Nikaido, 1988; Nikaido, 1989). Escherichia coli mutants lack-
ing one or more of these proteins have increased resistance 
to some antibiotics, although these drugs may utilize other 
pathways to enter the bacterial cell (Mortimer and Piddock, 
1993). The outer membrane normally has selective permea-
bility and thereby preserves the microenvironment of the 
periplasmic space. For instance, it prevents the outward pas-
sage of periplasmic enzymes and prevents the inward passage 
of some antibiotics. The penetrability of the outer membrane 
to various antibiotics is often specific for particular bacterial 
species, but may be altered by a number of factors, including 
the acquisition of plasmids. Inability to penetrate the various 
layers of the envelope is one explanation for the intrinsic 
resistance of Gram-negative bacteria to antibiotics. The effect 
of beta-lactamase activity and the outer membrane barrier 
on the elevation of MICs is also synergistic; the contribu-
tion of beta-lactamase is more effectively expressed in the 

bacterial cells with a higher outer membrane barrier (Sawai 
et al., 1988). However, the bacteria cannot make their outer 
membrane completely impenetrable; this then would exclude 
all essential nutrients as well. It has now been shown that 
in an organism like P. aeruginosa, in addition to the permea-
bility barrier there is also the membrane-associated energy- 
driven efflux. This actively pumps antibiotics out of the 
periplasmic space and so prevents their access to their target 
proteins (Nikaido, 1994).

Degradative enzymes in the periplasmic space that are 
confined within the cell by the outer membrane of Gram-
negative bacteria are also important in determining antibiotic 
resistance. Of special importance are the beta-lactamases, 
which confer resistance to beta-lactam antibiotics (Sykes, 1982; 
Bauernfeind, 1986; Bush and Sykes, 1986; Bush, 1988; Bush 
1989a; Bush, 1989b; Bush, 1989c; Sanders, 1992). A number 
of factors influence the efficacy of beta-lactam antibiotics. 
These include the amount of the beta-lactam antibiotic that 
has penetrated through into the space, the amount of enzyme 
present, the affinity or specificity of the enzyme for the par-
ticular beta-lactam antibiotic involved, and its “efficiency” in 
hydrolyzing the antibiotic. In addition, the amount of beta- 
lactamase present in the periplasmic space can be altered in 
many Gram-negative bacteria by chromosomal mutation, 
induction, or by the acquisition of plasmids. Beta-lactamase 
inhibitors (see Chapter 13, Beta-Lactamase Inhibitors) have 
been developed to overcome the destruction of beta- lactam 
antibiotics by some of these enzymes.

Most, if not all, of the penicillin molecules that have dif-
fused through the outer boundaries of the bacterial cell and 
have not been destroyed by beta-lactamases in the periplas-
mic space become strongly bound by the plasma membrane. 
The components of the membrane responsible for this bind-
ing are called penicillin binding proteins. There is a wide 
variation in both the number and the amount of PBPs in 
different bacteria, but related bacteria tend to have similar 
patterns of PBPs (Tomasz, 1982; Tomasz, 1986). The PBPs 
are proteins that normally play essential roles in a variety of 
physiologic functions in the bacterial cell, such as mainte-
nance of structural integrity, shape, and cell division (Tomasz, 
1979; Tuomanen et al., 1986; Georgopapadakou, 1993). For 
instance, in E. coli PBPs 1a, 1b, 2, 3, 4, 5, and 6 have been 
identified. PBPs 1a and 1b are jointly concerned in cell elon-
gation, PBP2 in shape determination, and PBP3 in cell divi-
sion (Curtis, 1981). Pen G and other beta-lactam antibiotics 
mainly bind to PBP 1a, 1b, 2 and 3 of E. coli. Rapid lysis of 
the cell is caused by beta-lactams that bind to PBP1 (e.g. 
cephalosporins). Inhibition of PBP2 in E. coli results in the 
generation of stable round forms and not spheroplasts, as 
associated with exposure to some beta-lactams. These con-
tinue to grow for several generations before further aberra-
tions occur and lysis ensures. Mecillinam (see Chapter 11, 
Mecillinam (Amdinocillin) and Pivmecillinam), for instance, 
binds exclusively to PBP2 and causes these changes. Most 
beta-lactam antibiotics inhibit PBP3, the protein involved 
in cell division of E. coli. By inhibiting PBP3, cell division, 
and in particular cross-wall synthesis, is prevented, resulting 
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initially in production of filamentous forms; these continue 
to grow for 4–6 generations, but then they become further 
deformed and cell death occurs (Curtis et al., 1979c; Curtis, 
1981). The singular inhibition of PBP3 is bactericidal in E. 
coli, even though standard bacteriologic testing in broth cul-
ture may suggest bacteriostasis (Curtis et al., 1985). Curtis 
et al. (1985) showed that filament formation is accompanied 
by disruption of the outer membrane barrier function, as 
witnessed by a rapid leakage of periplasmic beta-lactamase. 
Also, human polymorphs appear to kill bacterial filaments 
more efficiently than they kill a similar mass of bacilli, so that 
filaments may be a favorable consequence of treatment of 
infection in immunocompetent patients with beta-lactam 
antibiotics (Lorian and Atkinson, 1984). On the other hand, 
the buildup of endotoxin in large filaments may be detrimen-
tal to the patient on lysis. This is more likely to occur with 
low doses of certain beta-lactams, such as ceftazidime, which 
bind preferentially to PBP3 (Gould and Mackenzie, 1997).

Different PBP patterns are found in other bacteria. PBPs 
of a particular bacterium are assigned serial numbers (PBP1, 
PBP2, etc.) that indicate decreasing molecular weight. Thus 
the PBP1 of E. coli need not have anything in common with 
a PBP1 of another bacterium (Tomasz, 1982). Intrinsic resis-
tance to beta-lactam antibiotics, including Pen G, in many 
instances is due to complex alterations in several PBPs, usu-
ally resulting in one or more PBPs with lower affinity for Pen 
G (Bryan, 1988). In addition, PBP5 in E. coli has been shown 
to have weak beta-lactamase activity as well (Nicholas and 
Strominger, 1988).

Pen G and other beta-lactam antibiotics interfere with 
biosynthesis of the bacterial cell wall, and this eventually 
causes lysis and death. It was originally thought that Pen G 
selectively inhibited a Pen G–sensitive enzyme, transpepti-
dase, which is involved in transpeptidation (i.e. assembly of 
an intact, insoluble protective peptidoglycan in the bacterial 
cell wall) (Shockman et al., 1979). Bacteria with weak cell 
walls were produced, which then ruptured under the mechan-
ical pressure of normally increasing cytoplasmic mass. It is 
now realized that the set of events is much more complex, 
involving both distinct Pen G–sensitive PBP targets and enzy-
matic and physiologic processes inhibited by beta-lactam 
antibiotics, which vary widely depending on their structure 
and the type of bacterial species (Tipper 1979; Tomasz, 
1979). Inhibition of bacterial growth seems to be elicited by 
direct interaction of beta-lactam antibiotics with their PBPs; 
subsequent bactericidal or lytic effects are triggered by these 
initial reactions (Ogawara, 1981).

The fact that Pen G and most other beta-lactam anti-
biotics inhibit cell wall growth does not totally account for 
their rapid lethality to many bacteria (Shockman et al., 1979; 
Tomasz, 1979). Important mediators of cell death after expo-
sure to beta-lactam antibiotics are the endogenous peptido-
glycan (murein) hydrolases (autolysins) (Kitano and Tomasz, 
1979; Handwerger and Tomasz, 1985) and hydroxyl radicals 
(Kohanski et al., 2007). An increase in the intracellular con-
centration of hydroxyl radicals has been observed after expo-
sure to bactericidal agents such as beta-lactams, quinolones, 

and aminoglycosides, but not after exposure to bacteriostatic 
agents. These radicals damage vital cell components, such 
as DNA, proteins, and membranes. Bacterial cells contain 
enzymes that synthesize peptidoglycan and autolytic enzymes 
that break it down. Organisms defective in autolysins are 
inhibited by Pen G, but not killed by it, a phenomenon called 
tolerance. S. pneumoniae defective in murein hydrolase was 
first described by Tomasz et al. (1970). Sabath et al. (1977) 
described the same phenomenon in S. aureus, and subse-
quently Pen G–tolerant variants have been detected among 
many bacterial species. In nontolerant bacterial strains, ini-
tial interference with cell wall synthesis caused by Pen G 
appears to upset the cellular control of endogenous auto-
lysins, which then cause autolysis and death of bacteria 
(Tomasz, 1979). How Pen G causes this autolytic enzyme 
disturbance is not clearly understood. It may be because 
antibiotics make cell walls more porous by inhibition of 
cross-linkages, thereby allowing leakage of autolysin inhibi-
tors from cells (Tipper, 1979). There is a complex coordi-
nated regulation of the transcript in response to disturbance 
in cell wall synthesis. This leads to a balanced regulation 
between cell wall synthetic and hydrolytic enzymes, with 
repression of autolytic activity (Antignac et al., 2007).

Others have observed the retention of penicillin lethality 
in the absence of the murein hydrolase enzyme previously 
thought to be responsible for death through lysis (Moreillon 
et al., 1990; Sugai et al., 1997). Furthermore, death occurs 
rapidly whereas lysis occurs after only a substantial lag 
period. The irg AB operon has been shown to regulate extra-
cellular murein hydrolase activity and increase tolerance to 
penicillin in a complex balance between cell wall expansion, 
septum formation, and daughter cell separation. The func-
tion of the irg AB operon may be analogous to bacterio-
phage-encoded antiholin, inhibiting the synthesis of murein 
hydrolase transport channels in the membrane. These are the 
transport channels that are probably targeted by penicillin 
to exert a cidal effect. Maximal expression of the operon is 
during stationary phase, hence the growth-phase-dependent 
susceptibility to the cidal effects of penicillin (Bayles, 2000).

Mechanisms by which different beta-lactam antibiotics 
cause irreversible effects vary among bacterial species. In 
E.  coli beta-lactams with high affinity for PBP1, such as 
cephalothin (see Chapter 18, Cephalothin and Cefazolin), 
are the most effective triggers of autolysis, but this is not the 
case in other bacterial species (Kitano and Tomasz, 1979). 
Group A streptococci rapidly lose viability in the presence of 
Pen G, but there is no evidence of autolysis (Kessler and Van 
de Rijn, 1981). In these organisms Pen G induces a rapid spe-
cific loss of total cellular RNA in the absence of hydrolysis 
of the cell wall, and this leads to cell death (McDowell and 
Reed, 1989). S. pneumoniae is rapidly killed by Pen G, but it 
also undergoes cell lysis. A pneumococcal isolate that caused 
relapsing meningitis in a patient infected with HIV was found 
to display an unusual response to Pen G—there was rapid 
death but a striking lack of cellular lysis. It is possible that 
defective lysis may adversely affect the course of pneumo-
coccal meningitis (Tuomanen et al., 1988). It appears that 
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pneumococci can be killed by Pen G by two mechanisms: 
one is autolysis dependent and the other one is not (Moreillon 
et al., 1990).

Pen G may also inhibit RNA and thereby protein synthe-
sis, as well as peptidoglycan synthesis, in Pen G–tolerant 
S. mutans strains (Mychajlonka et al., 1980; Mychajlonka, 
1981). That Pen G–tolerant S. sanguis strains can be made to 
respond to Pen G in a manner similar to nontolerant strains 
(which possess autolysins) by addition of heterologous autol-
ysins to the growth medium raises the possibility that Pen G 
may act synergistically with various host enzymes during 
infections (Horne and Tomasz, 1980).

In vitro, differing morphologic changes may be induced 
when bacteria are exposed to beta-lactam antibiotics in vary-
ing concentrations. For instance, low concentrations of Pen 
G and the cephalosporins produce filamentous changes in 
E.  coli (Greenwood and O’Grady, 1973a; Greenwood and 
O’Grady, 1973b). Subinhibitory concentrations of Pen G pre-
vent normal cell division of S. aureus (Lorian, 1975). These 
effects are presumed to be due to inhibition of wall autolysins 
by antibiotics in low concentrations. That Pen G inhibits cell 
wall autolytic enzymes provides an explanation of bacterial 
persisters in the presence of beta- lactam antibiotics. Persisters 
are morphologically normal bacteria that survive lethal con-
centrations of an antibiotic but whose progeny are fully sen-
sitive to these agents. Pen G is lethal only to growing cells in 
which autolysins have already initiated cell wall growth points. 
The small percentage of bacteria that are not growing at the 
time become persisters because they have an intact bacterial 
cell wall. Pen G prevents autolysins from forming growing 
points in these cells, and they become “frozen in suspended 
animation.” Once the anti biotic is removed, persisters revert 
to normal growth patterns.

Cell wall–deficient variants of many bacterial species can 
be produced by Pen G and other antibiotics that inhibit bac-
terial cell wall synthesis. These have been named variously as 
protoplasts, spheroplasts, and l-phase variants; among these 
there are only slight differences, e.g. protoplasts have absent 
and spheroplasts have defective cell walls. By using hyper-
tonic medial, cell wall–defective microbial variants can be 
easily induced in the laboratory. It has been postulated that 
these variants may occur and persist during Pen G treatment 
of infections in areas where the surrounding medium is hyper-
tonic (e.g. the renal medulla or purulent accumulations). 
Subsequently, they may revert to normal bacteria and cause 
persistence or relapse of the infection. There is no evidence 
that cell wall–deficient variants have any role in pathogene-
sis, persistence, recurrence, or relapse of human infections. 
Their pathogenic potential may deserve further study, partic-
ularly in patients with defective immunologic or phagocytic 
function. Special hypertonic culture media are needed to 
detect wall-defective microbial variants (Palmer, 1979; Wata-
nakunakorn, 1979).

A number of “classic” publications have summarized the 
activity of penicillin and other antibiotics during the past 
few decades (Feingold, 1963; Donowitz and Mandell, 1988a; 
Donowitz and Mandell, 1988b).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a. Adults

Penicillin G is destroyed by acid in the stomach, and absorp-
tion after oral administration is variable. All Pen G prepara-
tions can be injected intramuscularly, and its two highly 
soluble salts (sodium and potassium Pen G) can also be given 
intravenously.

CRYSTALLINE PEN G

The usual route of administration is by intravenous injection. 
However, i.m. administration may be preferable in some cir-
cumstances, and for patients undergoing continuous ambu-
latory peritoneal dialysis (CAPD), Pen G can be administered 
via the intraperitoneal route in the dialysate. Crystalline Pen 
G is available as either the sodium or potassium salt of Pen G, 
with vials of 0.3, 0.6, 1.2, 3.0, and 6 g available. 

Crystalline Pen G is usually administered every 4–6 hours, 
but intervals of 2–3 hours between doses may be necessary 
in severe infections. A common adult dosage is 0.6–1.2 g i.m. 
or i.v. every 4–6 hours. For serious infections (e.g. bacterial 
meningitis) higher doses can be given; a common dosage for 
adults is 1.2–1.8 g every 4 hours. Doses higher than this are 
usually unnecessary for infections, however severe, caused 
by Pen G–sensitive organisms, although one exception is 
neurosyphilis, in which doses up to 2.4 g i.v. every 4 hours 
may be needed.

Crystalline Pen G may be administered i.v. either by con-
tinuous infusion or by intermittent injections or infusions. 
In emergency treatment of serious infections, an initial bolus 
injection of Pen G should be given i.v. to achieve a high 
serum level quickly. This can then be followed by either con-
tinuous Pen G infusion or intermittent i.v. injections. 
Continuous infusion was initially considered the preferred 
method because of the drug’s rapid renal excretion and the 
presumed increased hazard of thrombophlebitis with inter-
mittent administration. However, problems may arise if Pen 
G is added to i.v. fluid bottles. It is unstable in solution at 
room temperature or even at 4°C. Its activity therefore may 
be progressively lost, and furthermore, its degradation prod-
ucts may be more potent antigens than Pen G itself and cause 
sensitization (see section 6). This can be avoided if Pen G 
solutions are always freshly prepared and given i.v. as bolus 
doses (Neftel et al., 1982). Nevertheless, there are increasing 
data regarding the usefulness of continuous-infusion peni-
cillin, especially in the hospital-in-the-home or outpatient 
antibiotic therapy (OPAT) setting (Walton et al., 2007; Anti-
biotic Expert Group, 2014; see section 5c).

Pen G may be incompatible with additives to some i.v. 
solutions. For example, Pen G and other penicillins are almost 
completely inactivated within a few hours in dextrose solu-
tions containing sufficient bicarbonate to elevate the pH level 
above 8.0, and penicilloic acid is a major degradation prod-
uct (Simberkoff et al., 1970). Pen G and other penicillins are 
also unstable at room temperature in amino acid mixtures 
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used for hyperalimentation (Feigin et al., 1973), and in solu-
tions of plasma expanders such as dextran (Koshiro and 
Fujita, 1983).

To avoid the potential problems associated with continu-
ous infusion, most clinicians prefer either intermittent i.v. 
injections or intermittent rapid infusions of high concentra-
tion Pen G solutions via a secondary i.v. bottle or a burette. 
Each dose can be dissolved in 10–20 ml of sterile water in a 
syringe, and this is injected directly into the i.v. tubing over 
a period of 5 minutes. Alternatively, the drug can be given via 
a pediatric burette that is incorporated in the i.v. set. When a 
dose of the drug is due, 20–30 ml of i.v. fluid is delivered into 
the burette to which a dissolved dose of Pen G is added; this 
concentrated drug solution is then infused over a period of 
10–15 minutes. An added advantage of this method is that 
the burette filter removes a proportion of particulate matter, 
which is commonly present in the syringe when antibiotics 
are withdrawn from ampoules or vials. For babies and young 
children, i.v. infusion pumps that can deliver both i.v. fluids 
and antibiotics intermittently at a desired rate are advanta-
geous (Leff and Roberts, 1981).

Crystalline Pen G may be added to peritoneal dialysis fluid 
either to treat or to prevent intraperitoneal infection. Usually 
a dose of 30 mg is added to each liter of dialysate, resulting 
in a Pen G concentration of 30 μg/ml. If this concentration is 
maintained continuously, the drug is absorbed from the peri-
toneum, and Pen G serum levels of 25–30% of the concen-
trations in the dialysate are attained in patients with renal 
failure (Bulger et al., 1965).

PROCAINE PEN G

Aqueous suspension of procaine penicillin for i.m. admin-
istration is available in disposable syringes, each containing 
1.0 or 1.5 g of procaine penicillin. During the later stages of 
treatment of many infections such as pneumonia, procaine 
Pen G can be substituted for crystalline Pen G. This peni-
cillin is useful because absorption of an intramuscularly 
injected dose continues for up to 24 hours, so that injections 
may be separated by this interval, but lower serum levels are 
obtained. These injections are less painful than injections of 
crystalline Pen G. A common adult dosage for procaine Pen 
G is 1.0 g i.m. once or twice a day. In milder infections pro-
caine Pen G may be satisfactory for initial treatment. This 
compound must never be given intravenously.

BENZATHINE PEN G

Benzathine penicillin is available in suspension containing 
450 mg/ml for i.m. administration. In addition, vials of a 
mixture containing benzathine penicillin 450 mg, procaine 
penicillin 300 mg, and potassium penicillin G 187 mg are 
available for i.m. use. Benzathine Pen G, when injected i.m. 
in doses of 600,000–1,200,000 units (0.45–0.9 g), maintains a 
low serum concentration of Pen G for a period of 1–3 weeks. 
Single injections of benzathine Pen G have been used for 
treatment of S. pyogenes infections (Ginsburg et al., 1982), 
diphtheria carriers (McCloskey et al., 1974), and syphilis 
(McCracken, 1974), whereas monthly injections are used for 

rheumatic fever prophylaxis (see section 7). This compound 
must never be given intravenously.

4b.  Newborn infants and children

Dosages of crystalline, procaine, or benzathine Pen G should 
be adjusted to the age and weight of the patient. In general, 
one quarter of the adult dose is suitable for children under 3 
years of age, and one half the adult dose for older children. 

For benzylpenicillin the usual dose for children (1 month 
to 12 years) is 100 mg/kg daily in four divided doses; while 
for neonates (< 1 week) and neonates (1–4 weeks) the dose 
is 50 mg/kg daily in two divided doses, or 75 mg/kg daily in 
three divided doses, respectively; with higher doses neces-
sary in life-threatening infections such as meningitis (see 
section 5b).

Renal clearance of crystalline Pen G in newborn and pre-
mature infants is reduced. The mean half-life value in infants 
under 6 days of age is 3.2 hours; in those aged 7–13 days 
it  is 1.7 hours, and in infants 14 days of age and older it is 
1.4 hours (McCracken, 1974), compared to adults for which 
the half-life is only 30 minutes. Therefore, small doses of 
crystalline Pen G given at 8- or 12-hour intervals are recom-
mended for infants. For infants 0–7 days old, a total daily 
dosage of 30 mg/kg body weight, administered in two divided 
doses, is usually adequate for most infections caused by 
highly susceptible bacteria (McCracken et al., 1973). However, 
infants suffering from group B streptococcal infections should 
receive 60 mg/kg/day, given in two or three divided doses 
(McCracken, 1974). For serious infections such as menin-
gitis, infants younger than 7 days may be prescribed 60–90 
mg/kg/day, given in two divided doses. For infants older 
than 7 days the usual dosage is 15 mg/kg given every 8 hours 
(total daily dose 45 mg/kg); but for serious infections (e.g. 
meningitis) the dosage should be 30–45 mg/kg every 6 hours 
(total daily dose 120–180 mg/kg). Preferably, individual 
doses should be administered i.v. as 15- to 30-minute infu-
sions (McCracken and Nelson, 1983). The pharmacokinetics 
of Pen G in very low birth weight neonates has been reviewed 
(Metsvaht et al., 2007); 15 mg/kg every 12 hours is safe and 
achieves serum levels > MIC90 for group B streptococci for 
the entire dosing interval.

Procaine Pen G in a single daily dose of 50 mg/kg appears 
suitable for the treatment of milder infections in neonates. 
The drug is well tolerated in this age group and local reac-
tions are uncommon (McCracken and Nelson, 1983). Benza-
thine Pen G, if indicated in neonates, is given in a single dose 
of 50,000 units (37.5 mg) per kg body weight (McCracken, 
1974).

4c.  Pregnant and lactating mothers

Penicillin use in pregnancy is considered safe. Penicillin has 
been assigned to pregnancy category B by the FDA, with 
animal studies failing to reveal evidence of fetal harm and 
no  adverse effects have been reported during human use. 
However, there are no controlled data in human pregnancy. 
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Serum Pen G levels are likely to be lower in pregnant than in 
nonpregnant patients after the same dose of the drug because 
both the distribution volume and the renal clearance of Pen 
G increase during pregnancy (see section 5b). Penicillin is 
excreted into human milk, but any risk to a nursing infant 
is unlikely (FDA, 2016).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Pen G is often administered in the usual dosage to patients 
with impaired renal function because with small doses there 
is no great risk of toxicity. Moderately large i.v. doses may 
yield high toxic serum levels, necessitating dosage reduction. 
If a crystalline Pen G dose of 0.6–1.2 g every 6 hours is nor-
mally indicated, then in anuric or severely uremic patients 
the intervals between the doses should be increased to 8–10 
hours (Kunin, 1967; see Table 3.6). If high-dose i.v. Pen G 
therapy is contemplated, such as a dose of 14.4 g daily for 
patients with normal renal function, more meticulous dos-
age adjustment is necessary for those with renal failure (see 
Table 3.6). This aims to achieve a mean serum Pen G concen-
tration of approximately 20 μg/ml (Bryan and Stone, 1975). 
Bryan and Stone (1975) suggested that a loading dose of 
0.45–0.72 g should be given initially to patients with severe 
renal failure. If hemodialysis is required, an additional dose 
of 0.3 g is necessary every 6 hours during this procedure.

PATIENTS WITH AUGMENTED RENAL FUNCTION

Although little specific data for Pen G exists, renally cleared 
penicillins appear subject to higher than expected drug 
clearances and have very low trough concentrations in crit-
ically ill patients, so-called augmented renal clearance (defined 
as a creatinine clearance exceeding 130 mL/min) (Udy et al., 
2012). In patients with augmented renal function, who often 
require intensive care management, more frequent dosing 
of drug is suggested to ensure target concentrations are 
achieved.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

The recommended Pen G dose should be further reduced to 
0.3 g every 8 hours if advanced liver disease is associated 
with severe renal failure.

OLDER ADULTS

Older adults eliminate Pen G and many other antibiotics 
more slowly via the kidney. If large doses are used, serum 
level monitoring and appropriate dosage reduction may be 
needed (Ljungberg and Nilsson-Ehle, 1987).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

CRYSTALLINE PEN G

Pen G is 46–58% protein bound, and its half-life in normal 
adults is only about 30 minutes (Kunin, 1967). Nevertheless, 
immediate high serum levels are attained after rapid i.v. 
injection of this preparation. If a dose of 1.2 g is administered 
intermittently i.v. every 2 hours, or 1.8 g every 3 hours, a 
mean serum concentration of approximately 20 μg/ml is 
attained (Bryan and Stone, 1975). This is adequate for the 
treatment of severe infections. Plaut et al. (1969) studied 
serum levels in 10 patients with normal renal function who 
received an i.v. injection of 3 g of sodium Pen G over a 3- to 
5-minute period. The resulting mean serum concentration 
after 5 minutes was 400 μg/ml, and after 10 minutes, 273 μg/ml. 
During the first hour there was a rapid decrease in the serum 
concentrations (due to both distribution and elimination of 
the drug), after which the mean serum level was 45 μg/ml. 
The subsequent fall in serum levels was slower, and presum-
ably this was mainly due to Pen G elimination; at 4 hours 
the mean serum level was 3.0 μg/ml. When the same dose 
of Pen G was administered by continuous infusion over a 
6-hour period, 2 hours was required to achieve a serum level 
of 12–20 μg/ml, which then could be maintained only by the 
use of a constant-infusion pump. If the infusion was given by 
an ordinary i.v. drip, large fluctuations of serum levels were 
observed, despite close supervision.

After intramuscular administration of Pen G a peak serum 
level is obtained within a half hour; after 0.6 g this is usually 
12 μg/ml. The level then falls rapidly, but detectable serum 
levels remain for 4–6 hours. As noted, the usual half-life of 
the drug is only 30 minutes. The height of the peak and per-
sistence of serum levels depend on the dose, but the relation 
is not always linear. There is also an individual variation, and 
even in the same subject the response may vary under differ-
ent conditions. For instance, the period of sustained thera-
peutic levels is shorter in healthy ambulatory volunteers than 
in patients confined to bed. Diabetic patients may absorb 
Pen G relatively poorly from i.m. sites (Weinstein and Dalton, 
1968).

With an i.m. dose of 21 mg/kg in children, a peak serum 
level of 10–15 μg/ml is attained in 30 minutes. The level then 
falls to zero in 4–6 hours (Shann et al., 1987). In newborn 
infants, after an i.m. dose of 15 mg/kg body weight of crystal-
line Pen G, the mean peak serum level at 30–60 minutes is 
approximately 22 μg/ml; this level falls to 1.0–2.0 μg/ml after 
12 hours. Pen G does not accumulate if this dose is given 

Table 3.6. Recommended dosage schedule for intermittent i.v. 
benzylpenicillin therapy for patients with renal failure

Creatinine clearance
(ml per min) Dose (g) Interval (h)

125 1.2 or 1.8 2 or 3

60 1.2 4

40 0.9 4

20 0.6 4

10 0.6 6

Nil 0.3 or 0.6 6 or 8

Source: Adapted from Bryan and Stone (1975).
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every 12 hours. Following a dose of 30 mg/kg, a peak level 
of approximately 40 μg/ml occurs, but the level at 12 hours 
is similar to that resulting from a dose of 15 mg/kg. There is 
also no accumulation of Pen G when a dose of 30 mg/kg is 
given every 12 hours (McCracken et al., 1973). In general, 
Pen G serum levels are independent of birth weight, except 
in infants with a birth weight less than 2000 g, in whom peak 
serum levels are slightly lower, possibly because more of the 
drug is distributed in extracellular fluid (McCracken, 1974). 
With older infants, mean serum levels after these doses 
become lower, because the Pen G half-life decreases as post-
natal age increases.

Johnson et al. (2001) evaluated the dosing requirements 
for Pen G in the third trimester of pregnancy for prophylaxis 
against group B streptococcus. The authors found that 1 mil-
lion units every 4 hours was required to ensure maximum 
exposures against group B streptococcus.

PROCAINE PEN G

After i.m. injection of an aqueous suspension of procaine 
Pen G, a peak serum level is reached in 2–3 hours and in 
adults given 0.6 g or more, detectable levels are usually main-
tained for at least 24 hours. When i.m. procaine penicillin in 
a dose of 50 mg/kg is given to children, the peak serum level 
3–6 hours later is 4–6 μg/ml, and the serum level remains 
above 1 μg/ml for 26 hours (Shann et al., 1987). In infants 
aged less than 1 week, following i.m. procaine Pen G in a 
dose of 50 mg/kg body weight, the mean serum level 2–12 
hours later is 7 μg/ml, and the level at 24 hours is 1.5 μg/ml. 
Pen G does not accumulate in the body if this dose is repeated 
every 24 hours. Lower serum levels (5–6 μg/ml) during the 
first 4 hours and 0–0.4 μg/ml at 24 hours occur if this dose is 
given to infants older than 1 week (McCracken et al., 1973; 
McCracken and Nelson, 1983).

BENZATHINE PEN G

Benzathine Pen G produces prolonged therapeutic serum 
levels after i.m. injection. In young adults, after a single injec-
tion of 1.8 g of benzathine Pen G, the mean serum Pen G con-
centration was 0.2 μg/ml after 48 hours, 0.05 μg/ml at 6 days, 
and 0.02 μg/ml at 13 days. At 13 days, 33% of subjects already 
had negligible serum Pen G concentrations, and thereafter 
no subjects had significant serum levels. After the same dose 
was given to elderly subjects, mean serum levels of 0.37, 0.1, 
0.05, and 0.04 μg/ml occurred at 48 hours, 6 days, 13 days, and 
20 days, respectively. Thereafter, serum Pen G levels became 
undetectable (Collart et al., 1980). Prolonged and higher 
serum levels in elderly subjects are due to delayed renal 
excretion of Pen G. Kaplan et al. (1989a) administered 0.9 g 
of benzathine penicillin to young adults. Mean serum Pen G 
levels remained ≥ 0.02 μg/ml for 21 days, but by 28 days only 
44% of the serum samples had detectable levels of Pen G. It 
was concluded that i.m. injections more frequent than every 
4 weeks are needed for rheumatic fever chemoprophylaxis 
(see section 7). Dosing of benzathine penicillin G has been 
tested in silico, using PK data from predominantly young 
and healthy people (Neely et al., 2014). Neely et al. (2014) 

found that approximately one third and two thirds, respec-
tively, of subjects maintained concentrations > 0.02 μg/ml if 
1.2 million units of dosing was repeated every 3 weeks and 
every 2 weeks, respectively, suggesting that optimal effects 
are likely to require more frequent administration. 

Ginsburg et al. (1982) studied serum levels of Pen G 
after i.m. benzathine Pen G administration to children aged 
1.8–10.7 years. Seven children who weighed less than 27 kg 
received a single dose of 0.45 g, and six who weighed 27 kg or 
more were given a dose of 0.9 g. Serum level–time curves 
were similar for the two groups for the entire study period 
of 30 days. The mean peak serum concentration attained at 
24 hours was 0.16 μg/ml, and subsequent mean serum levels 
were 0.075, 0.04, and 0.01 μg/ml on days 5, 10, and 18, 
respectively. Because Pen G serum levels were ≥ 0.01 μg/ml 
at day 10 in this study, some clinicians consider that benza-
thine Pen G may be appropriate therapy for group A strepto-
coccal pharyngitis (see section 7). However, on day 30, Pen G 
was undetectable in the serum of all children in this study, 
suggesting that monthly administration of this preparation 
may not be adequate for rheumatic fever chemoprophylaxis 
or for the prevention of pneumococcal infections (see sec-
tion 7).

In newborn infants, after an i.m. dose of 37.5 mg/kg body 
weight, a mean peak serum level of 1.20 μg/ml is attained 
12–24 hours after administration, which falls to 0.65–0.90 
μg/ml at 4 days, and concentrations of 0.07–0.09 μg/ml are 
still detectable at 12 days (Kaplan and McCracken, 1973; 
Klein et al., 1973).

5b.  Drug distribution

Pen G penetrates into bronchial secretions to a modest 
degree; peak sputum concentrations are only 5–20% of those 
in serum (Symonds, 1987). Pen G diffuses quite readily into 
lung empyemas, uncomplicated parapneumonic effusions 
(Taryle et al., 1981), and ascitic fluid (Gerding et al., 1977). 
Similarly, the drug penetrates well into pericardial and syno-
vial fluids. Pen G easily diffuses into inflamed tissues, where 
it persists longer than in normal tissues (Florey et al., 1946). 
Pen G concentrations in purulent saliva of patients with 
bacterial parotitis are considerably higher than in nonpuru-
lent saliva of healthy patients (Eneroth et al., 1978). The 
drug’s passage into hematomas is quite good (Bergman, 
1979), but it is poor into noninflamed bone, avascular areas, 
and abscesses.

Penetration of Pen G into the CSF of patients with non-
inflamed meninges is poor. Hieber and Nelson (1977) stud-
ied serial CSF Pen G concentrations in children with bacterial 
meningitis who were treated by i.v. Pen G in a dosage of 
0.15 g/kg per day. Mean CSF Pen G concentrations on days 1, 
5, and 10 of therapy were 0.8, 0.7, and 0. 3 μg/ml, respectively. 
These decreasing CSF levels correlated with the return of 
CSF protein concentrations toward normal. In adult patients 
with secondary, latent, and central nervous system syphilis, 
Pen G usually cannot be detected in the CSF after adminis-
tration of i.m. benzathine Pen G in doses of 1.8 or 5.4 g. The 
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same is true if i.m. procaine Pen G is used in a daily dose 
of 2.4 g. Treponemicidal CSF Pen G concentrations (0.06–
1.0  μg/ml) are usually attained by three other treatment 
regimens: (1) crystalline Pen G, 2.4 g i.v. every 4 hours; 
(2) crystalline Pen G, 0.3 g i.v. or i.m. every 6 hours plus oral 
probenecid 0.5 g every 6 hours; and (3) procaine Pen G, 2.4 g 
i.m. daily, plus 0.5 g oral probenecid every 6 hours (Dunlop 
et al., 1979; Polnikorn et al., 1980; Ducas and Robson, 1981; 
Dunlop et al., 1981). After i.m. administration of 50 mg/kg 
body weight procaine Pen G to neonates, the drug can always 
be detected in the CSF; mean peak CSF levels of 0.7 ± 0.35 
(SEM) μg/ml occur 12 hours after administration (Speer et 
al., 1981). In animal experiments, Pen G penetrates to some 
extent into inflamed brain tissue and brain abscesses, where 
its concentration is reduced by concomitant administration 
of corticosteroids. By contrast, corticosteroids do not reduce 
penetration into brain tissue of lipophilic drugs, such as chlor-
amphenicol and metronidazole (Kourtópoulos et al., 1983a). 
Pen G should not be administered intrathecally because of 
the risk of neurotoxicity.

When parenteral Pen G is administered to subjects with 
normal meninges, CSF Pen G levels are kept low, not only 
by passive CSF flow into the venous system via the arachnoid 
villi but also by an active transport system localized in the 
choroid plexus, which specifically excretes Pen G and other 
organic acids from the CSF (Hieber and Nelson, 1977; Norrby, 
1978). In patients with meningitis, there is increased vascu-
lar permeability, allowing more Pen G to enter the CSF and a 
decreased clearance from the CSF by partial inhibition of the 
organic acid pump. In normal animals and in those with 
experimental bacterial meningitis, CSF Pen G levels increase 
two to three times if probenecid is also given. This increase is 
greater than can be expected from the associated serum level 
increase (see section 5e). Probenecid elevates the CSF Pen G 
concentration by directly inhibiting excretion of organic acids 
from the CSF (Dacey and Sande, 1974). This probenecid 
effect may precipitate encephalopathy if Pen G is used in 
large doses. Probenecid has the same effect on CSF concen-
trations of other penicillins and cephalosporins. Occasionally 
this action may be useful therapeutically to increase CSF 
antibiotic levels, for instance in the treatment of neurosyphi-
lis (see section 7). In animals, Pen G CSF levels are consider-
ably increased if the drug is given approximately 1 week after 
whole brain irradiation. Paradoxically, if probenecid is also 
given, CSF Pen G levels in irradiated animals are lower than 
in animals receiving irradiation alone. The mode of action of 
probenecid in this situation is not understood (Kourtópoulos 
et al., 1983b).

Pen G enters erythrocytes. If it is given by a direct i.v. 
injection followed by a constant Pen G infusion, the red 
blood cell Pen G concentration equals or exceeds the serum 
concentration after 2 hours. If Pen G administration is then 
ceased, the erythrocytic Pen G concentration is only halved in 
50–60 minutes, whereas the serum Pen G half-life is 30 min-
utes. This slower rate of efflux of Pen G from erythrocytes 
probably helps maintain high initial drug levels for a longer 
period (Kornguth and Kunin, 1976). Pen G, unlike antibiotics 

with good lipid solubility, such as chloramphenicol and rifam-
picin, penetrates poorly into human polymorphonuclear 
leukocytes and into enucleated human polymorphonuclear 
leukocytes (cytoplasts) (Prokesch and Hand, 1982; Hand and 
King-Thompson, 1990).

Serum Pen G levels are likely to be lower in pregnant than 
in nonpregnant patients after the same dose of the drug. This 
is because both the distribution volume and the renal clear-
ance of Pen G increase during pregnancy. This phenomenon 
has been best studied with ampicillin (see Chapter 5, Ampi-
cillin and Amoxicillin), but it is likely to apply to most other 
penicillins and cephalosporins (Chow and Jewesson, 1985). 
The drug crosses the placenta, producing adequate concen-
trations in both the fetus and amniotic fluid, except that fetal 
levels are low during the first trimester (Chow and Jewesson, 
1985).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Similar to other beta-lactams, the clinical efficacy of Pen G 
is best correlated with the duration of the dosing period in 
which the drug concentrations at the site of infection are 
above the MIC of the infecting pathogen (“time above the 
MIC”). The exposure of the drug associated with maximal 
bacterial killing can be different for different bacterial spe-
cies, with little data available on what antibiotic exposure will 
suppress the emergence of resistant bacteria. In an in vitro 
model suboptimal dosing of Pen G was associated with emer-
gence of resistant S. pneumoniae isolates, supporting the 
need for optimized dosing regimens (Odenholt et al., 2003).

The therapeutic superiority of intermittent versus contin-
uous i.v. Pen G administration remains controversial. In ani-
mals, intermittent therapy may result in greater drug levels in 
interstitial fluid and fibrin clots (Barza, 1981; Bergeron et al., 
1981). In a rabbit model of meningitis, an initial acceleration 
in bactericidal rate with a bolus injection occurs in the first 
2 hours of therapy, but thereafter the rate of bacterial killing 
is identical with bolus and constant i.v. infusion of equivalent 
doses of Pen G (Sande, 1981). Nevertheless, given that Pen G 
efficacy is best correlated with time above the MIC, there has 
been a renewed interest in beta-lactam antibiotic adminis-
tration by continuous infusion. The availability of improved 
i.v. drug delivery systems has overcome some of the prob-
lems previously associated with this method of drug admin-
istration. However, most of the studies of continuous infusion 
have been undertaken with newer beta-lactams, such as cef-
tazidime for Pseudomonas infections, rather than with Pen G. 
In this setting, studies have shown that lower daily dose of 
ceftazidime would be needed if the drug was given by con-
tinuous i.v. infusion. However, significant data from clini-
cal  trials in humans are not yet available (Drusano, 1988; 
Craig and Ebert, 1992). Walton et al. (2007) demonstrated 
that continuous infusion of penicillin was practical and safe 
for home-based therapy of deep-seated infections caused 
by penicillin-susceptible organisms. Continuous-infusion 
Pen G is now recommended in some national guidelines, 
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particularly for home-based i.v. therapy (Antibiotic Expert 
Group, 2014).

5d.  Excretion

If renal function is normal, over 70% of an injected dose of 
Pen G is excreted within 6 hours, mainly as the active drug, 
and high urinary concentrations are attained. In healthy 
adults, only about 10% of an injected dose of Pen G is 
excreted by glomerular filtration, the remainder predomi-
nantly by tubular secretion (McCracken et al., 1973). Animal 
experiments indicate that this secretion takes place in the 
proximal tubules and that a small amount (about 10% of 
the administered dose) is then reabsorbed in the collecting 
ducts (Bergeron et al., 1975). After this rapid elimination 
phase of Pen G, there may follow a slow elimination phase 
(Ebert et al., 1988). In human volunteers the serum levels 
were still approximately 0.01 μg/ml 9 hours after admin-
istration of 0.6 g Pen G i.v. In newborn infants excretion is 
predominantly by glomerular filtration, because of the imma-
turity of tubular function at that age (McCracken et al., 
1973); this results in a prolonged Pen G serum half-life.

In patients with impaired renal function, the Pen G serum 
half-life increases as renal function deteriorates (Plaut et al., 
1969), but the drug still disappears from the blood at a sig-
nificant but reduced rate in anuric patients. Elderly subjects 
also have a diminished renal tubular secretory ability and are 
liable to Pen G neurotoxicity, if large doses are given i.v. (see 
section 4c). Renal tubular secretion can be partly blocked 
by probenecid and, if probenecid is co-administered, Pen G 
serum concentrations are approximately doubled; other drugs 
can also increase Pen G levels (see section 5b).

Some active Pen G is eliminated in bile. In animals, the 
drug is actively secreted into the bile and amounts to about 
4.5% of the administered dose. Probenecid may reduce biliary 
secretion and possibly also interfere with Pen G inactivation 
in the liver because it significantly prolongs the cloxacillin 
half-life in anephric patients (Nauta et al., 1974).

Pen G that is not excreted in urine or bile (usually less 
than 30%) is inactivated in the liver, producing mainly peni-
cilloic acid (Cole et al., 1973). Inactivation of Pen G is more 
rapid than that of other penicillins, such as ampicillin and 
carbenicillin, so that in anuric patients the serum half-life 
of Pen G is only 3 hours, but with ampicillin and carbenicil-
lin it is 7–8 hours and 15 hours, respectively. Serum levels of 
Pen G decline very slowly in patients with severe hepatic and 
renal dysfunction (Bryan and Stone, 1975).

5e.  Drug interactions

When probenecid is given with Pen G, serum levels are 
almost doubled. Nauta et al. (1974), studying the effect of 
probenecid on the distribution of cloxacillin in anephric 
patients, and Barza et al. (1975), performing animal experi-
ments, showed that probenecid did not confine Pen G to the 
vascular space and limit its access to organs and tissues, as 
originally postulated. Therefore, probenecid can be used to 

enhance serum levels of penicillins or cephalosporins, and 
this will not lower the antibiotic concentration at the site of 
infection. The adult dosage of probenecid for this purpose is 
2.0 g daily. The daily doses for children are 0.5–0.75, 0.75–
1.25, and 1.25–1.5 g for children aged 2–4, 5–9, and 10–14 
years, respectively. This is administered orally, usually in four 
divided doses. Probenecid is seldom used today in combina-
tion with the penicillins, although there is really no good rea-
son why its use should not be encouraged.

Various other drugs, especially organic acids, may com-
pete with Pen G for renal tubular secretion, similar to pro-
benecid. In this way, the Pen G half-life may be prolonged 
by aspirin, phenylbutazone, sulfonamides, indomethacin, 
thiazide diuretics, furosemide, and ethacrynic acid (Leading 
Article, 1975).

The absorption of oral penicillins may be altered during 
treatment with proton pump inhibitors as a result of the 
increased intragastric pH (Unge and Andersson,1997; see 
Chapter 4, Phenoxypenicillins). 

6. ADVERSE REACTIONS AND TOXICITY

A summary of the common adverse reactions associated 
with Pen G are shown in Table 3.7.

6a.  Hypersensitivity reactions

Modern assessments have demonstrated that almost 10% of 
the population recount a penicillin adverse drug reaction 
(ADR) (Macy, 2014; Trubiano et al., 2016b). Many penicillin 
ADRs are in fact nonimmune mediated, dose-dependent drug 
side effects (Type A ADRs) (Rawlins, 1977). Remaining ADRs 
that are consistent with true immune-mediated reactions 
(i.e. urticaria, angioedema, anaphylaxis, and exanthems) are 
considered Type B ADRs (Rawlins, 1977). Type B ADRs 

Table 3.7. Common adverse effects of benzylpenicillin.

Side effects Comment

Hypersensitivity reactions Principally rashes

Anaphylaxis 0.05% of Pen G–treated patients

Serum sickness 2% of Pen G–treated patients 
Stevens–Johnson syndrome 
may occur

Contact dermatitis

Jarisch–Herxheimer reactions Usually limited to the treatment 
of syphilis or leptospirosis

Neurotoxicity Excessively high doses i.v.

Nephropathy

Hemolytic anemia Excessively high doses i.v.

Other hematologic reactions Neutropenia; coagulation 
disorders

Cation intoxication Potassium overload with the 
potassium salt following 
massive doses

Reactions peculiar to 
procaine penicillin

CNS reactions, including 
convulsions
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include immediate (IgE mediated), accelerated or delayed 
(cytotoxic or immune complex mediated), and delayed (T-cell 
mediated) hypersensitivity reactions that can follow therapy 
with either Pen V or Pen G. Sensitization can occur with and 
without previous penicillin therapy. While some immune- 
mediated reactions to penicillin can persist, many in fact 
wane with time, as reported by Gadde et al. (1993). In fact, 
almost 90% of patients with a history of penicillin allergy have 
such a “label” removed with formal skin prick testing and 
subsequent oral challenge (Bourke et al., 2015). This is par-
ticularly so for patients with a history of penicillin allergy 
dating from the 1940s and 1950s when the product was ham-
pered by impurities (10–15% pure), resulting in a significant 
number of nonimmune mediated ADRs, such as Arthus reac-
tions (Jaslowitz, 1945; Price, 1945). Previous editions of this 
text described hypersensitivity reactions in relation to four 
domains: (1) anaphylaxis, (2) serum sickness, (3) contact der-
matitis, and (4) local reactions. However, given substantial 
improvements in our understanding about drug allergy, a 
revised description of penicillin ADRs based on the updated 
Gell and Coombs classification (Gell, 1963) as outlined by 
Pichler et al. (2007) is required.

The Pen G molecule may evoke allergy by acting as a hap-
ten and combining with body proteins to form an antigenic 
compound. Various derivatives of penicillin, including the 
five-  membered beta-lactam ring and six-membered thiazoli-
dine ring (6-APA), are shared among other semisynthetic peni-
cillins (e.g. flucloxacillin, oxacillin, piperacillin-tazobactam) 
and therefore can predict cross-sensitivity (Joint Task Force 
on Practice Parameters et al. 2010), It was initially predicted 
that all penicillins derived from 6-APA would cross-react in 
sensitized individuals, but this is clearly now not the case. Less 
than 5% patients with a primary penicillin hypersensitivity 
will display cross-reactivity to cefazolin (first generation) and 
and 1% of such patients will cross-react to ceftriaxone (third 
generation) (Buonomo et al., 2014; Macy, 2014; Martinez 
Tadeo et al., 2015). The antigenic determinant is rarely the 
beta-lactam ring, with recent evidence demonstrating that R1 
side chains play a major large role (see Figure 3.2). Therefore, 
cephalosporins, carbapenems, and monobactams that don’t 
share an R1 side chains are more often than not tolerated in 
patients with penicillin hypersensitivity (Romano et al., 2010; 
Romano et al., 2015; Romano et al., 2004a; Romano et al., 
2004b). Antibiotics that share an R1 side chain with penicil-
lin include cephalothin and cefoxitin (Antunez et al., 2006; 
Lagace-Wiens and Rubinstein, 2012; Trubiano and Phillips, 
2013). A recent review succinctly outlined the antibiotics that 
share an R1 side chains with penicillin (see Table 3.8) and the 
conserved core structures between penicillins, aminopeni-
cillins, and cephalosporins (see Figure 3.2) (Trubiano and 
Phillips, 2013).

The Pen G molecule does not combine readily with pro-
tein to produce an antigen, and the actual haptens are vari-
ous penicillin breakdown products, the so-called major and 
minor determinants. The most important of these is the 
penicilloyl derivative, which is formed by breaking of the 

beta-lactam ring; this may become stably attached to pro-
tein via an amino group. This penicilloyl derivative can arise 
directly from Pen G or through an intermediary, penicillanic 
acid, which is another penicillin degradation product. The 
conjugate of the penicilloyl derivative with body proteins is 
commonly called the major antigenic determinant (Idsøe et 
al., 1972). Other penicillin degradation products, such as pen-
icilloic acid, which are also involved in allergy, are grouped 
together and called minor antigenic determinants. Previously 
it was considered that the major antigenic determinant could 
not be used for skin testing procedures because it was itself a 
potent sensitizing agent, but this has been overcome by using 
the penicilloyl derivative conjugated with polymerized lysine, 
forming penicilloyl-polylysine (PPL). PPL is now widely 
used as a safe testing reagent (Bourke et al., 2015; Fernández 
et al., 2013; Joint Task Force on Practice Parameters et al., 
2010; Romano et al., 2007). The utility of the minor deter-
minant mixture (MDM) remains controversial (Solensky 
and Macy, 2015), with some centers uisng benzylpenicillin 
as a skin reagent in its place when the MDM is unavailable 
(Rosenfield et al., 2015).

Pen G can become more allergenic after a period in solu-
tion, either because it is degraded to more allergenic sub-
stances or because of the formation of high molecular weight 
Pen G polymers (Dewdney et al., 1971). It is therefore always 
wise to use freshly prepared Pen G solutions.

Based on these considerations the major penicillin-asso-
ciated Type B ADRs can be best classified according to the 
following: (1) IgE, (2) cytotoxic, (3) immune complex, and 
(4) T-cell mediated reactions. 

IgE-MEDIATED (IMMEDIATE) REACTIONS

IgE-mediated reactions are Type B1 hypersensitivity reactions 
occurring in previously sensitized patients or de novo. The 
pruritus, urticaria, angioedema that can follow penicillin 
therapy generally responds to antihistamine-based therapy 
and is not life-threatening. Anaphylaxis, while rare, is poten-
tially fatal without appropriate therapy. Features of anaphy-
laxis are nausea, vomiting, abdominal pain, pallor, tachycardia, 
severe dyspnea due to bronchospasm, rigors, loss of con-
sciousness, and peripheral circulatory failure due to vasodi-
lation and loss of plasma volume into the tissues. Acute 
urticaria and angioneurotic edema, which may affect the lar-
ynx, can also occur (Austen, 1974). Anaphylactic reactions 
are largely mediated by IgE (reaginic) antibodies, but certain 
IgG subclass antibodies may also play a part (Parker, 1975). 
In large-scale surveys, anaphylactic reactions have occurred 
in approximately 0.05% of Pen G–treated patients (Idsøe et 
al., 1968; Holgate, 1988; Lin, 1992). Thus anaphylaxis to Pen 
G has been previously estimated to occur in 1–5 per 10,000 
patients treated, with fatalities in as many as 1–5 of 100,000 
treated patients (Lin, 1992). Thus about 10% of anaphylactic 
reactions may be fatal (Polk, 1982). Parenteral Pen G accounts 
for nearly all cases of anaphylaxis, but there are occasional 
reports following the use of oral potassium Pen G (Spark, 
1971). “Accelerated” reactions, occurring within 2–48 hours, 
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Figure 3.2. Structure of conserved regions and side chains of common beta-lactam antibiotics. Panel 1: Demonstrates 
structures of beta-lactams. Beta-lactams consist of four-member a beta-lactam ring, the penicillins connected to a five- 
member thiazolidine ring, and cephalosporins to a six-member dihydrothiazine ring. Penicillins have one side chain (R1), and 
cephalosporins have two (R1 and R2). Whereas R2 provides useful pharmacological properties, R1 has the greatest immuno-
genic properties. Monobactams and carbapenems also have side chains (R ) that commonly do not cross-react. Panel 2: 
Demonstrates the common penicillin, aminopenicillin, and cephalosporin core structures (shaded regions) and R1/R2 side 
chains. Cross-reactivity between cephalosporins and penicillin with different side chains due to IgE against the beta-lactam 
core is uncommon, as rapid degradation of the cephalosporins forms molecules with no clear structural similarities to the 
major and minor determinants of penicillin. (Adapted with permission from Trubiano and Phillips (2013).)

 

Table 3.8. Beta-lactam antibiotics that share identical R1-group sides chains

Key beta-lactam group with identical R1-group side chain

Penicillin G Amoxicillin Ampicillin Ceftriaxone Cefoxitin Cefamandole Ceftazidime

Cephaloridine Cefadroxil Cefaclorb Cefotaxime Cephaloridine Cefonicid Aztreonam

Cephalothin Cefprozil Cephalexin Cefpodoxime Cephalothin

Cefoxitina Cefatrizine Cephradine Cefditoren

Cephalexina Cephaloglycin Ceftizoxime

Loracarbef Cefmenoxime

Cefepimea

aSignificant similarity, however not identical. 
bCefaclor has a similar R1 structure to cefuroxime.
Source: Adapted with permission from Trubiano and Phillips (2013).
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may sometimes happen in previously sensitized patients and 
take the form of urticaria, but laryngeal edema may also ensue 
(Idsøe et al., 1972). Accelerated reactions may also result in 
anaphylaxis and may be fatal. These reactions are also medi-
ated by IgE antibodies (Lin, 1992). The treatment of anaphy-
laxis was recently reviewed by the Lieberman et al. (2015) on 
behalf of the American Academy of Allergy, Asthma and 
Immunology (AAAAI) and should be referred to for the 
management of serious immediate hypersensitivity. In gen-
eral, treatment of anaphylaxis should include immediate i.m. 
administration of 500–1000 μg (0.5–1.0 ml of a 1:1000 solu-
tion) of adrenaline (epinephrine), which is repeated every 
5 minutes until improvement occurs (Leading Article, 1981; 
Sullivan, 1982; Australasian Society of Clinical Immunology 
and Allergy, 2016; Lieberman et al., 2015). Intramuscular 
injection is preferred because absorption of adrenaline from 
subcutaneous injection is too slow. Peni cillinase has no place 
in the emergency treatment of anaphylactic reactions. It rap-
idly breaks down circulating Pen G, but probably has no effect 
on preformed antigen–antibody complexes; also penicillinase 
itself may provoke sensitivity reactions (Idsøe et al., 1968).

CYTOTOXIC AND IMMUNE COMPLEX–MEDIATED 
REACTIONS

Cytotoxic reactionsare defined as Type BII- and BIII-mediated 
reactions (Pichler, 2007), which can occur in approximately 
2% of patients treated with Pen G (Polk, 1982). While these 
were previously thought to appear 7–10 days after primary 
administration of Pen G, they can infact be accelerated and 
occur on rare occasions within 5–72 hours of administration 
(Pichler, 2007). In the case of serum sickness, circulating 
immune complexes are produced after exposure to Pen G, the 
formation of which is possible because intravascular antigen 
is still present when antibody is first produced (Parker, 1975). 
Serum sickness is characterized by fever, malaise, urticaria, 
joint pains, lymphadenopathy, and occasionally angioneurotic 
edema. Erythema nodosum is a less common manifestation. 
Drug fever may be the sole manifestation of Pen G–induced 
serum sickness (Young et al., 1982a). However, some authors 
consider that the mechanisms by which drugs induce fever 
have not been well delineated and that this reaction may not 
have an allergic basis (Mackowiak and Le Maistre, 1987). 
Serum sickness is usually not serious, and it subsides when 
Pen G is withdrawn. Antihistamines are helpful, but in severe 
cases corticosteroids are necessary.

Cytotoxic reactions can occur from 5 hours to more than 
72 hours postexposure and are typically associated with hemo-
lytic anaemia and thrombocytopenia (Pichler, 2007). While 
no formal testing platform exists for this, drug-specific anti-
platelet antibodies can be looked for. The mechanism is 
believed to be hapten-induced antibiotic production for both 
Pen G and Pen V (Arnold et al., 2013). Penicillin can form a 
covalent bond with proteins on the surface of red blood cells 
and platelets, resulting in immune hemolytic anaemia and, 
less commonly, thrombocytopenia (Garratty, 1993; Salamon 
et al., 1984).

T-CELL-MEDIATED REACTIONS

T-cell-mediated reactions against Pen G and Pen V are clas-
sified as Type BIV. These have been further subdivided based 
on the predominant cellular mechanism, which has been 
discussed previously (Pichler, 2007). Penicillin has been 
implicated in T-cell-mediated contact dermatitis, fixed-drug 
eruptions (FDE), maculopapular exanthems (MPE), drug- 
induced liver injury (DILI), acute interstitial nephritis (AIN), 
and severe cutaneous adverse reactions (SCAR). SCAR syn-
dromes include drug reaction with eosinophilia and systemic 
symptoms (DRESS), acute generalized exanthematous pus-
tulosis (AGEP), Stevens–Johnson Syndrome (SJS), and toxic 
epidermal necrolysis (TEN). Recent studiesindicate that anti-
biotics are implicated in 50% of SCAR and other T-cell-  
mediated cutaneous adverse drug reactions, with penicillin 
commonly being blamed (Forman et al., 2002; Lin et al., 
2014; Su and Aw, 2014; Trubiano et al., 2016a). While peni-
cillin MPE is also frequently reported in children, very few 
cases prove to be reproducible on oral penicillin challenge 
(Caubet et al., 2015; Vezir et al., 2016), and likely reflect 
direct viral infections or virus–drug interactions. Contact 
reactions can result from topical Pen G application or expo-
sure to Pen G aerosol; it is an occupational disease of nurses 
and other healthcare workers. Reports of penicillin-related 
T-cell-mediated reactions are likely to be become less fre-
quent as broader-spectrum penicillins, aminopenicillins, and 
other beta-lactams, are employed more commonly.

LOCAL REACTIONS

Swelling and redness at the site of Pen G injections may 
occur. A careful clinical history still remains the main indica-
tor of possible reactors to Pen G. Idsøe et al. (1968) analyzed 
151 deaths due to Pen G reported from 1951 to 1965; 38 sub-
jects had a history of previous reaction, and in 74 others the 
previous drug history was not recorded. Some authors have 
previously considered that patients with a history of asthma, 
hay fever, and other allergies are more likely to react to Pen G 
(Smith, 1974), but subsequently no correlation has been 
noted between these issues and with a family or personal his-
tory of other allergies (Horowitz, 1975). In any case, a theo-
retical increased risk of Pen G reactions in patients with other 
allergies appears outdated, and the drug may be given to them 
whenever it is indicated.

TESTING FOR IMMUNE-MEDIATED PENICILLIN 
ALLERGY

Previously, routine testing for sensitive individuals before 
Pen G administration was not practicable. However, with the 
increasing emergence of multiresistant pathogens and rela-
tively few new antibiotics being developed, the option of for-
mal testing for allergy to beta-lactams (and other agents)— 
so-called allergy de-labeling—is gaining favor, especially in 
high-risk patients (Trubiano and Phillips, 2013; Trubiano et 
al., 2015; Trubiano et al., 2016b). Former suggestions that skin 
tests using Pen G as an antigen were inadvisable (even in small 
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doses), is now thought to be incorrect. Increased reports of 
successful inpatient and acute-care penicillin skin testing 
have been noted, resulting in increasing beta-lactam and 
penicillin use (Arroliga et al., 2003; King et al., 2016; Macy et 
al., 2004; Raja et al., 2009; Rimawi et al., 2013). The penicil-
loyl-polylysine skin test is safe in spite of very rare reports of 
anaphylaxis. The predictive value of skin testing was thought 
to be increased if PPL was combined with a minor determi-
nant mixture (Levine and Zolov, 1969; Lin 1992), but subse-
quent reports have questioned this statement (Solensky and 
Macy, 2015). In modern practice, when PPL and MDM are 
used in combination with other reagents, such as Pen G and 
an aminopenicillin, for both skin prick and intradermal test-
ing, the sensitivity is 70%, specificity 97–100%, negative pre-
dictive value 97–99% and positive predictive value 40–100% 
(Bourke et al., 2015; Joint Task Force on Practice Parameters 
et al., 2010; Kranke and Aberer, 2009). Pen G allergy may be 
lost after some years (Gadde et al., 1993), but in others it per-
sists for a long time, possibly for life (Lin, 1992). Thus regard-
less of the skin-testing result, absence of true allergy should 
be confirmed with either a single- or two-step oral challenge 
(Bousquet et al., 2008; Joint Task Force on Practice Parameters 
et al., 2010).

Recent reviews, published jointly by the European Net-
work for Drug Allergy and the European Academy of Allergy 
and Clinical Immunology, provide useful information on the 
diagnosis of immediate and nonimmediate allergic reactions 
to beta-lactam antibiotics (Demoly et al., 2014; Joint Task 
Force on Practice Parameters et al., 2010). While most skin 
testing is centered on patients with immediate penicillin 
hypersensitivity syndromes, delayed intradermal and patch 
testing can be employed for delayed (T-cell-mediated) reac-
tions with variable sensitivity, depending on the phenotype, 
as reviewed by Rive et al. (2013).

While desensitization of Pen G–allergic patients has pre-
viously been thought to be impracticable, in an era of in - 
creasing antimicrobial resistance, the use of desensitization 
procedures to allow the use of appropriate antibiotic thera-
pies has gained favor (Legendre et al., 2014). Desensitization 
is associated with inherent risks (Holgate, 1988; Lin, 1992), 
however adverse events are infrequently reported when per-
formed in a controlled supervised environment. Convenient 
oral desensitization protocols are currently available (see 
Table 3.9). It is important to remember that desensitization is 
lost if greater than four half-lives of the drug have passed 
between penicillin doses; in such situations, the desensitiza-
tion procedure must be reundertaken. Further, while success 
has been reported for patients with a history of non-SCAR 
T-cell-mediated penicillin allergy, desensitization is designed 
for patients reporting an immediate (IgE) mediated history 
(Legendre et al., 2014).

6b.  Reactions specific to procaine Pen G

Occasionally, severe reactions, and even death, occurring 
during or shortly after an i.m. injection of procaine Pen G 

may result from accidental i.v. injection. These reactions are 
partly caused by microembolization of procaine Pen G parti-
cles to the lungs and brain, which produces hyperventilation, 
dilation of pupils, convulsions, and coma. Toxicity due to the 
procaine component of the drug is contributory. Early man-
ifestations include marked anxiety, fever, hypertension, tachy-
cardia, vomiting, and audiovisual hallucinations. In severe 
cases, there may be convulsions, abrupt hypotension, and car-
diorespiratory arrest, which may simulate anaphylaxis. Galpin 
et al. (1974) recorded three patients to whom aqueous pro-
caine Pen G was administered inadvertently by i.v. infusion. 
Within 15 minutes, one patient developed a generalized 
seizure and cardiorespiratory arrest with slow idioventricu-
lar rhythm, but recovered with resuscitation. The other two 
patients had acute anxiety, tachypnea, dizziness, and tinnitus.

Procaine Pen G may cause less severe side effects. Some 
patients experience extreme anxiety and a sensation of im- 
pending death after an i.m. injection, but show no abnormal 
physical signs, such as shock or bronchospasm. Halluci-
nations, disorientation, or psychotic behavior may occur. 
Minor physical abnormalities, such as tachycardia, hyperten-
sion, or twitchings of extremities, are sometimes observed. 
Attacks usually subside after 15–30 minutes, but some patients 
may exhibit mental lability for several months (Silber and 
D’Angelo, 1985). These side effects may occur more com-
monly in patients with a past history of mental instability 
(Menke and Pepplinkhuizen, 1974). Minor reactions to pro-
caine Pen G develop in 0.1–0.3% of treated patients and 
probably result from direct procaine toxicity. In vivo, procaine 

Table 3.9. Oral desensitization protocol for penicillin G or 
penicillin Va

Step
(at 15-minute 
intervals)

Pen V 
suspension

(mg/ml)
Volume

(mL)
Dose
(mg)

Cumulative 
dose
(mg)

 1 0.5 0.1 0.05 0.05

 2 0.5 0.2 0.1 0.15

 3 0.5 0.4 0.2 0.35

 4 0.5 0.8 0.4 0.75

 5 0.5 1.6 0.8 1.55

 6 0.5 3.2 1.6 3.15

 7 0.5 6.4 3.2 6.35

 8 5.0 1.2 6 12.35

 9 5.0 2.4 12 24.35

10 5.0 4.8 24 48.35

11 50 1 50 98.35

12 50 2 100 198.35

13 50 4 200 398.35

14 50 8 400 798.35

15 Observe for 30 minutes; if no reaction, 
administer Pen G 1g IV

aOral desensitization is preferred because it is considered safer than i.v. 
desensitization. Oral desensitization may be used even if subsequent 
therapy will be parenteral. 

Source: Adapted with permission from Antibiotic Expert Group (2014).
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is quickly liberated from procaine Pen G; it can be detected 
in the serum immediately after an i.m. injection and measur-
able levels persist for about 30 minutes (Green et al., 1974). 
Accidental i.v. injection of part of the dose may sometimes be 
a factor. Patients exhibiting this side effect may be regarded 
as hysterical by those who are unaware of this clinical entity.

6c.  Jarisch–Herxheimer reaction

A Jarisch–Herxheimer reaction may be evoked when patients 
with syphilis are treated with Pen G (see section 7). It was 
initially thought to be due to release of endotoxins (lipo-
polysaccharides) from large numbers of killed treponemas, 
but this was not borne out by studies in animals (Gelfand et 
al., 1976). Other possible causes were considered to be the 
formation of immune complexes with treponemal antigens 
or the release of a nonendotoxin pyrogen from Treponema 
pallidum (Young et al., 1982b). However, it now appears that 
the reaction is mediated by the action of cytokines released 
into the circulation (Griffin, 1992). The reaction usually occurs 
6–8 hours after commencement of Pen G and subsides within 
12–24 hours. Features include malaise, chills, fever, sore throat, 
myalgia, headache, and tachycardia; there may be an exacer-
bation of existing syphilitic lesions—for example, flaring of 
the rash of secondary syphilis (Bryceson, 1976; Gelfand et 
al., 1976). Reactions in early syphilis are unpleasant but not 
serious. In late cardiovascular or neurosyphilis, serious reac-
tions, although rare, are possible due to aggravation of local 
lesions. For instance, patients with late cardiovascular disease 
may die during a reaction, and those with cerebral syphilis 
may develop increased mental disturbance (Bryceson, 1976).

The Jarisch–Herxheimer reaction may occur in about 50% 
of patients treated with Pen G for primary syphilis, 75% of 
those with secondary syphilis, and 30% of those with neuro-
syphilis (Gelfand et al., 1976). Corticosteroids may modify 
this reaction, especially in early syphilis. Even large doses do 
not abolish all clinical and pathologic changes, so their role 
in treatment is controversial and probably minimal (Teklu et 
al., 1983). All patients with early syphilis, and most with late 
cardiovascular and neurosyphilis, can be treated from the 
outset with therapeutic doses of Pen G. Initial treatment 
with small doses or the concomitant use of corticosteroids is 
indicated only in patients in whom there is a serious risk of 
increased local damage, for example syphilitic optic atrophy 
(Idsøe et al., 1968).

Jarisch–Herxheimer reactions can also occur when cer-
tain other infections are treated by Pen G. They are frequent 
in leptospirosis and result in fever, hypotension, and precipi-
tation or aggravation of the features of the disease. The reac-
tion may even precipitate the need for hemodialysis and 
adult respiratory distress syndrome (Friedland and Warrell, 
1991; Emmanouilides et al., 1994). It may follow the use of 
Pen G for the treatment of yaws, rat bite fever, anthrax, and, 
rarely, meningococcal meningitis (Berkowitz et al., 1983; see 
section 7). A Jarisch–Herxheimer reaction can complicate the 
treatment of some infections by other antibiotics. A severe 

form may be provoked by tetracyclines in louse-borne relaps-
ing fever, which may be fatal (Bryceson, 1976). High-dose 
corticosteroids, given before or at the time of tetracycline 
treatment, does not alter the reaction, but it is diminished by 
meptazinol (a partial opioid antagonist), given i.v. in a dose 
of 300–500 mg to adults (Teklu et al., 1983). The reaction 
occasionally follows tetracycline treatment of brucellosis and 
tularemia (see Chapter 67, Tetracycline) and chloramphenicol 
use in typhoid fever (see Chapter 86, Chloramphenicol and 
Thiamphenicol).

6d.  Direct Pen G toxicity

Pen G is of very low toxicity to humans, but when “massive 
doses” of 60 g daily or more are given i.v., encephalopathy 
with drowsiness, hyperreflexia, myoclonic twitches, con-
vulsions, and coma may result (Nicholls, 1980; Snavely and 
Hodges, 1984). These very high doses of Pen G are now rarely 
indicated. Toxicity is more likely to occur in patients with 
impaired renal function and in the elderly (Manian et al., 
1990). In one patient who developed convulsions, the serum 
Pen G concentration was 433 μg/ml 2 hours after i.v. admin-
istration of 6 g (Weinstein et al., 1964). CSF Pen G levels 
appear to be more important than serum levels; there is little 
danger of convulsions unless CSF Pen G levels exceed 5 μg/ml 
(Lerner et al., 1967). Animal studies have shown that the brain 
tissue concentrations, rather than CSF concentrations, of 
Pen G are decisive for neurotoxicity (Schliamser et al., 1988a; 
Schliamser et al., 1988b; Schliamser et al., 1989; Schliamser 
et al., 1991).

Because the permeability of the blood–brain barrier to 
Pen G increases in meningitis, smaller doses may precipitate 
encephalopathy in patients with this disease. Cardiopulmo-
nary bypass may in some way predispose patients to Pen G 
neurotoxicity. Convulsions, apparently due to i.v. Pen G, have 
been observed in patients undergoing open heart surgery 
(Seamans et al., 1968). If massive doses of Pen G are admin-
istered, probenecid should not be given (Lerner et al., 1967). 
Apart from its action of blocking renal tubular secretion, 
probenecid also inhibits efflux of Pen G from the CSF, where 
it accumulates (see section 5b). Administration of Pen G 
intrathecally can cause encephalopathy; penicillin should 
not therefore be given intrathecally. In infants, a daily intra-
ventricular dose of 3 mg Pen G has been used without side 
effects (Lee et al., 1977). Such forms of treatment for menin-
gitis are generally unnecessary.

Pen G can be removed from the body by hemodialysis, 
but carbon hemoperfusion is far more efficient and is prob-
ably the treatment of choice for Pen G intoxication (Wickerts 
et al., 1980). Status epilepticus in Pen G overdosage is the 
usual immediate life-threatening complication. Marks and 
Cummins (1981) reported a 56-year-old woman who received 
1.2 g of crystalline Pen G intrathecally by mistake. Status epi-
lepticus was treated for several days by curarization, infused 
thiopentone, and controlled ventilation. CSF lavage was also 
performed to reduce the toxic Pen G concentration, and she 
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subsequently recovered. In animals, Pen G encephalopathy 
can be reversed by systemically administered penicillinase 
(Raichle et al., 1971).

6e.  Nephropathy

Interstitial nephritis, which occurs with many antibiotics, 
can complicate i.v. administration of large doses of Pen G 
(12–36 g daily) (Baldwin et al., 1968; Roxe, 1980). This usu-
ally ensues after about 8 days’ treatment and is manifested 
by fever, eosinophilia, occasional rashes, albuminuria, and a 
rise in blood urea. Renal biopsy shows interstitial nephritis 
without glomerular abnormalities or arteritis. Most patients 
recover when Pen G is stopped. A hypersensitivity mecha-
nism is probably involved. There is no evidence that patients 
with renal impairment are more likely than patients with 
normal renal function to develop this complication when 
treated with appropriately adjusted doses of Pen G. If too 
high doses are used, renal function may be aggravated (Manian 
et al., 1990).

Milder forms of Pen G hypersensitivity nephritis may pre-
sent with features of dysuria, pyuria, proteinuria, and eosin-
ophilia, suggesting a urinary tract infection, there usually 
being no azotemia. It rapidly resolves when Pen G is with-
drawn, but promptly recurs on readministration of the drug 
(Orchard and Rooker, 1974). Rarely, renal disease character-
ized by glomerulonephritis or periarteritis has been associ-
ated with the administration of relatively low doses of Pen G. 
The causal role of Pen G in these cases is doubtful (Baldwin 
et al., 1968).

6f.  Hemolytic anemia

The uncommon complication of hemolytic anemia may occur 
when i.v. Pen G in a dose usually greater than 6 g daily is 
given to patients who have previously received large doses of 
the drug (White et al., 1968). Pen G–induced hemolytic ane-
mia is of the hapten type, i.e. the antibody produced is 
directed to the drug (hapten). A strongly positive direct anti-
globulin reaction (Coombs test) is the main diagnostic fea-
ture, which is due to induced IgG antibody reacting with Pen 
G–coated red cells (Garratty and Petz, 1975; Axelson and 
Lobuglio, 1980). Erythrocytes not coated with Pen G may also 
be destroyed because they may bind activated complement 
components and thereby be susceptible to premature destruc-
tion by the reticuloendothelial system (Kerr et al., 1972).

Pen G–induced hemolytic anemia should be suspected in 
patients who develop anemia while receiving high doses of 
Pen G. Patients with severe infections such as bacterial endo-
carditis often develop anemia due to infection and the hemo-
lytic component may be overlooked. On withdrawing Pen G 
the hemoglobin value usually rises quickly and the direct 
antiglobulin test becomes negative in 1–3 months. In most 
cases Pen G–induced hemolysis is not very severe; occasion-
ally rapid intravascular hemolysis followed by renal failure or 
even circulatory collapse and death may ensue (Jackson and 

Jaffe, 1979). IgG antibody to Pen G often cross-reacts with 
red cells sensitized with the semisynthetic penicillins and 
cephalosporins, so that these drugs are not safe alternatives 
(White et al., 1968).

It is much less common for Pen G administered in ordi-
nary therapeutic doses to cause hemolytic anemia, but it has 
been reported (Ho et al., 2004). In these cases, IgG antibody 
cannot be detected but an IgM antibody is present (Dove et 
al., 1975). Pen G was suggested as a possible cause of micro-
angiopathic hemolytic syndrome (thrombotic thrombocyto-
penic purpura) in one patient (Parker and Barrett, 1971). Pen 
G–associated hemolytic anemia occurred in another patient 
who had postpartum disseminated intravascular coagulation 
and microangiopathy and was receiving Pen G in a daily dose 
of 3 g for infection. Hemolysis occurred when her coagula-
tion disorder had been controlled by 9 days’ treatment with 
heparin (McPherson et al., 1976).

6g.  Other hematologic side effects

Pen G, in large doses, can rarely cause pancytopenia due to 
apparent blockade of the release of mature cells from the 
bone marrow (Joorabchi and Kohout, 1973). Severe neutro-
penia, usually resulting from the use of high doses of Pen G 
i.v. for several weeks, is another complication that usually 
resolves when Pen G is stopped (Corbett et al., 1982; 
Al-Hadramy et al., 1986). This neutropenia appears to be 
dose related. Olaison and Alestig (1990) found neutropenia 
to be a common complication when Pen G in a dose of 18 g 
i.v. was used to treat bacterial endocarditis, whereas this 
complication was uncommon with a dose of 12 g i.v. cloxacil-
lin daily. Patients with initial low counts of neutrophils were 
found to have an increased risk of developing neutropenia. 
Preexisting liver disease also predisposes patients to Pen G–
induced leukopenia. Pen G and other beta-lactam antibiot-
ics, when administered in usually recommended dosages, 
can induce leukopenia in these patients. The more severe 
the hepatic dysfunction, the greater the risk. Doses of beta- 
lactams may need to be reduced in these patients (Singh et 
al., 1993).

When Pen G–induced neutropenia resolves after cessa-
tion of the drug, it may recur if another beta-lactam is used. 
In one case neutropenia recurred when cefuroxime was given 
in high doses i.v. as a substitute for Pen G in the treatment 
of gonococcal endocarditis. The neutropenia resolved when 
i.v. erythromycin was substituted for cefuroxime (Timmis et 
al., 1981). Severe neutropenia is a well-known complication 
of high-dose therapy with most beta-lactam antibiotics. 
Secondary infection related to this neutropenia has been 
observed in only a few cases and no fatalities have been 
reported. However, therapy with high doses of beta-lactams 
in granulocytopenic patients receiving cytotoxic therapy 
simultaneously may prolong the episode of granulocytope-
nia. It is not yet known how this effect can be recognized 
clinically and whether this may have an adverse effect on 
therapeutic outcome (Neftel et al., 1985).
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If administered in large doses of 6 g daily to uremic 
patients, or 24 g daily to those with normal renal function, 
Pen G can induce coagulation disorders. These may appear 
soon after Pen G administration is commenced and persist 
for about 4 days after it is stopped. Factors involved are plate-
let dysfunction, disturbed conversion of fibrinogen to fibrin 
and increased antithrombin III activity (Andrassy et al., 1976; 
Manian et al., 1990). Pen G therapy can also be associated 
with the development of acquired inhibitors of blood coagu-
lation, particularly blocking inhibitors. These are proteins, 
but not necessarily antibodies, that can interfere with many 
aspects of the coagulation reaction. They are rarely, if ever, 
associated with overt bleeding. The prothrombin time is nor-
mal, but the activated partial thromboplastin time is usually 
prolonged. Uncommonly, Pen G hypersensitivity may be asso-
ciated with the presence of specific clotting factor inhibitors 
which inactivate single factors. Inhibitors specifically directed 
against factors V, VIII, IX, and XI have been described, factor 
VIII inhibitors being the most common. These factor inhib-
itors appear to be antibodies, and their presence may be 
associated with severe bleeding (Orris et al., 1980).

6h.  Cation intoxication

A quantity of 0.625 g of the potassium salt of crystalline Pen 
G contains 1.5 mEq of potassium ion (0.066 g potassium). If 
“massive doses” of this preparation are given i.v., potassium 
intoxication may occur. The sodium salt of Pen G, which 
contains 1.7 mEq (or 0.039 g sodium) in 0.6 g, is unlikely to 
cause complications, unless massive doses are used in patients 
with renal or cardiac failure. Brunner and Frick (1968) 
described hypokalemia, metabolic alkalosis, and hypernatre-
mia in a few patients treated with 60 g of sodium Pen G daily. 
Hypernatremia was probably aggravated by insufficient fluid 
intake. Despite this, their daily urine output exceeded 1 litre, 
owing to the osmotic diuretic action of 60 g of Pen G (equiv-
alent to about 600 ml of 10% mannitol). Pen G probably 
induces excessive renal potassium loss by direct action on 
distal renal tubules, thereby producing hypokalemia and met-
abolic alkalosis. Antibiotics such as Pen G may also cause a 
redistribution of potassium within the body (Tattersall et al., 
1972).

6i.  Neurological toxicity

Neurotoxicity that is unrelated to excessive dosing is unusual 
for Pen G (Sutter et al., 2015). The clinical, radiologic and 
electrophysiologic features of antibiotic-associated encepha-
lopathy (AAE) were recently reviewed. AAE was divided 
into three clinical phenotypes: (1) encephalopathy commonly 
accompanied by seizures or myoclonus arising within days 
after antibiotic administration (usually caused by cephalo-
sporins and penicillin), (2) encephalopathy characterized 
by psychosis arising within days of antibiotic administration 
(generally associated with quinolones, macrolides, and pro-
caine penicillin), and (c) encephalopathy accompanied by 
cerebellar signs and MRI abnormalities emerging weeks after 

initiation of antibiotics (generally associated with metroni-
dazole) (Bhattacharyya et al., 2016).

Benign intracranial hypertension may occur rarely due 
to vasculitis caused by Pen G hypersensitivity (Schmitt and 
Krivit, 1969). One patient who experienced a severe serum 
sickness following Pen G later developed increased intracra-
nial pressure due to pachymeningitis, which responded to 
corticosteroids (Farmer et al., 1960).

6j.  Other rare side effects

Pen G has occasionally been reported as the cause of pericar-
ditis, myocarditis, intestinal hemorrhage, liver necrosis, and 
gangrene (Idsøe et al., 1968). It may cause hypersensitivity 
vasculitis (Hannedouche and Fillastre, 1987). Cholestasis has 
been reported (Andrade et al., 2001). It has been tenuously 
associated with drug-induced lupus syndromes. Pen G ther-
apy can cause eosinophilia and pulmonary infiltration, but 
this is a rare association compared with that with other che-
motherapeutic agents, such as nitrofurantoin and the sulfon-
amides (Schatz et al., 1981). Intravenous Pen G is said to be a 
rare cause of colicky abdominal pain (Davies et al., 1974).

6k.  Nerve and muscle injury

The danger of sciatic nerve injury from i.m. Pen G injections 
in the buttock is well known, and in most hospitals the drug 
is given in the lateral aspect of the thigh. Muscle necrosis and 
abscess formation can occur after i.m. injection, and rarely 
muscle contractures may be a sequel to repeated i.m. injec-
tions in the thigh.

6l.  Intra-arterial injection of Pen G

Intra-arterial injection is an uncommon but very serious com-
plication of i.m. administration of procaine or benzathine 
penicillin. Atkinson (1969) described a 7-month-old girl in 
whom procaine–benzathine Pen G was injected into the glu-
teal artery, causing transverse myelopathy with apparently 
permanent paraplegia. This was presumably due to retrograde 
distribution to the vessels supplying the spinal cord when the 
drug was injected under pressure, resulting in occlusive vas-
cular disease; the injection was given in the upper and outer 
quadrant of the buttock. Weir and Fearnow (1983) collected 
seven published cases of transverse myelitis due to i.m. vis-
cous benzathine or procaine penicillin. These occurred in 
young children and the authors suggested that procaine or 
benzathine Pen G injections are unsafe in the gluteal muscu-
lature of children aged less than 2–3 years.

A similar catastrophe occurred in two young children in 
whom a procaine – benzathine Pen G mixture was injected 
in the outer aspect of the thigh. The disposable syringes used 
were so constructed that it was impossible to create a negative 
pressure and to ascertain whether the needle was in muscle 
or in a blood vessel. One child developed severe ischemic 
changes in the lower extremity that recovered in 2 weeks, 
but the other developed gangrene of the toes and muscle 
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contractures in the leg (Schanzer et al., 1979). Irreversible 
ischemic gangrene of the upper limb has been reported in a 
child after an unintentional intra-arterial injection of pro-
caine Pen G (Sengupta, 1976).

7. CLINICAL USES OF THE DRUG

Despite the emergence of penicillin resistance among many 
pathogens, Pen G remains a highly effective agent for many 
key pathogens (see Table 3.2).

7a.  Streptococcus pyogenes infections

Pen G remains a very effective treatment for infections caused 
by group A beta-hemolytic streptococci, such as pharyngitis, 
scarlet fever, cellulitis, necrotizing fasciitis, septic arthritis, 
uterine infection, and septicemia. 

LIFE-THREATENING INFECTIONS

During the past couple of decades, S. pyogenes septicemia in 
children and young adults has often been very severe with 
multisystem involvement and shock (Jackson et al., 1991; 
Stevens, 1992; Demers et al., 1993). A changing nature of sep-
ticemia has also been observed since 1988. Since that time, a 
toxic shock–like syndrome has occurred in 8% of invasive 
infections in some series. Adults with this syndrome were 
younger than patients with other invasive infections. These 
patients were similar in some ways to those with S. aureus 
toxic shock syndrome. They showed hypotension, erythem-
atous rash, desquamation, and renal and gastrointestinal 
manifestations and septic thrombophlebitis. The blood cul-
tures were positive in some 60% of cases and the mortality 
was approximately 30% (Cohen-Abbo and Harper, 1993; Hage 
et al., 1993; Shulman, 1993; Jevon et al., 1994). In general, 
there was a lower rate of streptococcal toxic shock syndrome 
and lower mortality in children with invasive group A strep-
tococcal infections than in young adults (Davies et al., 1994). 
A severe and often fatal infection caused by S. pyogenes is 
spontaneous gangrenous myositis. It resembles clostridial 
myonecrosis, but there is generally no crepitus. Key clinical 
clues include disproportionate pain, precipitous course, and 
early loss of power in a swollen limb with or without preced-
ing trauma. Ubiquitous laboratory tests include a Gram stain 
of exudates from bullae/muscles suggestive of streptococci 
and a raised CPK level suggestive of myonecrosis. High doses 
of i.v. benzylpenicillin plus clindamycin are required, prob-
ably together with i.v. immunoglobulin. In animal models, 
clindamycin has been shown to reduce mortality compared 
to penicillin monotherapy; a possible mechanism being the 
effect of clindamycin on protein synthesis, which may result 
in a decrease in superantigen production. In human studies, 
the use of intravenous immunoglobulin has been shown to 
significantly reduce mortality in streptococcal toxic shock 
syndrome and necrotizing fasciitis, probably due to neutral-
ization of superantigens by antibodies in the immunoglobulin 
preparations used. Early surgery is often needed to establish 
the extent of tissue damage and whether radical debridement 

is required, (Yoder et al., 1987; Norrby and Norrby-Teglund, 
1997; Haywood et al., 1999; Bryant, 2003; Norrby-Teglund et 
al., 2003; Norrby-Teglund et al., 2005; Bharathi et al., 2009; 
Rieger et al., 2007). Such therapy is now described in some 
national treatment protocols (Antibiotic Expert Group, 2014).

S. pyogenes occasionally causes bacterial meningitis 
(approximately 0.5% of cases) in neonates, older children, 
and adults. In most patients an associated illness is present, 
such as otitis media or pharyngitis (Murphy, 1983; Chow and 
Muder, 1992). In one 12 year-old girl, S. pyogenes meningitis 
was complicated by a brain abscess (Jagdis, 1988). 

For severe infections, i.m. or i.v. crystalline Pen G in a 
dose of 0.6–1.8 g every 3–6 hours is required for adults. 

PHARYNGITIS

Mild to moderate streptococcal pharyngitis in children and 
adults can be treated satisfactorily by a single i.m. injection 
of benzathine Pen G (adult dose 1.2 million units or 0.9 g). 
When shorter-acting preparations are used, treatment should 
be for at least 10 days in an endeavor to eradicate the organ-
isms from the pharynx and to prevent subsequent rheumatic 
fever (Peter and Smith, 1977; Peter, 1992). Although clinical 
resolution of streptococcal pharyngitis is always satisfactory, 
in some 10% of patients a 10-day course of either parenteral 
Pen G (including therapy with benzathine Pen G) or oral 
penicillin V fails to eradicate organisms from the pharynx 
(Peter 1992). Some authors have found that this occurs in as 
many as 20% of patients (Gastanaduy et al., 1980). A second 
course of therapy is unsuccessful in 30–50% of these patients. 
Clinical, epidemiologic and serologic (streptococcal antibody) 
data suggest that most patients designated as “bacteriologic 
treatment failures” are actually long-term streptococcal car-
riers. It is often extremely difficult to eradicate streptococci 
from carriers, so that a third course of treatment is rarely jus-
tified. An asymptomatic carrier of S. pyogenes identified by 
a routine throat swab does not require antibiotic treatment, 
unless there are special circumstances—for example, if a 
family member has had rheumatic fever or if there is a com-
munity epidemic of rheumatic fever (Kaplan, 1980; Ferrieri, 
1981). A regimen of i.m. benzathine penicillin plus rifampi-
cin 10 mg/kg twice-daily for 8 doses is effective for the erad-
ication of the pharyngeal S. pyogenes carrier state (Gerber 
and Markowitz, 1985; Tanz et al., 1985).

Failure to eradicate Pen G–sensitive S. pyogenes from the 
pharynx may be due to the presence of anaerobes or S. aureus 
producing beta-lactamases, which “shield” streptococci from 
the activity of Pen G (Brook, 1982; Brook, 1984; Lundberg 
and Nord, 1988; Brook and Gilmore, 1993). Gram-negative 
anaerobes, such as Bacteroides melaninogenicus, originally 
very sensitive to Pen G, are now often resistant because of 
beta-lactamase production. Gram-negative anaerobes have 
no etiologic role in pharyngitis, but they are pathogens in 
periapical and periodontal infections. Pen G has been satis-
factory for such infections, but with the increasing resistance 
of anaerobes that normally populate the oropharynx, other 
chemotherapeutic agents, such as clindamycin or metroni-
dazole, may become necessary (Von Konow and Nord, 1983). 



56 Benzylpenicillin (Penicillin G)

However, data are still conflicting whether beta-lactamase- 
producing organisms play a significant role in producing 
treatment failures when Pen G is used for streptococcal phar-
yngitis (Kaplan, 1985).

Some reports link the failure of Pen G treatment of S. pyo
genes pharyngitis to the fact that the streptococcal strain is 
Pen G tolerant (Kim and Kaplan, 1985; Dagan et al., 1987; 
Grahn et al., 1987). However, it seems unlikely that this is the 
correct explanation for such treatment failures (Kim, 1988). 
More recently, Stevens et al. (1993a) demonstrated a striking 
reduction in the effectiveness of Pen G in vitro and in vivo as 
the inoculum size of S. pyogenes was increased. They believed 
this apparent reduction in the activity of Pen G was due 
to  the slower growth of bacteria as the inoculum size was 
increased. It was further postulated that this at least in part 
was caused by variation in the expression of PBPs as the state 
of S. pyogenes changes during its growth cycle. By contrast, 
clindamycin’s activity, which does not depend on PBPs, was 
not adversely affected by inoculum size. Thus Pen G therapy 
may fail in deep-seated S. pyogenes infections, especially if 
treatment is delayed (Bisno et al., 2002).

7b. Group B streptococcal infections

Group B streptococci (GBS) are an important cause of neo-
natal and perinatal infections and can also cause infections 
in adults, such as septicemia and meningitis. In infants, GBS 
can cause an acute disease presenting with sepsis, acute 
respiratory distress, pneumonia, apnea, shock, meningitis, 
and septicemia; this is of early onset and usually presents 
within 24 hours of delivery or within the first 5 days after 
birth (Cowen, 1979; Van Oppen and Feldman, 1993). Many 
infants are already ill at birth, indicating that the infection has 
commenced during labor (Gotoff and Boyer, 1981; Hamoudi 
and Hamoudi, 1981). Mortality from this disease may be 
20–50% (Siegel et al., 1980; Van Oppen and Feldman, 1993). 
Other infants can develop a disease of later onset and present 
with meningitis with or without septicemia, usually after the 
age of 10 days. Mortality in this group is 14–18%.

In adults, GBS commonly cause postpartum infections; 
urinary tract infections in pregnant women, nonpregnant 
women, and occasionally men (Muñoz et al., 1992b); pneu-
monia; and septicemia. Meningitis, endocarditis, osteomyeli-
tis, septic arthritis, peritonitis, and skin and wound infections 
also occur (Verghese et al., 1982; Verghese et al., 1986; Aharoni 
et al., 1990; Belfrage et al., 1990; Sarmiento et al., 1993).

Pen G is the drug of choice for treatment of all of these 
infections, and most cases require parenteral therapy with 
crystalline Pen G (Morbidity and Mortality Weekly Report, 
2010; Gibbs et al., 2004). In neonates, the high dose as recom-
mended for meningitis should be used (see section 4). A recent 
study concluded that in very low birth weight infants a peni-
cillin dose of 25,000 IU (15 mg)/kg every 12 hours is safe and 
sufficient to achieve serum concentrations above the MIC90 
for GBS for the entire dosing interval (Metsvaht et al., 2007).

Combination therapy using Pen G plus an aminoglyco-
side, such as gentamicin, may be more effective, but one study 

in animals showed that Pen G plus gentamicin was about as 
effective as Pen G alone (Kim, 1987). However, this combina-
tion is generally necessary for all severe neonatal infections 
before the organism is identified (Leading Article, 1979). On 
theoretical grounds, combination therapy should be valuable 
if the infecting organism is a Pen G–tolerant group B strep-
tococcus, but this has not been studied by controlled trials 
(Siegel et al., 1981).

The role of Pen G in chemoprophylaxis of pregnant women 
for neonatal infections was previously not well defined 
(MMWR, 2002; Schrag et al., 2002). Between 10% and 25% 
of pregnant women at term have GBS in their vaginal flora 
(Dillon et al., 1982; Hoogkamp-Korstanje et al., 1982), and 
this is the main source for sepsis in neonates. Neonatal colo-
nization by these organisms is quite common, but only a 
small proportion develop invasive infection (Baker, 1977; 
Anthony, 1982). Unfortunately, the eradication of genital GBS 
during pregnancy is not only often impracticable but difficult 
to attain (Anthony, 1982). This is not surprising because pri-
mary colonization is in the lower intestine. Pen G treatment 
of all colonized infants is not generally recommended, but 
protocols vary. It often fails to eradicate organisms from sites 
such as the throat, umbilicus, and rectum (Paredes et al., 
1976). One strategy that has been advocated is not to screen 
pregnant women for GBS carriage but to give intrapartum 
chemoprophylaxis to all women with obstetric risk factors; 
however, this involves the treatment of a large group of 
patients, many of whom may not require treatment (Garland 
and Kelly, 1995). Another approach is to screen all obstetric 
patients for vaginal carriage of GBS. A single dose of Pen G 
is then administered as prophylaxis, both to maternal car-
riers during labor and to their infants at birth (Gilbert and 
Garland, 1983). This appears to reduce vertical transmission 
of GBS and to prevent both maternal and neonatal disease 
(Fischer et al., 1983). Similarly, ampicillin administered selec-
tively during labor to women with prenatal group B strep-
tococcal colonization and perinatal risk factors results in a 
reduction in vertical transmission of these organisms to 
newborn infants (Boyer et al., 1983). Vaginal GBS colony 
counts fall rapidly after intrapartum Pen G administration, 
which may partly explain the effectiveness of chemoprophy-
laxis (McNanley et al., 2007).

Routine prophylaxis for neonates is not advocated. In a 
prospective controlled study involving 18,738 neonates, the 
administration of a single i.m. dose of crystalline Pen G at 
birth resulted in a decrease of diseases caused by all Pen G–
susceptible organisms. Disease caused by Pen G–resistant 
pathogens was increased in the Pen G–treated group during 
the first year of study but was unaffected during the second 
year (Siegel et al., 1980). There is also concern that routine 
Pen G prophylaxis for neonates may mask but not cure early- 
onset disease in those who are already symptomatic at birth 
(Gotoff and Boyer, 1981). This was the case in a study by 
Pyati et al. (1983). Pen G given at birth to neonates weighing 
2000 g or less did not prevent early-onset disease or reduce 
mortality; early-onset disease appeared to be well established 
by the time of Pen G administration. 
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To be effective, antibiotic therapy should be given to the 
mother before the development of the disease in utero; to 
be  practical, therapy must be limited to those at relatively 
high risk of infection (Dillon et al., 1987; Schuchat et al., 
1994; MMWR, 2002). In one prospective randomized study, 
women were selected if they had a prenatal culture positive 
for GBS and if they had experienced premature labor or pro-
longed rupture of membranes. Chemoprophylaxis was given 
intrapartum and after birth; infants in the treatment group 
received additional antibiotic therapy until their blood cul-
ture results become available. There were no group B strepto-
coccal infections among 83 infants in the treatment group 
compared with five infections in the 77 control infants (Boyer 
and Gotoff, 1986). The intrapartum prophylaxis strategy also 
significantly reduced maternal puerperal sepsis (Dillon et al., 
1987). Universal prenatal screening for GBS and chemopro-
phylaxis of colonized women with labor complications has 
also been advocated (Mohle-Boetani et al., 1993).

Schrag and Verani (2013) assessed the impact of intra-
partum antibiotic prophylaxis for the prevention of perinatal 
group B streptococcal disease in the USA since the release 
in 1996 of the first national guidelines for the prevention of 
perinatal GBS disease. The guidelines recommended either 
antenatal screening for GBS colonization and intrapartum 
antimicrobial prophylaxis (IAP) to colonized women, or 
targeting IAP to women with certain obstetric risk factors 
during labor. In 2002, revised guidelines recommended uni-
versal antenatal GBS screening. A multistate population- based 
review of labor and delivery records in 2003–2004 found 
85% of women had documented antenatal GBS screening; 
98% of screened women had a colonization result available at 
labor. It is interesting that more false negative GBS screening 
results were observed than expected. The incidence of inva-
sive early-onset GBS disease decreased by more than 80% 
from 1.8 cases/1000 live births in the early 1990s to 0.26 
cases/1000 live births in 2010. Schrag and Verani estimated 
that from 1994 to 2010, more than 70,000 cases of early onset 
GBS invasive disease were prevented in the USA. They found 
that IAP effectiveness was similar and high among both term 
(91%) and preterm (86%) infants when first-line therapy was 
received for at least 4 hours. However, early-onset disease 
incidence among preterm infants was twice that of term 
infants and that disease among infants after the first week of 
life (late-onset disease) had not been impacted by IAP (Schrag 
and Verani, 2013).

A recent Cochrane review assessed four trials involving 
852 women (Ohlsson and Shah, 2014). Three trials (involving 
500 women) evaluated the effects of IAP versus no treatment. 
The use of IAP did not significantly reduce the incidence 
of all-cause mortality, mortality from GBS infection or from 
infections caused by bacteria other than GBS. It is important 
that the incidence of early GBS infection was reduced with 
IAP compared to no treatment (risk ratio [RR]: 0.17; 95% 
confidence interval [CI]: 0.04–0.74), with the number needed 
to treat to achieve benefit of 25. The authors concluded that 
intrapartum antibiotic prophylaxis appeared to reduce early- 
onset GBS disease, but that based on the meta-analysis, this 

result may well be due to bias. In addition, there is a lack of 
evidence from well-designed and -conducted trials to rec-
ommend IAP to reduce neonatal early-onset GBS disease 
(Ohlsson and Shah, 2014).

A recent Canadian review assessed the literature to pro-
vide recommendations on the management of pregnant 
women in labor, including those with prelabor rupture of 
membranes, for the prevention of early-onset neonatal group 
B streptococcal disease. The review concluded, among many 
recommendations, that there is good evidence based on 
randomized control trial data that, for women with prela-
bour rupture of membranes at term who are colonized with 
group B streptococcus, rates of neonatal infection are reduced 
with induction of labor and that antimicrobial therapy in this 
situation is appropriate in reducing rates of GBS disease 
(Money et al., 2013).

Penicillin-allergic patients were formerly given clinda-
mycin or erythromycin. However, increasing resistance of 
GBS to these antibiotics (15–30%) has emerged (Larsen and 
Sever, 2008). Alternative antibiotics include a cephalosporin 
or vancomycin if there is a definite risk of anaphylaxis 
(MMWR, 2002; Schrag et al., 2002). The treatment of intra-
partum infections has been the subject of a Cochrane review 
(Chapman et al., 2014).

7c.  Group C, G, F, and R streptococcal 
infections

The less common human pathogens also cause infection. 
Group C streptococci occasionally cause pharyngitis, skin 
and wound infections, female genital tract infections, endo-
carditis, and septicemia (Bradley et al., 1991). Group G 
streptococci may cause infections such as endocarditis, sep-
ticemia, meningitis, cellulitis, septic arthritis, wound infec-
tions, cholangitis, pneumonia, and peritonitis (Fujita et al., 
1982; Auckenthaler et al., 1983; Craven et al., 1986; Venezio 
et al., 1986; Ashkenazi et al., 1988). Infections by these two 
pathogens have often occurred in patients with underlying 
debilitating conditions such as alcoholism, drug abuse, and 
malignancy. Pen G is the optimal treatment for groups C and 
G streptococcal infections. For severe group G streptococcal 
infections, such as endocarditis, a Pen G plus aminogly coside 
combination may be superior (Vartian et al., 1985). Group F 
streptococci rarely cause abscesses and septicemia. Again, 
Pen G is the treatment of choice (Libertin et al., 1985).

Group R streptococcus (S. suis) is an animal pathogen 
and rarely causes disease in humans working with animals, 
especially pigs. Twort (1981) reported five cases of meningi-
tis due to these streptococci in the UK, Chau et al. (1983) 
described six in Hong Kong, and Arends and Zanen (1988) 
reported 30 in the Netherlands. Nearly all patients had occu-
pational exposure to pigs or pork products. All strains of 
S.  suis were highly susceptible to Pen G (MIC 0.03 μg/ml), 
and it appears to be the best drug for treatment of this infec-
tion. A large outbreak of S. suis meningitis in Vietnam has 
been reported (Nghia et al., 2008; Wertheim et al., 2009).
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7d.  Pneumonia in adults

The treatment of community-acquired pneumonia in adults 
has been extensively reviewed (Lim et al., 2009; Said et al., 
2013; Feldman and Anderson, 2011; Feldman and Anderson, 
2009; Charles et al., 2008a; Charles et al., 2008b; Charles et 
al., 2014). For pneumococcal lobar pneumonia, Pen G is 
an effective treatment. Even if disease due to pneumococcal 
strains with a very high degree of resistance to Pen G is 
encountered, high-dose Pen G is usually effective unless there 
is associated meningitis (Klugman, 1994; Pallares et al., 1995; 
Jernigan et al., 1996; Plouffe et al., 1996). Pneumococcal infec-
tion remains the most common cause of community-acquired 
pneumonia (CAP) (Holmberg, 1987; Davies and Jolley, 1992; 
Marrie, 1994; BTS, 2001; Macfarlane and Boldy, 2004; Charles 
et al., 2008a). Other bacterial causes of such pneumonia are 
Legionella pneumophila, H. influenzae, S. aureus, and E. coli. 
Atypical bacterial causes of CAP include Mycoplasma pneu
moniae, Chlamydia psittaci, C. pneumophila, Coxiella bur
netii, and viruses, mainly influenza (Lode, 1986; Charles et 
al., 2008a). Various authors and national protocols have sum-
marized recommended therapies for pneumonia in adults, 
however, the continued key role of Pen G has not always 
been appropriately highlighted, with some guidelines often 
unnecessarily favoring fluoroquinolones (Macfarlane and 
Boldy, 2004; Mandell et al., 2007; Antibiotic Expert Group, 
2014). Every effort should be made to make an immediate 
diagnosis of pneumococcal pneumonia so that monotherapy 
with Pen G can be given and the administration of multiple 
antibiotics avoided.

The distinctive signs and symptoms of pneumococcal 
pneumonia are sudden onset of fever, cough, and some spu-
tum; the patient appears ill and has a grayish appearance. 
Pleuritic pain is often present. Crackling sounds are usually 
audible in the chest and radiographs show an area of infiltra-
tion, involving less than a full segment. Sputum microscopy 
is often helpful if a good specimen of sputum is collected. 
Crystalline Pen G in a dose of 0.6–1.2 g i.v. or i.m. every 
6 hours, or, if necessary, higher doses to treat pneumococcal 
strains with intermediate type of resistance is indicated.

On occasion it may be impossible to distinguish pneu-
mococcal pneumonia from L. pneumoniae in which case a 
combination of Pen G and erythromycin (or azithromycin 
or  doxycyline) should be given (Charles et al., 2008a). In 
life-threatening pneumonia, when immediate diagnosis can-
not be made, one may also consider using flucloxacillin or 
nafcillin to treat S. aureus and one of the third-generation 
cephalosporins such as cefotaxime or ceftriaxone to treat 
Gram-negative pathogens. If MRSA is a possible cause then 
vancomycin can replace the semisynthetic penicillin.

The treatment of pneumococcal pneumonia caused by 
S. pneumoniae with high-level Pen G resistance may be dif-
ficult, but in clinical studies where these were identified, 
high-dose Pen G remained extremely effective (Charles et 
al., 2008a). Cefotaxime and ceftriaxone are alternatives if 
necessary. The usual pathogens causing hospital-acquired 
pneumonia are S. aureus, Gram-negative rods, and Legionella 

spp., and Pen G is not appropriate for the treatment of any of 
these.

In lung abscess the most frequent pathogens are Pen G–
sensitive anaerobes, such as the Peptococcus and Peptostrepto
coccus spp. and B. melaninogenicus. Pen G–sensitive aerobes, 
such as S. pyogenes and S. viridans, may also be involved. 
Sometimes Pen G–resistant bacteria, such as B. fragilis, E. coli, 
and K. pneumoniae, may be present (Brook and Finegold, 
1979). For most cases of lung abscess Pen G has been the 
preferred antibiotic. However, over the years more and more 
strains of B. melaninogenicus have become beta-lactamase 
producers and thus resistant to Pen G. In a controlled study, 
Levison et al. (1983) first showed that clindamycin alone was 
superior to Pen G for the treatment of community-acquired 
lung abscess. In a later randomized controlled study, Gudiol 
et al. (1990) clearly showed that clindamycin was superior to 
Pen G for the treatment of this disease, and they also showed 
that the presence of Pen G–resistant Bacteroides spp. was the 
main reason for Pen G treatment failures.

In aspiration pneumonia, Pen G–sensitive anaerobes are 
the most common pathogens, but sometimes the other bac-
terial species, as in lung abscess, may be present. The initial 
result of pulmonary aspiration is chemical pneumonitis, and 
bacterial infection follows in 25–45% of cases. Infection 
typically occurs during the first week after aspiration, not 
uncommonly as the patient is recovering from chemical 
pneumonitis. Antibiotics may be used prophylactically imme-
diately after the aspiration, but some clinicians prefer to 
delay chemotherapy until clinical and microbiologic findings 
indicate infection (Murray, 1979). Pen G has been the main-
stay of treatment, but in severe cases a combination such as 
Pen G plus gentamicin plus metronidazole (or clindamycin) 
can be used. As in lung abscess, clindamycin alone may prove 
to be the best treatment in some cases (Lode, 1988). However, 
combination chemotherapy is best used for aspiration-related 
chest infections acquired in hospitals, especially if the patient 
develops necrotizing pneumonia, lung abscess, or empyema.

7e.  Childhood respiratory tract infections

Most childhood community-acquired bacterial pneumonias 
are pneumococcal and respond well to Pen G. However, in 
children, many radiologically confirmed pneumonias are 
caused by viruses or Mycoplasma pneumoniae. In one study of 
radiologically confirmed pneumonias, S. pneumoniae caused 
38%, respiratory syncytial virus 30%, and M. pneumoniae 
20% (Ruuskanen et al., 1992). Therefore, all modern diag-
nostic techniques should be used at the outset so that Pen G 
is not used for viral infections, and erythromycin is correctly 
prescribed for Mycoplasma infections. Rarer bacterial causes 
of pneumonia in this age group are H. influenzae type b and 
S. aureus, and drugs other than Pen G are necessary for these. 
In lung abscess and aspiration pneumonia, antibiotics simi-
lar to those recommended for adults should be used.

In Papua New Guinea, a study of pneumonia in children 
comparing benzylpenicillin plus gentamicin with chloram-
phenicol concluded that the two regimes were equally effective 
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(Duke et al., 2002). In low-resource countries, ampicillin 
plus gentamicin appears to be superior to chloramphenicol 
for the treatment of infants with CAP (Asghar et al., 2008). 
However, this is not an ideal regimen because of the neces-
sity of frequent dosing and limited therapy for staphylococci. 
Furthermore, owing to increasing resistance in some regions 
some empiric regimens are needing to change (Bhutta, 2008). 
The treatment of childhood pneumonia has been recently 
reviewed (Onakpoya et al., 2015; Alves Galvão et al., 2016).

7f.  Bacterial meningitis

Despite the availability of several third-generation cephalospo-
rins, such as ceftriaxone, which are effective for the treat ment 
of bacterial meningitis, Pen G still remains an important 
antibiotic for this disease, especially in developing countries. 
With the exception of neonatal meningitis, a combination 
of Pen G and chloramphenicol was commonly used for the 
empiric treatment (before the organism was identified) of 
acute bacterial meningitis in many developing countries. 
This initial therapy treated nearly all causal organisms, but 
once the organism was identified, Pen G alone was the drug 
of choice for meningococcal and pneumococcal meningitis 
(Geiseler et al., 1980; Sangster et al., 1982) and chloramphen-
icol for H. influenzae meningitis. Indeed, chloramphenicol 
alone may be used for initial therapy as it is equally as effec-
tive as Pen G for the treatment of meningococcal and pneu-
mococcal meningitis. This classical chemotherapy is used 
widely in developing countries where the third-generation 
cephalosporins are often too expensive. The third-generation 
cephalosporins cefotaxime and ceftriaxone are effective as 
single drugs for initial therapy because they are active against 
all three major meningeal pathogens (McCracken et al., 
1987; Committee on Infectious Diseases, 1988). They may 
not be effective as single drugs for children under 12 weeks 
of age. In these, Pen G or ampicillin should be added because 
of the possibility of Listeria or Enterococcus spp. as causative 
agents.

Once the organism is identified, the cephalosporin should 
be continued in H. influenzae meningitis and in the rare 
cases of Gram-negative meningitis if it is active, but it is best 
to revert to Pen G for continuation treatment of meningo-
coccal and pneumococcal meningitis if the organism is fully 
susceptible. The adult dosage of Pen G is 9.6–14.4 g daily, 
given i.v. or i.m. in six or eight divided doses. Cases of pneu-
mococcal meningitis caused by strains with an intermediate 
resistance to Pen G may fail to respond to these doses, and the 
third-generation cephalosporin should usually be continued 
but its MIC assessed (McCracken et al., 1987; Committee 
on Infectious Diseases, 1988; Weingarten et al., 1990; Jacobs, 
1992). If the strain has a cefotaxime or ceftriaxone MIC ≥ 
1  μg/ml, then one of these cephalosporins cannot be used 
alone. Some authors believe the MIC of these cephalospo-
rins should be even lower than 1 μg/ml for these drugs to 
succeed. Alternative combination therapies include a third- 
generation cephalosporin plus vancomycin, or vancomycin 
plus rifampicin (Friedland et al., 1993; Quagliarello and 

Scheld, 1993). For meningitis due to highly resistant pneu-
mococcal strains, vancomycin, possibly together with rifam-
picin, has been used, as have newer fluoroquinolones such as 
moxifloxacin, although substantive human data are lacking 
(see Chapter 105, Moxifloxacin).

Dexamethasone may be beneficial as an adjunct to therapy 
of bacterial meningitis. However, dexamethasone reduces the 
already low penetration of vancomycin into the CSF. There-
fore, if vancomycin has to be used for treatment of pneumo-
coccal meningitis, it may be better not to use dexamethasone 
(Paris et al., 1994; Friedland and McCraken, 1994). There 
has been controversy about the use of corticosteroids as 
adjunctive therapy in bacterial meningitis. However, a 2007 
Cochrane systematic review concluded that corticosteroids 
significantly reduce rates of mortality, severe hearing loss, 
and neurologic sequelae in adults with community-acquired 
pneumococcal meningitis and also in children (S. pneumo
niae only) in high-income countries but not in children in 
low-income countries (van de Beek et al., 2007). The lack of 
efficacy in children in developing countries was confirmed 
by studies in Malawi (Molyneux et al., 2002). Another 
Cochrane review found only very low quality data from two 
randomized controlled trials but noted these studies sug-
gested some reduction in death and hearing loss may result 
from use of adjunctive steroids alongside standard antibiotic 
therapy for treatment of patients with neonatal meningitis. 
However, no benefit was observed in regard to reduction in 
neurological sequelae (Ogunlesi et al., 2015). 

A subsequent update on the earlier Cochrane review of 
steroid use in adults and children assessed 25 studies and 
once again found that corticosteroids significantly reduced 
hearing loss and neurological sequelae but did not reduce 
overall mortality. The data supported the use of corticoste-
roids in patients with bacterial meningitis in high-income 
countries, but again found no beneficial effect in low-income 
countries. Corticosteroid treatment was associated with an 
increase in recurrent fever (RR 1.27, 95% CI 1.09–1.47) but 
not with other adverse events (Brouwer et al., 2016).

For meningococcal meningitis a 7-day course of treatment 
is usually used, but some studies suggest 4–5 days’ therapy 
with Pen G may be sufficient (Viladrich et al., 1986; Isaacs et 
al., 1988). Partially or completely Pen G–resistant meningo-
cocci have been rarely encountered in some countries, and 
especially if one of the latter strains are involved, drugs other 
than Pen G are needed for treatment. H. influenzae menin-
gitis is usually treated for 7–10 days, and pneumococcal 
disease for 10–14 days (Committee on Infectious Diseases; 
Radetsky, 1990; Therapeutic Guidelines, 2006; Antibiotic 
Expert Group, 2014).

For neonatal meningitis, preferred initial chemotherapy 
is Pen G or ampicillin combined with an aminoglycoside, 
such as gentamicin or amikacin. Newer cephalosporins and 
carbapenems are alternatives. In the hospitalized premature 
infant in whom nosocomial P. aeruginosa infection is a pos-
sibility, ceftazidime is preferred over cefotaxime. Pen G (or 
ampicillin) should be used as continuation therapy if the 
organism is group B streptococcus, L. monocytogenes, or 
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an enterococcus (Committee on Infectious Diseases, 1988; 
Dobson and Baker, 1990). Rarely S. mitis may also be 
involved, and for this Pen G is also the drug of choice 
(Bignardi and Isaacs, 1989). For neonatal meningitis caused 
by Gram-negative enteric bacilli, specific therapy with an 
aminoglycoside plus a third-generation cephalosporin or 
a carbapenem should be based on results of susceptibility 
studies.

Listeria monocytogenes is an opportunistic pathogen, and 
risk factors include pregnancy, neonatal status, organ trans-
plantation, renal failure, malignancy, systemic lupus, steroid 
therapy, and HIV infection (Beninger et al., 1988; Berenguer 
et al., 1991; Enocksson et al., 1990; Skogberg et al., 1992; 
Jurado et al., 1993; Jensen et al., 1994; Büla et al., 1995). Pen G 
or ampicillin is also the drug of choice for the treatment of 
L. monocytogenes meningitis and other severe Listeria infec-
tions such as septicemia, endocarditis, pneumonia, pleural 
effusion, brainstem encephalitis, and liver abscess (Gallagher 
and Watanakunakorn, 1988; Kluge, 1990; Mazzulli and Salit, 
1991; Armstrong and Fung, 1993; Braun et al., 1993; Kent et 
al., 1994). The manifestations of listeriosis in patients with 
AIDS are similar to those in other patients, and response to 
Pen G treatment is usually satisfactory (Kales and Holzman, 
1990). For listeriosis the synergistic Pen G–gentamicin com-
bination may have advantages compared with Pen G therapy 
alone (Stamm et al., 1982; Gallagher and Watanakunakorn, 
1988; Paul et al., 1994).

In a study of 493 episodes of acute bacterial meningitis 
in adults in one large US general hospital, Durand et al. 
(1993) found that nosocomial meningitis occurred in 39% 
of patients. Gram-negative meningitis was frequent among 
these patients, and they required antibiotics other than Pen 
G. In the same series, recurrent meningitis occurred in 9% of 
patients.

Mixed bacterial meningitis may also occur. Approximately 
1% of all cases of meningitis may be caused by more than one 
bacterial species. This is mainly seen in adults with predis-
posing factors such as infection at contiguous foci, tumors in 
proximity to brain, or fistulae to the CSF. One of the organ-
isms is often a Gram-negative rod. Failure to recognize one 
of the organisms may lead to inadequate therapy (Downs et 
al., 1987).

7g.  Brain abscess

Pen G is an important antibiotic for the treatment of cere-
bral abscess. Frontal lobe abscesses arising from the sinuses 
may respond to Pen G alone because they are usually caused 
by various types of Pen G–sensitive streptococci, such as 
S. milleri. Abscesses of otitic origin that occur in the tempo-
ral lobe usually yield a mixed flora often including anaerobic 
bacteria; for these, Pen G should be combined with metroni-
dazole (or chloramphenicol). Metastatic abscesses that occur 
anywhere within the brain can be caused by streptococci, 
staphylococci, or by a variety of other bacteria. Combination 
therapy, including an effective antistaphylococcal drug, is 
necessary until bacteriologic results are available. Spinal and 

posttraumatic intracranial abscesses are usually caused by 
S. aureus. Initial combination treatment with Pen G and chlor-
amphenicol may be effective, but specific antistaphylococcal 
therapy may be advisable before the bacteriologic diagnosis 
is confirmed (de Louvois, 1978). Owing to the seriousness of 
the disease, it is advisable to use combination chemotherapy 
for most cerebral abscesses initially (Donald, 1990; Seydoux 
and Francioli, 1992). Commonly recommended protocols 
include crystalline Pen G plus metronidazole plus ceftriaxone 
(or cefotaxime), plus flucloxacillin if post-traumatic (Thera-
peutic Guidelines, 2006; Antibiotic Expert Group, 2014), 
and ceftriaxone plus an antistaphylococcal penicillin (Gilbert 
et al., 2007; Antibiotic Expert Group, 2014). For postneuro- 
surgical abscesses, vancomycin plus either ceftri axone or cef-
tazidime is recommended (Therapeutic Guidelines, 2006).

7h.  Meningococcal and pneumococcal 
septicemia

Pen G is the best drug for treatment of meningococcal septi-
cemia, which can be either mild with good prognosis or ful-
minant with shock. In the latter group, the mortality is still 
25–50% (Peltola, 1983; Halstensen et al., 1987a; Halstensen 
et al., 1987b). In fulminant meningococcal septicemia, as 
well as in severe meningococcal meningitis, prompt Pen G 
administration is life-saving. A primary-care physician who 
suspects meningococcal septicemia should give empiric 
Pen G or ceftriaxone before the patient is sent to hospital. 
Similarly, in hospital, if lumbar puncture has to be delayed 
because of the need for early neuroimaging, i.v. antibiotics 
are warranted before CSF is obtained (Talan et al., 1988; 
Cartwright et al., 1992; Strang and Pugh, 1992; Hart and 
Rogers, 1993). This applies not only to severe meningococ-
cal infections, but also to other types of severe meningitis. 
Pneumococcal septicemia may occur in all age groups, includ-
ing neonates (Jacobs et al., 1990), and again Pen G is the best 
treatment in the absence of high-level resistance (Shanks et 
al., 1982). Patients who have had a splenectomy are prone 
to fulminant septicemia, and although other organisms may 
be involved, S. pneumoniae is responsible for the majority 
(Dickerman, 1979). Experiments with splenectomized ani-
mals indicate that prompt high-dosage Pen G treatment may 
be important in humans with postsplenectomy pneumo-
coccal infections (Bakker-Woudenberg et al., 1982). In New 
Zealand, Ellis-Pelger et al. (2003) reported that 3 days of 
intravenous benzylpenicillin is sufficient treatment for adults 
with meningococcal disease (Ellis-Pelger et al., 2003) and 
single-dose long-acting penicillin has been used during out-
breaks in sub-Saharan Africa. Nevertheless, these latter regi-
mens are not routinely recommended in most guidelines 
(Antibiotic Expert Group, 2014).

7i.  Bacterial endocarditis

Guidelines on the treatment of endocarditis have been issued 
by the American Heart Association (Baddour et al., 2015), 
the British Society for Antimicrobial Chemotherapy (Gould 
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et al., 2012), the European Guidelines group (Horstkotte et 
al., 2004; Habib et al., 2015), and the Australian Guidelines 
group (Antibiotic Expert Group, 2014). A meta-analysis of 
various treatment options has recently been reported as has 
a review of various newer combination treatment options for 
enterococcal endocarditis (Martí-Carvajal et al., 2016; Leone 
et al., 2016). A summary of guidelines for the treatment of 
infective endocarditis for which penicillin is a relevant ther-
apeutic option, is given in Table 3.10.

Pen G is recommended for the treatment and prevention 
of endocarditis caused by viridans streptococci and S. pneu
moniae, provided the organisms are susceptible (Durack, 
1995). Endocarditis due to pneumococcal strains that are 
intermediate or high-level resistant to penicillin can be cured 
with Pen G in experimental animal models so long as the 
Pen G levels are maintained above the MICs throughout the 
dosing period (Guerrero et al., 1994). A recent Spanish study 
of 111 cases of S. pneumoniae endocarditis found the median 
patient age was 51 years, but 23 patients (20.7%) were under 
15 years; men accounted for 64% of patients, and infection 
was community-acquired in 96.4% of cases. A predisposing 
heart condition was present in only 18 patients (16.2%), but 
virtually all cases (93.7%) involved a native valve, with left-
sided endocarditis predominating (aortic valve 53.2% and 
mitral valve 40.5%). The microbiological diagnosis was 
obtained from blood cultures in 84.7% of cases, with non-
susceptibility to penicillin being uncommon (4.2% of recent 
isolates). Cardiac surgery was performed in 47.7% of patients, 
and overall in-hospital mortality rate was 20.7%. A multivar-
iate analysis revealed an independent risk factor for mortal-
ity was coexistent meningitis (odds ratio [OR], 4.3; 95% CI, 
1.4–12.9; p < 0.01), while valve surgery was associated with 
survival (OR, 0.1; 95% CI, 0.04–0.4; p < 0.01) (de Egea et al., 
2015). Penicillin is also indicated for endocarditis caused by 
group A streptococci and S. bovis. The duration of treatment 
ranges from 2 to 4 weeks (see Table 3.10). The duration of 
treatment depends on the nature of the infecting organism 
and its antibiotic susceptibility.

Several rarer forms of endocarditis respond well to Pen G. 
These include gonococcal endocarditis, provided the N. gon
orrhoeae strain involved is Pen G sensitive (Timmis et al., 
1981); Corynebacterium diphtheriae endocarditis, which is 
usually caused by nontoxigenic strains (Love et al., 1981; 
Tiley et al., 1993); and C. pseudodiphtheriticum endocarditis, 
this organism normally being a commensal in the human 
nasopharynx (Morris and Guild, 1991). Erysipelothrix rhusi
opathiae endocarditis also responds well to Pen G (Gorby and 
Peacock, 1988; Gransden and Eykyn, 1988). Listeria mono
cytogenes also rarely causes endocarditis, and Pen G combined 
with gentamicin is probably the best treatment (Carvajal and 
Frederiksen, 1988; Gallagher and Watanakunakorn, 1988). 
Similarly, the synergistic Pen G plus gentamicin therapy 
appears to be the best for the rare cases of Lactobacillus spp. 
endocarditis (Sussman et al., 1986; Griffiths et al., 1992). 
Pen G, either alone or in combination with gentamicin, 
also appears to be the best treatment for the rare cases of 
N.  mucosa and N. sicca endocarditis. These organisms are 

saprophytic and are frequently found in the human naso-
pharynx; they only occasionally cause human infections 
(Stotka et al., 1991; Ingram et al., 1992; Heiddal et al., 1993). 
Pen G alone is also the treatment of choice for S. moniliformis 
endocarditis (Rupp, 1992).

Measurement of serum inhibitory and/or bactericidal 
concentration titers in patients during therapy for bacterial 
endocarditis has previously been a common practice; it was 
recommended that a peak serum bactericidal concentration 
titer of 1:8, or higher, should be maintained in streptococ-
cal endocarditis. However, methods used to measure serum 
bactericidal concentrations vary widely, and there is no asso-
ciation between serum bactericidal titers of 1:8 or more and 
the therapeutic outcome (Coleman et al., 1982). In a multi-
center evaluation of a standardized serum bactericidal test as 
a prognostic indicator of infective endocarditis, peak serum 
bactericidal titers of 1:64 or more and trough titers of 1:32 or 
more predicted bacteriologic cure in all patients. However, 
the serum bactericidal test was a poor predictor of bacterio-
logic failure or the ultimate clinical outcome, which depends 
on many factors (Weinstein et al., 1985). The test has further 
fallen out of favor because of lack of methodological stan-
dardization and reproducibility.

For a discussion regarding the use of Pen G for endo-
carditis chemoprophylaxis, see Chapter 5, Ampicillin and 
Amoxicillin.

7j.  Pelvic inflammatory disease

Many organisms can be involved in pelvic inflammatory dis-
ease (PID) but the exact bacteriological cause is often diffi-
cult to determine. Neisseria gonorrhoeae, S. pyogenes, GBS, 
and anaerobic streptococci are important pathogens and are 
all, except N. gonorrhoeae, usually Pen G sensitive. Others, 
such as Chlamydia trachomatis, certain anaerobes including 
B. fragilis, and Enterobacteriaceae such as E. coli and Klebsiella 
spp., are Pen G resistant (Goodrich, 1982). Seriously ill 
patients in whom bacteriologic diagnosis has not been estab-
lished require combination chemotherapy. Crystalline Pen G 
in a dose of 12 g i.v. daily may be combined with a tetracy-
cline and gentamicin. This still does not provide treatment 
for B. fragilis, so the use of clindamycin or metronidazole 
should be considered (Burnakis and Hildebrandt, 1986). 
Because of these considerations, Pen G is now rarely used 
for the empiric treatment of PID (Walker et al., 1993; Hemsell 
et al., 1994; MMWR, 2006; Duarte et al., 2015; Workowski et 
al., 2015)

7k.  Gonorrhoea

Since its discovery, Pen G was the preferred drug for the 
treatment of gonorrhoea, but the widespread emergence of 
resistance (see section 2b) means Pen G is no longer being 
used in most countries throughout the world. For the rare 
areas where the prevalence of Pen G–resistant gonococci 
remains low or where penicillin susceptibility has been proven, 
Pen G can still be used for treatment, although amoxicillin or 
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Table 3.10. Guidelines for the treatment of infective endocarditis where penicillin is a relevant therapeutic option

Pathogens and penicillin 
susceptibility

Valve
typea First choice antibiotic(s) Alternative antibiotic(s)a Comments

Viridans streptococci and S. gallolyticus (formerly S. bovis)

Susceptible (MIC ≤ 0.125 µg/ml) NVE-UC Benzylpenicillin-SD + gentamicin,b 
2 weeks or Benzylpenicillin-SD, 
4 weeks

Vancomycin,d 4 weeks; 
ceftriaxone-SD, 4 weeks

Regimen depends on 
sensitivity of organism to 
Pen G

NVE-C Benzylpenicillin-SD, 4 weeks + 
gentamicin,b 2 weeks

PVE Benzylpenicillin-HD,c 6 weeks + 
gentamicin,b 2 weeks

Ceftriaxone-SD, 6 weeks 
+ gentamicin,b 2 weeks

Relatively resistant, low level 
(MIC > 0.125 and ≤ 0.5 µg/ml)

NVE Benzylpenicillin-SD, 4 weeks + 
gentamicin,b,e 2 weeks

Ceftriaxone-SD, 4 weeks; 
vancomycin,d 4 weeks

Definitions of relative 
resistance vary: Australia: 
intermediate, low level, 
MIC > 0.125 and ≤ 0.5 
µg/ml; intermediate, MIC 
> 0.5 and ≤ 2 µg/ml

Relatively resistant (MIC > 0.5 
and ≤ 2 µg/ml)

NVE Benzylpenicillin-SDf + + gentami-
cin,b 4–6 weeks

USA: MIC > 0.125 and ≤ 
0.5 µg/ml 

Europe: MIC 0.25–2 µg/ml

Relatively resistant (MIC > 0.125 
and ≤ 2 µg/ml)

PVE Benzylpenicillin-HD,c 6 weeks + 
gentamicin,b 6 weeks

Ceftriaxone-SD, 6 weeks 
+ gentamicin,b 6 weeks

Resistant (MIC > 2 µg/ml) NVE/PVE Uncertain; Consider vancomycinb 
+ gentamicin,a 6 weeks

Granulicatella and Abiotrophia (formerly nutritionally variant streptococci)

Susceptibleg (MIC < 0. 5 µg/ml) NVE/PVE Benzylpenicillin-HD,c 6 weeks + + 
gentamicin,b 2 weeks

Ceftriaxone or 
vancomycin

Large vegetations common; 
high risk of complications 
and need for valve 
surgery

Resistantg (MIC ≥ 0. 5 µg/ml) NVE/PVE Benzylpenicillin-HD,c 6 weeks + 
gentamicin,b 2 weeks, but 
duration of therapy poorly 
defined

Consider continuous- 
infusion benzylpeni-
cillin-HD; ceftriaxone 
or vancomycin

US guidelines also 
recommend ampicillin  
12 g/day in divided 
doses as an alternative to 
benzylpenicillin

S. pyogenes and S. pneumoniae

Susceptible (MIC ≤ 0.06 µg/ml) NVE Benzylpenicillin-SD, 4 weeks Ceftriaxone-SD, 4 weeks; 
vancomycin,d 4 weeks

S. pneumoniae endocarditis 
is associated with 
meningitis in approxi-
mately 30% cases

PVE Benzylpenicillin-SD, 6 weeks Ceftriaxone-SD, 6 weeks; 
vancomycin,d 6 weeks

Intermediate (MIC 0.125–2 µg/ml) Benzylpenicillin-HD, 4 weeks or 
Ceftriaxone-HD, if meningitis

Definitions of intermediate 
resistance vary: 

USA: MIC 0.125–1 µg/ml; 
resistant: MIC ≥ 2 µg/ml

Resistant (MIC ≥ 4 µg/ml) Uncertain; consider ceftriax-
one-HD or vancomycind ± 
rifampicin

Unproven alternatives: 
moxifloxacin

If meningitis present, then 
monitoring of CSF drug 
concentrations should be 
considered 

Enterococcus spp.

Susceptible (MIC ≤ 8 µg/ml) + 
no HLR-G

NVE/PVE Benzylpenicillin-HD + gentamicin,b 
4–6 weeks

Vancomycind + 
gentamicinb 

European guidelines 
recommend ampicillin/
amoxicillin instead of 
benzylpenicillin for 
penicillin-susceptible 
enterococcal 
endocarditis



7. Clinical uses of the drug 63

ampicillin plus probenecid would usually be preferred 
because this avoids the disadvantages of a large Pen G injec-
tion, with possible procaine reactions or Pen G anaphylaxis. 
When used, the recommended dosage of Pen G is procaine 
Pen G 4.8 g injected i.m. in two divided doses plus 1.0 g oral 
probenecid. Potential coexistent chlamydial infection should 
be treated with either doxycycline or azithromycin (Washing-
ton, 1982; Workowski et al., 2015). Historically, this Pen G 
regimen was effective for anorectal gonorrhoea in women 
and men, but “single session” amoxicillin or ampicillin was 

not satisfactory for men. Gonococcal pharyngitis was also 
not reliably cured by single-dose Pen G, and a 5- to 7-day 
course of Pen G was recommended (Lebedeff and Hochman, 
1980; Washington, 1982). For infants with susceptible gono-
coccal infections (e.g. ophthalmia neonatorum) or dissemi-
nated gonococcal infections crystalline Pen G was previously 
used in a dose of 60–100 mg/kg/day given in two equal doses 
i.v. or i.m. (Washington, 1982).

The CDC guidelines for the treatment of gonorrhea 
and other STDs has recently been published, as have other 

Pathogens and penicillin 
susceptibility

Valve
typea First choice antibiotic(s) Alternative antibiotic(s)a Comments

Susceptible (MIC ≤ 8 µg/ml) + 
HLR-Gg

Benzylpenicillin-HD, 6 weeks or If 
E. faecalis; consider ampicillin- 
HD + ceftriaxone-HD, 6 weeksi

Australian guidelines 
recommend for double 
beta-lactam therapy 
either ampicillin/
amoxicillin-HD or 
benzylpenicillin-HD + 
ceftriaxone-HD – 6 weeks 
for E. faecalis

Resistant (MIC > 8 µg/ml) + no 
HLR-G

Vancomycind + gentamicin,b 4–6 
weeks

Resistant (MIC > 8 µg/ml) + 
HLR-G

Uncertain; consider vancomycind 
alone or alternatives

Linezolidj or daptomycin,k 
6 weeks

Monitor for emergence of 
resistance, especially to 
daptomycin

Resistant (MIC > 8 µg/ml) + 
HLR-G + VR

NVE/PVE Uncertain; consider linezolid or 
daptomycin, depending on 
susceptibilities. PVE likely to 
require surgery

Linezolidj or daptomycin,k 
≥ 6weeks

Monitor for emergence of 
resistance, especially to 
daptomycin 

Consider combinations of 
daptomycin + ampicillin 
+ ceftaroline

HACEK spp.

Susceptible NVE Benzylpenicillin-HD, 4 weeks

PVE Benzylpenicillin-HD, 6 weeks ± 
surgery

Resistant NVE Ceftriaxone-SD, 4 weeks Cefotaxime

PVE Ceftriaxone-SD, 6 weeks ± 
surgery

Abbreviations: NVE: native valve endocarditis; PVE: prosthetic valve endocarditis (in general, PVE requires 6 weeks IV therapy ± surgery); UC: uncomplicated; 
C: complicated (large vegetation, multiple septic events or emboli); benzylpenicillin-SD: standard dose (1.8 g i.v. every 4 hours); benzylpenicillin-HD: high dose 
(2.4 g i.v. every 4 hours); ceftriaxone-SD: standard dose (2 g i.v. daily); ceftriaxone-HD: high dose (2 g i.v. every 12 hours); HLR-G: high-level resistance to 
gentamicin (MIC > 500 µg/ml; no synergy achieved with combination therapy); ampicillin-HD: high dose (2 g every 4 hours); VR: vancomycin-resistant; HACEK 
organisms: Haemophilus spp. (Actinobacillus actinomycetemcomitans; Cardiobacterium hominis; Eikenella corrodens; Kingella spp.)

aConsider if confirmed penicillin allergy or other intolerance.
bRoutine gentamicin dose = 1mg/kg every 8 hours
cDose of benzylpenicillin uncertain; probably wise to use a high dose similar to enterococcal endocarditis. US guidelines recommend up to 18 g/day for resistant 

infections.
dRoutine vancomycin dose = 30 mg/kg/day (i.e. 1.0–1.5g every 12 hours), but depends on renal function and results of therapeutic drug monitoring; aim for 

trough serum levels of 15–20 µg/ml.
eUS guidelines recommend once-daily gentamicin.
fEuropean guidelines recommend benzylpenicillin-HD.
gAccurate susceptibility testing can be difficult.
hCheck for susceptibility to streptomycin; noted in approximately 10% of HLR-G strains.
iNonrandomized trial data only; no known efficacy for E. faecium.
jLinezolid dose = 600 mg i.v. or orally every 12 hours. 
kDaptomycin dose = 10–12 mg/kg daily.
Source: Summarized from Antibiotic Expert Group (2014), Habib et al. (2015), and Baddour et al. (2015).
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national guidelines (Bignell et al., 2011; Antibiotic Expert 
Group, 2014; Workowski et al., 2015). 

7l.  Syphilis

Pen G remains the drug of choice for the treatment of this 
syphilis (MMWR, 2006; Workowski et al., 2015). Treponema 
pallidum has not become increasingly resistant to Pen G, being 
immobilized in vitro at a maximal rate by only 0.1 µg/ml. 
Lesions of experimental syphilis resolve most readily in the 
presence of serum Pen G levels of only 0.4 µg/ml. Early syph-
ilitic infections in humans have been treated successfully with 
Pen G regimens yielding serum levels of only 0.02 µg/ml. It is 
commonly stated that the aim of treatment is to maintain 
sustained comparatively low Pen G serum and tissue levels 
for 7–10 days. Treponema pallidum is sensitive to such levels; 
it multiplies slowly by dividing once every 30–33 hours and 
only actively dividing organisms are susceptible to Pen G 
(Willcox, 1981; Zenker and Rolfs, 1990). However, to attain 
such levels in tissues, much higher serum levels of Pen G may 
be necessary, and so the treatment schedules for the various 
stages of syphilis have remained controversial.

It is still recommended that primary and secondary and 
latent syphilis of less than 1 year’s duration can be treated 
with a single dose of benzathine penicillin G 2.4 million 
units (1.8 g) i.m. (MMWR, 2006; Antibiotic Expert Group, 
2014; Workowski et al., 2015). Failures have occurred with 
such treatment (Brown, 1982; Zenker and Rolfs, 1990; 
MMWR, 2006). Good results have been obtained in both 
primary and secondary syphilis by using two doses of 2.4 
million units (1.8 g) benzathine Pen G, separated by 1 week 
(Fiumara, 1980; Fiumara, 1986). Another recommendation 
is a minimum of 0.6 g of procaine Pen G i.m. daily for 10 days 
(Willcox, 1981; Thin, 1989). Because of the possible long-
term catastrophic sequelae of inadequately treated syphilis, 
where possible it is preferable to use a 10- to 14-day course of 
procaine Pen G in daily i.m. doses of 1.0 g for early syphilis. 
Some patients with secondary syphilis, especially those with 
early central nervous system involvement evidenced by men-
ingitis, are best treated by i.v. crystalline Pen G in a dose of 
7.2–14.4 g daily for 2 weeks (Zenker and Rolfs, 1990).

Treatment of latent syphilis of more than 1 year’s duration 
is controversial (Brown, 1982). Most clinicians believe that 
neurosyphilis should be managed differently from syphilis 
of more than 1 year’s duration without central nervous sys-
tem involvement. For this reason, a lumbar puncture should 
generally be performed on all patients with latent syphilis, 
irrespective of whether they have clinical neurologic abnor-
malities; if the CSF is abnormal, this should be reexamined 
after treatment (Jaffe and Kabins, 1982). For patients with 
latent syphilis of more than 1 year’s duration who have no 
clinical or CSF evidence of neurosyphilis, benzathine Pen G 
7.2 million units (5.4 g) total, administered as three doses of 
2.4 million units (1.8 g) i.m., given one week apart for three 
consecutive weeks, is recommended. Such treatment has failed 
in both early and latent syphilis during the second and third 
trimesters of pregnancy (Reyes et al., 1993). Perhaps a more 
satisfactory treatment for all patients with latent syphilis of 

more than 1 year’s duration is daily i.m. injections of 1.0 g 
of procaine Pen G for 2 weeks. Patients with neurosyphilis 
should receive crystalline Pen G in a dose of 7.2–14.4 g i.v. 
for 2 weeks. This requires the admission of patient to hospital 
or management via a hospital-in-the-home (or OPAT) pro-
gram. Inadequate CSF levels of Pen G are attained with other 
Pen G regimens (Mohr et al., 1976). Treponemicidal Pen G 
concentrations in CSF are not reached in all patients with 
neurosyphilis if an i.m. procaine penicillin regimen is used 
for treatment (Van der Valk et al., 1988). Treponema pallidum 
has been isolated from the CSF of patients treated by high 
dosages of benzathine Pen G i.m. but they were eliminated 
after retreatment with large doses of i.v. crystalline Pen G 
(Tramont, 1976). Despite the widespread use of a 10 day i.m. 
procaine Pen G regimen for neurosyphilis in the UK, there 
have been only rare reports of progressive neurosyphilis after 
such treatment (Giles, 1980).

The Pen G regimens provided here are satisfactory for the 
treatment of syphilis during pregnancy. Congenital neu-
rosyphilis should be treated by i.m. or i.v. crystalline Pen G 
for 10–14 days. Procaine Pen G i.m. daily for 10–14 days also 
may be satisfactory. In newborn infants adequate CSF levels 
of Pen G cannot be achieved after benzathine Pen G admin-
istration (Speer et al., 1977; Lane and Oates, 1988). It appears 
that single-dose treatment with 4.8 million units (4.8 g) of 
procaine Pen G for gonorrhoea is also effective therapy for 
incubating syphilis (Schroeter et al., 1971), but this now has 
little relevance given the abandonment of Pen G therapy for 
gonorrhoea. For the treatment of syphilis in Pen G–allergic 
patients, tetracyclines (see Chapter 67, Tetracycline) are indi-
cated, except pregnant patients should receive erythromycin 
(see Chapter 59, Erythromycin).

Syphilis in patients with HIV infection poses difficult prob-
lems. First, diagnosis may be delayed or not made because 
serologic response to syphilis in some patients may be absent 
or delayed. If clinical findings suggest syphilis but serologic 
tests are negative, other tests such as dark fluid microscopy 
or direct fluorescent antibody test for T. pallidum should be 
performed (Hook, 1989a). HIV may also alter the serologic 
response to therapy in patients with early syphilis (Telzak et 
al., 1991). Moreover, it appears neurosyphilis is more com-
mon in the early stages of syphilis in HIV-infected patients, 
and a CSF examination may be wise in every HIV-positive 
patient in whom syphilis is diagnosed in any stage (Lukehart 
et al., 1988). If there is CSF pleocytosis, elevated CSF protein, 
and positive CSF VDRL (or similar) test, neurosyphilis is 
very likely. If there are CSF abnormalities, but the VDRL test 
is negative, these CSF abnormalities may be due to neuro-
syphilis or to HIV infection itself. Tomberlin et al. (1994) 
suggested the accuracy of the diagnosis of neurosyphilis may 
be improved if atients are also evaluated for production of 
intrathecal treponemal antibody with the use of the TPHA 
index. Hook (1994) suggested every presumed case of neu-
rosyphilis be treated by high doses of i.v. Pen G should be 
reevaluated some time after the treatment. If the CSF abnor-
malities resolve after treatment, the diagnosis was very likely 
neurosyphilis. HIV-infected patients with neurosyphilis appear 
to have a higher relapse rate after adequate courses of Pen G, 



7. Clinical uses of the drug 65

and so long-term follow-up of these patients is necessary 
(Malone et al., 1995).

Any patient who has presumptive evidence of neuro-
syphilis should be treated preferably by crystalline Pen G 
7.2–14.4 g daily i.v. for 10–14 days (Musher, 1988; Musher, 
1991; Antibiotic Expert Group, 2014; Workowski et al., 2015). 
As it may be difficult to admit all patients to the hospital, 
benzathine Pen G supplemented by high-dosage oral amoxi- 
cillin (2.0 g orally three times daily) plus probenecid (Hook, 
1989a; Hook, 1989b) has been tried, but home administra-
tion of i.v. Pen G may be preferable. Destructive bone disease 
can occur in congenital or tertiary syphilis, but one HIV-
infected patient developed this as the initial manifestation 
of secondary syphilis. High-dose i.v. Pen G was curative 
(Kastner et al., 1994).

Patients with syphilis who are allergic to penicillin pose a 
difficult treatment problem. Limited data suggest that ceftri-
axone 2 g daily either IM or IV for 10–14 days can be used 
as an alternative treatment for persons with neurosyphilis 
(Hook et al., 1986; Shann and Wilson, 2003; Workowski et 
al., 2015). Previously, tetracycline or doxycycline were con-
sidered an alternative (MMWR, 2006), but the latest CDC 
guidelines suggest that no proven alternatives to penicillin 
are available for treating neurosyphilis, congenital syphilis, 
or syphilis in pregnant women; and that penicillin is recom-
mended, whenever possible, for persons with HIV infection 
(Workowski et al., 2015). Other authors have suggested that 
single-dose oral azithromycin may be effective in treating 
early syphilis in some geographic settings. However, recent 
reports of azithromycin-resistant Treponema pallidum in the 
USA indicate the importance of continued monitoring for 
resistance (Riedner et al., 2005).

The treatment of syphilis has been recently reviewed 
(Clement et al., 2014; Tuddenham and Ghanem, 2015; Liang 
et al., 2016). In a meta-analysis of 102 articles (including 11 
randomized trials), evidence regarding penicillin and non-
penicillin regimens was reviewed from studies involving 
11,102 patients. Data on the treatment of early syphilis sup-
ported the use of a single intramuscular injection of 2.4 mil-
lion units benzathine penicillin G, with studies reporting 
90–100% treatment success rates. The value of multiple-dose 
treatment of early syphilis was uncertain, especially in HIV-
infected individuals. Less evidence was available regarding 
therapy for late and late latent syphilis. Evidence defining 
treatment for HIV-infected persons and for pregnant women 
was found to be limited, but available data supported peni-
cillin as first-line therapy. The authors concluded that paren-
teral penicillin G was the mainstay of syphilis treatment 
despite the relatively modest clinical trial data that support 
its use (Clement et al., 2014).

7m.  Yaws

Similar to syphilis, Pen G is the recommended treatment for 
yaws, which is caused by Treponema pallidum pertenue, a 
bacterium that is spread by skin-to-skin contact in humid 
tropical regions (Taber and Feigin, 1979; Mitjà et al., 2013; 
Stamm, 2015). As with syphilis, clinical manifestations can 

be divided into three stages, but unlike syphilis, mother-to-
child transmission does not occur. A major campaign to 
eradicate yaws in the 1950s and 1960s, by mass treatment of 
affected communities with long-acting, injectable penicillin, 
reduced the number of cases by 95% worldwide, but yaws has 
reappeared in recent years in Africa, Asia, and the western 
Pacific. In countries where the prevalence of active yaws is 
over 10%, the whole population is often given a single i.m. 
injection of 1.2 or 2.4 million units (0.9 or 1.8 g) of benza-
thine Pen G. Alternatively, this treatment may be given only 
to active cases and all their contacts (Brown, 1985; Willcox, 
1985). More recently it has been shown that one oral dose of 
azithromycin is as effective as intramuscular penicillin, and 
the WHO launched a new initiative to eradicate yaws by 
2020 (Mitjà et al., 2013). The treatment and management 
of yaws has been reviewed (Mitjà et al., 2013; Stamm, 2015; 
Marks et al., 2015).

7n.  Leptospirosis

Leptospirosis, an acute disease, is often mild and self- limited, 
so the efficacy of antibiotic treatment is difficult to assess. 
Although leptospires are sensitive to Pen G in vitro, some con-
sider this drug (or any other antibiotic) to be of little value 
for treatment of human infections. However, most authors 
believe Pen G is beneficial provided it is started early in the 
course of the disease (Taber and Feigin, 1979). A 5- to 10-day 
course of crystalline Pen G 2.4–6.0 g daily should be given; 
this usually reduces the duration of pyrexia and also reduces 
the frequency of jaundice and renal involvement in severe 
cases, such as those caused by L. icterohaemorrhagiae (Ken-
nedy et al., 1979; Tennent, 1980; Watt et al., 1988). It is impor-
tant to administer Pen G to pregnant women with this disease 
as this usually prevents fetal infection (Shaked et al., 1993).

Panaphut et al. (2003) reported that ceftriaxone and Pen 
G were equally effective for the treatment of severe leptospi-
rosis. Other authors also now recommend ceftriaxone as an 
alternative to Pen G for this condition (Therapeutic Guide-
lines, 2006; Antibiotic Expert Group, 2014). The antibiotic 
treatment of leptospirosis has been reviewed (Brett-Major 
and Coldren, 2012; Pappas and Cascio, 2006; Griffith et al., 
2006). 

A recent Cochrane review assessed seven randomized tri-
als, four of which (403 patients) compared an antibiotic with 
placebo or no intervention. All trials were deemed as having 
a high risk of bias. All four trials that compared antibiotics 
with placebo used parenteral penicillin. The authors con-
cluded that there was insufficient evidence to advocate for or 
against the use of antibiotics in the therapy for leptospirosis. 
Among survivors who were hospitalized for leptospirosis, 
antibiotic therapy appeared to decrease the duration of clini-
cal illness by 2–4 days, although this result was not statisti-
cally significant. They concluded that when electing to treat 
with an antibiotic, selection of penicillin, doxycycline, or 
cephalosporin does not seem to impact mortality nor dura-
tion of fever; and that the benefit of antibiotic therapy in the 
treatment of leptospirosis remains unclear, particularly for 
severe disease (Brett-Major and Coldren, 2012).
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7o.  Lyme disease

Described in 1976, Lyme disease presents with skin lesions 
(erythema chronicum migrans) and often headache, fever, 
malaise, and fatigue. Some patients develop recurrent arthri-
tis, and occasionally neurologic and cardiac complications can 
occur (Steere et al., 1987; Dekonenko et al., 1988; Williams et 
al., 1990; Motiejunas et al., 1994). In the first empirical anti-
biotic trial, Steere et al. (1980) used oral Pen G for 7–10 days 
to treat this disease. This shortened early manifestations and 
fewer patients developed arthritis, but subsequent neuro-
logic and cardiac abnormalities were unaffected. Tetracycline 
was also helpful, but erythromycin had no significant effect. 
The discovery that this disease is caused by the spirochete 
B. burgdorferi and is transmitted by the tick Ixodes dammini 
(Harris, 1983) explains why Pen G treatment is effective. 
Three antibiotic regimens were compared in 108 adult patients 
with early manifestations of Lyme disease. Oral tetracycline 
(see Chapter 67, Tetracycline) was the most effective, fol-
lowed by oral penicillin V, whereas erythromycin was the 
least effective (Steere et al., 1983b). High-dose i.v. Pen G, 12 
g daily for 10 days, is effective therapy for the neurologic 
abnormalities of Lyme disease (Steere et al., 1983c; Vikerfors 
and Rudback, 1987; Halperin, 1989). The same high-dose 
Pen G regimen is often, but not always, effective for estab-
lished Lyme arthritis or myositis (Steere et al., 1985; Horowitz 
et al., 1994). Ceftriaxone (see Chapter 27, Ceftriaxone) is 
more effective against this spirochete in vitro, and in a dose 
of 2–4 g daily appears to be more effective than large doses 
of crystalline Pen G for neurologic manifestations, chronic 
arthritis, and myositis (Halperin, 1989; Cryan and Wright, 
1990; Philipson, 1991; Rahn and Malawista, 1991; Horowitz 
et al., 1994; Janovska et al., 2001).

One controlled trial using amoxicillin prophylaxis for 
Lyme disease after deer tick bites showed that even in an area 
in which Lyme disease is endemic the risk of infection with 
B. burgdorferi after a recognized deer tick bite is so low that 
prophylactic antimicrobial treatment is not routinely indi-
cated (Shapiro et al., 1992). One study in a rodent model 
showed that infection by this spirochete can be aborted by 
topical application of an antibiotic (either tetracycline, Pen G, 
amoxicillin, erythromycin, ceftriaxone, or doxycycline) to 
the site of the tick attachment (Shih and Spielman, 1993). 
Empirical antibiotic treatment is not advocated for patients 
who are seropositive for Lyme disease but who lack clinical 
features of this infection and who only have fatigue (Luft et 
al., 1994). The Infectious Diseases Society of America (IDSA) 
has issued guidelines for the management of Lyme disease, 
and the topic has recently been reviewed (Wormser et al., 
2006; Lantos et al., 2010; Sanchez et al., 2016).

7p.  Rat-bite fever

Pen G is effective for both S. moniliformis (Actinobacillus 
muris) and Spirillum minus infections (Raffin and Freemark, 
1979). If endocarditis is present, 4–6 weeks’ chemotherapy 
is advisable (Rupp, 1992). Recent reviews have nicely sum- 

marized the literature regarding the treatment of endocar-
ditis and also septic arthritis (Madhubashini et al., 2013; 
Dendle et al., 2006).

7q.  Clostridium perfringens (welchii) 
infections

For the treatment of gas gangrene, postpartum infection with 
C. perfringens, and postabortion C. perfringens septicemia, 
Pen G has been regarded as the best antibiotic (Dylewski et 
al., 1989). The use of polyvalent gas gangrene antitoxin as an 
adjunct to Pen G has been controversial, but most authorities 
now advise against its use (Dylewski et al., 1989). Gas gan-
grene may occur in patients with occlusive arterial disease 
undergoing lower limb amputation, and prophylactic Pen G 
for 2 days, starting immediately before the operation, should 
be used (Brumfitt and Hamilton-Miller, 1975; Mashford et al., 
1994). For Pen G–allergic patients, either chloramphenicol or 
erythromycin may be a suitable alternative. Pen G–resistant 
C. perfringens strains have been reported (see section 2a).

Studies in experimental animals have shown that clin-
damycin and metronidazole are superior to Pen G for the 
treatment of C. perfringens infection (Stevens et al., 1987). 
Hyperbaric oxygen, given early, improved the results of Pen 
G and metronidazole therapy, but not that of clindamycin, 
which had a superior efficacy to the other two drugs (Stevens 
et al., 1987; Stevens et al., 1993b). A key focus in this disease 
is early resective surgery; thus the role of hyperbaric oxygen 
therapy remains controversial if it is at the expense of early 
surgical intervention.

7r.  Tetanus

Pen G is used in conjunction with antitoxin in the treatment 
of tetanus. Although C. tetani is sensitive to Pen G, the nature 
of the infected wound is often such that the organism is inac-
cessible to antibiotics. The main principles in the treatment 
of a tetanus wound are surgical débridement and prevention 
or treatment of associated infection. The latter may lead to 
activation of spores and create an anaerobic environment 
(particularly if an undetected foreign body is present) for 
the proliferation of C. tetani. Pen G is unreliable for tetanus 
prophylaxis and, in previously nonimmunized patients, 
human tetanus hyperimmune immunoglobulin should be 
used in addition to formal tetanus vaccination. Metronidazole 
can also be used for treatment of tetanus (see Chapter 99, 
Metronidazole).

7s.  Anthrax

Pen G has been the mainstay of treatment for anthrax. 
However, concerns have been expressed about low-level 
beta-lactamase activity in some isolates and also the poor 
penetration of beta-lactams into macrophages (Bell et al., 
2002). Ciprofloxacin or doxycycline are now preferred for 
the treatment of cutaneous anthrax (Brook, 2002). Sixty days 
of treatment is indicated for pulmonary disease, for which 
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combination therapy with ciprofloxacin plus another anti-
biotic with activity against B. anthracis (e.g. Pen G, rifampi-
cin) is indicated. Postexposure prophylaxis is indicated with 
ciprofloxacin or doxycycline (Brook, 2002). Bacillus anthracis 
can rarely cause bacterial meningitis, which should be treated 
with an intravenous fluoroquinolone plus Pen G or vanco-
mycin (Sejvar et al., 2005). Anthrax has been used as a bio-
terrorism agent (MMWR, 2001).

7t.  Diphtheria

Pen G is used to eradicate organisms in diphtheria, but the 
timely administration of diphtheria antitoxin remains the 
essential measure. Pen G can also be used to eradicate the car-
rier state. McCloskey et al. (1974) found a single injection 
of benzathine penicillin was effective in 84% of carriers, but 
oral erythromycin or clindamycin was superior. Given that 
penicillin is the recommended first-line agent for the pro-
phylaxis and treatment of C. diphtheriae in patients, a recent 
report of a case of nontoxigenic C. diphtheriae in a previously 
healthy 14-year-old girl that was acquired in Ethiopia is of 
interest because it was the first clinical case of penicillin- 
resistant C. diphtheriae in the UK (FitzGerald et al., 2015).

7u.  Actinomycosis

Pen G is the drug of choice for actinomycosis, but owing to 
the fibrotic, necrotic, and avascular nature of the lesions, 
large doses for several months are necessary (Spinola et al., 
1981); doxycycline is a treatment alternative (see Chapter 68, 
Doxycycline). Thoracic involvement occurs in 15–34% of 
cases; cardiac involvement is rare, but if it occurs, the peri-
cardium is usually involved. Treatment consists of high-dose, 
long-term Pen G therapy as well as drainage of the pericar-
dial space (Fife et al., 1991). Endocarditis is rare, and Pen G 
again is the treatment of choice (Lam et al., 1993). Actinomyces 
can also cause liver abscess. Treatment is usually successful 
with prolonged administration of Pen G, and drainage is 
needed only in some cases (Miyamoto and Fang, 1993). 
Actinomyces can also involve the central nervous system, 
causing brain abscess, meningitis, meningoencephalitis, sub-
dural empyema, and epidural abscess. Optimal management 
involves combined adequate surgical drainage with pro-
longed Pen G therapy (Smego, 1987). Uterine actinomycosis 
infection can occur in association with intrauterine contra-
ceptive devices. Infection is usually superficial and relatively 
harmless, but it may become invasive and fatalities have 
occurred (de la Monte et al., 1982; Perlow et al., 1991). The 
treatment and management of actinomycosis has recently 
been reviewed, with Pen G remaining a cornerstone of ther-
apy in most cases, although the duration of therapy depends 
on the site of infection (Wong et al., 2011; Valour et al., 2014).

7v.  Pasteurella multocida infections

Pasteurella multocida may cause wound infections after 
animal bites, such as those inflicted by dogs and cats. How- 

ever, other organisms, such as various types of staphy lococci, 
alpha- hemolytic streptococci Capnocytophaga, and anaero-
bic bacteria, may also cause infections after animal bites 
(Goldstein, 1992). Less commonly, Pasteurella multocida 
causes septic arthritis, osteomyelitis, septicemia, meningitis, 
endocarditis, puerperal sepsis, renal infection, acute epiglot-
titis, or pleuropulmonary infections (Johnson and Rumans, 
1977; Lehmann et al., 1977; Mitchell et al., 1982; Raffi et al., 
1987; Kumar et al., 1990; Leung and Jassal, 1994). Septicemia 
is more likely to occur in patients with severe underlying dis-
eases, such as advanced hepatic disease or neoplasms (Stein 
et al., 1983). Pasteurella multocida infection of a prosthetic 
vascular graft has been reported (Kalish and Sands, 1983). 
Pen G is indicated for all of these infections, as this Gram-
negative bacillus is usually highly sensitive to Pen G (Weber 
et al., 1984). Resistant strains occur, but are very rare.

7w.  Capnocytophaga canimorsus (formerly 
DF-2 bacillus) infections

Capnocytophaga canimorsus infections are usually acquired 
from dog bites. In splenectomized patients, often a fulminant 
septicemia with shock results; in patients with intact spleens, 
the illness is usually milder, but septicemia and endocarditis 
may occur. Crystalline Pen G, given i.v., is the treatment of 
choice, but other antibiotics, such as clindamycin, are also 
effective (Findling et al., 1980; Kalb et al., 1985; Westerink et 
al., 1987). Beta-lactamase-positive strains have been described 
(Bilgrami et al., 1992).

7x.  Lactobacillus infections

Lactobacillus infections respond to Pen G or to Pen G plus 
gentamicin in combination. Lactobacillus septicemia has 
occurred after liver transplantation; the strains were usually 
sensitive to Pen G but resistant to vancomycin. Some of the 
patients responded to i.v. Pen G therapy (Patel et al., 1994).

7y.  Infections caused by miscellaneous 
opportunistic pathogens

Rothia mucilaginosa (formerly Stomatococcus mucilaginosus) 
is a Gram-positive coagulase-negative coccus that forms part 
of the normal mouth flora. It can cause endocarditis, catheter- 
related infection, and septicemia, including in neutropenic 
patients. Pen G is the best drug for the treatment of infec-
tions, but a few strains of this organism are Pen G resistant 
(Ascher et al., 1991; McWhinney et al., 1992).

Kingella kingae normally colonizes the mucous membranes 
of the upper gastrointestinal tract and is a Gram-negative 
coccobacillus of the HACEK group. It has been increasingly 
recognized as a cause of human infections, particularly in 
children. It can cause arthritis, osteomyelitis, diskitis, endo-
carditis, and pulmonary infections. The treatment of choice 
is Pen G, to which all strains are sensitive (de Groot et al., 
1988; Morrison and Wagner, 1989; Meis et al., 1992).
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Eikenella corrodens, another HACEK organism, is a slowly 
growing aerobic Gram-negative rod that is a normal inhab-
itant of the human oral cavity. It most commonly causes 
pleuropulmonary infections in patients with underlaying 
malignancy. Rarely it can cause a pancreatic abscess. Pen G is 
the best treatment although a few strains may be Pen G resis-
tant (Joshi et al., 1991; Stein et al., 1993).

Actinobacillus actinomycetemcomitans is a small Gram-
negative coccobacillus. It can cause serious infections in 
humans, such as periodontal infection, soft-tissue abscess, 
and endocarditis. Pen G is usually effective treatment, but 
some strains are resistant to this drug (Kaplan et al., 1989b; 
Van Winkelhoff et al., 1993).

Cardiobacterium hominis, an opportunistic Gram-negative 
bacillus, has been implicated as a cause of endocarditis. 
Rechtman and Nadler (1991) have described a patient with 
abdominal abscess due to this organism plus Clostridium 
bifermentans. Pen G is usually the best treatment.

Neisseria lactamica is a rare cause of meningitis, usually 
in children, but one adult developed this following skull 
trauma. Pen G is the best treatment (Denning and Gill, 1991). 
Neisseria sicca is a rare cause of endocarditis; Pen G is the 
best treatment (Heiddal et al., 1993).

Bacteria of the Leuconostoc genus are Gram-positive cocci 
that are normally found in dairy products or vegetable mat-
ter. These organisms rarely causes septicemia, mainly in 
hospitalized patients with underlying diseases such as malig-
nancies. Pen G in high doses is probably the best treatment 
(Handwerger et al., 1990).

Chryseomonas luteola and Flavimonas oryzihabitans are 
similar pigmented Gram-negative bacilli and they can rarely 
cause bacteremia in otherwise critically ill patients and peri-
tonitis in patients undergoing CAPD. Chryseomonas luteola 
isolates are often Pen G resistant and other drugs such as cef-
tazidime are necessary for treatment. By contrast, Flavimonas 
oryzihabitans is usually Pen G sensitive and this drug is suit-
able for treatment (Hawkins et al., 1991).

Propionibacterium spp. are anaerobic Gram-positive bacilli 
that normally inhabit the mouth and upper respiratory tract. 
Occasionally they can cause brain abscess, parotid and 
 dental infections, pulmonary infections, and peritonitis. The 
patients usually have a predisposing condition. These organ-
isms are susceptible to Pen G, which in most cases is the anti-
biotic of choice (Brook and Frazier, 1991).

7z.  Chemoprophylaxis of rheumatic fever

In patients who cannot or will not take oral medication, 
benzathine Pen G in a dosage of 600,000–1,200,000 units 
(0.45–0.9 g) i.m. once per month has been used. However, 
pharmacokinetic data indicate that this dose should be given 
once every 2 weeks (see section 5c). Currie et al. (1994) stud-
ied 4 weekly i.m. doses of 1,200,000 units (0.9 g), 1,800,000 
units (1.35 g), and 2,400,000 (1.8 g). Nevertheless, a regimen 
of monthly doses of 0.9 g appeared to be effective among US 
army recruits, despite the fact that serum levels of Pen G that 

inhibit S. pyogenes in these trainees persisted for only 1–2 
weeks after this dose (Bass et al., 1996).

Despite the fact that benzathine Pen G has a long half-life, 
and therefore if a severe allergic reaction starts early after the 
injection there will be further absorption of Pen G from the 
injection site, there is no evidence that its regular use for 
rheumatic fever prophylaxis is associated with more frequent 
anaphylaxis and other allergic reactions than the administra-
tion of other forms of Pen G (International Rheumatic Fever 
Study Group, 1991). The management and prevention of rheu-
matic fever has been recently reviewed (Webb et al., 2015).

7aa.  Botulism

Pen G therapy has been suggested as an adjunct to other 
treatment of botulism, to prevent Clostridium spore germi-
nation and release of more toxin in the bowel (Eisenberg and 
Bender, 1976). Similarly, Pen G has been used as an adjunct 
to other treatment in wound botulism, but it is not clear 
whether this treatment promotes recovery (Weber et al., 
1993). A recent case of an infant with toxin- and culture- 
confirmed botulism that relapsed despite therapy with amox-
icillin and metronidazole is notable because the C. botulinum 
A2 strain was found to be resistant to penicillins and display 
heterogeneous resistance to metronidazole. The strain was 
isolated from stool samples up to 110 days after onset. Anti-
biotic susceptibility was tested by disc agar diffusion and 
MICs were determined by E test. Whole genome sequencing 
detected a gene cluster composed of blaCBP (a novel penicil-
linase), blaI (regulator), and blaR1 (for a membrane-bound 
penicillin receptor) in the chromosome. It is important that 
the beta-lactamase gene cluster was found in three C. botuli
num genomes in databanks and in other stored isolates, with 
all the strains belonging to group I C. botulinum. This is the 
first report of a C. botulinum isolate resistant to penicillins 
and highlights the emerging need to undertake antibiotic 
susceptibility testing to ensure appropriate therapy of botu-
lism (Mazuet et al., 2016).
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Phenoxypenicillins
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1. DESCRIPTION

With the discovery of the penicillin nucleus, 6-APA, it 
became possible to synthesize new penicillins by the intro-
duction of side chains (Batchelor et al., 1959). Based on this, 
four acid-stable phenoxypenicillins were developed that were 
suitable for oral administration, although only phenoxymeth-
ylpenicillin (Pen V) is now available for clinical use. Pen V 
was introduced in 1953 (Spitzy, 1953) and has become syn-
onymous with oral penicillin. Penicillin V, like Pen G, is a nat-
ural penicillin produced biosynthetically. It is obtained when 
the precursor, phenoxyacetic acid, is added to the fermenta-
tion medium, whereas addition of phenylacetic acid results in 
production of penicillin G. The chemical structure of Pen V 
is shown in Figure 4.1.

The remaining phenoxypenicillins are of little clinical rel-
evance given their nonavailability. Phenoxyethylpenicillin 
(phenethicillin), which is analogous to penicillin V, was the 
first penicillin produced semisynthetically, while the other 
semisynthetic penicillins, phenoxypropylpenicillin (propicil-
lin) and phenoxyl benzylpenicillin (phenbenicillin), were 
introduced in the early 1960s. Although the latter have better 
gastrointestinal absorption than Pen V, they are inferior to 
both Pen V and phenoxyethylpenicillin in antibacterial activ-
ity and are therefore no longer used (Bond et al., 1963). Pen V 
and phenoxyethylpenicillin are both formulated as potassium 

salts but differ slightly in their antibacterial activity and 
absorption from the gastrointestinal tract. 

The clinical use of Pen V is restricted to the treatment of 
minor infections and chemoprophylaxis because the serum 
levels attained are not high.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The antimicrobial spectrum of the phenoxypenicillins is 
similar to that of penicillin G (see Chapter 3, Benzylpenicillin 
(Pen G)). Table 4.1 summarizes the activity of Pen V against 
common pathogens.

Pen V is active against Gram-positive cocci, such as 
Streptococcus pyogenes, S. pneumoniae, S. viridans, anaerobic 
streptococci, and non-beta-lactamase-producing Staphylo
coccus aureus. Gram-positive bacilli, such as Clostridium 
tetani, C. perfringens, and C. diphtheriae, are also susceptible, 
although occasional resistance in Bacillus anthracis has been 
described (Garrod, 1960a; Barber and Waterworth, 1962; see 
Chapter 3, Benzylpenicillin (Penicillin G)).

Among Gram-negative bacteria, most Neisseria meningit
idis and penicillin-sensitive N. gonorrhoeae (see Chapter 3, 
Benzylpenicillin (Penicillin G)) are susceptible. Non-beta-
lactamase-producing H. influenzae is moderately resistant, 
and all other aerobic Gram-negative bacilli are highly resis-
tant. Anaerobic Gram-negative bacilli are generally resistant 
(see Chapter 3, Benzylpenicillin (Penicillin G)). Bacteroides 
fragilis is always resistant (Busch et al., 1976).

There are some differences in the activity of Pen G and 
Pen V as well as between Pen V and the other phenoxypeni-
cillins. Their activity against streptococci, pneumococci, 
and non-beta-lactamase-producing staphylococci is in the 
following order: Pen G > Pen V > phenoxyethylpenicillin 
(phenethicillin), with Pen G being about four times more 
active than Pen V against meningococci and gonococci (and 
phenethicillin is even less active) (Garrod, 1960a; Garrod, 
1960b). The activity of Pen G against H. influenzae is 4–8 
times greater than that of Pen V.

Figure 4.1 Chemical structure of phenoxymethylpenicillin 
(penicillin V).
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2b.  Emerging resistance and 
cross-resistance

Issues regarding emerging resistance to Pen V are similar 
to  those for benzylpenicillin—for a detailed discussion see 
Chapter 3, Benzylpenicillin (Penicillin G).

3. MECHANISM OF DRUG ACTION

The mode of action of Pen V is similar to that of Pen G (see 
Chapter 3, Benzylpenicillin (Penicillin G)).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Pen V is available as 125 mg, 250 mg, and 500 mg capsules 
or 800 mg of 1 g tablets, and as a pediatric syrup (125 mg or 
250 mg in 5 ml). These drugs are administered only orally, 
with the usual dose for adults being 250–500 mg every 6 hours 
with higher doses also used. These drugs should be given 
when fasting, preferably about 1 hour before meals. Higher 
doses may be used for the treatment of more serious infec-
tions, but in such situations, amoxicillin is usually preferred 
due to its more reliable absorption and serum levels (see 
Chapter 5, Ampicillin and Amoxicillin).

Several studies have shown that Pen V is effective in strep-
tococcal pharyngitis and bacterial upper respiratory tract 
infections if the total daily dose is administered in two 
divided doses instead of three or four divided doses (Gerber 
and Markowitz, 1985; Fyllingen et al., 1991a; Fyllingen et al., 
1991b). However, persistence of carriage can be a problem 
after penicillin treatment (regardless of whether dosing is 
two or four times daily), with speculation that this can be the 
result of either the development of tolerance or the presence 
of co-pathogenicity due to beta-lactamase production by the 
commensal upper respiratory tract flora. Thus beta-lactamase- 
stable agents, such as cephalosporins, probably offer an advan-
tage if eradication is considered important.

4b.  Newborn infants and children

The pediatric syrup contains 125 mg or 250 mg in 5 ml. The 
Pen V dosage for children under 5 years is 125 mg four times 
daily, and for children over 5 years is the same as for adults, 
250–500 mg every 6 hours. In one pediatric study, Pen V 250 
mg twice daily was equally as effective as 250 mg given three 
times a day for the treatment of streptococcal pharyngitis 
(Gerber et al., 1985). The appropriate dosing of children with 
Pen V for tonsillitis has been reviewed amid concerns of pre-
vious underdosing (Ahmed et al., 2011).

4c.  Pregnant and lactating mothers

Similar to Pen G, Pen V use in pregnancy is considered safe. 
Penicillin has been assigned to pregnancy category B by the 

FDA, with animal studies failing to reveal evidence of fetal 
harm, and no adverse effects have been reported during 
human use. Penicillin is excreted into human milk, but any 
risk to nursing infant is unlikely (FDA, 2016).

4d.  Those requiring altered dosages

Dosage adjustments for Pen V are rarely needed, unless 
substantial renal impairment is noted. However, changes 
in  Pen V dosage may theoretically be need in situations 
in  which a patient develops augmented renal function. 
Although little specific data for Pen V exists, renally cleared 
penicillins appear subject to higher than expected drug 
clearances and have very low trough concentrations in criti-
cally ill patients manifesting a phenomenon known as aug-
mented renal clearance (defined as a creatinine clearance 
exceeding 130 mL/min) (Udy et al., 2012). In these patients, 
who mostly appear in the intensive care unit, more frequent 
dosing of drug is suggested to ensure target concentrations 
are achieved. However, Pen V is rarely used in the intensive 
care setting.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

After oral administration of Pen V, peak serum levels are 
obtained within 30–60 minutes (see Figure 4.2). There is 
considerable variation in the absorption of oral phenoxy-
penicillins, including Pen V, such that some patients, for rea-
sons unexplained, absorb them poorly. Peak serum levels 
may be three times higher, and the total amount of a Pen V 
absorbed about doubled, if the dose is taken 1 hour before 
meals rather than with food (Bell, 1970; Welling and Tse, 
1982). This also applies to the absorption of Pen V suspen-
sion in children (McCracken et al., 1978). Diarrhea of short 
duration does not influence the absorption of Pen V, but if 
diarrhea persists for a week, absorption is usually reduced 
(Bolme and Eriksson, 1975). Similarly, oral penicillin absorp-
tion is reduced in patients with celiac disease and other 
malabsorption states (Prescott, 1974; Bolme and Eriksson, 
1978). Pen V is 80% bound to serum proteins (Bond et al., 
1963).

5b.  Drug distribution

Pen V, similar to Pen G, diffuses readily into pleural, peri-
cardial, ascitic, and synovial fluids and passes into the fetal 
circulation. There is very little penetration of the Pen V into 
the CSF if the meninges are uninflamed. Notably, Pen V pen-
etrates poorly into maxillary sinus secretions (Lundberg and 
Malmborg, 1973) and even in inflamed tonsillar tissue, the 
concentration is about 20% of the serum level at that time 
(Roos et al., 1985).
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5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Few studies have been undertaken with Pen V, but it can be 
assumed that, similar to other beta-lactams, clinical efficacy 
of Pen V is best correlated with the duration of the dosing 
period in which the drug concentrations at the site of infec-
tion are above the MIC of the infecting pathogen. The expo-
sure of drug associated with maximal bacterial killing can be 
different for different bacterial species, with little data avail-
able for Pen V on what antibiotic exposure will suppress the 
emergence of resistant bacteria.

5d.  Excretion

Between 20% and 40% of a given Pen V dose can be recov-
ered from urine during the first 6 hours. The drug is mainly 
excreted unchanged, but small amounts of active breakdown 
products are also present in the urine (Bond et al., 1963). 
Renal tubular secretion of Pen V, similar to other penicillins, 
can be partially blocked by probenecid. Only small amounts 
are excreted in the bile, mainly in the unchanged form.

5e.  Drug interactions

Drug interactions for Pen V are similar to those of Pen G (see 
Chapter 3, Benzylpenicillin (Penicillin G)).

6. ADVERSE REACTIONS AND TOXICITY

Adverse reactions associated with Pen V are similar to those 
of Pen G (see Chapter 3, Benzylpenicillin (Penicillin G)). 
Overall, however, Pen V is well tolerated in doses of up to 
6 g/day.

6a.  Gastrointestinal side effects

Transient disturbances, such as nausea and diarrhea, can 
follow administration of these drugs. Candidiasis may also 
occur. Pseudomembranous colitis developed in one 12-year-
old girl following a 4-day course of oral Pen V (Larson et al., 
1977; Barrison and Kane, 1978).

6b.  Hypersensitivity reactions

Hypersensitivity reactions may occur in penicillin-sensitive 
patients. Pen V may be cross-allergenic with Pen G and also 
with all other penicillins, including both anaphylaxis and 
serum sickness. For a detailed discussion regarding penicil-
lin allergy, see Chapter 3, Benzylpenicillin (Penicillin G). 
However, anaphylaxis is much less common with the oral 
Pen V than with parenteral Pen G. In one patient, symptoms 
started 30 minutes after ingestion of 500 mg of Pen V (Coates, 
1963). In another patient, generalized pruritus and flushing 
commenced within 3 minutes of ingestion of a tablet of 
Pen V, followed by abdominal cramps, nausea, and vomiting, 
then progression to semiconsciousness, cyanosis, tachycar-
dia, and hypotension; the patient finally responded to stan-
dard resuscitative measures (Simmonds et al., 1978). Beeley 
et al. (1976) reported one adult patient who developed liver 
damage with jaundice as part of a severe hypersensitivity 
reaction to Pen V.

Pen V suspension is used as part of a standard penicillin 
desensitization program (see Table 3.9) (Antibiotic Expert 
Group, 2014).

6c.  Hemolytic anemia

One case of hemolytic anemia was reported in a 3-year-old 
boy who was treated with Pen V 125 mg every 6 hours (Bird 

Figure 4.2. Mean blood levels of penicillins after a 
250-mg oral dose. (Adapted with permission from 
Bond et al. (1963).)
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et al., 1975). This was an immune hemolytic anemia due to a 
penicillin antibody of the IgM class. Antibodies of the IgM 
class may also be implicated in hemolytic anemias following 
Pen G administration in ordinary doses, but more commonly 
hemolytic anemia induced by Pen G is a sequel to large doses 
and antibody of the IgG class is involved.

6d.  Cation toxicity

Pen V is marketed as a potassium salt, but doses up to 8 g/day 
do not cause potassium intoxication, unless there is serious 
renal insufficiency.

7. CLINICAL USES OF THE DRUG

The clinical use of Pen V has become increasingly restricted 
over recent years to the treatment of minor infections and 
chemoprophylaxis, due to concerns about the variability in 
attaining reliable serum levels. For a number of previous 
indications such as postsplenectomy prophylaxis and treat-
ment of mild community-acquired pneumonia, amoxicillin 
has now largely replaced Pen V (see Chapter 5, Ampicillin 
and Amoxicillin), Nevertheless, in an era of emerging resis-
tance, where narrow spectrum agents are generally preferred, 
Pen V continues to have an important role for certain key 
indications, particularly those associated with S. pyogenes 
where penicillin resistance or tolerance is rare.

7a.  Streptococcus pyogenes infections

Pen V is suitable for the oral treatment of mild or convales-
cent infections due to S. pyogenes, such as pharyngitis, scarlet 
fever, and cellulitis. Mild or moderate acute streptococcal 
pharyngitis in children can usually be successfully treated by 
Pen V, provided that parents are instructed on the impor-
tance of regular medication (Colcher and Bass, 1972). Despite 
some previous doubts, it has been clearly demonstrated that 
Pen V therapy has a beneficial impact on the clinical course 
of S. pyogenes pharyngitis (Randolph et al., 1985). However, 
a large population-based study in the UK indicated that 
approximately 4000 patients with upper respiratory tract 
infection (URTI) needed to be treated with antibiotics to 
prevent one significant complication, such as quinsy or men-
ingitis (Petersen et al., 2007). It is noteworthy that rheumatic 
fever and poststreptococcal glomerulonephritis are currently 
very rare in the UK. In this context, culture or rapid antigen 
test is indicated to exclude or confirm streptococcal pharyn-
gitis in the presence of lymphadenopathy, exudates, and fever. 
Patients with streptococcal pharyngitis should be treated 
for 10 days (Kerdemelidis et al., 2009; Ahmed et al., 2011; 
Antibiotic Expert Group, 2014). The recent European guide-
lines also support this approach (ESCMID Sore Throat 
Guideline Group et al., 2012). The appropriate dosing of chil-
dren with Pen V for sore throat and tonsillitis has been 
reviewed (Ahmed et al., 2011).

A recent Cochrane Review analyzed randomized controlled 
trials (RCTs) that compared short duration oral antibiotics 

to standard duration (10 days) oral Pen V in children (aged 
1 to 18 years) with acute group A beta-hemolytic streptococ-
cus (GABHS) pharyngitis. The authors assessed 20 studies 
(13,102 cases); the majority of which were considered to be 
at high risk of bias, although the majority of the results were 
considered to be consistent. Compared to standard duration 
treatment, the short duration treatment studies had shorter 
periods of fever and throat soreness, lower risk of early clini-
cal treatment failure (odds ratio [OR]: 0.80; 95% confidence 
interval [CI]: 0.67–0.94), but no significant difference in early 
bacteriological treatment failure or late clinical recurrence. 
It is notable, however, that the overall risk of late bacteriolog-
ical recurrence was worse in the short duration treatment 
studies (OR: 1.31; 95% CI: 1.16–1.48), although no signifi-
cant differences were found when studies of low-dose azith-
romycin (10 mg/kg) were excluded. Among a subset of 8135 
cases of acute GABHS pharyngitis, only 6 cases in the short 
duration treatment versus 8 in the standard duration treat-
ment developed long-term complications, such as glomeru-
lonephritis and acute rheumatic fever (p = NS). The authors 
concluded that in countries with low rates of rheumatic fever, 
it appears safe and efficacious to treat children with acute 
GABHS pharyngitis with short duration (non-Pen V) anti-
biotics, but in areas where the prevalence of rheumatic heart 
disease is still high, these results should be interpreted with 
caution (Altamimi et al., 2012). 

Curtin-Wirt et al. (2003) found that amoxicillin may be 
superior to Pen V for group A tonsillitis/pharyngitis. A trial 
of Pen V for 10 days and cefuroxime axetil for 5 days showed 
that both regimes gave similar results (Scholz, 2004). Pen V 
and co-amoxiclav gave similar results in group A streptococcal 
pharyngitis (Dykhuizen et al., 1996). However, co-amoxiclav 
(or amoxicillin) should not be used if there is a possibility of 
infectious mononucleosis. Recent European clinical practice 
guidelines support this overall approach to managing tonsil-
litis (Windfuhr et al., 2016).

The management of the group A streptococcal carrier state 
can be difficult (see section 4. An epidemic of streptococcal 
pharyngitis in a closed community may be hard to control by 
treatment of cases and carriers alone, and full penicillin pro-
phylaxis to all subjects on entry may be essential (Colling et 
al., 1982). Although prevention of rheumatic fever by peni-
cillin treatment is well established, there is doubt about its 
role in the prevention of glomerulonephritis.

For patients with acute cellulitis presenting to emergency 
departments, there are no randomized-controlled trials that 
support the use of combination therapy (flucloxacillin + Pen 
V) over flucloxacillin monotherapy (Quirke et al., 2014). 
However, long-term penicillin prophylaxis may be useful in 
patients who are prone to recurrent streptococcal cellulitis, 
such as those with lymphedema of the arms or legs. Similar 
chemoprophylaxis is useful to prevent overwhelming pneu-
mococcal sepsis in children and adults who have had a sple-
nectomy. It is even more impor tant in children with sickle 
cell disease who have defective splenic function. In these 
children, prophylaxis should be initiated at 4 months of age; 
its optimal duration is not known but it should continue 
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beyond the age of 3 years (Buchanan et al., 1982; Gaston et 
al., 1986; Powars and Overturf, 1987; Wong et al., 1992). This 
chemoprophylaxis can also be carried out by i.m. benzathine 
penicillin G (see Chapter 3, Benzylpenicillin (Penicillin G)).

7b.  Rheumatic fever chemoprophylaxis

Long-term administration of penicillin is recommended for 
patients who have had prior rheumatic fever to prevent 
recurrence of the disease (Leading article, 1982). Intra-
muscular injections of 1.2 million units (0.9 g) of benzathine 
penicillin G can also be used for this purpose (see Chapter 3, 
Benzylpenicillin (Penicillin G)), but it now seems that these 
injections should be given once every 2 weeks. If compliance 
can be ensured, oral chemotherapy is often preferred, in 
which case Pen V or amoxicillin is recommended (Garrod, 
1975). The usual adult Pen V dosage is 500 mg daily given in 
two divided doses. In patients receiving long-term penicil-
lin chemoprophylaxis, oral S. viridans strains often become 
penicillin resistant (Parrillo et al., 1979), and drugs other 
than one of the penicillins should be used for endo carditis 
prophylaxis. The current Australian national guidelines rec-
ommend benzathine penicillin 900 mg for adults and chil-
dren ≥ 20 kg) or 450 mg for children < 20 kg), i.m. every 3–4 
weeks as first preference, especially in remote communities; 
Pen V 250 mg every 12 hours is an alternative. A regimen of 
benzathine penicillin every 3 weeks is preferred in patients 
who have had a confirmed breakthrough of acute rheumatic 
fever despite a regimen of benzathine penicillin every 4 weeks. 
The duration of prophylaxis depends on the severity and fre-
quency of rheumatic fever episodes (Antibiotic Expert Group, 
2014). The 2009 US guidelines also support this approach 
(Gerber et al. 2009).

Some data indicate that individuals who have reached their 
early 20s, had their most recent attack more than five years 
earlier, did not have carditis with their previous attack(s), 
and are free from rheumatic heart disease can discontinue 
their rheumatic fever prophylaxis with relative safety (Berrios 
et al., 1993). Nevertheless, the duration of prophylaxis depends 
on a number of complex medical and social issues, particu-
larly in remote communities with limited access to health-
care (Antibiotic Expert Group, 2014).

7c. Streptococcus pneumoniae infections

Pen V is suitable for the treatment of mild or convalescent 
pneumococcal infections, such as pneumonia, sinusitis, and 
otitis media when the pathogen is susceptible to penicillin.

In young children, otitis media can be caused by H. influ
enzae, and in these cases the results of treatment with Pen V 
are poor because serum levels attained following the usual 
doses are rarely high enough to inhibit this pathogen (Kamme 
and Lundgren, 1971; Laurin et al., 1985). It has been shown 
that amoxicillin–clavulanate is superior to Pen V in the treat-
ment of acute otitis media (Thomsen et al., 1997). A number 

of meta-analyses have suggested that Pen V is as efficacious 
as broader-spectrum agents in bacterial sinusitis (Lindbaek, 
2004).

Although some authors have obtained satisfactory results 
with Pen V in patients with community-acquired pneumo-
coccal pneumonia (Fredlund et al., 1987), parenteral penicil-
lin G is a more reliable drug for the treatment of severe 
pneumococcal infections because absorption of Pen V is so 
variable (see section 5). Pen V is therefore recommended only 
for relatively mild infections or for the late treatment of more 
severe infections after a favorable clinical response has been 
obtained with parenteral penicillin G. Due to the more reliable 
oral absorption of amoxicillin, many clinicians and national 
guidelines now recommend this agent instead of Pen V when 
treating community-acquired pneumonia (Antibiotic Expert 
Group, 2014; see Chapter 5, Ampicillin and Amoxicillin).

A recent Cochrane review assessed the effects of prophy-
lactic antibiotic regimens for preventing pneumococcal infec-
tion in children with sickle cell disease. Based on the three 
trials that met the inclusion criteria, all showed a reduced 
incidence of infection in children with sickle cell disease (SS 
or Sβ0Thal) receiving prophylactic penicillin. In trials that 
investigated initiation of penicillin on risk of pneumococcal 
infection, the odds ratio was 0.37 (95% CI: 0.16 to 0.86). 
Rates of pneumococcal infection were found to be relatively 
low in children over the age of 5. Adverse drug effects were 
rare and minor. Overall, the authors concluded that prophy-
lactic penicillin significantly reduces risk of pneumococcal 
infection in children with homozygous sickle cell disease 
and is associated with minimal adverse reactions (Hirst and 
Owusu-Ofori, 2014).

7d.  Detection of Pen V as a biomarker of 
pollution

It is interesting that assessment of Pen V in bats has been 
used as one of a number of chemical markers to assess for 
environmental contamination in the northeastern USA. In 
a recent study that assessed contaminants of emerging con-
cern (CECs) such as polybrominated diphenyl ethers (PBDEs), 
pharmaceuticals, and personal care products, the CECs 
detected most frequently in samples were PBDEs (100%), 
salicylic acid (81%), thiabendazole (50%), and caffeine (23%). 
However, other compounds detected in at least 15% of bat 
samples were digoxigenin, ibuprofen, warfarin, and penicil-
lin V. Assessment of bats was thought to be a useful marker 
of environmental contamination because they frequently 
forage in aquatic and terrestrial habitats that may be sub-
jected to discharges from wastewater-treatment plants, 
agricultural operations, and other sources of contaminants. 
It is unclear whether these CECs have the potential to affect 
a number of physiological systems in bats, including hiber-
nation, immune function, and response to white-nose syn-
drome, a fungal disease causing population-level impacts to 
bats (Secord et al., 2015).
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Ampicillin and Amoxicillin

Alasdair M. Geddes, Ian M. Gould, Jason A. Roberts, M. Lindsay Grayson, Sara E. Cosgrove

1. DESCRIPTION

Ampicillin and ampicillin-like agents, such as amoxicillin, 
have many similar properties, but also some important dif-
ferences. They are all semisynthetic penicillins derived from 
the penicillin nucleus, but differ in their bioavailability and 
pharmacokinetic features. The two key agents in this group 
are ampicillin and amoxicillin, in terms of both their indi-
vidual properties and the fact that they have both been 
combined with the beta-lactamase inhibitors, sulbactam (see 
Chapter 15, Ampicillin–sulbactam) and clavulanic acid (see 
Chapter 14, Amoxicillin–clavulanic acid), respectively, to 
broaden their antibacterial spectrum of activity. Ampicillin 
and amoxicillin will be discussed in detail in this chapter, but 
information regarding the other, now unused ampicillin-like 
compounds is summarized in Table 5.1 because they have no 
special advantages over ampicillin/amoxicillin.

Ampicillin (AMP) is a semisynthetic penicillin derived 
from the penicillin nucleus, 6-APA (see Chapter 3, Ben-
zylpenicillin (penicillin G)). It has been replaced in most 
countries by amoxicillin (AMOX), which is better absorbed 
from the intestinal tract. AMOX was developed by Beecham 
Research Laboratories; chemically it is alpha-amino-p- 
hydroxybenzyl-penicillin (Sutherland et al., 1972). It is avail-
able as amoxicillin trihydrate for oral administration and 
sodium amoxicillin, for parenteral use. The chemical struc-
tures of AMP and AMOX are shown in Figure 5.1. 

In vitro, AMOX is virtually the same as AMP, although it 
has its own intrinsic activity and it is not converted to AMP 
in the body (Sutherland et al., 1972; Cole and Ridley, 1978). 
In this chapter both AMP and AMOX will be described con-
currently, except where there are important differences or 
where data apply to only one agent specifically. 

2. ANTIMICROBIAL ACTIVITY

The in vitro activities of AMP and AMOX are shown in Table 
5.2. EUCAST wild-type and clinical breakpoints for AMP 
and AMOX among common bacterial pathogens are very 

similar and, unless notable differences occur, are discussed 
together. 

2a. Routine susceptibility

There are only a few differences between the antibacterial 
actions of these drugs. AMOX is about twofold more active 
than AMP against Enterococcus faecalis and Salmonella 
spp., but twofold less active against Shigella spp. (Sabto et al., 
1973; Neu, 1974). Haemophilus influenzae also appears to be 
slightly less sensitive to AMOX than to AMP (Kosmidis et 
al., 1972); the same is true for Gram-positive and Gram-
negative anaerobic bacteria (Sutter and Finegold, 1976).

These drugs are active against most of the bacteria sensi-
tive to penicillin G, but are also active against some Gram-
negative bacilli that are resistant to penicillin G.

GRAM-POSITIVE COCCI

Both AMP and AMOX (AMP–AMOX) are as active against 
many Gram-positive cocci as penicillin, including Strepto
coccus pyogenes, S. pneumoniae, and S. viridans. Pneumo-
coccal strains that are intermediately susceptible or resistant 
to penicillin G are also usually relatively resistant to AMP–
AMOX to the same degree (see Chapter 3, Benzylpenicillin 
(penicillin G)) (Jorgensen et al., 1990; Powell et al., 1991). 
Pneumococcal strains that are completely penicillin G resis-
tant are also invariably completely AMOX resistant. While 
AMOX generally retains more clinically useful activity than 
penicillin or AMP against pneumococci because of its 
improved phar macokinetics, this is by no mean always the 
case (du Plessis et al., 2002). Of more concern, is the growing 
resistance to AMOX among penicillin-resistant pneumo-
cocci, both by lateral gene transfer and more commonly by 
clonal spread (Stanhope et al., 2007). 

These strains began to emerge in the late 1990s. Jacobs 
et al. (2003) reported 18.2% of isolates from the Alexander 
project as penicillin resistant, but only 2.1% as AMOX resis-
tant. Their evolution may well be associated with increasing 
AMOX use, often in the form of co-amoxiclav (Cafini et al., 
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2006). Strains with AMOX MICs of 4–8 µg/ml seem mainly 
to be clonal and often associated with changes in penicillin- 
binding protein (PBP) 2B and the mur Ma allele. Their prev-
alence was 4.4% in a survey of Spanish invasive isolates in 
2001–2007 (Oteo et al., 2004; see section 2b,Emerging resis-
tance and cross-resistance).

Group B streptococci are almost always AMP–AMOX 
sensitive (Bayer et al., 1976), although reduced susceptibility 
to penicillins has been described (see Chapter 3, Benzyl-
penicillin (penicillin G)). Synergy has been demonstrated 

between AMP–AMOX and aminoglycosides, such as kana-
mycin, gentamicin, tobramycin, and amikacin, resulting in 
accelerated streptococcal killing (Cooper et al., 1979). This 
effect has also been demonstrated in experimental group B 
streptococcal meningitis of animals (Scheld et al., 1982). The 
newer cephalosporins, such as cefotaxime, neither enhance 
nor decrease the activity of penicillins against group B strep-
tococci in vitro (Landesman et al., 1981).

Enterococcus faecalis and E. faecium are the most common 
pathogens of the enterococci (Herman and Gerding, 1991); 
less common species include E. durans, E. raffinosus, and 
E.  avium (Grayson et al., 1991a; Grayson et al., 1991b). 
Compared with streptococci, E. faecalis is much less sensi-
tive to penicillin and E. faecium even less so (see Table 5.2) 
(Moellering et al., 1979; Murray, 1991a; Murray, 1991b). 
AMP and AMOX have consistently better in vitro activity 
than penicillin against both species, although whether this 
translates to improved clinical efficacy is not clear. Entero-
cocci were considered to be naturally occurring tolerant 
organisms; penicillins and other drugs that act on the cell 
wall (e.g. vancomycin) have minimum bactericidal concen-
tration (MBC)/minimum inhibitory concentration (MIC) 
ratios of > 32 µg/ml for enterococci (Krogstad and Parquette, 
1980). However, it has been shown that tolerance is an 
acquired characteristic and not necessarily intrinsic. For a 
more detailed discussion regarding enterococcal tolerance, 
see Chapter 3, Benzylpenicillin (penicillin G). The uncom-
mon enterococci, E. avium and E. raffinosus, have different 
penicillin (and AMP–AMOX) susceptibilities. The penicillin 

Table 5.1. Other ampicillin-like compounds that are now discontinued or very rarely used

Agent Comment

Bacampicillin A prodrug ester of ampicillin. After absorption, it is rapidly hydrolyzed to ampicillin by esterases present in 
the serum and in the intestinal wall. Serum levels achieved are 2–3 times higher than those after equiva-
lent doses of ampicillin, It was sold under the brand name Spectrobid (Pfizer), but has been discontinued 
in the USA. It continues to be sold in India under the brand name Penglobe (AstraZeneca).

Cyclacillin (cyclacillin) A partially penicillinase-resistant penicillin with a spectrum of activity similar to ampicillin, but higher 
bioavailability and possibly better tolerability in children. 

Epicillin An aminopenicillin that is no longer FDA approved.

Hetacillin (phenazacillin) Developed by Bristol Laboratories in 1965 by reacting ampicillin with acetone. Hetacillin hydrolyzes in vivo 
to form ampicillin; hence it is a prodrug, and its active component is ampicillin.

Metampicillin Produced by combining ampicillin with formaldehyde. When administered orally, it is rapidly hydrolyzed to 
ampicillin in the gut and has no advantages over ampicillin. After parenteral administration, some of the 
drug apparently circulates as unchanged metampicillin because it has a greater stability in serum than in 
aqueous acid solutions. It is excreted into the bile in a greater concentration than ampicillin. It is no 
longer available.

Pivampicillin An ampicillin ester prodrug that is better absorbed from the gastrointestinal tract than ampicillin, possibly 
because of its greater lipophilicity. After absorption it is rapidly and completely hydrolyzed in the tissues 
and blood to ampicillin. 

Talampicillin A prodrug that is a thiazolidine carboxylic ester of ampicillin. It has no antibacterial activity until it is 
hydrolyzed by tissue esterases in the intestinal wall to form ampicillin, which is then rapidly absorbed. 
Serum levels after administration are approximately twice those attained with an equivalent dose of 
ampicillin. It is no longer FDA approved.

Source: From Basch et al. (1971); Gonzaga et al. (1974); Sutherland and Robinson (1967); Kahrimanis and Pierpaoli (1971); Von Daehne et al. (1971); Clayton et 
al. (1974); Leigh et al. (1976); Bodin et al. (1975); Neu (1981); Neu (1975); Dyas and Wise (1983).

Figure 5.1. Chemical structure of (a) ampicillin and 
(b) amoxicillin.
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Table 5.2. Clinical and wild-type breakpoints of selected common bacterial pathogens

Species

Ampicillin Amoxicillin

S ≤ R > WT ≤ S ≤ R > WT ≤

Gram-positive bacteria

Staphylococcal spp. NA NA

Streptococcus agalactiae 0.25 0.25

Streptococcus anginosus 0.25

Streptococcus group G 0.064

Streptococcus oralis 0.125

Streptococcus pneumoniae 0.5 2.0 0.064 0.5 2.0 0.064

Streptococcus pyogenes 0.064

Streptococcus viridans 0.5 2.0 0.5 2.0

Enterococcus avium 4.0 8.0 4.0 4.0 8.0

Enterococcus casseliflavus 4.0 8.0 4.0 4.0 8.0

Enterococcus faecalis 4.0 8.0 4.0 4.0 8.0 4.0

Enterococcus faecium 4.0 8.0 4.0 4.0 8.0

Enterococcus gallinarum 4.0 8.0 4.0 4.0 8.0

Enterococcus hirae 4.0 8.0 4.0 8.0

Corynebacterium jeikeium NA NA

Listeria monocytogenes 1.0 1.0 1.0

Gram-negative bacteria

Acinetobacter spp. NA NA

Campylobacter coli 8.0 8.0

Campylobacter jejuni 8.0 16.0

Citrobacter freundii 8.0 8.0 8.0 8.0 8.0

Citrobacter koseri 8.0 8.0 8.0 8.0

Citrobacter spp. 8.0 8.0 8.0 8.0

Enterobacter aerogenes 8.0 8.0 8.0 8.0

Enterobacter agglomerans 8.0 8.0 8.0 8.0

Enterobacter cloacae 8.0 8.0 8.0 8.0

Enterobacter spp. 8.0 8.0 8.0 8.0

Escherichia coli 8.0 8.0 8.0 8.0 8.0 8.0

Haemophilus influenzae 1.0 1.0 1.0 2.0 2.0 2.0

Haemophilus parainfluenzae 1.0

Hafnia alvei 8.0 8.0 8.0 8.0

Klebsiella oxytoca 8.0 8.0 8.0 8.0 8.0

Klebsiella pneumoniae 8.0 8.0 8.0 8.0 8.0

Klebsiella spp. 8.0 8.0 8.0 8.0 8.0

Kluyvera spp. 8.0 8.0 8.0 8.0

Moraxella catarrhalis 0.125 0.125

Morganella morganii 8.0 8.0 8.0 8.0 8.0

Neisseria gonorrhoeae
Neisseria meningitidis 0.125 1.0 0.125 1.0

Pasteurella multocida 1.0 1.0 1.0 1.0 1.0

Proteus mirabilis 8.0 8.0 8.0 8.0 8.0 2.0

Proteus spp. 8.0 8.0 8.0 8.0

Proteus vulgaris 8.0 8.0 8.0 8.0

Providencia rettgeri 8.0 8.0 8.0 8.0

Providencia stuartii 8.0 8.0 8.0 8.0

Pseudomonas spp. NA NA

Raoultella spp. NA NA

Salmonella enteritidis 8.0 8.0 8.0 8.0

Salmonella paratyphi 8.0 8.0 8.0 8.0 8.0

Salmonella spp. 8.0 8.0 8.0 8.0 8.0 4.0
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G MIC range for the former is 0.5–2 µg/ml and for the latter 
4–64 µg/ml. E. raffinosus appears to have a PBP7, which is a 
low-affinity PBP, and this may play a role in the relative resis-
tance of this species (Grayson et al., 1991b; Patel et al., 1993).

As with glycopeptide resistance, penicillin resistance is 
much more common in E. faecium than in E. faecalis. A 
European survey between 2004 and 2006 of inpatient and 
outpatient clinical isolates showed 100% susceptibility of 
E.  faecalis to AMP in all countries surveyed, whereas only 
41.7% of E. faecium were susceptible in France, 3.3% in 
Germany, 32.7% in Italy, 27.3% in Spain, and 31.3% in the 
UK (Rodloff et al., 2008). The combination of AMP with 
either streptomycin or kanamycin was synergistic against 
50–75% of E. faecalis strains, whereas AMP plus gentamicin 
was synergistic against nearly all such strains. An update of 
this survey assessing E. faecalis and E. faecium isolates col-
lected between 2004 and 2014 from several medical centers 
across Europe showed that 98.6% of E. faecalis isolated were 
susceptible to AMP, while only 13.5% of E. faecium isolates 
were susceptible. (Rodloff and Dowzicky, 2016). High-level 
gentamicin-resistant E. faecalis strains have also emerged 
and with these, synergism may not be obtained with any of 
the aminoglycosides (Cercenado et al., 1992).

Similar to penicillin G and AMP, AMOX when combined 
with an aminoglycoside usually acts synergistically against 
E. faecalis (Basker and Sutherland, 1977). It is generally con-
sidered that in AMOX-susceptible enterococci, aminoglyco-
side MICs lower than 500 µg/ml are predictive of synergy at 
clinically achievable concentrations, notwithstanding debate 
about the actual concentration of AMOX needed in relation 
to the MIC (Aslangul et al., 2005). Probably the mecha-
nism of aminoglycoside resistance is more important in that 
permeability-based aminoglycoside resistance (generally low-  
level resistance) is more likely to be susceptible to synergism 
with AMOX than enzyme-based aminoglycoside destruction 
(generally high-level resistance) owing to the ability of AMOX 
to improve aminoglycoside entry into the cell (Caulin et al., 
1996). There are, however, important differences between in 
vitro and animal model results, and high-level aminoglyco-
side requirements of in vitro tests are translated into synergy 

at much lower aminoglycoside levels in animal models, pos-
sibly because of enhanced aminoglycoside activity in the ani-
mal model from interactions with the host immune system. 
In vitro synergistic results have been found when combining 
quinolones with AMP (Smith et al., 1997), chloramphenicol 
with AMP (actually only additive) (Messick and Pendland, 
1997), and ceftriaxone with AMP or AMOX (Join-Lambert 
et al., 1998; Gavalda et al., 1999) —although the clinical rele-
vance of these observations is unclear (except for the latter 
combination; see section 7, Clinical uses of the drug).

AMP–AMOX are destroyed by staphylococcal beta- 
lactamase, so that most Staphylococcus aureus and hospital- 
acquired S. epidermidis strains are resistant, just as they are 
to penicillin G. S. saprophyticus is usually susceptible; how-
ever, an intermediate-type resistance for S. saprophyticus has 
been described (Marrie and Kwan, 1982; Hovelius and Mardh, 
1984). Methicillin-resistant strains of staphylococci will always 
be resistant to AMP–AMOX.

Anaerobic Gram-positive cocci, such as Peptococcus and 
Peptostreptococcus spp. and anaerobic streptococci, are nearly 
always AMP–AMOX sensitive (Sutter and Finegold, 1976). 
With the possible exception of enterococci, penicillin G is 
more active against all of the above Gram-positive cocci.

GRAM-POSITIVE BACILLI

Corynebacterium diphtheriae and Bacillus anthracis are usu-
ally sensitive to AMP–AMOX. Listeria monocytogenes is also 
usually sensitive to a degree similar to that to penicillin G. 
Whether these drugs are bactericidal to L. monocytogenes 
depends on the conditions under which the test is performed; 
after normal subculture after a 24-hour incubation, MICs 
of  AMP are low (0.24 µg/ml), but MBCs are high (15.6–
125.0 µg/ml) (Penn et al., 1982); if subcultures are performed 
after a 48-hour incubation, AMP is bactericidal to most 
strains in low concentrations (Winslow et al., 1983). Serum 
from AMP-treated patients is nearly always bactericidal to 
L. monocytogenes. It appears that human serum proteins, lyso-
zyme, and beta-lysin are synergistic with AMP against this 
organism, so they probably contribute to the effectiveness of 
AMP in vivo (Asensi and Fierer, 1991). In vitro synergism 

Species

Ampicillin Amoxicillin

S ≤ R > WT ≤ S ≤ R > WT ≤

Salmonella typhi 8.0 8.0 8.0 8.0 8.0

Salmonella typhimurium 8.0 8.0 8.0 8.0 8.0

Serratia marcescens 8.0 8.0 8.0 8.0

Serratia spp. 8.0 8.0 8.0 8.0

Shigella flexneri 8.0 8.0 8.0 8.0

Shigella sonnei 8.0 8.0 4.0 8.0 8.0

Stenotrophomonas maltophilia 8.0 4.0

Yersinia spp. NA NA

Bacteroides fragilis group 0.5 2.0 0.5 2.0

Abbreviations: S: susceptible; R: resistant; WT: wild type; NA: not applicable.
Source: Adapted from EUCAST (2016).
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against most strains of L. monocytogenes is often reported 
with an AMP–gentamicin combination (Wiggins et al., 1978). 
In vitro techniques for assessing synergy are poorly repro-
ducible, however, and often use arbitrary interpretative cri-
teria. Moreover, both in vitro and animal models differ in 
whether penicillin or AMP is truly synergistic with gentami-
cin against this pathogen. Growth phase and intracellular 
activity complicate interpretations (MacGowan et al., 1998). 
Against this organism, an AMP–rifampicin combination has 
been found to be synergistic by some authors (Tuazon et al., 
1982), but antagonistic by others (Winslow et al., 1983). 

Anaerobic Gram-positive sporing bacilli, such as Clostri
dium tetani, C. perfringens , C. botulinum, and other Clostrid
ium spp. are usually AMP–AMOX susceptible. AMP–AMOX 
are nearly always active against anaerobic Gram-positive 
asporogenous bacilli, such as Actinomyces, Eubacterium, 
Arachnia, Propionibacterium, Bifidobacterium, and Lacto
bacillus spp. (Sutter and Finegold, 1976).

GRAM-NEGATIVE BACILLI

In contrast to penicillin G, AMP–AMOX are active against 
some of these bacteria (Rolinson and Stevens, 1961). 
Escherichia coli may be sensitive, but many strains are now 
resistant. This is particularly so in hospitals, where more than 
50% of E. coli strains can be AMP resistant (Yoshioka et al., 
1977; Cooksey et al., 1990; Gransden et al., 1990; Spencer et 
al., 1990; Burman et al., 1992). AMP-resistant E. coli strains 
also occur in community-acquired infections (Sogaard, 1975; 
Levy et al., 1988; Chamberland et al., 1992). A survey of 232 
enteropathic E. coli strains from community-acquired infec-
tions during 1980–1981 in the UK showed that 37% were 
resistant to AMP (Gross et al., 1982), but rates are now higher 
(see section 2b,Emerging resistance and cross-resistance). 
Resistance of E. coli is nearly always due to beta-lactamase 
production. AMP resistance genes and those producing resis-
tance to gentamicin are often found together in plasmids 
(Martin et al., 1987). Data suggest that such resistance has 
stabilized at high levels or is even still increasing. Clinical 
(inpatient and outpatient) isolates collected from several 
European countries between 2004 and 2006 showed suscep-
tibility of E. coli to AMP to be 49.8% in France, 49.2% in 
Germany, 39.3% in Italy, 21.4% in Spain, and 38.4% in the 
UK (Rodloff et al., 2008). The 2006 EARSS report demon-
strated rates of 28–87% resistance among E. coli isolates, with 
Scandinavian countries reporting lower rates than southern 
European nations (EARSS, 2006). Other regions such as 
Ghana, Greece, Saudi Arabia, and Malaysia reported similar 
or higher resistance rates during a similar period (81%, 63%, 
61%, and 69%, respectively) (Wong et al., 2003; Kader et al., 
2004; Djie-Maletz et al., 2008; Falagas et al., 2008).

Enterobacter, Klebsiella, Serratia, Citrobacter, Hafnia, 
Edward siella, and Providencia spp. are nearly always AMP–
AMOX resistant (Eickhoff et al., 1966). Proteus mirabilis is 
usually sensitive, unless it is a beta-lactamase-producing 
strain. Other Proteus spp. are resistant. Yersinia enterocolitica 
is also usually resistant (Raevuori et al., 1978; Baker and 
Farmer, 1982).

Salmonella spp., including Salmonella typhi, were initially 
susceptible but have become increasingly resistant to AMP–
AMOX over the past four decades. In a survey of 718 strains 
isolated from humans in northeastern USA, AMP resistance 
was detected in 36.9% of S. typhimurium; this resistance 
was less common among other Salmonella spp. On testing 
688 Salmonella isolates from animal sources, AMP-resistant 
S. typhimurium was slightly less common (31%), but the 
reverse was true for most of the other Salmonella spp. tested 
(Neu et al., 1975a). In the UK, multiresistant S. typhimurium 
strains appeared in calves in 1977 and then spread to cattle; 
food poisoning was regarded as the main way humans 
acquired antibiotic-resistant Salmonella infections (Leading 
article, 1982). Use of antimicrobial drugs for the treatment 
and prophylaxis of disease in cattle was blamed for the occur-
rence of these resistant strains.

Some Shigella spp. strains are susceptible to low AMP–
AMOX concentrations in vitro, but the sensitivity of these 
organisms has varied widely both geographically and tempo-
rally (Murray, 1986). Surveys in the UK have shown increas-
ing resistance to AMP–AMOX among Shigella dysenteriae, 
S.  flexneri, and S. boydii; the majority of infections due to 
these species were acquired overseas, particularly in the Indian 
subcontinent and North Africa. In addition to AMP–AMOX 
resistance, most strains are often multiply resistant to sulfon-
amides, streptomycin, tetracyclines, and chloramphenicol 
and, more recently, to quinolones (see section 2b, Emerging 
resistance and cross-resistance).

Brucella spp. and Bordetella pertussis are consistently sus-
ceptible to AMP–AMOX (Bannatyne and Cheung, 1982). 
Brucella spp. are more susceptible to AMOX than to AMP, 
and marked in vitro synergy can occur when AMOX, genta-
micin, and rifampicin are combined against Brucella meliten
sis (Gwynn and Rolinson, 1980). The same is true for Neisseria 
meningitidis, except strains resistant to penicillin G are also 
AMP–AMOX resistant. N. gonorrhoeae were AMP–AMOX 
sensitive, but resistance is now common such that gonococ-
cal strains with chromosomally mediated resistance to peni-
cillin G also display similar resistance to AMP–AMOX (see 
Chapter 3, Benzylpenicillin (penicillin G)). Beta-lactamase-
producing gonococcal strains are always AMP resistant 
(Elmros et al., 1979). N. elongata subsp. nitroreducens, a Gram-
negative rod that rarely causes endocarditis or septicemia 
in humans, is susceptible (Grant et al., 1990). Moraxella 
catarrhalis wild-type strains are AMP susceptible, but the 
great majority of strains now produce beta-lactamase, and 
these are resistant (Kovatch et al., 1983; Powell et al., 1991).

Vibrio cholerae (serogroup 01) is usually AMP–AMOX 
susceptible. Multiply resistant strains (El Tor biotype) have 
been responsible for outbreaks of cholera. In a Tanzanian 
epidemic, the strain involved was resistant to AMP, chlor-
amphenicol, kanamycin, streptomycin, sulfonamides, and 
tetracyclines (Rowe and Threlfall, 1981). In an epidemic in 
Bangladesh, the strain was resistant to AMP, tetracycline, kana-
mycin, streptomycin, sulfonamides, and trimethoprim (Glass 
et al., 1983). Resistance in both epidemics was R plasmid 
mediated. Most strains of V. parahaemolyticus are 
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AMP–AMOX resistant because they produce beta-lactamase 
(Joseph et al., 1978). Legionella pneumophila is sensitive to 
AMP in vitro only with an MIC of 0.25–2.0 µg/ml, but AMP–
AMOX is not effective in vivo (Thornsberry et al., 1978).

Campylobacter jejuni is usually resistant (Karmali et al., 
1981). Between 83% and 92% of the strains produce a 
beta-lactamase that hydrolyzes only AMP, AMOX, and ticar-
cillin. Most strains of C. fetus subspecies fetus are moderately 
sensitive to AMP–AMOX (Chow et al., 1978). Furthermore, 
AMP in combination with either cefazolin or gentamicin 
acts synergistically in vitro against this organism (Goossens 
et al., 1989); although the clinical relevance of this is uncer-
tain. Campylobacter coli, which is resistant to penicillin G, is 
usually AMP susceptible, although more than half of the 
strains produce a beta-lactamase. Clavulanic acid improves 
the susceptibility of the beta-lactamase-positive strains to 
AMP (Lachance et al. 1993).

Helicobacter pylori is susceptible to many antibiotics in 
vitro, but AMOX, with an MIC of 0.06 µg/ml, is one of 
the  most active antibiotics against this organism (Garcia-
Rodriguez et al., 1989). It also attains high concentrations in 
gastric mucosa and shows bactericidal activity against slowly 
growing H. pylori; these properties may explain why AMOX 
(combined with other drugs) has shown activity against this 
organism in vivo (McNulty et al., 1988; Millar and Pike, 
1992). Helicobacter pylori retains susceptibility to AMOX in 
vitro in most series, although developing resistance is a con-
cern (Loo et al., 1992; see section 2b, Emerging resistance and 
cross-resistance).

The rare opportunistic human pathogen Kingella indolo
genes is AMP susceptible (Jenny et al., 1987). It is probably 
also sensitive to penicillin G, as is the more common patho-
gen of this genus, Kingella kingae. Another rare human patho-
gen, Agrobacterium tumefaciens, which caused peritonitis in a 
patient with alcoholic cirrhosis, is AMP susceptible (Ramirez 
et al., 1992). Pseudomonas aeruginosa and Burkholderia pseu
domallei are always highly AMP–AMOX resistant.

Systematic H. influenzae vaccination has virtually elimi-
nated invasive disease in industrialized countries, but serious 
diseases such as meningitis and pneumonia remain common 
in developing countries, especially in children under 5 years 
of age. All strains of H. influenzae type B isolates were con-
sidered to be AMP–AMOX susceptible until 1974, when 
reports of highly resistant strains (MIC often > 50 µg/ml) 
originated from the USA. Resistant strains were isolated 
from the cerebrospinal fluid (CSF) of children with H. influ
enzae meningitis (Thomas et al., 1974) and from the naso-
pharynx of healthy children (Schiffer et al., 1974). Currently 
resistance rates in many surveys around the world seem to 
have stabilized at 20–30% or even declined, but there is 
enormous variation (see section 2b,Emerging resistance and 
cross- resistance). A small proportion of AMP-susceptible 
H.  influenzae strains exhibit tolerance to the drug (MBC/
MIC > 32.0 µg/ml), but the clinical significance of this is 
uncertain (Bergeron and Lavoie, 1985).

Haemophilus parainfluenzae can be AMP sensitive, but 
beta- lactamase-producing AMP-resistant strains occur (Auten 

et al., 1991). Some surveys have shown that carriage of resis-
tant strains in the throats of children is quite common. 
Simultaneous colonization with AMP-resistant H. parain
fluenzae has been found in over 80% of subjects who are car-
riers of AMP-resistant or AMP-susceptible H. influenzae 
strains. H. parainfluenzae may be a vector for spread of R 
plasmids coding for the production of TEM-1 beta-lact-
amase to H. influenzae (Scheifele and Fussell, 1981; Scheifele 
et al., 1982; Thomas et al., 1974; see section 2b, Emerging 
resistance and cross-resistance).

Haemophilus ducreyi may be AMP–AMOX sensitive, but 
many strains produce a beta-lactamase and are resistant 
(Brunton et al., 1979; Totten et al., 1982). Gardnerella vagina
lis is AMP–AMOX sensitive, most strains being inhibited by 
1 µg/ml or less (McCarthy et al., 1979).

GRAM-NEGATIVE ANAEROBIC BACTERIA

Some Gram-negative anaerobic bacteria, for example Bac
teroides melaninogenicus and the Fusobacterium spp., may 
be AMP–AMOX susceptible, unless they produce beta- 
lactamase, but B. fragilis is resistant. Other Bacteroides spp. 
vary in susceptibility, but fewer than 50% of isolates are 
inhibited by low AMP–AMOX concentrations (Sutter and 
Finegold, 1976; Stark et al., 1993).

OTHER ORGANISMS

The leptospiras are AMP–AMOX susceptible, as is Borrelia 
burgdorferi (Oie et al., 1983; Sanchez et al., 2016). Myco
plasmas and Rickettsiae are resistant. Mycobacteria spp. are 
also resistant.

2b.  Emerging resistance and 
cross-resistance

Resistance to AMP–AMOX has emerged substantially in 
many common human pathogens in the past few decades.

ENTEROCOCCI

In the 2006 EARSS study in which 29 European countries 
reported on 6510 invasive isolates of E. faecalis, AMP–AMOX 
resistance was at fairly low levels in E. faecalis (EARSS, 2006). 
However, only Iceland (3%), France (16%), Sweden (20%), 
and Romania (15%) reported aminoglycoside resistance < 25%; 
the majority of countries reported high-level aminoglycoside 
resistance in 25–50% of invasive isolates of E. faecalis. Since 
the EARSS surveillance started in 2001, a significant increase 
was seen in Belgium, from 20% to 30%, and in Portugal, 
from 30% to 41%. A decrease was observed only in Hungary 
(from 87% in 2003 to 47% in 2006) and Turkey (from 39% 
in 2003 to 29% in 2006; p = 0.057). In contrast, only 3662 
E. faecium isolates were reported. AMP–AMOX resistance in 
E. faecium can approach 100% in certain series, much of 
this due to clonal spread (Thouverez and Talon, 2004). Many 
of these strains are also resistant to vancomycin and/or are 
high- level aminoglycosides resistant (Thouverez and Talon, 
2004). In almost half the 31 countries reporting, vancomycin 
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resistance was absent or < 1%. Only four countries reported 
> 25% vancomycin resistance in invasive E. faecium in 
2006—namely Greece (42%), Ireland (36%), Israel (28%), 
and Portugal (26%). Vancomycin resistance increased sig-
nificantly in five countries: Germany, Greece, Ireland, Israel, 
and Slovenia. The rapid expansion is usually the result of 
institutional outbreaks, often due to spread of clonal strain, 
complex 17, which is also usually high-level aminoglycoside 
and AMOX resistant. A decrease was observed in Austria 
and Portugal from 47% in 2003 to 26% in 2006. In compari-
son, a 1997 US survey of 100 clinical laboratories found that 
52% of 1482 isolates of E. faecium were vancomycin resistant; 
83% of the strains were also AMP resistant. In contrast, the 
incidence of vancomycin resistance among 4364 isolates of 
E. faecalis was only 1.9% (Anon, 1995). In American hospital 
intensive care units, around 30% of enterococci were vanco-
mycin resistant. 

More recent studies are notable. Between 2004 and 2012, 
969 isolates of E. faecalis and 332 isolates of Enterococcus fae
cium from sites in France were assessed for resistance. Most 
E. faecalis maintained susceptibility to AMP (> 96%), while 
most E. faecium were resistant (> 75%). Decreases in E. fae
calis susceptibility between 2004 and 2012 to AMP were 
small but statistically significant (100% to 95.4%, p < 0.001) 
(Cattoir and Dowzicky, 2014). In four hospitals in Marseille 
from 2013–2014, of 2507 strains of E. faecalis, only 1.3% and 
0% were resistant to AMOX and vancomycin, respectively. 
The corresponding rates for the 469 E faecium were 83.9% 
and 0.2%, respectively (Abat et al, 2016). Of 410 Enterococci 
spp isolated from urinary infections in Canada, 94.5% were 
AMOX susceptible and 99% vancomycin susceptible (Kar-
lowsky et al, 2011). 

SALMONELLA SPP.

Salmonella spp. are increasingly resistant to AMP–AMOX. 
Antibiotic resistance to multiple agents in salmonellae is 
usually mediated by plasmids. By comparing the molecular 
structure of plasmids derived from multiresistant salmonella 
strains of human and animal origin, O’Brien et al. (1982) 
showed that such strains were spread from animals to 
humans in the USA, as observed in the UK. This was con-
firmed in the USA when antimicrobial-resistant Salmonella 
newport of animal origin caused serious human disease 
(Holmberg et al., 1984). In the USA, AMP-resistant S. typh
imurium increased in frequency from 1970, reaching about 
40% by 1975, when about 10% of other Salmonella spp. had 
also become AMP resistant. Associated resistance to strep-
tomycin, tetracyclines, and sulfonamides was quite common, 
but chloramphenicol resistance was rare.

AMP–AMOX resistance remains at a high level through-
out the world, with multiply resistant salmonellae becoming 
a problem worldwide. Salmonella wien, resistant to AMP and 
most other antibiotics except trimethoprim, caused a large 
prolonged epidemic in North Africa and southern Europe 
(McConnell et al., 1979). Multiresistant S. typhimurium was 
responsible for a large outbreak starting in 1977 in the Mid-
dle East and India. The majority of strains were resistant to 

AMP, chloramphenicol, kanamycin, streptomycin, sulfon-
amides, tetracyclines, gentamicin, and trimethoprim. Most 
patients presented with gastroenteritis, but cases of septice-
mia occurred, and in some areas there was a high mortality 
(Rowe et al., 1980). In the 1980s, multiresistant S. typh
imurium also caused outbreaks in South America, and other 
resistant Salmonella spp. caused disease in Hong Kong and 
Indonesia (Leading article, 1982). In Bombay, India, S. typh
imurium was isolated from the feces of 145 patients with gas-
troenteritis and from the CSF, feces, or blood of 42 patients 
with systemic salmonellosis; multiple antibiotic resistance 
was encountered in 88.9% of isolates from the first group and 
in all the isolates from the second group. Resistance occurred 
to many antibiotics, including AMP and chloramphenicol, 
but only a proportion of isolates was resistant to trimetho-
prim and gentamicin (Rangnekar et al., 1983). At any one 
time, the prevalence of AMP-resistant salmonellae has varied 
widely from country to country. For example, in Thailand in 
the 1980s there was a nationwide outbreak of S. krefold infec-
tions, and the strain was resistant to AMP, chloramphenicol, 
and cotrimoxazole, yet in Sri Lanka and Mexico resistant sal-
monellae were rare at that time (Murray, 1986). Subsequently, 
the rates of resistance to AMP–AMOX among such Sal
monella spp. have continued to steadily increase in various 
regions during 2002–2009, with reports from Togo (78.8%), 
Thailand (27.8%), Spain (pediatric cases 44.6%; S. typh
imurium isolates, 70%), South America (adult sources, 7.6%), 
Canada (S. typhimurium DT104, 35%), and the USA (blood 
isolates, 22%) (Gbadoe et al., 2008; Angkititrakul et al., 2005; 
Juncosa Morros et al., 2005; Delgado et al., 2004; Gales et al., 
2002; Beaudin et al., 2002). In recent years, resistance rates 
have remained very high in both human and animal isolates, 
with reports from Poland (non-meat food, 4.9%), Ethiopia 
(meat, 88.9%), Iran (chicken meat, 11.7%), Niger (pediatric 
isolates, 51.7%), Romania (pork meat, 50%), and Japan 
(chicken, 100%) (Mąka et al., 2015; Garedew et al., 2015; 
Sodagari et al., 2015; Langendorf et al., 2015; Morar et al., 
2015; Abd-Elghany et al., 2015).

Salmonella typhi is now very often resistant to AMP. In the 
USA, there were 2666 cases of acute typhoid fever between 
1975 and 1984; in 62% of cases, the organism was imported, 
mainly from Mexico and India. Antimicrobial resistance was 
a minor problem, and only 3% of the strains were resistant to 
AMP (Ryan et al., 1989). During the 1972 chloramphenicol- 
resistant typhoid fever epidemic in Mexico, when AMP was 
extensively used for treatment of the disease, a few S. typhi 
strains resistant to AMP and to chloramphenicol were iso-
lated from patients (Olarte and Galindo, 1973). These resis-
tant strains did not become widespread in Mexico at that 
time. Since then, S. typhi strains resistant to AMP and/or 
chloramphenicol have been increasingly encountered in 
South east Asia, India, and worldwide (Lampe et al., 1975; 
Herzog, 1976). Similar S. typhi strains, resistant to chloram-
phenicol, AMP, and cotrimoxazole have been reported from 
northeastern Africa (Mourad et al., 1993).

In children in Pakistan between 1990 and 1993, only 32.8% 
of S. typhi were susceptible to chloramphenicol and AMOX 
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(Hazir et al., 2002). In Japan, 12 of 18 chloramphenicol/cotri-
moxazole-resistant strains were also AMOX resistant because 
of beta-lactamase production (Matsumoto et al., 1999). In 
Vellore, India, 11 of 21 strains were AMOX, trimethoprim, 
and chloramphenicol resistant. The AMOX resistance was 
due to TEM-1 beta-lactamase; its gene was carried on a 
 single multidrug-resistance plasmid in all strains (Shanahan 
et al., 1998). From 2002 to 2012, AMP resistance rates for 
S. typhi and S. paratyphi A were 17–72% and 3–27%, respec-
tively, from various sources, with resistance to ciprofloxacin 
also increasing dramatically over recent years (Threlfall et al., 
2008; Crump et al., 2015; Date et al., 2016; see Chapter 101, 
Ciprofloxacin). It is interesting that in a recent Nepalese 
report examining susceptibilities of 40 S. typhi and 35 S. para
typhi A bacteremia isolates, only 17% of isolates were sus-
ceptible to fluoroquinolones, yet 97.6% were susceptible to 
AMP and 98.8% were susceptible to chloramphenicol and 
cotrimoxazole, suggesting a possible reversal of previous high 
rates of resistance to older agents such as AMP (Shrestha et 
al., 2016).

SHIGELLA SPP.

Resistance among strains of Shigella spp. is increasing sub-
stantially. During the 1970s, AMP-resistant shigellae became 
prevalent in many cities of the USA, with the rate of AMP-
resistant Shigella strains (mainly S. sonnei) more than 80% in 
some areas (Ross et al., 1972; Tilton et al., 1972). Neu et al. 
(1975b) investigated AMP sensitivity of 102 S. sonnei and 14 
S. flexneri strains isolated from patients in the New York City 
hospital; S. flexneri strains were sensitive, but resistance was 
present in 60% of S. sonnei strains. Of isolates from patients 
in Houston, Texas, 55% of S. sonnei (113 strains) and 7% of 
S. flexneri (56 strains) were AMP resistant (Byers et al., 1976). 
These shigellae were also usually resistant to sulfonamides, 
streptomycin, and tetracyclines. This multiple resistance was 
R plasmid mediated (Prince and Neu, 1976).

A US nationwide survey of Shigella isolates in the late 
1980s showed that 32% were resistant to AMP, 7% to cotri-
moxazole, and 0.4% to nalidixic acid; 20% of the 252 isolates 
were associated with foreign travel. About 20% of isolates 
from foreign travelers showed cotrimoxazole resistance, com-
pared with only 4% of isolates from those without history of 
travel (Tauxe et al., 1990). Shigella dysenteriae type 1 (Shiga 
bacillus) causes the most severe form of Shigella dysentery. 
Its resistance to AMP was first reported from Bangladesh 
(Rahaman et al., 1974). Since 1976, strains with multiple 
antibiotic resistance, sometimes including resistance to AMP, 
have become prevalent in India (Frost et al., 1981). In some 
outbreaks of dysentery in India and Bangladesh the S. dysen
teriae type 1 strains have also been resistant to cotrimoxazole. 
An extensive epidemic of shigellosis, associated with many 
deaths, began in central Africa in 1979; the strain of S. dysen
teriae type 1 was resistant to AMP, chloramphenicol, strepto-
mycin, sulfonamides, and tetracyclines. The plasmid in this 
epidemic strain was different from those found in the strains 
implicated in Central America and Southeast Asia. A single 
plasmid conferred resistance to AMP, chloramphenicol, and 

tetracyclines, but resistance to streptomycin and sulfon-
amides was not transferable (Frost et al., 1981).

In Bangladesh, antimicrobial sensitivities of Shigella iso-
lates were monitored from 1983 to 1990. By 1990, 51.2% of 
isolates were resistant to AMP, 47.7% to cotrimoxazole, and 
40.5% were resistant to both of these drugs; resistance to 
nalidixic acid was 20.2%. In 1990, 71.5% of Shigella dysente
riae type 1 isolates were resistant to AMP, 68.5% to cotri-
moxazole, 67.7% to both drugs, and 57.9% to nalidixic acid 
(Bennish et al., 1992). Overall, in developing countries there 
has been a great variation in the prevalence of resistant shi-
gellae in various locations around the world. For example, 
the incidence of resistance to AMP in 1980 was as low as 7% 
in Dacca and as high as 87% in Bangkok in 1982–83 (Murray, 
1986). More recently, in Kuwait, 54% of 202 Shigella (mainly 
S. flexneri and S. sonnei) were AMP resistant, but all were 
fully susceptible to ciprofloxacin (Jamal et al., 1998). Of 106 
strains from Kolkata, India, isolated between 1995 and 2000 
(again mainly S. flexneri and S. sonnei), 67% were AMP resis-
tant, 55% AMOX resistant, and 29% nalidixic acid resistant. 
Although all were norfloxacin susceptible, nalidixic acid resis-
tance increased significantly over the study period (Dutta et 
al., 2002). Of 123 isolates from Iran between 2001 and 2002, 
90.8% were resistant to one or more drugs, and 87.8% were 
multidrug resistant. Ciprofloxacin and cefotaxime resistance 
was found in 3.1% and 2.0%, respectively (MoezArdalan et al., 
2003). Of 178 strains from Chile, 82% were AMP resistant. No 
resistance was demonstrated to cefotaxime, ciprofloxacin, or 
nalidixic acid (Fulla et al., 2005). In a 2006 report of 1976 
S. flexneri strains isolated in six Asian countries, the majority 
of which were AMOX and cotrimoxazole resistant, 6% were 
ciprofloxacin resistant in China, 3% in Pakistan, and 2% in 
Vietnam (von Seidlein et al., 2006). In Chile, 139 strains of 
S. sonnei and S. flexnei isolated in 2004–2005 showed high 
resistance rates, with 67% being AMP resistant and 61.2% of 
strains being multiply resistant (Hamilton-West et al., 2007). 

More recent studies confirm persistent high levels of 
AMOX resistance in most Shigella spp. from all continents. 
Six developing Asian countries showed 83.7% resistance in 
S. flexneri (von Seidlein et al, 2006). In the Central African 
Republic 76% of S. flexneri, 98% of S. dysenteriae, and 67% of 
S. boydii were AMP resistant (Bercion et al, 2008). In Senegal, 
59% of S. flexneri were resistant, but only 1% of S. sonnei 
(Sire et al, 2008). In New York, 100% of S. sonnei in one 2008 
outbreak were resistant, but only 67% of nonoutbreak strains 
in 2006–2009 were resistant; 79% of S. flexneri were resistant 
(Wong et al, 2010). In Kuwait and the United Arab Emirates, 
50% of Shigella spp. were resistant (Jamal et al, 2010). In 
Tehran, 56.8% of S. sonnei, 47.9% of S. flexneri, 38.4% of 
S. boydii, and 37.5% of S. dysenteriae were resistant (Jafari et 
al, 2009). In China (2001–2008), 91.7% of S. flexneri were 
resistant, and the resistance rate did not change much over 
the 8 years of the study (Yang et al. 2013). In Niger, 61.7% of 
Shigella spp. were resistant during 2010–2012 (Langendorf et 
al., 2015). 

The epidemic S. flexneri serotype 3a, which has spread inter-
continentally through men who have sex with men (MSM), 
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carries a common mobile genetic element encoding resistance 
to four antibiotic classes, including beta-lactams through 
blaTEM and blaOXA-1 (Baker et al., 2015).

HELICOBACTER PYLORI

Resistance to AMP–AMOX among H. pylori strains is 
increasing, as is resistance to other agents (see Chapter 99, 
Metronidazole). AMOX resistance, is associated with failure 
of eradication (Dore et al., 1998) and has been linked to the 
presence of a modified PBP1a (Paul et al., 2001; Okamoto 
et al., 2002). Interniche heteroresistance has been described 
(Matteo et al., 2008), which might easily be missed, particu-
larly if multiple biopsies are not taken. Multiple amino acid 
substitutions in the transpeptidase region of PBP1 have now 
been described in association with different MICs (Rimbara 
et al., 2007). Tolerance has also been described (Dore et al., 
2001).

Low rates of AMOX resistance (0–1%) were reported in 
Belgium, Estonia, Poland, Germany, France, Croatia, Bul garia, 
Wales, Turkey, Portugal, Spain, Sweden, Australia, the USA, 
Bahrain, Jamaica, Mexico, and India from 2000 to 2007; 
although during the same time period, 1–10% resistance 
rates were reported in Bangladesh, Japan, Costa Rica, and 
Ethiopia and high rates of resistance to AMOX, metronida-
zole, and clarithromycin were reported for Brazil (29%, AMOX; 
42% metronidazole; 7% clarithromycin; 2000), Shanghai 
(71.9% AMOX; 77.8% metronidazole; 2000), and Korea 
(18.5% AMOX; 66.2% metronidazole; 13.8% clarithromycin; 
2006) (Men donca et al., 2000; Wu et al., 2000; Bontems et 
al., 2001; Bin dayna, 2001; Löivukene et al., 2002; Rozynek et 
al., 2002; Bago et al., 2002; Boyanova et al., 2002; Rerk-
suppaphol et al., 2003; Asrat et al., 2004; Duck et al., 2004; 
Lee et al., 2004; Land and Garcia, AU: pls add Land and 
Garcia to the references 2004; Nahar et al., 2004; Elviss et 
al., 2004; Inan et al., 2005; Datta et al., 2005; Watanabe et al., 
2005; Lopes et al., 2005; Chihu et al., 2005; Marzio et al., 
2006; Storskrubb et al., 2006; Diaz-Reganon et al., 2006; Kim 
et al., 2006; Kalach et al., 2007). Subsequently in 2015, great 
geographic variability continues to be noted with low rates 
(<1%) reported in Canada, USA and Turkey and 1–10% rates 
in countries such as Bulgaria, China and Viet Nam (Boyanova 
et al, 2015; Eng et al, 2015; Bal et al, 2015; Caliskan et al, 
2015; Shiota et al 2015; Phan et al., 2015).

HAEMOPHILUS INFLUENZAE

AMP–AMOX resistance among H. influenzae isolates has 
been detected in many countries (Bell and Smith, 1975; 
Biörklund et al., 1975; Fallon, 1976; Jacobson et al., 1976). 
AMP-resistant H. influenzae type B strains were isolated 
from children with septicemia, meningitis, epiglottitis, otitis 
media, and other severe childhood infections. There were 
also healthy nasopharyngeal carriers of the organism. Some-
times AMP-resistant strains have emerged in vivo during 
AMP treatment of a severe infection, such as meningitis, and 
have been associated with recrudescence of the infection 
(Albritton et al., 1977; Granoff et al., 1978). Some clinical iso-
lates from severe infections were heterogeneous, consisting 

of both AMP-susceptible and -resistant populations. Some-
times the susceptibility of simultaneous isolates from blood 
and CSF have differed (Jubelirer and Yeager, 1979; MacMahon 
and Ramberan, 1980), while in other cases resistant and sus-
ceptible strains have been isolated from the same specimen 
(Beckwith, 1980; Stewardson-Krieger and Naidu, 1981).

The resistance of H. influenzae type B to AMP is mediated 
by a plasmid that codes for the production of beta-lactamase 
(Eickhoff et al., 1976; Brunton et al., 1986). This beta-lact-
amase is usually of the TEM-1 type, which is commonly 
produced by, and widely transferred among, Gram-negative 
bacilli (Matthew, 1979). Transfer of AMP–AMOX resistance 
from a resistant to a sensitive H. influenzae type B strain can 
occur by conjugation in vitro (Thorne and Farrar, 1975). 
Resi stance can also be transferred from an AMP-resistant 
H. influenzae type B strain to other organisms such as H. para
influenzae and E. coli (Eickhoff et al., 1976; Saunders and 
Sykes, 1977).

A second beta-lactamase enzyme, designated ROB-1, has 
been found in a small number of H. influenzae strains. AMP–
AMOX resistance in H. influenzae is also mediated by this 
enzyme (Rubin et al., 1981; Daum et al., 1988). The ROB beta- 
lactamase differs from the TEM-1 enzyme in its isoelectric 
point. Also, the ROB and TEM-1 beta-lactamase genes are 
not related, although both are class A serine beta-lactamases 
susceptible to clavulanic acid. An animal pathogen, Actino
bacillus pleuropneumoniae, is often AMP–AMOX resistant 
because it produces ROB beta-lactamase. It has thus been 
postulated that the animal reservoir of this resistance gene 
may play a role in the spread of this resistance to human 
pathogens (Medeiros et al., 1986; Juteau et al., 1991).

There has been a gradual increase in the frequency of 
AMP–AMOX-resistant H. influenzae strains in the USA, as 
elsewhere. An 18% prevalence was detected in a nationwide 
survey carried out in 1978 (CDC, 1979). In the 1980s, three 
more nationwide surveys were carried out. In the survey 
performed during 1983–1984, 21% of H. influenzae type B 
strains were resistant. More than half of the isolates reported 
in this study came from children younger than 6 years (Doern 
et al., 1986). The second study was performed in 1986, and 
31.7% of H. influenzae type B isolates were beta-lactamase 
producers. Slightly more than 40% of specimens in this study 
came from children aged less than 6 years. Once again beta- 
lactamase production was more common in isolates obtained 
from young children (Doern et al., 1988). The third study in 
the USA was performed in 1987–1988 and employed pri-
marily respiratory isolates from adults; as many as 29.5% of 
H. influenzae type B isolates were beta-lactamase producers 
(Jorgensen et al., 1990).

In the UK during 1981, 11.4% of H. influenzae type B 
strains were beta-lactamase producers (Philpott-Howard and 
Williams, 1982). In a European study including the UK, per-
formed in 1986, the prevalence of beta-lactamase-producing 
strains varied widely from country to country, with the 
highest prevalence being in Spain. Overall, 17% of the iso-
lates were AMP–AMOX resistant (Jorgensen, 1992). In a 
study of H. influenzae isolated from sputa in the UK, 9.4% of 
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H. influenzae strains were beta-lactamase producers; another 
5.2% were AMP–AMOX resistant but were beta-lactamase 
negative (Powell et al., 1991). In a nationwide survey in 
Australia, 21.6% of H. influenzae type B strains produced 
beta-lactamase (Collignon et al., 1992). By contrast, in the 
Scandinavian countries less than 5% of H. influenzae type B 
strains were beta-lactamase producers (Peltola et al., 1990). 
Beta-lactamase-producing H. influenzae strains have also 
been detected in several Asian countries (Jorgensen, 1992). 
Currently, AMP–AMOX resistance in many surveys around 
the world seem to have stabilized at around 20–30%, but 
there is enormous variation. A large international survey in 
1999–2000 of almost 3000 strains found an overall presence 
of 16.6% beta-lactamase-positive strains, but this included 
only 3% resistance in Germany and 65% in South Korea 
(Tristram et al., 2007). Many countries saw a decline in beta- 
lactamase-positive strains in the late 1990s, and these included 
Canada, down from 32% in 1993 to 19% in 2000; Spain, 
down from 28% in 1998 to 16% in 2000; the USA, down from 
36% in 1994 to 26% in 2002; and Japan, down from 25% in 
1995 to 3% in 1999 (Hasegawa et al., 2003; Jacobs, 2003; 
Jacobs et al., 2003; Heilmann et al., 2005). Only one strain 
has been reported as producing both ROB-1 and TEM-1 (Far-
rell et al., 2007). Generally TEM-1 is much more commonly 
encountered than ROB-1, although there are geographic 
variations. MICs of strains carrying either beta-lactamase 
tend to be between 8 and 64 µg/ml, whereas beta-lactamase- 
negative, AMP-resistant strains tend to have lower MICs, 
just around the CLSI breakpoint of 2–4 µg/ml, but some-
times up to 16 µg/ml.

Originally, these beta-lactamase-positive strains were sen-
sitive to chloramphenicol, erythromycin, rifampicin, genta-
micin, and cotrimoxazole and less consistently to tetracycline 
(Emerson et al., 1975; McGowan et al., 1976). They were also 
sensitive to second-generation cephalosporins, such as cefu-
roxime and cefoxitin (Kammer et al., 1975), and very sensi-
tive to third-generation cephalosporins, such as cefotaxime, 
moxalactam, and ceftriaxone (Baker et al., 1980). Gradually, 
beta-lactamase-producing strains of H. influenzae have 
acquired resistance to other antibiotics, and some strains 
now show multiple antibiotic resistance. Some strains are 
now resistant to one or more of tetracycline, erythromycin, 
cotrimoxazole, rifampicin, and chloramphenicol, and many 
of these resistances can be carried on the large conjugative 
plasmid that is most commonly responsible for TEM beta- 
lactamase production and dissemination. Some strains are 
also resistant to cefuroxime. Resistance to fluoroquinolones, 
such as ciprofloxacin, has now been rarely documented owing 
to mutations in a DNA gyrase and topoisomerase i.v., but no 
ESBL producers have yet been described (Simasathien et al., 
1980; MacMahon et al., 1982; Doern et al., 1988; Howard 
and Williams, 1988; Campos et al., 1989; Jorgensen et al., 
1990; Jorgensen, 1992; Gould et al., 1994; Davies et al., 2000; 
Nazir et al., 2004; Tristram et al., 2007).

AMP–AMOX-resistant strains of H. influenzae type B can 
occur without detectable beta-lactamase activity, and their 
MICs are in the range 4–8 µg/ml. This resistance is intrinsic, 

and the major mechanism of resistance in these strains is 
altered PBPs (Philpott-Howard and Williams, 1982; Reid et 
al., 1987; Clairoux et al., 1992; Mendelman, 1992). Of the 
eight PBPs, altered PBP3a and 3b appear to be associated with 
AMP–AMOX resistance of H. influenzae. This subject has 
been extensively reviewed by Tristram et al. (2007). Com-
pared with S. pneumoniae, these strains are genetically very 
diverse and probably still represent less than 1% of all H. 
influenzae isolates in the USA (Barry et al., 1993; Hoban and 
Felingham, 2002). Notwithstanding methodological problems 
and lack of clarity about definitions, some countries have 
reported much higher levels (Hasegawa et al., 2003; Fluit et 
al., 2005). The concern is that these strains show some degree 
of resistance to most beta-lactam antibiotics. Laboratory 
detection can be difficult. Cefaclor resistance has been sug-
gested as a better indicator than AMP resistance (Garcia-
Cabos et al., 2008). Even the MICs of cefotaxime for these 
strains were at least 10 times greater than those for suscepti-
ble strains. However, all the AMP–AMOX-resistant strains 
were still inhibited by 1.0 µg/ml cefotaxime, so it is still likely 
to be useful clinically. On the other hand, the MICs of ceftib-
uten, cefixime, cefaclor, and cefuroxime were such that these 
drugs would be unlikely to be useful clinically (Barry et al., 
1993). Today, these strains should certainly be considered 
resistant to all second-generation cephalosporins and inhib-
itor combinations. However, in these strains, the suscepti-
bility to carbapenems, such as imipenem and meropenem, is 
not altered (Powell and Livermore, 1990).

Rarely, beta-lactamase production and intrinsic resistance 
can coexist (Tristram et al., 2007). These strains are beta- 
lactamase positive and co-amoxiclav resistant. Their clinical 
significance is debatable because their MICs are often below 
the CLSI susceptibility breakpoint for co-amoxiclav. Neither 
reduced permeability nor efflux has been described as a 
resistance mechanism.

A summary of selected studies demonstrating the chang-
ing patterns of AMP–AMOX resistance in H. influenzae is 
shown in Table 5.3.

Nontypable strains of H. influenzae are pathogens in respi-
ratory tract infections and are seen more frequently since the 
advent of conjugate pneumococcal vaccine. Otitis media in 
children may be caused either by these strains (Shurin et al., 
1976) or by H. influenzae type B (Crosson et al., 1976). AMP–
AMOX-resistant strains of these nonencapsulated H. influ
enzae strains have been isolated from the sputum of patients 
with chronic bronchitis (Kauffman et al., 1979; Ling et al., 
1983). They have been isolated also from patients, mainly 
children, with otitis media (Schwartz et al., 1978; Jokipii and 
Jokipii, 1980) and from healthy nasopharyngeal carriers 
(Lerman et al., 1979). In one early survey of nontypable 
H. influenzae strains in the UK, 10 (1.1%) of 889 isolates were 
AMP resistant (Howard et al., 1978); in 1981, when 1762 
strains were examined, AMP resistance had increased to 
approximately 6% (Philpott-Howard and Williams, 1982). The 
majority of these strains, similar to those of AMP-resistant 
H. influenzae type B, produce beta-lactamase (Malmvall and 
Branefors-Helander, 1978). The few nontypable H. influenzae 
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strains that are AMP resistant but do not produce beta-lact-
amase possess intrinsic resistance, similar to H. influenzae 
type B (Bell and Plowman, 1980). Cefuroxime is quite active 
against beta-lactamase-producing strains, but it is less active 
against beta-lactamase-negative AMP-resistant strains. Cefo-
taxime and ceftriaxone retain activity against most AMP–
AMOX-resistant strains (Newsom and Matthews, 1982; 
Jorgensen, 1992). Surveys in the USA have shown that 
 nontypable H. influenzae strains are less commonly AMP–
AMOX resistant than strains of H. influenzae type B. In the 
1983–1984, 1986, and 1987–1988 surveys, 12.1%, 15.6%, and 
15.0% of non-type-B strains, respectively, were AMP resis-
tant (Doern et al., 1986; Doern et al., 1988; Jorgensen et al., 
1990). Some of the non-type-B H. influenzae strains also 
have shown multiple drug resistance— for example, they 
have also been resistant to tetracycline, chloramphenicol, 
and cotrimoxazole (Doern et al., 1988; Jorgensen et al., 1990; 
Jorgensen, 1992).

As with resistant H. influenzae, an AMP-resistant H. para
influenzae strain (MIC 32 µg/ml) that did not produce beta- 
lactamase and that was presumably intrinsically resistant has 
been isolated from blood cultures (Needham Walker and 
Smith, 1980). A number of strains of TEM-15 ESBL-positive 
H. parainfluenzae have been described with cefotaxime 
MICs of > 16 µg/ml (Tristram et al., 2007). In addition, over 

1% of beta-lactamase-positive H. influenzae strains in a 
global survey were negative for both TEM-1 and ROB-1 
genes by polymerase chain reaction (PCR); it is a concern 
that susceptibility profiles suggested nothing unusual (Farrell 
et al., 2005; Tristram et al., 2007).

3. MECHANISM OF DRUG ACTION

AMP and AMOX have actions similar to penicillin G (Chap-
ter 3, Benzylpenicillin (penicillin G)). The differences in their 
antibacterial spectrum, compared with penicillin G, can be 
explained by their greater ability to penetrate the outer mem-
brane of the cell wall of some Gram-negative bacilli.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a. Adults

AMPICILLIN

AMP is acid stable and can be given orally. It is available as 
capsules (250 and 500 mg), pediatric tablets (125 mg), syrup 
(5 ml containing 125 or 250 mg), and in vials (250 mg, 500 
mg, and 1 g) suitable for parenteral administration. The usual 

Table 5.3. A summary of selected studies showing the rates (%) of beta-lactamase-positive and beta-lactamase-negative strains of 
Haemophilus influenzae from respiratory tract infections in various countries

Country
No.

isolates BLA-positive
BLA-negative

AMP–AMOX resistant Year Reference

Brazila 718 14.0 0 1998–2004 Castanheira et al., 2006

Germany 51 0 11.8 2004–2005 Jansen et al., 2006

Italy 120 7.5 3.3 2004–2005 Jansen et al., 2006

Netherlands 35 0 0 2004–2005 Jansen et al., 2006

Turkey 82 2.4 11 2004–2005 Jansen et al., 2006

Poland 35 11.4 8.6 2004–2005 Jansen et al., 2006

Portugal 52 15.4 9.6 2004–2005 Jansen et al., 2006

Spain 56 5.4 33.9 2004–2005 Jansen et al., 2006

UK 68 13.2 1.5 2004–2005 Jansen et al., 2006

Austria 20 5 10 2004–2005 Jansen et al., 2006

Ireland 25 8 8 2004–2005 Jansen et al., 2006

USA 978 27.4 0.7 2005–2006 Critchley et al., 2007

China 898 12 0 2000–2002 Shen et al., 2007

Thailanda 582 48.4 3.6 2000–2004 Srifuengfung et al., 2007

Koreaa,b 229 47.2c 29.3 2000–2005 Kim et al., 2007

Francea 807 26.3 22.8 2004 Dabernat et al., 2007

Switzerland 124 27 9 2009–2014 Cherkaoui et al., 2015

France 230 11.9 8.2 2010–2013 Angoulvant et al,. 2015

Costa Rica 292 6.1 0 2006–2011 Ulloa et al., 2014

Beijing, China 395 31 0 2012 Zhu et al., 2015

Greece 130 14 1.4 2011–2012 Maraki et al., 2014

aIncludes some invasive isolates.
cMeropenem resistant 11.7%.
bTEM-1 37.6%; ROB-1 1.3% .
Abbreviations: BLA: beta-lactamase; AMP: ampicillin; AMOX: amoxicillin.

AU: Numerals 
in Columns 
2–4 align on 
the decimal
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oral dosage for children and adults to treat mild to moderate 
infections is 50–100 mg/kg body weight per day, given in 
four divided doses. A common oral adult dosage is 500 mg 
every 6 hours, although 250 mg every 6 hours may suffice for 
mild infections due to highly susceptible organisms.

AMP, in the form of the sodium salt, can also be given 
either i.m. or i.v. For serious infections in adults, high par-
enteral doses are often necessary (such as 1–2 g every 4–6 
hours). Intravenous administration is usually by intermittent 
injections into the i.v. tubing or by intermittent infusions, 
similar to penicillin G. AMP can be added to i.v. fluid bottles 
for continuous infusion, provided incompatibilities and drug 
inactivation on prolonged standing in solution are avoided 
because this can result in degradation (Colding and Ander-
sen, 1982). Some antibiotic solutions, including sodium AMP, 
can be prepared and kept frozen in plastic bags; these are 
then thawed in a microwave oven before use (Holmes et al., 
1982). However, the long-term pharmacologic stability of 
such AMP solutions has been questioned, such that prepara-
tion of AMP solutions immediately before use is considered 
preferable by some clinicians.

Intramuscularly, AMP is usually given every 4–6 hours. 
Unless the patient has circulatory failure or a hemorrhagic 
diathesis, i.m. AMP, given in the same dosage, is as effective 
as i.v. AMP for the treatment of severe infections, such as 
bacterial meningitis (Girgis et al., 1982). The only advantage 
of i.v. administration is the avoidance of frequent painful i.m. 
injections.

AMP can be added to peritoneal dialysate in a dose of 
50 mg to each liter. A variable amount of the drug is absorbed 
from the peritoneal cavity and, if this dose is continuously 
added to the dialysate, a steady serum AMP concentration of 
approximately 9 µg/ml is attained (Bulger et al., 1965).

AMOXICILLIN

AMOX is available as capsules (125, 250, and 500 mg), dis-
persible tablets (3g), oral suspension (5 ml containing 125 or 
250mg), and in vials of sodium amoxicillin (250 mg, 500 mg, 
and 1 g) suitable for parenteral administration. The usual oral 
dosage of AMOX is 50–100 mg/kg body weight per day, 
administered in three or four divided doses. The usual adult 
dosage of this drug is 250–500 mg, given every 6–8 hours.

Sodium AMOX is suitable for both i.m. and i.v. use. For 
mild infections, the dosage can be the same as recommended 
for oral use. For serious infections, the dosage is 150–200 mg/
kg body weight per day, given in six divided doses. The usual 
adult dosage is 1–2 g, every 4–6 hours. These dosages are sim-
ilar to those of parenteral AMP. Amoxicillin sodium should 
be administered i.v. in a manner similar to penicillin G. 

Studies that have aimed to clinically validate these AMOX 
dosing regimens have found inconsistent target drug expo-
sures. This result is typically because the authors assume a 
worst-case scenario for the MIC target. Haeseker et al. (2014) 
collected pharmacokinetic data from 57 hospitalized patients 
and found that only 65% patients receiving 1–2 g i.v. every 
6 hours achieved a target exposure for a MIC breakpoint of 
8 µg/ml; hence the authors suggested dosing every 4 hours 

should be used. However, a population pharmacokinetic 
study in critically ill patients by Carlier et al. (2013) found 
conflicting results from the Haeseker et al. (2014) study, con-
cluding that 1–2g i.v. every 6 hours achieves acceptable expo-
sures in over 90% of patients given a MIC target of 8 µg/ml, 
unless patients have a very high creatinine clearance (> 190 
mL/min).

4b. Newborn infants and children

AMPICILLIN

Pediatric preparations include pediatric tablets (125 mg) and 
syrup (5ml containing 125 or 250mg) as well as the paren-
teral preparations. The usual oral AMP dosage for children 
to treat mild to moderate infections is 50–100 mg/kg body 
weight per day, given in four divided doses.

For parenteral administration of AMP in serious infec-
tions, high doses are often necessary; in children a daily dose 
of 150–200 mg/kg is recommended, but up to 400 mg/kg/day 
has been given occasionally (Fleming et al., 1967).

In newborn and premature infants, the drug should be 
given either i.m. or i.v. For infants less than 7 days old, a dos-
age of 25 mg/kg body weight every 12 hours is recommended 
for mild to moderate infections. With serious infections, such 
as meningitis, this dosage should be doubled to 50 mg/kg, 
given every 12 hours. For infants older than 7 days, a dosage 
of 25 mg/kg every 8 hours is sufficient for infections of mild 
to moderate severity, with serious infections such as menin-
gitis, 50 mg/kg every 6 hours is recommended (total daily 
dose 200 mg/kg body weight) (Kaplan et al., 1974; McCracken 
and Nelson, 1983).

AMOXICILLIN

Similar to adults, the usual oral AMOX dose for children is 
50–100 mg/kg body weight per day, administered in three or 
four divided doses. For serious infections, the parenteral 
dosage is 150–200 mg/kg body weight per day, given in six 
divided doses. 

De Cock et al. (2015) demonstrated that standard doses of 
AMOX may not be sufficient for critically ill children, observ-
ing a 32% failure rate in a heterogenous sample of 50 patients. 
Using a population pharmacokinetic approach, the authors 
endorsed doses of 150–200 mg/kg body weight per day, given 
in six divided doses, because of the presence of augmented 
renal clearance in this group.

In newborn and premature infants, a dosage reduction 
of AMOX, similar to AMP, is advocated. In one study, oral 
AMOX was found to be safe and effective in a dosage of 50 
mg/kg body weight every 12 hours for infants aged 6–13 days 
(Lonnerholm et al., 1982).

4c. Pregnant and lactating mothers

AMP–AMOX is an FDA pregnancy category B, considered 
safe in pregnancy. During pregnancy, AMP serum levels are 
lower than those attained in the same women after pregnancy. 
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This appears to be due to increased plasma volume and body 
water during pregnancy, which results in an increase in the 
drug’s distribution volume. In addition, during pregnancy, 
the renal plasma clearance of AMP is increased. Pregnant 
women may require higher doses of AMP than nonpregnant 
patients (Philipson, 1977; Jeffries and Bochner, 1988). The 
American Academy of Pediatrics considers the use of AMOX 
to be compatible with breastfeeding.

4d. Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

AMP is relatively nontoxic and is often given in the usual 
doses to patients with impaired renal function. If high paren-
teral doses are used, appropriate dosage reduction is neces-
sary. In anuric patients, the AMP serum half-life is prolonged 
to 8.5 hours. It has been suggested that the total daily dose 
should be halved for patients with severe renal failure and 
given in two divided doses (Bennett et al., 1970). Others con-
sider that an AMP dose of 500 mg daily may be sufficient for 
patients with a creatinine clearance of 10 ml/min or less (Lee 
and Hill, 1968).

Similar to AMP, AMOX is relatively nontoxic and may 
be given in the usual recommended dosage to patients with 
mild renal failure, but in patients with moderate to severe 
renal failure the dose should be reduced (Sabto et al., 1973). 
AMOX dosage adjustment is unnecessary if the patient’s cre-
atinine clearance is > 30 ml/min, but with a creatinine clear-
ance of 10–30 ml/min and < 10 ml/min, the dose should be 
halved or quartered, respectively. AMOX is removed from 
the body by hemodialysis, but removal by peritoneal dialysis 
is slow. Patients in anuric or end-stage renal failure who are 
treated by regular hemodialysis, a 1-g i.v. dose of AMOX 
should be given at the end of dialysis, and then be repeated 
once every 23 hours (Chelvan et al., 1979; Humbert et al., 
1979).

PATIENTS WITH AUGMENTED RENAL CLEARANCE

Some critically ill patients, such as those managed in the 
intensive care unit, can develop augmented renal clearance 
(defined as a creatinine clearance exceeding 130 mL/min), 
whereby renally cleared penicillins may be subject to higher 
than expected drug clearances and result in very low trough 
concentrations (Udy et al., 2012). In these patients, more fre-
quent dosing of AMP–AMOX is suggested to ensure target 
concentrations are achieved, although there are no formal 
protocols to guide clinicians.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a. Bioavailability

AMPICILLIN

After oral AMP administration to adults, peak serum con-
centrations are obtained at about 2 hours, and the drug is still 

detectable in the serum at 6 hours (see Figure 5.2). Doubling 
the dose virtually doubles the serum concentration. The 
absorption of AMP is reduced by about 50% if it is adminis-
tered with food (Welling and Tse, 1982). Concurrent admin-
istration of cimetidine does not diminish AMP absorption 
(Rogers et al., 1980), but co-administration with chloroquine 
does (Ali, 1985). The drug is absorbed normally in patients 
with celiac disease (Parsons et al., 1975). The concomitant 
use of Lactobacillus preparations does not interfere with the 
absorption of AMP (Yost and Gotz, 1985).

With i.m. administration, a much higher peak level is 
achieved within 30 minutes (see Figure 5.2). Compared with 
penicillin G, AMP produces considerably higher serum levels 
after parenteral administration; this is chiefly due to its slower 
renal clearance (Kirby and Kind, 1967).

In newborn and premature infants given an i.m. dose of 
10 mg/kg, a peak serum level of about 20 µg/ml is reached 
1 hour after administration. With a dose of 25 mg/kg, the peak 
level is approximately 60 µg/ml. Detectable serum levels per-
sist for at least 12 hours after injection. The serum half-life 
of AMP in infants declines with increasing postnatal age; it is 
4 hours in infants aged 2–7 days, 2.8 hours in those aged 
8–14 days, and 1.7 hours in infants aged 15–30 days (Axline 
et al., 1967; McCracken, 1974).

The binding of AMP to serum proteins (18%) is one of the 
lowest of all the penicillins (Rolinson and Sutherland, 1965).

AMOXICILLIN

AMOX is well absorbed after oral administration (Sutherland 
et al., 1972; Verbist, 1976). After a 500 mg dose in adults, a 
peak serum level of 8–10 µg/ml is reached 2 hours later (see 
Figure 5.3). Doubling the dose doubles the peak serum level. 
Thereafter, serum concentrations fall and reach zero after 6–8 
hours. These serum levels are about twice as high as those 
produced by an equivalent dose of oral AMP and about the 
same as those attained when this dose of AMP or AMOX is 
given i.m. (Hill et al., 1980). The absorption of AMOX appears 
to be an active process. There is evidence for a saturable car-
rier-mediated uptake of this antibiotic, and a dipeptide carrier 

Figure 5.2. Comparative serum levels of ampicillin after 
500 mg via three routes of administration. (Redrawn with 
permission from Kirby and Kind (1967).)
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system is probably the most likely transport mechanism 
(West phal et al., 1991). Food in the stomach impairs AMP 
absorption, but has a lesser effect on AMOX. In one study in 
adults, AMOX was equally well absorbed in the fasting and 
nonfasting state (Eshelman and Spyker, 1978), but others 
have recorded some reduction of the drug’s absorption when 
it is taken with food (Welling et al., 1977). In children, after a 
15-mg/kg oral dose, mean peak serum levels of AMOX were 
reduced from 5.4 µg/ml in the fasting state, to 3.2 µg/ml in 
the nonfasting state (Ginsburg et al., 1979). AMOX absorption 
is satisfactory in patients with achlorhydria (Lawson et al., 
1974), but it is impaired in those with celiac disease (Parsons 
et al., 1975). The concomitant administration of aluminum 
magnesium hydroxide, pirenzepine, or ranitidine does not 
impair AMOX absorption (Deppermann et al., 1989). After 
a  single 3-g oral AMOX dose to nonfasting adults, a peak 
serum level of about 24 µg/ml is reached at 2 hours, and the 
levels are 7.8, 3.6, and 1.4 µg/ml at 4, 6, and 8 hours, respec-
tively (Shanson et al., 1980). If this dose is given with 1 g of 
oral probenecid, higher and more prolonged AMOX serum 
levels are obtained; in one study, mean serum levels after 
administration were 30.51, 34.96, 28.42, and 10.31 µg/ml at 
2, 3, 4, and 8 hours, respectively (Barbhaiya et al., 1979).

After a rapid i.v. injection of 500 mg sodium AMOX to 
adults, the serum level ranges from 83 to 112 µg/ml at 1 min-
ute after injection. Thereafter, there is a rapid decline, and the 
level falls to about 1 µg/ml, 3.5 hours after administration. 
After i.m. injection of 500 mg, a mean peak serum level of 
approximately 10 µg/ml is attained at 1 hour, which falls to 
zero after 6–8 hours. Doubling the i.m. dose doubles the serum 
concentrations. Serum levels of AMOX are similar after i.m. 
and oral administration, except that the peak is reached earlier 
with the former. The pharmacokinetics of AMP and AMOX 
are essentially similar if the drugs are administered by the 

i.m. or i.v. routes (Spyker et al., 1977; Rudoy et al., 1979; Hill 
et al., 1980).

Protein binding of AMOX (17%) is similar to that of AMP 
(Sutherland et al., 1972).

5b. Drug distribution

AMPICILLIN

AMP is evenly distributed throughout most body tissues. 
With the exception of the kidney and liver, tissue concentra-
tions are lower than simultaneous serum levels. In healthy 
humans, the intrarenal tissue concentration is about eight-
fold higher than the concomitant serum level. By contrast, the 
AMP concentration in chronic glomerulonephritis is only 
about half the serum level at the time. In such severe kidney 
disease, the urinary concentration of AMP is greatly reduced, 
and the serum rather than urinary concentration more closely 
reflects the AMP renal tissue level (Whelton et al., 1972). 
Animal studies show that AMP renal tissue levels are also 
significantly reduced in acute pyelonephritis (Trottier and 
Bergeron, 1981).

Adequate AMP concentrations are attained in septic joint 
effusions (Nelson, 1971), in the ascitic fluid of patients with 
ascites and bacterial peritonitis (Gerding et al., 1977), and 
in human parapneumonic effusions (Taryle et al., 1981). 
AMP penetrates poorly into bronchial secretions, although 
this may be increased two- to threefold with inflammation 
and marked sputum purulence. In bronchial secretions from 
patients with moderate pulmonary infection, the AMP con-
centration is usually only about 10% of the simultaneous 
serum level (Wong et al., 1975). Peak interstitial tissue fluid 
concentrations of AMP are lower than those attained in 
serum, but the drug persists in tissue fluid for a longer period. 
AMP does not accumulate in tissue fluid with repeated doses 
(Chisholm et al., 1973; Cars, 1981). In pancreatic secretions, 
AMP concentrations are low in normal animals, but they 
are quite high in those with induced pancreatitis (Rubinstein 
et al., 1980). AMP, similar to penicillin G, does not readily 
enter human polymorphonuclear leukocytes (Jacobs et al., 
1982), and it is usually undetectable in saliva, sweat, and tears 
(Philipson et al., 1975).

Only minute amounts of AMP can be detected in normal 
CSF, but in patients with bacterial meningitis higher levels 
occur. In such patients, after an i.v. dose of 150 mg/kg/day, a 
mean CSF AMP level of 2.9 µg/ml was detected during the 
first 3 days of treatment, but this level fell during convales-
cence (Thrupp et al., 1966). In another study of patients with 
bacterial meningitis, AMP was given either i.v. or i.m. at a 
dose of 160 mg/kg/day divided into six doses. Comparable 
CSF concentrations of about 1 µg/ml were attained 1 hour 
after i.m. or i.v. administrations on days 1 and 2 of treatment. 
Four hours after administration, CSF concentrations were 
higher in patients receiving i.m. therapy (2.94–3.64 µg/ml) 
than in those treated by i.v. AMP (0.67–1.02 µg/ml), but clin-
ical response was the same in both groups (Mikhail et al., 
1981). In experimental meningitis in animals, pretreatment 

Figure 5.3. Mean serum concentrations of amoxicillin and 
ampicillin after a single 500 mg oral dose in fasting adults. 
Redrawn with permission from Sutherland et al. (1972).
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with methylprednisolone reduced the CSF AMP concentra-
tion, but this did not have a deleterious effect on the course 
of the meningitis (Scheld and Brodeur, 1983). In animals 
with experimental meningitis, the concomitant administra-
tion of AMP and ceftazidime reduced the CSF AMP concen-
tration. However, when ceftriaxone was combined with AMP, 
there was no effect of the CSF penetration on either drug 
(Okura et al., 1988).

AMP crosses the placenta. In pregnant women given an 
oral dosage of 500 mg every 6 hours, AMP levels in amniotic 
fluid at delivery range from 0.42 to 4.1 µg/ml. Concentrations 
in cord blood are lower, being in the range of 0.24–2.0 µg/ml 
(Blecher et al., 1966). The drug does not reach therapeutic 
concentrations in amniotic fluid during the first trimester 
(Wasz-Hockert et al., 1970).

AMOXICILLIN

AMOX is largely distributed similar to AMP, but some minor 
differences have been described. In a comparison with AMP, 
May and Ingold (1974) found that both drugs produced sim-
ilar concentrations in purulent sputum, but levels of AMOX 
were higher in mucoid sputum. Law et al. (1983) used AMOX 
at a dosage of 500 mg three times daily to treat infective exac-
erbations of chronic bronchitis in adults. The mean AMOX 
concentration in purulent sputum was 1 µg/ml, but a much 
lower value of 0.2 µg/ml was obtained in mucoid sputum. 
Penetration of AMOX in purulent sputum was confirmed by 
Cole et al. (1983). It was given in a dosage of 3 g orally twice 
daily to 17 patients with bronchiectasis (most had purulent 
sputum); on day 7 mean peak and trough sputum levels were 
1.7 (range 0.2–3.7) and 0.25 (range 0.2–0.3) µg/ml, respec-
tively. Lowering et al. (1990) gave simultaneous single i.v. 
injections of both AMOX and AMP (500 mg of each) to five 
patients with exacerbations of chronic bronchitis. Concen-
trations of both drugs in sputum were estimated separately. 
Mean sputum levels after dosing were 2.7 µg/ml for AMOX 
and 1.4 µg/ml for AMP.

Brun et al. (1981) found a mean tissue level of 3.05 µg/g in 
normal lungs of patients who were undergoing thoracic sur-
gery and receiving AMOX in a dosage of 500 mg twice daily. 
AMOX lung tissue concentrations are usually about 40% of 
the simultaneous serum levels (Baldwin et al., 1992). The 
drug penetrates into pleural fluid to about the same extent as 
AMP, but it enters and leaves the pleural cavity at a faster rate 
(Daschner et al., 1981). AMOX is only excreted in small 
amounts in breast milk. Saliva, sweat, and tears also contain 
very small amounts of AMOX, while AMP is usually unde-
tectable in these secretions (Philipson et al., 1975).

AMOX, similar to AMP, attains low levels in the CSF only 
in patients with normal meninges (Clumeck et al., 1978). 
Higher AMOX CSF levels are reached in patients with men-
ingitis (Strausbaugh et al., 1978). CSF levels have been studied 
in children with bacterial meningitis who were treated with 
i.v. AMOX, 200 mg/ kg/day, given as rapid i.v. infusions in six 
divided doses. Mean peak CSF concentrations on days 1 and 
5 were similar, but day 1 concentrations remained 2–5 µg/ml 
for 4 hours after a dose, whereas the corresponding value on 

day 5 decreased to a mean of 0.6 µg/ml. On day 10, the mean 
peak level was 1.6 µg/ml 0.5 hours after the dose, and this 
decreased to 0.7 µg/ml 4 hours after the dose; 24 hours before 
lumbar puncture performed on day 10, half the children 
received oral probenecid, and their corresponding CSF values 
were 1.1 and 1.0 µg/ml (Craft et al., 1979). Thus probenecid 
is effective in increasing the CSF concentrations of AMOX, 
similar to penicillin G (see Chap ter 3, Benzylpenicillin (peni-
cillin G)), but whether this is of any practical value is unknown.

Cooreman et al. (1993) measured AMOX levels in gas-
tric mucosa after giving AMOX in tablet form or as water- 
dissolved liquid. Biopsies were taken from the antrum, corpus, 
and fundus of the stomach. The dissolved form of AMOX 
was superior to the tablet form in regard to drug concentra-
tions in the antrum. With the tablet form, given as a single 
1-g dose, subbacteriocidal levels with respect to H. pylori 
were attained in antral mucosa. With both AMOX forms at a 
dose of 1 g, concentrations were far below the required bac-
tericidal levels in the mucosa of the corpus and fundus. This 
makes a reservoir function of these parts of the stomach for 
H. pylori likely and probably explains why AMOX mono-
therapy usually fails for H. pylori infections.

Similar to AMP, AMOX crosses the placenta, and levels 
in cord, blood are about one quarter to one third of those in 
maternal blood (Furuya et al., 1973).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The clinically important pharmacokinetic and pharmacody-
namic features of both AMP and AMOX are similar to those 
of other beta-lactams, such as penicillin G. The pharmaco-
kinetics and pharmacodynamics of the beta-lactam antibiot-
ics have been summarized (Craig, 1998; DeRyke et al., 2006). 
These include the fact that bacterial killing is not related to 
peak concentration (as is the case with aminoglycosides), the 
postantibiotic effect of beta-lactam agents is short, and the 
time at which serum concentrations are above the MIC is 
important for eradication of infecting bacteria. Thus, for seri-
ous infections, continuous infusion or frequent intravenous 
bolus administration are likely to be most effective. The con-
centration of AMP–AMOX associated with maximal bacterial 
killing can be different for various bacterial species, with little 
data available on what AMP–AMOX exposure will suppress 
the emergence of resistant bacteria. 

5d.  Excretion

AMPICILLIN

Approximately 30% of an oral dose of AMP is excreted in 
urine during the first 6 hours. High concentrations of the 
active drug are attained in urine; after a 500-mg oral dose, 
urinary concentrations range from 250 to 1000 µg/ml. There 
are no active AMP metabolites formed in the body before 
excretion (Cole and Ridley, 1978). AMP is excreted partly 
by glomerular filtration and partly by tubular secretion. 
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Probenecid slows excretion by partial blockage of tubular 
secretion. After parenteral administration, about 75% of the 
dose is excreted in urine. Compared with penicillin G, AMP 
is cleared at a slower rate by the kidney; its serum half-life in 
normal adults is 1.5 hours, compared to 30 minutes for pen-
icillin G. Therefore, the action of probenecid in lowering 
renal clearance and elevating serum levels is more marked 
with penicillin G (Kirby and Kind, 1967; Bennett et al., 1974).

AMP is also excreted unchanged in bile. In patients with 
T-tube drainage after cholecystectomy, only 0.1% of an i.v. or 
oral dose of AMP was excreted via the bile. In these patients, 
biliary concentrations varied from 0.4 to 6.5 µg/ml during 
a 12-hour period after an oral AMP dose of 500 mg (Pinget 
et al., 1976). These concentrations are higher than the MICs 
of AMP for highly susceptible pathogens. Some of the drug 
excreted in bile is reabsorbed from the gut, but recycling 
through the liver is probably only a minor factor in main-
taining serum levels (Kirby and Kind, 1967). Data on biliary 
excretion, obtained from patients with free biliary drainage, 
are not applicable to patients with obstructive biliary tract 
disease. For instance, AMP concentrations obtained in a non-
functioning gallbladder are low, and therapeutic levels are 
present in the common bile duct only if it is not obstructed 
(Mortimer et al., 1969).

Unexcreted AMP is inactivated chiefly in the liver, but at 
a slower rate than penicillin G. In anuric patients, the average 
serum half-life for AMP is 8.5 hours, compared with 4 hours 
for penicillin G (Kirby and Kind, 1967).

AMOXICILLIN

Between 58% and 68% of an orally administered dose of 
AMOX is excreted in the urine in an unchanged active form 
during the first 6 hours (Sutherland et al., 1972). High AMOX 
urinary levels of 115–1850 µg/ml occur after a 500-mg oral 
dose to adults. Like AMP, this drug is excreted by both glo-
merular filtration and tubular secretion; the latter can be 
reduced by concomitant administration of probenecid (Neu, 
1979).

AMOX is probably excreted in the bile, similar to AMP. 
In animals, AMOX is concentrated in bile (Acred et al., 1970). 
AMOX is probably inactivated in the body to some extent, 
chiefly in the liver, similar to AMP.

5e.  Drug interactions

Similar to penicillin G, probenecid slows excretion of AMP 
by partial blockage of tubular secretion. Concurrent admin-
istration of cimetidine does not diminish AMP absorption 
(Rogers et al., 1980), but co-administration with chloroquine 
does (Ali, 1985). Animal experiments show that morphine 
administration elevates the serum levels of AMP after its 
i.v. administration. Morphine appears to impair both renal 
and hepatobiliary elimination of AMP. In contrast, morphine 
markedly reduces the drugs’ levels in serum, when it is given 
by gastric intubation, probably due to delayed absorption 
because of retardation of gastric emptying by morphine 
(Garty and Hurwitz, 1985).

AMP can impair the absorption of oral contraceptives; 
treatment with AMP occasionally results in breakthrough 
bleeding or pregnancy in patients who are reliable oral con-
traceptive users. In pregnant women, AMP decreases the 
amount of urinary estriol excretion, but levels of estrogens in 
the blood are largely unaffected because AMP interferes with 
the normal enterohepatic circulation of estrogens. Estrogen 
conjugates normally excreted in the bile are not hydrolyzed 
by intestinal bacteria, reconjugated, and absorbed. These 
changes have no effect on the pregnancy, but are important 
when interpreting urinary estriol levels as an index of feto-
placental function (Roberton and Johnson, 1976; True, 1982).

Drug–drug interactions for AMOX are generally similar 
to those of AMP.

6. ADVERSE REACTIONS AND TOXICITY

In general, AMP and AMOX have similar profiles in terms of 
adverse reactions.

6a.  Hypersensitivity reactions 

Patients who are allergic to penicillin G may also be allergic 
to AMP–AMOX, but this is not always the case. For a detailed 
discussion about beta-lactam allergy, see Chapter 3, Benzyl-
penicillin (penicillin G), section 6, Adverse reactions and tox-
icity because this field has evolved substantially over recent 
years. AMP shares an identical R1-group side chain to cefa-
clor (which is similar to cefuroxime) and cephalexin, while 
AMOX shares a similar side chain to cefadroxil and cepha-
lexin (similar but not identical). In comparison, penicillin G 
shares an identical R1-group side chain to cephalothin and 
cefoxitin (Trubiano and Phillips, 2013). Patients who are 
anaphylactic to penicillin G should generally avoid AMP–
AMOX until formal allergy testing is undertaken to accu-
rately clarify their allergy. However, when AMP or AMOX is 
considered the drug of choice for the treatment of a severe 
infection, consideration of their use can be entertained under 
carefully controlled conditions, with reports of success in 
some cases (Petheram and Boyce, 1976). Recent studies sug-
gest that patients who are allergic to amoxicillin-clavulanic 
acid (AMOX-C) should be tested for allergy to both AMOX 
and AMOX-C because some patients with AMOX-C allergy 
may have a positive skin test reaction to only the AMOX-C 
component (Confino-Cohen et al., 2016).

Rashes due to AMP are more common than with other 
penicillins, but most of these may not be due to true penicil-
lin hypersensitivity. In two large surveys, the risk of an AMP 
rash was estimated as 7.7% and 7.3%, compared with 2.75% 
with other penicillins (Shapiro et al., 1969; Collaborative Study 
Group, 1973). The Boston Collaborative Drug Surveillance 
Program detected a somewhat lower occurrence of rashes 
(5.2% of 2988 patients), but other possible causes of rashes in 
AMP-treated patients were more carefully excluded (Arndt 
and Jick, 1976). The frequency of these rashes may be related 
to the dose of the drug (Bass et al., 1973; Collaborative Study 
Group, 1973). About 20% of patients developed a rash when 



116 Ampicillin and Amoxicillin

large doses of AMP were used for treatment of Salmonella 
infections (Sleet et al., 1964). Also, rashes are more common 
in patients with renal failure treated by usual AMP doses, 
which result in high serum concentrations of the drug (Lee 
and Hill, 1968).

AMP rashes are not always urticarial, but may be macu-
lar eruptions resembling measles or rubella. They frequently 
appear 4–5 days after initiation of therapy (Stevenson and 
Mandal, 1966), usually without other associated signs of 
allergy, and they may intensify, but often subside if treatment 
is continued. Some patients with macular rashes have nega-
tive skin tests to AMP and to the major and minor penicillin 
antigenic determinants; these appear to be specific to AMP 
and do not indicate true penicillin hypersensitivity (Kerns 
et al., 1973; Collaborative Study Group, 1973; see Chapter 3, 
Chapter 3, Benzylpenicillin (penicillin G), section 6, Adverse 
reactions and toxicity).

AMOX has a similar propensity to cause rashes as AMP 
(ADRAC, 1978; Porter and Jick, 1980). The UK Commission 
for Human Medicines and Healthcare Products Regulatory 
Agency Yellow Card Scheme received 4333 reports of sus-
pected adverse drug reactions to AMOX between 1972 and 
2007; 8 were fatal cases of anaphylaxis, 5 afer i.v. administra-
tion of the antibiotic (Lee and Shanson, 2007). Martin et al. 
(1992) reported six patients who experienced anaphylactic 
reactions after treatment and challenge with AMOX, but who 
tolerated parenteral challenges with penicillin G, aztreonam, 
and ceftazidime. Results of skin tests for AMOX were posi-
tive in four of the six patients. Skin tests for penicillin G were 
negative in all. 

Recent studies suggest that a graded oral provocation chal-
lenge is reasonably accurate for the diagnosis of immediate 
and nonimmediate reactions to AMOX in children (Mill et 
al., 2016; Kelso, 2016).

6b.  Rashes associated with EBV and CMV 
infection

Rashes are very common in patients with infectious mono-
nucleosis (IM) who are given AMP–AMOX (Fox et al., 2015). 
A small percentage of IM patients develop a rash without a 
history of prior drug therapy, but it has been estimated that 
65–95% of them will develop a rash if they are given AMP 
(Pullen et al., 1967; Lund and Bergan, 1975). This sensitivity 
to AMP of patients with IM is temporary because rashes do 
not recur if patients are given AMP when they have recov-
ered from the disease (Nazareth et al., 1972; Lund and Bergan, 
1975). The IM-like disease due to cytomegalovirus also pre-
disposes patients to AMP rashes (Klemola, 1970). The risk of 
developing an AMP rash is very high (90%) in patients with 
lymphatic leukemia, and it is also increased in those with 
reticulosarcoma and other lymphomas (Potter, 1972). Because 
of these associations, AMP rashes may be due to a toxic 
mechanism associated with abnormal lymphocytes, rather 
than due to hypersensitivity. Patients with IM do not produce 
AMP-specific IgM, IgG, or IgE antibodies after intradermal 

testing with AMP, which is further evidence that these rashes 
are not due to hypersensitivity (Kluge et al., 1982). There 
are other interesting associations with AMP rashes; they are 
more common in females and in patients with hyperurice-
mia receiving concurrent allopurinol therapy and if the drug 
is given for a viral rather than a bacterial infection (BCDS, 
1972; Collaborative Study Group, 1973).

Rashes due to AMOX are common in patients with IM, 
and in this respect the drug appears to have the same pre-
dilection to cause rashes as AMP (Mulroy, 1973; ADRAC, 
1978). Drug-specific sensitization to AMOX in a lymphocyte 
transformation test was observed in three patients suffering 
from IM, two of whom showed a side chain–specific sensiti-
zation to AMOX and AMP (Renn et al., 2002). In a recent 
retrospective study of all hospitalized children diagnosed as 
having serologically proven acute infectious mononucleosis 
in two pediatric tertiary medical centers in Israel, 173 of the 
238 children who met the study entry criteria were treated 
with antibiotics, of whom, 57 (32.9%) had a rash during their 
illness compared with 15 (23.1%) in untreated patients (p = 
0.16). AMOX was associated with the highest incidence of 
antibiotic-induced rash occurrence (29.5%, 95% confidence 
interval (CI): 18.52–42.57), but significantly lower than the 
90% rate reported for AMP in past studies. Age, gender, eth-
nicity, and atopic or allergic history were not associated with 
the development of rash after antibiotic exposure. Thus the 
incidence of rash in pediatric patients with acute IM after 
treatment with oral AMOX appeared to be much lower than 
previously reported (Chovel-Sella et al., 2013).

6c.  Gastrointestinal side effects

Oral or, less commonly, parenteral AMP therapy can cause 
nausea and diarrhea, but these are usually not serious (Bass 
et al., 1973). In one study of children, the severity of diarrhea 
was such that 85 (8%) of all orally treated and 3% of all 
i.v.-treated patients required discontinuation of AMP or the 
use of antidiarrhea drugs (Phillips et al., 1976). AMP-induced 
diarrhea appeared to be more common in younger children. 
In another study of children treated for otitis media, AMP 
oral suspension caused diarrhea more frequently than AMOX 
or cotrimoxazole suspensions (Feder, 1982). In adults, diar-
rhea may occur in 5–20% of treated patients and is probably 
more common in older age groups (Gurwith et al., 1977; Lusk 
et al., 1977).

AMP therapy has been associated with C. difficile infec-
tion (Keating et al., 1974; Fekety and Shah, 1993; Mylonakis 
et al., 2001; Oldfield, 2004; Owens et al., 2008). In one study, 
diarrhea was noted in 62 (18%) of 343 clindamycin-treated 
patients, but in only 16 (5%) of 315 AMP-treated patients; 
pseudomembranous colitis occurred in 7 (2%) of the clinda-
mycin-treated patients, but in only one (0.3%) of those treated 
by AMP (Gurwith et al., 1977). A child with AMP-associated 
colitis has been reported, in whom a toxigenic C. perfringens 
type C strain was implicated (Schwartz et al., 1980). Some 
patients taking AMP or other penicillins develop bloody 
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diarrhea, without characteristic changes of pseudomembra-
nous colitis (Toffler, 1978).

Similar to AMP, oral AMOX can cause nausea, epigastric 
discomfort, and diarrhea; however, these symptoms are not 
usually severe. AMOX, because of its better absorption, 
appears to cause these side effects less commonly than AMP; 
the reported frequency of diarrhea after AMOX treatment is 
about 2% (Knudsen, 1977). In one study of 263 children with 
otitis media, AMP produced diarrhea more frequently than 
AMOX (Feder, 1982). Pseudomembranous colitis can occur 
with AMOX and has been associated with fatalities (Simila 
et al., 1976; Richardson et al., 1981).

6d.  Hepatic damage

AMP, like other penicillins, can cause liver injury including 
cholestatic hepatitis (Koklu et al., 2003). However, the risk of 
liver toxicity appears to be much greater with amoxicillin- 
clavulanic acid than with AMOX alone (Leise et al., 2014; 
Andrade and Tulkens, 2011). In a long-term follow-up of 
patients who had idiosyncratic drug-induced liver toxicity 
from a wide variety of agents reported to the Swedish Adverse 
Drug Reaction Advisory Committee (1970–2004), few long-
term sequelae were noted (Björnsson and Davidsdottir, 2009).

6e.  Nephropathy

A number of anecdotal case reports indicate that AMP is an 
uncommon cause of renal damage. One case of interstitial 
nephritis, which immediately followed a small dose of AMP, 
has been reported (Tannenberg et al., 1971). Azotemia did 
not occur, but the other clinical, histologic, and immuno-
logic features were similar to those of methicillin nephritis 
(see Chapter 6, Methicillin). Maxwell et al. (1974) described 
another patient with AMP-induced interstitial nephritis in 
whom the large dose of the drug used (200 mg/kg/day) was a 
probable factor. Lee and Hill (1968) observed three patients 
with renal failure who, after a severe cutaneous AMP hyper-
sensitivity reaction, developed further permanent deteriora-
tion in renal function. Two other patients developed acute 
renal failure due to interstitial nephritis in association with 
a hypersensitivity reaction to AMP (Ruley and Lisi, 1974; 
Woodroffe et al., 1975). One patient developed severe dysen-
tery, polyarthritis, purpuric rash, and glomerulonephritis, 
characteristic of the Henoch–Schönlein purpura syndrome, 
while taking oral AMP. He slowly recovered after the drug 
was stopped (Beeching et al., 1982). A case of macroscopic 
AMOX crystalluria has been reported in a patient with 
S.  agalactiae endocarditis who was treated with high-dose 
AMOX (200 mg/kg per day) plus gentamicin (240 mg once 
daily) who had impaired renal function (Hentzien et al., 2015). 

A recent large case series of biopsy-proven acute intersti-
tial nephritis, 1993–2011, found that about 70% were due to 
drugs, of which 49% were linked to antibiotics, 14% proton- 
pump inhibitors, and 11% nonsteroidal anti-inflammatory 
drugs. Overall, the top three drug causes were omeprazole 

(12%), AMOX (8%), and ciprofloxacin (8%). Patients with 
drug- induced compared to non-drug-induced AIN were 
older and had higher baseline kidney function but more 
severe acute kidney injury (Muriithi et al., 2014). AMOX-
associated renal toxicity also appears to be rare in children. 
In a retrospective review (2004–2008) of children younger 
than 6 years treated with AMOX for various reasons, a total 
of 14,717 cases were assessed. Overall, the rate of renal toxic-
ity was very rare and did not seem to be dose related (Mrvos 
et al., 2013).

6f.  Hematologic side effects

Similar to penicillin G, AMP–AMOX, if administrated in 
large doses i.v., can cause neutropenia, and this is more likely 
to occur in patients with preexisting liver disease. Agranu-
locytosis with monohistiocytosis has been described in one 
patient in association with AMP therapy (Graf and Tarlov, 
1968). Severe acute thrombocytopenia with bleeding occurred 
in one patient receiving AMP and no other agents could be 
implicated (Brooks, 1974). With high doses of the drug, there 
is a tendency for red cells to become coated with AMP and a 
Coombs-positive hemolytic anemia may be a sequel, as with 
penicillin G (see Chapter 3, Benzylpenicillin (penicillin G)).

Pancytopenia has been described in one elderly man who 
was treated with AMOX and cotrimoxazole. The results of 
bone marrow culture studies indicated that AMOX was 
directly toxic to the bone marrow (Irvine et al., 1985). Large 
doses of i.v. AMOX, similar to other beta-lactam antibiotics, 
can cause neutropenia.

A case of AMOX-induced nonimmune hemolytic anemia 
has been described in a 3-year-old child with glucose-6- 
phosphate isomerase (GPI) deficiency. The acute hemolytic 
phase ended spontaneously 8 days after AMOX withdrawal. 
It was thought that the GPI deficiency resulted in impair-
ment of the system that removes free radicals generated by 
AMOX, thereby resulting in oxidation of hemoglobin and 
destabilization of red cell membranes, with acute hemolysis 
and severe hemoglobinuria (Rossie et al., 2010). 

6g.  Encephalopathy

Convulsions may be anticipated with very large doses of 
i.v. AMP, particularly if serum levels reach 800 µg/ml. This 
threshold concentration for convulsions is higher than that 
for penicillin G. AMP may cause convulsions when admin-
istered in ordinary doses, such as 2 g daily, if it is given to 
patients prone to seizures, such as those with head injuries or 
idiopathic epilepsy (Serdaru et al., 1982). Encephalopathy may 
also occur if large doses of AMOX are given intravenously.

7. CLINICAL USES OF THE DRUG

AMP–AMOX remains a very effective agent for a wide vari-
ety of susceptible infections. However, in many countries, 
AMP has been replaced by AMOX for the treatment of many 
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infections, especially if oral therapy is required due to the 
more reliable absorption of oral AMOX. 

7a.  Group A streptococcal pharyngitis

Studies have shown that AMOX is as efficacious as, and may 
be superior to, penicillin V in the treatment of group A strep-
tococcal pharyngitis (Gopichand et al., 1998; Curtin-Wirt 
et al., 2003). The superior efficacy may be due to inadequate 
doses of penicillin V to achieve effective tissue concentrations. 
AMOX given once daily is as effective as AMOX admin-
istered twice daily (Clegg et al., 2006) for the treatment of 
group A streptococcal pharyngitis and is of equal efficacy as 
twice daily phenoxymethylpenicillin for this indication 
(Lennon et al., 2008). However, AMOX should generally not 
be used for pharyngitis or tonsillitis unless infectious mono-
nucleosis has been excluded, due to the enhanced risk of rash 
(see section 6, Adverse reactions and toxicity).

7b.  Otitis media and sinusitis

AMOX has replaced AMP for the treatment of otitis media 
and sinuitis. AMOX is commonly used to treat middle ear 
infections, which are usually caused by pneumococci and/or 
H. influenzae. However, antibiotics are not necessary to 
treat most cases of otitis media, which is often self-limiting 
(Damoiseaux et al., 2000). In a randomized, double-blind, 
placebo-controlled trial of AMOX in children aged 6 months 
to 5 years of age, 92.8% of the children responded satisfacto-
rily to AMOX compared with 84.2% of the children receiving 
placebo (Le Saux et al., 2005). A recent Cochrane review 
concluded that antibiotics are most useful in children under 
2 years of age with bilateral otitis media or with otitis media 
and otorrhea. For most other children with mild disease, an 
expectant observational approach seemed justified (Vene-
kamp et al., 2015). 

Another Cochrane review compared the effectiveness of 
one or two daily doses with three or four daily doses of AMOX, 
with or without clavulanate, for the treatment of acute otitis 
media (AOM) in children and assessed complication rates 
and adverse reactions. The review assessed five studies (1601 
children) and concluded that if treatment was required, that 
using once or twice daily doses of AMOX, with or without 
clavulanate, were comparable with three doses for the treat-
ment of AOM (Thanaviratananich et al., 2013). The topic of 
AOM has been reviewed by a number of authors, and the 
updated American Academy of Pediatrics Guidelines for 
the  diagnosis and management of acute otitis media have 
recently been published (Coker et al., 2010; Pichichero, 2013; 
Siddiq and Grainger, 2015).

AMOX is used widely for the treatment of acute sinus-
itis, which can be caused by pneumococci, H. influenzae, or 
anaerobic bacteria (Varonen et al., 2007). However, a meta- 
analysis has shown that, at least in adults, symptomatic relief 
without antibiotics is generally sufficient for the treatment 
of rhinosinusitis (Young et al., 2008). Antibiotics, including 
AMOX, may be required in selected patients only.

7c.  Urinary tract infections

Acute, uncomplicated urinary tract infections caused by 
E. coli and P. mirabilis usually respond to AMP if the infect-
ing organism is susceptible. The drug is also useful for the 
treatment of E. faecalis infections. High concentrations of 
AMP are attained in urine, and treatment is sometimes suc-
cessful despite the demonstrations of in vitro resistance of 
the causative organism.

AMOX has largely replaced AMP for the treatment of uri-
nary tract infections and is now widely used. However, the 
emergence of resistance among causative organisms has led 
to a decrease in its usefulness for this indication. In women 
with infections restricted to the bladder, a single AMOX dose 
of 3 g appeared to be just as effective as a 14-day course of 
250 mg given three times a day (Fang et al., 1978; Savard-
Fenton et al., 1982; Tolkoff-Rubin et al., 1984; Naber, 1989). 
However, a more recent study in children reported that 
single- dose AMOX was inadequate for uncomplicated cys-
titis in childhood (Tran et al., 2001). A Cochrane review of 
antibiotic treatment of symptomatic lower urinary tract 
infection in elderly women found that single-dose therapy is 
less effective but better accepted by patients, than longer 
treatment (3–14 days) courses (Lutters and Vogt-Ferrier, 
2002). Another Cochrane database systematic review (Michael 
et al., 2003) concluded that a 2- to 4-day course of oral anti-
biotics (including AMOX regimens) appeared to be as effec-
tive as a 7- to 14-day treatment in eradicating lower urinary 
tract infection in children. An earlier study in children, 
however, had found that long-course therapy (7–14 days) 
was superior to short-course treatment (< 3 days) (Keren and 
Chan, 2002).

AMOX-resistant E. coli strains and other Enterobacteri-
aceae are prevalent, even in community-acquired infections 
(see section 2, Antimicrobial activity), and therefore many 
now prefer drugs other than AMOX for the treatment of uri-
nary tract infections. However, if the causative organism is 
AMOX susceptible, AMOX is an effective and safe antibiotic 
for the treatment of urinary tract infections in children and 
adults, including pregnant women. The outpatient manage-
ment of UTI has recently been reviewed (Grigoryan et al., 
2014).

7d.  Respiratory tract infections

Pneumococcal lobar pneumonia responds to AMP–AMOX, 
but penicillin G is often as effective. AMP should not be 
used alone for life-threatening forms of pneumonia in which 
the bacteriologic cause cannot be immediately determined 
because it is ineffective against many of the other pathogens 
that can cause serious pneumonia, such as legionella and 
S. aureus.

AMOX is recommended for the treatment of uncompli-
cated mild community-acquired pneumonia (CAP) in out-
patient and inpatient adults with low severity infection (e.g. 
CURB65  =  0–1) or in combination with a macrolide for 
moderate severity infection (e.g. CURB65  =  2) in the British 
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Thoracic Society guidelines (Lim et al., 2009) and in chil-
dren (Harris et al (2011). The Infectious Diseases Society of 
America recommends AMOX monotherapy for only out-
patients, although the combination of AMOX plus a macro-
lide or doxycycline for treatment of atypical organisms is an 
option for patients requiring hospital admission (Mandell et 
al., 2003). A comparison of oral AMOX and intravenous 
penicillin for CAP in children concluded that both were 
equally efficacious (Atkinson et al., 2007). Similarly, a large 
clinical study by Charles et al. (2008) in Australia suggested 
that penicillin G or AMOX, in combination with a macrolide 
or doxycycline, was likely to be effective in the vast majority 
of cases of CAP, regardless of whether the illness was due to 
intermediate penicillin-resistant pneumococci. A number 
of PK/PD studies of CAP support the recommended dosing 
recommendations for this indication. In a study of Japanese 
patients with CAP, the authors found most patients achieved 
AMP concentrations exceeding the MIC of identified patho-
gens for at least half of the dosing interval (Soto et al., 2014). 
Similar results were observed in a European study of CAP in 
elderly patients, although when a higher target of four times 
the MIC for 50% of the dosing interval was assessed, achieve-
ment of the target reduced to about 50% of patients with rou-
tine dosing (Majcher-Peszynska et al., 2014).

A recent large European study of adults with acute lower 
respiratory tract infections (cough of ≤ 28 days’ duration) 
in whom pneumonia was not suspected, randomly assigned 
(1:1) patients to either AMOX 1 g three times a day for 7 days 
(1038 patients) or placebo (1023 patients). Neither duration 
of symptoms rated “moderately bad” or worse (hazard ratio 
(HR): 1.06; p = 0.229) nor mean symptom severity (1.69 with 
placebo vs. 1.62 with AMOX; difference −0.07; p = 0.074) dif-
fered significantly between groups. New or worsening symp-
toms were significantly less common in the AMOX group 
than in the placebo group (15.9% vs. 19.3%; p = 0.043; num-
ber needed to treat 30). However, cases of nausea, rash, or 
diarrhoea were significantly more common in the AMOX 
group than in the placebo group (number needed to harm 
21; p = 0.025), and one case of anaphylaxis was noted with 
AMOX. Overall, the authors concluded that when pneumo-
nia is not suspected clinically, AMOX provides little benefit 
for acute lower respiratory tract infection in primary care 
both overall and in patients aged 60 years or more and may 
cause slight harm in some cases (Little et al., 2013).

WHO (1991) guidelines for the management of children 
with severe pneumonia (principally in developing coun-
tries) recommend referral to the hospital for parenteral anti-
biotic therapy. A study reported that injectable AMP plus 
gentamicin was superior to injectable chloramphenicol for 
community-acquired severe pneumonia in children aged 
2–59 months in low-resource settings (Asghar et al., 2008). A 
study of children with severe pneumonia in Pakistan showed 
that home therapy with high-dose (80–90 mg/kg/day) oral 
AMOX was equivalent to hospital admission and inject-
able AMOX (Hazir et al., 2008). A recent Cochrane review 
assessed the effectiveness and safety of antibiotics in prevent-
ing bacterial complications in children aged 2–59 months 

with undifferentiated acute respiratory infections (ARIs). 
Among the four studies reviewed (1314 children), three inves-
tigated the use of amoxicillin/clavulanic acid to prevent otitis, 
and the other investigated AMP to prevent pneumonia. AMP 
compared to supportive care (continuation of breastfeeding, 
clearing of the nose and paracetamol for fever control) to 
prevent pneumonia showed a risk ratio (RR) of 1.05 (95% CI 
0.74–1.49; 889 selected children, moderate-quality evidence); 
the trial was nonblinded and reporting bias could not be 
ruled out. Overall the authors found insufficient evidence for 
antibiotic use as a means of reducing the risk of otitis or 
pneumonia in children up to 5 years of age with undifferen-
tiated ARIs (Alves Galvão et al., 2016).

Acute exacerbations of chronic bronchitis (AECB) are gen-
erally caused by H. influenzae and/or S. pneumoniae. Many 
infections are self-limiting, although bronchodilator drugs 
may be of value in hastening recovery. The place of antibiotics 
in the management of AECB is debatable, treatment outcome 
being related as much to patient host factors (age, cardiovas-
cular status, etc.) than to antibiotic choice (Dewan et al., 
2000). There is general acceptance that high-risk patients—
that is, those with adverse prognostic factors (age, impairment 
of lung function, comorbid conditions)—should receive anti-
microbial agents for purulent exacerbations (Sharma and 
Anthonisen, 2005). Staging systems have been devised to 
identify at-risk patients (Celli et al., 2005). For the treat-
ment of AECB, AMOX has been regarded as superior to 
AMP because it penetrates into bronchial secretions to a 
greater extent (May and Ingold, 1972; May and Ingold, 1974). 
However, it has also been shown that some AMOX may be 
inactivated in the bronchial secretions, probably by beta- 
lactamases, and that doses higher than 500 mg orally every 
8 hours may sometimes be necessary for successful therapy 
(Hill et al., 1992). A regimen of AMOX 3 g orally twice daily 
has been advocated for patients producing large volumes of 
purulent sputum, especially if H. influenzae is involved (Cole 
et al., 1983). Patients with chronic bronchitis treated with 3 g 
twice daily for 3 days were compared with others treated 
with 500 mg every 8 hours for 7 days. The outcome in the two 
groups was similar (Bennett et al., 1988). AMOX 1 g twice 
daily was as effective as 500 mg three times a day in AECB 
(Georgopoulos et al., 2001). For most patients, however, the 
lower dose of 250 mg three or four times daily is sufficient 
(Anthonisen et al., 1987), and others have also found that 
AMOX and AMP are about equally effective in treating AECB 
(Mackay, 1980). A 2008 meta-analysis of double-blind stud-
ies of short-dose antibiotic treatment of AECB has confirmed 
that a short course (up to 5 days) is as effective as longer 
courses of therapy (El Moussaoui et al., 2008).

7e.  Infective endocarditis

Guidelines on the treatment of endocarditis from the Amer-
ican Heart Association (Baddour et al., 2015), and the Euro-
pean Guidelines group (Habib et al., 2015) now recommend 
that the treatment of E. faecalis endocarditis can be with 
the  combination of intravenous AMP–AMOX plus either 



120 Ampicillin and Amoxicillin

Table 5.4. Ampicillin–amoxicillin regimens used in endocarditis prophylaxis

Procedures and Conditions requiring prophylaxis Antibiotic prophylaxis regimen

USAa and Australianb guidelines

Cardiac conditions considered high-risk for all procedures 
•  Prosthetic valve or prosthetic material use for valve repair
•  Previous infective endocarditis
•  CHD consisting of (1) unrepaired cyanotic CHD, (2) repaired CHD with 

prosthetic material in the first 6 months after the procedure, or (3) repaired 
CHD with residual defects or adjacent to a prosthetic patch or device 
inhibiting endothelialization

•  Postcardiac transplant valvulopathyc

•  Rheumatic heart disease in high-risk patientsd

Dental procedures involving manipulation of gingival tissue or periapical region 
of teeth or perforation of oral mucosae

Oral regimen (1 hour before procedure) 
AMOX 2 g orally
PCN allergy, nonanaphylactic: cephalexin 2 g 
PCN allergy, anaphylactic: clindamycin 600 mg orf 

azithromycin 500 mg

Intravenous regimen (1 hour before procedure or at 
induction of anaesthesia)

AMP-AMOX 2 g 
PCN allergy: clindamycin 300 mgg orh cefazolin 2 g 

within 1 hour before procedure 

Intramuscular regimenh

AMP–AMOX 2 g 30 minutes before procedure

Respiratory procedures involving incision or biopsy or respiratory mucosai As for dental procedures

Procedures involving skin, skin structures, or musculoskeletal tissuej Oral regimen (1 hour before procedure) 
Antistaphylococcal PCN (e.g. dicloxacillin) or 

cephalexin 2 g 
PCN allergy, anaphylactic or MRSA coverage: 

clindamycin 600 mg

Intravenous regimen (1 hour before procedure or at 
induction of anaesthesia)

Cefazolin 2g within 1 hour before procedure
PCN allergy, anaphylactic or MRSA coverage: 

clindamycin 300 mg or vancomycin

Genitourinary, gastrointestinal, or obstetric/gynecologic procedures Prophylaxis for IE not recommended 

British guidelines

British Society for Antimicrobial Chemotherapyk

Cardiac conditions considered high risk for dental procedures 
•  Previous endocarditis
•  Cardiac valve replacement surgery
•  Surgically constructed systemic or pulmonary shunt or conduit

Dental procedures requiring dentogingival manipulation Oral regimen (1 hour before procedure) 
AMOX 3 g orally
PCN allergy: clindamycin 600 mg, or azithromycin 

500 mg

Intravenous regimen (1 hour before procedure or at 
induction of anaesthesia)

AMOX 1 g 
PCN allergy: clindamycin 300 mg 

Additional cardiac conditions considered high-risk for GI and urological 
procedures

•  Complex left ventricular outflow abnormalities, including aortic stenosis and 
bicuspid aortic valves

•  Acquired valvulopathy
•  Mitral valve prolapse with echocardiogram documentation of substantial 

leaflet pathology and regurgitation
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low-dose gentamicin or ceftriaxone. See Table 3.10, for a 
detailed summary of the various endocarditis treatment 
protocols involving these agents. The combination of AMP–
AMOX plus ceftriaxone has been shown to be effective in 
two cohort studies with cure rates equivalent to those of the 
combination of AMP–AMOX plus aminoglycosides (Gavalda 
et al., 2007; Fernandez-Hidalgo et al., 2013). Of note, the 
combination of penicillin G and ceftriaxone is not recom-
mended in US guidelines because it has not been evaluated. 
The European guidelines do not make this qualification but 
specify AMP; whereas the Australian guidelines simply rec-
ommend replacement of gentamicin with ceftriaxone for 
combination therapy with either Pen G or AMP, noting that 
the evidence for ceftriaxone substitution is based on two non-
randomized trials and the in vitro synergistic effect of AMOX 
with broad-spectrum cephalosporins against E. faecalis, but 
not against other enterococcal species such as E. faceium 
(Antibiotic Expert Group, 2014; Baddour et al., 2015, Habib 
et al., 2015). 

AMOX has been recommended as a prophylactic agent 
for the prevention of endocarditis. Various regimens and indi- 

cations from the USA and UK are summarized in Table 5.4. 
AMOX has been shown to reduce the incidence of bacteremia 
associated with dental procedures (Lockhart et al., 2004). As 
a consequence, AMOX in a single dose of 2 or 3 g, given 1 hour 
before surgery, has been recommended as preoperative pro-
phylaxis for patients with certain heart valve lesions under-
going dental procedures (Dajani et al., 1997). However, recent 
publications have cast doubt on the necessity for this in all 
cases (Gould et al., 2006; Wilson et al., 2007). It is now rec-
ommended in these publications that prophylaxis is given only 
to high-risk patients, Although high-risk conditions are not 
the same in the different guidelines (Table 5.4). Endo carditis 
prophylaxis has been further complicated in the UK by the 
publication in 2008 of guidelines from the National Institute 
for Health and Clinical Excellence (2008), which in effect vir-
tually suggest an end to endocarditis prophylaxis, although it 
does identify patients at increased risk of endocarditis similar 
to those listed earlier. The guidelines no longer recommend 
prophylaxis for dental or respiratory procedures and only for 
gastrointestinal and genitourinary procedures when there is 
suspected coexisting infection at the site of the procedure. 

Procedures and Conditions requiring prophylaxis Antibiotic prophylaxis regimen

Gastrointestinal procedures (see footnote l for specifics) AMOX 1g i.v. just before procedure + gentamicin 1.5 
mg/kg i.v.

PCN allergy: teicoplanin 400 mg i.v. + gentamicin 
1.5mg/kg i.v.

Urological procedures (see footnote m for specifics) As for GI procedures

Gynecological and obstetric procedures: vaginal hysterectomy, caesarean 
section

As for GI procedures

Respiratory tract procedures (see footnote n for specifics) As GI procedures, except
Nasal packing or intubation: flucloxacillin 1 g i.v., or if 

PCN allergy: clindamycin 300 mg i.v.

NICE guidelineso 
All procedures Prophylaxis for IE not recommended

a Wilson et al. (2007).
b Antibiotic Expert Group (2014).
c Australian guidelines suggest consulting a cardiologist regarding need for prophylaxis in postcardiac transplant patients to determine if they are at high risk. 
d Rheumatic heart disease is included in the Australian guidelines, but not the US guidelines.
e Australian guidelines specify the following dental procedures as always requiring prophylaxis: dental extraction; periodontal procedures including surgery, 

subgingival scaling, and root planning; replanting avulsed teeth; other surgical procedures (e.g. apicoectomy). The following circumstances may require pro-
phylaxis if multiple procedures are being conducted or if the procedure is prolonged or there is periodontal disease: full periodontal probing if periodontitis 
is present, intraligamentary and intraosseous local anaesthetic injection, supragingival calculus removal/cleaning, rubber dam placement with clamps (when 
there is a risk of damaging gingiva), restorative matrix band/strip placement, endodontics beyond the apical foramen, placement of orthodontic bands or 
interdental wedges, and subgingival placement of retraction cords, antibiotic fibers, or strips.

f US guidelines only.
g Australian guidelines recommend clindamycin 600 mg i.v.
h Australian guidelines only.
i In addition, the Australian guidelines also specify the following procedures: invasive ear/nose/throat or respiratory tract procedure to treat an established 

infection (e.g. drainage of abscess), tonsillectomy, and/or adenoidectomy .
j US guidelines only; Australian guidelines recommend routine surgical prophylaxis consistent with the surgical procedure.
k Gould et al. (2012).
l Specific procedures are esophageal varices sclerotherapy, esophageal stricture dilatation, esophageal laser therapy, hepatobiliary operations, ERCP, gallstone 

lithotripsy, surgical procedures involving the intestinal mucosa; Also, esophageal varices banding, upper endoscopy, sigmoidoscopy, colonoscopy, percutane-
ous endoscopic gastrostomy, transesophageal echo, barium enema, proctoscopy, and liver biopsy if patient has a high risk for dental procedures condition.

m Specific procedures include cystoscopy, urethral dilatation, and transurethral prostate resection or biopsy 
n Specific procedures include tonsillectomy/adenoidectomy, surgical procedures on the upper respiratory tract, nasal packing and nasal intubation, cosmetic 

piercing of tongue. or procedures involving oral mucosa.
o NICE (2008, updated 2016).
Abbreviations: CHD: congenital heart disease; IE: infective endocarditis; PCN: penicillin. 
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A recent UK study assessed the incidence and nature of 
adverse reactions to AMOX and clindamycin prophylaxis given 
before dental procedures to prevent infective endocarditis. 
Prescribing data were obtained for England from January 2004 
to March 2014 from the NHS Business Services Authority 
and data for adverse drug reactions were obtained from the 
Medicines and Healthcare Products Regulatory Agency’s 
Yellow Card reporting scheme for prescriptions of the stan-
dard protocol of a single AMOX 3-g oral dose or a single 
clindamycin 600-mg oral dose of clindamycin (for those 
allergic to penicillin). The reported adverse drug reaction 
rate for AMOX was 0 fatal reactions/million prescriptions 
(actually, results were 0 fatal reactions for nearly 3 million 
prescriptions) and 22.62 nonfatal reactions/million prescrip-
tions. For clindamycin, it was 13 fatal and 149 nonfatal reac-
tions/million prescriptions. Most clindamycin adverse drug 
reactions were Clostridium difficile infections. The authors 
concluded that antibiotic prophylaxis adverse drug reactions 
were low, particularly for AMOX, and lower than previous 
estimates. However, the significant rates of fatal and nonfatal 
adverse drug reactions associated with clindamycin were of 
more concern; the rates were higher than expected but simi-
lar to those for other doses, durations, and routes of clinda-
mycin administration (Thornhill et al., 2015).

AMP–AMOX, sometimes in combination with gentami-
cin, has been recommended for endocarditis prophylaxis in 
patients at risk of endocarditis undergoing genitourinary, gas-
trointestinal, respiratory, or obstetric/gynecologic procedures 
(Gould et al., 2006). Patients who are allergic to penicillin 
should be given vancomycin or teicoplanin, plus gentamicin.

7f.  Neonatal septicemia

AMP or AMOX is used for the treatment of suspected neo-
natal septicemia because they are active against group B 
streptococci, L. monocytogenes, E. faecalis, and P. mirabilis. In 
neonates, they are usually combined with either gentamicin 
or amikacin, to provide treatment for AMP-resistant Gram-
negative bacilli, such as E. coli, Klebsiella spp., and P. aerugi
nosa (Kaplan et al., 1974; McCracken and Eichenwald, 1974).

7g.  Dental infections

AMOX is commonly used to treat intraoral infections. A 
combination of AMP and metronidazole proved effective in 
the treatment of periodontitis (Winkel et al., 2001).

7h.  Group B streptococcal infections

Women who have had group B streptococci cultured from 
urine during pregnancy should be given i.v. intrapartum pro-
phylaxis with penicillin, or AMP–AMOX (MMWR, 2002). 
For a detailed discussion regarding prophylaxis against S. 
agalactiae in pregnancy, see Chapter 3, Benzylpenicillin 
(penicillin G), section 7, Clinical uses of the drug. It is impor-
tant that intrapartum exposure to AMOX is not associated 
with any increased risk of beta-lactam (or AMOX) allergy in 

the neonate. In an interesting study, May et al. (2016) under-
took a retrospective chart review of all children born in 2007 
at a US tertiary care hospital, as well as information on GBS 
status of the mother, intrapartum antibiotic exposure, deliv-
ery mode, and birth order. Of 927 children identified, 804 
were included in the cohort. A total of 80 children (10%) 
had a reported penicillin allergy; most were white (79%) and 
boys (61%). Intrapartum exposure to penicillin (OR: 0.84; 
95% CI: 0.45–1.57; p = 0.59) or to AMOX or AMP (OR: 0.22, 
95%; CI: 0.01–3.71, p = 0.29) did not increase the subsequent 
risk of penicillin allergy in children. No other factors evalu-
ated affected the risk of penicillin allergy in children. This is 
notable, because it appears to be the first study to evaluate 
intrapartum exposure to penicillin for GBS treatment and 
subsequent development of penicillin allergy in the child (May 
et al., 2016).

7i.  Typhoid fever and other Salmonella 
infections

AMP is not as effective as chloramphenicol for the treatment 
of typhoid fever; defervescence is slower and some severe 
cases fail to respond to AMP, whereas response to chloram-
phenicol is uniformly good (Manriquez et al., 1965; Sanders, 
1965; Snyder et al., 1976). In addition, positive stool cultures 
persist longer in AMP-treated patients than in those treated 
by chloramphenicol (Snyder et al., 1976). Chloramphenicol 
is also superior to AMP for the treatment of paratyphoid 
fever, even when relatively large doses of AMP (6 g/day in 
adults) are used (Sleet et al., 1964). Therefore, in most parts 
of the world, chloramphenicol was formerly preferred to 
AMP for the treatment of typhoid and paratyphoid fevers 
(Svenungsson, 1982).

AMOX, in an oral dose of 100 mg/kg/day or 1.0 g (occa-
sionally 1.5 g) every 6 hours for adults, was a satisfactory 
treatment for typhoid fever. It cured patients with disease 
due to chloramphenicol-resistant strains, and in this respect 
it is about as effective as cotrimoxazole (Gilman et al., 1975). 
AMOX was used for 14 days to treat 30 typhoid fever patients 
who had hematologic contraindications to chloramphenicol. 
Response to treatment was satisfactory and similar to that 
of  30 other patients treated with chloramphenicol (Afifi et 
al., 1976). In a randomized clinical trial involving 124 adults 
with typhoid fever, AMOX in a dosage of 1.0 g every 6 hours 
for 14 days was as effective as treatment with chlorampheni-
col (Pillay et al., 1975). In a trial involving 155 African chil-
dren with typhoid fever, oral AMOX was slightly superior to 
chloramphenicol when assessed by clinical response, relapse 
rate, and subsequent carrier state (Scragg, 1976).

Subsequently, there has been the emergence of strains resis-
tant to chloramphenicol, AMP, and AMOX (see section 2b, 
Emerging resistance and cross-resistance), and in some parts 
of the world also to cotrimoxazole. One of the fluoroquino-
lones, such as ciprofloxacin, or a third-generation cephalo-
sporin, such as ceftriaxone, is often recommended to treat 
typhoid fever, although resistance to these agents is also 
appearing (see Chapter 101, Ciprofloxacin). The diagnosis 
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and management of Salmonella enterica infections has been 
recently reviewed by a number of authors (Butler, 2011; 
Tatavarthy et al., 2014; Crump et al., 2015). Overall, tradi- 
tional first-line drugs such as chloramphenicol, AMP, and 
trimethoprim-sulfamethoxazole are now generally ineffective, 
and fluoroquinolone resistance has emerged. The latter being 
linked to chromosomal mutations in the quinolone resistance- 
determining region of genes encoding DNA gyrase and 
topoisomerase IV and by plasmid-mediated resistance mech-
anisms. Resistance to extended-spectrum cephalosporins 
has occurred more often in nontyphoidal than in typhoidal 
salmonella strains. Where fluoroquinolone resistance is com-
mon, azithromycin appears to be effective for the manage-
ment of uncomplicated typhoid fever (Crump et al., 2015).

A recent CDC report that assessed data from the National 
Typhoid and Paratyphoid Fever Surveillance System (NTPFS) 
for a 5-year period (2008–2012) highlighted the extent of the 
current resistance problem with Salmonella spp. During the 
study period, 2341 enteric fever cases were identified (80% 
typhoid, 20% paratyphoid A), with foreign travel—especially 
to southern Asia (82% for typhoid, 97% for paratyphoid A)—
within 30 days preceding the onset of illness as reported by 
86% of patients. Among those isolates tested, resistance to 
nalidixic acid (NAL-R) increased from 2008 to 2012 (Typhi, 
60–68%; Paratyphi A, 91– 94%), with almost all isolates also 
resistant to ciprofloxacin. Resistance to at least AMP, chlor-
amphenicol, and trimethoprim-sulfamethoxazole (i.e. multi-
drug resistance) was limited to Typhi isolates, primarily 
acquired in southern Asia (13%) (Date et al., 2016).

In uncomplicated S. enteritis in normal hosts, AMP or 
AMOX is unwarranted. In prospective studies, oral antibiotic 
therapy with drugs such as AMP, AMOX, and cotrimoxazole, 
had no effect on the duration of symptoms or on the duration 
of the resultant asymptomatic Salmonella carrier state (Kazemi 
et al., 1973; Nelson et al., 1980; Yamamoto and Ashton, 1988).

Some success was obtained in the treatment of the pro-
longed S. typhi carrier state by using large doses of AMP plus 
probenecid for 1–3 months, or longer (Simon and Miller, 
1966). In carriers who have gallstones, the best results were 
obtained by a combination of biliary surgery and prolonged 
AMP administration (Dinbar et al., 1969). AMOX, in a dose 
of 2 g three times a day for 28 days, has also been shown to 
eradicate the chronic typhoid carrier state in a proportion of 
patients (Nolan and White, 1978). However, it now appears 
that fluoroquinolones, such as ciprofloxacin, are more effec-
tive in eradicating intestinal and biliary reservoirs in chronic 
carriers than previously used drugs (Asperilla et al., 1990).

7j.  Shigella infections

Shigella sonnei dysentery is frequently a self-limiting disease, 
for which rehydration is the most important measure. In con-
trast to S. enteritis, provided the strain is sensitive, AMP is of 
clinical benefit in shigellosis, both in milder cases treated as 
outpatients (Haltalin et al., 1972) and in severe S. flexneri 
infections in hospitalized children (Haltalin et al., 1967). The 
drug also reduces the duration of fecal excretion of shigellae 

(McCracken and Eichenwald, 1974). Children with shigello-
sis who are treated with AMP also absorb nutrients more 
efficiently from the bowel during the acute stage of the dis-
ease, than do untreated controls (Molla and Molla, 1991).

AMP was extensively used for the treatment of dysentery 
due to S. dysenteriae type 1 (S. bacillus) during the large 
Central American epidemic (Olarte et al., 1976) and also in 
other developing countries. In a prospective study in Ban-
gladesh, low-dose AMP therapy (50 mg/kg body weight per 
day) was compared with 150 mg/kg/day, both given for 5 days; 
this trial was carried out in both children and adults suffer-
ing from Shiga dysentery. There were no clinical failures in 
either group, but among children younger than 3 years bac-
teriologic relapses were more frequent in the low-dose group. 
The authors recommended that an AMP dose of 50 mg/kg/
day is usually sufficient, but younger children should be 
treated with a dose of 100 mg/kg/day (Gilman et al., 1980). 
In a subsequent study in Bangladesh, a single AMP dose of 
100 mg/kg was effective clinically for shigellosis in adults and 
children older than four years of age, but many patients 
remained Shigella carriers (Gilman et al., 1981). AMP has 
been compared with cotrimoxazole for the treatment of 
Shigella dysentery in Bangladesh; most infections were due 
to either S. dysenteriae type 1 or S. flexneri. Both drugs were 
effective, but symptoms such as abdominal pain, tenesmus, 
and stool blood and mucus improved more rapidly with cotri-
moxazole (Yunus et al., 1982).

AMOX is slightly less active than AMP against shigellae in 
vitro; the lack of response to AMOX may be in part due to its 
ineffective intraluminal colonic concentrations (McCracken, 
1979).

Owing to the emergence of AMP–AMOX-resistant strains 
among all Shigella spp. in various parts of the world (see sec-
tion 2b, Emerging resistance and cross-resistance), AMP–
AMOX is becoming increasingly unsuitable for the treatment 
of shigellosis. Cotrimoxazole has been a useful alternative, 
but unfortunately resistance to this drug has also emerged 
(see Chapter 92, Trimethoprim and trimethoprim-sulfame-
thoxazole (cotrimoxazole)). Fluoroquinolone drugs such as 
ciprofloxacin (see Chapter 101, Ciprofloxacin) are of value 
for the treatment of most patients with shigellosis caused by 
multiresistant strains.

7k.  Gonorrhoea

AMOX in a single dose of 3 g plus 1 g probenecid was widely 
recommended as a suitable single-dose regimen for the treat-
ment of gonorrhoea. However, it is ineffective for the disease 
caused by penicillin G–resistant strains that are either intrin-
sically resistant or beta-lactamase producers (see Chapter 3, 
Benzylpenicillin (penicillin G)). Such strains are now com-
mon in the USA, Australia, and many other countries. Intra-
muscular ceftriaxone is now most commonly recommended 
for the treatment of gonorrhoea (MMWR, 2007). In the rare 
areas where penicillin G–resistant strains of gonococci are 
still uncommon, AMOX can be used with success. The CDC 
guidelines for the treatment of gonorrhea and other STDs 
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has recently been published, as have other national guide-
lines (Bignell et al., 2011; Antibiotic Expert Group, 2014; 
Workowski et al., 2015). 

7l.  Helicobacter pylori infection

Helicobacter pylori eradication reduces the recurrence of gas-
tric and duodenal ulcers. Various regimes have been recom-
mended for eradication, including a proton-pump inhibitor, 
such as omeprazole plus clarithromycin, and either AMOX 
or metronidazole (Bayerdorffer et al., 1999; Nagahara et al., 
2004). Resistance to AMOX is generally rare (see section 2b, 
Emerging resistance and cross-resistance), but resistance to 
metronidazole and clarithromycin is common. A combination 
of furazolidone with AMOX and omeprazole has been shown 
to be effective when resistance to metronidazole is common 
(see Chapter 99, Metronidazole) (Roghani et al., 2003).

A recent meta-analysis assessed the efficacy of triple ther-
apy, including a proton-pump inhibitor (PPI) + AMOX + 
metronidazole (PAM) as first-line H. pylori therapy. Among 
the 94 studies reviewed (8061 patients), PAM was less effica-
cious than clarithromycin-including triple therapies. However, 
its efficacy was similar to that of PPI + AMOX + clarithromy-
cin when drugs were administered for 14 days. Use of 14-day, 
three-times-a-day, high-metronidazole-dose PAM treatments 
markedly increased the cure rate (Puig et al., 2016). A recent 
Cochrane review has assessed the role of sequential versus 
standard triple first-line therapy for H. pylori eradication, 
and a number of authors have summarized the emergence 
of resistance and its impact on therapy (Nyssen et al., 2016; 
Mori et al., 2016; Kim et al., 2015; Ghotaslou et al., 2015).

7m.  Pertussis

AMP may be useful for the treatment and prevention of sec-
ondary pulmonary infection in pertussis. The main factor in 
reducing the once large mortality in pertussis has probably 
been the use of antibiotics to prevent and treat secondary 
bronchopneumonia, particularly in young babies (Bennett, 
1973). AMP, similar to AMOX and other antibiotics, does not 
shorten the clinical course of whooping cough. Erythromycin, 
oxytetracycline, and chloramphenicol eliminate B. pertussis 
within a few days (presumably rendering patients noninfec-
tious), whereas AMP-treated patients have positive cultures 
for periods similar those of untreated patients (Bass et al., 
1969). For this reason, erythromycin (see Chapter 59, Erythro-
mycin) or another macrolide is generally regarded as the drug 
of choice for treatment of patients with pertussis (Bass, 1973; 
Zackrisson et al., 1983).

7n.  Lyme disease and other Borrelia 
infections

AMOX 500 mg three times daily for 14 days is effective ther-
apy for erythema migrans due to Borrelia burgdorferi as well 
as for Lyme cranial neuropathy or radiculopathy in patients 
who are unable to take tetracyclines, the preferred therapy. 

The same AMOX dosing regimen, but for 28 days, is appro-
priate therapy for the initial phase of Lyme arthritis, but gen-
erally doxycycline or ceftriaxone is preferred (Sanchez et al., 
2016). Overall, doxycycline 100 mg twice daily is the preferred 
treatment of early and milder cases of Lyme disease, with cef-
triaxone 2 g once daily required for more severe disease. The 
treatment of Lyme disease has recently been extensively 
reviewed (Sanchez et al., 2016).

Borrelia miyamotoi disease is a newly recognized borreli-
osis globally transmitted by ticks of the Ixodes persulcatus 
species complex. Similar to Lyme disease, it is successfully 
treated with either doxycycline or AMOX (Telford et al., 
2015).
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Methicillin
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1. DESCRIPTION

Methicillin was the first penicillinase-resistant semisynthetic 
penicillin to be derived from the penicillin nucleus, 6-amino-
penicillinic acid (6-APA) (Knudsen and Rolinson, 1960). 
The drug was discovered at Beecham Research Laboratories. 
Initially it was used widely, but because of its toxicity, it was 
gradually superseded by other penicillinase-resistant peni-
cillins, such as nafcillin, oxacillin, cloxacillin, dicloxacillin, 
and flucloxacillin. Methicillin is now no longer marketed for 
human use, nor is it produced commercially for testing pur-
poses. The chemical structure is shown in Figure 6.1.

2. ANTIMICROBIAL ACTIVITY

2a. Routine susceptibility

The activity of methicillin is similar to that of penicillin G 
(see Chapter 3, Benzylpenicillin (penicillin G)). Methicillin 
is active against Gram-positive bacteria and Gram-negative 
cocci, such as meningococci and gonococci. Gonococci with 
altered penicillin-binding proteins have elevated minimum 
inhibitory concentrations (MICs) to methicillin as well as 
penicillin G. 

Being both stable and active in the presence of staphylo-
coccal beta-lactamase (Rolinson et al., 1960), methicillin is 
active against penicillin G-resistant staphylococci. Stability 

of the penicillinase-resistant penicillins in the presence of 
the enzyme is one of degree. Methicillin and nafcillin are the 
most stable and they are followed closely in descending order 
of stability by dicloxacillin, oxacillin, cloxacillin, and fluclox-
acillin (Sabath et al., 1975; Basker et al., 1980). Reported 
results on such stability are conflicting, and this property is 
of doubtful clinical significance.

See Chapter 7, Isoxazolyl penicillins: oxacillin, cloxacillin, 
dicloxacillin and flucloxacillin, and Chapter 8, Nafcillin, for 
in vitro data related to antistaphylococcal penicillins.

2b.  Emerging resistance and 
cross-resistance

METHICILLIN-RESISTANT STAPHYLOCOCCUS 
AUREUS

Staphylococcal resistance to methicillin is not due to the 
destruction of the antibiotic by a bacterial enzyme such as a 
beta-lactamase, but it is acquired in a different manner. There 
is no penetration barrier to methicillin in methicillin-resis-
tant S. aureus (MRSA) strains. Instead resistance is mediated 
through the acquisition of a gene, mecA, that encodes an 
additional penicillin-binding protein (PBP), PBP2a (some-
times designated PBP2′), which performs the functions of 
PBP2, but has much lower affinity for methicillin and most 
other beta-lactams (Stapleton and Taylor, 2002). Another 
differentiating feature of PBP2a is that it is under allosteric 
control (Otero et al., 2013). Binding of ligands to an allosteric 
site removed from the active site leads to conformational 
opening at the active site. Of note, ceftaroline, a cephalo-
sporin with MRSA activity (see Chapter 32, Ceftaroline and 
ceftaroline—avibactam), is able to trigger the conformational 
change, enabling access to the active site by another ceftaro-
line molecule. PBP2a is a major enzyme involved in the tran-
speptidation step of peptidoglycan cross-linking in the cell 
wall. S. aureus has four penicillin-binding proteins: PBP1, 
PBP2, PBP3, and PBP4. Current evidence suggests that PBP2 
is the main enzyme responsible for peptidoglycan synthesis, 
including peptidoglycan cross-linking, whereas PBP1 has a Figure 6.1. Chemical structure of methicillin.
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role only in cell division (Pereira et al., 2007). The essential 
nature of PBP2 in cell wall synthesis in part relates to the fact 
that it is a bifunctional enzyme that performs both transpep-
tidation and transglycosylation, the latter being important 
for elongation and linking of the glycan backbone in pepti-
doglycan (Fan et al., 2007). PBP2a may have evolved from a 
natural penicillin-binding protein found in the coagulase- 
negative species S. sciuri (Couto et al., 1996). A number of 
other factors appear to contribute to methicillin resistance in 
the presence of PBP2a (de Lencastre et al., 1994; Sumita et 
al., 1995). Included among these are two regulatory factors, 
MecI, a repressor, and MecRI, a transmembrane beta-lactam 
signal transducer that switches off MecI in the presence of 
beta-lactams (Deurenberg et al., 2006). MRSA strains are 
almost always beta-lactamase producers, thereby being pen-
icillin G resistant by two separate mechanisms (Franciolli et 
al., 1991).

PBP2a is encoded by the gene mecA. This gene is always 
found inside specific gene complexes inserted into the staph-
ylococcal chromosome. The gene complexes are named 
SCCmec (staphylococcal cassette chromosome mec), and at 
this time eleven distinct types designated SCCmec I–XI 
have been described (IWG-SCC, 2015). SCCmec is a mobile 
genetic element. Each SCCmec contains specific ccr genes 
that encode recombinase enzymes, allowing for the excision 
and integration of the cassette into the staphylococcal chro-
mosome (Deurenberg et al., 2006). SCCmec elements have 
also been described in coagulase-negative staphylococcal 
species (Hanssen and Ericson Sollid, 2006), and these may be 
their original source (Archer et al., 1994).

Until recently, methicillin resistance implied resistance to 
beta-lactams of all types and classes. Thus the in vitro detec-
tion of resistance to methicillin or the isoxazolyl penicillin, 
oxacillin, means the strain will also be resistant to all peni-
cillins and carbapenems as well as most currently marketed 
cephalosporins. Extensive clinical experience has also con-
firmed that serious infections in humans caused by MRSA 
strains do not respond to any of the penicillinase-resistant 
penicillins, most cephalosporins, or carbapenems (Richmond 
et al., 1977; Peacock et al., 1980; Harvey and Pavillard, 1982; 
Myers and Linnemann, 1982; Hackbarth and Chambers, 
1989). However, two newer cephalosporins, ceftobiprole (see 
Chapter 33, Ceftobiprole) and ceftaroline (see Chapter 32, 
Ceftaroline and ceftaroline–avibactam), have higher affinity 
for PBP2a and have demonstrated in vitro and in vivo activity 
against methicillin-resistant S. aureus.

The emergence of MRSA globally was for some time con-
sidered to be the result of the appearance and spread of a 
single clone, especially between hospitals. However, recent 
molecular and epidemiologic evidence shows that many 
clones have emerged since the description of the original 
clinical strain in 1961 in the UK (Jevons, 1961). Most useful 
in study of the evolution of MRSA has been the development 
of multilocus sequence typing (MLST), a technique that 
involves the sequencing of amplified fragments of seven 
housekeeping genes (Robinson and Enright, 2004). Fre-
quently information is combined with determination of the 

SCCmec type to describe an MRSA clone—for example, 
ST239-MRSA-III means that the sequence type of the S. 
aureus is 239 and that it contains SCCmec type III. Sequence 
types, although specific, can be closely related in so-called 
clonal complexes (CCs), which differ among each other at 
only one or two alleles in at most two housekeeping genes. 
Typing information obtained in this way has led to an under-
standing of the major clones across the world, how they 
have evolved, and how widely they are spread (Enright et al., 
2002).

Most of the original descriptions of MRSA clones revolved 
around their outbreak and spread in hospitals. Hospital-
associated MRSA strains are typically multidrug resistant, 
selected out by high usage of a range of antibiotics to which 
they are resistant, and prominent as causes of infection in 
patients who have had some type of medical intervention, 
such as major surgery, intravascular lines, or mechanical ven-
tilation. Patients may become colonized asymptomatically, 
and MRSA infection may manifest only upon readmission 
and further medical procedures. At present, the majority 
of hospital-associated MRSA strains are limited to five CCs 
with a minimum of 11 major clones considered endemic 
in the nosocomial setting based on available data of isolates 
collected worldwide between 1961 and 2004 (Chambers and 
DeLeo, 2009). 

Conversely, community-acquired MRSA (CA-MRSA) 
strains exhibit substantial diversity. Over the previous three 
decades, MRSA strains completely unassociated with hospi-
tals have emerged in different parts of the world. These 
CA-MRSA strains appear to have risen independently of 
hospital MRSA and of each other. First observed in Western 
Australia in remote communities in the mid-1980s (Udo et 
al., 1993), a range of distinct clones has emerged in several 
parts of the world, notably the USA, Europe, and Australia 
(Diekema et al., 2001). CA-MRSA strains are typically 
 susceptible to multiple classes of antibiotics other than 
beta- lactams and have highest prevalence in skin and skin 
structure infections (Gosbell, 2005; King et al., 2006; 
Kluytmans-Vandenbergh and Kluytmans, 2006; Maltezou 
and Gia marellou, 2006; Davis et al., 2007). Predominant 
features of CA-MRSA include the presence of  SCCmecIV; 
strain USA300; and the presence of several toxins, including 
Panton-Valentine leucocidin (PVL), alpha- hemolysin (Hla) 
and alpha-type phenol- soluble modulins (PSMαs). These 
infections are now endemic within the United States, both in 
the community as well as in the healthcare setting (Chambers 
and DeLeo 2009). 

Rare MRSA strains have also been identified in which 
the resistance mechanism is different. These strains lack the 
PBP2a gene and contain just the usual PBPs. These S. aureus 
strains exhibit only a low degree of methicillin resistance 
(MIC 2–4 mg/l). PBP1 and 2 of these strains appear to have 
lower penicillin-binding capacities (Tomasz et al., 1989; de 
Lencastre et al., 1991).

Another variant of resistance is the borderline methicillin- 
resistant S. aureus or borderline oxacillin-resistant S. aureus 
(BORSA). The MICs of these strains are only 4 mg/l for 
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methicillin and 2 mg/l for oxacillin. They are not intrinsically 
resistant to methicillin, and they do not have PBP2a. The 
beta-lactamase inhibitors clavulanic acid and sulbactam 
reduce the MICs of methicillin and oxacillin; therefore, it has 
been postulated that in these strains the borderline resistance 
is due to hyperproduction of beta-lactamase (Chambers et 
al., 1989; Liu et al., 1990; Montanari et al., 1990; Liu and 
Lewis, 1992). The clinical significance of these strains is 
uncertain. Hirano and Bayer (1991) found that ampicillin 
plus sulbactam was active for the treatment of experimental 
endocarditis caused by these S. aureus strains. Chambers et 
al. (1989) found that methicillin itself or nafcillin was fully 
effective against experimental S. aureus endocarditis regard-
less of whether the infecting strain was fully susceptible or 
borderline resistant.

METHICILLIN-TOLERANT S. AUREUS

Methicillin-tolerant S. aureus strains have a deficiency of 
autolytic enzymes in their cell walls, the presence of which is 
necessary for the penicillins to exert a bactericidal effect. The 
MICs of methicillin against these strains are in the usual low 
(susceptible) range, but minimum bactericidal concentrations 
(MBCs) are high (Sabath et al., 1977).

METHICILLIN-RESISTANT COAGULASE-NEGATIVE 
STAPHYLOCOCCI

Resistance to methicillin is a common finding in a range of 
coagulase-negative staphylococci. Among the common spe-
cies associated with human disease—namely S. epidermidis, 
S. saprophyticus, S. haemolyticus, and S. hominis—S. sapro-
phyticus has natural reduced susceptibility to methicillin and 
the antistaphylococcal penicillins. In the other common spe-
cies, methicillin appears to be acquired and mostly mediated 
by mecA and PBP2a (Martins and Cunha, 2007). Indeed, the 
genetics of methicillin resistance in coagulase-negative staph-
ylococci is similar or identical to that of S. aureus. In many 
centers, more than 50% of S. epidermidis strains isolated 
from patients with definite infection are now resistant to 
methicillin (Raad et al., 1998). 

3. MECHANISM OF DRUG ACTION

Methicillin, like other penicillins, inhibits peptidoglycan syn-
thesis by inhibiting the transpeptidase enzymes PBP1a, 1b, 
and 2 (see Chapter 3, Benzylpenicillin (penicillin G)).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Methicillin is no longer available; the information in this sec-
tion is for historical purposes.

4a.  Adults

Methicillin is unstable in acids, so it is ineffective if given 
orally. Methicillin can be administered i.m. or i.v., and the i.v. 

route is useful to avoid frequent painful i.m. injections. The 
dose can be varied widely according to the site and severity 
of infection. For infections of moderate severity, a commonly 
used adult dosage is 1 g every 4 hours. For serious infections, 
the dose is often doubled or increased even further. Daily 
doses of up to 25 g have been given i.v. for several weeks 
without toxic effect.

4b.  Newborn infants and children

The usual dose of methicillin for children is 100 mg/kg body 
weight per day, given in four or six divided doses.

Renal excretion of methicillin in newborn infants is 
decreased. A dose of 25 mg/kg body weight every 12 hours 
should be given to infants weighing less than 2000 g and who 
are 0–7 days old. For infants still weighing less than 2000 g, 
but who are 8–30 days old, the dose of 25 mg/kg should be 
given every 8 hours. For infants weighing more than 2000 g, 
the dose is 25 mg/kg given every 8 hours to those aged 0–7 
days, and the same dose every 6 hours to those aged 8–30 
days (McCracken, 1974; McCracken and Nelson, 1983). After 
the age of 1 month, methicillin should be administered in 
doses recommended for older children (as given earlier).

4c.  Pregnant and lactating mothers

Methicillin is considered pregnancy category B. Reproductive 
studies in mice, rats, and/or rabbits given methicillin have 
revealed no evidence of impaired fertility or harm to the 
fetus. Methicillin is distributed into breast milk, and human 
harm has not been documented. 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Methicillin is often administered in the normal dosage to 
patients with mild to moderate renal failure. Because its elim-
ination half-life is prolonged by profound renal failure, the 
dosage should be reduced and an adult dose of 1–2 g admin-
istered every 8–12 hours has been recommended (Bulger et 
al., 1964). If a patient with renal failure requires i.v. methicil-
lin in large doses (equivalent to 16 g daily for an adult with 
normal renal function), this dosage can be adjusted in a sim-
ilar manner to that of penicillin G. Dosage can be estimated 
by substituting 0.6 g of methicillin for 0.6 g of penicillin G 
(see dosage adjustment in Chapter 3, Benzylpenicillin (peni-
cillin G)).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Methicillin is not absorbed when administered orally. The 
estimated elimination half-life of methicillin is around 30 
minutes. Methicillin has relatively low protein binding to 
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serum albumin. Depending on the type of assay binding 
ranges from 37% to 49% (Craig and Suh, 1991).

5b.  Drug distribution

After a 1-g i.m. dose, a mean peak serum level of 18 mg/l is 
reached after 30 minutes, and this level falls to 3–4 mg/l after 
3 hours (Knudsen and Rolinson, 1960). After an i.v. injection 
of 1 g methicillin over a 5-minute period, a peak serum level 
of about 60 mg/l is reached. This peak level is doubled by 
doubling the dose. Subsequently, there is a rapid fall in the 
serum level to about 7 mg/l after 1 hour, and after 2–3 hours 
the level is usually less than 1 mg/l. Usually methicillin can-
not be detected in the serum after 4 hours.

Probenecid, by slowing the rate of renal tubular secretion 
of methicillin, can enhance the peak serum level and prolong 
the serum half-life, as with penicillin G, while in children 
having CSF shunt replacement, the peaks after 50 mg/kg were 
22–107 mg/l.

After a single i.m. dose of 25 mg/kg in neonates, the peak 
serum levels are 47, 41, 35, and 25 mg/l in infants aged 4–5, 
8–9, 13–15, and 25–30 days, respectively (McCracken, 1974).

Cystic fibrosis patients eliminate methicillin (and diclox-
acillin) much faster than normal subjects owing to an increase 
in their tubular secretory capacity. Thus serum levels attained 
are lower, and these patients may need larger methicillin 
doses, especially when serious infections are treated (Yaffe et 
al., 1977).

Methicillin is widely distributed in various body fluids. 
Antibacterial levels that equate with those in serum occur 
in pleural, pericardial, and ascitic fluids (White and Varga, 
1961), and in septic joint effusions (Nelson, 1971). The drug 
reaches high concentrations in the pus and bone of patients 
with acute osteomyelitis (Tetzlaff et al., 1978). As with other 
penicillins, only low methicillin concentrations are attained 
in normal CSF, but these may be moderately high in patients 
with meningitis.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The clinically important pharmacokinetic and pharmaco-
dynamic features of methicillin are as for nafcillin (see Chap-
ter 8, Nafcillin).

5d.  Excretion

Methicillin is excreted in urine in an unchanged active form 
(Stewart et al., 1960). Very high urine concentrations of 
methicillin are attained, provided renal function is normal. It 
is excreted by both glomerular filtration and tubular secre-
tion, and up to 80% of an injected dose can be recovered 
from urine. Probenecid delays renal tubular secretion.

Some 2–3% of an injected dose is excreted in bile. This is 
not reabsorbed and is subsequently destroyed in the gut. The 
fraction of methicillin that is not excreted is inactivated in 
the body. Like penicillin G, it still disappears from the blood 

at a significant, but reduced, rate in anuric patients. The liver 
is an important extrarenal site for inactivation of the penicil-
lins, including methicillin.

5e.  Drug interactions

There are no relevant drug interactions, because methicillin 
is no longer used. Refer to Chapter 7, Isoxazolyl penicillins: 
oxacillin, cloxacillin, dicloxacillin and flucloxacillin, and 
Chapter 8, nafcillin, for information about drug interaction 
with antistaphylococcal penicillins that are currently used. 

6. ADVERSE REACTIONS AND TOXICITY

Adverse reactions to methicillin, particularly renal reactions, 
are more common than with other antistaphylococcal peni-
cillins. For this reason, methicillin is no longer marketed for 
human use.

6a.  Hypersensitivity reactions

Hypersensitivity reactions should be anticipated in patients 
known to be sensitive to the penicillins. However, not all 
patients allergic to penicillin G react to methicillin. In a 
study of eight consecutive patients with histories of penicillin 
G anaphylaxis, Luton (1964) showed that all tolerated usual 
i.m. doses of methicillin without reaction. Antecedent skin 
testing with penicillin G in these patients gave positive reac-
tions, while similar tests with methicillin were negative. Skin 
testing with these reagents is not recommended. Severe aller-
gic reactions to methicillin and to other semisynthetic peni-
cillins may be less common than to penicillin G. Nevertheless, 
it should be assumed that patients allergic to other penicil-
lins will be sensitized to methicillin, and it should be avoided 
in such subjects. All hypersensitivity reactions that occur 
with penicillin G can be provoked by methicillin. In a study 
of 124 children who received methicillin for 10 days or lon-
ger, the frequency of skin rashes, either maculopapular or 
urticarial, was 6% (Yow et al., 1976).

6b.  Drug fever

Drug fever associated with methicillin is abrupt in onset and 
the patient usually appears otherwise relatively well. It rap-
idly resolves when the drug is stopped, and may recur later if 
another penicillin analog is administered (Yow et al., 1976).

6c.  Nephrotoxicity

An interstitial nephritis can be caused by large doses of 
methicillin (Baldwin et al., 1968; Woodroffe et al., 1974; 
Galpin et al., 1978). This is characterized by fever, rash, 
eosinophilia, hematuria, proteinuria, sterile pyuria, marked 
eosinophiluria, and renal insufficiency. Microscopic changes 
in the kidneys consist of patchy but usually heavy interstitial 
infiltrate with lymphocytes, plasma cells, and eosinophils— 
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that is, interstitial changes without glomerular abnormalities. 
Cogan and Arieff (1978) reported a patient in whom methi-
cillin-induced interstitial nephritis also resulted in func-
tional impairment specific for the distal tubule. The patient 
developed dehydration due to a sodium-losing nephropathy, 
renal tubular acidosis, and hyperkalemia due to impaired 
ability to excrete potassium. Sometimes hematuria may be 
the sole manifestation of nephropathy, and in such cases it 
may be difficult to distinguish whether this is due to the drug 
or to the patient’s disease, such as staphylococcal septicemia 
(Gallagher and Wayne, 1971). Hematuria and dysuria may 
also result in some methicillin-treated patients because the 
drug occasionally causes a hemorrhagic cystitis, possibly by 
direct chemical irritation (Yow et al., 1976; Bracis et al., 1977; 
Godin et al., 1980). This complication is distinct from meth-
icillin-induced interstitial nephritis, and its presence can be 
confirmed by cystoscopy. In methicillin cystitis, hematuria 
may disappear when a few doses of the drug are omitted, and 
therapy is resumed with a lower daily dose in association 
with an increase in fluid intake. As in the case of methicillin- 
induced interstitial nephritis, it is preferable to discontinue 
methicillin when this complication occurs.

Most patients recover slowly and completely from methi-
cillin interstitial nephritis after cessation of the drug. Cor-
ticosteroid therapy should be considered for severe cases. A 
total of 8 of 14 patients reported by Galpin et al. (1978) 
received prednisolone therapy. The period for maximal serum 
creatinine levels to fall to stable lower levels in convalescence 
was less in the prednisolone-treated than in the nontreated 
patients. Jensen et al. (1971) reported one patient with this 
complication who still had evidence of impaired renal func-
tion 2 years later. The substitution of another penicillin, such 
as oxacillin, in these patients is not recommended because of 
possible cross-sensitization (Yow et al., 1976); however, a 
switch to cefazolin would be feasible. In a subset of 17 patients 
who were treated with cefazolin after experiencing a non-
IgE- mediated hypersensitivity reaction to nafcillin, all but 
one patient tolerated cefazolin therapy and completed ther-
apy without a worsening of their rash or progressive organ 
dysfunction (Blumenthal et al, 2014).

The clinical picture suggests that a delayed hypersensi-
tivity reaction may be involved in methicillin nephritis (Lin-
ton et al., 1980). Immunofluorescent studies in one patient 
showed that dimethoxyphenyl-penicilloyl, the hapten group 
of methicillin, was firmly bound to kidney tissue together 
with immunoglobulin (Baldwin et al., 1968). In another 
patient, a methicillin antigen, assumed to be dimethoxyphe-
nyl-penicilloyl, was fixed in a linear pattern along the renal 
tubular basement membrane together with IgG and the C3 
component of complement. This patient also had a serum 
autoantibody that was reactive with tubular basement mem-
branes of normal human and monkey kidneys (Border et al., 
1974). Methicillin nephritis therefore may be an example of 
drug-induced autoimmunity. Methicillin acts as a hapten and 
alters the antigenicity of the tubular basement membrane; 
resultant autoantibodies react not only against the drug but 
also against the tissue antigen (Flax, 1974).

Methicillin nephritis appears to be a common complica-
tion when large doses of the drug are given for extended 
periods (Sanjad et al., 1974; Linton et al., 1980). Over 100 
cases of this complication have been reported (Graber and 
Gluckin, 1977). This side effect was more common with 
methicillin than with other penicillins (Neu, 1982).

6d.  Hematologic side effects

Leukopenia is fairly common during methicillin therapy. It 
was observed in 16 of 124 children who received methicillin 
for 10 days or longer, and it usually occurred 10–20 days after 
starting treatment (Yow et al., 1976). Some patients developed 
a decrease in both neutrophils and lymphocytes, others an 
absolute neutropenia (less than 500/mm3). The white cell 
count usually reverted to normal in a few days after cessation 
of methicillin. The leukopenia may worsen if another penicil-
lin, such as oxacillin, is substituted for methicillin. No serious 
problems resulting from leukopenia have been encountered.

Thrombocytopenia caused by methicillin is rare. Schiffer 
et al. (1976) described a patient with leukemia who devel-
oped a thrombocytopenia during methicillin treatment and 
again later when the drug was readministered. Methicillin-
dependent antiplatelet antibodies were demonstrated.

Similar to that described with penicillin G, Coombs-
positive hemolytic anemia can also be caused by methicillin.

6e.  Abnormal liver function

As with the isoxazolyl penicillins, elevation of serum glutamic 
oxaloacetic transaminase has been occasionally observed 
during methicillin therapy (Berger and Potter, 1977).

6f.  Encephalopathy

Encephalopathy, similar to that seen after massive doses of 
penicillin G, would be expected if very large doses (50–100 g 
daily) were given i.v., and it could arise with smaller doses in 
patients with renal failure.

7. CLINICAL USES OF THE DRUG

Methicillin is now no longer marketed for human use, but 
was previously widely used to treat staphylococcal infections.

7a.  S. aureus infections

Methicillin was useful for the treatment of S. aureus infec-
tions (proven or suspected) due to beta-lactamase-producing 
staphylococci that are resistant to penicillin G. Originally, this 
antibiotic was regarded as the drug of first choice for severe 
staphylococcal infections, such as septicemia, endocarditis, 
pneumonia, meningitis, osteomyelitis, and septic arthritis.

It was effective for the treatment of penicillin-resistant 
staphylococcal infections (White and Varga, 1961), includ-
ing staphylococcal septicemia and endocarditis (Allen et al., 
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1962). It was extensively used for these infections for some 
years after its discovery. All other parenteral beta-lactamase- 
resistant penicillins, such as oxacillin, cloxacillin, dicloxacil-
lin, flucloxacillin, and nafcillin, have the same therapeutic 
efficacy as methicillin, but less toxicity, particularly intersti-
tial nephritis (Neu, 1982). 

7b.  Staphylococcus epidermidis infections

Methicillin was used for severe hospital-acquired S. epider-
midis infections, such as prosthetic valve endocarditis, pro-
vided that the strain was sensitive. For the reasons given 
earlier, one of the isoxazolyl penicillins or nafcillin are now 
preferred for these infections. Methicillin, other penicillinase- 
resistant penicillins, and cephalosporins are no longer suit-
able for immediate emergency treatment of severe hospital-  
acquired S. epidermidis infections because > 50% of hospital 
strains are methicillin resistant. Vancomycin is the drug of 
choice (Karchmer et al., 1983).

Acknowledgment: The previous version of this chapter, pub-
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written by Dr. John Turnidge of the Division of Laboratory 
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Isoxazolyl Penicillins: Oxacillin, 
Cloxacillin, Dicloxacillin, and 
Flucloxacillin

Janessa M. Smith

1. DESCRIPTION

These semisynthetic compounds, derived from the penicillin 
nucleus, 6-APA, are all closely related, being 3:5 disubsti-
tuted 4-isoxazolyl penicillins. They combine the property of 
resistance to staphylococcal beta-lactamase with resistance to 
gastric acidity. Similar to methicillin and nafcillin, they are 
effective antistaphylococcal agents, but they can be adminis-
tered orally. Four such penicillins are available as described 
here (see Figure 7.1).

1a.  Oxacillin

Chemically, oxacillin is 3-methyl-5-phenyl-4-isoxazolyl pen-
icillin. It was synthesized in 1961 and has been extensively 
used in North America. It is available as an oral solution of 
120 mg/5 ml. It usually comes in an injectable formulation 
of 1 and 2 g. A 10-g injectable formulation is also marketed.

1b.  Cloxacillin

The chemical formula of cloxacillin is 3-o-chlorophenyl-5- 
methyl-4-isoxazolyl penicillin (Knudsen et al., 1962); this 
differs from oxacillin only by an additional chlorine atom. It 
comes as oral capsules of 250 and 500 mg and in an injectable 
formulation of 250 mg, 500 mg, and 2 g. It is also available as 
an oral solution of 120 mg/5 ml.

1c.  Dicloxacillin

Chemically, dicloxacillin is 3(2,6-dichlorophenyl)-5-methyl- 
4-isoxazolyl penicillin. It differs from cloxacillin by having 
two chloride ions attached to the phenyl group. It comes as 

oral capsules of 250 and 500 mg, and in an injectable formu-
lation of 500 mg and 1 g.

1d.  Flucloxacillin

Chemically, flucloxacillin is 3(2-chloro-6-fluorophenyl)-5- 
methyl-4-isoxazolyl penicillin; this differs from dicloxacil-
lin by the substitution of a fluorine for a chlorine atom 
(Sutherland et al., 1970). It comes as oral capsules of 250 and 
500 mg, as a suspension of 25 and 50 mg/ml, and in an inject-
able formulation of 500 mg and 1 g.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The antibacterial spectrum of the isoxazolyl penicillins is 
similar to that of methicillin and nafcillin. Isoxazolyl penicil-
lins are active against Gram-positive cocci, such as wild-type 
Staphylococcus aureus, S. epidermidis, Streptococcus pyogenes, 
S. pneumoniae, viridans streptococci, and many species of 
Gram-positive bacteria, but Enterococcus species and Bacillus 
cereus are resistant. The Neisseria species are the only Gram-
negative bacteria susceptible to these drugs.

STAPHYLOCOCCUS AUREUS AND 
STAPHYLOCOCCUS EPIDERMIDIS

The isoxazolyl penicillins are primarily of interest because, 
being resistant to staphylococcal beta-lactamase (penicil-
linase), they are active against staphylococci resistant to 
 penicillin G. Resistance to this enzyme varies; some beta-
lactamase- resistant penicillins are more resistant than others 
(Frimodt-Moller et al., 1986; Jarlov et al., 1988; Rennenberg 
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and Forsgren, 1989). The clinical significance of this is not 
known, but is generally considered to be of little importance. 
The less common human pathogen, S. lugdunensis, may be 
penicillin G susceptible as many strains do not produce 
penicillinase. Penicillinase-producing strains are susceptible 
to isoxazolyl penicillins (Herchline et al., 1990; Vandenesch 
et al., 1993). In 2007, CLSI revised the breakpoint for 
 coagulase-negative staphylococcus (CoNS), for all species 
except S. lugdunensis. With the revised breakpoints, an MIC 
of ≤ 0.25 mg/l is considered susceptible to oxacillin, with the 
exception of S. lugdunensis for which an MIC of ≤ 2 mg/l is 
considered susceptible. EUCAST has set the breakpoint for 
most CoNS at 0.125 mg/l. For S. saprophyticus and S. lugdun-
ensis the breakpoint is 2 mg/l.

The isoxazolyl penicillins are considerably less active than 
penicillin G against bacteria that are susceptible to penicillin 
G. However, they are fourfold to eightfold more active than 
methicillin against S. aureus. Oxacillin has about the same 
activity as cloxacillin against S. aureus, but dicloxacillin is 
slightly more active (Gravenkemper et al., 1965). The activity 
of flucloxacillin is similar to that of oxacillin and cloxacillin 
(Sutherland et al., 1970; Bergeron et al., 1976) (see Tables 7.1 
and 7.2).

Table 7.1 shows the MIC of the four isoxazolyl penicillins 
against some selected bacteria, and Table 7.2 shows the MIC 
distributions of a number of species. The MICs of cloxacillin, 
oxacillin, and flucloxacillin against staphylococci are increased 
10-fold if the test is performed in 95% human serum instead 
of nutrient broth (Barber and Waterworth, 1964; Sutherland 

et al., 1970). Dicloxacillin is more protein bound than clox-
acillin, and its MICs increase 20- to 25-fold in 95% serum 
(Ham merstrom et al., 1967).

2b.  Emerging resistance and 
cross-resistance

METHICILLIN-RESISTANT S. AUREUS

Cross-resistance occurs between methicillin and all other 
penicillinase-resistant penicillins, so that methicillin-resistant 
strains of S. aureus and S. epidermidis are also resistant to 
isoxazolyl penicillins (Sutherland et al., 1970; Richmond et 
al., 1977). This resistance is one of degree, because cultures 
of S. aureus are often heterogeneous; the proportion of organ-
isms sensitive to methicillin and the isoxazolyl penicillins 
varies according to the temperature at which the test is per-
formed (see Chapter 6, Methicillin). All evidence, however, 
indicates that patients with methicillin-resistant staphylococ-
cal infections do not respond to other penicillinase-resistant 
penicillins or cephalosporins.

OXACILLIN-SUSCEPTIBLE, METHICILLIN-RESISTANT 
S. AUREUS

There have been increasing reports of oxacillin-susceptible, 
methicillin-resistant S. aureus (OS-MRSA) emerging world-
wide (Saeed et al., 2014; Conceicao et al., 2015). These 
 isolates harbor the mecA gene, a gene that encodes a low affin- 
ity penicillin binding protein (PBP) and confers high-level 

Figure 7.1. Chemical structure of 
isoxazolyl penicillins.
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Table 7.1. In vitro activity of isoxazolyl penicillins.

Species Agent Na MIC50
b MIC90

b Rangeb R Reference

Staphylococcus aureus, 
penicillin susceptible

Cloxacillin 11 0.125 0.25 0.06–0.25 Y Barber and Waterworth (1964)

Oxacillin 20 0.8 1.6 0.8–1.6 Y Van der Auwera et al. (1989)

Staphylococcus aureus, 
penicillin resistant

Cloxacillin 23 0.25 0.5 0.06–0.5 Y Barber and Waterworth (1964)

Oxacillin 15 0.4 0.8 ≤ 0.2–1.6 Climo et al. (1997)

Oxacillin 25 0.25 0.5 < 0.125–1 Y Cullman and Stieglitz (1988)

Staphylococcus aureus, 
methicillin susceptible

Oxacillin 69 0.25 0.5 0.03–1 Y Hoban (1989)

Oxacillin 15 0.5 1 0.25–2 Y Daley et al. (1988)

Oxacillin 49 0.2 0.4 0.2–0.4 Y Van der Auwera et al. (1989)

Oxacillin

Oxacillin

11

48

0.125

0.25

0.25

0.38

0.125–0.5

0.125–2

Y Smith et al. (1988)

Nikolaidis et al, (2013)

Staphylococcus aureus, 
methicillin resistant

Oxacillin 33 1.6 100 ≤ 0.2–> 100 Climo et al. (1997)

Oxacillin 19 64 > 64 4–> 64 Hoban (1989)

Oxacillin 15 128 > 128 64–>128 Daley et al. (1988)

Oxacillin 50 > 50 > 50 > 50 Van der Auwera et al. (1989)

Oxacillin 12 > 128 > 128 > 128 Cullman and Stieglitz (1988)

Oxacillin

Oxacillin

14

36

128

256

> 128

> 256

128–> 128

256–> 256

Smith et al. (1988)

Nikolaidis et al. (2013)

Staphylococcus epidermidis, 
methicillin susceptible

Oxacillin 16 ≤ 0.2 0.8 ≤ 0.2–3.1 Y Climo et al. (1997)

Oxacillin

Oxacillin

45

46

0.06

≤ 0.125

0.25

0.25

≤ 0.03–2

≤ 0.125–≥ 8.0

Y Hoban (1989)

Stuart et al. (2011)

Staphylococcus epidermidis, 
methicillin resistant

Oxacillin 29 3.1 25 ≤ 0.2–25 Climo et al. (1997)

Oxacillin

Oxacillin

38

88

16

≥ 8.0

> 64

≤ 8.0

4–> 64

≤ 0.125–≥ 8.0

Hoban (1989)

Stuart et al. (2010)

Staphylococcus epidermidis 
unspecified

Oxacillin 26 1 64 0.125–> 128 Y Daley et al. (1988)

Staphylococcus haemolyticus

Staphylococcus haemolyticus, 
methicillin resistant

Oxacillin

Oxacillin

Oxacillin

13

17

67

100

≤ 0.125

≥ 8.0

> 100

0.5

≥ 8.0

≤ 0.2–> 100

≤ 0.125–1.0

≤ 0.125–≥ 8.0

Y Climo et al. (1997)

Stuart et al. (2010)

Stuart et al. (2010)

Streptococcus pyogenes Cloxacillin 14 0.06 Barber and Waterworth (1964)

Oxacillin 10 ≤ 0.06 ≤ 0.06 ≤ 0.06 Daley et al. (1988)

Streptococcus pneumoniae Cloxacillin 16 0.125–0.25 Y Barber and Waterworth (1964)

Streptococcus pneumoniae, 
penicillin resistant

Oxacillin 9 8 64 4–64 Daley et al. (1988)

Streptococcus agalactiae Oxacillin 10 0.5 0.5 0.5–4 Daley et al. (1988)

Streptococcus Gp, C, and G Oxacillin 10 ≤ 0.06 ≤ 0.06 ≤ 0.06 Daley et al. (1988)

Viridans Streptococcus spp., 
penicillin susceptible

Oxacillin 29 0.5 1 ≤ 0.06–2 Y Daley et al. (1988)

Viridans Streptococcus spp., 
penicillin resistant

Oxacillin 10 32 32 4–64 Daley et al. (1988)

Enterococcus faecalis Cloxacillin 15 32–64 Barber and Waterworth (1964)

Oxacillin 30 16 32 8–64 Daley et al. (1988)

Enterococcus faecium Oxacillin

Oxacillin

10

24

> 128

256

> 128

> 256

128–> 128

256–> 256

Daley et al. (1988)

Metallidis et al. (2013)

Bacillus anthracis Cloxacillin 13 0.5 Barber and Waterworth (1964)

Bacillus spp. (non-cereus) Oxacillin 35 0.25 16 ≤ 0.125–> 16 Y Weber et al. (1988)

Neisseria gonorrhoeae Cloxacillin 25 0.75–> 4 Barber and Waterworth (1964)

Neisseria meningitidis Cloxacillin 2 0.25–1 Barber and Waterworth (1964)

Moraxella catarrhalis Cloxacillin 7 0.25–2 Barber and Waterworth (1964)
aNumber of strains tested.
bMIC and range values are in μg/ml.
Abbreviation: Y: yes.
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resistance to both methicillin and oxacillin, but appear phe-
notypically susceptible to oxacillin via conventional methods 
used for identification (Labrou et al., 2012). Whole genome 
analysis of an OS-MRSA isolate revealed the presence of 
plasmid pGR2A with a fully functional BlaI repressor and 
nonfunctional BlaR1 sensor/transducer that prevents expres-
sion of mecA (Sabat et al., 2015). The clinical significance 
of these isolates and the role of oxacillin in the treatment of 
OS-MRSA are still unclear.

BORDERLINE OXACILLIN-RESISTANT S. AUREUS

Borderline oxacillin-resistant S. aureus strains appear to 
hyper produce beta-lactamase, but other mechanisms may 
also be involved. Woods and Yam (1988) found that the 
MICs of oxacillin against these strains were 1–2 mg/l. The 
minimum bactericidal concentrations (MBCs) were higher, 
but the bactericidal testing results were markedly influenced 
by the technique employed. Sierra-Madero et al. (1988) 
found that the MICs of these strains varied from 1 to 4 mg/l 
and considered that oxacillin may well be less effective clin-
ically for treatment of infections caused by these strains. 

Animal studies performed by Pefanis et al. (1993) suggested 
that oxacillin would be clinically effective in the treatment of 
infections caused by borderline oxacillin-susceptible strains 
of S. aureus. This has also been confirmed by clinical studies 
(Massanari et al., 1988).

PENICILLIN-TOLERANT S. AUREUS

Penicillin-tolerant S. aureus strains have a deficiency in an 
autolytic enzyme on their cell surface, which appears to be 
necessary before any penicillins, including penicillinase- 
resistant penicillins, can exert a bactericidal effect. Oxacillin 
tolerance in S. aureus can also be due to enhanced secretion 
of an autolysin inhibitor, such as lipoteichoic acid (Raynor et 
al., 1979). Tolerance seems to be quite common, and was 
found in 30–60% of strains isolated from blood cultures 
(Watanakunakorn, 1978; Hilty et al., 1980). S. aureus cul-
tures are heterogeneous in regard to tolerance; the majority 
of cells are not tolerant to the antibiotic tested, and the 
remainder are tolerant to varying degrees (Watanakuna-
korn, 1978; Kim, 1981; Holzhoffer et al., 1985). Tolerance of 
S. aureus strains to oxacillin may disappear after storage of 

Table 7.2. MIC distributions for isoxazolyl penicillins

Species Agent Reference

MIC (mg/l)

≤ 0.03 0.06 0.125 0.25 0.5 1 2 4 8 ≥ 16

Staphylococcus 
aureus

Oxacillin EUCASTa 17 201 1350 5976 9460 1951 340

Cloxacillin Sabath et al., 1976 1 31 2 2

Dicloxacillin Sabath et al., 1976 6 8 22

Staphylococcus 
aureus, penicillin 
susceptible

Oxacillin Sutherland et al., 1970 3 26 13 2

Cloxacillin Sutherland et al., 1970 26 29 10

Dicloxacillin Sutherland et al., 1970 3 33 27 2

Flucloxacillin Sutherland et al., 1970 2 43 14 6

Staphylococcus 
aureus, penicillin 
resistant

Oxacillin Sutherland et al., 1970 4 23 39 6

Cloxacillin Sutherland et al., 1970 5 37 29 1

Dicloxacillin Sutherland et al., 1970 1 9 44 17 1

Flucloxacillin Sutherland et al., 1970 2 4 43 22 1

Staphylococcus 
capitis

Oxacillin EUCAST 3 22 94 28 3

Staphylococcus 
epidermidis

Oxacillin EUCAST 84 566 884 137 366

Cloxacillin Wiedemann and Grimm, 1996 3 1

Dicloxacillin Sabath et al., 1976 2 4 14 9 3

Staphylococcus 
lugdunensis

Oxacillin EUCAST 3 6 38 83 28 7

Staphylococcus 
saprophyticus

Oxacillin EUCAST 9 6 23 59

Fass et al.,1986 1 5 31 2

Staphylococcus 
simulans

Oxacillin EUCAST 1 12 24 6 3

Staphylococcus 
warneri

Oxacillin EUCAST 1 7 48 42 7

Staphylococcus 
xylosus

Oxacillin EUCAST 3 9 5 1 6

Actinomyces 
israelii

Oxacillin Lerner, 1974 1 4 14 10 2

Dicloxacillin Lerner, 1974 1 1 9 17 2 2

aeucast.org.

http://www.eucast.org
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the organism in the laboratory (Mayhall and Apollo, 1980). 
With many strains tolerance may be demonstrable in the lab-
oratory only at an acid pH of 6.22 but not at pH of 7.15 
(Venglarcik et al., 1983). It is uncertain whether such pH- 
induced tolerance has any clinical relevance. The question of 
tolerance is further complicated by inconsistent laboratory 
techniques; the MBC/MIC ratio used for defining tolerance 
has varied 10- to 100-fold from study to study, and no stan-
dardized method has been used for measuring antibiotic 
MBCs (Kim, 1981). Numerous variables can influence MBC 
determination, especially if this is performed by the usual 
broth dilution plate count method (Woolfrey et al., 1985). 
Handwerger and Tomasz (1985) considered that the MBC/
MIC ratio is not reliable and may serve only as a first hint of 
tolerance in a clinical specimen. This test should be followed 
by time-kill studies and confirmed by more detailed micro-
biologic tests using genetically and physiologically homo-
geneous cultures of the isolate. Furthermore, genetically 
nontolerant bacteria, which possess autolysins in their cell 
walls, may be modified by low pH, composition of growth 
medium, and other factors in their environment. Under cer-
tain growth conditions, both in vitro and in vivo, such genet-
ically nontolerant bacteria may become tolerant; this may 
happen in certain sites of infection such as the heart valves in 
vivo. This is referred to as phenotypic tolerance.

Some animal studies suggested that S. aureus tolerance 
may be clinically significant. Endocarditis in rats, caused by 
a tolerant S. aureus strain, responded better to cloxacillin–
gentamicin combination than to cloxacillin alone (Voorn et 
al., 1991). Similarly, cloxacillin–gentamicin was more effec-
tive in prophylaxis of experimental S. aureus endocarditis 
than cloxacillin alone when a tolerant strain was used in 
these experiments. Cloxacillin alone, however, was effective 
when a nontolerant S. aureus strain was used (Voorn et al., 
1992).

STREPTOCOCCUS PNEUMONIAE

Alterations in PBPs in S. pneumoniae have a greater effect 
on isoxazolyl penicillins than on penicillin G, amoxicillin, or 
third-generation cephalosporins (Klugman, 1990). This is 
the main reason for the use of oxacillin to screen for reduced 
penicillin susceptibility in this species (MIC > 0.06 mg/l), as 
is recommended by internationally recognized susceptibility 
testing methods, such as those of CLSI (2015). However, this 
test remains a screen only because occasional strains of 
pneumococci can have elevated oxacillin MICs and fully sus-
ceptible penicillin G MICs (Johnson et al., 1993) due to spe-
cific alterations in PBPs (Dowson et al., 1994).

3. MECHANISM OF DRUG ACTION

The isoxazolyl penicillins, like other penicillins, inhibit pep-
tidoglycan synthesis by inhibiting the transpeptidase enzymes 
PBP1a, 1b, and 2. The principal target appears to be the 
bifunctional enzyme PBP2 (see Chapter 3, Benzylpenicillin 
(penicillin G)).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

ORAL ADMINISTRATION

Unlike methicillin and nafcillin, isoxazolyl penicillins are acid 
stable and can be administered orally. The usual oral dosage 
of these drugs is 500 mg every 6 hours in adults, and for chil-
dren 50 mg/kg body weight per day, given in four divided 
doses. The dose should be administered about 1 hour before 
meals for optimal absorption (Sutherland et al., 1970). At 
equivalent doses, dicloxacillin and flucloxacillin are better 
absorbed than oxacillin and cloxacillin (Sutherland et al., 
1970), and for this reason are generally the preferred isoxaz-
olyl penicillins for oral administration if available. In severe 
infections the dose can be doubled or even further increased. 
Bell (1968, 1976) obtained good results in chronic osteomy-
elitis by using oral cloxacillin in a dosage of 1 g every 4 hours 
for prolonged periods; oral probenecid 2 g daily was used to 
produce higher serum levels. A regimen of dicloxacillin or 
flucloxacillin 1–2 g orally twice daily with probenecid has 
also been satisfactory for long-term therapy of chronic osteo-
myelitis in some cases (Hedström and Kahlmeter, 1980).

PARENTERAL ADMINISTRATION

Oxacillin, cloxacillin, dicloxacillin, and flucloxacillin can be 
administered intramuscularly (i.m.) or intravenously (i.v.). 
The usual adult parenteral dose is 1 g every 4–6 hours. This is 
often doubled or even further increased for severe infections. 
Oxacillin in a dosage of up to 18 g daily i.v. has been used to 
treat seriously ill patients (Klein et al., 1963). Comparable i.v. 
doses for children are 100–300 mg/kg/day. When these drugs 
are administered i.v., the techniques recommended for peni-
cillin G should be used. (see Chapter 3, Benzylpenicillin 
(penicillin G)).

4b.  Newborn infants and children

The usual pediatric doses are 25–50 mg/kg every 6 hours. 
Children weighing more than 40 kg should be given adult 
doses. Conventional doses for isoxazolyl penicillins in neo-
nates have been in the range of 25–50 mg/kg every 8–12 
hours. However, taking into account the kinetics and protein 
binding in this age group, doses of flucloxacillin of 25 mg/kg 
4 hours have been recommended (Pullen et al., 2006).

PREMATURE NEONATES

Renal excretion of oxacillin in neonates is slower (Axline et 
al., 1967), and this probably applies to all isoxazolyl peni-
cillins. During the first 7 days of life, an oxacillin dosage of 
25 mg/kg, administered every 12 hours, is recommended for 
infants weighing less than 2000 g; for those weighing more 
than 2000 g this dose should be given every 8 hours. Infants 
aged 8–30 days require 25 mg/kg every 8 hours if weighing 
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less than 2000 g, and the same dose every 6 hours if weigh-
ing over 2000 g (McCracken and Nelson, 1983).

4c.  Pregnant and lactating mothers

Similar to all penicillins, the isoxazolyl penicillins are con-
sidered low risk in pregnancy. Their high degree of maternal 
protein binding hinders their ability to cross the placenta 
(MacAulay et al., 1968). Similarly, all are considered accept-
able to use during breastfeeding. Dicloxa cillin and flucloxa-
cillin are used to treat mastitis in nursing mothers (Anon et 
al., 2008).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

In the presence of severe renal impairment, the dosage of 
cloxacillin, dicloxacillin, or flucloxacillin should generally 
be reduced, especially if very high parenteral doses are used. 
However, Aronoff et al. (1999) do not recommend any 
change in dicloxacillin dosage, even when the glomerular fil-
tration rate (GFR) is < 10 ml/min, and no supplemental dose 
is considered necessary after hemodialysis or with continu-
ous ambulatory peritoneal dialysis (CAPD). However, other 
authors suggest a reduction to an every 12 hours dosing 
interval for both dicloxacillin and flucloxacillin once the 
GFR falls to < 10 ml/min (Therapeutic Guidelines, 2006). 
Compared with methicillin, the elimination half-life of oxa-
cillin in patients with renal impairment is much shorter, so 
that a high parenteral dosage of oxacillin (1 g every 4–6 
hours) has been recommended for the treatment of severe 
infections in anuric patients (Bulger et al., 1964).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

There are no useful data on the effect of hepatic impairment 
on the isoxazolyl kinetics, and therefore no information on 
dosage modification.

PATIENTS WITH MASSIVE BLEEDING

In some surgical operations blood loss may even exceed the 
blood volume, and in these cases the loss of an antibiotic 
such as cloxacillin may be similar in extent to loss of blood. 

Therefore, a more frequent dosing interval or priming of all 
replacement fluids with the drug may be required to main-
tain a therapeutic level (Levy et al., 1990).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Dicloxacillin and flucloxacillin have the best oral bioavail-
ability of all the isoxazolyl penicillins, generally above 50% 
(see Table 7.3). Cloxacillin has either the same or slightly 
lower bioavailability (Paton, 1986), whereas bioavailability 
of oxacillin is the lowest at around 30%.

The pharmacokinetic parameters for the isoxazolyl peni-
cillins are summarized in Table 7.4. These drugs have rela-
tively small overall volumes of distribution, although the 
volume of distribution of free drug, at least for flucloxacillin, 
is considerably higher (Anderson et al., 1985; Herngren et al., 
1987). The elimination half-lives of oxacillin and cloxacillin 
are shorter than 1 hour, while those of dicloxacillin and flu-
cloxacillin are greater than 1 hour.

Doubling the dose of all of these penicillins doubles serum 
concentrations. The presence of food in the stomach inter-
feres with their absorption. The peak serum level of cloxacil-
lin can be fourfold higher if it is given while fasting (Bell, 
1970). Flucloxacillin serum levels also are higher if it is given 
in the fasting state (Kamme and Ursing, 1974).

All the isoxazolyl penicillins are highly protein bound: 
oxacillin 92–93%, cloxacillin 93–96%, dicloxacillin 96–97%, 
and flucloxacillin 92–95% (Rolinson and Sutherland, 1965; 
Sutherland et al., 1970; Jusko et al., 1975; Bergeron et al., 
1976; Thijssen and Wolters, 1982; Pacifici et al., 1987; Craig 
and Suh, 1991; Roder et al., 1995). Slightly differing data 
have been reported by various authors, probably because 
results vary according to methodology used (Rosenblatt et 
al., 1968; Neu, 1982; Craig and Suh, 1991; Vonge et al., 1997). 
Protein binding of flucloxacillin appears to be lower in new-
borns (Herngren et al., 1987; Pullen et al., 2007), as does the 
binding of dicloxacillin in patients with cystic fibrosis, cirrho-
sis, and renal failure (Jusko et al., 1975; Pacifici et al., 1987). 
The protein binding of these agents is known to significantly 
affect in vitro activity (Merrikin et al., 1983; George, 1986).

Table 7.3. Summary of the bioavailability of isoxazolyl penicillins

Agent and dose Group Bioavailability % Reference

Flucloxacillin 500 mg Elderly, hospitalized 54.4 ± 18.8 Gath et al. (1995)

Dicloxacillin 2 g Healthy adults 74.1 Nauta and Mattie (1976)

Cloxacillin 2 g Healthy adults 48.5 Nauta and Mattie (1976)

Flucloxacillin 250 mg Healthy adults 61.3 ± 14.7 Nauta and Mattie (1975)

Cloxacillin 500 mg Healthy adults 51.6 ± 7.3 Nauta and Mattie (1975)

Flucloxacillin 50 mg/kg Neonates 47.7 Herngren et al. (1987)

Dicloxacillin 25 mg/kg Children < 6 months 64.5 ± 13.6 Smith et al. (1990)

Dicloxacillin 25 mg/kg Children > 60 months 79.4 ± 32.9 Smith et al. (1990)
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The percentage of any drug bound to serum proteins is 
less when very high serum levels are attained, because the 
binding capacity of serum protein is exceeded. In vitro, with 
penicillin G and cloxacillin, the percentage of the unbound 
drug is significantly increased only when a total serum con-
centration of 200 mg/l or higher is attained (Rolinson and 
Sutherland, 1965). In patients with hypoalbuminemia, the 
unbound fraction of the drug is increased. In those with renal 
failure, binding of drugs to albumin is inhibited by accumu-
lated endogenous metabolites and possibly also by changes 
in the structure of albumin (Lindup and Orme, 1981). Bind-
ing of one drug can be inhibited by the presence of another 
when both compete for the same albumin binding site. 
Another drug can inhibit binding indirectly—for example, 
heparin inhibits the protein binding of other drugs by raising 
the serum concentrations of free fatty acids, which reduces 
protein binding of some antibiotics such as dicloxacillin but 
increases binding of others such as penicillin G (Suh et al., 
1981). In the past, the binding of any penicillin to serum pro-
tein was believed to be a passive chemical process, but now 
it appears that this is facilitated by some serum factors.

In the past, it has been suggested that protein binding 
does not have much clinical significance, because this bind-
ing may be loose and rapidly reversible in vivo (Barza et al., 
1972; Mattie et al., 1973). However, multiple lines of evidence 
now support the notion that only free unbound drug is avail-
able for antimicrobial action, and this must be factored into 
pharmacodynamic considerations (Müller et al., 2004). Anti-
biotics such as flucloxacillin, which are highly protein bound, 
diffuse poorly into human interstitial fluid (Wise et al., 1980; 
Wise, 1983) and into fibrin clots in experimental animals 
(Barza et al., 1974). In the latter, their penetration is enhanced 
by probenecid (Lee et al., 1975). Highly protein-bound anti-
biotics may have a therapeutic advantage in large-volume, 
high-protein-containing spaces, such as ascitic or pleural 
fluid, by acting as a reservoir for replacement of free drug 
that diffuses slowly back into the vascular system (Peterson 
and Gerding, 1980). Isoxazolyl penicillins, despite their high 
degree of serum binding, are all effective in clinical practice. 
The reason is that free drug concentrations usually exceed 
the MIC for at least 50% of the dosing interval, which is near 
maximal in terms of pharmacodynamic effect, at least in the 
normal host (Turnidge, 1998). 

Serum protein binding does diminish the extravascular 
penetration of antibiotics. The degree of penetration ranges 
from 100% for an antibiotic with the lowest level of serum 
protein binding (e.g. gentamicin; no drug bound) to 20% for 
those with high levels of protein binding (e.g. flucloxacillin). 
The concentrations of flucloxacillin in extravascular fluids 
and tissues are still high enough to make the drug clinically 
effective. The major impacts of high protein binding are 
slightly slower passage into the extravascular space, slightly 
later peak concentrations, and levels in extravascular fluid 
which are persistently below those in serum (Bergan et al., 
1986; Bergan et al., 1987). A recent pharmacokinetic study 
of flucloxacillin found that critically ill patients with hypoal-
buminemia had a significantly larger volume of distribution 

compared to healthy subjects, as a result of higher unbound 
fraction (Ulldemolins et al., 2010). Monte Carlo simulations 
suggested that standard dosing in this population would not 
achieve desired pharmacokinetic-pharmacodynamic targets 
for organisms with an MIC > 1 mg/l. In an in vitro model 
Dudley et al. (1990) found that the bactericidal activity of 
a highly protein-bound drug (dicloxacillin) was reduced in 
protein-containing extravascular spaces. 

5b.  Drug distribution

ORAL ADMINISTRATION

When a 0.5-g oral dose of oxacillin is given, a peak serum 
level of about 4 mg/l is reached in 30–60 minutes (Ham-
merstrom et al., 1967). Thereafter, the serum concentration 
falls, but significant levels are maintained for 4–6 hours. 
Serum levels after cloxacillin are about twice as high as those 
obtained with oxacillin (see Table 7.4) (Turck et al., 1965; 
Sutherland et al., 1970). Oral dicloxacillin produces serum 
levels approximately twice as high as cloxacillin (Graven-
kemper et al., 1965), as does flucloxacillin (Table 7.4).

The differing serum levels obtained with oral administra-
tion of these antibiotics are not solely due to differences in 
their absorption. If they are administered by continuous i.v. 
infusion, the clearance of dicloxacillin and flucloxacillin from 
the body is slower than that of cloxacillin, which in turn is 
slower than that of oxacillin (Table 7.4).

PARENTERAL ADMINISTRATION

The peak serum level after i.m. oxacillin is twice that obtained 
when the same dose is given orally. Similarly, i.m. cloxacillin 
produces higher serum concentrations than the orally admin-
istered drug. Peak serum levels of oxacillin, cloxacillin, diclox-
acillin, and flucloxacillin after a single i.m. injection of 0.5 g 
are similar (14–16 mg/l) (Sutherland et al., 1970). Flucloxa-
cillin levels are considerably more prolonged than those of 
oxacillin and slightly more prolonged than those of cloxacil-
lin (Sutherland et al., 1970). This is because flucloxacillin, 
like dicloxacillin, is cleared more slowly from the body than 
cloxacillin (Paton, 1986).

Parenteral administration is more commonly by the intra-
venous route. Following 1-g bolus doses, peaks of total cloxa-
cillin range from 20 to 100 mg/l (Nauta et al., 1974; Mattie et 
al., 1992); for total flucloxacillin the average peak is above 
100 mg/l (Landersdorfer et al., 2007).

When given by continuous infusion, cloxacillin at a daily 
dose of 12 g yields average total levels of 48.8 mg/l with a 
range of 14.5–148.3 mg/l (Visser et al., 1993). Levels of total 
flucloxacillin given by continuous infusion at a rate of 8–12 g 
per day range from 18 to 52 mg/l (Leder et al., 1999), while 
those of oxacillin administered by continuous infusion to 
achieve a target of free oxacillin of > 1 mg/l are 1.7 ± 0.4 mg/l 
(range, 0.89–2.3 mg/l).

As with other penicillins, concurrent administration of 
pro benecid enhances serum concentrations (Nauta et al., 
1974; Krogsgaard et al., 1994).
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NEWBORN AND PREMATURE INFANTS

After a single i.m. injection of oxacillin in a dose of 20 mg/kg 
to newborn infants (aged 8–15 days), the mean peak serum 
concentration was 51.5 mg/l, and the mean serum half-life 
was 1.6 hours. In infants aged 20–21 days, the peak level was 
47 mg/l, and the mean serum half-life was 1.2 hours (Axline 
et al., 1967). Clearance of flucloxacillin is substantially 
reduced in newborns compared with adults; the elimination 
half-life is over 4 hours (Herngren et al., 1987; Pullen et al., 
2006). This is due to reduced renal clearance rather than 
reduced nonrenal clearance.

Schwartz et al. (1976) studied a neonate in whom thera-
peutic levels were not achieved after oral administration of 
dicloxacillin, even when the dosage was as high as 175 mg/
kg/day. Intestinal absorption appeared normal, but there was 
an abnormally high urinary excretion rate. It was postulated 
that the renal tubular secretion of the drug was stimulated by 
the penicillin derivative itself or by phenobarbital, which was 
used concurrently. Phenobarbital is also known to induce the 
metabolism of some antibiotics.

PATIENTS WITH CYSTIC FIBROSIS

Patients with cystic fibrosis eliminate cloxacillin and diclox-
acillin three times faster than normal subjects. While increase 
in their tubular secretory capacity may account for some of 
this (Jusko et al., 1975), the major part is due to increased 
biotransformation (Spino et al., 1984). Other isoxazolyl pen-
icillins may be handled in a similar manner. Therefore, when 
patients with cystic fibrosis are treated with these drugs, 
larger doses are necessary.

DISTRIBUTION OF THE DRUG IN THE BODY

Drug distribution of isoxazolyl penicillins is similar to that 
of other beta-lactams. Detectable levels are found in most 
organs of the body except cerebrospinal fluid (CSF) in the 
absence of inflammation. However, only unbound interstitial 
fluid drug is active, and highly protein-bound drugs such as 
the isoxazolyl penicillins have restricted penetration to inter-
stitial fluid as measured by microdialysis (Muller et al., 2004). 
Indeed, free plasma concentrations are similar or the same as 
interstitial fluid in many tissues and can be used to predict 
active tissue concentration in the absence of inflammation 
(Kulberg et al., 1991). Tissue penetration does increase in 
the presence of inflammation. For almost all of the studies 
quoted in this section, levels in tissues were measured after 
homogenization of the sample and are therefore difficult to 
interpret.

Cloxacillin and dicloxacillin penetrate equally well into 
pus and bone of patients with acute osteomyelitis and into 
septic joint effusions (Nelson et al., 1978; Tetzlaff et al., 1978). 
After continuous infusion oxacillin 150 mg/kg/24 hours, 
median mediastinal bone to plasma concentration ratio was 
found to be 0.6 in patients with deep sternal wound infec-
tions (Nesseler et al., 2014). Isoxazolyl penicillins penetrate 
into normal bone and synovial fluid to a lesser extent; 1 hour 
after an i.v. dose of 1 g of oxacillin or cloxacillin, or 0.5 g of 
flucloxacillin, the tissue levels in the synovial capsule and 

cortical bone may just reach the MICs of these drugs against 
staphylococci (Fitzgerald et al., 1978; Pollard et al., 1979; 
Mattie et al., 1992). Detectable but low levels of oxacillin after 
a 2-g dose can be found in uninflamed cervical discs (Rhoten 
et al., 1995).

Therapeutic concentrations of oxacillin (Taryle et al., 1981) 
and cloxacillin (Stewart, 1962) have been detected in pleural 
fluid. Cloxacillin and flucloxacillin penetrate well into car-
diac tissue (Kiss et al., 1980; Bergeron et al., 1985). In one 
study, 37 patients were given a single 2-g i.v. bolus injection 
of flucloxacillin before open-heart surgery. Within 12 hours, 
flucloxacillin, serum, and heart valve concentrations declined 
from 125.2 to 4.4 mg/l and from 16.5 to 3.7 mg/g, respec-
tively. Concentrations in the subcutaneous tissue and mus-
cle were almost identical, declining from 14.7 or 14.2 mg/g 
to undetectable levels after 8–10 hours (Frank et al., 1988). 
Wound levels of dicloxacillin have been reported to be the 
same as plasma levels at the time of wound closure in patients 
undergoing cardiac surgery (Friberg et al., 2003). Penetration 
of flucloxacillin into uninflamed pericardial fluid is minimal 
(Kiss et al., 1980).

Oxacillin, like other penicillins (see Chapter 3, Benzyl-
penicillin (penicillin G)), does not penetrate into human 
polymorphonuclear leukocytes (Lorian and Atkinson, 1980). 
These drugs are excreted in breast milk and cross the pla-
centa (Neu, 1982).

The levels in uninflamed CSF are very low (Bodey et 
al., 1972; Schievink et al., 1993). In an experimental rabbit 
model of staphylococcal meningitis, oxacillin and methicillin 
achieved concentrations in the CSF that were 1–2% that of 
simultaneous serum concentrations (Strausbaugh et al., 1980). 

After subconjunctival injection of 100 mg of oxacillin in 
the infected eyes of rabbits, tissue concentrations are high in 
the cornea, iris, and anterior chamber fluid, and these con-
centrations are higher than those achieved with methicillin 
(see Chapter 6, Methicillin). Oxacillin, like methicillin, pen-
etrates poorly into the vitreous humor (Barza et al., 1982).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Similar to other beta-lactams, the clinical efficacy of isox-
azolyl penicillins is thought to be related to the duration that 
their concentrations are above the MIC of the relevant patho-
gen in the site of infection (see Chapter 8, Nafcillin).

IN VITRO ASSESSMENTS OF SYNERGY

Synergy between one of the isoxazolyl penicillins or nafcillin 
and an aminoglycoside, such as gentamicin, against sensitive 
S. aureus strains can often be demonstrated in vitro and in 
animal experiments. Clinically, it is still uncertain whether this 
combination has any major advantages compared with single- 
drug therapy with an appropriate penicillinase-resistant pen-
icillin (Abrams et al., 1979; Kaplan and Tenenbaum, 1982).

In vitro studies have demonstrated synergistic bacterial 
killing with the combination of vancomycin and various 
beta- lactam antibiotics, including oxacillin, against isolates 
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of MRSA and vancomycin-intermediate-resistant S. aureus 
(VISA) (Domaracki et al., 2000; Werth et al., 2013; Dilworth 
et al., 2014). Of note, synergy between vancomycin and oxa-
cillin has not been demonstrated with methicillin-susceptible 
S. aureus (MSSA) isolates (Joukhadar et al., 2010). One poten-
tial mechanism of synergy is a phenomenon termed the “see-
saw effect,” in which a reduced susceptibility to vancomycin 
is accompanied by an enhanced susceptibility to oxacillin as 
a result of decreased transcription of the mecA gene (Ortwine 
et al., 2013). However, data evaluating the clinical signifi-
cance of this in vitro synergy are limited. A pilot study of 
60  patients with MRSA bacteremia randomized to receive 
vancomycin monotherapy or combination therapy with van-
comycin plus flucloxacillin i.v. (2 g every 6 hours) failed to 
show a statistically significant difference in duration of bac-
teremia, mortality or relapsed infection (Davis et al., 2016). 

Synergy between daptomycin and oxacillin has also been 
described. In an in vitro study of 18 clinical isolates of MRSA, 
time-kill studies demonstrated synergistic killing using con-
centrations of daptomycin that were one half the MIC and 
oxacillin concentrations of 32 mcg/ml. Synergy was also 
demonstrated in 61% of isolates with daptomycin concentra-
tions at one fourth the MIC. For all isolates in this study, oxa-
cillin MICs were ≥ 96 mcg/ml and daptomycin MICs were 
≤ 1 mcg/ml. Yang et al. (2010) did not observe loss of mecA 
gene transcription as was previously described with the com-
bination of vancomycin and beta-lactams, suggesting the 
mechanism of synergy is different for glycopeptides and 
lipopeptides. Animal studies have demonstrated improved 
cure rates in foreign-body infections with MRSA and MSSA 
using daptomycin plus cloxacillin as compared to daptomycin 
alone (Garrigos et al. 2012; El Haj et al., 2014). Combination 
therapy with daptomycin and nafcillin has been evaluated 
in a small number of patients with MRSA bacteremia (see 
Chapter 8, Nafcillin).

5d.  Excretion

Isoxazolyl penicillins are mainly excreted in the urine. After 
oral administration of cloxacillin, about 30% of the dose is 
excreted in this way (Stewart, 1965); a higher percentage of 
the dose is recoverable when it is administered i.m. Compared 
with cloxacillin, oral oxacillin is excreted to a lesser extent 
via the kidney, partly because of its poorer absorption and 
partly because more oxacillin is cleared by other mecha-
nisms. Larger amounts of dicloxacillin and flucloxacillin are 
excreted in urine after oral administration because the absorp-
tion of these drugs is better than that of cloxacillin (Sutherland 
et al., 1970).

Antibacterially active metabolites of the isoxazolyl peni-
cillins exist in serum and are excreted in urine (Thijssen and 
Mattie, 1976). Under normal conditions serum levels of these 
metabolites are low, representing only 9% of the total antibi-
otic serum concentration. In patients with markedly impaired 
renal function, metabolites may represent up to 50% of the 
total serum level. In healthy subjects, 10–23% of these peni-
cillins excreted in urine are in the form of metabolites; higher 

percentages occur with oxacillin and lowest with flucloxacil-
lin. As only small amounts of active metabolites are formed 
from the isoxazolyl penicillins, and these have similar activ-
ity to the parent drugs, they have no clinical significance.

Isoxazolyl penicillins are excreted by both glomerular fil-
tration and tubular secretion. Probenecid can delay their 
excretion by partly blocking renal tubular secretion. Nauta et 
al. (1974) showed that the volume of distribution of cloxacil-
lin in anephric patients was not significantly affected by pro-
benecid, but it reduced cloxacillin elimination. This indicates 
that probenecid does not limit the access of penicillins to 
tissues, but it diminishes the extrarenal elimination of the 
penicillin via the liver. Isoxazolyl penicillins are eliminated 
by the biliary tract to some extent; this is more marked with 
oxacillin than with cloxacillin.

All the isoxazolyl penicillins are inactivated to some degree 
in the body, probably in the liver. Oxacillin is more rapidly 
destroyed in the body than the others, and therefore has little 
tendency to accumulate in patients with renal failure (Bulger 
et al., 1964).

5e.  Drug interactions

Isoxazolyl penicillins have relatively few drug interactions, 
and none is considered predictable. There are occasional 
reports of interaction between oxacillin and methotrexate, 
with the former reducing the clearance of methotrexate and 
in one case leading to significant methotrexate toxicity (Titier 
et al., 2002). This interaction does not occur with flucloxa-
cillin (Herrick et al., 1996). One case of reduced phenytoin 
levels resulting in status epilepticus has been attributed to 
oral oxacillin (Fincham et al., 1976). Dicloxacillin, cloxacil-
lin, and flucloxacillin appear to reduce the effects of warfarin 
and prolong prothrombin times (Krstenansky et al., 1987; 
Mailloux et al., 1996; Choi et al., 2011; Khalili et al., 2012). 
This has also been described with nafcillin (see Chapter 8, 
Nafcillin).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Hypersensitivity reactions

These drugs are generally contraindicated in penicillin- 
allergic patients, because they may evoke all the hypersensi-
tivity reactions caused by penicillin G. Instances of patients 
who developed allergic reactions to cloxacillin but tolerated 
other beta-lactams have been reported (Dominguez-Ortega 
et al., 2006).

6b.  Gastrointestinal side effects

Oral administration of isoxazolyl penicillins may cause nausea 
and diarrhea, which only occasionally necessitates cessation 
of treatment. Antibiotic-associated colitis due to Clostridium 
difficile can be caused by these drugs; toxin-producing C. dif-
ficile was isolated from the feces of one child who developed 
watery diarrhea with i.v. oxacillin therapy, and from another 
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child who developed diarrhea following 4 days of oral diclox-
acillin (Brook, 1980).

6c.  Drug fever

Drug fever can occur with methicillin and other antistaphy-
lococcal penicillins; it is abrupt in onset and the patient usu-
ally appears otherwise relatively well. It rapidly resolves when 
the drug is stopped, and may recur later if another penicillin 
analog is administered (Yow et al., 1976).

6d.  Hepatotoxicity

Oxacillin occasionally causes fever, nausea, and vomiting 
associated with abnormal liver function tests, mainly ele-
vated serum glutamic oxaloacetic transaminase (SGOT) lev-
els (Dismukes, 1973; Onorato and Axelrod, 1978). Increases 
in liver enzymes are seen more commonly (Heldman et al., 
1996; Li et al., 2014). Liver biopsy may show a nonspecific 
hepatitis (Bruckstein and Attia, 1978). Some patients remain 
asymptomatic and anicteric, the only abnormalities being 
elevated serum enzymes and sometimes eosinophilia (Olans 
and Weiner, 1976). Reversible cholestatic hepatitis occurred 
in one patient (Ten Pas and Quinn, 1965). Liver function 
abnormalities rapidly disappear when oxacillin is ceased. 
Hepatotoxicity due to oxacillin appears to be common in 
HIV-infected patients. In one series, 81% of such patients 
receiving oxacillin developed liver damage (Saliba and Her-
bert, 1994). Rash is a frequent accompaniment of oxacillin 
hepatotoxicity (Maraqa et al., 2002).

Hepatotoxicity may be more common with oxacillin than 
other isoxazolyl penicillins because it is cleared to a greater 
extent through the liver and biliary tract. It is a not infre-
quent reaction, especially with higher doses, and is probably 
a hypersensitivity reaction (Onorato and Axelrod, 1978). 
When oxacillin is administered intravenously to children 
in  the outpatient setting, hepatotoxicity and rash are much 
more commonly observed (22% and 32%, respectively) than 
with nafcillin (0% and 10%, respectively) (Maraqa et al., 
2002). Penicillin G, nafcillin, and cefazolin and cephalothin 
can be safe substitutes, because liver dysfunction rapidly 
resolves when they replace oxacillin (Olans and Weiner, 1976; 
Bruckstein and Attia, 1978; Taylor et al., 1979; Blumenthal et 
al., 2014).

Another isoxazolyl penicillin, such as cloxacillin, may not 
be a safe substitute. Elevation of SGOT levels has been noted 
rarely with cloxacillin and dicloxacillin (Yow et al., 1964; 
Berger and Potter, 1977).

Flucloxacillin is associated with severe cholestatic hepa-
titis, from which patients usually take over 2 months to 
recover. The risk of this has been estimated to be in the range 
of 7.6–10.3 per 100,000 users (Derby et al., 1993; Jick et al., 
1994; Russman et al., 2005). Miros et al. (1990) also reported 
four patients with severe flucloxacillin-induced cholestatic 
hepatitis. These patients presented with deep jaundice and 
pruritus, which developed soon after ceasing flucloxacillin. 
Symptoms resolved in 6 weeks, but in two patients abnormal 

liver function tests persisted for over 6 months. The reaction 
is age related, with an odds ratio of 18.6 for patients over 55 
years compared with patients under 30 years (Fairley et al., 
1993). Emerging data suggest an immunological basis for 
flucloxacillin-induced liver injury. Two recent studies have 
found a strong association between the presence of the HLA-
B*57:01 allele, an allele that also predicts hypersensitivity to 
abacavir, and the development of flucloxacillin-induced liver 
injury (Daly et al., 2009; Monshi et al., 2013). 

Cholestatic hepatitis has been documented with other 
isoxazolyl penicillins, but probably occurs at a lower rate 
than with flucloxacillin. Severe cholestatic hepatitis caused 
by cloxacillin has been reported (Lotric-Furlan et al., 1994). 
Severe intrahepatic cholestasis also occurred in a patient after 
taking nitrofurantoin, ampicillin, and cloxacillin; cholestasis 
reappeared at once when cloxacillin alone was administered 
two years later (Enat et al., 1980). This reaction to flucloxacil-
lin and cloxacillin is probably different from the reaction 
observed with oxacillin.

6e.  Neurotoxicity

Neurotoxicity may occur if very large doses are given i.v., 
especially to patients with renal failure. Conway et al. (1968) 
reported a patient who convulsed while receiving 18 g of i.v. 
cloxacillin per day, but who also had renal functional impair-
ment and was concurrently receiving cephaloridine in a dose 
of 2 g daily. Similarly, Nekidy et al. (2015) reported seizures 
in a patient receiving 12 g of i.v. cloxacillin per day who had 
significant renal impairment requiring hemodialysis. Malone 
et al. (1977) described a patient with acute bacterial endo-
carditis and impaired renal function who convulsed while 
receiving 16 g oxacillin i.v. per day. In this patient, predose 
oxacillin serum level was 270 mg/l; serum level 1 hour after a 
dose was 340 mg/l, and the CSF level was 70 mg/l.

6f.  Neutropenia

Neutropenia has been noted particularly with oxacillin 
(Maraqa et al., 2002), but it can occur with the other isoxaz-
olyl penicillins and with all beta-lactam antibiotics. Leventhal 
and Silken (1976) described four children who developed 
marked neutropenia during the third week of treatment with 
i.v. oxacillin at doses ≥ 200 mg/kg/day. In all cases the white 
cell count returned to normal when the drug was stopped. 
Oxacillin and other beta-lactam antibiotics probably exert 
a  toxic effect on the maturation of neutrophils (Chu et al., 
1977), but antibody-mediated suppression of granulopoiesis 
may also be a factor, at least in some patients (Murphy et al., 
1985). Acute agranulocytosis has been described in two 
patients receiving oxacillin therapy; both recovered when the 
drug was withdrawn (Scalley and Roark, 1977; Kahn, 1978). 
Agranulocytosis associated with fever and pharyngitis has 
been described in one adult patient receiving cloxacillin; res-
olution occurred after withdrawal of the drug (Westerman et 
al., 1978). It has also been observed in children treated with 
flucloxacillin (van den Boom et al., 2005).
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6g.  Nephritis

Interstitial nephritis, similar to that seen with methicillin, has 
been observed with flucloxacillin (Bakker et al., 1995), clox-
acillin (Garciá-Ortiz et al., 1992), and dicloxacillin (Hansen, 
1987). Although there are no data for isoxazolyl penicillins, 
Blumenthal et al. (2014) reported that patients who developed 
immune-mediated hypersensitivity reactions to nafcillin, 
including nephritis, tolerated a switch to cefazolin without 
worsening or recrudescing symptoms. These data suggest 
that cefazolin may be a reasonable therapeutic alternative 
among patients with hypersensitivity reactions to isoxazolyl 
penicillins.

6h.  Kernicterus

Animal studies suggested that flucloxacillin, similar to sulfon-
amides (see Chapter 91, Sulfonamides), may displace biliru-
bin from its binding sites on albumin. It is possible that this 
drug, if used in the jaundiced neonate, may cause kernicterus 
(Hanefeld and Ballowitz, 1976). However, it is generally safe 
to administer to neonates.

6i.  Rash

Similar to other beta-lactams, dermatologic reactions have 
been reported with the isoxazolyl penicillins, including acute 
generalized exanthematous pustulosis (Hattem et al., 2014; 
Maraqa et al., 2002; Murad et al., 2014; Rodriquez-Jimenez 
et al., 2009). 

7. CLINICAL USES OF THE DRUG

Isoxazolyl penicillins are used primarily for the treatment 
of penicillin-resistant methicillin-susceptible staphylococcal 
infections of all grades of severity; hence all the following 
indications relate to this pathogen. With the possible excep-
tion of orally administered oxacillin (with its lower bioavail-
ability), all the penicillinase-resistant penicillins, including the 
isoxazolyl penicillins, are similarly effective for the treatment 
of staphylococcal infections when dosed appropriately.

7a.  Skin and soft tissue infections caused 
by S. aureus 

Superficial pyodermas are often treated with oral isoxazolyl 
penicillins (Barton et al., 1988; Amaya-Tapia et al., 1993; 
Rodriguez-Solares et al., 1993; Bernard et al., 1997; Chosidow 
et al., 2005). Cellulitis is often managed with an i.v. isoxazolyl 
penicillin initially. This has been combined with penicillin G 
to treat S. pyogenes, but it made no difference to the outcome 
(Leman and Mukherjee, 2005), confirming that isoxazolyl 
penicillins alone can effectively cover S. aureus and S. pyo-
genes in this setting. Oral cloxacillin has been shown to be 
effective for the treatment of staphylococcal infections of 
moderate severity (Stewart, 1962; Turck et al., 1965). For mod-
erately severe complicated skin and skin structure infections, 

oxacillin i.v. followed by dicloxacillin orally has been shown 
to be effective (Stevens et al., 2000). Oral flucloxacillin has 
been used with success for the treatment of staphylococcal 
skin and soft tissue infections, as well as for deeper infec-
tions, such as infected burns, osteomyelitis, empyema, and 
postoperative abscesses (Price and Harding, 1975; Hedström 
and Kahlmeter, 1980), while i.v. flucloxacillin is effective in 
infected burns (Steer et al., 1997).

7b.  Bone and joint infections caused by 
S. aureus 

Isoxazolyl penicillins play a major role in the treatment of 
acute bone and joint infections. They are considered stan-
dard therapy in acute osteomyelitis in children, and are the 
drugs of choice if S. aureus is proven. It is not clear that they 
are superior to other agents (Lazzarini et al., 2005). A retro-
spective study evaluating the treatment of osteoarticular 
infections due to MSSA found similar treatment success 
rates between those patients treated with oxacillin and those 
treated with ceftriaxone (Wieland et al.,2012). Oxacillin and 
flucloxacillin are recommended as preferred i.v. therapy for 
the treatment of native vertebral osteomyelitis and prosthetic 
joint infections caused by MSSA (Berbari et al., 2015; Osmon 
et al., 2013). They are effective as prolonged outpatient treat-
ment of chronic osteomyelitis (Bell, 1968; Bell, 1976; Black 
et al., 1987; Raber et al., 1996; Howden and Richards, 2001). 
Dicloxacillin, being well absorbed, also gives satisfactory 
results in staphylococcal infections, such as osteomyelitis, 
when administered by the oral route and is recommended 
as an oral step-down option for the treatment and suppres-
sion of prosthetic joint infections (Hammerstrom et al., 1967; 
Hedström, 1975; Osmon et al., 2013; Parker and Fossieck, 
1980).

7c.  S. aureus bacteremia and endocarditis

High doses of an intravenous isoxazolyl penicillin are stan-
dard treatment for bloodstream infections caused by MSSA. 
Recent retrospective propensity-score-matched cohort stud-
ies have demonstrated improved mortality rates with paren-
teral dicloxacillin for S. aureus bacteremia as compared to 
cefuroxime (Nissen et al., 2013; Rasmussen et al., 2014). 
However, clinical outcomes appear to be similar when com-
pared to first-generation cephalosporins. A retrospective 
study comparing oxacillin to cefazolin for the treatment of 
complicated MSSA bacteremia demonstrated similar rates of 
clinical cure at the end of therapy but a higher rate of adverse 
events and higher rate of drug discontinuation in the oxacil-
lin group (Li et al., 2014). A subsequent retrospective study 
in deep-seated MSSA bloodstream infections confirmed these 
findings (Rao et al., 2015).

Isoxazolyl penicillins are also considered standard ther-
apy for the treatment of acute bacterial endocarditis caused 
by MSSA. Therapy has traditionally been combined with gen-
tamicin, extrapolating from a study of nafcillin plus genta-
micin that demonstrated that combination therapy led to a 
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reduction in duration of bacteremia by one day (Korzeniowski 
et al., 1982; for additional details, see Chapter 8, Nafcillin). 
However, more recent data suggest that even short courses of 
gentamicin are associated with increased nephrotoxicity; 
therefore, combination therapy for native valve endocarditis 
caused by MSSA is no longer recommended except for pros-
thetic valve endocarditis (Cosgrove et al., 2009; Badour et al., 
2015; Habib et al., 2015). 

Shorter courses of antistaphylococcal penicillins have been 
studied for right-sided endocarditis. Several studies have 
confirmed the effectiveness of 2-week courses: nafcillin 1.5 g 
every 4 hours plus low-dose tobramycin (Chambers et al., 
1988), and cloxacillin 2 g every 4 hours plus low-dose amik-
acin (Torres-Tortosa et al., 1994), or gentamicin (Espinosa et 
al., 1993; Fortún et al., 2001). Another study showed similar 
and high cure rates in this population with 2 weeks of cloxa-
cillin alone compared to cloxacillin plus synergistic doses 
of gentamicin (89% vs. 86%) with less nephrotoxicity in the 
cloxacillin-alone arm (8% vs. 14%) (Ribera et al., 1996). 

7d.  Other severe S. aureus infections

Results similar with those obtained with methicillin or naf-
cillin have been obtained with oxacillin administered in large 
doses parenterally (6–18 g daily for adults) for the treatment 
of severe staphylococcal infections, including severe pneu-
monia and meningitis (Klein et al., 1963; Abrams et al., 1979; 
Rajashekaraiah et al., 1980; Watanakunakorn, 1987; Quin-
tiliani and Cooper, 1988). Parenteral cloxacillin and flu-
cloxacillin are also satisfactory for the treatment of severe 
staphylococcal infections (Williams, 1982; Lacey, 1983; 
Eykyn, 1987; Bai et al., 2015) and have been successfully used 
as outpatient i.v. therapy (Wynn et al., 2005). 

Continuous-infusion flucloxacillin has been shown to be 
effective for a range of deep-seated S. aureus infections, 
including CNS infection (Abdul-Aziz et al. 2014; Leder et 
al., 1999). Similarly, continuous-infusion oxacillin has been 
shown to be effective for the treatment of deep sternal wound 
infections (Nesseler et al., 2014). There is some evidence that 
cloxacillin can also be administered effectively by continuous 
infusion for S. aureus infections (Visser et al., 1993).

7e.  Surgical prophylaxis

Isoxazolyl penicillins are sometimes employed for surgical 
prophylaxis in situations predisposed to postoperative S. 
aureus or S. epidermidis infections. Flucloxacillin alone has 
been recommended as chemoprophylaxis for open-heart sur-
gery; a 2-g i.v. dose is given at the beginning of surgery, 
and  this dose is repeated again at the end of the operation 
(Farrington et al., 1985; Farrington, 1986). Some advocate 
continuing chemoprophylaxis afterward; a dose of 500 mg 
flucloxacillin is given every 6 hours until the centrally placed 
postoperative i.v. catheters are removed, usually within 
24–48 hours (Freeman, 1990). Some authors advocate add-
ing gentamicin or tobramycin as a second drug to this pro-
phylactic regimen (Wilson, 1988; Wilson et al., 1988), but 

most consider that flucloxacillin alone is sufficient. The use 
of flucloxacillin aims to prevent early-onset prosthetic valve 
endocarditis in patients undergoing valve replacement and 
staphylococcal sternotomy infections after coronary artery 
bypass graft surgery (Freeman, 1990).

In orthopedic surgery (hip replacement and internal fixa-
tion of some fractures), flucloxacillin or cloxacillin in doses 
of 1–2 g given 1–2 hours preoperatively i.m. or just before the 
operation i.v., has been recommended. Some clinicians give 
repeated doses of these drugs postoperatively, but a single 
dose probably suffices and prophylaxis should not exceed a 
three-dose course (Unsworth et al., 1978; Hirschmann and 
Inui, 1980; Norden, 1983). When compared with cefazolin, 
which has a broader spectrum, flucloxacillin appears to per-
form as well in clean orthopedic surgery (van Meirhaeghe et 
al., 1989).

Three doses of cloxacillin in combination with ampicillin 
have been shown to be effective as prophylaxis in cesarean 
section (Ahmed et al., 2004), as has a combination of mez-
locillin and oxacillin (Engel et al., 1984).

A prospective, double-blind, placebo-controlled study was 
performed to assess the value of perioperative cloxacillin 
(first dose of 1 g at the start of anesthesia and then the same 
dose every 6 hours up to a total of four doses) prophylaxis in 
patients who were about to undergo a craniotomy. Signifi-
cantly fewer neurosurgical infections occurred in the cloxa-
cillin group. A 1-year follow-up study also confirmed that 
cloxacillin had been beneficial to the patients and it also had 
reduced the costs of health care (Van Ek et al., 1988; Van Ek 
et al., 1991a; Van Ek et al., 1991b). Similar results have been 
seen with oxacillin (Djindjian et al., 1986; Djindjian et al., 
1990). Cloxacillin alone or combined with gentamicin also 
appears to be effective prophylaxis for placement of CSF 
shunts (Langley et al., 1993).

Before the increase in methicillin-resistant S. aureus, isox-
azolyl penicillins have been commonly used for prophylaxis 
of cardiac surgical procedures, often in combination with 
an aminoglycoside (Hall et al., 1993). They are also effective 
in preventing infection after permanent pacemaker insertion 
(Mounsey et al., 1994).

7f.  Coagulase-negative staphylococcus

Isoxazolyl penicillins are suitable for the treatment of hospital- 
acquired coagulase-negative staphylococcal infections only 
if the strain involved is methicillin susceptible (see section 
2a, Routine susceptibility). If susceptible, use of isoxazolyl 
penicillins or nafcillin is preferred over vancomycin for 
coagulase-negative staphylococci (Badour et al., 2015; Habib 
et al., 2015).
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Nafcillin

Edina Avdic 

1. DESCRIPTION

Nafcillin, 6-(2-ethoxy-1-naphthamido) penicillanic acid, is a 
semisynthetic penicillin derived from the penicillin nucleus, 
6-aminopeni-cillanic acid. Similar to methicillin and the 
isoxazolyl penicillins, it is resistant to staphylococcal peni-
cillinase and has a predominately Gram-positive spectrum. 
Developed in 1961, it has since been widely used in the USA 
and a small number of other countries for the parenteral 
treatment of serious beta-lactamase-producing staphylococ-
cal infections.

Nafcillin comes as a 1-g, 2-g, and 10-g parenteral formu-
lation for intravenous and intramuscular use. Its molecular 
formula is C21H22N2O5S ∙H2O, and it has a molecular weight 
of 454.5. The chemical structure is shown in Figure 8.1. Like 
other penicillins it acts on penicillin-binding proteins (PBPs), 
principally PBPs 1a, 1b, and 2.

2. ANTIMICROBIAL ACTIVITY

The in vitro susceptibility of key pathogens to nafcillin are 
summarized in Tables 8.1 and 8.2.

2a.  Routine susceptibility

Nafcillin has a very similar antibacterial spectrum to the 
isoxazolyl penicillins (see Chapter 7, Isoxazolyl penicillins: 
oxacillin, cloxacillin, dicloxacillin and flucloxacillin). It is as 
active as oxacillin against both penicillin G–susceptible and 
–resistant Staphylococcus aureus strains (Klein et al., 1963). 
Stability of nafcillin in the presence of staphylococcal beta- 
lactamase (penicillinase) is similar to that of methicillin and 
greater than that of the isoxazolyl penicillins. Nafcillin shows 
superior activity to glycopeptides in an animal model of 
subcutaneous abscesses induced by methicillin-susceptible 
S. aureus (Wood and Wisniewski, 1994). Methicillin-resistant 
S. aureus strains are resistant to all penicillinase-resistant 
penicillins, including nafcillin (Barber and Waterworth, 
1964; Richmond et al., 1977). Both penicillin G–susceptible 

and beta- lactamase-producing strains of coagulase-negative 
staphylococci are nafcillin susceptible. In many settings, over 
50% of coagulase-negative staphylococci are methicillin resis-
tant, and these are resistant to nafcillin (Karchmer et al., 1983). 
Penicillin-tolerant S. aureus and coagulase-negative staphy-
lococci are usually also tolerant to nafcillin, but this varies 
according to the laboratory technique used (Norden and 
Keleti, 1981; Arthur et al., 1982). As with isoxazolyl penicil-
lins, this may vary in vivo in different parts of body. Thus in 
the presence of polyvinylchloride catheters, the minimum 
bactericidal concentrations (MBCs) of nafcillin for coagu-
lase-negative staphylococci are considerably higher than in 
the absence of such catheters (Sheth et al., 1985). 

Minimum inhibitory concentrations (MICs) of nafcillin 
against selected bacteria are shown in Tables 8.1 and 8.2. If 
activity against S. aureus is tested in 95% human serum 
instead of nutrient broth, MICs for S. aureus are 10-fold higher 
than when tested in 95% human serum because of the high 
protein binding of nafcillin (Barber and Waterworth, 1964). 
Many clinical microbiology laboratories in the USA use oxa-
cillin susceptibility as a surrogate agent for susceptibility 
testing for nafcillin against S. aureus (see Chapter 7, Isoxazolyl 
penicillins: oxacillin, cloxacillin, dicloxacillin and flucloxa-
cillin, section 2a, Routine susceptibility). In one study, oxa-
cillin had a good surrogate predictive value for nafcillin and 

Figure 8.1. Chemical structure of nafcillin.
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Table 8.1. In vitro activity of nafcillin

Species Reference
No. strains 

tested
MIC50 

(μg/ml)
MIC90 

(μg/ml)
Range 
(μg/ml)

Emerging 
resistance

Staphylococcus aureus, methicillin 
susceptible

Singh et al. (1996) 20 0.5 0.5 0.25–1.0

Korten et al. (1994) 29 0.25 0.5 0.25–1.0

Fass et al. (1986) 25 0.5 0.5 0.25–2

Barber and Waterworth 
(1964)

114 0.5 0.5 0.25–1

Feldman et al. (1978) 9 0.3 — 0.08–1.25

Staphylococcus aureus, methicillin 
resistant

Singh et al. (1996) 16 64 256 8–> 256

Korten et al. (1994) 24 64 > 64 32–> 64

Fass et al. (1986) 29 > 16 > 16 16–> 16

Staphylococcus aureus, penicillin 
susceptible

Barber and Waterworth 
(1964)

40 0.25 0.5 0.25–0.5

Coagulase-negative Staphylococcus spp., 
methicillin susceptible

Korten et al. (1994) 29 0.25 4 0.016–8

Coagulase-negative Staphylococcus spp., 
methicillin resistant

Korten et al. (1994) 23 32 > 64 1–> 64

Staphylococcus epidermidis Fass et al. (1986) 100 0.5 16 ≥ 0.125–> 16 Yes

Feldman et al. (1978) 3 0.16 — 0.16–0.312 Yes

Staphylococcus saprophyticus Fass et al. (1986) 49 1 1 0.25–2 Yes

Staphylococcus haemolyticus Fass et al. (1986) 75 > 16 > 16 < 0.125–> 16 Yes

Staphylococcus hominis Fass et al. (1986) 36 ≤ 0.125 1 < 0.125–> 16 Yes

Streptococcus pyogenes Singh et al. (1996) 9 — — 0.004–0.016

Feldman et al. (1978) 3 0.08 — < 0.08–0.312

Streptococcus agalactiae Singh et al. (1996) 10 0.25 0.25 0.25

Streptococcus pneumoniae Singh et al. (1996) 10 0.125 8 0.06–16 Yes

Barber and Waterworth 
(1964)

— — — 0.03–0.06 Yes

Viridans group Streptococcus spp. Singh et al. (1996) 10 4 64 0.06–64 Yes

Rhodococcus spp. Singh et al. (1996) 14 > 256 > 256 8–> 256

Leuconostoc spp. Singh et al. (1996) 12 8 16 0.5–32

Pediococcus spp. Singh et al. (1996) 17 32 32 16–128

Corynebacterium spp. Singh et al. (1996) 13 64 > 256 1–> 256

Lactobacillus spp. Singh et al. (1996) 11 4 16 4–16

Enterococcus faecalis Barber and Waterworth 
(1964)

15 8 8 8

Bacillus anthracis Barber and Waterworth 
(1964)

13 0.5 0.5 0.5

Neisseria gonorrhoeae Barber and Waterworth 
(1964)

25 — — 0.5–16

Neisseria meningitidis Barber and Waterworth 
(1964)

2 — — 0.5

Moraxella catarrhalis Barber and Waterworth 
(1964)

7 — — 0.06–0.5

Haemophilus influenzae Barber and Waterworth 
(1964)

12 — — 4–32
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variety of other beta-lactams. MICs were determined by broth 
microdilution against 1238 MSSA isolates from US hospitals 
(Kang et al., 2015). 

2b.  Emerging resistance and 
cross-resistance

In common with isoxazolyl penicillins, strains of S. aureus 
harboring the mecA gene encoding PBP2a are resistant to 
nafcillin as well as methicillin. Nafcillin susceptibility is also 
reduced in the setting of altered penicillin-binding proteins 
in Streptococcus pneumoniae, which confer reduced suscep-
tibility or resistance to penicillin G, other penicillins, and 
cephalosporins. In regard to both, nafcillin resistance can 
be inferred from resistance to methicillin or oxacillin or the 
presence of mecA in S. aureus and coagulase-negative 
staphylococci, and by the presence of penicillin resistance in 
S. pneumoniae. Presumably, a situation analogous to that of 
S. pneumoniae applies to the viridans group of streptococci.

For a broader discussion about emerging resistance among 
staphylococcal strains to beta-lactam agents see Chapter 6, 
Methicillin, and Chapter 7, Isoxazolyl penicillins: oxacillin, 
cloxacillin, dicloxacillin and flucloxacillin, section 2a, Anti-
microbial activity. 

2c.  In vitro assessment of synergy 

Synergy between antistaphylococcal penicillins and amino-
glycosides is readily demonstrated in vitro (Watanakunakorn 
and Glotzbecker, 1977; Eliopoulos and Moellering, 1996). A 
synergistic combination of nafcillin plus gentamicin had a 
superior therapeutic effect, compared with nafcillin alone in 
experimental animals (Fantin and Carbon, 1992). Further-
more, increased bactericidal activity can be shown between 
antistaphylococcal penicillins and gentamicin when these 
agents are co-administered to patients with S. aureus bacte-
remia (Licht, 1979). 

Historically, the aminoglycosides have been the most com-
monly used agents in combination with antistaphylococcal 
penicillins to treat S. aureus infections. Synergy in an in vitro 
pharmacokinetics/pharmacodynamics (PK/PD) model was 
explored between vancomycin and nafcillin against S. aureus, 
including 25 heterogeneous vancomycin-intermediate S. 
aureus (hVISA), 2 methicillin-resistant S. aureus (MRSA), 

and 2 methicillin-susceptible S. aureus (MSSA strains). Poten-
tial for synergy was assessed by time kill at 0.5 times MIC 
in triplicate. The addition of nafcillin to vancomycin showed 
synergy in 92% of hVISA strains in time-kill analysis. Five 
hVISA strains were selected for the PK/PD model with a 
vancomycin MIC of 2 mg/l, while nafcillin MICs ranged 
from 4 to 256 mg/l. Strong enhancement in bacterial killing 
and organism burden at 72 hours was observed with the com-
bination relative to either drug alone, despite nafcillin drug 
concentrations being below the MIC for most of the dosing 
interval. Similarly, the same enhanced killing was observed 
against MRSA and MSSA; however, the magnitude of the 
effect was much less for MSSA due to strong activity of naf-
cillin alone against MSSA (Leonard, 2012). The exact mech-
anism of synergy between nafcillin and vancomycin has not 
been elucidated. Because there are structural and mechanis-
tic similarities between vancomycin and telavancin, Leonard 
et al (2013a) used the same model to examine synergy 
between telavancin (10 mg/kg/day) and nafcillin (2 g every 
4 hours) against 30 strains of S. aureus (10 hVISA, 10 MRSA, 
10 MSSA). In the time-kill studies, 70% of strains displayed 
synergy with nafcillin combined with telavancin; however, 
when methicillin-resistant strains (MRSA, hVISA) were sep-
arated from MSSA, the proportion of the strains demon-
strating synergy was higher, 80% versus 50%. In the PK/PD 
model, the activity of the combination was superior to the 
individual drugs alone (Leonard et al., 2013a). 

Synergy between nafcillin and daptomycin was observed 
in 55% of 20 vancomycin-intermediate-resistant S. aureus 
(VISA) isolates tested by time kill at 0.5 times MIC in tripli-
cate (Leonard et al., 2013b). In the PK/PD model no benefit 
of this combination was seen in isolates with low daptomy-
cin MIC (0.5 mg/l). However, for the isolates with daptomy-
cin MICs of 1–2 mg/l, combination therapy was superior to 
either agent alone, this effect was more pronounced as the 
daptomycin MIC increased (highest with MIC of 2 mg/l) and 
the dose of daptomycin increased (highest with 10 mg/kg/
day) (Leonard et al., 2013b). In addition, the combination of 
nafcillin and daptomycin may significantly enhance the anti-
bacterial activity of daptomycin against daptomycin nonsus-
ceptible MRSA isolates (Steed et al., 2010; Mehta et al., 2012) 
and prevent the selection of daptomycin-resistant strains 
(Mehta et al., 2012; see section 7a, S. aureus bacteremia and 
endocarditis).

Table 8.2. Minimum inhibitory concentration (MIC) distributions for nafcillin among key species

Species Reference

MIC (μg/ml)

0.125 0.25 0.5 1 2 4 8

Clostridium difficile Wiedemann and Grimm (1996)  1 10 4

Staphylococcus aureus Wiedemann and Grimm (1996)  2 15 18

Staphylococcus aureus 
(penicillin-susceptible)

Barber and Waterworth (1964) 1 21 18

Staphylococcus aureus 
(methicillin-susceptible)

Barber and Waterworth (1964) 3 41 68  3

Staphylococcus epidermidis Wiedemann and Grimm (1996) 23 81 34 24  5
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Cefoxitin at subinhibitory concentrations (10 mg/l) was 
synergistic in combination with nafcillin for community- 
acquired MRSA strains (USA300, USA400), but not for 
healthcare-acquired MRSA strains in time-kill assays (Ban-
erjee et al., 2013). Nafcillin plus rifampicin may exhibit syn-
ergism, antagonism, or indifference when tested against S. 
aureus strains in vitro. The clinical relevance of various syner-
gistic combinations with nafcillin remains to be determined. 

3. MECHANISM OF DRUG ACTION

Nafcillin, like other penicillins (see Chapter 3, Benzylpenicillin 
(penicillin G)), inhibits peptidoglycan synthesis by inhibiting 
the transpeptidase enzymes PBP1a, 1b, and 2.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Owing to low and unpredictable absorption, nafcillin is not 
recommended for oral administration. Nafcillin can be given 
either intramuscularly or intravenously; however, intrave-
nous administration is preferred due to frequent dosing. 
Intramuscular administration results in a peak concentra-
tion of 5–8 mg/l after 500-mg to 1-g doses (Martindale, 
2007). The usual adult i.v. dosage is 1–2 g every 4–6 hours. 
Based on Monte Carlo simulations, a regimen of 2 g every 
4 hours has the highest probability of target attainment for 
MSSA infections (Housman et al., 2014). Hence the recom-
mended dose for endocarditis is 12 g/24 hours in 4–6 equally 
divided doses (Baddour et al., 2015). Nafcillin at doses of 
1.5–2 g every 4–6 hours is recommended for treatment of 
osteomyelitis (Berbari et al., 2015; Osmon et al., 2013). Naf-
cillin can be administered either by intermittent infusion, by 
which each dose is administered over at least 30–60 minutes, 
or continuous infusion, by which the total daily dose is admin-
istered over 24 hours (Knoderer et al., 2010). Slow infusion 
can minimize risk of vein irritation and extravasation. 

Nafcillin has been given prophylactically directly into sur-
gical wounds at the time of closure (Griego and Zitelli, 1998) 
and can be used to treat continuous ambulatory peritoneal 
dialysis-associated peritonitis by instillation in the dialysate 
at a concentration of 125 mg/l (Piraino et al., 2005). Nafcillin 
is quite stable in peritoneal dialysate solutions (Sewell and 
Golper, 1982).

4b.  Newborn infants and children

The usual parenteral pediatric dose is 25 mg/kg every 4 hours; 
higher doses of 50 mg/kg every 4 hours can be given safely. In 
newborns, the recommended dosage for severe infection is 
100 mg/kg/day, given in two divided doses for infants younger 
than 7 days of age, and in three divided doses for those older 
than 7 days (Banner et al., 1980). In those with birth weights 
less than 2000 g, unnecessarily high serum levels are obtained 
with these doses. A dose of 20 mg/kg body weight, admin - 

istered every 8 hours, is probably sufficient for those with low 
birth weight (Banner et al., 1980). Nafcillin at dose of 185 
mg/kg/day was successfully used as a continuous infusion to 
treat sternal osteomyelitis in 12-day-old infant who did not 
respond to traditional intermittent nafcillin dosing (Knoderer 
et al., 2010). 

4c.  Pregnant and lactating mothers

Nafcillin like other penicillins (see Chapter 3, Benzylpenicillin 
(penicillin G)) is considered to be safe in pregnant patients 
(pregnancy category B), although reported experience in the 
literature with nafcillin during pregnancy is limited to case 
reports (Rackett and Baughman, 1997). Reproduction studies 
in animals with nafcillin doses up to 20–40 times the human 
dose did not show evidence of impaired fertility or harm to the 
fetus. Nafcillin is excreted in breast milk in low concentration. 
No adverse effects have been reported (Nafcillin [package 
insert]. Deerfield, IL: Baxter Hleathcare Corporation; 2007). 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Nafcillin is eliminated from the body rapidly and primarily 
by nonrenal mechanisms (Kind et al., 1970), so that dosage 
reduction is not needed in patients with renal impairment. 
The plasma nafcillin elimination half-life is unaltered in anuric 
patients during hemodialysis and in the interval between 
dialyses, so patients can be treated by a nafcillin dosage used 
for patients with normal renal function (Diaz et al., 1977).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Because nafcillin is normally cleared through the liver, 
impaired hepatic function alters kinetics. Cirrhosis and extra-
hepatic biliary obstruction alter clearance to some extent, 
although there is at least partial compensation through 
increased renal clearance (Marshall et al., 1977). There are 
no formal recommendations for dosage reduction, with each 
patient’s individual situation requiring consideration.

PREMATURE NEONATES

In neonates with birth weights less than 2000 g, a dose of 20 
mg/kg body weight, administered every 8 hours, is probably 
sufficient (Banner et al., 1980).

OBESE PATIENTS

Obese patients may require higher than usual doses because 
of an increased volume of distribution, but no specific rec-
ommendations are available (Yuk et al., 1988).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Nafcillin is comparatively poorly and inconsistently absorbed 
from the gastrointestinal tract compared with the isoxazolyl 
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penicillins (Watanakunakorn, 1977). Doses of 500 mg and 1 
g orally yield peak concentrations of 3.2 ± 1.9 mg/l and 7.7 ± 
2.7 mg/l, respectively; thus serum levels following oral nafcil-
lin are low and irregular. Administration with food halves 
absorption (Klein et al., 1963; Whitehouse et al., 1963; Wata-
nakunakorn, 1977). Therefore, oral administration of nafcil-
lin is not recommended (Klein et al., 1963; Watanakunakorn, 
1977).

The elimination half-life of nafcillin in normal adults 
ranges from 0.7 to 1.4 hours (Kind et al., 1970; Rudnick et al., 
1976; Waller et al., 1982); in children, it is 0.76 ± 0.03 hours 
and is little influenced by age (Feldman et al., 1978). Nafcil-
lin has a high degree of protein binding to serum albumin 
(Rolinson and Sutherland, 1965). Depending on the type of 
assay, binding ranges from 79% to 90% with an average of 
around 88% (Craig and Suh, 1991).

5b.  Drug distribution

Following i.v. infusion of a 0.5-g dose of nafcillin over 15 
minutes to adults, the serum level is 11 mg/l at the end of the 
infusion and 0.5 mg/l at 6 hours (Neu, 1982). After an i.m. 
injection of 1-g nafcillin, a peak serum level of about 8 mg/l 
is reached 1 hour later; it falls to about 0.5 mg/l at 6 hours 
(Whitehouse et al., 1963). Concomitant oral administration 
of probenecid increases and prolongs nafcillin levels, similar 
to other penicillins (Klein et al., 1963). Probenecid reduces 
urinary recovery by 50%, decreases both renal and nonrenal 
clearance, and doubles the area under the concentration-time 
curve (Waller et al., 1982). Nafcillin serum levels are lower 
than those attained with equal doses of i.m. oxacillin because 
it is distributed in a larger volume in the body and is more 
rapidly inactivated by the liver (Kind et al., 1970).

In children with active infection administered 37.5 mg/kg 
of nafcillin every 6 hours, infused over 15 minutes, concen-
trations at 30 minutes (near peak) were around 50 mg/l 
(Feldman et al., 1978), whereas in children having cerebro-
spinal fluid (CSF) shunt replacement, peaks after 50 mg/kg 
were 22–107 mg/l. The kinetics of nafcillin in children are 
summarized in Table 8.3.

In seven patients with normal meninges who received an 
i.v. nafcillin dose of 40 mg/kg infused over 30 minutes, mean 

CSF concentrations were 0.05, 0.12, 0.09, and 0.03 mg/l, 1, 
2, 3, and 4 hours after infusion, respectively (Fossieck et al., 
1977). Ruiz and Warner (1976) treated an adult patient with 
staphylococcal meningitis using a nafcillin dose of 200 mg/
kg/day; a high CSF concentration of 9.5 mg/l was reached 
45 minutes after a 3-g i.v. dose, administered over 5 minutes. 
Kane et al. (1977) studied nine patients with severe staphylo-
coccal infections who were treated by i.v. nafcillin. High CSF 
levels (7.5–88.0 mg/l) were found in three patients with 
purulent meningitis and in two with staphylococcal bactere-
mia who had only a CSF pleocytosis; lower CSF levels (0.13–
2.7 mg/l) occurred in patients without a CSF pleocytosis. 
Penetration of i.v. administered nafcillin into the ventricular 
fluid of hydrocephalic children has been studied; in seven 
patients with bacterial ventriculitis, concentrations of nafcil-
lin in the ventricular fluid were 0.8–20.4% of the peak serum 
level, whereas in seven others without bacterial ventriculitis, 
these levels were < 0.02–4% of peak serum concentrations 
(Yogev et al., 1981). Similar low levels were recorded in the 
CSF of children without infection who underwent CSF shunt 
replacement (Nahata et al., 1990). After a dose of 50 mg/kg of 
nafcillin, CSF concentrations ranged from 0.02 to 0.30 (mean 
0.16 ± 0.11) mg/l.

Renal impairment has only a small effect on drug distri-
bution and clearance. In a cohort of 26 subjects with various 
degrees of renal impairment, Rudnick et al. (1976) showed a 
gradual decrease in the elimination rate constant (increase in 
elimination half-life) from 0.48 per hour (half-life: t½ = 1.5 
hours) in subjects with normal renal function to 0.31 per hour 
in anuric patients on dialysis (t½ = 2.3 hours). Hemodialysis 
does not appreciably affect nafcillin clearance (Diaz et al., 
1977).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Like other penicillins, the antistaphylococcal penicillins show 
only slight concentration-dependent killing, with maximum 
effects reached at concentrations three- to fourfold higher 
than the MIC (Craig and Ebert, 1991). The in vitro postanti-
biotic effect of antistaphylococcal penicillins against S. aureus 
is moderate at best, of the order of 1.5–2 hours, depending 

Table 8.3. Nafcillin kinetics in children.

Subject (n) Reference
Dose 

(mg/kg)
Cmax 

(mg/l)
4-hour level 

(mg/l) Half-life (h) Clearance Vd (l/kg)

Children with general 
infections (24)

Feldman et al. (1978) 37.5 48.1 ± 3.5 1.8 ± 0.2 0.76 ± 0.03 595 ± 5 (ml/min/1.73 m2) 0.89 ± 0.08

Children having CSF 
shunt replacement (10)

Nahata et al. (1990) 50 22–107 — 0.5 ± 0.1 0.90 ± 0.55 (l/kg/h) 0.70 ± 0.52

Premature neonates (10) 
< 21 days old

Nahata et al. (1990) 33.3–50 — — 3.4 ± 0.9 1.07 ± 0.19 (ml/min/kg) 0.33 ± 0.08

Premature neonates (3) 
> 21 days old

Banner et al. (1980) 33.3 — — 1.8 ± 0.6 1.98 ± 0.68 (ml/min/kg) 0.30 ± 0.03

Abbreviations: Cmax: maximal concentration; Vd: volume of distribution; —: no data.
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on concentration and time of exposure (Craig and Gud-
mundsson, 1996). In vivo, the postantibiotic effect is some-
what longer—for example, 3 hours for nafcillin against S. 
aureus (Craig and Gudmundsson, 1996).

The pharmacodynamic predictor of efficacy for beta- 
lactams, including the antistaphylococcal penicillins, is time 
above MIC (t > MIC) of unbound drug (Turnidge, 1998). For 
penicillins, the usual target for t > MIC is 50% of the dosing 
interval, based on a range of findings in which this value 
shows near maximum effect in animal models and near max-
imum cure in clinical studies (Craig and Andes, 1996; Craig 
1998; Craig, 2002; Drusano, 2004; Ambrose et al., 2007; 
Landersdorfer et al., 2007).

The comparatively short half-lives of the antistaphylo-
coccal penicillins, combined with t > MIC being the predic-
tor of efficacy, supports the use of alternative dosing regimens 
to the conventional bolus administration every 4–6 hours 
(Turnidge, 1998). In particular, prolonged infusion (e.g. for 
half the dosing interval) or continuous infusion produces 
longer %t > MIC for unbound drug, and lower total daily 
doses can be used while still achieving the required phar-
macodynamic target using these methods of administration 
(Landersdorfer et al., 2007).

5d.  Excretion

About 30% of an i.m.-administered dose of nafcillin can be 
recovered from the urine, where concentrations reach as high 
as 1000 mg/l. A considerably smaller amount of active nafcil-
lin (about 19% of the administered dose) is recovered from 
the urine after i.m. administration if it is given with probene-
cid (Klein et al., 1963; Waller et al., 1982).

A small amount of active drug, probably only about 8% of 
an i.m. dose, is eliminated via the bile (Kind et al., 1970). The 
remainder of administered nafcillin appears to be inactivated 
in the liver (Kind et al., 1970). This inactivation takes place 
even more rapidly than in the case of oxacillin.

5e.  Drug interactions

Nafcillin has few drug interactions. There are conflicting data 
about the potential for interaction with cyclosporin, either 
decreasing plasma levels (Veremis et al., 1987) or increasing 
its nephrotoxicity without altering plasma levels (Jahansouz 
et al., 1993). More important is the interaction with warfarin. 
Nafcillin appears to be an inducer of warfarin metabolism, 
and warfarin requirements are likely to at least double while 
the patient is receiving nafcillin (Qureshi et al., 1984; Fraser 
et al., 1989; Davis et al., 1991; Kim et al., 2007).

6. ADVERSE REACTIONS AND TOXICITY

Overall adverse reaction rates to nafcillin when used as defin-
itive treatment are approximately 20–30% (Kancir et al., 1978; 
Maraqa et al., 2002). Different rates, either higher or lower, 
have been recorded when used for prolonged periods, such 
as for outpatient treatment (Dahlgren, 1997; Wynn et al., 

2005). Serious reaction rates are < 5%. In a retrospective 
cohort analysis of patients who received nafcillin or cefazolin 
long-term therapy (anticipated median duration of 28 days), 
fewer patients completed the treatment course with nafcillin 
due to adverse events. The most common adverse events 
reported with nafcillin were rash (13.9%), renal dysfunction 
(11.4%), liver function abnormalities (8.1%), and neutro-
penia (8.4%) (Youngster et al., 2014).

6a.  Hypersensitivity reactions

Nafcillin, like other penicillins, may cause the same hyper-
sensitivity reactions that occur with penicillin G (see Chap-
ter 3, Benzylpenicillin (penicillin G)). The most common is 
skin rash (Dahlgren, 1997). The drug is contraindicated in 
any patient with a history of penicillin sensitivity. Rash is less 
likely with nafcillin than with oxacillin (Maraqa et al., 2002) 
and more likely compared to cefazolin (Youngster et al., 
2014). A case of nafcillin-associated gastrointestinal leuko-
cytoclastic vasculitis has been reported, occurring 7–21 days 
after the start of therapy (Xie et al., 2015)

6b.  Nephrotoxicity

Parry et al. (1973) described a patient who developed renal 
damage due to methicillin, which resolved when lincomycin 
was substituted. Later, when therapy was changed to nafcil-
lin, the hypersensitivity nephritis recurred. Nephropathy has 
been reported on many occasions with methicillin but less 
commonly with other penicillinase-resistant penicillins. If 
nephropathy develops after the use of one penicillin analog, 
it is likely to recur if any other penicillin is subsequently 
used. Nafcillin-induced acute interstitial nephritis (AIN) 
has been reported in case reports (Bodendorfer et al., 1980; 
Guharoy et al., 1993; Hoppes et al., 2007; Whitman et al., 
2012). All patients had significant increases in serum creati-
nine concentrations and abnormal urinalysis. Severity of renal 
dysfunction varied, one patient required short-term hemo-
dialysis (Whitman et al., 2012). Eosinophilia and rash were 
present in only in few patients. Time to development of AIN 
after initiation of nafcillin therapy varied from 2 to 9 days. Of 
note, Blumenthal et al. (2014) reported that patients who 
developed immune-mediated hypersensitivity reactions to 
nafcillin, including nephritis, tolerated a switch to cefazolin 
without worsening or recrudescing symptoms, suggesting that 
cefazolin may be a reasonable therapeutic alternative among 
patients with such hypersensitivity reactions.

6c.  Hypokalemia

Nafcillin administered in large doses i.v. (200 mg/kg/day) 
can cause hypokalemia and associated alkalosis (Mohr et al., 
1979). Nafcillin acts as a nonreabsorbable anion and increases 
passive renal distal tubular potassium excretion. This is sim-
ilar to what occurs with other penicillins used in large doses, 
such as penicillin G. Hypokalemia may resolve when the naf-
cillin dose is reduced (Andreoli et al., 1980).
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6d.  False-positive tests

Nafcillin in the urine can cause a false-positive urine reac-
tion for protein when the sulfosalicylic test is used, but not 
with the dipstick test. Unrecognized, this may lead to unnec-
essary cessation of the drug and even renal biopsy (Line et al., 
1976). Penicillin G and oxacillin can also cause false-positive 
urine protein determinations, but to a lesser degree.

6e.  Hematologic side effects

Neutropenia with concomitant fever occurred in one patient 
receiving a daily dose of 12 g i.v. nafcillin. This complication 
resolved when the drug was stopped (Sandberg et al., 1975). 
In another patient, i.v. nafcillin therapy (12 g daily) was 
associated with the development of agranulocytosis, which 
improved only after the drug was discontinued (Markowitz 
et al., 1975). Greene and Cohen (1978) described neutropenia 
in three children receiving i.v. nafcillin, which also resolved 
when nafcillin was ceased. Four of 29 patients with serious 
staphylococcal infections treated with nafcillin had fever, rash, 
and neutropenia (Kancir et al., 1978). Neutropenia occurred 
in one patient 3 days after bullous skin eruption and resolved 
several days after therapy discontinuation (Chang et al., 
2012). Neutropenia appears to be a common complication 
of prolonged outpatient intravenous therapy (Maraqa et al., 
2002). 

Two patients treated with high daily doses of nafcillin i.v. 
(12–14 g) developed abnormal bleeding times and one had a 
bleeding episode. This was due to platelet dysfunction, similar 
to that described with penicillin G (Alexander et al., 1983).

6f.  Skin reactions and tissue necrosis 

Tissue and skin necrosis can occur after accidental subcuta-
neous extravasation of i.v. nafcillin and phlebitis and may 
necessitate multiple tissue débridements and skin grafting. 
The exact mechanism by which nafcillin causes this is not 
entirely known (Le and Patel, 2014). In animals, tissue necro-
sis occurs after subcutaneous inoculation of nafcillin, but not 
with oxacillin, methicillin, and cephalothin (Tilden et al., 
1980). In humans, nafcillin-induced tissue injury can be pre-
vented by prompt administration of hyaluronidase into the 
site of extravasation. Other suggested treatments include cold 
compresses and sulfadiazine sliver cream (Zenk et al., 1981; 
Le et al., 2014).

Nafcillin-induced bullous skin eruption and neutropenia 
was reported in one patient after 3 weeks of therapy. Both 
neutropenia and skin lesions spontaneously resolved after 
cessation of therapy (Chang et al., 2012). 

6g.  Hepatotoxicity

Hepatotoxicity has been described with all the antistaphy-
lococcal penicillins. Rates of toxicity, at least in the setting 
of outpatient intravenous therapy, are significantly lower for 
nafcillin than oxacillin (Maraqa et al., 2002) (see Chapter 7, 

Isoxazolyl penicillins: oxacillin, cloxacillin, dicloxacillin and 
flucloxacillin). A fatal biopsy-proven case of nafcillin-induced 
hepatotoxicity was reported in one patient (Alam et al., 2012).

7. CLINICAL USES OF THE DRUG

Nafcillin is now preferred to methicillin for treatment of sus-
ceptible staphylococcal infections, mainly because of the lat-
ter’s greater propensity to cause nephropathy (see Chapter 6, 
Methicillin). In Australia and in Europe, one of the parenteral 
isoxazolyl penicillins, such as cloxacillin or flucloxacillin, is 
commonly used, while in the USA, oxacillin is an effective 
alternative. The response obtained in severe staphylococcal 
infections is about the same with all of these drugs, provided 
they are given parenterally in appropriate doses. Parenteral 
nafcillin has been used successfully for the treatment of 
S. aureus infections, such as bacteremia, endocarditis, osteo-
myelitis, septic arthritis, pneumonia, meningitis, skin and skin 
structure infections, and pyomyositis (Eickhoff et al., 1965; 
Goldenberg and Cohen 1976; Parker and Fossieck, 1980; 
Car ney et al., 1982; Watanakunakorn, 1987; Kim et al., 
1989; Daly et al., 1990; Walling and Kaelin, 1991; Givner 
and Kaplan, 1993; Wynn et al., 2005). 

7a.  S. aureus bacteremia and endocarditis

Nafcillin was more effective than vancomycin for treatment 
of MSSA bacteremia in several retrospective studies (McDanel 
et al., 2015; Schweizer et al., 2011; Chang et al., 2003). In one 
retrospective cohort study, patients who were treated with 
cefazolin or nafcillin had a lower 30-day mortality compared 
to those treated with vancomycin, 3% vs. 20% respectively. 
The mortality remained lower in patients who were deesca-
lated from empiric vancomycin to cefazolin or nafcillin. The 
median time to deescalation was 3 days (Schweizer et al., 
2011). Persistence of MSSA bacteremia beyond 7 days or 
relapse was 6.5 times higher in patients who were treated 
with vancomycin compared to those treated with nafcillin 
in a prospective observational study (Chang et al., 2003). 
Treatment of MSSA bacteremia with beta-lactam antibiotics 
was compared to vancomycin in a large retrospective cohort 
study in the USA. Patients who received antistaphylococcal 
penicillin (35% of patients received nafcillin and 9% oxacil-
lin) or cefazolin (30%) as definite therapy had a 43% reduced 
hazard of mortality compared to patients who received van-
comycin after adjusting for other factors (McDanel et al., 
2015). 

Nafcillin was compared to cefazolin for treatment of MSSA 
bacteremia in a retrospective propensity-score-matched case- 
control study. Treatment failure rates of 15% were demon-
strated for both agents, but rates of therapy interruption due 
to adverse events were higher in the nafcillin group (17%) 
compared to cefazolin (0%) (Lee et al., 2011). 

In a randomized trial that included both injecting drug 
users and noninjecting drug users with MSSA endocarditis, 
nafcillin alone for 6 weeks was compared to nafcillin for 
6 weeks plus gentamicin 1 mg/kg every 8 hours for the first 
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2 weeks. In injecting drug users receiving the combination 
regimen, there was a slightly more rapid clinical response 
(defervescence and normalization of leukocyte count); mean 
time to clearance of bacteremia was not statistically faster 
with the combination regimen (2.9 days vs. 3.4 days). In the 
noninjecting drug users, mean time to clearance of bactere-
mia occurred after 2.8 days with the combination regimen 
compared to 4.1 days with nafcillin alone; however, there was 
a higher frequency of nephrotoxicity with the combination 
regimen. The addition of gentamicin did not alter morbidity 
or mortality in either group. The authors suggested that it 
may be reasonable to initiate combination therapy in patients 
with S. aureus endocarditis, but the aminoglycoside should 
be stopped after clearance of bacteremia (3–5 days) and that 
nafcillin alone be continued for a total of 6 weeks (Korzeni-
owski et al., 1982). In another study, patients with S. aureus 
bacteremia (with or without endocarditis) were treated with 
nafcillin alone. Patients infected with tolerant organisms 
remained febrile longer than those infected with nontolerant 
strains, but they did not require additional antibiotics for 
cure (Rahal et al., 1986). Injecting drug users with uncompli-
cated right-sided endocarditis have been treated successfully 
with a 2-week course of nafcillin plus synergistic doses of 
tobramycin (Chambers et al., 1988). Cloxacillin at a dose of 
2 g every 4 hours, even without gentamicin, has been shown to 
be effective for this condition provided patients are selected 
carefully (Ribera et al., 1996).

A growing body of evidence suggests that addition of low-
dose aminoglycosides in the treatment of S. aureus bactere-
mia and native valve endocarditis is unnecessary and may 
cause harm (Ribera et al., 1996; Cosgrove et al., 2009). The 
safety of synergistic doses of gentamicin added to antistaph-
ylococcal penicillins or vancomycin for treatment of sus-
pected S. aureus native valve endocarditis was evaluated in a 
prospective cohort study. Patients received either standard 
therapy (antistaphylococcal penicillin or vancomycin) plus 
gentamicin or daptomycin monotherapy. Renal adverse events 
occurred in 8 (7%) of daptomycin recipients, 10 (19%) of 
vancomycin recipients, and 11 (17%) of antistaphylococcal 
penicillin recipients (Cosgrove et al., 2009). The addition of 
gentamicin for treatment of native valve endocarditis caused 
by S. aureus is no longer recommended in US or European 
guidelines; however, the combination of gentamicin with 
nafcillin or oxacillin plus rifampin is still recommended for 
prosthetic valve endocarditis (Baddour et al., 2015; Habib 
et al., 2015). Duration of gentamicin therapy is limited to 
the initial 2 weeks of therapy. In animal studies, the addi-
tion of rifampin was beneficial in sterilization of the foreign 
prosthetic material infected by S. aureus (see Chapter 126, 
Rifampin). 

Nafcillin has been shown to increase killing of MRSA by 
selecting innate host defense peptides (HDPs) from kerati-
nocytes, neutrophils, and platelets. Furthermore, nafcillin 
reduced MRSA virulence in a mouse subcutaneous infection 
model (Sakoulas et al., 2014). This pharmacodynamics inter-
action with endogenous HDPs is not unique to nafcillin 
and was observed with other beta-lactam antibiotics against 

MRSA. Based on in vitro studies antistaphylococcal beta-lac-
tams have shown to enhance activity of daptomycin against 
MRSA. The combination of nafcillin (2 g every 4 hours) and 
daptomycin (8–10 mg/kg/day) was evaluated for treatment 
of persistent MRSA bacteremia in six of seven reported cases, 
one patient received oxacillin and daptomycin. All patients 
achieved clinical cure and rapid microbiologic clearance. All 
isolates were daptomycin susceptible initially, but one devel-
oped resistance (MIC = 2–4 mg/l) during the therapy (Dhand 
et al., 2011). However, in vitro daptomycin resistant isolate 
was reduced to susceptible in the presence of nafcillin, which 
can be explained by synergy demonstrated in vitro between 
the two agents (Leonard et al., 2013b). Similarly, in vitro 
studies have demonstrated synergy between nafcillin and van-
comycin; however, this combination has not been evaluated 
clinically. The combination of flucloxacillin and vancomy-
cin was evaluated in patients with MRSA bacteremia; no 
significant impact on clinical outcomes was observed with 
this combination compared to vancomycin monotherapy 
(see Chap ter 7, Isoxazolyl penicillins: oxacillin, cloxacillin, 
dicloxacillin and flucloxacillin). Adjunctive use of nafcillin to 
treat MRSA infections requires further evaluation.

7b.  S. aureus bone and joint infections 

Nafcillin is widely used for initial treatment of acute and 
chronic osteomyelitis caused by S. aureus (Kaplan et al., 
1982; Gentry and Rodriguez, 1990; Wynn et al., 2005; Osmon 
et al., 2013; Berbari et al., 2015). A rifamycin–nafcillin com-
bination has been used to treat chronic staphylococcal osteo-
myelitis, with a trend toward better outcomes; however, the 
advantages of this combination are not definitive (Norden 
et al., 1986). In the USA nafcillin or oxacillin is the preferred 
therapy in combination with rifampicin for the treatment of 
prosthetic joint infections when hardware is retained or with 
one-stage exchange if S. aureus is susceptible to rifampicin 
(Osmon et al., 2013). 

7c.  S. aureus CNS infection

Nafcillin has demonstrated good penetration into the CSF 
(see section 5b, Drug distribution) and has been successfully 
used for treatment of staphylococcal meningitis (Ruiz and 
Warner, 1976; Fossieck et al., 1977). If nafcillin is used for 
this purpose, the parenteral dose should be at least 2 g every 
4 hours for adults (Kane et al., 1977; Quintiliani and Cooper, 
1988). For the treatment of staphylococcal meningitis, a 
nafcillin–rifampicin combination was also effective (Gordon 
et al., 1985).

7d.  Coagulase-negative staphylococcus 
infections 

Nafcillin can be used to treat severe hospital-acquired infec-
tions caused by these organisms, such as prosthetic valve endo-
carditis and prosthetic joint infections, provided the strain is 
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susceptible to methicillin. Breakpoints for S. lugdunensis are 
higher compared to other coagulase-negative staphylococci, 
similar to those for S. aureus. (see Chapter 7, Isoxazolyl pen-
icillins: oxacillin, cloxacillin, dicloxacillin and flucloxacillin, 
section 2a, Routine susceptibility, for more information about 
susceptibility). The addition of either gentamicin or rifampi-
cin or both to the nafcillin regimen may improve the results 
of treatment (Sande and Scheld, 1980). In the USA, nafcillin 
or oxacillin in combination with rifampicin is the preferred 
therapy for prosthetic joint infections with retained hard-
ware or one-stage exchange (Osmon et al., 2013) and in com-
bination with rifampicin and gentamicin for treatment of 
prosthetic valve or prosthetic material endocarditis (Baddour 
et al., 2015). 

7e.  Other uses

Nafcillin has been shown to be effective in a range of Gram-
positive infections (mainly S. aureus) in children (Feldman 
et al., 1978; Kaplan et al., 1982), including cellulitis, bactere-
mia, endocarditis, osteomyelitis, pneumonia, skin and skin 
structure infections, and meningitis. It has also been shown 
to be effective for surgical prophylaxis for cardiac valve sur-
gery (Palmer et al., 1995).
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Carbenicillin, Carindacillin, 
Carfecillin, and Ticarcillin

Kathryn Dzintars

1. DESCRIPTION

Carbenicillin (disodium alpha-carboxybenzyl-penicillin) is a 
semisynthetic penicillin derived from the penicillin nucleus, 
6-aminopenicillinic acid (6-APA) and can only be adminis-
tered parenterally (Knudsen et al., 1967). Two carbenicillin 
esters, carbenicillin indanyl sodium (carindacillin) and a phe-
nyl ester of carbenicillin (carfecillin), were also developed. 
These are absorbed after oral administration and rapidly 
hydrolyzed in the body to produce carbenicillin. The chemi-
cal formula of carbenicillin is C17H18N2O6S, and its molecular 
weight is 378.4. Its chemical structure is shown in Figure 9.1a. 
Carbenicillin is used rarely.

Ticarcillin, which has the chemical formula alpha-carboxyl- 
3-thienylmethyl penicillin, is very similar to carbenicillin but 
is more active against Pseudomonas aeruginosa (Sutherland 
et al., 1971). It is now exclusively used as a fixed combination 
with clavulanic acid (Timentin; see Chapter 16, Ticarcillin–
clavulanic acid). The chemical formula of ticarcillin is 
C15H16N2O6S2, and its molecular weight is 384.4270. Its chem-
ical structure is shown in Figure 9.1b.

2. ANTIMICROBIAL ACTIVITY

The minimum inhibitory concentration (MIC) distribution of 
ticarcillin against common Gram-negative bacteria is shown 
in Table 9.1. Historically, the key clinical target of activity for 
these drugs has been P. aeruginosa, although they have activ-
ity against a variety of other Gram-negative and -positive 
pathogens.

2a.  Routine susceptibility

GRAM-NEGATIVE AEROBIC BACTERIA

Pseudomonas aeruginosa
Activity against Pseudomonas aeruginosa, although of a rela-
tively low order (Blondeau et al., 1998), is the most important 
feature of carbenicillin. It can be administered parenterally 
in sufficient dosage to obtain serum concentrations exceed-
ing 50–60 μg/ml, which inhibit most P. aeruginosa strains. 
However, some strains are not inhibited by concentrations 
as high as 200 μg/ml. Strains of P. aeruginosa with increased 
resistance can emerge in patients treated with carbenicillin 
(Darrell and Waterworth, 1969). There was a progressive 
increase in these strains in a burn unit in the UK between 
1966 and 1969, when highly resistant strains suddenly dis-
placed all other P. aeruginosa strains from the unit (Lowbury 
et al., 1969). 

Figure 9.1. Chemical structure of (a) carbenicillin and 
(b) ticarcillin.
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Resistance of P. aeruginosa can be due to a multitude of 
mechanisms, including beta-lactamase production, upregu-
lation of efflux pumps, and decreased permeability via porin 
channel changes (Livermore, 2002). Virtually all P. aeruginosa 
isolates produce a chromosomally mediated beta-lactamase, 
which destroys many beta-lactam antibiotics, such as the 
older cephalosporins, which normally have no activity against 
P. aeruginosa (Richmond, 1980). Carbenicillin is not inacti-
vated by this particular beta-lactamase. Strains of P. aerugi
nosa can acquire plasmids that code for the production of 
beta-lactamases that destroy carbenicillin. These plasmids can 
be transferred from certain Enterobacteriaceae to P. aerugi
nosa and vice versa (Roe et al., 1971; Labia et al., 1977). At 
least 14 different types of plasmid-mediated beta-lactamases 
can be encountered in P. aeruginosa, most of which can 
destroy carbenicillin (Philippon et al., 1986; Bonfiglio et al., 
1998). Additional beta-lactamases have since been identi-
fied, with most of those affecting carbenicillin being assigned 
to functional class 2c. Additional work up of these enzymes 
has not been extensive due to limited use of this agent (Bush 
et al. 2010). In other strains of P. aeruginosa, resistance to 
carbenicillin was historically thought to be intrinsic due to 
either alterations in cell wall permeability (Livermore et al., 
1981; Livermore, 1984) or a marked decrease in the affinity 
of penicillin-binding proteins for carbenicillin (Godfrey et al., 
1981). It is now understood that these changes are attributed 
to upregulated efflux with the predominant efflux pump iden-
tified as MexAB-OprM (Livermore 2002, Lister 2009). In 
some highly carbenicillin-resistant P. aeruginosa strains, a 
combination of all three mechanisms of resistance may be 
involved (Rodriguez-Tebar et al., 1982, Lister 2009).

Strains of P. aeruginosa isolated from cystic fibrosis patients 
may be very heterogeneous and contain populations with 
differing antimicrobial susceptibility patterns (Thomassen 
et al., 1979). In particular, mucoid strains isolated from such 
patients contain resistant and normally sensitive populations 
plus others that are hypersusceptible to carbenicillin (MIC 
< 1 μg/ml) (Irvin et al., 1981). The existence of such hyper-
susceptible strains in patients receiving antibiotic therapy 
may suggest they were not exposed to a significant antibiotic 

concentration. Some very susceptible P. aeruginosa strains 
(MIC 0.7–6.0 μg/ml) have been isolated from sputum of 
patients with other chronic respiratory infections (May and 
Ingold, 1973; Duncan, 1974). In these patients, interference 
with antibiotic activity by the extracellular alginate slime 
may afford the bacteria some degree of protection (Bolister 
et al., 1989).

In most hospitals, strains of P. aeruginosa resistant to car-
benicillin did not emerge rapidly. Two large surveys in the 
early 1970s in North America showed that over 90% of iso-
lates from hospitalized patients were carbenicillin sensitive 
(Duncan, 1974; Gaman et al., 1976). Similarly, Baird et al. 
(1976) isolated P. aeruginosa from 535 hospital patients in 
the USA during an 11-month period; 85 of these patients 
were colonized or infected with strains resistant to both 
carbenicillin and gentamicin. Resistant strains were isolated 
mainly from the urinary tract of patients who had recently 
received gentamicin and other antibiotics; their pathogenic-
ity appeared unaltered. They did not spread rapidly and only 
rarely caused infections in the general hospital population. 
Of 650 P. aeruginosa strains isolated from Australian hospital 
patients, only 16 were carbenicillin resistant (Dean et al., 
1977). A survey from 24 hospitals in the UK in 1982 showed 
that only 9.6% of P. aeruginosa strains were carbenicillin 
resistant (Williams et al., 1984), and this percentage increased 
to only 11.7% by 1993 (Chen et al., 1995). However, studies 
performed throughout the late 1990s have shown that resis-
tance to carbenicillin in P. aeruginosa has increased consid-
erably such that use of carbenicillin is problematic (Bonfiglio 
et al., 1998; Blondeau et al., 1998). In burn patients infected 
with P. aeruginosa, baseline rates of resistance have exceeded 
90% (Jabalameli et al., 2012). Multidrug efflux pumps are 
an important type of resistance in Pseudomonas spp. and 
they seem to be highly active in increasing carbenicillin 
MICs (Nikaido, 1998).

A carbenicillin and gentamicin combination may exhibit 
in vitro synergism against strains of P. aeruginosa sensitive to 
both drugs and against strains that are carbenicillin sensitive 
and that have only a low level of gentamicin resistance (MIC 
< 40 μg/ml) (Kluge et al., 1974a; Reyes et al., 1979). With 

Table 9.1. MIC distributions for ticarcillin against select Gram-negative bacteria

Species

MIC (mg/l)

0.125 0.25 0.5 1 2 4 8 16 ≥ 32

Acinetobacter baumannii 7 31 76 270 569 422

Citrobacter freundii 77 203 96 32 167 13

Citrobacter koseri 1 4 4 14

Enterobacter aerogenes 70 381 261 76 283 59

Enterobacter cloacae 183 905 1036 277 1115 120

Escherichia coli 988 3771 4618 1328 5328 232

Klebsiella pneumoniae 21 55 72 38 216 675

Pseudomonas aeruginosa 1 1 2 247 71 119 386 3761 5303

Stenotrophomonas maltophilia 1 10 14 11 64 238

Source: This chart is adapted from EUCAST data (www.eucast.org).

http://www.eucast.org


2. Antimicrobial activity 175

gentamicin-resistant and carbenicillin-sensitive strains, there 
may sometimes be in vitro synergism between carbenicillin 
and one of the other aminoglycosides, such as tobramycin or 
amikacin, even if the strain is not susceptible to a clinically 
attainable concentration of the aminoglycoside (Kluge et al., 
1974b; Marks et al., 1976). The aminoglycoside, which will 
be synergistic, is not always predictable from its MIC against 
P. aeruginosa (Anderson et al., 1975; Marks et al., 1976).

Ticarcillin is consistently at least twice, and sometimes 
four times, as active as carbenicillin against P. aeruginosa 
(Sutherland et al., 1971; Prior and Fass, 1978; see Table 9.1). 
Strains of all bacteria, including P. aeruginosa, that have 
become resistant to carbenicillin are also ticarcillin resistant 
(Kalkani and Marketos, 1976; McGowan and Terry, 1979). 
In most hospitals the majority of P. aeruginosa strains used 
to be ticarcillin sensitive (Smith and Henry, 1988). However, 
resistance is now much more common, and Cavallo et al. 
(2007), in a French multicenter study performed in 2004, 
showed that 62% of 450 P. aeruginosa strains were resistant to 
ticarcillin and 61% to ticarcillin–clavulanic acid. In a survey 
performed worldwide between 1997 and 2000, Jones et al. 
(2002) found that ticarcillin resistance in P. aeruginosa varied 
between 22% in North America and 42% in Latin America. 
The corresponding frequencies of resistance against ticarcillin– 
clavulanic acid were 22% and 41%. Among patients living in 
private healthcare centers in France, P. aeruginosa resistance 
exceeded 38% in isolates from urine, skin infections and the 
respiratory tract (Dubois V et al. 2008). 

Similar to carbenicillin, ticarcillin combined with an ami-
noglycoside, such as gentamicin, tobramycin, or amikacin, 
exhibits in vitro synergism against some strains of P. aerugi
nosa. The degree of synergy, as with carbenicillin, varies with 
the P. aeruginosa strain tested and with the particular amino-
glycoside used. The MICs of individual drugs are not predic-
tive of the degree of synergism, and in vitro testing of drug 
combinations is necessary (Comber et al., 1977; Heineman 
and Lofton, 1978). The mechanism of carbenicillin or ticar-
cillin synergism with aminoglycosides is not entirely under-
stood. The hypothesis that the beta-lactam antibiotic increases 
the permeability of the outer membrane of the bacterial cell 
to the aminoglycoside has been refuted by Scudamore and 
Goldner (1982).

Other Gram-negative aerobic bacteria
Other Gram-negative aerobic bacteria exhibit similar sus-
ceptibility to carbenicillin and ticarcillin (Sutherland et al., 
1971). Compared with ampicillin, carbenicillin and ticar-
cillin have a relatively high activity against Proteus vulgaris, 
Providencia rettgeri, and Morganella morganii (see Table 9.1). 
Their activity against other Gram-negative bacteria is similar 
to that of ampicillin (see Chapter 5, Ampicillin and amoxicil-
lin); they are effective to a degree against Escherichia coli, P. 
mirabilis, salmonellae, and shigellae as well as Haemophilus 
influenzae, Neisseria meningitidis, and N. gonorrhoeae. Ampi-
cillin is preferred for treatment of infections due to these 
bacteria because it is the more active drug. Carbenicillin and 
ticarcillin have some activity against ampicillin-resistant H. 

influenzae strains, but this activity is less (MIC 4–32 μg/ml) 
than their activity against ampicillin-sensitive strains (MIC 
0.25–1.0 μg/ml) (Kammer et al., 1975; Thornsberry et al., 
1976). Klebsiella spp. are almost invariably resistant to car-
benicillin and ticarcillin, but some strains of Enterobacter 
spp. are relatively sensitive (Standiford et al., 1969; Sutherland 
et al., 1971). Some Serratia marcescens strains are susceptible 
to these drugs in relatively low concentrations (25 μg/ml); 
others are either highly resistant (MIC > 8000 μg/ml) or 
moderately resistant (MIC < 2000 μg/ml) (Sutherland et al., 
1971; Hewitt and Winters, 1973). In a study in French out-
patients (Quentin et al., 2004), resistance to ticarcillin in 
Enterobacteriaceae varied between 100% in strains of Kleb
siella spp. and Y. enterocolitica and 22% in Proteus spp.; 42% 
of 1902 isolates of E. coli were resistant to ticarcillin.

Carbenicillin, in inhibitory or subinhibitory concentra-
tions, potentiates the action of the aminoglycosides gentami-
cin, tobramycin, amikacin, and netilmicin against S. marcescens 
strains that are either sensitive or only moderately resistant 
to carbenicillin (Lin et al., 1979). Carbenicillin or ticarcillin 
combined with an aminoglycoside, such as gentamicin or 
tobramycin, also exhibits in vitro synergism against some 
strains of other Enterobacteriaceae such as E. coli and Entero
bacter spp. (Comber et al., 1977; White et al., 1979). Most 
Acinetobacter spp. strains are inhibited by 62.5 μg/ml car-
benicillin, and this drug often acts synergistically with an 
aminoglycoside, such as kanamycin, gentamicin, or tobra-
mycin, against this organism. Such synergy is unlikely if the 
Acinetobacter strain is highly resistant to the aminoglycoside 
concerned (Glew et al., 1977). Most strains of P. putida, 
Burkholderia cepacia, and Stenotrophomonas maltophilia are 
usually resistant to carbenicillin and ticarcillin (Appelbaum 
et al., 1982; Khardori et al., 1990).

Triple combinations of either gentamicin–carbenicillin–
rifampicin or co-trimoxazole–carbenicillin–rifampicin are 
synergistic against S. maltophilia (Yu et al., 1980). Yersinia 
enterocolitica is carbenicillin resistant (Gaspar and Soriano, 
1981), but Achromobacter xylosoxidans is usually sensitive to 
carbenicillin and ticarcillin (Legrand and Anaissie, 1992).

GRAM-NEGATIVE ANAEROBIC BACTERIA

Most strains of Prevotella melaninogenica and Fusobacterium 
spp. are sensitive to carbenicillin and ticarcillin, with MICs 
in the range of 0.1–8.0 μg/ml. Bacteroides fragilis is more 
resistant, but historically 80% of strains could be inhibited by 
64 μg/ml and 95% by 128 μg/ml of carbenicillin (Sutter and 
Finegold 1975; Sutter and Finegold 1976). Ticarcillin may 
be slightly more active than carbenicillin against B. fragilis 
and other Bacteroides spp. (Roy et al., 1977; Monif et al., 
1978; Behra-Miellet et al., 2003). Other Bacteroides spp. vary 
in their sensitivity; some strains are inhibited by low carbeni-
cillin concentrations, whereas others show marked resistance 
(Kirby et al., 1980; Appelbaum et al., 1990). Carbenicillin has 
a slightly higher activity than penicillin G against Bacteroides 
spp., but otherwise these two penicillins have similar activity 
against Gram-negative anaerobic bacteria (Sutter and Fine-
gold, 1975; Sutter and Finegold, 1976).
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GRAM-POSITIVE BACTERIA

Carbenicillin and ticarcillin are active against S. aureus (non- 
penicillinase producers), Streptococcus pyogenes, and S. pneu
moniae. Enterococcus faecalis and Listeria monocytogenes are 
not as susceptible and usually need quite high carbenicillin 
and ticarcillin concentrations for inhibition (Sutherland et 
al., 1971; McCracken et al., 1973; see Table 9.1). Penicillin G 
and ampicillin have a higher degree of activity against all of 
these organisms and are preferred clinically. Nocardia brasil
iensis may be susceptible to 100 μg/ml carbenicillin or less, 
but other Nocardia spp. are carbenicillin resistant (Wallace et 
al., 1983). Beta-lactamase-producing staphylococci are resis-
tant to these drugs.

Anaerobic Gram-positive bacteria, such as Peptococcus and 
Peptostreptococcus spp., anaerobic streptococci, Clostridium, 
Lactobacillus, Actinomyces, and Propionibacterium spp. are 
all usually susceptible to low carbenicillin and ticarcillin con-
centrations (Sutter and Finegold, 1976; Monif et al., 1978; 
Denys et al., 1983). 

3. MECHANISM OF DRUG ACTION

Carbenicillin and ticarcillin, like penicillin G (see Chapter 3, 
Benzylpenicillin (penicillin G)) inhibit the synthesis of bac-
terial cell walls. Their increased activity against organisms 
such as P. aeruginosa and M. morganii is mainly due to their 
superior ability to penetrate the outer cell membrane of these 
Gram-negative bacilli. These drugs are also less susceptible 
than penicillin G and many other beta-lactam antibiotics to 
at least one of the beta-lactamase produced by P. aeruginosa.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Both carbenicillin and ticarcillin are best given in six to eight 
divided doses. For instance, if a total daily dose of 30 g car-
benicillin or 18 g of ticarcillin is to be administered, doses of 
5 or 3 g, respectively, can be given every 4 hours; each dose 
can be dissolved in 50–100 ml of i.v. fluid in a pediatric 
Buretrol for infusion over 30–60 minutes (Neu and Garvey, 
1975). Alternatively, the drugs may be already dispensed in 
a secondary i.v. bottle. These doses can be infused at a faster 
rate but, similar to penicillin G, the infusion rate does not 
appear to influence their clinical efficiency. Probenecid in 
doses of 1–2 g orally per day may be administered to delay 
the excretion of either carbenicillin or ticarcillin.

CARBENICILLIN

An adult dose of 24–40 g of carbenicillin per day, given i.v., 
is necessary for the treatment of severe infections due to 
P. aeruginosa. Some Gram-negative bacteria, such as Proteus 
spp., may be more susceptible to both carbenicillin and ticar-
cillin (MICs < 5 μg/ml; see Table 9.1). Intramuscular or i.v. 
carbenicillin or ticarcillin, in a dosage of 1–2 g given every 

4–6 hours, may be adequate for the treatment of infections 
caused by these bacteria (Neu and Garvey, 1975). For P. aeru
ginosa urinary tract infections, an adult dose as low of 1 g 
i.m. every 6 hours of either drug may suffice, because resul-
tant urine concentrations are usually higher than the MICs 
for most P. aeruginosa strains (Turck et al., 1970; Parry and 
Neu, 1976b).

TICARCILLIN

The adult dose of intravenous ticarcillin for severe infections 
due to P. aeruginosa is 18–24 g/day.

ORAL CARINDACILLIN

The adult dosage of oral carindacillin is 0.5 or 1 g every 6 
hours (Turck, 1973). The same doses can be used to treat cer-
tain urinary tract infections in patients with mild to moder-
ate degrees of renal failure. The drug is unsuitable for patients 
with severe renal failure (creatinine clearance < 14 ml/min) 
because very low carbenicillin concentrations are attained 
in the urine (Cox, 1973). Carindacillin therapy is not recom-
mended for children.

ORAL CARFECILLIN

The usual adult dosage for oral carfecillin is 0.5 g every 8 hours 
(Leigh and Simmons, 1976). This dosage is also satisfactory 
for the treatment of urinary tract infections in patients with 
mild to moderate degrees of renal failure because adequate 
urinary levels of active carbenicillin are attained. Serum lev-
els resulting from a higher oral dosage of 1 g every 4 hours 
are still inadequate for the treatment of systemic infections, 
even in patients with severe renal failure (Wilkinson et al., 
1975).

4b.  Newborn infants and children

CARBENICILLIN

High doses of carbenicillin (400–600 mg/kg body weight 
per day) are necessary for the treatment of severe infections 
due to P. aeruginosa in children. For urinary tract infections, 
a low dosage schedule for children (50–100 mg/kg/day) may 
be suitable (Turck et al., 1970; Parry and Neu, 1976b).

In older children (and adults) the serum half-life of car-
benicillin is 1 hour. During the first week of life this is pro-
longed to 2.7 hours in normal birth weight infants and to 
4 hours in low birth weight infants. The initial dose of car-
benicillin for these infections in the newborn is 100 mg/kg 
body weight. Neonates with a birth weight higher than 2000 g 
should then receive 75 mg/kg every 6 hours (total daily dose 
300 mg/kg) until 7 days of age, followed by 100 mg/kg every 
6 hours (total daily dose 400 mg/kg). For neonates with a 
birth weight lower than 2000 g, the maintenance dosage is 75 
mg/kg every 8 hours (total daily dose 225 mg/kg) until 7 days 
of age and thereafter a dosage of 100 mg/kg every 6 hours 
(the normal dosage for older children). Either i.m. or i.v. 
carbenicillin administration is suitable. Therapeutic non-
toxic serum levels of 150–200 μg/ml are achieved with these 
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dosage schedules (Morehead et al., 1972; Nelson and Mc - 
Cracken, 1973).

TICARCILLIN

The dose of ticarcillin for severe infections due to P. aerugi
nosa in children is 300–400 mg/kg/day.

In the first week of life, a ticarcillin dose of 75 mg/kg 
should be given every 12 hours to infants weighing less than 
2000 g (total daily dose 150 mg/kg) and 75 mg/kg is admin-
istered every 8 hours to those weighing more than 2000 g 
(total daily dose 225 mg/kg). For babies who still weigh less 
than 2000 g after 1 week of age, the dosage should be 
increased to 75 mg/kg every 8 hours (total daily dose 225 mg/
kg), and for those who weigh more than 2000 g after 1 week 
of age, the dosage should be increased to 100 mg/kg every 
8 hours (total daily dose 300 mg/kg). The drug can be admin-
istered either i.m. or i.v., usually by intermittent 30-minute 
infusions. With these dosage schedules, serum levels 30 min-
utes after the completion of the infusion are approximately 
150 μg/ml, and trough levels just before the next dose are 
25–50 μg/ml (Nelson et al., 1978; Nelson, 1979).

4c.  Pregnant and lactating mothers

Both carbenicillin and ticarcillin are considered pregnancy 
category B. Animal studies demonstrated no harm to the 
fetus when administered these drugs; however, there are no 
adequate, well-controlled studies in pregnant women. As with 
other beta-lactams, these agents are excreted in breast milk, 
although actual amounts are unknown.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

The half-lives of both carbenicillin and ticarcillin, normally 
about 1 hour, are prolonged to 13–14 hours in patients with 
severe renal failure, so that dosage reduction is necessary. All 
patients with any degree of renal failure should be given an 
initial loading dose of 5 g carbenicillin or 3 g ticarcillin i.v. 
Thereafter, patients with a creatinine clearance > 60 ml/min 
may be treated with usual doses of both drugs. If the creati-
nine clearance is 30–60 ml/min, 3 g carbenicillin or 2 g ticar-
cillin should be given every 4 hours, and if it is 10–30 ml/min, 
the dose is 3 g carbenicillin or 2 g ticarcillin every 8 hours. 
Dosages for patients with severe renal failure (creatinine clear-
ance < 10 ml/min), are carbenicillin 2 g every 8–12 hours 
and ticarcillin 2 g every 12 hours (Eastwood and Curtis, 1968; 
Parry and Neu, 1976a).

Both drugs are removed by hemodialysis but removal 
with peritoneal dialysis is slow. During hemodialysis a car-
benicillin dosage of 2 g i.v. every 4 hours is recommended; 
during peritoneal dialysis a smaller carbenicillin dosage of 
2 g every 6 hours is appropriate (Eastwood and Curtis, 1968). 
A ticarcillin dosage of 1 g every 4 hours may be given during 
hemodialysis (Wise et al., 1974); alternatively, an extra 3 g 
may be given i.v. after each dialysis, followed by the standard 

dosage for patients with severe renal failure (2 g every 12 
hours) between dialyses (Parry and Neu, 1976a). Note that 
ticarcillin is unstable if stored for longer periods in unit does 
(Nicholas et al., 1982).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Further dosage reduction to 2 g/day for both carbenicillin 
and ticarcillin is recommended for patients with severe renal 
failure who have concomitant severe liver disease (Hoffman 
et al., 1970; Parry and Neu, 1976a).

PATIENTS WITH SEVERE BURNS

The renal clearance, total clearance, and the volume of distri-
bution of ticarcillin are increased in these patients. While the 
maximum recommended dosage of ticarcillin will suffice in 
most of these patients, serum level monitoring and appro-
priate dosage adjustment seem advisable (Adam et al., 1989; 
Boucher et al., 1992).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Carbenicillin and ticarcillin are not absorbed from the gas-
trointestinal tract and must be administered either i.m. or i.v. 
The dosage used can be varied widely, depending on the 
nature of the infection and the susceptibility of the pathogen. 
Carindacillin and carfecillin are well absorbed from the gas-
trointestinal tract but they are not suitable for the treatment 
of serious systemic infections because therapeutic serum 
levels are not attained. They are useful for oral treatment of 
cystitis because adequate urine concentrations of carbenicil-
lin are achieved.

After i.m. administration of carbenicillin, a peak serum 
concentration is obtained about 1 hour after injection. Dou-
bling the dose doubles the serum level. Serum levels achieved 
with the usual large doses of i.v. carbenicillin, administered 
at a rate of 1 g/hour, would just achieve adequate serum 
levels (100 μg/ml) for treatment of systemic P. aeruginosa 
infections. Enhancement of serum levels occurs when oral 
probenecid is co-administered. Carbenicillin is about 50% 
and ticarcillin 45% bound to serum proteins (Standiford et 
al., 1970; Sutherland et al., 1971).

Carindacillin is acid stable and is well absorbed when 
administered orally. After absorption, it is rapidly hydrolyzed 
to carbenicillin plus indanol, probably either in the intestinal 
mucosa or in the liver (Butler et al., 1973). Following an oral 
dose of 0.5 g of carindacillin to adults, a peak serum level of 
about 10 μg/ml carbenicillin is reached in 1.0–1.5 hours. 
Thereafter, the serum level falls and usually reaches zero at 
6 hours. Doubling the dose to 1 g raises the peak serum level 
to only 15–17 μg/ml. Simultaneous administration of probe-
necid results in higher serum levels, but they are still inade-
quate for treatment of systemic P. aeruginosa infections. With 
dosages larger than 1 g every 6 hours, higher serum levels 
can be obtained, but doubling the dose does not double the 
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serum concentrations. In patients treated with doses greater 
than 4 g/day, diarrhea is common because a large proportion 
of the dose is unabsorbed (Knirsch et al., 1973).

Carfecillin is also acid stable and well absorbed after oral 
administration. It is then rapidly hydrolyzed to carbenicillin 
and phenol, the phenol moiety being quickly detoxicated by 
conjugation (Wilkinson et al., 1975). After a 0.5-g dose to 
adults, a mean peak serum level of approximately 3 μg/ml is 
attained in 1–2 hours, and at 6 hours the drug is undetectable 
in serum. Levels after a 1.0-g dose are higher but not dou-
bled. Serum levels attained by different individuals are also 
very variable (Wilkinson et al., 1975; Leigh and Simmons, 
1976).

5b.  Drug distribution

Serum levels after both i.m. and i.v. administration of ticar-
cillin are similar to those of carbenicillin, and its serum 
half-life (70 minutes) is only slightly longer than that of car-
benicillin (60 minutes) (Neu and Garvey, 1975; Meyers et al., 
1980). After administration of 1 g of ticarcillin i.m. to adults, 
a mean peak serum level of 35 μg/ml is reached in 1 hour; 
thereafter, it falls, and at 6 hours it is only about 6 μg/ml 
(Rodriguez et al., 1973a).

Following a rapid 5-minute i.v. infusion of 3 g ticarcillin, 
the mean serum level 15 minutes later is 257 μg/ml; this falls 
to 218 μg/ml at 30 minutes, 119 μg/ml at 1 hour, and 70 μg/ml 
at 2 hours. After 4 hours it is 30 μg/ml (Neu and Garvey, 
1975). If a 3-g i.v. ticarcillin dose is infused slowly over 
90–120 min, every 4 hours, the mean peak serum level at the 
end of the infusion is 239 μg/ml, and the mean trough level 
at the end of the 4-hour interval is 94 μg/ml (Parry and Neu, 
1976b). When ticarcillin is administered i.v. at either of these 
rates in a dose of 3 g every 4 hours, serum levels are adequate 
for the treatment of systemic P. aeruginosa infections (Neu 
and Garvey, 1975). As with other penicillins, probenecid 
increases both serum levels and the half-life of ticarcillin.

Carbenicillin and ticarcillin are probably distributed in 
body fluids and tissues similarly to penicillin G. Both drugs 
diffuse well into human interstitial fluid (Tan and Salström, 
1977). Insignificant amounts of carbenicillin and ticarcillin 
appear in the cerebrospinal fluid (CSF) of patients with unin-
flamed meninges, but higher and sometimes therapeutically 
effective CSF levels against P. aeruginosa occur in patients 
with meningitis treated by large doses i.v. (Parry and Neu, 
1976b).

These drugs penetrate into bronchial secretions, but con-
centrations reached are usually lower than those needed for 
inhibition of P. aeruginosa. In one animal experiment the 
bronchial secretion concentration was only 11% of the simul-
taneous peak serum level 30 minutes after a carbenicillin 
injection, and after 2 hours it was only 18% of the serum level 
(Pennington and Reynolds, 1973). A mean peak sputum con-
centration of 78 μg/ml was attained in such patients when 
massive carbenicillin doses (600 mg/kg every 4 hours) were 
administered for a short period of time (Marks et al., 1971). 

In cystic fibrosis patients, sputum levels of ticarcillin ranged 
from 2.8 to 12 μg/ml when the drug was given i.v. in the 
usual dosage (Parry and Neu, 1976b).

Levels of carbenicillin in healthy renal cortical tissue may 
be three times higher than serum levels at the time. Tissue 
concentrations in the renal papillae may be 17 times higher 
than those in the serum if the patient is dehydrated, but this 
gradient decreased with rehydration. In severe renal disease 
due to chronic pyelonephritis or glomerulonephritis, pene-
tration of carbenicillin into renal parenchyma is markedly 
decreased, carbenicillin concentrations in the cortex, medulla, 
and papillae being only about half the serum levels at the 
time (Whelton et al., 1973).

Ticarcillin penetrates into peritoneal and pleural fluids, 
where the average concentrations are, respectively, 34% and 
22% of concomitant serum levels (Parry and Neu, 1976b). 
After a single i.v. dose of 5 g of ticarcillin, mean concentra-
tions in serum, muscle, and fat were 185, 18, and 32 μg/ml, 
respectively, 1.0–1.5 hours after the injection (Daschner et al., 
1980). Significant ticarcillin concentrations are not attained 
in normal bone after usual i.v. doses (Summersgill et al., 
1982).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are few detailed pharmacokinetic and pharmacody-
namic data regarding carbenicillin and ticarcillin; however, it 
is assumed that, similar to other beta-lactams, the key clini-
cal efficacy parameter is the time the serum concentrations 
of these drugs are above the MIC of the infecting pathogen 
(see Chapter 16, Ticarcillin–clavulanic acid).

5d.  Excretion

Carbenicillin and ticarcillin are excreted in urine by glomer-
ular filtration and tubular secretion. Probenecid reduces their 
rate of excretion by partially blocking renal tubular secre-
tion. High urinary concentrations of active carbenicillin or 
ticarcillin are obtained after the administration of the usual 
i.m. or i.v. doses; urinary levels of 65–2475 μg/ml are reached 
during the first 3 hours after a single 3-g i.v. dose of ticarcillin 
(Knudsen et al., 1967; Neu and Garvey, 1975). When ticarcil-
lin is given in appropriate doses to patients with renal failure, 
urinary concentrations are high irrespective of the degree of 
renal impairment. Even in patients with a creatinine clear-
ance of 10 ml/min, urinary ticarcillin concentrations are in 
the range 250–3900 μg/ml (Parry and Neu, 1976a). The same 
probably applies to carbenicillin.

Approximately 80% of an i.v.-administered dose of ticar-
cillin can be recovered from the urine as the active drug 
during the first 6 hours after administration. This is less than 
the comparable figure for carbenicillin (95%) because more 
ticarcillin is inactivated before renal excretion. Approximately 
10% of the administered dose of ticarcillin is excreted in the 
urine as penicilloic acid (Neu and Garvey, 1975).
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In animals with comparable serum levels, the renal tubu-
lar secretion of carbenicillin is only approximately half that 
which occurs with penicillin G (Bergeron et al., 1975). This is 
the reason the renal clearance of carbenicillin is slower than 
that of penicillin G (Standiford et al., 1970). The same is prob-
ably true for ticarcillin, which has a serum half-life similar 
(70 minutes) to that of carbenicillin (60 minutes).

In the first 3 hours after an oral dose of 1 g of carindacil-
lin, urine carbenicillin concentrations exceed 1000 μg/ml 
(Knirsch et al., 1973). After a 1-g dose of carfecillin, maximal 
urinary carbenicillin excretion occurs during the first 4 hours, 
with urinary concentrations ranging from 52 to 1120 μg/ml 
(mean 434 μg/ml) (Wilkinson et al., 1975). All the indanol 
which is formed when carindacillin is hydrolyzed in vivo is 
eliminated in the urine as glucuronide and sulfate conjugates 
(Knirsch et al., 1973). Phenol resulting from carfecillin hydro-
lysis is also rapidly excreted in urine as glucuronide and sul-
fate conjugates (Wilkinson et al., 1975).

Small amounts of carbenicillin and ticarcillin are elimi-
nated via the bile; in patients after cholecystectomy with 
T-tube drainage, about 0.19% of an i.v. administered carbeni-
cillin dose is excreted in this way (Pinget et al., 1976).

A small amount of carbenicillin is inactivated in the liver, 
but this is slower than with other penicillins. Some ticarcillin 
is metabolized in the liver to produce antibacterially inactive 
penicilloic acid. In severely uremic or anuric patients the 
serum half-lives of carbenicillin and ticarcillin are 13–14 
hours, compared with about 3 hours for penicillin G and 
8 hours for ampicillin.

5e.  Drug interactions

The key interaction with carbenicillin and ticarcillin is with 
probenecid, which prolongs the serum half-life. Carbenicillin, 
ticarcillin, and other penicillins that are used in large doses 
can inactivate aminoglycosides, such as kanamycin, genta-
micin, tobramycin, netilmicin, and amikacin, both in vitro 
and in vivo (Davies et al., 1975; Pickering and Gearhart, 1979; 
Pieper et al., 1980; Farchione, 1981; see section 7, Clinical 
uses of the drug).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Hypersensitivity reactions

Carbenicillin and ticarcillin may provoke any of the reac-
tions that occur with penicillin G in penicillin-sensitive 
subjects. Anaphylaxis due to carbenicillin has been reported 
(Silverblatt and Turck, 1969). These drugs are contraindi-
cated in patients with a history of penicillin hypersensitivity. 
Eosinophilia has been fairly frequently noted during ticar-
cillin therapy (Parry and Neu, 1976b; Lang et al., 1991), and 
occasionally this has been associated with an urticarial rash 
(Ervin and Bullock, 1976). Carbenicillin can also cause drug 
fever (Lang et al., 1991).

6b.  Neurotoxicity

High doses of i.v. carbenicillin and ticarcillin, similar to large 
doses of penicillin G, may cause neurotoxicity. This is more 
likely to occur in patients with renal failure. Hoffman and 
Bullock (1970) reported two patients with severe renal fail-
ure who developed convulsions while receiving a daily i.v. 
carbenicillin dose of only 4 g. In one of these the carbenicil-
lin CSF level was 37 μg/ml during the seizures, and the serum 
level was only about 320 μg/ml. By contrast, Whelton et al. 
(1971) described another patient with moderately severe 
renal failure who convulsed on the 13th day of carbenicillin 
therapy (20 g daily) and in whom the serum level was high at 
1860 μg/ml 3 hours after the seizure. One patient with end-
stage renal failure receiving maintenance hemodialysis who 
was treated with ticarcillin 8 g i.v. daily developed severe neu-
rotoxicity after 23 days of therapy. However, 12 hours after 
discontinuation of ticarcillin, the serum level was 850 μg/ml 
and the CSF level was 120 μg/ml (Kallay et al., 1979). It is 
possible that relatively low serum and CSF carbenicillin or 
ticarcillin levels may provoke convulsions in some uremic 
patients. Patients with underlying central nervous system 
disease may also be more prone to convulsions with high 
serum levels of any of the penicillins.

6c.  Bleeding disorders

Bleeding disorders have been noted in association with car-
benicillin and ticarcillin given intravenously. Lurie et al. (1970) 
described three patients in whom carbenicillin appeared to 
act as an anticoagulant by interfering with the conversion of 
fibrinogen to fibrin; these patients had severe renal failure, 
and the dosage used (24 g daily) exceeded that recommended 
for such patients. Waisbren et al. (1971) reported another 
five patients (two with renal failure) who developed bleeding 
associated with the administration of moderately high car-
benicillin doses; the nature of the bleeding disorder was not 
elucidated.

McClure et al. (1970) first observed purpura and mucosal 
bleeding in six patients with fibrocystic disease who were 
given carbenicillin in a dose of 500–750 mg/kg body weight 
daily, and whose serum levels were in the range 200–400 mg/
ml. These six patients and 24 others receiving carbenicillin 
without overt bleeding were shown to have a disturbance of 
platelet function. Subsequently, Brown et al. (1974) performed 
detailed studies on 17 volunteers given doses of either 300, 
400, or 600 mg/kg/day of carbenicillin and on five patients 
receiving the drug for Gram-negative infections. Some defect 
in platelet function was demonstrated in all subjects; in addi-
tion, in 14 there was prolongation of the bleeding time, in 
seven reduced clot retraction, and in eight decreased pro-
thrombin consumption. The severity of these disturbances 
appeared to be dose dependent, and abnormal platelet func-
tion persisted for as long as 12 days after the drug was stopped. 
This suggested that not only circulating platelets but also 
megakaryocytes were affected, so that newly formed platelets 
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were defective even though the drug was no longer present. 
Three of the volunteers given 600 mg/kg/day, and two of the 
patients, one each given 340 and 375 mg/kg, experienced 
bleeding during carbenicillin administration. There was no 
evidence of any disturbance of coagulation. Life-threatening 
hemorrhage attributable to carbenicillin-induced platelet dys-
function has been described in a patient receiving the drug 
in a dose of 500 mg/kg/day (Woodruff et al., 1976).

Because of this carbenicillin effect on platelet function, 
Brown et al. (1975) studied 17 volunteers who received i.v. 
ticarcillin for periods of 3–10 days, in doses of 100, 200, or 
300 mg/kg/day (7–21 g/day). Blood coagulation was unaf-
fected, but platelet function was impaired in all subjects. Lower 
doses produced only mild defects in platelet function, but 
with a dose of 300 mg/kg/day hemostasis was more seriously 
impaired, and the defects were similar in degree to those 
produced by the same dose of carbenicillin. It is possible 
that bleeding disorders may be less common with ticarcillin 
because clinically it is used in lower doses than carbenicillin. 
Ervin and Bullock (1976) described two patients in whom 
prolongation of the bleeding time appeared to be caused by 
ticarcillin; one had received a high dose of 400 mg/kg/day 
but the other only 275 mg/kg/day. Another patient who had 
renal failure and inadvertently received a full dosage of ticar-
cillin developed a bleeding disorder characterized by pete-
chiae, ecchymoses, and epistaxis; the serum ticarcillin level 
9 hours after the last dose was 1050 μg/ml (Schimpff et al., 
1976). In another study, 156 adult patients were treated with 
either ticarcillin, piperacillin, mezlocillin, or cefotaxime. 
Increases in bleeding times occurred in 73% of patients 
receiving ticarcillin, 43% of those treated with piperacillin, 
25% of patients receiving mezlocillin, and 17% of those 
receiving cefotaxime. Significant bleeding occurred in 34% 
of patients treated with ticarcillin, 17% of those receiving 
piperacillin, 2% with mezlocillin, and 5% with cefotaxime 
(Fass et al., 1987). Platelet dysfunction may be caused by vir-
tually all penicillins, but it is more severe with carbenicillin 
and ticarcillin. The penicillins disturb platelet membrane 
function by interfering with adenosine diphosphate (ADP) 
receptors and leaving them unavailable for agonists to induce 
aggregation (Ferres and Nunn, 1983; Fass et al., 1987).

It appears that carbenicillin and ticarcillin usually affect 
only the platelet component of hemostasis, and other causes 
for bleeding, although reported (as noted in this section), are 
rare (Leading Article, 1983).

6d.  Neutropenia

Reyes et al. (1973) described reversible neutropenia in two 
patients, which appeared to be dose related. In one with nor-
mal renal function who was treated with 50 g of carbenicillin 
i.v. per day, neutropenia recurred twice on readministration 
of the drug; neutropenia appeared after about 16 days of 
therapy, and on each occasion resolved within about 1 week 
of the drug being ceased. In both patients bone marrow 
showed depression of myeloid precursors. There was no evi-
dence that an immunologic mechanism was involved, and it 

was concluded that this was probably due to a direct toxic 
effect of carbenicillin. Lang et al. (1991) reported neutrope-
nia in two patients treated by i.v. carbenicillin. This side effect 
can occur with all beta-lactam antibiotics if they are admin-
istered i.v. in large doses. Severe neutropenia in one adult 
patient occurred in association with i.v. ticarcillin therapy; 
it resolved when the drug was stopped and recurred on 
reexposure to ticarcillin (Gastineau et al., 1981). Ticarcillin-
associated neutropenia was also reported in a child with cys-
tic fibrosis (Ohning et al., 1982). In this case the authors 
favored an immunologic basis because the time for onset of 
neutropenia was rapid (4 days) and there were other features 
suggestive of an allergic reaction, such as fever, diarrhea, 
serum glutamic oxaloacetic transaminase (SGOT) elevation, 
and eosinophilia.

6e.  Hepatotoxicity

Elevated SGOT levels have been observed during carbenicil-
lin therapy. Knirsch and Gralla (1970) noted these elevations 
only in patients receiving i.m. carbenicillin and concluded 
that they were due to muscle irritation. Other authors have 
observed raised SGOT levels during i.v. carbenicillin admin-
istration, suggesting that the source of the enzyme is the liver, 
though the degree of hepatotoxicity is usually slight and rap-
idly reversible after cessation of the drug (Boxerbaum et al., 
1970; Gump, 1970). Four other patients who collectively had 
eight episodes of a mild reversible anicteric hepatitis associ-
ated with i.v. carbenicillin therapy have been reported (Wilson 
et al., 1975). Hepatitis was characterized by nausea, vomiting, 
a tender slightly enlarged liver, and raised serum transami-
nases and alkaline phosphatase but a normal serum bilirubin 
level. Liver biopsies showed spotty liver cell necrosis without 
cholestasis. A toxic mechanism was postulated because skin 
rashes and other hypersensitivity manifestations were usu-
ally absent. Other penicillins could be given to these patients 
without ill effects but, on readministration of carbenicillin, 
hepatotoxicity recurred.

There has generally been a lower frequency of hepatic 
injury with ticarcillin compared with carbenicillin (Neu, 
1982). In three patients reported by Graft and Chesney (1982), 
increases in serum glutamic pyruvic transaminase (SGPT) 
developed during treatment with carbenicillin; these decreased 
after carbenicillin was stopped and they rose minimally or 
not at all during subsequent therapy with ticarcillin.

6f.  Electrolyte and acid–base disturbances

In 1 g of carbenicillin there is 4.7 mEq of sodium. The sodium 
load could be significant in patients receiving large doses of 
i.v. carbenicillin. This may cause hypernatremia and pulmo-
nary edema, particularly in patients with cardiac failure or 
impaired renal function. Some patients receiving large doses 
of i.v. carbenicillin developed hypokalemia, which was asso-
ciated with metabolic alkalosis (Cabizuca and Desser, 1976). 
Hypokalemia probably occurs because carbenicillin promotes 
potassium loss via the renal tubules, but it may also cause a 
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redistribution of potassium within the body. Hypokalemia 
usually responds to oral or i.v. potassium chloride adminis-
tration, and carbenicillin need not be discontinued.

Carbenicillin, being a weak acid, can cause acute acidosis 
if excessively high serum levels are reached, particularly in 
patients with renal disease and preexisting acidosis (Whelton 
et al., 1971). High carbenicillin urine concentrations, which 
result when large i.v. doses are given, produce a high urine 
specific gravity. For instance, one adult patient with normal 
renal function receiving carbenicillin in a dose of 30 g i.v. 
daily had a sustained high urine specific gravity of 1042 
(Deziel et al., 1977). This finding should not be misinter-
preted to mean that the patient is dehydrated.

Electrolyte disturbances similar to those caused by i.v. car-
benicillin may occur with ticarcillin therapy. Hypokalemia 
has been observed in several patients treated by high doses 
i.v. (Schimpff et al., 1976; Parry et al., 1977).

6g.  Other side effects

Pseudomembranous colitis has rarely been associated with 
i.v. carbenicillin therapy (Saadah, 1980). One case report 
described carbenicillin-induced hemorrhagic cystitis (Møller, 
1978), a complication more commonly noted with methicil-
lin (see Chapter 6, Methicillin). 

6h.  Carindacillin side effects

Carindacillin tastes very bitter and, although the tablets have 
a special coating, many patients complain of an unpleasant 
aftertaste and nausea. It can also cause diarrhea, especially 
if the dosage of 1 g every 6 hours is exceeded (Knirsch et al., 
1973).

6i.  Carfecillin side effects

Some patients have developed diarrhea while taking carfecil-
lin, but the aftertaste associated with carindacillin has not 
been noted (Wilkinson et al., 1975). Nausea and vomiting 
also appeared to be less common than with carindacillin.

7. CLINICAL USES OF THE DRUG

7a.  Carbenicillin

Carbenicillin is rarely used today. The main use of carbeni-
cillin was for the treatment of systemic P. aeruginosa infec-
tions, provided that the MIC of the strain was not higher than 
120 μg/ml. It was effective for these infections, despite the 
fact that they were usually associated with serious under-
lying diseases. Carbenicillin, either used alone or combined 
with aminoglycosides, such as gentamicin, tobramycin, or 
amikacin, was useful for the treatment of P. aeruginosa sep-
ticemia (including septicemia in neutropenic patients), endo-
carditis, meningitis, pneumonia, endophthalmitis, or external 
otitis (Mombelli et al., 1982; Bodey et al., 1983; Reyes and 
Lerner, 1983). Piperacillin (see Chapter 17, Piperacillin– 

tazobactam) is now preferred for the treatment of these 
infections.

Carbenicillin, ticarcillin, and other penicillins when used 
in large doses may inactivate aminoglycosides, such as kana-
mycin, gentamicin, tobramycin, netilmicin, and amikacin, 
both in vitro and in vivo (Davies et al., 1975; Pickering and 
Gearhart, 1979; Pieper et al., 1980; Farchione, 1981). The rate 
of inactivation of a given aminoglycoside depends on the 
concentration of the penicillin. Amikacin is less susceptible 
to inactivation than kanamycin, gentamicin, and tobramycin, 
and netilmicin is affected to an intermediate degree. Inacti-
vation is most likely to occur if the two antibiotics are mixed 
together in the same i.v. fluid container and administered by 
continuous infusion. Originally it was thought that significant 
aminoglycoside inactivation would be unlikely in patients 
with normal renal function, if the two drugs were given sep-
arately by intermittent i.v. injections or the gentamicin was 
administered i.m. (Riff and Jackson, 1971). However, under 
these conditions, Murillo et al. (1979) noted reduced genta-
micin serum levels in patients with normal renal function 
when the drug was used with ticarcillin; it was surprising 
that ticarcillin levels were also slightly reduced. It was uncer-
tain whether this resulted from increased renal excretion or 
drug interaction. Other authors have confirmed significant 
tobramycin inactivation by carbenicillin in patients with nor-
mal renal function (Konishi et al., 1983). The clinical impact 
of the interaction between carbenicillin and ticarcillin when 
given with aminoglycosides is unknown.

When carbenicillin/aminoglycoside combinations are used, 
it is advisable to estimate aminoglycoside serum levels to 
ensure they are adequate, particularly in patients with renal 
failure. In such patients these drugs are usually administered 
less frequently, and they both may have high sustained cir-
culating levels, allowing ample time for significant genta-
micin inactivation. This effect of carbenicillin on gentamicin 
has been confirmed in patients with end-stage renal failure. 
The half-life of gentamicin in these patients of 61.6 hours 
was reduced to 19.4 hours in the presence of carbenicillin 
(Thomp son et al., 1982). Patients with renal failure, there-
fore, required an increased dosage of gentamicin to com-
pensate for inactivation when carbenicillin was administered 
concurrently. By contrast, the half-life of amikacin in the 
presence of carbenicillin in vitro and in vivo was not greatly 
altered (Pieper et al., 1980), and in both situations the drug 
retained greater than 75% of its activity in the presence of 
carbenicillin after 48 hours (Farchione, 1981). Therefore, 
amikacin has an advantage over other aminoglycosides for 
inclusion in combination therapy with carbenicillin or ticar-
cillin for the treatment of seriously ill patients and for those 
with renal failure (Pickering and Gearhart, 1979; Farchione, 
1981).

Carbenicillin was satisfactory for treatment of Proteus 
infections, particularly those caused by ampicillin-resistant 
species (Ross et al., 1970). Carbenicillin was also useful for 
the treatment of infections due to E. coli and Enterobacter 
spp. on rare occasions, if indicated by sensitivity tests (Standi-
ford et al., 1969).
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7b.  Oral carindacillin and carfecillin

Oral carindacillin and carfecillin are mainly indicated for 
therapy of P. aeruginosa urinary tract infections. They may 
be useful occasionally for the treatment of similar infections 
caused by Enterobacter spp., P. vulgaris, P. rettgeri, or M. mor
ganii (Turck, 1973; Leigh and Simmons, 1976). Infections by 
these pathogens usually occur in patients with some under-
lying urinary tract pathology, and bacteriuria is often recur-
rent and difficult to eradicate. Furthermore, superinfection 
with carbenicillin-resistant organisms such as Klebsiella spp. 
may occur (Hodges and Perkins, 1973). Nevertheless, these 
oral carbenicillins have been used with some success as short- 
term therapy (Leigh and Simmons, 1976), as a 6-week course 
of therapy in patients with chronic pyelonephritis (Michiels 
et al., 1978), or as long-term suppressives in patients with 
chronic bacteriuria (Holloway and Taylor, 1973).

Carindacillin and carfecillin should not be used for the 
treatment of urinary tract infections caused by other bacte-
rial species such as E. coli, which respond to many other drugs. 
Their widespread use may result in the spread of P. aerugi
nosa strains resistant to carbenicillin. These two drugs should 
be used only in outpatients in whom the use of the more 
effective parenteral ticarcillin is inconvenient. The need for 
these two oral drugs is now rather limited because more 
effective oral anti-pseudomonal drugs such as ciprofloxacin 
(see Chapter 101, Ciprofloxacin) are available.

7c.  Ticarcillin

Ticarcillin is now exclusively used as a fixed combination 
with clavulanic acid (see Chapter 16, Ticarcillin–clavulanic 
acid). Alone it was a useful and preferable alternative to car-
benicillin for the treatment of pseudomonas infections. It has 
been used with success in P. aeruginosa septicemia (Parry 
and Neu, 1976b), including in patients with neutropenia and 
underlying neoplastic disease (Rodriguez et al., 1973b; Kor-
vick and Yu, 1991), in P. aeruginosa pneumonia (Ervin and 
Bullock, 1976), and in pulmonary infections in patients with 
cystic fibrosis (Parry et al., 1977). P. aeruginosa urinary tract 
infections may also respond to ticarcillin therapy (Parry and 
Neu, 1976b). Results with ticarcillin have been similar to 
those previously achieved with larger doses of carbenicillin. 
Because ticarcillin is administered in a lower dosage, it prob-
ably causes less bleeding, sodium overload, and hypokale-
mia than carbenicillin. For these reasons, ticarcillin largely 
replaced carbenicillin (Bodey et al., 1983), and now pipera-
cillin (see Chapter 17, Piperacillin–tazobactam) has largely 
replaced ticarcillin.

There may be in vitro synergism between ticarcillin and 
aminoglycosides, such as gentamicin, tobramycin, and amik-
acin (Korvick and Yu, 1991). Such synergistic combinations 
have been extensively used, but the results have been usually 
about the same as those obtained by ticarcillin alone (Parry 
and Neu, 1976b; Parry et al., 1977). Some authors consider 
that when serious Pseudomonas infections are treated, ticar-
cillin should always be combined with a second drug, such as 

gentamicin, to prevent emergence of ticarcillin-resistant P. 
aeruginosa strains during treatment (Peterson et al., 1977). 
This is controversial, except for Pseudomonas meningitis 
(Rahal and Simberkoff, 1982) and Pseudomonas endocardi-
tis, in which case it is generally agreed that treatment should 
be by a combination of ticarcillin with an aminoglycoside, 
such as gentamicin, tobramycin, or amikacin. For P. aerugi
nosa endocarditis, a regimen of ticarcillin 18 g/day combined 
with tobramycin 8 mg/kg body weight per day has been rec-
ommended (Reyes and Lerner, 1983). Right-sided Pseudo
monas endocarditis in i.v. drug users may often be cured by 
such chemotherapy alone, but left-sided endocarditis usually 
needs 6 weeks’ chemotherapy and an early valve replacement 
(Komshian et al., 1990). In one retrospective analysis of 410 
episodes of Pseudomonas bacteremia, cure rates of patients 
who received an antipseudomonal beta-lactam antibiotic, 
such as carbenicillin or ticarcillin, with (72%) or without 
an aminoglycoside (71%), were higher than in patients who 
received an aminoglycoside alone (29%) (Bodey et al., 1985). 
Treatment of P. aeruginosa septicemia with an aminogly-
coside alone has also been found to be relatively ineffective 
by other authors (Chen et al., 1993; Fergie et al., 1994). 
Ticarcillin–gentamicin or ticarcillin–tobramycin combina-
tions have been used with success as initial empiric chemo-
therapy for patients with granulocytopenia and neoplastic 
disease with a suspected severe infection (Klastersky et al., 
1975; Schimpff et al., 1976; Murillo et al., 1978; Klastersky, 
1983). In one trial ticarcillin plus either gentamicin, amika-
cin, or netilmicin were all equally effective for this purpose 
(Love et al., 1979).

Ticarcillin plus an aminoglycoside such as gentamicin, 
tobramycin, or amikacin is suitable for initial therapy of 
patients with febrile neutropenia, although now there are 
many other preferred empiric regimens, including pipera-
cillin/tazobactam, imipenem, meropenem, or cefepime or 
ceftazidime (Klastersky, 1986; Schimpff, 1986; Rolston et al., 
1987; Rubin, 1988; Sage et al., 1988; Hughes et al., 1990; Pizzo, 
1993; Aquino et al., 1995; Martino et al., 1995). Ticarcillin in 
high concentrations, similar to carbenicillin, can inactivate 
aminoglycosides in vitro and in vivo, particularly in patients 
with renal failure (Farchione, 1981; Chow et al., 1982). Ami-
kacin, and to a lesser extent netilmicin, is more resistant than 
gentamicin and tobramycin to this inactivation. Lower serum 
levels occur with ticarcillin because it is used in lower dosages 
than carbenicillin. Therefore, it usually inactivates gentami-
cin and tobramycin at a slower rate in vivo than carbenicillin 
(Ervin et al., 1976; Pickering and Gearhart, 1979). Neverthe-
less, inactivation of gentamicin and tobramycin by ticarcillin 
may be significant in all patients, and especially in those with 
renal failure (Murillo et al., 1979; Chow et al., 1982). Serum 
level monitoring and dosage adjustment of the aminoglyco-
side are necessary in patients with normal and impaired 
renal function when gentamicin or tobramycin is used with 
ticarcillin.

Ticarcillin alone has been used for Proteus infections 
(Rodriguez et al., 1973b) and occasionally for the treatment of 
E. coli, Enterobacter spp., and S. marcescens infections (Parry 
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and Neu, 1976b; Schimpff et al., 1976). Bacteremia due to 
Achromobacter xylosoxidans rarely occurs in cancer patients. 
Ticarcillin may be suitable therapy, either alone or in combi-
nation with other drugs (Mandell et al., 1987; Legrand and 
Anaissie, 1992).

Ticarcillin has also been used for treatment of Gram-
negative anaerobic infections (Nichols, 1983). Ticarcillin, 
chloramphenicol, and clindamycin, each in combination with 
gentamicin, were equally effective in therapy for intraab-
dominal or female genital tract sepsis in one study (Harding 
et al., 1980).
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Mezlocillin, Azlocillin, Apalcillin, 
and Piperacillin

Adrian Tramontana and Karin Thursky

1. DESCRIPTION

These semisynthetic penicillins are described together because 
historically they were referred to as “newer antipseudomonal 
penicillins.” They are all vulnerable to the action of many 
beta-lactamases, but most of them are considerably more 
active in vitro than carbenicillin and ticarcillin against Pseudo
monas aeruginosa, other Gram-negative bacteria, and some 
Gram-positive bacteria. These drugs are acylamino penicil-
lins. Because mezlocillin and azlocillin each contain a ureido 
(-N-CO-N-) group, they are called ureido-penicillins (Slack, 
1981; Selwyn, 1982). Piperacillin is now the key drug in this 
group and is commonly available, either alone or in the fixed 
combination of piperacillin-tazobactam (see Chapter 17, 
Piperacillin–tazobactam).

1a.  Mezlocillin

Mezlocillin has the chemical formula d-alpha (2-oxo-3-mesyl- 
rmidazolidi-nyl)-carbonyl amino-benzyl-penicillin. It is an 
ureido-penicillin and resembles an alpha-amino-substituted 
ampicillin (Bodey and Pan, 1977; Wise and Andrews, 1982). 
It is now rarely used clinically but has been replaced in a 
small number of regions by a fixed combination of mezlocil-
lin and sulbactam, a beta-lactamase inhibitor.

1b.  Azlocillin

Azlocillin is another ureido-substituted penicillin that has the 
chemical formula 6d-2-(2-oxormidazolidine-1-carboxamido- 
2-phenylacetamido) penicillanic acid (Stewart and Bodey, 
1977). Azlocillin can also be considered as an alpha-amino- 
substituted ampicillin (Wise et al., 1982). 

1c.  Apalcillin

Chemically, apalcillin (PC-9404) is sodium 6-(d(–)alpha- 
(4-hydroxy-1, 5-naphthyridine-3-carboxamido)phenylac-
etamido) penicillinate. It is active in quite low concentrations 
against a large proportion of Gram-negative organisms 
(Noguchi et al., 1976). Apalcillin is now no longer available 
for clinical use.

1d.  Piperacillin

Piperacillin is an aminobenzyl penicillin derivative with the 
chemical formula sodium 6-(d(–)-alpha-(4-ethyl-2, 3-dioxo- 
1-piperazinylcarbonylamino-alpha-phenylacetamido) peni-
cillinate. Its molecule contains a side chain with an ureido 
group, but because of chemical differences arising from its 
terminal piperazine structure, it is often not classified as a 
ureido-penicillin like mezlocillin and azlocillin. The chemical 
structure of piperacillin is shown in Figure 10.1. Piperacillin 

Figure 10.1. Chemical structure of piperacillin sodium.
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has an in vitro antimicrobial spectrum qualitatively, but not 
quantitatively, similar to that of carbenicillin (Fu and Neu, 
1978a; Selwyn, 1982). Use of piperacillin alone has declined, 
and it is now mainly used in the fixed combination of pipera-
cillin and tazobactam, a beta-lactamase inhibitor (see Chap-
ter 17, Piperacillin–tazobactam).

2. ANTIMICROBIAL ACTIVITY

2a. Routine susceptibility

The antibacterial spectra of these compounds are similar to 
those of carbenicillin and ticarcillin, but there are differences 
between their degree of activity against various bacterial spe-
cies. All of these antibiotics have lost much of their activity 
owing to emergence of resistance. To some extent, that prob-
lem has been reduced for mezlocillin and piperacillin, which 
are available in fixed combinations with sulbactam and tazo-
bactam, respectively.

The comparative historical in vitro susceptibility data for 
these agents against common pathogens are shown in Table 
10.1.

MEZLOCILLIN

Mezlocillin is more active than carbenicillin and ticarcil- 
lin against most Escherichia coli, Enterobacter spp., Proteus 

vulgaris, P. rettgeri, and Morganella morganii strains. It is also 
more active than ticarcillin against Klebsiella spp.; when 
introduced, mezlocillin inhibited more than 50% of strains at 
clinically achievable concentrations (Fu and Neu, 1978b; Wise 
and Andrews, 1982) (see Table 10.1). Activity of mezlocillin 
was about the same as that of ticarcillin against Serratia mar
cescens and P. aeruginosa (Parry and Folta, 1983). As with 
azlocillin (see next section), the activity of mezlocillin against 
P. aeruginosa was markedly inoculum dependent and mini-
mal bactericidal concentrations (MBCs) are much higher than 
minimum inhibitory concentrations (MICs), suggesting that 
each culture contains some highly mezlocillin-resistant P. 
aeruginosa strains (Bodey and Pan, 1977; Greenwood and 
Eley, 1982; Korvick et al., 1987). Most strains of Pseudomonas 
spp. other than P. aeruginosa, such as Burkholderia cepacia, 
were inhibited by lower mezlocillin than carbenicillin con-
centrations. Mezlocillin and carbenicillin were equally active 
against Acinetobacter spp. (Fass and Barnishan, 1980). Sal-
monellae and shigellae were mezlocillin sensitive, but ampi-
cillin was slightly more active; ampicillin-resistant strains of 
both species were mezlocillin resistant (Thadepalli et al., 
1979; Verbist, 1979). Mezlocillin and piperacillin maintained 
some activity against amoxicillin-resistant strains of Helico
bacter pylori (Dore et al., 1999), but this has questionable 
clinical relevance. Sutter and Finegold (1976) reported that 
the activity of mezlocillin against B. fragilis was similar to 

Table 10.1. In vitro susceptibility of common pathogens to mezlocillin, azlocillin, piperacillin, and apalcillin in comparison with ticarcillin

Organism

MIC range (μg/ml)

Ticarcillin Mezlocillin Azlocillin Piperacillin Apalcillin

Gram-positive bacteria

Staphylococcus aureus, non-penicillinase producer 1.25 0.2 0.2 0.78 0.39

Streptococcus pyogenes 0.5 0.025 < 0.1 0.1 0.1

Streptococcus pneumoniae 1.25 0.025 0.1 0.01 0.05

Enterococcus faecalis 125.0 1.0 0.5 0.4–1.6 12.5

Clostridium perfringens 0.5 0.07 0.04 0.06–4.0 1.56

Gram-negative bacteria

Escherichia coli 5.0 1.0–2.0 1.0–8.0 0.8 0.39

Enterobacter spp. 5.0 2.0–8.0 12.5–100.0 1.6 3.1

Klebsiella spp. 500.0 12.5–100.0 12.5–> 100.0 3.1 6.3

Serratia marcescens 12.5 1.25 12.5 0.8–> 100.0 25.0

Proteus mirabilis 1.25 1.56 1.56 0.2 0.76

Proteus vulgarisa 2.5 1.56 12.5 0.78 12.5

Morganella morganii 2.5 1.56 12.5 0.78 3.1

Salmonella typhi 2.5 2.0 8.0 0.39 3.1

Neisseria gonorrhoeae 0.02 0.005 0.005 0.015–0.03 0.1

Haemophilus influenzae 0.25 0.15–0.25 0.06 0.015–0.03 —

Pseudomonas aeruginosa 25.0 25.0–50.0 12.5 6.5 6.3

Prevotella melaninogenica 0.1–4.0 0.5–4.0 — — —

Bacteroides fragilis 4.0–128.0 1.0–128.0 1.0–128.0 25.0 25.0

aIndole-positive Proteus species.
Source: Data compiled from Adler et al. (1971), Sutherland et al. (1971), Noguchi et al. (1976), Sutter and Finegold (1976), Bodey and Pan (1977), Stewart and 

Bodey (1977), Ueo et al. (1977), Eickhoff and Ehret (1978), Fu and Neu (1978a), Fu and Neu (1978b), Wise et al. (1978), Reeves et al. (1979), Høiby et al. (1981), 
Reeves et al., (1982), Neu and Labthavikul (1982), and Di Modugno et al. (1997).
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that of penicillin G, ampicillin, and carbenicillin. Others have 
found mezlocillin more active against this organism (MICs 
of most strains 25–30 μg/ml) (Fu and Neu, 1978b; Wise and 
Andrews, 1982). Such differences were not seen by Betriu et 
al. (1999), who found that piperacillin and mezlocillin alone 
had similar activity, whereas both were much less active than 
combinations of penicillins and beta-lactamase inhibitors.

Mezlocillin is active against Haemophilus influenzae, its 
activity exceeding that of ampicillin (Sanders, 1982a). Menin-
gococci and gonococci are quite sensitive. Strains of Neisseria 
gonorrhoeae highly susceptible to penicillin G are equally 
sensitive to mezlocillin. Strains with intermediate suscepti-
bility to penicillin G (MICs 0.125–0.5 μg/ ml) are much more 
sensitive to mezlocillin (MICs 0.0004–0.125 μg/ml). The 
same applies to gonococcal strains with even higher intrinsic 
resistance to penicillin G; for those with penicillin G MICs of 
1–4 μg/ ml, mezlocillin MICs are 0.06–0.5 μg/ml (Rodriguez 
et al., 1983). Beta-lactamase-producing gonococci are mez-
locillin resistant.

Mezlocillin is highly active against Gram-positive bac-
teria, such as Streptococcus pyogenes, group B streptococci, 
S. pneumoniae, and S. viridans, but penicillin G and ampi-
cillin are more active against these organisms. Mezlocillin is 
slightly less active than ampicillin, but equally active as pen-
icillin G against Enterococcus faecalis (Sanders, 1981). Some 
authors have found that mezlocillin, unlike penicillin G and 
ampicillin, has identical MICs and MBCs against this organ-
ism (Moody et al., 1984). Listeria monocytogenes is also mez-
locillin susceptible (Odio et al., 1984b). It is moderately active 
against penicillin G–susceptible staphylococci, but beta- 
lactamase-producing strains are resistant (Sanders, 1982a). 
Similar to most other penicillins, mezlocillin is inactive against 
Chlamydia trachomatis (Hammerschlag and Gleyzer, 1983).

AZLOCILLIN

The main advantage of this drug is that its activity against 
P. aeruginosa is somewhat superior to that of carbenicillin, 
ticarcillin, and mezlocillin (see Table 10.1). It is also active 
against many carbenicillin-resistant strains of this organism 
(Stewart and Bodey, 1977; Coppens and Klastersky, 1979; 
Parry, 1983). 

The superiority of azlocillin over other antipseudomonal 
penicillins has been disputed. When conventional MIC tests 
and small inocula are used, azlocillin has lower MICs than 
the other drugs against P. aeruginosa (Table 10.1). When tests 
for bactericidal activity are performed, using large inocula, 
the activity of azlocillin, mezlocillin, and piperacillin may 
appear inferior to that of carbenicillin and ticarcillin. These 
drugs, unlike carbenicillin and ticarcillin, are susceptible to 
chromosomally mediated pseudomonal beta-lactamases, so 
they are inactivated in dense bacterial populations during 
overnight incubation (White et al., 1980; Greenwood and 
Eley, 1982; Livermore and Yang, 1987). Strains of P. aerugi
nosa can be produced in vitro which, as a result of enzyme 
induction or spontaneous chromosomal mutation, produce 
increased amounts of pseudomonal beta-lactamase. If high 
inocula are used for testing, sensitivities of these strains to 

azlocillin and piperacillin are reduced at least 10-fold, whereas 
those for carbenicillin and ticarcillin are reduced by only 2- 
to 5-fold (Gwynn and Rolinson, 1983). 

Compared with mezlocillin, azlocillin had the same activ-
ity against Bacteroides fragilis, but it is somewhat less active 
against most other Gram-negative bacilli (Fu and Neu, 1978b; 
Ellis et al., 1979; Table 10.1). Azlocillin is as active as mez-
locillin against H. influenzae, N. meningitidis, N. gonorrhoeae, 
and Gram-positive bacteria (Wise et al., 1978; Reeves et al., 
1979). Its activity against Enterococcus faecalis is similar to 
that of ampicillin (Tofte et al., 1984). 

APALCILLIN

Pseudomonas aeruginosa is as sensitive to this drug as it is 
to piperacillin (see Table 10.1), although some authors have 
found apalcillin to be more active than piperacillin against 
this organism (Barry et al., 1984; Barry et al., 1985). Against 
most Enterobacteriaceae, such as E. coli and Citrobacter, 
Klebsiella, Enterobacter, Proteus, and Providencia spp., apal-
cillin is similar to mezlocillin and piperacillin. It is somewhat 
less inhibitory than these two drugs against Serratia spp., but 
B. fragilis is equally sensitive to apalcillin and piperacillin 
(Noguchi et al., 1976; Neu and Labthavikul, 1982; Wexler et 
al., 1984; Table 10.1). Other Pseudomonas species, such as 
P. fluorescens, P. putida, Burkholderia cepacia, and Stenotro
phomonas maltophilia, may be apalcillin susceptible (Noguchi 
et al., 1978a). Strains of P. aeruginosa ,which are only mod-
erately carbenicillin-resistant (MIC 400–1600 μg/ml), are 
apalcillin susceptible; highly carbenicillin-resistant strains 
(MIC > 3200 μg/ ml) are moderately apalcillin resistant (MIC 
50–1600 μg/ml) (Noguchi et al., 1978a). 

Haemophilus influenzae and N. gonorrhoeae are sensitive 
to apalcillin, but beta-lactamase-producing strains are resis-
tant, as apalcillin is inactivated by TEM-like and other beta- 
lactamases produced by Gram-negative bacteria (Wretlind 
et al., 1978). The drug is also active against Gram-positive 
bacteria, except beta-lactamase-producing strains of S. aureus 
(Noguchi et al., 1976; Table 10.1).

PIPERACILLIN

Gram-negative bacteria
Poperacillin is at least equally as active and, in the case of 
many strains, twice as active as azlocillin and carbenicillin 
against P. aeruginosa (Milne and Waterworth, 1978; Watana-
kunakorn, 1986; see Table 10.1). Other Pseudomonas species, 
such as Burkholderia cepacia, are more susceptible to pip-
eracillin than to carbenicillin (Fass and Barnishan, 1980). 
Piperacillin has good activity against the Enterobacteriaceae. 
Previously, most strains of E. coli, P. mirabilis, and Klebsiella, 
Enterobacter, Serratia, Citrobacter, Salmonella, and Shigella 
spp. were inhibited by low concentrations, with MICs being 
similar to or sometimes lower than those of mezlocillin (Fass, 
1983; Table 10.1). Since 1997, resistance in Enterobacteriaceae 
significantly increased, and by 2004 there were reports of 
resistance as high as 50% in some areas (Jones et al., 1998; 
Lewis et al., 1999; Nijssen et al., 2004; Sader et al., 2003; Streit 
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et al., 2004). The major mechanism of resistance among 
Enterobacteriaceae is inactivation by beta-lactamases (see sec-
tion 2b, Emerging resistance and cross-resistance). This has 
resulted in piperacillin being more active against Enterobac-
teriaceae than ampicillin and ticarcillin alone but generally 
less active than ticarcillin–clavulanate, ampicillin–sulbactam, 
and piperacillin– tazobactam (Nijssen et al., 2004).

Aeromonas spp. are usually piperacillin sensitive, except 
Aeromonas jandaei, which is usually resistant (Koehler and 
Ashdown, 1993; Overman and Janda, 1999). High rates of 
resistance among other nonveronii Aeromonas spp. have 
been seen in biliary isolates from patients with cholangitis 
(Chan et al., 2000). Most isolates of Achromobacter xylosoxi
dans are susceptible (Mandell et al., 1987). Chryseobacterium 
indologenes is usually susceptible to piperacillin, whereas 
around 60% of C. meningosepticum isolates are susceptible 
(Kirby et al., 2004).

Although H. influenzae is very susceptible to piperacillin, 
beta-lactamase-producing strains are resistant. It is as active 
as penicillin G and mezlocillin against penicillin G-susceptible 
N. gonorrhoeae strains (Table 10.1). Like mezlocillin, pipera-
cillin exhibits increased activity against gonococcal strains 
with intrinsic-type resistance to penicillin G (Rodriguez et 
al., 1983). Beta-lactamase-producing gonococci are pipera-
cillin resistant (Gootz et al., 1979).

Piperacillin is moderately active against B. fragilis, with 
most strains being inhibited by 25 μg/ml; in this respect, it is 
about equally as active as mezlocillin (Robinson et al., 1980; 
Cuchural et al., 1981). Piperacillin-resistant variants of this 
organism have been detected in up to 9% of isolates (Tally et 
al., 1983; Tally et al., 1985; Aldridge et al., 2001). Metroni-
dazole and clindamycin are more active than piperacillin 
against Bacteroides spp. (Aldridge et al., 2001). The activity of 
piperacillin against other species of Gram-negative anaero-
bic bacteria is variable: Some strains are quite sensitive, but 
many are highly resistant (Goldstein et al., 1993).

Gram-positive bacteria
The activity of piperacillin against Gram-positive bacteria is 
similar to that of mezlocillin and azlocillin (Dickinson et al., 
1978; Gootz et al., 1979; Table 10.1). Piperacillin is highly 
active against penicillin-susceptible Streptococcus spp. and 
non-beta-lactamase-producing strains of S. aureus, S. epider
midis, and Enterococcus faecalis (Di Modugno et al., 1997; 
Dickinson et al., 1978; Gootz et al., 1979; Alcaide et al., 1995). 
Activity against S. pneumoniae and viridians group strepto-
cocci that have raised penicillin MICs is less than penicillin 
G and ampicillin (see section 2b, Emerging resistance and 
cross resistance). 

Except for a small number of isolates that produce beta- 
lactamases, Gram-positive anaerobes such as Clostridium spp. 
are usually sensitive to piperacillin (Appelbaum et al., 1991). 
This includes C. difficile, which is susceptible (Chow et al., 
1985; Di Modugno et al., 1997). Chlamydia trachomatis is 
piperacillin resistant (Bowie, 1982).

Activity against S. pneumoniae correlates with penicillin 
G activity, with mutations in penicillin-binding protein (PBP) 

2b leading to reduced piperacillin affinity (Di Modugno et 
al., 1997; Pagliero et al., 2004; Pankuch et al., 1995). Tazo-
bactam does not improve the activity of piperacillin against 
penicillin G–resistant S. pneumoniae (Jones and Barry, 1989). 
Penicillin G and ampicillin are more active than piperacillin 
against viridans group streptococci (Alcaide et al., 1995).

2b.  Emerging resistance and 
cross-resistance

Mezlocillin, azlocillin, apalcillin, and piperacillin are suscep-
tible to many beta-lactamases produced by gram negatives, 
including TEM beta-lactamases (Ellis et al., 1979; White et 
al., 1979) (Verbist, 1978; Reeves et al., 1982; Dornbusch et al., 
1990). Therefore, many Gram-negative bacteria with acquired 
resistance to ampicillin or carbenicillin are also resistant to 
this group of antibiotics. However, some E. coli isolates that 
produce TEM-1 beta-lactamase remain relatively mezlocillin 
and piperacillin sensitive, whereas they are resistant to ampi-
cillin (Livermore et al., 1986; Livermore and Seetulsingh, 
1991). A detailed discussion about beta-lactamases and their 
acquired resistance patterns can be found in Chapter 16, 
Ticarcillin–clavulanic acid. 

Resistance to this group of antibiotics among S. pneumo
niae and viridians group streptococci is mediated by muta-
tions in PBPs. Therefore resistance in Streptococcus sp. is not 
overcome by beta-lactam inhibitors such as tazobactam and 
sulbactam. (Di Modugno et al., 1997; Pagliero et al., 2004; 
Pankuch et al., 1995; Jones and Barry, 1989; Alcaide et al., 
1995). The effect of PBP mutations on piperacillin activity is 
greater than the effect on penicillin G and ampicillin activity 
such that streptococci with intermediate resistance to peni-
cillin may be resistant to piperacillin. 

With P aeruginosa, intrinsic resistance to piperacillin due 
to changes in PBPs, particularly PBP3, has emerged in vivo 
during piperacillin treatment of P. aeruginosa infections in 
cystic fibrosis patients (Godfrey et al., 1981). In an in vitro 
study, piperacillin-resistant variants were detected in each 
of 10 strains of P. aeruginosa. This resistance was due to an 
increased production of chromosomally mediated P aerugi
nosa beta-lactamase; the resistant strains remained stable on 
subculture and they arose as a result of chromosomal muta-
tion – enzyme induction was not involved (Bell et al., 1985). 
P. aeruginosa isolates resistant to ceftazidime and aztreonam 
are associated with cross-resistance to piperacillin (Fujita et 
al., 1992; Mesaros et al., 2007). This cross-resistance may 
have relevance for antibiotic stewardship programs in which 
a reduction in P aeruginosa isolates resistant to piperacillin 
was associated with a formulary change of ceftazidime and 
ceftriaxone to cefepime (Empey et al., 2002). In contrast, 
a study in intensive care units showed that acquisition of P. 
aeruginosa was negatively associated with anti-pseudomonal 
cephalosporin use, but associated with piperacillin–tazobac-
tam use (Martinez et al., 2009).

Some investigators have shown that quinolone resistance 
among P. aeruginosa isolates is not associated with piperacillin 
cross-resistance (Fujita et al., 1992; Radberg et al., 1990; Wu 
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et al., 1999). However, an association between piperacillin 
and levofloxacin resistance exists when quinolone-resistant 
isolates are examined for efflux overexpression (Kriengkauy-
kiat et al., 2005). This association of cross-resistance between 
quinolones and piperacillin via efflux overexpression has 
also been described in E. coli, in which efflux overexpression 
occurred in 51% of quinolone-resistant isolates (Wu et al., 
1999). Efflux overexpression favors emergence of higher levels 
of resistance as a result of lowering intrabacterial antibiotic 
concentrations (Mesaros et al., 2007).

2c.  In vitro synergy and antagonism

In combination with an aminoglycoside (such as gentamicin, 
tobramycin, amikacin, or netilmicin), mezlocillin, azlocillin, 
and piperacillin act synergistically against many strains of 
Gram-negative bacilli, such as P. aeruginosa, E. coli, P. vul
garis, P. rettgeri, Morganella morganii, Klebsiella, Citrobacter, 
Enterobacter, and Serratia spp. In vitro synergy occurs with 
mezlocillin-sensitive and-resistant strains of these bacteria 
(Neu and Fu, 1978; Perea et al., 1980; Moody et al., 1984; 
Lyon et al., 1986; Hoogkamp-Korstanje et al., 1981; Chin and 
Neu, 1983).

A combination of piperacillin with an aminoglycoside, 
such as gentamicin, tobramycin, or amikacin, is synergistic in 
vitro against many strains of Enterobacteriaceae and P. aeru
ginosa (Kurtz et al., 1981; Fass 1982b; McAllister, 1982). The 
combination of piperacillin and amikacin is also more effec-
tive than piperacillin–pefloxacin in preventing the emergence 
of resistant mutants (Boisivon et al., 1988). A combination 
of piperacillin–gatifloxacin is synergistic in vitro against P. 
aeruginosa, whereas piperacillin–ciprofloxacin is additive 
(Dawis et al., 2003; Hyatt et al., 1995).

Sanders et al. (1982) found that cefoxitin–mezlocillin 
antagonism occurred with strains of Gram-negative bacilli 
that possessed inducible beta-lactamases. These chromosom-
ally mediated enzymes are present in many Gram-negative 
bacteria, such as Enterobacter, Serratia, and Pseudomonas spp. 
Tested against these strains, cefoxitin antagonized many 
other beta-lactam antibiotics, including piperacillin (Kuck 
et al., 1981). Similarly, due to induction of beta-lactamses 
Imipenem was antagonistic to piperacillin in 28/35 strains 
of P. aeruginosa examined by Bertram and Young (1984). 
Antagonism between the enzyme-stable beta-lactams (e.g. 
cefoxitin) and mezlocillin, piperacillin and related drugs 
occurs because the former antibiotics function as inducers of 
beta-lactamases. These types of beta-lactam antibiotics have 
been used together in certain clinical situations, but there is 
little evidence that such combinations are advantageous, 
and because of potential antagonism they should be avoided 
(Sanders, 1983; Gutmann et al., 1986).

3. MECHANISM OF DRUG ACTION

The mode of action of these penicillins on bacteria is similar 
to that of penicillin G (see Chapter 3, Benzylpenicillin (pen-
icillin G)). Their increased activity against P. aeruginosa and 

other Gram-negative bacilli is mainly due to an ability to 
pass through the various layers of the cell envelope to reach 
their target PBPs. Mezlocillin, azlocillin, piperacillin, and 
apalcillin have an increased affinity for PBP3, and a lesser 
affinity for PBP1 and 2 of both E. coli and P. aeruginosa. PBP3 
is an enzyme, septal murein synthetase, which is responsible 
for septum formation during bacterial growth and cell divi-
sion. Inhibition of this enzyme results in the formation of 
nonviable and readily lysed filamentous bacteria (Noguchi et 
al., 1978b; Neu, 1983; Prince and Neu, 1983).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

MEZLOCILLIN

The usual dosage of mezlocillin for adults is 200–450 mg/kg 
body weight per day, given i.m. or more commonly i.v., in six 
divided doses. Each dose can be injected directly into the i.v. 
tubing, but it is preferable to give it as an infusion over 15–30 
minutes. A common adult dosage for serious infections is 3 g 
i.v. every 4 hours or 4 g every 6 hours (Pancoast et al., 1979; 
Neu, 1982; Collaizzi et al., 1986b). Alternatively, a dosage of 
5 g every 8 hours is satisfactory (Flaherty et al., 1987; Janicke 
et al., 1988). Higher dosages, such as 5 g i.v. every 6 hours 
(Thadepalli and Rao, 1979) or 10 g i.v. every 8 hours (Meunier-
Carpentier and Klastersky, 1982), have been used. Some 
authors have given adults doses as large as 36 g daily (600 
mg/kg/day), usually in six divided doses (Parry and Neu, 
1982), but this is unnecessary for infections, however severe, 
caused by sensitive microorganisms. For the treatment of 
uncomplicated urinary tract infections, smaller doses, such 
as 2 g every 8 hours, are sufficient (Cox, 1982). Such doses 
may be conveniently administered by the i.m. route, with or 
without the addition of lidocaine (Parry and Neu, 1982).

AZLOCILLIN

Azocillin was given in a dosage of 100–300 mg/kg body 
weight per day, or occasionally for severe infections 450 mg/
kg/day. It was usually administered in four or six divided 
doses; each dose given i.v. by a rapid injection or as a 15- to 
30-minute infusion. In adults, a dosage varying from 1 to 5 g 
i.v. every 6 hours was used, depending on the severity of the 
infection (Ellis et al., 1979; Eykyn, 1982; Levy et al., 1982). 
The usual adult dosage for severe infection was either 4 g 
every 6 hours or 5 g every 8 hours (Lander et al., 1989).

APALCILLIN

Daily doses of apalcillin ranging from 0.5 to 6 g, usually 
administered i.v., were used in clinical trials in Japan (Miki et 
al., 1978).

PIPERACILLIN

Both i.m. and i.v. administrations of piperacillin are suitable, 
but the i.v. route is preferable when large doses are used. The 
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usual dosage is 200–300 mg/ kg body weight per day, given 
in six divided doses (Winston et al., 1980; Winston et al., 
1982). A low adult dosage suitable for milder infections is 
4–12 g daily, given in four divided doses; for more serious 
infections this may be increased to 12–24 g daily, adminis-
tered in six divided doses (Lutz et al., 1982). Each i.v. dose is 
usually infused over 15–30 minutes.

Continuous infusion of 8 g i.v. daily following a 2-g i.v. 
loading dose given over 30 minutes has been studied in crit-
ically ill patients achieving mean serum concentrations of 
piperacillin of 36, 34, 42, and 34 μg/ml at 6, 12, 24, and 48 
hours (Rafati et al., 2006). A Monte Carlo simulation pre-
dicted that a 4-hour infusion of 3 g i.v. every 8 hours was 
more likely to achieve 50% time above MIC for MIC values 
between 8 and 16 μg/ml than a 30-minute infusion of 3 g 
every 4 hours (Bulitta et al., 2007). Dosing regimens in 
combination with tazobactam are discussed in Chapter 17, 
Piperacillin–tazobactam.

4b.  Newborn infants and children

MEZLOCILLIN

For children, the normal dose of mezlocillin is the same as 
for adults, i.e. 200– 450 mg/kg body weight per day, with the 
optimal dosage for serious infections being 450 mg/kg/day, 
given i.v. in six divided doses (Pickering et al., 1982). Similar 
to piperacillin, higher mezlocillin doses (usually double) are 
needed for patients with cystic fibrosis (Bergan, 1981).

Recommended mezlocillin dosages for newborn infants 
are as follows: Preterm infants (gestational age less than 38 
weeks) who are 7 days old or younger, 75 mg/kg body weight 
every 12 hours (150 mg/kg/day); preterm infants older than 
7 days or term infants 7 days old or younger, 75 mg/kg every 
8 hours (225 mg/kg/ day); and for term infants older than 7 
days, 75 mg/kg every 6 hours (300 mg/kg/day) (Rubio et al., 
1982; Janicke et al., 1984; Odio et al., 1984a).

PIPERACILLIN

In children, an i.v. dose of 50 mg/kg body weight of pipera-
cillin, administered every 4 hours, is recommended (Thiru-
moorthi et al., 1983). In neonates, 75 mg/kg i.v. every 12 
hours during the first week of life and every 8 hours in the 
second week provides appropriate concentrations in those 
of less than 36 weeks gestational age. In full-term newborns, 
75 mg/kg i.v. every 8 hours is appropriate during the first 
week of life, and the same dose four times daily should be 
given thereafter (Kacet et al., 1992).

4c.  Pregnant and lactating mothers

Mezlocillin, azlocillin, and piperacillin are pregnancy cate-
gory B agents. All are secreted in small amounts in breast 
milk. In pregnant women who received a single piperacillin 
dose of 4 g, the mean Cmax was 8 μg/ml compared with 172 
μg/ml in nonpregnant controls. The fetomaternal ratio at 

the time of cesarean section was 0.27 (Heikkilä and Erkkola, 
1991). The authors of this study suggested that higher doses 
of piperacillin may be needed in late pregnancy; however, 
there is currently no dosage adjustment recommended for 
pregnant or breastfeeding women. 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Mezlocillin
Patients with renal failure require only slight modification of 
mezlocillin dosage, provided they have normal liver function 
and relatively low doses are used; under these conditions, the 
mean mezlocillin half-life in normal patients of 1.1 hours is 
prolonged to only 1.6 hours in patients with severe renal fail-
ure (Bergan et al., 1979). With low mezlocillin dosage (2 g 
every 6 or 8 hours), dose reduction is necessary only in severe 
renal failure (creatinine clearance < 10 ml/ min), when the 
dosage should be reduced only by approximately 30%. Some 
mezlocillin is removed by hemodialysis, so that during this 
procedure the same dosage regimen as for patients with nor-
mal renal function can be used. Very little of the drug is 
removed during peritoneal dialysis, so that reduced dosage 
is necessary (Kampf et al., 1980; Janicke et al., 1981; Thor-
steinsson et al., 1981).

Mezlocillin clearance by both renal and nonrenal mecha-
nisms is dose dependent, and there is a marked decrease in 
the clearance of the drug by both mechanisms over a 1–5 g 
dose range (Mangione et al., 1982). According to these 
authors, large mezlocillin dosages (5 g every 6 hours) should 
be adjusted for all degrees of renal functional impairment, by 
altering the intervals between the 5-g doses. Alternatively, the 
dosing interval may be left unchanged and individual doses 
reduced accordingly (Drusano et al., 1984).

Azlocillin
In patients with severe renal failure, azlocillin dosage should 
be reduced. The azlocillin serum half-life is normally 43.7 
minutes, and this increases to 6.53 hours in patients with 
end-stage renal failure. Similar to mezlocillin (see the pre-
vious section), azlocillin clearance is dose dependent. For 
severe systemic infections in patients with normal renal 
function, the azlocillin dosage is at least 5 g (80 mg/ kg) i.v. 
every 8 hours. This may also be used in patients with renal 
failure whose creatinine clearance exceeds 30 ml/min. In more 
severe renal failure (creatinine clearance 10–30 ml/min), 
dosage should be reduced to 5 g (80 mg/kg) every 12 hours. 
In those with a creatinine clearance below 10 ml/min, a load-
ing dose of 5 g (80 mg/kg) can be given, followed by 2.5 g (40 
mg/kg) every 12 hours. Azlocillin is removed during hemo-
dialysis, and in patients undergoing long-term hemodialy-
sis 5 g (80 mg/kg) can be given at the end of each dialysis 
and then 2.5 g (40 mg/kg) every 12 hours between dialyses 
(Leroy et al., 1980). During peritoneal dialysis, the removal 
of azlocillin from the body is slow (Whelton et al., 1983).
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Piperacillin
In patients with mild renal failure, the usual piperacillin dos-
age can probably be used, but in moderate renal failure (cre-
atinine clearance 20–40 ml/min) dosage should not exceed 
12 g daily (4 g every 8 hours). In patients with severe renal 
failure (creatinine clearance < 20 ml/min), dosage should be 
reduced to 4 g every 12 hours. Some piperacillin is removed 
by hemodialysis, so that a 2- to 4-g i.v. piperacillin dose can 
be given after each hemodialysis, with a regimen of 4 g every 
12 hours being used between dialyses (Francke et al., 1979; 
Thompson et al., 1981). Other authors recommend only 
approximately half of these dosages for patients with both 
moderate and severe renal failure (Giron et al., 1981a). By 
contrast, Welling et al. (1983) considered that dosage modi-
fication is required only in patients with severe renal failure, 
in whom they recommend half the usual doseage. In patients 
with combined severe renal and hepatic insufficiency, a 
 further reduction of piperacillin dosage is necessary (De 
Schepper et al., 1982). In patients on peritoneal dialysis who 
develop peritonitis, the recommended piperacillin dose is 
2  g i.v. every 8 hours or 1 g every 6 hours in the dialysate 
(Debruyne et al., 1990). 

Doses of 8 g per day either by continuous infusion (after a 
4-g loading dose), or as 2-g 30-minute boluses every 6 hours, 
provide suitable plasma levels in critical ill patients receiving 
continuous venovenous hemofiltration (Jamal et al., 2015). 
However, the continuous infusion’s pharmacokinetic profile 
was more favorable for pathogens with MICs approaching 
the susceptibility breakpoint (MIC 16 mg/L) in a study by 
(Jamal et al., 2015). Continuous infusion achieved a target of 
100% time above free plasma concentration of 64 mg/l (4 × 
MIC) in seven of eight patients, whereas the intermittent bolus 
regimen achieved a target of 50% time above free plasma 
concentration of 64 mg/l in five of eight patients.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Mezlocillin
The mezlocillin dose should also be reduced in patients with 
moderate or severe hepatobiliary dysfunction (Meyers et al., 
1986).

Piperacillin
Dosage reduction of piperacillin is necessary for patients who 
have hepatic insufficiency in association with severe renal 
impairment (De Schepper et al., 1982).

PATIENTS WITH CYSTIC FIBROSIS

Azlocillin
In patients with cystic fibrosis, the renal, and to some extent 
nonrenal, clearance of azlocillin is much increased, and sim-
ilar to piperacillin, much higher azlocillin doses (usually at 
least doubled) may be necessary (Bergan, 1981). This recom-
mendation conflicts with findings by Bosso et al. (1984), who 
reported that azlocillin elimination did not appear to be 
altered in cystic fibrosis patients.

Piperacillin
Patients with cystic fibrosis require higher doses of piperacil-
lin to achieve serum levels similar to those attained in nor-
mal patients of similar age; a dosage of 500–600 mg/kg/day, 
almost twice the normal dosage, is required (Prince and Neu, 
1980; Prince and Neu, 1983). This difference in dose require-
ment is no longer seen after correction for lean body mass 
(Bulitta et al., 2007). Using Monte Carlo simulation, a dose of 
3 g/70 kg body weight was more than 90% likely to achieve 
time above MIC of greater than 50% for MIC ≤ 12 μg/ml. A 
4-hour infusion of 3 g every 8 hours or 9 g daily continuous 
infusion was predicted to achieve this same probability of 
target attainment for MIC ≤ 16 μg/ml.

POSTPARTUM WOMEN

Mezlocillin pharmacokinetics is little altered in women in 
the postpartum period, and a dose of 4–5 g every 8 hours 
appears suitable (Martens et al., 1987). Compared with mez-
locillin, piperacillin has a shorter half-life and an increased 
clearance rate in postpartum women compared with those 
for nonpregnant patients (Martens et al., 1987). Some dosage 
increase may be indicated in these patients.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

None of these penicillins is absorbed from the gastrointesti-
nal tract, and they must be given parenterally (i.v. or i.m.). 
The half-life of mezlocillin varies depending on the dose 
and is about 1 hour at a dose of 3 g and increases to about 
1.2 hours if the dose is 5 g (Bergan, 1978). The serum protein 
binding of these drugs depends on their serum concentra-
tion. At concentrations of 200 μg/ml, mezlocillin is 27% and 
azlocillin 30% protein bound. For piperacillin, the mean 
protein binding is 16% at concentrations in the range 200–
300 μg/ml (Bergan, 1981). Similarly, the pharmacokinetics of 
azlocillin changes when the dose is increased. With azlocillin 
doses of 1–2 g, the serum half-life is 0.7–1.1 hours, but with 
a 5-g dose this is prolonged to 1.2–1.8 hours. Also, with 
piperacillin, the pharmacokinetics is dose dependent (Tjan-
dramaga et al, 1978; Bergan, 1981), with half-lives varying 
between 40 minutes and 1.3 hours. For all of these penicil-
lins, the reason for the dose-dependent change in pharmaco-
kinetics is that with larger doses there is saturation of the 
drugs’ biotransformation in the liver and biliary excretion. 
Renal clearance of the drug is also somewhat reduced when 
larger doses are used, at least in the case of mezlocillin 
(Mangione et al., 1982; Bergan, 1983).

As with other penicillins, concomitant administration 
of  probenecid increases and prolongs the serum levels of 
azlocillin (Fiegel and Becker, 1978; Bergan, 1981; Delgado et 
al., 1983; Collaizzi et al., 1986a).
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5b.  Drug distribution

MEZLOCILLIN

After i.v. administration of a 3-g dose of mezlocillin given 
over a 15-minute period, the mean Cmax at the end of the 
infusion is 269 μg/ml. Thereafter, the serum level falls, and at 
6 hours it is less than 10 μg/ml. Its half-life (66 minutes) is 
similar to that of ampicillin and carbenicillin. When 3 g of 
mezlocillin is given i.v. every 4 hours as a 2-hour infusion, 
the peak serum level just after the infusion is over 100 μg/ml, 
and levels are maintained above 50 μg/ml between infusions 
(Issell et al., 1978). If 1 g of mezlocillin is given as a bolus 
injection i.v. over 4–5 minutes to normal adults, serum levels 
are 56.2, 17.2, 2.9, and 0.1 μg/ml at 5 minutes, 30 minutes, 
2  hours, and 6 hours, respectively. When a 5-g i.v. dose is 
administered in the same manner, serum levels are 383.5, 
145.5, 26.9, 2.2, and 0.4 μg/ml at 5 minutes, 30 minutes, 
2 hours, 6 hours, and 8 hours, respectively (Bergan, 1978).

AZLOCILLIN

After a rapid i.v. injection of 1 g azlocillin (15 mg/kg body 
weight), the peak serum level at 5 minutes is 93 μg/ml, and 
the drug is undetectable in the serum at 8 hours. At the end 
of a 30-minute infusion of 5 g azlocillin (80 mg/kg), the 
serum level is 409 μg/ml, and it is still 2.6 μg/ ml 8 hours after 
the infusion.

APALCILLIN

When a 2-g dose of apalcillin is infused i.v. over 15 minutes, 
the mean peak serum level 5 minutes after the infusion is 
218.6 μg/ml. This level decreases to 59, 7.1, and 0.9 μg/ml at 
1, 4, and 8 hours after the infusion, respectively. When com-
pared with piperacillin, peak serum levels are the same, but 
apalcillin has a longer terminal half-life. Concentrations of 
piperacillin are below measurable levels 8 hours after a 2-g 
i.v. infusion, whereas concentrations of apalcillin are still mea-
surable at 10 hours (Lode et al., 1984).

PIPERACILLIN

Following administration of single i.m. doses of piperacillin 
0.5, 1, and 2 g to healthy adults, mean peak serum levels of 
4.9, 13.3, and 30.2 μg/ ml, respectively, occur at 30–50 min-
utes; measurable levels after these three doses are present up 
to 4, 6, and 8 hours, respectively, after dosing. Immediately 
after rapid (bolus) i.v. injections of 1, 2, 4, or 6 g of pipera-
cillin, serum levels were 70.7, 199.5, 330.7, and 451.8 μg/ml, 
respectively. After a 5-minute i.v. infusion of 4 g of piperacil-
lin, peak plasma levels in healthy volunteers and cystic fibro-
sis patients were 446 and 767 μg/ml, respectively (Bulitta et 
al., 2007). 

DISTRIBUTION OF THE DRUGS IN THE BODY

Mezlocillin, azlocillin, piperacillin, and apalcillin are distrib-
uted in the body in a similar manner. Mezlocillin levels were 
quite high in pleural and ascitic fluid (Pancoast et al., 1979), 
but mezlocillin and piperacillin penetrated poorly into bron - 

chial secretions, where concentrations of only 1–5 μg/ml were 
attained with usual doses (Pancoast et al., 1979; Pancoast et 
al., 1981). Azlocillin may pass into these secretions better 
than mezlocillin (Bergan, 1981). Apalcillin penetrates into 
bronchial secretions; a mean peak value of 5.8 μg/ml was 
attained 2 hours after an i.v. dose of 30 mg/kg body weight 
(Bergogne-Berezin et al., 1984). Mezlocillin, azlocillin, and 
piperacillin penetrated well into interstitial and wound fluids, 
but after usual doses only low levels were reached in normal 
bone (Bergan, 1981).

Twenty-eight adult patients undergoing open heart sur-
gery were given 4 g piperacillin i.v. preoperatively, which 
resulted in a serum level of 173.8 μg/ml, which declined to 
14.4 μg/ml in 6 hours. Mean concentrations in cardiac valvu-
lar tissue were 48 μg/g at 0.5–1.0 hours, and 11.8 μg/g 4–5 
hours after piperacillin administration; mean subcutaneous 
and muscle concentrations varied from 11.8 to 7.1 μg/g during 
this time (Daschner et al., 1982). Mezlocillin also penetrated 
well into heart valves and papillary muscles (Bergan, 1981) 
and into human prostatic tissue (Naber and Adam, 1983). 
For piperacillin, prostate concentrations in uninflamed pros-
tate tissue are 36% of plasma concentrations throughout the 
dosing interval (Kobayashi et al., 2015). After a 4-g dose peak 
prostate concentrations are 130 mg/kg. Using Monte Carlo 
simulation the probability of achieving 50% time above MIC 
in prostate tissue is at least 97.4%, 95.7%, and 80.2% for 
MICs of 1, 2 and 8 mg/l, respectively. Robinet et al. (1998) 
studied the penetration of piperacillin into the vitreous cav-
ity following a single i.v. dose of 4 g given 2 hours before 
ocular incision. Mean concentrations were 0.4 μg/ml in unin-
flamed eyes and 5.0 μg/ml in inflamed eyes, which represented 
higher concentrations than the MICs of isolated bacteria in 
13% and 69%, respectively.

Provided the biliary tract is not obstructed, high biliary 
concentrations are attained with these agents. Piperacillin 
biliary concentrations in the common duct were in the range 
31–920 μg/ml, 35–90 minutes after an i.v. dose of 1 g, in 
postoperative patients after cholecystectomy (Giron et al., 
1981b). After i.v. administration of a 5-g dose of piperacillin 
to patients undergoing biliary tract surgery, peak levels in 
bile exceeded 4000 μg/ml, but, in one patient with cystic duct 
obstruction, levels in the gallbladder bile were subtherapeu-
tic (Russo et al., 1982). In one study, biliary excretion of pip-
eracillin was assessed in 11 patients with obstructive jaundice 
due to cholangiocarcinoma. After a 1-g i.v. dose, no drug was 
detected in bile in the majority of patients. In the others, bile 
levels were much lower than serum levels. After a period of 
external biliary drainage of up to 28 days, levels of antibiotic 
in bile after i.v. administration were only minimally increased, 
although liver function was improved as judged by fall in 
serum bilirubin (Blenkharn et al., 1985). With azlocillin in 
patients after biliary surgery, a mean peak biliary concentra-
tion of 1137 μg/ml occurred 1.0–1.5 hours after a 2-g i.v. dose 
(Bergan, 1981). In 10 patients after cholecystectomy with a 
T-tube in situ, i.m. injection of 1 g of mezlocillin resulted in 
a mean biliary peak concentration of 295.7 μg/ml (Brogard et 
al., 1980). With apalcillin in patients with T-tube bile drain- 
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age and no biliary obstruction, high biliary concentrations 
were attained after the usual therapeutic doses, and biliary 
recovery over a 12-hour period amounted to some 12% of 
the dose (Brogard et al., 1984).

In animals, these penicillins penetrate poorly into nor-
mal cerebrospinal fluid (CSF). When bacterial meningitis is 
induced mezlocillin and azlocillin penetrate much better 
when CSF concentrations of 13.5% and 13.3% of steady-state 
serum concentrations, respectively, can be attained (Hodges 
and Worley, 1982). Piperacillin was used to treat four patients 
with bacterial meningitis (three P. aeruginosa, one Flavobac
terium meningosepticum) in a dosage ranging from 324 to 
436 mg/kg body weight per day given by continuous i.v. infu-
sion. This resulted in a mean CSF level of 23 μg/ml 24 hours 
after starting therapy, which was 32% of the mean serum 
level at the time (Dickinson et al., 1981). In another patient 
with P. aeruginosa meningitis treated with azlocillin 5 g i.v. 
every 6 hours, CSF concentrations were 42–125 μg/ml, when 
serum levels were 137–460 μg/ml (Eykyn, 1982). Similarly, 
apalcillin penetrated poorly into the CSF of patients with 
normal meninges, but in patients with bacterial meningitis, 
CSF levels of 5–30 μg/ml were reached after usual therapeu-
tic doses (Raoult et al., 1985). Azlocillin crosses the placenta 
and attains high concentrations in fetal tissues (Kafetzis et 
al., 1983).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Similar to other beta-lactams, the clinical efficacy of these 
agents is likely to be related to the duration the serum con-
centrations are above the MIC of the infecting pathogen (see 
Chapter 8, Nafcillin).

In critically ill patients, a 2-g i.v. loading dose of piperacil-
lin followed by continuous i.v. infusion of 8 g daily achieved 
percentage time above MIC of 100% and 65% for MICs of 
16 and 32 μg/ml, respectively (Rafati et al., 2006). This was 
superior to intermittent infusion of 3 g i.v. every 6 hours, 
which achieved %t > MIC of 62% and 39%, respectively. The 
continuous-infusion regimen was associated with a more 
rapid decline in APACHE II scores in the first 4 days.

Brunner et al. (2000) showed that after a single i.v. dose of 
4 g piperacillin significantly lower concentrations in intersti-
tial muscle and subcutaneous adipose tissue were obtained in 
severely ill patients than in healthy volunteers. Despite this, a 
better bactericidal effect was shown for ill patients when the 
concentrations achieved were assessed in vitro against strains 
of P. aeruginosa (Sauermann et al., 2003). The authors sug-
gested that this effect was due to the fact that piperacillin lev-
els were above MIC in patients for a longer time, probably 
because of impaired excretion related to impaired renal func-
tion. Similarly, in critically ill patients receiving continuous 
hemodiafiltration, (Varghese et al., 2014) demonstrated that 
4 g of piperacillin every 8 hours provides concentrations > 16 
mg/l in interstitial fluid throughout the dosing interval. 
However, in a study involving febrile neutropenic patients 
with underlying hematological malignancy the volume of 

distribution and clearance were increased such that plasma 
levels fell below 16mg/l 2–3 hours after a dose of 4 g (Sime et 
al., 2014).

5d.  Excretion

Mezlocillin, azlocillin, and piperacillin are excreted unchanged 
in the urine by both glomerular filtration and tubular secre-
tion. Between 50% and 80% of an i.v. dose of these drugs is 
eliminated via the kidneys in an unchanged form (Bergan, 
1978; Fiegel and Becker, 1978; Meyers et al., 1980). With 
apalcillin only 18–20% of an administered dose is eliminated 
renally in the active form (Lode et al., 1984).

With dose increments, an increasing proportion of all 
these drugs is recovered unchanged in the urine; for instance, 
with azlocillin 61% is recovered in the urine after a 1-g dose 
compared with 69% after a 5-g dose (Bergan, 1978). This is 
because with higher doses nonrenal mechanisms for drug 
elimination become saturated. Probenecid decreases renal 
excretion of these penicillins by partial blockage of renal 
tubular secretion. High concentrations of the active form of 
all these drugs are attained in the urine after usual i.m. or i.v. 
doses.

Significant amounts of mezlocillin, azlocillin, piperacillin, 
and apalcillin are eliminated via the bile. The percentage of 
these drugs eliminated via bile may increase in patients with 
impaired hepatic function; this is probably because there is 
less biotransformation in the liver (Bergan, 1981).

The proportion of an administered dose that is eliminated 
via the bile varies considerably from patient to patient. 
Gundert-Remy et al. (1982) found that biliary elimination of 
mezlocillin ranged from 26.6% to 0.05% of the administered 
dose, and this did not correlate with renal function. Biliary 
concentrations and clearance of mezlocillin were low in 
patients with cholelithiasis. In patients with T-tube drainage 
after cholecystectomy who received i.v. doses of 2 and 4 g, 
22.1% and 14.2% of the administered doses, respectively, 
were excreted in the bile. These findings suggest a capacity- 
limited, dose-dependent process of biliary excretion.

5e.  Drug interactions

With the exception of probenecid, which delays renal excre-
tion of these penicillins, few interactions have been described. 
However, concurrent administration of piperacillin and meth-
otrexate results in significantly decreased body clearance of 
methotrexate and its 7-OH metabolite (Najjar et al., 1998). 
Piperacillin at a dose of 1.5 g and 3 g reduces the clearance 
of flucloxacillin by a factor of 1.5 and 2.1, respectively (Lan-
dersdorfer et al., 2008). Flucloxacillin has minimal effect on 
piperacillin pharmacokinetics. Similarly, in an animal model, 
renal clearance of imipenem was inhibited by piperacillin 
with minimal effect of imipenem on piperacillin excretion 
(Saitoh et al., 2006).

Mezlocillin, azlocillin, and piperacillin, similar to carbeni-
cillin and ticarcillin, inactivate aminoglycosides in vitro and 
in vivo (Farchione, 1981). When carbenicillin and piperacillin 
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are used in the same concentrations in vivo, the former inac-
tivates aminoglycosides more rapidly. This is not so in vitro, 
where both drugs inactivate gentamicin to a similar degree. 
This is probably because gentamicin has less contact with 
high piperacillin serum concentrations owing to the increased 
rate of nonrenal elimination of piperacillin, especially in 
patients with renal failure (Thompson et al., 1982). Tobra-
mycin followed by gentamicin are the most rapidly inacti-
vated aminoglycosides, but amikacin is quite resistant to 
inactivation by these penicillins (Hale et al., 1980). Clinically, 
inactivation is most likely to occur when one of these drugs 
is combined with an aminoglycoside in patients with renal 
failure (Lau et al., 1983). In one study, patients with end-
stage renal failure were treated with either piperacillin 4 g i.v. 
every 12 hours or carbenicillin 2g i.v. every 8 hours. When 
gentamicin in a single dose of 2 mg/kg body weight was 
added to these regimens, gentamicin half-lives were 37.7 and 
19.4 hours in patients receiving piperacillin or carbenicillin, 
respectively (Thompson et al., 1982). When the same dose of 
gentamicin was given alone to these patients, its half-life was 
61.6 hours, indicating that piperacillin inactivated gentami-
cin in vivo, albeit more slowly than carbenicillin. One study 
that took steps to prevent aminoglycoside inactivation after 
sample collection has raised doubt about the in vivo inactiva-
tion of tobramycin by piperacillin, including in patients with 
renal impairment (Dowell et al., 2001). Serum-level moni-
toring with attention to transport times to the laboratory 
and aminoglycoside dosage adjustment (except perhaps for 
amikacin), are necessary when these drug combinations are 
used in patients with renal failure (Walterspeel et al., 1991; 
Halstenson et al., 1992).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Hypersensitivity reactions

Mezlocillin, azlocillin, and piperacillin may provoke any of the 
reactions that occur with penicillin G. These drugs are con-
traindicated in patients with a history of penicillin hyper-
sensitivity. Parry and Neu (1982) evaluated 1148 mezlocillin- 
treated patients for adverse reactions. Hypersensitivity, 
manifested by drug fever, skin rashes, or eosinophilia, occurred 
in 0.3%, 1.8%, and 2.2% of treated patients, respectively. Eykyn 
(1982) reported one patient treated with azlocillin and tobra-
mycin who had a severe hypersensitivity reaction after 18 days 
of therapy; she developed fever, malaise, rash, eosinophilia, 
and leukopenia, and recovered rapidly when both antibiotics 
were ceased. In a survey of 485 hospitalized patients treated 
with piperacillin, the frequency of hypersensitivity reactions, 
such as drug fever, rashes, pruritus, and eosinophilia, was 
approximately 4% (Gooding et al., 1982). A case of occupa-
tional asthma, rhinitis, and urticaria due to piperacillin has 
been reported in a pharmaceutical worker (Moscato et al., 
1995). Among 63 patients whose chronic Pseudomonas osteo-
myelitis was treated with high doses of extended-spectrum 
penicillins for prolonged periods, side effects such as rash, 
drug fever, and eosinophilia were more common in patients 

treated with ureido-penicillins than in those treated with car-
benicillin (Lang et al., 1991).

6b.  Neurotoxicity

High doses of mezlocillin, azlocillin, or piperacillin given 
i.v. may have the propensity to cause neurotoxicity, similar to 
“massive” doses of penicillin G or carbenicillin (Malanga et 
al, 1997).

6c.  Bleeding disorders

Similar to carbenicillin and ticarcillin, mezlocillin, azlocillin, 
piperacillin, and apalcillin can cause a disturbance of platelet 
function (Dijkmans et al., 1980; Gentry et al., 1981). Mezlo-
cillin, piperacillin, and apalcillin have a lesser effect on plate-
let function than carbenicillin and ticarcillin at an equivalent 
dosage (Gentry et al., 1981; Copelan et al., 1983; Ballard et 
al., 1984; Gentry et al., 1985). A prolonged bleeding time has 
been observed in a few patients receiving azlocillin (Dijk-
mans et al., 1980), but clinical bleeding has not been reported 
(Gooding et al., 1982; Parry and Neu, 1982).

6d.  Hematological toxicity

As with carbenicillin and ticarcillin (see Chapter 9, Car-
benicillin, carindacillin, carfecillin, and ticarcillin) and 
other beta-lactam antibiotics, reversible neutropenia can 
occur during therapy with mezlocillin, azlocillin, and pip-
eracillin (Eykyn, 1982; Gooding et al., 1982; Parry and Neu, 
1982). This side effect is more common with these penicillins 
than with carbenicillin. Piperacillin-induced neutropenia has 
been reviewed by Scheetz et al. (2007). Thrombocytopenia 
occurs rarely (Lang et al., 1991; Olivera et al., 1992; Gharpure 
et al., 1993), and piperacillin-induced immune hemolytic 
anemia, although also rare was the third most common cause 
of drug-induced hemolytic anemia in a case series by Gar-
ratty and Arndt (2007).

6e.  Hepatotoxicity

Reversible hepatotoxicity, mainly manifested by elevated 
enzymes, such as serum alkaline phosphatase, SGOT, and 
SGPT, has been noted in 0.9% of mezlocillin-treated patients 
(Parry and Neu, 1982). One patient with severe cholestatic 
jaundice caused by mezlocillin has been reported (Hargreaves 
and Herchline, 1992). Elevations of hepatic enzymes and 
slight elevations of the serum bilirubin occurred in 3% of 
patients treated with piperacillin; one patient developed cho-
lestatic hepatitis, which reappeared with increased severity 
on rechallenge with the drug (Gooding et al., 1982).

6f.  Electrolyte and acid–base disturbance

An advantage of these penicillins is that their sodium content 
per gram is less than half that of carbenicillin and ticarcillin, 
thus decreasing the risk of fluid overload and hypokalemia 
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when high doses are used (Eliopoulos and Moellering, 1982). 
The sodium contents per gram of mezlocillin and piperacil-
lin are 1.8 and 1.98 mEq, respectively, compared with a 
value of 4.7 mEq for carbenicillin. In one comparative study, 
antibiotic-related hypokalemia occurred less frequently in 
patients treated with combined piperacillin–amikacin than in 
those receiving carbenicillin–amikacin (Winston et al., 1982), 
but in another trial roughly equal proportions of patients 
treated by either piperacillin–gentamicin or carbenicillin–
gentamicin developed hypokalemia (Kohler et al., 1982).

6g.  Other side effects

Some patients have developed nausea and diarrhea associ-
ated with parenteral use of these drugs. Azlocillin and prob-
ably also other drugs of this group induce marked changes in 
colon microflora (Nord et al., 1986). Renal function deterio-
rated in two patients during mezlocillin therapy, but this 
reverted to normal when the drug was ceased (Gooding et 
al., 1982; Parry and Neu, 1982). It was surprising that in 
one study, side effects characteristic of gentamicin, such as 
nephrotoxicity and ototoxicity, were more common when 
gentamicin was combined with mezlocillin than with a gen-
tamicin–ticarcillin combination; these regimens were used 
to treat febrile episodes in neutropenic patients (Rankin et 
al., 1984). By contrast, in a prospective randomized trial in 
which netilmicin was combined with either mezlocillin, pip-
eracillin, ticarcillin, or cefoperazone, cases of nephrotoxicity 
and ototoxicity were not correlated with any particular beta- 
lactam (Noone et al., 1985). Two patients have been described 
who developed acute interstitial nephritis, and mezlocillin 
alone was implicated as the cause (Cushner et al., 1985).

Among 4000 patients treated with apalcillin, 18 developed 
increased creatinine levels; in five of these, apalcillin was 
possibly responsible. When apalcillin was studied in normal 
volunteers, no nephrotoxicity was observed (Fillastre et al., 
1988).

In animals, piperacillin appears to protect against genta-
micin-induced nephrotoxicity (Hayashi et al., 1988). Similarly, 
the drug protects against cisplatin (an antitumor chemother-
apeutic agent) induced renal damage in rats (Hayashi et al., 
1989).

7. CLINICAL USES OF THE DRUG

The information in this section is largely for historical pur-
poses due to limited availability of mezlocillin, azlocillin, and 
piperacillin and the emergence of resistance.

MEZLOCILLIN

Mezlocillin has no special advantages for the treatment of 
P. aeruginosa infections, but it has been used with success for 
the treatment of moderate and severe infections caused by 
other sensitive Gram-negative aerobic and anaerobic bacilli 
(Ellis et al., 1979; Thadepalli and Rao, 1979). Mezlocillin is 
quite effective in the treatment of septicemia, pneumonia, and 
peritonitis as well as of infections of the urinary tract, skin 

and soft tissue, bone and joint, and the biliary tract caused by 
susceptible Gram-negative and -positive aerobic and anaero-
bic bacteria (Pancoast et al., 1979; Konopka et al., 1982; 
Sanders, 1982b; Neu, 1982; Bjorvatn et al., 1983).

Mezlocillin is inadequate if used as a single drug and 
without being combined with another agent, such as an ami-
noglycoside or sulbactam, in empiric therapy of granulocy-
topenic and other immunocompromised patients with fever 
(Issell and Bodey, 1980; Wade et al., 1980). If it is combined 
with an aminoglycoside, such as gentamicin or netilmicin, it 
is more effective, but results are similar to those obtained 
with ticarcillin plus an aminoglycoside (Melikian et al., 1981; 
Hanson et al., 1982; Sage et al., 1988).

Mezlocillin, as a single preoperative dose of 5 g or three 
doses every 8 hours, has been tried as prophylaxis of wound 
infection after appendicectomy and biliary and colorectal 
surgery. Some authors have found that mezlocillin alone is 
as good as cefuroxime plus metronidazole for the prevention 
of wound infection after large bowel surgery (Stubbs et al., 
1987; Diamond et al., 1988). Although these two regimens 
were found equally satisfactory after appendicectomy and 
biliary and gastroesophageal surgery, others found that in 
patients undergoing colorectal surgery, mezlocillin was infe-
rior (wound infection rate, 30.2%) to cefuroxime–metroni-
dazole (wound infection rate, 11.5%) (Cann et al., 1988).

An infant with Flavobacterium meningosepticum menin-
gitis and ventriculitis was cured by a synergistic combination 
of mezlocillin and cefoxitin, when previous therapy with 
erythromycin and rifampicin had failed (Kelsey et al., 1982). 
In vitro and in vivo antagonism between mezlocillin and 
cefoxitin can occur with some Gram-negative bacilli. Data 
from in vitro studies and animal experiments suggest that 
mezlocillin should be effective for the treatment of Entero
coccus faecalis infections, and a mezlocillin–gentamicin com-
bination may be effective for E. faecalis endocarditis (Fass 
and Wright, 1984). Mezlocillin is unlikely to be superior to 
penicillin G or ampicillin for this purpose. Animal experi-
ments also indicate that mezlocillin may be about as effective 
as ampicillin for the treatment of serious L. monocytogenes 
infections, such as meningitis (Odio et al., 1984b).

AZLOCILLIN

Being more active than ticarcillin and mezlocillin in vitro 
against P. aeruginosa, azlocillin was mainly used for Pseudo
monas infections. It was quite effective in serious P. aeruginosa 
infections, such as septicemia, meningitis, bronchopneumo-
nia, and urinary tract infections (Ellis and Walter, 1979; Eykyn, 
1982; Vestin et al., 1982; Neu et al., 1983). Azlocillin plus an 
aminoglycoside, such as tobramycin, is synergistic in vitro 
against P. aeruginosa, and in vivo it is satisfactory treatment 
for infections in neutropenic cancer patients (Klastersky et 
al., 1986; Gibson et al., 1989; Kibbler et al., 1989). A double 
beta-lactam combination of azlocillin plus ceftazidime was 
also satisfactory for the treatment of these patients (Kibbler 
et al., 1989).

Cystic fibrosis patients with acute exacerbations of pulmo-
nary infection were treated with either ticarcillin–tobramycin, 
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azlocillin– tobramycin, or azlocillin alone for 10 days. All 
three regimens had similar beneficial effects on pulmonary 
function and sputum bacterial concentration. Antibiotic 
resistance, particularly among strains of P. aeruginosa, devel-
oped more frequently in patients treated by azlocillin alone 
(McLaughlin et al., 1983). When azlocillin is used for such 
patients it should be combined with an aminoglycoside 
(Michalsen and Bergan, 1981; Levy et al., 1982).

Azlocillin was quite effective for the treatment of P. aeru
ginosa infections, but was not proven to be clinically superior 
to carbenicillin or ticarcillin (Bodey et al., 1983). For the 
treatment of P. aeruginosa endocarditis, ticarcillin plus an 
aminoglycoside is preferred (Reyes and Lerner, 1983). Azlo-
cillin was also not superior to ticarcillin for the treatment of 
P. aeruginosa infections in irradiated neutropenic mice (Van 
der Voet et al., 1985). Azlocillin is now no longer available 
for clinical use.

PIPERACILLIN

Piperacillin can be used either alone or in a fixed combination 
with the beta-lactamase inhibitor tazobactam (see Chapter 17, 
Piperacillin–tazobactam).

Similar to mezlocillin, piperacillin can be used to treat 
severe infections caused by sensitive Gram-negative aerobic 
and anaerobic bacteria with the benefit of avoiding the toxic-
ity of aminoglycoside therapy (Winston et al., 1980; Pancoast 
et al., 1981; Gooding et al., 1982).

7a.  Intra-abdominal and pelvic infections 
(treatment and surgical prophylaxis)

Piperacillin monotherapy has been used successfully to treat 
complicated intraabdominal infections, including perforated 
appendicitis, generalized peritonitis, and intraabdominal 
abscesses with success rates of 83–91% (Gooding et al., 1982; 
Najem et al., 1983; Vergnaud et al., 1986; Scheinin et al., 
1994; Ciftci et al., 1997). It is important to note that there 
were low rates of piperacillin resistance in these studies, and 
most patients had surgery and/or drainage of abscesses. In a 
study of patients with penetrating abdominal trauma, pip-
eracillin monotherapy was equally efficacious as combina-
tion therapy with gentamicin and metronidazole, with a cure 
achieved in 94% of patients (Sims et al., 1993). Piperacillin 
monotherapy was also used in a randomized trial examining 
delayed laparoscopic cholecystectomy for acute cholecystitis 
with a 68.2% response (Chandler et al., 2000). It has been 
used for the treatment of acute cholangitis, but with the high 
prevalence of resistant among E. coli and Klebsiella spp., 
combination with tazobactam is now the preferred treatment 
option (Van den Hazel et al., 1994; Shinagawa et al., 1995).

In a randomized controlled trial, piperacillin demonstrated 
excellent efficacy (94% vs. 71% for placebo) as prophylaxis 
against cholangitis in patients undergoing endoscopic retro-
grade cholangiopancreatography (Byl et al., 1995). In an 
uncontrolled trial, Morris et al. (1983) found the drug satis-
factory for chemoprophylaxis in patients undergoing elective 

biliary surgery. However, high rates of piperacillin resistance 
(up to 58%) have been reported among Aeromonas spp. iso-
lated from biliary specimens (Chan et al., 2000). These resis-
tant Aeromonas spp. were isolated from patients who had 
multiple biliary procedures.

Piperacillin has also been shown to be effective as prophy-
laxis for cesarean section and gynecologic surgery (de Lalla 
et al., 1993; Shah et al., 1998). Efficacy was equivalent to that 
of cefotetan. Although effective as monotherapy in the pre-
vention of infection in colorectal surgery, superior regimens 
include piperacillin–tazobactam, piperacillin–aminoglyco-
side–metronidazole, cefuroxime–metronidazole, and cefoxi-
tin (Anon, 1994; Stewart et al., 1995; Menzel et al., 1996; 
Song and Glenny, 1998). In addition to these findings, anti-
microbial resistance and toxicity of aminoglycosides means 
that except for the combination of piperacillin–tazobactam, 
piperacillin-based regimens are unlikely to be recommended 
as preferred options for treatment or prophylaxis of serious 
intraabdominal and pelvic infections.

7b.  Empiric treatment of febrile 
neutropenia

Piperacillin has been studied in combination with beta-lact-
amase inhibitors, aminoglycosides, ciprofloxacin, and ceph-
alosporins for empiric treatment of febrile neutropenia. A 
detailed discussion of treatment of fever and neutropenia in 
combination with beta-lactamase inhibitor can be found in 
Chapter 17, Piperacillin–tazobactam.

In one small trial (50 infections) comparing piperacillin 
as monotherapy with carboxypenicillin–aminoglycoside as 
empiric treatment of serious bacterial infections, 30 patients 
with fever and neutropenia were included (Gribble et al., 
1983). This study demonstrated that emergence of resistant 
organisms was more common during piperacillin therapy, 
which resulted in treatment failures and superinfections.

Several studies have demonstrated efficacy of piperacillin–
amino-glycoside combinations. A piperacillin–amikacin com-
bination was shown to be equally as effective as a carbenicillin 
or ticarcillin– amikacin combination in febrile neutropenic 
patients (Klastersky, 1982; Winston et al., 1982; Rawlinson et 
al., 1988; Sage et al., 1988). More recently, a meta-analysis of 
beta-lactam monotherapy versus beta-lactam–aminoglyco-
side combination for the treatment of febrile neutropenia 
found there was greater success and less toxicity, particularly 
nephrotoxicity, with monotherapy regimens not including 
piperacillin (Paul et al., 2003). Ceftazidime monotherapy 
was shown in a large trial of 876 febrile neutropenic epi-
sodes to be superior to piperacillin–tobramycin in the clear-
ance of Gram-negative bacteremia (De Pauw et al., 1994). 
Another large trial of 470 episodes of febrile neutropenia 
demonstrated superiority of ceftazidime–vancomycin com-
pared with piperacillin–vancomycin with greater success for 
all febrile episodes, as well as those with microbiologically 
confirmed infections, including bacteremia (Anaissie et al., 
1988). 
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Three trials comparing a piperacillin–aminoglycoside 
combination with cefepime monotherapy have shown equally 
efficacy (Ramphal et al., 1996; Yamamura et al., 1997; Schiel 
et al., 2006). In two individual trials, imipenem demon-
strated a “trend” toward increased efficacy and clearance of 
infections with less nephrotoxicity and ototoxicity than pip-
eracillin–aminoglycoside (Norrby et al., 1987; Vandercam et 
al., 1989). A trial comparing the combination of cefotaxime 
with piperacillin with imipenem suggested imipenem to be 
superior to the piperacillin combination in patients who had 
primary bacteremia (Bohme et al., 1995).

Three trials have compared the combination of piperacil-
lin–aminoglycoside with ciprofloxacin–piperacillin (Griggs 
et al., 1998; Peacock et al., 2002) or ciprofloxacin–penicillin 
G (Kelsey et al., 1990). Greater efficacy with less toxicity was 
seen with ciprofloxacin–beta-lactam treatment.

Owing to concerns about efficacy, toxicity, and available 
options of effective monotherapy, piperacillin in combina-
tion with aminoglycosides or ciprofloxacin are not preferred 
options for the empiric treatment of fever in the neutropenic 
patient.

7c.  Bacteremia, lower respiratory tract 
infections, and other Gram-negative 
infections

Piperacillin is useful for the treatment of P. aeruginosa infec-
tions (Tosolini et al., 1985), but despite its superior in vitro 
activity, it has not been shown to be clinically superior to 
carbenicillin, ticarcillin, or ticarcillin–aminoglycoside com-
binations (Bodey et al., 1983; Grassi, 1985). Combination 
therapy with an aminoglycoside does not appear to prevent 
P. aeruginosa developing resistance (Nichols and Maki, 
1985). Treatment of P. aeruginosa endocarditis with pipera-
cillin–tobramycin has been associated with failure and in 
vivo development of piperacillin resistance (Watanakuna-
korn, 1984). Listeria monocytogenes bacteremia has also been 
successfully treated with piperacillin–amikacin (Hung et al., 
1995).

Piperacillin is highly effective in the treatment of pneu-
monia caused by S. pneumoniae, H. influenzae, Enterobac-
teriaceae, Pseudomonas spp., and anaerobes (File et al., 1984; 
Grassi, 1985; Link, 1985; Bassi et al., 1998; Aoki et al., 2007). 
However, piperacillin usefulness in the empiric treatment of 
community-acquired pneumonia may be limited due to the 
level of resistance among penicillin-resistant S. pneumoniae 
(Di Modugno et al., 1997; Pagliero et al., 2004). It has been 
used successfully as monotherapy in the treatment of lower 
respiratory tract infections due to sensitive P. aeruginosa and 
Enterobacteriaceae (Pancoast et al., 1981; Gooding et al., 
1982; Mouton et al., 1986). In a murine model of K. pneumo
niae pneumonia, piperacillin monotherapy led to regrowth 
of bacterial counts after an initial significant decrease 
(Fournier et al., 1996). In this study combination with tazo-
bactam had similar efficacy to cefotaxime, which achieved a 
sustained decrease in bacterial counts. The effectiveness of 

piperacillin–tazobactam for the treatment of lower respira-
tory tract infections is discussed in Chapter 17, Piperacillin– 
tazobactam.

Piperacillin has also been used with some success to treat 
acute exacerbations of pulmonary disease in patients with 
cystic fibrosis (Prince and Neu, 1980). In one small study 
involving cystic fibrosis patients, no clinical benefit or reduc-
tion in sputum P. aeruginosa counts was seen with the addi-
tion of piperacillin to tobramycin–flucloxacillin (Macfarlane 
et al., 1985). However, others have shown that it remains an 
effective option for the treatment of infective exacerbations 
of cystic fibrosis with susceptible P. aeruginosa and B. cepacia 
infections (Mastella et al., 1983; Avgeri et al., 2009).

7d.  Meningitis

Piperacillin monotherapy has been used successfully to treat 
meningitis in neonates and adults due to S. pneumoniae, 
Chryseobacterium (Flavobacterium) meningosepticum, and 
Achromobacter (Alcaligenes) xylosoxidans (Dickinson et al., 
1981; Boo et al., 1989; Lin and Huang, 1991; Bruel et al., 1997; 
Kimura et al., 2005). As monotherapy and in combination 
with colistin, piperacillin has been successful in the treat-
ment of meningitis due to P. aeruginosa, although failures 
have been reported with piperacillin monotherapy (Dickin-
son et al., 1981; Karpuch et al., 1985).
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Mecillinam (Amdinocillin) 
and Pivmecillinam

Edina Avdic 

1. DESCRIPTION

Mecillinam, developed by Leo Pharmaceutical Laboratories 
(Ballerup, Denmark), has a beta-lactam structure and is 
derived from the penicillin nucleus, 6-aminopenicillinic acid 
(6-APA). Natural and semisynthetic penicillins are acylamino- 
penicillinates, but mecillinam is a different penicillin, being 
a 6-beta-amidinopenicillanic acid, which contains a substi-
tuted amidino group (Lund and Tybring, 1972; Matsuhashi 
et al., 1974). Mecillinam, in its hydrochloride dihydrate form, 
is suitable for i.m. or i.v. administration, but it is not absorbed 
when given orally. A pivaloyloxymethyl ester of the drug, 
pivmecillinam hydrochloride, is readily absorbed from the 
gastrointestinal tract. After absorption, it is hydrolyzed by 
enzymes with the liberation of mecillinam, the active form of 
the drug (Roholt et al., 1975). A combination of pivmecilli-
nam and the pivaloyl ester of ampicillin, pivampicillin, was 
used during the 1980s, but is not available today. The chemi-
cal structure of mecillinam is shown in Figure 11.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Information regarding antimicrobial activity applies to both 
pivmecillinam and mecillinam because pivmecillinam is a 
prodrug that is converted to the active drug mecillinam after 
oral administration.

GRAM-NEGATIVE BACTERIA

Mecillinam differs in its antibacterial activity from other 
penicillins, being much more active against Gram-negative 
than against Gram-positive organisms (Reeves et al., 1975; 
Tybring, 1975; Neu, 1976a). As shown in Table 11.1, it is highly 
active against most Enterobacteriaceae, such as Escherichia 
coli, the Enterobacter, Klebsiella, Salmonella, Shigella, Yersinia, 
and Citrobacter spp. Proteus mirabilis and P. vulgaris are usu-
ally sensitive, but Morganella morganii, Providencia rettgeri, 
and other Providencia spp. are less frequently sensitive. Most 
strains of Serratia marcescens are moderately or highly resis-
tant to mecillinam (Neu, 1976a). Pseudomonas aeruginosa, 
Acinetobacter, and anaerobic Gram-negative bacilli, such as 
Bacteroides fragilis, are mecillinam resistant (Trestman et al., 
1979; Steinkraus and McCarthy, 1980).

Neisseria spp. are much less sensitive to mecillinam than 
to ampicillin (Table 11.1). Gonococci are relatively resistant, 
and beta-lactamase-producing strains are completely resis-
tant (Khan et al., 1982). Haemophilus influenzae is moder-
ately resistant, and ampicillin-resistant strains are highly 
mecillinam resistant (Neu, 1976a).Figure 11.1. Chemical structure of mecillinam (FL 1060).
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GRAM-POSITIVE BACTERIA

Compared with ampicillin, mecillinam’s activity against these 
organisms is relatively low. All Enterococcus faecalis strains 
are highly resistant (Neu, 1976a). Staphylococcus saprophyt-
icus is relatively resistant, but sufficiently high concentra-
tions may be attained in the urine to inhibit this bacterium 
(Anderson et al., 1976a; Hovelius and Mårdh, 1984).

2b.  Emerging resistance and 
cross-resistance

Bacteria exhibiting cross-resistance between ampicillin and 
mecillinam are usually those that produce large amounts of 
beta-lactamases. Although mecillinam can be inactivated by 
beta-lactamases, it is generally more stable than ampicillin 
because of its relatively low affinity for them. Mecillinam was 
tested in vitro against 30 E coli isolates with known beta- 
lactamase presence and all isolates were susceptible to mecil-
linam and resistant to amoxicillin (Wootton et al., 2010). The 
two drugs may also differ in their sensitivity to the various 
types of beta-lactamases produced by individual organisms. 

In addition, mecillinam penetrates the outer layers of the 
bacterial cell envelope more effectively than ampicillin 
(Tybring, 1975; Richmond, 1977). 

Mecillinam-resistant strains of many bacterial species can 
be readily selected in vitro by repeated passage in the pres-
ence of the antibiotic (Matsuhashi et al., 1974; Tybring, 1975). 
Emergence of resistant strains was not a major problem when 
the drug was used to treat urinary tract infections (Aaraas et 
al., 1977; Damsgaard et al., 1979; Kahlmeter, 2003). It appears 
that short courses of treatment are unlikely to select resis-
tant fecal organisms and lead to therapeutic failure (Ander-
son, 1977). Mecillinam-resistant variants can sometimes be 
demonstrated in urine containing therapeutic concentrations 
of the drug. The generation time of these resistant strains is 
3.0–4.5 times as long as that of susceptible organisms, which 
may be why such resistant organisms do not usually colo-
nize the urinary tract during chemotherapy (Anderson et al., 
1977).

Mecillinam-resistant strains have emerged during treat-
ment of other infections, including those due to Salmonella 
spp. (Jonsson and Tunevall, 1975), E. coli (Barbour et al., 
1981), and K. pneumoniae (Verweij-van Vught et al., 1982). 
These mecillinam-resistant variants were spherical in shape, 
and most of them were unstable and readily reverted to their 
mecillinam-sensitive rod-shaped form (Verweij-van Vught et 
al., 1982). Stable mutants of K. pneumoniae and E. coli were 
also detected, which were identical to the unstable variants in 
regard to form, growth rate, and sensitivity to mecillinam.

Among Enterobacteriaceae isolated from patients in the 
community and hospitals, resistance to mecillinam is much 
less common than to ampicillin (Anderson et al., 1976b; 
Hassam, 1978; Kahlmeter, 2003; Schito et al., 2009; Kahlmeter 
et al., 2012; Sundvall et al., 2014; Kahlmeter et al., 2015). 
Pivmecillinam resistance rates of 15.8% against E. coli and an 
average of 39% against other Enterobacteriaceae from patients 
in the community with urinary tract infections (UTIs) were 
reported in a 10-year surveillance study in Portugal (Linhares 
et al., 2013). Similar rates of resistance of 13% to pivmecilli-
nam against E. coli from urine cultures have been reported in 
France (Etienne et al., 2014). 

Most ampicillin-resistant Enterobacteriaceae isolated from 
fecal flora or infected urine samples are mecillinam sensitive, 
including strains of E. coli and K. pneumoniae that produce 
extended-spectrum beta-lactamase (ESBL). A number of 
studies have reported good in vitro susceptibilities of ESBL-
producing E. coli to mecillinam (Thomas et al., 2006; Tarn-
berg et al., 2011; Fournier et al., 2013; Zykov et al., 2016); 
however MICs were higher in ESBL-producing compared 
to nonproducing strains (SØraas et al., 2014) and when high 
inocula were used (Thomas et al., 2006). Strains with CTX-M 
ESBL had lower minimum inhibitory concentrations (MICs) 
to pivmecillinam compared to TEM and SHV (Thomas et 
al., 2006). Pivmecillinam was susceptible in 85% of ESBL-
producing E. coli in ambulatory patients with UTIs as 
reported in one study (Auer et al., 2010). Mecillinam was 
tested against 87 isolates of Enterobacteriaceae with New 

Table 11.1. In vitro susceptibility of mecillinam compared to 
ampicillin

Organism

MIC50 (μg/ml)

Mecillinam Ampicillin

Gram-positive bacteria

Staphylococcus aureus  
(nonpenicillinase producer)

5.0 0.016

Streptococcus pyogenes 0.5 0.006

Streptococcus pneumoniae 1.6 0.016

Enterococcus faecalis 100 0.2

Staphylococcus saprophyticus 16.0–64.0 —

Clostridium perfringens 8.0-64.0 —

Gram-negative bacteria

Neisseria gonorrhoeae 0.125–8.0 0.005

Haemophilus influenzae 16.0 0.16

Escherichia coli 0.016 0.50

Enterobacter cloacae 0.16 100.0

Klebsiella pneumoniae 0.10 100.0

Proteus mirabilis 0.10 0.50

Proteus vulgaris 0.16 40.0

Morganella morganii 0.13 100.0

Salmonella typhimurium 0.10 1.0

Shigella dysenteriae 0.05 1.0

Serratia marcescens 12.5–100.0 32.0

Pseudomonas aeruginosa 160.0 500.0

Bacteroides melaninogenicus 0.25–16.0 0.5–4.0

Bacteroides fragilis 1.0–64.0 4.0–256.0

Source: Data compiled from Lund and Tybring (1972); Greenwood et al. 
(1974); Neu (1976a); Steinkraus and McCarthy (1980); and Khan et al. 
(1982).
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Delhi metalol-beta lactamase 1 (NDM-1), of which 18.4% 
were also AmpC producers, 29% ESBL, and 41% had both 
ESBL and AmpC. The study showed that 83.9% of isolates 
were mecillinam susceptible when using standard MIC test-
ing (MIC ≤ 8); NDM-1-producing E. coli and E. cloacae 
were highly susceptible (96.5–100%) while susceptibilities to 
K. pneumoniae were much lower (50%) (Marrs et al., 2014). 
Mutters et al. (2015) evaluated mecillinam activity against 
77 non-carbapenem-susceptible Enterobacteriaceae isolates 
without carbapenemase production, of which 59.7% were 
mecillinam susceptible. Clinical utility of mecillinam and piv-
mecillinam for the treatment of multidrug resistant (MDR) 
infections requires further evaluation. 

In Swedish surveys, all Shigella spp. strains (Hansson et 
al., 1981) and all Yersinia enterocolitica strains (Juhlin and 
Winblad, 1981) were mecillinam sensitive. Some ampicillin- 
resistant Gram-negative bacilli are also mecillinam resistant 
(Greenwood et al., 1974; Neu, 1976a). Most ampicillin-resis-
tant Shigella isolates are mecillinam sensitive (Uwaydah and 
Osseiran, 1981), and only occasionally have mecillinam- 
resistant S. flexneri and S. boydii strains been isolated, in 
which case the resistance appeared to be plasmid mediated 
(Haider et al., 1991; Haider et al.,1993). However, mecillinam 
resistance to Shigella spp. has been on the rise in the recent 
years. Of several Shigella spp. isolates (S. flexneri, S. boydii, 
S. sonnei, S. dysenteriae) from Bangladesh, 10.5% were resis-
tant, similar to the proportion that were ampicillin resistant 
(Ud-Din et al., 2013). Ampicillin-resistant salmonellae show 
partial resistance to mecillinam (Chau et al., 1981).

In media with high osmolality and high conductivity, 
mecillinam’s MIC values for some organisms are markedly 
increased (Tybring and Melchior, 1975; Greenwood, 1976). 
Because mecillinam has been used to treat urinary tract 
infections and because urine normally has a high osmolality 
and conductivity, this finding has clinical significance.

If large inocula of bacteria are used for in vitro sensitivity 
testing, mecillinam’s MICs are markedly increased for all 
bacteria. With many Gram-negative bacteria there is also a 
large difference (8- to 32-fold) between mecillinam’s MICs 
and its minimal bactericidal concentrations (MBCs) (Neu, 
1976a). Instability of mecillinam in the assay medium may 
account for these differences and the drug probably has a 
bactericidal effect in vivo, similar to other penicillins. Accord-
ing to Tybring and Melchior (1975), the drug has a bacteri-
cidal effect, but this effect is evident in vitro only after 
prolonged incubation of the culture. This is because growing 
cells of E. coli respond to the action of mecillinam by first 
forming swollen and then spherical cells, and lysis occurs only 
later. This effect is different from that of other penicillins.

2c.  In vitro synergy and antagonism

Because of their differing mechanisms of action, mecilli-
nam may be synergistic with other beta-lactam antibiotics, 
including ampicillin, amoxicillin, aztreonam carbenicillin, 
cephalothin, cefazolin, cephradine, cefamandole, cefoxitin, 

ceftazidime, ceftriaxone, and piperacillin-tazobactam (in the 
presence of azithromycin) can be demonstrated with selected 
isolates of most Enterobacteriaceae (Baltimore et al., 1976; 
Neu, 1976b; Lorian and Atkinson, 1977; Chattopadhyay and 
Hall, 1979; Neu, 1983; Verbist, 1985; Yourassowsky et al., 1986; 
Sanders et al., 1987; Stobberingh et al., 1987; Yourassowsky 
et al., 1988; Maioli et al., 2008; Hickman et al., 2014), although 
the clinical relevance of this is uncertain. Large spherical 
forms of bacteria produced by pretreatment with mecillinam 
are more sensitive to ampicillin than normal cells (Van der 
Voet et al., 1983a). In animal experiments, mecillinam com-
bined with ampicillin acts synergistically against infections 
with most Enterobacteriaceae in vivo (Grunberg et al., 1976; 
Scheld et al., 1979; Van der Voet et al., 1983b).

Mecillinam-resistant beta-lactamase-producing strains 
of Enterobacteriaceae, such as E. coli, Enterobacter, Klebsiella, 
Citrobacter, Serratia, and Salmonella spp., are synergistically 
inhibited by mecillinam combined with a beta-lactamase 
inhibitor, such as clavulanic acid or sulbactam. However, 
only a proportion of beta-lactamase-containing P. mirabilis, 
Morganella morganii, and Providencia spp. are synergistically 
inhibited by these combinations (Neu, 1982). Lampri et al. 
(2012) demonstrated that mecillinam combined with clavu-
lanate was synergistic in 60.4% of ESBL-producing E. coli 
using the agar dilution method and in 43.8% using time-kill 
methodology; 60.4% of isolates that were mecillinam resis-
tant, in the presence of clavulanate were 97.9% susceptible 
when high inoculum was used (Lampri et al., 2012). Clavu-
lanic acid when combined with mecillinam reduced MICs 
of mecillinam from resistant to susceptible (≤ 2 mg/L) for 
ESBL-producing Shigellae spp. even at high inocula; sulbac-
tam combination with mecillinam was less effective (Liver-
more et al., 2011). In the same study, the authors observed 
similar results for AmpC-producing strains. 

Neu (1976b) was unable to demonstrate synergy between 
mecillinam and aminoglycosides, chloramphenicol, tetracy-
cline, or polymyxins. Baltimore et al. (1976) obtained differ-
ent results: Mecillinam-amikacin was synergistic against 10 
of 11 P. mirabilis strains, and gentamicin and tobramycin 
were also each synergistic with mecillinam against four of 
these strains. Mecillinam combined with chloramphenicol 
or clindamycin acted synergistically against 7 of 12 M. mor-
ganii strains. Synergy was demonstrated between mecillinam 
and piperacillin–tazobactam against 24 of 60 Enterobac-
teriaceae isolates tested by microdilution, in 4 of 16 tested by 
selected resistant mutants, and in 5 of 9 tested by time-kill 
experiments; no synergy was observed in P. aeruginosa iso-
lates. The addition of azithromycin increased the activity of 
the combination against many species of Enterobacteriaceae, 
including M. morganii (Maioli et al., 2008). The combination 
of mecillinam, aztreonam and fosfomycin was effective in 
reducing the population of MDR ESBL-producing K. pneu-
moniae and E. coli (Hickman et al., 2014). 

Mecillinam does not increase the activity of beta-lactam 
antibiotics against Gram-positive bacteria (Neu, 1976b; Clee-
land and Squires, 1983).
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3. MECHANISM OF DRUG ACTION

Mecillinam binds with high affinity to one of six penicillin- 
binding proteins (PBPs) in the cytoplasmic membrane of 
E. coli. It exerts its effect by binding to PBP2, but a specific 
corresponding mecillinam-susceptible enzyme has not been 
identified (Gutmann et al., 1986). By contrast, other beta- 
lactam antibiotics have a low affinity for PBP2; they bind to 
most of the other PBPs, and bacterial lysis is caused by their 
specific binding to PBP1 (Spratt, 1977a). Mecillinam acts in 
the same way against a wide variety of Gram-negative bacilli, 
including S. typhimurium, K. pneumoniae, and Serratia mar-
cescens. Some mecillinam-resistant mutants have been iso-
lated that fail to bind mecillinam to their PBP2 (Spratt, 1977b).

The effects of mecillinam on bacteria appear to be differ-
ent to those of other beta-lactam antibiotics (Braun and Wolff, 
1975; Spratt, 1977a; Spratt, 1977b; Lorian and Atkinson, 
1979). Escherichia coli exposed to low mecillinam concentra-
tions forms large spherical bodies and not the spheroplasts 
associated with exposure to penicillin G. Cell division is 
eventually inhibited and cell lysis occurs after several hours 
of growth in the presence of mecillinam. This is very differ-
ent from the rapid lysis caused by other beta-lactam antibiot-
ics (Tybring and Melchior, 1975; Spratt, 1977a). Enzymes 
known to be inhibited by other penicillins are not inhibited 
by a lethal mecillinam concentration, and the drug does not 
affect proteins that are implicated in cell elongation and sep-
tum formation.

Morphological effects produced by mecillinam on Bacillus 
subtilis, which acts as a typical but weak beta-lactam anti-
biotic, are similar to those produced by penicillin G (Spratt, 
1977b). However, with Clostridium perfringens, mecillinam 
has a higher affinity for PBP5 than for other PBPs. Despite 
this, mecillinam in inhibitory concentrations, similar to other 
beta-lactam antibiotics, induces marked filament formation 
of C. perfringens, suggesting interference with septum for-
mation. This is in contrast to mecillinam’s effect of causing 
large spherical bodies in Gram-negative aerobic bacilli 
(Murphy et al., 1981; see section 2b, Emerging resistance and 
cross-resistance). Mecillinam displays other unusual effects 
on other bacteria, including Fusobacterium nucleatum (Onoe 
et al., 1981) and Streptococcus mutans (McDowell et al., 1983).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

For parenteral use, mecillinam hydrochloride dihydrate is 
available as a powder, containing 82% anhydrous mecilli-
nam, which when dissolved in sterile water is suitable only 
for i.m. or i.v. administration. This should be administered 
i.v. in doses of 10 mg/kg (600 mg for adults), as a 15-minute 
infusion every 4 hours, for the treatment of severe systemic 
infections. For the treatment of urinary tract infections, 10 
mg/kg administered i.v. every 6 hours is sufficient. The i.m. 
dosage of the drug is the same (Gambertoglio et al., 1980; 

Barriere et al., 1982). In clinical trials, somewhat different 
dosages have been used. Clarke et al. (1976) used 400 mg i.m. 
or i.v. every 6 hours to treat adults with typhoid fever, 
Klastersky et al. (1980) prescribed mecillinam 600 mg i.v. 
every 6 hours for the treatment of Gram-negative septice-
mias, and McKendrick and Geddes (1979) used it i.v. in an 
adult dosage of 800 mg i.v. every 6 hours in combination 
with amoxicillin for the initial treatment of typhoid fever.

Pivmecillinam is available in capsules (200 mg) and film-
coated tablets (200 mg, 400 mg) suitable for oral administra-
tion. Depending on the nature and severity of the infection, 
pivmecillinam can be given in adult doses of 400 mg once, 
followed by 200–400 mg three or four times daily (Jonsson 
and Tunevall, 1975; Aaraas et al., 1977; Limson et al., 1982; 
Bruun et al., 1983). Probenecid, in an adult dose of 1 g daily, 
can also be administered to augment serum levels, when sys-
temic infections, such as typhoid fever, are treated by oral 
pivmecillinam (McKendrick and Geddes, 1979).

4b.  Newborn infants and children

In young children, 40 mg/kg body weight per day has been 
given i.m. to treat enteropathogenic E. coli gastroenteritis 
(Thorén et al., 1980). In young children, oral pivmecillinam 
has been used in a dosage of 80 mg/ kg/day (twice the paren-
teral dose), administered in four divided doses, to treat E. coli 
gastroenteritis (Thorén et al., 1980).

4c.  Pregnant and lactating mothers

Mecillinam is pregnancy category B and excreted in low 
concentrations in the fetus and breast milk (Roholt, 1977). 
Pivmecillinam was safely used to treat bacteriuria during the 
pregnancy in one study without drug-related fetal abnormal-
ities (Sanderson and Menday, 1984). Larsen et al. (2001) eval-
uated safety of pivmecillinam in 414 women who received 
pivmecillinam during the course of pregnancy and no signifi-
cantly increased risk of adverse birth was found. Therefore, 
mecillinam and pivmecillinam can be safely used in pregnant 
women. 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

The serum half-life of mecillinam, normally 53 minutes, is 
prolonged to 334 minutes in patients with severe renal fail-
ure. When mecillinam was given in a dosage of 400 mg i.v. 
every 6 hours for 5 days to patients with severe renal failure, 
high serum concentrations were attained, but there was no 
further accumulation of the drug after the first few days. 
Accordingly, it was recommended that mecillinam can be 
given safely and in normal doses for short-term treatment 
of patients with renal failure, even when renal function is 
severely reduced. For long-term treatment, the mecillinam 
dose should be reduced in patients with severe renal failure 
(Svarva and Wessel-Aas, 1980). Other authors recommend 
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that the mecillinam dose should always be reduced in patients 
with severe renal failure (Ekberg et al., 1978; Bailey et al., 
1980). In patients receiving treatment by chronic hemodialy-
sis, the rate of removal of mecillinam is such that serum lev-
els remain in the therapeutic range during the procedure. A 
booster dose of mecillinam is necessary after dialysis only for 
patients with severe infections. In between dialysis, the inter-
vals between standard doses of the drug should be prolonged 
to avoid high potentially toxic mecillinam serum levels (Bailey 
et al., 1980; Patel et al., 1985).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

No data are available for this patient population.

PREMATURE NEONATES AND OLDER ADULTS

No data are available for these patient populations.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Mecillinam is not absorbed when given orally. Pivmecillinam 
is well absorbed after oral administration. The bioavailabil-
ity increased 20% when pivmecillinam was ingested with or 
within 1 hour after standard breakfast compared with inges-
tion 1 hour before a standard breakfast (Bornemann et al., 
1988). On doubling the oral pivmecillinam dose, peak serum 
concentrations increase by approximately 50%, but the area 
under the curve is doubled. If pivmecillinam is given with 
food, its bioavailability is much the same (Bornemann et al., 
1988). As with other penicillins, concurrent administration 
of probenecid produces higher and more prolonged mecilli-
nam serum levels (Roholt, 1977).

5b.  Drug distribution

After a 400-mg dose (equivalent to 273 mg anhydrous mecil-
linam) of pivmecillinam in adults, a mean peak serum level 
of 2.5 mg/l (expressed as anhydrous mecillinam) is reached 
approximately 1.5 hours after the dose. The serum half-life 
is approximately 1 hour (Williams et al., 1976; Mitchard et 
al., 1977). Higher serum levels after oral administration have 
been reported. A mean peak serum level as high as 5 mg/l 
was detected after a 400-mg dose of pivmecillinam in older 
volunteers (Roholt et al., 1975; Roholt, 1977), while Williams 
et al. (1976) and Mitchard et al. (1977) used younger subjects 
who remained supine throughout the study. Older patients 
are likely to have higher serum concentrations because renal 
excretion of the drug is slower, and physical activity after 
antibiotic administration also tends to produce higher serum 
levels (Mitchard et al., 1977).

After i.m. injection of a 335-mg dose of mecillinam 
hydro chloride dihydrate (equivalent to 273 mg anhydrous 
mecillinam) to adults, a mean peak serum level of 4.5–5.0 
mg/l (expressed as anhydrous mecillinam) is reached 30–45 
minutes later. This peak level is approximately double that 

attained after an equivalent dose of oral pivmecillinam. There-
after, the serum level falls more rapidly than that after oral 
pivmecillinam and the drug cannot be detected in the serum 
6 hours after the dose (Williams et al., 1976). Doubling the 
dose, increases peak by 50% and doubles the area under the 
curve.

If a 10 mg/kg dose (about 600 mg to adults and equivalent 
to 492 mg anhydrous mecillinam) is administered i.v. as an 
infusion over 15 minutes, the mean peak serum level, just 
after the infusion, is approximately 50 mg/l; this falls to about 
13 mg/l at 1 hour after the infusion, and at 4 hours, it is 1.0–
1.5 mg/l (anhydrous mecillinam). When this dose is admin-
istered every 4 hours to adults with normal renal function, 
there is no accumulation of the drug in the serum. The serum 
half-life of mecillinam is approximately 53 minutes (Gam-
bertoglio et al., 1980; Barriere et al., 1982; Meyers et al., 
1983).

Mecillinam penetrates into human CSF in only marginal 
amounts in the absence of meningeal inflammation, being 
1–10% of the concomitant serum concentration (Gamberto-
glio et al., 1983). In animals, mecillinam is evenly distributed 
in body fluids and tissue and produces high concentrations 
in the kidneys, liver, and lungs (Roholt, 1977). Serum pro-
tein binding of mecillinam is relatively low (Bailey et al., 
1980).

Biliary levels are higher than those in the serum, provided 
that the biliary tract is not obstructed. Hares et al. (1982) 
investigated 53 patients undergoing biliary surgery, all of 
whom received a single i.m. dose of 800 mg mecillinam 1 hour 
preoperatively; 11 patients were jaundiced. Serum and bile 
samples were obtained 1–3 hours after the administration of 
the drug. In nonjaundiced patients, the mean concentration 
of mecillinam in gallbladder bile was 40 mg/l in 26 patients 
with normal gallbladder function, compared with 12 mg/l 
in 16 patients with a nonfunctioning gallbladder; mean con-
centrations of mecillinam in the common bile duct bile and 
serum were 49 and 12 mg/l, respectively, in these two groups. 
In the 11 jaundiced patients, the mean concentration in the 
common bile duct bile was 8 mg/l, and in gallbladder bile 12 
mg/l. In patients with marked jaundice, the concentration of 
mecillinam in gallbladder bile was less than 1 mg/l.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The key pharmacokinetic and pharmacodynamic parameters 
linked to clinical efficacy are not known, but presumably are 
similar to other beta-lactams—namely, time above the MIC 
(see Chapter 3, Benzylpenicillin (Penicillin G)).

Mecillinam alone has a prolonged (> 3 hours) postanti-
biotic effect on E. coli. The combinations of mecillinam with 
ampicillin, aztreonam, ceftazidime, or piperacillin at most 
concentrations induce a longer postantibiotic effect (PAE) 
on E. coli than do the sum of the individual antibiotic PAEs. 
Thus there is a synergistic PAE on Gram-negative bacteria 
when mecillinam is combined with these other antibiotics 
(Hanberger et al., 1993).
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5d.  Excretion

Mecillinam is excreted in the urine in an unchanged active 
form by both glomerular filtration and tubular secretion. 
Probenecid delays excretion by reducing renal tubular secre-
tion (Roholt, 1977). After i.v. administration, as much as 
67% of an administered dose is excreted in urine in the first 
4 hours; approximately 71% of the dose can be recovered 
within 24 hours (Gambertoglio et al., 1980). High urinary 
concentrations of active mecillinam, up to 3000 mg/l during 
times of low urine flow, are attained after an i.v. dose of 10 
mg/kg (Barriere et al., 1982). Findings by Roholt et al. (1975) 
and Roholt (1977) were similar; approximately 60% of a par-
enterally administered dose and 40–45% of an oral pivme-
cillinam dose were recovered from the urine during the 24 
hours after administration. Most of this was excreted within 
the first 6 hours.

Unexcreted mecillinam is presumably inactivated in the 
body, similar to other penicillins. Three antibacterially inac-
tive metabolites of mecillinam have been identified (Roholt, 
1977).

5e.  Drug interactions

Few drug interactions have been reported for mecillinam; 
however, much of the literature regarding this agent predates 
many of the agents now commonly prescribed.

6. ADVERSE REACTIONS AND TOXICITY

Mecillinam appears to have few toxic effects. In an in vitro 
human gut model it was demonstrated that mecillinam may 
have a low risk for induction of C. difficile infection (Baines 
et al., 2009). 

6a.  Gastrointestinal side effects

Nausea, vomiting, upper gastrointestinal discomfort, and 
diarrhea occur in some patients treated with oral pivmecilli-
nam (Jonsson and Tunevall, 1975; Pines et al., 1977; Limson 
et al., 1982).

6b.  Hypersensitivity reactions

Maculopapular or urticarial skin rashes appear to be uncom-
mon. Two patients developed erythematous rashes while 
receiving pivmecillinam, which subsided within a few days 
after cessation of treatment (Verrier Jones and Asscher, 1975; 
Bresky, 1977). No rashes were encountered in several other 
clinical trials (Jonsson and Tunevall, 1975; Clarke et al., 1976; 
Limson et al., 1982). One patient who developed a skin rash 
after pivampicillin treatment was treated 2 weeks later by 
pivmecillinam without recurrence of the rash (Aaraas et al., 
1977). Nevertheless, it is wise to assume that mecillinam is 
cross-allergenic with other penicillins and to avoid its use 
in patients with a previous history of penicillin allergy.

6c.  Carnitine deficiency

The pivaloyl moiety in pivmecillinam and other drugs with 
pivaloyl esters binds carnitine through conjugation of pivalic 
acid with carnitine (Holme et al., 1989). Carnitine is an essen-
tial metabolite in mitochondrial metabolism of fatty acids. 
The main portion (> 95%) of carnitine is stored in muscular 
tissues. Holme et al. (1989) found that carnitine serum levels 
were very low after prolonged treatment with a combination 
of pivampicillin and pivmecillinam in children with recur-
rent urinary tract infections. Only one of these children had 
symptoms compatible with mild carnitine deficiency.

7. CLINICAL USES OF THE DRUG

Mecillinam and pivmecillinam are now unavailable in most 
regions and are less frequently used owing to the availability 
of other newer more effective agents. However, their in vitro 
activity and clinical efficacy against ESBLs and MDR Gram-
negative organisms was more recently revaluated due to 
limited options for the treatment of UTIs caused by those 
organisms. 

7a.  Urinary tract infections

Mecillinam has been fairly extensively used for the treatment 
of UTIs. Escherichia coli infections respond very well, and 
those caused by other Enterobacteriaceae, such as Klebsiella, 
Proteus, or Enterobacter spp., also usually respond satisfacto-
rily (Bentzen et al., 1975; Verrier Jones and Asscher, 1975). 
The efficacy of mecillinam in both uncomplicated and com-
plicated infections is similar to that of ampicillin or cotri-
moxazole (Verrier Jones and Asscher, 1975; Damsgaard et 
al., 1979; Cox, 1983). Bacteriologic success rate in patients 
with bacteriuria in pregnancy was 87% in one study, and the 
drug appeared safe because there were no drug-related fetal 
abnormalities (Sanderson and Menday, 1984). In a random-
ized controlled trial pivmecillinam was compared to sul-
famethizole for the treatment of uncomplicated acute cystitis, 
with each given for 3 days. Patients who were treated with 
pivmecillinam had 68.8% bacteriological cure rates com-
pared to 77.9% in sulfamethizole group, while clinical cure 
rates at followup were much higher: 95.4% in pivmecillinam 
compared to 92.6% in sulfamethizole group (Bjerrum et al., 
2009). Pivmecillinam was compared with pivampicillin in 
gynecologic patients with bacteriuria at the time of removal 
of an indwelling catheter 3–4 days after surgery. After treat-
ment, all 17 patients in the pivmecillinam group, but only 6 
of 14 patients in the pivampicillin group were cured (Aaraas 
et al., 1977). Clinical and bacteriologic efficacy of pivmecilli-
nam against lower urinary tract infections caused by ESBL-
producing E. coli and K. pneumoniae was evaluated in small 
number of patients (n = 8); all patients had good clinical 
response, but low bacteriologic cure rates (25%) (Titelman 
et al., 2012). Treatment failure rates of 44% were observed 
among patients with community-acquired UTIs caused by 
ESBL-producing E. coli and 14% in patients with non-ESBL- 
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 producing strains who were treated with pivmecillinam 
(SØraas et al., 2014). An increase in MICs to mecillinam 
was independently associated with treatment failure; thus 
the authors suggested the pivmecillinam dose used in most 
patients of 200 mg three times a day might be too low. 
Jansaker et al. (2014) observed higher clinical (84%) and 
microbiological (79%) cure rates with pivmecillinam for 
the treatment of ESBL-producing E. coli and K. pneumoniae 
UTIs. In a majority (78%) of patients in this study, pivmecil-
linam was dosed at 400 mg three times a day. 

Uncomplicated urinary tract infections caused by S. sap-
rophyticus may occasionally respond to pivmecillinam treat-
ment, but the drug is unlikely to be effective in infections 
caused by E. faecalis (Anderson et al., 1976a). However, Gran-
lund et al. (1983), who treated 15 women with S. saprophyti-
cus bacteriuria, found on review 2–4 weeks after treatment, 
that only 11 patients were cured. They suggested that mecil-
linam should not be used for treatment of urinary tract infec-
tions caused by this organism, which is resistant to mecillinam 
in vitro. 

Pivmecillinam or a pivmecillinam–pivampicillin combi-
nation have been compared for the treatment of urinary tract 
infections in patients with underlying urological abnormali-
ties. Combination therapy was more successful in eradicating 
urinary pathogens (Igesund and Vorland, 1982; Multicenter 
Study, 1983; Eriksson et al., 1986). Combination mecillinam 
and cefoxitin therapy was efficacious for the treatment of com-
plicated urinary tract infections caused by multiply-resistant 
Serratia marcescens strains (Ward et al., 1983). Pivmecillinam 
in a single bedtime dose of 5–10 mg/kg appeared satisfactory 
for long-term prophylaxis to girls with recurrent bacteriuria 
(Jodal et al., 1989). The markedly enhanced effect obtained 
when E. coli is exposed to mecillinam in conditions of low 
osmolality, suggests that it may be advisable to reduce urine 
osmolality by increased fluid intake when mecillinam is used 
to treat urinary tract infections (Greenwood, 1976). 

7b.  Salmonella infections

Ball et al. (1979) used mecillinam to treat 26 patients with 
typhoid or paratyphoid fever; cure was obtained in 23, and 
the 3 others relapsed. Another 21 patients treated with cotri-
moxazole did not differ from the mecillinam-treated group, 
except in the frequency of convalescent excretion of salmo-
nellae. Only 3 patients in the mecillinam-treated group had 
negative stools after treatment, compared with 13 out of 21 
in the cotrimoxazole-treated group. Mandal et al. (1979) had 
less favorable results with only 7 of 12 typhoid fever patients 
being cured by mecillinam. Two other patients with typhoid 
fever who were cured clinically by chloramphenicol, but had 
positive stool cultures after therapy, were given pivmecillinam 
800 mg three times per day in an attempt to eradicate the 
organisms. Unexpectedly, while the patients were taking the 
drug, they had clinical relapses of the disease, confirmed by 
positive blood cultures (Jones et al., 1982). These experiences 
suggest that mecillinam alone is unreliable for the treatment 
of typhoid fever.

McKendrick and Geddes (1979) used mecillinam 800 mg 
with amoxicillin 750 mg, both given i.v. every 6 hours, to 
treat seven patients with enteric fever; treatment was con-
tinued until 48 hours after defervescence (4–10 days), when 
oral pivmecillinam 400 mg every 6 hours plus probenecid 
was used to complete a total of 14 days of therapy. All patients 
responded initially, but one patient relapsed 20 days later and 
only one patient had six sequential negative stool cultures. It 
was considered that this combination had no advantage over 
conventional therapy of enteric fever. Tanphaichitra et al. 
(1981) treated 12 patients with typhoid by a combination of 
pivmecillinam and pivampicillin for 10–14 days; all responded 
to treatment, and stool cultures were negative in 8 patients 
who were available for followup. In four patients, the S. typhi 
strain was ampicillin resistant and, as expected, these strains 
showed relative resistance to mecillinam (MIC 1.3–2.5 mg/l). 
Nevertheless, mecillinam and ampicillin were synergistic 
against these strains in vitro, which was compatible with the 
clinical outcome. Similarly, Limson et al. (1982) treated 15 
enteric fever patients with fixed-dose combination tablets, 
each containing 100 mg pivmecillinam and 125 mg pivam-
picillin; the dosage was two tablets four times a day, but 
6  patients received i.v. chemotherapy initially. All patients 
responded satisfactorily, but they were not monitored for per-
sistent fecal excretion of S. typhi. These authors also treated 
12 enteric fever patients by mecillinam alone; clinical response 
was satisfactory in only 8 of the patients.

Mecillinam may be suitable for the treatment of septice-
mias caused by other Salmonella spp. A mecillinam–ampicil-
lin combination was used successfully to control septicemia 
in a patient with S. enteritidis endocarditis associated with a 
prosthetic heart valve (Shanson et al., 1977).

Jonsson and Tunevall (1975) treated 12 chronic salmonella 
carriers (2 S. typhi, 2 S. paratyphi B, and 8 other Salmonella 
spp.), with oral pivmecillinam 300 mg four times daily for 28 
days. The carrier state was eradicated in 8 patients, but 3 of 
these also had a cholecystectomy. Mecillinam-resistant salmo-
nellae emerged during treatment in the remaining 4 patients. 
In another study, a 6-week course of mecillinam eradicated 
the Salmonella carrier state from one of three long-term 
Salmonella carriers; a 6-week course of pivmecillinam and 
pivampicillin (plus oral probenecid in one patient) subse-
quently eliminated the carrier state in the other two patients 
(Bruun et al., 1983).

7c.  Other diarrheal illnesses

In one trial, either oral pivmecillinam or oral mecillinam 
appeared to be equally as effective as cotrimoxazole in adults 
and children with infections due to Vibrio cholerae and V. 
parahaemolyticus (Uylangco et al., 1984). It is uncertain 
whether oral mecillinam, which is not absorbed, exerted an 
intraluminal effect.

Oral pivmecillinam seems comparable to ampicillin for 
the treatment of shigella dysentery, and it may also prove 
to  be effective for the treatment of this disease caused by 
ampicillin-resistant strains (Kabir et al., 1984; Prado et al., 
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1993). Cure rates > 99% were reported with pivmecillinam in 
the literature for the treatment of dysentery in children (Traa 
et al., 2010). The combination of pivampicillin and pivmecil-
linam also eradicates the organism from most Shigella spp. 
carriers (Ekwall and Svenungsson, 1990).

One study in tourists visiting Egypt and the Far East 
showed that pivmecillinam, in a dosage of 200 mg orally 
daily for 25 days, provided about the same prophylactic effi-
cacy as doxycycline (Black et al., 1983).

7d.  Other infections caused by 
Gram-negative bacilli

Parenterally administered, mecillinam may be suitable for 
the treatment of septicemias and other systemic infections 
caused by E. coli and other sensitive Enterobacteriaceae. 
Addition of mecillinam to cefazolin–carbenicillin for early 
therapy of septicemia caused by Gram-negative organisms 
in patients with serious underlying diseases did not improve 
results of treatment (Klastersky et al., 1980). In a controlled 
study of infantile gastroenteritis caused by enteropathogenic 
E. coli, one group received mecillinam, another received cotri-
moxazole, and a third group a placebo. Cure rates evaluated 
clinically on the third day were 79% for mecillinam, 73% for 
cotrimoxazole, and 7% in control subjects. Organisms were 
eliminated from the bowel in 53% of patients who received 
either antibiotic, but from none of those who received a pla-
cebo (Thoréen et al., 1980).

Some success has been obtained by combining mecilli-
nam with other beta-lactam antibiotics, such as carbenicil-
lin, ticarcillin, cephalothin, cefamandole, or cefoxitin, for the 
treatment of severe infections, such as pyelonephritis, septi-
cemia, and pneumonia caused by Gram-negative bacilli (King 
et al., 1983; Rotstein and Farrar, 1983). However, a combina-
tion of mecillinam plus ticarcillin or carbenicillin was only 
moderately effective as initial therapy for neutropenic, febrile 
cancer patients (Lawson et al., 1983).

7e.  Chronic bronchitis

An amoxicillin–mecillinam combination (either amoxicillin 
250 mg and pivmecillinam 200 mg or double the dose of 
both drugs, three times daily) has been compared with amox-
icillin alone, 500 mg three times daily, in 10-day courses for 
the treatment of purulent exacerbations of chronic bronchi-
tis (Pines et al., 1977). By the 7th day of treatment, a greater 
improvement was noted in patients receiving the combina-
tion therapy. At the end of treatment, results in patients 
receiving the lower dosage were the same as with amoxicillin, 
but clinical improvement was better in those receiving the 
higher doses of the combination; patients who were treated 
with amoxicillin alone later relapsed more frequently. Com-
bination of amoxicillin and pivmecillinam may be superior 
to amoxicillin alone in chronic bronchitis caused by H. influ-
enzae and organisms such as E. coli, the latter being some-
times a respiratory tract pathogen in debilitated patients. In 

another study of patients with acute exacerbations of chronic 
bronchitis, a pivmecillinam–pivampicillin combination was 
equally as effective as cotrimoxazole (Lal et al., 1984).

7f.  Chemoprophylaxis

In patients undergoing transurethral prostatic resection, a 
perioperative course of pivmecillinam plus pivampicillin, 
given until removal of the catheter but for no longer than 
1 week, was successful in eliminating bacteremia and acute 
urinary tract infections and was similar to cefotaxime 1 g 
daily i.v. given for the same period (Grabe et al., 1986; Grabe 
and Forsgren, 1986). The combination of pivmecillinam and 
amoxicillin/clavulanic acid was compared to ciprofloxacin 
for prophylaxis of transrectal ultrasound-guided biopsy of 
prostate (TURBP) in a large retrospective study. Pivmecil-
linam (400 mg) and amoxicillin/clavulanic acid (500/125 mg) 
were given the night before and 2 hours after biopsy; this was 
later extended to 2 days after the biopsy due to an increase in 
the infection rate, and ciprofloxacin (500 mg) was given just 
before and 6 hours after the biopsy. The extended prophylaxis 
group with pivmecillinam and amoxicillin/clavulanic acid 
had significantly lower rates of bacteremia (0.9%) compared 
to the ciprofloxacin group (1.8%), while rates were higher 
in the group that received pivmecillinam and amoxicillin/
clavulanic avid only before the procedure (3.7%) (Antsupova 
et al., 2014). The majority of post-TURBP infections in the 
study were caused by E. coli, K. pneumoniae, and E. faecalis. 
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1. DESCRIPTION

Temocillin (BRL 17421) is a beta-lactam antibiotic, which is 
the 6-alpha-methoxy derivative of ticarcillin (see Chapter 9, 
Carbenicillin, carindacillin, carfecillin and ticarcillin). It has 
activity against aerobic Gram-negative bacteria except for 
Pseudomonas aeruginosa and Acinetobacter spp. Temocillin 
is stable against most types of beta-lactamases, including 
extended-spectrum and AmpC beta-lactamases (Solocombe 
et al., 1981). Temocillin is available in Belgium (Negaban), 
Luxembourg, and the UK as a parenteral antibiotic for the 
treatment of Gram-negative infections. Both the European 
Medicines Agency (EMEA) and the US Food and Drug 
Administration (FDA) have given temocillin orphan drug 
status for the treatment of infections caused by Burkholderia 
cepacia in patients with cystic fibrosis. 

Temocillin comes in 1-g parenteral formulation for intra-
venous and intramuscular use. There is no oral formula-
tion  of temocillin. The chemical formula of temocillin is 
C16H18N2O7S2, and its molecular weight is 414.45. The chem-
ical structure is shown in Figure 12.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The British Society for Antimicrobial Chemotherapy (BSAC) 
defines the temocillin MIC breakpoint for Enterobacteria- 
ceae as susceptible if ≤ 8 μg/ml for systemic infections and 
≤ 32 μg/ml for urinary tract infections, which correspond to 
zone diameter ≥ 20 mm and ≥ 12 mm, respectively (Andrews 
et al., 2007). The zone diameter breakpoints have been con-
firmed by the EUCAST methodology using 30-μg temocillin 
discs (Vanstone et al., 2013). 

Temocillin lacks activity against Gram-positive organisms. 
The in vitro activity of temocillin for common aerobic Gram-
negative bacteria is shown in Table 12.1 (Jules and Neu, 1982; 
Slocombe et al., 1981; Greenwood et al., 1982; Verbist, 1982; 
Van Landuyt et al., 1982). Neisseria gonorrhoeae is highly 
susceptible to temocillin (Jules and Neu 1982; Piot and van 

Dyck, 1982; Jephcott and Egglestone, 1985). Temocillin has a 
good activity against Haemophilus influenzae and Moraxella 
catar rhalis, irrespective of penicillinase production (Jules 
and Neu 1982; Piot and van Dyck, 1982). Temocillin MIC50  
for beta- lactamase-positive H. influenzae is 0.2 μg/ml and for 
beta- lactamase-negative H. influenzae is 0.5 μg/ml. 

Pseudomonas aeruginosa is resistant (Solcombe et al. 1981, 
Jules and Neu 1982). Temocillin MICs50 for Acinetobacter 
spp. and Pseudomonas aeruginosa are typically high (≥ 256 
μg/ml) (Solcombe et al. 1981, Jules and Neu 1982). Against 
Burkholderia cepacia, temocillin displays relatively good activ-
ity, with 82% of strains from patients with cystic fibrosis being 
susceptible if a breakpoint for susceptibility of ≤ 16 μg/ml 
was used (Bonacorsi et al., 1999). Temocillin was found to 
have in vitro bacteriostatic activity against 37 B. cepacia com-
plex strains grown planktonically and in fresh biofilms but 
had limited activity against established biofilms (Van Acker 
et al., 2010). 

The majority of published susceptibility data for temocil-
lin are interpreted according to the BSAC criteria for urinary 
sources of infection (MIC ≤ 32 μg/ml) compared to systemic 
infection (MIC ≤ 8 μg/ml). However, some older susceptibil-
ity data applied Fuchs et al. (1985) criteria of an MIC ≤ 16 
μg/ml as susceptible and an MIC ≥ 32 μg/ml as resistant 
without regard to source of infection. The number of temo-
cillin nonsusceptible Enterobacteriaceae might be higher than 
generally reported when applying MIC ≤ 8 μg/ml for sys-
temic infections. Enterobacteriaceae are typically susceptible 

Figure 12.1. Chemical structure of temocillin.
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to temocillin with MICs ranging from 2 to 32 μg/ml, with 
the majority having MICs ≤ 16 μg/ml (Jules and Neu, 1982; 
Solocombe et al., 1981). However, MICs for Serratia marc
escens are higher than those for other Enterobacteriaceae, 
ranging from 4 to > 256 μg/ml (Jules and Neu, 1982; Clarke 
and Zemcov, 1983; Glupczynski et al., 2007).

Temocillin is active against classical and extended-spec-
trum TEM, SHV, and CTX-M-type enzymes and AmpC 
beta-lactamases (Rodriguez-Villalobos et al., 2006; Livermore 
et al., 2006; Glupczynski et al., 2007; Titelman et al., 2011; 
Fournier et al., 2013; Seo et al., 2014; Zykov et al., 2015). 

Temocillin MICs are not significantly higher in extended- 
spectrum beta-lactamase (ESBL) producing Enterobacteri-
aceae and remained > 90% and > 80% susceptible when 
urinary (MIC ≤ 32 μg/ml) and systemic (MIC ≤ 8 μg/ml) 
breakpoints were applied, respectively (Rodriguez-Villalobos 
et al., 2006; Livermore et al., 2006; Glupczynski et al., 2007; 
Titelman et al., 2011; Fournier et al., 2013; Seo et al., 2014; 
Zykov et al., 2015). Furthermore, temocillin has not been 
shown to select for derepressed mutants of AmpC-inducible 
Enterobacteriaceae (Stapelton et al., 1995). Based on in vitro 
data, temocillin may be an alternative non-carbapenem option 

Table 12.1. In vitro activity of temocillin against Gram-negative aerobic bacteria

Organism
MIC50 

(μg/ml)
MIC90 

(μg/ml)
Range 
(μg/ml)

No. of 
isolates Region Reference

Acinetobacter spp. > 256 > 256     2–> 256 32 NA Jules and Neu, 1982

Aeromonas spp. 4 8     2–8 5 NA Jules and Neu, 1982

Bordetella bronchiseptica — — > 256 1 NA Jules and Neu, 1982

Burkholderia cepacia 8 256     8–256 3 NA Jules and Neu, 1982

Citrobacter diversus 4 8     2–32 13 NA Jules and Neu, 1982

Citrobacter freundii 4 16     4–64 17 NA Jules and Neu, 1982

Enterobacter aerogenes 8 32     2–> 256 25 NA Jules and Neu, 1982

Enterobacter aerogenes, Hyperproduced AmpC 16 32     4–32 24 EU Glupczynski et al., 2007

Enterobacter aerogenes, ESBL-producing 32 32     4–64 26 EU Glupczynski et al., 2007

12 24     1–32 85 EU Rodriguez-Villalobos et al., 2011

Enterobacter agglomerans 8 16     2–> 256 6 NA Jules and Neu, 1982

Enterobacter cloacae 4 128     2–128 20 NA Jules and Neu, 1982

Enterobacter cloacae, Hyperproduced AmpC 16 32     4–64 31 EU Glupczynski et al., 2007

Enterobacter cloacae, ESBL-producing 6 16     0.5–32 34 EU Rodriguez-Villalobos et al., 2011

Escherichia coli 4 8     2–32 29 NA Jules and Neu, 1982

Escherichia coli, ESBL-producing 8 64     4–64 12 EU Glupczynski et al., 2007

8 12     1.5–64 225 EU Rodriguez-Villalobos et al., 2011

Haemophilus influenzae 0.25 0.5     0.1–1 10 NA Jules and Neu, 1982

Klebsiella spp., non-CTX-M ESBL-producing 16 32     4–32 23 EU Glupczynski et al., 2007

Klebsiella oxytoca 4 16   ≤ 1–16 12 NA Jules and Neu, 1982

Klebsiella pneumoniae 4 16     2–16 31 NA Jules and Neu, 1982

Klebsiella pneumoniae, ESBL-producing 8 12     3–16 37 EU Rodriguez-Villalobos et al., 2011

Klebsiella pneumoniae, KPC-type-beta-lactamase 32 32    16–64 30 NA Adams-Haduch et al., 2009

Morganella morganii 2 4     2–8 18 NA Jules and Neu, 1982

Neisseria gonorrhoeae 0.2 1     0.05–1 10 NA Jules and Neu, 1982

Pasteurella multocida — —   ≥ 1 1 NA Jules and Neu, 1982

Proteus mirabilis 8 8     2–8 23 NA Jules and Neu, 1982

Proteus vulgaris 2 4     2–4 9 NA Jules and Neu, 1982

Providencia rettgeri 2 16   ≤ 1–> 256 22 NA Jules and Neu, 1982

Providencia stuartii ≤1 4   ≤ 1–256 31 NA Jules and Neu, 1982

Pseudomonas aeruginosa 256 > 256   128–> 256 32 NA Jules and Neu, 1982

Pseudomonas diminuta — —   256 1 NA Jules and Neu, 1982

Pseudomonas fluorescens — —    16–256 2 NA Jules and Neu, 1982

Pseudomonas stutzeri — —    32–256 2 NA Jules and Neu, 1982

Salmonella spp. 4 8   ≤ 1–16 20 NA Jules and Neu, 1982

Shigella spp. 8 16     2–32 27 NA Jules and Neu, 1982

Serratia liquefaciens 8 256   < 1–256 3 NA Jules and Neu, 1982

Serratia marcescens 32 > 256     4–> 256 29 NA Jules and Neu, 1982

Stenotrophomonas maltophilia 128 > 256     8–> 256 12 NA Jules and Neu, 1982

Abbreviations: NA: North America; EU: Europe. 
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for empiric treatment of uncomplicated urinary tract infec-
tions caused by ESBL-producing and AmpC-beta-lactamase-
producing Enterobacteriaceae. 

Activity of temocillin against carbapenem-resistant Entero-
bacteriaceae has been reported in a few in vitro studies. 
Temocillin has been shown to retain some activity against 
Enterobacteriaceae with KPC-type carbapenemases when 
applying the urinary BSAC susceptibility breakpoint of 32 
μg/ml (Adams-Haduch et al., 2009; Livermore et al., 2011). 
However, the overall susceptibility rate was only 40% at the 
BSAC systemic breakpoint (MIC ≤ 8 μg/ml) (Woodford et 
al., 2014). Temocillin is not active against isolates that pro-
duce other carbapenemases (OXA-48, IMP, NDM, or VIM) 
(Livermore et al., 2011; Woodford et al., 2014). 

2b.  Emerging resistance and 
cross-resistance

Temocillin’s lack of activity against Pseudomonas species is 
possibly due to a combination of poor permeation across the 
outer membrane, reduced penicillin-binding proteins bind-
ing, and efficient efflux (MexAB-OprM) pumps (Livermore 
and Tulkens, 2009; Buyck et al., 2012). 

Temocillin has a high degree of stability to beta-lactamases, 
including extended-spectrum beta-lactamases (Jules and Neu, 
1982; Livermore et al., 2006; Rodriguez-Villalobos et al., 
2006). As reviewed by Livermore and Tulkens (2009), temo-
cillin has therefore kept most of its activity over the years. 
However, recent reports of temocillin’s activity against CTX-
M-type ESBL-producing isolates has been mixed. In a survey 
of 169 ESBL-producing E. coli and K. pneumoniae isolates 
from Sweden, activity of temocillin was lower in CTX-M-15 
isolates (30% and 18% E. coli and K. pneumoniae isolates 
were nonsusceptible, respectively) compared to other geno-
types. However, Glupzcynski et al. (2007) and Zykov et al. 
(2015) did not find higher rate of resistant isolates among 
CTX-M-1 group compared to isolates producing other types 
of ESBL enzymes. Resistance to temocillin is also observed 
when combinations of resistance mechanisms are present. 
Mutters et al. (2015) studied 77 Enterobacteriaceae isolates 
from Germany with decreased susceptibility to carbapenems 
without the presence of a carbapenemase, and found 80–90% 
of the isolates were resistant to temocillin regardless of spe-
cies. The presumed predominant mechanism of resistance 
was ESBL with porin loss and/or a derepressed AmpC beta- 
lactamase with porin loss.

2c.  In vitro synergy and antagonism

Synergistic combinations with temocillin plus other agents 
have been tested (Jules and Neu, 1982; Bonacorsi et al. 1999). 
In a study conducted by Jules and Neu (1982), neither antag-
onism nor synergy was demonstrated with the addition gen - 
tamicin or tobramycin to temocillin against Pseudomonas 
aeruginosa, Staphylococcus aureus, Stenotrophomonas malto
philia, Proteus vulgaris, Klebsiella pneumoniae, and Enterobac
ter cloacae. Antagonism was seen when cefazolin was added 

to temocillin against these 22 of 56 (39%) of these isolates. 
Bonacorsi et al. (1999) found the addition of tobramycin, 
rifampin, or ciprofloxacin temocillin did not result in a 
greater killing effect against B. cepacia isolates. 

3. MECHANISM OF DRUG ACTION

Similar to other beta-lactam antibiotics, temocillin acts by 
inhibiting penicillin-binding proteins (PBPs). Labia et al. 
(1984) showed a higher affinity of PBP3 and PBP1 for temo-
cillin than for ticarcillin and cefoxitin. The affinity for PBP2 
of temocillin was low.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Temocillin is usually administered by the parenteral route. 
Two studies evaluating pulmonary delivery of temocillin and 
temocillin stability in bone cement for orthopedic infections 
demonstrate other potential routes of administration (Cuve-
lier et al. 2015; Barker et al. 2015). Currently, administration of 
temocillin via nonparenteral routes cannot be recommended 
due to lack of established efficacy and safety data. 

4a.  Adults

According to the manufacturer’s instruction, temocillin is 
administered parenterally at doses of 1 or 2 g i.m. or i.v. twice 
daily. Conventional doses may not achieve pharmacody-
namic targets necessary for optimal activity and may be sub-
optimal in treating infections caused by Enterobacteriaceae 
with MIC > 8 μg/ml (De Jongh et al., 2008; Laterre et al., 
2015). Up to 6 grams per day have been administered safely 
as a continuous infusion (De Jongh et al., 2008; Laterre et al., 
2015). Temocillin is stable for 24 hours in an 8% solution at 
37oC (De Jongh et al., 2008). 

4b.  Newborn infants and children

No [official] data are available for this patient population. In 
one trial of the use of temocillin for the treatment of pyelone-
phritis in children, a dose of 25 mg/kg twice daily was given 
to 22 children aged 3 months to 13 years (Verboven et al., 
1987).

PREMATURE INFANTS

No [official] data are available for this patient population. 
However, temocillin was found to displace bilirubin at con-
centrations much higher than therapeutic concentrations 
(Davies, 1985; see section 6, Adverse reactions and toxicity).

4c.  Pregnant and lactating mothers

According to the prescribing information, animal studies 
have shown no teratogenic effects (Eumedica, 2012). How- 
ever, there is no published experience of temocillin in human 
pregnancy. 
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4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

The manufacturer recommends no dose reduction in patients 
with a creatinine clearance > 30 ml/minute. In patients with 
creatinine clearance between 10 and 30 ml/minute, it is rec-
ommended to administer temocillin doses at 24-hour inter-
vals, and in those with creatinine clearance < 10 ml/minute, 
1 g every 48 hours or 500 mg every 24 hours (Boelart et al., 
1985). In patients on hemodialysis, the recommended dos-
age is 1 g every 48 hours or 500 mg every 24 hours adminis-
tered after hemodialysis on hemodialysis days (Boelart et al., 
1985). A pharmacokinetic study of patients with end-stage 
renal disease receiving hemodialysis three times a week found 
that 1 g every 48 hours may lead to subtherapeutic drug 
exposure. This study also demonstrated that free temocillin 
concentrations remained above 16 μg/ml during 67% and 
71% of the dosing interval for patients receiving 2 g every 48 
hours and 3 g every 72 hours, respectively (Vandecasteele et 
al., 2015). The authors concluded temocillin administered on 
dialysis days only in a dosing schedule of 2 g every 48 hours 
and 3 g every 72 hours is safe and appropriate for patients 
receiving three hemodialysis sessions per week. For patients 
receiving continuous ambulatory peritoneal dialysis, the man-
ufacturer recommends 1 g every 48 hours. 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The key pharmacokinetic parameters for temocillin are shown 
in Table 11.2. Pharmacokinetic parameters of temocillin 
given i.m. were similar to i.v. administration. After 1g dose, 
the mean serum levels were 46.65 and 15.89 mg/l at 2 hours 
and 12 hours, respectively (Modr et al., 1986). The volume 
of distribution increases disproportionately with increasing 
temocillin doses, as does extrarenal clearance (from 6 ml/
minute at 0.5 g to 14 ml/minute at 2 g). These findings could 
be due to a high and dose-dependent binding of temocillin 
to plasma proteins. In a study by Hampel et al. (1985), the 
protein binding was 88%, 83%, and 63% at concentrations 
of 50, 100, and 200 mg/l, respectively. Similar results were 
reported by Slocombe et al. (1981), Overbosch et al. (1985), 
and De Jongh et al. (2008).

Table 12.2. Pharmacokinetic parameters for temocillin administered at various doses as 5-minute bolus injections to healthy volunteersa

Dosage 
(g)

C5min 
(mg/l)

t½ 
(hours)

Vdss 
(l/kg)

AUC 
(mg/l/hour)

CL 
(ml/min)

CLR 
(ml/minute)

UR0–24h 
(%)

0.5  78 (± 28) 5.2 (± 0.3) 0.15 (± 0.01) 344 (± 19) 25 (± 1.5) 19 (± 3.2) 74 (± 13)

1 161 (± 58) 5.0 (± 0.2) 0.17 (± 0.01) 573 (± 28) 30 (± 1.4) 19 (± 5.0) 66 (± 17)

2 236 (± 93) 5.0 (± 0.2) 0.24 (± 0.01) 785 (± 47) 44 (± 2.7) 30 (± 2.6) 68 (± 6.0)

aAll values are mean ± standard deviation.
Abbreviations: C5 min: concentrations at end of administration; t½: half-life in the beta-phase; Vdss, volume of distribution in steady state; AUC, area under the 

serum concentration curve; CL, clearance; CLR, renal clearance; UR0–24h, urinary recovery over 24 hours.
Source: Reproduced with permission from Hampel et al. (1985).

5b.  Drug distribution

Cantharides blister methods were used to estimate tissue 
penetration of a 1-g dose of temocillin in six healthy male 
volunteers (Lockley et al., 1985). Temocillin penetrates blis-
ter fluid rapidly with 50% of serum concentrations by 2 to 
3 hours after administration. Serum and blister fluid concen-
trations above MIC90 were detected over an 8-hour period. 
Penetration of a 1-g dose if temocillin into peripheral lymph 
was studied in five healthy volunteers (Bergan et al., 1985). 
The concentrations after 1 hour were 14.3 mg/l in lymph and 
58.1 mg/l in serum. The mean peak concentration in lymph 
was 30.6 mg/l and 47.8 mg/l in serum 1.5 to 2 hours after 
infusion. The ratio between total areas under the curve in 
lymph and in serum was 0.56, which demonstrates the ability 
of temocillin to penetrate into lymph. 

The penetration of temocillin into peripheral lung tissue 
was studied by Cowan et al. (1985). Eight patients under-
going lung resection were given a 2-g dose of temocillin. The 
mean serum and tissue concentrations obtained 30 minutes 
after infusion were 172 mg/l and 45 mg/kg, respectively. 

A total of 26 surgical patients were given temocillin 1 g or 
2 g i.v. 3–4 hours before tissue sampling. The mean serum 
concentrations for 1-g and 2-g doses were 53.5 mg/l (n = 19) 
and 117.3 mg/l (n = 7), respectively. Mean tissue concentra-
tions of 8 to 10 mg/kg were seen in muscle, liver, and skin 
samples after 1-g doses and 18, 34, and 9 mg/kg, respectively, 
after 2-g does. The tissue concentrations varied between 9% 
and 39% of concurrent serum concentrations (Gould et al., 
1985). Temocillin concentrations in the gallbladder were con-
siderably higher than those in other tissues.

Very high temocillin concentrations have been reported in 
the bile by several groups (Maudgal et al., 1985; Poston et al., 
1985; Spelsberg et al., 1985; Gould et al., 1985). The mean con-
centration of temocillin in gallbladder bile was 314.7 (± 273.2) 
mg/l after a 0.5-g dose and 474.5 (± 307.3) mg/l after a 
1-g dose. Very high concentrations of temocillin, up to eight 
times the corresponding serum concentrations, were found 
in common bile duct bile and gallbladder bile of functioning 
gallbladders 1–2 hours after administration (Poston et al., 
1985). Thus temocillin is highly concentrated in the normal 
and functioning gallbladder. 

The cerebrospinal fluid (CSF) penetration of temocillin 
2 g twice daily given to 4 neurosurgical patients with slight 
to moderate impairment of blood-CSF barriers was studied 
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by Brückner et al. (1985). CSF samples obtained from exter-
nal ventricular drains demonstrated low concentrations of 
temocillin that would be expected to be inadequate for treat-
ment of CNS infections.

The urinary concentration after 500-mg dose is approxi-
mately 500 μg/ml (Solocombe et al., 1981). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Similar to other beta-lactams, clinical efficacy is linked to 
the percentage between doses that free drug concentrations 
remain above the MIC (ft > MIC) of the relevant pathogen. 
Bacteriostatic activity is believed to be achieved with penicil-
lins when the ft > MIC is between 29% and 34%, as demon-
strated in animal models (Craig, 2003). Pharmacodynamic 
target ft > MIC of 40% was used in a simulation regarding 
Enterobacteriaceae isolates with different MICs against 
temo cillin (De Jongh et al., 2008). A dosage of 2 grams every 
12 hours had 95% probability of attaining the target if the 
MIC was 8 μg/ml. Increasing the dose to 2 g every 8 hours 
or administering the dose as a continuous infusion could 
increase the probability of target attainment in the setting of 
higher MICs or critically ill patients (Laterre et al., 2015). 

5d.  Excretion

Temocillin is primarily excreted by renal mechanisms. Uri-
nary excretion accounted for 38% of the total dose given 
after 6 hours in six healthy volunteers, and total biliary 
excretion was recorded as 2.2% of the given dose (0.5 or 1 g) 
(Maudgal et al., 1985). Approximately 71% percent of the 
administered dose is excreted within 12 hours (Modr et al., 
1986). 

5e.  Drug interactions

No data are available regarding drug interactions.

6. ADVERSE REACTIONS AND TOXICITY

The safety profile of temocillin seems to be similar to that of 
other penicillins. Animal toxicology studies showed a high 
degree of safety (Cockburn et al., 1985).

Because temocillin is rather highly protein bound, dis-
placement of bilirubin from albumin by temocillin was stud-
ied (Davies, 1985). Displacement of bilirubin was found only 
at antibiotic concentrations that were at least 2.5-fold higher 
than those achieved clinically.

Because biliary concentrations of temocillin are very high, 
a hamster model of antibiotic-associated colitis was used by 
Boon and Beale (1985) to test the potential of temocillin to 
cause colitis. Temocillin was not associated with antibiotic- 
associated colitis; however, cefoxitin and clindamycin were 
associated with colitis in the same model. 

7. CLINICAL USES OF THE DRUG

Published clinical trials of the use of temocillin have been 
noncomparative and rather limited.

7a.  Respiratory tract infections

Gray et al. (1985) first reported efficacy of temocillin 2 g or 
3  g daily for 5–10 days in treating pneumonia due to 
Haemophilus influenzae or S. pneumoniae. Of 16 patients, 13 
responded clinically, but 5 patients subsequently relapsed. 
Habayeb et al. (2015) compared the effectiveness of temo-
cillin 2 g twice daily plus amoxicillin 1 g three times daily to 
piperacillin–tazobactam 4.5 g three times daily for the treat-
ment of hospital-acquired pneumonia (HAP) in a retro-
spective single-center study. The majority of cases (85%) did 
not have identification of a bacterial pathogen, and only 
2  patients had P. aeruginosa isolated, both of which were 
in the piperacillin–tazobactam group. Clinical cure rate was 
80% (75/94) for piperacillin-tazobactam and 82% (80/98) for 
amoxicillin plus temocillin group. Overall, in-hospital mor-
tality was 14% (27/192) and attributable mortality was 9% 
(17/192). More patients in the piperacillin–tazobactam group 
vs. the amoxicillin plus temocillin group had significant diar-
rhea (34% vs. 4%) and Clostridium difficile infection (7% vs. 
0%). Large randomized controlled trials are needed to delin-
eate the role of temocillin in the treatment of HAP. Moreover, 
the combination of amoxicillin plus temocillin may be inap-
propriate for empiric treatment of HAP in patients with risk 
factors for infections due to P. aeruginosa.

Lekkas et al. (2006) treated 32 episodes of pulmonary exac-
erbations associated with Burkholderia cepacia complex with 
temocillin in combination with an aminoglycoside in 20 
patients with cystic fibrosis. The mean dose of temocillin was 
4 g/day (range 2–6 g/day). Clinical improvement occurred in 
18 (56%) of the 32 courses. A partial response was observed 
in 2 (6%) courses, and treatment failure in 12 (38%) courses. 
Of the 18 courses given in which the patient improved, the 
mean time to the next course of antibiotics was 41 days. In a 
retrospective crossover study of 26 patients with cystic fibro-
sis, temocillin was found to be equally effective as standard 
combination therapy for treating pulmonary exacerbations 
due to B. cepacia complex or P. aeruginosa (Kent et al., 2008). 
Clinical improvement occurred in 69% of patients colonized 
with B. cepacia complex. 

7b.  Severe sepsis

In a group of 22 patients with Gram-negative septicemia 
treated with temocillin 1–2 g twice daily, clinical cure was 
reported in 15 (68%), partial improvement in 4 (18%), and 
failure in 3 (14%) patients (Van Landuyt et al., 1985). Micro-
biological cure occurred in 95% (20/21) patients. Gupta et 
al. (2009) reported on six patients with severe sepsis related 
to infections of the biliary (n = 1) and urinary tract (n = 2) 
as well as nosocomial pneumonia (n = 2) and diverticulitis 
(n  = 1) due to ESBL- or AmpC-beta-lactamase-producing 
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Enterobacteriaceae treated with temocillin. Four patients had 
resolution of infection and two patients experienced thera-
peutic failure. Of the patients who failed therapy, one devel-
oped a diverticular abscess requiring drainage and the other 
patient had acute cholangitis with breakthrough bacteremia 
on day 4 of treatment.

7c.  Urinary tract infections

Temocillin 500 mg twice daily for 5–7 days was given to 29 
patients with pyelonephritis (n = 20), acute cystitis (n = 6), 
and acute cystitis (n = 6) and pyelonephritis combined (n = 3) 
(Asbach et al. 1985). The majority of causative organisms 
were E. coli (n = 20), Proteus spp. (n = 9), and Klebsiella spp. 
(n = 4). The majority of patients (93%) were clinically and 
bacteriologically cured; bacteriuria persisted in 2 patients 
with prolonged obstructive uropathy. Soubirou et al. (2015) 
found temocillin was bactericidal and as effective as imipe-
nem in a murine model of UTI due to CTX-M-15 producing 
E. coli. Currently, there is a lack of comparative data for the 
treatment of UTIs in humans. 

7d.  Osteomyelitis

Barton et al. (2008) reported a case of cervical discitis, osteo-
myelitis, and epidural collection due to K. pneumoniae. The 
patient was not a surgical candidate and was treated with 
3 weeks of imipenem, followed by 2 weeks of amikacin due 
to imipenem-associated neutropenia. The patient was then 
switched to and completed 7 weeks of temocillin 2 g twice 
daily with complete resolution of infection after 12 weeks 
total of antibiotics. 

7e.  Gonnorhoea

Among patients with acute gonorrhoea, temocillin given as 
a single i.m. dose of 0.5 or 1 g resulted microbiologic cure in 
93% (248/267) patients (Reimer et al., 1985).

7f.  Other infections

The efficacy of temocillin 1 g twice daily was studied in 30 
critically ill patients with peritonitis, abscesses, pneumonia, 
and soft tissue infections (Pfeiffer and Fock, 1985). Clinical 
cure was achieved in 21 of 22 patients with acute peritonitis as 
well as 6 of 8 patients with infections caused by temocillin- 
sensitive pathogens. Temocillin 2 g twice daily was given to 
25 patients who had had biliary tract surgery and developed 
infections, 23 were cured, 1 developed a staphylococcal pneu-
monia, and 1 had defective wound healing (Wittke et al., 
1985). 

The clinical efficacy of temocillin against infections caused 
by ESBL- and/or AmpC-beta-lactamase-producing Entero-
bacteriaceae was reported in 92 patients (Balakrishnan et 
al., 2011). Types of infections included were urinary tract 
infections (n = 42), bloodstream infections (n = 42), and 
hospital-acquired pneumonia (n = 8). Overall, clinical and 

bacteriological cure rates were 86% and 84%, respectively. In 
addition, patients treated with < 2 g twice daily or a renally 
adjusted equivalent dose were found to have lower clinical 
and microbiological efficacy rates. This is the largest study to 
demonstrate clinical and microbiological efficacy of temo-
cillin in a variety of infections caused by ESBL- and AmpC-
beta-lactamase producing pathogens, confirming its potential 
application as a carbapenem-sparing agent. 
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Beta-Lactamase Inhibitors 

Pascalis Vergidis and Matthew E. Falagas

1. DESCRIPTION

Clavulanic acid, sulbactam, tazobactam, brobactam, avibac-
tam, relebactam, and vaborbactam are beta-lactamase inhib-
itors that have limited intrinsic antibacterial activity. They 
inhibit the activity of a number of beta-lactamases. The 
chemical structure of the beta-lactamase inhibitors discussed 
in this chapter are shown in Figure 13.1. 

Clavulanic acid (or clavulanate) is a naturally occurring 
beta-lactamase inhibitor that was isolated from Streptomyces 
clavuligerus (Reading and Cole, 1977). Clavulanic acid exhib-
its a weak and usually clinically insignificant antibacterial 
activity against most bacterial species (Neu and Fu, 1978). 
By its action of inhibiting beta-lactamases, clavulanic acid in 
combination improves the antibacterial activity of amoxicil-
lin and ticarcillin (see Chapter 14, Amoxicillin–clavulanic 
acid and Chapter 16, Ticarcillin–clavulanic acid). 

Sulbactam sodium is a semisynthetic beta-lactamase 
inhibitor obtained by oxidation of the thiazolidine sulfur of 
penicillanic acid (English et al., 1978). It exhibits good activ-
ity against the clinically important plasmid-mediated beta- 
lactamases most frequently responsible for transferred drug 
resistance. It is somewhat less potent than clavulanic acid in 
that respect. Unlike clavulanic acid, it is active against induc-
ible chromosomally mediated enzymes that cause resistance 
to third-generation cephalosporins (Jacobs et al., 1986b; Klas-
tersky and Van Der Auwera, 1989; Sawai and Yamaguchi, 
1989). It is used in combination with ampicillin (see Chapter 
15, Ampicillin–sulbactam).

Tazobactam is a penicillinate sulfone, structurally related 
to sulbactam. It is used in combination with beta-lactamase- 
labile drugs, such as piperacillin, against bacterial species that 
produce beta-lactamases (Akova et al., 1990; Aronoff et al., 
1984; see Chapter 17, Piperacillin–tazobactam). The com-
bination of tazobactam with ceftolozane (CXA-101), a novel 
antipseudomonal cephalosporin, was recently introduced 
into clinical practice (Sucher et al., 2015; see Chapter 34, 
Ceftolozane–tazobactam). Ceftolozane–tazobactam has in 
vitro activity against Ambler class A extended-spectrum beta- 
lactamases (ESBLs), such as TEM, SHV, and CTX-M. It has 

some activity against class C (AmpC) and class D (OXA) 
beta-lactamases. It has no activity against carbapenemases 
(KPC) or metallo-beta-lactamases (MBLs), such as NDM-1, 
IMP, and VIM.

Brobactam (6-beta-bromo-penicillanic acid) is another 
beta- lactamase inhibitor. It is a simple substituted compound 
of the penicillin nucleus, 6-APA (Melchior and Keiding, 
1991; Wise et al., 1981). For pharmacologic studies, 800 mg 

Figure 13.1. Chemical structures of beta-lactamase 
inhibitors.
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of pivampicillin was combined with 200 mg of brobactam 
(Wise et al., 1992); however, this combination is not in clini-
cal use.

Avibactam (formerly NXL104, AVE1330A) is a non-beta- 
lactam beta-lactamase inhibitor that belongs to the diazabi-
cyclooctanes. The drug has potent inhibitory activity against 
Ambler class A ESBLs (e.g. TEM, SHV, and CTX-M types), 
KPC class A enzymes, class C beta-lactamases (e.g. AmpC), 
and activity against some Ambler class D enzymes (e.g. 
OXA-48). When used in combination with ceftazidime, 
ceftaroline, and aztreonam, avibactam can potentiate their 
antimicrobial activity (Coleman, 2011; see Chapter 30, Cef-
tazidime and ceftazidime–avibactam, Chapter 32, Ceftaroline 
and ceftaroline–avibactam, and Chapter 35, Aztreonam and 
aztreonam-avibactam). 

Relebactam (formerly MK-7655) is a non-beta-lactam 
beta- lactamase inhibitor belonging to the diazabicyclooc-
tanes and features an unusual strained bicyclic urea bearing 
an aminoxy sulfate (Drawz et al., 2014; Mangion et al., 2011). 
In combination with imipenem, it has demonstrated potent 
in vitro activity against Ambler class A and class C beta-lact-
amases (Hirsch et al., 2012; Lapuebla et al., 2015b; Livermore 
and Mushtaq, 2013; see Chapter 37, Imipenem–Cilastatin and 
Imipenem–Relebactam).

Vaborbactam (formerly RPX7009) is a boronic acid-based 
beta-lactamase inhibitor that works via a novel mechanism 
of action compared to current clinically available beta-lact-
amase inhibitors (Drawz et al., 2014). In combination with a 
carbapenem, such as meropenem or biapenem, it exhibits 
strong synergistic activity against class A beta-lactamases, 
particularly Klebsiella pneumoniae carbapenemase (KPC) pro-
ducing organisms (Hecker et al., 2015; Lapuebla et al., 2015; 
Livermore and Mushtaq, 2013; see Chapter 38, Meropenem 
and meropenem–vaborbactam).

2. ANTIMICROBIAL ACTIVITY

2a. Routine susceptibility

CLAVULANIC ACID

Clavulanic acid does not affect the activity of amoxicillin 
against non-beta-lactamase-producing bacteria that are 
normally susceptible to amoxicillin. However, unlike amox-
icillin alone, amoxicillin–clavulanate readily inhibits beta- 
lactamase-producing methicillin-sensitive Staphylococcus 
aureus and Staphylococcus epidermidis strains (Bush, 1988; 
Goldstein and Citron, 1988; Table 13.1). Notably, minimum 
inhibitory concentrations (MICs) of amoxicillin–clavulanate 
for beta-lactamase-producing S. aureus strains are approx-
imately fourfold higher than those for enzyme-negative 
strains (Fuchs et al., 1983). Amoxicillin–clavulanate shows 
greater in vitro activity than flucloxacillin against many beta- 
lactamase-producing strains; this in vitro advantage does not 
occur with S. aureus strains that produce large amounts of 
beta-lactamase (Thomas et al., 1985). Strains of S. aureus may 
produce either type A, B, C, or D beta-lactamase. Strains that 

produce type A or C enzymes predominate. Organisms with 
type C beta-lactamase are less susceptible to amoxicillin- 
clavulanate and to piperacillin–tazobactam (Bonfiglio and 
Livermore, 1994). Methicillin-resistant strains of S. aureus and 
S. epidermidis are resistant to this combination (Graninger et 
al., 1989). Beta-lactamase-producing strains of Enterococcus 
faecalis are sensitive to penicillin G–clavulanic acid and to 
amoxicillin–clavulanate, provided this is the only resistance 
mechanism of the E. faecalis strain (Ingerman et al., 1987; 
Table 13.1); however, this is a relatively uncommon mecha-
nism of resistance in this organism. Nocardia asteroides and 
Nocardia brasiliensis are usually resistant to penicillin G 
and amoxicillin because of beta-lactamase production, but 
susceptible to amoxicillin-clavulanate (Kitzis et al., 1985; 
Wallace et al., 1987). Most Clostridium spp. strains do not 
produce beta-lactamase and are susceptible to amoxicillin. 
Of the Bacillus species, B. anthracis is normally sensitive to 
amoxicillin-clavulanate, whereas most strains of B. cereus, 
B. thuringiensis, and B. mycoides are resistant (Turnbull et al., 
2004).

Amoxicillin-resistant Gram-negative bacteria, such as 
Entero bacter, Providencia, and Serratia spp. and Morganella 
morganii, which produce chromosomally mediated induc-
ible beta-lactamases, are resistant to amoxicillin–clavulanate 
(Bush et al., 1991; Kaye et al., 2004; Weber and Sanders, 1990; 
Table 13.2). Clavulanic acid is a weak inducer of these beta- 
lactamases, but this appears to have little clinical significance 
because amoxicillin–clavulanate has no place in the treat-
ment of infections caused by organisms that possess these 
inducible enzymes (Bush et al., 1991; Livermore et al., 1989; 
Rolinson, 1989).

Campylobacter jejuni is moderately susceptible to amoxi-
cillin–clavulanate, which may be in part because this organ-
ism, unlike others, is particularly susceptible to clavulanic 
acid itself. Similar to ampicillin, amoxicillin has moderate 
in vitro activity against C. jejuni. The moderate resistance of 
this organism to beta-lactam antibiotics is probably due to 
a combination of beta-lactamase production, permeability 
barrier, and modification of penicillin-binding proteins. 
Gaudreau et al. (1987) found that the addition of clavulanic 
acid to amoxicillin made this organism amoxicillin-suscepti-
ble, but this did not occur with penicillin G–clavulanic acid 
combination. By contrast, Van der Auwera and Scorneaux 
(1985) reported that the addition of clavulanic acid did not 
enhance the activity of amoxicillin or of any other beta- 
lactam antibiotic against C. jejuni. Usually C. coli strains are 
sensitive to amoxicillin alone. A small number of strains pro-
duce a beta-lactamase, and these are amoxicillin-resistant, 
but they are susceptible to amoxicillin–clavulanate (Lachance 
et al., 1993). Most strains of Plesiomonas shigelloides produce 
a beta-lactamase and are amoxicillin resistant, but they are 
susceptible to amoxicillin–clavulanate (Clark et al., 1990).

Pseudomonas aeruginosa is resistant to amoxicillin– 
clavulanate (Comber et al., 1980). Burkholderia pseudomallei 
produces a beta-lactamase that is inhibited by clavulanic acid 
and amoxicillin–clavulanate. MICs of this organism may be 
in the range of 4–8 μg/ml, which are clinically achievable 
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Table 13.1. A comparison of in vitro susceptibilities of beta-lactam/beta-lactamase-inhibitor combinations against Gram-positive 
pathogens

Organism

Amoxicillin–
clavulanate

Piperacillin–
tazobactam

Ceftaroline–
avibactam

MIC50
a MIC90 MIC50 MIC90 MIC50 MIC90

Methicillin-susceptible S. aureus 0.5 1 ≤ 1 ≤ 1 0.25 0.25

Methicillin-resistant S. aureus 16 32 64 128 0.5 1

Healthcare-associated MRSA 16 32 64 128

Community-acquired MRSA 8 16 16 32

Coagulase-negative staphylococci 1 8 ≤ 1 16 0.25 0.5

Methicillin-susceptible S. epidermidis 1 4 ≤ 1 2 0.25 0.25

Methicillin-resistant S. epidermidis 8 16 32 64 0.5 0.5

S. pneumoniae ≤ 0.06 0.12 ≤ 1 ≤ 1 ≤ 0.03 0.03

S. pyogenes ≤ 0.06 ≤ 0.06 ≤ 1 ≤ 1 ≤ 0.03 ≤ 0.03

S. agalactiae ≤ 0.06 ≤ 0.06 ≤ 1 ≤ 1 ≤ 0.008 0.015

E. faecalis 0.5 1 4 8

E. faecium > 32 > 32 > 512 > 512

Vancomycin-resistant E. faecium > 32 > 32 > 512 > 512

aMICs in μg/ml.
Sources: Data compiled from Flamm et al. (2014a): 11,124 Gram-positive isolates from skin/skin structure infection, ceftaroline–avibactam, USA 2011–2012; 

Karlowsky et al. (2013): 4,413 Gram-positive isolates, Canada 2010–2012; Zhanel et al. (2013): 11,193 Gram-positive isolates, amoxicillin–clavulanate, piperacillin– 
tazobactam, Canada 2007–2011).

concentrations (Livermore et al., 1987; McEniry et al., 1988). 
However, the chromosomal beta-lactamase of this organism 
can change during treatment in vivo, and organisms can 
become insensitive to inhibition by amoxicillin–clavulanate 
(Gaudreau et al., 1987).

Many strains of anaerobes such as Prevotella melanino
genica, Fusobacterium spp., and Capnocytophaga spp. have 
become resistant to amoxicillin because of beta-lactamase 
production. These strains are quite susceptible to amoxicil-
lin–clavulanate. Most members of the B. fragilis group are 
resistant to penicillin G and amoxicillin as a result of beta- 
lactamase production as well. These organisms are consid-
erably more sensitive to amoxicillin in the presence of 
clavulanic acid, and more than 90% of strains of the B. fragilis 
group are inhibited by clinically attainable concentrations of 
the combination. The same applies to other Gram-negative 
anaerobic bacteria such as Prevotella intermedia, P. oralis, and 
P. disiens (Appelbaum et al., 1990; Appelbaum et al., 1991; 
Appelbaum et al., 1992; Arlet et al., 1987; Bourgault et al., 
1992; Brown, 1984; Chen et al., 1992).

Many bacteria that are resistant to ticarcillin because of 
beta-lactamase production are susceptible to the combina-
tion with clavulanic acid. These include beta-lactamase- 
producing strains of S. aureus, S. epidermidis, H. influenzae, 
Neisseria gonorrhoeae, and Moraxella catarrhalis. Many 
ticarcillin-resistant strains of Enterobacteriaceae are suscep-
tible to the combination with clavulanic acid. This includes 
ticarcillin-resistant strains of E. coli, Klebsiella spp., P. mira
bilis, and P. vulgaris (Arpin et al., 2005). However, in Spain 
only 13% of ESBL-producing stains of E. coli were susceptible 
to ticarcillin–clavulanic acid (Hernandez et al., 2005). The 
corresponding rate of susceptibility for ESBL-producing 

strains of K. pneumoniae was 7%. Clavulanic acid does not 
inhibit the beta-lactamases of Enterobacter spp., M. morganii, 
S. marcescens, and some strains of Providencia spp. However, 
Enterobacter spp. and M. morganii are normally susceptible 
to ticarcillin alone (Clarke and Zemcov, 1984; Fuchs et al., 
1984; Knapp et al., 1989; Murray et al., 1993). Ticarcillin-
resistant E. cloacae and S. marcescens are also resistant to 
the combination (Pulverer et al., 1986). On the other hand, 
ticarcillin-resistant strains of Shigella spp. are normally sus-
ceptible to the combination (Martin et al., 2006). 

Clavulanic acid usually has no effect on the MICs of ticar-
cillin against P. aeruginosa. Ticarcillin–clavulanate is usually 
active against other Pseudomonas spp., such as P. acidovo
rans, and B. cepacia and Acinetobacter spp. (Fuchs et al., 
1984; Knapp et al., 1989; Murray et al., 1993; Pulverer et 
al., 1986). Over 90% of strains of B. pseudomallei are suscep-
tible to ticarcillin–clavulanic acid (Sookpranee et al., 1991). 
However, as amoxicillin-clavulanate, the beta-lactamase of 
this organism may become insensitive to clavulanic acid 
during treatment in vivo. Clavulanic acid lowers the MIC 
of  ticarcillin against Stenotrophomonas maltophilia, but for 
about 50% of strains, the MIC is still too high to make this 
combination useful clinically to treat infections caused by 
this organism (Khardori et al., 1990; Pankuch et al., 1994; 
San Gabriel et al., 2004; Valdezate et al., 2001). Synergism has 
been demonstrated in vitro for combinations of ciprofloxacin 
with ticarcillin–clavulanate and doxycycline with ticarcillin–
clavulanate against S. maltophilia (San Gabriel et al., 2004). 
Clavulanic acid lowers the MICs of ticarcillin against several 
mycobacteria, but these are still 32 μg/ml or higher and thus 
not useful in clinical practice (Casal et al., 1987; Wong et al., 
1988).
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SULBACTAM

Sulbactam alone possesses moderate antibacterial activity 
related to its affinity for penicillin-binding proteins (Aswa-
pokee and Neu, 1978). It mainly acts against Neisseria spp. 
and Acinetobacter spp. (Obana and Nishino, 1990). Inves-
tigators have studied the in vitro activity of the combination 
of sulbactam with ampicillin (Douboyas et al., 1994) and sul-
bactam with the cephalosporins against Acinetobacter spp. 
(Aubert et al., 1996). In an experimental model of pneumo-
nia in mice, the efficacy of sulbactam was similar to that of 
imipenem for susceptible A. baumannii strains with a MIC 
up to 4 μg/ml (Rodriguez-Hernandez et al., 2001). The drug 
was more efficacious than other beta-lactams in an experi-
mental model of intraperitoneal infection due to A. calcoace
ticus (Obana and Nishino, 1990).

The antibacterial activity of ampicillin–sulbactam is 
much broader, including penicillinase- and non-penicillinase- 
producing staphylococci and streptococci and Gram-negative 
pathogens, such as beta-lactamase- and non-beta-lactamase- 
producing Enterobacteriaceae, Neisseria gonorrhoeae, M. 

catarrhalis, Haemophilus influenzae. Proteus mirabilis is more 
likely to be susceptible compared to P. vulgaris. S. marcescens, 
M. morganii, Enterobacter cloacae, Enterobacter aerogenes, 
Providencia rettgeri, P. stuartii, and Citrobacter freundii are 
frequently resistant. P. aeruginosa and S. maltophilia are 
resistant to ampicillin–sulbactam. The drug combination has 
activity against several anaerobes such as anaerobic strepto-
cocci, clostridia, and Bacteroides spp.

TAZOBACTAM

The combination of piperacillin–tazobactam has some 
advantages over other beta-lactam/beta-lactamase inhibitor 
combinations such as amoxicillin-clavulanate, ticarcillin–
clavulanate and ampicillin–sulbactam. First, piperacillin is 
easier to protect against TEM beta-lactamases. This is prob-
ably because of the lower affinity of piperacillin for these 
enzymes (Livermore, 1993). Tazobactam inhibits all beta- 
lactamases inhibited by clavulanic acid, but also has some 
activity against chromosomally mediated induced (or dere-
pressed) enzymes of M. morganii, C. freundii, E. cloacae, 

Table 13.2. A comparison of in vitro susceptibilities of beta-lactam/beta-lactamase-inhibitor combinations against Gram-negative 
pathogens

Organism

Amoxicillin–
clavulanate

Ampicillin–
sulbactam

Piperacillin–
tazobactam

Ceftolozane–
tazobactam

MIC50
a MIC90 MIC50 MIC90 MIC50 MIC90 MIC50 MIC90

E. coli 4 16 8 > 32 2 16 0.25 0.5

ESBL E. coli 8 16 8 > 64 0.5 4

K. pneumoniae 2 8 8 > 32 8 > 64 0.5 > 32

ESBL K. pneumoniae > 64 > 64 32 > 32

K. oxytoca 2 8 8 32 2 > 64 0.25 2

ESBL K. oxytoca 1 32

P. mirabilis 1 4 1 16 ≤ 1 2 0.5 1

ESBL P. mirabilis 0.5 1

Indole-positive Proteae ≤ 0.5 2 0.25 1

Citrobacter spp. 2 64 0.25 8

C. freundii 16 > 32 2 32

C. koseri

Enterobacter spp. 4 64 0.5 8

E. cloacae 32 > 32 16 > 32 2 64

E. aerogenes 32 > 32 4 32

M. morganii

Serratia spp. 2 16 0.5 1

S. marcescens > 32 > 32 32 > 32 2 8

Providencia spp.

H. influenzae 0.5 2 ≤ 1 ≤ 1

S. maltophilia > 32 > 32 256 > 512

Acinetobacter spp. 16 32 8 > 64 ≤ 1 64 32 > 32
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S. marcescens, and sometimes P. aeruginosa. Some investiga-
tors have not been able to demonstrate a synergistic effect 
between tazobactam and piperacillin against P. aeruginosa, 
B. cepacia, and S. maltophilia (Akova et al., 1990; Bush et al., 
1993; Eliopoulos et al., 1989; Higashitani et al., 1990; Jacobs 
et al., 1986a; Jacobs et al., 1986b; Kuck et al., 1989). Tazobac-
tam also appears to be a weaker enzyme inducer than other 
beta- lactamase inhibitors. While with a few organisms, such 
as E.  cloacae and P. aeruginosa, it is sometimes possible 
to demonstrate in vitro antagonism between ticarcillin and 
clavulanic acid (presumably because of enzyme induction 
by  clavulanic acid), this has not been demonstrated with 
piperacillin– tazobactam (Akova et al., 1990).

Beta-lactamase-producing strains of S. aureus and S. epi
dermidis are susceptible to piperacillin–tazobactam, but 
methicillin-resistant strains are not (Acar et al., 1993; Fass 
and Prior, 1989; Table 13.1). As with amoxicillin–clavulanate, 
S. aureus strains that produce type C beta-lactamase are less 
susceptible to piperacillin–tazobactam than type A enzyme 
producers. Beta-lactamase-producing E. faecalis strains are 
also usually susceptible, but E. faecium strains with high-
level intrinsic resistance to penicillin G are also resistant to 
this combination (Chen et al., 1993; Jones and Barry, 1989; 
Okhuysen et al., 1993; Table 13.1).

The addition of tazobactam does not affect the activity 
of piperacillin against sensitive strains of streptococci and 

Table 13.2 (continued ). A comparison of in vitro susceptibilities of beta-lactam/beta-lactamase-inhibitor 
combinations against Gram-negative pathogens.

Organism

Ceftazidime–
avibactam

Imipenem–
Relebactamb

Meropenem–
Vaborbactamb

MIC50 MIC90 MIC50 MIC90 MIC50 MIC90

E. coli 0.06 0.12 0.25/4 0.25/4

ESBL E. coli 0.12 0.25

K. pneumoniae 0.12 0.25 0.25/4 0.25/4

ESBL K. pneumoniae 0.25 1

K. oxytoca 0.06 0.25

ESBL K. oxytoca 0.25 1

P. mirabilis ≤ 0.03 0.06

ESBL P. mirabilis 0.06 0.12

Indole-positive Proteae 0.06 0.06

Citrobacter spp.

C. freundii 0.12 0.5

C. koseri 0.06 0.12

Enterobacter spp. 0.25/4 0.25/4

E. cloacae 0.12 0.5

E. aerogenes 0.12 0.25

M. morganii 0.06 0.12

Serratia spp.

S. marcescens 0.12 0.5

Providencia spp. 0.12 0.5

H. influenzae

S. maltophilia

Acinetobacter spp. 32 > 32 2/4 > 16/4 32/4 64/4

aMICs in μg/ml.
bFixed concentration 4 μg/ml.
Sources: Data compiled from Castanheira et al. (2015): 20,709 Enterobacteriaceae, ampicillin–sulbactam, piperacillin–tazobactam, 

ceftazidime–avibactam, USA 2011–2013; Farrell et al. (2013): 9,042 Gram-negative isolates, piperacillin–tazobactam, ceftolozane- 
tazobactam, USA 2011-2012; (Farrell et al., 2014) 233 Acinetobacter spp., ceftolozane–tazobactam, Europe 2012; Flamm et al. 
(2014b): 139 A. baumannii bloodstream isolates, ceftazidime–avibactam, USA 2012; Sader et al. (2014n): 10,532 Gram-negative 
isolates, ceftolozane–tazobactam, Europe 2011–2012; Swenson et al. (2004): 196 Acinetobacter spp., ampicillin–sulbactam, USA; 
Zhanel et al. (2013):13,042 Gram-negative isolates, amoxicillin–clavulanate, piperacillin–tazobactam, Canada 2007–2011; Lapuebla 
et al. (2015a): 4,841 Gram-negative isolates, imipenem–relebactam, New York 2013–2014; Lapuebla et al. (2015b): 4,500 Gram-
negative isolates, meropenem–vaborbactam, New York 2013–2014.
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enterococci. Tazobactam does not improve the action of pip-
eracillin against penicillin G–resistant pneumococci or against 
resistant strains of Corynebacterium jeikeium (Jones and 
Barry, 1989). Only very few strains of Gram-positive anaer-
obes, such as Clostridium spp., produce beta-lactamase, and 
these are sensitive to piperacillin–tazobactam. All others are 
susceptible to piperacillin alone (Appelbaum et al., 1993).

Beta-lactamase-producing strains of N. gonorrhoeae, N. 
meningitidis, H. influenzae, and M. catarrhalis are suscepti-
ble to piperacillin–tazobactam. Tazobactam also enhances 
the activity of piperacillin against most strains of E. coli, 
Klebsiella, Proteus, Providencia spp., Citrobacter diversus, 
and M. morganii. It only occasionally enhances the activity of 
piperacillin against Enterobacter spp., C. freundii, and S. mar
cescens. Tazobactam usually does not enhance the activity 
of piperacillin against Aeromonas hydrophila, P. aeruginosa, 
B. cepacia, S. maltophilia, and Acinetobacter spp. (Acar et al., 
1993; Chen et al., 1993; Fass and Prior, 1989; Jones and Barry, 
1989; Kuck et al., 1989; Stobberingh et al., 1994). Giwercman 
et al. (1990) showed that among patients with cystic fibrosis 
treated with beta-lactam antibiotics, P. aeruginosa strains that 
produced large quantities of chromosomal beta-lactamase 
were selected, and these were resistant to piperacillin. Tazo-
bactam restored their sensitivity to piperacillin. However, 
most other investigators have not been able to demonstrate 
any improvement of the activity of piperacillin against P. 
aeruginosa in the presence of tazobactam (Acar et al., 1993; 
Eliopoulos et al., 1989; Fass and Prior, 1989; Reeves et al., 
1993).

Bacteroides fragilis and other anaerobes of the B. fragilis 
group, such as B. vulgatus, B. distasonis, and indole-positive 
B. thetaiotaomicron and B. ovatus, are nearly always suscep-
tible to piperacillin–tazobactam (Betriu et al., 2008; Bour-
gault et al., 1992; Namavar et al., 1994). This also applies to 
cefoxitin-resistant strains (Aldridge, 1993). Prevotella spp., 
such as P. bivia, P. disiens, and P. melaninogenica, and bacte-
ria of the Porphyromonas and Fusobacterium spp. are also 
nearly always susceptible to piperacillin–tazobactam (Appel-
baum, 1993; Appelbaum et al., 1986; Eliopoulos et al., 1989).

Tazobactam is used in combination with ceftolozane, a 
novel antipseudomonal cephalosporin. The combination is 
very active against E. coli and retains activity against many 
of the ESBL-phenotype, multidrug- and extensively drug- 
resistant strains (Farrell et al., 2014; Sader et al., 2014c). 
Ceftolozane–tazobactam is active against most K. pneumo
niae strains, with some ESBL-phenotype and multidrug- 
resistant strains exhibiting elevated MIC values (Sader et al., 
2014c; Tables 13.2 and 13.3). The drug combination is active 
against Klebsiella oxytoca, Enterobacter spp., Citrobacter spp., 
P. mirabilis, indole-positive Proteae, and Serratia spp. Activity 
against Acinetobacter spp. has been variable in a limited 
number of tested isolates (Sader et al., 2014c; Table 13.2). 

Compared to other antipseudomonal cephalosporins, 
ceftolozane is more potent against P. aeruginosa and is active 
against various drug-resistant phenotypes. These properties 
are attributed to its ability to evade multiple P. aeruginosa 
resistance mechanisms, including efflux pumps, reduced 

uptake through porins, and modification of protein binding 
proteins (Zhanel et al., 2014). The addition of tazobactam 
extends the activity of ceftolozane to include most ESBL-
producing strains and multidrug-resistant and carbapenem- 
non-susceptible isolates. The drug combination also 
demonstrates in vitro activity against B. cepacia (Livermore 
et al., 2009). 

In a collection of P. aeruginosa isolates from Canadian 
hospitals (n = 2,435), MIC90 to ceftolozane–tazobactam was 
32-fold lower compared to ceftazidime (Walkty et al., 2013). 
In a collection from 31 medical centers in Europe (n = 
2,191), high rates of multidrug resistance (31.9%) and exten-
sive drug resistance (24.6%) were observed. Notably 11.6% 
of P.  aeruginosa isolates were susceptible only to colistin. 
Ceftolozane–tazobactam was generally 4-fold more active 
than ceftazidime (Sader et al., 2014b). In a US survey nonurine 
isolates of P. aeruginosa (n = 1,257) were collected from 44 
hospitals in 2012–2013. Ceftolozane–tazobactam displayed 
the greatest potency (MIC90 = 2 mg/L) and 97% susceptibil-
ity of all compounds against P. aeruginosa (Sutherland and 
Nicolau, 2015). The drug combination was highly active 
against isolates that were nonsusceptible to the carbapenems 
or piperacillin–tazobactam.

Ceftolozane–tazobactam demonstrated greater in vitro 
activity than currently available cephalosporins, carbapenems, 
and piperacillin–tazobactam when tested against P. aerugi
nosa isolates recovered from patients with pneumonia in a 
collection from European and US medical centers (Farrell 
et al., 2014). Among 50 nonduplicate multidrug-resistant 
P.  aeruginosa isolates from 18 children with cystic fibrosis, 
86% were tested susceptible to ceftolozane–tazobactam 
(based on the FDA-derived breakpoint ≤ 4 μg/ml) (Kuti et 
al., 2015). Among these isolates, only 46% were susceptible 
to meropenem, 58% to ceftazidime, and 50% to piperacillin/
tazobactam. Ceftolozane–tazobactam was the most active 
agent (MIC90 = 8 mg/l). A higher drug dose (3 g i.v. every 
8  hours) will likely achieve adequate time above the MIC 
against P. aeruginosa, currently classified as intermediate 
(8/4 μg/ml) (see section 4a, Adults and section 5c, Clinically 
important pharmacokinetic and pharmacodynamic features).

The potency of the drug combination against Entero-
bacteriaceae has been demonstrated in in vitro studies. The 
activities of ceftolozane–tazobactam against 67 ESBL-
producing isolates of Enterobacteriaceae were examined by 
the checkerboard technique. Isolates included E. coli (n = 
32), K. pneumoniae (n = 19), E. cloacae (n = 15) and C. freun
dii (n = 1). When combined with a fixed amount of 4 mg/l of 
tazobactam, 90% of the isolates had an MIC of ≤ 4 μg/ml 
(Melchers et al., 2015). However, even with increasing tazo-
bactam concentrations, MICs remained high for K. pneumo
niae isolates producing SHV-5 and CTX-M-15. In another 
study, the addition of tazobactam at 4 μg/ml lowered the 
ceftolozane MIC50/MIC90 to ≤ 0.25/0.5 μg/ml against clinical 
E. coli isolates producing CTX-M-14 (n = 26) and CTX-M-
15 ESBLs (n = 219), thus restoring susceptibility (Estabrook 
et al., 2014). MICs for ceftolozane were decreased as much 
as 128-fold. Of note, tazobactam demonstrated an in vitro 
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post-beta-lactamase-inhibitor effect when combined with 
ceftolozane against CTX-M-15-producing E. coli strains 
(Sader et al., 2014d). 

Ceftolozane–tazobactam does not exhibit reliable anti-
staphylococcal activity but has activity against other Gram-
positive pathogens (Streptococcus anginosus, Streptococcus 
constellatus, and Streptococcus salivarius) (Liscio et al., 2015). 
The in vitro activity of the drug against species of the Bac
teroides fragilis group is variable (MIC90 values range from 2 
to 64 μg/ml) (Armstrong et al., 2015). The drug combination 
shows good activity against Prevotella spp., Fusobacterium 
spp., and Propionibacterium spp. and limited activity against 
Clostridium spp. (Snydman et al., 2014). For the treatment 
of anaerobic infections, combination with metronidazole is 
recommended.

AVIBACTAM

Avibactam possesses limited intrinsic antibacterial activity. 
When used as a single agent, avibactam demonstrated an in 
vitro inhibitory effect against ceftazidime-resistant strains of 
E. coli, E. cloacae, and K. pneumoniae but not against P. aeru
ginosa or C. freundii strains (Berkhout et al., 2015; Lagace-
Wiens et al., 2011). The in vitro antibacterial activity of 
avibactam when used in combination has been demonstrated 
in several studies (Aktas et al., 2012; Endimiani et al., 2009; 
Lagace-Wiens et al., 2011; Levasseur et al., 2012; Livermore 
et al., 2011; Mushtaq et al., 2010a; Mushtaq et al., 2010b; 
Stachyra et al., 2009; Walkty et al., 2011). These initial find-
ings have been corroborated by testing large collections of 
contemporary isolates from North America and Europe 
(Castanheira et al., 2015; Castanheira et al., 2014b; Karlowsky 
et al., 2013; Sader et al., 2015a; Sader et al., 2015c; Table 13.2). 
Similar findings have been reported on isolates collected 
from the Mediterranean region, Latin America, South Africa, 
Australia, and Southeast Asia (Flamm et al., 2014c; Wang 
et  al., 2014). Activity of ceftazidime–avibactam has been 
demonstrated against Gram-negative bacteria isolated from 
bloodstream, pulmonary, intraabdominal, and urinary tract 
infections (Flamm et al., 2014b). The combination of ceftar-
oline with avibactam exhibited in vitro activity against ESBL-
producing E. coli and K. pneumoniae isolates recovered from 
skin and soft tissue infections (Flamm et al., 2014a).

Ceftazidime–avibactam has potent bactericidal activity 
against multidrug-resistant Enterobacteriaceae and P. aeru
ginosa (Keepers et al., 2014). Avibactam has potent activity 
against strains that exert various mechanisms of resistance. 
Against most ceftazidime-non-susceptible isolates of Entero-
bacteriaceae, the addition of avibactam at 4 mg/l restored 
ceftazidime activity, with MICs reduced 256-fold for ESBL 
producers, 8- to 32-fold for CTX-M producers, and > 128-
fold for KPC-producers (Levasseur et al., 2015). When tested 
against AmpC-, ESBL-, and KPC-producing Enterobacteria-
ceae or P. aeruginosa, avibactam at 4 mg/l lowered the MICs 
of ceftazidime, ceftaroline, or aztreonam up to 2048-fold (to 
≤ 4 mg/l) (Li et al., 2015). Ceftazidime–avibactam is effective 
against most isolates of P. aeruginosa and the frequency of 

resistance development in strains containing de-repressed 
ampC alleles is very low (Lahiri et al., 2015b). 

Aztreonam is stable against MBLs (e.g. NDM, IMP, VIM), 
but can be hydrolyzed by ESBLs or AmpC enzymes that are 
often produced in conjunction with MBLs. The combination 
of aztreonam with avibactam has potent in vitro activity 
against these carbapenemase-producing Enterobacteriaceae 
(Biedenbach et al., 2015). Similarly, in a murine thigh model, 
treatment with aztreonam–avibactam resulted in maximal 
activity against all 14 MBL-producing Enterobacteriaceae, 
whereas aztreonam monotherapy reduced the bacterial 
density of only two isolates (Crandon and Nicolau, 2013). 
In a contemporary collection of carbapenemase-producing 
Gram- negative bacilli (177 Enterobacteriaceae, 5 P. aerugi
nosa) from the USA and Singapore, aztreonam–avibactam 
was highly active against most isolates that were utilizing dif-
ferent resistance mechanisms (KPC, NDM, IMP, OXA-48, 
OXA-181, OXA-232, IMI, VIM, SME) with the exception 
of two NDM-positive E. coli isolates (Vasoo et al., 2015). 
Ceftazidime–avibactam and aztreonam–avibactam were also 
found to have potent in vitro antimicrobial activity against 
carbapenem-non-susceptible Enterobacteriaceae without car-
bapenemase production (Dupont et al., 2015; Mutters et al., 
2015). The presumed mechanism of carbapenem resistance 
in these isolates was the combination of outer membrane 
porin deficiency with ESBL and/or de-repressed AmpC-
beta- lactamase production. It is interesting that ceftazidime–
avibactam showed in vivo activity against NDM-producing 
E. coli and K. pneumoniae strains in a murine thigh model 
despite in vitro resistance (MacVane et al., 2014b). Avibactam 
does not inhibit NDM. Presumably, this in vivo potency is 
explained by inhibition of class A and class C beta-lactamases 
that are coproduced.

Avibactam does not improve the activity of ceftazidime 
against Acinetobacter spp. (Sader et al., 2014a; Testa et al., 
2015; Yoshizumi et al., 2015) or Burkholderia spp. Ceftazidime– 
avibactam has limited activity against most beta-lactamase- 
producing anaerobic Gram-negative bacteria (Citron et al., 
2011). Hence combination with metronidazole is recom-
mended for the treatment of polymicrobial intraabdominal 
infections (Dubreuil et al., 2012). However, the combination 
of ceftaroline fosamil with avibactam demonstrates potent in 
vitro activity against Bacteroides spp. and Prevotella spp. Thus 
ceftaroline–avibactam may be appropriate as a single agent 
for the treatment of mixed aerobic-anaerobic infections 
(Bhalodi et al., 2013; Goldstein et al., 2013a; Werth and 
Rybak, 2014). 

Imipenem and cefoxitin demonstrate variable rates of sus-
ceptibility against Mycobacterium abscessus (Lavollay et al., 
2014). The production of BlaMab, a class A beta-lactamase, con-
tributes to beta-lactam resistance. Avibactam inhibits BlaMab 
via the reversible formation of a covalent adduct (Dubee et 
al., 2015a). Ceftaroline is also hydrolyzed by BlaMab. However, 
the addition of avibactam potentiates the in vitro activity of 
ceftaroline and the combination requires further evaluation in 
the treatment of M. abscessus infections (Dubee et al., 2015b).
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RELEBACTAM

Relebactam does not appear to exhibit any antibacterial 
activity when administered on its own, but in combination 
with imipenem, it demonstrates strong synergistic activity. 
Previous in vitro studies have shown that relebactam exhibits 
a strong dose-dependent synergy with imipenem against 
KPC-producing K. pneumoniae (Hirsch et al., 2012; Liver-
more et al., 2013). Addition of relebactam led to a 64-fold 
reduction in the imipenem MICs for KPC-producing K. pneu
moniae, from 128 mg/l to 2 mg/l (Hirsch et al., 2012). In 
another study, imipenem–relebactam showed activity against 
KPCs as well as combinations of impermeability and AmpC 
or ESBL (Livermore et al., 2013). In this study, relebactam 
added at a dose of 1 mg/l led to 70% of imipenem-resistant 
isolates becoming susceptible. The other 30% of strains 
became susceptible when the relebactam dose was increased 
to 2 mg/l. Weaker synergy was observed for organisms with 
OXA-48 carbapenemases.

It appears that relebactam must be dosed at higher levels 
to achieve synergy against P. aeruginosa, compared to 
Enterobacteriaceae. A dose of 8 mg/l was required to lower 
the imipenem MIC for OprD-deficient P. aeruginosa strains, 
and a dose of 16–32 mg/l was required to lower the imipe-
nem MIC for multiresistant P. aeruginosa strains to 4–8 mg/l. 
Relebactam has in vitro synergy with imipenem against 
P.  aeruginosa with metallo-carbapenemases. In a study of 
Enterobacteriaceae, P. aeruginosa, and Acinetobacter bau
mannii clinical isolates from New York City, relebactam at 
a  fixed dose of 4 mg/l restored imipenem susceptibility to 
97% of KPC-producing K. pneumoniae and increased imipe-
nem susceptibility rates for imipenem-resistant P. aeruginosa, 
including OprD-deficient and AmpC-overexpressing strains, 
from 70% to 98% (Lapuebla et al., 2015a). Relebactam showed 
no synergy with imipenem against A. baumannii.

VABORBACTAM

Like relebactam, vaborbactam does not appear to exhibit 
any antibacterial activity on its own. When combined with 
a carbapenem, it shows strong synergy against class A beta- 
lactamases, and especially against KPCs (Drawz et al., 2014). 
A vaborbactam dose as low as 3 mg/l has been shown to be 
sufficient to reduce the biapenem MIC for KPC-producing 
strains from 32 to 1 mg/l (Hecker et al., 2015). Vaborbactam 
also appears to exhibit dose-dependent synergy against 
Enterobacteriaceae with SME and IMI/NMC-A carbapene-
mases (Livermore and Mushtaq, 2013). Among these organ-
isms, a vaborbactam dose as low as 2 mg/l restored biapenem 
susceptibility in greater than 90% of biapenem-resistant iso-
lates. In contrast, vaborbactam shows weak synergy against 
Enterobacteriaceae with combined impermeability and 
AmpC or ESBLs and shows no synergy against metallo- 
carbapenemases and OXA-48. In a study of clinical isolates 
of KPC-producing Enterobacteriaceae from New York City, 
the combination of meropenem–vaborbactam led to a 64- 
to 512-fold increase in the meropenem MIC, with 98.3% of 

KPC-producing isolates inhibited when vaborbactam was 
dosed at 8 g/ml (Lapuebla et al., 2015). Vaborbactam showed 
no synergy with meropenem against A. baumannii or P. 
aeruginosa. Although carbapenem resistance in anaerobic 
bacteria is rare, one study did assess the in vitro activity of 
biapenem–vaborbactam against Bacteroides spp. with class B 
zinc metallo-carbapenemases. This study found that vabor-
bactam showed no antibacterial activity alone and had no 
synergistic activity with biapenem against anaerobes (Gold-
stein et al., 2013b).

2b.  Emerging resistance and 
cross-resistance

The increasing frequencies of highly active ESBLs as well as 
other mechanisms for resistance to beta-lactams have reduced 
the usefulness of beta-lactam combinations with clavulanic 
acid or sulbactam.

TAZOBACTAM

ESBLs are mainly found in Enterobacteriaceae, in particular 
in E. coli and Klebsiella spp. The combination of piperacillin–
tazobactam is effective against a higher proportion of ESBL-
producing E. coli and Klebsiella strains compared to 
ticarcillin–clavulanate. However, the effectiveness of tazo-
bactam may be reduced in pathogens that produce multiple 
ESBLs or have additional mechanisms of resistance, such as 
the production of AmpC beta-lactamases. ESBL-producing 
organisms may be reported in vitro susceptible to pipera-
cillin–tazobactam, even according to the current lowered 
breakpoints (Chen et al., 2011; Hoban et al., 2012; Marchaim 
et al., 2012). However, in vitro susceptibility does not neces-
sarily translate into clinical efficacy. An inoculum effect, in 
which the MIC of the antibiotic is increased when a large 
number of organisms are exposed, has been proposed as an 
explanation of this reduced efficacy and was demonstrated in 
an animal model of pneumonia (Harada et al., 2014). 

Clinically, emergence of resistance to piperacillin–tazo-
bactam during treatment has been demonstrated in a case of 
endocarditis caused by an ESBL-producing strain of K. pneu
moniae (Zimhony et al., 2006). In a longitudinal study of iso-
lates from intensive care unit patients in the USA, a marked 
increase in resistance to piperacillin–tazobactam (from 18% 
to 37%) was seen in isolates of Acinetobacter spp. from 1993–
1995 to 2002–2004 (Lockhart et al., 2007). A strong correla-
tion has been demonstrated between previous exposure to 
piperacillin–tazobactam and emergence of resistance to this 
combination among isolates of P. aeruginosa (Harris et al., 
2002). A possible reduction in the risk of emergence of resis-
tance to piperacillin–tazobactam by combining it with levo-
floxacin has been suggested, but it needs to be confirmed in 
further studies (Schwaber et al., 2003; Zhanel et al., 2006). 
Acquisition of resistant bowel flora was shown to be more 
common after treatment with piperacillin–tazobactam than 
after ertapenem therapy (DiNubile et al., 2005). However, 
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in contrast to ceftizoxime, piperacillin–tazobactam did not 
select for resistant mutants of E. cloacae or B. fragilis in vitro 
or in vivo (Stearne et al., 2004).

P. aeruginosa is able to adapt to effective beta-lactams, 
including the newer cephalosporin ceftolozane, through a 
variety of mutations affecting AmpC, its intrinsic beta- 
lactamase. AmpC de-repression was the most prevalent 
mechanism of resistance among P. aeruginosa isolates in a 
contemporary collection from 27 US hospitals (Castanheira 
et al., 2014a). Among isolates that harbored AmpC de- 
repression and/or loss of the outer membrane channel OprD, 
which allows the entry of carbapenems into the cell, con-
comitant hyperexpression of efflux pumps was commonly 
observed. MIC values for ceftolozane–tazobactam ranged 
from 1 to 16 μg/ml for the isolates overexpressing AmpC. 
The 16 isolates displaying MIC values of ≥ 8 μg/ml presented 
six different combinations of mutation-driven mechanisms. 
Thus development of high-level resistance to ceftolozane–
tazobactam appears to occur in a setting in which multiple 
mutations lead to overexpression and structural modifica-
tions of AmpC (Cabot et al., 2014). In a collection from 
French hospitals (n = 2.040), the rate of extended-spectrum 
AmpC-producing mutants was 1.5% (Berrazeg et al., 2015). 

In a hollow-fiber infection model, using a clinical isolate 
of P. aeruginosa (ceftolozane–tazobactam MIC 4 μg/ml), the 
least (62.5/31.25 mg) and most (2000/1000 mg) intensive 
ceftolozane–tazobactam dosing regimens did not select for 
drug resistance (VanScoy et al., 2014). However, resistance 
emerged with intermediately intensive dosing regimens 
(125/62.5 through 1000/500 mg) and this observation should 
be taken into account when designing drug regimens.

AVIBACTAM

Despite the greater potency of novel antibiotic regimens, 
there is concerning evidence of resistance to the combina-
tion of beta-lactams with avibactam. In a study of archived 
beta-lactam-resistant P. aeruginosa clinical isolates from 2005 
to 2008, resistance to ceftazidime–avibactam was unexpect-
edly noted in 17% (9 of 53) (Winkler et al., 2015). This type 
of resistance may be driven by altered outer membrane per-
meability or overexpressed efflux pumps. Similarly, resistance 
of a KPC-3-producing K. pneumoniae isolate to ceftazidime–
avibactam (MIC,32/4 μg/ml) was reported in a patient with 
no prior exposure to the drug combination (Humphries et 
al., 2015).

In a large collection of Gram-negative organisms from 
intensive care unit patients, for whom P. aeruginosa was 
the most common isolate in ventilator-associated pneumo-
nia, ceftazidime–avibactam was more potent compared to 
beta- lactam monotherapy for multidrug- and extensively 
drug- resistant isolates (Sader et al., 2015b). Of concern, 
 ceftazidime–avibactam was not active against 19.3% of 
 ceftazidime-non-susceptible and 13% of meropenem-non- 
susceptible Pseudomonas strains.

Ceftazidime–avibactam displays activity against geneti-
cally diverse KPC-producing K. pneumoniae strains. In a study 
of 72 clinical isolates, all KPC-2-producing strains exhibited 

ceftazidime-avibactam MICs ≤ 4 μg/ml. However, both ESBL 
production and presence of porin mutations were associated 
with higher MICs compared to those seen with either factor 
alone (Shields et al., 2015). Judicious antibiotic use in this 
setting will be important to prevent emergence of resistance. 
Finally, in a collection from US hospitals, three K. pneu
moniae isolates were producing metallo-beta-lactamases: 
two NDM-1 producers and one strain carrying the blaKPC-2 
and blaVIM-4 genes (Castanheira et al., 2015). These strains 
were expectedly resistant to ceftazidime–avibactam (MICs > 
32 μg/ml).

No significant cross-resistance between fluoroquinolones 
and ceftazidime–avibactam has been observed (Pitart et al., 
2015). Similarly, there is generally a lack of cross-resistance 
between gentamicin and ceftazidime–avibactam among 
Entero bacteriaceae. On the contrary, isolates of P. aeruginosa 
that are nonsusceptible to gentamicin appear to co-select for 
moderately decreased susceptibility to ceftazidime–avibactam 
as well (Denisuik et al., 2015).

3. MECHANISM OF DRUG ACTION

Beta-lactamase inhibitors are used in combination with beta- 
lactam antibiotics to prevent their destruction by various 
beta-lactamases. Clavulanic acid is a potent inhibitor of many 
beta-lactamases (Reading et al., 1983). The drug binds ini-
tially beta-lactamases and functions as a competitive inhibi-
tor; this is followed by acylation of these enzymes through 
the beta-lactam carbonyl part of the clavulanic acid mole-
cule. This mechanism is similar to the reaction between a 
beta-lactamase and a labile beta-lactam antibiotic, such as 
penicillin G. In the latter case, the acyl enzyme undergoes 
rapid hydrolysis to release active enzyme, again together with 
penicillin-degradation products. By contrast, the acyl enzyme 
formed by reaction with clavulanic acid is hydrolyzed only 
very slowly, and therefore the enzyme is transiently inhibited. 
Beta-lactamases differ in their susceptibility to inhibition by 
clavulanic acid. Those that are readily inhibited include 
staphylococcal and E. faecalis beta-lactamases and the plas-
mid-mediated enzymes (e.g. TEM-1), which are widespread 
among the Enterobacteriaceae, P. aeruginosa, H. influenzae, 
N. gonorrhoeae, and M. catarrhalis. Clavulanic acid is a more 
potent inhibitor compared to sulbactam for both conven-
tional- and extended-spectrum beta-lactamases (Payne et 
al., 1994). Overall, clavulanic acid and tazobactam had simi-
lar potency against both sets of enzymes.

Rare E. coli strains have been reported in which the 
enzyme is not well inhibited, apparently because the TEM 
beta- lactamase is hyperproduced (Livermore and Seetul-
singh, 1991; Page et al., 1989; Reguera et al., 1991). Further-
more, TEM-derived variant beta-lactamase with increased 
resistance to clavulanic acid and other beta-lactamase inhib-
itors can be selected in vitro by repeated subculture of E. coli in 
the presence of subinhibitory concentrations of amoxicillin– 
clavulanate (Thomson and Amyes, 1993). Such E. coli strains 
harboring clavulanic acid–resistant beta-lactamases have also 
been found in clinical isolates. It appears these have arisen 
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in vivo during amoxicillin–clavulanate treatment of E. coli 
infections (Blazquez et al., 1993; Henquell et al., 1994; Sirot 
et al., 1994; Vedel et al., 1992; Zhou et al., 1994).

Chromosomally mediated beta-lactamases of K. pneumo
niae, Proteus mirabilis, P. vulgaris, and B. fragilis are also 
readily inhibited by clavulanic acid, but chromosomally 
mediated beta-lactamases produced by M. morganii, P. rett
geri, S. marcescens, Enterobacter spp., and P. aeruginosa are 
poorly inhibited by this drug (Brown, 1981; Moellering, 1991; 
Rolinson, 1991). Chromosomally mediated beta-lactamases 
are inducible and are important causes of bacterial resistance 
to third-generation cephalosporins.

In the mid-1980s, several new plasmid-mediated ESBLs 
appeared in Klebsiella spp. and E. coli, and then also in other 
Enterobacteriaceae and P. aeruginosa. These ESBLs are capa-
ble of hydrolyzing third-generation cephalosporins such as 
cefotaxime, ceftriaxone, and ceftazidime as well as aztreo-
nam, but not carbapenems (Paterson and Bonomo, 2005). 
This group of enzymes is inhibited by clavulanic acid and 
other beta-lactamase inhibitors (Jacoby and Carreras, 1990; 
Jarlier et al., 1988; Kitzis et al., 1988; Murray, 1991; Philippon 
et al., 1989). However, another type of plasmid-mediated 
ESBL has appeared in K. pneumoniae, some other Entero-
bacteriaceae, and P. aeruginosa, which, in addition to the 
already-mentioned third-generation cephalosporins, can also 
hydrolyze cefoxitin, cefotetan, moxalactam, and, rarely, car-
bapenems. This latter group of enzymes are not inhibited by 
clavulanic acid and other beta-lactamase inhibitors (Horii 
et al., 1993; Jacoby and Archer, 1991; Jacoby and Medeiros, 
1991; Papanicolaou et al., 1990; Paterson and Bonomo, 2005; 
Pornull et al., 1993).

Sulbactam inhibits the hydrolysis of a variety of beta- 
lactams, but the exact mechanism of action is not well under-
stood (English et al., 1978; Fu and Neu, 1979; Wise et al., 
1980). The drug is recognized by beta-lactamases and forms 
an acyl enzyme by reacting with the active site serine hydroxyl 
group. The intermediate then leads to an irreversibly inhib-
ited enzyme form. 

Tazobactam inhibits beta-lactamases by a mechanism 
similar to that of clavulanic acid.

Avibactam does not contain a beta-lactam ring but can 
covalently acylate and inhibit a variety of serine beta- 
lactamases (Ehmann et al., 2012; Lahiri et al., 2013), thus 
restoring the activity of beta-lactams. Avibactam possesses 
a broader spectrum of activity compared to clavulanic acid, 
sulbactam, or tazobactam (Stachyra et al., 2010). Despite its 
limited antibacterial activity, avibactam can covalently bind 
to some penicillin-binding proteins of Gram-negative (E. coli, 
P. aeruginosa) and Gram-positive bacteria (S. aureus, S. pneu
moniae) (Asli et al., 2016). Using in vitro checkerboard 
assays, the addition of avibactam restored the antibacterial 
activity of ceftazidime, indicating full inhibition for most 
strains of Enterobacteriaceae and P. aeruginosa (Berkhout et 
al., 2015). A concentration-dependent effect was found with 
a maximum effect of avibactam at a concentration of 4 mg/l. 

Avibactam can inactivate TEM-1 (Sgrignani et al., 2014) 
and AmpC beta-lactamases (Lahiri et al., 2014a; Lahiri et al., 

2014b; Papp-Wallace et al., 2014). It is interesting that avi-
bactam was found to have no effect on the expression of 
AmpC in E. cloacae (Miossec et al., 2013), unlike several beta- 
lactams and clavulanic acid that can induce beta-lactamases. 
Unlike other beta-lactamase inhibitors that are hydrolyzed 
by KPC-2, the most prevalent class A carbapenemase, avi-
bactam, inactivates the enzyme (Papp-Wallace et al., 2015). 
In addition, avibactam binds to OXA-24 and OXA-48 
enzymes of the class D beta-lactamases (Lahiri et al., 2015a). 

Relebactam is structurally related to avibactam, with the 
exception of an additional piperidine ring (Drawz et al., 
2014). Relebactam and avibactam are predicted to function 
through a similar mechanism.

Vaborbactam, a boronic acid–based beta-lactamase inhibi-
tor, uses a novel mechanism of action compared to other 
available beta-lactamase inhibitors. The serine protease activ-
ity of boronates has long been recognized. A covalent adduct 
is formed between the serine side chain of the beta-lactamase 
enzyme and the boron atom of the inhibitor, mimicking the 
tetrahedral transition state on the acylation or deacylation 
reaction path and overall destabilizing the enzyme (Hecker 
et al., 2015).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Clavulanic acid is available for human use in combination 
with amoxicillin (see Chapter 14, Amoxicillin–clavulanic 
acid). The adult dosage of 125 mg clavulanic acid three or 
four times daily provides adequate concentrations of the 
drug in the tissues to inhibit beta-lactamases (Rolinson, 
1985). Note that the clavulanic acid dose is not increased in 
line with the amoxicillin dose in some extended-release for-
mulations. Therefore, simply increasing the number of tab-
lets is not recommended because it may result in excessively 
high doses of the beta-lactam. The combination of ticarcillin 
with clavulanic acid is administered at a dose of 3 g/0.1 g i.v. 
every 4–6 hours (see Chapter 16, Ticarcillin–clavulanic acid).

Sulbactam is administered in combination with ampicillin 
at a dose of 1 g ampicillin/0.5 g sulbactam or 2 g ampicillin/ 
1 g sulbactam i.v. every 6 hours (see Chapter 15, Ampicillin–
sulbactam). Data from comparative studies justify the use of 
the combination of drugs in a 2:1 ratio (Foulds, 1986). For 
resistant organisms, such as Acinetobacter spp., higher dos-
ages may be considered, including up to 24 g ampicillin/12 g 
sulbactam daily (Betrosian et al., 2007). Sultamicillin is an 
oral compound agent marketed in Asia consisting of ampi-
cillin esterified to sulbactam (Friedel et al., 1989). The drug 
has been evaluated in the treatment of infections of the upper 
and lower respiratory tract (Ferreira et al., 2006; Tageldin 
and Said, 1992), urinary tract (Schutz, 1996), skin and soft 
tissue (Goldfarb et al., 1987), as well as obstetric and gyneco-
logical infections (Samaha and Said, 1992). For moderate to 
severe infections, sultamicillin has been used successfully on 
an outpatient basis following intravenous use of ampicillin/
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sulbactam (Chang et al., 1989). Cefoperazone, a third-gener-
ation cephalosporin, can also be combined with sulbactam 
(Bodey et al., 1989). In clinical trials, the two drugs were 
combined both in a 1:1 ratio (Horiuchi et al., 1989) and in a 
2:1 ratio (Bodey et al., 1993; see Chapter 25, Cefoperazone 
and cefoperazone–sulbactam). The combination of cefoper-
azone and sulbactam has been given to adults in doses rang-
ing from 2 g cefoperazone plus 1 g sulbactam every 12 hours 
(Schwartz et al., 1988) to 3 g cefoperazone plus 1.5 g sulbac-
tam every 12 hours (Reitberg et al., 1988).

Piperacillin in combination with tazobactam is ad- 
 min istered intravenously (see Chapter 17, Piperacillin–
Tazobactam). The usual dose is 4 g/0.5 g every 6–8 hours or 
3 g/0.375 g every 6 hours. The drug is infused over 5 minutes 
or, more commonly, over 30 minutes (Brismar et al., 1992; 
Eklund and Nord, 1993; Strayer et al., 1994; Wise, 1993). In 
a  randomized comparative study, piperacillin/tazobactam 
12 g/1.5 g given as continuous infusion over 24 hours was 
compared with 3 g/0.375 g given over 30 minutes every 
6  hours for the treatment of complicated intraabdominal 
infection (Lau et al., 2006). Efficacy and safety were similar 
for these two regimens. Prolonged infusion of piperacillin–
tazobactam in critically ill patients with respiratory tract 
infections was associated with better 30-day survival rates 
when compared with intermittent infusion (Abdul-Aziz et 
al., 2016). Of note, these patients were not receiving renal 
replacement therapy.

Ceftolozane in combination with tazobactam is approved 
for use at a dose of 1.0 g/0.5g i.v. every 8 hours (Package 
Insert, ceftolozane–tazobactam; see Chapter 34, Ceftolozane–
tazobactam). For the treatment of complicated intraabdomi-
nal infections, metronidazole should be given concurrently. In 
a randomized trial for the treatment of ventilator-associated 
pneumonia the drug is administered at a higher dose of 3 g 
every 8 hours (clinical trial NCT02070757).

The combination of ceftazidime 2 g and avibactam 0.5 g is 
administered every 8 hours by i.v. infusion over 2 hours in 
adult patients with creatinine clearance (CrCl) > 50 cc/min 
(Package Insert, ceftazidime-avibactam; see Chapter 30, Cef-
tazidime and ceftazidime–avibactam). For the treatment of 
complicated intraabdominal infections, metronidazole should 
be given concurrently. 

Relebactam is administered intravenously with imipenem; 
500 mg of both imipenem and relebactam appears to sup-
press growth of KPC-producing K. pneumoniae and OprD-
deficient and AmpC-overexpressing P. aeruginosa strains 
(Hirsch et al., 2012). Increasing the relebactam dose to 1000 
mg in combination with imipenem led to further suppres-
sion of an additional P. aeruginosa strain. In phase II clinical 
trials investigating the use of the imipenem–cilastatin– 
relebactam combination for the treatment of complicated 
urinary tract infections and intraabdominal infections, 
125  or 250 mg of relebactam combined with 500 mg of 
 imipenem–cilastatin was dosed every 6 hours (clinical trials 
NCT01505634 and NCT01506271).

In phase III clinical trials, 2 g of vaborbactam is dosed 
intravenously in combination with meropenem 2 g every 

8 hours for up to 14 days (clinical trials NCT01505634 and 
NCT01506271).

4b.  Newborn infants and children

Regarding the mode of drug administration and dosage 
in newborn infants and children, see the relevant chapters 
(Chapter 14, Amoxicillin–clavulanic acid; Chapter 15, 
Ampicillin–sulbactam; Chapter 16, Ticarcillin–clavulanic 
acid; Chapter 17, Piperacillin–tazobactam).

There are no data regarding tazobactam use in children 
other than when used as piperacillin–tazobactam. Based on 
pharmacokinetic studies, one suggested dosage of pipera-
cillin–tazobactam for children is 100 mg of piperacillin plus 
12.5 mg of tazobactam per kg body weight administered as 
a  fixed-dose combination every 6–8 hours i.v. This dosage 
should be effective for most infections arising outside the 
central nervous system (Reed et al., 1994).

Safety and effectiveness in patients less than 18 years of 
age have not been established for ceftolozane–tazobactam and 
ceftazidime–avibactam. Phase 1 studies to characterize the 
pharmacokinetics of single intravenous dose of ceftolozane–
tazobactam (clinical trial NCT02266706) or ceftazidime–
avibactam (clinical trial NCT01893346) are being conducted 
in pediatric patients. Ceftazidime–avibactam is evaluated in 
pediatric patients with complicated urinary tract infections 
(clinical trial NCT02497781) and complicated intraabdomi-
nal infections (clinical trial NCT02475733).

4c.  Pregnant and lactating mothers

Regarding drug administration in pregnant and lactating 
mothers, see the relevant chapters (Chapter 14, Amoxicillin–
clavulanic acid; Chapter 15, Ampicillin–sulbactam; Chapter 
16, Ticarcillin–clavulanic acid; Chapter 17, Piperacillin–
tazobactam; Chapter 30, Ceftazidime and ceftazidime– 
avibactam; Chapter 34, Ceftolozane–tazobactam) .

4d.  Those requiring altered dosages

Formulations of amoxicillin–clavulanate are difficult to use 
in patients with renal impairment. Extrarenal elimination of 
clavulanic acid is much more rapid than that of amoxicillin. 
Compared to normal patients, the elimination half-life of 
amoxicillin increases 6-fold in those with severe renal fail-
ure, whereas the corresponding increase for clavulanic acid 
is only 2.6-fold. Therefore, ideally the two drugs need inde-
pendent dosage adjustment in renal failure, which is not 
possible with a fixed-drug combination. Patients with a glo-
merular filtration rate (GFR) of 35–75 ml/min per 1.73 m2 
should be given the standard dose every 8 hours, and patients 
with a GFR between 10 and 35 ml/min per 1.73 m2 should 
be given the standard dose every 12 hours (Horber et al., 
1986). Despite the more rapid elimination of clavulanic 
acid, effective concentrations of this drug were still main-
tained in serum and urine when the above dosage regimen 
was used. In patients undergoing hemodialysis, a new dose of 
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amoxicillin–clavulanate should be given after dialysis (Davies 
et al., 1988).

In patients with renal impairment, ticarcillin-clavulanate 
should be given as follows: For CrCl > 80 ml/min, 3.1 g ticar-
cillin–clavulanic acid every 4–6 hours; for CrCl 60–80 ml/
min, 3.1 g every 6 hours; for CrCl 30–60 ml/min, 3.1 g every 
8 hours; for CrCl 10–30 ml/min, 3.1 g dose every 12 hours, 
and for CrCl < 10 ml/min, 3.1 g once every 24 hours 
(Jungbluth et al., 1986). In patients undergoing hemodialy-
sis, when ticarcillin was used without clavulanic acid, ticar-
cillin concentrations were reduced during dialysis (Wise et 
al., 1974). These data support the manufacturer’s recommen-
dation to use 2 g every 12 hours and to supplement the dose 
with 3.1 g immediately after hemodialysis.

The pharmacokinetic features of piperacillin and tazo-
bactam differ slightly, but this difference does not warrant 
independent dosage adjustment of the two drugs in patients 
with renal failure. The manufacturer’s recommendations for 
dose reduction of piperacillin–tazobactam in patients with 
impaired renal function are summarized in Chapter 17, 
Piperacillin-tazobactam. In anuric patients on continuous 
venovenous hemodialysis, the half-life of piperacillin is 5.6 
hours and of tazobactam is 5.6 hours, with a considerable 
interpatient variability (Mueller et al., 2002). Hence moni-
toring of piperacillin concentrations is recommended in such 
patients if possible. Extra dosing is not required after perito-
neal dialysis (Sorgel and Kinzig, 1993), as this mode elimi-
nates very little drug. 

The recommended dosage of ceftolozane–tazobactam for 
patients with renal impairment is as follows: for CrCl 30–50 
cc/min, 750 mg (500 mg/250 mg) every 8 hours; for CrCl 
15–29 cc/min, 375 mg (250 mg/125 mg) every 12 hours. For 
patients with CrCl < 15 cc/min not on hemodialysis, dosing 
has not been studied. For patients on intermittent hemo-
dialysis, the drug should be administered at 750 mg (500 mg/ 
250 mg) for one dose, followed by 150 mg (100 mg/50 mg) 
every 8 hours (Package Insert, ceftolozane–tazobactam). 
No dosage adjustment is required in patients with hepatic 
impairment.

The recommended dosage of ceftazidime–avibactam for 
patients with renal impairment is as follows: For CrCl 31–50 
cc/min, 1.25 g (1 g/0.25 g) every 8 hours; for CrCl 16–30 cc/
min, 0.94 g (0.75 g/0.19 g) every 12 hours; for CrCl 6–15 cc/
min, 0.94 g (0.75 g/0.19 g) every 24 hours; for CrCl ≤ 5 cc/min, 
0.94 g (0.75 g/0.19 g) every 48 hours (Package Insert, ceftazi-
dime–avibactam). For patients on intermittent hemodialysis, 
the dose should be based on the patient’s estimated renal 
function (CrCl 6–15 cc/min or CrCl ≤ 5 cc/min). Avibactam 
does not undergo significant hepatic metabolism; hence 
no dosage adjustment is necessary in patients with hepatic 
impairment. No notable differences in pharmacokinetics were 
observed between the male and female cohorts in clinical 
studies. The small differences observed between the young 
and elderly cohorts are not sufficient to warrant dosing 
adjustments based on age (Tarral and Merdjan, 2015).

A phase I clinical trial found that administration of rele-
bactam in combination with imipenem in patients with 

impaired renal function did not alter the required dose 
reduction for imipenem (Drawz et al., 2014).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The pharmacokinetics of amoxicillin is unaffected by the 
simultaneous administration of clavulanic acid (Jackson et 
al., 1983). Serum levels attained after intravenous adminis-
tration of ticarcillin are also unaffected (Bennett et al., 1983). 
The bioavailability of clavulanic acid after oral administra-
tion averages some 60% of the administered dose, but this 
varies considerably (range 31.4–98.8%), indicating variable 
absorption from the gastrointestinal tract (Nilsson-Ehle et al., 
1985). After an oral dose of 625 mg amoxicillin–clavulanate 
(125 mg clavulanic acid), a mean peak serum level of 3.49 
mg/ml is attained 45 minutes after the dose; this falls to 2, 
1.4, and 0 mg/ml of clavulanic acid, at 1.5, 4, and 6 hours, 
respectively. The elimination half-life of clavulanic acid is 
59 minutes, whereas that of amoxicillin is 78 minutes. 
Doubling the dose of clavulanic acid to 250 mg increases, but 
does not double, serum levels (Jackson et al., 1983). Absorp-
tion of clavulanic acid is slightly better in the presence of 
amoxicillin (Adam et al., 1982). In healthy volunteers given 
single doses of 125 mg clavulanic acid together with doses of 
amoxicillin ranging from 250 to 875 mg, the AUC0–24 varied 
between 8.6 and 15.7 µg per hour per liter without any 
 correlation to the amoxicillin dose (GSK, product informa-
tion). In children receiving a 20 mg/kg dose of amoxicillin– 
clavulanate (4:1 ratio of amoxicillin and clavulanic acid), the 
AUCs of amoxicillin and clavulanic acid were 22.2 and 4.9 µg 
per hour per liter, respectively (Scaglione et al., 2003). In 
children, when amoxicillin–clavulanate was administered in 
a dose of 25 mg/kg (20 mg amoxicillin and 5 mg clavulanic 
acid) body weight on an empty stomach, the mean plasma 
concentrations 60–90 minutes after dosing were 7.2 μg/ml 
for amoxicillin and 2.0 mg/ml for clavulanic acid (Schaad et 
al., 1986).

Serum levels of clavulanic acid are the same whether the 
drug is taken at the beginning of meals or in the fasting state 
(Staniforth et al., 1982). As amoxicillin absorption is also 
only slightly affected by food, amoxicillin–clavulanate should 
be taken just before meals because the prevalence of gastro-
intestinal side effects, such as nausea, vomiting, and diarrhea, 
is less than when it is taken in the fasting state (Staniforth 
et  al., 1982). Administration of milk with amoxicillin–
clavulanate produces a slight decrease in clavulanic acid 
absorption, but aluminum hydroxide has no significant 
effect. In contrast, when amoxicillin–clavulanate is adminis-
tered together with cimetidine, absorption of clavulanic acid, 
and to a lesser extent amoxicillin, is enhanced (Jackson et al., 
1983).

When a 2-mg/kg clavulanic acid dose is administered 
i.v. by a rapid injection, the serum level immediately after 
injection is approximately 20 mg/ml, which falls to 4, 2, and 
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0 mg/ml at 1, 2, and 6 hours, respectively (Jackson et al., 
1983). When a 50-mg/kg amoxicillin and 5-mg/kg clavulanic 
acid dose were given as a 30-minute i.v. infusions in children, 
the mean peak concentrations at the end of the infusions 
were 121.0 µg/ml of amoxicillin and 12.0 µg/ml of clavulanic 
acid, falling to a mean of 15.8 and 1.92 µg/ml, respectively, 
after 2 hours (Jones et al., 1990).

After an i.v. infusion over 30 minutes of a single dose con-
taining 3 g of ticarcillin and 0.1 g clavulanic acid to adults, the 
peak serum levels of ticarcillin and clavulanic acid averaged 
324 and 8 µg/ml, respectively, immediately after the infusion. 
At 1 and 5.5 hours after the infusion, serum ticarcillin con-
centrations averaged 223 and 6 µg/ml, respectively, and those 
of clavulanic acid were 4.6 and 0 µg/ml, respectively (Ameri-
can Society of Hospital Pharmacists, 1986). Clavulanic acid 
is 20% bound to serum proteins (Bergan et al., 1986).

The pharmacokinetics of ampicillin is not affected by co- 
administration of sulbactam (Foulds et al., 1983). Approx-
imately 28% of ampicillin and 38% of sulbactam is bound 
to human serum protein. Sultamicillin is an orally absorbed 
double ester of sulbactam and ampicillin. The addition of 
sulbactam significantly increases the bioavailability of oral 
ampicillin when the two drugs are administered in the form 
of the prodrug sultamicillin (Hampel et al., 1988). The bio-
availability for both drugs from sultamicillin as estimated 
from both plasma and urine pharmacokinetics is better than 
80% (Hj et al., 1983). 

The serum levels of piperacillin administered as a single 
drug are the same as when the drug is given together with 
tazobactam (Sorgel and Kinzig, 1993). By contrast, piperacil-
lin inhibits renal clearance of tazobactam, leading to higher 
tazobactam serum levels and a prolongation of its elimina-
tion half-life. Piperacillin probably inhibits tubular secre-
tion of tazobactam. When 0.5 g of tazobactam is infused 
over 30 minutes as a single drug, the maximal serum level 
after the infusion averages 27.1 µg/ml, the terminal half-life 
is 0.67 hour, and its renal clearance is 268 ml/minute. About 
75.8% of the administered dose is excreted by the kidney. 
When 0.5 g of tazobactam is infused intravenously over 5 min-
utes together with 4 g of piperacillin, the maximal average 
serum level is 35.3 µg/ml, the terminal half-life is 0.92 hour, 
and its renal clearance is only 188 ml/minute. Only about 
68.2% of the given dose is excreted by the kidney (Kinzig et 
al., 1992; Sorgel and Kinzig, 1993; Van Der Auwera et al., 
1993). Tazobactam is 20–23% bound to human serum pro-
tein (Sorgel and Kinzig, 1993).

Avibactam is administered intravenously in combination 
with other beta-lactams. Avibactam pharmacokinetics are 
comparable whether the drug is administered alone or in 
combination with ceftazidime (Tominaga et al., 2015). Oral 
bioavailability of the drug is limited (6.2% of that observed 
after intravenous infusion) (Merdjan et al., 2015).

5b.  Drug distribution

Clavulanic acid is well distributed in animals after adminis-
tration of amoxicillin–clavulanate or ticarcillin–clavulanate. 

Adequate concentrations occur in peritoneal and pleural 
fluid, lymph, pus, and infected tissue homogenates. This is 
also the case for middle ear fluid (Scaglione et al., 2003) as 
well as in lung tissues in patients with pneumonia (Cook et 
al., 1994). Sometimes amoxicillin concentrations measured 
after amoxicillin–clavulanate were higher than those after 
treatment with amoxicillin alone, presumably as a result of 
inhibition of bacterial beta-lactamases by clavulanic acid at 
the site of infection (Boon et al., 1982; Woodnutt et al., 1990; 
Woodnutt et al., 1987).

In humans, clavulanic acid does not penetrate into nor-
mal cerebrospinal fluid (CSF) to any extent (Munch et al., 
1981). In one study in humans with acute bacterial meningi-
tis, after a single 2/0.2-g dose of i.v. amoxicillin–clavulanate, 
the mean levels of amoxicillin and clavulanic acid in CSF 
were 2.25 and 0.25 µg/ml, and the CSF penetrations relative 
to plasma were 5.8% and 8.4%, respectively (Bakken et al., 
1986). However, in another investigation in which adult 
patients with bacterial meningitis received i.v. amoxicillin–
clavulanate at 200/20 mg/kg per day, divided in six doses, 
the CSF clavulanic acid levels were lower and variable. They 
ranged from undetectable to 0.8 µg/ml. The authors con-
cluded that these results do not encourage investigation of 
amoxicillin–clavulanate therapy of meningitis caused by beta- 
lactamase-producing organisms (Decazes et al., 1987).

After an i.v. dose of 3 g ticarcillin and 0.1 g clavulanic acid 
to healthy volunteers, both agents penetrated blister fluid 
rapidly (Jaresko et al., 1992). Clavulanic acid diffuses into 
normal human peritoneal fluid, where it reaches a concen-
tration of 66% of the simultaneous serum level (Houang et 
al., 1985; Manek et al., 1987; Wise et al., 1983). It also pene-
trates well into the ascitic fluid of patients with cirrhosis 
(Grange et al., 1989) and in normal human bone (Adam et 
al., 1987). Penetration in human lymph is also satisfactory.

The drug distribution of sulbactam is discussed in detail in 
Chapter 15, Ampicillin–sulbactam. Sulbactam is distributed 
in bronchial secretions, cartilage, CSF, peritoneal fluid, and 
bile. Following a 15-minute infusion of 2 g ampicillin/1 g sul-
bactam in healthy males, peak serum concentrations were 
122 μg/ml ampicillin and 59 μg/ml sulbactam (Foulds, 1986). 
After infusion of 1 g ampicillin/0.5 g sulbactam the concen-
trations were 58 μg/ml ampicillin and 30 μg/ml sulbactam. 
Ampicillin–sulbactam penetrates well in the lower respira-
tory tract. Mean drug levels in the alveolar lining fluid were 
53% and 61% of the respective serum concentrations (Valcke 
et al., 1990). In infants and children with meningitis, CSF/
serum concentrations were 39% for ampicillin and 34% for 
sulbactam in the presence of bacteria in baseline CSF cul-
tures. However, the ratios were 5% and 11%, respectively, 
when baseline CSF cultures were negative (Foulds et al., 
1987). Co-administration of sulbactam did not affect the pen-
etration of ampicillin. Concentrations of both drugs declined 
within several days of therapy, as the meningeal inflamma-
tion subsided. Although sulbactam appears in breast milk, 
the concentration is too low to be clinically significant. 

The distribution of piperacillin in the body is described in 
Chapter 17, Piperacillin–tazobactam. After a single i.v. dose 
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of 4 g piperacillin and 0.5 g tazobactam, the latter is well dis-
tributed in many body fluids and tissues. The concentrations 
in fatty tissue and muscle have been estimated to be 10–13% 
and 18–30% of the levels in plasma, respectively. Adequate 
tazobactam concentrations are also reached in normal human 
bone tissue (Incavo et al., 1994). High concentrations of 
tazobactam are reached in skin and gastrointestinal mucosa, 
where concentration of the drug exceeds the levels in plasma 
after 1 hour (Kinzig et al., 1992). High tazobactam concentra-
tions are also attained in lung tissue and bronchial secretions, 
but its concentration is lower in the gallbladder wall. High 
piperacillin levels are usually found in bile, but tazobactam 
bile concentrations are lower (1.33–42.9 µg/ml). In blister 
fluid, tazobactam reaches about half of the plasma concen-
tration (Jehl et al., 1994; Sorgel and Kinzig, 1993; Wise et al., 
1991). In inflamed soft tissue of patients with diabetic foot 
infections, adequate levels of both piperacillin and tazobac-
tam were reported (Legat et al., 2005). Among patients with 
noninflammatory occlusive hydrocephalus who have under-
gone external ventriculostomy, the AUC ratio of CSF/serum 
was 0.1 (Nau et al., 1997). Thus the usual doses of tazobactam 
are probably insufficient to achieve adequate drug concentra-
tions for the treatment of central nervous system infections. 

In a phase I trial, the epithelial lining fluid/plasma AUC 
ratio for ceftolozane was 0.48 compared to 0.26 for piperacil-
lin (Chandorkar et al., 2012). With a plasma/epithelial lin-
ing fluid penetration ratio of approximately 50%, a doubling 
of the currently approved dose regimen is needed to achieve 
> 90% probability of target attainment for nosocomial pneu-
monia. Hence for patients with normal renal function 3 g 
ceftolozane–tazobactam i.v. every 8 hours was used in a clin-
ical study of nosocomial pneumonia.

The binding of avibactam to human plasma proteins is 
low (5.7–8.2%). Among healthy volunteers, ceftazidime 
and avibactam penetrate into the bronchial epithelial lining 
fluid in proportion to the dose, with exposure to both drugs 
approximately 30% of plasma exposure (Nicolau et al., 2015). 
Of note, the antimicrobial activity of ceftazidime–avibactam 
against beta-lactamase-producing Gram-negative pathogens 
remained unaltered in vitro in the presence of pulmonary 
surfactant at concentrations that antagonized the antimicro-
bial activity of daptomycin (Dallow et al., 2014).

In phase I studies, the combination meropenem–vabor-
bactam showed adequate lung penetration, supporting its use 
in the treatment of lower respiratory tract infections caused 
by carbapenem-resistant Gram-negative pathogens (Wenzler 
et al., 2015).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

For a detailed discussion about the clinically important phar-
macokinetic/pharmacodynamic issues of the beta-lactamase 
inhibitors, see the relevant chapters of the drugs used in 
combination with beta-lactams.

The factor that determines the pharmacodynamic activity 
of both piperacillin and tazobactam is the time above the 

MIC. Using a Monte Carlo simulation model, piperacillin–
tazobactam at a dose of 3.375 g every 6 hours resulted in a 
robust target attainment rate that exceeded 95% for MICs 
of ≤ 8 μg/ml (Lodise et al., 2004). Drug administration every 
4 hours had a superior pharmacodynamic profile and pro-
vided target attainment rates exceeding 95% for MICs of 
≤ 16 μg/ml. Similar results were reported using a stochastic 
model (Ambrose et al., 2003). 

Ceftolozane–tazobactam demonstrates linear pharmaco-
kinetics and the pharmacokinetic profile of tazobactam is 
not affected by the co-administration of ceftolozane (Miller 
et al., 2012). The pharmacodynamic parameter of signifi-
cance for the combination of ceftolozane and tazobactam 
is  the percentage of time above the MIC (VanScoy et al., 
2013a; VanScoy et al., 2013b). The pharmacokinetic features 
of ceftolozane–tazobactam have been described in a patient 
on continuous venovenous hemofiltration (Oliver et al., 2015). 
A regimen of 1.5 g every 8 hours with an extended infusion 
rate of 4 hours maintained a free drug concentration above 
the MIC throughout the dosing interval.

Avibactam exposure generally increases proportionally to 
dose, and there is no trend for accumulation after multiple 
doses. Almost all avibactam is excreted largely unchanged in 
the urine within the first 6 hours after administration. Con-
comitant ceftazidime administration does not affect the safety 
and pharmacokinetic profile of avibactam (Merdjan et al., 
2015). Similarly, the pharmacokinetic and safety profiles of 
ceftaroline–avibactam demonstrate that the two drugs can 
be administered concomitantly (Riccobene et al., 2013). The 
time above a threshold concentration is the parameter that 
best predicts the efficacy of avibactam.

Relebactam appears to exhibit a dose-dependent syner-
gistic effect with imipenem until a certain plateau is reached; 
the relebactam concentration at which this plateau is reached 
varies, depending on bacterial strain (Mavridou et al., 
2015). There appears to be no relationship between peak 
concentration of relebactam and efficacy; rather, the total 
daily dose and AUC appear to show the highest correlation 
with outcomes.

The pharmacokinetic parameters of vaborbactam appear 
to be similar to those of most beta-lactam antibiotics, includ-
ing a short half-life and low volume of distribution (Hecker 
et al., 2015).

5d.  Excretion

Some clavulanic acid is excreted in the urine in the active 
unchanged form. This occurs mainly by glomerular filtration. 
Tubular secretion plays only a minor, if any, role (Staniforth 
et al., 1983). Probenecid does not delay the excretion of 
clavulanic acid. The fraction of an intravenously adminis-
tered dose which is excreted unchanged in the urine approx-
imates 50%. After oral administration, 18–38% of the dose is 
excreted unchanged in urine (Jacobs et al., 1985; Nilsson-
Ehle et al., 1985). Approximately half of the total dose of 
clavulanic acid appears to be metabolized in the body. 
Clavulanic acid is relatively unstable at 37°C, and this may 



240 Beta-Lactamase Inhibitors 

also contribute to the elimination of the drug from the body 
(Jackson et al., 1984).

More than 75% of ampicillin and sulbactam are excreted 
by the kidneys (Foulds, 1986). In contrast, less than 1% of 
sulbactam and less than 3% of ampicillin is excreted in the 
bile (Morris et al., 1986). These lower bile concentrations still 
exceed the MIC for a number of organisms; thus the combi-
nation can be used in surgical prophylaxis and for the treat-
ment of biliary tract infections with susceptible organisms.

Both piperacillin and tazobactam are mainly eliminated 
via the kidneys by both tubular secretion and glomerular fil-
tration. Probenecid reduces the renal elimination of both 
drugs (Sorgel and Kinzig, 1993). The excretion of piperacillin 
is unaffected by tazobactam. However, piperacillin slows the 
renal excretion of tazobactam. Overall, 50–60% of the admin-
istered dose of both drugs is excreted via the kidneys. Biliary 
excretion of both drugs is probably low (< 5%) (Sorgel and 
Kinzig, 1993), although some authors have reported high 
levels of piperacillin in the biliary tract in patients with no 
bile duct obstruction. The remainder of both drugs is inacti-
vated, probably chiefly in the liver.

Clearance of ceftolozane–tazobactam is highly correlated 
with renal function (Chandorkar, 2015). Moderate to severe 
renal impairment substantially affect the clearance of both 
drugs in the combination (Wooley, 2014). Tazobactam has 
no effect on the clearance of ceftolozane likely due to the fact 
that ceftolozane does not undergo significant renal tubular 
secretion (Miller et al., 2012). 

Avibactam is predominantly cleared by renal elimination 
as well. In addition to glomerular filtration, active tubular 
secretion accounts for renal drug elimination (Vishwanathan 
et al., 2014). There is no evidence of metabolism of the drug 
in plasma or urine.

5e.  Drug interactions

Probenecid has no effect on the serum levels of clavulanic 
acid, indicating that the drug is cleared by the kidney pre-
dominantly by glomerular filtration. Probenecid enhances 
and prolongs serum levels of amoxicillin (Jackson et al., 1984, 
Staniforth et al., 1983).

Most drug–drug interaction data regarding sulbactam are 
related to the ampicillin–sulbactam combination. Concurrent 
use of allopurinol and ampicillin has been associated with an 
increase in the frequency of rash due to ampicillin (Jick and 
Porter, 1981). Although in vitro data suggest that under some 
circumstances beta-lactams and aminoglycosides together 
may result in a chemical inactivation, this does not appear 
to be important under clinical conditions (Ervin et al., 1976; 
Farchione, 1981; Thompson et al., 1982). At clinically achiev-
able levels (e.g. 25 μg/ml), sulbactam does not inactivate any 
of the aminoglycosides in vitro, although at 75 μg/ml, sul-
bactam inactivates tobramycin. At 200–225 μg/ml, sulbactam 
inactivates tobramycin, gentamicin, netilmicin, and amika-
cin (Fuchs et al., 1991). The clinical relevance of these in vitro 
data is uncertain. Ampicillin–sulbactam and aminoglyco-
sides should not be reconstituted together.

Pharmacokinetic parameters and safety of ceftazidime and 
avibactam were similar after single and multiple doses with 
no observed drug–drug interaction between the two (Das 
et al., 2015). In checkerboard interaction studies, an absence 
of antagonism was demonstrated between ceftazidime– 
avibactam and six antimicrobial agents of different classes 
(tobramycin, levofloxacin, linezolid, vancomycin, tigecycline, 
and colistin) when tested against aerobic species frequently 
isolated from nosocomial pneumonia (Dallow et al., 2014).

6. ADVERSE REACTIONS AND TOXICITY

For a detailed discussion regarding the adverse reactions 
associated with the combinations of beta-lactams with beta- 
lactamase inhibitors, see the relevant chapters. 

Clavulanic acid is generally safe to use. Adverse reactions 
include diarrhea, nausea, vomiting, indigestion, rash, urti-
caria, anaphylaxis, and hepatotoxicity. Amoxicillin alone is 
associated with a higher incidence of skin rashes compared 
to amoxicillin–clavulanate. In one study in which 116 female 
patients were treated with amoxicillin–clavulanate, rashes 
were observed in 4.1% (Iravani and Richard, 1982). Rashes 
and fever were more frequent among HIV-infected patients 
(Van Der Ven et al., 1994). Amoxicillin–clavulanate has been 
associated with drug-induced liver injury. Hepatocellular 
injury is more common in younger patients (< 55 years) with 
shorter duration of treatment (mean 8 days), whereas choles-
tatic or mixed type of injury occurs in older patients (≥ 55 
years) receiving longer treatment (mean 12 days) (Lucena et 
al., 2006). Concomitant use of other potentially hepatotoxic 
drugs is a risk factor for severe or fatal injury (Yazici et al., 
2015).

Gastrointestinal side effects, such as nausea, vomiting, and 
diarrhea, are more common with amoxicillin–clavulanate 
than with amoxicillin alone (Conner, 1985; Iravani and 
Richard, 1982; Pien, 1983). This difference is small when 
adults receive the usual 125-mg individual doses of clavulanic 
acid. When this dose is doubled to 250 mg and combined with 
either the 0.5- or 3-g doses of amoxicillin, gastrointestinal 
side effects are more frequent and severe (Crokaert et al., 
1982; Lawrence and Shanson, 1985). In one study, oral admin-
istration of amoxicillin–clavulanate caused motor distur-
bances in the small intestine (Caron et al., 1991). The clinical 
significance of this is unclear. Clavulanic acid administration 
can be associated with the development of a positive direct 
Coombs reaction, but hemolysis has not been observed 
(Williams et al., 1985).

Almost all toxicity data regarding sulbactam relate to its 
use in combination with ampicillin. The drug is generally 
well tolerated. Occasional pain at the site of intravenous 
injection may occur. Severe rare reactions include ery-
thema multiforme, exfoliative dermatitis, and toxic epider-
mal necrolysis (Arca et al., 2005). Hypersensitivity reactions 
in the form of anaphylactic reactions, angioedema, and urti-
caria have been reported. The most common adverse event 
is diarrhea, which occurs in approximately 3% of patients. 
Other gastrointestinal adverse events include nausea and 
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vomiting. The use of the antibiotic has been associated with 
Clostridium difficile–associated colitis (Bartlett, 1981). Inter-
stitial nephritis has been reported as an adverse event ( et al., 
1970). Ampicillin at high doses has been associated with sei-
zures (Hodgman et al., 1984); however, seizures have not been 
reported with the use of ampicillin–sulbactam. Ampicillin– 
sulbactam is classified as a pregnancy category B medication 
because there are no well-controlled studies in humans. Both 
ampicillin and sulbactam are considered compatible with 
breastfeeding. Although sulbactam appears in breast milk, 
the concentration is too low to be clinically significant.

There are few data for tazobactam specifically, but the 
combination of piperacillin–tazobactam appears to be asso-
ciated with low rates of adverse reactions (see Chapter 17, 
Piperacillin–tazobactam). All reported side effects are those 
that may occur with piperacillin alone. In phase III clinical 
trials, gastrointestinal side effects, usually diarrhea, occurred 
in 4.6% of 944 patients treated with piperacillin–tazobactam 
(Kuye et al., 1993). Diarrhea was the only event reported 
more often after treatment with piperacillin–tazobactam than 
with piperacillin alone. A total of 21 patients (2.2%) had drug- 
related skin rash, erythema, or pruritus. Some patients devel-
oped abnormal liver function tests with elevated alkaline 
phosphatase, aspartate transaminase, alanine transaminase, 
and total bilirubin. This resolved either during treatment or 
after the cessation of the drug. These adverse reactions were 
usually not severe, and in most patients therapy could be con-
tinued (Kuye et al., 1993). During piperacillin–tazobactam 
administration, changes in intestinal microflora can be 
expected with a slight decrease in the number of Entero-
bacteriaceae and enterococci as well as some anaerobic bac-
teria, such as Eubacteria, Lactobacilli, and Clostridium spp. 
(Nord et al., 1992).

Ceftolozane–tazobactam is generally safe and well-toler-
ated; its adverse reaction profile does not differ significantly 
from other beta-lactams. In phase III clinical trials, the most 
common adverse events (occurring in more than 1% of the 
study subjects) were nausea, vomiting, diarrhea, and head-
aches (Solomkin et al., 2015; Wagenlehner et al., 2015). The 
most common laboratory abnormalities were elevated ala-
nine aminotransferase and aspartate aminotransferase levels. 
The rate of C. difficile infection was < 1% and similar to the 
incidence reported with other cephalosporins.

Avibactam alone and ceftazidime–avibactam were gener-
ally well tolerated in healthy male subjects (Tominaga et al., 
2015). In clinical studies, the most common adverse reac-
tions were vomiting (14%), nausea (10%), constipation (10%), 
and anxiety (10%) (Lucasti et al., 2013; Vazquez et al., 2012). 
Supratherapeutic doses of ceftazidime–avibactam or ceftaro-
line–avibactam were not associated with QT/QTc prolonga-
tion (Das et al., 2014). Ceftazidime–avibactam is a category 
B pregnancy drug. Avibactam was not found to be terato-
genic in rats or rabbits. It is not known whether avibactam 
is excreted into human milk, although it was shown to be 
excreted in the milk of rats in a dose-dependent manner.

Vaborbactam exhibits no discernable toxicity at doses 
of up to 1000 mg/kg/day, in terms of the standard battery of 

safety pharmacology, repeat-dose toxicology, genotoxicity, 
and reproductive and developmental toxicity studies (Hecker 
et al., 2015).

7. CLINICAL USES OF THE DRUGS

CLAVULANIC ACID

Clavulanic acid is used only in combination with amoxicillin 
or ticarcillin. For a detailed description of the clinical uses 
of these two combinations, see Chapter 14, Amoxicillin–
clavulanic acid, and Chapter 16, Ticarcillin–clavulanic acid, 
respectively.

SULBACTAM

Sulbactam has been used in the treatment of severe nosoco-
mial infections caused by multidrug- or extensively drug- 
resistant A. calcoaceticus and A. baumannii, including 
carbapenem-resistant Acinetobacter spp. Its use as a sole 
agent has not been approved by the US Food and Drug 
Administration. However, a firm recommendation regarding 
the role of combination treatment in the management of 
carbapenem-resistant Acinetobacter spp. infections cannot 
be made (Poulikakos et al., 2014).

In a pilot study conducted over a 2-year period, 42 patients 
with multidrug-resistant A. baumannii infections were stud-
ied (seven had bacteremia) (Corbella et al., 1998). A total of 
18 patients received sulbactam alone (1 g every 8 hours) 
and 24 patients received ampicillin–sulbactam (2 g/1 g every 
8 hours) with no major adverse effects. Of the 42 patients, 
39 improved or were cured and showed eradication of the 
organism. In this study, killing curves showed that sulbac-
tam was bacteriostatic and no synergy with ampicillin was 
observed. In a noncomparative study of 40 patients with 
severe infections due to multidrug-resistant A. baumannii 
conducted in Brazil, it was shown that ampicillin–sulbactam 
is a good and safe therapeutic option (Levin et al., 2003). The 
median daily dose of ampicillin–sulbactam was 6 g/3 g and 6 
patients received 12 g/6 g; 72.5% of the infections occurred 
in the intensive care unit setting. The infections were pri-
mary bacteremia (32.5%), pneumonia (30%), urinary tract 
infection (15%), peritonitis (7.5%), surgical site infections 
(7.5%), meningitis (5%), and sinusitis (2.5%). In this study 
27 patients (67.5%) were successfully treated. Of note, the 
2  patients with meningitis failed treatment. Among the 
patients who improved, the APACHE score was significantly 
lower than among those who failed treatment.

In a study from Brazil, sulbactam appeared to be more 
efficacious than the polymyxins for carbapenem-resistant 
Acinetobacter (Oliveira et al., 2008). Infections included 
mainly bacteremias, pneumonias, and surgical site infections. 
In this retrospective review, 82 patients were treated with 
polymyxins and 85 received ampicillin–sulbactam. Multi-
variable logistic regression analysis showed that polymyxin 
use was an independent predictor of mortality during treat-
ment. However, the antibiotic choice did not significantly 
affect the overall in-hospital mortality. An explanation for 
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this observation is the severity of illness in the studied popu-
lation and the difficulty distinguishing mortality attributable 
to Acinetobacter infection from that attributable to other 
comorbidities. It was interesting that renal failure occurred 
in the same proportion (26%) in both treatment groups. 
However, the sulbactam group had more patients with renal 
failure at baseline, which may have influenced the antibiotic 
choice.

Investigators from Taiwan studied the combination of a 
carbapenem plus sulbactam for the treatment of pan-drug 
resistant Acinetobacter (Lee et al., 2005). Carbapenem–sul-
bactam was not superior to the use of an antipseudomonal 
penicillin, cephalosporin, or fluoroquinolone in combina-
tion with an aminoglycoside. Nevertheless, the MICs showed 
that only 2 out of 48 isolates were susceptible to imipenem 
alone, whereas 16 of 48 were susceptible to the combination 
of imipenem plus sulbactam. For meropenem alone, MICs 
were in the susceptible range for only 3 isolates, whereas for 
meropenem plus sulbactam susceptibility was demonstrated 
for 8 out of 48 isolates. In a more recent study, four patients 
with bacteremia due to multidrug-resistant Acinetobacter, 
including due to species resistant to carbapenems and sul-
bactam, were treated with the combination of carbapenem 
plus sulbactam (Lee et al., 2007). The two antibiotics may 
have a synergistic effect, and all patients in this small study 
had a favorable clinical outcome.

Other drug combinations have been studied in the man-
agement of Acinetobacter infections. In three studies, com-
bination treatment was associated with a survival benefit. 
The combinations used were carbapenem with ampicillin–
sulbactam (Kuo et al., 2007); carbapenem with colistin (Shields 
et al., 2012); and combinations of colistin with rifampin, 
sulbactam with aminoglycosides, tigecycline with colistin 
and rifampin, and tigecycline with rifampin and amikacin 
(Hernandez-Torres et al., 2012). This survival benefit has not 
been validated in other combination treatment studies. 

The treatment of choice for bacteremia due to Acineto
bacter spp. has not been established. There are no clinical 
trials comparing the use of a beta-lactam with or without 
the use of an aminoglycoside. Current evidence supports the 
use of ampicillin–sulbactam for bacteremia if the organism 
is susceptible to the drug. In a retrospective study of 48 
patients with bacteremia conducted at a university hospital, 
ampicillin– sulbactam was deemed to be at least as effective 
as imipenem–cilastatin (Jellison et al., 2001). There was no 
statistically significant difference between days of bacteremia 
and success or failure during or at the end of treatment. An 
approach to treatment is to restrict carbapenem use even for 
susceptible Acinetobacter in order to decrease the risk of 
emergence of resistance. To that end, sulbactam may be used 
as a carbapenem-sparing agent in patients with bacteremia 
due to carbapenem-susceptible Acinetobacter organisms, 
given the similar efficacy between ampicillin–sulbactam and 
imipenem noted by Jellison et al. (2001); however, many of 
the patients in this study were not critically ill. Of note, the 
antibiotic treatment cost was lower in the sulbactam-treated 

patients without statistically significant prolongation in the 
antibiotic-related length of hospital stay. 

In another prospective trial performed in Spain, ampicillin– 
sulbactam was found to be the most active agent against 
A. baumannii bacteremia (Cisneros et al., 1996). Treatment 
with imipenem demonstrated cure rates of 83% (35 of 42 
patients), whereas cure rates with ampicillin–sulbactam were 
87.5% (7 of 8 patients). However, this was not a randomized 
study. In a retrospective study from Israel of 94 cases of blood-
stream infections due to A. baumannii, 51 (54%) involved 
multidrug-resistant strains; of these, 65% received ampicillin– 
sulbactam and 35% received inadequate antibiotic therapy. 
Of the 43 non-multidrug-resistant cases, 86% were treated 
according to susceptibility and 14% were treated inappropri-
ately. Crude mortality was similar in the adequately treated 
groups. Among severely ill patients, ampicillin–sulbactam 
was associated with a decreased risk of death (Smolyakov et 
al., 2003). It is interesting that all multidrug-resistant isolates 
were susceptible to ampicillin–sulbactam; however, the drug 
was licensed in Israel shortly before the study.

In a single case series report, ampicillin–sulbactam was 
used for the treatment of imipenem-resistant Acinetobacter 
pneumonia (Urban et al., 1993). The medication was sug-
gested to be effective as 9 of 10 patients improved clinically; 
however, the data were limited by the diagnostic tech-
niques used. Moreover, there was no comparison group. In 
a retrospective study, a total of 77 episodes of Acinetobacter 
ventilator-associated pneumonia in 75 patients were evalu-
ated; 14 patients were treated with ampicillin–sulbactam and 
63 with imipenem–cilastatin. The two drugs had similar effi-
cacy in this small group of critically ill trauma patients (Wood 
et al., 2002). Patients in the sulbactam group tended to have 
longer hospital stays; however, this was thought to be due 
to the later onset of pneumonia and not to lower efficacy of 
the antibiotic. Adjunctive aminoglycoside therapy was more 
frequently used in the sulbactam group. A prospective, ran-
domized study in critically ill patients with ventilator-associ-
ated pneumonia was conducted in Greece (Betrosian et al., 
2008). A total of 15 patients were assigned to colistin treat-
ment (9 mIU daily) and 13 to high-dose ampicillin–sulbactam 
(18 g/9 g daily). Doses were adjusted in patients with renal 
failure. The regimens were similarly safe and effective in this 
small study. Resolution of signs and symptoms occurred in 
60.0% in the colistin vs. 61.5% in the ampicillin–sulbactam 
group. Bacteriologic success was achieved in 66.6% vs. 61.5% 
and 14-day mortality was 20% vs. 15.3%, respectively. The 
differences were not statistically significant. The authors do 
not propose the routine use of such high-dose ampicillin–
sulbactam, but their results indicate that this regimen may be 
used in certain difficult clinical situations.

In a report of eight cases of nosocomial Acinetobacter 
meningitis related to head trauma or neurosurgical proce-
dures, the MIC of these isolates to ampicillin–sulbactam was 
< 8/4 μg/ml (interpreted as susceptible) (Jimenez-Mejias et al., 
1997). All A. baumannii isolates were resistant to cefotaxime, 
ceftriaxone, ceftazidime, ureidopenicillin, ciprofloxacin, and 
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gentamicin; seven isolates were resistant to imipenem. Six 
patients were cured and two died of the disease. All external 
or ventriculoperitoneal CSF shunts were removed. The mor-
tality rate was similar to that reported in previous studies 
(Siegman-Igra et al., 1993). The authors concluded that sul-
bactam may be an effective treatment option for carbapen-
em-resistant Acinetobacter meningitis.

TAZOBACTAM

The clinical uses of tazobactam are almost entirely related to 
its use in combination with piperacillin or ceftolozane and 
are therefore described in detail in Chapter 17, Piperacillin–
tazobactam and Chapter 34, Ceftolozane–tazobactam. A brief 
overview, concentrating on tazobactam, follows. Piperacillin–
tazobactam at a dose of 4 g piperacillin plus 0.5 g tazobactam 
i.v. every 8 hours is effective and safe in the treatment of 
peritonitis, usually due to a perforated viscus. At a dosage of 
3 g piperacillin plus 375 mg tazobactam every 6 hours, this 
combination was also as efficacious and at least as safe as 
a  regimen of clindamycin–gentamicin for the treatment of 
peritonitis (Polk et al., 1993). More recent studies have shown 
similar efficacy of piperacillin–tazobactam and ertapenem or 
moxifloxacin in the treatment of intraabdominal infections 
(Malangoni et al., 2006; Solomkin et al., 2003).

Noninferior results were also obtained when ertapenem 
and piperacillin–tazobactam were compared for the treat-
ment of acute pelvic infections (Roy et al., 2003). Piperacillin–
tazobactam (3 g/375 mg) i.v. every 6 hours was similar in 
efficacy to clindamycin plus gentamicin in the treatment of 
hospitalized females with infections in the upper genital 
tract (Sweet et al., 1994).

In an open, noncomparative study, the majority of patients 
with pneumonia responded well to piperacillin 4 g plus tazo-
bactam 0.5 g i.v. every 8 hours (Mouton et al., 1993). The 
main causative organisms were Streptococcus pneumoniae, 
K. pneumoniae, and H. influenzae. In one comparative trial, 
piperacillin–tazobactam appeared superior to ticarcillin–
clavulanic acid for the treatment of community-acquired 
bacterial lower respiratory tract infections (Shlaes et al., 
1994).

Wise (1993) reported experience with piperacillin–tazo-
bactam in various types of bacteremia. In most patients the 
source was the urinary tract and the causative organism was 
one of the Enterobacteriaceae, such as E. coli, Klebsiella spp., 
and P. mirabilis. The results of treatment were good in this 
group, although a small number of patients did not respond 
to piperacillin–tazobactam therapy. In a comparison of clin-
afloxacin and piperacillin–tazobactam for the treatment of 
patients with severe skin and soft tissue infections, no differ-
ences in clinical efficacy were noted, while adverse events 
leading to discontinuation of antibiotic treatment were more 
frequent in the clinafloxacin group (Siami et al., 2001).

Failure to treat bacteremia caused by an ESBL-producing 
organism with an active agent has been associated with high 
mortality (Paterson et al., 2004). In a meta-analysis of 21 
studies including 1548 patients, no difference in mortality 

was observed between carbapenems and beta-lactam/beta- 
lactamase inhibitor combination for both empiric and defin-
itive treatment (Vardakas et al., 2012). However, there was 
substantial heterogeneity in the analysis, and most studies 
were not designed to evaluate alternative treatment options. 
A publication bias was also detected. In a posthoc analysis 
of 6 prospective, observational cohort studies including 192 
patients with ESBL E. coli bacteremia, no association was 
found between beta-lactam/beta-lactamase inhibitor use and 
mortality. However, the study had limited statistical power to 
detect differences due to the small number of deaths. In a 
retrospective analysis of 331 patients with bacteremia due to 
ESBL-producing Enterobacteriaceae from a single center, the 
adjusted risk of death was 1.92 times higher for patients 
receiving empiric piperacillin–tazobactam compared with 
carbapenem therapy (Tamma et al., 2015). Mortality at 14 
days was 17% and 8%, respectively. For bacteremia and other 
severe infections due to ESBL-producing Enterobacteriaceae, 
carbapenems are considered the treatment of choice. A mul-
ticenter randomized controlled open-label noninferiority 
trial is currently under way, which, it is hoped, will define 
optimal treatment (MERINO clinical trial NCT02176122) 
(Harris et al., 2015). In this study, meropenem is compared 
to piperacillin–tazobactam in patients with bacteremia 
caused by E. coli or Klebsiella spp. demonstrating nonsuscep-
tibility to third-generation cephalosporins. Finally, data on 
the role of novel combinations (e.g. ceftolozane–tazobactam 
and ceftazidime–avibactam) for bacteremia due to ESBL-
producing Enterobacteriaceae are limited.

Ceftolozane–tazobactam is approved for clinical use in 
complicated intraabdominal and complicated urinary tract 
infections. In a phase II trial, ceftolozane–tazobactam in com-
bination with metronidazole was well tolerated and resulted 
in clinical and microbiological success rates in patients with 
complicated intraabdominal infections (Lucasti et al., 2014). 
In a prospective, double-blind phase III trial, hospitalized 
patients were randomized to ceftolozane–tazobactam plus 
metronidazole (n = 487) or meropenem (n = 506) for 4–14 
days. More than 80% of the patients had peritonitis, and 
the  most common site of infection was the appendix. All 
patients underwent a source control procedure. Ceftolozane–
tazobactam plus metronidazole was noninferior to meropenem 
in the microbiological intent to treat and microbiologically 
evaluable populations, meeting the prespecified noninferior-
ity margin of 10% (Solomkin et al., 2015). Among patients 
with ESBL-producing Enterobacteriaceae, clinical cure rates 
were 95.8% (23/24) in the ceftolozane–tazobactam plus met-
ronidazole group and 88.5% (23/26) in the meropenem group. 
In patients with ESBL-producing Enterobacteriaceae, cure 
rates were 95.8% (23/24) and 88.5% (23/26), respectively.

In a multicenter phase III trial, hospitalized adult patients 
(n = 1,083) with a diagnosis of a complicated lower urinary 
tract infection or pyelonephritis were randomized to receive 
ceftolozane–tazobactam 1.5 g i.v. every 8 hours or high-dose 
levofloxacin 750 mg i.v. daily for 7 days (Wagenlehner et al., 
2015). E. coli was the most common uropathogen. In the 
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microbiological modified intention-to-treat population, 2.7% 
(20/731) Gram-negative pathogens at baseline were resistant 
to ceftolozane–tazobactam, whereas 26.7% (195/731) were 
resistant to levofloxacin. Ceftolozane–tazobactam was non-
inferior to levofloxacin for the composite of microbiological 
eradication and clinical cure 5–9 days after treatment (non-
inferiority margin 10%). Cure rates were significantly higher 
for ceftolozane–tazobactam than for levofloxacin among 
patients aged 65 years or older, those with complicated 
lower urinary tract infections, and those with levofloxacin- 
resistant or ESBL-producing organisms. Adverse events, 
mainly nonserious, were similar in the two treatment groups.

Ceftolozane–tazobactam has been used in the treatment 
of multidrug-resistant P. aeruginosa pneumonia, as reported 
in successful cases (Gelfand and Cleveland, 2015). The 
combination is currently studied in a phase III, multi-
center,  randomized trial in comparison to meropenem for 
ventilator-associated pneumonia (clinical trial NCT02070757). 
The higher dose of 3 g every 8 hours (for normal renal func-
tion) is administered to subjects treated with ceftolozane– 
tazobactam.

AVIBACTAM

For additional details on agents developed in combination 
with avibactam, see Chapter 30, Ceftazidime and ceftazidime– 
avibactam, Chapter 35, Aztreonam and aztreonam–avibac-
tam, and Chapter 32, Ceftaroline and ceftaroline–avibactam.

Animal studies demonstrate that ceftazidime–avibactam 
is effective in ceftazidime-resistant Gram-negative septi-
cemia (Levasseur et al., 2014), intraabdominal infection 
(Endimiani et al., 2011), meningitis (Cottagnoud et al., 
2007), thigh infection (MacVane et al., 2014a), and pneumo-
nia (Housman et al., 2014). Based on data from phase II 
trials, the drug was approved for use in complicated intraab-
dominal infections and complicated urinary tract infections, 
including pyelonephritis. Drug efficacy against carbapenem- 
resistant Enterobacteriaceae has not been studied in pub-
lished clinical trials.

In a prospective, phase II, randomized, double-blind, 
active-controlled trial of adult patients with complicated 
intraabdominal infections, ceftazidime–avibactam plus met-
ronidazole had a favorable clinical response rate (91.2%, 62 
of 68) similar to that of meropenem (93.4%, 71 of 76) (Lucasti 
et al., 2013). Localized or generalized peritonitis was the pre-
dominant infectious process. The appendix and stomach/
duodenum were most commonly affected. E. coli was the 
most commonly isolated pathogen, and polymicrobial infec-
tions were present in more than one third of the study cohort. 
Of note, most patients had low APACHE II scores (≤ 10). 
The median duration of treatment was 6 days. Favorable 
outcomes were observed with both treatment regimens in 
patients with isolates that were nonsusceptible to ceftazidime 
alone at baseline. Similar response rates were observed in 
patients with ceftazidime-susceptible organisms. A phase III, 
randomized, multicenter trial on intraabdominal infections 
is currently underway (clinical trial NCT01726023).

In a prospective phase II, randomized, investigator- blinded 
study, the safety and efficacy of ceftazidime–avibactam in 
comparison to imipenem–cilastatin was studied in hospital-
ized adults with serious complicated urinary tract infection 
due to Gram-negative pathogens (Vazquez et al., 2012). 
Patients were mainly female (74%) suffering from acute 
pyelonephritis. The predominant uropathogen was E. coli 
followed by P. aeruginosa. Patients infected with a uro-
pathogen resistant to one or both study drugs were excluded. 
Most patients received 7–14 days of antibiotic therapy. Again, 
ceftazidime–avibactam had a clinical response rate (70.4%, 19 
of 27) similar to that of meropenem (71.4%, 25 of 35) for the 
microbiologically evaluable population. Among those with 
ceftazidime-resistant uropathogens, response was observed 
in 85.7% (6 of 7) receiving ceftazidime–avibactam.

The combination of ceftazidime–avibactam was studied 
in comparison to meropenem in a phase III, randomized, 
double-blind study for the treatment of nosocomial pneu-
monia, including ventilator-associated pneumonia (clinical 
trial NCT01808092). Of note, avibactam has demonstrated 
in vitro activity against P. aeruginosa isolates recovered from 
the respiratory tract of patients with cystic fibrosis who gen-
erally harbor organisms with high rates of antibiotic resis-
tance (Chalhoub et al., 2015). Another potential use of the 
drug combination is the treatment of skin and soft tissue 
infections caused by antimicrobial-resistant Gram-negative 
pathogens (e.g. diabetic foot infections).

RELEBACTAM

For additional details on imipenem-cilastatin-relebactam, 
see Chapter 37, Imipenem–cilastatin and imipenem– 
relebactam.

The combination of relebactam and imipenem–cilastatin 
has shown substantial in vitro activity against KPC-producing 
K. pneumoniae and resistant strains of P. aeruginosa. In a 
multicenter double-blind phase II clinical trial, 302 adults 
with complicated urinary tract infection or acute pyelone-
phritis were randomized to imipenem–cilastatin–relebactam 
250 mg, imipenem–cilastatin–relebactam 125 mg, or imipe-
nem placebo (clinical trial NCT01505634) (Sims et al., 2016). 
A total of 25 subjects (11% of the microbiologically evalu-
able population) had imipenem-resistant Gram-negative 
infections. Efficacy and safety outcomes were similar across 
treatment groups. Both doses of imipenem–relebactam were 
noninferior to imipenem alone. A phase II trial evaluating 
the efficacy of imipenem–cilastatin–relebactam in the 
treatment of complicated intraabdominal infections was 
recently completed; full study results are pending (clinical 
trial NCT01506271).

VABORBACTAM

The combination meropenem–vaborbactam is currently in 
phase III clinical trials for the treatment of complicated uri-
nary tract infections, acute pyelonephritis, and serious infec-
tions due to carbapenem-resistant Enterobacteriaceae, such as 
pneumonia (clinical trials NCT02166476 and NCT02168946). 
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For additional details about meropenem–vaborbactam, see 
Chapter 38, Meropenem and meropenem–vaborbactam. 
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Amoxicillin–Clavulanic Acid

David Gordon

1. DESCRIPTION

Amoxicillin–clavulanic acid is a combination product con-
sisting of the semisynthetic antibiotic amoxicillin with the 
beta-lactamase-inhibitor clavulanic acid as a potassium salt. 
Clavulanic acid is a naturally occurring beta-lactamase 
inhibitor isolated from Streptomyces clavuligerus (Brown et 
al., 1976; Reading and Cole, 1977; see Chapter 13, Beta-
Lactamase inhibitors). It contains a beta-lactam ring, and the 
sulfur of the penicillin thiazolidine ring is replaced with oxy-
gen to form an oxazolidine ring (see Figure 14.1). Clavulanic 
acid has weak intrinsic beta-lactam activity, but its clinical 
utility relates to its potent inhibition of many beta-lactamases 
(Reading et al., 1983) and its ability to protect substrate drugs 
from hydrolysis (Bush, 1988). The molecular formula of clavu-
lanic acid is C8H8KNO5. Chemically, clavulanate potassium 
is potassium –(2R,5R)-3-(2-hydroxyethylidine)-7-oxo-4-oxa-  
1-azabicyclo[3.2.0]-heptane-2-carboxylate and has a molec-
ular weight of 237.25.

A large number of different formulations containing 
variable ratios of amoxicillin–clavulanic acid in powder for 
syrup, chewable tablets, tablets, and pharmacokinetically 
enhanced formulations have been marketed, predominantly 
as Augmentin. An intravenous formulation is also available 
in some countries. Amoxicillin–clavulanic acid retains the 
antimicrobial activity of amoxicillin (see Chapter 5, Ampi-
cillin and amoxicillin), and in addition has activity against 

amoxicillin-resistant strains when the mechanism of resis-
tance is due to production of beta-lactamases susceptible to 
inhibition by clavulanic acid. This includes plasmid-encoded 
beta-lactamases produced by Staphylococcus aureus, Hae
mophilus influenzae, Moraxella (Branhamella) catarrhalis, 
Escherichia coli, other Enterobacteriaceae and Bacteroides 
fragilis (Wright, 1999). Clavulanic acid inhibits most extend-
ed-spectrum beta-lactamases (ESBLs) in vitro but in vivo its 
activity is limited (Gupta, 2007). Chromosomally encoded 
beta-lactamases produced by Enterobacter spp., Citrobacter 
spp., Serratia spp., and Pseudomonas spp. are not inhibited 
by clavulanic acid (Wright, 1999).

2. ANTIMICROBIAL ACTIVITY

Clavulanic acid has no effect on the activity of amoxicillin 
against non-beta-lactamase-producing bacteria that are nor-
mally sensitive to amoxicillin (Slocombe et al., 1984). Similarly, 
ampicillin-susceptible strains would, with rare exceptions, 
also be susceptible to amoxicillin–clavulanic acid. Brumfitt 
et al. (1983) reported a phenomenon of in vitro ampicillin- 
susceptible, amoxicillin–clavulanic acid–resistant strains of 
E. cloacae, C. freundii and S. marcescens, which was attributed 
to a greater activity of ampicillin than amoxicillin against 
these isolates. This is unlikely to be clinically significant as 
ampicillin would not be generally considered to have activity 
against these bacteria. Amoxicillin should be used in pref-
erence to amoxicillin-clavulanic acid if an organism is sus-
ceptible to both, unless activity against other pathogens in a 
polymicrobial infection is desired. The activity of amoxicillin– 
clavulanic acid against selected Gram-positive, Gram-negative, 
anaerobic bacteria, and common respiratory pathogens is 
summarized in Table 14.1.

2a.  Routine susceptibility

GRAM-POSITIVE BACTERIA 

In contrast to amoxicillin alone, strains of beta-lactamase- 
producing methicillin-sensitive S. aureus and coagulase Figure 14.1. Chemical structure of clavulanic acid.
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negative staphylococci are readily inhibited by amoxicillin–
clavulanic acid (Bush, 1988; Goldstein and Caitron, 1988). 
Minimum lethal concentrations (MICs) are slightly higher 
than for penicillin-sensitive S. aureus (Fuchs et al., 1983; 
Slocombe et al., 1984). Amoxicillin–clavulanic acid shows 
greater in vitro activity than flucloxacillin against many 
beta-lactamase-producing strains; this in vitro advantage 
does not occur with S. aureus strains that produce large 
amounts of beta-lactamase (Thomas et al., 1985). Staphy-
lococcal beta-lactamases are molecular class A (Bush group 
2a) and are further subdivided, initially serologically, into 
subtypes A to D (Richmond, 1965; Livermore, 1995). The 
epidemiological distribution of these varies: Types A and C 
are most common and type D is rare (Livermore, 1995). 
Organisms with type C beta–lactamases are less susceptible 
to amoxicillin–clavulanic acid and to other beta-lactamase 
inhibitors such as piperacillin–tazobactam (Bonfiglio and 
Livermore, 1994; see Chapter 17, Piperacillin/tazobactam). 
Methicillin-resistant S. aureus and coagulase-negative staph-
ylococci are resistant to amoxicillin–clavulanic acid (Gran-
inger et al., 1989) because resistance is mediated by an altered 
penicillin-binding protein (PBP) 2a encoded by the mecA 
gene. Recently described methicillin-resistant. aureus (MRSA) 
isolates with PBP2c encoded by mecC have beta-lactam resis-
tance mediated by a combination of PBP2c and a closely 
linked beta-lactamase (BlaZLGA251), the latter of which is 
required for resistance (Ba et al., 2015). Penicillin and clavu-
lanic acid combinations, including amoxicillin–clavulanic 
acid, have invitro and invivo activity against these mecC- 
containing MRSA. Furthermore, Mehta et al. (2012) reported 
that beta-lactams, including amoxicillin–clavulanic acid, had 
synergistic activity with daptomycin against daptomycin- 
resistant MRSA strains and, in addition, prevented the selec-
tion of resistance to daptomycin.

Beta-lactamase-producing strains of E. faecalis are sensi-
tive to amoxicillin–clavulanic acid, provided this is the only 
resistance mechanism (Ingerman et al., 1987). However, these 
strains are uncommon, whereas the widespread beta-lactam 
resistance in E. faecium relates to production of PBP5 and 
therefore causes amoxicillin–clavulanic acid resistance.

GRAM-NEGATIVE AEROBIC BACTERIA

Beta-lactamase-producing strains of Neisseria gonorrhoea, 
H. influenzae, H. ducreyi, and M. catarrhalis are susceptible 
to amoxicillin–clavulanic acid (Girouard et al., 1981; Farmer 
and Reading 1982; Alvarez et al., 1985; Dangor et al., 1988; 
Cooper et al., 1990). Strains of N. gonorrhoea and H. influen
zae that are intrinsically resistant to penicillin G and amoxi-
cillin are amoxicillin–clavulanic acid resistant (Powell et al., 
1991). Beta-lactamase-producing gonococcal strains that 
possess a 3.2 megadalton beta-lactamase plasmid are more 
sensitive to amoxicillin–clavulanic acid than strains possess-
ing a 2.9, 3.05, or 4.4 megadalton plasmid (Rice and Knapp, 
1994). N. meningitidis remains highly susceptible to amoxi-
cillin. Anta et al. (2002) observed that clavulanic acid at sub-
inhibitory concentrations enhanced the in vitro bactericidal 
activity of amoxicillin against N. meningitidis and suggested 

amoxicillin–clavulanic acid could have a potential role in 
nasopharyngeal eradication of the organism. 

Amoxicillin–clavulanic acid inhibits many Enterobacteri
aceae that produce beta-lactamases associated with amoxi-
cillin resistance. Thus amoxicillin-resistant E. coli, Klebsiella 
pneumoniae, Proteus mirabilis, some Citrobacter spp., and, to 
a lesser extent, Yersinia enterocolitica are often amoxicillin–
clavulanic acid sensitive (Gaspar and Soriano, 1981; Fuchs et 
al., 1983; Slocombe et al., 1984; Bush, 1988; Roy et al., 1989; 
Kahlmeter, 2003). However, some strains of E. coli hyperpro-
duce TEM-1 beta-lactamase; these may need higher concen-
trations of clavulanic acid to inhibit the enzyme and may be 
resistant to the standard amoxicillin–clavulanic acid formu-
lation (Wu et al., 1994). Beta-lactamase-producing Salmonella 
and Shigella spp. are readily inhibited by amoxicillin–clavu-
lanic acid (Neu and Fu, 1978). Enterobacter spp., C. freundii, 
Serratia spp., Morganella morganii, Providencia stuartii, and 
other AmpC beta-lactamase producers that are amoxicil-
lin-resistant are also resistant to amoxicillin–clavulanic acid 
because clavulanic acid has minimal activity against these 
enzymes (Slocombe et al., 1984; Weber and Sanders, 1990; 
Bush et al., 1991; Livermore, 1995; Paterson, 2006). Clavu-
lanic acid is in fact a weak inducer of these beta-lactamases, 
but this is not clinically significant as there is no role for 
amoxicillin–clavulanic acid in treatment of infections caused 
by these organisms (Livermore et al., 1989; Rolinson, 1989; 
Bush et al., 1991).

Susceptibility of E. coli to amoxicillin–clavulanic acid by 
macrodilution may depend on testing methodology, and 
the variations between EUCAST (which uses a fixed 2-mg/l 
clavulanic acid concentration and no intermediate cate-
gory) and CLSI (which uses a 2:1 fixed ratio of a amoxicillin– 
clavulanic acid) have been recently described. Switching from 
the CLSI to the EUCAST recommendation was associated 
with an increase in E. coli amoxicillin–clavulanic acid resis-
tance, from 19% in 2010 to 31% in 2011, but was not observed 
among laboratories that did not adopt EUCAST standards 
(Leverstein-van Hall et al., 2013). The change was attributed 
to switching to a fixed clavulanic acid concentration. Fur-
thermore, testing by EUCAST-broth microdilution resulted 
in more isolates being labeled resistant than testing by disk 
diffusion or E test (using fixed ratios); preliminary data 
suggested clinical response was better correlated with fixed 
concentration than fixed ratios.

In a similar study Díez-Aguilar et al. (2015) found agree-
ment between fixed concentration and fixed ratio microdilu-
tion in only 25.6% of E. coli. Discrepancies were particularly 
evident with ESBL-producing strains; 55% of isolates were 
resistant with EUCAST-fixed 2-mg/l clavulanic acid, whereas 
90% were susceptible by CLSI breakpoint and fixed 2:1 ratio. 
The ESBL isolates were all susceptible using EUCAST urinary 
breakpoints for uncomplicated urinary tract infection; how-
ever, automated susceptibility methods do not commonly 
incorporate these concentrations (Díez-Aguilar et al., 2015). 
The results most predictive of clinical outcome remain to be 
clarified, but overreporting of resistance, particularly for uri-
nary isolates, has the unintended consequences of increasing 
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Table 14.1. Antimicrobial activity of amoxicillinclavulanic acid against selected organisms.

MIC50 (µg/ml) MIC90 (µg/ml) Range (µg/ml)

Gram-positive bacteria

Staphylococcus aureus
 Penicillin sensitive 0.75 1 0.0016–4

 Methicillin sensitive 0.75 2 0.38–8

 Methicillin resistant 16 32 0.5–> 256

Coagulase negative staphylococci 1 8 < 0.06–> 32–

 Methicillin sensitive 0.0125 0.5 0.016–2–

 Methicillin resistant 4 16 0.125–48

 Staphylococcus saprophyticus 0.5 2 0.4–4

 Staphylococcus epidermidis methicillin sensitive 0.25 3 0.016–4

 Staphylococcus epidermidis methicillin resistant 2 12 0.25–32

Enterococcus faecalis 0.75 2

Enterococcus faecium 24 128 1.5–> 256

Streptococcus pyogenes 0.016 0.016 0.016–0.38

Streptococcus agalactiae 0.032 0.047 0.0016–0.05

Group G streptococci 0.016 0.016 0.016–0.023

Viridans group streptococci 0.06 1 0.016–8

Gram-negative bacteria

Escherichia coli 4 16 0.5–> 32

Escherichia coli ESBL producing 16 32 Apr–32

Klebsiella pneumoniae 2 16 0.5–> 32

Klebsiella pneumoniae ESBL producing 16 > 32      8–> 32

Klebsiella oxytoca 2 16      1–>32

Enterobacter aerogenes > 32 > 32      2–> 32

Enterobacter cloacae > 32 > 32      1–> 32

Acinetobacter calcoaceticus-baumannii complex 8 > 64     16–> 64

Acinetobacter lwoffii 4 8 0.5–8

Burkholderia pseudomallei 2.8 4.8 0.05–>5 12

Burkholderia cepacia > 32 > 32      2–> 32

Citrobacter freundii 32 > 32      1–> 32

Morganella morganii > 32 > 32      8–> 32

Proteus mirabilis 1 4 0.5-32

Proteus vulgaris > 64 > 64 > 64

Providencia stuartii 32 > 32      2–> 32

Serratia marcescens > 32 > 32      2–> 32

Pseudomonas aeruginosa > 32 > 32 > 32

Stenotrophomonas maltophilia > 32 > 32      8–> 32

Salmonella typhi/paratyphi 0.5 4 0.125–4

Anaerobic bacteria

Gram-negative anaerobes (all strains) 0.125 2 < 0.06–64

Gram-positive anaerobes (all strains) < 0.06–4 < 0.06 0.5

Bacteroides spp. (all strains) 1 8 0.25–32

Bacteroides fragilis group 0.5 8 0.25–32

Bacteroides thetaiotaomicron 1 8 0.25–32

Bacteroides ovatus 01 16 0.25–32

Prevotella spp. < 0.06 2 < 0.06–16

Porphyromonas spp. 0.06 0.125 < 0.06–0.25

Fusobacterium spp. < 0.06 0.125 < 0.06–8
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quinolone and broader spectrum cephalosporin use (Bond et 
al., 2012).

The widely emerging extended-spectrum TEM, SHV, and 
CTX-M beta-lactamases (ESBLs, Bush-Jacoby-Medeviros 
group 2be, Ambler class A) are usually susceptible to clavu-
lanic acid, unlike chromosomal AmpC enzymes (Bush, 2015). 
However, the efficacy of beta-lactam/beta-lactamase inhibi-
tor (BLBLI) combinations for ESBL-producing bacteria has 
been controversial, particularly for more serious infections, for 
which meropenem has generally been recommended (Perez 
and Bonomo, 2012). Efficacy of BLBLIs against ESBL may be 
subject to an inoculum effect, both in vitro and in vivo (López- 
Cerero et al., 2010; Docobo-Pérez et al., 2013), although this 
appears to be more pronounced with piperacillin–tazobactam 
than amoxicillin–clavulanic acid. In addition, concern has 
been expressed that conventional BLBLI dosing regimens 
may not achieve target attainment levels required for high 
efficacy (Nguyen et al., 2014). Clinical studies are limited and 
have contrasting results and no direct comparative study has 
been performed. For example, a posthoc analysis of ESBL E. 
coli bacteremia did not find differences between treatment 
with BLBLIs and carbapenem (Rodríguez-Baño et al., 2012), 
whereas carbapenem was superior to piperacillin–tazobactam 
for ESBL bacteremia in a contrasting study (Tamma et al., 
2015). The case for and against selection of BLBLIs for 
infections due to ESBL-producing bacteria have been well 
presented by Harris et al. (2015). A definitive answer may 
result from an ongoing comparative trial (clinical trial 
NCT02176122), but BLBLIs are most likely to be compa- 

 rable for less serious infections, urinary infections, perhaps 
biliary infections, and for lower MICs within the susceptible 
range. 

Activity of amoxicillin–clavulanic acid against Aeromonas 
species appears to depend on testing methodology. Lamy et 
al. (2012) tested 146 isolates including six Aeromonas species 
and found major inconsistencies between results obtained by 
agar dilution and disk diffusion and noted previously incon-
sistent results in the literature on the impact of clavulanic 
acid on ampicillin MIC. About 96% of their isolates were 
resistant by agar dilution, but only 11% of these were resistant 
(and 68% intermediate) by disk diffusion. Because Aeromonas 
spp. usually produce chromosomal beta-lactamases poorly 
susceptible to clavulanic acid (especially 2d oxacillinase) 
caution in reusing amoxicillin–clavulanic acid in aeromonas 
infections was advised (Lamy et al., 2012).

Campylobacter jejuni was initially reported to be moder-
ately sensitive to amoxicillin–clavulanic acid, which was 
attributed to, at least partly, by susceptibility to clavulanic 
acid itself (Slocombe et al., 1984). Gaudreau et al. (1987) 
reported that the addition of clavulanic acid to amoxicillin 
resulted in susceptibility, whereas others found no effect 
(Van der Auwera and Scorneaux, 1985). These differences 
likely reflect difficulties and lack of standardization of sus-
ceptibility testing methods for Campylobacter. Resistance of 
Campylobacter spp. to beta-lactam antibiotics probably results 
from a combination of beta-lactamase production, permea-
bility barriers and modification of penicillin-binding pro-
teins. C. jejuni and C. coli frequently produce beta-lactamases 

MIC50 (µg/ml) MIC90 (µg/ml) Range (µg/ml)

Clostridium perfringens < 0.06 < 0.06 0.06–0.5

Other Clostridium spp. 0.25 0.5 < 0.06–1

Clostridium difficile 0.25 2 0.25–2

Veillonella spp. < 0.06 < 0.06

Other nonsporulated Gram-positive bacilli 0.25 0.5 < 0.06–4

Gram-positive cocci < 0.06 0.25 0.06–0.25

Propionibacterium spp. < 0.06 < 0.06 < 0.06

Common respiratory pathogens

Streptococcus pneumoniae
 Penicillin sensitive < 0.03 < 0.03 < 0.03–0.12

 Penicillin intermediate 0.25 1 < 0.06–2

 Penicillin resistant 2 8

 Macrolide resistant 1 4 < 0.06–8

 Ciprofloxacin resistant 0.25 8

Haemophilus influenzae 0.5 1 < 0.12–4

 Haemophilus influenzae beta lactamase producing 1 2 0.25–4

Moraxella (Branhamella) catarrhalis < 0.12 0.25

Source: Data compiled from Bassetti et al. (2001), Jamal et al. (2002), Behra-Miellet et al. (2002), Dave et al. (2015), Hoban et al. (2003), Behra-Miellet 
et al. (2003), Jacobs et al. (2003), Sader et al. (2003), Fritsche et al. (2004), Ulger et al. (2004), Bouchillon et al. (2004), Bouchillon et al. (2005), Hoban et 
al. (2005), Cheng and Currie (2005), Morrissey et al. (2005), Behra-Miellet et al. (2006), Halstead et al. (2007), Sader et al. (2007), Karlowsky et al. (2012).
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(Nachamkin et al., 2000). In more recent surveys of Campy
lobacter spp., susceptibility to amoxicillin–clavulanic acid is 
reportedly high (96–98%) (Reina et al., 1994; Gomez-Garces 
et al., 1995; Pigrau et al., 1997; Bascuñana et al., 2011). Pigrau 
et al. (1997) reported on three patients with campylobacter 
bacteremia who received amoxicillin–clavulanic acid and 
suggested it may be a useful alternative agent to macrolides 
and in particular quinolones, to which resistance is rapidly 
increasing (Lu et al., 2000). There are, however, only very lim-
ited clinical data to support the use of amoxicillin–clavulanic 
acid for the treatment of Campylobacter spp. infections, and 
for severe infections imipenem or meropenem is preferred 
(Nachamkin et al., 2000).

Clavulanic acid inhibits the low potency beta-lactamase 
found in Legionella pneumophila and reduces the MIC of 
amoxicillin by half to one third (Pohlod et al., 1980; Stokes 
et al., 1989a; Stokes et al., 1989b). In vitro susceptibility test-
ing of Legionella spp. is, however, problematic because of 
the uncertain relevance of studies conducted in media and 
drug stability in cell lines (Amsden, 2005; Mizen, 2001). 
Amoxicillin–clavulanic acid has also demonstrated in vivo 
efficacy in a rat pneumonia model (Smith et al., 1991; Smith 
et al., 1992). However, there are no data to support clinical 
efficacy in humans and amoxicillin–clavulanic acid cannot 
be recommended for the treatment of Legionnaires’ disease 
(Amsden, 2005).

Amoxicillin–clavulanic acid has activity against most 
Burkholderia pseudomallei strains. Susceptibility is reduced 
against biofilm forms (about a threefold increase in inhibi-
tory concentrations) but much less so than the increases 
observed with imipenem or ceftazidime (Bandeira et al., 
2013). Primary resistance was rare in a large survey of iso-
lates from Thailand, but was 2% in isolates from recurrent 
disease (Wuthiekanun et al., 2011).

ANAEROBIC BACTERIA

Anaerobic bacteria isolated in mixed infections are frequently 
beta-lactamase producing. This includes the B. fragilis group, 
B. splanchnicus, some pigmented and nonpigmented Prevo
tella spp., Bilophila wadsworthia, and some Fusobacterium 
and Clostridium strains (Finegold, 1999). Although beta- 
lactamase production among B. fragilis group is the norm, 
Prevotella and Fusobacterium spp. are increasingly reported 
to be resistant to beta-lactams as well (Behra-Miellet et al., 
2002). Amoxicillin–clavulanic acid retains excellent activity 
against the vast majority of clinically important anaerobic 
bacteria (Finegold, 1999; Behra-Miellet et al., 2006; Brown, 
1984; Bourgault and Lamothe, 1986; Arlet et al., 1987; Appel-
baum et al., 1990; Appelbaum et al., 1991; Appelbaum et al., 
1992; Chen et al., 1992). A small number of B. fragilis strains 
are resistant to amoxicillin–clavulanic acid and sensitive to 
carbapenems as a result of porin changes or beta-lactamase 
hyperproduction (Odou et al., 1998; Behra-Miellet et al., 
2006). However, resistance among B. fragilis group appears 
to be increasing, with resistance in a recent Canadian survey 
rising from 0.8% in 1992 to 6.2% in 2010–2011 (Karlowsky 
et al., 2012).

OTHER BACTERIA

Amoxicillin–clavulanic acid partially inhibits Chlamydia tra
chomatis in vitro and also in experimental animal infections 
(Bowie, 1986; Beale et al., 1991), but there is no evidence of 
clinical efficacy in humans.

Beta-lactam resistance in Mycobacterium spp. has been 
attributed to beta-lactamase production, poor cell wall per-
meability, and the mycobacterial peptidoglycan (Hugonnet 
and Blanchard, 2007). However, beta-lactam permeability 
appears to be acceptable (Chambers, 1995) and resistance 
is  primarily due to production of a class A beta-lactamase 
encoded by blaC (Flores et al., 2005). This is inhibited by 
clavulanic acid (Hugonnet and Blanchard, 2007), consistent 
with earlier reports of the normally high MIC of M. tubercu
losis and M. bovis to amoxicillin being reduced to as low as 
0.5–4 μg/ml by the addition of clavulanic acid (Cynamon 
and Palmer, 1983; Chambers, 1995).

Bartonella spp. are highly susceptible to amoxicillin and 
amoxicillin–clavulanic acid in vitro (Maurin et al., 1995). 
However, there is a poor correlation with in vivo efficacy, and 
neither agent is recommended for treatment of infections 
due to Bartonella spp. (Rolain et al., 2004).

Amoxicillin–clavulanic acid has activity against Helico
bacter pylori, including the increasingly observed amoxicillin- 
resistant strains that produce beta-lactamases such as blaTEM1, 
which is susceptible to clavulanic acid (Tseng et al., 2009). Low 
level resistance is linked to a point mutation on pbp1A, confer-
ring amoxicillin (and amoxicillin–clavulanic acid) resistance.

2b.  Emerging resistance and 
cross-resistance

The emergence of E. coli resistant to amoxicillin–clavulanic 
acid occurred in Europe in the 1990s and was found to be 
around 5% in an epidemiologic survey by Leflon-Guibout 
et al. (2000). Initially, resistance was predominantly associ-
ated with hyperproduction of TEM-type beta-lactamases, 
but other mechanisms, including plasmid-encoded or hyper-
production of class C beta-lactamases and OXA class D 
beta-lactamases, has occurred (Kaye et al., 2004). A number 
of class A TEM and SHV enzymes resistant to inhibitors 
(class 2br) have now been reported in Europe (Bonomo and 
Rice, 1999) and the USA (Kaye et al., 2004). The inhibitor- 
resistant TEM (IRT) enzymes occur in E. coli, Klebsiella spp., 
and P. mirabilis and are associated with mutations at a num-
ber of sites, including Met69, Arg 244, and Asn 276 (Bonomo 
and Rice, 1999; Totir et al., 2006). The inhibitor-resistant 
enzymes tend to be less efficient than their wild-type beta- 
lactamases and remain susceptible to narrow- and broad- 
spectrum cephalosporins. However, TEM-50, a mutant with 
four substitutions, is both inhibitor resistant and highly 
cephalothin resistant and raises concerns about further evo-
lution of beta- lactamases with both extended cephalosporin 
and inhibitor resistance (Bonomo and Rice, 1999; Totir et 
al., 2006). SHV family inhibitor- resistant enzymes in E. coli 
are currently less prevalent and inhibitor-resistant S. aureus 
beta- lactamases have not currently emerged.



3. Mechanism of drug action 259

Among 212 Spanish isolates of E. coli resistant to co-amox-
iclav, the resistance mechanism was determined to be hyper-
production of TEM-1 or SHV-1 in 25%, production of 
inhibitor-resistant TEM in 20%, hyperproduction of chro-
mosomal AmpC in 19%, and OXA-1 production in 17%. 
OXA-1 and IRT enzymes were associated with urinary tract 
infections and other mechanisms with bacteremia; IRT 
strains were less often multidrug resistant (Rodríguez-Baño 
et al., 2013). In contrast, amoxicillin–clavulanic acid resis-
tance in a survey of E. coli strains from China was mostly 
related to TEM-1 enzymes and IRT beta-lactamases were 
not detected (Ding et al., 2013); a similar mechanism of pre-
dominant high-level blaTEM-1 expression was detected in US 
strains resistant to ampicillin–sulbactam, which was thought 
to reflect amoxicillin–clavulanic acid–resistance mechanisms 
(Waltner-Toews et al., 2011). IRT-resistance mechanisms 
have been less frequently observed in non-E. coli strains, but 
Pérez-Moreno et al. (2011) described high prevalence of 
amoxicillin–clavulanic acid resistance in K. pneumoniae 
isolates in a chronic care facility associated with IRT-11 and 
OXA-1 production in 37% and 51% of resistant strains, 
respectively.

Increasing amoxicillin–clavulanic acid resistance has been 
described among Salmonella spp. In a Spanish study in which 
the mechanism of resistance was characterized, the blaPSE-1 
gene, followed by blaOXA-1, was mostly found among S. typh
imurium and the blaTEM-1 gene among S. Enteritidis (de Toro 
et al., 2011). The ESBL phenotype was present in < 1%.

Among ampicillin-resistant H. influenzae, resistance is 
usually related to beta-lactamase production (TEM-1) or 
altered penicillin-binding proteins, resulting in reduced 
affinity of amoxicillin. These latter beta-lactamase-negative 
ampicillin-resistant (BLNAR) strains are increasingly ob- 
served, have amoxicillin–clavulanic acid resistance, and have 
mutations in the ftsI gene encoding PBP3. Both mechanisms 
may be present simultaneously, resulting in beta-lactamase- 
positive amoxicillin–clavulanic acid resistant (BLPACR) 
strains (Barbosa et al., 2011). Geelen et al. (2013) noted rela-
tively stable antimicrobial resistance in the Netherlands 
among H. influenzae over a 6-year period to 2010, includ-
ing to amoxicillin, amoxicillin–clavulanic acid, macrolides, 
doxycycline, and cotrimoxazole. Only 11% of isolates were 
beta-lactamase positive and 5% were BLNAR.

However, wide dissemination of nonenzymatic resistance 
to beta-lactams among H. influenzae isolates in Portugal 
associated with ftsI mutations has been described (Barbosa et 
al., 2011). In these strains 59% of beta-lactamase-positive 
amoxicillin-resistant (BLPAR) were BLPACR, indicating com-
bined beta-lactamase production and altered PBP3 and phe-
notypically showing high-level ampicillin resistance and 
reduced susceptibility to amoxicillin–clavulanic acid (Bar-
bosa et al., 2011). In a study of 123 nasopharyngeal isolates 
of H. influenzae from Korea, 26% were ampicillin suscepti-
ble, 9.0% produced beta-lactamase with ampicillin resistance 
(amoxicillin–clavulanic acid susceptible), 40% were BLNAR 
and 25% were BLPACR (Park et al., 2013). Finally, the first 
identification of IRT beta-lactamase production in a Haemo 

philus spp. has recently been reported in H. parainfluenzae 
from Spain (García-Cobos et al., 2013).

3. MECHANISM OF DRUG ACTION

Clavulanic acid is a beta-lactam compound and has weak 
intrinsic antibacterial activity resulting from a mode of action 
similar to penicillin G (see Chapter 13, Beta-Lactamase 
Inhibitors). The mechanism of inhibition of the serine beta- 
lactamases (predominantly class A enzymes) is complex and 
eventually results in irreversible acylation of the beta- lactamase 
(Figure 14.2); thus clavulanic acid acts as a suicide inhibitor 
(Knowles, 1985). Clavulanic acid is first recognized by the 
beta-lactamase, leading to the formation of the Michaelis–
Menten complex (Bonomo and Rice, 1999). Nucleo  philic 
attack by the active catalytic serine site of beta lactamase on 
the carbonyl carbon results in a covalent acyl intermediate 
and opening of the beta-lactam ring. Opening of the oxazo-
lidine ring results in the linearization of the inhibitor as an 
imine intermediate (Padayatti et al., 2005), which can isom-
erize to cis-enamine and the more stable trans-enamine state 
(Helfand et al., 2003; Totir et al., 2006). The contribution of 
the various intermediates to inhibition remains uncertain, but 
this transient inhibition becomes irreversible after covalent 
modification at the Ser-130 site (Kuzin et al., 2001). In con-
trast, for example with penicillin G, the acyl enzyme under-
goes rapid hydrolysis to release active enzyme again together 
with penicillin degradation products.

Beta-lactamases differ in their susceptibility to clavulanic 
acid. The class A beta-lactamases are generally highly sus-
ceptible to inhibition. This includes the common TEM and 
SHV (functional group 2b) enzymes, extended-spectrum 
enzymes (2be) and uncommon narrow spectrum carbapen-
emases (Miller et al., 2001). Activity against class B metallo-
enzymes and class C (group 1) stably derepressed mutants 
or plasmid-encoded enzymes is poor (Miller et al., 2001). 
Clavulanic acid is a more potent inhibitor against class A 
beta-lactamases than sulbactam but has similar potency to 
tazobactam (Payne et al., 1994).

A number of potential non-beta-lactamase-inhibition 
contributions to the antimicrobial activity of clavulanic 
acid have been suggested (Finlay et al., 2003). Sub-MIC 
concentrations of clavulanic acid have been reported to 
substantially reduce the MIC of some S. pneumoniae strains 
to amoxicillin, possibly as a result of complementary binding 
to penicillin binding proteins (Severin et al., 1997; Cuffini 
et al., 1998). Similar effects have been seen with other beta- 
lactamase-negative bacteria, including E. coli (Greenwood, 
1980). Potential effects of clavulanic acid on the immune 
system have been reviewed by Finlay et al. (2003), and 
include enhancement of phago cytosis and intracellular kill-
ing after exposure to sub-MIC concentrations of clavulanic 
acid and upregulation of mRNA of proinflammatory cyto-
kines of neutrophils (Martin et al., 1997; Reato et al., 1999). 
There is some in vivo data in animal models to support the 
suggestion of amoxicillin–clavulanic acid synergy against 
penicillin- resistant S. pneumoniae (Smith et al., 1998), although 
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the clinical significance of this in humans requires further 
investigation.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Amoxicillin–clavulanic acid is available in a variety of dif-
ferent marketed strengths and formulations in different 
countries (see Table 14.2). For oral administration, 375 mg 
(250 mg amoxicillin/125 mg clavulanic acid) and 625 mg 
(500 mg/125 mg) tablets are generally available. An 875- 
mg/125-mg combination is available in some countries, 
including the USA and Australia. An extended-release phar-
macokinetically enhanced formulation marketed in the USA 
contains 1000 mg amoxicillin and 62.5 mg clavulanic acid.

With the initial formulations, mild infections were treated 
with 37–5mg amoxicillin–clavulanic acid 8 hourly, and for 
more severe infections 625 mg amoxicillin–clavulanic acid 
(every 6 or 8 hours was suggested) (Jackson et al., 1984). If 
higher oral doses were required 500 mg amoxicillin was 
added to 625-mg amoxicillin–clavulanic acid and adminis-
tered every 6 hours. The subsequently developed formula-
tions contain higher doses of amoxicillin, but a fixed 125 mg 
of clavulanic acid because this dose provides adequate tissue 
concentrations to inhibit beta-lactamases (Rolinson, 1985) 
and higher clavulanic acid doses are associated with more 
gastrointestinal side effects (Key et al., 1985; Lawrence and 
Shanson, 1985). The higher dose regimens also appear com-
parable when given twice daily. Thus amoxicillin–clavulanic 
acid at 500 mg/125 mg every 12 hours is suitable for mild to 
moderate infections and at 875 mg/125 mg every 12 hours 
for more severe infections. 

Recently, a new formulation of amoxicillin 1000 mg with 
clavulanate 62.5 mg (Augmentin XR) has been developed 
for respiratory tract infections. This extended-release or phar-
macokinetically enhanced formation is a bilayer tablet with 
immediate release 562.5 mg/62.5 mg amoxicillin/clavulanate 
and a sustained release layer of 437.5 mg amoxicillin. At a 
2000-mg/125-mg twice-daily dosing regimen, activity against 
beta-lactamase-producing pathogens such as H. influenzae 
and M. catarrhalis is retained while mean amoxicillin levels 
of > 4μg/ml are maintained for around half the dosing inter- 

val, allowing enhanced coverage of S. pneumoniae isolates 
with reduced susceptibility to penicillin. The effect of amox-
icillin–clavulanic acid formulations (500 mg/125 mg every 
8 hours versus 1000 mg/62.5 mg two tablets every 12 hours) 
on adherence was examined in Spanish patients receiving 
treatment for respiratory or dental infections (Llor et al., 
2012). A significantly higher percentage of doses were taken 
with the twice than three times daily regimen (84.5% vs. 
72.7%) and the percentages of patients who took > 80% of 
required doses were 72.6% and 47.3%, respectively.

Figure 14.2. Mechanism of action 
of clavulanic acid. (Reprinted with 
permission from Wright (1999)).
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Table 14.2. Amoxicillin–clavulanic acid formulations available in 
various countries

Amoxicillin–clavulanic  
acid

Amoxicillin 
(mg)

Clavulanic acid 
(mg)

Tabletsa

228.5 mg 200 28.5

375 mg 250 125

625 mg 500 125

1000 mg 875 125

1062.5 mg
 (extended release)

1000 62.5

Chewable tabletsa

125 31.25

200 28.5

250 62.5

400 57.0

Dispersible tablets

375 mg 250 125

Powder for Suspension 

125 mg/5 ml 125 31.25

200 mg/5 ml 200 28.5

250 mg/5 ml 250 62.5

400 mg/5 ml 400 57

600 mg/5 ml 600 42.9

Intravenous

600 mg 500 100

1200 mg 1000 200

aIn some countries (e.g. USA) these are labeled based on the amoxicillin 
component; for example, 375 mg amoxicillin–clavulanic acid is labeled as 
Augmentin 250 mg tablets. 
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Amoxicillin–clavulanic acid for intravenous use is usually 
administered at a dose of 1.2 g every 8 hours, by slow i.v. 
injection over 3–4 minutes. In serious infections, adminis-
tration every 6 hours can be used, and recent data suggest 
administration every 4 hours may be required to reach phar-
macodynamic targets (Haeseker et al., 2014; see section 5c, 
Clinically important pharmacokinetic and pharmacodynamic 
features). 

4b.  Newborn infants and children

There are insufficient data to determine optimal oral dosing 
regimens in newborns and infants less than 2–3 months of 
age. Children > 40 kg in weight can generally be administered 
adult recommended doses. The 250-mg/125-mg chewable 
tablet and the extended-release 1000-mg/62.5-mg formula-
tion are not recommended in children younger than 12 and 
16 years of age, respectively. Dosing recommendations vary 
somewhat with the different pediatric formulations. With 
the early amoxicillin/clavulanic acid suspensions in a 4:1 ratio, 
daily doses of amoxicillin–clavulanic acid of 25–50 mg/kg/
day administered in three divided doses was recommended 
(Dambro et al., 1984; Gooch et al., 1984), increasing to 50–75 
mg/kg/day of amoxicillin–clavulanic acid (40–60 mg amoxi-
cillin plus 10–15 mg clavulanic acid) for more serious infec-
tions (Nelson et al., 1982; Schaad et al., 1986). Some authors 
have used higher doses for serious infections (120 mg/30 
mg/kg/day) in three divided doses (Dagan and Bar-David, 
1989). Twice-daily amoxicillin–clavulanic acid 50 mg/12.5 
mg/kg was satisfactory for treatment of children with acute 
otitis media (Jacobsson et al., 1993).

Other amoxicillin–clavulanic acid pediatric formulations 
contain higher amoxicillin:clavulanic acid ratios. Using the 
400-mg/57-mg per 5-ml suspension, doses of 25 mg/3.6 mg/
kg/day for mild to moderate and 45 mg/6.4 mg/kg/day for 
more serious infections are recommended. A higher strength 
pediatric formulation with 600 mg/42.9 mg per 5 ml (Aug- 
 mentin ES-600) is available in the USA and some other 
countries and is used for otitis media at a recommended dose 
(based on the amoxicillin component) of 90 mg/kg/day, in 

twice-daily doses. The wide variety of pediatric preparations 
is confusing, and it is important to note that the ratios of 
amoxicillin:clavulanic acid vary widely, and the tablet and 
suspension formulations are not necessarily interchangeable. 
For example, the 250-mg/125-mg amoxicillin–clavulanic 
acid has double the clavulanic acid of the 250-mg/62.5-mg 
chewable tablet, and the 200-mg per 5-ml (200-mg/28.5-mg) 
suspension is quite different from the 250-mg per 5-ml sus-
pension (250 mg/62.5 mg).

For intravenous amoxicillin–clavulanic acid, the adult 
dose is recommended for children over 12 years. For chil-
dren aged 0–3 months, amoxicillin–clavulanic acid 30 mg/kg 
twice daily is recommended for premature infants and new-
borns, and 30 mg/kg every 8 hours for young infants. From 
children aged 3 months to 12 years, 30 mg/kg three to four 
times a day is administered (Schaad et al., 1987; Fischbach 
et al., 1989).

4c.  Pregnant and lactating mothers

Amoxicillin–clavulanic acid is pregnancy category B and is 
considered compatible with breastfeeding by the American 
Academy of Pediatrics. No dosage adjustment is required for 
pregnant or breastfeeding patients.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Extrarenal elimination of clavulanic acid is much more rapid 
than that of amoxicillin and the elimination half-life of 
amoxicillin increases 6-fold in patients with severe renal fail-
ure, whereas the corresponding increase for clavulanic acid 
is only 2.6-fold (Jackson et al., 1984). Ideally, the two drugs 
need independent dosage adjustment in renal failure, which 
is not possible with the fixed-drug combinations. As a com-
promise, all patients with renal failure should receive the 
normal initial dose of amoxicillin–clavulanic acid. Patients 
with a glomerular filtration rate (GFR) of > 30 ml/minute 
can then receive the usual doses, GFR 10–30 ml/minute two 
thirds and GFR < 10 one third the usual doses (see Table 14.3).

Table 14.3. Dosing of amoxicillin–clavulanic acid in renal impairment 

Formulation

Glomerular filtration rate (ml/minute)

> 30 10–30 < 10c

250/125 Three times daily Twice daily 1/day

500/125 2–3/day 1–2/day 1/daya

875/125 2/day NR NR

1000/200 i.v. 1.2 g every 8 hours 1.2 g stat, then 600 mg  
 every 12 hours

1.2 g stat, then 600 mg  
 every 24 hoursb 

400/57 suspension No change (weight adjusted) NR NR

600/42.9 suspension No change (weight adjusted) NR NR

1000/62.5 2/twice daily NR NR

aHemodialysis patients should receive an additional dose during and at end of dialysis.
bPlus additional dose post-hemodialysis.
cUsual dosage regimens in peritoneal dialysis.
Abbreviation: NR: not recommended.
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Studies with the earlier formulations indicated that despite 
the more rapid extrarenal elimination of clavulanic acid, 
effective concentrations were still maintained in serum and 
urine with the above dosage regimens (Horber et al., 1986). 
However, with the trend toward lower clavulanic acid combi-
nations, it is possible the differential increased clearance of 
clavulanic acid in renal impairment may be important. The 
use of these formulations in patients with GFR < 30 is not 
recommended (Table 14.3). Usual dosage regimens can be 
administered during peritoneal dialysis. There are no data on 
dosing in hemofiltration.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

No dosage adjustments are required for patients with impaired 
hepatic function, but amoxicillin–clavulanic acid should be 
used with caution and hepatic function monitored.

OLDER ADULTS

No dosage adjustment is required for elderly patients apart 
from any changes required for impaired renal function.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The oral bioavailability of clavulanic acid (125 mg) is slightly 
better in the presence of amoxicillin (Adam et al., 1982) and 
when co-administered with amoxicillin is approximately 
60% ± 23%; however, this varies considerably (range 31–99%), 
indicating very variable absorption from the gastrointestinal 
tract (Nilsson-Ehle et al., 1985). Vree et al. (2003) examined 
the absorption of varying doses of amoxicillin (250–87 5mg) 
with 125 mg clavulanic acid. At the highest dose of amoxicil-
lin, broadening of the tmax was attributed to a rate-limiting 
step in absorption. For the AUCamox/AUCclav regression curve 
for 875 mg amoxicillin, a negative slope was observed, sug-
gesting that the saturable absorption for amoxicillin is influ-
enced by clavulanic acid (Vree et al., 2003). The regression 
lines for 250 mg/125 mg and 500 mg/125 mg were positive, 
suggesting no effect of clavulanic acid on absorption of these 
doses of amoxicillin; this is in agreement with earlier studies 
that concluded that pharmacokinetics of amoxicillin are 
unaffected by simultaneous administration of clavulanic acid 
(Jackson et al., 1983). Pharmacokinetic parameters of clavu-
lanic acid 125 mg were similar in the presence of 250–875 mg 
amoxicillin (Vree et al., 2003); however, there were fivefold 
variations in absorption or AUC of clavulanic acid with all 
amoxicillin doses. Ratios of amoxicillin/clavulanic acid of 
20:1 could result, although the clinical significance of this 
is unclear.

In children, the absorption of tablet and suspension for-
mulations is also good (Schaad et al., 1986; Reed, 1996).

Bioavailability of both amoxicillin and clavulanic acid is 
similar in the fed and fasting state (Staniforth et al., 1982; 
Jackson et al., 1984), but gastrointestinal side effects were 

less with food (Staniforth et al., 1982). Thus amoxicillin–
clavulanic acid is best taken just before meals. Administration 
of milk produces a slight decrease in clavulanic acid absorp-
tion, but aluminium hydroxide has no significant effect. 
Cimetidine increases the absorption of clavulanic acid and 
to a lesser extent amoxicillin (Jackson et al., 1984). None of 
these small differences are of likely clinical significance 
(Staniforth et al., 1985).

For the extended release formulation (Augmentin XR), 
however, some effects of fasting, attributed to effects on gas-
tric emptying have been reported. With fasting, amoxicillin 
AUC (1854 ± 280 μg/minute/ml) was lower than at the 
beginning or end of breakfast (as a result of early gastric 
emptying with fasting and poorer, more distal, small intesti-
nal absorption). The clavulanic acid AUC was similar with 
amoxicillin–clavulanic acid taken fasting or at the onset of 
breakfast, but was around one third lower after a breakfast, 
emphasizing the importance of ingestion of this formulation 
at the beginning of a meal (Weitschies et al. 2008).

The elimination half-lives for amoxicillin and clavulanic 
acid are 1.2–1.5 hours and 1.0 hour, respectively, in adults 
and children (Reed, 1996). Both amoxicillin and clavulanic 
acid have relatively low protein binding of 17–20% (Wright, 
1999).

5b.  Drug distribution

After an oral dose of 625 mg amoxicillin–clavulanic acid 
(125 mg clavulanic acid), a mean peak serum clavulanic acid 
level of 3.49 μg/ml is attained with a tmax of 45–75 minutes. 
Doubling the dose of clavulanic acid to 250 mg increases, but 
does not double, serum levels (Jackson et al., 1983; Adam et 
al., 1982). Amoxicillin serum concentrations achieved when 
administered as amoxicillin–clavulanic acid are similar to 
equivalent doses of amoxicillin alone (see Chapter 5, 
Ampicillin and amoxicillin). In children given amoxicillin–
clavulanic acid 20 mg/5 mg/kg when fasting, mean plasma 
concentrations at 40–90 minutes were 7.2 μg/ml for amoxi-
cillin and 2.0 μg/ml for clavulanic acid (Schaad et al., 1986). 
A suspension formulation with a 7:1 ratio of amoxicillin/
clavulanic acid administered to children at 22.5 mg/3.2 mg/kg 
twice daily resulted in a steady-state Cmax of 12.0/5.5 μg/ml 
and a tmax of 1.3 hours for both components (Reed et al., 1996).

Clavulanic acid is widely distributed in animals after 
administration with amoxicillin. Adequate concentrations 
were obtained in peritoneal and pleural fluid, lymph, pus, 
and infected tissue homogenates. Sometimes amoxicillin 
concentrations measured after amoxicillin–clavulanic acid 
were higher than for amoxicillin alone, presumably as a result 
of inhibition of bacterial beta-lactamases by clavulanic acid 
at the site of infection (Boon et al., 1982; Woodnutt et al., 
1987; Woodnutt et al., 1990). In humans, clavulanic acid and 
amoxicillin are both well distributed throughout the body, 
including to blister fluid, synovial fluid, ascites, bone, pros-
tate, sputum, and middle ear fluid (Todd and Benfield, 1990; 
Reed, 1996; Lovering et al., 1990; Jaresko et al., 1992; Grange 
et al., 1989; Adam et al., 1987). 
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CSF penetration of clavulanic acid appears relatively poor 
even in the presence of inflamed meninges (Münch et al., 
1981). In one study in humans with acute bacterial meningi-
tis, the mean levels of amoxicillin and clavulanic acid after a 
single dose of 2 g/0.2 g i.v. were 2.25 and 0.25 μg/ml, with 
concentrations relative to plasma of 5.8% and 8.4%, respec-
tively (Bakken et al., 1986). However, in another study of 
adults with bacterial meningitis receiving 200 mg/20 mg/kg/
day in six doses, CSF levels of clavulanic acid were lower and 
variable, varying from undetectable to 0.8 μg/ml (Decazes et 
al., 1987). These data would suggest little role for amoxicil-
lin–clavulanic acid in the treatment of meningitis caused by 
beta-lactamase-producing organisms.

Cortical and cancellous bone concentrations were deter-
mined in subjects undergoing hip arthroplasty who received 
a single dose of 2000/200 mg amoxicillin–clavulanic acid. 
Ratios of bone:serum AUC were approximately 20% for 
amoxicillin and 15–20% for clavulanic acid (Landersdorfer 
et al., 2009), with rapid equilibration between serum and 
bone. Predicted probabilities of achieving target attainment 
levels against S. aureus with doses of 2000/200 mg every 
4 hours were > 95%; these are however higher than generally 
used i.v. doses.

Clavulanic acid diffuses into normal human peritoneal 
fluid, where it reaches a concentration of 66% of correspond-
ing serum level (Wise et al., 1983; Houang et al., 1985; Manek 
et al., 1987).

The penetration of amoxicillin–clavulanic acid into the 
middle ear of children was examined using the pediatric 
formulation at 80 mg/10 mg/kg/day for 3 days. Middle ear 
concentrations (μg/ml) of amoxicillin–clavulanic acid were 
7.23/0.58 at 1 hour 7.4/0.94 at 2 hours, 7.08/0.62 at 3 hours, 
6.01/0.11 at 8 hours, and 3.31/0.11 at 12 hours. Clavulanic 

acid concentrations were above those required to inhibit 
H. influenzae and M. catarrhalis beta-lactamases (Jehl et al., 
2003).

The bilayer formulation given as two 1000/62.5-mg tablets 
twice-daily was designed to overcome the saturable absorp-
tion mechanism for amoxicillin, which limits the effect an 
increase in dose has on plasma concentrations if the drug is 
not retained in the upper gastrointestinal tract (Kerč and 
Opara, 2007). This formulation has high variability in the 
amoxicillin tmax (1–6 hours) and a slower decline in serum 
levels consistent with the subsequent absorption of the sus-
tained release amoxicillin component (Kaye et al., 2001). It is 
interesting that the Cmax for clavulanic acid was lower than 
that reported for 125-mg clavulanic acid (2.05 vs. 3.25 μg/ml, 
respectively), suggesting an effect of high dose amoxicillin 
on clavulanic acid absorption (Adam et al., 1982; Navarro, 
2005).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

As for other beta-lactam drugs, the bacteriological efficacy of 
amoxicillin–clavulanic acid depends on the time that serum 
levels exceed the MIC of the pathogen being treated (Craig, 
1998). Therapeutic efficacy for amoxicillin against S. pneu
moniae and H. influenzae requires a time above the MIC (t > 
MIC) for 40–50% of the dosing interval (MacGowan et al., 
2004). The t > MIC for the amoxicillin component (for vari-
ous MICs) achieved with the different amoxicillin–clavulanic 
acid formulations and doses is shown in Table 14.4 and 
demonstrates that the higher dosing regimens can achieve 
theoretically effective pharmacodynamic parameters against 
organisms with higher amoxicillin MICs. This is supported 

Table 14.4. Pharmacokinetic and pharmacodynamic parameters for selected amoxicillin/clavulanate formulations

Amoxicillin/clavulanate 
formulation (ratio) Dosing regimen

Amoxicillin Cmax 
(mg/l)

Mean t > MIC for amoxicillin (% of 
dosing interval) for MICs (mg/l) of:

1 2 4 8

250/125 mg (2:1) 3 times daily 3.3 40 — — —

500/125 mg (4:1) 3 times daily 7.2 55 43 — —

875/125 mg (7:1) 2 times daily 11.6 44 40 — —

875/125 mg (7:1) 3 times daily 11.6 69 57 34 —

1000/125 mga (8:1) 3 times daily 12.5 > 65 55 41 —

1000/125 mgb (16:1) 2 times daily 17.0 > 70 60 49 35

Pediatric formulations (data shown for suspensions)

125/31.25 or 250/62.5 mg/5 ml (4:1) 40/10 mg/kg/day
 (3 divided doses)

6.5 59 44 — —

200/28.5 or 400/57 mg/5 ml (7:1) 45/6.4 mg/kg/day
 (2 divided doses)

10.9 50 41 — —

600/42.9 mg/ 5ml (14:1) 90/6.4 mg/kg/day
 (2 divided doses)

15.8 61 50 41 —

aAvailable in France only.
bExtended-release tablets.
Abbreviation: dash indicates t > MIC < 30%.
Source: Reproduced with permission from White et al. (2004).
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by studies with co-amoxicillin in a rat model of respiratory 
infection due to S. pneumoniae with elevated amoxicillin 
MICs (Berry et al., 2005). It should be noted however that 
although these formulations include clavulanic acid, for 
S.  pneumoniae the amoxicillin pharmacodynamics are the 
determinants of efficacy. The clavulanic acid component is 
of relevance for infections due to beta-lactamase-producing 
H. influenzae and M. catarrhalis. For the former, amoxicillin–
clavulanic acid is superior to amoxicillin alone in a rat 
pneumonia model (Berry et al., 1998), and the pharmacoki-
netically enhanced formulation (ratio amoxicillin/clavulanic 
acid of 16:1) was effective for both a beta-lactamase-produc-
ing H. influenzae and a beta-lactamase-negative ampicillin- 
resistant strain (Berry et al., 2005), indicating that 125 mg 
clavulanic acid twice daily is sufficient to protect against 
beta-lactamase in this model.

Haeseker et al. (2014) have examined achievement of a 
pharmacodynamic efficacy target (40% time above the amox-
icillin MIC) in hospitalized patients receiving i.v. amoxicillin–
clavulanic acid 1000 mg/200 mg four times daily, and the 
effect of higher (but still susceptible) MIC (< 8 mg/l amoxi-
cillin). Although 40% t > MIC was reached in 93% of patients 
when MIC was 4 mg/l, approximately one third of patients 
failed to meet this target when the MIC was 8 mg/l. Simulation 
of six times daily dosing indicated 40% t > MIC would be 
achieved with a MIC of 4 and 8 mg/l in 100% and 95% of 
cases, respectively, and this more frequent regimen was rec-
ommended for Enterobacteriaceae sepsis or intraabdominal 
infection. The relationship between sputum amoxicillin con-
centration and length of hospitalization for chronic obstruc-
tive pulmonary disease (COPD) in 52 patients treated with 
co-amoxicillin was determined by Brusse-Keizer et al. 
(2011). A target concentration of MIC 2 mg/l was selected 
to achieve MIC 90 for common respiratory pathogens. It is 
interesting that mean duration of hospitalization in subjects 
with sputum amoxicillin > 2mg/l was significantly less than 
when sputum concentration was < 2 mg/l (11 vs. 7 days, 
respectively). In a subsequent study there was no correlation 
between amoxicillin sputum levels of > 2mg/l (MIC 90) or 
< 2 mg/l and sputum beta-lactamase activity (Brusse-Keizer 
et al., 2015), suggesting other factors such as drug penetra-
tion are responsible. Indeed, in this study 78% of sputum 
samples and 30% of serum samples had concentrations MIC 
< 90 on day 3 of treatment.

Carlier et al. (2013) determined population pharmacoki-
netics and dosing simulations for amoxicillin–clavulanic 
acid in critically ill patients with pharmacodynamic targets 
of 50% time above MIC for an MIC of 8 mg/l (EUCAST 
breakpoint for Enterobacteriaceae). Although standard doses 
of the amoxicillin component (1000 mg four times daily or 
2000 mg three times daily) achieved targets in normal and 
reduced renal function, this dosing was insufficient in patients 
with high creatinine clearance. In a similar study in critically 
ill children, conventional doses of 25–35 mg/kg every 6 hours 
for the amoxicillin component were insufficient for target 
attainment, and 25 mg/kg every 4 hours was required to com-
pensate for increased renal clearance (De Cock et al., 2015).

5d.  Excretion

Clavulanic acid is excreted in the urine in the active, 
unchanged form, but to a lesser extent than amoxicillin. 
Excretion occurs mainly by glomerular filtration and tubular 
secretion pays only a minor, if any, role (Staniforth et al., 
1983). Thus probenecid has no effect on renal excretion of 
clavulanic acid. After administration of 125 mg clavulanic 
acid with amoxicillin 500 mg, cumulative excretion of clavu-
lanic acid (as a percentage of dose administered) at 2, 4, and 
6 hours was approximately 14%, 26%, and 28%, respectively 
(Ferslew et al., 1984). Comparable levels of the dose excreted 
unchanged in the urine of 18–38% have been observed in 
other studies (Jackson et al., 1984; Jacobs et al., 1985; Nilsson-
Ehle et al., 1985).

Approximately half the dose of clavulanic acid appears to 
be metabolized in the body. Clavulanic acid is relatively 
unstable at 37°C, and this may contribute to the disappear-
ance of the drug from the body (Jackson et al., 1984).

5e.  Drug interactions

Minimal drug interactions occur with amoxicillin–clavulanic 
acid. Probenecid decreases renal tubular secretion of amoxi-
cillin but does not affect the clavulanic acid component 
(Staniforth et al., 1983); the combination should be avoided. 
Amoxicillin–clavulanic acid has been reported to interact 
with warfarin (increasing the international normalized ratio, 
INR); this has been attributed to effects on vitamin K–pro-
ducing gut flora (Davydov et al., 2003), and was considered a 
probable interaction by Holbrook et al. (2005). An interac-
tion with the oral anticoagulant fluindione and amoxicillin–
clavulanic acid leading to overanticoagulation has also been 
reported (Farnier et al., 2015), suggesting that INR should be 
monitored carefully when anticoagulant and amoxicillin–
clavulanic acid combinations are used.

Drugs subject to enterohepatic circulation and metab-
olism by intestinal microflora could be affected by gut 
microbiome changes induced by amoxicillin–clavulanic 
acid. Trough levels of mycophenolic acid are reduced by 
approximately half when amoxicillin–clavulanic acid or cip-
rofloxacin is co-administered (Borrows et al., 2007; Ratna et 
al., 2011); however, amoxicillin–clavulanic acid had no effect 
on valproic acid pharmacokinetics (Lee et al., 2015). Similar 
effects to ampicillin on oral contraceptive absorption, reduced 
urinary oestriol excretion and increased incidence of rash 
when co-administered with allopurinol could be associated 
with the amoxicillin component. Antacids have no signifi-
cant effect on amoxicillin or clavulanic acid levels (Ogawa 
and Echizen, 2011).

6. ADVERSE REACTIONS AND TOXICITY

Amoxicillin–clavulanic acid is relatively well tolerated. 
Adverse reactions observed in 9,700 patients participating in 
clinical trials with oral amoxicillin–clavulanic acid included 
diarrhea, 398 (4.1%); nausea, 294 (3%); vomiting, 175 (1.8%); 
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indigestion, 158 (1.6%); rash, 110 (1.1%); urticaria 9, ana-
phylaxis 1, Candida superinfection 98 (1%), altered liver 
function tests 3, and jaundice 1 (Croydon, 1984).

The majority of the safety data for amoxicillin–clavulanic 
acid has been obtained with the earlier formulations, mostly 
given three times daily. The 875-mg/125-mg twice-daily 
regimen appears to have a similar safety profile to the 
500-mg/125-mg three-times-a-day dosing (White et al., 
2004). A lower incidence of diarrhea with the former dosing 
(2.9% vs. 4.9%) (Calver et al., 1997) likely relates to the lower 
clavulanic acid daily dose. The new pharmacokinetically 
enhanced 2000-mg/125-mg twice-daily formulation appears 
to have comparable adverse events to the 875-mg/125-mg 
twice-daily preparations (White et al., 2004).

6a.  Gastrointestinal side effects

In an analysis of 38,500 patients in clinical trials a similar 
range of side effects occurred, with upper gastrointestinal 
events 2.5% (nausea 1.4%) and diarrhea (3.4%) the most 
common (Neu et al., 1993). Diarrhea has been reported 
more commonly (about 10%) by others and is attributed pri-
marily to the clavulanic acid component (Bush and Johnson, 
2000) because both this and other gastrointestinal side 
effects, such as nausea and vomiting, seem to be more com-
mon with amoxicillin–clavulanic acid than with amoxicillin 
alone (Iravani and Richard, 1982; Pien, 1983; Conner, 1985). 
With the twice-daily dosing schedules and 125-mg individ-
ual doses of clavulanic acid (vs. 250-mg doses), gastrointes-
tinal toxicity is lessened (Crokaert et al., 1982; Lawrence 
and Shanson, 1985). Administration with food may reduce 
the severity of gastrointestinal-adverse events (Bush and 
Johnson, 2000). Antibiotic-related diarrhea associated with 
C. difficile can also occur and ranges from mild diarrhea 
to  fulminant pseudomembranous colitis. In nursing home 
residents, the highest rate of antibiotic-related diarrhea was 
associated with amoxicillin–clavulanic acid prescriptions 
(Gillespie et al., 2015), and amoxicillin–clavulanic acid was 
also identified among the high-risk antibiotics associated 
with C. difficile infection in the elderly residents of a Scottish 
care home (Marwick et al., 2013). In a human gut model, 
rapid C. difficile ribotype 027 germination and toxin produc-
tion occurred after amoxicillin–clavulanic acid instillation 
(Chilton et al., 2012) and logarithmic gut microbiota changes 
were observed. Finally, amoxicillin–clavulanic acid adminis-
tered before meals into the small bowel induces duodenal 
contractions, suggesting possible use as a prokinetic agent 
(Gomez et al., 2012).

6b.  Rashes

The incidence of rashes (1.1%) noted by Croydon (1984) was 
surprisingly low because amoxicillin alone is associated with 
a higher frequency of rashes. A higher frequency of rashes 
was noted in one study in which 116 females were given 
amoxicillin–clavulanic acid; rashes were observed in 4.1% 
(Iravani and Richard, 1982). Rashes and fever also occurred 

more frequently in HIV-infected patients given amoxicillin–
clavulanic acid (Van der Ven et al., 1994). Among patients 
with immediate hypersensitivity reactions to amoxicillin–
clavulanic acid, approximately 30% may be due to selective 
reactions to the clavulanic acid component (Torres et al., 
2010). Cross-reactivity with other beta-lactams has not been 
reported, and it is suggested that in these patients other 
beta-lactams could be used (Torres et al., 2016). Liquid for-
mulations of amoxicillin–clavulanic acid usually contain 
sodium benzoate as an excipient, and in a challenge study of 
children with cutaneous reactions to the suspension, positive 
(mainly urticarial) responses were seen as frequently to the 
excipient as to amoxicillin–clavulanic acid (Mori et al., 2012). 
Other rare dermatological adverse events include linear IgA 
bullous disease (Ho et al., 2007) and reactions observed with 
ampicillin-class antibiotics, such as erythema multiforme, 
exfoliative dermatitis, pruritus, pemphigus (Baroni et al., 
2012), and Stevens-Johnson syndrome (Fathallah et al., 2013).

6c.  Hepatotoxicity

There are a number of reports of amoxicillin–clavulanic 
acid–induced cholestatic jaundice (Thompson et al., 1995; 
Beraldo et al., 2013), including with a fatal outcome (Hebbard 
et al., 1992; Ersoz et al,, 2001). Risk factors include male sex, 
the elderly, treatment duration (Cundiff and Joe, 2007), and 
concomitant hepatotoxic drugs (Yasici et al., 2015); although 
cases have also been reported in children, including a van-
ishing bile duct syndrome (Smith et al., 2005). The overall 
estimated risk of hepatoxicity is 1:10,000 to 1:100,000. Hepato-
toxicity is more likely attributable to the clavulanic acid com-
ponent and is a non-dose-related hypersensitivity, usually 
cholestatic but sometimes a hepatocellular reaction, in which 
the onset can occur weeks after stopping the drug; recovery 
over weeks to months generally occurs (Cundiff and Joe, 
2007). Several studies have identified an association between 
liver injury and HLA genotype, including class II DRB1*15:1 
and class I HLA-A*02:01 (Donaldson et al., 2010; Lucena et 
al., 2011; Stephens et al., 2013). Kim et al. (2015) described 
amoxicillin and clavulanic acid T-cell responses in patients 
with liver toxicity and generated component-specific CD4+ 
and CD8+ clones; it is interesting that clones were not acti-
vated by flucloxacillin, piperacillin, or benzyl penicillin.

6d.  Other adverse reactions

Other uncommon to rare adverse events include interstitial 
nephritis, eosinophilia, leucopenia, thrombocytopenia (Man-
sour et al., 2014), agitation, convulsions, insomnia and hyper-
activity, and anaphylactoid and hypersensitivity reactions 
(see Chapter 5, Ampicillin and amoxicillin). A case of Kounis 
syndrome (Ralapanawa and Kularatne, 2015) (acute coro-
nary syndrome concurrent with hypersensitivity reaction) has 
been reported in a 74-year-old man shortly after receiving i.v. 
amoxicillin–clavulanic acid. It was surprising that in a study 
of drug-induced QTc interval prolongation, amoxicillin– 
clavulanic acid was found to be associated with higher QTc 
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and ΔQTc values, and further evaluation of this risk was rec-
ommended (Keller et al., 2016). However, beta-lactams are 
not generally considered to be associated with QT prolonga-
tion (Simkó et al., 2008; Owen and Nolin, 2006) and amoxi-
cillin–clavulanic acid has been used as the reference drug for 
assessing risk associated with the use of more implicated 
QT-prolonging agents, such as macrolides and quinolones 
(Chou et al., 2015).

6e.  Risks in pregnancy

Amoxicillin–clavulanic acid is pregnancy category B. There is 
no evidence of teratogenic effects of amoxicillin–clavulanic 
acid in animals (Baldwin et al., 1983). Both amoxicillin and 
clavulanic acid cross the placenta (Matsuda et al., 1992). 
Czeizel et al. (2001) performed a population-based case- 
control study of 6,935 pregnant women with offspring with 
congenital abnormalities and 10,238 controls and found no 
significant differences in amoxicillin–clavulanic acid expo-
sure during pregnancy, including exposure during the first 
trimester. In another study, 191 women treated with amoxi-
cillin–clavulanic acid during the first trimester were prospec-
tively matched with controls and followed during pregnancy. 
Rates of live births, abortions, and major malformations 
were comparable between the two groups (Berkovitch, et al., 
2004). These studies are reassuring regarding the safety of 
amoxicillin–clavulanic acid in pregnancy but, of course, 
do  not exclude the possibility of infrequent toxicity or 
malformations.

In contrast, there appears to be an association between 
the use of amoxicillin–clavulanic acid in trials of antibiotics 
for preterm rupture of the membranes (PROM) and neo-
natal necrotizing enterocolitis. In a review of 14 trials of anti-
biotics for PROM, Kenyon et al. (2004) noted a significant 
risk of necrotizing enterocolitis after amoxicillin–clavulanic 
acid exposure (relative risk: 4.6, 95% confidence interval: 
1.98–10.7). This association was confirmed in a recent 
Cochrane review on antibiotics for preterm rupture of mem-
branes (Kenyon et al., 2013). Thus amoxicillin–clavulanic 
acid should be avoided late in pregnancy and in women at 
risk of preterm delivery (Kenyon et al., 2004; Kenyon et al., 
2013).

7. CLINICAL USES OF THE DRUG

7a.  Urinary tract infections

Unlike many antimicrobials, activity of amoxicillin–clavu-
lanic acid is largely unaffected by pH extremes (pH 4.8–8) 
in urine (Yang et al., 2014). Amoxicillin–clavulanic acid is 
widely used with good cure rates to treat urinary tract infec-
tions (UTIs) caused by both beta-lactamase-producing and 
nonproducing organisms, although in the latter case there 
is no advantage over amoxicillin alone. Early noncompara-
tive trials of amoxicillin–clavulanic acid generally used 250 

mg/125 mg every 8 hours for the treatment of amoxicillin-  
resistant urinary tract infections, and cure rates varied from 
64–74% in the elderly or complicated patient to 87–92% for 
uncomplicated cystitis in young women (Leigh et al., 1981; 
reviewed in Ball, 2007). In a small comparative study with 
amoxicillin, amoxicillin–clavulanic acid had superior effi-
cacy (absence of bacteriuria within 7 days; 85% vs. 25%) 
for amoxicillin-resistant organisms (Martinelli et al., 1981). 
In a group of elderly patients, Gallacher et al. (1986) also 
showed superiority of amoxicillin–clavulanic acid over amox-
icillin alone (88% vs. 43% response, respectively). Doses of 
250 mg/125 mg every 8 hours for 7–10 days were used in 
larger open-labeled studies (Iravani and Richard, 1986) with 
92–97% early cure rates and 69–97% cure at late followup. 
Amoxicillin–clavulanic acid has efficacy in patients with 
recurrent urinary tract infections (Brumfitt and Hamilton-
Miller, 1984), and for this situation was comparable to 
cephradine in one trial (Brumfitt and Hamilton-Miller 1990). 
Comparative studies indicated that amoxicillin–clavulanic 
acid has comparable efficacy with oral cefaclor (Gurwith et al., 
1983; Iravani and Richard, 1986) and is similarly effective to 
cephalexin for the treatment of bacteriuria during pregnancy 
(Pedler and Bint, 1985). A 7-day regimen of amoxicillin–
clavulanic acid had similar efficacy to a single 3-g dose of 
fosfomycin in asymptomatic bacteriuria in pregnancy, but 
recurrences were less frequent with fosfomycin (Estebanez 
et al., 2009). However, the benefits of treating asymptomatic 
bacteriuria in pregnancy have recently been questioned 
(Kazemier et al., 2015). For symptomatic UTI in pregnancy, 
5 days of amoxicillin–clavulanic acid was comparable to 5 
days of cefuroxime axetil and single-dose fosfomycin (Usta 
et al., 2011). There is conflicting evidence on the efficacy of 
amoxicillin–clavulanic acid versus co-trimoxazole for uri-
nary tract infection. In a study of 52 adults with uncompli-
cated infection, cure rates were 83% and 100%, respectively 
(Baily et al., 1983). However, in a similar size study Fancourt 
et al. (1984) found marginal superiority of amoxicillin–
clavulanic acid, and in a larger study Karachalios (1985) 
observed higher bacteriological cure rates with amoxicillin–
clavulanic acid (95% vs. 83%). In a large open-label study 
including complicated urinary tract infection, results with 
amoxicillin–clavulanic acid were unexpectedly good with 
infections caused by S. marcescens, E. cloacae and C. freundii, 
which produce beta-lactamases not inhibited by clavulanic 
acid (Nakazawa et al., 1983). Eradication of bacteria was noted 
in 63–89%, and this was attributed to high urinary concen-
trations of clavulanic acid itself, which exceeded the MICs 
for these strains.

The subsequently developed twice-daily formulations pro-
vide more convenient dosage regimens and have comparable 
bacteriological and clinical success rates (Bax, 2007). For 
uncomplicated urinary tract infections in women, a single 
dose of amoxicillin–clavulanic acid (3 g amoxicillin/125 mg 
clavulanic acid) was inferior to a conventional 3-day course 
with 250 mg/125 mg every 8 hours (Raz et al., 1991), and a 
single high dosage of amoxicillin–clavulanic acid was less 
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effective than 7 days of co-trimoxazole (Masterton and 
Bochsler, 1995). In a more recent comparative study of 
amoxicillin–clavulanic acid 500 mg/125 mg with ciprofloxa-
cin 250 mg, both given twice daily for 3 days, amoxicillin–
clavulanic acid was not as effective for clinical cure (58% 
vs. 77%) or microbiological cure at 2 weeks (76% vs. 95%), 
even for isolates sensitive to amoxicillin–clavulanic acid. This 
was attributed to a possible inferior ability of amoxicillin–
clavulanic acid to eradicate vaginal E. coli (Hooton et al., 
2005), but a longer duration of amoxicillin–clavulanic acid 
(5–7 days may also be required).

Overall, amoxicillin–clavulanic acid probably has compa-
rable efficacy to agents such as cephalexin and trimethoprim 
or co-trimoxazole for uncomplicated urinary tract infection 
and can also be used as oral therapy for mild pyelonephritis 
(Ramakrishnan and Scheid, 2005). Empiric choice for acute 
cystitis may depend on local resistant patterns and antimi-
crobial exposure. For example, trimethoprim resistance in 
E. coli is now frequent and a history of amoxicillin–clavulanic 
acid exposure is associated with subsequent drug-resistant 
urinary tract infection (Leflon-Guibout et al., 2002).

7b.  Respiratory tract infections

While penicillin V is used to treat group A streptococcal 
(GAS) pharyngitis with good clinical success, in many 
patients eradication of streptococci from the pharynx is not 
achieved. In contrast, high rates of GAS eradication have 
been reported with amoxicillin–clavulanic acid (Kaplan and 
Johnson, 1988; Brook 1989). It has been postulated that beta- 
lactamases (produced by normal upper respiratory tract 
flora) inactivate penicillin, leading to persistence of group A 
streptococcus, although this explanation remains controver-
sial and evidence for this is lacking (Gerber et al., 1999). 
Clinical response of GAS pharyngotonsillitis was similar for 
a 3-day course of amoxicillin–clavulanic acid and a 10-day 
course of amoxicillin in children (Kuroki et al., 2013); how-
ever, eradication 1–2 weeks later appeared to be higher with 
the longer course. Use of amoxicillin–clavulanic acid is not 
recommended routinely for GAS pharyngitis and would also 
be associated (as is amoxicillin) with a high incidence of rash 
in patients acutely infected with Epstein-Barr virus.

Amoxicillin–clavulanic acid has good activity against the 
most common bacterial pathogens associated with upper 
and lower respiratory tract infections (see Table 14.1), includ-
ing S. pneumoniae, H. influenzae, and M. catarrhalis. These 
are associated with sinusitis, otitis media, exacerbations of 
COPD, and community-acquired pneumonia. Amoxicillin–
clavulanic acid has the advantage over amoxicillin alone in 
retaining activity against the 15–20% of H. influenzae and 
>  90% of M. catarrhalis that are beta-lactamase-producing 
(Jacobs et al., 2003).

Amoxicillin–clavulanic acid is generally comparable to 
other commonly used agents for acute bacterial sinusitis, 
including cefaclor (Wald et al., 1984), cefuroxime axetil 
(Camacho et al., 1992), cefpodoxime (Polonovski and 

Mellach, 2006), gatifloxacin (Sher et al., 2002), and clarithro-
mycin (Riffer et al., 2005). In some instances adverse events, 
particularly diarrhea, were more frequent with amoxicillin–
clavulanic acid (Camacho et al., 1992; Polonovski and Mel-
lach, 2006). In a recent Cochrane review, Ahovuo-Saloranta 
et al. (2008) concluded there were no major differences in 
efficacy across different antibiotic groups, although amoxi-
cillin–clavulanic acid reduced the risk of early clinical failure 
vs. cephalosporins but was associated with more frequent 
withdrawals due to adverse effects. The authors stressed, 
however, that the benefits of antibiotics for acute maxillary 
sinusitis were relatively small, and antibiotic use needed to be 
balanced against the risk of adverse events and development 
of resistance. A recent clinical practice guideline from the 
American Academy of Pediatrics (Wald et al., 2013) recom-
mends amoxicillin with or without clavulanic acid for chil-
dren with acute bacterial sinusitis and “severe onset and 
worsening course” but considers additional observation an 
option for persistent acute sinusitis (nasal discharge, cough, 
persisting > 10 days without improvement).

Amoxicillin–clavulanic acid is effective for acute otitis 
media (Bluestone, 1988; Engelhard et al., 1989). As for acute 
sinusitis, efficacy is generally similar to cefaclor (Kaleida et 
al., 1987), gatifloxacin (Sher et al., 2005), or azithromycin 
(Guven et al., 2006). For bona fide acute otitis media, 10 days 
of amoxicillin–clavulanic acid was more effective than 5 days 
of cefdinir (Casey et al., 2012), with cure rates of 86.5% and 
71%, respectively. Wang et al. (2004) and Biner et al. (2007) 
reported that single-dose im.m ceftriaxone had similar effi-
cacy as a 10-day course of amoxicillin–clavulanic acid. There 
was no significant difference in efficacy between dosing regi-
mens of amoxicillin–clavulanic acid of 4 5mg/6.4 mg/kg/day 
given twice daily and 40 mg/10 mg/kg/day administered 
three times daily (Hoberman et al., 1997; Damrikarnlert et 
al., 2000). A subsequent Cochrane review concluded there 
was no difference in efficacy between amoxicillin, with or 
without clavulanic acid, administered once or twice daily, to 
three times daily (Thanaviratananich et al., 2013). A 10-day 
course was marginally more effective than a 5-day course 
of  the twice-daily regimen (Hoberman et al., 1997). The 
emergence of S. pneumoniae with reduced susceptibility 
or  resistance (MIC > 2 µg/ml) to penicillin has prompted 
the  development of large-dosage pediatric formulations of 
amoxicillin–clavulanic acid. Hoberman et al. (2005) used 
amoxicillin–clavulanic acid dosing of 90 mg/6.4 mg/kg/day 
in two divided doses for 10 days and found clinical and bac-
teriological superiority over a 5-day course of azithromycin.

Although many patients with acute bronchitis receive 
antibiotics there is little evidence of clinical efficacy. Llor et 
al. (2013) compared amoxicillin–clavulanic acid 500 mg/125 
mg three times daily with placebo and ibuprofen in patients 
with acute bronchitis and discolored sputum. There was no 
significant difference in duration of cough or likelihood of 
cough resolution between the groups; however, significantly 
more adverse events were seen with amoxicillin–clavulanic 
acid use.
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The role of antimicrobial agents in acute exacerbations 
of chronic bronchitis (AECB) has long been controversial, 
but they are generally considered to have a small benefit in 
selected patients (Saint et al., 1995; McCrory et al., 2001; 
Ram et al., 2006) although treating with antibiotics as a stan-
dard practice is not universally recommended (Boersma 
2012). Destache et al. (1999) reported that outpatients with 
AECB treated with newer agents, including amoxicillin–
clavulanic acid, azithromycin, and ciprofloxacin had lower 
failure rates than those treated with amoxicillin or tetracy-
cline; higher relapses with amoxicillin were also noted by 
Adams et al. (2000). In contrast Llor et al. (2009) found 
no  difference in clinical efficacy between amoxicillin and 
amoxicillin–clavulanic acid for nonhospitalized patients 
with AECB. In a followup study of similar patients receiving 
placebo or amoxicillin–clavulanic acid, clinical cure at end 
of treatment was 74% vs. 60% ,respectively, and time to next 
exacerbation was longer with amoxicillin–clavulanic acid 
(233 days vs. 160 days) (Llor et al., 2012). Recent European 
guidelines recommend that when antibiotics are required 
for AECB (increased dyspnea, sputum volume, and sputum 
purulence), mild exacerbations can be treated with amoxicil-
lin or a tetracycline, while amoxicillin–clavulanic acid is rec-
ommended for moderate to severe exacerbations requiring 
hospitalization (Woodhead et al., 2005). One recent approach 
to minimizing unnecessary antibiotic use in AECB is to use 
guidance via the measurement of inflammatory biomarkers. 
Stolz et al. (2007) found a 44% reduction in antibiotic use, 
without adverse outcomes, when procalcitonin levels were 
used as a guide for prescribing. Final antimicrobial choices 
should, however, take into account local epidemiology and 
resistance patterns. In areas with emerging levels of penicil-
lin resistance the pharmacologically enhanced formulation 
of 2000 mg/125 mg twice daily may be preferable. Sethi et al. 
(2005) reported this had comparable efficacy and tolerability 
to 875 mg/125 mg amoxicillin–clavulanic acid twice daily, 
but few strains with increased resistance to penicillin were 
included in this study.

Amoxicillin–clavulanic acid has efficacy in children and 
adults with pneumonia caused by S. pneumoniae, H. influenzae, 
and M. catarrhalis (Gooch et al., 1984; Wallace et al., 1985). 
European guidelines recommend amoxicillin–clavulanic acid, 
with or without a macrolide, as one of several first-line 
options for mild to moderate community-acquired pneumo-
nia (CAP) (Woodhead et al., 2005). Intravenous and oral 
amoxicillin–clavulanic acid were found to be comparable to 
ceftriaxone (Rosόn et al., 2001) and, with clarithromycin, 
comparable to levofloxacin for the treatment of CAP requir-
ing hospitalization (Lin et al., 2007). The 2000-mg/125-mg 
amoxicillin–clavulanic acid twice-daily dosing regimen is as 
effective for CAP as the conventional 875-mg/125-mg three-
times-daily dosing (Garau et al., 2003; File et al., 2005; 
Siquier et al., 2006). Although the 2000-mg/125-mg dosing 
with the pharmacologically enhanced formulation was devel-
oped to counter penicillin-resistant S. pneumoniae, the small 
numbers of these strains in these studies responded well to 
both treatment regimens.

7c.  Mixed Gram-negative, Gram-positive, 
and anaerobic infections

In animal studies, amoxicillin–clavulanic acid is effective 
for the treatment of mixed B. fragilis and E. coli infection 
(Beale et al., 1988). Where the i.v. preparation of amoxicillin– 
clavulanic acid is available, this can be used to treat moderate 
to severe infections for which mixed aerobic and anaerobic 
pathogens are likely, including lung abscess, empyema, peri-
tonitis, intraabdominal collections, postoperative obstetric 
and gynecological infections (Schmitt et al., 1989; Mehtar 
and Ball, 1985; Obwegester et al., 1989; Walker et al., 1993), 
infections associated with animal bites, and diabetic foot 
infections (see the following sections). Oral amoxicillin–
clavulanic acid can also be used after initial i.v. treatment 
with either amoxicillin–clavulanic acid or other regimens for 
these infections.

In a placebo-controlled trial of antibiotics after drainage of 
anorectal abscess, administration of amoxicillin–clavulanic 
acid had no effect on rates of fistula formation (22.4% pla-
cebo vs. 37.3% antibiotic), and use of antibiotics in this situ-
ation was not recommended (Sözener et al., 2011).

7d.  Skin and soft tissue infections and 
osteomyelitis

In experimental surgical wounds in mice infected with both 
S. pyogenes and S. aureus, amoxicillin alone did not elimi-
nate S. pyogenes in the presence of beta-lactamase-producing 
S. aureus, whereas amoxicillin–clavulanic acid eliminated 
both organisms (Boon and Beale, 1987). Abscesses, cellulitis, 
and impetigo are most commonly caused by S. pyogenes and 
S. aureus, and amoxicillin–clavulanic acid has efficacy for 
these conditions, similar to other agents, such as flucloxacil-
lin and cefaclor (Fleisher et al., 1983; Pien, 1983; Dagan and 
Bar-David, 1989; Gentry, 1992). However, if the pathogen 
has been identified, narrower-spectrum treatment (e.g. pen-
icillin for S. pyogenes and flucloxacillin for S. aureus) would 
be preferred. With the emergence of community-acquired 
MRSA, antimicrobials active against this pathogen should be 
considered for empiric treatment of more severe skin and 
soft tissue infections.

For more complicated skin and soft tissue infections such 
as diabetic foot infections and postoperative abdominal and 
gynecological surgical infections for which mixed anaerobic 
and anaerobic flora are present, amoxicillin–clavulanic acid 
would be an appropriate treatment option, as long as P. aeru
ginosa is not present (Lipsky et al., 2007).

Largely, or exclusively, oral regimens of 4–6 weeks of 
amoxicillin–clavulanic acid have been used successfully for 
treatment of acute osteomyelitis in children who did not 
have defined severity criteria (Roul-Levy et al., 2016).

7e.  Animal and human bites

The microbiology of infected animal bites is complex, and 
many infected wounds are polymicrobial, with a median of 
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five isolates per culture (Talan et al., 1999). The most common 
isolate is Pasteurella spp.; other common isolates are staphy-
lococci, streptococci, Moraxella, neisseria, and anaerobic 
organisms (Fusobacterium, Bacteroides, Porphyromonas and 
Prevotella spp.) (Talan et al., 1999). Amoxicillin–clavulanic 
acid has good activity against these likely pathogens and is 
an appropriate first choice for infected wounds. Amoxicillin–
clavulanic acid is also widely used for prophylaxis after ani-
mal bites (Morgan and Palmer, 2007), although there is 
limited evidence for efficacy. In a double-blind, placebo- 
controlled study of 172 patients with dog bites, amoxicillin–
clavulanic acid 375 mg three times daily for 5 days, reduced 
the infection rate from 60% to 33% (Brakenbury et al., 1989). 
A Cochrane review concluded there was no evidence of ben-
efit of prophylactic antibiotics after dog bites (Medeiros and 
Saconato, 2001); nevertheless most authorities recommend 
prophylaxis with amoxicillin–clavulanic acid for higher risk 
wounds (puncture wounds, primary closures, bites to hands 
and wrist, crush wounds, and wounds requiring débride-
ment) or high-risk patients (diabetic, cirrhotic, asplenic and 
immunosuppressed) (Medeiros and Saconato, 2001; Morgan 
and Palmer, 2007).

Similar considerations apply to human bites and clenched 
fist injuries, which are at higher risk of infectious complica-
tions than animal bites (Goldstein, 1991). Potential patho-
gens include oral streptococci, S. aureus, Eikenella corrodens, 
H. influenzae, and beta-lactamase-positive oral anaerobes 
(Goldstein, 1992). Amoxicillin–clavulanic acid (oral or i.v.) 
is also an appropriate agent for mild to moderate infection 
after human bites.

7f.  Surgical chemoprophylaxis 

In Europe, where the intravenous formulation is marketed, 
amoxicillin–clavulanic acid is used for surgical prophylaxis, 
particularly in gynecological and intestinal procedures (van 
Kasteren et al., 2003). Amoxicillin–clavulanic acid has equal 
efficacy to gentamicin and metronidazole for prophylaxis in 
elective colorectal surgery (Hall et al., 1989). Amoxicillin–
clavulanic acid was more effective than metronidazole alone 
as prophylaxis in hysterectomy (Brown et al., 1988) and had 
similar efficacy to cefazolin for prophylaxis (both as a single 
dose) in laparoscopic gynecological surgery (Cormio et al., 
2003) and vaginal gynecological surgery (Cormio et al., 
2007). In a survey of UK breast surgeons, antimicrobial pro-
phylaxis was used in > 80% of cases of breast augmentations, 
flap reconstructions, and implant reconstructions and in 
33–62% of other procedures; amoxicillin–clavulanic acid 
was the most common antibiotic used (Ng et al., 2003). There 
is little reliable evidence of efficacy in this setting, however. 
Gupta et al. (2000) found no benefit of amoxicillin–clavulanic 
acid 1.2 g in a single dose over placebo for prophylaxis in 
clean elective breast surgery. In other studies, amoxicillin–
clavulanic acid was as effective as cefoxitin for prophylaxis in 
vascular surgery (Dieterich et al., 1989) and hysterectomy 
and cesarean section (Jyothi et al., 2010). It was superior to 
no antibiotics in renal transplantation surgery (Evans et al., 

1998) and effective when given as a single dose before percu-
taneous endoscopic gastrostomy (Preclik et al., 1999) and in 
varicose vein surgery (Mekako et al., 2010). A single i.v. dose 
of 1200 mg amoxicillin–clavulanic acid did not reduce surgi-
cal site infection after inguinal hernioplasty (Othman 2011), 
and 4 days of oral amoxicillin–clavulanic acid did not reduce 
infection complications after removal of impacted lower third 
molars (Arteagoitia et al., 2015). Prophylactic amoxicillin–
clavulanic acid had no effect on the occurrence of postbron-
choscopy fever (Park et al., 2011).

The overall place of amoxicillin–clavulanic acid and its 
comparative efficacy and safety versus other regimens requires 
further clarification. As for all surgical antimicrobial prophy-
laxis, a single dose is adequate in most situations (Scottish 
Intercollegiate Guidance Network, 2008). Morgan (2006) has 
suggested that amoxicillin–clavulanic acid may be less selec-
tive than cephalosporins for methicillin-resistant S. aureus 
and resistant Gram-negative superinfection and could be 
more widely used where available; however, local infecting 
organisms and sensitivity profiles need to be considered.

7g.  Chemotherapy-related fever and 
neutropenia

Amoxicillin–clavulanic acid has been used in combination 
with ciprofloxacin as an oral outpatient regimen for patients 
with fever and neutropenia after chemotherapy considered 
at low-risk (expected duration of neutropenia < 10 days, 
no serious coexisting medical conditions, no hemodynamic 
instability or abdominal symptoms). In these patients, oral 
ciprofloxacin and amoxicillin–clavulanic acid (500 mg/125 
mg every 8 hours) had comparable efficacy to conventional 
intravenous regimens, such as ceftazidime or ceftriaxone 
plus amikacin (Freifeld et al., 1999; Kern et al., 1999). In a 
retrospective comparison, an oral regimen of ciprofloxacin 
and amoxicillin–clavulanic acid was at least as effective as 
oral ciprofloxacin and cefuroxime for the outpatient treat-
ment of low-risk patients (Sipsas et al., 2007). Niho et al. 
(2004) found that oral amoxicillin–clavulanic acid (375 mg 
every 8 hours) and ciprofloxacin was comparable to i.v. cef-
tazidime for low-risk febrile neutropenic patients with lung 
cancer. Oral regimens are becoming an accepted approach to 
treating these patients, but it is important to note that studies 
have included low-risk patients only.

7h.  Melioidosis

B. pseudomallei produce a class A (Bush 2e) beta-lactamase 
that is inhibited by clavulanic acid (Cheung et al., 2002). 
Intravenous amoxicillin–clavulanic acid has been used for 
treatment of severe melioidosis in Thailand. Mortality was 
similar to the comparative agent ceftazidime, but more 
patients in the amoxicillin–clavulanic acid group required 
crossover to the comparator regimen (Suputtamongkol et al., 
1994). Initial uncontrolled studies suggested efficacy of oral 
amoxicillin–clavulanic acid for the prolonged eradication 
phase of melioidosis treatment, with resolution of disease 
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in 67% and good tolerability (Suputtamongkol et al., 1991). 
A subsequent comparative study of amoxicillin–clavulanic 
acid vs. chloramphenicol, doxycycline, and co-trimoxazole 
showed a lower risk of relapse with the comparator regi-
men  (relative risk: 0.4, 95% confidence interval: 0.2–1.2) 
(Rajchanuvong et al., 1995). Collectively these studies sug-
gest amoxicillin–clavulanic acid may be inferior to conven-
tional regimens for the eradication phase of melioidosis 
(Lipsitz et al., 2012), but it remains valuable as a second-line 
regimen for adults, and as a first-line regimen for children 
and during pregnancy (Cheng and Currie, 2005). Higher 
doses of amoxicillin–clavulanic acid (adults: 500 mg/125 mg, 
3 tablets every 8 hours) with ratios of more than 4:1 are rec-
ommended to ensure adequate clavulanic acid exposure. 
Amoxicillin–clavulanic acid is also an alternative to co-tri-
moxazole for postexposure prophylaxis (Cheng et al., 2008; 
Lipsitz et al., 2012; Dance, 2014).

7i.  Mycobacterial infections

There are sporadic reports of the use of amoxicillin–clavu-
lanic acid for drug-resistant tuberculosis (Nadler et al., 1991; 
Yew et al., 1995). Chambers et al. (1998) observed a quanti-
tative reduction in M. tuberculosis sputum load of 0.32 log10 
cfu/ml/day during the first 2 days of amoxicillin–clavulanic 
acid therapy (vs. 0.6 log10 cfu/ml/day reduction with isonia-
zid). In contrast, Maritz et al. (2001) found no evidence of 
early bactericidal activity. It would appear that amoxicillin–
clavulanic acid has a limited role in the management of 
tuberculosis; a recent meta-analysis of the treatment of mul-
tidrug-resistant tuberculosis (MDR-TB) suggested the possi-
ble addition of amoxicillin–clavulanic acid (or other agents) 
if there were not five adequate medications in the treatment 
regimen for MDR-TB (Mukherjee et al., 2004). Mitnick et al. 
(2008) have reported relatively successful treatment of exten-
sively drug-resistant tuberculosis with five or more drugs, 
and 47% of patients received amoxicillin–clavulanic acid; 
the contribution of this component of the regimen to success - 
ful responses is, however, uncertain. Furthermore, activity 
against multidrug-resistant and extensively drug-resistant TB 
appears limited; Ahmed et al. (2013) examined amoxicillin–
clavulanic acid activity against 102 such strains from Pakistan 
and 97% were interpreted as resistant (MIC > 16 μg/ml). 
Gonzalo and Drobniewski (2013) reported greater activity 
against resistant UK strains, although MICs were frequently 
relatively high. Solapure et al. (2013) confirmed activity 
of amoxicillin–clavulanic acid (but not amoxicillin) against 
replicating M. tuberculosis but not under nonreplicating con-
ditions and noted little or no effect on lung CFU in a mouse 
TB model. In a recent review of multidrug-resistant TB 
treatment, Chang and Yew (2013) noted that amoxicillin–
clavulanic acid use was anecdotal and based on inconsistent 
in vitro data; they suggested meropenem with clavulanic acid 
(or amoxicillin–clavulanic acid) may be a more promising 
regimen. 

The beta-lactamases of M. kansasii and M. fortuitum are 
less susceptible to clavulanic acid (Fattorini et al., 1991; 

Wagner et al., 1995), suggesting no role for amoxicillin–
clavulanic acid in these infections. Amoxicillin–clavulanic 
acid inhibits the replication of M. leprae in the footpads of 
mice (Gelber, 1991), but the clinical significance of this is 
unknown.

7j.  Nocardia infections

Amoxicillin–clavulanic acid has been reported to be effective 
in some cases of nocardiosis (attributable to N. asteroides) in 
renal transplant patients (Arduino et al., 1993). There have, 
however, been major advances in taxonomy of Nocardia spp. 
since that time, including subdivision of N. asteroides, and 
susceptibility to amoxicillin–clavulanic acid varies (Wallace 
et al., 1988). N. abscessus (formerly N. asteroides type 1 drug 
sensitivity pattern), N. farcinica, and N. brasiliensis are usu-
ally susceptible to amoxicillin–clavulanic acid, and it is a 
second-line oral agent (after co-trimoxazole) for the latter 
species (Wallace et al., 1987; Gomez-Flores et al., 2004). 
Other species, such as N. nova complex, N. otitidiscaviarum, 
N. asteroides (type 6 drug sensitivity pattern), and N. cyria
cigeorgica are more resistant to amoxicillin–clavulanic acid 
(Brown-Elliott et al., 2006). Amoxicillin–clavulanic acid may 
be an option for treatment of selected Nocardia infections, 
but would need supportive laboratory susceptibility and iden-
tification data.

7k.  Gonorrhea

Oral amoxicillin–clavulanic acid (single dose of 3 g/125 mg 
with 1 g probenecid or 3 g/25 0mg) is effective for gonorrhea 
caused by penicillin-sensitive or beta-lactamase-producing 
N. gonorrhoea (Key et al., 1985; Lawrence and Shanson, 
1985; Latif et al., 1984). However, resistance is also medi-
ated by chromosomal resistance. In the USA gonococcal iso-
late surveillance program, penicillin resistance has been 
stable from 2006 to 2012, at approximately 13%, of which 
82% exhibited chromosomal penicillin resistance and 18% 
produced beta-lactamase (Kirkcaldy et al., 2013). Fluoro-
quinolone resistance is now frequent, and treatment failures 
occur with cefixime, leading to current CDC (2015) recom-
mendations to use dual treatment with ceftriaxone and 
azithromycin. 

7l.  Chancroid

Multiresistant strains of H. ducreyi are now prevalent in 
many parts of the world, and this pathogen has become resis-
tant to the traditionally used drugs, such as tetracycline and 
sulfonamides; most strains are beta-lactamase positive. In a 
study from Kenya, where resistance is common, 54 of 56 
patients given a 7-day course of amoxicillin–clavulanic acid 
had a clinical and bacteriological response (Fast et al., 1982). 
A subsequent study found that a 3-day course of amoxicillin- 
clavulanic acid 500 mg/250 mg every 8 hours was effective, 
but shorter courses or single doses of 3000 mg/350 mg were 
ineffective (Ndinya-Achola et al., 1986). Other regimens, 
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including single-dose oral azithromycin or i.m. ceftriaxone 
are, however, currently recommended (CDC, 2015).

7m.  Bacterial vaginosis

Amoxicillin–clavulanic acid is more effective than amoxi-
cillin for the treatment of bacterial vaginosis, consistent 
with the role of multiple anaerobic species in this condition 
(Symonds and Biswas, 1986). However, it is less effective 
than metronidazole (Van der Meijden et al., 1987). Although 
it could be used in metronidazole-refractory cases, oral and 
topical clindamycin is preferred as second-line therapy.

7n.  Acute appendicitis

Several recent studies have examined the role of amoxicillin–
clavulanic acid vs. appendicectomy for the management of 
uncomplicated acute appendicitis. In a randomized compara-
tive trial amoxicillin–clavulanic acid was not non-inferior to 
immediate appendicectomy (Vons et al., 2011), although 
only 12% of patients given amoxicillin–clavulanic acid 
required surgery within 1 month. In a smaller study in chil-
dren with radiologically confirmed simple appendicitis 23 of 
25 patients given amoxicillin–clavulanic acid and gentami-
cin for 2–3 days were clinically well at an 8-week followup 
(Gorter et al., 2015), although in the nonoperative treatment 
for acute appendicitis (NOTA) of 159 patients treated with 
amoxicillin– clavulanic acid, short-term failure requiring 
operation occurred in 11.9%, and 2-year followup was gener-
ally favorable (Di Saverio et al., 2014). Overall, these trials 
indicate that many patients with uncomplicated appendicitis 
respond adequately to antibiotics alone, but further predic-
tors for this group are required (Casella et al., 2011).

7o.  Helicobacter infection

Primary resistance of H. pylori to amoxicillin is increasing. 
In Taiwan resistance has increased from 1–2% to up to 36% 
in some regions (Chen et al. 2014), prompting substitution of 
amoxicillin–clavulanic acid in some regimens. Levofloxacin, 
amoxicillin–clavulanic acid 875mg/125mg twice daily and 
rabeprozole was more effective than clarithromycin, amoxi-
cillin 1000mg twice daily, and rabeprozole in eradicating H. 
pylori (78% vs. 57.5%, p = 0.008) in a region of high amoxi-
cillin resistance (Chen et al., 2014). Liao et al. (2015) achieved 
85% eradication with 10 days of amoxicillin–clavulanic acid, 
ilaprazole, levofloxacin, and bismuth. Use of amoxicillin–
clavulanic acid would depend on local rates of amoxicillin 
resistance, however, and further evaluation is required.
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Ampicillin–Sulbactam

Petros I. Rafailidis and Matthew E. Falagas

1. DESCRIPTION

Ampicillin–sulbactam (AMP/S) is a beta-lactam/beta-lact-
amase inhibitor that was developed to overcome the increas-
ing resistance of various bacteria to ampicillin. AMP/S is 
marketed under various trade names, such as Unasyn and 
Begalin. It is an antibacterial combination of the semisyn-
thetic antibiotic ampicillin sodium (see Chapter 5, Ampicillin 
and amoxicillin) and the beta-lactamase inhibitor sulbactam 
sodium (see Chapter 13, Beta-lactamase inhibitors).

Ampicillin sodium is derived from 6-aminopenicillanic 
acid (i.e. the penicillin nucleus). The detailed chemical struc-
ture of AMP/S is monosodium (2S,5R,6R)-6 [(R)-2-amino-
2-phenylacetamido]-3, 3-dimethyl-7-oxo-4-thia-1-azabicyclo 
[3.2.0] heptane-2-carboxylate, and it has a molecular weight 
of 371.3. The chemical formula of ampicillin sodium is 
C16H18N3NaO4S. Sulbactam sodium is a derivative of the 
basic penicillin nucleus. Its chemical structure, according to 
the manufacturer, is sodium penicillinate sulfone—that is, 
sodium (2S, 5R)-3,3 dimethyl-7-oxo-thia-1-azabicyclo[3.2.0] 
heptan-2-carboxylate 4,4-dioxide. The molecular weight of 
sulbactam sodium is 255.2 (Package Insert, Unasyn). The 
chemical structures of these two drugs are shown in Figure 
15.1.

The antibacterial spectrum of AMP/S encompasses Gram- 
positive and Gram-negative aerobic bacteria as well as anaer-
obic bacteria (Jones, 1988). AMP/S has no activity against 
mycoplasma, fungi, viruses, or parasites. It has some activity 
against Chlamydia trachomatis (Martens et al., 1993); how-
ever, it suppresses rather than kills this organism (Segreti et 
al., 1992). Similarly, it has some in vitro bactericidal activity 
against Mycobacterium tuberculosis (Herbert et al., 1996; 
Chambers et al., 1998; Prabhakaran et al., 1999).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The susceptibility of key pathogens is summarized in Table 
15.1.

GRAM-POSITIVE BACTERIA

Gram-positive bacteria that are susceptible in vitro to AMP/S 
include methicillin/oxacillin-susceptible Staphylococcus aureus, 
methicillin-susceptible S. epidermidis, methicillin-susceptible 
S. saprophyticus, Streptococcus pyogenes, S. pneumoniae, S. 
viridans, and Enterococcus faecalis. For methicillin-resistant 
S. aureus (MRSA) and coagulase-negative staphylococci, beta- 
lactam agents, including beta-lactam/beta-lactamase inhibi-
tor combinations, cephems, and carbapenems may appear 
active in vitro but are not effective clinically (CLSI, 2007). 
Only staphylococci that are not oxacillin-resistant should be 
tested for AMP/S activity (Harkless et al., 2005). Streptococci 
of groups A, B, C, and G do not produce beta-lactamase(s), 
and thus the addition of a beta-lactamase inhibitor does not 
add clinical benefit (ECAST, 2008).

Figure 15.1. Chemical structure of ampicillin and 
sulbactam.
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GRAM-NEGATIVE BACTERIA

Susceptible Gram-negative bacteria include Haemophilus 
influenzae (beta-lactamase and non-beta-lactamase produc-
ing), Moraxella catarrhalis (beta-lactamase and non-beta- 
lactamase producing), Escherichia coli (non-beta-lactamase), 
Klebsiella species, Proteus mirabilis (beta-lactamase and 
non-beta-lactamase producing), P. vulgaris, and Neisseria 
gonorrhoeae (beta-lactamase and non-beta-lactamase produc-
ing). The percentage of extended spectrum beta-lactamase 
(ESBL)-producing strains of E. coli, K. pneumoniae, and P. 
mirabilis that are susceptible to ampicillin-sulbactam is lower 
that their non-ESBL-producing counterparts (Table 15.1). In 
general, P. mirabilis strains are more likely to be susceptible 
to AMP/S than P. vulgaris strains.

Serratia marcescens, Morganella morganii, Enterobacter 
cloacae, Enterobacter aerogenes, Providencia rettgeri, P. stuartii, 

and Citrobacter freundii are frequently resistant to AMP/S 
(approximately 30% strains of these bacteria are susceptible 
to AMP/S) (Table 15.1). Pseudomonas aeruginosa and Steno
trophomonas maltophilia are resistant to AMP/S.

ANAEROBIC BACTERIA

Anaerobes are susceptible to AMP/S include Clostridium 
spp., Peptococcus spp., Peptostreptococcus spp., and Bacter
oides spp. such as B. fragilis (Rafailidis et al., 2007).

2b.  Emerging resistance and 
cross-resistance

Strains of MRSA are not susceptible to AMP/S because their 
resistance mechanism is related to altered penicillin-binding 
proteins rather than to production of beta-lactamase. 

Table 15.1. Susceptibilities of key pathogens to ampicillin/sulbactam

Pathogen % Susceptible Comment Reference

Gram-positive bacteria

S. pneumoniae 100 AMP/S has satisfactory activity against many 
Gram-positive pathogens; however, data 
from large multicenter studies are lacking

Casellas et al. (2003)

Gram-negative bacteria

H. influenzae 100 Casellas et al. (2003)

M. catarrhals 100 Chow et al. (2005)

E. coli  21–60 The lowest susceptibility rates were 
observed in Latin America, the Asia/
Pacific region and the highest in the USA

Casellas et al. (2003); Karlowsky et al. 
(2003); Wang et al. (2004); Chow et 
al. (2005); Bouchillon et al. (2013)

E. coli (ESBL)   5–12 Susceptibility of ESBL strains is notably 
lower than non-ESBL strains

Casellas et al. (2003); Chow et al. 
(2005); Bouchillon et al 2013

K. pneumoniae  73–86 The lowest susceptibility rates were 
observed in Latin America, and the Asia/
Pacific region and the highest in Europe

Casellas et al. (2003); Karlowsky et al. 
(2003); Wang et al. (2004); Chow et 
al. (2005)

K. pneumoniae (ESBL/CR)   0–12 Susceptibility of ESBL strains is notably 
lower than susceptibility of non-ESBL 
strains

Casellas et al. (2003); Wang et al. 
(2004); Chow et al. (2005); 
Bouchillon et al. 2013, Iraz (2015)

Citrobacter spp.  46–54 Karlowsky et al. (2003); Chow et al. 
(2005)

Proteus spp.  81–92 Karlowsky et al. (2003); Chow et al. 
(2005)

Morganella spp.   6–31 Karlowsky et al. (2003); Chow et al. 
(2005);Bouchillon et al. (2013)

Enterobacter spp.  14–25 Karlowsky et al. (2003); Chow et al. 
(2005);Bouchillon et al. (2013)

Serratia spp.   2–10 Karlowsky et al. (2003); Chow et al. 
(2005); Bouchillon et al. (20130

Acinetobacter baumannii  32–97 The lowest susceptibility rates were 
observed in Argentina and the highest in 
Hong Kong

Casellas et al. (2003); Garcia-Penuela 
et al. (2006)

Bacteroides fragilis group  85–98 Non-B. fragilis species have higher 
resistance rates than B. fragilis

Aldridge and Sanders (2002); 
Snydman et al. (2002); Fernández-
Canigia et al. (2012)

Abbreviation: ESBL: extended-spectrum beta-lactamase.
Source: Reproduced with permission from Rafailidis et al. (2007).
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An increasing number of Gram-negative pathogens have 
developed resistance to multiple classes of antibiotics, includ-
ing beta-lactam/beta-lactamase inhibitor combinations such 
as AMP/S (Asada et al., 1995; Hernández-Alles et al., 2000; 
Bradford, 2001; Paterson and Bonomo, 2005; Fedler et al., 
2006; Livermore et al., 2012). TEM-1 hyperproduction has 
been identified as the predominant cause of AMP/S resis-
tance in a study evaluating the clinical characteristics of 357 
bloodstream infections due to AMP/S resistant, non-ESBL- 
producing E. coli (Waltner-Toews et al., 2011). 

Carbapenems are regarded as appropriate for treatment 
of severely ill patients with ESBL-producing pathogens 
(Paterson et al., 2004; Peterson, 2008), whereas antibiotics 
such as fluoroquinolones, beta-lactam/beta-lactamase inhib-
itor combinations and aminoglycosides have been used suc-
cessfully in some cases (Tumbarello et al., 2006). When an 
ESBL-producing strain shows susceptibility to beta-lactam/
beta-lactamase inhibitors, beta-lactam combinations with 
tazobactam and clavulanate may have a theoretical advan-
tage over sulbactam (Weber and Sanders, 1990; Bush et al., 
1993).

Among infections due to Bacteroides spp., susceptibility 
to AMP/S has decreased in some countries, while in others it 
has remained stable. In Taiwan, susceptibility of B. fragilis to 
AMP/S has decreased from > 60% before 2005 to 48% in 
2006 (Liu et al., 2008). In a study from site in the USA, the 
susceptibility of B. fragilis has decreased from 97% in 1988 
to 88% in 1999 (Aldridge and Sanders, 2002). However, no 
change in the percentage of susceptibility was found in 
another study performed in the USA with a 4-year average 
of 2.4% of resistance of B. fragilis group to AMP/S (Snydman 
et al., 2002). The susceptibility of B. fragilis remains approxi-
mately at 87% in a recent Latin American study (Fernandez-
Canigia et al., 2012).

Ampicillin has poor activity against Acinetobacter bau
mannii; however, sulbactam shows a variable susceptibility 
pattern in A. baumannii. Most data pertain to the use of 
AMP/S because sulbactam is not as easily available as AMP/S. 
In a study addressing the epidemiology and susceptibility 
of Gram-negative appendicitis pathogens, 35.3% of A. bau
mannii isolates were found to be susceptible to AMP/S (Lob 
et al., 2013). In a survey study examining the secular trends 
in A. baumannii resistance in respiratory and bloodstream 
specimens in the USA from 2003 to 2012, Zilberberg et al. 
(2016) found that resistance to AMP/S increased from 35.2% 
to 41.2%. In the same period resistance to carbapenems 
increased from 37% to 47.3% and resistance to colistin from 
2.8% to 6.9%. Thus ampicillin-sulbactam remains a valuable 
option in the armamentarium against multidrug-resistant 
A. baumannii. It is paradoxical that A. baumannii isolates 
susceptible to AMP/S were found to be biofilm producers 
(Kaliterna et al., 2015) because biofilm is thought to decrease 
antibiotic effectiveness. Indeed, in a study by Badave and 
Kulkarni (2015) production of biofilm by A. baumannii was 
associated with multidrug resistance (including resistance to 
AMP/S). 

3. MECHANISM OF DRUG ACTION

Ampicillin inhibits bacterial cell wall synthesis by binding to 
penicillin-binding proteins (PBPs), enzymes that contribute 
to the formation of the cell wall structure. Ampicillin acts as 
a structural analog of acyl-d-alanyl-d-alanine and acylates 
the transpeptidase enzyme responsible for the final stage 
of  the formation of the peptidoglycan, which is the main 
component of the cell wall (Izaki et al., 1968). Sulbactam, a 
beta-lactamase inhibitor obtained by oxidation of the thi-
azolidine sulfur of penicillanic acid, lacks significant anti-
bacterial activity, except for Neisseria spp. and Acinetobacter 
(Urban et al., 1993; Jimenez-Mejias et al., 1997; Corbella et 
al., 1998; Pandey et al., 1998; Levin et al., 2003), but increases 
the activity of ampicillin as it protects it from hydrolysis by 
beta-lactamases (Labia et al., 1986). Sulbactam is recognized 
by the beta-lactamases as normal substrate and forms an acyl 
enzyme by reacting with the active site serine hydroxyl group. 
This intermediate can then undergo (1) deacylation and 
hydrolysis of the enamine liberated, which leads to the for-
mation of smaller products; (2) tautomerization to enamine, 
leading to a transiently inhibited form of the enzyme; and 
(3) transamination reaction or reaction with serine 130, which 
leads to an irreversibly inhibited enzyme form (Sandanayaka 
and Prashad, 2002).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

AMP/S is licensed for parenteral use. It can be given by slow 
intravenous (i.v.) injection over at least 10–15 minutes or can 
also be delivered in greater dilutions with 100 ml of a com-
patible diluent as an i.v. infusion over 15–30 minutes. AMP/S 
can also be given by deep intramuscular (i.m.) injection. The 
recommended dose is 1.5 g AMP/S (1 g of AMP and 0.5 g 
of S) up to 3 g (2 g ampicillin as the sodium salt and 1 g of the 
sulbactam salt) every 6 hours.

Various off-label uses have been described including 
administration of AMP/S by inhalation (Horianopoulou et 
al., 2004). Intraperitoneal administration of AMP/S has been 
rarely reported using a similar dosing scheme as for i.v. 
administration (Blackwell et al., 1990; Coban et al., 2004). 
There are no data regarding the rectal, intravitreal, or topical 
administration of AMP/S.

Sultamicillin (the prodrug of ampicillin–sulbactam for oral 
use) is administered orally in a dose of 375–750 mg every 
12 hours. However, this agent is not readily available in most 
countries.

4b.  Newborn infants and children

The recommended daily dose of AMP/S for pediatric patients 
1 year of age or older is 300 mg per kilogram of body weight 
(200 mg of ampicillin plus 100 mg/kg of sulbactam) admin- 



5. Pharmacokinetics and pharmacodynamics 283

istered via i.v. infusion in equally divided doses every 6 hours. 
The safety and efficacy of AMP/S for i.m. injection have not 
been established in pediatric patients. Pediatric patients 
weighing 40 kg or more should be dosed according to rec-
ommendations for adults, and the total amount of sulbactam 
should not exceed 4 g per day. There are no data regarding 
the use by other routes (inhalation, intraperitoneal, rectal, 
intravitreal, or topical) of AMP/S in the pediatric population.

PREMATURE NEONATES

The safety and efficacy of AMP/S have not been established 
in children < 1 year of age.

4c.  Pregnant and lactating mothers

AMP/S is pregnancy category B. AMP/S is excreted in 
milk but is considered compatible with breastfeeding by the 
American Academy of Pediatrics. No dosage adjustment is 
required for pregnant or breastfeeding patients.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Dosage adjustment is necessary for AMP/S when impaired 
renal function is present because excretion is primarily by 
the renal route. Specifically, for a creatinine clearance (CrCl) 
of ≥ 30 ml/minute/1.73 m2, 1.5–3.0 g every 6–8 hours is sug-
gested. For various grades of renal impairment the following 
regimens are recommended: CrCl 15–29 ml/minute/1.73 m2, 
1.5–3.0 g every 12 hours; CrCl 5–14 ml/minute/1.73 m2, 
1.5–3.0 g every 24 hours.

For patients undergoing hemodialysis, 1.5–3.0 g every 24 
hours is suggested on the days of hemodialysis sessions (after 
the dialysis session). For patients receiving continuous renal 
replacement therapy (CRRT), the following adjustments are 
required: In patients receiving continuous venovenous hemo-
filtration (CVVH) 3 g AMP/S every 12 hours, and in patients 
receiving continuous venovenous hemodialysis (CVVHD) 
or continuous venovenous hemodiafiltration (CVVHDF) 3 g 
AMP/S every 8 hours should be administered (Trotman et 
al., 2005). For critically ill patients with acute kidney injury 
undergoing extended dialysis using a high-flux dialyzer 
(polysulfone 1.3 m2, blood and dialysate flow of 160 ml/min-
ute and a treatment time ~ 480 minutes) a twice-daily dosing 
schedule of at least 2 g/1 g AMP/S, with one dose given after 
extended dialysis is suggested to avoid underdosing (Loren-
zen et al., 2012).

In patients undergoing chronic ambulatory peritoneal dial-
ysis (CAPD) or with peritonitis, the dose should be adjusted 
to intraperitoneal administration of 3 g of AMP/S every 12 
hours (Blackwell et al., 1990).

OLDER ADULTS

The half-life of AMP/S is increased in the elderly, and thus 
less frequent dosing is generally necessary (e.g. every 12 
hours), particularly if there is any renal impairment.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Poor bioavailability is present when ampicillin and sulbac-
tam are administered separately by the oral route. The mean 
serum half-life of ampicillin and sulbactam is approximately 
1 hour (Foulds, 1986). However, in premature neonates and 
the elderly, the mean serum half-life is increased and thus the 
frequency of administration needs to be adjusted in these 
groups. Approximately 28% of ampicillin and 38% of sulbac-
tam is bound to human serum protein (Foulds, 1986).

The poor bioavailability of AMP/S led to the formation of 
the therapeutic prodrug sultamicillin, which is a combina-
tion of ampicillin and sulbactam for oral use. Sultamicillin 
has a bioavailability of over 80%.The impact of food is signif-
icant on the absorption of AMP/S; this effect is more pro-
nounced in comparison to amoxicillin–clavulanate.

5b.  Drug distribution

The drug distribution and pharmacokinetics of AMP/S have 
been reviewed in detail by Foulds (1986). After a 15-minute 
infusion of 3 g AMP/S (2 g ampicillin, 1 g sulbactam) in 
healthy males, peak serum concentrations were 122 μg/ml 
ampicillin and 59 μg/ml sulbactam; and after infusion of 1.5 g 
AMP/S (1 g ampicillin, 0.5 g sulbactam), the corresponding 
values were 58 μg/ml ampicillin and 30 μg/ml sulbactam. 
Intramuscular injection leads to a maximum concentration 
(Cmax) of 18 and 13 μg/ml for ampicillin and sulbactam, 
respectively. Other researchers have obtained similar results. 
In a study by Meyers et al. (1991) of AMP/S in healthy elderly 
(65–85 years old), middle-aged (41–64 years old), and younger 
(20–40 years old) volunteers, the mean serum levels of both 
ampicillin and sulbactam were higher in the healthy elderly 
than in the other groups. The Cmax for ampicillin and sulbac-
tam in middle-aged men was 82.4 μg/ml and 42.5 μg/ml, 
respectively, whereas the area under the curve was 120.1 and 
71.4 mg/hour/l, respectively (Meyers et al., 1991). It is inter-
esting that the pharmacokinetic characteristics in children 
≥ 1 year of age are similar to those of adults (Nahata et al., 
1999).

When ampicillin and sulbactam are administered orally 
as 750 mg of sultamicillin, a Cmax of 9.1 μg/ml ampicillin and 
8.9 μg/ml sulbactam is achieved, while the area under the 
curve is 17.8 and 16.7 mg/hour/l, respectively. The half-life of 
AMP and S was 0.9 and 1.1 hours, respectively (Lode et al., 
1989), which are similar to the values obtained when AMP/S 
is administered parenterally.

Blackwell et al. (1990) examined the pharmacokinetics 
of AMP/S in six noninfected CAPD patients who were given 
3 g AMP/S (2 g ampicillin, 1 g sulbactam), either intrave-
nously or intraperitoneally, in a randomized two-way cross-
over study (Blackwell et al., 1990). The mean peak ampicillin 
and sulbactam serum concentrations after intravenous dosing 
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were 170.3 and 87.5 μg/ml, respectively. The mean peak serum 
concentrations of ampicillin and sulbactam after intraperito-
neal dosing were 48.0 and 27.8 μg/ml, respectively. Absolute 
bioavailabilities of the intraperitoneal ampicillin and sulbac-
tam doses were 60% and 68%, respectively. The drugs exhib-
ited similar distribution and elimination characteristics. Renal 
failure markedly reduced drug elimination. Intraperitoneal 
administration of AMP/S provided satisfactory inhibitory 
and bactericidal antibiotic titers for most organisms in dialy-
sate at 6 hours but not at 24 hours. The researchers concluded 
that 3 g AMP/S (2 g/1 g) should be administered every 12 
hours to patients with peritoneal dialysis-related peritonitis. 
Similar results have been obtained by other researchers 
(Wright and Wise, 1983); the penetration of AMP/S was 
approximately 92% and 96% for AMP and S, respectively.

AMP/S penetrates well in the lower respiratory system. 
Indeed, levels of AMP and S in biopsy samples of bronchial 
mucosa were 39.7% and 74.7% of those of serum. Lower, 
although still relatively good, levels have been obtained in 
empyema samples (Wildfeuer et al., 1994). Excellent AMP/S 
levels (mean 53% and 61%, respectively) have been obtained 
in the alveolar lining fluid (Valcke et al., 1990).

AMP/S has been measured in the cerebrospinal fluid 
(CSF) both during meningitis and in the uninflamed state; 
penetration of AMP/S is greater when the meninges are 
inflamed. CSF levels of AMP and S reached 39% and 34% of 
the serum levels, respectively. With uninflamed meninges 
the CSF levels for AMP and S were 5% and 11% of the serum 
levels, respectively (Foulds et al., 1987). In another study, 
similar results were obtained, with ampicillin achieving 41% 
of the serum concentrations in the CSF while the corre-
sponding percentage for sulbactam was 33% (Stahl et al., 
1986). In mildly inflamed meninges, levels of AMP and S 
were 7% and 18%, respectively, of serum concentrations. 
Intramuscular injection of S alone in patients with normal 
CSF or viral meningitis leads to very low levels (0–3.7 μg/ml) 
of S in CSF (Hanninen and Rossi, 1986).

AMP/S levels in all parts of the female genital tract are 
excellent. Specifically, half an hour after an i.v. dose of 3 g 
AMP/S (2 g AMP/1 g S), levels in the myometrium reach 
59% and 64% of those of serum, respectively. The Cmax in the 
myometrium of AMP and S is 53.6 and 26.9 mg/kg, respec-
tively. The medication penetrates very well in the salpinges 
(Cmax 41.0 and 25.3 mg/kg, respectively) and the ovaries 
(Cmax 27.5 and 14.5 mg/kg, respectively) (Schwiersch et al., 
1986).

In contrast, there is a high variability of AMP/S penetra-
tion into the prostate. Median levels of 7 mg/kg were obtained 
for both AMP and S in the prostate tissue and led to preven-
tion of urinary tract infections (UTIs) with similar effective-
ness to cefoxitin (Dørflinger and Madsen, 1985). In another 
study, tissue concentrations of ampicillin ranged from 0.42 to 
548.3 mg/kg (median 47 mg/kg); those of sulbactam ranged 
from 0.15 to 249.7 mg/kg (median 19 mg/kg) (Klotz et al., 
1999). Furthermore, 32% of patients had a tissue concen-
tration of ampicillin < 4 mg/kg; 26% of patients had a tissue 

concentration of sulbactam < 8 mg/kg. Therefore, Klotz et al. 
(1996) concluded that a single dose of AMP/S may not be 
sufficient for prophylaxis in transurethral prostatectomy. 
Penetration of ampicillin and sulbactam in the testes and the 
epididymis is good, with levels of 38.5 and 19.8 mg/kg (Klotz 
et al., 1996).

Levels of AMP and S in skin blister fluid 30–60 minutes 
after a single i.v. dose of AMP/S were 100% of the serum lev-
els, indicating excellent penetration into the skin lesions 
(Brown et al., 1982).

Wright and Wise (1983) have shown that the half-life of 
AMP and S in patients with a creatinine clearance > 30 ml/
minute is 1.8 and 1.3 hours, respectively. In contrast, the 
half-life of AMP and S in patients with a CrCl of 5–14 ml/
minute is 9.2 and 14.2 hours, respectively; for CrCl < 5 ml/
minute the corresponding values are AMP 20 hours and S 19 
hours (Wright and Wise, 1983).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

In vitro data are available regarding the ratio of area under 
the curve (AUC) to minimum inhibitory concentration 
(MIC) of AMP/S only in infections due to B. fragilis (Sullivan 
et al., 1995). Specifically, the AUC–MIC of AMP/S was 63.4, 
which is lower than that of metronidazole (212.2) and higher 
than that of cefoxitin (9.2). Despite this relative pharmaco-
dynamic difference, the clinical efficacy of AMP/S does not 
appear to correlate with these data (see section 7, Clinical 
uses of the drug).

Overall, there are few studies correlating the clinical effi-
cacy of AMP/S with the relative pharmacokinetic and phar-
macodynamic features of this combination. However, the 
efficacy of AMP is known to correlate with the duration of 
the dosing period in which tissue AMP concentrations are 
above the MIC of the infecting pathogen (see Chapter 5, 
Ampicillin and amoxicillin). Clinical studies (both compar-
ative and noncomparative) regarding the effectiveness of 
AMP/S have verified the clinical relevance of achieving good 
organ/tissue levels (see section 7, Clinical uses of the drug).

Similarly, there are few data regarding any postantibiotic 
effect (PAE) associated with AMP/S. In an in vitro study of 
experimental enterococcal endocarditis, the PAE of AMP/S 
was not different from that of vancomycin (1.7 hours) (Bayer 
and Tu, 1990). The PAE of AMP/S at a concentration of 16 
times the MIC ranged from 1.2 to 4.2 hours for B. fragilis 
strains, and from 2.4 to 8.8 hours against B. thetaiotaomicron 
strains (Aldridge, 2002).

There are a paucity of clinical data regarding the potential 
synergy of AMP/S with an aminoglycoside in the treatment 
of enterococcal endocarditis, when resistance to ampicillin 
is present but susceptibility to gentamicin is maintained. 
Despite this scarcity of clinical data, the combination of 
AMP/S with gentamicin has been suggested for the treatment 
of endocarditis due to beta-lactamase-producing Enterococcus 
spp. strains (Baddour et al., 2015). 
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5d.  Excretion

Over 75% of both AMP and S is excreted unchanged in the 
urine (Foulds, 1986). In sharp contrast, less than 1% of sul-
bactam and less than 3% of ampicillin is excreted in the bile 
(Morris et al., 1986). Despite the fact that levels of AMP and 
S in the bile are lower than those of serum, they exceed the 
MIC for a significant number of organisms and thus have 
proved successful both for surgical prophylaxis for operations 
involving the biliary tree and for the treatment of biliary 
infections.

Only a minor amount of AMP/S is excreted in the feces. 
Kager et al. (1982) assessed 20 patients undergoing surgery; 
a mean concentration of 5.3 μg/g was present in the feces of 
4 patients, and fecal concentrations of 6.4 μg/g AMP were 
noted in 11 patients (Kager et al., 1982).

5e.  Drug interactions

The renal tubular secretion of AMP/S is decreased by pro-
benecid. Thus increased levels of AMP/S ensue when probe-
necid is used concurrently. The frequency of skin rashes 
increases significantly when allopurinol is co-administered 
with AMP/S. AMP/S and aminoglycosides should not be 
reconstituted together because of the inactivation of amino-
glycosides by ampicillin (Package Insert, Unasyn).

The high urinary concentration of ampicillin obtained with 
AMP/S may interact with testing for the presence of glucose 
in the urine using Clinitest, Fehling’s solution, or Benedict’s 
solution (Package Insert, Unasyn).

Various estrogens (total conjugated estriol, conjugated 
estrone, estradiol, and estriol glucuronide) decrease tran-
siently in plasma after administration of ampicillin to preg-
nant women. Positive direct antiglobulin test related to the 
use of AMP/S has been reported (Garratty and Arndt, 1998; 
Leong et al., 1999).

6. ADVERSE REACTIONS AND TOXICITY

AMP/S is generally well tolerated. In data pooled from the 
manufacturer, injection site pain after i.m. injection, diarrhea, 
phlebitis, nausea, and rash were the most common adverse 
events (Campoli-Richards and Brodgen, 1987). Otherwise, 
the adverse reaction profile for AMP/S is similar to that of 
ampicillin (see Chapter 5, Ampicillin and amoxicillin).

Similar to all beta-lactams, AMP/S may cause hypersensi-
tivity reactions presenting as anaphylactic reactions, angio-
edema, and urticaria. Other very rare skin manifestations of 
toxicity include erythema multiforme, exfoliative dermatitis, 
and toxic epidermal necrolysis (Arca et al., 2005).

Laboratory changes most commonly reported with AMP/S 
involve elevated hepatic enzymes—aspartate aminotransfer-
ase (AST), alanine aminotransferase (ALT), alkaline phos-
phatase (ALP), and lactate dehydrogenase (LDH).

Hematologic abnormalities include anemia; leucopenia; 
increased or decreased platelets and lymphocytes; increased 

monocytes; basophils, or eosinophils; and positive direct 
antiglobulin test. A decrease in serum albumin and total pro-
teins levels has also been reported.

Increased serum creatinine levels, presence of red blood 
cells, and hyaline casts in the urine are less frequent adverse 
reactions with AMP/S.

Attainment of high CSF levels of beta-lactams may result 
in neurologic adverse reactions, including convulsions (Pack-
age Insert, Unasyn).

AMP/S, as with almost all antibiotics, can cause Clos
tridium difficile infection.

AMP/S is classified as a pregnancy category B medication 
because there are no well-controlled studies in humans. 
However, reproduction studies have been performed in vari-
ous animals (rats, mice, and rabbits) at doses up to 10-fold 
the human dose and have shown no evidence of harm to the 
fetus, or impaired fertility (Package Insert, Unasyn). The i.v. 
administration of AMP/S in guinea pig studies led to a 
decrease in uterine tone as well to a decrease in the frequency, 
magnitude, and duration of uterine contractions.

In a rare case, AMP/S was administered during the 20th 
week of pregnancy with no associated maternal or fetal tox-
icity. In addition, the drug has proved successful in treating 
severe infections in the peripartum period without any tox-
icity imposed on the mother or fetus (Adair et al., 1996; 
Mvundura et al., 2007; Ehsanipoor et al., 2008).

7. CLINICAL USES OF THE DRUG

AMP/S has been used for a wide range of clinical indications, 
especially including mixed aerobic/anaerobic infections.

7a.  Respiratory tract infections

LOWER RESPIRATORY TRACT INFECTIONS

A significant number of comparative studies have evaluated 
the role of AMP/S in infections such as pneumonia, acute 
exacerbation of chronic bronchitis (AECB), and bronchitis 
(Geckler, 1994; Jauregui et al., 1995; Rossoff et al., 1995; 
Schwigon et al., 1996a; Schwigon et al., 1996b; Castellano 
and Maniatis, 1998; McKinnon and Neuhauser, 1999; 
Yanagihara et al., 2006; see Table 15.2). The majority of the 
studies compare the effectiveness of AMP/S with second- 
and third-generation cephalosporins: cefuroxime (Geckler 
1994; Rossoff et al., 1995; Schwigon et al., 1996a), cefotaxime 
(Jauregui et al., 1995), mezlocillin (Schwigon et al., 1996b), 
and cefoxitin (Castellano and Maniatis, 1998). Thus AMP/S 
in LRTIs appears comparable to second- and third-genera-
tion cephalosporins. AMP/S has also been compared with 
ticarcillin–clavulanate (McKinnon and Neuhauser, 1999) 
and imipenem–cilastatin (Yanagihara et al., 2006). Overall 
the clinical cure rates achieved with AMP/S were similar 
to  those obtained with comparators, ranging from 83% to 
100%. Bacteriologic eradication rates with AMP/S ranged 
from 58% to 100% and were similar to those achieved by the 
comparators in half of the studies providing relevant data 
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(Geckler 1994; Schwigon et al., 1996a; Schwigon et al., 1996b; 
Yanagihara et al., 2006).

A meta-analysis of the efficacy and safety of AMP/S com-
pared with a number of cephalosporins (cefoxitin, cefotax-
ime, cefotaxime, cefuroxime, cefamandole) showed that 
rates of clinical cure were higher with AMP/S by 9.56% (p = 
0.055), whereas rates of clinical cure or improvement were 
significantly higher with AMP/S (p = 0.019) (Zervos et al., 
1997). Adverse events were similar in both groups.

ASPIRATION PNEUMONIA

In the management of aspiration pneumonia, AMP/S is com-
pared with antimicrobials with antianaerobic activity, such 
as clindamycin and imipenem/cilastatin. Cure rates with 
AMP/S in aspiration pneumonia were relatively lower in 
comparison with the cure and improvement rates of AMP/S 
in clinical trials of lower respiratory tract infections (LRTIs) 
without aspiration: 73% (Allewelt et al., 2004) and 76–84% 
(Kadowaki et al., 2005). Kadowaki et al. (2005) examined the 
cost-effectiveness of AMP/S, clindamycin, and carbapenems 
in 100 elderly patients with mild to moderate aspiration 
pneumonia. AMP/S was administered in two different dos-
age protocols: 3 g twice a day and 1.5 g twice a day. Cure rates 
in the patients who received 3 g of AMP/S were higher (84%) 
than the corresponding rates in patients treated with the half 
dose and similar to those in the imipenem/cilastatin group 
(88%). The study was interrupted early owing to the appear-
ance of MRSA in all patient groups except those who received 
clindamycin. The highest rate of MRSA was noticed in the 
carbapenem group. Clindamycin was also found to be sig-
nificantly less expensive than the other three regimens.

However, AMP/S was found to be equally effective and 
safe to moxifloxacin in a prospective, open-label, random-
ized, multicenter trial in the treatment of aspiration pneu-
monia and primary lung abscess (Ott et al., 2008). The 
American Thoracic Society (ATS) and Infectious Diseases 
Society of America guidelines suggest that AMP/S can be 
used in patients with community-acquired pneumonia who 
are not at risk for Pseudomonas infection, usually in combi-
nation with a macrolide or a quinolone for atypical coverage 
(Mandell et al., 2007). For hospital-acquired pneumonia 
(HAP), the ATS guidelines (2005) suggest that AMP/S may 
be administered to patients with early-onset HAP or who are 
not at risk for multidrug-resistant pathogens. 

7b.  Gynecologic/obstetric infections

Pelvic inflammatory disease (PID) includes endometritis, 
salpingitis, tuboovarian abscess, and pelvic peritonitis. Patho-
gens commonly responsible for PID are sexually transmitted, 
including N. gonorrhoeae and C. trachomatis, or they belong 
to the vaginal flora (e.g. anaerobes, Gardnerella vaginalis, 
H. influenzae, Gram-negative bacteria, and S. agalactiae). 

Several studies have examined the effectiveness of AMP/S 
in PID and gynecologic infections as well as for tuboovarian 
abscess, endomyometritis, pelvic cellulitis, salpingitis, and 
pelvic peritonitis (Gunning, 1986; Crombleholme et al., 

1987; Hemsell et al., 1988; Hemsell et al., 1990; McGregor et 
al., 1994; Stiglmayer et al., 1996; Jemsek and Harrison, 1997; 
McKinnon and Neuhauser, 1999; see Table 15.3; ). AMP/S 
3 g every 6 hours plus doxycycline is recommended as an 
alternative parenteral regimen for treatment for PID in the 
2015 CDC STD Treatment Guidelines, with clinical effec-
tiveness similar to that of the first-line regimens (Workowski 
and Bolan, 2015).

The role of AMP/S has also been examined for obstetric 
and gynecologic infections, including postcaesarian and post-
partum endometritis (Scalambrino et al., 1989; Martens 
et al., 1989; Martens et al., 1990; Gall and Koukol, 1996). 
AMP/S has been compared with cefoxitin (Hemsell et al., 
1988; Hemsell et al., 1990; McGregor et al., 1994; Stiglmayer 
et al., 1996; Jemsek and Harrison, 1997), clindamycin alone 
or with gentamicin (Gunning 1986; Martens et al., 1990; 
McGregor et al., 1994; Gall and Koukol, 1996), metronida-
zole alone or with gentamicin (Crombleholme et al., 1987; 
Martens et al., 1989), cefotetan (Scalambrino et al., 1989), 
and ticarcillin–clavulanate (McKinnon and Neuhauser, 1999). 
Cure and/or improvement rates ranged from 83% to 100%. 
AMP/S was more effective than cefoxitin (Crombleholme 
et al., 1987; Hemsell et al., 1990; Stiglmayer et al., 1996) and 
equal in efficacy to cefoxitin (Hemsell et al., 1988), except 
in one study (McGregor et al., 1994). AMP/S was inferior 
to clindamycin–gentamicin (Gunning, 1986). Notably, how-
ever, these reported differences between therapeutic regi-
mens in cure and improvement rates were not statistically 
significant, except in one study in which AMP/S was com-
pared with cefoxitin in 40 patients with acute salpingitis 
and achieved 95% cure rates (laparoscopically proven) ver-
sus 70% in the cefoxitin arm (Bruhat et al., 1989). Bacterio-
logic eradication was higher (although not significantly) in 
the AMP/S arm in all the studies providing relevant data 
(Gunning, 1986; Hemsell et al., 1988; Jemsek and Harrison, 
1997; McKinnon and Neuhauser, 1999). However, Stigl-
mayer et al. (1996), who compared AMP/S with cefoxitin in 
76 patients with PID, found that despite the fact that cure 
rates in both regimens were similar (cure 87% and improve-
ment 10.5% in the AMP/S group versus 79% and 10.5%, 
respectively, in the cefoxitin group), eradication rates reached 
91% in the AMP/S arm and 59% in the cefoxitin arm. Thus 
the AMP/S regimen was significantly superior to cefoxitin 
in terms of bacteriologic eradication, although not in terms 
of clinical effectiveness. Cefotetan and metronidazole– 
gentamicin were found to have equal clinical effectiveness 
with AMP/S in two studies (Martens et al., 1989; Scalambrino 
et al., 1989).

A retrospective pharmacoeconomic study (Wynd et al., 
1999) was conducted to assess the cost-effectiveness of AMP/S 
versus cefoxitin in PID. A total of 76 women were treated 
with AMP/S (3 g every 6 hours), and 41 women were treated 
with cefoxitin (2 g every 6 hours). AMP/S was more effec-
tive (p = 0.05) and less costly (p < 0.001) than cefoxitin. In 
a prospective trial, 76 parturients with postpartum endo-
metritis were treated with AMP/S (1.5 g every 6 hours) or 
clindamycin–gentamicin (Resnik et al., 1994). Failure rates, 



288 Ampicillin–Sulbactam

Ta
b

le
 1

5.
3.

 S
um

m
ar

y 
o

f 
st

ud
ie

s 
ex

am
in

in
g

 t
he

 e
ffi

ca
cy

 o
f 

am
p

ic
ill

in
–s

ul
b

ac
ta

m
 in

 g
yn

ec
o

lo
g

ic
al

 a
nd

 o
b

st
et

ri
ca

l i
nf

ec
ti

o
ns

St
ud

y

N
um

b
er

 
o

f 
ev

al
ua

b
le

 
p

at
ie

nt
s

In
fe

ct
io

n

A
nt

ib
io

ti
c/

d
o

se
C

ur
e 

an
d

/o
r 

im
p

ro
ve

m
en

t 
(%

)
B

ac
te

ri
o

lo
g

ic
 e

ra
d

ic
at

io
n 

(%
)

A
m

p
ic

ill
in

–s
ul

b
ac

ta
m

C
o

m
p

ar
at

o
r

A
m

p
ic

ill
in

–
su

lb
ac

ta
m

, 
%

C
o

m
p

ar
at

o
r, 

%
p

 
va

lu
e

A
m

p
ic

ill
in

–
su

lb
ac

ta
m

, 
%

C
o

m
p

ar
at

o
r, 

%
p

 
va

lu
e

G
un

ni
ng

 
(1

98
6)

 6
0

P
ID

A
m

p
ic

ill
in

– s
ul

b
ac

ta
m

C
lin

d
am

yc
in

–g
en

ta
m

ic
in

85
.7

94
.4

N
D

10
0

97
.1

N
D

C
ro

m
b

le
ho

lm
e 

et
 a

l. 
(1

98
7)

 4
1

Se
ve

re
 P

ID
, t

ub
o

o
va

ri
an

 
ab

sc
es

s,
 e

nd
o

m
yo

m
et

ri
ti

s,
 

p
el

vi
c 

ce
llu

lit
is

A
m

p
ic

ill
in

– s
ul

b
ac

ta
m

M
et

ro
ni

d
az

o
le

–g
en

ta
m

ic
in

95
86

N
D

N
D

H
em

se
ll 

et
 a

l. 
(1

98
8)

 2
2

C
o

m
p

lic
at

ed
/u

nc
o

m
p

lic
at

ed
 

P
ID

A
m

p
ic

ill
in

– s
ul

b
ac

ta
m

 
(3

 g
 e

ve
ry

 6
 h

)
C

ef
o

xi
ti

n 
(2

 g
 e

ve
ry

 6
 h

)
10

0
10

0
N

D
 9

8
94

N
D

Sc
al

am
b

ri
no

 e
t 

al
. (

19
89

)
 9

5
O

b
st

et
ri

c–
g

yn
ec

o
lo

g
ic

 
in

fe
ct

io
ns

A
m

p
ic

ill
in

– s
ul

b
ac

ta
m

 
(3

 g
 e

ve
ry

 8
 h

)
C

ef
o

te
ta

n 
(2

 g
 e

ve
ry

 1
2 

h)
89

89
N

D
N

D

M
ar

te
ns

 e
t 

al
. 

(1
98

9)
 6

7
P

o
st

ce
sa

re
an

 e
nd

o
m

et
ri

ti
s

A
m

p
ic

ill
in

– s
ul

b
ac

ta
m

M
et

ro
ni

d
az

o
le

–g
en

ta
m

ic
in

91
91

N
D

N
D

M
ar

te
ns

 e
t 

al
. 

(1
99

0)
 6

8
P

o
st

p
ar

tu
m

 e
nd

o
m

yo
m

et
ri

ti
s

A
m

p
ic

ill
in

– s
ul

b
ac

ta
m

C
lin

d
am

yc
in

83
88

N
D

N
D

H
em

se
ll 

et
 a

l. 
(1

99
0)

 5
4

A
cu

te
 s

al
p

in
g

it
is

A
m

p
ic

ill
in

– s
ul

b
ac

ta
m

 
(3

 g
 e

ve
ry

 6
 h

)
C

ef
o

xi
ti

n 
(2

 g
 e

ve
ry

 6
 h

)
94

89
N

D
N

D

M
cG

re
g

o
r 

et
 

al
. (

19
94

)
30

4
E

nd
o

m
et

ri
ti

s
A

m
p

ic
ill

in
– s

ul
b

ac
ta

m
 

(3
 g

 e
ve

ry
 6

 h
)

C
lin

d
am

yc
in

 (9
00

 m
g

 e
ve

ry
 

8 
h)

– g
en

ta
m

ic
in

 (1
.5

 
m

g
/k

g
 e

ve
ry

 8
 h

)

88
.7

90
.8

0.
7

N
D

M
cG

re
g

o
r 

et
 

al
. (

19
94

)
10

3
P

ID
A

m
p

ic
ill

in
– s

ul
b

ac
ta

m
 

(3
 g

 e
ve

ry
 6

 h
)

C
ef

o
xi

ti
n 

(2
 g

 e
ve

ry
 6

 h
)

85
.5

89
.6

0.
7

N
D

G
al

l a
nd

 
K

o
uk

o
l 

(1
99

6)

10
7

P
o

st
p

ar
tu

m
 e

nd
o

m
et

ri
ti

s
A

m
p

ic
ill

in
– s

ul
b

ac
ta

m
 

(3
 g

 e
ve

ry
 6

 h
)

C
lin

d
am

yc
in

 (9
00

 m
g

 e
ve

ry
 

8 
h)

– g
en

ta
m

ic
in

 (1
.5

 
m

g
/k

g
 e

ve
ry

 8
 h

)

82
84

N
S

 8
6

84
N

S

St
ig

lm
ay

er
 e

t 
al

. (
19

96
)

 7
6

E
nd

o
m

et
ri

ti
s,

 s
al

p
in

g
it

is
, 

tu
b

o
o

va
ri

an
 a

b
sc

es
s,

 
p

el
vi

c 
p

er
it

o
ni

ti
s

A
m

p
ic

ill
in

– s
ul

b
ac

ta
m

C
ef

o
xi

ti
n

97
.5

89
.5

N
D

 9
1

59
0.

03

Je
m

se
k 

an
d

 
H

ar
ri

so
n 

(1
99

7)

 9
3

P
ID

A
m

p
ic

ill
in

– s
ul

b
ac

ta
m

 
(3

 g
 e

ve
ry

 6
 h

)
C

ef
o

xi
ti

n 
(2

 g
 e

ve
ry

 6
 h

)
97

92
0.

6
 7

0
56

0.
6

M
cK

in
no

n 
an

d
 

N
eu

ha
us

er
 

(1
99

9)

 6
7

G
yn

ec
o

lo
g

ic
 in

fe
ct

io
ns

G
ro

up
 1

 (G
l):

 
am

p
ic

ill
in

– s
ul

b
ac

ta
m

 
(1

.5
 g

 e
ve

ry
 6

 h
); 

g
ro

up
 2

 (G
2)

: 
A

m
p

ic
ill

in
– s

ul
b

ac
ta

m
 

(3
 g

 e
ve

ry
 6

 h
)

G
ro

up
 3

 (G
3)

: t
ic

ar
ci

lli
n–

cl
av

ul
an

at
e 

(4
.1

 g
 e

ve
ry

 
6 

h)

G
l: 

96
; 

 
G

2:
 9

1
G

3:
 1

00
0.

6
G

l: 
80

; 
 

G
2:

 5
2

G
3:

 2
9

N
D

A
b

b
re

vi
at

io
ns

: P
ID

: p
el

vi
c 

in
fla

m
m

at
o

ry
 d

is
ea

se
; N

D
: n

o
 d

at
a;

 N
S:

 n
o

t 
st

at
is

ti
ca

lly
 s

ig
ni

fic
an

t.
So

ur
ce

: R
ep

ro
d

uc
ed

 w
it

h 
p

er
m

is
si

o
n 

fr
o

m
 R

af
ai

lid
is

 e
t 

al
. (

20
07

).



7. Clinical uses of the drug 289

days of therapy, and cost of treatment for AMP/S were 17.6%, 
3.3 ± 1.3, and $139.49, respectively, compared with 9.5%, 
3.6 ± 1.8, and $355.32, respectively, for clindamycin–genta-
micin. The researchers suggested that AMP/S had similar 
cost-effectiveness to clindamycin–gentamicin in early post-
partum endometritis. 

AMP/S treatment of intraamniotic infection and early- 
onset postpartum endometritis led to similar patient out-
comes as those of a combination of ampicillin plus gentamicin 
plus clindamycin. (Stiglich et al., 2011). 

The role of AMP/S was assessed in a recent meta-analysis 
for meconium-stained amniotic fluid in labor for the pre-
vention of maternal and neonatal infections. AMP/S led to a 
significant decrease of chorioamnionitis (risk ratio: 0.36, 95%; 
confidence interval: 0.21–0.62) (Siriwhachirachai et al., 2014).

7c.  Intraabdominal infections

The mainstay of treatment of intraabdominal infections is 
surgical debridement in combination with administration 
of antibiotics with activity against the anticipated local poly-
microbial flora. 

AMP/S was compared with clindamycin–gentamicin, 
cefoxitin, ampicillin–clindamycin, and ticarcillin–clavulanate, 
in four comparative studies examining patients with intra-
abdominal infections (Yellin et al., 1985; Walker et al., 1993; 
Collins et al., 1998; McKinnon and Neuhauser, 1999; see 
Table 15.4). A constellation of intraabdominal infections was 
present in these patients, including appendicitis (gangrene, 
perforation, peritonitis), cholecystitis, gallbladder empyema/
gangrene, perforated stomach/duodenal ulcer, necrotic or 
perforated small bowel or colon, pancreatic abscess, post-
operative peritonitis, and intraabdominal abscess (Walker et 
al., 1993). Differences between cure rates were similar for 
each regimen, except in the study conducted by Yellin et al. 
(1985), in which significantly lower rates were noted for 
AMP/S than for clindamycin. Bacteriologic eradication rates 
were similar in all studies providing relevant data, except for 
one (McKinnon and Neuhauser, 1999), in which eradication 
rates achieved with ticarcillin–clavulanate were significantly 
inferior to those achieved by AMP/S.

In summary, in comparative trials of intraabdominal infec-
tions, AMP/S has been found to be associated with similar 
responses as clindamycin–gentamicin and cefoxitin. Indeed, 
beta-lactams, according to a recent meta-analysis, have higher 
cure rates than clindamycin–aminoglycoside combinations, 
although mortality is not different (Falagas et al., 2007). 
Given increasing rates of resistance among E. coli to AMP/S 
in some areas, consideration should be given to local suscep-
tibility data when choosing an empiric antibiotic regimen for 
intra-abdominal infections.

7d.  Diabetic foot infections

A significant cause of morbidity in the diabetic patient pop-
ulation is diabetic foot infection (Lipsky et al., 2004). A dou-
ble-blind randomized study comparing imipenem–cilastatin 

(I/C) (0.5 g every 6 hours) and AMP/S (3 g every 6 hours) in 
limb-threatening infections in diabetic patients found simi-
lar results for the two regimens. After 5 days of empiric treat-
ment, improvement was achieved in 94% of 48 AMP/S-treated 
infections and in 98% of 48 I/C-treated infections. Cure rates 
were 81% for the AMP/S group versus 85% for the I/C group; 
failure rates were 17% and 13%, respectively, and bacterial 
eradication rates were 67% and 75%, respectively. The epi-
sodes of treatment failures were associated with pathogens 
with antibiotic resistance and acquisition of nosocomial 
pathogens (Grayson et al., 1994). A cost-effectiveness analy-
sis of this study by Grayson et al. (1994) that was performed 
retrospectively (McKinnon et al., 1997) showed that the 
mean per patient treatment cost was 14084 US dollars in 
the A/S group versus 17008 US dollars in the I/C group.

Parenteral AMP/S (2 g/1 g) has been evaluated against 
piperacillin–tazobactam (4 g/0.5 g) in an open-label ran-
domized study comparing effectiveness and safety in 314 
patients with moderate to severe diabetic foot ulcers. Patients 
with polymicrobial infections, including MRSA, received 
additional i.v. vancomycin. Clinical effectiveness was similar 
(83.1% for AMP/S vs. 81% for piperacillin–tazobactam). 
Bet ter bacteriologic success rate was achieved by piperacillin– 
tazobactam because the most common Gram-negative patho-
gen in this study was P. aeruginosa (Harkless et al., 2005).

In a noncomparative study, 74 patients with severe dia-
betic foot infections were treated with parenteral AMP/S 
(1.5 g every 6 hours) (Akova et al., 1996). The mean duration 
(± the standard deviation) of treatment in patients with 
osteomyelitis (n = 49) and soft-tissue infections (n = 25) was 
41 ± 5 and 14 ± 3 days, respectively. Infected limbs were 
amputated at various levels in 14 patients (19%). Clinical 
cure rates were 86% and 100% in patients with osteomyelitis 
and with soft-tissue infection, respectively. In a comparison 
of AMP/S and linezolid in a randomized open-label trial, the 
comparators were statistically equivalent overall for inpa-
tients and outpatients (Lipsky et al., 2004). However, higher 
cure rates were achieved in the linezolid treatment arm (plus 
aztreonam in 5% of the 241 patients) than in the AMP/S arm 
(plus vancomycin in 9.6% of the 120 patients or aztreonam in 
three [2.5%] patients) in patients with infected ulcers (81% 
vs. 68%, p = 0.018) and in patients without osteomyelitis 
(87% vs. 72%, p = 0.003).

In summary, AMP/S was noninferior in comparison with 
imipenem/cilastatin as well with piperacillin–tazobactam in 
the treatment of diabetic foot infections. Limitations in the 
management of diabetic foot infection are posed when the 
disease is due to P. aeruginosa, in which case an antipseudo-
monal penicillin should be considered. However, it is interest-
ing that in the comparative study of linezolid versus AMP/S, 
the treatment against P. aeruginosa (with aztreonam) did not 
alter the outcome of the infection when the patient popula-
tion was examined as a whole (Lipsky et al., 2004). Where 
MRSA is deemed to be likely, additional agents—including 
tetracyclines or trimethoprim–sulfamethoxazole (for rela-
tively minor infections) and vancomycin, linezolid, or dapto-
mycin (for more severe infections)—should be considered. 
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7e.  Skin and soft-tissue infections

AMP/S has proved effective in clinical trials in the treat-
ment of skin and soft tissue infections (see Table 15.5). It is 
important to note that several of these investigations 
occurred before MRSA was a concern among patients in 
the community with skin and soft tissue infections; agents 
with appropriate activity against MRSA may also need to be 
used in some patients.

In a randomized double-blind trial, the clinical and bac-
teriologic efficacy of AMP/S (2 g/1 g) and cefoxitin (2 g) 
administered i.v. every 6 hours were compared in patients 
with or without histories of injecting drug abuse who pre-
sented with cutaneous or other soft-tissue infections. AMP/S 
and cefoxitin were equally effective for the empirical treat-
ment of cutaneous or other soft-tissue infections in injection 
drug users and patients who did not inject drugs (Talan et al., 
2000). Cure or improvement occurred in 89.8% of AMP/S-
treated patients, compared with 93.6% of cefoxitin-treated 
patients. The median time to resolution of all symptoms was 
10.5 days with AMP/S treatment and 15.5 days with cefoxitin 
treatment. Mixed aerobic–anaerobic infection was encoun-
tered frequently in both groups. Patients with a history of 
injection drug abuse had a significantly higher percentage of 
Streptococcus strains than patients without a history of drug 
abuse (37% vs. 19%, respectively). Bacterial eradication was 
achieved in 100% of patients receiving AMP/S, whereas the 
eradication rate with cefoxitin was 97.9%.

In another double-blind randomized study in 58 hospital-
ized patients, i.v. administration of 1.5 g AMP/S was com-
pared with 0.5 g of cefazolin in the treatment of cellulitis and 
with 1 g of cefoxitin in other skin and skin structure infec-
tions; no statistically significant differences in effectiveness 
or safety were detected (Chan, 1995). More specifically, in 
cellulitis AMP/S and cefazolin produced clinical cure or 
improvement in 100% and 91.7% of patients, respectively; 
duration of hospitalization was 7.7 and 7.2 days. In other 
skin and skin structure infections, results for AMP/S and 
cefoxitin, respectively, were clinical cure or improvement, 
80% and 64.7%; treatment failures, 0% and 11.8%; bacterial 
eradication, 40% and 53%; and duration of hospitalization, 
7.7 and 9.4 days.

Comparison with cephalosporins was also conducted in a 
study of 76 hospitalized patients with complicated SSTIs in 
a randomized, prospective, third-party-blinded, comparative 
study of the effectiveness and safety of i.v. or i.m. administra-
tion of AMP/S (1–2 g ampicillin plus 0.5–1 g sulbactam every 
6 hours) and cefoxitin (1–2 g every 6 hours) (Weigelt, 1994). 
A total of 25 of the 36 patients who received AMP/S and 33 
of 39 patients who received cefoxitin were evaluable. Again, 
neither clinical and bacteriologic effectiveness nor duration 
of hospitalization differed significantly between the two treat-
ment groups. Specifically, 21 (84%) patients in the AMP/S 
treatment arm were cured, 2 (8%) were improved, and 2 (8%) 
were treatment failures. In the cefoxitin treatment arm, 28 
(85%) patents were cured, 4 (12%) were improved, and 1 (3%) 
was a treatment failure. All primary pathogens were eradi- 

cated in 6 (24%) AMP/S patients; partial eradication occurred 
in 9 (36%). Primary pathogens were eradicated in 15 (47%) 
cefoxitin patients and partially eradicated in 8 (25%).

In an open, randomized comparative study, 23 patients 
with soft-tissue bone or joint infections were treated with 3 g 
AMP/S three times daily or cefotaxime 2 g three times daily 
as an initial 2-week therapy (Löffler et al., 1988). Mono-
microbial infections due to S. aureus were the most com-
mon bone or joint infections. Clinical cure or improvement 
2 weeks after the end of therapy was observed in all 13 
patients treated with AMP/S and in 7 of the 8 patients evalu-
ated for efficacy after treatment with cefotaxime. Treatment 
failed to eradicate S. aureus in 1 patient from each group. In 
addition, S. aureus infection recurred in 2 patients in the 
cefotaxime group within 2 weeks after the end of therapy. 

A total of 60 patients with documented soft-tissue infec-
tions were prospectively randomized to receive either AMP/S 
(3 g every 6 hours; 30 patients) or clindamycin (600 mg every 
6 hours) plus tobramycin (1.5 mg/kg every 8 hours; 30 
patients) (Stromberg et al., 1986). Patients’ age and sex were 
similar, as were comorbidities and bacterial isolates of wounds. 
AMP/S showed a 93% cure rate or improvement compared 
with 81% in the clindamycin plus tobramycin group. Eradi-
cation of organisms was better in the AMP/S group (67% 
vs. 35%). 

7f.  Sepsis in pediatric patients

AMP/S appears to be effective in various severe pediatric 
infections, such as periorbital infections, acute epiglottitis, 
bacterial meningitis, and acute fulminant meningococcemia 
(Kanra, 2002).

PERIORBITAL/FACIAL CELLULITIS

AMP/S is very effective for the treatment of periorbital cellu-
litis in children. Rush et al. (2007) compared i.v. AMP/S with 
i.v. clindamycin, both followed by oral administration, in the 
treatment of facial cellulitis of odontogenic origin; no treat-
ment failures occurred in either group of children. In another 
retrospective cohort study of patients with periorbital infec-
tions, two antibiotic combinations, penicillin plus chlor-
amphenicol and AMP/S with or without ornidazole, were 
administered in 30 (43%) and 39 (57%) of 69 children, 
respectively (Kanra et al., 1996). S. aureus was isolated from 
14 (74%) of 19 cultures. The duration of treatment with these 
two antibiotic combinations was generally between 7 and 10 
days. No statistical difference was found between the two 
antibiotic combinations in the cure and recurrence rates, but 
5 (17%) of the 30 cases using penicillin plus chlorampheni-
col, and 1 (3%) of the 39 cases in the AMP/S group, had 
recurrent periorbital cellulitis. 

ACUTE EPIGLOTTITIS

In one study, 31 infants and children with documented acute 
epiglottitis received i.v. sulbactam sodium (30 mg/kg/day) 
in combination with ampicillin (200 mg/kg/day); 26 (84%) 
subjects had H. influenzae type b isolated from blood cultures 
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(7 were beta-lactamase producing) (Wald et al., 1986). A 
96% cure rate was achieved with AMP/S. In view of the 
decreased use of chloramphenicol, AMP/S may be con sid- 
ered an excellent choice in cases of acute epiglottitis due to 
H. influenzae type b, given the relatively high rates of beta- 
lactamase production in this pathogen; although with increas-
ing rates of immunization against invasive H. influenzae type 
b infections, this disease is declining in many regions.

BACTERIAL MENINGITIS

In a randomized comparative study, 41 and 40 children with 
bacterial meningitis received i.v. AMP/S and ampicillin–
chloramphenicol, respectively (Rodriguez et al., 1986). Deaths 
occurred in 1/29 (3.4%) AMP/S recipients and in 6/34 (18%) 
treated with chloramphenicol–ampicillin. Neurologic sequelae 
were also more common in the chloramphenicol–ampicillin- 
treated group (18% vs. 12%). According to MIC and time-
kill studies of 45 H. influenzae beta-lactamase strains, an 
initial decrease in H. influenzae type b CSF isolates was 
observed with AMP/S treatment, but eventual bacteriologic 
eradication was not achieved (Azimi and Dunphy, 1989). 
AMP/S penetrates the CSF, but levels decrease quickly to 
only one sixth of what is achieved in serum (Foulds et al., 
1987). Thus while AMP/S has been assessed in bacterial 
meningitis and found effective, it should not be considered 
as first-line treatment.

SKIN INFECTIONS

AMP/S was compared with cefuroxime in an open-label 
multicenter randomized study of serious pediatric skin and 
skin structure infections (Azimi et al., 1999). In the AMP/S 
treatment arm, 46 of the 59 evaluable patients (78.0%) were 
cured and 13 patients (22.0%) improved. In the cefuroxime 
comparator arm, 30 patients (76.9%) were cured and 9 
patients (23.1%) improved. Bacteriologic eradication was 
achieved in 93.2% and 100% in the AMP/S and cefuroxime 
treatment arms, respectively. No statistically significant dif-
ferences between the comparators, in clinical or bacterio-
logic efficacy, were observed. AMP/S has also been evaluated 
in the treatment of skin, soft-tissue, and skeletal infections in 
a randomized prospective study of 135 children (105 with 
SSTIs) and 20 children with suppurative arthritis or osteo-
myelitis) (Kulhanjian et al., 1989). Of these, 84 and 41 chil-
dren received AMP/S and ceftriaxone, respectively. AMP/S 
and ceftriaxone showed a similar clinical and bacteriologic 
response rate of 100% and 93%, respectively.

7g.  Infections due to Acinetobacter 
baumannii

Multidrug-resistant (MDR) A. baumannii poses a new chal-
lenge for physicians worldwide (Choi et al., 2004; Sader and 
Jones, 2005), especially in critically ill patients, because resis-
tance to carbapenems is a particular problem in many coun-
tries. Treatment options include polymyxins (colistin and 
polymyxin B) (Falagas and Rafailidis, 2008; see Chapter 81, 

Polymyxins), AMP/S (Levin et al., 2003; Higgins et al., 2004; 
Brauers et al., 2005), and tigecycline (see Chapter 70, 
Tigecycline). Although experimental data suggest that sul-
bactam is an important consideration in the treatment of 
infections due to MDR A. baumannii (Corbella et al., 1998), 
clinical data do not support monotherapy with sulbactam for 
severe infections. The majority of clinical data come from 
studies examining the efficacy of the AMP/S combination. A 
higher dose of AMP/S than that used in infections due to 
other bacteria is usually employed in the treatment of A. bau
mannii (up to 12 g AMP/6 g S to 18 g AMP/9 g S daily in 
divided doses) (Levin et al,, 2003; Betrosian et al., 2008). 
Microbiologic data suggest that A. baumannii is more sus-
ceptible to polymyxins than AMP/S (Duenas Diez et al., 
2004).

In a noncomparative study of 40 consecutive patients with 
nosocomial infections caused by MDR A. baumannii, Levin 
et al. (2003) assessed the efficacy of i.v. AMP/S; 72.5% of the 
infections occurred in the ICU setting, and most were severe 
and associated with underlying conditions (median APACHE 
II score: 14.5). Isolates were resistant to penicillins, cephalo-
sporins, aminoglycosides, fluoroquinolones, imipenem, and 
aztreonam. The median daily dose of AMP/S was 6 g AMP/3 
g S, but 6 patients received 12 g AMP/6 g S. Infections 
included primary bacteremia (32.5%), pneumonia (30%), 
UTIs (15%), peritonitis (7.5%), surgical site infections (7.5%), 
meningitis (5%), and sinusitis (2.5%). In this study, 27 
patients (67.5%) were improved/cured, 7 (17.5%) failed, and 
6 (15%) were considered to have an indeterminate outcome 
because patients died within the first 48 hours of treatment. 
Two cases of meningitis were treated and did not respond. 
No adverse events were observed.

Wood et al. (2002) conducted a retrospective study to 
compare the efficacy of AMP/S and imipenem–cilastatin in 
ventilator-associated pneumonia (VAP) (Wood et al., 2002); 
14 patients received AMP/S at an unspecified dose (half of 
these also received an aminoglycoside in combination) and 
63 patients were treated with the comparator regimen. Mor-
tality, duration of mechanical ventilation, and length of stay 
in the ICU or the hospital were similar. 

Betrosian et al. (2007) conducted a randomized noncom-
parative prospective trial to assess the efficiency of AMP/S in 
VAP due to MDR A. baumanii that were resistant in vitro to 
AMP/S. Patients received either 6 g AMP/3 g S every 8 hours 
(group A) or 8 g AMP/4 g S every 8 hours (group B). Clinical 
improvement and bacteriologic success rates were 64.3% and 
77.8%, respectively for group A; compared with 69.2% and 
69.2%, respectively, for group B. Thus, despite reported in 
vitro resistance, the high dosing regimens of AMP/S were both 
clinically and bacteriologically effective. Another random-
ized prospective cohort study by the same group (Betrosian 
et al., 2008) compared the effectiveness of high-dose i.v. 
AMP/S (6 g AMP/3 g S every 8 hours; 13 patients) with that 
of i.v. colistin (3 million IU every 8 hours; 15 patients) in 
adult critically ill patients with VAP. Cure occurred in 61.5% 
vs. 60.0% of patients and improvement in 15.3% vs. 13.3%, 
respectively. Bacteriologic eradication was attained in 61.5% 



294 Ampicillin–Sulbactam

versus 66.6%. The 14-day mortality and the 28-day mortality 
did not differ statistically between the two groups in this 
small study.

In a retrospective study, 48 patients with A. baumannii 
bacteremia were treated with either AMP/S (most common 
dose 2 g AMP/1 g S every 6 hours) or imipenem–cilastatin 
(Jellison et al., 2001). There were no differences among days 
of bacteremia (4 vs. 2 days, p = 0.05), days to resolution 
of temperature or white blood cell count, success or failure 
during or at end of treatment, or intensive care unit total or 
antibiotic-related length of stay (13 vs. 10 days, p = 0.05). In 
another study of 94 nosocomial A. baumannii bloodstream 
infections, 54% involved MDR strains, 81% of which were 
genetically related (Smolyakov et al., 2003). Among the 51 
patients with MDR A. baumannii, 65% received AMP/S and 
35% inadequate antibiotic therapy, whereas of 43 patients 
with non-MDR A. baumannii, 86% were treated according 
to susceptibility and 14% inappropriately with antibiotics to 
which these organisms were resistant. Crude mortality was 
similar in the adequately treated groups. Mortality among 
patients treated adequately and inadequately was 41.4% and 
91.7%, respectively (p < 0.001). Among severely ill patients, 
AMP/S therapy significantly decreased the risk of death (p = 
0.02; odds ratio [OR]: = 7.64). In another observational 
prospective study of 79 adult inpatients with A. baumannii 
bacteremia, AMP/S and imipenem were the most effective 
medications: 35/58 (83%) patients who received imipenem 
and 7/8 (87.5%) who received AMP/S were cured (Cisneros 
et al., 1996).

AMP/S was evaluated in a study of eight patients with 
nosocomial A. baumannii meningitis (seven treated with 2g 
AMP/1 g S every 6 hours and one with 2 g AMP/1 g S every 
8 hours). All A. baumannii isolates were resistant to cefotax-
ime, ceftriaxone, ceftazidime, ureidopenicillins, ciprofloxacin, 
and gentamicin. Seven isolates were resistant to imipenem. 
For all CSF isolates of A. baumannii, the MIC of AMP/S was 
≤ 8/4 μg/ml. The MICs of sulbactam by microdilution in two 
cases were 4 μg/ml. Six patients were cured and two died of 
meningitis (Jimenez-Mejias et al., 1997).

A combination of AMP/S, colistin and a carbapenem 
when administered to 20 patients with colistin-resistant A. 
baumannii infections (the majority had ventilator-associated 
pneumonia) was associated with the lowest mortality (Qureshi 
et al., 2015).

7h.  Urinary tract infections

AMP/S is effective in the treatment of UTIs due to bacteria 
resistant to ampicillin (Syriopoulou et al., 1986) and is as 
effective and safe as trimethoprim–sulfamethoxazole for 
these infections (Naber and Wittenberger, 1989). However, 
AMP/S is unlikely to be effective against ESBL-producing 
Gram-negative pathogens. For example, in a study of com-
plicated UTIs, 77% of ESBL producers were resistant to 
AMP/S (Taneja et al., 2008). In such settings, treatment with 
fosfomycin, nitrofurantoin, temocillin, or carbapenems may 
be necessary (Livermore et al., 2007; Giamarellou 2008). 

7i.  Bacterial endocarditis

The role of ampicillin in the treatment of endocarditis due 
to Enterococcus spp. with susceptibility to penicillin is well 
established (Olaison et al., 2002); however, there is a scarcity 
of clinical data regarding the use of AMP/S for enterococcal 
endocarditis (Mekonen et al., 1995). In vitro data have sup-
ported the role of AMP/S in the treatment of endocarditis 
due to Enterococcus spp. (Hindes et al., 1989; Lavoie et al., 
1993), and AMP/S has been recommended in combination 
with gentamicin in the treatment of those rare cases of native 
or prosthetic valve endocarditis caused by beta-lactamase- 
producing enterococcal strains that are also susceptible to 
aminoglycoside. AMP/S has been used to treat endocarditis 
due to HACEK bacteria (Haemophilus spp., Aggregatibacter 
spp., Cardiobacterium hominis, Eikenella corrodens, Kingella 
spp.), however, resistance to AMP/S has been demonstrated 
in HACEK organisms (Coburn et al., 1989); thus ceftriaxone 
and ciprofloxacin are preferred for therapy in guidelines 
(Baddour et al., 2015).

7j.  Other infections

AMP/S has been used successfully to treat gonorrhoea due to 
beta-lactamase (penicillinase)-producing N. gonorrhoeae 
strains (Kim et al., 1986; Baddour et al., 1992; Hellman et al., 
1995). Indeed, in this setting, AMP/S appears to be as effec-
tive as ceftriaxone.

7k.  Surgical prophylaxis

AMP/S has been used successfully as prophylaxis against 
the development of postsurgical infections, including mainly 
abdominal (Kirton et al., 2000) and gynecologic surgery pro-
phylaxis as well as various other types of surgery, such as 
head and neck surgery (Johnson et al., 1997) and neurosur-
gical patients with external ventricular drains (Zhu et al., 
2001). AMP/S appears to be more effective than cefuroxime 
in elective cholecystectomy for the prevention of entero-
coccal infections (Dervisoglou et al., 2006). AMP/S has been 
used in a prophylactic regimen in addition to gentamicin 
and fluconazole that replaced cefoxitin and led to a reduction 
of infections after radical cystectomy with urinary diver-
sion. Specifically, on multivariate analysis, the new regimen 
decreased significantly the risk of infections (OR: 0.58; 95% 
confidence interval: 0.35–0.99) (Pariser et al., 2015). 
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Ticarcillin–Clavulanic Acid

Kirsty Buising

1. DESCRIPTION

Ticarcillin–clavulanate is an injectable antibacterial combi-
nation consisting of two agents, a beta-lactam antibiotic 
(ticarcillin) and a beta-lactamase inhibitor (clavulanic acid; 
see Chapter 13, Beta-lactamase inhibitors). Ticarcillin is a 
semisynthetic penicillin of the carboxypenicillin group (see 
Chapter 9, Carbenicillin, carindacillin, carfecillin and ticar-
cillin). It is an alpha carboxyl 3 thienylmethyl penicillin, with 
the detailed formula of ticarcillin disodium being N-(2-
carboxy-3,3-dimethyl-7-oxo-4-thia-1-azabicyclo[3.2.0]
hept-6-yl)-3-thiophenemalo-namic acid disodium (see Fig-
ure 16.1). Another member of this group is carbenicillin, 
which ticarcillin has now replaced for clinical use. These drugs 
fall into the group commonly referred to as the extended- 
spectrum penicillins (Sutherland et al., 1970).

Like other penicillins, the most clinically important 
mechanism of resistance to ticarcillin is via the production of 
beta-lactamase enzymes that degrade the beta-lactam drug. 
Beta-lactamase inhibitors, such as clavulanic acid, can over-
come this resistance mechanism in many bacteria. Clavulanic 
acid (or clavulanate) is a naturally occurring penicillanic 
acid sulfone derivative that was originally isolated from 
Streptomyces clavuligerus (Reading and Cole, 1977; Brown, 
1986). Different beta-lactamases will differ in their degree of 
susceptibility to clavulanic acid. Chemically, clavulanate potas-
sium is potassium (Z)-(2R, 5R)-3-(2-hydroxyethylidene)- 
7-oxo-4-oxa-1-azabicyclo[3.2.0]heptane-2-carboxylate; the 
chemical structure is shown in Figure 16.1.

Ticarcillin and clavulanic acid have very similar pharma-
cokinetic properties and are therefore well suited to co-ad-
ministration (Sutherland et al., 1985). Ticarcillin–clavulanate 
is marketed under the brand name Timentin. It can be 
administered only parenterally and is available in two formu-
lations, a premixed frozen form for infusion and a powder 
that is reconstituted for injection. Every 3.1 g of ticarcillin–
clavulanate consists of 3 g of ticarcillin and 0.1 g of clavu-
lanic acid.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Early reports of the clinical use of ticarcillin–clavulanate 
demonstrated a broad spectrum of activity against many 
Gram-positive, Gram-negative, and anaerobic bacteria (Rod -
riguez et al., 1973a; Casey and Glauser, 1983; Roselle et al., 
1985). Improved activity against Pseudomonas spp. is a par-
ticular attribute of ticarcillin that distinguishes it from many 
other narrower-spectrum penicillins (although some Pseudo
monas strains remain resistant). Table 16.1 summarizes the 
in vitro activity of ticarcillin–clavulanate against a variety 
of bacteria, although for clinical decision making, the local 
susceptibility profile of bacteria should always also be 
considered.

GRAM-POSITIVE ORGANISMS

Most Gram-positive bacteria are susceptible to ticarcillin–
clavulanate, but some resistant bacteria (such as methicillin- 

Figure 16.1. Chemical structure of ticarcillin and clavulanic 
acid. (a) Ticarcillin disodium. (b) Clavulanic acid.
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resistant Staphylococcus aureus) are important exceptions. 
The beta-lactamases that may be present in methicillin-sus-
ceptible S. aureus are readily inhibited by clavulanic acid, and 
these bacteria are therefore usually susceptible to ticarcillin–
clavulanate (Barry, 1990). It is important that penicillin and 
ampicillin are more effective than ticarcillin against E. faeca
lis and Listeria monocytogenes and are preferred for clinical 
use to treat infections with these pathogens. Piperacillin–
tazobactam is also usually more effective than ticarcillin–
clavulanate against enterococci and may be preferable if 
specific treatment for this pathogen is required (Hoellman et 
al., 1998; see Chapter 17, Piperacillin–tazobactam).

Ticarcillin is between 8 and 16 times less effective than 
ampicillin, penicillin, or piperacillin against those strains 
of Streptococcus pneumoniae with intermediate or high-level 

penicillin resistance. No increase in the efficacy of ticarcillin 
is achieved with the addition of clavulanic acid for these 
strains because the mechanism of resistance is via alteration 
of the penicillin-binding proteins, not production of beta- 
lactamase (Pankuch et al., 1994; Leclercq and Duval, 1995; 
Pankuch et al., 1995; Johnson et al., 1996). This is also the 
case for methicillin-resistant S. aureus and S. epidermidis, in 
which mechanisms other than production of beta-lactamase 
are responsible for the antibiotic resistance.

Some interesting work has explored the possible role of 
ticarcillin–clavulanate as an agent to use synergistically 
with daptomycin for the treatment of methicillin-resistant 
S. aureus infections (Rand and Houck, 2004; Cilli et al., 
2006). Combinations of daptomycin plus antistaphylococcal 
β-lactams and daptomycin plus ceftaroline also have been 

Table 16.1. In vitro susceptibility of key bacteria to ticarcillin–clavulanate

Organism
Ticarcillin-clavulanate MIC90 (μg/ml)

(historical data)
EUCAST MIC breakpoint (S ≤/ R >) 

(μg /ml)

Gram-positive bacteria

Methicillin-susceptible Streptococcus aureus 0.25–1.0 S if penicillinase (+) and methicillin S

Streptococcus pneumoniae 1.25a —

Streptococcus pneumoniae (penicillin MIC ≥ 2 μg/ml) 128 —

Streptococcus pyogenes 0.5a —

Enterococcus faecalis 128 —

Enterococcus faecium — —

Listeria monocytogenes — —

Clostridium perfringens 0.5a  8/16

Gram-negative bacteria

Escherichia coli       16–64  8/16

Haemophilus influenzae < 0.05–0.12 IE

Klebsiella pneumoniae        4–32  8/16

Acinetobacter calcoaceticus 32 IE

Citrobacter diversus 16  8/16

Citrobacter freundii 512  8/16

Enterobacter aerogenes 128  8/16

Enterobacter cloacae 512  8/16

Proteus vulgaris 2.5  8/16

Proteus mirabilis 0.25–1  8/16

Morganella morganii 2  8/16

Providencia rettgeri        1–64  8/16

Pseudomonas aeruginosa        8–128 16/16

Serratia marcescens       64–> 128  8/16

Burkholderia cepacia — —

Neisseria meningitidis 0.25a —

Neisseria gonorrhoeae 0.5 —

Bacteroides fragilis 0.008–8  8/16

Prevotella melaninogenica 0.1–4a  8/16

Stenotrophomonas maltophilia 128b —

aReported for ticarcillin alone.
bSee text for details.
Abbreviations: S: susceptible; R: resistant; IE: insufficient evidence; —: no breakpoints; susceptibility testing is not recommended.
Sources: Data compiled from Knudsen et al. (1967); Butler et al. (1970); Smith et al. (1970); Sutherland et al. (1970); McCracken et al. (1973); Kammer et al. (1975); 

Sutter and Finegold (1976); Clarke and Zemcov (1984); Fuchs et al. (1984); Fass and Prior (1989); Khardori et al. (1990).
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shown to enhance activity of daptomycin against methicillin- 
resistant S. aureus (MRSA) (see Chapters 8, Nafcillin; Chapter 
32, Ceftaroline and ceftaroline–avibactam; and Chapter 45, 
Daptomycin). Case series have described clearance of refrac-
tory MRSA when these agents were added to daptomycin 
(Dhand et al., 2011; Sakoulas et al., 2014). The mechanism is 
likely the same as with ticarcillin–clavulanate. 

Anaerobic Gram-positive bacteria, such as anaerobic 
streptococci, Peptococcus, Peptostreptococcus, Clostridium, 
Lactobacillus, Actinomyces, and Propionibacteria, are usually 
susceptible to ticarcillin–clavulanate (Denys et al., 1983; 
Smith et al., 1996b), and this agent is a useful therapeutic 
choice for mixed infections when coverage of these organ-
isms and Gram-negative organisms is required.

GRAM-NEGATIVE ORGANISMS

Ticarcillin–clavulanate has efficacy across a broad range of 
Gram-negative bacteria. The addition of clavulanic acid was 
reported to reduce the minimal inhibitory concentration 
(MIC) for ticarcillin by more than eight times for 92% of 
Enterobacteriaceae tested in large studies during the 1980s 
(Barry et al., 1984; Fuchs et al., 1984). In a survey of isolates 
in the USA between 1998 and 2001, ticarcillin–clavulanate 
retained activity against 74–83% of Enterobacteriaceae, 
70–80% of Acinetobacter baumannii strains, and 70–80% of 
Pseudomonas aeruginosa strains (Karlowsky et al., 2003a; 
Karlowsky et al., 2003b).

It is the type of beta-lactamase and the amount present 
that largely determine susceptibility to ticarcillin–clavulanate 
for Gram-negative bacilli. Class A (e.g. TEM, SHV) and to a 
slightly lesser extent class D beta-lactamases are generally 
inhibited by clavulanate, whereas class B (e.g. the metallo- 
beta-lactamase s) and class C (e.g. AmpC) are not (Thomson 
et al., 1990). The class A beta-lactamases are common in 
Enterobacteriaceae and the addition of clavulanic acid is 
therefore useful for many of these commonly encountered 
Gram-negative organisms (Jacobs et al., 1986a; Jacobs et al., 
1986b; Kempers and MacLaren, 1990).

Gram-negative bacteria with plasmid-mediated class A 
beta-lactamases (such as TEM), which include strains of 
Haemophilus influenzae, Neisseria gonorrhoeae, Moraxella 
catarrhalis, and Escherichia coli, are usually susceptible to 
ticarcillin–clavulanate. Bacteria with chromosomally medi-
ated class A beta-lactamases such as Klebsiella pneumoniae, 
Proteus mirabilis, and Bacteroides fragilis are also usually sus-
ceptible to ticarcillin–clavulanate. The inducible chromo-
somally mediated beta-lactamases that confer resistance to 
third-generation cephalosporins (e.g. AmpC) found in Mor
ganella morganii, Providencia rettgeri, Serratia marcescens, and 
Enterobacter cloacae are generally resistant to ticarcillin–
clavulanate (Pulverer et al., 1986; Verbist and Verhaegen, 
1986).

Clavulanic acid cannot always be relied on to overcome 
ticarcillin resistance, if present, in Pseudomonas spp., as the 
usual mechanism of resistance in Pseudomonas is via altered 
permeability rather than production of beta-lactamases. In 

some cases, however, ticarcillin resistance in Pseudomonas 
is mediated by a beta-lactamase that can be overcome using 
ticarcillin–clavulanate (Philippon et al., 1997). As a general 
rule, piperacillin is more active than ticarcillin against Pseu
domonas species (Clarke and Zemcov, 1984; Greenberg et al., 
1986; Smith and Henry, 1988).

Ticarcillin–clavulanate has activity in vitro against Burk
holderia pseudomallei, but in vitro data must be interpreted 
with caution with this pathogen. It may be useful as a sec-
ond-line agent (Sookpranee et al., 1991). Most Burkholderia 
cepacia is resistant to ticarcillin-clavulanate. Modeling stud-
ies have suggested possible high-dose regimens that may be 
effective for patients with cystic fibrosis and colonization 
with this pathogen , but clinical data are lacking (Lupo et al., 
2015; Zobell et al., 2014; Zobell et al., 2011).

Ticarcillin–clavulanate has some activity against Steno
trophomonas maltophilia, In most cases, however, the MIC is 
still too high to consider this drug effective enough alone. It 
has, however, been used in combination with other agents. 
Checkerboard testing studies have suggested additive or syn-
ergistic effects when ticarcillin–clavulanate is combined with 
either trimethoprim–sulfamethoxazole or ciprofloxacin, but 
the clinical relevance of these in vitro results for this patho-
gen is uncertain (Poulos et al., 1995; San Gabriel et al., 2004). 
More recent work has also suggested possible in vitro syn-
ergy of ticarcillin-clavulanate with aztreonam, colistin and 
levofloxacin for Stenotrophomonas (Milne and Gould, 2012; 
Chung et al., 2013; Church et al., 2013). In the USA, ticarcil-
lin–clavulanate has been described as the second most active 
agent behind co-trimoxazole for this pathogen (Sattler et al., 
2000). It has the advantage over some therapeutic alterna-
tives for this pathogen of being bactericidal (Watanakuna-
korn, 1984; Vartivarian et al., 1994). In Spain, 50% of 
Stenotrophomonas isolates were reported to be susceptible to 
ticarcillin–clavulanate in one study (Valdezate et al., 2001), 
In the USA, 45% were reported to be susceptible (Tsiodras et 
al., 2000), while a more recent study suggested 49.2% (Garazi 
et al., 2012). Susceptibility rates of 85% have been reported 
in Canada (Naidu and Smith, 2012). Two separate studies 
published in 2004 reported susceptibility rates to ticarcillin–
clavulanate of 94.8% and 59.1% in Brazil (Nicodemo et al., 
2004; Travassos et al., 2004). High rates of resistance to ticar-
cillin–clavulanate has been reported from China, where 36% 
were reportedly susceptible (Hu et al., 2014), and Korea, 
where 40% of Stenotrophomonas isolates were susceptible 
(Cho et al., 2015). The regional variations in susceptibility 
have been summarized (Chang et al., 2015). In general, 
increasing rates of resistance to ticarcillin–clavulanate among 
Stenotrophomonas isolates have been reported over time 
(Barbier-Frebour et al., 2000).

Ticarcillin–clavulanic acid has high efficacy against Gram- 
negative anaerobes such as Bacteroides, Prevotella, and 
Fusobacterium (Roy et al., 1977; Bansal and Thadepalli, 1983; 
Barry et al., 1986; Appelbaum et al., 1990; Bourgault et al., 
1992; Chen et al., 1992; Appelbaum, 1993; Johnson, 1993; 
Citron et al., 1995; Dubreuil et al., 2003; Brook, 2007; 
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Livermore et al., 2008). In general, ticarcillin–clavulanate 
is  reported to be more active than piperacillin–tazobactam 
against B. fragilis and S. maltophilia (Fass and Prior, 1989).

OTHER BACTERIA

Ticarcillin–clavulanate is not clinically effective against 
mycobacteria, despite some species showing susceptibility in 
vitro (Casal et al., 1987). Case reports of apparent clinical 
improvement with use of ticarcillin–clavulanate for isolated 
strains of mycobacteria are available (Holland et al., 1994). 
In vitro sensitivity of Nocardia brasiliensis to ticarcillin–
clavulanate has been reported (Wallace et al., 1983; Wallace 
et al., 1987), but clinical evidence is lacking.

Ticarcillin–clavulanate has some activity against Chla
mydia trachomatis, although clinical confirmation of efficacy 
is limited (Bowie, 1986; Martin et al., 1986; Pastorek, 1990), 
and hence this drug is not recommended therapeutically for 
this pathogen. Similarly, rat models of Legionella pneumophila 
have demonstrated efficacy of ticarcillin–clavulanate; but clin-
ical confirmation in humans is lacking, and this is currently 
not a recommended therapeutic option (Smith et al., 1991).

2b.  Emerging resistance and 
cross-resistance

Acquired resistance to beta-lactam/beta-lactamase inhibitor 
combinations can occur via a variety of mechanisms. These 
have been described in some case series (Sanders et al., 
1988a) and are discussed in a useful review (Canton et al., 
2008). The bacterium may start to hyperproduce its existing 
beta-lactamase (via acquisition of a promoter), or it may 
acquire several copies of a beta-lactamase gene (e.g. via a 
plasmid), leading to large amounts of beta-lactamase enzyme 
that overwhelms the beta-lactamase inhibitor. Bacteria may 
acquire a new beta-lactamase enzyme from another class 
(one that is not inhibited by clavulanate) via a plasmid, or the 
bacterium may be induced to produce a different chromo-
somally encoded beta-lactamase. Mutations may occur in 
the genes encoding existing beta-lactamases that alter their 
susceptibility to inhibitors or new non-beta-lactamase-related 
mechanisms of resistance may be acquired by the bacterium 
(e.g. changes in drug target proteins, membrane permeabil-
ity, or drug efflux mechanisms).

Hyperproduction of beta-lactamases may be the result of 
multiple copies of the same beta-lactamase gene on multi-
copy plasmids. This has been described for TEM1 and less 
commonly for SHV1 and SHVESBL genes (Shannon et al., 
1990; Seetulsingh et al., 1991). Similarly, the simultaneous 
presence of different types of beta-lactamase serves to increase 
the net quantity of beta-lactamase, leading to reduced sus-
ceptibility to the beta-lactamase inhibitor. The OXA-type 
beta-lactamases, for example, are weakly inhibited by clavu-
lanate, but their presence reduces the activity of beta-lactam/
beta-lactam inhibitor combination drugs against other beta- 
lactamases as they “occupy” the inhibitor. The presence of 
strong promoters that cause overproduction of a single beta- 
lactamase gene provides another mechanism by which the 

amount of beta-lactamase enzyme present increases and 
thus reduces the efficacy of the inhibitor. In situations in 
which plasmid-encoded beta-lactamases are hyperproduced, 
piperacillin–tazobactam has been reported to have better 
activity than ticarcillin–clavulanate (Lister, 2000).

In other situations, beta-lactamases that are naturally 
less susceptible to beta-lactamase inhibitors are produced 
(examples may be found in Enterobacter, Citrobacter, Serratia, 
Morganella, and P. aeruginosa). The presence of clavulanic 
acid can in fact cause bacteria with inducible chromosomal 
cephalosporinase (e.g. inducible AmpC) to produce them 
and thus antagonize the action of ticarcillin (Lister et al., 
1999; Li et al., 2004). Buisson et al. (1992) described 19 iso-
lates in France with sensitivity to ticarcillin but resistance to 
ticarcillin–clavulanate (Buisson et al., 1992). Clavulanic acid 
was demonstrated to cause a dose-dependent antagonism on 
ticarcillin time-kill curves. This has also been described in 
E. cloacae and M. morgani (Akova et al., 1990).

The beta-lactamases in some Enterobacteriaceae can 
acquire mutations that provide them with an extended spec-
trum of resistance. These extended-spectrum beta-lactamases 
(ESBLs) are often variants of TEM, SHV, or OXA. The CTXM 
extended-spectrum beta-lactamase is an ESBL that is usu-
ally acquired via a plasmid and has become a commonly 
encountered problem in community-acquired infections. 
Ticarcillin–clavulanate is usually effective against bacteria 
with extended-spectrum beta-lactamases, reflecting their ori-
gin commonly from class A beta-lactamases, although the 
MICs are sometimes higher (often close to cut-off levels). 
Concerns have been raised about possible inferior clinical 
outcomes with beta-lactam/beta-lactamase inhibitor use com-
pared with carbapenem use for patients with bacteremia due 
to Klebsiella spp. with ESBLs, despite apparent in vitro sus-
ceptibility. However, the number of patients actually given 
ticarcillin–clavulanate in this study was small (Paterson et 
al., 2004).

The prevalence of ESBLs is variable across the world, with 
high rates often reported from Asia, and India in particular. 
A large study from India examined the susceptibilities of 
9004 ESBL-producing Gram-negative bacteria in 2003–2004 
and found that only 45.48% were susceptible to ticarcillin–
clavulanate by disk diffusion tests as per National Committee 
for Clinical Laboratory Standards (NCCLS) criteria (Mohanty 
et al., 2005). This was notably lower than the susceptible 
rate for piperacillin–tazobactam in the same group of bacte-
ria. Similar differences between the rates of piperacillin–
tazobactam sensitivity and ticarcillin–clavulanate sensitivity 
were described in ESBL-producing bacteria in Italy (Pagani 
et al., 1998).

Some variants of beta-lactamases emerged in the 1990s 
that demonstrated increased resistance to the action of beta- 
lactamase inhibitors. These inhibitor-resistant TEM (IRT) 
beta-lactamases are variants of beta-lactamases that emerged 
from mutations in TEM1 or TEM2 (Sirot et al., 1994). They 
are more resistant to beta-lactamase inhibitors such as clavu-
lanate, sulbactam, and tazobactam and have been associated 
with clinical failure of beta-lactam/beta-lactamase inhibitor 
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combination drugs (Blazquez et al., 1993; Nicolas-Chanoine, 
1997). They generally retain susceptibility to cephalosporins 
and carbapenems and in some cases retain susceptibility to 
piperacillin–tazobactam. They have been reported in E. coli, 
Klebsiella, Enterobacter, P. mirabilis, Citrobacter, and Shigella 
(Bermudes et al., 1999; Arpin et al., 2002; Robin et al., 2005). 
These IRT enzymes can evolve further to acquire mutations 
conferring resistance not only to beta-lactamase inhibitors but 
also to cephalosporins (Sirot et al., 1997; Robin et al., 2005). 
These are termed complex mutant TEM beta-lactamases or 
CMT. Mutations in other class A beta-lactamases (such as 
OXA1) have also been reported (Sirot et al., 1998). Table 16.2 
summarizes the in vitro susceptibilities often associated with 
these different resistance mechanisms (Canton et al., 2008).

It is important to always consider the local rates of resis-
tance in Gram-negative bacilli when selecting therapy. 
SENTRY, a multinational surveillance group, compared 
resistance profiles of P. aeruginosa in clinical isolates across 
different global regions. In the Asia Pacific, of 894 isolates, 
74.8% were ticarcillin–clavulanate susceptible. In Europe, 
of 1702 isolates, 78.2% were susceptible, in Latin America, 
of 1102 isolates, only 59.2% were susceptible, and in North 
America, of 3270 isolates tested, 77.8% were susceptible to 
ticarcillin–clavulanate (Jones et al., 2002). In 2000 in Brazil, 
only 56.4% of Pseudomonas isolates were reported to be sen-
sitive to ticarcillin–clavulanate (Sader et al., 2000).

The most common mechanism for resistance to ticarcillin– 
clavulanate among Pseudomonas isolates when it was identi-
fied clinically in Italy appeared to be an intrinsic resistance 
due to impermeability of the bacterial membrane or efflux 
mechanisms and not due to the many beta-lactamase mech-
anisms described (Bonfiglio et al., 1998). In this study, 1005 
P. aeruginosa isolates were tested, and 325 were identified 
with resistance to beta-lactam antibiotics. Of these, the sus-
ceptibility profiles, ability to hydrolyze nitroceftin, and inhi-
bition by cloxacillin and clavulanic acid allowed them to 
be  grouped into five phenotypes describing five probable 
mechanisms of resistance: 183 isolates were presumed to 
have intrinsic resistance due to a change in membrane 

permeability, 64 isolates were thought to have an inducible 
class C (AmpC) enzyme, 34 were likely to have plasmid-me-
diated beta-lactamase (PSE1 being the most common, but 
also PSE 4 and OXA), and 12 had both a class C beta-lact-
amase and a plasmid-mediated beta-lactamase. The remain-
ing 32 were likely to have resistance mediated by changes in 
porin proteins, which also conferred carbapenem resistance. 
Overall, 11.2% of all Pseudomonas isolates had a beta-lact-
amase and 3.4% of all Pseudomonas isolates had a plas-
mid-mediated beta-lactamase. This compares with rates of 
7–12% reported in France and < 1% reported in UK.

2c.  In vitro synergy and antagonism

There is some in vitro evidence to suggest synergy between 
ticarcillin and aminoglycosides against P. aeruginosa (Com-
ber et al., 1977; Pickering and Gearhart, 1979; White et al., 
1979; White et al., 1985; Smith et al., 1989). However, the 
degree of synergy varies between strains and, in general, the 
mechanism of synergy is not understood. Checkerboard 
testing of 75 Gram-negative isolates showed evidence of syn-
ergy between ticarcillin and tobramycin (Marques et al., 1997; 
Owens et al., 1997). Notably, these in vitro observations did 
not appear to correlate with clinically improved outcomes 
when ticarcillin–clavulanate was used with or without genta-
micin in 170 patients (Gilbert et al., 1998).

3. MECHANISM OF DRUG ACTION

Like other penicillins, the mechanism of action of ticarcillin 
is via inhibition of cell wall synthesis. Ticarcillin binds to 
penicillin-binding proteins, thus inhibiting the transpep-
tidation step in peptidoglycan synthesis for the cell wall. 
Ticarcillin–clavulanate is more effective than some other 
penicillins against Gram-negative bacteria owing to its supe-
rior ability to penetrate the outer cell membrane.

Clavulanic acid acts via inhibition of beta-lactamase en-
zymes (Bush, 1988; see Chapter 13, Beta-lactamase inhibitors). 
Beta-lactamases are enzymes produced by bacteria that 

Table 16.2. Expected resistance phenotype in an isolate of E. coli to beta-lactam/beta-lactamase inhibitor combination drugs in the 
presence of different beta-lactamases.

Beta-
lactamase Amoxicillin

Amoxicillin–
clavulanate Ticarcillin

Ticarcillin–
clavulanate Piperacillin

Piperacillin–
tazobactam

First-
generation 
cephalosporin Cefoxitin

Third-
generation 
cephalosporin

TEMI R S R S I/R S S/I/R S S

TEMI  
(high-level 
production)

R I/R R I/R R S/I/R I/R S S

OXAI R I/R R I/R R I/R R S S

IRT type R I/R I/R I/R S/I/R S/I/R S S S

CMT type R R R I/R R I/R I/R S I/R

ESBL type R S/I R S I/R S/I R S R

AmpC type R R I/R I/R I/R I/R R I/R S/I/R

Abbreviations: R: resistant; S: susceptible; I: intermediate.
Source: Reproduced with permission from Canton et al. (2008).
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degrade or modify beta-lactam drugs before they reach the 
penicillin-binding proteins. Clavulanic acid contains a beta- 
lactam ring that binds the enzyme at its active site. Initially, 
it acts as a competitive inhibitor, but once bound, there is 
also acetylation of the enzyme and hydrolysis of the amide 
bond, leading to irreversible inhibition of the enzyme (Rolin-
son, 1991; Livermore, 1993). It acts as a suicide inhibitor. The 
clavulanic acid, therefore, protects the beta-lactam drug from 
the beta-lactamase enzyme.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Ticarcillin–clavulanate is only administered parenterally. Vials 
of ticarcillin–clavulanate typically contain a 30:1 ratio of the 
two components, with 3 g of ticarcillin and 0.1 g of clavu-
lanic acid. Each vial is usually dissolved in 20–30 ml of ster-
ile water, then is typically infused over a period of 20–30 
minutes in 100 ml of diluent. The stability of ticarcillin–
clavulanate varies with temperature, diluent, and concentra-
tion. For example, 3.1 g of ticarcillin–clavulanate in 100 ml of 
0.9% NaCl is stable for 8 hours at 25°C, but in 5% dextrose 
it is stable for 24 hours at 21–24°C and for 72 hours at 4°C 
(Hart and Bailey, 1996). Very minimal differences in the 
pharmacokinetics of ticarcillin and clavulanic acid have been 
observed relative to the age of the recipient (Reed, 1998b).

The usual dose of ticarcillin–clavulanate for adults is 3.1 g 
every 4–6 hours, with a maximum dose of 24 g of the ticar-
cillin component per day (Roselle et al., 1985).

Intraperitoneal administration of ticarcillin–clavulanate 
has been described, but relapses have also been reported 
with this mode of administration for Pseudomonas infection 
(Pasadakis et al., 1992). Thus dosing via this route is not 
recommended.

4b.  Newborn infants and children

For children with a body weight of < 60 kg, the recommended 
dose is 300/10 mg/kg/day in four divided doses. The same 
dose is recommended for full-term infants (Nelson et al., 
1975; Nelson et al., 1978; Nelson, 1979; Jackson et al., 1986; 
Fricke et al., 1989; Nelson and McCracken, 1998).

For premature neonates, with a birth weight < 1500 g, a 
further dose reduction has been recommended to 83.3/3.3 
mg/kg given every 12 hours (note that this dosing regimen 
uses a 25:1 preparation of ticarcillin-clavulanic acid). Alter-
natively, a dose of 50 mg (48.3 mg ticarcillin and 1.7 mg 
clavulanic acid) per kg of the usual 30:1 formulation admin-
istered every 6 hours has been suggested (Fricke et al., 1989; 
Burstein et al., 1994; Reed et al., 1995; Reed, 1998a).

4c.  Pregnant and lactating mothers

Ticarcillin-clavulanic acid is considered a pregnancy cate-
gory B drug Animal studies demonstrated no harm to the 

fetus when the mother was administered the drug; however, 
there are no adequate, well-controlled studies in pregnant 
women. As with other beta-lactams, these agents are excreted 
in breast milk, although actual amounts are unknown.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

For patients with impaired renal function, a loading dose of 
3.1 g is advised initially, followed by dosing based on the cre-
atinine clearance (CrCl). The following dosage adjustments 
are recommended:

CrCl > 80 ml/minute: 3.1 g can be given every 4–6 hours
CrCl 60–80 ml/minute: 3.1 g every 6 hours
CrCl 30–60 ml/minute: 3.1 g every 8 hours
CrCl 10–30 ml/minute: 3.1 g every 12 hours
CrCl < 10 ml/minute: 3.1 g every 24 hours or 2 g every 12 

hours
CrCl < 10 ml/minute with concomitant hepatic failure: 2 g 

every 24 hours
Continuous ambulatory peritoneal dialysis: 3.1 g every 12 

hours
Hemodialysis: 2 g every 12 hours, and increase the dose to 

3.1 g immediately after dialysis
Continuous renal replacement therapy: dosing depends on 

the efficacy of the filtration (e.g. continuous venovenous 
hemodialysis [CVVHD]: 3.1 g every 6 hours suggested)

A greater proportion of the dose of clavulanate can be 
removed by nonrenal mechanisms than for ticarcillin. Cau-
tion has therefore been advised when using prolonged dos-
ing intervals for ticarcillin–clavulanate in patients with renal 
impairment. The initial dosing ratio of ticarcillin to clavula-
nate of 30:1 has been noted to increase with time so that 
clavulanate levels may be undetectable at 24 hours, resulting 
in periods when the ticarcillin is not protected by clavula-
nate and the bactericidal effect may be lost (Hart and Bailey, 
1996).

Studies examining more complex dosing situations, such 
as the use of CVVHD associated with extracorporeal mem-
brane oxygenation, have been reported (Lindsay et al., 1996).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Dosing needs to be adjusted for patients with impaired 
hepatic function only if the patient has concomitant renal 
failure.

OLDER ADULTS

In the elderly, dosing adjustment is needed only if there 
is  renal impairment (Davies et al., 1974; Wise et al., 1974; 
Jungbluth et al., 1986; Watson et al., 1987).

PATIENTS WITH BURNS

Because ticarcillin has an increased volume of distribution in 
burn patients (up to 2.5 times that of normal patients) and 
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an increased area under the curve with increasing total body 
surface area due to the burn injury, the higher end of the 
recommended dosing range for ticarcillin is recommended 
in such patients (Adam et al., 1989; Boucher et al., 1992; see 
section 5b, Drug distribution).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The pharmacokinetics of ticarcillin and clavulanic acid is 
very similar, which is why they make good companion drugs. 
For example, in a study performed in 12 healthy adults, six 
doses of 3.1 g of ticarcillin–clavulanate were given every 6 
hours, and comprehensive urine and blood testing was per-
formed to evaluate the pharmacokinetics. For ticarcillin, the 
steady-state half-life was 1.1 ± 0.1 hours, the volume of dis-
tribution was 12.5 ± 2.0 l, and the body clearance 3.6 ± 1.3 l/
hour. For clavulanic acid, the corresponding results were a 
half-life of 0.9 ± 0.1 hours, a volume of distribution of 18.0 
± 5.0 l, and a body clearance of 3.6 ± 1.3 l/hour (Rodriguez 
et al., 1973b; Reed, 1998b). Ticarcillin is 40% protein bound 
and clavulanic acid is 20% protein bound in the circulation 
(Bergan et al., 1987). The volume of distribution of ticarcillin 
closely resembles the volume of the extracellular fluid space, 
reflecting the wide distribution of this drug through body 
tissues (Tan and Salstrom, 1977).

5b.  Drug distribution

After an infusion over 30 minutes of a single dose of 50 mg/
kg ticarcillin–clavulanate to an adult, the peak serum level of 
ticarcillin averages 324 μg/ml and clavulanic acid averages 
8 μg/ml immediately after the infusion (Scully et al., 1984). 
At 1 and 5.5 hours after the infusion, the serum ticarcillin 
concentration averages 223 and 6 μg/ml, respectively, and 
clavulanic acid averages 4.6 and 0 μg/ml, respectively. Of 
note, the serum levels of clavulanate fall more rapidly than 
the ticarcillin levels, and so the ratio of ticarcillin to clavula-
nate increases over the dosing interval (Bennett et al., 1983). 
In a separate study, when 12 healthy volunteers were given 
3.1 g of ticarcillin–clavulanate every 6 hours, the steady-state 
mean peak serum level of ticarcillin was 263.6 ± 71.6 μg/ml 
and the trough level was 6.33 ± 2.80 μg/ml. The area under the 
curve was 438.5 μg/ml per hour ± 98.5 (Klepser et al., 1997).

In an effort to optimize dosing of ticarcillin–clavulanate, 
some have explored continuous infusion rather than inter-
mittent drug dosing. For example, for patients with normal 
renal function, a dose of 12.4 g can be infused slowly over 24 
hours. Continuous infusion of ticarcillin–clavulanate has been 
described in 112 patients: 91 were cured and 14 achieved 
partial cure for a broad range of clinical infections due to a 
variety of bacterial pathogens (Munckhof et al., 2005).

A 5-g i.v. dose of ticarcillin has been reported to reach 
a  mean concentration of 185 μg/ml in serum, 18 μg/ml in 
muscle, and 32 μg/ml in fat (Daschner et al., 1980). Both 

agents have been shown to penetrate lymph well in rabbit 
models (Woodnutt et al., 1989; Woodnutt et al., 1990). 
Ticarcillin penetrates peritoneal fluid well (reaching 34–66% 
of the serum level) and pleural fluid (reaching 22% of serum 
levels) (Manek et al., 1987). After an i.v. dose of 3.1 g of 
ticarcillin–clavulanate, both agents also penetrate blister fluid 
rapidly (Jaresko et al., 1992). Ticarcillin–clavulanate pene-
trates well into bone but not so well into cartilage (Adam et 
al., 1987; Meier et al., 1989).

Insignificant amounts of ticarcillin penetrate the cerebro-
spinal fluid in the presence of uninflamed meninges, but 
levels are higher in the presence of inflammation (Nakagawa 
et al., 1994). In rabbit models, the cerebrospinal fluid (CSF) 
levels of ticarcillin reached 11% of serum levels, while clavu-
lanic acid reached 28% of serum levels (Syrogiannopoulos et 
al., 1987). In humans, however, based on a study of 10 adults, 
penetration of ticarcillin and clavulanic acid into the cere-
brospinal fluid was variable, with a median penetration for 
ticarcillin of just 2.0 ± 4.0% of serum levels and for clavulanic 
acid of 5.4 ± 5.8% of serum levels (Franz et al., 1989).

Important differences in drug pharmacokinetics should 
be appreciated in burns patients specifically (Adam et al., 
1989; Boucher et al., 1992). Ticarcillin has been described to 
have an increased volume of distribution in burns patients 
(up to 2.5 times that of normal patients) and an increased 
area under the curve with increasing total body surface area 
involved in the burn injury. The higher end of the recom-
mended dosing range for ticarcillin is therefore advised in 
burns patients.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Integrated pharmacokinetic and pharmacodynamic studies 
have suggested that the current dosing regimens can be reli-
ably expected to provide effective therapy for infections caused 
by ticarcillin–clavulanate-susceptible bacteria with MIC val-
ues of 16 mg/l or less for infections outside the central ner-
vous system (CNS) (Reed, 1998b).

Based on pharmacokinetic and pharmacodynamic studies 
in 12 healthy volunteers given 3.1 g of ticarcillin–clavulanate 
every 6 hours, Klepser et al. (1997) calculated the percentage 
of the dosing interval during which the serum level exceeded 
the MIC for four common species of bacteria. Like all peni-
cillins, the principal determinant of efficacy of ticarcillin is 
the time that drug levels at the site of infection exceed the 
MIC for the pathogen. These authors determined that the 
standard dose of ticarcillin–clavulanate can be expected to 
provide excellent coverage for two isolates of B. fragilis (with 
MIC < 2 μg/ml), providing a serum level exceeding the MIC 
for 76–85% of the dosing interval. Similarly, for Escherichia 
coli isolates with MIC 2–8 μg/ml, the serum levels exceeded 
the MIC for > 97% of the time. This regimen could not, how-
ever, be relied on for E. faecalis (the isolates tested had a 
range of MICs from 2 to 64 μg/ml), for which levels were ade-
quate for < 10% of the dosing interval, and for P. aeruginosa 
(isolates with MIC 2–32 μg/ml), for which adequate levels 
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were achieved for 34–55% of the interval (Klepser et al., 
1997).

5d.  Excretion

Ticarcillin is excreted primarily via the renal tubules, and 
this excretion can be inhibited by probenecid. In a 24-hour 
urine collection, the percentage of administered i.v. dose 
excreted unchanged in the urine is 79% for ticarcillin and 
41% for clavulanic acid (i.e. about half of the dose of clavu-
lanic acid is metabolized in the body before excretion) 
(Hoffken et al., 1985). The renal clearance of ticarcillin has 
been calculated to be approximately 112 ml/minute, while 
that of clavulanic acid is 158 ml/minute. The biliary pharma-
cokinetics of these drugs has been described (Brogard et al., 
1989).

5e.  Drug interactions

Ticarcillin–clavulanate is incompatible with infusion of am- 
photericin B via a Y-site connection. Ticarcillin–clavulanate 
is not compatible with i.v. ciprofloxacin because of changes 
in the pH generated (Elmore et al., 1996).

In vitro evidence has suggested possible inactivation of 
aminoglycosides by ticarcillin, a phenomenon that has 
raised some concern (Davies et al., 1975; Ervin et al., 1976; 
Farchione, 1981; Chow et al., 1982; Konishi et al., 1983). A 
clinical case report has described possible inactivation of 
tobramycin presumably due to co-administration with 
ticarcillin in a patient with significant renal failure (Chow et 
al., 1982). In this patient, the half-life of tobramycin was 
decreased from 35 hours without ticarcillin to 7 hours with 
concurrent ticarcillin therapy. When studied in a case series 
of eight patients with end-stage renal failure, the half-life of 
gentamicin was reduced by 25–74% by co-administration of 
ticarcillin. The potential for this important interaction needs 
consideration in patients with end-stage renal failure. How-
ever, the effect in patients with normal renal function is very 
minimal and is thought to be unlikely to be of clinical signif-
icance in most patients.

6. ADVERSE REACTIONS AND TOXICITY

6a.  Hypersensitivity and rashes

Ticarcillin is contraindicated in patients with a history of 
hypersensitivity to penicillins. It can cause anaphylaxis, rash, 
eosinophilia, and drug fevers. Interstitial nephritis leading to 
renal failure has also been reported (Ervin and Bullock, 1976; 
Parry and Neu, 1976; Lang et al., 1991). Desensitization pro-
tocols for ticarcillin–clavulanate have been described (Brown 
et al., 1982; McIntire and Castano, 1994).

As a presentation of hypersensitivity, ticarcillin can cause 
skin problems such as erythema multiforme, Stevens–Johnson 
syndrome, toxic epidermal necrolysis, urticaria, and itch.

6b.  Neurotoxicity

Very high doses of ticarcillin can cause neurotoxicity, similar 
to that seen with high-dose penicillin (Kallay et al., 1979; 
Neu, 1979). This may manifest as drowsiness, confusion, or 
seizures. It has been suggested that this phenomenon may 
be more likely in patients who are uremic or have underlying 
central nervous system disease.

6c.  Electrolyte disturbances

Every 3.1-g dose of ticarcillin–clavulanate contains 14 mEq 
of sodium (Hart and Bailey, 1996). A typical daily dose, 
therefore, provides around 2 g of sodium. This has the poten-
tial to lead to clinical problems with hypernatremia and sub-
sequent fluid retention and pulmonary edema. Some patients 
may also develop hypokalemia and metabolic alkalosis as a 
consequence of the sodium load administration (Moody and 
Pawlicki, 1987). These problems are most likely to be clini-
cally evident in patients with cardiac failure and/or renal 
impairment (Schimpff et al., 1976; Parry et al., 1977).

6d.  Gastrointestinal side-effects

Nausea, vomiting, and/or diarrhea can occur with adminis-
tration of ticarcillin–clavulanate. Changes to gastrointestinal 
flora, particularly overgrowth of yeast colonizers, have also 
been reported (Samonis et al., 1993).

Ticarcillin–clavulanate has been reported to be one of the 
more common antibiotics to have been administered before 
the onset of Clostridium difficile infection, although the asso-
ciation has not been consistent (Nord et al., 1989; Ho et al., 
1996). In one large study, no patient receiving ticarcillin–
clavulanate developed C. difficile, despite it being the most 
common antibiotic reported to have been prescribed in the 
patient group (Anand et al., 1994).

6e.  Hematologic toxicity and bleeding 
disorders

Bleeding disorders are a significant concern with ticarcillin 
use (see Chapter 9, Carbenicillin, carindacillin, carfecillin, 
and ticarcillin). All penicillins can affect platelet function, 
but ticarcillin has the most severe effect. This potential toxic-
ity was reported soon after the introduction of ticarcillin–
clavulanate for clinical use (Tasker et al., 1986). This effect 
is thought to be due to changes to the ADP receptors in 
the  platelet membrane, which leaves them unavailable for 
agonists to induce aggregation (Ferres and Nunn, 1983). In 
a study of 156 patients treated with different beta-lactam 
antibiotics, increases in bleeding time occurred in 73% of 
patients receiving ticarcillin, 43% treated with piperacillin, 
25% receiving mezlocillin, and 17% treated with cefotaxime. 
Significant bleeding has been reported to occur in 34% of 
patients receiving ticarcillin, 17% on piperacillin, 2% on 



7. Clinical uses of the drug 307

mezlocillin, and 5% on cefotaxime in one study (Fass et al., 
1987). Clinical examples of bleeding problems, such as epi-
staxis, petechiae, and ecchymoses, have been noted, particu-
larly in patients receiving higher doses of ticarcillin (Brown 
et al., 1975; Ervin and Bullock, 1976; Schimpff et al., 1976).

Ticarcillin has also been associated with increased pro-
thrombin times, thrombocytopenia, thrombocytosis, eosin-
ophilia, and leukopenia (Moody and Pawlicki, 1987). Severe 
neutropenia that recurred with rechallenge with ticarcillin 
has been noted (Gastineau et al., 1981). The incidence of 
neutropenia for people receiving ticarcillin-clavulanate has 
been compared to the rate in those receiving piperacillin- 
tazobactam and was reported as 2.6% for children receiving 
> 2 weeks of ticarcillin-clavulanate vs. 10.8% for those with 
a  similar duration of exposure to piperacillin-tazobactam 
(Lemieux et al 2015).

A positive Coombs test without hemolysis has been 
reported to be quite common in association with clavulanic 
acid administration (Williams et al., 1985). The beta-lact-
amase inhibitors are thought to cause nonimmunological 
adsorption of proteins on red blood cells in vitro, causing 
positive direct antiglobulin tests. Garratty and Arndt (1998) 
also reported two cases of hemolytic anemia following ticar-
cillin–clavulanate use.

6f.  Hepatotoxicity

Cholestasis has been reported with ticarcillin–clavulanate use 
(Ryan and Dudley, 1992; Sweet and Jones, 1995), although 
the degree of hepatotoxicity with ticarcillin is thought to 
be lower than that associated with carbenicillin (Graft and 
Chesney, 1982).

6g.  Possible role in selection of 
vancomycin-resistant enterococci

In a mouse model, vancomycin-resistant enterococci (VRE) 
were more likely to be isolated after treatment with ticarcillin–
clavulanate than with piperacillin-tazobactam or with a 
cephalosporin (Donskey et al., 2000). Some authors have 
also reported a reduction in VRE acquisition after a change 
in hospital policy directing clinicians away from ticarcillin 
use and replacing it with piperacillin (Winston et al., 2004), 
but this observation and attribution have been challenged 
(Stiefel et al., 2004).

6h.  Use in pregnancy

Ticarcillin–clavulanate is a category B drug for use in preg-
nant women. No human studies are available regarding safety 
in pregnancy, but there is no evidence of teratogenicity in 
animal studies. Transfer across the placenta is thought to be 
low (Fortunato et al., 1992). Both ticarcillin and clavulanic 
acid enter breast milk.

7. CLINICAL USES OF THE DRUG

Since its introduction for clinical use, ticarcillin–clavulanate 
has been used for a variety of clinical infections because of its 
broad spectrum of antibiotic activity (Kosmidis, 1986).

7a.  Respiratory tract infections

Ticarcillin–clavulanate has proven efficacy in treating respi-
ratory tract infections, particularly nosocomial pneumonia 
(Brittain et al., 1985; Finegold and Johnson, 1985; Link, 1985; 
Mostow and O’Brien, 1985; Schwigon et al., 1986; Ramirez, 
1994). It covers most Gram-positive, Gram-negative, and 
anaerobic bacteria that commonly cause this condition. It 
cannot, however, be relied on where Pseudomonas or meth-
icillin-resistant S. aureus are the suspected pathogens. The 
local incidence of Gram-negative bacteria with chromo-
somal class C beta-lactamases should also be considered as 
these bacteria may not be adequately treated by this drug. In 
an environment with a high prevalence of ESBL-producing 
bacteria, ticarcillin–clavulanate may also not be adequate 
as empiric therapy. Surveillance studies in Canada showed 
that ticarcillin–clavulanate had activity against > 92% of 1982 
respiratory isolates (Blondeau et al., 1999). A multicenter 
study reviewed 2408 Gram-negative respiratory tract iso-
lates from patients in the intensive care units in the USA in 
2002, and this suggested that 80% of isolates were sensitive 
to ticarcillin–clavulanate. Detailed pharmacokinetic and 
pharmacodynamic modeling using Monte Carlo simulation 
showed that in this cohort, at a dosing regimen of 3.1 g every 
6 hours, the probability of achieving the bactericidal target of 
> 50% of time above the MIC was 53%, increasing to 68% for 
a regimen of 3.1 g every 4 hours (the probability being lower 
for the Acinetobacter and Pseudomonas isolates in this series 
in particular) (Burgess and Frei, 2005). It is important to take 
local prevalence of resistant bacteria into account. A study 
examining 277 Gram-negative clinical isolates in India found 
that 83.9% overall were resistant to ticarcillin–clavulanate 
(Gupta et al., 2006), hence empiric use of this drug would not 
be advisable in such a setting. It is interesting to note that 
many recent surveillance studies of antibiotic resistance pat-
terns of Gram negative isolates do not report susceptibility 
rates to ticarcillin-clavulanate. 

Ticarcillin–clavulanate is a useful therapeutic option for 
aspiration pneumonia (Brook, 1996). Its broad spectrum of 
activity and particular efficacy against anaerobic bacteria 
mean that it may be recommended for empiric treatment of 
both aspiration pneumonia and lung abscesses (Marik, 2001).

For community-acquired respiratory tract infections, 
ticarcillin–clavulanate has been compared with piperacillin–
tazobactam in a randomized trial of 299 patients. Outcomes 
favored piperacillin–tazobactam, with a clinical response in 
84% of the piperacillin–tazobactam group compared with 64% 
in the ticarcillin–clavulanate group (p = 0.02). The inferior 
activity of ticarcillin–clavulanate against some pneumococcal 
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strains may be a factor in these results. Adverse events, how-
ever, were more common in the piperacillin–tazobactam 
group (31.6% vs. 20.5%) and were predominantly gastroin-
testinal disturbances (Shlaes et al., 1994).

Patients with cystic fibrosis often present with polymicro-
bial Gram-negative bacterial infections of the respiratory 
tract. It is important that these bacteria often reside in a bio-
film in the airways, making them more difficult to treat with 
antibiotics. In one study, biofilm susceptibility methods were 
used to test 94 P. aeruginosa isolates from 41 patients against 
12 antibiotics. The biofilm inhibitory concentrations (BICs) 
were found to be much higher than the reported MICs for 
beta-lactam antibiotics, and for ticarcillin–clavulanate in 
particular. The median BIC value for ticarcillin–clavulanate, 
for example, was 512 μg/ml compared with a median MIC of 
16 μg/ml for the same isolates. Other drugs, such as amino-
glycosides and quinolones, were less markedly affected by 
the presence of biofilm (Moskowitz et al., 2004). Resistance 
rates measured by MIC to ticarcillin–clavulanate have also 
been demonstrated to be higher in Stenotrophomonas isolates 
from patients with cystic fibrosis than from noncystic fibro-
sis patients, particularly those chronically infected (Canton 
et al., 2003). Such data suggest that clinicians should view 
monotherapy with ticarcillin–clavulanate with caution in this 
particular patient group, and instead consider combination 
therapy or alternate agents.

7b.  Intraabdominal infections

Ticarcillin–clavulanate is appropriate therapy for peritonitis 
due to most surgical problems, such as perforated viscus, 
intraabdominal abscesses, and penetrating abdominal wounds 
(Fabian and Boldreghini, 1985; Fink et al., 1989; Inthorn et 
al., 1989; Fink, 1991; Wilson and Nord, 1995). These infec-
tions are often polymicrobial and involve Gram-negative 
Enterobacteriaceae and anaerobes. Ticarcillin–clavulanate 
may be preferable to combination drug regimens (e.g. ampi-
cillin plus gentamicin plus metronidazole) when there are 
concerns about potential aminoglycoside toxicity over long 
periods of therapy. Ticarcillin–clavulanate has been compared 
against the combination of clindamycin plus gentamicin for 
serious intraabdominal infection, with comparable micro-
biologic outcomes, clinical efficacy, and drug toxicity (Fink 
et al., 1989; Sirinek and Levine, 1991). It has also been com-
pared against imipenem in 137 adults with perforated appen-
dices who were randomized to either therapeutic regimen; 
clinical and bacteriologic success was 96.9% for ticarcillin–
clavulanate compared with 100% for imipenem (Allo et al., 
1999).

Ticarcillin–clavulanate has been suggested as an alterna-
tive to ampicillin, gentamicin, and clindamycin in children 
with a ruptured appendix (Pokorny et al., 1991), offering a 
simpler dosing regimen and less risk of renal and otovestibu-
lar toxicity. In one study, a group of 32 children receiving 
ticarcillin–clavulanate plus gentamicin to treat a ruptured 
appendix were compared with a historical cohort of 32 

children treated with ampicillin, gentamicin, and clindamy-
cin in the USA. The number of clinical failures was signifi-
cantly lower in the ticarcillin–clavulanate plus gentamicin 
group than in the group receiving the three-drug regimen 
(6.3% vs. 28.1%, p = 0.02) (Rodriguez et al., 2000). A shorter 
length of stay was also described for the ticarcillin–clavula-
nate plus gentamicin group (10.1 vs. 12.5 days, p = 0.019), 
although this study was neither randomized nor blinded. 
Ticarcillin–clavulanate has also been compared with ertape-
nem in children with complicated intraabdominal infections 
or acute pelvic infections. In a study of 105 patients with 
intraabdominal infections randomized in a 3:1 ratio between 
ertapenem and ticarcillin–clavulanate, 100% of the acute pel-
vic infections in each group were cured (25 patients in the 
ertapenem group and 8 patients in the ticarcillin group). The 
overall age-adjusted response rate for both intraabdominal 
and pelvic infections was 83% (19/23) in the ticarcillin–
clavulanate group compared with 91% (68/75) for ertapenem 
(a nonsignificant difference) (Yellin et al., 2007).

A study from 54 hospitals in the USA compared ticarcillin– 
clavulanate with ampicillin–sulbactam in 890 patients with a 
variety of infections. One of the significant differences in out-
comes was described for patients with intraabdominal infec-
tions, in whom ampicillin–sulbactam appeared to provide 
better bacterial cover than ticarcillin–clavulanate, although 
no significant clinical difference was described (McKinnon 
and Neuhauser, 1999).

Overall, the beta-lactam/beta-lactamase combination drugs 
are effective therapy for intraabdominal infections presumed 
to be due to gastrointestinal flora. However, some authors 
have suggested that an additional agent might be added 
empirically to ticarcillin–clavulanate in severely ill patients 
with peritonitis or those at particular risk of infection due 
to resistant Gram-negative pathogens, such as patients with 
prolonged hospitalization and prior antibiotic therapy, until 
full microbiologic identification and susceptibility data are 
available (Carlet et al., 1986).

Intraperitoneal ticarcillin–clavulanate has been used suc-
cessfully for the treatment of continuous ambulatory perito-
neal dialysis (CAPD) peritonitis in a case series of 16 episodes 
caused by a variety of bacterial pathogens (Pasadakis et al., 
1992). In this series, relapses were reported in two patients 
with Pseudomonas infections.

7c.  Skin and soft tissue infection

Ticarcillin–clavulanate has a role in treating skin and soft 
tissue infection where polymicrobial infection is likely, for 
example in the chronic infections associated with pressure 
ulcers or ulcers in diabetic patients (LeFrock et al., 1985; 
Pankey et al., 1985; Rao et al., 1985; File and Tan, 1991a; File 
and Tan, 1991b; Pankey, 1991). Caution is required if P. aeru
ginosa or methicillin-resistant S. aureus is identified in the 
ulcer, as the drug’s activity against these bacteria is unreliable. 
Ticarcillin–clavulanate has been compared with piperacillin– 
tazobactam for skin and soft tissue infections in a random- 
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ized double-blinded controlled trial involving 20 hospitals: 
153 patients were given piperacillin-tazobactam, whereas 98 
received ticarcillin–clavulanate. These patients had cellulitis 
with collections, cutaneous abscesses, infected decubitus 
ulcers, diabetic ulcers, and traumatic wounds. No difference 
in efficacy or toxicity was demonstrated, with a favorable 
clinical outcome (cured or improved in 76% and 77%, respec-
tively) and bacteriologic clearance in 71% vs. 77%t, respec-
tively. Overall, 42% experienced adverse drug reactions in 
each arm, primarily gastrointestinal intolerance (Tan et al., 
1993). Ticarcillin–clavulanate has been compared with cef-
triaxone and metronidazole in combination for treatment 
of diabetic foot infections in elderly men (Clay et al., 2004). 
This study randomized 34 patients to receive ticarcillin–
clavulanate every 6 hours and 36 patients to receive ceftriax-
one and metronidazole once daily. Treatment success was 
achieved in 76% vs. 72%, respectively (no significant dif-
ference), but the ceftriaxone–metronidazole regimen was 
deemed to be more cost-effective in this study.

A randomized study has also compared ticarcillin–clavu-
lanate (3.1 g, every 4–6 hours) followed by oral amoxicillin–
clavulanate (875 mg, every 12 hours) with levofloxacin alone 
(750 mg i.v. or oral once a day) for skin and soft tissue infec-
tion. In this study, 399 patients were enrolled in a 1:1 ran-
domization and the clinical efficacy of the two regimens 
was found to be similar with a clinical failure rate of 6.1% in 
the ticarcillin–clavulanate group compared with 8.8% in the 
levofloxacin group (no significant difference) (Graham et al., 
2002).

Ticarcillin–clavulanate is generally an appropriate thera-
peutic agent for the empiric management of polymicrobial 
skin and soft tissue infections, but treatment should be 
adjusted once culture results are known.

7d.  Urinary tract infections

Ticarcillin–clavulanate demonstrated efficacy against > 90% 
of 1921 isolates from urinary tract infections in Canada in 
the 1990s (Blondeau et al., 1999). It has shown efficacy in 
clinical use for complicated urinary tract infections in sev-
eral small early studies (Cox, 1985; File et al., 1985; Sanders 
et al., 1985; Cox, 1986; Stapleton, 2002). A recent study from 
the USA described the antibiotic sensitivity profiles of 705 
bacterial pathogens isolated from urinary tract infections in 
children and found that 94.2% were susceptible to ticarcillin– 
clavulanate (Bonsu et al., 2006); however, resistance rates vary 
in different regions.

7e.  Gynecologic infections

Ticarcillin–clavulanate has been used widely in the manage-
ment of postpartum endometritis and other pelvic infections 
associated with gynecologic disorders (Apuzzio et al., 1985; 
Pastorek et al., 1985; Faro, 1988; Faro et al., 1988; Holloway, 
1988; Sanders et al., 1988b; Faro, 1990; Lucas et al., 1990; 
Pastorek, 1990; Faro et al., 1991). It has been used to manage 

preterm rupture of membranes in a trial of 1695 women, when 
ticarcillin–clavulanate followed by amoxicillin–clavulanate 
was compared with no antibiotics and with ampicillin fol- 
lowed by amoxicillin. A significantly lower rate of endome-
tritis was demonstrated in the group receiving ticarcillin–
clavulanate (5.3%, 15.1%, and 11.6%, respectively, p < 0.001); 
a trend toward lower rates of neonatal sepsis was also described 
(Edwards et al., 2000).

7f.  Febrile neutropenia

Ticarcillin–clavulanate has been a recommended option 
for empiric treatment of febrile neutropenic patients in 
many guidelines, often accompanied by an aminoglycoside 
(Klastersky et al., 1975; Love et al., 1979; Klastersky et al., 
1986; Klastersky et al., 1988; Sage et al., 1988).Early reports 
of the use of ticarcillin–clavulanate accompanied by an ami-
noglycoside in febrile neutropenia described an 87% success 
rate in 33 children (Schaison et al., 1986) and 87% success 
rate of ticarcillin–clavulanate (at 5.2 g every 8 hours) plus 
tobramycin in 51 adults (Krieger et al., 1986). An 88% cure 
rate for ticarcillin–clavulanate plus gentamicin was reported 
in 95 episodes of febrile neutropenia in children (Yu et al., 
1994), but a poorer response was reported by a separate group 
using the same combination in 75 episodes of febrile neutro-
penia in children (65% clinical success) (Bolton-Maggs et al., 
1991).

Very few studies have reported on ticarcillin–clavulanate 
as monotherapy for febrile neutropenia. One group exam-
ined 100 episodes of febrile neutropenia in patients ran-
domized to receive either ticarcillin–clavulanate alone or in 
combination with amikacin. The clinical cure rates reported 
in this study were 82.9% and 94.5%, respectively. Only a small 
number of these patients had proven septicemia; the cure 
rates were 11/15 for those with septicemia in the ticarcillin–
clavulanate group and 12/13 for the ticarcillin–clavulanate 
plus amikacin group (Bru et al., 1986). A Brazilian study 
compared ticarcillin–clavulanate alone with ceftriaxone plus 
amikacin in 70 pediatric patients with 136 episodes of febrile 
neutropenia; the overall success with ticarcillin–clavulanate 
monotherapy was very high at 96%, compared with 93% 
in the ceftriaxone plus amikacin group (Petrilli et al., 2003). 
In patients with lymphoma, monotherapy with ticarcillin–
clavulanate has been compared to monotherapy with cefe-
pime for treatment of febrile neutropenia. In this study, those 
receiving ticarcillin–clavulanate had a slower time to defer-
vescence and a poorer microbiologic eradication if micro-
biologically documented infection was present compared to 
the group receiving cefepime (Naseem et al 2011).

A study in the USA randomized 101 pediatric patients to 
receive ticarcillin–clavulanate plus amikacin, with or with-
out vancomycin. In this study, a high rate of breakthrough 
bacteremias with Gram-positive organisms was observed in 
the group without vancomycin, leading to a higher clinical 
failure rate in that group (38% vs. 15%, p < 0.01), but the 
authors noted that the findings were likely to be heavily 
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influenced by the local prevalence of resistant Gram-positive 
bacteria (Shenep et al., 1988).

The combination of ticarcillin–clavulanate plus tobramy-
cin has been compared with piperacillin plus tobramycin in 
151 patients, with similar clinical success rates of approxi-
mately 70% (Mackie et al., 1986). Ticarcillin–clavulanate plus 
amikacin has also been compared against ceftazidime plus 
amikacin with high clinical success rates (around 92% in both 
groups) in 127 episodes of febrile neutropenia in leukemic 
adults (Fanci et al., 2003).

A trial has also compared cefepime alone with ticarcillin–
clavulanate plus aztreonam in 126 febrile neutropenic epi-
sodes. These regimens had similar clinical efficacy (55% vs. 
61% being afebrile by day 3) and similar rates of escalation to 
vancomycin, other Gram-negative antibiotics, and antifungal 
drug use. Cefepime was noted to be a less expensive option 
than ticarcillin–clavulanate plus aztreonam in this particular 
study (Fleming et al., 2003).

Another study evaluated 535 episodes of febrile neutro-
penia in patients randomized to receive either ticarcillin–
clavulanate plus vancomycin, ceftazidime plus vancomycin, 
or all three drugs (ticarcillin–clavulanate plus ceftazidime 
plus vancomycin). The ticarcillin–clavulanate plus vancomy-
cin plus ceftazidime group (all three drugs) had a statistically 
significant better outcome, but there was no significant dif-
ference between the other two regimens (Bodey et al., 1990).

A much discussed issue has been whether combination 
therapy with a beta-lactam (such as ticarcillin–clavulanate) 
combined with an aminoglycoside is superior to monother-
apy with the beta-lactam alone for management of febrile 
neutropenia. A Cochrane review addressed this question, 
reviewing 46 trials with over 7000 patients. In summary, 
monotherapy resulted in similar survival rates and lower 
rates of adverse reactions than combination therapy; hence 
monotherapy has become widely recommended. It is worth 
noting, however, that few of these studies used ticarcillin–
clavulanate specifically (piperacillin–tazobactam and cefe-
pime were more commonly used) (Paul et al., 2002).

A Cochrane review addressing the question of mono-
therapy versus combination therapy in immunocompetent 
patients with sepsis had similar findings to the febrile neu-
tropenia review. It assessed 64 studies involving > 7000 
patients and found no advantage to combination therapy and 
possibly a higher clinical failure rate with use of aminoglyco-
sides (Paul et al., 2006; Paul et al, 2014). It was noted that the 
subgroup of pseudomonas infections was underpowered to 
demonstrate any effect.

7g.  Meningitis

Beta-lactam/beta-lactamase inhibitor combinations are 
generally not recommended for treating infections of the 
central nervous system. In vitro data regarding poor efficacy 
of ticarcillin–clavulanate against penicillin-resistant pneumo-
cocci mean that its use is not supported for empiric therapy 
for bacterial meningitis. For treatment of specific pathogens 
in CNS infection, ticarcillin–clavulanate is generally not 

recommended because penetration of these drugs into the 
cerebrospinal fluid is limited.

7h.  Endocarditis

Overall, there are only limited data regarding the use of 
 ticarcillin–clavulanate for endocarditis. The efficacy of ticar-
cillin–clavulanate for treatment of S. aureus endocarditis has 
been evaluated and compared against flucloxacillin, oxacil-
lin, nafcillin, and vancomycin in an experimental rat model. 
It is interesting that ticarcillin–clavulanate was found to be as 
effective as the more traditional antistaphylococcal drugs 
and was more effective than vancomycin in this model 
(Catherall et al., 1992).

Gram-negative bacilli, such as Pseudomonas spp., are an 
unusual cause of endocarditis and typically require therapy 
with a combination of an antipseudomonal beta-lactam anti-
biotic and an aminoglycoside. Ticarcillin–clavulanate plus 
amikacin has been used to treat experimentally induced 
Pseudomonas endocarditis in rabbits (Choi et al., 1983), and 
ticarcillin plus gentamicin has been evaluated in laboratory 
models (Zar and Kany, 1985). Historically, ticarcillin plus 
gentamicin has been reported to have been used to treat a 
case of Pseudomonas endocarditis in a human (Wieland et 
al., 1986). The most comprehensive series of Gram-negative 
endocarditis recently published included patients from 28 
countries between January 2000 and August 2005 and docu-
mented 49 cases of non-HACEK (Haemophilus spp., Aggre
gatibacter spp., Cardiobacterium hominis, Eikenella corrodens, 
Kingella spp.) Gram-negative endocarditis (Morpeth et al., 
2007). Of these patients, 11 had Pseudomonas infections. Most 
patients received a beta-lactam antibiotic (usually in com-
bination with another antibiotic), but the particular beta- 
lactam was not specified in the study nor was the specific 
companion drug. Of these patients, 55% required surgery, 
and the in-hospital mortality for this group was 36%.

Two separate case reports have described successful ther-
apy of endocarditis due to S. maltophilia using a combination 
of ticarcillin–clavulanate and trimethoprim–sulfamethoxaz-
ole (Gutierrez Rodero et al., 1996; Aydin et al., 2000).

7i.  Bone and joint

A study assessing the efficacy of ticarcillin–clavulanate for a 
wide range of bone, joint and soft tissue infections, many 
of  which were in patients with diabetes and/or peripheral 
vascular disease, reported a clinical success rate of 92% and 
microbiologic eradication rate of 93% in the 66 evaluable 
patients (Johnson et al., 1985). Other case series have reported 
the successful use of ticarcillin–clavulanate for bone and 
joint infections (Siebert and Kopp, 1985).

7j.  Burns

Reports of small case series of burns patients with septicemia 
reported satisfactory outcomes using a high dose of ticar-
cillin–clavulanate (5.2 g three times daily) with only three 
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clinical failures in which either methicillin-resistant S. aureus 
or P. aeruginosa were identified (Diem and Graninger, 1986).

7k.  Ear, nose, and throat infections

Ticarcillin–clavulanate has been described as a therapeutic 
option for patients with ear, nose, and throat infections owing 
to its broad spectrum of activity and particular efficacy against 
anaerobes (Federspil et al., 1989).

7l.  Surgical antibiotic prophylaxis

Ticarcillin–clavulanate has been suggested as an option for 
prophylaxis in the perioperative period for a variety of surgi-
cal procedures because it carries the advantage of providing 
broad-spectrum antimicrobial cover with single-drug ther-
apy. It has been evaluated for intraabdominal surgery, partic-
ularly elective colorectal surgery. In one study, three doses 
of ticarcillin–clavulanate perioperatively was associated with 
similar postoperative wound infection rates to metronida-
zole plus netilmicin in a group of 92 patients (Blair et al., 
1987). Ticarcillin–clavulanate has been compared against 
mezlocillin in 185 patients, with no significant difference 
in wound infection rates demonstrated (University of Mel-
bourne Colorectal Group, 1989), and the same authors 
showed that ticarcillin–clavulanate was associated with a sig-
nificantly lower rate of wound infection (2.4% in 101 
patients) than single-dose tinidazole (14% in 102 patients, 
p  < 0.01) in elective colorectal surgery (University of 
Melbourne Colorectal Group, 1987). Ticarcillin–clavulanate 
has also been compared with single-dose cefotaxime in 224 
patients undergoing abdominal surgery; no significant differ-
ence in wound infection rates was demonstrated (Jones and 
Wojeski, 1987). An Australian study compared ticarcillin– 
clavulanate for surgical prophylaxis to single-dose cefotax-
ime or ceftriaxone in 1070 patients and found similar efficacy 
in terms of prevention of postoperative wound infection 
(Anderson et al., 1996). A single dose of ticarcillin–clavula-
nate has also been compared against two doses of ticarcillin–
clavulanate 12 hours apart without any significant difference 
in postoperative infection rates demonstrated in 271 patients 
undergoing elective colorectal surgery (Cuthbertson et al., 
1991).

Ticarcillin–clavulanate has been used for prophylaxis for 
clean thoracic and vascular surgery, with similar efficacy to 
cefamandole (Kitzis et al., 1986). It has been described as a 
suitable agent for antibiotic prophylaxis for tonsillectomy, 
proving better than placebo in terms of postoperative symp-
toms (Grandis et al., 1992) and has been used for prophy-
laxis for gynecologic surgery, in which it was associated with 
similar outcomes in terms of postoperative wound infection 
rates as cefoxitin (Saltzman et al., 1985). In 156 patients 
undergoing endoscopic retrograde cholangiopancreatogra-
phy (ERCP), ticarcillin–clavulanate as a single dose showed 
a nonsignificant trend toward higher rates of postoperative 
sepsis than single-dose ticarcillin–clavulanate accompanied 
by 3 days of amoxicillin-clavulanate (Smith et al., 1996a).
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Piperacillin–Tazobactam

Jasmine Teng and Karin Thursky

1. DESCRIPTION

Piperacillin–tazobactam (Zosyn, Tazocin) is a beta-lactam/
beta-lactamase inhibitor combination first licensed in 1993. 
The combination is formulated as a sodium salt in an 8:1 
piperacillin/tazobactam ratio. The Wyeth formulation has 
been reformulated to include ethylenediaminetetraacetic 
acid (EDTA) and sodium citrate, which permits simultane-
ous infusion with two aminoglycosides, gentamicin and ami-
kacin, but not tobramycin (Wyeth, 2006).

Piperacillin sodium is an aminobenzyl-penicillin derivative 
with a chemical formula of sodium 6-(d (-)-alpha-(4-ethyl-2, 
3-dioxo-1-piperazinylcarbonylamino-alpha-phenylacet-
amido) penicillinate (see Chapter 10, Mezlocillin, azlocillin, 
apalcillin and piperacillin). Its molecule contains a side chain 
with an ureido group, but because of chemical differences 
arising from its terminal piperazine structure, it often is 
not classified as an ureido-penicillin. The chemical formula 
is C23H26N5NaO7S, and the molecular weight is 539.5. The 
chemical structure is shown in Figure 17.1 (Wyeth, 2006). 

Tazobactam sodium, a derivative of the penicillin nucleus, 
is a penicillanic acid sulfone (see Chapter 13, Beta-lactamase 
inhibitors). Its chemical name is sodium (2S, 3S, 5R)-3-methyl- 
7-oxo-3-(1H-1, 2, 3-triazol-1-ylmethyl)-4-thia-1-azabicyclo 
[3.2.0] heptane-2-carboxylate-4, 4-dioxide. The chemical for-
mula is C10 H11 N4 NaO5S, and the molecular weight is 322.3.; 
The chemical structure of tazobactam is shown in Figure 17.1.

Piperacillin is bactericidal due the irreversible inhibition 
of penicillin-binding protein enzymes (PBPs), which results 
in the loss of cell wall integrity through a complex mecha-
nism involving autolysins, which are released after binding. 
While tazobactam alone lacks any intrinsic activity, its addi-
tion to piperacillin leads to increased stability of piperacillin 
against beta-lactamases (Perry and Markham, 1999).

Piperacillin–tazobactam has a broad spectrum of activity 
against the majority of Gram-positive bacteria, Gram-negative 
bacteria, and anaerobes. Resistant strains include methicillin- 
resistant Staphylococcus aureus, Enterococcus faecium, and 

Stenotrophomonas maltophilia as well as some Pseudomonas, 
Citrobacter, and Enterobacter species. Many clinical trials have 
demonstrated efficacy for the treatment of respiratory tract 
infections, skin and soft tissue infections, complicated intra-
abdominal and pelvic infections, urinary tract infections, and 
febrile neutropenia.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

In vitro activity of piperacillin–tazobactam against Gram-
negative, gram-positive, and anaerobic bacteria is summa-
rized in Table 17.1. 

Figure 17.1. Chemical structures of piperacillin and 
tazobactam. 
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Table 17.1. In vitro susceptibility of selected Gram-negative, Gram-positive, and anaerobic bacteria to piperacillin–tazobactam

Species MIC50
a (μg/ml) MIC90

b (μg/ml) Range (μg/ml)
EUCAST clinical breakpointc  
(S ≤ /R >) (μg/ml)

Gram-negative bacteria

Acinetobacter spp.    16–> 128 > 128 ≤ 0.008–≥ 128 Insufficient evidence

Bacteroides fragilis 1.0 4.0  ≤ 0.125–> 128  8.0/16.0

Citrobacter freundii      2–8    32–128   0.016–≥ 128  8.0/16.0

Enterobacter spp.      2–4    64–128    0.016–≥ 128  8.0/16.0

Enterobacteriaceae 2 16   ≤ 1–> 128  8.0/16.0

Escherichia coli 0.25 0.5–4.0   0.016–≥ 128  8.0/16.0

Escherichia coli (ESBL) 128 > 128   ≤ 1–> 128

Haemophilus influenzae 0.06 0.125    0.03–1 Isolates susceptible to amoxicillin or 
amoxicillin/clavulanate are susceptible 

Klebsiella pneumoniae      2–4 > 128 ≤ 0.008–≥ 128  8.0/16.0

Klebsiella pneumoniae (ESBL) > 128 > 128    4–> 128

Lactobacillus 2.0 4.0    0.5–4.0  8.0/16.0

Legionella pneumophila 0.5 1    0.03–2

Moraxella catarrhalis 0.25 0.25    0.25 to 8 Infer susceptibility from amoxicillin– 
clavulanic acid

Morganella morganii 0.5 4    0.03–≥ 128  8.0/16.0

Proteus mirabilis 0.5 ≤ 1–1    0.016–≥ 128  8.0/16.0

Proteus vulgaris 0.5 1    0.016–≥ 128  8.0/16.0

Pseudomonas aeruginosa      4–8    64–> 128 ≤ 1 to 0.12–≥ 128 16.0/16.0

Salmonella spp. 2 16    0.25–256  8.0/16.0

Serratia marcescens    ≤ 1–2     4–32    0.12–≥ 128  8.0/16.0

Shigella spp. 0.5 1    0.0–128  8.0/16.0

Stenotrophomonas 
maltophilia

> 128 > 128    4–> 128

Anaerobes

Clostridium difficile 8.0 16.0    8.0–32.0

Bacteroides fragilis 1.0 4.0 ≤ 0.125–> 128  8.0/16.0

Clostridium perfringens 0.25 0.5   ≤ 0.125–0.5  8.0/16.0

Fusobacteria 0.25 8.0   ≤ 0.125–8.0  8.0/16.0

Bacillus spp. 0.5 1   ≤ 0.06–32

Peptostreptococcus ≤ 0.125 0.5   ≤ 0.125–16.0

Prevotella spp. ≤ 0.125 ≤ 0.125   ≤ 0.125–2.0  8.0/16.0

Propionibacteria 0.5 1.0    0.25–1.0  8.0/16.0

Gram-positive bacteria

Staphylococcus aureus 
(MSSA)

0.5–1     2–4 ≤ 0.008–≥ 128 Benzylpenicillin breakpoint will mostly, but 
not unequivocally, separate beta-lact-
amase producers from nonproducers

Staphylococcus epidermidis 
(MSSE)

0.12–0.5 0.5–4.0 ≤ 0.008–≥ 128

Staphylococcus epidermidis 
(MRSE)

0.5–≥ 16   ≥ 4–≥ 16    0.5–16

Streptococcus pneumoniae 0.03 1    0.03–2 Categorize according to the ampicillin 
result

Streptococcus agalactiae 0.25 0.5    0.12–16 The beta-lactam susceptibility of beta- 
hemolytic streptococci groups A, B, C 
and G is inferred from the penicillin 
susceptibility

Streptococcus pyogenes (PS) 0.06 0.12    0.03–4

Beta-hemolytic 
Streptococcus

≤ 0.06 0.25   ≤ 0.06–0.25

Viridans group strep 0.25 8    0.016–≥ 16 If benzylpenicillin susceptible, infer 
susceptibility from the benzylpenicillin 
or ampicillin susceptibility; if benzylpen-
icillin resistant, infer susceptibility from 
the ampicillin susceptibility
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GRAM-POSITIVE BACTERIA

Piperacillin–tazobactam has excellent activity and spectrum 
(96–100% susceptible) against oxacillin-susceptible staphylo-
cocci, equal to or slightly greater than amoxicillin–clavulanate, 
ticarcillin–clavulanate, ceftriaxone, and ceftazidime (Baron 
and Jones, 1995; Johnson et al., 2002; Marshall et al., 1995).

Beta-lactamase-producing strains of Staphylococcus aureus 
and S. epidermidis are piperacillin–tazobactam sensitive, but 
methicillin-resistant strains are not (Acar et al., 1993; Fass 
and Prior, 1989). As with amoxicillin–clavulanic acid (see 
Chapter 14, Amoxicillin–clavulanic acid), S. aureus strains 
that produce type C beta-lactamase are less susceptible to 
piperacillin–tazobactam, than type A enzyme producers. 
Beta-lactamase-producing E. faecalis strains are also usually 
susceptible, but E. faecium strains with high-level intrinsic 
resistance to penicillin G are also resistant to this combina-
tion (Chen et al., 1993; Jones et al., 1998; Okhuysen et al., 
1993).

The addition of tazobactam does not affect the activity of 
piperacillin against sensitive strains of streptococci, entero-
cocci, and Listeria monocytogenes. Susceptibility to piperacil-
lin–tazobactam is expected in enterococcal species that are 
susceptible to penicillin, ampicillin, and amoxicillin. Tazo- 
bactam does not improve the action of piperacillin against 
penicillin G–resistant pneumococci or against resistant strains 
of Corynebacterium jeikeium (Jones and Barry, 1989). Only 
very few strains of Gram-positive anaerobes such as Clos- 
tridium spp. produce beta-lactamase, and these are suscep-
tible to piperacillin–tazobactam. All others are susceptible to 
piperacillin alone (Appelbaum et al., 1991).

GRAM-NEGATIVE BACTERIA

Piperacillin–tazobactam has broad-spectrum in vitro activity 
against both aerobic and anaerobic Gram-negative bacteria. 

Surveillance studies have demonstrated that piperacillin–
tazobactam susceptibility has remained relatively stable for 
most species of Enterobacteriaceae (Jones et al., 2009; Turner, 
2008; Unal and Garcia-Rodriguez, 2005); however, resistance 
has increased, particularly in Enterobacter spp. and Pseudo-
monas aeruginosa. In a large survey of isolates from patients 
in the intensive care unit (ICU) (n = 5,989) and in a non-ICU 
setting (n = 17,244) in the USA and Europe, decreased sus-
ceptibility to piperacillin–tazobactam in Enterobacter spp was 
notable. In the USA, 76% of ICU isolates and 85% of non-
ICU isolates were susceptible, and in Europe, 60% of ICU 
isolates and 75% of non-ICU isolates were susceptible (Sader 
et al., 2014). In this same study, rates of susceptibility for 
P.  aeruginosa were 71% and 79% in US ICU isolates and 
non-ICU isolates, respectively, and 65% and 75% in European 
ICU isolates and non-ICU isolates, respectively. Details about 
emerging mechanisms of resistance in Enterobacteriaceae 
and their implications for use of piperacillin–tazobactam 
can be found in section 2b, Emerging resistance and cross- 
resistance. 

Stenotrophomonas maltophilia is highly resistant to many 
antibiotic agents, including piperacillin–tazobactam (Lecso-
Bornet and Bergogne-Berezin, 1997). However, synergy 
and/or additive activity has been observed with piperacillin–
tazobactam and ciprofloxacin or piperacillin–tazobactam 
and trimethoprim–sulfamethoxazole in isolates from cystic 
fibrosis patients. (San Gabriel et al., 2004). 

ANAEROBES 

Bacteroides fragilis and other anaerobes of B. fragilis group, 
such as B. vulgatus, B. distasonis, and B. ovatus are usually 
susceptible to piperacillin–tazobactam (Bourgault et al., 1992; 
Namavar et al., 1994; Daley et al., 1996). This also applies 
to cefoxitin-resistant strains (Aldridge, 1993). However, the 

Species MIC50
a (μg/ml) MIC90

b (μg/ml) Range (μg/ml)
EUCAST clinical breakpointc  
(S ≤ /R >) (μg/ml)

Enterococcus faecalis 4 8    0.06–64 E. faecalis susceptible to ampicillin (or 
amoxicillin) can be categorized as 
susceptible to piperacillin (with or 
without tazobactam)

Enterococcus faecium 32 > 128    0.5–> 256 E. faecium resistant to penicillins can be 
considered resistant to all other 
beta-lactam drugs

VRE > 128 > 128    2–> 128

Corynebacterium spp. 2 32   ≤ 0.06–128

Corynebacterium jeikeium > 128   16–> 128

aMIC50: minimum inhibitory concentration that inhibited growth of 50% of isolates tested. 
bMIC90: minimum inhibitory concentration that inhibited growth of 90% of isolates tested. 
cEUCAST clinical MIC breakpoints (version 1.2): data from antimicrobial wild-type distributions from 18,000 isolates in the EUCAST database. Clinical breakpoints 

are presented as susceptible (S) ≤ x mg/l; intermediate (I) > x, ≤ y mg/l; and resistant (R) > y mg/l. A microorganism is defined as susceptible by a level of 
antimicrobial activity that is associated with high likelihood of therapeutic success when the appropriated breakpoint in a defined phenotypic test system is 
applied. This breakpoint may be altered owing to legitimate changes in circumstances (EUCAST, 2008).

Abbreviations: ESBL, extended-spectrum beta-lactamase; MSSA: methicillin-susceptible Staphylococcus aureus; MSSE: methicillin-sensitive Staphylococcus epi-
dermidis; methicillin-resistant Staphylococcus epidermidis; VRE: vancomycin-resistant enterococci.

Sources: Data compiled from Bakici et al. (2002); Collins et al. (1994); Gales et al. (2002); Gin et al. (2007); Hoellman et al. (2001); Johnson et al. (2002); Rhomberg 
and Jones (2007); San Gabriel et al. (2004); Turner (2008).
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proportion of piperacillin–tazobactam-resistant isolates has 
increased in some series, particularly in B. thetaiotaomicron; 
2% of B. fragilis isolates and 17% of B. thetaiotaomicron iso-
lates were resistant in a Korean tertiary care hospital (Yim 
et al., 2015). Resistance to piperacillin–tazobactam was 
observed in 23% of B. thetaiotaomicron isolates in one hospi-
tal in the USA (Sadarangani et al., 2015). The Prevotella spp. 
(such as P. bivia, P. disiens, and P. melaninogenica) and bac-
teria of the Porphyromonas and Fusobacterium spp. are also 
nearly always susceptible to piperacillin–tazobactam (Appel-
baum, 1993; Appelbaum et al., 1991). 

OTHER BACTERIA 

Although piperacillin–tazobactam has in vitro activity against 
Legionella spp. (Collins et al., 1994), unlike erythromycin, 
it  is not effective against intracellular Legionella organisms. 
Therefore, it seems unlikely that this combination will be 
effective for the treatment of Legionnaire’s disease in humans 
(Edelstein and Edelstein, 1994). Piperacillin–tazobactam is 
not effective against mycoplasma and Chlamydia spp.

2b.  Emerging resistance and 
cross-resistance

GRAM-POSITIVE BACTERIA

In Gram-positive bacteria, the major mechanism of resis-
tance is the alteration of PBPs. Enterococcus faecium demon-
strates intrinsic resistance to piperacillin–tazobactam due to 
low affinity for PBP5 (Gin et al., 2007). Methicillin-resistant 
S. aureus is also intrinsically resistant due to the low affinity 
of PBP2a for piperacillin (Palmer and Rybak, 1997), and 
mutations of PBP2b in S. pneumoniae significantly reduces 
the affinity of this PBP for piperacillin (Gin et al., 2007).

GRAM-NEGATIVE BACTERIA

In Gram-negative bacteria, the four possible mechanisms 
of resistance to piperacillin–tazobactam are beta-lactamases, 
transferable multidrug-resistance genes, alterations in outer 
membrane porins, and antibiotic efflux, as summarized in 
Table 17.2 (Gin et al., 2007). The major mechanism of resis-
tance toward piperacillin is the production of beta-lactamase 
enzymes by Gram-negative bacteria (Poole, 2004). 

Extended spectrum beta-lactamase–producing 
Enterobacteriaceae
Extended spectrum beta-lactamase (ESBL) producers (Ambler 
class A, Bush-Jacoby group 2be) are resistant to third-gener-
ation cephalosporins and monobactams but not to cepha-
mycins. They are inhibited by the beta-lactamase inhibitors 
clavulanate and tazobactam, which act as suicide substrates 
that bind irreversibly to the beta-lactamase enzyme. ESBLs 
arise from mutations in “parent” narrow-spectrum beta- 
lactamases and are highly transmissible from mobile genetic 
elements (e.g. plasmids) (Harris, 2015). ESBLs have been 
observed in many organisms, including Klebsiella spp., E. 
coli, Proteus spp., and Enterobacter spp. Meropenem Yearly 

Susceptibility Test Information Collection (MYSTIC) pro-
gram data from European centers in 2006 demonstrated that 
5.6% of Enterobacteriaceae tested expressed ESBLs: 8.2% 
in E. coli, 9.8% in Klebsiella spp., and 1.4% in Proteus spp. 
(Turner, 2008). In 2004, ESBL rates in the Asia Pacific region 
increased to 23%, 20%, and 36% of isolates of E. coli, Klebsiella 
spp., and Enterobacter spp., respectively, associated with 
intraabdominal infections (Hsueh and Hawkey, 2007). His-
torically, infections with ESBL-producing organisms have 
been associated with poorer patient outcomes, including a 
rate of failure nearly double of those patients without an 
ESBL producer (31% vs. 17%) and higher 21-day mortality 
rates (52% vs. 29%) (Tumbarello et al., 2006). 

The in vitro activity of piperacillin–tazobactam against 
ESBL-producing Enterobacteriaceae varies according to 
organism and region. In a multinational systemic review and 
meta-analysis, susceptibility of ESBL-producing Enterobac-
teriaceae to amoxicillin–clavulanate ranged from 4% to 100%, 
compared with 22% to 100% for piperacillin–tazobactam. 
Proteus mirabilis was the organism most susceptible to both 
antibiotics (100% in all of the included studies). Suscepti- 
bility of E. coli varied between 4– 67% and 22–95% for amox-
icillin–clavulanate and piperacillin–tazobactam, respectively; 
whereas susceptibility of K. pneumoniae ranged from 54% to 
64% for piperacillin–tazobactam. The susceptibility of the 
studied Enterobacteriaceae to carbapenems ranged from 95% 
to 100% (Vardakas et al., 2012) .

Theoretical concerns over failure of beta-lactam/beta- 
lactamase inhibitor combinations in the treatment of ESBL 
producers relate to the possibility of coexisting resistance 
mechanisms, such as co-location of other beta-lactamase 
types on acquired plasmids (e.g. AmpC or OXA types), porin 
mutation, and efflux pump mechanisms that are not readily 
apparent or routinely tested for. The inoculum size of the 
infection and the piperacillin–tazobactam minimum in hib-
itory concentration (MIC) may also impact successful 
treatment of ESBL-producing organisms with piperacillin– 
tazobactam. Early but small reports of clinical failure asso-
ciated with beta-lactam therapy compared to carbapenem 
therapy (Paterson et al., 2004; Zimhony et al., 2006) led to 
recommendations favoring treatment with carbapenems, 
although the current literature has shown mixed results when 
comparing outcomes of patients treated with piperacillin–
tazobactam specifically with those treated with carbapenems. 

In 2012, Rodriguez-Bano and colleagues (2012) performed 
a post hoc analysis of patients from six prospective cohorts 
(n  = 192) with ESBL-producing E. coli bloodstream infec-
tions. There was no statistically significant difference in 
30-day mortality or length of hospitalization in patients who 
had empiric or definitive treatment with either a beta-lactam/
beta-lactamase inhibitor combination (i.e. amoxicillin–
clavulanate or piperacillin–tazobactam) or a carbapenem. 
It is interesting that a clear association between mortality 
and higher MICs (> 4 mg/l) of piperacillin–tazobactam was 
observed in this study. Several factors may have influenced 
the findings, including the high proportion of low-inoculum 
infections (urinary tract), predominance of CTX-M (72%) 
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and SVH-12 (12%) beta-lactamases, and low prevalence of 
AmpC beta-lactamase (< 5%) enzymes in Spain, where the 
study was performed (Perez, 2012). In a retrospective obser-
vational study of patients with cefotaxime-resistant E. coli or 
K. pneumoniae bloodstream infections, a beta-lactam/beta- 
lactamase inhibitor combination appeared to have similar 
efficacy to carbapenems, with no difference in mortality or 
time to resolution of systemic inflammatory response syn-
drome (SIRS) between the two groups (Harris et al., 2015).

In contrast, in a retrospective cohort analysis, a sig-
nificantly higher 90-day mortality rate was observed with 
piperacillin–tazobactam than with carbapenems in the treat-
ment of nonurinary infections due to ESBL-producing Enter - 
obacteriaceae (80% [8/10] vs. 48% [31/69]) (Ofer-Friedman 
et al., 2015). In a study of 331 patients with ESBL bacteremia 
in which the most common sources of infection were central 
line, intraabdominal, and urinary tract and in which half 

of  the patients received piperacillin–tazobactam and half 
received carbapenems, empiric therapy with piperacillin–
tazobactam was associated with a 1.92 times higher adjusted 
risk of death (95% confidence interval [CI]: 1.07–3.34) 
(Tamma et al., 2015). Piperacillin–tazobactam MICs were 
relatively high with the following distribution: 2 μg/ml (1%), 
4 μg/ml (39%), 8 μg/ml (46%), and 16 μg/ml (14%).

A systematic review and meta-analysis performed in 2012 
assessed 21 studies (5 prospective, 16 retrospective) compar-
ing carbapenems and alternative antibiotics for treatment of 
bacteriemia caused by ESBL-producing Enterobacteriaceae 
and found no difference in mortality between carbapenems 
and beta-lactam/beta-lactamase inhibitor combination for 
both definitive (risk ratio [RR]: 0.52; 95% CI: 0.23–1.13) and 
empirical (RR: 0.91; 95% CI: 0.66–1.25) treatment (Vardakas 
et al., 2012). A more recent systematic review and meta- 
analysis of 11 observational studies found similar results: 

Table 17.2. Possible mechanisms of resistance to piperacillin–tazobactam

Mechanism of resistance Examples Clinical use References

Gram-positive bacteria

Alteration of PBP target PBP5 (E. faecium)
PBP2a (MRSA)

Not recommended Daley et al. (1996); Gin et al. (2007)

Gram-negative bacteria

Beta-lactamases

Ambler class A

•  Inhibitor resistant TEM Caution; bacteriostatic 
in high inoculum

Robin et al. (2011)

•  ESBLa Caution; under 
investigation 

Harris et al. (2015); Harris et al. (2016); 
Rodriguez-Bano et al. (2012)

•  Carbapenemase KPC Not recommended Tumbarello et al. (2015)

Ambler class B

•  Metallo-beta-lactamases NDM, IMP, VIM Not recommended Biedenbach et al. (2015); Zmarlicka et 
al. (2015)

Ambler class C

•  AmpC (cephalosporinase)b AmpC derepression Caution; under 
investigation

Jacoby (2009); Sanders and Sanders 
(1997)

Ambler class D

•  Carbapenemase OXA Not recommended Sugumar et al. (2014); Yang et al. 
(2010)

Outer membrane protein alterationsc OmpK35, OmpK36 Not recommended Nelson et al. (2003)

Antibiotic efflux pumpc RND, MFS, MATE, 
SMR, ABC

Not recommended Li et al. (2015); Sole et al. (2015)

aSome evidence of efficacy in low-inoculum infections (e.g. urinary tract), trend toward increased mortality in treatment of pathogens with higher MICs. 
bAmpC enzymes are cephalosporinases that are inducible and can be expressed at high levels by mutation. Overexpression confers resistance to broad-spectrum 

cephalosporins, including cefotaxime, ceftazidime, and ceftriaxone, and is a problem especially in infections due to Enterobacter aerogenes and Enterobacter 
cloacae, for which an isolate initially susceptible to these agents may become resistant with therapy. In general, these organisms are not susceptible to 
 piperacillin–tazobactam.

cNot routinely tested for in clinical laboratory.
Abbreviations: PBP: penicillin-binding protein; MRSA: methicillin-resistant Staphylococcus aureus; ESBL: extended-spectrum beta lactamase; KPC: Klebsiella 

pneumoniae carbapenemase; NDM: New Delhi metallo-beta-lactamase; RND: resistance-nodulation-division; MFS: major facilitator superfamily; MATE: multi-
drug and toxic compound extrusion superfamily; SMR: small multidrug resistance; ABC: ATP-binding cassette.
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Mortality of patients treated with beta-lactam/beta-lactamase 
inhibitor combinations vs. carbapenems was similar whether 
assessing empirical therapy (odds ratio [OR]: 0.48; 95% CI: 
0.14–1.60) or definitive therapy (OR: 0.87; 95% CI: 0.32–2.36) 
(Harris et al., 2016).

There is divergent clinical evidence as to whether pipera-
cillin–tazobactam should be used to treat ESBL-producing 
bacteria. (Gavin et al., 2006; Ofer-Friedman et al., 2015; 
Ramphal and Ambrose, 2006; Rodriguez-Bano et al., 2012; 
Rodriguez-Bano et al., 2006; Tumbarello et al., 2006; Tamma 
et al., 2015; Harris et al., 2016). Current clinical evidence 
supports the use of optimized dosing of piperacillin–tazo-
bactam as treatment for low inoculum infections caused by 
ESBL-producing Enterobacteriaceae when the isolate tests 
as susceptible in the laboratory (MIC ≤ 16 mg/l, the CLSI 
susceptibility breakpoint) and offers a carbapenem-sparing 
option (Harris, 2015; Peterson, 2008).

AmpC-producing Enterobacteriaceae
In addition to ESBL-type enzymes, many Gram-negative 
organisms harbor chromosomally located genes that encode 
and regulate AmpC (Ambler class C enzymes). The effect of 
AmpC beta-lactamases becomes clinically significant through 
different mechanisms, including AmpC induction and AmpC 
constitutive overexpression (also called derepression). Induc - 
ible expression of AmpC refers to the upregulation of tran-
scription factors that respond to changes in cell-wall cycling 
pathways under the influence of beta-lactam exposure; this 
effect is reversible once beta-lactam exposure ceases. Induc-
ible chromosomally mediated ampC genes are intrinsic to 
certain species, including Enterobacter cloacae, Enterobacter 
aerogenes, Serratia marcescens, Citrobacter freundii, Provi-
dencia spp., and Morganella morganii (Pfaller et al., 1997) 
and confer resistance to ampicillin, amoxicillin–clavulanate 
and first-generation cephalosporins (Harris, 2015). AmpC 
constitutive overexpression occurs as result of a mutation 
that contributes to regulation of ampC gene transcription; 
this can be induced by antibiotic exposure. These derepressed 
mutants hyperexpress AmpC, which confers additional resis-
tance to third-generation cephalosporins (including the newer 
cephalosporins such as ceftaroline), cephamycins, antipseu-
domonal penicillins (such as piperacillin and ticarcillin), and 
their beta-lactamase inhibitor combinations (piperacillin–
tazobactam and ticarcillin–clavulanic acid) (Harris, 2015; 
Macdougall, 2011). Tazobactam may be more effective 
than clavulanate in suppressing the development of AmpC-
mediated resistance to piperacillin (Kadima and Weiner, 
1997). 

The emergence of plasmid-mediated AmpC beta-lact-
amases in other species poses a significant threat (Pfaller 
and Segreti, 2006). When encoded in plasmids, antimicro-
bial resistance due to AmpC expression is rendered highly 
mobile, and the trait becomes easily disseminated to diverse 
bacterial species. AmpC plasmid–encoded beta-lactamases 

have been reported in diverse bacterial species across the 
world, usually in species that do not carry the chromosom-
ally encoded AmpC beta-lactamase, such as K. pneumoniae, 
K. oxytoca, Salmonella spp., and Proteus mirabilis (Jacoby 
and Munoz-Price, 2005; Philippon et al., 1989; Taneja et al., 
2008). The 2006 European MYSTIC survey observed hyper-
production of AmpC beta-lactamases in 7.0% of Enterobac-
teriaceae tested, most commonly in Enterobacter (19.9%) 
and Citrobacter spp. (14.4%), and plasmid-mediated AmpC 
beta-lactamase in 1.7% of Proteus spp. (Turner, 2008). 
According to 2006 MYSTIC data from European medical cen-
ters for non-fermentative Gram-negative bacilli, piperacillin– 
tazobactam inhibited only one third of Acinetobacter isolates 
tested, with a reduction in activity from 42.2% to 34.9%. 
Pseudomonas isolates were 84.9% sensitive, an increase from 
79.4% ,and more active than carbapenems, aminoglycosides, 
ciprofloxacin, and cephalosporins (Turner, 2008). Worldwide 
data from hospitalized patients included in the 2002–2004 
MYSTIC program revealed that the susceptibility of Aus-
tralasian and North American Pseudomonas and Acineto-
bacter isolates was higher than that of the European and 
South American isolates. Generally, the rank order of activity 
of the antimicrobial agents tested against a worldwide col-
lection of P. aeruginosa was piperacillin–tazobactam (77.7% 
susceptible) > meropenem (75.4%) > ceftazidime (70.0%) > 
imipenem (69.7%) > gentamicin (66.1%) > ciprofloxacin 
(62.0%) (Unal and Garcia-Rodriguez, 2005). 

OTHER BETA-LACTAMASES 

Piperacillin–tazobactam is not active against metallo-beta- 
lactamase (Ambler class B, Bush-Jacoby classification group 3) 
or carbapenemase (Ambler class D, Bush-Jacoby group 2d) 
producing Gram-negative organisms (Poole, 2004). The 
dissemination of these enzymes acquired in the family 
Enterobacteriaceae is an emerging clinical threat because 
the isolates are resistant to most beta-lactams. 

Changes in membrane permeability are an uncommon 
cause of resistance to piperacillin–tazobactam but have been 
reported in studies of K. pneumoniae in which an increase 
in SHV-1 beta-lactamase production was associated with 
deceased permeability to the antibiotic (Rice et al., 2000). 
Efflux systems are rarely implicated as the main cause of 
beta-lactam resistance (Gin et al., 2007).

Cross-resistance or co-resistance of piperacillin–tazobac-
tam with other antipseudomonal agents is common. Hyper-
production of plasmid encoded beta-lactamases usually 
results in cross-resistance to all inhibitor-penicillin combi-
nations (Lister, 2000). A multicentre ICU surveillance study 
from 1995–2000 demonstrated cross- or co-resistance with 
ticarcillin–clavulanate (92.6%) and ceftazidime (83.2%) in 
2000 (Friedland et al., 2003). Increased cross-resistance to 
ciprofloxacin was also observed over the study period. The 
prevalence of multidrug resistant P. aeruginosa is increasing 
with surveillance studies in the USA, with one report noting 
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resistance to at least three primary antipseudomonal agents 
in up to 20% of isolates in 2000 (Livermore and Woodford, 
2000). Pharmacodynamic analyses using Monte Carlo sim-
ulation observations suggest that as a result of increasing 
antimicrobial resistance among ICU pathogens in the USA, 
drug effectiveness, assessed as a function of individual agents’ 
ability to attain pharmacodynamic targets or cumulative frac-
tion of response (CFR), has declined, especially with P. aeru-
ginosa and Acinetobacter spp. Significant declines in CFR 
against P. aeruginosa were seen for piperacillin–tazobactam 
3.375 g every 6 hours (76–73%; p < 0.01), piperacillin–tazo-
bactam 4.5 g every 8 hours (71–68%; p < 0.01), and pipera-
cillin–tazobactam 4.5 g every 6 hours (80–77%; p < 0.01) 
(Eagye et al., 2007b).

In mice, piperacillin–tazobactam has sufficient antientero-
coccal activity to inhibit the establishment of colonization 
during treatment, and less risk associated with the emer-
gence of vancomycin-resistant enterococci (VRE) (Rice, 2001) 
although this has not been demonstrated in the real-world 
intensive care setting when compared to cefepime (Paterson et 
al., 2008). Bowel colonization with VRE has been reported to 
decrease with a formulary switch to piperacillin–tazobactam 
(Winston et al., 2004), comparable to ceftriaxone–metroni-
dazole and ertapenem (Dinubile et al., 2007).

3. MECHANISM OF DRUG ACTION

Beta-lactam antibiotics are bactericidal due to the irrevers-
ible inhibition of the PBP enzymes (Samaha-Kfoury et al., 
2005). Piperacillin, which is derived from ampicillin by the 
addition of a hydrophilic heterocyclic group to the alpha-
amino group, has broader spectrum of activity due to 
increased affinity for PBP3 (Essack, 2001). Piperacillin has 
been demonstrated to bind selectively to PBP3 in E. coli, 
which interferes with septation and hence cell division (Gin 
et al., 2007). Tazobactam leads to increased stability of pip-
eracillin against beta-lactamases. Ambler classes A, C, and 
D beta-lactamases contain a serine residue at the active site 
similar to PBPs. These enzymes can hydrolyze the beta- 
lactam ring of some penicillin antibiotics. Tazobactam forms 
a stable complex with Ambler class A beta-lactamases by 
irreversibly binding to an acyl-enzyme formed during hydro-
lysis. This complex protects piperacillin from the hydrolytic 
activity of beta-lactamases (Wilke et al., 2005; Yang et al., 
1999). 

Therapeutic failure in the use of piperacillin–tazobactam 
to treat antibiotic-susceptible pathogens, albeit with higher 
MIC, in high inoculum infections has occasionally been 
observed, underscoring the importance of optimizing phar-
macokinetic and pharmacodynamics parameters. The phar-
macodynamic (PD) target for all beta-lactam antibiotics 
(≥ 50% ƒt > MIC) can be maximized by increasing the fre-
quency of piperacillin–tazobactam dosing, or administration 
of piperacillin–tazobactam as prolonged or continuous infu- 

sion. (see section 5c, Clinically important pharmacokinetic 
and pharmacodynamic features).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

SHORT INTERMITTENT INTRAVENOUS 
ADMINISTRATION 

Piperacillin and tazobactam are usually administered intra-
venously as an intermittent dose, both infused together over 
5 minutes or more commonly over 30 minutes. The usual 
dose is 13.5 g divided into three or four doses daily (most 
commonly 4.5 g 8/24 or 3.375 g 6/24). These conventional 
dosing regimens achieve percent time above the MIC of 
> 50% for isolates with an MIC of > 8, however, higher doses 
are required for isolates with an MIC > 8 (Kim et al., 2002; 
Kim et al., 2001). Maximal doses of 4.5 g every 6 hours have 
been used in more severe infections.

CONTINUOUS AND PROLONGED INTERMITTENT 
DOSING STRATEGIES

Continuous infusion has been examined in several studies, 
including those focusing on healthy volunteers and patients 
with ventilator-associated pneumonia. These studies report 
serum levels of approximately 35 mg/l following daily con-
tinuous infusion of 12/1.5 g, whereas in critically ill patients 
similar levels were observed with 8 g/1 g (Buck et al., 2005; 
Burgess and Waldrep, 2002; Lau et al., 2006). Piperacillin–
tazobactam (128 g/l; pH = 6.2) is 90% stable for up to more 
than 24 hours at 37°C and is therefore suitable for use in por-
table elastomeric pumps and motor-operated syringes (Viaene 
et al., 2002). Recommended dosing regimens for continuous 
infusion administration piperacillin–tazobactam are shown 
in Table 17.3.

INTRAPERITONEAL ADMINISTRATION

Intraperitoneal administration of piperacillin–tazobactam 
has been reported in a single study evaluating the pharmaco-
kinetics of i.p. piperacillin–tazobactam (Zaidenstein et al., 
2000). Six patients with and without pseudomonas peritoni-
tis were given an intraperitoneal loading dose of 4 g/0.5 g 
piperacillin–tazobactam. Twenty-four hours after the initial 
dose, a maintenance dose of 0.5 g/0.0625 g piperacillin– 
tazobactam was administered with each dialysate exchange 
for a period of 1 week. Although piperacillin achieved plasma 
concentrations considered therapeutic (above the MIC90 for 
Pseudomonas aeruginosa), tazobactam was detected in the 
plasma of only one patient. This has therapeutic implications 
for patients with potentially resistant isolates because i.p. 
administration of piperacillin–tazobactam cannot be cor-
related with i.v. administration.
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INTRAVITREAL ADMINISTRATION 

Intravitreal piperacillin–tazobactam has been studied in an 
experimental rabbit model. The highest nontoxic dose 
administered to the normal retinas of adult albino rabbits is 
250 μg/0.1 ml piperacillin–tazobactam is (Ozkiris et al., 
2005a, Ozkiris et al., 2005b, Ozkiris et al., 2005c, Ozkiris et 
al., 2004). It was found to be effective in Pseudomonas aeru-
ginosa and S. epidermidis rabbit model of endophthalmitis. 
There are three human case reports of successful treatment 
of Pseudomonas luteola and Enterobacter endophthalmitis 
(Pathengay et al., 2010; Singh et al.; 2007, Uy et al., 2007).

TOPICAL ADMINISTRATION

Topical use of piperacillin–tazobactam has been studied in 
guinea pig middle ear model for the treatment of chronic 
suppurative otitis media for which ciprofloxacin resistance 
is a problem (Jang et al., 2008). However, human dosing data 
are limited to case reports (Chew et al., 2010)

4b.  Newborn infants and children

PREMATURE NEONATES 

Because piperacillin–tazobactam is predominantly eliminated 
via the kidney, dosing based on weight and age is not appro-
priate in premature neonates owing to their immature renal 
function. Dosing recommendations based on pharmacoki-
netic modeling has been suggested based on postmenstrual 
age (Pineda and Watt, 2015); however, clinical data are lack-
ing in this area. (Tornoe et al., 2007).

NEONATES AND INFANTS YOUNGER THAN 2 
MONTHS 

Li et al. (2013) performed a two-stage, open-label study on 
the population pharmacokinetics of piperacillin–tazobactam 
in neonates and infants under 2 months of age. A total of 207 
piperacillin and 204 tazobactam concentration-time data sets 
from 71 neonatal intensive care unit patients were analyzed 

Table 17.3. Suggested piperacillin–tazobactam dosing regimen in different populations

Population Short intermittent i.v. dosing

Continuous or prolonged intermittent dosing

Standard regimen Nosocomial regimen

Adults 3.375 g every 6 hours or 4.5 g every 
6–8 hours

Loading dose: 2.25 g over 
30 minutes

Continuous infusion: (CrCl > 
40 ml/minute) 8 g/1 g in 
150 ml normal saline at 
7 ml/hour

Loading dose: 2.25 g over 
30 minutes

Continuous infusion: (CrCl > 
40 ml/minute) 12 g/1.5 g 
in 150 ml normal saline at 
7 ml/hour

Children 2–9 months: piperacillin 80 mg/kg 
tazobactam 10 mg/kg

> 9 months: piperacillin 100 mg/kg 
plus tazobactam 12.5 mg/kg every 
8 hours

No clinical data available

Neonates < 2 months:a PMA ≤ 30 weeks: 
100 mg/kg every 8 hours 

PMA 30–50 weeks: 80 mg/kg every 
6 hours

PMA 35–49 weeks: 80 mg/kg every 
4 hours

 No clinical data available

Impaired renal function CrCl 20–40 ml/min: 2.25 g every 
6 hours

CrCl < 20 ml/minute: 2.25 g every 
6–8 hours

Hemodialysis: 2.25 g every 8–12 
hours and 0.75 g after dialysis

CAPD: 2.25 g every 8–12 hours
CAVH: 2.25 g every 6 hours or 4.5 g 

every 12 hours
CVVH: 2.25 g every 6 hours or 4.5 g 

every 12 hours

Loading dose: as for CrCl > 
40 ml/minute

Continuous infusion: (CrCl = 
20–40 ml/minute) 8 g/1 g 
in 150 ml normal saline at 
7 ml/hour

Loading dose: as for CrCl > 
40 ml/minute

Continuous infusion: (CrCl = 
20–40 ml/minute) 8 g/1 g 
in 150 ml normal saline at 
7 ml/hour

Impaired liver function No dose adjustment required. 

Pregnancy and lactation Category B1

aDosing based on modeling studies have been suggested (Pineda and Watt, 2015). 
Abbreviations: CrCl: creatinine clearance; PMA: postmenstrual age; CAPD: continuous ambulatory peritoneal dialysis; CAVH: continuous arteriovenous hemo-

dialysis; CVVH: continuous venovenous hemofiltration.
Sources: Data compiled from Kuti et al. (2002) and Tornoe et al. (2007)
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using different modeling approaches. The median central 
clearance was 0.133 and 1.149 l/hour/kg for piperacillin and 
tazobactam, respectively, which was lower than the respec-
tive values in infants aged 2–5 months, possibly due to imma-
ture kidney development. Postmenstrual age (PMA) was the 
single most significant covariate on the central clearance of 
piperacillin–tazobactam; however, the combination of current 
body weight and postnatal age was superior to PMA alone. 
The dosing strategy of 44.44/5.56 mg/kg/dose piperacillin–
tazobactam every 8 or 12 hours achieved the pharmaco-
dynamic target in only 67% of infants, indicating that higher 
doses or more frequent dosing regimens may be required (Li 
et al., 2013). More recently, dosing recommendations accord-
ing to menstrual age have been made based on data derived 
from pharmacodynamic studies (Pineda and Watt, 2015). 

CHILDREN AGED 2 MONTHS AND OLDER 

The pharmacokinetics of piperacillin and tazobactam have 
been examined in 24 pediatric patients aged 2 months to 12 
years who received piperacillin 100 mg/kg plus tazobactam 
12.5 mg/kg. Clearance depends on body weight and age in 
children ≤ 2 years. The maximum concentration (Cmax) for 
both piperacillin and tazobactam is increased relative to the 
maximum adult dose, but the predicted time above the MIC 
is slightly decreased. The dosage of piperacillin 100 mg/kg 
plus tazobactam 12.5 mg/kg administered every 8 hours for 
pediatric patients ≥ 9 months is predicted to provide cover-
age 31–61% of the time for MIC values of 2–16 µg/ml for 
pathogens commonly found in intraabdominal infections in 
children. For pediatric patients aged 2–9 months, the dose of 
100/12.5 mg/kg should be reduced by a factor of 0.8 (i.e. 
80/10 mg/kg), due to immature renal function (Tornoe et al., 
2007). In pediatric neutropenic fever, population the phar-
macokinetics of the piperacillin component of piperacillin–
tazobactam was examined in 21 patients. It was observed 
that at an MIC breakpoint of 16 µg/ml for P. aeruginosa, prob-
ability of target attainment was higher when piperacillin– 
tazobactam at doses of 50 mg/kg to 400 mg/kg was 
administered either as a prolonged (3–4 hour infusion), con-
tinuous infusion or as a 0.5-hour infusion every 4 hours 
(Cies et al., 2015). 

4c.  Pregnant and lactating mothers

Piperacillin–tazobactam is an FDA pregnancy category B 
agent, and piperacillin is secreted in small amounts in breast 
milk (Wyeth, 2006). Teratology studies performed in mice 
and rats given piperacillin and tazobactam combination at 
doses 1 to 2 times, respectively, of the human dose based on 
body surface area revealed no evidence of harm to the fetus. 
In addition, no evidence of harm to the fetus was found when 
tazobactam was administered to mice and rats at doses of 
up to 6 and 14 times the human dose, respectively, based on 
body surface area. Tazobactam crosses the placenta in mice; 
concentrations in the fetus are 10% or less of those found in 
maternal plasma. Although some authors have suggested that 
women in late pregnancy may have reduced mean Cmax after 

a 4-g dose of piperacillin, there is no recommendation for 
dose adjustment in pregnant patients (Heikkilä and Erkkola, 
1991).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

The dose of piperacillin–tazobactam should be modified in 
patients with significant renal impairment. Suggested dosing 
regimens are shown in Table 17.3. After the administration 
of single doses of piperacillin–tazobactam to subjects with 
renal impairment, the half-life of piperacillin and of tazobac-
tam increases with decreasing creatinine clearance. At creat-
inine clearance below 20 ml/minute, the increase in half-life 
is threefold for piperacillin and fourfold to fivefold for tazo-
bactam compared to subjects with normal renal function, thus 
resulting in a relative accumulation of tazobactam (Sorgel and 
Kinzig, 1993). Dosage adjustments for piperacillin–tazobac-
tam are recommended when creatinine clearance is below 
40 ml/minute in patients receiving the usual recommended 
daily dose of piperacillin–tazobactam (Wyeth, 2006). In 
patients with creatinine clearance of less than 40 ml/minute, 
extension of dosing interval by 2 hours is recommended; in 
those with creatinine clearance of less than 20 ml/minute, a 
further 2-hour increase in the dosing interval is warranted. 
In patients undergoing hemodialysis, about one third of the 
dose should be replaced at the end of the procedure. Peri-
toneal dialysis removes very little piperacillin and tazobac-
tam, so extra dosing is not required after this type of dialysis 
(Sorgel and Kinzig, 1994).

The impact of renal replacement therapy on the elimina-
tion of piperacillin–tazobactam during continuous venove-
nous hemodiafiltration (CVVHD) is significantly greater 
than continuous venovenous hemofiltration (CVVD), and 
approaches normal renal elimination of piperacillin and tazo-
bactam. In a pharmacokinetics study involving six patients 
undergoing CVVD and CVVHD, the 12-hour mean elimi-
nation of piperacillin and tazobactam in ultrafiltrate was 29% 
and 37% during CVVH, and 42% and 57% during CVVHD 
1 l/hour. Plasma concentrations of piperacillin–tazobactam 
fell below the MICs for Enterobacteriaceae and Pseudomonas 
spp. in four of the six patients, suggesting that higher doses 
are appropriate for critically ill patients (Valtonen et al., 2001).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Modification of piperacillin–tazobactam dosing is not neces-
sary in patients with hepatic insufficiency. The half-life of 
piperacillin and of tazobactam increases by approximately 
25% and 18%, respectively, in patients with hepatic cirrhosis 
compared to healthy subjects. 

Molecular adsorbent recirculating system (MARS) therapy 
is a novel CVVHD technology using an albumin-rich dialy-
sate filter to normalize excess electrolytes, metabolic waste, 
and protein-bound toxins; it is used in clinical cases of drug 
overdose, poisonings, and bridging technology to liver trans-
plantation. In two case reports, MARS was observed to have 
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a higher elimination rate constant and shorter half-life of 
piperacillin compared with CVVHD alone. In one patient, 
51% of piperacillin exposed to the MARS Flux dialyzer was 
present in the return line (Personett et al., 2015; Ruggero et 
al., 2013).

MORBIDLY OBESE ADULTS

Due to changes in the pharmacokinetics of piperacillin–
tazobactam in the obese patient population, dosage adjust-
ments may be necessary, especially for infections with high 
MICs to piperacillin–tazobactam (see section 5c, Clinically 
important pharmacokinetic and pharmacodynamic features).

CANCER PATIENTS WITH FEBRILE NEUTROPENIA 

Adult cancer patients with febrile neutropenia post chemo-
therapy are prone to cachexia, hypoalbuminemia and third 
space fluid shifts, leading to decreased drug clearance and 
increase in drug half-life (Alvarez et al., 2013). Data are lack-
ing on optimal dosing in these patients. 

Table 17.4. Pharmacokinetic parameters for piperacillin–tazobactam taken from healthy volunteers

Parameter Piperacillin Tazobactam Reference(s)

Bioavailability in short intermittent infusion of piperacillin–tazobactam

t½ (hours)

Cmax (mg/l) 259–300 27.9–34 Sorgel and Kinzig (1993); Sorgel and Kinzig (1994)

AUC (mg/l/hour) 278–361 41–47.6 Reed et al. (1994); Westphal et al. (1997)

Bioavailability in prolonged intermittent infusion of piperacillin–tazobactam 

Terminal t½ (hours) (mean ± s.d.)   2.1 ± 1.2  2.5 ± 1.2 Shea et al. (2009b)

Cmax (mg/l) (mean ± s.d.) 108 ± 31.7 21.7 ± 7.8 Shea et al. (2009b)

AUC (mg/l/hour) 527.5 ± 216 87.7 ± 33.7 Shea et al. (2009b)

Bioavailability in continuous infusion of piperacillin–tazobactam

t½ (hours) (mean ± s.d.)   1.08 ± 0.45  1.88 ± 1.04 Li et al. (2005)

Css (mg/l) (mean ± s.d.)  35.31 ± 12.15  7.29 ± 3.28 Li et al. (2005)

Drug distribution

Lung  40–50% 65–85% Tomaselli et al. (2003)

Epithelial lining fluid  56.8% 91.3% Boselli et al. (2008)

Bowel  53% 43% Kinzig et al. (1992) 

Skin  60–95% Kinzig et al. (1992)

Synovium  50% 40% Boselli et al. (2002)

CSFa   6–16% 32–36%  ??

Bone  18–23% 22–26% Incavo et al. (1994)

Fatty tissue  18–30% 10–13% Kinzig et al. (1992)

Excretion

Urine  50–60% of dose Sorgel and Kinzig (1994)

Liver/bile Negligible Sorgel and Kinzig (1993)

Feces   0.64% of dose Sorgel and Kinzig (1993)

Metabolites Two metabolites formed by the beta-lactam 
ring cleavage contribute insignificantly to 
the overall elimination of piperacillin 

Sorgel and Kinzig (1993)

aAnimal studies only.
Abbreviations: t½: half-life, Cmax: maximum concentration; AUC: area under the curve; Css, steady state concentration; CSF: cerebrospinal fluid.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Piperacillin–tazobactam must be administered intravenously 
by infusion or slow bolus injection (Perry and Markham, 
1999). The pharmacokinetic parameters for piperacillin–
tazobactam taken from healthy volunteers are shown in 
Table 17.4. Consensus has not been reached as to whether 
piperacillin displays linear or nonlinear pharmacokinetics 
(Gin et al., 2007; Sorgel and Kinzig, 1994). Tazobactam 
pharmacokinetics appear to be dose dependent when admin-
istered as a single agent in healthy volunteers. When admin-
istered together with piperacillin, the peak concentration 
(Cmax), area under the curve (AUC), and plasma half-life of 
tazobactam increases (Occhipinti et al., 1997; Sorgel and 
Kinzig, 1994; Wise et al., 1991). Tazobactam half-life was 
prolonged when administered with high-dose piperacillin in 
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a study assessing alternative dosing regimens, perhaps as a 
result of competitive inhibition of tazobactam renal elimina-
tion by piperacillin (Gin et al., 2007; Occhipinti et al., 1997; 
Sorgel and Kinzig, 1994).

Both piperacillin and tazobactam are approximately 30% 
bound to plasma proteins. The protein binding of either pip-
eracillin or tazobactam is unaffected by the presence of the 
other compound. Protein binding of the tazobactam metab-
olite is negligible.

5b.  Drug distribution

Piperacillin and tazobactam are widely distributed into tis-
sues and body fluids with the exception of fat tissue due to 
the hydrophilic nature of the two compounds. The piperacil-
lin–tazobactam concentrations in fat tissue are around 10% 
of plasma concentrations (Kinzig et al., 1992). Mean tissue 
concentrations are generally 50% to 100% of those in plasma. 
The distribution of piperacillin/tazobactam in various tissues 
is summarized in Table 17.4.

The pharmacokinetics of tazobactam and piperacillin in 
plasma and different tissues after a 30-minute i.v. infusion of 
4 g of piperacillin and 0.5 g of tazobactam was investigated in 
18 patients who underwent elective colorectal surgery. The 
Cmax of piperacillin in serum was 259 mg/m and the AUC 361 
mg/l/hour. The concentrations of tazobactam and piper-
acillin in fatty tissue and muscle tissue were 10–13% and 
18–30% of the levels in plasma, respectively. In skin, the con-
centrations of piperacillin were 60–95% of the levels in 
plasma, whereas the concentrations of tazobactam in plasma 
were 49–93% of the levels in skin tissue. The mean concen-
tration of tazobactam in the investigated gastrointestinal tis-
sues (appendix, proximal and distal mucosa) exceeded levels 
in plasma after 1 hour, while piperacillin showed a mean 
penetration into these tissues of 43% and 53%. In plasma 
and in all investigated tissues, piperacillin and tazobactam 
reached or exceeded the concentrations found to be effective 
in vitro (Kinzig et al., 1992).

The lung penetration of a combination piperacillin–tazo-
bactam was examined using microdialysis in five patients 
with pneumonia and metapneumonic pleural empyema. The 
mean free interstitial concentration profiles of piperacillin in 
infected lung tissue and serum showed a maximal tissue con-
centration (Cmax) of 176.0 ± 105.0 mg/l and 326.0 ± 60.6 mg/l, 
respectively. The mean AUC for infected lung tissue was 
288.0 ± 167.0 mg/hour/l and for serum 470.0 ± 142.0 mg/l/
hour. The intrapulmonary concentrations of piperacillin and 
tazobactam exceeded the MIC for most relevant bacteria for 
4–6 hours (Tomaselli et al., 2003).

Piperacillin–tazobactam has been shown to achieve mean 
concentrations of 120 mg/kg (s.d. ± 34) in necrotic pancre-
atic tissue and 183 mg/kg (s.d. ± 37) in inflammatory pan-
creatic ascites in patients with acute necrotizing pancreatitis 
(Otto et al., 2006).

In bone and joint infections, synovial tissue concentrations 
are above the MICs of most of the susceptible pathogens 

usually involved in these infections (Boselli et al., 2002; 
Incavo et al., 1994).

Distribution of piperacillin and tazobactam into the cere-
brospinal fluid is low in subjects with noninflamed meninges, 
as with other penicillins. 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Piperacillin and tazobactam achieve peak concentrations at 
1–2 hours postinfusion that reach or exceed concentrations 
found to be effective in vitro for most extracellular bacteria.

Piperacillin–tazobactam plus gentamicin and piperacillin– 
tazobactam plus ciprofloxacin at physiological concentrations 
are synergistic or additive at 24 hours for common bacterial 
isolates causing serious infections; however, piperacillin–
tazobactam and gentamicin are more rapidly bactericidal 
(Burgess and Nathisuwan, 2002; Gould and Milne, 1997).

SHORT INTERMITTENT INFUSION VS. 
CONTINUOUS OR PROLONGED INTERMITTENT 
DOSING STRATEGIES

Pharmacodynamic modeling
The pharmacodynamic (PD) target for all beta-lactam anti-
biotics (≥ 50% ƒt > MIC) can be maximized by administra-
tion of piperacillin–tazobactam as a prolonged or continuous 
infusion as demonstrated by multiple pharmacodynamics 
modeling studies. In Monte Carlo simulations, cumulative 
fraction response (CFR) is defined as the probability of attain-
ing the pharmacodynamic target for a specific population of 
microorganisms, based on the MIC distribution within the 
population. Population target attainment (PTA) is defined 
as the probability that a specific pharmacodynamic target is 
achieved at a specified MIC. 

In a study using Monte Carlo analysis, continuous infu-
sion doses of 8 g/1 g and 12 g/1.5 g over 24 hours resulted 
in a median level of exposure 12.62 times the MIC of Pseu-
domonas aeruginosa derived from 496 isolates, where the 
median MIC was 4 μg/ml (range: 0.09–64). Steady state 
concentrations were 51.14 ± 17.52 µg/ml in the patient pop-
ulation used (n = 210) (Kuti et al., 2002) In another phar-
macodynamic Monte Carlo simulation model of surgical 
patients and patients with neutropenic fever using microbio-
logical data from 470 P. aeruginosa isolates, the CFR for pro-
longed infusion and continuous infusion regimens were over 
80% for all regimens (Kim et al., 2007).

Pharmacokinetic data from adult hospitalized patients 
(n = 13) receiving 4.5 g every 8 hours as a 4 hour infusion 
and MIC data for 6 different Gram-negative pathogens was 
used to undertake modeling for intermittent and prolonged 
infusion. Monte Carlo simulations were performed to calcu-
late pharma codynamic exposures at 50% ƒt > MIC for four 
intermittent- infusion regimens (3.375 g every 4 and 6 hours, 
4.5 g every 6 and 8 hours) and four prolonged-infusion regi-
mens (2.25 g, 3.375 g, 4.5 g, and 6.75 g every 8 hours [4-hour 
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infusion]) of piperacillin–tazobactam. Lower daily doses 
administered by prolonged infusion achieved comparable CFR 
(> 90%) and PTA to those achieved with higher daily dosing 
regimens administered by intermittent infusions. None of the 
regimens evaluated was optimal at an MIC of 64 μg/ml, which 
is the susceptibility breakpoint for Pseudomonas aeruginosa, 
prompting caution when being considered for treatment of 
isolates with higher MICs (> 16 μg/ml) (Shea et al., 2009a). 

In a study using Monte Carlo simulation of adult patients 
with acute pulmonary exacerbations of cystic fibrosis requir-
ing hospitalization (n = 9), piperacillin–tazobactam dosed at 
3–4 g for 3 minutes every 6–8 hours led to < 90% PTA against 
MIC values > 4 µg/ml; prolonged or continuous infusion 
regimens were required to maximize the PTA for MICs ≥ 
8 µg/ml. In this study, all patients received tobramycin as 
part of empirical regimen (Butterfield et al., 2014). 

More recently, pharmacokinetic and pharmacodynamic 
parameters have been investigated in the critical care pop-
ulation with apparent normal renal function treated with 
piperacillin–tazobactam or meropenem administered via 
extended infusions over 3 hours. In this study, 48% of the 
patients did not achieve the desired PK-PD target (100% 
ƒt > MIC), of which almost 80% had a measured creatinine 
clearance > 130 ml/minute. Patients with augmented renal 
clearance failed to achieve the lower limit of various pharma-
codynamic targets, and 37% (7/19) failed to achieve 50% ƒt > 
MIC. High creatinine clearance was the only independent 
predictor of failure to meet the PK-PD target (Carlier et al., 
2013). 

Clinical outcomes in critically ill patients 
Patient outcomes have been evaluated clinically, in both the 
critically ill and nonintensive care setting for prolonged and 
continuous infusions. A retrospective cohort study using 
prolonged infusion (3.375 g every 8 hours as a 4-hour infu-
sion) compared to intermittent infusions of 3.375 g every 
6 hours for the treatment of Pseudomonas aeruginosa infec-
tions was associated with reduced 14-day mortality rate and 
decreased length of stay in patients with APACHE scores of 
≥ 17 (Lodise et al., 2007).

In a study of critically ill patients with severe nosocomial 
pneumonia, piperacillin and tazobactam exhibited penetra-
tion into the alveolar epithelial lining fluid (ELF) of 40–50% 
and 65–85%, respectively (Boselli et al., 2004). Given that the 
ELF concentrations of piperacillin are 40–50% of serum val-
ues, a serum target concentration of 35–40 mg/l would be 
required to achieve adequate alveolar concentrations, exceed-
ing the breakpoints for clinically important pneumonia patho-
gens such as Enterobacter spp. and Pseudomonas spp. 

In another retrospective cohort study of ventilator-associ-
ated pneumonia in adults without renal failure (n = 83), the 
clinical efficacy of piperacillin–tazobactam administered by 
continuous infusion, as compared with intermittent dosing, 
was found to be associated with significantly higher proba-
bility of clinical cure when the causative organism had a MIC 
of 8 µg/ml (8/9 [88.9%] vs. 6/15 [40%]; odds ratio: 10.79; 95% 
confidence interval [CI]: 1.01–588.24; p = 0.049) or 16 µg/ml 

(7/8 [87.5%] vs. 1/6 [16.7%]; OR: 22.89; 95% CI: 1.19–1880.78; 
p = 0.03), although no differences in mortality, duration of 
mechanical ventilation and duration of ICU stay was demon-
strated (Lorente et al., 2009). 

Furthermore, a pilot study demonstrated a modest favor-
able impact on cost of continuous infusion of piperacillin–
tazobactam to achieve ƒt > 4 × MIC, with dose adjustments 
made according to real-time therapeutic drug monitoring in 
the treatment of ventilator-associated pneumonia (Duszyn-
ska et al., 2012). 

A larger, multicenter, propensity matched study exam-
ined the outcomes of critically ill patients (n = 173 matched 
pairs) with a variety of Gram-negative and -positive infec-
tions treated with piperacillin–tazobactam 16 g/2 g per day 
(either as a continuous infusion or intermittent dosing). Over-
all 28-day mortality rate was 28.3% in both groups (p = 1.0). 
When patients were stratified according to the Simplified 
Acute Physiology Score II (SAPS II) > 42, the 28-day mor-
tality was lower in the continuous infusion group, although 
this did not reach statistical significance (31.4% vs. 35.2%; 
p = 0.66) (Goncalves-Pereira et al., 2012). 

Clinical outcomes in hospitalized patients 
outside of the intensive care setting
Clinical outcomes of prolonged intermittent or continuous 
infusion of piperacillin–tazobactam outside of the inten-
sive care setting have also been evaluated. In a multicenter, 
randomized, open-label study of patients with complicated 
intraabdominal infections, piperacillin–tazobactam 13.5 g 
as a continuous infusion was found to be equivalent in effi-
cacy to 3.375 g every 6 hours (Li et al., 2005). In retrospective 
multicenter cohort study, Patel et al. (2009) reported similar 
30-day mortality and median length of stay in patients 
treated with prolonged infusion (4 hours) vs. traditional infu-
sion (30 minutes) for Gram-negative infectious of various 
sources and sites, whereby almost all (128/129) isolates had a 
MIC < 16. 

Overall, prolonged and continuous infusion of piperacil-
lin–tazobactam as compared with conventional intermittent 
dosing has been shown to more reliably achieve pharmaco-
dynamics end points, particularly in the treatment of patho-
gens with higher MICs. Various clinical outcomes comparing 
the two dosing strategies have been analyzed in meta-analyses 
and qualitative systematic reviews with varying results. 

Falagas et al. (2013) performed a detailed systematic review 
and meta-analysis of clinical outcomes of patients treated 
with extended or continuous vs. short-term intravenous infu-
sion of carbapenems and piperacillin–tazobactam. Of the 
14 studies analyzed, 7 studies (2 randomized control trials, 
1 prospective study, and 4 retrospective studies) reported on 
piperacillin–tazobactam. In the subgroup analysis of pipera-
cillin–tazobactam-treated patients (n = 782), those who 
received extended or continuous infusion had lower mortal-
ity than those receiving short intermittent infusion (risk 
ratio [RR]: 0.55; 95% CI: 0.34–0.89). However, there was no 
statistically significant difference in clinical cure or adverse 
events found between the two groups. In contrast to these 
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findings, Yang et al. (2015) performed another systematic 
review and meta-analysis of 14 studies (5 randomized con-
trol trials, 2 prospective studies, and 7 retrospective studies), 
including critically ill and non-ICU hospitalized patients. 
The results favored prolonged or continuous infusion over 
short intermittent dosing in terms of mortality (n = 1591; 
OR: 0.67; 95% CI: 0.50–0.89; p = 0.005) and clinical cure (n = 
718; OR: 1.88; 95% CI: 1.29–2.73; p = 0.0009); there was no 
difference reported in microbiological cure between the two 
dosing strategies. 

Mah et al. (2012) performed a qualitative review of 12 
studies on the outcomes associated with the different dos-
ing strategies for piperacillin–tazobactam, 7 and 5 of which 
reported on clinical outcomes and pharmacodynamic end 
points, respectively, using Monte Carlo simulations. The 
authors concluded that although prolonged or continuous 
infusion did achieve higher pharmacodynamics end points, 
the association with improved clinical outcome was unclear. 
Retrospective data indicate that critical care patients make 
up the subgroup most likely to derive benefit from prolonged 
or continuous dosing strategy (Mah et al., 2012).

Yusuf et al. (2014) performed a qualitative review of the 
different dosing strategies in critically ill intensive care 
patients in two randomized controlled trials and six retro-
spective studies. In the intensive care setting, the level of evi-
dence for clinical outcome in favor of prolonged infusion of 
piperacillin–tazobactam is moderate, based on one random-
ized controlled trial and four cohort studies. Given the het-
erogeneity in piperacillin–tazobactam dosing, the severity of 
illness even within this group of patients with severe infec-
tion, the MIC of pathogens, and the outcome definition, the 
authors were unable to quantify the outcome gain obtained 
with continuous infusion compared with short intermittent 
infusion. However, there appears to be most benefit in the 
group with a high APACHE II score (Yusuf et al., 2014). 

DOSING IN THE OBESE PATIENT 

There is paucity of data to guide antibiotic dosing in obese 
persons. Obese patients have increased volume of distribu-
tion (Vd) and clearance, which affect various pharmacokinetic 
and pharmacodynamics parameters. Furthermore, the best 
covariate to use (e.g. body mass index, body surface area, 
total body weight, ideal body weight, adjusted body weight) 
as dose adjustment for antimicrobials affected by weight 
change is not known. They are therefore at risk of adverse 
outcomes due to suboptimal dosing and increased drug- 
related toxicity.

In a study of piperacillin–tazobactam use in nine morbidly 
obese critically ill patients, the Vd was found to be increased, 
but clearance was no different, likely due to renal impair-
ment in the study cohort (Payne and Hall, 2014). In two case 
reports piperacillin–tazobactam use in a morbidly obese 
patients (body mass index [BMI]: 55 kg/m2 and 50 kg/m2, 
respectively) %t > MIC in pathogens with higher MICs above 
4. Assuming MIC of 8, 16, 32, 64, and 128 mg/l, %t > MICs 
were 90.9%, 55.4%, 19.9%, 0%, and 0%, respectively (Deman 
et al., 2012; Newman et al., 2007).

Cheatham and colleagues (2013) evaluated high-dose 
prolonged infusion of piperacillin–tazobactam (6.75 g every 
8 hours; 4-hour infusion) in 14 hospitalized obese patients 
(mean BMI: 52.3 kg/m2) and concluded that to achieve sim-
ilar pharmacokinetic profiles to their nonobese counter-
parts, obese patients would need a 50% increase in dose for 
100% increase in BMI. PTA ≥ 90% was achieved for MICs 
≤ 16 mg/l with dosing regimens of 4.5 g i.v. every 8 hours 
infused over 4 hours and above (Payne and Hall, 2014). 

In summary, administration of piperacillin–tazobactam 
at higher doses (i.e. 4.5 g every 6 hours) or continuous infu-
sions for isolates with higher MICs (i.e. 4.5 g every 6 to 8 
hours infused over 4 hours) could enhance the PK-PD target 
attainment and contribute to improved drug efficacy in obese 
patients (Janson and Thursky, 2012; Payne and Hall, 2014).

5d.  Excretion

Piperacillin is metabolized to a minor microbiologically 
active N-desethyl-piperacillin metabolite and to an inactive 
metabolite (M1) (Bryson and Brogden, 1994). Tazobactam is 
metabolized to a single metabolite that lacks pharmacologi-
cal and antibacterial activities. Both piperacillin and tazo-
bactam are eliminated via the kidney by glomerular filtration 
and tubular secretion. Piperacillin is excreted rapidly as 
unchanged drug with 70–80% of the administered dose 
excreted in the urine (Welling et al., 1983). Tazobactam and 
its metabolite are eliminated primarily by renal excretion, 
with 80% of the administered dose excreted as unchanged 
drug and the remainder as the single metabolite. Piperacillin, 
tazobactam, and desethyl piperacillin are also secreted into 
the bile, although only piperacillin appears to be actively 
excreted (Sorgel and Kinzig, 1994; Westphal et al., 1997).

5e.  Drug interactions

Piperacillin–tazobactam has a relatively small number of asso-
ciated drug interactions (Table 17.5). Aminoglycosides are 
susceptible to penicillin inactivation by ureido-penicillins at 
higher concentrations of both drugs. However with standard 
dosing regimens of piperacillin–tazobactam this has not been 
observed with either gentamicin or tobramycin (Dowell et 
al., 2001; Hitt et al., 1997).

As with other penicillins, the administration of pipera-
cillin–tazobactam may result in a false-positive reaction for 
glucose in the urine using a copper-reduction method 
(Clinitest). It is recommended that glucose tests based on 
enzymatic glucose oxidase reactions (such as Diastix or Tes-
Tape) be used (Wyeth, 2006).

Historically, piperacillin–tazobactam was found to 
interfere with the Aspergillus galactomannan assay (Platelia; 
Bio-Rad, Marnes La Coquette, France) used to investigate 
invasive aspergillosis in hematology patients (Adam et al., 
2004; Maertens et al., 2004; Viscoli et al., 2004; Walsh et al., 
2004). In many cases, the level of galactomannan exceeded 
the cutoff for diagnosis of invasive aspergillosis. Piperacillin–
tazobactam was found to express high levels of galactomannan 
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in vitro (Walsh et al., 2004). In a rabbit model in which pip-
eracillin–tazobactam was continuously infused, steady state 
levels of galactomannan were observed on day 3. False posi-
tive results were observed at higher serum concentrations 
> 75 µg/ml (Singh et al., 2004) and up to 5 days after cessation 
of treatment (Aubry et al., 2006). These findings informed 
the previous recommendation that galactomannan assays be 
performed at trough levels or before administration of anti-
biotic (Machetti et al., 2006; Penack et al.; 2008, Singh et al., 
2004) and blood sampling should occur from a different site 
from administration of antibiotics.

Drug manufacturing companies have failed to disclose the 
underlying reason attributed to this unexpected interaction. 
However, in recent years, the formulation of piperacillin–
tazobactam has been altered to eliminate this potential 
interaction and negate false positive results. This has been 
validated in a few studies. 

Aspergillus galactomannan testing was performed on 
serum samples collected from 81 consecutive hematological 
stem cell transplant recipients, with corresponding data 
obtained on concurrent use of piperacillin–tazobactam 
(Tazocin) and clinical history of invasive fungal infection 
(Mikulska et al., 2012). The proportion of positive Aspergillus 
galactomannan results, defined as optical density index 
(ODI) cutoff ≥ 0.5, was found to be lower in the absence than 
in the presence of piperacillin–tazobactam treatment at 1.6% 
(25/1606) vs. 2.5% (10/394) (p = 0.18). Furthermore, the 
median ODI was slightly lower in patients who had not 
received piperacillin–tazobactam as compared to those who 
did (0.122 vs. 0.141; p < 0.01). Of the nine patients with a 
false positive galactomannan, only one received concurrent 
piperacillin–tazobactam. A total of 90 piperacillin–tazobac-
tam vials from 30 randomly selected batches tested negative 
for galactomannan (median galactomannan ODI: 0.057; 
range: 0.011–0.320). With these results, Mikulska et al. (2012) 
concluded although some residual galactomannan may be 

still present in piperacillin–tazobactam, the levels are so low 
that it should not significantly influence the rate of positive 
results. 

In another study, Metan et al. (2010) prospectively per-
formed Aspergillus galactomannan and 1,3-beta-d-glucan 
testing on 135 serum specimens collected before and during 
piperacillin–tazobactam treatment (days 1, 3, 7, and 10) 
from 15 patients who were without risk factors for invasive 
fungal infections. The authors found there were no false 
positive results at a galactomannan ODI cutoff of ≥ 0.7, no 
statistically significant difference in median galactomannan 
ODI according to sampling time, and 17.8% false positive 
1,3-beta-d-glucan results at a threshold of 80 pg/ml (Metan 
et al., 2010). 

In a retrospective study of patients with solid and hemato-
logical malignancies who had received generic piperacillin–
tazobactam (C manufacturer, Korea) within 24 hours before 
serum Aspergillus galactomannan testing, as compared with 
matched controls who had not received piperacillin–tazo-
bactam, the galactomannan ODI did not vary significantly 
between groups (median ODI: 0.23 vs. 0.22) and had similar 
false positive rates at a cutoff of ≥ 0.5 (4/110, 3.6% vs. 7/110, 
6.7%; p = 0.54). No statistical relationship was found between 
cumulative dose of piperacillin–tazobactam and Aspergillus 
galactomannan ODI (Ko et al., 2015). 

Based on these findings, in recent years, concurrent use of 
piperacillin–tazobactam does not appear to interfere signifi-
cantly with the Aspergillus galactomannan assay. 

6. ADVERSE REACTIONS AND TOXICITY

In general, piperacillin–tazobactam is a combination with 
low toxicity (Table 17.6). All reported side effects are those 
that could occur with piperacillin alone. The most common 
adverse effects reported are diarrhea and dermatological reac-
tions. In phase I and II studies, 4.6% of 944 treated patients 

Table 17.5. Drug interactions associated with piperacillin–tazobactam

Drug class Clinical impact Comments

Aminoglycoside antibiotics Co-administration leads to inactivation of 
aminoglycoside.

Wyeth formulation with EDTA permits Y-site infusion 
with multiple dosing gentamicin and amikacin 
only. Single daily dosing or co-administration with 
tobramycin or other aminoglycosides may lead to 
inactivation.

Probenecid Decreased renal clearance of piperacillin 
and tazobactam by 21% and 71%, 
respectively, has been noted.

Peak plasma concentrations of either drug are 
unaffected.

Methotrexate Animal studies have demonstrated a 
decrease in total body clearance of 
methotrexate.

Use with caution.

Anticoagulants and antiplatelet 
agents

Monitor regularly.

Vecuronium Piperacillin used concomitantly with 
vecuronium has been implicated in the 
prolongation of the neuromuscular 
blockade of vecuronium.
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developed a gastrointestinal disturbance, usually diarrhea 
(3.8%). Diarrhea was the only event reported more often 
after treatment with piperacillin–tazobactam than with pip-
eracillin alone. A total of 21 patients (2.2%) had drug-related 
skin rash, erythema, or pruritus. Some patients developed 
abnormal liver function tests with elevated alkaline phospha-
tase, serum glutamic oxaloacetic transaminase (SGOT), serum 
glutamic pyruvic transaminase (SGPT), and total bilirubin. 
This resolved either during treatment or after the cessation of 
the drug. More recent studies have confirmed that the inci-
dence of gastrointestinal adverse events, mainly diarrhea but 
also nausea, vomiting, and abdominal pain, are similar to 
other comparators (Bow et al., 2006; Giordano et al., 2005; 
Teppler et al., 2004a). These adverse reactions were usually 
not severe, and in most patients therapy could be continued 
(Kuye et al., 1993). 

Changes in intestinal micro flora have been observed 
during therapy with piperacillin–tazobactam. In one study the 
number of enterobacteria and enterococci slightly decreased. 
There was also a minor decrease in some anaerobic bacteria, 
such as Eubacteria, Lactobacilli, and Clostridium spp. The 

numbers of Gram-positive cocci and Bacteroides spp. were 
unaffected (Nord et al., 1992). 

6a.  Clostridium difficile infection (CDI)

Antimicrobial agents such as the third-generation cephalo-
sporins, in vitro lincosamides, and aminopenicillins are well 
known for their propensity to induce CDI, but the definitive 
reasons for this remain to be elucidated. Despite their broad 
spectrum of activity against both aerobic and anaerobic bac-
teria, the ureido-penicillins remain a class of antimicrobials 
infrequently associated with the development of CDI (Baines 
et al., 2005). In fact, the use of piperacillin–tazobactam has 
been temporally associated with reduced rates of Clostridium 
difficile diarrhea; however, the reason for this is unclear (Alston 
and Ahern, 2004; Settle et al., 1998; Wilcox et al., 2004).

6b.  Hematological effects

Piperacillin-induced bone marrow toxicity, most commonly 
neutropenia, is rare and usually reversible. The proposed 

Table 17.6. Adverse reactions to piperacillin–tazobactam

Adverse reaction Frequencya (%) Mechanism/comments References 

Common

Gastrointestinal/hepatobiliary
•  Diarrhea
•  Abnormal LFTs

11.3%
2.2

Self-limiting on drug cessation

Hypersensitivity
•  Rash (maculopapular, bullous, urticarial)
•  Pruritus 

4.2%

3.1%

Self-limiting on drug cessation

Electrolyte disturbance High sodium contentb within 
formulation

Zaki and Lad (2011)

Unusual interactions but clinically important

Drug reaction with eosinophilia and systemic 
symptoms (DRESS)

Data limited to case 
reports or case 
series

T-cell-mediated hypersensitivity 
reaction to drug-derived 
epitopes

Risk factors include extended 
treatment duration and high 
doses

Good prognosis 

Cabanas et al. (2014); 
Jurado-Palomo et al. 
(2010)

Hematological 
•  Anemia/ thrombocytopenia
•  Neutropenia

< 1%
0.04

Autoimmune hemolysis
Myelosuppression

Scheetz et al. (2007)

Dermatological 
•  AGEP Data limited to case 

reports or case 
series

Neutrophil and cytotoxic 
T-cell-mediated severe 
inflammation and necrosis

Britschgi et al. (2001); 
Huilaja et al. (2014); 
Kim et al. (2016)

Neurotoxicity 
•  Nonconvulsive status epilepticus Data limited to case 

reports or case 
series

Drug-induced modification of 
gamma-aminobutyric acid 
mediated circuits 

Fernandez-Torre et al. 
(2010)

aIncludes data from the US Food and Drug Administration website: fda.gov/safety/medwatch/safetyinformation/ucm371312.htm; accessed 22 March 2016. 
bTotal of 2.79 mEq (64 mg) of sodium per gram of piperacillin.
Abbreviations: LFTs: liver function tests; AGEP: acute generalized exanthematous pustulosis.

http://fda.gov/safety/medwatch/safetyinformation/ucm371312.htm
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causes include drug-induced myelosuppression through pro-
liferation arrest of myeloid cells and hemolysis in the pres-
ence of IgG antibody against penicillins. A systematic review 
of neutropenia associated with the use of piperacillin with 
and without tazobactam was reported by Scheetz et al. 
(2007). A total of 6 published case reports, 3 cohort studies, 
178 clinical trials, and 2 compilations of phase I–III trials 
were reviewed. Among 13,816 patients enrolled in nonneu-
tropenic fever studies, the occurrence of piperacillin-induced 
neutropenia was rare: 5 patients (0.04%) developed neutro-
penia; none died. The demographics for this group were 
poorly documented. From the US FDA database of adverse 
events up to 2005, 365 cases of hematological abnormalities 
were noted, including neutropenia (50%), leukopenia, and 
agranulocytosis. It was not possible to characterize patients 
at risk from this study; however, it appears to be a rare com-
plication. In addition, Peralta et al. (2003) reviewed 41 cases of 
bone-related infection treated with piperacillin–tazobactam 
and found an inverse correlation between cumulative pipera-
cillin dose and the neutrophil count at the end of therapy, 
suggesting a dose-related toxicity. 

Piperacillin–tazobactam has been associated with hemo-
lytic anemia possibly caused by nonimmunological adsorp-
tion of IgG to tazobactam onto patients’ red cells (Broadberry 
et al., 2004). Several cases of immune hemolytic anemia and 
thrombocytopenia caused by antipiperacillin antibodies have 
also been reported (Arndt et al., 2002; Macwilliam et al., 
2012).

A case of thrombocytosis with combination ciprofloxa-
cin and piperacillin–tazobactam (Finsterer and Kotzailias, 
2003) and elevated bleeding times have also been reported 
(Perry and Markham, 1999).

6c.  Hypersensitivity

Piperacillin may provoke any of the reactions that occur with 
penicillin G; thus piperacillin is contraindicated in patients 
with a history of penicillin hypersensitivity. In a survey of 485 
hospitalized patients treated by piperacillin, the frequency of 
hypersensitivity reactions, such as drug fever, rashes, pruri-
tus, and eosinophilia, was approximately 4% (Gooding et al., 
1982). Among 63 patients whose chronic Pseudomonas osteo-
myelitis was treated with high doses of extended spectrum 
penicillins for prolonged periods, side effects such as rash, 
drug fever, and eosinophilia were more common in patients 
treated with ureido-penicillins than those treated with car-
benicillin (Fahim et al., 2006; Lang et al., 1991). Rarely, 
severe skin reactions such as acute exanthematous pustulosis 
and anaphylaxis-mediated coronary vasospasm (Kounis syn-
drome) can occur (Calogiuri et al., 2012; Huilaja et al., 2014). 

6d.  Neurotoxicity

High doses of piperacillin–tazobactam given intravenously 
may have the propensity to cause neurotoxicity, particularly 
in patients with chronic renal impairment. Generalized non-
convulsive status epilepticus, reversible stroke syndrome, and 

myoclonus secondary to piperacillin–tazobactam have been 
documented in case reports (Fernandez-Torre et al., 2010; 
Man and Fu, 2015). Hemodialysis has been shown to rapidly 
terminate the piperacillin-induced encephalopathy (Lin et 
al., 2007).

Paresthesiae has been associated in a single case report 
of a 27-year-old male with delayed-type hypersensitivity 
syndrome due to piperacillin–tazobactam (Lambourne et al., 
2006).

6e.  Electrolyte and acid–base disturbance

Piperacillin and tazobactam are both monosodium salts, 
and the combination product contains a total of 2.79 mEq 
(64 mg) of sodium per gram of piperacillin. Fluid overload 
and hypokalemia should be considered when treating patients 
requiring restricted salt intake. Periodic electrolyte determi-
nations should be performed in patients with low potassium 
reserves, and the possibility of hypokalemia should be kept 
in mind with patients who have potentially low potassium 
reserves and who are receiving cytotoxic therapy or diuretics. 

7. CLINICAL USES OF THE DRUG

Piperacillin–tazobactam is used for a wide variety of clinical 
indications. Table 17.7 summarizes the randomized clinical 
trial, systematic reviews, and meta-analyses that have assessed 
the clinical efficacy of this drug.

7a.  Intraabdominal and pelvic infection

Piperacillin–tazobactam is an effective antimicrobial for the 
treatment of complicated intraabdominal infections (IAIs), 
with clinical and microbiological response rates similar to 
imipenem, ertapenem, and moxifloxacin. A meta-analysis of 
40 clinical trials in 5094 patients with secondary peritonitis 
demonstrated equivalence among various agents for efficacy 
and toxicity (Wong et al., 2005). No specific recommenda-
tions can be made for the first-line treatment of secondary 
peritonitis in adults with antibiotics because all regimens 
showed equivocal efficacy. Other factors such as local guide-
lines and preferences, ease of administration, costs, and avail-
ability must therefore be taken into consideration in deciding 
the antibiotic regimen of choice. 

Pharmacodynamic profiling using Monte Carlo simula-
tion for secondary peritonitis found a cumulative fraction of 
response (CFR) ≥ 90% for piperacillin–tazobactam 3.375 g 
every 6 hours, cefepime 1 g every 12 hours and ceftazidime 
2 g every 8 hours both with metronidazole, and imipenem–
cilastatin 500 mg every 6 hours (Eagye et al., 2007a). The 
addition of aminoglycoside (amikacin) to piperacillin– 
tazobactam in a multicenter randomized study of severe 
generalized peritonitis did not improve survival at 30 days or 
clinical response rates (clinical failure rates 49% vs. 49%; OR: 
1.03; 90% CI: 0.67–1. 59) (Dupont et al., 2000).

Since 2000, several randomized clinical trials (RCTs) have 
compared piperacillin–tazobactam with various comparators 
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for the treatment of complicated intraabdominal infection 
(IAI) and pelvic infection. These are summarized in Table 
17.7. Overall, the clinical response rates and microbiological 
cure rates for piperacillin–tazobactam are similar to moxi-
floxacin, once-daily ertapenem, imipenem, and ciprofloxa-
cin plus metronidazole. Pooled data from clinical trials have 
compared piperacillin–tazobactam and imipenem–cilastatin 
based on clinical outcomes of studies with different lengths 
of followup (between 2 and 6 weeks) (Dietrich et al., 2001). 
The average initial success and mortality rates for piperacil-
lin–tazobactam was 93.90% and 6.14%, respectively, for all 
studies (n = 1286 patients). This compares to average initial 
success and mortality rates for imipenem–cilastatin of 85.31% 
and 4.95%, respectively. 

Three double-blind multicenter phase III RCTs have eval-
uated the efficacy of piperacillin–tazobactam (3.375 g every 
6 hours) and ertapenem (1 g daily) in the treatment of pelvic 
infections (Roy et al., 2003), complicated IAIs, and skin and 
soft tissue infections. A further two post hoc analyses of 
patients with anaerobic isolates (Tellado et al., 2002) and 
polymicrobial isolates (Solomkin et al., 2004) demonstrated 
cure rates of around 82% with piperacillin–tazobactam. Post 
hoc analysis of patients with complicated appendicitis dem-
onstrated similar outcomes (Teppler et al., 2004b). Another 
randomized open-label study demonstrated equivalence of 
piperacillin–tazobactam with ertapenem for the treatment 
of community-acquired IAI 107/119 (90%) for ertapenem 
recipients and 107/114 (94%) for piperacillin–tazobactam 
recipients) (Dela Pena et al., 2006).

Moxifloxacin has also been compared to piperacillin–
tazobactam in a large multicenter double-blind RCT. The 
primary test of cure rates were similar, with clinical cure rates 
of 80% vs. 78% for piperacillin–tazobactam and moxifloxa-
cin, respectively, and microbiological cure rates of 78% and 
77%, respectively (Malangoni et al., 2006).

7b.  Lower respiratory tract infections

The spectrum of activity of piperacillin–tazobactam extends 
to most pathogens encountered in severe bacterial pneumo-
nia. The majority of nosocomial pneumonia clinical trials have 
used a combination of piperacillin–tazobactam and an amino-
glycoside. In general the clinical efficacy of the piperacillin– 
tazobactam arm was similar to imipenem, ceftazidime, and 
aztreonam for nosocomial pneumonia, including patients in 
the ICU and those who are mechanically ventilated. 

The clinical and microbiological cure rates have favored 
the piperacillin–tazobactam (plus aminoglycoside) arm in 
several studies (Brun-Buisson et al., 1998; Jaccard et al., 1998; 
Joshi et al., 1999). Two double-blind RCTs have compared 
piperacillin–tazobactam and imipenem (Joshi et al., 2006; 
Schmitt et al., 2006). In the study by Joshi et al. (2006), 
microbiological cure rates were higher for Gram-positive 
infections (83% for piperacillin–tazobactam vs. 75% for imi-
penem) than Gram-negative infections (72% for piperacillin–
tazobactam vs. 77% for imipenem). Superinfection rates were 

also lower in the piperacillin–tazobactam arm (Joshi et al., 
2006). One study demonstrated efficacy of piperacillin–tazo-
bactam as single agent compared to amoxicillin–clavulanate 
with a single dose of aminoglycoside (Speich et al., 1998).

In one comparative trial piperacillin–tazobactam appeared 
superior to ticarcillin–clavulanic acid for the treatment of 
community-acquired bacterial lower respiratory tract infec-
tions (Shlaes et al., 1994), although this superiority was not 
observed in another open-labeled RCTs in patients with pneu-
monia and urinary tract sepsis (Hou et al., 1998).

7c.  Bacteremia

Empiric antibiotic therapy for severe sepsis should be 
selected according to the bacterial epidemiology within each 
unit or hospital, and the aim should be to optimize outcome 
while attempting to reduce the potential for resistance devel-
opment. The broad spectrum of piperacillin–tazobactam 
activity and dosing that achieves or exceeds concentrations 
found to be effective in vitro for the most common Gram-
negative pathogens causing sepsis make it an excellent option 
as an empiric first-line agent (see section 2a, Routine suscep-
tibility). However, outcomes of infections in relation to the 
MIC of the infecting pathogen have shown decreasing clini-
cal efficacy with increased MICs, highlighting the impor-
tance of pharmacodynamics and pharmacokinetics in the 
management of infection (see section 5, Pharmacokinetics 
and pharmacodynamics). For example, a retrospective cohort 
of 34 patients with pseudomonas bacteremia involving iso-
lates with reduced susceptibility to piperacillin–tazobactam 
(MIC 32 or 64 mg/l, reported as susceptible) had signifi-
cantly increased 30-day mortality that was independently 
associated with empiric piperacillin–tazobactam use (Tam et 
al., 2008). Directed therapy of bacteremia with piperacillin–
tazobactam should also take into consideration the suscepti-
bility profile of the pathogen and dosing strategies to optimize 
t > MIC.

7d.  Skin and soft tissue infections

The efficacy of piperacillin–tazobactam has been well demon-
strated in the treatment of chronic and complicated skin and 
soft tissue infections, such as cellulitis with drainage, cutane-
ous abscesses, diabetic or ischemic foot infections, and 
infected wounds and ulcers with drainage. Six double-blind 
RCTs have demonstrated the equivalence of piperacillin–
tazobactam with moxifloxacin (Giordano et al., 2005; Lipsky 
et al., 2007), ertapenem (Gesser et al., 2004a; Gesser et al., 
2004b; Graham et al., 2002; Lipsky et al., 2005), and clina-
floxacin (Siami et al., 2001). In particular, a switch to oral 
amoxicillin–clavulanate from i.v. piperacillin–tazobactam was 
as efficacious as switch from i.v. to oral moxifloxacin (Giordano 
et al., 2005; Lipsky et al., 2007). A more recent study in dia-
betic foot infection also showed equivalence with the same i.v. 
to oral strategies; cure rates of 75% and bacterial success rates 
of around 72% were seen in both arms (Schaper et al, 2013).
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7e.  Empiric treatment of fever in 
neutropenic patients

Piperacillin–tazobactam has been studied both as a part of a 
dual therapy regimen and as a single agent for the treatment 
of fever and neutropenia since 1998. Dual therapy regimens 
usually included an aminoglycoside. A meta-analysis of beta- 
lactam monotherapy versus beta-lactam plus aminoglyco-
side included 47 trials in 4707 patients, the majority with 
hematological malignancies (Paul et al., 2006). Only 9 trials 
included the same beta-lactam in each arm. Although there 
was significant heterogeneity, there was no difference in all-
cause fatality between the two arms, and no difference in 
clinical failure. There was significantly increased toxicity in 
the aminoglycoside arm. Piperacillin–tazobactam has been 
included in 7 trials as monotherapy. The comparator agent 
was cefepime in 4 trials (Bohme et al., 1998; Corapcioglu et 
al., 2006; Harter et al., 2006; Hess et al., 1998) and carbape-
nem in 2 trials (Reich et al., 2005). The subgroup analysis 
when comparing piperacillin–tazobactam and comparators, 
demonstrated an all-cause mortality of 0.62 (95% CI: 0.34–
1.13). Piperacillin–tazobactam appeared to have an advantage 
over cefepime but not carbapenems for treatment success; 
however, the sample size was small. A more recent Cochrane 
review of piperacillin–tazobactam and other antipseudo-
monal beta-lactams (ceftazidime, cefepime, imipenem, and 
meropenem) for initial empiric treatment of neutropenic 
fever demonstrated reduced all-cause mortality in 8 trials 
(RR: 0.56; 95% CI: 0.34–0.92). This effect was also observed 
when the comparison was restricted to carbapenems. There 
was no difference in infection-related mortality and clinical 
or microbiology failure when all 44 trials were included in 
the analyses. There were fewer adverse events associated with 
piperacillin–tazobactam compared to imipenem and cefepime 
(Paul et al., 2010).

Dosing of piperacillin–tazobactam every 8 hours has 
been evaluated. In a paper evaluating the pharmacokinetics 
and pharmacodynamics of piperacillin–tazobactam 4.5 g 
every 8 hours in volunteers, the percentage of time above 
the MIC was > 60% for all organisms tested, including E. coli, 
K. pneumoniae, P. aeruginosa, S. aureus, and B. fragilis 
(Occhipinti et al., 1997). A second investigation using the 
same dose found that the percentage of time above the MIC 
was 40–50% for MIC values 8–16 μg/ml (Kim et al., 2002). 
However, Kim et al. (2002) note that when treating a P. aeru-
ginosa infection, a dosing regimen of every 6 hours, combi-
nation therapy, or even an extended infusion may be 
indicated. A prospective RCT compared piperacillin expo-
sure in patients undergoing therapeutic drug monitoring and 
dose adjustment for 3 consecutive days vs. standard therapy. 
There was a significant increase in achieving 100% ƒt > MIC 
in the intervention group from 19% to 73%, compared to a 
decline from 25% to 7% in the control group. While this small 
study (n = 16 in each arm) was not associated with improved 
patient outcomes, it does illustrate that dose optimization 
may be required in sicker patients (Sime et al., 2015).

In summary every-8-hour dosing of piperacillin–tazo-
bactam would be acceptable for most treatment courses in 
fever and neutropenia but dosing every 6 hours may be used 
occasionally for treatment of proven or suspected serious 
and deep-seated Pseudomonas infection.

Several RCTs in pediatric cancer patients with neutrope-
nic fever have demonstrated that piperacillin–tazobactam is 
safe and effective when used as monotherapy compared to 
other antipseudomonal beta-lactams such as cefoperazone–
sulbactam (Karaman et al., 2011), cefepime (Sano et al., 2015), 
meropenem (Sezgin et al., 2014), and cefozopran (Ichikawa 
et al., 2011). Piperacillin–tazobactam dosages were generally 
120–125 mg/kg in three divided doses). While the RCTs 
reported various outcome measures, the most common mea-
sure of success was defined as fever resolution without anti-
microbial change. 

Zenfin et al. (2011) demonstrated equivalence when pip-
eracillin–tazobactam was compared to piperacillin–tazobac-
tam and amikacin. The addition of amikacin was associated 
with increased nephrotoxicity. Older studies using combina-
tion therapy with aminoglycosides (Aksoylar et al., 2004). Le 
Guyader et al. (2004) demonstrated efficacy in high risk neu-
tropenic fever. In children < 25 months with cancer, pipera-
cillin–tazobactam appears to be relatively safe, although it 
has been studied only in a retrospective multicenter survey. 
Of 156 treatment courses in 69 children of which 45% were 
neutropenic, only 2 had to stop treatment due to non-life- 
threatening allergic reactions (Simon et al., 2007). An 
open-labeled nonrandomized prospective trial evaluated 
the efficacy and safety of piperacillin–tazobactam 90 mg/kg/
dose every 8 hours plus a single daily dose of amikacin 15 
mg/kg for the treatment of children with febrile neutropenia. 
Mild gastrointestinal intolerance was observed in 22% of epi-
sodes. Of 155 episodes in 76 patients, 49.7% responded with-
out a need for treatment modification. The most common 
reason for failure was persistent fever after 48 hours in 56/78 
episodes (Yildirim et al., 2008).

Institutional neutropenic fever guidelines should take into 
account local antibiograms and resistance patterns of com-
mon isolates; efforts should be made to tailor therapy based 
on culture data and the response of the patient if broad- 
spectrum therapy is initiated empirically to cover potential 
resistant organisms (Nouer, 2015). 

7f. Other uses

Although piperacillin/tazobactam is not generally recom-
mended for the treatment of bacterial meningitis in humans, 
it has been assessed in a limited number of animal studies. 
Kern et al. (1990) evaluated the drug in animal experimental 
meningitis due to a beta-lactamase-producing strain of E. 
coli, where only relatively high doses (160/20 and 200/25 mg 
of piperacillin/tazobactam per kg per h) were found to have 
comparable bactericidal activity to that of 10 and 25 mg 
of ceftriaxone per kg per h, respectively. In another study, 
increased tazobactam dosing (80:25 mg/kg/h) was effective 
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in reducing hydrolysis of piperacillin by TEM-3 ESBL K. 
pneumoniae (Leleu et al., 1994).

Piperacillin/tazobactam is not generally recommended for 
surgical prophylaxis. However, it was been studied for this 
purpose in a number of placebo-controlled and other com-
parative trials involving low-risk procedures, where it has 
shown some activity (Cormio et al., 2002; Gossner et al., 
1999; Cormio et al., 2002; Brewster et al., 1995; Sakura et al., 
2008). Piperacillin/tazobactam has also been used as anti-
biotic prophylaxis for various procedures involving the liver 
and biliary tract with reported success (Berger et al., 2006, 
Elias et al., 2006, Geschwind et al., 2002). 
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1. DESCRIPTION

Cephalothin (also spelled cefalothin and cefalotin) and 
cefazolin (also spelled cephazolin) are semisynthetic cepha-
losporins derived from cephalosporin C, a natural antibiotic 
produced by a strain of the fungus Acremonium chrysogenum 
(previously known as Cephalosporium acremonium) (Griffith 
and Black, 1964). The cephalosporin C nucleus, 7-ACA, is 
closely related but not identical to the penicillin nucleus, 
6-APA. Although very similar compounds (Wick and Preston, 
1972), cefazolin was introduced after cephalothin with the 
practical advantage of maintaining higher serum concentra-
tions because of its longer half-life. Both cephalothin and 
cefazolin are described as first-generation cephalosporins.

Cephalothin and cefazolin are widely used in perioper-
ative prophylaxis. Their future utility will be likely limited 
by the spread of methicillin-resistant Staphylococcus aureus 
(MRSA). However, at the present time, few studies show any 
decline in benefit of the first-generation cephalosporins 
despite the advent of MRSA (Bolon et al., 2004). These anti-
biotics are also used in treatment of infections of the biliary 
tract, bone and joints, respiratory tract, genital tract, and skin. 

The molecular weight of cephalothin is 418.4, and its for-
mula is C16H15N2NaO6S2. The molecular weight of cefazolin 
is 476.5, and its formula is C14H14N8O4S3. The chemical struc-
tures of these compounds are illustrated in Figure 18.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Cephalothin and cefazolin are both active against a range of 
Gram-positive and Gram-negative bacteria, predominantly 
aerobes (see Table 18.1).

GRAM-POSITIVE AEROBIC BACTERIA

Cephalothin and cefazolin are highly active against staphy-
lococci, except MRSA and methicillin-resistant coagulase- 
negative staphylococci (Richmond et al., 1977; Laverdiere 
et al., 1978; John and McNeill, 1980; Chambers et al., 1984). 

Cephalothin has been shown to be minimally affected by 
staphylococcal penicillinase, although cefazolin may be 
affected to some degree (Lacey and Stokes, 1977; Goldman 
and Petersdorf, 1980). Most beta-hemolytic streptococci are 
also susceptible to these two cephalosporins.

Enterococcus faecalis and other enterococci are cephalothin 
and cefazolin resistant. Bacillus anthracis and Corynebac
terium diphtheriae are highly susceptible, but Listeria mono
cytogenes is usually only moderately so (MIC 2–4 μg/ml) 
(Kayser, 1971; Wiggins et al., 1978).

GRAM-NEGATIVE AEROBIC BACTERIA

Wild-type Escherichia coli is usually susceptible, but resistant 
strains are now common, especially in the hospital environ-
ment (Yoshioka et al., 1977). Typically, cefazolin has greater 
activity than cephalothin against E. coli. Susceptibility of the 
Klebsiella spp. varies; wild-type K. pneumoniae is usually 
susceptible, with cefazolin having greater activity than ceph-
alothin. However, strains that are highly ampicillin resistant 

Figure 18.1. Chemical structure of cephalothin and 
cefazolin. 
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(MIC > 500 mg/l) are also likely to be cephalothin and 
cefazolin resistant (Greenwood and O’Grady, 1975). Wild-
type Proteus mirabilis is usually sensitive. For all of these 
Enterobacteriaceae, production of extended-spectrum beta- 
lactamases (ESBLs), or overproduction of TEM-1 or SHV-1, 
results in resistance to the first-generation cephalosporins.

Proteus vulgaris, Providencia rettgeri, P. stuartii, and 
Morganella morganii are resistant (Penner et al., 1982). All 
strains of Serratia and Enterobacter spp.; most strains of 
Citrobacter, Edwardsiella, and Arizona spp.; and Yersinia 
enterocolitica are highly resistant to cephalothin and cefazolin 
(Motley and Shadomy, 1974; Farrar and O’Dell, 1976; Your-
assowsky et al., 1976; Gaspar and Soriano, 1981; Baker and 
Farmer, 1982). Pseudomonas aeruginosa and Burk holderia 
pseudomallei are always resistant (Waterworth, 1971) as is 
Campylobacter jejuni (Karmali et al., 1980).

Wild-type Neisseria spp. (meningococci and gonococci), 
Salmonella and Shigella spp., Pasteurella multocida, and 
Vibrio cholerae (serogroup 01) are usually susceptible in vitro 
(Phillips et al., 1976). However, a variety of beta-lactamases 
produced by these organisms may render resistance. Fur-
thermore, use of first-generation cephalosporins is not rec-
ommended for these organisms. Haemophilus influenzae, 
Bordetella pertussis, and Brucella abortus are sensitive to only 
a degree, and moderately high cephalothin or cefazolin con-
centrations are usually needed for inhibition (Waterworth, 

1971; Williams and Andrews, 1974). Moraxella catarrhalis 
is usually sensitive to cephalothin and cefazolin. Most strains 
of this organism produce a beta-lactamase of chromosomal 
origin, which inactivates penicillins, such as penicillin G and 
ampicillin, but has no effect on cephalosporins (Doern et al., 
1980).

ANAEROBIC BACTERIA

Anaerobic Gram-positive cocci, such as Peptostreptococcus 
spp. and anaerobic streptococci, are likely to be sensitive to 
cephalothin and cefazolin (Tally et al., 1975; Sutter and Fine-
gold, 1976). Similarly, anaerobes, such as Clostridium per
fringens, C. tetani, and the Lactobacillus and Actinomyces spp., 
are usually cephalothin and cefazolin sensitive (Sutter and 
Finegold, 1976; Schwartzman et al., 1977; Bayer et al., 1978). 
Bacteroides fragilis is resistant to cephalothin and cefazolin. 
Prevotella melaninogenica and some strains of other Bac
teroides spp. may be inhibited by therapeutically achievable 
concentrations of cephalothin or cefazolin (Tally et al., 1975; 
Sutter and Finegold, 1976).

OTHER BACTERIA

Treponema pallidum and Leptospirae may be susceptible to 
cephalothin and cefazolin. Mycobacteria, Mycoplasma, Nocar
dia, Rickettsiae, Chlamydia, fungi, and protozoa are resistant 
(Thompson and Dretler, 1982; Gutmann et al., 1983).

Table 18.1. Summary of susceptibility data for cephalothin and cefazolina

Organism

Cephalothin Cefazolin

MIC90 (μg/ml)
Range  
(μg/ml) Reference MIC90 (μg/ml)

Range 
(μg/ml) Reference

Gram-positive pathogens

Staphylococcus aureus
 MSSA    1 (n = 20)   0.5–1 Fass and Helsel (1986)  < 2 (n = 50) ≤ 2 Murray et al. (1993)

 MSSA   32 (n = 20)   1–> 32 Fass and Helsel (1986) ≥ 32 (n = 25) < 2–> 32 Murray et al. (1993)

Staphylococcus, coagulase 
negative

≥ 32 (n = 20) ≤ 2–>32 Fass and Helsel (1986) ≥ 32 (n = 50) ≤ 2–≥ 32 Murray et al. (1993)

Streptococcus pneumoniae    0.13 (n = 20)   0.06–0.13 Fass and Helsel (1986)  ≤ 2 (n = 50) ≤ 2 Murray et al. (1993)

Streptococcus pyogenes    0.13 (n = 20)   0.03–0.13 Fass and Helsel (1986)  ≤ 2 (n = 50) ≤ 2 Murray et al. (1993)

Streptococcus agalactiae    0.13 (n = 20)   0.06–0.13 Fass and Helsel (1986)  ≤ 2 (n = 50) ≤ 2 Murray et al. (1993)

Streptococcus viridians    0.13 < 0.016–16 Fass and Helsel (1986)  ≤ 2 (n = 25) ≤ 2 Murray et al. (1993)

Enterococcus spp. > 32   4–> 32 Fass and Helsel (1986) ≥ 32 (n = 50)   4–≥ 32 Murray et al. (1993)

Gram-negative pathogens

Escherichia coli   16 (n = 1595) ≤ 1–≥ 32 Jones and Fuchs (1976)    1.6 (n = 50) ≤ 2–≥ 32 Murray et al. (1993)

Klebsiella pneumoniae    8 (n = 203) ≤ 1–16 Jones and Fuchs (1976)    4 (n = 50)   1– ≥8 Murray et al. (1993)

Enterobacter spp. > 64 (n = 49)   8–> 64 Jones and Fuchs (1976) > 32 (n = 100) ≤ 2–≥ 32 Murray et al. (1993)

Haemophilus influenzae    1 (n = nd) — Wick and Preston (1972)   16 (n = 49) ≤ 2–≥ 16 Murray et al. (1993)

Neisseria gonorrhea    1 (n = nd) — Wick and Preston (1972)    0.5 (n = 75) < 0.03–2 Murray et al. (1993)

Citrobacter freundii > 64 (n = 29)  16–> 64 Jones and Fuchs (1976) > 32 (n = 50) ≤ 2–≥ 32 Murray et al. (1993)

aNumber of strains tested indicated in parentheses.
Abbreviations: MSSA: methicillin-susceptible S. aureus; nd: not described.
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2b.  Emerging resistance and 
cross-resistance

The widespread occurrence of MRSA has significantly com-
promised the utility of these first-generation cephalosporins. 
Emerging resistance of Gram-negative bacilli to cephalothin 
and cefazolin appears to be mostly due to beta-lactamase pro-
duction, such as AmpC, ESBLs, and metallo-beta-lactamases.

Almost complete cross-resistance remains between cefa-
zolin and cephalothin (Phair et al., 1972; Verbist, 1976; Chap - 
man and Steigbigel, 1983). Occasionally, cephalothin-resistant 
E. coli and Klebsiella and Enterobacter spp. strains may be 
susceptible to cefazolin (Jones and Fuchs, 1976; Kisch and 
Bartholomew, 1976).

2c.  In vitro synergy and antagonism

Like most cephalosporin antibiotics, cephalothin and cefa-
zolin combined with an aminoglycoside, such as gentamicin, 
may act synergistically in vitro against E. faecalis, but these 
combinations are not useful in vivo for the treatment of 
E.  faecalis endocarditis (Bourque et al., 1976; Collins and 
Edwards, 1980). For a synergistic and possibly therapeutic 
effect, cephalosporin serum concentrations several times in 
excess of the MIC of the E. faecalis strain are required; such 
concentrations cannot be achieved safely in patients (Wein-
stein and Moellering, 1975; Weinstein and Lentnek, 1976). 
Cephalosporin and aminoglycoside combinations have also 
been shown to be synergistic against Klebsiella spp. and E. coli 
(D’Alessandri et al., 1976). In the case of E. coli, even if iso-
lates are resistant to both cephalothin and the aminoglyco-
side, the MIC and minimal bactericidal concentration (MBC) 
of either gentamicin or tobramycin may be reduced by the 
addition of cephalothin (Hyams et al., 1974).

3. MECHANISM OF DRUG ACTION

Cephalothin and cefazolin inhibit bacterial cell wall synthe-
sis similar to other cephalosporins and penicillin G (see 
Chapter 27, Ceftriaxone).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Cephalothin and cefazolin can be given only parenterally 
because absorption after oral administration is negligible. 
They can be administered i.v. by either continuous infusion, 
intermittent infusions (via a pediatric Buretrol or separate 
secondary i.v. bottles), or by direct i.v. injections. Cephalo-
thin and cefazolin demonstrate time-dependent pathogen 
killing—that is, they require a maximal duration of exposure 
of the unbound concentration above the MIC (ƒt > MIC) of 
the pathogens. Thus the continuous infusion method may 
have some pharmacodynamic advantages (Thys et al., 1976; 
Livingston and Wang, 1993; Anlicoara et al., 2014; Trent 
Magruder et al., 2015). 

4a.  Adults

Cefazolin can be administered i.m. as well as i.v., and the 
usual adult dosage is 0.5 g every 8 hours (Reller et al., 1973). 
The total daily dose can be varied widely according to the 
nature and severity of the infection. Daily doses ranging 
from 1 to 4 g (occasionally up to 12 g) administered in two, 
three, or four divided doses, have been used (Reinarz et al., 
1973; Ries et al., 1973). Thrombophlebitis can sometimes be 
a problem when cephalothin is used i.v., and this may be 
reduced if the pH of the cephalothin solution is buffered by 
sodium bicarbonate (Bergeron et al., 1976). Cefazolin causes 
less pain on i.m. injection than cephalothin and is associated 
with less thrombophlebitis when used i.v. (Shemonsky et al., 
1975).

Exploitation of the pharmacokinetics and pharmacody-
namics of cefazolin has allowed the use of outpatient i.v. 
therapy for cellulitis. Early iterations were with dosing at 2 g 
i.v. twice daily (Leder et al., 1998). Subsequently, once-daily 
regimens of cefazolin (2 g i.v.) plus probenicid (1 g orally) 
were described (Grayson et al., 2002). More recently, cefa-
zolin given as 12-hour infusions twice daily (typical dose 6 g/
day) has been successfully used as outpatient therapy (Zeller 
et al., 2009).

The usual dosing regimen of cephalothin is 500 mg to 2 g 
administered every 4–6 hours. There are few data on its use 
in extended infusions.

For surgical prophylaxis, a 2-g dose of cefazolin is recom-
mended to be given within 60 minutes of the initial incision 
(Bratzler et al., 2013). This dose has been shown to result in 
plasma and interstitial fluid concentrations in excess of the 
likely MICs for susceptible pathogens in patients undergoing 
abdominal aortic aneurysm open repair surgery (Douglas et 
al., 2011). Cefazolin doses may be repeated intraoperatively 
after 4 hours for lengthy procedures or when there is exces-
sive blood loss (Bratzler et al., 2013). In patients weighing 
≥ 120 kg, a dose of 3 g of cefazolin has been recommended 
(Bratzler et al., 2013). However, subsequent studies have not 
found any differences in the incidence of surgical site infec-
tions in obese patients administered this higher dose (Ho et 
al., 2012). Duration of prophylaxis remains controversial. 
Current recommendations involve a single dose or continu-
ation for less than 24 hours, regardless of the presence of 
intravascular catheters or indwelling drains (De Lalla, 2006; 
Bratzler et al., 2010). 

Cephalothin and cefazolin have also been used i.p. in 
patients with peritonitis associated with peritoneal dialysis 
(Li et al., 2010). A once-daily i.p. cefazolin dose of 500 mg/l 
results in adequate 24-hour concentrations in the dialysis fluid 
of continuous ambulatory peritoneal dialysis patients (Low 
et al., 2000). 

4b.  Newborn infants and children

The same dose for cephalothin and cefazolin is used: dosage 
for children is 25–50 mg/kg body weight per day, given in 
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three or four divided doses (Pickering et al., 1973). Total 
daily dosage may be increased to 100 mg/kg/day for the 
treatment of severe infections. For newborn and premature 
infants, aged 0–7 days and weighing less than 2000 g, a dos-
age of 20 mg/kg every 12 hours is recommended (total daily 
dose 40 mg/kg). For infants weighing more than 2000 g or 
who are older than 7 days, a dosage of 20 mg/kg every 8 hours 
(total daily dose 60 mg/kg) is recommended (McCracken 
and Nelson, 1983). Few data exist to guide dosing in prema-
ture neonates.

For pediatric surgical prophylaxis, a dose of 30 mg/kg 
of cefazolin has been recommended with an intraoperative 
redosing interval of 4 hours (Bratzler et al., 2013).

4c.  Pregnant and lactating mothers

These cephalosporins are FDA category B for pregnancy and 
excreted in a small amount in breast milk. There are no rec-
ommended dosing changes for pregnant or lactating women.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Patients with renal failure require dosage reduction for ceph-
alothin and cefazolin (Levison et al., 1973; Benner et al., 
1975). All adults with renal failure should receive an initial 
loading dose of 0.5–2 g. Thereafter, those with mild to mod-
erate renal failure (creatinine clearance: 40–60 ml/minute), 
may be given 50–75% of the normal daily dose in two divided 
doses. The dose for patients with creatinine clearance of 
20–40 ml/minute is 25–50% of the normal daily dose, given 
in two divided doses. In severe renal failure (creatinine clear-
ance: 5–20 ml/minute), a dose of 10–25% of the normal daily 
dose, administered as a single dose every 24 hours, is rec-
ommended. For patients with essentially no renal function 
(creatinine clearance: < 5 ml/minute), only 5–10% of the 
normal daily dose should be given, as a single dose once 
every 24 hours.

The major breakdown product of cephalothin, desace-
tylcephalothin, appears to accumulate in patients with sig-
nificant impaired renal function. This metabolite also has 
antibacterial activity, which is 2- to 4-fold less than that of 
cephalothin against Gram-positive bacteria, and 8- to 16-fold 
less against Gram-negative bacteria (Kirby et al., 1971). There-
fore, cephalothin dosage cannot be greatly reduced for the 
treatment of Gram-negative infections in uremic patients 
because such therapy may be ineffective. In this situation, 
accumulation of therapeutically relatively inactive desace-
tylcephalothin in the serum must be accepted. The toxicity 
of this metabolite is unlikely to be significant, although may 
aggravate preexisting renal failure. For these reasons, it is 
best not to use cephalothin for the treatment of severe Gram-
negative infections in patients with severe renal failure 
(Venuto and Plaut, 1971).

For anephric patients on 3 times weekly intermittent hemo-
dialysis, cefazolin should be administered after hemodialysis 

on dialysis days at a dose of 1 to 2 g every 48 to 72 hours 
(Heintz et al., 2009). An i.v. dose of 1 g of cephalothin after 
dialysis provides adequate serum concentrations for at least 
48 hours (Venuto and Plaut, 1971). For patients receiving 
continuous renal replacement therapy, a loading dose of 2 g 
of cefazolin followed by either 1 to 2 g every 12 hours is 
recommended (Trotman et al., 2005; Heintz et al., 2009). 
Cephalothin is removed during peritoneal dialysis, and 
during this procedure a dosage of 1 g every 6 to 12 hours 
is  usually needed (Perkins et al., 1969). Cefazolin is not 
removed by peritoneal dialysis, so additional dosing is not 
needed during this procedure (Madhavan et al., 1975). 

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Severe hepatic impairment is not likely to have a significant 
effect on cephalothin and cefazolin clearances, and no dose 
adjustment is recommended in this situation (Ohashi et al., 
1986).

OLDER ADULTS

In general, dosing modification for the elderly with normal 
renal function is not considered necessary for either cefazolin 
or cephalothin.

THE CRITICALLY ILL

In the presence of critical illness, patients may have aug-
mented renal clearance (ARC) and thus higher doses of anti-
biotics may be required. Roberts et al. (2015) demonstrated 
that a dose of 2 g of cefazolin every 6 hours was required in 
the presence of ARC (creatinine clearance > 130 ml/minute) 
to achieve adequate drug exposures in the interstitial fluid of 
subcutaneous tissues in posttrauma critically ill patients. 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Cephalothin and cefazolin both have poor bioavailability 
whereby oral administration for systemic effect is not useful. 
Both have high bioavailability after i.m injection (cefazolin 
98%) (Anderson et al., 1976). Both drugs are considered to 
have a low volume of distribution, cephalothin 0.21–0.26 l/kg 
and cefazolin 0.13–0.22 l/kg (Kirby and Regamey, 1973). 
Cephalothin is 50–60% serum protein bound (Kunin, 1967), 
whereas cefazolin is approximately 80%. The high protein 
binding of cefazolin and longer half-life are partly responsi-
ble for its high serum concentrations, given that most studies 
report total antibiotic concentrations.

5b.  Drug distribution

After i.m. injection of 0.5 g to adults, the peak serum concen-
tration of cephalothin is attained after 30 minutes, and it is 
about 10 μg/ml. The cephalothin concentration with this dose 
falls below 2 μg/ml after 4 hours, and at 6 hours the drug is 
undetectable (Benner et al., 1966); however, for cefazolin, a 
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peak serum concentration as high as 34 μg/ml is attained 
1 hour after a 0.5 g i.m. dose of cefazolin, and 6 hours later 
the concentration is about 6 μg/ml (Ishiyama et al., 1971). In 
addition, measurable concentrations of cefazolin may still 
be present 12 hours after this dose (Ries et al., 1973). For 
both drugs, doubling the dose usually doubles the serum 
concentration.

If cephalothin is given by intermittent i.v. injections (3 g 
every 6 hours), peak concentrations of 150–200 μg/ml are 
attained, but these fall to 0 before the next dose (Griffith and 
Black, 1971). For cefazolin, a 1.5-g dose injected i.v. over a 
3-minute period, the peak serum concentration 5 minutes 
later is 206 μg/ml. The observed trough concentrations are 
significantly higher with cefazolin (Kirby and Regamey, 1973) 
because of high protein binding.

When a large dose of 12 g cephalothin is administered 
every 24 hours by continuous i.v. infusion, serum concentra-
tions fluctuate between 10 and 30 μg/ml. If a 6-g dose of 
cefazolin is administered by continuous infusion a serum 
concentration of 52 μg/ml is maintained. The serum half-life 
of cephalothin is 0.85 hour compared with cefazolin, which 
is 1.8 hours.

Neither cephalothin nor cefazolin penetrate into the cere-
brospinal (CSF) in the absence of meningeal inflammation 
(Thys et al., 1976). For cephalothin, even in patients with 
meningitis, CSF concentrations are approximately only 1% 
of serum concentrations at the time. One hour after a 2-g i.v. 
cephalothin dose to such patients, CSF concentrations were 
only 0.16–0.3 μg/ml (Vianna and Kaye, 1967). Cephalothin’s 
in vivo metabolite, desacetylcephalothin, which has less anti-
bacterial activity than the parent drug, reached higher con-
centrations in the CSF than cephalothin itself. This may be 
related to the higher serum concentration of the metabolite. 
In addition, cephalothin disappears much more rapidly than 
its desacetyl derivative from CSF, and some cephalothin is 
converted to desacetylcephalothin in CSF or its contiguous 
structures (Nolan and Ulmer, 1980). The intrathecal metabo-
lism of cephalothin may contribute to the unsatisfactory per-
formance of this drug in the therapy of bacterial meningitis.

Cephalothin and cefazolin penetrate well into inflamma-
tory exudate (Ellis et al., 1975; Guerrero and MacGregor, 
1979) and are likely to penetrate well into parapneumonic 
effusions (Taryle et al., 1981), ascitic fluid, and the peritoneal 
fluid of patients with bacterial peritonitis (Gerding et al., 
1977; Gerding et al., 1978). Not only does cephalothin pene-
trate well into burned tissue, concentrations within burned 
skin are particularly high (Dalley et al., 2009).

The concentration in bronchial secretions was usually 
about 25% of the simultaneous serum concentration (Wong 
et al., 1975). Cephalothin concentrations were low in normal 
bone and synovial tissue. Cortical bone concentrations of 
cephalothin in 21 patients 1 hour after i.v. administration of 
1 g, were 0.9–17.5 μg/g (mean 3.9 μg/g); in 19 patients after 
the same dose, synovial tissue concentrations 1 hour later 
were 0. 9–5.6 μg/g (mean 2.4 μg/g) (Fitzgerald et al., 1978). 
Cefazolin, however, readily crosses inflamed synovial mem-
branes and penetrates into bone, reaching considerably higher 

concentrations in acutely inflamed, compared with normal, 
bone tissue (Reller et al., 1973; Fass, 1978). In a study of 
patients receiving 1 g cefazolin for total joint replacement, 
the mean concentration in bone during surgery was 5.7 μg/g 
of bone. The mean concentration in synovial fluid during 
surgery was 24.4 μg/ml of fluid (Schurman et al., 1978).

Cephalothin was detected in prostatic tissue in a concen-
tration approximately 25% of the simultaneous serum con-
centration (Adam et al., 1975). The drug was excreted in 
adequate concentrations in human pancreatic fluid, and these 
were higher than those found in animals with induced pan-
creatitis (Studley et al., 1982).

For cefazolin, therapeutic concentrations are found in 
wound secretions of patients with toe or heel ulcers due to 
peripheral arterial circulatory insufficiency (Rylander et al., 
1979). In patients given 2 g i.v. cefazolin 30 minutes before 
open heart surgery, cefazolin concentrations above the usual 
MICs of sensitive strains of S. aureus and S. epidermidis per-
sist for 12.9 hours in the right atrial appendage and for 9.8 
hours in the serum; adequate concentrations are also attained 
in pericardial fluid (Nightingale et al., 1980). Perkins and 
Saslaw (1966) studied tissue concentrations of cephalothin 
after death in a patient who had received the drug in a dosage 
of 2 g 4every 4 hours. High concentrations were found in the 
renal cortex, pleural fluid, myocardium, striated muscle, skin, 
and stomach wall.

Cephalothin and cefazolin are both transferred across the 
placenta (Morrow et al., 1968; Bernard et al., 1977). Only 
minute amounts are likely to be excreted in breast milk 
(Yoshioka et al., 1979). The overall concentration of cefazolin 
in amniotic fluid is low (Allegaert et al., 2009). Gestational 
age and associated polyhydramnios are key covariates of 
cefazolin amniotic fluid concentrations (Allegaert et al., 2009).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

As described earlier, beta-lactam antibiotics like cephalothin 
and cefazolin show time-dependent antibiotic killing, and 
their bactericidal activity relates most to the time that serum 
drug concentrations remain above the MIC (ƒt > MIC) for 
a  given organism. In vitro and animal in vivo studies have 
shown that cephalosporins require a ƒt > MIC of 60–70% of 
the dosing interval (Craig, 1998). Continuous infusion may 
therefore confer a pharmacodynamic advantage. Continuous 
infusion of perioperative cefazolin results in tissue concen-
trations above the MIC of the main causal agents of surgical 
site infections; however, further studies are required to 
determine whether continuous infusion results in fewer 
surgical site infections compared to intermittent bolus dos-
ing (Livingston and Wang, 1993; Anlicoara et al., 2014; Trent 
Magruder et al., 2015). 

5d.  Excretion

Cephalothin and cefazolin are rapidly excreted via the kidney 
(Saslaw, 1970). Whereas cephalothin is primarily excreted by 
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tubular secretion, cefazolin is excreted primarily by glomer-
ular filtration and, to a lesser degree, by tubular secretion. 
Both drugs may have excretion reduced and serum concen-
trations elevated by concomitant administration of probene-
cid (Kirby and Regamey, 1973). Renal clearance of cefazolin 
is slower than that of cephalothin, and this explains its higher 
and more prolonged serum concentrations. For cefazolin, 
high urinary concentrations (4000 μg/ml) of the active drug 
are attained, and about 60% of an i.m. administered dose is 
excreted in the urine during the first 6 hours (Ishiyama et al., 
1971). Its renal clearance is about 80% of the simultaneous 
creatinine clearance, and nearly all of a given dose can be 
recovered from the urine in 24 hours (Reller et al., 1973; 
Rattie and Ravin, 1975).

ARC refers to the enhanced renal elimination of circu-
lating drugs. From a pharmacokinetic point of view, ARC 
will result in elevated renal elimination of drugs normally 
excreted by the kidneys, resulting in subtherapeutic serum 
concentrations toward the end of a routine dosing interval 
(Udy et al., 2010). In patients with ARC, cephalothin and 
cefazolin will have increased clearances; hence dosing should 
be individualized (Udy et al., 2010; Roberts et al., 2015).

Although cefazolin is excreted largely unchanged, cepha-
lothin is rapidly deacetylated in the body, presumably mainly 
in the liver, producing the metabolite desacetylcephalothin. 
Some cephalothin may be inactivated in the blood because, 
in vitro, the drug is destroyed when incubated with human 
serum at body temperature (Pitkin et al., 1977). About 65% 
of cephalothin is excreted unchanged, and the remainder as 
its metabolite (Griffith and Black, 1971).

Both drugs have been shown to have a decreased rate of 
disappearance from the serum in studies of patients with 
renal impairment. For cephalothin, the normal half-life of 
0.85 hour was increased only to 2.9 hours in patients with 
severe renal failure (Kunin and Atuk, 1966). In uremic patients, 
there was an early rapid decline in cephalothin serum con-
centrations with an apparent half-life of only about 2.8 hours, 
whereas in patients with end stage renal disease, the appar-
ent half-life could be between 3 and 18 hours (Bennett et 
al., 1987). In uremic patients with a creatinine clearance in 
excess of 10 ml/minute, high cefazolin concentrations are 
still attained in the urine (Brodwall et al., 1977). The serum 
half-life of cefazolin in anephric patients is approximately 
42 hours (Rein et al., 1973).

Cephalothin is excreted in the bile; measurable concen-
trations usually occur in both the gallbladder and common 
bile duct, provided that the biliary tract is not obstructed. 
Cefazolin is also present in bile with only small quantities 
excreted. Neither drug is concentrated in the bile to any extent, 
and concentrations in the bile are usually similar to those in 
the serum at the time (Mendelson et al., 1974; Ratzan et al., 
1974; Brogard et al., 1975; Thys et al., 1976). Cefazolin con-
centrations attained in the bile after usual therapeutic doses 
are higher (17–31 μg/ml) and more sustained than those 
attained by cephalothin; this is entirely because of the higher 
serum concentrations that are attained with cefazolin (Ratzan 
et al., 1974).

5e.  Drug interactions

Probenecid is reported to interact with cephalothin and cefa-
zolin resulting in prolonged serum concentrations (Saslaw, 
1970; Grayson et al., 2002). This drug interaction can be 
used therapeutically to maintain serum concentrations for 
extended periods, enabling reduced frequency of antibiotic 
dosing. 

Cefazolin has been shown to have an additive anticoagu-
lant effect when co-administered with warfarin, leading to 
hypothrombinemia (Angaran et al., 1987). 

6. ADVERSE REACTIONS AND TOXICITY

6a.  Hypersensitivity reactions

Although infrequent, both cephalothin and cefazolin can 
cause IgE-mediated hypersensitivity reactions, which usually 
occur within 1 hour after drug administration (i.e. immedi-
ate reactions) and manifest as urticaria, angioedema, rhini-
tis, bronchospasm, and/or anaphylactic shock (Scholand et 
al., 1968; Spruill et al., 1974; Igea et al., 1992; Culp et al., 
2007; Pipet et al., 2011). Allergy to these first-generation 
cephalosporins has been reported with use of a specific ceph-
alosporin, as a cross-reaction between different cephalospo-
rins, or as a cross-reaction to other beta-lactam antibiotics 
(Scholand et al., 1968; Igea et al., 1992; Kim and Lee, 2014).

First-generation cephalosporins are usually not cross- 
allergenic with the penicillins, with an overall cross-reactivity 
rate estimated at approximately 1% (Campagna et al., 2012). 
Given this low incidence of cross-reactivity, cephalothin and 
cefazolin are frequently recommended for the treatment of 
infections in penicillin-allergic patients. However, immediate 
severe reactions to first-generation cephalosporins in peni-
cillin-allergic patients have been described (Rothschild and 
Doty, 1966; Scholand et al., 1968; Spruill et al., 1974; Cam-
pagna et al., 2012). It is therefore best to avoid their use in 
patients with a history of anaphylaxis. If their use in such 
patients is unavoidable, facilities for treatment of anaphylaxis 
should be readily available. 

Allergic manifestations due to cephalothin and cefazolin 
occur in the absence of a history of penicillin allergy, indi-
cating that these drug themselves can be allergenic. A rare 
serum sickness-like reaction has been associated with both 
cephalothin and cefazolin (Sanders et al., 1974; Brucculeri et 
al., 2006). Cell-mediated delayed type hypersensitivity to 
cephalothin and cefazolin has also been demonstrated (Braun, 
1975; Romano et al., 2001). 

As with penicillin G, routine testing for possible cephalo-
sporin hypersensitivity is not practicable.

6b.  Nephrotoxicity

Cephalothin, its metabolite desacetylcephalothin, or both may 
be responsible for the nephrotoxicity observed with its pre-
scription. Serum concentrations of the metabolite are very 
high in patients with renal failure, even when the cephalothin 
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dose is suitably reduced (Nilsson-Ehle and Nilsson-Ehle, 
1979). In most reports of nephrotoxicity there was evidence 
either of preexisting renal damage or that the cephalothin 
dosage was unusually large, such as 8–24 g daily for 8–35 
days (Rahal et al., 1968; Benner, 1970; Hansten, 1973; Engle 
et al., 1975; Barrientos et al., 1976). Some instances of ceph-
alothin nephrotoxicity appear to be due to direct toxicity of 
the drug, and this has a histologic picture of acute tubular 
necrosis. Pathology in other cases resembles hypersensitivity 
interstitial nephritis, similar to that caused by the penicillins 
(Barza, 1978; Durham and Ibels, 1981).

Nephrotoxicity appears to be rare, mild, and reversible 
with cefazolin (Moellering and Swartz, 1976). Cefazolin has 
been used in doses as high as 12 g daily, without evidence of 
nephrotoxicity (Reinarz et al., 1973). Cefazolin produces 
renal tubular damage in experimental animals, but the lesions 
are relatively mild (Silverblatt et al., 1973).

Acute, usually reversible, renal failure has occurred in 
patients receiving high doses of cephalothin in combination 
with gentamicin (Fillastre et al., 1973; Kleinknecht et al., 
1973). Gentamicin alone can cause renal damage, but this 
drug combination may be more nephrotoxic than either agent 
acting alone. Nephrotoxicity has been reported when cepha-
lothin was combined with one of the other aminoglycosides 
or with one of the polymyxins (Hansten, 1973; Appel and 
Neu, 1977). In the Boston Collaborative Drug Surveillance 
Program, data from over 22,000 consecutive patients admit-
ted to hospital were analyzed. A rise in the blood urea was 
attributed to antibiotic therapy in 8.6% of patients receiving 
gentamicin alone, 2.9% of those receiving cephalothin 
alone, and 9.3% of those receiving the two drugs together. 
These data, therefore, did not demonstrate that cephalothin 
potentiated gentamicin nephrotoxicity (Fanning et al., 1976). 
In a trial by Giamarellou et al. (1979), there was no signifi-
cant difference in nephrotoxicity between gentamicin- and 
gentamicin– cephalothin-treated patients. By contrast, two 
small comparative trials showed that cephalothin potentiated 
nephrotoxicity of gentamicin to a greater extent than one of 
the penicillins, such as methicillin or carbenicillin (EORTC, 
1978; Wade et al., 1978). Clinicians should assume that ceph-
alothin, and to a lesser extent cefazolin, may aggravate ami-
noglycoside nephrotoxicity and should, therefore, use these 
combinations with caution (Mannion et al., 1981; Brown et 
al., 1982; Silverblatt, 1982).

In animals, diuretics such as furosemide may potentiate 
cephalothin nephrotoxicity (Lawson et al., 1972; Foord, 
1975).

6c.  Hematologic side effects

Cefazolin-induced hemolytic anemia is rare, but needs to be 
considered in patients who develop hemolytic anemia post-
operatively (Cerynik et al., 2007). A positive direct Coombs 
test occurs in many patients receiving cephalothin (Molthan 
et al., 1967; Gralnick et al., 1971; Rubin and Burka, 1977). In 
a patient with hemolytic anemia due to penicillin G, the dis-
ease worsened when cephalothin was substituted, but full 

recovery occurred 12 days after cephalothin was stopped 
(Medical News, 1968). Circulating antibodies in this patient 
were identical to those of another patient who had hemolysis 
caused by penicillin G only, in that the sera of both patients 
were equally reactive with penicillin- and cephalothin-coated 
red cells. A severe cephalothin-induced hemolytic anemia 
occurred in a patient following aortic valve replacement 
(Lemole et al., 1972). Cephalothin usually causes an aggre-
gation-type hemolytic anemia—it binds to the red cells, but 
during this process serum proteins are also aggregated. In 
this condition either the IgG Coombs test or the C3 Coombs 
test or both may be positive (Garratty and Petz, 1975).

Other hematologic effects due to cephalothin and cefa-
zolin are rare. Natelson et al. (1976) demonstrated platelet 
function defects for cephalothin by suppression of ADP-
induced platelet aggregation, as seen with carbenicillin and 
ticarcillin. Similar data for cefazolin have also been described 
(Bang and Kammer, 1983). These effects are likely to be dose 
dependent and are more likely in renal dysfunction (Lerner 
and Lubin, 1974). Thrombocytopenia caused by cephalothin, 
apparently due to the binding of a specific antibody to ceph-
alothin-coated platelets, has been described (Gralnick et al., 
1972; Comstock et al., 2015). Leukopenia has also been 
observed after cefazolin usage, and may recur after rechal-
lenge with other cephalosporins (Whitman et al., 2008). There 
is also a report of leukopenia due to cephalothin (Di Cato 
and Ellman, 1975). 

Cephalothin in therapeutic concentrations may inhibit 
optimal polymorphonuclear leukocyte microbicidal func-
tion (Welch et al., 1981). Cephalothin also appears to sup-
press lymphocyte transformation, but it enhances production 
of the lymphokine leukocyte migration-inhibition factor by 
stimulated lymphocytes; this latter effect may explain some of 
the immunologic reactions caused by this antibiotic (Larson 
et al., 1980).

6d.  Gastrointestinal side effects

Clostridium difficile infection may occur after a single pro-
phylactic dose of a first-generation cephalosporin (Carignan 
et al., 2008). In a large study of 4351 surgical procedures 
under cefazolin prophylaxis, 20 patients (4.6 per 1000) devel-
oped C. difficile infection. This risk was lower than after use 
of cefoxitin (14.2 cases of C. difficile infection/1000 proce-
dures when used alone and 72.4 cases/1000 when cefoxitin 
was combined with other antibiotics). However, no cases of 
C. difficile infection occurred in 150 patients administered 
vancomycin as prophylaxis (Carignan et al., 2008). Fatal 
cases of C. difficile infection have been reported after cepha-
lothin use (Bartlett et al., 1979).

6e.  Hepatotoxicity

A single-dose of cefazolin can result in self-limiting liver 
injury with a cholestatic biochemical pattern 1 to 3 weeks 
after exposure (Alqahtani et al., 2015). Clinical features include 
pruritus, jaundice, nausea, fever, and rash. 
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6f.  Neurotoxicity

As with the penicillins and other beta-lactams, encephalopa-
thy and seizures may occur if very high serum concentra-
tions are reached. Most data come from isolated case reports 
in uremic patients treated with cefazolin or patients treated 
with inappropriately high doses of cefazolin (Gardner et al., 
1978; Josse et al., 1987; Schwankhaus et al., 1985; Oritz et 
al., 1991; Lee et al., 2009). Animal studies have shown that 
the quinolones potentiate cephalosporin-induced seizures (De 
Sarro et al., 1993).

6g.  Other side effects

Intramuscular administration of cefazolin is reported to be 
less painful than that of cephalothin (Kirby and Regamey, 
1973). Bacterial meningitis occurred in five patients receiv-
ing cephalothin for other severe infections (Mangi et al., 
1973). Two patients had pneumococcal meningitis and the 
other three were due to a meningococcus, a Klebsiella spp., 
and L. monocytogenes, respectively. Freij et al. (1975) reported 
another patient who developed pneumococcal meningitis 
during cephalothin treatment for pneumococcal septicemia. 
The occurrence of meningitis in these circumstances was 
erroneously described as a specific complication of cephalo-
thin therapy. Meningitis is not an uncommon association of 
any septicemia. Furthermore, it may develop during treat-
ment, particularly if the antibiotic used, such as cephalothin, 
does not easily pass into the CSF and if the bacterial species 
involved is not highly susceptible. This has also occurred with 
other cephalosporins.

6h.  Use in pregnancy

Teratogenicity in humans due to cephalothin or cefazolin has 
not been described (Williams and Smith, 1973). Similar to 
penicillins, cephalosporins can probably be safely used during 
the first trimester of pregnancy, and cefazolin has been used 
to treat pyelonephritis in early pregnancy (Wing et al., 1998). 
No adverse effects, such as hemolytic anemia in the new-
born, have been detected with cephalothin administration to 
mothers near term (Hirsch, 1971). 

7. CLINICAL USES OF THE DRUG

7a.  Perioperative prophylaxis in surgical 
patients

Cephalothin and cefazolin have long been used for perioper-
ative surgical prophylaxis in a wide variety of situations. It 
could be contended that cefazolin is more suitable for this 
purpose than cephalothin, as single i.v. injections result in 
more prolonged serum concentrations.

A major question has been whether the increasing occur-
rence of MRSA and methicillin-resistant coagulase-negative 
staphylococci mandate replacement of first-generation ceph-
alosporins by glycopeptides. A meta-analysis of seven ran - 

domized trials has been performed to investigate whether a 
switch from beta-lactam antibiotics to glycopeptides for car-
diac surgery prophylaxis should be initiated (Bolon et al., 
2004). The evaluated studies were performed between 1988 
and 2002. Overall, patients receiving glycopeptides had a 
higher risk than those receiving beta-lactams, although this 
difference was not statistically significant (risk ratio [RR]: 
1.14; 95% confidence interval [CI]: 0.91–1.42). An effective-
ness review of 16 randomized trials in a variety of surgical 
types has found there was no evidence that glycopeptides 
were more effective than nonglycopeptides in preventing 
surgical site infections (Cranny et al., 2008). However, a ran-
domized trial of vancomycin vs. cefazolin prophylaxis for 
cerebrospinal shunt placement in a hospital with a high prev-
alence of MRSA showed that shunt infections were signifi-
cantly less likely in patients receiving vancomycin prophylaxis 
(4% vs. 14%; p = 0.03). Mortality of patients with postsurgi-
cal infections was higher in the cefazolin group (p = 0.02) 
(Tacconelli et al., 2008).

Vancomycin is an acceptable alternative to cefazolin for 
patients undergoing high-risk procedures in hospitals with 
a  high prevalence of surgical site infections due to MRSA 
(Bratzler and Hunt, 2006; Bratzler et al., 2013). However, 
what constitutes a high prevalence of MRSA is ill-defined. In 
many hospitals, 70–80% of coagulase-negative and 40–50% 
of coagulase-positive Staphylococcus strains are methicillin 
resistant (Chenoweth et al., 2005). Certainly, patients with 
known MRSA carriage or history of allergy to cephalospo-
rins should receive glycopeptides. However, the routine use 
of vancomycin prophylaxis is not recommended.

Cephalothin and cefazolin chemoprophylaxis have been 
used in cardiac surgery if the operation involves valve replace-
ment or cardiopulmonary bypass (Gorbach, 1982). Similarly, 
cephalothin and cefazolin chemoprophylaxis is of value for 
vascular surgery or lower extremity and total joint replace-
ment (Hirschmann and Inui, 1980; Earnshaw, 1989; Hopkins, 
1991; Norden, 1991; Douglas et al., 2011). In clean non-
implant neurosurgery, the data as to the value of chemopro-
phylaxis are inconclusive, but if chemoprophylaxis is given, 
cefazolin may be a suitable drug (Brown, 1993; INWPBSAC, 
1994; Somma et al., 2015). However, as noted, one recent 
study showed superiority of vancomycin over cefazolin for 
cerebrospinal fluid shunt placement (Tacconelli et al., 2008).

Perioperative antibiotic prophylaxis with cefazolin has 
also been used in breast surgery, vaginal and abdominal 
hysterectomies, and cesarean sections (Polk et al., 1980; 
Gorbach, 1982; Shapiro et al., 1983; Brown, 1987; Hager et 
al., 1991; Hemsell, 1991; Platt et al., 1993). In women under-
going cesarean section, preoperative administration of 
cefazolin significantly reduces the risk of postpartum endo-
metriosis compared to administration at cord clamping 
(Sullivan et al., 2007; Sun et al., 2013). Further, despite theo-
retical concerns, preoperative cefazolin administration does 
not significantly affect proven neonatal sepsis, suspected neo-
natal sepsis that requires a workup, or neonatal intensive care 
admissions compared to administration at cord clamping 
(Sun et al., 2013). 
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Cephalothin and cefazolin have also been used with suc-
cess in patients undergoing biliary procedures (Neu, 1980; 
Alveyn, 1993), but other antibiotics, such as ampicillin, may 
be preferable. Cefazolin is not suitable for prophylaxis in 
colonic surgery where anaerobes are often involved (Neu, 
1980).

7b.  Staphylococcal infections

First-generation cephalosporins such as cephalothin and cefa-
zolin have an important role in the treatment of methicillin- 
susceptible S. aureus infections. Cephalothin is an alternative 
to penicillinase-resistant penicillins (i.e. flucloxacillin or 
dicloxacillin) in the treatment of severe staphylococcal infec-
tions such as septicemia and endocarditis in patients with 
penicillin hypersensitivity or intolerance (Kaplan and Tenen-
baum, 1982; Sande and Scheld, 1980; Rayner and Munckhof, 
2005). 

By contrast, cefazolin is somewhat less stable to staphylo-
coccal beta-lactamase than cephalothin and is therefore not 
a good drug for the treatment of severe staphylococcal infec-
tions such as endocarditis. Comparative data from animal 
studies for these drugs are conflicting. Goldman and Peters-
dorf (1980) found cephalothin to be superior to cefazolin for 
the treatment of experimental S. aureus endocarditis in rab-
bits, whereas Carrizosa et al. (1978, 1982) showed that both 
drugs were equally effective. Successes and failures have been 
described when cefazolin was used for S. aureus endocarditis 
in humans, and its role for this infection remains contro-
versial (Quinn et al., 1973; Bryant and Alford, 1977; Bryant 
and Alford, 1978; Kaye et al., 1978; Drake and Sande, 1983; 
Cunha et al., 2005; Fernandez-Guerrero and de Gorgolas, 
2005). These differing results may be explained by the fact 
that different strains of S. aureus produce different beta-lact-
amases and some of them easily hydrolyze cefazolin whereas 
others do not. These differences may become especially 
important in deep-seated staphylococcal infections such as 
osteomyelitis and endocarditis.

Furthermore, cephalosporins may be preferred in the 
treatment of less severe staphylococcal infections, such as 
skin and soft tissue infections, because they are less likely to 
cause serious adverse events such as hepatitis, interstitial 
nephritis or phlebitis than the penicillinase-resistant penicil-
lins. Zeller et al. (2009) reported high clinical efficacy, feasi-
bility and safety of cefazolin administered by continuous 
infusion to 100 patients with bone and joint infections. 

Cephalothin and cefazolin, like other cephalosporins, are 
ineffective for the treatment of infections caused by MRSA 
strains.

7c.  Streptococcal and pneumococcal 
infections

Streptococcus pyogenes infections, such as pharyngitis, scarlet 
fever, cellulitis, and pneumococcal pneumonia respond well 
to cephalothin and cefazolin (Reinarz et al., 1973; Reller et 

al., 1973; Fass, 1978; Neu, 1980). Further, although penicillin 
G is the first choice, cephalothin and cefazolin are also used 
as chemoprophylaxis in preventing group B streptococcal 
disease in the newborn and are recommended for women 
with a history of penicillin allergy (Morales et al., 1999; Apgar 
et al., 2005). 

Cephalothin and cefazolin have been used in the treat-
ment in pneumococcal infections, such as pneumococcal 
pneumonia (Raff et al., 1978; Jenkinson et al., 1979). How-
ever, cephalothin alone is unsatisfactory for the treatment of 
pneumococcal and all other types of meningitis (Fisher et al., 
1975). Cephalothin is effective for the treatment of S. viri
dans or S. bovis endocarditis but is ineffective, even in com-
bination with aminoglycosides, for the treatment of E. 
faecalis endocarditis (Abrutyn et al., 1978; Drake and Sande, 
1983).

7d.  Urinary tract infections and gonorrhea

Previously, first-generation cephalosporins were routinely 
used to treat urinary tract infections, particularly those due 
to E. coli and P. mirabilis (Ries et al., 1973; Benner et al., 
1975). However, because of emerging resistance and higher 
recurrence rates compared to other agents, cefazolin and 
cephalothin should be used only if a urine culture documents 
sensitivity (Warren et al., 1999; Jancel and Dudas, 2002).

Uncomplicated gonorrhoea and gonococcal arthritis his-
torically responded to a course of cefazolin (Karney et al., 
1973). In the current era, ceftriaxone would be preferred to 
earlier generation cephalosporins for gonorrhoea (Lancaster 
et al., 2015).

7e.  Actinomycosis

A few patients with actinomycosis have been successfully 
treated with cephalothin or cefazolin (Caldwell, 1971). How-
ever, penicillin G or amoxicillin are considered drugs of 
choice for the treatment of this disease (Valour et al., 2014). 
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Cephalexin

Nastaran Rafiei

1. DESCRIPTION

Cephalexin (also spelled cefalexin) is a semisynthetic 
first-generation cephalosporin antibiotic intended for oral 
administration. Cephalexin was the first oral cephalosporin 
introduced for clinical use in 1969. It is 7-(d-alpha-amino- 
alpha-phenylacetamido)-3-methyl-3-cephem-4-carboxylic 
acid monohydrate. Cephalexin has the molecular formula 
C16H17N3O4S H2O, and the molecular weight is 365.41; ceph-
alexin’s chemical structure is illustrated in Figure 19.1. 

The nucleus of cephalexin is related to that of other ceph-
alosporin antibiotics. Cephalexin has a d-phenylglycyl group 
as substituent at the 7-amino position and an unsubstituted 
methyl group at the 3-position. The compound is a zwitter-
ion—that is, the molecule contains both a basic and an acidic 
group. The isoelectric point of cephalexin in water is 4.5–5.

The crystalline form of cephalexin is a monohydrate. It is 
a white crystalline solid with a bitter taste. Solubility in water 
is low at room temperature; 1 or 2 mg/ml may be dissolved 
readily, but higher concentrations are obtained with increas-
ing difficulty.

Each capsule contains cephalexin monohydrate equivalent 
to 250 mg (720 μmol) or 500 mg (1439 μmol) of cephalexin.

2.  ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The antibacterial spectrum of cephalexin resembles that of 
other first-generation cephalosporins, such as cephalothin 
or cephazolin (Muggleton et al., 1968; see Chapter 18, 
Cephalothin and cefazolin). Table 19.1 summarizes in vitro 
susceptibility.

GRAM-POSITIVE AEROBIC BACTERIA

Cephalexin is active against common Gram-positive organ-
isms causing uncomplicated skin and soft tissue infection, 
although the advent of methicillin-resistant Staphylococcus 
aureus (MRSA) in the community has compromised its over-
all activity. Methicillin-susceptible S. aureus (MSSA) remains 

susceptible to cephalexin (MIC 1–16 μg/ml) (Jones and 
Sader, 2006); however, EUCAST does not publish clinical 
breakpoints for individual cephalosporins to staphylococci. 
Susceptibility is instead inferred from cefoxitin testing. 
Cephalexin has good activity against Streptococcus pyogenes 
(MIC 0.12–1 μg/ml) (Jones and Sader, 2006), viridans strep-
tococci (Alcaide et al., 1995), and S. agalactiae (Sader et al., 
2004). 

The activity based on the MIC50s and MIC90s for S. pneu-
moniae for cephalexin is the poorest among oral cephalo-
sporins. S. pneumoniae generally has become resistant to 
cephalexin, with a reported MIC50 of 64 and MIC90 of 128 μg/
ml or higher in some centers (Hsueh et al., 2004), although 
some strains are still susceptible. EUCAST (2015) has not deter-
mined an MIC breakpoint of cephalexin for S. pneumoniae.

Coagulase-negative staphylococci are now increasingly 
resistant to cephalexin (Sader et al., 2004). Enterococcus fae-
calis and E. faecium are resistant (Marrie and Kwan, 1982). 
Corynebacterium diphtheriae is cephalexin sensitive, but 
Listeria monocytogenes is relatively resistant (Wick, 1967; 
Kayser, 1971).

GRAM-NEGATIVE AEROBIC BACTERIA

Over the years, the activity of cephalexin against major 
Gram-negative bacilli, such as Escherichia coli and Klebsiella 
pneumoniae, has diminished. The EUCAST (2015) MIC 
breakpoint for Enterobacteriacae is ≤ 16 mg/l for uncom-
plicated urinary tract infections. There is wide regional vari-
ation in susceptibility rates of E.coli and Klebsiella pneumoniae 

Figure 19.1. Chemical structure of cephalexin. 
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to cephalexin. Salmonella spp. and Shigella spp. are not effec-
tively treated with first-generation cephalosporins and should 
not be used for this indication. Proteus vulgaris, Morganella 
morganii, Enterobacter spp., and Pseudomonas aeruginosa 
are always cephalexin resistant. Serratia marcescens and the 
Providencia, Hafnia, Citrobacter, Edwardsiella, and Arizona 
species are also usually not susceptible. Campylobacter jejuni 
is resistant to cephalexin (Karmali et al., 1980).

Historically, Haemophilus influenzae typically lacks sus-
ceptibility to cephalexin (Waterworth, 1971; Powell and 
Williams, 1988). This finding has persisted in more recent 
evaluations (Hsueh et al., 2004). These have also shown that 
cephalexin has a high MIC for Moraxella catarrhalis (MIC90 
> 64 μg/ml) (Hsueh et al., 2004).

Cephalexin lacks in vitro activity against P. multocida and 
is therefore not recommended for infections after animal 
bites and scratches (Talan et al., 1999).

ANAEROBIC BACTERIA

Anaerobic Gram-positive cocci, such as the Peptococcus and 
Peptostreptococcus are usually moderately sensitive. Most 
strains recovered from airway associated infections are inhib-
ited by 8–16 μg/ml. 

Anaerobic Gram-positive rods, such as Clostridium per-
fringens, C. tetani, and other Clostridium spp., are relatively 
resistant. Some strains may be inhibited by 8–16 μg/ml ceph-
alexin, but others need 32–64 μg/ml, or even higher, for inhi-
bition (Tally et al., 1975).

Bacteroides fragilis is cephalexin resistant, but other anaer-
obes, such as Prevotella spp., which populate the oropharynx, 
may be susceptible. Similarly, Fusobacterium and Veillonella 
spp. may be susceptible to cephalexin, especially strains 
recovered from airway-related infections as opposed to those 
isolated from intraabdominal infections (Tally et al., 1975; 
Busch et al., 1976).

OTHER BACTERIA

Mycoplasma and mycobacteria are cephalexin resistant. 
Cephalexin is inactive against B. burgdorferi in vitro and 
would not be predicted to be clinically effective in the treat-
ment of Lyme disease (Nowakowski et al., 2000).

2b.  Emerging resistance and 
cross-resistance

The emergence of community-acquired MRSA (CA-MRSA) 
has had a significant impact on the use of cephalexin for the 
treatment of skin and soft tissue infections. 

In regard to the Enterobacteriaceae, the proliferation of 
different beta-lactamase types has been the most significant 
cause of resistance. Although extended-spectrum beta- 
lactamase (ESBL)-producing or carbapenemase-producing 
organisms are clearly resistant to cephalexin, even the pro-
duction of the narrower-spectrum TEM-1 beta-lactamase 
may compromise the activity of cephalexin.

2c.  In vitro synergy and antagonism

Synergy and antagonism have been rarely studied with 
cephalexin and are of little clinical importance to the drug’s 
current usage.

3. MECHANISM OF DRUG ACTION

Cephalexin, similar to penicillin and other cephalosporins, is 
mainly bactericidal. It inhibits the third and final stage of the 
synthesis of bacterial cell walls by preferentially binding to 
specific penicillin-binding proteins (PBPs) that are located 
inside the bacterial cell wall. PBPs are responsible for several 
steps in the synthesis of bacterial cell wall and are found in 

Table 19.1. Summary of susceptibility data for cephalexin

Organism MIC90 (μg/ml) Range(μg/ml) References

Gram-positive pathogens

Staphylococcus aureus   8 (n = 242)   1–32 Sader et al. (2004); Jones and Sader (2006)

  4 (n = 291)   1–16

Coagulase-negative staphylococci   4 (n = 40)   0.5–4 Sader et al. (2004); Jones and Sader (2006)

Streptococcus pneumoniae 128 (n = 267)   1–> 128 Hsueh et al. (2004)

Streptococcus pyogenes   0.5 (n = 205)   0.12–2 Hsueh et al. (2004); Sader et al. (2004); 
Jones and Sader (2006)  0.5 (n = 61) ≤ 0.12–1

  1 (n = 57)   0.25–4

Streptococcus agalactiae   4 (n = 60)   2–8 Sader et al. (2004); Jones and Sader (2006)

Viridans streptococci  16 (n = 43)   1–64 Sader et al. (2004); Jones and Sader (2006)

Gram-negative pathogens

Escherichia coli  16 (n = 44)   4–> 16 Sader et al. (2004); Jones and Sader (2006)

 32 (n = 21)   4–> 256

Klebsiella pneumoniae   8 (n = 40)   4–> 256 Jones and Sader (2006)

Moraxella catarrhalis  64 (n = 147)   0.06–128 Hsueh et al. (2004)

Pasteurella spp.   2 (n = 29)   0.5–16 Goldstein et al. (1995)
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quantities of up to several thousand molecules per bacterial 
cell. The interaction with PBP ultimately leads to cell lysis. 
Lysis is mediated by bacterial cell wall autolytic enzymes 
(Curtis et al., 1979).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Cephalexin is administered orally. A parenteral form is not 
generally available but has been used for investigational pur-
poses. The adult dosage for oral administration ranges from 
1 to 4 g daily in divided doses. The usual adult dose is 250–
500 mg every 6 hours. For milder infections, such as strep-
tococcal pharyngitis, skin and skin-structure infections, and 
uncomplicated cystitis in patients over 15 years of age, ceph-
alexin may be given at a dose of 500 mg every 12 hours 
(Kumar et al., 1988).

4b.  Newborn infants and children

The usual recommended daily dosage for pediatric patients is 
25–50 mg/kg in divided doses. For streptococcal pharyngitis 
in patients over 1 year of age and for skin and skin structure 
infections, the total daily dose may be divided and adminis-
tered every 12 hours. It can be given up to 100 mg/kg/day in 
moderate to severe infection. There are currently no data 
regarding the safety of cephalexin use in premature neonates.

4c.  Pregnant and lactating mothers

Cephalexin has had a long history of use in pregnancy and 
belongs to the US Food and Drug Administration’s category 
B for pregnancy. Animal studies have failed to reveal evidence 
of fetotoxicity or teratogenicity. There are no controlled data 
in human pregnancy. Cephalexin has been widely used for 
the treatment of mastitis. Although there is likely to be small 
amounts of cephalexin in breast milk, there is typically no 
adverse effect for the infant. There is no recommendation for 
dose change in pregnancy or breastfeeding.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Cephalexin accumulates in patients with renal dysfunction 
so that dosage modification is necessary (Bailey et al., 1970). 
An i.v. dose of 1 g cephalexin appears to maintain an ade-
quate serum level for up to 8 hours during hemodialysis 

(Davies and Holt, 1972). Cephalexin is suitable for treatment 
of urinary tract infections in azotemic patients because it 
produces satisfactory and prolonged concentrations in the 
urine, even in severe renal failure (Bailey et al., 1970). Table 
19.2 summarizes a proposed dosage regimen for treatment 
of moderately severe systemic infections in patients with var-
ious degrees of renal impairment.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Cephalexin can be safely used in patients with liver impair-
ment. There are currently no data in regard to the recom-
mendation of cephalexin administration in patients with 
significant liver impairment.

OLDER ADULTS

Clinical experience has not identified differences in responses 
between the elderly and younger patients. Because cepha-
lexin is known to be substantially excreted by the kidney and 
because elderly patients are more likely to have decreased 
renal function, care should be taken in dose selection for 
elderly individuals.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Cephalexin is almost completely absorbed after oral adminis-
tration (Meyers et al., 1969). Cephalexin absorption is unim-
paired in patients with obstructive jaundice, achlorhydria, 
partial gastrectomy, and congestive cardiac failure. There is 
no impairment of absorption in patients with celiac disease, 
small bowel diverticulosis, and cystic fibrosis, but absorption 
is slightly impaired in those with Crohn’s disease (Davies and 
Holt, 1975; Rubio, 1986). Food delays absorption, resulting 
in lower peak but more prolonged serum levels; the total 
amount of the drug absorbed is only slightly less when given 
with food (Tetzlaff et al., 1978). In fasting patients, 82% of 
orally administered cephalexin is found in urine, compared 
with 73% in those given food simultaneously (Griffith and 
Black, 1969). Cephalexin is about 15% serum protein bound 
(Kind et al., 1968).

5b.  Drug distribution

After a 250 or 500 mg oral dose of cephalexin, average peak 
serum concentrations of 9 or 15–18 mg/l, respectively, are 
achieved within 1 hour. Mean serum concentrations decline 
to 1.6 or 3.4 mg/l after 250- or 500-mg doses, respectively, at 

Table 19.2. Dosing adjustment of cephalexin in patients with renal impairment

Usual adult  
dosing regimen GFR 50–90 ml/minute GFR 10–50 ml/minute GFR < 10 ml/minute Hemodialysis PD

500 mg every 6 hours No change 500 every 12 hours 250 mg every 12 hours 500 mg after 500 mg every 12 hours

Abbreviations: GFR: glomerular filtration rate; PD: peritoneal dialysis.
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3 hours after administration of the dose (Griffith and Black, 
1970). Probenecid prolongs and enhances serum levels. The 
serum levels cited are attained after oral administration of 
the usual cephalexin preparation, which is cephalexin mono-
hydrate. Cephalexin hydrochloride has also been made avail-
able and is more rapidly absorbed. Serum levels at 15 and 30 
minutes after dosing are higher than those attained by the 
monohydrate. The peak serum level and the area under the 
curve (AUC) are the same as those attained with the mono-
hydrate. Clinically, both preparations have the same efficacy 
(Kumar et al., 1988). Both preparations are available in some 
markets.

Griffith and Black (1971) studied postmortem tissue lev-
els of cephalexin in a patient who had received 2 g orally 
every 6 hours, the last dose being 5.5 hours before death. The 
level in the heart blood was 1.9 μg/ml, and tissue levels in 
the lung, spleen, liver, adrenals, pancreas, heart muscle, and 
stomach ranged from 0.12 to 0.6 μg/g. A higher concentra-
tion of 4.05 μg/g was found in kidney tissue. Moderately high 
cephalexin concentrations were reached in purulent sputum 
of patients with inflamed bronchi, but this decreased as 
bronchial inflammation resolved (Halprin and McMahon, 
1973). Therapeutic levels of cephalexin were achieved in 
amniotic fluid and cord blood if the drug was given in late 
pregnancy (Goodspeed, 1975). Cerebrospinal fluid penetra-
tion has not been studied.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Time above the MIC is the pharmacokinetic–pharmacody-
namic parameter that correlates with the therapeutic efficacy 
of the various beta-lactam antibiotics, including cephalexin. 
An in vivo bacteriostatic effect was observed when serum 
levels were above the MIC for 30–40% of the dosing interval, 
whereas maximum killing was approached when levels were 
above the MIC for 60–70% of the time (Craig, 1998; Craig, 
2003).

5d.  Excretion

Cephalexin is excreted in the urine in an active, unchanged 
form by glomerular filtration and tubular secretion. Between 
70% and 100% of the dose is found in the urine 6–8 hours 
after each dose. Concentrations of cephalexin of 500–1000 
mg/l in urine follow 250–500 mg oral doses of cephalexin, 
many times greater than the minimum inhibitory concentra-
tion for the usual urinary tract pathogens (Griffith, 1983). As 
noted earlier, cephalexin accumulates in patients with 
impaired renal function. In normal subjects, the mean serum 
half-life is 0.9 hour, but in patients with severe renal function 
impairment, it increases to 20–30 hours (Kabins et al., 1970).

Less than 1% of cephalexin is excreted in bile. After 
repeated doses, moderately high cephalexin levels (15–90 
mg/l) are attained in gallbladder bile, provided that the gall-
bladder is functioning normally. Biliary levels are much lower 
in patients with nonfunctioning gallbladders, and in the 

presence of complete biliary obstruction, no cephalexin is 
excreted in bile (Sales et al., 1972).

Cephalexin is not metabolized or inactivated in the body 
(Griffith and Black, 1971).

5e.  Drug interactions

Probenecid delays excretion by partially blocking renal tubu-
lar secretion, resulting in prolonged serum concentrations of 
the drug (Braun et al., 1968; Griffith and Black, 1971). Some 
clinicians therefore prescribe these agents together to allow 
for a less frequent dosing schedule. 

Patients receiving acid-suppressive therapy (histamine-2 
receptor antagonists) tended to have a higher rate of fail-
ure with cephalexin therapy. The hypothesized interaction 
between histamine-2 receptor antagonists and cephalexin 
involves delayed absorption and an alteration in antimicro-
bial pharmacodynamics (Madaras-Kelly et al., 2004).

Concomitant administration of cholestyramine reduces 
cephalexin absorption; therefore, these two drugs should not 
be administered simultaneously (Parsons et al., 1975; Parsons 
and Paddock, 1975).

In healthy subjects given single 500-mg doses of cepha-
lexin and metformin, plasma metformin mean Cmax and AUC 
increased by an average of 34% and 24%, respectively, and 
metformin mean renal clearance decreased by 14% (Jayasagar 
et al., 2002). No information is available about the inter-
action of cephalexin and metformin after multiple doses of 
either drug. Although not observed in this study, adverse 
effects could potentially arise from co-administration of 
cephalexin and metformin by inhibition of tubular secretion 
via organic cationic transporter systems. Accordingly, care-
ful patient monitoring and dose adjustment of metformin is 
recommended in patients concomitantly taking cephalexin 
and metformin.

6. ADVERSE REACTIONS AND TOXICITY

6a.  Gastrointestinal side effects

As with all other oral cephalosporin, gastrointestinal distur-
bance is one of the most commonly reported side effects. 
Diarrhea, vomiting, and abdominal cramps occur in some 
patients receiving oral cephalexin therapy. This class of reac-
tion is reported to occur in less than 5% of patients. According 
to Bartlett et al. (1979), pseudomembranous colitis (due to C. 
difficile) is not a rare complication of oral cephalosporin 
therapy. They reported five patients who developed C. diffi-
cile colitis after receiving oral cephalexin as a single drug, 
and two others who had received cephalexin plus one of the 
parenteral cephalosporins. More recent case-control studies 
have not identified cephalexin as a significant risk factor for 
C. difficile, similar to ampicillin, azithromycin, and TMP/
SMX (Palmore et al., 2005; Baxter et al., 2008). Other less 
commonly reported gastrointestinal side effects include dys-
pepsia, candidiasis, anorexia, and anal pruritus (Mitropoulos 
et al., 2007).
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6b.  Hypersensitivity reactions

Skin rashes and eosinophilia have been observed in cepha-
lexin-treated patients. Serum sickness can also occur but 
seems relatively rare (Platt et al., 1988). Cephalexin caused 
toxic epidermal necrolysis in one patient (Dave et al., 1991). 
It has been assumed that cephalexin is not cross-allergenic 
with the penicillins, and some publications suggest that 
91–94% of patients with a history of penicillin allergy do not 
react to cephalexin or cephalothin (Dash, 1975). Nevertheless, 
cephalexin should be avoided in patients with anaphylaxis or 
urticaria developing after administration of penicillin, ceph-
alosporins, or other beta-lactam antibiotics.

6c.  Nephrotoxicity

Nephrotoxicity has been rare with oral cephalexin (Kabins et 
al., 1970). The drug does not aggravate preexisting renal dis-
ease (Kunin and Finkelberg, 1970). Hematuria and eosino-
philia occurred in two patients with bacterial endocarditis 
who were treated with very high oral cephalexin doses (20 
or 24 g per day plus probenecid); one patient also developed 
a transient elevation of serum creatinine. All abnormalities 
disappeared when cephalexin was ceased (Verma and Kieff, 
1975).

6d.  Hematologic side effects

A positive Coombs test has been reported with cephalexin 
therapy (Erikssen et al., 1970). The clinical significance of 
this is not clear; Coombs positive hemolytic anemia is rare. 
Forbes et al. (1972) described a 14-year-old patient with 
hemophilia who developed severe intravascular hemolysis 9 
days after starting cephalexin in a dose of 2 g daily. Hemolysis 
ceased after cephalexin was stopped. Other less commonly 
reported side effects are reversible neutropenia, eosinophilia, 
and thrombocytopenia (Mitropoulos et al., 2007).

6e.  Neurotoxicity

Cephalexin may occasionally cause central nervous system dis-
turbances. Diplopia, headache, tinnitus, and ataxia occurred 
in one patient; these symptoms gradually disappeared within 
2 weeks of cessation of the drug (Erikssen et al., 1970). 
Similar symptoms were observed in another patient by Kind 
et al. (1968). If very high serum levels of cephalexin are 
reached, convulsions and coma may result. Saker et al. (1973) 
described a patient with severe renal disease treated with 
cephalexin who developed a grand mal seizure that was fol-
lowed by disorientation lasting for over 1 week. The drug was 
given in a dose of 2 g daily, and its serum level before the 
seizure was 120 μg/ml.

6f.  Hepatotoxicity

Modest elevation of serum transaminases concentration has 
been reported (Mitropoulos et al., 2007).

6g.  Use in pregnancy

Cephalexin has been administered as early as the second 
month of pregnancy without evidence of fetal damage 
(Good speed, 1975).

7. CLINICAL USES OF THE DRUG

The clinical effectiveness and favorable adverse effect profile 
of cephalexin has allowed the drug to have a continued place 
in therapy for over 40 years. However, the emergence of 
CA-MRSA infection has raised speculation as to the ongoing 
role of cephalexin as a first-choice antibiotic.

7a.  Skin and soft-tissue infection

Cephalexin has long been used for skin and soft tissue infec-
tions (SSTIs), given its activity against S. pyogenes and S. 
aureus. Over the past decade however, the increasing preva-
lence of CA-MRSA has led to concerns about diminished 
utility of cephalexin and a subsequent increase in prescrip-
tion of MRSA-active agents empirically (Talan et al, 2011; 
Pallin et al, 2013). MRSA is the most common organism iso-
lated in patients with a purulent SSTI in the USA; however, 
a prospective randomized trial has shown that the addition 
of systemic antibiotics to incision and drainage does not 
improve clinical outcomes, even in a population with high 
rates of MRSA (Rajendran et al., 2007). Accordingly, the 
Infectious Diseases Society of America (IDSA) has recom-
mended the empiric use of MRSA-active antibiotics only for 
those patients with a purulent SSTI and severely impaired 
host responses or signs of the systemic inflammatory response 
syndrome (Stevens et al., 2014). Nonpurulent SSTIs are more 
common than purulent cases, and a microbiological diagno-
sis in this setting is much more difficult to obtain. It is not 
clear that MRSA has the same association with nonpurulent 
SSTI as with purulent infection, and the need to extend anti-
biotic cover beyond cephalexin has not been established. 
Retrospective studies of cephalexin vs. MRSA-active agents 
in individuals with a nonpurulent SSTI have produced con-
flicting results (Khawcharoenporn and Tice, 2010; Madaras-
Kelly et al., 2008). A recent prospective randomized trial 
showed no benefit to the addition of trimethoprim–sulfame-
thoxazole over the use of cephalexin alone in patients with a 
nonpurulent SSTI (Pallin et al., 2013). In line with this find-
ing, the IDSA has retained cephalexin as a first-line oral anti-
biotic for empiric treatment of nonpurulent SSTIs (Stevens 
et al., 2014). It is recommended that severe cases, however, 
are treated with MRSA-active antibiotics. Cephalexin is also 
recommended for i.v. to p.o. switch programs for hospital 
patients with uncomplicated cellulitis being treated with beta- 
lactams parenterally (Cunha, 2006).

Cephalexin is typically not effective for animal bites and 
scratches given its lack of in vitro activity against P. multocida 
(Talan et al., 1999).

Cephalexin has also been noted to be efficacious for the 
treatment of patients who failed traditional acne therapy. In 
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a small retrospective descriptive data, of the 98 courses of 
cephalexin, 45 of patients cleared, 45% were much improved, 
29% were somewhat improved, 16% experienced no change, 
and 6% worsened at first followup. A total of 84% of patients 
had previously used a systemic antibiotic(s) for acne; 7% 
experienced adverse effects. In other words, nearly 80% of 
patients exhibited at least some clinical improvement, even 
though only less than 5% achieved clinical cure (Fenner, 2008).

The most common pathogens in acute, previously un- 
treated, superficial infected foot wounds in patients with 
diabetes are aerobic Gram-positive bacteria, particularly 
S.  aureus and beta-hemolytic streptococci. Cephalexin can 
be used to treat mild soft-tissue infection in the diabetic foot 
(Bader, 2008). However, deeper infections that may involve 
aerobic and anaerobic Gram-negative bacilli would not be 
covered by cephalexin alone.

7b.  Genitourinary tract infection

Increasing resistance of E. coli to cephalexin has limited the 
use of this agent for the treatment of cystitis, although the 
high urinary concentrations that are achieved may allow it to 
retain effectiveness for uncomplicated infection (Warren et 
al., 1999). Beta-lactams, including cephalexin, are generally 
inferior to other antimicrobials used for the treatment of uri-
nary tract infection and are, therefore, considered second- 
line agents (Gupta et al., 2011). Cephalexin can also be used 
during pregnancy (Nicolle, 2002; Colgan et al., 2006). Its use 
is not recommended for the initial treatment of severe cysti-
tis or acute pyelonephritis. However, it can be used as a 
switch to oral therapy in selected cases based on organism 
susceptibility and patient tolerance. As a part of strategies to 
prevent recurrent urinary tract infection, cephalexin is also 
potentially efficacious for long-term antimicrobial prophy-
laxis and postcoital prophylaxis, with a reported efficacy of 
95% or more (Nicolle, 2008).

It is important to note that a retrospective review of 324 
children with primary vesicoureteric reflux found that those 
receiving cephalosporins, including cephalexin, as prophy-
laxis are at increased risk of having multidrug-resistant uro-
pathogens, such as ESBL pathogens, for breakthrough urinary 
tract infections. Therefore, it has been suggested that this 
antibiotic is not appropriate for prophylactic use in patients 
with vesicoureteral reflux (Cheng et al., 2008).

Cephalexin is one of the few oral antibiotics that can be 
used to treat uncomplicated acute prostatitis, although dete-
riorating E. coli susceptibilities are a concern, and cephalexin 
does not form part of the recommended empiric treatment 
for this condition (Lipsky et al., 2010). Patients with S. aureus 
or S. epidermidis as causative pathogens are most likely to 
benefit (Stevermer and Easley, 2000).

A retrospective analysis has shown that cephalexin can be 
given as combination therapy with erythromycin as an alter-
native to a beta-lactam/beta-lactamase inhibitor regimen to 
prolong latency in patients with premature rupture of mem-
branes (Ehsanipoor et al., 2008). Both regimens had equiva-
lent rates of necrotizing enterocolitis.

7c.  Respiratory tract infection

Cephalexin is active against S. pyogenes and provides effec-
tive therapy in streptococcal pharyngitis. It has poor activity 
against penicillin-resistant pneumococci, H. influenzae, and 
M. catarrhalis and is not recommended for empirical treat-
ment of sinusitis, otitis media, and lower respiratory tract 
infections such as pneumonia (Schentag and Tillotson, 1997; 
Appelbaum, 2002; Slavin et al., 2005; Mandell et al., 2007).

7d.  Bone and joint infection

Cephalexin can be used as sequential therapy in the treat-
ment of hematogenous osteomyelitis and septic arthritis in 
children, although here too there is concern about the inci-
dence of MRSA (Arnold and Bradley, 2015; Peltola et al., 
1997). In one retrospective study involving 39 children with 
acute osteomyelitis, cephalexin was successfully used as a 
sequential oral antibiotic in 90% of patients with no failures 
or complications seen after 6 months of followup (Bachur 
and Pagon, 2007). For adult patients, there are no data on the 
utility of sequential therapy with cephalexin. It is, however, 
recommended as a companion drug to rifampicin for staph-
ylococcal prosthetic joint infection and may also be used for 
chronic antimicrobial suppression in this scenario (Osman et 
al., 2013). 

7e.  Acute lymphadenitis

Generally, treatment is not usually necessary for acute bilat-
eral lymphadenitis, which most frequently is related to a 
self-limited viral illness. On the other hand, acute unilateral 
cervical lymphadenitis is often caused by S. aureus or S. pyo-
genes. In a mild to moderately ill child, empirical treatment 
with cephalexin (25–100 mg/kg/day p.o., divided, every 6–8 
hours; maximum dose 4 g/day) is recommended (Al-Dajani 
and Wootton, 2007). Cephalexin is not recommended for ini-
tial therapy in severely ill children, especially in areas where 
CA-MRSA is prevalent. The total length of therapy of cepha-
lexin is usually 10–14 days.

7f.  Prophylaxis for infective endocarditis

Guidelines on the prevention of infective endocarditis by the 
American Heart Association published in 2007 (Wilson et 
al., 2007) have come out with major changes in the updated 
recommendations, in which cephalexin plays a part. The rec-
ommendations for antibiotic prophylaxis are limited only 
to patients with the following conditions: (1) prosthetic car-
diac valve or prosthetic material used for cardiac valve repair, 
(2) previous history of infective endocarditis, (3) some forms 
of congenital heart disease (CHD), and (4) cardiac trans-
plantation recipients who develop cardiac valvulopathy. The 
guidelines also recommend that antimicrobial prophylaxis be 
given to patients with the cardiac lesions listed earlier when 
they undergo procedures likely to result in bacteremia with a 
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microorganism that has the potential ability to cause endo-
carditis. Such procedures are discussed later in the chapter.

7g.  Skin and musculoskeletal tissue

Patients undergoing procedures involving infected skin and 
musculoskeletal tissue (e.g. incision and drainage of skin 
abscess) should receive agents active against staphylococci 
and beta-hemolytic streptococci. Cephalexin is a preferred 
oral therapy, especially in a setting in which the prevalence 
of MRSA is still low.

7h.  Dental, oral, or upper respiratory tract 
procedures

For all dental procedures that involve manipulation of either 
gingival tissue or the periapical region of teeth or perforation 
of the oral mucosa, cephalexin 2 g (or 50 mg/kg to a maxi-
mum dose of 2 g) orally given 30–60 minutes before the pro-
cedure can be used as an alternative to amoxicillin in patients 
allergic to penicillin or ampicillin; a second dose is not 
necessary.

7i.  Uncomplicated vaginal or cesarean 
delivery

Antibiotic prophylaxis is given only in certain conditions to 
prevent enterococcal endocarditis. In such a situation, ceph-
alexin is not indicated because it has poor activity against 
Enterococcus spp.
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Cefadroxil, Cephaloridine, 
Cephacetrile, Cephapirin, 
Cephradine, and Other Rarely 
Used First-Generation 
Cephalosporins

David L. Paterson

1. DESCRIPTION

The most commonly used first-generation cephalosporins 
are the parenteral cephalosporins, cefazolin and cephalothin 
(see Chapter 18, Cephalothin and cefazolin), and the oral 
drug, cephalexin (See Chapter 19, Cephalexin). However, a 
number of other first-generation cephalosporins have been 
available for clinical use in some countries, although are 
rarely used now. These include cefadroxil, cephradine, cep-
hapirin, cephacetrile, cephaloridine, cephaloglycin, cephalo-
nium, cefatrizine, cefazaflur, cefazedone, cefroxadine, and 
cephtazole. Specific comments will be made about some of 
these first-generation cephalosporins.

CEFADROXIL

Cefadroxil is an orally administered antibiotic that is very 
similar to cephalexin. After oral administration, its peak 
serum level is slightly lower than that of cephalexin, but it 
is  excreted more slowly. Therefore, it can be used for oral 
administration at 8- or 12-hour intervals (Buck and Price, 
1977; Pfeffer et al., 1977). Cefadroxil is still available in a 
number of European countries. The chemical structure of 
cefadroxil is shown in Figure 20.1.

CEPHALORIDINE

Cephaloridine was derived by adding two side chains to the 
nucleus of cephalothin, and has a formula of 7-(2-thienyl 
acetamido)-3-(1-pyridylmethyl)-3-cephem-4-carboxylic 
acid betaine (Muggleton et al., 1964). Cephaloridine was ini-
tially widely used, but it had two main disadvantages. It was 
an unreliable antistaphylococcal drug because it was relatively 
easily hydrolyzed by Staphylococcus aureus beta-lactamase 
(Laverdiere et al., 1978; Sabath, 1989). Second, cephalori-
dine was nephrotoxic (Foord, 1975; Appel and Neu, 1977). 

Figure 20.1. Chemical structure of cefadroxil. 
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Marketing of the drug was discontinued in the USA in 
December 1980. Today this drug is used very rarely, if at all.

CEPHACETRILE

Cephacetrile is similar to cephalothin, but after i.v. adminis-
tration higher peak serum levels are attained, and its serum 
half-life is longer (Brogard et al., 1973a; Brogard et al., 1973b). 
However, cephacetrile appears to have no clinical advantages 
over cephalothin, as demonstrated in one comparative trial 
(Jackson et al., 1974). It has most recently been available in 
Italy.

CEPHAPIRIN

Cephapirin is very similar to cephalothin (Bran et al., 1972) 
and is now used almost exclusively in veterinary practice 
(Robson and Bowmer, 1974).

CEPHRADINE

Cephradine is very similar to cephalexin in its antimicrobial 
activity and in most other respects (Moellering and Swartz, 
1976). Unlike cephalexin, for which a parenteral preparation 
is not generally available, cephradine is marketed in some 
countries for both oral and parenteral use. The chemical struc-
ture of cephradine is shown in Figure 20.2.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

GRAM-POSITIVE AEROBIC BACTERIA

Like other first-generation cephalosporins, these drugs 
have strongest activity against staphylococci and streptococci. 

Repre sentative minimal inhibitory concentrations are given 
in Table 20.1. They lack activity against methicillin-resistant 
Staphylococcus aureus (MRSA) and enterococci.

GRAM-NEGATIVE AEROBIC BACTERIA

Like other first-generation cephalosporins, these drugs have 
activity against some E. coli, Proteus mirabilis ,and Klebsiella 
strains, although it would be expected that a variety of beta- 
lactamases (e.g. extended-spectrum beta-lactamases) would 
have the ability to hydrolyze these compounds. Their activity 
against AmpC-producing bacteria such as Enterobacter cloa-
cae is poor. Activity against Neisseria gonorrhoeae is subopti-
mal (Phillips et al., 1976). They are relatively inactive against 
H. influenzae, many strains of which are completely resis-
tant to these drugs (Sinai et al., 1978; Watanakunakorn and 
Glotzbecker, 1979).

ANAEROBIC BACTERIA

These antibiotics lack useful activity against Bacteroides 
fragilis.

Figure 20.2. Chemical structure of cephradine. 
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Table 20.1. In vitro activity of cephradine and cefadroxil, in comparison to cephalexin

Organism

MIC (µg/ml)

Cephalexin Cephradine Cefadroxil

Gram-positive bacteria

Staphylococcus aureus (non-penicillinase producer)     1.6–12.5     4.0     2.0

Staphylococcus aureus (penicillinase producer)     1.6–> 100.0     8.0     8.0

Streptococcus pyogenes     0.2–6.3     1.0     0.63

Enterococcus faecalis   200.0   100.0    57.0

Gram-negative bacteria

Escherichia coil    25.0–> 100.0    16.0–> 125.0    16.0–> 125.0

Enterobacter spp.    50.0–> 100.0 > 125.0 > 125.0

Klebsiella spp.    50.0–> 100.0     4.0–125.0     4.0–125.0

Proteus mirabilis    25.0–> 100.0     4.0–63.0     4.0–63.0

Proteus vulgaris > 100.0 > 125.0 > 125.0

Providencia spp. > 125.0 > 125.0 > 125.0

Serratia spp. > 125.0 > 125.0 > 125.0

Haemophilus influenzae    12.5–> 100.0     4.0–63.0     8.0–63.0

Sources: Data compiled from Hamilton-Miller (1974), Selwyn (1976), Buck and Price (1977), Bill and Washington (1977).
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3. MECHANISM OF DRUG ACTION

These drugs inhibit cell wall synthesis by interacting with 
penicillin-binding proteins, as do other cephalosporins (see 
Chapter 27, Ceftriaxone).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Comments will be limited to cefadroxil and cephradine 
because the other cephalosporins mentioned in this chapter 
are almost never used in contemporary clinical practice.

4a.  Adults

CEFADROXIL

Cefadroxil can be administered orally every 8 or 12 hours or 
even once daily (Pfeffer et al., 1977; Brisson and Fourtillan, 
1982; Gerber et al., 1986). A dosage of 0.5 g two or three 
times per day, is suitable for mild to moderate infections in 
adults. A dosage regimen of 1 g twice daily may be used for 
adults with more severe infections (Wilber et al., 1982). In 
acute urinary tract infections once-daily cefadroxil admin-
istration is satisfactory; for adults, the dose is usually 1 g 
(Henning et al., 1982)

CEPHRADINE

The usual oral adult dosage of cephradine is 0.5 g every 6 
hours. For mild infections, 250 mg every 6 hours (or 500 mg 
every 12 hours) may suffice, and up to 1 g every 4 hours may 
be given for severe or chronic infections (Klastersky et al., 
1973; Scholand et al., 1974). The parenteral dosage for adults 
is 2–4 g daily, given in four divided doses i.m. or i.v. (Caloza 
et al., 1979). For treatment of severe infections, a total daily 
dose of up to 8 g can be used. 

4b.  Newborn infants and children

CEFADROXIL

Cefadroxil can be given to children in a dosage of 50 mg per 
kg per day in two divided doses (Windorfer and Bauer, 
1982). For urinary tract infections in children, 30 mg per kg 
per day has been administered (Ginsburg et al., 1982).

CEPHRADINE

The oral dosage of cephradine for children is 60 mg per kg 
body weight per day, administered in four divided doses 
(Ginsburg and McCracken, 1979), but up to 100 mg per kg 
per day can be used for severe infections. The usual paren-
teral dosage for children is 50–100 mg per kg per day, given 
in four divided doses. For serious infections, up to 300 mg 
per kg has been given i.v. to children without toxicity (Macias 
and Eller, 1975; Mogabgab, 1976).

4c.  Pregnant and lactating women

Cephradine crosses the placenta and is detectable in amni-
otic fluid (Craft and Forster, 1978). However, there are no 
data to support changes in dosing schedules for pregnant or 
lactating women.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Cefadroxil
In patients with renal failure, a loading dose of 1 g cefadroxil 
orally can be given. Thereafter, this dose should be given at 
intervals of 12, 24, or 48 hours to patients with creatinine 
clearance values of 40–80, 20–40, and <20 ml/minute, 
respectively. Cefadroxil is removed by hemodialysis; 1 g 
should be given at the end of each hemodialysis, and there-
after be repeated every 72 hours in anephric patients (Leroy 
et al., 1982).

Cephradine
In patients with renal failure, cephradine accumulates if the 
usual doses are used, so dosage reduction is necessary. The 
recommendations are for creatinine clearance 10–50 ml/
minute, 50% of the usual daily dose; for severe renal failure 
(creatinine clearance < 10 ml/minute), 25% of the usual daily 
dose. The drug is removed by both peritoneal dialysis and 
hemodialysis, so that dose supplements are necessary during 
or after these procedures (Bennett et al., 1977).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The absorption of cefadroxil is not impaired by food in adults 
or children (Pfeffer et al., 1977; Ginsburg, 1982). It is 20% 
serum protein bound (Pfeffer et al., 1977; Quintiliani, 1982). 
The serum protein binding of cephradine is only 10% (Ben-
nett et al., 1977).

5b.  Drug distribution

CEFADROXIL

The peak serum level of cefadroxil attained 1 hour after an 
oral dose is about the same or slightly lower than that after 
cephalexin. Cefadroxil differs from cephalexin and cephra-
dine by having a slower urinary excretion rate and thereby 
a  longer serum half-life and more sustained serum levels 
(Pfeffer et al., 1977; Brisson and Fourtillan, 1982). After a 0.5-g 
oral dose to adults, the peak serum level in 1 hour is about 
15 μg/ml, which falls to 12.5, 4.5, 1.8, 1.1, and 0.65 μg/ ml at 
2, 4, 6, 8, and 12 hours, respectively (Pfeffer et al., 1977). The 
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area under the curve (AUC) for cefadroxil is some 1.6 times 
greater than that for cephalexin. Doubling the dose of cefa-
droxil results in doubling of its serum concentrations, but 
this relationship is linear only in the 250- to 500-mg dose 
range. With these doses, the mean serum half-life is about 
1.2 hours, but after a 1-g dose, it is 1.6 hours. This decrease in 
clearance in the dose range of 0.5–1.0 g, may be due to a sat-
uration of mechanisms by which cefadroxil is secreted by 
renal tubules (La Rosa et al., 1982). Bioavailability of the 
drug, therefore, is greater with a dose of 1 g every 12 hours 
than with 0.5 g every 6 hours (Santella and Henness, 1982). If 
a 1-g cefadroxil dose is given every 8 hours, a slight increase 
in the peak levels from day 1 to day 8, has been observed 
(Hampel et al., 1982). Others have failed to detect any accu-
mulation of the drug, even with doses as high as 6 g daily for 
7 days (Santella and Henness, 1982). 

Cefadroxil is distributed in a similar manner as cepha-
lexin, but as it is eliminated more slowly and thus remains in 
body tissues for longer after single doses.

CEPHRADINE

Serum levels after oral administration of cephradine are sim-
ilar to those after cephalexin. After a 0.5-g oral dose to adults, 
a peak serum level of approximately 15 μg/ml is reached in 
1 hour, which falls to 6.5, 1, and 0.1 μg/ml at 2, 4, and 6 
hours, respectively. Doubling the dose to 1 g increases the 
peak serum level by over 50% but usually does not double it 
(Scholand et al., 1974; Pfeffer et al., 1977). In children, the 
absorption of cephradine is reduced if it is given with milk 
(Ginsburg and McCracken, 1979; Ginsburg, 1982). 

Cephradine is well distributed into various body fluids 
and tissues. It does not penetrate into the CSF of patients with 
uninflamed meninges, but some cephradine has been found 
in human brain tissue after usual therapeutic doses (Adam et 
al., 1975). Its concentration in liver tissue approximates to the 
serum level at the time (Maroske et al., 1976), and satisfactory 
concentrations are also reached in heart muscle, uterine 
muscle, lung tissue, and prostatic tissue (Adam et al., 1975; 
Kiss et al., 1976). Cephradine also penetrates well into both 
normal and infected bone (Parsons et al., 1976; Leigh, 1989). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Like other cephalosporins, cefadroxil and cephradine are 
time- dependent bactericidal agents. It can be assumed that 
the pharmacodynamic features of these drugs are similar to 
those of the other cephalosporins (see Chapter 27, Ceftriaxone).

5d.  Excretion

CEFADROXIL

Cefadroxil is excreted in the urine in the active form by 
both glomerular filtration and tubular secretion (Pfeffer et al., 

1977). Approximately 93% of a 0.5-g oral dose is excreted in 
the urine during the first 24 hours; most of this occurs during 
the first 6 hours, when urine concentrations are in the range 
400–2400 μg/ml (Hartstein et al., 1977). The tubular secre-
tion rate of cefadroxil is less than that of cephalexin, so that 
urinary excretion of cefadroxil is of longer duration. This 
explains its more prolonged serum levels. Initial urine con-
centrations of cefadroxil are lower than those of cephalexin, 
but between 3 and 12 hours after a dose, they are higher 
(Pfeffer et al., 1977; Santella and Henness, 1982).

CEPHRADINE

Cephradine is excreted unchanged in urine by glomerular 
filtration and tubular secretion. Up to 30% of an orally 
administered dose is excreted during the first 6 hours, result-
ing in high urine concentrations (Scholand et al., 1974). 
Probenecid delays its excretion by partially blocking tubular 
secretion. Cephradine accumulates in patients with impaired 
renal function. Its serum half-life is 1.3 hours in normal sub-
jects, but this rises to 15 hours in patients with end-stage 
renal disease (Bennett et al., 1977). Like cephalexin, some 
cephradine is also excreted in the bile, where its concentra-
tion may be about four times higher than the serum level 
at  the time. Biliary excretion is reduced with biliary tract 
obstruction and jaundice (Maroske et al., 1976).

5e.  Drug interactions

Probenecid interacts with cephradine, but there are few other 
clinically significant interactions.

6. ADVERSE REACTIONS AND TOXICITY

Cephaloridine use was associated with dose-dependent 
nephro toxicity (Foord, 1975; Appel and Neu, 1977). This tox-
icity was not seen to such a degree with other first-generation 
cephalosporins and has led to the curtailment of use of 
cephaloridine.

Side effects with the other first-generation cephalosporins 
(such as cefadroxil) are uncommon. A small number of 
patients develop nausea, vomiting, diarrhea, abdominal pain, 
pruritus, allergic rashes, vaginitis or drug fever (Rugendorff, 
1982; Wilber et al., 1982).

7. CLINICAL USES OF THE DRUG

CEFADROXIL

Indications for the oral cephalosporin cefadroxil are the 
same as those for cephalexin. The advantage of cefadroxil is 
its twice-daily or once-daily dosage regimens. The drug has 
been used with success, similar to that of cephalexin, for the 
treatment of urinary tract infections in children and adults 
(Ginsburg et al., 1982; Henning et al., 1982). In uncompli-
cated urinary tract infections, a cefadroxil regimen of 1 g daily 
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is equally effective as 1 g every 12 hours (Rugendorff, 1982). 
The drug has also been used in children with otitis media 
(Puhakka et al., 1982) and in lower respiratory tract infec-
tions in both children and adults (Kramer, 1982; Weingarten, 
1982; Blaser et al., 1983). In streptococcal pharyngitis, cefa-
droxil given once daily is at least as effective as penicillin V, 
administered in three daily doses (Gerber et al., 1986; 
Pichichero et al., 1987). Once-daily cefadroxil is also satis-
factory for the treatment of impetigo (Hains et al., 1989).

CEPHRADINE

The oral preparation of cephradine is suitable for the same 
indications as oral cephalexin. It has been used with success 
in pharyngeal, skin, soft tissue, respiratory, and urinary tract 
infections; results are similar to those obtained with cepha-
lexin (Klastersky et al., 1973; Scholand et al., 1974; Cooper et 
al., 1980; Hart et al., 1981). In a daily dose of 250 mg cephra-
dine has been successfully used as a prophylactic antibiotic 
for patients with recurrent urinary tract infections (Brumfitt 
and Hamilton-Miller, 1990).

Parenteral cephradine has been advocated for some infec-
tions that would usually be treated by other parenteral first- 
generation cephalosporins, such as cephalothin and cefazolin 
(Macias and Eller, 1975; Caloza et al., 1979). However, com-
pared with cephalothin, experience with parenteral cephra-
dine for serious infections is limited. Daggett and Nathan 
(1975) reported a case of Streptococcus viridans endocarditis 
that failed to respond to i.v. cephradine in a dosage of 0.5 g 
every 3 hours; the minimum inhibitory concentration (MIC) 
of cephradine for this organism was 0.312 μg/ml.
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was written by the author and Dr. Marta U. Gomez, of the 
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Cefaclor, Cefprozil, 
and Loracarbef

David L. Paterson and Yohei Doi

1. DESCRIPTION

Cefaclor, cefprozil, and loracarbef are orally administered 
second-generation cephalosporins.

Cefaclor is similar in many aspects to cephalexin, but dif-
fers by being more active in vitro against a number of Gram-
negative bacteria (Bill and Washington, 1977).

Cefprozil has sometimes been described as a third-gener-
ation cephalosporin, but its spectrum of activity is only 
slightly wider than that of cefaclor (Chin and Neu, 1987; 
Eliopoulos et al., 1987).

Loracarbef is structurally similar to cefaclor but has a car-
bon at position 1 instead of a sulfur. It has similar in vitro 
activity to cefaclor, with some minor enhancement against 
some Gram-negative bacteria. Because loracarbef is no lon-
ger available in the USA and most other countries, discus-
sion in this chapter focuses on cefaclor and cefprozil.

The chemical structures of cefaclor, cefprozil, and loracar-
bef are shown in Figures 21.1, 21.2, and 21.3, respectively.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The in vitro activity of cefaclor and cefprozil is summarized 
in Table 21.1.

GRAM-POSITIVE AEROBIC BACTERIA

Cefaclor and cefprozil lack activity against methicillin-resis-
tant Staphylococcus aureus (MRSA), enterococci (Preston, 
1979), and Listeria monocytogenes.

Cefaclor is more active than cephalexin against most strep-
tococci, but against S. aureus it is not as active. This is because 
the drug is somewhat less resistant to staphylococcal beta- 
lactamase than cephalexin (Bill and Washington, 1977; Tally 
et al., 1979).

Cefprozil is active against S. aureus, including beta-lact-
amase-producing strains. S. epidermidis is typically suscepti-
ble to cefprozil, but S. haemolyticus and S. hominis are often 
resistant. Streptococcus pyogenes and groups B, C, F, and G 

Figure 21.1. Chemical structure of cefaclor. 
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streptococci are susceptible. S. pneumoniae is quite suscepti-
ble to cefprozil, and penicillin-resistant strains tend to have a 
lower minimum inhibitory concentration (MIC) of cefprozil 
than penicillin. S. viridans is typically susceptible, but strains 
with high-level penicillin resistance are also cefprozil resis-
tant (MIC 32 µg/ml).

GRAM-NEGATIVE AEROBIC BACTERIA

All of these cephalosporins lack activity against Pseudomonas 
aeruginosa, Acinetobacter spp., Stenotrophomonas maltophilia, 
extended-spectrum beta-lactamase-producing Enterobac-
teriaceae, and AmpC hyperproducing Enterobacteriaceae 
(Neu and Fu, 1978; Preston, 1979).

Cefaclor is more active than cephalexin against many 
wild-type Gram-negative bacteria, such as meningococci, 
gonococci, E. coli, Klebsiella pneumoniae, and Proteus mira
bilis (Sanders, 1977; Scheld et al., 1977; Gillett et al., 1979). 
Ampicillin-susceptible strains of H. influenzae, most of which 
are ampicillin resistant because of beta-lactamase production, 
are susceptible to cefaclor. Most strains that show intrinsic 
resistance to ampicillin (so-called BLNAR strains) are cefa-
clor resistant (Powell and Williams, 1988; Powell et al., 1991; 
Picard and Malouin, 1992). Moraxella catarrhalis is usually 
cefaclor susceptible.

Neisseria meningitidis, N. gonorrhoeae, H. influenzae, and 
M. catarrhalis are usually cefprozil susceptible, irrespective 
of beta-lactamase production. Among the Enterobacteriaceae, 
E. coli, P. mirabilis, Citrobacter diversus, and most Salmonella, 
Shigella, and Klebsiella spp. are susceptible to cefprozil. Citro
bacter freundii, Morganella morganii, Serratia marcescens, 
Providencia, and Enterobacter spp. are cefprozil resistant 
because of AmpC beta-lactamase production.

ANAEROBIC BACTERIA

The Bacteroides fragilis group is usually resistant to these 
cephalosporins (Bach et al., 1978). Anaerobic Gram-positive 
cocci and some Gram-negative anaerobes (other than those 
of B. fragilis group) may be cefaclor susceptible.

Among Gram-positive anaerobes, the peptostreptococcal 
and Clostridium spp. are susceptible to cefprozil. Clostridium 
difficile, with an MIC of 4–8 µg/ml, is also moderately cef-
prozil susceptible, but the clinical significance of this is not 
known (Chin and Neu, 1987; Eliopoulos et al., 1987; Kayser, 
1987; Leitner et al., 1987; Mazzulli et al., 1990; Thornsberry, 
1992; Barry et al., 1994). Among Gram-negative anaerobes, 
Prevotella spp., such as P. melaninogenica and Fusobacterium 
spp., may be susceptible, but other Bacteroides spp., and in 
particular B. fragilis, are resistant (Chin and Neu, 1987; Elio-
poulos et al., 1987; Leitner et al., 1987; Scribner et al., 1987; 
Arguedas et al., 1991; Thornsberry, 1992; Goldstein et al., 1995).

2b.  Emerging resistance and 
cross-resistance

Broader spectrum beta-lactamases such as extended-spectrum 
beta-lactamases, AmpC beta-lactamases, and metallo-beta- 
lactamases will lead to resistance to these cephalosporins.

3. MECHANISM OF DRUG ACTION

Like other cephalosporins, cefaclor and cefprozil inhibit cell 
wall synthesis by their interaction with penicillin-binding 
proteins (see Chapter 27, Ceftriaxone).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

CEFACLOR

Oral doses of cefaclor 250–500 mg every 6 hours are suitable 
for adults (Korzeniowski et al., 1977). An adult dosage of 0.5 
g every 8 hours is also satisfactory (Wernstedt et al., 1979). 
Cefaclor in a dose of 2 g can be used for single-dose treat-
ment of acute uncomplicated urinary tract infections in 
adults (Greenberg et al., 1981).

CEFPROZIL

Cefprozil is administered orally either once or twice daily. 
For milder infections, such as uncomplicated urinary tract 

Table 21.1. In vitro activity of cefaclor and cefprozil against 
common pathogens

Organism

MIC90 (µg/ml)

Cefaclor Cefprozil

Gram-positive bacteria

Staphylococcus aureus (nonpenicil
linase producer)

2 1

Staphylococcus aureus (penicillinase 
producer)

2 1

Staphylococcus aureus (methicillin 
resistant)

> 128 > 128

Streptococcus pyogenes 0.25 0.06

Streptococcus pneumoniae 
(penicillin susceptible)

0.5 0.06

Streptococcus pneumoniae 
(penicillin resistant)

8 4

Enterococcus faecalis 64 16

Gram-negative bacteria

Escherichia coli 8 8

Enterobacter spp. > 128 > 128

Klebsiella spp. 8 8

Proteus mirabilis 1 1

Proteus vulgaris > 128 > 128

Providencia spp. > 128 > 128

Serratia spp. > 128 > 128

Haemophilus influenzae 2 2

Sources: Data compiled from HamiltonMiller (1974), Bill and Washington 
(1977), Preston (1979), Chin and Neu (1987), Eliopoulos et al. (1987), 
Leitner et al. (1987), and Thornsberry (1992).
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infections or acute group A beta-hemolytic streptococcal 
pharyngitis, a dosage of 0.5 g once daily is sufficient (Chris-
tenson et al., 1991a; Christenson et al., 1991b; McCarty and 
Renteria, 1992). In more severe infections, such as lower 
respiratory tract infections, a dosage of 0.5 g every 12 hours 
is recommended (Pelletier, 1992).

4b.  Newborn infants and children

CEFACLOR

In children the dosage for cefaclor is 40–50 mg/kg body 
weight per day, given in three or four divided doses 
(McCracken et al., 1978; Rodriguez et al., 1979). For the 
treatment of milder infections in children, a dosage of 40 
mg/kg, given in two divided doses, is also satisfactory (Edén 
et al., 1983).

CEFPROZIL

Depending on the nature and severity of infection, cefprozil 
has been given to children in dosages of 15, 20, or 30 mg/kg/
day. The larger dosages have usually been administered orally 
in two divided doses (Saez-Llorens et al., 1990; Stutman and 
Arguedas, 1992; Milatovic et al., 1993).

There is a lack of data for both cefaclor and cefprozil 
regarding dosing in premature neonates.

4c.  Pregnant and lactating mothers

These cephalosporins are FDA category B for pregnancy and 
excreted in a small amount in breast milk. There are no rec-
ommended dosing changes for pregnant or lactating women.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Cefaclor
Although cefaclor’s half-life in normal subjects is 40–60 min-
utes it increases to only 3 hours in anephric patients (Levison 
et al., 1979). As a result, dosage reduction is necessary only 
when the creatinine clearance is < 40 ml/minute (Bloch et al., 
1977; Santoro et al., 1978). Patients with severe renal failure 
should receive 25% of the usual dose, and those with moder-
ate renal failure, 50% of the usual dose. Cefaclor is removed 
from the body by hemodialysis (Gartenberg et al., 1979). 
During this procedure its clearance is doubled and approxi-
mates to that which occurs in a patient with a creatinine 
clearance of about 20 ml/minute; after hemodialysis, the usual 
cefaclor dose should be repeated (Spyker et al., 1982).

Cefprozil
In patients with creatinine clearance of < 30 ml/minute, the 
dosage of cefprozil should be reduced by 50%. The drug is 
effectively removed by hemodialysis, and so a supplemental 
dose of 50% of the maintenance dose should be given after 
the dialysis procedure (Barriere, 1992).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

There is insufficient information on which to suggest dosing 
changes in patients with impaired hepatic function.

OLDER ADULTS

There is a lack of data regarding dosing in the elderly.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

CEFACLOR

Food intake reduces the maximum concentration of cefaclor 
in the serum and prolongs the time to attain this concentra-
tion. However, the area under the concentration–time curve 
and urinary recovery of the drug are unaffected (Oguma et 
al., 1991). The drug is approximately 50% serum protein 
bound (Tally et al., 1979).

CEFPROZIL

Approximately 94% of the orally administered dose of cef-
prozil is absorbed (Barriere, 1992). Cefprozil is about 42% 
serum protein bound (Fassbender et al., 1993).

5b.  Drug distribution

CEFACLOR

Cefaclor is rapidly absorbed from the gastrointestinal tract. 
After a 200-mg oral dose, the mean peak serum level at 1 
hour is 6 µg/ml, which falls to 0.33 µg/ml at 4 hours. Cefaclor’s 
half-life is 0.58 hour (Korzeniowski et al., 1977). The serum 
half-life of cefaclor in patients with severe renal failure is 
only about 3 hours (Glynne et al., 1978; Rotschafer et al., 
1982).

Cefaclor diffuses readily into soft-tissue interstitial fluid 
(Waterman and Scharfenberger, 1978). Its concentration in 
sputum is usually low, and it is not excreted in saliva (Levison 
et al., 1979). Cefaclor attains therapeutically effective con-
centrations in the middle ear fluid of patients with otitis media 
(Edén et al., 1983).

CEFPROZIL

After oral administration, cefprozil is rapidly absorbed, reach-
ing the maximum serum level 1–2 hours after administra-
tion. After a 0.5-mg oral dose to adults, this peak is about 
9.3 µg/ml. Doubling the dose nearly doubles the peak serum 
concentration. After the peak, the serum level falls with a ter-
minal half-life of 1.2 hours, and by 8 hours the serum level is 
< 1 µg/ml (Barbhaiya et al., 1990a; Nye et al., 1990). There is 
no accumulation of the drug in serum if multiple 0.5-g doses 
are administered every 8 or 12 hours (Barbhaiya et al., 1990b; 
Lode et al., 1992). The presence of food in the stomach 
(Barbhaiya et al., 1990c) and the co-administration of antacids 
(Shyu et al., 1992) do not interfere with the absorption of 
cefprozil.
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In children, after the administration of 15 and 30 mg/kg 
single doses, peak concentrations of 11.6 and 15.93 µg/ml, 
respectively, occurred 1 hour after the dose. The respective 
mean half-lives of cefprozil were 1.77 and 2.14 hours (Saez-
Llorens et al., 1990). This shows that cefprozil is excreted 
somewhat more slowly in children than in adults. Penetration 
to the middle ear fluid is about 28% in children (Nicolau et 
al., 2007).

Cefprozil has been found to penetrate well into skin blis-
ter fluid, the mean concentration reached there after an oral 
dose of 0.5 g was 5.8 µg/ml. The skin blister fluid concentra-
tion has been found to decline more slowly than that in 
plasma (Barbhaiya et al., 1990d). Less than 0.3% of a cefpro-
zil dose has been recovered from breast milk in the 24-hour 
period after administration (Barriere, 1992). Cefprozil pene-
trates well into tonsillar and adenoidal tissue. In patients 
undergoing tonsillectomy and/or adenoidectomy, the median 
ratios of cefprozil concentration in tonsillar tissue to that of 
plasma were 0.37 and 0.47 for patients receiving 7.5 or 20 µg/
kg single doses of cefprozil, respectively. The corresponding 
median ratios for adenoidal tissue were 0.46 and 0.82, respec-
tively (Shyu et al., 1993).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Like other cephalosporins (see Chapter 27, Ceftriaxone), 
cefaclor and cefprozil exert a time-dependent bactericidal 
activity.

5d.  Excretion

CEFACLOR

Approximately 70% of an orally administered dose of cefa-
clor can be recovered from urine as the active drug during 
the first 6 hours. During this period, after a 250-mg oral 
dose, urine concentrations are in the range 50–1000 μg/ml. 
Urinary levels of cefaclor are adequate to inhibit susceptible 
pathogens, even in patients with moderately severe renal fail-
ure (Santoro et al., 1978). The serum half-life is prolonged 
only about threefold in patients with essentially no renal 
function. This indicates that cefaclor has a major nonrenal 
route of elimination. A considerable proportion of the drug 
is metabolized in the body (Levison et al., 1979; Rotschafer et 
al., 1982). In animals, cefaclor is also excreted via the bile, 
and biliary concentrations greatly exceed serum levels (Water-
man and Scharfenberger, 1978).

CEFPROZIL

Most of the absorbed cefprozil is eliminated via the kidney. 
Overall, about 61% of the administered dose is excreted in 
the urine as the active unchanged drug. The renal clearance 
is about 200 ml/minute. This suggests that cefprozil is 
excreted by both glomerular filtration and tubular secretion. 
Mean concentrations of the drug in urine are highest during 
the first 4 hours after the dose and range from 175 to 658 µg/ml 

after doses of 250 mg and 1 g, respectively (Barbhaiya et al., 
1990a; Barbhaiya et al., 1990b; Barriere, 1992; Lode et al., 
1992). More cefprozil is absorbed (94% of dose) than is 
excreted in the urine (61% of dose). In patients who have 
hepatic disease, the kinetic disposition of cefprozil was only 
minimally altered. The kidney has the primary role in elimi-
nation of this drug (Barriere, 1992). No metabolites have 
been detected in urine (Lode et al., 1992).

5e.  Drug interactions

There are few clinically important drug interactions with 
cefaclor and cefprozil, except that concomitant administra-
tion of probenecid prolongs the serum levels of cefaclor.

6. ADVERSE REACTIONS AND TOXICITY

6a.  Cefaclor

Therapy with cefaclor has been associated with a low fre-
quency of side effects. Gastrointestinal symptoms, such as 
diarrhea and nausea, have occurred in about 2.6% of treated 
patients. Cefaclor has only a minor effect on the anaerobic 
intestinal microflora (Nord et al., 1987). Hypersensitivity 
phenomena, such as allergic rashes, have been noted in 
1.55% of patients (Kammer and Short, 1979) and are most 
commonly observed with cefaclor among cephalosporins 
(Romano et al., 2008). Eosinophilia, positive Coombs test 
without hemolysis, reversible leukopenia, and elevated trans-
aminases have also been noted occasionally. Murray et al. 
(1980) reported eight children who developed a severe gen-
eralized rash and arthritis while taking oral cefaclor; six were 
taking the drug for the second time. Symptoms subsided 
within 4–5 days after cefaclor was stopped. Such serum 
sickness–like reactions appear to occur more commonly 
with cefaclor than with cephalexin (Platt et al., 1988). These 
reactions occur with cefaclor because of the drug’s bio-
transformation in the liver to immunogenic metabolites 
(Boguniewicz and Leung, 1995). Serious nephrotoxicity has 
not been observed with cefaclor (Kammer and Short, 1979).

Pneumococcal meningitis developed in a child treated for 
otitis media with cefaclor (Raucher et al., 1982). Thus cefaclor, 
like some other cephalosporins, should be used with great 
caution for infections which may be complicated by bacterial 
meningitis.

6b.  Cefprozil

Adverse effects with administration of cefprozil have been 
uncommon and similar to those observed with other oral 
cephalosporins. Rash and urticaria have been occasionally 
seen. Vomiting and diarrhea have been reported, but diar-
rhea with cefprozil has been less common than with cefixime, 
which is less completely absorbed. Cefprozil also causes only 
a minimal disturbance of the normal fecal flora, such as slight 
decrease in enterobacteria and a slight increase in entero-
cocci and Bacteroides spp. A few patients have shown slight 
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and reversible increase in liver enzymes (Lode et al., 1992; 
Wilber et al., 1992). Leukopenia also has been reported 
(Christenson et al., 1991a).

7. CLINICAL USES OF THE DRUG

In general, the use of cefaclor and cefprozil is limited to treat-
ment of relatively mild infections.

7a.  Cefaclor

Cefaclor is commonly used for the treatment of mild cases of 
pharyngitis, tonsillitis, and bacterial bronchitis. Cefaclor has 
been curative for children and adults with acute streptococ-
cal pharyngitis (Stillerman, 1986; Peter, 1992), otitis media, 
and maxillary sinusitis. In children with acute streptococcal 
pharyngitis, 5 days of cefaclor is as efficacious as 10 days 
of amoxicillin (Esposito et al., 2002). In children with acute 
otitis media, it is about as effective as amoxicillin (Giebink et 
al., 1984; Mandel et al., 1993). It is effective in otitis media 
and sinusitis caused by beta-lactamase-producing strains 
of  H. influenzae and M. catarrhalis (Bluestone et al., 1979; 
McLinn, 1980; Ekedahl, 1983; Wald et al., 1984; Bluestone, 
1992). Cefaclor is ineffective for eradicating H. influenzae 
from pharyngeal carriers (Horner et al., 1980). It is about 
equally as effective as amoxicillin for the treatment of infec-
tive exacerbations of chronic bronchitis (Mattson et al., 1979; 
Law et al., 1983). In a small group of patients, Maeson et al. 
(1990) found low-dosage cefaclor unsatisfactory for chronic 
bronchitis. Oberlin and Hyslop (1990) analyzed data from 
18 clinical studies and concluded that cefaclor had been 
successful as treatment of upper and lower respiratory tract 
infections caused by M. catarrhalis.

This drug has been satisfactory for the treatment of uri-
nary tract infections, including cases of complicated and/or 
recurrent infections. Cefaclor and cefdinir have comparative 
efficacy for the treatment of uncomplicated urinary tract 
infection (Leigh et al., 2000). Pyelonephritis caused by ampi-
cillin-resistant organisms, such as Klebsiella spp., also responds 
to cefaclor (Kammer and Short, 1979; Lindan, 1979). Uncom-
plicated urinary tract infections in nonpregnant women may 
respond to 2 g single-dose cefaclor therapy (Greenberg et al., 
1981). A single daily dose of 250 mg cefaclor has been used 
as a prophylactic antibiotic for patients with recurrent uri-
nary infections (Brumfitt and Hamilton-Miller, 1990).

7b.  Cefprozil

Good results have been obtained in pharyngitis due to S. 
pyogenes using cefprozil 0.5 g daily for adults for 10 days 
(Christenson et al., 1991a). In a study in children, cefprozil, 
in a dose of 7.5 mg/kg body weight twice daily, was given for 
10 days, and a control group received oral penicillin V. The 
clinical responses in patients treated with cefprozil were sig-
nificantly better than those in patients who received penicil-
lin V (95.3% vs. 88.1%). Eradication of the original serotype 
of S. pyogenes was achieved in 91.3% of patients treated with 

cefprozil, and 87.4% of patients treated with penicillin V; the 
difference here was not statistically significant. Beta-lactamase- 
producing S. aureus was more frequently isolated from the 
throat flora during penicillin V therapy (Milatovic et al., 1993). 
Cefprozil has also been superior to cefaclor in the treatment 
of this disease (McCarty and Renteria, 1992).

In randomized trials of patients with otitis media, cefpro-
zil has been compared with co-amoxiclav, cefaclor, and cefix-
ime for the treatment of this disease. The rate of clinical cure 
or improvement was similar with all these drugs. However, 
diarrhea with cefprozil was less common than with cefixime 
or co-amoxiclav (Stutman and Arguedas, 1992; Gehanno et 
al., 1994).

In the treatment of bronchitis and acute exacerbation of 
chronic bronchitis, cefprozil 0.5 g every 12 hours has been 
compared with standard regimens of cefaclor, cefuroxime 
axetil, and co-amoxiclav. The clinical efficacy of cefprozil was 
superior to that of cefuroxime axetil, but equal to that of 
cefaclor and co-amoxiclav. There was less diarrhea in cefpro-
zil-treated patients than in those treated with co-amoxiclav 
(Ball, 1994). Cefprozil has also been shown to be more effec-
tive than oral penicillin in eradicating pharyngeal carriage 
of group A beta-hemolytic streptococci among children 
who have failed the latter before (Standaert et al. 1998). For 
uncomplicated urinary tract infections, cefprozil in a dose of 
0.5 g daily, given for 10 days, has efficacy similar to cefaclor 
250 mg, given three times daily, for the same period (Chris-
tenson et al., 1991b; Iravani, 1991).

For skin and skin structure infections, caused mainly by 
streptococci and S. aureus, cefprozil in a dose of 0.5 g once 
daily has about the same efficacy as 250 mg of cefaclor 
administered three times daily or 400 mg of erythromycin 
administered four times daily (Nolen, 1992).
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1. DESCRIPTION

Cefuroxime is a second-generation cephalosporin antibiotic, 
developed by Glaxo in the 1970s. It has been used worldwide 
for more than three decades against a variety of bacterial 
infections. There are two modes of cefuroxime administra-
tion available: cefuroxime sodium and cefuroxime axetil.

Cefuroxime sodium is suitable for parenteral administra-
tion. The empirical formula is C16H15N4NaO8S, and its molec-
ular weight is 446.4. The structural formula is given in Figure 
22.1.

Cefuroxime axetil, an ester of the drug, is suitable for oral 
administration. This compound is formulated as an ester 
prodrug to facilitate its absorption. Its molecular formula is 
C20H22N4O10S, and its molecular weight is 510.48. The struc-
tural formula is illustrated in Figure 22.2.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The in vitro activity of cefuroxime is summarized in Table 
22.1.

GRAM-POSITIVE AEROBIC BACTERIA

Cefuroxime is active against most streptococci but is inac-
tive against enterococci (Eykyn et al., 1976; O’Callaghan 
et al., 1976; Hardy et al., 2000). It is typically active against 
penicillin- susceptible Streptococcus pneumoniae (PSSP) 
strains. Data from national and international surveillance 
studies show MIC90 values of 0.125 μg/ml with susceptibility 
rates between 98% and 100%. However its efficacy strongly 
decreases against intermediately penicillin- susceptible S. 
pneumoniae (IPSSP) and penicillin-resistant S. pneumoniae 
(PRSP), with the MIC90 ranging from 4 to 32 μg/ml and sus-
ceptibility rates between 27% and 70% for IPSSP, whereas 
PRSP are typically resistant (Farrell et al, 2013; Flamm et al., 
2012; Castanheira et al., 2014). In a recent study among out-
patients of a county hospital in China, among 308 isolates of 
S. pneumoniae 70.1% were resistant to cefuroxime (Xiao et al., 

2015). A European in vitro study evaluating the spectrum and 
potency of ceftaroline against pathogens causing community- 
acquired respiratory tract infections (CA-RTIs) has found 
that among 799 S. pneumoniae isolates, 20.3% were resis-
tant to cefuroxime (Farrell et al., 2013). Similar findings were 
recorded in an in vitro study on isolates collected from 
Europe, Turkey, and Israel (Castanheira et al., 2014). 

Cefuroxime exhibits good antibacterial activity against 
S. pyogenes (MIC90 values 0.015 to < 0.12 μg/ml) (Thornsberry 
et al., 2001; Dohar et al., 2004). In a study evaluating 786 
isolates (86% group A and 8.4% group C beta-hemolytic 
streptococci) collected in Spain, the antibacterial activity 
of  cefuroxime was similar to that of other cephalosporins, 
including cefotaxime and cefixime (Scott et al., 2001). Other 

Figure 22.1. Chemical structure of cefuroxime sodium. 

N

S
C-CONHO

O

N

C

OCHCH3

O

OCCH3

O

CH2OCNH2

O

OCH3

Figure 22.2. Chemical structure of cefuroxime axetil. 

N

S
C-CONHO

O

N

OCH3
C

ONa

O

CH2OCNH2

O



384 Cefuroxime

Table 22.1. Summary of in vitro activity of cefuroxime

Organism MIC50 (µg/ml) MIC90 (µg/ml) Range No. of isolates Reference

Gram-positive cocci

Streptococcus pneumoniae ≤ 1 8    ≤ 1–> 8 891 Jacobs et al. (2010)

≤ 0.25 0.5 ≤ 0.25–> 16 1881 Zhanel et al. (2013)

≤ 0.12 4 ≤ 0.12–> 16 799 Farrel et al. (2013)

≤ 2 8 CLSI 2013 6958 Flamm et al. (2014)

≤ 0.5 8 ≤ 0.5–> 16 1372 Castanheira et al. (2014)

4 16 — 308 Xiao et al. (2015)

Penicillin S 0.03 0.12 — 650 Tempera et al. (2010)

≤ 0.12 ≤ 0.12 ≤ 0.12–1 1200 Flamm et al. (2012)

≤ 0.12 ≤ 0.12 ≤ 0.12–0.5 563 Farrel et al. (2013)

≤ 0.5 4 ≤ 0.5–> 16 1263 Castanheira et al. (2014)

Penicillin I 1 8 — 215 Tempera et al. (2010)

0.5 4 ≤ 0.12–4 266 Flamm et al. (2012)

0.5 4 ≤ 0.12–4 106 Farrel et al. (2013)

8 16     4–> 16 89 Castanheira et al. (2014)

Penicillin R 4 32 — 100 Tempera et al. (2010)

8 16     2–> 16 256 Flamm et al. (2012)

8 16     2–> 16 130 Farrel et al. (2013)

> 16 > 16     8–> 16 20 Castanheira et al. (2014)

Viridans streptococci 0.25 4 ≤ 0.12–> 16 450 Thornsberry et al. (2001)

Streptococcus pyogenes ≤ 0.25 ≤ 0.25 ≤ 0.25 424 Zhanel et al. (2013)

Other beta-hemolytic streptococci ≤ 0.12 0.25 ≤ 0.12–8 800 Thornsberry et al. (2001)

Streptococcus agalactiae ≤ 0.25 ≤ 0.25 ≤ 0.25–0.5 432 Zhanel et al. (2013)

Enterococcus spp. 8 > 256 — 15 Qiao et al. (2013)

Penicillin and vancomycin S > 32 > 32    16–> 32 31 Hardy et al. (2000)

Penicillin R and vancomycin S > 32 > 32 > 32 29 Hardy et al. (2000)

Enterococcus faecium (penicillin 
and vancomycin R)

> 32 > 32 > 32 33 Hardy et al. (2000)

Staphylococcus aureus 2 > 16 ≤ 0.5–> 16 2684 Castanheira et al. (2014)

Methicillin susceptible 2 2 ≤ 0.5–8 1914 Castanheira et al. (2014)

Methicillin resistant 12 > 256     1–> 256 98 Germel et al. (2012)

Coagulase-negative staphylococci

Methicillin susceptible 0.5 0.5 ≤ 0.25–1 22 Hardy et al. (2000)

0.5 1 0.25–4 14 von Eiff et al. (2005)

Methicillin resistant 4 8 ≤ 0.25–> 32 32 Hardy et al. (2000)

28 32 — 18 von Eiff et al. (2005)

> 128 0.5–> 128 21 von Eiff et al. (2005)

Gram-negative cocci

Neisseria gonorrhoeae 0.125 0.5 0.016–4 76 Yasin et al. (1997)

Beta-lactamase positive 0.010 0.032 0.01–0.5 77 Lesmana et al. (2001)

Beta-lactamase negative 0.010 0.048 0.01–0.25 45 Lesmana et al. (2001)

Neisseria meningitidis 0.047 0.094 < 0.016–0.5 137 Hedberg et al. (2009)

Gram-negative bacilli and coccobacilli

Moraxella catharrhalis 1 2 0.12–2 101 Biedenbach et al. (2008)

1 2 ≤ 0.12–8 200 Flamm et al. (2012)

1 2 0.25–4 205 Farrel et al. (2013)

2 4 — 85 Xiao et al. (2015)

 Beta-lactamase positive 1 2 0.12–2 90 Biedenbach et al. (2008)

1 8 — 250 Tempera et al. (2010)

 Beta-lactamase negative 0.25 0.5 0.12–0.5 11 Biedenbach et al. (2008)

0.25 0.5 — 100 Tempera et al. (2010)

Haemophilus influenzae 0.5 4 0.03–> 16 215 Biedenbach et al. (2008)

2 8 0.25–32 540 Bae et al. (2010)

0.5 2 ≤ 0.12–8 770 Flamm et al. (2012)

1 4 ≤ 0.12–> 16 1038 Zhanel et al. (2013)

≤ 0.5 2 ≤ 0.5–8 681 Castanheira et al. (2014)

1 2 — 160 Xiao et al. (2015)
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Organism MIC50 (µg/ml) MIC90 (µg/ml) Range No. of isolates Reference

0.75 1 0.75–4 74 Zhu et al. (2015)

Beta-lactamase negative ampicillin 
susceptible

2 8 0.25–32 224 Bae et al. (2010)

0.5 2 — 250 Tempera et al. (2010)

0.5 4 ≤ 0.25–> 8 59 Barbosa et al. (2011)

Beta-lactamase negative ampicillin 
resistant

4 16     2–16 10 Biedenbach et al. (2008)

8 16     1–32 33 Bae et al. (2010)

0.5 2 — 20 Tempera et al. (2010)

4 > 8 ≤ 0.25–> 8 101 Barbosa et al. (2011)

Beta-lactamase positive ampicillin 
resistant

0.5 2 0.06–> 16 100 Biedenbach et al. (2008)

2 8 0.5–16 255 Bae et al. (2010)

1 2 — 200 Tempera et al. (2010)

0.5 2 ≤ 0.25–> 8 80 Barbosa et al. (2011)

≤ 0.5 2 ≤ 0.5–4 39 Castanheira et al. (2014)

Helicobacter pylori 0.016 0.047 > 8 181 Bai et al. (2015)

Escherichia coli ≤ 4 8     ≤ 4–> 16 1761 Cuevas et al. (2010)

4 > 16 ≤ 0.5–> 16 1903 Castanheira et al. (2014)

ESBL positive > 16 > 16     ≤ 4–> 16 50 Cuevas et al. (2010)

> 16 > 16     2–> 16 397 Castanheira et al. (2014)

256 256 — 268 Xiao et al. (2015)

ESBL negative 4 16 — 41 Qiao et al. (2013)

 4 16 — 366 Xiao et al. (2015)

Klebsiella pneumoniae ≤ 2 > 16     ≤ 2–> 16 706 Jones et al. (2010)

16 > 16 ≤ 0.5–> 16 775 Castanheira et al. (2014)

ESBL positive > 16 > 16     1–> 16 398 Castanheira et al. (2014)

256 256 — 192 Xiao et al. (2015)

ESBL negative 2 16 — 414 Xiao et al. (2015)

Klebsiella oxytoca 2 > 16 ≤ 0.5–> 16 145 Castanheira et al. (2014)

≤ 4 8     ≤ 4–> 16 33 Cuevas et al. (2010)

Extended-spectrum beta-lactamase > 16 >16 ≤ 0.5–> 16 29 Castanheira et al. (2014)

Proteus mirabilis ≤ 2 4     ≤ 2–> 16 120 Jones et al. (2010)

Shigella spp. 2 4 0.032–4 100 Jamal et al. (2010)

Morganella morganii > 16 >16     2–> 16 149 Castanheira et al. (2014)

Enterobacter spp. 8 > 16 — 379 Fluit et al. (2000)

16 > 256 — 79 Xiao et al. (2015)

Pseudomonas aeruginosa > 16 > 16 — 505 Fluit et al. (2000)

Acinetobacter spp. > 16 > 16 — 247 Fluit et al. (2000)

16 > 16 83 Gonlugor et al. (2004)

Spirochetaceae

Borrelia burgordferi s.s. 0.063 0.063 ≤ 8 9 Veinovic et al. (2013)

Anaerobic organisms

Bacteroides fragilis 32 > 32 0.5–> 32 30 Spangler et al. (1994)

Bacteroides thetaiotaomicron 32 > 32 0.125–32 15 Spangler et al. (1994)

Bacteroides ovatus > 32 > 32     4–32 15 Spangler et al. (1994)

Bacteroides distasonis 8 > 32 0.125–> 32 15 Spangler et al. (1994)

Bacteroides vulgates > 32 > 32     1–> 32 15 Spangler et al. (1994)

Prevotella bivia 2 > 32 0.06–> 32 23 Spangler et al. (1994)

Prevotella disiens 4 32 0.06–> 32 13 Spangler et al. (1994)

Prevotella melaninogenica 1 > 64 — 88 Kuriyama et al. (2007)

Prevotella intermedia 8 > 32     1–> 32 12 Spangler et al. (1994)

Fusobacterium nucleatum 1 8 — 153 Kuriyama et al. (2007)

Fusobacterium necrophorum 0.25 3 0.06–4 10 Spangler et al. (1994)

Fusobacterium mortiferum 1 32 0.25–> 32 15 Spangler et al. (1994)

Fusobacterium varium 8 > 32 0.06–32 18 Spangler et al. (1994)

Peptostreptococcus 0.5 8 0.06–32 55 Spangler et al. (1994)

Propionibacteria 0.06 2 0.06–8 19 Spangler et al. (1994)

Clostridium perfringens 2 8 0.06–> 32 21 Spangler et al. (1994)

Clostridium difficile > 256 > 256 > 256 401 Noren et al. (2010)

Abbreviation: CLSI: Clinical and Laboratory Standards Institute; S: susceptible; I: intermediate; R: resistant. ESBL: extended-spectrum beta-lactamase.
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beta-hemolytic streptococcus and the viridans streptococci 
are sensitive (Thornsberry et al., 2001).

Staphylococcus aureus and coagulase-negative staphylococci, 
irrespective of beta-lactamase production, are cefuroxime 
sensitive (Castanheira et al., 2014), but methicillin-resistant 
strains are resistant (Dohar et al., 2004; von Eiff et al., 2005).
The antistaphylococcal activity of cefuroxime is inferior 
to  that of other cephalosporins, such as cephalexin and 
ceftaroline.

Cefuroxime has little or no activity against Listeria mono-
cytogenes (Scott et al., 2001).

GRAM-NEGATIVE AEROBIC BACTERIA

Cefuroxime is stable to beta-lactamases such as TEM-1 and 
SHV-1 (Greenwood, 1977; Scott et al., 2001). Cefuroxime is 
quite active against Neisseria meningitidis (Brown and Fallon, 
1980). It is active against N. gonorrhoeae (O’Callaghan et al., 
1976; Hall et al., 1979; Piot et al., 1979; Yoshikawa et al., 1980; 
Yasin et al., 1997; Lesmana et al., 2001). However, the pharma-
codynamics of cefuroxime does not support its use in treat-
ment of gonorrhoea (see section 7, Clinical uses of the drug).

Cefuroxime shows good activity against most strains of 
Haemophilus influenzae, with MIC90 values ranging from 1 to 
8 μg/ml. Susceptibility decreases among beta-lactamase pos-
itive ampicillin resistant (BLPAR) and beta-lactamase nega-
tive ampicillin resistant (BLNAR) strains, with MIC90 values 
from 2 to 16 μg/ml (Bae et al., 2010; Yang et al., 2012; Flamm 
et al., 2013; Zhanel et al., 2013; Castanheira et al., 2014; Xiao 
et al., 2015; Zhu et al., 2015). Moraxella spp. are usually 
susceptible.

The activity of cefuroxime against Enterobacteriaceae is 
rather variable, depending on the species and beta-lactamases 
produced. In recent studies, cefuroxime (MIC90 > 16 μg/ml) 
showed limited activity against Klebsiella pneumoniae strains, 
most likely because extended-spectrum beta-lactamase 
(ESBL) producing strains will have high MICs (Castanheira 
et al., 2014; Xiao et al., 2015; Jones et al., 2010). Non-ESBL-
producing Escherichia coli are typically quite susceptible. 
Inclusion of ESBL-producing strains in strain collections of 
E. coli results in MIC90 of 64–128 μg/ml to cefuroxime (Fluit et 
al., 2000; Lerma et al., 2008). Second- and third-generation 
cephalosporins have high in vitro bacteriostatic activity 
against Helicobacter pylori, especially cefuroxime, which was 
found to have the lowest resistance rate and MIC values 
(MIC50 0.016 μg/ml, MIC90 0.047 μg/ml) (Bai et al., 2015).

Cefuroxime shows limited or no activity against the 
AmpC-producing Enterobacter spp., Citrobacter freundii, and 
Serratia marcescens. It is also inactive against Pseudomonas 
aeruginosa, Acinetobacter spp., and Stenotrophomonas malto-
philia (Fluit et al., 2000; Scott et al., 2001). Flavobacterium 
spp. are resistant. Pasteurella multocida is often cefuroxime 
susceptible (Goldstein and Citron, 1988).

ANAEROBIC BACTERIA

Peptostreptococcus and Clostridium spp. may be susceptible 
to cefuroxime (O’Callaghan et al., 1976; Goldstein and 
Citron, 1988). Some Gram-negative anaerobic bacilli, such 

as Propionibacterium (MIC90 2 μg/ml), Fusobacterium necro-
phorum (MIC90 4 μg/ml), Peptostreptococcus, and Clostridium 
perfringens (MIC90 8 μg/ml) may be inhibited by cefuroxime, 
but bacteria of the Bacteroides fragilis group usually need 
high concentrations for inhibition and are completely resis-
tant (O’Callaghan et al., 1976; Jones et al., 1977; Spangler et 
al., 1994).

OTHER BACTERIA

Nocardia asteroides is only moderately sensitive to cefurox-
ime (MIC 1–16 µg/ml) (Gutmann et al., 1983), and the drug 
is typically not useful for treatment of nocardiosis. Treponema 
pallidum is susceptible in vitro, and cefuroxime is effective in 
experimental infections in animals (Acred et al., 1980), but 
human experience is lacking. Borrelia burgdorferi is cefur-
oxime susceptible (Johnson et al., 1990; Agger et al., 1992). 
Chlamydia trachomatis is resistant (Bowie, 1982).

2b.  Emerging resistance and 
cross-resistance

Cefuroxime is hydrolyzed and rendered inactive by ESBLs, 
AmpC beta-lactamases, Klebsiella pneumoniae carbapene-
mase (KPC), and metallo-beta-lactamases. Pneumococcal 
isolates that are nonsusceptible to penicillin frequently dis-
play some reduced susceptibility (i.e. cross-resistance) to 
cefuroxime (Aspa et al., 2004).

2c.  In vitro synergy and antagonism

There is little evidence of clinically useful synergy between 
cefuroxime and other antimicrobial agents.

3. MECHANISM OF DRUG ACTION

The mode of action of cefuroxime is inhibition of cell wall 
synthesis by way of interaction with penicillin-binding 
 proteins, as with other cephalosporins (see Chapter 27, 
Ceftriaxone).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

CEFUROXIME SODIUM

The i.m. or i.v. dose of cefuroxime can be varied widely, 
depending on the nature and severity of infection. Adult dos-
age in the range of 0.5–2.0 g every 8 hours can be used 
(Norrby et al., 1977). For severe infections, such as bacterial 
meningitis, an adult dosage of 3 g i.v. every 8 hours has 
been used (Report, 1982); however, the advent of the third- 
generation cephalosporins makes cefuroxime use for menin-
gitis effectively obsolete. For i.v. administration, each dose can 
be injected or infused over periods of 3–30 minutes (Foord, 
1976; Goodwin et al., 1977).
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CEFUROXIME AXETIL

A common adult dosage of cefuroxime axetil, administered 
orally, is 0.5 g every 12 hours; an increased dosage of 0.5 g 
every 8 hours gives inferior clinical results, probably because 
of more frequent gastrointestinal side effects with the larger 
dose (Cooper et al., 1985; Emmerson, 1988). For sick elderly 
patients, a dosage of 0.25 g every 12 hours may be sufficient 
(Ridgway et al., 1991). The lower dosage of 0.25 mg every 12 
hours suffices for the treatment of acute uncomplicated uri-
nary tract infections (Emmerson, 1988), but most likely not 
for pneumonia.

4b.  Newborn infants and children

CEFUROXIME SODIUM

A typical dose of cefuroxime sodium for children is 60–75 
mg/kg body weight, administered every 8 hours (Report, 
1982).

CEFUROXIME AXETIL

For infants and children, 10–15 mg/kg administered every 
12 hours is the suggested dose of cefuroxime axetil (Powell 
et al., 1991). This should be administered together with milk 
(Ginsburg et al., 1985).

There are no data available on dosing of either form of 
cefuroxime in premature infants.

4c.  Pregnant and lactating mothers

Some authors have suggested that cefuroxime plasma levels 
may be 30–50% lower and the drug’s half-life (t½) signifi-
cantly shorter in women when they were pregnant than in 
the same women after delivery and when breastfeeding had 
ceased (Philipson, 1983). However, specific dosing recom-
mendations for pregnant women are not available. Cefur-
oxime has been assigned to pregnancy category B by the 
FDA. Animal studies failed to reveal evidence of fetal harm. 
Cefuroxime should be given during pregnancy only when 
need has been clearly established. Cefuroxime is excreted 
into human milk, but adverse effects in the nursing infant are 
unlikely. 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Cefuroxime is excreted almost entirely by the kidneys, and 
patients with renal failure require a modified dosage. The 
normal cefuroxime serum half-life of 1.4–1.8 hours is 
 prolonged to approximately 20 hours in anuric patients 
(Bundtzen et al., 1981).

Cefuroxime sodium
An approximate dosage of cefuroxime sodium for use in 
patients with varying degrees of renal insufficiency has been 
published by Van Dalen et al. (1979). Patients with a creati-
nine clearance of more than 60 ml/minute should be given a 

normal dose of 1 g every 8 hours. For those with creatinine 
clearance values of 45–60, 30–45, 15–30, 4–15, and < 4 ml/
minute, a 1-g dose should be given every 12, 18–24, 36–48, 
60–72, or 72–96 hours, respectively. If a patient with a creat-
inine clearance < 4 ml/minute is being treated by regular 
hemodialysis, a dose of 1 g cefuroxime i.v. after each dialysis 
is sufficient. Hemodialysis is an effective means of eliminat-
ing cefuroxime from the body.

Cefuroxime axetil
In patients with renal failure, dosage modification of cefu-
roxime axetil is not necessary if creatinine clearance is > 50 
ml/minute per 1.73 m2, and a dose of cefuroxime axetil 250–
500 mg every 8 hours can be given to adults. This dose should 
be given every 12 hours when creatinine clearance is 49–30 
ml/minute per 1.73 m2, every 24 hours when it is 29–10 ml/
minute per 1.73 m2, and every 48 hours when it is < 10 ml/
minute per 1.73 m2 (Konishi et al., 1993).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

There are insufficient data to suggest dosing modification of 
cefuroxime in patients with impaired hepatic function.

OLDER ADULTS

Dosing of cefuroxime needs to be modified in the elderly 
only in the presence of renal impairment (Cowling et al., 
1992).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Cefuroxime axetil is formulated as an ester prodrug to facili-
tate its oral absorption. Cefuroxime axetil is well absorbed 
from the gastrointestinal tract and is rapidly hydrolyzed by 
nonspecific esterases in the intestinal mucosa and blood to 
cefuroxime and the ester group. The latter is metabolized to 
acetic acid and acetaldehyde, which have no inherent activity.

Compared with i.v. administered cefuroxime, the bio-
availability of orally administered cefuroxime axetil is about 
35% in fasting volunteers. If the ester is given within 15 min-
utes of a meal, bioavailability is about 45%, indicating that 
it should be administered shortly after food. Similar results 
were noted by Harding et al. (1984), who noted that in 
healthy volunteers serum levels and urinary recoveries were 
significantly greater for cefuroxime than for ampicillin, but 
when the drug was taken after fasting the values were similar 
for the two drugs. In children, bioavailability may be 25–88% 
higher when cefuroxime axetil and milk are administered 
simultaneously than when the same dose is given in the fast-
ing state.

Cefuroxime axetil is available in tablet form and a suspen-
sion. The suspension contains micropellets of cefuroxime 
axetil coated with stearic acid to mask the bitter taste and is 
generally used in children. The two formulations are not bio-
equivalent. Whereas the tablet form releases the drug into 
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the stomach, the suspension releases cefuroxime axetil into 
the upper small intestine. This gives rise to differences in 
bioavailability and the concentration–time curve (Scott et al., 
2001).

The degree of protein binding after oral cefuroxime axetil 
administration has not been studied, but the plasma pro-
tein binding of cefuroxime has been variously reported as 
33% and 50% (Gillett and Wise, 1978). Cefuroxime protein 
binding in adult serum may be concentration dependent. 
Cefuroxime binding in neonatal serum is independent of 
concentration, averaging 15.6% over the above concentra-
tion range (Benson et al., 1993). Cefuroxime has a relatively 
small volume of distribution of 0.25–0.3 l/kg (Scott et al., 
2001).

5b.  Drug distribution

CEFUROXIME SODIUM

If a 0.5-g dose of cefuroxime is infused i.v. over 30 minutes, 
the mean peak serum level immediately after the infusion is 
37.8 µg/ml in adults; this level falls to 5.1 µg/ml at 3 hours, 
and the drug is still detectable in the serum for 5–6 hours. 
If the same dose is given by rapid i.v. injection (over 3 min-
utes), the peak serum level is much higher (82.7 µg/ml), but 
at 3 hours and thereafter the levels are slightly lower than 
after the 30-minute infusion (Foord, 1976; Goodwin et al., 
1977).

After a 0.5-g i.m. dose, a mean peak serum level of 25.3 
µg/ml is reached in 30 minutes in adults. After a 1-g i.m. 
dose, the peak is higher (39.1 µg/ml), but not doubled, and 
it is reached in 45–60 minutes. Serum levels after both doses 

are prolonged, and measurable concentrations of cefuroxime 
are still present 8 hours after the injection.

The t½ after i.m. or i.v. administration is 1.4–1.8 hours and 
is prolonged to approximately 20 hours in anuric patients 
(Bundtzen et al., 1981; Scott et al., 2001).

CEFUROXIME AXETIL

The pharmacokinetic parameters of cefuroxime axetil when 
used in various patient groups are summarized in Table 22.2. 
When a 250-mg dose is administered orally to adults together 
with food, the mean peak serum level is reached in 2.5 hours 
and is 4.63 µg/ml. Detectable serum concentrations are 
present for at least 8 hours (James et al., 1991; Scott et al., 
2001). The serum levels are similar when a 15-mg/kg dose is 
administered to infants and children with milk (Powell et al., 
1991). The t½ is 1.2–1.3 hours (tablets) and 1.4–1.9 hours 
(suspension).

Although the tmax of cefuroxime in elderly volunteers who 
received the suspension formulation of cefuroxime axetil 
was similar to that in younger volunteers who received the 
same preparation, the area under the curve (AUC) was higher 
(15.7 vs. 9.75 mg/l/hour). Cefuroxime did not show signs 
of  accumulation after administration of cefuroxime axetil 
250 mg twice daily for 5 days to elderly patients with a mean 
creatinine clearance of 3.84 l/hour (64.9 ml/minute).

DISTRIBUTION OF THE DRUG IN THE BODY

Cefuroxime penetrates well into pleural fluid (Hoffstedt et al., 
1980) and into middle ear effusions of patients with chronic 
purulent otitis media (Martini and Xerri, 1982). Drug con-
centrations in bronchial secretions are relatively low. Mean 

Table 22.2. Mean pharmacokinetic parameters of cefuroxime after oral administration of cefuroxime axetil to various populations

Dosea Cmax (mg/l) tmax (hours) AUC∞ (mg/l/hour) t1/2 (hours)

Tablets immediately after meal to 12 healthy adult volunteers

250 mg 4.1 2.5 12.9 1.2

500 mg 7.0 3.0 27.4 1.2

Oral suspension to pediatric patients (mean age 23 months) with infections

10 mg/kg (n = 8) 3.3 3.6 12.4b 1.4

14 mg/kg (n = 12) 5.1 2.7 22.5b 1.9

20 mg/kg (n = 8) 7.0 3.1 32.8b 1.9

Oral suspension of different concentrations to 18 healthy adult volunteers (with food)

250 mg/ml 2.2 3.0 8.9b 1.4

Tablets to 10 elderly patients (mean age 78.6 years) for 5 days

250 mg every 12 hours (day 1) 10.3 2.8 59.4 2.4

250 mg every 12 hours (day 5) 11.3 3.1 60.6 2.3

Oral suspension to 12 healthy elderly volunteers (mean age 71 years)

250 mg 3.38 3.0 (median) 15.7 1.9

aSingle dose values unless stated otherwise.
bTime period not specified.
Abbreviations: Cmax: peak plasma concentration; tmax: time to Cmax; AUC: area under the plasma concentration-time curve from zero to infinity; t½: 

elimination half-life.
Source: Modified from Scott et al. (2001).
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levels are 0.67 and 1.78 µg/ml after 750-mg and 1.5-g doses, 
respectively, but these levels exceed the MICs of susceptible 
pathogens (Peirce et al., 1980; Havard et al., 1981). After an 
oral dose of cefuroxime axetil (500 mg), the concentration 
of cefuroxime in bronchial mucosa ranged from 1.8 to 
2.18 µg/g (Winter and Dhillon, 1991; Baldwin et al., 1992). 
Cefuroxime reaches therapeutically effective concentrations 
in muscle and fat tissue taken from proximal parts of isch-
emic amputated limbs (Bullen et al., 1981). After a 750-mg 
dose of i.v. cefuroxime in adults, tissue levels in normal bone 
averaged 8 µg/g (Leigh et al., 1989). After oral administration 
of cefuroxime axetil, the concentrations in normal human 
bone were 20–30% of serum concentrations (Renneberg et 
al., 1993).

Cerebrospinal fluid (CSF) levels of this drug are low in 
patients with uninflamed meninges, and therapeutically effec-
tive concentrations are attained only after large parenteral 
doses, in patients with bacterial meningitis (Müller et al., 
1980; De Los et al., 1982). With a dosage of 1.5 g cefuroxime 
i.v. every 6 hours in adults, CSF levels were in the range 1.5–
13.5 µg/ml (mean 6 µg/ml), during the acute stage of bac-
terial meningitis (Netland et al., 1981). In 21 patients with 
bacterial meningitis treated by cefuroxime 60–75 mg/kg 
body weight i.v. every 8 hours, CSF concentrations were high, 
and in most cases, therapeutic levels were maintained between 
doses (Report, 1982). In one study, the penetration in ven-
tricular fluid of i.v. cefuroxime, in a dose of 200–230 mg/kg 
body weight, was assessed in pediatric patients with ventric-
uloperitoneal shunt infections. Levels of cefuroxime in ven-
tricular fluid ranged from 1.6 to 22.5 µg/ml (Edwards et al., 
1989).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

As with other beta-lactam antibiotics, cefuroxime bacteri-
cidal activity relates most to the time that serum drug con-
centrations remain above the MIC of a given organism (i.e. 
time-dependent antibiotic killing). Pharmacodynamic stud-
ies suggest that cephalosporin concentrations should exceed 
the MIC for ≥ 50% of the dosing interval to ensure bacterial 
eradication and clinical cure in respiratory tract infections 
(Andes, 2001). In an evaluation of cefuroxime axetil (500 mg 
twice daily), plasma concentrations above the MIC90 for > 90% 
of the dosing interval were observed for S. pneumoniae and 
H. influenzae. Against M. catarrhalis, the plasma concentra-
tion of cefuroxime axetil was above the MIC90 for only < 25% 
of the time (Scott et al., 2001).

Breakpoints derived from a combination of pharmaco-
dynamic and microbiologic considerations are different for 
parenteral cefuroxime sodium compared with orally admin-
istered cefuroxime axetil (as would be expected given the 
differences in pharmacokinetics described earlier). The most 
recent Clinical Laboratory Standards Institute MIC break-
points of S. pneumoniae for cefuroxime axetil are < 1.0 µg/ml 
(susceptible), 2.0 µg/ml (intermediate), and ≥ 4.0 µg/ml 
(resistant) and < 0.5 µg/ml (susceptible), 1 µg/ml (interme- 

diate), and ≥ 2.0 µg/ml (resistant) for parenteral cefuroxime 
(NCCLS, 2009).

Cefuroxime may exhibit a postantibiotic effect (PAE) 
against S. pneumoniae strains, ranging from 0.8 to 2.9 hours 
after the pathogens had been exposed to concentrations 10 
times the MIC value. In another in vitro study, after exposure 
of pathogens to 4 times the MIC value, cefuroxime exhibited 
a mean PAE of ~ 1.5 hours against penicillin-susceptible S. 
pneumoniae; ~ 2.5 hours against a penicillin-resistant S. pneu-
moniae strain; and < 1 hour against S. pyogenes, S. aureus, 
and both beta-lactamase-positive and-negative strains of 
H.  influenzae and M. catarrhalis. These data are consistent 
with the fact that cephalosporins generally demonstrate a 
PAE against only Gram-positive bacteria (Scott et al., 2001).

5d.  Excretion

Cefuroxime is not inactivated in the body; virtually all of a 
parenterally administered dose is excreted via the kidney, in 
an active unchanged form, by glomerular filtration and tubu-
lar secretion. Over 95% of i.v. administered cefuroxime can 
be recovered from the urine during the first 24 hours. Thus 
high concentrations of the drug are attained in urine; after a 
0.5-g i.m. dose, urinary concentrations are 300–3000 µg/ml 
during the first 6 hours (Foord, 1976; Goodwin et al., 1977). 
Some 38.65% of an administered dose of oral cefuroxime 
axetil can be recovered from the urine (Lang et al., 1990).

Very little cefuroxime is excreted via the bile. Biliary levels 
are lower than simultaneous serum levels even if the biliary 
tract is not obstructed. Severn and Powis (1979) found that 
after an i.v. dose of 750 mg of cefuroxime, the mean biliary 
level in diseased gallbladders was 4.8 µg/ml, and the mean 
level was only 9 µg/ml in the common bile duct bile in 
patients without biliary tract obstruction.

5e.  Drug interactions

Drugs that reduce gastric acidity may result in a lower bio-
availability of cefuroxime axetil than that of at fasting state 
and tend to cancel the effect of postprandial absorption. Con-
comitant administration of probenecid increases the serum 
concentrations of cefuroxime, the total area under the curve, 
and its serum half-life. Overall, concomitant administration 
of probenecid decreases cefuroxime clearance by about 40% 
(Foord, 1976).

In common with other antibiotics, cefuroxime axetil may 
affect the gut flora, leading to lower estrogen reabsorption 
and reduced efficacy of combined oral estrogen–progesterone 
contraceptives.

6. ADVERSE REACTIONS AND TOXICITY

Cefuroxime is relatively free from side effects, but collateral 
damage in the form of subsequent C. difficile–related colitis 
or colonization with ESBL-producing organisms warrants 
some emphasis (Bartlett, 2008; Dial et al., 2008). Cefuroxime 
axetil has an effect on fecal flora of healthy volunteers; there 
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was a reduction of anaerobes and more marked elimination 
of Enterobacteriaceae (Leigh et al., 1990).

Patients administered oral cefuroxime axetil have experi-
enced nausea, vomiting, and diarrhea (Trollfors et al., 1979; 
Emmerson, 1988; McLinn et al., 1994). In recent clinical trials, 
the most common drug-related adverse events were diarrhea 
(2–10.2% of patients), nausea (0–5%), vomiting (1–5%), 
abdominal pain (2–2.8%), dizziness (0.8–3%), headache 
(1–3.7%), vaginitis (1–2%), and skin rash (3%). The nature 
and incidence of adverse events was similar with either 5 or 
10 days of treatment with cefuroxime axetil. The tolerability 
of cefuroxime axetil was superior to that of amoxicillin–
clavulanic acid in investigations that included patients with 
upper and lower respiratory tract infections (Scott et al., 2001).

Nephrotoxicity is uncommon. Provided the dose is suit-
ably reduced, the drug can be used in patients with pre-
existing renal damage without further compromising renal 
function (Trollfors, 1980; Trollfors et al., 1980). In one study, 
18 of 60 treated patients developed slight reversible rises in 
transaminases, and two a positive direct Coombs test with-
out hemolysis (Norrby et al., 1977). It may interfere with plate-
let function, but only when excessively high serum levels are 
attained (Bang and Kammer, 1983). A psychotic reaction to 
i.v. cefuroxime has been reported in one patient (Vincken, 
1984).

Clostridium difficile has been associated with cefuroxime 
use in both its parenteral and oral form (Gorbach, 1999; 
Al-Eidan et al., 2000; Brian and Nguyen, 2002; Rao et al., 
2003; Thomas et al., 2003; Palmore et al., 2005; Bartlett, 2008; 
Baxter et al., 2008; Dial et al., 2008; Pupaibool et al., 2008; 
Van der Kooi et al., 2008). Some have found that the oral 
form of cefuroxime seems to have a higher risk of C. difficile 
infection than parenteral administration (Al-Eidan et al., 
2000). This might be expected owing to its great influence on 
the colonic flora. The risk of getting C. difficile may become 
even higher if cefuroxime is given in combination with other 
antibiotics. In one evaluation, only 1 of 80 (1.25%) patients 
treated solely with cefuroxime developed C. difficile infec-
tion, compared with 4.9% of patients who received combina-
tion antibiotic therapy (Wilstrom et al., 2001). Despite this, 
C. difficile infection has been reported even after a single dose 
of cefuroxime when used for surgical prophylaxis (Morris et 
al., 1984).

7. CLINICAL USES OF THE DRUG

The clinical role of cefuroxime appears to be steadily decreas-
ing given the availability of similar, but more clinically effec-
tive agents such as ceftriaxone (see Chapter 27, Ceftriaxone) 
and cefixime (see Chapter 29, Cefixime).

7a.  Pneumonia and other respiratory tract 
infections

Given its activity against S. pneumoniae, H. influenza, and 
M. catarrhalis, cefuroxime has been extensively used for the 
empirical treatment of CA-RTIs. However an increase in 

resistance rates among common pathogens causing RTIs 
has been observed, potentially limiting its use in some coun-
tries. Given the importance of pneumococcal pneumonia, 
studies evaluating serious pneumococcal infections are of 
great importance. Yu et al. (2003) evaluated the outcome of 
patients with pneumococcal bloodstream infection. Patients 
who were infected with pneumococci that were not suscep-
tible to cefuroxime (median MIC by E test, 3 µg/ml; median 
MIC by broth dilution assay, 8 µg/ml) but who were treated 
with cefuroxime, experienced a significantly higher mortal-
ity rate (4 of 11 [36.4%] died) than patients in whom cefu-
roxime was used and the organism was susceptible (4 of 53 
[5.8%] patients died; p = 0.02) (Yu et al., 2003). In this study, 
most patients who were treated with cefuroxime received the 
standard dose at 750 mg every 8 hours. These results suggest 
that the activity of cefuroxime against cefuroxime-resistant 
S. pneumoniae (MICs ≥ 4 µg/ml) using a parenteral dose of 
750 mg every 8 hours is likely to be suboptimal. (In contrast, 
penicillin was effective regardless of whether there was appar-
ent penicillin “resistance.”) It is not certain whether larger 
doses of cefuroxime might have a superior effect. In a small 
evaluation of three patients with bacteremic pneumococcal 
pneumonia in Spain, i.v. cefuroxime (1500 mg every 8 hours) 
was effective therapy for cefuroxime-resistant strains (cefu-
roxime MICs 2–4 µg/ml) (Caballero-Granado et al., 1996).

The latest guideline by the Infectious Diseases Society of 
America (IDSA) for the treatment of community-acquired 
pneumonia recommends cefuroxime as an alternative agent 
for initial empirical therapy for outpatient management but 
lacks recommendations for parenteral cefuroxime for patients 
requiring hospital admission (update in progress) (Mandell 
et al., 2007). The IDSA guidelines recommend oral cefurox-
ime axetil (500 mg every 12 hours), in combination with 
macrolides, for the subgroup of patients with co-morbidities 
such as diabetes mellitus, alcoholism, and chronic obstruc-
tive pulmonary disease (COPD). The British Thoracic Society 
guideline updated in 2009 recommends i.v. cefuroxime plus 
clarithromycin as an alternative empirical treatment for hos-
pitalized adults with high-severity CAP who are allergic to 
penicillin. Recent small studies suggest reasonable clinical 
efficacy with cefuroxime for community-acquired pneumo-
nia (Wiener-Well et al., 2009).

Cefuroxime is still among the drugs of choice for the 
treatment of acute exacerbations of COPD. H. influenzae, 
S. pneumoniae, and M. catarrhalis are all frequently impli-
cated. A regimen of 500 mg cefuroxime axetil given twice a 
day for 10 days was used with a reported clinical success rate 
of 83.1% (Zervos et al., 2003). More recently, a lower dose of 
250 mg twice a day for the same duration achieved an equiv-
alent cure rate of 82.7%. Clinical success in patients infected 
with H. influenzae isolates was 82.5% (Alvarez-Sala et al., 
2006). In a randomized clinical trial comparing levofloxacin 
with cefuroxime for the treatment of acute exacerbation of 
chronic obstructive pulmonary disease (AECOPD), treatment 
was clinically successful in 90.4% of patients in the levoflox-
acin group and in 90.6% of patients in the cefuroxime group 
(95% confidence interval: 9.40 –10.91), within a noninferi- 
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ority margin of 10% (Yoon et al., 2013). According to the 
Agency for Healthcare Research and Quality (2013), second- 
generation cephalosporins are considered an alternative treat-
ment for mild exacerbations of COPD, with no risk factors 
for poor outcome.

Cefuroxime has been used in the treatment of acute otitis 
media and acute sinusitis (Ip et al., 2005; Brook, 2007). In 
one study, oral cefuroxime 250 mg every 12 hours was more 
effective than oral penicillin in eradicating group A beta- 
hemolytic streptococcal (GABHS) tonsillitis–pharyngitis 
(Adam et al., 2000). More recently, a meta-analysis involving 
35 trials comparing cephalosporin with penicillin treatment 
of GABHS tonsillopharyngitis in children was carried out by 
Casey and Pichichero (2004); cefuroxime was statistically 
superior in clinical improvement and bacterial eradication 
of GABHS. As a group, the second-generation cephalospo-
rins showed similarly higher bacterial cure rates. However, 
because of variable rates of resistance among S. pneumoniae 
and because of the introduction of the conjugated pneumo-
coccal vaccines, both the prevalence of H. influenzae and 
proportion of beta-lactamase-producing H. influenzae extrap-
olated from middle ear fluid cultures of children with acute 
otitis medium have markedly increased (Casey et al., 2010). 
IDSA guidelines no longer recommend second- and third- 
generation oral cephalosporins for empiric monotherapy of 
acute bacterial rhinosinusitis, and amoxicillin–clavulanate is 
considered the first-line therapy in both children and adults 
(Chow et al., 2012).

7b.  Uncomplicated urinary tract infection

Acute uncomplicated urinary tract infections (UTIs) in adults 
include episodes of acute cystitis and acute pyelonephritis 
in otherwise healthy individuals (without structural and 
functional abnormalities within the urinary tract, kidney 
diseases, or co-morbidity that could lead to more serious 
outcomes). The main Gram-negative bacteria involved are 
E. coli, K. pneumoniae, and P. mirabilis ; S. saprophyticus is 
the most common Gram-positive isolate. The wide use of 
second-generation cephalosporins to treat UTIs has led to an 
increasing resistance, even though susceptibility rates vary 
among the countries. Data collected from the Antimicrobial 
Resistance Epidemiological Survey on Cystitis (ARESC) study 
have shown reduced cefuroxime susceptibility in almost 20% 
of all E. coli, 6.5% of K. pneumoniae, and 4.8% of P. mirabilis 
isolates, with susceptibility rates ≤ 80.9% in Italy and Spain 
(Schito et al., 2009). This is in line with a 7-year surveillance 
study in Spain reporting resistance rates > 30% in E. coli iso-
lates (Sorlozano et al., 2014). Data from a multicenter study 
in China have found in E. coli resistance rates to fluoroquino-
lones and to second- and third-generation cephalosporin 
ranging from 49.4% to 57.5% (Qiao et al., 2013). Moreover 
UTI pathogens can carry ESBL genes that further decrease 
cefuroxime activity. Efficacy of fosfomycin and nitrofuran-
toin against E. coli ESBL and non-ESBL producers and K. 
pneumoniae has been demonstrated in previous studies, so 
they are currently among the first-line agents recommended 

for empirical treatment of uncomplicated UTIs. Cefuroxime 
use should be limited to those situations with a demonstrated 
or highly probable susceptibility.

Oral cefuroxime has been regarded as less effective than 
trimethoprim sulfamethoxazole and fluoroquinolones for 
most organisms causing UTI. However, the drug does con-
centrate in the urine and is active against all but ESBL- or 
AmpC-producing E. coli. Cefuroxime can be used as an alter-
native agent, especially during pregnancy. In complicated 
UTI or pyelonephritis, it can be used as a switch to oral ther-
apy after initial clinical improvement, based on organism 
susceptibility (Nicolle, 2002).

7c.  Skin and skin structure infection

Generally, unlike cephalexin, which has good activity against 
S. aureus, cefuroxime has little role in the treatment of skin 
and soft-tissue infection (Stevens et al., 2005). Oral penicillin 
for 10 days has been recommended as treatment of choice 
for perianal streptococcal dermatitis in children. In a small 
prospective unblinded study, treatment with cefuroxime 
achieved a more rapid clinical improvement compared with 
oral penicillin (Meury et al., 2008). It is considered an alter-
native regimen for the treatment of infected animal bite 
wounds, although the addition of anaerobic coverage is 
required (Stevens et al., 2014; Goldstein et al., 1988). 

7d.  Intraabdominal infection

Cefuroxime, in combination with metronidazole, has been 
shown to have an equal success rate of mild to moderate 
community-acquired intraabdominal infection compared 
with piperacillin–tazobactam monotherapy (Ohlin et al., 
1999) or imipenem monotherapy (Angeras et al., 1996). 
According to the Surgical Infection Society (SIS) and the 
IDSA guidelines, cefuroxime plus metronidazole is among 
the recommended regimens to treat mild to moderate com-
munity-acquired intraabdominal infection in adult patients 
(Solomkin et al., 2010). However it should not be used to 
treat suspected infection with ESBL-producing organisms 
because of its poor efficacy against these strains. 

7e.  Meningitis

Even though cefuroxime may penetrate the CSF in patients 
with meningeal inflammation, it is not recommended for the 
treatment of meningitis. Its efficacy is inferior to ceftriaxone, 
and treatment with cefuroxime in children has been associ-
ated with increased hearing impairment (Schaad et al., 1990). 
Reduced rates of susceptibility for cefuroxime were found 
among Neisseria meningitidis strains isolated from 18 African 
countries in the “meningitis belt” between 2000 and 2006 
that were tested for susceptibility to beta-lactams antibiotics 
(Hedberg et al., 2009). 

One study has shown cefuroxime has efficacy as a single 
agent for prophylaxis in patients undergoing transsphenoidal 
surgery (Little et al., 2011).
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7f.  Gonorrhoea

Cefuroxime use for the treatment of gonorrhoea is inferior to 
ceftriaxone or cefixime and has been associated with clinical 
failure for gonococcal strains with MICs of 0.5–1 µg/ml. In a 
Taiwanese study, at least 30% of patients with genital gono-
coccal infection had suboptimal responses to oral cefurox-
ime and needed additional antibiotic treatment (Chen et al., 
2009). The pharmacodynamics of cefuroxime does not sup-
port its use for this infection (Ison et al., 2004). However, in 
an older study, Gottlieb and Mills (1986) described some effi-
cacy with oral cefuroxime axetil (1 g) plus probenecid; cure 
was observed in 29 of 30 urethral and 6 of 6 rectal gonococ-
cal infections in men (Gottlieb and Mills, 1986).

7g.  Lyme disease

Cefuroxime axetil is recommended at a dosage of 500 mg 
twice per day for 14 days for treatment of adult patients with 
early localized or early disseminated Lyme disease associated 
with erythema migrans and in the absence of specific neuro-
logic manifestations or advanced atrioventricular heart block 
(Wormser et al., 2006). A European study on in vitro suscep-
tibility of Borrelia burgdorferi sensu stricto strains found 
cefuroxime sodium to display the lowest MIC (MIC90 0.063 
μg/ml), together with azithromycin (MIC90 0.22 μg/ml) and 
ceftriaxone (MIC90 0.25 μg/ml) (Veinović et al., 2013). 
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Cefotiam, Cefuzonam, 
Cefamandole, Cefonicid, 
and Ceforanide

Hisashi Baba and David L. Paterson

1. DESCRIPTION

The second-generation cephalosporins make up the cepha-
mycins (including cefoxitin, cefotetan, and other cephamy-
cins; see Chapter 24 ) and the true cephalosporins, such as 
cefuroxime (see Chapter 22), and cefaclor, cefprozil, and 
loracarbef (see Chapter 21). A variety of other parenterally 
administered, second-generation true cephalosporins have 
been developed over the past 30 or more years. These anti-
biotics are discussed in this chapter. With the exception of 
cefotiam, which remains popular in Japan and some other 
countries, these antibiotics are now rarely used. With this in 
mind, the majority of this chapter will be devoted to cefotiam 
and, to a lesser extent, cefamandole.

1a.  Cefotiam

Cefotiam is widely used as perioperative prophylaxis in Japan. 
It is predominantly used intravenously (in the form of cefo-
tiam hydrochloride: C18H23N9O4S3·2HC1), although an oral 

formulation is available (cefotiam hexetil hydrochloride: 
C27H37N9O7S3·2HCl). The molecular weight of cefotiam hydro-
chloride is 598.55, and that of cefotiam hexetil hydrochloride 
is 768.76. Their formulas are given in Figures 23.1 and 23.2.

1b.  Cefuzonam

Cefuzonam was used in Japan in the 1980s and 1990s, but 
its use has largely been curtailed because of severe skin 
reactions.

1c.  Cefamandole

Developed at Lilly Research Laboratories, cefamandole was 
shown by Wick and Preston (1972) to have good activity 
against Gram-negative bacteria. Cefamandole was used clin-
ically as the sodium salt of the O-formyl ester, cefamandole 
nafate. The independent antibacterial activity of cefaman-
dole nafate is about 10-fold less than that of cefamandole, but 
after administration, this ester is rapidly converted in vivo to 

Figure 23.1. Chemical structure of cefotiam 
dihydrochloride.
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cefamandole, which is the predominant circulating antibi-
otic (Wold et al., 1978). This occurs even in the presence of 
renal failure (Nielsen et al., 1979). Cefamandole is no longer 
available in the USA and most other countries. Because it is 
no longer used, this chapter will describe only the in vitro 
activity and toxicity of the drug. The structure of cefaman-
dole is illustrated in Figure 23.3.

1d.  Ceforanide

Ceforanide is structurally similar to cefamandole. Like cefa-
mandole and a number of other cephalosporins, it has an 
N-methylthiotetrazole side chain at position 3.

1e.  Cefonicid

Cefonicid is another parenteral second-generation cephalo-
sporin with a similar structure to cefamandole.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The in vitro activity of cefotiam against common Gram-
positive and Gram-negative pathogens is summarized in 
Tables 23.1 and 23.2, respectively.

GRAM-POSITIVE AEROBIC BACTERIA

Cefotiam is active against methicillin-susceptible Staphylo
coccus aureus (MSSA) and streptococci other than pneumo-
cocci (Yamaguchi et al., 2014; Yamaguchi et al., 2012; Yoshida 
et al., 2012a). Penicillin-susceptible Streptococcus pneumoniae 

(susceptible breakpoint, ≤ 0.06 μg/ml) is also sensitive to cefo-
tiam, although penicillin-intermediate strains have increased 
cefotiam minimum inhibitory concentrations (MICs); the 
drug is less active against penicillin-resistant strains (Yoshida 
et al., 2012a). MRSA and enterococci are resistant (Yamaguchi 
et al., 2014; Yamaguchi et al., 2012).

Cefamandole is active against S. aureus (but not MRSA), 
S. pyogenes, S. pneumoniae, group B streptococci, and alpha- 
hemolytic streptococci (viridans streptococci). Enterococcus 
faecalis is resistant. This activity against Gram-positive cocci 
is similar to that of the first-generation cephalosporins, 
although cefamandole is marginally less active, particularly 
against S. aureus (Neu, 1974; Bodey and Weaver, 1976; Dan 
et al., 1983). However, it can be considered to have been a 
reliable antistaphylococcal drug (Fong et al., 1976; Chapman 
and Steigbigel, 1983; Sabath, 1989).

GRAM-NEGATIVE AEROBIC BACTERIA

Cefotiam is active against Escherichia coli and Klebsiella. 
Proteus mirabilis is less sensitive to cefotiam, and other Proteus 
spp., Serratia marcescens, Enterobacter aerogenes, Citrobacter 
freundii, and Morganella morganii are resistant (Yamaguchi 
et al., 2012; Yamaguchi et al., 2014; Yoshida et al., 2012b). 
Cefotiam lacks antipseudomonal activity.

Cefamandole is more stable to narrow spectrum TEM and 
SHV beta-lactamases produced by Gram-negative bacilli 
and thus has greater activity than first-generation cephalo-
sporins—for example, it is active against some cephalothin- 
resistant species. It is not as active against many Gram-negative 
aerobic bacilli as the third-generation cephalosporins such as 
cefotaxime. It lacks antipseudomonal activity.

ANAEROBIC BACTERIA

Anaerobes of the Bacteroides fragilis group are resistant to 
cefotiam (Abe et al., 2003).

The Prevotella spp. and Fusobacterium spp. are usually 
susceptible to cefamandole, but anaerobes of the B. fragilis 
group are resistant (Sutter and Finegold, 1976; Jenkins et al., 
1982).

OTHER BACTERIA

These second-generation cephalosporins lack activity against 
Chlamydia, Mycoplasma, and Rickettsia.

Figure 23.2. Chemical structure of cefotiam hexetil 
hydrochloride.
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2b.  Emerging resistance and 
cross-resistance

The second-generation cephalosporins are destroyed by 
extended-spectrum beta-lactamases (ESBLs), AmpC-type 
beta-lactamases, and carbapenemases.

3. MECHANISM OF DRUG ACTION

These cephalosporins bind to penicillin-binding proteins 
and inhibit cell wall synthesis, as do other beta-lactam 
antibiotics.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Cefotiam dihydrochloride is usually given in a regimen of 
1 g i.v. every 6–12 hours. Given its extremely short half-life 
(see section 4b,. Newborn infants and children), some clini-
cians suggest that it be given every 6 hours.

The usual dose of cefotiam hexetil hydrochloride is 100–
200 mg (up to 400 mg) three times daily by mouth.

4b.  Newborn infants and children

For children, a daily dose of cefotiam of 40–80 mg/kg is usu-
ally given in three or four divided doses. A maximum dose 
of 160 mg/kg/day can be given. In the neonatal period 
(immature, newborn or < 3 weeks), it has been shown that 
the half-life of cefotiam is about 2.65 hours and falls to 1 hour 
after this period (Brogard et al., 1989). However, there are no 
published data about the manner to adjust dosing during the 
neonatal period.

4c.  Pregnant and lactating mothers

Most cephalosporins are FDA category B for pregnancy and 
excreted in a small amount in breast milk. It would be rea-
sonable to assume the same for cefotiam, although there are 
few specific data. There are no recommended dosing changes 
for pregnant or lactating women.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

The elimination half-life of cefotiam rises from approxi-
mately 1 hour in people with normal renal function to up to 

Table 23.1. In vitro susceptibility of selected Gram-positive bacteria to cefotiam

Organism Year MIC50 (μg/ml) MIC90 (mg/ml) Range
No. of 
isolates Region Reference

Enterococcus faecalis 2010 128 > 128  32–> 128 641 Japan Yamaguchi et al. (2012)

Enterococcus faecium 2010 > 128 > 128   8–> 128 591 Japan Yamaguchi et al. (2012)

Peptostreptococcus spp. 2002 2 8 0.12–32 22 Japan Abe et al. (2003)

Staphylococcus aureus, 
methicillin susceptible

2012 1 1 0.5–2 102 Japan Yamaguchi et al. (2014)

2010 1 1 0.25–2 745 Japan Yamaguchi et al. (2012)

2008 1 2 0.25–2 86 Japan Yoshida et al. (2012a)

Staphylococcus aureus, 
methicillin resistant

2012 > 128 > 128   2–> 128 56 Japan Yamaguchi et al. (2014)

2010 > 128 > 128   1–> 128 719 Japan Yamaguchi et al. (2012)

Staphylococcus epidermidis, 
methicillin susceptible

2012 0.5 0.5 0.25–1 43 Japan Yamaguchi et al. (2014)

2008 0.5 0.5 0.25–0.5 22 Japan Yoshida et al. (2012a)

Staphylococcus epidermidis, 
methicillin resistant

2012 2 4   1–> 128 90 Japan Yamaguchi et al. (2014)

2008 2 4 0.5–64 95 Japan Yoshida et al. (2012a)

Staphylococci, coagulase 
negative

2012 2 16 ≤ 0.06–> 128 65 Japan Yamaguchi et al. (2014)

Streptococcus pyogenes 2010 0.06 0.06 ≤ 0.03–2 434 Japan Yamaguchi et al. (2012)

2008 ≤ 0.063 ≤ 0.063 ≤ 0.063–0.125 59 Japan Yoshida et al. (2012a)

Streptococcus agalactiae 2008 0.5 0.5 0.25–0.5 62 Japan Yoshida et al. (2012a)

Streptococcus pneumoniae 2011 0.25 4 0.125–16 73 Japan Goto and Iwasaki (2015)

2010 0.5 4 ≤ 0.03–32 661 Japan Yamaguchi et al. (2012)

Streptococcus pneumoniae, 
penicillin susceptible

2008 0.25 0.25 0.25-0.25 8 Japan Yoshida et al. (2012a)

Streptococcus pneumoniae, 
penicillin intermediate

2008 0.25 2 0.125–4 49 Japan Yoshida et al. (2012a)

Streptococcus pneumoniae, 
penicillin resistant

2008 4 16 0.25–16 43 Japan Yoshida et al. (2012a)
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12–13 hours in patients with significant renal impairment 
(Rouan et al., 1984). The Japanese product information is 
silent as to how to adjust the dose in renal failure. A number 
of different dosing regimens have been suggested for patients 
with renal failure. Brogard et al. (1989) have suggested the 
dose of 1 g every 12 hours given i.v. for patients with creati-
nine clearances of > 30 ml/minute. For patients with creat-
inine clearances of between 5 and 30 ml/minute and < 5 ml/
minute, the dose should be reduced to 75% and 50%, respec-
tively (Brogard et al., 1989).

A study on the effect of hemodialysis on cefotiam pharma-
cokinetics showed that hemodialysis shortened the average 

t½β from 8.02 ± 4.04 hours to 2.74 ± 2.15 hours (Konishi and 
Ozawa, 1984). The authors estimated that in a hypothetical 
anephric patient with a body weight of 60 kg, 6 hours’ hemo-
dialysis would remove 49.7% of the drug present in the body 
at the start of dialysis.

Evers et al. (1993) investigated the elimination of cefo-
tiam in patients with severe renal failure and sepsis during 
continuous hemofiltration. In this study, they suggested that 
administration of 1 g cefotiam twice daily would provide an 
effective and nontoxic serum concentration in patients with 
renal failure and sepsis during continuous arteriovenous or 
venovenous hemofiltration.

Table 23.2. In vitro susceptibility of selected Gram-negative bacteria to cefotiam

Organism Year
MIC50 

(μg/ml)
MIC90 

(μg/ml) Range
No. of 
isolates Region Reference

Acinetobacter spp. 2010 32 128 0.25–> 128 577 Japan Yamaguchi et al. (2012)

Bacteroides fragilis 2002 > 128 > 128   16–> 128 37 Japan Abe et al. (2003)

Bacteroides spp., non-fragilis 2002 > 128 > 128    1–> 128 24 Japan Abe et al. (2003)

Citrobacter freundii 2012 64 > 128 0.12–> 128 88 Japan Yamaguchi et al. (2014)

2008 32 > 64 0.125–> 64 59 Japan Yoshida et al. (2012b)

Citrobacter koseri 2012 0.25 > 128 ≤ 0.06–> 128 23 Japan Yamaguchi et al. (2014)

Citrobacter spp. 2010 1 64 ≤ 0.06–> 128 603 Japan Yamaguchi et al. (2012)

Enterobacter aerogenes 2012 > 128 > 128    1–> 128 37 Japan Yamaguchi et al. (2014)

2008 > 64 > 64 0.5–> 64 46 Japan Yoshida et al. (2012b)

Enterobacter cloacae 2012 > 128 > 128 0.25–> 128 91 Japan Yamaguchi et al. (2014)

2008 > 64 > 64 0.25–> 64 74 Japan Yoshida et al. (2012b)

Enterobacter spp. 2010 4 128 ≤ 0.06–> 128 657 Japan Yamaguchi et al. (2012)

Escherichia coli 2012 0.25 > 128 ≤ 0.06–> 128 146 Japan Yamaguchi et al. (2014)

2010 0.125 16 ≤ 0.06–> 128 741 Japan Yamaguchi et al. (2012)

2008 0.125 2 ≤ 0.063–> 64 157 Japan Yoshida et al. (2012b)

Haemophilus influenzae 2010 4 16 0.125–> 64 660 Japan Yamaguchi et al. (2012)

2008 4 64 0.25–> 64 89 Japan Yoshida et al. (2012b)

2011 8 32 0.25–32 88 Japan Goto and Iwasaki (2015)

Haemophilus influenzae, 
beta-lactamase positive

2008 4 > 64    1–> 64 7 Japan Yoshida et al. (2012b)

Haemophilus influenzae, 
beta-lactamase negative

2008 4 32 0.25–> 64 82 Japan Yoshida et al. (2012b)

Klebsiella pneumoniae 2012 0.25 2 ≤ 0.06–> 128 139 Japan Yamaguchi et al. (2014)

2010 0.25 0.5 ≤ 0.06–> 128 678 Japan Yamaguchi et al. (2012)

2008 0.25 1 ≤ 0.063–> 64 76 Japan Yoshida et al. (2012b)

Klebsiella oxytoca 2008 0.25 4 ≤ 0.063–> 64 59 Japan Yoshida et al. (2012b)

Moraxella catarrhalis 2010 1 2 0.125–8 762 Japan Yamaguchi et al. (2012)

2011 1 1 0.25–2 33 Japan Goto and Iwasaki (2015

Morganella morganii 2012 128 > 128   32–> 128 107 Japan Yamaguchi et al. (2014)

Neisseria gonorrhoeae 2010 8 32 0.06–32 80 Japan Yamaguchi et al. (2012)

Proteus mirabilis 2012 0.25 > 128 0.12–> 128 93 Japan Yamaguchi et al. (2014)

2010 0.25 128 ≤ 0.06–> 128 590 Japan Yamaguchi et al. (2012)

2008 0.25 0.5 0.125–> 64 55 Japan Yoshida et al. (2012b)

Proteus vulgaris 2008 > 64 > 64 0.25–> 64 56 Japan Yoshida et al. (2012b)

2012 > 128 > 128 0.5–> 128 51 Japan Yamaguchi et al. (2014)

Indole-positive Proteus group 2010 8 32 ≤ 0.06–> 128 764 Japan Yamaguchi et al. (2012)

Providencia spp. 2012 > 128 > 128 ≤ 0.06–> 128 48 Japan Yamaguchi et al. (2014)

Serratia marcescens 2012 > 128 > 128   64–> 128 122 Japan Yamaguchi et al. (2014)

2010 64 > 128 0.25–> 128 650 Japan Yamaguchi et al. (2012)
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PATIENTS WITH IMPAIRED HEPATIC FUNCTION

A reduction in elimination via the biliary tract was observed 
in patients with biliary obstruction and hepatic dysfunction 
(Satake et al., 1982). However, it is not clear how to adjust 
dosing in patients with impaired hepatic function.

OLDER ADULTS

The half-life and the area under the curve (AUC) of cefo-
tiam are about 1.5 times higher in elderly patients. This may 
be due to the lower glomerular filtration rate in the elderly 
(Brogard et al., 1989). Dosage should be adjusted according 
to the renal function.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

After oral administration of 400 mg of cefotiam hexetil, the 
bioavailability is about 45% (Korting et al., 1990). The pro-
tein binding of cefotiam at concentrations ranging from 12.5 
to 50 mg/l reaches 40% (Brogard et al., 1989).

5b.  Drug distribution

Daschner et al. (1982) administered doses of 0.5, 1.0, and 2.0 
g of cefotiam to healthy volunteers. Peak serum concentra-
tions of 30–170 μg/ml were achieved. The terminal half-life 
of the drug in plasma is only 0.6–1.1 hours. Therefore, serum 
concentrations were < 1 μg/ml within 6 hours after all regi-
mens (Daschner et al., 1982). Others have confirmed the half- 
life of only about 1 hour (Brisson et al., 1984; Rouan et al., 
1985; Brogard et al., 1989).

With oral administration of 400 mg cefotiam hexetil, 
maximum plasma concentrations of 2.6 μg/ml occur at 2.1 
hours after administration (Korting et al., 1990).

The ratio of concentrations of cefotiam in bronchial secre-
tions to serum concentrations ranged from 26% (at 1 hour) 
to 200–300% (at 3–4 hours) in patients with acute respira-
tory infections (Bergogne-Berezin et al., 1982).

The biliary concentration of cefotiam in perioperative 
samples was 502 ± 102 mg/ml 1 hour after i.v. administration 
of 1 g (Brogard et al., 1986). Biliary obstruction causes a 
reduction in the hepatic elimination (Satake et al., 1982). 
Cerebrospinal fluid concentrations of cefotiam were 0.5–5.5 
μg/ml after i.v. administration of 2 g (Brogard et al., 1989).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Like other cephalosporins, the second-generation agents are 
time-dependent killers. Few, if any, pharmacodynamic anal-
yses have been performed.

5d.  Excretion

Cefotiam is excreted mainly via the kidneys. After i.v. admin-
istration of cefotiam 0.5, 1, and 2 g, over 50% of the drug was 
excreted during the first 2 hours and the 8-hour urinary 
excretion represented 60–80% of the administered dose 
(Daschner et al., 1982). The urinary concentration of cefo-
tiam was 900–7400 mg/ml during the first hour after intrave-
nous administration of 1 g (Brogard et al., 1989).

In perioperative samples, biliary elimination was measured 
at just 1.84% of a 1-g dose administered intravenously (Bro-
gard et al., 1986). Biliary obstruction induces a reduction in 
antibiotic excretion via this route.

5e.  Drug interactions

Cefamandole has an N-methylthiotetrazole side chain, which 
can provoke a disulfiram-like reaction in patients ingesting 
ethanol. Patients are advised to avoid alcoholic beverages 
during, and for several days after, cefamandole treatment 
(Buening and Wold, 1982).

6. ADVERSE REACTIONS AND TOXICITY

Cefamandole can cause hypoprothrombinemia and bleeding. 
Parenteral vitamin K therapy rapidly reverses the abnormal-
ity, suggesting that cefamandole interferes with its synthesis 
or action. This is probably not due to antibiotic-induced kill-
ing of intestinal bacteria, because in humans the production 
of vitamin K by these bacteria does not play any role in the 
synthesis of clotting factors (Smith and Lipsky, 1983). Data 
from animal studies do not suggest that these antibiotics 
act  directly on vitamin K–dependent enzymes (Uotila and 
Suttie, 1983). Cefamandole contains an N-methylthiotetrazole 
side chain. This side chain, released by in vivo degradation 
of the drugs, inhibits gamma-carboxylation of glutamic acid, 
which is necessary for the synthesis of prothrombin. Patients 
with renal failure may be at more risk of bleeding because in 
renal failure this side chain accumulates to a greater degree 
than cefamandole itself (Aronoff et al., 1986). Other factors 
are also involved in production of hypoprothrombinemia. 
Most reported cases of cefamandole-induced hypoprothrom-
binemia have occurred in elderly, debilitated, and/or mal-
nourished patients. This suggests that preexisting vitamin K 
deficiency, or some other factor, must be present for cefa-
mandole to produce this effect. It has been advised to give 
prophylactic parenteral vitamin K when cefamandole is used 
in such patients (Bailey, 1983; Smith and Lipsky, 1983).

7. CLINICAL USES OF THE DRUG

7a.  Respiratory tract infections

Beumer et al. (1985) conducted an open comparative study 
that compared cefotiam (1 g twice daily) with cefamandole 
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(1 g three times daily) in the treatment of respiratory tract 
infections. They reported the clinical and bacteriologic effi-
cacy of both drugs was equivalent and the radiologic exam-
inations showed a better improvement in patients treated 
with cefotiam.

Polis and Tuazon (1985) evaluated cefotiam in 29 patients 
with lower respiratory tract infection. In this study, satisfac-
tory response was observed in 90% of the patients. However, 
there were 3 treatment failures, 2 superinfections, and 4 col-
onizations with Gram-negative organisms resistant to the 
drug.

7b.  Urinary tract infections

A study was carried out in 35 patients with urinary tract 
infections to compare the efficacy and tolerance of cefotiam 
(1 g twice daily) and cephalothin (1 g four times daily) 
(Tselentis et al., 1983). In this study, only 1 patient of those 
receiving cefotiam failed to respond and suffered a delayed 
relapse, but 5 patients failed to respond to cephalothin: in 3 
of them bacteriuria persisted throughout treatment and there 
was relapse in the other 2 patients. The time until disappear-
ance of bacteriuria was significantly shorter in the cefotiam 
group.

7c.  Skin and skin-structure infection

Cefotiam was evaluated by a comparative open-label ran-
domized trial with cephalothin in the therapy of skin and 
soft-tissue infections in 39 patients (Lentino et al., 1984). 
Cefotiam was found to be as effective as cephalothin in the 
therapy of skin and soft-tissue infections in this underpow-
ered study.

7d.  Perioperative prophylaxis

Gaillard and Gilsbach (1991) reported a prospective, ran-
domized, and controlled study on the efficacy of cefotiam for 
the prevention of wound infections after neurosurgery. Only 
clean or clean contaminated cases were included in this 
study, and contaminated cases, operations with a transnasal–
transsphenoidal approach, shunt operations, and patients with 
any other preoperative infection or antibiotic therapy were 
excluded. Cefotiam was administered intravenously in a sin-
gle dose of 2 g with induction of anesthesia. In 711 analyzed 
patients (356 cefotiam-treated patients and 355 control 
patients), a highly significant difference in the rate of bone 
flap infection was observed: 0.3% in the cefotiam group vs. 
5.1% in the control group (p < 0.001). The overall rate of 
postoperative deep wound infections, including meningitis 
and abscesses, was also significantly different (p < 0.005): 3.1% 
in the cefotiam versus 9.0% in the control group.

Cefotiam was also investigated as perioperative antibiot-
ics for cerebrospinal fluid shunting. Zentner et al. (1995) con-
ducted a prospective randomized study among 129 patients 

undergoing cerebrospinal fluid shunting on the efficacy of 
cefotiam in the prophylaxis of postoperative infection. The 
overall rate of shunt infection was 7.5% in the cefotiam group 
and 12.9% in the control group. The infection rate in the 
high-risk subgroup was 14.3% with and 26.3% without cefo-
tiam, although this did not reach statistical significance.
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Cefoxitin, Cefotetan, and 
Other Cephamycins 

Kathryn Daveson

1. DESCRIPTION

The cephamycins are often referred to as second-generation 
cephalosporin antibiotics, although they differ quite markedly 
from antibiotics such as cefuroxime or cefaclor. A primary 
attribute of the cephamycins is their resistance to a variety of 
beta-lactamase types, such as the extended-spectrum beta- 
lactamase (ESBLs) and their narrower-spectrum parents, 
TEM and SHV beta-lactamases. The cephamycins to be dis-
cussed in this chapter are cefotetan and cefoxitin primarily, 
with secondary discussion of cefmetazole and flomoxef.

Cephamycins A, B, and C are naturally occurring beta- 
lactam antibiotics that were obtained from several Strepto
myces spp. at Merck Research Laboratories (Stapley et al., 
1972). Cefotetan disodium, cefoxitin sodium, cefmetazole, 
and flomoxef sodium are chemically modified semisynthetic 
parenteral cephamycin antibiotics. The molecular weights are 
detailed in Table 24.1 and their molecular structures are 
shown in Figures 24.1, 24.2, 24.3, and 24.4.

Structurally, the cephamycins are related to but distinct 
from cephalosporin C. Both contain a 7-alpha-methoxy group 
(Komiya et al., 1981; Ayers et al., 1982). Cefotetan possesses 
an N-methylthiotetrazole side chain (Cohen et al., 1987; 
Ward and Richards, 1989; Figure 24.1). These antibiotics 
act on bacteria in a manner similar to other beta-lactam 
antibiotics.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The in vitro activity of cefoxitin is summarized in Table 24.2.

GRAM-POSITIVE AEROBIC BACTERIA

Most staphylococci and streptococci, such as Staphylococcus 
aureus (including those resistant to penicillin G but not 
methicillin-resistant S. aureus), coagulase-negative staphy-
lococci (except methicillin-resistant strains), Streptococcus 
pyogenes, S. pneumoniae, group B streptococci, and the 
alpha-hemolytic streptococci (viridans streptococci), are 
cefo xitin susceptible (Neu, 1974; Wallick and Hendlin, 1974; 

Table 24.1. Molecular weights of the cephamycins

Antibiotic Molecular weight

Cefotetan disodium 619.57

Cefoxitin sodium 449.44

Cefmetazole sodium 471.54

Flomoxef sodium 518.45

Figure 24.1. Molecular structure of cefotetan disodium. 
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Fong et al., 1976; Stapley et al., 1979), although induction of 
resistance among S. aureus was described in vitro in the mid-
1970s (Hoeprich and Huston, 1976). The activity of cefoxitin 
against these organisms is similar to that of cephalexin. 
Cefotetan is less active than cefoxitin against aerobic Gram-
positive bacteria, such as S. aureus and the streptococci (Ayers 
et al., 1982; Wise et al., 1982; Clarke and Zemcov, 1983). 
Some aerobic Gram-positive bacilli, such as Corynebacterium 
diphtheriae, are also cefoxitin susceptible.

The cephamycins lack activity against enterococci, as is 
the case with all cephalosporins. Indeed, Enterococcus faeca
lis (MIC typically 800 μg/ml) is more resistant to cefoxitin 
than to most other cephalosporins (Hamilton-Miller, 1974). 
Listeria monocytogenes is also resistant to the cephamycins 
(Moellering et al., 1974; Stapley et al., 1979).

GRAM-NEGATIVE AEROBIC BACTERIA

A feature of the cephamycins is their stability to ESBLs and 
to their parent beta-lactamases, such as narrower-spectrum 
TEM and SHV beta-lactamases (Onishi et al., 1974). How-
ever, cephamycins will be hydrolyzed by AmpC beta-lact-
amases and most carbapenemases.

Both cefoxitin and cefotetan have rapid bactericidal activ-
ity against most Enterobacteriaceae (Vuye et al., 1979; Brook, 
1989; Goldstein et al., 1991). Their stability to TEM and SHV 
beta-lactamases allows them to retain activity against many 
of the bacteria that are resistant to first-generation cephalo-
sporins (Neu, 1974; Stapley et al., 1979). Thus they typically 
have reliable activity against Escherichia coli, Proteus mirabilis, 

Figure 24.4. Molecular structure of flomoxef sodium.
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Table 24.2. Summary of susceptibility data for cefoxitin for aerobic Gram-positive and -negative organisms

Organism
MIC90 

(μg/ml)
Range  
(μg/ml)

No. of 
isolates Reference

Gram-positive aerobic pathogens

Staphylococcus aureus
Methicillin susceptible 4   2–8 274 EUCAST (2015)

Methicillin resistant 128   4–256 169 EUCAST (2015)

Staphylococcus epidermidis 8   1–32 21 Wallick and Hendlin (1974)

Streptococcus pneumoniae — 1.6–6.4 Wallick and Hendlin (1974)

Streptococcus pyogenes — < 0.8–1.6 Wallick and Hendlin (1974)

Streptococcus viridans — < 0.8–1.6 Wallick and Hendlin (1974)

Gram-negative aerobic pathogens

Escherichia coli 8 0.125–256 66,874 EUCAST (2015)

Klebsiella pneumoniae 16 0.25–256 25,324 EUCAST (2015)

Enterobacter spp. 256 0.25–256 7,244 EUCAST (2015)

Haemophilus influenzae 4 0.25–64 2,208 EUCAST (2015)

Morganella morganii 32 0.5–128 1,163 EUCAST (2015)

Proteus mirabilis 4 0.25–256 8,273 EUCAST (2015)

Proteus vulgaris 8 0.25–64 352 EUCAST (2015)

Providencia spp. 32 0.25–256 299 EUCAST (2015)

Salmonella spp. 4 0.25–64 8,104 EUCAST (2015)

Serratia marcescens 64 0.25–256 5,972 EUCAST (2015)

Shigella spp. 4 0.25–64 759 EUCAST (2015)

Stenotrophomonas maltophilia 64 0.5–64 2,076 Wallick and Hendlin (1974)

Neisseria gonorrhoeae 1.0 0.016–2 122 Fekete et al. (1989)

Neisseria gonorrhoeae (beta-lactamase producer) — 0.3 — Fekete et al. (1989)

Neisseria meningitidis 0.4 0.025–0.4 15 Eickhoff and Ehret (1981)

Figure 24.3. Molecular structure of cefmetazole sodium. 
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and Klebsiella spp. excluding those with AmpC or carbapen-
emases (Brumfitt et al., 1974; Neu, 1974; Norrby et al., 1976; 
Jackson et al., 1977; Stapley et al., 1979). Cefotetan is typi-
cally some fourfold to eightfold more active than cefoxitin 
against the Enterobacteriaceae, such as E. coli, P. mirabilis, and 
Klebsiella (Chattopadhyay and Teli, 1982; Wise et al., 1982; 
Dette et al., 1983; Phillips et al., 1983; Neu, 1986). Cefotetan 
inhibits many Enterobacter and Citrobacter spp. strains that 
are cefoxitin resistant. However, when AmpC beta-lactamase 
production is increased, all cephamycins will be resistant 
(because they are hydrolyzed by AmpC). The activity of 
cephamycins against Salmonella and Shigella spp. is also 
good, unless these strains produce plasmid-mediated AmpC 
beta-lactamases (Moellering et al., 1974; Neu, 1974). The 
cepha mycins have poor activity against Acinetobacter spp., 
Pseudomonas aeruginosa, and Stenotrophomonas maltophilia 
(Ayers et al., 1982; Phillips et al., 1983; Wallick and Hendlin, 
1974).

Cefotetan is active against Haemophilus influenzae and 
Neisseria gonorrhoeae, including strains of both that produce 
beta-lactamase. Cefoxitin has a lesser degree of intrinsic 
activity against H. influenzae (Kammer et al., 1975; Norrby 
et al., 1976; Yourassowsky et al., 1976; Phillips et al., 1978; 
Phillips and Shannon, 1978; Bulger and Washington, 1980). 
Cefoxitin is active against meningococci, but to a lesser 
extent than cephalothin or cefuroxime (Eickhoff and Ehret, 
1976; Norrby et al., 1976).

Legionella pneumophila may be susceptible to cephamy-
cins from an in vitro viewpoint, but clinical activity is lacking 
(Thornsberry et al., 1978). Flavobacterium meningosepticum 

is moderately susceptible (MIC typically 16 μg/ml) (Kelsey et 
al., 1982). Campylobacter jejuni is resistant (Muytjens and 
Van der Ros-van de Repe, 1982), but Helicobacter pylori may 
be cefoxitin susceptible (McNulty et al., 1985).

ANAEROBIC BACTERIA

Historically, the cephamycins had excellent activity against 
anaerobic bacteria, including the Bacteroides fragilis group. 
In an early survey in the USA of 750 clinical isolates of the 
B. fragilis group of anaerobic bacteria, only eight (2%) were 
cefoxitin resistant (Tally et al., 1983). By the late 1980s and 
early 1990s, resistance was described by a number of authors 
(Appelbaum et al., 1990; Aldridge and Stratton, 1991), and at 
least two US studies found resistance rates of approximately 
10% (Cuchural et al., 1990; Appelbaum et al., 1991). Rates of 
resistance of B. fragilis have continued to rise.

In a recent longitudinal survey in the USA, rates of resis-
tance to cefoxitin were reported to be 10.3% in the B. fragilis 
group, with 5.2% in B. fragilis and 15.7% in non–B. fragilis 
species (Snydman et al., 2007). A recent survey from Europe 
demonstrated a 16% rate of resistance to cefoxitin, improved 
from 38% in the 2007 analysis (Wybo et al., 2007; Wybo et 
al., 2014). Resistance to cefoxitin and/or cefotetan is higher 
among non–B. fragilis species than B. fragilis in some studies 
(Werner, 1983; Fox and Phillips, 1987; Snydman et al., 2007; 
Teng et al., 2002; Wybo et al., 2014). Regional differences in 
key anaerobes are summarized in Table 24.3.

From a comparative viewpoint, cefotetan appears to have 
less intrinsic activity than cefoxitin against B. fragilis (Wise 
et al., 1982; Clarke and Zemcov, 1983; Moosdeen et al., 1983; 

Table 24.3. Range of antimicrobial resistance and MIC90 for cefoxitin in anaerobic isolates by country

Organism
MIC90 

(μg/ml)
Range  
(μg/ml)

No. of 
isolates Country (years) Reference

Bacteroides fragilis 32    1–256 198 AR (2006–2009) Fernandez-Canigia et al. (2012)

32    4–> 256 69 BE (2011–2012) Wybo et al. (2014)

32 0.5–128 49 NZ (1999–2003) Roberts et al. (2006)

16 ≤ 0.25–128 414 SP (2006–2010) Trevino et al. (2011) 

32    4–64 100 TW (1998–2000) Teng et al. (2002)

16 0.25–32 108 USA (1998/9) Aldridge et al. (2001)

Non-Bacteroides fragilis 32 0.5–128 165 AR (2006–2009) Fernandez-Canigia et al. (2012)

16 0.015–32 221 USA (1998–1999) Aldridge et al. (2001)

Clostridium spp. 32 0.25–> 256 38 BE (2011–2012) Wybo et al. (2014)

Clostridium perfringens 2 0.5–2 20 NZ (1999–2003) Roberts et al. (2006)

1 0.5–2 20 TW (1998–2000) Teng et al. (2002)

Fusobacterium spp. 4 < 0.016–4 21 BE (2011–2012) Wybo et al. (2014)

16 0.25–16 19 TW (1998–2000) Teng et al. (2002)

0.5 ≤ 0.015–16 22 USA (1998–1999) Aldridge et al. (2001)

Fusobacterium necrophorum ≤ 0.12 ≤ 0.12–1 25 NZ (1999–2003) Roberts et al. (2006)

Peptostreptococcus spp. 32 0.06–> 128 31 TW (1998–2000) Teng et al. (2002)

2 ≤ 0.015–16 49 USA (1998–1999) Aldridge et al. (2001)

Prevotella spp. 2 < 0.016–8 52 BE (2011–2012) Wybo et al. (2014)

4 ≤ 0.12–8 45 NZ (1999–2003) Roberts et al. (2006)

4 ≤ 0.015–16 65 USA (1998–1999) Aldridge et al. (2001)

32 0.5–> 128 16 TW (1998–2000) Teng et al. (2002)

Abbreviations: AR: Argentina; BE: Belgium; NZ: New Zealand; SP: Spain; TW: Taiwan; USA: United States of America.
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Watt and Brown, 1985; Andrew and Greenwood, 1987; 
Wexler and Finegold, 1988; Aldridge and Stratton, 1991). For 
example, in the European study from 2007 mentioned earlier, 
38% of B. fragilis group strains were resistant to cefoxitin, 
whereas 48% were resistant to cefotetan (Wybo et al., 2007). 
The in vitro superiority of cefoxitin over cefotetan for anaer-
obes persists for most anaerobic organisms except Fusobac
terium spp. (Ohm-Smith and Sweet, 1987; Appelbaum et al., 
1991).

Anaerobic Gram-positive cocci, such as the Peptococcus 
and Peptostreptococcus spp. and anaerobic streptococci, are 
nearly always cefoxitin sensitive (Bach et al., 1977; Chow 
and Bednorz, 1978). Gram-positive anaerobic bacilli, such as 
C. perfringens, C. tetani, the Actinomyces, Eubacterium, and 
Propionibacterium spp., are cefoxitin susceptible. Lactoba
cillus spp. are less susceptible (MIC 16 μg/ml) (Chow and 
Bednorz, 1978; Sutter et al., 1978).

A recent anaerobic survey from Taiwan showed cefmeta-
zole susceptibility approximating Taiwanese cefoxitin sus-
ceptibilities from 2000. The exception to this pertained to 
Fusobacterium nucleatum and the Peptostreptococcus spp. 
(micros and non-micros groups), for which cefmetazole 
MIC90 distributions were routinely more susceptible at 1, 
0.5, and 8 μg/ml, respectively (Wang et al., 2014). Greater 
than 90% of Fusobacterium spp., Peptostreptococcus spp. and 
Prevotella spp. were susceptible to cefmetazole and flomoxef 
in this Taiwanese series, decreasing to less than 60% for the 
Bac teroides group (Wang et al., 2014).

OTHER ORGANISMS

The cephamycins often have clinically useful activity against 
rapidly growing mycobacteria (Mycobacterium abscessus, 
M. chelonae, and M. fortuitum). Indeed, cefoxitin suscepti-
bility testing is recommended routinely for rapidly growing 
mycobacteria to aid in identification and treatment. M. absces
sus is susceptible to cefoxitin, approximately half of M. fortu
itum isolates are susceptible, and M. chelonae is usually 
resistant (Griffith et al., 2007).

Park et al. (2008) found the majority (99%) of M. absces
sus isolates are susceptible to cefoxitin, with in vitro break-
points of MIC ≤ 16 μg/ml. However susceptibility was found 
in only 27% of isolates (of 15 total) using cation-adjusted 
Mueller-Hinton broth by Lavollay and colleagues (2014). 
Some strains (< 50%) of M. fortuitum and M. chelonae can be 
inhibited by 16 μg/ml of cefoxitin (Casal and Rodriguez, 
1982; Cynamon and Palmer, 1982; Swenson et al., 1985; Finch, 
1986). Cefoxitin is inactive against N. asteroides, with most 
strains needing 50 μg/ml or more for inhibition (Cynamon 
and Palmer, 1981; Gutmann et al., 1983).

Cefoxitin lacks activity against Chlamydia trachomatis 
(Bowie, 1982).

2b.  Emerging resistance and 
cross-resistance

As mentioned earlier, ESBLs do not hydrolyze cephamy - 
cins with the 7 alpha-methoxy groups, such as cefoxitin or 

cefo tetan. However, types of plasmid-mediated ESBLs have 
appeared in some Enterobacteriaceae, which can hydrolyze 
cefoxitin and cefotetan (Jacoby and Archer, 1991). Cefoxitin 
acts as an inducer of AmpC beta-lactamase production, by 
different mechanisms from that of cephalosporins (Guérin 
et al., 2015). By this mechanism, it is possible that cefoxitin 
resistance may emerge during treatment of patients (Sanders, 
1983; Seeberg et al., 1983; Moritz and Carson, 1986; Turgeon 
et al., 1994).

The most common mechanism of resistance to penicillins 
is the chromosomally encoded class A/group 2e cephalospo-
rinase (product of the cepA gene) (Rogers et al., 1993). This 
enzyme is active against penicillins and first-generation 
cephalosporins but not against cephamycin or carbapenem 
antibiotics. Resistance to cefoxitin is contributed by CfxA, a 
class A/group 2e cephalosporinase encoded by the cfxA gene, 
which has been shown to be distantly related to the B. fragilis 
endogenous cepA (Parker and Smith, 1993). This resistance 
gene is harbored in a mobilizable transposon (Tn4555) (Fer-
reira et al., 2007). The CfxA enzyme confers resistance to 
cephamycins and all other beta-lactam antibiotics, except the 
carbapenems (Parker and Smith, 1993). The B. fragilis group 
has been shown to rarely produce a class B metallo-beta- 
lactamase, encoded by the cfiA gene (also known as the 
ccrA gene), which causes resistance to all beta-lactam antibi-
otics, including cephamycins and carbapenems (Thompson 
and Malamy, 1990; Bandoh et al., 1991).

2c.  In vitro synergy and antagonism

If cefoxitin is used with another beta-lactam antibiotic that 
is not stable to the AmpC beta-lactamases produced by 
Gram-negative bacilli, cefoxitin can antagonize the other beta- 
lactam antibiotic by inducing AmpC production. This antag-
onism with cefoxitin has been demonstrated in vitro and in 
animals (Kuck et al., 1981; Goering et al., 1982; Sanders et al., 
1982; Miller et al., 1983). Cefoxitin appears to cause antago-
nism more frequently than many other cephalosporins.

3. MECHANISM OF DRUG ACTION

The cephamycins act on bacteria in a manner similar to other 
beta-lactam antibiotics by way of their affinity to penicillin- 
binding proteins (see Chapter 27, Ceftriaxone).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

The existing cephamycins can be administered only paren-
terally. Intravenous administration is preferred over intra-
muscular injection. Studied i.v. infusion length has been over 
periods of 3–120 minutes (Goodwin et al., 1974; Geddes 
et al., 1977; Feldman et al., 1980). The efficacy of continuous 
cefoxitin infusions (3–6 g over 20 hours) as a way of optimiz-
ing pharmacodynamic properties for surgical site infections 
has been investigated (Suffoletta et al., 2008).
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4a.  Adults

The adult dosage of cefoxitin can be varied according to the 
nature and severity of the infection, from 1 g every 8 hours to 
2 g every 6 hours. Dosages as high as 2 g every 4 hours have 
been used (Geddes et al., 1977; Heseltine et al., 1977). Up to 
12 g per day in divided doses is recommended for rapidly 
growing mycobacteria for induction treatment (Griffith et al., 
2007).

The main difference between cefotetan and cefoxitin is 
that the former has a more prolonged serum elimination 
half-life (approximately 3.5 hours), so that it can be admin-
istered intramuscularly or intravenously at 12-hour inter-
vals (Carver et al., 1989). Generally, a cefotetan dosage of 2 g 
every 12 hours should be routinely used for moderate and 
severe systemic infections (Nakagawa et al., 1982; Cox et al., 
1983; Nolen et al., 1983). A dosage of 3 g every 12 hours 
should not be exceeded.

4b.  Newborn infants and children

The cefoxitin dose for children ranges from 15 mg/kg every 
8 hours to 30 mg/kg every 4–6hours. For the treatment of 
children aged 3–15 months with severe infections, Feldman 
et al. (1980) found a dose of 150 mg/kg/day (37.5 mg/kg 
every 6 hours) to be satisfactory. Cefotetan can be adminis-
tered at a dose of 30 mg/kg every 12 hours if the patient is 
over 6 months of age (Martin et al., 1994). No information 
is available pertaining to dosing in premature neonates.

4c.  Pregnant and lactating mothers

Cefoxitin and cefotetan are category B in pregnancy and are 
believed to have minimal risk to the breastfeeding infant if 
used as perioperative prophylaxis in cesarean sections (Roex 
et al., 1987). There is no evidence to support altered dosing 
when used in pregnant or lactating women.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Dosing of the cephamycins must be altered in renal failure 
(see Table 24.4) because the drugs are excreted almost 
entirely via the kidneys and accumulate in patients with 
impaired renal function. For example, the serum half-life of 
cefoxitin is prolonged to 23.5 hours in those with virtually no 
renal function (Kampf et al., 1981). The clearance of cefoxi-
tin from serum may be increased fivefold by hemodialysis in 
patients with end-stage renal disease (Humbert et al., 1979). 
Very little cefoxitin or cefotetan is removed by peritoneal 
dialysis, so further dosage modification is unnecessary in 
patients undergoing this procedure (Greaves et al., 1981; 
Browning et al., 1986).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

No information is available suggesting a need to adjust dos-
ing in patients with impaired hepatic function.

OLDER ADULTS

No information is available to suggest there is a need to 
adjust dosing in elderly patients.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Both cefotetan and cefoxitin are parenteral antibiotics and 
are therefore 100% bioavailable. The serum half-life for cefo-
tetan in patients with normal renal function is approximately 
3.5 hours and is about 40 minutes for cefoxitin (Kampf et al., 
1981). Binding of cefoxitin to serum proteins is approxi-
mately 20% (O’Callaghan, 1975).

5b.  Drug distribution

If a 2-g i.v. dose of cefoxitin is administered over 3 minutes to 
adults, the mean peak serum level attained at approximately 
5 minutes is 222.6 μg/ml. A concentration of 3.4 μg/ml is still 
detectable at 3 hours. When the same dose of cefoxitin is 
given as a 30-minute i.v. infusion, the peak serum level (imme-
diately after the infusion) is lower, but subsequent serum 
concentrations are slightly more sustained (Goodwin et al., 
1974). Doubling the dose of cefoxitin virtually doubles serum 
concentrations (Brumfitt et al., 1974; Geddes et al., 1977).

Cefoxitin does not penetrate into normal uninflamed 
cerebrospinal fluid (CSF) (Geddes et al., 1977). After large 
parenteral doses to patients with bacterial meningitis, mod-
erate CSF concentrations of the drug are found, but these 
are not always high enough to inhibit susceptible strains of 
H. influenzae and S. pneumoniae (Nair et al., 1979; Humbert 
et al., 1980; Feldman et al., 1982). Cefotetan CSF concentra-
tions are invariably low (Martin et al., 1994).

Table 24.4. Dose reduction in renal failure

Renal function  
(ml/minute) Dose (g) and frequency

Cefoxitin

> 60 15 mg/kg up to 1 g, every 3–6 hours

30–60 15 mg/kg up to 1 g, every 8 –12 hours

10–30 15 mg/kg up to 1 g, every 12–24 hours

< 10 15 mg/kg up to 1 g, every 24–36 hours

Hemodialysis 15 mg/kg up to 1 g, at the end of each 
dialysis

Peritoneal dialysis 15 mg/kg up to 1 g, every 24–36 hours

Cefotetan

> 30 1–2 g, every 12 hours

10–30 1–2 g, every 24 hours

< 10 1–2 g, every 48 hours

Hemodialysis 25% of dose on nondialysis days and 
50% of dose on dialysis days

Peritoneal dialysis 1–2 g, every 48 hours
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Parenterally administered cefoxitin penetrates quite well 
into the peritoneal fluid of surgical patients (Wise et al., 
1981) and into normal human interstitial fluid, where con-
centrations are very similar to serum levels (Gillett and Wise, 
1978). It also reaches therapeutically effective levels in pel-
vic tissue of patients undergoing abdominal hysterectomy 
(Bawdon et al., 1982). Cefoxitin diffuses poorly into experi-
mental B. fragilis intraabdominal abscesses in animals, pro-
ducing a concentration of only 2% of the simultaneous serum 
level (O’Keefe et al., 1979). Cefoxitin penetrates into normal 
lung and bone tissue, but these tissue levels are considerably 
lower than simultaneous serum levels (Summersgill et al., 
1982; Perea et al., 1983). The cefoxitin concentration in breast 
milk of one patient collected 2 hours after an i.v. dose of 1 g 
was 5.6 μg/ml (Geddes et al., 1977).

After a single injection of 2 g cefotetan given intrave-
nously for antimicrobial prophylaxis to 16 consecutive patients 
undergoing colorectal surgery, drug tissue penetration was 
10% into abdominal and epiploic fat and 46% into the colonic 
wall (Martin et al., 1992).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Like other cephalosporins, the cephamycins display time- 
dependent activity. However, exploitation of this by use of 
continuous or extended infusion has not yet been shown to 
be clinically advantageous. A study of continuous vs. inter-
mittent cefoxitin infusion after colorectal surgery showed no 
significant differences in clinical outcome, but this was likely 
an underpowered study (Suffoletta et al., 2008). In general, 
Monte Carlo simulations suggest cefoxitin and cefotetan (like 
ampicillin–sulbactam but in contrast to ertapenem, cefurox-
ime and cefazolin) yields poor ƒt > MIC over 4 hours and 
likely requires intermittent dosing to reach optimal targets 
(Moine and Fish, 2013).

5d.  Excretion

Cefoxitin and cefotetan are predominantly excreted unchanged 
in the urine (Ohkawa et al., 1983). They are excreted by both 
glomerular filtration and active tubular secretion. Probenecid 
delays, but does not diminish, its excretion (Vlasses et al., 
1980; Arvidsson et al., 1981). About 90% or more of a paren-
terally administered dose can be recovered from the urine as 
active unchanged drug during the following 12 hours (Brum-
fitt et al., 1974). High cefoxitin concentrations are attained in 
urine; after a 500-mg dose, these are 1000–3500 μg/ml during 
the first 3 hours, and 22–350 μg/ml in the succeeding 9 hours 
(Kosmidis et al., 1973). The renal elimination of cefoxitin is 
unaffected by concomitant administration of furosemide 
(frusemide) (Trollfors and Norrby, 1980).

In some subjects, cefoxitin is deacylated in the body to 
detectable amounts of antibacterially inactive decarbamoyl- 
cefoxitin. This occurs to only a minor extent because the 
metabolite can be found in the urine only after a delay of 

several hours, and it always accounts for less than 2% of the 
administered dose (Goodwin et al., 1974; Schrogie et al., 
1979).

Among 26 volunteers with various degrees of renal func-
tion given a single 1-g dose of cefotetan i.v. over 30 minutes, 
the mean plasma cefotetan concentration at the end of the i.v. 
infusion did not vary with renal function and ranged between 
122 and 126 μg/ml. The mean terminal half-life was 4.2 hours 
in normal volunteers and 9.9 hours in volunteers with mod-
erate renal impairment, with a significant linear correlation 
between the systemic clearance of cefotetan and creatinine 
clearance. The cumulative amount of cefotetan excreted in 
the urine over 24 hours in normal volunteers was approxi-
mately 49% of the dose, but this was reduced in volunteers 
with moderate renal impairment. The mean urinary cefotetan 
concentrations generally peaked during the 2- to 4-hour 
interval after dosing (Smith et al., 1986).

A small amount of cefoxitin may also be excreted in the 
bile; biliary levels in two patients with T-tube drainage after 
cholecystectomy were 4- to 12-fold higher than simultane-
ous serum levels (Geddes et al., 1977). Cefoxitin enters the 
gallbladder bile via the gallbladder wall in patients with cys-
tic duct obstruction, and therapeutically effective concentra-
tions of the drug may be found in the common bile duct in 
patients with obstructive jaundice. However, in both these 
situations, biliary levels are lower than serum levels at the 
time (Hansbrough and Clark, 1982). The amount of cefoxitin 
excreted in the bile is < 1% of the administered dose (Schrogie 
et al., 1979). A small proportion of cefotetan is also elimi-
nated via the bile. In patients with nonobstructed bile ducts, 
biliary cefotetan concentrations usually exceed simultaneous 
serum levels (Owen et al., 1983).

Cefoxitin administered by the intraperitoneal route at 50 
or 100 μg/ml every 6 hours, demonstrated a peritoneal clear-
ance of 4.1 ml/minute and peak plasma concentrations of 
7 μg/ml and 15 μg/ml, respectively, when measured by high- 
performance liquid chromatography (HPLC). Concentrations 
at 6 hours were 28–37% of the administered dose (Arvidsson 
et al., 1985).

5e.  Drug interactions

Cefotetan has an N-methylthiotetrazole side chain. This side 
chain has been associated with prolongation of the pro-
thrombin time and the disulfiram reaction. There is, there-
fore, a risk of hypoprothrombinemia if cefotetan is given to 
patients with preexisting impaired coagulation or to others 
receiving anticoagulant therapy (Trollfors et al., 1986; Cohen 
et al., 1987; Sieradzan et al., 1988; Wurtz and Sande, 1989). In 
situations associated with vitamin K1 deficiency, prophylac-
tic vitamin K1 should be administered. Patients receiving 
cefotetan therapy are also at risk of developing a disulfiram- 
type reaction if they ingest alcohol (Kline et al., 1987).

Concomitant administration of probenecid greatly 
enhances and prolongs cefoxitin serum levels, so that its half-
life is doubled to about 83 minutes (Goodwin et al., 1974).
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6. ADVERSE REACTIONS AND TOXICITY

Eosinophilia (Heseltine et al., 1977) and rash (McCloskey, 
1977) can occur with any of the cephamycins. A small num-
ber of patients have developed a positive Coombs test during 
cefoxitin therapy (Heseltine et al., 1977), and rarely hemo-
lytic anemia and pancytopenia have been reported (De 
Torres, 1983). An autoimmune hemolytic anemia has been 
observed with cefotetan (Chenoweth et al., 1992). At abnor-
mally high concentrations, cefoxitin may suppress adenosine 
diphosphate (ADP) induced platelet aggregation (Bang and 
Kammer, 1983). In a clinical study, Brown et al. (1986) were 
surprised to observe clinical bleeding in 8.2% of cefoxitin- 
treated patients. The exact cause for this was not determined.

During initial pharmacologic studies in human volun-
teers, cefoxitin appeared free from nephrotoxicity (Kosmidis 
et al., 1973; Brumfitt et al., 1974). Subsequent large-scale 
clinical studies showed that cefoxitin nephrotoxicity was 
extremely uncommon (Neu, 1979). It does not aggravate 
preexisting renal failure, provided that appropriate doses are 
given (Trollfors et al., 1978; Trollfors, 1980). In animals, 
cefoxitin is not nephrotoxic and does not potentiate amino-
glycoside nephrotoxicity (Ormrod and Miller, 1981; Viotte 
et al., 1981).

There is minimal evidence of hepatotoxicity with the 
cephamycins (Van Winzum, 1978; Neu, 1979). A small num-
ber of patients may have transient minor rises in hepatic 
transaminases (Geddes et al., 1977).

Gastrointestinal symptoms such as diarrhea may occur 
with the cephamycins, especially with large doses (Trollfors 
et al., 1979; Cox et al., 1983; Trollfors et al., 1986). Quite 
marked alterations in fecal flora may occur, such as acquisi-
tion of E. faecalis, cefoxitin-resistant Enterobacteriaceae, and 
P. aeruginosa, with a concomitant eradication or decrease of 
cefoxitin-susceptible Enterobacteriaceae and Bacteroides spp. 
(Mulligan et al., 1984; Barza et al., 1987). Clostridium diffi
cile-associated colitis has been observed with cephamycins, 
even when given as perioperative prophylaxis (Carignan et 
al., 2008).

7. CLINICAL USES OF THE DRUG

7a.  Surgical chemoprophylaxis

Cefoxitin and cefotetan have long been used as perioperative 
prophylaxis for colonic surgery. Cephamycin prophylaxis 
has also been used for penetrating abdominal injuries 
(Dellinger, 1991; Dellinger et al., 1994) and for prophylaxis 
of obstetric and gynecologic infections (Counts, 1988). The 
role of cephamycins as perioperative prophylaxis for colonic 
surgery was brought into recent perspective via an industry- 
sponsored randomized multicenter double-blind trial that 
assessed the comparative efficacy and safety of prophylactic 
use of cefotetan vs. ertapenem in patients undergoing elec-
tive colorectal surgery. A modified intention-to-treat analy-
sis showed a lower prophylactic antibiotic failure rate in the 

ertapenem arm compared with the cefotetan arm (failure 
rates 40.2% vs. 50.9%; difference: 10.7%; 95% confidence 
interval: 17.1 to –4.1). Of the pathogens that were recovered 
in postoperative infections, 66.7% in the cefotetan group 
were resistant to cefotetan, whereas 16.3% in the ertapenem 
group were resistant to ertapenem. The main differences in 
the organisms isolated in the treatment groups were more 
cefotetan-resistant anaerobes and Gram-negative aerobic 
bacilli. With respect to adverse events, a nonsignificant in- 
crease in C. difficile infection was observed in the ertapenem 
group (Itani et al., 2006). More recent studies demonstrated 
that cefoxitin and cefotetan performed poorly compared to 
first-generation cephalosporins plus metronidazole in pro-
phylaxis of surgical site infection, with an odds ratio 2.5–
2.7 times that of the comparator for surgical site infection 
(Deierhoi et al., 2013). The performance of cephamycins in 
these studies and the increasing resistance of anaerobes 
mandate close examination of the ongoing role of this drug 
class in perioperative prophylaxis for colonic surgery.

7b.  Intraabdominal infections

Becuase the cephamycins have historically had efficacy 
against many Gram-negative aerobic bacilli (e.g. E. coli) and 
Gram-negative anaerobes (e.g. B. fragilis), they have been 
extensively used for intraabdominal infections such as peri-
tonitis. Early experiments with induced intraabdominal 
sepsis in animals have shown that cefoxitin was as effective 
as other drug regimens, such as clindamycin–gentamicin, 
metronidazole–gentamicin, and imipenem (Bartlett et al., 
1981; Joiner et al., 1982; Bartlett et al., 1983; Nichols, 1983; Lau 
et al., 1986; Tanner et al., 1986). Clinical studies performed 
more than 30 years ago confirmed this efficacy (Geddes et al., 
1977; Nair and Cherubin, 1978; Tally et al., 1979; Gorbach 
and McGowan, 1981). However, efficacy often depended on 
the Bacteroides spp. strain involved being cefoxitin suscepti-
ble (Snydman et al., 1992). Given the higher cefoxitin MIC90 
values identified in recent anaerobic surveillance studies, the 
need for the cephamycin group compared to other anaerobic 
active regimens for the treatment of intraabdominal infec-
tions may be avoided. 

7c.  Anaerobic infections

In the early years of their use, the cephamycins were success-
fully used for anaerobic infections in cancer patients (Klas-
tersky et al., 1979), infections of the female genital tract 
(Rosene et al., 1986; Counts, 1988), and pleuropulmonary 
infections (Le Frock et al., 1982). The increasing prevalence 
of cephamycin resistance in anaerobes has mirrored the 
poorer outcome of patients with Bacteroides bacteremia when 
treated with cefotetan. Cephamycin resistance was associ-
ated with previous use of beta-lactams with anti-anaerobic 
therapy (Nguyen et al., 2000). Thus, given this increasing 
resistance, cephamycins can no longer be relied upon for the 
treatment of anaerobic infections.
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7d.  Gram-negative aerobic infections

Early small studies showed promise in the use of cephamycins 
(e.g. cefoxitin, cefmetazole, flomoxef) in the treatment of 
ESBL-producing Gram-negative bacterial infections (Pangon 
et al., 1989; Siu et al., 1999; Lee et al., 2006). In a group of 
seven patients in Taiwan, outcomes with flomoxef for infec-
tions due to ESBL-producers were equivalent to carbapenems 
(Lee et al., 2006). More recent larger retrospective studies 
have shown mixed results. Poorer outcomes in the flomoxef 
group for ESBL E. coli and K. pneumoniae bacteremia were 
independently attributed to higher MIC distributions (2–8 
μg/ml), higher Pitt bacteremia scores (≥ 4) and concomitant 
pneumonia or urosepsis (Lee et al., 2015). There were no dif-
ferences in sepsis-related mortality in organisms with a MIC 
≤ 1 mg/l in this study. This finding was supported by a simi-
lar multicenter retrospective study of ESBL E. coli bacteremia 
outcomes in a cefmetazole–flomoxef vs. carbapenem trial. 
Outcomes were not statistically different between the groups, 
but only a handful of isolates had cephamycin MIC values 
> 1 μg/ml (Matsumura et al., 2015). It is also worth noting, 
however, that the carbapenem group had more hematologic 
and neutropenic patients than the cephamycin comparator. 
A study of ESBL K. pneumoniae bacteremia in hemodialyses 
patients without MIC data available demonstrated inferiority 
of flomoxef to carbapenems (Yang et al., 2012).

Selection of porin-resistant mutants has occurred during 
cephamycin therapy, resulting in cefoxitin resistance and 
relapse (Pangon et al., 1989). Widespread cephamycin use 
has also been associated with combined cephamycin and 
carbapenem resistance in K. pneumoniae in response to 
an  outbreak of infection with ESBL-producing organisms 
(Bradford et al., 1997). In an individual patient example, use 
of flomoxef was associated with acquisition of a plasmid- 
mediated AmpC-type beta-lactamase plus loss of an outer 
membrane protein, leading to ertapenem resistance (Lee et 
al., 2007). Therefore, cephamycins are not recommended as 
first-line therapy for ESBL-producing organisms, despite their 
good in vitro activity.

7e.  Infections due to Mycobacterium 
abscessus, Mycobacterium fortuitum, 
and Mycobacterium chelonae

The cephamycins may be useful in the early treatment of 
rapidly growing mycobacterial infections when parenteral 
therapy is required. Typically, this is in combination with 
amikacin or macrolides. Recommendations for initial ther-
apy for M. abscessus infections of skin, soft-tissue, and bone 
infections include combination therapy of amikacin and 
high-dose cefoxitin (up to 12 g/day i.v. in divided doses) for 
at least 2 weeks, depending on a confirmed clinical response. 
Osteo myelitis may need up to 6 months of therapy. Oral 
therapy (e.g. with clarithromycin) may be considered after 
the initial parenteral regimen, depending on susceptibilities 
(Griffith et al., 2007). Cefoxitin in a dose of 12 g i.v. daily plus 

2–4 g oral probenecid has been used for the treatment of 
nonpulmonary infections by these mycobacteria. For the ini-
tial 2–4 weeks, the drug is often combined with amikacin, 
followed by cefoxitin therapy alone for 10–12 weeks (Wallace 
et al., 1985; Raad et al., 1991). Pulmonary infection with 
M. chelonae has been treated successfully by i.v. cefoxitin and 
oral ciprofloxacin (Singh and Yu, 1992). A series of 19 cases 
of M.  fortuitum endocarditis showed a high mortality rate 
(85%) regardless of therapy (Olalla et al., 2002).

REFERENCES

Aldridge KE, Ashcraft D, Cambre K et al. (2001). Multicenter survey of the 
changing in vitro antimicrobial susceptibilities of clinical isolates of 
Bacteroides fragilis group, Prevotella, Fusobacterium, Porphyromonas, 
and Peptostreptococcus species. Antimicrob Agents Chemother 45: 
1238.

Aldridge KE, Stratton CW (1991). Bactericidal activity of ceftizoxime, 
cefotetan, and clindamycin against cefoxitin-resistant strains of 
Bacteroides fragilis group. J Antimicrob Chemother 28: 701.

Andrew JH, Greenwood D (1987). Susceptibility of cefotetan and Sch  
34343 to beta-lactamases produced by strains of Bacteroides that 
hydrolyze cefoxitin and imipenem. J Antimicrob Chemother 19:  
591.

Appelbaum PC, Spangler SK, Jacobs MR (1990). Beta-lactamase production 
and susceptibilities to amoxicillin, amoxicillin-clavulanate, ticarcillin, 
ticarcillin-clavulanate, cefoxitin, imipenem, and metronidazole of 320 
non-Bacteroides fragilis Bacteroides isolates and 129 Fusobacteria 
from 28 US centers. Antimicrob Agents Chemother 34: 1546.

Appelbaum PC, Spangler SK, Jacobs MR (1991). Susceptibilities of 394 
Bacteroides fragilis, non-B fragilis group Bacteroides species, and 
Fusobacterium species to newer antimicrobial agents. Antimicrob 
Agents Chemother 35: 1214.

Arvidsson A, Alván G, Tranaeus A et al. (1985). Pharmacokinetic studies 
of cefoxitin in continuous ambulatory peritoneal dialysis. Eur J Clin 
Pharmacol 28: 333.

Arvidsson A, Borgå O, Kager L, Pieper R (1981). Renal elimination of 
cefoxitin and effect of probenecid after single and repeated doses. 
J Antimicrob Chemother 7: 423.

Ayers LW, Jones RN, Barry AL et al. (1982). Cefotetan, a new cephamycin: 
comparison of in vitro antimicrobial activity with other cephems, 
beta-lactamase stability, and preliminary recommendations for disc 
diffusion testing. Antimicrob Agents Chemother 22: 859.

Bach VT, Roy I, Thadepalli H (1977). Susceptibility of anaerobic bacteria 
to cefoxitin and related compounds. Antimicrob Agents Chemother 
11: 912.

Bandoh K, Muto Y, Watanabe K et al. (1991). Biochemical properties and 
purification of metallo-beta-lactamase from Bacteroides fragilis. 
Antimicrob Agents Chemother 35: 371.

Bang NU, Kammer RB (1983). Hematologic complications associated with 
beta-lactam antibiotics. Rev Infect Dis 5 (Suppl 2): 380.

Bartlett JG, Louie TJ, Gorbach SL, Onderdonk AB (1981). Therapeutic 
efficacy of 29 antimicrobial regimens in experimental intraabdominal 
sepsis. Rev Infect Dis 3: 535.

Bartlett JG, Marien GJR, Dezfulilan M, Joiner KA (1983). Relative efficacy 
of beta-lactam antimicrobial agents in two animal models of infections 
involving Bacteroides fragilis. Rev Infect Dis 5 (Suppl 2): 338.

Barza M, Giuliano M, Jacobus NV, Gorbach SL (1987). Effect of broad- 
spectrum parenteral antibiotics on ‘colonization resistance’ of intestinal 
microflora of humans. Antimicrob Agents Chemother 31: 723.

Bawdon RE, Hemsell DL, Gus SP (1982). Comparison of cefoperazone and 
cefoxitin concentrations in serum and pelvic tissue of abdominal 
hysterectomy patients. Antimicrob Agents Chemother 22: 999.

Bowie WR (1982). Lack of in vitro activity of cefoxitin, cefamandole, 
cefuroxime and piperacillin against Chlamydia trachomatis. Antimicrob 
Agents Chemother 21: 339.



7. Clinical uses of the drug 411

Bradford PA, Urban C, Mariano N et al. (1997). Imipenem resistance in 
Klebsiella pneumonia is associated with the combination of ACT-1, 
a plasmid-mediated AmpC beta-lactamase, and the loss of an outer 
membrane protein. Antimicrob Agents Chemother 41: 563.

Brook I (1989). Inoculum effect. Rev Infect Dis 11: 361.
Brown RB, Klar J, Lemeshow S et al. (1986). Enhanced bleeding with 

cefoxitin or moxalactam statistical analysis within a defined population 
of 1493 patients. Arch Intern Med 146: 2159.

Browning MJ, Holt HA, White LO et al. (1986). Pharmacokinetics of 
cefotetan in patients with end-stage renal failure on maintenance 
dialysis. J Antimicrob Chemother 18: 103.

Brumfitt W, Kosmidis J, Hamilton-Miller JMT, Gilchrist JNG (1974). Cefoxitin 
and cephalothin: antimicrobial activity, human pharmacokinetics, and 
toxicology. Antimicrob Agents Chemother 6: 290.

Bulger RR, Washington II JA (1980). Effect of inoculum size and beta- 
lactamase production on in vitro activity of new cephalosporins against 
Haemophilus species. Antimicrob Agents Chemother 17: 393.

Carignan A, Allard C, Pepin J et al. (2008). Risk of Clostridium difficile 
infection after perioperative antibacterial prophylaxis before and 
during an outbreak of infection due to a hypervirulent strain. Clin 
Infect Dis 46: 1838.

Carver PL, Nightingale CH, Quintiliani R (1989). Pharmacokinetics and 
pharmacodynamics of total and unbound cefoxitin and cefotetan in 
healthy volunteers. J Antimicrob Chemother 23: 99.

Casal M, Rodriguez F (1982). In vitro susceptibility of Mycobacterium 
fortuitum and Mycobacterium chelonei to cefoxitin. Tubercle 63:  
125.

Chattopadhyay B, Teli JC (1982). Comparison of in-vitro activity of cefo - 
tetan (ICI 156834), a new cephamycin derivative with that of cefoxitin. 
J Antimicrob Chemother 10: 151.

Chenoweth CE, Judd WJ, Steiner EA, Kauffman CA (1992). Cefotetan-
induced immune hemolytic anemia. Clin Infect Dis 15: 863.

Chow AW, Bednorz D (1978). Comparative in vitro activity of newer 
cephalosporins against anaerobic bacteria. Antimicrob Agents 
Chemother 14: 668.

Clarke AM, Zemcov SJV (1983). Antibacterial activity of the cephamycin 
cefotetan: an in vitro comparison with other beta-lactam antibiotics. 
J Antimicrob Chemother 11 (Suppl A): 67.

Cohen H, Mackie IJ, Walshe K et al. (1987). The effects of cefotetan 
disodium on haemostasis. J Hosp Infect 10: 51.

Counts GW (1988). Cefoxitin: its role in treatment and prophylaxis in 
obstetric and gynecologic infections. Rev Infect Dis 10: 76.

Cox CE, Childs SJ, Wells WG et al. (1983). Preliminary report on a 
comparative trial of cefotetan and cefoxitin in the treatment of urinary 
tract infections. J Antimicrob Chemother 11 (Suppl A): 227.

Cuchural Jr GJ, Tally FP, Jacobus NV et al. (1990). Comparative activities of 
newer beta-lactam agents against members of the Bacteroides fragilis 
group. Antimicrob Agents Chemother 34: 479.

Cynamon MH, Palmer GS (1981). In vitro susceptibility of Nocardia 
asteroides to N-formimidoyl thienamycin and several cephalosporins. 
Antimicrob Agents Chemother 20: 841.

Cynamon MH, Palmer GS (1982). In vitro susceptibility of Mycobacterium 
fortuitum to N-formimidoyl thienamycin and several cephamycins. 
Antimicrob Agents Chemother 22: 1079.

Deierhoi RJ, Dawes LG, Wick C et al. (2013). Choice of intravenous anti- 
biotic prophylaxis for colorectal surgery does matter. J Am Coll Surg 
217: 763.

Dellinger EP (1991). Antibiotic prophylaxis in trauma: penetrating abdominal 
injuries and open fractures. Rev Infect Dis 13 (Suppl 10): 847.

Dellinger EP, Gross PA, Barrett TL et al. (1994). Quality standards for anti- 
microbial prophylaxis in surgical procedures. Clin Infect Dis 18: 422.

De Torres OH (1983). Hemolytic anemia and pancytopenia induced by 
cefoxitin. Drug Intell Clin Pharm 17: 816.

Dette GA, Knothe H, Henckel S (1983). Cefotetan: antimicrobial activity in 
vitro compared with that of cefotaxime. J Antimicrob Chemother 11 
(Suppl A): 11.

Eickhoff TC, Ehret JM (1976). In vitro comparison of cefoxitin, cefamandole, 
cephalexin and cephalothin. Antimicrob Agents Chemother 9: 994.

Eickhoff TC, Ehret J (1981). Comparative in vitro studies of Ro 13-9904, a 
new cephalosporin derivative. Antimicrob Agents Chemother 19: 435.

EUCAST (European Committee on Antimicrobial Susceptibility Testing) 
(2015). Antimicrobial wild type distributions of microorganisms. Version 
5.16b. mic.eucast.org/Eucast2/SearchController/search.jsp?action= 
performSearch&BeginIndex=0&Micdif=mic&NumberIndex=50& 
Antib=185&Specium=-1. Accessed 30 November 2015.

Fekete T, Serfass DA, Lafredo SC et al. (1989). Susceptibility to cephalospo-
rins of penicillin-susceptible and penicillin-resistant strains of Neisseria 
gonorrhoeae from Philadelphia. Antimicrob Agents Chemother 33: 2164. 

Feldman WE, Moffitt S, Manning NS (1982). Penetration of cefoxitin into 
cerebrospinal fluid of infants and children with bacterial meningitis. 
Antimicrob Agents Chemother 21: 468.

Feldman WE, Moffitt S, Sprow N (1980). Clinical and pharmacokinetic 
evaluation of parenteral cefoxitin in infants and children. Antimicrob 
Agents Chemother 17: 669.

Fernandez-Canigia L, Litterio M, Legaria MC (2012). First national survey of 
antibiotic susceptibility of the Bacteroides fragilis group: emerging 
resistance to carbapenems in Argentina. Antimicrob Agents Chemother 
56: 1309.

Ferreira LQ, Avelar KE, Vieira JM et al. (2007). Association between the cfxA 
gene and transposon Tn4555 in Bacteroides distasonis strains and other 
Bacteroides species. Curr Microbiol. 54: 348.

Finch R (1986). Beta-lactam antibiotics and mycobacteria. J Antimicrob 
Chemother 18: 6.

Fong IW, Engelking ER, Kirby WMM (1976). Relative inactivation by 
Staphylococcus aureus of eight cephalosporin antibiotics. Antimicrob 
Agents Chemother 9: 939.

Fox AR, Phillips I (1987). The antibiotic sensitivity of Bacteroides fragilis 
group in the United Kingdom. J Antimicrob Chemother 20: 477.

Geddes AM, Schnurr LP, Ball AP et al. (1977). Cefoxitin: a hospital study. 
BMJ 1: 1126.

Gillett AP, Wise R (1978). Penetration of four cephalosporins into tissue fluid 
in man. Lancet 1: 962.

Goering RV, Sanders CC, Sanders Jr WE (1982). Antagonism of carbenicillin 
and cefamandole by cefoxitin in treatment of experimental infections in 
mice. Antimicrob Agents Chemother 21: 963.

Goldstein EJC, Citron DM, Cherubin CE (1991). Comparison of the 
inoculums effects of members of the family Enterobacteriaceae on 
cefoxitin and other cephalosporins, beta-lactamase inhibitor combina-
tions, and the penicillin-derived components of these combinations. 
Antimicrob Agents Chemother 35: 560.

Goodwin CS, Raftery EB, Goldberg AD et al. (1974). Effects of rate of 
infusion and probenecid on serum levels, renal excretion, and toler- 
ance of intravenous doses of cefoxitin in humans: comparison with 
cephalothin. Antimicrob Agents Chemother 6: 338.

Gorbach SL, McGowan K (1981). Comparative clinical trials in treatment 
of intra-abdominal sepsis. J Antimicrob Chemother 8 (Suppl D): 95.

Greaves WL, Kreeft JH, Ogilview RI, Richards GK (1981). Cefoxitin dispo- 
sition during peritoneal dialysis. Antimicrob Agents Chemother 19: 253.

Griffith DE, Aksami T, Brown-Elliot BA et al. (2007). American Thoracic 
Society Documents. An official ATS/IDSA statement: diagnosis, 
treatment, and prevention of nontuberculous mycobacterial disease. 
Am J Respir Crit Care Med 175: 367.

Guérin F, Isnard C, Cattoir V et al. (2015). Complex regulation pathways of 
AmpC-mediated ß-lactam resistance in Enterobacter cloacae complex. 
Antimicrob Agents Chemother 59: 7753. 

Gutmann L, Goldstein FW, Kitzis MD et al. (1983). Susceptibility of Nocardia 
asteroides to 46 antibiotics including 22 beta-lactams. Antimicrob 
Agents Chemother 23: 248.

Hamilton-Miller JMT (1974). Comparative activity of ampicillin and seven 
cephalosporins against group D streptococci. J Clin Path 27: 828.

Hansbrough JF, Clark JE (1982). Concentrations of cefoxitin in gallbladder 
bile of cholecystectomy patients. Antimicrob Agents Chemother 22: 
709.

Heseltine PNR, Busch DF, Meyer RD, Finegold SM (1977). Cefoxitin: clinical 
evaluation in thirty-eight patients. Antimicrob Agents Chemother 11: 
427.

http://www.mic.eucast.org/Eucast2/SearchController/search.jsp?action=performSearch&BeginIndex=0&Micdif=mic&NumberIndex=50&Antib=185&Specium=-1
http://www.mic.eucast.org/Eucast2/SearchController/search.jsp?action=performSearch&BeginIndex=0&Micdif=mic&NumberIndex=50&Antib=185&Specium=-1
http://www.mic.eucast.org/Eucast2/SearchController/search.jsp?action=performSearch&BeginIndex=0&Micdif=mic&NumberIndex=50&Antib=185&Specium=-1


412 Cefoxitin, Cefotetan, and Other Cephamycins 

Hoeprich PD, Huston AC (1976). Induction of resistance in Staphylococcus 
aureus and Klebsiella pneumoniae by exposure to cephalothin and 
cefoxitin. J Infect Dis 133: 681.

Humbert G, Fillastre JP, Leroy A et al. (1979). Pharmacokinetics of cefoxitin 
in normal subjects and in patients with renal insufficiency. Rev Infect Dis 
1: 118.

Humbert G, Leroy A, Rogez J-P, Cherubin C (1980). Cefoxitin concentrations 
in the cerebrospinal fluids of patients with meningitis. Antimicrob 
Agents Chemother 17: 675.

Itani KMF, Wilson SE, Awad SS et al. (2006). Ertapenem versus cefotetan 
prophylaxis in elective colorectal surgery. N Engl J Med 55: 2640.

Jackson RT, Thomas FE, Alford RH (1977). Cefoxitin activity against multiple 
antibiotic-resistant Klebsiella pneumoniae in vitro. Antimicrob Agents 
Chemother 11: 84.

Jacoby GA, Archer GL (1991). New mechanisms of bacterial resistance to 
antimicrobial agents. N Engl J Med 324: 601.

Joiner K, Lowe B, Dzink J, Bartlett JG (1982). Comparative efficacy of 10 
antimicrobial agents in experimental infections with Bacteroides fragilis. 
J Infect Dis 145: 561.

Kammer RB, Preston DA, Turner JR, Hawley LC (1975). Rapid detection of 
ampicillin-resistant Haemophilus influenzae and their susceptibility to 
sixteen antibiotics. Antimicrob Agents Chemother 8: 91.

Kampf D, Schurig R, Korsukewitz I, Brückner O (1981). Cefoxitin pharmaco-
kinetics: relation to three different renal clearance studies in patients 
with various degrees of renal insufficiency. Antimicrob Agents 
Chemother 20: 741.

Kelsey MC, Emmerson AM, Drabu Y (1982). Flavobacterium meningosepti-
cum ventriculitis: in vivo and in vitro results with the combinations 
rifampicin-erythromycin and mezlocillin-cefoxitin. Eur J Clin Microbiol 
1: 138.

Klastersky J, Coppens L, Mombelli G (1979). Anaerobic infection in cancer 
patients: comparative evaluation of clindamycin and cefoxitin. 
Antimicrob Agents Chemother 16: 366.

Kline SS, Mauro VG, Forney RB et al. (1987). Cefotetan-induced disulfiram- 
type reactions and hypoprothrombinemia. Antimicrob Agents 
Chemother 31: 1328.

Komiya M, Kijuchi Y, Tachibana A, Yano K (1981). Pharmacokinetics of 
new broad-spectrum cephamycin, YM09330, parenterally admin- 
istered to various experimental animals. Antimicrob Agents Chemother 
20: 176.

Kosmidis J, Hamilton-Miller JMT, Gilchrist JNG et al. (1973). Cefoxitin, a 
new semi-synthetic cephamycin: an in vitro and in vivo comparison with 
cephalothin. BMJ 4: 653.

Kuck NA, Testa RT, Forbes M (1981). In vitro and in vivo antibacterial effects 
of combinations of beta-lactam antibiotics. Antimicrob Agents 
Chemother 19: 634.

Lau WY, Fan ST, Chu KW et al. (1986). Cefoxitin versus gentamicin and 
metronidazole in prevention of post-appendicectomy sepsis: a 
randomized, prospective trial. J Antimicrob Chemother 18: 613.

Lavollay M, Dubee V, Heym B et al. (2014). In vitro activity of cefoxitin and 
imipenem against Mycobacterium abscessus complex. Clin Microbiol 
Infect 20: O297. 

Le Frock JL, Schell RF, Carr BB et al. (1982). Cefoxitin therapy in aerobic, 
anaerobic, and mixed aerobic-anaerobic infections. Drug Intell Clin 
Pharm 16: 306.

Lee CH, Chu C, Liu JW et al. (2007). Collateral damage of flomoxef therapy: 
in vivo development of porin deficiency and acquisition of blaDHA-1 
leading to ertapenem resistance in a clinical isolate of Klebsiella 
pneumonia producing CTX-M-3 and SHV-5 beta-lactamses. J 
Antimicrob Chemother 60: 410.

Lee CH, Su LH, Chen FJ et al. (2015) Comparative effectiveness of  
flomoxef versus carbapenems in the treatment of bacteraemia due 
to extended- spectrum ß-lactamase-producing Escherichia coli or 
Klebsiella pneumoniae with emphasis on minimum inhibitory con-
centration of flomoxef: a retrospective study. Int J Antimicrob Agents 
46: 610.

Lee CH, Su LH, Tang YF et al. (2006). Treatment of ESBL-producing 
Klebsiella pneumonia bacteraemia with carbapenems or flomoxef: a 

retrospective study and laboratory analysis of the isolates. J Antimicrob 
Chemother 58: 1074.

Martin C, Portet C, Lambert D et al. (1992). Pharmacokinetics and tissue 
penetration of single-dose cefotetan used for antimicrobial prophylaxis 
in patients undergoing colorectal surgery. Antimicrob Agents 
Chemother 36: 1115.

Martin C, Thomachot L, Albanese J (1994). Clinical pharmacokinetics of 
cefotetan. Clin Pharmacokinet 26: 248.

Matsumura Y, Yamamoto M, Nagao M et al. (2015). Multicenter retrospec-
tive study of cefmetazole and flomoxef for treatment of extended- 
spectrum-ß-lactamase producing Escherichia coli bacteraemia. 
Antimicrob Agents Chemother 59: 5107. 

McCloskey RV (1977). Results of a clinical trial of cefoxitin, a new cephamy-
cin antibiotic. Antimicrob Agents Chemother 12: 636.

McNulty CAM, Dent J, Wise R (1985). Susceptibility of clinical isolates of 
Campylobacter pyloridis to 11 antimicrobial agents. Antimicrob Agents 
Chemother 28: 837.

Miller MA, Finan M, Yousuf M (1983). In-vitro antagonism by N-formimidoyl 
thienamycin and cefoxitin of second and third generation cephalospo-
rins in Aeromonas hydrophila and Serratia marcescens. J Antimicrob 
Chemother 11: 311.

Moellering Jr RC, Dray M, Kunz LJ (1974). Susceptibility of clinical isolates 
of bacteria to cefoxitin and cephalothin. Antimicrob Agents Chemother 
6: 320.

Moine P, Fish DN (2013). Pharmacodynamic modelling of intravenous 
antibiotic prophylaxis in elective colorectal surgery. Int J Antimicrob 
Agents 41: 167.

Moosdeen F, Maskel J, Philpott-Howard J, Williams JD (1983). Cefotetan 
activity against Gram-negative aerobes and anaerobes. J Antimicrob 
Chemother 11 (Suppl A): 59.

Moritz VA, Carson PBD (1986). Cefoxitin sensitivity as a marker for inducible 
beta-lactamases. J Med Microbiol 21: 203.

Mulligan ME, Citron D, Gabay E et al. (1984). Alterations in human fecal 
flora, including ingrowth of Clostridium difficile, related to cefoxitin 
therapy. Antimicrob Agents Chemother 26: 343.

Muytjens HL, Van der Ros-Van de Repe J (1982). Comparative activities of 
13 beta-lactam antibiotics. Antimicrob Agents Chemother 21: 925.

Nair SR, Cherubin CE (1978). Use of cefoxitin, new cephalosporin-like 
antibiotic in the treatment of aerobic and anaerobic infections. 
Antimicrob Agents Chemother 14: 866.

Nair SR, Cherubin CE, Weinstein M (1979). Penetration of cefoxitin into 
cerebrospinal fluid and treatment of meningitis caused by Gram-
negative bacteria. Rev Infect Dis 1: 134.

Nakagawa K, Koyama M, Tachibana A et al. (1982). Pharmacokinetics of 
cefotetan (YM09330). in humans. Antimicrob Agents Chemother 22: 
935.

Neu HC (1986). Beta-lactam antibiotics: structural relationships affecting in 
vitro activity and pharmacologic properties. Rev Infect Dis 8 (Suppl 3): 
237.

Neu HC (1974). Cefoxitin, a semisynthetic cephamycin antibiotic: antibacte-
rial spectrum and resistance to hydrolysis by Gram-negative β-lact-
amases. Antimicrob Agents Chemother 6: 170.

Neu HC (1979). Comparative studies of cefoxitin and cephalothin: an 
overview. Rev Infect Dis 1: 144.

Nguyen MH, Yu VL, Morris AJ et al. (2000). Antimicrobial resistance and 
clinical outcome of Bacteroides bacteremia: findings of a multicenter 
prospective observational trial. Clin Infect Dis 30: 870.

Nichols RL (1983). Empiric antibiotic therapy for intraabdominal infections. 
Rev Infect Dis 5 (Suppl 1): 90.

Nolen TM, Phillips HL, Hall HJ (1983). Clinical evaluation of cefotetan in the 
treatment of lower respiratory tract infections. J Antimicrob Chemother 
11 (Suppl A): 233.

Norrby R, Brorsson J-E, Seeberg S (1976). Comparative study of the in vitro 
antibacterial activity of cefoxitin, cefuroxime, and cephaloridine. 
Antimicrob Agents Chemother 9: 506.

O’Callaghan CH (1975). Classification of cephalosporins by their antibacte-
rial activity and pharmacokinetic properties. J Antimicrob Chemother 
1 (Suppl): 1.



7. Clinical uses of the drug 413

Ohkawa M, Hirano S, Tokunaga S et al. (1983). Pharmacokinetics of 
cefotetan in normal subjects and patients with impaired renal function. 
Antimicrob Agents Chemother 23: 31.

Ohm-Smith MJ, Sweet RL (1987). In vitro activity of cefmetazole, cefotetan, 
amoxicillin-clavulanic acid, and other antimicrobial agents against 
anaerobic bacteria from endometrial cultures of women with pelvic 
infections. Antimicrob Agents Chemother 31: 1434.

O’Keefe JP, Tally FP, Barza M, Gorbach SL (1979). Penetration of cephalothin 
and cefoxitin into experimental infections with Bacteroides fragilis. Rev 
Infect Dis 1: 106.

Olalla J, Pombo M, Aguido JM et al. (2002). Mycobacteruim fortuitum 
complex endocarditis—case report and literature review. Clin Micro 
Infect 8: 125.

Ormrod DJ, Miller TE (1981). Evaluation of cefoxitin nephrotoxicity in 
experimentally induced renal failure. Antimicrob Agents Chemother 
19: 18.

Onishi HR, Daoust DR, Zimmerman SB et al. (1974). Cefoxitin, a semisyn-
thetic cephamycin antibiotic: resistance to β-lactamase inactivation. 
Antimicrob Agents Chemother 5: 38.

Owen AWMC, Manson J McK, Yates RA et al. (1983). The pharmacokinetics 
of cefotetan excretion in the unobstructed biliary tree. J Antimicrob 
Chemother 11 (Suppl A): 217.

Pangon B, Bizet C, Buré A et al. (1989). In vivo selection of a cephamycin- 
resistant, porin-deficient mutant of Klebsiella pneumonia producing a 
TEM-3 beta-lactamase. J Infect Dis 159: 1005.

Park S, Kim S, Park EM et al. (2008). In vitro susceptibility of Mycobacterium 
abscesses in Korea. J Korean Med Sci 23: 49.

Parker AC, Smith CJ (1993). Genetic and biochemical analysis of a novel 
Ambler class A beta-lactamase responsible for cefoxitin resistance in 
Bacteroides species. Antimicrob Agents Chemother 37: 1028.

Perea EJ, Garcia-Iglesias MC, Ayarra J, Loscertales J (1983). Comparative 
concentrations of cefoxitin in human lungs and sera. Antimicrob Agents 
Chemother 23: 323.

Phillips I (1978). The susceptibility of Neisseria gonorrhoeae to cefoxitin 
sodium. J Antimicrob Chemother 4 (Suppl B): 61.

Phillips I, King A, Shannon K, Warren C (1983). Cefotetan: in-vitro 
antibacterial activity and susceptibility to beta-lactamases. J Antimicrob 
Chemother 11 (Suppl A): 1.

Phillips I, Shannon K (1978). The activity of cephalosporins on beta-
lactamase- producing Neisseria gonorrhoeae. Scand J Infect Dis Suppl. 
13: 23.

Raad II, Vartivarian S, Khan A, Bodey GP (1991). Catheter-related infections 
caused by the Mycobacterium fortuitum complex: 15 cases and review. 
Rev Infect Dis 13: 1120.

Roberts SA, Shore KP, Raviour SD et al. (2006). Antimicrobial susceptibility 
of anaerobic bacteria in New Zealand: 1999–2003. J Antimicrob 
Chemother 57: 992.

Roex AJ, van Loenen AC, Puyenbroek JI et al. (1987). Secretion of cefoxitin 
in breast milk following short-term prophylactic administration in 
caesarean section. Eur J Obstet Gynecol Reprod Biol 25: 299.

Rogers MB, Parker AC, Smith CJ (1993). Cloning and characterization of the 
endogenous cephalosporinase gene cepA, from Bacteroides fragilis 
reveals a new subgroup of Ambler class A beta-lactamases. Antimicrob 
Agents Chemother 37: 2391.

Rosene K, Eschenbach DA, Tompkins LS et al. (1986). Polymicrobial early 
postpartum endometritis with facultative and anaerobic bacteria, 
genital Mycoplasmas and Chlamydia trachomatis: treatment with 
piperacillin or cefoxitin. J Infect Dis 153: 1028.

Sanders CC (1983). Novel resistance selected by the new expanded- 
spectrum cephalosporins: a concern. J Infect Dis 147: 585.

Sanders CC, Sanders Jr WE, Goering RV (1982). In vitro antagonism of 
beta-lactam antibiotics by cefoxitin. Antimicrob Agents Chemother 
21: 968.

Schrogie JJ, Rogers JD, Yeh KC et al. (1979). Pharmacokinetics and 
comparative pharmacology of cefoxitin and cephalosporins. Rev Infect 
Dis 1: 90.

Seeberg AH, Tolxdorff-Neutzling RM, Wiedemann B (1983). Chromosomal 
beta-lactamases of Enterobacter cloacae are responsible for resistance 

to third-generation cephalosporins. Antimicrob Agents Chemother 
23: 918.

Sieradzan RR, Bottner WA, Fasco MJ, Bertino Jr JS (1988). Comparative 
effects of cefoxitin and cefotetan on vitamin K metabolism. Antimicrob 
Agents Chemother 32: 1446.

Singh N, Yu VL (1992). Successful treatment of pulmonary infection due to 
Mycobacterium chelonae: case report and review. Clin Infect Dis 14: 156.

Siu LK, Lu PL, Hsueh PR et al. (1999). Bacteramia due to extended-spectrum 
beta-lactamase-producing Escherichia coli and Klebsiella pneumoniae 
in a pediatric oncology ward: clinical features and identification of 
different plasmids carrying both SHV-5 and TEM-1 genes. J Clin 
Microbiol 37: 4020.

Smith BR, LeFrock JL, Thyrum PT et al. (1986). Cefotetan pharmacokinetics 
in volunteers with various degrees of renal function. Antimicrob Agents 
Chemother 29: 887.

Snydman DR, Cuchural Jr GJ, McDermott L, Gill M (1992). Correlation 
of various in vitro testing methods with clinical outcomes in patients 
with Bacteroides fragilis Group infections treated with cefoxitin: a 
retrospective analysis. Antimicrob Agents Chemother 36: 540.

Snydman DR, Jacobus NV, McDermott LA et al. (2007). National survey on 
the susceptibility of Bacteroides fragilis group: report and analysis of 
trends in the United States from 1997 to 2004. Antimicrob Agents 
Chemother 51: 1649.

Stapley EO, Birnbaum J, Miller AK et al. (1979). Cefoxitin and cephamycins: 
microbiological studies. Rev Infect Dis 1: 73.

Stapley EO, Jackson M, Hernandez S et al. (1972). Cephamycins, a new 
family of β-lactam antibiotics. Antimicrob Agents Chemother 2: 122.

Suffoletta TJ, Jennings HR, Oh JJ et al. (2008). Continuous versus 
intermittent infusion of prophylactic cefoxitin after colorectal surgery: 
a pilot study. Pharmacotherapy 28: 1133.

Summersgill JT, Schupp LG, Raff MJ (1982). Comparative penetration of 
metronidazole, clindamycin, chloramphenicol, cefoxitin, ticarcillin and 
moxalactam into bone. Antimicrob Agents Chemother 21: 601.

Sutter VL, Oberhammer I, Kwok Y-Y, Finegold SH (1978). Susceptibility 
of anaerobes to cefoxitin sodium and cephalothin. J Antimicrob 
Chemother 4 (Suppl B): 41.

Swenson JM, Wallace Jr RJ, Silcox VA, Thornsberry C (1985). Antimicrobial 
susceptibility of five subgroups of Mycobacterium fortuitum and 
Mycobacterium chelonae. Antimicrob Agents Chemother 28: 807.

Tally FP, Cuchural Jr GJ, Jacobus NV et al. (1983). Susceptibility of the 
Bacteroides fragilis group in the United States in 1981. Antimicrob 
Agents Chemother 23: 536.

Tally FP, Miao PVM, O’Keefe JP, Gorbach SL (1979). Cefoxitin therapy of 
anaerobic and aerobic infections. J Antimicrob Chemother 5: 101.

Tanner AG, Thom BT, Strachan CJL (1986). Cefotetan compared with 
gentamicin and tinidazole in acute abdominal surgery. J Hosp Infect 
7: 49.

Teng LJ, Hsueh PR, Tsai JC et al. (2002). High incidence of cefoxitin and 
clindamycin resistance among anaerobes in Taiwan. Antimicrob. Agents 
Chemother 46: 2908.

Thompson JS, Malamy MH (1990). Sequencing the gene for an imipenem- 
cefoxitin-hydrolyzing enzyme (CfiA) from Bacteroides fragilis TAL2480 
reveals strong similarity between CfiA and Bacillus cereus beta- 
lactamase II. J Bacteriol 172: 2584.

Thornsberry C, Baker CN, Kirven LA (1978). In vitro activity of antimicrobial 
agents on Legionnaires’ disease bacterium. Antimicrob Agents 
Chemother 13: 78.

Trevino M, Areses P, Penalver MD et al. (2011). Susceptibility trends of 
Bacteroides fragilis group and characterisation of carbapenemase- 
producing strains by automated REP-PCR and MALDI TOF. Anaerobe 
18: 37. 

Trollfors B, Alestig K, Norrby R (1979). Local and gastrointestinal reactions 
to intravenously administered cefoxitin and cefuroxime. Scand J Infect 
Dis 11: 315.

Trollfors B, Norrby R (1980). Effect of frusemide on the elimination of 
cefuroxime and cefoxitin. J Antimicrob Chemother 6: 405.

Trollfors B, Norrby R, Bergmark J et al. (1986). Comparative toxicity of 
gentamicin and cefotetan. Scand J Infect Dis 18: 139.



414 Cefoxitin, Cefotetan, and Other Cephamycins 

Trollfors B, Norrby R, Kristianson K (1978). Effects on renal function of 
treatment with cefoxitin sodium alone or in combination with 
furosemide. J Antimicrob Chemother 4 (Suppl B): 85.

Turgeon P, Turgeon V, Geurdeau M et al. (1994). Longitudinal study of 
susceptibilities of species of the Bacteroides fragilis group to five 
antimicrobial agents in three medical centers. Antimicrob Agents 
Chemother 38: 2276.

Van Winzum C (1978). Clinical safety and tolerance of cefoxitin sodium: an 
overview. J Antimicrob Chemother 4 (Suppl B): 91.

Viotte G, Morin JP, Godin M, Fillastre JP (1981). Changes in the renal 
function of rats treated with cefoxitin and a comparison with other 
cephalosporins and gentamicin. J Antimicrob Chemother 7: 537.

Vlasses PH, Holbrook AM, Schrogie JJ et al. (1980). Effect of orally 
administered probenecid on the pharmacokinetics of cefoxitin. 
Antimicrob Agents Chemother 17: 847.

Vuye A, Pijck J, Van Landuyt HW (1979). Comparative activity of two 
newer cephalosporins, cefoxitin and cephalothin against selected 
Enterobacteriaceae and correlation with enzymatic resistance 
mechanisms. J Antimicrob Chemother 5: 293.

Wallace Jr RJ, Swenson JM, Silcox VA, Bullen MG (1985). Treatment of 
nonpulmonary infections due to Mycobacterium fortuitum and 
Mycobacterium chelonae on the basis of in vitro susceptibilities.  
J Infect Dis 152: 500.

Wallick H, Hendlin D (1974). Cefoxitin, a semisynthetic cephamycin 
antibiotic: susceptibility studies. Antimicrob Agents Chemother 5: 25.

Wang FD, Liao CH, Lin YT, Sheng WH (2014). Trends in the susceptibility of 
commonly encountered clinically significant anaerobes and susceptibili-
ties of blood isolates of anaerobes to 16 antimicrobial agents, including 
fidaxomicin and rifaximin, 2008–2012, northern Taiwan. Eur J Clin 
Microbiol Infect Dis 33: 2041.

Ward A, Richards DM (1985). Cefotetan. A review of its antibacterial activity, 
pharmacokinetic properties and therapeutic use. Drugs 30: 382.

Watt B, Brown FV (1985). The comparative in-vitro activity of cefotetan 
against anaerobic bacteria. J Antimicrob Chemother 15: 671.

Werner H (1983). Inhibitory activity of cefotetan and other beta-lactams 
against anaerobes. J Antimicrob Chemother 11 (Suppl A): 107.

Wexler HM, Finegold SM (1988). In vitro activity of cefotetan compared 
with that of other antibacterial agents against anaerobic bacteria. 
Antimicrob Agents Chemother 32: 601.

Wise R, Andrews JM, Hancock J (1982). In vitro activity of cefotetan, a new 
cephamycin derivative, compared with that of other beta-lactam 
compounds. Antimicrob Agents Chemother 21: 486.

Wise R, Donovan IA, Ambrose NS, Allcock JE (1981). The penetration of 
cefoxitin into peritoneal fluid. J Antimicrob Chemother 8: 453.

Wurtz RM, Sande MA (1989). Cefotetan and coagulopathy. J Infect Dis 
160: 555.

Wybo I, Pierard D, Verschraegen I et al. (2007). Third Belgian multicentre 
survey of antibiotic susceptibility of anaerobic bacteria. J Antimicrob 
Chemo 59: 132.

Wybo I, Van den Bossche D, Soetens O et al. (2014). Fourth Belgian 
multicentre survey of antibiotic susceptibility of anaerobic bacteria. 
J Antimicrob Chemo 69: 155.

Yang CC, Li SH, Chuang FR et al. (2012). Discrepancy between effects of 
carbapenems and flomoxef in treating nosocomial haemodialysis 
access-related bacteraemia secondary to extended-spectrum-ß- 
lactamase producing Klebsiella pneumoniae in patients on main- 
tenance haemodialysis. BMC Infect Dis 12: 206. 

Yourassowsky E, Schoutens E, Vanderlinden MP (1976). Antibacterial activity 
of eight cephalosporins against Haemophilus influenzae and Strep-
tococcus pneumoniae. J Antimicrob Chemother 2: 55.



415

25

Cefoperazone and 
Cefoperazone–Sulbactam

Syamhanin Adnan

1. DESCRIPTION

Cefoperazone is referred to as an extended-spectrum or 
third-generation cephalosporin. It is stable to some beta- 
lactamases, particularly those produced by Gram-negative 
bacteria, and has potency against most wild-type Entero-
bacteriaceae. It also has moderate to good activity against 
Pseudomonas aeruginosa (Dunn, 1982). The molecular weight 
of cefoperazone is 667.65; its formula is C25H27N9O8S2, and its 
structure is shown in Figure 25.1.

The addition to cefoperazone of the beta-lactamase 
inhibitor, sulbactam, expands the spectrum to include 
Acine tobacter baumannii and some Gram-negative organ-
isms with broader spectrum beta-lactamases. In particular, 
the combination of cefoperazone and the beta-lactamase 
inhibitor sulbactam is more resistant to attack by class A 
beta-lactamases but remains vulnerable to isolates pro-
ducing class C beta-lactamases (Williams, 1997; Bijie et al., 
2005). Cefoperazone–sulbactam is currently not avail- 
able in the USA but is available in a wide variety of other 
countries. It is widely used for treatment of serious  
Gram-negative infections, including multiply resistant A. 
baumannii.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The in vitro activity of combination cefoperazone–sulbactam 
against common pathogens is summarized in Table 25.1.

GRAM-POSITIVE AEROBIC BACTERIA

Cefoperazone is about as active as cefotaxime against Staphy
lococcus aureus and coagulase-negative staphylococci, but 
methicillin-resistant strains are resistant to cefoperazone. 
Strep tococcus pneumoniae, including strains relatively resis-
tant and highly resistant to penicillin G, need slightly higher 
concentrations of cefoperazone than of cefotaxime for inhi-
bition (Ward and Moellering, 1981; Tweardy et al., 1983). 
Compared with cefotaxime, its activity against S. pyogenes 
is similar, but group B streptococci and most viridans strep-
tococci are slightly less susceptible (Jacobs et al., 1982; Jones 
and Barry, 1983a). Enterococcus faecalis is resistant, and Lis
teria monocytogenes is moderately resistant.

The addition of sulbactam to cefoperazone does not sig-
nificantly extend the activity of cefoperazone against Gram-
positive aerobic bacteria.

Figure 25.1. Chemical structure of cefoperazone.
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Table 25.1. In vitro activity of cefoperazone–sulbactam against common pathogens

Organism
MIC50 

(μg/ml)
MIC90 

(μg/ml) Range
No. of 
isolates Region Reference

Staphylococcus aureus 
(methicillin susceptible)

3 4 0.38–6 992 Japan Ishii et al. (2006)

2 4 0.75–12 210 Japan Lewis et al. (1999)

2 32  ≤ 1–> 64 67 USA Knapp et al. (1990)

Staphylococcus aureus 
(methicillin resistant)

32 64    4–64 21 USA Knapp et al. (1990)

Coagulase-negative 
staphylococcus (methicillin 
susceptible)

1.5 4 0.25–> 256 861 Japan Ishii et al. (2006)

1.5 2 0.38–6 118 Japan Lewis et al. (1999)

≤ 0.5 ≤ 0.5 ≤ 0.5 41 USA Knapp et al. (1990)

Enterococcus 32 64  ≤ 1–> 64 46 USA Knapp et al. (1990)

Streptococcus pneumoniae ≤ 1 ≤ 1  ≤ 1 15 USA Knapp et al. (1990)

Streptococcus pneumoniae 
(penicillin susceptible) 

0.12 0.12 ≤ 0.06–0.12 100 Japan Ohno (2007)

Streptococcus pneumoniae 
(penicillin resistant)

4 4    2–4 300 Japan Ohno (2007)

Escherichia coli (non-ESBL 
producers)

1 16 0.03–> 64 138 Taiwan Hung et al. (2007)

0.25 1.5 0.023–256 210 Japan Lewis et al. (1999)

≤ 1 2  ≤ 1–16 305 USA Knapp et al. (1990)

0.25 2 < 0.016–> 256 997 Japan Ishii et al. (2006)

Escherichia coli (ESBL producers) 16 > 64    2–> 61 22 Taiwan Hung et al. (2007)

Klebsiella spp. 0.38 2 0.047–> 256 219 Japan Lewis et al. (1999)

0.38 2 0.047–> 256 997 Japan Ishii et al. (2006)

Klebsiella oxytoca ≤ 1 8  ≤ 1–64 31 USA Knapp et al. (1990)

Klebsiella pneumoniae (non-ESBL 
producers)

0.25 4 0.06–> 64 119 Taiwan Hung et al. (2007)

≤ 1 8  ≤ 1–64 97 USA Knapp et al. (1990)

Klebsiella pneumoniae (ESBL 
producers)

32 > 64    1–> 64 43 Taiwan Hung et al. (2007)

Citrobacter spp. 1 32 0.016–256 192 Japan Lewis et al. (1999)

Citrobacter diversus ≤ 1 ≤ 1  ≤ 1 15 USA Knapp et al. (1990)

Citrobacter freundii 1 > 64 0.5–> 64 12 Taiwan Hung et al. (2007)

64 128   32–> 128 16 USA Eliopoulos et al. (1989)

≤ 1 16  ≤ 1–32 31 USA Knapp et al. (1990)

0.75 32 0.064–> 256 834 Japan Ishii et al. (2006)

Enterobacter spp. 0.5 32 < 0.016–> 256 988 Japan Ishii et al. (2006)

0.75 64 0.016–256 208 Japan Lewis et al. (1999)

Enterobacter aerogenes ≤ 1 8  ≤ 1–32 32 USA Knapp et al. (1990)

Enterobacter cloacae 4 64 0.03–> 64 75 Taiwan Hung et al. (2007)

2 32  ≤ 1–32 47 USA Knapp et al. (1990)

Proteus mirabilis 2 16 0.5–32 64 Taiwan Hung et al. (2007)

≤ 1 ≤ 1  ≤ 1–16 87 USA Knapp et al. (1990)

Proteus vulgaris ≤ 1 ≤ 1  ≤ 1 12 USA Knapp et al. (1990)

Proteus spp. 1 3 0.19–48 200 Japan Lewis et al. (1999)

Indole-positive Proteus 1 4 0.064–> 256 855 Japan Ishii et al. (2006)

Providencia rettgeri 4 16  ≤ 1–64 10 USA Knapp et al. (1990)

Providencia stuartii 2 16  ≤ 1–32 10 USA Knapp et al. (1990)

Serratia spp. 1.5 > 256 0.125–> 256 206 Japan Lewis et al. (1999)

2 32 0.023–> 256 924 Japan Ishii et al. (2006)

Serratia marcescens 8 > 64 0.25–> 64 68 Taiwan Hung et al. (2007)

≤ 1 2  ≤ 1–> 64 27 USA Knapp et al. (1990)

Morganella morganii 2 8    1–64 33 Taiwan Hung et al. (2007)

≤ 1 4  ≤ 1–4 23 USA Knapp et al. (1990)

Haemophilus influenzae ≤ 1 ≤ 1  ≤ 1 13 USA Knapp et al. (1990)

Haemophilus influenzaea ≤ 0.06 0.12 ≤ 0.06–0.12 100 Japan Ohno (2007)
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GRAM-NEGATIVE AEROBIC BACTERIA

Meningococci are quite susceptible to cefoperazone, but 
slightly less so than to ceftriaxone or cefotaxime (Scribner 
et al., 1982). This also applies to gonococci including beta- 
lactamase-producing strains, but the reported degree of 
sensitivity of the latter has varied (MICs for non-beta- 
lactamase-producing strains are ≤ 0.004–0.5 μg/ml and for 
beta-lactamase-producing strains 0.125–0.5 μg/ml (Rodríguez 
et al., 1983).

Cefoperazone is active against nearly all wild-type strains 
of the Enterobacteriaceae, though to a lesser degree than 
other third-generation cephalosporins such as cefotaxime and 
ceftriaxone (Hall et al., 1980; Jones et al., 1980; Magnussen 
et al., 1982; Jones and Barry, 1983a; Sykes and Bush, 1983). 
Minimum inhibitory concentrations (MICs) and minimum 
bactericidal concentrations (MBCs) of cefoperazone against 
many Enterobacteriaceae are inoculum dependent (Hinkle 
et al., 1980; Lang et al., 1980). Overall, in the group of 
Enterobacteriaceae with cefoperazone MICs between 2 and 
32 μg/ml, sulbactam enhanced the activity of cefoperazone 

against 56% of tested strains (Fass et al., 1992). When cefop-
erazone MICs were 64 μg/ml or greater, sulbactam enhanced 
the activity of cefoperazone against 80–90% of strains (Fass 
et al., 1990), indicating some activity against extended- 
spectrum beta-lactamases (ESBLs). A recent trial from Turkey 
reported results concerning 1196 Gram-negative clinical iso-
lates, mostly cultured from blood, urine, and respiratory 
secretions. Resistance of isolates to cefoperazone–sulbactam 
was 6% for Escherichia coli (26% of which were ESBL posi-
tive) and 17.7% for Klebsiella pneumoniae (32% of which 
were ESBL positive) (Akova 2008).

A recent study from India on 384 nonduplicate, consecu-
tive, Gram-negative bacilli (278 isolates of Enterobacteriaceae) 
isolated from various clinical samples received were found 
to have sensitivity of about 85% for cefoperazone–sulbactam 
(Sood et al., 2013).

Similar findings were shown from another recent study 
from China; susceptibility of 86.7% against Enterobacteriaceae 
was reported for cefoperazone–sulbactam with more than 
80% for E. coli; 87.3–92.6% for E. cloacae, E. aerogenes, and 

Organism
MIC50 

(μg/ml)
MIC90 

(μg/ml) Range
No. of 
isolates Region Reference

Haemophilus influenzaeb 0.25 0.25 ≤ 0.06–0.5 300 Japan Ohno (2007)

Haemophilus influenzaec 0.5 1 ≤ 0.06–1 30 Japan Ohno (2007)

Branhamella catarrhalis ≤ 1 ≤ 1  ≤ 1 17 USA Knapp et al. (1990)

Neisseria meningitidis ≤ 1 ≤ 1  ≤ 1 10 USA Knapp et al. (1990)

Stenotrophomonas maltophilia 64 > 64  16–> 64 85 Taiwan Hung et al. (2007)

4 16    2–> 64 26 USA Knapp et al. (1990)

32 128    8–> 128 35 USA Eliopoulos et al. (1989)

Acinetobacter spp. 2 6 0.38–64 200 Japan Lewis et al. (1999)

2 6 0.023–> 256 902 Japan Ishii et al. (2006)

Acinetobacter anitratus 1 2  ≤ 1–2 21 USA Knapp et al. (1990)

Acinetobacter baumannii 16 64    2–> 64 167 Taiwan Hung et al. (2007)

Acinetobacter calcoaceticus 8 32    2–64 84 USA Eliopoulos et al. (1989)

Pseudomonas aeruginosa 6 64 0.19–> 256 219 Japan Lewis et al. (1999)

16 64    2–> 64 164 Taiwan Hung et al. (2007)

4 32  ≤ 1–> 64 212 USA Knapp et al. (1990)

8 128 0.19–> 256 996 Japan Ishii et al. (2006)

8 16 — 31 India Sivagurunathan et al. (2008)

64 128    8–> 128 72 USA Eliopoulos et al. (1989)

Burkholderia cepacia 32 64    4–> 64 40 Taiwan Hung et al. (2007)

8 16  ≤ 1–64 11 USA Knapp et al. (1990)

Bacteroides fragilis (beta-
lactamase-producing strains)

— 16d — 217 USA Appelbaum et al. (1991)

4 32    2–128 58 USA Eliopoulos et al. (1989)

Other Bacteroides spp. (beta-
lactamase-producing strains)

— 8d — 127 USA Appelbaum et al. (1991)

8 32    8–> 128 25 USA Eliopoulos et al. (1989)

Fusobacteria spp. (beta-
lactamase-producing strains)

— 16d — 30 USA Appelbaum et al. (1991)

aBeta-lactamase negative, ampicillin negative.
bBeta-lactamase negative, ampicillin resistant.
cBeta-lactamase positive.
dThe addition of sulbactam to cefoperazone led to a twofold to fourfold drop in beta-lactam MIC, and the MIC of all beta-lactams against all beta-lactamase-neg-

ative strains were low.
Abbreviations: MIC: minimum inhibitory concentration; ESBL: extended-spectrum beta-lactamase.
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Citrobacter freundii; and more than 90% for Proteus mirabi
lis, Proteus vulgaris, and Morganella morganii. Lower sus-
ceptibility was noted for A. baumanni (29.7%) (Wang et al., 
2015a).

In another study involving clinical samples received at a 
health institute in Nepal, 11.8% of isolates of Gram-negative 
bacilli and 3.9% of E. coli showed resistance to cefoperazone–
sulbactam (Poudyal et al., 2012). 

However, a recent study involving 2278 isolates from 12 
hospitals in China (94–216 strains/site) reported that Entero-
bacteriaceae showed a high rate (between 79.5% and 86.1%) 
of resistance to cefoperazone–sulbactam, with 73.6% and 
42.8% for ESBL strains of E.coli and Klebsiella spp., respec-
tively (Jones et al., 2013).

Cefoperazone is not quite as active against Haemophilus 
influenzae as ceftriaxone or cefotaxime. Cefoperazone shows 
inoculum-dependent decreases in inhibitory and bacteri-
cidal activity when tested against beta-lactamase-producing 
strains (Bulger and Washington, 1980; Wise et al., 1981); 
H. parainfluenzae is also cefoperazone susceptible.

Bordetella pertussis, Pasteurella multocida, Aeromonas 
hydrophila, and the Moraxella spp. are usually susceptible 
to cefoperazone. Flavobacterium and Legionella pneumophila 
typically lack susceptibility (Edelstein and Meyer, 1980; Fass 
et al., 1980; Jones and Barry, 1983a).

Acinetobacter spp. are cefoperazone resistant. Sulbactam, 
however, has direct activity against Acinetobacter because it 
has high affinity to the organism’s penicillin-binding protein 
2 (Akova, 2008). Thus even in settings with a high propor-
tion of multidrug-resistant A. baumannii strains, at least 60% 
are susceptible to cefoperazone–sulbactam (Akova, 2008).

Cefoperazone has a moderately high degree of activity 
against P. aeruginosa. Historically, approximately 50% of all 
isolates are inhibited by 4 μg/ml, and 90% by 32 μg/ml (Kurtz 
et al., 1980; Mitsuhashi et al., 1980; Gillett, 1982; File and 
Tan, 1983). Thus among beta-lactams, the drug has about the 
same potency as piperacillin but slightly less activity than 
ceftazidime. The MICs of cefoperazone against P. aeruginosa 
increase if the sensitivity tests are carried out with large inoc-
ula. An increase in inoculum concentration from 105 to 107 
cells/ml results in a significant loss of activity (Hinkle et al., 
1980). The addition of sulbactam enhances the in vitro anti-
pseudomonal activity of cefoperazone in about 25% of strains 
(Fass et al., 1980).

Usually Burkholderia cepacia is moderately resistant to 
cefoperazone. Cefoperazone is similar to other beta-lactams 
in activity against Stenotrophomonas maltophilia (Fass, 1980; 
Appelbaum et al., 1982).

ANAEROBIC BACTERIA

Some Gram-positive anaerobes, such as Peptococcus, Propion
i bacterium spp., and Clostridium perfringens, are cefopera-
zone susceptible; C. difficile is resistant (Rolfe and Finegold, 
1981; Denys et al., 1983). Some of the anaerobic Gram-
negative bacilli, such as Prevotella and Fusobacterium spp., 
are usually cefoperazone susceptible. Organisms of the B. 
fragilis group are variable in their cefoperazone suscep tibility. 

Some strains are inhibited by low cefoperazone concentra-
tions, but 50% of isolates require 64 μg/ml and 90% require 
128 μg/ml for inhibition (Rolfe and Finegold, 1981; Muytjens 
and Van der Ross-van de Repe, 1982; Sutter, 1983). Sulbactam 
adds considerably to the anti-anaerobic activity of cefopera-
zone. Not only does sulbactam inhibit some beta-lactamases 
produced by B. fragilis but it may also have direct activity 
on the penicillin-binding protein (PBP) 2 of the organism 
(Akova 2008).

OTHER ORGANISMS

Nocardia asteroides is usually resistant to cefoperazone and 
cefoperazone–sulbactam (Gutmann et al., 1983).

2b.  Emerging resistance and 
cross-resistance

Unfortunately, the majority of carbapenem-resistant A. bau
mannii strains are resistant to cefoperazone–sulbactam. 
ESBL-producing Enterobacteriaceae may also be resistant to 
cefoperazone–sulbactam by way of production of multiple 
beta-lactamase types and loss of outer membrane proteins. 
Organisms producing the newer carbapenemases also tend 
to be resistant to cefoperazone–sulbactam.

2c.  In vitro synergy and antagonism

Cefoperazone, when combined with aminoglycosides such as 
amikacin, frequently exhibits in vitro synergism against many 
Enterobacteriaceae (Hinkle et al., 1980; Jones and Packer, 
1982; Van Laethem et al., 1983). In a study by Isenberg et 
al. (1999), combinations of cefoperazone with ciprofloxacin 
were found to be synergistic against 50% of the S. maltophilia 
isolates, and combination with levofloxacin showed signifi-
cant synergy against 50% B. cepacia isolates (Fass, 1980; 
Appelbaum et al., 1982; Isenberg et al., 1999).

3. MECHANISM OF DRUG ACTION

Cefoperazone acts in a manner similar to other cephalospo-
rins (see Chapter 27, Ceftriaxone). As noted earlier, sulbac-
tam is a beta-lactamase inhibitor so “protects” cefoperazone 
from the effects of some (but not all) beta-lactamases. Sul-
bactam also has direct effects on PBP2 of Acinetobacter spp. 
and Bacteroides fragilis (see Chapter 25, Cefoperazone and 
cefoperazone-sulbactam).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The usual adult dosage of cefoperazone is 1–2 g, given i.m. 
or i.v. every 12 hours. For serious infections, the total daily 
adult dose can be increased to 6–12 g, given in two, three, or 
four divided doses. Cefoperazone can be given i.m. dissolved 
in a 0.5% lignocaine solution. Individual i.v. doses can be 
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administered over 3–5 minutes or infused more slowly over 
intervals of 30–60 minutes (Balant et al., 1980; Gordon and 
Phyfferoen, 1983; Lyon, 1983).

4b.  Newborn infants and children

The cefoperazone dosage for children is 50–100 mg/kg body 
weight per day, given in two divided doses; for serious infec-
tions, up to 200 mg/kg/day has been used, administered in 
two, three, or four divided doses.

In newborn infants aged 1–7 days, the cefoperazone 
half-life is prolonged about threefold, and a single dose of 50 
mg/kg body weight produces high serum levels for 24 hours. 
As cefoperazone is mainly eliminated via the liver, prolonga-
tion of its half-life is probably a result of immaturity of 
hepatic function in neonates (Rosenfeld et al., 1983). Accord-
ing to Bosso et al. (1983), a 50 mg/kg dose every 12 hours 
may be safe and effective for the treatment of serious infec-
tions in newborn and premature infants.

4c.  Pregnant and lactating mothers

There is no data on which to base a dosing change in preg-
nant or lactating mothers.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

As biliary excretion is the primary route of cefoperazone 
elimination, dosage modification is unnecessary in patients 
with any degree of renal failure (Balant et al., 1980; Bolton et 
al., 1981). Hemodialysis removes only 4% of an administered 
cefoperazone dose (Reitberg et al., 1988a).

However, the clearance of sulbactam is significantly 
decreased in patients with renal failure. Adjustment of the 
dosing regimen of cefoperazone–sulbactam for patients with 
estimated creatinine clearance of < 30 ml/minute can be 
made to compensate for reduced sulbactam total body clear-
ance. An adjustment may be particularly appropriate at an 
estimated creatinine clearance of less than 15 ml/minute. 

Under these conditions, the combination may be given 
once daily, with an additional dose of cefoperazone (given 
alone) 12 hours later. This alternating regimen would not 
require further adjustment after hemodialysis treatment 
(Reitberg et al., 1988a).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

The serum half-life of cefoperazone is prolonged to 3.4–5.9 
hours in patients with liver disease compared with 1.6 hours 
in normal subjects. Nevertheless, when cefoperazone is given 
in a dosage of 1 g every 12 hours to patients with liver dis-
ease, there is no accumulation after 3 days; this is because 
its half-life in such patients is still less than the dosage inter-
val used. With dose intervals of 12 hours, little, if any, dos-
age modification is required in patients with hepatic disease. 
Major dosage modification may be required only in the pres- 

ence of concomitant renal and hepatic dysfunction (Boscia 
et al., 1983; Greenfield et al., 1983).

OLDER ADULTS

There are no data suggesting an alteration of dosing is neces-
sary for the elderly for either cefoperazone or cefoperazone– 
sulbactam.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The pharmacokinetics of cefoperazone have been reviewed 
(Craig and Gerber, 1981). Neither cefoperazone nor sulbac-
tam is well absorbed after oral administration. Srinivasan et 
al. (1981) administered 2-g cefoperazone doses to volunteers 
as a 30-minute i.v. infusion. At the end of the infusion, the 
mean serum level was 256 μg/ml, and at 1, 4, 6, 8, and 12 hours 
after infusion, levels were 108, 20, 11, 4.2, and 0.25 μg/ml, 
respectively. These results were similar to those obtained by 
Standiford et al. (1982). Cefoperazone produces high serum 
levels early because of its smaller volume of distribution in 
the “central compartment” of the body compared with many 
other cephalosporins. Cefoperazone’s smaller distribution 
may be related to its higher protein binding, which is 90%. 
Drugs with longer half-lives may have higher concentrations 
than those of cefoperazone after 4 hours, because the longer 
half-life counterbalances cefoperazone’s larger volume of 
distribution.

Co-administration of sulbactam with cefoperazone did 
not significantly alter the pharmacokinetics of either drug 
(Reitberg et al., 1988b), suggesting that co-administration of 
sulbactam will not affect the usual dosing regimen for cefop-
erazone (Foulds et al., 1983). The safety profiles are similar to 
those for the individual agents administered separately. The 
only pharmacokinetic alteration observed when comparing 
individual to combination drug administration was a minor 
(about 10%) but statistically significant decrease in sulbac-
tam renal clearance for the combination, resulting in a simi-
lar decrease in total body clearance (Reitberg et al., 1988a).

5b.  Drug distribution

Cefoperazone penetrates into most body fluids and tissues 
(Lyon, 1983). After usual therapeutic doses, adequate con-
centrations were attained in skeletal muscle and surgical 
wound drainage fluid (Muder et al., 1984). Mean sputum 
concentrations of 0.08–6.1 μg/ml were detected in patients 
treated for respiratory tract infections. Adequate levels were 
reached in ascitic fluid, and the drug crossed the placenta 
(Shimizu, 1980). After a 2-g i.m. dose, concentration of the 
drug in pelvic tissue was some 20 μg/g, approximately 3 hours 
later (Bawdon et al., 1982).

Cefoperazone does not penetrate into normal cerebro-
spinal fluid (CSF) to any extent, but it does in animals with 
induced bacterial meningitis (Perfect and Durack, 1981; 



420 Cefoperazone and Cefoperazone–Sulbactam

Schaad et al., 1981; McCracken et al., 1982). In neonates given 
a single i.v. dose of 50 mg/kg body weight, CSF levels in those 
with bacterial meningitis were in the range 2.8–9.5 μg/ml, 
whereas, for those without meningitis, this value was 1–7 μg/ml 
(Rosenfeld et al., 1983). Ten children and five adults with 
bacterial meningitis were given cefoperazone, either as a sin-
gle dose of 50 mg/kg, a single dose of 100 mg/kg, or three 
doses of 100 mg/kg, every 8 hours. Of 44 CSF samples, only 26 
had detectable cefoperazone levels (range < 0.8–11.5 μg/ml). 
In summary, cefoperazone may not reach the CSF of patients 
with bacterial meningitis as well as other third-generation 
cephalosporins (Cable et al., 1983).

CSF penetration of sulbactam is variable and depends on 
the presence of meningeal inflammation (see Chapter 25, 
Cefoperazone and cefoperazone-sulbactam). The percent-
ages of serum concentrations that appear in the CSF range 
from < 1% in patients without meningitis to 33% in patients 
with meningitis. In patients with meningitis, 1 g i.v. sulbac-
tam achieved highly variable CSF concentrations, depending 
on the degree of meningeal inflammation. CSF concentra-
tions in those with meningitis but less severe inflammation 
of the meninges (defined as CSF protein < 1 mg/ml) were 
0.65–3.50 μg/ml, 90 minutes after a 1-g sulbactam dose. 
However, a recent study has shown that optimizing the dose 
of cefoperazone–sulbactam by extending the infusion up to 
3 hours, given as 3 g every 6 hours, does enable the serum 
and CSF concentrations to achieve the pharmacokinetic- 
pharmacodynamic target for common pathogens causing 
intracranial infection (Wang et al., 2015b). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Like other cephalosporins, cefoperazone is a time-dependent 
killer. The pharmacodynamic parameter that best predicts 
effectiveness of sulbactam has not been well studied (see 
Chapter 25, Cefoperazone and cefoperazone-sulbactam).

5d.  Excretion

Only 20–30% of an administered dose of cefoperazone is 
excreted in the urine as the unchanged drug. Nevertheless, 
therapeutic urinary levels of the active drug are achieved; 
they exceed 25 μg/ml during the first 8 hours after a 2-g i.v. 
dose (Srinivasan et al., 1981; Standiford et al., 1982). Renal 
excretion of cefoperazone is mainly by glomerular filtration; 
tubular secretion appears to play a minor role.

Cefoperazone is metabolized in the body only to a minor 
extent. The principal metabolite is cefoperazone A, which 
has an antibacterial activity some 16-fold less than the parent 
drug. Small amounts of this metabolite are found in human 
bile (Jones and Barry, 1983b). The major excretory pathway 
for cefoperazone is via the bile in its active form. In animals, 
biliary recovery accounts for 79% of an administered dose 
(Greenfield et al., 1983). In humans, probably some 60–80% 
of the administered dose is excreted via the bile, a percentage 
higher than for any other available cephalosporin. This may 

be because cefoperazone has the highest molecular weight 
(Turnidge and Craig, 1983). It has been difficult to confirm 
that such a high percentage of the drug is eliminated by bile 
in humans. Kemmerich et al. (1983) found that 18.5% (range 
3.8–37.5%) of an administered dose was excreted in bile, but 
these estimations were made in patients with T-tube drainage 
after biliary surgery, in whom there was still some element of 
hepatic dysfunction, which would affect biliary excretion. A 
prolonged half-life and compensatory increase in urine elim-
ination of cefoperazone indicated significant hepatic dysfunc-
tion in these patients. Very high peak biliary concentrations 
of cefoperazone (481–6598 μg/ml) are attained in patients 
with T-tubes and relatively normal hepatic function (Shimizu, 
1980; Greenfield et al., 1983; Kemmerich et al., 1983). 
Although high biliary levels of cefoperazone imply signifi-
cant biliary excretion, the total amount of the drug elimi-
nated by this pathway has not been adequately determined 
for humans (Greenfield et al., 1983). Biliary tract obstruction 
stops cefoperazone excretion via the bile, but 24 hours after 
relief of obstruction, passive excretion of the drug in bile 
occurs, even though the active excretion mechanism has not 
yet recovered (Leung et al., 1990).

5e.  Drug interactions

Because cefoperazone, like cefamandole and moxalactam, 
has an N-methylthiotetrazole side chain, it can cause a disul-
firam-like reaction if alcoholic beverages are ingested during 
or several days after cessation of its administration (Buening 
and Wold, 1982). Concomitant administration of probenecid 
causes only slight elevation of the serum levels of cefopera-
zone, and prolongation of its half-life from 92 to 109 minutes 
(Shimizu, 1980).

6. ADVERSE REACTIONS AND TOXICITY

Similar to other cephalosporins, allergic rashes occasionally 
occur with cefoperazone (Gordon and Phyfferoen, 1983). 
Diarrhea follows parenteral cefoperazone therapy more com-
monly than after other parenteral cephalosporins (File et al., 
1982; File et al., 1983; Gordon and Phyfferoen, 1983). In one 
study, diarrhea occurred in 12 of 52 patients treated with 
cefoperazone, and in 5 patients C. difficile and its toxin was 
found in the feces; in another 11, stools were looser than nor-
mal, and C. difficile and its toxin were present in 3 patients 
(Carlberg et al., 1982). Cefoperazone therapy can be associ-
ated with major changes in fecal flora. There is suppression 
of anaerobic cocci, Gram-negative anaerobes and Entero-
bacteriaceae, and acquisition of enterococci, Candida spp., 
and in some patients, C. difficile (Mulligan et al., 1982; Alestig 
et al., 1983). This is because the drug is excreted mainly 
through the bile into the gut.

The nephrotoxic potential of cefoperazone appears to be 
low, and it has been used with furosemide or aminoglyco-
sides, such as gentamicin, without encountering renal tox-
icity (Trollfors et al., 1982; Gordon and Phyfferoen, 1983). 
In common with cefamandole, cefotetan, and moxalactam, 
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cefoperazone contains an N-methylthiotetrazole side chain, 
and it may cause hypoprothrombinemia and bleeding, partic-
ularly in elderly malnourished, vitamin K–deficient patients. 
Administration of parenteral vitamin K may prevent this 
complication (Carlberg et al., 1982; Gordon and Phyfferoen, 
1983; Smith and Lipsky, 1983), and this is routinely per-
formed in some centers. In one patient reported by Parker et 
al. (1984), cefoperazone caused coagulopathy and clinical 
bleeding, despite previous administration of i.v. vitamin K. 
Cefoperazone can inhibit ADP-induced platelet aggregation, 
but this occurs only with very high serum levels (Bang and 
Kammer, 1983).

Mild elevations of transaminases have occasionally been 
noted with cefoperazone usage (Carlberg et al., 1982). Eosino-
philia, reversible neutropenia, and a positive direct Coombs 
test have been reported (Strausbaugh and Llorens, 1983; 
Warren et al., 1983). Cefoperazone inhibits neutrophil 
 chemotaxis in vitro, but the clinical significance of this 
is not known (Fietta et al., 1983). Cephalosporins with an 
N-methylthiotetrazole side chain, such as cefoperazone, have 
shown adverse effects in the testes of neonatal rats (Lipsky, 
1986).

7. CLINICAL USES OF THE DRUG

Given that cefoperazone–sulbactam is the predominant 
formulation used at the present time, discussion regarding 
clinical uses will concentrate on this drug combination.

7a.  Intraabdominal infection

Intraabdominal infections caused by endogenous gastroin-
testinal microflora are usually polymicrobial and involve aer-
obic and anaerobic bacteria. The successful treatment of 
these infections requires surgical intervention together with 
antimicrobial therapy aimed at both the aerobic and anaero-
bic intestinal flora. Among the more common isolates from 
infections caused by intraabdominal disease are Enterobac-
teriaceae and B. fragilis. Cefoperazone–sulbactam has the 
required activity, except against ESBL-producing isolates.

Clinical studies of cefoperazone–sulbactam in patients 
with intraabdominal infections have been encouraging. In a 
randomized trial involving 152 patients with intraabdominal 
infections, of which 76 patients were treated with cefopera-
zone–sulbactam, Jauregui et al. (1990) found that cure rates 
for patients receiving cefoperazone–sulbactam were signifi-
cantly higher than those of patients receiving clindamycin–
gentamicin (86.8% in sulbactam–cefoperazone group vs. 
61.8% in the clindamycin–gentamicin group (p < 0006). 
However, in another similar study, Greenberg et al. (1994) 
found no statistically significant difference in cure rates 
among the two groups. Of 47 patients 33 (70%) who received 
cefoperazone–sulbactam therapy were cured, compared with 
15 patients (52%) who received clindamycin–gentamicin. 
Chandra et al. (2008) also found encouraging results for this 
indication. Cefoperazone–sulbactam could also be consid-
ered as first-line therapy for hepatobiliary infection; the drug 

concentrations in bile in an animal study were found to be 
similar to piperacillin–tazobactam (Zheng et al., 2014). 

7b.  Febrile neutropenia

In an open evaluation by Bodey et al. (1993), cefoperazone–
sulbactam (1 g sulbactam/2 g cefoperazone given at 8-hour 
intervals) proved to be an effective regimen for initial ther-
apy of fever in cancer patients, achieving an overall response 
rate of 76%. A prospective randomized trial comparing 
this combination with imipenem–cilastatin found a similar 
response rate (73% in cefoperazone–sulbactam group vs. 
74% in imipenem–cilastatin group). It is interesting that the 
cefoperazone–sulbactam group also reported a significantly 
lower rate of superimposed infection by C. difficile colitis 
(Bodey et al., 1996).

However, owing to its lack of activity against methicillin- 
resistant staphylococci, cefoperazone–sulbactam should be 
combined with a glycopeptide in those institutions where 
infections caused by these strains are frequently encountered 
(Bodey et al., 1996).

In a prospective randomized controlled trial, cefoperazone– 
sulbactam at a higher dose of 4/2 g but longer duration (every 
12 hours) was compared with imipenem at 500 mg every 6 
hours as empirical monotherapy for febrile, granulocytopenic 
patients. Of 101 patients receiving cefoperazone–sulbactam, 
the overall favorable clinical response rates for cefoperazone– 
sulbactam was 88% (91 of 103 patients) which is similar to 
imipenem (84 of 104 patients, or 81%). Apart from a higher 
incidence of diarrhea with cefoperazone–sulbactam, the drug 
was well tolerated (Winston et al., 1998).

Cefoperazone–sulbactam was also as effective as pipera-
cillin combined with amikacin for early empirical therapy 
in neutropenic patients in a small evaluation: 29 (96.7%) of 
30 patients successfully treated vs. 15 (93.8%) of 16, respec-
tively (El Haddad, 1995). The rate of defervescence without 
modification of treatment was significantly higher in the 
cefoperazone–sulbactam group (p = 0.03). In addition, prob-
ably because of its broader coverage of anti–Gram negative 
and anti-anaerobes; this combination regimen has resulted 
in fewer treatment modifications (20% in the cefoperazone–
sulbactam group and 50% in piperacillin–amikacin group; 
p < 0.04).

A prospective study, randomized trial adult patients with 
hematological malignancies presenting with neutropenic 
fever has been recently published. Cefoperazone–sulbactam 
as monotherapy was found to be equally effective and safe 
as piperacillin–tazobactam, for the empirical treatment of 
febrile neutropenic patients (Aynioglu et al., 2016). 

Another retrospective study carried out among adults 
with low-risk febrile neutropenia has also show similar 
results (Sipahi et al., 2014). 

7c.  Melioidosis

The dosage of antibiotics used for the treatment of melioido-
sis is typically high, especially during the intensive phase of 
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therapy. However, cefoperazone–sulbactam at a “low” dose 
of 25 mg/kg/day of cefoperazone given three times a day 
(plus co-trimoxazole) was as effective as a high dose of cef-
tazidime plus co-trimoxazole in the treatment of severe 
melioidosis. In a randomized controlled trial involving 100 
patients with severe melioidosis in Thailand, Chetchotisakd 
et al. (2001) observed that the outcomes were similar in 
terms of the mortality rate (18% [9 of 50] of cefoperazone–
sulbactam recipients died, and 14% [7 of 50] of ceftazidime 
recipients died; 0.9% [95% confidence interval: –3.6% to 
5.4%; p = 0.696]), bacterial eradication (i.e. median eradica-
tion was 2 days in both groups; p = 0.791), and mean and 
median duration of time to defervescence. Of note, patients 
treated with cefoperazone–sulbactam tended to experience 
septic shock less often than those in the ceftazidime group. 
The authors of this study attributed this to the synergistic 
effects of both cefoperazone and sulbactam. The conclusions 
of this study have been criticized by Apisarnthanarak and 
Little (2002), who pointed out that the study was underpow-
ered and, therefore, that it is risky to recommend cefopera-
zone–sulbactam as an alternative to ceftazidime on the basis 
of this study alone.

7d.  Hospital-acquired pneumonia

A randomized trial by Li et al. (1997) examined patients with 
moderate to severe hospital-acquired infection; 46% had 
respiratory infection (predominantly pneumonias), 34% had 
urinary tract infections, and 20% had skin and/or soft-tissue 
infections or other bacterial infections. The overall efficacy 
rates (defined as cures or markedly improved) were 95% for 
the cefoperazone–sulbactam group vs. 90% for the cefotaxime 
group. Bacterial eradication rates were 85% and 81%, respec-
tively. These differences were not statistically significant. In 
a small subgroup analysis of pneumonia patients by Choi et 
al. (2006), cefoperazone–sulbactam treatment resulted in 60% 
(9/15) complete and partial response, compared with 80% 
(8/10) in the imipenem treatment arm (p = 0.402).

7e.  Acinetobacter infections

Acinetobacter baumannii infections are typically encountered 
in hospitalized patients; the choice of appropriate antimicro-
bial therapy is limited by the fact that resistance rates to many 
antimicrobial agents can be very high (Cisneros et al 1996; 
Halstead et al., 2007).

Data on the efficacy of cefoperazone–sulbactam therapy 
for the treatment of A. baumannii infection are limited, 
although some extrapolation can also be made from results 
with ampicillin–sulbactam because it is the sulbactam moi-
ety not the beta-lactam that has the antiAcinetobacter 
activity (see Chapter 25, Cefoperazone and cefoperazone– 
sulbactam). Choi et al. (2006) examined the effectiveness of 
cefoperazone–sulbactam compared with imipenem–cilastatin 
for patients with A. baumannii bacteremia. Of 35 patients 
treated with cefoperazone–sulbactam (and in whom the 
organism was susceptible to the drug combination), the 

overall 7-day mortality rate was lower in the cefoperazone–
sulbactam group than in the imipenem–cilastatin group, but 
this was not statistically significant (17.1% for cefoperazone–
sulbactam group vs. 33.3% for imipenem–cilastatin group; 
p = 0.251). The 30-day mortality rate was also lower in the 
cefoperazone–sulbactam group than in the imipenem–
cilastatin group, but again this was not significant (20% 
for cefoperazone–sulbactam group vs. 50% for imipenem– 
cilastatin group; p = 0.065). The percentage of complete and 
partial responses was not statistically different (77% for the 
cefoperazone–sulbactam group vs. 75% for the imipenem–
cilastatin group). In the subgroup of pneumonia patients, 
the response rates were also not significantly different. The 
author concluded that cefoperazone–sulbactam may be as 
good as imipenem–cilastatin for the treatment of Acineto
bacter bacteremia.

Numerous in vitro studies have shown a synergistic effect 
of sulbactam-based combination therapy for treating A. bau
mannii, which was detected with various combinations, 
including carbapenems, tigecycline, levofloxacin, and poly-
myxin B plus rifampicin. However, these effects need to be 
evaluated clinically (Lu et al., 2014; Liu et al., 2015; Cetin et 
al., 2013; Turk Dagi et al., 2014).

A retrospective analysis of carbapenem-resistant Acine
tobacter baumannii–mediated nosocomial pneumonia has 
shown significantly higher survival rates in patients using 
cefoperazone sulbactam (either alone or in combination) 
compared to other agents (Xia et al., 2014).

Higher clinical success rates with combination therapy 
for multidrug-resistant (MDR) A. baumannii infections 
were shown in a study by Santimaleeworagun et al. (2011), 
with most patients receiving either cefoperazone–sulbactam 
or fosfomycin as combination therapy, with success rates of 
60.3% and 81.0% for monotherapy and combination therapy 
groups, respectively (p = 0.04) .

In contrast,, a systematic review and meta-analysis com-
paring the efficacy of sulbactam-based and non-sulbactam- 
based regimens in the treatment of A. baumannii infection 
did not find any significant advantage with sulbactam-based 
regimens and noted further research is warranted to deter-
mine its effectiveness (Chu et al., 2013). 

7f.  Extended-spectrum beta-lactamase-
producing organisms

Bin et al. (2006) analyzed the outcome of different antibiotic 
treatments for bacteremia due to CTX-M-type ESBL-
producing E. coli. Of seven patients treated with cefopera-
zone-sulbactam, five (71.4%) achieved cure (MIC 0.5–8 μg/
ml). Few other published data exist on treatment of ESBL 
producers with cefoperazone–sulbactam.
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1. DESCRIPTION

Cefotaxime is a third-generation or extended-spectrum 
cephalosporin which was developed in the 1970s and 
approved by the US Food and Drug Administration (FDA) 
in 1981. Cefotaxime is (6R,7R)-3-(acetyloxymethyl)-7-
[[(2Z)-2-(2-amino-1,3-thiazol-4-yl)-2-methoxyimino 
acetyl]amino]-8-oxo-5-thia-1-azabicyclo[4.2.0]oct-2-ene-2-
carboxylic acid; its formula is C16H17N5O7S2, and its molec-
ular weight is 455.46548 g/mol. The chemical structure of 
cefotaxime is shown in Figure 26.1.

The spectrum of activity of cefotaxime is substantially the 
same as that of ceftriaxone. Owing to differences in the fre-
quency of dosing (ceftriaxone is typically administered once 
daily, whereas cefotaxime is usually given three times daily), 
the use of cefotaxime has been comparatively less than that 
of ceftriaxone. Both of these drugs have been regarded by 
many clinicians as workhorse therapy in both community- 
acquired and hospital-acquired infections. Cefotaxime retains 
excellent activity against many common community-acquired 
pathogens (e.g. Streptococcus pneumoniae and Haemophilus 
influenzae); however, its activity against the Enterobacteria
ceae has diminished in recent years owing to the proliferation 
of pathogens that express extended-spectrum beta-lactamases 
(ESBLs). Cefotaxime does not have substantial activity 
against methicillin-resistant Staphylococcus aureus (MRSA), 
enterococci, Pseudomonas aeruginosa, or most anaerobic 
organisms.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

GRAM-POSITIVE COCCI

Cefotaxime is highly active against most aerobic Gram-
positive organisms, with the exception of enterococci and 
related species. There is exquisite activity against strepto-
cocci (including S. pneumoniae and S. pyogenes) with MIC90 
values of ≤ 0.032 µg/ml (Table 26.1). Recent isolates of S. pyo
genes from Europe, including erythromycin-resistant iso-
lates, remain susceptible to cefotaxime (Gracia et al., 2009; 
Perez-Trallero et al., 2010). Cefotaxime is active against staph-
ylococci (MIC90 2 µg/ml), with the exception of methicillin- 
resistant strains; all isolates of MRSA are regarded as resistant 
to cefotaxime. Therefore, the frequency of diminished suscep-
tibility of S. aureus to cefotaxime depends on the frequency 
of MRSA in any given population. The mechanism of resis-
tance of S. aureus to cefotaxime is alteration in penicillin- 
binding proteins (PBPs). Anaerobic Gram-positive cocci such 
as Peptococcus and Peptostreptococcus are typically suscepti-
ble to cefotaxime (Rolfe and Finegold, 1981; Lee et al., 1996; 
Aldridge and Johnson, 1997). The in vitro susceptibility of 
cefotaxime to common Gram-positive pathogens is summa-
rized in Table 26.1.

GRAM-POSITIVE BACILLI

Propionibacterium acnes is susceptible to cefotaxime (Smith 
et al., 1986). In a study of just four isolates of Actinomyces, all 
organisms had a cefotaxime minimum inhibitory concentra-
tion (MIC) of ≤ 4 µg/ml (Rolfe and Finegold, 1981).

Listeria monocytogenes is not typically regarded as being 
susceptible to cefotaxime (Troxler et al., 2000) and hence the 
drug is inappropriate for use in listeriosis. This is important 
given the frequent use of cefotaxime for meningitis.

Clostridium perfringens is susceptible to cefotaxime but 
C. difficile is resistant (Rolfe and Finegold, 1981; Traub et al., 
1986; Lee et al., 1996; Camacho et al., 2008).Figure 26.1. Chemical structure of cefotaxime.
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In the genus Nocardia, susceptibility to cefotaxime varies, 
depending on species (Brown-Elliott et al., 2006). Nocardia 
asteroides is typically susceptible to cefotaxime, although 
approximately 20% of strains are resistant to cefotaxime and 
all broad-spectrum cephalosporins (Wallace et al., 1988). For 
N. asteroides, the MIC50 is 4 µg/ml and MIC90 > 64 µg/ml 
(Wallace et al., 1988). N. nova shares a similar susceptibility 
pattern to N. asteroides. In contrast, N. farcinica is typically 
resistant to broad-spectrum cephalosporins (Wallace et al., 
1990; Peleg et al., 2007). 

GRAM-NEGATIVE COCCI

Cefotaxime is exquisitely active against wild-type strains of 
Neisseria gonorrhoeae and N. meningitidis, with MIC90 values 
of ≤ 0.016 µg/ml (Table 26.2). 

GRAM-NEGATIVE BACILLI

Cefotaxime is highly active against wild-type Haemophilus 
influenzae, with MIC90 of 0.032 µg/ml (Morrissey et al., 2008; 

Benouda et al., 2009; Bae et al., 2010b; Tempera et al., 2010; 
Garcia-Cobos et al., 2014;Table 26.2 ). The drug is also highly 
active against Moraxella catarrhalis (Morrissey et al., 2008; 
Gonullu et al., 2009; Tempera et al., 2010). Wild-type strains 
of the Enterobacteriaceae (i.e. those lacking ESBLs or having 
mutational hyperproduction of the AmpC beta-lactamase) 
are also typically susceptible to cefotaxime. However, the 
emergence of beta-lactamases and their widespread distribu-
tion have compromised the activity of cefotaxime against the 
Enterobacteriaceae (see section 2b, Emerging resistance and 
cross-resistance).

Wild-type strains of Salmonella enterica are highly sus-
ceptible to cefotaxime (Table 26.2). So far, resistance to cefo-
taxime remains extremely rare in human S. enterica (Liu et al., 
2008; Cernela et al., 2014), but resistance of Salmonella spp. 
to third-generation cephalosporins is increasing, mediated 
by either ESBLs or AmpC beta-lactamases (Miriagou et al., 
2004; Ceyssens et al., 2015; Kariuki et al., 2015). Vibrio spp., 
including V. cholera, V. parahaemolyticus, and V. vulnificus, 

Table 26.1. In vitro susceptibility of selected Gram-positive organisms to cefotaxime

Organism MIC90 (µg/ml) Range (µg/ml)
No. of 
isolates Region Reference

Enterococcus faecalis > 32    4–> 32 14 Worldwide Hebeisen et al. (2001)

E. faecium, ampicillin susceptible > 32   16–> 32 16 Worldwide Hebeisen et al. (2001)

E. faecium, ampicillin resistant > 32 > 32 20 Worldwide Hebeisen et al. (2001)

Staphylococcus aureus, methicillin 
susceptible

4 — 300 Italy Tempera et al. (2010)

S. aureus, methicillin resistant > 64 > 64 77 Worldwide Hebeisen et al. (2001)

S. epidermidis, methicillin susceptible 4 0.25–4 19 Worldwide Hebeisen et al. (2001)

S. epidermidis, methicillin resistant > 64    8–> 64 19 Worldwide Hebeisen et al. (2001)

Streptococcus pneumoniae 1 ≤ 0.063–16 459 Japan Tajima et al. (2013)

1 < 0.01–4 152 Taiwan Li et al. (2012)

0.25 — 2559 Spain Perez-Trallero et al. (2010)

0.12 0.004–1 97 Turkey Gonullu et al. (2009)

— 0.008–4 236 Africa Benouda et al. (2009)

S. pneumoniae, penicillin susceptible 
(≤ 0.06 µg/ml)

0.5 — 106 Japan Tajima et al. (2013)

0.06 — 650 Italy Tempera et al. (2010)

0.015 0.004–0.12 66 Turkey Gonullu et al. (2009)

S. pneumoniae, penicillin intermediate 
(0.12–1 µg/ml)

1 — 229 Japan Tajima et al. (2013)

0.5 — 215 Italy Tempera et al. (2010)

S. pneumoniae, penicillin resistant 
(≥ 2 µg/ml)

2 — 124 Japan Tajima et al. (2013)

2 — 100 Italy Tempera et al. (2010)

S. pyogenes ≤ 0.015 — 2287 Spain Perez-Trallero et al. (2010)

0.06 — 225 Italy Tempera et al. (2010)

≤ 0.03 — 763 Europe Gracia et al. (2009)

— 0.004–0.128 128 Africa Benouda et al. (2009)

S. agalactiae 0.06 ≤ 0.03–0.25 139 Japan Kimura et al. (2013a)

0.094 0.016–0.094 143 Kuwait Boswihi et al. (2012)

Group C streptococci — 0.015–0.03 8 UK Johnson et al. (2002)

Group G streptococci 0.03 0.015–0.03 18 UK Johnson et al. (2002)

Viridans streptococci 1 < 0.03–4 108 Finland Lyytikainen et al. (2004)

Abbreviation: MIC, minimum inhibitory concentration
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Table 26.2. In vitro susceptibility of selected Gram-negative organisms to cefotaxime

Organism
MIC90 

(µg/ml) Range (µg/ml)
No. of 
isolates Region Reference

Citrobacter spp. 128 0.016–> 256 254 China Wang et al. (2010)

Enterobacter spp. 256 0.016–> 256 522 China Wang et al. (2010)

>128 — 904 EU Pfaller and Jones (2002)

Enterobacter cloacae > 128 — 66 SK Lee et al. (2011)

Enterobacter cloacae, AmpC inducible — 0.12–1 25 UK Mushtaq et al. (2007)

Enterobacter cloacae, AmpC derepressed —   16–> 128 10 UK Mushtaq et al. (2007)

Enterobacter aerogenes 64 — 34 SK Lee et al. (2011)

Escherichia coli ≤ 1   ≤ 1–> 32 1761 Spain Cuevas et al. (2010)

256 0.016–> 256 590 China Wang et al. (2010)

E. coli, ESBL negative ≤ 0.5 — 2811 EU Hawser et al. (2012)

E. coli, ESBL producing 256 — 196 China Yang et al. (2015)

> 128 — 2299 USA Morrissey et al. (2014)

> 128 — 349 EU Hawser et al. (2012)

> 128      4–≥ 128 158 China Wang et al. (2011)

Klebsiella pneumoniae ≤ 1   ≤ 1–4 170 Spain Cuevas et al. (2010)

16 < 0.25–> 16 438 Germany Jacobs et al. (2009)

K. pneumoniae, ESBL producing 256 — 124 China Yang et al. (2015)

> 128 — 1045 USA Morrissey et al. (2014)

128 0.25–≥ 256 43 Greece Kristo et al. (2013)

> 128      4–≥ 128 164 China Wang et al. (2011)

K. oxytoca ≤ 1 ≤ 1 33 Spain Cuevas et al. (2010)

K. oxytoca, ESBL producing > 128 — 40 USA Morrissey et al. (2014)

Proteus mirabilis ≤ 1   ≤ 1–2 112 Spain Cuevas et al. (2010)

P. mirabilis, ESBL producing 256 — 81 China Yang et al. (2015)

> 128 — 47 USA Morrissey et al. (2014)

32      2–≥ 128 60 China Wang et al. (2011)

Morganella spp., AmpC inducible — ≤ 0.008–0.5 22 UK Mushtaq et al. (2007)

Morganella spp., AmpC derepressed —      2–8 3 UK Mushtaq et al. (2007)

Serratia spp. 128 0.016–> 256 195 China Wang et al. (2010)

Serratia spp., AmpC inducible — 0.12–1 17 UK Mushtaq et al. (2007)

Serratia spp., AmpC derepressed —      8–32 9 UK Mushtaq et al. (2007)

Salmonella spp. 0.12 0.06–0.5 106 Spain Fernandez-Roblas et al. (2000)

Shigella spp. 1 0.047–1 42 Kuwait Jamal et al. (2010)

0.094 < 0.016–2 100 UAE Jamal et al. (2010)

Campylobacter spp. 32      2–64 24 Taiwan Liao et al. (2012)

Yersinia enterocolitica 0.06 0.06–0.12 22 Spain Fernandez-Roblas et al. (2000)

Hafnia alvei 0.5 0.12–0.5 32 Spain Fernandez-Roblas et al. (2000)

Aeromonas spp. 0.12 ≤ 0.015–0.12 16 Spain Fernandez-Roblas et al. (2000)

Haemophilus influenzae 0.06 ≤ 0.03–0.25 307 Spain Garcia-Cobos et al. (2014)

0.125 ≤ 0.031–2 540 SK Bae et al. (2010b)

≤ 0.015 — 2736 Spain Perez-Trallero et al. (2010)

— 0.004–0.5 262 Africa Benouda et al. (2009)

0.03 0.001–0.5 7371 UKI Morrissey et al. (2008)

H. influenzae, beta-lactamase positive 0.12 0.015–0.25 42 Spain Seral et al. (2008)

H. influenzae, beta-lactamase negative 0.12 0.015–0.12 178 Spain Seral et al. (2008)

Moraxella catarrhalis 1 0.004–1 54 Tuekey Gonullu et al. (2009)

1 0.015–2 1265 UKI Morrissey et al. (2008)

M. catarrhalis, beta-lactamase positive 1 — 250 Italy Tempera et al. (2010)

M. catarrhalis, beta-lactamase negative ≤ 0.015 — 100 Italy Tempera et al. (2010)

Neisseria gonorrhoeae 0.25 ≤ 0.015–0.25 19 Worldwide Hebeisen et al. (2001)

Neisseria meningitidis 0.007 ≤ 0.0015–0.03 441 Worldwide Jorgensen et al. (2005)

Pseudomonas aeruginosa > 256 0.032–> 256 548 China Wang et al. (2010)

Acinetobacter spp > 256 0.016–> 256 486 China Wang et al. (2010)

Abbreviations: MIC: minimum inhibitory concentration; EU: Europe; ESBL: extended-spectrum beta-lactamase; SK: South Korea; UAE: United Arab Emirates; 
UKI: UK and Ireland.
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are generally susceptible to cefotaxime (Liu et al., 2008; 
Dauros et al., 2011). In some studies, 6.9–18.2% of V. chol
erae isolates were resistant to cefotaxime (Chuang et al., 1997; 
Kacou-N’douba et al., 2012; Thapa Shrestha et al., 2015). In 
vitro, cefotaxime MIC50 and MIC90 values for V. vulnificus are 
≤ 0.03 µg/ml in Taiwanese reports (Hsueh et al., 1995). The 
susceptibility of Aeromonas spp., including A. hydrophila, 
A. caviae, and A. sobria, to cefotaxime varied from 73% to 
95%, depending on species (Liu et al., 2008).

Cefotaxime does not have clinically useful activity against 
Pseudomonas aeruginosa, Acinetobacter spp., Burkholderia 
spp., or Stenotrophomonas maltophilia.

A Japanese study of 36 Francisella tularensis isolates dem-
onstrated cefotaxime’s MIC range of 0.016–256 µg/ml and 
cefotaxime did not show any inhibition ellipse around the 
E-test strips for 28 isolates (Hotta et al., 2013).

Although there are some reports of cefotaxime having 
activity against Legionella spp. when tested by agar dilution 
on buffered charcoal yeast extract agar (Traub and Spohr, 
1984), cephalosporins are typically inactive when tested within 
animal macrophage models (Kitsukawa et al., 1991).

Some anaerobic Gram-negative bacilli, such as Prevotella 
(Aldridge and Johnson, 1997) and Fusobacterium (Rowland 
et al., 1987), are susceptible to cefotaxime. Typically, how-
ever, Bacteroides fragilis is resistant to cefotaxime (Aldridge 
and Johnson, 1997). Indole-negative members of the B. fragi
lis group may be somewhat less resistant than indole-positive 
members (MIC90s 8–32 and 64 µg/ml, respectively) (Jenkins 
et al., 1982).

OTHER ORGANISMS

The Leptospirae are susceptible to cefotaxime; in fact, the 
MICs and minimum bactericidal concentrations (MBCs) of 
cefotaxime against these organisms are lower than those of 
penicillin G (Oie et al., 1983; Murray and Hospenthal, 2004). 
The Leptospirae are more susceptible to ceftriaxone than 
penicillin, with MIC90 values of 0.39 µg/ml vs. 6.25 µg/ml for 
penicillin G (Murray and Hospenthal, 2004). It is interesting 
that in an evaluation of antimicrobial susceptibilities of 109 
Leptospira isolates using a new solid medium (named LVW 
agar), cefotaxime’s MIC ranged from ≤ 0.002 to 0.125 µg/ml, 
and its MIC90 value was lower than that of ceftriaxone (0.047 
vs. 0.5 µg/ml) (Wuthiekanun et al., 2013). Nevertheless, 
penicillin G is the preferred agent clinically. Chlamydia tra
chomatis and Chlamydophila pneumoniae are resistant to 
cefotaxime (Hammerschlag and Gleyzer, 1983; Bostock et 
al., 2004). In general, the rickettsiae are also resistant to cefo-
taxime. Borrelia burgdorferi is susceptible in vitro to cefotax-
ime (MIC90 0.12 µg/ml) (Mursic et al., 1987).

ACTIVITY OF DESACETYL CEFOTAXIME

Cefotaxime is metabolized to 3-desacetyl cefotaxime. The 
antibacterial activity of desacetyl cefotaxime is fourfold to 
eightfold less than that of cefotaxime (Jones et al., 1982; Neu, 
1982a). Desacetyl cefotaxime does not inhibit many strains 
of Morganella, most strains of P. aeruginosa, some strains of 
S. marcescens, some strains of Providencia, and many strains 
of B. fragilis at clinically achievable concentrations (Jones et 

al., 1982). Cefotaxime and desacetyl cefotaxime act syner-
gistically against many bacteria, so the presence of the metab-
olite often increases rather than decreases the activity of 
cefotaxime (Wise et al., 1980b; Jones et al., 1982; Neu, 1982a).

2b.  Emerging resistance and 
cross-resistance

GRAM-POSITIVE COCCI

Isolates of S. pneumoniae that have diminished susceptibility 
to penicillin may have diminished susceptibility to cefotax-
ime (Table 26.1). Virtually all isolates of S. pneumoniae that 
are penicillin-susceptible (using a definition of ≤ 0.06 µg/ml 
as penicillin susceptible) are cefotaxime susceptible (cefo-
taxime MIC 0.016–0.12 µg/ml) (Jones et al., 2002; Kosowska 
et al., 2005). Most studies have shown that fewer than 3% of 
isolates that are penicillin intermediate (using a definition of 
MIC 0.1–1 µg/ml as penicillin intermediate) lack cefotaxime 
susceptibility (Jones et al., 2000; Jones et al., 2002; Kosowska 
et al., 2005). In a large evaluation of penicillin-resistant 
strains (defined as penicillin MIC ≥ 2 µg/ml), 76.7% remained 
cefotaxime susceptible, 15.0% were cefotaxime intermediate, 
and 8.3% were cefotaxime resistant (Jones et al., 2002). The 
cefotaxime breakpoints in this assessment were susceptible 
(≤ 1 µg/ml), intermediate (2 µg/ml), and resistant (≥ 4 µg/ml) 
(Jones et al., 2002). In comparison to other commonly used 
cephalosporins, cefotaxime is more active against penicillin- 
resistant S. pneumoniae than cefuroxime or ceftazidime and 
of comparable activity to ceftriaxone (Jones et al., 2002). The 
resistance of S. pneumoniae to cefotaxime is caused by alter-
ations in PBPs (Chambers, 1999; Sanbongi et al., 2004). The 
introduction of the pneumococcal conjugate vaccines in the 
2000s caused changes in serotype distribution and antimi-
crobial resistance of invasive pneumococcal disease (Navarro 
Torne et al., 2014). For further details regarding the resis-
tance to third-generation cephalosporins in S. pneumoniae, 
see Chapter 27, Ceftriaxone.

Viridans streptococci that are resistant to cefotaxime and 
ceftriaxone have been reported but are uncommon. In an 
assessment of 352 blood culture isolates of viridans strepto-
cocci, 5% were ceftriaxone resistant (MIC ≥ 4 µg/ml) and 
were presumably also cefotaxime resistant (Doern et al., 
1996). Similar findings were made in a study of 108 cases of 
nosocomial bacteremia with viridans streptococci, in which 
4% isolates were cefotaxime resistant. All resistant isolates 
were of the mitis group and all occurred in patients with 
hematologic disorders (Lyytikainen et al., 2004). Among the 
isolated 550 oral viridans streptococci, 89% were susceptible 
to cefotaxime or ceftriaxone (Pasquantonio et al., 2012).

Clinical isolates of S. agalactiae with higher cefotaxime 
MIC (0.12–2 µg/ml) have recently been identified for the 
first time (Kimura et al., 2008). These isolates also showed 
reduced susceptibility to penicillin G and ceftizoxime (MICs 
0.25–1 and 4–128 µg/ml, respectively). Another study also 
found two penicillin-resistant S. agalactiae isolates with non-
susceptibility to cefotaxime (MICs 1 µg/ml) (Nagano et al., 
2014). The high cephalosporin resistance of S. agalactiae is 
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caused by amino acid substitutions in PBP1a and PBP2X 
(Kimura et al., 2013b).

GRAM-NEGATIVE COCCI

Cefotaxime has largely retained susceptibility against N. men
ingitidis, even in the presence of reduced penicillin suscepti-
bility (cefotaxime MIC90 0.007 µg/ml, range ≤ 0.0015–0.03 
µg/ml) (Jorgensen et al., 2005). On the basis of pharmaco-
dynamic studies, an appropriate breakpoint for cefotaxime 
against N. meningitidis in the cerebrospinal fluid (CSF) is 
≤  0.06 µg/ml (based on dosing of cefotaxime 2 g every 8 
hours i.v. (Burgess et al., 2007). Eight patients infected with 
N. meningitidis with reduced susceptibility to cefotaxime 
(MIC 0.5 to > 32 µg/ml) have been described in a single 
report from India (Manchanda and Bhalla, 2006). Four of 
the five patients treated with ceftriaxone had a partial or 
delayed response to ceftriaxone (Manchanda and Bhalla, 
2006). More recently, however, all of 1933 clinical isolates 
of N. meningitidis were found to be susceptible to cefotaxime 
according to the EUCAST breakpoint definitions (MIC ≤ 
0.12 µg/ml) (Bertrand et al., 2012).

Cefotaxime and ceftriaxone have generally retained sus-
ceptibility against N. gonorrhoeae, even in the presence of 
reduced susceptibility to penicillin (Stathi et al., 2006; Wang 
et al., 2006; de Vries et al., 2009; Koedijk et al., 2010). In 
recent years, however, a decreasing trend in susceptibility 
to cefotaxime has been noted (de Vries et al., 2009; Heymans 
et al., 2012) and nonsusceptibility to cefotaxime has been 
reported globally (de Vries et al., 2009; Unemo and Shafer, 
2014). N. gonorrhoeae isolates with decreased susceptibility 
to cefotaxime were clonally related (Heymans et al., 2012). 
More recently, the first N. gonorrhoeae strains with high-level 
resistance to ceftriaxone were verified in Japan, France, and 
Spain (Ohnishi et al., 2011; Camara et al., 2012; Unemo et al., 
2012). These ceftriaxone-resistant isolates showed resistance 
to cefotaxime with MICs of 8, 4, and 1 µg/ml, respectively 
(Ohnishi et al., 2011; Camara et al., 2012; Unemo et al., 
2012). These isolates were also resistant to other antimicro-
bials, including penicillin, fluoroquinolones, tetracycline, and 
cefixime. 

Resistance to cefotaxime in N. gonorrhoeae is associated 
with altered PBP2, the target transpeptidase of beta-lactams, 
due to mutation in the encoding gene, penA (mosaic penA 
allele). Other mechanisms contributing to resistance are 
increased expression of efflux pumps and altered outer mem-
brane porin, caused by mutations in their encoding genes, 
respectively MTRR and penB genes (Heymans et al., 2012, 
van Dam et al., 2014). All these mechanisms have been asso-
ciated with resistance against cephalosporins in gonococcal 
isolates.

GRAM-NEGATIVE BACILLI

More than 99% H. influenzae strains that are beta-lactamase- 
positive and resistant to amoxicillin/ampicillin are susceptible 
to cefotaxime (Marco et al., 2001; Zhanel et al., 2003; Ladhani 
et al., 2008; Bae et al., 2010b). However, beta-lactamase 
negative, ampicillin-resistant (BLNAR) H. influenzae do 

display increases in cefotaxime MICs (Marco et al., 2001; 
Zhanel et al., 2003; Hasegawa et al., 2006; Bae et al., 
2010a). In an assessment in Japan, beta-lactamase negative, 
ampicillin- susceptible (BLNAS) strains had a cefotaxime 
MIC50 of 0.016 µg/ml and MIC90 of 0.03 µg/ml (range 0.004–
0.06 µg/ml). However, BLNAR strains had a cefotaxime 
MIC50 of 0.5 µg/ml, MIC90 of 1 µg/ml, and MIC range of 
0.125–2 µg/ml. In comparison, ceftriaxone MICs were not as 
substantially elevated in BLNAR strains (MIC50 0.125 µg/ml; 
MIC90 0.25 µg/ml; MIC range 0.03–0.5 µg/ml) (Hasegawa et 
al., 2006). However, ceftriaxone MICs in BLNAS strains are 
much lower (MIC50 0.004 µg/ml; MIC90 0.008 µg/ml), so a 
substantial elevation in MIC was still observed (Hasegawa 
et al., 2006). A large surveillance study of more than 500 
H.  influenzae isolates demonstrated that both BLNAR and 
beta-lactamase-positive, amoxicillin–clavulanate-resistant 
isolates had higher cefotaxime MIC90s (both 1 µg/ml) than 
those of BLNAS and beta- lactamase positive, ampicillin- 
resistant (BLPAR) isolates (0.25 and 0.125 µg/ml) (Bae et 
al., 2010a). The BLNAR isolates that had three simultane-
ous amino acid substitutions (Met377Ile, Ser385Thr, and 
Leu389Phe) displayed the highest MIC of cefotaxime (1–2 
µg/ml) in that study (Bae et al., 2010a). In a small study of 
H. influenzae with high-level PBP3-mediated resistance 
(S385T positive) to extended- spectrum cephalosporins, 87% 
of 30 isolates were resistant to cefotaxime, according to the 
EUCAST breakpoint (≤ 0.12 µg/ml) (Skaare et al., 2014). 
BLNAR strains have a mutation in the ftsI gene encoding 
PBP3, which mediates septal peptidoglycan synthesis in the 
cell wall (Ubukata et al., 2001).

The mechanism of resistance of BLPAR H. influenzae 
strains are typically production of the TEM-1 beta-lactamase 
(Tristram et al., 2007). It is surprising that TEM-type ESBLs 
have not been detected in H. influenzae as these would 
potentially increase cefotaxime MICs. It has been speculated 
that ESBLs may have emerged in H. influenzae but gone 
undetected because of an absence of ESBL detection meth-
ods in this organism (Tristram et al., 2007). A study in which 
TEM-type ESBLs were cloned into recombinant strains of 
H. influenzae increased cefotaxime MICs to 0.5 µg/ml com-
pared to 0.03 µg/ml for control TEM-1, producing strains 
(Tristram, 2003). Cloned strains expressing a TEM-type ESBL 
plus the BLNAR ftsI gene had cefotaxime MICs of 8 µg/ml 
(Bozdogan et al., 2006). Tristram et al. (2008) has reported 
two clinical isolates of H. parainfluenzae that produced a 
TEM-15 ESBL and had cefotaxime MICs of 8–16 µg/ml. 

The advent of beta-lactamases capable of inactivating 
cefotaxime and other extended-spectrum cephalosporins 
has had a substantial impact on susceptibility of Enterobac
teriaceae to cefotaxime (Table 26.2). The most common 
beta-lactamases of this type are the ESBLs (most frequently 
found in Klebsiella spp. and E. coli) and the inducible AmpC 
beta-lactamases found in Enterobacter spp., Citrobacter fre
undii, Serratia marcescens, Morganella morganii, and some 
other Gram-negative bacilli. ESBL-producing organisms have 
typically been regarded as hospital-acquired pathogens. How-
ever, numerous recent reports have documented community-  
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associated strains of ESBL-producing E. coli (Rodriguez-Bano 
and Paterson, 2006; Pitout, 2010). These strains usually pro-
duce the CTX-M type ESBL. The abbreviation CTX desig-
nates this beta-lactamase is a cefotaximase. (The M designates 
its discovery was in Munich). The presence of CTX-M type 
ESBLs typically increases cefotaxime MICs to > 256 µg/ml, 
while preserving ceftazidime MICs at < 8 µg/ml. However, 
some strains of CTX-M producers have been found that are 
able to compromise ceftazidime activity (D’Andrea et al., 
2013). Now CTX-M beta-lactamases appear to be the pre-
dominant ESBLs produced by Enterobacteriaceae causing 
intraabdominal infections in the Asia-Pacific region (Sheng 
et al., 2013).

3. MECHANISM OF DRUG ACTION

Similar to other beta-lactam antibiotics, cefotaxime inhibits 
bacterial wall synthesis by binding to PBPs. The antimicro-
bial spectrum of cefotaxime depends on the affinity pattern 
of cefotaxime for the PBPs of different bacterial species vs. 
the stability of the antibiotic to the effects of present beta- 
lactamases. The permeability of the organism is also impor-
tant and is influenced by presence or absence of outer 
membrane proteins and activity of efflux pumps. Cefotaxime 

binds to PBP1a, PBP1b, and PBP3 of E. coli at lower concen-
trations than many other cephalosporins. Binding to PBP3 
causes filamentation before cell death, while binding to 
PBP1a and PBP1b may lead to rapid lysis and death of bacte-
ria (Curtis et al., 1979; Neu, 1982c; Neu, 1982b). The desace-
tyl cefotaxime metabolite of cefotaxime also has high affinity 
for PBP1a, PBP1b, and PBP3 in E. coli, although the cefotax-
ime parent drug demonstrated greater binding rates for the 
same PBPs (Schrinner et al., 1984). B. fragilis appears to have 
only three PBPs, and cefotaxime binds to all of them (Botta 
et al., 1983). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The dose of cefotaxime used depends on the nature and sever-
ity of the infection, the likely MIC of causative organisms and 
the renal function of the patient (see Table 26.3). Recom-
mended dosage regimens range from a single dose of 0.5 g 
for some gonococcal infections to a maximum of 12 g/day 
for some life-threatening infections. The most frequently 
used dosage regimen is 1–2 g every 8 hours, but there are also 

Table 26.3. Dosage recommendations for adults and children for parenteral cefotaxime 

Clinical status Adults Childrena and neonates

Routine dosages

Normal renal and hepatic 
function

Uncomplicated infections: 1 g i.m./i.v. every 
12 hours

Moderate to severe infections: 1–2 g i.m./i.v. 
every 8 hours

Severe or life-threatening infections: 2 g i.v. 
every 6–8 hours

Life-threatening infections: 2 g i.v. every 
4 hours

Maximum 12 g daily

< 50 kg: 50–180 mg/kg/day i.m./i.v. in four to six divided 
doses

≥ 50 kg: use the adult dosage
Maximum 12 g daily for children weighing > 50 kg 

Neonates: ≤ 7 days of age: 50 mg/kg i.m./i.v. every 12 hours 
regardless of weight

8–28 days of age: 50 mg/kg i.m./i.v. every 8–12 hours in 
infants weighing ≤ 2 kg and 50 mg/kg i.m./i.v. every 8 hours 
in infants weighing > 2 kg t

Altered dosages

Impaired renal function GFR > 50 ml/minute: every 6 hours
GFR 10–50 ml/minute: every 6–8 hours
GFR < 10 ml/minute: every 24 hours or half 

dose
IHD: 0.5–2 g supplemented after dialysis
PD: 1 g i.v. every day
CVVH: 1–2 g every 8–12 hours
CVVHD: 1–2 g every 8 hours
CVVHDF: 1–2 g every 6–8 hoursh

GFR 30–50 ml/minute/1.73 m2: 35–70 mg/kg every 8–12 hours
GFR 10–29 ml/minute/1.73 m2: 35–70 mg/kg every 12 hours
GFR < 10 ml/minute/1.73 m2: 35–70 mg/kg every 24 hours
IHD: 35–70 mg/kg every 24 hours
PD: 35–70 mg/kg every 24 hours i.v.
CRRT: 35–70 mg/kg every 12 hours

Impaired hepatic function No dosage adjustment required As per adults

Pregnancy and lactating 
women

Use with caution Use with caution

The elderly Refer to adult dosing —

aDoses are for children only > 2000 g and > 14 days of life.
Abbreviations: GFR: glomerular filtration rate; IHD: intermittent hemodialysis; PD, peritoneal dialysis; CVVH: continuous venovenous hemofiltration; CVVHD: 

continuous venovenous hemodialysis; CVVHDF: continuous venovenous hemodiafiltration; CRRT: continuous renal replacement therapy.
Sources: Adapted from: Aronoff et al. (2007), Heintz et al. (2009), AAP (2012), and Sanofi-Aventis (2015).
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substantial data on 1–2 g every 12 hours. Dosing every 4–6 
hours is recommended for some infections (Cherubin et al., 
1982; Corrado et al., 1982; Trang et al., 1985). There are lim-
ited data on use of continuous infusion of cefotaxime (Hitt et 
al., 1997; Buijk et al., 2004), although it is a reasonable con-
cept because the antibiotic displays time-dependent killing 
(see section 5c, Clinically important pharmacokinetic and 
pharmacodynamic features).

Cefotaxime is usually administered intravenously, although 
it may be given intramuscularly To reduce pain, it can be 
administered i.m. with lidocaine (lignocaine), which has no 
effect on its absorption (Esmieu et al., 1980). Individual 
doses may be given by rapid (3- to 5-minute) i.v. injections; a 
1-g dose should be dissolved in 4 ml of sterile water for this 
purpose. Cefotaxime can also be given as a short infusion 
over 20–30 minutes (1–2 g dissolved in 40 ml) or as a pro-
longed infusion over 4 hours (2 g dissolved in 100 ml) 
(Esmieu et al., 1980; Luthy et al., 1981; Doluisio, 1982). In a 
study of continuous infusion, 4 g of cefotaxime was dissolved 
in 50 ml normal saline and infused with an electronic pump 
(Buijk et al., 2004).

The European Respiratory Society recommends cefotax-
ime 2 g i.v. every 6 hours for the treatment of hospitalized 
patients with suspected pneumococcal pneumonia (Wood-
head et al., 2011). The Infectious Diseases Society of America 
(IDSA) recommends 1 g cefotaxime every 6–8 hours (Bart-
lett et al., 2000). The Canadian Infectious Disease Society, 
Canadian Thoracic Society, and the Australian Antibiotic 
Guidelines recommend dosing for pneumonia at 1 g cefotax-
ime every 8 hours (Mandell et al., 2000b; Antibiotic Expert 
Group, 2014). The IDSA recommendations are for the use of 
2 g cefotaxime i.v. every 4–6 hours in therapy of bacterial 
meningitis in adults (Tunkel et al., 2004). Thus this is an 
increased frequency and increased daily dose (8–12 g/day) 
compared to dosing for other infections. Uncomplicated 
gonorrhoea can be treated with a single i.m. dose of 500 mg 
cefotaxime. Disseminated gonococcal infection can be treated 
with 1 g cefotaxime i.v. every 8 hours (Workowski et al., 2015).

4b.  Newborn infants and children

For children the dosage is 100–150 mg/kg/day, adminis-
tered in three or four divided doses (Esmieu et al., 1980; 
Kafetzis et al., 1981a; Kalager et al., 1982). For serious infec-
tions, such as bacterial meningitis, the daily dose can be 
increased. The IDSA recommendations are for the use of the 
following i.v. cefotaxime regimens for bacterial meningitis: 
50 mg/kg every 8–12 hours in neonates 7 days old or less, 50 
mg/kg every 6–8 hours in neonates 8–28 days old, and 75 
mg/kg every 6–8 hours in infants and children (Tunkel et al., 
2004). For children over 50 kg, the usual adult dosage should 
be used; the maximum daily dosage should not exceed 12 g 
(see Table 26.3).

In very low birth weight neonates, with body weight less 
than 1500 g, a dose of cefotaxime 50 mg/kg every 24 hours 
may be used for infections outside the central nervous system 
because of the prolonged clearance of both cefotaxime and 

desacetyl cefotaxime (Kearns et al., 1989). Other dosing reg-
imens of cefotaxime in preterm infants have been published, 
as follows, using a dose of 25 mg/kg: every 12 hours for 
preterm infants < 1 week of age, every 8 hours for preterm 
infants 1–4 weeks old, and term infants < 1 week of age, and 
every 6 hours for term infants > 1 week of age (Kafetzis et al., 
1982).

4c.  Pregnant and lactating mothers

Cefotaxime is a FDA’s pregnancy category B drug (Sanofi-
Aventis, 2015) and an Advisory Committee on Prescription 
Medicines (2015) category B1 agent. Cefotaxime is suggested 
to be safe for administration during breastfeeding (Matsuda, 
1984; American Academy of Pediatrics Committee on Drugs, 
2001).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Highly cited sources of information vary in their recom-
mendations of dose adjustment in renal dysfunction. The 
product information of Claforan (Sanofi-Aventis, 2015). 
states: “Although there is no clinical evidence supporting the 
necessity of changing the dosage of cefotaxime sodium in 
patients with even profound renal dysfunction, it is suggested 
that, until further data are obtained, the dose of cefotaxime 
sodium be halved in patients with estimated creatinine clear-
ances of less than 20 mL/min/1.73 m2.” This implies that the 
dosing interval is not changed but, for example, a regimen of 
2 g every 8 hours is altered to 1 g every 8 hours in the pres-
ence of creatinine clearances of < 20 ml/minute/1.73 m2. In 
contrast, Aronoff et al. (2007) recommend altering dosage 
regimens as follows: 1–2 g every 6–12 hours if creatinine 
clearance ≥ 10 ml/minute and either 1–2 g every 24 hours 
or a half dose every 6 to 12 hours if creatinine clearance < 10 
ml/minutes (see Table 26.3). Nevertheless, in cases of serious 
illnesses, the first dose should not be reduced, which helps 
achieve therapeutic concentrations rapidly in patients with 
decreased renal function (Eyler and Mueller, 2010).

The terminal serum half-life of cefotaxime rises from 1.44 
± 0.45 hours in healthy subjects to 10.81 ± 3.23 hours in 
patients with a creatine clearance of < 8 ml/minute/1.73 m2 
(Fillastre et al., 1980). Cefotaxime is excreted in the urine as 
the active drug, but in addition it is metabolized in the body 
to desacetyl cefotaxime, and two other metabolites, desig-
nated M2 and M3 (Reeves et al., 1980). In patients with a cre-
atinine clearance > 20 ml/minute, neither cefotaxime nor its 
metabolites accumulate in the body after repeated cefotax-
ime doses (Doluisio, 1982). When the creatinine clearance 
is < 20 ml/minute, cefotaxime itself does not accumulate in 
the serum, but the metabolites M2 and M3 show slight accu-
mulation. These metabolites, unlike desacetyl cefotaxime, 
are biologically inactive (Reeves et al., 1980). In patients with 
a creatinine clearance of 5 ml/minutes, cefotaxime still does 
not accumulate after repeated doses, but metabolites M2 and 
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M3 show significant accumulation, and desacetyl cefotaxime 
(which has antibacterial activity) shows some accumulation. 
Doluisio (1982) suggested that the dose should be halved in 
patients with a creatinine clearance of < 20 ml/minute, but 
Ings et al. (1982) considered that halving the usual dose was 
necessary only for patients whose creatinine clearance was 
< 5 ml/minute.

Compared with conventional dosing, the benefits of con-
tinuous or prolonged infusions of beta-lactam antibiotics may 
be less pronounced in patients with chronic kidney disease 
because their decreased renal excretion has a ‘‘protective’’ 
effect against low trough serum concentrations. The use of 
continuous beta-lactam infusions in patients with advanced 
chronic kidney disease is unnecessary, given the renal elimi-
nation of most beta-lactam antibiotics (Eyler and Mueller, 
2010). 

PATIENTS ON HEMODIALYSIS

The product information of Claforan gives no information 
on dose adjustment in patients on hemodialysis (Sanofi-
Aventis, 2015). It is known that in patients undergoing 
hemodialysis the half-life of cefotaxime averaged 8.96 ± 
6.47 hours out of hemodialysis and was dramatically reduced 
during hemodialysis to 1.98 ± 0.72 hours. The percentage of 
extraction of cefotaxime by dialysis was 62 ± 17.4% (Fillastre 
et al., 1980). For this reason, it has been recommended that 
dialysis patients receive 2 g every 24 hours with an additional 
0.5- to 2-g dose given after hemodialysis (Aronoff et al., 2007). 
To simplify dosing, the maintenance daily dose could be sim-
ply given after dialysis (Aronoff et al., 2007; see Table 26.3).

PATIENTS ON CONTINUOUS RENAL REPLACEMENT 
THERAPY

Similarly, in patients undergoing continuous renal replace-
ment therapy (CRRT), no information on dose adjustment 
is given by the product information of Claforan (Sanofi-
Aventis, 2015). Cephalosporins, except ceftriaxone, and 
aztreonam are cleared at a rate equivalent to a creatinine 
clearance rate of 30–50 ml/minute during continuous veno-
venous hemodialysis (CVVHD) or continuous venovenous 
hemodiafiltration (CVVHDF), whereas the rate of clearance 
by continuous venovenous hemofiltration (CVVH) is lower 
(Trotman et al., 2005). In patients on CRRT, the recom-
mended tdosage regimen of cefotaxime is 1–2 g every 8–12 
hours for CVVH, 1–2 g every 8 hours for CVVHD, and 1–2 g 
every 6–8 hours for CVVHDF (Trotman et al., 2005; Heintz 
et al., 2009). Cefotaxime 0.5–1 g every 12 hours for chronic 
hemodialysis or 2 g every 12 hours for continuous hemofil-
tration is also recommended in patients with a body weight 
of 70 kg (Vossen and Thalhammer, 2013; see Table 26.3).

For optimized dosing of beta-lactams, including cefotax-
ime, a loading dose is required during the first day to com-
pensate for the increased volume of distribution, regardless 
of impaired organ function ,in critically ill patients who are 
undergoing CRRT (Ulldemolins et al., 2014). An additional 
loading dose may be required when CRRT is initiated due to 
steady-state equilibrium breakage driven by clearance 

variation. From day two, dosing must be adjusted to CRRT 
settings and residual renal function. Therapeutic drug moni-
toring of beta-lactams may be regarded as a useful tool to 
individualize dosing daily and to ensure optimal antibiotic 
exposure (Ulldemolins et al., 2014).

PATIENTS ON PERITONEAL DIALYSIS

In patients on peritoneal dialysis, cefotaxime is well absorbed 
into the blood after intraperitoneal administration (Bald et 
al., 1990; Paap et al., 1992). Therapeutic cefotaxime concen-
trations are achieved in 1 hour and maintained for 5–6 hours 
after a 1-g dosage (Albin et al., 1985). According to the 
International Society for Peritoneal Dialysis’s most recent 
guidelines for the prevention and treatment of catheter- 
related infections and peritonitis in pediatric patients 
receiving peritoneal dialysis, intraperitoneal administra-
tion of cefotaxime for continuous therapy requires a load-
ing dose of 500 µg/ml and a maintenance dose of 250 µg/ml 
(Warady et al., 2012). For intermittent therapy, 30 mg/kg 
every 24 hours is often used (Warady et al., 2012).

Studies showed that peritoneal dialysis does not enhance 
drug removal to a degree that will require a dosage regimen 
modification (Matzke et al., 2011). Cefotaxime nonrenal 
clearance was unaffected by use of peritoneal dialysis (Paap 
et al., 1992). In nine patients on continuous ambulatory peri-
toneal dialysis, only 1.4–4.2% of a single 1-g dose cefotaxime 
was recovered in the dialysate (Bouchet et al., 1991). There-
fore, dosing recommendations for those with creatinine clear-
ance or estimated glomerular filtration rate < 15 ml/minute 
are likely clinically useful for patients receiving peritoneal 
dialysis (Matzke et al., 2011). For patients on peritoneal dial-
ysis, receiving i.v. administration of cefotaxime, a dosage of 
1 g every 24 hours has been recommended (Aronoff et al., 
2007; see Table 26.3).

PATIENTS RECEIVING EXTRACORPOREAL 
MEMBRANE OXYGENATION

Extracorporeal membrane oxygenation (ECMO) can influ-
ence drug pharmacokinetics through increased volume of 
distribution as well as possible binding of drugs by the 
ECMO circuit (Mehta et al., 2007). Pharmacokinetic data for 
antibiotics in adult patients on ECMO are sparse (Shekar et 
al., 2012). Neonatal and animal studies are available but have 
shown significant variability and unpredictability of antibi-
otic pharmacokinetics during ECMO (Shekar et al., 2012). 
One investigation of pharmacokinetics of cefotaxime and 
desacetyl cefotaxime in 37 neonates receiving ECMO found 
that the standard cefotaxime dose regimen 50 mg/kg of body 
weight twice a day, postnatal age [PNA] < 1week; 50 mg/kg 
three times a day, PNA 1–4 weeks; or 37.5 mg/kg four times 
a day, PNA > 4 weeks, provided sufficiently long periods of 
supra-MIC to provide adequate treatment of these infants 
(Ahsman et al., 2010). Currently, no dosing guidelines exist 
for patients receiving ECMO (Shekar et al., 2012); until fur-
ther data become available, it is suggested that dosing regi-
mens be individualized through therapeutic drug monitoring 
whenever possible (Mousavi et al., 2011; Jamal et al., 2012).
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PATIENTS WITH IMPAIRED HEPATIC FUNCTION

There is modest accumulation of cefotaxime in patients with 
severe liver disease, but this is unlikely to produce toxicity 
and dosage modification is not usually required (Ko et al., 
1991). A recent review does not recommend dosing adjust-
ments of cefotaxime in patients with liver cirrhosis regard-
less of Child–Pugh class (Halilovic and Heintz, 2014). If liver 
and renal dysfunctions co-exist, dosage reduction should 
proceed as per the adjustments for renal failure mentioned 
elsewhere. Recommendations for dosing of prophylactic cefo-
taxime during liver transplantation are discussed in section 
5b, Drug distribution.

OLDER ADULTS

Cefotaxime and desacetyl cefotaxime elimination decreases 
with increasing age above 60 years. A pharmacokinetic study 
of cefotaxime 1 g three times daily in 25 elderly patients 
(66–93 years old) found that the mean terminal half-lives of 
cefotaxime and desacetyl cefotaxime were 1.7 and 2.6 hours, 
respectively, and that this decreased elimination was related 
to individual characteristics that are typically related to renal 
function (Urien et al., 2004). Nevertheless, in patients over 
65 years of age, the changes in cefotaxime pharmacokinetics 
are not sufficiently substantive to warrant major alterations 
in either dose or dosing intervals of cefotaxime (Deeter et al., 
1990).

OBESE PATIENTS

Obesity results in several alterations that affect antibiotic phar-
macokinetics and pharmacodynamics, including increases 
in the antibiotic volume of distribution and clearance. The 
use of the upper limit of normal doses of cephalosporins is 
recommended, for example, in obese patients with pneumo-
nia (Al-Dorzi et al., 2014).

PATIENTS WITH BURNS

French guidelines for burn injury suggest that cefotaxime 
should be administered by continuous infusion of 100–150 
mg/kg/day, preceded by a loading dose of 25 mg/kg, when-
ever possible (Ravat et al., 2011). Targeted steady-state con-
centration of cefotaxime is at 16–20 µg/ml or 4–5 times MIC.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Cefotaxime is susceptible to metabolic degradation, with for-
mation of a microbiologically active metabolite, desacetyl 
cefotaxime (Coombes, 1982). Because metabolism is part of 
the disposition of cefotaxime, pharmacokinetic studies with-
out measurement of metabolites must be regarded as incom-
plete. Key pharmacokinetic values for cefotaxime 1-g doses 
are Cmax 20–156 µg/ml, half-life 0.9–1.34 hours, and volume 
of distribution 10–20 l (Fu et al., 1979; Harding et al., 1981; 
Kemmerich et al., 1983; Nix and Schentag, 1995). Corres - 

ponding values for desacetyl cefotaxime are Cmax 12.5–16.6 
µg/ml, half-life 1.4–1.6 hours, and volume of distribution 
approximately 17 l (Harding et al., 1981; Kemmerich et al., 
1983).

Cefotaxime is not absorbed after oral administration so 
it is typically administered intravenously. In some parts of 
the world it is also given intramuscularly. Intraperitoneal 
administration of cefotaxime in patients on peritoneal dialy-
sis results in rapid and effective absorption into the vascular 
compartment (Albin et al., 1985). There are also reports of 
cefotaxime being injected subconjunctivally and intravitre-
ally (Del Piero et al., 1985; Rubinstein et al., 1987; Hou and 
Hu, 1997).

The protein binding by cefotaxime or desacetyl cefotax-
ime ranges from 10% to 45% (Esmieu et al., 1980; Jones and 
Thornsberry, 1982). In one study conducted by the original 
manufacturers of the drug, protein binding of cefotaxime 
was found to be a mean of 37% (Esmieu et al., 1980). Craig 
and Suh (1991) estimated the protein binding of cefotaxime 
to be in the range of 37–43%, depending on the assay method. 
The protein binding of desacetyl cefotaxime does not seem 
to be substantially different from that of the parent drug 
(Turnidge, 1995). The serum half-life of cefotaxime is 0.84–
1.25 hours after i.v. injection (Esmieu et al., 1980).

5b.  Drug distribution

If a 1-g dose is given by a bolus i.v. injection over 3 minutes 
to adults, the mean serum concentration 5 minutes after the 
injection is 86.1 µg/ml (Kemmerich et al., 1983). The serum 
level thereafter falls, and adequate therapeutic concentra-
tions persist for only 4–6 hours; the half-life after this dose 
is approximately 1.25 hours. After the i.v. injection of 1 g 
cefotaxime, a maximal mean desacetyl cefotaxime level of 
16.6 µg/ml is already present 5 minutes after the injection; 
the level of this metabolite slowly decreases with a mean half- 
life of about 1.5 hours. After 1–2 hours, desacetyl cefotaxime 
serum concentrations are equal to, or above, corresponding 
cefotaxime concentrations (Kemmerich et al., 1983). Standi-
ford et al. (1982) showed that after i.v. infusion of 2 g cefotax-
ime over 30 minutes, mean serum cefotaxime levels 1, 2, and 
4 hours after the infusion fell to 29, 10, and 3 µg/ml, respec-
tively. By 6 hours cefotaxime was undetectable in the serum; 
its elimination half-life was 1.18 hours. In a similar study, 
the desacetyl cefotaxime peak of 10.1 µg/ml was reached 
between 30 and 40 minutes after parent drug administration, 
at 4 hours it was equal to cefotaxime concentration, and there-
after its level was slightly higher than that of cefotaxime 
(Vallee and LeBel, 1991).

After i.m. administration of 1 g to healthy adults, the mean 
peak serum level of 20.5 µg/ml is reached in 30 minutes. This 
level falls to 3.36 µg/ml at 4 hours, and it still exceeds 1 µg/ml 
at 6 hours. The mean serum half-life of cefotaxime after the 
administration of a 1-g dose i.m. is 1.34 hours (Fu et al., 1979).

In newborn infants, at the completion of a 10-minute i.v. 
infusion of 50 mg/kg body weight of cefotaxime, mean peak 
levels of 116 and 132 µg/ml occur in low and average birth 
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weight infants, respectively (McCracken et al., 1982). In neo-
nates, mean peak concentrations of desacetyl cefotaxime are 
about a quarter of those of cefotaxime (Crooks et al., 1984). 
Pediatric patients receiving a dosage of cefotaxime 100 mg/
kg/day by continuous i.v. infusion had a mean cefotaxime 
concentration of 24.9 µg/ml on day 1, ranging from 0.6 to 
182.6 µg/ml (Bertels et al., 2008). Cefotaxime concentrations 
in infants younger than 1 week of age showed the largest 
variation and significantly decreased on consecutive days, 
together with a significant drop in the cefotaxime/desacetyl 
cefotaxime ratio (Bertels et al., 2008). 

In the elderly, the elimination half-lives of cefotaxime and 
desacetyl cefotaxime are both prolonged to a small extent 
(Turnidge, 1995). The half-life of cefotaxime increases to 
about 2.5 hours in those over 80 years of age, whereas the 
half-life of desacetyl cefotaxime increases to about 5 hours 
(Ludwig et al., 1988; Sugihara et al., 1988).

Serum levels of desacetyl cefotaxime are higher and more 
prolonged in patients with renal failure due to its delayed 
renal excretion. In patients with severe renal failure (creatinine 
clearance 3–10 ml/minutes) the cefotaxime serum half-life is 
2.6 hours, while that of the metabolite desacetyl cefotaxime 
is 10 hours (Wise et al., 1981). Hepatic disease can also alter 
the kinetics of cefotaxime (Turnidge, 1995). Modest increases 
in half-life are seen in patients with liver disease, but these 
are insufficient to lead to substantial drug accumulation 
(Graninger et al., 1984).

Cefotaxime is widely distributed in tissues and penetrates 
reasonably well into many body fluids. When measured by 
conventional techniques, levels in tissues and body fluids are 
lower than those of serum (Turnidge, 1995). However, levels 
in most tissues are measured after homogenization. There-
fore, the sample includes cellular debris, which probably arti-
ficially lowers the level. Because the target of cefotaxime is 
bacteria that cause infections in extracellular fluid (ECF), it is 
the ECF concentrations that are important (Turnidge, 1995). 
Cefotaxime attains measurable concentrations in tissue fluid 
(Wise et al., 1980a; Kalager et al., 1982), and in inflammatory 
exudates (Scaglione et al., 1990). The concentrations in ECF 
follow the same time course as those in plasma (Ryan and 
Cars, 1983). Therefore, plasma concentrations can be used to 
predict concentrations at the site of infection in many tissues 
(Turnidge, 1995).

Detectable drug concentrations are found in otitis media 
effusions (Danon, 1980), ascitic fluid (Moreau et al., 1980), 
prostate, uterus, skin, bone, liver, lung, and muscle (Novick, 
1982). Cefotaxime is excreted in breast milk and crosses the 
placenta (Kafetzis et al., 1980).

In cirrhotic patients with ascites, peritoneal concentrations 
of cefotaxime were > 4 µg/ml from 0.5 to 8 hours after the 
end of a single 1-g i.v. 20-minute infusion of cefotaxime (max-
imal concentration of 6.7 ± 1.9 µg/ml at 2 hours) (Hary et al., 
1989). The concentration at 12 hours was 2.7 ± 0.6 µg/ml. 
Concentrations of desacetyl cefotaxime were < 1 µg/ml in all 
peritoneal samples. Cefotaxime at the dose of 2 g every 6–8 
hours achieves high concentrations in ascitic fluid in patients 
with spontaneous bacterial peritonitis (SBP) (Runyon et al., 

1991a; Navasa et al., 1996). The ascitic fluid concentration of 
cefotaxime (mean, 23 µg/ml) 6 hours after the first 2-g dose 
of the antibiotic was greater than 20 times the MIC of the 
drug for 90% of the isolated flora (1 µg/ml) (Runyon et al., 
1991a). In another study in cirrhotic patients with sponta-
neous bacterial peritonitis, cefotaxime and desacetyl cefo-
taxime concentrations in ascitic fluid ranged from 15.3 to 
120 µg/ml and from 3.9 to 126 µg/ml, respectively, after 3 days 
of therapy with cefotaxime, 2 g every 8 hours (Dalmau et al., 
1999). In adult patients with secondary peritonitis, after a 
continuous infusion of cefotaxime at a dose of 4 g/24 hours 
following a bolus of 2 g, plasma and peritoneal levels of cefo-
taxime and desacetyl cefotaxime were measured at steady 
state on days 2 and 3 (plasma) and on day 3 (peritoneal) 
(Seguin et al., 2009). Unbound plasma levels of cefotaxime 
were 20.3 ± 19.8 µg/ml on day 2 and 18.9 ± 19.2 µg/ml on day 
3. Unbound levels of cefotaxime in the peritoneal fluids was 
14.3 ± 10.4 µg/ml. The unbound fraction of plasma cefotax-
ime was 81.8 ± 5.9% on day 2 and 82.6 ± 7.7% on day 3, and 
the unbound fraction at the peritoneal site was 87.0 ± 5.5% 
on day 3. In this study, the MICs for the enterobacteria recov-
ered ranged from 0.016 to 0.25 µg/ml. The authors suggested 
that continuous infusion of 4 g/24 hours of cefotaxime pro-
vides adequate peritoneal concentrations far exceeding the 
MIC of 1 µg/ml, which was considered the CLSI and EUCAST 
susceptibility breakpoints for Enterobacteriaceae (Seguin et 
al., 2009).

Concentrations in the bile following 1 g i.v. cefotaxime 
every 6 hours ranged from 33.7 to 82.4 µg/ml in patients 
(with chronic cholecystitis after cholecystectomy (Soussy et 
al., 1980). Cefotaxime levels measured in the gallbladder 
wall were very low (< 1 µg/ml) (Soussy et al., 1980). Biliary 
penetration of cefotaxime is poor and reaches effective biliary 
concentrations in only a minority of patients with obstructed 
bile ducts (Dhalluin-Venier et al., 2008). When cefotaxime 
(1  g i.v. every 8 hours) was given for more than 24 hours 
before endoscopic biliary drainage in patients with biliary 
obstruction, mean plasma and biliary concentrations mea-
sured between 15 and 165 minutes after cefotaxime injection 
were 25.2 (range 2–100) and 2.8 (range 1–20) μg/ml, respec-
tively; with biliary penetration (bile-to-plasma ratio) ranging 
from only 0.01 to 1.14 (Dhalluin-Venier et al., 2008).

Systemic administration of cefotaxime to patients under-
going CAPD results in effective penetration into peritoneal 
fluid in patients without peritonitis (Hasegawa et al., 1984; 
Albin et al., 1985; Heim et al., 1986; Bouchet et al., 1991), but 
greater peritoneal absorption is achieved in adults (Petersen 
et al., 1985) and children with peritonitis (Bald et al., 1990). 
In patients on CAPD with peritonitis, the mean plasma con-
centration of cefotaxime achieved after 1 hour of peritoneal 
instillation of 500 mg of cefotaxime was 5.0 ± 1.6 µg/ml, and 
the mean dialysate effluent concentration was 50.4 ± 7.3 mg 
per cycle on day 1 (Petersen et al., 1985).

In the kidney, 1 g i.m. cefotaxime produced concentra-
tions of 4.1, 4.2, and 6.2 μg/g in the cortex, the middle part of 
the parenchyma, and the inner medulla, respectively, between 
145 and 195 minutes after administration (Grabe et al., 1981). 
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After a 1-g i.m. injection of cefotaxime, concentrations in 
prostatic tissue ranged from 1.2 to 3.8 μg/g between 1 and 
3 hours (Grabe et al., 1981).

Cefotaxime has been demonstrated to cross the placenta 
and produce high concentrations in fetal tissue, whereas low 
concentrations appear in human milk (Kafetzis et al., 1980; 
Kafetzis et al., 1981b; Takase, 1981). Peak cefotaxime con-
centrations of 22.8 µg/ml were obtained in the pelvic cavity 
fluid about 80 minutes after a single 2-g i.v. administration 
(Takase, 1981). In human uterine tissue, a peak concentra-
tion of 12.2 μg/g was attained 20 minutes after a single 1-g i.v. 
injection (Takase, 1981). Mean peak concentrations in the 
umbilical cord serum and the amniotic fluid were 13.9 and 
6.9 µg/ml, respectively, after administration of a 1-g i.v. dose 
(Takase, 1981). Compared with the mother’s serum concen-
tration, cord serum concentration was about one fourth and 
amniotic fluid concentration about one tenth (Takase, 1981). 
A maximum concentration of 0.63 µg/ml at 3 hours after 
parturition was seen in the neonatal blood after the i.v. 
administration of 1 g cefotaxime to patients undergoing hys-
terectomy, and umbilical cord serum concentrations ranged 
from 1.0 to 12.4 µg/ml at parturition (Takase, 1981). Cefo-
taxime was not detected in any neonate 12 hours after partu-
rition. In pregnant women with preterm premature rupture 
of the membranes who received i.v. cefotaxime during deliv-
ery (2 g at the onset of labor and then 1 g every 4 hours until 
delivery), the concentrations of cefotaxime at birth ranged 
from 0.5 to 8.5 µg/ml in the umbilical cord blood and from 
2.0 to 35.3 µg/ml in the mother’s blood, respectively (Lepercq 
et al., 2009). When 1 g cefotaxime was given as an i.v. bolus 
injection, peak milk concentrations at 2 hours averaged 0.32 
± 0.09 µg/ml (Kafetzis et al., 1981b); while in another study, 
no appreciable quantities were detected (Takase, 1981).

Preoperative infusion of 2 g cefotaxime produced mean 
concentrations of 40 µg/ml between 30 and 90 minutes and 
10–20 µg/ml at 4 hours in the synovial fluid (Harle et al., 
1988). Bone concentrates were 1.5 and 12.6 µg/ml, respec-
tively, at 2 hours after i.m. administration of 1–2 g cefotax-
ime (Dudley and Barriere, 1982). Mean cefotaxime values of 
20 µg/ml in the interstitial fluid of the compact bone were 
attained following i.v. injection of 2 g cefotaxime (Rosin et al., 
1980).

Heart valve concentrations varied from 2.2 to 13 μg/g 
within 6 hours in open heart surgery patients given a 2-g i.v. 
bolus of cefotaxime before surgery (Just et al., 1984).

Cefotaxime i.m. or i.v. produced mean middle ear infu-
sion concentrations of 2.0 µg/ml in children receiving 50 mg/
kg/day and 17.5 µg/ml in patients receiving 100 μg/kg/day. 
Samples were taken 1 hour after injection (Danon, 1980). 
Cefotaxime, 2 g i.v., administered 1 hour before cataract sur-
gery produced concentrations of 0 to 2.3 µg/ml in the aque-
ous humor (Busse et al., 1980). In patients who received the 
i.m. cefotaxime dose, no cefotaxime or its major metabolite 
could be detected in the vitreous humor (Rubinstein et al., 
1987). Cefotaxime in subconjunctival administration reaches 
therapeutic levels in the vitreous only in previously operated 
eyes (Rubinstein et al., 1987).

Sputum concentrations are relatively low, being in the 
range of 0.18–5.4 µg/ml after doses of 0.75–2 g (Lode et al., 
1980; Morel et al., 1980). However, desacetyl cefotaxime con-
centrations in respiratory secretions (6.9 ± 0.85 µg/ml) are 
higher, reaching about 77% of mean levels of this metabolite 
in plasma (Fick et al., 1987). Cefotaxime penetrates into the 
pleural fluid; after a 1-g i.v. dose, a maximal concentration 
of about 7 µg/ml was attained (Lode et al., 1980). The elim-
ination half-life of cefotaxime from various fluids, such as 
pleural fluid, is longer than serum (Scaglione et al., 1990).

In animals cefotaxime penetrates poorly into normal CSF, 
but therapeutically effective concentrations are attained in 
those with induced bacterial meningitis. In humans, cefo-
taxime penetrates into uninflamed meninges, but the levels 
attained are relatively low. When 16 patients without menin-
gitis were given 30 mg/kg cefotaxime i.v., CSF concentrations 
were in the range of 0.01–0.7 µg/ml (Karimi et al., 1980). 
When others gave 2 g cefotaxime as a 30-minute i.v. infusion 
to adults with uninflamed meninges, higher CSF concentra-
tions were obtained. Maximum levels were obtained 0.5–8 
hours after the infusion and ranged from 0.14 to 1.81 µg/ml 
(Nau et al., 1993). Concentrations of CSF were higher in 
patients with bacterial meningitis. Belohradsky et al. (1980) 
gave i.v. cefotaxime to 13 children with bacterial meningitis; 
CSF levels usually exceeded 1 µg/ml and reached 27.2 µg/ml 
in 1 patient. Corrado et al. (1982) successfully treated an 
adult man with S. marcescens meningitis using 12 g i.v. cefo-
taxime daily; a CSF level of 5 µg/ml was recorded. Other 
studies in patients with bacterial meningitis showed a wide 
range of cefotaxime CSF levels (0.3–30 µg/ml), but they were 
commonly 1–10 µg/ml, which is 10- to 100-fold greater than 
MBCs of highly sensitive meningeal pathogens (Cherubin 
et al., 1982; Peretti et al., 1984; Asmar et al., 1985; Cherubin 
et al., 1989). 

It appears that cefotaxime is converted to the less active 
desacetyl cefotaxime by the choroid plexus. Cefotaxime itself 
is not removed from the CSF by the exit pump of the choroid 
plexus (Perfect and Durack, 1981; Schaad et al., 1981; Nolan 
and Ulmer, 1982). In patients with bacterial meningitis, a 
mean CSF concentration of desacetyl cefotaxime was 5.4 
µg/ml (Humbert et al., 1984). Concentrations of both cefo-
taxime and this metabolite initially correlated with the degree 
of meningeal inflammation but the concentrations showed 
no marked decline by day 10 of treatment, when signs of 
inflammation had largely resolved (Humbert et al., 1984; 
Cherubin et al., 1989). Penetration of CSF by cefotaxime and 
desacetyl cefotaxime was evaluated in 13 infants and chil-
dren with meningitis after the sixth dose of the drug, given 
in a dosage of 50 mg/kg i.v. every 6 hours. The mean CSF 
cefotaxime concentration 1 hour after the dose was 6.2 µg/
ml. The CSF/serum ratios were variable (0–20%), with a 
mean penetration of 10.1%. The mean peak concentration of 
desacetyl cefotaxime in CSF at the same time was 5.6 µg/ml; 
its CSF/serum ratios were extremely variable (0–103%), 
and the mean penetration was 28.8% (Trang et al., 1985). 
Both cefotaxime and its metabolite penetrated well into 
brain abscesses, reaching concentrations above MIC for the 
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likely pathogens, except Gram-negative anaerobes (Sjolin et 
al., 1991).

Brain concentrations of unbound cefotaxime were much 
lower than corresponding plasma concentrations, with a 
mean cefotaxime unbound brain/plasma area-under-the-
curve (AUC) ratio equal to 26.1 ± 12.1% in patients with 
acute brain injury who were treated with cefotaxime (2 g i.v. 
every 8 hours) for a lung infection (Dahyot-Fizelier et al., 
2013). In that study, when unbound brain concentrations 
were simulated at two dosing regimens (4 g every 6 hours or 
every 8 hours) and the time over the MIC (t > MIC) was 
estimated for breakpoints of susceptible and resistant S. pneu
moniae strains, t > MIC was > 90% of the dosing interval for 
both dosing regimens for susceptible strains but only for 4 g 
every 6 hours for resistant ones.

Intermittent dosing of cefotaxime (i.e. 1 g every 6 hours) 
may result in insufficient serum concentrations during the 
reperfusion phase of liver transplantation (Buijk et al., 2004). 
Fifteen patients undergoing liver transplantation were stud-
ied after continuous infusion (4 g i.v. over 24 hours after a 
loading dose of 1 g) and intermittent bolus infusion (1 g i.v. 
every 6 hours). Samples were collected during the first 48 
hours after liver transplantation. During surgery, the mean 
concentration in serum after continuous infusion (CI) was 
18 µg/ml. The lowest serum concentration was 5 µg/ml in the 
CI group and levels were undetectable in the intermittent 
bolus infusion (BI) group. Target serum concentrations of 
≥  4 µg/ml were reached for 100% of the dosing interval 
during CI and ~ 60% during BI (Buijk et al., 2004).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Cephalosporins exhibit time-dependent bactericidal activity 
and produce prolonged postantibiotic effects (PAEs) with 
only staphylococci (Craig, 1998). Against E. coli, cefotaxime 
demonstrates a PAE of 24–52 minutes in CSF and just 5–12 
minutes in Mueller-Hinton broth (Karlowsky et al., 1993). 
The important pharmacodynamic parameter is the duration 
of time that serum levels of a free drug exceed the MIC (ƒt > 
MIC), which correlates with efficacy for these drugs. Animal 
infection models (neutropenic mouse thigh infection or pneu-
monia) indicate that maximal efficacy for cephalosporins is 
attained when serum levels are above the MIC for 60–70% 
of the dosing interval for Enterobacteriaceae and strepto-
cocci and for 40–50% of the dosing interval for S. aureus 
(Craig, 1995). 

The dose, frequency, and duration of infusion for cefotax-
ime influence the pharmacodynamics of the drug. For exam-
ple, 1 g cefotaxime every 8 hours (each dose administered over 
3 minutes) leads to a mean peak concentration of 86 µg/ml 
after 5 minutes and to a concentration of 1.8 µg/ml after 4 
hours (Kemmerich et al., 1983). Jones et al. (2005) have pro-
posed that, as a result of pharmacodynamic considerations, 
a breakpoint cefotaxime MIC of 1 µg/ml should be regarded 
as indicative of a susceptible organism. This breakpoint has 
been used by the EUCAST (2015) and has been adopted by 

the CLSI (2010) for Enterobacteriaceae. With the current 
CLSI susceptibility breakpoint (≤ 1 µg/ml) for Enterobac-
teriaceae, 89% of patients receiving the cefotaxime dosage of 
1 g every 8 hours would be expected to have ƒt > MIC of at 
least 50% (Dudley et al., 2013).

In a Monte Carlo simulation in which the target %t > 
MIC was 50%, Burgess et al. (2007) showed that 2 g cefotax-
ime every 8 hours would have a greater than 95% probability 
of achieving the target %t > MIC for N. meningitidis with 
cefotaxime MICs ≤ 0.5 µg/ml. From a pharmacodynamic 
standpoint, 1 g cefotaxime every 8 hours should be adequate 
for pneumococcal pneumonia when the cefotaxime MIC is 
≤ 2 µg/ml (Van Bambeke et al., 2007). If the MIC is 4 µg/ml, 
2 g cefotaxime every 8 hours would be more appropriate 
(Van Bambeke et al., 2007). 

It should be noted that some patients with sepsis and 
elderly patients have reduced renal clearance of cefotaxime 
(Ludwig et al., 1988; Sugihara et al., 1988), prolonging the 
elimination half-life and functionally increasing the %t > MIC 
(Turnidge, 1995). Conversely, some patients with severe burns 
and some young trauma patients may have increased renal 
clearance of beta-lactam antibiotics, potentially decreasing 
the %t > MIC (Dalley et al., 2007). 

This is illustrated in an evaluation by Turnidge (1995), in 
which cefotaxime dosed every 12 hours was considered. When 
applying stringent criteria for efficacy using pharmacoki-
netic values from young, healthy volunteers, it was suggested 
that MICs of ≤ 0.03 µg/ml for a 1-g dose and 0.06 µg/ml for 
a 2-g dose were necessary to achieve optimum efficacy with 
12-hour dosing of cefotaxime. However, after evaluating clin-
ical studies (including patients with decreased renal function 
and older age) it was suggested that MICs of ≤ 1 µg/ml for a 
1-g dose and 2 µg/ml for a 2-g dose would be achieved by 
12-hour dosing (Turnidge, 1995).

Evaluating the effect of frequency of cefotaxime adminis-
tration on therapeutic efficacy from 2096 cases, good clinical 
and bacteriological success rates were achieved with cefotax-
ime dosage regimens ranging from 0.5 to 2 g administered 
two to six times a day (Parker, 1984). Clinical success rate 
was 92–95% in cases with a 4- to 6-hour dosing interval and 
96–97% in those with an 8- to 12-hour dosing interval. 

Pharmacokinetic, pharmacodynamics, and clinical evi-
dence supports the feasibility of extending the dosage inter-
val of cefotaxime from the traditional regimen of every 6 or 
8 hours to every 12 hours in selected clinical settings (Nix 
and Schentag, 1995; Young, 1995; Brogden and Spencer, 1997).

Based on the MIC90 values of cefotaxime for a variety of 
susceptible bacteria (Doern, 1995) and calculated AUC/MIC 
values for the drug in healthy volunteers (Nix and Schentag, 
1995), suggested 1 or 2 g cefotaxime every 12 hours as 
monotherapy for infections caused by bacteria with MICs of 
> 0.5 µg/ml in adults with normal renal function. However, 
Jones (1995) suggested cefotaxime monotherapy with the 
same dosage for treatment of infection caused by bacteria 
with MIC ≤ 1 µg/ml. These doses can be adequate for a vari-
ety of infections when there is free antibiotic penetration 
from plasma, such as bacteremia, pneumonia, and skin and 
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soft tissue infections and where high concentrations are 
reached, such as urinary tract infections (UTIs) (Turnidge, 
1995).

Infections outside the central nervous system and due to 
susceptible bacteria (MIC ≤ 1 µg/ml) usually respond to 8- 
or 12-hour dosage intervals (Raddatz et al., 1995). Less sus-
ceptible organisms with MIC values between 2 and 8 µg/ml 
may initially require cefotaxime administered every 6 or 8 
hours. Extended intervals should be avoided or used cau-
tiously in patients who are neutropenic, immunocompro-
mised, or hyper metabolic (Raddatz et al., 1995).

In a study using pharmacokinetic data obtained after i.v. 
administration of 1 or 2 g cefotaxime every 12 hours, AUC/
MIC values exceeded 125 for 90% of H. influenzae, S. pneu
moniae (penicillin susceptible), N. gonorrhoeae, E. coli, E. 
aero genes, K. pneumonia, and M. catarrhalis strains (Nix and 
Schentag, 1995). AUC values might be expected to increase 
in patients with renal dysfunction (creatinine clearance 10–20 
ml/minute) and acutely ill elderly patients (Jonsson and 
Walder, 1986).

When a 5000-patient Monte Carlo simulation in a popu-
lation of 10-year-olds with meningitis was conducted, cefo-
taxime had a > 90% cumulative fraction of response (CFR) 
against only N. meningitidis (Ellis et al., 2006). In that 
study,  cefotaxime was calculated to achieve 84.3%, 84.8%, 
and 91.6% CFRs against S. pneumoniae, H. influenzae, and 
N. meningitidis, respectively. For meropenem it was 94.7%, 
94.3%, and 96.1%, respectively. Therefore, at the doses simu-
lated, cefotaxime may not be an appropriate empiric choice 
for the treatment of pediatric meningitis presumed to be 
caused by these bacteria until culture and susceptibility data 
are available (Ellis et al., 2006).

5d.  Excretion

URINE

Cefotaxime is excreted in urine in an active unchanged form 
by both glomerular filtration and tubular secretion. High 
levels of active cefotaxime are attained in urine; after a 1-g 
dose, urine levels in the first 2 hours are in the range 151–
2178 µg/ml (Fu et al., 1979).

Some cefotaxime is metabolized in the liver and the major 
metabolite is desacetyl cefotaxime, which is antibacterially 
active. This is mainly excreted in urine where it attains high 
concentrations. In the first 24 hours about 60% of an admin-
istered dose is excreted in the urine as unchanged cefotaxime, 
and about 29% as desacetyl cefotaxime (Kemmerich et al., 
1983). A small amount of desacetyl cefotaxime undergoes 
further transformation in the liver, before urinary excretion, 
producing in turn desacetyl cefotaxime lactone and then 
two metabolites, designated M2 and M3, which do not pos-
sess antibacterial activity. In patients with normal renal func-
tion, M2 and M3 are excreted in urine, where each metabolite 
accounts for approximately 6% of an administered dose of 
cefotaxime (Reeves et al., 1980; Coombes, 1982). Thus vir- 

tually all cefotaxime is excreted in the urine either in one 
form or another.

BILE

Elimination of the drug via the bile is normally negligible 
(0.01–0.1%), and biliary levels are usually only about 2 µg/ml 
(Soussy et al., 1980). In rats subjected to nephrectomy, there 
is a slight increase in biliary levels of cefotaxime (Coombes, 
1982). In patients undergoing liver transplantation, unchanged 
cefotaxime in bile was ~ 0.1% of the administered dose, 
leading to concentrations > 4 µg/ml throughout the dosing 
interval for both regimens during the first 48 hours in the 
postoperative period (Buijk et al., 2004). Peak concentrations 
in bile for intermittently infused cefotaxime were 21 ± 8 µg/ml 
after liver transplant (Buijk et al., 2004).

5e.  Drug interactions

There is little evidence of any clinically significant interaction 
between cefotaxime and other drugs (Todd and Brogden, 
1990). In a study performed in the early 1980s, “serum pools” 
were created from healthy adults and patients with a variety 
of medical conditions or receiving various other drugs (Baer 
et al., 1983). Addition of cefotaxime and its metabolite to the 
serum pool of patients who had received aminoglycosides 
such as gentamicin or tobramycin did not cause any apparent 
rise in creatinine but caused significant increases in phos-
phorus concentration (Baer et al., 1983). It is not known if 
this is the result of direct assay interference or a physico-
chemical interaction. The clinical importance of the increase 
in phosphorus is doubtful.

Cefotaxime does not provoke a disulfiram-like reaction 
(Smith, 1982; Parker and Park, 1984). Cefotaxime has been 
reported to result in false elevation of serum theophylline 
levels when measured by high-performance liquid chroma-
tography (Gannon and Levy, 1984). Interference can be 
minimized by drawing theophylline levels just before giving 
cefotaxime doses. Piperine, a major constituent of black pep-
per, increases the bioavailability of cefotaxime in rats (Hiwale 
et al., 2002) although the clinical significance of this observa-
tion in humans is doubtful. Cefotaxime may interfere with the 
immunological response to the live orally ingested typhoid 
vaccine. Live-attenuated Ty21a vaccine should not be given 
until at least 3 days after the last dose of antibiotic and, if 
possible, antibiotics should not be started within 3 days of 
the last dose of Ty21a vaccine (Jackson et al., 2015).

As with other cephalosporins, cefotaxime may potentiate 
the nephrotoxic effects of nephrotoxic drugs such as amino-
glycosides, nonsteroidal anti-inflammatory drugs, and furo-
semide (Sanofi-Aventis, 2015). Probenecid decreases renal 
clearance by almost 50% by partially blocking tubular secre-
tion. When probenecid is administered concomitantly, cefo-
taxime serum levels are nearly doubled and also prolonged 
(Luthy et al., 1981). Administration of cefotaxime in excess of 
6 g/day should be avoided in patients receiving probenecid 
(Sanofi-Aventis, 2015).
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6. ADVERSE REACTIONS AND TOXICITY

Similar to most other cephalosporins, the majority of adverse 
effects attributable to cefotaxime are mild and transient.

6a.  Hypersensitivity reactions

Although reports are exceedingly rare, it could be expected 
that angioedema and bronchospasm, possibly culminating in 
anaphylactic shock may rarely occur (Sangaret et al., 1984). 
Hypersensitivity in the form of rash and pruritus, necessitat-
ing discontinuation of cefotaxime administration, occurs in 
about 2% of patients (Todd and Brogden, 1990). A case of 
Stevens-Johnson syndrome possibly associated with cefotax-
ime use has been reported, causing blisters on the skin and 
mucous membranes, fever, and prostration (Liberopoulos 
et al., 2003). Erythema multiforme is extremely rare but has 
been reported (Green et al., 1986). Drug fever has been 
reported in 0.4% patients (Todd and Brogden, 1990). A sin-
gle case of photo-induced telangiectasia has been reported in 
association with cefotaxime use (Borgia et al., 2000). Drug 
rash with eosinophilia and systemic symptoms (DRESS) syn-
drome (Fujiwaki et al., 2008) and acute generalized exan-
thematous pustulosis (Chaabane et al., 2010) can be induced 
by cefotaxime.

6b.  Cardiac toxicity

Cardiac arrhythmias have occurred when cefotaxime has been 
administered through a central venous line over 30 seconds 
or less (Kurowski et al., 1993). In this assessment, adminis-
tration of the drug over 3–5 minutes via the same route was 
not associated with this adverse effect.

6c.  Hematologic effects

Isolated cases of severe anemia, neutropenia, and thrombo-
cytopenia have been reported. A 21-month-old infant devel-
oped a severe, intravascular, immune complex mediated 
hemolytic anemia (nadir hemoglobin, 5.3 g/dl) while receiv-
ing cefixime. Anemia recurred 3 months later, after a single 
intramuscular dose of cefotaxime. The anemia fully resolved 
after discontinuation of the cefotaxime. It was thought that 
the hemolysis attributed to cefotaxime was due to nonim-
munologic adsorption of cephalosporin to the red blood 
cells of the patient (Li Volti et al., 1999). Other cases of 
immune hemolytic anemia have been reported (Salama et 
al., 1987; Shulman et al., 1990; Arndt et al., 1999). Neutro-
penia appears rare, with one case occurring in 772 evaluable 
patients in one study (Smith, 1982). A number of reports 
have documented neutropenia occurring during cefotaxime 
courses of more than 2 weeks (Mader et al., 1982a; Ohsawa 
and Furukawa, 1983; Murphy et al., 1985; McCluskey et al., 
1989); the neutropenia usually resolved in these cases within 
1 or 2 weeks after drug withdrawal. Thrombocytopenia was 
observed in 1 of 2505 patients receiving cefotaxime in one 

evaluation (Young et al., 1980) and in 29 of 764 (3.8%) in 
another (Smith, 1982).

6d.  Gastrointestinal side effects

Overall, gastrointestinal side effects of cefotaxime therapy 
occurred in 1.4% of patients treated in premarketing studies 
(Sanofi-Aventis, 2015). The most common symptoms are 
nausea, vomiting, and diarrhea. In the two large studies men-
tioned earlier, diarrhea was observed in 0.44–0.97% of patients, 
vomiting in 0.7%, abdominal pain in 0.1%, and mucosal can-
didiasis in 0.28% (Young et al., 1980; Jacobs et al., 1992).

Like many other antibiotics, prior cefotaxime use may be 
associated with subsequent C. difficile infection. Several recent 
reports have documented deaths attributed to C. difficile 
infection (Loo et al., 2005; McDonald et al., 2005; Muto et al., 
2005). In a recent study, matched logistic regression analysis 
revealed that exposure to third-generation cephalosporins 
(odds ratio: 3.0; 95% confidence interval: 1.4–6.8) were sig-
nificant independent risk factors for C. difficile–associated 
diarrhea (Loo et al., 2005). Previous investigations show that 
C. difficile colonization and C. difficile–associated diarrhea 
developed more frequently in patients on cefotaxime in 
comparison to ureido-penicillins, especially piperacillin–
tazobactam (de Lalla et al., 1989; Settle et al., 1998; Wilcox et 
al., 2004). Recently, two interventional studies revealed that 
restriction of use of third-generation cephalosporins resulted 
in a reduction of C. difficile–associated diarrhea (Khan and 
Cheesbrough, 2003; O’Connor et al., 2004).

6e.  Hepatotoxicity

Cefotaxime use has been associated with transient increases 
in liver function tests (Sanofi-Aventis, 2015). Increases in 
transaminases, alkaline phosphatase, and bilirubin occurred 
in 1.4, 7.9, and 2.2% of patients treated with cefotaxime, 
respectively (Smith, 1982). This is comparable to what is 
observed with other cephalosporins (Smith, 1982).

6f.  Effects on laboratory tests

Treatment with cephalosporins, including cefotaxime, may 
occasionally result in positive direct Coombs tests (Sanofi-
Aventis, 2015). Cephalosporanic nucleus of cefotaxime may 
interfere with oxidation–reduction reactions used in tests 
for determining the presence of urine glucose (Todd and 
Brogden, 1990), thus producing a false positive glucose result 
with copper reduction tests but not with enzyme-based tests 
for glycosuria (Sanofi-Aventis, 2015). There are no reports in 
the published literature that link elevations of plasma glucose 
levels to the use of cefotaxime (Sanofi-Aventis, 2015).

6g.  Neurologic and ophthalmic effects

Hallucinations, vertigo, or disorientation occurred in 0.3% of 
2,157 treated patients but no instances of epileptic seizures 
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or myoclonus were noted in this report (Smith, 1982). 
Cefotaxime-associated headache has been reported (Sanofi-
Aventis, 2015).

Intravenous administration of cefotaxime has not been 
associated with ocular toxicity. Intraocular administration of 
cefotaxime produced no significant changes in corneal endo-
thelium in a study of patients undergoing cataract surgery 
(Kramann et al., 2001).

6h.  Nephrotoxicity

Interstitial nephritis and increases in urea or creatinine have 
been noted occasionally in patients treated with cefotaxime 
(Sanofi-Aventis, 2015). Two cases of acute interstitial nephri-
tis have been reported. In a report of a 28-year-old man who 
had been given 500 mg cefotaxime i.m. daily for 5 days, cre-
atinine increased to 1460 mmol/l (16.6 mg/dl). A renal biopsy 
showed that the tubulointerstitium was infiltrated by chronic 
inflammatory cells, including occasional eosinophils. The 
patient required dialysis for 10 days before the renal func-
tion returned to normal (al Shohaib et al., 1996). A second 
case of acute interstitial nephritis related to cefotaxime treat-
ment was associated with ANCA-mediated renal vasculitis. 
Recovery of renal function and disappearance of ANCAs 
occurred when cefotaxime was discontinued (Feriozzi et al., 
2000).

6i.  Fungal superinfection

A 30-year-old woman died from Candida parapsilosis super-
infection during a 27-month course of cefotaxime for an 
unsubstantiated diagnosis of chronic Lyme disease (Patel et 
al., 2000). This case highlights the hazards of prolonged anti-
biotic therapy and its effects on microbial flora.

6j.  Injection site reactions

Local reactions following i.m. or i.v. injection occur in 4.3% 
of patients receiving cefotaxime (Sanofi-Aventis, 2015). In 
two large studies (comprising more than 2000 patients each), 
phlebitis was reported in 0.3–0.4% of patients receiving cefo-
taxime (Young et al., 1980; Jacobs et al., 1992). Phlebitis 
occurred with both bolus injections and i.v. infusions.

6k.  Risks in pregnancy and breastfeeding

Cefotaxime is a FDA pregnancy category B drug (Sanofi-
Aventis, 2015) and an Advisory Committee on Prescription 
Medicines category B1 agent (Advisory Committee on Pre-
scription Medicines, 2015). Like other cephalosporins, cefo-
taxime is generally considered safe for use in pregnancy 
(Weinstein, 1979; Schwarz, 1981). Cefotaxime has been 
reported to produce detectable concentrations in cord blood, 
amniotic fluid, and fetal blood (Cho et al., 1982). Previous 
studies show that the amount of cefotaxime excreted into 
breast milk after maternal administration is low (Kafetzis et 
al., 1981b; Takase, 1981). Cefotaxime is suggested to be safe 

for administration during breastfeeding (Matsuda, 1984; 
American Academy of Pediatrics Committee on Drugs, 
2001).

6l.  Fetal toxicity

The product information of the drug states that no evidence 
of fetal harm occurred in mice or rats (Sanofi-Aventis, 2015). 
No teratogenic effects related to cefotaxime use have been 
reported and there are no reports of adverse outcomes after 
inadvertent exposure during pregnancy (Berkowitz et al., 
1981; Sanofi-Aventis, 2015).

7. CLINICAL USES OF THE DRUG

Similar to ceftriaxone (see Chapter 27, Ceftriaxone), cefo-
taxime is effective in a wide variety of clinical indications.

7a.  Spontaneous bacterial peritonitis 

The causative organisms of SBP are usually those of the 
normal intestinal flora and hence E. coli, K. pneumonia, and 
streptococci are the most common causative organisms. SBP 
is only rarely caused by anaerobes or by more than one type 
of bacteria, so their presence in ascitic fluid should raise sus-
picion of secondary peritonitis. Third-generation cephalo-
sporins such as cefotaxime are the antibiotics of choice for 
SBP due to their broad antibacterial spectrum and extremely 
good safety profile (Runyon and Committee, 2009; European 
Association for the Study of the Liver, 2010; Jalan et al., 
2014).

Cefotaxime has been extensively studied in patients with 
SBP (Table 26.4). At least six randomized trials have evalu-
ated cefotaxime compared to other antibiotics for treatment 
of SBP (Felisart et al., 1985; Ariza et al., 1991; Navasa et al., 
1996; Ricart et al., 2000; Tuncer et al., 2003; Chen et al., 2005). 
In all of these trials, cefotaxime was at least as effective as 
comparators (Table 26.4). No difference in hospital- related 
mortality, bacteriologic cure, or recurrence of infection in 
patients occurred with SBP treated for long-term (10 days) 
treatment compared to those treated for short-term (5 days) 
treatment with cefotaxime (Runyon et al., 1991b). Ascitic 
fluid was sterilized in 94% of episodes after the first dose of 
antibiotic (Runyon et al., 1991a).

Randomized trials have evaluated the following i.v. dosing 
regimens of cefotaxime for this condition: 1 g every 6 hours, 
2 g every 4 hours, 2 g every 6 hours, and 2 g every 8 hours 
(Table 26.4). In a randomized trial, cefotaxime 2 g every 12 
hours was found to result in equivalent outcomes to 2 g every 
6 hours (Rimola et al., 1995a). Most guidelines recommend 
cefotaxime 2 g every 8 hours (Runyon and Committee, 
2009). Treatment with cefotaxime 2 g i.v. every 12 hours for 
5 days is recommended in the Danish guidelines (Bendtsen 
et al., 2012).

Despite this long track record of efficacy in management 
of SBP, concerns have been raised about the impact of emer-
gence of resistance mechanisms such as ESBLs (Paterson et 
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al., 1999). For example, in a study from Korea, 28% of iso-
lates from patients with SBP were cefotaxime resistant, and 
increasing rates of cefotaxime resistance were associated with 
higher rates of treatment failure (Park et al., 2003). Over the 
past decades, changes in the epidemiology of bacterial infec-
tions and antimicrobial resistance in the cirrhotic patient 
have been observed, as follows: (1) The wide-scale use of 
fluoroquinolones in the prophylaxis of SBP resulted in the 
emergence of fluoroquinolone-resistant bacteria (de Mattos 
et al., 2014); (2) Frequent hospitalizations, increasing degree 
of instrumentation, and exposure to broad-spectrum antibi-
otics in the cirrhotic patient have led to a growing prevalence 
of multidrug resistance in nosocomial and healthcare- 
associated settings worldwide (Acevedo, 2015); and (3) more 
Gram- positive and ESBL-producing Enterobacteriaceae are 
found in these settings in recent years (Runyon and AASLD, 
2013). Infections with these multidrug-resistant organisms 

in the cirrhotic patient are associated with a higher treatment 
failure and mortality (Fernandez et al., 2012). Therefore, the 
traditional empiric therapy with third-generation cephalo-
sporins can no longer be employed in areas with high preva-
lence of multidrug-resistant SBP (Acevedo, 2015). 

In general, cefotaxime and other third-generation cepha-
losporins continue to be used for community-acquired first 
SBP, as with the position paper of the European Association 
for the Study of the Liver (Jalan et al., 2014). By contrast, the 
empiric treatment of nosocomial and healthcare-associated 
SBP should be tailored according to the local epidemiologic 
pattern of multidrug-resistant bacteria (Jalan et al., 2014). 
The use of antibiotics other than third-generation cephalo-
sporins (e.g. carbapenems) is recommended in cases of nos-
ocomial SBP and either prior hospitalization with antibiotic 
treatment or long-term antibiotic prophylaxis (Wiest et al., 
2012). 

Table 26.4. Summary of results of randomized trials of cefotaxime in patients with spontaneous bacterial peritonitis 

Reference Treatment regimen
No. of 
episodes Outcomes Mortality

Felisart et al. (1985) Cefotaxime (2 g every 4 hours) vs. 
ampicillin (2 g every 4 hours) + 
tobramycin (1.75 mg/kg every 
8 hours) for severe infections

  73 (44 with 
SBP)

Cure, 85% vs. 56% (p < 0.02); 
superinfection, 0% vs. 16% 
(p < 0.02); nephrotoxicity, 
0% vs. 2%

Infection-related mortality, 
19% vs. 31% (NS); 
hospital mortality, 27% 
vs. 39% (NS)

Ariza et al. (1991) Cefotaxime (1 g every 6 hours) vs. 
aztreonam (500 mg every 8 
hours)

 52 Relapse, 5% vs. 9.5% (NS); 
superinfection, 0% vs 14.2% 
(NS)

Infection-related mortality, 
12.5% vs. 17.8% (NS); 
hospital mortality, 58% 
vs. 43% (NS)

Runyon et al. (1991b) Cefotaxime (2 g every 8 hours for 
5 days) vs. cefotaxime (2 g 
every 8 hours for 10 days)

 90 Cure, 93% vs. 91% (NS); 
recurrence, 12% vs. 13% (NS)

Infection-related mortality, 
0% vs. 4% (NS); hospital 
mortality, 33% vs. 43% 
(NS)

Rimola et al. (1995b) Cefotaxime (2 g every 6 hours) vs. 
cefotaxime (2 g every 12 hours)

143 Infection resolution, 77% vs. 79% 
(NS)

Hospital mortality, 31% vs. 
21% (NS)

Navasa et al. (1996) Cefotaxime (2 g every 6 hours 
i.v.) vs. ofloxacin (400 mg every 
12 hours p.o.)

123 Infection resolution, 85% vs 84% 
(NS)

Hospital mortality, 19% vs 
.19% (NS)

Sort et al. (1999) Cefotaxime (dosages varied 
according to the serum 
creatinine level) with vs. 
without albumin (1.5 g/kg iv, 
then 1 g/kg on day 3)

126 Infection resolution, 98% vs. 94% 
(NS); renal failure, 10% vs. 
33% (p = 0.002)

Hospitalization mortality, 
10% vs. 29%

(p = 0.01)

Ricart et al. (2000) Cefotaxime (1 g every 6 hours 
i.v.) vs. amoxicillin–clavulanate 
(1.2 g every 8 hours i.v., then 
625 mg three times a day p.o.)

 48 Infection resolution, 83.3% vs. 
87.5% (NS)

Hospital mortality, 20.8% 
vs. 12.5% (NS)

Tuncer et al. (2003) Cefotaxime (2 g every 8 hours 
i.v.) vs ceftriaxone (2 g every 
day i.v.) vs. ciprofloxacin (500 
mg twice a day p.o.)

 49 Infection resolution, 76% vs. 83% 
vs. 80% (NS)

Hospital mortality, 11.7% 
vs. 17.6% vs. 13.3% (NS)

Chen et al. (2005) Cefotaxime (1 g every 6 hours) vs. 
amikacin (500 mg every day)

 37 Cure, 78.9% vs. 61.1% (NS); 
nephrotoxicity, 5.3% vs. 5.6%

Infection-related mortality, 
0% vs. 16.7% (NS); 
hospital mortality, 21.1% 
vs. 27.8% (NS)

Abbreviations: SBP: spontaneous bacterial peritonitis; NS: statistically not significant.
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7b.  Peritonitis complicating peritoneal 
dialysis

Gram-negative organisms, especially Enterobacteriaceae, 
account for 20–30% of all peritoneal dialysis (PD) related 
peritonitis (Szeto et al., 2006). Cefotaxime has been used 
intraperitoneally for treatment of PD peritonitis in children 
and adults (Bald et al., 1990; Bouchet et al., 1991). The intra-
peritoneal use of cefotaxime is recommended for the treat-
ment of PD peritonitis caused by susceptible E. coli and 
Klebsiella spp. in pediatric patients receiving PD by the 
International Society for Peritoneal Dialysis (Warady et al., 
2012). However, cefepime may be preferred to cefotaxime 
and ceftriaxone in such conditions (Warady et al., 2012).

7c.  Biliary tract infections

Biliary tract infections are polymicrobial in 30–80% of cases 
(Westphal and Brogard, 1999). The most common bacteria 
isolated are of colonic origin (van den Hazel et al., 1994), 
although anaerobes are rarely the sole infecting organisms. 
Recovery of anaerobes appears to be more common in 
patients with a history of biliary surgery, especially those with 
a bile duct–bowel anastomosis, in patients with a chronic bil-
iary tract infection, and in the elderly (van den Hazel et al., 
1994; Westphal and Brogard, 1999). In the initial stage of 
treatment of biliary tract infections (e.g. acute cholangitis 
related to biliary tract obstruction) selection of antibiotics 
with good biliary penetration may not clinically relevant 
because biliary excretion of any antibiotic is minimal in 
patients with obstructed biliary tract (van den Hazel et al., 
1994).

Cephalosporins are widely used for the treatment of bili-
ary tract infections (Bornman et al., 2003; Gomi et al., 2013) 
but poorly evaluated. No randomized clinical trials have eval-
uated cefotaxime for cholangitis. Some third- and fourth- 
generation cephalosporins, such as cefotaxime, ceftriaxone, 
ceftazidime, and cefepime, are recommended for the treat-
ment of biliary tract infections, including acute cholangitis 
and cholecystitis, in recently published guidelines (Solomkin 
et al., 2010; Gomi et al., 2013). Cefotaxime can be considered 
as an alternative treatment modality for biliary tract infec-
tions, so long as P. aeruginosa is not a likely pathogen (Mosler, 
2011; Gomi et al., 2013; Kochar and Banerjee, 2013). Cefo-
taxime, as with ceftriaxone, is not recommended for the treat-
ment of healthcare-associated acute biliary tract infections 
(Gomi et al., 2013).

7d.  Neonatal necrotizing enterocolitis

Although no definitive infectious etiology is known to cause 
neonatal necrotizing enterocolitis (NEC) (Neu, 2014; Coggins 
et al., 2015), antimicrobial therapy against Gram-positive 
and Gram-negative organisms is essential. Anaerobic cover-
age should be considered, especially if pneumoperitoneum 
is suspected or confirmed (Kafetzis et al., 2003; Lin and Stoll, 

2006; Neu and Walker, 2011). In infants with very low birth 
weight (≤ 1500 g), antianaerobic antimicrobial therapy 
(defined as antibiotic exposure on the first day of NEC) was 
associated with an increase in intestinal strictures (odds 
ratio: 1.73; 95% confidence interval: 1.11–2.72) and among 
infants with surgical NEC had lower mortality (odds ratio: 
0.71; 95% confidence interval: 0.52–0.95) (Autmizguine et 
al., 2015). Parenteral antibiotics are widely used for the treat-
ment of NEC, but there is sparse evidence guiding the choice 
of antibiotics and duration of therapy (Kasivajjula and 
Mahesh wari, 2014). Various antibiotic regimens can be 
used; one frequently used regimen includes vancomycin, 
cefotaxime, and clindamycin or metronidazole. In one non-
randomized evaluation, neonates receiving cefotaxime and 
vancomycin had a better outcome than historical controls 
receiving ampicillin plus gentamicin (Scheifele et al., 1987). 
Major complications were observed in 33% (10/30) receiving 
cefotaxime and vancomycin vs. 68.4% (26/38) receiving 
ampicillin plus gentamicin (p = 0.004). Significantly higher 
mortality was observed in those receiving ampicillin + gen-
tamicin (Scheifele et al., 1987). However, the lack of random-
ization in this study makes these findings hard to interpret.

7e.  Other intraabdominal infections

Cefotaxime is a potentially appropriate antibiotic for therapy 
of complicated intraabdominal infections for which the usual 
causative organisms are the Enterobacteriaceae and anaero-
bic organisms, particularly B. fragilis. Because cefotaxime 
lacks antianaerobic activity it should be used in combination 
with an antibiotic with antianaerobic activity (e.g. metroni-
dazole) in this setting. Guidelines of the Surgical Infection 
Society and the IDSA include cefotaxime plus metronidazole 
as an appropriate regimen for mild to moderate community- 
acquired (complicated) intraabdominal infections in adults 
(Solomkin et al., 2010). A third-generation cephalosporin 
plus metronidazole is also mentioned for the treatment of 
community-acquired intraabdominal infections with mild 
to moderate severity in the Canadian (Chow et al., 2010) and 
proposed Asian guidelines (Hsueh and Hawkey, 2007).

A number of randomized trials have evaluated cefotaxime 
(particularly in combination with metronidazole) in the man-
agement of complicated intraabdominal infections, typically 
demonstrating similar efficacy to piperacillin–tazobactam, 
ciprofloxacin plus metronidazole and tobramycin plus met-
ronidazole (Stone et al., 1981; Stone et al., 1982; Biron et 
al., 1984; Hoogkamp-Korstanje, 1995; Maltezou et al., 2001; 
Hansson et al., 2009). Two studies have evaluated cefotaxime 
plus metronidazole vs. meropenem but have yielded differ-
ent results (Huizinga et al., 1995; Kempf et al., 1996). In one 
of these studies, more failures were seen with cefotaxime plus 
metronidazole, although cefotaxime-resistant organisms were 
only rarely associated with treatment failure (Kempf et al., 
1996).

Because healthcare-associated intraabdominal infections 
are caused by more resistant flora, including P. aeruginosa, 
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Acinetobacter spp., ESBL-producing Klebsiella and E. coli, 
Entero bacter spp., Proteus spp., MRSA, enterococci, and 
Candida spp., cefotaxime may be less appropriate for this sit-
uation when complex multidrug regimens may be necessary 
(Solomkin et al., 2010).

Typically, daily i.v. doses of 4–6 g (most commonly 2 g 
every 8 hours) are used for these infections. In published 
literature, 1 g every 8 hours (Mehtar et al., 1997), 1 g every 
6  hours (Hoogkamp-Korstanje, 1995), 2 g every 8 hours 
(Biron et al., 1984; Huizinga et al., 1995; Kempf et al., 1996), 
and 2 g every 12 hours (Aprahamian et al., 1995) have been 
used. Intravenous cefotaxime dosages for empiric treatment 
of complicated intraabdominal infections are 1–2 g every 
6–8 hours in adults and 150–200 mg/kg/day in three to four 
divided doses in children (Solomkin et al., 2010).

7f.  Shigellosis

Antimicrobial therapy for shigellosis shortens the duration 
of fever and diarrhea and reduces the excretion of infectious 
organisms in stool (Ashkenazi, 2004; Thielman and Guer-
rant, 2004). Most Shigella isolates are now often resistant to 
ampicillin, trimethoprim–sulfamethoxazole, and tetracyclines 
(Ashkenazi, 2004; Sur et al., 2004). Fluoroquinolones, third- 
generation cephalosporins, or azithromycin are recommended 
for the treatment of shigellosis (Guerrant et al., 2001; 
Manatsathit et al., 2002; Ashkenazi, 2004; Thielman and 
Guerrant, 2004; Klontz and Singh, 2015). Fluoroquinolones 
or azithromycin have advantages in that they can be admin-
istered orally. Use of third-generation cephalosporins (exclu-
sively ceftriaxone) has been investigated (Eidlitz-Marcus et 
al., 1993). However, resistance to third-generation cephalo-
sporins, mediated by ESBLs, has been reported with Shigella 
(Zhang et al., 2011; Taneja et al., 2012; Zhang et al., 2014). 
More worrying, some of these cephalosporin-resistant 
Shigella isolates were also resistant to fluoroquinolones 
(CDC, 2010; Zhang et al., 2011; Zhang et al., 2014; Kim et al., 
2015). 

7g.  Typhoid fever

Historically, typhoid fever was treated with chlorampheni-
col, ampicillin, or trimethoprim–sulfamethoxazole, but anti-
microbial resistance is now widespread (Parry et al., 2002). 
Since the late 1980s, resistance to all of these first-line antibi-
otics has been noted worldwide (Crump et al., 2015; Kariuki 
et al., 2015). Consequently, fluoroquinolones and third-gen-
eration cephalosporins have been increasingly used (Crump 
and Mintz, 2010), but resistance to fluoroquinolones has in 
turn emerged and been associated with treatment failures 
(Tatavarthy et al., 2014; see Chapter 101, Ciprofloxacin). In 
vitro synergy of the combination of cefotaxime and cipro-
floxacin against nalidixic acid–resistant typhoidal salmonel-
lae was demonstrated in time-kill studies, but the clinical 
relevance of this is uncertain (Kim et al., 2010; Neupane et 
al., 2010). 

However, resistance of Salmonella Typhi to third- 
generation cephalosporins such as cefotaxime remains rare 
(Saha et al., 1999; Commons et al., 2012). Third-generation 
cephalo sporins, including cefotaxime and ceftriaxone, and 
azithromycin are currently reliable alternative agents for 
quinolone-resistant typhoid fever (Crump and Mintz, 2010; 
Tatavarthy et al., 2014; Kariuki et al., 2015). Where isolates 
have been found to be quinolone-susceptible, standard doses 
of a quinolone—for example, 500 mg ciprofloxacin twice 
daily—may also be used (Connor and Schwartz, 2005). In 
small studies, cefotaxime has been found to be effective for 
typhoid or paratyphoid fever (Soe and Overturf, 1987).

Cefotaxime can be administered for the treatment of 
 fluoroquinolone-resistant or multidrug-resistant typhoid fever 
in a dose of 2–4 g/day in two to three doses for 10–14 days 
(WHO, 2003). In children with quinolone-resistant or multi-
drug resistant disease, it can be administered 40–80 mg/kg/
day in the same divided doses as in adults (Parry et al., 2002; 
WHO, 2003).

7h.  Nontyphoidal salmonellosis

Gastroenteritis, caused by Salmonella spp. is usually a self- 
limiting infection and does not require antibiotic treatment. 
However, in some immunocompromised patients (e.g. the 
newborn, the elderly, and those with AIDS or neoplasms), 
there is a greater risk of developing a severe extraintestinal 
complications, and in these cases, antibiotic treatment is rec-
ommended. Because resistance to trimethoprim–sulfame-
thoxazole and ampicillin is common, use of a third-generation 
cephalosporin or fluoroquinolone is reasonable if suscepti-
bilities are unknown (Hohmann, 2001). Notably, however, 
resistance of nontyphoidal salmonellae to third-generation 
cephalosporins is increasing, mediated by either ESBLs or 
AmpC-type beta-lactamases (Miriagou et al., 2004; Kariuki 
et al., 2015). In limited studies, cefotaxime appeared effective 
in the treatment of bloodstream infections and other inva-
sive disease caused by nontyphoidal salmonellae (Soe and 
Overturf, 1987; Lepage et al., 1990).

Combination of cefotaxime and ciprofloxacin elicited syn-
ergistic activity against nalidixic acid–resistant nontyphoidal 
salmonellae in in vitro time-kill studies, but this is of uncer-
tain clinical significance (Chang et al., 2009). 

7i.  Diarrhea caused by Vibrio spp.

Vibrio cholerae is likely to be susceptible to cefotaxime 
(Sciortino et al., 1996), although a study from India showed 
that just 73.8% of isolates were susceptible to the antibiotic 
(Mathur et al., 2003). In most cases of clinically significant 
cholera, tetracycline or doxycycline are the antibiotics of 
choice for adult patients (Sack et al., 2004). However, in areas 
in which tetracycline resistance is widespread, fluoroquino-
lones or macrolides may be useful. Children may be treated 
with macrolides. Cefotaxime is not typically used for chol-
era. However, nonserogroup O1 V. cholerae bacteremia and 



444 Cefotaxime

cerebritis have been successfully treated with cefotaxime, with 
subsequent ciprofloxacin therapy (Suankratay et al., 2001).

7j.  Infections caused by Yersinia 
enterocolitica, Y. pseudotuberculosis, 
and Y. pestis

Among isolates of Yersinia enterocolitica or Y. pseudotubercu
losis 99% are susceptible to cefotaxime (Lemaitre et al., 1991; 
Preston et al., 1994; Stock and Wiedemann, 1999; Rastawicki 
et al., 2000; Abdel-Haq et al., 2006), but clinical experience 
with use of the drug for yersiniosis is very sparse. Typically, 
patients with gastroenteritis do not derive benefit from 
antibiotic therapy. However, antibiotic therapy is indicated 
for more severe or protracted gastrointestinal or mesenteric 
nodal infection, especially in immunocompromised individ-
uals, and for bacteremic and deep-seated tissue infections 
(Smego et al., 1999). Third-generation cephalosporins or flu-
oroquinolones, the best therapeutic options, are warranted 
to treat enterocolitis in immunocompromised hosts and 
in patients with bacteremia or invasive infection (Fabrega 
and Vila, 2012). Gayraud et al. (1993) have described more 
than 50 cases of Y. enterocolitica bloodstream infection, the 
majority of which were treated with third-generation cepha-
losporins, including cefotaxime in 18 patients, usually in com-
bination with fluoroquinolones or aminoglycosides. Failure 
has been observed with cefotaxime despite in vitro suscepti-
bility (Noble, 1989), and it has been suggested that ceftriax-
one is the preferred third-generation cephalosporin for this 
infection because of its high intracellular concentrations and 
activity in animal models (Kuhn et al., 1986; Scavizzi et al., 
1987; Lemaitre et al., 1991; Gayraud et al., 1993). 

Y. pestis is typically susceptible to cefotaxime (Hernandez 
et al., 2003), with an MIC50 and MIC90 < 0.03 µg/ml (Frean et 
al., 1996). The efficacy of cefotaxime in treating the plague 
has been shown in animal models (Bonacorsi et al., 1994; 
Samokhodkina et al., 1994; Romanov et al., 2001), although 
ceftriaxone is considered the preferred cephalosporin by some 
authors (Ryzhko et al., 1996; Ryzhko et al., 1997). There are 
no published clinical data on use of cefotaxime for human 
plague infections. 

7k.  Bacterial meningitis

The third-generation cephalosporins (especially cefotaxime 
and ceftriaxone) have revolutionized treatment of bacterial 
meningitis. Cefotaxime or ceftriaxone are recommended for 
empiric therapy of bacterial meningitis in children older than 
1 month and in adults (Tunkel et al., 2004; van de Beek et al., 
2012; Le Saux and Canadian Paediatric Society Infectious 
Diseases Immunization Committee, 2014). Cefotaxime is 
specifically recommended as empiric therapy for neonatal 
meningitis in combination with ampicillin (Tunkel et al., 
2004; van de Beek et al., 2012). Ceftriaxone use is generally 
not recommended for neonates because cases of fatal reac-
tions have been observed when ceftriaxone–calcium precipi - 

tates developed in the lungs and kidneys in both term and 
premature neonates (Runel Belliard and Sibille, 2007). In 
addition, bilirubin is “displaced” from albumin by ceftriax-
one, thereby increasing the risk of neonatal jaundice (Gulian 
et al., 1987; Wadsworth and Suh, 1988; Martin et al., 1993). A 
third-generation cephalosporin (cefotaxime or ceftriaxone) 
plus vancomycin should be considered for empiric therapy 
in patients with nosocomial bacterial meningitis that occurs 
after basilar skull fracture or early after otorhinologic surgery 
(van de Beek et al., 2010). Neither cefotaxime or ceftriaxone 
is regarded as appropriate empiric therapy for bacterial men-
ingitis occurring after penetrating head trauma, postneuro-
surgery, or in patients with CSF shunt infections (Tunkel et 
al., 2004; van de Beek et al., 2010). Recommended dosing 
regimens for cefotaxime for the treatment of bacterial men-
ingitis for infants and children are 225–300 mg/kg/day given 
in three to four divided doses and 8–12 g/day in four to six 
divided doses for adults (Tunkel et al., 2004; van de Beek et 
al., 2012).

The following attributes of cefotaxime favor its use in bac-
terial meningitis. First, its in vitro spectrum usually covers 
the leading causes of bacterial meningitis—namely N. men
ingitidis, S. pneumoniae, H. influenza, and in certain popula-
tions, E. coli and Klebsiella spp. It is important that cefotaxime 
does not have substantial in vitro activity against L. mono
cytogenes so ampicillin should always be added to cefotaxime 
in neonates, the elderly, and the immunocompromised. The 
drug is also inappropriate for some strains of cephalosporin- 
resistant S. pneumoniae and ESBL-producing E. coli or K. 
pneumoniae. Second, cefotaxime has reasonable penetra-
tion into the CSF in patients with inflamed meninges. Using 
pharmacokinetic/pharmacodynamic modeling, susceptible 
organisms causing meningitis should be regarded as those 
with MICs of ≤ 0.06 µg/ml when doses of 2 g of cefotaxime 
every 8 hours are used (Burgess et al., 2007). As noted earlier, 
the dosing regimen for cefotaxime in therapy of bacterial 
meningitis differs from that recommended for other infec-
tions. For example, for adults, 2 g every 4–6 hours is recom-
mended in contrast to 2 g every 8 hours for other infections 
(see section 4, Mode of drug administration and dosage).

Randomized trials on the use of cefotaxime for bacterial 
meningitis were performed in the 1980s and 1990s and eval-
uated more than 300 patients receiving cefotaxime (Haffejee, 
1984; Wells et al., 1984; Jacobs et al., 1985; Odio et al., 1986; 
Haffejee, 1988; Peltola et al., 1989; Klugman and Dagan, 1995; 
Saez-Llorens et al., 1995; Schmutzhard et al., 1995; Scholz 
et al., 1998; Odio et al., 1999). In no study was cefotaxime 
found to be inferior to comparator antibiotics (Table 26.5). 
Comparator agents have included ceftriaxone, cefepime, 
mero penem, penicillin plus gentamicin, and ampicillin plus 
chloramphenicol. The majority of studies have assessed 
infants and children rather than adults. Of those randomized 
trials, one investigated the efficacy of continuous vs. bolus 
infusion of cefotaxime in bacterial meningitis (Pelkonen et 
al., 2011). In a trial of 723 children with bacterial meningitis 
mostly caused by H. influenzae type b, S. pneumoniae, or N. 
meningitidis, a predefined subgroup analysis showed that, in 
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Table 26.5. Summary of results of randomized trials of cefotaxime in patients with bacterial meningitis.

Reference Treatment regimen
No. 

patients Age group Outcomes Death rate

Wells et al. (1984) Cefotaxime (50 mg/kg every 6 hours) 
vs. ampicillin (50–100 mg/kg every 
6 hours) + chloramphenicol 
(25 mg/kg every 6 hours) or 
gentamicin for 2 neonates

 30 Neonates, infants, 
and children

Neurologic sequelae, 
16.7% vs. 27.8%

0% vs. 5.6%

Jacobs et al. (1985) Cefotaxime (50 mg/kg every 6 hours) 
vs. ampicillin (50–100 mg/kg every 
6 hours) + chloramphenicol 
(25 mg/kg every 6 hours)

 50 Neonates, infants, 
and children

Clinical cure, 100% vs. 
96%

21.7% vs. 3.7%

Odio et al. (1986) Cefotaxime (50 mg/kg every 6 hours) 
vs. ampicillin (50 mg/kg every 
6 hours) + chloramphenicol 
(25 mg/kg every 6 hours)

 85 Infants and 
children

Sterile CSF at 24 hours, 
100% vs. 84% (NS)

7% vs. 7%

Haffejee (1988) Cefotaxime (100–200 mg/kg/d in 
two to three doses) vs. penicillin G 
(0.5–1 MU every 6 hours) + 
chloramphenicol (80–100 mg/kg/
day in three to four doses)

 31 Infants and 
children

Neurologic sequelae, 
0% vs. 6.7%

12.5% vs. 20%

Peltola et al. (1989) Cefotaxime (150 mg/kg/day), or 
ceftriaxone (100 mg/kg/day), 
chloramphenicol (100 mg/kg/day), 
ampicillin (250 mg/kg/day initially 
with chloramphenicol)

200 Infants and 
children

Treatment failure, 3.9% 
vs. 2% vs. 18.9% vs. 
0%; microbiologic 
failures in 7.5% with 
chloramphenicol

7.8% vs. 2.0% vs. 
5.7% vs. 2.2%

Klugman and Dagan 
(1995)

Cefotaxime (75–100 mg/kg every 8 
hours) vs. meropenem (40 mg/kg 
every 8 hours)

190 Infants and 
children

Neurologic sequelae, 
4.3% vs. 12%; 
bacterial eradication 
100% in both

2.2% vs. 0%

Saez-Llorens et al. 
(1995)

Cefotaxime (50 mg/kg every 6 hours) 
vs. cefepime (50 mg/kg every 8 
hours)

 90 Infants and 
children

Audiologic and/or 
neurologic sequelae, 
15% vs 16%

9% vs. 5%

Schmutzhard et al. 
(1995)

Cefotaxime (75–100 mg/kg every 8 
hours) vs. ceftriaxone (80 mg/kg 
every day) vs. meropenem (40 mg/
kg every 8 hours)

 45 Adults Clinical cure, 25% vs. 
20% vs. 100%; 
neurologic sequelae, 
33.3% vs. 0% vs. 
13.0%

8.3% vs. 0% vs 
13.0% (none 
related to 
treatment)

Scholz et al. (1998) Cefotaxime (200 mg/kg/day) vs. 
ceftriaxone (100 mg/kg/day, then 
75 mg/kg/day)

 82 Infants and 
children

Cure without sequelae, 
71.1% vs. 79.5% (NS); 
neurologic sequelae, 
23.6% vs. 13.7% (NS)

5.3% vs. 6.8%

Odio et al. (1999) Cefotaxime (45 mg/kg every 6 hours) 
vs. meropenem (40 mg/kg every 
8 hours)

154 Infants and 
children

Cure without sequelae, 
56% vs. 46%

4% vs. 3%

Pelkonen et al. 
(2011)

Cefotaxime (250 mg/kg/d over 24 
hours or in four doses) + parac-
etamol (30 mg/kg, then 20 mg/kg 
four times a day for 48 hours) or 
placebo

723 Infants and 
children

Death or any sequelae 
of cefotaxime infusion 
plus placebo vs. bolus 
plus placebo in pneu- 
mococcal meningitis 
(OR: 0.18; 95% CI: 
0.03–0.90; p = 0.04)

Cefotaxime infusion 
plus paracetamol 
vs. all other 
groups at 24 
hours (p = 0.041), 
48 hours (p = 
0.0005), and 72 
hours (p = 0.005)

Abbreviations: CSF: cerebrospinal fluid; NS: statistically not significant; OR: odds ratio; CI: confidence interval.
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children with pneumococcal meningitis, continuous infu-
sion of cefotaxime was significantly less likely to die or have 
sequelae than bolus infusion (odds ratio: 0.18; 95% confi-
dence interval: 0.03–0.90; p = 0.04). In addition, a post hoc 
analysis suggested that cefotaxime infusion plus paracetamol 
lowered mortality at least during the first 3 days, irrespective 
of cause (Pelkonen et al., 2011).

However, treatment failures associated with cefotaxime or 
ceftriaxone administration for meningitis due to S. pneumo
niae with elevated cefotaxime MICs have been reported since 
the early 1990s (Kaplan and Mason, 1998). Eleven treatment 
failures with cefotaxime for pneumococcal meningitis were 
reviewed by Kaplan and Mason (1998). Doses in children were 
typically 200 mg/kg/day. The treatment failures were usually 
associated with isolates with cefotaxime MICs ≥ 2.0 µg/ml, 
although some isolates had cefotaxime MICs of 0.5–1.0 µg/ml 
(Kaplan and Mason, 1998). Most of these patients were suc-
cessfully treated with the addition of vancomycin. In a sepa-
rate report by this group, a series of patients was successfully 
treated with cefotaxime (200–225 mg/kg/day) when the MIC 
for these agents was 0.5–1.0 µg/ml (Tan et al., 1994). Current 
CLSI breakpoints for S. pneumoniae and cefotaxime for men-
ingitis are susceptible: ≤ 0.5 µg/ml (CLSI, 2007). The reason 
that IDSA guidelines for empiric management of bacterial 
meningitis call for addition of vancomycin to cefotaxime–
ceftriaxone is because of the possibility of pneumococcal iso-
lates with elevated cephalosporin MICs. In a rabbit meningitis 
model, even high doses of ceftriaxone alone did not result 
in effective bactericidal activity and killing in the CSF for a 
pneumococcal isolate with a ceftriaxone MIC of 2–4 µg/ml 
(Friedland et al., 1993). However, the combination of vanco-
mycin and ceftriaxone was synergistic and superior to van-
comycin alone (Friedland et al., 1993). Addition of rifampicin 
to a third-generation cephalosporin plus vancomycin should 
be considered when the MIC of cefotaxime–ceftriaxone is 
≥ 2 µg/ml (Tunkel et al., 2004).

The majority of N. meningitidis isolates are susceptible to 
penicillin G, although strains with reduced susceptibility 
have been reported (Blondeau and Yaschuk, 1995; Jorgensen 
et al., 2005). Meningococcal strains moderately resistant to 
penicillin G are fully susceptible to cefotaxime or ceftriaxone 
(Blondeau and Yaschuk, 1995; Jorgensen et al., 2005; Ber-
trand et al., 2012); thus cefotaxime is a suitable drug if a 
strain of this type is involved. In patients with meningococ-
cal meningitis, the third-generation cephalosporins are rec-
ommended in patients with meningitis caused by strains that 
are not susceptible to penicillin (MIC ≥ 0.12 µg/ml) (van de 
Beek et al., 2006; Le Saux and Canadian Paediatric Society 
Infectious Diseases Immunization Committee, 2014). At least 
eight patients infected with N. meningitidis with reduced sus-
ceptibility to cefotaxime (MIC 0.5–> 32 µg/ml) have been 
described in India (Manchanda and Bhalla, 2006).

Cefotaxime or ceftriaxone is a good option for patients 
with meningitis due to H. influenzae strains resistant to ampi-
cillin. Cefotaxime–ceftriaxone is recommended because of 
its superior sterilization of the CSF and the lower incidence 
of hearing loss as compared with that following treatment 

with other cephalosporins, such as cefuroxime (Radetsky, 
1992).

7l.  Brain abscess

Cefotaxime is also an ideal drug for the therapy of bacterial 
brain abscess in adults and children (Sjolin et al., 1991; Sjolin 
et al., 1993; Felsenstein et al., 2013), although in most cir-
cumstances it should be combined with metronidazole to 
provide coverage against Gram-negative anaerobes. Cefo-
taxime is effective against S. milleri, methicillin-susceptible 
Staphylococcus aureus (MSSA), and non-ESBL-producing 
E. coli (Sjolin et al., 1991; Saez-Llorens, 2003; Jansson et al., 
2004). Recently, a case of postoperative meningitis and epi-
dural abscess due to ESBL-producing K. pneumoniae was 
reported, and this patient was successfully treated with mero-
penem and chronic suppression with oral trimethoprim– 
sulfamethoxazole (Yaita et al., 2012).

High-dose cefotaxime (3 g every 8 hours), combined with 
metronidazole, has been reported to be effective for the treat-
ment of brain abscess (Sjolin et al., 1993; Gomez et al., 1995; 
Jansson et al., 2004). The preferred i.v. daily dosage in adults 
is cefotaxime 2 g every 4–6 hours (Brouwer et al., 2014). 
Guidelines from the UK and Japan recommend cefotaxime 
2 g every 6 hours (BSAC, 2000; JSC, 2011).

7m.  Community-acquired pneumonia

Cefotaxime is active against the usual respiratory pathogens 
that cause community-acquired pneumonia (CAP) such as 
S. pneumoniae, H. influenzae, and M. catarrhalis, although 
lacks coverage against “atypical” organisms such as M. pneu
moniae, C. pneumoniae, and Legionella spp. Cefotaxime or 
ceftriaxone is frequently used in combination with a mac-
rolide as empiric treatment of CAP. Such a combination is 
recommended in the most recent IDSA/American Thoracic 
Society guidelines (Mandell et al., 2007) for CAP requiring 
inpatient hospitalization, although other national guidelines 
recommend penicillin (Antibiotic Expert Group, 2014). Cefo-
taxime (or ceftriaxone) is an effective parenteral agent for 
treatment of pneumococcal pneumonia without meningitis, 
for strains with reduced susceptibility to penicillin but with 
MICs of cefotaxime or ceftriaxone of < 2 µg/ml (Friedland, 
1995; Pallares et al., 1995; Choi and Lee, 1998; Feikin et al., 
2000; Heffelfinger et al., 2000; CLSI, 2007). It is notable, how-
ever, that unlike for meningitis, penicillin G continues to 
provide excellent clinical efficacy for CAP caused by penicillin- 
intermediate and penicillin-resistant strains of S. pneumo
niae. The use of cefotaxime for CAP is supported by data from 
numerous randomized trials in adults and children from 
1980 to 2005 (Jenkinson et al., 1980; Miki and Shiota, 1980; 
Perkins, 1982; Diaz-Mitoma et al., 1985; Jenkinson, 1985; 
Yangco et al., 1987; Vogel and Lode, 1991; Dansey et al., 1992; 
Barckow and Schwigon, 1993; Cronberg et al., 1995; Boccazzi 
et al., 1998; Cordero et al., 2001; Leroy et al., 2005). 

For pneumonia, diverse dosing regimens have been used: 
1–2 g every 4 hours (Yangco et al., 1987), 1 g every 12 hours 
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(Dansey et al., 1992), 100 mg/kg in two to three doses 
(Boccazzi et al., 1998), 1 g every 8 hours (Leroy et al., 2005), 
2 g every 12 hours (Cronberg et al., 1995; Keller, 1995; Shah 
and Stille, 1995), 2 g every 8 hours (Barckow and Schwigon, 
1993; Cordero et al., 2001), and 2 g every 6 hours (Torres et al., 
1989). The European Respiratory Society recommend cefo-
taxime 2 g i.v. every 6 hours for the treatment of hospitalized 
patients with suspected pneumococcal pneumonia; it should 
be adequate for strains with penicillin MIC of ≤ 8 µg/ml 
(Woodhead et al., 2011). Recommended i.v. doses of cefotax-
ime for adults with CAP vary, depending on the guidelines: 
1 g every 8 hours in Canada (Mandell et al., 2000a), Sweden 
(Spindler et al., 2012), and the UK (Lim et al., 2009), 1 g 
every 6 hours in the Netherlands (Wiersinga et al., 2012), and 
2 g every 8 hours in Spain (Hoffken et al., 2010). Cefotaxime 
150 mg/kg/day in 3 doses is recommended for children in 
the USA (Bradley et al., 2011).

7n.  Nosocomial pneumonia

Nosocomial pneumonia may be caused by a wide variety of 
bacterial pathogens and can be polymicrobial. Common 
pathogens include aerobic Gram-negative bacilli (e.g. E. coli, 
K. pneumoniae, Enterobacter spp, P. aeruginosa, Acinetobacter 
spp), and Gram-positive cocci such as MRSA (ATS/IDSA, 
2005). As previously noted, neither cefotaxime nor ceftriaxone 
provide appropriate therapy against many of these patho-
gens. Thus ceftriaxone is regarded as an appropriate choice 
for hospital-acquired pneumonia in patients without risk 
factors for these multidrug-resistant organisms (ATS/IDSA, 
2005). It would seem reasonable to extrapolate to include 
cefotaxime in this recommendation (Chastre, 2003). A num-
ber of randomized trials have shown positive outcomes when 
cefotaxime was used for hospital-acquired pneumonia, with 
cure rates of 86–93% (Torres et al., 1989; Fernandez-Guerrero 
et al., 1991; Garber et al., 1992; Shah and Stille, 1995; Cordero 
et al., 2001). Risk factors for multidrug resistant organisms 
and therefore in whom cefotaxime would be inappropriate 
include patients with antimicrobial therapy in the previous 
90 days, current hospitalization of 5 days or more, a high fre-
quency of antibiotic resistance in the specific hospital unit, 
prior hospitalization for ≥ 2 days in the previous 90 days, 
residence in a nursing home or extended-care facility, chronic 
dialysis or presence of an immunosuppressing disease or 
immunosuppressive therapy (ATS/IDSA, 2005). Canadian 
guidelines recommend cefotaxime 1–2 g i.v. every 8 hours for 
the treatment of hospital-acquired and ventilator-associated 
pneumonia in adults (Rotstein et al., 2008).

7o.  Infective endocarditis

Cefotaxime has potential clinical utility in treatment of some 
cases of infective endocarditis, especially those due to the 
HACEK group of organisms (Haemophilus spp., Aggregati
bacter [formerly Actinobacillus] spp., Cardiobacterium homi
nis, Eikenella corrodens, and Kingella spp.; HACEK) (Kaplan 
et al., 1989; Feder et al., 2003; Baddour et al., 2015). These 

organisms account for 5–10% of native-valve community- 
acquired endocarditis in patients who are not i.v. drug users 
(Geraci and Wilson, 1982). Some of the HACEK group 
bacilli produce beta-lactamases, rendering the organisms 
ampicillin resistant (Baddour et al., 2015; Habib et al., 2015). 
Ceftriaxone is usually preferred to cefotaxime for outpatient 
therapy because it can be administered once daily (Baddour 
et al., 2015).

Cefotaxime may also be useful in culture-negative endo-
carditis (PEG/DGK, 2007), for endocarditis due to the Entero
bacteriaceae (Geraci and Wilson, 1982) or penicillin-resistant 
pneumococci (Baddour et al., 2015) and endocarditis due to 
viridans streptococci with reduced susceptibility to penicil-
lin (penicillin MIC > 0.12 to < 0.5 µg/ml). It should be men-
tioned, however, that current American Heart Association 
guidelines do not explicitly mention cefotaxime for this latter 
indication (Baddour et al., 2015). Cefotaxime 6 g/day i.v. in 
three doses is recommended for penicillin-allergic patients 
with nonanaphylactic reactions with methicillin-susceptible 
staphylococcal endocarditis (Habib et al., 2015).

7p.  Urinary tract infections, including 
pyelonephritis

Cefotaxime is useful for hospitalized children and adults with 
community-acquired UTIs (Gupta et al., 2011; Subcommittee 
on Urinary Tract Infection et al., 2011; Grabe et al., 2015; 
Stein et al., 2015). E. coli is isolated from about 90% of episodes 
of acute nonobstructive community-acquired pyelonephritis 
(Nicolle, 2008). Several nonrandomized and randomized 
clinical trials of cefotaxime-containing regimens for the 
treatment of UTIs show cefotaxime has similar clinical effi-
cacy to earlier antibiotics (Porpaczy, 1984; Fischbach et al., 
1989; Cronberg et al., 1995; Sandberg et al., 1997). However, 
the increase in community-acquired ESBL-producing E. coli 
(especially of CTX-M type) observed in many parts of the 
world may limit the future usefulness of cefotaxime in this 
setting (Rodriguez-Bano and Paterson, 2006; Doi et al., 2013; 
Park et al., 2014). Causative organisms of hospital-acquired 
UTIs may also harbor resistance mechanisms, diminishing 
the utility of cefotaxime. Hospital-acquired UTIs are less typ-
ically due to uropathogenic E. coli and may be more likely to 
be caused by other Gram-negative bacilli with higher levels 
of antimicrobial resistance than community-acquired infec-
tions (Bouza et al., 2001; Mathai et al., 2001; Johansen et al., 
2006). Recently, significant increases in resistance rates to 
third-generation cephalosporins in Gram-negative bacilli that 
are potentially uropathogenic were observed in the hospital 
setting, especially in intensive care units (Rosenthal et al., 
2012). Cefotaxime may not be useful for catheter-associated 
UTIs developed in hospitalized patients, due to the presence 
of resistant pathogens (Peleg and Hooper, 2010). 

Typically, recommended doses for UTIs in adults are 1 g 
every 12 hours for mild to moderate infections and 3–6 g per 
day (1–2 g every 8 hours) for severe infections (Nicolle, 
2002). Doses of 2 g every 8 hours have been recommended for 
initial parenteral therapy in adults with severe uncomplicated 
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pyelonephritis in Europe (Grabe et al., 2015). Some reviews 
suggest 1 g every 8 hours for most UTIs (Wagenlehner et al., 
2005; Nicolle, 2008). For UTIs in infants and children aged 
2–24 months, cefotaxime 150 mg/kg/day in three to four 
divided doses has been recommended (Subcommittee on 
Urinary Tract Infection et al., 2011). European guidelines 
recommend cefotaxime 100–200 mg/kg/day in two to three 
doses for the treatment of pediatric UTIs (Stein et al., 2015).

7q.  Sexually transmitted infections

Although penicillin was the mainstay of gonorrhea treat-
ment for years, the emergence of penicillin-resistant N. gon
orrhoeae in 1976 and its subsequent widespread dissemination 
has made penicillin a generally unacceptable treatment alter-
native for gonorrhea (Newman et al., 2007; Workowski et al., 
2015). Increasing resistance to fluoroquinolones has also been 
a significant concern (CDC, 2002; CDC, 2004; Martin et al., 
2006). In general, third-generation cephalosporins retain 
excellent activity against these resistant strains of N. gonor
rhoeae (Ieven et al., 2003; Stathi et al., 2006; Wang et al., 
2006). However, decreased susceptibility of N. gonorrhoeae 
to ceftriaxone has been reported worldwide (Unemo and 
Shafer, 2014), along with increasing numbers of treatment 
failures of third-generation cephalosporins, including cefo-
taxime (de Vries et al., 2009; Heymans et al., 2012; Ohnishi et 
al., 2011; Golparian et al., 2014; van Dam et al., 2014). Some 
of the N. gonorrhoeae strains demonstrating reduced cepha-
losporin susceptibility have also shown reduced suscepti-
bility to multiple drug classes, such as fluoroquinolones, 
macrolides, penicillins, and tetracyclines (Unemo and Shafer, 
2014).

For the treatment of uncomplicated urogenital and ano-
rectal gonorrhea, CDC guidelines recommend dual therapy 
with a single intramuscular dose of 250 mg ceftriaxone plus 
a single oral dose of 1 g azithromycin (Workowski et al., 
2015). Alternative parenteral single-dose regimens for uro-
genital and anorectal gonorrhea are 500 mg ceftizoxime, 2 g 
cefoxitin with 1 g probenecid orally, and 500 mg cefotaxime 
(Workowski et al., 2015). However, these cephalosporin reg-
imens, including cefotaxime, do not offer any advantage over 
ceftriaxone (Ison et al., 2013) and efficacy for pharyngeal 
gonorrhoea is less certain (Unemo, 2015). For persons with 
penicillin or cephalosporin allergies, a single intramuscular 
dose of 2 g spectinomycin is an effective alternative for the 
treatment of urogenital and anorectal infection (Ison et al., 
2013; Workowski et al., 2015). Randomized and nonran-
domized trials undertaken over 20 years ago have shown that 
single doses of cefotaxime result in an equivalent outcome 
to single doses of ceftriaxone (Simpson et al., 1981; van der 
Willigen et al., 1988; Raad et al., 1988; Judson et al., 1991; 
Jones et al., 1991; McCormack et al., 1993). Cefotaxime 1 g 
i.v. every 8 hours in adults or 25 mg/kg i.m. or i.v. every 12 
hours in neonates has been recommended for the treatment 
of disseminated gonococcal infections for at least 7 days 
(Workowski et al., 2015).

Because cefotaxime does not have activity against 
Chlamydia trachomatis, treatment of gonorrhoea is typically 
accompanied by use of azithromycin for this organism 
(Workowski et al., 2015).

There are no published data on clinical utility of cefotax-
ime as treatment of syphilis.

7r.  Pelvic inflammatory diseases

Cefotaxime has been used for treatment of endomyometritis 
after cesarean section, pelvic cellulitis after hysterectomy, 
and acute pelvic inflammatory disease, with cure rates of 
80–100% in early studies, depending on the condition and 
whether it was combined with an agent with anaerobe activ-
ity (Hemsell et al., 1982; Hemsell et al., 1983; Martens et al., 
1990; Gerstner, 1990; Newton et al., 1993). Pelvic inflamma-
tory disease is usually associated with sexually transmitted 
organisms, especially N. gonorrhoeae and C. trachomatis. 
Organisms that make up the vaginal flora (e.g. anaerobes, 
G. vaginalis, H. influenzae, enteric Gram-negative bacilli, 
and S. agalactiae) are also implicated (Workowski et al., 
2015). Cefotaxime is not the drug of choice for pelvic inflam-
matory disease but can be an alternative regimen in combi-
nation with doxycycline plus metronidazole (Workowski et 
al., 2015).

Cefotaxime 1–2 g every 8 hours has been typically used 
for these infections in clinical trials (Hemsell et al., 1982; 
Hemsell et al., 1983; Gerstner, 1990; Martens et al., 1990; 
Newton et al., 1993). However, the recommended dose for 
postoperative obstetric and gynecologic infections is 1 g i.v. 
every 8 hours (Larsen et al., 2003). An outpatient regimen for 
pelvic inflammatory disease has been recommended in the 
CDC guidelines and includes a single dose of 500 mg cefo-
taxime i.m. (for coverage of gonorrhoea) (Workowski et al., 
2015).

7s.  Skin and soft-tissue infections

Clinical cure rates of various skin and soft-tissue infections 
with cefotaxime are 70–90% based on the results of early ran-
domized and nonrandomized clinical trials (McCloskey et 
al., 1982; Strom et al., 1982; Diaz-Mitoma et al., 1985; Perez-
Ruvalcaba et al., 1987; Ramirez-Ronda et al., 1987; Gentry et 
al., 1989a; Gentry et al., 1989b). In one study, clinical efficacy 
of parenteral cefotaxime was less than that of oral ciproflox-
acin in the treatment of difficult infections of the skin and 
skin structure (Gentry et al., 1989a) but this difference was 
not evident in other reports (Perez-Ruvalcaba et al., 1987; 
Ramirez-Ronda et al., 1987). The relevance of these studies 
is questionable given the changing resistance profile of many 
organisms to quinolones over the last 30 years.

Cefotaxime at a dose of 1–2 g i.v. every 6–8 hours for 
adults is recommended in the IDSA guidelines for the treat-
ment of necrotizing infections of the skin, fascia, and muscle 
and infections after animal or human bites to cover enteric 
Gram-negative bacilli (Stevens et al., 2014).



7. Clinical uses of the drug 449

7t.  Soft-tissue infections caused by Vibrio 
vulnificus 

For V. vulnificus, in vitro synergy is observed with cefotaxime 
plus minocycline (Chuang et al., 1997) and, in murine mod-
els, cefotaxime plus minocycline appeared superior to either 
drug alone (Chuang et al., 1998). Synergistic antimicrobial 
effects of cefotaxime and minocycline on proinflammatory 
cytokine levels were observed in a murine model of V. vul
nificus infection. Reduction in cytokine levels was greatest in 
mice treated with cefotaxime–minocycline combination vs. 
minocycline or cefotaxime alone (Chiang et al., 2007). In a 
time-kill study, cefotaxime plus ciprofloxacin was superior to 
that of cefotaxime plus minocycline (Kim et al., 2005). In one 
study, newer fluoroquinolones such as moxifloxacin given as 
monotherapy were as effective as the cefotaxime–minocycline 
combination both in vitro and in vivo (Tang et al., 2002). In 
in vivo animal studies, the 96-hour survival rate for the cefo-
taxime–ciprofloxacin combination (85%) was significantly 
higher than that of the cefotaxime–minocycline combination 
(35%) and cefotaxime alone (0%) (p = 0.003 and p < 0.001, 
respectively), suggesting that the combination of cefotaxime 
and ciprofloxacin is an effective option for the treatment of 
V. vulnificus infection in humans (Jang et al., 2014).

In human clinical evaluations, use of a third-generation 
cephalosporin and tetracycline or its analogue significantly 
reduced fatality rates especially in patients with hemorrhagic 
bullous necrotic cutaneous lesions (p < 0.001) (Liu et al., 
2006). On the basis of the in vitro and in vivo animal studies, 
along with clinical outcome analysis, combination therapy 
with cefotaxime (2 g i.v. every 6 hours) and minocycline 
(100 mg i.v. every 12 hours) is recommended by Taiwanese 
authorities for treating adult patients with bacteremia and 
severe soft tissue infections caused by V. vulnificus (Chiang 
and Chuang, 2003). The regimen of a third-generation ceph-
alosporin plus minocycline or doxycycline as the definitive 
antimicrobial treatment regimen for this infection is sup-
ported by retrospective clinical evaluations (Hsueh et al., 
2004; Kuo et al., 2007). In a retrospective analysis by Chen et 
al. (2012) of 89 cases of necrotizing fasciitis caused by V. vul
nificus who underwent surgical intervention within 24 hours 
of admission, case fatality rates of third-generation cephalo-
sporin plus minocycline (n = 49) and fluoroquinolone with 
or without minocycline (n = 22) treatment groups were sig-
nificantly lower than that of the third-generation cephalo-
sporin treatment group (n = 18) (14% vs. 14% vs. 61%). The 
authors suggested that, in addition to primary surgery, a 
fluoroquinolone or a third-generation cephalosporin plus 
minocycline are the best options for antibiotic treatment of 
necrotizing fasciitis caused by V. vulnificus.

Currently recommended antibiotic regimen for adults with 
V. vulnificus infection includes a tetracycline (doxycycline or 
minocycline 100 mg every 12 hours) plus a third-generation 
cephalosporin (ceftriaxone 1 g every day, cefotaxime 2 g every 
8 hours, or ceftazidime 1–2 g every 8 hours) (Kuo et al., 2007; 
Daniels, 2011; Horseman and Surani, 2011; Stevens et al., 2014). 

An alternative regimen in adults includes cefotaxime 2 g every 
8 hours in combination with ciprofloxacin 400 mg every 8 
hours (Horseman and Surani, 2011). Generally, the use of dox-
ycycline is not recommended for children but may need to 
be used in this life-threatening situation (Stevens et al., 2014).

7u.  Bone and joint infections

There are a small number of clinical trials of cefotaxime for 
use in bone and joint infections, although most are nonran-
domized and were undertaken in the 1980s. These studies 
demonstrate 75–100% clinical success rate (LeFrock and Carr, 
1982; Mader et al., 1982a; Mader et al., 1982b; LeFrock et al., 
1985; Loffler et al., 1988; Gomis et al., 1990). The success 
rates reflect cefotaxime’s in vitro activity against the major 
pathogens that cause bone and joint infections. S. aureus is 
the most common pathogen in most types of osteomyelitis, 
although many other microorganisms are isolated according 
to the type of disease and epidemiological factors (Lew and 
Waldvogel, 2004; Sia and Berbari, 2006). Up to 15% of cases 
are due to Gram-negative bacteria that are mostly seen in 
immunocompromised patients (Weston et al., 1999). 
Cefotax ime has activity against MSSA and the vast majority 
of enteric Gram-negative bacilli isolated from bone-related 
infections (Jones et al., 2004), although cefotaxime is not the 
drug of choice for staphylococcal infections. It is noteworthy, 
however, that ESBL-producing organisms have sometimes 
been implicated in acute septic arthritis (Schelenz et al., 2007).

A recent review focusing on antimicrobial treatment 
concepts for orthopedic device-related infection recommend 
daily doses of appropriate antibiotics, including ceftriaxone 
(2 g every day), for initial intravenous empiric and directed 
therapy, but do not mention cefotaxime (Sendi and Zimmerli, 
2012). For septic arthritis caused by enteric Gram-negative 
bacilli, cefotaxime 2 g every 6 hours has been recommended 
(Shirtliff and Mader, 2002). Doses of 1–2 g every 8 hours 
have been recommended by others for osteomyelitis due 
to Gram-negative pathogens, and the recommendation for 
S. pneumoniae is 1 g every 6 hours (Mader et al., 1999). For 
discitis and vertebral osteomyelitis, one author suggested 
cefotaxime in a total daily dosage in adults of 150 mg/kg/day 
in three divided doses (Grados et al., 2007). Cefotaxime 100–
150 mg/kg/day in three doses is recommended for adults 
with bone and joint prosthetic-device infections caused by 
susceptible Gram-negative bacilli, whereas according to 
French guidelines (SPILF, 2010), 150–200 mg/kg/day in four 
doses is recommended for children with those infections 
caused by susceptible streptococci and enterobacteria. Cefo-
taxime 150–200 mg/kg/day in four to six doses is suggested 
for children with bone and joint infection in other French 
guidelines (Grimprel et al., 2008).

7v.  Lyme disease

The most widely studied cephalosporin for therapy of Lyme 
disease is ceftriaxone (Wormser et al., 2006). However, 
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cefotaxime was evaluated in randomized trials for late-stage 
Lyme disease over 25 years ago (Pfister et al., 1989; Hassler et 
al., 1990; Pfister et al., 1991) and was shown to be compara-
ble or superior to penicillin in one such study (Hassler et al., 
1990). CSF cefotaxime concentrations reached the MIC90 for 
B. burgdorferi in all patients studied in one evaluation, while 
none of the patients treated with penicillin G had CSF con-
centrations above the MIC90 (Pfister et al., 1989). Cefotaxime 
does not cause the biliary complications that have sometimes 
been associated with ceftriaxone therapy (Ettestad et al., 1995).

If cefotaxime is to be used, recommended doses for Lyme 
disease are 2 g every 8 hours for adults with neurologic dis-
ease (early: meningitis or radiculopathy; late: central or 
peripheral nervous system disease), recurrent arthritis (after 
oral regimen), cardiac disease, and for pregnant women 
(Wormser et al., 2006; Stanek et al., 2012; Shapiro, 2014). 
Cefotaxime 150–200 mg/kg/day i.v. in three to four divided 
doses (maximum 6 g/day) is recommended for children 
with Lyme disease (Wormser et al., 2006; Stanek et al., 2012; 
Shapiro, 2014).

7w.  Leptospirosis

In vitro studies have indicated that cefotaxime is at least as 
effective as penicillin G against Leptospira strains (Oie et al., 
1983; Hospenthal and Murray, 2003) and cefotaxime’s activ-
ity against Leptospira has been confirmed by animal studies 
(Alexander and Rule, 1986). Cefotaxime seems more potent 
in vitro against Leptospira spp. than ceftriaxone, with cefo-
taxime MIC90/MBC90 0.05:0.1 µg/ml vs. 0.2;0.39 µg/ml for 
ceftriaxone (Hospenthal and Murray, 2003). In a study that 
assessed the susceptibilities of 13 Leptospira isolates using a 
broth microdilution technique, cefotaxime and ceftriaxone 
MIC90s were 0.03 and 0.06 µg/ml, respectively (Ressner et al., 
2008). Another study of 109 pathogenic Leptospira isolates 
by E test found that cefotaxime MIC90 was 0.047 µg/ml, with 
the MIC ≤ 0.002–0.125 µg/ml (Wuthiekanun et al., 2013). 
The authors did not observe regional differences in antimi-
crobial susceptibility in Thailand, Lao PDR, and Sri Lanka, 
supporting the continued use of penicillin, cephalosporin, 
and doxycycline for the treatment of leptospirosis in these 
areas.

Anecdotal early reports confirmed the clinical efficacy of 
cefotaxime (Thangkhiew, 1987) such that cefotaxime is rec-
ommended by some for the treatment of severe leptospirosis 
(Griffith et al., 2006). A large, open, randomized trial com-
paring penicillin, doxycycline, and cefotaxime (1 g every 6 
hours) for patients with severe leptospirosis confirmed the 
effectiveness of cefotaxime (Suputtamongkol et al., 2004). A 
total of 264 patients had leptospirosis confirmed by serologic 
testing or culture, of which 88 were given cefotaxime. None 
of these patients died. Of patients suspected as having lepto-
spirosis, but in whom a rickettsial infection was confirmed, 
cefotaxime treatment failure rates were 11.1%, a rate compa-
rable to that seen with doxycycline but superior to that seen 
with penicillin (32.5% failure rate). The authors concluded 
that for severely ill patients in a setting in which severe 

leptospirosis or rickettsiosis is a possibility, the combination 
of cefotaxime (generally 1 g every 6 hours ) and doxycycline 
is suitable (Suputtamongkol et al., 2004). However, many 
clinicians continue to consider penicillin G (see Chapter 3, 
Benzylpenicillin (Penicillin G)) or doxycycline (see Chapter 
68, Doxycycline) as the drug of choice for leptospirosis (Bharti 
et al., 2003). A recent Cochrane systematic review concluded 
that selection of penicillin, doxycycline, or cephalosporin 
does not seem to impact mortality or duration of fever and 
that the benefit of antibiotic therapy for leptospirosis remains 
unclear, particularly for severe disease (Brett-Major and 
Coldren, 2012).

7x.  Fever in neutropenic hemooncology 
patients

Antipseudomonal agents are typically recommended for the 
empiric therapy of febrile neutropenic patients (Hughes et 
al., 2002; Masaoka, 2004; Jun et al., 2005; Freifeld et al., 
2011). However, there are some guidelines that consider the 
combination of cefotaxime with an aminoglycoside or with 
an antipseudomonal penicillin, as acceptable therapy, even 
in intermediate- or high-risk patients (Link et al., 2003). 
Cefotaxime has been evaluated in a small number of studies 
of febrile neutropenia, but always as part of combination 
therapy (usually with an aminoglycoside) (Donnelly et al., 
1985; Bohme et al., 1995; Hoffken et al., 1999; Cornely et al., 
2001). In one of these studies, the combination of cefotaxime 
plus netilmicin was inferior to ceftazidime plus netilmicin 
in the subgroup of patients who had undergone hematologic 
transplantation (Hoffken et al., 1999).

7y.  Surgical prophylaxis

Numerous randomized trials have been performed that eval-
uate cefotaxime as perioperative surgical prophylaxis (Roy 
and Wilkins, 1984; Childs et al., 1984; Childs et al., 1985; 
Wilson et al., 1987; Jones et al., 1987; Jones and Wojeski, 
1987a; Hemsell et al., 1987; Jones and Wojeski, 1987b; Hem-
sell et al., 1988; Periti et al., 1988; Guyot, 1988; Cox, 1989; 
Karachalios et al., 1987; Rowe-Jones et al., 1990; Klimberg 
et al., 1992; Grant et al., 1992; Campillo and Rubio, 1992; 
Turano, 1992; Kwok et al., 1993; Tonelli et al., 2002; Woodfield 
et al., 2003). In none of these studies was cefotaxime inferior 
to comparator antibiotics. However, there is no evidence that 
second- or third-generation cephalosporins are superior to 
first-generation cephalosporins in reducing postoperative 
infection rates (DiPiro et al., 1984; Gorbach, 1989; Geroulanos 
et al., 2001). Only one study describes lower rates of postop-
erative infection among patients given a single preoperative 
dose of cefotaxime compared to multiple doses of cefazolin 
or cefoxitin (Campillo and Rubio, 1992). A study evaluating 
a single preoperative dose of cefotaxime vs. a single preoper-
ative dose followed by two postoperative doses showed no 
decrease in infection rates with the multiple-dose regimen 
(Turano, 1992). The authors speculate that one dose is pref-
erable because it has fewer effects on the intestinal flora. 
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Although cefotaxime use in prophylaxis has a few supporters 
(Sader and Jones, 1992), most guidelines do not recommend 
third- or fourth-generation cephalosporins for routine surgi-
cal prophylaxis (Anonymous, 2001; Bratzler et al., 2013), and 
some state that they should be avoided (Bratzler and Houck, 
2005; Antibiotic Expert Group, 2014).
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1. DESCRIPTION

Ceftriaxone (Ro 13-9904) is a 2-aminothiazolyl methoxy-
imino third-generation cephalosporin derivative (Figure 27.1), 
with a chemical formula of (6R,7R)-7-[[(2Z)-2-(2-amino-1,3- 
thiazol-4-yl)-2-methoxyiminoacetyl]amino]-3-[(2-methyl-5,6- 
dioxo-1H-1,2,4-triazin-3-yl)sulfanylmethyl]-8-oxo-5-thia-1- 
azabicyclo[4.2.0]oct-2-ene-2-carboxylic acid; C18H18N8O7S3) 
and a molecular weight of 554.57992 g/mol. 

Like other beta-lactam antibiotics, ceftriaxone’s antibac-
terial activity results from inhibition of bacterial cell wall 
synthesis. Ceftriaxone offers good activity against many wild- 
type Gram-negative organisms with reasonable activity against 
Gram-positive organisms (Shannon et al., 1980; Neu et al., 
1981). Notable exceptions include a lack of consistent activity 
against Pseudomonas aeruginosa and enterococci. Ceftriaxone 
is bound extensively to plasma proteins (83–96%), a degree of 
which is concentration dependent (Stoeckel, 1981; Neu, 1982), 
and has a long half-life (approximately 8 hours) (Seddon et 
al., 1980; Stoeckel, 1981). Ceftriaxone is unique because of its 
prolonged serum half-life, which permits once or twice daily 
dosing (Garzone et al., 1983). Ceftriaxone is also characterized 
by satisfactory penetration into cerebrospinal fluid (Cadoz et 
al., 1981).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The in vitro spectrum of activity of ceftriaxone is very similar 
to that of cefotaxime (Neu, 1982).

GRAM-POSITIVE COCCI

Ceftriaxone has retained its potent activity against the most 
commonly encountered Gram-positive human pathogens, 
despite widespread and ongoing clinical use for more than 20 
years (Table 27.1). Notable exceptions include methicillin- 
resistant Staphylococcus aureus (MRSA) and enterococci.

Generally, S. aureus and coagulase-negative staphylococci 
(CoNS) are marginally less susceptible to ceftriaxone than 
to cefotaxime (Angehrn et al., 1980; Shannon et al., 1980). 
However, ceftriaxone is more active than ceftazidime against 
S. aureus (Keenholtz et al., 1983; Sader et al., 2005; Jones et al., 
2007). Ceftriaxone is active against methicillin–susceptible 
S. aureus (MSSA). In a study of more than 10,835 MSSA iso-
lates, susceptibility to ceftriaxone was 99.7% (MIC50 and MIC90 
4 μg/ml; CLSI susceptibility breakpoint MIC ≤ 8 μg/ml) 
(Sader et al., 2005). Similar rates of susceptibility were noted 
in the Assessing Worldwide Antimicrobial Resistance Eval-
uation (AWARE) surveillance program (Farrell et al., 2013a; 
Biedenbach et al., 2015; Sader et al., 2015a), and a study of 
2,413 MSSA blood isolates reported susceptibility to ceftri-
axone of almost 100% (MIC90 4 μg/ml) (Sader et al., 2015a). 
In contrast, susceptibility to ceftriaxone was just 3.8% among 
4,958 MRSA isolates (Fritsche et al., 2008); however, ceftri-
axone use against MRSA is not recommended even in the 
presence of apparent susceptibility. Of 74 strains of com-
munity-associated MRSA (CA-MRSA) with an MIC range 
of 8 to > 64 μg/ml, 100% were resistant to ceftriaxone with an 
MIC50 and MIC90 of 64 and > 64 μg/ml (Karlowsky et al., 
2011). In vitro studies involving CA-MRSA strains USA300 
and USA400 showed that the minimum inhibitory concen- 

Figure 27.1. Chemical structure of ceftriaxone.
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tration (MICs) of beta-lactam antibiotics, including ceftri-
axone and cefotaxime, decreased by 8 to 64 times in the 
presence of cefoxitin, and beta-lactam-cefoxitin combinations 
were synergistic against CA-MRSA strains in time kill assays, 
although the clinical relevance of this observation is uncer-
tain (Banerjee et al., 2013).

Methicillin-susceptible CoNS are susceptible to ceftriax-
one. In a study of 784 methicillin-susceptible CoNS isolates, 
99.0% appeared to be fully susceptible to ceftriaxone (Fritsche 
et al., 2008). Methicillin-resistant CoNS are typically resistant 
to ceftriaxone. Of 2499 methicillin-resistant CoNS isolates, 
30.9% were susceptible to ceftriaxone (Fritsche et al., 2008).

Ceftriaxone has similar activity as cefotaxime against 
Streptococcus pneumoniae, S. pyogenes, group B streptococci 
(S. agalactiae), and viridans streptococci. S. pyogenes are 
susceptible to ceftriaxone and cefotaxime, but resistance has 
been reported in S. pneumoniae and viridans streptococci. 
Rates of resistance to all beta-lactam antibiotics increase pro-
portionally to the rate of penicillin resistance (Pottumarthy 
et al., 2005). Furthermore, ceftriaxone resistance in S. pneu
moniae is almost always observed in only those strains that 
are also penicillin resistant (Fenoll et al., 2008). The activity 
of the cephalosporins against S. pneumoniae has been moni-
tored by several large-scale international surveillance systems 
(see section 2b, Emerging resistance and cross-resistance).

For beta-hemolytic streptococci (incorporating S. pyo
genes and S. agalactiae), surveillance data demonstrated full 
susceptibility to ceftriaxone (Jones et al., 2007; Jones et al., 
2010; Farrell et al., 2013a; Sader et al., 2014). Investigations 
showed that S. pyogenes, even erythromycin- and levofloxacin- 
resistant strains, remain susceptible to cephalosporins, includ-
ing ceftriaxone (Flamm et al., 2012; Zhanel et al., 2013; Pfaller 
et al., 2014; Xiao et al., 2015). To date, no evidence of resis-
tance to ceftriaxone in the S. pyogenes has been published. S. 
agalactiae have been considered to be uniformly susceptible 
to beta-lactam antibiotics. Previous studies with S. agalactiae 
isolates have shown full susceptibility to ceftriaxone (Flamm 
et al., 2012; Zhanel et al., 2013; Pfaller et al., 2014; Wang et 
al., 2015) and cefotaxime (Castor et al., 2008; Persson et al., 
2008; Otaguiri et al., 2013). However, changes in susceptibility 
profiles in the S. agalactiae have recently been demonstrated 
(see section 2b, Emerging resistance and cross-resistance).

Viridans streptococci (including S. mitis, S. sanguis, S. ora
lis) are susceptible to ceftriaxone, but resistance occurs. Results 
from a SENTRY study found ceftriaxone resistance to be 4.2% 
in 1997–2000, among samples from the Asia-Pacific region, 
Europe, Latin America, and North America (Gordon et al., 
2002). The rate of ceftriaxone resistance (MIC ≥ 4 μg/ml) was 
5% in another study of 352 blood culture isolates of viridans 
streptococci (Doern et al., 1996).

In an investigation of susceptibilities of 27 Granulicatella 
adiacens (formerly Abiotrophia adiacens) and 12 A. defectiva 
isolates, 63% and 83% were susceptible to ceftriaxone accord-
ing to CLSI (2000) interpretative criteria for Streptococcus 
spp. not S. pneumoniae (Tuohy et al., 2000).

Enterococci are generally resistant to the third-generation 
cephalosporins, including ceftriaxone (Verbist and Verhaegen, 

1981). Despite this, synergy was demonstrated between ampi-
cillin and ceftriaxone in 16/16 high-level aminoglycoside- 
resistant (HLAR) E. faecalis strains and in 12/12 non-HLAR 
E. faecalis strains (Gavalda et al., 2007). The ampicillin– 
ceftriaxone combination has recently been accepted as alter-
native therapy for enterococcal endocarditis in those patients 
with a high risk of nephrotoxicity from the ampicillin– 
aminoglycoside combination (Fernandez-Hidalgo et al., 2013; 
see section 7k, Infective endocarditis). This combination reg-
imen was also found to be a reasonable alternative to treat 
orthopedic infections caused by E. faecalis (Euba et al., 2009).

Aerococcus urinae has low MICs to ceftriaxone and cefo-
taxime (Humphries and Hindler, 2014; Lupo et al., 2014). 
Using the CLSI viridans group streptococcal interpretive 
criteria (MIC ≤ 1 μg/ml), 96% and 99% of 128 isolates 
were susceptible to ceftriaxone and cefotaxime, respectively 
(Hum phries and Hindler, 2014).

GRAM-POSITIVE BACILLI

Listeria spp., of which L. monocytogenes is the primary human 
pathogen, are naturally resistant or intermediately resistant 
to third-generation cephalosporins (Troxler et al., 2000). The 
MIC breakpoints defined by Troxler et al. (2000) were those 
for staphylococci because breakpoints have not been specifi-
cally defined by the CLSI for Listeria spp.

Corynebacterium may be resistant to ceftriaxone. A small 
study with 20 isolates of Corynebacterium spp. demonstrated 
an MIC range of ≥ 0.25–32 μg/ml with an MIC50 and MIC90 
of 32 and > 32 μg/ml, respectively (Sader et al., 2004).

Ceftriaxone is not recommended for the treatment of 
Bacillus anthracis infection. Clinical breakpoints for the 
susceptibility of B. anthracis to ceftriaxone have not been 
published. Studies from the USA (applying staphylococcal 
breakpoints to B. anthracis) demonstrated no resistance but 
high rates of intermediate results: 78% in one study (Mo- 
hammed et al., 2002). In other studies, using the same break-
points, intermediate resistance was widely observed (Cavallo 
et al., 2002; Jones et al., 2003). The majority of other Bacillus 
spp. (e.g. B. cereus) also show low rates of susceptibility to 
third-generation cephalosporins (Turnbull et al., 2004; Luna 
et al., 2007).

Ceftriaxone has activity against some Nocardia spp., but 
susceptibility varies, depending on species (Brown-Elliott 
et al., 2006; Schlaberg et al., 2014). Generally, ceftriaxone is 
active against isolates of the N. asteroides, N. abscessus, N. 
nova complex, and N. transvalensis complex but not against 
N. farcinica and N. otitidiscaviarum (Wallace et al., 1988; 
Brown-Elliott et al., 2006). For N. farcinica, both MIC50 and 
MIC90 are ≥ 128 μg/ml (Schlaberg et al., 2014).

GRAM-POSITIVE ANAEROBIC BACTERIA

Anaerobic Gram-positive cocci such as Peptostreptococcus 
are typically susceptible to ceftriaxone (Pollock et al., 1983; 
Aldridge and Johnson, 1997; Roberts et al., 2006; Citron et 
al., 2010). In a large study of antimicrobial susceptibilities of 
anaerobic bacteria, Peptostreptococcus isolates (n = 39) dem-
onstrated ceftriaxone MIC ranges of ≤ 0.015 to > 64 μg/ml, 
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Table 27.1. In vitro susceptibility of selected Gram-positive organisms to ceftriaxone

Organism
MIC90 

(μg/ml)
Range 
(μg/ml)

No. of 
isolates Region Reference

Staphylococcus aureus, methicillin 
susceptible

4 0.5–> 8 2413 USA Sader et al. (2015)a

4 — 470 LA Biedenbach et al. (2015)

4 ≤ 0.06–> 8 1,406 USA Pfaller et al. (2014)

4 ≤ 0.25–8 413 APSA Sader et al. (2013a)

4    1–> 8 1,092 EU Farrell et al. (2013a)

4 ≤ 0.06–> 8 4,016 USA Farrell et al. (2012)

4 ≤ 0.25–16 871 Canada Karlowsky et al. (2011)

4 ≤ 0.06–8 4,089 NA Flamm et al. (2014a)

4 ≤ 0.25–>8 11,279 EU, ME Farrell et al. (2014)

Staphylococcus aureus, methicillin 
resistant

> 8    2–> 8 2,013 USA Sader et al. (2015a)

> 32 — 596 LA Biedenbach et al. (2015)

> 8    8–> 8 211 APSA Sader et al. (2013a)

> 8    4–> 8 331 EU Farrell et al. (2013a)

> 8 ≤ 0.25–> 8 4,453 USA Farrell et al. (2012)

> 64    8–> 64 232 Canada Karlowsky et al. (2011)

Staphylococcus coagulase negative > 32 ≤ 0.25–> 32 434 EU Jones et al. (2010)

> 8 — 3,270 USA Sader et al. (2013b)

> 8 ≤ 0.25–> 8 340 USA Pfaller et al. (2014)

> 8 ≤ 0.25–> 8 5,563 EU, ME Farrell et al. (2014)

Staphylococcus coagulase negative, 
methicillin susceptible

≤ 0.016 < 0.0l6–0.06 l73 USA Rhomberg et al. (2004)

4 < 0.25–> 32 1,177 NA Sader et al. (2005)

4 < 0.25–> 32 l82 NA Jones et al. (2007)

32 ≤ 0.25–> 64 83 Canada Karlowsky et al. (2011)a

4 0.25–8 188 USA Flamm et al. (2012)

Staphylococcus coagulase negative, 
methicillin resistant

1 — 8,882 Worldwide Jacobs et al. (2003)

1 — 2,935 NA Fritsche et al. (2003)

> 32 — 1,158 NA Fritsche et al. (2003)

1 ≤ 0.008–> l6 9,244 NA Sader et al. (2005)

1 ≤ 0.008–8 2,110 NA Pottumarthy et al. (2005)

1 ≤ 0.25–l6 1,975 NA Jones et al. (2007)

> 32 — 2,499 Worldwide Fritsche et al. (2008)

> 64    4–> 64 19 Canada Karlowsky et al. (2011)a

Streptococcus pneumoniae 1 0.008–16 1,750 USA Doern et al. (2012)

2 ≤ 0.25–8 3,329 USA Farrell et al. (2012)

2 ≤ 0.06–> 8 616 APSA Sader et al. (2013a)

0.12 ≤ 0.06–4 1,881 Canada Zhanel et al. (2013)

2 0.03–32 530 Taiwan Tsai et al. (2013)

1 ≤ 0.06–4 799 EU Farrell et al. (2013b)

1 ≤ 0.25–32 4,443 EU, ME Farrell et al. (2014)

1 ≤ 0.03–16 990 France Cattoir and Dowzicky (2014)

2 ≤ 0.06–> 8 249 LA Flamm et al. (2014c)

1 ≤ 0.06–> 8 1,190 USA Mendes et al. (2014)

4 — 308 China Xiao et al. (2015)

1 ≤0.06–8 3099 USA Sader et al. (2015b)

S. pneumoniae, penicillin susceptible 
(≤ 0.06 μg/ml)

0.06 — 650 Italy Tempera et al. (2010)

0.06 ≤ 0.008–0.5 1,066 USA Doern et al. (2012)

≤ 0.06 ≤ 0.06–0.5 678 USA Flamm et al. (2012)

≤ 0.06 ≤ 0.06–1 563 EU Farrell et al. (2013b)

0.25 — 6,867 NA Green et al. (2014)

S. pneumoniae, penicillin- 
intermediate (0.12–1 μg/ml)

0.5 — 215 Italy Tempera et al. (2010)

0.5 ≤ 0.06–4 266 USA Flamm et al. (2012)

1 0.03–8 352 USA Doern et al. (2012)

1 ≤ 0.06–2 106 EU Farrell et al. (2013b)

0.5 ≤ 0.06–1 48 LA Flamm et al. (2013)
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with an MIC90 of 4 μg/ml, but 3% of these isolates were resis-
tant to ceftriaxone (Snydman et al., 2011).

Although uniform susceptibility to penicillin and amoxi-
cillin (MIC < 1 μg/ml) was identified in all 87 clinical isolates 
of Actinomyces spp. tested, differences in susceptibility to cef-
triaxone was exhibited by some species (Smith et al., 2005). 
In that study, all isolates of A. israelii had ceftriaxone MICs 
≤ 0.125 μg/ml, while some A. europaeus isolates had ceftri-
axone MICs of ≥ 8 μg/ml (Smith et al., 2005). Another study 
showed 100% susceptibility to ceftriaxone in 13 isolates of 
Actinomyces spp. (Citron et al., 2010).

For Lactobacillus spp., ceftriaxone MIC ranges varied 
widely according to species, and ceftriaxone demonstrated 
activity lower than penicillin or ampicillin in 85 Lactobacil
lus bacteremia isolates (Salminen et al., 2006). L. casei and 
L. rhamnosus group isolates (n = 10) showed an MIC90 of 64 
μg/ml, with only 4 isolates susceptible to ceftriaxone (Citron 
et al., 2010).

Propionibacterium acnes is fully susceptible to ceftriaxone 
(Smith et al., 1996; Odou et al., 2007; Citron et al., 2010; 
Snydman et al., 2011). In a study with 28 P. acnes isolates 

collected from shoulder joint surgery (a common site for P. 
acnes infections), ceftriaxone’s MIC50 and MIC90 were 0.016 
and 0.045 μg/ml, respectively (Crane et al., 2013).

In vitro activity against Clostridium spp. is variable. C. per
fringens is almost always susceptible to ceftriaxone (Pollock 
et al., 1983; Tansuphasiri et al., 2005; Roberts et al., 2006; 
Citron et al., 2010; Snydman et al., 2011), while most or all 
of C. difficile isolates are resistant to ceftriaxone (Wexler et al., 
2000; Drummond et al., 2003; Bourgault et al., 2006; Buchler 
et al., 2014). The susceptibility of species such as C. tertium 
and C. clostridioforme is variable (Roberts et al., 2006).

GRAM-NEGATIVE COCCI

A summary of the activity of ceftriaxone against common 
Gram-negative pathogens is shown in Table 27.2.

Ceftriaxone is typically regarded as exquisitely active 
against Neisseria meningitidis (Perez Trallero et al., 1989; Blon-
deau and Yaschuk, 1995; Enting et al., 1996; Tapsall et al., 
2001; Sorhouet-Pereira et al., 2013; Harcourt et al., 2015). 
However, the first cases of nonsusceptibility to ceftriaxone 
(MIC > 0.12 μg/ml) have recently been reported in eight 

Organism
MIC90 

(μg/ml)
Range 
(μg/ml)

No. of 
isolates Region Reference

S. pneumoniae, penicillin resistant 
(≥ 2 μg/ml)

0.06 ≤ 0.008–0.5 2,703 NA Sader et al. (2005)

≤ 0.25 ≤ 0.25–0.5 556 NA Jones et al. (2007)

1 0.25–8 119 Spain Fenoll et al. (2008)

2 — 100 Italy Tempera et al. (2010)

4 0.5–16 332 USA Doern et al. (2012)

2 0.25–8 256 USA Flamm et al. (2012)

2 0.5–4 130 EU Farrell et al. (2013)b

2 0.5–8 38 LA Flamm et al. (2013)

4 0.5–> 8 202 APSA Sader et al. (2013a)

8 — 106 NA Flamm et al. (2014b)

8 — 28 NA Green et al. (2014)

Streptococcus pyogenes 0.06 — 225 Italy Tempera et al. (2010)

≤ 0.06 ≤ 0.06–0.25 422 USA Flamm et al. (2012)

0.12 ≤ 0.06–0.25 424 Canada Zhanel et al. (2013)

≤ 0.25 ≤ 0.25–0.5 579 USA Pfaller et al. (2014)

≤ 0.06 ≤ 0.06–0.25 66 LA Flamm et al. (2014)

0.125 — 45 China Xiao et al. (2015)

Streptococcus agalactiae 0.12 ≤ 0.03–8 1,244 EU Norskov-Lauritsen et al. (2009)

0.12 ≤ 0.06–0.5 576 USA Flamm et al. (2012)

0.12 ≤ 0.06–0.25 432 Canada Zhanel et al. (2013)

≤ 0.25 ≤ 0.25–0.5 503 USA Pfaller et al. (2014)

0.12 ≤ 0.06–0.25 78 LA Flamm et al. (2014c)

Viridans streptococci 1 ≤ 0.06–8 492 USA Flamm et al. (2012)

0.5 ≤ 0.06–8 93 EU Farrell et al. (2013a)

0.5 ≤ 0.25–8 264 USA Pfaller et al. (2014)

Enterococcus faecalis ≥ 128 ≤ 0.03–≥ 128 1,433 EU Norskov-Lauritsen et al. (2009)

> 64 ≤ 0.25–> 256 753 Canada (Zhanel et al. (2013)

Enterococcus faecium ≥ 128 ≤ 0.03–≥ 128 491 EU Norskov-Lauritsen et al. (2009)

> 64 0.5–> 256 271 Canada Zhanel et al. (2013)

aStaphylococcus epidermidis.
Abbreviations: MIC: minimum inhibitory concentration; USA: United States of America; LA: Latin America; APSA: Asia-Pacific region and South Africa; EU: 

Europe; NA: North America; ME: Middle East.
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Table 27.2. In vitro susceptibility of selected Gram-negative organisms to ceftriaxone

Organism
MIC90 

(μg/ml)
Range 
(μg/ml)

No. of 
isolates Region Reference 

Citrobacter spp. 32 ≤ 0.25–> 64 123 Canada Zhanel et al. (2013)

> 8 ≤ 0.25–> 8 86 NA Pfaller et al. (2014) 

1 ≤ 0.06–> 8 208 NA Flamm et al. (2014a )

Enterobacter cloacae ≥ 128 ≤ 0.06–≥ 128 1,665 France Cattoir and Dowzicky (2014)

64 ≤ 0.25–> 256 637 Canada Zhanel et al. (2013)

> 8 ≤ 0.06–> 8 2,261 NA Castanheira et al. (2015) 

Enterobacter aerogenes ≤ 0.25 ≤ 0.25–> 32 10,361 NA Sader et al. (2005)

8 ≤ 0.06–> 64 159 USA Bouchillon et al. (2005)

≤ 0.25 ≤ 0.25–> 32 988 NA Jones et al. (2007)

16 ≤ 0.25–> 64 163 Canada Zhanel et al. (2013)

32 ≤ 0.06–≥ 128 561 France Cattoir and Dowzicky (2014)

Escherichia coli ≤ 0.25 ≤ 0.25–> 32 1,076 NA Jones et al. (2010)

16 ≤ 0.25–> 32 1,143 EU Jones et al. (2010) 

     4–8 ≤ 0.06–> 8 1,097 USA Flamm et al. (2012); Pfaller et al. (2014)

1 ≤ 0.25–> 256 5,451 Canada Zhanel et al. (2013)

> 8 ≤ 0.06–> 8 323 EU Farrell et al. (2013)

> 8 ≤ 0.06–> 8 137 AS, AFR Sader et al. (2013a)

64 ≤ 0.06–≥ 128 2,284 France Cattoir and Dowzicky (2014)

> 8 ≤ 0.06–> 8 6,486 NA Castanheira et al. (2015)

Escherichia coli, ESBL producing > 32 — 349 EU Hawser et al. (2012)

> 64 ≤ 0.25–> 64 231 Canada Zhanel et al. (2013)

> 8 0.25–> 8 90 AS, AFR Sader et al. (2013a)

> 8 ≤ 0.25–> 8 56 USA Pfaller et al. (2014)

256 — 268 China Xiao et al. (2015)

E.coli non-ESBL phenotype 4 ≤ 0.06–> 8 653 USA Flamm et al. (2012)

0.12 ≤ 0.06–1 579 NA Flamm et al. (2012)

0.12 ≤ 0.06–0.12 47 AS, AFR Sader et al. (2013a)

Klebsiella pneumoniae 0.5 ≤ 0.25–> 256 1,659 Canada Zhanel et al. (2013)

> 8 ≤ 0.25–> 8 267 USA Pfaller et al. (2014)

≤ 0.25 ≤ 0.25–1 384 NA Pfaller et al. (2014)

≥ 128 ≤ 0.06–≥ 128 1,524 France Cattoir and Dowzicky (2014)

> 8 ≤ 0.06–> 8 4,421 NA Castanheira et al. (2015)

Klebsiella pneumoniae, ESBL 
producing

> 8 0.25–> 8 56 EU Farrell et al. (2013a)

> 8 0.12–> 8 149 NA, USA Flamm et al. (2014a); Pfaller et al. (2014)

128 — 192 China Xiao et al. (2015)

Klebsiella pneumoniae non-ESBL 
phenotype

≤ 0.25 ≤ 0.25–> 0.5 216 NA Pfaller et al. (2014)

Klebsiella oxytoca 4 ≤ 0.06–> 8 250 USA Flamm et al. (2012)

≤ 1 ≤ 0.25–64 411 Canada Zhanel et al. (2013)

2 ≤ 0.25–> 8 141 USA Pfaller et al. (2014)

8 ≤ 0.06–≥ 128 695 France Cattoir and Dowzicky (2014)

2 ≤ 0.06–> 8 1,159 NA Castanheira et al. (2015)

Morganella morganii 2 ≤ 0.25–> 8 124 USA Pfaller et al. (2014)

2 ≤ 0.06–> 8 239 USA Flamm et al. (2014a)

Proteus mirabilis ≤ 0.25 ≤ 0.25–> 32 88 EU Jones et al. (2010)

1 ≤ 0.25–16 415 Canada Zhanel et al. (2013)

≤ 0.25 ≤ 0.25–> 8 163 USA Pfaller et al. (2014)

Proteus mirabilis, ESBL producing 32   2–≥ 128 60 China Wang et al. (2011)

Serratia marcescens 16 ≤ 0.06–≥ 128 1,211 EU Norskov-Lauritsen et al. (2009)

1 ≤ 0.25–> 64 412 Canada Zhanel et al. (2013)

0.5 ≤ 0.06–> 8 25 AS, AFR Sader et al. (2013a)

1 ≤ 0.06–> 8 222 NA Flamm et al. (2014a)

0.5 ≤ 0.25–> 8 78 USA Pfaller et al. (2014)

8 ≤ 0.06–≥ 128 895 France Cattoir and Dowzicky (2014)

2 ≤ 0.06–> 8 1,260 NA Castanheira et al. (2015)

Salmonella spp. 128 — 92 China Xiao et al. (2015)

≤ 0.25 — 105 Worldwide Fritsche et al. (2008)
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Organism
MIC90 

(μg/ml)
Range 
(μg/ml)

No. of 
isolates Region Reference 

Shigella spp. ≤ 0.25 ≤ 0.25–2 7,975 NA Sader et al. (2005)

0.016 ≤ 0.008–0.5 1,862 NA Jones et al. (2007)

32 — 40 China Xiao et al. (2015)

Shigella flexneri 12 — 119 AS Taneja et al. (2012)

Shigella dysenteriae 0.047 — 24 AS Taneja et al. (2012)

Haemophilus influenzae ≤ 0.06–0.25 ≤ 0.06–1 2,315 USA Pfaller et al. (2012); Flamm et al. (2012)

≤ 0.06 ≤ 0.06–0.25 453 APSA Sader et al. (2013a)

≤ 0.06 ≤ 0.06–> 4 1,038 Canada Zhanel et al. (2013)

0.06 ≤ 0.03–1 259 Bulgaria Setchanova et al. (2013)

≤ 0.06 ≤ 0.06–4 1,191 France Cattoir and Dowzicky (2014)

≤ 0.06 ≤ 0.06–0.5 126 LA Flamm et al. (2014c)

≤ 0.06 ≤ 0.06–0.12 931 USA Sader et al. (2015b)

0.25 ≤ 0.25 160 China Xiao et al. (2015)

H. influenzae, beta-lactamase 
positive

0.5 ≤ 0.008–8 3,565 NA Sader et al. (2005)

0.5 — 7,860 Worldwide Deshpande et al. (2006)

1 ≤ 0.008–2 1,022 NA Jones et al. (2007)

≤ 0.06 ≤ 0.06–32 239 EU Norskov-Lauritsen et al. (2009)

≤ 0.25 ≤ 0.25–0.5 414 USA Pfaller et al. (2012)

≤ 0.06 ≤ 0.06–0.5 37 LA Flamm et al. (2014c)

H. influenzae, beta-lactamase 
negative

0.06 0.015–0.12 178 Spain Seral et al. (2008)

≤ 0.25 ≤ 0.25–1 1,131 USA Pfaller et al. (2012)

Haemophilus parainfluenzae ≤ 0.06 ≤ 0.06–0.12 68 USA Flamm et al. (2012)

≤ 0.06 ≤ 0.06–0.25 47 APSA Sader et al. (2013a)

Moraxella catarrhalis 0.5 ≤ 0.06–8 886 USA Jones et al. (2011); Pfaller et al. (2012); Flamm et al. (2012)

0.5 ≤ 0.06–1 46 LA Flamm et al. (2013)

1 ≤ 0.06–2 135 APSA Sader et al. (2013a)

1 — 85 China Xiao et al. (2015)

M. catarrhalis, beta-lactamase 
positive

1 — 250 Italy Tempera et al. (2010)

M. catarrhalis, beta-lactamase 
negative

≤ 0.015 — 100 Italy Tempera et al. (2010)

Bordetella pertussis 0.04 0.01–0.06 15 USA Spicer et al. (2014)

Neisseria gonorrhoeae ≤ 0.06 — 149 Canada Allen et al. (2011)

0.016 < 0.002–0.047 213 EU Horn et al. (2014)

≤ 0.06 0.004–0.25 417 AS Hamasuna et al. (2013); Li et al. (2014b)

0.125 ≤ 0.008–0.5 278 China Chen et al. (2014)

0.03–0.06 ≤ 0.008–0.5 1,442 NA Kidd et al. (2015)a

0.047 < 0.002–0.125 193 EU Lebedzeu et al. (2015)

0.125 — 103 AS Hamasuna et al. (2015) 

0.125 0.004–0.5 599 China Cao et al. (2015)

Neisseria meningitidis < 0.002 < 0.002–0.002 137 Africa Hedberg et al. (2009)

≤ 0.015 ≤ 0.015 199 NA Biedenbach et al. (2010); Harcourt et al. (2015)a 

0.002 0.0005–0.004 130 Argentina Sorhouet-Pereira et al. (2013)

Pseudomonas aeruginosa > 32 — 499 EU Fluit et al. (2001)

> 32 ≤ 0.25–> 32 1,004 USA Rhomberg et al. (2004); Rhomberg and Jones (2009)

> 64 ≤ 0.06–> 64 486 USA Bouchillon et al. (2005)

> 32 ≤ 0.25–> 32 1,707 NA Sader et al. (2005); Jones et al. (2007)

≥ 128 ≤ 0.06–≥ 128 2,653 EU Norskov-Lauritsen et al. (2009)

> 64 ≤ 0.25–> 32 2,183 Canada Zhanel et al. (2013)

Acinetobacter baumannii > 64 ≤ 0.06–> 64 303 USA Bouchillon et al. (2005)

≥ 128 ≤ 0.06–≥ 128 1,560 EU Norskov-Lauritsen et al. (2009)

64   2–> 256 104 Canada Zhanel et al. (2013)

> 8 ≤ 0.06–> 8 1,146 EU, ME Farrell et al. (2014)

Stenotrophomonas maltophilia 256   8–> 256 378 Canada Zhanel et al. (2013)

a Consists of 205 pharyngeal isolates, 261 rectal isolates and 976 urethral isolates.
b Number of isolates in 2011.
Abbreviations: MIC: minimum lethal concentration, NA: North America; USA: United States of America; EU: Europe; AS: Asia; AFR: Africa; ESBL, extended- 

spectrum beta-lactamase; APSA: Asia-Pacific region and South Africa; LA: Latin America; ME: Middle East.
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children from India (Manchanda and Bhalla, 2006). In that 
study, ceftriaxone MICs ranged from 0.25 to 8 μg/ml. Five of 
the isolates were also resistant to penicillin (MIC ≥ 0.5 μg/
ml). Five patients demonstrated a partial or delayed response 
to ceftriaxone therapy (i.e. afebrile 6–15 days after starting 
antibiotic treatment). The mechanism of reduced suscepti-
bility to ceftriaxone has not been described. Subsequently, in 
vitro resistance translating into clinical treatment failure has 
been increasingly documented worldwide. 

Ceftriaxone, like cefotaxime, is highly active against Neis
seria gonorrhoeae even in the presence of reduced suscepti-
bility to penicillin (Tapsall, 2000; Jones et al., 2005; Australian 
Gonococcal Surveillance Programme, 2007; Kubanova et al., 
2008). Ceftriaxone is the most potent of the currently utilized 
antimicrobial agents; in one evaluation of the antigonococcal 
potency of the antimicrobials, the rank order of potency 
was as follows; ceftriaxone (MIC90 0.06 μg/ml) > faropenem 
(0.25 μg/ml) > azithromycin (0.5 μg/ml) > cefuroxime (1 μg/
ml) >  tetracycline (2 μg/ml) > penicillin = ciprofloxacin = 
levofloxacin (4 μg/ml) (Jones et al., 2005). In recent years, 
however, increasing resistance to ceftriaxone (MIC > 0.125 
μg/ml) has been noted, and nonsusceptibility to ceftriaxone 
has been reported globally (Bala et al., 2007; Zheng et al., 
2003; Ito et al., 2004; CDC, 2005; Tanaka et al., 2006; Osaka 
et al., 2008; Unemo and Shafer, 2014; see section 2b, Emerging 
resistance and cross-resistance).

GRAM-NEGATIVE BACILLI

Haemophilus influenzae has been predictably susceptible to 
extended-spectrum cephalosporins; H. influenzae, including 
beta-lactamase-producing strains, showed full susceptibility 
to ceftriaxone. Large-scale studies conducted in the USA, 
Europe, Asia, Australia, and Italy have found H. influenzae 
to be 100% susceptible to ceftriaxone (Livermore et al., 2001; 
Jacobs et al., 2003; Bouchillon et al., 2005; Jones et al., 2007; 
Fritsche et al., 2008; Tempera et al., 2010). An investigation 
with 8523 isolates showed full susceptibility to ceftriaxone 
with MIC90 0.008 μg/ml (Jacobs et al., 2003). In an assess-
ment of the in vitro activity of the beta-lactam antibiotics 
against beta-lactamase-positive H. influenzae, the rank 
order of intrinsic activity (MIC90, μg/ml) was cefditoren 
(0.03) < cefixime (0.06) < ceftriaxone (0.12) = cefotaxime 
(0.12) < cefuroxime (1) < amoxicillin-clavulanate (2) < ampi-
cillin (> 8) (Seral et al., 2008). Ceftriaxone was highly active 
against all classes of H. influenzae isolates. The MIC ranges, 
MIC50s, and MIC90s (μg/ml) were as follows: beta-lactamase- 
negative ampicillin-susceptible isolates, ≤ 0.008–0.12, ≤ 0.008, 
and 0.015; beta-lactamase-positive ampicillin-resistant 
isolates, ≤ 0.008–0.25, ≤ 0.008, and 0.015; beta-lactamase- 
negative ampicillin-resistant isolates, 0.03–1, 0.25, and 0.25; 
and beta-lactamase-positive amoxicillin-clavulanate-resistant 
isolates, ≤ 0.008–0.5, 0.12, and 0.25, respectively (Hirakata 
et al., 2009). In a pediatric population, of 587 H. influenzae 
isolates, 100% appeared to be susceptible to ceftriaxone in 
2011–2012 (Sader et al., 2014). Recently, however, nonsus-
ceptibility to ceftriaxone in H. influenzae has been reported 
in some regions (see section 2b, Emerging resistance and 
cross-resistance).

H. parainfluenzae is susceptible to ceftriaxone with MIC90s 
of ≤ 0.06 μg/ml (Flamm et al., 2012; Sader et al., 2013a). H. 
ducreyi, even the beta-lactamase-producing strains, remains 
susceptible to ceftriaxone, with MICs ≤ 0.25 μg/ml (Motley 
et al., 1992; Aldridge et al., 1993; Knapp et al., 1993).

Most of Moraxella catarrhalis isolates are susceptible to 
ceftriaxone (Tempera et al., 2010; Jones et al., 2011; Flamm et 
al., 2012; Pfaller et al., 2012; Flamm et al., 2013; Sader et al., 
2013a). For almost 8000 isolates from around the world, the 
ceftriaxone MIC90 was 0.5 μg/ml and, when interpreting 
these results with the susceptibility breakpoint of ≤ 2 μg/ml, 
the study authors noted 99.9% of these isolates were suscep-
tible to ceftriaxone (Deshpande et al., 2006). In a later study 
of 443 isolates of M. catarrhalis with MIC range of ≤ 0.25–8 
μg/ml, 99.8% were susceptible to ceftriaxone, with an MIC90 
of 0.5 μg/ml (Pfaller et al., 2012). In that study, nonsuscep-
tibility to ceftriaxone (MIC as high as 8 μg/ml) was been 
reported in the USA, although mechanisms of resistance 
were not elucidated. Susceptibility and resistance MIC break-
points for M. catarrhalis are defined by EUCAST as1 μg/ml 
and 2 μg/ml, respectively. European studies report very high 
susceptibility rates among M. catarrhalis isolates (MIC90 0.5 
μg/ml; range: ≤ 0.006–2 μg/ml) (Farrell et al., 2013a). Sim ilar 
rates were reported from the Asia-Pacific region and South 
Africa (range: ≤ 0.006–2 μg/ml) (Sader et al., 2013a).

B. pertussis is susceptible to ceftriaxone with an MIC90 
of  0.1 μg/ml (Bannatyne and Cheung, 1984). However, 
compared to the macrolides, quinolones, tetracyclines, and 
trimethoprim–sulfamethoxazole, ceftriaxone is less active in 
vitro (Spicer et al., 2014).

Like cefotaxime, ceftriaxone typically retains good activity 
against wild-type strains of Enterobacteriaceae. However, its 
activity against Enterobacteriaceae is quite variable in suscep-
tibility data reports (Table 27.2). The variable activity dem-
onstrated by ceftriaxone against Enterobacteriaceae reflects 
the widespread emergence of strains expressing AmpC beta- 
lactamases or extended-spectrum beta-lactamases (ESBLs) 
(Fritsche et al., 2008; Norskov-Lauritsen et al., 2009; Hawser 
et al., 2012; Farrell et al., 2013a; Zhanel et al., 2013; Cattoir 
and Dowzicky, 2014; Pfaller et al., 2014; Xiao et al., 2015).

Ceftriaxone is highly active against Salmonella enterica, 
including both S. Typhi (Stephen et al., 2003; Rahman et al., 
2006; Rahman et al., 2014) and nontyphoidal strains (Stephen 
et al., 2003; Dhanoa and Fatt, 2009). However, Salmonella 
spp. resistant to ceftriaxone and quinolones are increasingly 
reported recently and are often multidrug resistant (Su et al., 
2004; Parry and Threlfall, 2008; Crump et al., 2015; Kariuki 
et al., 2015). A pooled analysis in 1993–2011 revealed that 
1.5% of S. Typhi and 0.7% of the S. Parayphi A isolates were 
resistant to ceftriaxone in Nepal (Karki et al., 2013). Further 
studies demonstrated ESBLs or plasmid-mediated AmpC 
beta-lactamases from ceftriaxone-resistant Salmonella strains 
in various regions (Crump et al., 2015). ESBL producers were 
identified more often in nontyphoidal salmonellae than in 
typhoidal salmonellae in India (Capoor et al., 2009).

The susceptibility profile of Shigella spp., including S. son
nei, S. flexneri, S. dysenteriae, and S. boydii, has changed with 
the recent development of multidrug-resistant strains. The 
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majority of Shigella spp. remain susceptible to ceftriaxone 
(Tjaniadi et al., 2003; Sivapalasingam et al., 2006; Rahman 
et al., 2007; Mandomando et al., 2009; Ud-Din et al., 2013), 
although reports of ceftriaxone-resistant strains of S. sonnei 
and S. flexneri have been increasingly published (Kim et al., 
2004; Huang et al., 2005; Rahman et al., 2007; Upton et al., 
2007; Vasilev et al., 2007; Kuo et al., 2008; Qu et al., 2012; 
Tariq et al., 2012; Bhattacharya et al., 2014). A S. sonnei out-
break involving strains with overall resistance to ceftriaxone 
of 27% was reported in Taiwan in 2001–2002 (Chuang et al., 
2006). In a study with 119 S. flexneri and 24 S. dysenteriae 
isolates, ceftriaxone MICs ranged from 0.016 to 256 μg/ml, 
with MIC50s/MIC90s of 0.032:12 μg/ml for S. flexneri and 
0.023:0.047 μg/ml for S. dysenteriae (Taneja et al., 2012). 
In  that study, 9 S. flexneri isolates were positive for ESBL 
production.

With the exception of the carbapenems, the majority of 
Campylobacter jejuni and C. coli strains are resistant to beta- 
lactam antibiotics, including the cephalosporins (Aarestrup 
and Engberg, 2001; Wieczorek and Osek, 2013). Some strains 
may retain susceptibility to cefotaxime (Lariviere et al., 1986; 
Sjogren et al., 1992) and ceftriaxone (Tjaniadi et al., 2003). A 
novel class D beta-lactamase, OXA-61, was found to be pro-
duced by an Australian isolate of C. jejuni, but it did not con-
fer resistance to third-generation cephalosporins (Alfredson 
and Korolik, 2005).

Both Yersinia enterocolitica and Y. pestis, the main human 
pathogens of this genus, are susceptible to ceftriaxone. Data 
from many studies (Hornstein et al., 1985; Rastawicki et al., 
2000; Abdel-Haq et al., 2006) demonstrated full susceptibility 
of Y. enterocolitica to ceftriaxone and cefotaxime, the most 
active third-generation cephalosporins. Studies analyzing sus-
ceptibilities of Y. pestis isolates also demonstrated full sus-
ceptibility to ceftriaxone with MICs ≤ 0.03 μg/ml in Vietnam 
(Smith et al., 1995) and the USA (Wong et al., 2000).

No resistance to ceftriaxone was identified from Vibrio 
cholerae O1 and V. cholerae non-O1 (Tjaniadi et al., 2003; 
Smith et al., 2008; Mercy et al., 2014). However, recently a 
ceftriaxone-resistant V. cholerae O1 isolate with MIC value 
of 16 μg/ml, which harbored the blaDHA1 and blaNDM1 
genes, was found in India (Mandal et al., 2012). In 333 V. 
parahaemolyticus isolates from Indonesia, ceftriaxone resis-
tance was found in only 0.3% (Lesmana et al., 2001). Among 
the third-generation cephalosporins, cefotaxime has been 
most widely used for susceptibility testing and treatment of 
V. vulnificus. In vitro ceftriaxone MICs are generally ≤ 0.03–
0.12 μg/ml, with an MIC90 ≤ 0.03 μg/ml for 42 isolates of V. 
vulnificus (Chuang et al., 1997). Of 198 isolates of Aeromonas 
spp., mainly including A. hydrophila, 91% were susceptible to 
ceftriaxone (McAuliffe et al., 2015).

Brucella spp., including B. melitensis and B. abortus, are 
ceftriaxone-susceptible (Bosch et al., 1986; Palenque et al., 
1986; Bodur et al., 2003; Baykam et al., 2004; Marianelli et 
al., 2007; Jiang et al., 2010), although doxycycline is the most 
active agent in most studies (Bosch et al., 1986; Bodur et al., 
2003; Baykam et al., 2004). Susceptibility studies show that 
their ceftriaxone MICs range from 0.064 to 0.5 μg/ml (Bay-
kam et al., 2004; Marianelli et al., 2007). There has been one 

alarming report from Turkey of higher MIC values of ceftri-
axone and streptomycin against B. melitensis, with an MIC90 
demonstrated to be 8 μg/ml (Tanyel et al., 2007). A study 
with 355 isolates of Brucella spp. demonstrated an MIC range 
of 0.064–4 μg/ml, with an MIC50 and MIC90 of 0.5 and 1 μg/
ml, respectively. Seven isolates (2%) demonstrated probable 
resistance to ceftriaxone, using the CLSI breakpoint for 
Haemophilus spp. (≤ 2 μg/ml) (Abdel-Maksoud et al., 2012). 

Ceftriaxone has little activity against Pseudomonas aeru
ginosa (Norskov-Lauritsen et al., 2009; Rhomberg and Jones, 
2009; Zhanel et al., 2013). Furthermore, in vivo treatment 
of P. aeruginosa with ceftriaxone may result in emergence 
of ceftriaxone-resistant strains (Paull and Morgan, 1986). 
Ceft riaxone in combination with gentamicin, tobramycin, 
or amikacin, shows in vitro synergy with some strains of 
P.  aeruginosa, but antagonism or indifference with others 
(Angehrn, 1983; Watanakunakorn, 1983). 

Overall, ceftriaxone has low activity against Acinetobacter 
spp. in vitro (Bouchillon et al., 2005; Norskov-Lauritsen et al., 
2009; Zhanel et al., 2013). Antimicrobial susceptibility pro-
files from intensive care units demonstrate variable suscepti-
bility from country to country, with the lowest in Italy (8.8%) 
and the highest in Germany (42.3%) (Jones et al., 2004a).

Typically, ceftriaxone (Jones et al., 1998; Zhanel et al., 
2013) and cefotaxime (Livermore et al., 2014) display poor 
activity against Stenotrophomonas maltophilia. Burkholderia 
cepacia, which is responsible for infective exacerbations in 
cystic fibrosis, is invariably resistant to ceftriaxone (Fass et al., 
1996) and cefotaxime (Livermore et al., 2014). Ceftriaxone, 
like cefotaxime (Livermore et al., 2014), has no activity 
against Achromobacter xylosoxidans (Fass et al., 1996; Jones 
et al., 1998).

Burkholderia pseudomallei, the organism responsible for 
melioidosis, exhibits resistance to diverse groups of antibi-
otics, including third-generation cephalosporins, penicillins, 
rifamycins, and aminoglycosides (Cheng and Currie, 2005). 
Ceftriaxone has MIC values of 1–8 μg/ml (Ashdown, 1988; 
Jenney et al., 2001).

Aggregatibacter (formerly Actinobacillus) actinomycetem
comitans, a Gram-negative coccobacillus, which may cause 
endocarditis, is susceptible to ceftriaxone in clinical cases 
(Grace et al., 1988; Clark and Joyce, 1993; Wang et al., 2010). 
Kingella kingae is also ceftriaxone susceptible, with an MIC90 
0.015 μg/ml (Jensen et al., 1994). In a recent investigation of 
antimicrobial susceptibilities of 70 clinical HACEK isolates, 
all isolates were susceptible to ceftriaxone, with an MIC range 
of ≤ 0.03–0.5 μg/ml (Coburn et al., 2013).

Pasteurella multocida is ceftriaxone susceptible, with MICs 
≤ 0.19 μg/ml (Noel and Teele, 1986). Ceftriaxone is active 
against Pasteurella spp. isolated from animal bite wounds, 
including P. multocida multocida and P. multocida septica 
(MIC90s ≤ 0.015 μg/ml) (Goldstein et al., 2012).

Bartonella quintana, B. vinsonii, and B. henselae are quite 
susceptible to ceftriaxone and cefotaxime, with complete inhi-
bition of bacterial growth at concentrations < 0.125 μg/ml 
(Maurin and Raoult, 1993). In other studies of 14 Bartonella 
isolates of the species B. quintana, B. vinsonii, B. henselae, and 
B. elizabethae, MICs were all ≤ 0.25 μg/ml for ceftriaxone 
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(Maurin et al., 1995). In a Japanese study of 32 isolates of B. 
henselae (31 feline and 1 human), ceftriaxone MICs ranged 
from 0.016 to 0.047 μg/ml (Tsuneoka et al., 2010). 

The MICs of ceftriaxone to Francisella tularensis are 0.5–
16 μg/ml, with an MIC50/MIC90 ratio of 2:8 μg/ml (Baker et al., 
1985). However, ceftriaxone MICs reported in more recent 
studies were 32 μg/ml or more (Ikaheimo et al., 2000; Tomaso 
et al., 2005). A Japanese study of 36 F. tularensis isolates with 
ceftriaxone MIC ranges of 0.002–32 μg/ml demonstrated that 
this antibiotic did not show any inhibition ellipse around the 
E test strips for 14 isolates (Hotta et al., 2013).

GRAM-NEGATIVE ANAEROBIC BACTERIA

The Bacteroides fragilis group is highly resistant to ceftriax-
one, with susceptibility rates typically < 15% (Wexler et al., 
2005). As with cefotaxime, ceftriaxone is hydrolyzed by chro-
mosomal beta-lactamases of B. fragilis (Rolfe and Finegold, 
1981; Pollock et al., 1983). A study with 542 blood isolates 
of the B. fragilis group in 1987–1999 found ceftriaxone to be 
the least potent cephalosporin against this bacteria (cefoxitin 
> ceftizoxime > cefotetan = cefotaxime = cefmetazole > cef-
triaxone) (Aldridge et al., 2003). In a study with 205 B. fragi
lis isolates, the ceftriaxone MIC range was 0.12 to > 64 μg/ml, 
with an MIC90 of > 64 μg/ml, compared to metronidazole, 
with an MIC range of 1–8 μg/ml and an MIC90 of 4 μg/ml 
(Snydman et al., 2011).

Prevotella spp. has variable susceptibility to ceftriaxone, 
depending on the species (Pollock et al., 1983; Aldridge 
and Johnson, 1997; Wexler et al., 2005; Roberts et al., 2006; 
Citron et al., 2010). In contrast, more than 80% Fusobacter
ium and Porphyromonas strains are ceftriaxone susceptible 
(Wexler et al., 2005; Roberts et al., 2006; Citron et al., 2010). 

OTHER ORGANISMS

Chlamydia trachomatis is resistant to ceftriaxone with both 
MIC and MB) of > 32 μg/ml (Talbot and Romanowski, 1989). 
Ceftriaxone may have some activity against Coxiella burnetii, 
although the antibiotic is not used clinically for Q fever. In a 
small study with 13 C. burnetii isolates, ceftriaxone was bac-
teriostatic for 4 isolates and slowed the multiplication of the 
other 9 at < 4 μg/ml (Torres and Raoult, 1993). 

Ceftriaxone is more potent in vitro against Leptospira spp. 
than penicillin G and doxycycline, with a ceftriaxone MIC90/
MBC90 ratio of 0.2:0.39 μg/ml vs. 3.13:50 μg/ml for penicil-
lin G and 3.13:25 μg/ml for doxycycline (Hospenthal and 
Murray, 2003). The Leptospirae are more susceptible to cef-
triaxone than penicillin G, with an MIC90s of 0.39 μg/ml vs. 
6.25 μg/ml for penicillin G (Murray and Hospenthal, 2004). 
In a study that assessed the susceptibilities of 13 Leptospira 
isolates, ceftriaxone and cefotaxime MIC90s were 0.06 and 
0.03 μg/ml, respectively (Ressner et al., 2008). In an evalua-
tion of antimicrobial susceptibilities of Leptospira spp. using 
a new solid medium (named LVW agar), ceftriaxone’s MIC 
ranged from 0.006 to 2 μg/ml, with an MIC90 of 0.5 μg/ml 
(Wuthiekanun et al., 2013). 

Borrelia burgdorferi is highly susceptible in vitro to ceftri-
axone, with MICs and MBCs of 0.02 and 0.02–0.06 μg/ml, 

respectively (Johnson et al., 1987; Agger et al., 1992). In 
another study with 10 isolates, the ceftriaxone MIC range 
was 0.06–0.25 μg/ml, with an MIC90 of 0.06 μg/ml, compared 
to penicillin G for which the range was 0.5–8 μg/ml, with 
an MIC90 of 4 μg/ml (Mursic et al., 1987). Eight European 
human isolates of B. burgdorferi sensu stricto strains had a 
ceftriaxone MIC range of 0.031–0.25 μg/ml, with an MIC90 of 
0.25 μg/ml (Veinovic et al., 2013).

Mycoplasma spp., Mycobacterium spp., and fungi are 
resistant.

2b.  Emerging resistance and 
cross-resistance

Selection for resistance to beta-lactam antibiotics, including 
ceftriaxone, arises via (1) modification or bypassing of the 
normal penicillin-binding proteins (PBPs), (2) impermeabil-
ity or efflux of the Gram-negative organism outer membrane, 
and (3) production of beta-lactamases (Livermore, 1998). PBP 
modification is the most important mechanisms of resistance 
in Gram-positive cocci, but beta-lactamases are preeminent 
in Gram-negative species (Livermore, 1998).

Resistance to beta-lactams, including ceftriaxone, in MRSA 
is due to expression of PBP2a, a low-affinity PBP that is 
encoded by mecA gene (Chambers, 1999). In S. pneumoniae, 
high-level resistance to third-generation cephalosporins is 
due to alterations of PBPs 1A and 2X (Coffey et al., 1995). 
The low susceptibility of enterococci to beta-lactam antibi-
otics is associated with the synthesis of a particular PBP 
(e.g. PBP5) that has a low affinity for beta-lactam antibiotics 
(Fontana et al., 1992).

Although ceftriaxone is highly active in vitro against S. 
pneumoniae, the clinical applicability of these findings has 
been somewhat less clear in recent years. The reasons for this 
include the following: (1) the clinical disease spectrum and 
location of the organism being treated (different breakpoints 
for meningeal and nonmeningeal disease), (2) revision of the 
breakpoints recommended by the CLSI, and (3) the intro-
duction of the pneumococcal conjugate vaccines and its 
effect on microbiologic susceptibility patterns. Rates of resis-
tance to third-generation cephalosporins increase proportion-
ally to the rate of penicillin resistance (Fenoll et al., 2008). 
Furthermore, the higher the penicillin MICs, the higher the 
ceftriaxone MICs (Doern et al., 2012; Flamm et al., 2012) 
(see Table 27.1).

The activity of the cephalosporins against S. pneumoniae 
has been monitored by several large-scale international sur-
veillance systems. The SENTRY Antimicrobial Surveillance 
Program monitored the susceptibilities of S. pneumoniae iso-
lates (respiratory and blood) over 14 years in the USA (18,911 
isolates) (Jones et al., 2013). This study, which used the non-
meningeal breakpoints for ceftriaxone published by the CLSI, 
demonstrated a decrease in ceftriaxone susceptibility from 
97.0% in 1998 to 88.3% in 2011. The TEST (Tigecycline 
Eval uation and Surveillance Trial), which analyzed the sus-
ceptibilities of 14,438 worldwide strains of S. pneumoniae in 
2004–2012, found that 95.1% of the isolates were ceftriaxone 
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susceptible (Tomic and Dowzicky, 2014). Ceftriaxone sus-
ceptibility among S. pneumoniae isolates decreased in all 
regions between 2004–2008 and 2009–2012, by 3.2% glob-
ally from 96.3% to 93.1% and by as much as 12.1% in the 
Asia-Pacific Rim from 90.1% to 78.0%. The AWARE sur-
veillance program examined the susceptibilities of 3,329 
pneumococcal isolates in the USA in 2008–2010; the overall 
susceptibility to ceftriaxone was found to be 89.1% and the 
absolute resistance to be 2.1% (Farrell et al., 2012). Another 
study in the USA in 2011–2012 found that, of 1,190 S. pneu
moniae isolates, 8.7% were ceftriaxone nonsusceptible accord-
ing to the CLSI criteria (≤ 1 μg/ml for susceptible) (Mendes 
et al., 2014). Decreased susceptibility to ceftriaxone was fre-
quently observed among certain serotypes (e.g. 51.4% in 19A 
and 29.7% in 35B) (Mendes et al., 2014). In the pediatric 
population, the AWARE surveillance data demonstrated 
86.4% to be fully susceptible to this agent (Sader et al., 2014).

Individual studies from Canada (Zhanel et al., 2013), China 
(Huang et al., 2015), France (Cattoir and Dowzicky, 2014), 
Latin American countries (Flamm et al., 2014c), South 
Africa (von Mollendorf et al., 2014), and Taiwan (Tsai et al., 
2013) found varying rates of ceftriaxone susceptibility from 
76.9% to 99.3% using the CLSI nonmeningitis breakpoint. 
Isolates from China were found to have the lowest level of 
ceftriaxone susceptibility, whereas the results from Canada 
and South Africa demonstrated levels of susceptibility greater 
than 90%.

Following the introduction of the pneumococcal conjugate 
vaccines in the 2000s, the incidence of vaccine-type pneu-
mococcal diseases declined substantially among both young 
children and the elderly (Hampton et al., 2012; Farnham et 
al., 2015; Moore and Whitney, 2015; Waight et al., 2015). 
Furthermore, significant declines in antimicrobial resistance 
were observed in vaccine-type pneumococci (Torres et al., 
2015). However, recent studies have shown an increase in the 
rates of disease caused by nonvaccine serotypes (Moore and 
Whitney, 2015) and increasing rates of resistance to potent 
beta-lactams, including ceftriaxone, after the introduction of 
both pneumococcal conjugate vaccines (Jones et al., 2013). 
Continued surveillance of serotype distribution and antimi-
crobial resistance in invasive pneumococcal disease is critical 
(Torres et al., 2015).

Viridans streptococci (including S. mitis, S. sanguis, and 
S. oralis) that are resistant to ceftriaxone and cefotaxime have 
been reported. Results from a SENTRY study found ceftriax-
one resistance to be 5.7% between 2005 and 2006 (Fritsche et 
al., 2008). This study analyzed samples from North America, 
Latin America, and Europe. Ceftriaxone resistance (MIC ≥ 
4 μg/ml) was 4% in another investigation of 191 blood cul-
ture isolates of viridans streptococci (Gershon et al., 2002).

S. agalactiae isolates with reduced susceptibility to cef-
triaxone (CLSI breakpoint for susceptible ≤ 0.5 μg/ml) were 
reported soon after clinical isolates of S. agalactiae with higher 
cefotaxime MIC (0.12–2 μg/ml) have been identified for the 
first time (Kimura et al., 2008). Another study in Japan found 
that two penicillin-resistant S. agalactiae isolates had ceftri-
axone/cefotaxime MICs of 1:1 and 0.5:1 μg/ml, respectively 

(Nagano et al., 2014). In addition, a case of prosthetic joint 
infection with a S. agalactiae isolate with nonsusceptibility to 
ceftriaxone (MIC from 0.12 to 1 μg/ml) that developed after 
prolonged low-dose oral penicillin V was reported (Gaudreau 
et al., 2010). In a recent surveillance study in Europe, 0.2% of 
1244 S. agalactiae isolates showed nonsusceptibility to ceftri-
axone (Norskov-Lauritsen et al., 2009).

During the last decade, N. gonorrhoeae strains with non-
susceptibility to ceftriaxone (MIC > 0.25 μg/ml) emerged 
worldwide and spread internationally (Unemo and Shafer, 
2014). Large surveillance programs and individual studies 
noted a worldwide decreasing trend in susceptibility to cef-
triaxone in N. gonorrhoeae (Ito et al., 2004; CDC, 2011; 
Starnino et al., 2012; Bala et al., 2013; Kirkcaldy et al., 2013; 
Kovari et al., 2013; Lahra et al., 2013; Cole et al., 2014; 
Endimiani et al., 2014; Bala et al., 2015). Gonococcal strains 
with nonsusceptibility to ceftriaxone (MIC = 0.5 μg/ml) has 
also been reported in some regions (Zheng et al., 2003; Ito et 
al., 2004; CDC, 2005; Tanaka et al., 2006; Chen et al., 2014; 
Cao et al., 2015). In men, nonsusceptibility to ceftriaxone in 
N. gonorrhoeae was higher in homosexual men than in het-
erosexual men (Kirkcaldy et al., 2013). More recently, the first 
N. gonorrhoeae strains with high-level resistance to ceftriax-
one have been verified in Japan (Ohnishi et al., 2011a), France 
(Unemo et al., 2012), and Spain (Cámara et al., 2012). The 
ceftriaxone MICs were 2, 2, and 1.5 μg/ml, respectively. 
Another N. gonorrhoeae isolate with high-level resistance to 
ceftriaxone (inhibition zone diameter = 9 mm; CLSI criteria 
for susceptible ≥ 35 mm) was identified in Puerto Rico 
(Scharbaai-Vazquez et al., 2015). These high-level ceftriaxone- 
resistant isolates were extensively drug resistant, showing 
resistance to penicillin, quinolones, tetracycline, and other 
extended-spectrum cephalosporins (ESCs) including cefixime 
and cefotaxime (Ohnishi et al., 2011a; Cámara et al., 2012; 
Unemo et al., 2012). The molecular typing suggested the 
possible spread of this ceftriaxone-resistant variant of the 
European clone in France and Spain (Cámara et al., 2012).

In addition to the emergence of these high-level ceftriax-
one resistant isolates, several ceftriaxone treatment failures 
have occurred in pharyngeal gonorrhoeae caused by suscep-
tible gonococcal strains with a relatively low ceftriaxone MIC 
(0.016–0.125 μg/ml) (Tapsall et al., 2009; Chen et al., 2013b; 
Read et al 2013; Golparian et al., 2014; Unemo et al., 2011), 
reflecting the difficulties in treating pharyngeal compared 
to urogenital gonorrhoeae. In this setting, pharyngeal gon-
orrhoeae may play a central role in the development of resis-
tance, due to the horizontal transfer of genetic elements 
between gonococci and other commensal neisseriae in the 
pharyngeal mucosa, where the antibiotic has lower concen-
trations than in the urogenital mucosa (Deguchi et al., 2012). 

The main mechanism in N. gonorrhoeae for decreased sus-
ceptibility and resistance to ESCs is specific alterations of the 
penA gene, encoding PBP2, which is the lethal target for ceph-
alosporins (Unemo and Shafer, 2014). Ceftriaxone is unaf-
fected by the TEM-1 beta-lactamase of penicillinase- producing 
N. gonorrhoeae. Beta-lactamases capable of hydrolyzing cef-
triaxone have not yet been detected in N. gonorrhoeae.
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Since the early 2000s, H. influenzae strains with nonsus-
ceptibility to ceftriaxone (MIC > 2 μg/ml) have been reported 
in China (Wang et al., 2000), Canada (Zhanel et al., 2013), 
and Europe (Norskov-Lauritsen et al., 2009) including France 
(Cattoir and Dowzicky, 2014), although mechanisms of resis-
tance were not explored in these reports (discussed later in 
this chapter). A TEST study with 14,770 H. influenzae iso-
lates in 2004–2012 found an MIC90 of ≤ 0.06 μg/ml; the over-
all rate of nonsusceptibility to ceftriaxone was 0.1%, ranging 
from 0.1% in Europe and North America to 0.3% in Latin 
America (Tomic and Dowzicky, 2014). Resistance to cepha-
losporins in H. influenzae is usually caused by alterations in 
PBP3, encoded by the ftsI gene, resulting in low affinity for 
beta-lactams. Resistance to ESCs is associated with high-level 
PBP3-mediated resistance. In a study of H. influenzae iso-
lates with high-level PBP3-mediated resistance (S385T posi-
tive) to ESCs, 47% of 30 isolates were resistant to ceftriaxone 
according to the EUCAST breakpoint (≤ 0.12 μg/ml) (Skaare 
et al., 2014). The same PBP3 mechanism is also responsible for 
ampicillin resistance in some strains (beta-lactamase-negative 
ampicillin resistant strains, BLNAR), besides the production 
of beta-lactamases in other strains (beta-lactamase-positive 
ampicillin-resistant strains; BLPAR) (Tristram et al., 2007). 
Different amino acid substitutions have been described in 
ftsI gene, resulting in different grades of decreased suscepti-
bility or resistance to cephalosporins (Harrison et al., 2011; 
Tristram et al., 2007). Resistance to extended-spectrum 
cephalosporins is defined by the acquisition of S385T amino 
acid substitution in addition to either N526K or R527H sub-
stitution (high-level PBP3-mediated resistance; high-rPBP3); 
to become resistant specifically to ceftriaxone, a third sub-
stitution in ftsI gene is required (mainly L389F or N526K) 
(Hasegawa et al., 2006; Skaare et al., 2014). Resistance to cef-
triaxone has been mainly described in Japan, where BLNAR 
are quite common compared to the rest of the world (Shiro et 
al., 2015) and are also becoming resistant to cephalosporins 
as a consequence of their wide use (Hasegawa et al., 2006). In 
a study by Hasegawa et al. (2006) on resistance of Haemophilus 
influenzae responsible for meningitis in Japan, the MIC50 of 
ceftriaxone for BLNAR was 0.125 μg/ml, which is 32 times 
higher than the value of 0.004 μg/ml for beta-lactamases- 
negative ampicillin-susceptible strains (BLNAS), and it was 
clearly increased by the additional amino acid substitutions. 
The authors also reported how some patients failed mono-
therapy with ceftriaxone, highlighting the need of a combina-
tion therapy (ceftriaxone and meropenem) for Haemophilus 
meningitis in Japan. In more recent years, the ceftriaxone 
MIC50 in BLNAR and in beta-lactamase-negative amoxicillin– 
clavulanate-resistant strains (BLPACR), which are considered 
to have altered PBP3 in addiction to beta lactamases produc-
tion, in Japan was found to be 0.25 μg/ml (Shiro et al., 2015); 
the proportion of BLNAR strains showed an increasing trend 
from 2000 to 2012. 

Tristram et al. (2008) has reported two clinical isolates of 
H. parainfluenzae that produced a TEM-15 type ESBL and 
had a cefotaxime MICs of 8–16 μg/ml. Ceftriaxone MICs 
were not reported in this article but it appears highly likely 

that ceftriaxone MICs would have also been elevated. In 
addition, extensively drug-resistant H. parainfluenzae iso-
lates with the ceftriaxone and cefotaxime MICs of 0.25 and 
1.5 μg/ml, respectively, were found to have multiple resistance 
mechanisms, including amino acid substitutions in PBP3 
(Tinguely et al., 2013). These two isolates also carried a TEM-1 
beta-lactamase, but the beta-lactamase was not expressed.

In Enterobacteriaceae, ceftriaxone is stable against TEM-1, 
TEM-2 and SHV-1 beta-lactamases (Livermore, 1998). How-
ever, like other third-generation cephalosporins, its activity 
is reduced by hyperproduction of AmpC beta-lactamases, 
ESBLs, metallo-beta-lactamases, Klebsiella pneumoniae car-
bapenemase (KPC) beta-lactamases, and some other beta- 
lactamase types (Livermore, 1996; Paterson, 2006). Resistance 
to third-generation cephalosporins by these mechanisms is 
widespread and increasingly reported in Enterobacteriaceae 
in the past two decades. Of particular note are the CTX-M 
type ESBLs, which preferentially hydrolyze cefotaxime and 
ceftriaxone (Rodriguez-Bano and Paterson, 2006; D’Andrea 
et al., 2013). These have become associated with community- 
acquired infections with E. coli as well as hospital-acquired 
infections with a variety of bacterial species (Pitout, 2010; 
Doi et al., 2013; Woerther et al., 2013). Also of note is 
the emergence of plasmid-mediated AmpC beta-lactamases 
found in E. coli, K. pneumoniae, and other species (Jacoby, 
2009; Harris, 2015).

The Centers for Disease Control and Prevention (2013) 
estimates that in the USA, nearly 26,000 healthcare-associated 
Enterobacteriaceae infections per year are caused by ESBL-
producing Enterobacteriaceae, leading to 1,700 deaths, with 
the percentage of ESBL producers being about 23% among 
Klebsiella spp. and 14% among E.coli. According to the annual 
report of the European Antimicrobial Resistance Surveillance 
Network (EARS-Net), the European Union and European 
Economic Area population-weighted mean percentage of iso-
lates showing third-generation cephalosporins resistance in 
2013 was 12.6% among E.coli (ranging from 5.0% in Iceland 
to 39.6% in Bulgaria) and up to 30.0% among K. pneumoniae 
(ranging from 0% in Iceland to 70.1% in Greece). Among 
isolates resistant to third-generation cephalosporins, a large 
proportion were ESBL-positive (eCDC, 2013). Similarly, rates 
of nosocomial infections caused by ESBL-producing Entero-
bacteriaceae in Latin America have increased since 2005, 
with up to 32% of E. coli and up to 58% of K. pneumoniae 
isolates being ESBL-positive according to different studies 
(Guzmán-Blanco et al., 2014). In the past 5 years, both CLSI 
and EUCAST have lowered the MIC clinical breakpoints for 
third- and fourth-generation cephalosporins against Enter-
obacteriaceae: ceftriaxone susceptibility and resistance MIC 
breakpoints are 1 μg/ml and 2 μg/ml, respectively (EUCAST), 
and 1 μg/ml and 4 μg/ml, respectively (CLSI).

Although ceftriaxone is highly active against Salmonella 
enterica, including both S. Typhi and nontyphoidal strains 
(Stephen et al., 2003; Rahman et al., 2006; Dimitrov et al., 
2007), isolates displaying resistance to extended-spectrum 
cephalosporins have been increasingly described worldwide 
and are often multidrug resistant, creating a public health 
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concern (Su et al., 2005; Wedel et al., 2005; Zaidi et al., 2006; 
Lee et al., 2009; Le Hello et al., 2013; CDC, 2013). 

3. MECHANISM OF DRUG ACTION

Ceftriaxone, similar to other cephalosporins, inhibits bacte-
rial wall synthesis of actively dividing cells by binding to one 
or more PBPs. Formation of a defective cell wall results in 
osmotic instability of a bacterial cell. Bacterial species have a 
unique set of PBPs. The affinity pattern of ceftriaxone for the 
PBPs for different bacterial species affects the drug’s antimi-
crobial spectrum of activity. It has enhanced activity against 
Gram-negative bacteria for the same reasons as for cefotax-
ime. Ceftriaxone induces filamentation in E. coli and P. aeru
ginosa, suggesting that it binds primarily to the PBP3 (Hall et 
al., 1981).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Ceftriaxone is not absorbed after oral administration, and so 
it must be administered by either the intramuscular (i.m.) or 
intravenous (i.v.) route. It is more suitable for i.m. adminis-
tration than other third-generation cephalosporins because 
it has a prolonged serum half-life, which allows administra-
tion at 12-hour or 24-hour intervals (Eron et al., 1983; Legua 
et al., 2002). In the ambulatory setting, ceftriaxone has been 
successfully used to treat a range of serious bacterial infec-
tions in all age groups and in patients who were either immu-
nocompetent or immunocompromised and/or neutropenic 
(Nathwani, 2000). The antibiotic has also been widely used 
in hospitalized patients.

4a.  Adults

When given i.m., the drug can be mixed with lidocaine (lig-
nocaine) to reduce pain (Patel et al., 1982; Russo et al., 1988; 
Legua et al., 2002). Lidocaine can reduce the amount of pain 
of an i.m. injection of ceftriaxone when compared with 
sterile water as a diluent (Schichor et al., 1994). A 1-g vial of 
ceftriaxone was reconstituted with 3.6 ml of 1% lidocaine 
without epinephrine, resulting in a total volume of 4 ml in 
one study (Russo et al., 1988). Ceftriaxone solution should be 
injected well within the body of a relatively large muscle and 
not more than 1 g should be injected at a single site (Lamb 
et al., 2002); a maximum of 2 ml of solution can be given in 
each site (gluteus or lateral thigh) (Russo et al., 1988). The 
efficacy of i.m. ceftriaxone 1 or 2 g daily as parenteral home 
therapy has been reported (Russo et al., 1988).

For i.v. administration, ceftriaxone is given either by 
direct intermittent injections over 2–5 minutes (Schaad 
and Stoeckel, 1982; Baumgartner and Glauser, 1983) or by 
short 20- to 30-minute infusions (Epstein et al., 1982; Bittner 
et al., 1983). However, the manufacturer in the latest pre-
scribing information recommends that ceftriaxone be admin-
istered i.v. by infusion over a period of 30 minutes, except 
in neonates, for whom administration over 60 minutes is 

recommended to reduce the risk of bilirubin encephalopathy 
(Roche, 2015).

The usual adult dose is 1–2 g/day given once daily (or in 
equally divided doses twice daily), depending on the type 
and severity of infection (Roche, 2015). For the treatment of 
skin and soft-tissue infections, an adult dosage of 1 g i.m. 
daily may suffice (Gordin et al., 1985). For the treatment of 
life-threatening infections, such as meningitis and septicemia 
in immunocompromised patients, the dose is often increased 
to 2 g every 12 hours (Tunkel et al., 1990) or very rarely even 
to 2 g every 8 hours (Salvador et al., 1983). However, the total 
daily dose should rarely exceed 4 g (Roche, 2015). Most 
guidelines for treatment of bacterial meningitis in adults rec-
ommend 4 g/day, typically prescribed as 2 g every 12 hours 
(Begg et al., 1999; Tunkel et al., 2004; Chaudhuri et al., 2008; 
van de Beek et al., 2012). A single i.m. dose of 250 mg is rec-
ommended for the treatment of uncomplicated gonorrhea 
(Roche, 2015). For surgical prophylaxis, a single i.v. 1-g dose 
given 0.5–2 hours before surgery is advised (Roche, 2015).

In critically ill patients with sepsis, pharmacokinetic vari-
ability, such as altered drug clearances and/or volumes of 
distribution, may affect antibiotic concentrations. Time-
dependent killing of antibiotics, such as beta-lactams, can 
have prolonged periods during which antibiotic concentra-
tions fall below the MIC for the infective pathogen at the site 
of infection. Although numerous in vitro and in vivo pharma-
cokinetic-pharmacodynamic (PK-PD) data favor the use of 
continuous infusion of beta-lactam antibiotics over intermit-
tent bolus administration, no significant difference between 
these two dosing strategies in terms of patient outcomes 
has yet been shown (Kasiakou et al., 2005a; Kasiakou et al., 
2005b; Roberts et al., 2007b; Abdul-Aziz et al., 2012). In a 
randomized, controlled pilot study comparing the clinical and 
bacteriologic outcomes of ceftriaxone 2 g administered as a 
once-a-day intermittent bolus dose with those of a 24-hour 
continuous infusion in critically ill patients with sepsis, 
 ceftriaxone by continuous infusion was associated with an 
improved clinical outcome when age and severity of illness 
were controlled for by statistical analyses (adjusted odds ratio: 
22.8; 95% confidence interval: 2.24–232.3) (Roberts et al., 
2007a). Although these data remain to be confirmed by other 
studies, the potential for continuous infusion of ceftriaxone 
exists. Ceftriaxone i.v. solutions, at concentrations between 
10 and 40 μg/ml in certain types of diluent, such as 0.9% 
sodium chloride solution and 5% dextrose solution, remain 
stable (loss of potency < 10%) at room temperature (25°C) 
for 2 days stored in glass or PVC containers (Roche, 2015).

4b.  Newborn infants and children

The pediatric dosage is 50–100 mg/kg body weight daily, 
given in one or two divided doses (Steele and Bradsher, 1983; 
Peltola et al., 1989); although one pharmacokinetic modeling 
study suggested that lower doses may be effective in some 
cases (Iida et al., 2011). Ceftriaxone 50–75 mg/kg/day, not to 
exceed 2 g, administered once daily (or as two equally divided 
doses) is recommended for skin and soft-tissue infections 
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and other serious nonmeningeal infections (Roche, 2015). 
Single daily doses of 50 mg/kg have been effective for the 
treatment of children with a variety of nonmeningitic bac-
terial infections (Congeni et al., 1985). For the treatment 
of bacterial meningitis, a variety of different guidelines and 
reviews recommend dosing either once daily or every 12 
hours (Tunkel et al., 2004; Chavez-Bueno and McCracken, 
2005; van de Beek et al., 2012). A dosage of 50 mg/kg every 
12 hours has been recommended for meningitis, which 
could be preceded by an initial loading dose of 75 mg/kg 
(Schaad and Stoeckel, 1982; del Rio et al., 1983; Steele and 
Bradsher, 1983). Ceftriaxone single daily doses of 100 mg/kg 
have been used successfully in bacterial meningitis (Martin, 
1983; Bryan et al., 1985; Dankner et al., 1988; Peltola et al., 
1989; Schaad et al., 1990; Scholz et al., 1998a). Ceftriaxone 
was commonly given at 100 mg/kg once daily initially and 
then reduced to 60–80 mg/kg once daily 1–2 days later 
(Martin, 1983; Bryan et al., 1985; Dankner et al., 1988; Scholz 
et al., 1998a).

Pharmacokinetic studies indicate that a single daily dose 
of 50 mg/kg body weight may be sufficient in newborn 
infants, even for severe infections such as bacterial meningi-
tis (McCracken et al., 1983). Others have found that in neo-
nates over 7 days of age, a dosage of 50 mg/kg every 12 hours 
is safe and effective for the treatment of bacterial meningitis 
(Steele and Bradsher, 1983; Steele et al., 1983). Intravenous 
doses should be given over 60 minutes in neonates to reduce 
the risk of bilirubin encephalopathy (Roche, 2015).

Hyperbilirubinemic neonates, especially those who are 
premature, should not be treated with ceftriaxone (Roche, 
2015) because it may increase the risk of bilirubin encepha-
lopathy (Robertson et al., 1988; see also section 6, Adverse 
reactions and toxicity. Ceftriaxone is contraindicated in pre-
mature neonates up to a postmenstrual age of 41 weeks (ges-
tational age + chronological age) (Roche, 2015). Ceftriaxone 
is contraindicated in neonates (≤ 28 days) if they require (or 
are expected to require) treatment with calcium-containing 
i.v. solutions, including continuous calcium-containing 
infusions such as parenteral nutrition because of the risk of 
ceftriaxone–calcium precipitation (Roche, 2015; see section 
5e, Drug interactions). In those cases, cefotaxime of cefepime 
may serve as an appropriate alternative antimicrobial agent 
(Monte et al., 2008).

4c.  Pregnant and lactating mothers

In pregnant women, a daily ceftriaxone dose of 2 g i.v. is 
sufficient, and a loading dose or increase in maintenance 
dose is not necessary (Bourget et al., 1993). Ceftriaxone is 
considered compatible with breastfeeding by the American 
Academy of Pediatrics (American Academy of Pediatrics 
Committee on Drugs, 2001). Breast milk concentrations of 
ceftriaxone are 3–4% of those achieved in maternal serum 
and are unlikely to be of clinical significance (Kafetzis et al., 
1983), especially because the drug has poor oral bioavail-
ability and is therefore unlikely to be absorbed by the breast-
feeding infant.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

The elimination half-life of ceftriaxone is increased only 
minimally in renal failure. In a pharmacokinetic study, the 
elimination half-life of ceftriaxone following a 1-g i.v. dose 
was 15.6 hours in patients with a creatinine clearance (CrCl) 
of ≤ 15 ml/minute; corresponding half-life in patients with 
CrCl of 31–60 ml/minute was 11.9 hours (Kowalsky et al., 
1985). Dose adjustment for ceftriaxone in patients with renal 
impairment is unnecessary unless concomitant hepatic dys-
function exists (Cohen et al., 1983; Stoeckel et al., 1983; Patel 
et al., 1984; Stoeckel and Koup, 1984; Wise and Wright, 1985). 
Table 27.3 indicates dosing for various degrees of renal dys-
function and for hemodialysis and other renal replacement 
modalities.

Patients on hemodialysis
Ceftriaxone is not removed to any significant extent during 
intermittent hemodialysis, and supplemental doses are not 
required after this procedure (Cohen et al., 1983; Patel and 
Kaplan, 1984; Patel et al., 1984). The standard dosing in 
patients receiving hemodialysis is thus 1 g every 24 hours 
(Table 27.3). In a small percentage of patients with end-stage 
renal disease maintained on hemodialysis, the elimination 
rate of ceftriaxone was significantly reduced. Some have 
suggested that serum level monitoring is advisable in these 
patients to determine if dosage adjustments are necessary 
(Patel and Kaplan, 1984). Some centers administer ceftriaxone 
after each dialysis session (i.e. every 48–72 hours), although 
this deviates from published recommendations (Table 27.3). 
Taking pharmacodynamic considerations into account, 1 g 
ceftriaxone after each dialysis session may put patients at risk 
of suboptimal serum concentrations, particularly if adminis-
tration occurs 72 hours after previous dosing (Simon et al., 
2006). In such settings, a dose of 2 g i.v. is recommended 
immediately after dialysis, particularly in patients with severe 
infections or when the dosing interval will be longer than 48 
hours (Simon et al., 2006; Vossen and Thalhammer, 2013).

Patients receiving continuous renal 
replacement therapy
In patients receiving continuous renal replacement therapy 
(CRRT), ceftriaxone may be prevented from being filtered 
because of its extensive protein-binding capacity (Trotman 
et al., 2005). In a study of pharmacokinetics of ceftriaxone in 
patients undergoing continuous venovenous hemofiltration 
(CVVH), ceftriaxone clearance has been shown to be equiv-
alent to that in subjects with normal renal function (Kroh et 
al., 1996). Ceftriaxone was found to be significantly removed 
during both CVVH and continuous venovenous hemodial-
ysis (CVVHD), the extent of which depends on the CRRT 
operating conditions and the membranes used (Pea et al., 
2007). An in vitro model of ceftriaxone suggested that ceftri-
axone clearance may be more rapid during CVVH in hypo-
albuminemic patients (Harvey et al., 2014). Therefore, in 
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hypoalbuminemic patients and in those with residual renal 
function, higher dosages could be needed, especially when 
using high-volume ultrafiltration rates (Pea et al., 2007). 

Generally, the dose of ceftriaxone does not need to be 
adjusted for patients receiving continuous arteriovenous 
hemofiltration (Cotterill, 1995) or CVVH (Kroh et al., 1996; 
Matzke et al., 2000). A dose of ceftriaxone 1–2 g i.v. every 
12–24 hours is recommended in critically ill adult patients 
receiving CRRT, including CVVH, CVVHD, and continuous 
venovenous hemodiafiltration (Trotman et al., 2005; Heintz 
et al., 2009). Ceftriaxone 4 g daily for chronic hemodialysis 
and 2 g every 12 hours for continuous hemofiltration are 
also recommended in patients with a body weight of 70 kg 
(Vossen and Thalhammer, 2013).

Patients on peritoneal dialysis
The clearance of ceftriaxone during peritoneal dialysis is also 
minimal, and supplemental dosages should not be required 
(Ti et al., 1984). Ceftriaxone 1 g i.v. every 12 hours may be 
given to patients on peritoneal dialysis (Aronoff et al., 2007). 
Based on pharmacokinetic studies, a dose of 1 g intraperi-
toneally once daily may be given for treatment of bacterial 
peritonitis in patients receiving continuous ambulatory peri-
toneal dialysis (Albin et al., 1986). Recent guidelines by the 
International Society for Peritoneal Dialysis recommend cef-
triaxone for the treatment of peritonitis caused by susceptible 
E. coli and Klebsiella spp. in pediatric patients receiving peri- 

toneal dialysis, although cefepime is preferred by some for 
this condition (Warady et al., 2012).

Patients undergoing plasmapheresis
Plasmapheresis has negligible influence on the total clearance 
of ceftriaxone (Bakken et al., 1990). Patients undergoing plas-
mapheresis for 150 minutes or less may safely be treated with 
ceftriaxone 2 g i.v. once daily without risking periods of sub-
therapeutic plasma ceftriaxone levels (Bakken et al., 1993). 
Administration of ceftriaxone is recommended after or 15 
hours before plasma exchange (Kintzel et al., 2003).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Hepatic disease alters the kinetics of ceftriaxone minimally 
(Patel and Kaplan, 1984; Hary et al., 1989), and dosing adjust-
ments (with a ceftriaxone dosage up to 2 g/day) are not 
required in patients with impaired hepatic function and 
normal renal function (Patel and Kaplan, 1984). A pharma-
cokinetic study of single-dose ceftriaxone in patients with 
Child–Pugh class B or C cirrhosis showed that, compared 
with healthy subjects, there was no significant difference in 
either half-life or clearance (Hary et al., 1989). Another study 
of single-dose ceftriaxone pharmacokinetics in liver insuffi-
ciency also found no significant difference in the half-life 
among cirrhotic and noncirrhotic patients and healthy sub-
jects (Stoeckel et al., 1984). In that study, there was one cir-
rhotic patient with ascites who had an exceptionally large rise 

Table 27.3. Dosage recommendations for adults and children for parenteral ceftriaxone

Clinical status Adults Childrena and neonates

Routine dosages

Normal renal and hepatic 
function

1–2 g i.m./i.v. every 12–24 hours, depending 
on the type and severity of infection

Maximum 2 g daily for treatment of most 
infections

Maximum 4 g daily for treatment of meningitis

Mild to moderate infections: 50–75 mg/kg/day i.m./i.v. in 
one to two divided doses (maximum: 2 g daily)

Serious infections: 100 mg/kg/day i.m./i.v. in one to two 
divided doses (maximum: 4 g daily)

Neonates: 50 mg/kg i.m./i.v. every day regardless of weight

Altered dosages

Impaired renal function No dosage adjustment required up to 2 g daily
IHD: no supplement dose after dialysis
PD: 1 g i.v. every 12 hours
CVVH, CVVHD, or CVVHDF: 1–2 g every 

12–24 hours

GFR 30–50 ml/minute/1.73 m2: no dosage adjustment
GFR 10–29 ml/minute/1.73 m2: no dosage adjustment
GFR < 10 ml/minute/1.73 m2: all doses every 24 hours
IHD: 50 mg/kg every 24 hours
PD: 50 mg/kg i.v. every 24 hours
CRRT: 50 mg/kg every 24 hours

Impaired hepatic function No dosage adjustment required up to 2 g daily
Do not exceed dosage of 2 g daily in those 

with hepatic dysfunction and clinically 
significant renal disease 

As per adults

Pregnancy and lactating 
women

Use with caution Use with caution

The elderly Refer to adult dosing —

aDoses are for children only > 2000 g and > 14 days of life.
Abbreviations: IHD: intermittent hemodialysis; PD: peritoneal dialysis; CVVH: continuous venovenous hemofiltration; CVVHD: continuous venovenous hemo-

dialysis; CVVHDF: continuous venovenous hemodiafiltration; GFR: glomerular filtration rate; CRRT, continuous renal replacement therapy.
Sources: Data compiled from Aronoff et al. (2007), Heintz et al. (2009), AAP (2012), and Roche (2015).
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in free fraction of ceftriaxone in plasma when the condition 
was aggravated by renal impairment (unbound drug clear-
ance, 0.752 ml/minutes/kg). The authors concluded that, 
while patients with chronic liver disease would require no 
dose adjustments due to the wide therapeutic range of cef-
triaxone, a 50% dose decrease can be considered for patients 
with severe hepatic disease (Stoeckel et al., 1984). Dosing 
adjustments may be required for patients with concomitant 
hepatic and renal insufficiency, although precise recommen-
dations are not available (Stoeckel et al., 1984).

A recent review did not recommend dosing adjustments 
of ceftriaxone in patients with liver cirrhosis regardless of 
Child–Pugh class (Halilovic and Heintz, 2014). Similarly, the 
product information for ceftriaxone does not recommend 
dosing adjustments in patients with hepatic dysfunction; how-
ever, in patients with both hepatic dysfunction and significant 
renal disease, caution should be exercised and the ceftriaxone 
dosage should not exceed 2 g daily (Roche, 2015).

OLDER ADULTS

In one study of six healthy individuals over 65 years of age the 
ceftriaxone serum elimination half-life was prolonged from 
the normal 6.5–15 hours (Deeter et al., 1990). These authors 
suggested that dosing intervals greater than 24 hours or a 
reduction of the dose without a change in dosing interval 
may be indicated in elderly individuals. However, another 
study showed that normal subjects had a half-life of 5.8–8.7 
hours while the elderly had minimal prolongation to 8.9 hours 
(Luderer et al., 1984). These authors suggested that no change 
in dosage regimens be undertaken in the elderly (Luderer et 
al., 1984). Ceftriaxone’s product information does not sug-
gest dose alteration in the elderly (Roche, 2015). In a small 
retrospective study comparing the first-line intravenous vs. 
subcutaneous administration of ceftriaxone in patients older 
than 75 years of age, there was no significant difference for 
isolated bacteria, site of infection, death rate (14.5% vs. 18.4%), 
and cure (78.2% vs. 70.3%) (Gauthier et al., 2014).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Ceftriaxone is only poorly absorbed after oral administra-
tion (Pickup et al., 1981). Although there has been some 
work on oral formulations of ceftriaxone, this research has 
not advanced to clinical trials. Ceftriaxone is rapidly and com-
pletely absorbed after i.m. administration (Patel and Kaplan, 
1984). The bioavailability for a 1-g i.m. dose of ceftriaxone is 
100% (Zhou et al., 1985). The mean bioavailability of subcu-
taneous administration of ceftriaxone is 96% (Borner et al., 
1985).

Serum protein binding of ceftriaxone is 83–96% in adults 
(Seddon et al., 1980; Stoeckel, 1981; Stoeckel et al., 1983; 
Aronoff et al., 2007), but is 50% lower in infants and children 
(Schaad and Stoeckel, 1982). In addition to human serum 
albumin, the drug also binds to immunoglobulin G (IgG). 

For patients with hypergammaglobulinemia or those receiv-
ing high doses of i.v. IgG, the unbound concentration of cef-
triaxone may become subtherapeutic and higher doses, given 
every 12 hours, have been recommended by some research-
ers (Sun et al., 1991).

The elimination half-life of the drug is about 6 hours in 
healthy adults (Patel et al., 1981). In a crossover study of the 
pharmacokinetics of ceftriaxone, plasma half-lives after i.m. 
and i.v. injection of a 1-g dose was 5.4 and 5.8 hours, respec-
tively (Meyers et al., 1983). The half-life in neonates and chil-
dren is 4–6.5 hours (Meyers et al., 1983). However, the mean 
half-life was 19 hour in infants 1–8 days old, weighing 1.78–
4.36 kg (Schaad et al., 1985). In one study in which total con-
centrations in middle ear fluid (MEF) were measured after a 
single i.m. injection of 50 mg/kg of ceftriaxone, the mean 
half-life of the drug in children was approximately 25 hours 
(Gudnason et al., 1998).

The average elimination half-life of ceftriaxone was 12.4 
hours in adult patients with mild renal impairment (CrCl: 
31–60 ml/minute), 11.4 hours in those with moderate impair-
ment (CrCl: 60–30 ml/minute), 15.7 hours in those with 
severe impairment (CrCl: 5–15 ml/minute), and 14.7 h in 
those on hemodialysis (CrCl: 0–5 ml/minute) (Patel et al., 
1984). In patients with liver cirrhosis and ascites who received 
a 1 g i.v. bolus injection of ceftriaxone, the mean elimina-
tion half-life was 9.7 hours vs. 8.4 hours in normal subjects 
(Stoeckel et al., 1984). 

The population estimates of ceftriaxone pharmacokinet-
ics in 54 adult patients suffering from sepsis, severe sepsis or 
septic shock were clearance 14 ml/minute, mean half-life 
9.6 hours (range: 0.83–28.6 hours), and volume of distribu-
tion 19.5 litres (range: 6.48–35.2 litres) (Garot et al., 2011). In 
that study, the total volume of distribution was higher than 
that generally found in healthy individuals and increased 
with the severity of sepsis. The authors suggested that, despite 
the wide interpatient variability of ceftriaxone pharmacoki-
netic parameters, increasing the ceftriaxone dosage is unnec-
essary in critically ill patients.

5b.  Drug distribution

Serum concentration peaks at 30 minutes after i.v. infusion 
(Patel et al., 1981; Meyers et al., 1983; Scully et al., 1984) and 
1–3 hours after i.m. injection (Pickup et al., 1981; Meyers et 
al., 1983). If 1 g ceftriaxone is given i.v. to adults as a 
30- minute infusion, the mean peak serum level, attained 
immediately after infusion, is 123.2 μg/ml; this falls to 94.8, 
57.8, 20.2, and 4.6 μg/ml at 1.5, 4, 12, and 24 hours after com-
mencement of the infusion, respectively (Meyers et al., 1983). 
In children with meningitis who received ceftriaxone 50 or 
75 mg/kg i.v., mean peak plasma concentrations were 216 
and 275 μg/ml, respectively (Roche, 2015). Mean peak and 
trough concentrations were 546 and 25.0 μg/ml, respectively, 
in children treated with ceftriaxone 50 mg/kg/day infused 
i.v. over 60 minutes for pneumonia (Fukumoto et al., 2009). 
After i.m. injection of a 1-g dose to adults, a mean peak 
serum level of 79.2 μg/ml is attained at 1.5 hours; thereafter 
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this level falls slowly, being 58.2, 35.5, and 7.8 μg/ml at 4, 12, 
and 24 hours after the injection, respectively (Meyers et al., 
1983).

Doubling the i.v. dose approximately doubles these 
serum concentrations, but the elimination half-life remains 
unchanged (Patel et al., 1981). When i.v. doses of 0.5, 1, and 
2 g are given to adults every 12 hours, some ceftriaxone accu-
mulates in the serum. Assuming linear pharmacokinetics, a 
40% accumulation of ceftriaxone in serum could be expected 
by the fourth day of these regimens. However, observed serum 
accumulations of the drug were 35% with a regimen of 0.5 g 
every 12 hours, and only 20% with regimens of 1 g and 2 g 
every 12 hours. The less than predicted accumulation of cef-
triaxone with the higher dosage regimens probably resulted 
from a concentration-dependent decrease in its plasma pro-
tein binding, which increased both the drug’s distribution 
and its elimination (Pollock et al., 1982).

In newborn infants, after a 15-minute i.v. infusion of a 
50 mg/kg dose, the mean peak level after infusion increases 
with the age of the infant. In one study, the mean peak was 
145 μg/ml in infants aged 3 days, and this increased to 173 
μg/ml in those aged 22 days. This occurs because younger 
infants have larger distribution volumes of the drug. In both 
age groups, mean serum levels were about the same (66 μg/ml) 
6 hours after infusion because older infants excrete the drug 
more rapidly; mean ceftriaxone half-lives are 7.7 and 5.2 hour 
in those aged 3 and 22 days, respectively (McCracken et al., 
1983).

In common with cefotaxime, ceftriaxone penetrates poorly 
into cerebrospinal fluid (CSF) of animals with uninflamed 
meninges, but it reaches therapeutically effective concentra-
tions in those with bacterial meningitis. In humans, there is 
only 1.5% penetration of drug into the CSF in those with 
uninflamed meninges (Chandrasekar et al., 1984). In another 
study in humans with uninflamed meninges, after a 2-g dose 
of ceftriaxone infused i.v. over 30 minutes, the levels of ceftri-
axone in the CSF ranged from 0.18 to 1.04 μg/ml, and they 
were seen 1–16 hours after the infusion (Nau et al., 1993). In 
a trial of ceftriaxone that was evaluated as a potential thera-
peutic agent for the treatment of amyotrophic lateral sclero-
sis, CSF concentrations were maintained above 1 and 2 μg/ml, 
with the ceftriaxone 2 and 4 g/day dosage regimens, respec-
tively, in adults without meningitis (Zhao et al., 2014). 

However, clinical experience clearly shows that the drug 
diffuses well into the CSF of patients with bacterial meningi-
tis. After a single 100-mg/kg dose of ceftriaxone in bacterial 
meningitis, mean CSF concentrations were 20 μg/ml at 2 
hours and 10 μg/ml at 24 hours; corresponding serum levels 
were 187 and 22 μg/ml, respectively (Scheld et al., 1984). A 
single daily dose of ceftriaxone (50 mg/kg/day; maximum, 
4 g/day) produced a mean trough level in the CSF at 3.5 μg/
ml in adults with bacterial meningitis (Cabellos et al., 1995). 
Latif and Dajani (1983) gave single doses of 75 mg/kg body 
weight of ceftriaxone to children with bacterial meningitis. 
Three hours after the dose, the mean CSF level was 5.7 μg/ml 
during early stages of their infection and 2.1 μg/ml in later 
stages of meningitis. Six hours after a dose, mean CSF levels in 

the early and late stages of meningitis were 7.2 and 2.5 μg/ml, 
respectively. In the CSF, ceftriaxone exists primarily in the 
free form at a high concentration (Hoshino et al., 2010). In 
pediatric patients with H. influenzae type b meningitis who 
were treated with ceftriaxone 50 mg/kg i.v. every 12 hours, 
total and free concentrations in the CSF at 0–3.5 hours after 
the dose were 5.54 ± 4.39 μg/ml and 4.59 ± 3.70 μg/ml (mean 
± standard deviation), respectively; the protein-binding ratio 
in the CSF was 18.8 ± 6.21% (Hoshino et al., 2010).

The concentrations of beta-lactam antibiotics in the CSF 
and brain tissue depends on their passive diffusion there, 
which is counteracted by an active transport system in the 
choroid plexus, which in turn transfers these substances back 
into the blood. Ceftriaxone, and to a lesser extent cefotaxime, 
have less affinity for this transport system than penicillins 
and other cephalosporins, and they are therefore pumped 
out from the CSF less efficiently (Spector, 1987). In one study 
cerebral ceftriaxone concentrations ranged from 0.3 to 12 µg/g 
in patients who received 2 g of ceftriaxone i.v. 2–13 hours 
before brain samples were taken during neurosurgery for 
tumors (Lucht et al., 1990).

After the i.m. administration of ceftriaxone 1–2 g, vitre-
ous levels after the first 4.5 hours ranged from 1.4 to 19.4 
μg/ml and averaged 5.9 μg/ml by high-performance liquid 
chromatography (Sharir et al., 1989). At 12–13 hours after 
ceftriaxone administration, vitreous concentrations were 
5.1 μg/ml.

Ceftriaxone penetrates well into extravascular spaces, tis-
sue fluid, and the synovial fluid of inflamed joints, where 
similar to the situation for serum, its half-life is longer than 
that of other cephalosporins (Kalager et al., 1984; Morgan et 
al., 1985). Ceftriaxone bone penetration is poor in cortical 
bone but is satisfactory in the more vascularized cancellous 
bone. In patients undergoing débridement for septic non-
union of the tibia, the mean ± standard deviation intraoper-
ative ceftriaxone plasma concentration was 128.4 ± 30.8 μg/
ml; the corresponding bone concentrations were 9.6 ± 3.4 
μg/ml (7.8%) in the cortical compartment and 30.8 ± 8.6 μg/
ml (24.3%) in the cancellous compartment (Garazzino et al., 
2011). The estimated mean free AUC24/MIC ratio and time-
above-the-MIC (ƒt > MIC) were 140 and 24.4 hours, respec-
tively, in cancellous bone and 42.4 and 21 hours, respectively, 
in cortical bone. These results suggest that PK-PD targets 
may not be fully achieved in cortical bone compared with 
cancellous bone (Garazzino et al., 2011). The half-life of 
uptake into the cortical bone was less (8.4 hours) than into 
cancellous bone (12.1 hours; p < 0.05) in patients undergoing 
hip or knee arthroplasty treated with a 2-g dose of ceftriax-
one immediately before the operation (Gergs et al., 2014). In 
patients undergoing lumbar surgery for whom a 2-g i.v. bolus 
dose of ceftriaxone was administered approximately 30 min-
utes before the procedures, ceftriaxone concentration was 
227.81 ± 51.48 μg/ml in the serum and 2.23 ± 1.86 μg/g in the 
nucleus pulposus tissue. The ceftriaxone penetration into 
the nucleus pulposus tissue was 1.08 ± 1.44, with an average 
time between antibiotic injection and tissue/blood collection 
of 41 minutes (range: 27–57 minutes) (Yan et al., 2012).
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Animal studies suggest that the drug diffuses adequately 
into lung tissue (Cohen et al., 1984). Lung tissue concentra-
tions of ceftriaxone in human studies were 57 µg/g at 1–2 
hours after a 2-g i.v. injection (5-minute bolus), and 31.8 µg/g 
at 4–5 hours after administration (Just et al., 1984). High 
concentrations of ceftriaxone were found in lung, tonsil, 
middle ear mucosa, and nasal mucosa, and therapeutic levels 
of ceftriaxone persisted for 24 hours after administration 
(Fraschini et al., 1986). In humans ceftriaxone penetrates well 
into transudative and exudative pleural effusions (Benoni et 
al., 1986; Kimura et al., 1992). Ceftriaxone is not detected in 
the saliva (Zhou et al., 1985).

After a single 50-mg/kg i.m. dose of ceftriaxone in 42 chil-
dren with chronic middle ear effusion, the plasma concen-
tration peaked at 1.5 hours (171 μg/ml) and then declined 
with an estimated half-life of ~ 6 hours. The concentration of 
ceftriaxone in MEF increased more slowly and persisted lon-
ger than in plasma. The concentration of ceftriaxone peaked 
in the MEF at 24.3 hours (35 μg/ml), indicating a slow pene-
tration of ceftriaxone into MEF. As noted previously, this also 
indicates a slow elimination of ceftriaxone from the MEF. 
Assuming that MEF ceftriaxone concentrations continued to 
decline with a half-life of 25 hours, the predicted mean cef-
triaxone concentrations in MEF at 72, 96, 120, and 144 hours 
after a single 50-mg/kg i.m. dose of ceftriaxone are 9.5, 4.8, 
2.4, and 1.6 μg/ml, respectively (Gudnason et al., 1998).

When 1 g of ceftriaxone was given i.v. to patients approx-
imately 2 hours before cardiopulmonary bypass surgery, ade-
quate concentrations were attained in sternal bone and in the 
atrial appendage (Bryan et al., 1984). During cardiopulmo-
nary bypass surgery, there is also diminished protein binding 
of the drug owing to low serum albumin. This lower binding 
increased the volume of distribution and extended the half-
life of ceftriaxone to some 15 hours. These changes may aug-
ment the effectiveness of the drug because of the increase in 
unbound drug concentrations (Jungbluth et al., 1989). When 
a single dose of 1-g ceftriaxone was given to patients prophy-
lactically just before thoracic surgery, the average drug con-
centrations intraoperatively were 13.5 µg/g in thoracic wall 
fat and 27 µg/g in lung tissue (Martin et al., 1992).

When 1 g of ceftriaxone is given i.v. just before liver trans-
plantation, plasma concentrations decreased from 89 ± 34 to 
41 ± 16.5 μg/ml from the beginning of the operation until the 
time of closure of the peritoneum (Steib et al., 1993). After 
i.v. administration of single 1-g dose in patients undergoing 
cholecystectomy, mean ceftriaxone concentration was 153.4 
μg/ml in bile and 50.5 µg/g in gallbladder tissue at 1 hour 
(Berger et al., 1988). One hour after a single i.v. administra-
tion of 2 g of ceftriaxone, mean ceftriaxone concentration 
was 199 μg/ml in serum, 5259 μg/ml in choledochal bile, and 
4533 μg/ml in gallbladder bile of 12 patients undergoing cho-
lecystectomy (Brogard et al., 1988). When a 1 g of ceftriax-
one was given i.v. 1, 2, 4, 6, and 12 hours before liver biopsy, 
liver tissue concentrations were 0–130 µg/g and concurrent 
serum samples were 7–77 μg/ml. The authors suggest that 
low concentrations of ceftriaxone in the liver are a reflection 
of rapid elimination of the antibiotic into bile and that in 

patients with pyogenic infection of the liver, an increase in 
dose of ceftriaxone or a reduction in dose interval or both 
may be appropriate (Lucht et al., 1986).

Ceftriaxone crosses the placenta and reaches adequate 
levels in umbilical cord blood, amniotic fluid, and placenta. 
Concentrations achieved in fetal tissues are sufficient for a 
therapeutic effect against many organisms. It enters breast 
milk rapidly, where its half-life is 12–17 hours, but concen-
trations achieved are only 3–4% of those in serum (Kafetzis 
et al., 1983).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Ceftriaxone shows time-dependent antibiotic killing, and its 
bactericidal activity relates most to the time that serum drug 
concentrations remain above the MIC (t > MIC) for a given 
organism (Drusano and Goldstein, 1996; Craig, 1998). For 
effective bactericidal activity of cephalosporins, drug con-
centrations should exceed the MIC value for at least 40–50% 
of the dosing interval against common pathogens (Drusano 
and Goldstein, 1996); . Ceftriaxone, like other beta-lactams, 
generally demonstrate a postantibiotic effect (PAE) against 
only Gram-positive bacteria (Craig, 1998). A study evaluating 
S. pneumoniae isolates showed PAEs of ceftriaxone ranging 
from 1 to 7.2 hours after the isolates had been exposed to con-
centrations 10 times the MIC value (Spangler et al., 1997). In 
another study, its mean PAEs against S. aureus, S. pneumo
niae, H. influenzae, and E. coli strains were 0.9, 2.6, 0.8, and 
2.1 hours, respectively (Odenholt et al., 1998).

RESPIRATORY PATHOGENS

In one large surveillance study (the Alexander Project) of 
four major respiratory pathogens (S. pneumoniae, H. influen
zae, M. catarrhalis, and S. aureus), the t > MIC90 for ceftriax-
one (1 g i.v. once daily) exceeded 50% of the dose interval for 
all pathogens (Drusano and Goldstein, 1996). The MIC90 val-
ues of ceftriaxone against those organisms were 1, 0.12, 1, 
and 4 μg/ml, respectively. Other studies also showed that cef-
triaxone (1 g i.v. once daily) resulted in bactericidal activities 
and t > MIC for 100% of the dosing period for S. pneumo
niae, H. influenzae, and M. catarrhalis; ceftriaxone MICs were 
0.008–0.06 μg/ml in adult volunteers (Owens et al., 2001). 
One pharmacodynamic analysis using Monte Carlo simula-
tion revealed that ceftriaxone (1 g i.v. once daily) maintained 
a high probability of target attainment over a broad range of 
pharmacodynamic targets regardless of penicillin suscepti-
bility of 7866 S. pneumoniae isolates (Frei and Burgess, 2005). 
The probability of target attainment remained 90% or greater 
for ceftriaxone against penicillin-susceptible, -intermediate, 
and -resistant isolates.

PNEUMOCOCCAL MENINGITIS

A Monte Carlo simulation estimated the probability of target 
attainment for total drug CSF concentrations at 50% and 
100% t > MIC for ceftriaxone 2 g i.v. every 12 hours (Lodise 
et al., 2007). The probabilities of achieving 50% t > MIC in 
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the CSF approached ≥ 90% only when the ceftriaxone MIC 
was ≤ 0.03 μg/ml. This is of potential concern because the 
CLSI susceptibility breakpoint of ceftriaxone for meningeal 
infection is ≤ 0.5 μg/ml. When the MIC distribution of a col-
lection of S. pneumoniae isolates from the SENTRY Surveil-
lance Program was assessed, the probabilities of achieving 
50% and 100% t > MIC in the CSF for ceftriaxone against 
S. pneumoniae were 76% and 65%, respectively. The authors 
noted that certain assumptions made in any pharmacody-
namic study could be questioned and that the implications 
of such studies need to be reexamined in the clinical setting 
(Lodise et al., 2007). However, it is noteworthy that, despite 
advances in medical care, the mortality from pneumococcal 
meningitis still ranges from 16% to 37%, and neurologic 
sequelae are estimated to occur in 30–50% of surviving adults 
(Weisfelt et al., 2006).

NON–CENTRAL NERVOUS SYSTEM INFECTIONS IN 
CHILDREN

After a 50- to 75-mg/kg dose of ceftriaxone the Cmax values 
were reported to be 180–230 μg/ml in children; the mean 
concentration at 10–12 hours after administration was ~ 30 
μg/ml (del Rio et al., 1982; Chadwick et al., 1983). With a 
minimum free-drug fraction of 4%, the free-drug concen-
tration in serum would still be > 2 μg/ml for over half of a 
12-hour dosage interval after a 50-mg/kg dose; thus it would 
exceed the MICs for most common pathogens (Kaplan et al., 
2001). Kaplan et al. (2001) concluded that ceftriaxone at this 
dose is adequate to treat invasive infections outside the cen-
tral nervous system caused by pneumococcal isolates with 
MICs up to 2 μg/ml, a concentration currently considered 
intermediate by CLSI breakpoints.

GRAM-NEGATIVE BACTERIA

Breakpoints were established by the CLSI for ceftriaxone vs. 
the Enterobacteriaceae in the early 1980s. Before 2010, the 
CLSI determined that susceptibility was defined as a ceftri-
axone MIC of ≤ 8 μg/ml. However, a study evaluating MIC 
distributions of Enterobacteriaceae, P. aeruginosa, and A. 
baumannii from a 2005 survey (MYSTIC) showed the prob-
ability of target attainment (50% ƒt > MIC) at the old CLSI 
breakpoint was 0%, with ceftriaxone 1 g once daily and just 
17% with a dose of 2 g once daily (Frei et al., 2008). Other 
modeling studies have also suggested that ceftriaxone dosing 
is insufficient for those old breakpoints (Andes and Craig, 
2005; Eagye et al., 2007b). If PK-PD parameters are used to 
define the breakpoint, susceptibility should be defined as a 
ceftriaxone MIC of ≤ 1 μg/ml (EUCAST, 2015). Others have 
defined PK-PD breakpoints for ceftriaxone even lower (0.5 
μg/ml) (Frei et al., 2008).

These statements have been corroborated by specific stud-
ies examining the PK-PD of ceftriaxone and its adequacy to 
treat ESBL-producing organisms. Andes and Craig (2005) 
consider that the pharmacodynamic target associated with 
efficacy in treatment of ESBL-producing organisms is the 
same as that in therapy against non-ESBL-producing bac-
teria (50% ƒt > MIC). For ESBL producers, they suggest a 

susceptibility breakpoint to be 2 μg/ml for ceftriaxone 2 g 
once daily, and 1 μg/ml for ceftriaxone 1 g once daily (Dudley 
and Ambrose, 2000; Andes and Craig, 2005). If one considers 
a 50% ƒt > MIC target, the likelihood of ceftriaxone 2 g once 
daily producing this ceftriaxone exposure or achieving this 
target was nearly 100% for organisms with MICs ≤ 2 μg/ml. 
However, the likelihood of attainment fell below 60% with 
organism MICs only a single dilution higher at 4 μg/ml. At 
the old CLSI susceptibility breakpoint of 8 μg/ml, the likeli-
hood of target attainment with a 2-g once-daily ceftriaxone 
regimen is close to zero for ESBL producers (Andes and 
Craig, 2005). Finally, in 2010, CLSI lowered the clinical 
break points for most cephalosporins against E. coli, Klebsiella 
spp., and P. mirabilis and no longer recommended ESBL phe-
notypic testing in most clinical situations (Labreche et al., 
2015). At the current CLSI susceptibility breakpoint of 1 μg/
ml, the likelihood of target attainment with a regimen of cef-
triaxone 1 g once daily is 99% for Enterobacteriaceae regard-
less of ESBL production (Dudley et al., 2013).

GONORRHEA

Given the assumption that a time of free drug above a MIC of 
20–24 hours is required for the treatment of gonorrhea with 
cephalosporins, a Monte Carlo simulation showed that suffi-
cient ƒt > MIC is not reached for any gonococcal strains with 
ceftriaxone of MICs ≥ 0.5 μg/ml (consistent with CLSI non-
susceptibility) when using ceftriaxone 250 mg i.m. in a single 
dose (Chisholm et al., 2010). For gonococcal strains with cef-
triaxone MICs of 0.25 and 0.5 μg/ml, the median ƒt > MIC 
for ceftriaxone 250 mg i.m. was 15.4 and 6.0 hours, with the 
lower 95% confidence interval at 5.3 and 0.0 hour, respec-
tively (Chisholm et al., 2010). With the 1-g ceftriaxone i.m. 
regimen, 20–24 hours of ƒt > MIC will be reached in only very 
few, if any, patients infected with ceftriaxone-nonsusceptible 
strains; in addition, it will not even be reached in many of the 
patients infected with gonococci showing ceftriaxone MIC 
0.5 μg/ml (Unemo, 2015).

STAPHYLOCOCCUS AUREUS

Use of Monte Carlo simulations and cumulative fraction of 
response (CFR), defined as the probability of target attainment 
(PTA) for a specific drug and drug regimen against a set of 
organisms are helpful for identifying optimal dosing regimens 
and, ultimately, choosing the best empiric therapy (Housman 
et al., 2014). While understanding the PTA at an MIC level 
is beneficial, the CFR allows the user to further identify the 
probability of success against the entire population of isolates 
through the use of this modeling-based prediction estimate 
(Housman et al., 2014). Typically, a CFR of ≥ 90% is consid-
ered optimal (Housman et al., 2014).

Monte Carlo simulations found that, against MSSA, cef-
triaxone 1 g once daily, 2 g once daily, and 2 g twice daily 
produced CFRs at 11%, 55%, and 90%, respectively (Hous-
man et al., 2014). In that study, cefazolin 1 g three times a day 
and nafcillin 2 g every 4 hours produced CFRs at 100% and 
99%, respectively. These data suggest that 1- and 2-g once-
daily doses of ceftriaxone may no longer be viable alternatives 
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when considering the available therapeutic options for MSSA 
(Housman et al., 2014).

PERITONITIS

In a Monte Carlo simulation using current global data, 
researchers calculated a CFR against aerobic bacteria involved 
in secondary peritonitis (Eagye et al., 2007a). Against non-
enterococcal bacteria, ceftriaxone was predicted to have a 
CFR < 80% (75.7% and 78.2% for 1- and 2-g daily regimens, 
respectively). When enterococci were included in the model, 
the predicted CFRs for ceftriaxone decreased to 64.8% and 
67.0%, respectively. The authors concluded that ceftriaxone 
is not an adequate choice for secondary peritonitis whether 
Enterococcus spp. are targeted or not (Eagye et al., 2007a).

SKIN AND SKIN-STRUCTURE INFECTIONS

A 5000-patient Monte Carlo simulation to predict the phar-
macodynamic CFR of antibiotics against bacteria implicated 
in complicated skin and skin-structure infections found that, 
excluding MRSA, the weighted CFR of ceftriaxone 1 g daily 
was 32.9% vs. 95.9% with imipenem 500 mg every 6 hours 
(Kuti et al., 2008). With the addition of vancomycin, the 
CFR increased to 78.0% vs. 91.0% for imipenem. In that sim-
ulation, ceftriaxone achieved the lowest CFR against Gram-
negative bacteria in general, which is in agreement with 
increasing resistance rates against many bacteria globally, 
including Enterobacteriaceae (Kuti et al., 2008).

5d.  Excretion

URINE

Ceftriaxone is minimally metabolized in the body (Seddon et 
al., 1980). From 33% to 67% of a dose is excreted in the urine 
as unchanged drug (Patel and Kaplan, 1984). High concen-
trations of the active drug are attained in urine. Compared to 
other cephalosporins, ceftriaxone is only slowly eliminated 
by the kidneys. High serum protein binding (about 95%) may 
partly explain its slow renal clearance (Wise and Andrews, 
1983). Glomerular filtration is the primary method of elimi-
nation (Patel and Kaplan, 1984). Renal elimination is only 
about 7% of the glomerular filtration rate, and tubular secre-
tion does not occur (Seddon et al., 1980). The drug is not 
reabsorbed by renal tubules (Arvidsson et al., 1982).

BILE

The remainder of a dose of ceftriaxone is secreted in the bile 
and ultimately is found in the feces as microbiologically 
inactive compounds (Patel and Kaplan, 1984). The degree 
of biliary excretion varies considerably between individuals. 
Following biliary excretion, the drug is probably gradually 
inactivated in the intestine by fecal enzymes (Welling et al., 
1992). After i.v. administration of radioactive-labeled ceftri-
axone to human volunteers, 44% of the dose was recovered 
as microbiologically inactive material in the feces (Patel et 
al., 1981; Patel and Kaplan, 1984). Although biliary excretion 
of ceftriaxone is significant, no significant pharmacokinetic 

differences in normal volunteers were detected compared to 
patients having undergone cholecystectomy (Hayton et al., 
1986).

5e.  Drug interactions

In September 2007, the US Food and Drug Administration 
(FDA) issued an alert to healthcare professionals that ceftriax-
one should not be mixed with calcium-containing solutions or 
products and not administered in the same or different infu-
sion lines or sites in any patient within 48 hours of each other 
(FDA, 2007). The reconstitution of ceftriaxone sodium with 
diluents containing calcium such as Ringer’s solution or 
Hartmann’s solution or calcium-containing infusions such as 
total parenteral nutrition solution can result in the formation 
of precipitates of ceftriaxone-calcium (Roche, 2015). Precipi-
tation of ceftriaxone-calcium can also occur when ceftriax-
one is mixed with calcium-containing solutions in the same 
i.v. administration line (Roche, 2015). Fatal reactions with 
ceftriaxone-calcium precipitates in the lungs and kidneys have 
occurred in both term and premature neonates after con-
comitant use of ceftriaxone sodium and calcium-containing 
solutions or products, even via different administration 
lines and at different times (Monte et al., 2008; Roche, 2009). 
Also, ceftriaxone must not be administered simultaneously 
with calcium-containing i.v. solutions, including continu-
ous  calcium-containing infusions, via a Y-site (Roche, 2015). 
After recent in vitro studies with neonatal and adult plasma 
demonstrated that neonates have an increased risk of precip-
itation of ceftriaxone-calcium, the FDA modified its warning 
in April 2009 to recommend that ceftriaxone and calcium- 
containing products may be sequentially administered in 
patients older than 28 days if the infusion lines are thor-
oughly flushed between infusions with a compatible fluid 
(Roche, 2009). No such reactions have been seen in patient 
groups other than neonates (Dalton et al., 2010; Steadman et 
al., 2010), but the theoretical possibility exists that this may 
occur. Contributing factors for a life-threatening adverse drug 
reaction in infants who were receiving concomitant ceftriax-
one and calcium therapy may include the use of ceftriaxone 
at dosages higher than those approved by the FDA, intrave-
nous “push” administration, and administration of the total 
daily dosage as a single infusion (Bradley et al., 2009). There 
have been no reports of an interaction between i.v. ceftri-
axone and oral calcium-containing products or interaction 
between i.m. ceftriaxone and intravenous/oral calcium- 
containing products (Roche, 2015).

Drug-induced acute interstitial nephritis associated with 
concomitant administration of ceftriaxone and vancomycin 
therapy was reported in adults (Plakogiannis and Nogid, 
2007). If ceftriaxone is administered together with diclofenac, 
a nonsteroidal antiinflammatory drug, there is a significant 
decrease in biliary excretion of ceftriaxone in experimental 
animals (Merle-Melet et al., 1989). By contrast, in humans, 
diclofenac causes an increase in ceftriaxone biliary excretion, 
and some decrease of the drug’s urinary excretion (Merle-
Melet et al., 1992).
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Like other antibiotics, ceftriaxone may interfere with the 
immunological response to the live orally ingested typhoid 
vaccine. Live-attenuated Ty21a vaccine should not be given 
until at least 3 days after the last dose of antibiotic and, if 
possible, antibiotics should not be started within 3 days of 
the last dose of Ty21a vaccine (Jackson et al., 2015).

6. ADVERSE REACTIONS AND TOXICITY

Ceftriaxone is generally well tolerated. Adverse reactions 
of ceftriaxone are similar to those of other cephalosporins 
(Moskovitz, 1984).

6a.  Hypersensitivity reactions and rash

Ceftriaxone can cause serious hypersensitivity reactions 
and should be used with caution in patients with a history 
of allergy to beta-lactam antibiotics (Roche, 2015). Life-
threatening anaphylaxis developed in a 5-year-old boy with 
septic shock within minutes of receiving his first i.v. injection 
of ceftriaxone (Ernst et al., 2002). Allergic rashes occur, but 
are uncommon (Marks, 1983). Hypersensitivity reactions in 
the form of skin rash, pruritus, fever, chills, or serum sick-
ness have occurred in 2.7% of patients receiving i.m. or i.v. 
ceftriaxone (Moskovitz, 1984). The incidence is slightly higher 
in pediatric patients (3.3%). However, routine skin testing 
with a cephalosporin (e.g. ceftriaxone or cefotaxime) before 
its administration is not useful for predicting immediate 
hypersensitivity because of the extremely low sensitivity and 
low predictive value of the skin test (Yoon et al., 2013). Serum 
sickness-like reaction after exposure to cefuroxime and cef-
triaxone, which was reversible, has been reported (Baniasadi 
et al., 2007). For a detailed discussion regarding beta-lactam 
allergy, see Chapter 3, Benzylpenicillin (penicillin G).

Rash was identified in 1.7% of patients with ceftriaxone 
therapy. Pruritus, chills, and fever have been reported rarely 
in < 1% (Roche, 2015). In other reports, skin rash occurs in 
< 2% of patients; however, skin rash was the most frequent 
reason for withdrawing the drug in safety studies (19/46) 
(Moskovitz, 1984). Pruritus (12.2%) and urticaria (11.1%) 
were the most common in one recent report of 2173 ceftriax-
one-induced adverse events (Shalviri et al., 2012). Severe or 
recurrent dermatologic adverse reactions, such as toxic epi-
dermal necrolysis (Lam et al., 2008) and fixed drug eruption 
(Ozkaya et al., 2008), have also been reported with ceftriax-
one therapy.

6b.  Gastrointestinal side effects

Gastrointestinal events, primarily diarrhea, have been the 
most frequent adverse reaction associated with i.m. or i.v. 
ceftriaxone therapy. The incidence of gastrointestinal events 
is about 3.5%, with diarrhea occurring in 2.7% of adults and 
5.6% of children (Moskovitz, 1984). Others have reported a 
rate of diarrhea as high as 10% of treated patients (del Rio et 
al., 1983; Marks, 1983; Chonmaitree et al., 1984; Congeni, 
1984). Other gastrointestinal reactions have included nausea, 

vomiting, abdominal pain or discomfort, dysgeusia and flat-
ulence, all occurring in < 1% of patients (Roche, 2015).

6c.  Clostridium difficile diarrhea and 
effects on gut flora

C. difficile–related diarrhea has been highlighted as a risk 
of ceftriaxone use in a number of studies. Loo et al. (2005) 
showed that use of third-generation cephalosporins were a 
risk factor for C. difficile–associated diarrhea. Other authors 
have specifically found that ceftriaxone posed an indepen-
dent risk for C. difficile–associated disease (Muto et al., 2005; 
Baxter et al., 2008). Studies in which ceftriaxone use has been 
reduced in hospitals have shown a concomitant reduction 
in cases of C. difficile infection (Khan and Cheesbrough, 
2003; Thomas and Riley, 2003). C. difficile was grown from 
the feces in 25% of patients who received a single 2 g i.v. pro-
phylactic dose of ceftriaxone before an elective surgical pro-
cedure; however, none developed diarrhea (Privitera et al., 
1991).

Ceftriaxone alters the normal flora in the body, notably in 
the gastrointestinal tract and vagina, leading to overgrowth 
or superinfections with yeasts or other organisms (Fekety, 
1990). Suppression of intestinal microflora (enterobacteria, 
bifidobacteria, clostridia, and Bacteroides) occurs with ceftri-
axone treatment but is usually reversible (Nilsson-Ehle et al., 
1985; Cavallaro et al., 1992; Vogel et al., 2001; Pletz et al., 
2004). Bodey et al. (1983) found that after the drug’s admin-
istration there were no aerobic Gram-negative bacilli and 
were only 24% aerobic Gram-positive bacilli, and 10% of 
anaerobes still present in the bowel. Other authors have noted 
that after ceftriaxone treatment there is suppression of aero-
bic Gram-negative bacilli with overgrowth of yeasts and 
enterococci (de Vries-Hospers et al., 1991). Samonis et al. 
(1993) also detected colonization by yeasts of the gastrointes-
tinal tract in patients treated by ceftriaxone. After a course of 
ceftriaxone–metronidazole therapy, 17.1% of patients had 
colonization of the gut with ceftriaxone-resistant Enterobac-
teriaceae (DiNubile et al., 2005), of which more than 50% 
were ESBL producers. Some ceftriaxone in the gut may be 
inactivated by fecal-inactivating enzymes; this may mini-
mize the effect of ceftriaxone on fecal flora, but the degree to 
which this happens varies greatly between volunteers or 
patients (Welling et al., 1992). In a study in 12 patients, the 
colonic microflora was found to normalize within 14 days of 
completion of treatment in all but one recipient (Nilsson-
Ehle et al., 1985). However, DiNubile et al. (2005) showed that 
2 weeks after the end of a ceftriaxone–metronidazole course 
even higher numbers had colonization with a ceftriaxone- 
resistant Enterobacteriaceae than at the end of the therapy.

6d.  Biliary pseudolithiasis

Although ceftriaxone is primarily eliminated by the kidneys, 
10–40% is excreted unmetabolized into the bile (Shiffman et 
al., 1990). Ceftriaxone concentrates in bile, resulting in a 
concentration 20–150 times that found in serum (Park et al., 
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1991). It can bind with calcium ions, producing a precipitate 
that forms biliary sludge, also known as biliary pseudolithia-
sis, particularly in children (Fekety, 1990; Michielsen et al., 
1992). Biliary pseudolithiasis may be associated with nausea, 
anorexia, epigastric distress, and colic (Fekety, 1990). The risk 
of developing ceftriaxone-associated biliary pseudolithiasis 
increases with increasing ceftriaxone doses (≥ 2 g/day) and 
in patients with impaired gallbladder emptying (Shiffman et 
al., 1990). Biliary pseudolithiasis associated with ceftriaxone 
can be misinterpreted as gallstones on ultrasound (Heim-
Duthoy et al., 1990; Kim et al., 1992).

The manufacturer reports biliary pseudolithiasis (gall-
bladder sludge) as a rare adverse reaction (< 0.1%) (Roche, 
2015). However, studies assessing for pseudolithiasis have 
reported a frequency as high as 25–46% (Schaad et al., 1986; 
Pigrau et al., 1989; Schaad et al., 1990; Papadopoulou et al., 
1999). Biliary pseudolithiasis, diagnosed by sonography, 
developed 2–22 days after initiation of ceftriaxone therapy 
(Schaad et al., 1986; Pigrau et al., 1989; Papadopoulou et al., 
1999). The mean time to onset of detectable pseudolithiasis 
was 9 days in the studies with children and adults (Schaad 
et al., 1986; Pigrau et al., 1989; Palanduz et al., 2000). The 
majority of cases are usually asymptomatic and reversible 
and require only conservative management (Schaad et al., 
1988; Papadopoulou et al., 1999), but up to one third (0–33%) 
of patients with sonographic evidence of biliary pseudolithi-
asis developed symptoms (Schaad et al., 1988; Pigrau et al., 
1989; Cometta et al., 1990; Heim-Duthoy et al., 1990; Schaad 
et al., 1990; Palanduz et al., 2000). Biliary pseudolithiasis 
completely resolved in all patients 2 days to 3 months after 
cessation of ceftriaxone therapy (Schaad et al., 1986; Schaad 
et al., 1988; Pigrau et al., 1989; Cometta et al., 1990; Heim-
Duthoy et al., 1990; Schaad et al., 1990; Kirejczyk et al., 1992; 
Papadopoulou et al., 1999). Pancreatitis has also been reported 
as a complication of ceftriaxone biliary sludge (Zimmermann 
et al., 1993).

6e.  Hyperbilirubinemia

As more than 90% of ceftriaxone is bound to serum proteins, 
the drug has been shown to displace bilirubin from albumin 
in vitro (Wadsworth and Suh, 1988) and can increase the free 
or unbound bilirubin and erythrocyte-bound bilirubin, ulti-
mately producing hyperbilirubinemia (Gulian et al., 1987; 
Martin et al., 1993). Bilirubin encephalopathy may result in 
hyperbilirubinemic neonates, especially those who are pre-
mature (Roche, 2015). Ceftriaxone should be avoided in 
jaundiced newborn infants because they may increase the 
risk of bilirubin encephalopathy (Fink et al., 1987; Gulian et 
al., 1987; Robertson et al., 1988).

6f.  Nephrolithiasis

Ceftriaxone at therapeutic levels can be crystallized with free 
calcium in the urine under physiologic conditions (Chuti-
pongtanate and Thongboonkerd, 2011). Furthermore, the 
drug has the potential to significantly increase urinary excre- 

tion of calcium, which may be linked to ceftriaxone-related 
urolithiasis or sludge (Kimata et al., 2012). Ceftriaxone-
calcium precipitates in the urinary tract have been observed 
in patients receiving ceftriaxone and may be detected as 
sonographic abnormalities (Roche, 2015). However, in con-
trast to cholelithiasis, ceftriaxone-induced urolithiasis is rarely 
observed (de Moor et al., 1999; Avci et al., 2004; Mohkam et 
al., 2007). The probability of such precipitates appears to be 
greatest in pediatric patients (Roche, 2015) the incidence of 
urolithiasis after ceftriaxone therapy in 284 children treated 
with 75 mg/kg i.v. ceftriaxone for pyelonephritis was reported 
to be 1.4% (Mohkam et al., 2007). The stones are usually 
asymptomatic and pass spontaneously (de Moor et al., 1999; 
Avci et al., 2004; Mohkam et al., 2007). However, patients 
may develop symptoms of urolithiasis, and ureteral obstruc-
tion and postrenal acute renal failure (Roche, 2015). The 
condition appears to be reversible on discontinuation of cef-
triaxone sodium and institution of appropriate management 
(Li et al., 2014a; Shen et al., 2014). Ceftriaxone should be 
discontinued in patients who develop signs and symptoms 
suggestive of urolithiasis, oliguria, or renal failure and/or the 
sonographic findings described earlier (Roche, 2015).

6g.  Hematological side effects

Hematologic reactions include anemia, eosinophilia, leuko-
penia, neutropenia, lymphopenia, thrombocytosis and throm-
bocytopenia, and a positive Coombs test (Eron et al., 1983; 
Marks, 1983; Aronoff et al., 1984; Chonmaitree et al., 1984; 
Roche, 2015). Fatal hemolysis after ceftriaxone administra-
tion has been reported in children and adults (Neuman et al., 
2014). Severe, but reversible, neutropenia induced by ceftri-
axone has been reported by several authors (Neftel et al., 
1985; Thomas et al., 1985; Baciewicz et al., 1988; Tantawichien 
et al., 1994). In one series, the mean time to develop neutro-
penia was 21 days (range: 8–25 days) (Neftel et al., 1985). In 
greater than 95% of cases of beta-lactam-induced neutrope-
nia, recovery occurs between 1 and 7 days after withdrawal 
of the drug (Neftel et al., 1985). Regular monitoring of white 
blood cell count and differential would be prudent in patients 
receiving high doses or prolonged courses of ceftriaxone 
(Baciewicz et al., 1988). In a case report, an antibody to the 
unique R2 side chain of ceftriaxone was suggested to be 
responsible for ceftriaxone-induced agranulocytosis because 
the patient responded to cefepime without complication, 
although cefepime and ceftriaxone have similar structures 
with identical core and R1 side chain (Uy et al., 2015; see 
Chapter 3, Benzylpenicillin (penicillin G)).

6h.  Altered liver function and 
anticoagulation

Transient elevations of aspartate aminotransferase, not neces-
sitating cessation of treatment, have been noted with ceftri-
axone (Marks, 1983). Abnormalities in liver function tests 
occurs in about 5% of adults receiving ceftriaxone and 7.7% 
of children (Oakes et al., 1984).
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Prolongation of prothrombin time occurs rarely in patients 
treated with ceftriaxone. Patients with impaired vitamin K 
synthesis or low vitamin K stores (e.g. chronic hepatic dis-
ease and malnutrition) may require monitoring of prothrom-
bin time. Vitamin K administration (10 mg weekly) may 
be necessary if the prothrombin time is prolonged before 
or during ceftriaxone therapy (Roche, 2015). A case report 
described significant elevations in international normalized 
ratio (INR) values on two occasions after receiving ceftriax-
one in a patient receiving long-term stable warfarin therapy 
(Clark and Burns, 2011).

6i.  Local effects: pain and phlebitis

Ceftriaxone can cause discomfort or pain at the injection 
site immediately after i.m. injection. Co-administration of 
1% lidocaine is effective in reducing injection-related pain 
(see section 4, Mode of drug administration and dosage). 
Phlebitis after i.v. administration is reported in < 1% of 
patients (Roche, 2015).

6j.  Other side effects

Headache and dizziness are the most frequent CNS events 
and occur in < 1% (Moskovitz, 1984; Roche, 2015). Ceftri-
axone has a low nephrotoxic potential, even when combined 
with aminoglycosides (Fekety, 1990). Ceftriaxone can induce 
neurotoxicities, such as nonconvulsive status epilepticus, 
encephalopathy, and choreoathetosis; ceftriaxone-induced 
neurotoxicity should be considered carefully in patients 
with reduced renal function or prior central nervous sys-
tem abnormalities (Kim et al., 2012).

6k.  Risks in pregnancy

Cefotaxime is categorized by the FDA as pregnancy category 
B (Roche, 2015) and an Advisory Committee on Prescription 
Medicines (2015) category B1 agent. Despite its high protein 
binding, ceftriaxone quickly reaches the umbilical cord blood, 
amniotic fluid, and placenta, achieving substantial concen-
trations with elimination half-lives of approximately 6 hours, 
identical to that of the mother (Kafetzis et al., 1983).

The manufacturer of the drug states that no evidence of 
embryotoxicity or teratogenicity has occurred in mice, rats, 
and primates (Roche, 2015). There are no well-controlled 
studies of ceftriaxone use in pregnant women. The effects, if 
any, on the developing fetus are unknown. A causal relation-
ship between ceftriaxone and teratogenic effects has not been 
reported (Berkowitz et al., 1981).

7. CLINICAL USES OF THE DRUG

Ceftriaxone has not shown superior clinical efficacy to any 
other non-antipseudomonal third-generation cephalosporins, 
but the drug has the advantage of once or twice daily dosing 
in many clinical situations.

7a.  Typhoid fever

Resistance of Salmonella Typhi to third-generation cephalo-
sporins remains rare (Kariuki et al., 2015; Wain et al., 2015). 
While either ceftriaxone or a fluoroquinolone is considered 
the drug of choice for the treatment of serious S. Typhi infec-
tions (Parry et al., 2002), fluoroquinolone resistance is increas-
ing (Tatavarthy et al., 2014; Kariuki et al., 2015; see Chapter 
101, Ciprofloxacin). Ceftriaxone and azithromycin are cur-
rently reliable alternative drugs for fluoroquinolone-resistant 
typhoid fever and paratyphoid fever (Tatavarthy et al., 2014; 
Crump et al., 2015; Kariuki et al., 2015).

Ceftriaxone can be used for the treatment of fluoroquino-
lone -resistant or multidrug-resistant typhoid fever in a dose 
of 50–80 mg/kg (2–4 g/day for adults) in one or two doses for 
10–14 days (WHO, 2003a; Table 27.4). Seven-day regimens 
(short-course therapy) have been compared to 14-day regi-
mens (conventional therapy) in randomized trials. Ceftri-
axone was equally effective by day 7 of therapy; however, 
14% of the children receiving short-course therapy (vs. 0% 
with conventional therapy) had a confirmed bacteriologic 
relapse within 4 weeks of stopping therapy (Bhutta et al., 
2000). In randomized controlled trials comparing short-
course ceftriaxone with azithromycin, ceftriaxone was mar-
ginally more effective, but relapse occurred more frequently 
in the ceftriaxone treatment group (Frenck et al., 2000; Frenck 
et al., 2004). One potential solution to the conundrum of 
optimal duration of ceftriaxone therapy was offered by Tatli 
and colleagues (2003). In this evaluation, 100% cure rates with 
no relapse was obtained with flexible-duration ceftriaxone 
therapy. Patients were administered ceftriaxone until defer-
vescence, followed by an additional 5 days of therapy (Tatli 
et al., 2003). A meta-analysis of clinical trials comparing 
anti biotics for treating enteric fever in adults showed that, 
compared with ceftriaxone, fluoroquinolone reduced clinical 
failure (odds ratio: 0.08; 95% confidence interval: 0.01–0.45) 
but not microbiologic failure or relapse (Thaver et al., 2009).

In immunocompetent adults with typhoid fever and para-
typhoid fever, slow i.v. infusion of ceftriaxone 1–2 g daily for 
7 days (≥ 14 days in patients with immunosuppression) is 
recommended (DuPont, 2014).

7b.  Nontyphoidal salmonellosis

Most cases of nontyphoidal salmonellosis are self-limiting 
diarrhea and do not require antimicrobial treatment (Chen 
et al., 2013a). However, invasion of the bloodstream and 
life-threatening metastatic infections, such as meningitis, are 
more common in infants, the elderly, and immunocompro-
mised patients. In patients with nontyphoidal salmonellosis, 
antimicrobial therapy should be initiated for those who are 
severely ill and for patients with risk factors for extraintesti-
nal spread of infection (Hohmann, 2001). Usually, treatment 
for 3–7 days is reasonable (Hohmann, 2001), although this has 
not been evaluated in randomized trials. Ceftriaxone therapy 
was clinically beneficial to children with risk factors for inva-
sive disease of nontyphoidal salmonellae (Chiappini et al., 
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2002), and rapid defervescence was found after short-course 
ceftriaxone therapy in those with severe nontyphoidal Sal
monella enterocolitis (Lin et al., 2003; Tsai et al., 2011).

Animal studies support the use of ceftriaxone for severe 
Salmonella infections. In a mouse peritonitis model using 
76 Salmonella isolates with ceftriaxone of MIC50/MIC90 val-
ues of < 1/8 μg/ml, ceftriaxone reduced the extracellular 
and intracellular bacterial counts from 10⁷ CFU/ml and 
10⁵ CFU/ml, respectively, to an undetectable level within 96 
hours. The survival rate of mice exposed to ceftriaxone after 
being infected by an inoculum of 1 × 10⁵ CFU was 100% 
(Tang et al., 2011). 

Resistance to third-generation cephalosporins among 
nontyphoidal salmonellae has been recognized since the 
mid-1980s and is commonly mediated through production 
of ESBLs or AmpC-type beta-lactamases (Crump et al., 2015). 
Currently, third-generation cephalosporin-resistant Salmon
ella strains are reported worldwide, and in some areas their 
incidence is significant (Miriagou et al., 2004; Kariuki et al., 
2015). Treatment for some of those ceftriaxone-resistant strains 

is challenging because they are resistant to both ciprofloxacin 
and ceftriaxone, which are the most commonly used drugs 
(Ko et al., 2005; Lee et al., 2009).

Ceftriaxone 1–2 g per day for 7–10 days (14 days in 
patients with immunosuppression) is recommended for 
immu nocompetent adults with nontyphoidal salmonellosis 
(DuPont, 2014). Ceftriaxone 50–75 mg/kg once a day for 3–5 
days is recommended for children with acute dysentery 
caused by nontyphoidal Salmonella spp. (Pfeiffer et al., 2012).

7c.  Shigellosis

Fluoroquinolones, third-generation cephalosporins, and azi-
thromycin are currently recommended for the treatment of 
shigellosis (Guerrant et al., 2001; Manatsathit et al., 2002; 
Ashkenazi, 2004; Thielman and Guerrant, 2004; Pfeiffer et al., 
2012). Ceftriaxone is particularly useful in children for whom 
the use of fluoroquinolones is considered contraindicated. 
Treatment with ceftriaxone for 5 days has been shown to be 
highly efficient in children with severe shigellosis (Eidlitz- 

Table 27.4. Summary of randomized trialsa of ceftriaxone for typhoid fever and paratyphoid fever

Reference Treatment regimen

No. patients 
enrolled 
(evaluated) Age group(s) Outcomes

Islam et al. (1988) Ceftriaxone (75 mg/kg or 3–4 g/day i.v. for 
7 days) vs. chloramphenicol (60 mg/kg/day 
in 4 doses p.o./i.v. for 14 days)

 63 Children and 
adults

Clinical cure: 90.6% vs. 93.5%; death: 
3.1% vs. 3.2%

Moosa and Rubidge 
(1989)

Ceftriaxone (80 mg/kg/day i.m. for 5 days) vs. 
chloramphenicol (50–100 mg/kg/day in 4 
doses p.o. for 3 weeks)

 59 (59) Children Clinical cure: 79% vs. 73%; relapse: 
7% vs. 7%

Lasserre et al. (1991) Ceftriaxone (3 g/day i.v. for 3 days) vs. 
ceftriaxone (4 g/day i.v. for 3 days) vs. 
chloramphenicol (3 g/day p.o. for 2 days, 
then 2 g/day for 12 days)

 59 (59) Adults Clinical cure: 95% vs. 100% vs. 100%; 
relapse: 11% vs. 0% vs. 15%

Islam et al. (1993) Ceftriaxone (75 mg/kg/day or 4 g/day i.v. for 
5 days) vs. chloramphenicol (60 mg/kg/day 
in four doses p.o. or i.v. until defervescence, 
then 40 mg/kg/day for 14 days)

 59 (59) Children and 
adults

Clinical cure: 79% vs. 90% (p = 0.37); 
relapse: 1/28 vs. 1/31

Girgis et al. (1995) Ceftriaxone (50–70 mg/kg /day i.m. for 5 days) 
vs. cefixime (7.5 mg/kg twice a day p.o. for 
14 days) vs. aztreonam (50–70 mg/kg every 
8 hours i.m. for 7 days)

165 (124) Children Clinical cure in all groups; relapse: 
5% vs. 6% vs. 6%

Bhutta et al. (2000) Ceftriaxone (65 mg/kg/day i.v.) for 7 days vs. 
for 14 days

 57 (57) Children Clinical cure: 93% vs. 96%; relapse: 
14% vs. 0% (p < 0.05) 

Frenck et al. (2000) Ceftriaxone (75 mg/kg/day i.v. for 7 days) vs. 
azithromycin (10 mg/kg/day p.o. for 7 days)

108 (64) Children Clinical cure: 97% vs. 91%; relapse: 
13% vs. 0%

Tatli et al. (2003) Ceftriaxone (75 mg/kg/day in two doses i.v. 
until defervescence + 5 days) vs. chloram-
phenicol (75 mg/kg/day in four doses i.v. for 
14 days)

 72 (72) Children Clinical cure: 100% in both (NS); 
relapse: 0% vs. 14% (p = 0.048)

Frenck et al. (2004) Ceftriaxone (75 mg/day i.v. for 5 days) vs. 
azithromycin (20 mg/kg/day p.o. for 5 days) 

149 (68) Children Clinical cure: 97% vs. 94%; relapse: 
17% vs. 0%

Islam et al. (2015) Ceftriaxone (100 mg/kg/day i.v. for 7 days) vs. 
azithromycin (20 mg/kg/day p.o. for 7 days)

 98 Children Clinical cure: 97.9 % vs. 94%

aTrials enrolling > 50 patients.
Abbreviation: NS: statistically not significant.
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Marcus et al., 1993) and better than that of ampicillin for 
clinical cure and eradication of the organisms from the stool 
(Varsano et al., 1991). A 2-day course of ceftriaxone therapy 
was as clinically effective as a 5-day course in one pediatric 
study (Eidlitz-Marcus et al., 1993). However, resistance to 
third-generation cephalosporins, mediated by ESBLs or plas-
mid-mediated AmpC beta-lactamases, has been reported 
with Shigella spp. in some areas (Huang et al., 2005; Rahman 
et al., 2007; Zhang et al., 2011; Taneja et al., 2012; Zhang et 
al., 2014).

Generally, a single i.v. daily dose of ceftriaxone for 2–5 
days is recommended for treating Shigella infections (Klontz 
and Singh, 2015). For children with shigellosis, i.v. infusion 
of ceftriaxone 50–75 mg/kg/day once daily for 3–5 days is 
recommended (Pfeiffer et al., 2012). The American Academy 
of Pediatrics (2015) recommends a 5-day course of ceftriax-
one 50–75 mg/kg/day as a treatment option for cases in 
which treatment is required and the susceptibility of the 
infecting strain of Shigella is unknown or an ampicillin- and 
trimethoprim–sulfamethoxazole–resistant strain is isolated. 

7d.  Campylobacter infections

Ceftriaxone is not recommended for the treatment of cam-
pylobacteriosis because of high rates of resistance (Allos, 
2001; Alfredson and Korolik, 2007). Macrolides are con-
sidered the optimal agents for treatment of Campylobacter 
infections because resistance to the fluoroquinolones is now 
widespread (Kirkpatrick and Tribble, 2011; Wieczorek and 
Osek, 2013; see Chapter 101, Ciprofloxacin).

7e.  Diarrhea caused by Vibrio species

V. cholerae and V. parahaemolyticus are generally susceptible 
to ceftriaxone. The key treatment of cholera is rapid rehydra-
tion, either oral or intravenous or both (WHO, 1997). For 
patients with clinically significant cholera, a 1- to 3-day course 
of an effective antibiotic can shorten the illness, lessen the 
volume of diarrhea, decrease the need for rehydration fluids, 
and shorten the hospital stay (Sack et al., 2004). Ceftriaxone 
is not typically used for the therapy of cholera; if treatment 
is needed, tetracyclines, fluoroquinolones, or macrolides are 
preferred (Sack et al., 2004). Non-O1 V. cholerae bacteremia 
has been reported to be successfully treated with ceftriaxone 
in patients with cirrhosis (Lin et al., 1996).

7f.  Infections caused by Yersinia 
enterocolitica, Y. pseudotuberculosis, 
and Y. pestis

Human nonplague yersiniosis is caused by two species, Y. 
enterocolitica and Y. pseudotuberculosis. With the exception 
of third-generation cephalosporins, such as ceftriaxone and 
cefotaxime, beta-lactam antibiotics are generally inactive 
against Y. enterocolitica due to the chromosomally medi-
ated production of beta-lactamases (i.e. penicillinases and/or 
cephalosporinases) (Bottone, 1997): the synthesis of these 

two enzymes depends on the serotype and biotype of the 
organism (Pham et al., 2000).

Most cases of Yersinia enterocolitis and acute mesenteric 
adenitis in immunocompetent hosts are self-limited, and 
supportive care including fluid and electrolyte replacement is 
usually sufficient. For more severe or protracted gastrointes-
tinal or mesenteric nodal infection, especially in immuno-
suppressed individuals, and for bacteremic and deep-seated 
tissue infections, antimicrobial therapy is indicated (Smego 
et al., 1999). Third-generation cephalosporins or fluoro-
quinolones are warranted to treat enterocolitis in immuno-
compromised hosts and in patients with bacteremia or 
invasive infection (Fabrega and Vila, 2012). Ceftriaxone, 
alone or combined with ciprofloxacin or gentamicin, is effec-
tive in the treatment of Y. enterocolitica bacteremia (Gayraud 
et al., 1993; Roussos et al., 2001; Chiu et al., 2003; Mergen-
hagen and Telesz, 2011), endocarditis (Pras et al., 1992; 
Giamarellou et al., 1995), and symptomatic infections in 
thalassemic children (Cherchi et al., 1995). However, fluoro-
quinolones such as ciprofloxacin may be more effective in 
bacteremic infections; no treatment failures with fluoro-
quinolone-containing antibiotic regimens were observed in 
15 patients with Y. enterocolitica bacteremia (Gayraud et al., 
1993).

Y. pseudotuberculosis does not typically produce beta- 
lactamases and is usually susceptible in vitro to cephalospo-
rins (Butler, 1994). A small number of case reports describe 
the use of ceftriaxone to treat Y. pseudotuberculosis infections 
(Ljungberg et al., 1995; Antinori et al., 2004; Cormier et al., 
2007). In a number of these, ceftriaxone was combined with 
other antibiotics, such as fluoroquinolones.

Y. pestis is typically susceptible in vitro to ceftriaxone. 
Ceftriaxone was very active in one mouse model of systemic 
Y. pestis infection (Bonacorsi et al., 1994). However, beta- 
lactam antibiotics and rifampin were significantly inferior to 
streptomycin for the treatment of experimental pneumonic 
plague in mice (Byrne et al., 1998). beta-lactam antibiotics 
cannot be recommended for the treatment of pneumonic 
plague in humans, based on poor efficacy in this mouse model 
of pneumonic plague, particularly when pneumonic plague 
may be associated with bacteremia (Byrne et al., 1998). In 
addition, clinical data with ceftriaxone are lacking; yet good 
clinical results with doxycycline or aminoglycosides have been 
noted (Mwengee et al., 2006).

7g.  Bacterial meningitis

Ceftriaxone or cefotaxime, often combined with vancomycin 
± ampicillin–penicillin, is recommended for empiric therapy 
of community-onset bacterial meningitis in children older 
than 1 month and in adults (Tunkel et al., 2004; van de Beek 
et al., 2012; Le Saux and Canadian Paediatric Society Infec-
tious Diseases Immunization Committee, 2014). Ceftriaxone 
monotherapy is insufficient for groups at risk of Listeria 
meningitis (because Listeria is inherently resistant to all 
cephalosporins) (Tunkel et al., 2004; Chaudhuri et al., 2008; 
van de Beek et al., 2012). It is also potentially inadequate as 
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empiric therapy of meningitis after neurosurgery because 
there is an increased likelihood of MRSA, P. aeruginosa and 
other ceftriaxone-resistant Gram-negative bacilli in this 
patient population (Tunkel et al., 2004; van de Beek et al., 
2010). Ceftriaxone use is also not optimal for neonates 
(Gulian et al., 1987; Wadsworth and Suh, 1988; Martin et al., 
1993; Runel Belliard and Sibille, 2007; see section 5e, Drug 
interactions). A third-generation cephalosporin (ceftriaxone 
or cefotaxime) plus vancomycin should be considered for 
empiric therapy in patients with nosocomial bacterial men-
ingitis occurring after basilar skull fracture or soon after oto-
rhinologic surgery (van de Beek et al., 2010). However, for 
other postneurosurgical infections, such as related to trauma, 
vancomycin in combination with cefepime, ceftazidime, or 
meropenem is recommended (van de Beek et al., 2010).

Ceftriaxone is effective as monotherapy in both adults 
and children with meningitis caused by susceptible S. pneu
moniae (ceftriaxone MIC ≤ 0.5 μg/ml). For nonsusceptible 
strains (MIC ≥ 1 μg/ml), however, combination therapy with 
either vancomycin or rifampicin is needed to avoid treat-
ment failure (Friedland and McCracken, 1994; Kaplan and 
Mason, 1998). Treatment failures with ceftriaxone in pneu-
mococcal meningitis have been documented when the cef-
triaxone MICs were ≥ 2 μg/ml (Bradley and Connor, 1991; 
Sloas et al., 1992; Friedland et al., 1993; Kleiman et al., 1993; 
Tan et al., 1994; Lonks et al., 1995). Monotherapy with ceftri-
axone can be used effectively to treat intermediate-resistant 
strains (ceftriaxone MIC 1 μg/ml) but the treatment response 
is unpredictable (AAP, 1997). Those findings are consistent 
with current CLSI breakpoints for ceftriaxone or cefotaxime 
in CSF (susceptibility MIC ≤ 0.5 μg/ml; intermediate MIC = 
1 μg/ml, and resistance MIC ≥ 2 μg/ml) (CLSI, 2008). A 
recent review suggested that in regions with resistance rates 
among S. pneumoniae isolates against third-generation ceph-
alosporins < 1%, ceftriaxone plus ampicillin (to treat L. 
monocytogenes) should be used in adults of all ages (Nau et 
al., 2013). In regions with an incidence of cephalosporin- 
resistant pneumococci of ≥ 1%, ceftriaxone plus vancomycin 
is the empiric therapy of choice (Nau et al., 2013). Because 
meningococcal strains with reduced susceptibility to penicil-
lin have been reported in many countries, and the association 
between reduced susceptibility to penicillin and an increased 
risk of death or neurological sequelae in children with menin-
gococcal meningitis was identified, some authors suggest 
that patients with meningococcal meningitis should be treated 
empirically with a third-generation cephalosporin (ceftriax-
one or cefotaxime) until results of in vitro susceptibility test-
ing are available (van de Beek et al., 2012). Recommended 
dosing regimens for ceftriaxone for the treatment of bacterial 
meningitis for infants and children are 80–100 mg/kg/day 
given once or twice daily and 4 g/day once or twice daily for 
adults (Tunkel et al., 2004; van de Beek et al., 2012). The usual 
dose for adults is ceftriaxone 2 g i.v. every 12 hours in this 
indication (Chaudhuri et al., 2008). Results of randomized 
trials evaluating ceftriaxone for treatment of meningitis are 
summarized in Table 27.5. 

Single daily dosing of ceftriaxone has been effective in 
treating bacterial meningitis in children (Martin, 1983; Bryan 
et al., 1985; Dankner et al., 1988; Peltola et al., 1989; Schaad 
et al., 1990; Scholz et al., 1998a). In a trial of a single daily 
dose of ceftriaxone (50 mg/kg/day; maximum, 4 g/day) in 84 
adults with bacterial meningitis, 11 (13%) died (Cabellos et 
al., 1995). Studies have shown the adequacy of short-course 
ceftriaxone regimens for bacterial meningitis in children 
(Kavaliotis et al., 1989; Roine et al., 2000; Singhi et al., 2002; 
Molyneux et al., 2011). In a randomized trial involving 73 
children, the clinical outcome of patients treated with 7-day 
ceftriaxone therapy was similar to that of 10-day therapy and 
was associated with fewer nosocomial infections and earlier 
hospital discharge (Singhi et al., 2002). A small randomized 
treatment trial of bacterial meningitis suggested 4-day ther-
apy of ceftriaxone 100 mg/kg daily was comparable to 7-day 
therapy in children with an initial rapid recovery (Roine et 
al., 2000). In a large controlled trial of 1004 children with 
meningitis caused by S pneumoniae, H. influenzae, or N. men
ingitidis comparing the efficacy of 5- versus 10-day treatment 
of ceftriaxone, relapse occurred in only 2 patients in the 5-day 
treatment group but none in the 10-day treatment group, 
with no bacteriologic failures in either group (Molyneux et 
al., 2011). In that study, there was no difference in meningi-
tis-related deaths (2% vs. 1%). A recent meta-analysis of ran-
domized controlled trials of short (4–7 days) vs. long (7–14 
days) antibiotic treatment found no difference in outcome 
(Karageorgopoulos et al., 2009).

The use of adjunctive dexamethasone in patients with sus-
pected or proven community-acquired bacterial meningitis 
is recommended in high-income countries (van de Beek et 
al., 2012). However, a recent study found that in children 
with bacterial meningitis treated with ceftriaxone the addi-
tion of parenteral dexamethasone or oral glycerol did not 
prevent hearing loss (Peltola et al., 2010). 

Chemoprophylaxis for contacts of confirmed cases of 
meningitis due to N. meningitidis or H. influenzae may be 
indicated. In a Cochrane systematic review, the most effec-
tive antibiotics to achieve eradication of N. meningitidis from 
the nasopharynx were ceftriaxone, penicillin, rifampicin, and 
ciprofloxacin (Zalmanovici Trestioreanu et al., 2013). No tri-
als evaluated ceftriaxone vs. placebo, but ceftriaxone was 
more effective than rifampin in eradicating N. meningitidis 
carriage (relative risk: 5.93; 95% confidence interval: 1.22–
28.68) based on the point estimate of a single study (Schwartz 
et al., 1988). Ceftriaxone also has the advantage that it is safe 
for children and pregnant woman (Zalmanovici Trestioreanu 
et al., 2013) and that it may have already been used for treat-
ment and therefore cleared carriage in the index case. When 
ceftriaxone has not been used for treatment, a single dose of 
ceftriaxone 250 mg (125 mg for children < 15 years old) i.m. 
given with lidocaine is appropriate for chemoprophylaxis 
(Schwartz et al., 1988). Prophylaxis with ceftriaxone can be 
considered for close contacts of people with a meningococcal 
infection and populations with known high carriage rates 
(Zalmanovici Trestioreanu et al., 2013). Similar data regarding 
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Table 27.5. Summary of results of randomized trialsa of ceftriaxone for bacterial meningitis

Reference Treatment regimen No. of patients
Age 
group(s) Outcomes Deaths

Peltola et al. 
(1989)

Ceftriaxone (100 mg/kg/day) 
vs. cefotaxime (37.5 mg/kg 
every 6 hours) vs. chloram-
phenicol (25 mg/kg every 6 
hours) vs. ampicillin (62.5 
mg/kg every 6 hours initially, 
with chloramphenicol)

 200 Infants and 
children

Treatment failure: 2% vs. 
3.9% vs. 18.9% vs. 0%; 
microbiologic failures: 
7.5% only with 
chloramphenicol

2% vs. 7.8% vs. 
5.7% vs. 2.2%

Schaad et al. 
(1990)

Ceftriaxone (100 mg/kg/day) 
vs. cefuroxime (60 mg/kg 
every 6 hours)

 106 Infants and 
children

Positive CSF culture at 
18–36 hours, 2% vs. 12% 
(p = 0.11); hearing loss: 
4% vs. 17% (p = 0.05) 

—

Roine et al. (2000) Ceftriaxone (100 mg/kg/day 
i.m.) for 4 days vs. for 7 days

 100 Infants and 
children

Fever on day 7, 0% vs. 4%  
(p = 0.42); neurologic 
sequelae at 1–3 months: 
0% vs. 5% (p = 0.39); 
hearing loss: 3% vs. 9%  
(p = 0.49)

—

Saez-Llorens et al. 
(2002)

Ceftriaxone (100 mg/kg/day) 
vancomycin (60 mg/kg/day in 
four doses) vs. alatrofloxacin 
(2.5 mg/kg every 12 hours)

 203 Infants and 
children

Clinical success at 5–7 
weeks: 81% vs. 79% (NS); 
seizures: 21% vs. 22%; 
severe sequelae: 14% in 
both; joint abnormalities: 
3.1% vs. 0.9%

3% vs. 2%

Nathan et al. 
(2005)

Ceftriaxone (100 mg/kg i.m. 
once) vs. chloramphenicol 
(100 mg/kg i.m. once)

 503 (349 with N. 
meningitidis)

Infants and 
children

Treatment failure rate at 72 
hours: 9% for both

Case fatality rates 
at 72 hours: 6% 
vs. 5%

Peltola et al. 
(2007)

Ceftriaxone (80–100 mg/kg/day 
for 7–10 days) + dexametha-
sone (0.15 mg/kg every 6 
hours i.v. for 2 days) vs. 
dexamethasone + glycerol 
(1.5 g/kg every 6 hours p.o. 
for 2 days) vs. glycerol vs. 
placebo

 654 Infants and 
children

Severe neurological 
sequelae: 7% vs. 6% vs. 
5% vs. 14% (p = 0.022)

14% vs. 13% vs. 
10% vs. 16% (NS)

Scarborough et al. 
(2007)

Ceftriaxone (2 g every 12 hours 
i.m./i.v. for 10 days) + 
dexamethasone (16 mg every 
12 hours i.v. for 4 days) vs. 
placebo

 465 (90% 
HIV-positive)

Adults — 58.8% vs. 52.6% for 
corticosteroid vs. 
placebo (NS); 
55.9% vs. 52.6% 
for i.m. vs. i.v. 
ceftriaxone (NS)

Peltola et al. 
(2010)

Ceftriaxone (80–100 mg/kg/day 
i.v. for 7–10 days) ± dexa-
methasone (0.15 mg/kg 
every 6 hours i.v. for 48 
hours) ± glycerol (1.5 g/kg 
every 6 hours p.o. for 48 
hours)

 383 Infants and 
children

Neither dexamethasone 
nor glycerol prevented 
hearing loss

—

Molyneux et al. 
(2011)

Ceftriaxone (80–100 mg/kg/day 
i.v.) for 5 days vs. for 10 days

1004 Infants and 
children

Relapse: 2 vs. 0 (NS); 
bacteriologic failure: none 
in both

Deaths related to 
meningitis: 2% 
vs. 1% (NS)

aTrials enrolling ≥ 100 patients.
Abbreviations: CSF: cerebrospinal fluid; NS: statistically not significant. 
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chemoprophylaxis for H. influenzae type b is lacking (Peltola, 
1999). One study reported a 53% failure rate of a single dose 
of ceftriaxone to eradicate nasopharyngeal colonization of 
H. influenzae type b (Rowley et al., 1987). Chemoprophylaxis 
is not considered necessary in pneumococcal meningitis 
(Peltola, 1999). Chemoprophylaxis has not been shown to be 
useful in patients with basilar skull fracture, including those 
with CSF leak (Villalobos et al., 1998; Ratilal et al., 2006). In 
a study in which ceftriaxone was used, the rates of meningitis 
were not significantly different between the ceftriaxone pro-
phylaxis group and the control group, or in any specific sub-
group of these patients (Eftekhar et al., 2004).

7h.  Brain abscess

Brain abscesses are often polymicrobial, and the most com-
mon etiologic organisms in clinical series include strepto-
cocci, anaerobes, S. aureus, and the Enterobacteriaceae, 
depending on the underlying source (Mathisen and John-
son, 1997; Honda and Warren, 2009). Optimal selection of 
empiric antimicrobial therapy varies, depending on the cir-
cumstances of individual cases (Mathisen and Johnson, 
1997; Lu et al., 2006; Sheehan et al., 2008; Brouwer et al., 
2014). Ceftriaxone combined with metronidazole is a highly 
effective treatment for brain abscess (Felsenstein et al., 2013). 
It has been recommended that ceftriaxone or cefotaxime in 
combination with metronidazole be used as an empirical 
regimen while susceptibilities are pending, particularly in 
patients with contiguous spread from a parameningeal focus 
of infection and no history of neurosurgery (Mathisen and 
Johnson, 1997; BSAC, 2000; Sheehan et al., 2008; Brouwer et 
al., 2014). 

The preferred intravenous daily dosage in adults with 
normal renal and hepatic function is ceftriaxone 2 g twice 
daily (JSC, 2011; Brouwer et al., 2014). Ceftriaxone 3–4 g 
daily is recommended for adults with brain abscess by the 
British Society of Antimicrobial Chemotherapy (2000).

7i.  Meningococcal sepsis

Ceftriaxone is potentially effective therapy for meningococ-
cal sepsis. Single i.m. injections of ceftriaxone (typically 250 
mg) before admission to the hospital or confirmation of the 
diagnosis are used to reduce the risk of serious disease and 
death by preventing delays in starting therapy (Sudarsanam 
et al., 2013). However, one set of guidelines has revised rec-
ommendations supporting empiric ceftriaxone owing to con-
cerns about calcium chelation (Faust et al., 2008; see section 
5e, Drug interactions). British guidelines for the emergency 
management of meningococcal disease now state that cefo-
taxime (not ceftriaxone) should be used as the first-line anti-
biotic for meningococcal sepsis due to the high incidence 
of calcium replacement required in severe disease. However, 
these guidelines continue to support ceftriaxone as first-line 
therapy in meningitis and for continuation of sepsis therapy 
after the acute phase when calcium infusions are no longer 
required (Faust et al., 2008).

7j.  Respiratory tract infections

COMMUNITY-ACQUIRED PNEUMONIA

For hospitalized patients with community-acquired pneumo-
nia (CAP), North American treatment guidelines recommend 
the use of either a respiratory quinolone (e.g. levofloxacin or 
moxifloxacin) or a third-generation cephalosporin (e.g. cef-
triaxone and cefotaxime) in combination with a macrolide 
as first-line therapy (Heffelfinger et al., 2000; Mandell et al., 
2000; Mandell et al., 2007). Third-generation cephalospo-
rins, including ceftriaxone, are also recommended as a first-
line empirical treatment option in hospitalized adult patients 
in Europe (Woodhead et al., 2011). But in Australia, such 
cephalosporin-based regimens are recommended for only 
patients with severe CAP (pneumonia severity index IV–V) 
or those admitted to intensive care units (Charles et al., 
2008a; Charles et al., 2008b; Antibiotic Expert Group, 2014). 
In other countries in which antimicrobial resistance is rela-
tively low, ceftriaxone or cefotaxime is used particularly 
for  empiric therapy of severe CAP without risk factors for 
P. aeruginosa (Lim et al., 2009; Hoffken et al., 2010; Spindler 
et al., 2012; Wiersinga et al., 2012). These third-generation 
cephalosporins are also recommended as empiric parenteral 
antibiotics for children with severe CAP (Harris et al., 2011). 
In the USA, empiric therapy with a third-generation paren-
teral cephalosporin (ceftriaxone or cefotaxime) is recom-
mended for hospitalized infants and children with CAP who 
are not fully immunized for H. influenzae type b and S. pneu
moniae, in regions where local epidemiology of invasive pneu-
mococcal strains documents high-level penicillin resistance, 
or for infants and children with life-threatening infection, 
including those with empyema (Bradley et al., 2011). 

In Europe and the USA, ceftriaxone or cefotaxime is the 
preferred parenteral agent for treatment of pneumococcal 
pneumonia without meningitis for strains with reduced sus-
ceptibility to penicillin, but with MICs of ceftriaxone or cefo-
taxime < 2 μg/ml (Heffelfinger et al., 2000; Mandell et al., 
2003; CLSI, 2008). However, some studies now suggest that 
this may not be necessary and that penicillin G remains effec-
tive in such situations, so long as the CAP is not associated 
with meningitis (in which penicillin CSF penetration may be 
inadequate for these strains) (Charles et al., 2008a; Charles et 
al., 2008b; Antibiotic Expert Group, 2014). Data from a ret-
rospective study show that ceftriaxone can be used effectively 
to treat bacteremia and pneumonia caused by pneumococcal 
isolates with ceftriaxone MICs 1–2 μg/ml in immuno-
competent patients (Kaplan et al., 2001). Susceptibility of 
pneumococcal isolates to ceftriaxone and cefotaxime in non-
meningeal infections is defined as an MIC of ≤ 1 μg/ml, 
intermediate as an MIC of 2 μg/ml, and resistant as an MIC 
of ≥ 4 μg/ml (CLSI, 2008). Because C. pneumoniae, C. bur
netii, and Legionella spp. are obligate intracellular organisms 
and M. pneumoniae lacks a cell wall, beta-lactam agents 
(including ceftriaxone) are not effective for pneumonia caused 
by those atypical pathogens. Due to high rates of resistance, 
ceftriaxone is not generally an effective treatment against 
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pneumonia caused by P. aeruginosa, A. baumannii, B. pseu
domallei, or B. cepacia (Mandell et al., 2007).

Most professional societies recommend dosing for CAP 
at ceftriaxone 1 g or 2 g i.v. once daily (Bartlett et al., 2000; 
Mandell et al., 2000; Lim et al., 2009; Hoffken et al., 2010; 
Harris et al., 2011; Woodhead et al., 2011; Wiersinga et al., 
2012; Antibiotic Expert Group, 2014; Gonzalez-Castillo et 
al., 2014). The suitable dose of ceftriaxone for the treatment 
of hospitalized patients with suspected pneumococcal pneu-
monia is 1 g i.m. or i.v. twice daily in the European guide-
lines; it should be adequate for strains with a penicillin MIC 
of ≤ 8 μg/ml (Woodhead et al., 2011). For CAP caused by 
S. pneumoniae resistant to penicillin with MICs ≥ 4.0 μg/ml, 
ceftriaxone 100 mg/kg/day i.v. in one or two divided doses 
can be administered in infants and children older than 3 
months of age (Bradley et al., 2011). From a pharmacody-
namic standpoint when treating S. pneumoniae respiratory 
tract infections, ceftriaxone 1 g i.v. daily should be adequate 
when the ceftriaxone MIC is ≤ 2 μg/ml and 2 g i.v. daily when 
the MIC is 4 μg/ml (Van Bambeke et al., 2007).

Ceftriaxone 1–4 g/day, alone or as part of a combined 
regimen, had similar efficacy as a variety of comparative 
antibiotics (Table 27.6). The only study in which ceftriaxone 
lacked comparable efficacy to such an antibiotic was a ran-
domized clinical trial comparing linezolid (n = 381 patients) 
and ceftriaxone–cefpodoxime (n = 366) for the treatment 
of community-acquired pneumonia (San Pedro et al., 2002). 
In this study, linezolid had a higher clinical cure rate than 
ceftriaxone–cefpodoxime (83.0% vs. 76.4%; p = 0.04), although 
the incidence of drug-related adverse events was higher in 
the linezolid group than in the ceftriaxone–cefpodoxime 
group (21.3% vs. 11.2%; p = 0.0002). There was no difference 
in eradication rates of S. pneumoniae in this study (89.3% 
with ceftriaxone vs. 88.7% with linezolid; p = 0.83) (San 
Pedro et al., 2002). More recently, in the integrated analysis 
of two phase III clinical trials that compared the efficacy 
and safety of ceftaroline vs. ceftriaxone in adults hospitalized 
(but not admitted to an intensive care unit) with Pneumonia 
Outcomes Research Team (PORT) risk class III or IV CAP 
(File et al., 2011; Low et al., 2011), clinical cure rates of cef-
taroline treatment were higher than those of ceftriaxone 
treatment (File et al., 2010). In that analysis, clinical cure 
rates of the clinically evaluable patients treated with ceftar-
oline were 84.3% vs. 77.7% of ceftriaxone-treated patients 
(difference: 6.7%; 95% CI: 1.6–11.8%). In addition, another 
analysis of these two trials demonstrated that, compared to 
ceftriaxone, ceftaroline was associated with a shorter time to a 
clinical response; these findings may suggest that ceftaroline is 
associated with a shorter time to hospital discharge than that 
achieved with ceftriaxone among hospitalized patients with 
CAP; however, these data need to be confirmed (Lodise et 
al., 2015).

NOSOCOMIAL PNEUMONIA

Ceftriaxone, along with other non-antipseudomonal third- 
generation cephalosporins, are recommended by the US 
guidelines for the treatment of mild to moderate hospital- 

acquired pneumonia, provided that patients do not have risk 
factors that might alter the likely causative pathogens (ATS/
IDSA, 2005). Non-antipseudomonal third-generation ceph-
alosporins are used in patients with severe disease provided 
that infection occurs within 5 days of hospital admission 
because these early onset pneumonias are usually in patients 
who have not received prior antimicrobial treatment or are 
mainly caused by susceptible Enterobacteriaceae, Haemophilus 
spp., MSSA, or S. pneumoniae (Chastre, 2003; ATS/IDSA, 
2005).

The main target microorganisms of ceftriaxone or cefotax-
ime in the management of nosocomial pneumonia include H. 
influenzae, M. catarrhalis, wild-type enteric Gram-negative 
bacilli, and Gram-positive cocci (except MRSA and entero-
cocci) (Chastre, 2003). Ceftriaxone was given as 1 g i.v. twice 
daily or 2 g i.v. every 12 or 24 hours in the randomized clini-
cal trials of nosocomial pneumonia (Table 27.7). The i.v. 
dose of ceftriaxone 1–2 g once daily or 1 g twice daily is rec-
ommended for adults with hospital-acquired or ventilator- 
associated pneumonia in Canada and Spain (Rotstein et al., 
2008; Blanquer et al., 2011). Ceftriaxone should not be used 
where there is a risk of P. aeruginosa infection.

EPIGLOTTITIS

Acute epiglottis is historically most commonly caused by 
H. influenzae type b and streptococci. The spectrum of caus-
ative agents has shifted since the development and imple-
mentation of the H. influenzae type b vaccination (Jenkins 
and Saunders, 2009). Bacterial pathogens associated with epi-
glottitis nowadays include S. pneumoniae, S. aureus, and beta- 
hemolytic streptococci (Alcaide and Bisno, 2007). Because of 
the possibility of failure of vaccination, antibiotics should be 
directed against H. influenzae type b in every patient regard-
less of immunization status (Alcaide and Bisno, 2007). Ceftri-
axone or cefotaxime still remains an effective therapeutic 
intervention (Alcaide and Bisno, 2007; Jenkins and Saunders, 
2009).

ACUTE OTITIS MEDIA

Typically, acute otitis media is caused by S. pneumoniae, 
non- typeable H. influenzae (including beta-lactamase- 
producing strains), and M. catarrhalis (including beta-lact-
amase-producing strains) (Atkinson et al., 2015). However, 
the epidemiology of pneumococcal disease is evolving due to 
the widespread use of pneumococcal vaccines in children. 
Ceftriaxone is typically reserved for patients with acute otitis 
media unresponsive to first-line therapy (Dowell et al., 1999). 
From the pharmacokinetic studies, a single i.m. injection of 
ceftriaxone 50 mg/kg (not to exceed 1 g) achieves very high 
MEF concentrations for several days (35 μg/ml at 24 hours 
and 19 μg/ml at 48 hours after the dose) (Gudnason et al., 
1998). A single i.m. dose of ceftriaxone is as efficient as a 
10-day course of amoxicillin–clavulanate for treatment of 
acute otitis media in children (Varsano et al., 1997; Wang et 
al., 2004) and is also comparable to oral amoxicillin (Green 
and Rothrock, 1993), cefaclor (Chamberlain et al., 1994), and 
trimethoprim–sulfamethoxazole (Barnett et al., 1997).
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Table 27.6. Summary of randomized trialsa of ceftriaxone for community-acquired pneumonia since 2000

Reference Initial treatment regimen

No. of 
patients 
enrolled 
(evaluated)

Age 
group(s) Outcomes Deaths

Dresser et al. 
(2001)

Ceftriaxone (1–2 g/day i.v.) ± erythromycin 
(0.5–1 g every 6 hours i.v.) vs. gatifloxacin 
(400 mg/day i.v.)

 283 (203) Adults Clinical cure: 92% vs. 98%; 
microbiologic eradication: 
92% vs. 97%

—

Petermann et al. 
(2001)

Ceftriaxone (2 g/day i.v.) ± erythromycin 
(0.5–1 g every 6 hours i.v./p.o.) vs. 
clinafloxacin (200 mg/day i.v.)

 527 Adults Clinical cure at TOC: 78.6% vs. 
79.3%

2.7% vs. 2.3%

Roson et al. (2001) Ceftriaxone (1 g/day i.v.) vs. amoxicillin–
clavulanate (2.2 g every 8 hours i.v.)

 378 (323) Adults Clinical cure at EOT: 80.9% vs. 
79.3% (NS)

8.8% vs. 10.3% 
(NS)

Frank et al. (2002) Ceftriaxone (1 g/day i.v. for 2 days) + 
azithromycin (500 mg/day i.v. for ≥ 2 
days) vs. levofloxacin (500 mg/day p.o. or 
i.v.)

 236 (224) Adults Clinical success at EOT:
92.3% vs. 94.1%; microbio-

logic eradication at EOT: 
92.3% vs. 89.5%

3.4% vs. 1.8%

Lode et al. (2002) Ceftriaxone (2 g/day i.v. for 1–7 days) 
followed by cefuroxime (500 mg twice a 
day p.o. for 1–13 days) vs. gemifloxacin 
(320 mg/day p.o. for 7–14 days)

 345 (237) Adults Clinical success: 93.4% vs. 
92.2% (NS); bacteriologic 
success: 87.3% vs. 90.6% 
(NS)

3.5% vs. 1.8%

Ortiz-Ruiz et al. 
(2002)

Ceftriaxone (1 g/day i.v.) vs. ertapenem 
(1 g/day i.v.) followed by 
amoxicillin–clavulanate

 502 (383) Adults Clinical cure: 91.0% vs. 92.3% 
(NS)

No drug-related 
death

San Pedro et al. 
(2002)

Ceftriaxone (1 g every 12 hours i.v.) 
followed by cefpodoxime (200 mg twice 
a day p.o.) vs. linezolid (600 mg every 12 
hours i.v., then twice a day p.o.)

 747 Adults Clinical cure: 76.4% vs. 83.0% 
(p = 0.04); bacteriologic 
eradication of S. pneumo-
niae: 89.3% vs. 88.7% (NS)

5.2% vs. 3.9%

Vetter et al. (2002) Ceftriaxone (1 g/day i.v./i.m.) vs. ertapenem 
(1 g/day i.v./i.m.)

 364 (359) Adults Clinical cure: 93.6% vs. 92.2% 
(NS)

0.8% vs. 0.4%

Correa et al. (2003) Ceftriaxone (1–2 g/day i.v.) ± erythromycin 
(0.5–1 g every 6 hours i.v.) or clarithromy-
cin (500 mg every 12 hours i.v.) vs. 
gatifloxacin (400 mg/day i.v.)

 170 (153) Adults Clinical cure: 90.9% vs. 97.4% 
(NS); bacteriologic 
eradication: 90.9% vs. 100%

2.6% vs. 1.3%

Woods et al. (2003) Ceftriaxone (1 g/day) vs. ertapenem  
(1 g/day)

 341 (273) Elderly Clinical cure at TOC: 90.4% vs. 
93.9% (NS); at EOT: 92.7% 
vs. 95.9% (NS); overall 
bacterial eradication: 93.2% 
vs. 92.8% (NS)

4.9% vs. 4.2%

Erard et al. (2004) Ceftriaxone (2 g/day i.v.) ± clarithro mycin 
(500 mg every 12 hours i.v.) followed 
by an oral antibiotic vs. levofloxacin 
(500 mg every 12 hours p.o.)

 129 (116) Adults Resolution of pneumonia at 
day 30: 91.9% vs. 91.1% 
(NS)

Day 30 
mortality: 
8.1% vs. 1.3% 
(NS)

Katz et al. (2004) Ceftriaxone (2 g/day i.v.) followed by 
cefuroxime (500 mg twice a day p.o.) ± 
azithromycin ± metronidazole vs. 
moxifloxacin (400 mg/day i.v./p.o.)

 335 Adults Clinical cure at TOC visit: 
79.6% vs. 83.3% (NS); 
microbiologic responses at 
TOC visit: 60.7% vs. 81.8% 
(NS)

4.2% vs. 6.0%

Ortiz-Ruiz et al. 
(2004)

Ceftriaxone (1 g/day) vs. ertapenem  
(1 g/day)

 866 (658) Adults Clinical cure: 92.0% vs. 91.9% 
(NS)

2.1% vs. 1.9%

Zervos et al. (2004) Ceftriaxone (1 g every 12 hours) vs. 
cefepime (2 g every 12 hours) 

 115 (86) Adults Clinical cure + improvement: 
97.8% vs. 95.0% (NS)

1.8% vs. 5.1%

Welte et al. (2005) Ceftriaxone (2 g/day i.v.) ± erythromycin 
(1 g every 6–8 hours for 7–14 days) vs. 
moxifloxacin (400 mg/day i.v./p.o. for 
7–14 days)

 397 (317) Adults Clinical resolution: 86.5% vs. 
85.7%

3.6% vs. 3.0%
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Reference Initial treatment regimen

No. of 
patients 
enrolled 
(evaluated)

Age 
group(s) Outcomes Deaths

Tamm et al. (2007) Ceftriaxone (1–2 g/day i.v.) + azithromycin 
(500 mg/day i.v. for 2–5 days), then 
azithromycin (500 mg/day p.o. for 7–10 
days) vs. ceftriaxone (1–2 g/day i.v.) + 
clarithromycin (500 mg every 12 hours 
i.v.) or erythromycin (1 g every 8 hours i.v. 
for 2–5 days), then clarithromycin (500 
mg twice a day p.o.) or erythromycin (1 g 
three times a day p.o. for 7–14 days)

 278 Adults Clinical cure or improvement 
at EOT: 84.3% vs. 82.7%; 
clinical cure at EOS: 81.7% 
vs. 75.0%; bacteriologic 
eradication at EOT: 73.2% 
vs. 67.4%; bacteriologic 
eradication at EOS: 68.3% 
vs. 60.9%

5.2% vs. 3.5%

Bhavnani and 
Ambrose (2008)

Ceftriaxone (2 g/day i.v. for 1–7 days) 
followed by cefuroxime (500 mg twice a 
day p.o. for 1–13 days) vs. gemifloxacin 
(320 mg/day p.o. for 7–14 days)

 345 (341) Adults Clinical success: 79.1% vs. 
76.9%

—

Pertel et al. (2008) Ceftriaxone (2 g/day) vs. daptomycin (4 mg/
kg/day for 5–14 days)

 956 (740) Adults Clinical cure: 89.9% vs. 86.9% 
(NS); bacteriologic 
eradication of S. pneumo-
niae: 92.9% vs. 81.2% (95% 
CI: –21.1% to –2.3%) and S. 
aureus: 90.5% vs. 69.2% 
(95% CI: –43.0% to –0.5%)

2.6% vs. 4.6% 
(p = 0.073)

Talaie et al. (2008) Ceftriaxone (1 g every 12 hours) + 
clindamycin (900 mg every 8 hours) vs. 
cefepime (1 g every 12 hours) + 
clindamycin (900 mg every 8 hours)

 140 (119) 
with 
aspiration 
pneumonia

Children and 
adults

Improvement/cure at day 5: 
90.0% vs. 88.6% (NS); 
improvement/cure at day 
14: 93.8% vs. 90.9% (NS)

8.6% vs. 7.1% 
(NS) for both 
day 5 and day 
14

Torres et al. (2008) Ceftriaxone (2 g/day i.v.), then levofloxacin 
(500 mg twice a day i.v./p.o. for 5–14 
days) vs. moxifloxacin (400 mg/day 
i.v./p.o. for 7–14 days)

 738 (733) Adults Clinical cure: 87.9% vs. 79.4% 
(NS); bacteriologic success: 
85.1% vs. 83.3% (NS)

At day 30: 3.4% 
vs. 4.9% (NS)

Ashraf et al. (2010) Ceftriaxone (75–100 mg/kg/day for ≥ 5 
days) in day care vs. in hospital care

 360 Children Clinical success: 87.7% vs. 
96.1% (p = 0.001); 
readmission: 14.1% vs. 6.4% 
(p = 0.01)

0% vs. 1.1% (NS)

File et al. (2011) Ceftriaxone (1 g/day for 5–7 days) + 
clarithromycin (500 mg twice on day 1) 
vs. ceftaroline (600 mg every 12 days for 
3–7 days) + clarithromycin (500 mg twice 
on day 1)

 613 (458) 
with PORT 
III–IV CAP

Adults Clinical cure: 78.2% vs. 86.6% 
(difference: 8.4%; 95% CI: 
1.4–15.4); favorable 
microbiologic response: 
78.9% vs. 89.9% (NS)

1.9% vs. 2.0%

Low et al. (2011) Ceftriaxone (1 g/day for 5–7 days) vs. 
ceftaroline (600 mg every 12 hours for 
5–7 days)

 627 (450) 
with PORT 
III–IV CAP

Adults Clinical cure: 77.2% vs. 82.1% 
(NS); favorable microbio-
logic response: 82.9% vs. 
84.7% (NS)

2.0% vs. 2.9%

Nicholson et al. 
(2012)

Ceftriaxone (2 g/day) ± linezolid (600 mg 
every 12 hours for 7–14 days) vs. 
ceftobiprole (500 mg every 8 hours for 
7–14 days)

 706 (469) Adults Clinical cure: 87.4% vs. 86.6% 
(NS); microbiologic eradi- 
cation: 90.8% vs. 88.2% 
(NS); adverse events higher 
in the ceftobiprole group: 
self-limited nausea, 2% vs. 
7%, vomiting 2% vs. 5%

0.8% vs. 0% (NS)

Westendorp et al. 
(2015)

Ceftriaxone (2 g/day for 4 days) vs. none 2550 (2514) 
with stroke

Adults No shift in distribution of 
modified Rankin Scale score 
(adjusted common OR: 
0.94; 95% CI: 0.82–1.09; p = 
0.41); Clostridium difficile 
diarrhea: 2 vs. 0 (NS)

At 3-month 
follow-up: 
10% vs. 11% 
(NS)

Zhong et al. (2015) Ceftriaxone (2 g/day for 5–7 d) vs. 
ceftaroline (600 mg every 12 hours for 
5–7 days)

 847 (498) 
with PORT 
III–IV CAP

Adults Clinical cure: 74% vs. 84% Pneumonia-
related: 
1% vs. 1%

aTrials enrolling > 100 patients.
Abbreviations: TOC: test of cure; EOT: end of therapy; NS: statistically not significant; EOS: end of study; CI: confidence interval; PORT III–IV: Pneumonia 

Outcomes Research Team risk class III–IV; CAP: community-acquired pneumonia; OR: odds ratio.
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For the treatment of acute bacterial otitis media, a single 
i.m. dose of 50 mg/kg (not to exceed 1 g) is recommended 
(Green and Rothrock, 1993; Barnett et al., 1997). A 3-day 
ceftriaxone i.m. regimen (50 mg/kg daily) was significantly 
superior to the 1-day ceftriaxone i.m. regimen in the treatment 
of nonresponsive acute otitis media caused by penicillin- 
resistant S. pneumoniae in infants (3–36 months) (Leibovitz 
et al., 1998; Leibovitz et al., 2000; Haiman et al., 2002). In a 
prospective evaluation of ceftriaxone i.m. for 3 day in 92 
infants who previously failed other antibiotics for acute otitis 
media, bacteriologic eradication was achieved in 95% of 
cases: 100% in H. influenzae, 92% in S. pneumoniae, 50% in 
M. catarrhalis, and 100% in S. pyogenes disease (Leibovitz et 
al., 1998). In a recent meta-analysis of trials for the treatment 
of acute otitis media in children, there were no differences 
found when examining treatment with ceftriaxone for ≤ 7 
days (30% failure vs. 27% in short-acting antibiotics admin-
istered for ≥ 7 days) with respect to risk of treatment failure 
at 1 month or less (Kozyrskyj et al., 2010). 

The American Academy of Pediatrics recommends one 
or three doses of ceftriaxone 50 mg/kg daily i.m. or i.v. for 
the initial or delayed treatment of otitis media, and three 
doses for patients who have failed initial antibiotic therapy 
(Lieberthal et al., 2013). However, administering a second 
dose 24 hours after the first may not be necessary in many 
children (McCracken, 1999) because the duration of cef-
triaxone concentrations in MEF exceeds the MIC90 for 120 
hours or longer for the three major causative pathogens 
of  otitis media, including penicillin-resistant pneumococci 

(Gudnason et al., 1998). Additional doses can be given after 
48–72 hours if the patient has clinically failed with the first 
dose (McCracken, 1999).

7k.  Infective endocarditis

Ceftriaxone is recommended in various endocarditis guide-
lines for the treatment of endocarditis caused by susceptible 
organisms (Habib et al., 2015; Baddour et al., 2015). The typ-
ical recommended dose is 2 g i.m. or i.v. daily for adults and 
100 mg/kg i.m. or i.v. daily for children.

Ceftriaxone is recommended for the treatment of HACEK 
endocarditis (Habib et al., 2015; Baddour et al., 2015). HACEK 
organisms, a group of fastidious Gram-negative bacilli, con-
sist of Haemophilus spp., Aggregatibacter spp., Cardiobacterium 
hominis, Eikenella corrodens, and Kingella spp. (Baddour et 
al., 2015). For HACEK endocarditis, treatment guidelines 
recommend dosing of ceftriaxone 2 g daily i.v. for 4–6 weeks 
(Habib et al., 2015; Baddour et al., 2015). Ceftriaxone is 
preferred to cefotaxime for once-daily therapy on an out-
patient basis (Wilson et al., 1995; Kaye, 1996). Previously, the 
HACEK group of microorganisms was uniformly susceptible 
to ampicillin; however, beta-lactamase-producing strains 
of HACEK are appearing with increased frequency (Habib et 
al., 2015; Baddour et al., 2015).

Enterococcus spp. are generally nonsusceptible to cepha-
losporins. However, the combination of ampicillin and 
 ceftriaxone demonstrated in vitro and in vivo synergism 
against high-level aminoglycoside-resistant (HLAR) E. fae

Table 27.7. Summary of randomized trials of ceftriaxone in adult patients with nosocomial pneumonia

Reference Treatment regimen

No. of 
patients 
enrolled 
(evaluated) Outcomes Deaths

Bassetti et al. (1991) Ceftriaxone (2 g/day) vs. ceftazi-
dime (2 g every 12 hours)

 72 (60) Clinical cure or improvement: 90% 
in both

—

Garber et al. (1992) Ceftriaxone (1 g every 12 hours) vs. 
cefotaxime (1 g every 8 hours)

 74 (57) Successful clinical response: 92.5% 
vs. 93.4%

0% vs. 3.3%

Mangi et al. (1992) Ceftriaxone (2 g/day) vs. cefopera-
zone (2 g every 12 hours)

154 (110) Cure: 70% vs. 80% 22% vs. 15% died 
from infection

Rubinstein et al. (1995) Ceftriaxone (2 g/day i.v.) + 
tobramycin (35 mg/kg/day 
i.v./i.m.) vs. ceftazidime (2 g 
every 12 hours i.v.)

297 Clinical cure and improvement: 
65% vs. 73% (NS)

—

Shah and Stille (1995) Ceftriaxone (2 g every 12 hours) vs. 
cefotaxime (2 g every 12 hours)

118 (118) Successful clinical response (cure 
and improvement): 82% vs. 80%; 
successful bacteriologic response 
(eradication and presumed 
eradication): 95% vs. 93%

—

Hoffken et al. (2007) Ceftriaxone (2 g/day i.v.), then 
cefuroxime (500 mg twice a day 
p.o.) vs. moxifloxacin (400 mg/
day i.v.), then moxifloxacin (400 
mg/day p.o.)

161 (120) Clinical success: 83% vs. 87% (NS) 13.4% vs. 10.4%

Abbreviation: NS: statistically not significant.
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calis (Gavalda et al., 1999; Gavalda et al., 2003). This com- 
bination of ampicillin and ceftriaxone has been shown to be 
effective and safe for treating E. faecalis endocarditis, espe-
cially in patients who are at high risk of nephrotoxicity from 
high-level aminoglycoside treatment (Gavalda et al., 1999; 
Gavalda et al., 2003; Gavalda et al., 2007; Fernández-Hidalgo 
et al., 2013).

The combination of ampicillin and ceftriaxone demon-
strated in vitro and in vivo synergism against HLAR E. faeca
lis (Gavalda et al., 1999; Gavalda et al., 2003). A reduction of 
1 to 4 dilutions in MICs of ampicillin for HLAR E. faecalis 
was obtained when ampicillin was combined with a fixed 
ceftriaxone concentration (4 μg/ml), and time-kill studies per-
formed with ampicillin and ceftriaxone combination showed 
a higher reduction of E. faecalis colony-forming units com-
pared to ampicillin alone (Gavalda et al., 1999). As previously 
suggested by a study about the association between amoxicil-
lin and cefotaxime (Mainardi et al., 1995), the synergism 
between amoxicillin and ceftriaxone seems to be based on 
the partial saturation of different types of PBPs by the two 
different antibiotics, thus leading to the bactericidal effect. In 
an open-label, nonrandomized trial, a 6-week course of cef-
triaxone (2 g twice daily) plus ampicillin (2 g every 4 hours) 
effectively treated patients who had endocarditis caused by 
HLAR E. faecalis or non-HLAR E. faecalis and could not tol-
erate aminoglycosides because of nephrotoxicity; the clinical 
cure rate at 3 months was 67.4% (29/43) among all episodes 
(Gavalda et al., 2007). During treatment, 28.6% of patients 
with HLAR E. faecalis endocarditis and 18.2% of patients 
with non-HLAR E. faecalis endocarditis died of infection- 
related causes. In an observational study comparing the effec-
tiveness of the ampicillin plus ceftriaxone (AC) and ampicillin 
plus gentamicin (AG) combinations for treating E. faecalis 
endocarditis, there were no differences in mortality while on 
antibiotic treatment (22% vs. 21%; p = 0.81) and at 3-month 
followup (8% vs. 7%; p = 0.72) (Fernández-Hidalgo et al., 
2013). Treatment failure requiring a change in antimicrobials 
(1% vs. 2%; p = 0.54) and relapses (3% vs. 4%; p = 0.67) were 
also similar between both groups. However, interruption of 
antibiotic treatment due to adverse events was significantly 
more frequent in the AG group than in the AC group (25% 
vs. 1%; p < 0.001), mainly due to new renal failure (≥ 25% 
increase in baseline creatinine concentration; 23% vs. 0%; 
p < 0.001).

The US and European guidelines for the management of 
infective endocarditis published in 2015 recommend the 
combination of ampicillin and ceftriaxone in patients with 
HLAR E. faecalis endocarditis. Ceftriaxone 2 g i.v. twice daily 
is recommended for this use (Habib et al., 2015; Baddour et 
al., 2015). This combination is not active against E. faecium 
endocarditis (Habib et al., 2015). For a detailed summary of 
the treatment of endocarditis, see Chapter 3, Benzylpenicillin 
(penicillin G), Table 10.

Ceftriaxone can be useful for the treatment of endocardi-
tis caused by viridans streptococci and S. gallolyticus (for-
merly S. bovis) susceptible or relatively resistant to penicillin 
(Gould et al., 2012; Habib et al., 2015; Baddour et al., 2015). 

S. pneumoniae endocarditis, similar to that caused by oral 
streptococci, can be treated with ceftriaxone (Habib et al., 
2015).For patients with endocarditis caused by penicillin- 
resistant pneumococci (MIC 0.1–4 μg/ml), a third-generation 
cephalosporin can be used (Baddour et al., 2015). In patients 
with endocarditis and meningitis, high doses of cefotaxime 
are reasonable (Baddour et al., 2015). If the isolate is also 
cefotaxime resistant (MIC ≥ 2 μg/ml), then the addition of 
vancomycin and rifampin may be considered for patients with 
endocarditis and meningitis (Baddour et al., 2015). Endo-
carditis caused by Granulicatella and Abiotrophia spp. (for-
merly nutritionally variant streptococci) can be treated with 
ceftriaxone, combined with an aminoglycoside (Habib et al., 
2015; Baddour et al., 2015). 

Ceftriaxone is not recommended in the treatment of 
staphylococcal endocarditis, especially for MRSA (Gould et 
al., 2012; Habib et al., 2015; Baddour et al., 2015). However, 
a retrospective analysis of patients with MSSA endocarditis 
receiving outpatient parenteral antimicrobial therapy with 
ceftriaxone or cefazolin found that favorable clinical out-
comes were similar between ceftriaxone and cefazolin (79.8% 
vs. 67.9%; p = 0.17), along with a similar incidence of adverse 
events and complications (2.3% vs. 5.1% and 18.2% vs. 
26.9%; both p < 0.05) (Winans et al., 2013).

Ceftriaxone may also be useful in endocarditis due to the 
Enterobacteriaceae (PEG/DGK, 2007; Baddour et al., 2015) 
and culture-negative endocarditis (PEG/DGK, 2007). For 
suspected or confirmed Bartonella endocarditis, ceftriaxone 
in combination with doxycycline and/or gentamicin may be 
used (Baddour et al., 2005; PEG/DGK, 2007).

7l.  Urinary tract infections, including 
pyelonephritis and bacterial prostatitis

Like cefotaxime, ceftriaxone is potentially useful for hospi-
talized children and adults with community-acquired urinary 
tract infections (UTIs) (Gupta et al., 2011; Subcommittee 
on Urinary Tract Infection et al., 2011; Grabe et al., 2015; 
Stein et al., 2015). Intramuscular or intravenous ceftriaxone, 
often followed by oral therapy, achieved bacteriologic cure 
in > 80% of patients (Table 27.8). In pregnant women with 
acute pyelonephritis, no differences in perinatal outcomes 
(preterm delivery, birthweight, neonatal intensive care admis-
sion and stay) were observed between ceftriaxone and com-
parator regimens (Millar et al., 1995; Sanchez-Ramos et al., 
1995; Wing et al., 1998).

Usual doses for pyelonephritis in adults are 1–2 g i.m. or 
i.v. daily (Grabe et al., 2015; Table 27.8). Ceftriaxone 75 mg/kg 
daily is recommended for infants or young children 2 months 
to 12 years of age with suspected UTI (Subcommittee on 
Urinary Tract Infection et al., 2011; Stein et al., 2015).

Acute bacterial prostatitis is usually caused by uropatho-
gens, such as E. coli (Schneider et al., 2003). Initially, paren-
teral administration of high doses of bactericidal antibiotics, 
such as a broad-spectrum penicillin derivatives, a third- 
generation cephalosporin with or without an aminogly-
coside, or a fluoroquinolone, are required until fever and 
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other signs and symptoms of infection subside (Grabe et 
al., 2015). Ceftriaxone achieves high and prolonged pros-
tatic tissue concentrations; in a study of single 2-g i.v. doses 
before transurethral resection of the prostate, prostatic tis-
sue concentrations were 12.9–73.7 μg/g at 30 minutes after 

admin istration, 1–50 μg/g at 4 hours, and 0.6–5.6 μg/g even 
after 48 hours (Adam and Naber, 1984). Orally administered 
regimens, especially with fluoroquinolones, are typically pre-
ferred for chronic prostatitis in which the treatment duration 
is usually 4–6 weeks (Wagenlehner and Naber, 2003).

Table 27.8. Randomized clinical trialsa of ceftriaxone for urinary tract infections

Reference Treatment regimen 
No. of enrolled 
(evaluated) patients Age group Outcomes

Millar et al. (1995) Ceftriaxone (1 g i.m. for two doses) vs. 
cefazolin (1 g every 8 hours i.v.), then 
cephalexin (500 mg four times a day p.o. 
for 10 days)

120 with APN Pregnant 
women

Microbiologic eradication: 
82% vs. 80%

Sanchez-Ramos et al. 
(1995)

Ceftriaxone (1 g qd i.v.) vs. cefazolin (2 g 
every 8 hours i.v.); then cephalexin (500 
mg p.o. four times a day for 10 days)

178 with APN Pregnant 
women

Microbiologic eradication: 
88.7% vs. 85.0%

Wing et al. (1998) Ceftriaxone (1 g/day i.m. for two doses) 
vs. ampicillin (2 g every 4 hours) + 
gentamicin (1.75 mg/kg every 8 hours) 
vs. cefazolin (1 g every 8 hours), then 
cephalexin 500 mg every 6 hours (p.o. 
for 10 days)

180 (179) with APN Pregnant 
women

Microbiologic eradication: 
98% vs. 93% vs. 94%

Benador et al. (2001) Ceftriaxone (50 mg/kg/day i.v.) for 3 days 
vs. 10 days, then cefixime (4 mg/kg twice 
a day p.o. for 15 days)

220 with APN Children Renal scarring on scintigraphy 
at 3 months: 36% vs. 33%

Sanchez et al. (2002) Ceftriaxone (1 g/day i.v. for 10 days) vs. 
ceftriaxone (1 g i.v. single dose) followed 
by cefixime (400 mg/day p.o. for 10 days)

144 (105 microbiologi-
cally evaluable) with 
APN

Adults Clinical cure: 91% vs. 92%; 
microbiologic eradication: 
100% in both

Wells et al. (2004) Ceftriaxone (1 g/day i.v.) vs. ertapenem 
(1 g/day i.v.); then ciprofloxacin (500 mg 
twice a day p.o.), with a total antibiotic 
duration (i.v. + p.o.) of 10–14 days

850 (480 microbiologi-
cally evaluable) with 
complicated UTI

Adults Microbiologic eradication: 
91.1% vs. 89.5% (NS)

Montini et al. (2007) Ceftriaxone (50 mg/kg/day i.v. for 3 days) 
followed by TMP-SMX (50 mg/kg/day in 
three doses p.o. for 7 days) vs. TMP-SMX 
(50 mg/kg/day in three doses p.o. for 10 
days)

502 with APN Children Renal scarring on scintigraphy 
at 12 monthe: 17.7% vs. 
13.7% (NS)

Neuhaus et al. (2008) Ceftriaxone (50 mg/kg/day i.v. for 3 days) 
followed by ceftibuten (9 mg/kg/day p.o. 
for 11 days) vs. ceftibuten (9 mg/kg/day 
p.o. for 14 days)

365 (152) with APN Children Renal scarring on scintigraphy 
at 6 months: 45.8% vs. 
26.3% (p = 0.01)

Bouissou et al. (2008) Netilmicin (7 mg/kg i.v. for 2 days) + 
ceftriaxone (50 mg/kg/day i.v. for 3 days) 
followed by ceftriaxone (50 mg/kg/day 
i.v. for 5 days) vs. oral treatment with 
either cefixime, amoxicillin–clavulanic, 
or trimethoprim–sulfamethoxazole (for 
5 days)

548 (383) with APN Children Renal scarring on scintigraphy 
at 9 months: 17 % vs. 13 % 
(NS)

Bocquet et al. (2012) Ceftriaxone (50 mg/kg/day i.v. for 4 days), 
then cefixime (4 mg/kg twice a day p.o. 
for 6 days) vs. cefixime (4 mg/kg twice a 
day p.o. for 10 days)

171 with APN (followup 
DMSA scan available 
in 96)

Children Renal scarring: 27.3% vs. 
30.8% (NS)

Park et al. (2012) Ceftriaxone (2 g/day i.v. for 3 days) vs. 
ertapenem (1 g/day i.v. for 3 days), then 
ciprofloxacin (500 mg twice a day p.o.)

271 (137 microbiologi-
cally evaluable) with 
APN and complicated 
UTI

Adults Microbiologic eradication: 
88.7% vs. 87.9% (NS)

aTrials enrolling > 100 patients.
Abbreviations: APN: acute pyelonephritis; NS: statistically not significant; TMP-SMX: trimethoprime–sulfamethoxazole; DMSA: dimercaptosuccinic acid; UTI: 

urinary tract infection; NS: statistically not significant.
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7m.  Sexually transmitted diseases

GONORRHEA

For gonorrhea, penicillin G is no longer recommended as 
a treatment regimen due to widespread penicillin resistance 
(CDC, 2007; Newman et al., 2007; Workowski et al., 2015). 
Increasing prevalence of fluoroquinolone resistance has also 
been a significant concern, such that fluoroquinolones are 
now no longer recommended by the US Centers for Disease 
Control and Prevention (CDC) to treat cases of gonorrhea 
in men, women, or children (CDC, 2007; Workowski et al., 
2015). Therefore, ceftriaxone has a major place in the treat-
ment of gonorrhea (Workowski et al., 2015).

Ceftriaxone has been effective regardless of the site of 
infection (cervix, urethra, rectum, or pharynx) (Handsfield 
et al., 1991; Jones et al., 1991; Hook et al., 1993; McCormack 
et al., 1993). A single 125- or 250-mg i.m. dose of ceftriaxone 
was effective in 100% of males with uncomplicated urethral 
or anorectal infections due to penicillinase-negative N. gon
orrhoeae (Handsfield and Murphy, 1983). A 125-mg dose of 
ceftriaxone has also been effective with a 99% eradication 
rate for the therapy of uncomplicated gonorrhea (Handsfield 
and Hook, 1987). After treatment with 250 mg i.m. ceftri-
axone, gonococci are eliminated from the urine and semen 
within 4 hours of therapy (Haizlip et al., 1995). A single 
250-mg i.m. dose of ceftriaxone consistently achieved bacte-
riologic eradication rates of ≥ 95% in adults with uncompli-
cated gonorrhea in randomized clinical trials (Table 27.9). A 
meta-analysis revealed that 250 mg ceftriaxone had a higher 
efficacy rate than 400 mg cefixime for uncomplicated gonor-
rhea (Bai et al., 2012). A single 1-g i.v. dose of ceftriaxone 
was 100% effective for urogenital and pharyngeal infections 
caused by N. gonorrhoeae, with ceftriaxone MIC ranges of 
0.004–0.25 μg/ml (Muratani et al., 2008). A 125-mg dose 
of ceftriaxone was recommended by the WHO (2003b) and 
the CDC for this indication before 2010 (Workowski and 
Berman, 2006). However, isolates with reduced susceptibility 
to ceftriaxone (MIC > 0.125 μg/ml) are being increasingly 
reported in many regions (Bala et al., 2007; Zheng et al., 

Table 27.9. Randomized clinical trialsa of ceftriaxone for gonorrhoea

Reference Treatment regimen 
No. of patients 
enrolled (evaluated)

Bacteriologic 
eradication

Goldstein et al. (1991) Ceftriaxone (250 mg i.m.) vs. ceftizoxime (250 mg i.m.) 204 100% in both

Handsfield et al. (1991) Ceftriaxone (250 mg i.m.) vs. cefixime (400 mg p.o.) vs. 
cefixime (800 mg p.o.)

333 (275) 98% vs. 96% vs. 98%

Jones et al. (1991) Ceftriaxone (250 mg i.m.) vs. cefotaxime (500 mg i.m.) 142 (115) 100% vs. 95%

Plourde et al. (1992) Ceftriaxone (250 mg i.m.) vs. cefixime (400 mg p.o.) 236 (184) 100% vs. 98%

Hook et al. (1993) Ceftriaxone (250 mg i.m.) vs. ciprofloxacin (250 mg p.o.) 258 (181) 99.1% vs. 100%

McCormack et al. (1993) Ceftriaxone (250 mg i.m.) vs. cefotaxime (500 mg i.m.) 613 (441) 99.1% vs. 97.7%

Smith et al. (1993) Ceftriaxone (250 mg i.m.) vs. fleroxacin (400 mg p.o.) 936 (557) 100% vs. 99.4%

Handsfield et al. (199)4 Ceftriaxone (250 mg i.m.) vs. azithromycin (2 g p.o.) 724 (549) 97.7% vs. 98.9%

Mogabgab and Lutz (1994) Ceftriaxone (250 mg i.m.) vs. cefotaxime (500 mg i.m.) 222 (151) 100% vs. 99%

Ramus et al. (2001) Ceftriaxone (125 mg i.m.) vs. cefixime (400 mg p.o.) 161 (95) in pregnancy 95% vs. 96%

aTrials enrolling > 100 patients.

2003; Ito et al., 2004; CDC, 2005; Tanaka et al., 2006; Osaka 
et al., 2008), and extensively drug-resistant (XDR) gonococ-
cal strains with high-level ceftriaxone resistance have now 
been isolated from a number of countries (Ohnishi et al., 
2011a; Ohnishi et al., 2011b; Unemo et al., 2012; Cámara et 
al., 2012; Lahra et al., 2014). Furthermore, several ceftriax-
one treatment failures have occurred in pharyngeal gonor-
rhoea caused by susceptible gonococcal strains with a 
relatively low ceftriaxone MIC (0.016–0.125) (Tapsall et al., 
2009; Chen et al., 2013b; Read et al 2013; Golparian et al., 
2014; Unemo et al., 2011). Thus, as high-level ceftriaxone 
resistance with cephalosporin treatment failures has emerged, 
increased doses (250 mg or more) of ceftriaxone are now 
recommended (Ison et al., 2013; Unemo, 2015). 

Currently, dual antimicrobial therapy is recommended 
for gonorrhea treatment to improve treatment efficacy and 
potentially slow the emergence and spread of resistance to 
cephalosporins. Combination therapy with ceftriaxone and 
azithromycin is used as a first-line regimen for anogenital 
gonococcal infections in many countries (Unemo, 2015). 
Recommended doses of ceftriaxone for the treatment of 
uncomplicated anogenital gonorrhoea vary, depending on 
the guidelines: A single i.m. 250 mg or 500 mg to 1 g dose 
of this drug is recommended (Unemo, 2015). Uncompli-
cated gonococcal infections of the urethra, cervix, rectum, 
or pharynx in adults should be treated with dual antimicro-
bial therapy with ceftriaxone (250 mg i.m. in a single dose) 
and azithromycin (1 g p.o. in a single dose) (Workowski et 
al., 2015). Children with penicillinase-producing N. gonor
rhoeae infections should be treated with ceftriaxone 125 mg 
if less than 45 kg, or 250 mg if greater than 45 kg (Rawstron 
et al., 1989). For the treatment of gonorrhea in pregnant 
women, i.m. ceftriaxone can be used (Ramus et al., 2001; 
Brocklehurst, 2002; Workowski et al., 2015). The recom-
mended regimen for preventing sexually transmitted dis-
eases after sexual assault is ceftriaxone 250 mg i.m. as a 
single dose (plus azithromycin 1 g, plus either metronida-
zole or tinidazole 2 g; all p.o. in a single dose) (Workowski 
et al., 2015).
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Gonococcal conjunctivitis in adults also can be treated 
with a single 1 g i.m. dose of ceftriaxone (plus azithromycin 
1 g p.o. in a single dose) (Workowski et al., 2015). Neonatal 
gonococcal ophthalmia can rapidly cause blindness. A single 
i.m. or i.v. ceftriaxone at a dose of 20–50 mg/kg, not to exceed 
125 mg, should be used in the eradication of this condition 
(Workowski et al., 2015). Disseminated gonococcal infection 
can be treated with ceftriaxone 1 g i.m. or i.v. daily (25–50 
mg/kg in a single daily dose in neonates) for 7 days or 10–14 
days if meningitis is documented (Workowski et al., 2015).

SYPHILIS

A concentration of ceftriaxone 0.01 μg/ml vs. penicillin G 
0.002 μg/ml can lead to 50% immobilization of T. pallidum in 
vitro (Korting et al., 1986). Ceftriaxone is effective in the 
treatment of experimental T. pallidum infections in animals 
(Johnson et al., 1982; Korting et al., 1987; Marra et al., 1992). 
However, penicillin G remains the drug of choice for the 
treatment of syphilis. Although ceftriaxone has been evalu-
ated by some experts as an alternative to penicillin for this 
disease since the late 1980s, clinical data have been lacking to 
guide recommendations regarding the dosage or duration of 
treatment (Workowski et al., 2015). 

Ceftriaxone was used for the treatment of incubating and 
early syphilis (Hook et al., 1988), primary and secondary 
syphilis (Moorthy et al., 1987; Janier, 1988; Schofer et al., 
1989), neurosyphilis (Hook et al., 1986; Shann and Wilson, 
2003), high-titer latent syphilis (Smith et al., 2004), primary 
and secondary syphilis in pregnancy (Zhou et al., 2005), and 
early latent syphilis or neurosyphilis in HIV-infected indi-
viduals (Dowell et al., 1992; Marra et al., 2000; Spornraft-
Ragaller et al., 2011; Psomas et al., 2012). In a randomized 
trial comparing ceftriaxone (2 g i.v. daily) and penicillin G 
(4  mU i.v. every 4 hours) as treatment agents for neuro-
syphilis in 30 HIV-infected individuals, no difference was 
observed in the proportion of subjects in each group whose 
CSF measures improved (Marra et al., 2000). Ceftriaxone 
doses used in these trials were as follows: 1–2 g i.v. daily 
(Dowell et al., 1992; Marra et al., 2000; Shann and Wilson, 
2003; Psomas et al., 2012), 250 mg i.m. daily (Zhou et al., 
2005), 1 g i.m. daily (Smith et al., 2004), and 2–3 g i.m. daily 
(Moorthy et al., 1987).

Some treatment recommendations for early syphilis 
include ceftriaxone (1–2 g i.m. or i.v. daily for 10–14 days) as 
an alternative treatment for patients with an allergy to peni-
cillin (Clement et al., 2014; Workowski et al., 2015). British 
guidelines also recommend ceftriaxone with a different dose 
(500 mg i.m. daily for 10 days) as an alternative regimen for 
the treatment of early syphilis (Kingston et al., 2016). A dif-
ferent dosage of ceftriaxone (500 mg–1 g subcutaneously or 
i.v. daily for 10 days) is recommended for the treatment of 
early syphilis in patients with bleeding disorders in Europe 
(Janier et al., 2014). Although the treatment of choice for 
neurosyphilis is aqueous crystalline penicillin G, ceftriaxone 
can be cautiously used as an alternative treatment for patients 
who are truly allergic to penicillin in the USA and UK 
(Clement et al., 2014; Kingston et al., 2016; Workowski et al., 

2015). The dose of ceftriaxone for the treatment of neuro-
syphilis in patients allergic to penicillin is 2 g i.m. or i.v. daily 
for 10–14 days (Clement et al., 2014; Kingston et al., 2016; 
Workowski et al., 2015). Ceftriaxone (1–2 g i.v. daily for 
10–14 days) can be used a second-line therapy option for 
neurosyphilis, ocular, and auricular syphilis in Europe (Janier 
et al., 2014). In penicillin-allergic pregnant women, ceftriax-
one is not recommended for treatment of maternal infection 
and prevention of congenital syphilis because of insufficient 
data (Workowski et al., 2015). If procaine or benzathine pen-
icillin G is not available, in infants aged ≥ 30 days, a single 
daily dose of ceftriaxone 75 mg/kg i.m. or i.v. can be used for 
10–14 days (Workowski et al., 2015). For children, the dose 
should be 100 mg/kg of ceftriaxone a day in a single daily 
dose (Wor kowski et al., 2015). If ceftriaxone therapy is to be 
considered, then careful clinical and serologic followup is 
required because there is insufficient evidence to support the 
use of ceftriaxone for the treatment of congenital syphilis in 
infants or children (Workowski et al., 2015). The possibility 
of cross- reactivity between ceftriaxone and penicillin should 
be considered for patients who are penicillin allergic, although 
the risk of penicillin cross-reactivity between third-generation 
cephalosporins is negligible (Workowski et al., 2015).

CHANCROID

Ceftriaxone is an appropriate choice for the treatment of H. 
ducreyi, the cause of chancroid (Lewis, 2014). The infection 
is common in several parts of the world, including Africa 
and the Caribbean (Workowski et al., 2015). Owing to wide-
spread antimicrobial resistance in all geographical areas, tet-
racyclines and penicillins are not recommended for treatment 
of chancroid (WHO, 2003b); instead, ceftriaxone 250 mg 
i.m. in a single dose is recommended (WHO, 2003b; O’Farrell 
and Lazaro, 2014; Workowski et al., 2015). However, one 
report from Kenya documented that a single dose of ceftriax-
one 250 mg i.m. failed to cure chancroid in 35% of patients, 
mainly in those with HIV co-infection (Tyndall et al., 1993). 
The H. ducreyi isolates from these patients were susceptible 
to ceftriaxone.

7n.  Gynecologic infections, including pelvic 
inflammatory disease

Pelvic inflammatory disease (PID) is usually polymicrobial, 
and may be caused by N. gonorrhoeae, C. trachomatis, and 
endogenous vaginal flora (Brunham et al., 2015; Workowski 
et al., 2015). Ceftriaxone is an effective option in the treat-
ment of PID when the agent involved is N. gonorrhoeae, 
although typically a multiagent regimen is used (Workowski 
et al., 2015). Clinical efficacy in all reported studies has been 
excellent. The recommended dose of ceftriaxone for the 
treatment of mild to moderate PID is 250 mg i.m. as a single 
dose, plus doxycycline with/without metronidazole for 14 
days (WHO, 2003b; Workowski et al., 2015). European guide-
lines for the management of PID recommend a different dose 
of ceftriaxone in the same combination regimen: ceftriaxone 
500 mg i.m. in a single dose for outpatient regimens and 1 g 
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i.m. or i.v. once daily for inpatient regimens (Ross et al., 
2014). A number of randomized trials have evaluated single- 
dose i.m. ceftriaxone 250 mg in PID (Table 27.10).

The use of ceftriaxone is recommended for the treatment 
of gynecologic wound and pelvic infections (Lazenby and 
Soper, 2010; Jaiyeoba, 2012). Ceftriaxone 1 g i.v. daily is 
effective in treating postoperative obstetric and gynecologic 
infections when compared with cefotaxime (Gerstner, 1990).

7o.  Intraabdominal infections

For effective management of intraabdominal infection, anti-
microbial therapy should be directed against Enterobacteri-
aceae and B. fragilis. Guidelines of various societies include 
ceftriaxone plus metronidazole as an appropriate regimen 
for high-severity community-acquired intraabdominal infec-
tions (Solomkin et al., 2010). Comparative studies performed 
more than three decades ago showed the effectiveness of 
ceftriaxone-based regimens (Stone et al., 1984; Luke et al., 
1991b). Several randomized trials have evaluated ceftriaxone 
in the management of complicated intraabdominal infections 
(Table 27.11). Ceftriaxone containing regimens (typically a 
combination with metronidazole) showed similar efficacy to 
moxifloxacin and tigecycline. However, ceftriaxone may be 
less useful for postoperative (nosocomial) intraabdominal 
infections because more resistant flora, including ESBL- or 
AmpC-producing enteric Gram-negative bacilli, P. aerugi
nosa, Acinetobacter spp., MRSA, enterococci, and Candida 
spp., are more often encountered in these conditions (Solom-
kin et al., 2010). Usual i.v. doses of 1–2 g daily are used for 
these infections in published literature (Chow et al., 2010).

7p.  Biliary tract infections

Although it is reasonable to favor antibiotics with high bile 
penetrance for the treatment of biliary tract infections, this 
should not be the deciding factor because most antibiotics 
do not achieve adequate biliary levels in the setting of biliary 
obstruction with raised intraductal pressure (Kochar and 
Banerjee, 2013). However, ceftriaxone, similar to cefotaxime, 
ceftazidime, and cefepime, is recommended for the treat-
ment of biliary tract infections in recently published guide-
lines (Solomkin et al., 2010; Gomi et al., 2013). Additional 
agents to treat anaerobes may be needed in patients with pre-
vious bile duct–bowel anastomosis, hospitalized patients with 
chronic biliary tract infection, the elderly, and seriously ill 
patients (van den Hazel et al., 1994; Westphal and Brogard, 
1999). Anti-pseudomonal therapy, which is not provided by 
ceftriaxone, may also be necessary in some patients (Lee, 
2009; Solomkin et al., 2010; Gomi et al., 2013). In one study, 
ceftriaxone 1 g once daily was as effective but less costly 
than alternative therapy (second-generation cephalosporins, 
broad-spectrum penicillins, or a combination of aminopeni-
cillin and beta-lactamase inhibitor) in biliary tract infection 
(Zoepf et al., 2004). In small randomized trials, ceftriaxone 
was found to be equally effective as ofloxacin and cefopera-
zone for the treatment of biliary tract infection (Friedlender 
et al., 1988; Karachalios et al., 1996).

7q.  Spontaneous bacterial peritonitis

Cefotaxime has been the most extensively studied antibiotic 
in patients with spontaneous bacterial peritonitis (SBP), but 

Table 27.10. Non-randomized and randomized clinical trials of ceftriaxone in patients with gynecologic infections, including pelvic 
inflammatory disease. 

Reference Treatment regimen 

No. of patients 
enrolled 
(evaluated) Outcomes

Gerstner (1990) Ceftriaxone (1 g i.v. daily) vs. cefotaxime (1 g 
every 8 hours i.v.)

 41 with obstetric 
and gynecologic 
infections

Clinical cure + improvement: 
90.9% vs. 100%

Arredondo et al. (1997) Ceftriaxone (250 mg i.m.once) + doxycycline 
(100 mg twice a day p.o. for 14 days) vs. 
clindamycin (600 mg three times a day p.o.for 
14 days) + ciprofloxacin (250 mg twice a day 
p.o. for 14 days)

138 (131) with PID Clinical cure: 95% vs. 97%

Piyadigamage and Wilson 
(2005)

Ceftriaxone (250 mg i.m. once) + doxycycline 
(100 mg twice a day p.o. for 14 days) + 
metronidazole (400 mg twice a day p.o. for 
14 days) vs. doxycycline (100 mg twice a day 
p.o. for 14 days) + metronidazole (400 mg 
twice a day p.o. for 14 days)

266 with PID Clinical cure: 72% vs. 55% 
(p = 0.009)

Savaris et al. (2007) Ceftriaxone (250 mg i.m. once) + doxycycline 
(100 mg twice a day p.o. for 14 days) vs. 
ceftriaxone (250 mg i.m. once) + azithromycin 
(1 g p.o. weekly for 14 days)

133 (106) with PID Clinical cure per protocol: 
85.7% vs. 98.2% (p = 0.02)

Abbreviation: PID: pelvic inflammatory disease.
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other third-generation cephalosporins appear to be similarly 
effective (see Chapter 101, Cefotaxime). Ceftriaxone also can 
be considered as the treatment of choice for suspected SBP 
(Runyon and Committee, 2009; European Association for 
the Study of the Liver, 2010). However, because ceftriaxone is 
highly protein bound, this may potentially limit its ability to 
penetrate low-protein ascitic fluid (Runyon and Committee, 
2009). In addition, the risk of resistance to ceftriaxone is 
likely to be higher in nosocomial and healthcare-associated 
SBP (Ariza et al., 2012).

A short course of ceftriaxone (1–2 g twice daily i.v. for 
5–10 days) is effective therapy for SBP (Gomez-Jimenez et 
al., 1993; Javid et al., 1998; Franca et al., 2002; Baskol et al., 
2003; Tuncer et al., 2003; Cartier et al., 2010; Sirinthornpunya 
and Luangvichcharoen, 2013). In an uncontrolled prospec-
tive study of ceftriaxone 2 g i.v. once daily administered for 5 
days in 40 patients with SBP, a total of 95% were cured (Javid 
et al., 1998). Ascitic fluid cultures taken before ceftriaxone 
therapy were positive in 70% of patients; the majority of the 
organisms were E. coli, Klebsiella spp., and pneumococci. Two 

randomized clinical trials of ceftriaxone 2 g daily achieved 
clinical cure rates of 83–100% in patients with SBP (Gomez-
Jimenez et al., 1993; Tuncer et al., 2003). Comparators were 
cefonicid (2 g twice daily) for 10 days (Gomez-Jimenez et al., 
1993) or cefotaxime (2 g thrice daily i.v.) vs. ciprofloxacin 
(500 mg twice daily p.o.) for 5 days (Tuncer et al., 2003).

Intravenous ceftriaxone is more effective than oral nor-
floxacin in the prophylaxis of bacterial infections in cirrhotic 
patients with advanced cirrhosis and gastrointestinal bleed-
ing (Fernandez et al., 2006). In a randomized trial in 117 
patients comparing bacterial infections within 10 days after 
oral norfloxacin (400 mg twice daily) with that of i.v. ceftri-
axone (1 g/day) for 7 days, the probability of developing 
proven or possible infections; proven infections; or sponta-
neous bacteremia or SBP was significantly higher in patients 
receiving norfloxacin (33% vs. 11%, p = 0.003; 26% vs. 11%, 
p = 0.03; and 12% vs. 2%, p = 0.03, respectively) (Fernandez 
et al., 2006). No difference in hospital mortality was observed 
between groups (for further discussion about SBP prophy-
laxis, see Chapter 102, Norfloxacin).

Table 27.11. Summary of randomized trials of ceftriaxone for treatment of complicated intraabdominal infections

Reference Treatment regimen

No. patients 
enrolled 
(evaluated) Age group Outcomes Deaths

Luke et al. (1991b) Ceftriaxone (1 g/day) + metronidazole 
(1.5 g/day) vs. ampicillin (2 g every 12 
hours) + netilmicin (150 mg every 12 
hours) + metronidazole (1.5 g/kg/day)

190 Adults Wound infection: 6% vs. 
19% (p = 0.02)

—

St. Peter et al. (2008) Ceftriaxone (50 mg/kg/day) + metronidazole 
(30 mg/kg/day) vs. ampicillin (50 mg/kg 
every 6 hours) + gentamicin (2.5 mg/kg 
every 8 hours) + clindamycin (10 mg/kg 
every 6 hours)

100 Children with 
perforated 
appendicitis

Postoperative abscess: 
20% vs. 16% (NS); 
wound infections: 0% vs. 
2% (NS)

—

Solomkin et al. (2009) Ceftriaxone (2 g/day) + metronidazole 
(500 mg every 12 hours) vs. moxifloxacin 
(400 mg/day)

364 (per 
protocol: 
345)

Adults Clinical response: 96.5% 
vs. 90.2% (NS); bacterio-
logic cure: 96.5% vs. 
90.2% (NS)

None in 
both

Weiss et al. (2009) Ceftriaxone (2 g/day i.v.) + metronidazole 
(500 mg every 8 hours i.v.), then amoxicillin– 
clavulanate (625 mg three times a day 
p.o.) vs. moxifloxacin (400 mg/day i.v. to 
p.o.)

595 (per 
protocol: 
515)

Adults Clinical response: 82.3% 
vs. 80.9% (NS)

—

Fraser et al. (2010) Ceftriaxone + metronidazole (dose 
unknown, i.v. for ≥ 5 days) vs. ceftriaxone 
+ metronidazole (i.v.), then amoxicillin–
clavulanate (p.o. all for 7 days)

 72 Children with 
perforated 
appendicitis

Postoperative abscess: 
19% vs 20% (NS)

—

Towfigh et al. (2010) Ceftriaxone (2 g/day) + metronidazole 
(1–2 g/day) vs. tigecycline (100 mg, then 
50 mg every 12 hours)

473 (376) Adults Clinical response: 74.3% 
vs. 70.4% (NS); microbi-
ologic eradication: 
71.5% vs. 68.1% (NS)

1.3% vs. 
1.7%

Qvist et al. (2012) Ceftriaxone (2 g/day) + metronidazole 
(1–2 g/day) vs. tigecycline (100 mg, then 
50 mg every 12 hours)

387 Adults Clinical response: 79.4% 
vs. 81.8% (NS); micro-
biologic eradication: 
79.6% vs. 82.4% (NS)

—

Abbreviation: NS: statistically not significant.
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7r.  Peritonitis complicating peritoneal 
dialysis

Case reports of peritoneal dialysis (PD) peritonitis being 
successfully treated with i.p. or i.v. ceftriaxone administra-
tion have been published (Ragnaud et al., 1988; Valdez et 
al., 1991; Kleinpeter and Krane, 1995; Shetty et al., 2005). 
However, PD peritonitis caused by ESBL-producing organ-
isms has been identified since the 1990s (Szeto et al., 2006; 
Yip et al., 2006). In one series of PD peritonitis, patients with 
ESBL-producing E. coli peritonitis developed treatment fail-
ure and died of sepsis more often than patients with non- 
ESBL-producing infection (Yip et al., 2006).

The use of ceftriaxone was not included in earlier guide-
lines for the treatment of peritonitis complicating PD by the 
International Society for Peritoneal Dialysis (Warady et al., 
2000; Piraino et al., 2005; Li et al., 2010). Recently, however, 
intraperitoneal ceftriaxone has been recommended by the 
society for the treatment of PD peritonitis caused by suscep-
tible E. coli and Klebsiella spp. in pediatric patients, although 
cefepime is preferred to ceftriaxone and cefotaxime in this 
situation (Warady et al., 2012). In children receiving PD who 
are undergoing invasive dental procedures, prophylaxis with 
ceftriaxone (50 mg/kg i.m. or i.v.; maximum, 1 g) is recom-
mended before the manipulation of gingival tissue or of the 
periapical region of teeth, or perforation of the oral mucosa 
(Warady et al., 2012).

7s.  Neonatal necrotizing enterocolitis

For treatment of neonatal necrotizing enterocolitis, anti-
microbial bacterial therapy effective against Gram-positive 
and Gram-negative organisms is essential (Kafetzis et al., 2003; 
Lin and Stoll, 2006; Neu and Walker, 2011). Ceftriaxone is 
not recommended because of the risk of neonatal hyperbili-
rubinemia, possible bilirubin encephalopathy, or formation 
of a ceftriaxone–calcium salt, as a result of concomitant use 
of total parenteral nutrition (see section 6, Toxicity).

7t.  Skin and soft-tissue infections

Ceftriaxone has been used for the treatment of skin and 
soft-tissue infections and is FDA-approved for this indica-
tion (Brown et al., 1996). Published clinical studies are small, 
but clinical cure rates of various skin and soft-tissue infec-
tions treated with ceftriaxone are 70–100% in randomized 
trials (Gordin et al., 1985; Mandell et al., 1989; Brown et al., 
1996; Clay et al., 2004). Once-daily i.v. therapy with ceftri-
axone 2 g was comparable to daily multiple-dose therapy 
with cefotaxime (2 g every 6 hours) (Mandell et al., 1989); and 
ceftriaxone given as a single daily i.m. injection has also been 
shown to be effective therapy for skin and soft-tissue infec-
tions (Gordin et al., 1985).

Ceftriaxone, like other third-generation cephalosporins, is 
a potential option in combination with other agents for the 
treatment of incisional surgical site infections of the intestinal 
or genitourinary tract (Stevens et al., 2014). Ceftriaxone is 

suggested as part of an empiric antibiotic regimen for some 
cases of diabetic foot infection of moderate severity (Lipsky et 
al., 2012). Ceftriaxone 1 g twice daily may be used in therapy 
for infections after animal or human bites (Stevens et al., 2014).

Recommended antimicrobial therapy for V. vulnificus 
infection includes a tetracycline plus a third-generation 
cephalosporin, including ceftriaxone, cefotaxime, and cef-
tazidime (Kuo et al., 2007; Daniels, 2011; Stevens et al., 2014). 
Most in vitro studies, animal models, and therapeutic trials 
of V. vulnificus infections have focused on cefotaxime among 
the third-generation cephalosporins, although clinical iso-
lates of V. vulnificus are also highly susceptible to ceftriaxone. 
Ceftriaxone may be used instead of cefotaxime if there are 
no other contraindications. For further details regarding 
the management of V. vulnificus infections, see Chapter 26, 
Cefotaxime.

7u.  Bone and joint infections

Ceftriaxone is effective against both staphylococcal and Gram-
negative osteomyelitis and arthritis. An analysis of antimi-
crobial susceptibility of bacterial species isolated from bone 
infections revealed that extended-spectrum cephalosporins 
(e.g. ceftriaxone, cefotaxime, and cefepime) exhibited a broad 
spectrum of activity against bone isolates including Entero-
bacteriaceae, streptococci ,and MSSA (Jones et al., 2004b). 
However, ceftriaxone is not active against MRSA and showed 
diminished activity against P. aeruginosa and ESBL-producing 
E. coli or K. pneumoniae. Because ceftriaxone permits once-
daily administration, it has been used as an outpatient paren-
teral antibiotic therapy for bone and joint infections under 
the appropriate conditions (Esposito et al., 2009b; Mackintosh 
et al., 2011). 

Ceftriaxone 1–2 g daily i.v. produces 87–91% clinical 
response rate in bone and joint infections in some studies 
(Eron et al., 1983; Eron et al., 1984). In a randomized trial 
comparing efficacy of ceftriaxone in children with cellulitis 
and bone or joint infections, the clinical and bacteriologic 
response was 93% vs. 100% in the ampicillin–sulbactam–
treated patients (Kulhanjian et al., 1989). Ceftriaxone may be 
an effective alternative agent in the treatment of S. aureus 
osteomyelitis in the ambulatory setting. In a case series of 
osteomyelitis caused by MSSA, 17 of 22 patients treated with 
ceftriaxone were cured; all treatment failures were associated 
with chronic osteomyelitis and continued presence of necrotic 
bone or infected hardware (Guglielmo et al., 2000). A pilot 
study showed that the ampicillin–ceftriaxone combination 
may be a reasonable synergistic combination to treat bone and 
joint infections due to E. faecalis (Euba et al., 2009). In a retro-
spective cohort study of 124 patients with MSSA osteoarticu-
lar infections, treatment success with ceftriaxone and oxacillin 
was similar at 3–6 months after the completion of i.v. therapy 
(83% vs. 86%; p = 0.7) and after 6 months (77% vs. 81%; p = 
0.6) (Wieland et al., 2012). Oxacillin was more often discon-
tinued due to toxicity (18% vs. 4% with ceftri axone; p = 0.01).

For gonococcal and meningococcal arthritis, ceftriaxone 
1–2 g i.v. daily has been recommended (Shirtliff and Mader, 
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2002; Ross, 2005; Mathews et al., 2007). British guidelines 
recommend a third-generation cephalosporin, such as cef-
triaxone or cefotaxime, as an initial antibiotic for adults with 
suspected septic arthritis, with suspected gonococcus or 
meningococcus, or at high risk of Gram-negative sepsis 
(Coakley et al., 2006). Doses of 2 g daily have been recom-
mended for osteomyelitis due to enteric Gram-negative bacilli 
(Lew and Waldvogel, 2004; Sia and Berbari, 2006). For pyo-
genic discitis and vertebral osteomyelitis caused by entero-
bacteria, one recommended total daily dosage in adults is 
50–70 mg/kg/day in 1–2 divided doses (Grados et al., 2007). 
Ceftriaxone (2 g i.v. daily) is recommended for the treat-
ment of native vertebral osteomyelitis caused by MSSA, beta- 
hemolytic streptococci, and P. acnes in American guidelines 
(Berbari et al., 2015). 

Ceftriaxone 2 g i.v. daily is recommended for initial treat-
ment of implant-associated infections caused by Streptococcus 
spp. (Zimmerli et al., 2004; Trampuz and Zimmerli, 2008). For 
prosthetic joint infection caused by MSSA, beta-hemolytic 
streptococci, and the Enterobacteriaceae (if susceptible), cef-
triaxone 1–2 g daily is recommended in the American and 
Italian guidelines (Esposito et al., 2009a; Osmon et al., 2013). 
Ceftriaxone 30–35 mg/kg/day in one or two doses is recom-
mended for adults with bone and joint prosthetic- device infec-
tions caused by susceptible Gram-negative bacilli, whereas 
70–10 mg/kg/day in one or two doses is recommended for 
children with those infections caused by susceptible strepto-
cocci and enterobacteria according to French guidelines 
(SPILF, 2010). Doses of ceftriaxone 70–100 mg/kg/day in 

one or two doses is used for children with bone and joint 
infections per other French guidelines (Grimprel et al., 2008).

7v.  Lyme disease

Ceftriaxone is more active than penicillin G against B. burg
dorferi in vitro and in animal studies (Johnson et al., 1987; 
Luft et al., 1988). It is also more efficacious than penicillin G 
in the treatment of clinically active late Lyme disease in a 
small randomized trial of 23 patients (Dattwyler et al., 1988). 
However, parenteral therapy with ceftriaxone is not supe-
rior to oral treatment with doxycycline as long as the patient 
does not have objective evidence of neurologic involvement 
(Dattwyler et al., 1997). Adding one dose of ceftriaxone to the 
beginning of a 10-day course of doxycycline does not enhance 
therapeutic efficacy in patients with erythema migrans 
(Wormser et al., 2003). Therefore, ceftriaxone therapy is not 
recommended for patients with erythema migrans, except in 
unusual circumstances—that is, in patients with advanced 
heart block from Lyme carditis or with neurologic manifesta-
tions of Lyme disease, aside from uncomplicated facial-nerve 
palsy (Wormser et al., 2006).

Ceftriaxone is the most frequently reported cephalosporin 
for the treatment of Lyme disease as shown in Table 27.12 
(Wormser et al., 2006; Stanek et al., 2012; Shapiro, 2014). 
Ceftriaxone or cefotaxime is as effective as intravenous 
penicillin G in human studies (Pfister et al., 1989; Mullegger 
et al., 1991), and ceftriaxone is as effective as cefotaxime in 
European trials (Pfister et al., 1991).

Table 27.12. Randomized clinical trialsa of ceftriaxone for Lyme disease

Reference Treatment regimen 
No. of patients 
enrolled (evaluated)

Age 
group(s) Outcomes

Dattwyler et al. (1997) Ceftriaxone (2 g/day for 14 days) vs. 
doxycycline (100 mg twice a day for 
21 days)

140 with acute 
disseminated Lyme 
disease

Children and 
adults

Clinical cure: 85% vs. 
88%

Klempner et al. (2001) Ceftriaxone (2 g/day for 30 days) + 
doxycycline (100 mg twice a day for 
60 days) vs. placebo

129 with persistent 
symptoms and a 
history of Lyme 
disease

Adults No improvement in 
health-related quality 
of life with antibiotics

Kaplan et al. (2003) Ceftriaxone (2 g/day for 30 days) followed 
by doxycycline (100 mg twice a day for 
60 days) vs. ceftriaxone (2 g/day for 
30 days) followed by placebo

129 with posttreatment 
chronic Lyme disease

Adults No significant difference 
in cognitive function

Wormser et al. (2003) Ceftriaxone (2 g/day) followed by 
doxycycline (100 mg twice a day for 
10 days) vs. doxycycline (100 mg twice a 
day for 10 days) vs. doxycycline (100 mg 
twice a day for 20 days)

180 with early Lyme 
disease

Adults Response rate at 30 
months: 86.5% vs. 
90.3% vs. 83.9% (NS)

Oksi et al. (2007) Ceftriaxone (2 g/day for 3 weeks); 
followed by amoxicillin (1 g twice a day 
for 100 days) vs. placebo

152 (145) with 
disseminated Lyme 
disease

Adults Excellent/good outcome 
in 107 with definite 
disease: 92.5% vs. 
87.0%

Ljostad et al. (2008) Ceftriaxone (2 g/day for 14 days) vs. 
doxycycline (100 mg twice a day for 
14 days)

118 (102) with Lyme 
neuroborreliosis

Adults Total recovery: 33% vs. 
48% (NS); side effect: 
46% vs. 37% (NS)

aTrials enrolling > 100 patients.
Abbreviation: NS: statistically not significant.
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The recommended dose of ceftriaxone is 2 g administered 
i.v. daily for 14 days (range: 10–28 days) for early Lyme dis-
ease with acute neurological disease manifested by meningi-
tis or radiculopathy, or patients with seventh cranial nerve 
palsy with CNS involvement; for 14–21 days for the initial 
treatment of hospitalized patients with Lyme carditis; for 
14–28 days for Lyme arthritis with neurological involve-
ment, including those refractory to oral therapy, or late neu-
rologic Lyme disease (Wormser et al., 2006; Stanek et al., 
2012; Shapiro, 2014). A review by the American Academy of 
Neurology determined ceftriaxone to be a safe and effective 
treatment for neuroborreliosis, including both peripheral 
and central nervous system manifestations (Halperin et al., 
2007). A dose of ceftriaxone 50–70 mg/kg i.v. daily is rec-
ommended for children (Wormser et al., 2006; Stanek et al., 
2012; Shapiro, 2014). 

There are very little data to support the use of ceftriaxone 
for post–Lyme disease syndrome (or post-treatment symp-
toms) (Stanek et al., 2012). Data from three double-blind, 
randomized, placebo-controlled trials of prolonged ceftriax-
one use have shown that such prolonged antibiotic therapy 
offers little or no benefit and may even cause harm (Klempner 
et al., 2001; Kaplan et al., 2003; Krupp et al., 2003; Fallon et 
al., 2008). Risks of prolonged ceftriaxone therapy in this sit-
uation have been documented, such as life-threatening ana-
phylaxis (Krupp et al., 2003), biliary complications requiring 
cholecystectomy (Ettestad et al., 1995), and fatal bloodstream 
infection with Candida spp. from infection of an intravenous 
catheter (Patel et al., 2000). It can be concluded that ceftriax-
one therapy of chronic subjective symptoms after Lyme dis-
ease is inappropriate and not warranted (Feder et al., 2007; 
Lantos et al., 2010; Shapiro, 2014). 

Nevertheless, some clinicians continue to advocate pro-
longed therapy for their patients. To determine whether pro-
longed antimicrobial treatment leads to better outcome than 
standard treatment in patients with borreliosis-attributed 
persistent symptoms, a double-blind, randomized clinical 
trial (the Persistent Lyme Empiric Antibiotic Study Europe; 
PLEASE) to compare short- vs. long-term treatment is under 
way (Berende et al., 2014). In this three-arm study involving 
281 patients, ceftriaxone followed by doxycycline or ceftri-
axone followed by the combination of clarithromycin and 
hydroxychloroquine are compared to short-term therapy with 
ceftriaxone followed by placebo. The results of this study 
have recently been published (Berende et al., 2016). The pri-
mary outcome measure in this study was health-related qual-
ity of life, as assessed by the physical-component summary 
score of the RAND-36 Health Status Inventory (RAND SF-36) 
at the end of the treatment period at week 14, after the 2-week 
course of ceftriaxone and the 12-week course of the ran-
domized study drug or placebo had been completed. In the 
modified intention-to-treat analysis (86 patients in the doxy- 
cycline group, 96 in the clarithromycin-hydroxychloroquine 
group, and 98 in the placebo group), the SF-36 physical- 
component summary score did not differ significantly among 
the three study groups at the end of the treatment period 
(p = 0.69). The score also did not differ significantly among 
the groups at subsequent study visits (P = 0.35). The authors 

concluded that in patients with persistent symptoms attributed 
to Lyme disease, longer-term antibiotic treatment did not 
have additional beneficial effects on health-related quality of 
life beyond those with shorter-term treatment. (Berende et 
al., 2016). Subsequent comments highlighted issues regard-
ing whether the 2 week course of ceftriaxone really added 
any benefit, and whether the inclusion of patients with per-
sistently positive IgM serology meant some patients may 
not have truly had previous Lyme disease (Erb et al., 2016; 
Wormser, 2016; Kullberg et al., 2016). Thus, longterm anti-
biotic therapy cannot currently be justified.

7w.  Leptospirosis

Human leptospirosis is generally treated with penicillin or 
doxycycline, which remain the treatment of choice. Ceftri-
axone or cefotaxime is included as a primary agent for the 
treatment of severe leptospirosis (Griffith et al., 2006). 
Anecdotal reports show the clinical efficacy of ceftriaxone 
(Wang et al., 2003). A randomized trial in Thailand concluded 
that ceftriaxone 1 g i.v. daily (n = 87) was as effective as peni-
cillin G (n = 86) in the treatment of severe leptospirosis 
(Panaphut et al., 2003). The median duration of fever was no 
different for each group (median 3 days). Ten patients (5.8% of 
each group) died (Panaphut et al., 2003). In a nonrandomized 
trial of ceftriaxone 2 g i.v. daily in 22 patients with severe late 
leptospirosis, 21 recovered and 1 patient died due to respira-
tory complications of the disease (Raptis et al., 2006). A recent 
Cochrane systematic review concluded that selection of peni-
cillin, doxycycline, or cephalosporin does not seem to impact 
mortality or duration of fever, such that the benefit of antibi-
otic therapy for leptospirosis remains unclear, particularly for 
severe disease (Brett-Major and Coldren, 2012).

7x.  Tularemia

Although ceftriaxone has been reported to have some activ-
ity against F. tularensis in vitro (Baker et al., 1985), several 
cases of therapeutic failure with ceftriaxone have been reported 
(Cross and Jacobs, 1993; Enderlin et al., 1994). Therefore, 
ceftriaxone should not be used for known or suspected tula-
remia (Stevens et al., 2014).

7y.  Nocardiosis

The sulfonamides, usually in the combination trimethoprim– 
sulfamethoxazole, remain the drugs of choice for nocardiosis 
(Saubolle and Sussland, 2003; Brown-Elliott et al., 2006; 
Wilson, 2012; Welsh et al., 2013; see Chapter 91, Sulfonamides). 
For most forms of nocardiosis—particularly for serious dis-
ease, CNS disease, and/or disseminated disease—given their 
associated high mortality, antibiotic combination is recom-
mended for empiric therapy before the availability of suscep-
tibility results (Brown-Elliott et al., 2006; Wilson, 2012; Welsh 
et al., 2013). In patients with CNS disease, therapy should 
include drugs with favorable CNS penetration (e.g. ceftriax-
one and sulfonamides) (Brown-Elliott et al., 2006; Wilson, 
2012).
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Ceftriaxone and other similar cephalosporins, are poten-
tially efficacious choices in combination therapy (Saubolle 
and Sussland, 2003; Yildiz and Doganay, 2006). Ceftriaxone 
is especially useful in cases of cerebral nocardiosis because 
it has excellent CSF penetration and low toxicity (Corti and 
Villafane-Fioti, 2003). The majority of isolates of N. farcinica 
and N. otitidiscaviarum are resistant to ceftriaxone (Brown-
Elliott et al., 2006; Munoz et al., 2007); a triple combination 
of sulfonamides, amikacin, and ceftriaxone (or imipenem) 
ensures a greater likelihood that all species will be susceptible 
to at least one drug (Brown-Elliott et al., 2006). No random-
ized trials of therapy for nocardiosis have been performed, 
but ceftriaxone has been used in significant number of case 
reports or case series (Kim et al., 1991; Garlando et al., 1992; 
Mogilner et al., 1998; Sabeel et al., 1998; Daly et al., 2003; Hui 
et al., 2003; Lopez et al., 2003; Qu et al., 2003; Yildiz et al., 
2005; Munoz et al., 2007).

7z.  Bartonellosis

Bacteria of the genus Bartonella appear to be susceptible to 
many antibiotics, including beta-lactam agents (except peni-
cillinase-resistant penicillins and first-generation cephalo-
sporins), aminoglycosides, macrolides, tetracyclines, and 
rifampin; whereas susceptibility to clindamycin, fluoroquino-
lones, and trimethoprim–sulfamethoxazole seems to be 
variable (Maurin and Raoult, 1993; Maurin et al., 1995). 
Antibiotics that are susceptible in vitro can be less effective 
in clinical practice because Bartonella spp. are intracellular 
organisms (Massei et al., 2005). Two cases of persistent B. 
henselae bacteremia with clinical relapses after courses of 
antibiotics including ceftriaxone, to which the isolates were 
ultimately demonstrated susceptible in vitro, were reported 
in previously immunocompetent adults (Lucey et al., 1992). 
Ceftriaxone, most commonly in combination with gentami-
cin and/or doxycycline, has been successfully used for treat-
ment of Bartonella endocarditis (Raoult et al., 1996; Raoult 
et al., 2003). However, a recent meta-analysis demonstrated 
that the currently recommended regimen (ceftriaxone and 
gentamicin ± doxycycline) was not better than other anti-
biotic combinations (Prutsky et al., 2013).

If antibiotic treatment is indicated clinically, doxycycline, 
macrolides, fluoroquinolones, gentamicin or streptomycin, 
rifampin, and chloramphenicol could be first-choice agents 
for Bartonella-related infections (Rolain et al., 2004; Angela-
kis and Raoult, 2014). Ceftriaxone, combined with gentami-
cin ± doxycycline, is recommended only for culture-negative, 
but suspected, Bartonella endocarditis (Rolain et al., 2004; 
Angelakis and Raoult, 2014).

7aa.  Brucellosis

Treatment of human brucellosis should involve antibiotics 
that can penetrate macrophages and can act in the acidic 
intracellular environment. There is a general need for com-
bined treatment because all monotherapies are characterized 
by unacceptably high relapse rates (Pappas et al., 2005). For 

brucellosis, combinations of doxycycline with either rifampi-
cin or streptomycin are the most widely used treatment regi-
mens (Rubach et al., 2013). A meta-analysis showed that the 
doxycycline plus streptomycin regimen is more effective than 
the doxycycline plus rifampicin regimen (Yousefi-Nooraie 
et al., 2012). Most Brucella spp. are susceptible in vitro to 
ceftriaxone. Therapy with ceftriaxone, combined with other 
antibiotics, has been successful for Brucella endocarditis 
(Ozsoyler et al., 2005), soft-tissue infection (Karsen et al., 
2007a), and neurobrucellosis (Akdeniz et al., 1998; Karsen et 
al., 2007b). However, treatment failure with ceftriaxone has 
been reported in trials of acute brucellosis (al-Idrissi et al., 
1989; Lang et al., 1992). In one randomized trial of ceftriax-
one 2 g i.m. daily vs. doxycycline plus streptomycin in acute 
brucellosis, eight patients were treated with ceftriaxone, but 
only one responded without relapse; six did not respond ini-
tially, and one initially responded but experienced relapse. 
All isolates were identified as B. melitensis with MICs of 0.5 
μg/ml. The authors concluded that, despite encouraging data 
from in vitro studies and promising clinical studies, ceftriax-
one 2 g i.m. daily should not be considered appropriate ther-
apy for brucellosis (Lang et al., 1992). Other studies have also 
shown failure with ceftriaxone monotherapy in adults with 
acute and subacute human brucellosis (al-Idrissi et al., 1989). 

Ceftriaxone use as a part of combination therapy has been 
evaluated in various types of brucellosis. In a recent retro-
spective study of Brucella endocarditis in Turkey (n = 53), 
15% of patients treated with ceftriaxone-containing regi-
mens with rifampicin and doxycycline died, while 0–25% of 
those treated with nonceftriaxone combination regimens died 
(Koruk et al., 2012); however a statistical analysis of mortal-
ity rates could not be undertaken due to the small study size. 
In another retrospective study of neurobrucellosis in Turkey 
(n = 215), the rate of relapse plus therapeutic failure was 
lowest with ceftriaxone-based regimens, including rifampin 
and doxycycline (P1), compared to oral therapy consisting of 
trimethoprim–sulfamethoxazole, rifampin, and doxycycline 
(P2), and conversion from P1 to P2 (2.6% vs. 14.3% vs. 6.1%, 
respectively; p = 0.02) (Erdem et al., 2012). Of 133 patients 
with brucellosis with pulmonary involvement, a minority 
were treated with ceftriaxone plus doxycycline and rifam-
picin with or without other antibiotics, and outcomes were 
successful (Erdem et al., 2014).

7bb.  Neutropenic fever

Administration of antipseudomonal agents are generally rec-
ommended for the empiric therapy of febrile neutropenia 
(Hughes et al., 2002; Masaoka, 2004; Jun et al., 2005; Freifeld 
et al., 2011; Tam et al., 2011). However, there are some guide-
lines that consider the combination of ceftriaxone with an 
aminoglycoside or with an antipseudomonal penicillin as 
acceptable therapy even in intermediate- or high-risk patients 
(Link et al., 2003). Ceftriaxone plus an aminoglycoside has 
also been effective in treating patients with febrile neutro-
penia (see Table 27.13). In one of those randomized trials, 
piperacillin–tazobactam was more effective than ceftriaxone 



7. Clinical uses of the drug 505

Table 27.13. Randomized clinical trialsa of ceftriaxone for neutropenic fever 

Reference Treatment regimen

No. of patients 
enrolled 
(evaluated)

Age 
group Outcomes Deaths

Charnas et al. (1997) Ceftriaxone (80 mg/kg/day) + amikacin 
(20 mg/kg/day) vs. ceftazidime (50 mg/kg 
every 8 hours) + amikacin (6.5 mg/kg every 
8 hours)

468 (364) 
episodes

Children Complete response 
+ improvement: 
70% vs. 71%

2.8% vs. 2.2%

Minotti et al. (1999) Ceftriaxone (2 g/day i.v.) vs. ciprofloxacin 
(750 mg twice a day p.o.)

183 episodes in 
173 patients

Adults Clinical success: 75% 
vs. 82% (NS)

Death from 
infection, 
2.2% vs. 0%

Paganini et al. (2000) Ceftriaxone (50 mg/kg every 12 hours i.v. for 
7 days) + amikacin (15 mg/kg/day i.v. for 
7 days) vs. ceftriaxone (50 mg/kg every 
12 hours i.v. for 3 days) + amikacin (15 mg/
kg/day i.v. for 3 days), then cefixime (8 mg/
kg/day p.o. for 4 days)

154 episodes in 
128 

Children Favorable outcome, 
97.5% vs. 98.6%

None in both

Cornely et al. (2001) Ceftriaxone (2 g/day) + tobramycin (5 mg/kg/
day) vs. cefotaxime (2 g every 8 hours) + 
tobramycin (5 mg/kg/day)

160 (156) 
episodes

Adults Overall response: 
87.7% vs. 80% 
(NS)

6.2% vs. 6.7%

Ariffin et al. (2001) Ceftriaxone (80 mg/kg/day) + amikacin (15 
mg/kg/day) vs. ceftazidime (33 mg/kg every 
8 hours) + amikacin (5 mg/kg every 8 hours)

191 (176) 
episodes

Children Overall success: 
55.5% vs. 51.2% 
(NS)

5.6% vs. 4.7%

Cornely et al. (2002) Ceftriaxone (2 g/day) + gentamicin (5 mg/kg/
day) vs. cefepime (2 g every 8 hours) + 
gentamicin (5 mg/kg/day)

207 episodes Adults Overall response:, 
92.5% vs. 91.0%

1.9% vs. 1.0%

Gorschluter et al. (2003) Ceftriaxone (2 g/day) + gentamicin (5 mg/kg/
day) vs. piperacillin–tazobactam (4.5 g 
every 8 hours)

212 (183) 
episodes

Adults Clinical success at 3 
days: 35.3% vs. 
57.1% (p = 
0.0047); clinical 
success at 3 
weeks: 71.8% vs. 
89.8% (p = 0.005)

9.4% vs. 5.1% 
(p = 0.258)

Paganini et al. (2003) Ceftriaxone (100 mg/kg/day i.v.) + amikacin 
(15 mg/kg/day i.v.) vs. ceftriaxone (100 mg/
kg/day for 24 hours) + amikacin (15 mg/kg 
for 24 hours), then ciprofloxacin (10 mg/kg 
twice a day p.o.)

177 episodes in 
135 patients

Children Clinical success: 93% 
vs. 95% (NS)

None in both

Rossini et al. (2005) Ceftriaxone (30 mg/day) + amikacin (20 mg/
kg/day) vs. piperacillin–tazobactam (200 
mg/kg/day) + amikacin (20 mg/kg/day)

252 episodes in 
224 patients

Adults Clinical success: 
50.8% vs. 52.9% 
(NS)

4.1% vs. 5.0%

Ahmed et al. (2007) Ceftriaxone (100 mg/kg/day) + amikacin (15 
mg/kg/day) vs. imipenem (80–100 mg/kg/
day in four doses)

129 (119) 
episodes

Children Favorable outcome: 
95.1% vs. 96.6% 
(NS)

3.3% vs. 3.4%

Gupta et al. (2009) Ceftriaxone (75 mg/kg/day i.v.) + amikacin 
(15 mg/kg/day i.v.) vs. ofloxacin (7.5 mg/kg 
twice a day p.o.) + amoxicillin–clavulanate 
12.5 mg/kg [amoxicillin] three times a day 
p.o.)

119 episodes in 
82 patients

Children Clinical success: 
93.10% vs. 90.16% 
(p = 0.56)

None in both

Pereira et al. (2009) Ceftriaxone (50 mg/kg every 12 hours) + 
amikacin (15 mg/kg/day) vs. cefepime 
(50 mg/kg every 8 hours)

125 episodes in 
57 patients

Children Clinical success: 
64.3% vs. 65.5%

3.6% vs. 3.5%

aTrials enrolling > 100 patients.
Abbreviation: NS: statistically not significant.
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Table 27.14. Randomized clinical trialsa of ceftriaxone for perioperative surgical prophylaxis

Reference Treatment regimen

No. of patients 
enrolled 
(evaluated) Surgery Outcomes

Karachalios et al. (1990) Ceftriaxone (1 g single) vs. cefotaxime 
(1 g every 8 hours for 3 days)

 200 Peritrochanteric 
fracture surgery

Wound infection: one patient in 
each group

Hall et al. (1991) Ceftriaxone (1 g single) vs. cefaman-
dole (1 g single)

 741 with 
prophylactic 
use

Abdominal surgery Wound infection: 2.3% vs. 3.9% 
(NS)

Hjortrup et al. (1991) Ceftriaxone (1 g single) vs. cefuroxime 
(1.5 g for two doses)

 219 Biliary surgery Wound infection: 3% vs. 4% 
(NS)

Luke et al. (1991a) Ceftriaxone (1 g single) or ampicillin 
(2 g single) + metronidazole (1.5 g 
single)

 496 Abdominal surgery Wound infection: 3.2% vs. 4.9%

Lumley et al. (1992) Ceftriaxone (2 g single i.v.) + metroni-
dazole (1 g single suppository) vs. 
ceftriaxone (2 g single i.v.) vs. 
cefazolin (1 g single) + metronida-
zole (1 g single suppository)

 280 Colorectal surgery Wound infection: 7.8% vs. 8.5% 
vs. 7.3%; UTI: 4.4% vs. 1.1% 
vs. 9.4% (p < 0.01); respira-
tory tract infection 4.4% vs. 
5.3% vs. 14.6% (p < 0.01); 
death:, 0% vs. 0% vs. 5.2%

von Mandach et al. 
(1993)

Ceftriaxone (1 g single) vs. cefoxitin 
(1 g every 8 hours for 24 hours)

1052 Cesarean section Postoperative infection: 6.5 vs. 
6.4%

Matikainen and Hiltunen 
(1993)

Ceftriaxone (2 g single) + tinidazole 
(500 mg single) vs. netilmicin 
(150 mg single) or tobramycin 
(80 mg single)

 628 Colorectal surgery Wound infection: 3% vs. 12%

Morris (1993) Ceftriaxone (1 g single) vs. gentamicin 
(2 mg/kg for three doses) + 
metronidazole (500 mg for three 
doses)

 260 (196) Bowel surgery Wound infection: 6% vs. 17% 
(p < 0.05); UTI, 1% vs. 8% 
(p < 0.05); chest infection, 
16% vs. 25% (NS)

Sisto et al. (1994) Ceftriaxone (2 g single) vs. cefuroxime 
(1.5 g every 8 hours for 48 hours)

 551 Coronary bypass 
surgery

Wound infection: 7.7% vs. 8.3%

Brouwer and Hoogkamp 
(1995)

Ceftriaxone (1 g single) vs. cefuroxime 
(1.5 g single) + metronidazole 
(500 mg single)

 256 Vaginal 
hysterectomy

Fever: 4.5% vs. 2.6%; UTI: 
11.6% vs. 27.2% (p < 0.001); 
no vaginal cuff infection

Boxma et al. (1996) Ceftriaxone (2 g single) vs. placebo 2195 Closed fracture 
surgery

Wound infection, 3.6% vs. 8.3% 
(p < 0.001)

Ross et al. (1997) Cefriaxone (1 g single for 24 hours) vs. 
cefazolin (1 g every 8 hours for 24 
hours)

 206 operations 
in 180 patients

Peripheral arterial 
operation

Wound infection: 1.9% vs. 5.7%

Thomas et al. (1999) Ceftriaxone (2 g single) vs. ceftazidime 
(2 g single)

1766 Breast surgery Wound infection: 0.5% vs. 0.9%

Woodfield et al. (2003) Ceftriaxone (1 g single) vs. cefotaxime 
(1 g single); metronidazole (500 mg 
single) for colorectal surgery

1013 (920) Abdominal surgery Wound infection: 6.2% vs. 
12.8% for noncolorectal 
surgery (p < 0.01); 10.2% vs. 
10.2% for colorectal surgery

Alekwe et al. (2008) Ceftriaxone (1 g i.v. single after cord 
clamping vs. ampicillin–cloxacillin 
(500/500 mg every 6 hours) + 
gentamicin (80 mg every 8 hours) + 
metronidazole (500 mg every 
8 hours i.v. for 48 hours), then 
ampicillin–cloxacillin (250/250 mg 
every 6 hours p.o. for 5 days) + 
gentamicin (80 mg every 8 hours 
i.m. for 3 days) + metronidazole 
(400 mg every 8 hours p.o. for 
5 days)

 200 Caesarean section Endometritis: 14% vs. 15%; 
UTI: 11% vs. 15%; wound 
infections: 7% vs. 8% (all NS)
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Reference Treatment regimen

No. of patients 
enrolled 
(evaluated) Surgery Outcomes

Cam et al. (2008) Ceftriaxone (1 g single i.m.) vs. 
ciprofloxacin (500 mg twice a day 
p.o. for 3 days) vs. ciprofloxacin 
(500 mg p.o. single)

 400 Core transrectal 
prostate biopsy

Bacteriuria: 2% vs. 1.5% vs. 
1.5%; UTI: 0.7% vs. 0% vs. 
0.8% (NS)

Del Rio et al. (2008) Ceftriaxone (2 g single) vs. cefepime 
(2 g single)

 209 Biliary tract 
surgery

SSI: 2.3% vs. 1.1% (p = 0.387)

Phoolcharoen et al. 
(2012)

Ceftriaxone (1 g single) vs. cefazolin 
(1 g single)

 320 Abdominal 
hysterectomy

Febrile morbidity: 9.4% vs. 
11.2%; wound infection: 
3.8% vs. 1.9%; vaginal cuff 
infection: 3.8% vs. 1.9%; UTI: 
1.9% vs. 1.9% (all NS)

Bhattacharjee et al. 
(2013)

Ceftriaxone (2 g single) preoperatively 
vs. at cord clamping

 953 Cesarean section Wound complications: 2.1% vs. 
5.2% (p = 0.010); endomyo-
metritis 1.47% vs. 3.56%  
(p = 0.041)

Kalaranjini et al. (2013) Ceftriaxone (1 g single)
before skin incision vs. after cord 

clamping

 874 Caesarean section SSI: 0.7% vs. 1.4% (p = 0.505); 
endometritis: none in both

Hsieh et al. (2014) Ceftriaxone (1 g i.v. single) vs. cefazolin 
(1 g i.v. single) vs. levofloxacin 
(500 mg p.o. single) vs. none

 212 (206) Ureterorenoscopic 
lithotripsy

Bacteriuria: 5.8% vs. 5.7% vs. 
2.0% vs. 11.8%; febrile UTI: 
0% vs. 1.9% vs. 2.0% vs. 
5.7% (all NS)

Leng et al. (2014) Ceftriaxone (2 g single) + metronida-
zole (500 mg single) vs. ertapenem 
(1 g single)

 599 (499) Colorectal surgery SSI: 9.7% vs. 9.6% (NS)

aTrials enrolling ≥ 200 patients.
Abbreviations: NS: statistically not significant; UTI: urinary tract infection; SSI: surgical site infection.

plus gentamicin in febrile neutropenic patients with hemato-
logic malignancies (Gorschluter et al., 2003). Ceftriaxone can 
be combined with an aminoglycoside as a once-daily regi-
men, as first demonstrated by the European Organization for 
Research and Treatment of Cancer (1993). Once-daily dos-
ing of amikacin and ceftriaxone was effective and no more 
toxic than multiple daily dosing of amikacin and ceftazidime 
for the empiric therapy of infection in patients with cancer 
and granulocytopenia (EORTC, 1993). Intravenous ceftri-
axone or oral moxifloxacin has been used for the treatment 
of low-risk neutropenic fever in cancer patients suitable for 
early hospital discharge (Sebban et al., 2008). A recent study 
found that the prophylactic use of ceftriaxone in patients 
receiving outpatient-based hematopoietic stem cell trans-
plant at the onset of neutropenia was safe and feasible, with 
the potential to reduce infection-related morbidity and mor-
tality (Hamadah et al., 2012). However, a recent Cochrane 
review found emerging evidence that oral antibiotic treat-
ment is an acceptable alternative to intravenous antibiotic 
treatment in febrile neutropenic cancer patients (excluding 
patients with acute leukemia) who are hemodynamically sta-
ble; are without organ failure; and do not have pneumonia, 
infection of a central line, or a severe soft-tissue infection 
(Vidal et al., 2013).

7cc.  Surgical prophylaxis

Antibiotic prophylaxis decreases rates of postoperative infec-
tion. Most guidelines recommend single-dose or 24-hour 
prophylaxis with a first- or second-generation cephalosporin 
for elective surgical procedures including cardiac, vascular, 
orthopedic, and neurosurgical procedures (ASHP, 1999; 
Anonymous, 2001; Bratzler et al., 2013; Antibiotic Expert 
Group, 2014). Third-generation cephalosporins are generally 
not recommended for surgical prophylaxis (ASHP, 1999; 
Anonymous, 2001; Bratzler et al., 2013). Despite these rec-
ommendations, ceftriaxone has been widely used in many 
countries and in some regions is one of the most common 
drugs used in surgical prophylaxis (Geroulanos et al., 2001), 
albeit potentially inappropriately in many cases.

A large number of randomized trials of perioperative 
surgical prophylaxis have been conducted with ceftriaxone, 
as shown in Table 27.14. Ceftriaxone was administered i.v. as 
a single 1- to 2-g dose in the perioperative period in most 
studies. Ceftriaxone prophylaxis tended to be more effective 
than placebo or comparators in the prevention of various 
types of postoperative infections, including surgical wound, 
respiratory tract, and urinary tract, in many studies (Lumley 
et al., 1992; Morris, 1993; Brouwer and Hoogkamp, 1995; 
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Boxma et al., 1996; Scholz et al., 1998b; Woodfield et al., 
2003). Some meta-analyses reveal that ceftriaxone is statis-
tically superior to other antibiotics in preventing postoper-
ative surgical infections (Dietrich et al., 2002; Esposito et 
al., 2004; Woodfield et al., 2009). One meta-analysis of ran-
domized controlled trials involving a total of 22,888 patients 
showed that patients given prophylaxis with ceftriaxone devel-
oped fewer surgical site infections (odds ratio: 0.68; 95% 
confidence interval: 0.53–0.7; p < 0.001) compared to those 
given other antimicrobial agents (Woodfield et al., 2009). 
However, other studies demonstrate that prolonged prophy-
laxis with a third-generation cephalosporin is associated 
with an increased incidence of MRSA isolates (Fukatsu et al., 
1997). Medical and health organizations state that the use 
of newer, broad-spectrum antibiotics (e.g. third- or fourth- 
generation cephalosporins) should be avoided in surgical 
prophylaxis to decrease emergence of bacterial strains that 
are resistant to these antimicrobial agents (Bratzler and Houck, 
2005).
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Ceftizoxime, Cefdinir, 
Cefditoren, Cefpodoxime, 
Ceftibuten, Cefsulodin, 
and Cefpiramide 

Mesut Yilmaz and David L. Paterson

1. DESCRIPTION

Extended-spectrum, or third-generation cephalosporins, were 
developed after the first- and second-generation drugs. Due 
to their prominence, ceftriaxone (see Chapter 27, Ceftriaxone), 
cefotaxime (see Chapter 26, Cefotaxime), and ceftazidime (see 
Chapter 30, Ceftazidime and ceftazidime–avibactam) are dis-
cussed in detail in their own chapters. However, other third- 
generation cephalosporins, such as ceftizoxime, cefdinir, 
cefditoren, cefpodoxime, ceftibuten, cefsulodin, and cefpira-
mide, are available in only certain countries or are seldom if 
ever used in contemporary practice. Description of these anti-
biotics is therefore limited, with the exception of ceftizoxime 
(as a representative of a parenterally administered third-gen-
eration cephalosporin) and cefpodoxime (as a representative 
of an orally administered third-generation cephalosporin).

Ceftizoxime is a 7-aminothiazolyl alpha-methoxyimino 
cephalosporin, which is structurally related to cefotaxime 
and its desacetyl metabolite. Unlike cefotaxime (see Chapter 
26, Cefotaxime), this drug is not deacetylated in vivo. It has 

similar activity to cefotaxime or ceftriaxone. It has poor activ-
ity against Pseudomonas aeruginosa (Barry et al., 1982). The 
chemical structure of ceftizoxime is shown in Figure 28.1.

Cefdinir, cefditoren, and ceftibuten are orally administered 
third-generation cephalosporins that find a place in treat-
ment of respiratory tract infections, tonsillitis, and some skin 
infections. They have all been marketed in the United States.

Cefpodoxime is another oral third-generation cephalo-
sporin that has good stability to many beta-lactamases and 
activity against Gram-negative and some Gram-positive bac-
teria. It is not absorbed from the gastrointestinal tract as such; 
therefore, the carboxy group on the cephem nucleus of cefpo-
doxime has been esterified to produce the oral prodrug cefpo-
doxime proxetil, which itself is antibacterially inactive. This 
ester is about 50% absorbed; thereafter, it is deesterified in the 
intestinal mucosa and the active drug cefpodoxime is released 
into the blood (Borin et al., 1990; Sader et al., 1993). The 
chemical structure of cefpodoxime is shown in Figure 28.2.

Cefsulodin is administered parenterally and has enhanced 
activity against P. aeruginosa (Barry et al., 1981); for this rea-

Figure 28.1. Chemical structure of ceftizoxime.
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son some authors describe it as a fourth-generation cephalo- 
sporin. However, its activity against the Enterobacteriaceae is 
compromised.

Cefpiramide has also been described by some authors as 
a fourth-generation cephalosporin because of its antipseudo-
monal activity, but its use has been limited.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

All of the cephalosporins discussed in this chapter have no 
activity against methicillin-resistant Staphylococcus aureus, 
enterococci, and Listeria monocytogenes.

GRAM-POSITIVE AEROBIC BACTERIA

Ceftizoxime
Staphylococcus aureus and coagulase-negative staphylococci 
are ceftizoxime susceptible, except for methicillin-resistant 
strains. Streptococcus pyogenes, S. pneumoniae, group B strep-
tococci, and viridans streptococci are also susceptible. The in 
vitro activity of ceftizoxime against common human patho-
gens is summarized in Table 28.1.

Cefpodoxime and the other orally administered 
third-generation cephalosporins
The hemolytic streptococci of groups A, B, C, G, and F are 
cefpodoxime susceptible. Penicillin-sensitive strains of Strep
tococcus pneumoniae are also susceptible, but strains of pneu-
mococci with any degree of penicillin G resistance have 
higher minimum inhibitory concentrations (MICs) for cef-
podoxime than those for penicillin G–sensitive strains. 
Staphylococcus aureus and coagulase-negative staphylococci, 
irrespective of beta-lactamase production, are susceptible, 
but methicillin-resistant strains are not. Enterococcus faecalis 
and other enterococci are cefpodoxime resistant (Fass and 
Helsel, 1988; Jones and Barry, 1988; Spangler et al., 1993; Sader 
et al., 1993). The in vitro activity of cefpodoxime against 
common human pathogens is summarized in Table 28.2.

Cefsulodin
Cefsulodin has poor activity against Gram-positive bacte-
ria, except methicillin-susceptible staphylococci, which are 
inhibited by relatively low concentrations (Tsuchiya et al., 
1978; Neu and Scully, 1984).

Cefpiramide
Cefpiramide inhibits methicillin-susceptible staphylococci 
at concentrations of 2–4 μg/ml (Allan et al, 1985). It also 
has reasonable activity against S. pyogenes, but MICs against 
S. pneumoniae are as high as 8 μg/ml (Allan et al, 1985).

GRAM-NEGATIVE AEROBIC BACTERIA

Ceftizoxime
Ceftizoxime is equally potent as cefotaxime against N. men
ingitidis and N. gonorrhoeae. Beta-lactamase-producing 
gono coccal strains are fully ceftizoxime susceptible (Barry et 
al., 1982). Non-beta-lactamase producing gonococci (both 

relatively and completely penicillin G resistant) are also ceft-
izoxime susceptible, but MICs (0.008–0.03 μg/ml) for com-
pletely resistant strains are slightly higher than those for 
penicillin G–susceptible strains (Rodrìguez et al., 1983).

Ceftizoxime shows a high degree of stability to the nar-
rower spectrum TEM-1 and SHV-1 beta-lactamases but is 
potentially hydrolyzed by extended-spectrum beta-lactamases, 
AmpC-type beta-lactamases and most carbapenemases 
(Simpson et al., 1982; Sykes and Bush, 1983). The activity of 
ceftizoxime against Enterobacteriaceae is virtually identical 
to cefotaxime; there being only minor variations with some 
bacterial species. Ceftizoxime is slightly more active than 
cefotaxime against Klebsiella, Enterobacter, Providencia, and 
Serratia spp., whereas Morganella morganii is more suscepti-
ble to cefotaxime (Fu and Neu, 1980; Greenwood et al., 1980; 
Barry et al., 1982; Muytjens and Van der Ros-van de Repe, 
1982). Ceftizoxime, like cefotaxime, is quite active against 
Y. enterocolitica (Hornstein et al., 1985).

Haemophilus influenzae, including beta-lactamase-pro-
ducing strains, is highly ceftizoxime susceptible (Barry et al., 
1982). Pasteurella multocida is susceptible and Moraxella 
spp. are moderately susceptible, but Flavobacterium spp. are 

Table 28.1. In vitro activity (range) of ceftizoxime against 
predominantly wild-type organisms

Organism MIC (μg/ml)

Gram-positive bacteria

Staphylococcus aureus < 0.5–128.0

Staphylococcus epidermidis 0.5–> 128.0

Streptococcus pyogenes < 0.01–0.1

Streptococcus pneumoniae < 0.01–0.25

Streptococci, group B < 0.01–0.1

Streptococcus viridans 0.5

Enterococcus faecalis 8.0–> 128

Listeria monocytogenes 1.6–> 100.0

Clostridium perfringens 1.0–2.0

Gram-negative bacteria

Escherichia coli < 0.1–8.0

Enterobacter spp. < 0.01–4.0

Klebsiella spp < 0.1–2.0

Proteus mirabilis < 0.001–0.5

Proteus vulgaris 0.063–12.5

Morganella morganii 0.2–4.0

Providencia spp 0.0063–0.05

Salmonella spp. 0.1–0.5

Shigella spp. < 0.1–0.5

Serratia marcescens 0.2–> 128.0

Neisseria gonorrhoeae 0.006–0.08

Neisseria gonorrhoeae (beta-lactamase 
producer)

0.006–0.08

Neisseria meningitidis < 0.01–0.025

Haemophilus influenzae 0.01–0.03

Haemophilus influenzae (beta-lactamase 
producer)

< 0.01–0.03

Pseudomonas aeruginosa 2.0–> 200.0

Bacteroides fragilis 0.1–50.0

Prevotella melaninogenica < 0.062–0.5
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usually resistant (Yabuuchi et al., 1981; Appelbaum et al., 
1982; Barry et al., 1982).

Ceftizoxime lacks clinically useful activity against P. aeru
ginosa, being about twofold less active even than cefotaxime 
(Kamimura et al., 1979; Bodey et al., 1981; Barry et al., 1982; 
see Table 28.2). Burkholderia cepacia, Acinetobacter spp., and 
Pseudomonas putida are relatively resistant, and P. fluorescens 
and Stenotrophomonas maltophilia are resistant (Yabuuchi et 
al., 1981; Appelbaum et al., 1982).

Cefpodoxime and the orally administered 
third-generation cephalosporins
Neisseria meningitidis, N. gonorrhoeae, and Haemophilus 
influenzae are cefpodoxime sensitive, irrespective of beta- 
lactamase production (Jones and Barry, 1988; Li-Puma et al., 
1990; Fekete et al., 1991; Valentini et al., 1994). The same is 
true for Moraxella catarrhalis (Sarubbi et al., 1989), but the 
MICs for ampicillin-resistant non-beta-lactamase-producing 
H. influenzae strains are somewhat elevated. Bordetella per
tussis and B. parapertussis are moderately resistant (Hoppe 
and Müller, 1990). The Enterobacteriaceae, such as Escher
ichia coli, the Klebsiella, Salmonella and Shigella spp., Citro
bacter diversus, Proteus mirabilis, P. vulgaris, Providencia 
rettgeri, and Providencia stuartii, are usually cefpodoxime 
susceptible. However, AmpC hyperproducers, such as Enter
obacter spp., Citrobacter freundii, Serratia marcescens, and 
Morganella morganii, are usually resistant (Fass and Helsel, 
1988; Jones and Barry, 1988; Wise et al., 1990; Sader et al., 
1993; Valentini et al., 1994; see Table 28.2).

Among other aerobic Gram-negative bacteria, the Aero
monas spp., Yersinina spp., and Acinetobacter spp. are usually 

resistant, as is Campylobacter jejuni. Pseudomonas aeruginosa, 
other Pseudomonas spp., and Stenotrophomonas maltophilia 
are always resistant (Fass and Helsel, 1988; Sader et al., 1993; 
Valentini et al., 1994).

Cefsulodin
Activity against P. aeruginosa is the most important prop-
erty of cefsulodin; some 50% of wild-type strains are inhib-
ited by 1 μg/ml or less, and about 90% by 4 μg/ml or less. An 
increase of inoculum has little effect on these MICs. 
Cefsulodin is more active than piperacillin and cefoperazone 
against P. aeruginosa, but ceftazidime shows higher activity 
(Tsuchiya et al., 1978; Neu and Fu, 1979; King et al., 1980; 
Gillett, 1982). In a study in Belgium, 90% of P. aeruginosa 
strains isolated from cystic fibrosis patients and 90% of those 
from other chronically infected patients were inhibited by 8.2 
and 3.1 μg/ml of cefsulodin, respectively (Gordts et al., 1984). 

Cefsulodin is quite active against P. diminuta, P. pauci
mobilis, and even S. maltophilia (King et al., 1980). It is not 
active against other Pseudomonas spp., and it has no clini-
cally useful activity against Enterobacteriaceae and other 
Gram-negative bacteria (Neu and Fu, 1979; King et al., 1980).

Cefpiramide
This agent has activity against P. aeruginosa, comparable to 
that of piperacillin and cefoperazone, although not as sub-
stantial as that of ceftazidime (Allan et al, 1985). However, its 
activity is substantially inferior to ceftriaxone and ceftazi-
dime against the Enterobacteriaceae (Allan et al, 1985).

ANAEROBIC BACTERIA

Ceftizoxime
Clostridium perfringens is sensitive but Clostridium difficile is 
usually resistant to ceftizoxime (Fu and Neu, 1980; Green-
wood et al., 1980; Barry et al., 1982). Some anaerobic Gram-
negative bacilli, such as Prevotella melaninogenica and P. 
disiens, are susceptible to low ceftizoxime concentrations. 
Beta-lactamases produced by Bacteroides fragilis can hydro-
lyze ceftizoxime (Eley and Greenwood, 1981; Rolfe and 
Finegold, 1981; Chow and Finegold, 1982; Neu, 1982). Nev-
ertheless, it has been shown that using broth microdilution 
testing, the in vitro activity of ceftizoxime is sometimes as 
good as, or better than, that of cefoxitin or cefotetan against 
anaerobes, including the B. fragilis group (Aldridge, 1990; 
Aldridge and Stratton, 1991).

Cefpodoxime and the other orally administered 
third-generation cephalosporins
The anaerobic cocci and Clostridium spp., including C. diffi
cile, are sometimes susceptible to the orally administered 
third-generation cephalosporins (Wise et al., 1990; Avril et 
al., 1991; Sader et al., 1993). The Gram-negative anaerobes 
such as Bacteroides fragilis are cefpodoxime resistant (Wise 
et al., 1990; Sader et al., 1993). Both cefsulodin and cefpira-
mide lack substantial activity against B. fragilis.

OTHER BACTERIA

Ceftizoxime is highly active against leptospirae in vitro (Oie 
et al., 1983).

Table 28.2. In vitro activity (range) of cefpodoxime against 
selected bacteria

Organism MICs (μg/ml)

Gram-positive bacteria

Staphylococcus aureus 4.0

Streptococcus pyogenes 0.015

Streptococcus pneumoniae:
— penicillin G sensitive 0.25

— intermediate resistance 4.0

— penicillin G resistant 4.0

Gram-negative bacteria

Neisseria gonorrhoeae 0.06

Haemophilus influenzae:
— ampicillin sensitive 0.12

— beta-lactamase producer 0.25

— intrinsically ampicillin resistant 1.0

Moraxella catarrhalis 1.0

Escherichia coli 1.0

Klebsiella pneumoniae 1.0

Citrobacter diversus 0.25

Citrobacter freundii > 16.0

Enterobacter aerogenes > 16.0

Proteus mirabilis 0.06

Pseudomonas aeruginosa 2.0–> 16.0

Bacteroides fragilis 8.0–> 128.0
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2b.  Emerging resistance and 
cross-resistance

Ceftizoxime is susceptible to hydrolysis by extended-spectrum 
beta-lactamases, AmpC beta-lactamases, and most carbap-
enemases. Cefpodoxime and the other orally administered 
third-generation cephalosporin antibiotics are also destroyed 
by these beta-lactamases.

Some P. aeruginosa strains can become cefsulodin resis-
tant because they show a significant reduction in affinity for 
penicillin-binding protein 3 (PBP3), which is the principal 
target for cefsulodin in P. aeruginosa (Gotoh et al., 1990).

2c.  In vitro synergy and antagonism

Cefsulodin and cefpiramide may exhibit in vitro synergism 
against P. aeruginosa when combined with an aminoglycoside, 
such as gentamicin, tobramycin, or amikacin (Slack et al., 
1979; Perea et al., 1980; Neu and Scully, 1984; Allan et al, 1985), 
but the clinical relevance of this observation is uncertain.

3. MECHANISM OF DRUG ACTION

The antibiotics discussed in this chapter act against the 
 penicillin-binding proteins in a similar manner as other ceph-
alosporins (see Chapter 27, Ceftriaxone).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

CEFTIZOXIME

A commonly used dosage for ceftizoxime in adults is 2–4 g 
daily, given in two, three, or four divided doses. For serious 
infections a daily dose of 6–12 g has been used (Johnson and 
Smith, 1982; Parks et al., 1982).

CEFPODOXIME

The dosage for cefpodoxime varies with indication and is 
usually 100, 200, or 400 mg orally twice daily. The dosage 
of cefpodoxime proxetil is expressed in milligrams of active 
cefpodoxime. A dosage of 100 mg every 12 hours is sufficient 
for relatively mild infections caused by highly susceptible 
organisms such as streptococcal pharyngitis and acute bron-
chitis. A dosage of 200 mg every 12 hours is recommended 
for the treatment of more severe infections, such as bacterial 
pneumonia or acute exacerbations of chronic bronchitis 
(Periti et al., 1990; Safran, 1990; Portier et al., 1994). For skin 
infections 400 mg every 12 hours is recommended.

CEFDINIR

Cefdinir is typically administered at an oral dosage of 300 mg 
twice a day or 600 mg once daily.

CEFDITOREN

Cefditoren is typically administered at an oral dosage of 200–
400 mg twice a day.

CEFTIBUTEN

Ceftibuten is typically administered at an oral dosage of 400 
mg once daily.

CEFSULODIN

For treatment of P. aeruginosa urinary tract infections, a dos-
age of cefsulodin 1 g every 12 hours may suffice. For the treat-
ment of severe systemic Pseudomonas infections, daily doses 
of 6–9 g (100–150 mg/kg body weight/day), administered in 
three divided doses i.v., have been used (Møller et al., 1982). 

CEFPIRAMIDE

The usual dose of cefpiramide is 1– 2 g daily in two divided 
doses.

4b.  Newborn infants and children

CEFTIZOXIME

For children, the ceftizoxime dosage is 50–150 mg /kg/day, 
given in two, three, or four divided doses (Parks et al., 1982; 
Shikuma et al., 1982). In clinical trials, ceftizoxime was used 
to treat serious neonatal infections in dosages, ranging from 
100 to 400 mg/kg/day without encountering toxicity (Parks 
et al., 1982; Yamauchi et al., 1982).

CEFPODOXIME

The recommended dose for cefpodoxime is 5 mg/kg every 
12 hours.

CEFDINIR

The usual oral dosage of cefdinir in children is 7 mg/kg every 
12 hours or 14 mg/kg once daily.

CEFDITOREN

There are no data on which to develop dosing schedules of 
cefditoren for children.

CEFTIBUTEN

The recommended dose for ceftibuten is 9 mg/kg/day.

CEFSULODIN

The dosage of cefsulodin given to children has been 60– 
100 mg/kg/day administered in three or four divided doses 
(Nishimura and Fujii, 1984).

CEFPIRAMIDE

There is little published information about dosing cefpira-
mide in newborn infants and children.

4c.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Ceftizoxime
Ceftizoxime is not metabolized in the body, and its normal 
serum half-life of 1.4 hours is prolonged to some 30 hours in 
anephric patients (Ohkawa et al., 1982). Therefore, in patients 
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with renal failure, ceftizoxime dosage should be reduced. 
Assuming that the usual dosage for normal adults is 1 g every 
8 hours, the following dosages have been recommended for 
patients with renal failure. Patients with mild renal failure 
(creatinine clearance [CrCl] 70 ml/minute) can be given the 
usual individual 1 g dose every 12 hours. Those with moder-
ately severe renal failure (CrCl 20–30  ml/minute) should 
receive such a dose every 36–48  hours, while those with 
severe renal failure (CrCl < 1 ml/minute) should be given the 
normal dose at a time interval greater than 48 hours, depend-
ing on frequency of hemodialysis (Kowalsky et al., 1983). 
Ceftizoxime is removed by hemodialysis, but supplemental 
dosage is not always necessary after this procedure (Cutler et 
al., 1982). Some ceftizoxime is also removed by peritoneal 
dialysis. In patients with end-stage renal disease undergoing 
continuous ambulatory peritoneal dialysis, a 3-g i.v. dose 
of ceftizoxime given once every 48 hours is recommended 
(Burgess and Blair, 1983).

Cefpodoxime
For patients with a CrCl < 30 ml/minute, the dosing interval 
for cefpodoxime is increased to every 24 hours.

Cefdinir
In patients with a CrCl < 30 ml/minute, the oral dosage of 
cefdinir is reduced to 300 mg once daily. The equivalent 
dosage in children is 7 mg/kg every 24 hours. In patients on 
hemodialysis, the dosage is 300 mg (7 mg/kg in children) at 
the completion of each dialysis session.

Cefditoren
For patients with a CrCl of 30–49 ml/minute, the recom-
mended adjusted dose of cefditoren is 200 mg every 12 hours. 
When the clearance is < 30 ml/minute, the dose is 200 mg 
every 24 hours.

Ceftibuten
For patients with a CrCl of 30–49 ml/minute, the recom-
mended adjusted dose of ceftibuten is 200 mg every 24 hours. 
When the clearance is less than 30 ml/minute, the dose is 
100 mg every 24 hours.

Cefsulodin
In patients with renal failure, cefsulodin dosage should be 
reduced. There is a linear relationship between the serum 
clearances of cefsulodin and creatinine clearance. The nor-
mal intervals between usual doses of cefsulodin should be 
prolonged approximately 1.9, 2.5, and 3.7 times for patients 
with CrCls of 50, 30, and 10 ml/minute, respectively (Matzke 
and Keane, 1983). In anephric patients treated by hemodial-
ysis, only 10% of the usual dose should be used. The drug is 
removed by hemodialysis, and 30% of a dose of cefsulodin is 
recovered in the dialysate over 5 hours (Lecaillon et al., 1984). 
SAbout 60% of the usual dose has been recommended after 
each dialysis (Gibson et al., 1982; Gibson et al.,1984). In 
patients with renal failure, nonrenal mechanisms of cefsulo-
din clearance also seem to be decreased, but the reason for 
this is uncertain (Matzke and Keane, 1983).

Cefpiramide
There is little published information about the need for 
altered dosing regimens with cefpiramide.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION AND 
OLDER ADULTS

There is little information to suggest a need to alter dosing 
of the antibiotics discussed in this chapter for the elderly or 
those with impaired hepatic function

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

CEFTIZOXIME

Serum protein binding of ceftizoxime in humans is 31% 
(Cutler et al., 1982).

CEFPODOXIME

Approximately 50% of the administered dose of cefpodoxime 
proxetil is absorbed after oral administration and released 
into the circulation as active cefpodoxime (Borin et al., 1990; 
O’Neill et al., 1990; Tremblay et al., 1990). Cefpodoxime 
proxetil is slightly better absorbed if it is given together with 
food (Wise, 1990; Borin and Forbes, 1995). Optimal absorp-
tion of cefpodoxime requires low gastric pH. Therefore the 
co-administration of antacids and H2 receptor antagonists 
significantly reduce the absorption of this drug (Saathoff et 
al., 1992). Cefpodoxime is approximately 40% serum protein 
bound (Fassbender et al., 1993).

CEFDINIR

The bioavailability of cefdinir in suspension is 25%. There is 
no clinically relevant effect of food on absorption. The pro-
tein binding of cefdinir is 60–70%.

CEFDITOREN

The bioavailability of cefditoren is 14%.

CEFTIBUTEN

The bioavailability of ceftibuten suspension has not been 
determined. Protein binding is 65%.

5b.  Drug distribution

CEFTIZOXIME

If 2 g of ceftizoxime is infused i.v. over a 30-minute period in 
adults, the mean peak serum level after the infusion is about 
150 μg/ml. The level then falls to 30, 10, 4, and 0.3/per ml, at 
2, 4, 6, and 8 hours after infusion, respectively (Peterson et 
al., 1982; Quintiliani and Nightingale, 1982).

Distribution of this drug in the body is probably similar to 
that of cefotaxime. It does not penetrate well into normal 
cerebrospinal fluid (CSF), but therapeutic levels are found in 
most patients with bacterial meningitis. Cable et al. (1982) 
gave single doses of 30 mg/kg by i.v. infusion to 12 patients 
with bacterial meningitis. Concentrations in CSF 2 hours later 
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were 0–17 μg/ml (mean 4.9 μg/ml). In animals, ceftizoxime 
reaches therapeutic levels in the kidney, liver, lungs, heart, 
and tissue fluid (Murakawa et al., 1980; Gerding et al., 1982; 
Van Etta et al., 1983). 

CEFPODOXIME

After a single 200-mg dose of oral cefpodoxime proxetil, a 
mean peak serum level of 2.18  μg/ml of cefpodoxime is 
reached in about 3 hours. The serum level thereafter falls, 
and it is less than 0.5 μg/ml in 12 hours. The elimination 
half-life is 2.7  hours. If 400  mg cefpodoxime proxetil is 
administered, the serum levels are approximately doubled. 
Cefpodoxime does not accumulate in serum if 200- or 400-
mg doses are given every 12 hours.

Cefpodoxime has penetrated into blister fluid, reaching 
concentrations there of 67–103% of the serum levels at the 
time of measurement (Borin et al., 1990; O’Neill et al., 1990). 
The mean penetration of cefpodoxime in bronchial mucosal 
fluid was recorded as 54% (Baldwin et al., 1992). The mean 
concentrations of this drug in lung tissue were recorded as 
0.63, 0.52, and 0.19 μg/g at 3, 6, and 12 hours, respectively, 
after administration of a 200-mg cefpodoxime proxetil dose 
(Couraud et al., 1990). In another study, the ratios between 
concentrations in lung parenchyma and simultaneous con-
centrations in plasma were 84.7% and 51.2% at 3 and 6 hours, 
respectively, after administration of 200 mg oral cefpodox-
ime proxetil (Muller-Serieys et al., 1992). In pleural effusions 
in patients who received a single 200-mg dose, the concen-
trations were 0.62, 1.84, and 0.78 μg/ml at 3, 6, or 12 hours, 
respectively, after the dose (Dumont et al., 1990). In tonsillar 
tissue after a dose of 100  mg of cefpodoxime proxetil, the 
concentrations after 4 and 7 hours were 0.24 and 0.09 μg/g, 
respectively, this being approximately 23% of plasma con-
centrations (Gehanno et al., 1990a).

CEFDINIR

After an oral dosage of cefdinir, the time to peak concentra-
tion is 2–4 hours. The elimination half-life is 1.7 hours.

CEFSULODIN

After i.v. infusion of cefsulodin 0.5- and 1-g over 30 minutes 
to adults, mean peak serum levels are 32.7 and 65.5 μg/ml, 
respectively. Thereafter, levels fall, but some cefsulodin is still 
detectable in the serum 12 hours after administration. The 
cefsulodin half-life, after both i.m. and i.v. administration, is 
approximately 1.6 hours (Granneman et al., 1982).

CEFPIRAMIDE

Cefpiramide has a half-life of approximately 4.5 hours, which 
is significantly longer than those of other third-generation 
cephalosporins, such as ceftazidime, but is shorter than that 
of ceftriaxone.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

As with other cephalosporins, the drugs discussed in this 
chapter exhibit time-dependent killing (see Chapter 27, 
Ceftriaxone).

5d.  Excretion

CEFTIZOXIME

Ceftizoxime is not metabolized in the body; most of an 
administered dose is excreted via the kidneys by both glo-
merular filtration and tubular secretion. Probenecid partially 
blocks renal tubular secretion, thereby delaying excretion 
and enhancing serum levels by about 50%. High urinary lev-
els of the active drug are attained, which are 700–3200 μg/ml 
during the first 4 hours after an i.m. dose of 0.5 g (Neu and 
Srinivasan, 1981; Cutler et al., 1982; Le Bel et al., 1983). 
Urinary recovery of ceftizoxime after parenteral administra-
tion has been reported to be between 70% and 100% (Neu and 
Srinivasan, 1981; Peterson et al., 1982; Le Bel et al., 1983). Very 
little ceftizoxime is excreted by nonrenal routes in humans. 
In animals, small amounts are excreted in bile, including an 
antimicrobially active metabolite, but no such metabolite has 
been detected in human bile (Murakawa et al., 1980).

CEFPODOXIME

Cefpodoxime excretion is predominantly renal, with approx-
imately 80% of the absorbed dose excreted in urine as the 
active drug (Tremblay et al., 1990). The mean urine concen-
tration 8–12 hours after administration of 200 mg of cefpo-
doxime was 19.8 μg/ml, and at 12–24 hours, it was 3.9 μg/ml 
(Wise, 1990). The drug is excreted by both glomerular filtra-
tion and tubular secretion. Probenecid delays tubular secre-
tion resulting in higher serum levels (St. Peter et al., 1992). A 
small amount of absorbed cefpodoxime undergoes biotrans-
formation in humans (Johnson et al., 1993).

CEFDINIR

Between 10% and 20% of cefdinir is excreted unchanged in 
the urine.

CEFTIBUTEN

Fecal excretion accounts for 39% of a ceftibuten dose and renal 
excretion for 56%.

5e.  Drug interactions

Probenecid interactions are potentially important in terms 
of renal excretion with the drugs discussed in this chapter. 
Other drug–drug interactions are similar to those observed 
for other third-generation cephalosporins (see Chapter 27, 
Ceftriaxone).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Ceftizoxime

In clinical trials side effects of ceftizoxime have been mild 
and infrequent and are similar to those of most other cepha-
losporins. These include hypersensitivity rashes, eosinophilia, 
drug fever, and transient elevations of hepatic transaminases 
and serum alkaline phosphatase. Elevated platelet counts 
(thrombocytosis) occur not infrequently during ceftizoxime 
therapy. These are not associated with symptoms, and counts 
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revert to normal after the drug is stopped. Reversible throm-
bocytopenia and neutropenia are less frequent. Some patients 
develop a positive Coombs test. Diarrhea, nausea, and vom-
iting are infrequent. Clostridium difficile–associated diarrhea 
has been reported. Transient elevations of blood urea and 
serum creatinine levels occur in some patients, but serious 
nephrotoxicity has not been encountered (Counts et al., 1982; 
Parks et al., 1982).

6b.  Cefpodoxime

Similar to other cephalosporins, cefpodoxime proxetil is a 
drug with low toxicity. Skin eruptions and pruritus have 
occurred in a few patients. Neutropenia, eosinophilia and 
mildly abnormal liver function tests have also been noted 
infrequently. Nausea, vomiting, soft stools and diarrhea have 
been slightly more frequent. In one trial, six healthy adult 
volunteers were given 400 mg of oral cefpodoxime proxetil 
daily for 10 days. Before treatment no volunteers had C. dif
ficile in stools, but during treatment C. difficile was detected 
in the stools of all volunteers. These strains were cefpodox-
ime-resistant. Intestinal side effects were limited to modifica-
tion of stool consistency (Chachaty et al., 1992). In another 
study with healthy volunteers, overgrowth of enterococci 
and yeasts were noted during administration of cefpodoxime 
proxetil (Edlund et al., 1994).

7. CLINICAL USES OF THE DRUG

7a.  Ceftizoxime

Clinical experience with ceftizoxime is more limited than 
that with cefotaxime or ceftriaxone but is very similar, so the 
potential clinical uses may be much the same (see Chapter 
27, Ceftriaxone). Ceftizoxime has been used with success in 
severe hospital-acquired infections caused by the Enterobac-
teriaceae, such as pyelonephritis, pneumonia, and septice-
mia (Bechard, 1982; Cohen and Mogabgab, 1982; Scully and 
Neu, 1982). 

Ceftizoxime has not been adequately evaluated for bacte-
rial meningitis caused by Enterobacteriaceae. Adequate CSF 
concentrations of the drug are reached in patients with men-
ingitis. A small number of patients with meningitis caused 
by pneumococci, meningococci, and H. influenzae type b 
have been cured by i.v. ceftizoxime in a dose of 200 mg/kg 
body weight/day (Cable et al., 1982; Overturf et al., 1984). 
Ceftizoxime has been quite effective in the treatment of other 
severe H. influenzae infections in both adults and children 
(Parks et al., 1982).

Lou et al. (1982) found ceftizoxime satisfactory for the 
treatment of 119 patients with peritonitis. In one random-
ized study, ceftizoxime in large dosage (3 g i.v. every 8 hours) 
was equally effective to a clindamycin–tobramycin combina-
tion for the treatment of intraabdominal and female genital 
tract infections (Harding et al., 1984).

Uncomplicated genital gonorrhea responds well to a single 
0.5- to 1.0-g i.m. dose of ceftizoxime without probenecid. It 
is effective for infections caused by beta-lactamase-producing 
strains (Lutz et al., 1982; Spencer et al., 1984). 

7b.  Cefdinir

Cefdinir may be used for treatment of upper and lower respira-
tory tract infections caused by Haemophilus influenzae (includ-
ing beta-lactamase-producing strains), Streptococcus pneumoniae 
(penicillin-susceptible strains only), and Moraxella catarrhalis 
(including beta-lactamase-producing strains) (Bradley et al., 
2011). However, according to the IDSA guidelines for acute 
bacterial rhinosinusitis, cefdinir is no longer recommended 
as monotherapy for initial empiric treatment (Chow, 2012).

7c.  Cefpodoxime

Cefpodoxime was found to be superior to amoxicillin– 
clavulanic acid for the treatment of otitis media in children, 
in a single study (Gehanno et al., 1994). A total of 220 adults 
and children over 10 years of age with streptococcal pharyn-
gitis or tonsillitis were randomized to receive either cefpo-
doxime proxetil 100 mg every 12 hours for 5 days or penicillin 
V 600 mg every 8 hours orally for 10 days. Clinical and bac-
teriological cure was high (over 90%) in both groups, but the 
advantage of cefpodoxime appeared to be the shorter course 
of treatment (Portier et al., 1994). The oral third-generation 
cephalosporins do appear to have a role in the treatment of 
streptococcal pharyngitis.

For the treatment of bacterial sinusitis, cefpodoxime (84% 
clinical cure) was found to be superior to cefaclor (68% clin-
ical cure) (Gehanno et al., 1990b). In patients with broncho-
pneumonia, cefpodoxime proxetil 200  mg every 12 hours 
orally was equally as effective as ceftriaxone 1  g i.m. daily, 
both given for a 10-day period (Zuck et al., 1990). In patients 
with exacerbations of chronic bronchitis cefpodoxime prox-
etil was effective, and the results of treatment were similar 
to those obtained with co-amoxiclav (Periti et al., 1990; see 
Chapter 14, Amoxicillin–clavulanic acid).

Cefpodoxime is also effective for treatment of uncom-
plicated urinary tract infections (cystitis) caused by E. coli, 
K. pneumoniae, P. mirabilis, or S. saprophyticus; however, its 
effectiveness is inferior to other first-line therapies (Grigoryan 
et al., 2014). Recommendations suggest that cefpodoxime 
susceptibility among urinary isolates can be inferred from 
the result of cefazolin (Turnidge et al., 2011).

In uncomplicated gonorrhoea in males, a single oral dose 
of cefpodoxime proxetil 100 mg or even 50 mg was curative 
(Novak et al., 1992). However, clinical experience is quite 
limited.
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1. DESCRIPTION

Cefixime is an orally administered cephalosporin with a 
broader antimicrobial spectrum than those of earlier oral 
cephalosporins, such as cephalexin and cefaclor. It is referred 
to as a third-generation oral cephalosporin, but its spectrum 
of activity is not quite as wide as those of other oral third- 
generation cephalosporins (e.g. cefpodoxime) or parenteral 
third-generation cephalosporins (e.g. cefotaxime) (Anony-
mous, 1989). Its molecular weight is 453. Its chemical struc-
ture is shown in Figure 29.1.

Although cefixime was not available in the USA from July 
2002 to April 2008, cefixime 400-mg tablets/capsules are again 
available in that country. In addition, three suspension for-
mulations (20, 40, and 100 mg/ml) and 100, 150, and 200 mg 
chewable tablets are available. In some parts of the world, 
cefixime is available in combination with clavulanic acid. 
This novel combination will not be discussed in detail here. 
Historically, the major usage of cefixime has been in the oral 
treatment of gonorrhoea.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

A summary of the in vitro activity of cefixime is shown in 
Table 29.1.

GRAM-POSITIVE AEROBIC BACTERIA

Cefixime has good activity against group A and B beta- 
hemolytic streptococci. However, Staphylococcus aureus, 
coagulase-negative staphylococci, enterococci, and Listeria 
monocytogenes are resistant (Barry et al., 1994). Penicillin-
susceptible pneumococci are typically susceptible to cefixime, 

Figure 29.1. Chemical structure of cefixime.
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Table 29.1. Summary of susceptibility data for cefixime

Organism

Typical 
MIC90 

(µg/ml)

Gram-positive bacteria

Streptococcus pneumoniae 0.12

Staphylococcus aureus > 128.0

Gram-negative bacteria

Neisseria gonorrhoeaea 0.008

Haemophilus influenzae, ampicillin-sensitive 0.04

Haemophilus influenzae, beta-lactamase producer 0.04

Haemophilus influenzae, intrinsically ampicillin- 
 resistant

0.96

Escherichia coli 0.1

Klebsiella spp. 0.12

Enterobacter spp. > 128.0

Proteus mirabilis 0.06

Serratia marcescens 4.0

Pseudomonas aeruginosa > 16.0

Bacteroides fragilis > 4.0

aSee text for information regarding the increasing development of cefixime 
resistance.

Sources: Data compiled from Mendelman et al. (1989); Stone et al. (1989); 
and Sader et al. (1993).
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but this is not universal (Barry et al., 1994). Just as is the 
case with related oxyimino-cephalosporins (e.g. cefurox-
ime), over 20% of pneumococcal isolates can be cefixime- 
resistant (Kitayama et al., 1999). Pneumococci must be tested 
in vitro against these cephalosporins to ensure susceptibility. 
Penicillin-resistant Streptococcus pneumoniae is typically 
cefixime-resistant.

GRAM-NEGATIVE AEROBIC BACTERIA

Wild-type Neisseria gonorrhoeae and Haemophilus influen
zae are susceptible to cefixime (both beta-lactamase-positive 
and -negative strains) (Fluit et al., 2005). However, activity 
against N. gonorrhoeae is no longer universal (see later in 
this chapter). In addition, the minimum inhibitory concen-
trations (MICs) of cefixime are considerably higher against 
ampicillin-resistant H. influenzae strains that do not produce 
beta-lactamase (so-called beta-lactamase-negative, ampi-
cillin-resistant [BLNAR] strains) compared with those of 
ampicillin-susceptible strains (both positive and negative for 
beta-lactamase) (Jacobs and Bajaksouzian, 1997; Table 29.1). 
H. parainfluenzae is also susceptible (Mendelman et al., 1989; 
Mortensen and Himes, 1990; Nash et al., 1991; Sader et al., 
1993). The majority of Moraxella catarrhalis isolates now 
produce one of two different beta-lactamases, referred to as 
BRO-1 and BRO-2. The majority of strains now produce 
BRO-1 enzyme. Cefixime is more active against isolates that 
produce BRO-2 enzyme (MIC 0.063 µg/ml) than those that 
produce BRO-1 (MIC 0.25 µg/ml) (Nash et al., 1991; Fung 
et al., 1994). Both Bordetella pertussis and B. parapertussis are 
moderately resistant (Hoppe and Müller, 1990).

Among the Enterobacteriaceae, wild-type Escherichia 
coli, Klebsiella spp., and Proteus spp. are usually susceptible. 
Salmonella spp. are usually susceptible (Rastegar Lari et al., 
1997), as long as there is no production of extended-spectrum 
beta-lactamases (ESBLs) or plasmid-mediated AmpC beta- 
lactamases (Kitzis et al., 1990). Citrobacter diversus is usually 
susceptible, but C. freundii, most Enterobacter strains, and 
Morganella morganii are resistant. Cefixime is a poor inducer 
of chromosomally mediated AmpC beta-lactamases (class 1 
beta-lactamases) of the Enterobacteriaceae. However, this 
resistance mechanism probably still explains the resistance 
of Enterobacter strains and M. morganii to this drug (Sanders, 
1989; Stone et al., 1989; MacGowan et al., 1992; Sader et al., 
1993).

Pasteurella multocida is frequently susceptible to cefixime 
(Avril et al., 1991), as is Helicobacter pylori (Ikeda et al., 
1990). Acinetobacter spp., Pseudomonads, and Stenotro
phomonas maltophilia are resistant (Stone et al., 1989; Sader 
et al., 1993).

ANAEROBIC BACTERIA

Gram-positive anaerobes such as Peptostreptococcus and 
Clostridium spp. are typically resistant to cefixime (Stone et 
al., 1989; Lehtonen and Huovinen, 1993; Sader et al., 1993). 
The activity of cefixime against Gram-negative anaerobes 
such as the Bacteroides fragilis group is poor (Stone et al., 
1989; Sader et al., 1993; Table 29.1).

OTHER BACTERIA

Borrelia burgdorferi is somewhat susceptible to cefixime (MIC 
0.8 µg/ml). However, ceftriaxone is more active against this 
spirochete (MIC 0.02 µg/ml) (Agger et al., 1992).

2b.  Emerging resistance and 
cross-resistance

In 1999–2000, gonococci with reduced susceptibility to cefix-
ime appeared in Japan, and three such isolates were identi-
fied in Hawaii in 2001 (Wang et al., 2003). Most of these 
isolates had cefixime MICs of 0.5 μg/ml or greater. In 2000–
2001, 17% of gonococci in Japan had reduced susceptibility 
to cefixime (Ameyama et al., 2002), rising to 25% in 2012 
(Shimuta et al., 2013). In addition, increasing MICs of gono-
cocci for ceftriaxone, cefixime, and cefdinir have been noted 
in Denmark, Australia, Brunei, Canada, China, and Papua 
New Guinea since 2004 (Newman et al., 2007; Martin et al., 
2012). Reduced susceptibility of gonococci has been noted in 
the majority of European countries, and seven countries had 
rates in the low double digits by 2011 (Carannante et al., 
2012; Ison et al., 2013; Kovari et al., 2013; Cole et al., 2014). 
These isolates reached the western coast of the USA by late 
2007 (Pandori et al., 2009; Grad et al., 2014). Although reduced 
susceptibility is still uncommon in mainland USA, 22% of 
gonococcal isolates in Hawaii had reduced susceptibility in 
2011 (Kidd et al., 2013). Numerous cases of clinical failures 
associated with reduced susceptibility have been noted world-
wide and appear to be significantly associated with MICs of 
0.12 μg/ml and greater (Unemo et al., 2010; Ison et al., 2011; 
Unemo et al., 2011; Unemo et al., 2012; Allen et al., 2013). 

Resistance of gonococci to cefixime is not mediated by 
beta-lactamase production. Most isolates exhibit alterations 
in the amino acid sequences of penicillin binding protein 2 
(PBP2). The mosaic-like structure of PBP2 may have arisen 
from recombination of the penA gene (for PBP2) between 
gonococci and commensal oral Neisseriaceae (Ameyama et 
al., 2002; Ito et al., 2005; Takahata et al., 2006; Lindberg et al., 
2007; Zhao et al., 2009). In addition, mutations in the genes 
encoding multiple transfer resistance receptor (MtrR) and 
porin B (PorB) play an important role in gonococcal resis-
tance to cefixime. These latter two effects mediate increased 
efflux of antimicrobial out of and decreased influx into the 
bacterium, respectively (Lindberg et al., 2007; Martin et al., 
2012; Lewis et al., 2013; Thakur et al., 2014). 

As mentioned earlier, extended-spectrum beta-lactamases 
and AmpC beta-lactamases produced by the Enterobacteria-
ceae usually render these organisms resistant to cefixime.

2c.  In vitro synergy and antagonism

Cefixime has been combined with clavulanate in some parts 
of the world. This produces synergistic activity against ESBL-
producing organisms but does not enhance activity against 
AmpC producers (Rawat et al., 2009). Addition of clavula-
nate will not enhance cefixime activity against gonococci 
with altered PBPs. In vitro results support both synergy and 
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indifference/additivity for the combination of cefixime plus 
azithromycin against gonococci (Sathia et al., 2007; Pereira et 
al., 2013). Potential synergistic activity of combination cefix-
ime plus amoxicillin against pneumococci has been evalu-
ated in vitro. In one study, synergy was noted in 17/42 (40%) 
penicillin-resistant isolates. Synergy was also noted in vivo 
in  murine systemic and respiratory tract infection models 
(Matsumoto, 1998). In an in vitro study using penicillin- 
sensitive, -intermediate and -resistant isolates, partial to 
complete synergy was noted in 71% (partial in 16/17, com-
plete in 1/17) and an additive effect in 29%. Results were 
similar for intermediate and resistant isolates. These results 
were obtained with amoxicillin concentrations of 1 μg/ml or 
less (Jones and Johnson, 1998).

3. MECHANISM OF DRUG ACTION

Cefixime acts on bacteria in a manner similar to other ceph-
alosporins (see Chapter 27, Ceftriaxone).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Cefixime is administered only orally. The usual adult dosage 
is 400 mg once daily or 200 mg every 12 hours for the treat-
ment of acute exacerbation of chronic bronchitis, bacterial 
otitis media, uncomplicated urinary tract infection, and pha-
ryngotonsillitis (Kiani et al., 1988; Verghese et al., 1990; Raz 
et al., 1994; Anonymous, 2007; Anonymous, 2014). For the 
treatment of uncomplicated gonorrhoea (urethritis, cervici-
tis, proctitis, pharyngitis), single-dose oral cefixime (400 mg) 
is recommended only if ceftriaxone is unavailable, there 
are  contraindications to i.m. administration, or the patient 
refuses i.m. administration (Bignell et al., 2013; CDC, 2015). 
If used, it should be accompanied by concurrent administra-
tion of single-dose azithromycin 2 g or, if the patient is aller-
gic to azithromycin, a one-week course of doxycycline 100 mg 
every 12 hours (Anonymous, 2014; CDC, 2015). To complete 
a treatment course for disseminated gonococcal infection 
that began with a parenteral cephalosporin, cefixime 400 mg 
every 12 hours should be given for total treatment course of 
1 week (Anonymous, 2007; Anonymous, 2014). For sexually 
transmitted disease prevention in victims of sexual assault, 
patients can be treated with a combination of single-dose 
cefixime 400 mg, single-dose metronidazole 2 g, and either 
single-dose azithromycin 2 g (preferred) or 7 days of doxy-
cycline 100 mg every 12 hours (CDC, 2015).

For Lyme borreliosis, 200 mg can be given once daily with 
concurrent probenecid (500 mg three times daily) for 100 
days before (Anony mous, 2007).

4b.  Newborn infants and children

The usual pediatric dosage is 8 mg/kg/day, administered once 
or twice daily, for acute exacerbation of chronic bronchitis, 

acute bacterial otitis media, pharyngotonsillitis, and urinary 
tract infection (Piippo et al., 1991; Rodriguez et al., 1993; 
Anonymous, 2007; Anonymous, 2014). For the treatment of 
uncomplicated gonococcal infection, if the patient is at least 
8 years old and weighs at least 45 kg, the usual adult dosage 
regimen should be used. Otherwise, a single 8 mg/kg dose or 
two 4 mg/kg doses administered 12 hours apart should be 
used (Anonymous, 2007; Anonymous, 2014; CDC, 2015). 
For the treatment of sinusitis, in the case of non-type I beta- 
lactam allergy as second-line therapy, cefixime 4 mg/kg every 
12 hours plus clindamycin 30–40 mg/kg/day (given every 
8 hours) is a reasonable alternative (Chow et al., 2012).

For shigellosis, a 5-day regimen of 8 mg/kg once daily 
is recommended (Anonymous, 2007). For typhoid fever, a 
10 mg/kg/day regimen (in two divided doses) for 14 days is 
recommended (Anonymous, 2007).

Some experts prefer twice-daily dosing in the treatment of 
acute otitis media (AOM), complicated urinary tract infec-
tion (UTI), and pneumonia (Anonymous, 2007).

4c.  Pregnant and lactating mothers

Cefixime has been assigned pregnancy category B by the 
FDA. There are no data suggesting that dosage should be 
altered in pregnant women. It is likely that a small amount of 
cefixime enters breast milk, but it is doubtful that this would 
have an adverse consequence to the infant.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

When creatinine clearance (CrCl) falls below 60 ml/minute, 
the following dosage regimen adjustment is recommended: 
CrCl = 21–60 ml/minute and in patients undergoing hemo-
dialysis (HD), approximately 250 mg (as 2.5, 6.5, or 13 ml of 
100, 40, or 20 mg/ml suspension, respectively) should be 
given once daily; CrCl ≤ 20 ml/minute and in patients under-
going continuous ambulatory peritoneal dialysis (CAPD), 
200 mg (as tablets/chewable tablets or as 1.8, 4.4, or 8.6 ml 
of 100, 40, and 20 mg/ml suspension, respectively) should be 
given once daily (Anonymous, 2014).

Both HD and CAPD drug clearance is negligible. Thus no 
supplemental doses need be administered to compensate for 
dialysis therapy (Anonymous, 2007).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

No dosing information is available for patients with impaired 
hepatic function.

OLDER ADULTS

Oral bioavailability is increased in some elderly individuals 
compared with younger subjects but this is considered to be 
not clinically significant. Although Cmax and area under the 
curve (AUC) are elevated in healthy elderly subjects compared 
with young volunteers, this is probably due to the reduced 
renal function common in older subjects rather than an effect 
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of aging per se. No dosage adjustment is necessary for aging 
by itself.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The mean bioavailability by 12 hours after dosing is 31% 
(Healy et al., 1989; Duverne et al., 1992; Fassbender et al., 
1993). Drug absorption obeys Michaelis–Menten pharmaco-
kinetics, with a nonlinear rate and extent of absorption and 
dose-dependent bioavailability. Absorption ceases approxi-
mately 6 hours after dosing (Liu et al., 1997). Cefixime is 
approximately 70% plasma protein bound (Fassbender et al., 
1993). The mean terminal disposition half-life is 2.4–4.2 hours 
in healthy volunteers (Mamzoridi et al., 1996; Liu et al., 1997; 
Nix et al., 1997).

5b.  Drug distribution

After oral administration of a 400-mg dose to adults, a Cmax 
ranging from 2.8 to 4.5 μg/ml is achieved 3–5 hours after dos-
ing (Mamzoridi et al., 1996; Liu et al., 1997; Nix et al., 1997). 
The serum concentration falls to approximately 1 μg/ml at 12 
hours after dosing and approaches zero at 24 hours. Multiple-
dose administration of 400-mg once-daily does not lead to 
drug accumulation.

After a 400-mg oral dose, the mean gallbladder tissue 
concentration was 25 mg/kg at 13–17 hours. Tonsillar tissue 
concentrations were reported as 0.53–0.74 mg/kg 5 hours 
after a 4-mg/kg oral dose. Four hours after a single 400-mg 
oral dose, mean serum and synovial fluid Cmax values were 
2.8 and 2.02 μg/ml, respectively (Somekh et al., 1996). In 
muscle, mean tissue Cmax was 0.9 mg/kg at the same dose 
(Liu et al., 2005). In middle ear effusion of pediatric patients 
with AOM receiving a single 8-mg/kg dose of cefixime, mean 
4- and 12-hour postdose concentrations were 1.2–1.3 and 
0.8 μg/ml, respectively (Harrison et al., 1997; Scaglione et al., 
1999). Sputum concentrations range from 2% to 10% of con-
current serum concentrations. Prostatic fluid concentrations 
were 0.83 μg/ml or lower after single 200- and 400-mg oral 
doses (Anonymous, 2007). Penetration into cerebrospinal 
fluid has not been well studied. A mean peak salivary con-
centration of 0.56 μg/ml was noted after a single 400-mg oral 
dose. The mean saliva/plasma concentration ratio was 0.34 
(range: 0.19–0.61) (Najjar et al., 2009). This may account for 
the suboptimal cure rate of gonococcal pharyngitis seen with 
cefixime monotherapy. 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Like other cephalosporins, cefixime is a time-dependent killer. 
Ison et al. (2004) have undertaken a pharmacodynamic anal- 

ysis of cephalosporins vs. contemporary strains of gonococci. 
They found that a 400-mg oral cefixime dose exceeded the 
MIC90 of gonococcal strains for more than 22 hours. In other 
words, the time above MIC was more than 90% of the dosing 
interval. However, with rising MICs being noted worldwide, 
time above the MIC of many strains is now much shorter. 

5d.  Excretion

The biliary tract is responsible for a small proportion of 
cefixime total body clearance. In patients with T-tube drain-
age after cholecystectomy, about 5% of the dose was elimi-
nated via this route. In these patients, after a single 200-mg 
oral dose, the mean Cmax in bile was 57 μg/ml. Drug was still 
present in the bile at 20 hours after dosing (4.3 μg/ml) (West-
phal et al., 1993). Between 15% and 21% of the administered 
dose is excreted renally as parent compound (Fassbender et 
al., 1993; Mamzoridi et al., 1996).

Renal clearance constitutes 14% of apparent total body 
clearance (Mamzoridi et al., 1996). After a single 400-mg 
oral dose, mean urinary Cmax was 217 μg/ml and Cmax was 
achieved during the 2- to 4- or 4- to 6-hour urine collection 
intervals after dosing. Minimum urinary concentrations, 
averaging 19 μg/ml, occurred during the 12- to 24-hour urine 
collection interval after dosing (Healy et al., 1989).

Although metabolism has been theorized to occur with 
cefixime, no metabolites have been identified (Fassbender et 
al., 1993). Pharmacokinetic parameters are dose-independent 
after single 200- and 400-mg oral doses (Dan et al., 1998).

5e.  Drug interactions

Magnesium- and aluminum-containing antacid adminis-
tration together with cefixime, or 2 hours before or 2 hours 
after, do not significantly alter serum cefixime concentra-
tions (Healy et al., 1989). Co-administration of nifedipine 
considerably enhances the absorption of cefixime in humans 
(from 31% at baseline to 53% with nifedipine) (Duverne et 
al., 1992). This is probably due to calcium channel blocker–
enhanced intestinal absorption owing to improved active 
transport via a pH-dependent dipeptide transporter similar 
to that seen with other beta-lactams.

6. ADVERSE REACTIONS AND TOXICITY

In general, hypersensitivity reactions occur in < 5% of recip-
ients of cefixime. Reactions include urticaria, pruritus, rash 
(maculopapular, erythematous, morbilliform), fever, chills, 
eosinophilia, edema, erythema, angioedema, shock, Stevens–
Johnson syndrome, toxic epidermal necrolysis, erythema 
multiforme, and exfoliative dermatitis. Cross-sensitivity rates 
with penicillin allergy are not well established but appear to 
be in the range of 5% to 16% (may be as low as 3% to 7%). 
Cefixime should be avoided if the penicillin allergy is mani-
fested as anaphylaxis or is anaphylactoid or immediate der-
matologic (urticarial) in nature (Anonymous, 2007).
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In animals exposed to doses of this agent many-fold 
higher than those used in humans, no fetotoxicity or impaired 
fertility has been seen. There have been no reports of fetotox-
icity in humans (Anonymous, 2007).

Gastrointestinal symptoms, such as nausea, vomiting, and 
in particular, diarrhea, appear to be the main adverse effects 
of cefixime. In some patients, the diarrhea can be severe and 
can be secondary to C. difficile (Kiani et al., 1988; Nord et al., 
1988; Verghese et al., 1990; Piippo et al., 1991; Gremse et al., 
1994). In a volunteer trial, 400 mg of oral cefixime was given 
to six subjects once daily for 10 days. In five of six volunteers, 
C. difficile was detected. The strains of C. difficile differed 
from one volunteer to another (Chachaty et al., 1992). These 
findings were confirmed in a later study using 51 volunteers 
(Chachaty et al., 1993).

7. CLINICAL USES OF THE DRUG

7a.  Gonorrhoea

Single-dose cefixime 200–800 mg has been used successfully 
for the treatment of uncomplicated gonorrhoea (Dunnett and 
Moyer, 1992; Verdon et al., 1993; Hook et al., 1997; Aplasca 
De Los Reyes et al., 2001; Ramus et al., 2001; McMillan and 
Young, 2007). The 400-mg oral dose of cefixime does not 
provide as high or as sustained a bactericidal level as that 
provided by a 125- to 250-mg dose of ceftriaxone (Workowski 
and Berman, 2006). However, oral cefixime proved to be as 
effective as i.m. ceftriaxone in clinical trials. In the treatment 
of uncomplicated gonorrhoea, a single dose of cefixime (400 
or 800 mg) given orally was as effective as a single dose of 
ceftriaxone 250 mg given intramuscularly (Handsfield et al., 
1991; Plourde et al., 1992; Portilla et al., 1992). Oral cefixime 
was also found to be as effective as ceftriaxone in pregnant 
women with gonococcal infection (Ramus et al., 2001). Cefi-
xime is not effective for coexisting Chlamydia trachomatis 
and Ureaplasma urealyticum infections (Megran et al., 1990).

In a meta-analysis of ceftriaxone vs. other antimicrobials 
in uncomplicated gonorrhoea, ceftriaxone 250 mg performed 
significantly better than did cefixime 400 mg in terms of cure 
rates (odds ratio [OR]: 1.77; 95% confidence interval [CI]: 
1.11–2.80). Ceftriaxone 250 mg and cefixime 800 mg (the 
latter as a regimen of 200 mg every 6 hours for 4 doses) were 
equivalent in cure rates (OR: 1.39; 95% CI: 0.92–2.10) and 
adverse events (OR: 1.29; 95% CI: 0.58–2.84) (Bai et al., 
2012). It should be noted that this analysis was published in 
2012 and does not take into account the current widespread 
issues with cefixime resistance among gonococci. In addi-
tion, the 800-mg cefixime regimen is inconvenient and not 
amenable to directly observed therapy. 

Oral cephalosporin monotherapy is not recommended 
for pharyngeal gonococcal infections because of suboptimal 
cure rates, as low as 70% (Newman et al., 2007; Gratrix et al., 
2013). However, more recent data suggest that combination 
therapy with azithromycin may allow oral cefixime to play a 
role in this clinical entity (Sathia et al.; 2007). 

European (Bignell et al., 2013) and US (CDC, 2015) 
guidelines no longer recommend single-dose cefixime as a 
treatment for uncomplicated gonorrhea unless ceftriaxone is 
unavailable, there are contraindications to i.m. administra-
tion, or the patient refuses i.m. administration. It should 
always be accompanied by single-dose administration of azi-
thromycin 2 g (or doxycycline 100 mg every 12 hours for 
7  days if allergic to azithromycin). Cefixime 400 mg every 
12  hours is still acceptable as a followup to ceftriaxone or 
spectinomycin in disseminated gonococcal infection (to com-
plete 7 days of therapy). 

7b.  Acute bacterial exacerbation of chronic 
bronchitis

The results of cefixime treatment for acute bacterial exacer-
bation of chronic bronchitis (ABECB) were good, but not 
superior, to those obtained with oral amoxicillin in one trial 
(Kiani et al., 1988). In another trial, 86 patients were ran-
domized to receive 14 days of therapy with either 400 mg 
once-daily oral cefixime or 250 mg every 6 hours oral cepha-
lexin. Clinical cure rates were 71% in the cefixime group 
and 50% in the cephalexin group (p < 0.05). However, when 
the categories of cured and improved were combined, no 
significant difference was noted between treatment groups 
(Verghese et al., 1990). Additional open-label, noncontrolled 
trials of 5 and 10 days of cefixime therapy support its efficacy 
(Lorenz, 1998; Ludwig, 1998). However, low-dose cefurox-
ime axetil (250 mg twice daily) was superior to cefixime 400 
mg once daily (both taken for 8 days) in terms of clinical 
cure/improvement rates (94% vs. 72%, respectively; p = 0.02) 
immediately after therapy and bacteriologic eradication rates 
(76% vs. 35%, respectively; p = 0.002) at days 2–4 after treat-
ment (Zuck et al., 1999). Cefixime should be considered a 
second-line agent for ABECB. 

7c.  Community-acquired pneumonia

An open-label noncontrolled trial and an open-label, ran-
domized trial of roxithromycin vs. cefixime support the 
efficacy of cefixime in adults with community-acquired 
pneumonia (Ludwig, 1998; Salvarezza et al., 1998). Cefixime 
has also been compared with amoxicillin–clavulanate as fol-
lowup therapy after ceftriaxone for pneumonia in pediatric 
patients (Amir et al., 1996). However, cefixime lacks cover-
age of atypical organisms and many strains of S. pneumoniae 
and must be regarded as a second-line agent for communi-
ty-acquired pneumonia.

7d.  Acute bacterial sinusitis

A single open-label noncontrolled trial found a 100% clinical 
cure/improvement rate in 45 pediatric subjects (8 mg/kg 
once daily for 5–10 days) with acute bacterial sinusitis 
(Ludwig, 1988). Cefixime should be regarded as a second-line 
agent for this condition.
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7e.  Pharyngitis and tonsillitis

An open-label randomized trial found similar clinical and 
bacteriologic response rates for cefixime (8 mg/kg once daily 
for 10 days), azithromycin (12 mg/kg once daily for 5 days), 
and amoxicillin/clavulanate (90 mg/kg/day for 10 days) in 
pediatric patients with streptococcal pharyngotonsillitis (Rush 
and Simon, 2003).

7f.  Otitis media

Cefixime in a dose of 8 mg/kg/day for 7–10 days was effective 
in an uncontrolled study of otitis media in children (Ludwig, 
1998). In two studies, its efficacy was about the same as that 
of cefaclor 40 mg/kg/day given in three divided doses (Piippo 
et al., 1991; Rodriguez et al., 1993), whereas in another two 
studies, it was about the same as that of amoxicillin–clavula-
nate (Gooch et al., 1997; Dabernat et al., 1998).

7g.  Urinary tract infections

Two open-label noncontrolled trials in uncomplicated and 
complicated UTIs in adults have demonstrated the efficacy of 
cefixime (Asvanich et al., 1998; Ludwig, 1998). In one ran-
domized study, cefixime 400 mg once daily and oral ofloxacin 
200 mg every 12 hours, both given for 3 days, were equally 
effective in the treatment of uncomplicated UTIs in women 
(Raz et al., 1994). In another randomized study, cefixime 
400 mg once daily and oral ciprofloxacin 250 or 500 mg 
every 12 hours, both given for 5 days, were equally effective 
in uncomplicated cystitis in women (Galkin et al., 2011). 
One study demonstrated that oral cefixime 400 mg once 
daily and amoxicillin–clavulanate 625 mg thrice daily, both 
given for 7 days, were equally effective for the treatment 
of asymptomatic bacteriuria of pregnancy (Rafal’skii et al., 
2013). Three studies in children support the efficacy of cefix-
ime monotherapy compared with that of sequential therapy 
with i.m. ceftizoxime (for 2 days), i.v. cefotaxime (for 3 days), 
or i.v. ceftriaxone (for 4 days) followed by cefixime (Hober-
man et al., 1999; Gok et al., 2001; Bocquet et al., 2012) in 
acute uncomplicated pyelonephritis. The general recom-
mendation to consider all cephalosporins to be second-line 
agents for UTIs (owing to suboptimal cure rates) also applies 
to cefixime.

7h.  Gastrointestinal infections

In a clinical trial evaluating typhoid fever therapy in chil-
dren, oral cefixime 5 mg/kg every 12 hours for 14 days 
appeared as effective as i.v. ceftriaxone (Bhutta et al., 1994). 
In contrast, oral ofloxacin for 5 days was clinically superior 
to cefixime for 7 days as typhoid fever therapy in children 
(Cao et al., 1999). Oral cefixime 10 mg/kg every 12 hours for 
14 days appeared as effective as oral azithromycin 10 mg/kg 

once daily for 7 days for typhoid fever in children (Begum et 
al., 2014). Of interest, another comparative trial in children 
found azithromycin and cefixime to be clinically indistin-
guishable from placebo in the treatment of uncomplicated 
salmonella enteritis (Chiu et al., 1999).

In pediatric shigellosis, 5 days of cefixime was inferior to 
5 days of azithromycin in both clinical and bacteriologic 
effects (Basualdo and Arbo, 2003). In addition, 2 days of 
cefixime produced inferior bacteriologic eradication com-
pared with 5 days of therapy in pediatric shigellosis (Martin 
et al., 2000). 

7i.  Augmentation of irinotecan

Oral cefixime co-therapy ameliorates the diarrhea seen with 
i.v. irinotecan and allows the oral use of this poorly bioavail-
able drug, producing systemic exposures similar to those 
seen with the i.v. formulation. Cefixime is thought to sup-
press beta-glucuronidase-producing aerobes in the gut that 
deglucuronidate SN-38 glucuronide in the intestine to the 
active (and gastrointestinal-toxic) metabolite SN-38. Cefixime 
co-therapy allowed a 50% increase in the maximum toler-
ated dose (MTD), and enhanced active metabolite systemic 
exposure at MTD by 87% (Furman et al., 2006). The poten-
tial value of cefixime prophylaxis has been demonstrated in 
studies evaluating combination oral irinotecan plus temo-
zolomide (with or without vincristine) therapy in pediatric 
patients with solid or brain tumors. The frequencies of grade 
3/4 gastrointestinal toxicity were much lower than expected 
(Wagner et al., 2008; Wagner et al., 2013). 

7j.  Other uses

Oral cefixime has been used to lower the risk of febrile neu-
tropenic sepsis in children with cancer and sickle cell disease 
(Williams et al., 1996; Paganini et al., 2000; Shenep et al., 
2001).

Limited studies have assessed the efficacy of cefixime in 
the treatment of Lyme disease. Oksi et al. (1998) compared 30 
patients who received oral cefixime 200 mg combined with 
probenecid 500 mg three times daily for 100 days to another 
group of 30 patients who received i.v. ceftriaxone 2 g daily for 
14 days followed by oral amoxicillin 500 mg combined with 
probenecid 500 mg three times daily for 100 days. There was 
no statistically significant difference in the outcome of infec-
tion between the two groups. However, the total number of 
patients with relapses or no response at all and the number 
of positive polymerase chain reaction (PCR) findings after 
therapy were greater in the cefixime group.

One week of cefixime-based triple therapy for Helicobacter 
pylori infection (standard-dose proton-pump inhibitor plus 
cefixime 200 or 400 mg twice daily plus either clarithromycin 
or metronidazole) produced suboptimal cures rates of 65–75% 
(Adriani et al., 2013; Fagoonee et al., 2013). 
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1. DESCRIPTION

Ceftazidime is a semisynthetic third-generation cephalospo-
rin with notable activity against Pseudomonas aeruginosa 
(O’Callaghan et al., 1980; Verbist and Verhaegen, 1981). This 
drug is a parenteral antibiotic administered as a monosodium 
salt because it is highly soluble in water. It is hydrolyzed by a 
variety of beta-lactamases, including extended-spectrum 
beta-lactamases (ESBLs), AmpC beta-lactamases and most 
of the carbapenemases. The beta-lactamase inhibitor avibac-
tam has been added to ceftazidime to restore activity lost by 
the effects of beta-lactamases. Ceftazidime–avibactam is now 
approved for use (Falcone and Paterson, 2016) and will be 
described in detail later in this chapter.

The molecular weight of ceftazidime is 636.6, and its 
chemical formula is C22H32N6O12S2. The structure of ceftazi-
dime is given in Figure 30.1. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

GRAM-POSITIVE AEROBIC BACTERIA

No interpretative criteria for antimicrobial susceptibility 
tests have been established by the European Committee 
on Antimicrobial Susceptibility Testing (EUCAST) and the 
Clinical and Laboratory Standards Institute (CLSI) regarding 
ceftazidime and Gram-positive bacteria (Table 30.1). Data 
regarding wild-type Gram-positive isolates are limited to a 
few species of streptococci (Table 30.2). However, minimum 
inhibitory concentrations (MICs) for ceftazidime for wild-
type and clinical isolates of S. pneumoniae, S. pyogenes, and 
S. viridans group are consistently higher than those of ceftri-
axone, cefotaxime, and cefepime (Tables 30.2 and 30.3) (Bell 
et al., 2002; Fritsche et al., 2003). Enterococcus spp. should be 
considered naturally resistant to ceftazidime (Verbist and 
Verhaegen, 1981). Although frequently susceptible, methi-
cillin-susceptible S. aureus and coagulase-negative staphylo-
cocci can express high MICs (i.e., MIC90 ≥ 8 µg/ml), which 
may compromise the clinical outcome of patients with seri-
ous infections due to this genus (Table 30.3). Methicillin-
resistant Staphylococcus aureus (MRSA) is always resistant. 
Ceftazidime is also inactive against Listeria monocytogenes. 

GRAM-NEGATIVE AEROBIC BACTERIA

Wild-type isolates of P. aeruginosa are fully susceptible to 
ceftazidime, whereas clinical strains express resistance in 
10–40% of cases, depending on the country (Tables 30.4 and 
30.5). Ceftazidime is often recognized as the most effective 
parenteral cephem against P. aeruginosa. However, a compari-
son of epidemiological data obtained from large multicenter 
studies shows ceftazidime expresses MIC90 values generally 

Figure 30.1. Molecular structure of ceftazidime 
dihydrochloride.
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higher than the fourth-generation cephalosporin cefepime 
(Mathai et al., 2001; Gales et al., 2002; Turnidge et al., 2002; 
Hoban et al., 2003; Fedler et al., 2006; Moet et al., 2007; 
Jones et al., 2007; see Chapter 31, Cefepime, cefpirome, and 
cefepime-tazobactam). Only two studies recorded the same 
MIC50/90 values between the two drugs (Sader et al., 2003; 
Rennie et al., 2003), and only one report showed better per-
formances for ceftazidime (Rhomberg et al., 2007).

Data regarding susceptibility of P. aeruginosa isolates to 
ceftazidime detected in patients with cystic fibrosis (CF) are 
discordant. In a study analyzing 82 isolates from patients 
with CF, MIC50 and MIC90 were 2 and 32 μg/ml, respectively, 
and susceptibility reached 84% (Traczewski and Brown, 
2006). In another study considering CF patients, suscepti-
bility to ceftazidime reached only 15–25% of strains (MIC50 
and MIC90 of 64 and > 256 μg/ml, respectively) (Chen et al., 
2005). In regard to burn patients, ceftazidime susceptibility 
of P. aeruginosa isolates was ~ 10%, and MIC50 and MIC90 
were both > 256 μg/ml (Japoni et al., 2006).

The activity of ceftazidime against the remaining Pseudo
monas spp. is variable: P. putida, P. fluorescens, and P. oryzi
habitans show percentages of susceptibility of 80–85%, 
whereas resistant P. stutzeri isolates are very rare (Sader et al., 
2005b). It should be noted that EUCAST criteria suggest 
more conservative resistance breakpoints (i.e. ≥ 16 μg/ml). 
Therefore, the percentage of all Pseudomonas spp.–resistant 
strains may be higher than generally recorded by the major-
ity of studies (Table 30.1).

Wild-type isolates of Enterobacteriaceae are fully suscep-
tible to ceftazidime (Table 30.4). Clinical isolates of E. coli, 
Klebsiella spp. and P. mirabilis show resistance in 5–10% 
of cases (Table 30.6), or even greater. The main mechanism 
involved in this phenomenon is ESBL production. Ceftazi-
dime is hydrolyzed by ESBLs, like other expanded-spectrum 
cephalosporins (Paterson and Bonomo, 2005). 

According to 2009 CLSI criteria (susceptibility defined as 
a ceftazidime MIC ≤ 8 µg/ml), ceftazidime may appear sus-
ceptible to some ESBL-producing Enterobacteriaceae. Among 

Table 30.2. Minimal inhibitory concentrations (µg/ml) of ceftazidime vs. wild-type populations of Gram-positive organisms obtained from 
the EUCAST database

Organismsa Percentage ≤ 0.03 0.06 0.125 0.25 0.5 1 2 4 8 16 32 64 128 ≥ 256

Streptococcus pneumoniae Actual 3.6 10.5 22.9 40.5 22.5

Cumulative 3.6 14.1 37.0 77.5 100

Streptococcus pyogenes Actual 1.3 31.6 37.2 23.1 6.8

Cumulative 1.3 32.9 70.1 93.2 100

Streptococcus viridans Actual 1.5  1.5  4.4 14.1 20.7 13.3  8.9 14.1  5.2  5.2  6.7  1.5  1.5 1.5

Cumulative 1.5  3.0  7.4 21.5 42.2 55.5 64.4 78.5 83.7 88.9 95.6 97.1 98.6 100

aCLSI and EUCAST breakpoints are not available.

Table 30.1. Ceftazidime interpretative breakpoints: comparison between CLSI and EUCAST criteria.

Organism

CLSI 2009
(MIC, mg/ml)

CLSI 2016
(MIC, mg/ml)

EUCAST 2016
(MIC, mg/ml)

S I R S I R S I R

Gram-positive

Enterococcus spp. NA NA NA

Staphylococcus spp. ≤ 8 16 ≥ 32 NA NA

Streptococcus pneumoniae NA NA IU

Other streptococci NA NA IU

Gram-negative

Acinetobacter spp. ≤ 8 16 ≥ 32 ≤ 8 16 ≥ 32 IU

Burkholderia cepacia ≤ 8 16 ≥ 32 ≤ 8 16 ≥ 32 IU

Enterobacteriaceae ≤ 8 16 ≥ 32 ≤ 4  8 ≥ 16 ≤ 1 2–4  ≥ 8

Haemophilus spp. ≤ 2 — — ≤ 2 — — IU

Moraxella catarrhalis NA NA IU

Neisseria gonorrhoeae ≤ 0.5 — — ≤ 0.5 — — IU

Neisseria meningitidis NA NA NA

Pseudomonas spp. ≤ 8 16 ≥ 32 ≤ 8 16 ≥ 32 ≤ 8 — ≥ 16

Stenotrophomonas maltophilia NA ≤ 8 16 ≥ 32 IU

Note: S, susceptible; I, intermediate; R, resistant. NA, not available. IU, inappropriate use. 
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ESBL-producing E. coli and K. pneumoniae isolates from 
North America, ceftazidime susceptibility reached 36.7% and 
19.3%, respectively (Sader et al., 2006). In 2004 in Europe, 
susceptibility of ceftazidime against ESBL-producing E. coli 
and Klebsiella spp isolates achieved 31.2% and 49.1%, respec-
tively (Goossens and Grabein, 2005). In the Asia-Pacific 
region, ceftazidime susceptibility ranged from 11% to 100% 
for E. coli, 3% to 90% for K. pneumoniae, and 100% for P. 
mirabilis (Hirakata et al., 2005). Almost certainly this reflects 
the comparative prevalence of CTX-M type ESBLs, most of 
which do not hydrolyze ceftazidime very effectively. Even if 

many in vitro studies have found ESBL-producing organisms 
susceptible to ceftazidime (MIC ≤ 8 μg/l), it is important 
to note that these isolates should be reported by clinical lab-
oratories as resistant to ceftazidime, according to CLSI 
(2009) criteria. In fact, serious infections due to ESBL-
positive strains expressing MICs still in the susceptibility 
breakpoint range show high levels of treatment failure (Pater-
son et al., 2001). Notably, in 2010 the CLSI suceptibility break-
point for Enterobacteriaceae has been lowered (Table 30.1)

In contrast with the species just listed, clinical strains of 
Enterobacteriaceae that produce low levels of chromosom- 

Table 30.3. Minimal inhibitory concentrations and susceptibility of ceftazidime vs. clinical populations of Gram-positive organisms 
collected during the SENTRY, MYSTIC, and other multicenter studies

Organism Location
Site of 
infection

Year of 
collection

MIC (μg/ml)
S 

(%) ReferenceMIC50 MIC90

Clostridium spp. Europe Mixture 2003 4 > 16 NC Loza (2003)

Enterococcus spp. North America UTI 1998 > 16 > 16 NC Mathai (2001)

Latin America BSI 1997–2000 > 16 > 16 NC Sader (2003)

Asia-Pacific UTI 1998–1999 > 16 > 16 NC Turnidge (2002)

S. aureus North America Mixture 2005 8 8 97.9 Rhomberg (2007)

Mixture 2001–2002 8 > 16 55.3a Fritsche (2003)

8 8 92.7b Fritsche (2003)

BSI, RT 1998–2004 8 16 86.7b Jones (2007)

RT 2000 8 > 16 56.2 Hoban (2003)

SST 2000 8 > 16 25.0 Rennie (2003)

Latin America BSI 1997–2000 8 > 16 56.4a Sader (2003)

Europe Mixture 2002 4 16 89.6 Turner (2005)

Europe Mixture 1999–2003 8 16 78.0 Pascual (2007)

Coagulase-negative staphylococcus North America Mixture 2005 4 8 94.5 Rhomberg (2007)

Mixture 2001–2002 16 > 16 34.1a Fritsche (2003)

4 8 94.3b Fritsche (2003)

BSI, RT 1998–2004 8 8 94.0b Jones (2007)

UTI 1998 > 16 > 16 NC Mathai (2001)

Latin America BSI 1997–2000 > 16 > 16 24.7a Sader (2003)

Europe Mixture 2002 8 8 67.2 Turner (2005)

Mixture 1999–2003 8 32 75.0 Pascual (2007)

S. pneumoniae North America Mixture 2001–2002 ≤ 2 8 NC Fritsche (2003)

4 8 NCc Fritsche (2003)

8 > 16 NCd Fritsche (2003)

Europe Mixture 1999–2003 0.25 4 NC Pascual (2007)

Pacific-Africa RT 1998–1999 0.5 16 NC Bell (2002)

4 16 NCc Bell (2002)

16 16 NCd Bell (2002)

Beta-hemolytic streptococcus North America Mixture 2001–2002 ≤ 2 ≤ 4 NC Fritsche (2003)

Viridans streptococcus America BSI 1997–1999 4 16 NCc Diekema (2001)

> 16 > 16 NCd Diekema (2001)

Mixture 2001–2002 ≤ 2 16 NC Fritsche (2003)

Asia Mixture 1997–1999 2 4 NC Kuriyama (2002)

aSusceptibility was predicted by the oxacillin results. Susceptibility according to the CLSI criteria at the time of the studies.
bAll strains were oxacillin susceptible.
cConsidering only penicillin-intermediate strains.
d Considering only penicillin-resistant strains.
Abbreviations: S: susceptibility; NC: no criteria have been established by the CLSI; UTI: urinary tract infection; BSI: bloodstream infection; RT: respiratory tract 

infection; SST: skin-soft tissue infection.
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ally mediated AmpC beta-lactamases (i.e. Citrobacter spp., 
Enterobacter spp, Hafnia spp., M. morganii, P. vulgaris, Provi
dencia spp., and S. marcescens) express resistance to ceftazi-
dime in at least 20–30% of strains (Table 30.6). In fact, when 
the production of these enzymes is markedly increased due 
to induction or chromosomal mutation, they can hydrolyze 
ceftazidime very effectively (Hanson, 2003). 

It is interesting that chromosomal AmpC enzymes have 
disseminated worldwide on plasmids since the late 1980s and 
now represent a substantial clinical threat even in Entero-
bacteriaceae that do not naturally express these enzymes (i.e. 
Salmonella spp., Klebsiella spp. and P. mirabilis). Their pres-
ence renders the bacteria resistant to most beta-lactams, 
including cephamycins and beta-lactams–beta-lactamase 

Table 30.4. Minimal inhibitory concentrations (µg/ml) of ceftazidime vs. wild-type populations of Gram-negative organisms obtained from 
the EUCAST database

Organisms Percentage ≤ 0.03 0.06 0.125 0.25 0.5 1 2 4 8 16 32 64 128 ≥ 256

Acinetobacter baumannii 
(n = 5.410)

Actual 0.0 0.1 0.4 0.9 1.4 2.8 10.0 26.0 16.4 10.3 11.6 5.3 2.3 12.5

Cumulative 0.0 0.1 0.5 1.4 2.8 5.6 15.6 41.6 58.0 68.3 79.9 85.2 87.5 100

Acinetobacter lwoffi  
(n = 750)

Actual 0.1 0.0 0.4 5.6 4.3 16.1 22.8 17.7 11.3 6.0 11.2 2.1 0.1 2.2

Cumulative 0.1 0.1 0.5 6.1 10.4 26.5 49.3 67.0 78.3 84.3 95.5 97.6 97.8 100

Burkholderia cepacia  
(n = 70)

Actual 0.0 0.0 0.0 1.5 7.1 18.6 28.6 12.9 7.1 2.9 11.4 4.3 5.7 1.5

Cumulative 0.0 0.0 0.0 1.5 8.6 27.2 55.8 68.7 75.2 78.1 89.5 93.8 98.5 100

Citrobacter freundii  
(n = 128)

Actual 0.8 6.3 3.9 39.8 29.7 19.5

Cumulative 0.8 7.1 11.0 50.8 80.5 100

Citrobacter koseri  
(n = 60)

Actual 3.3 13.3 28.3 31.7 18.3 5.0

Cumulative 3.3 16.6 44.9 76.6 94.9 100

Enterobacter aerogenes  
(n = 211)

Actual 0.5 15.2 16.6 36.0 20.9 10.9

Cumulative 0.5 15.7 32.3 68.3 89.2 100

Enterobacter cloacae  
(n = 797)

Actual 1.9 5.1 13.9 37.4 28.6 13.0

Cumulative 1.9 7.0 20.9 58.3 86.9 100

Escherichia coli  
(n = 6.755)

Actual 3.0 15.6 39.6 34.8 7.0

Cumulative 3.0 18.6 58.2 93.0 100

Haemophilus influenzae  
(n = 288)

Actual 9.4 40.6 37.8 10.4 1.7

Cumulative 9.4 50.0 87.8 98.2 100

Klebsiella oxytoca  
(n = 483)

Actual 2.9 29.0 37.7 19.0 11.4

Cumulative 2.9 31.9 69.6 88.6 100

Klebsiella pneumoniae  
(n = 1.643)

Actual 2.7 18.4 29.1 33.9 15.8

Cumulative 2.7 21.1 50.2 84.1 100

Moraxella catarrhalis 
(n = 71)

Actual 46.5 39.4 14.1

Cumulative 46.5 85.9 100

Morganella morganii  
(n = 242)

Actual 38.0 26.4 19.8 15.7

Cumulative 38.0 64.4 84.2 100

Neisseria gonorrhoeae  
(n = 38)

Actual 86.8 13.2

Cumulative 86.8 100

Proteus mirabilis  
(n = 1.162)

Actual 52.4 39.7 7.9

Cumulative 52.4 92.1 100

Proteus vulgaris  
(n = 156)

Actual 39.7 52.6 7.7

Cumulative 39.7 92.3 100

Providencia spp.  
(n = 100)

Actual 2.0 10.0 29.0 49.0 10.0

Cumulative 2.0 12.0 41.0 90.0 100

Pseudomonas aeruginosa 
(n = 23.974)

Actual 0.0 0.0 0.1 0.9 2.8 19.1 44.6 22.8 9.8

Cumulative 0.0 0.0 0.1 1.0 3.8 22.9 67.5 90.3 100

Pseudomonas fluorescens 
(n = 178)

Actual 0.6 0.6 0.0 2.2 2.8 13.5 38.2 32.0 10.1

Cumulative 0.6 1.2 1.2 3.4 6.2 19.7 57.9 89.9 100

Salmonella spp.  
(n = 5.446)

Actual 0.0 0.0 2.9 7.2 39.2 30.5 20.0

Cumulative 0.0 0.1 2.9 10.1 49.3 79.8 100

Serratia marcescens  
(n = 1.871)

Actual 0.7 4.3 32.0 43.1 19.9

Cumulative 0.7 5.0 37.0 80.1 100

Stenotrophomonas 
maltophilia (n = 972)

Actual 0.0 0.0 0.3 1.7 1.7 10.2 13.7 7.9 7.0 9.7 13.5 30.1 3.2 0.9

Cumulative 0.0 0.0 0.3 2.0 3.7 13.9 27.6 35.5 42.5 52.2 65.7 95.8 99.0 100
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combinations, which are generally stable against ESBLs. Due 
to the lack of simple detection methods for AmpC enzymes, 
their exact prevalence is unknown (Hanson, 2003; Doi and 
Paterson, 2007). Nevertheless, plasmid-mediated AmpC were 
found in 8.5–11% of ceftazidime-resistant K. pneumoniae 
isolates in nationwide surveys (Moland et al., 2002; Alvarez 
et al., 2004). Adverse clinical outcomes have been reported in 
patients infected by organisms producing plasmid-mediated 
AmpC beta-lactamases who were treated with cephalospo-
rins, including ceftazidime (Pai et al., 2004). In addition, 
it  should be noted that AmpC and ESBL enzymes can be 
acquired and expressed by the same organism, thus confer-
ring a high level of resistance against ceftazidime and the 
other extended-spectrum cephalosporins (Hanson, 2003; 
Doi and Paterson, 2007). 

The majority of published epidemiological data are inter-
preted according to the 2009 CLSI criteria. Nevertheless, it 
should be noted that the EUCAST suggests resistant break-
points that are much more conservative (Table 30.1). There-
fore, the amount of ceftazidime-resistant Enterobacteriaceae 
might be much higher than generally recorded.

Resistance to ceftazidime among B. cepacia isolates is 
variable. In 2003, strains collected from the USA and Europe 
showed 90% of susceptibility with both MIC50 and MIC90 of 
4 μg/ml (Fritsche et al., 2005). In contrast, among isolates 

from patients with CF MIC50 and MIC90 were 4 and 16 μg/ml, 
respectively, and susceptibility reached only 82% (Traczewski 
and Brown, 2006). In another study analyzing isolates from 
patients with CF, susceptibility to ceftazidime was 43%, and 
MIC50 and MIC90 were 16 and > 256 μg/ml, respectively (Chen 
et al., 2005). Among B. pseudomallei isolates, susceptibility 
was 98% and MIC50 and MIC90 were 2 and 4 μg/ml, respec-
tively. In regard to B. mallei, all strains have appeared suscep-
tible with MIC50/ and MIC90 values of 2 μg/ml in some studies 
(Thibault et al., 2004). 

At least 30% of wild-type Acinetobacter spp. isolates express 
resistance against ceftazidime (Table 30.4). Further more, 
clinical isolates of A. baumannii are frequently resistant to 
ceftazidime (Table 30.5). No CLSI criteria for S. maltophilia 
have been established regarding ceftazidime (Table 30.1). 
However, the majority of strains show MICs ≥ 8 μg/ml 
(Table 30.5). Notably, according to the EUCAST criteria the 
use of ceftazidime against infections due to Acinetobacter 
spp. and S. maltophilia should be considered inappropriate 
(Table 30.3). 

In regard to other aerobic Gram-negative bacilli, the fol-
lowing percentage of ceftazidime susceptibility have been 
recorded: Aeromonas spp., 95%; Agrobacterium spp. 28%; 
Alcaligenes spp., 84%; Chryseobacterium spp., 43%; Coma
monas spp., 100%; Ochrobactrum anthropi, 11%; Ralstonia 

Table 30.5. Minimal inhibitory concentrations and susceptibilityof ceftazidime vs. clinical populations of nonenterobacterial Gram-negative 
organisms collected during the SENTRY, MYSTIC, and other multicenter studies

Organism Location
Site of 
infection

Year of 
collection

MIC (μg/ml)
S 

(%) ReferenceMIC50 MIC90

Acinetobacter spp. North America Mixture 2005 4 > 16 60.8 Rhomberg (2007)

Latin America Mixture 1997–2001 > 16 > 16 28.5 Tognim (2004) 

BSI 1997–2000 > 16 > 16 39.0 Sader (2003)

RT 1997–2000 > 16 > 16 16.7 Gales (2002)

America + Europe Mixture 2004 4 > 16 65.6 Fedler (2006)

H. influenzae North America BSI, RT 1998–2004 ≤ 0.25 ≤ 0.25 99.9 Jones (2007)

Pacific-Africa RT 1998–1999 ≤ 0.25 ≤ 0.25 99.8 Bell (2002)

M. catarrhalis North America BSI, RT 1998–2004 ≤ 0.25 0.5 NC Jones (2007)

N. gonorrhoeae Europe STDs 2003 ≤ 0.12 ≤ 0.12 ND Loza (2003)

P. aeruginosa North America Mixture 2005 2 16 86.9 Rhomberg (2007)

BSI, RT 1998–2004 2 16 87.3 Jones (2007)

RT 2000 4 > 16 78.3 Hoban (2003)

SST 2000 2 16 90.1 Rennie (2003)

UTI 1998 4 > 16 85.9 Mathai (2001)

Latin America BSI 1997–2000 4 > 16 69.4 Sader (2003)

RT 1997–2000 4 > 16 61.2 Gales (2002)

UTI 2003 4 > 16 67.9 Andrade (2006)

Europe SST 1998–2004 4 > 16 76.6 Moet (2007)

Mixture 2004 2 > 16 85.1 Fedler (2006)

Asia-Pacific UTI 1998–1999 4 > 16 77.4 Turnidge (2002)

S. maltophilia World BSI, RT 1997–2003 8 > 16 NC Sader (2005b)

America + Europe Mixture 2004 16 > 16 NC Fedler (2006)

Note: Susceptibility according to the CLSI criteria at the time of the studies.
Abbreviations: S: susceptibility; BSI: bloodstream infection; RT: respiratory tract infection; NC: no criteria have been established by the CLSI; STDs: sexual trans-

mitted diseases; ND: not determined; SST: skin-soft tissue infection; UTI, urinary tract infection.
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Table 30.6. Minimum inhibitory concentrations and susceptibility of ceftazidime vs. clinical populations of Gram-negative 
Enterobacteriaceae collected during the SENTRY, MYSTIC and other multicenter studies

Organism Location
Site of 
infection

Year of 
collection

MIC (μg/ml)

S (%) ReferenceMIC50 MIC90

Citrobacter spp. North America Mixture 2005 0.25 > 16 80.1 Rhomberg (2007)

World Mixture 2000–2004 ≤ 1 > 16 83.8 Deshpande (2006)

Enterobacter spp. North America Mixture 2005 0.25 > 16 76.3 Rhomberg (2007)

BSI, RT 1998–2004 ≤ 1 > 16 78.4 Jones (2007)

SST 2000 0.25 > 16 81.5 Rennie (2003)

UTI 1998 0.5 > 16 71.1 Mathai (2001)

Latin America BSI 1997–2000 0.5 > 16 68.4 Sader (2003)

RT 1997–2000 0.5 > 16 63.4 Gales (2002)

Europe Mixture 1997–1998 0.25 > 16 78.4 Nijssen (2004)

SST 1998–2004 ≤ 1 > 16 72.8 Moet (2007)

America + Europe Mixture 2004 ≤ 1 > 16 73.2 Fedler (2006)

Asia-Pacific UTI 1998–1999 4 > 16 51.2 Turnidge (2002)

E. coli North America Mixture 2005 ≤ 0.12 0.5 95.1 Rhomberg (2007)

BSI, RT 1998–2004 ≤ 2 ≤ 2 98.6 Jones (2007)

SST 2000 ≤ 0.12 0.5 92.9 Rennie (2003)

UTI 1998 0.25 0.5 98.7 Mathai (2001)

Latin America BSI 1997–2000 0.25 0.5 93.4 Sader (2003)

UTI 2003 ≤ 1 ≤ 1 98.3 Andrade (2006)

Europe Mixture 1997–1998 ≤ 0.12 0.25 98.1 Nijssen (2004)

SST 1998–2004 ≤ 1 4 93.2 Moet (2007)

Mixture 2004 ≤ 1 ≤ 1 95.5 Fedler (2006)

Asia-Pacific UTI 1998–1999 4 > 16 51.2 Turnidge (2002)

Klebsiella spp. North America Mixture 2005 ≤ 0.12 > 16 87.1 Rhomberg (2007)

BSI, RT 1998–2004 ≤ 2 ≤ 2 95.1 Jones (2007)

RT 2000 ≤ 0.12 0.5 96.6 Hoban (2003)

SST 2000 ≤ 0.12 2 88.7 Rennie (2003)

UTI 1998 0.25 0.5 93.4 Mathai (2001)

Latin America BSI 1997–2000 1 > 16 52.7 Sader (2003)

RT 1997–2000 0.5 > 16 63.1 Gales (2002)

UTI 2003 ≤ 1 16 88.4 Andrade (2006)

Europe Mixture 1997–1998 < 0.12 > 16 81.3a Nijssen (2004)

America + Europe Mixture 2004 ≤ 1 > 16 79.7 Fedler (2006)

Asia-Pacific UTI 1998–1999 0.25 > 16 82.2 Turnidge (2002)

Indole-positive Proteus North America Mixture 1998–2003 ≤ 2 16 89.1 Sader (2005a)

P. mirabilis North America Mixture 2005 ≤ 0.12 ≤ 0.12 100 Rhomberg (2007)

UTI 1998 ≤ 0.12 ≤ 0.12 96.0 Mathai (2001)

Latin America UTI 2003 ≤ 1 ≤ 1 100 Andrade (2006)

Europe Mixture 1997–1998 ≤ 0.12 1 95.3 Nijssen (2004)

America + Europe Mixture 2004 ≤ 1 ≤ 1 96.3 Fedler (2006)

Salmonella spp. North America Mixture 1998–2003 ≤ 2 ≤ 2 96.0 Sader (2005a)

America + Europe Mixture 2004 ≤ 1 ≤ 1 100 Fedler (2006)

Serratia spp. North America Mixture 2005 ≤ 0.12 0.25 97.8 Rhomberg (2007)

America + Europe Mixture 2004 ≤ 1 ≤ 1 100 Fedler (2006)

aIncludes only K. pneumoniae.
Abbreviations: S: susceptibility; BSI: bloodstream infection; RT: respiratory tract infection; SST: skin-soft tissue infection; UTI: urinary tract infection.
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pickettii, 33%; and Sphingomonas paucimobilis, 71% (Sader et 
al., 2005b). 

Wild-type and clinical isolates of H. influenzae appear 
fully susceptible to ceftazidime (Tables 30.4 and 30.5). In 
regard to Moraxella catarrhalis, no interpretative criteria 
have been established, and clinical data are insufficient (Table 
30.1). No CLSI and EUCAST criteria have been established 
for ceftazidime against N. meningitidis (Table 30.3). Accord-
ing to the CLSI criteria, N. gonorrhoeae appears frequently 
susceptible to ceftazidime, but data regarding clinical strains 
are scarce (Table 30.5). 

ANAEROBIC BACTERIA

Most anaerobes are resistant to ceftazidime. Clostridium spp. 
show high MICs values for ceftazidime (Table XX.3) (Larsson 
et al., 1985; Steyaert et al., 1999; Loza et al., 2003). Pepto
streptococcus spp. also show MICs for ceftazidime that are 
markedly elevated (MIC90 ≥ 16 μg/ml) (Kuriyama et al., 
2002; Loza et al., 2003). Data regarding the remaining Gram-
positive anaerobes are scarce. The activity of ceftazidime 
appears moderate against Gram-negative anaerobes, such as 
Fusobacterium and Prevotella spp., whereas B. fragilis and 
other Bacteroides spp. are resistant (Kuriyama et al., 2002; 
Loza et al., 2003). 

OTHER BACTERIA

Ceftazidime is inactive against Chlamydia, Mycoplasma, and 
Rickettsia.

2b.  Emerging resistance and 
cross-resistance

Ceftazidime-resistant P. aeruginosa strains can be selected in 
vitro by exposing the organism to various concentrations of 
ceftazidime (Piddock and Traynor, 1991; Bage et al., 2000). 
Such strains can also arise when ceftazidime is used for infec-
tions in experimental animals (Bayer et al., 1987; Pechere 
and Vladoianu, 1992; Fantin et al., 1994), and they can also 
arise during treatment in humans (King et al., 1983; Paterson 
and Bonomo, 2005). When the drug is used widely in a hos-
pital setting, P. aeruginosa–resistant strains (and some other 
Gram-negative bacteria such as Enterobacter spp.) become 
more prevalent (Lee et al., 1999; Paterson and Bonomo, 
2005). Once restrictions are placed on the use of ceftazidime 
and other cephems, susceptibility of P. aeruginosa isolates 
partially recovers (Gruson et al., 2000; Regal et al., 2003; 
Brahmi et al., 2006).

The main mechanism of resistance against ceftazidime 
appears to be production of a variety of types of beta- 
lactamase (Livermore, 1995). The amount of AmpC beta- 
lactamase produced depends on chromosomal mutation or 
enzyme induction. Many beta-lactam antibiotics can act as 
inducers. When these enzymes are overproduced, they can 
slowly inactivate ceftazidime and most other beta-lactams, 
with the exception of carbapenems (Rossolini and Manten-
goli, 2005). An overall low permeability of the outer mem- 

brane, and the presence of a number of active multidrug efflux 
systems, may also play an important role in the resistance of 
ceftazidime. However, ceftazidime appears less affected by 
these mechanisms than other beta-lactam antibiotics (Rosso-
lini and Mantengoli, 2005).

The acquisition of beta-lactamase genes by horizontal 
transfer from other bacteria can be responsible for ceftazi-
dime resistance. From this point of view, the acquired beta- 
lactamases found in P. aeruginosa can belong to four different 
groups: (1) narrow-spectrum enzymes (e.g. PSE-type and 
OXA-type enzymes), which have no significant activity 
against ceftazidime; (2) extended-spectrum beta-lactamases 
(e.g. PER-1, VEB-1, GES-1/2, TEM-type, SHV-type, and 
OXA-type enzymes), which can actively degrade ceftazidime; 
(3) metallo-beta-lactamases (e.g. NDM-type, IMP-type, VIM- 
type, SPM-type, and GIM-type enzymes), which efficiently 
degrade virtually all antipseudomonal beta-lactams but not 
aztreonam; and (4) Klebsiella pneumoniae carbapenemase 
(KPC) type beta-lactamases. Members of the last three groups 
are the most worrisome from the clinical standpoint due to 
their progressive dissemination in the clinical setting (Rosso-
lini and Mantengoli, 2005). In particular, the simultaneous 
presence of an extended-spectrum beta-lactamase (ESBL) 
and a metallo-beta-lactamase (MBL) can result in a pheno-
type of resistance to all antipseudomonal beta-lactams, includ-
ing ceftazidime (Docquier et al., 2001; Jovcic et al., 2011).

2c.  In vitro synergy and antagonism

Although synergy can be demonstrated in vitro between 
ceftazidime and aminoglycosides, the clinical significance of 
this phenomenon is not clear.

3. MECHANISM OF DRUG ACTION

Like other beta-lactams, the mechanism of action of ceftazi-
dime is via inhibition of cell wall synthesis. Ceftazidime 
binds to penicillin-binding proteins (PBPs), inhibiting pep-
tidoglycan synthesis and compromising the integrity of the 
bacterial cell wall, leading to cell lysis. It possesses an R1 side 
chain with a 2-aminothiazole group, increasing its affinity for 
PBP3 and making it less susceptible to hydrolysis by some 
serine beta-lactamases (Neu and Labthavikul, 1982).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Ceftazidime is given by either the intramuscular (i.m.), or, 
much more commonly, the intravenous (i.v.) route. The 
 following scheduled dosages can be used for ceftazidime 
treatment:

Uncomplicated urinary tract infections: 250–500 mg i.v. 
every 12 hours

Bone and joint infections: 2 g i.v. every 8–12 hours
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Complicated urinary tract infections: 500 mg to 1 g i.v. or 
i.m. every 8 to 12 hours

Uncomplicated pneumonia, mild skin, and skin-structure 
infections: 500 mg to 1 g i.v. or i.m. every 8 hours

Serious gynecologic and intraabdominal infections, menin-
gitis, and very severe life-threatening infections, especially 
in immunocompromised patients: 2 g i.v. every 8 hours 

Lung infections caused by non-fermenting Gram-negative 
bacilli in patients with cystic fibrosis with normal renal 
function: 30–50 mg/kg i.v. every 8 hours, with a maxi-
mum of 6 g/day. 

In all cases individual doses in excess of 1 g should be admin-
istered i.v.

4b.  Newborn infants and children

The usual dosage range for children older than 12 months is 
25–150 mg/kg/day given every 8 hours (up to a maximum of 
6 g/day). The maximum daily dosage may be given to chil-
dren who have very serious infections, such as those who 
are immunocompromised or who suffer from cystic fibrosis 
or septicemia and meningitis. Neonates and infants up to 
12 months old can be treated with 25–100 mg/kg/day every 
12 hours. It should be noted that in neonates the serum half-
life of ceftazidime might be three to four times greater than 
that measured in adults. Because the serum half-life of cef-
tazidime in newborn babies is prolonged during the first 
2 weeks of life, a maximum dosage of 50 mg/kg/day every 12 
hours should be used. Thereafter, ceftazidime clearance rap-
idly increases with increase in postnatal age. After 2 weeks of 
age the dosage of the drug may need to be increased, and 
after 4 weeks of age the dosage recommended for children is 
appropriate (Rusconi et al., 1984; Rodriguez et al., 1985; 
Hatch et al., 1986; Granowetter et al., 1988; Saha et al., 1993; 
Lutsar and Friedland, 2000). Little data exist on how to opti-
mize dosing in premature neonates.

4c.  Pregnant and lactating mothers

Ceftazidime is considered category B by the FDA in regard to 
use in pregnancy. There are no published recommendations 
for dosing changes during pregnancy. In 11 puerperal women 
given ceftazidime 2 g i.v. every 8 hours for 5 days for endo-
metritis, the mean trough and peak breast milk levels were 
3.8 and 5.2 µg/ml, respectively (Blanco et al., 1983). This is 
compatible with safe use during breastfeeding.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

In patients with impaired renal function, dosage reduction is 
necessary because the elimination rate of ceftazidime is con-
siderably decreased. An excellent linear correlation between 
creatinine clearance (CrCl) and ceftazidime clearance in 
patients with different levels of renal failure has been demon- 

strated (Leroy et al., 1984; Ackerman et al. 1984). For exam-
ple, for patients with CrCl of 113, 75, 37, or 6 ml/minute 
the related ceftazidime clearances were respectively 154, 85, 
58, and 17 ml/minute. In addition, increased half-life (1.2, 
1.5, 3.8, and 11.9 hours, respectively), and decreased mean 
serum peak (251, 135, 211, and 185 mg/l, respectively) were 
observed in patients with renal impairment (Leroy et al., 
1984; Ackerman et al. 1984). 

As a result, dosage reduction should be performed for 
patients with renal impairment when compared to regimens 
used for adults with normal renal function. A variety of rec-
ommendations have been made. For instance, in patients 
with CrCl of 45, 18, and 8 ml/minute, Hoffler et al. (1983) 
suggest the normal dosage should be reduced to 50%, 20%, 
and 12.5%, respectively. Alteration of the dosing frequency 
may be more appropriate; the interval depends on the renal 
function. For example, patients with a CrCl > 50 ml/minute 
should be treated with ceftazidime every 8 hours; those with 
a CrCl of 30–50 ml/minute, every 12 hours; those with a 
CrCl of 15–30 ml/minute, with every 24 hours, and those 
with a CrCl < 15 ml/minute, every 36–48 hours (Leroy et al., 
1984; Welage et al., 1984). It should be noted that when cef-
tazidime is given together with tobramycin to patients with 
renal failure there is a slight further decrease in ceftazidime 
elimination, but no further alteration in dosing is necessary 
(Aronoff et al., 1990).

In infected patients undergoing peritoneal dialysis, cef-
tazidime may be given by either the i.v. or intraperitoneal 
route (Dumler et al., 1998). A dose of 500 mg every 24 hours 
by catheter, with an extra 500 mg at the end of peritoneal 
dialysis, was recommended for such patients (Tourkantonis 
and Nicolaidis, 1983). In another study, seven patients were 
given 1 g of ceftazidime i.v., and 1 week later the same dose 
was given intraperitoneally. Inspection of the concentration 
vs. time data after intraperitoneal dosing demonstrated that 
serum ceftazidime concentrations reached therapeutic (> 8 
µg/ml) levels within 30 minutes and remained in the thera-
peutic range for 24 hours. Simulation of a variety of ceftazi-
dime dosing regimens using the mean pharmacokinetic 
parameters from this population of patients suggests that a 
regimen of 1.5 g administered intraperitoneally every 24 hours 
produces trough serum drug concentrations (approximately 
40 µg/ml) similar to those achieved with a standard regimen 
of 1 g given i.v. every 24 hours in patients undergoing contin-
uous ambulatory peritoneal dialysis. It was concluded that 
the intraperitoneal dosing of ceftazidime in these patients is 
an equally effective and a more convenient alternative to its 
administration (Stea et al., 1996). 

Continuous renal replacement therapy (CRRT) is now 
commonly used as a means of support for critically ill 
patients with renal failure. The pharmacokinetics of drug 

removal in critically ill patients receiving CRRT is very com-
plex, with multiple variables affecting clearance (Trotman et 
al., 2005). On the basis of three studies involving critically 
ill patients, a ceftazidime dosage of 1–2 g every 12 hours 
is appropriate for most patients receiving continuous veno-
venous hemofiltration (CVVH), and 2 g every 12 hours is 
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appropriate for patients receiving continuous venovenous 
hemodialysis (CVVHD) or receiving continuous venovenous 
hemodiafiltration (CVVHDF) (Traunmuller et al., 2002; 
Matzke et al., 2000; Sato et al., 1999). In another study, a dos-
ing regimen of 3 g every 24 hours by continuous infusion 
(CI), following a 2-g loading dose, appeared adequate for crit-
ically ill patients undergoing CVVHDF (Mariat et al., 2006). 

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

There is no need to adjust dosage in the presence of hepatic 
dysfunction.

OLDER ADULTS

The pharmacokinetic of ceftazidime has been investigated 
after single and multiple i.v. doses in young healthy volunteers 
and elderly patients with acute bacterial infections. Elderly 
patients had longer half-life (3.1 hours vs. 1.9 hours), and 
reduced urinary recovery over 12 hours (71.7%) (Ljungberg 
and Nilsson-Ehle, 1984; Ljungberg and Nilsson-Ehle, 1989). 
When ceftazidime was given 2 g i.v., a group of acutely ill but 
renally healthy, elderly patients demonstrated prolonged ter-
minal half-life, increased area under the curve, and reduced 
total and renal clearance compared to young, healthy volun-
teers. However, ceftazidime twice daily for 1 week did not 
result in any clinically significant accumulation (Ljungberg 
and Nilsson-Ehle, 1984). A multicenter, retrospective analy-
sis involving 11 US academic medical centers examined 221 
medical records of patients 65 years of age or older receiving 
ceftazidime. Renal insufficiency, defined as an estimated 
CrCl < 50 ml/minute, was present in 50% of the patients. 
Ceftazidime dosing in excess of product labeling recommen-
dations was noted in 68% of cases. The overall cost of excess 
ceftazidime dosing for those was $13,822. Therefore, cef-
tazidime is frequently overdosed in the elderly because renal 
function is not considered. Ceftazidime dose adjustment 
based on the estimated CrCl is advisable in elderly patients 
with an acute bacterial infection; this can lead to consider-
able cost savings (Vlasses PH, 1993).

PATIENTS WITH CYSTIC FIBROSIS 

Compared with a population of healthy volunteers, patients 
with CF have a higher mean clearance of ceftazidime, result-
ing in a relatively lower %t > MIC at different MICs. There-
fore, to obtain the same exposure to ceftazidime, the dose 
and/or frequency of dosing have to be increased (Mouton et 
al., 2005). Because the majority of pneumonia in CF patients 
is due to P. aeruginosa isolates showing high MICs against 
ceftazidime, to maintain adequate serum levels a dosage of 
i.v. 50–70 mg/kg every 8 hours plus i.v. tobramycin or amik-
acin is recommended (Canton et al., 2005). In fact, ceftazi-
dime monotherapy had no effect on sputum colony counts 
for B. cepacia, and many P. aeruginosa isolates (Reed et al., 
1987). It should be noted that a comparison of monotherapy 
with 150 mg/kg/day vs. 320 mg/kg/day (in both cases, every 
6 hours for 14 days) was not able to demonstrate significant 
differences between the two groups of patients (De Boeck 
and Breysem, 1998). 

PATIENTS WITH BURNS 

Ceftazidime is widely used to treat burn patients, but few 
data are available on its pharmacokinetics in this group 
(Weinbren, 1999). Rio et al. (1994) suggest that CI of ceftazi-
dime 6 g every 24 hours may be most advantageous to treat 
serious infections in burn patients. 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Ceftazidime is not bioavailable when given orally. The serum 
protein binding of ceftazidime is only 17% (O’Callaghan et 
al., 1980; Mulhall and de Louvois, 1985). 

5b.  Drug distribution

The pharmacokinetics of ceftazidime was investigated in 
human volunteers who received doses of 0.5, 1, and 2 g by a 
5-minute i.v. infusion. On average, the half-life of ceftazidime 
was 1.95 hours, the volume of distribution was 0.23 l/kg, and 
body clearance was 131 ml/minute. Mean serum levels after 
a dose of 1 g ceftazidime were 107, 4.4, 2.1, and 0.5 µg/ml 
after 10 minutes, 6 hours, 8 hours, and 12 hours, respectively. 
After a dose of 2 g, the mean serum levels were 181, 6.6, 3.8, 
1.1 µg/ml, respectively (Luthy et al., 1981). Two groups of 
patients with exacerbations of chronic bronchitis were treated 
with ceftazidime i.m. 1 g every 12 hours or 2 g every 8 hours 
for 10 days. The peak serum concentrations after the 2 dif-
ferent doses were 34.4 and 37.8 µg/ml, respectively and 
were reached between 30 and 60 minutes after the injections 
(Davies et al., 1983). 

In critically ill patients receiving 2 g of ceftazidime in a 
30-minute i.v. infusion followed by a CI of 4 g every 24 hours, 
the mean steady-state serum concentration after 2 days of 
treatment was 39.6 µg/ml (Boselli et al., 2004). For ceftazi-
dime given as an intermittent infusion (2 g i.v. every 8 hours), 
the mean peak and minimum serum concentrations were 
124 and 25 µg/ml, respectively. The same patients receiving a 
CI of ceftazidime (2 g i.v. loading dose followed by a 3 g CI) 
showed a steady-state serum concentration of 30 µg/ml 
(Benko et al., 1996). 

The pharmacokinetics of ceftazidime in patients with 
intraabdominal infections was analyzed during a prospective 
study in which 12 patients were randomized to receive either 
1 g i.v. followed by a 4.5 g i.v. CI or 1.5 g i.v. intermittent infu-
sion every 8 hours for 10 days. In regard to CI, on day 2 and 
4 the mean steady-state concentrations were 47 and 45 µg/ml, 
respectively. During the intermittent infusion, serum peak 
concentration was 89 µg/ml on day 2, and 104 µg/ml on 
day 4. The lowest serum concentration was 21 µg/ml for CI, 
and 6 µg/ml for intermittent infusion (Buijk et al., 2002). The 
pharmacokinetics profile of a 6-g CI of ceftazidime was 
assessed in 20 febrile neutropenic patients with acute myeloid 
leukemia. The mean steady-state ceftazidime concentration 
was 40 µg/ml from day 2 (Pea et al., 2005).
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In infected patients undergoing peritoneal dialysis after a 
bolus of 1 g i.v., mean serum levels at 0.25, 2, and 12 hours 
after the start of peritoneal dialysis were 50.6, 35.6, and 22.7 
µg/ml, respectively. When 1 g was given via an intraperito-
neal catheter, mean serum levels at 0.25, 2, and 8 hours were 
14.2, 40.0, and 32.5 µg/ml, respectively. In three patients 
given 200 mg ceftazidime in 2-l dialysis treatments for each 
of 12 cycles, mean serum levels increased from 1.3 µg/ml at 
1 hour to 25.3 µg/ml at 12 hours (Tourkantonis and Nicolaidis, 
1983). Other authors studied the pharmacokinetics of a 2-g 
loading dose followed by a 1.5-g dose every 48 hours in seven 
stable chronic peritoneal dialysis patients. The mean peak 
serum concentration was 60 µg/ml, and it was reached at 
4.9 hours. Mean serum values were 25 and 8 µg/ml at 24 and 
48 hours, respectively. The elimination half-life was 11.4 hours 
(Dumler et al., 1998).

Ceftazidime administered to premature neonates either 
i.m. or i.v. as a 1- to 2-minute bolus injection at a dosage of 
25 mg/kg every 12 hours produced peak serum concentra-
tions at 15 minutes and 1.45 hours of 77 and 56 µg/ml, 
respectively (Mulhall and de Louvois, 1985). Mean serum 
concentrations 15 minutes after the first and eighth ceftazi-
dime i.v. doses of 35 mg/kg every 8 hours given to six chil-
dren with CF (age range 5–14 years) were 97 and 110 µg/ml, 
respectively (Turner et al., 1984).

DISTRIBUTION OF THE DRUG IN THE BODY

Cerebrospinal fluid
The penetration of ceftazidime into the cerebrospinal fluid 
(CSF) was studied in patients after a 2-g i.v. bolus injection. 
In patients with normal meninges the penetration was less 
than 1 µg/ml. In patients with meningitis (n = 5) levels of 18, 
17, 16, 1, and 0.8 µg/ml were found (Walstad et al., 1983; JAC, 
1983). In a similar study, after 2- or 3-g i.v. doses that pro-
duced similar serum concentrations, CSF levels were substan-
tially lower in patients without meningitis (mean 0.8 µg/ml) 
than in those with meningitis (mean 22.6 µg/ml). There 
was no correlation between CSF penetration and either CSF 
pleocytosis or protein concentration (Fong and Tomkins, 
1984). Eight patients with noninflammatory occlusive hydro-
cephalus who had undergone external ventriculostomy were 
studied. Serum and CSF were drawn after the administration 
of the first dose of ceftazidime (3 g over 30 minutes i.v.). The 
concentrations of ceftazidime in the CSF were maximal at 
1–13 hours (median, 5.5 hours) after the end of the infu-
sion, and ranged from 0.7 to 2.8 µg/ml (median, 1.6 µg/ml). 
The elimination half-lives were 3.1–18.1 hours (median, 10.7 
hours) in CSF compared with 2.0–5.2 hours (median, 3.7 
hours) in serum. The maximum concentrations of ceftazi-
dime in CSF were approximately four times higher than 
those after the administration of 2-g i.v. doses of cefotaxime 
and ceftriaxone. The concentrations of ceftazidime observed 
in CSF were above the MICs for most P. aeruginosa strains. 
However, they are probably not high enough to be rapidly 
bactericidal (Nau et al., 1996). After a dose of 1 g of ceftazi-
dime in patients with ventriculostomies the maximum CFS 

concentration was 42–80 µg/ml, and the half-life in CFS was 
1.4–2 hours. In children receiving 50 mg/kg ceftazidime the 
CSF concentration was 1.5–8 µg/ml (Lutsar and Friedland, 
2000).

The penetration of ceftazidime into intracranial abscess 
was investigated in nine patients who were receiving i.v. cef-
tazidime in doses ranging from 0.5 to 2 g every 8 hours. 
Concentrations of ceftazidime varying between 2.7 and 27 
µg/ml were detected in the pus of the abscesses (Green et al., 
1989).

Eyes
The intraocular penetration of ceftazidime was studied 
 following i.v. injection of 50 mg/kg in rabbits after acute 
endophthalmitis had been unilaterally induced. The mean 
penetration into aqueous humor of the eyes with and with-
out endophthalmitis was 64% and 10%, respectively. In the 
vitreous body, the corresponding penetration was 5% and 
1% (Walstad et al., 1987). The concentration of ceftazidime 
was determined in the aqueous humor, and the vitreous 
body of normal, vitrectomized, and aphakic/vitrectomized 
eyes of rabbits 1 hour after i.v. injection of 100 mg/kg ceftazi-
dime. The intravitreal ceftazidime concentration was low 
(0.1–0.2 mg/l) in normal eyes 1 hour after injection, and high 
(8.7 mg/l) in vitrectomized and aphakic/vitrectomized eyes 
(Mochizuki et al., 1992).

In healthy volunteers the mean concentration of ceftazi-
dime into aqueous humor after a 1-g i.v. bolus injection was 
11 µg/ml, corresponding to a penetration ratio of 19% 
(Walstad et al., 1983). Ceftazidime 100 mg was given by sub-
conjunctival injection before vitrectomy to patients with 
uninfected eyes. Samples of vitreous were obtained by pars 
plana vitrectomy at intervals from 46 minutes to 4 hours 
after the subconjunctival injection. The median vitreous con-
centration of the drug was below the limit of detection (Barza 
et al., 1993). Penetration of ceftazidime into the vitreous cav-
ity after i.v. administration was investigated in another study. 
Because antimicrobial penetration varies with surgical status 
of the eyes and with inflammation, studies were conducted 
in phakic, aphakic, and aphakic, vitrectomized eyes in both 
normal and inflamed conditions. Ceftazidime 50 mg/kg was 
administered every 8 hours, and vitreous cavity concentra-
tions were tested at intervals from 2 to 72 hours after the 
initial dose. No penetration was found in control phakic 
and aphakic eyes, but drug concentrations were detected in 
inflamed eyes at 24 hours. Vitreous concentrations of ceftazi-
dime in aphakic, vitrectomized eyes reached levels well above 
the MICs for Pseudomonas spp. within 2 horus of adminis-
tration in control eyes (8.5 µg/ml) and inflamed eyes (35.4 
µg/ml) (Aguilar et al., 1995).

Lower respiratory tract
Penetration of ceftazidime into lung tissue of patients sub-
jected to pulmonary surgery was evaluated. Samples of lung 
tissue were taken 1 and 2 hours after antibiotic administra-
tion. The mean lung tissue levels in patients receiving a single 
i.v. injection of 1 g ceftazidime were 16.3 and 10 μg/g, 
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respectively. The percentage of penetration from serum was 
38.3% and 35.3%, respectively. For patients receiving 1 g cef-
tazidime every 8 hours the mean lung tissue concentrations 
were 12 and 8.5 μg/g, respectively; the percentage of penetra-
tion was 35.1% at 1 hour and 32.2% at 2 hours after the last 
dose (Perea et al., 1988). Two groups of patients with exacer-
bations of chronic bronchitis were treated with ceftazidime 
i.m. 1 g every 12 hours or 2 g every 8 hours for 10 days. The 
sputum concentrations after the two doses reached 3.0 μg/
ml after the 1-g dose, and 3.5 μg/ml after the 2-g dose 
(Davies et al., 1983). Thirty-three patients who developed 
nosocomial pneumonia postoperatively were treated with 
ceftazidime (4–6 g daily) for 7 days. The mean values of cef-
tazidime concentrations in bronchial secretions were: 2.9 μg/
ml at 15 minutes after infusion, 5.8 μg/ml at 1 hour, 10.2 μg/
ml at 2 hours, 7.1 μg/ml at 6 hours, and 5.2 μg/ml at 8 hours 
(Erttmann et al., 1990). The penetration of ceftazidime into 
pleural effusions was studied in patients after a 2-g i.v. bolus 
injection. Concentration of ceftazidime into pleural effu-
sions was 17–28 mg/l, corresponding to a mean penetration 
ratio of 38% (Walstad et al., 1983).

In a recent study, sputum samples were collected from 24 
chronically intubated ICU patients with purulent nosoco-
mial bronchopneumonia. Patients received 80 mg/kg ceftazi-
dime i.v. every 8 hours. The mean levels of the ceftazidime in 
the sputum during the second day of treatment and 6 hours 
after the last administration (< 0.5 μg/ml) did not reach the 
MICs for the bacteria isolated from the same samples (Klek-
ner et al., 2006). It is unlikely, however, that measurement of 
levels in sputum is the most appropriate way to assess pul-
monary penetration. In 15 critically ill patients with noso-
comial ventilator-associated pneumonia who received 2 g 
ceftazidime in a 30-minute i.v. infusion followed by a CI of 
4 g every 24 hours, the mean steady-state serum concentra-
tion after 2 days of treatment was 39.6 ± 15.2 μg/ml, whereas 
the epithelial lining fluid concentration was 20.6 ± 8.9%. 
These concentrations were in excess of the MICs of many 
susceptible organisms. However, for some pathogens such as 
P. aeruginosa, higher doses of ceftazidime should be admin-
istered to reach adequate concentrations, or another drug 
should be used in combination (Boselli et al., 2004). 

Concentrations of ceftazidime in bronchial secretions of 
patients with nosocomial pneumonia were investigated after 
i.v., endotracheal, and aerosol administrations. In all cases a 
1-g dose was administered. Very high concentrations were 
found in bronchial secretions after local administration. The 
mean peak concentrations after endotracheal and aerosol 
therapy were 12 and 2.2 μg/ml, respectively. The MICs for the 
most important pathogens responsible for nosocomial infec-
tions were exceeded by concentrations in bronchial secretion 
for up to 12 hours after i.v. infusion, and for up to 24 hours 
after endotracheal and aerosol administrations (Bressolle et 
al.,1992). 

In six children with CF, mean sputum concentrations of 
2.7 and 2.6 μg/ml, respectively, were found after the first and 
eighth dose of 35 mg/kg of ceftazidime (Turner et al., 1984). 
In another study of 14 patients with CF given a similar dose, 

the maximum sputum concentration usually obtained 1 hour 
after the infusion, ranged from 0.7 to 9.8 μg/ml (Strandvik 
et al., 1983). In CF patients receiving CI of 100 mg/kg every 
24 hours, the steady-state ceftazidime serum concentration 
was 28.4 μg/ml. Sputum concentrations were in the range of 
0.5–13 μg/ml (Vinks et al., 1997).

Heart valves and vegetations
In an animal study, rabbits with combined tricuspid and aor-
tic endocarditis due to P. aeruginosa received single i.v. doses 
of ceftazidime (50 mg/kg). The antibiotic penetrated much 
better into tricuspid than aortic valve vegetations, and the 
times above the minimal bactericidal concentration for tricus-
pid vegetations were significantly longer than those achieved 
within aortic vegetations (Bayer et al., 1988). Humans under-
going open-heart surgery, were given an i.v. bolus injection of 
2 g ceftazidime over 5 minutes. Ceftazidime concentrations 
in cardiac valvular tissue were 37.4 µg/g soon after adminis-
tration of the antibiotic, and this declined to 6.3 µg/g within 
10 hours (Frank et al., 1987).

Bile and gallbladder
A small amount of ceftazidime is excreted via the bile. After 
a 2-g i.v. dose the 12 hours biliary recovery was 0.2%. After 
1  hour, the respective concentrations in choledochal cyst 
and gallbladder bile were 78.3 and 17.9 µg/ml, respectively 
(Brogard et al., 1987). Ceftazidime 1 g i.v. was given to 16 
patients with cholelithiasis 1 hour before the operation. 
Mean concentrations in bile and gallbladder were 32 μg/ml 
and 9 µg/g, respectively (Shiramatsu et al., 1988). 

Ascitic and peritoneal fluid
After ceftazidime was given as a 1-g i.v. bolus dose over 2 
minutes to patients with ascites, the drug rapidly diffused 
into the peritoneal space and concentrations > 10 μg/ml 
persisted for at least 6 hours (Benoni et al., 1985). The drug 
penetrates well into normal peritoneal fluid of patients 
undergoing elective abdominal surgery, where a concentra-
tion of approximately 66% of the serum level is attained 
(Corbett et al., 1985).

In patients who underwent peritoneal dialysis after a  
1-g i.v. bolus dose, mean peak level in peritoneal fluid was 
13.2 µg/ml, approximately 3 hours after the start of dialysis 
(Tourkantonis and Nicolaidis, 1983). Peritoneal exudate 
concentrations of ceftazidime were analyzed in patients with 
intraabdominal infections. On days 2 and 4 after CI (1 g i.v. 
followed by a 4.5 g i.v.), the mean steady-state concentrations 
were 22 and 27 µg/ml, respectively. During intermittent infu-
sion (1.5 g i.v. bolus every 8 hours), exudate peak concentra-
tions were 11–16 µg/ml on day 2 and 7–25 µg/ml on day 4 
(Buijk et al., 2002). 

Pancreas
Penetration of ceftazidime into pancreatic juice, into healthy 
and chronically inflamed pancreatic tissue, and into necrotic 
regions in cases of severe acute pancreatitis was investigated. 
A mean peak concentration of 12.9 µg/ml was found 60 
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minutes after i.v. administration of 35 mg/kg of the drug, 
which is 32% of the corresponding serum levels. Pancreatic 
tissue concentrations varied between 9% and 79% of the cor-
responding serum levels, depending on the stage of inflam-
mation. After 5 days of antibiotic treatment with doses of 2 g 
every 8 hours, concentrations between 1.8 and 6.9 µg/g were 
detected, even in pancreatic necroses. This suggests that suf-
ficient antibacterial levels of ceftazidime were present in all 
pancreatic compartments analyzed after administration of 
common therapeutic dosages (Drewelow et al., 1993).

Prostate
After a 2-g i.v. dose, prostatic tissue taken at 1, 1.5, 4, and 7 
hours after dosing had levels of 10.1, 6, 3.6, and 2.5 µg/g, 
respectively (Abbas et al., 1985). Penetration of ceftazidime 
(1 g i.v.) was evaluated in patients with prostatic hypertro-
phy. Based on the time of the administration, the patients 
were divided into three groups (60, 120, and 240 minutes 
before the intervention). The mean concentrations in the 
prostatic tissue were 23, 18, and 11 µg/g, respectively (Morita 
et al., 1991).

Uterus
When an i.v. bolus injection of 2 g ceftazidime was given over 
5 minutes at varying times before hysterectomy, peak tissue 
concentrations were reached 1–2 hours later and were approx-
imately 19 µg/ml for myometrium, endometrium, and sal-
pinges. They remained above 8 µg/ml for at least 5 hours 
(Daschner et al., 1983). In another study, penetration of cef-
tazidime into uterine tissues was studied and, following an 
i.v. bolus dose of 1 g, concentrations in various parts of the 
uterus averaged 36–57 µg/g at 11–26 minutes. Concentrations 
in intrapelvic fluid in patients undergoing radical hysterec-
tomy averaged 37 µg/ml at 30 minutes after an i.v. bolus 
injection of 1 g, and 23 µg/ml at 30 minutes after completion 
of a 60-minute CI (Takase, 1983).

Bone
In one study patients undergoing arthroplasty received cef-
tazidime 1 g i.v. at the time of induction of anesthesia, fol-
lowed by two doses of 0.5 g i.m. 6 and 12 hours later. The 
mean bone ceftazidime concentration showed a general rise 
toward a maximum of approximately 20 µg/g when the 
interval between antibiotic injection and removal of bone 
sample was 35–40 minutes (Leigh et al., 1985). A total of 
10  patients received ceftazidime 2 g i.v. before undergoing 
lower-extremity amputation for ischaemia. The median con-
centration in the midfoot was 4.8 µg/g, and was higher than 
the median concentration in the forefoot (3.1 µg/g). In the 
majority (> 90%) of bone samples taken from sites with gan-
grenous skin, the ceftazidime concentration was > 1.8 µg/g 
bone (Raymakers et al., 1998).

Skin
The pharmacokinetics of ceftazidime in serum and suction 
blister fluid was investigated during intermittent and contin-
uous infusion in healthy male volunteers in a crossover study. 

The total daily dose was 75 mg/kg every 24 hours in both 
regimens, given 25 mg/kg every 8 hours or 60 mg/kg every 
24 hours with 15 mg/kg as a loading dose in CI. In both cases, 
the penetration of ceftazidime in the blister fluid samples 
obtained after 1.5 hours was ~ 100%. Ceftazidime concentra-
tion showed a decline parallel to that of the serum. The con-
centration in the blister fluid samples obtained at 2.5 hours 
was significantly higher (> 27%) than serum. This may indi-
cate that blisters behave as a separate compartment probably 
due to the lower protein binding in the blister fluid (Mouton 
et al., 1990). 

Rio et al. (1994) compared serum ceftazidime concentra-
tions in healthy subjects and severe burn patients undergoing 
CI. Each group was subdivided to receive either 4 or 6 g/day 
of ceftazidime by infusion. Serum concentrations after either 
dosage in burns patients were 18–43% lower than in healthy 
subjects. Walstad et al. (1988) studied the pharmacokinetics 
of ceftazidime in patients with burns. The surface area of the 
burns ranged from 20% to 80%. Two prophylactic doses of 
ceftazidime were administered as 1-g i.v. bolus injections 
every 8 hours. Tissue and burn blister fluid concentrations 
ranged from 3 to 40 to µg/g. The mean CrCl was 108 ml/
minute, and the average time from burn injury to adminis-
tration of ceftazidime was 3.5 days (the acute phase). The 
volume of distribution was substantially increased, as was 
the elimination half-life. No correlation between the glomer-
ular filtration rate (estimated by the CrCl) and the total clear-
ance of ceftazidime was found. The authors explained these 
results by the loss of ceftazidime through the wounds. This 
hypothesis is suggested by the increase of the nonrenal clear-
ance, particularly in patients with a high burn surface area 
(Walstad et al., 1988). Comparable results were obtained in a 
more recent analysis of 50 burn patients (Conil et al., 2007). 

However, different results were recorded in another study 
in which the average time from burn injury to administra-
tion of ceftazidime was 31.7 days (the hypermetabolic phase) 
(Dailly et al., 2003). In spite of the higher renal elimination 
usually observed during the hypermetabolic phase com-
pared with the acute phase, the total ceftazidime clearance 
observed during the second study was lower (Dailly et al., 
2003). This could be explained by a relative decrease in the 
nonrenal clearance, through the burn surface observed in the 
early period after burn injury. Indeed, no relationship between 
the size of burn and the ceftazidime clearance was found. 
Consequently, the relationship between ceftazidime clearance 
and the glomerular filtration rate could have been restored. 
This relationship appears through the influence of creatinine 
plasma concentration as a covariate of ceftazidime clearance. 
The elevated volume of distribution observed could be 
explained by an increase in the extracellular fluid volume. To 
compensate for the hypovolemia observed during the acute 
phase of the injury, large quantities of fluid are exogenously 
administered, expanding extracellular fluid volume and 
resulting in interstitial edema (Dailly et al., 2003). 

The differences between the studies Dailly et al. (2003) 
and Walstad et al. (1988) could be explained by the patholog-
ical changes between the acute phase of burn injury and the 
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hypermetabolic phase. Moreover, it should be noted that 
mechanical ventilation also has an influence on the pharma-
cokinetics of ceftazidime. The consequence of mechanical 
ventilation on ceftazidime disposition can be attributed to its 
effect on positive expiratory pressure, which could lead to a 
decrease in glomerular filtration rate and an increase in the 
secretion of antidiuretic hormone (ADH) responsible for the 
formation of edema. This could also explain the variation in 
the volume of distribution. Mechanical ventilation increased 
the peripheral volume of distribution by a factor of 2.5. The 
maximum variation in half-life (22%) was observed between 
the nonmechanically ventilated patients, whereas mechan-
ical ventilation increased the half-life by 15% (Conil et al. 
2007).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Because ceftazidime has concentration-independent killing, 
bacterial eradication is a function of the time the serum drug 
concentration remains above the MIC of the infecting organ-
ism. In fact, it is well documented that clinical success is 
accomplished when adequate %t > MIC is achieved for infect-
ing organisms. For ceftazidime and other cephalosporins, 
the cumulative fractions of response (CFR) for bacteriostatic 
and bactericidal targets (%t > MIC) are ≥ 40% and 70%, 
respectively (Craig, 1998). 

The percentage time that the free drug concentration 
remains above the MIC was calculated using a pharmaco-
kinetic-pharmacodynamic model for 2.408 Gram-negative 
strains. The highest CFR in ICU patients with pulmonary 
infections was reached with a dose of 2 g every 8 hours. 
In particular, the probabilities of achieving bacteriostatic/ 
bactericidal pharmacodynamic targets were 95/85% for 
Entero bacteriaceae, 95/83 for P. aeruginosa, and 83/49% 
for A. baumannii for doses of 2 g every 8 hours, whereas for 
doses of 1 g eight hours, they were 87/85%, 85/77%, and 
51/40%, respectively (Burgess and Frei, 2005). In another 
study, a dose of 2 g every 8 hours was able to reach a bacteri-
cidal CFR of only 75.3% for P. aeruginosa (Ludwing et al., 
2006). 

In the Optimizing Pharmacodynamic Target Attainment 
Using the MYSTIC Antibiogram (OPTAMA) study, a bacte-
ricidal CFR of 92.5% for regimens of 2 g every 8 hours was 
reached for both Gram-positive and Gram-negative patho-
gens responsible for pneumonia (Sun et al., 2005). In another 
OPTAMA study involving bacteremic isolates, bactericidal 
exposure of 94.2% and 71.7% were achieved for regimens of 
2 g and 1 g every 8 hours, respectively (Maglio et al., 2005). 
Higher probabilities of target attainment were also observed 
for E. coli and K. pneumoniae when dosages of 1 g every 8 
hours were used (bactericidal CFR of 92% and 78%, respec-
tively) (Kiffer et al., 2004). However, important differences 
were observed comparing epidemiological data obtained 
from different countries. For example, ceftazidime 1 g every 
8 hours was able to reach bactericidal CFR > 80% for K. 
pneumoniae isolates from northern and southern Europe but 

only 52% in eastern European countries (Masterton et al., 
2005). 

In a study by Nicolau et al. (1996) the serum bactericidal 
titers (SBTs) of ceftazidime given by CI or intermittent infu-
sion was evaluated against two clinical isolates each of P. 
aeruginosa (both MICs 4 μg/ml) and E. coli (MIC 0.25 and 
0.5 μg/ml) to determine if CI would allow lower daily dosing 
while still providing equal bactericidal activity compared 
with intermittent infusion. The ceftazidime regimens were 
1 g every 8 hours intermittent infusion, 1 g every 12 hours 
intermittent infusions, 3 g every 24 hours CI, and 2 g every 
24 hours CI. For both strains of E. coli, all four regimens pro-
vided SBTs ≥ 1:2 over the dosing interval and 100% t > MIC. 
The intermittent infusion regimens of 1 g every 8 hours and 
every 12 hours t > MIC of 82% and 52%, respectively, for 
both P. aeruginosa isolates. In comparison, the 2-g and 3-g CI 
regimens always maintained SBTs of ≥ 1:2 and t > MIC over 
the 24-hour period because mean serum drug concentra-
tions were 13 and 18 μg/ml, respectively. Therefore, CI opti-
mizes the pharmacodynamic and pharmacoeconomic profile 
of ceftazidime by providing adequate antibacterial activity 
over the 24-hours dosing period, with a reduction in the total 
daily dose of the antimicrobial agent (Nicolau et al., 1996). 

When beta-lactams are administered by CI, it can be 
assumed that optimal bactericidal killing is achieved when 
the steady-state concentration/MIC ratio (Css/MIC) is ≥ 4 
(Cappelletty 1995). In this context, pharmacodynamics of 
CI against pulmonary isolates of Gram-negative bacteria 
from patients managed in ICUs was recently evaluated. Monte 
Carlo simulation was performed by integrating pharmacoki-
netic data from healthy individuals with 2408 MICs from a 
2002 Intensive Care Unit Surveillance System database. 
These pharmacodynamic simulations suggested that CI regi-
mens of ceftazidime has the greatest likelihood of achieving 
pharmacodynamic targets against isolates of Enterobacteria-
ceae but it was not able to achieve pharmacodynamic targets 
against P. aeruginosa and A. baumannii when administered 
as monotherapy. For example, probabilities that the Css/MIC 
ratio will be ≥ 4 for CI of ceftazidime 3 g were Enterobac-
teriaceae, 83%; P. aeruginosa, 63%; and A. baumannii, 24% 
(Frei and Burgess, 2005).

Ellis et al. (2005) used a pharmacodynamic model to 
determine the likelihood of ceftazidime pediatric regimens 
(50 mg/kg every 8 hours) achieving bactericidal exposures 
against P. aeruginosa. A Monte Carlo simulation was per-
formed to predict attainment of pharmacodynamic targets 
against P. aeruginosa for this regimen in a population of 
10-year-olds in two pediatric institutions. The optimal regi-
men was defined as that providing ≥ 90% likelihood of attain-
ing target exposures. At institution 1, ceftazidime achieved 
bactericidal pharmacodynamic exposures, whereas at insti-
tution 2 it was not achieved (likelihood of target attainment 
of 92% and 65%, respectively). The findings highlight the dif-
ferences in target attainment and MIC distributions between 
institutions, emphasizing the importance of using institution- 
 specific data when selecting empiric antimicrobial therapy 
(Ellis et al., 2005).
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5d.  Excretion

The major route of excretion of ceftazidime is via the kid-
neys. Four to six hours after 0.5 and 1 g i.v. ceftazidime doses 
were administered, urinary levels of the drug were 120.9 and 
502.8 µg/ml, respectively. Urinary recovery rates during 24 
hours were 90.3% and 88.7%, respectively. As concomitant 
administration of probenecid did not alter either serum lev-
els or urinary recovery, the mechanism of renal excretion 
was considered to be mainly by glomerular filtration. No 
active metabolites were detected in urine (Saito, 1983). In 
patients receiving CI for 10 days (loading of 1 g i.v. followed 
by a 4.5 g) or intermittent infusion (1.5 g i.v. every 8 hours) of 
ceftazidime, the renal excretion was 59% and 51% on day 2, 
and 59% and 69% on day 4, respectively (Buijk et al., 2002).

5e.  Drug interactions

There are few clinically important drug interactions involv-
ing ceftazidime.

6. ADVERSE REACTIONS AND TOXICITY

Similar to other cephalosporins, ceftazidime is a drug with 
low toxicity. The most common adverse effects are local 
reactions after i.v. injection, allergic and gastrointestinal 
reactions. 

Local effects, reported in fewer than 2% of patients, were 
phlebitis and inflammation at the site of injection. Hyper-
sensitivity reactions, reported in 2% of patients, were pruritus, 
rash, and fever. Immediate reactions, generally manifested 
by rash and/or pruritus, occurred < 0.5% of patients. Toxic 
epidermal necrolysis, Stevens-Johnson syndrome, and ery-
thema multiforme have also been reported. Angioedema, 
anaphylaxis (bronchospasm and/or hypotension), severe 
allergic reactions (e.g. cardiopulmonary arrest), urticaria, 
and pain at injection site have been reported very rarely. 
Gastrointestinal symptoms, reported in fewer than 2% of 
patients, were diarrhea, nausea, vomiting, and abdominal 
pain (Foord, 1983; Pellicano et al., 1993; Pleasants et al., 
1994; Shahar et al., 2000; Thestrup-Pedrsen et al., 2000; 
Punchihewa et al., 2005). The onset of pseudomembranous 
colitis symptoms may occur during or after treatment. In 
fact, the extensive use of the third-generation cephalosporins 
has been well recognized as an important risk factor for C. 
difficile–associated disease (Spencer, 1998; Pepin et al., 2004; 
Loo et al., 2005). 

Central nervous system reactions (fewer than 1%) included 
headache, dizziness, and paresthesia. Seizures have been 
reported. In addition, encephalopathy, coma, asterixis, neu-
romuscular excitability, and myoclonus have been reported 
in renally impaired patients treated with unadjusted dosage 
regimens of ceftazidime (Foord, 1983; Jackson and Berkovic, 
1992; Martinez-Rodriguez et al., 2001). 

Other less frequent adverse events (fewer than 1%) were 
candidiasis (including oral thrush), and vaginitis. Rare cases 
of hemolytic anemia have been reported. Laboratory test 

changes noted during ceftazidime clinical trials were tran-
sient and included eosinophilia, positive Coombs test with-
out hemolysis, thrombocytosis, and slight elevations in one 
or more of the hepatic enzymes—aspartate aminotransferase 
(AST), alanine aminotransferase (ALT), lactate dehydroge-
nase (LDH), gamma-glutamyl transferase (GGT), and alka-
line phosphatase (ALP)) (Clumeck et al., 1983; Lundbergh et 
al., 1983; Mastella et al., 1983; van Dalen et al., 1983). As with 
some other cephalosporins, transient elevations of blood 
urea nitrogen, and/or serum creatinine were observed occa-
sionally. Transient leukopenia, neutropenia, agranulocytosis, 
thrombocytopenia, and lymphocytosis were seen very rarely 
(Eron et al., 1983; Kibbler et al., 1989). Hyperbilirubinemia, 
jaundice, renal impairment, colitis, toxic nephropathy, hepatic 
dysfunction including cholestasis, aplastic anemia, hemor-
rhage, prolonged prothrombin time, false-positive test for 
urinary glucose, and pancytopenia were reported very rarely 
(Foord, 1983; Chambers et al., 1991).

7. CLINICAL USES OF THE DRUG

7a.  Empiric treatment of fever in 
neutropenic oncology patients

Ceftazidime is active against most aerobic Gram-negative 
bacilli, including P. aeruginosa, and thus ceftazidime mono-
therapy has been widely used. However, in recent years, 
multidrug-resistant Gram-negative bacilli and methicillin- 
resistant Staphylococcus spp. have become more common in 
neutropenic oncology patients rendering the use of ceftazi-
dime monotherapy potentially unsafe in some circumstances 
(Ramphal et al., 1996; Picazo et al., 2005). The 2010 Infectious 
Diseases Society of America practice guideline for manage-
ment of fever in neutropenic patients no longer recommends 
ceftazidime monotherapy (Freifeld et al., 2011). The stated 
rationale is “many centers have found that ceftazidime is no 
longer a reliable agent for empirical monotherapy of fever and 
neutropenia because of its decreasing potency against gram- 
negative organisms and its poor activity against many gram- 
positive pathogens, such as streptococci” (Freifeld et al., 2011).

Typically, when ceftazidime is used in combination ther-
apy, aminoglycosides are used as the second agent. The addi-
tion of glycopeptides in empiric therapy is typically considered 
if a catheter-associated infection is suspected. If fever persists 
after 72–96 hours of first-line therapy with antibiotics, the 
regimen should be modified. In particular, in the high risk 
group, an additional systemic antifungal treatment should 
be considered (Rolston, 2005). 

Ceftazidime has been compared to piperacillin–tazo-
bactam as empiric therapy and has appeared to be slightly 
less effective than piperacillin–tazobactam in some of these 
studies. For example, in a recent study, ceftazidime was com-
pared with piperacillin–tazobactam for the empirical treat-
ment of febrile neutropenia in patients with acute leukemia 
or after autologous peripheral blood stem cell transplanta-
tion. Patients were randomized to receive i.v. ceftazidime 
(2 g every 8 hours) or piperacillin–tazobactam (4.5 g every 
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8 hours). Response to antibiotic treatment was seen in 55% 
and 53%, respectively. After the addition of vancomycin, a 
further 19% and 24% of patients became afebrile, respec-
tively (Harter et al., 2006). In another study, patients were 
prospectively randomized to receive ceftazidime (1 g every 
8 hours) plus tobramycin (1.5 mg/kg every 12 hours) or pip-
eracillin–tazobactam (4.5 g every 8 hours) plus tobramycin 
(1.5 mg/kg every 12 hours). Initial antibacterial therapy was 
successful more frequently with the regimen containing pip-
eracillin–tazobactam (54.4%) than with ceftazidime (37.6%) 
(Marie et al., 1999). In another study, neutropenic cancer 
patients were randomized to treatment either with pipera-
cillin/tazobactam (4.5 g every 8 hours) or ceftazidime (2 g 
every 8 hours) plus amikacin (15 mg/kg/day). No significant 
difference was found between the two regimens in terms of 
success rate (81% vs. 83%), empiric addition of vancomycin 
(42% vs. 38%), median time to fever defervescence (3.3 vs. 
2.9 days), or median duration of antibiotic therapy (7.2 vs. 
7.4 days) (Hess et al., 1998). The efficacy of piperacillin– 
tazobactam plus amikacin with that of ceftazidime plus 
amikacin was also evaluated. The antibiotic treatment was 
successful in 61% of episodes in the piperacillin–tazobactam– 
amikacin group compared with 54% of episodes treated with 
ceftazidime plus amikacin. A significant difference in response 
to bacteremic infections between the two patient groups was 
found: Piperacillin–tazobactam plus amikacin was success-
ful in 50%, and ceftazidime plus amikacin was successful in 
35% (Cometta et al., 1995).

Ceftazidime appeared to be as effective as cefepime for 
empiric treatment of febrile episodes in neutropenic cancer 
patients (Chandrasekar and Arnow, 2000; Mustafa et al., 
2001; Chuang et al., 2002). For example, a prospective, open 
label, randomized, comparative study was conducted in 
pediatric cancer patients to receive either i.v. cefepime or cef-
tazidime (both 50 mg/kg every 8 or 12 hours). After 72 hours 
of treatment, 82.8% of patients in the cefepime group contin-
ued with unmodified therapy, compared with 87.9% in the 
ceftazidime group. The overall success rate with unmodified 
empiric therapy in the cefepime group was comparable with 
that in the ceftazidime group. The response rate after glyco-
peptides were added to the regimens was 79.2% for the 
cefepime and 77.1% for the ceftazidime group (Chuang et al., 
2002). In another study, the efficacy of amikacin plus cefepime 
(2 g every 12 hours) or ceftazidime (2 g every 8 hours) was 
analyzed. The efficacy in both study arms was comparable, 
although a “trend” in favor of cefepime was seen in terms of 
therapeutic success. The overall response rate after glycopep-
tides were added to the regimens was 60% for the cefepime 
group and 51% for the ceftazidime group. The bacterial erad- 
ication rates were 81% vs. 76%, respectively, and the rates 
of new bacterial infections were 14% vs. 18%, respectively 
(Cordonnier et al., 1997). 

Monotherapy with ceftazidime does not seem to be as 
reliable a choice as meropenem for initial empirical antibiotic 
therapy (Feld et al., 2000; Vandercam et al., 2000). However, 
the administration with amikacin showed comparable clini-
cal results (de la Camara et al., 1997; Behre et al., 1998; Akova 

et al., 1999; Hung et al., 2003). For example, a prospective, 
double-blind, randomized clinical trial was conducted to 
compare meropenem and ceftazidime. Patients received i.v. 
administration of meropenem (1 g every 8 hours) or ceftazi-
dime (2 g every 8 hours). The rate of successful clinical 
response at the end of therapy was significantly higher for 
patients treated with meropenem than for those receiving 
ceftazidime (54% vs. 44%, respectively). Meropenem was sig-
nificantly more effective than ceftazidime in severely neutro-
penic patients, bone marrow transplant patients, and patients 
given antibiotic prophylaxis before study entry (Feld, 2000). 
In another study, patients with neutropenia and cancer were 
randomized to receive meropenem (1 g every 8 hours) or cef-
tazidime (2 g every 8 hours) plus amikacin (15 mg/kg/day). 
The overall success rates were 49% and 37.5%, respectively 
(Akova et al., 1999). Still, pediatric cancer patients were ran- 
domized to receive meropenem (40 mg/kg every 8 hours) or 
ceftazidime (50 mg/kg every 8 hours) plus amikacin (5 mg/
kg every 8 hours). The success rate was not significantly dif-
ferent between the meropenem group (72%) and the ceftazi-
dime plus amikacin group (57%). However, meropenem was 
significantly more effective than ceftazidime plus amikacin 
in children at high risk of developing severe infection who 
had profound neutropenia (Hung et al., 2003).

7b.  Serious bacterial infections, including 
bacteremia and pneumonia

Ceftazidime in a dose of 2 g i.v. every 8 hours has been found 
to be effective for the treatment of serious bacterial infec-
tions, such as bacteremia and pneumonia, which normally 
occur in the hospital setting (Eron et al., 1983; Clumeck et 
al., 1983; Maslow et al., 1983; Francioli et al., 1983). However, 
in the case of infections due to strains expressing high MICs 
against ceftazidime (e.g. ESBL and/or AmpC producers), 
standard therapeutic regimens might be unable to guarantee 
a good clinical outcome (Craig, 1998). 

Ceftazidime 1 or 2 g i.v. every 8 hours has the greatest 
likelihood of achieving a high probability of pharmaco-
dynamic targets against isolates of fully susceptible Entero-
bacteriaceae (Burgess and Frei, 2005). On the contrary, 
observational studies regarding E. coli and K. pneumoniae 
ESBL- and/or AmpC-producing strains recorded frequent 
treatment failures, mainly during bacteremia (Paterson et al., 
2001; Lautenbach et al., 2001; Wong-Beringer et al., 2002; 
Ho et al., 2002; Kang et al., 2004; Pai et al., 2004; Rodriguez-
Bano et al., 2006). In regard to other organisms, ceftazidime 
2 g every 8 hours is unlikely to achieve pharmacodynamic 
targets against P. aeruginosa, and this regimen is not able to 
reach adequate concentration for all A. baumannii isolates 
(Burgess and Frei, 2005; Ludwing et al., 2006). 

Taken together, these data suggest that ceftazidime should 
not be used for treatment of ESBL- and/or AmpC-producing 
organisms, particularly during serious infections (e.g. bac-
teremia and pneumonia). If used (e.g. for strains showing 
MICs < 2 µg/ml), it should be given at high dose concentra-
tion via continuous infusion. In fact, recent investigations 
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have shown that substitution of intermittent infusion with a 
CI of ceftazidime (4–6 g every 24 hours) consistently main-
tained a serum concentration conferring greater bactericidal 
activity, mainly against enterobacteria and P. aeruginosa (Frei 
and Burgess, 2005). 

However, even ceftazidime CI seems unable to achieve 
pharmacodynamic targets against P. aeruginosa isolates with 
high MICs (> 4 µg/ml), and all A. baumannii isolates (Frei 
and Burgess, 2005). Therefore, an association between cef-
tazidime and an aminoglycosides appears more certain for 
treatment of these kinds of serious infections (Schentag et 
al., 1997). 

In one multicenter study, piperacillin–tazobactam (3.375 g 
every 4 hours) plus tobramycin was shown to be more effec-
tive than ceftazidime (2 g every 8 hours) plus tobramycin 
(5 mg/kg/day) in the treatment of patients with nosocomial 
pneumonia. The clinical success rate was significantly greater 
in the piperacillin–tazobactam treatment group (74%) than 
in the ceftazidime group (50%) (Joshi et al., 1999). Efficacy 
of amikacin (7.5 mg every 12 hours) plus ceftazidime (2 g 
every 8 hours) or plus piperacillin–tazobactam (4.5 g every 
6 hours) was also compared in the treatment of nosocomial 
pneumonia in ICU patients. Clinical response at the end of 
antibiotic therapy was considered satisfactory in both cases: 
63.9% of patients in the piperacillin–tazobactam group and 
in 61.5% in the ceftazidime group (Alvarez-Lerma et al., 
2001). In addition, the efficacy of ceftazidime (1–2 g every 
8 hours) treatment was compared with cefepime (1–2 g every 
12 hours) in patients with hospital-acquired pneumonia; 
cure rates were 60% and 76%, respectively (Lin et al., 2001). 

7c.  Meningitis

Ceftazidime has historically been effective in H. influenzae, 
E. coli and other enterobacterial meningitis (Hatch et al., 
1986; Elliott et al., 1986). However, either cefotaxime or cef-
triaxone should be preferred. For P. aeruginosa meningitis 
ceftazidime is one of the drugs of choice, but an aminogly-
coside should be added in some cases (Fong and Tomkins, 
1985; Gopal and Burke, 1990; Rodriguez et al., 1990). 
Ceftazidime is unlikely to be effective in management of 
Acinetobacter meningitis.

7d.  Endocarditis

Human data regarding endocarditis are rare, and only a few 
clinical cases have been described. Successful therapy of 
P. aeruginosa endocarditis with ceftazidime and tobramycin 
has been observed (Cabinian and Kaatz, 1987). Ceftazidime 
and amikacin were administered in a P. aeruginosa rabbit 
endocarditis model using an i.v. infusion pump to simulate 
human serum concentrations for the following regimens: CI 
of 4, 6 or 8 g of ceftazidime every 24 hours or intermittent 
infusion of 2 g every 8 hours either alone or in combination 
with amikacin (15 mg/kg every 24 hours). The in vivo activi-
ties were tested on four P. aeruginosa strains. For a suscepti-
ble strain (MICs of ceftazidime and amikacin 1 and 2 µg/ml, 

respectively), CI of 4 g alone or with amikacin was as effec- 
tive as intermittent dosing with amikacin. For another clini-
cal isolate (MICs of ceftazidime and amikacin of 8 and 32 µg/
ml, respectively), CI of 6 g was equivalent to intermittent 
dosing. For a clinical isolate producing a TEM-2 beta-lact-
amases (MICs of ceftazidime and amikacin of 4 µg/ml), CI 
of 6 g, but not intermittent dosing, had a significant in vivo 
effect. For a clinical isolate hyperproducing AmpC enzymes 
(MICs of ceftazidime and amikacin 8 and 4 µg/ml, respec-
tively), neither CI nor intermittent dosing proved effective. 
Thus CI of the same total daily dose provides as significant 
activity as fractionated infusion (Robaux et al., 2001). 

7e.  Urinary tract infection

Cefepime and ceftazidime are equally safe and efficacious 
treatment for pyelonephritis among pediatric patients. The 
efficacy of cefepime was compared with that of ceftazidime 
for treatment of pyelonephritis in pediatric (both adminis-
tered i.v. at 50 mg/kg every 8 hours). Bacteriologic eradication 
was achieved in 96% and 94% of the cefepime and ceftazi-
dime groups, respectively. A satisfactory clinical response 
occurred in 98% and 96% of cefepime and ceftazidime 
patients, respectively (Schaad et al., 1998).

7f.  Melioidosis

Ceftazidime is often regarded as a drug of choice for meli-
oidosis. The best clinical performances have been obtained 
using an association with trimethoprim–sulfamethoxazole. 
Other cephalosporins are less active. Only carbapenems pro-
vided equivalent clinical results during large randomized 
trials (White, 2003; Chierakul et al., 2005).

7g.  Osteomyelitis

The cases of 28 patients who received ceftazidime for biopsy 
culture-proven osteomyelitis were reviewed. These cases all 
involved infection caused by Gram-negative aerobic bacilli, 
the most frequent agent (83% of patients) being P. aerugi
nosa. A regimen of 2 g every 12 hours was used for most 
patients. The overall cure rates were 77% (acute disease) and 
60% (chronic disease) (Bach and Cocchetto, 1987). 

7h.  Ear and sinus infections

In an Italian study, ceftazidime showed very substantial clin-
ical efficacy for otitis media, with positive results in 97% of 
cases treated, which is particularly significant if one considers 
that roughly 64% of the infections were caused by difficult 
Gram-negative bacteria (49% by Pseudomonas spp.) (Vellucci 
et al., 1987). The efficacy of ceftazidime was evaluated in 
children affected by chronic suppurative otitis media. For all 
cases the infection was caused by P. aeruginosa in vitro sensi-
tive to ceftazidime. Ceftazidime was administered at the dos-
age of 500 mg i.m. every 12 hours for 7–10 days. Complete 
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clinical cure and bacteriological eradication were observed 
in 67%, and clinical improvement in 23% (Esposito et al., 
2000). Severe P. aeruginosa sinusitis in HIV-infected patients 
has been successfully treated with ceftazidime plus gentami-
cin (O’Donnell et al., 1993).

CEFTAZIDIME–AVIBACTAM

1. DESCRIPTION

Ceftazidime–avibactam (Avycaz) is a combination agent con-
taining the semisynthetic third-generation cephalosporin 
ceftazidime with the non-beta-lactam (diazabicyclooctane) 
beta-lactamase inhibitor avibactam. Ceftazidime was intro-
duced into clinical practice in the 1980s with broad spectrum 
activity against Gram-positive cocci and Gram-negative 
bacilli, including Pseudomonas aeruginosa (discussed earlier 
in the chapter). The utility of third-generation cephalospo-
rins have become compromised by the increasing presence 
within Gram-negative bacilli of a variety of beta-lactamases 
(Bush and Fisher, 2011). Avibactam (previously known as 
AVE 1330A and NXL104) is a potent inhibitor of many beta- 
lactamases, protecting the substrate drug from hydrolysis by 
Gram-negative organisms producing Ambler class A and C 
beta-lactamases and some Ambler class D enzymes (Zhanel 
et al., 2013). It is the first diazabicyclo[3.2.1]octanone (DBO) 
beta-lactamase inhibitor to be developed for therapeutic use.

The molecular formula of avibactam sodium is 
C7H10N3O6SNa, and its chemical structure is shown in Fig-
ure 30.2. It has a molecular weight of 265.25 Da. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

No specific breakpoints for ceftazidime–avibactam have 
been set as yet by either the CLSI or EUCAST. For the pur-
pose of clinical trials, the FDA approved an MIC breakpoint 
for susceptibility to the combination of ≤ 8/4 for both 
Enterobacteriaceae and Pseudomonas.

GRAM-POSITIVE BACTERIA

Ceftazidime–avibactam possesses a limited spectrum of activ-
ity against Gram-positive pathogens similar to ceftazidime 
alone. Consistent activity has been shown against beta- 
hemolytic streptococci (Flamm et al., 2014a). Data are lim-
ited for other streptococcal species, including Streptococcus 
pneumoniae and S. viridans group. Ceftazidime alone has 
higher MICs for these organisms than those of other third- 
generation cephalosporins (Bell et al., 2002; Fritsche et al., 
2003). Data on activity against Staphylococcus species are 
sparse. In a global surveillance study of urinary isolates, only 
49% of Staphylococcus aureus strains had an MIC ≤ 8 µg/ml 
(Flamm et al., 2014a). Enterococcus species are inherently 
resistant to ceftazidime; this is unaffected by the addition of 
avibactam.

GRAM-NEGATIVE BACTERIA

The addition of avibactam to ceftazidime expands the 
Gram-negative spectrum of activity to include many 
Enterobacteriaceae resistant to ceftazidime alone (Table 30.7). 
Large-scale studies conducted in multiple regions globally 
have demonstrated high susceptibility rates for Enterobac-
teriaceae to ceftazidime–avibactam (Sader et al., 2014; 
Flamm et al., 2014a; Castanheira et al., 2015; Flamm et al., 
2014b; Levasseur et al., 2015; Aktas et al., 2012; Wang et al., 
2014; Walkty et al., 2011; Denisuik et al., 2015). A study of 
20,709 clinical isolates from US hospitals between 2011 and 
2013 showed nearly all of the Enterobacteriaceae strains 
tested were susceptible (20,698 of 20,709 [99.9%]). The addi-
tion of avibactam greatly improves (4- to 1,024-fold reduction 
in MIC) the activity of ceftazidime against most Enterobac-
teriaceae species, including Escherichia coli, Klebsiella spp., 
Enterobacter spp., Morganella morganii, and Citrobacter spp. 
This includes activity against ESBL-producing organisms and 
ceftazidime and carbapenem nonsusceptible isolates. In vitro 
susceptibility data of the activity of ceftazidime–avibactam 
against organisms producing characterized beta-lactamases 
demonstrate reliable activity against class A (CTX-M-14-like 
producers, CTX-M-15-like producers, sulfhydryl variable 
[SHV]–ESBLs) and class C (CMY-2-like producers, AmpC) 
beta-lactamases, essentially restoring wild-type MICs (Flamm 
et al., 2014c). Ceftazidime–avibactam has potent in vitro 
activity against KPC-producing Klebsiella pneumoniae (Li et 
al., 2015; Endimiani et al., PMID:19528274), though cases 
identifying resistance have already been reported (see sec-
tion 2b, Emerging resistance and cross-resistance). Its potent 
activity against KPC-producing K. pneumonia was also 
shown in two in vivo murine models of infection (Endimiani 
et al., PMID:21041503) Among 177 carbapenemase-produc-
ing Gram- negative bacilli, ceftazidime was found to be active 
against 93% of isolates, including all KPC-producing and 
most OXA-48-group-producing isolates, but not metallo- 
beta lactamase producers (Vasoo et al., 2015). In gentamicin- 
and fluoroquinolone-nonsusceptible isolates ceftazidime– 
avibactam has been shown to significantly improve activity 
(Denisuik et al., 2015; Pitart et al., 2015). Ceftazidime– 
avibactam MIC90 values were 0.5 µg/ml (MIC < 8 µg/ml for 
100% of isolates) and 16 µg/ml (MIC < 8 µg/ml for 87.8% of 
isolates) against gentamicin-nonsusceptible Enterobacteria-
ceae and P. aeruginosa isolates, respectively.

Figure 30.2. Chemical structure of avibactam.
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Table 30.7. In vitro susceptibility of Gram-negative pathogens to ceftazidime–avibactam

Organism

Ceftazidime Ceftazidime–Avibactam

No. of 
isolates Region Reference

MIC50 

(µg/ml)
MIC90 

(µg/ml)
MIC50 

(µg/ml)
MIC90 

(µg/ml) Range

Acinetobacter spp. 32 > 32 16 > 32 0.25–> 32 321 USA Sader et al. (2014)

4 > 32 0.25–> 32 468 USA Sader et al. (2015a)

Acinetobacter baumannii 8 128 8 32   1–> 128 28 China Wang et al. (2014)

Acinetobacter baumannii, 
pneumonia

> 32 > 32 32 > 32 139 USA Flamm et al. (2014b)

Acinetobacter baumannii, 
PER-1, OXA-51, OXA-58 
positive

128 > 512 32 256   8–256 20 EU Aktas et al. (2012)

Burkholderia cepacia 64 > 128 8 128 ≤ 1–> 128 54 EU Mushtaq et al. (2010

Citrobacter freundii 0.12 0.5 ≤ 0.03–16 547 USA Castanheira et al. (2015)

Citrobacter koseri 0.06 0.12 ≤ 0.03–2 503 USA Castanheira et al. (2015)

Citrobacter spp. 0.25 16 0.12 0.25 ≤ 0.03–16 1399 USA Sader et al. (2015c)

Enterobacter spp. 0.25 > 32 0.12 0.5 ≤ 0.03–32 3970 USA Sader et al. (2015c)

0.12 1 0.06–> 32 159 USA, LA,  
 EU, Asia

Flamm et al. (2014a)

Enterobacter aerogenes 0.12 0.25 ≤ 0.03–16 831 USA Castanheira et al. (2015)

Enterobacter cloacae 0.25 > 32 0.12 0.5 ≤ 0.03–32 2261 USA Castanheira et al. (2015)

Escherichia coli 0.12 2 0.06 0.12 ≤ 0.03–4 6486 USA Castanheira et al. (2015)

0.12 2 0.06 0.12 2767 USA Sader et al. (2014)

Escherichia coli, ESBL 
phenotype

16 > 32 0.12 0.25 328 USA Sader et al. (2014)

16 64 0.12 0.25 0.06– 2 161 NA Lagace-Wiens et al. (2011)

4 32 0.12 0.5 ≤ 0.03–32 108 EU Flamm et al. (2014)c

Haemophilus influenzae ≤ 0.015 0.03 ≤ 0.015–0.12 1494 USA Sader et al. (2015a)

0.06 0.12 ≤ 0.015 0.03 368 USA Flamm et al. (2014b)

Klebsiella pneumoniae 0.12 32 0.12 0.25 ≤ 0.03–> 32 4421 USA Castanheira et al. (2015)

0.12 32 0.12 0.5 1847 USA Sader et al. (2014)

Klebsiella pneumoniae, 
ESBL phenotype

> 32 > 32 0.5 1 296 USA Sader et al. (2014)

0.25 1 ≤ 0.03–> 32 721 USA Castanheira et al. (2015)

Klebsiella pneumoniae, 
KPC producing

> 512 > 512 0.25 1 ≤ 0.06–1 42 USA Endimiani et al. (2009)

Klebsiella pneumoniae, 
meropenem NS

> 32 > 32 0.5 2 115 USA Sader et al. (2014)

Moraxella catarrhalis 0.06 0.12 0.06 0.12 119 USA Flamm et al. (2014b)

Morganella morganii 0.06 0.12 ≤ 0.03–8 776 USA Castanheira et al. (2015)

Proteus mirabilis ≤ 0.03 0.06 ≤ 0.03–> 32 1626 USA Castanheira et al. (2015)

Proteus vulgaris 0.06 0.06 ≤ 0.03–0.5 301 USA Castanheira et al. (2015)

Providencia spp. 0.12 0.5 ≤ 0.03–> 32 538 USA Castanheira et al. (2015)

Pseudomonas aeruginosa 2 32 2 4 0.03–> 32 5328 USA Sader et al. (2015c)

2 32 2 4 1967 USA Sader et al. (2014)

Pseudomonas aeruginosa, 
meropenem NS

16 > 32 4 16 354 USA Sader et al. (2014)

8 > 32   1–> 32 26 USA, LA,  
 EU, Asia

Flamm et al. (2014a)

Pseudomonas aeruginosa, 
extensively drug resistant

8 32 0.5–> 32 396 USA Sader et al. (2015b)

Pseudomonas aeruginosa 
(cystic fibrosis)

32 512 4 64 334 EU Chalhoub et al. (2015)

Serratia marcescens 0.25 0.5 0.12 0.5 ≤ 0.03–16 1260 USA Castanheira et al. (2015)

Abbreviations: EU: Europe; LA: Latin America.
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Overall susceptibility of Pseudomonas aeruginosa to 
 ceftazidime–avibactam is improved relative to ceftazidime 
alone (Levasseur et al., 2012; Sader et al., 2015c). The 
observed reductions in MIC90 are more modest than those 
observed with Enterobacteriaceae, with reported susceptibil-
ities showing significant institutional and geographical vari-
ation. In a large USA-based study of 390 P. aeruginosa clinical 
isolates > 95% were susceptible to ceftazidime–avibactam, 
including 338 extensively drug-resistant strains, of which 
74% were susceptible to ceftazidime–avibactam compared 
with only 10% that were susceptible to ceftazidime alone 
(Sader et al., 2015b). A European study of P. aeruginosa 
strains isolated from patients with cystic fibrosis showed the 
addition of avibactam increased the proportion of suscepti-
ble strains from 36% to 76% compared with ceftazidime 
alone (Chalhoub et al., 2015). Data examining P. aeruginosa 
isolates that are ceftazidime and carbapenem nonsusceptible 
showed varying activity to ceftazidime–avibactam, with resis-
tance approaching 50% in some studies (Flamm et al., 2014a; 
Walkty et al., 2011; Sader et al., 2015c). This likely represents 
multiple resistance mechanisms other than beta-lactamases 
that can confer resistance in Pseudomonas spp., that are asso-
ciated with the selection of a complex range of chromosomal 
mutations, including those causing hyperproduction of the 
chromosomal AmpC, repression or inactivation of the porin 
OprD, and up-regulation of one of the several efflux pumps 
(Mushtaq et al., 2010; Lister et al., 2009).

Acinetobacter spp. are largely resistant to ceftazidime– 
avibactam (Sader et al., 2015a; Aktas et al., 2012; Wang et al., 
2014). In a Japanese study of ceftazidime-resistant Acineto
bacter isolates containing a variety of OXA enzymes, no 

significant improvement in MICs was found with addition of 
avibactam (Yoshizimi et al., 2015). However, other studies 
have shown modest improvements in reduction of MICs 
with restored activity with ceftazidime–avibactam in 20% of 
multidrug resistant A. baumannii isolates. Stenotrophomonas 
maltophilia is resistant to ceftazidime, and the addition of 
avibactam is unlikely to increase activity due to the presence 
of a chromosomal metallo-beta-lactamase within S. malto
philia, though no data to confirm this are available to date.

Wild-type and clinical isolates of Haemophilus spp. appear 
fully susceptible to ceftazidime–avibactam (Castanheira et al., 
2015). Ceftazidime alone is highly active against Moraxella 
spp. and Neisseria spp. (Jones et al., 2007). It is unlikely that 
the addition of avibactam provides any significant benefit 
given the lack of beta-lactamases active against ceftazidime 
in these organisms (Lagace-Weins et al., 2014).

Resistance to ceftazidime among Burkholderia cepacia 
isolates is increasingly common. In a small number of clini-
cal isolates resistance to ceftazidime–avibactam was high 
(Mushtaq et al., 2010). No data are available regarding the 
activity of ceftazidime–avibactam against B. pseudomallei. 

ANAEROBIC BACTERIA

Ceftazidime–avibactam has limited activity against anaer-
obes (Table 30.8). The available data suggest the addition of 
avibactam to ceftazidime results in a modest reduction in 
MICs for many Gram-negative and Gram-positive anaerobic 
organisms (Citron et al., 2011; Dubreuil et al., 2012). Activity 
of ceftazidime–avibactam against Bacteroides fragilis was 
significantly improved compared with ceftazidime alone; 
however, resistance was observed in some strains with MIC90 

Table 30.8. In vitro susceptibility of selected anaerobes to ceftazidime and ceftazidime–avibactam

Organism

Ceftazidime Ceftazidime–Avibactam

No. of 
isolates Region Reference

MIC50 

(µg/ml)
MIC90 

(µg/ml)
MIC50 

(µg/ml)
MIC90 

(µg/ml) Range

Bacteroides caccae > 128 > 128 32 > 128   4–> 128 15 USA Citron et al. (2011)

Bacteroides fragilis 64 > 128 8 16   2–> 128 68 USA Citron et al. (2011)

64 > 128 4 32 ≤ 0.06–> 64 98 EU Dubreuil et al. (2012)

Bacteroides ovatus > 128 > 128 128 > 128  32–> 128 38 USA Citron et al. (2011)

Bacteroides stercoris/uniformis/ 
salyersiae

> 128 > 128 64 128   4–> 128 28 USA Citron et al. (2011)

Bacteroides thetaiotaomicron > 128 > 128 128 > 128  16–> 128 52 USA Citron et al. (2011)

Bacteroides vulgatus > 128 > 128 32 128  16–128 23 USA Citron et al. (2011)

Bacteroides spp. 64 > 128 32 > 64 ≤ 0.06–> 64 29 EU Dubreuil et al. (2012)

Clostridium perfringens 0.5 > 128 ≤ 0.06 32 ≤ 0.06–64 25 EU Dubreuil et al. (2012)

Clostridium difficile 128 > 128 64 64  32–> 64 41 EU Dubreuil et al. (2012)

Clostridium spp. 64 > 128 64 > 128   8–> 128 15 USA Citron et al. (2011)

Fusobacterium 2 32 1 32 0.25–> 128 10 USA Citron et al. (2011)

Prevotella spp. 16 > 128 4 16 ≤ 0.06–> 64 34 EU Dubreuil et al. (2012)

Prevotella/Porphyromonas spp. 32 > 128 2 4 ≤ 0.125–8 49 USA Citron et al. (2011)

Propionibacterium acnes 4 4 1 1 0.5–4 12 EU Dubreuil et al. (2012)

Gram-positive anaerobic cocci 1 16 0.5 8 ≤ 0.06–32 32 EU Dubreuil et al. (2012)

Abbreviation: EU: Europe.
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of 16 µg/ml. For this reason, clinical trials of ceftazidime– 
avibactam for complicated intraabdominal infections have used 
combination with metronidazole. Ceftazidime–avibactam was 
active against Clostridium perfringens; other Clostridium spp. 
are generally resistant. Ceftazidime–avibactam had improved 
activity against other anaerobes tested, with an MIC ≤ 8 µg/
ml for 100% of Prevotella spp. and 80% of Fusobacterium spp. 
isolates.

2b.  Emerging resistance and cross 
resistance

Production of metallo-beta-lactamases (class B) is the most 
common mechanism of resistance to ceftazidime–avibactam 
in Enterobacteriaceae (Castanheira et al., 2015). Studies of 
resistance to ceftazidime–avibactam in historical isolates 
and laboratory mutants have identified multiple possible 
mechanisms of resistance (Bush, 2015). In laboratory studies, 
isogenic E. coli strains containing engineered KPC variants 
showed that mutations at S130 as well as at K234 and R220 
could contribute to resistance to inhibition by avibactam 
(Papp-Wallace et al., 2015). A similar study in isogenic E. coli 
strains examining SHV variants again implicated the S130 
mutation as exhibiting the greatest resistance to avibactam 
inhibition (Winkler et al., 2015a). When used to select resis-
tance in Enterobacteriaceae-producing KPC-3, the most 
common mutation identified was Asp179Tyr, replacing a 
residue that ordinarily forms a salt bridge to stabilize the 
omega loop of the enzyme (Livermore et al., 2015). In P. 
aeruginosa strains with derepressed AmpC alleles, resistance 
to ceftazidime–avibactam was associated with deletions of 
various sizes in the omega loop region of AmpC (Lahiri et 
al., 2015). In archived clinical strains of P. aeruginosa resis-
tant to ceftazidime–avibactam the likely mechanism was due 
to diminished outer membrane permeability with absent or 
nonfunctioning OprD porin and overexpressed efflux pumps 
(Winkler et al., 2015b).

Resistance has recently been reported in a limited num-
ber of KPC-producing clinical isolates. A K. pneumoniae iso-
late with a ceftazidime–avibactam MIC of > 32 produced 
KPC-2 in addition to CMY-2-, TEM-, and SHV-class A beta- 
lactamases and the metallo-beta-lactamse VIM-4 and porin 
and efflux pump mutations (Castanheira et al., 2015). In 
another K. pneumoniae isolate that produced KPC-3, the 
ceftazidime–avibactam MIC was 32/4 µg/ml in a patient 
with no previous exposure to the agent; the molecular mech-
anism of resistance was unclear but did not appear to be 
related to a mutation of blaKPC-3 (Humphries et al., 2015).

2c.  In vitro synergy and antagonism

No significant in vitro antagonism was identified on a 
checkerboard analysis with ceftazidime–avibactam and levo-
floxacin, tobramycin, vancomycin, tigecycline, linezolid, or 
colistin (Dallow et al., 2014).

3. MECHANISM OF DRUG ACTION

Avibactam is a semisynthetic, non-beta-lactam/beta- 
lactamase inhibitor. Avibactam alone has limited antibacte-
rial activity (Lagace-Wiens et al., 2011; Berkout et al., 2015), 
with its primary efficacy due to inactivation of susceptible 
beta-lactamases by covalent acylation of the beta-lactamase 
active site serine residue. Although it is not a beta-lactam, it 
contains structural similarity to beta-lactams at the electro-
philic carbonyl group. This molecular mimicry is impor-
tant for rapid recognition and formation of a stable adduct 
by beta- lactamases (Drawz et al., 2014). Unlike other beta-  
lactamase inhibitors such as clavulanic acid, sulbactam, and 
tazobactam, which have activity through irreversible binding 
to beta-lactamase enzymes (Payne et al., 1994), avibactam’s 
inhibitory activity is thought to arise from a covalent, revers-
ible mechanism with release of intact avibactam for most 
serine beta-lactamases (Drawz et al., 2014; Ehmann et al., 
2012). This is supported by the observed low turnover of 
the inhibitor with partition ratios of 1:1 for most inhibited 
enzymes (Stachyra et al., 2010). As a result of this release of 
intact avibactam by most serine beta-lactamases, enzymes 
can recycle the inhibitor among multiple beta-lactamases 
that may be present, leading to greater inhibitory efficiency 
(Bush, 2015). This is in contrast to clavulanic acid or tazo-
bactam that undergo multiple hydrolytic reactions before 
their enzyme targets are inactivated. An exception to this 
has been demonstrated with KPC-2 serine carbapenemases, 
which displayed the capacity to slowly hydrolyze avibactam 
(Ehmann et al., 2013).

Avibactam has an expanded spectrum of beta-lactamase 
inhibition compared to other currently available beta-lact-
amase inhibitors, which are largely limited to coverage of 
class A enzymes (Drawz and Bonomo, 2010). Avibactam in 
vitro inhibits the activity of class A, class C, and some class D 
enzymes, but it is not active against metallo-beta-lactamases 
due to the absence of the active site serine residue and a biva-
lent metal ion as a cofactor, or against Acinetobacter OXA-
type carbapenemases (Bush, 2015).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Ceftazidime–avibactam is administered parenterally in adults. 
It is co-formulated in a ratio of 4:1 ceftazidime to avibactam 
(2 g ceftazidime, 500 mg avibactam) within each vial. It is 
reconstituted with 10 ml sterile water or saline before being 
infused over 2 hours in 50–250 ml of diluent. The current rec-
ommended dose for listed indications is 2.5 g every 8 hours. 

4b.  Newborn infants and children

The safety and efficacy of ceftazidime–avibactam has yet to 
be shown in neonatal populations. Its use in children aged 
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3  months to 18 years is currently under investigation in 
two phase II studies, comparing ceftazidime–avibactam and 
cefepime in complicated urinary tract infection (clinical trial 
NCT02497781) and ceftazidime–avibactam with metronida-
zole and meropenem in complicated intraabdominal infec-
tion (clinical trial NCT02475733).

4c.  Pregnant and lactating mothers

Ceftazidime–avibactam can be used in pregnancy and is 
labeled as FDA class B. There are no data about altered dos-
ing during pregnancy. There are no studies of ceftazidime–
avibactam use in breastfeeding; however, the drug combination 
is likely to be safer than alternatives for multiresistant Gram-
negative pathogens.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Dosage adjustment is required for ceftazidime–avibactam in 
the presence of renal failure because excretion of both agents 
is almost entirely via the kidneys and accumulate in patients 
with impaired renal function. The following dose adjust-
ments are recommended according to creatinine clearance: 
CrCl > 50 ml/minute, 2.5 g every 8 hours; CrCl 30–50 ml/
minute, 1.25 g every 8 hours; CrCl 10–30 ml/minute, 0.94 g 
every 12 hours; CrCl < 10 ml/minute, 0.94 g every 48 hours. 
Both ceftazidime and avibactam show similar clearance on 
hemodialyses, and doses should be administered after the 
completion of hemodialyses on dialysis days (Merdjan et al., 
2010). As yet no data are available in the setting of other 
forms of renal-replacement therapy.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

No dose adjustment is required in the setting of hepatic dys-
function in the absence of concurrent renal impairment.

OLDER ADULTS

The impact of age and gender on the pharmacokinetics of 
avibactam was evaluated in healthy young patients aged 
18–45 years of age (n = 17) and healthy elderly patients 
aged > 65 years of age (n = 16). Mean avibactam AUC was 
17% higher, with a mild prolongation in mean half-life in 
elderly patients relative to nonelderly adults. This difference 
was attributed to age-related changes in creatinine clearance. 
No specific dosage adjustment is recommended for elderly 
patients in the absence of significant renal impairment (Tarral 
and Merdjan, 2015).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Ceftazidime–avibactam must be administered intravenously 
because the oral availability of avibactam in its current for-
mulation is only 7%. The pharmacokinetics of ceftazidime 

and avibactam are very similar and are therefore ideal part-
ner drugs (Zasowski et al., 2015). No significant pharmaco-
kinetic interactions between ceftazidime and avibactam have 
been observed. In a single dose escalation study involving 70 
subjects, the pharmacokinetics of avibactam were linear for 
doses from 50 to 2000 mg; the mean avibactam Cmax and 
AUC increased with increasing dose (Merdjan et al., 2015). 
The steady-state half-life of avibactam was 1.4–1.6 hours 
when administered as a 500-mg dose with co-administration 
of 2 g of ceftazidime over 2 hours. These results have been 
confirmed in other populations with similar pharmacokinetic 
parameters in a phase I study in healthy Japanese volunteers 
(Tominaga et al., 2015). Serum protein binding of avibactam 
is low, reported by the manufacturer to range between 5.7% 
and 8.2%.

Pharmacokinetic parameters have also been studied after 
a single 100-mg dose of avibactam (30-minute i.v. infusion) 
in normal subjects and in patients with mild (CrCl 50– 
79 ml/minute), moderate (CrCl 30–49 ml/minute), or severe 
(CrCl < 30 ml/minute, nonanuric) renal impairment and in 
anuric patients requiring hemodialyses. Because avibactam 
is almost completely excreted in urine, its clearance declined 
as a function of reduced creatinine clearance; patients with 
mild, moderate, and severe renal dysfunction displayed 40%, 
26%, and 15%, respectively, of the total avibactam of patients 
with normal renal function (Merdjan et al., 2010).

5b.  Drug distribution

The pharmacokinetics of avibactam after a 2-hour infusion 
of 500 mg of avibactam with co-administration of 2 g of 
ceftazidime has been investigated in healthy volunteers in 
multiple studies (Merdjan et al., 2007; Tominaga et al., 2015; 
Merdjan et al., 2015). The Cmax of avibactam in serum was 
24–26 mg/l, and the AUC was 38.2–43mg/hour/l, with a vol-
ume of distribution at steady state of 22–26 l. The adminis-
tration of multiple doses of ceftazidime and avibactam were 
not associated with accumulation of the drug. Clearance and 
central volume of distribution were found to significantly 
increase in patients with complicated intraabdominal infec-
tions, though the clinical relevance of this as yet unclear (Li 
et al., 2012). Lung penetration was examined in 43 healthy 
adult volunteers; epithelial lining fluid concentrations of avi-
bactam were 28–35% of plasma concentration (Nicolau et 
al., 2015). Pulmonary surfactant does not appear to adversely 
affect in vitro activity of ceftazidime–avibactam (Dallow et 
al., 2014). There are currently no data on the penetration of 
avibactam into cerebrospinal fluid.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The pharmacodynamics of ceftazidime have been described 
in detail elsewhere. Similar to other cephalosporins, time 
that the free drug concentration is in excess of the MIC of 
the organism is the best predictor of antimicrobial activity. 
With ceftazidime, the time over a MIC of > 50% has been 
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shown to be a predictor of bactericidal activity and correlates 
with successful microbiological outcome in the treatment of 
nosocomial pneumonia (MacVane et al., 2014). 

Numerous pharmacodynamic targets have been suggested 
for beta-lactamase inhibitors (Bhagunde et al., 2012). The 
current prevailing target for avibactam is the percentage of 
time of the dosing interval that free inhibitor concentration 
is above the threshold concentration (%ƒt > CT) (Coleman 
et al., 2014). The CT is the concentration of inhibitor that 
must be maintained in the presence of a beta-lactam to 
inhibit bacterial growth. The CT is thought to be affected by 
the beta-lactam agent the inhibitor is paired with, the dose 
of the beta-lactam, and the bacterial inoculum present.

The activity of ceftazidime–avibactam against Enterobac-
teriaceae with characterized beta-lactamase production has 
been examined in in vitro experiments using hollow-fiber 
pharmacokinetic-pharmacodynamic models. All isolates dis-
played high levels of ceftazidime resistance (MIC ≥ 64 µg/ml) 
but were susceptible to ceftazidime–avibactam when tested 
with avibactam 4 µg/ml. When using ceftazidime given by 
continuous infusion to maintain a concentration of either 8 
or 16 µg/ml, and continuous avibactam concentrations of 1, 
2, or 4 µg/ml, bactericidal killing was maintained for the 
entire 24 hours in all but one experiment. Avibactam con-
centrations of 0.25 µg/ml inhibited growth for only 8 hours 
against an E. cloacae isolate exhibiting derepressed AmpC. 
When avibactam at a concentration of 0.5 µg/ml was main-
tained for 4.5 hours in combination with human Monte 
Carlo simulated ceftazidime concentrations, 9–12 hours of 
bactericidal growth reduction of E. cloacae and a KPC-
producing K. pneumoniae were observed. The investigators 
concluded that for Entero bacteriaceae the CT for avibactam 
appears to be 0.5 µg/ml, and that this concentration should 
be targeted for at least 50% of the 8-hour dosing interval 
(Coleman et al., 2014). In similar experiments in murine 
models of P. aeruginosa infection, a CT of 1 µg/ml was the 
strongest predictor of avibactam- associated suppression of 
bacterial growth (Berkhout et al., 2016).

5d.  Excretion

Avibactam, like ceftazidime, undergoes extensive renal clear-
ance, with > 90% of the drug excreted unchanged in the 
urine within 12 hours of administration (Felices et al., 2010) 
and with clearance correlating well with creatinine clearance.

5e.  Drug interactions

In vitro, avibactam is a substrate of OAT1 and OAT3 trans-
porters within the renal tubules, and as such excretion may 
be inhibited by co-administration with probenecid (Vish-
wanathan et al., 2014).

6. ADVERSE REACTIONS AND TOXICITY

Ceftazidime–avibactam appears to be generally well toler-
ated, with safety profiles consistent with the known toxicity 

profile of ceftazidime alone. In the phase II and phase III 
trials reported to date, the rate of serious adverse events 
attributable to the agent were low and occurred at a similar 
frequency to the comparator arm (Gardiner and Golan, 
2016). In the phase III trial data available to date, the rate 
of serious adverse events was 5.5–7.9% in the ceftazidime– 
avibactam arm compared with 6–7.6% in the comparator 
therapy (predominately carbapenems). The most common 
reported side effects were gastrointestinal disturbances with 
nausea, vomiting, and diarrhea, followed by abnormalities 
in liver function (Mazuski et al., 2016; Carmeli et al., 2015). 
Hypersensitivity reactions such as anaphylaxis and serious 
skin reactions can occur with ceftazidime–avibactam, as with 
other beta-lactams. Similar to other antibiotics, ceftazidime–
avibactam may cause Clostridium difficile–associated diar-
rhea (Rashid et al., 2015). In the RECLAIM 1 and 2 studies, 
ceftazidime–avibactam was discontinued due to adverse 
events in only 13 of 529 (2.6%) participants. One case of 
renal failure attributed to the study drug was reported in a 
phase II trial for complicated urinary tract infection (Vazquez 
et al., 2012).

A double-blind, randomized, placebo-controlled, four- 
period crossover phase I study (clinical trial NCT01290900) 
conducted in 51 healthy males examined potential effects of 
supratherapeutic doses of ceftazidime–avibactam (single dose 
of ceftazidime 3000 mg with avibactam 2000 mg, 30-minute 
infusion) on cardiac repolarization. Pharmacokinetics results 
confirmed achievement of supratherapeutic plasma con-
centrations. The authors demonstrated that supratherapeutic 
doses of ceftazidime–avibactam were not associated with 
QT/QTc prolongation (Das et al., 2013).

7. CLINICAL USES OF THE DRUG

7a.  Complicated intraabdominal infection

RECLAIM 1 and 2 were multicenter, randomized controlled 
trials examining the efficacy of and safety of ceftazidime– 
avibactam in combination with metronidazole compared 
with meropenem in the treatment of complicated intra-
abdominal infections. The results of these studies have been 
pooled and analyzed as a single dataset (Mazuski et al., 2016). 
A total of 1066 patients underwent randomization, with 520 
patients in the ceftazidime–avibactam and metronidazole 
arm and 523 patients in the meropenem arm in the modified 
intention to treat analysis. Complicated intraabdominal infec-
tion was defined as involvement beyond the viscus of origin 
with local or generalized peritonitis or abscess formation. 
Infection was confirmed with, and required, surgical or 
percutaneous intervention with adequacy of source control 
assessed by an independent panel. For the primary end point 
of clinical cure at 1 month, ceftazidime–avibactam and metro-
nidazole was found to be noninferior to meropenem (82.5% 
vs. 84.9%). Similar rates of efficacy were seen in ceftazidime- 
susceptible and ceftazidime-nonsusceptible infections. In 
the subgroup analysis, researchers noted patients with mod-
erate renal impairment (CrCl > 30–50 ml/minute) receiving 
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ceftazidime– avibactam had lower response rates than the 
comparator (49% vs. 74%) and a higher rate of mortality. The 
relative dose reduction for that degree of renal impairment 
was significantly different, with a 66% decrease in daily 
administration of ceftazidime–avibactam (7.5–2.5 g per day) 
as opposed to a 33% decrease in meropenem dosing (3–2 g 
per day). The majority of patients within this subgroup had 
significant improvement in their creatinine clearance within 
the first 48 hours of treatment, leading to the possibility that 
this group may have been underexposed to the antibiotic. As 
such, the dosing recommendations for patients with moderate 
renal impairment have subsequently been revised with respect 
to the dosing used within this trial. 

The findings in RECLAIM 1 and 2 were consistent with the 
published phase II trial (Lucasti et al., 2013), which similarly 
compared ceftazidime–avibactam and metronidazole with 
meropenem in complicated intraabdominal infection requir-
ing procedural intervention. A total of 203 adult patients 
were initially enrolled in the study; subjects had evidence of 
a complicated intraabdominal infection requiring both sur-
gical intervention and antimicrobial therapy. Patients with 
infections secondary to pathogens that were known to be 
resistant to the study antimicrobials were excluded. Patients 
with impaired renal function (CrCl < 50 ml/minute) or had 
APACHE II scores > 25 were not eligible for enrolment. The 
primary study outcome was the clinical response 2 weeks 
after the last dose of study medication. The most common 
sites of infection were the appendix (47%) and stomach/
duodenum (26%). E. coli was the most common pathogen 
isolated, and 38% of infections were polymicrobial. Favorable 
clinical response rates were 91.2% (62 of 68) for patients 
receiving ceftazidime–avibactam and metronidazole and 
93.4% (71 of 76) for patients receiving meropenem.

7b.  Complicated urinary tract infection

A phase II prospective, multicenter, double-blind, random-
ized study compared safety and efficacy of ceftazidime–avi-
bactam (500/125 mg three times daily) to imipenem–cilastatin 
(500 mg four times daily) for the treatment of complicated 
urinary tract infections in hospitalized patients (Vazquez et 
al., 2012). Adult patients with either acute pyelonephritis or 
another complicated urinary tract infection caused by a 
Gram-negative pathogen were eligible for inclusion. Patients 
with infections from pathogens resistant to one or both of 
the study drugs were excluded. Treatment was administered 
for 7–14 days, though provisions for an early switch to oral 
antibiotic therapy if patients met predefined clinical criteria 
were included after a minimum of 4 days of either study 
drug. The primary study outcome was a favorable microbio-
logical response 5–9 days after last dose of therapy, with a 
favorable clinical response at secondary outcome. A total of 
137 patients were recruited; acute pyelonephritis was the pri-
mary diagnosis in 62% of participants. Favorable microbio-
logical response rates were similar between the study groups, 
with a response rate of 70.4% for the ceftazidime–avibactam 
arm and 71.4% for the imipenem–cilastatin arm. Favorable 

clinical response rates were 85.7% for the ceftazidime– 
avibactam arm and 80.6% for the imipenem–cilastatin arm. 
A total of 6 of 7 patients in the ceftazidime arm and 9 of 11 
in the imipenem–cilastatin arm had favorable microbiolog-
ical outcomes against ceftazidime-resistant pathogens (MIC 
> 8 μg/ml).

A phase III, randomized, double-blinded study evaluating 
the effects of ceftazidime–avibactam compared to doripenem 
for treating hospitalized patients with complicated urinary 
tract infections, including acute pyelonephritis, has been 
recently completed, but results are not yet available.

7c.  Infections with ceftazidime–resistant 
pathogens

The preliminary results of the REPRISE trial (clinical trial 
NCT01644643) have been reported (Carmeli et al., 2015). 
This trial assessed ceftazidime–avibactam against “best avail-
able therapy” in the treatment of ceftazidime-resistant infec-
tions. A total of 333 patients were randomized, 306 with 
complicated urinary tract infections and 27 with compli-
cated intraabdominal infections. Best available therapy was 
determined at the discretion of the investigator. The primary 
outcome measure was clinical cure at 6–12 days after the last 
administration of the study drug. The rates of clinical cure 
were similar, with a response in 140 of 154 participants in the 
ceftazidime–avibactam arm compared with 135 of 148 par-
ticipants in the best available therapy arm. 

A subgroup analysis of the phase II trials of ceftazidime–
avibactam examined the molecular mechanisms of resistance 
of the ceftazidime-resistant pathogens isolated (Mendes et 
al., 2015). Within the two trials, 70 patients had organisms 
that were found to be ceftazidime resistant, with E. coli being 
the pathogen in 88.7% of cases. CTX-M-15 was identified in 
90% of the isolates, and 42% of these also carried blaOXA -1/30. 
A total of 30 of 35 (85.7%) patients with ceftazidime-resistant 
Enterobacteriaceae treated with ceftazidime–avibactam 
achieved a favorable microbiological response compared with 
24 of 30 (80%) patients treated with a carbapenem.
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Cefepime, Cefpirome, and 
Cefepime–Tazobactam

Andrea Endimiani and Parham Sendi

1. DESCRIPTION

CEFEPIME

Cefepime is an oxymino beta-lactam with an amino thiazo-
line side chain classified as the representative drug for the 
fourth-generation cephalosporins. It has a wider spectrum 
and greater potency than the third-generation cephalosporins. 
Cefepime shows high stability against some beta-lactamases, 
most notably the AmpC chromosomal and plasmid- 
mediated enzymes produced by Gram-negative pathogens 
(Endimiani et al., 2008). The molecular weight of cefepime is 
480.56, and its chemical formula is C19H25N6O5S2. Its struc-
ture is illustrated in Figure 31.1.

CEFPIROME

Cefpirome is another parenteral fourth-generation cephalo-
sporin (aminothiazolemethoxyimine cephalosporin). Like 
cefepime, it shows broad-spectrum activity against Gram-
positive and Gram-negative bacteria, including most species 
of the family Enterobacteriaceae, Pseudomonas aeruginosa, 
and Staphylococcus aureus (Wiseman and Lamb, 1997). How - 
ever, its clinical use has been greatly overshadowed by that of 
cefepime. The molecular weight of cefpirome is 514.57, and 

its chemical formula is C22H22N6O5S2. Its structure is illus-
trated in Figure 31.2.

CEFEPIME–TAZOBACTAM

Cefepime–tazobactam is a new combination designed for the 
treatment of infections due to Enterobacteriaceae-producing 
extended-spectrum beta-lactamase (ESBL). Clinical data are 
lacking, and a very limited number of in vitro studies have 
been published.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Many multicenter studies have reported epidemiological 
information regarding the activity of cefepime against the 
most frequently detected Gram-positive and Gram-negative 
clinical isolates. Cefpirome minimum inhibitory concentra-
tions (MICs) for Gram-positive and Gram-negative clinical 
isolates are similar to those of cefepime. 

As for cefpirome, there are very few data published 
regarding the in vitro activity of cefepime–tazobactam. It 
should also be noted that no interpretative criteria have been 

Figure 31.1. Chemical structure of cefepime. 
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established by the European Committee on Antimicrobial 
Susceptibility Testing (EUCAST) and the Clinical and 
Laboratory Standards Institute (CLSI) for both cefpirome 
and cefepime–tazobactam (CLSI, 2016; EUCAST, 2016). 

GRAM-POSITIVE AEROBIC BACTERIA

Cefepime
Wild-type and clinical isolates of methicillin-susceptible 
staphylococci, beta-hemolytic streptococci, and viridans 
group streptococci are commonly susceptible to cefepime. 
In contrast, methicillin-resistant staphylococci, Enterococcus 
spp., and Listeria monocytogenes are consistently resistant 
to the drug (Table 31.1). Cefepime MICs for clinical isolates 
of Streptococcus pneumoniae are similar to those of cefotax-
ime and ceftriaxone. In these strains, the MICs of cefepime 
are constantly lower than the MICs of penicillin G (Table 
31.2). No criteria of interpretation have been established by 
EUCAST and CLSI for enterococci and staphylococci (Table 
31.3). 

Cefpirome
Cefpirome is inactive against methicillin-resistant S. aureus 
(MRSA) and enterococci (Table 31.4), but is active against 
oxacillin-susceptible staphylococci and most streptococci, 
including S. pneumoniae (Table 31.5).

Cefepime–tazobactam
Specific data are not available for cefepime–tazobactam and 
Gram-positive aerobic bacteria. 

GRAM-NEGATIVE AEROBIC BACTERIA

Cefepime
Wild-type Enterobacteriaceae are frequently susceptible to 
cefepime (Table 31.1), though clinical strains can express 
resistance mechanisms (Table 31.6). The majority of recent 
published data are interpreted according to the CLSI criteria, 
in which susceptibility of Enterobacteriaceae to cefepime is 
defined as an MIC of ≤ 2 µg/ml (in 2014 the CLSI lowered 
the original breakpoint set at ≤ 8 µg/ml). EUCAST defined 
breakpoints for susceptibility ≤ 1 µg/ml (Table 31.3). 

Bacteria that possess chromosomally encoded (inducible 
or derepressed) AmpC beta-lactamases, such as Citrobacter 
freundii, Enterobacter spp., Hafnia spp., Morganella morganii, 
Providencia spp., and Serratia marcescens, are more suscepti-
ble to cefepime than to third-generation cephalosporins. In 
fact, cefepime has a much lower affinity for these enzymes 
than the other cephalosporins, and it is a poor inducer of 
their production (Endimiani et al., 2008). Therefore, in the 
case of high-level production of AmpC beta-lactamases, 
Enterobacteriaceae are resistant to cefotaxime and ceftazidime 
but still susceptible to cefepime. Consequently, cefepime is a 
potentially useful antibiotic for the treatment of infections 
due to these organisms (Harris and Ferguson, 2012; Hilty et 
al., 2013). If these bacteria are resistant to cefepime, they typ-
ically produce ESBLs. As shown in Table 31.6, susceptibility 
ranges of cefepime among ESBL-producing Enterobacteri- 

aceae are variable, depending on regional epidemiologic dif-
ferences, but MIC90 values are consistently ≥ 32 µg/ml. 

In in vitro studies, ESBL-producing Enterobacteriaceae 
sometimes show a cefepime MIC in the susceptibility range 
(Jean et al., 2015; Kang et al., 2014). These ESBL producers 
should be reported as susceptible to the drug, according to 
the current CLSI (2016) and EUCAST (2016) guidelines, 
because routine ESBL testing is no longer necessary before 
reporting results for treating physicians. However, as com-
mon with other extended-spectrum cephalosporins, in vitro 
studies showed that cefepime susceptibility decreased with 
increasing bacterial inoculum (Kang et al., 2014; Thomson 
and Moland, 2001). More important, the clinical outcome of 
serious infections due to cefepime-susceptible ESBL produc-
ers when treated with cefepime is still uncertain (see section 
7, Clinical uses of the drug). 

Wild-type isolates of P. aeruginosa are commonly suscep-
tible to cefepime (Table 31.1), whereas 10–15% of clinical 
strains show resistance (Table 31.6). P. aeruginosa producing 
chromosomal AmpC beta-lactamases, which are resistant to 
ceftazidime, may be still susceptible to cefepime. However, 
when these strains produce high levels of AmpCs (due to 
induction or complete derepression), which are associated 
with other mechanisms of resistance (e.g. porin loss and 
efflux pumps), they became cefepime resistant (Cabot et al., 
2011; Rossolini and Mantengoli, 2005). This phenomenon is 
well documented in intensive care unit (ICU) wards, where 
the patients receive great quantities of expanded-spectrum 
beta-lactam antibiotics for prolonged periods (Sole et al., 
2015). 

Data regarding susceptibility of cefepime against P. aeru
ginosa isolates detected in patients with cystic fibrosis (CF) 
are limited. In a study analyzing 82 isolates from patients 
with CF, MIC50/90 were 2 and 16 µg/ml, respectively, and sus-
ceptibility reached 84% (Traczewski and Brown, 2006). In 
another study, susceptibility to cefepime reached only 10–15% 
of strains (MIC50/90 of 64 and 256 µg/ml, respectively) (Chen 
et al., 2005). In France (2006–2007), 81.5% of isolates were 
susceptible to cefepime, with MIC50/90 of 4 and 32 µg/ml, 
respectively (Llanes et al., 2013). Comparing burn patients in 
2004–2007 vs. 2008–2011, P. aeruginosa strains collected in 
the USA showed increased susceptibility to cefepime (from 
76% to 84%) (DiMuzio et al., 2014). The activity of cefepime 
against the remaining Pseudomonas spp. is variable: P. putida, 
P. fluorescens, and P. oryzihabitans show percentages of sus-
ceptibility of 80–85%, whereas resistant P. stutzeri isolates are 
very rare (Sader and Jones, 2005). 

Resistance to cefepime among Burkholderia cepacia com-
plex isolates is variable. In 2003, strains collected from 
America and Europe showed 85% of susceptibility with 
MIC50/90 of 8 and 16 µg/ml, respectively (Fritsche et al., 2005). 
In contrast, among CF isolates MIC50/90 were 16 and 128  
µg/ml, respectively, and susceptibility reached only 47% 
(Traczewski and Brown, 2006). In a recent Swiss study ana-
lyzing CF isolates, susceptibility to cefepime was 60%, and 
MIC50/90 were 4 and > 32 µg/ml, respectively (Lupo, et al., 
2015).
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At least half of the wild-type Acinetobacter spp. isolates 
express resistance to cefepime (Table 31.1). Furthermore, 
clinical isolates of A. baumannii are frequently resistant to 
cefepime (Table 31.6). Notably, according to the EUCAST 
criteria, the use of cefepime against infections due to Acineto
bacter spp. should be considered inappropriate (Table 31.3).

Wild-type and clinical isolates of Haemophilus influenzae 
appear fully susceptible to cefepime (Tables 31.1 and 31.6). 
In contrast, wild-type strains of H. parainfluenzae show a few 
cases of resistance, with the emergence of extensively drug 
resistant (XDR) clinical isolates (Tinguely et al., 2013). No 
CLSI criteria have been established for Moraxella catarrhalis 

Table 31.1. Minimum inhibitory concentrations (μg/ml) of cefepime vs. wild-type populations of Gram-positive and Gram-negative 
organismsa

Organism ≤ 0.03 0.06 0.125 0.25 0.5 1 2 4 8 16 32 ≥ 64

Gram-positive

Corynebacterium jeikeiumb (n = 66) 0.0 0.0 3.0 4.5 7.5 7.5 15.0 21.0 21.0 30.1 99.8 100.0

Enterococcus faecalisb,c (n = 8,524) 0.0 0.0 0.0 0.2 0.2 0.3 0.4 0.9 2.0 11.7 99.0 100.0

Enterococcus faeciumb,c (n = 3,466) 0.0 0.0 0.2 0.5 0.5 0.6 1.0 1.7 2.1 2.5 99.9 100.0

Staphylococcus aureusd (n = 3,922) 0.6 0.7 0.9 1.8 6.4 20.4 72.5 94.2 96.7 97.5 97.8 100.0

Staphylococcus epidermidisd (n = 5,686) 0.0 0.1 0.3 3.2 15.0 24.1 39.3 63.1 78.8 88.8 99.7 100.0

Staphylococcus haemolyticusd (n = 655) 0.0 0.0 0.0 0.5 1.3 7.1 19.9 29.1 36.3 42.6 100.0

Staphylococcus hominisd (n = 613) 0.0 0.0 0.2 2.6 8.7 24.9 40.2 64.6 84.8 89.7 99.5 100.0

Staphylococcus lugdunensisd (n = 90) 0.0 0.0 1.1 3.3 5.5 26.6 78.8 88.8 93.2 94.3 100.0

Staphylococcus saprophyticusd (n = 173) 0.0 0.0 0.0 1.2 4.7 20.9 56.7 67.7 78.1 84.5 100.0

Streptococcus agalactiaee (n = 2,873) 0.2 9.3 97.8 99.3 99.6 99.8 99.8 100.0

Streptococcus anginosus (n = 130) 0.0 0.0 29.2 70.7 98.4 99.2 99.2 100.0

Streptococcus group Ce (n = 215) 0.0 6.0 77.2 89.3 100.0

Streptococcus group F (n = 56) 0.0 1.8 14.3 35.7 100.0

Streptococcus group Ge (n = 778) 0.0 10.5 98.0 99.4 99.9 100.0

Streptococcus milleri (n = 130) 0.0 3.1 25.4 63.9 93.9 100.0

Streptococcus mitis (n = 437) 0.0 5.9 55.1 67.9 78.4 85.7 93.5 96.5 97.9 98.6 100.0

Gram-negative

Acinetobacter baumanniib (n = 4,208) 0.1 0.2 0.8 1.7 3.8 10.8 24.3 37.2 48.0 62.6 92.7 100.0

Acinetobacter lwoffib (n = 397) 0.3 0.6 7.4 22.0 43.2 56.8 65.4 74.7 81.0 90.1 98.4 100.0

Citrobacter freundii (n = 141) 13.5 61.7 62.4 68.8 73.8 88.0 93.0 93.7 98.0 98.7 99.4 100.0

Citrobacter koseri (n = 66) 27.3 87.9 89.4 97.0 97.0 100.0

Enterobacter aerogenes (n = 1,976) 1.2 4.3 67.4 77.1 83.1 89.1 93.0 95.7 97.6 98.5 99.8 100.0

Enterobacter cloacae (n = 6,284) 1.4 3.9 63.3 69.3 73.9 78.9 85.6 91.6 95.3 96.9 99.7 100.0

Escherichia coli (n = 4044) 35.1 70.8 81.5 85.3 88.0 89.6 90.6 92.4 93.8 95.1 96.8 100.0

Haemophilus influenzae (n = 426) 13.1 57.7 80.7 85.6 91.9 95.4 99.6 100.0

Haemophilus parainfluenzaeb (n = 201) 0.0 45.3 85.1 90.1 93.6 95.1 98.1 100.0

Klebsiella pneumoniae (n = 1,235) 14.2 43.7 46.8 49.9 52.7 57.0 61.4 66.4 71.7 80.2 87.2 100.0

Moraxella catarrhalis (n = 7,015) 0.0 1.9 15.5 37.4 68.4 89.4 98.2 100.0

Morganella morganii (n = 118) 50.0 88.1 90.6 92.3 94.8 96.5 98.2 98.2 100.0

Neisseria meningitidisb,c (n = 184) 0.0 26.6 98.3 99.4 100.0

Proteus mirabilis (n = 514) 11.9 70.8 76.4 81.3 83.2 85.0 86.8 90.1 92.0 93.6 96.1 100.0

Proteus vulgaris (n = 67) 23.9 65.7 79.1 82.1 82.1 83.6 86.6 88.1 95.6 98.6 100.0

Pseudomonas aeruginosa (n = 37,138) 0.0 0.0 0.0 0.3 0.7 2.8 13.0 41.3 60.9 77.4 89.4 100.0

Pseudomonas fluorescens group (n = 171) 0.6 0.6 0.6 1.8 2.4 9.4 26.9 56.7 76.6 85.4 95.3 100.0

Raoultella ornithinolytica (n = 215) 41.9 72.6 75.4 77.3 77.8 81.5 86.6 92.2 94.5 96.4 98.3 100.0

Serratia marcescens (n = 424) 6.1 41.9 49.9 62.4 72.1 78.9 86.4 87.6 88.3 88.8 89.3 100.0

Stenotrophomonas maltophiliab,c (n = 4,300) 0.0 0.0 0.2 0.4 1.1 2.5 6.0 11.8 26.2 54.9 98.9 100.0

aData are expressed in cumulative percentage and include species with at least 50 strains tested.
bEUCAST interpretative criteria are not available or susceptibility tests are not recommended.
cCLSI interpretative criteria not available.
dFor both EUCAST and CLSI, susceptibility is inferred from cefoxitin–oxacillin tests.
eAccording to EUCAST, susceptibility is inferred from benzylpenicillin test.
Source: EUCAST database, accessed 19 January 2016.
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Table 31.2. Minimum inhibitory concentrations (MICs) and susceptibility of cefepime vs. Gram-positive organisms collected from large 
multicenter studies

Organism Location
Site of 
infection

Year of 
collection

MIC (μg/ml)

S (%) ReferenceMIC50 MIC90

Clostridium spp. Europe Mixture 2003 4 > 16 NC Loza et al. (2003)

Coagulase-negative 
staphylococci

North America Mixture 2005 0.5 2 100 Rhomberg and Jones (2007)

BSI, RT 1998–2004 1 2 100 Jones et al. (2007)

Mixture 2007–2009 4 > 32 70.8 Zhanel et al. (2011)

SST 2009–2011 2 8 34.7 Pfaller et al. (2014)

Europe SST 2008 4 > 16 24.0 Jones et al. (2010)

Mixture 2005–2010 4 > 16 23.7 Farrell et al. (2014)

S. aureus North America Mixture 2005 2 4 100 Rhomberg and Jones (2007)

Mixture 2001–2002 4 > 16 70.4 Fritsche et al. (2003)

BSI, RT 1998–2004 2 4 100 Jones et al. (2007)

SST 2009–2011 4 16 48.5 Pfaller et al. (2014)

Europe Mixture 2005–2010 2 > 16 73.1 Farrell et al. (2014)

SST 2008 2 > 16 72.8 Jones et al. (2010)

 MSSA North America Mixture 2007–2009 4 4 99.9 Zhanel et al. (2011)

SST 2009–2011 2 4 100 Pfaller et al. (2014)

North America + Europe SST 2008 2 4 100 Jones et al. (2010)

Mixture 2010–2012 2 4 NP Karlowsky et al. (2013)

Europe Mixture 2005–2010 2 4 100 Farrell et al. (2014)

Asia Mixture 2008 2 4 100 Ishii et al. (2011)

 MRSA North America Mixture 2007–2009 > 32 > 32 0.0 Zhanel et al. (2011)

Mixture 2010–2012 64 > 64 NP Karlowsky et al. (2013)

Europe SST 2008 > 16 > 16 0.0 Jones et al. (2010)

S. pneumoniae North America Mixture 2008–2010 NP NP 89.5 Jones et al. (2013)

BSI, RT 1998–2004 ≤ 0.12 1 93.7 Jones et al. (2007)

Mixture 2001–2002 ≤ 0.12 1 96.6 Fritsche et al. (2003)

0.25 1 99.2a Fritsche et al. (2003)

1 2 81.9b Fritsche et al. (2003)

RT 1999–2003 ≤ 0.06 1 98.4 Johnson et al. (2006)

Latin America RT 1998–2004 ≤ 0.06 0.5 99.2 Castanheira et al. (2006)

America + Europe Mixture 2004 ≤ 0.12 1 93.6 Fedler et al. (2006)

Europe RT 1999–2003 ≤ 0.06 1 98.4 Johnson et al. (2006)

Mixture 2005–2010 ≤ 0.12 1 95.7 Farrell et al. (2014)

Beta-hemolytic 
streptococci

North America Mixture 1998–2003 ≤ 0.12 ≤ 0.12 100 Sader et al. (2005)

Mixture 2001–2002 ≤ 0.12 ≤ 0.12 99.8 Fritsche et al. (2003)

BSI, RT 1998–2004 ≤ 0.12 ≤ 0.12 100 Jones et al. (2007)

SST 2008 ≤ 0.12 ≤ 0.12 100 Jones et al. (2010)

Europe SST 2008 ≤ 0.12 ≤ 0.12 100 Jones et al. (2010)

Mixture 2005–2010 ≤ 0.12 ≤ 0.12 99.9 Farrell et al. (2014)

Viridans group 
streptococcus

North America Mixture 1998–2003 ≤ 0.12 1 94.1 Sader et al. (2005)

Mixture 2001–2002 ≤ 0.12 1 92.0 Fritsche et al. (2003)

SST 2008 ≤ 0.12 2 88.2 Jones et al. (2010)

Europe SST 2008 0.25 1 92.0 Jones et al. (2010)

Mixture 2005–2010 ≤ 0.12 1 92.1 Farrell et al. (2014)

aConsidering only penicillin-intermediate strains.
bConsidering only penicillin-resistant strains.
Abbreviations: S: susceptibility; NC: no criteria have been established by the CLSI; BSI: bloodstream infection; RT: respiratory tract infection; SST: skin and 

soft-tissue infection; MSSA, methicillin-susceptible S. aureus; MRSA, methicillin-resistant S. aureus; NP, not provided.
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Table 31.3. Cefepime minimum inhibitory concentrations interpretative breakpoints: comparison between CLSI and EUCAST criteria 

Organism

CLSI 2016 (MIC, μg/ml) EUCAST 2016 (MIC, μg/ml)

S I or SDD R S I R

Gram-positive

Enterococcus spp. NA NR

Staphylococcus spp. NA NA

Streptococcus pneumoniae
 nonmeningitis ≤ 1 2 ≥ 4

≤ 1 2 ≥ 4
 meningitis ≤ 0.5 1 ≥ 2

Beta-hemolytic group ≤ 0.5 — —
Inferred from the results 
of penicillin

Viridans group ≤ 1 2 ≥ 4 ≤ 0.5 — ≥ 1

Anaerobes NA NA

Gram-negative

Acinetobacter spp. ≤ 8 16 ≥ 32 NR

Enterobacteriaceae ≤ 2    4–8a ≥ 16 ≤ 1 2–4 ≥ 8

B. cepacia complex NA NA

Stenotrophomonas maltophilia NA NA

H. influenzae/parainfluenzae ≤ 2 — — ≤ 0.25b — ≥ 0.5

Moraxella catarrhalis NA ≤ 4 — ≥ 8

Neisseria gonorrhoeae ≤ 0.5 — —- NR

Neisseria meningitides NA NR

Pseudomonas aeruginosa ≤ 8c 16 ≥ 32 ≤ 8d — ≥ 16

Stenotrophomonas maltophilia NA NR

Anaerobes NA NA

aThe interpretative criterion for susceptibility is based on a dosage regimen of 1 g every 12 hours. The interpretative criterion for SDD is based on dosing regi-
mens that result in higher cefepime exposure (higher doses and/or more frequent doses) (CLSI, 2016).

bFor H. influenzae only.
cThe interpretative criterion for susceptibility is based on a dosage regimen of 1 g every 8 hours or 2 g every 12 hours (CLSI, 2016).
dThe interpretative criterion for susceptibility is based on a high dose regimen of 2 g every 8 hours (EUCAST, 2016).
Abbreviations: S: susceptible; I: intermediate; SDD: susceptible dose-dependent; R: resistant; NA: not available; NR: not recommended.

Table 31.4. Minimum inhibitory concentrations (μg/ml) of cefpirome vs. wild-type populations of Gram-positive and Gram-negative 
organismsa

Organismb ≤ 0.03 0.06 0.125 0.25 0.5 1 2 4 8 16 32 ≥ 64

Streptococcus pneumoniae (n = 767) 28.6  56.8 90.6  92.6  95.7  96.0 96.5  97.1  98.3 99.1 99.4 100.0

Acinetobacter spp. (n = 103)  0.0   0.0  0.0   0.0   6.8  25.4 40.9  72.9  76.8 87.5 88.5 100.0

Escherichia coli (n = 4098) 41.4  85.7 96.6  98.6  99.3  99.6 99.8  99.9 100.0

Haemophilus influenzae (n = 243) 63.8  94.7 95.5  98.8  99.6 100.0

Klebsiella spp. (n = 794) 49.7  81.3 90.0  94.0  96.8  98.9 99.4  99.6  99.8 99.8 99.8 100.0

Morganella morganii (n = 80) 91.3  93.8 96.3 100.0

Neisseria gonorrhoeae (n = 130) 94.6 100.0

Proteus mirabilis (n = 193) 52.3  88.1 94.3  98.4 100.0

Providencia spp. (n = 101) 12.9  62.4 81.2  88.1  98.0  98.0 98.0 100.0

Pseudomonas aeruginosa (n = 704)  0.0   0.0  0.0   0.3   1.6  20.8 58.0  79.9  90.8 96.2 98.4 100.0

aData are expressed in cumulative percentage and include organisms with at least 50 strains tested.
bCLSI and EUCAST interpretative criteria are not available or susceptibility tests are not recommended.
Source: EUCAST database; accessed 19 January 2016.



2. Antimicrobial activity 583

Table 31.5. Susceptibility of cefpirome among clinical Gram-negative and Gram-positive isolates collected during multicenter studies

Organism Location
Year of 
collection

MIC (μg/ml)

ReferenceMIC50 MIC90 S (%)

Gram-positive

S. aureus (oxacillin susceptible) Japan 2004 1 2 100 Ishii et al. (2006)

India 2000 1 1.5 100 Mathai et al. (2002)

Japan 2008 1 1 NP Ishii et al. (2011)

Coagulase-negative staphylococci 
 (oxacillin susceptible)

Japan 2004 0.5 1 99.5 Ishii et al. (2006)

India 2000 0.38 0.75 100 Mathai et al. (2002)

Japan 2008 0.25 0.5 NP Ishii et al. (2011)

S. pneumoniae France 1995 0.25a 0.5 NP Fremaux et al. 1998)

0.5b 1 NP

1c 1 NP

USA 1992–1993 0.016d 0.03 NP Barry et al. (1995)

0.06e 0.5 NP

0.5f 1 NP

Gram-negative

E. coli Japan 2004 0.064 0.19 97.9 Ishii et al. (2006)

India 2000 48 > 256 44.9 Mathai et al. (2002)

Taiwan 2010 NP NP 99.0 Lee et al. (2013a)

Japan 2008 ≤ 0.06 0.25 NP Ishii et al. (2011)

Klebsiella spp. Japan 2004 0.064 0.38 97.3 Ishii et al. (2006)

India 2000 2 192 60.0 Mathai et al. (2002)

Taiwan 2010 NP NP 99.0 Lee et al. (2013a)

Japan 2008 ≤ 0.06 0.125 NP Ishii et al. (2011)

C. freundii Japan 2004 0.064 4 97.4 Ishii et al. (2006)

India 2000 1 16 89.9 Mathai et al. (2002)

Japan 2008 ≤ 0.06 2 NP Ishii et al. (2011)

Enterobacter spp. Japan 2004 0.094 4 93.3 Ishii et al. (2006)

India 2000 0.75 64 76.6 Mathai et al. (2002)

Taiwan 2010 NP NP 90–93.0 Lee et al. (2013a)

Japan 2008 ≤ 0.06 4 NP Ishii et al. (2011)

Indole positive Proteus Japan 2004 0.094 0.5 97.4 Ishii et al. (2006)

India 2000 1.5 > 256 71.9 Mathai et al. (2002)

Japan 2008 ≤ 0.06 0.25 NP Ishii et al. (2011)

Serratia spp. Japan 2004 0.094 0.75 96.3 Ishii et al. (2006)

India 2000 0.125 0.25 100 Mathai et al. (2002)

Japan 2008 ≤ 0.06 0.25 NP Ishii et al. (2011)

Salmonella spp. India 2000 0.094 0.19 98.4 Mathai et al. (2002)

Acinetobacter spp. Japan 2004 2 24 85.7 Ishii et al. (2006)

India 2000 32 > 256 48.3 Mathai et al. (2002)

Japan 2008 2 8 NP Ishii et al. (2011)

P. aeruginosa Japan 2004 6 128 65.7 Ishii et al. (2006)

India 2000 8 > 256 54.3 Mathai et al. (2002)

Japan 2008 4 32 NP Ishii et al. (2011)

aIncluded only strains with cefotaxime MIC of 0.5 μg/ml.
bIncluded only strains with cefotaxime MIC of 1 μg/ml.
cIncluded only strains with cefotaxime MIC of 2 μg/ml.
dPenicillin-susceptible isolates.
ePenicillin-intermediate isolates.
fPenicillin-resistant isolates.
Abbreviation: NP: not provided.
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Table 31.6. Minimum inhibitory concentrations and susceptibility of cefepime vs. clinical Gram-negative organisms collected from large 
multicenter studies

Organism Location
Site of 
infection

Year of 
collection

MIC (μg/ml)

S (%) ReferenceMIC50 MIC90

Acinetobacter spp. North America UTI 2009–2011 ND ND 29.0 Bouchillon et al. (2013)

IAI 2011 ND ND 34.0 S. P. Hawser et al. (2014)

Mixture 2010–2012 2 16 88.5 Karlowsky et al. (2013)

Europe Mixture 2011 ND > 32 18.2 Stefani and Dowzicky (2013)

America + Europe RT 2009–2012 ND ND 27.1–18.7 Sader et al. (2014a)

Latin America Mixture 2008–2010 > 16 > 16 14.8 Gales et al. (2012)

Asia IAI 2011 ND ND 13.7 Zhang et al. (2014)

Asia-Pacific UTI 2009–2010 ND ND 23.2 Lu et al. (2012)

IAI 2009–2011 > 32 > 32 16.7 Biedenbach et al. (2014)

Citrobacter spp. North America UTI 2009–2011 ND ND 96.2–100 Bouchillon et al. (2013)

Mixture 2010–2012 ≤ 0.25 ≤ 0.25 100 Karlowsky et al. (2013)

Asia IAI 2011 ND ND 88.5 Zhang et al. (2014)

Asia-Pacific UTI 2009–2010 ND ND 55.6–95.2 Lu et al. (2012)

IAI 2008 ≤ 0.5 16 87.0 Hsueh et al. (2010)

Enterobacter spp. North America UTI 2009–2011 ND ND 92.9–100 Bouchillon et al. (2013)

IAI 2010 ND ND 93.8 Babinchak et al. (2013)

Mixture 2007–2009 ≤ 1 ≤ 1 98.9–99.8 Zhanel et al. (2011)

Latin America Mixture 2008–2010 ≤ 0.12 > 16 82.0 Gales et al. (2012)

America + Europe RT 2009–2012 ND ND 96.3–96.4 Sader et al. (2014a)

Europe IAI 2008 ND ND 77.4–86.3 Hawser et al. (2011)

Mixture 2011 ND 4 94.7 Stefani and Dowzicky (2013)

Asia IAI 2009 ND > 32 55.2 Yang et al. (2010)

Asia-Pacific UTI 2009–2010 ND ND 66.2–90.0 Lu et al. (2012)

IAI 2009–2011 1 > 32 72.4 Biedenbach et al. (2014)

 ESBL positive Asia Mixture 2007 4 > 128 57.9 Jean et al. (2015)

E. coli North America UTI 2009–2011 ND ND 94.6 Bouchillon et al. (2013)

IAI 2013 ND ND 91.0 Lob et al. (2015)

Mixture 2010–2012 ≤ 0.25 ≤ 0.25 97.2 Karlowsky et al. (2013)

Latin America Mixture 2008–2010 ≤ 0.12 > 16 84.1 Gales et al. (2012)

America + Europe RT 2009–2012 ND ND 44.9 Sader et al. (2014a)

Europe IAI 2008 ND ND 87.4 Hawser et al. (2011)

Mixture 2011 ND > 32 77.4 Stefani and Dowzicky (2013)

Asia IAI 2009 ND > 32 39.3 Yang et al. (2010)

Asia-Pacific UTI 2009-10 ND ND 62.2 Lu et al. (2012)

IAI 2009-11 4 >32 51.9 Biedenbach et al. (2014)

Worldwide UTI 2009–2010 ≤ 0.5 > 32 84.5 Hoban et al. (2011)

 ESBL positive North America UTI 2009–2011 ND ND 22.5 Bouchillon et al. (2013)

Mixture 2010–2012 8 32 63.1 Karlowsky et al. (2013)

Europe IAI 2008 ND ND 8.7 Hawser et al. (2011)

America + Europe RT 2009–2012 ND ND 44.9 Sader et al. (2014a)

Asia IAI 2011 ND ND 8.1 Zhang et al. (2014)

Mixture 2007 8 64 56.7 Jean et al. (2015)

Asia-Pacific IAI 2009–2011 > 32 > 32 7.8 Biedenbach et al. (2014)

Worldwide UTI 2009–2010 > 32 > 32 15.2 Hoban et al. (2011)

 AmpC positive North America Mixture 2010–2012 ≤ 0.25 0.5 100 Karlowsky et al. (2013)

H. influenzae North America BSI, RT 1998–2004 ≤ 0.06 0.12 100 Jones et al. (2007)

Mixture 2007–2009 ≤ 0.25 ≤ 0.25 100 Zhanel et al. (2011)

Latin America BSI, RT 1998–2004 ≤ 0.06 0.12 100 Castanheira et al. (2006)

Europe Mixture 2011 ND ≤ 0.5 98.9 Stefani and Dowzicky (2013)

Europe + Middle East Mixture 2008–2009 ND ND 100 Rossolini et al. (2011)

Klebsiella spp. North America UTI 2009–2011 ND ND 92.3 Bouchillon et al. (2013)

IAI 2010 ND ND 92.8–97.3 Babinchak et al. (2013)
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Organism Location
Site of 
infection

Year of 
collection

MIC (μg/ml)

S (%) ReferenceMIC50 MIC90

Mixture 2010–2012 ≤ 0.25 ≤ 0.25 99–100 Karlowsky et al. (2013)

Latin America Mixture 2008–2010 1 > 16 58.8 Gales et al. (2012)

Europe IAI 2008 ND ND 78.6–94.8 Hawser et al. (2011)

America + Europe RT 2009–2012 ND ND 77.8–88.3 Sader et al. (2014a)

Asia IAI 2009 ND > 32 68.1 Yang et al. (2010)

Asia-Pacific UTI 2009–2010 ND ND 67.5–75.0 Lu et al. (2012)

IAI 2009–2011 ≤ 0.5 > 32 62.8 Biedenbach et al. (2014)

 ESBL positive North America UTI 2009–2011 ND ND 34.4 Bouchillon et al. (2013)

Europe IAI 2008 ND ND 8.8–16.6 Hawser et al. (2011)

America + Europe RT 2009–2012 ND ND 36.9–49.2 Sader et al. (2014a)

Asia IAI 2011 ND ND 23.0 Zhang et al. (2014)

Mixture 2007 8 64 61.3 Jean et al. (2015)

Asia-Pacific IAI 2009–2011 > 32 >3 2 7.8 Biedenbach et al. (2014)

M. morganii North America UTI 2009–2011 ND ND 97.0 Bouchillon et al. (2013)

Mixture 2010–2012 ≤ 0.25 ≤ 0.25 100 Karlowsky et al. (2013)

Europe IAI 2008 ND ND 98.4 Hawser et al. (2011)

Asia-Pacific UTI 2009–2010 ND ND 100 Lu et al. (2012)

P. mirabilis North America UTI 2009–2011 ND ND 98.5 Bouchillon et al. (2013)

IAI 2010 ND ND 100 Babinchak et al. (2013)

Mixture 2007–2009 ≤ 1 ≤ 1 100 Zhanel et al. (2011)

Europe IAI 2008 ND ND 88.4 Hawser et al. (2011)

America + Europe Mixture 2009–2011 ND ND 93.3–100 Sader et al. (2014b)

RT 2009–2012 ND ND 96.8–98.7 Sader et al. (2014a)

Asia IAI 2011 ND ND 65.4 Zhang et al. (2014)

Asia-Pacific UTI 2009–2010 ND ND 94.4 Lu et al. (2012)

 ESBL positive Asia IAI 2011 ND ND 40.0 Zhang et al. (2014)

Mixture 2007 4 16 71.4 Jean et al. (2015)

Asia-Pacific IAI 2009–2011 ≤ 0.5 > 32 84.2 Biedenbach et al. (2014)

P. aeruginosa North America UTI 2009-11 ND ND 67.6 Bouchillon et al. (2013)

IAI 2010 ND ND 75.5 Babinchak et al. (2013)

Mixture 2010–2012 4 16 87.9 Karlowsky et al. (2013)

Latin America Mixture 2008–2010 8 > 16 61.9 Gales et al. (2012)

Europe IAI 2008 ND ND 76.4 Hawser et al. (2011)

Mixture 2011 ND 32 63.9 Stefani and Dowzicky (2013)

America + Europe RT 2009–2012 ND ND 72.1–80.4 Sader et al. (2014a)

Asia IAI 2009 ND 32 64.7 Yang et al. (2010)

Mixture 2010 16 >32 47.7 Xiao et al. (2012)

Asia-Pacific UTI 2009–2010 ND ND 59.5 Lu et al. (2012)

IAI 2009–2011 4 16 76.9 Biedenbach et al. (2014)

Salmonella spp. North America Mixture 1998–2003 ≤ 0.12 ≤ 0.12 100 Sader et al. (2005)

America + Europe Mixture 2004 ≤ 0.12 ≤ 0.12 100 Fedler et al. (2006)

Asia-Pacific UTI 2009–2010 ND ND 100 Lu et al. (2012)

Serratia spp. North America UTI 2009–2011 ND ND 95.7 Bouchillon et al. (2013)

IAI 2011 ND ND 98.0 Hawser et al. (2014)

Mixture 2010–2012 ≤ 0.25 ≤ 0.25 100 Karlowsky et al. (2013)

Europe IAI 2008 ND ND 93.8 Hawser et al. (2011)

Mixture 2011 ND 1 99.0 Stefani and Dowzicky (2013)

America + Europe Mixture 2009–2011 ND ND 96.7–99.2 Sader et al. (2014b)

RT 2009–2012 ND ND 98.8–99.6 Sader et al. (2014a)

Asia-Pacific UTI 2009–2010 ND ND 80.0 Lu et al. (2012)

Abbreviations: S: susceptibility; UTI: urinary tract infection; ND: not determined; IAI: intraabdominal infection; RT: respiratory tract infection; ESBL: extend-
ed-spectrum beta-lactamase; BSI: bloodstream infection.
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(Table 31.3); according to the EUCAST, all wild-type strains 
are susceptible to cefepime (Table 31.1). 

No CLSI and EUCAST criteria have been established for 
cefepime against Neisseria meningitidis (Table 31.3). The 
CLSI provides criteria for N. gonorrhoeae, but data regard-
ing clinical strains are scarce (Loza et al., 2003; Wang et al., 
2006).

Cefpirome
Cefpirome has similar activity as cefepime against most 
Enterobacteriaceae, but higher MICs were recorded when 
the drug was tested against Acinetobacter spp. and P. aerugi
nosa (Tables 31.4 and 31.5).

Cefepime–tazobactam
Cefepime–tazobactam was tested against a collection of 1003 
Gram-negative isolates collected during 2010–2011 in south 
India. Implementing the CLSI criteria set for cefepime alone, 
the novel combination showed an overall susceptibility of 
79.1%, whereas cefepime, piperacillin–tazobactam and mero-
penem were 46.2%, 71.3%, and 78.2%, respectively (Ghafur 
et al., 2012a). Sood (2013) evaluated the in vitro activity of six 
beta-lactam/beta-lactamase inhibitory combinations against 
278 Enterobacteriaceae and 106 nonfermenters collected 
in  2010 in India. The following susceptibility rates were 
observed for Enterobacteriaceae: cefepime–tazobactam, 
90.6%; cefoperazone–sulbactam, 84.9%; and piperacillin–
tazobactam, 53.9%. The cefepime–tazobactam rate of sus-
ceptibility for nonfermenters was 49.0%. All ESBL-producing 
isolates were susceptible to cefepime–tazobactam (Sood, 
2013). Another Indian study evaluated 500 Gram-negative 
isolates (including ESBL producers, P. aeruginosa, and 
Acinetobacter spp.). Cefepime and cefepime–tazobactam 
showed susceptibility rates of 34.2% and 70.2%, respectively 
(Susan et al., 2013). Among the ESBL producers, excellent 
susceptibility was recently noted for cefepime–tazobactam 
(94.1%) followed by imipenem (91.1%) and piperacillin–
tazobactam (55.8%) (Mudshingkar et al., 2014). 

ANAEROBIC BACTERIA

Cefepime
The activity of cefepime appears poor against anaerobes in 
general. Clostridium spp. show high MICs for cefepime 
(Table 31.2). Most isolates of Bacteroides fragilis and other 
Bacteroides spp., Prevotella spp., and Fusobacterium are resis-
tant. Propionibacterium spp. and Peptostreptococcus spp. 
showed lower MICs for cefepime (MIC50/90 of 4 and 8 µg/ml, 
respectively) (Kuriyama et al., 2002; Livermore et al., 2001; 
Loza et al., 2003). Data regarding the remaining Gram-
positive anaerobes are scarce.

Cefpirome
Cefpirome lacks clinically useful activity against anaerobic 
bacteria. However, the combination of cefpirome with tazo-
bactam showed excellent activity against anaerobes (Jones et 

al., 1990), suggesting that much of the resistance to cefpirome 
alone was a result of beta-lactamase production.

Cefepime–tazobactam
Data are not available for cefepime–tazobactam and anaero-
bic bacteria.

OTHER BACTERIA

Cefepime, cefpirome, and cefepime–tazobactam do not have 
activity against Chlamydia, Mycoplasma, or Rickettsia.

2b.  Emerging resistance and 
cross-resistance

CEFEPIME

Cefepime is hydrolyzed by ESBLs like other expanded- 
spectrum cephalosporins. Nowadays, the most frequently 
encountered ESBL types are the CTX-M (Bush and Fisher, 
2011). However, because not all CTX-Ms and other ESBLs 
(e.g. TEMs and SHVs) are able to hydrolyze cefepime well, a 
substantial number of clinical isolates can still be susceptible 
to the drug in vitro (Jean et al., 2015; Kang et al., 2014). 
Cefepime is also hydrolyzed by most carbapenemases, such 
as the class A Klebsiella pneumoniae carbapenemase (KPC) 
type and the class B metallo-beta-lactamases (e.g. NDM-1) 
(Tangden and Giske, 2015). In general, cefepime is not effi-
ciently hydrolyzed by the AmpC beta-lactamases (Endimiani 
et al., 2008). However, a number of both chromosomal and 
plasmid-mediated AmpC variants have been found that can 
compromise cefepime’s activity (Endimiani et al., 2010; Pires 
et al., 2015). Finally, porin loss and efflux pump systems 
may contribute to cefepime resistance (Cabot et al., 2011; 
Rossolini and Mantengoli, 2005).

CEFPIROME

Cefpirome is stable to the effects of AmpC beta-lactamases 
like cefepime (Hanson, 2003). However, emerging AmpC 
beta-lactamases that are able to hydrolyze cefpirome have 
been described (Ahmed and Shimamoto, 2008). Moreover, 
numerous ESBLs and the carbapenemases also hydrolyze the 
drug, leading to resistance.

CEFEPIME–TAZOBACTAM

In general, tazobactam should protect cefepime from the 
hydrolysis of most ESBLs. However, though in vitro data are 
scarce, it can be speculated that isolates producing multiple 
classes of broad- and extended-spectrum beta-lactamases 
and/or carbapenemases can be fully resistant to this 
combination. 

2c.  In vitro synergy and antagonism

Although synergy may be observed between cefepime or 
 cefpirome plus aminoglycosides, quinolones, or rifampicin, 
the clinical significance of this observation is not known 
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(Cha et al., 2015; Cha, 2008; Drago et al., 2005). Data are not 
available for cefepime–tazobactam.

3. MECHANISM OF DRUG ACTION

Cefepime and cefpirome’s mode of action are similar to that 
of other cephalosporins (see Chapter 27, Ceftriaxone). The 
two drugs interact with the penicillin binding proteins 
(PBPs) and thus inhibit cell wall synthesis. Cefepime is a 
zwitterion molecule and therefore rapidly reaches the PBPs. 
The addition of commercially available beta-lactamase 
inhibitors (e.g. tazobactam and clavulanate) to cefepime and 
cefpirome has the potential to expand their spectrum of 
activity, including to ESBL producers.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

CEFEPIME

Cefepime is usually administered by the intravenous (i.v.) or 
less commonly the intramuscular (i.m.) route. The former 
mode is frequently administered as an infusion over 30 min-
utes. Because cefepime is a time-dependent antibiotic with a 
short half-life and parameters of clinical efficacy that include 
% ƒt > MIC (concentration of free antibiotic above the MIC), 
prolonged intermittent and continuous infusions vs. stan-
dard infusions have been investigated. A systematic review 
of 12 studies assessing pharmacodynamic (PD) outcomes 
concluded that prolonged or continuous infusions achieved 
the PD targets more often than did infusions over 30 min-
utes. Nonetheless, evidence is lacking to show that prolonged 
infusion is associated with reduced mortality (Burgess et al., 
2015).

The dosing depends on the severity of disease and the 
MIC of the infecting organism. The ƒt > MIC for cefepime 
should be 60–70% of the dosing interval (Rhodes et al., 
2015a). In patients with normal renal function and severe 
infections, treatment with 2 g i.v. every 8 hours achieves 
these target levels in serum in the majority of cases (Alves et 
al., 2014; Sime et al., 2015). Alternative schemes for the 
30-minute infusion include administration of 2 g over 3 
hours (Zasowski et al., 2015) and a loading dose of 2 g fol-
lowed by the continuous infusion of 4 g per 24 hours (Bernard 
et al., 2003).

MIC cut-off values of susceptibility for continuing cefepime 
as directed treatment have been lowered over the past years 
(see section 2a, Routine susceptibility). Studies evaluating 
clinical outcomes in patients with Enterobacteriaceae bacte-
remia suggested, in agreement with the CLSI criteria (Table 
31.3), to use a clinical breakpoint of ≤ 2 μg/ml (Rhodes et al., 
2015b; Siedner et al., 2014). As anticipated, EUCAST recom-
mends using a MIC breakpoint of ≤ 1 μg/ml (Table 31.3). 
With therapeutic drug monitoring (TDM), dosages can be 

adapted for these organisms accordingly. Bacteria displaying 
cefepime MICs from 4 to 8 μg/ml are considered susceptible 
dose dependent (SDD) according to the CLSI (Table 31.3). 
However, a study in febrile neutropenic patients suggested 
that 2 g i.v. every 8 hours may fail to cover the required ƒt > 
MIC for organisms with MICs > 4 μg/ml (Sime et al., 2015). 
Thus MIC testing should be considered for dosing, in partic-
ular in severe infections due to non-Enterobacteriaceae (e.g. 
P. aeruginosa).

CEFPIROME

According to the manufacturer’s instructions, the following 
scheduled dosages should be used for the cefpirome treat-
ment in adults: complicated upper and lower urinary tract 
infections (UTIs), 1 g every 12 hours; skin and soft-tissue 
infections, 1 g every 12 hours; lower respiratory tract infec-
tions, 1–2 g every 12 hours; bacteremia, 2 g every 12 hours; 
severe infections in ICU patients, 2 g every 12 hours; and 
infections in neutropenic and immunocompromised patients, 
2 g every 12 hours.

CEFEPIME–TAZOBACTAM

According to the manufacturers’ instructions, the following 
scheduled dosages should be used for the cefepime–tazobac-
tam treatment in adults: UTIs, 0.5–1 g i.v. every 12 hours; 
empirical treatment for febrile neutropenia, 2 g i.v. every 8 
hours; moderate to severe pneumonia, 1–2 g i.v. every 12 
hours; complicated intraabdominal infections, 2 g i.v. every 
12 hours combined with metronidazole; and uncomplicated 
skin and skin structure infections, 2 g i.v. every 12 hours. 
Notably, cefepime–tazobactam can be injected as slow i.v. 
over 5 minutes or as an infusion over 30 minutes.

4b.  Newborn infants and children

CEFEPIME

The dosage in children (aged 2 months to 16 years) is 50 
mg/kg per dose every 8–12 hours (Reed et al., 1997). The 
total dose should not exceed that recommended for adults. 
Similarly to the studies in adults (discussed earlier), pharma-
cokinetic (PK) investigations in children (age ≥ 30 days) 
showed that the proportion of patients achieving > 60% ƒt > 
8  μg/ml in serum can be improved from 68.6% to 92.3% 
by extending the i.v. infusion duration from 30 minutes to 
3 hours (Shoji et al., 2016). 

There are few data on dosing in neonates. Capparelli et al. 
(2005) suggested a dose of 30 mg/kg every 12 hours for 
infants younger than 14 days of age. Based on population 
kinetics of 31 newborns, an average dose of 23 mg/kg every 
12 hours predicted 60% ƒt > 8 μg/ml in plasma (Lima-Rogel 
et al., 2008).

CEFPIROME

There is very limited dosing information on cefpirome in 
premature neonates, infants, and children.
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CEFEPIME–TAZOBACTAM

According to the manufacturers, the following scheduled 
dosages should be used for cefepime–tazobactam treatment 
in children from 2 months to 16 years: UTIs, 40–50 mg/kg 
i.v. or i.m. every 12 hours; empirical treatment for febrile 
neutropenia, 40–50 mg/kg i.v. every 8 hours; moderate to 
severe pneumonia, 40–50 mg/kg i.v. every 12 hours; and 
uncomplicated skin and skin structure infections, 40–50 
mg/kg i.v. every 12 hours.

4c.  Pregnant and lactating mothers

There are no data to suggest that dosing should be changed 
in pregnant or lactating women.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Cefepime
In patients with impaired renal function, a dosage reduction 
is necessary. The creatinine clearance (CrCl) correlates well 
with cefepime clearance (Chapuis et al., 2010), and dose 
adaptation is recommended when glomerular filtration rate 
(GFR) falls below 70 ml/minute (Lamoth et al., 2010). 

With decreasing GFR, the dosing interval should be pro-
longed. To achieve a target dose of 2 g i.v. every 8 hours, 
a dosing interval of 2 g every 12 hours or 2 g every 24 hours 
for a CrCl of 40–70 ml/minute and 20–40 ml/minute, respec-
tively, is recommended. Similarly, for prolonged infusion (i.e. 
3-hour infusion), 2 g every 12 hours for a CrCl of 60–70 ml/
minute and 2 g every 24 hours for a CrCl of 20–30 ml/minute 
is recommended on the basis of a 5000-subject Monte Carlo 
simulation (Zasowski et al., 2015). Irrespective of the mode 
of administration, ideal cefepime dosing is difficult to pre-
dict when the CrCl is 30–60 ml/minute. In these cases, TDM 
is recommended, in particular when treatment duration is 
more than 5 days (because of risk of toxicity). If the CrCl is 
< 20 ml/minute, dose reduction, in addition to interval pro-
longation, is suggested (e.g. 1 g every 24 hours). Again, TDM 
is recommended. This tool is important in critically ill 
patients because estimating CrCl (on the basis of serum cre-
atinine, age, gender, and weight) may be unreliable (Casu et 
al., 2013). 

In patients with septic shock, higher dosing schemes (e.g. 
2 g every 8 hours) should be used, but this is directly linked 
with a higher probability of toxicity. Thus dose adaption after 
48 hours on the basis of renal function, cefepime serum 
through levels, and MIC is advised.

In patients receiving continuous renal replacement therapy, 
the ultrafiltration flow rates (UFRs) should be considered. A 
PK study using 62 samples from 13 patients calculated the 
following data. The probability of achieving 60% ƒt > 8 μg/ml 
when administering 1 g i.v. cefepime every 8 hours was 100%, 
99%, and 95% in UFRs of 1000, 1500, and 2000 ml/hour, 
respectively. The corresponding calculated probabilities of 

toxicity were 3%, 0%, and 0%, respectively (Carlier et al., 
2015). 

Cefepime can be eliminated via high-flux hemodialysis 
(72.2 ± 6.4%; n = 9) (Perez et al., 2012; Schmaldienst et al., 
2000). Traditionally, patients undergoing hemodialysis are 
administered 1 g i.v. every 24 hours (Tam et al., 2003). PK 
data and clinical experience indicate that 2 g i.v. three times 
a week, administered after hemodialysis, maintains high 
serum levels (mean predialysis cefepime serum trough level 
of 23.3± 7.3 μg/ml), is safe, and achieves clinical cure. In case 
of treating organisms with low MIC (≤ 1 μg/ml), 1 g i.v. three 
times a week after hemodialysis sessions seems reasonable, 
provided the use of TDM (Perez et al., 2012; Schmaldienst 
et al., 2000). 

PK predictions suggest that most patients undergoing 
automated peritoneal dialysis would achieve adequate serum 
cefepime concentrations if treated with standard doses of 1 g 
every 24 hours given intraperitoneally (Elwell et al., 2005). A 
PK modeling using data of 6 patients indicated a continuous 
intraperitoneal dosing regimen with a 500-mg loading dose, 
followed by 200 mg every 6 hours achieves better ƒt > MIC 
targets (Yuen et al., 2010). However, clinical data to provide 
firm dosing recommendation have to follow.

Cefpirome
Because cefpirome is eliminated from the body via the kid-
neys, the dosage should be reduced in these patients to com-
pensate for the slower excretion. Elimination half-lives after 
single i.v. doses of 2 g to patients with CrCl > 50, 20–50, 
10–20, and < 10 ml/minute were 2.6, 9.2, 9.8, and 14.5 hours, 
respectively. Consequently, dose adjustments are required 
in renally impaired patients at CrCl < 50 ml/minute. If the 
GFR is 20–50 ml/minute, dosage should be reduced to 50% 
of usual quantity. For instance, after a loading dose of 1 g, a 
dosage of 0.5 g every 12 hours should be administered for 
severe infections. In case of life-threatening infections, sug-
gested treatment is a 2-g loading dose followed by 1 g every 
12 hours. If the GFR is below 20 ml/minute, only 25% of the 
usual daily dosage is recommended. Therefore, after a load-
ing dose of 1 g, a dosage of 0.5 g every 24 hours should be 
used for severe infections. In case of life-threatening infec-
tions, a 2-g loading dose is followed by a suggested regimen of 
1 g every 24 hours (Lameire et al., 1992; Wilcox et al., 1991).

Cefepime–tazobactam
Dosage adjustment for cefepime–tazobactam in patients with 
impaired renal function should follow the same rules as for 
cefepime.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Cefepime 
No significant cefepime dose adjustment is required for 
patients with impaired hepatic function. Cefepime can be 
administered to patients with liver cirrhosis (Jindal et al., 
2015).
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Cefpirome
There are no data to suggest that dosing regimens of cefpi-
rome should be altered in patients with impaired hepatic 
function.

Cefepime–tazobactam
No adjustment of cefepime–tazobactam is necessary for 
patients with impaired hepatic function.

OLDER ADULTS

Cefepime
Owing to the progressive decline in GFR seen during aging, 
the normal cefepime terminal half-life of 2 hours observed in 
young volunteers is prolonged to about 3 hours in the elderly. 
Thus measurement of CrCl and dose adaptation are required 
accordingly (outlined earlier in this chapter).

Cefpirome
No dose adjustments of cefpirome are required in older adults, 
unless renal impairment is present.

Cefepime–tazobactam
Dosage adjustment of cefepime–tazobactam for older adults 
should follow the same rules as cefepime.

PATIENTS WITH CYSTIC FIBROSIS

Cefepime
No change in dosage of cefepime is recommended for patients 
with cystic fibrosis (CF) (Hamelin et al., 1993). Though, sus-
ceptibility of the pathogen must be considered, given the 
uncommon flora found in these patients (see section 2a, 
Routine susceptibility). In a small pilot study, in all cases of 
continuous infusion in adult CF patients drug concentra-
tions were maintained above the MIC throughout the dosing 
period. However, there was no statistically significant differ-
ence in clinical and laboratory response to the therapy when 
compared with an intermittent infusion group (Han et al., 
2006). Cefepime is unstable at high temperatures (Theurillat 
et al., 2013); therefore, ambulatory treatment of CF with con-
tinuous cefepime infusion is not recommended because por-
table pumps carried under the clothes are exposed to body 
temperature for several hours (Baririan et al., 2003).

Cefpirome
CF patients are often reported to have higher clearances and 
larger volumes of distribution for beta-lactams than healthy 
volunteers. In one study, 12 adult CF patients and 12 healthy 
volunteers received a single 10-minute i.v. infusion of 2 g cef-
pirome. Total clearance by total body weight was 15–20% 
higher (p ≤ 0.001) in the CF patients (Bulitta et al., 2011). 

Cefepime–tazobactam
Data are not available for cefepime–tazobactam and CF 
patients. 

OBESE PATIENTS

A retrospective study demonstrated that in 8% of patients 
> 100 kg body weight and with a body mass index (BMI) ≥ 
40 kg/m2 presenting to the emergency department, cefepime 
was underdosed (Roe et al., 2012). A PK study of 10 obese 
patients (mean BMI = 48.43 kg/m2) indicated that 2 g i.v. 
every 8 hour is required for achieving 60% ƒt > 8 μg/ml (Rich 
et al., 2012). These findings are consistent with the results of 
a case-control study analyzing the dosing of beta-lactams in 
critically ill obese patients. The condition of being critically 
ill (e.g. septic shock) alters cefepime PK parameters more 
than obesity does (Hites et al., 2013). Therefore, in obese 
patients, as in nonobese patients, the triad of renal function, 
MIC of the involved organism, and cefepime serum trough 
levels (the TDM) are key tools for determining the dose.

Data are not available for cefpirome and cefepime– 
tazobactam in obese patients.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

CEFEPIME

Cefepime is not absorbed when given orally. Following i.m. 
administration, cefepime is completely and rapidly absorbed 
with a mean peak time of 1.0–1.6 hours. The average steady 
state volume of distribution is 18.01 (± 2.0), the serum pro-
tein binding is approximately 20% and is independent of its 
concentration in serum (Barbhaiya et al., 1992a).

CEFPIROME

Cefpirome is not absorbed after oral administration; there-
fore, it has to be given by the i.m. or i.v. route. Serum protein 
binding is < 10% (Wiseman and Lamb, 1997).

CEFEPIME–TAZOBACTAM

Specific PK, PD, and interaction data regarding cefepime–
tazobactam are not yet available. The manufacturers refer to 
the overall data available for cefepime alone. 

5b.  Drug distribution

CEFEPIME

Single doses of therapeutic cefepime of 250 mg, 0.5, 1, and 
2 g i.v. were given to adults with normal renal function via a 
30-minute infusion. The mean peak serum levels (Cmax) were 
16.3, 31.6, 66.9, and 133 μg/ml, respectively. Doubling the 
dose resulted in approximately double the peak serum level. 
The levels of cefepime in plasma declined with an elimina-
tion half-life of about 2 hours, independently of the dose 
administered. Total body clearance for all doses ranged 
between 122 and 136 ml/minute. Serum level was approxi-
mately 1 and 5 μg/ml, 8 hours after administration of 250 mg 
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and 2 g, respectively (Barbhaiya et al., 1990b). When each of 
the four possible doses were given every 8 hours for 9 days, 
there was no drug accumulation in the body (Barbhaiya 
et  al., 1992a). When cefepime was administered together 
with amikacin, the PK parameters of both drugs remained 
unchanged (Barbhaiya et al., 1992b).

PK-PD parameters of cefepime were calculated at steady 
state in patients with different levels of renal function. The 
following i.v. regimens were administered: 2 g every 12 hours 
for patients with a CrCl ≥ 60 ml/minute, 2 g every 24 hours 
for CrCl ≥ 30 ml/minute but < 60 ml/minute, and 1 g every 
24 hours for CrCl < 30 ml/minute. On average, patients 
with a CrClr > 100 ml/minute had a Cmax of 259 μg/ml, Cmin of 
3.3 μg/ml, and half-life of 3.1 hours. Patients with a CrCl of 
60–100 ml/minute had a Cmax of 167 μg/ml, Cmin of 19.5 μg/
ml, and half-life of 7.6 hours. Patients with a CrClr < 60 ml/
minute had a Cmax of 207 μg/ml, Cmin of 14.0 μg/ml, and half-
life of 12.1 hours (Tam et al., 2003).

Following a single i.m. injection of 500 mg, 1 g, and 2 g, 
the average peak plasma concentrations of cefepime were 
13.9, 29.6, and 57.5 μg/ml, respectively. The PK of cefepime 
were linear over the range of 500 mg to 2 g i.m. and did not 
vary with respect to treatment duration (Barbhaiya et al., 
1990b).

The PK of cefepime in patients with infections is compa-
rable to those in healthy volunteers (Kovarik et al., 1990). In 
critically ill patients with (formally) normal renal function 
receiving 2 g of cefepime every 12 hours the mean plasma 
concentration after 12 hours from the first dose was 3.2 μg/
ml and the mean half-life was 2.5 hours. There was a large 
variation in plasma drug concentrations among patients, and 
a number of patients had very low plasma drug levels 
(median level, 1.9 μg/ml). Trough levels after multiple doses 
were particularly low (median levels, 1.7–1.8 μg/ml). The 
large scatter in trough levels in this study could be partly 
accounted for by the variance in kidney function of included 
patients (Lipman, et al., 1999). 

In burns patients receiving i.v. cefepime 2 g every 12 
hours, the maximum concentrations obtained in plasma 
ranged from 89 to 146 μg/ml at day 1 and from 71.5 to 243 
μg/ml at day 3. The average cefepime concentrations remain-
ing 12 hours after the beginning of infusion were 2.1 and 
2.4 mg/ml, respectively at day 1 and day 3. The mean half-life 
was 2.45 hours on day 1, and 2.62 hours on day 3 (Sampol et 
al., 2000).

Cefepime has been evaluated in pediatric patients after 
single and multiple doses of 50 or 30 mg/kg every 8 hours 
and every 12 hours. After a single dose of 50 mg/kg the aver-
age Cmax ranged from 130 to 180 μg/ml, whereas for a dose of 
30 mg/kg it was 114 μg/ml. In all regimens, the concentra-
tion of cefepime decreased linearly over time. After 8 hours 
from the first i.v. or i.m. dose of 50 mg/kg, the serum concen-
tration was approximately 5 μg/ml in both cases. The mean 
half-life was 1.3–1.9 hours, and the average steady state 
serum peak concentrations with the 50 mg/kg i.v. regimen 
was 177 μg/ml for every 12 hours and 188 μg/ml for every 
8 hours (Blumer et al., 2001).

In adults with external ventricular drains who received 
cefepime (2 g every 12 hours i.v.) for treatment of nosocomial 
pneumonia, penetration into the central nervous system 
(CNS) was variable (4–34%). The minimum concentration 
attained by most patients at the steady state was ~2 μg/ml 
(Rhoney et al., 2003). In children, after the third dose (50 
mg/kg every 8 hours i.v.), concentrations into the cerebro-
spinal fluid (CSF) were 3.3 μg/ml at 0.5 hour and 5.7 μg/ml at 
8 hours (9% and 67% of plasma concentration, respectively) 
(Saez-Llorens et al., 1995).

Patients who underwent vitreous surgery received a sin-
gle i.v. cefepime 1- or 2-g injection before intervention. The 
level of cefepime in the vitreous peaked at 2 hours and 
reached a minimum at 12 hours in both groups. A mean 
peak vitreous level of cefepime was 1.9 µg/ml and 2.9 µg/ml, 
respectively, whereas the level of cefepime in the vitreous at 
12 hours was 0.9 µg/ml and 1.0 µg/ml, respectively (Aras et 
al., 2002).

In patients undergoing diagnostic bronchoscopy, after a 
single 2-g dose of cefepime, the mean bronchial mucosal 
concentration of the drug was 24 µg/g and the mean serum 
concentration was 40 µg/ml. The mean percentage penetra-
tion was 59.8% (Chadha et al., 1990). The concentration of 
cefepime in the epithelial lining fluid of critically ill patients 
with severe bacterial pneumonia was determined at steady 
state after 48 hours of therapy using 2 g i.v. for 30 minutes 
followed by a continuous infusion of 4 g over 24 hours. The 
mean steady-state epithelial lining fluid concentration was 
14 µg/ml, with a mean percentage penetration into epithelial 
lining fluid of about 100% (Boselli et al., 2003). PK parame-
ters were studied at the steady-state treatment in patients sub-
jected to lung surgery for bronchial epithelioma. Cefepime 
was administered in a dose of 2 g every 12 hours for 2 days, 
with a final dose of given 0.5–12 hours before pulmonary 
clumping, for a total of five doses. The mean penetration into 
the lung was 120 µg/ml at 0.5 hour, 12 µg/ml at 8 hours and 
9 µg/ml at 12 hours (93, 113, and 140% of plasma concentra-
tion, respectively). The results show that cefepime diffusion 
in lung occurs quickly and in similar concentrations to that 
in serum (Breilh et al., 2001).

Cefepime concentrations in bile and gallbladder tissue 
were evaluated after administration of a single dose (2 g i.v.) 
in patients with extrahepatic biliary diseases for preoperative 
antimicrobial prophylaxis. The mean concentration value 
for bile was 20 µg/ml, and for gallbladder, 48 µg/ml (20% 
and 48% of serum level, respectively). A significant correla-
tion between serum and gallbladder tissue concentrations 
of cefepime was observed, whereas no correlation between 
serum and bile fluid concentrations of the drug was noted. 
Serum and gallbladder values presented a similar exponen-
tial decrease, whereas the concentration of drug in bile 
started from a much lower level than those in serum and 
gallbladder and remained almost stable. Note that in patients 
with a nonfunctioning gallbladder, very low tissue levels of 
cefepime (< 0.2 µg/ml) were detected (Petrikkos et al., 2006).

Cefepime concentration in peritoneal fluid, bile fluid 
and appendix tissue was evaluated in patients undergoing 
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elective cholecystectomy receiving i.v. 2 g every 12 hours. 
After ~ 8.5 hours the values for plasma, peritoneal fluid, bile 
fluid, and gallbladder tissue concentrations were 7.6, 5.7, 
15.5, and 5.4 µg/ml, respectively. There was a significant cor-
relation between peritoneal fluid and plasma concentration 
and between gallbladder tissue and plasma concentration. 
There was no correlation between bile fluid and plasma 
cefepime concentrations (Okamoto et al., 1992).

The concentrations of cefepime in pancreatic pseudocyst 
fluid and pancreatic tissue were measured in humans after i.v. 
infusion of a single 2-g dose. The mean plasma concentration 
between 120 and 200 minutes after the end of infusion was 
27.4 µg/ml. The mean pancreatic cefepime concentration 
was 6.3 µg/ml in pseudocyst and 10.7 µg/ml in pancreatic 
tissue (Delcenserie et al., 2001).

In patients undergoing elective prostatectomy, the mean 
percentage penetration into prostatic tissue at 1 hour was 
51%; at 3 hours, 42%; at 6 hours, 43%; at 9 hours, 76%; at 12 
hours, 79%; and at 18 hours, 138%. The half-life of cefepime 
in prostatic tissue (2.8 hours) was longer than that in serum 
(Arkell et al. 1992).

Bone tissue penetration of cefepime at a dose of 2 g i.v. 
was evaluated in patients undergoing elective total hip replace-
ment. Plasma samples were collected simultaneously with 
bone tissue samples 1.5 hours after administration. Cefepime 
exhibits an excellent diffusion into bone tissue. The mean 
plasma concentration of cefepime at the time of bone removal 
was 73 µg/ml. The mean concentrations in cancellous bone 
and cortical bone tissues were 73 and 68 µg/ml, respectively. 
The mean bone/plasma ratio concentration was 1.1 for can-
cellous bone tissue and 0.9 for cortical bone tissue (Breilh et 
al., 2003).

Cefepime concentrations measured in burned skin 12 
hours after a dose of 1 g, were 33 ± 41.6 µg/g. The skin/plasma 
ratio was 1.52 ± 1.82 (Sampol et al., 2000). 

CEFPIROME

After a 1-g i.m. dose of cefpirome in healthy male subjects, 
the Cmax was 23 μg/ml, and this was reached 1.9 hours after 
the injection; 12 hours later, the serum level was < 1 μg/ml. 
Doubling the dose doubles the Cmax serum level but does not 
significantly prolong the serum level beyond 12 hours. The 
half-life of cefpirome is 2  hours (Meyer et al., 1992). In 
another study, after a 1-hour i.v. infusion of 1 g cefpirome the 
Cmax level was 60 μg/ml. If a 2-g dose was administered, the 
peak level was doubled (i.e. 119 μg/ml). The average half-life 
was again 2 hours and the level approached 1 μg/ml after 12 
hours (Craig, 1993). 

Twelve healthy volunteers received a single dose of 2 g 
cefpirome as an i.v. bolus or as a continuous infusion over 
8 hours. After bolus injection, mean trough concentrations 
were 3.0 and 2.1 μg/ml for muscle and subcutaneous tissue, 
respectively. Continuous infusion resulted in trough levels 
of 10.1 μg/ml for both muscle and subcutaneous tissue 
(Hollenstein et al., 2000). 

In patients older than 65 years, the Cmax serum level after 
a single i.v. dose of 2 g was 174 μg/ml. The elimination 

half-life was 3.4 hours, and urinary excretion of the 
unchanged product after 24 hours was 71%. After repeated 
doses of 1 and 2 g i.v., Cmax amounted to 127 and 231 μg/ml, 
respectively. The elimination half-life after these same doses 
was 4.5 hours (Wiseman and Lamb, 1997).

Another study determined tissue cefpirome concentra-
tions in septic patients and healthy controls after the admin-
istration of 2 g of the drug over a period of 4 hours. The tissue 
penetration of cefpirome was significantly impaired in septic 
patients compared with that in healthy subjects. For subcuta-
neous adipose tissue, the area under the concentration-time 
curve from 0 to 240 minutes were 13.1 g/minutes/l in healthy 
subjects and 6.9 g/minutes/l in septic patients (p < 0.05) 
(Sauermann et al., 2005).

A single 2-g i.v. dose was given to 20 patients; the mean 
CSF concentrations were 0.5, 0.6, 0.8, and 0.8 μg/ml at 1–2, 
2–4, 4–6, and 6–8 hours after the dose, respectively (Nix et 
al., 1992). In another study, 2 g i.v. cefpirome was given to 25 
patients who had bacterial meningitis. Cefpirome was given 
on days 2 and 3 after the onset of the initial therapy, and sam-
ples of CSF were obtained at 2, 4, 8, or 12 hours after the 
infusion. The mean concentrations of cefpirome ranged from 
2.3 to 4.2 μg/ml (Wolff et al., 1992). 

A single dose of cefpirome was administered i.v. to 18 
pediatric patients. The doses were 10 mg/kg of body weight 
for 5 patients, 25 mg/kg for 7 patients, and 50 mg/kg for 
6 patients. The maximum concentration in the serum ranged 
from 54 (10 mg/kg) to 454 μg/ml (50 mg/kg). The total body 
clearance, volume of distribution, and elimination half-life 
were 2.2 ml/minute/kg, 0.32 l/kg, and 1.8 hours, respectively 
(Nahata et al., 1995). A single dose of cefpirome 50 mg/kg i.v. 
was administered to 15 children with bacterial meningitis 
24–48 hours after initiation of standard antibiotic therapy. 
The mean Cmax in CSF was 11 μg/ml (Friedland et al., 1998).

The concentration of cefpirome in the bronchial mucosa 
was assessed after a single 1-g i.v. dose in 37 patients. The 
mean concentration for bronchial mucosa was 19.3 mg/kg 
and for epithelial lining fluid was 7.2 μg/ml (Baldwin et al., 
1991). In another study, cefpirome concentrations in lung 
interstitial fluid were 66% of corresponding plasma values 
within the first 240 minutes (Herkner et al., 2002). After a 
single dose of cefpirome 30 mg/kg i.v. in eight patients 12 
hours before insertion of microdialysis probes into lung 
 tissue, the extracellular concentrations of cefpirome in unaf-
fected and infected lung tissue of septic patients were mea-
sured. The median Cmax, time to Cmax, and area under the 
concentration-time curve from 0 to 4 hours of unbound 
cefpirome for unaffected lung were 48 μg/ml, 0.83 hour, and 
117 mg/hour/l, respectively. The corresponding values for 
infected lung tissue were 45 μg/ml, 1.17 hours, and 92 mg /
hour/l, respectively. The median elimination half-lives of cef-
pirome were 2.61, 3.05 and 3.39 hours for plasma, unaffected 
lung, and infected lung, respectively (Lindenmann et al., 2011). 

A total of 26 patients undergoing elective gastrointestinal 
surgery received a 1-g i.v. dose of cefpirome before surgery. 
The serum half-life of cefpirome was 2.1 hours. The mean 
concentration of cefpirome in the peritoneal fluid 0–2 hours 
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after administration was 44 μg/ml. The half-life of cefpirome 
in the peritoneal fluid was 2 hours, with mean concentra-
tions > 10 μg/ml measured 6 hours after administration. The 
mean percentage of intraperitoneal penetration of cefpirome 
over the study period was 98% (Kavi et al., 1989).

Concentrations in blood and in prostatic tissue were mea-
sured in 30 prostatectomy patients after i.v. injections of 1 g 
of cefpirome. The concentration in prostatic tissue reached a 
maximum of 53 μg/g 15 minutes after administration and 
gradually decreased thereafter, with average values of 18 μg/g 
at 60 minutes, 10 μg/g at 180 minutes, 7 μg/g at 320 minutes 
and 2.7 μg/g at 360 minutes. There was a positive correlation 
between prostatic tissue concentration and blood concentra-
tion at the time of tissue collection. In renal tissue, measured 
in four nephrectomy patients, the cefpirome concentrations 
were 107–148 μg/g in the cortex and 81–89 μg/g in the 
medulla, which were higher than the blood concentration 
levels in all of the subjects (Saito et al., 1993).

Cefpirome 2 g was administered as a short i.v. infusion in 
12 patients with abscesses located in different body sites. At 
abscess incision performed 158 ± 112 minutes after the start 
of the infusion, cefpirome concentrations in the abscess 
fluid varied markedly, ranging from ≤ 0.1 to 47 μg/ml (mean 
8.4 ± 14.1). Cefpirome was detectable in 9 out of 12 abscesses. 
Maximum concentrations were calculated to be 183 ± 106 
μg/ml in plasma and 12 ± 16 μg/ml in the abscess (Sauermann 
et al., 2012).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

CEFEPIME

Studies comparing prolonged (e.g. over 3 hours) or continu-
ous infusion with those over 30 minutes demonstrated that 
required PK-PD targets were more often achieved with the 
former administration method, but this superiority was not 
associated with a better clinical outcome (Burgess et al., 
2015). On the other hand, among patients treated with 
cefepime because of Gram-negative bacteremia, reduced 
mortality was observed in those displaying organisms with a 
cefepime MIC of ≤ 2 μg/ml (Rhodes et al., 2015b; Siedner et 
al., 2014) or ≤ 1 μg/ml (Lee et al., 2013b). Moreover, a study 
using two population PK models analyzing the cefepime 
exposure in patients with Gram-negative bloodstream infec-
tions in association with mortality revealed the following 
results: survival was improved for patients with ƒt > MIC > 
68–74%, and each 1% increase in cefepime ƒt > MIC resulted 
in a 2% improvement in multivariate survival probability 
(Rhodes et al., 2015a). These investigations indicate that, at 
least in critically ill patients, or in those with severe infections 
and in the early phase of treatment, PK-PD features such as 
ƒt > MIC is clinically important (Roberts et al., 2011; Zelenitsky 
et al., 2011). However, the cefepime threshold over MIC 
required for relevant antibiotic activity is controversial. 

Tam et al. (2002) advocated that more stringent criteria 
are needed. For example, to achieve a probability of 80% and 

90% of microbiologic success, it would be necessary for serum 
cefepime concentrations to be above 4.3 × MIC for 83% and 
95% of the dosing interval, respectively. Consequently, 
higher doses are required for targeting 70–100% ƒt > 4 × 
MIC. This parallels the observation that the target is difficult 
to reach (i.e. insufficient cefepime serum concentrations) 
when organisms with an MIC ≥ 8 μg/ml are involved (Seyler 
et al., 2011; Taccone et al., 2010). Moreover, it may explain 
why in the studies discussed lower MICs are associated with 
a better survival. 

Despite the fact that CrCl correlates well with cefepime 
clearance (Chapuis et al., 2010) and that serum creatinine is 
frequently measured in critically ill patients, changes in renal 
function do not reliably predict variations in PK-PD of 
beta-lactams (Casu et al., 2013). In this patient group, vol-
ume expansion (because of fluid therapy for septic shock) 
and various renal-replacement treatment modalities change 
PK-PD variables, making calculations for dosing difficult. 
Therefore, early (and repetitive) cefepime serum trough levels 
and prompt MIC determination are valuable tools to rapidly 
accomplish targeted PK-PD parameters (see also section 4c, 
Pregnant and lactating mothers).

CEFPIROME

Like other cephalosporins, cefpirome is a time-dependent 
antibiotic. Standard dose recommendations of cefpirome, 
such as other beta-lactams, in ICU patients without renal 
dysfunction, can result in very low levels of antibiotic at 
the  end of the dosing intervals (Lipman et al., 2001). In 
fact, CrCl may be more than the assumed normal range in 
critically ill patients as a result of high GFR. Septic patients 
often present with hypotension from the inflammatory 
response associated with infection. Standard initial manage-
ment involves administration of i.v. fluids and inotropic 
agents that raise the renal preload, explaining the increased 
creatinine and drug clearances. Therefore, it is important to 
be aware that the dosing of cefpirome in ICU patients must 
take into account not only impaired renal function but also 
increased renal clearance (Lipman et al., 2003; Roos et al., 
2007).

For CF patients, > 90% probabilities of target attainment 
were achieved by the administration of a standard 30-minute 
i.v. dose of 2 g/70 kg every 12 hours for bacterial MICs ≤ 1.5 
µg/ml. As an alternative, a 5-hour infusion of 1.33 g/70 kg 
every 8 hours achieved robust probabilities of target attain-
ment for MICs ≤ 8–12 µg/ml and a continuous infusion of 
4 g/day for MICs ≤ 12 µg/ml (Bulitta et al., 2011).

5d.  Excretion

CEFEPIME

Cefepime is primarily eliminated via the kidney as the 
unchanged active drug by glomerular filtration. Urinary 
recovery of intact cefepime is 80–85% of the administered 
dose. The mean renal clearance of 105 ml/minute is nearly 
the same as that of creatinine in normal adults (Barbhaiya et 
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al., 1990b; Tam et al., 2003). The urinary recovery of intact 
cefepime in healthy volunteers was consistent among various 
doses (from 250 mg to 2 g) during the course of treatment 
every 8 hours. There were no differences in the percentage 
of cefepime excretion on day 9 among the dose groups 
(Barbhaiya et al., 1992a). After administration of a low dose 
of 250 mg i.v., cefepime concentrations in the urine were 
~  190 µg/ml during the first 2 hours and ~ 90 µg/ml at 8 
hours (Barbhaiya et al., 1990b). In pediatric patients, the 
renal excretion was 60% for 50 mg/kg every 8 hours and 80% 
for every 12 hours (Blumer et al., 2001).

Between 10% and 20% of the administered dose of cefe-
pime is metabolized in the body. Cefepime is metabolized to 
N-methylpyrrolidine (NMP) and rapidly converted to the 
N-oxide (NMP-N-oxide). Less than 1% of the administered 
dose is recovered from urine as NMP, 6.8% as NMP-N-oxide, 
and 2.5% as an epimer of cefepime (Van der Auwera and 
Santella, 1993).

CEFPIROME

Cefpirome is eliminated in the urine by glomerular filtration. 
The urinary recovery at 24–48 hours ranges from 66% to 
100%. More than 95% of the administered dose can be recov-
ered from the urine. The drug is not metabolized in the body 
to any appreciable extent. Less than 4% of drug may be elim-
inated in the feces, presumably because of biliary excretion 
(Craig, 1993; Meyer et al., 1992).

5e.  Drug interactions

CEFEPIME

There are no specific interactions between cefepime and other 
drugs. If aminoglycosides are given concomitantly, an assess-
ment for nephrotoxicity should be made.

CEFPIROME

There is no evidence that cefpirome negatively affects renal 
function at normal therapeutic dosages. Probenecid interferes 
with the renal tubular transfer of cephalosporins, delaying 
their extraction and thus increasing their plasma concentra-
tion (Wiseman and Lamb, 1997).

6. ADVERSE REACTIONS AND TOXICITY

CEFEPIME

Toxic effects appear to be infrequent and similar to those 
observed with other cephalosporins. During past years, there 
was a debate on the safety of cefepime. A meta-analysis con-
ducted by Yahav et al. (2007) found that mortality of patients 
treated with cefepime was significantly higher than patients 
treated with comparator agents (risk ratio [RR]: 1.26; 95% 
confidence interval [CI]: 1.08–1.49). Kim et al. (2010) per-
formed a meta-analysis using data from comparative trials; 
they reported cefepime treatment was not associated with 
higher rates of death. Currently, there is no uniform answer, 

likely because diverging results from various analyses with 
different methodological approaches have been performed 
(Adderson et al., 2010; Hoffman et al., 2013; Kalil, 2011). 

The following adverse events have been related to cefepime 
during clinical trials: local reactions (3%), including phlebitis 
(1.3%), pain or inflammation (0.6%), and rash (1.1%). Colitis 
(including pseudomembranous colitis), diarrhea, fever, head-
ache, nausea, oral candidiasis, pruritus, urticaria, vaginitis, 
and vomiting were observed in less than 1% of patients. At 
the higher dosing regimen of 2 g every 6–8 hours, the inci-
dence of likely related adverse events was higher: rash (4%), 
diarrhea (3%), nausea (2%), vomiting (1%), pruritus (1%), 
fever (1%), and headache (1%). The following adverse labo-
ratory changes were seen: positive Coombs test (16.2%), 
decreased phosphorous (2.8%), increased transaminases 
(2.5%), eosinophilia (1.7%), and abnormal prothrombin 
time (1.5%). Increased alkaline phosphatase, calcium, blood 
urea nitrogen, creatinine, potassium, and total bilirubin or 
decreased calcium (generally in elderly patients), hematocrit, 
neutrophils, platelets, and white blood count were recorded 
in less than 1% of patients (Barbhaiya et al., 1990b; Edelstein 
et al., 1991; Eggimann, et al., 1993; Mouton et al., 1993; Oster 
et al., 1990). In one study 62% of patients receiving long-
term cefepime therapy for osteomyelitis developed neutro-
penia, which was detected after 17–30 days of therapy. Blood 
counts returned to normal within 1 week of cefepime discon-
tinuation (Wong and Ko, 2003).

Adverse events affecting the nervous system are reported 
up to 3% (Neu, 1996). Among those, encephalopathy is rare 
but, due to its impressive clinical presentation, many case 
reports are published. Chow et al. (2003) reviewed 42 cases 
of cefepime-induced neurotoxicity. Confusion with temporo-
spatial disorientation was the most common finding, followed 
by myoclonus and seizures. Studies to evaluate risk factors 
for neurotoxicity consisting of solid patient numbers are lack-
ing. However, decreased renal function and age (i.e. elderly) 
are consistently reported. It is conceivable that low serum 
levels have a low probability of neurotoxicity. Although it is 
very likely that neurotoxicity is associated with high cefepime 
serum and CSF levels (Durand-Maugard et al., 2012; Lamoth 
et al., 2010), it is difficult to define a threshold for high prob-
ability for toxicity. On the basis of a multivariate logistic 
regression model, Lamoth et al. (2010) calculated a 50% 
probability threshold at ≥ 22 µg/ml (p = 0.05). The precision 
of this probability appears to be low, and the threshold not 
widely generalizable (Rhodes et al., 2016). The time point of 
clinical manifestation depends on dosing and risk factors 
for neurotoxicity, but most observations report occurrence 
after 4–14 days of treatment (Chatellier et al., 2002; Chow et 
al., 2003; Durand-Maugard et al., 2012; Fugate et al., 2013; 
Lamoth et al., 2010).

CEFPIROME

Cefpirome is generally well tolerated. The overall incidence 
of adverse events possibly related to treatment (12.5%) was 
similar to that of other cephalosporins used in the clinical 
trials. Cefpirome was discontinued in 5.1% of cases (5% for 
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comparator cephalosporins). The following adverse events 
have been reported: hypersensitivity reactions (angioedema, 
bronchospasm, malaise, possibly culminating in shock, may 
rarely occur), cutaneous (rash, pruritus, urticaria, erythema 
multiforme, Stevens–Johnson syndrome, toxic epidermal 
necrolysis), gastrointestinal tract (nausea, vomiting, abdomi-
nal pain, diarrhea, pseudomembranous colitis), renal function 
(slight increases in serum creatinine, acute renal failure in 
rare cases), liver function (increased plasma levels of trans-
aminases, gamma-glutamyl transferase, lactate dehydrogenase, 
bilirubin and/or alkaline phosphatase), blood constituents 
(thrombocytopenia, eosinophilia, and very rarely hemolytic 
anemia), local reactions (phlebitis, thrombophlebitis and 
pain at the site of injection), central nervous system (very 
few cases of convulsions, reversible encephalopathy, impair-
ment of consciousness, abnormal movements, convulsions), 
cardiovascular system (hemorrhage, ecchymosis, and altered 
rhythm), respiratory (dyspnea), headache, fever, and taste 
and/or smell disturbances shortly after injection (Donaubauer 
and Mayer, 1992; Wiseman and Lamb, 1997).

CEFEPIME–TAZOBACTAM

Specific data are not yet publicly available for cefepime– 
tazobactam. Manufacturers refer to the same adverse reac-
tions recorded for cefepime and other cephalosporin-class 
antibiotics. In a small study, Ghafur et al. (2012b) evaluated 
the clinical outcome of patients receiving cefepime–tazobac-
tam. There were no significant side effects in any of the 32 
patients assessed for safety. 

7. CLINICAL USES OF THE DRUG

7a.  Monotherapy for empiric treatment of 
febrile neutropenic patients

CEFEPIME

Cefepime is one of several recommended options for empiric 
therapy in patients with neutropenic fever (Averbuch et al., 
2013; Freifeld et al., 2011). In a Cochrane meta-analysis of 
antipseudomonal beta-lactams for initial empirical treat-
ment (21 trials, 3471 participants), all-cause mortality was 
significantly higher with cefepime as compared with other 
antibiotics (RR: 1.39; 95% CI: 1.04–1.86) (Paul et al., 2010). 
The debate on mortality association was described earlier in 
the chapter. It is important that institutions perform regular 
surveillance of organisms (and their resistance patterns) 
involved in neutropenic fever. In the past, emphasis was 
put on high-dose cefepime (e.g. 6 g/day for adults with nor-
mal renal function) and on continuing directed therapy 
only when cefepime MIC of the infecting organism was low 
(≤ 2 µg/ml). Studies using PK-PD parameters have shown 
successful outcomes with cefepime (Rhodes et al., 2015a; 
Rhodes et al., 2015b; Siedner et al., 2014). Therefore, depend-
ing on institutional policy, cefepime remains a suitable option 
for neutropenic fever. 

However, it is uncertain whether in patients with neutro-
penic fever the risk of developing Clostridium difficile infec- 
tion (CDI) is higher with cefepime compared to other anti-
biotics. A retrospective study investigated the CDI rate on a 
hematology/oncology ward before and after 2010, the year in 
which meropenem was replaced by cefepime as the institu-
tional choice for empiric therapy for neutropenic fever. 
When comparing defined daily dose of antibiotics per 1000 
bed-days, a linear regression model showed a significant 
increase in the trend of the CDI rate after the switch 
(Muldoon et al., 2013). This statistical association warrants 
further investigations with patient-level data.

CEFPIROME 

Cefpirome is an option among broad-spectrum beta-lactams 
for use in the empiric treatment of febrile episodes in neutro-
penic patients. Its efficacy is comparable to piperacillin–
tazobactam. For instance, 208 febrile neutropenic episodes 
were randomized for treatment using either cefpirome 2 g 
every 12 hours (105 cases) or piperacillin–tazobactam 4 g 
every 8 hours (103 cases). Two days after initiation of anti-
biotics, clinical (fever disappearance) and microbiologic (cul-
ture negative) success rates were 62% and 50% for cefpirome 
vs. 61% and 55% for piperacillin–tazobactam, respectively. 
At the end of the protocol, the success rate was 59% with 
cefpirome vs. 50% with piperacillin–tazobactam (Bauduer et 
al., 2001). In another study, 132 neutropenic patients received 
an i.v. dose of cefpirome of 2 g every 12 hours. Overall, clin-
ical outcome improved after treatment in 89% of patients. 
The mean time of fever resolution was 3.1 days (Su et al., 
2007). 

CEFEPIME–TAZOBACTAM

Data are not available for cefepime–tazobactam.

7b.  Serious bacterial infections, including 
bacteremia and pneumonia

CEFEPIME

In serious infections, cefepime, in a starting dose of 2 g i.v. 
every 8 hours is recommended in patients with normal renal 
function. Dose adaptation should be made after clinical sta-
bilization and on availability of the MIC of the infecting 
organism and cefepime serum trough level. Cefepime is a 
valuable option for ventilator-associated pneumonia (VAP) 
(Magnotti et al., 2009) and infections with AmpC-producing 
Enterobacteriaceae and low MIC (Tamma et al., 2013).

In the case of serious infections due to strains expressing 
high MICs against cefepime (e.g. P. aeruginosa with MIC ≥ 
8  µg/ml, Acinetobacter spp., or ESBL producers), cefepime 
therapy might be unable to guarantee a good clinical out-
come. A study evaluating cefepime exposures in patients 
infected with P. aeruginosa, included 56 patients with pneu-
monia (37), skin and skin structure infections (14), and 
bacteremia (5) (Crandon et al., 2010). Twenty-four (42.9%) 
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patients failed cefepime therapy. The PK-PD parameter of 
≤ 60% ƒt > MIC had an odds ratio (OR) of 8.10 (95% CI: 
1.18–55.57; p = 0.033) of failure, and doses of 2 g i.v. every 
8 hours was required to achieve > 60% ƒt > MIC when con-
sidering an MIC of 8 µg/ml for P. aeruginosa. Bhat et al. 
(2007) assessed 204 episodes of Gram-negative bacteremia 
in patients who received cefepime as the primary mode of 
therapy. Patients with bloodstream isolates with a cefepime 
MIC of 8 µg/ml, who were treated with cefepime, had a 
28-day mortality (56.3%; 9/16 died) that significantly 
exceeded that of patients whose organisms had an MIC of 
< 8 µg/ml (24.1%; 35/145 died; p < 0.05) (Bhat et al., 2007). 
These results are consistent with another study focusing on 
Gram-negative bacterial pneumonia and the association 
between cefepime free minimum concentration (i.e. serum 
trough levels), MIC of the organisms, and clinical failure 
(Aitken et al., 2015). A median ƒCmin/MIC of 4.5 (range: 1.2–
33.5) was associated with clinical success, whereas a median 
ratio of 2.3 (range: 0.7–23.3) was associated with clinical fail-
ure (p = 0.045). These results indicate that in serious infec-
tions the required ƒCmin/MIC is difficult to achieve when an 
organism with high MICs is involved.

As noted earlier, cefepime may appear active in vitro 
against ESBL-producing organisms. However, current clini-
cal evidence does not support cefepime treatment for serious 
infections. In a study performed to analyze the outcome 
of  cephalosporin treatment for serious infections due to 
Klebsiella spp. and E. coli producing ESBLs, an overall failure 
of cefepime treatment of 83% was recorded (Paterson et al., 
2001). In a retrospective study of nonurine ESBL-producing 
Klebsiella spp. and E. coli infections, patients receiving 
cefepime monotherapy were compared with cases receiving 
cefepime for infections from non-ESBL producers. Patients 
receiving cefepime for an infection due to ESBL producers 
were 9.7 times more likely to have an unsuccessful clinical 
response compared with those without ESBL producers. In 
particular, among patients with infections due to ESBL pro-
ducers, treatment failure was observed in 50% of cases when 
the MIC for cefepime was ≤ 4 µg/ml (Kotapati et al., 2005). A 
randomized evaluator-blind trial compared cefepime (2 g 
every 8 hours) vs. imipenem (0.5 g every 6 hours) for treat-
ment of nosocomial pneumonia among ICU patients. Therapy 
of pneumonia caused by ESBL producers failed in 31% of 
patients in the cefepime group (the MICs for the organisms 
for these cases ranged from 2 to 4 µg/ml), but in none from 
the imipenem group (Zanetti et al., 2003). In a retrospective 
study, cefepime treatment was analyzed in 13 ICU patients 
with different sites of infection due to ESBL-producing K. 
pneumoniae or E. coli isolates. Overall, 77% of cases were 
clinically cured. However, it is important to note that MICs 
for cefepime were ≤ 1 µg/ml for 10 cases, 2 µg/ml for 2 cases, 
and ≥ 64 µg/ml for the remaining 1 case (Labombardi et al., 
2006). Another study looking at cefepime therapy for mono-
microbial bacteremia caused by ESBL-producing Enterobac-
teriaceae showed that of 33 patients who received cefepime 
therapy, 25 (75.8%) experienced clinical failure and 13 (39.4%) 

died of sepsis. The mortality rates were lower when the MIC 
of the causative organism was ≤ 1 μg/ml, compared to higher 
MICs (Lee et al., 2013b). 

Taken together, these data suggest that cefepime should 
not be used for the treatment of ESBL-producing Enterobac-
teriaceae, in particular not for serious infections. Studies with 
small numbers of patients, and thus requiring confirmation 
by larger investigations, indicate that cefepime treatment is 
possible if the MIC of the causative pathogen is ≤ 1 μg/ml.

CEFPIROME

Cefpirome showed equivalent efficacy and safety as ceftazi-
dime in the empirical treatment of suspected bacteremia or 
sepsis. A multicenter, randomized trial was performed to 
compare cefpirome at a dose of 2 g every 12 hours with 
ceftazidime (2 g every 8 hours) in the empirical treatment 
of suspected bacteremia in patients with severe sepsis. The 
majority of patients had community-acquired infections. In 
patients with a positive blood culture treated ≥ 48 hours, the 
clinical success rates were 77% for cefpirome and 67% for 
ceftazidime. In patients with bacteriologically proven infec-
tion, 89% of patients treated were assessed as cured inde-
pendently of the drug used (Norrby et al., 1998b).

In an international multicenter open-label randomized 
comparative study, adult patients in ICUs were enrolled to 
receive cefpirome 2 g i.v every 12 hours or ceftazidime 2 g i.v. 
every 8 hours for the empiric treatment of pneumonia. Of 
the 400 enrolled patients, 201 received cefpirome (mono-
therapy, 56%) and 199 received ceftazidime (monotherapy, 
51%). For the cefpirome and ceftazidime groups, there were 
35% vs. 30% clinical failures among monotherapy-stratified 
patients, respectively, and 34% vs. 42% clinical failures among 
combination therapy-stratified patients, respectively. The 
mortality rates within 2 weeks after the end of treatment were 
31% for cefpirome and 26% for ceftazidime (Wolff, 1998).

CEFEPIME–TAZOBACTAM

The efficacy of cefepime–tazobactam has so far been evalu-
ated only in one small retrospective clinical study. In par-
ticular, two cases of bacteremia due to cefepime-resistant 
Enterobacteriaceae showed microbiological clearance and 
clinical improvement after administration of cefepime– 
tazobactam. In the same study, patients with VAP (n = 8) and 
hospital-acquired pneumonia (n = 4) also demonstrated 
clinical improvement after the use of the combination 
(Ghafur et al., 2012b). 

7c.  Osteomyelitis

In one clinical study, 23 patients with osteomyelitis, mainly 
due to S. aureus, were treated with cefepime 2 g i.v. every 
12 hours. A total of 20 were cured, but treatment failed in 3 
(Jauregui et al., 1993). In a prospective, randomized, open- 
label trial, the efficacy of cefepime in the treatment of osteo-
myelitis caused by Gram-negative bacilli was evaluated. 
Cefepime was administered i.v. or i.m. (2 g every 8 hours or 
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every 12 hours). Overall, 73.3% of patients were cured 
(Barberan et al., 2000).

Data are not available for cefpirome and cefepime–  
tazobactam.

7d.  Meningitis

Using cefepime in meningitis consist the challenge of bal-
ancing high-dose therapy with preventing neurotoxicity. 
Damage to the blood–brain barrier is associated with higher 
drug levels in CSF, which again may enhance side effects. 
Current recommendations from the Infectious Diseases 
Society of America (IDSA) for empiric antimicrobial therapy 
for postneurosurgical meningitis are i.v. vancomycin plus 
cefepime, ceftazidime, or meropenem (Tunkel et al., 2004). 
Treatment should be adapted accordingly on isolation of 
microorganism. Kim et al. (2009) postulated, on the basis 
of PK-PD parameters and with a dosing regimen of 2 g i.v. 
every 8 hours, that the MIC of the meningitis-causing organ-
ism should be ≤ 0.5 µg/ml for efficacy. Therefore, cefepime is 
not recommended for treating Acinetobacter spp.

For pseudomonal meningitis, meropenem with or with-
out gentamicin is recommended by the European Federation 
of the Neurological Societies (EFNS) guideline on the 
 management of community-acquired bacterial meningitis 
(Chaudhuri et al., 2008). For AmpC-producing Entero bac-
teriaceae with low MIC, cefepime may a valuable option. Due 
to uncertainty of CSF penetration in a single case, in partic-
ular in the presence of inflammation at the blood–brain bar-
rier level, therapeutic drug monitoring in the CSF, both for 
efficacy and toxicity, is helpful (Lodise et al., 2007). In a small 
series, cefepime was successful in the treatment of community- 
acquired K. pneumoniae meningitis (Lee et al., 2003).

Data are not available for cefpirome and cefepime–  
tazobactam.

7e.  Urinary tract infection

CEFEPIME

With the increasing prevalence of nosocomial infections 
due to AmpC-producing Enterobacteriaceae, cefepime has 
become an important treatment option for UTIs, in particu-
lar in patients with prior exposure to fluoroquinolones (Lee 
et al., 2015a). Dosing recommendation for UTIs leading to 
serious infections is not different from those of non-UTI 
infections. However, in nonseptic and uncomplicated UTI 
cases, lower doses can be administered (0.5 to 1 g i.v. every 12 
hours). In addition, because cefepime is primarily eliminated 
via the kidney as unchanged active drug, high cefepime lev-
els can be found in the urine. As anticipated, after adminis-
tration of 250 mg i.v. the concentrations in urine is 190 µg/ml 
during the first 2 hours and 90 µg/ml at 8 hours (Barbhaiya et 
al., 1990a). These PK data point toward a treatment option for 
UTIs caused by cefepime-susceptible (MICs ≤ 2 µg/ml) ESBL 
producers. However, clinical data with significant patient 
numbers are lacking, and no widely applicable recommen - 

dation can be made. Therefore, thorough MIC testing is 
required if cefepime is considered as a treatment option in 
these cases. 

CEFPIROME

In clinical trials, patients with complicated UTIs have 
responded to cefpirome at least as well as to ceftazidime 
(Carbon, 1992; Norrby, 1993; Norrby et al., 1988a). However, 
at the time of the these studies the prevalence of ESBL-
producing strains was significantly low.

CEFEPIME–TAZOBACTAM

Data are not available for cefepime–tazobactam.

7f.  Skin and soft-tissue infections

In the past, cefepime has been successfully used in skin and 
surgical wound infections (Gentry and Rodriguez-Gomez, 
1991; Oster et al., 1990). Data are not available for cefpirome 
and cefepime–tazobactam.

7g.  Gynecologic infections

CEFEPIME

Patients with acute gynecologic infections were randomized 
to receive cefepime (2 g every 12 hours) or cefotaxime (2 g 
every 8 hours), either i.m. or i.v. for 4–5 days. Clinical 
response was satisfactory in 85% of cefepime recipients and 
83% cefotaxime recipients. All pathogens were eradicated 
in 81% cefepime- and in 86% cefotaxime-treated patients. 
Cefepime appears to have efficacy and safety similar to that 
of cefotaxime in the treatment of acute obstetric and gyneco-
logic infections (Newton et al., 1993).

CEFPIROME

The clinical and bacteriological efficacy of cefpirome (2–4 g/
day administered by drip infusion or i.v. infusion for ≥ 3 
days) for obstetric and gynecologic infections was assessed 
in a multicenter study conducted in 1994–1999 and involv-
ing 194 patients. In a total of 146 cases, clinical efficacy was 
excellent in 12 patients, good in 110, fair in 9, and poor in 
15. The eradication rate for Bacteroides spp., Prevotella spp., 
and Porphyromonas spp. infections were 68.5%, 77.6%, and 
100%, respectively. The overall bacteriological eradication 
was 68.4% (Mikamo et al., 2000). In another similar study, 
the improvement rate was 80.6%, whereas the eradication 
rate was 72.6% (Sagawa et al., 2000).

CEFEPIME–TAZOBACTAM

Data are not available for cefepime–tazobactam.

7h.  Intraabdominal infections

Clinical studies on intraabdominal infections demonstrated 
that cefepime plus metronidazole is equivalent to clindamy-
cin plus gentamicin and imipenem–cilastatin (Berne et al., 
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1993). Thus, provided that institutional resistance profiles 
are watched, cefepime 2 g i.v. every 8–12 hours (plus metro-
nidazole) is one of the possible options for empirically treat-
ing intraabdominal infections. An open-label prospective 
randomized trial compared cefepime (2 g every 12 hours) 
with gentamicin (1.5 mg/kg every 8 hours) plus mezlocillin 
(3 g every 4 hours) in patients affected by acute cholecystitis- 
cholangitis. All patients treated with gentamicin plus mez-
locillin were cured, as were 97.5% of the patients treated 
with cefepime (difference not significant) (Thompson et al., 
1993). 

In a French prospective, observational study, imipenem, 
cefepime, and amikacin were the most active drugs for noso-
comial cases (Montravers et al., 2009). Similarly, epidemio-
logical surveillance on Gram-negative pathogens causing 
appendicitis showed that cefepime and ceftazidime were 
active against ≥ 90% of isolates from children (Lob et al., 
2013). In a Korean study, the cefepime susceptibility of E. coli, 
the most frequent organism (66.7%) isolated from patients 
with perforated appendicitis, was 97% (Jeon et al., 2014). 

Data are not available for cefpirome and cefepime– 
tazobactam.
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Ceftaroline and 
Ceftaroline–Avibactam 

Elda Righi

1. DESCRIPTION

Ceftaroline, also referred to as PPI-0903M or T-91825, is a 
fifth-generation parental oxyimino cephalosporin with bac-
tericidal activity against methicillin-resistant Staphylococcus 
aureus (MRSA). Ceftaroline is the bioactive metabolite of 
ceftaroline fosamil, formerly PPI-0903 or TAK-599, an 
N-phosphono-amino water-soluble cephalosporin prodrug 
(Iizawa et al., 2004). Similar to ceftobiprole, it shows potent 
activity against MRSA, while maintaining the broad Gram-
negative activity and favorable safety profile of cephalospo-
rins. The structures of ceftaroline and ceftaroline fosamil are 
illustrated in Figure 32.1 (Iizawa et al., 2004).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The in vitro antimicrobial activity of ceftaroline covers a wide 
range of Gram-positive and Gram-negative pathogens simi-
lar to that observed for other anti-MRSA cephalosporins, 
such as ceftobiprole (see Chapter 33, Ceftobiprole).

GRAM-POSITIVE COCCI

Ceftaroline is highly active against most aerobic Gram-
positive organisms (Table 32.1). Most important, ceftaroline 
has potent activity against Staphylococcus spp., including 

Figure 32.1. The structure of (a) ceftaroline 
and (b) ceftaroline fosamil.

CO2
−(a)

(b)

N

N

SS

CH3

S

N
O

N
S

N

H2N

N

OCH2CH3

CONH

N

N

SS

CH3

S

N

CO2     • CH3CO2H

O

N
S

N

(HO)2OPHN

N

OCH2CH3

CONH

+

+

−



604 Ceftaroline and Ceftaroline–Avibactam 

Table 32.1. In vitro antimicrobial activity of ceftaroline against selected Gram-positive organisms

Organism MIC50 (μg/ml) MIC90 (μg/ml) Range (μg/ml) No. of strains Reference

Staphylococcus aureus, methicillin 
susceptible

0.25 0.5 0.13–0.5 60

0.25 0.25 0.03–0.5 73

0.25 0.25 ≤ 0.008–0.5 1,711 Jones et al. (2010)

0.25 0.5 0.03–1 1,966 Jones et al. (2010)

0.25 0.25 0.03–1 1,406 Pfaller et al. (2014)

0.25 0.25 ≤ 0.015–1 12,680 Sader et al. (2015)

0.25 0.25 0.03–0.5 413 Sader et al. (2013a)

0.25 0.25 0.03–0.5 1,074 Flamm et al. (2012)

0.25 0.25 0.06–0.5 547 Flamm et al. (2014b)

0.25 0.25 0.03–2 1,116 Karlowsky et al. (2016)

Staphylococcus aureus, methicillin 
resistant

1 2 0.25–2 81

1 2 0.012–2  102

1 1 0.12–2  2,254 Jones et al. (2010)

1 2 0.25–4  734 Jones et al. (2010)

0.5 1 0.12–2  1,492 Pfaller et al. (2014)

0.5 1 0.12–2  12,514 Sader et al. (2015)

1 2 0.25–2  211 Sader et al. (2013a)

0.5 1 0.25–2  1,072 Flamm et al. (2012)

1 2 0.25–2  409 Flamm et al. (2014b)

0.5 1 0.06–4  1,467 Karlowsky et al. (2016)

0.5 1 0.12–2  67 Leprince et al. (2015)

Staphylococcus aureus, vancomycin 
MIC of ≥ 2 μg/ml

0.5 1 ≤ 0.06–2  369 Sader et al. (2013b)

Staphylococcus aureus, vancomycin 
intermediatea

1 2 0.25–4  100 Sader et al. (2005)

Staphylococcus coagulase negative, 
methicillin susceptible

0.06 0.25 ≤ 0.016–0.5 50 Sader et al. (2005)

0.06 0.12 ≤ 0.008–0.25 188 Flamm et al. (2012)

Staphylococcus coagulase negative, 
methicillin resistant

0.25 0.5 ≤ 0.016–2 80 Sader et al. (2005)

0.25 0.5 0.06–2 298 Flamm et al. (2012)

Staphylococcus coagulase negative, 
vancomycin intermediateb

1 2 ≤ 0.016–2 51 Sader et al. (2005)

S. epidermidis, methicillin- susceptible 
(oxacillin MIC < 0.5 μg/ml)

0.13 0.13 0.06–0.13 15 Iizawa et al. (2004)

S. epidermidis, methicillin- resistant 0.5 1 0.25–1 26 Iizawa et al. (2004)

Streptococcus pneumoniae, penicillin 
susceptible

≤ 0.008 0.06 ≤ 0.008–0.13 42

≤ 0.016 ≤ 0.016 ≤ 0.016–0.06 33

≤ 0.008 ≤ 0.008 ≤ 0.008–0.03 563c Farrel et al. (2013)

≤ 0.008  0.015 ≤ 0.008–0.06 678c Flamm et al. (2012)

≤ 0.015  0.12 ≤ 0.015–0.25 215d Flamm et al. (2014b)

≤ 0.015  0.12 ≤ 0.015–0.5 8,937d Sader et al. (2015) 

S. pneumoniae, penicillin intermediate 0.13 0.13 0.03–0.25 44

0.03 0.06 ≤ 0.016–0.12 53

0.03 0.12 ≤ 0.008–0.12 106c Farrel et al. (2013)

0.03 0.06 ≤ 0.008–0.25 266c Flamm et al. (2012)

0.12 0.25 0.12–0.25 33d Flamm et al. (2014b)

0.12 0.25 0.06–0.5 1,042d Sader et al. (2015) 

S. pneumoniae, penicillin resistant 0.13 0.25 0.06–0.5 29

0.12 0.25 0.06–0.5 130c Farrel et al. (2013)

0.12 0.5 0.03–2 202c Sader et al. (2013a)

0.12 0.25 0.06–0.5 256c Flamm et al. (2012)

0.06 0.12 0.008–0.5 80e Leprince et al. (2015)

0.25 0.5 0.06–0.5 117d Sader et al. (2015) 

0.12 0.25 0.06–0.5 50 Sader et al. (2005)



2. Antimicrobial activity 605

MRSA and oxacillin-resistant coagulase-negative staphylo-
cocci (Jones et al., 2010; Flamm et al., 2014a; Sader et al., 2015). 
The minimum inhibitory concentrations (MICs) of ceftaroline 
for MRSA are 0.5–2 μg/ml, compared with 0.12–0.25 μg/ml 
for methicillin-susceptible S. aureus (MSSA); corresponding 

values for coagulase-negative staphylococci are 0.25–2 and 
0.06–0.12 μg/ml, respectively (Mushtaq et al., 2007; Flamm 
et al., 2012). Ceftaroline demonstrated MICs of ≤ 0.016–2 
μg/ml against CoNS strains having reduced susceptibility to 
vancomycin (MIC of 4 μg/ml) (Sader et al., 2005) The MIC90 

Organism MIC50 (μg/ml) MIC90 (μg/ml) Range (μg/ml) No. of strains Reference

S. pyogenes ≤ 0.008 ≤ 0.008 ≤ 0.008–0.03 54

≤ 0.016 ≤ 0.016 ≤ 0.016 22

 ≤ 0.015 ≤ 0.015 ≤ 0.015–0.03 579 Pfaller et al. (2014)

 ≤ 0.015 ≤ 0.015 ≤ 0.015–0.03 66 Flamm et al. (2014b)

 ≤ 0.004  0.008 ≤ 0.004–0.25 312 Karlowsky et al. (2016)

S. agalactiae 0.016 0.03 0.016–0.06 30

≤ 0.016 ≤ 0.016 ≤ 0.016 26

 ≤ 0.015 0.03 ≤ 0.015–0.06 151 Pfaller et al. (2014)

 ≤ 0.015 ≤ 0.015 ≤ 0.015–0.03 78 Pfaller et al. (2014)

 0.015 0.015 ≤ 0.004–0.12 93 Karlowsky et al. (2016)

Viridans streptococci, penicillin 
susceptible

≤ 0.016 0.03 ≤ 0.016–1 32

 0.03 0.12 ≤ 0.008–1  110 Jones et al. (2010)

 0.015 0.25 ≤ 0.008–16 88 Jones et al. (2010)

 0.03 0.06 ≤ 0.015–1 264 Pfaller et al. (2014)

 0.03 0.12 ≤ 0.008–0.5 28 Sader et al. (2013a)

 0.015 0.12 ≤ 0.008–1 492 Flamm et al. (2012)

 0.03 0.06 ≤ 0.015–1 2,332 Sader et al. (2015)

Viridans streptococci, penicillin 
intermediate

0.03 0.12 ≤ 0.016–0.5 53 Sader et al. (2005)

Viridans streptococci, penicillin 
resistant

0.25 1 0.03–8 52 Sader et al. (2005)

Other beta-hemolytic streptococci ≤ 0.016 ≤ 0.016 ≤ 0.016–0.03 20

 ≤ 0.008  0.03 ≤ 0.008–0.06 327 Jones et al. (2010)

 ≤ 0.008  0.015 ≤ 0.008–0.06 179 Jones et al. (2010)

 ≤ 0.015  0.03 ≤ 0.015–0.06 1,233 Pfaller et al. (2014)

 ≤ 0.008  0.015 ≤ 0.008–0.03 113 Sader et al. (2013a)

 ≤ 0.015  ≤ 0.015 ≤ 0.015–0.12 5,679 Sader et al. (2015)

Enterococcus faecalis 1 8 0.25–16 58

2 8 0.12–> 16 733 Jones et al. (2010)

2 8 0.03–> 16 415 Jones et al. (2010)

2 8 0.25–16 195 Flamm et al. (2012)

E. faecalis, vancomycin susceptible 2 16 0.5–> 32 22 Sader et al. (2005)

2 8 0.25–16 188 Flamm et al. (2012)

E. faecalis, vancomycin resistant 4 8    1–16 22 Sader et al. (2005)

8 —    2–8 7 Flamm et al. (2012)

E. faecium 32 > 128    2–> 128 26 Iizawa et al. (2004)

> 16 > 16 0.06–> 1 6 431 Jones et al. (2010)

E. faecium, vancomycin susceptible 16 > 32 0.5–> 32 11 Sader et al. (2005)

E. faecium, vancomycin- resistant 
(vanA) 

> 32 > 32   16–> 32 13 Sader et al. (2005)

Bacillus spp. 4 8 0.06–32 20 Sader et al. (2005)

Corynebacterium 0.5 > 32 ≤ 0.015–4 19 Sader et al. (2014)

Lysteria 4 4    1–≥ 4 39 Sader et al. (2014)

Micrococcus 0.06 0.06 ≤ 0.015–0.12 16 Sader et al. (2014)

aIncludes 19 vancomycin-intermediate S. aureus (VISA) strains and 81 hetero-VISA strains.
bIsolates with vancomycin MIC at 4 μg/ml.
cCriteria for penicillin susceptible/intermediate/resistant according to CLSI for oral penicillin V breakpoints (MIC ≤ 0.06/0.12–1/≥ 2 μg/ml).
dCriteria for penicillin susceptible/intermediate/resistant according to CLSI for penicillin parenteral nonmeningitis (MIC ≤ 2/4/≥ 8 μg/ml).
eCriteria for penicillin susceptible/resistant according to EUCAST for penicillin parenteral meningitis (MIC ≤ 0.06/> 0.06 μg/ml ).



606 Ceftaroline and Ceftaroline–Avibactam 

of ceftaroline against clinical isolates of MRSA is 1–2 μg/ml 
(Table 32.1). Ceftaroline’s MIC90 for MSSA is consistently 
reported to be 0.25 μg/ml (≤ 0.008–2 μg/ml). This activity 
of ceftaroline is comparable to those of vancomycin, teico-
planin, and linezolid (Iizawa et al., 2004; Sader et al., 2005). 
The ceftaroline MIC range was very narrow (0.25–1 μg/ml). 
In a hollow fiber model, ceftaroline was superior to vanco-
mycin against MRSA isolates, including two heterogeneous 
vancomycin-intermediate S. aureus (hVISA) isolates (Vidail-
lac et al., 2009). Ceftaroline is also highly active against van-
comycin-nonsusceptible S. aureus and coagulase-negative 
staphylococci (MIC90 2 μg/ml) (Sader et al., 2005; Flamm et 
al., 2012; Leprince et al., 2015). 

Ceftaroline has shown higher efficacy compared to vanco-
mycin in hVISA, vancomycin-intermediate-resistant S. aureus 
(VISA), and vancomycin-resistant S. aureus (VRSA) as well 
as MRSA strains concomitantly resistant to linezolid and 
daptomycin (Vidaillac et al., 2010; Saravolatz et al., 2010; 
Jacqueline et al., 2009). The MICs for hVISA strains reported 
in 100 isolates were 2 μg/ml (range, 0.25–4 μg/ml) for ceftar-
oline, 4 μg/ml for vancomycin, and 1 μg/ml for linezolid. 
Ceftaroline yielded MICs of 1–4 μg/ml against both linezolid- 
sensitive and -resistant S. aureus isolates (Andes and Craig, 
2006). In an in vitro time-kill study using two MRSA strains, 
ceftaroline showed more rapid and distinct decrease of viable 
cells than vancomycin and linezolid (Iizawa et al., 2004).

Among 152 community-acquired MRSA isolates, ceftar-
oline showed MIC50 and MIC90 of 0.5 μg/ml, with highest 
MIC value of 1 μg/ml (Sader et al., 2008). Ceftaroline is 
active against streptococci and demonstrates increased in 
vitro potency against Streptococcus pneumoniae strains com-
pared with other cephalosporins (Iizawa et al., 2004; Sader et 
al., 2005). Geometric mean MICs were 0.005, 0.05, and 0.09 
μg/ml for penicillin-susceptible, -intermediate, and -resistant 
S. pneumoniae strains, respectively. These MIC values were 
lower than for any comparator beta-lactam (Mushtaq et al., 
2007). In an evaluation of 60 S. pneumoniae isolates with 
penicillin MICs ≥ 4 μg/ml, 51.7% isolates had a ceftaroline 
MIC ≤ 0.12 μg/ml and 98.3% had a ceftaroline MIC ≤ 0.25 
μg/ml (Fenoll et al., 2008). MIC50 and MIC90 varied between 
0.008 and 0.5 μg/ml against 891 pneumococcal isolates col-
lected from 22 centers in the USA in 2008 (Jacobs et al., 2010; 
Patel et al., 2009). Ceftaroline MICs for 16 cefotaxime-resis-
tant isolates (MIC ≥ 4 μg/ml) were 0.12–0.25 μg/ml (Fenoll et 
al., 2008). Ceftaroline was typically three doubling dilutions 
more active than ceftriaxone or cefepime (Fenoll et al., 2008).

Ceftaroline MIC90 against erythromycin and levofloxacin- 
resistant S. pneumoniae strains were 0.25 μg/ml and 0.12 μg/
ml, respectively (Jacobs et al., 2010; Patel et al., 2009; Fenoll 
et al., 2008; Morrisey et al. 2009). For viridans streptococci, 
mean MIC90 were 0.12, 0.12, and 1 μg/ml for penicillin- 
susceptible, -intermediate, and -resistant strains (Sader et al., 
2005; Jones et al., 2010; Flamm et al. 2012; Pfaller et al., 2014; 
Sader et al., 2015). The vast majority of beta-hemolytic strep-
tococci were inhibited at MIC90 ≤ 0.008–0.016 μg/ml, irre-
spective of macrolide and levofloxacin susceptibilities (Parish 
et al., 2008). 

Enterococcus faecium is resistant to ceftaroline, whereas 
there is some susceptibility exhibited by E. faecalis (Mushtaq 
et al., 2007). Mean MIC90 of ceftaroline for E. faecalis was 8 
(ranging from ≤ 0.008 to > 16 μg/ml), while those of E. fae
cium were from 0.06 to > 128 μg/ml (Iizawa et al., 2004; Jones 
et al., 2010). Unlike other cephalosporins now available, cef-
taroline has activity at ≤ 1 μg/ml against about half of E. fae
calis isolates tested in one study (Iizawa et al., 2004). There is 
no obvious relationship between the MICs of ceftaroline and 
those of ampicillin, vancomycin, quinupristin–dalfopristin, 
and linezolid (Mushtaq et al., 2007). In a rabbit endocarditis 
model, ceftaroline was more active than either vancomycin 
or linezolid against vancomycin-susceptible and vancomycin- 
resistant isolates of E. faecalis (Jacqueline et al., 2009).

GRAM-POSITIVE BACILLI

In a study including 11 Bacillus cereus strains, one B. circu
lans strain, and eight Bacillus spp. strains, MICs of ceftaro-
line ranged from 0.06 to 32.4 μg/ml, with MIC90 of 8 μg/ml 
(Sader et al., 2005). Ceftaroline has excellent activity against 
some anaerobic Gram-positive organisms, such as Proprioni
bacterium spp., and Peptostreptococcus spp., and marginal 
activity against Clostridium difficile (MIC50 2 μg/ml and 
MIC90 4 μg/ml) (Sader et al., 2005). Ceftaroline showed 
activity against Micrococcus spp. (MIC90 = 0.06 μg/ml), but 
its potency was more limited vs. some Corynebacterium 
spp. (MIC50/90 = 0.5 and> 32 μg/ml, respectively) and Listeria 
monocytogenes isolates (MIC50/90 = 4 and 4 μg/ml, respectively) 
(Sader et al., 2014)

GRAM-NEGATIVE COCCI

Ceftaroline retains excellent activity against Neisseria menin
gitidis with MIC90 ≤ 0.016 μg/ml (Sader et al., 2005). The 
antibiotic is also highly active against Moraxella catarrhalis 
with MIC90 0.12–0.5 μg/ml (Iizawa et al., 2004; Sader et al., 
2005; Farrel et al., 2013; Sader et al., 2013c; Flamm et al., 
2012). MICs for M. catarrhalis isolates were lower than or 
equal to those of the other cephalosporins tested (Mushtaq 
et al., 2007).

GRAM-NEGATIVE BACILLI

Ceftaroline is highly active against Haemophilus influenzae 
with MIC90 values of 0.06 μg/ml or less (Iizawa et al., 2004; 
Sader et al., 2005; Farrel et al., 2013; Flamm et al., 2012). The 
MICs are marginally increased for H. influenzae strains with 
chromosomal ampicillin resistance, with a geometric mean 
of 0.03 μg/ml compared with ≤ 0.015 μg/ml for fully suscep-
tible isolates (Mushtaq et al., 2007).

The antimicrobial spectrum of activity of ceftaroline 
against Gram-negative bacilli is similar to those of the third- 
generation cephalosporins (e.g. ceftazidime, cefotaxime, 
and ceftriaxone). It is active against wild-type strains of the 
Enterobacteriaceae (Sader et al., 2005). The vast majority 
of Citrobacter freundii, E. coli, Klebsiella pneumoniae, Mor
ganella morganii, Proteus mirabilis, and Serratia marcescens 
are inhibited at ≤ 2 μg/ml of ceftaroline (Sader et al., 2005; 
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Pfaller et al., 2014). Ceftaroline lacks activity against cefta - 
zidime nonsusceptible Enterobacteriaceae and has a poor 
activity against a diverse group of nonfermentative Gram-
negative bacilli. Pseudomonas aeruginosa, Acinetobacter spp., 
Alcaligenes spp., and Stenotrophomonas maltophilia show 
decreased susceptibilities to ceftaroline (MIC90 > 32 μg/ml) 
(Sader et al., 2005). Activity of ceftaroline against Gram-
negative bacteria is reported in Table 32.2.

Ceftaroline, like ceftriaxone, does not have clinically 
useful activity against anaerobic Gram-negative organisms 
(Table 32.3). Bacteroides fragilis and Prevotella spp. show 
high ceftaroline MICs (MIC90 > 32 μg/ml) (Sader et al., 2005). 
Good activity, however, has been shown against Pasteurella 
multocida, with an MIC90 of 0.06 μg/ml (Ge et al., 2008). 

2b.  Emerging resistance and 
cross-resistance

Against beta-lactamases (e.g.TEM-1, TEM-2, SHV-1) ceftar-
oline MICs can vary from 2 to16 μg/ml (Mushtaq et al., 
2007). Like other third-generation cephalosporins, extended- 
spectrum beta-lactamase (ESBL) producing strains, regard-
less of species, show decreased susceptibilities to ceftaroline 
(MIC90 > 32 μg/ml), particularly against CTX-M ESBL (Sader 
et al., 2005; see Table 32.2). Ceftaroline is hydrolyzed by 
ESBLs, class C beta-lactamases, and class B metallo-beta- 
lactamases. Ceftaroline exhibits MICs > 128 μg/ml against 
AmpC and carbapenemases producers (OXA-48, KPC, K1, 
and metallo-beta-lactamases) (Sader et al., 2005; Ge et al., 
2008; Mushtaq et al., 2007). 

This greater susceptibility to beta-lactamases results in 
overall activity of ceftaroline against Gram-negative patho-
gens that is more like that of ceftriaxone than that of cefepime 
or ceftobiprole (Sader et al., 2005). Resistance due to class A 
beta-lactamases was reversed by clavulanate (Mushtaq et al., 
2007). 

Ceftaroline selects AmpC-derepressed Enterobacter 
mutants similarly to cefotaxime in single-step experiments; 
in multistep procedures, it selected ESBL variants of blaTEM in 
E. coli. 

In vitro passage studies have demonstrated low rates of 
acquired resistance of Staphylococcus spp. to ceftaroline (Sara-
volatz et al., 2010). Resistance selection was not observed 
with S. aureus, H. influenzae, or pneumococci during a 
multiple passage study (Mushtaq et al., 2007). Ceftaroline-
resistant MRSA has been described in Europe and Thailand, 
showing MICs ranging from 4 to 8 μg/ml (Jones et al., 2011; 
Mendes et al., 2012; Alm et al., 2014). High-level resistance to 
ceftaroline (> 32 μg/ml) has been also reported in 6 MRSA 
isolated from the USA due to mutations of the ceftaroline- 
binding pocket of the transpeptidase region of penicillin- 
binding protein 2a (PBP2a) (Long et al., 2014). There are no 
reports thus far of resistance of S. pneumoniae to ceftaroline. 
Very small numbers of S. pneumoniae isolates have ceftaro-
line MICs of 1–2 μg/ml (Fenoll et al., 2008; McGee et al., 
2009; Mendes et al., 2014).

3. MECHANISM OF DRUG ACTION

Like other beta-lactam agents, ceftaroline inhibits the bacte-
rial cell wall synthesis by binding to PBPs. Like ceftobiprole, 
ceftaroline demonstrates high affinity for PBP2a (or PBP2′), 
a peptidoglycan transpeptidase responsible for beta-lactam 
resistance in MRSA. This accounts for its strong antibacterial 
activity against MRSA (Ishikawa et al., 2003). In contrast, 
its affinities for other PBPs, including PBP1, 2, 3, and 4 of 
MRSA, were similar to those of ceftriaxone (Ishikawa, 2002).

Diminished susceptibility of staphylococci to vancomy-
cin does not affect the antimicrobial activity of ceftaroline 
because these strains of vancomycin-nonsusceptible S. aureus 
and coagulase-negative staphylococci are also methicillin 
resistant, and activity of ceftaroline depends on its affinity to 
their PBP2a (Iizawa et al., 2004).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Ceftaroline is administered intravenously. In a phase II study 
of patients with complicated skin and skin structure infec-
tions (cSSSIs), ceftaroline 600 mg twice daily was admin-
istered in adults (Talbot et al., 2007). For S. pneumoniae 
respiratory tract infection, ceftaroline 600 mg twice daily 
should be adequate from a pharmacodynamic standpoint, 
when the ceftaroline MIC is ≤ 1 μg/ml (Van Bambeke et al., 
2007).

4b.  Newborn infants and children

No dosing information is available for infants younger than 
2 months of age. For children from 2 months to 18 years of 
age dosing is based on the age and weight of the child. For 
children from 2 months to < 2 years, the recommended dose 
is 8 mg/kg every 8 hours. For children older than 2 years, the 
dosing depends on weight. For children ≤ 33 kg, the dose is 
12 mg/kg every 8 hours. For those > 33 kg, the dose is either 
400 mg every 8 hours or 600 mg every 12 hours. There are 
no dosing recommendations for children with CrCl < 50 ml/
minute.

4c.  Pregnant and lactating mothers

Ceftaroline is FDA pregnancy class B. There are no data to 
suggest that dosing should be changed in pregnant women. It 
is not known if ceftaroline enters breast milk.

4d.  Those requiring altered dosages

No dosage adjustment is required for patients with a creati-
nine clearance > 50 ml/minute. For those with a CrCl > 30 
but ≤ 50 ml/minute, the recommended dosing is 400 mg 
every 12 hours. For those with a cCrCl ≥ 15 but ≤ 30 ml/
minute the recommended dose is 300 mg every 12 hours. 
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Table 32.2. In vitro antimicrobial activity of ceftaroline against selected Gram-negative organisms

Organism MIC50 (μg/ml) MIC90 (μg/ml) Range (μg/ml) No. of strains Reference

Acinetobacter spp.  4 8    1–32  10 Iizawa et al. (2004)

Acinetobacter baumannii  16  > 32    2–> 32  20 Sader et al. (2005)

 > 16  > 16 0.5  632 Sader et al. (2015)

Alcaligenes spp.  > 32  > 32   16–> 32  10 Sader et al. (2005)

Citrobacter freundii 0.12  > 32 0.06–> 32  86 Pfaller et al. (2014)

0.25  > 16 0.03  574 Sader et al. (2015)

0.25  64 0.13–128  34

0.12 2 0.06–> 32  20

Enterobacter spp. 0.25  > 32 0.03–> 32  188 Pfaller et al. (2014)

0.5  > 32 0.06–> 32  57 Sader et al. (2013a)

Enterobacter cloacae 0.25  > 16 ≤ 0.015  2,465 Sader et al. (2015)

0.5  > 128 0.06–> 128  32 Iizawa et al. (2004)

E. cloacae, wild type 0.12  32 0.03–> 32  23 Sader et al. (2005)

E. cloacae, ESBL producing  > 32  > 32    4–> 32  15 Sader et al. (2005)

Escherichia coli 0.06  0.25 0.016–> 128  77 Iizawa et al. (2004)

E. coli, wild type 0.12 0.25 ≤ 0.015–16  384 Pfaller et al. (2014)

0.12 1 0.03–2  47 Sader et al. (2013a)

0.06 0.25 ≤ 0.008–16  579 Flamm et al. (2012)

0.12  0.5 ≤ 0.015–8  323 Flamm et al. (2014b)

0.12  1 ≤ 0.015–32  264 Karlowsky et al. (2016)

E. coli, ESBL-producing 0.06 0.12 ≤ 0.016–0.25  20

 > 32  > 32 0.06–> 32  56 Pfaller et al. (2014)

 > 32  > 32 0.5–> 32  90 Sader et al. (2013a)

 > 32  > 32 0.5–> 32  195 Flamm et al. (2014b)

 ≥ 256 ≥256 0.25–≥ 256  85 Karlowsky et al. (2016)

 > 32  > 32 0.5–> 32  15

Haemophilus influenzae ≤ 0.008 0.015 ≤ 0.008–0.5  515 Farrel et al. (2013)

≤ 0.008 0.03 ≤ 0.008–0.5  453 Sader et al. (2013a)

≤ 0.008  0.03 ≤ 0.008–0.5  770 Flamm et al. (2012)

 0.015  0.03 0.015–0.25  70 Leprince et al. (2015)

≤ 0.008  0.06 ≤ 0.008–0.25  71

H. influenzae, beta-lactamase 
negative

≤ 0.015  0.03 ≤ 0.015–0.06  89 Flamm et al. (2014b)

≤ 0.015  ≤ 0.015 ≤ 0.015–0.12  2,921 Sader et al. (2015)

≤ 0.016  ≤ 0.016 ≤ 0.016  23 Sader et al. (2005)

H. influenzae, beta-lactamase 
positive

≤ 0.015  0.03 ≤ 0.015–0.06  37 Flamm et al. (2014b)

≤ 0.015  0.06 ≤ 0.015–0.5  958 Sader et al. (2015)

≤ 0.016  ≤ 0.016 ≤ 0.016–0.25  24 Sader et al. (2005)

H. influenzae, BLNAR ≤ 0.016  0.03 ≤ 0.016–0.03  30 Sader et al. (2005)

Klebsiella oxytoca 0.25  8 0.03–>32  141 Pfaller et al. (2014)

0.25  8 0.015–>32  250 Flamm et al. (2012)

0.25  > 32 0.03–>32  40 Flamm et al. (2014b)

0.25  2 0.03–> 128  19

Klebsiella oxytoca, wild type 0.25 0.5 ≤ 0.015–≥ 256  59 Karlowsky et al. (2016)

Klebsiella oxytoca, ESBL 
producing

128 ≥ 256 0.12–≥ 256  15 Karlowsky et al. (2016)

K. pneumoniae 0.12  > 32 0.015–> 32  267 Pfaller et al. (2014)

0.12 8 ≤ 0.008–> 32  653 Flamm et al. (2012)

32  > 32 ≤ 0.015–> 32  379 Flamm et al. (2014b)

0.06 0.25 0.03–128  59 Iizawa et al. (2004)

K. pneumoniae, wild type 0.12 0.25 0.015–2  216 Pfaller et al. (2014)

0.06 0.25 ≤ 0.015–2  177 Flamm et al. (2014b)
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Organism MIC50 (μg/ml) MIC90 (μg/ml) Range (μg/ml) No. of strains Reference

0.12 0.5 ≤ 0.015–4  104 Karlowsky et al. (2016)

0.06 0.5 0.03–4  21

K. pneumoniae, ESBL 
producing

 > 32  > 32 0.5–> 32  51 Pfaller et al. (2014)

 > 32  > 32    2–> 32  202 Flamm et al. (2014b)

≥ 256 ≥ 256 ≤ 0.015–≥ 256  111 Karlowsky et al. (2016)

 > 32  > 32   32–> 32  15 Sader et al. (2005)

Moraxella catarrhalis 0.06 0.12 ≤ 0.008–0.5  205 Farrel et al. (2013)

0.06 0.12 ≤ 0.008–0.5  135 Sader et al. (2013a)

0.06 0.12 ≤ 0.008–0.25  200 Flamm et al. (2012)

0.25 0.5 ≤ 0.008–0.5  50

0.06 0.12 ≤ 0.016–0.12  25

Morganella morganii 0.12  > 32 0.03–>32  124 Pfaller et al. (2014)

0.12  > 16 ≤ 0.015  911 Sader et al. (2015)

 0.5  > 32 0.03–> 32  61 Flamm et al. (2014b)

0.13 8 0.03–16  13

0.06 0.12 0.03–0.5  20

Neisseria meningitidis ≤ 0.016 ≤ 0.016 ≤ 0.016  10 Sader et al. (2005)

Proteus mirabilis 0.12  0.25 0.03–16  120 Jones et al. (2010)

0.12  4 0.03–> 16  88 Jones et al. (2010)

0.12  0.25 0.03–> 32  163 Pfaller et al. (2014)

0.13  > 128 0.03–> 128  42

P. mirabilis, wild type 0.06 2 ≤ 0.015–64  114 Karlowsky et al. (2016)

0.12 0.12 0.03–4  20 Sader et al. (2005)

P. mirabilis, ESBL producing  64 ≥ 256 0.12–≥ 256  7 Karlowsky et al. (2016)

 > 32  > 32    4–> 32  10 Sader et al. (2005)

Proteus vulgaris  1  > 16 0.03-> 16  305 Sader et al. (2015)

8  64 0.25–64  12 Iizawa et al. (2004)

Providencia spp. 0.5  16 ≤ 0.015–16  547 Sader et al. (2015)

1  > 32 0.03–> 32  22 Sader et al. (2005)

Pseudomonas aeruginosa  16  > 16 0.25–>16  4,115 Sader et al. (2015)

 8  > 32 0.12–> 32  33 Testa et al. (2015)

 16  128    1–> 128  58 Iizawa et al. (2004)

 16  > 32    4–> 32  20 Sader et al. (2005)

Salmonella spp.  0.13 0.25 0.13–2  46 Iizawa et al. (2004)

Serratia marcescens  1  2 0.25–> 32  78 Pfaller et al. (2014)

 0.5  2 0.25–> 32  25 Sader et al. (2013a)

 1  32 0.5–> 128  43 Iizawa et al. (2004)

 0.5 2 0.12–8  20 Sader et al. (2005)

Stenotrophomonas 
maltophilia

 > 32  > 32   32–> 32  10 Sader et al. (2005)

Abbreviations: BLNAR: beta-lactamase-negative ampicillin-resistant strains; ESBL: extended-spectrum beta-lactamase.

Table 32.3. In vitro antimicrobial activity of ceftaroline against selected anaerobes

Organism MIC50 (μg/ml) MIC90 (μg/ml) Range (μg/ml) No. of strains

Bacteroides fragilis 32 > 32    4–> 32 20

Clostridium difficile 2 4 0.06–8 10

Clostridium spp. 0.06 1 ≤ 0.016–1 16

Other Gram-positive anaerobesa 0.06 0.12 0.03–0.12 14

Prevotella spp. 8 > 32 0.03–> 16 16

aIncludes two Propionibacterium acnes strains, nine Propionibacterium spp. strains, and three Peptostreptococcus spp. strains.
Source: Data from Sader et al. (2005).
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For patients in end-stage renal disease or receiving hemo-
dialysis, the recommended dose is 200 mg every 12 hours 
(with dosing after dialysis on dialysis days).

Dosing in continuous renal replacement therapy is cur-
rently being studied (clinical trial NCT02007122) but no 
dosing recommendations are yet available.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Ceftaroline is not administered orally. After i.v. administra-
tion, the prodrug, ceftaroline fosamil, is rapidly transformed 
into ceftaroline in plasma (Ge et al., 2006c).

Ceftaroline exhibits a low level of plasma protein binding 
in humans (< 20%), as it does in rabbits (< 20%) (Ge and 
Hubbel, 2006). The serum half-life of ceftaroline observed in 
healthy volunteers after a 1-hour infusion of a 600-mg dose 
is 1.57–2.63 hours (Jacqueline et al., 2007). The half-life of 
ceftaroline 600 mg in human serum simulated from a rabbit 
endocarditis model is 2.4 hours (Jacqueline et al., 2007).

5b.  Drug distribution

When a 600-mg dose (approximately 10 mg/kg) of ceftaro-
line is infused over 1 hour to healthy volunteers, peak con-
centration (Cmax) is 18.96–21.02 μg/ml and the area under 
the curve (AUC) is 56.08 mg/l/hour (Jacqueline et al., 2007). 
Simulated Cmax and AUC in human serum from animal stud-
ies are 21.9 ± 3.0 μg/ml/hour and 71.2 mg/l/hour, respec-
tively (Jacqueline et al., 2007). Human pharmacokinetics are 
summarized in Table 32.4.

After a short i.v. infusion of the prodrug of ceftaroline in 
the rabbit, a mean penetration rate of 42.0% ± 11.2% was 
observed in the lung (Jacqueline et al., 2006). According to 
human pharmacokinetics of ceftaroline (Cmax 20 μg/ml; t½ 2.5 
hours), these data allow attainment of lung concentrations 
exceeding the MIC of most respiratory tract pathogens. 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The EUCAST has set breakpoints of ceftaroline-susceptible 
S. aureus ≤ 1 μg/ml and resistant > 1 μg/ml, whereas the CLSI 
has values of susceptibility ≤ 1 μg/ml, intermediate for 2 μg/
ml, and resistance > 2 μg/ml (Koeth et al., 2014; EUCAST, 
2014; CLSI, 2013).

Ceftaroline exhibits time-dependent, bactericidal activity 
in vitro and in vivo (Andes and Craig, 2006). Using murine 
thigh and lung infection models, Andes and Craig (2006) 
demonstrated the percentage of time that the free drug con-
centration remains above the MIC (% ƒt > MIC) as the best 
pharmacokinetic-pharmacodynamic index that correlated 
with efficacy of ceftaroline. Mean free-drug % ƒt > MICs ± 
the standard deviation associated with the static effect end 

point for S. pneumoniae, S. aureus, and Gram-negative iso-
lates were 39 ± 9, 26 ± 8, and 32 ± 6, respectively. The reduced 
% ƒt > MIC for S. aureus is attributable in part to the long 
postantibiotic effects (PAEs) against this species compared 
with others (Andes and Craig, 2006).

The in vivo PAEs are either nonexistent or of modest 
duration against S. pneumoniae (–1.9 to 1.5 hours) and E. coli 
(–0.33 to 5.7 hours) isolates (Andes and Craig, 2006). The 
PAEs were of longer duration (0.8–7.2 hours) against S. aureus, 
and a similar observationwas previously noted with other 
beta-lactams (Andes and Craig, 2006). In a separate evalua-
tion, the pneumococcal, staphylococcal and enterococcal 
PAEs were 0.8–1.8 hours, 0.7–2.2 hours and 0.2–1.1 hours, 
respectively (Pankuch and Appelbaum, 2009).

5d.  Excretion

Ceftaroline and its metabolites are mainly eliminated through 
renal excretion (Ge et al., 2006a). As seen with most beta- 
lactams, renal impairment has a mild to moderate effect on 
the pharmacokinetics of ceftaroline (Table 32.5). A decrease 
in renal function correlates with an increase in elimination 
half-life and a decrease in clearance but has little effect on 
Cmax. In other words, there is an increase in AUC and t½, but 
not in Cmax, in subjects with renal impairment. It appears 
there is no dose adjustment requirement for subjects with 
mild renal impairment (Ge et al., 2006c). Studies exploring 
ceftaroline AUC increase in subjects with moderate (CrCl 
30–50 ml/minute), severe (CrCl 15–30 ml/minute), and end-
stage (CrCl < 15 ml/minute) renal impairment suggested 
that dose adjustment to 400, 300, and 200 mg every 12 hours, 
respectively, can result in similar systemic exposure to cef-
taroline as in patients with normal renal function receiving 
600 mg every 12 hours (Riccobene et al., 2014).

5e.  Drug interactions

Ceftaroline shows little P450-dependent metabolism in vitro 
and is expected to have a low likelihood of P450-related 
drug–drug interactions (Ge and Hubbel, 2006).

Table 32.4. Ceftaroline pharmacokinetics following multiple 
(every 8 hours) 60-minute i.v. infusions of a 600-mg dose of the 
prodrug in healthy males

Parameter Day 14 (n = 6)a

Cmax (μg/ml) 21

AUCss (mg/l/hour) 56

t½ (hours) 2.6

Cl/Fm (mg/l/hour) 159

aValues are expressed as the mean.
Abbreviations: Cmax: maximum plasma concentration; AUCss: area under the 

plasma concentration–time curve at steady state; t½: elimination half-life; 
Cl/Fm: apparent clearance of metabolite.

Source: Data from Ge et al. (2006b).
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6. ADVERSE REACTIONS AND TOXICITY

Ceftaroline exhibited a safety and tolerability profile consis-
tent with that of other marketed cephalosporins (Talbot et 
al., 2007). Most adverse events from ceftaroline were mild 
and not related to treatment. Drug-related adverse event 
(AEs) that occurred in ≥ 5% of subjects in either treatment 
group are shown in Table 32.6 (Talbot et al., 2007). Five seri-
ous adverse event (SAEs) were reported in five (5.1%) sub-
jects for both treatment groups; all resolved, and no death 
occurred during the study. Overall, four (6.0%) ceftaroline 
subjects and eight (25%) standard-therapy subjects experi-
enced an infusion-associated AE, of which two (3%) and 
eight (25%), respectively, were considered related to study 
medication (Talbot et al., 2007). In a phase II clinical trial, 
the presence of urinary crystals on routine urinalysis was the 
most frequently reported adverse event (Talbot et al., 2007; 
see Table 32.6). These crystals are composed of amorphous 
material or calcium oxalate and do not suggest the presence 
of crystallized drug. Increased levels of creatine phosphoki-
nase were unaccompanied by clinical evidence of muscle 
or cardiac signs or symptoms (Talbot et al., 2007). Digitally 
acquired and centrally analyzed electrocardiograph data 
showed no trend to an increase in the mean heart rate- 
corrected QT interval (QTc) or the number of QTc outlier 
values, which would have suggested a QTc prolongation effect 
of ceftaroline (Talbot et al., 2007).

In two phase III trials in adult patients with cSSTI com-
paring ceftaroline to vancomycin plus aztreonam, rates of 
adverse events, therapy discontinuation, SAEs, and death were 
similar between treatment groups (Corey et al., 2010). 

In a retrospective study of 537 patients treated with cef-
taroline, adverse effects occurred in 8% of patients and were 
mainly related with gastrointestinal (GI) disturbances. In this 
cohort, however, 14% of patients who received high ceftaro-
line doses (600 mg every 8 hours) reported adverse events in 
18% of cases including rash, leukopenia, and renal failure 
(Casapao et al., 2014). Other studies documented the associ-
ation of prolonged high doses of ceftaroline with hematologic 

Table 32.5. Ceftaroline pharmacokinetics following a single 60-minute i.v. infusion of a 600-mg dose of the prodrug in subjects with mild 
or moderate renal impairment

Parameter

Renal impairmenta

Normal (CrCl > 80 ml/minute) Mild (CrCl 51–80 ml/minute) Moderate (CrCl 31–50 ml/minute)

Cmax (μg/ml) 27 (± 7) 28 (± 5) 31 (± 5)

CrCl (ml/minute) 108 (± 13) 64 (± 11) 38 (± 10)

Cltot (ml/minute) 126 (± 34) 99 (± 26) 74 (± 9)

t½ (hours) 2.8 (± 0.4) 3.7 (± 0.7) 4.6 (± 1.1)

AUCinf (mg/l/hour) 68 (± 8) 95 (± 26) 120 (± 13)

aValues are expressed as the mean (± standard deviation) for six subjects.
Abbreviations: CrCl: creatinine clearance; Cmax: maximum plasma concentration; Cltot: total systemic clearance; t½: elimination half-life; AUCinf: AUC from 0 to 

infinity.
Sourcei: Data from Ge et al. (2006c).

Table 32.6. Most common treatment-related adverse events 
occurring in ≥ 2% of patients in phase III trials (integrated safety 
modified intent-to-treat populations).

Adverse event
Phase III trial (cSSSI)

No. (%) of patients 
receiving indicated 

treatment

Ceftaroline 
(n = 692)

Vancomycin 
± aztreonam 

(n = 686)

Nausea 41 (5.9) 35 (5.1)

Headache 36 (5.2) 31 (4.5)

Diarrhea 34 (4.9) 26 (3.8)

Pruritus 24 (3.5) 56 (8.2)

Rash 22 (3.2) 17 (2.5)

Vomiting 20 (2.9) 18 (2.6)

Constipation 18 (2.6) 18 (2.6)

Insomnia 17 (2.5) 17 (2.5)

Generalized pruritus 15 (2.2) 19 (2.8)

Dizziness 14 (2.0)  8 (1.2)

Elevated level of transaminases 15 (2.2) 25 (3.6)

Hypokalemia 10 (1.4) 15 (2.2)

Pyrexia  9 (1.3) 16 (2.3)

Adverse event
Phase III trial (CABP)

No. (%) of patients 
receiving indicated 

treatment

Ceftaroline 
(n = 613)

Vancomycin 
± aztreonam 

(n = 615)

Diarrhea 26 (4.2) 16 (2.6)

Headache 21 (3.4)  9 (1.5)

Insomnia 19 (3.1) 14 (2.3)

Phlebitis 17 (2.8) 13 (2.1)

Hypertension 14 (2.3) 16 (2.6)

Hypokalemia 14 (2.3) 15 (2.4)

Nausea  4 (6.0) 14 (2.3)

Abbreviations: cSSSI: complicated skin and soft tissue infections; CABP: 
community-acquired bacterial pneumonia.

Source: Data from Corey et al. (2010) and File et al. (2010).
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toxicity (Jain et al., 2014; Varada et al., 2015; LaVie et al., 
2015).

Compared to other cephalosporins, the occurrence of 
Clostridium difficile–induced diarrhea has been rarely 
reported, probably due ceftaroline lack of ecological impact 
on the human intestinal microflora (Panagiotidis et al., 2010).

7. CLINICAL USES OF THE DRUG

Several animal studies have shown ceftaroline to be useful 
for the treatment of MRSA infections (Iizawa et al., 2004). 
In mice, the effect of ceftaroline against systemic infection 
caused by clinical isolates of MRSA was comparable or supe-
rior to that of vancomycin, linezolid, teicoplanin, and arbeka-
cin (Iizawa et al., 2004). In addition, ceftaroline at a dose 
of  20 mg/kg significantly decreased bacterial counts in the 
lungs of mice in an experimental pneumonia model caused 
by MRSA (Iizawa et al., 2004).

Another study using a rabbit endocarditis model showed 
that ceftaroline (10 mg/kg every 12 hours) was highly bac-
tericidal against MRSA and hVISA strains compared with 
linezolid (10 mg/kg every 12 hours) and vancomycin (admin-
istered by a constant i.v. infusion to reach a steady state 20× 
MIC in serum) (Jacqueline et al., 2007). After a 4-day treat-
ment, ceftaroline exhibited superior bactericidal in vivo activ-
ity against resistant S. aureus strains and appeared to be the 
most effective drug against a hVISA strain (Jacqueline et al., 
2007). Ceftaroline MICs for MRSA and hVISA were 1 and 
2 μg/ml, respectively (Jacqueline et al., 2007).

Ceftaroline was approved by the FDA (2010) for the treat-
ment of community-acquired bacterial pneumonia (CABP) 
and acute bacterial skin and soft tissue infections (ABSSTIs).

7a.  Skin and skin structure infections

A phase II trial of ceftaroline was performed to evaluate the 
safety and efficacy of ceftaroline vs. standard therapy in treat-
ing cSSSI (Talbot et al., 2007). Patients were randomized to 
receive ceftaroline (600 mg every 12 hours) or vancomycin 
(1 g every 12 hours) with or without aztreonam (1 g every 
8 hours) for 7–14 days. Of 100 subjects enrolled, 88 were 
clinically evaluable; overall, clinical cure rate was 96.7% 
(59/61) for ceftaroline vs. 88.9% (24/27) for standard ther-
apy. In microbiologically evaluable subjects (i.e. clinically 
evaluable and having had at least one susceptible pathogen 
isolated at baseline), the microbiological success rate was 
95.2% (40/42) for ceftaroline vs. 85.7% (18/21) for standard 
therapy. Among MRSA isolates, all were inhibited by ceftar-
oline with MICs < 0.5 μg/ml (Talbot et al., 2007).

Two phase III studies with identical designs and protocols 
compared ceftaroline with standard therapy in patients with 
cSSSI (Corey et al., 2010). Patients were randomly assigned 
to ceftaroline 600 mg i.v. every 12 hours or vancomycin 1 g 
every 12 hours plus aztreonam and treated for 5–14 days. 
Primary outcome was clinical cure rate in the clinically eval-
uable and modified intent-to-treat (mITT) populations.

A total of 693 patients received ceftaroline and 685 
patients received vancomycin and aztreonam. Clinical cure 
rates in clinically evaluable patients were 91.6% for the cef-
taroline arm and 92.7% for the standard therapy arm. The 
mITT groups demonstrated similar results, with 85.9% and 
85.5% cure rates in the ceftaroline and standard therapy arms, 
respectively. 

7b.  Community-acquired pneumonia

Two randomized, double-blind, multicenter phase III trials 
were also designed to assess ceftaroline efficacy compared 
with ceftriaxone in patients with CABP (File et al., 2010). 
Patients received either ceftaroline 600 mg i.v. every 12 hours 
by a 60-minute infusion or ceftriaxone 1 g i.v. every 24 hours 
for 5–7 days. Both arms received adjunctive clarithromycin 
500 mg every 12 hours for two doses. The primary outcome 
was noninferiority in the clinical cure rate at the test of cure 
(TOC) visit for the clinically evaluable and mITT efficacy 
groups. Secondary outcome was the microbiologic cure rate 
at the TOC visit. A total of 614 subjects were assigned to each 
group. Clinical cure rates in the mITT efficacy and clinically 
evaluable groups were similar for ceftaroline and ceftriaxone 
(82.6% vs. 76.6% and 84.3% vs. 77.7%, respectively). Micro-
biologic cure rates were similar between the treatment arms. 
Ceftaroline demonstrated high cure rates (85.5%) against 
S.  pneumoniae. In particular, all four multidrug-resistant 
S. pneumoniae isolates identified in the ceftaroline group were 
treated successfully compared to two out of nine in the cef-
triaxone group. When data from both trials were combined, 
a 6.7% higher clinical cure rate was seen with ceftaroline vs. 
ceftriaxone in the clinically evaluable group.

A randomized clinical trial (RCT) was performed com-
paring ceftaroline with ceftriaxone in Asian patients with 
PORT III–IV CAP (Zhong et al., 2015). In the clinically eval-
uable population, 217 (84%) of 258 patients in the ceftaroline 
fosamil group and 178 (74%) of 240 patients in the ceftriax-
one group were clinically cured at the TOC visit (difference: 
9.9%; 95% confidence interval [CI]: 2.8–17.1). These results 
would suggest that ceftaroline is a potentially useful alterna-
tive to ceftriaxone in patients with CAP.

CEFTAROLINE–AVIBACTAM

The association of ceftaroline with avibactam could extend 
the spectrum of activity of ceftaroline to resistant Gram-
negative bacteria (Mushtaq et al., 2010; Stachyra et al., 2009). 
While this combination did undergo a considerable amount 
of clinical development, it did not proceed to pivotal phase 
III trials. Instead, ceftazidime–avibactam was advanced and 
underwent FDA approval.

Avibactam has little intrinsic antimicrobial activity but 
is  able to protect beta-lactams from class A (including 
ESBLs), class C (AmpC), and some class D beta-lactamases 
(Ehmann et al., 2012; Li et al., 2015). Compared to other beta- 
lactamase inhibitors, avibactam has a different structure and 
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does not contain a beta-lactam core. Its mechanism of inhi-
bition is also distinct: the covalent inhibition that occurs 
via the opening of the avibactam ring is reversible, and the 
deacylation results in regeneration of the intact compound. 
This mechanism enhances avibactam’s capability to confer 
high protection to the beta-lactam partner against hydrolysis 
by chromosomal and plasmadic beta-lactamases (Ehmann et 
al., 2012).

Ceftaroline–avibactam demonstrated in vitro efficacy and 
activity in animal models against infections caused by Entero -
bacteriaceae, including strains producing various ESBL types 
(e.g. CTX-M types), AmpC (chromosomally derepressed or 
plasmid-mediated enzymes), and Klebsiella pneumoniae 
carbapenemase (KPC), in addition to penicillin-resistant S. 
pneumoniae, Haemophilus influenzae, and MRSA (Castan-
heria et al., 2012). Similar to ceftaroline, ceftaroline–avibactam 
is highly active against Gram-positive organisms (Flamm et 
al., 2014a). A study showed that up to 99% of S. aureus 
strains, including MRSA with four staphylococcal cassette 

chromosome mec (SCCmec) types, were inhibited by ceftaroline- 
avibactam at < 2 μg/ml (Castanheria et al., 2012).

Ceftaroline–avibactam was also active against ceftriaxone- 
nonsusceptible Streptococcus pneumoniae (Sader et al., 2013c). 
A study encompassing 5140 bacterial isolates collected from 
90 medical centers across the USA (as part of the Assessing 
Worldwide Antimicrobial Resistance and Evaluation surveil-
lance program) tested ceftazidime–avibactam susceptibility 
by the CLSI broth microdilution method (with avibactam at 
fixed 4 μg/ml). All MSSA and MRSA strains were inhibited 
at ≤ 0.5 and ≤ 2 μg/ml of ceftazidime–avibactam, respectively 
(Sader et al., 2012). Ceftazidime–avibactam was 16-fold more 
active than ceftriaxone against MSSA (Sader et al., 2014). The 
activity of ceftaroline–avibactam against various Gram-
positive isolates is reported in Table 32.7. High activity was 
shown toward various beta-lactamases-producing Entero- 
bac teriaceae, with MIC90 between 0.25 and 2 μg/ml. Isolates 
carrying multiple enzymes were inhibited by ceftaroline– 
avibactam at < 4 μg/ml. Although it has potent activity 

Table 32.7. In vitro antimicrobial activity of ceftaroline–avibactam against selected Gram-positive organisms

Organism MIC50 (μg/ml) MIC90 (μg/ml) Range (μg/ml) No. of strains Reference

Staphylococcus aureus 1 2 0.25–4 110 Castanheira et al. (2012)

Staphylococcus aureus, methicillin 
susceptible

0.25 0.25 ≤ 0.03–0.5 4,089 Flamm et al. (2014a)

0.25 0.25 0.25–2 2,037 Karlowsky et al. (2013) 

0.25 0.25 ≤ 0.03–0.5 2,172 Sader et al. (2013c)

0.25 0.5 0.03–2 1,723 Sader et al. (2012)

Staphylococcus aureus, methicillin 
resistant

0.5 1 0.12–2 4,333 Flamm et al. (2014a)

0.5 1 0.25–2 502 Karlowsky et al. (2013)

0.5 0.5 0.25–1  29 Goldstein et al. (2013)

0.5 1 0.12–2  2,143 Sader et al. (2013c)

0.5 1 0.25–2  1,757 Sader et al. (2012)

Coagulase-negative Staphylococci, 
methicillin susceptible

0.06 0.12 ≤ 0.03–0.25  413 Sader et al. (2013c)

Coagulase-negative Staphylococci, 
methicillin resistant

0.25 0.5 ≤ 0.03–0.25  718 Sader et al. (2013c)

S. epidermidis, methicillin susceptible 0.25 0.25 ≤ 0.03–0.5 265 Karlowsky et al. (2013)

S. epidermidis, methicillin resistant 0.5 0.5 0.25–1 52 Karlowsky et al. (2013)

Streptococcus pneumonia ≤ 0.03 0.03 ≤ 0.03–0.25 540 Karlowsky et al. (2013)

≤ 0.03 0.12 ≤ 0.03–0.5 3,349 Sader et al. (2013c)

Beta-hemolytic streptococci ≤ 0.03 ≤ 0.03 ≤ 0.03–0.06 1,523 Flamm et al. (2014a)

≤ 0.03 ≤ 0.03 ≤ 0.03-0.12 2,345 Sader et al. (2013)

≤ 0.015 ≤ 0.015 ≤ 0.015-0.06 389 Sader et al. (2012)

S. pyogenes ≤ 0.03 ≤ 0.03 ≤ 0.03 706 Flamm et al. (2014a)

≤ 0.03 ≤ 0.03 ≤ 0.03 154 Karlowsky et al. (2013)

S. agalactiae ≤ 0.03 ≤ 0.03 ≤ 0.03–0.06 671 Flamm et al. (2014a)

≤ 0.08 0.015 ≤ 0.08–0.015 93 Karlowsky et al. (2013)

≤ 0.015 ≤ 0.015 ≤ 0.015 20 Goldstein et al. (2013)

Viridans streptococci ≤ 0.03 0.06 ≤ 0.03–1 411 Flamm et al. (2014a)

≤ 0.03 0.12 ≤ 0.03–1 1,051 Sader et al. (2013c)

Enterococcus spp. 0.25 1 0.06–32 10 Goldstein et al. (2013)

Enterococcus faecalis 0.5 1 0.25–1 20 Goldstein et al. (2013)

2 8 0.25–16 414 Sader et al. (2013c)

Corynebacterium spp. 0.06 2 ≤ 0.015–> 32 36 Goldstein et al. (2013)
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Table 32.8. In vitro antimicrobial activity of ceftaroline–avibactam against selected Gram-negative organisms

Organism MIC50 (μg/ml) MIC90 (μg/ml) Range (μg/ml) No. of strains Reference

Enterobacteriaceae, ESBL 0.12 0.25 ≤ 0.015–1 33 Castanheira et al. (2012)

Enterobacteriaceae, AmpC plasmid 
mediated

0.12 0.25 0.06–1 36 Castanheira et al. (2012)

Enterobacteriaceae, AmpC 
ceftazidime resistant

0.12 0.5 0.03–0.5 27 Castanheira et al. (2012)

Enterobacteriaceae, carbapenemase 0.5 2 0.06–4 32 Castanheira et al. (2012)

Enterobacteriaceae, carbapenemase 
in AmpC

1 2 0.06–4 37 Castanheira et al. (2012)

Enterobacteriaceae, MBL > 32 — > 32 8 Castanheira et al. (2012)

Enterobacteriaceae, multiple 
beta-lactamases

0.12 0.5 ≤ 0.015–2 57 Castanheira et al. (2012)

Enterobacteriaceae, multiple 
beta-lactamases including KPC

0.5 2 0.25–4 15 Castanheira et al. (2012)

Enterobacteriaceae, multiple 
beta-lactamases in AmpC

0.5 2 0.12–4 27 Castanheira et al. (2012)

Acinetobacter spp. 32 > 32 0.5–> 32 24 Castanheira et al. (2012)

Acinetobacter baumannii 2 8 0.5–> 16 54 Karlowsky et al. (2013)

Citrobacter spp. 0.06 0.12 ≤ 0.03–1 208 Flamm et al. (2014a)

0.06 0.12 ≤ 0.15–0.5 77 Sader et al. (2012)

Citrobacter freundii 0.06 0.12 ≤ 0.03–0.5 49 Karlowsky et al. (2013)

0.06 0.12 ≤ 0.03–2 157 Sader et al. (2013c)

Enterobacter spp. 0.12 0.25 ≤ 0.03–1 599 Flamm et al. (2014a)

0.12 0.25 ≤ 0.015–1 102 Sader et al. (2012)

Enterobacter aerogenes 0.06 0.12 ≤ 0.03–0.2 97 Karlowsky et al. (2013)

0.06 0.12 ≤ 0.03–0.5 143 Sader et al. (2012)

Enterobacter cloacae 0.12 0.5 ≤ 0.03–8 283 Karlowsky et al. (2013)

0.12 0.25 ≤ 0.03–2 379 Sader et al. (2013c)

Escherichia coli ≤ 0.03 0.06 ≤ 0.03–1 2,162 Karlowsky et al. (2013)

E. coli, wild type 0.03 0.06 ≤ 0.015–0.5 385 Sader et al. (2012)

≤ 0.03 0.06 ≤ 0.03–1 1991 Karlowsky et al. (2013)

E. coli, ESBL producing  0.06 0.12 ≤ 0.03–0.5 118 Flamm et al. (2014a)

≤ 0.03 0.06 ≤ 0.03–0.12 114 Karlowsky et al. (2013)

0.06 0.12 ≤ 0.03–0.5 158 Sader et al. (2013c)

0.06 0.12 ≤ 0.015–0.5 59 Sader et al. (2012)

E. coli, AmpC producing 0.06 0.12 ≤ 0.03–1 57 Karlowsky et al. (2013)

Haemophilus influenza ≤ 0.03 ≤ 0.03 ≤ 0.03–0.06 252 Karlowsky et al. (2013)

≤ 0.03 ≤ 0.03 ≤ 0.03–0.06 1,679 Sader et al. (2013c)

Klebsiella spp. wild type 0.06 0.12 ≤ 0.015–0.5 293 Sader et al. (2012)

Klebsiella spp., ESBL producing 0.12 0.5 0.03–4 45 Sader et al. (2012)

Klebsiella oxytoca ≤ 0.03 0.12 ≤ 0.03–1 281 Flamm et al. (2014a)

≤ 0.03 0.12 ≤ 0.03–2 188 Karlowsky et al. (2013)

0.06 0.12 ≤ 0.03–1 493 Sader et al. (2013c)

K. pneumonia 0.06 0.12 ≤ 0.03–2 702 Karlowsky et al. (2013)

K. pneumoniae, wild type 0.006 0.12 ≤ 0.03–2 677 Karlowsky et al. (2013)

Klebsiella spp., ESBL producing 0.12 1 ≤ 0.03–4 98 Flamm et al. (2014a)

0.06 0.5 ≤ 0.03–1 25 Karlowsky et al. (2013)

0.12 0.5 ≤ 0.03–2 275 Sader et al. (2013c)

Klebsiella spp., meropenem resistant 0.12 1 ≤ 0.03–4 43 Flamm et al. (2014a)

0.5 1 ≤ 0.03–2 72 Sader et al. (2013c)

Moraxella catarrhalis ≤ 0.03 ≤ 0.03 ≤ 0.03-0.12 494 Sader et al. (2013c)

Morganella morganii ≤ 0.03 0.12 ≤ 0.03–1 239 Flamm et al. (2014a)

≤ 0.03 0.12 ≤ 0.03–0.25 35 Karlowsky et al. (2013)

≤ 0.03 0.12 ≤ 0.03–0.5 308 Sader et al. (2013c)

Proteus mirabilis 0.06 0.12 ≤ 0.03–1 413 Flamm et al. (2014a)
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toward KPC-producing strains (MIC90 0.5–1 μg/ml; mero-
penem MIC > 8 μg/ml), ceftaroline–avibactam did not 
show efficacy against metalloenzymes. Similar to ceftaroline, 
limited activity was reported against Acinetobacter spp. and 
P. aeruginosa (Castanheira et al., 2012; Table 32.8). E. coli, 
including ESBL-phenotype strains, was inhibited at MIC 
values ≤ 0.5 μg/ml, and 99.3% had ceftaroline–avibactam MIC 
≤ 0.12 μg/ml (Sader et al., 2012). Ceftaroline–avibactam was 
highly active against Enterobacteriaceae in a study testing 
4908 strains, including meropenem-resistant Klebsiella spp. 
and ceftazidime- nonsusceptible Enterobacter cloacae strains 
(Sader et al., 2013c). A study analyzing 9758 isolates showed 
that over 99% of E. coli, K. pneumoniae, K. oxytoca, P. mirabilis, 
M. morganii, C. freundii, and H. influenzae were susceptible 
to ceftaroline–avibactam according to CLSI MIC interpreta-
tive criteria for ceftaroline (Karlowski et al., 2013). The addi-
tion of avibactam also increased the in vitro potency of 
ceftaroline against anaerobic organisms such as B. fragilis 
and Prevotella spp. (Goldstein et al., 2013). Ceftaroline– 
avibactam has potent in vitro activity against common anaer-
obic pathogens (Goldstein et al., 2013; Werth et al., 2014; 
Table 32.9). In vitro selection of stable mutational resistance 
appeared uncommon (Livermore et al., 2012). 

A simulated human dose of 600 mg ceftaroline fosamil/ 
600 mg avibactam (administered every 8 hours as a 1-hour 
infusion) was used in a polymicrobial I murine model to 
assess the efficacy of ceftaroline–avibactam against MRSA, 
MSSA, E. coli, Enterobacter cloacae, and Bacteroides fragilis 
(Bhalodi et al., 2013). Each infection included at least one 
S.  aureus(with MIC 0.25–1 μg/ml and Enterobacteriaceae 
isolates with MIC 1–4 μg/ml. Avibactam caused a minimum 
of a three-dilution decrease in MICs for Enterobacteriaceae 
and B. fragilis. Efficacy was seen against all isolates with at 
least 1 log kill against Enterobacteriaceae and a minimum of 
2 log kill against S. aureus. Bacterial reductions correlated 
with a time above MIC (ƒt > MIC) of 100%, 86%, and 56% at 
MICs of 1, 2, and 4 μg/ml, respectively.

Ceftaroline–avibactam was also tested at the simulated 
human dosing of 600/600 mg every 8 hours in a murine 
thigh infection model against various Enterobacteriaceae 
isolates in immunocompetent and neutropenic mice. MICs 
of ≤ 0.015–1 μg/ml (equivalent to ƒt > MIC of 100%) were 

achieved against all isolates, including ESBL, non-ESBL, and 
KPC-producing strains (Wiskirchen et al., 2011). The same 
dosing was tested in an immunocompromised murine model 
against 31 Gram-negative isolates (including Enterobac-
teriaceae and Pseudomonas aeruginosa), with ceftaroline–
avibactam MICs of 1–16 μg/ml to determine a breakpoint 
value to predict efficacy in humans (Bhalodi et al., 2014). 
Reductions in bacterial colony forming units (CFUs) were 
mainly for MICs ≤ 4 μg/ml (with ƒt > MIC > 55%). Variable 
efficacy was seen in isolates with MICs ≥ 8 μg/ml (with ƒt > 
MIC decreasing > 40%). 

In clinical studies ceftaroline–avibactam was administered 
i.v. as 600 mg ceftaroline fosamil/600 mg avibactam every 
8 hours over 1 hour. A single-dose, open-label study inves-
tigating the pharmacokinetic interaction between ceftaroline 
fosamil and avibactam (administered as single doses of 600 
mg) showed no significant difference in systemic exposure 
when the drugs were administered alone vs. concomitantly 
(Riccobene et al., 2013). Mean Cmax and half-life were 27.94 
vs. 26.88 μg/ml and 2.48 vs. 2.5 hours for ceftaroline and avi-
bactam, respectively. Nearly 60% of the ceftaroline fosamil 
dose was excreted in the urine as ceftaroline, whereas 87–93% 

Organism MIC50 (μg/ml) MIC90 (μg/ml) Range (μg/ml) No. of strains Reference

0.06 0.12 ≤0.03–0.5 165 Karlowsky et al. (2013)

0.06 0.12 ≤ 0.03–0.5 230 Sader et al. (2013c)

Pseudomonas aeruginosa 16 > 32     2–> 32 25 Castanheira et al. (2012)

4 16 ≤ 0.03–> 16 969 Karlowsky et al. (2013)

2 32 ≤ 0.015–32 10 Goldstein et al. (2013)

4 16 0.5–> 16 213 Sader et al. (2013c)

Serratia marcescens 0.5 1 ≤ 0.03–4 222 Flamm et al. (2014a)

0.25 0.5 0.12–2 198 Karlowsky et al. (2013)

0.5 1 0.06–4 237 Sader et al. (2012)

0.5 1 0.12–4 51 Sader et al. (2012)

Stenotrophomonas maltophilia  > 16 > 16 0.12–> 16 174 Karlowsky et al. (2013)

Abbreviations: ESBL: extended-spectrum beta-lactamase; MBL: metallo-beta-lactamase; KPC: Klebsiella pneumoniae carbapenemase-producing

Table 32.9. In vitro antimicrobial activity of ceftaroline–avibactam 
against selected anaerobes recovered from foot infections from 
patients with diabetes

Organism
MIC50 

(μg/ml)
MIC90 

(μg/ml)
Range 
(μg/ml)

No. of 
strains

Bacteroides fragilis 0.5 2 0.125–2 19

Gram-positive coccia ≤ 0.015 0.5 ≤ 0.015–0.5 25

Clostridium spp. 0.06 1 ≤ 0.015–2 17

Gram-positive rodsb ≤ 0.015 ≤ 0.125 ≤ 0.015–0.25 10

Porphyromonas spp. ≤ 0.015 ≤ 0.015 ≤ 0.015–0.03 20

Prevotella spp. 0.25 1 ≤ 0.015–1 27

aIncludes one Anaerococcus prevotii, two A. tetradius, three A. vaginalis, 
four Parvimonas micra, five Peptoniphilus asaccharolyticus, six P. harei, 
and four Peptostreptococcus anaerobius strains.

bIncludes one Actinomyces meyeri, two A. neuii ssp. anitratus, one A. 
odontolyticus, two A. turicensis, two Propionibacterium acnes, and two 
Slackia exigua strains.

Source: Data from Goldstein et al. (2013).
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of avibactam administered was excreted in urine as avibac-
tam. In the same study, multiple dose regimens (600/600 mg 
every 12 hours, 400/400 mg every 8 hours, 900/900 mg every 
12 hours, and 600/600 mg every 8 hours) were administered 
to 46 healthy adults for 10 days to compare pharmacokinetic 
parameters for ceftaroline and avibactam. The results for 
the 600/600 mg every -8-hour dosage are reported in Table 
32.10. 

In a double-blind, placebo-controlled, single- and multiple- 
dose study, ceftaroline–avibactam was well tolerated. No 
serious adverse events or deaths occurred during the study 
(Riccobene et al., 2013). The majority of treatment-emergent 
adverse events were mild in severity, whereas only six (one in 
the single-dose and five in the multiple-dose study) were cat-
egorized as moderate. In the single-dose study, a total of 
6 (58.3%) treatment-emergent adverse events were reported. 
In the multiple-dose study, 57.3% adverse effects were cate-
gorized as related to treatment (Table 32.11). Treatment groups 
receiving increased daily doses of ceftaroline–avibactam 
(1800/1800 mg vs. 1200/1200 mg) showed higher incidence 
of infusion-site reactions, headache, generalized rash, and 
pruritus. Two (5.6%) discontinuations due to treatment- 
emergent adverse events were reported after 9 days of ceftar-
oline fosamil–avibactam administration in the 600/600 mg 
every 12 hours and in the 600/600 mg every 8 hours arms 
(Riccobene et al., 2013). Both subjects reported a rash that 
resolved after treatment discontinuation. One subject devel-
oped a significant decrease in the neutrophil count. 

In a double-blind, randomized, placebo-controlled, phase 
I study in healthy subjects supratherapeutic single doses of 
ceftaroline fosamil (1500 mg) with avibactam (2000 mg) were 
not associated with QT/QTc prolongation (Das et al., 2014).

Ceftaroline–avibactam was evaluated in a phase II study in 
comparison with doripenem for the treatment of adult urinary 
tract infections (clinical trial NCT01281462). To our knowl-
edge, the results of this study have not been reported and no 
further progression of clinical development was undertaken.
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was written by Baek-Nam Kim, of the Department of Internal 
Medicine, Inje University Sanggye-Paik Hospital, Nowon-gu 
Seoul, Republic of Korea, and David L. Paterson, of the Uni-
versity of Queensland Centre for Clinical Research, Infec-
tious Diseases Unit, Royal Brisbane and Women’s Hospital, 
Queensland, Brisbane, Australia. Their contribution was 
substantial and much appreciated.

Table 32.10. Ceftaroline–avibactam (600/600 mg) pharma- 
cokinetics following multiple (every 8 hours) 60-minute i.v. 
infusions in 12 healthy adults after 10 days of treatment

Parameter Ceftaroline–fosamila Avibactama

Cmax (μg/ml) 31.53 ± 4.69 29.44 ± 4.82 

AUC0–8h (μg × hour/ml) 56.75 ± 6.79 65.72 ± 7.59 

t½ (hours) 1.81 ± 0.37 2.45 ± 0.55 

Vss (ml) 16,522.0 ± 3,156.7 18,379.0 ± 2,856.6

Cl (ml/hour) 10,377.9 ± 1,201.9 7,532.7 ± 865.6 

% dose recovered  
 in urine

80.27 ± 5.02 50.86 ± 3.31

aValues represent mean ± standard deviation.
Abbreviations: Cmax: maximum plasma concentration; AUC: area under the 

plasma concentration–time curve; t½: elimination half-life; Vss: body vol-
ume distribution; Cl: clearance of metabolite

Source: Data from Riccobene et al. (2013).

Table 32.11. Treatment-emergent adverse events related to ceftaroline–avibactam that occurred in more than one subject in a phase II 
multiple dose study

Adverse eventa

600/600 mg 
every 12 hoursb

400/400 mg 
every 8 hoursb

900/900 mg 
every 12 hoursb

600/600 mg 
every 12 hoursb

Nausea — 1 (11.1) 2 (22.2) 1 (11.1)

Diarrhea 1 (11.1) 3 (33.3) — 1 (11.1)

Vomiting 1 (11.1) — 1 (11.1) 1 (11.1)

Infusion-site reaction

 Erythema 4 (44.4) 5 (55.6) 7 (77.8) 8 (88.9)

 Induration 4 (44.4) — 3 (33.3) 1 (11.1)

 Edema — 1 (11.1) 5 (55.6) 3 (33.3)

 Pain, warmth 3 (33.3) 2 (22.2) 5 (55.6) 5 (55.6)

Chest discomfort 1 (11.1) — 1 (11.1) 1 (11.1)

Pyrexia 1 (11.1) — — 1 (11.1)

Decreased neutrophil count — — 1 (11.1) —

Arthralgia 1 (11.1) 1 (11.1) — —

Headache — — 3 (33.3) 2 (22.2)

Oropharyngeal pain — — 1 (11.1) 1 (11.1)

Pruritus — 3 (33.3) 3 (33.3) 2 (22.2)

Rash 1 (11.1) 2 (22.2) 3 (33.3) 3 (33.3)

aValues represent numbers and percentages of events for study drug dose.
bNine subjects were enrolled in each dose group.
Source: Data from Riccobene et al. (2015).
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1. DESCRIPTION

Ceftobiprole, formerly BAL 9141 or RO 63-9141, is a novel 
pyrrolidinone-3-ylidene-methyl cephalosporin with clinically 
demonstrable activity against methicillin-resistant Staphylo
coccus aureus (MRSA). Ceftobiprole medocaril (BAL 5788, 
JNJ 30982081, JNJ 30982081, RO 65-5788, RO 655788) is a 
water-soluble prodrug of ceftobiprole. This antibiotic is the 
first beta-lactam antibiotic to have in vitro activity against 
MRSA and vancomycin-resistant S. aureus (VRSA). Although 
not yet available in the USA, ceftobiprole has been approved 
for use in Canada and a number of European countries.

The structures of ceftobiprole and ceftobiprole medocaril 
are shown in Figure 33.1 (Bush et al., 2007). Linked to the 
7-amino group of the cephalosporin nucleus, ceftobiprole 
has an oxyimino-aminothiadiazolyl substituent group (R1) 
that provides stability against many types of common beta- 

lactamases. Furthermore, ceftobiprole has activity against 
MRSA due to the addition of a vinylpyrrolidinone moiety 
(R2) group, located at position 3, which facilitates interaction 
within the narrow groove of the penicillin-binding protein 
2a (PBP2a) active site and the acylation of PBP2a (Lovering 
et al., 2012).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Ceftobiprole has broad-spectrum activity against many Gram- 
positive pathogens including MRSA, VRSA, and penicillin- 
resistant Streptococcus pneumoniae (PRSP) as well as some 
Gram-negative organisms, including derepressed AmpC pro-
ducers but not extended-spectrum beta-lactamases (ESBLs) 
(Bush et al., 2007; Murthy and Schmitt-Hoffmann, 2008). 

Figure 33.1. Chemical structure of 
(a) ceftobiprole and (b) ceftobiprole 
medocaril.
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Table 33.1. In vitro activity of ceftobiprole against selected Gram-positive organisms

Organism
MIC50 

(μg/ml)
MIC90 

(μg/ml)
Range  
(μg/ml)

No. of 
Isolates Region Reference

Staphylococcus aureus, 
methicillin susceptible

0.5 0.5 0.25–2 50 Worldwide Jones et al. (2002)

0.25 0.5 ≤ 0.12–1 403 Europe Pillar et al. (2008)

0.5 0.5 0.25–0.5 26 ND Bogdanovich et al. (2005)

0.25 0.5 ≤ 0.12–2 6,826 Worldwide Fritsche et al. (2008)

≤ 1 ≤ 1 ≤ 1–2 2,697 Canada Walkty et al. (2011)

0.5 1 ≤ 0.06–2 11,279 Europe, Middle East Farrell et al. (2014a)

Staphylococcus aureus, 
methicillin resistant

1 2 0.12–2 96 Worldwide Jones et al. (2002)

1 2 0.25–4 798 Europe Pillar et al. (2008)

2 2 0.25–2 126 ND Bogdanovich et al. (2005)

1 2 ≤ 0.12–4 4,598 Worldwide Fritsche et al. (2008)

≤ 1 2 ≤ 1–4 889 Canada Walkty et al. (2011)

2 2 0.25–8 569 Asia Chong et al. (2012)

1 2 ≤ 0.12–2 216 Worldwide Farrell et al. (2014b)

1 2 0.12–4 4,147 Europe, Middle East Farrell et al. (2014a)

2 4 ≤ 1– 64 121 Asia Jean et al. (2016)

Staphylococcus, coagulase 
negative, methicillin 
susceptible

0.12 0.25 ≤ 0.015–1 26 Worldwide Jones et al. (2002)

≤ 0.12 0.25 ≤ 0.12–1 129 Europe Pillar et al. (2008)

0.125 1 0.03–1 26 ND Bogdanovich et al. (2005)

0.12 0.25 ≤ 0.12–0.5 784 Worldwide Fritsche et al. (2008)

0.12 0.25 ≤ 0.06–1 1,317 Europe, Middle East Farrell et al. (2014a)

Staphylococcus, coagulase 
negative, methicillin 
resistant

1 2 ≤ 0.015–1 90 Worldwide Jones et al. (2002)

1 2 0.125–4 125 ND Bogdanovich et al. (2005)

1 2 ≤ 0.12–8 331 Europe Pillar et al. (2008)

1 2 ≤ 0.12–8 2,499 Worldwide Fritsche et al. (2008)

1 2 ≤ 0.06–8 4,246 Europe, Middle East Farrell et al. (2014a)

Staphylococcus epidermidis ≤ 1 ≤ 1 ≤ 1–4 321 Canada Walkty et al. (2011)

Staphylococcus epidermidis, 
methicillin susceptible

0.25 1 0.12–1 19 Worldwide Hebeisen et al. (2001)

Staphylococcus epidermidis, 
methicillin resistant

≤ 1 2 ≤ 1–4 45 Canada Walkty et al. (2011)

1 2   1–4 19 Worldwide Hebeisen et al. (2001)

Streptococcus pneumoniae, 
penicillin susceptible

≤ 0.015 ≤ 0.015 ≤ 0.015–0.03 261 Worldwide Jones et al. (2002)

0.016 0.016 0.008–0.03 30 USA Kosowska et al. (2005)

0.008 0.015 ≤ 0.002–0.06 406 Europe Pillar et al. (2008)

≤ 0.06 ≤ 0.06 ≤ 0.06–0.25 2,460 Worldwide Fritsche et al. (2008)

≤ 0.06 ≤ 0.06 ≤ 0.06–0.06 1,117 Canada Walkty et al. (2011)

≤ 0.06 0.25 ≤ 0.06–1 4,223 Europe, Middle East Farrell et al. (2014a)

Streptococcus pneumoniae, 
penicillin intermediate

0.06 0.12 ≤ 0.015–0.5 145 Worldwide Jones et al. (2002)

0.06 0.5 0.008–1 60 USA Kosowska et al. (2005)

0.06 0.25 0.008–0.5 61 Europe Pillar et al. (2008)

0.06 0.12 ≤ 0.06–0.5 200 Canada Walkty et al. (2011)

0.5 0.5 ≤ 0.06–2 209 Europe, Middle East Farrell et al. (2014a)

Streptococcus pneumoniae, 
penicillin resistant

0.25 0.25 ≤ 0.015–1 114 Worldwide Jones et al. (2002)

0.5 1 0.016–4 209 USA Kosowska et al. (2005)

0.5 0.5 0.25–1 59 Europe Pillar et al. (2008)

0.25 0.5 ≤ 0.12–2 555 Worldwide Fritsche et al. (2008)

0.25 0.5 ≤ 0.06–0.5 61 Canada Walkty et al. (2011)

1 2 0.5–2 11 Europe, Middle East Farrell et al. (2014a)

Streptococcus pneumoniae, 
penicillin nonsusceptible 

0.5 0.5 ≤ 0.06–2 217 Europe, Middle East Farrell et al. (2014a)

Streptococcus pneumoniae, 
ceftriaxone nonsusceptible 

0.5 1 0.12–2 202 Europe, Middle East Farrell et al. (2014a)

Streptococcus pneumoniae, 
ceftriaxone resistant 

1 2 0.5–2 20 Europe, Middle East Farrell et al. (2014a)



2. Antimicrobial activity 621

Ceftobiprole shows bactericidal action typical of a beta- 
lactam antibiotic (Deshpande et al., 2004).

In vitro antimicrobial activities of ceftobiprole against 
common pathogens are shown in Tables 33.1, 33.2 and 33.3.

GRAM-POSITIVE ORGANISMS

Ceftobiprole exhibits potent bactericidal activity in vitro 
against most clinically relevant staphylococci and strepto-
cocci, including MRSA and penicillin-resistant S. pneumo
niae (Table 33.1). The majority of clinically important 
Gram-positive bacteria will have minimum inhibitory con-
centration (MIC) values for ceftobiprole ≤ 2 μg/ml (Noel, 
2007).

Ceftobiprole is unaffected by the common staphylococcal 
PC1 penicillinase (Hebeisen et al., 2001; Queenan et al., 
2007). In a variety of studies, ceftobiprole was active against 
all staphylococci tested, irrespective of their susceptibility 
to other antimicrobial agents (Fritsche et al., 2008; Walkty et 
al., 2011). Among 11,279 methicillin-susceptible S. aureus 
(MSSA) isolates tested in the ceftobiprole SENTRY Antibiotic 
Surveillance Program in Europe, 100% of isolates were 
 susceptible according to the European Committee on 
Antimicrobial Susceptibility Testing (EUCAST) breakpoints 
(susceptible ≤ 2 μg/ml), with MIC50/90 values of 0.25 and 0.5 
μg/ml, respectively (Farrell et al., 2014a). For a group of 4,147 
MRSA isolates from the same study, the MIC values ranged 
from 0.12 to 4 μg/ml, with MIC50/90 values of 1 and 2 μg/ml, 
respectively, and 98.3% susceptible (Farrell et al., 2014a). In 
contrast, a recent study of 141 MRSA isolates collected from 

intensive care units in Taiwan, reported susceptibility rates 
of 88.7% (MIC50/90 2 and 4 µg/ml, respectively) (Jean et al., 
2016). Ceftobiprole MICs are not correlated with oxacillin 
and cefoxitin MICs (Denis et al., 2006). On the basis of MIC90 
values, ceftobiprole’s antistaphylococcal activity is similar to 
that of vancomycin and linezolid (MIC902 μg/ml for all three 
agents) and superior to that of ciprofloxacin and erythromy-
cin (MIC90 > 32 μg/ml for both), clindamycin (MIC90 16 μg/
ml), and other beta-lactams (MIC90 > 32 μg/ml for cefotax-
ime, ceftriaxone, cefepime, and meropenem) (Bogdanovich 
et al., 2006; Bozdogan et al., 2003; Hebeisen et al., 2001; 
Jones, 2007, Jones et al., 2002). In a study of 798 MRSA iso-
lates with MIC values of 0.25–4 μg/ml, only 42 (5.3%) had an 
MIC of 4 μg/ml (Pillar et al., 2008).

Ceftobiprole has potent activity against heterogeneous 
vancomycin-intermediate S. aureus (hVISA) and vancomycin- 
resistant S. aureus (VRSA) (Bogdanovich et al., 2005; Farrell 
et al., 2014b). Farrell et al. (2014b) evaluated the activity of 
ceftobiprole against MRSA isolates with reduced susceptibility 
to daptomycin, linezolid, and vancomycin as well as MRSA 
isolates with different staphylococcal chromosome cassette 
mec types (SCCmec types I–IV). For linezolid-nonsusceptible 
(EUCAST susceptible breakpoint ≤ 4 μg/ml), daptomycin- 
nonsusceptible (susceptible breakpoint ≤ 1 μg/ml), and 
vancomycin-nonsusceptible (VISA and hVISA, susceptible 
breakpoint ≤ 2 μg/ml) isolates, the ceftobiprole MIC90 was 
2 μg/ml, and against VRSA strains, the MIC90 was 1 μg/ml. 
MICs for all isolates were inhibited at a concentration of < 
2 μg/ml. Ceftobiprole was active against all SCCmec types, 

Organism
MIC50 

(μg/ml)
MIC90 

(μg/ml)
Range  
(μg/ml)

No. of 
Isolates Region Reference

Viridans streptococci ≤ 0.06 0.25 ≤ 0.06–> 8 1,264 Europe, Middle East Farrell et al. (2014a)

Viridans streptococci, 
penicillin susceptible

≤ 0.015 0.06 ≤ 0.015–0.06 54 Worldwide Jones et al. (2002)

Viridans streptococci, 
penicillin intermediate

0.03 0.25 ≤ 0.015–1 21 Worldwide Jones et al. (2002)

Viridans streptococci, 
penicillin resistant

0.5 1 0.12–32 10 Worldwide Jones et al. (2002)

Other beta-hemolytic 
streptococci (groups A, B, 
C, F and G)

≤ 0.015 ≤ 0.015 ≤ 0.015–0.06 103 Worldwide Jones et al. (2002)

≤ 0.06 ≤ 0.06 ≤ 0.06–0.25 2,981 Europe, Middle East Farrell et al. (2014a)

Streptococcus pyogenes ≤ 0.06 ≤ 0.06 ≤ 0.06–0.12 273 Canada Walkty et al. (2011)

Enterococcus faecalis 0.5 4 0.12–> 32 62a Worldwide Jones et al. (2002)

≤ 1 ≤ 1 ≤ 1–> 32 381 Canada Walkty et al. (2011)

0.5 4 ≤ 0.06–> 8 3,968 Europe, Middle East Farrell et al. (2014a)

Enterococcus faecium > 32 > 32 0.25–> 32 51b Worldwide Jones et al. (2002)

> 32 > 32 ≤ 1–> 32 150 Canada Walkty et al. (2011)

> 8 > 8 0.12–> 8 2,222 Europe, Middle East Farrell et al. (2014a)

Enterococcus spp., other than 
E. faecalis and E. faecium

0.5 > 32 0.12–> 32 19d Worldwide Jones et al. (2002)

1 > 8 ≤ 0.06–> 8 205 Europe, Middle East Farrell et al. (2014a)

aIncluding 20 isolates of vancomycin-resistant enterococci.
bIncluding 24 isolates of vancomycin-resistant enterococci.
cIncluding six vanC isolates.
Abbreviation: ND: not disclosed.
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Table 33.2. In vitro activity of ceftobiprole against selected Gram-negative organisms

Organism
MIC50 

(μg/ml)
MIC90 

(μg/ml)
Range  
(μg/ml)

No. of 
Isolates Region Reference

Citrobacter freundii 0.03 0.5 ≤ 0.015–> 32 34 Worldwide Jones et al. (2002)

Citrobacter koseri ≤ 2 ≤ 2  ≤ 2–4 18 Worldwide Jones et al. (2002)

Citrobacter spp., nonderepressed AmpC 0.06 1 ≤ 0.015–> 32 368 Europe Pillar et al. (2008)

Citrobacter spp., derepressed AmpC 2 > 32    1–> 32 19 Europe Pillar et al. (2008

Citrobacter spp. ≤ 0.06 2 ≤ 0.06–> 8 414 Europe, Middle East Farrell et al. (2014a)

Enterobacter cloacae 0.06 0.12 0.03–> 32 58 Worldwide Jones et al. (2002)

E. cloacae, wild type ≤ 0.125 ≤ 0.125 ≤ 0.125–0.5 30 Europe Issa et al. (2004)

E. cloacae, nonderepressed AmpC 0.06 4 0.03–> 32 286 Europe Pillar et al. (2008)

E. cloacae, derepressed AmpC 8 > 32 0.12–> 32 120 Europe Pillar et al. (2008)

Enterobacter aerogenes 0.03 > 32 ≤ 0.015–> 32 37 Worldwide Jones et al. (2002)

Enterobacter spp. ≤ 0.06 > 8 ≤ 0.06–> 8 1,909 Europe, Middle East Farrell et al. (2014a)

Escherichia coli, wild type 0.03 0.06 ≤ 0.015–2 43 Worldwide Jones et al. (2002)

E. coli, non-ESBL producing 0.03 0.06 ≤ 0.015–> 32 105 Europe Pillar et al. (2008)

≤ 0.06 ≤ 0.06 ≤ 0.06–> 8 8,520 Europe, Middle East Farrell et al. (2014a)

E. coli, ESBL producing 32 > 32 0.03–> 32 23 Worldwide Jones et al. (2002)

> 32 > 32 0.25–> 32 108 Europe Pillar et al. (2008)

> 8 > 8 ≤ 0.06–> 8 1,089 Europe, Middle East Farrell et al. (2014a)

Klebsiella pneumoniae, wild type 0.03 0.06 ≤ 0.015–16 30 Worldwide Jones et al. (2002)

≤ 0.125 ≤ 0.125 ≤ 0.125–8 30 Europe Issa et al. (2004)

K. pneumoniae, non-ESBL producing 0.03 0.12 ≤ 0.015–> 32 687 Europe Pillar et al. (2008)

≤ 0.06 ≤ 0.06 ≤ 0.06–> 8 1,922 Europe, Middle East Farrell et al. (2014a)

K. pneumoniae, ESBL producing > 32 > 32 ≤ 0.015–> 32 25 Worldwide Jones et al. (2002)

64 128    4–128 30 Europe Issa et al. (2004)

> 32 > 32 0.12–> 32 167 Europe Pillar et al. (2008)

> 8 > 8 ≤ 0.06–> 8 703 Europe, Middle East Farrell et al. (2014a)

Klebsiella oxytoca 0.06 0.5 ≤ 0.015–0.5 12 Worldwide Jones et al. (2002)

Proteus mirabilis ≤ 0.015 — ≤ 0.015–0.03 9 Worldwide Jones et al. (2002)

≤ 0.06 ≤ 0.06 ≤ 0.06–> 8 733 Europe, Middle East Farrell et al. (2014a)

P. mirabilis, non-ESBL producing 0.03 0.06 ≤ 0.015–> 32 427 Europe Pillar et al. (2008)

P. mirabilis, ESBL producing > 32 > 32 0.5–> 32 16 Europe Pillar et al. (2008)

Indole-positive Proteae (P. vulgaris, 
Morganella spp., Providencia spp.)

≤ 0.015 > 32 ≤ 0.015–> 32 34 Worldwide Jones et al. (2002)

≤ 0.06 > 8 ≤ 0.06–> 8 479 Europe, Middle East Farrell et al. (2014a)

Serratia spp. 0.06 8 0.03–> 32 25 Worldwide Jones et al. (2002)

≤ 0.06 0.5 ≤ 0.06–> 8 711 Europe, Middle East Farrell et al. (2014a)

S. marcescens, ceftazidime susceptible 0.12 0.5 0.03–> 32 274 Europe Pillar et al. (2008)

S. marcescens, ceftazidime 
nonsusceptible

> 32 > 32    4–> 32 17 Europe Pillar et al. (2008)

Salmonella spp. 0.03 0.03 0.03–0.06 12 Worldwide Jones et al. (2002)

Shigella spp. 0.03 0.03 ≤ 0.015–0.03 12 Worldwide Jones et al. (2002)

Haemophilus influenza 0.06 0.06 ≤ 0.015–0.25 405a Worldwide Jones et al. (2002)

≤ 0.125 ≤ 0.125 ≤ 0.125–0.5 30 Europe Issa et al. (2004)

≤ 0.06 ≤ 0.06 ≤ 0.06–0.5 2,052 Europe, Middle East Farrell et al. (2014a)

H. influenzae, beta-lactamase negative 0.03 0.25 0.008–1 40 ND Bogdanovich et al. (2006)

0.06 0.25 0.0158 262 ND Bogdanovich et al. (2006)

H. influenzae, BLNAR 0.5 2 0.03–2 19 ND Bogdanovich et al. (2006)

0.25 0.5 0.12–0.25 10 Worldwide Jones et al. (2002)

Moraxella catarrhalis ≤ 0.06 0.25 ≤ 0.06–0.5 200 Europe, Middle East Farrell et al. (2014a)

0.06 0.5 ≤ 0.015–1 188b Worldwide Jones et al. (2002)

M. catarrhalis, beta-lactamase negative ≤ 0.004 — ≤ 0.004–0.03 9 ND Bogdanovich et al. (2006)

M. catarrhalis, beta-lactamase positive 0.12 0.5 0.03–1 40 ND Bogdanovich et al. (2006)

Neisseria meningitides ≤ 0.002 0.004 ≤ 0.002–0.008 24 Worldwide Jones et al. (2002)

Neisseria gonorrhoeae 0.03 0.06 0.008–0.06 32 Worldwide Jones et al. (2002)
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with the MIC50/90 values for SCCmec types I–IV reported as 
2 and 4, 1 and 2, 2 and 2 and 1 and 1 μg/ml, respectively. 
SCCmec type I strains had the highest MICs reported, with 6 
out of 21 strains classified as resistant according to EUCAST 
breakpoints (Farrell et al., 2014b). Bogdanovich et al. (2005) 
evaluated ceftobiprole activity against five vancomycin-inter-
mediate S. aureus (VISA) and two VRSA strains. The ceftobi-
prole MICs for these isolates were ≤ 2 μg/ml. Investigation 
of the drug against a VRSA strain isolated in Pennsylvania 
showed a ceftobiprole MIC of 1 μg/ml, with bactericidal 
activity at 2 times the MIC after 6–12 hours (Bozdogan et al., 
2003). In a study of 569 MRSA blood culture isolates, there 
was no difference in the ceftobiprole MIC50/90 (2 and 2 μg/ml, 
respectively) of isolates, with vancomycin MICs ≤ 1 com-
pared to isolates with vancomycin MICs > 1 (Chong et al., 
2012). Thus MIC distributions of ceftobiprole against VISA 
and VRSA isolates are similar to those of vancomycin- 
susceptible MRSA isolates, suggesting that decreased suscep-
tibility to vancomycin has a negligible effect on ceftobiprole 
activity (Bogdanovich et al., 2005; Bozdogan et al., 2003; 
Chong et al., 2012; Farrell et al., 2014b; Jones, 2007).

All strains of community-acquired MRSA studied thus 
far are susceptible to ceftobiprole at MICs ≤ 2 μg/ml (Lin and 
Appelbaum, 2008; Yun et al., 2007).

Ceftobiprole MICs for coagulase-negative staphylococci 
(CoNS) vary by species, but ceftobiprole activity against 

CoNS is similar to its activity against MRSA isolates (Farrell 
et al., 2014a; Srinivasan et al., 2008). In an investigation of 
methicillin-susceptible CoNS strains, the ceftobiprole MIC 
distribution was ≤ 0.12–1 μg/ml, with a MIC90 of 0.25 μg/ml; 
for methicillin-resistant CoNS it was ≤ 0.12–8 μg/ml, with a 
MIC90 of 2 μg/ml (Pillar et al., 2008). In that study, among 
the subset (5.4%) of 460 CoNS isolates that had MICs ≥ 4 μg/
ml, only one (S. saprophyticus) had a ceftobiprole MIC of 
8 μg/ml (Pillar et al., 2008). Mechanisms of elevated cefto-
biprole MICs for coagulase-negative staphylococci have not 
yet been determined.

Ceftobiprole is active against S. pneumoniae, including 
multidrug-resistant (MDR) strains. Although ceftobiprole 
MIC values increase in parallel with those of penicillin and 
other cephalosporins, it remains a potent cephalosporin 
against penicillin- resistant pneumococci, with EUCAST 
break points defined as susceptible ≤ 0.5 μg/ml and resistant 
> 0.5 μg/ml (Eucast, 2015; Green et al., 2014; Kosowska et al., 
2005; Pillar et al., 2008). For oral penicillin V, the definitions 
used here are those of the Clinical and Laboratory Standards 
Institute—namely, susceptible ≤ 0.06 μg/ml, intermediate = 
0.12–1 μg/ml, and resistant ≥ 2 μg/ml (CLSI, 2008). In an 
evaluation of 299 S. pneumoniae clinical isolates, MIC90 values 
for cefto biprole were 0.016 μg/ml for penicillin-susceptible 
strains (range: 0.008–0.03 μg/ml), 0.5 μg/ml for penicillin- 
intermediate strains (range: 0.008–1 μg/ml), and 1 μg/ml for 

Organism
MIC50 

(μg/ml)
MIC90 

(μg/ml)
Range  
(μg/ml)

No. of 
Isolates Region Reference

Pseudomonas aeruginosa 4 16 0.03–> 32 621 Europe Pillar et al. (2008

2 16 0.5–> 128 403 Asia Jean et al. (2016)

P. aeruginosa, ceftazidime susceptible 2 8 0.03–> 32 491 Europe Pillar et al. (2008)

2 8 ≤ 0.06–> 8 2,588 Europe, Middle East Farrell et al. (2014a)

P. aeruginosa, ceftazidime 
nonsusceptible

16 > 32 0.25–> 32 130 Europe Pillar et al. (2008)

> 8 > 8 0.12–> 8 846 Europe, Middle East Farrell et al. (2014a)

Stenotrophomonas maltophilia > 32 > 32 > 32 17 Worldwide Jones et al. (2002)

> 64 > 64 0.5–> 64 15 Europe Zbinden et al. (2002)

> 8 > 8 0.12–> 8 420 Europe, Middle East Farrell et al. (2014a)

Acinetobacter spp. > 8 > 8 ≤ 0.06–> 8 1,146 Europe, Middle East Farrell et al. (2014a)

Acinetobacter spp., imipenem 
susceptible

0.5 > 32 ≤ 0.015–> 32 220 Europe Pillar et al. (2008)

Acinetobacter spp., imipenem 
nonsusceptible

32 > 32 0.25–> 32 58 Europe Pillar et al. (2008)

Acinetobacter baumannii 2 16 0.5–> 64 10 Worldwide Jones et al. (2002)

Burkholderia cepacia 32 —   16–> 32 8 Worldwide Jones et al. (2002)

8 64 0.5–64 14 Europe Zbinden et al. (2002)

Achromobacter xylosoxidans 4 16    1–32 17 Europe Zbinden et al. (2002)

Chryseobacterium indologenes 16 64 0.25–> 64 14 Europe Zbinden et al. (2002)

Chryseobacterium meningosepticum 32 64    8–64 10 Europe Zbinden et al. (2002)

Comamonas acidovorans 4 16    1–32 10 Europe Zbinden et al. (2002)

Ochrobactrum anthropi 1 2 0.5–2 10 Europe Zbinden et al. (2002)

aIncluding l45 beta-lactamase-producing isolates.
bIncluding 21 beta-lactamase-negative isolates with penicillin MICs ≤ 0.06 μg/ml.
Abbreviations: ND:. not disclosed; BLNAR: beta-lactamase-negative ampicillin-resistant; ESBL: extended-spectrum beta-lactamase.
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penicillin-resistant strains (range: 0.016–4 μg/ml) (Kosowska 
et al., 2005). In contrast, MIC90 values for the other beta-lac-
tams against penicillin-resistant strains were two to eight 
times higher (cefepime and ceftriaxone, 2 μg/ml; cefuroxime, 
16 μg/ml; penicillin, 4 μg/ml; and amoxicillin, 8 μg/ml) 
(Kosowska et al., 2005). Among 456 S. pneumoniae MDR 
clinical isolates, ceftobiprole was twofold more potent than 
ceftriaxone: The MIC90 value for ceftobiprole was 1 μg/ml 
(range: 0.008–2 μg/ml) and for ceftriaxone, 2 μg/ml (range: 
0.25 –8 μg/ml) (Green et al., 2014). In other studies, with 30 
S. pneumoniae isolates containing multiple pbp1a, pbp2b, 
and pbp2x mutations, the highest ceftobiprole MIC was 1 μg/
ml, whereas the MICs of comparator antibiotics (ceftriaxone, 
ceftazidime, cefepime, imipenem, and aztreonam) were 16–64 
μg/ml (Davies et al., 2006; Jones et al., 2002). Among 30 iso-
lates not susceptible to penicillin (MIC 4–32 μg/ml) and 

ceftriaxone (MIC 8–32 μg/ml), ceftobiprole was significantly 
more potent (MIC 0.5–4 μg/ml) (Davies et al., 2012). 

Ceftobiprole is also active against Streptococcus pyogenes, 
viridans streptococci, and other beta-hemolytic streptococci 
(Hebeisen et al., 2001). In a recent study, ceftobiprole was 
evaluated against 1770 S. pyogenes and 1227 S. agalactiae 
isolates with MIC90 ≤ 0.06 µg/ml and against 1264 viridans 
group streptococci with MIC90 0.25 µg/ml.

Ceftobiprole is distinguished by having lower MIC values 
than other cephalosporins against Enterococcus faecalis, with 
MIC90 4 μg/ml; this is comparable to ampicillin with MIC90 
4 μg/ml (Green et al., 2014; Hebeisen et al., 2001). In a recent 
study, ceftobiprole showed potent activity against 3968 E. 
faecalis isolates (MIC50/90 0.5 and 4 µg/ml, respectively), again 
with a pattern of susceptibility similar to that of ampicillin 
(Green et al., 2014). In another study including 16 beta-  

Table 33.3. In vitro activity of ceftobiprole against selected anaerobes

Organism
MIC50 

(μg/ml)
MIC90 

(μg/ml)
Range 
(μg/ml)

No. of 
Isolates Region Reference

Actinomyces spp. 0.06 8 < 0.008–> 128 19 Europe Wootton et al. (2002)

Bacteroides fragilis group 16 > 128 0.06–> 128 16 USA Goldstein et al. (2006)

8 > 64 ≤ 0.25–> 64 44 Worldwide Jones et al. (2002)

B. fragilis 16 > 128 0.06–> 128 28 Europe Wootton et al. (2002)

16 > 64 0.03–> 64 92/93a USA Ednie et al. (2007)

Bacteroides thetaiotaomicron 16 32 0.12–> 64 39/40a USA Ednie et al. (2007)

Bacteroides distasonis 1 > 64 0.03–> 64 19/40a USA Ednie et al. (2007)

Bacteroides vulgatus 4 > 64 0.25–> 64 20/20a USA Ednie et al. (2007)

Porphyromonas spp. ≤ 0.03 16 ≤ 0.03–32 15 USA Goldstein et al. (2006)

0.12 16 0.015–64 13 Europe Wootton et al. (2002)

Prevotella bivia 16 64 ≤ 0.03–128 17 USA Goldstein et al. (2006)

4 64 ≤ 0.016–64 21/30a USA Ednie et al. (2007)

Prevotella intermedia/nigrescens 4 16 ≤ 0.016–64 19/30a USA Ednie et al. (2007)

Prevotella melaninogenica/denticola 4 16 0.5–32 10 USA Goldstein et al. (2006)

8 > 64 ≤ 0.016–> 64 16/20a USA Ednie et al. (2007)

Prevotella buccae 0.06 32 0.03–64  8/20a USA Ednie et al. (2007)

Fusobacterium spp. 0.12 8 ≤ 0.008–> 128 34 Europe Wootton et al. (2002)

Fusobacterium nucleatum ≤ 0.016 ≤ 0.016 ≤ 0.016–0.06  2/27a USA Ednie et al. (2007)

Veillonella spp. 0.5 > 128 0.03–> 128 13 Europe Wootton et al. (2002)

Lactobacillus spp. 1 > 128 0.03–> 128 10 Europe Wootton et al. (2002)

Clostridium spp. 0.125 4 ≤ 0.03–8 19 USA Goldstein et al. (2006

2 64 ≤ 0.008–> 128 48 Europe Wootton et al. (2002)

Clostridium difficile 4 8   1–8  0/30a USA Ednie et al. (2007)

Clostridium perfringens ≤ 0.016 ≤ 0.016 ≤ 0.016  0/30a USA Ednie et al. (2007)

Propionibacterium acnes 0.06 0.125 ≤ 0.03–0.25 15 USA Goldstein et al. (2006)

Anaerococcus prevotii 0.03 0.125 ≤ 0.03–0.25 13 USA Goldstein et al. (2006)

Micromonas micros 0.06 0.25 0.03–0.5  0/20a USA Ednie et al. (2007)

Finegoldia magna 0.25 0.5 ≤ 0.03–0.5 30 USA Goldstein et al. (2006)

0.12 0.25 0.06–0.25  0/20a USA Ednie et al. (2007)

Peptoniphilus asaccharolyticus 0.03 1 ≤ 0.03–1 20 USA Goldstein et al. (2006)

Peptostreptococcus anaerobius 1 4 0.25–4 10 USA Goldstein et al. (2006)

2 32   1–32  0/20a USA Ednie et al. (2007)

Peptostreptococcus spp. 0.25 32 0.03–> 128 59 Europe Wootton et al. (2002)

aNumber of beta-lactamase-positive isolates/total number of isolates tested.
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lactamase producers and 17 vancomycin-resistant Entero
coccus faecalis, ceftobiprole MIC values ranged from < 0.015 
to 4 μg/ml, with MIC90 1 μg/ml against 93 clinical isolates 
(Arias et al., 2007). All beta-lactamase producers and van-
comycin-resistant isolates were inhibited by ceftobiprole 
concentrations of ≤ 1 and ≤ 4 μg/ml , respectively, at the stan-
dard inoculum concentration (Arias et al., 2007). Ceftobiprole 
exhibited synergism with aminoglycosides against selected 
isolates (Arias et al., 2007).

Ceftobiprole generally has poor activity against E. fae
cium, with MIC90 32 μg/ml (Deshpande and Jones, 2003; 
Green et al., 2014; Hebeisen et al., 2001; Jones et al., 2002). 
Time-kill studies note that the activity of ceftobiprole with 
gentamicin is slightly enhanced (no synergy) or indifferent 
against staphylococci; this combination shows early synergy 
(4–8 hours), and indifference or synergy at 24 hours (no 
antagonism) for enterococci (Deshpande and Jones, 2003). 
Ceftobiprole and daptomycin have also demonstrated syn-
ergy in time-kill studies (Barber et al., 2014; Werth et al., 
2015). Against six vancomycin resistant enterococci, cefto-
biprole and ampicillin independently demonstrated synergy 
with daptomycin but not among the same strains (Werth et 
al., 2015). Ceftobiprole plus daptomycin was the most potent 
combination against 20 MRSA isolates with varying vanco-
mycin MICs compared to ceftobiprole and gentamicin, van-
comycin, or rifampicin (Barber et al., 2014).

The activity of ceftobiprole was compared to high-inoculum 
(106.4 to 107.2 colony forming units (CFUs]) and low-inoculum 
(104.5 to 105.7 CFUs) infections using a neutropenic mouse 
thigh model with four strains of S. aureus and two strains of 
S. pneumoniae (Lee et al., 2013). For the S. aureus strains, the 
mean inoculum effect index (defined as the difference 
between high inoculum and low inoculum for static doses) 
for ceftobiprole was 2.9 (range: 1.7–4.6), which was the lowest 
among any of the agents tested (daptomycin, linezolid, and 
vancomycin) (Lee et al., 2013). The indexes for ceftobiprole 
against the two S. pneumoniae strains were 1.3 and 3.3, which 
were similar to the other agents tested (Lee et al., 2013).

GRAM-NEGATIVE ORGANISMS

Ceftobiprole demonstrates antibacterial activity against 
Entero bacteriaceae and resembles that of cefepime more 
closely than that of ceftazidime (Jones, 2007). As with 
cefepime, ceftobiprole activity was decreased among isolates 
of Gram-negative bacilli producing ESBLs and other class A, 
B, and D cephalosporinases (Green et al., 2014; Hebeisen et 
al., 2001; Pillar et al., 2008; Queenan et al., 2007; Rouse et al., 
2006).

Ceftobiprole demonstrates antibacterial activity against 
most Enterobacteriaceae lacking ESBLs (Green et al., 2014; 
Hebeisen et al., 2001; Issa et al., 2004; Table 33.2). In a large 
study of clinical isolates, ceftobiprole inhibited 83.4% of 
17,480 Enterobacteriaceae isolates at an MIC of ≤ 0.25 µg/ml 
(EUCAST definition of susceptible breakpoint) (Green et al., 
2014) It has comparable activity to cefepime and ceftriaxone 
against ESBL-negative K. pneumoniae (MIC90 ≤ 0.125 μg/ml 

for ceftobiprole and cefepime and 0.25 μg/ml for ceftriaxone) 
and ESBL-negative Enterobacter cloacae ( ≤ 0.125 μg/ml 
for all three compounds) (Issa et al., 2004). These findings 
were confirmed in studies of ESBL-negative K. pneumoniae, 
E. coli, and P. mirabilis strains in which ceftobiprole MIC50/90 
values were 0.03–0.06 and 0.06–0.12 μg/ml, respectively, 
which were similar to the activities exhibited by cefepime 
and ceftriaxone (Green et al., 2014; Issa et al., 2004; Pillar et 
al., 2008). In contrast, and as with other cephalosporins, in 
vitro activity of ceftobiprole against ESBL-positive strains 
of E. coli, K. pneumoniae, and P. mirabilis (MIC90 > 32 μg/ml) 
was notably diminished (Green et al., 2014; Hebeisen et al., 
2001). However, there are some ESBL-positive strains with 
ceftobiprole MICs as low as ≤ 0.03 μg/ml (Hebeisen et al., 
2001), presumably because of preferential hydrolytic activity 
of certain ESBLs for certain cephalosporins.

Ceftobiprole has similar activity as cefepime against non-
derepressed AmpC isolates of E. cloacae and Citrobacter spp. 
(Hebeisen et al., 2001; Issa et al., 2004; Pillar et al., 2008). For 
AmpC-overexpressing Gram-negative bacilli, ceftobiprole, 
like cefepime, generally has lower MICs than other cephalo-
sporins, such as ceftazidime and ceftriaxone (Pillar et al., 
2008; Queenan et al., 2007). Cefepime tends to be more 
potent than ceftobiprole against derepressed AmpC-positive 
isolates (Hebeisen et al., 2001; Pillar et al., 2008). MIC50/90 
against derepressed AmpC-positive E. cloacae were 8 and 
>  32 μg/ml, respectively, for ceftobiprole; 4 and 16 μg/ml, 
respectively, for cefepime; > 32 and > 32 μg/ml, respectively, 
for ceftazidime; and > 64 and > 64 μg/ml, respectively, for 
ceftriaxone (Pillar et al., 2008).

Ceftobiprole is also generally active against nonfermenting 
Gram-negative bacteria, such as P. aeruginosa and A. bau
mannii. Among 3434 P. aeruginosa isolates, ceftobiprole 
potency (MIC50/90 = 2 and >8 μg/ml, respectively; 64.6% 
susceptible according to the EUCAST non-species-specific 
susceptibility breakpoint of 4 µg/ml) was similar to that of 
cefepime (MIC50/90 = 4 and 16 μg/ml, respectively; 78.6% sus-
ceptible) and ceftazidime (MIC50/90 = 2 and >16 μg/ml, respec-
tively; 75.4% susceptible) (Green et al., 2014). However, 
ceftobiprole and cefepime are less potent against ceftazidime- 
non-susceptible P. aeruginosa strains than against ceftazidime- 
susceptible strains (Farrell et al., 2014a; Hebeisen et al., 2001; 
Pillar et al., 2008). Against 491 ceftazidime-susceptible 
strains, ceftobiprole MICs ranged from 0.03 to > 32 μg/ml, 
with MIC90 8 μg/ml; against 130 ceftazidime-non-susceptible 
strains, MICs ranged from 0.25 to > 32 μg/ml, with MIC90 
>  32 μg/ml (Pillar et al., 2008). From a large collection of 
clinical isolates obtained between 2005 and 2010 and tested 
against 2588 ceftazidime-susceptible P. aeruginosa strains, 
ceftobiprole (MIC50/90 = 2 and 8 µg/ml, respectively; range: 
≤ 0.06 to >8 µg/ml) demonstrated significantly more potent 
activity than against 846 ceftazidime-non-susceptible strains 
(MIC50/90 = > 8 µg/ml; range: 0.12 to > 8 µg/ml (Farrell et al., 
2014a).

In a recent study of 1146 Acinetobacter spp. isolates, cefto-
biprole showed poor activity (MIC50/90 > 8 and > 8 μg/ml, 
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respectively; range: <0.06 to > 8 μg/ml) and were similar to 
that of cefepime (MIC50/90 16 and > 16 μg/ml; range: 0.12 to 
> 16 μg/ml) and ceftazidime (MIC50/90 > 16 and > 16 μg/ml, 
respectively; range: ≤ 1 to > 16 μg/ml) (Green et al., 2014). 
Against imipenem-susceptible and imipenem-non-  susceptible 
strains, ceftobiprole MIC values were ≤ 0.015 to > 32 and 
0.25 to > 32 μg/ml, with MIC50 values of 0.5 and > 32 μg/ml, 
respectively (Pillar et al., 2008). Ceftobiprole shows spe-
cies-dependent in vitro activity against Acinetobacter spp. 
(Zbinden et al., 2002). For A. baumannii, MICs range from 
0.5 to > 64 μg/ml, with a MIC90 of 16 μg/ml; both MIC and 
MIC90 for A. lowffii are ≤ 0.06 μg/ml (Zbinden et al., 2002). 
Like all other beta-lactams, ceftobiprole does not have activ-
ity against organisms producing metallo-beta-lactamases 
(Queenan et al., 2007).

Ceftobiprole is effective against beta-lactamase-positive 
and -negative H. influenzae and M. catarrhalis strains (Bog-
danovich et al., 2006; Farrell et al., 2014a). Against a large 
collection of H. influenzae clinical isolates (n = 2052), cefto-
biprole was the most potent agent tested and inhibited all 
isolates at a concentration ≤ 0.5 μg/ml (Farrell et al., 2014a). 
An investigation of MICs in 321 clinical isolates of H. influ
enzae revealed that ceftobiprole MIC50 and MIC90 values were 
0.06 and 0.25 μg/ml, respectively, for beta-lactamase- positive 
strains (n = 262) and 0.03 and 0.25 μg/ml, respectively, for 
beta-lactamase-negative strains (n = 40) (Bogdanovich et al., 
2006). It has slightly reduced activity against beta-lactamase- 
negative ampicillin-resistant (BLNAR) H. influenzae isolates 
(n = 19), with MIC50 and MIC90 values of 0.5 and 2.0 μg/ml, 
respectively (Bogdanovich et al., 2006). When tested against 
beta-lactamase-negative isolates of M. catarrhalis, ceftobiprole 
had an MIC50 of ≤ 0.004 μg/ml compared to that of 0.12 μg/
ml against beta-lactamase-producing strains (Bogdanovich 
et al., 2006).

Ceftobiprole has less potent in vitro activity against B. 
pseudomallei than does ceftazidime. Only 40% of B. pseudo
mallei strains are susceptible to ceftobiprole (when the suscep-
tibility breakpoint is proposed to be 4 μg/ml) (Thamlikitkul 
and Trakulsomboon, 2008).

ANAEROBES

Ceftobiprole has good in vitro activity against many anaero-
bic Gram-positive organisms but only a few anaerobic Gram-
negative organisms (Goldstein et al., 2006; Table 33.3). All 
tested Propionibacterium acnes strains are susceptible, as are 
most peptostreptococcal and clostridia. However, some strains 
of anaerobic Gram-positive organisms, including Peptostrep
tococcus anaerobius and Clostridium spp., show relatively 
higher MICs at 4–8 μg/ml (Ednie et al., 2007; Goldstein et al., 
2006). Ceftobiprole has poor activity against C. difficile, with 
MIC values of 1–8 μg/ml (MIC90 8 μg/ml) (Ednie et al., 2007). 
Beta-lactamase-producing anaerobic Gram-negative bacilli, 
especially Bacteroides fragilis and other Bacteroides spp., are 
generally resistant to ceftobiprole (MIC90 > 64 μg/ml) (Ednie 
et al., 2007; Goldstein et al., 2006; Hebeisen et al., 2001; 
Wootton et al., 2002).

2b.  Emerging resistance and 
cross-resistance

GRAM-POSITIVE ORGANISMS

Phase III clinical trials have not identified ceftobiprole resis-
tance in MRSA. The emergence of ceftobiprole resistance via 
chromosomal mutations have been demonstrated recently 
within observational studies and evaluated in vitro in the lab-
oratory (Banerjee et al., 2008; Bogdanovich et al., 2005; Chan 
et al., 2015; Schaumburg et al., 2016). Among 60 MRSA iso-
lates collected from studies on S. aureus colonization and 
infection within Africa, 9 isolates were found to be resistant 
to ceftobiprole (MIC50/90 4 μg/ml; range: 2–4 μg/ml) (Schaum-
burg et al., 2016). All isolates were found to have three mis-
sense mutations within PBP2A, N146K–N204K–G246E, 
with all isolates coming from Nigeria and belonging to ST15 
(n = 1) and ST241 (n = 8) (Schaumburg et al., 2016). Rates 
of resistance to ceftobiprole were much higher in this study 
(15%) compared to a larger cohort study from Europe, Israel 
and Turkey (1.7%) (Farrell et al., 2014a; Schaumburg et al., 
2016). It is unclear if there is any relationship between antibi-
otic exposure and the development of resistance. In addition, 
there appeared to be a correlation between resistance to cef-
taroline and ceftobiprole in isolates from Nigeria; however, 
this was not reported in a similar study from Ghana, with 
isolates from the Ghanian study predominantly belonging 
to ST247 (Schaumburg et al., 2016).

A multipassage resistance selection study in staphylococci 
demonstrated that ceftobiprole has a low potential to select 
for resistance (Bogdanovich et al., 2005). The highest MIC 
achieved for ceftobiprole after 50 passages in 1 of 10 strains 
was 8 μg/ml, which represented a fourfold increase in the ini-
tial MIC. Single-passage selections showed very low frequen-
cies of resistance to ceftobiprole, irrespective of genotype 
or phenotype; the maximum ceftobiprole MIC of recovered 
clones was 8 μg/ml (Bogdanovich et al., 2005).

Banerjee et al. (2008) selected for ceftobiprole-resistant 
MRSA mutants by serial passage of broth cultures in sub-
inhibitory concentrations of ceftobiprole for 1 month. Three 
strains developed high-level homogeneous resistance to cef-
tobiprole within 3 weeks (MICs 128–256 μg/ml). A strain 
with plasmid-encoded wild-type mecA developed five new 
mutations in mecA, resulting in amino acid changes near 
penicillin-binding motifs. A strain with plasmid-encoded 
mutant mecA with four baseline PBP2a mutations devel-
oped four new mutations in mecA in response to ceftobiprole 
exposure. In both of these two strains, loss of mecA con-
verted highly resistant strains into fully susceptible ones. A 
third strain, COLnex pAW8, was mecA negative at baseline. 
High-level ceftobiprole resistance developed in this strain in 
response to exposure to ceftobiprole, presumably due to a 
non-mecA mechanism related to chromosomally encoded 
genes (Banerjee et al., 2008).

Similarly, Chan et al. (2015) described high level resis-
tance to ceftaroline (MIC 64 μg/ml) and ceftobiprole (MIC 
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32 μg/ml) occurring in ceftaroline-passaged MRSA strain 
COLnex, with mutations described in pbp2 (D156N), pbp4 
(T201A and F241L), and gdpP (H443Y) but not mecA. In 
addition, a single mecA mutation (E447K) in MRSA strain 
SF8300, induced by serial passage with ceftaroline, conferred 
low level resistance to ceftaroline (MIC 4 μg/ml) and cefto-
biprole (MIC 4 μg/ml) (Chan et al., 2015). This mutation has 
been described in clinical isolates demonstrating low-level 
resistance to ceftaroline (Alm et al., 2014). 

No development of stable resistance in pneumococci 
to  ceftobiprole has been observed after multiple passages 
(Kosowska et al., 2005). In an observational study of clinical 
isolates, 23 S. pneumoniae isolates with mutations in PBP1a, 
PBP2X, and PBP2b demonstrated MICs to ceftriaxone, pen-
icillin, and ceftobiprole of 4–8 μg/ml, 8 μg/ml, and 0.5–2 μg/
ml respectively (Davies et al., 2012). A total of 7 isolates 
demonstrated higher overall MICs to ceftriaxone, penicillin, 
and ceftobiprole: MICs 8–32 μg/ml, 4–32 μg/ml, and 2–4 μg/
ml respectively; but in general, they had fewer mutations in 
PBP1a, PBP2X, and PBP2b, possibly indicating an alterna-
tive mechanism of resistance (Davies et al., 2012). Sequencing 
demonstrated the most common mutations were at T371S 
and P432T in PBP1a; T446A and A619G in PBP2b; and at 
T338A, M339F, L356F, I371T, R384G, M400T, and L546V in 
PBP2X (Davies et al., 2012). There was no specific murM 
alleles associated with higher ceftobiprole MICs, and although 
it is known that a functional MurM protein is required for 
expression of beta-lactam resistance, the role of an altered 
or mosaic murM in expressing high-level resistance is still 
unclear (Davies et al., 2012; Filipe and Tomasz, 2000).

Ceftobiprole does not interact with a mutated form of the 
low-affinity Enterococcus faecium PBP5 (Henry et al., 2010). 
When this mutated PBP is overexpressed, it confers substan-
tial resistance to all beta-lactam antibiotics. In contrast, cef-
tobiprole can bind to PBP5 without mutation (Henry et al., 
2010). This results in a stable acyl-enzyme; thus ceftobiprole 
can efficiently kill a penicillin-resistant E. faecium strain that 
has this protein (Henry et al., 2010).

GRAM-NEGATIVE ORGANISMS

For H. influenzae or M. catarrhalis, only modest increases 
in MICs were found after 50 serial passages in the presence 
of subinhibitory concentrations of ceftobiprole, and single- 
passage selection showed that the selection frequency of H. 
influenzae or M. catarrhalis clones with elevated ceftobiprole 
MICs is quite low (Bogdanovich et al., 2006).

Ceftobiprole is stable in the presence of certain beta- 
lactamase-mediated resistance mechanisms. Ceftobiprole is 
unaffected by the class A TEM-1 beta-lactamase and the 
class C AmpC beta-lactamase (Hebeisen et al., 200;, Queenan 
et al., 2007). Ceftobiprole is demonstrated to have a low pro-
pensity to induce AmpC beta-lactamases or to select for sta-
bly derepressed mutants in strains producing the enzymes 
(Heep, 2005; Queenan and Bush, 2005; Queenan et al., 2007).

In contrast, like many cephalosporins, ceftobiprole is 
labile to hydrolysis by the K-1 beta-lactamase of K. oxytoca; 

class A cephalosporinases (e.g. of P. vulgaris); many TEM-, 
SHV-, and CTX-M-type ESBLs; the KPC-type carbapene-
mases; class B metallo-beta-lactamases; and class D oxacilli-
nases (Hebeisen et al., 2001). Thus the spectrum of activity 
against many Gram-negative bacteria resembles that of 
cefepime (Queenan et al., 2007). P. vulgaris is a notable 
exception, with ceftobiprole MICs tending to be higher 
(Hebeisen et al., 2001). It is interesting that among the class 
A ESBLs, CTX-M beta-lactamase hydrolyzes ceftobiprole 
faster than cefepime and ceftazidime, reflected in the higher 
MICs of ceftobiprole (> 128 μg/ml) than those of cefepime 
(16 μg/ml) and ceftazidime (32 μg/ml) (Davies et al., 2006; 
Queenan et al., 2007).

3. MECHANISM OF DRUG ACTION

As with all beta-lactam antibiotics, ceftobiprole inhibits 
bacterial wall synthesis, eventually leading to cell lysis, by 
binding to penicillin-binding proteins (PBPs). Ceftobiprole 
has demonstrated a strong affinity for the normal comple-
ment of PBPs (PBP2, PBP2X, PBP1a) present in most species 
of bacteria, including staphylococci, pneumococci, and other 
Gram-positive and -negative pathogens (Bogdanovich et al., 
2005; Hebeisen et al., 2001).

Notably, ceftobiprole also binds tightly to PBP2a, which 
mediates beta-lactam resistance in staphylococci (Chambers, 
2006; Lovering et al., 2012). The potent and long-lasting 
inhibition of PBP2a of S. aureus distinguishes ceftobiprole 
from other commercially available beta-lactams, other than 
ceftaroline (Hebeisen et al., 2001; Noel, 2007). In staphylo-
cocci, ceftobiprole binds tightly into the active site of PBP2a 
and rapidly forms a stable acyl–enzyme complex. This inter-
action results in very slow hydrolysis of the molecule, which, 
in turn, results in the stable inhibition of this enzyme. This 
inhibition, along with ceftobiprole’s interaction with the full 
complement of staphylococcal PBPs, results in the bacteri-
cidal activity that ceftobiprole has demonstrated against staph-
ylococci, including MRSA (Davies et al., 2006; Lovering et 
al., 2012; Noel, 2007).

In pneumococci, ceftobiprole readily reacts with PBPs, 
including mutated PBPs such as PBP2X, to form long-lived 
inhibitory complexes in which the ceftobiprole moiety is 
tightly bound; this ability accounts for its potent activity 
against penicillin-resistant S. pneumoniae (Hebeisen et al., 
2001). However, ceftobiprole does not bind to PBP5 of E. 
faecium, against which no available beta-lactam is effective 
(Hebeisen et al., 2001).

In E. coli, ceftobiprole exhibits strong binding to the 
essential PBPs, such as PBP2 and PBP3 (Davies et al., 2007). 
Ceftobiprole shows a binding profile similar to those of 
cefepime and ceftazidime in P. aeruginosa but with enhanced 
binding to PBP2 (Davies et al., 2007).

These binding profiles explain the broad-spectrum 
activity of ceftobiprole, including Gram-negative bacteria 
and many beta-lactam-resistant Gram-positive cocci and 
MRSA.
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4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Ceftobiprole is administered two or three times daily by the 
intravenous (i.v.) route. In view of the results of Monte Carlo 
simulation using the data from a small number (n = 12) of 
healthy volunteers, Mouton et al. (2004) predicted that doses 
of 500 and 750 mg i.v. twice daily would achieve a 100% tar-
get attainment rate at an ƒt > MIC of 40% for staphylococci 
with MICs ≤ 2 and ≤ 4 μg/ml, respectively.

Based on the probability of target attainment from Monte 
Carlo simulations, two dosing regimens were selected to be 
studied in phase III trials: 500 mg every 8 hours adminis-
tered as a 2-hour infusion to provide broad-spectrum activ-
ity against both Gram-positive and Gram-negative pathogens 
and 500 mg every 12 hours administered as a 1-hour infusion 
to provide sufficient activity for suspected or documented 
Gram-positive infections only (Murthy and Schmitt-
Hoffmann, 2008). Thus ceftobiprole administered at 500 mg 
every 8 hours as a 2-hour infusion was selected for a phase 
III clinical trial of the treatment for nosocomial pneumonia 
and for a complicated skin and skin structure infection 
(cSSSI) study (Lodise et al., 2007; Noel et al., 2008a), and the 
drug administered at 500 mg every 12 hours as a 1-hour 
infusion was used in a phase III clinical trial in patients 
cSSSIs due to Gram-positive bacteria (Noel et al., 2008b). 

4b.  Newborn infants and children

There is no information on ceftobiprole use in pediatric 
populations.

4c.  Pregnant and lactating mothers

Most cephalosporins are FDA category B for pregnancy and 
excreted in a small amount in breast milk. There is an absence 
of published experience on use of ceftobiprole in pregnancy. 
There are no recommended dosing changes for pregnant or 
lactating women.

4d.  Those requiring altered dosages

There are no data on dose adjustment for patients with 
impaired hepatic function, premature neonates, or the elderly. 
Because the pharmacodynamics of ceftobiprole is similar in 
males and females, no dosing adjustments are required based 
on gender (Murthy and Schmitt-Hoffmann, 2008).

PATIENTS WITH IMPAIRED RENAL FUNCTION

In patients with moderate to severe renal impairment, sys-
temic clearance of ceftobiprole correlates well with creatinine 
clearance (CrCl). For these patients, dose adjustments for the 
treatment of infections caused by target pathogens, including 
MRSA, should be based on creatinine clearance (Murthy and 
Schmitt-Hoffmann, 2008). Proposed dosage adjustments for 

patients in the phase III ceftobiprole trials were CrCl 50–80 
ml/minute, 500 mg i.v. every 8 hours; CrCl 30–49 ml/minute, 
500 mg i.v. twice daily; CrCl < 30 ml/minute, 250 mg i.v. 
twice daily (all doses administered as a 2-hour infusion) 
(Murthy and Schmitt-Hoffmann, 2008). Using Monte Carlo 
simulation, the 500-mg twice-daily regimen in patients with 
a CrCl of 50 ml/minute was confirmed as achieving a high 
probability of target attainment for important pathogens 
(Lodise et al., 2007).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Ceftobiprole has been developed as a water-soluble prodrug, 
ceftobiprole medocaril, because of the low water solubility of 
ceftobiprole at physiological pH (0.1 mg/ml) (Hebeisen et al., 
2001). Ceftobiprole medocaril has pharmacokinetic equiva-
lence to ceftobiprole and has good solubility (> 200 mg/ml) 
(Anonymous, 2006). Ceftobiprole medocaril 666.6 mg cor-
responds to ceftobiprole 500 mg and is provided as a sterile 
lyophilized powder for infusion (Murthy and Schmitt-
Hoffmann, 2008). There is no oral formulation of ceftobiprole.

After i.v. administration, ceftobiprole medocaril is rapidly 
and almost completely converted to the active drug, cefto-
biprole, by type A esterases in human plasma (Schmitt-
Hoffmann et al., 2004a). At least three additional unidentified 
metabolites are present in trace amounts (Murthy and 
Schmitt-Hoffmann, 2008).

The mean half-life of the drug is ~ 3 hours (Schmitt-
Hoffmann et al., 2004b). Ceftobiprole binds minimally (16%) 
to plasma proteins, and binding is independent of the drug 
and protein concentrations (Murthy and Schmitt-Hoffmann, 
2008). Because ceftobiprole is minimally protein bound, the 
majority of the drug is free to distribute to the site of infec-
tion; alterations in protein binding are not expected to affect 
its pharmacological activity (Murthy and Schmitt-Hoffmann, 
2008).

Ceftobiprole exposure is slightly higher (~15%) in 
females than in males; this difference has been attributed to 
body weight. However, the pharmacodynamics of ceftobiprole 
are similar in males and females, and dosing adjustments 
are not required based on gender (Murthy and Schmitt-
Hoffmann, 2008).

5b.  Drug distribution

SERUM LEVELS IN RELATION TO DOSAGE

A 750 mg dose of ceftobiprole administered as an i.v. infu-
sion over 30 minutes in single- and multiple-dose studies 
resulted in a mean peak plasma concentration (Cmax) of 
60–61 μg/ml, a mean area under the curve (AUC) value of 
135–165 μg/hour/ml, and a mean half-life of 3–4 hours 
(Schmitt-Hoffmann et al., 2004a; Schmitt-Hoffmann et al., 
2004b).
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After a single 500 mg dose, a mean Cmax value of 36 μg/ml 
was reached at the end of a 30-minute infusion, and the 
mean AUC value was 77 μg/hour/ml (Schmitt-Hoffmann 
et  al., 2004b). After multiple 30-minutes i.v. infusions of a 
500 mg dose, mean Cmax and AUC values were 41 μg/ml and 
101 μg/h/ml, respectively, at day 1 and 44 μg/ml and 108 
μg/h/ml, respectively, at day 8 (Schmitt-Hoffmann et al., 
2004a).

Phase I trials have shown that administration of single 
and multiple ascending doses of ceftobiprole from 125 to 
1000 mg result in proportional increases in AUC and Cmax 
(Schmitt-Hoffmann et al., 2004a; Schmitt-Hoffmann et al., 
2004b). The mean trough plasma ceftobiprole concentrations 
were in the range 0.9–1.3 μg/ml (500 mg group) and 1.5–1.7 
μg/ml (750 mg group), with the concentrations having low 
variabilities (Schmitt-Hoffmann et al., 2004a).

DISTRIBUTION OF THE DRUG IN THE BODY

Results from single- and multiple-dose pharmacokinetic stud-
ies demonstrate that the mean volume of distribution for cef-
tobiprole (16–20 litres) approximates the extracellular volume 
in humans, suggesting extensive extracellular distribution, as 
with other beta-lactam antibiotics (Schmitt-Hoffmann et al., 
2004a; Schmitt-Hoffmann et al., 2004b). Pharmacokinetic 
parameters in healthy adults are shown in Table 33.4.

There is currently no published material on the distribu-
tion of ceftobiprole into cerebrospinal fluid, epithelial lining 
fluid, or other body sites.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Currently, no breakpoints for ceftobiprole have been defined 
by the Food and Drug Administration (FDA) or CLSI. The 
European Committee on Antimicrobial Susceptibility Test-
ing (EUCAST, 2015) has published breakpoints for S. aureus 
(susceptible ≤ 2 µg/ml; resistant > 2 µg/ml), S. pneumoniae 
(susceptible ≤ 0.5 µg/ml; resistant > 0.5 µg/ml), Enterobac
teriaciae (susceptible ≤ 0.25 µg/ml; resistant > 0.25 µg/ml), 
and nonspecies specific (susceptible ≤ 4 µg/ml; resistant > 
4 µg/ml) . In earlier published articles comparing susceptibil-
ity rates of various cephalosporins, ≤ 4 μg/ml was used for 
ceftobiprole when testing enterococci, Enterobacteriaceae, 
non-enteric Gram-negative bacilli, and staphylococci, whereas 
ceftobiprole breakpoints for Haemophilus spp. and strepto-
cocci were defined as ≤ 2 and ≤ 1 μg/ml, respectively (these 
are the levels currently used for cefepime, cefotaxime, and 
ceftriaxone) (Jones et al., 2002).

The postantibiotic effects of ceftobiprole against S. pneu
moniae, S. aureus, and E. faecalis are 1.4–3.1, 0–1.8, and 
0–0.9 hour, respectively (Pankuch and Appelbaum, 2006). 
The postantibiotic sub-MIC effects (0.4 times the MIC) for 
the same organisms are 4.8 to > 10.3, 1.5–9.6, and 3.8 to 
> 10.7 hours, respectively (Pankuch and Appelbaum, 2006).

As for other beta-lactams, the pharmacokinetic parameter 
that correlates best with ceftobiprole’s efficacy against MRSA 

and penicillin-resistant S. pneumoniae is the time for which 
concentrations of free drug remain above the MIC for the 
infecting pathogen (ƒt > MIC) (Noel, 2007). Multiple logistic 
regression analysis of a randomized, double-blind phase III 
study of ceftobiprole for nosocomial pneumonia demon-
strated that the best prediction of both microbiological erad-
ication and clinical cure was the %ƒt > MIC (Muller et al., 
2014). Classification and regression tree analyses showed 
that the breakpoint value for clinical cure was 51.1% and for 
microbiologic eradication was 62.2% % ƒt > MIC (Muller et 
al., 2014).

An analysis using pharmacokinetic data from phase I 
and II trials (n = 150) was conducted to determine the prob-
ability of attaining critical targets with two different dosing 
regimens: 500 mg i.v. every 8 hour as a 2-hour infusion and 
500 mg i.v. every 12 hours as a 1-hour infusion (Lodise et al., 
2007). Monte Carlo simulation was performed considering 
MIC values from 0.25 to 8 μg/ml and targets at which the free 
drug concentrations exceed the MIC for 30–60% of the dos-
ing interval. For ceftobiprole at 500 mg i.v. every 12 hours, 
the probabilities of achieving 30–50% ƒt > MIC exceeded 
90% for MICs ≤ 2 and ≤ 1 μg/ml, respectively. For ceftobi-
prole at 500 mg i.v. every 8 hours, the probabilities of achiev-
ing 40–60% ƒt > MIC exceeded 90% for MICs ≤ 4 and ≤ 2 μg/
ml, respectively. For ceftobiprole at both 500 mg i.v. every 12 
hours and 500 mg i.v. every 8 hours, the probability of achiev-
ing a nearly bactericidal effect (50% ƒt > MIC) exceeded 90% 
for MSSA and MRSA. For Gram-negative pathogens, the 
probability of target attainment (PTA) for achieving a nearly 
maximal bactericidal effect (60% ƒt > MIC) for ceftobiprole 
at 500 mg i.v. every 8 hours exceeded 90% for non-AmpC- 
producing Gram-negative organisms (Lodise et al., 2007; see 
Table 33.5).

Based on this model, the optimal dose of ceftobiprole for 
achieving maximal ƒt > MIC is 500 mg administered every 
8 hours by a 2-hour i.v. infusion. At this dose, it is estimated 
that 90% of subjects will achieve or exceed a target ƒt > MIC 
of 50% for pathogens with MIC values of 2 μg/ml and will 

Table 33.4. Summary of ceftobiprole pharmacokinetics following 
multiple 2-hour i.v. infusions of ceftobiprole 500 mg every 8 
hours in healthy adults

Parameter Day 5 (n = 27)a

Cmax (μg/ml) 33.0 (± 4.83)

AUC8 (mg/l/hour) 102 (± 11.9)

t½ (hour) 3.3 (± 0.3)

Cl (l/hour) 4.98 (± 0.58)

ClR (l/hour) 4.28 (± 0.57)b

Vss (l) 15.5 (± 2.33)

aValues are expressed as the mean (± standard deviation).
bSample size = 26.
Abbreviations: Cmax: maximum plasma concentration; AUC8: AUC from 0 to 

8 hours; t½: elimination half-life; Cl: total systemic clearance; ClR: renal 
clearance; Vss: volume of distribution at steady state.

Source: Modified from Murthy and Schmitt-Hoffmann, (2008), with 
permission.
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achieve or exceed the target ƒt > MIC of 30% for pathogens 
with MIC values of 4 μg/ml (Lodise et al., 2007).

The cumulative fraction of response was estimated to be 
100% for ceftobiprole at the ƒt > MIC target level of 50% 
(Salem et al., 2014). Initial estimates from Monte Carlo sim-
ulations, dosed at 500-mg every 8 hours, were compared with 
actual exposure data from a phase III clinical study in noso-
comial pneumonia (Muller et al., 2013). Results of the study 
showed that the probability of target attainment for healthy 
volunteers was similar to the observed target attainment in 
patients with nosocomial pneumonia for a target percent ƒt 
> MIC of 30–50% when pathogen MICs are ≤ 4 μg/ml 
(Muller et al., 2013). In the analysis, there were 24 patients 
with creatinine clearances > 200 ml/minute, with pathogen 
MIC values of 2 μg/ml (Muller et al., 2013). For these patients, 
the mean and median ƒt > MIC were 87.1% and 93.1%, 
respectively (Muller et al., 2013). Four patients (mean CrCl = 
322 ml/minute) had a relatively lower ceftobiprole exposure 
than the study population (ƒt > MIC 50–70%, with MIC 2 
μg/ml), generally indicating that, although high renal clear-
ance may contribute to lower ceftobiprole exposure, this does 
not occur for all patients with high renal clearance (Muller et 
al., 2013). 

5d.  Excretion

Ceftobiprole is primarily excreted unchanged in the urine 
(Murthy and Schmitt-Hoffmann, 2008). The predominant 
mechanism responsible for elimination is glomerular filtra-
tion, with approximately 89% of the dose being excreted as 
the prodrug, active ceftobiprole, and open-ring metabolite 
(Murthy and Schmitt-Hoffmann, 2008).

Ceftobiprole undergoes minimal hepatic metabolism, 
and the primary metabolite is the beta-lactam ring-opened 

hydrolysis product (open-ring metabolite). Systemic exposure 
of the open-ring metabolite accounts for 4% of ceftobiprole 
exposure after single-dose administration; approximately 5% 
of the dose is excreted in the urine as the metabolite (Murthy 
and Schmitt-Hoffmann, 2008).

5e.  Drug interactions

No significant drug–drug interactions have yet been reported 
(Noel et al., 2008a; Noel et al., 2008b). Ceftobiprole does 
not appear to be eliminated via active tubular secretion, so 
probenecid does not interact with ceftobiprole (Murthy and 
Schmitt-Hoffmann, 2008). Ceftobiprole does not significantly 
induce or inhibit relevant cytochrome P450 enzymes and is 
neither a substrate nor an inhibitor of P-glycoprotein (Murthy 
and Schmitt-Hoffmann, 2008).

6.  ADVERSE REACTIONS AND TOXICITY

Preliminary data suggest that nausea and vomiting are the 
main side effects associated with ceftobiprole, although a car-
amel-buttery taste disturbance has been reported in some 
patients during drug infusion.

Collective data from two separate phase I studies of cefto-
biprole medocaril in healthy male volunteers have shown 
that this prodrug is generally safe and well tolerated, and no 
serious adverse events were reported. In one study, 40 volun-
teers were randomized to receive placebo (n = 2 per dose) 
or ceftobiprole medocaril (n = 6 per dose) as a 200 ml i.v. 
infusion over 30 minutes. The ceftobiprole medocaril doses 
used were 125, 250, 500, 750, or 1000 mg (as ceftobiprole 
equivalents). The most frequent drug-related adverse event 
reported was mild taste disturbance during infusion (Schmitt- 

Table 33.5. Overall target attainment probabilities for Gram-positive and negative pathogens for two different regimens of ceftobiprole

Pathogen MIC (μg/ml) MIC50 (μg/ml) MIC90 (μg/ml)

Target attainment probability 
corresponding to % 

ft > MIC (%)

30% 40% 50% 60%

Ceftobiprole 500 mg every 12 hours administered as a 1-hour infusion

MRSA (n = 170) 0.5–2 0.5 1 98.4 96.0 92.6

MSSA (n = 291) 0.12–1 0.25 0.5 99.5 98.5 96.9

Ceftobiprole 500 mg every 8 hours administered as a 2-hour infusion

MRSA (n = 170) 0.5–2 0.5 1 99.9 99.6 98.8

MSSA (n = 291) 0.12–1 0.25 0.5 99.9 99.9 99.9

AmpC-producing Gram-negative bacilli 
(n = 166)

16 89.8 88.9 87.8

Non-AmpC-producing Gram-negative 
bacilli (n = 206)

≤ 0.25a ≤ 0.25 95.2 94.8 94.1

Pseudomonas aeruginosa (n = 407) 4 32 71.1 66.4 62.0

aFor > 90% of isolates.
Abbreviations: ft > MIC: time above the MIC of free (unbound) concentration; MRSA: methicillin-resistant S. aureus; MSSA: methicillin-susceptible S. aureus.
Source: Modified from Lodise et al. (2007), with permission.
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Hoffmann et al., 2004b). Other commonly reported adverse 
events were nausea and vomiting (Schmitt-Hoffmann et al., 
2004b). In the second study, 16 volunteers were randomized 
to receive placebo (n = 2 per dose) or ceftobiprole medocaril 
at 500 or 750 mg (n = 6 per dose), administered as 200-ml 
i.v. infusions over 30 minutes on days 1 and 8, and twice 
daily on days 2–7 (Schmitt-Hoffmann et al., 2004a). The 
most frequently reported events were transient nausea, head-
ache, and a taste disturbance described as caramel-like 
during the infusion period. These symptoms occurred more 
commonly in patients who received higher doses (Schmitt-
Hoffmann et al., 2004a). Taste disturbance is an anticipated 
event based on cleavage of the prodrug to produce diacetyl, a 
molecule known to have a caramel-buttery taste when used 
as a food additive (Bush et al., 2007).

In an open-label, noncomparative trial, ceftobiprole 750 
mg every 12 hours was given via a 30-minute infusion for 
7–14 days in 40 patients with complicated skin and skin 
structure infections (cSSSIs). In this phase II study, the most 
common adverse events with ceftobiprole were vomiting (12 
subjects), nausea (11 subjects), and insomnia (nine subjects). 
One subject experienced an allergic reaction (rash and oro-
pharyngeal swelling) on day 10, which was assessed to be 
possibly related to the drug (Bush et al., 2007). The appar-
ently high incidence of nausea and vomiting in the phase II 
trial contrasts with data from subsequent studies; the key 
difference in these studies is that 30-minute infusions were 
administered in the phase II studies. It is hypothesized that a 
2-hour infusion may be better tolerated than shorter infu-
sion regimens (Bush et al., 2007).

In the first phase III trial, in which ceftobiprole was 
infused for 60 minutes (Noel et al., 2008b), ceftobiprole was 
well tolerated by the majority of patients and the frequency 
and severity of adverse events (AEs) in the ceftobiprole group 
were comparable to those in the vancomycin group (Table 
33.6). The most common AEs reported by the ceftobipro-
le-treated patients were nausea (14%) and taste disturbance 
(8%). Reports of nausea and taste disturbance were signifi-
cantly greater for the ceftobiprole-treated patients than for 
the vancomycin-treated patients. The majority of these events 
were transient and of mild or moderate severity. Discon-
tinuation of the study drug because of treatment-emergent 
AEs occurred in 4% (17/389) of the ceftobiprole-treated 
patients and 6% (22/382) of the vancomycin-treated patients. 
For ceftobiprole-treated patients, nausea (5 patients) and vom-
iting (3) were the most frequent causes of the discontinua-
tion of therapy, and pruritus (4) and rash (3) were the most 
frequent for the vancomycin-treated patients (Noel et al., 
2008b).

In two phase III trials of ceftobiprole 500 mg every 8 
hours, the incidence of common adverse events was similar 
in both treatment groups (Table 33.7). In one study, hyper-
sensitivity reactions occurred more frequently in patients 
treated with vancomycin plus ceftazidime (Noel et al., 2008a). 
The frequency of nausea and vomiting when ceftobiprole was 
administered via a 120-minute infusion was similar in both 
groups, although these symptoms occurred more frequently 

in ceftobiprole-treated subjects than in comparator-treated 
subjects in a previous trial using a 60-minute infusion (Noel 
et al., 2008b). Four deaths, three of which were in the cefto-
biprole group, occurred the phase III study of cSSSI treat-
ment, but none of these deaths was considered to be related 
to study treatment (Noel et al., 2008a). In the phase III study 
of nosocomial pneumonia, no therapy-related mortality was 
reported (Awad et al., 2014).

LABORATORY ABNORMALITIES

No differences in changes in mean laboratory testing values 
between the baseline and the end of therapy or in the inci-
dence of abnormal values during therapy were found for 
hematologic measurements, biochemical measurements, or 
urinalysis when results were compared between patients 
treated with ceftobiprole or vancomycin in a recent phase III 
trial (Noel et al., 2008b).

7. CLINICAL USES OF THE DRUG

Ceftobiprole has been evaluated in phase III clinical studies 
of cSSSI, nosocomial pneumonia ,and community-acquired 
pneumonia (CAP). A summary of results from those studies 
is provided in Table 33.8. Ceftobiprole is currently approved 
in 13 European countries for treatment of CAP and hospital- 
acquired pneumonia (HAP) in adults, excluding ventilator- 
associated pneumonia (VAP), and is currently marketed in 
the UK, Germany, France, and Italy (Basilea, 2016). Cefto-
biprole is currently not approved for any use in the USA, but 
has been designated as a qualified infectious disease product 
(QIDP) (Basilea, 2016). Both the FDA and EU Committee 
for Medicinal Products for Human Use (CHMP) raised con-
cerns regarding the clinical studies of ceftobiprole in regard 
to monitoring and study conduct at some study sites (Anony-
mous, 2010).

Table 33.6. Common adverse events in a phase III study in which 
ceftobiprole 500 mg every 2 hours was infused over 60 minutes

Adverse event

No. (%) of patients

Ceftobrile
(n = 389)

Vancomycin
(n = 382)

Nausea 55 (14) 29 (8)

Dysgeusia 30 (8) 2 (1)

Headache 27 (7) 24 (6)

Vomiting 27 (7) 15 (4)

Diarrhea 21 (5) 15 (4)

Constipation 14 (4) 11 (3)

Dizziness 14 (4) 8 (2)

Pruritus 12 (3) 22 (6)

Rash 9 (2) 11 (3)

Discontinuation due to 
adverse event

17 (4) 22 (6)

Source: Modified from Noel et al. (2008b), with permission.
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Table 33.7. Common adverse events in phase III studies in which ceftobiprole 500 mg every 8 hours was infused over 2 hours

Adverse event

No. (%) of patients

cSSSIa HAPb

Ceftobiprole
(n = 543)

Vancomycin
(n = 279)

Ceftobiprole
(n = 386)

CAZ ± LZD
(n = 386)

Hyponatremia 17 (4) 10 (3)

Nausea 58 (11) 20 (7) 8 (2) 8 (2)

Dysgeusia 5 (1) 0 

Headache 41 (8) 15 (5)

Vomiting 34 (6) 12 (4) 6 (2) 3 (1)

Diarrhea 41 (8) 17 (6) 12 (3) 25 (7)

Constipation 19 (3) 14 (5)

Hypersensitivityc 28 (5) 29 (10) 3 (1) 6 (2)

Insomnia 14 (4) 8 (2)

Infusion site reactiond 48 (9) 26 (9) 8 (2) 5 (1)

Oral candidiasis 6 (2) 4 (1)

Hypokalemia 6 (2) 3 (1)

Pyrexia 4 (1) 2 (1)

Renal related 10 (2) 9 (3)

ALT increased 3 (1) 6 (2)

AST increased 3 (1) 6 (2)

Discontinuation due to adverse event 22 (4) 10 (4) 14 (4) 6 (2)

aModified with permission from Noel et al. (2008a).
bModified with permission from Awad et al. (2014).
cIncludes hypersensitivity reaction, anaphylaxis, pruritus, worsened pruritus, generalized pruritus, allergic dermatitis, pruritic rash, and urticaria.
dIncludes phlebitis.
Abbreviations: cSSSI: complicated skin and skin structure infections; HAP: hospital-acquired pneumonia; CAZ: ceftazidime; LZD: linezolid; ALT: alanine amino-

transferase; AST: aspartate aminotransferase.

Table 33.8. Summary of clinical trials evaluating ceftobiprole in adultsa

Reference Treatment regimen

No. of enrolled 
(clinically evaluable) 
patients Outcomes

Noel et al. (2008b) Ceftobiprole 500 mg every 12 hours 
vs. vancomycin 1g every 12 hours 
for 7–14 days

 784 (559) patients with 
cSSSIb

Clinical cure: 93.3% vs. 93.5%
Clinical cure for patients with MRSA: 

91.8% vs. 90.0%

Noel et al. (2008a) Ceftobiprole 500 mg every 8 hours vs. 
vancomycin 1 g every 12hours plus 
ceftazidime 1 g every 8 hours for 
7–14 days

828 (729) patients with 
cSSSI

Overall clinical cure: 90.5% vs. 90.2%
Clinical cure when Gram-negative 

pathogen was isolated: 87.9% vs. 
89.7%

Clinical cure when Gram-positive 
pathogen was isolated: 91.8% vs. 
90.3%

Awad et al. (2014) Ceftobiprole 500 mg every 8 hours vs. 
linezolid 600 mg every 12 hours 
plus ceftazidime 2 g every 8 hours 
for 7–14 days

781 (495) patients with 
HAP (including 210 
with VAP)

Overall clinical cure: 69.3% vs 71.3% 
Clinical cure for HAP (excluding VAP): 

77.8% vs. 76.2%
Clinical cure for VAP: 37.7% vs. 59.9%

Nicholson et al. (2012) Ceftobiprole 500 mg every 8 hours vs. 
ceftriaxone 2 g daily ± linezolid 600 
mg every 12 hours for 7–14 days

706 (469) patients with 
CAP severe enough 
to require 
hospitalisation

Clinical cure: 86.6% vs. 87.4%
Microbiologic eradication: 88.2% vs. 

90.2%

aAdults defined as patients ≥ 18 years of age.
Abbreviations: cSSSI: complicated skin and skin structure infections; MRSA: methicillin-resistant Staphylococcus aureus; HAP: hospital-acquired pneumonia; 

VAP: ventilation-acquired pneumonia; CAP: community-acquired pneumonia.
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7a.  Complicated skin and skin structure 
infections

One phase II trial focused on cSSSIs due to Gram-positive 
bacteria (n = 40). In this noncomparative trial, ceftobiprole 
750 mg every 12 hours was given via a 30-minute infusion 
for 7–14 days. Clinical cures were reported for all 35 clini-
cally evaluable patients, including 4 patients with MRSA. 
Microbiologic eradication was reported for 91% (21/23) of 
microbiologically evaluable patients (Bush et al., 2007).

Ceftobiprole demonstrated noninferiority compared with 
vancomycin in the first phase III trial for cSSSIs, resulting in 
> 90% clinical cure among infections caused by MRSA (Noel 
et al., 2008b). In this trial, 784 patients with Gram-positive 
infections were treated with ceftobiprole 500 mg every 12 
hour (n = 397) or vancomycin 1 g every 12 hours (n = 387) 
for 7–14 days. Of these patients, 282 receiving ceftobiprole 
and 277 receiving vancomycin were clinically evaluable. The 
overall clinical cure rates were 93.3% for ceftobiprole and 
93.5% for vancomycin. In a subanalysis of patients infected 
with MRSA (n = 121), cure rates were also similar between 
the treatment arms: 91.8% (56/61) for ceftobiprole and 90.0% 
(54/60) for vancomycin. The microbiologic eradication rates 
were also comparable between groups. Deaths, in 3 patients, 
occurred in only the vancomycin treatment group, and none 
of the deaths was treatment related (Noel et al., 2008b).

A second phase III trial involving patients with a broad 
range of cSSSIs due to either Gram-positive or Gram-
negative bacteria was conducted to compare ceftobiprole 
monotherapy with a regimen of vancomycin plus ceftazi-
dime (Noel et al., 2008a). In this trial, a dosage of ceftobi-
prole 500 mg every 8 hours (n = 547) infused over 2 hours 
was used based on the results of Monte Carlo simulations to 
ensure a broad spectrum of antibacterial activity (Lodise et 
al., 2007). Comparator drugs were administered as follows: 
vancomycin 1 g every 12 hours over 1 hour plus ceftazi-
dime 1 g every 8 hours over 2 hours (n = 281). Clinical cure 
rates at the test-of-cure visit were similar in the ceftobiprole 
and comparator treatment arms (90.5% vs. 90.2%). Among 
patients treated with ceftobiprole, clinical cure rates were 
similar among patients from whom Gram-negative bacteria 
were isolated (87.9%) and among patients from whom 
Gram- positive bacteria were isolated (91.8%) and were not 
statistically different from the clinical cure rates among 
comparator-treated patients (89.7% and 90.3%, respectively) 
(Noel et al., 2008a).

7b.  Nosocomial pneumonia

Ceftobiprole 500 mg every 8 hours was compared with com-
bination therapy of linezolid 600 mg every 12 hours and cef-
tazidime 2 g every 8 hours for 781 recruited patients with 
HAP, including VAP (Awad et al., 2014). Overall, 69.3% of 
the clinically evaluable patients were cured with ceftobiprole 
compared with 71.3% of patients treated with combination 
therapy. Similar cure rates for ceftobiprole and the compara-
tor group for HAP (excluding VAP) were observed in both 
the intention-to-treat (59.6% vs. 58.8%) and the clinically 

evaluable (77.8% vs. 76.2%) groups, with the study meeting 
the noninferiority criteria for HAP, excluding VAP. In the 
subgroup of VAP patients, ceftobiprole was observed to be 
inferior to the comparator group in both the intention-to-
treat (23.1% vs. 36.8%; 95% confidence interval [CI]: –26 to 
–2) and the clinically evaluable group (37.7% vs. 55.9%; 95% 
CI: 36–0). A multivariate analysis performed of the VAP sub-
group did not identify any specific patient factors that could 
account for the difference in outcome between the ceftobi-
prole and comparator groups. Further assessment of the use 
of ceftobiprole for VAP is required. Currently, ceftobiprole is 
approved by 13 European countries and Canada for the 
treatment of HAP, excluding VAP (Basilea, 2016).

7c.  Community-acquired pneumonia

Ceftobiprole 500 mg every 8 hours was evaluated in a phase 
III trial for cCAP with ceftriaxone 2 g daily with or without 
linezolid 600 mg every 12 hours as the comparator group 
(Nicholson et al., 2012). The addition of linezolid in the com-
parator arm was allowed for subjects with proven or sus-
pected MRSA or ceftriaxone-resistant S. pneumoniae. Among 
the clinically evaluable population, cure rates were 86.6% for 
ceftobiprole compared with 87.4% for the comparator group. 
In regard to clinical cure, noninferiority was observed in 
both the clinically evaluable and intention to treat (76.4% 
vs. 79.4%) population. A typical bacterial pathogen was 
identified in 144 patients, with S. pneumoniae being the most 
common pathogen isolated (44%), followed by H. influenza 
(18%). One case of MRSA as a causative pathogen was identi-
fied within the population. Rates of microbiologic eradication 
were 88.2% for ceftobiprole and 90.8% for the comparative 
group.

7d.  Infective endocarditis

No human data are yet available on the use of ceftobiprole for 
treatment of endocarditis. In a rabbit model of endocarditis 
due to MRSA and VISA, ceftobiprole was as effective as van-
comycin against MRSA and superior to vancomycin against 
VISA (Chambers, 2005). In another animal study, ceftobi-
prole was successful in the treatment of experimental endo-
carditis due to MRSA isolates and was more effective than 
vancomycin or amoxicillin–clavulanate in sterilizing cardiac 
vegetations (Entenza et al., 2002). Potential synergy between 
ceftobiprole and vancomycin has been suggested with ani-
mal models of endocarditis due to MRSA and VISA (Entenza 
et al., 2011; Fernandez et al., 2012). In vitro time kill studies 
also demonstrated synergy for both MRSA and VISA strains 
(Entenza et al., 2011; Fernandez et al., 2012).

Ceftobiprole has also been compared to vancomycin, dap-
tomycin, and linezolid in a rabbit model of MRSA endocar-
ditis (Tattevin et al., 2010). Residual organisms in vegetations 
were significantly fewer in ceftobiprole-treated rabbits than 
in any other treatment group (p < 0.05 for each compari-
son). In addition, the number of organisms in spleens and in 
kidneys were significantly lower in ceftobiprole-treated rab-
bits than in animals treated with vancomycin or linezolid 
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(p < 0.05 for each comparison) (Tattevin et al., 2010). These 
animal data would suggest that clinical evaluations of cefto-
biprole in patients with endocarditis would be potentially 
worthwhile.

7e.  Infections of prostheses

No human data are yet available on the use of ceftobiprole for 
the therapy of staphylococcal infections associated with for-
eign implants such as orthopedic prostheses. In an animal 
study of chronic MRSA infection of a tissue cage, the in vivo 
activity of ceftobiprole against the infection was equivalent to 
that of vancomycin and did not lead to the emergence of 
resistant subpopulations (Vaudaux et al., 2005).
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Ceftolozane and  
Ceftolozane–Tazobactam

John F. McNamara

1.  DESCRIPTION

Ceftolozane (also known as CXA101 and FR264205) is an 
oxyimino-aminothiazolyl cephalosporin with structural simi-
larity to ceftazidime (Toda et al., 2008). The addition of a 
3-amino-2-methylpyrazole in the 4-position improved the 
minimum inhibitory concentrations against class C beta- 
lactamase-producing organisms (Toda et al., 2008). The 
spectrum of activity includes Gram-negative bacilli, such as 
Pseudomonas aeruginosa and many Enterobacteriaceae as 
well as those expressing some beta-lactamases (e.g. OXA-1, 
SHV-1, TEM-1 and -2) (Takeda et al., 2007).

Ceftolozane–tazobactam is a novel cephalosporin with 
activity against multidrug-resistant Pseudomonas aeruginosa 
and extended-spectrum beta-lactamase (ESBL) producing 
Enterobacteriaceae. The addition of tazobactam broadens 
the spectrum of activity to include many ESBL producers 
and some anaerobes, including Bacteroides fragilis (Sader et 
al., 2011). The antimicrobial activity of this antibiotic is the 
result of inhibition of penicillin-binding proteins (PBPs) via 
the formation of an acyl enzyme, which in turn, inhibits the 
polymerization of the glycan strand and cross-linking, lead-
ing to disruption of the bacterial cell wall (Sauvage et al., 
2008). Ceftolozane–tazobactam has a molecular formula of 

C10H11N4NaO5S (Toda et al., 2008), and a molecular weight 
of 764.7. Ceftolozane–tazobactam’s chemical name is 1H- 
pyrazolium, 5-amino-4-[[[(2-aminoethyl)amino]carbonyl]
amino]-2-[[(6R,7R)-7-[[(2Z)-2-(5-amino-1,2,4-thiadiazol-
3-yl)-2-[(1-carboxy-1-methylethoxy)imino]acetyl]amino]-
2-carboxy-8-oxo-5-thia-1-azabicyclo[4.2.0]oct-2-en-3-yl]
methyl]-1-methyl-,sulfate (1:1) (see Figure 34.1). For further 
information on tazobactam, including the chemical struc-
ture, see Chapter 17.

Released under the name Zerbaxa (Merck Sharpe & 
Dohme), ceftolozane–tazobactam was approved by the US 
Food and Drug Administration (FDA) for the treatment 
of  intraabdominal infection and urinary tract infection on 
December 19, 2014. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Ceftolozane has a similar spectrum of activity to ceftazidime 
but with greater efficacy against Pseudomonas aeruginosa. 
It has limited activity against Gram-positive organisms and 
broader activity against Gram-negative organisms; however, 
when tazobactam is added to ceftolozane, the efficacy against 
Gram-negative organisms—particularly, beta-lactamase- 
producing organisms, including ESBL producers—improves.

GRAM-POSITIVE AEROBIC BACTERIA 

There are limited data on the efficacy of ceftolozane and 
ceftolozane–tazobactam against aerobic Gram-positive organ-
isms. Minimum inhibitory concentrations (MICs) for 
Staphylococcus aureus of 32 μg/ml and Streptococcus pneu
moniae of 0.25 μg/ml were initially reported (Takeda et al., 
2007). Later studies demonstrated MICs ranging between 
0.125 and 16 μ/ml for Streptococcus pneumoniae isolates 
(Lepak et al., 2014). However, these MICs were in a very 
small number of isolates and may not be representative.Figure 34.1. Chemical structure of ceftolozane.
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GRAM-NEGATIVE AEROBIC BACTERIA

Ceftolozane–tazobactam is highly active against P. aerugi
nosa, including drug-resistant strains and members of the 
Enterobacteriaceae, including ESBL producers (Takeda et al., 
2007; Titelman et al., 2011; Snydman et al., 2014; Farrell et 
al., 2013; Walkty et al., 2013; Melchers et al., 2015). Cefto-
lozane was shown to be vulnerable to ESBLs produced by 
both P. aeruginosa and the Enterobacteriaceae, but the addi-
tion of tazobactam greatly improved susceptibility (Giske et 
al., 2009; Livermore et al., 2010; Titelman et al., 2011). 

Ceftolozane appears to maintain activity against ceftazi-
dime, imipenem, and ciprofloxacin- resistant pseudomonal 
strains (Takeda et al., 2007). It remains active against AmpC 
derepressed strains of P. aeruginosa (Livermore et al., 2010), 
but had no activity against metallo-beta-lactamase-producing 
strains of Pseudomonas (Takeda et al., 2007). Ceftolozane–
tazobactam is highly active against carbapenem-producing 
P. aeruginosa (Juan et al., 2010; Walkty et al., 2013), and the 
antibacterial activity of ceftolozane was maintained against 
P. aeruginosa over expressing efflux pumps and species lack-
ing the membrane porin OrpD (Takeda et al., 2007). 

Escherichia coli strains producing the beta-lactamases 
TEM-1, TEM-2, SHV-1, and OXA-1 remained susceptible in 
vitro to ceftolozane alone (Takeda et al., 2007). Approximately 
93% of ESBL-producing strains of E. coli (n = 149) and 
Klebsiella pneumoniae (n = 20) expressing CTX-M-14 or 
CTX-M-15 remained susceptible to ceftolozane–tazobactam 
in one series, though a higher proportion of K. pneumoniae 
than E. coli demonstrated resistance in vitro (Titelman et al., 
2011). In a study of in vitro susceptibility profiles of K. pneu
moniae isolated from Spanish hospitals, a lower proportion 
of ESBL-producing Klebsiella spp. were susceptible on CLSI 
breakpoints to ceftolozane–tazobactam when compared to 
ESBL-producing E. coli (43.8% vs. 100%, respectively) (Tato 
et al., 2015). In a series of 245 isolates of E. coli harboring 
CTX-M-14- and CTX-M-15-type ESBLs, the addition of 
tazobactam to ceftolozane reduced the MIC as much as 
128-fold, with ceftolozane MIC50 values of ≤ 0.25 μg/ml and 
MIC90 values of 0.5 μg/ml (Estabrook et al., 2014).

Stenotrophomonas maltophilia demonstrated MIC50 and 
MIC90 of 16 and > 32µg/ml, respectively in 186 isolates col-
lected from US and European hospitals. Acinetobacter spp. 
isolates (233) assessed in the same study demonstrated high 
MIC50 and MIC90 of ceftolozane–tazobactam (32 and > 32 
μg/ml, respectively) (Farrell et al., 2014). The in vitro activity 
of ceftolozane–tazobactam against 48 isolates of Burkholderia 
cepacia ranged between MICs of 0.5 and 256 μg/ml from cys-
tic fibrosis patients (Livermore et al., 2009). 

ANAEROBIC BACTERIA

Ceftolozane–tazobactam appears to have activity against 
Propionibacterium spp. isolates (n = 9) (Snydman et al., 
2014). Fusobacterium isolates (n = 12) were inhibited at 0.25 
μg/ml and Prevotella spp. (n = 33) were inhibited at 4 μg/ml 
(Syndman et al., 2014). The Bacteroides fragilis group was not 
inhibited by ceftolozane alone at even the highest concentra- 
tions of 256 μg/ml. When used in combination with tazobac- 

tam, the MIC90 was 4 μg/ml for B. fragilis (n = 244) (Snydman 
et al., 2014). Clostridium difficile isolates do not appear to be 
susceptible to ceftolozane or the combination of ceftolozane–
tazobactam with MICs recorded > 256 μg/ml in vitro 
(Snydman et al., 2014; Gonzalez et al., 2015). 

Anaerobic isolates identified in the ASPECT–cIAI study 
were assessed for susceptibility to ceftolozane–tazobactam 
(Armstrong et al., 2015). Activity against B. fragilis was vari-
able. B. fragilis had a MIC90 of 4 μg/ml (range: of 0.03–16 
μg/ml) and Clostridium perfringens had a MIC90 0.5 μg/ml 
(Armstrong et al., 2015).

OTHER BACTERIA

There are no reported sensitivities for ceftolozane–tazobactam 
against Treponema pallidum, leptospirae, mycobacteria, myco-
plasma, or nocardia. 

2b.  Emerging resistance and 
cross-resistance

Ceftolozane has excellent comparative stability against AmpC 
beta lactamases (Takeda et al., 2007), which is one of the pre-
dominant mechanisms of P. aeruginosa resistance. Derepres-
sion of AmpC led to a 2-fold decrease in ceftolozane (MIC 
from 0.5 to 1.0 μg/ml)and a 16-fold decrease in activity for 
ceftazidime (MIC from 2 to 32 μg/ml) (Takeda et al., 2007). 
However, when ceftolozane was assessed against 31 extended- 
spectrum AmpC (EASC) P. aeruginosa strains from French 
hospitals, 18 were identified as susceptible, 4 as intermedi-
ate, and 9 as resistant (based on ceftazidime CLSI breakpoint: 
≤ 8 µg/mL sensitive; > 32 µg/mL resistant), with MICs rang-
ing between 0.5 and > 64 μg/ml (Berrazeg et al., 2015)

Ceftolozane was also shown to retain activity against 
other known P. aeruginosa resistance mechanisms, such as 
deletion of the membrane porin OprD and overexpression 
of efflux pumps (Takeda et al., 2007). 

Spontaneous resistance of P. aeruginosa was lower with 
ceftolozane at all tested concentrations when compared to 
ceftazidime and lower than imipenem and ciprofloxacin at 
four times MIC (Takeda et al., 2007). In addition, ceftolozane 
demonstrated a lower propensity for the development of 
resistance after serial passages. The susceptibility of Pseudo
monas to ceftolozane was reduced 4-fold in comparison to 
ceftazidime at 32-fold, imipenem at 16-fold, and ciprofloxacin 
at 16-fold after four serial passages (Takeda et al., 2007). 
Ceftolozane had no activity against P. aeruginosa strains 
producing metallo-beta-lactamases (Takeda et al., 2007).

P. aeruginosa do not demonstrate cross-resistance between 
ceftolozane–tazobactam and ceftazidime, ciprofloxacin, imi-
penem, or pre-elected mutants with resistance to meropenem 
mediated via the loss of expression of the membrane porin 
OrpD (Cabot et al., 2014). Whole genome analysis suggests 
that moderate-level resistance in P. aeruginosa to ceftolozane–
tazobactam is conferred by nonspecific mutations with global 
pleotropic effects, rather than classic antibiotic-resistance 
mechanisms (Cabot et al., 2014). Mutants with high-level 
ceftolozane–tazobactam resistance showed multiple mutations, 



638 Ceftolozane and  Ceftolozane–Tazobactam

Table 34.1. Summary of susceptibility data for ceftolozane-tazobactam.

Organism
MIC50 

(μg/ml)
MIC90 

(μg/ml) Range (μg/ml)
No. of 
isolates

MIC Method 
and region Reference

Aerobic Gram-positive organisms

Staphylococcus aureus 32 — — — Zhanel et al. (2014)

Streptococcus pneumoniae, 
penicillin susceptible

0.125 — 1 CLSI Lepak et al. (2014)

S. pneumoniae, penicillin 
intermediate

16 — 1 CLSI Lepak et al. (2014)

S. pneumoniae, penicillin 
resistant

0.125–8 4 CLSI Lepak et al. (2014)

Aerobic Gram-negative organisms

Acinetobacter spp. 32 > 32 NA 233 EUCAST, CLSI, America, 
Europe

Farrell et al. (2014)

Pseudomonas aeruginosa 1 > 32 0.12–> 32 1,971 EUCAST, CLSI, Europe Sader et al. (2014)

P. aeruginosa, MDR 4 > 32 0.25–> 32 698 EUCAST, CLSI, Europe Sader et al. (2014)

P. aeruginosa, XDR 32 > 32 0.5–> 32 538 EUCAST, CLSI, Europe Sader et al. (2014)

Escherichia coli 0.25 0.5 ≤ 0.12–> 32 3,128 EUCAST, CLSI, Europe Sader et al. (2014)

E. coli, ESBL+ 0.5 4 ≤ 0.12–> 32 715 EUCAST, CLSI, Europe Sader et al. (2014)

Klebsiella pneumoniae 0.5 > 32 ≤ 0.12–> 32 1,054 EUCAST, CLSI, Europe Sader et al. (2014)

K, pneumoniae, ESBL+ 2 > 32 ≤ 0.12–> 32 493 EUCAST, CLSI, America Sader et al. (2014)

K. oxytoca 0.25 0.5 0.03–1 244 CLSI, America Farrell et al. (2013)

K. oxytoca, ESBL 1 32 0.12–> 32 39 CLSI, America Farrell et al. (2013)

Enterobacter spp. 0.25 8 0.03–> 32 1,029 CLSI, America Farrell et al. (2013)

E. cloacae, ESBL+ 2 4 — 15 CLSI, Netherlands Melchers et al. (2015)

Citrobacter spp. 0.25 8 0.06–> 32 381 CLSI, America Farrell et al. (2013)

Proteus mirabilis 0.5 0.5 0.12–1 398 CLSI, America Farrell et al. (2013)

P. mirabilis, ESBL+ 0.5 1 0.25–2 16 CLSI, America Farrell et al. (2013)

Serratia spp. 0.5 1 0.12–> 32 573 CLSI, America Farrell et al. (2013)

Stenotrophomonas maltophilia 16 > 32 186 EUCAST, CLSI, USA, 
Europe

Farrell et al. (2014)

Anaerobic Gram-positive organisms

Anaerobic Gram-positive cocci 2 8 ≤ 0.125–> 64 31 CLSI, USA Snydman et al. (2014)

Eggerthella lenta > 64 > 64 NA 6 North America, South 
America, Europe

Armstrong et al. (2015)

Eubacterium spp. 1 0.5–4 NA 5 North America, South 
America, Europe

Armstrong et al. (2015)

Parvimonas micra ≤ 0.03 NA 0.03–4 5 North America, South 
America, Europe

Armstrong et al. (2015)

Propionibacterium 0.5 — < 0.125–16 9 CLSI, USA Snydman et al. (2014)

Anaerobic Gram-negative organisms

Bacteroides fragilis 1 4 ≤ 0.125–≥ 256 244 CLSI, USA Snydman et al. (2014)

B. ovatus 16 64 0.06–64 87 North America, South 
America, Europe

Armstrong et al. (2015)

B. vulgatus 16 64     1–> 64 39 North America, South 
America, Europe

Armstrong et al. (2015)

B. uniformis 16 32 0.5 - 64 15 North America, South 
America, Europe

Armstrong et al. (2015)

B. stercoris 0.125 2 0.06–2 12 North America, South 
America, Europe

Armstrong et al. (2015)

Clostridium spp. 16 ≥ 256 ≤ 0.125–≥ 256 13 CLSI, USA Snydman et al. (2014)

C. difficile 30 ≥ 256 ≥ 256 33 CLSI, USA Snydman et al. (2014)

C. perfringens 0.06 0.5 ≤ 0.03–16 45 North America, South 
America, Europe

Armstrong et al. (2015)

Fusobacterium spp. ≤ 0.125 0.25 ≤ 0.125–0.25 12 CLSI, USA Snydman et al. (2014)

Parabacteroides distasonis 64 > 64    16–> 64 27 North America, South 
America, Europe

Armstrong et al. (2015)

Prevotella ≤ 0.125 1 ≤ 0.125–4 33 CLSI, USA Snydman et al. (2014)

Abbreviations: NA: not available; MDR: multidrug resistant; XDR: extensively drug resistant; ESBL+: extended-spectrum beta-lactamase positive.
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including AmpC overexpression; mutations in AmpC regu-
lator genes; and reduction in expression of a major target of 
cephalosporins, penicillin-binding protein 3 (PBP3) (Cabot 
et al., 2014).

The addition of tazobactam does not have a major impact 
on the activity of ceftolozane against P. aeruginosa, with the 
exception of rare strains of ESBL-producing Pseudomonas 
(Juan et al., 2010). Most ESBL-producing Enterobacteriaceae 
were shown to be resistant to ceftolozane alone (Takeda et 
al., 2007; Livermore, 2010), but the addition of tazobactam 
broadens the spectrum of activity against Enterobacteriaceae 
ESBL producers. Members of the Enterobacteriaceae family 
that express class A serine carbapenemases (e.g. Klebsiella 
pneumoniae carbapenemase [KPC]) or class B metallo-lact-
amases (e.g. New Delhi metallo-beta-lactamase [NDM]) are 
resistant to ceftolozane–tazobactam (Toussaint et al., 2015).

Selection of drug resistance with ceftolozane–tazobactam 
was investigated in a hollow fiber infection model with a 
CTX-M-15 producing Escherichia coli (Vanscoy et al., 2013). 
Drug-resistant subpopulations were greatly amplified at 
doses of 250–125 mg and 500–250 mg, with emergent resis-
tance occurring at 4–6 days. Doses of 375–750 mg or greater 
were required to prevent drug resistance amplification. A sim-
ilar phenomenon was observed with P. aeruginosa (express-
ing increased levels of AmpC and efflux pump encoding 
genes) in a hollow fiber infection model (Vanscoy et al., 
2014), highlighting the importance of correct dosing in the 
prevention of emergent resistance.

3. MECHANISM OF DRUG ACTION

Ceftolozane inhibits cell-wall synthesis similar to other ceph-
alosporins. It forms a covalent acyl-enzyme with the PBP, 
which inhibits peptidoglycan cross-linking, which in turn 
leads to disruption of cell-wall synthesis and bacterial-cell 
lysis (Sauvage et al., 2008). Ceftolozane binds PBP3 with 
higher affinity and demonstrated greater than twofold higher 
affinities for the essential PBPs (1b, 1c, 2, and 3) when com-
pared to ceftazidime (Moyá et al., 2010). It is a very weak 
inducer of the nonessential PBP4, which may explain why 
ceftolozane is such a weak inducer of AmpC expression 
(Moyá et al., 2010). Tazobactam’s mechanism of action is 
described in Chapter 13, Beta-Lactamase Inhibitors.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Ceftolozane–tazobactam is provided in a single 1.5-g vial 
(1  g ceftolozane, 0.5 g tazobactam) for parental delivery. 
Ceftolozane–tazobactam doses of up to 3.0 g (2 g ceftolozane 
and 1 g tazobactam) (see Table 34.2 for recommended dose 
for ceftolozane-tazobactam) appear to be safe and well toler-
ated (Miller et al., 2012).

4a.  Adults

The recommended dose of ceftolozane–tazobactam in adults 
who have a creatinine clearance (CrCl) of > 50 ml/minute is 

1.5 g, as an i.v. infusion given over 1 hour every 8 hours. 
This dosing is for the FDA-approved indications of compli-
cated intraabdominal infection in combination with metro-
nidazole or complicated urinary tract infection, including 
pyelonephritis.

Population pharmacokinetic modeling suggests pneu-
monia will likely require a higher dose of 3 g (2 g ceftolozane, 
1 g tazobactam) every 8 hours to achieve a target above the 
MICs of likely pathogens in nosocomial pneumonia 
(Chandorkar et al., 2012; Xiao 2015). This dose was chosen 
in the ASPECT-NP study of the antibiotic combination for 
nosocomial pneumonia in ventilated patients (clinical trial 
NCT02070757).

4b.  Newborn infants and children 

Ceftolozane–tazobactam dosing has not been studied in the 
pediatric population.

4c.  Pregnant and lactating mothers

There are no adequate human trials in pregnant women 
assessing the safety of ceftolozane–tazobactam. There has 
been no study to assess if ceftolozane–tazobactam is excreted 
in human breast milk.

4d.  Those requiring altered dosages

Dosing adjustment is necessary for those with impaired renal 
function because ceftolozane–tazobactam is predominantly 
excreted in the urine (92.5%) (Miller et al., 2012). Adjustment 
will minimize toxicity while maintaining the optimum clini-
cal effect (Miller et al., 2012; Wooley et al., 2014). In patients 
receiving hemodialysis, almost 90% of the initial dose was 
removed after 3–4 hours of hemodialysis (Wooley et al., 
2014). If administered to patients on hemodialysis, an initial 

Table 34.2. Recommended dose for ceftolozane–tazobactam

Patient Population
Intravenous 
ceftolozane–tazobactam

Adults 1/0.5 g every 8 hours

Children Not studied

Newborn infants Not studied

Altered dosages

CrCl > 50 ml/minute 1/0.5 g every 8 hours

CrCl 30–50 ml/minute 500/250 mg every 8 hours

CrCl 15–29 ml/minute 250/125 mg every 8 hours

Hemodialysis Single loading dose of 500/250 mg 
followed by 100/50 mg every 
8 hours

Impaired hepatic function No dose adjustment recommended

Pregnant and lactating 
women

No dose adjustment recommended

The elderly No dose adjustment recommended

Abbreviation: CrCl: creatinine clearance.
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loading dose of 750 mg followed by 150 mg every 8 hours 
should be given (Miller et al., 2012). For those with CrCl 
< 50 ml/minute, the dose should be halved to 750 mg. Those 
with CrCl 15–29 ml/minute should have their dose further 
reduced to 375 mg (Miller et al., 2012). An alternative agent 
should be considered in patients with a baseline creatinine 
clearance of 30–50 ml/minute because they had lower clinical 
cure rates when compared to those with creatinine clearance 
greater than 50 ml/minute during the treatment of compli-
cated intraabdominal infections (Solomkin et al., 2015). One 
case report described a patient treated for pseudomonal 
sepsis with ceftolozane–tazobactam while receiving renal- 
replacement therapy (Oliver et al., 2015). The patient received 
1.5 g ceftolozane–tazobactam every 8 hours (extrapolated 
renal-adjusted dose based on 3 g every 8 hours for ventilated 
nosocomial pneumonia) with an extended infusion of 4 hours, 
aiming for 100% time above MIC throughout the dosing 
interval. This dosing strategy resulted in ceftolozane–tazo-
bactam eight times the susceptibility breakpoint of 4 μg/ml 
throughout the entire dosing interval. The mean extraction 
ratio was 15.2 ± 15%.

Ceftolozane–tazobactam is not metabolized in the liver, 
and dose adjustment is not recommended for patients with 
hepatic impairment (Merck, 2015).

5.  PHARMOCOKINECTICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Ceftolozane–tazobactam is available only in an i.v. formula-
tion; no equivalent oral form is available. When adminis-
tered parentally at doses ranging between 500 and 2000 mg, 
ceftolozane demonstrated linear pharmacokinetics over a 
range of renal function. Approximately 20% of ceftolozane is 
protein bound in plasma (Miller et al., 2012).

5b.  Drug distribution 

Steady-state volume of distribution was comparable with 
ceftolozane alone or in combination with tazobactam (Miller 
et al., 2012). For example, the mean steady-state volume of 
distribution after a single dose of ceftolozane, alone and in 
combination with tazobactam, was 12.3 l, with a range of 
13.1 to 17.6 l (Miller et al., 2012). The steady-state volume 
of distribution of ceftolozane approximates the extracellular- 
fluid volume, suggesting good concentration of the drug at 
extracellular sites of infection (Miller et al., 2012). 

The steady-state volume of distribution remained the 
same across the dose range from 500 to 1500 mg (Miller et 
al., 2012). The mean concentration maximum (Cmax) after a 
single i.v. infusion of ceftolozane for 250-, 500-, 1000-, 1500-, 
and 2000-mg doses was 16.5, 32.2, 58.4, 87.4, and 127.7 µg/
ml, respectively (Ge et al., 2010). The mean plasma half-life 
for a single dose of ceftolozane at 250, 500, 1000, 1500, and 
2000 mg was 1.86, 2.34, 2.25, 2.62, and 2.45 hours, respec- 

tively (Ge et al., 2010). In a healthy subject, a dosing regimen 
of 1 g ceftolozane every 8 hours produces a serum concentra-
tion of 8 mg/l for half of the dosing interval (Ge et al., 2010). 
Ceftolozane’s pharmacokinetic parameters, such as area under 
the curve (AUC), plasma half-life, and clearance, were unaf-
fected by the co-administration of tazobactam (Miller et al., 
2012). Repeated doses over 10 days demonstrated almost no 
systemic accumulation of ceftolozane–tazobactam (Miller et 
al., 2012).

Intrapulmonary penetration of ceftolozane–tazobactam 
was assessed in a study of 51 healthy volunteers (Chandorkar 
et al., 2012).After an i.v. infusion of 1000–500 mg ceftolozane–
tazobactam every 8 hours, the maximum concentrations 
were 67.2 ± 12.1mg/l and 14.9 ± 2.4 mg/l, respectively. The 
peak pulmonary epithelial lining fluid (ELF) concentration 
after a 1.5-g infusion of ceftolozane–tazobactam was 21.8 ± 
6.4 mg/l and 4.5 ± 1.1 mg/, respectively. The ratio of pulmo-
nary ELF to plasma concentration was 0.48 for ceftolozane 
and 0.44 for tazobactam (Chandorkar et al., 2012). To 
date,  no human studies have assessed the penetration of 
ceftolozane–tazobactam into the central nervous system or 
the skin and soft tissue. Ceftolozane was assessed in a mouse 
model of a burn wound infection that was inoculated with 
pseudomonas, and demonstrated good comparative activity 
with ceftazidime and imipenem (Takeda et al., 2007).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

As with other cephalosporins, the best measure of therapeu-
tic efficacy for ceftolozane–tazobactam is the proportion of 
time during the dosing interval that the drug is above mini-
mum inhibitory concentration (%t > MIC) (Craig and Andes, 
2013). In a neutropenic murine thigh infection model, stasis 
(> 1 log kill) was achieved for wild-type Enterobacteriaceae 
at 26.3% ± 2.1% t > MIC, ESBL-producing Enterobacteriaceae 
at 31.1% ± 4.9% and Pseudomonas aeruginosa at 24% ± 3.3% 
(Craig and Andes, 2013). P. aeruginosa, wild-type and ESBL-
producing Enterobacteriaceae that had an MIC ≤ 8 μg/ml and 
had levels that were shown to be above the MIC for 56% of 
the dosing interval had significant reductions in the numbers 
of colony forming units (Craig and Andes, 2013). The tazo-
bactam concentration will fall more rapidly during the dos-
ing interval due to its shorter half-life (1 hour vs. ~ 2.25 
hours for ceftolozane) (Ge et al., 2010), although this does 
not appear to impact its clinical efficacy, likely due to a post- 
beta-lactamase-inhibitor effect (Sader et al., 2014).

Infection and increased body mass index do change the 
apparent volume of distribution but do not cause any appre-
ciable change in the steady-state pharmacokinetic parameters 
(Chandorkar et al., 2015). 

5d.  Excretion

When ceftolozane–tazobactam is administered in a 2:1 ratio, 
it is best characterized by a two-compartment model with 
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first-order elimination (Chandorkar et al., 2015). The clear-
ance of ceftolozane is primarily renal and averaged 102.4 ml/
minute after single doses and 112.2 ml/minute after multiple 
doses (Ge et al., 2010). The majority of ceftolozane is excreted 
in the urine: 92.5% after a single dose and 95% after multiple 
doses (Ge et al., 2010). No dose adjustment is required when 
ceftolozane is co-administered with tazobactam. Unlike pip-
eracillin, ceftolozane does not affect the renal excretion of 
tazobactam (Zhanel et al., 2014).

5e.  Drug interactions

Ceftolozane is not a substrate for cytochrome P-450 and 
therefore has a low likelihood of cytochrome P450–mediated 
drug interactions (Ge et al., 2010; Merck 2015).

6. ADVERSE REACTIONS AND TOXICITY

In a randomized trial of ceftolozane–tazobactam and metro-
nidazole vs. meropenem for complicated intraabdominal 
infections, the frequency of adverse reactions in the two 
groups were similar. Commonly experienced adverse reac-
tions (> 5%) to ceftolozane–tazobactam include pyrexia, 
nausea, diarrhea, and headache (Solomkin et al., 2015; 
Wagenlehner et al., 2015). Like other beta-lactam antibiotics, 
ceftolozane–tazobactam has a risk of allergy and anaphy-
laxis. Ceftolozane–tazobactam is contraindicated in patients 
with known serious hypersensitivity to beta-lactam-class anti-
biotics (Merck, 2015).

Clostridium difficile–associated diarrhea has been reported 
with ceftolozane–tazobactam. In two phase III clinical trials. 
a total of three cases of C. difficile were identified, consti-
tuting < 1% of the study population (Solomkin et al., 2015; 
Wagenlehner et al., 2015).

7. CLINICAL USES OF THE DRUG

Ceftolozane–tazobactam has been approved by the FDA for 
use in complicated intraabdominal infections and compli-
cated urinary tract infections. This is on the basis of two sep-
arate phase III randomized trials (Wagenlehner et al., 2015; 
Solomkin et al., 2015). A clinical trial is currently under 
way to compare ceftolozane–tazobactam with meropenem 
in the treatment of nosocomial pneumonia (clinical trial 
NCT02070757). The estimated completion date is February 
2018. There is a report of three cases of pneumonia with 
multidrug-resistant P. aeruginosa successfully treated with 
ceftolozane–tazobactam 3 g every 8 hours (Gelfand et al., 
2015).

7a.  Complicated intraabdominal infections

A prospective, double-blind, randomized trial of patients 
aged 18 years or older with complicated intraabdominal infec-
tions demonstrated noninferiority of ceftolozane–tazobactam 
and metronidazole when compared to meropenem. Baseline 

demographics between the two studied groups were similar. 
The three most common diagnoses were appendiceal perfo-
ration or abscess (45%); cholecystitis with rupture, perfora-
tion, or progression (18.5%); and peritonitis due to other 
perforated viscus (10.5%). The primary comparator was clin-
ical cure (defined as complete resolution or significant 
improvement in signs and symptoms of the index infection, 
such that no additional antimicrobials or interventions were 
required), with the resulting rates of 83.0% vs. 87.3% for 
ceftolozane–tazobactam and metronidazole vs. meropenem 
(Solomkin et al., 2015). The duration of treatment was 7 days 
in 50% of patients, with an additional 36.5% receiving treat-
ment for an additional 1–3 days (8–10 days total duration). 
The incidence and distribution of bacteria isolated at base-
line were similar between the two groups. The most common 
pathogens identified in this study were E. coli (65.1%), K. 
pneumoniae (9.4%), and P. aeruginosa (8.9%). ESBL-producing 
Enterobacteriaceae were present at an overall rate of 7.2%. 
Most infections were polymicrobial: 66.1% in the ceftolozane– 
tazobactam and metronidazole group vs. 69.1% in the mero-
penem group. Clinical cure in patients older than 65 years 
was not significantly different between the two groups (100 
and 85 patients for ceftolozane–tazobactam and meropenem, 
respectively). Subgroup analysis from this trial of patients 
with CrCl of 30 to ≤ 50 ml/minutes demonstrated lower clin-
ical cure rates comparison to the meropenem arm (Solomkin 
et al., 2015).

7b.  Complicated urinary tract infections

Ceftolozane–tazobactam was compared against levofloxacin 
in a randomized, double-blind trial of 1083 patients with 
pyelonephritis or complicated urinary tract infection (Wagen - 
 lehner et al., 2015). Urine culture was positive at baseline for 
800 of the 1083 patients. These 800 patients were included in 
the modified intention to treat analysis. Patients were ran-
domized on a 1:1 basis to receive ceftolozane–tazobactam 
1.5 g every 8 hours or levofloxacin 750 mg once daily. Treat-
ment was given for 7 days, with dose adjustment for renal 
impairment. Patients with severe renal failure (CrCl < 0.5ml/
second/m2) were excluded. The diagnosis of pyelonephritis 
was present in 82% of the population, and 2.7% had a con-
current bloodstream infection. At baseline, 2.7% and 26.7% 
bacteria were resistant to ceftolozane–tazobactam and levo-
floxacin, respectively. E. coli was the most commonly isolated 
pathogen from urine (78.6%), followed by K. pneumoniae 
(7.3%), Proteus mirabilis (3%), and Pseudomonas aeruginosa 
(2.9%). ESBL-producing Enterobacteriaceae were present in 
this study’s population at a rate of 14.8%. The study established 
the noninferiority of ceftolozane–tazobactam for complicated 
urinary tract infection or pyelonephritis when compared to 
levofloxacin, with the end point of composite cure in the 
microbiological intention to treat group and in the per pro-
tocol populations. A trend toward reduced clinical cure was 
noted in the subgroup of patients with a CrCl 30 to ≤ 50 ml/
minute (Wagenlehner et al., 2015; Merck 2015). 
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Aztreonam and 
Aztreonam–Avibactam

Hisashi Baba

1. DESCRIPTION

Aztreonam belongs to the class of beta-lactam antibiotics 
known as monobactams. Unlike penicillins and cephalo-
sporins, the monobactams have only the beta-lactam ring, 
with the thiazolidine ring (characteristic of penicillins) and 
the dihydrothiazide ring (characteristic of cephalosporins) 
missing. In monobactams, a sulfonate group is present. In 
nature, monobactams are synthesized by bacteria. Aztreonam 
(3-aminothiazole-oxime, 4-alpha-methyl 1-monobactamic 
acid) is a synthetic member of this group, developed at the 
Squibb Institute for Medical Research. The antibacterial 
spectrum of this drug is not as wide as that of the third- 
generation cephalosporins, and it somewhat resembles that 
of the aminoglycosides, in that no clinically useful activity is 
present against Gram-positive or anaerobic organisms (Sykes 
et al., 1981; Sykes and Bonner, 1985). The molecular weight 
of aztreonam is 435.4 g/mol. The chemical structure of aztre-
onam is shown in Figure 35.1.

Avibactam is a novel, non-beta-lactam/beta-lactamase 
inhibitor. Avibactam is capable of inhibiting class A, class 
C,  and some class D beta-lactamases, including extended- 
spectrum beta-lactamases (ESBLs), AmpC, and serine 

carbapenemases such as Klebsiella pneumoniae carbapene-
mase (KPC) and OXA-48 type (Livermore et al., 2011). 
Although avibactam does not inhibit metallo-beta-lactamases 
(MBLs), the combination with aztreonam, which is not 
hydrolyzed by MBLs, is currently in clinical development 
against multidrug-resistant Gram-negative bacteria includ-
ing MBLs (Bush, 2015).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Only Gram-negative aerobic bacteria are sensitive to aztreo-
nam. The drug is active against the Enterobacteriaceae, such 
as Escherichia coli, Proteus mirabilis, other Proteus spp., 
Klebsiella, Enterobacter, Serratia, Providencia, Citrobacter, Sal
monella, Shigella spp., and Morganella morganii, providing 
that they do not produce ESBLs or KPC-type beta-lactamases 
or hyperproduce AmpC beta-lactamases (Paterson and 
Bonomo, 2005; Sader et al., 2005; Deshpande et al., 2006; 
Rhomberg and Jones, 2007; Wang et al., 2014; Biedenbach 
et al., 2015; Testa et al., 2015). Neisseria gonorrhoeae and 
Haemophilus influenzae, including beta-lactamase produc-
ers, are also quite sensitive (Barry et al., 1985). However, 
H. influenzae strains that do not produce beta-lactamase but 
that have minimum inhibitory concentration (MICs) for 
ampicillin of 4 μg/ml or higher (BLNAR strains), also have 
increased MICs for aztreonam (MICs 1 μg/ml instead of 
0.12 as for ampicillin-sensitive strains) (Powell and Williams, 
1987). Neisseria meningitidis is aztreonam sensitive (Barry et 
al., 1985), but Campylobacter jejuni is resistant (Goossens et 
al., 1985).

Wild-type Pseudomonas aeruginosa strains are typically 
aztreonam susceptible, but ceftazidime and other antipseu-
domonal beta-lactam antibiotics are more active. Approx- Figure 35.1. Chemical structure of aztreonam. 
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 imately one third of contemporary P. aeruginosa strains are 
nonsusceptible to aztreonam (Fritsche et al., 2005; Sader et al., 
2005; Biedenbach et al., 2015; Testa et al., 2015). Aeromonas 
spp. are aztreonam sensitive (Morita et al., 1994; Fritsche et 
al., 2005). Burkholderia cepacia and P. stutzeri are usually 
sensitive, but the Acinetobacter spp., Brevundimonas dimin
uta, P. putida, Stenotrophomonas maltophilia, and Chryseo
bacterium spp. are aztreonam resistant (Jacobus et al., 1982; 
Strandberg et al., 1983; Tunkel and Scheld, 1990; Chang et 
al., 1997; Fritsche et al., 2005; Sader et al., 2005; Wang et al., 
2014; Biedenbach et al., 2015; Testa et al., 2015).

Gram-negative anaerobic bacteria and all Gram-positive 
bacteria are aztreonam resistant (Jacobus et al., 1982; Barry 
et al., 1985).

A summary of the in vitro activity of aztreonam is shown 
in Table 35.1.

2b.  Emerging resistance and 
cross-resistance

Aztreonam is stable to narrow-spectrum, plasmid-mediated 
enzymes of Gram-negative bacteria, such as TEM-1 and 
SHV-1 (Sykes and Bonner, 1985). Many newer beta-lact-
amases, especially ESBLs and carbapenemases (class A, C, 
or D; serine beta-lactamases), have been reported to cause 
resistance to aztreonam (Paterson and Bonomo, 2005; 
Bonomo and Szabo, 2006; Queenan and Bush, 2007). This 
includes the TEM-, SHV-, and CTX-M-type ESBLs. Klebsiella 
oxytoca produces a chromosomally encoded beta-lactamase 
called K1. Mutational hyperproduction of this enzyme leads 
to a very characteristic antibiotic resistance profile, with 
resistance to aztreonam being one of its features (Livermore, 
1995). Mutational hyperproduction of the chromosomally 
encoded AmpC beta-lactamase of Enterobacter cloacae, Ser
ratia marcescens, Citrobacter freundii, and other related bac-
teria also leads to aztreonam resistance.

In contrast, metallo-beta-lactamases, which are class B 
beta- lactamases, cannot hydrolyze aztreonam (Bonomo and 
Szabo, 2006; Queenan and Bush, 2007). This may be a clini-
cally useful marker of metallo-beta-lactamase production. 
However, aztreonam resistance does not exclude metallo-
beta- lactamase production. Metallo-beta-lactamase-producing 
organisms may produce other beta-lactamase types, leading 
to aztreonam resistance (Biedenbach et al., 2015). 

Upregulated efflux pump systems, such as MexAB-OprM, 
and deficiency of OmpK35, a porin protein (Lee et al., 2006), 
have also been shown to cause aztreonam resistance (Yoney-
ama et al., 1997; Masuda et al., 2000; Quale et al., 2006).

The addition of avibactam to aztreonam is able to restore 
susceptibility among Enterobacteriaceae, including carbap-
enemase-producing strains (Livermore et al., 2011; Wang et 
al., 2014; Biedenbach et al., 2015; Testa et al., 2015; Yoshizumi 
et al., 2015). However, the aztreonam–avibactam combina-
tion is not effective against A. baumannii and some isolates 
of P. aeruginosa, which might have resistant mechanisms 
other than beta-lactamase production (Wang et al., 2014; 

Biedenbach et al., 2015; Testa et al., 2015; Yoshizumi et al., 
2015).

A summary of the in vitro activity of aztreonam–avibactam 
is shown in Table 35.2.

3. MECHANISM OF DRUG ACTION

The intrinsic activity of monobactams against bacteria is 
determined by their binding to particular penicillin-binding 
proteins (PBPs), and this in turn is determined by the nature 
of the substituents on their beta-lactam nucleus (Georgo-
papadakou et al., 1983). Aztreonam, similar to the cephalo-
sporins, specifically affects septum formation in E. coli (and 
most likely other aerobic Gram-negative bacteria), and it 
produces filamentous forms of bacteria (Georgopapadakou 
et al., 1982). This appears to be due to the high affinity of 
aztreonam for PBP3 of Gram-negative bacteria, and this may 
be sufficient to cause cell death. The drug is bactericidal (Shah 
et al., 1981).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Aztreonam is usually administered by the parenteral route. 
However, inhaled aztreonam solution is currently available 
for the treatment of patients with cystic fibrosis (CF). A lysine 
salt formulation of aztreonam was developed for inhalation 
because intravenous aztreonam formulation contains argi-
nine, which has been shown to cause airway inflammation 
after chronic inhalation therapy in patients with CF (Dietzsch 
et al., 1975; Gibson et al., 2006). For this therapy, aztreonam 
lysine is usually administered in a regimen of 75 mg three 
times daily by nebulizer (Waters and Smyth, 2015).

4a.  Adults

For moderately severe infections, aztreonam doses of 1–2 g 
every 8–12 hours given i.v. may be sufficient (Clergeot et al., 
1989). For seriously ill patients, such as those with severe 
sepsis or meningitis, doses of 2 g every 6–8 hours have been 
used i.v. (De Maria et al., 1989; Farid et al., 1990; Lentnek and 
Williams, 1991; Gotuzzo et al., 1994).

4b.  Newborn infants and children

For moderately severe infections, an aztreonam dosage of 
30 mg/kg, given i.v. every 6–8 hours is sufficient. For severe 
infections, a dosage of 50 mg/kg administered every 6–8 
hours is recommended (Stutman et al., 1984; Girgis et al., 
1988; Stutman, 1991).

Premature infants have a lower elimination capacity for 
aztreonam (Stutman et al., 1984). Dosage should be adjusted 
according to the body weight and postnatal days for neo-
nates. A dose of 30 mg/kg and a dosage interval of 8–12 
hours is recommended for the treatment of premature 
infants (Cuzzolin et al., 1991). For low birth weight infants 
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Table 35.1. In vitro activity of aztreonam against selected Gram-negative bacteria

Organism Years
MIC50 

(μg/ml)
MIC90 

(μg/ml)
Range 
(μg/ml)

No. of 
isolates Region Reference

Acinetobacter baumannii 2012–2013 64 > 128 ≤ 0.015–> 128 1,219 Worldwide Biedenbach et al. (2015)

2012 64 > 128   4–> 128 30 EU Testa et al. (2015)

2011–2012 32 > 128   8– > 128 28 China Wang et al. (2014)

Aeromonas spp. 2003 < 0.12 0.25 ≤ 0.12–2 44 EU, LA, NA Fritsche et al. (2005)

Burkholderia cepacia 2003 16 > 16 ≤ 0.12–> 16 20 EU, LA, NA Fritsche et al. (2005)

Citrobacter diversus 2011–2012 0.064 0.25 0.064–128 27 China Wang et al. (2014)

Citrobacter freundii 2012–2013 0.25 64 ≤ 0.015–> 128 769 Worldwide Biedenbach et al. (2015)

2012 0.12 64 ≤ 0.06–128 25 EU Testa et al. (2015)

2011–2012 2 64 0.064– 128 24 China Wang et al. (2014)

Citrobacter koseri 2012 ≤ 0.06 0.12 ≤ 0.06–128 37 EU Testa et al. (2015)

Enterobacter aerogenes 2012–2013 0.12 32 ≤ 0.015–> 128 989 Worldwide Biedenbach et al. (2015)

2012 0.25 32 ≤ 0.06–> 128 29 EU Testa et al. (2015)

2011–2012 0.5 32 0.064–32 26 China Wang et al. (2014)

Enterobacter asburiae 2012–2013 0.12 32 ≤ 0.015–> 128 215 Worldwide Biedenbach et al. (2015)

Enterobacter cloacae 2012–2013 0.25 64 ≤ 0.015–> 128 1,543 Worldwide Biedenbach et al. (2015)

2012 0.25 128 ≤ 0.06–> 128 32 EU Testa et al. (2015)

2011–2012 0.25 32 0.064–64 26 China Wang et al. (2014)

Enterobacter cloacae, 
MBL positive

2012–2013 32 128 0.5–128 21 Worldwide Biedenbach et al. (2015)

Escherichia coli 2012–2013 0.12 64 ≤ 0.015–> 128 8,452 Worldwide Biedenbach et al. (2015)

2012 0.12 16 ≤ 0.06–> 128 31 EU Testa et al. (2015)

2011–2012 8 128 0.064–> 128 25 China Wang et al. (2014)

Haemophilus influenzae 2012 ≤ 0.06 0.5 ≤ 0.06–8 31 EU Testa et al. (2015)

Klebsiella oxytoca 2012–2013 0.25 32 ≤ 0.015–> 128 1,377 Worldwide Biedenbach et al. (2015)

2012 0.12 32 ≤ 0.06–128 28 EU Testa et al. (2015)

2011–2012 0.5 8 0.064–> 128 25 China Wang et al. (2014)

Klebsiella pneumoniae 2012–2013 0.12 > 128 ≤ 0.015–> 128 5,613 Worldwide Biedenbach et al. (2015)

2012 ≤ 0.06 > 128 ≤ 0.06–> 128 38 EU Testa et al. (2015)

2011–2012 1 64 0.064–> 128 25 China Wang et al. (2014)

Klebsiella pneumoniae, 
MBL positive

2012–2013 128 > 128 0.06–> 128 36 Worldwide Biedenbach et al. (2015)

Morganella morganii 2012 0.12 4 ≤ 0.06–64 24 EU Testa et al. (2015)

2011–2012 0.5 16 0.064–64 25 China Wang et al. (2014)

Proteus mirabilis 2012–2013 ≤ 0.015 0.25 ≤ 0.015–> 128 1,630 Worldwide Biedenbach et al. (2015)

2012 ≤ 0.06 2 ≤ 0.06–4 31 EU Testa et al. (2015)

2011–2012 0.064 4 0.064–> 128 24 China Wang et al. (2014)

Proteus vulgaris 2012 ≤ 0.06 0.12 ≤ 0.06–2 15 EU Testa et al. (2015)

2011-2012 0.064 0.125 0. 064–32 27 China Wang et al. (2014)

Providencia stuartii 2012-2013 0.03 4 ≤ 0.015–64 106 Worldwide Biedenbach et al. (2015)

2012 ≤ 0.06 32 ≤ 0.06–64 13 EU Testa et al. (2015)

Providencia spp. 2011–2012 0.125 64 0.064–> 128 12 China Wang et al. (2014)

Pseudomonas aeruginosa 2012–2013 8 32 ≤ 0.015–> 128 3,766 Worldwide Biedenbach et al. (2015)

2012 8 32 0.25–> 128 33 EU Testa et al. (2015)

2011–2012 16 128   4–> 128 25 China Wang et al. (2014)

Pseudomonas aeruginosa, 
MBL positive

2012–2013 16 64 0.5–> 128 118 Worldwide Biedenbach et al. (2015)

Serratia marcescens 2012–2013 0.12 4 ≤ 0.015–> 128 550 Worldwide Biedenbach et al. (2015)

2012 0.12 0.5 ≤ 0.06–16 28 EU Testa et al. (2015)

2011–2012 0.25 64 0. 064–128 25 China Wang et al. (2014)

Salmonella spp. 1998–2003 ≤ 0.12 0.25 ≤ 0.12–> 16 405 NA Sader et al. (2005)

Shigella spp. 1998–2003 ≤ 0.12 ≤ 0.12 ≤ 0.12–0.25 106 NA Sader et al. (2005)

Stenotrophomonas 
maltophilia

2003 > 16 > 16   4–> 16 80 EU, LA, NA Fritsche et al. (2005)

Abbreviations: EU: Europe; LA: Latin America; NA: North America; MBL: metallo-beta-lactamase.
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Table 35.2. In vitro activity of aztreonam–avibactam against selected Gram-negative bacteria

Organism Years
MIC50 

(μg/ml)
MIC90 

(μg/ml)
Range  
(μg/ml)

No. of 
isolates Region Reference

Acinetobacter baumannii 2012–2013 64 > 128 ≤ 0.015–> 128 1,219 Worldwide Biedenbach et al. (2015)

2012 64 > 128   4–> 128 30 EU Testa et al. (2015)

2011–2012 16 64   4–> 128 28 China Wang et al. (2014)

Citrobacter diversus 2011–2012 0.064 0.064 0.064–0.125 27 China Wang et al. (2014)

Citrobacter freundii 2012–2013 0.06 0.25 ≤ 0.015–4 769 Worldwide Biedenbach et al. (2015)

2012 ≤ 0.06 0.25 ≤ 0.06–0.5 25 EU Testa et al. (2015)

2011–2012 0.064 0.5 0.064–1 24 China Wang et al. (2014)

Citrobacter koseri 2012 ≤ 0.06 ≤ 0.06 ≤ 0.06–128 37 EU Testa et al. (2015)

Enterobacter aerogenes 2012–2013 0.06 0.5 ≤ 0.015–> 128 989 Worldwide Biedenbach et al. (2015)

2012 0.12 0.5 ≤ 0.06–1 29 EU Testa et al. (2015)

2011–2012 0.064 0.125 0.064–0.5 26 China Wang et al. (2014)

Enterobacter asburiae 2012–2013 0.06 0.25 ≤ 0.015–8 215 Worldwide Biedenbach et al. (2015)

Enterobacter cloacae 2012–2013 0.06 1 ≤ 0.015–32 1,543 Worldwide Biedenbach et al. (2015)

2012 ≤ 0.06 2 ≤ 0.06–4 32 EU Testa et al. (2015)

2011–2012 0.064 0.25 0.064–1 26 China Wang et al. (2014)

Enterobacter cloacae, 
MBL-positive

2012–2013 0.25 4 0.03–4 21 Worldwide Biedenbach et al. (2015)

Escherichia coli 2012–2013 0.03 0.12 ≤ 0.015–16 8,452 Worldwide Biedenbach et al. (2015)

2012 ≤ 0.06 0.25 ≤ 0.06–> 128 31 EU Testa et al. (2015)

2011–2012 0.064 0.125 0.064–0.5 25 China Wang et al. (2014)

Haemophilus influenzae 2012 ≤ 0.06 0.12 ≤ 0.06–8 31 EU Testa et al. (2015)

Klebsiella oxytoca 2012–2013 0.03 0.12 ≤ 0.015–4 1,377 Worldwide Biedenbach et al. (2015)

2012 ≤ 0.06 0.25 ≤ 0.06–0.5 28 EU Testa et al. (2015)

2011–2012 0.064 0.064 0.064–0.25 25 China Wang et al. (2014)

Klebsiella pneumoniae 2012–2013 0.06 0.25 ≤ 0.015–32 5,613 Worldwide Biedenbach et al. (2015)

2012 ≤ 0.06 0.5 ≤ 0.06–2 38 EU Testa et al. (2015)

2011–2012 0.064 0.125 0.064–0.25 25 China Wang et al. (2014)

Klebsiella pneumoniae, 
MBL-positive

2012–2013 0.12 0.5 0.03–0.5 36 Worldwide Biedenbach et al. (2015)

Morganella morganii 2012 ≤ 0.06 ≤ 0.06 ≤ 0.06–2 24 EU Testa et al. (2015)

2011–2012 0.064 0.25 0.064–1 25 China Wang et al. (2014)

Proteus mirabilis 2012–2013 ≤ 0.015 0.03 ≤ 0.015–> 128 1,630 Worldwide Biedenbach et al. (2015)

2012 ≤ 0.06 ≤ 0.06 ≤ 0.06 31 EU Testa et al. (2015)

2011–2012 0.064 0.064 0.064–0.125 24 China Wang et al. (2014)

Proteus vulgaris 2012 ≤ 0.06 ≤ 0.06 ≤ 0.06 15 EU Testa et al. (2015)

2011–2012 0.064 0.064 0.064–0.064 27 China Wang et al. (2014)

Providencia stuartii 2012–2013 ≤ 0.015 0.03 ≤ 0.015–0.5 106 Worldwide Biedenbach et al. (2015)

2012 ≤ 0.06 0.25 ≤ 0.06–64 13 EU Testa et al. (2015)

Providencia spp. 2011–2012 0.064 0.125 0.064–> 128 12 China Wang et al. (2014)

Pseudomonas aeruginosa 2012-2013 8 32 ≤ 0.015–128 3,766 Worldwide Biedenbach et al. (2015)

2012 8 32 ≤ 0.06–64 33 EU Testa et al. (2015)

2011–2012 16 64   4–> 128 25 China Wang et al. (2014)

Pseudomonas aeruginosa, 
MBL-positive

2012–2013 16 32 0.25–> 128 118 Worldwide Biedenbach et al. (2015)

Serratia marcescens 2012–2013 0.12 0.25 ≤ 0.015–16 550 Worldwide Biedenbach et al. (2015)

2012 ≤ 0.06 0.25 ≤ 0.06–0.5 28 EU Testa et al. (2015)

2011–2012 0.064 0.25 0.064–0.25 25 China Wang et al. (2014)

Abbreviations: EU: Europe; MBL: metallo-beta-lactamase.
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during their first week of life, the same dosage of aztreonam 
is appropriate. Other infants can be treated by aztreonam 
90–125 mg/kg/day, administered in two or three divided 
doses. Infants older than 4–6 weeks can be given the same 
doses as recommended for children (Stutman et al., 1984; 
Likitnukul et al., 1987; Sklavunu-Tsurutsoglu et al., 1991). A 
summary of the recommended doses of aztreonam for neo-
nates is shown in Table 35.3.

4c.  Pregnant and lactating mothers

Aztreonam is considered category B in pregnancy, but no 
specific dosing recommendations are available. While small 
amounts may enter the breast milk, aztreonam is considered 
an acceptable agent in breastfeeding women.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Patients with renal failure require dosage modification. Renal 
clearance of the drug correlates closely with the creatinine 
clearance (CrCl), which can be estimated from the patient’s 
serum creatinine, age, and sex. Mihindu et al. (1983) studied 
noninfected volunteers with various degrees of renal failure 
and found that the elimination half-life of aztreonam increased 
from about 2 hours in normal subjects to 6 hours in anephric 
patients. They recommended that for patients with creati-
nine clearances of 60 or 30 ml/minute and for anephric 
patients, the drug should be given at the usual intervals, but 
the normal dose should be reduced to 75%, 50%, and 25%, 
respectively. Mattie and Matze-van der Lans (1986) studied 
patients with severe Gram-negative infections who had vary-
ing degrees of renal failure. In these patients, the plasma 
half-life of aztreonam was prolonged to 9 hours and 40 min-
utes in patients with markedly impaired renal function. The 
authors recommended that in patients with CrCl > 50 ml/
minute, the usual dose can be given every 8 hours. At a clear-
ance of between 30 and 50 ml/minute, the usual dose should 
be given every 12 hours. For patients with a CrCl between 
0 and 30 ml/minute, they suggested a normal loading dose 
followed by a maintenance dose of between 40% and 80% of 
the loading dose every 12 hours. Serum aztreonam clearance 
may improve during therapy, probably reflecting improved 
renal function (Janicke et al., 1985).

Approximately 38% of the dose of aztreonam is removed 
during a 4-hour hemodialysis, and aztreonam serum half- 

life is 7.9 hours between and 2.7 hours during dialysis ses-
sions (Gerig et al., 1984). In contrast, continuous ambulatory 
peritoneal dialysis (CAPD) cleared only about 10% of a 1-g 
i.v. dose in 48 hours. Aztreonam serum half-life after i.v. 
dosing was 7.1 hours during CAPD. Patients undergoing 
hemodialysis or CAPD should receive the standard dose of 
aztreonam as a loading dose, followed by 25% of the loading 
dose at standard intervals. Hemodialysis patients should 
receive a supplemental dose equal to half of usual mainte-
nance dose immediately after each dialysis session (Gerig et 
al., 1984).

Intraperitoneal aztreonam can be used to treat peritonitis 
in patients who are undergoing CAPD. It is often used 
together with vancomycin, which provides cover for Gram-
positive organisms. Brown et al. (1990) added 3 g aztreonam 
to the first exchange in each 24-hour period plus vancomycin 
0.5 g on the first day and 250 mg on each subsequent day for 
a total of 10 days. This produced satisfactory serum and peri-
toneal concentrations of both drugs and a good clinical out-
come. After initial combination therapy, Dratwa et al. (1991) 
used intraperitoneal aztreonam alone for the treatment of 
peritonitis caused by Gram-negative organisms. The authors 
added 0.5 g of aztreonam per liter in the first dialysate bag and 
250 mg/l in all subsequent bags. Again the serum and dial-
ysate aztreonam levels were satisfactory and most patients 
recovered. The most recent guidelines of the International 
Peritoneal Dialysis Society recommend that in continuous 
peritoneal dialysis, a 1-g loading dose should be given fol-
lowed by maintenance doses of 250 mg (Piraino et al., 2005).

In patients receiving continuous renal replacement ther-
apy (CRRT), aztreonam is cleared at a rate equivalent to a 
creatinine clearance rate of 30–50 ml/minute during con-
tinuous venovenous hemodialysis (CVVHD) or continuous 
venovenous hemodiafiltration (CVVHDF), whereas the 
rate of clearance by continuous venovenous hemofiltration 
(CVVH) is lower. An aztreonam dosage of 1–2 g every 12 
hours is recommended for patients receiving CVVH, and up 
to 2 g every 12 hours is appropriate for patients receiving 
CVVHD or CVVHDF (Trotman et al., 2005).

A summary of the dosing recommendations of aztreonam 
for patients with renal impairment is shown in Table 35.4.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Patients with primary biliary cirrhosis and alcoholic cirrho-
sis have prolonged elimination half-lives (2.2 and 3.2 hours, 
respectively) compared with normal subjects (1.9 hours). 

Table 35.3. Recommended dosage of aztreonam for pediatric patients

Body weight

Age

0–7 days 8–28 days > 28 days

< 2000 g 30 mg/kg every 12 hours 30 mg/kg every 8 hours 30 mg/kg every 6–8 hours (50 mg/kg every 6–8 hours 
for severe infections or cystic fibrosis)

> 2000 g 30 mg/kg every 8 hours 30 mg/kg every 6 hours 30 mg/kg every 6–8 hours (50 mg/kg every 6–8 hours 
for severe infections or cystic fibrosis)
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Renal and nonrenal clearances were reduced in patients with 
alcoholic cirrhosis. If long-term therapy with high doses is 
given, some dosage reduction may be warranted in these 
patients (MacLeod et al., 1984; El Touny et al., 1992).

OLDER ADULTS

Elderly patients have a reduced ability to eliminate aztreo-
nam (Creasey et al., 1985; Meyers et al., 1993). Dosage should 
be adjusted in accordance with renal function in elderly 
subjects.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Aztreonam is poorly absorbed after oral administration, peak 
serum levels of only 0.1–0.2 μg/ml being achieved 2 hours 
after 0.5 oral doses (Swabb et al., 1983b). The systemic bio-
availability of intraperitoneally administered aztreonam is 
60–70% (Swabb, 1985).

The mean half-life is about 2 hours in healthy adults 
(Mihindu et al., 1983). The half-life in low-birth weight neo-
nates in the first week of life is 5.7 hours. However, full-term 
newborns and children have a similar drug elimination pro-
file and the half-life is 1.7–2.6 hours (Stutman et al., 1984).

The serum protein binding is 56% and declines slightly 
as renal insufficiency increases (Swabb, 1985).

5b.  Drug distribution

When i.m. doses of 1.0 and 2.0 g were given to normal volun-
teers, serum levels at 1 hour were 22.0 and 46.0 and at 4 
hours 8.9 and 18.4 μg/ml, respectively (Swabb, 1985). Nor-
mal subjects given 3-minute i.v. infusions of 0.5, 1.0, and 2.0 
g of aztreonam had mean peak serum levels of 58, 125, and 
242 μg/ml, respectively, 5 minutes after the infusion; 1 hour 
after infusion these levels had fallen to 11.8, 23.3, and 48.6 
μg/ml, respectively (Swabb et al., 1981). Serum concentra-
tions at 30 minutes in nine patients after a single 2.0-g i.v. 
dose, delivered over 5 minutes, ranged from 40 to 120 (mean 
80.1) μg/ml (Bechard et al., 1985). Scully et al. (1983) gave 
healthy volunteers doses of 0.5, 1.0, and 2.0 g by 30-minute 
infusion. Peak serum levels at the end of the infusions were 
65.5, 164, and 255 μg/ml, respectively. In volunteers given 

0.5 or 1.0 g i.v. by 2-minute infusion every 8 hours, mean 
peak levels were 39 and 99 μg/ml, respectively, 10 minutes 
after the dose, and mean trough levels immediately before 
the next dose were 1.0 and 2.5 μg/ml, respectively. When 
these volunteers were given the same doses by the i.m. route 
every 8 hours, mean peak serum levels of 18 and 36 μg/ml 
were reached in 60 minutes, and mean trough levels were 1.8 
and 3.8 μg/ml, respectively (Swabb et al., 1983a).

In animals with noninflamed meninges, the cerebrospinal 
fluid (CSF) aztreonam levels were low (1–3 μg/ml) after i.v. 
administration, but in animals with induced P. aeruginosa 
meningitis, levels ranged from 10.2 to 14.6 μg/ml (Straus-
baugh et al., 1986). Concentrations in the CSF of children 
with inflamed meninges after a single i.v. dose of 30 mg/kg 
averaged 17.3% of the serum concentration; CSF aztreonam 
concentrations ranged from 2.1 to 20.8 μg/ml, and penetra-
tion decreased as the inflammation lessened (Stutman et al., 
1984). At 2–8 hours after a single 2-g i.v. dose, a mean CSF 
concentration of 7.2 μg/ml was attained in five adult patients 
with either bacterial, cryptococcal, or carcinomatous menin-
gitis (Greenman et al., 1985). In another study in patients 
with bacterial meningitis, three aztreonam doses of 30 mg/kg 
were given i.v. at 8-hour intervals, first between days 2 and 
4 and again between days 11 and 20 after onset of infection. 
The concentrations of aztreonam in the CSF ranged from 3.5 
to 62 μg/ml, depending on the sampling time and the time 
elapsed since the onset of the disease (Modai et al., 1986).

Mean levels measured in bronchial secretions of nine 
intubated patients after a 5-minute 2-g infusion of aztreo-
nam were highest at 4 hours after the infusion; 2, 4, and 8 
hours after the dosing, the levels were 0.04–14.1, 2.1–10.7, 
and 0.5–4.5 μg/ml, respectively (Bechard et al., 1985). In 
another study in similar patients, after a 2-g i.v. dose, maxi-
mum concentrations in bronchial secretions were reached 
in 2 hours, and they ranged from 4.8 to 18.7 μg/ml (Boccazzi 
et al., 1989). Tissue concentrations measured in severely dis-
eased human kidneys (mean 77 μg/g) were similar to con-
current serum levels (Watson et al., 1984). The mean level in 
prostatic tissue obtained by transurethral resection was 7.8 
μg/g, 50–180 minutes after a single 1-g i.m. aztreonam dose. 
This was about 25% of the concurrent serum level, but was 
still higher than the MICs of most Enterobacteriaceae 
implicated in chronic prostatitis (Madsen et al., 1984). The 
drug rapidly penetrated induced blister fluid in normal vol-
unteers; 1 hour after infusion of 1 g the concentration was 

Table 35.4. Recommended dosage of aztreonam for adults with impaired renal function

Dosage for normal 
renal function

CrCl (ml/minute)
Supplemental doses for 
hemodialysis> 50 10–50 < 10

1–2 g every 8–12 hours 100% 50–75% 25% IHD: 0.5 g after each session

or or or

1–2 g every 8–12 hours 1–2 g every 12–18 hour 
(same dose for CRRT)

1–2 g every 24 hours 
(same dose for CAPD)

Abbreviations: CrCl: creatinine clearance; CRRT: continuous renal replacement therapy; CAPD: continuous ambulatory peritoneal dialysis; IHD: intermittent 
hemodialysis.
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approximately 50% of the serum level, and at 1.8 hour a 
mean maximum level of 25.4 μg/ml was attained (Wise et 
al., 1982). In ascitic fluid a concentration of 6.2 μg/ml was 
reached 4 hours after an i.v. dose of 1 g (El Touny et al., 1992).

Eighteen patients who required joint replacement were 
given a single 2-g i.v. dose of aztreonam preoperatively. The 
mean drug concentration in the synovial fluid was 83.0 μg/ml 
and in cancellous bone, 16.0 μg/g (MacLeod et al., 1986). 
After a 2-g i.v. aztreonam dose, the tissue concentrations 1–2 
hours after the dose were 5.3, 9.2, and 65.4 μg/g in fat, mus-
cle, and liver, respectively (Condon et al., 1986). In animals, 
aztreonam penetrated well into intraabdominal abscesses 
(Youngs et al., 1989). In rats, aztreonam was secreted in 
breast milk (Singhvi et al., 1984), and in rabbits subconjunc-
tival injections of the drug resulted in good levels in the 
vitreous humor (Barza and McCue, 1983). Fifteen patients 
awaiting cataract extraction were given a 2-g i.v. bolus injec-
tion of aztreonam. The mean aztreonam concentrations in 
the aqueous humor, 1, 2, and 4 hours after the injection, were 
1.22, 1.46, and 2.2 μg/ml, respectively (Haroche et al., 1986).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Similar to other beta-lactams, time above MIC (t > MIC) is 
generally thought as the most important pharmacokinetic- 
pharmacodynamic parameter that correlates with the thera-
peutic efficacy of aztreonam (Craig, 1998; Turnidge, 1998). 
However, these data are often based on studies in animal mod-
els, and clinical pharmacodynamic data in humans remain 
limited. In contrast, two studies, one in rabbits infected with 
Haemophilus influenzae and the other a clinical study in hos-
pitalized patients, have suggested that the efficacy of aztreo-
nam is related to the area-under-the-concentration-time 
curve (AUC) and AUC/MIC, respectively (Lavoie and Ber-
geron, 1985; Smith et al., 2001). Smith et al. (2001) showed 
that patients receiving aztreonam who had a 24-hour AUC/
MIC ratio of 184 or more were significantly more likely to 
achieve a successful clinical outcome than those with lower 
ratios. The probability of clinical success in patients with 
AUC24/MIC = 184 was 85% compared with 53% for those 
with a lower ratio (Smith et al., 2001).

5d.  Excretion

The main method of elimination of aztreonam is via the kid-
neys, and about 68% of an administered dose is excreted 
unchanged in the urine (Swabb et al., 1982). Approximately 
equal amounts of serum aztreonam unbound to protein 
are cleared by renal tubular secretion and glomerular filtra-
tion. Probenecid reduced renal tubular secretion by about 
50%, but it only slightly increased the steady-state serum 
concentration and elimination half-life of aztreonam (Swabb, 
1985).

Levels of the drug reached in bile obtained by T-tube 
drainage after cholecystectomy peaked at about 40 μg/ml 
(range: 9.7–88.2) 2.4 hours after a single i.v. 1.0-g dose. Peak 

biliary levels were 70% lower in other patients who had 
received the same dose but in whom biliary obstruction had 
recently been relieved by external drainage. This suggested 
that the secretory capacity of the liver had not fully recovered 
after biliary decompression (Martinez et al., 1984). Only 1% 
of an administered dose of the drug is found unchanged in 
the feces; presumably this is derived from biliary secretion.

INACTIVATION IN THE BODY

Aztreonam is not extensively metabolized. Its major metab-
olite in humans (designated SQ26,992) results from hydro-
lytic opening of the beta-lactam ring. The site of its formation 
is unknown. It is eliminated at a much slower rate than the 
parent compound (Swabb et al., 1983c) and appears to be 
devoid of any significant antimicrobial activity (Kripalani et 
al., 1984).

5e.  Drug interactions

Few interactions occur between aztreonam and other drugs. 
Co-administration of metronidazole parenteral solutions and 
the injectable aztreonam may lead to the development of 
pink color in their intravenous admixtures (Thakur et al., 
1991). Nitrite ions may be produced in metronidazole solu-
tions at the time of preparation or during storage by the 
effects of temperature and light. Under acidic pH conditions, 
the aminothiazole moiety of aztreonam can be diazotized by 
the nitrite ion contributed by metronidazole solutions. The 
diazotized molecule, in turn, reacts with another aztreonam 
molecule by diazo coupling. The result is a pink-colored prod-
uct (Thakur et al., 1991). An interaction between aztreonam 
and nafcillin sodium in 0.9% sodium chloride injection or 
5% dextrose injection stored in glass or plastic containers 
has been reported (Riley and Lipford, 1986). Admixtures of 
aztreonam and nafcillin sodium may become cloudy and 
show evidence of a fine precipitate.

6. ADVERSE REACTIONS AND TOXICITY

6a.  Hypersensitivity reactions

Aztreonam is a monocyclic beta-lactam antibiotic. Studies 
in humans and animals have demonstrated only a low level 
of immunologic cross-reactivity between aztreonam and IgG 
antibodies to penicillin G and cephalothin (Adkinson et al., 
1984; Adkinson et al., 1985). Cross-reactivity with penicillins 
and cephalosporins seems to be rare. When skin tests were 
performed on 41 penicillin-allergic subjects with positive 
reactions for IgE antibody to penicillin, there was no cross- 
reactivity with aztreonam reagents (Saxon et al., 1984). In a 
retrospective clinical study of hypersensitivity reactions to 
aztreonam and other beta-lactam antibiotics in cystic fibro-
sis patients receiving multiple treatment courses, 50.9% of 
patients receiving piperacillin, 13% of patients receiving 
ceftazidime, but only 6.5% of patients receiving aztreonam, 
developed reactions (Koch et al., 1991). In two prospective 
studies, 15 and 18 cystic fibrosis patients who had previously 
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experienced severe penicillin or cephalosporin allergic reac- 
tions, and whose allergy was confirmed by skin tests, were 
treated by aztreonam. They had negative aztreonam skin 
tests. In the first study 13 patients tolerated aztreonam well, 
but 2 developed drug fever. In the second study all 18 patients 
tolerated aztreonam. However, 2 of these patients had ana-
phylaxis on reexposure to aztreonam (Jensen et al., 1991; Moss 
et al., 1991). Therefore, despite the reduced immunogenicity 
and cross-reactivity, aztreonam should be administered with 
caution to patients who are allergic to other beta-lactam 
antibiotics.

6b.  Other side effects

The safety profile of aztreonam in clinical trials has been ana-
lyzed (Newman et al., 1985). Of 2388 patients who received 
multiple doses, 163 (6.8%) experienced 172 adverse effects. 
The most common were local reactions at the injection site, 
rash, diarrhea, nausea and/or vomiting, and slight elevations 
of serum aspartate aminotransferase and alanine transami-
nase levels. Treatment was discontinued in 51 (2.1%) of the 
2388 patients. Aztreonam does not aggravate preexisting 
renal damage in elderly patients with diminished renal func-
tion, provided that the dose is appropriately reduced (Sattler 
et al., 1985). In nonneutropenic patients believed to be at 
increased risk for renal dysfunction, aztreonam is a less toxic 
alternative to aminoglycoside therapy for aerobic Gram-
negative infections (Moore et al., 1992). Aztreonam does not 
interfere with platelet function and coagulation in humans 
(Tartaglione et al., 1986). The drug does not interfere with 
human polymorphonuclear leukocyte function; brief expo-
sure of E. coli and other bacteria to aztreonam actually 
enhances phagocytosis (Pruul et al., 1988).

The fecal flora is changed by aztreonam treatment. The 
counts of Gram-negative aerobic bacilli decrease, streptococci 
increase, but anaerobes show no change (Sakata et al., 1990). 
Some of the aztreonam in the large bowel is inactivated by 
fecal enzymes (Welling and Groen, 1989).

7. CLINICAL USES OF THE DRUG

Aztreonam has been used for the treatment of a variety of 
infections caused by aerobic Gram-negative bacteria includ-
ing Pseudomonas. There are descriptions about aztreonam in 
practice guidelines for various infections, such as community- 
acquired pneumonia in adults, bacterial meningitis, and skin 
and soft-tissue infections (Brown et al., 1990; Mermel et al., 
2001; Solomkin et al., 2003; Lipsky et al., 2004; Tunkel et al., 
2004; Stevens et al., 2005; Mandell et al., 2007). In particular, 
aztreonam is potentially useful in the treatment of patients 
with penicillin or other beta-lactam allergy because cross- 
reactivity with penicillin or other beta-lactams is rare. It 
may also be indicated for patients with some organ dys-
function, for example as a substitute for aminoglycosides in 
renal failure.

However, aztreonam should not be used alone for empir-
ical therapy against serious diseases that might be caused by 

Gram-positive or anaerobic bacteria because aztreonam has 
no activity against these pathogens.

Given that aztreonam is not hydrolyzed to a significant 
degree by metallo-beta-lactamases, the drug could be con-
sidered in the treatment of infections due to organisms 
 producing these enzymes. In experimental models of rat 
pneumonia due to VIM-2-producing P. aeruginosa, aztreo-
nam at high doses (but not low doses) resulted in a signifi-
cant decrease in lung bacterial counts (Bellais et al., 2002). 
Parkins et al. (2007) evaluated eight patients with metallo- 
beta-lactamase-producing P. aeruginosa treated with aztreo-
nam. All but one of these organisms produced VIM-2. 
In  general, aztreonam was used in combination with 
piperacillin– tazobactam. All patients treated with aztreonam 
survived.

Aztreonam–avibactam has undergone a phase I study 
of safety and tolerability in health volunteers (both young 
and elderly) (clinical trial NCT01689207). Results of this 
study are not available, but aztreonam–avibactam is part of a 
phase II study of pharmacokinetics, safety, and tolerability 
in 40 patients with intraabdominal infections (clinical trial 
NCT02655419).

Ceftazidime–avibactam has been successfully combined 
with aztreonam in the treatment of Stenotrophomonas malto
philia bacteremia in a 19-year-old renal transplant recipient 
(Mojica et al, 2016). It has also been used successfully in an 
elderly woman with infection due to a New Delhi metallo- 
beta-lactamase (NDM) producing Enterobacter isolate (Mar-
shall et al, 2016). Dosing of ceftazidime–avibactam was 2.5 g 
every 8 hours, with aztreonam given concurrently at 2 g every 
8 hours.

7a.  Urinary tract infections

Greenberg et al. (1984) reported that aztreonam cured 45 of 
67 patients with pyelonephritis; however, 7 patients developed 
enterococcal bladder superinfections. Relapse occurred in 10 
patients 4 weeks after ceasing therapy; 2 of these were young 
women without obvious predisposing factors. In a compara-
tive study with gentamicin, 23 of 35 (65.7%) patients treated 
with aztreonam were cured compared to 9 of 17 (52.9%) 
treated with gentamicin. Relapses and reinfections occurred 
in each group. A total of 14 patients in the aztreonam group 
but only 1 of the gentamicin group became colonized with 
enterococci (Sattler et al., 1984). Another 39 patients with 
urinary tract infections (12 with concomitant bacteremia) 
were treated with aztreonam; results of treatment were satis-
factory, but several patients developed colonization or super-
infection with Candida spp., E. faecalis, or Staphylococcus 
aureus (Romero-Vivas et al., 1985). In another trial, aztreo-
nam was as effective as cefotaxime for the treatment of com-
plicated urinary tract infections (Naber et al., 1986).

7b.  Skin and skin structure infection

Aztreonam has been studied in skin and skin structure infec-
tions but only in combination with agents active against 
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staphylococci. In this situation, the activity of the antistaph-
ylococcal agent is more relevant to overall effectiveness than 
the activity of aztreonam. For example, Ellis-Grosse et al. 
(2005) conducted a randomized study in 1116 patients com-
paring vancomycin plus aztreonam treatment with tigecy-
cline monotherapy for skin and skin structure infection. Both 
treatments were similar in their clinical response and adverse 
events, with increased nausea and vomiting in the tigecycline 
group and increased rash and elevated hepatic aminotrans-
ferase levels in the vancomycin–aztreonam group.

7c.  Inhaled aztreonam lysine therapy for 
cystic fibrosis patients

Recently, trials of inhaled aztreonam therapy for CF patients 
have been reported (Gibson et al., 2006; McCoy et al., 2008; 
Retsch-Bogart et al., 2008; Assael et al., 2013). McCoy et al. 
(2008) studied patients who had received more than three 
tobramycin inhalation courses within the previous year. They 
reported inhaled aztreonam lysine increased the median 
time to the need for additional inhaled or intravenous anti-
pseudomonal antibiotics for symptoms of pulmonary exac-
erbation by 21 days compared with placebo. This therapy was 
also reported to improve respiratory function (forced expira-
tory volume in 1 second [FEV1] relative to FEV1% predicted) 
and sputum P. aeruginosa density compared with placebo. 
The most common adverse event was cough; however, most 
adverse events, including cough, were consistent with CF 
and were similar to the placebo group (McCoy et al., 2008). 
When compared to inhaled tobramycin solution in an open- 
label trial in 273 patients with CF, inhaled aztreonam dem-
onstrated superiority in lung function and a reduction in 
pulmonary exacerbation to tobramycin solution over three 
28-day courses (Assael et al., 2013). Schechter et al. (2015) 
also reported that inhaled aztreonam therapy was associated 
with cost savings and an increase in quality-adjusted life-
years among patients with extensive prior use of tobramycin 
solution for inhalation who were naive to inhaled aztreonam 
lysine. In addition to CF patients with P. aeruginosa infec-
tion, the efficacy of inhaled aztreonam has been studied in 
CF individuals with chronic B. cepacia infection. However, 
24 weeks of continuous inhaled aztreonam therapy did not 
significantly improve lung function in a double-blind, 
placebo- controlled trial (Tullis et al., 2014). For patients with 
non-CF bronchiectasis, further clinical studies are needed, 
although Barker et al. (2014) reported that inhaled aztreonam 
did not demonstrate significant clinical benefit in double- 
blind, placebo-controlled trials.

7d.  Other respiratory tract infections

Boucher (2000) summarized studies in which aztreonam was 
used in the treatment of nosocomial pneumonia. Overall, 
the track record of aztreonam in combination with appro-
priate antibiotics providing coverage against Gram-positive 

bacteria has been quite favorable. For example, Nolen et 
al. (1985) found aztreonam to be effective in all but one of 
35 patients with lower respiratory tract infections caused by 
Gram-negative bacilli. Raad et al. (2001) have more recently 
found equivalent outcomes in patients with nosocomial 
pneumonia randomized to receive either piperacillin–tazo-
bactam or the combination of clindamycin plus aztreonam.

It is important to note that aztreonam is not likely to be 
useful for community-acquired pneumonia because of its 
lack of pneumococcal activity. Furthermore, treatment with 
aztreonam has been associated with the emergence of Gram-
positive pathogens. Davies et al. (1985) used aztreonam in 36 
patients with acute exacerbations of chronic bronchitis due 
to Gram-negative pathogens, such as H. influenzae, Moraxella 
catarrhalis, and P. aeruginosa. Results of treatment were poor 
in many patients, mainly because aztreonam-resistant S. pneu
moniae strains emerged.

7e.  Bloodstream infection with  
Gram-negative organisms

All but two of 20 patients with Gram-negative aerobic rod 
septicemia treated with 2 g of aztreonam i.v. every 6 hours 
were cured (Greenberg et al., 1984). Scully and Neu (1985) 
treated 87 patients with aztreonam, most of whom had severe 
infections caused by aerobic Gram-negative rods. A total of 
11 had bacteremia, and of these, 10 were cured, including 4 
due to P. aeruginosa. Aztreonam alone is at least as effective 
as one of the aminoglycosides for the treatment of proven 
aerobic Gram-negative organism septicemias; aminoglyco-
sides have the disadvantage of nephrotoxicity, but aztreonam 
therapy often leads to superinfections, mainly by E. faecalis 
(Gudiol et al., 1986; Pierard et al., 1986; Smith et al., 1988; De 
Maria et al., 1989). In one study, aztreonam appeared to be 
equally as effective as ceftazidime for the treatment of septi-
cemias due to Gram-negative rods, but there were no P. aeru
ginosa infections in this trial (Lagast et al., 1986).

7f.  Initial therapy for neutropenic patients 
with fever

A pilot study of aztreonam plus cefazolin has been performed 
in patients with neutropenic fever (Dominguez et al., 2000). 
In this small study of cycling strategies in neutropenic patients, 
outcomes were similar in patients treated with aztreonam–
cefazolin and those treated with vancomycin–ceftazidime, 
imipenem, or ciprofloxacin–clindamycin. A variety of other 
combinations with aztreonam have been evaluated in 
 management of febrile neutropenia, including aztreonam–
piperacillin (Takeuchi et al., 2003), aztreonam–flucloxacillin 
(Heney et al., 1991), and aztreonam–vancomycin (Jones et 
al., 1985; Jones et al., 1986). In general, these evaluations have 
been of small numbers of patients without adequate ran-
domization. Thus the role of aztreonam in routine manage-
ment of febrile neutropenia is not considered first line.
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7g.  Bacterial meningitis

Aztreonam is quite effective for the treatment of H. influen
zae meningitis (Girgis et al., 1988), but for this infection 
cefotaxime or ceftriaxone is preferred. In animals, aztreonam 
was as effective as imipenem, ceftazidime, and mezlocillin 
for the treatment of E. coli meningitis (McCracken et al., 
1985). In one study, 16 patients with meningitis due to 
Enterobacteriaceae and 6 due to Pseudomonas spp. were 
treated by aztreonam, and the results obtained were satis-
factory (Lentnek and Williams, 1991). A number of reports 
describe the successful use of aztreonam in the treatment of 
meningitis in patients with multiple antibiotic allergies. For 
example, Jordan et al. (2007) described successful use of azt-
reonam in treatment of Pasteurella multocida meningitis in a 
patient allergic to sulfur, clarithromycin, and penicillin.

7h.  Severe neonatal sepsis

An ampicillin–aztreonam combination proved to be about 
as effective as ampicillin plus amikacin for severe neonatal 
sepsis in one study (Lebel and McCracken, 1988; Stutman, 
1991). However, ampicillin–aztreonam is rarely used in clin-
ical practice.

7i.  Prosthetic joint infection

Aztreonam has been studied in cement spacers used in two-
stage revision of total hip replacements (Hsieh et al., 2006). 
An articulating polymethylmethacrylate (PMMA) spacer 
was loaded with vancomycin and aztreonam and evaluated 
in 46 patients. More than 1000 μg/ml aztreonam was mea-
sured in drain fluid on the first day, decreasing to approxi-
mately 300 μg/ml after 7 days. At a mean of 107 days after the 
first-stage surgery, aztreonam was still detectable in joint fluid. 
Gram-negative organisms were responsible for 13 infections; 
all patients were successfully treated (Hsieh et al., 2006).

7j.  Osteomyelitis

In an experimental rabbit model of osteomyelitis due to 
P. aeruginosa, aztreonam given for 4 weeks failed to eradi-
cate the organism (Norden and Budinsky, 1988). A total of 
7 patients, in 3 of whom recent treatment with aminoglyco-
sides had failed despite sensitivity of the organisms involved, 
were treated for 6 weeks with 1–2 g of aztreonam i.m. or i.v. 
every 8 hours. All patients had a clinical response within 
1 week. When reviewed 10 months later, 4 patients (2 with 
infections due to P. aeruginosa, 1 due to Citrobacter freundii, 
and the other due to P. mirabilis) were considered clinically 
and bacteriologically cured (Giamarellou et al., 1984). 
Aztreonam was used successfully in 11 patients with osteo-
myelitis and 6 with septic arthritis caused by Gram-negative 
bacilli. Duration of treatment ranged from 14 to 55 days, 

and the period of follow-up was 4–18 months (Simons and 
Lee, 1985). In another study, Conrad et al. (1991) treated 10 
patients with septic arthritis and 18 with osteomyelitis, all 
due to P. aeruginosa. Most patients were cured.

7k.  Bacterial gastroenteritis

Despite its poor absorption after oral administration, oral 
aztreonam has been trialed. A dose of 100 mg was adminis-
tered three times daily for 5 days in patients with bacterial 
diarrhea. When given to Americans who were temporarily 
living in Mexico, aztreonam reduced the average duration of 
diarrhea compared with placebo by an average of 40 hours. 
Pathogen eradication occurred in 95% of those receiving azt-
reonam and in 70% of those receiving placebo. The bacterial 
pathogens encountered in this study included enterotoxigenic 
E. coli, Shigella spp., Salmonella spp., Yersinia enterocolitica, 
Vibrio spp., Aeromonas spp., and Plesiomonas shigelloides 
(DuPont et al., 1992).

7l.  Typhoid fever and other Salmonella 
infections

Aztreonam is effective in the treatment of systemic Salmonella 
infections in experimental animals (Bonina et al., 1990). 
Farid et al. (1990) cured four typhoid fever patients with 
aztreonam. In a randomized trial in children, aztreonam 
appeared about as effective as chloramphenicol for typhoid 
(Tanaka-Kido et al., 1990). However, in a controlled trial in 
adults, aztreonam was inferior to chloramphenicol in regard 
to clinical effectiveness and time to defervescence, but it was 
more effective in the elimination of the infecting Salmonella 
organisms from the bloodstream (Gotuzzo et al., 1994). 
Using 2 g aztreonam i.v. every 6 hours for 16 days, Righter 
and Vaughan-Neil (1984) eradicated Salmonella hadar car-
riage in an elderly woman in whom previous courses of 
oral co-trimoxazole and ampicillin had failed (Righter and 
Vaughan-Neil, 1984).

7m.  Selective reduction of bowel flora

The poor oral absorption of aztreonam (< 1%) and its good 
activity against aerobic Gram-negative bacteria, but not 
anaerobes, suggests that it may be useful for selective reduc-
tion of bowel flora. However, selection of ESBL producers, 
enterococci, or Candida is a concern. In 10 volunteers, elim-
ination of Gram-negative aerobes was achieved by using 
either 300- or 1500-mg daily doses of oral aztreonam after an 
average of 4.4 and 3.0 days, respectively. Treatment was con-
tinued for 5 days. Fecal counts of enterococci tended to show 
marked increases with the higher dose regimen toward the 
end of the 5-day treatment period. Yeast counts also rose, but 
not to an important degree. Anaerobic bacterial counts were 
unaffected (de Vries-Hospers et al., 1984).
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7n.  Malignant otitis externa

Giamarellou et al. (1984) used aztreonam in a patient with 
malignant otitis externa in whom several courses of amino-
glycosides had previously been unsuccessful. The patient 
received 6 g daily for 6 weeks, and when assessed at 10 
months, he was considered to be cured.

7o.  Otitis media

A small, prospective, randomized trial of ceftazidime vs. azt-
reonam was performed in 30 children with chronic sup-
purative otitis media without cholesteatoma (Somekh and 
Cordova, 2000). All patients had a pure culture of P. aerugi
nosa. Complete disappearance of discharge occurred in 84.6% 
of ceftazidime-treated patients and 67% of aztreonam-treated 
patients. This difference was not statistically significant.

7p.  Gonorrhoea

A single i.m. injection of 1 g aztreonam is satisfactory therapy 
for uncomplicated urethral gonorrhoea in men and is proba-
bly effective for endocervical and rectal infection as well (Gott-
lieb and Mills, 1985). This regimen also cures gonorrhoea in 
males and females caused by beta-lactamase-producing 
strains (Miller et al., 1983; Evans et al., 1986; Mohanty et al., 
1988; Bonomo and Szabo, 2006).

7q.  Perioperative prophylaxis

Aztreonam–metronidazole proved to be unsatisfactory pro-
phylaxis in elective colorectal surgery because sepsis due to 
Gram-positive organisms, particularly S. aureus, occurred 
(Morris et al., 1990). However, clindamycin plus aztreonam 
was effective for this purpose, and the results obtained were 
similar to those with clindamycin–gentamicin (Rodolico et 
al., 1991). Clindamycin–aztreonam was also satisfactory as 
prophylaxis in gynecologic surgery, and the results obtained 
were similar to those with clindamycin–cefotaxime (Mangioni 
et al., 1991). One of the first- or second-generation cephalo-
sporins, however, are effective and preferable for prophylaxis 
in this situation.
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Cefiderocol (S-649266)

David L. Paterson

1. DESCRIPTION

Cefiderocol (S-649266) is a novel siderophore cephalospo-
rin, initially developed jointly by Shionogi Inc. and Glaxo 
Smith Kline. From November 9, 2015, further development 
was by Shio nogi alone. By virtue of in vitro activity against 
carbapenem- resistant Enterobacteriaceae (CRE), including 
those producing Klebsiella pneumoniae carbapenemase (KPC) 
type enzymes or metallo-beta-lactamases (e.g. New Delhi 
metallo-beta- lactamase [NDM]), plus activity against carba-
penem-resistant Pseudomonas aeruginosa and Acinetobacter 
baumannii, the antibiotic has enormous promise. Initiation 
of phase III trials for treatment of CRE commenced in March 
2016. 

S-649266 has a catechol siderophore on the 3-position 
side chain. The catechol siderophore enhances bacterial cell 
penetration by virtue of carrying ferric ions into the cell by 
iron transporters. The resulting complex of S-649266 and iron 
ions is actively transported via ferric iron transporter sys-
tems. The accelerated influx enhances the activity of S-649266 
against Gram-negative bacteria (Ito et al., 2016a; Ito et al., 
2016b). This has been likened to the Trojan Horse. The cate-
chol siderophore (the Trojan Horse) carries the cephalospo-
rin (the Greek soldiers) into the cell (the city of Troy) (Ito et 
al., 2016a).

In addition, S-649266 is more stable to the effects of KPC 
and NDM-type carbapenemases than meropenem and other 
currently used beta-lactam antimicrobials (Ito-Horiyama 
et  al., 2016). For example, the catalytic efficiencies of the 
IMP-1 and VIM-2 carbapenemases were 260-fold lower for 
S-649266 than for meropenem. There is similar stability to 
the L-1 beta-lactamase of Stenotrophomonas maltophilia (Ito-  
Horiyama et al., 2016).

2. ANTIMICROBIAL ACTIVITY

S-649266 has excellent activity against Gram-negative bacilli, 
including Enterobacteriaceae-producing extended-spectrum 
beta-lactamases (ESBLs), KPC, and NDM as well as P. 

aeruginosa and Acinetobacter spp (Ito et al., 2016a; Kohira et 
al., 2015). Cation-adjusted Mueller-Hinton broth was used 
as a medium but was supplemented with 20 μM human apo- 
transferrin for S-649266 to obtain free iron–deficient condi-
tions (Ito et al., 2016a).

GRAM-POSITIVE ORGANISMS

There are no published reports of clinically useful activity 
against Gram-positive bacteria.

Table 36.1. In vitro activity of S-649266 against selected 
Gram-negative bacilli

Organism
MIC50 
(mg/l)

MIC90 
(mg/l)

Range 
(mg/l)

No. of 
strains

E. coli 0.125 1 ≤ 0.06–4 106

ESBL+ ≤ 0.125 0.25 ≤ 0.125–1 49

KPC+ ≤ 0.125 4 ≤ 0.125– 4 7

NDM+ 2 > 16 0.25–> 16 19

K. pneumoniae ≤ 0.06 0.125 ≤ 0.06–2 105

ESBL+ ≤ 0.125 0.5 ≤ 0.125–2 24

KPC+ ≤ 0.125 0.25 ≤ 0.125–1 20

NDM+ 0.5 1 ≤ 0.125–2 24

Serratia spp. ≤ 0.06 ≤ 0.06 ≤ 0.06–> 64 103

C. freundii ≤ 0.06 0.125 ≤ 0.06–> 64 100

E. aerogenes ≤ 0.06 0.5 ≤ 0.06–8 100

E. cloacae ≤ 0.125 1 ≤ 0.06–16 103

A. baumannii 0.125 2 ≤ 0.06–4 104

OXA-23+ — — 0.03–> 32 12

OXA-24+ — — 0.12–8 8

P. aeruginosa ≤ 0.06 1 ≤ 0.06–4 104

IMP+ — — 0.12–1 13

VIM+ — — 0.06–8 16

Abbreviations: ESBL+: extended-spectrum beta-lactamase positive; KPC+: 
Klebsiella pneumoniae carbapenemase positive; NDM+: New Delhi 
metallo-beta-lactamase positive.

Source: Data compiled from Ito et al. (2016a) and Kohira et al. (2015).
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GRAM-NEGATIVE ORGANISMS

S-649266 has excellent activity against Enterobacteriaceae, 
including ESBL-producing strains (Table 36.1). Of the small 
number of KPC-producing strains tested, S-649266 has also 
been highly active in vitro. Only 43 NDM-producing strains 
have been tested in published reports, with minimum inhib-
itory concentrations (MICs) higher for NDM-producing 
E.  coli than for K. pneumoniae. The reason some strains of 
NDM-1-producing E. coli strains have reduced susceptibility 
to S-649266 is unclear. For other siderophore beta-lactam 
antibiotics, deficiency or loss of influx routes relating to iron 
transport systems has contributed to reduced susceptibility.

S-649266 has generally good activity against significant 
nonfermenting pathogens such as P. aeruginosa, Acinetobac
ter baumannii, and Stenotrophomonas maltophilia. Activity 
is typically maintained against carbapenem-resistant strains 
producing OXA-23-, OXA-24-, IMP-, or VIM-type carbap-
enemases (Table 36.1). Again, the presumption is that the 
small number of strains with high MICs have deficiency or 
loss of iron transport influx routes. This remains to be fully 
studied, however.

3. CLINICAL DEVELOPMENT

S-649266 is being evaluated in clinical trials with a dosing 
regimen of 2 g administered intravenously over 3 hours, 
every 8 hours. No oral formulation is being evaluated.

Two trials are being undertaken, but results are not yet 
available. These trials are

NCT02321800: a 450-patient trial of S-649266 vs. imipenem– 
cilastatin for complicated urinary tract infection (UTI).

NCT02714595: a 150-patient trial of S-649266 vs. best avail-
able therapy for carbapenem-resistant organisms causing 
complicated UTI, hospital-acquired pneumonia, ventilator- 
associated pneumonia, or bloodstream infection. 
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Imipenem–Cilastatin and 
Imipenem–Relebactam

Yoshiro Hayashi and David L. Paterson

1. DESCRIPTION

The carbapenems are a group of bicyclic beta-lactam com-
pounds with a common carbapenem nucleus. Imipenem 
(N-formimidoyl-thienamycin: C12H17N3O4S; average molec-
ular weight: 299.3460) is one of these, and it has substantial 
activity against both aerobic and anaerobic bacteria, includ-
ing many (but not all) beta-lactamase-producing strains. 

In the 1970s Beecham Research Laboratories identified a 
carbapenem group called olivanic acids, which were beta- 
lactamase inhibitors and broad spectrum antibiotics (Butter-
worth et al., 1979). At about the same time, Merck, Sharp and 
Dohme Research Laboratories independently identified thie-
namycin, derived from Streptomyces cattleya. This had the 
same carbapenem nucleus but different side chains, which 
increased its antibacterial potency (Cassidy et al., 1981). Its 
chemical instability in concentrated solution was overcome by 
crystallization of the N-formimidoyl derivative of thienamy-
cin, called imipenem. Urinary recovery in vivo was less than 
expected due to extensive renal tubular metabolism by a brush 
border dipeptidase enzyme, dehydropeptidase I. A  selective 
competitive antagonist of this enzyme was then developed 
and named cilastatin, which has similar pharmacokinetics to 
imipenem. Imipenem and cilastatin are marketed in combi-
nation in a 1:1 ratio (Kahan et al.,1983). Cilastatin not only 
prevents the degradation of imipenem but may also protect 
the kidneys against potential toxic effects exerted by higher 
doses of imipenem (Rodloff et al., 2006). The chemical struc-
ture of imipenem is shown in Figure 37.1.

Imipenem’s use has declined with the advent of generically 
available comparator carbapenems such as meropenem (see 
Chapter 38, Meropenem and Meropenem-Vaborbactam). 
How  ever, imipenem has maintained excellent efficacy com-
pared to newer antibiotics such as tigecycline or doripenem. 
The advent of carbapenemases has compromised imipenem’s 
in vitro efficacy against Gram-negative bacilli. For this reason, 

imipenem is being trialed in combination with a carbapene-
mase inhibitor, relebactam. Details of its in vitro and clinical 
efficacy are given later in this chapter.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Imipenem is active against a broad range of Gram-positive and 
Gram-negative bacteria, including both aerobes and anaerobes. 
Imipenem may have activity against some Mycobacteria spp., 
but Mycoplasma, Chlamydia, Legionella, Stenotrophomonas, 
Burkholderia, Clostridium difficile, and methicillin-resistant 
Staphylococcus aureus (MRSA) are not within its antimicro-
bial spectrum (Rodloff et al., 2006).

GRAM-POSITIVE COCCI

From the clinical standpoint, the activity of imipenem 
against Gram-positive cocci is generally far less emphasized 
than against Gram-negative bacteria because antibiotics that 
have activity purely against Gram-positive bacteria are avail-
able. However, in terms of in vitro activity, imipenem has 
potent activity against many of the common Gram-positive 
human pathogens. 

Penicillin-sensitive Staphylococcus aureus and beta-lacamase- 
producing, methicillin-susceptible S. aureus strains are imi-
penem sensitive. The same applies to coagulase-negative 

Figure 37.1. Chemical structure of imipenem.
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staphylococci. For example, the European Meropenem Yearly  
Susceptibility Test Information Collection (MYSTIC) pro-
gram demonstrated that methicillin-susceptible S. aureus 
(MIC90 0.06 µg/ml) and methicillin-susceptible coagulase- 
negative staphylococci (MIC90 2 µg/ml) have high-level sus-
ceptibility to imipenem (Turner, 2008). However, MRSA and 
methicillin-resistant, coagulase-negative staphylococci are 
imipenem -resistant.

Imipenem is also active against Streptococcus pneumoniae 
(MIC90 0.12 µg/ml, ≥ 90%S) and other streptococci (MIC90 
0.12 µg/ml), including S. agalactiae and S. pyogenes (Turner, 
2008). For S. pneumoniae, however, the MIC90 values have 
risen over the years, as was the case with many other agents. 
The Clinical and Laboratory Standards Institute (CLSI, 2009) 
does not define criteria for the susceptibility of streptococci 
other than S. pneumoniae to imipenem (Turner, 2006), 
although EUCAST (2008) does have breakpoints for beta- 
hemolytic streptococci.

Imipenem has good inhibitory activity against Entero coccus 
faecalis, but similar to penicillin G, it is not bactericidal 
(Eliopoulos and Moellering, 1981). Beta-lactamase-producing 
strains of E. faecalis are imipenem sensitive, but because most 
of these strains also exhibit high-level gentamicin-resistance, 
a synergistic imipenem–aminoglycoside combination usu-
ally cannot be obtained for the purpose of treating E. faecalis 
endocarditis (Hindes et al.,1989; Markowitz et al.,1991). 
Enterococcal strains that have high-level intrinsic resistance 
to penicillin G and ampicillin are also imipenem resistant 
(Acar et al.,1983). Thus E. faecium is typically resistant to 
imipenem (see Table 37.1). CLSI (2009) does not have crite-
ria for the susceptibility of enterococci to imipenem. How-
ever, imipenem susceptibility can be extrapolated from 
ampicillin susceptibility, providing the organism is identified 
as E. faecalis. The European Committee on Antibiotic Sus-
ceptibility Testing (EUCAST, 2008) has adjusted their break-
points for imipenem versus enterococci so that MIC ≤ 4 µg/
ml is susceptible and MIC > 8 µg/ml is resistant. Thus at least 
90% of E. faecalis isolates would be adjudged imipenem sus-
ceptible using these criteria (Table 37.1). A summary of the 
in vitro activity of imipenem against Gram-positive patho-
gens is shown in Table 37.1.

GRAM-POSITIVE BACILLI

Listeria monocytogenes is sensitive to imipenem (Kropp et 
al.,1985; Safdar et al., 2002; Safdar and Armstrong, 2003a; 
Safdar and Armstrong, 2003b), but imipenem alone or com-
bined with gentamicin is less effective than ampicillin or 
ampicillin–gentamicin against L. monocytogenes infections 
in experimental animals (Kim, 1986). Also L. monocytogenes 
mutants, resistant to imipenem and penicillin G, can be 
selected in vitro. In these,  penicillin-binding protein 3 (PBP3) 
was altered and had decreased affinity for imipenem and 
penicillin G (Pierre et al., 1990). 

Brown-Elliott and co-workers (2006) have characterized 
antimicrobial susceptibility patterns of nocardial species; 
Nocardia abscessus, N. brevicatena/paucivorans complex, and 
N. otitidiscaviarum are typically resistant to imipenem, whereas 

other species are usually susceptible. That said, imipenem is 
one of the most active beta-lactam agents against Nocardia 
spp. The in vitro activity of imipenem against 51 clinical iso-
lates of Nocardia spp. from 1995 to 2006 in Spain, was the 
best among the carbapenems (MIC90 2 µg/ml, MIC range  
≤ 0.06 to > 64 µg/ml) (Cercenado et al., 2007). Similarly, 94% 
of Nocardia spp. (17 isolates of N. nova, 9 isolates of N. farci
nica, 8 isolates of N. asteroides, and 1 isolate of N. brasilien
sis) from patients with nocardiosis associated with organ 
transplantation at University of Pittsburgh Medical Center 
between 1995 and 2005, were susceptible to imipenem (Peleg 
et al., 2007). Actinomadura madurae is always imipenem 
sensitive (McNeil et al., 1990). Streptomyces spp., including 
S. griseus, are frequently susceptible to imipenem (Kapadia 
et al., 2007). 

Rhodococcus equi is usually susceptible to imipenem. For 
example, clinical isolates of R. equi in HIV-infected patients 
in 29 Spanish hospitals until 1998 were highly sensitive to 
imipenem (97.6%) (Torres-Tortosa et al., 2003). As Rho
dococcus spp. are intracellular, in vitro susceptibility does not 
always equate to clinical effectiveness. Furthermore, the drug 
is not bactericidal against this organism. Combination with 
lipophilic antimicrobial agents with the ability to penetrate 
macrophages is needed for the treatment of this infection 
(Basant Arya, 2004). The imipenem–amikacin combination 
acts synergistically against R. equi (Nordmann et al., 1992). 
In vitro mutants of R. equi have been selected with decreased 
susceptibility to imipenem. In these, PBP3 was replaced by 
PBP3a, which probably explains the resistance, but the exact 
mechanism has not been determined (Nordmann et al., 1993). 

Corynebacterium spp. are imipenem sensitive with the 
exception of C. jeikeium and C. urealyticum (Gómez-Garcés 
et al., 2007). The Bacillus spp., especially all B. cereus strains, 
are imipenem sensitive (Weber et al., 1988).

GRAM-POSITIVE ANAEROBES

Anaerobes such as Peptococcus, Peptostreptococcus, Actino 
myces, Clostridium, Propionibacterium, and Lactobacillus spp. 
are nearly always imipenem sensitive (Aldridge, 2002; Goldstein 
et al., 2004; Koeth et al., 2004; Edmiston et al., 2005; Wexler 
et al., 2005; Roberts et al., 2006; Tanaka et al., 2006; Table 
37.2). Clostridium difficile is less sensitive, most strains need-
ing 8–16 μg/ml for inhibition (Goldstein et al., 2004; Tanaka 
et al., 2006). 

GRAM-NEGATIVE COCCI

Both Neisseria meningitidis and N. gonorrhoeae are very 
sensitive to imipenem. Beta-lactamase-producing strains are 
equally susceptible (Jones 1985; Kropp et al., 1985). The in 
vitro activity of imipenem against common Gram-negative 
pathogens is summarized in Table 37.2. 

GRAM-NEGATIVE BACILLI

Haemophilus influenzae and H. parainfluenzae are also imi-
penem sensitive, including beta-lactamase-producing strains 
(Kropp et al., 1985; Cerami and Shungu 1986). Ampicillin-
resistant H. influenzae strains, which do not produce beta- 
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lactamase (BLNAR) but whose resistance is intrinsic and 
chromosomally mediated, usually have reduced susceptibility 
to other penicillins and cephalosporins. Such strains are usu-
ally sensitive to imipenem (Powell and Williams 1987; Powell 
and Livermore 1990; James et al., 1993) but tend to be less 
sensitive to imipenem than other strains. MIC50 and MIC90 of 
imipenem against BLNAR strains are 4 and 8 μg/l, respectively 
(Miyazaki et al., 2001). Rare imipenem-resistant H. influen
zae isolates have been observed in Japan, Korea, and the USA, 
mainly among BLNAR strains (Cerquetti et al., 2007). 

Moraxella catarrhalis is imipenem sensitive, irrespective 
of beta-lactamase production (Murray et al., 1993). Cam pylo
bacter jejuni, C. fetus (Kropp et al., 1985; Farrugia et al., 1994), 
and Helicobacter pylori (Shungu et al., 1987) are imipenem 
sensitive. Pasteurella multocida, Cardiobacterium hominis, 
Eikenella corrodens, and Kingella spp. are susceptible to imipe-
nem (Clark and Joyce 1993). Plesiomonas shigelloides are all 
susceptible to imipenem (Kropp et al., 1985; Gold and Salit, 
1993; Murray et al., 1993; Seifert et al., 1993; Zemelman et 
al., 1993; Stock and Wiedemann, 2001b). Aeromonas spp. are 
mostly susceptible to imipenem (Fritsche et al., 2005). How-
ever, recently Aeromonas isolates have been less frequently 
susceptible to imipenem, especially in Asia, probably due to 
metallo-beta-lactamase production (Clark and Chenoweth, 
2003). 

The Enterobacteriaceae, such as Escherichia coli, Entero
bacter spp., Klebsiella spp., Proteus spp., Salmonella spp., 
Shigella spp., Providencia spp., Serratia spp., Citrobacter spp., 
Hafnia alvei, Edwardsiella spp., and Yersinia spp. are generally 
imipenem sensitive (Stock and Wiedemann, 2001a; Stock et 
al., 2002; Stock et al., 2005; Abdel-Haq et al., 2006; Deshpande 
et al., 2006b; Reinert et al., 2007; Turner, 2008). In recent 
years, carbapenem-resistant Enterobacteriaceae (and by 
defi nition, resistant to imipenem) have been increasingly 
observed (Paterson, 2006; Queenan and Bush, 2007). This 
issue will be discussed in section 2b, Emerging resistance and 
cross-resistance. Chromosomally mediated beta-lactamases 
produced by Morganella morganii, Proteus rettgeri, Serratia 
marcescens, and Enterobacter spp. are inducible. Imipenem 
acts as an inducer of these enzymes, but it is not hydrolyzed 
by them. So these organisms, when the enzymes are induced, 
remain sensitive to imipenem, but they are resistant to most 
third-generation cephalosporins (Labia et al., 1986; Ashby et 
al., 1987). Enterobacteriaceae, in particular E. coli and Klebsiella 
spp., which produce extended-spectrum beta-lactamases 
(ESBLs), may be resistant to a wide range of cephalosporins 
and cephamycins, but imipenem is typically effective against 
ESBL producers (Paterson and Bonomo, 2005) because imi-
penem is highly stable to beta-lactamase hydrolysis, and porin 
penetration is facilitated by their general size and structure. 
Their susceptibility to most strains of Entero bacteriaceae 
makes them generally useful as treatment for multidrug- 
resistant organisms.

Pseudomonas aeruginosa and Acinetobacter baumannii 
were previously highly sensitive to imipenem (Jones, 1985; 
Kropp et al., 1985; Vurma-Rapp et al., 1986). However, their 
resistance to carbapenems has become a very serious problem 

in hospitals worldwide. Their susceptibility rate is variable, 
depending on the epidemiological setting. Imipenem-resistant 
P. aeruginosa and A. baumanii is discussed in more detail later 
(see section 2b, Emerging resistance and cross-resistance). 

Burkholderia pseudomallei and B. mallei are usually imi-
penem sensitive (Thibault et al., 2004; Karunakaran and 
Puthucheary, 2007). Pseudomonas fluorescens, P. putida, P. ory
zihabitans, and P. stutzeri are mostly imipenem sensitive (Sader 
and Jones, 2005). However, IMP metallo-beta-lactamase- 
producing P. putida and VIM metallo-beta-lactamase- 
producing P. putida, P. fluorescens, and P. stutzeri have been 
identified in multiple countries (Walsh et al., 2005). 

Burkholderia cepacia and Stenotrophomonas maltophilia 
are resistant to imipenem (Sader and Jones, 2005; Kresken et 
al., 2008; Livermore et al., 2008; Xiao et al., 2008). The reason 
S. maltophilia is consistently resistant is that it produces a 
chromosomally encoded class B metallo-beta-lactamase 
(L1a, L1-BlaS, L1c, L1d, and L1e) (Walsh et al., 2005; Nico- 
demo and Paez, 2007). Chryseobacterium indologenes and 
Elizabethkingia meningoseptica are generally resistant to 
imipenem because of their production of chromosomally 
encoded class B metallo-beta-lactamases (Gales et al., 2005; 
Chen et al., 2006; Lee et al., 2006; Ceyhan et al., 2008; Lee et 
al., 2008; Lin et al., 2008).

GRAM-NEGATIVE ANAEROBES

Bacteroides fragilis and other members of the B. fragilis 
group, such as B. thetaiotaomicron, B. ovatus, B. vulgatus,  
B. distasonis, B. uniformis, and B. caccae are nearly always imi-
penem sensitive. According to a national survey in the USA 
from 1997 to 2004 using data for 5225 isolates referred by 
10 medical centers, the susceptibility rates of the B. fragilis 
group against imipenem were higher than 99.5%. The sus-
ceptibility trends showed an overall significant decrease in 
the geometric mean minimum inhibitory concentration 
(MIC) for imipenem against all the B. fragilis group (Snyd-
man et al., 2007). Although imipenem resistance rates among 
Bacteroides spp. strains remain very low, strains that produce 
a zinc-dependent metallo-beta-lactamase encoded by the 
cfiA gene have been reported. This gene may also be silent or 
expressed at various degrees, resulting in a wide range of car-
bapenem MICs. Up to 7% of susceptible strains possess the 
silent gene, and these strains can be converted spontaneously 
into strains with high-level resistance via the insertion of 
various insertion sequence (IS) elements. Prolonged expo-
sure to imipenem during treatment is possibly related to this 
conversion. Because cfiA-negative strains with elevated imi-
penem MICs have been isolated, the existence of other imi-
penem resistance mechanisms is suspected (Katsandri et al., 
2006). 

Prevotella spp. such as P. oris, P. buccae, P. intermedia, P. bivia, 
and P. disiens are nearly always imipenem sensitive. The same 
applies to the Fusobacterium spp., such as F. nucleatum,  
F. necroforum, F. mortiferum, and F. varium (Koeth et al., 
2004; Edmiston et al., 2005; Roberts et al., 2006). Capno
cytophaga spp., normal inhabitants of oral cavity, are imi-
penem sensitive (Jolivet-Gougeon et al., 2005). Bilophila 
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Table 37.1. In vitro susceptibility of selected Gram-positive organisms to imipenem

Organism
MIC50 

(µg/ml)
MIC90 

(µg/ml) Range
No. of 
isolates Region Reference

Bacillus anthracis 0.125 0.125 0.125–2 96 France Cavallo et al. (2002)

Brevibacterium casei ≤ 0.25 2 ≤ 0.25–4 20 — Gómez-Garcés et al. (2007)

Corynebacterium 
amycolatum

0.125 > 32 ≤0.03–> 32 11 — Goldstein et al. (2004)

≤ 0.25 ≤ 0.25 ≤ 0.25–0.5 60 — Gómez-Garcés et al. (2007)

C. striatum ≤ 0.25 ≤ 0.25 ≤ 0.25–0.5 30 — Gómez-Garcés et al. (2007)

C. jeikeium > 32 >32 ≤ 0.03–> 32 10 — Goldstein et al. (2004)

1 > 4 ≤ 0.25–> 4 30 — Gómez-Garcés et al. (2007)

C. urealyticum ≤ 0.25 > 4 ≤ 0.25–> 4 10 — Gómez-Garcés et al. (2007)

Dermobacter hominis ≤ 0.25 2 ≤ 0.25–2 20 — Gómez-Garcés et al. (2007)

Enterococcus faecalis 1 4 ≤ 0.5–> 8 1,206 NA, LA, EU Fritsche et al. (2005)

1 4 ≤ 0.008–128 436 EU Turner (2006)

— 4 — 130 Asia Reinert, Low et al. (2007)

— 2 — 1,793 NA Reinert et al. (2007)

— 4 — 140 LA Reinert et al. (2007)

— 4 — 1,003 EU Reinert et al. (2007)

1 2 — 150 Germany Kresken et al. (2008)

E. faecium >8 > 8   1–> 8 198 NA, LA, EU Fritsche et al. (2005)

— ≥ 32 — 58 Asia Reinert et al. (2007)

— ≥ 32 — 727 NA Reinert et al. (2007)

— ≥ 32 — 30 LA Reinert et al. (2007)

— ≥ 32 — 220 EU Reinert et al. (2007)

≥ 64 ≥ 64 — 145 Germany Kresken et al. (2008)

Listeria monocytogenes ≤ 1.0 ≤ 1.0 — 21 NA Safdar and Armstrong  
 (2003a) 

Nocardia farcinica 0.75 1.5 0.047–3 41 Belgium Glupczynski et al. (2006)

N. nova 0.032 0.064 0.002–1 20 Belgium Glupczynski et al. (2006)

N. cyriacigeorgica 0.38 1.5 0.094–1.5 13 Belgium Glupczynski et al. (2006)

N. abscessus 2 > 32 0.094–> 32 6 Belgium Glupczynski et al. (2006)

N. brasiliensis > 32 > 32   8–> 32 6 Belgium Glupczynski et al. (2006)

Nocardia spp. 1 2 ≤ 0.06–> 64 51 Spain Cercenado et al. (2007)

Rhodococcus equi ≤ 1 ≤ 1 ≤ 1 64 NA Jacks et al. (2003)

Streptococcus agalactiae 0.016 0.016 0.008–0.031 26 Japan Kurazono et al. (2004)

≤ 0.25 ≤ 0.25 — 92 Germany Kresken et al. (2008)

S. aureus ≤ 0.06 > 8 — 6,129 NA Fritsche et al. (2003)

— ≥ 32 ≤ 0.12–≥ 32 727 Asia Bouchillon et al. (2008a)

8 64 ≤ 0.06–≥ 128 205 Japan Niki et al. (2008)

S. aureus, methicillin 
susceptible

≤ 0.06 ≤ 0.06 — 3,576 NA Fritsche et al. (2003)

≤ 0.5 ≤ 0.5 ≤ 0.5–1 2,705 NA, LA, EU Fritsche (2005)

0.03 0.06 ≤ 0.008–4 779 EU Turner (2006)

— 0.25 — 174 Asia Reinert et al. (2007)

— 0.25 — 1,793 NA Reinert et al. (2007)

— 0.25 — 161 LA Reinert et al. (2007)

— 0.25 — 1,003 EU Reinert et al. (2007)

≤ 0.06 0.03 ≤ 0.016–0.06 326 NA Rhomberg and Jones (2007)

0.03 0.13 — 607 Turkey Korten et al. (2007)

≤ 0.25 ≤ 0.25 — 148 Germany Kresken et al. (2008)

0.032 0.032 < 0.016–2 984 Japan Ishii et al. (2008)

≤ 0.06 ≤ 0.06 ≤ 0.06–0.5 75 Japan Niki et al. (2008)

S. aureus, methicillin 
resistant

1 > 8 — 2,553 NA Fritsche et al. (2003)

32 64 ≤ 0.063–128 100 Japan Kurazono et al. (2004)

4 ≥ 64 — 154 Germany Kresken et al. (2008)

16 64 ≤ 0.06–≥ 128 130 Japan Niki et al. (2008)

S. epidermidis 1 16 — 168 Germany Kresken et al. (2008)
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wadsworthia is sensitive to imipenem (Edmiston et al., 2005; 
Wexler et al., 2005). Anaerobic Gram-negative cocci such as 
Veillonella spp. are imipenem sensitive (Roberts et al., 2006). 
The in vitro activity of imipenem against common anaerobic 
pathogens is summarized in Table 37.3. 

MYCOBACTERIA

Rapidly growing mycobacteria, including Mycobacterium for  
tuitum, Mycobacterium chelonae and Mycobacterium absces
sus, are variably susceptible to imipenem (Brown-Elliott and 
Wallace, 2002; Uslan et al., 2006; Huang et al., 2008). Typically, 
greater than 90% of M. fortuitum group are susceptible to imi-
penem, whereas 40–60% of M. chelonae or M. abscessus are 
susceptible (Brown-Elliott and Wallace, 2002). Mycobacterium 
marinum, which causes swimming pool granuloma or fish 

tank granuloma, is relatively sensitive to imipenem (MIC50 2 
µg/ml, MIC90 8 µg/ml; MIC range: 0.5–16 µg/ml) (Aubry et 
al., 2000). Resistance of Mycobacterium tuberculosis to beta- 
lactam antibiotics (such as imipenem) is thought to be medi-
ated by a class A beta-lactamase. The critical resistance factor 
is the constitutive production of a chromosomally encoded, 
Ambler class A beta-lactamase, BlaC in M. tuberculosis. BlaC 
is a beta-lactamase with high levels of penicillinase and 
cephalosporinase activity as well as measurable activity 
against carbapenems, including imipenem (Hugonnet and 
Blanchard, 2007). Despite this, imipenem had antimycobac-
terial activity both in a mouse model and in humans at high 
risk for failure of treatment for multidrug-resistant (MDR) 
tuberculosis (Chambers et al., 2005; Hugonnet and Blan-
chard, 2007).

Organism
MIC50 

(µg/ml)
MIC90 

(µg/ml) Range
No. of 
isolates Region Reference

Coagulase-negative 
staphylococci

0.25 > 8 — 1,524 NA Fritsche et al. (2003)

Coagulase-negative 
staphylococci, 
methicillin susceptible

≤ 0.06 ≤ 0.06 — 366 NA Fritsche et al. (2003)

≤ 0.5 ≤ 0.5 ≤ 0.5–1 297 NA, LA, EU Fritsche et al. (2005)

0.03 2 ≤ 0.008–≥ 128 356 EU Turner (2006)

≤ 0.06 ≤ 0.06 ≤ 0.016–0.06 91 NA Rhomberg and Jones (2007)

0.06 0.25 — 169 Turkey Korten et al. (2007)

0.023 0.023 < 0.013–> 256 801 Japan Ishii et al. (2008)

Coagulase-negative 
staphylococci, 
methicillin resistant

0.5 > 8 — 1,158 NA Fritsche et al. (2003)

8 64 ≤ 0.063–128 53 Japan Kurazono et al. (2004)

Streptococcus 
haemolyticus

32 ≥ 64 — 73 Germany Kresken et al. (2008)

S. pneumoniae ≤ 0.06 0.12 — 2,935 NA Fritsche et al. (2003)

≤ 0.5 ≤ 0.5 ≤ 0.5–1 885 NA, LA, EU Fritsche et al. (2005)

0.016 0.12 ≤ 0.008–1 83 EU Turner (2006)

0.032 0.125 0.016–256 844 Kuwait Mokaddas et al. (2007)

≤ 0.25 ≤ 0.25 — 58 Germany Kresken et al. (2008)

≤ 0.06 0.125 ≤ 0.06–0.5 200 Japan Niki et al. (2008)

0.016 0.5 0.008–0.5 86 China Xiao et al. (2008)

S. pneumoniae, penicillin 
susceptible

≤ 0.06 ≤ 0.06 — 2,031 NA Fritsche et al. (2003)

≤ 0.06 ≤ 0.06 ≤ 0.06–0.125 122 Japan Niki et al. (2008)

S. pneumoniae, penicillin 
intermediate

≤ 0.06 0.12 — 386 NA Fritsche et al. (2003)

≤ 0.06 0.25 ≤ 0.06–0.5 70 Japan Niki et al. (2008)

S. pneumoniae, penicillin 
resistant

0.25 0.5 — 518 NA Fritsche et al. (2003)

1 1 0.25–4 264 Korea Choi et al. (2007)

0.25 0.5 ≤ 0.06–0.5 8 Japan Niki et al. (2008)

Beta-hemolytic 
streptococci

≤ 0.5 ≤ 0.5 — 1,457 NA Fritsche et al. (2003)

≤ 0.5 ≤ 0.5 ≤ 0.5–1 397 NA, LA, EU Fritsche et al. (2005)

Viridans streptococci ≤ 0.06 0.12 — 250 NA Fritsche et al. (2003)

≤ 0.5 ≤ 0.5 ≤ 0.5–4 140 NA, LA, EU Fritsche et al. (2005)

0.016 0.25 0.008–1 19 China Xiao et al. (2008)

Streptococcus pyogenes 0.004 0.004 0.002–0.008 26 Japan Kurazono et al. (2004)

≤ 0.25 ≤ 0.25 — 54 Germany Kresken et al. (2008)

Turicella otitidis ≤ 0.25 ≤ 0.25 ≤ 0.25 20 — Gómez-Garcés et al. (2007)

Abbreviations: NA: North America; LA: Latin America; EU: Europe.
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Table 37.2. In vitro susceptibility of selected Gram-negative organisms to imipenem

Organism
MIC50 

(µg/ml)
MIC90 

(µg/ml) Range
No. of 
isolates Region Reference

Achromobacter spp. 2 8 — 25 LA Gales et al. (2005)

Acinetobacter spp. 0.75

≤ 0.5

4

2

0.38

≥ 32

3.0

2

64

64

1

—

0.032–> 32

≤ 0.5–> 8

—

≤ 0.008–≥ 128

< 0.032–> 256

≤ 0.12–≥ 32

90

155

779

433

874

447

India

NA, LA, EU

Turkey

EU

Japan

Asia

Mathai et al. (2002)

Fritsche et al. (2005)

Korten et al. (2007)

Turner (2008)

Ishii et al. (2008)

Bouchillon et al. (2009)

Acinetobacter baumannii —

—

0.12

0.5

≤ 0.25

≥ 32

8

0.5

16

0.5

—

—

0.03–32

0.031–256

—

1,013

1,889*

125

413

140

Asia, LA, EU

NA

UK, Ireland

China

Germany

Reinert et al. (2007)

Reinert et al. (2007)

Livermore et al. (2008)

Xiao et al. (2008)

Kresken et al. (2008)

Other Acinetobacter spp. 0.03

0.125

0.12

0.5

0.03–0.5

0.031–16

116

32

UK, Ireland

China

Livermore et al. (2008)

Xiao et al. (2008)

Aeromonas spp. 1

≤ 0.5

4

2

≤ 0.5–> 8

≤ 0.5–> 8

385

44

Global

NA, LA, EU

Sader and Jones (2005)

Fritsche et al. (2005)

Alcaligenes xylosoxidans 2 8    2–16 12 Taiwan Tsay et al. (2005)

Alcaligenes spp. 2

1

4

2

≤ 0.5–> 8

—

236

12

Global

LA

Sader and Jones (2005)

Gales et al. (2005)

Agrobacterium spp. ≤ 0.5 ≤ 0.5 ≤ 0.5 25 Global Sader and Jones (2005)

Burkholderia cepacia 4

4

≥ 8

128

≤ 0.5–> 8

0.125–256

289

47

NA, LA, EU, 
Global

China

Sader and Jones (2005); Fritsche et 
al. (2005)

Xiao et al. (2008)

B. pseudomallei 1

0.5

1

1

0.5–1

0.125–2

50

80

AS, EU, AU

Malaysia

Thibault et al. (2004)

Karunakaran and Puthucheary (2007)

B. mallei 0.25 0.5 0.125–0.5 15 AS, EU, ME, Thibault et al. (2004) 

Burkholderia spp. 4 > 8 — 83 LA Gales et al. (2005)

Cardiobacterium hominis ≤ 0.008 ≤ 0.008 ≤ 0.008–0.015 10 Clark and Joyce (1993)

Chryseobacterium spp. > 8 > 8 ≤ 0.5–> 8 83 Global Gales et al. (2005)

Citrobacter spp. ≤ 0.5

0.25

≤ 0.5

0.25

1

1

    1–2

1

≤ 0.5–8

0.03–4

≤ 0.5–> 8

0.016-64

136

707

1,124

208

NA, LA, EU

NA

NA, LA, EU, 
Turkey

EU

Fritsche et al. (2005)

Deshpande et al. (2006b)

Deshpande et al. (2006a); Korten et 
al. (2007)

Turner (2008)

Citrobacter freundii 0.5

0.5

2

1

0.125–3

0.032–4

29

803

India

JA

Mathai et al. (2002)

Ishii et al. (2008)

Comamonas spp. 0.5 1 0.5–8 21 Global Sader and Jones (2005)

Edwardsiella spp. 0.06 0.13 ≤ 0.03–2 102 EU, JA, USA Stock and Wiedemann (2001a)

Eikenella corrodens 0.25 0.5 0.25–0.5 17 Clark and Joyce (1993)

Enterobacter spp. 0.38

≤ 0.5

0.5

≤ 0.5

—

0.5

0.5

0.5

—

1.5

1

1

1

1

2

1

1

1

0.125–2

≤ 0.5–> 8

0.06–> 32

≤ 0.5–> 8

—

—

0.016–64

< 0.064–12

≤ 0.06–16

40

601

1,029

8,206

5,731

287

685

971

731

India

NA, LA, EU

NA

NA, LA, EU

Asia, NA, 
LA, EU

Turkey

EU

Japan

Asia

Mathai et al. (2002)

Fritsche et al. (2005)

Deshpande et al. (2006b)

Deshpande et al. (2006a)

Reinert et al. (2007)

Korten et al. (2007)

Turner (2008)

Ishii et al. (2008)

Bouchillon et al. (2009)

E. aerogenes 0.25 1 0.125–1 23 China Xiao et al. (2008)

E. cloacae 0.25

0.5

1

1

0.062–64

—

196

232

China

Germany

Xiao et al. (2008)

Kresken et al. (2008)

Escherichia coli 0.25

≤ 0.5

0.38

≤ 0.5

0.094–1.5

≤ 0.5

132

3,023

India

NA, LA, EU

Mathai et al. (2002)

Fritsche et al. (2005)
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Organism
MIC50 

(µg/ml)
MIC90 

(µg/ml) Range
No. of 
isolates Region Reference

≤ 0.1–≤ 0.5

—

—

0.25

0.25

0.125

≤ 0.25

—

0.5

≤ 0.5

0.5

0.5

0.5

0.38

0.125

0.5

0.25

≤ 0.12–> 16

≤ 0.5–> 8

—

—

≤ 0.008–64

< 0.016–4

0.031–4

—

≤ 0.06–2

2,822

20,138

6,504

1,000

1,060

991

732

300

819

NA

NA, LA, EU

Asia, NA, 
LA, EU

Turkey

EU

Japan

China

Germany

Asia

Deshpande et al. (2006b)

Deshpande et al. (2006a)

Reinert et al. (2007)

Korten et al. (2007)

Turner (2008)

Ishii et al. (2008)

Xiao et al. (2008)

Kresken et al. (2008)

Bouchillon et al. (2009)

E. coli, ESBL producing ≤ 0.5

—

≤ 0.5

0.5

≤ 0.5

≤ 0.06–2

121

87

NA, LA, EU

Asia

Fritsche et al. (2005)

Bouchillon et al. (2009)

E. albertii 0.06 0.06 0.03–0.25 21 Bangladesh Stock et al. (2005)

Hafnia alvei 0.25 0.5 0.03–1 76 Bangladesh Stock et al. (2005)

Klebsiella spp. 0.25

≤ 0.5

0.12

≤ 0.5

0.5

0.25

0.25

0.5

≤ 0.5

0.5

≤ 0.5

2

0.5

0.38

0.125–1.5

≤ 0.5–> 8

0.03–> 32

≤ 0.5–> 8

—

≤ 0.008–≥ 128

< 0.023–6

145

1,107

2,045

8,977

867

939

1,000

India

NA, LA, EU

NA

NA, LA, EU

Turkey

EU

JA

Mathai et al. (2002)

Fritsche et al. (2005)

Deshpande et al. (2006b)

Deshpande et al. (2006a)

Korten et al. (2007)

Turner (2008)

Ishii et al. (2008)

Klebsiella spp., ESBL 
producing

≤ 0.5 ≤ 0.5 ≤ 0.5–2 155 NA, LA, EU Fritsche et al. (2005)

K. oxytoca ≤ 0.25 0.5 — 100 Germany Kresken et al. (2008)

K. pneumoniae —

0.25

≤ 0.25

—

0.5–1

1

0.5

0.5

—

0.062–64

—

≤ 0.06–16

4,916

435

186

660

Asia, NA, 
LA, EU

China

Germany

Asia

Reinert et al. (2007)

Xiao et al. (2008)

Kresken et al. (2008)

Bouchillon et al. (2009)

K. pneumoniae, ESBL 
positive

—

—

—

0.5–1

4

0.5

—

—

≤ 0.06–1

328

246

112

Asia, LA, EU

NA

Asia

Reinert et al. (2007)

Reinert et al. (2007)

Bouchillon et al. (2009)

Klebsiella spp., 
non-pneumoniae

0.25 1 0.031–128 71 China Xiao et al. (2008)

Haemophilus influenzae 2

0.5

0.5

4

1

4

0.031–4

—

≤ 0.06–32

60

185

165

China

Germany

Japan

Xiao et al. (2008)

Kresken et al. (2008)

Niki et al. (2008)

H. parainfluenzae 1

2

8

4

0.25–8

0.016–4

14

58

—

China

Clark and Joyce (1993)

Xiao et al. (2008)

Kingella spp. 0.03 0.03 ≤ 0.008–0.03 20 — Clark and Joyce (1993)

Moraxella catarrhalis ≤ 0.06 0.125 ≤ 0.06–0.25 91 Japan Niki, Hanaki et al. (2008)

Neisseria gonorrhoeae 0.5 2 0.063–4 52 Japan Kurazono et al. (2004)

Ochrobactrum anthropi 1 2 ≤ 0.5–2 27 Global Sader and Jones (2005)

Pasteurella spp. ≤ 1 ≤ 1 ≤ 1 11 USA Jacks et al. (2003)

P. multocida 1 2 0.25–2 20 — Clark and Joyce (1993)

Plesiomonas shigelloides 0.13 0.25 0.03–64 74 EU Stock and Wiedemann (2001b)

Proteeae 0.5

2

    2–4

4

≤ 0.008–≥ 128

0.25–4

417

31

EU, Turkey

China

Turner (2008); Korten et al. (2007)

Xiao et al. (2008)

Proteus mirabilis 1 2 ≤ 0.5–8 307 NA, LA, EU Fritsche et al. (2005)

Indole-positive Proteeae 
(Proteus vulgaris, 
Morganella spp., 
Providencia spp.)

1.0

2

1.5

3.0

4

3

0.023–4.0

≤ 0.5–4

< 0.047–> 256

40

148

834

India

NA, SA, EU

Japan

Mathai et al. (2002)

Fritsche et al. (2005)

Ishii et al. (2008)

Morganella morganii 2 8 0.06–32 152 EU Turner (2008)
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Organism
MIC50 

(µg/ml)
MIC90 

(µg/ml) Range
No. of 
isolates Region Reference

Pseudomonas spp. 
(non-aeruginosa)

0.5 16 0.062–256 34 China Xiao et al. (2008)

P. fluorescens/putida 1 8 ≤ 0.5–> 8 253 Global Sader and Jones (2005)

P. oryzihabitans ≤ 0.5 1 ≤ 0.5–> 8 30 Global Sader and Jones (2005)

P. stutzeri ≤ 0.5 ≤ 0.5 ≤ 0.5–2 37 Global Sader and Jones (2005)

P. aeruginosa 2

1

2

1

2

4

—

8

1

2

1.5

1

2

—

> 32

> 8

32

8

32–≥ 64

32

    8–16

64

4

32

16

16

16

16

0.19–> 32

≤ 0.5–> 8

≤ 0.06–≥ 64

≤ 0.06–≥ 64

≤ 0.06–≥ 64

≤ 0.06–≥ 64

—

—

0.03–128

0.016–≥ 128

0.094–> 256

0.031–256

—

≤ 0.06–≥ 32

138

829

16,881

3,218

12,903

2,667

5,128

992

1,226

1,012

992

555

150

655

India

NA, LA, EU

Global

NA

LA, NEU, 
SEU, EEU

CF

Asia, NA, 
LA, EU

Turkey

UK, Ireland

EU

Japan

China

Germany

Asia

Mathai et al. (2002)

Fritsche et al. (2005)

Turner (2006)

Turner (2006)

Turner (2006)

Turner (2006)

Reinert et al. (2007)

Korten et al. (2007)

Livermore et al. (2008)

Turner (2008)

Ishii et al. (2008)

Xiao et al. (2008)

Kresken et al. (2008)

Bouchillon et al. (2009)

Ralstonia pickettii 2

2

8

8

≤ 0.5–> 8

—

39

16

Global

LA

Sader and Jones (2005)

Gales et al. (2005)

Serratia spp. 0.5

≤ 0.5

0.5

≤ 0.5

0.5

0.5

0.5

1

1.0

1

1

1

2

2

1

1

0.25–1.0

≤ 0.5–8

0.12–> 32

≤ 0.5–> 8

—

0.032–32

< 0.016–> 256

0.125–256

15

187

699

1,061

104

249

902

41

India

NA, LA, EU

NA

NA, LA, EU

Turkey

EU

Japan

China

Mathai et al. (2002)

Fritsche et al. (2005)

Deshpande et al. (2006b)

Deshpande et al. (2006a)

Korten et al. (2007)

Turner (2008)

Ishii et al. (2008)

Xiao et al. (2008)

S. marcescens —

0.5

—

1

1

1

—

—

≤ 0.06–≥ 32

2,313

118

284

Asia, NA, 
LA, EU

Germany

Asia

Reinert et al. (2007)

Kresken et al. (2008)

Bouchillon et al. (2009)

Salmonella enterica ≤ 1 ≤ 1  ≤ 1–8 23 USA Jacks et al. (2003)

Salmonella spp. 0.19

≤ 0.5

0.38

≤ 0.5

0.094–0.5

≤ 0.5-2

63

530

India

NA, LA, EU

Mathai et al. (2002)

Fritsche et al. (2005)

Shigella spp. ≤ 0.5 ≤ 0.5 ≤ 0.5 161 NA, LA, EU Fritsche et al. (2005)

Sphingomonas 
paucimobilis

≤ 0.5 > 8 ≤ 0.5–> 8 39 Global Sader and Jones (2005)

Stenotrophomona 
maltophilia

> 8

> 8

64

128

≥ 64

> 8

> 8

64

256

≥ 64

0.25–> 8

   2–> 8

0.06–64

   2–> 256

—

2,076

80

165

174

157

Global

NA, LA, EU

UK, Ireland

China

Germany

Sader and Jones (2005)

Fritsche et al. (2005)

Livermore et al. (2008)

Xiao et al. (2008)

Kresken et al. (2008)

Yersinia enterocolitica ≤ 4 ≤ 4 ≤ 4 27 USA Abdel-Haq et al. (2006)

Y. bercovieri 0.13 0.13 0.06–0.25 17 Germany Stock et al. (2002)

Y. mollaretti 0.13 0.13 0.06–0.13 12 Germany Stock et al. (2002)

Y. aldovae 0.13 0.13 0.03–0.13 10 Germany Stock et al. (2002)

Y. ruckeri 0.06 0.13 0.06–0.13 15 Germany Stock et al. (2002)

Abbreviations: LA: Latin America; NA: North America; EU: Europe; UK: United Kingdom; AU, Australia; USA: United States; ESBL: extended-spectrum beta-
lactamase; SA: South America; NEU: northern Europe; SEU, southern Europe; EEU: eastern Europe; CF: cystic fibrosis.

Table 37.2. (continued )
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Table 37.3. In vitro susceptibility of selected anaerobes to imipenem

Organism
MIC50 

(µg/ml)
MIC90 

(µg/ml) Range
No. of 
isolate Region Reference

Actinomyces israelii ≤ 0.03 0.125 ≤ 0.03–0.25 13 NA Goldstein et al. (2004)

A. meyeri-A. turicensis group 0.125 0.125 ≤ 0.03–0.125 12 NA Goldstein et al. (2004)

A. odontolyticus 0.125 0.125 0.06–0.25 10 NA Goldstein et al. (2004)

A. viscosus ≤ 0.03 ≤ 0.03 ≤ 0.03–≤ 0.03 10 NA Goldstein et al. (2004)

Actinomyces spp. 0.12

1

0.25

8

≤ 0.03–0.5

≤ 03–8

10

15

NA

Japan

Edmiston et al. (2005)

Tanaka et al. (2006)

Anaerococcus prevotii ≤ 0.03 ≤ 0.03 ≤ 0.03–0.06 11 NA Goldstein et al. (2004)

Bacteroides fragilis group 0.06

0.125

0.125

0.5

—

0.25

0.25

0.5

1

1

1

1

≤ 0.015–8

≤ 0.008–> 32

0.008–32

≤ 0.016–4

0.125–64

≤ 0.06–> 256

401

1,284

82

51

5,225

1,343

—

EU

Greece

NZ

NA

Spain

Aldridge (2002)

Hedberg et al. (2003)

Papaparaskevas (2005)

Roberts et al. (2006)

Snydman et al. (2007)

Betriu et al. (2008)

Non- B. fragilis — 1 0.125–32 2,503 NA Snydman et al. (2007)

Bacteroides caccae 0.03

0.03

0.5

0.12

0.5

2

≤ 0.015–0.25

≤ 0.03–4

≤ 0.06–4

22

12

45

—

NA

Spain

Aldridge (2002)

Edmiston et al. (2005)

Betriu et al. (2008)

B. distasonis 0.25

0.25

1

—

1

0.25

0.5

0.5

4

2

1

0.5

0.015–2

0.12–0.5

  1–4

0.125–16

≤ 0.06–4

0.064–1

27

30

25

274

43

31

—

NA

Japan

NA

Spain

EU

Aldridge (2002)

Edmiston et al. (2005)

Tanaka et al. (2006)

Snydman et al. (2007)

Betriu et al. (2008)

Hedberg et al. (2003)

B. fragilis 0.06

0.125

0.25

0.25

0.25

0.25

0.5

—

0.25

0.5

0.25

0.5

0.5

2

1

2

1

1

1

4

≤ 0.015–8

≤ 0.008–> 32

< 0.06–2

0.03–> 16

≤ 0.016–128

≤ 0.016–128

0.125–2

0.125–64

≤ 0.06–> 256

0.12–> 32

180

834

81

135

293

49

25

2,722

833

60

—

EU

Global

NA

NA, EU

NZ

Japan

NA

Spain

Taiwan

Aldridge (2002)

Hedberg et al. (2003)

Wexler et al. (2005)

Edmiston et al. (2005)

Koeth et al. (2004)

Roberts et al. (2006)

Tanaka et al. (2006)

Snydman et al. (2007)

Betriu et al. (2008)

Liu et al. (2008)

B. gracilis 0.25 0.5 0.06–0.5 12 NA Edmiston et al. (2005)

B. ovatus 0.06

0.25

0.25

0.5

—

0.25

0.25

0.5

0.5

1

1

2

≤ 0.015–0.5

0.032–4

0.06–0.5

0.12–1

0.125–16

≤ 0.06–8

41

57

20

10

545

41

—

EU

Global

NA

NA

Spain

Aldridge (2002)

Hedberg et al. (2003)

Wexler et al. (2005)

Edmiston et al. (2005)

Snydman et al. (2007)

Betriu et al. (2008)

B. stercoris and merdae 0.12 0.25 0.06–0.25 10 NA Edmiston et al. (2005)

B. thetaiotaomicron 0.06

0.25

0.5

0.12

1

—

0.5

0.5

0.12

0.5

1

0.5

1

1

2

4

≤ 0.015–1

≤ 0.008–> 32

0.03–1

0.06–2

0.25–2

0.125–32

≤ 0.06–32

0.25–8

73

207

42

80

25

979

182

30

—

EU

Global

NA

Japan

NA

Spain

Taiwan

Aldridge (2002)

Hedberg et al. (2003)

Wexler et al. (2005)

Edmiston et al. (2005)

Tanaka et al. (2006)

Snydman et al. (2007)

Betriu et al. (2008)

Liu et al. (2008)

B. uniformis 0.06

0.125

0.5

—

0.25

0.25

0.25

2

1

2

≤ 0.015–2

0.064–0.5

0.06–> 8

0.125–32

≤ 0.06–4

21

18

60

197

106

—

EU

NA

NA

Spain

Aldridge (2002)

Hedberg et al. (2003)

Edmiston et al. (2005)

Snydman et al. (2007)

Betriu et al. (2008)
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Organism
MIC50 

(µg/ml)
MIC90 

(µg/ml) Range
No. of 
isolate Region Reference

B. vulgatus 0.12

0.25

0.5

—

0.5

0.25

0.5

1

1

2

≤ 0.015–1

0.032–32

0.12–1

0.125–16

≤ 0.06–4

33

101

30

306

47

—

EU

NA

NA

Spain

Aldridge (2002)

Hedberg et al. (2003)

Edmiston et al. (2005)

Snydman et al. (2007)

Betriu et al. (2008)

B. ureolyticus 0.12 0.25 ≤ 0.016–0.5 10 NZ Roberts et al. (2006)

Bilophila wadsworthia 0.12

—

0.25

—

0.06–0.25

0.12–4

21

5

Global

NA

Wexler et al. (2005)

Edmiston et al. (2005)

Clostridium clostridioforme 1

0.5

2

2

2

4

0.5–2

0.12–4

≤ 0.06–4

15

10

14

NA

NA

NZ

Goldstein et al. (2004)

Edmiston et al. (2005)

Roberts et al. (2006)

C. difficile 4

8

8

16

  2–32

  2–64

14

27

NA

Japan

Goldstein et al. (2004)

Tanaka et al. (2006)

C. innocuum 2 2   1–2 15 NA Goldstein et al. (2004)

C. perfringens 0.06

0.25

0.12

0.125

0.125

0.25

0.25

0.25

≤ 0.03–0.25

0.03–0.5

≤ 0.016–0.5

0.06–0.25

12

25

20

25

NA

NA

NZ

Japan

Goldstein et al. (2004)

Edmiston et al. (2005)

Roberts et al. (2006)

Tanaka et al. (2006)

C. ramosum 0.25 0.5 0.125–2 16 NA Goldstein et al. (2004)

C. tertium 1 1 0.5–1 6 NZ Roberts et al. (2006)

Clostridium spp. 2

0.25

8

8

0.03–8

0.06–16

25

28

Global

Taiwan

Wexler et al. (2005)

Liu et al. (2008)

Eikenella corrodens 0.125 0.25 ≤ 0.016–8 83 NA, EU Koeth et al. (2004)

Eubacterium lentum 0.25

0.12

0.25

0.5

≤ 0.03–0.25

0.03-2

10

20

NA

NA

Goldstein et al. (2004)

Edmiston et al. (2005)

E. limosum ≤ 0.03 ≤ 0.03 ≤ 0.03–≤ 0.03 10 NA Goldstein et al. (2004)

Eubacterium spp. 0.5 0.5 ≤ 0.06–1 10 NZ Roberts et al. (2006)

Finegoldia magna ≤ 0.125

≤ 0.03

0.12

0.12

≤ 0.125

0.125

0.12

0.25

≤ 0.016–0.5

≤ 0.03–0.125

≤ 0.03–0.5

≤ 0.06–0.25

98

12

25

20

NA, EU

NA

NA

NZ

Koeth et al. (2004)

Goldstein et al. (2004)

Edmiston et al. (2005)

Roberts et al. (2006)

Fusobacterium spp. ≤ 0.015

0.12

0.25

1

0.03

1

4

4

≤ 0.015–0.25

0.03–2

≤ 0.03–4

0.25–> 32

22

15

25

23

—

Global

Japan

Taiwan

Aldridge (2002)

Wexler et al. (2005)

Tanaka et al. (2006)

Liu et al. (2008)

F. mortiferum and varium 0.25 0.5 0.03–2.0 10 NA Edmiston et al. (2005)

F. necrophorum ≤ 0.016

≤ 0.016

0.25

≤ 0.016

≤ 0.016–2

≤ 0.016–0.12

157

25

NA, EU

NZ

Koeth et al. (2004)

Roberts et al. (2006)

F. nucleatum 0.03

≤ 0.016

0.12

≤ 0.016

≤ 0.03–0.12

≤ 0.016–0.25

10

22

NA

NZ

Edmiston et al. (2005)

Roberts et al. (2006)

Gemella morbillorum 0.03 0.12 ≤ 0.03–0.12 15 NA Edmiston et al. (2005)

Lactobacillus plantarum 0.125 0.25 0.125–0.5 10 NA Goldstein et al. (2004)

L. casei 2 —   1–16 6 NA Goldstein et al. (2004)

Micromonas micros ≤ 0.016

≤ 0.03

0.06

≤ 0.06

0.5

0.06

≤ 0.03

0.12

≤ 0.06

0.5

≤ 0.016–0.5

≤ 0.03–0.125

≤ 0.03–0.25

≤ 0.06–0.12

0.25–2

146

10

20

21

25

NA, EU

NA

NA

NZ

Japan

Koeth et al. (2004)

Goldstein et al. (2004)

Edmiston et al. (2005)

Roberts et al. (2006)

Tanaka et al. (2006)

Peptostreptococcus asaccharolyticus ≤ 0.03

≤ 0.016

≤ 0.03

≤ 0.016

≤ 0.03–≤ 0.03

≤ 0.016–0.12

10

20

NA

NZ

Goldstein et al. (2004)

Roberts et al. (2006)

P. anaerobius ≤ 0.06

≤ 0.03

0.06

0.12

1

0.06

0.12

2

≤ 0.016––8

≤ 0.03––0.06

0.03––0.5

≤ 0.016–4

92

10

10

20

NA, EU

NA

NA

NZ

Koeth et al. (2004)

Goldstein et al. (2004)

Edmiston et al. (2005)

Roberts et al. (2006)

Table 37.3. (continued )
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2b.  Emerging resistance and 
cross-resistance

ENTEROBACTERIACEAE

Clinical isolates of imipenem-resistant Enterobacteriaceae have 
been increasingly reported (Munoz-Price et al., 2013). Klebsiella 
pneumoniae is the most frequently reported imipenem- 
resistant Enterobacteriaceae. However, several other genera 
(including Escherichia and Enterobacter) may be imipenem 
resistant. Resistance of the Enterobacteriaceae to imipenem 
can occur by a number of mechanisms (Paterson, 2006).

The first mechanism is the combination of porin loss and 
the expression of AmpC-type enzymes (ACT-1 and CMY-4) 
or ESBLs (SHV and TEM type). The second mechanism is 
the presence of a carbapenemase, a beta-lactamase capable 
of  hydrolysis of carbapenems, such as imipenem. Multiple 
types of carbapenemases have been detected in K. pneumo
nia so far—namely class A carbapenemases (K. pneumoniae 
carbapenemase[KPC] type), class B metallo-beta-lactamases 
(e.g. NDM-, IMP-, and VIM-type), and class D OXA-type 
enzymes (e.g. OXA-48 and derivatives). These carbapene-
mases are mostly plasmid-mediated and, to make matters 
worse, their genes tend to be harbored on a plasmid with 
other genes related to resistance (not only to other beta- 
lactams but also to fluoroquinolones and aminoglycosides). 
Thus imipenem-resistant K. pneumonia is typically extremely 
drug resistant. IMP and VIM metallo-beta-lactamase- 
producing K. pneumoniae has been detected in all populated 
continents (Queenan and Bush, 2007). KPC-producing 
K.  pneumoniae has been observed mostly in the USA, al - 

though numerous other countries have now been affected, 
including Israel, Italy, Greece, and China (Munoz-Price et al., 
2013). 

Other imipenem-resistant Enterobacteriaceae have also 
been identified. Metallo-beta-lactamase-producing E. coli,  
E. cloacae, E. aerogenes, S. marcescens, C. freundii, P. vulgaris, 
K. oxytoca, and M. morganii have now been isolated in many 
countries (Queenan and Bush, 2007). The New Delhi metallo- 
beta-lactamase (NDM) type carbapenemase has its epicen-
ter in the Indian subcontinent but has now been found in 
numerous other areas. KPC-type class A carbapenemase- 
producing E. coli, K. oxytoca, E. cloacae, E. aerogenes, and  
C. freundii have been identified most frequently in the 
USA,  Israel, and Europe (Munoz-Price et al., 2013). Even 
KPC-2 carbapenemase-producing Salmonella enterica and 
IMP-3 metallo-beta-lactamase-producing Shigella flexneri 
have been detected. (Iyobe et al., 2000; Miriagou et al., 2003). 
Carbapenem-resistant Enterobacteriaceae have spread to 
communities, similar to MRSA and ESBL-producing En tero- 
bacteriaceae, although it is still typically associated with 
healthcare or nursing home facilities (Schwaber and Car- 
meli, 2008).

A case series of Aeromonas bacteremia in patients with 
hematologic malignancies in Taiwan showed that only 64.4% 
of the Aeromonas isolates (n = 45) were susceptible to imipe-
nem (Tsai et al., 2006). The mechanisms of resistance in that 
study were not evaluated. Studies from Turkey showed that 
10% of A. hydrophila strains and 4% of A. sobria strains from 
drinking water samples were resistant to imipenem, and 
none of A. caviae, A. salmonicida, A. veronii, and A. jandaei 
was resistant to imipenem (Koksal et al., 2007). Aeromonas 

Organism
MIC50 

(µg/ml)
MIC90 

(µg/ml) Range
No. of 
isolate Region Reference

Peptostreptococcus spp. ≤ 0.015 ≤ 0.06 ≤ 0.015–1 49 — Aldridge (2002)

Porphyromonas spp. 0.03

≤ 0.016

0.031

0.12

0.06

0.5

0.12

0.25

≤ 0.015–1

≤ 0.016–0.5

0.03–1

19

125

20

10

—

NA, EU

Global

NA

Aldridge (2002)

Koeth et al. (2004)

Wexler et al. (2005)

Edmiston et al. (2005)

Prevotella spp 0.03

0.03

0.06

≤ 0.06

0.25

0.06

0.25

0.25

0.12

0.5

≤ 0.015–0.12

≤ 0.016–2

≤ 0.06–0.12

0.06–16

65

303

30

45

16

—

NA, EU

NA

NZ

Taiwan

Aldridge (2002)

Koeth et al. (2004)

Edmiston et al. (2005)

Roberts et al. (2006)

Liu et al. (2008)

P. bivia and disiens 0.062 0.25 0.03–2 15 Global Wexler et al. (2005)

P. oris and buccae 0.062 0.25 0.03–0.5 10 Global Wexler et al. (2005)

P. intermedia and nigrescens 0.031 0.031 0.03–0.03 10 Global Wexler et al. (2005)

Propionibacterium acnes ≤ 0.03 0.06 ≤ 0.03–0.06 22 Japan, NA Tanaka et al. (2006); 
Goldstein et al. (2004)

P. avidum ≤ 0.03 ≤ 0.03 ≤ 0.03–≤ 0.03 12 NA Goldstein et al. (2004)

P. granulosum ≤ 0.03 ≤ 0.03 ≤ 0.03–0.06 10 NA Goldstein et al. (2004)

Propionibacterium spp. ≤ 0.06 ≤ 0.06 10 NZ Roberts et al. (2006)

Sutterella wadsworthensis 1 4 0.03–16 12 Global Wexler et al. (2005)

Veillonella spp. 0.5 1 ≤ 0.016–1 9 NZ Roberts et al. (2006)

Abbreviations: NA: North America; EU: Europe; NZ: New Zealand.
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spp. potentially produce three inducible chromosomal beta- 
lactamases, a penicillinase, a class C cephalosporinase, and a 
class B metallo-beta-lactamase (CphA in A. hydrophilia, and, 
ImiS or AsbM1 in A. veronii) and can become highly resistant 
to beta-lactams, including imipenem (Ros solini et al., 1996; 
Walsh et al., 2005; Queenan and Bush, 2007). Transferable 
carbapenemases have also been detected in Aeromonas spp.: 
VIM in A. hydrophilia in Hungary and IMP in Aeromonas 
caviae in France (Peleg et al., 2006; Neuwirth et al., 2007; 
Libisch et al., 2008). 

PSEUDOMONAS AND ACINETOBACTER

P. aeruginosa and A. baumannii are frequently responsible 
for hospital-acquired infections and are treated with carba-
penems, such as imipenem. Thus emergence and spread of 
carbapenem-resistant P. aeruginosa and A. baumannii is of 
great concern. P. aeruginosa and A. baumannii become imi-
penem resistant by two principal mechanisms, either the loss 
of or reduced expression of the outer membrane porin 
(OMP) or the production of beta-lactamases, which hydro-
lyze imipenem. Efflux pumps may also contribute to the 
resistance of P. aeruginosa to various antibiotics. The most 
common system, MexAB-OprM causes resistance to mero-
penem, but not imipenem (Rodloff et al., 2006).

Resistance of P. aeruginosa strains to imipenem seems to 
be increasing globally. Surveillance data show that the MIC90 
values of P. aeruginosa are 4 µg/ml in the UK and Ireland; 
8 µg/ml in North America; 16 µg/ml in Germany, Japan, and 
China; 32 µg/ml in other European countries; and 64 µg/ml 
in Turkey (Reinert et al., 2007; Ishii et al., 2008; Kresken et 
al., 2008; Livermore et al., 2008; Turner, 2008; Xiao et al., 
2008). The most common mechanism by which P. aeruginosa 
isolates become resistant to imipenem is via loss of OMP (or 
OprD, the D2 porin). Loss of this porin reduces the amount 
of intracellular imipenem. Mutational loss of OprD happens 
frequently during courses of treatment with imipenem. Com-
pared to imipenem, meropenem and doripenem are less 
influenced by this mechanism. 

Metallo-beta-lactamases are much more common than 
KPC-type beta-lactamases as a cause of imipenem resistance 
in P. aeruginosa. Class B metallo-beta-lactamases have been 
identified so far in imipenem-resistant P. aeruginosa in Japan, 
Brazil, Korea, China, Canada, Malaysia, Italy,, and the USA, 
among other countries (Walsh et al., 2005). The production 
of these enzymes makes P. aeruginosa resistant not only to 
other antipseudomonal carbapenems but also to antipseu-
domonal cephalosporins and antipseudomonal penicillins. 
Emergence of class A carbapenemases in P. aeruginosa have 
also been reported. KPC-2-producing strains were isolated 
in Colombia, and GES-2-producing strains were isolated in 
South Africa (Queenan and Bush, 2007).

Resistance of Acinetobacter spp. to imipenem is also prob-
lematic in many countries. Surveillance data show that MIC90 
values of Acinetobacter baumannii are 8 µg/ml in North 
America; 16 µg/ml in China; and ≥ 32 µg/ml in European, 
Asian, and Latin American countries (Reinert et al., 2007; Xiao, 

Wang et al., 2008). Resistance mechanisms for Acineto bacter 
baumannii against imipenem are similar to Pseudo monas aeru
ginosa but have not been investigated as ex tensively as those for 
P. aeruginosa (Maragakis and Perl, 2008). The mechanisms 
have been mostly ascribed to the acquisition of carbapenemases. 
The class D carbapenem-hydrolyzing oxacillinases (OXA types) 
(e.g. OXA-23, OXA-66/OXA-55-like) are most likely the most 
common mechanism of imipenem resistance in A. baumannii 
(Bonomo and Szabo, 2006; Hu et al., 2007). Although OXA car-
bapenemases may not robustly hydrolyze imipenem, their pres-
ence in an organism that may have an IS element that acts as a 
promoter can result in imipenem resistance (Bonomo and 
Szabo, 2006). The class B metallo beta-lactamases (most com-
monly IMP and VIM types) may also occur in imipenem- 
resistant Acinetobacter baumannii (Walsh et al., 2005). The 
role of OMP changes and efflux pump systems in causing 
imipenem resistance in Acineto bacter baumannii is not as 
well studied as in P. aeruginosa (Hu et al., 2007).

3. MECHANISM OF DRUG ACTION

Imipenem, like all other beta-lactam agents, inhibits bacterial 
cell wall synthesis by binding to and inactivating relevant tran-
speptidases, known as PBPs (Rodloff et al., 2006). Imipenem 
binds preferentially to PBP2 and PBP1, the transpeptidases 
implicated in elongation of the bacterial cell wall, and has 
weak affinity for PBP3, the primary target of aminopenicil-
lins and cephalosporins. Meropenem, doripenem, and ertap-
enem have relatively higher affinity to PBP3 than imipenem 
(Zhanel et al., 2007). Binding to PBP2 produces the lemon 
shapes that occur when E. coli is exposed to imipenem, in 
contrast to the long filaments that result from exposure to 
penicillins and cephalosporins, which seem to be consequent 
on the binding of those drugs to PB 3 (Spratt et al., 1977; 
Majcherczyk and Livermore, 1990). When P. aeruginosa cul-
tures were exposed to either ceftazidime (which induces fila-
mentation) or to imipenem, ceftazidime, treatment resulted 
in much more release of a lipopolysaccharide endotoxin than 
similar treatment with imipenem (Jackson and Kropp, 1992). 
The significance of this finding in clinical practice has not 
been established, however.

In general, a wide range of beta-lactam antibiotics, which 
are highly bactericidal for rapidly growing bacteria, become 
bacteriostatic for slowly growing bacteria (Cozens et al., 
1986). However, imipenem seems to trigger autolysins and to 
produce a rapid bactericidal effect to both rapidly and slowly 
growing bacteria (Cozens et al., 1989).

Other factors that contribute to the in vitro activity of imipe-
nem are its high stability to beta-lactamases, including ESBLs 
and AmpC-beta-lactamases, and its ability to permeate into 
most Gram-negative bacteria. The drug owes its resistance to 
beta-lactamases to the unusual trans- conformation of its 
hydroxyethyl side chain, as opposed to the cis- conformation 
of the acylamino substituent on the beta-lactam ring of pen - 
icillins and cephalosporins. However, as noted earlier, imipenem 
can be hydrolyzed by some class A carbapenemases (SME, IMI, 
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NMC, KPC, and GES), the class B metallo-betalactamases (e.g. 
NDM, IMP, and VIM), and some subfamilies of the class D 
OXA beta-lactamases (e.g. OXA-23, -24, -48, -50, -51, -51, -55, 
-58, -60, and -62) (Queenan and Bush, 2007).

When Yoshimura and Nikaido (1985) compared diffusion 
rates of various beta-lactam antibiotics through porin chan-
nels of E. coli, imipenem had the highest permeability of the 
compounds tested, which included first-, second- and third- 
generation cephalosporins and early and late generation peni-
cillins. Its faster diffusion was presumably due to its compact 
molecular structure. An outer membrane protein D2 facili-
tated the diffusion of imipenem into P. aeruginosa cells; as 
noted earlier, when this protein was lost, the P. aeruginosa 
strain became imipenem resistant (Trias and Nikaido, 1990).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Imipenem is most commonly administered in a dosage of 
500 mg every 6 hour or less often 1 g every 8 hour, intrave-
nously (Rodloff et al., 2006). Both dosing regimens result in 
approximately the same time above the MIC (Mouton et al., 
2000). The maximum recommended dose of imipenem is 50 
mg/kg/day.

4b.  Newborn infants and children

For pediatric patients ≥ 3 months of age, the recommended 
dose is 15–25 mg/kg every 6 hours (60–100 mg/kg/day; 
maximum daily dose: 2 g) (Ayalew et al., 2003; Rodloff et al., 
2006). Imipenem is not recommended in pediatric patients  
< 30 kg with impaired renal function because no information 
is available on appropriate dosing (Merck, 2007).

For full-term neonates of 0–7 days of age, 10–25 mg/kg 
every 12 hours (20–50 mg/kg/day); at 2–4 weeks of age, 
10–25 mg/kg every 8 hours (30–75 mg/kg/day); and at > 4 
weeks of age, 10–25 mg/kg every 6 hours (40–100 mg/kg/
day) are suggested (Stuart et al., 1995). 

Dosing in premature infants is different from that of full-
term neonates. A dose of 20–25 mg/kg every 12 hours (40–
50 mg/kg/day) is the most frequently accepted regimen for 
premature neonates (Reed et al., 1990; Stuart et al., 1995; 
Blumer, 1996; Boswald et al., 1999). Stuart et al. (1995) 
reported that imipenem in dosages ranging from 20 to 40 
mg/kg/day given every 12 hours was safe and well-tolerated 
in preterm severely ill neonates. After a single dose of 25 mg/
kg of imipenem in premature neonates, the time above 2 µg/
ml is 11.9 hours and the time above 8 µg/ml is 6.9 hours 
(Blumer, 1996). In premature neonates, the elimination half-
life (2.50–3.38 hours) is longer than full-term neonates (1.93 
hours), and the clearance of imipenem depends more on 
nonrenal clearance (80%) (Reed et al., 1990; Blumer, 1996; 
Boswald et al., 1999). The elimination half-life of cilastatin is 
dramatically prolonged in premature neonates (9.1 hours), 

but it is not clear if there are any adverse effects stemming 
from this (Reed et al., 1990). 

Giannoni et al. (2006) demonstrated that a dose of 60 mg/
kg/day of imipenem carried a nonnegligible risk of subthera-
peutic drug levels in the plasma, and a dose of 100 mg/kg/day 
every 6 or 8 hours was appropriate over the whole pediatric 
population, including neonates. They proposed that critically 
ill children and neonates requiring imipenem should receive a 
dose of 100 mg/kg/day (Giannoni et al., 2006).

4c.  Pregnant and lactating mothers

Imipenem pharmacokinetics have been studied in a small 
study of pregnant women (Heikkila et al., 1992). A single 
dose of 500 mg of imipenem–cilastatin (1:1) was adminis-
tered as a 20-minute infusion to women in early pregnancy 
(n = 7; length of gestation: 8.6 ± 1.5 weeks, mean ± standard 
deviation), in late pregnancy (n = 7; length of gestation: 38.7 
± 1.4 weeks), and in the nonpregnant state (n = 6). Imipenem 
concentrations were assayed via a microbiologic assay (a 
weakness of this study). The mean peak concentrations in 
plasma were 14.7 ± 4.9, 14.9 ± 5.2, and 43 ± 28.3 μg/ml in 
early pregnancy, late pregnancy, and the nonpregnant state, 
respectively. Unfortunately, multiple doses of imipenem were 
not given to evaluate the concentrations of the antibiotic over 
time. The volumes of distribution were significantly larger 
during early pregnancy (0.98 ± 0.45 l/kg of body weight; p < 
0.005) and late pregnancy (0.59 ± 0.19 l/kg; p < 0.05) than  
in the nonpregnant state (0.33 ± 0.10 l/kg), and total clear-
ances from plasma were faster in early pregnancy (12.7± 7.8 
ml/min/kg; p < 0.05) and late pregnancy (10.7 ± 4.6 ml/min/
kg; p < 0.05) than in the nonpregnant state (5.77 ± 1.19 ml/
min/kg). These results indicate that an increase in doses of 
imipenem may be required when treating serious infections 
in pregnant women because of considerable changes in imi-
penem pharmacokinetics during pregnancy (Heikkila et al., 
1992). However the results are far from conclusive due to the 
limitations in terms of the study design. No published rec-
ommendations have been made for dose adjustment in preg-
nancy nor in lactating women. 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

The product information of Primaxin® (imipenem) gives a 
complicated scheme for dose adjustment based on impaired 
renal function. In brief, a reduction in dose is recommended 
when a patient has a creatinine clearance (CrCl) of ≤ 70 ml/
min/1.73 m2 and/or a body weight < 70 kg. According to this 
scheme, the final adjusted dosage regimen also depends on 
the type and severity of infection and whether the infection 
is caused by a fully susceptible strain (vs. a “moderately sus-
ceptible” organism, such as some strains of P. aeruginosa) 
(Merck, 2007). A simplified dose adjustment schedule is to 
give the normal dose when CrCl is > 50 ml/minute, 50% of 
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the dose when CrCl is 10–50 ml/minute and 25% of the dose 
when the CrCl is < 10 ml/minute (Aronoff, 2007).

Hemodialysis removes 40–70% of imipenem and vari-
able amounts of cilastatin, depending on the type of dial-
ysis and coil employed. Severe renal failure resulted in 
terminal half-lives of 4 hours for imipenem and 16 hours for 
cilastatin, but both drugs were well cleared by hemodialysis 
(Drusano, 1986). The product information recommends that 
when treating patients with CrCl ≤ 5 ml/min/1.73 m2 who 
are undergoing hemodialysis, use the dosage recommenda-
tions for patients with CrCl 6–20 ml/min/1.73 m2 (Merck, 
2007). This calls for 250–500 mg every 12 hours. The patient 
should receive a supplementary dose at the end of each 
hemodialysis session (Gibson et al., 1985; Verbist et al., 1986; 
Konishi et al., 1991). This dose should be the starting dose 
for a period of 12-hour dosing intervals until the next hemo-
filtration is performed (Alarabi et al., 1990). 

Continuous renal replacement therapy (CRRT) is frequently 
used in critically ill patients. Commonly used modes of CRRT 
include continuous venovenous hemofiltration (CVVH) and 
continuous venovenous hemodiafiltration (CVVHDF). Imi-
penem has a low volume of distribution (14–21 l), low plasma 
protein binding (9%), and high renal clearance in healthy 
volunteers (112.5–125.0 ml/minute), and so would be 
expected to be highly removed by CRRT (Pea et al., 2007). 
Pharmacokinetic features during CRRT are summarized 
later in Table 37.8.

The suggested dosing regimen of imipenem in critically ill 
patients receiving CRRT is 500 mg every 6 hours (Fish et al., 
2005; Pea et al., 2007). For empiric therapy, dosing regimens 
< 500 mg every 6 hours may result in subtherapeutic phar-
macodynamic exposure during both CVVH and CVVHD 
(Tegeder et al., 1997; Fish et al., 2005; Pea et al., 2007). For 
the definitive therapy of organisms with a MIC ≤ 2 µg/ml, 
500 mg every 8 hours seems to be adequate during both 
CVVH and CVVHDF (Fish et al., 2005). 

Much less imipenem is removed during peritoneal dialy-
sis and a dose of 0.5 g i.v. every 12 hours is probably appro-
priate in patients with end-stage renal disease undergoing 
continuous ambulatory peritoneal dialysis (Somani et al., 
1988). The pharmacokinetics of imipenem and cilastatin in 
adults with renal impairment are discussed further in section 
5b, Drug distribution. 

PATIENTS UNDERGOING PLASMAPHERESIS

There has been no clinical study that investigates the effect of 
plasmapheresis on imipenem pharmacokinetics. In general, 
due to the potential for extracorporeal drug removal and 
subtherapeutic blood concentrations, drug administration 
should be scheduled after plasmapheresis whenever possible 
(Kintzel et al., 2003).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Cilastatin accumulates in patients with hepatic dysfunction. 
However, the adverse effects of this are unknown (Trotman 
et al., 2005). There is no recommended dose adjustment of 
imipenem–cilastatin in patients with hepatic dysfunction.

OLDER ADULTS

In general, dosing modification for the elderly with normal 
renal function is not considered necessary. In a small trial of 
patients aged between 68 and 83 years who received i.v. imi-
penem 0.5 g every 6 hours, dosage reduction was not neces-
sary if their glomerular filtration rate (GFR) exceeded 30 ml/
minute (Finch et al., 1986).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Imipenem has a low volume of distribution (14–21 l, 0.2–0.3 
l/kg) and low plasma protein binding of 9% (Pea et al., 2007). 
The elimination half-life of imipenem is 0.9–1.11 hours 
(Mouton et al., 2000). In comparison, the plasma protein 
binding, elimination half-life, and volume of distribution of 
cilastatin is 35 %, 0.8–0.9 hour, and 0.2–0.3 l/kg, respectively 
(Mouton et al., 2000). 

5b.  Drug distribution

When imipenem was administered intravenously in healthy 
volunteers as 0.5 g over 30 minutes, 0.5 g over 2 hours, and 1 g 
over 2 hours, pharmacokinetic parameters were as follows: max-
imum plasma concentration (Cmax) 48.43 ± 5.89, 21.64 ± 2.25, 
and 43.91 ± 5.73 μg/ml, respectively; minimum plasma concen-
tration (Cmin) (in this study at 6 hours after starting imipenem 
infusion) 0.62 ± 0.31, 1.05 ± 0.45, and 2.27 ± 0.72 μg/ml, respec-
tively; area under the concentration-time curve (AUC) between 
0 and infinity 63.71 ± 7.44, 59.00 ± 6.76, and 127.13 ± 17.32 
μg/h/ml, respectively; total clearance (CL) 7.95 ± 1.04, 8.58 ± 
1.05, and 8.00 ± 1.12 l, respectively, elimination half-life (t½) 
1.32 ± 0.27, 1.02 ± 0.19, and 2.42 ± 0.27 hours, respectively; 
and volume of distribution (Vd) 9.41 ± 1.44, 9.44 ± 1.76, and 
11.60 ± 1.99 l, respectively (Jaruratanasirikul et al., 2005). 

The pharmacokinetics of imipenem and cilastatin in 
adults with renal impairment are summarized in Table 37.4 
and Table 37.5, respectively; while the pharmacokinetics of 
imipenem during continuous renal replacement therapy is 
summarized in Table 37.6. The pharmacokinetics of imipe-
nem in septic adult patients is summarized in Table 37.7.

Table 37.4. Pharmacokinetic data of imipenem in patients with 
various renal functions

CrCl (ml/min/1.73m2)

> 100 30–100 10–30 < 10

t½ (h) 1 1.5 2–3 3–4

Vd (l/kg) 0.2–0.3 0.2–0.3 0.2–0.3 0.2–0.3

Cl (l/h/1.73m2) 15.0 8.58 5.16 3.36

Ae (%) 45–50 40–45 20–30 < 5

Abbreviations: CrCl: creatinine clearance; t½: half-life; Vd: volume of distri-
bution; Cl: total clearance from plasma; Ae: amount excreted.

Source: Adapted from Mouton et al. (2000).
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When a single dose of 10 mg/kg or 25 mg/kg of imipenem 
was administered intravenously in pediatric patients (5.2 ± 3.5 
years), Cmax was 21.50 ± 4.24 and 33.47 ± 1.95 µg/ml, respec-
tively and AUC was 26.96 ± 5.42 and 67.48 ± 7.53 µg/h/ml, 
respectively (Jacobs et al., 1984). In general, imipenem phar - 
macokinetics in neonates resembled those of adults with 
moderate to severe renal insufficiency; see Table 37.8.

Imipenem is widely distributed in the body. After intrave-
nous administration, it can be detected in sputum, pus, pleu-
ral fluid, synovial fluid, bone, aqueous humor, interstitial 
fluid and in peritoneal fluid in patients undergoing elective 
abdominal surgery. Cerebrospinal fluid (CSF) concentra-
tions in patients with uninflamed meninges were relatively 
low (0.8 μg/ml) and the level in saliva was also low (0.38 μg/
ml) (Jacobs et al., 1986; MacGregor et al., 1986; Wise et al., 1986; 

Rolando et al., 1994). In patients undergoing thoracotomy, the 
imipenem concentration was 10.5 μg/ml in pericardial fluid, 
but only 0.28 μg/g in lung tissue, 2.25 hours after administration 
of 1 g imipenem–cilastatin i.v. (Benoni et al., 1987).

In patients with bacterial meningitis, the CSF imipenem 
and cilastatin concentrations are higher. Modai et al. (1985) 
studied this in 12 patients with bacterial meningitis treated 
with other drugs. Each patient received four 1 g doses of imi-
penem–cilastatin at 6-hour intervals. Samples for estimation 
of imipenem CSF concentrations were taken at 60, 90, and 
120 minutes after the fourth dose of imipenem– cilastatin. 
Concentrations of imipenem in CSF ranged from 0.5 to 11 
μg/ml. Jacobs et al. (1986) studied imipenem penetration into 
the CSF in children with bacterial meningitis. They found 
CSF imipenem concentrations of 15–27% of simultaneous 
serum levels and CSF cilastatin penetration of 16–66%. With 
multiple doses, there was no accumulation of imipenem in 
the CSF. In two neonates with no meningitis, CSF imipenem 
levels obtained 1.5 hours after 15-minute i.v. infusions of 15 
or 25 mg/kg, were 1.1 and 5.6 μg/ml, respectively, represent-
ing 4% and 10% of the serum levels at 1 hour (Gruber et al., 
1985).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

As with other beta-lactam antibiotics, imipenem shows time- 
dependent antibiotic killing and its bactericidal activity relates 

Table 37.5. Pharmacokinetic data of cilastatin in patients with 
various degrees of renal dysfunction

CrCl (ml/min/1.73m2)

> 100 30–100 10–30 < 10

t½ (h) 0.8–0.9 1.5 2.5–4.5 15

Vd (l/kg) 0.2–0.3 0.2–0.3 0.2–0.3 0.2–0.3

Cl (l/h/1.73m2) 18.0 7.38 2.76 0.72

Abbreviations: CrCl: creatinine clearance; t½: half-life; Vd: volume of distri-
bution; Cl: total clearance from plasma.

Source: Adapted from Mouton et al. (2000).

Table 37.6. Pharmacokinetics of imipenem during continuous renal replacement therapy

Reference Dosagea Mode

Residual 
CrCl  
(ml/min)* RF

QBF 

(ml/min)
QUF 

(ml/h)
Cl  

(ml/min)
ClCRRT  

(ml/min)
ClCRRT 

(% of Cl) t½ (h) Cmin (µg/ml)

Tegeder et al. 
(1997)b

0.5 g q6h (NS), 
0.5 g q8h (NS)

CVVH 0 (10),  
61 (2)

NS 160 1115 122.2 22.9 19.7 2.87 4.1 for 0.5 g q6h
2.34 for 0.5 g q8h

Fish et al. 
(2005)c

0.5 g q12h (4), 
0.5g q8h (2)

CVVH NS (ARF) Post 150 1130 145.0 36.0 24.8 2.71 1.4 for 0.5 g q8–12h

Fish et al. 
(2005)

0.5 g q12h (3), 
0.5 g q8h (3)

CVVHDF NS (ARF) Post 158.3 1160 178.0 57.0 32.0 2.56 1.1 for 0.5g q8–12h

aThe value in parenthesis indicates the number of patients.
bMembrane/surface area = AN69/NS.
cMembrane/surface area = AN69/0.6 m2.
Abbreviations: CrCl: creatinine clearance; RF: replacement fluid; QBF: blood flow rate; QUF: ultrafiltration flow rate; Cl: total body clearance; Sc: sieving coefficient; 

ClCRRT: extracorporeal clearance; t½: elimination half-life; Cmin: minimum plasma concentration; NS: not specified; CVVH: continuous venovenous hemofiltration; 
ARF: acute renal failure; Post: postdilution; CVVHDF: continuous venovenous hemodiafiltration.

Source: Adapted from Pea et al. (2007).

Table 37.7. Pharmacokinetic parameters of imipenem in septic patients (A single dose of 1000 mg of imipenem)

Cmax (µg/ml) Cmin (µg/ml) t½ (h) AUC (µg/h/ml) VdSS (l) Cl (ml/h/kg) Fu (%)

CrCl >70 (ml/min)  
(n = 5)

82.8 ± 39.36 1.35 ± 0.64 1.9 ± 0.14 210.7 ± 68.8 17.6 ± 5.71 116.4 ± 42.3 44.4 ± 3.4

CrCl 40–70 (ml/min)  
(n = 5)

97.48 ± 64.36 4.48 ± 3 2.08 ± 0.43 222.3 ± 109.21 17.18 ± 3.1 113.5 ± 28.8 41.9 ± 6

Abbreviations: Cmax: maximum serum concentration; Cmin: minimum serum concentration (8 hours after administration); t½: half-life; AUC: area under the concen-
tration-time curve; Vdss: volume of distribution at steady state; Cl: total clearance from plasma; Fu: urinary fraction; CrCl: creatinine clearance.
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most to the time that serum drug concentrations remain above 
the MIC (t > MIC) for a given organism (Craig, 1998; Turnidge, 
1998; Sun et al., 2005). For effective bactericidal activity of 
imipenem, drug concentrations should exceed the MIC 
value for at least 40% of the dosing interval against a given 
organism (Sun et al., 2005; Rodloff et al., 2006). The Opti-
mizing Pharmacodynamic Target Attainment using the 
Mero penem Yearly Susceptibility Test Information Collection 
(MYSTIC) Antibiogram (OPTAMA) program combines 
MIC information from a global surveillance study (MYSTIC 
program) with information derived from Monte Carlo sim-
ulation. One of its results showed that the probability of 
achieving the percent time above an MIC of 40 for imipenem 
at both 500 mg every 6 hours and 1 g every 8 hours was  
> 90 % for most common pathogens implicated in nosocomial 
pneumonia (including methicillin-susceptible S. aureus [MSSA], 
P. aeruginosa, S. pneumoniae, Klebsiella spp., Enterobac ter 
spp., E. coli, Serratia spp., Acinetobacter spp., Proteus mirabi
lis, and Citrobacter spp.) when given as empirical therapy 
(Sun et al., 2005). However, it is important to note that the 
estimate is based on pharmacokinetic data in the healthy 
adult population and will also depend on the local preva-
lence of imipenem resistance.

In patients with febrile neutropenia, some experts recom-
mend the percent time above an MIC of 66–100% (Turnidge, 
1998; Mouton et al., 2000). Recently Lamoth et al., (2009) 
 analyzed the pharmacokinetics of imipenem in 57 febrile 
neutropenic patients and demonstrated that optimal admin-
istration of imipenem in febrile neutropenic patients is a 
dose of either 500 mg every 4 hours or 750 mg (via a 2-hour 
infusion) every 6 hours. This would achieve optimal time 
above MIC for the most common bacteria found in febrile 
neutropenia. However, the safety of these doses has not been 
demonstrated.

Imipenem produces a postantibiotic effect (PAE) not only 
to susceptible Gram-positive bacteria but also to susceptible 
Gram-negative bacilli such as Pseudomonas aeruginosa (Bus-
tamante et al., 1984; Gudmundsson et al., 1986). PAEs of 
imipenem against Enterobacteriaceae are variable (Baquero 
et al., 1986; Gudmundsson et al., 1986; Nadler et al., 1989). 
PAEs have been demonstrated in in vitro or in vivo in animal 
experiments, but their clinical significance has not been 
clear. It should be noted that PAE of imipenem in the range 
of 2–4 hours against E. coli and P. aeruginosa have been 
observed in vitro after exposure at four times the MIC of imi-
penem (Mouton et al., 2000).

5d.  Excretion

Imipenem is predominantly excreted by glomerular filtra-
tion. Renal tubular secretion accounts for only a very small 
fraction of renal elimination (Norrby et al., 1983b; Kropp et 
al., 1985). Co-administration of probenecid or dehydropep-
tidase inhibitors have only a slight effect on imipenem phar-
macokinetics and its serum half-life is unaltered (Norrby et 
al., 1983a; Norrby et al., 1983b).

Urinary recovery of imipenem administered alone is low 
and variable (6–38% of the dose) because a renal tubular 
dipeptidase enzyme metabolizes the drug by opening its lac-
tam ring. A ratio of imipenem to cilastatin of at least 1:1 is 
necessary to maintain effective antibacterial urinary levels 
of  imipenem; therefore this fixed ratio has been adopted 
for clinical use of imipenem–cilastatin. Urinary excretion of 
each entity then accounts for about 70% of the dose (Rogers 
et al., 1985). 

A small amount of imipenem is excreted via the bile. In 
patients with common bile duct drainage, peak imipenem 
concentrations in the bile averaged 4.4 μg/ml and 8.6 μg/ml 
after 0.5-g and 1-g i.v. doses of imipenem–cilastatin, respec-
tively. Slightly higher cilastatin concentrations were found 
in the bile, but there were large variations from patient to 
patient (Graziani et al., 1987). In patients in whom the com-
mon bile duct was obstructed no imipenem or cilastatin 
could be detected in the bile (Leung et al., 1992).

The portion of imipenem and cilastatin not excreted by the 
kidney is inactivated in the body. In the case of imipenem, a 
portion of this nonrenal clearance appears to be in vivo deg-
radation of the drug in serum (Swanson et al., 1986). The rest 
of imipenem and probably all of cilastatin is metabolized by 
the kidneys. A decline in renal function can presumably also 
be associated with reduction in renal metabolic clearance. 
Nonrenal clearance of imipenem is reduced 58% in end-stage 
renal failure, but nonrenal clearance of cilastatin is reduced 
by 87% in such patients (Gibson et al., 1985; Drusano, 1986). 
This is why the terminal half-life of cilastatin is much more 
prolonged than that of imipenem in patients with end-stage 
renal disease (see Table 37.4 and Table 37.5).

5e.  Drug interactions

There are increasing data that imipenem, like other carbap-
enems, decreases concentrations of valproic acid, potentially 
to subtherapeutic levels (Perea Falomir et al., 2006; Wu et al., 
2016). But some in vitro experiments suggests that imipenem 
potentially decreases plasma concentrations of valproic acid, 
probably by increasing valproic acid glucuronidation in the 
liver (Mori et al., 2007). 

Ganciclovir and imipenem should not be used concomi-
tantly because seizures have been reported in patients who 
received these drugs together (Rodloff et al., 2006; Zhane et 
al., 2007). The mechanism is not well studied.

The administration of probenecid with imipenem–cilastatin 
causes a 30% decrease in renal clearance of imipenem. How- 
ever this decrease is associated with an increase in nonrenal 
clearance; because imipenem is shunted to nonrenal mecha-
nisms of elimination, there is little apparent change in plasma 
clearance. Cilastatin pharmacokinetics are more affected by 
the concomitant administration of probenecid. Blockade of 
tubular secretion of cilastatin results in an increase in area 
under the concentration-time curve (AUC) and in the elim-
ination half-life from 0.8 to 1.7 hours (Drusano and Stand- 
iford, 1985; Zhanel et al., 2007).
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6. ADVERSE REACTIONS AND TOXICITY

6a.  Seizures and other neurological 
side-effects

Imipenem–cilastatin has been considered to have proconvul-
sive activity, and it has been generally regarded that the drug 
is more prone to cause seizures than other carbapenem class 
antibiotics. It is noteworthy, however, that US product labeling 
indicates that the seizure rate for imipenem is 0.4%, compared 
with 0.5–0.7% for meropenem (Rodloff et al., 2006).

In one animal study, rabbits with normal meninges were 
given penicillin G or imipenem–cilastatin intravenously in 
various doses, and it was found that imipenem–cilastatin was 
considerably more neurotoxic than penicillin G (Schliamser 
et al., 1988). In comparison with other carbapenem class 
antibiotics, in vitro and in vivo experiments have demon-
strated that imipenem–cilastatin has more proconvulsive ef- 
fect than meropenem, doripenem, biapenem, and  panipenem– 
betamipron (Kurihara et al., 1992; Day et al., 1995; Jin et  
al., 1999; Mouton et al., 2000; Horiuchi et al., 2006). It has 
been suggested that this is due to the interaction with the 
gamma-aminobutyric acid A (GABAA) receptor site, and 
related to the structure of the C-2 side chain (Williams et al., 
1988; Sunagawa et al., 1995). 

There have been a number of clinical reports that have 
documented occurrence of seizures in patients receiving 
imipenem–cilastatin therapy (Gebhart et al., 1985; Calandra 
et al., 1986; Winston et al., 1991; Rolston et al., 1992; Miller 
et al., 1993; Winston et al., 1998; Winston et al., 2001). One 
systematic review and meta-analysis comparing various 
monotherapies with beta-lactam agents in patients with neu-
tropenic fever showed that imipenem–cilastatin was asso-
ciated with more frequent seizures than other beta-lactam 
agents (risk ratio [RR]: 2.78; 95% confidence interval [CI]: 
1.00–7.76; seven studies; 1885 participants) (Paul et al., 
2006). Phase III trials and postmarketing surveillance have 
documented the incidence of imipenem–cilastatin-induced 
seizures to be 1.5–2% (Zhanel et al., 2007). However, in most 
cases, patients had predisposing factors for seizures, such as 
impaired renal function, extreme age, preexisting central ner-
vous disease or infection, stroke, and a history of seizures. 

Because it has been presumed that there would be a 
greater risk of neurotoxicity if bacterial meningitis is treated 
with imipenem–cilastatin rather than with other beta-lactam 
antibiotics, imipenem–cilastatin has not been indicated for 
central nervous infections for many years. A safety and effi-
cacy trial of imipenem–cilastatin for pediatric bacterial 
meningitis was terminated because 33% (7/21) of patients 
developed seizures (Wong et al., 1991). 

To reduce the risk of seizure, it is recommended that in 
patients with normal kidney function the maximum total 
daily dosage should not exceed 50 mg/kg/day or 4.0 g/day, 
whichever is lower (Rodloff et al., 2006). In addition, dose 
adjustment should be performed in patients with renal impair-
ment. Alternative carbapenems should be used if patients have 
underlying CNS disease or a history of seizures.

Confusion, and even psychosis, have been observed with 
imipenem administration (Ninan and George, 2016). To avoid 
these neurologic adverse effects, dose adjustment should be 
performed in patients with renal impairment. 

6b.  Nausea and vomiting

Nausea and or vomiting has occurred in some 3–4% of patients 
receiving the drug. In a few, persistent vomiting necessitated 
stopping the drug. Slowing the rate of i.v. infusion appeared 
to lessen this side effect in some patients (Calandra et al., 
1985; Zajac et al., 1985). When high doses of imipenem were 
given to patients with cystic fibrosis, nausea and vomiting 
were more common and more severe (Pedersen et al., 1987). 

6c.  Diarrhea and C. difficile colitis

Diarrhea has been observed in 3% of patients treated by 
 imipenem–cilastatin (Leyland et al., 1992; Norrby and Gildon, 
1999). In a study from the 1980s, C. difficile colitis during 
treatment by imipenem was reported to be rare (0.1% of all 
treated patients) (Calandra et al., 1986). However, the epide-
miology and nature of C. difficile has dramatically changed 
over the years. A recent systematic review and meta-analysis 
comparing various monotherapies of beta-lactam agents in 
patients with neutropenic fever demonstrated that imipe-
nem was associated with significantly more frequent pseudo-
membranous colitis than cephalosporins (RR: 2.07; 95% CI: 
1.28–3.34) (Paul et al., 2005). A recent case-control study 
demonstrated that patients with C. difficile–associated diar-
rhea were significantly more likely to have received imipe-
nem than uninfected controls (odds ratio [OR]: 2.77) (Baxter 
et al., 2008).

6d.  Hypersensitivity reactions

Some 2–3% of patients treated with imipenem–cilastatin 
have developed a rash, pruritus, or urticaria. It has been said 
that imipenem may be cross-allergenic with penicillins and 
cephalosporins, and it should be avoided in patients with 
previous allergic reactions to these drugs, especially if the 
reaction was severe (Barza, 1985; Wang, Calandra et al., 
1985; Calandra et al., 1986; Boguniewicz and Leung, 1995). 
On the basis of positive skin tests, a 47.4% (9/19) rate of 
cross-reactivity was found in a study performed in the 1980s 
(Saxon et al., 1988). However, two recent retrospective 
case-control studies demonstrated conflicting results on 
cross-reactivity between penicillin and carbapenems such 
as imipenem–cilastatin. Prescott et al. (2004) demonstrated 
the occurrence of allergic-type reactions to carbapenems 
( imipenem–cilastatin and meropenem) in patients with a 
penicillin allergy was 11%, which was 5.2 times greater than 
the risk in patients without a penicillin allergy (p = 0.024). 
Similar findings (although without statistical significance;  
p = 0.16) were reported by Sodhi et al. (2004) who found that 
9.2% of those with reported penicillin allergy had a hyper-
sensitivity reaction to carbapenems (imipenem–cilastatin 
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and meropenem) versus 3.9% in those without a history of 
penicillin allergy. A similar extent of imipenem–cilastatin 
allergy (9.5%) was found in 63 febrile neutropenic patients 
treated with imipenem–cilastatin, despite a self-reported his-
tory of penicillin allergy (McConnell et al., 2000). Romano et 
al. (2006) studied 112 patients with positive immunoglobu-
lin E (IgE) mediated hypersensitivity to penicillins as demon-
strated by skin test. Only one patient (0.9%) had a positive skin 
test with imipenem–cilastatin at a concentration of 0.5 mg/
ml normal saline. Of the 111 patients with a negative skin 
test, 100 agreed to undergo imipenem– cilastatin challenges. 
None of these patients had a clinical reaction (Romano et al., 
2006).

Imipenem–cilastatin is contraindicated in patients who 
have shown hypersensitivity to either component in the past. 
The decision to proceed with imipenem–cilastatin therapy in 
patients with self-reported penicillin allergy history should 
be made with the knowledge that about 10% of patients with 
reported penicillin allergy will develop an allergic reaction 
to imipenem–cilastatin. Clinicians should be cautious when 
imipenem–cilastatin is administered to patients who are 
allergic to penicillin and must weigh the benefits and risks of 
proceeding with carbapenem therapy. In some critically ill 
patients it may be reasonable to proceed with imipenem–
cilastatin when few other antibiotic options exist and in 
whom a prior penicillin allergic reaction has not been docu-
mented by healthcare professionals. 

6e.  Hematological side-effects

Neutropenia, a known side effect of beta-lactam antibiotics 
occurs in a small number of patients treated with imipenem–
cilastatin. This was usually reversible on ceasing the drug 
(Gentry, 1985; Calandra, et al., 1986). Eosinophilia was more 
common, but it was not associated with clinical abnormalities. 
A case of eosinophilic pneumonia has been reported associated 
with imipenem administration (Foong et al., 2016). A small 
number of patients developed a positive Coombs test, but there 
were no cases of hemolytic anemia. Changes in platelets and 
abnormal prothrombin times were rare (Calandra et al., 1986).

6f.  Hepatotoxicity

Abnormalities in liver function tests have been seen during 
imipenem–cilastatin therapy. These have been usually tran-
sient and without clinical signs of disease. Three patients 
during the early trials with imipenem–cilastatin developed 
jaundice, necessitating the discontinuation of the drug (Calan-
dra et al., 1986).

6g.  Nephrotoxicity

In animals, concomitant administration of cilastatin eliminates 
the nephrotoxicity associated with high doses of imipenem–
cilastatin (Kahan et al., 1983; Norrby, 1985). Daily doses of 
4  g imipenem–cilastatin for up to 4 weeks have not been 
associated with nephrotoxicity in humans.

6h.  Risks in pregnancy

Imipenem–cilastatin is a Food and Drug Administration’s 
pregnancy category C drug (Merck, 2007) and an Australian 
Drug Evaluation Committee Category B3 agent (TGA, 
2017). Imipenem passes the placenta in considerable quan-
tity. Heikkila et al. (1992) demonstrated that the concentra-
tion in amniotic fluid was 47% ± 39% of simultaneous 
maternal concentration of plasma when sampled 3 hours 
after the infusion in early pregnancy, and 16% ± 25% when 
sampled 30 minutes after the infusion in late pregnancy, thus 
concentration in umbilical venous and arterial blood was 
33% ± 12% and 31% ± 13% of that in the maternal blood, 
respectively. The manufacturer of the drug states that there is 
no evidence of embryotoxicity or teratogenicity in animal 
experiments (Merck, 2007). There are, however, no adequate 
and well-controlled studies in pregnant women.

6i.  Breastfeeding

No reports describing the use of imipenem–cilastatin during 
human lactation are available, and the effects on the nursing 
infant from exposure to the drug in milk are unknown. 
Until more data are available, we suggest using caution when 
considering the use of imipenem–cilastatin in lactating 
women. 

7. CLINICAL USES OF THE DRUG

7a.  Hospital-acquired and healthcare-
associated pneumonia, including 
ventilator-associated pneumonia

INITIAL EMPIRIC THERAPY

Imipenem–cilastatin is recommended in the 2016 guidelines 
of the Infectious Diseases Society of America (IDSA) and 
the American Thoracic Society (ATS) as one option for the 
initial empirical treatment of hospital-acquired pneumonia 
(HAP) and ventilator-associated pneumonia (VAP) (Kalil et 
al., 2016). Other published guidelines or consensus reports 
on nosocomial pneumonia in Europe, Asia, and Latin 
America recommend imipenem for treatment of nosocomial 
pneumonia with the risk factors mentioned earlier (Jorda 
Marcos et al., 2004; Luna et al., 2005; Song, 2008). It is impor-
tant to note that imipenem–cilastatin will not provide cov-
erage against the following causes of hospital-acquired 
pneumonia: MRSA, Legionella pneumophila, Stenotrophomo
nas maltophilia, imipenem-resistant Pseudomonas aeruginosa, 
and imipenem-resistant Acinetobacter spp. 

Imipenem–cilastatin has been compared with other broad 
spectrum antimicrobial agents (e.g. ciprofloxacin, aztreo-
nam, piperacillin\tazobactam, cefepime, levofloxacin, tige-
cycline, and doripenem) in randomized controlled trials 
(RCTs) for the treatment of HAP and VAP (see Table 37.9). 
In each of these studies it has been demonstrated that imipe-
nem–cilastatin has equivalent efficacy to those comparative 
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Table 37.9. Randomized clinical trials of imipenem in > 100 patients with nosocomial pneumonia

Reference Treatment regimen

No. of 
enrolled 

(evaluated) 
patients

VAP or 
mechanically 
ventilated at 

study entry (%) Outcomes

Fink et al. (1994) Imipenem (1000 mg every 8 hours) vs. 
ciprofloxacin (400 mg every 8 hours)

404 (189) 76 Clinical cure: 55% vs. 61% (NS)
Microbiological eradication: 55% vs. 65% (NS)
Microbiological eradication in P. aeruginosa: 34% vs. 

34% (NS)
Secondary resistance in P. aeruginosa: 22/44 (50%) vs. 

13/47 (28%)

Polk et al. (1997) Imipenem (500 mg every 6 hours) vs. 
aztreonam (2 g every 8 hours) plus 
vancomycin (1g every 12 hours)

122 (88) 100 Microbiological eradication: 70% vs. 77% (NS)

Jaccard et al. (1998) Imipenem (500 mg every 6 hours) vs. 
piperacillin–tazobactam (4 g/500 mg 
every 8 hours)

371 (154) 49 Clinical cure: 71% vs. 83% (NS)
Death due to infection: 7.6% vs. 9.3% (NS)
Mean duration of treatment: 9.9 ± 4.6 vs. 9.4 ± 4.3 (NS)
Clinical cure in patients with P. aeruginosa: 50% vs. 

90.5% (p = 0.004)
Secondary resistance in P. aeruginosa: 6 cases vs. 

1 case

West et al. (2003) Imipenem (500–1000 mg every 6–8 
hours) followed by ciprofloxacin (750 
mg p.o. every 12 hours) for 7–15 days 
vs. levofloxacin (750 mg i.v. every day) 
followed by levofloxacin (750 mg p.o. 
every day) for 7–15 days

438 (230) 71 Clinical cure: 69.4% vs. 66.2% (NS)
Microbiological eradication: 60.6% vs. 66.7% (NS)
Microbiological eradication in P. aeruginosa: 29.4% vs. 

58.8% (NS)
Superinfection of P. aeruginosa in the course of 

treatment: 9 cases vs. 2cases

Zanetti et al. (2003) Imipenem (500 mg every 6 hours) vs. 
cefepime (2 g every 8 hours)

281 (209) 66 Clinical cure: 74% vs. 70% (NS)
All-cause mortality: 19% vs. 26% (NS)
Microbiological eradication: 54% vs. 61% 
Secondary resistance: 16% vs. 10% (NS)
Secondary resistance in P. aeruginosa: 9/27 vs. 3/25

Shorr et al. (2005) Imipenem (500–1000 mg q6-6h) vs. 
levofloxacin (750 mg i.v. every day)

438 (222) 100 Clinical cure: 63.1% vs. 58.6% (NS)
Clinical cure in patients with P. aeruginosa: 61.1% vs. 

87.5% (NS)
Secondary resistance in P. aeruginosa: 1 isolate in each 

arm (NS)

Joshi et al. (2006) Imipenem (500 mg every 6 hours) vs. 
piperacillin–tazobactam (4 g/500 mg 
every 6 hours)

437 (197) 69 Clinical cure: 51.6% vs. 54.5% (NS)
Microbiological eradication: 76.1% vs. 75.1% (NS)
Microbiological eradication in P. aeruginosa: 70.6% vs. 

72.2% (NS)

Schmitt et al. (2006) Imipenem (1000 mg every 8 hours) vs. 
piperacillin–tazobactam (4 g/500 mg 
every 8 hours)

221 (218) 20 Clinical cure: 77.3% vs. 71% (NS)
Microbiological eradication: 52.7% vs. 45.8% 
P. aeruginosa isolates constituted only 4% of 

pathogens in this study.

Chastre et al. (2008) Imipenem (500 mg every 6 hours 
or 1000 mg every 8 hours) vs. 
doripenem (500 mg every 8 hours)

531 (248) 100 Clinical cure: 64.2% vs. 68.3% (NS)
Clinical cure in patients with P. aeruginosa: 42.9% vs. 

80.0% (NS)
Microbiological success: 67.3% vs. 73.3% (95% CI: –6.8 

to 18.8)
All-cause mortality at day 28: 9.5% vs. 10.8% (95% CI: 

–4.4 to 7.0)
Decreased susceptibility of P. aeruginosa in the course 

of treatment: 53.0% vs. 35.7% (NS)

Freire et al. (2010) Imipenem (500 –1000 mg every 8 hours) 
vs. tigecycline (100 mg load, then 50 
mg every 12 hours), plus ceftazidime 
2 g every 8 hours 

945 (511) 25 Cure in clinically evaluable population: 78.2% vs. 
67.9% (p = 0.12)

Cure, in microbiologically evaluable population: 67.6% 
vs. 62.7% (NS)

Ramirez et al. (2013) Imipenem (1000 mg every 8 hours) vs. 
tigecycline (75 mg every 12 hours or 
100 mg every 12 hours), both plus 
ceftazidime 2g every 8 hours plus an 
aminoglycoside

108 (67) 38 Cure in clinically evaluable population: 75% vs. 76.7% 
(NS)

Cure, in microbiologically evaluable population: 80% 
vs. 73.9% (NS)

Abbreviations: VAP: ventilator-associated pneumonia; NS, statistically not significant; CI: confidence interva.
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agents (Fink et al., 1994; Polk et al., 1997; Jaccard et al., 1998; 
West et al., 2003; Zanetti et al., 2003; Shorr et al., 2005; Joshi 
et al., 2006; Schmitt et al., 2006; Chastre, et al., 2008). However 
it is important to consider local susceptibility patterns because 
susceptibilities of nosocomial bacteria to carbapenems may be 
highly variable from center to center. Resistance of Pseudo
monas aeruginosa and Acinetobacter baumannii to imipe-
nem are particularly relevant. 

DEFINITIVE TREATMENT

Pseudomonas aeruginosa
In 20–50% of patients with P. aeruginosa pneumonia, resis-
tance to imipenem develops during therapy (Cometta et al., 
1994; Fink et al., 1994; Jaccard et al., 1998; Carmeli et al., 
1999; Zanetti et al., 2003; Nseir et al., 2008). This is most 
likely because of emergence of strains that have lost the 
OprD porin (Bonomo and Szabo, 2006). It is important to 
note that other antibiotics may also be associated with a sub-
stantial rate of emergence of resistance (Fink et al., 1994). 
Some have questioned the efficacy of imipenem–cilastatin in 
treatment of P. aeruginosa pneumonia. For example, Jaccard 
et al. (1998) demonstrated that in patients with nosocomial 
pneumonia due to P. aeruginosa imipenem–cilastatin treat-
ment was associated with significantly greater numbers of 
clinical failures compared to piperacillin–tazobactam (50% 
vs. 10%, p = 0.004). Approximately half of the failures were 
defined by isolation of a resistant organism during treatment. 
West et al. (2003) reported that the microbiological eradication 
rate of P. aeruginosa in the treatment of imipenem– cilastatin 
(29.4%) was lower than levofloxacin (58.8%). Despite these 
results, imipenem–cilastatin does have a long track record of 
use in P. aeruginosa infections, but should clearly be used 
with some caution given the risk of emergence of resistance 
during therapy.

ESBL-producing Enterobacteriaceae
Carbapenems, such as imipenem–cilastatin, are regarded as 
the drugs of choice for serious infections, such as hospital- 
acquired pneumonia, due to ESBL-producing organisms 
(Endimiani and Paterson, 2007). While ESBLs hydro- 
lyze cephalosporins and penicillins, these beta-lactamases 
do not hydrolyze carbapenems. Unfortunately ESBL-
producing Enterobacteriaceae are frequently multidrug 
resistant, with cephalosporins, quinolones, cephamycins, 
and beta-lactam/beta-lactamase inhibitor combinations, 
potentially being affected (Martinez-Martinez, et al., 1996; 
Lautenbach et al., 2001; Alvarez et al., 2004; Tracz et  
al., 2005; Paterson, 2006). In a randomized, evaluator-blind 
study in patients with nosocomial pneumonia, no unfavor-
able outcomes were observed in patients with pneumonia 
due to ESBL-producing Enterobacteriaceae treated with 
imipenem–cilastatin (n = 10), whereas only 69% (9/13) 
patients treated with cefepime had a favorable clinical 
response. In an observational study of Klebsiella blood-
stream infections due to ESBL producers, the 14-day 

mortality rates were 4.8% (2/42) treated with carbapenems 
(predominantly imipenem–cilastatin) and 27.6% (8/29) 
treated with a noncarbapenem antibiotic (Paterson et al., 
2004). Slightly more than 20% of these patients had pneu-
monia as the underlying focus of infection. Thus ATS/IDSA 
guidelines recommend use of imipenem–cilastatin or 
meropenem for the specific treatment of HAP, HCAP, and 
VAP caused by ESBL-producing Enterobacteraceae (Kalil et 
al., 2016).

Imipenem-susceptible Acinetobacter spp.
Acinetobacter spp. accounted for 6.9% of cases of nosocomial 
pneumonia in one USA study (Gaynes and Edwards, 2005). 
However, for the treatment of HAP, HCAP, and VAP caused 
by Acinetobacter spp. there have been very limited choices 
because of their ability to develop resistance to a wide range of 
antimicrobial agents. Therapeutic options include  imipenem–
cilastatin, meropenem, ampicillin–sulbactam, tigecycline, 
and the polymyxins (polymyxin B and colistin). Among 
these agents imipenem–cilastatin and meropenem are more 
reliable and tolerable than the other agents. It is noteworthy 
that susceptibility of Acinetobacter to imipenem and mero-
penem may be discordant (Jones et al., 2006). In a prospec-
tive observational study in patients with bacteremia (caused 
by pneumonia in 71% of patients) due to Acinetobacter bau
mannii, imipenem treatment was successful in 83% of cases 
(35/42), while ceftazidime treatment was less successful 
(43%, 3/7) (Cisneros et al., 1996). In a case series involving 
62 patients with Acinetobacter ventilator-associated pneu-
monia treated with imipenem–cilastatin, successful out-
comes were seen in 83% (Wood et al., 2002). Performance 
of follow-up cultures of bronchial alveolar lavage (BAL) 
specimens was performed in 20 patients, and in 6 of these  
persistence of Acinetobacter VAP was observed. Two 
patients had a second, independent episode of Acine to
bacter VAP occur later in the course of their hospitaliza-
tion. In both patients, the subsequent episode of VAP was 
due to imipenem-resistant Acinetobacter organisms (Wood 
et al., 2002).

7b.  Complicated intraabdominal infections

Intraabdominal infections are nearly always polymicrobial. 
Both aerobes and anaerobes may be involved, including 
Bacteroides spp. More resistant strains, requiring use of  
imipenem–cilastatin may be related to nosocomial cases (e.g. 
Pseudomonas aeruginosa, Acinetobacter spp., ESBL-producing 
Enterobacteriaceae, Enterococcus spp). Vancomycin-resistant 
enterococci, MRSA, and Candida spp. may also occur in this 
setting but will not be covered by imipenem (Dupont, 2007). 
Imipenem–cilastatin monotherapy has been evaluated in 
treatment of intraabdominal infections in more than 20 
RCTs so far (see Table 37.10), with comparators including 
monotherapy with meropenem, biapenem, cefoxitin, pipera-
cillin–tazobactam, ticarcillin–clavulanic acid, and alatro-
floxacin and with combination therapy with cefepime plus 
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Table 37.10. Randomized clinical trials of imipenem in > 100 patients with complicated intraabdominal infections.

Reference Treatment regimen

No of enrolled 
(evaluated) 

patients Outcomes

Garbino et al. (2007) Imipenem (500 mg every 6 hours) vs. Cefepime 
(2 g every 12 hours) plus metronidazole 
(500 mg every 8 hours)

122 (121) Clinical success: 72% vs. 87% (p = 0.004)
Microbiological eradication: 62.3% vs. 71.6% (noninferiority 

test to imipenem, δ = 0.01; p = 0.032)

Oliva et al. (2005) Imipenem (500 mg every 6 hours) vs. tigecycline 
(100 mg initial dose, then 50 mg every 12 
hours)

825 (692) Clinical success: 79.4% vs. 74.3% (noninferiority to 
imipenem)

Microbiological eradication: 82.4% vs. 80.6% (noninferiority 
to imipenem)

Erasmo et al. (2004) Imipenem (500 mg every 6 hours) vs. piperacillin–
tazobactam (4 g/500 mg every 8 hours)

293 (149) Clinical success: 97% vs. 97%
Microbiological eradication: 95% vs. 97%
Patients with adverse events related to study drug: 8.3% vs. 

8.1% (NS)

Zanetti et al. (1999) Imipenem (500 mg every 6 hours) vs. meropenem 
(500 mg every 8 hours)

161 (135) Clinical success: 93.8% vs.91.6% (NS)
Microbiological eradication: 92.6% vs. 87.1%

Allo et al. (1999) Imipenem ( 1g every 6 hours) vs. ticarcillin– 
clavulanic acid (3.1 g every 6 hours)

250 (137) Clinical success: 96% vs. 97% (NS)
Microbiological eradication: % vs. 98.4 vs. 100% (NS)

Jaccard et al. (1998) Imipenem (500 mg every 6 hours) vs. piperacillin–
tazobactam (4 g/500 mg every 8 hours)

371 (159) Clinical success: 83% vs. 76% (NS)

Donahue et al. (1998) Imipenem (1 g every 8 hours) , then amoxicillin–
clavulanic acid (500 mg p.o. three times a day) 
vs. alatrofloxacin (300 mg i.v. every day), then 
trovafloxacin (200 mg p.o. every day)

418 (308) Clinical success: 84% vs. 83% (NS)
Microbiological eradication: 84% vs. 82% (NS)

Barie et al. (1997) Imipenem (500 mg every 6 hours) vs. cefepime 
(2 g every 12 hours) + metronidazole (500 mg 
every 6 hours)

323 (217) Clinical success: 76% vs. 88% (p = 0.02)
Microbiological eradication: 76% vs. 89% (p = 0.01) but 

mean APACHE II score: 9.3 vs. 7.8 (p = 0.04)

Basoli et al. (1997) Imipenem (500 mg every 8 hours) vs. meropenem 
(1 g every 8 hours)

287 (201) Clinical success: 98% vs. 95% (NS)
Microbiological eradication: 96% vs. 98% (NS)

Christou et al. (1996) Imipenem (500 mg every 6 hours) vs. cefoxitin 
(2 g every 6 hours)

213 (213) Clinical success: 86% vs. 89% (NS), although all isolates 
susceptibility: 98% vs. 72%

Solomkin et al. (1996) Imipenem (500 mg every 6 hours) vs.
ciprofloxacin (400 mg i.v. every 12 hours) plus 

metronidazole (500 mg i.v. every 6 hours)
vs. ciprofloxacin (400 mg i.v. every 12 hours) plus 

metronidazole (500 mg i.v. every 6 hours) then 
ciprofloxacin (500 mg p.o. every 12 hours) plus 
metronidazole (500 mg p.o. every 6 hours)

691 (330) Clinical success: 82% vs. 82% vs. 84%

Angeras et al. (1996) Imipenem (1.5–2.0 g/day) vs. cefuroxime (3.0–4.5 
g/day) plus metronidazole (1.0–1.5 g/day)

515 (306) Clinical success: 80.8% vs. 85.5%
Microbiological eradication: 86.9% vs. 90.8%

Brismar et al. (1996) Imipenem (500 mg every 6 hours) vs. biapenem 
(500 mg every 8 hours)

118 (83) Clinical success: 67.5% vs. 65.1% (NS)
Microbiological eradication: 67.5% vs. 65.1% (NS)

Brismar, Malmborg et 
al. (1995)

Imipenem (500 mg every 8 hours) vs. meropenem 
(1 g every 8 hours)

249 (189) Clinical success: 96% vs. 98% (NS)
Microbiological eradication: 95% vs. 98% (NS)

Geroulanos (1995) Imipenem (1 g every 8 hours) vs. meropenem  
(1 g every 8 hours)

232 (170) Clinical success: 94% vs. 96% (NS)

de Groot et al. (1993) Imipenem (500 mg every 6 hours) vs. aztreonam 
(600 mg every 8 hours) plus clindamycin (1000 
mg every 8 hours)

104 (80) Clinical success: 71% vs. 64%

Eckhauser et al. (1992) Imipenem (500 mg every 6–8 hours) vs. 
clindamycin (600 mg every 6 hours) + 
tobramycin (1 mg/kg every 8 hours)

145 (117) Clinical success: 96.5% vs. 92.2% (NS)
Microbiological eradication: 81.8% vs. 82.2% (NS)

Brismar et al. (1992) Imipenem (1 g every 8 hours) vs.  piperacillin–tazo-
bactam (4 g/500 mg every 8 hours)

134 (113) Clinical success: 69% vs. 93% (p = 0.001)
Microbiological eradication: 76% vs. 93% (p = 0.029)

Solomkin et al. (1990) Imipenem (500 mg every 6 hours) vs. tobramycin 
(1.5 mg/kg initially, then adjusted to achieve 
peak levels ≥ 6 µg/ml and trough levels 
between 1 and 26 µg/ml) plus clindamycin 
(600 mg every 6 hours)

290 (162) Clinical success: significant improvement of outcome for 
imipenem-treated patients

Poenaru et al. (1990) Imipenem (500 mg every 6 hours) vs. clindamycin 
(600 mg every 6 hours) or metronidazole (500 
mg every 6 hours) plus tobramycin (1.5 mg/kg 
every 8 hours)

104 (104) Death from sepsis: 4% vs. 13% (NS)
Clinical success: 79% vs. 67% (NS)

Abbreviations: NS: statistically not significant.
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metronidazole, ciprofloxacin plus metronidazole, cefurox-
ime plus metronidazole, aztreonam plus clindamycin, tobra-
mycin plus clindamycin, and tobramycin plus metronidazole 
(Poenaru et al., 1990; Solomkin et al., 1990; Brismar et al., 
1992; Eckhauser et al., 1992; de Groot et al., 1993; Brismar et 
al., 1995; Geroulanos, 1995; Angeras et al., 1996; Brismar et 
al., 1996; Christou et al., 1996; Solomkin et al., 1996; Barie  
et al., 1997; Basoli et al., 1997; Donahue et al., 1998; Jaccard 
et al., 1998; Allo et al., 1999; Zanetti et al., 1999; Erasmo et al., 
2004; Oliv et al., 2005; Garbino et al., 2007). Most of these 
studies have demonstrated that imipenem–cilastatin is as 
effective as other regimens. In two RCTs, imipenem– cilastatin 
was shown to be significantly inferior to the other regimens— 
namely piperacillin–tazobactam (Brismar et al., 1992) and 
cefepime plus metronidazole (Barie et al., 1997). However, 
two more recent RCTs, comparing imipenem–cilastatin and 
piperacillin–tazobactam, enrolled larger number of patients 
and showed no significant difference between the two drugs 
(Jaccard et al., 1998; Erasmo et al., 2004). In the case of 
cefepime plus metronidazole, there was a significantly higher 
APACHE II score in imipenem–cilastatin treated patients 
compared to those given cefepime plus metronidazole group 
(9.3 vs. 7.3; p = 0.04) (Barie et al., 1997). This may account for 
the differences seen.

IDSA guidelines regard imipenem–cilastatin monotherapy 
as an appropriate regimen for nosocomial or severe community- 
acquired intraabdominal infections or cases occur ring in 
patients with immunosuppression (Solomkin et al., 2003). For 
the selection of therapy, prior antibiotic exposure, local resis-
tance patterns, and comorbidities should be considered. In 
nosocomial cases, addition of vancomycin and/or anti- Candida 
agents is sometimes necessary. Needless to say, appropriate 
surgical interventions are often more important than anti-
microbial chemotherapy.

7c.  Neutropenic fever

Imipenem–cilastatin is one of the alternatives of initial anti-
microbial therapy for neutropenic fever in high-risk patients. 
Imipenem has activity against most of the causative pathogens 
in neutropenic fever, such as P. aeruginosa, Entero bacteriaceae 
(including ESBL producers), Streptococcus spp., and En tero 
coccus faecalis. As noted previously, imipenem will not reliably 
cover MRSA, MRSE, Enterococcus faecium, and non-bacterial 
pathogens. Imipenem–cilastatin therapy for neutropenic fever 
has been supported by substantial clinical experience. There 
have been 19 RCTs (see Table 37.11) for empirical treatment 
of neutropenic fever (each of which enrolled more than 100 
patients) that compared imipenem–cilastatin with other regi-
mens: cefepime, ceftazidime with or without tobramycin or 
amikacin, cefoperazone–sulbactam, cefuroxime plus tobra-
mycin,  piperacillin–tazobactam, piperacillin plus gentami-
cin or amikacin, cefoperazone plus piperacillin, ceftazidime 
plus piperacillin, aztreonam, latamoxef plus tobramy- 
cin, clinafloxacin, imipenem–cilastatin plus amikacin, and 
 imipenem–cilastatin itself in different dose (Norrby et al., 
1987; Liang et al., 1990; Matsui et al., 1991; Winston et al., 

1991; Leyland et al., 1992; Rolston et al., 1992; Miller et  
al., 1993; Erjavec et al., 1994; Freifeld et al., 1995; Aparicio et 
al., 1996; Bode et al., 1996; Raad et al., 1996; Biron et al., 
1998; Bohme et al., 1998; Marra et al., 1998; Winston et  
al., 1998; Winston et al., 2001; Raad et al., 2003; Cherif et al., 
2004). None of these studies showed inferiority of  imipenem–
cilastatin in clinical success for this condition, and 2 studies 
demonstrated that imipenem–cilastatin was significantly 
superior to ceftazidime in clinical success rate (Liang et al., 
1990; Rolston et al., 1992). 

Imipenem–cilastatin was more likely to be a cause of nau- 
sea and vomiting than cefepime, piperacillin–tazobactam, 
cefoperazone–sulbactam, aztreonam, ceftazidime plus tobra-
mycin, cefoperazone plus piperacillin, ceftazidime plus pip-
eracillin, and piperacillin plus amikacin, but in only some 
studies were these trends statistically significant (Norrby et 
al., 1987; Winston et al., 1991; Miller et al., 1993; Bodey et al., 
1996; Raad et al., 1996; Biron et al., 1998; Marra et al., 1999). 
There were also trends for imipenem–cilastatin use to be 
more likely associated with C. difficile colitis than cefepime, 
clinafloxacin, cefoperazone–sulbactam, ceftazidime (Freifeld 
et al., 1995; Bodey et al., 1996; Winston et al., 2001; Raad et 
al., 2003) and to be associated with seizures than clinafloxa-
cin, cefoperazone–sulbactam, and ceftazidime with or with-
out tobramycin or amikacin (Winston et al., 1991; Rolston et 
al., 1992; Miller et al., 1993; Winston et al., 1998; Winston et 
al., 2001). Winston et al. (1991) reported that higher doses 
of imipenem–cilastatin (1 g every 6 hours) caused seizure in 
10.3% of patients, while in just 0.9% with a lower dose regimen 
(500 mg every 6 hours). They also reported Stenotrophomonas 
maltophilia superinfection was significantly more frequently 
observed with imipenem–cilastatin than piperacillin plus cefo- 
perazone or ceftazidime (Winston et al., 1991). Imipenem–  
cilastatin was compared with meropenem in one RCT that 
enrolled only 61 patients/66 episodes in total. It demon-
strated equivalent clinical efficacy but a higher incidence of 
nausea and/or vomiting in the imipenem–cilastatin group 
(Shah et al., 1996). According to the systematic review and 
meta- analysis by Paul et al. (2006), carbapenems such as 
imipenem–cilastatin or meropenem were related to fewer 
treatment modifications (including need for addition of gly-
copeptide) than comparators, but increased rates of C. diffi
cile colitis were observed with carbapenem use. 

Imipenem–cilastatin monotherapy was shown to be as 
effective as imipenem–cilastatin plus amikacin for neutro - 
penic fever (Rolston et al., 1992). One meta-analysis to com-
pare the efficacy of monotherapy of antipseudomonal beta- 
lactam agents with aminoglycoside-containing combination 
therapy concluded that there was no difference between the 
therapies (Furno et al., 2002). There has been no RCT com-
paring imipenem–cilastatin monotherapy with combina-
tion therapy of imipenem plus vancomycin. However, two 
systematic reviews demonstrated that addition of an anti- 
Gram-positive agent such as vancomycin to an antipseudo-
monal agent in the initial empiric treatment for neutropenic 
fever did not improve outcomes (Paul et al., 2005). IDSA 
guidelines also do not recommend routine addition of 
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Table 37.11. Randomized clinical trials of imipenem in > 100 episodes with neutropenic fever

Reference Treatment regimen

No. of enrolled 
patients (no. 
of evaluated 

episodes) Outcomes

Cherif et al. (2004) Imipenem (500 mg every 6 hours) vs. 
cefepime (2 g every 8 hours)

180 (207) Clinical success: 51% vs. 40% (NS) 
Nausea and vomiting: 10% vs. 7% (NS)
Dearth: 3% vs. 2%

Raad et al. (2003) Imipenem (500 mg every 6 hours) vs. 
cefepime (2 g every 8 hours)

214 (251) Clinical success: 68% vs. 75% (NS)
Adverse events: 14% vs. 10% (NS)
Nausea and vomiting: 4/102 vs. 2/112
C. difficile infection: 8/102 vs. 3/112

Winston et al. (2001) Imipenem (500 mg every 6 hours) vs. 
clinafloxacin (200 mg every 12 hours)

541 (541) Initial favorable response: 33% vs. 33% 
Response after addition of other agents: 93% vs. 95%
Death: 7% vs. 5%
Skin rash: 6% vs. 11% (NS)
Nausea: 5% vs. 2% (NS)
C. difficile infection: 8% vs. 3% (p = 0.02)
Seizure: 2% vs. 0% (NS)

Biron et al. (1998) Imipenem (1 g every 8 hours) vs. cefepime 
(2 g every 12 hours)

388 (344) Clinical success of monotherapy: 72% vs. 79% (equivalence:  
p < 0.0001)

Clinical success with or without additional antibiotics: 90% vs. 95% 
(equivalence: p < 0.0001)

Survival at 7 days: 98% vs. 95%
Adverse events: 19% vs. 9% (p = 0.003)
Nausea and vomiting: 15% vs. 5% (0.001)

Winston et al. (1998) Imipenem (500 mg every 6 hours) vs. 
cefoperazone–sulbactam (4 g/2 g every 12 
hours) 

209 (203) Clinical success: 81% vs. 88% (NS)
Diarrhea: 15% vs. 31% (p = 0.007)
Seizure: 3% vs. 0% (NS)

Bohme et al. (1998) Imipenem (500 mg every 8 hours) vs. 
imipenem (1 g every 8 hours)

140 (192) Clinical success: 57% vs. 58% (NS)
No side effect: 95.8% vs. 79.4% (p = 0.0009)
Nausea and vomiting: 2.1% vs. 11.8% (p = 0.01)

Marra et al. (1998) Imipenem (500 mg every 6 hours) vs. 
piperacillin–tazobactam (4 g every 6 hours)

150 (150) Clinical success: 68% vs. 70% (NS)
Microbiological eradication: 96% vs. 90% (NS)
Nausea and vomiting: 15/75 vs. 5/75(p = 0.03)

Aparicio et al. (1996) Imipenem (500 mg every 6 hours) vs. 
ceftazidime (2 g every 8 hours)

102 (118) Clinical success: 70% vs. 69% (NS)

Bodey et al. (1996) Imipenem (500 mg every 6 hours) plus 
vancomycin (1 g every 12 hours) vs. 
cefoperazone–sulbactam (2 g/1 g every 
8 hours) plus vancomycin (1 g every 12 
hours)

407 (457) Clinical success: 73% vs. 74% (NS)
Adverse events: 11% vs. 5% (p = 0.02)
Nausea and vomiting: 5.3% vs. 0% (p = 0.00004)
C. difficile infection: 5/225 vs. 0/227 (p = 0.02)

Raad et al. (1996) Imipenem (500 mg every 6 hours) plus 
vancomycin (1 g every 12 hours) vs. 
aztreonam (2 g every 6 hours) plus 
vancomycin (1 g every 12 hours)

390 (300) Clinical success: 76% vs. 67% (NS)
Response to polymicrobial infections: 77% vs. 38% (p = 0.05)
Adverse events: 25% vs. 16% (p=0.04)
Rash: 6% vs. 2% (p=0.02)
Nausea and vomiting: 7% vs. 3% (NS)

Freifeld et al. (1995) Imipenem (50 mg/kg/day in four divided 
doses, max daily dose 4 g/day) vs. 
ceftazidime (90 mg/kg/day in three divided 
doses, max daily dose 6 g/day)

262 (399), 
pediatric 
patients 
included

Clinical success with unexplained fever: 99% vs. 98% (NS)
Clinical success with documented infection: 97% vs. 99% (NS)
Adverse events: 35% vs. 11% (p < 0.001)
C. difficile colitis: 12% vs. 6% (p = 0.04)

Erjavec et al. (1994) Imipenem (12.5 mg/kg every 6 hours) vs. 
Cefuroxime (15 mg/kg every 8 hours) plus 
tobramycin (2.5 mg/kg followed by 2 mg/
kg every 12 hours) 

179 (143) Clinical success: 44/75 vs. 27/68 (p < 0.05)
Duration of fever: 4days vs. 7days (p < 0.04)

Miller et al. (1993) Imipenem (500 mg every 6 hours) vs. 
Ceftazidime (2 g every 8 hours) plus 
tobramycin (3–5 mg/kg in three to four 
divided doses)

106 (86) Clinical success: 71% vs. 78% (NS)
Adverse events: 38% vs. 17% (p = 0.001)
Nausea: 25% vs. 8% (p = 0.008)
Diarrhea: 17% vs. 15% (NS)
Seizure: 2/65 vs. 0/66 (NS)

Leyland et al. (1992) Imipenem (mean: 3.5 g/day in four divided 
doses) vs. piperacillin (mean: 16 g/day in 
four divided doses) plus gentamicin (mean: 
240 mg day in three divided doses)

234 (252) Clinical success: 55% vs. 53% 
Raised serum creatinine: 0% vs. 6.8% (p = 0.004)
Hypokalemia: 0% vs. 2.7% (p = 0.034)
Nausea: 3.6% vs. 1.4% (NS)
Vomiting: 3.6% vs. 0% (NS)
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aminoglycosides or vancomycin to antipseudomonal agents 
such as imipenem. However, it is important to keep in mind 
that predominant pathogens related to neutropenic fever 
may change because of changed cancer chemotherapy regi-
mens, use of prophylactic antimicrobial agents, and increased 
technical sophistication (Ellis, 2008). 

7d.  Complicated urinary tract infections

Complicated urinary tract infection (UTI) may have differ-
ent causes than uncomplicated infection. Organisms isolated 
in complicated UTIs, such as Escherichia coli, Klebsiella spp., 
Enterobacter cloacae, Serratia marcescens, Proteus mirabilis, 
Pseudomonas aeruginosa, and enterococci may be more 
likely to be multiresistant and therefore need carbapenem 
therapy. Two RCTs demonstrated that imipenem–cilastatin 
was as effective as meropenem and piperacillin–tazobactam 
in the treatment of complicated UTI (Cox et al., 1995; Naber 
et al., 2002; see Table 37.12). In a phase II evaluation of cef-
tazidime 500 mg plus avibactam 125 mg every 8 hours for 
complicated UTI, patients were randomized to ceftazidime–
avibactam or imipenem–cilastatin 500 mg every 6 hours 
(Vazquez et al., 2012). The primary efficacy end point was a 

favorable microbiological response at the test-of-cure (TOC) 
visit, 5–9 days after the last dose of the study therapy, in  
the microbiologically evaluable (ME) population. Favorable 
microbiological response in the ME population at the TOC 
visit was observed in 19/27 (70.4%) patients in the ceftazi-
dime–avibactam arm and 25/35 (71.4%) in the imipenem–
cilastatin arm (observed difference −1.1% [95% CI: −27.2% 
to 25.0%]). 

In general, the indication for imipenem–cilastatin (or 
other carbapenems such as ertapenem or meropenem) for 
the treatment of complicated UTI is limited to the definitive 
therapy of multiresistant organisms untreatable with cepha-
losporins, penicillins, or fluoroquinolones. Prominent among 
these are ESBL-producing Enterobacteriaceae, which are 
unlikely to be successfully treated by cephalosporins, peni-
cillins, and quinolones (Norris and Young, 2008; Rodriguez-
Bano et al., 2006). Recently, even in the community setting, 
CTX-M-producing E. coli is a prominent cause of UTI and 
urosepsis in many areas of the world (Ben-Ami et al., 2006; 
Rodriguez-Bano et al., 2006). In areas where CTX-M-
producing E. coli isolates are present, empirical treatment by 
a carbapenem may be needed for complicated UTI, even for 
community-acquired infections (Rodriguez-Bano et al., 2006).

Reference Treatment regimen

No. of enrolled 
patients (no. 
of evaluated 

episodes) Outcomes

Rolston et al. (1992) Imipenem (12.5 mg/kg every 6 hours) vs. 
imipenem (12.5 mg/kg every 6 hours) plus 
amikacin (loading dose 200 mg/m2 
followed by 800 mg/m2/day continuously) 
vs. ceftazidime (1 g every 4 hours) vs. 
ceftazidime (1 g every 4 hours) plus 
amikacin (loading dose 200 mg/m2 
followed by 800 mg/m2/day continuously)

567 (750) Clinical success: 72% vs. 76% vs. 59% vs. 71%
Ceftazidime alone the least effective (p = 0.009 for all other 

regimens)
Seizure: 9/371(imipenem containing regimen) vs. 0/379 (ceftazi-

dime containing regimens) (p = 0.002)

Winston et al (1991) Imipenem (1 g every 6 hours or 500 mg every 
6 hours) vs. cefoperazone (3 g every 12 
hours) plus piperacillin (75 mg/kg every 6 
hours) vs. ceftazidime (2 g every 8 hours) 
plus piperacillin (75 mg/kg every 6 hours)

429 (403) Clinical success: 82% vs. 75% vs. 74% (NS)
2 g/day imipenem was as effective as 4 g/day imipenem
S. maltophilia superinfection: 3/135 patients vs. 0/268 patients 

(combination therapy) (p = 0.03)
Seizure: 10.3% (4 g/day imipenem) vs. 0.9% (2 g/day imipenem) vs. 

2.2% (ceforerazone plus piperacillin) vs. 0% (ceftazidime plus 
piperacillin)

Nausea: more often in imipenem group
Diarrhea: more often in cefoperazone plus piperacillin

Matsui et al. (1991) Imipenem (1 g every 12 hours) vs. latamoxef 
(2 g every 12 hours) plus tobramycin 
(90 mg every 12 hours)

98 (101) Clinical success: 82% vs. 80% (NS) 

Liang et al. (1990) Imipenem (500 mg every 6 hours) vs. 
Ceftazidime (2 g every 8 hours)

89 (100) Clinical success: 77% vs. 56% (p = 0.04)
Response to microbiologically documented infection: 81% vs. 33% 

(p = 0.02)
Death: 0% vs. 4% (NS)

Norrb et al. (1987) Imipenem (1 g or 12.5 mg/kg every 6 hours) 
vs. piperacillin (4 g or 75 mg/kg every 4–6 
hours) plus amikacin (15 mg/kg divided in 
two to three daily doses)

210 (80) Clinical success: 81% vs. 72% (NS)
Treatment discontinuance due to adverse reactions: 3/105 vs. 

12/105 (p < 0.05)
Nausea: 11/105 vs. 1/105 (p < 0.005)
Isolation of S. maltophilia in surveillance culture: 10/105 vs. 2/105 

(p < 0.025)

Abbreviation: NS: statistically not significant.
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7e.  Polymicrobial necrotizing fasciitis

Polymicrobial necrotizing fasciitis is an uncommon but 
life-threatening disease, associated with diabetes mellitus, 
morbid obesity, alcoholism, parenteral drug use, abdom-
inal surgery, decubitus ulcer, perianal abscess, or vulvo-
vaginal infection (DiNubile and Lipsky, 2004; Stevens, et 
al., 2005). It is caused mainly by nongroupable streptococci, 
Enterobacteriaceae, Bacteroides spp., Peptostreptococcus spp., 
or Pseudo monas aeruginosa (DiNubile and Lipsky, 2004). 
Thus treatment of polymicrobial necrotizing fasciitis must 
include both aerobic and anaerobic coverage. There have 
been no RCTs in this area, but imipenem–cilastatin is a 
potential option for this infection because of its broad anti-
microbial activity (Stevens et al., 2005; Anaya and Patchen 
Dellinger, 2007; Cainzos and Gonzalez-Rodriguez, 2007). 
Local epidemiology and prior use of antibiotics are very 
important considerations in deciding between imipenem–
cilastatin and other options for the initial regimen. This 
choice should be reassessed based on culture and sensitivity 
results (Cainzos and Gonzalez-Rodriguez, 2007). Surgical 
intervention remains an important adjunct in treatment of 
this condition.

7f.  Severe diabetic foot infections

There has been only one RCT of imipenem–cilastatin for the 
treatment of diabetic foot infection, which demonstrated 
that ampicillin–sulbactam was as effective as imipenem–
cilastatin for limb-threatening foot infection in diabetic 
patients (Grayson et al., 1994). However, this was a single- 
center trial with 48 patients in each arm. At a local level, it is 
necessary to consider whether more complex and resistant 
microorganisms like MRSA, Enterococcus spp. (including 
vancomycin-resistant strains), Enterobacteriaceae (includ-
ing ESBL-producers), P. aeruginosa, other nonfermentative 
Gram-negative rods and Bacteroides spp. are likely to be 
a  component of the infecting flora (Bowler et al., 2001; 
Lipsky et al., 2004). Thus imipenem–cilastatin is one of 
the  recommended regimens for the treatment of severe 
 diabetic foot infection by IDSA guidelines (Lipsky et al.,  
2004).

7g.  Prophylactic use in acute necrotizing 
pancreatitis

Secondary pancreatic or peripancreatic infection of acute 
necrotizing pancreatitis is a very important and controversial 
issue. Infection occurs in 40–70% of patients with necrotiz-
ing pancreatitis in the second or third week after onset of 
pancreatitis and is one of the leading causes of the mortality 
and morbidity in this condition. Thus early prevention of 
infectious complication of acute necrotizing pancreatitis has 
been advocated (Frossard Steer et al., 2008). The causative 
organisms of pancreatic or peripancreatic infection second-
ary to acute necrotizing pancreatitis include E. coli, Klebsiella 
spp., Enterobacter spp., Proteus spp., Pseudomonas aeruginosa, 
Bacteroides spp., Clostridium spp., and Enterococcus spp., all of 
which should be treated by carbapenems such as imipenem 
(Dellinger, et al., 2007).

The value of carbapenems as prophylaxis in patients with 
necrotizing pancreatitis is a matter of great dispute. A variety 
of randomized trials, meta-analyses, and guidelines give 
conflicting conclusions (Pederzoli et al., 1993; Gurusamy et 
al., 2005; Banks and Freeman, 2006; Heinrich et al., 2006; 
Mazaki et al., 2006; Takeda et al., 2006; Villatoro et al., 2006; 
Whitcomb, 2006; Dambrauskas et al., 2007; Dellinger et  
al., 2007; Haney and Pappas, 2007; Rokke et al., 2007; Tellado, 
2007; Bai et al., 2008; Frossard et al., 2008; Skipworth and 
Pereira, 2008). Practice guidelines by the American College 
of Gastroenterology in 2006, do not recommend prophylac-
tic antibiotics in necrotizing pancreatitis (Banks 2006), while 
Japanese guidelines in 2006 strongly recommend them 
(Takeda et al., 2006). British guidelines in 2005 concluded that 
there is no consensus on this issue (Gurusamy et al., 2005). 
Proponents show evidence from some randomized trials, while 
detractors point to other randomized trials and point to risks 
of superinfections with Candida spp. and carbapenem-resistant 
bacterial infections (Howard and Temple, 2002).

There are two randomized placebo-controlled trials of 
imipenem–cilastatin for prophylactic use in severe pancre-
atitis (Pederzoli et al., 1993; Rokke et al., 2007). In addition, 
a comparatively large randomized placebo-controlled trial 
on the use of meropenem for this indication has been  
published (Dellinger et al., 2007). The first randomized trial 

Table 37.12. Randomized clinical trials of imipenem in > 100 patients with complicated urinary tract infections

Reference Treatment regimen 

No. of enrolled 
(evaluated) 

patients Outcomes

Naberet al. (2002) Imipenem (500 mg every 8 hours) vs. piperacillin–
tazobactam (2 g/0.5 g every 8 hours)

337 (301) Clinical success: 79.9% vs. 83.0% (NS)
Bacteriological efficacy: 48.6% vs. 57.8%

Cox et al. (1995) Imipenem (500 mg every 6 hours) vs. meropenem 
(500 mg every 8 hours)

235 (177) Clinical success: 99% vs. 99% (NS)
Bacteriological efficacy: 81% vs. 90% (NS)
Adverse events: 19% vs. 8%
Nausea: 5% vs. 0%

Vazquez et al. (2012) Imipenem (500 mg every 6 hours) vs. ceftazidime–
avibactam (500/125 mg every 8 hours)

137 (135) Microbiologic efficacy: 71.4% vs. 70.4% (NS)

Abbreviation: NS: statistically not significant.
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evaluating imipenem–cilastatin use for acute necrotizing 
pancreatitis was published in 1993 and laid the foundations 
for subsequent recommendations for its use in this condition. 
This study of 74 patients showed a significant decrease of pan-
creatic infection with imipenem (12.2% vs. 30.3%; p < 0.01) 
but no difference in need for surgical operations or mortality 
(Pederzoli et al., 1993). A subsequent randomized trial of 
imipenem–cilastatin versus placebo in 73 patients with 
severe pancreatitis in seven Norwegian hospitals showed 
that imipenem–cilastatin prophylaxis was associated with 
fewer infections and fewer complications, but no difference 
in mortality (Rokke et al., 2007). In contrast, a recent multi-
center randomized double-blind placebo-controlled trial of 
prophylactic meropenem in severe acute necrotizing pancre-
atitis demonstrated no significant difference between treat-
ment groups for pancreatic or peripancreatic infections, 
mortality, or requirement of surgical intervention (Dellinger 
et al., 2007). Recent meta-analysis have also shown conflict-
ing results on the efficacy of prophylactic antimicrobial use 
for acute necrotizing pancreatitis (Mazaki et al., 2006; Villatoro 
et al., 2006; Dambrauskas et al., 2007; Bai et al., 2008). 

If antibiotic prophylaxis is used, imipenem–cilastatin is 
typically given for 14 days (Gurusamy et al., 2005; Heinrich 
et al., 2006; Frossard et al., 2008). However, a randomized 
trial of imipenem–cilastatin for 14 days or > 14 days showed 
that while prolonged prophylaxis was not associated with a 
reduction in septic complications, prolonged prophylaxis in 
patients with persisting signs of sepsis was associated with 
lower mortality (Maravi-Poma et al., 2003). As an alternative 
to prophylaxis, fine needle aspiration of the pancreatic necro-
sis can be performed when infection is suspected. Car ba-
penems can be empirically commenced after the aspirate has 
been completed, but discontinued if no infection is docu-
mented (Frossard et al., 2008).

7h.  Osteomyelitis

Imipenem–cilastatin has been used for the treatment of 
chronic osteomyelitis (Gentry, 1985; 1988; MacGregor and 
Gentry, 1985). It is potentially useful in polymicrobial infec-
tions caused by nosocomial bacteria (such as methicillin- 
susceptible S. aureus and Gram-negative bacteria). Such 
osteomyelitis often follows trauma or orthopedic surgical 
procedures, and often there are predisposing host factors, 
such as diabetes mellitus or peripheral vascular disease. In 
some parts of the world, ESBL-producing organisms are an 
increasingly frequent component of the flora causing dia-
betic foot infections (Gadepalli et al., 2006). In this context, 
carbapenems may be particularly useful for osteomyelitis.

IMIPENEM–RELEBACTAM 

Relebactam (previously known as MK7655) is a potent inhib-
itor of serine beta-lactamases, of classes A and C. This 
includes not just ESBLs and AmpC beta-lactamases, but also 
the KPC carbapenemases. A number of in vitro evaluations 
have been undertaken that confirm the microbiologic effi- 

cacy of imipenem–relebactam against carbapenem-resistant 
organisms (Hirsch et al., 2012; Livermore et al., 2013; La - 
puebla et al., 2015). Notably, relebactam does not appear to 
enhance the activity of imipenem against anaerobes such as 
Bacteroides fragilis or other Bacteroides species (Snydman et 
al., 2016). Although relebactam is not yet approved in any 
jurisdiction at the time of writing, it is being evaluated, in 
combination with imipenem, for the treatment of serious 
infections where KPC is possible. 

Results of a phase II clinical trial of imipenem–relebactam 
have been released (Merck, 2016). A total of 302 adult patients 
with complicated UTIs (51.7%) or acute pyelonephritis 
(48.3%) were randomized to receive either relebactam 250 
mg, relebactam 125 mg, or placebo, each given intravenously 
in combination with imipenem–cilastatin 500 mg every 6 
hours for 4–14 days. The primary end point was the propor-
tion of microbiologically evaluable patients with a favorable 
microbiological response at discontinuation of intravenous 
therapy. Favorable results were similar across treatment groups: 
relebactam 250 mg plus imipenem (95.5%; n = 67), relebac-
tam 125 mg plus imipenem (98.6%; n = 71), and placebo plus 
imipenem (98.7%; n = 75). It should be stressed that only 25 
patients had imipenem-resistant Gram-negative UTIs.

The most common adverse events (headache, diarrhea, 
and nausea) occurred at similar rates across treatment groups: 
relebactam 250 mg plus imipenem (7.1%, 5.1%, 4.0%, respec-
tively), relebactam 125 mg plus imipenem (3.0%, 2.0%, 6.1%, 
respectively), and placebo plus imipenem (4.0%, 4.0%, 4.0%, 
respectively).

In another multicenter, double-blind phase II study, 351 
adult patients with complicated intraabdominal infections 
were randomized to receive either relebactam 250 mg, rele-
bactam 125 mg or placebo, each given intravenously in 
combination with imipenem–cilastatin 500 mg every 6 hours 
for 4–14 days. The percentage of microbiologically evaluable 
patients with favorable clinical response at the end of intra-
venous therapy, the primary efficacy end point, was similar 
across treatment groups: relebactam 250 mg (96.3%; n = 
83), relebactam 125 mg (98.8%; n = 87), and placebo (95.2%; 
n = 85).

The most common adverse events (nausea, diarrhea, and 
vomiting) occurred at similar rates across treatment groups: 
relebactam 250 mg (6.8%, 6.0%, 6.0%, respectively), relebac-
tam 125 mg (7.8%, 6.0%, 7.8%, respectively), and placebo 
(7.0%, 4.4%, 2.6%, respectively).

Two large phase III clinical studies of relebactam in com-
bination with imipenem–cilastatin are currently ongoing 
and recruiting patients. One study is comparing treatment 
with imipenem–relebactam with piperacillin–tazobactam in 
patients with hospital-acquired bacterial pneumonia or ven-
tilator-associated bacterial pneumonia. The end point in this 
study is all-cause mortality. (clinical trial NCT02493764)

A second study is evaluating the efficacy and safety of 
 imipenem–relebactam compared to colistimethate sodium 
(CMS) in combination with imipenem in the treatment of 
 imipenem-resistant bacterial infections, including those 
caused by Pseudomonas aeruginosa and KPC-producing 
organisms. Infections evaluated in this study include 
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 hospital-acquired bacterial pneumonia, ventilator-associated 
bacterial pneumonia, complicated intraabdominal infec-
tions, and complicated urinary tract infections (clinical trial 
NCT02452047) (Merck, 2016).
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MEROPENEM 

1. DESCRIPTION

Meropenem is a broad-spectrum parenteral carbapenem 
with antimicrobial activity against a wide range of Gram-
negative and Gram-positive bacteria, including anaerobes. 
As a consequence of emerging multidrug resistance, espe-
cially in Gram-negative organisms, the clinical reliance on 
meropenem and other carbapenems increased after their 
introduction, especially in the intensive care unit setting. 
However, in recent years, resistance to carbapenems has 
emerged in Enterobacteriaceae and other Gram-negative 
bacilli. Of particular concern has been the acquisition of car-
bapenemase genes in major pathogens such as Escherichia 
coli and Klebsiella pneumoniae, with subsequent rapid dis-
semination across the world (Nordmann et al., 2011). This 
has provided a major challenge to our reliance on this useful 
antibiotic class for treating resistant Gram-negative organisms.

Compared with imipenem, meropenem has slightly 
greater in vitro activity toward many Gram-negative organisms 
and, conversely, slightly less activity toward Gram-positive 
organisms (Edwards et al., 2005; Turner, 2009). Similar to 
imipenem, meropenem is a thienamycin derivative that was 
licensed by the US Food and Drug Administration (FDA) in 
1996 (Hellinger and Brewer, 1999).

Meropenem contains a four-member lactam ring fused 
to a five-member thiazolidinic secondary ring through the 
nitrogen and adjacent tetrahedral carbon atom (Nicolau, 
2008; see Figure 38.1). The unique structural component that 
differentiates the carbapenems and influences antimicrobial 
activity and stability toward beta-lactamases is the side chains 
attached to this two-ring structure. Meropenem has a pyrro-
lidinyl substituent at the 2 position in its side chain (Figure 
38.1), which is thought to provide the improved Gram-negative 

activity (Zhanel et al., 2007). Unlike imipenem, meropenem is 
intrinsically stable to human renal dehydropeptidate-1 (DHP-1) 
and therefore does not require co-administration with an 
enzyme inhibitor, such as cilastatin (Fukasawa et al., 1992). 
The most important pharmacodynamic parameter predict-
ing in vivo efficacy of meropenem, as with other beta- lactams, 
is the time the plasma drug concentration is maintained 
above the minimum inhibitory concentration (t > MIC) 
(Nico lau, 2008). It is rapidly bactericidal. Meropenem is  
for mulated as a mixed powder of meropenem and dried 
sodium carbonate available in a vial for reconstitution and  
injection.

The chemical formula of meropenem is C17H25N3O5S × 
3H2O, and its molecular weight is 437.52.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Meropenem has very broad spectrum activity against a vari-
ety of Gram-positive and Gram-negative bacteria (see Table 
38.1, Table 38.2, and Table 38.3). Carbapenems are generally 
active against a wider range of organisms than other penicil-
lins, cephalosporins and beta-lactam/beta-lactamase combi-
nation agents.

Figure 38.1. Chemical structure of meropenem.
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GRAM-POSITIVE AEROBIC BACTERIA

Meropenem has activity against aerobic Gram-positive organ-
isms (Table 38.1); however, there are exceptions, including 
methicillin-resistant Staphylococcus aureus (MRSA), vanco-
mycin-resistant enterococci (VRE), and Enterococcus fae
cium. As mentioned, imipenem has greater in vitro activity 
toward many Gram-positive organisms; however, the clinical 
significance of this difference is not well defined. Meropenem 
also has activity against Bacillus spp. (Luna et al., 2007), 
Listeria monocytogenes (Madeo et al., 2015), Erysipelothrix 
rhusiopathiae (Kayser et al., 1989), and many Corynebacterium 
spp., with the exception of C. jeikeium, an organism that is 
often resistant to multiple antibiotics.

GRAM-NEGATIVE AEROBIC BACTERIA

Gram-negative aerobic bacteria have become one of the most 
formidable challenges to maintaining the efficacy of anti-
biotics. Meropenem remains highly active toward the major-
ity of aerobic Gram-negative bacteria (Table 38.2), with 
stability against many problematic beta-lactamases, including 
extended-spectrum beta-lactamases (ESBLs) and AmpC-type 

beta-lactamases. Meropenem has generally been considered 
first-line therapy for serious infections caused by such or - 
ganisms (Paterson et al., 2004). Compared to other carbap-
enems, the in vitro potency of meropenem is 4- to 16-fold 
greater than that of imipenem (Turner, 2007), and was 
reported to have a 2- to 8-fold greater in vitro potency toward 
ESBLs than ertapenem when ertapenem MICs were ≥ 2 μg/ml 
(Rhomberg et al., 2007). However, increasing carbapenem 
use in response to the rising global incidence of multidrug 
resistant Gram-negative bacilli may be a key driver in the 
emergence of carbapenem resistance (van Boeckel et al., 
2014). As such, there is renewed interest in carbapenem- 
sparing alternatives for the treatment of ESBL or AmpC-
producers (Harris et al., 2015). 

In vitro activity of meropenem toward most nonferment-
ing Gram-negative organisms, such as Pseudomonas aerugi
nosa and Acinetobacter spp., remains adequate; however, 
emerging resistance is an issue for many geographic regions 
(see section 2b, Emerging resistance and cross-resistance). 
Meropenem may not be as potent as imipenem or doripe-
nem against Acinetobacter baumannii (Jones et al., 2006). 

Table 38.1. Antimicrobial activity of meropenem against Gram-positive organisms

Organism
MIC50 

(μg/ml)
MIC90 

(μg/ml)
Range MIC 

(μg/ml)
No. of 
isolates Region Reference

Staphylococcus aureus, methicillin 
susceptible

0.13 0.25 ≤ 0.008–4 555 Europe Turner (2009)

0.12 0.12 ≤ 0.015–0.06 317 USA Rhomberg et al. (2009)

Coagulase-negative staphylococci, 
methicillin susceptible

0.13 8 ≤ 0.008–64 187 Europe Turner (2009)

0.12 0.25 0.03–0.5 143 USA Rhomberg et al. (2009)

Streptococcus pyogenes ≤ 0.06 ≤ 0.06 ≤ 0.06 62 Japan Hotomi et al. (2005)

Β-hemolytic streptococci ≤ 0.015 0.06 ≤ 0.015–0.12 119 USA Rhomberg et al. (2009)

Streptococcus agalactiae ≤ 0.12 ≤ 0.12–1 10,308 Global Hoban et al. (2015)

Streptococcus pneumoniae 0.5 ≤ 0.12–≥ 32 11,408 Global Hoban et al. (2015)

0.5 1 ≤ 0.015–16 347 Korea Baek et al. (2011)

≤ 0.015 1 ≤ 0.015–2 125 USA Rhomberg et al. (2009)

0.016 0.13 ≤ 0.008–2 79 Europe Turner (2009)

Streptococcus pneumoniae, PR 1.0 ≤ 0.12–≥ 32 1,795 Global Hoban et al. (2015)

Viridians group streptococci 0.06 0.5 ≤ 0.015–4 40 USA Rhomberg et al. (2009)

Enterococcus faecalisa 4 16 ≤ 0.008–64 290 Europe Turner (2009)

8 ≤ 0.12–≥ 32 11,407 Global Hoban et al. (2015)

Enterococcus faeciuma ≥ 32 ≤ 0.12–≥ 32 5,005 Global Hoban et al. (2015)

Listeria monocytogenes ≤ 0.06 ≤ 0.06 ≤ 0.06–0.25 96 Italy Madeo et al. (2015)

Propionibacterium acnes — — 0.094–0.75 23 USA Shames et al. (2006)

0.06 0.25 0.004–0.5 67 Canada Marchand-Austin et al. (2014)

Lactobacillus spp. 0.25 > 16

Bacillus anthracis 0.032 0.047 0.008–0.047 18 USA Luna et al. (2007)

Bacillus cereus 0.094 32 0.012–32 42 USA Luna et al. (2007)

Clostridium difficile 2.0 4.0 0.5–8.0 — — Zhanel et al. (2007)

Clostridium perfringens 0.0075 0.015 ≤ 0.002–0.03 19 Canada Marchand-Austin et al. (2014)

Actinobaculum spp. 0.03 0.06 0.004–0.06 5 Canada Marchand-Austin et al. (2014)

Actinomyces spp. 0.06 0.5 ≤ 0.004–0.25 70 Canada Marchand-Austin et al. (2014)

Eggerthella spp. 0.25 0.5 0.12–0.5 9 Canada Marchand-Austin et al. (2014)

Finegoldia magna 0.06 0.12 0.03–0.12 9 Canada Marchand-Austin et al. (2014)

Parvimonas micra 0.015 0.12 0.004–0.12 14 Canada Marchand-Austin et al. (2014)

aNo interpretive criteria are available for meropenem toward enterococci.
Abbreviation: PR: penicillin resistant (MIC ≥ 2.0 µg/ml).
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Meropenem also has activity toward Burkholderia pseudomallei 
(Jenney et al., 2001) and most B. cepacia strains (Aaron et al., 
2000). Meropenem and imipenem demonstrate the lowest 
MICs against B. pseudomallei in vitro (Currie, 2015), and in 
time-kill studies, meropenem has been shown to be more 
effective than ceftazidime (Smith et al., 1996). Stenotrophomonas 
maltophilia is inherently resistant to the carbapenems owing to 
a chromosomally encoded metallo-beta-lactamase (Walsh et 
al., 2005). Despite some Aeromonas also having an inherent 
metallo-beta-lactamase, termed CphA (Massidda et al., 1991), 
in vitro data suggest susceptibility toward meropenem in 
90% or more of isolates (Janda and Abbott, 2010). More 
detailed testing may be required if carbapenems are to be 
used for therapy because not all susceptibility testing meth-
ods detect CphA activity (Rossolini et al., 1996; Janda and 
Abbott, 2010).

Despite meropenem not being a first-line agent for many 
Gram-negative organisms, such as Haemophilus influenzae, 
Moraxella catarrhalis, and the Neisseria spp., knowledge of 
its activity is relevant in certain clinical situations (see sec-
tion 7f, Bacterial meningitis). Other Gram-negative organisms 
often susceptible to meropenem are Campylobacter jejuni, 
Hafnia alvei, Pasteurella multocida, and Yersinia entero colitica.

ANAEROBIC BACTERIA

The carbapenems as a class have excellent in vitro activity 
against anaerobic organisms (Table 38.1); however, the 
exceptions for Gram-positive anaerobes include Clostridium 
difficile and Lactobacillus. Meropenem remains highly potent 
against the majority of anaerobic Gram-negative organisms 
(Table 38.3), with low rates of resistance previously reported 
(Rhomberg et al., 2007; Snydman et al., 2007). However, in 
some contemporary studies, rates of meropenem resistance 
in B. fragilis have been reported to be as high as 6% in Korea 
(Yim et al., 2015) and 7.5% in Germany (Seifert et al., 2010). 
Carbapenem resistance in Bacteroides fragilis is most fre-
quently due to the presence of the metallo-beta-lactamase 
CfiA (Thompson and Malamy, 1990). However, cfiA gene 
expression may be clinically relevant only after the upstream 
acquisition of an insertion sequence (IS) element, leading to 
high-level carbapenem resistance, which may occur during 
carbapenem therapy (Edwards and Read, 2000).

OTHER BACTERIA

Meropenem also has in vitro activity against some of the aer-
obic actinomycetes, including Nocardia (MIC90 8 μg/ml; range: 
≤ 0.06 to > 64 μg/ml) and Rhodococcus equi (Kayser et al., 
1989; Cercenado et al., 2007). As with other antibiotics with 
activity against Nocardia spp., the MICs of meropenem 
against N. farcinica, N. otitidiscaviarum, and N. transvalensis 
can be significantly higher (Cercenado et al., 2007). Mero-
penem is active against N. brasiliensis (MIC90 4 μg/ml; range: 
0.12–8 μg/ml) and N. asteroides (MIC90 4 μg/ml; range: 0.06–8 
μg/ml) (Lai et al., 2009). However, imipenem is generally four-
fold more active in vitro against Nocardia than meropenem 
(Cercenado et al., 2007) but is less attractive for the treatment 
of central nervous system involvement due to the higher risk 

of seizures. Meropenem is also active against rapidly growing 
mycobacteria, specifically Mycobacterium fortuitum (MIC50 
4 μg/ml; MIC90 32 μg/ml; range: 1 to > 64 μg/ml); however,  
its activity is less than that of imipenem (Yang et al., 2003). 
M. chelonae (MIC50 64 μg/ml; MIC90 > 64 μg/ml; range: 4 to 
> 64 μg/ml) and M. abscessus (MIC50 32 μg/ml; MIC90 64 μg/
ml; range: 1 to > 64 μg/ml) are significantly less susceptible 
(Yang et al., 2003). 

There has been increasing interest in the activity of mero-
penem, combined with the beta-lactamase inhibitor clavula-
nate, against M. tuberculosis, including multidrug-resistant 
(MDR) or even extensively drug-resistant (XDR) strains. 
This can also be achieved by co-administrating meropenem 
and amoxicillin-clavulanate (Gonzalo and Drobniewski, 
2013). Current in vitro or in vivo data are limited, but MICs 
ranging between 0.125 and 32 μg/ml have been reported for 
meropenem–clavulanate (including for XDR and MDR 
strains), with the majority demonstrating MICs ≤ 2 μg/ml, 
the nonspecies-related susceptibility breakpoint for mero-
penem defined by EUCAST (Davies Forsman et al., 2015).

2b.  Emerging resistance and 
cross-resistance

Given the potency and breadth of activity of the carbapen-
ems and the paucity of new antimicrobials in the pipeline, 
cautious and prudent use of this class of antimicrobial is 
imperative. Despite meropenem retaining excellent activity 
against the majority of Gram-negative organisms, carbape-
nem resistance is emerging worldwide, both in nonferment-
ing Gram-negative organisms such as P. aeruginosa and  
A. baumannii, but, more alarmingly, in Enterobacteriaceae 
(Nordmann et al., 2011; Munoz-Price et al., 2013; Centers 
for Disease Control and Prevention, 2013; World Health 
Organization 2014; Tzouvelekis et al., 2012; Glasner et al., 
2013). Despite these concerns, the overall incidence in the 
general population of infections caused by Gram-negative 
bacilli with resistance to meropenem still remains low in 
many countries. For instance, population-level data for a 
region in the UK with 5.6 million inhabitants from 2010 to 
2013 showed that only 0.3% of E. coli, K. pneumoniae, or  
P. aeruginosa isolated from urine samples were nonsuscepti-
ble to carbapenems, with no significant trends observed over 
this period (Ironmonger et al., 2015). However, carbapenem 
resistance can be highly variable across regions. Despite the 
proximity of European countries, carbapenem resistance in 
K. pneumoniae ranges from almost zero (e.g. Norway, Swe- 
den) to 62.3% (Greece), with a population-weighted mean 
for the whole of Europe of 7.3% (European Centre for Disease 
Prevention and Control, 2015). In 2013, the Centers for 
Disease Control and Prevention (CDC, 2013) in the USA 
declared carbapenem-resistant Enterobacteriaceae an “urgent 
threat,” already accounting for a minimum of 9300 cases and 
610 deaths annually. It seems unlikely that this problem will 
be easily reversed in the near future. 

Broadly speaking, resistance to the carbapenems is medi-
ated by either enzymatic degradation from beta-lactamases, 
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Table 38.2. Antimicrobial activity of meropenem against aerobic Gram-negative organisms

Organism
MIC50 

(μg/ml)
MIC90 

(μg/ml)
Range of 

MIC (μg/ml)
No. of 
isolates Region Reference

Enterobacteriaceae, 
undifferentiated

— 0.25 ≤ 0.06–≥ 32 93,518 Global Hoban et al. (2015)

0.03 0.06 ≤ 0.015–> 32 1537 USA Rhomberg et al. (2009)

0.032 0.094 0.008–16 500 Asia-Pacific Kiratisin et al. (2012)

Escherichia coli ≤ 0.015 0.03 ≤ 0.015–≥ 16 487 USA Rhomberg et al. (2009)

≤ 0.12 ≤ 0.12 ≤ 0.12–8 1,517 Latin America Gales et al. (2012)

— ≤ 0.06 ≤ 0.06–≥ 32 28,947 Global Hoban et al. (2015)

≤ 0.06 ≤ 0.06 100 China Chen et al. (2015)

0.016 0.064 0.008–8 590 China Wang et al. (2010)

0.016 0.03 ≤ 0.008–8 781 Europe Turner (2009)

Klebsiella pneumoniae 0.25 ≤ 0.06–≥ 32 22,920 Global Hoban et al. (2015)

≤ 0.06 0.125 99 China Chen et al. (2015)

Klebsiella oxytoca 0.12 ≤ 0.06–≥ 32 5,486 Global Hoban et al. (2015)

Klebsiella spp. 0.032 0.064 0.008–> 256 531 China Wang et al. (2010)

≤ 0.12 0.5 ≤ 0.12–> 8 1,052 Latin America Gales et al. (2012)

0.03 0.06 ≤ 0.008–128 699 Europe Turner (2009)

0.03 0.06 ≤ 0.015–> 32 416 USA Rhomberg et al. (2009)

Proteus mirabilis 0.06 0.13 ≤ 0.008–2 244 Europe Turner (2009)

0.06 0.06 0.03–0.12 171 USA Rhomberg et al. (2009)

Proteus spp. 0.032 0.125 0.008–64 331 China Wang et al. (2010)

Enterobacter spp. — 0.25 ≤ 0.06–≥ 32 26,024 Global Hoban et al. (2015)

≤ 0.12 ≤ 0.12 ≤ 0.12–> 8 451 Latin America Gales et al. (2012)

0.032 0.25 0.008–> 256 522 China Wang et al. (2010)

0.03 0.13 ≤ 0.06–> 128 539 Europe Turner (2009)

0.03 0.12 ≤ 0.015–32 215 USA Rhomberg et al. (2009)

Serratia marcescens — 0.25 ≤ 0.06–≥ 32 10,141 Global Hoban et al. (2015)

Serratia spp. 0.032 0.064 0.008–2 195 China Wang et al. (2010)

0.03 0.13 ≤ 0.008–> 128 195 Europe Turner (2009)

0.06 0.06 ≤ 0.06–> 32 145 USA Rhomberg et al. (2009)

Citrobacter spp. 0.032 0.125 0.008–128 254 China Wang et al. (2010)

0.03 0.06 ≤ 0.008–> 128 147 Europe Turner (2009)

0.03 0.06 ≤ 0.015–4 103 USA Rhomberg et al. (2009)

Morganella morganii 0.13 0.25 ≤ 0.008–128 119 Europe Turner (2009)

Salmonella spp. 0.03 0.03 — 126 Taiwan Tang et al. (2012)

Shigella spp. 0.03 0.19 0.016–0.19 42 Kuwait Jamal et al. (2010)

0.023 0.032 0.016–0.047 100 UAE Jamal et al. (2010)

Pseudomonas aeruginosa — 16 ≤ 0.06–≥ 32 22,110 Global Hoban et al. (2015)

1 16 — 100 China Chen et al. (2015)

0.5 8 ≤ 0.015–≥ 32 2,722 USA Morrow et al. (2013)

0.38 16 0.023–128 625 Asia-Pacific Kiratisin et al. (2012)

1 > 8 ≤ 0.12–> 8 1,099 Latin America Gales et al. (2012)

1 16 0.016–> 256 548 China Wang et al. (2010)

1 16 ≤ 0.008–> 128 728 Europe Turner (2009)

0.5 8 0.03–> 32 439 USA Rhomberg et al. (2009)

Acinetobacter spp. 1 32 0.008–> 256 486 China Wang et al. (2010)

1 16 ≤ 0.008–> 128 166 Europe Turner (2009)

8 > 32 0.06–> 32 127 USA Rhomberg et al. (2009)

> 8 > 8 ≤ 0.12–> 8 845 Latin America Gales et al. (2012)

Acinetobacter baumannii — ≥ 32 ≤ 0.06–≥ 32 5,847 Global Hoban et al. (2015)

32 64 0.125–128 115 Asia-Pacific Kiratisin et al. (2012)

16 64 — 100 China Chen et al. (2015)

Stenotrophomonas maltophilia > 16 > 16 — — Global Zhanel et al. (2007)

Burkholderia cepacia 8 32 0.25–> 64 2,405 USA Zhou et al. (2007)
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membrane-based changes, which include reduced drug per-
meability, increased drug efflux, or a combination of the two, 
or alterations in target penicillin-binding proteins (PBPs) 
(Papp-Wallace et al., 2011). Most often, multiple mechanisms 
are responsible for the final resistance phenotype (Bou et al., 
2000; Fernandez-Cuenca et al., 2003; Quale et al., 2006). Beta-
lactamases that are able to hydrolyze carbapenems are known 
as carbapenemases and include both serine beta-lactamases 
(molecular class A and D) and metallo- beta-lactamases (mol - 
ecular class B) (Queenan and Bush, 2007).

CLASS A CARBAPENEMASES

Of the class A serine carbapenemases, the plasmid-encoded 
Klebsiella pneumoniae carbapenemase (KPC) type enzyme is 
of most concern. This enzyme was first detected in 1996 in a 
K. pneumoniae strain from the USA (Yigit et al., 2001) and is 
able to hydrolyze penicillins, cephalosporins, aztreonam, 
and carbapenems. KPC alone usually reduces susceptibility 
to carbapenems, but additional mechanisms such as porin 
mutations are often required to confer full resistance (Nord-
mann et al., 2009). As with other class A beta-lactamases, the 
KPC enzyme may be inhibited, albeit weakly, by clavulanic 
acid. However, beta-lactamase inhibitors, such as clavulanic 
acid, tazobactam, and sulbactam, may also be hydrolyzed 
by KPC enzymes (Papp-Wallace et al., 2010). KPC-type en- 
zymes soon spread to other cities in the north east USA, par- 

ticularly affecting hospitals in New York (Land man et al., 
2002; Bratu et al., 2005). KPC has now been reported in 
almost every US state (Centers for Disease Control and 
Prevention, 2015). Initially confined to K. pneumoniae, the 
enzyme has now been reported in many Entero bac teria ceae, 
including E. coli, Enterobacter spp., C. freundii, S. marcescens, 
and Salmonella enterica as well as in P. aeruginosa (Queenan 
and Bush, 2007; Munoz-Price et al., 2013). The geographic 
involvement has also expanded. KPC has now disseminated 
globally and is well established in Greece (Pournaras et al., 
2009), Italy (Tumbarello et al., 2015), China (Wei et al., 2007; 
Qi et al., 2011; Wang et al. 2015), Israel (Navon-Venezia et 
al., 2006; Schwaber et al., 2011), Brazil (Gales et al., 2012), 
and Colombia (Villegas et al., 2007; Mojica et al., 2012). KPC 
producers have also been described in many other European 
countries, although prevalence is variable (Canton et al., 
2012). In Australia, a recent nosocomial outbreak of KPC-
producing K. pneumoniae has caused concern, given previ-
ous very low prevalence rates (Chang et al., 2015). It is 
interesting that the prevalence of KPC producers in India 
appears to be relatively low, where NDM-type or OXA-type 
carbapenemases are of greater concern (Castanheira et al., 
2011). 

The rapid emergence of the KPC-type enzyme likely 
relates to its location on a transferable plasmid (Yigit et al., 
2001; Villegas et al., 2007). The spread of KPC has also been 

Organism
MIC50 

(μg/ml)
MIC90 

(μg/ml)
Range of 

MIC (μg/ml)
No. of 
isolates Region Reference

Burkholderia pseudomallei 0.5 1.5 0.38–4 100 Australia Harris et al. (2011)

— — 0.5–1.5 170 Australia Jenney et al. (2001)

Providencia rettgeri 0.06 0.25 ≤ 0.008–2 — Global Pfaller and Jones (2007)

Haemophilus influenzaea — 0.12 ≤ 0.06–2 12,253 Global Hoban et al. (2015)

Moraxella catarrhalisa ≤ 0.008 ≤ 0.008 — — Global Zhanel et al. (2007)

Neisseria meningitidis 0.007 0.015 ≤ 0.0015–0.06 — Global Pfaller and Jones (2007)
aBeta-lactamase- and non-beta-lactamase producing.

Table 38.3. Antimicrobial activity of meropenem against anaerobic Gram-negative organisms

Organism
MIC50 

(μg/ml)
MIC90 

(μg/ml)
Range of 

MIC (μg/ml)
No. 

isolates Region Study

Bacteroides fragilis 0.25 4 0.12–> 128 86 Korea Yim et al. (2015)

0.12 0.25 0.03–≥ 32 63 Canada Marchand-Austin et al. (2014)

0.125 4 0.064–> 32 69 Belgium Wybo et al. (2014)

0.125 2 0.03–≥ 128 238 Germany Seifert et al. (2010)

Bacteroides thetaiotaomicron 0.25 0.5 0.125–32 79 Germany Seifert et al. (2010)

Other Bacteroides spp. 0.5 2 0.03–64 48 Korea Yim et al. (2015)

0.12 0.5 0.06–8 52 Canada Marchand-Austin et al. (2014)

0.25 2 0.032–2 111 Belgium Wybo et al. (2014)

Fusobacterium spp. 0.03 2 ≤ 0.002–2 8 Canada Marchand-Austin et al. (2014)

0.016 0.125 0.002–1 21 Belgium Wybo et al. (2014)

Prevotella spp. 0.03 0.12 ≤ 0.002–0.12 16 Canada Marchand-Austin et al. (2014)

0.064 0.125 0.002–0.25 52 Belgium Wybo et al. (2014)

Veilonella spp. 0.12 2 0.015–2 3 Canada Marchand-Austin et al. (2014)
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facilitated by acquisition in successful strains, such as ST258 
K. pneumoniae, which have disseminated across the USA 
and worldwide (Munoz-Price et al., 2013). In China, the 
dominant KPC-producing K. pneumoniae strain appears to 
be ST11, which is closely related to ST258 (Qi et al., 2011; 
Wang et al., 2015). 

Unfortunately, laboratory detection of this enzyme can be 
challenging because organisms may have MICs to the car-
bapenems within the susceptible range (Tenover et al., 2006; 
Munoz-Price et al., 2013). Furthermore, meropenem MICs 
and categorical interpretation may vary considerably, de pend-
ing on the test methodology used (Bulik et al., 2010). KPC-
producing K. pneumoniae isolates with borderline carbapenem 
MICs exhibit marked inoculum effects, which may reduce 
the clinical efficacy of meropenem (Adler et al., 2015). Hetero-
resistance within apparently meropenem-susceptible KPC-
producing K. pneumoniae strains may further compromise 
the clinical efficacy of meropenem, mediated by subpopulations 
expressing high levels of KPC (Pournaras et al., 2010). The other 
class A enzymes with activity toward carbapenems, including 
Guiana extended-spectrum (GES), nonmetallocarbapenemase 
(NMC), imipenem-hydrolyzing (IMI), and Ser ratia mar ces
cens enzyme (SME), have been less problematic, and inter-
ested readers are referred for more detail to Queenan and 
Bush (2007).

CLASS B METALLO-BETA-LACTAMASES

The acquired class B metallo-beta-lactamses (MBLs) have 
the greatest breadth in terms of geographic and organism 
distribution, and include the NDM, IMP, VIM, SIM, GIM, 
and SPM types as well as several other rarely encountered 
types (Walsh et al., 2005; Cornaglia et al., 2011). These en-
zymes have potent hydrolytic activity toward all beta-lactams 
except aztreonam and, uniquely, are inhibited by the ion che-
lator ethylenediaminetetraacetic acid (EDTA), which is often 
used for laboratory detection (Franklin et al., 2006). Since 
the original description from Japan in 1991 (Watanabe et al., 
1991), MBLs have been described worldwide, particularly 
affecting Europe, Asia, and South America but also Australia, 
the USA, and the Middle East (Walsh et al., 2005; Cornaglia et 
al., 2011). Of particular concern has been the recent emergence 
and spread of NDM-type MBLs. Since the first description of a 
patient in Sweden infected with a strain of NDM-producing  
K. pneumoniae after travel to India (Yong et al., 2009), NDM-
type beta-lactamases have been identified in many species 
within the Enterobacteriaceae as well as A. baumanii and  
P. aeruginosa (Cornaglia et al., 2011; Berrazeg et al., 2014). 
Most cases in the literature have originated from India, 
Pakistan, China, or the Balkans, although imported cases 
have been described from many other countries (Berrazeg et 
al., 2014). Healthcare exposure within or travel to the Indian 
subcontinent has been a consistent risk factor for imported 
cases (Jain et al., 2014).

IMP and VIM enzymes are widespread, whereas SPM has 
been found almost exclusively in Brazil (Cornaglia et al., 
2011). The genes that encode these acquired MBLs are most 
commonly found on specialized genetic elements, such as 

integrons (except SPM), transposons, and plasmids. These 
facilitate the acquisition and dissemination of the resistance 
determinant and explain the diversity of organisms found to 
carry MBLs, mainly P. aeruginosa, Acinetobacter, and Entero-
bacteriaceae (Walsh et al., 2005). Also, these elements often 
carry other resistance determinants, especially those coding 
for aminoglycoside resistance (Houang et al., 2003), and thus 
a multidrug resistance phenotype is common. This is partic-
ularly evident for NDM-producers, which frequently also 
possess quinolone or aminoglycoside resistance genes in 
addition to ESBL or AmpC beta-lactamases (Kumarasamy et 
al., 2010). As with KPC-type enzymes, organisms carrying 
MBLs can also appear susceptible to carbapenems in the 
laboratory (Franklin et al., 2006), with MICs above the wild-
type distribution but below the clinical breakpoint for sus-
ceptibility (Cornaglia et al., 2011). This is almost entirely 
seen with Enterobacteriaceae because the nonfermenters 
often have other mechanisms that also reduce susceptibility 
to the carbapenems. The other prominent exception is NDM-
producing Enterobacteriaceae, which usually demonstrate 
high MICs against carbapenems (Jain et al., 2014). Un - 
fortunately, organisms that carry “hidden MBLs” are still able 
to participate in horizontal gene transfer, leading to the dis-
semination of the resistance gene to other Gram-negative 
bacteria (Peleg et al., 2005).

CLASS D CARBAPENEMASES

Also known as the OXA-type carbapenemases, class-D car-
bapenemases were mainly found in A. baumannii and are the 
most common cause of carbapenem resistance in this organ-
ism. In recent years, OXA-type carbapenemases have been 
increasingly described in Enterobacteriaceae, particularly 
OXA-48-like enzymes. The first description of an OXA-48-
producing K. pneumoniae originated from Turkey in 2001 
(Poirel et al., 2004). OXA-48-like enzymes have now spread 
extensively across the Middle East, Turkey, and North Africa 
(Poirel et al., 2012). OXA-48 and its related variants, particu-
larly OXA-181 and OXA-232, are now widespread in vari-
ous Enterobacteriaceae, facilitated by plasmid transmission 
(Evan and Amyes, 2014; Poirel et al., 2012). OXA-48 itself 
has low-level carbapenemase activity and is more active 
against imipenem than meropenem (Poirel et al., 2004). 
However, when combined with additional resistance mecha-
nisms, such as porin loss, high-level carbapenem resistance 
can result (Evan and Amyes, 2014). Because OXA-48-like 
enzymes do not, by themselves, confer resistance to third- 
generation cephalosporins, laboratory detection can be 
chal lenging. 

All A. baumannii strains appear to carry a chromosomal 
OXA-type carbapenemase, known as OXA-51 (Heritier et 
al., 2005). This enzyme is generally expressed poorly, hence 
the susceptibility of most strains of A. baumannii to the car-
bapenems. However, in the presence of an upstream inser-
tion sequence element (ISAba1) that acts as an efficient 
promoter, OXA-51 can contribute to carbapenem resistance 
(Turton et al., 2006). Three other OXA-type carbapenemase 
gene clusters exist in A. baumannii and, unlike OXA-51, 
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these are acquired. They include the blaOXA-23-like cluster, which 
is the most prevalent worldwide, the blaOXA-24-like cluster, and 
the blaOXA-58 cluster (Peleg et al., 2008). Overall, these enzymes 
have weak carbapenemase activity (Walther-Rasmussen and 
Hoiby, 2006); however, when associated with an upstream 
insertion sequence element (ISAba1) (Turton et al., 2006; 
Corvec et al., 2007) or an up-regulated multidrug efflux sys-
tem, such as the AdeABC pump (Heritier et al., 2005), frank 
carbapenem resistance is achieved. OXA-type and MBL-
type enzymes have also been found in the same organisms 
(Peleg et al., 2006; Koh et al., 2007), providing a concerning 
combination. 

MEMBRANE PERMEABILITY AND EFFLUX

Carbapenem resistance development as a consequence of 
membrane-based changes is highly prevalent, especially in  
P. aeruginosa. For carbapenems to reach their target site of 
action they must traverse the outer membrane of the Gram-
negative cell via porins, pass through the beta-lactamase- 
laden periplasm, and reach the penicillin-binding proteins 
on the surface of the cytoplasmic membrane. Owing to its 
low molecular weight and zwitterionic nature, meropenem 
penetrates the outer cell membrane extremely well. In P. aeru
ginosa, a one-step mutation in the OprD porin can lead to imi-
penem resistance (MIC 8–32 μg/ml) (Livermore, 1992), whereas 
meropenem is less affected by the loss of this porin (MIC, 
2–4 μg/ml) (Livermore, 2001). In contrast, meropenem is a 
substrate of the P. aeruginosa multidrug efflux pump, MexAB-
OprM, whereas imipenem is not. However, to confer frank 
meropenem resistance, upregulation of this efflux system 
and loss of the porin need to occur, thus potentially making 
it more difficult for P. aeruginosa to develop meropenem resis-
tance than imipenem resistance (Livermore, 2001). It is impor-
tant to be aware, however, that the emergence of meropenem 
resistance can lead to cross-resistance to other antibiotics that 
are also substrates of the MexAB-OprM pump, including 
other beta-lactams, fluoroquinolones, tetracycline, and chlora-
mphenicol (Piddock, 2006). Less commonly, reduced suscep-
tibility to the carbapenems has been described in A. baumannii 
owing to loss of a range of porins (Peleg et al., 2008) and in 
K. pneumoniae as a consequence of concurrent porin loss 
(OmpK-35 and OmpK-36) and beta-lactamase production 
(Martinez-Martinez et al., 1999; Kaczmarek et al., 2006; Park 
et al., 2011), a phenomenon that may also occur during 
meropenem therapy (Webster et al., 2010; Song et al., 2009). 
In reality, it is likely that the interplay between efflux systems, 
beta-lactamases, and altered membrane permeability through 
porin loss mediates the final resistance phenotype (Quale et 
al., 2006).

2c.  In vitro synergy and antagonism

In vitro synergy between carbapenems and colistin against 
Gram-negative bacilli, especially A. baumanii, has been ob-
served in several studies with low rates of antagonism; such  
a strategy may also reduce the emergence of colistin resis-
tance (Zusman et al., 2013). Synergy has been noted in 

carbapenem-resistant A. baumannii to combinations of 
meropenem and a variety of other antibiotics, such as rifam-
picin (Peleg et al., 2008; Sun et al., 2014). In a hollow-fiber 
model of meropenem and levofloxacin for the treatment of  
P. aeruginosa, including mutants with efflux-pump overex-
pression, combination therapy demonstrated synergistic kill-
ing and enhanced suppression of resistance compared with 
monotherapy (Louie et al., 2010).

Given the emergence of carbapenem-resistant Entero-
bacteriaceae, there has been renewed interest in using com-
bination therapy, often in conjunction with a carbapenem. In 
vitro synergy was observed between polymyxin B and mero-
penem against KPC-producing Enterobacteriaceae, even for 
organisms that are intrinsically resistant to polymyxins, such 
as Serratia spp. (Barth et al., 2015). Synergy between tigecy-
cline and meropenem was observed for some XDR–K. pneu
moniae strains, but these effects were strain specific (Lim 
et  al., 2015). One potentially useful strategy against some 
CRE might be dual carbapenem therapy. For instance, KPC 
enzymes have a greater affinity for ertapenem as a substrate, 
thus potentially protecting a second more stable carbapenem 
(Bulik and Nicolau, 2011). In vitro synergy has been demon-
strated with the combination of meropenem–ertapenem 
against KPC producers (Oliva et al., 2014; Oliva et al., 2015). 
Other studies have found combinations of meropenem–
doripenem (but not meropenem–ertapenem) to have syn-
ergy against KPC producers, and meropenem–ertapenem 
against OXA-48-producers (Poirel et al, 2016). Despite these 
findings, the clinical significance of in vitro synergy seen 
with meropenem combinations remains uncertain. Obser-
vational data would suggest a mortality benefit for combina-
tion therapy of KPC-producing K. pneumoniae in critically 
unwell patients, with improved survival associated with 
inclusion of meropenem when the MIC was ≤ 8 μg/ml (Tum-
barello et al., 2015). Similar advantages for carbapenem- 
containing combination therapy have been reported from 
other studies (Daikos et al., 2014). In a review of 20 studies 
reporting outcomes for patients with infections caused by 
carbapenemase-producing Enterobacteriaceae, the lowest 
mortality was seen in combination therapy with carbapenem- 
containing regimens (Tzouvelekis et al., 2014). However, 
these strategies have never been subject to a randomized 
clinical trial. 

3. MECHANISM OF DRUG ACTION

Similar to other beta-lactams, meropenem exhibits bacteri-
cidal activity by binding to and inactivating PBPs, which are 
responsible for the elongation and cross-linking (transpep-
tidation) of peptidoglycan strands making up the bacterial 
cell wall (Nicolau, 2008). Thus impaired cell wall synthesis 
ensues, leading to inhibited growth and cell lysis. The affinity 
of meropenem for the various PBPs differs between Gram-
positive and Gram-negative organisms; it preferentially binds 
to PBP1, PBP2, and PBP4 in Gram-positive organisms and to 
PBP2, PBP3, and PBP4 with strong affinity for PBP1a and 
PBP1b, in Gram-negative organisms (Sumita and Fukasawa, 
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1995; AstraZeneca, 2014; Zhanel et al., 2007). The ability of 
meropenem to bind to all three essential PBPs may explain 
its rapid bactericidal effect (Satta et al., 1995). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Meropenem is available only in parenteral form. In adults 
with normal renal function, meropenem is typically dosed at 
500–2000 mg, depending on the infection type (discussed 
later in this chapter), every 8 hours as an intravenous infu-
sion over 15–30 minutes. Doses of 1000 mg or less may also 
be administered as an intravenous push over 3–5 minutes 
when reconstituted with sterile water at a concentration of 
up to 50 mg/ml (AstraZeneca, 2014). Infusion vials are 
reconstituted with 0.9% normal saline or 5% dextrose solu-
tion and should be used fresh whenever possible. Overall, 
meropenem stability is improved if reconstituted in 0.9% 
normal saline compared with 5% dextrose. Solutions prepared 
with 0.9% saline (at concentrations < 20 mg/ml) may be stored 
for 1 hour at 25°C or 15 hours at 5°C, whereas solutions 
constituted with 5% dextrose should be used immediately 
(AstraZeneca, 2014). This limits the ability to use mero-
penem as a continuous infusion. However, meropenem sta-
bility is prolonged if kept at 4°C, and investigators have 
stored delivery pumps in a cold pouch with success (Kuti et 
al., 2004) Meropenem at 4 mg/ml in normal saline stored 
at  5°C in polyvinylchloride bags and elastomeric infusion 
devices was stable for at least 7 days, and for 5 days at con-
centrations of 10–20 mg/ml (Smith et al., 2004), although 
such an approach is not supported by the manufacturer. The 
stability of some generic meropenem brands appears to be 
equivalent to the original product (Carlier et al., 2015). Each 
500 mg dose contains 45.1 mg sodium as sodium carbonate 
(1.96 mEq).

Dosing recommendations for specific infection types 
include 500 mg every 8 hours for skin and soft tissue infection 
(Fabian et al., 2005), 1000 mg every 8 hours for intraabdomi-
nal infection (Wilson, 1997), hospital-acquired pneumonia 
(ATS/IDSA, 2005), and febrile neutropenia (De Pauw et al., 
1997; Feld et al., 2000; Zhanel et al., 2007; Paul et al., 2010), 
and 40 mg/kg every 8 hours (up to 2000 mg every 8 hours) 
for bacterial meningitis (Schmutzhard et al., 1995). Further 
dosing strategies are described in section 4d, Those requiring 
altered dosages.

4b.  Newborn infants and children

Dosing recommendations for children ≥ 3 months are 10, 20, 
or 40 mg/kg every 8 hours (maximum dose is 2000 mg every 
8 hours), depending on the infection type. Complicated skin 
and skin structure infections require 10 mg/kg per dose 
(maximum of 500 mg) every 8 hours and intraabdominal 
infections require 20 mg/kg per dose (maximum of 1000 mg) 
every 8 hours (AstraZeneca, 2014). Recommendations for 

febrile neutropenia vary according to weight: < 50 kg, dose at 
20 mg/kg per dose (maximum of 1000 mg) every 8 hours;  
> 50 kg, use adult dosing (Cometta et al., 1996). In the case 
of bacterial meningitis, the recommended dose increases to 
40 mg/kg per dose (maximum of 2000 mg) every 8 hours 
(Odio et al., 1999).

Compared to adults or older children, the clearance of 
carbapenems in neonates is lower (Pacifici and Allegaert, 
2014). Meropenem has been recently approved for the use in 
infants < 3 months of age with complicated intraabdominal 
infections and normal renal function, on the basis of a pro-
spective multicentre pharmacokinetic study (Smith et al., 
2011). Dosing recommendations for this age group are pre-
sented in Table 38.4. A randomized controlled phase III trial 
of meropenem for the treatment of late onset neonatal sepsis 
has been recruiting in Europe (Lutsar et al., 2011). 

4c.  Pregnant and lactating mothers

Meropenem is an FDA pregnancy category B drug. However, 
no adequate and well-controlled trials have been undertaken 
in pregnant women, and manufacturer recommendations 
state meropenem should be used during pregnancy only 
when clearly necessary (AstraZeneca, 2014). Further details 
are discussed in section 6d, Risks in pregnancy and fetal 
toxicity.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Given that meropenem is primarily eliminated unchanged in 
the urine, accumulation is seen in patients with renal impair-
ment (Thalhammer and Horl, 2000). Thus meropenem dosing 
in adults with renal impairment is based on creatinine clearance 
(CrCl) (Table 38.5). Patients on intermittent hemodialysis 
(IHD) should be dosed as for CrCl < 10 ml/minute; however, 
given that meropenem is almost completely removed by dialysis 

Table 38.4. Dosage schedule for children younger than 3 months 
of age with complicated intraabdominal infections and normal 
renal functiona

Age group
Dose 

(mg/kg) Dose interval

Infants < 32 weeks GA and PNA 
< 2 weeks

20 Every 12 hours

Infants < 32 weeks GA and PNA 
≥ 2 weeks

20 Every 8 hours

Infants ≥ 32 weeks GA and PNA 
< 2 weeks

20 Every 8 hours

Infants ≥ 32 weeks GA and PNA 
≥ 2 weeks

30 Every 8 hours

aIntravenous infusion given over 30 minutes. There is limited experience in 
pediatric patients with renal impairment.

 Abbreviations: GA: gestational age; PNA: postnatal age.
Source: Adapted from AstraZeneca (2014)
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(Christensson et al., 1992), an additional dose is recom-
mended after hemodialysis (Thalhammer and Horl, 2000). 
The literature on meropenem dosing for patients receiving 
continuous renal replacement therapy (CRRT) is mixed, pri-
marily because of the large number of variables involved, 
including flow rates and membrane characteristics. In a 
review by Trotman et al. (2005), a dose of 1 g every 12 hours 
was recommended and was thought to produce a trough 
concentration of approximately 4 mg/l in most patients, 
regardless of CRRT modality. Some believe that underdosing 
may be a risk, and a pharmacodynamic study suggested that 
1 g every 8 hours was more optimal, especially when treating 
infections caused by P. aeruginosa and Acinetobacter (Kuti 
and Nicolau, 2005). 

The use of high-volume continuous venovenous hemofil-
tration (CVVHF) in critically ill patients results in significant 
clearance of meropenem, necessitating dosing of 1 g every 
8  hours to ensure adequate drug exposure, especially for 
less susceptible organisms (Bilgrami et al., 2010). Sustained 
low-efficiency dialysis (SLED) is a hybrid dialysis technique 
that uses slower flow and ultrafiltration rates than conven-
tional methods. In a prospective study of 10 ICU patients 
needing SLED who received meropenem 1 g every 12 hours, 
plasma meropenem concentrations remained above target 
concentration (using an MIC of 2 μg/ml) for at least 12 hours 
in all cases (Deshpande et al., 2010). Dosing in patients 
receiving continuous ambulatory peritoneal dialysis (CAPD) 
is recommended at 0.5 g every 24 hours or as if the patient 
had a CrCl < 10 ml/minute (Thalhammer and Horl, 2000; 
Gilbert et al., 2007). There is minimal experience on dosing 
meropenem in pediatric patients with impaired renal func-
tion, and recommendations are based on adult dosing mod-
ifications (Bradley, 1997).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

No dosage adjustment is needed in patients with liver impair-
ment (Thyrum et al., 1997).

OLDER ADULTS

No dosing adjustments are recommended for elderly patients 
with a CrCl > 50 ml/minute.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Meropenem has poor oral bioavailability and thus is admin-
istered only in parenteral form (AstraZeneca, 2014). Intra-
muscular administration has been used with success (Rom anelli 
and Cravarezza, 1995). In adults with normal renal function, 
meropenem has a mean half-life of approximately 1 hour 
(Leroy et al., 1992b). Protein binding is approximately 2% 
(Drusano and Hutchison, 1995; Astra Zeneca, 2014).

5b.  Drug distribution

Meropenem serum levels in relation to dose in healthy vol-
unteers, patients with serious infections, patients with renal 
impairment, and pediatric populations are shown in Table 
38.6. Meropenem displays linear pharmacokinetics over a 
dose range of 250–2000 mg (Drusano and Hutchison, 1995). 
In healthy volunteers, similar meropenem plasma concen-
trations were observed 1 hour after administration when the 
drug was given as a bolus over 5 minutes or as a 30-minute 
infusion (Kelly et al., 1995). Mean peak plasma concentra-
tions of meropenem are approximately 23 μg/ml (range 
14–26) for a 500-mg dose and 49 μg/ml (range 39–58) with a 
dose of 1 g (AstraZeneca, 2014). Mean plasma concentra-
tions usually decline to approximately 1 mg/l at 6 hours after 
administration of a 500-mg dose (AstraZeneca, 2014) or 
approximately 0.25 mg/l at 8 hours after a 1000-mg dose 
(Drusano and Hutchison, 1995).

Pediatric pharmacokinetic parameters are similar to those 
in adults in that peak plasma concentration (Cmax) and 

Table 38.5. Meropenem dosing in adults with renal impairment or receiving renal replacement therapy

Renal insufficiency Dosing Reference

CrCl > 50 ml/minute Recommended dose every 8 hours AstraZeneca (2014)

CrCl 26–50 ml/minute Recommended dose every 12 hours AstraZeneca (2014)

CrCl 10–25 ml/minute One half recommended dose every 12 hours AstraZeneca (2014)

CrCl < 10 ml/minute One half recommended dose every 24 hours AstraZeneca (2014)

IHD One half recommended dose: 0.5 g every 24 hours 
plus an additional dose after HDa

Thalhammer and Horl (2000); Gilbert et al. (2007); 
Heintz et al. (2009)

CVVH Loading dose of 1 g followed by either 500 mg 
every 8 hours or 1 g every 12 hours

Robatel et al. (2003); Trotman et al. (2005); Heintz 
et al. (2009)

CVVHD/CVVHDFb Loading dose of 1 g followed by either 500 mg 
every 6–8 hours or 1 g every 8–12 hours

Heintz et al. (2009)

CAPD 0–1 g every 24 hours Thalhammer and Horl (2000); Gilbert et al. (2007)

aRecommendations on the additional dose after hemodialysis varies between one half recommended dose and 2 g.
bFor CVVHDF consider dosing meropenem 750 mg every 8 hours or 1.5 g every 12 hours to optimize PK-PD target attainment (Robatel et al. 2003)
Abbreviations: CrCl: creatinine clearance; IHD: intermittent hemodialysis; HD: hemodialysis; CVVH: continuous venovenous hemofiltration; CVVHD: continuous 

venovenous hemodialysis; CVVHDF: continuous venovenous hemodiafiltration; CAPD: continuous ambulatory peritoneal dialysis.
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area-under-the-concentration-time curve (AUC) values in- 
crease linearly with increasing dose between 10 and 40 mg/
kg (Blumer, 1996). However, the half-life shows age-related 
association, with preterm neonates having the longest half-
life (3 hours), followed by full-term newborns (2 hours), 
infants aged 3 months to 2 years (1.5 hours) and children 
older than 2 years (1 hour) (Meguro et al., 1992; Blumer, 
1996; Pineda, 2015). The volume of distribution also tends to 
be greater in infants than in children, consistent with reduced 
renal function and increased extracellular fluid volume (Craig, 
1997). The pharmacokinetic parameters of children < 3 months 
of age are summarized in Table 38.7.

Meropenem penetrates well into a wide range of body flu-
ids and tissues, including cerebrospinal fluid (CSF), reaching 
the concentrations required to inhibit most susceptible bac-
teria at a dose of 2 g every 8 hours in adults (Morita et al., 
2014) (Table 38.8). Concentrations in interstitial fluid (using 
blister and peritoneal exudates as models) are similar plasma 
concentrations (Mouton and Michel, 1991). However, in 
critically ill patients undergoing CRRT, interstitial fluid con-
centrations may be significantly lower than in plasma (Var-
ghese et al., 2015). Peak body fluid and tissue concentrations 
are reached 1 hour after the start of the infusion, except in 
lung, muscle, CSF, and bile, which peak at 2–3 hours.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The use of pharmacokinetic-pharmacodynamic (PK-PD) 
modeling to optimize antibiotic dosing has justifiably received 
significant attention. Achieving maximal efficacy from our 
current antimicrobials is now, more than ever, a critical 
requirement, and understanding PK-PD relationships is nec-
essary to achieve these goals. Carbapenems, and meropenem 
in particular, have been a focus in the literature. As mentioned, 
meropenem is a time-dependent antibiotic. In general, for a 
bacteriostatic effect, the carbapenems require a t > MIC of 
approximately 20%. This compares with 30% for penicillins, 
and 40% for cephalosporins (Nicolau, 2008). To achieve a bac-
tericidal effect, the t > MIC needs to be ap prox imately 40% for 

carbapenems (3.2 hours for every 8 hours dosing), 50% for 
penicillins, and 60–70% for cephalosporins (Drusano and 
Hutchison, 1995; Craig, 1997). By the use of Monte Carlo sim-
ulation, which is a population pharmacokinetic modeling 
tool that integrates microbiologic surveillance data (MIC 
distribution of specified organisms), pharmacokinetics, and 
a pharmacodynamic target (as described), the probability of 
achieving target attainment for a given antibiotic regimen 
can be calculated (Lodise et al., 2006).

Given the time-dependent nature of meropenem, investi-
gators have studied the possible benefits of prolonging the 
infusion time to maximize the t > MIC (Perrott et al., 2010). 
Li et al. (2006) obtained pharmacokinetic data from 79 
patients (aged 18–93 years) who received meropenem 0.5, 1, 
or 2 g as a 0.5- or 3-hour infusion every 8 hours for intra-
abdominal infection and pneumonia (Li et al., 2006). They 
found the likelihood of achieving bactericidal target with 
meropenem (at least 40% t > MIC) for organisms that have 
an MIC at the susceptibility breakpoint defined at that time 
(4 μg/ml) increases from 64% to 90% as the infusion time of 
a 1-g dose is extended from 0.5 to 3 hours (Li et al., 2006). 
Furthermore, the bactericidal target attainment was 62% when 
the 3-hour infusion was modeled against organisms with an 
MIC of 8 μg/ml. These data were supported and extended by 
a further study involving patients with ventilator-associated 
pneumonia (Jaruratanasirikul et al., 2005). These investiga-
tors showed that extending the meropenem infusion time to 
3 hours and increasing the dose to 2 g every 8 hours resulted 
in a mean serum concentration > 16 mg/l for almost 60% of 
the time, suggesting bactericidal target attainment for organ-
isms that would be defined as resistant (Jaruratanasirikul et 
al., 2005). Similar improvements in drug exposure have been 
shown for critically ill patients with febrile neutropenia and 
bacteriemia (Jaruratanasirikul et al., 2011). The probability 
of achieving a target of 40% t > MIC was improved for 3-hour 
infusions when compared with 30-minute infusions against 
a variety of organism populations (Lee et al., 2010). Pharm-
acodynamic modeling data support the use of high-dose 
meropenem (2 g every 8 hours infused over 30 minutes)  
for the treatment of hospital-acquired meningitis; however, 

Table 38.7. Pharmacokinetic parameters for meropenem in children younger than 3 months of agea

GA < 32 weeks; PNA 
< 2 weeks (20 mg/kg 

every 12 hours) 

GA < 32 weeks; PNA 
≥ 2 weeks (20 mg/kg 

every 8 hours) 

GA ≥ 32 week; PNA 
< 2 weeks (20 mg/kg 

every 8 hours) 

GA ≥ 32 weeks; PNA 
≥ 2 weeks (30 mg/kg 

every 8 hours) Overall 

Cl (l/h/kg) 0.089 0.122 0.135 0.202 0.119 

V (l/kg) 0.489 0.467 0.463 0.451 0.468 

AUC0–24 (μg/h/ml) 448 491 445 444 467 

Cmax (μg/ml) 44.3 46.5 44.9 61 46.9 

Cmin (μg/ml) 5.36 6.65 4.84 2.1 5.65 

t½ (hours) 3.82 2.68 2.33 1.58 2.68 

aValues are derived from analysis of sparse data.
Abbreviations: GA: gestational age; PNA: postnatal age; Cl: total body clearance from plasma; V: volume of distribution; AUC0–24: area under the plasma con-

centration–time curve over 24 hours; Cmax: peak plasma concentration; Cmin: lowest plasma concentration; t½: elimination half-life.
Source: Adapted from AstraZeneca (2014).
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suboptimal target attainment is seen with P. aeruginosa, owing 
to higher MICs (Lodise et al., 2007). Several case reports have 
been published on the success of using high-dose meropenem 
as a prolonged infusion (3 hours) for central nervous system 
infection caused by problematic Gram-negative organisms 
(Capitano et al., 2004; Nicasio et al., 2007). Continuous infu-
sions up to 90 mg/kg/day in pediatric hematopoietic stem-
cell transplant patients may also improve the probability of 
PK target attainment, especially for more resistant organisms 
with meropenem MICs up to 8 μg/ml (Cojutti et al., 2015). 
However, in very low birth weight neonates, no significant 
 differences in PK parameters were observed between 30- 
minute and 4-hour meropenem infusions (Padari et al., 2012). 

The degree of residual diuresis in critically ill patients on 
CRRT may be a useful guide as to those who would benefit 

from extended infusions (Ulldemolins et al., 2015) and no - 
mograms based on creatinine clearance have been developed 
for dosing meropenem via continuous infusion in critically 
ill patients (Pea et al., 2012). 

Some data also suggest the strategy of prolonged or con-
tinuous infusions may reduce the evolution of resistance 
in P. aeruginosa (Tam et al., 2005; Santos Filho et al., 2007). 
Prolonging the infusion time may also allow dose reduction 
(e.g. from 1 g to 500 mg) when treating more susceptible organ-
isms (Kuti et al., 2003). The strategy of administering smaller 
doses of meropenem more frequently (e.g. 500 mg every 6 
hours) may also have some cost-saving advantages. Several 
observational studies would suggest that this practice provides 
target attainment rates equivalent to standard dosing, with no 
clear disadvantage in clinical outcome (Perrott et al., 2010). 

Table 38.8. Meropenem concentrations in selected tissues at 1 hour after administration (unless otherwise stated)

Distribution site
Intravenous 

dose (g)
Mean 

(mg/l or mg/kg)
Range 

(mg/l or mg/kg)

Interstitial fluid Blister 0.5 5.5 3.2–8.6

Blister 1.0 26.3 20.9–37.4

Peritoneal fluid 1.0 30.2 7.4–54.6

Respiratory tract Lung (2 hours) 1.0 4.8 1.4–8.2

Pleura (2 hours) 1.0 3.62 0.53–7.77

Bronchial mucosa 1.0 4.5 1.3–11.1

Bronchial secretions (2 hours)a 1.0 6.39 0.08–12.7

Bronchial secretions (3 hours)b 1.0 0.54 0.13–1.20

Cerebrospinal fluid (CSF) CSF: inflamedc (2 hours) 20 mg/kg 1.1 0.2–2.8

CSF: inflamedc (3 hours) 40 mg/kg 3.3 0.9–6.5

CSF: uninflamed (2 hours) 1.0 0.2 0.1–0.3

Intraabdominal tissue Bile with obstruction (3 hours) 1.0 15 NA

Bile without obstruction (3 hours) 1.0 20 NA

Colon 1.0 2.6 2.45–2.68

Gallbladder (2 hours) 1.0 3.93 NA

Stomach (2 hours) 1.0 2.76 NA

Omentum (2 hours) 1.0 2.01 0.85–3.90

Pancreatic fluid 0.5 2.12 NA

Skin and skin structures Skeletal muscle (2 hours) 1.0 6.1 5.3–6.9

Fascia 1.0 8.8 1.5–20

Skin 0.5 3.3 0.5–12.6

Skin 1.0 5.3 1.3–16.7

Cardiac tissue Heart valves 1.0 9.7 6.4–12.1

Myocardium 1.0 15.5 5.2–25.5

Gynecologic tissue Endometrium 0.5 4.2 1.7–10.2

Myometrium 0.5 3.8 0.4–8.1

Ovary 0.5 2.8 0.8–4.8

Cervix 0.5 7.0 5.4–8.5

Fallopian tube 0.5 1.7 0.3–3.4

Other Aqueous humor (3 hours) 1.0 1.72 1.3–2.17

aObtained from patients undergoing thoracotomy for bronchial carcinoma.
bObtained from patients undergoing diagnostic bronchoscopy.
cPediatric patients.
Abbreviation: NA, not available.
Sources: Data compiled from Wise et al. (1990); Hextall et al. (1991); Mouton and Michel (1991); Granai et al. (1992); Bergogne-Berezin et al. (1994); Dagan et 

al. (1994); Newsom et al. (1995); Ikawa et al. (2013); AstraZeneca (2014).
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Continuous infusions of meropenem may also be useful 
in ambulatory care, although concerns over drug stability at 
ambient temperatures have limited its application. Never the-
less, the use of meropenem continuous infusions in outpa-
tient parenteral antimicrobial therapy (OPAT) services was 
associated with adequate clinical improvement or cure in 41 
(82%) of 50 patients (Manning et al., 2014). Furthermore, in 
simulated conditions, recovery of meropenem (at a concen-
tration of 1% and cooled to 4°C) was 90% at 24 hours; solu-
tions of 1% meropenem at room temperature and cooled 2% 
solutions achieved 95% of the maximum deliverable dose 
over 24 hours (Manning et al., 2014). 

While several studies have demonstrated improvement in 
PK-PD parameters with prolonged or continuous infusions, 
to what extent this translates into improved clinical outcome is 
less clear. One retrospective cohort study compared pa tients 
with ventilator-associated pneumonia caused by Gram-negative 
bacilli given either continuous infusions of meropenem (4 g 
per day) compared with 1 g every 6 hours, in combination 
with tobramycin (Lorente et al., 2006). Those receiving con-
tinuous infusions had a greater probability of attaining clini-
cal cure (Lorente et al. 2006). The potential advantages of 
continuous meropenem infusions have also been examined 
in randomized controlled trials. Patients admitted to the ICU 
with severe infections were randomized to continuous infu-
sions or bolus dosing of meropenem (Chytra et al., 2012). 
Although clinical cure rates were comparable between the 
two groups, continuous infusions were an independent pre-
dictor of microbiological success and were also associated 
with reduced length of stay, shorter duration of meropenem 
therapy, and reduced total meropenem dose (Chytra et al., 
2012). In a subgroup analysis of the Defining Antibiotic 
Levels in Intensive Care (DALI) study, prolonged infusions 
of beta-lactams (including meropenem) compared with stan- 
dard therapy, were not only associated with greater probabil-
ity of achieving PK-PD targets but also improved 30-day 
 survival in patients with respiratory tract infections and 
SOFA scores ≥ 9 (Abdul-Aziz et al., 2016). In the multicentre 
Beta-Lactam Infusion Group-II (BLING-II) study, 432 ICU 
patients with severe sepsis administered meropenem,  ticarcillin–
clavulanate, or piperacillin–tazobactam were randomized to 
receive continuous infusions or intermittent bolus dosing 
(Dulhunty et al., 2015). No significant differences were seen 
in terms of 90-day survival, clinical cure, organ failure-free 
days, and duration of bacteraemia (Dulhunty et al., 2015). 

Dosing recommendations for many antibiotics tend to be 
based on PK-PD studies in healthy volunteers or patients 
with noncritical infections, which may not be applicable for 
those with severe sepsis (Binder et al., 2013). Augmented 
renal clearance (ARC), when the creatinine clearance exceeds 
130 ml/min/1.73 m2, may be frequently encountered in the 
critically ill and increases the risk for suboptimal plasma 
drug concentrations, even when extended infusions are used 
(Carlier et al. 2013). Whether this is clearly associated with 
poor clinical outcome is less clear (Huttner et al., 2015). One 
strategy to account for this variability is the use of thera peutic 

drug monitoring (TDM). In a survey of nine international 
ICUs, there was considerable variability in the assays used, 
as well as the PK/PD targets and dose adjustment strategies 
employed (Wong et al., 2014). In a randomized controlled 
trial of the use of TDM with dose adjustment in 41 patients 
treated with meropenem or piperacillin–tazobactam, target 
attainment rates were significantly improved when com-
pared with conventional dosing (De Waele et al., 2014). 
TDM may also be useful in patients undergoing CRRT, in 
which there can be great variability in meropenem pharma-
cokinetics (Roberts et al., 2015). 

Dose modification of meropenem may be necessary in 
obese patients. PK-PD parameters may be altered because 
adiposity itself may enhance renal clearance of beta-lactams 
by inducing glomerular hyperfiltration, and volumes of distri-
bution may be greater than in nonobese patients. Furthermore, 
estimation of glomerular filtration rate by calculations, such 
as the Cockroft-Gault equation, may be inaccurate in obese 
patients. However, in one study, dosing of meropenem at stan-
dard dosing (1 g every 8 hours) in morbidly obese patients 
(body mass index [BMI] ≥ 40 kg/m2) achieved a target of 
40% t > MIC more than 90% of the time for pathogens with 
MICs ≤ 2 μg/ml (Kays et al., 2014). Similar findings have also 
been described using Monte Carlo simulations derived from 
morbidly obese patients admitted to the ICU, whereby stan-
dard dosing achieved adequate drug exposure for susceptible 
pathogens, although higher doses or prolonged infusions 
may be required to achieve higher PK-PD targets (e.g. for 
pneumonia) or for less susceptible organisms (Cheatham et 
al., 2014).

Prolonged infusions of meropenem have also been inves-
tigated for other patient groups with altered PK-PD. For 
instance, children with cystic fibrosis (CF) may experience 
more rapid clearance of meropenem, resulting in lower drug 
exposure. In children with CF aged 6–17 years during an 
exacerbation of pulmonary disease, prolonged infusion of 
meropenem (over 3 hours) improved the probability of tar-
get attainment (40% t > MIC) to > 99% for organisms with 
MICs of 1, 2 and 4 μg/ml compared with 87.6%, 70.1%, and 
35.4% when standard (30-minute) infusions were used 
(Pettit et al. 2016). Patients receiving extracorporeal mem-
brane oxygenation (ECMO) therapy may also experience 
significant variation in PK parameters for meropenem, with a 
high proportion of patients failing to achieve target concentra-
tions, especially for P. aeruginosa (Donadello et al., 2015). 
However, in a matched case-control study, no  significant dif-
ferences in PK were seen between ECMO and non-ECMO 
patients (Donadello et al., 2015).

Of interest, unlike other beta-lactams, the carbapenems 
have been reported to exhibit a postantibiotic effect (PAE) 
toward Gram-positive and -negative bacteria (Zhanel et  
al., 2007). For meropenem, the PAE toward P. aeruginosa,  
K. pneumoniae, E. coli, E. cloacae, and S. marcescens was 
reported to be 3.9, 5.1, 5.2, 4.1, and 2.3 hours, respectively 
(Hanberger and Nilsson, 1994). The clinical significance of 
this is unknown.
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5d.  Excretion

Meropenem is predominantly excreted by the kidneys un - 
changed. Urinary concentrations of meropenem exceed 10 
μg/ml for up to 5 hours after a 500-mg dose (AstraZeneca, 
2014). The mean cumulative urinary recovery in healthy vol-
unteers is approximately 70% of the administered dose and is 
significantly decreased in patients with renal impairment 
(Mouton and Van den Anker, 1995). There is a linear rela-
tionship between total body clearance and the creatinine 
clearance (Mouton and Van den Anker, 1995). The remain-
ing approximately 30% of active drug is metabolized to the 
inactive metabolite, ICI-213686, which is also excreted in 
the urine (Mouton and Van den Anker, 1995). In several 
other studies, renal clearance of meropenem was observed 
to exceed creatinine clearance, indicating both tubular secre-
tion and glomerular filtration as mechanisms of elimination 
(Bax et al., 1989; Christensson et al., 1992). Probenecid has 
been shown to compete with meropenem for active tubular 
secretion, inhibiting its renal excretion. This can lead to a 
33–38% increase in the elimination half-life of meropenem, 
with a subsequent increase in systemic exposure by up to 
56% (Bax et al., 1989; AstraZeneca, 2014). In general, co- 
administration of probenecid is not recommended; however, 
some have used this therapy in patients with cystic fibrosis 
(Mouton and Van den Anker, 1995).

A small amount of microbiologically active meropenem 
undergoes biliary excretion (Bergan et al., 1991). Harrison et 
al. (1993) reported that 2.1% of the administered dose was 
recovered in feces during [14C]-meropenem administration 
studies in humans.

5e.  Drug interactions

Apart from the issue described with probenecid (see section 
5d, Excretion), meropenem may reduce valproic acid (VPA) 
plasma concentration to subtherapeutic levels, leading to a 
loss of anticonvulsive effect (AstraZeneca, 2014; Mori et al., 
2007). A single retrospective study of 39 patients by Spriet et 
al. (2007) reported that concomitant use of meropenem and 
VPA resulted in an average decrease in VPA plasma concen-
tration of 66% (64.3–22.5 mg/l) within 24 hours. Therapeutic 
VPA plasma concentrations range from 50 to 100 mg/l. 
Achieving therapeutic levels for patients starting VPA while 
on meropenem was also difficult, with levels averaging 11.8 
mg/l (Spriet et al., 2007). The decreased VPA levels also cor-
related with increases in seizure activity and electroencepha-
logram changes (Spriet et al., 2007). VPA levels and seizure 
control occurred approximately 8 days after ceasing the mero-
penem. Animal studies suggest that the interactions between 
VPA and meropenem occur at multiple sites, including 
altered absorption of VPA in the intestine, glucuronidation 
in the liver, disposition in blood, and renal excretion (Mori et 
al., 2007). Although the precise mechanisms are unknown, it 
is suggested that meropenem may inhibit the hydrolysis of 
the glucuronide metabolite of VPA back to VPA, therefore 
decreasing the serum concentrations (AstraZeneca, 2014). 

Patients on VPA are advised to avoid meropenem. If con-
comitant administration is unavoidable, VPA serum levels 
should be monitored closely and consideration given to add-
ing supplemental anticonvulsant therapy (AstraZeneca, 2014).

6. ADVERSE REACTIONS AND TOXICITY

Overall, meropenem exhibits a favorable safety profile (Table 
38.9). No differences have been observed between mero-
penem administered as a 5-minute bolus injection or as a 
30-minute infusion (Hellinger and Brewer, 1999; Norrby and 
Gildon, 1999). An updated safety review of over 6000 patient 
exposures reported drug-related clinical adverse events to be 
low (no adverse event occurred in > 3% of patient exposures) 
(Linden, 2007). The most common adverse events included 
diarrhea (2.5%), rash (1.4%), and nausea/vomiting (1.2%). 
These adverse events were considered mild to moderate and 
led to discontinuation of therapy in 1.4–2.5% of patients (Lin-
den, 2007; Zhanel et al., 2007). The most common laboratory 
adverse events were increases in liver enzymes, including 
alanine aminotransferase (3.7%), aspartate aminotransferase 
(2.9%), and alkaline phosphatase (1.2%), and eosinophilia  
(< 2% of patients) (Linden, 2007). Linden (2007) also re- 
ported increases in serum creatinine and urea in < 1% of 
patients.

6a.  Seizures

Meropenem has good central nervous system (CNS) tolera-
bility and a lower potential to cause seizures than imipenem–
cilastatin (Norrby and Gildon, 1999; Linden, 2007). The 
incidence of seizures was reported in a recent safety review 
to be 0.07% in patients with infections other than meningitis 
(Linden, 2007). No new cases of drug-related seizures were 
reported for any treatment group (meningitis/nonmeningi-
tis) (Linden, 2007). However, case reports exist of worsening 

Table 38.9. Overall incidence of meropenem-related adverse 
events

Adverse eventa % Patients

Diarrhea 2.3–5.9

Rash

Adults 1.4–1.9

Pediatrics 1.6-2.4

Nausea/vomiting 1.2–3.9

Inflammation at injection site 0.9–2.4

Headache 0.4–2.8

Phlebitis 0.8-1.1

Pruritus 0.3–1.2

Abdominal pain 0.1

Seizure 0.07

Otherb 0.0–0.1

aListed in order of frequency.
bConstipation, oral candidiasis, glossitis, hypotension, and renal failure.
Sources: Data compiled from AstraZeneca (2014); Linden (2007); Zhanel et 

al. (2007).
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seizures associated with meropenem use (Baraboutis et al., 
2008). 

6b.  Clostridium difficile colitis

Increased rates of pseudomembranous colitis and C. difficile– 
associated diarrhea have been reported with the carbapenems 
when compared with cephalosporins and other antipseudo-
monal beta-lactams for the empirical treatment of febrile 
neutropenia (Paul et al., 2006; Paul et al., 2010). However, 
other studies have not supported these findings, with cepha-
losporins being implicated more often than meropenem 
(Alvarez et al., 2005; Linden, 2007).

6c.  Hypersensitivity reaction

Current manufacturer recommendations advise against the 
administration of meropenem in patients with a history of 
penicillin hypersensitivity (AstraZeneca, 2014). Several re- 
views of retrospective studies had reported the risk of cross- 
hypersensitivity between penicillin and the carbapenems to 
be 9–11%, although in one study 26% of patients with re - 
ported penicillin hypersensitivity had a positive skin test 
with carbapenems (Sodhi et al., 2004; Prescott and Kus mier-
ski, 2007). In a more recent retrospective study of patients 
with self-reported non-type-1 hypersensitivity reactions to 
penicillin, the risk of cross-reactivity to meropenem was very 
low and any reactions tended to be mild (Crotty et al., 2015), 
with such findings also reported in children (Atanaskovic-
Markovic et al., 2008). Similarly, in a large retrospective 
cohort, patients with a self-reported penicillin allergy were no 
more likely to develop a reaction to meropenem than those 
with no prior history of reported penicillin allergy (Wall et 
al., 2014). Romano et al. (2007) reported a low rate of cross- 
reactivity (0.9%; n = 104) in a prospective study of skin test-
ing and antibiotic challenge. The authors concluded that the 
practice of avoiding meropenem therapy in penicillin-allergic 
patients should be reconsidered and pretreatment skin tests 
should be recommended because negative results indicate 
tolerability. This has been confirmed in subsequent studies, 
in which patients with a history of penicillin hypersensitivity 
and negative skin test to meropenem were very unlikely to 
develop significant reactions to a full dose (Gaeta et al., 2015). 
However, skin testing is often not available in the timeframe 
necessary for critically unwell patients. Cunha et al. (2008) 
reported no cross-reactions in a prospective study of 110 
patients with a history of anaphylactic or nonanaphylactic 
penicillin allergy treated with meropenem for 1–4 weeks, 
without the use of prior skin testing. 

6d.  Risks in pregnancy and fetal toxicity

Animal studies indicate no evidence of impaired fertility or 
harm to the fetus due to meropenem. However, it is still 
unclear to what extent meropenem crosses the placenta. Hnat 
and Bawdon (2005), in a study of ex vivo human placental per-
fusion, suggest that meropenem crosses the placenta incom- 

pletely, likely resulting in lower fetal than maternal con - 
centrations.

Caution is advised when administering to nursing moth-
ers because meropenem is excreted in human milk (Astra-
Zeneca, 2014). In a single case report of a lactating woman 
treated with meropenem, the mean and maximum concen-
trations of meropenem in breast milk were 0.48 and 0.64 μg/
ml, the calculated infant daily exposure from breast milk was 
97 μg/kg/day and the infant weight-adjusted proportion of 
the maternal dose was 0.18% (Sauberan et al., 2012).

6e.  Other reported adverse effects

Intravascular hemolysis mediated by drug-dependent anti-
body has been reported in a patient treated with meropenem 
(Oka et al., 2015). Meropenem has also been reported as a 
cause of the rare vanishing bile duct syndrome (Schumaker 
and Okulicz, 2010). 

7. CLINICAL USES OF THE DRUG

Given meropenem’s broad antimicrobial spectrum, it has a 
wide range of clinical uses, most often in serious hospital- 
acquired infections. As mentioned, judicious and careful use 
of this class of antimicrobial is critical to prevent the wide-
spread emergence of carbapenem resistance. This section 
will concentrate on randomized clinical trials assessing mero-
penem efficacy; they are summarized in Table 38.10.

7a.  Skin and soft tissue infection

A prospective, randomized, double-blind, multicenter study 
involving hospitalized patients with complicated skin and 
skin structure infections was performed to compare the effi-
cacy of meropenem with imipenem–cilastatin, both given at 
500 mg every 8 hours (Fabian et al., 2005). Patients included 
those with complicated cellulitis, complex abscesses, peri-
rectal abscesses, and skin infections requiring intravenous 
antimicrobials, hospitalization, and surgical intervention. 
The primary efficacy end point was clinical outcome at a 
 follow-up visit 7–14 days after the cessation of therapy. A total 
of 1076 patients were enrolled, with 548 being clinically eval-
uable (261 for meropenem and 287 for imipenem–cilastatin). 
At enrolment, 37% of patients had diabetes mellitus and 67% 
had a surgical intervention. Success rates in the clinically 
evaluable patients were 86% (225/261) for the meropenem 
group and 83% (238/287) for the imipenem–cilastatin group. 
Methicillin-susceptible S. aureus was the most common 
pathogen, followed by S. pyogenes. Gram-negative aerobic 
and anaerobic organisms made up approximately 30% of the 
causative pathogens in the meropenem group. Efficacy was 
similar in the subgroup of patients with diabetes mellitus. 
Discontinuation of study drug because of adverse events was 
low and equal between study groups (2.5% for meropenem, 
2.7% for imipenem).

Given the severity of necrotizing soft-tissue infection and 
the range of causative organisms (Anaya and Dellinger, 2007), 
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Table 38.10. Outcome data from clinical trials with meropenem

Clinical trial Study regimena

No. of patients 
randomized 
(no. clinically 
evaluable)

Percentage 
of patients 
with clinical 
responseb

Percentage of 
patients with 
microbiologic 
responseb Differences in toxicity

Complicated skin and soft tissue infection

Fabian et al. (2005) MER 500 mg every 8 h vs. IMI 
500 mg every 8 h

692 (548) 86.2, 82.9 NA, NA NS

Intraabdominal infection

Wilson (1997) MER 1 g every 8 h vs. CLD 
900 mg every 8 h plus TOB 
5 mg/kg/day in three doses

427 (266) 92, 86 96, 93 NS

Basoli et al. (1997) MER 1 g every 8 h vs. IMI 
500 mg every 8 h

287 (201) 95, 98 98, 96 NS

Zanetti et al. (1999) MER 500 mg every 8 h vs. IMI 
500 mg every 8 h

161 (135) 91.6, 93.8 NA, NA NS

Mehtar et al. (1997) MER 1 g every 8 h vs. CTX 1 g 
every 8 h plus MTZ 500 mg 
every 8 h

161 (131) 93, 92 86, 88 NS

Solomkin et al. (2015) 
(ASPECT-cIAI)

MER 1 g every 8 h vs. CTZ/TZB 
1.5 g plus MTZ 500 mg every 
8 h

993 (806) 87.3, 83.0 94.7, 94.2 NS

Mazuski et al. (2016) 
(RECLAIM 1 and 2)

MER 1 g every 8 h vs. CFZ/AVI 
2.5 g plus MTZ 500 mg every 
8 h

1066 (1043) 84.9, 82.5 NA, NA NS

Necrotizing pancreatitis

Dellinger et al. (2007) MER 1 g every 8 h vs. placebo 100 (80) 18, 20, 26,c 
12, 18, 26c

—, — —, —

Spontaneous bacterial peritonitis

Piano et al. (2015) MER 1 g every 8 h plus DAPTO 
6 mg/kg/d vs. CFZ 2 g every 
8 h 

32 (31) 86.7, 25  
(p < 0.001)

—, — —, —

Obstetric and gynecologic infection

Maggioni et al. (1998) MER 500 mg every 8 h vs. IMI 
500 mg every 8 h

105 (95) 100, 89.8  
(p = 0.026)

NA, NA Nonsignificant 
reduction in AEs 
with meropenem

Hemsell et al. (1997) MER 500 mg every 8 h vs. CLD 
900 mg every 8 h plus GTM 
1.5 mg/kg every 8 h

515 (395) 88, 90 88, 86 Diarrhea and eosino-
philia higher with 
CLD group

Hospital-acquired pneumonia

Alvarez Lerma (2001) MER 1 g every 8 h vs. CFZ 2 g 
every 8 h plus AMK 15 mg/
kg/d as two doses

140 82.5, 66.1  
(p = 0.044)

NA, NA NS

Sieger et al. (1997) MER 1 g every 8 h vs. CFZ 2g 
every 8 h plus TOB 1 mg/kg 
every 8 h

211 (121) 89, 72  
(p = 0.04)

89, 67  
(p = 0.006)

NS

Bacterial meningitis

Schmutzhard et al. 
(1995)

MER 40 mg/kg every 8 h up to 
max 6 g/d vs. CTX or CFZ

56 (45) 100, 77 100, 95 No seizures on therapy

Odio et al. (1999) MER 40 mg/kg every 8 h vs. 
CTX 45 mg/kg every 6 h

258 (154) 54, 45,d 58, 
40d

95, 96 Similar seizure rate

Febrile neutropenia

Reich et al. (2005) MER 1 g every 8 h vs. TAZ 4.5 g 
every 8 h

236 (232) 63.8,e 49.6 
(p = 0.034)

53.8,f 32.4 NS
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meropenem is a potential therapeutic option as an adjunct to 
complete surgical débridement, especially in patients with 
polymicrobial disease. Clinical trial data are lacking, how-
ever. The 2014 IDSA guidelines for the diagnosis and man-
agement of skin and soft tissue infections, include meropenem 
(with and without vancomycin) as an option for therapy in 
severe infections in immunocompromised hosts, empirical 
therapy for necrotizing fasciitis and for polymicrobial surgi-
cal site infections (Stevens et al., 2014).

7b.  Intraabdominal infection

Several randomized, controlled trials show that meropenem 
has excellent efficacy for intraabdominal infections (see 
Table 38.10). Meropenem is now frequently used in phase III 
trials as the standard of care comparator for newly developed 
antibacterial agents such as ceftolozane–tazobactam (Solom- 
kin et al., 2015) and ceftazidime–avibactam (Mazuski et  
al., 2016) for the treatment of complicated intraabdominal 
infections (see Table 38.10). Meropenem has been compared 
with imipenem (Brismar et al., 1995; Colardyn and Faulkner, 
1996; Basoli et al., 1997; Zanetti et al., 1999), clindamycin 
and tobramycin (Wilson, 1997), and cefotaxime and metro-
nidazole (Mehtar et al., 1997), with similar efficacy reported. 
In patients with advanced appendicitis (gangrenous or per-
forated), meropenem showed small yet significant benefits 
compared with tobramycin and clindamycin, including re- 
duced postoperative fever, duration of antibiotics, and hospital 
stay (Berne et al., 1996). Given the higher likelihood of drug- 
resistant pathogens in healthcare-associated intraabdominal 
infections (most often postoperative), meropenem constitutes 
an excellent single agent to cover against Gram-negative aer-
obic and anaerobic organisms. Meropenem has no activity 
toward methicillin-resistant S. aureus, many enterococci, and, 
obviously, Candida species, which are all possible causative 

organisms (Solomkin et al., 2010). As seen with other infec-
tions in critically ill patients, the adequacy of empirical ther-
apy for postoperative intraabdominal infection may influence 
patient outcome (Montravers et al., 1996). The current IDSA 
guidelines for the management of complicated intraabdomi-
nal infections lists meropenem as an appropriate empiric 
agent, but not for mild to moderate community-acquired 
infections in adults in whom the risk of resistant organisms is 
low; when used it should also be limited to 4–7 days (provided 
source control has been achieved) and tailored to reflect sus-
ceptibility testing of identified microorganisms (Solomkin et 
al., 2010). In an open-label study of critically unwell infants 
with complicated intraabdominal infections, meropenem 
was effective and well-tolerated (Cohen-Wolkowiez et al., 
2012). 

Piano et al. (2015) conducted a randomized controlled trial 
of meropenem plus daptomycin versus ceftazidime on 31 
patients in Italy with nosocomial spontaneous bacterial peri-
tonitis. A significant difference was seen in cure rates (86.7% 
vs. 25%; p < 0.001) between the meropenem–daptomycin arm 
and those given ceftazidime, largely explained by the high 
prevalence of organisms (80%) with resistance to ceftazidime 
(Piano et al., 2015). Although there were no significant dif-
ferences in mortality, the trial was stopped early due to poor 
efficacy of the comparator arm, so was underpowered to detect 
mortality differences. Furthermore, it is not clear that such a 
study is applicable to circumstances with lower background 
prevalence of multiresistant organisms or to what extent effi-
cacy can be attributed to the addition of daptomycin.

7c.  Acute pancreatitis

The use of carbapenems for the prophylaxis of infection in 
patients with acute necrotizing pancreatitis has been contro-
versial. A Cochrane review performed in 2006 concluded 

Clinical trial Study regimena

No. of patients 
randomized 
(no. clinically 
evaluable)

Percentage 
of patients 
with clinical 
responseb

Percentage of 
patients with 
microbiologic 
responseb Differences in toxicity

Feld et al. (2000) MER 1 g every 8 h vs. CFZ 2 g 
every 8 h

411 54, 44  
(p = 0.033)

45,f 51 NS

Cometta et al. (1996) MER 1 g every 8 h if > 50 kg or 
20 mg/kg every 8 h if < 50 kg 
vs. CFZ 2 g every 8 h for 
adults and 35 mg/kg every 
8 h for children plus AMK 
20 mg/kg/d once daily

1034 (958) 56, 52 43,f32 NS

aAll antibiotics were administered intravenously.
bA p-value is provided only when statistical significance was achieved.
cThe first, second, and third percentage relate to pancreatic or peripancreatic infection, mortality, and surgical intervention, respectively.
dThe first and second percentage relate to cure with no sequelae and survival with sequelae, respectively, both at 5–7 weeks followup.
eComplete response to first-line antimicrobial therapy.
fComplete response rates to documented infection were similar among groups (p = NS).
Abbreviations: MER: meropenem; IMI: imipenem; NA: not available; NS: nonsignificant; CLD: clindamycin; TOB: tobramycin; CTX: cefotaxime; MTZ: metroni-

dazole; CTZ/TZB: ceftolozane–tazobactam; CFZ: ceftazidime; CFZ/AVI: ceftazidime–avibactam; DAPTO: daptomycin; GTM: gentamicin; AMK: amikacin; 
TAZ: piperacillin/tazobactam; AE: adverse effect.
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that antibiotic prophylaxis appeared to be associated with 
significantly less mortality with no reduction in pancreatic 
infection, and that further double-blind randomized controlled 
trials are required (Villatoro et al., 2006). The studies included 
in this analysis used a mix of beta-lactam (predominantly imi-
penem) and non-beta-lactam antibiotics as prophylaxis. A 
prospective, randomized, double-blind, placebo-controlled 
study was performed comparing meropenem (1 g every 8 
hours) with placebo in patients with confirmed necrotizing 
pancreatitis (Dellinger et al., 2007). There was no difference 
in pancreatic or peripancreatic infections (18% meropenem 
group vs. 12% placebo; p = 0.4), mortality (20% meropenem 
group vs. 18% placebo; p = 0.79), or surgical intervention 
(26% meropenem group vs. 20% placebo, p = 0.48) (Dellinger 
et al., 2007). However, as a consequence of the strict entry 
criteria and slow enrolment, only 100 patients were included 
(50 each group), well below the 240 patients required to 
detect a 20% reduction in pancreatic infection with mero-
penem at 90% power. A meta-analysis of trials examining the 
use of prophylactic antibiotics for necrotizing pancreatitis 
has shown that positive results may be attributable to poor 
study design and that studies with a more robust design tend 
to show no benefit (de Vries et al., 2007). At present such an 
approach is not supported by current IDSA guidelines (Solom-
kin et al. 2010).

7d.  Obstetric and gynecologic infections

Several comparative studies have been performed in patients 
with gynecologic or obstetric infections to compare mero-
penem with imipenem–cilastatin (Maggioni et al., 1998) 
or clindamycin plus gentamicin (Hemsell et al., 1997). As 
expected, the clinical and bacteriologic response rates were 
high (Table 38.10). As mentioned, meropenem is a pregnancy 
category B drug.

7e.  Respiratory infection

Despite several studies showing the efficacy of meropenem 
for the treatment of community-acquired pneumonia (Bar-
toloni et al., 1999; Romanelli et al., 2002), it is not recom-
mended as a first-line agent. The exception to this is in 
tropical regions such as Southeast Asia and northern 
Australia, where B. pseudomallei is an important cause of 
community-acquired pneumonia. Meropenem is a thera-
peutic option (1 g or 25 mg/kg every 8 hours) for melioidosis 
and is often used as initial therapy (Currie, 2015). Some 
observational data suggest that meropenem may result in 
better outcomes than ceftazidime in severe melioidosis with 
septic shock (Cheng et al., 2004), although this has not been 
confirmed by randomized controlled trials.

The treatment of hospital-acquired or healthcare-asso-
ciated pneumonia should be based on local microbiologic 
susceptibility data. Empirical therapy regimens should be 
institution specific, maximizing the coverage of causative 
organisms that are likely at a given time in the hospital stay, 

taking into account the severity of illness and previous anti-
biotic exposures of the patient. Meropenem is one of several 
therapeutic options for hospital-acquired or healthcare-asso-
ciated pneumonia, although reserved for patients at high-
risk for multidrug-resistant pathogens (ATS/IDSA, 2005). 
Two prospective, randomized studies have been performed 
that demonstrate the efficacy of meropenem (1 g every 8 
hours) compared with ceftazidime plus an aminoglycoside 
(Sieger et al., 1997; Alvarez Lerma and Serious Infection 
Study Group, 2001), both showing a slight but significant 
benefit with meropenem (Table 38.10). Given the difficulties 
of diagnosing ventilator-associated pneumonia and the broad- 
spectrum nature of meropenem, it is important to reevaluate 
the patient at 48–72 hours to assess the clinical status and 
microbiologic data. Deescalation to a more narrow-spectrum, 
microbiologically guided therapy is ideal if possible.

Meropenem is also an important therapeutic for patients 
with cystic fibrosis who present with acute pulmonary exac-
erbations. In a prospective, randomized, investigator-blinded 
clinical trial, meropenem (40 mg/kg to 2 g every 8 hours) 
was compared with ceftazidime (5 mg/kg to 2 g every 8 
hours), both in combination with intravenous tobramycin, for  
the treatment of ceftazidime- and meropenem-susceptible  
P. aeruginosa infection (Blumer et al., 2005). Both treatment 
arms showed significant improvements in forced expiratory 
volume in 1 second (FEV1) from baseline; however, the pro-
portion of patients with ≥ 15% relative increase at day 7 was 
greater in the meropenem group (62% vs. 44%, respectively; 
p = 0.04). Meropenem resistance did not emerge on treat-
ment in any patient. Latzin et al. (2008) reported similar 
findings from a trial of meropenem versus ceftazidime (both 
given with tobramycin) for patients with cystic fibrosis with 
new P. aeruginosa infections, acute infective exacerbation or 
requirement of suppression therapy for chronic colonization. 
Both treatment arms demonstrated no significant differences 
in improvement in lung function, sputum burden or inflam-
matory markers, although elevations in alkaline phosphatase 
were more common in the meropenem arm (Latzin et al., 
2008).

As mentioned previously (section 2a, Routine susceptibil-
ity), there has been limited experience in using meropenem–
clavulanate in combination to treat M. tuberculosis. In a 
study of patients with MDR- or XDR-TB, 37 patients were 
given meropenem–clavulanate in addition to a linezolid–
containing regimen and compared to 61 controls given a 
linezolid-based regimen alone. Although baseline severity of 
disease was worse in the control group, patients given mero-
penem–clavulanate had a higher rate of sputum-smear or 
culture conversion, and the regimen was generally well toler-
ated (De Lorenzo et al., 2013). 

7f.  Bacterial meningitis

Meropenem has excellent activity against most organisms 
causing community-acquired bacterial meningitis and has 
good CSF penetration (Morita et al., 2014). Rather than 



7. Clinical uses of the drug 715

being a first-line agent, it is used as an alternative therapy 
(Tunkel et al., 2004) at a dose of 40 mg/kg up to 2 g every 
8 hours. The efficacy of meropenem compared with cephalo-
sporins in bacterial meningitis has been demonstrated in 
adults and children in several prospective, randomized trials 
(Schmutzhard et al., 1995; Odio et al., 1999). No differences 
were observed in clinical cure or neurologic sequelae. No 
excess seizure activity was attributed to meropenem. Clinical 
situations in which meropenem may be used in community- 
acquired bacterial meningitis include patients who are in - 
tolerant of penicillins and/or cephalosporins, treatment of 
penicillin-intermediate S. pneumoniae (MIC, 0.1–1.0 μg/ml), 
and as an alternative treatment for L. monocytogenes menin-
gitis (Tunkel et al., 2004).

Meropenem is a first-line agent in patients with bacterial 
meningitis after penetrating head trauma, postneurosurgical 
meningitis, meningitis associated with CSF shunts in adults, 
and meningitis caused by Gram-negative organisms resistant 
to standard therapy (Tunkel et al., 2004).

7g.  Febrile neutropenia

Several prospective, randomized, clinical trials have been 
performed in both adults and pediatric populations that con-
firm the efficacy of meropenem in patients with febrile neu-
tropenia (Table 38.10). Meropenem monotherapy (1 g every 
8 hours) has been compared with piperacillin–tazobactam 
(Reich et al., 2005), ceftazidime (Lindblad et al., 1998; Feld et 
al., 2000; Vandercam et al., 2000; Fleischhack et al., 2001), 
ceftazidime plus amikacin (Cometta et al., 1996; Behre et al., 
1998), cefepime (Oguz et al., 2006), and imipenem–cilastatin 
(Shah et al., 1996). Despite some studies showing greater 
clinical response at the end of therapy for meropenem (Feld 
et al., 2000; Fleischhack et al., 2001), equal efficacy was shown 
for documented infections, with no differences in drug toler-
ance. As discussed for other infection types, selection of ini-
tial antibiotic therapy for febrile neutropenia should be based 
on local microbiologic data and should take into account the 
patient’s risk for life-threatening infection, previous antibi-
otic exposure, current antibiotic prophylaxis, organ dysfunc-
tion, and known hypersensitivities (Hughes et al., 2002). The 
use of quinolone prophylaxis is commonly used in neutro-
penic patients, with some evidence from meta-analyses of 
mortality reduction, particularly in high-risk patients (Leibo-
vici et al., 2006; Gafter-Gvili et al., 2012), although practice is 
variable across institutions. The effect this will have on the 
levels of bacterial resistance not only for the quinolones but 
also for other agents that are substrates for the same multi-
drug efflux pumps as the quinolones, such as meropenem 
(see section 2b, Emerging resistance and cross-resistance), is 
less clear. However, resistance was not found to be more 
common in a meta-analysis of quinolone prophylaxis in neu-
tropenic patients (Gafter-Gvili et al., 2012). Given meropen-
em’s lack of activity toward S. maltophilia, this organism is an 
important pathogen to be considered in neutropenic patients 
on meropenem.

MEROPENEM–VABORBACTAM 

The global dissemination of carbapenemases in medically 
important Gram-negative bacilli has prompted a renewed 
interest in developing beta-lactamase inhibitor compounds 
with activity against carbapenemases. The novel agent vabor-
bactam (previously RPX7009), a cyclic alpha-acylamino 
boronic acid, is a potent inhibitor of serine carbapenemases, 
such as KPC. It has been tested in combination with carbapen-
ems such as biapenem (Livermore and Mushtaq, 2013) and 
meropenem (Lapuebla et al., 2015). Although vaborbactam 
does not enhance the activity of meropenem significantly 
against P. aeruginosa or A. baumannii, it shows promise when 
used in combination with meropenem against KPC-producing 
Enterobacteriaceae (Lapuebla et al., 2015). Studies in healthy 
volunteers show adequate penetration of vaborbactam into 
alveolar macrophages and the epithelial lining fluid of the 
lung when dosed in a fixed combination of meropenem–
vaborbactam 2 g/2 g every 8 hours as a 3-hour infusion 
(Wenzler et al., 2015). Currently there are several ongoing or 
recently reported clinical trials, including at least two phase III 
trials comparing meropenem–vaborbactam (Carbavance) to 
comparator agents for indications such as complicated UTI 
(cUTI), hospital-acquired pneumonia, ventilator-associated 
pneumonia or bacteraemia (clinical trials NCT02166476 and 
NCT02168946). Meropenem– vaborbactam was designated as 
a qualified infectious disease product (QIDP) in January 2014, 
enabling expedited review by the FDA and was granted fast 
track designation as an investigational agent for cUTI in April 
2016. By June 2016, results from the phase II TANGO 1 trial 
were announced: a multicenter, randomized, double-blind, 
double- dummy study to evaluate the efficacy, safety, and tolera-
bility of meropenem–vaborbactam in comparison to piperacil-
lin–tazobactam in the treatment of cUTI. The trial enrolled 550 
adults, randomized to meropenem–vaborbactam 2 g/2 g as a 3- 
hour i.v. infusion every 8 hours versus piperacillin–tazobactam 
4.5 g as a 30-minute i.v. infusion every 8 hours for up to 10 
days. The minimum duration of treatment was 5 days, after 
which time patients meeting protocol-defined criteria for 
improvement were switched to oral levofloxacin. Using an 
end point of cure or improvement and the FDA microbiolog-
ical definition of eradication of the causative organism (< 104 
CFU/ml in urine), success was seen in 188/192 patients 
(98.4%) in the meropenem–vaborbactam group and in 
171/182 patients (94.0%) in the piperacillin–tazobactam 
group, demonstrating superiority of meropenem–vaborbactam 
with an absolute difference of 4.5% (95% confidence interval 
[CI]: 0.7–9.1%) (Medicines Company, 2016). Using the more 
stringent European Medicine Agency (EMA) end points for 
microbiological eradication (< 103 CFU/ml), success was 
lower overall, and a significant advantage of meropenem–
vaborbactam was not found. Success was seen in 128/192 
patients (66.7%) in the meropenem–vaborbactam group and 
105/182 patients (57.7%) in the piperacillin–tazobactam 
group; an absolute difference of 9.0% (95% CI: –0.9% to 
18.7%) (Medicines Company, 2016). A further phase III, 



716 Meropenem and Meropenem–Vaborbactam

multicenter, randomized, open-label study (TANGO 2) 
comparing meropenem–vaborbactam with best available 
therapy in patients with significant infections (such as bacte-
riemia, cUTI, or pneumonia) caused by carbapenem-resistant 
Enterobacteriaceae, is currently ongoing. 

Acknowledgment: The previous version of this chapter, 
published in the 6th edition of Kucers’ The Use of Antibiotics, 
was written by one of the current authors, Dr. Anton Y. Peleg, 
and Dr. Margaret Salmon, of the Department of Emergency 
Medicine; University of California, San Francisco; and San 
Francisco General Hospital, San Francisco, California. Dr. 
Salmon’s contribution was substantial and much appreciated. 

REFERENCES

Aaron SD, Ferris W, Henry DA et al. (2000). Multiple combination bacteri-
cidal antibiotic testing for patients with cystic fibrosis infected with 
Burkholderia cepacia. Am J Resp Crit Care Med 161: 1206.

Abdul-Aziz MH, Lipman J, Akova M et al. (2016). Is prolonged infusion of 
piperacillin/tazobactam and meropenem in critically ill patients associated 
with improved pharmacokinetic/pharmacodynamic and patient outcomes? 
An observation from the Defining Antibiotic Levels in Intensive care unit 
patients (DALI) cohort. J Antimicrob Chemother 71:196.

Adler A, Ben-Dalak M, Chmelnitsky I et al. (2015). Effect of resistance 
mechanisms on the inoculum effect of carbapenem in Klebsiella 
pneumoniae isolates with borderline carbapenem resistance. 
Antimicrob Agents Chemother 59: 5014.

Alvarez C, Ramos JM, San Juan R et al. (2005). Risk of superinfection related 
to antibiotic use. Are all antibiotics the same? Rev Esp Quimioter 18: 39.

Alvarez Lerma F, Serious Infection Study Group (2001). Efficacy of 
meropenem as monotherapy in the treatment of ventilator-associated 
pneumonia. J Chemother 13: 70.

Anaya DA, Dellinger EP (2007). Necrotizing soft-tissue infection: diagnosis 
and management. Clin Infect Dis 44: 705.

AstraZeneca (2014). Meropenem package insert. azpicentral.com/merrem/
merremiv.pdf#page=1. Accessed June 2016.

Atanaskovic-Markovic M, Gaeta F, Medjo B et al. (2008). Tolerability of 
meropenem in children with IgE-mediated hypersensitivity to penicillins. 
Allergy 63: 237.

ATS/IDSA (2005). Guidelines for the management of adults with hospital- 
acquired, ventilator-associated, and healthcare-associated pneumonia. 
Am J Resp Crit Care Med 171: 388.

Baek JY, Ko KS, Kang CI et al. (2011). In vitro antibacterial activities of 
doripenem, imipenem, and meropenem against recent Streptococcus 
pneumoniae isolates. Diagn Microbiol Infect Dis. 71: 297.

Baraboutis IG, Marangos MN, Skoutelis A et al. (2008). Meropenem-aggravated 
seizure activity in progressive myoclonus epilepsy. Int J Antimicrob 
Agents 31: 177.

Barth N, Ribeiro VB, Zavascki AP (2015). In vitro activity of polymyxin b  
plus imipenem, meropenem, or tigecycline against KPC-2-producing 
Enterobacteriaceae with high MICs for these antimicrobials. Antimicrob 
Agents Chemother 59: 3596.

Bartoloni A, Strohmeyer M, Corti G et al. (1999). Multicenter randomized 
trial comparing meropenem (1.5 g daily) and imipenem/cilastatin (2 g 
daily) in the hospital treatment of community-acquired pneumonia. 
Drugs Exp Clin Res 25: 243.

Basoli A, Meli EZ, Mazzocchi P, Speranza V (1997). Imipenem/cilastatin (1.5 g 
daily) versus meropenem (3.0 g daily) in patients with intra-abdominal 
infections: results of a prospective, randomized, multicentre trial. Scand 
J Infect Dis 29: 503.

Bax RP, Bastain W, Featherstone A et al. (1989). The pharmacokinetics of 
meropenem in volunteers. J Antimicrob Chemother 24 (Suppl A): 311.

Bedikian A, Okamoto MP Nakahiro RK et al. (1994). Pharmacokinetics of 
meropenem in patients with intra-abdominal infections. Antimicrob 
Agents Chemother 38: 151.

Behre G, Link H, Maschmeyer G et al. (1998). Meropenem monotherapy 
versus combination therapy with ceftazidime and amikacin for 
empirical treatment of febrile neutropenic patients. Ann Hematol 
76: 73.

Bergan T, Nord CE, Thorsteinsson SB (1991). Effect of meropenem on the 
intestinal microflora. Eur J Clin Microbiol 10: 524.

Bergogne-Berezin E, Muller-Serieys C, Aubier M, Dombret MC (1994). 
Concentration of meropenem in serum and in bronchial secretions in 
patients undergoing fibreoptic bronchoscopy. Eur J Clin Pharmacol 
46: 87.

Berne TV, Yellin AE, Appleman MD et al. (1996). Meropenem versus 
tobramycin with clindamycin in the antibiotic management of patients 
with advanced appendicitis. J Am Coll Surg 182: 403.

Berrazeg M, Diene S, Medjahed L et al. (2014). New Delhi Metallo-beta-
lactamase around the world: an eReview using Google Maps. Euro 
Surveill 19. eurosurveillance.org/ViewArticle.aspx?ArticleId=20809. 
Accessed June 2016.

Bilgrami I, Roberts JA, Wallis SC et al. (2010). Meropenem dosing in 
critically ill patients with sepsis receiving high-volume continuous 
venovenous hemofiltration. Antimicrob Agents Chemother 54: 2974.

Binder L, Schworer H, Hoppe S et al. (2013). Pharmacokinetics of mero-
penem in critically ill patients with severe infections. Ther Drug Monit 
35: 63.

Blumer JL (1996). Pharmacokinetic determinants of carbapenem therapy in 
neonates and children. Ped Infect Dis J 15: 733.

Blumer JL, Reed MD, Kearns GL et al. (1995). Sequential, single-dose 
pharmacokinetic evaluation of meropenem in hospitalized infants and 
children. Antimicrob Agents Chemother 39: 1721.

Blumer JL, Saiman L, Konstan MW, Melnick D (2005). The efficacy and safety 
of meropenem and tobramycin vs ceftazidime and tobramycin in the 
treatment of acute pulmonary exacerbations in patients with cystic 
fibrosis. Chest 128: 2336.

Bou G, Cervero G, Dominguez MA et al. (2000). Characterization of a 
nosocomial outbreak caused by a multiresistant Acinetobacter 
baumannii strain with a carbapenem-hydrolyzing enzyme: high-level 
carbapenem resistance in A. baumannii is not due solely to the 
presence of beta-lactamases. J Clin Microbiol 38: 3299.

Bradley JS (1997). Meropenem: a new, extremely broad spectrum beta- 
lactam antibiotic for serious infections in pediatrics. Ped Infect Dis J  
16: 263.

Bratu S, Landman D, Haag R et al. (2005). Rapid spread of carbapenem- 
resistant Klebsiella pneumoniae in New York City: a new threat to our 
antibiotic armamentarium. Arch Intern Med 165: 1430.

Brismar B, Malmborg AS, Tunevall G et al. (1995). Meropenem versus 
imipenem/cilastatin in the treatment of intra-abdominal infections.  
J Antimicrob Chemother 35: 139.

Bulik CC, Fauntleroy KA, Jenkins SG et al. (2010).Comparison of mero-
penem MICs and susceptibilities for carbapenemase-producing 
Klebsiella pneumoniae isolates by various testing methods. J Clin 
Microbiol 48: 2402.

Bulik CC, Nicolau DP (2011). Double-carbapenem therapy for carbapene-
mase-producing Klebsiella pneumoniae. Antimicrob Agents Chemother 
55: 3002.

Canton R, Akova M, Carmeli Y et al. (2012). Rapid evolution and spread of 
carbapenemases among Enterobacteriaceae in Europe. Clin Microbiol 
Infect 18: 413.

Capitano B, Nicolau DP, Potoski BA et al. (2004). Meropenem administered 
as a prolonged infusion to treat serious gram-negative central nervous 
system infections. Pharmacotherapy 24: 803.

Carlier M, Carrette S, Roberts JA et al. (2013). Meropenem and piperacillin/
tazobactam prescribing in critically ill patients: does augmented renal 
clearance affect pharmacokinetic/pharmacodynamic target attainment 
when extended infusions are used? Crit Care 17: R84.

Carlier M, Stove V, Verstraete AG et al. (2015). Stability of generic brands  
of meropenem reconstituted in isotonic saline. Minerva Anestesiol 81: 
283.

Castanheira M, Deshpande LM, Mathai D et al. (2011). Early dissemination 
of NDM-1- and OXA-181-producing Enterobacteriaceae in Indian 

http://azpicentral.com/merrem/merremiv.pdf#page=1
http://azpicentral.com/merrem/merremiv.pdf#page=1
http://www.eurosurveillance.org/ViewArticle.aspx?ArticleId=20809


7. Clinical uses of the drug 717

hospitals: report from the SENTRY Antimicrobial Surveillance Program, 
2006–2007. Antimicrob Agents Chemother 55: 1274.

Centers for Disease Control and Prevention (2013). Antibiotic Resistance 
Threats in the United States. Atlanta, GA: CDC.

Centers for Disease Control and Prevention (2015). Tracking CRE infections 
—KPC. cdc.gov/hai/organisms/cre/TrackingCRE.html. Accessed 25 
November 2015.

Cercenado E, Marin M, Sanchez-Martinez M et al. (2007). In vitro activities 
of tigecycline and eight other antimicrobials against different Nocardia 
species identified by molecular methods. Antimicrob Agents 
Chemother 51: 1102.

Chang LW, Buising KL, Jeremiah CJ et al. (2015). Managing a nosocomial 
outbreak of carbapenem-resistant Klebsiella pneumoniae: an early 
Australian hospital experience. Intern Med J 45: 1037.

Cheatham SC, Fleming MR, Healy DP et al. (2014). Steady-state pharma-
cokinetics and pharmacodynamics of meropenem in morbidly obese 
patients hospitalized in an intensive care unit. J Clin Pharmacol 54: 324.

Chen H, Wang Z, Li H et al. (2015). In vitro analysis of activities of 16 
antimicrobial agents against gram-negative bacteria from six teaching 
hospitals in china. Jpn J Infect Dis 68: 263.

Cheng AC, Currie BJ (2005). Melioidosis: epidemiology, pathophysiology, 
and management. Clin Microbiol Rev 18: 383.

Cheng AC, Fisher DA, Anstey NM et al. (2004). Outcomes of patients with 
melioidosis treated with meropenem. Antimicrob Agents Chemother 
48: 1763.

Chimata M, Nagase M, Suzuki Y et al. (1993). Pharmacokinetics of meropenem 
in patients with various degrees of renal function, including patients with 
end-stage renal disease. Antimicrob Agents Chemother 37: 229.

Christensson BA, Nilsson-Ehle I, Hutchison M et al. (1992). Pharmacokinetics 
of meropenem in subjects with various degrees of renal impairment. 
Antimicrob Agents Chemother 36: 1532.

Chytra I, Stepan M, Benes J et al. (2012). Clinical and microbiological 
efficacy of continuous versus intermittent application of meropenem in 
critically ill patients: a randomized open-label controlled trial. Crit Care 
16: R113.

Cohen-Wolkowiez M, Poindexter B, Bidegain M et al. (2012). Safety and 
effectiveness of meropenem in infants with suspected or complicated 
intra-abdominal infections. Clin Infect Dis 55: 1495.

Cojutti P, Maximova N, Pea F (2015). Pharmacokinetics and pharmacody-
namics of continuous-infusion meropenem in pediatric hematopoietic 
stem cell transplant patients. Antimicrob Agents Chemother 59(9): 
5535.

Colardyn F, Faulkner KL (1996). Intravenous meropenem versus imipenem/
cilastatin in the treatment of serious bacterial infections in hospitalized 
patients. Meropenem Serious Infection Study Group. J Antimicrob 
Chemother 38: 523.

Cometta A, Calandra T, Gaya H et al. (1996). Monotherapy with meropenem 
versus combination therapy with ceftazidime plus amikacin as empiric 
therapy for fever in granulocytopenic patients with cancer. The Inter - 
national Antimicrobial Therapy Cooperative Group of the European 
Organization for Research and Treatment of Cancer and the Gruppo 
Italiano Malattie Ematologiche Maligne dell’Adulto Infection Program. 
Antimicrob Agents Chemother 40: 1108.

Cornaglia G, Giamarellou H, Rossolini GM (2011). Metallo-beta-lactamases: 
a last frontier for beta-lactams? Lancet Infect Dis 11: 381.

Corvec S, Poirel L, Naas T et al. (2007). Genetics and expression of the 
carbapenem-hydrolyzing oxacillinase gene blaOXA-23 in Acinetobacter 
baumannii. Antimicrob Agents Chemother 51: 1530.

Cunha BA, Hamid NS, Krol V et al. (2008). Safety of meropenem in patients 
reporting penicillin allergy: lack of allergic cross reactions. J Chemother 
20(2): 233.

Currie BJ (2015). Melioidosis: evolving concepts in epidemiology, patho- 
genesis, and treatment. Semin Respir Crit Care Med 36: 111.

Craig WA (1997). The pharmacology of meropenem, a new carbapenem 
antibiotic. Clin Infect Dis 24 (Suppl 2): S266.

Crotty DJ, Chen XJ, Scipione MR et al. (2015). Allergic reactions in hos- 
pitalized patients with a self-reported penicillin allergy who receive a 
cephalosporin or meropenem. J Pharm Pract [ePub ahead of print].

Dagan R, Velghe L, Rodda JL, Klugman KP (1994). Penetration of mero-
penem into the cerebrospinal fluid of patients with inflamed meninges. 
J Antimicrob Chemother 34: 175.

Daikos GL, Tsaousi S, Tzouvelekis LS et al. (2014). Carbapenemase-
producing Klebsiella pneumoniae bloodstream infections: lowering 
mortality by antibiotic combination schemes and the role of carbapen-
ems. Antimicrob Agents Chemother 58: 2322.

Davies Forsman L, Giske CG, Bruchfeld J et al. (2015). Meropenem-
clavulanic acid has high in vitro activity against multidrug-resistant 
Mycobacterium tuberculosis. Antimicrob Agents Chemother 59: 3630.

Dellinger EP, Tellado JM, Soto NE et al. (2007). Early antibiotic treatment  
for severe acute necrotizing pancreatitis: a randomized, double-blind, 
placebo-controlled study. Ann Surg 245: 674.

De Lorenzo S, Alffenaar JW, Sotgiu G et al. (2013). Efficacy and safety of 
meropenem-clavulanate added to linezolid-containing regimens in the 
treatment of MDR-/XDR-TB. Eur Respir J 41: 1386.

De Pauw BE, Raemaekers JM, Schattenberg T, Donnelly JP (1997). Empirical 
and subsequent use of antibacterial agents in the febrile neutropenic 
patient. J Intern Med 740: 69.

Deshpande P, Chen J, Gofran A et al. (2010). Meropenem removal in 
critically ill patients undergoing sustained low-efficiency dialysis (SLED). 
Nephrol Dial Transplant 25: 2632.

De Vries AC, Besselink MG, Buskens E et al. (2007). Randomized controlled 
trials of antibiotic prophylaxis in severe acute pancreatitis: relationship 
between methodological quality and outcome. Pancreatology 7: 531.

De Waele JJ, Carrette S, Carlier M et al. (2014). Therapeutic drug 
monitoring-based dose optimisation of piperacillin and meropenem:  
a randomised controlled trial. Intensive Care Med 40: 380.

Donadello K, Antonucci E, Cristallini S et al. (2015). Beta-lactam pharma-
cokinetics during extracorporeal membrane oxygenation therapy: a 
case-control study. Int J Antimicrob Agents 45: 278.

Dulhunty JM, Roberts JA, Davis JS et al. (2013). Continuous infusion of 
beta-lactam antibiotics in severe sepsis: a multicenter double-blind, 
randomized controlled trial. Clin Infect Dis 56(2): 236.

Drusano GL, Hutchison M (1995). The pharmacokinetics of meropenem. 
Scand J Infect Dis 96: 11.

Edwards R, Read PN (2000). Expression of the carbapenemase gene (cfiA) in 
Bacteroides fragilis. J Antimicrob Chemother 46: 1009. 

Edwards SJ, Emmas CE, Campbell HE (2005). Systematic review comparing 
meropenem with imipenem plus cilastatin in the treatment of severe 
infections. Curr Med Res Opin 21: 785.

European Centre for Disease Prevention and Control (2015). Antimicrobial 
Resistance Surveillance in Europe 2014: Annual Report of the European 
Antimicrobial Resistance Surveillance Network (EARS-Net). Stockholm: 
ECDC.

Evans BA, Amyes SG (2014). OXA beta-lactamases. Clin Microbiol Rev 27: 
241.

Fabian TC, File TM, Embil JM et al. (2005). Meropenem versus imipenem- 
cilastatin for the treatment of hospitalized patients with complicated 
skin and skin structure infections: results of a multicenter, randomized, 
double-blind comparative study. Surg Infect 6: 269.

Feld R, DePauw B, Berman S et al. (2000). Meropenem versus ceftazidime  
in the treatment of cancer patients with febrile neutropenia: a 
randomized, double-blind trial. J Clin Oncol 18: 3690.

Fernandez-Cuenca F, Martinez-Martinez L, Conejo MC et al. (2003). 
Relationship between beta-lactamase production, outer membrane 
protein and penicillin-binding protein profiles on the activity of 
carbapenems against clinical isolates of Acinetobacter baumannii.  
J Antimicrob Chemother 51: 565.

Fleischhack G, Hartmann C, Simon A et al. (2001). Meropenem versus 
ceftazidime as empirical monotherapy in febrile neutropenia of 
paediatric patients with cancer. J Antimicrob Chemother 47: 841.

Franklin C, Liolios L, Peleg AY (2006). Phenotypic detection of carbapenem- 
susceptible metallo-beta-lactamase-producing gram-negative bacilli in 
the clinical laboratory. J Clin Microbiol 44: 3139.

Fukasawa M, Sumita Y, Harabe ET et al. (1992). Stability of meropenem and 
effect of 1 beta-methyl substitution on its stability in the presence of 
renal dehydropeptidase I. Antimicrob Agents Chemother 36: 1577.

http://cdc.gov/hai/organisms/cre/TrackingCRE.html


718 Meropenem and Meropenem–Vaborbactam

Gaeta F, Valluzzi RL, Alonzi C et al. (2015). Tolerability of aztreonam and 
carbapenems in patients with IgE-mediated hypersensitivity to 
penicillins. J Allergy Clin Immunol 135: 972.

Gafter-Gvili A, Fraser A, Paul M et al. (2012). Antibiotic prophylaxis for 
bacterial infections in afebrile neutropenic patients following 
chemotherapy. Cochrane Database Syst Rev 1: CD004386.

Gales AC, Castanheira M, Jones RN et al. (2012). Antimicrobial resistance 
among Gram-negative bacilli isolated from Latin America: results from 
SENTRY Antimicrobial Surveillance Program (Latin America, 2008–
2010). Diagn Microbiol Infect Dis 73: 354.

Gilbert D, Moellering R, Eliopoulos G, Sande M (eds.) (2007). The Sanford 
Guide to Antimicrobial Therapy. Sperryville VA: Antimicrobial Therapy.

Glasner C, Albiger B, Buist G et al. (2013). Carbapenemase-producing 
Enterobacteriaceae in Europe: a survey among national experts from  
39 countries, February. Euro Surveill 18 pii: 20525.

Gonzalo X, Drobniewski F (2013). Is there a place for beta-lactams in the 
treatment of multidrug-resistant/extensively drug-resistant tuberculosis? 
Synergy between meropenem and amoxicillin/clavulanate. J Antimicrob 
Chemother 68: 366.

Granai F, Smart HL, Triger DR (1992). A study of the penetration of 
meropenem into bile using endoscopic retrograde cholangiography.  
J Antimicrob Chemother 29: 711.

Hanberger H, Nilsson LE (1994). Retain intermittent dosing of carbapenems. 
Antimicrob Agents Chemother 38: 159.

Harris P, Engler C, Norton R (2011). Comparative in vitro susceptibility of 
Burkholderia pseudomallei to doripenem, ertapenem, tigecycline and 
moxifloxacin. Int J Antimicrob Agents 37: 547.

Harris PN, Tambyah PA, Paterson DL (2015). Beta-lactam and beta-lactamase 
inhibitor combinations in the treatment of extended-spectrum beta- 
lactamase producing Enterobacteriaceae: time for a reappraisal in the 
era of few antibiotic options? Lancet Infect Dis 15: 475.

Harrison MP, Haworth SJ, Moss SR et al. (1993). The disposition and 
metabolic fate of 14C -meropenem in man. Xenobiotica 23: 1311.

Hecht DW, Galang MA, Sambol SP et al. (2007). In vitro activities of 15 
antimicrobial agents against 110 toxigenic Clostridium difficile clinical 
isolates collected from 1983 to 2004. Antimicrob Agents Chemother 
51: 2716.

Heintz BH, Matzke GR, Dager WE (2009). Antimicrobial dosing concepts 
and recommendations for critically ill adult patients receiving con- 
tinuous renal replacement therapy or intermittent hemodialysis. 
Pharmacotherapy 29: 562.

Hellinger WC, Brewer NS (1999). Carbapenems and monobactams: 
imipenem, meropenem, and aztreonam. Mayo Clinic Proc 74: 420.

Hemsell DL, Martens MG, Faro S et al. (1997). A multicenter study 
comparing intravenous meropenem with clindamycin plus gentamicin 
for the treatment of acute gynecologic and obstetric pelvic infections 
in hospitalized women. Clin Infect Dis 24 (Suppl 2): S222.

Heritier C, Poirel L, Fournier PE et al. (2005). Characterization of the naturally 
occurring oxacillinase of Acinetobacter baumannii. Antimicrob Agents 
Chemother 49: 4174.

Hextall A, Andrews JM, Donovan IA, Wise R (1991). Intraperitoneal 
penetration of meropenem. J Antimicrob Chemother 28: 314.

Hnat M, Bawdon RE (2005). Transfer of meropenem in the ex vivo human 
placenta perfusion model. Infect Dis Obstet Gynecol 13: 223.

Hoban DJ, Reinert RR, Bouchillon SK et al. (2015). Global in vitro activity 
of tigecycline and comparator agents: Tigecycline Evaluation and 
Surveillance Trial 2004–2013. Ann Clin Microbiol Antimicrob 14: 27

Hotomi M, Billal DS, Shimada J et al. (2005). Current status of antimicrobial 
susceptibility of clinical isolates of Streptococcus pyogenes in Japan: 
report of a countrywide surveillance study. J Infect Chemother 11: 48.

Houang ET, Chu YW, Lo WS et al. (2003). Epidemiology of rifampin 
ADP-ribosyltransferase (arr-2) and metallo-beta-lactamase (blaIMP-4) 
gene cassettes in class 1 integrons in Acinetobacter strains isolated 
from blood cultures in 1997 to 2000. Antimicrob Agents Chemother 
47: 1382.

Hughes WT, Armstrong D, Bodey GP et al. (2002). Guidelines for the use of 
antimicrobial agents in neutropenic patients with cancer. Clin Infect Dis 
34: 730.

Huttner A, Von Dach E, Renzoni A et al. (2015). Augmented renal clearance, 
low beta-lactam concentrations and clinical outcomes in the critically ill: 
an observational prospective cohort study. Int J Antimicrob Agents 45: 
385.

Ikawa K, Kondo N, Nakashima A et al. (2013). Penetration of meropenem 
into human pancreatic juice. Scand J Infect Dis 45: 404.

Ironmonger D, Edeghere O, Bains A et al. (2015). Surveillance of antibiotic 
susceptibility of urinary tract pathogens for a population of 5.6 million 
over 4 years. J Antimicrob Chemother 70: 1744.

Jain A, Hopkins KL, Turton J et al. (2014). NDM carbapenemases in the 
United Kingdom: an analysis of the first 250 cases. J Antimicrob 
Chemother 69: 1777.

Jamal W, Rotimi VO, Pal T et al. (2010). Comparative in vitro activity of 
tigecycline and other antimicrobial agents against Shigella species from 
Kuwait and the United Arab of Emirates. J Infect Public Health 3: 35.

Janda JM, Abbott SL (2010). The genus Aeromonas: taxonomy, patho-
genicity, and infection. Clin Microbiol Rev 23: 35.

Jaruratanasirikul S, Limapichat T, Jullangkoon M et al. (2011). Pharma- 
codynamics of meropenem in critically ill patients with febrile 
neutropenia and bacteraemia. Int J Antimicrob Agents 38: 231.

Jaruratanasirikul S, Sriwiriyajan S, Punyo J (2005). Comparison of the phar- 
macodynamics of meropenem in patients with ventilator-associated 
pneumonia following administration by 3-hour infusion or bolus 
injection. Antimicrob Agents Chemother 49: 1337.

Jenney AW, Lum G, Fisher DA, Currie BJ (2001). Antibiotic susceptibility of 
Burkholderia pseudomallei from tropical northern Australia and impli- 
cations for therapy of melioidosis. Int J Antimicrob Agents 17: 109.

Jones RN, Sader HS, Fritsche TR et al. (2006). Carbapenem susceptibility 
discords among Acinetobacter isolates. Clin Infect Dis 42: 158.

Kaczmarek FM, Dib-Hajj F, Shang W, Gootz TD (2006). High-level carbape-
nem resistance in a Klebsiella pneumoniae clinical isolate is due to the 
combination of bla(ACT-1) beta-lactamase production, porin OmpK35/36 
insertional inactivation, and down-regulation of the phosphate 
transport porin PhoE. Antimicrob Agents Chemother 50: 3396.

Kays MB, Fleming MR, Cheatham SC et al. (2014). Comparative pharmacoki-
netics and pharmacodynamics of doripenem and meropenem in obese 
patients. Ann Pharmacother 48: 178.

Kayser FH, Morenzoni G, Strassle A, Hadorn K (1989). Activity of mero-
penem, against Gram-positive bacteria. J Antimicrob Chemother 24 
(Suppl A): 101.

Kelly HC, Hutchison M, Haworth SJ (1995). A comparison of the pharmaco-
kinetics of meropenem after administration by intravenous injection 
over 5 min and intravenous infusion over 30 min. J Antimicrob 
Chemother 36 (Suppl A): 35.

Kiratisin P, Chongthaleong A, Tan TY et al. (2012). Comparative in vitro 
activity of carbapenems against major Gram-negative pathogens: 
results of Asia-Pacific surveillance from the COMPACT II study. Int  
J Antimicrob Agents. 39: 311.

Koh TH, Sng LH, Wang GC et al. (2007). IMP-4 and OXA beta-lactamases in 
Acinetobacter baumannii from Singapore. J Antimicrob Chemother 59: 
627.

Krueger WA, Schroeder TH, Hutchison M et al. (1998). Pharmacokinetics of 
meropenem in critically ill patients with acute renal failure treated by 
continuous hemodiafiltration. Antimicrob Agents Chemother 42: 2421.

Kumarasamy KK, Toleman MA, Walsh TR et al. (2010). Emergence of a new 
antibiotic resistance mechanism in India, Pakistan, and the UK: a molecular, 
biological, and epidemiological study. Lancet Infect Dis 10: 597.

Kuti JL, Dandekar PK, Nightingale CH, Nicolau DP (2003). Use of Monte 
Carlo simulation to design an optimized pharmacodynamic dosing 
strategy for meropenem. J Clin Pharmacol 43: 1116.

Kuti JL, Nightingale CH, Knauft RF, Nicolau DP (2004). Pharmacokinetic 
properties and stability of continuous-infusion meropenem in adults 
with cystic fibrosis. Clin Ther 26: 493.

Kuti JL and Nicolau DP (2005). Derivation of meropenem dosage in patients 
receiving continuous veno-venous hemofiltration based on pharmaco-
dynamic target attainment. Chemotherapy 51(4): 211.

Lai CC, Tan CK, Lin SH et al. (2009). Comparative in vitro activities of 
nemonoxacin, doripenem, tigecycline and 16 other antimicrobials 



7. Clinical uses of the drug 719

against Nocardia brasiliensis, Nocardia asteroides and unusual Nocardia 
species. J Antimicrob Chemother 64: 73.

Landman D, Quale JM, Mayorga D et al. (2002). Citywide clonal outbreak of 
multiresistant Acinetobacter baumannii and Pseudomonas aeruginosa 
in Brooklyn, NY: the preantibiotic era has returned. Arch Intern Med 
162: 1515.

Lapuebla A, Abdallah M, Olafisoye O et al. (2015). Activity of meropenem 
combined with RPX7009, a novel beta-lactamase inhibitor, against 
Gram-Negative clinical isolates in New York City. Antimicrob Agents 
Chemother 59: 4856.

Latzin P, Fehling M, Bauernfeind A et al. (2008). Efficacy and safety of 
intravenous meropenem and tobramycin versus ceftazidime and 
tobramycin in cystic fibrosis. J Cyst Fibros 7: 142.

Lee LS, Kinzig-Schippers M, Nafziger AN et al. (2010). Comparison of 
30-min and 3-h infusion regimens for imipenem/cilastatin and for 
meropenem evaluated by Monte Carlo simulation. Diagn Microbiol 
Infect Dis 68: 251.

Leibovici L, Paul M, Cullen M et al. (2006). Antibiotic prophylaxis in neutropenic 
patients: new evidence, practical decisions. Cancer 107: 1743.

Leroy A, Fillastre JP, Borsa-Lebas F et al. (1992a). Pharmacokinetics of 
meropenem (ICI 194,660) and its metabolite (ICI 213,689) in healthy 
subjects and in patients with renal impairment. Antimicrob Agents 
Chemother 36: 2794.

Leroy A, Fillastre JP, Etienne I et al. (1992b). Pharmacokinetics of mero-
penem in subjects with renal insufficiency. Eur J Clin Pharmacol 42:  
535.

Li C, Kuti JL, Nightingale CH, Nicolau DP (2006). Population pharmacoki-
netic analysis and dosing regimen optimization of meropenem in adult 
patients. J Clin Pharmacol 46: 1171.

Lim TP, Cai Y, Hong Y et al. (2015). In vitro pharmacodynamics of various 
antibiotics in combination against extensively drug-resistant Klebsiella 
pneumoniae. Antimicrob Agents Chemother 59: 2515.

Lindblad R, Rodjer S, Adriansson M et al. (1998). Empiric monotherapy for 
febrile neutropenia—a randomized study comparing meropenem with 
ceftazidime. Scand J Infect Dis 30: 237.

Linden P (2007). Safety profile of meropenem: An updated review of over 
6,000 patients treated with meropenem. Drug Safety 30: 657.

Livermore DM (1992). Interplay of impermeability and chromosomal 
beta-lactamase activity in imipenem-resistant Pseudomonas aeruginosa. 
Antimicrob Agents Chemother 36: 2046.

Livermore DM (2001). Of pseudomonas, porins, pumps and carbapenems.  
J Antimicrob Chemother 47: 247.

Livermore DM, Mushtaq S (2013). Activity of biapenem (RPX2003) combined 
with the boronate beta-lactamase inhibitor RPX7009 against carbapenem- 
resistant Enterobacteriaceae. J Antimicrob Chemother 68: 1825.

Ljungberg B, Nilsson-Ehle I (1992). Pharmacokinetics of meropenem and 
its metabolite in young and elderly healthy men. Antimicrob Agents 
Chemother 36: 1437.

Lodise TP, Lomaestro BM, Drusano GL and the Society of Infectious Diseases 
Pharmacists (2006). Application of antimicrobial pharmacodynamic 
concepts into clinical practice: focus on beta-lactam antibiotics: insights 
from the Society of Infectious Diseases Pharmacists. Pharmacotherapy 
26: 1320.

Lodise TP, Nau R, Kinzig M et al. (2007). Pharmacodynamics of ceftazidime 
and meropenem in cerebrospinal fluid: results of population pharmaco-
kinetic modelling and Monte Carlo simulation. J Antimicrob Chemother 
60: 1038.

Lorente L, Lorenzo L, Martin MM et al. (2006). Meropenem by continuous 
versus intermittent infusion in ventilator-associated pneumonia due to 
gram-negative bacilli. Ann Pharmacother 40: 219.

Lovering AM, Vickery CJ, Watkin DS et al. (1995). The pharmacokinetics  
of meropenem in surgical patients with moderate or severe infections.  
J Antimicrob Chemother 36: 165.

Luna VA, King DS, Gulledge J et al. (2007). Susceptibility of Bacillus anthracis, 
Bacillus cereus, Bacillus mycoides, Bacillus pseudomycoides and Bacillus 
thuringiensis to 24 antimicrobials using Sensititre automated microbroth 
dilution and Etest agar gradient diffusion methods. J Antimicrob 
Chemother 60: 555.

Lutsar I, Trafojer UM, Heath PT et al. (2011). Meropenem vs standard of care 
for treatment of late onset sepsis in children of less than 90 days of age: 
study protocol for a randomised controlled trial. Trials 12: 215.

Madeo M, Musumeci R, Careddu AM et al. (2015). Antimicrobial susceptibil-
ity of Listeria monocytogenes isolates from human cases in northern 
Italy, 2008–2010: MIC determination according to EUCAST broth 
microdilution method. J Chemother 27: 201.

Maggioni P, Di Stefano F, Facchini V et al. (1998). Treatment of obstetric and 
gynecologic infections with meropenem: comparison with imipenem/
cilastatin. J Chemother 10: 114.

Manning L, Wright C, Ingram PR et al. (2014). Continuous infusions of 
meropenem in ambulatory care: clinical efficacy, safety and stability. 
PLoS One 9: e102023.

Marchand-Austin A, Rawte P, Toye B et al. (2014). Antimicrobial susceptibil-
ity of clinical isolates of anaerobic bacteria in Ontario, 2010–2011. 
Anaerobe 28: 120.

Martinez-Martinez L, Pascual A, Hernandez-Alles S et al. (1999). Roles of 
beta-lactamases and porins in activities of carbapenems and cephalo-
sporins against Klebsiella pneumoniae. Antimicrob Agents Chemother 
43: 1669.

Massidda O, Rossolini GM, Satta G (1991). The Aeromonas hydrophila cphA 
gene: molecular heterogeneity among class B metallo-beta-lactamases. 
J Bacteriol 173: 4611.

Mazuski JE, Gasink LB, Armstrong J et al. (2016). Efficacy and safety of 
ceftazidime-avibactam plus metronidazole versus meropenem in the 
treatment of complicated intra-abdominal infection: results from a 
randomized, controlled, double-blind, phase 3 program. Clin Infect Dis 
62: 1380.

Medicines Company (2016). The Medicines Company Announces Positive 
Top- Line Results for Phase 3 TANGO 1 Clinical Trial of CARBAVANCE. 
themedicinescompany.com/investors/news/medicines-company 
-announces-positive-top-line-results-phase-3-tango-1-clinical-trial. 
Accessed 5 July 2016.

Meguro H, Mori A, Fujii R et al. (1992). Clinical evaluation of a new carba- 
penem, meropenem, in infants and children. Jpn J Antibiot 45: 866.

Mehtar S, Dewar EP, Leaper DJ, Taylor EW (1997). A multi-centre study to 
compare meropenem and cefotaxime and metronidazole in the 
treatment of hospitalized patients with serious infections. J Antimicrob 
Chemother 39: 631.

Mojica MF, Correa A, Vargas DA et al. (2012). Molecular correlates of the 
spread of KPC-producing Enterobacteriaceae in Colombia. Int J Anti- 
microb Agents 40: 277.

Montravers P, Gauzit R, Muller C et al. (1996). Emergence of antibiotic-resistant 
bacteria in cases of peritonitis after intraabdominal surgery affects the 
efficacy of empirical antimicrobial therapy. Clin Infect Dis 23: 486.

Mori H, Takahashi K, Mizutani T (2007). Interaction between valproic acid 
and carbapenem antibiotics. Drug Metab Rev 39: 647.

Morita A, Kamei S, Minami M et al. (2014). Open-label study to evaluate the 
pharmacodynamics, clinical efficacy, and safety of meropenem for adult 
bacterial meningitis in Japan. J Infect Chemother 20: 535.

Morrow BJ, Pillar CM, Deane J et al. (2013). Activities of carbapenem and 
comparator agents against contemporary US Pseudomonas aeruginosa 
isolates from the CAPITAL surveillance program. Diagn Microbiol Infect 
Dis 75: 412.

Mouton JW, Michel MF (1991). Pharmacokinetics of meropenem in serum 
and suction blister fluid during continuous and intermittent infusion.  
J Antimicrob Chemother 28: 911.

Mouton JW, Van den Anker JN (1995). Meropenem, clinical pharmaco-
kinetics. Clin Pharmacokinet 28: 275.

Munoz-Price LS, Poirel L, Bonomo RA et al. (2013). Clinical epidemiology 
of the global expansion of Klebsiella pneumoniae carbapenemases. 
Lancet Infect Dis 13: 785.

Navon-Venezia S, Chmelnitsky I, Leavitt A et al. (2006). Plasmid-mediated 
imipenem-hydrolyzing enzyme KPC-2 among multiple carbapenem- 
resistant Escherichia coli clones in Israel. Antimicrob Agents Chemother 
50: 3098.

Newsom SW, Palsingh J, Wells FC, Kelly HC (1995). Penetration of mero-
penem into heart valve tissue. J Antimicrob Chemother 36 (Suppl A): 57.

http://themedicinescompany.com/investors/news/medicines-company-announces-positive-top-line-results-phase-3-tango-1-clinical-trial
http://themedicinescompany.com/investors/news/medicines-company-announces-positive-top-line-results-phase-3-tango-1-clinical-trial


720 Meropenem and Meropenem–Vaborbactam

Nicasio AM, Quintiliani Jr R, DeRyke CA et al. (2007). Treatment of Serratia 
marcescens meningitis with prolonged infusion of meropenem. Ann 
Pharmacother 41: 1077.

Nicolau DP (2008). Carbapenems: a potent class of antibiotics. Exp Opin 
Pharmacother 9: 23.

Nordmann P, Cuzon G, Naas T (2009). The real threat of Klebsiella 
pneumoniae carbapenemase-producing bacteria. Lancet Infect Dis  
9: 228.

Nordmann P, Naas T, Poirel L (2011). Global spread of carbapenemase- 
producing Enterobacteriaceae. Emerg Infect Dis 17:1791.

Norrby SR, Gildon KM (1999). Safety profile of meropenem: a review of 
nearly 5,000 patients treated with meropenem. Scand J Infect Dis  
31: 3.

Odio CM, Puig JR, Feris JM et al. (1999). Prospective, randomized, 
investigator-blinded study of the efficacy and safety of meropenem vs. 
cefotaxime therapy in bacterial meningitis in children. Meropenem 
Meningitis Study Group. Ped Infect Dis J 18: 581.

Oguz A, Karadeniz C, Citak EC et al. (2006). Experience with cefepime 
versus meropenem as empiric monotherapy for neutropenia and fever 
in pediatric patients with solid tumors. Ped Hematol Oncol 23: 245.

Oka S, Shiragami H, Nohgawa M (2015). Intravascular hemolytic anemia in 
a patient with antibodies related to meropenem. Intern Med 54: 1291.

Oliva A, D’Abramo A, D’Agostino C et al. (2014). Synergistic activity and 
effectiveness of a double-carbapenem regimen in pandrug-resistant 
Klebsiella pneumoniae bloodstream infections. J Antimicrob Chemother 
69: 1718.

Oliva A, Gizzi F, Mascellino MT et al. (2015). Bactericidal and synergistic 
activity of double-carbapenem regimen for infections caused by 
carbapenemase-producing Klebsiella pneumoniae. Clin Microbiol  
Infect [ePub ahead of print].

Pacifici GM, Allegaert K (2014). Clinical pharmacology of carbapenems in 
neonates. J Chemother 26: 67.

Padari H, Metsvaht T, Korgvee LT et al. (2012). Short versus long infusion of 
meropenem in very-low-birth-weight neonates. Antimicrob Agents 
Chemother 56: 4760.

Papp-Wallace KM, Bethel CR, Distler AM et al. (2010). Inhibitor resistance in 
the KPC-2 beta-lactamase, a preeminent property of this class A 
beta-lactamase. Antimicrob Agents Chemother 54: 890.

Papp-Wallace KM, Endimiani A, Taracila MA et al. (2011). Carbapenems: 
past, present, and future. Antimicrob Agents Chemother 55: 4943. 

Park YJ, Yu JK, Park KG et al. (2011). Prevalence and contributing factors of 
nonsusceptibility to imipenem or meropenem in extended-spectrum 
beta-lactamase-producing Klebsiella pneumoniae and Escherichia coli. 
Diagn Microbiol Infect Dis 71: 87.

Pascual A, Perea E, Alvarez M et al., Spanish MYSTIC Group (2007). The 
Meropenem Yearly Susceptibility Test Information Collection antimicro-
bial susceptibility program in Spain: a 5-year analysis. Diag Microbiol 
Infect Dis 57: 195.

Paterson DL, Ko WC, Von Gottberg A et al. (2004). Antibiotic therapy for 
Klebsiella pneumoniae bacteremia: implications of production of 
extended-spectrum beta-lactamases. Clin Infect Dis 39: 31.

Paul M, Carmeli Y, Durante-Mangoni E et al. (2014). Combination therapy 
for carbapenem-resistant Gram-negative bacteria. J Antimicrob 
Chemother 69: 2305.

Paul M, Yahav D, Bivas A et al. (2010). Anti-pseudomonal beta-lactams for 
the initial, empirical, treatment of febrile neutropenia: comparison of 
beta-lactams. Cochrane Database Syst Rev 11: CD005197.

Paul M, Yahav D, Fraser A, Leibovici L (2006). Empirical antibiotic monother-
apy for febrile neutropenia: systematic review and meta-analysis of 
randomized controlled trials. J Antimicrob Chemother 57: 176.

Pea F, Viale P, Cojutti P et al. (2012). Dosing nomograms for attaining optimum 
concentrations of meropenem by continuous infusion in critically ill  
patients with severe gram-negative infections: a pharmacokinetics/ 
pharmacodynamics-based approach. Antimicrob Agents Chemother 
56: 6343.

Peleg AY, Franklin C, Bell JM, Spelman DW (2005). Dissemination of 
the metallo-beta-lactamase gene blaIMP-4 among gram-negative 
pathogens in a clinical setting in Australia. Clin Infect Dis 41: 1549.

Peleg AY, Franklin C, Walters LJ et al. (2006). OXA-58 and IMP-4 carbapenem- 
hydrolyzing beta-lactamases in an Acinetobacter junii blood culture 
isolate from Australia. Antimicrob Agents Chemother 50: 399.

Peleg AY, Seifert H, Paterson DL (2008). Acinetobacter baumannii: the 
emergence of a successful pathogen. Clin Microbiol Rev 21: 538.

Perrott J, Mabasa VH, Ensom MH (2010). Comparing outcomes of 
meropenem administration strategies based on pharmacokinetic and 
pharmacodynamic principles: a qualitative systematic review. Ann 
Pharmacother 44: 557.

Pettit RS, Neu N, Cies JJ et al. (2016). Population pharmacokinetics of 
meropenem administered as a prolonged infusion in children with  
cystic fibrosis. J Antimicrob Chemother 71: 189.

Pfaller MA, Jones RN (1997). A review of the in vitro activity of meropenem 
and comparative antimicrobial agents tested against 30,254 aerobic 
and anaerobic pathogens isolated world wide. Diag Microbiol Infect  
Dis 28: 157.

Piano S, Fasolato S, Salinas F et al. (2015). The empirical antibiotic treatment 
of nosocomial spontaneous bacterial peritonitis: results of a random-
ized, controlled clinical trial. Hepatology [ePub ahead of print]. 

Piddock LJ (2006). Clinically relevant chromosomally encoded multidrug 
resistance efflux pumps in bacteria. Clin Microbiol Rev 19: 382.

Pineda LC and Watt KM (2015). New antibiotic dosing in infants. Clin 
Perinatol 42(1): 167.

Poirel L, Heritier C, Tolun V et al. (2004). Emergence of oxacillinase-mediated 
resistance to imipenem in Klebsiella pneumoniae. Antimicrob Agents 
Chemother 48: 15.

Poirel L, Kieffer N, Nordmann P (2016). In vitro evaluation of dual carbapenem 
combinations against carbapenemase-producing Enterobacteriaceae.  
J Antimicrob Chemother 71: 156.

Poirel L, Potron A, Nordmann P (2012). OXA-48-like carbapenemases: the 
phantom menace. J Antimicrob Chemother 67: 1597.

Pournaras SE, Protonotariou E, Voulgari E et al. (2009). Clonal spread of 
KPC-2 carbapenemase-producing Klebsiella pneumoniae strains in 
Greece. J Antimicrob Chemother 64: 348.

Pournaras S, Kristo I, Vrioni G et al. (2010). Characteristics of meropenem 
heteroresistance in Klebsiella pneumoniae carbapenemase (KPC)-
producing clinical isolates of K. pneumoniae. J Clin Microbiol 48: 2601.

Prescott Jr WA, Kusmierski KA (2007). Clinical importance of carbapenem 
hypersensitivity in patients with self-reported and documented 
penicillin allergy. Pharmacotherapy 27: 137.

Qi Y, Wei Z, Ji S et al. (2011). ST11, the dominant clone of KPC-producing 
Klebsiella pneumoniae in China. J Antimicrob Chemother 66: 307.

Quale J, Bratu S, Gupta J, Landman D (2006). Interplay of efflux system, 
AmpC, and oprD expression in carbapenem resistance of Pseudomonas 
aeruginosa clinical isolates. Antimicrob Agents Chemother 50: 1633.

Queenan AM, Bush K (2007). Carbapenemases: the versatile beta-lactamases. 
Clin Microbiol Rev 20: 440.

Reich G, Cornely OA, Sandherr M et al. (2005). Empirical antimicrobial 
monotherapy in patients after high-dose chemotherapy and autologous 
stem cell transplantation: a randomised, multicentre trial. Br J Haematol 
130: 265.

Rhomberg PR, Deshpande LM, Kirby JT, Jones RN (2007). Activity of 
meropenem as serine carbapenemases evolve in US Medical Centers: 
monitoring report from the MYSTIC program (2006). Diag Microbiol 
Infect Dis 59: 425.

Rhomberg PR, Jones RN (2009). Summary trends for the Meropenem Yearly 
Susceptibility Test Information Collection Program: a 10-year experience 
in the United States (1999–2008). Diagn Microbiol Infect Dis 65: 414.

Robatel C, Decosterd LA, Biollaz J et al. (2003). Pharmacokinetics and 
dosage adaptation of meropenem during continuous venovenous 
hemodiafiltration in critically ill patients. J Clin Pharmacol 43: 1329.

Roberts DM, Liu X, Roberts JA et al. (2015). A multicenter study on the 
effect of continuous hemodiafiltration intensity on antibiotic pharmaco-
kinetics. Crit Care 19: 84.

Romanelli G, Cravarezza P (1995). Intramuscular meropenem in the 
treatment of bacterial infections of the urinary and lower respiratory 
tracts. Italian Intramuscular Meropenem Study Group. J Antimicrob 
Chemother 36 (Suppl A): 109.



7. Clinical uses of the drug 721

Romanelli G, Cravarezza P, Pozzi A et al. (2002). Carbapenems in the 
treatment of severe community-acquired pneumonia in hospitalized 
elderly patients: a comparative study against standard therapy.  
J Chemother 14: 609.

Romano A, Viola M, Gueant-Rodriguez RM et al. (2007). Brief communica-
tion: tolerability of meropenem in patients with IgE-mediated hyper- 
sensitivity to penicillins. Ann Intern Med 146: 266.

Rossolini GM, Walsh T, Amicosante G (1996). The Aeromonas metallo- 
beta-lactamases: genetics, enzymology, and contribution to drug 
resistance. Microb Drug Resist 2: 245.

Santos Filho L, Eagye KJ, Kuti JL, Nicolau DP (2007). Addressing resistance 
evolution in Pseudomonas aeruginosa using pharmacodynamic modelling: 
application to meropenem dosage and combination therapy. Clin Micro- 
biol Infect 13: 579.

Satta G, Cornaglia G, Mazzariol A et al. (1995). Target for bacteriostatic and 
bactericidal activities of beta-lactam antibiotics against Escherichia coli 
resides in different penicillin-binding proteins. Antimicrob Agents 
Chemother 39: 812.

Sauberan JB, Bradley JS, Blumer J et al. (2012). Transmission of meropenem 
in breast milk. Pediatr Infect Dis J 31: 832.

Schmutzhard E, Williams KJ, Vukmirovits G et al. (1995). A randomised 
comparison of meropenem with cefotaxime or ceftriaxone for the 
treatment of bacterial meningitis in adults. Meropenem Meningitis 
Study Group. J Antimicrob Chemother 36 (Suppl A): 85.

Schumaker AL, Okulicz JF (2010). Meropenem-induced vanishing bile duct 
syndrome. Pharmacotherapy 30: 953.

Schwaber MJ, Lev B, Israeli A et al. (2011). Containment of a country-wide 
outbreak of carbapenem-resistant Klebsiella pneumoniae in Israeli 
hospitals via a nationally implemented intervention. Clin Infect Dis  
52: 848.

Seifert H, Dalhoff A, Prisma Study Group (2010). German multicentre survey 
of the antibiotic susceptibility of Bacteroides fragilis group and 
Prevotella species isolated from intra-abdominal infections: results from 
the PRISMA study. J Antimicrob Chemother 65: 2405.

Shah PM, Heller A, Fuhr HG et al. (1996). Empirical monotherapy with 
meropenem versus imipenem/cilastatin for febrile episodes in 
neutropenic patients. Infection 24: 480.

Shames R, Satti F, Vellozzi EM et al. (2006). Susceptibilities of Propioni- 
bacterium acnes ophthalmic isolates to ertapenem, meropenem, and 
cefepime. J Clin Microbiol 44: 4227.

Sieger B, Berman SJ, Geckler RW, Farkas SA (1997). Empiric treatment of 
hospital-acquired lower respiratory tract infections with meropenem or 
ceftazidime with tobramycin: a randomized study. Meropenem Lower 
Respiratory Infection Group. Crit Care Med 25: 1663.

Smith DL, Bauer SM, Nicolau DP (2004). Stability of meropenem in polyvinyl 
chloride bags and an elastomeric infusion device. Am J Health Syst 
Pharm 61: 1682.

Smith MD, Wuthiekanun V, Walsh AL et al. (1996). In vitro activity of 
carbapenem antibiotics against beta-lactam susceptible and resistant 
strains of Burkholderia pseudomallei. J Antimicrob Chemother 37:  
611.

Smith PB, Cohen-Wolkowiez M, Castro LM et al. (2011). Population 
pharmacokinetics of meropenem in plasma and cerebrospinal fluid of 
infants with suspected or complicated intra-abdominal infections. 
Pediatr Infect Dis J 30: 844.

Snydman DR, Jacobus NV, McDermott LA et al. (2007). National survey on 
the susceptibility of Bacteroides fragilis group: report and analysis of 
trends in the United States from 1997 to 2004. Antimicrob Agents 
Chemother 51: 1649.

Sodhi M, Axtell SS, Callahan J, Shekar R (2004). Is it safe to use carbapen-
ems in patients with a history of allergy to penicillin? J Antimicrob 
Chemother 54: 1155.

Solomkin J, Hershberger E, Miller B et al. (2015). Ceftolozane/tazobactam 
plus metronidazole for complicated intra-abdominal infections in an era 
of multidrug resistance: results from a randomized, double-blind, phase 
3 trial (ASPECT-cIAI). Clin Infect Dis 60: 1462.

Solomkin JS, Mazuski JE, Bradley JS et al. (2010). Diagnosis and manage-
ment of complicated intra-abdominal infection in adults and children: 

guidelines by the Surgical Infection Society and the Infectious Diseases 
Society of America. Surg Infect (Larchmt) 11: 79.

Song W, Suh B, Choi JY et al (2009). In vivo selection of carbapenem- 
resistant Klebsiella pneumoniae by OmpK36 loss during meropenem 
treatment. Diagn Microbiol Infect Dis 65: 447.

Spriet I, Goyens J, Meersseman W et al. (2007). Interaction between 
valproate and meropenem: a retrospective study. Ann Pharmacother 
41: 1130.

Stevens DL, Bisno AL, Chambers HF et al (2014). Practice guidelines for the 
diagnosis and management of skin and soft tissue infections: 2014 
update by the infectious diseases society of America. Clin Infect Dis  
59: 147.

Sumita Y, Fukasawa M (1995). Potent activity of meropenem against 
Escherichia coli arising from its simultaneous binding to penicillin- 
binding proteins 2 and 3. J Antimicrob Chemother 36: 53.

Sun Y, Wang L, Li J et al. (2014). Synergistic efficacy of meropenem and 
rifampicin in a murine model of sepsis caused by multidrug-resistant 
Acinetobacter baumannii. Eur J Pharmacol 729: 116.

Tam VH, Schilling AN, Neshat S et al. (2005). Optimization of meropenem 
minimum concentration/MIC ratio to suppress in vitro resistance of 
Pseudomonas aeruginosa. Antimicrob Agents Chemother 49: 4920.

Tang HJ, Chen CC, Zhang CC et al. (2012). Use of carbapenems against 
clinical, nontyphoid Salmonella isolates: results from in vitro and in vivo 
animal studies. Antimicrob Agents Chemother 56: 2916.

Tenover FC, Kalsi RK, Williams PP et al. (2006). Carbapenem resistance in 
Klebsiella pneumoniae not detected by automated susceptibility 
testing. Emerg Infect Dis 12: 1209.

Thalhammer F, Horl WH (2000). Pharmacokinetics of meropenem in patients 
with renal failure and patients receiving renal replacement therapy. Clin 
Pharmacokinet 39: 271.

Thalhammer F, Schenk P, Burgmann H et al. (1998). Single-dose pharmacoki-
netics of meropenem during continuous venovenous hemofiltration. 
Antimicrob Agents Chemother 42: 2417.

Thompson JS, Malamy MH (1990). Sequencing the gene for an imipen-
em-cefoxitin-hydrolyzing enzyme (CfiA) from Bacteroides fragilis 
TAL2480 reveals strong similarity between CfiA and Bacillus cereus 
beta-lactamase II. J Bacteriol 172: 2584.

Thyrum PT, Yeh C, Birmingham B, Lasseter K (1997). Pharmacokinetics of 
meropenem in patients with liver disease. Clin Infect Dis 24 (Suppl 2): 
S184.

Trotman RL, Williamson JC, Shoemaker DM et al. (2005). Antibiotic dosing in 
critically ill adult patients receiving continuous renal replacement therapy. 
Clin Infect Dis 41(8): 1159.

Tumbarello M, Trecarichi EM, De Rosa FG et al. (2015). Infections caused 
by KPC-producing Klebsiella pneumoniae: differences in therapy and 
mortality in a multicentre study. J Antimicrob Chemother 70: 2133.

Tunkel AR, Hartman BJ, Kaplan SL et al. (2004). Practice guidelines for the 
management of bacterial meningitis. Clin Infect Dis 39: 1267.

Turner PJ (2007). Meropenem activity against European isolates: report 
on the MYSTIC (Meropenem Yearly Susceptibility Test Information 
Collection) 2006 results. Diag Microbiol Infect Dis 26: 793.

Turner PJ (2009). MYSTIC Europe 2007: activity of meropenem and other 
broad-spectrum agents against nosocomial isolates. Diagn Microbiol 
Infect Dis 63: 217.

Turton JF, Ward ME, Woodford N et al. (2006). The role of ISAba1 in ex- 
pression of OXA carbapenemase genes in Acinetobacter baumannii. 
EEMS Microbiol Lett 258: 72.

Tzouvelekis LS, Markogiannakis A, Psichogiou M et al. (2012). Carbapene- 
mases in Klebsiella pneumoniae and other Enterobacteriaceae: an 
evolving crisis of global dimensions. Clin Microbiol Rev 25: 682.

Tzouvelekis LS, Markogiannakis A, Piperaki E et al. (2014). Treating 
infections caused by carbapenemase-producing Enterobacteriaceae. 
Clin Microbiol Infect 20(9): 862.

Ulldemolins M, Soy D, Llaurado-Serra M et al. (2015). Meropenem 
population pharmacokinetics in critically ill patients with septic shock 
and continuous renal replacement therapy: influence of residual  
diuresis on dose requirements. Antimicrob Agents Chemother 59: 
5520.



722 Meropenem and Meropenem–Vaborbactam

Van Boeckel TP, Gandra S, Ashok A et al. (2014). Global antibiotic 
consumption 2000 to 2010: an analysis of national pharmaceutical 
sales data. Lancet Infect Dis 14: 742.

Vandercam B, Gerain J, Humblet Y et al. (2000). Meropenem versus 
ceftazidime as empirical monotherapy for febrile neutropenic cancer 
patients. Ann Hematol 79: 152.

Varghese JM, Jarrett P, Wallis SC et al. (2015). Are interstitial fluid concen- 
trations of meropenem equivalent to plasma concentrations in critically 
ill patients receiving continuous renal replacement therapy? J Antimicrob 
Chemother 70: 528.

Villatoro E, Bassi C, Larvin M (2006). Antibiotic therapy for prophylaxis 
against infection of pancreatic necrosis in acute pancreatitis. Cochrane 
Database Syst Rev 4: CD002941.

Villegas MV, Lolans K, Correa A et al. (2007). First identification of Pseudomonas 
aeruginosa isolates producing a KPC-type carbapenem-hydrolyzing beta- 
lactamase. Antimicrob Agents Chemother 51: 1553.

Wall GC, Nayima VA, Neumeister KM (2014). Assessment of hypersensitivity 
reactions in patients receiving carbapenem antibiotics who report a 
history of penicillin allergy. J Chemother 26: 150.

Walsh TR, Toleman MA, Poirel L, Nordmann P (2005). Metallo-beta-
lactamases: the quiet before the storm? Clin Microbiol Rev 18: 306.

Walther-Rasmussen J, Hoiby N (2006). OXA-type carbapenemases.  
J Antimicrob Chemother 57: 373.

Wang H, Chen M, Ni Y et al. (2010). Antimicrobial resistance among clinical 
isolates from the Chinese Meropenem Surveillance Study (CMSS), 
2003–2008. Int J Antimicrob Agents. 35: 227.

Wang JT, Wu UI, Lauderdale TL et al. (2015). Carbapenem-nonsusceptible 
Enterobacteriaceae in Taiwan. PLoS One 10: e0121668.

Watanabe M, Iyobe S, Inoue M, Mitsuhashi S (1991). Transferable imipenem 
resistance in Pseudomonas aeruginosa. Antimicrob Agents Chemother 
35: 147.

Webster DP, Gaulton T, Woodford N et al. (2010). Emergence of carba-
penem resistance due to porin loss in an extended-spectrum beta- 
lactamase (ESBL)-producing Klebsiella pneumoniae strain during 
meropenem therapy. Int J Antimicrob Agents 36: 575.

Wei ZQ, Du XX, Yu YS et al. (2007). Plasmid-mediated KPC-2 in a Klebsiella 
pneumoniae isolate from China. Antimicrob Agents Chemother 51: 763.

Wenzler E, Gotfried MH, Loutit JS et al. (2015). Meropenem-RPX7009 
concentrations in plasma, epithelial lining fluid, and alveolar macro-
phages of healthy adult subjects. Antimicrob Agents Chemother 59: 
7232.

Wilson SE (1997). Results of a randomized, multicenter trial of meropenem 
versus clindamycin/tobramycin for the treatment of intra-abdominal 
infections. Clin Infect Dis 24 (Suppl 2): S197.

Wise R, Logan M, Cooper M et al. (1990). Meropenem pharmacokinetics 
and penetration into an inflammatory exudate. Antimicrob Agents 
Chemother 34: 1515.

Wong G, Brinkman A, Benefield RJ et al. (2014). An international, multi - 
centre survey of beta-lactam antibiotic therapeutic drug monitoring 
practice in intensive care units. J Antimicrob Chemother 69: 1416.

World Health Organisation (2014). Antimicrobial Resistance Global Report 
on Surveillance. Geneva: WHO.

Wybo I, Van den Bossche D, Soetens O et al. (2014). Fourth Belgian 
multicentre survey of antibiotic susceptibility of anaerobic bacteria.  
J Antimicrob Chemother 69: 155.

Yang SC, Hsueh PR, Lai HC et al. (2003). High prevalence of antimicrobial 
resistance in rapidly growing mycobacteria in Taiwan. Antimicrob 
Agents Chemother 47: 1958.

Yigit H, Queenan AM, Anderson GJ et al. (2001). Novel carbapenem- 
hydrolyzing beta-lactamase, KPC-1, from a carbapenem-resistant  
strain of Klebsiella pneumoniae. Antimicrob Agents Chemother 45: 
1151.

Yim J, Lee Y, Kim M et al. (2015). Antimicrobial susceptibility of clinical 
isolates of Bacteroides fragilis group organisms recovered from 2009  
to 2012 in a Korean hospital. Ann Lab Med 35: 94.

Yong D, Toleman MA, Giske CG et al. (2009). Characterization of a new 
metallo-beta-lactamase gene, bla(NDM-1), and a novel erythromycin 
esterase gene carried on a unique genetic structure in Klebsiella 
pneumoniae sequence type 14 from India. Antimicrob Agents 
Chemother 53: 5046.

Zanetti G, Harbarth SJ, Trampuz A et al. (1999). Meropenem (1.5 g/day) 
is as effective as imipenem/cilastatin (2 g/day) for the treatment of 
moderately severe intra-abdominal infections. Int J Antimicrob Agents 
11: 107.

Zhanel GG, Wiebe R, Dilay L et al. (2007). Comparative review of the 
carbapenems. Drugs 67: 1027.

Zhou J, Chen Y, Tabibi S et al. (2007). Antimicrobial susceptibility and 
synergy studies of Burkholderia cepacia complex isolated from patients 
with cystic fibrosis. Antimicrob Agents Chemother 51:1085.

Zusman O, Avni T, Leibovici L et al. (2013). Systematic review and 
meta-analysis of in vitro synergy of polymyxins and carbapenems. 
Antimicrob Agents Chemother 57: 5104.



723

39

Doripenem

Benjamin A. Rogers

1. DESCRIPTION

Doripenem (formerly S-4661), (4R,5S,6S)-3-{[(3S,5S)-5-
(sulfamoyla-minomethyl)-pyrrolidin-3-yl]thio}-6-[(1R)-1- 
hydroxyethyl]-4-methyl-7-oxo-1-azabicyclo (3.2.0) hept-2-ene- 
2-carboxylic acid (molecular formula, C15H24N4O6S2; molecular 
weight, 420.50426) is a synthetic 1-beta-methylcarbapenem 
developed by Shionogi & Co. Ltd. (Osaka, Japan) (Iso et al., 
1996). The chemical structure of doripenem is similar to that 
of meropenem (Anderson, 2006) (see Figure 39.1). In doripe-
nem, the dimethylcarbamoyl side chain of meropenem is re- 
placed by a sulfamoylaminomethyl group (Jones et al., 2004b; 
Anderson, 2006).

Similar to other beta-lactams, the mechanism of action of 
doripenem is via the inactivation of penicillin-binding pro-
teins (PBPs). The antibacterial spectrum of doripenem is very 
similar to meropenem. Doripenem is active against a broad 
range of Gram-positive and Gram-negative bacteria, includ-
ing aerobes and anaerobes, but Mycoplasma spp., Chla mydia 
spp., Legionella spp., Stenotrophomonas maltophilia, Burk hol
deria cepacia, Clostridium difficile, methicillin-resistant Staphy
lo coccus aureus (MRSA), and Enterococcus spp. are not within 
its antimicrobial spectrum.

Doripenem was launched in 2005 in Japan under the 
Japanese trade name Finibax. Doripenem was approved by 
the US Food and Drug Administration (FDA) in 2007 for 
complicated intraabdominal infection and complicated uri-
nary tract infection (US trade name: Doribax). Doripenem 
received market authorization from the European Medicines 
Agency in 2008. The authorization was withdrawn in 2014 

after doripenem was voluntarily withdrawn from the Euro-
pean market, for commercial reasons. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The in vitro activity of doripenem is summarized in Table 39.1, 
Table 39.2, and Table 39.3.

GRAM-POSITIVE COCCI

Doripenem has potent activity against many common Gram-
positive human pathogens (see Table 39.1). In many Gram-
positive cocci susceptibility to doripenem is inferred from 
susceptibility to another beta-lactam agent (Staphylococcus 
spp., use cefoxitin; Streptococcus group A, B, C, and G, use 
benzylpenicillin). For Streptococcus pneumonia and viridans 
streptococci a susceptibility breakpoint of ≤1 μg/ml is rec-
ommended (EUCAST, 2016). 

Methicillin-susceptible S. aureus (MSSA) and methicillin- 
susceptible coagulase-negative staphylococci are doripenem 
susceptible. Isolates typically resistant to beta-lactams such 
as MRSA are doripenem resistant.

Doripenem has useful activity against Streptococcus pneumo
niae and other streptococci, which includes alpha-hemolytic 
and beta-hemolytic streptococci. Although minimum in hib-
itory concentrations (MICs) increase in penicillin-resistant 
isolates, the highest MICs of doripenem against S. pneu
moniae have been 1 or 2 μg/ml (see Table 39.1).

Similar to other carbapenems, Enterococcus spp. frequently 
have a relatively elevated MIC to doripenem. Doripenem’s 
activity against E. faecalis is typically two dilutions inferior to 
that of imipenem, similar to that of meropenem, and supe-
rior to that of ertapenem (Ge et al., 2004; Jones et al., 2004b; 
Fritsche et al., 2009).

GRAM-POSITIVE BACILLI

Doripenem has in vitro activity demonstrated against a num-
ber of Gram-positive bacilli, although the studies have been Figure 39.1. Chemical structure of doripenem.
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Table 39.1. In vitro susceptibility of selected Gram-positive organisms to doripenem

Organism
MIC50 

(μg/ml)
MIC90 

(μg/ml) Range
No. of 
isolates Region

Emerging 
resistance Reference

Aerococcus viridans 0.12 4 ≤ 0.5–> 8 20 NA, LA, EU, AP No Jones et al. (2009)

Bacillus spp. ≤ 0.06 2 ≤ 0.5–> 8 108 NA, LA, EU, AP No Jones et al. (2009)

Bacillus cereus ≤ 0.06 2 ≤ 0.5–> 8 39 NA, LA, EU, AP No Jones et al. (2009)

Corynebacterium spp. 0.5 > 8 ≤ 0.5–> 8 170 NA, LA, EU, AP No Jones et al. (2009)

Corynebacterium 
amycolatum

0.5 2 0.06–> 32 14 USA No Goldstein et al. (2008)

Corynebacterium 
jeikeium

2 > 8 ≤ 0.5–> 8 27 NA, LA, EU, AP No Jones et al. (2009)

Corynebacterium 
striatum

0.25 4 ≤ 0.5–> 8 25 NA, LA, EU, AP No Jones et al. (2009)

Enterococcus faecalis 4 8 ≤ 0.5–> 8 8,714 NA, LA, EU, AP No Fritsche et al. (2009)

4 8 < 0.06–> 32 393 Canada No Zhanel et al. (2011

Enterococcus faecium > 8 > 8 ≤ 0.5–> 8 4,233 NA, LA, EU, AP No Fritsche et al. (2009)

> 32 > 32   2–> 32 152 Canada No Zhanel et al. (2011)

Enterococcus spp. > 32 > 32 0.016–> 32 330 USA No Brown and Traczewski 
(2005)

4 8 < 0.06–> 32 585 Canada No Zhanel et al. (2011)

Kocuria kristinae 0.25 > 8 ≤ 0.5–> 8 11 NA, LA, EU, AP No Jones et al. (2009)

Lactobacillus spp. 2 8 ≤ 0.5–8 15 NA, LA, EU, AP No Jones et al. (2009)

Lactococcus spp. 2 8 ≤ 0.06–8 34 NA, LA, EU, AP No Jones et al. (2009)

Leuconostoc spp. 4 > 8 ≤ 0.5–8 12 NA, LA, EU, AP No Jones et al. (2009)

Listeria 
monocytogenes

0.12 0.25 — 48 NA, LA, EU, AP No Jones et al. (2009)

Micrococcus spp. ≤ 0.06 0.12 ≤ 0.5–8 85 NA, LA, EU, AP No Jones et al. (2009)

Micrococcus luteus ≤ 0.06 ≤ 0.06 — 31 NA, LA, EU, AP No Jones et al. (2009)

Nocardia brasiliensis 2 4 0.5–8 60 Taiwan No Lai et al. (2011)

Nocardia 
cyriacigeorgica

4 4   1–8 24 Taiwan No Lai et al. (2011)

Nocardia farcinica 4 4 0.25–> 4 12 Taiwan No Lai et al. (2011)

Rothia mucilaginosa 0.12 0.5 — 11 NA, LA, EU, AP No Jones et al. (2009)

Staphylococcus aureus, 
methicillin 
susceptible

< 0.06 < 0.06 ≤ 0.5–4 38,904 NA, LA, EU, AP No Fritsche et al. (2009)

≤ 0.12 ≤ 0.12 ≤ 0.12–1 2,700 Canada No Zhanel et al. (2011)

Staphylococcus aureus, 
methicillin-resistant

0.5 8 — 1,309 USA No Pillar et al. (2008)

4 32 ≤ 0.12–32 889 Canada No Zhanel et al. (2011)

Staphylococcus aureus, 
vancomycin 
intermediate

16 16 0.06–16 4 USA No Brown and Traczewski 
(2005)

Staphylococcus 
epidermidis, 
methicillin 
susceptible

1 8 ≤ 0.12–32 268 No Zhanel et al. (2011)

Staphylococcus 
epidermidis, 
methicillin resistant

16 32   8–32 45 No Zhanel et al. (2011)

Staphylococcus 
haemolyticus

4 > 32 — 15 USA No Goldstein et al. (2008)

Staphylococcus 
lugdunensis

0.5 1 — 15 USA No Goldstein et al. (2008)

Staphylococcus 
coagulase negative, 
methicillin 
susceptible

0.03 0.06 ≤ 0.008–8 297 NA, LA, EU No Fritsche et al. (2005)

0.03 0.06 — 169 USA No Pillar et al. (2008)
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with limited collections of isolates. Doripenem appears to 
have equivalent activity to meropenem against a variety of 
Nocardia spp. (Lai et al., 2011). The MIC to Listeria monocy
togenes is low (n = 48; MIC90 0.25 μg/ml), although no break 
point is defined (Jones et al., 2009). Among Bacillus spp., the 
MIC varies (range: < 0.06 to > 8 μg/ml) (Jones et al., 2009). 
The MIC appears to vary between different Corynebacterium 
spp. Corynebacterium amycolatum (MIC90 2 μg/ml; 14 iso-
lates) is more susceptible than C. jeikeium (MIC90 > 8 μg/ml) 
and C. striatum (MIC90 > 4 μg/ml) (Goldstein et al., 2008; 
Jones et al., 2009).

GRAM-POSITIVE ANAEROBES

Among Gram-positive anaerobes (with the exception of Clos  
tridium difficile) a susceptibility breakpoint of ≤ 1μg/ml is 
recommended (EUCAST, 2016). 

A number of anaerobic pathogens, including Clostridium 
perfringens, Propionibacterium spp., Prevotella spp., and Fuso  
bacterium spp., are predictably susceptible to doripenem. 
The susceptibility of other clinically relevant species, such as 
Peptostreptococcus spp., is variable. The MICs of doripenem 
against C. difficile are between 1 and 4 μg/ml (Hecht et al., 2007; 

Kim et al., 2008; Snydman et al., 2008; Tanaka et al., 2009), al- 
though given the pathogenesis of C. difficile– associated disease, 
a therapeutic effect is very unlikely. Table 39.3 summarizes the 
in vitro activity of doripenem against common anaerobes.

GRAM-NEGATIVE COCCI

Moraxella catarrhalis and Neisseria meningitidis are highly 
susceptible to doripenem (Fritsche et al., 2005; Lascols et al., 
2011; Table 39.2).

GRAM-NEGATIVE BACILLI

For Enterobacteriaceae, Pseudomonas spp., and Acinetobacter 
spp., EUCAST (2016) recommends a susceptibility breakpoint 
of ≤ 1μg/ml, with resistance defined as an MIC > 2 μg/ml.

As a general rule, doripenem has excellent activity against 
all Enterobacteriaceae for which these strains do not harbor 
an acquired carbapenem-resistance mechanism. (Table 39.2). 
Doripenem’s activity against strains of Entero bac teria ceae 
that do not harbor a beta-lactamase or harboring only non- 
expanded-spectrum cepha  losporinase enzymes is mostly sim-
ilar to that of meropenem, ertapenem, and imipenem (Jones 
et al., 2004b; Chris tiansen et al., 2010; Zhanel et al., 2011).

Organism
MIC50 

(μg/ml)
MIC90 

(μg/ml) Range
No. of 
isolates Region

Emerging 
resistance Reference

Staphylococcus 
coagulase negative, 
methicillin resistant

1 8 — 473 USA No Pillar et al. (2008)

Streptococcus 
pneumoniae

≤ 0.06 0.5 ≤ 0.5–2 10,260 NA, LA, EU, AP No Fritsche et al. (2009)

0.06 1 0.06–2 290 USA No Brown and Traczewski 
(2005)

0.5 1 — 344 China No Li et al. (2015)

< 0.06 0.06 0.06–2 1463 Canada No Zhanel et al. (2011)

0.25 0.5 — 347 Korea No Baek et al. (2011)

Streptococcus 
pneumonia, 
penicillin susceptible

≤ 0.015 ≤ 0.015 — 2474 USA No Pillar et al. (2008) 

Streptococcus 
pneumonia, 
penicillin 
intermediate

0.03 0.5 — 887 USA No Pillar et al. (2008)

Streptococcus 
pneumonia, 
penicillin resistant

0.5 1 — 571 USA No Pillar et al. (2008)

Alpha-hemolytic 
Streptococcus spp., 
non-pneumoniae

0.03 0.25 0.016–> 32 100 USA No Brown and Traczewski 
(2005)

Viridans streptococci ≤ 0.06 0.25 ≤ 0.5–> 8 1,887 NA, LA, EU, 
APAC

No Fritsche et al. (2009)

Streptococcus 
pyogenes

< 0.06 < 0.06 < 0.06–0.06 305 Canada No Zhanel et al. (2011)

Streptococcus 
agalactiae

≤ 0.015 0.03 ≤ 0.015–0.03 15 USA No Goldstein et al. (2008)

Beta-hemolytic 
Streptococcus spp., 
groups A, B, C, F, G

≤ 0.06 ≤ 0.06 all ≤ 0.5 4,598 NA, LA, EU, 
APAC

No Fritsche et al. (2009)

Abbreviations: NA: North America; LA: Latin America; EU: Europe; AP: Asia-Pacific region.
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Table 39.2. In vitro susceptibility of selected Gram-negative organisms to doripenem 

Organism
MIC50  

(μg/ml)
MIC90  

(μg/ml) Range
No. of 
isolates Region

Emerging 
resistance Reference

Acinetobacter baumannii 0.25 16 0.03–32 39 UK No Livermore et al. (2008)

1 > 32 ≤ 0.015–> 32 388 USA (2009) No Davies et al. (2011) 

32 64 0.008–≥ 64 128 AP No Christiansen et al. (2010)

0.25 1 ≤ 0.12–32 63 Canada No Zhanel et al. (2011)

Acinetobacter baumannii, 
imipenem nonsusceptible

32 > 32   8–> 32 51 USA No Pillar et al. (2008)

32 64 — 400 China No Li et al. (2015)

Acinetobacter baumannii, 
carbapenemase producing

8 256 0.06–256 87 Spain No Marti et al. (2009)

Acinetobacter baumannii, 
OXA-58 positive

4 8   2–128 12 Spain No Marti et al. (2009)

Acinetobacter baumannii, 
OXA-24 positive

256 256 128–256 19 Spain No Marti et al. (2009)

Acinetobacter spp., 
non-baumannii

0.12 0.5 0.03–1 37 UK No Livermore et al. (2008)

Acinetobacter spp. 0.25 32 0.03–> 32 50 USA No Brown and Traczewski (2005)

0.5 4 0.016–> 16 155 USA, LA, EU No Fritsche et al. (2005)

Aeromonas spp. 0.5 1 0.03–4 44 USA, LA, EU No Fritsche et al. (2005)

0.5 2 — 172 NA, LA, EU, AP No Jones et al. (2009)

Aeromonas hydrophila 0.05 2 — 92 NA, LA, EU, AP No Jones et al. (2009)

Alcaligenes faecalis 0.12 8 — 22 NA, LA, EU, AP No Jones et al. (2009)

Achromobacter xylosoxidans 0.5 > 8 — 105 NA, LA, EU, AP No Jones et al. (2009)

Burkholderia cepacia 4 8 — 152 NA, LA, EU, AP No Jones et al. (2009)

2 8 0.12–> 16 20 USA, LA, EU No Fritsche et al. (2005)

8 32 0.5–256 200 USA No Chen et al. (2005)

2 8    1–128 7 France No Lascols et al. (2011)

Burkholderia pseudomallei 1 1.5 0.38–4 100 Australia No Harris et al. (2011) 

Citrobacter spp. ≤ 0.06 ≤ 0.06 ≤ 0.5–2 923 NA, LA, EU, AP Yes Jones et al. (2009)

0.06 0.06 ≤ 0.015–0.25 246 USA (2009) Yes Davies et al. (2011) 

Citrobacter diversus 0.03 0.03 0.03–0.06 25 USA Yes Brown and Traczewski (2005)

Citrobacter freundii 0.03 0.06 ≤ 0.008–2 136 USA, LA, EU Yes Fritsche et al. (2005)

≤ 0.12 ≤ 0.12 ≤ 0.12–0.12 85 Canada No Zhanel et al. (2011)

Elizabethkingia meningoseptica 0.06 0.12 ≤ 0.008–4 601 USA, LA, EU No Fritsche et al. (2005)

Enterobacter spp. ≤ 0.06 0.12 — 5,098 NA, LA, EU, AP Yes Jones et al. (2009)

Enterobacter aerogenes ≤ 0.12 0.12 ≤ 0.12–0.25 90 Canada Yes Zhanel et al. (2011)

Enterobacter cloacae 0.06 0.25 ≤ 0.015–16 533 USA (2009) Yes Davies et al. (2011) 

≤ 0.12 0.12 ≤ 0.12–8 424 Canada Yes Zhanel et al. (2011)

Enterobacter cloacae, cefotaxime 
resistant

0.12 0.25 0.016–0.5 33 France Yes Lascols et al. (2011)

Enterobacter cloacae, AmpC 
derepressed

0.03 0.03 0.016–0.25 30 USA Yes Brown and Traczewski (2005)

Escherichia coli 0.03 0.03 ≤ 0.008–1 3,023 USA, LA, EU Yes Fritsche et al. (2005)

0.12 0.12 0.12–0.5 3,934 Canada Yes Zhanel et al. (2011)

0.03 0.06 ≤ 0.015–4 1,306 USA (2009) Yes Davies et al. (2011) 

0.015 0.06 0.008–8 253 AP Yes Christiansen et al. (2010)

Escherichia coli, ESBL producing ≤ 0.12 ≤ 0.12 ≤ 0.12–1 155 Canada Yes Zhanel et al. (2011)

0.06 0.25 < 0.008–2 1,426 NA, LA, EU Yes Fritsche et al. (2005)

0.01 0.03 — 416 China Yes Li et al. (2015)

Haemophilus influenzae, 
beta-lactamase negative

0.12 0.25 ≤ 0.008–1 398 NA, LA, EU No Fritsche et al. (2005)

Haemophilus influenzae, 
beta-lactamase positive

0.12 0.25 ≤ 0.008–1 71 France No Lascols et al. (2011)

Haemophilus influenzae 0.12 0.25 < 0.05–2 32 NA, LA, EU, AP No Jones et al. (2009)

≤ 0.06 0.5 ≤ 0.06–2 728 Canada No Zhanel et al. (2011)

Haemophilus parainfluenzae 0.12 0.5 0.016–4 298 USA No Brown and Traczewski (2005)

Haemophilus spp. 0.06 0.12 0.016–8 155 NA, LA, EU No Fritsche et al. (2005)

Hafnia alvei ≤ 0.06 0.12 all ≤ 0.5 48 NA, LA, EU, AP Yes Jones et al. (2009)

Kingella spp. 0.016 0.03 ≤ 0.008–0.5 108 USA, LA, EU No Fritsche et al. (2005)

Klebsiella spp. ≤ 0.06 0.12 — 9,228 NA, LA, EU, AP Yes Jones et al. (2009)

0.03 0.06 0.008–8 243 APAC Yes Christiansen et al. (2010)
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Organism
MIC50  

(μg/ml)
MIC90  

(μg/ml) Range
No. of 
isolates Region

Emerging 
resistance Reference

Klebsiella spp., ESBL-producing 0.06 0.12 0.03–1 31 USA Yes Brown and Traczewski (2005)

Klebsiella oxytoca ≤ 0.12 ≤ 0.12 ≤ 0.12–0.25 272 Canada Yes Zhanel et al. (2011)

Klebsiella pneumoniae 0.03 0.06 0.016–> 16 1,107 USA, LA, EU Yes Fritsche et al. (2005)

0.06 0.12 ≤ 0.015–> 32 1,185 USA (2009) Yes Davies et al. (2011) 

0.12 0.12 ≤ 0.012–4 1,130 Canada Yes Zhanel et al. (2011)

Klebsiella pneumoniae, ESBL 
producing

0.03 0.12 ≤ 0.015–8 44 USA Yes Pillar et al. (2008)

0.03 0.06 — 221 China Yes Li et al. (2015)

Kluyvera spp. ≤ 0.06 ≤ 0.06 all ≤ 0.5 13 NA, LA, EU, AP No Jones et al. (2009)

Moraxella catarrhalis 0.03 0.06 ≤ 0.008–0.06 36 France No Lascols et al. (2011)

≤ atar ≤ 0.06 all ≤ 0.06 26 NA, LA, EU, AP No Jones et al. (2009)

Neisseria meningitides ≤ 0.06 0.12 all ≤ 0.06 36 NA, LA, EU, AP No Jones et al. (2009)

Pantoea agglomerans ≤ 0.06 0.12 0.05–4 133 NA, LA, EU, AP No Jones et al. (2009)

Pasturella multocida 0.25 1 0.06–1 15 USA No Brown and Traczewski (2005)

≤ 0.06 0.12 all ≤ 0.5 36 NA, LA, EU, AP No Jones et al. (2009)

Proteus mirabilis 0.12 0.25 0.016–0.5 307 USA, LA, EU Yes Fritsche et al. (2005)

0.25 0.5 0.03–2 594 USA (2009) Yes Davies et al. (2011) 

0.12 0.25 ≤ 0.12–1 289 Canada Yes Zhanel et al. (2011)

Proteus mirabilis, ESBL producing 0.5 0.5 0.25–2 12 USA Yes Brown and Traczewski (2005)

Proteus penneri 0.12 0.25 all ≤ 0.5 20 NA, LA, EU, AP No Jones et al. (2009)

Proteus vulgaris 0.25 0.5 0.12–0.5 10 USA Yes Brown and Traczewski (2005)

Providencia spp. 0.12 0.25 0.05–1 195 NA, LA, EU, AP Yes Jones et al. (2009)

Providencia rettgeri 0.12 0.25 ≤ 0.5–1 57 NA, LA, EU, AP Yes Jones et al. (2009)

Providencia stuartii 0.12 0.5 0.03–1 148 USA, LA, EU Yes Fritsche et al. (2005)

Providencia stuartii 0.12 0.25 ≤ 0.5–1 96 NA, LA, EU, AP Yes Jones et al. (2009)

Indole positive Proteeae 
(P. vulgaris, Morganella spp., 
Providencia spp.)

0.5 0.5 0.25–1 10 USA Yes Brown and Traczewski (2005)

Morganella morganii 0.25 1 0.03–16 150 USA Yes Brown and Traczewski (2005)

Pseudomonas aeruginosa 0.5 8 0.03–> 16 829 USA, LA, EU No Fritsche et al. (2005)

0.12 0.5 0.03–16 428 UK No Livermore et al. (2008)

0.5 4 ≤ 0.015–> 32 1,215 USA (2009) No Davies et al. (2011) 

0.5 4 ≤ 0.12–32 1,477 Canada No Zhanel et al. (2011)

0.25 8 0.002– .00 780 APAC No Christiansen et al. (2010)

Pseudomonas aeruginosa, 
ceftazidime-nonsusceptible

2 16 0.12–> 32 207 USA No Pillar et al. (2008)

Pseudomonas aeruginosa, 
imipenem-nonsusceptible

0.25 4 0.03–32 355 USA No Pillar et al. (2008)

8 16 0.12–64 22 France No Lascols et al. (2011)

4 32 — 243 China No Li et al. (2015)

Pseudomonas aeruginosa, 
mucoid, cystic fibrosis)

8 64 0.25–512 200 USA No Chen et al. (2005)

Pseudomonas aeruginosa, 
nonmucoid, cystic fibrosis)

0.5 2 0.03–32 200 USA No Brown and Traczewski (2005)

Pseudomonas spp., 
non-aeruginosa

> 8 > 8 — 16 NA, LA, EU, AP No Jones et al. (2009)

Ralstonia pickettii 0.25 0.5 0.03–0.5 24 USA No Brown and Traczewski (2005)

Raoultella ornithinolytica ≤ 0.06 ≤ 0.06 all ≤ 0.5 25 NA, LA, EU, AP No Jones et al. (2009)

Serratia spp. 0.12 0.25 — 1,993 NA, LA, EU, AP Yes Jones et al. (2009)

Serratia liquefaciens 0.12 0.25 all ≤ 0.5 48 NA, LA, EU, AP No Jones et al. (2009)

Serratia marcescens 0.12 0.25 0.03–4 287 USA No Davies et al. (2011) 

≤ 0.12 0.12 ≤ 0.12–> 32 252 Canada No Zhanel et al. (2011)

Salmonella spp. 0.06 0.06 0.016–0.25 530 USA, LA, EU Yes Fritsche et al. (2005)

0.03 0.06 0.03–0.06 20 USA Yes Brown and Traczewski (2005)

Shigella spp. 0.03 0.06 0.016–0.06 161 USA, LA, EU No Fritsche et al. (2005)

0.25 4 — 22 NA, LA, EU, AP No Jones et al. (2009)

Sphingomonas paucimobilis > 32 > 32   1–> 32 25 USA — Brown and Traczewski (2005)

Stenotrophomona maltophilia > 16 > 16   1–> 16 80 USA, LA, EU — Fritsche et al. (2005)

16 256 0.5–512 61 UK — Livermore et al. (2008)

> 32 > 32 ≤ 0.12–> 32 245 Canada — Zhanel et al. (2011)

Yersinia enterocolitica ≤ 0.06 ≤ 0.06 all ≤ 0.5 29 NA, LA, EU, AP — Jones et al. (2009)

Abbreviations: AP: Asia-Pacific; LA: Latin America; EU: Europe; ESBL: extended-spectrum beta-lactamase.
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Table 39.3. In vitro susceptibility of selected anaerobes to doripenem 

Organism
MIC50 

(μg/ml)
MIC90 

(μg/ml) Range
No. of 
isolates Region Reference

Aerococcus spp. ≤ 0.015 0.06 ≤ 0.015–0.5 22 USA Goldstein et al. (2008)

Bacteroides caccae 0.5 2 0.25–4 16 USA Snydman et al. (2008)

0.25 1 0.25–8 30 Argentina Fernandez-Canigia et al. (2012)

Bacteroides distasonis 0.5 1 0.25–1 20 USA Kim et al. (2008)

0.5 2 0.125–2 15 USA Snydman et al. (2008)

Bacteroides fragilis ≤ 0.25 1 ≤ 0.25–> 2 232 Canada Karlowsky et al. (2012)

0.25 1 0.125–8 70 USA Kim et al. (2008)

0.5 1 0.125–16 198 USA Snydman et al. (2008)

0.5 1 0.25–16 25 Japan Tran et al. (2011)

0.25 1 0.03–> 64 159 Argentina Fernandez-Canigia et al. (2012)

Bacteroides ovatus 0.5 1 ≤ 0.25–2 63 Canada Karlowsky et al. (2012)

0.25 1 0.25–4 10 USA Kim et al. (2008)

0.5 2 0.25–4 35 USA Snydman et al. (2008)

Bacteroides stercoris ≤ 0.25 1 ≤ 0.25–> 2 24 Canada Karlowsky et al. (2012)

Bacteroides thetaiotaomicron 0.5 1 ≤ 0.25–2 49 Canada Karlowsky et al. (2012)

0.25 0.5 0.25–0.5 30 USA Kim et al. (2008)

0.5 1 0.125–8 78 USA Snydman et al. (2008)

0.5 1 0.25–2 25 Japan Tran et al. (2011)

Bacteroides uniformis 0.5 1 0.125–1 21 USA Snydman et al. (2008)

Bacteroides vulgatus 0.25 1 0.125–1 20 USA Kim et al. (2008)

0.5 2 0.125–2 31 USA Snydman et al. (2008)

Bilophila wadsworthia 0.12 0.12 0.03–0.12 21 USA Wexler et al. (2005)

Clostridium difficile 1 2   1–4 110 USA, LA, EU Hecht et al. (2007

— —   1–2 9 USA Snydman et al. (2008)

2 4   1–4 20 USA Kim et al. (2008)

2 4 0.5–4 19 Japan Tran et al. (2011)

Clostridium perfringens 0.06 0.06 0.06–0.125 13 USA Snydman et al. (2008)

≤ 0.015 0.03 ≤ 0.015–0.03 10 USA Goldstein et al. (2008)

0.03 0.03 ≤ 0.016–0.06 30 USA Kim et al. (2008)

0.03 0.06 ≤ 0.015–0.06 19 Japan Tran et al. (2011)

Clostridium spp. 1 2 0.03–4 25 USA Wexler et al. (2005)

1 2 0.06–8 19 USA Snydman et al. (2008)

Desulfovibrio desulfuricans 0.125 0.25 0.125–0.25 15 Japan Tran et al. (2011)

Eggerthella (Eubacterium) spp. 0.25 0.25 0.03–0.25 13 Japan Tran et al. (2011)

Eubacterium spp. 0.25 0.25 0.03–0.25 14 Japan Tanaka et al. (2009)

Finegoldia magna 0.06 0.125 0.06–0.125 l0 USA Kim et al. (2008)

0.125 0.125 0.06–0.125 10 USA Snydman et al. (2008)

0.06 0.125 ≤ 0.015–0.25 30 USA Goldstein et al. (2008)

0.125 0.25 0.06–0.25 25 Japan Tran et al. (2011)

Fusobacterium nucleatum ≤ 0.016 0.03 ≤ 0.016–0.03 20 USA Kim et al. (2008)

Fusobacterium necrophorum ≤ 0.016 0.25 ≤ 0.016–0.25 18 USA Kim et al. (2008)

Fusobacterium varium 0.125 0.25 0.06–1 10 USA Kim et al. (2008)

Fusobacterium spp. 0.031 1 0.03–1 15 USA Wexler et al. (2005)

0.03 0.25 ≤ 0.015–0.5 24 Japan Tran et al. (2011)

Parvimonas micra ≤ 0.016 0.06 ≤ 0.016–0.125 10 USA Kim et al. (2008)

0.06 0.125 0.03–1 25 Japan Tran et al. (2011)

Peptoniphilus asaccharolyticus ≤ 0.015 0.06 ≤ 0.015–0.125 20 USA Goldstein et al. (2008)

≤ 0.015 0.06 ≤ 0.015–0.125 21 Japan Tran et al. (2011)

Peptostreptococcus anaerobius 0.25 2 0.125–2 10 USA Kim et al. (2008)

0.5 2 0.125–4 23 Japan Tran et al. (2011)

Porphyromonas spp. 0.031 0.5 0.03–4 20 USA Wexler et al. (2005)

0.03 0.03 ≤ 0.015–0.06 17 USA Goldstein et al. (2008)

0.03 0.03 ≤ 0.015–0.06 25 Japan Tran et al. (2011)



2. Antimicrobial activity 729

Among Enterobacteriaceae strains harboring expanded- 
spectrum cephalosporinase enzymes (such as an extended- 
spectrum beta-lactamase [ESBL]), the MIC to doripenem 
increases, although it remains well within the susceptible 
range. When compared across large collections of contem-
porary isolates, the MICs closely mirror meropenem but is 
typically several dilutions more susceptible than imipenem 
(Chris tiansen et al., 2010; Kiratisen et al., 2012; Jean et al., 
2010). The emerging issue of Enterobacteriaceae with ac- 
quired carbapenem resistance is in section 2b, Emerging 
resistance and cross-resistance.

Haemophilus spp. including H. influenzae and H. parain
fluenzae, are susceptible to doripenem (Fritsche et al., 2005; 
Brown and Traczewski, 2005; Lascols et al., 2011). Pasteurella 
multocida have a low MIC to the agent (Jones et al., 2009). 
Aeromonas spp. have a variable MIC to doripenem (Fritsche 
et al., 2005; Jones et al., 2009). The susceptibility of Campy lo
bacter spp., Helicobacter pylori, and other less common Gram- 
negative bacilli to doripenem have not been defined.

Doripenem has activity against P. aeruginosa strains with-
out acquired resistance mechanisms, similar to that of mero-
penem and approximately two dilutions superior to that of 
imipenem (Jones et al., 2004b; Mushtaq et al., 2004b). Al - 
though occasional isolates resistant to imipenem or mero-
penem (MIC ≥ 16 μg/ml) have doripenem MICs as low as 0.5 
μg/ml, this seems to be the exception rather than the rule 
(Jones et al., 2004a). The enhanced potency of doripenem 
compared with imipenem against P. aeruginosa has also been 
observed in both mucoid and nonmucoid isolates from patients 
with cystic fibrosis (Chen et al., 2005; Traczewski and Brown, 
2006). 

Resistance of P. aeruginosa to doripenem may occur through 
a variety of mechanisms and may develop during therapy 
(Cometta et al., 1994; Fink et al., 1994; Zanetti et al., 2003). 

Isolates of P. aeruginosa with loss of OprD in addition to 
ongoing production of derepressed AmpC beta-lactamase 
had elevated MICs of doripenem (8 μg/ml), which was a sim-
ilar to that observed with imipenem and meropenem (8–16 
μg/ml) (Mushtaq et al., 2004b). Among a collection of car-
bapenem-resistant P. aeruginosa, doripenem had an MIC 
approximately one dilution lower than meropenem (n = 452; 
doripenem MIC50/90 8 and 16 μg/ml, respectively; meropenem 
MIC50/90 16 and 32 μg/ml, respectively) (Davies et al., 2011). 
This observation is also supported by other studies (Riera et 
al., 2011). Of note, few isolates among these collections har-
bored a detectable carbapenemase enzyme, with a variety of 
other mechanisms accounting for the carbapenem resistance.

Doripenem does not appear to have any enhanced in vitro 
activity against Acinetobacter spp. compared with imipenem 
or meropenem (Christiansen et al., 2010; Kiratisen et al., 
2012; Jean et al., 2010). Very occasional Acinetobacter isolates 
with resistance to imipenem or meropenem (MIC ≥ 16 μg/ml) 
have doripenem MICs as low as 1 μg/ml (Jones et al., 2004a). 
Among carbapenem-resistant Acinetobacter spp. carbapene-
mase enzymes, including Ambler class D oxacillinases (OXA 
type) and class B metallo-beta-lactamases are frequent medi-
ators of resistance (Davies et al., 2011).

Among carbapenemase-producing Acinetobacter spp., the 
MIC to different carbapenems may vary, depending on the spec-
ific gene and other mechanisms of resistance involved, so all 
agents should be measured. Marti et al. (2009) demonstrated 
that against OXA-58-producing A. baumannii, dori penem has 
a lower MIC than other carbapenems, but among OXA-24-
producing A. baumannii the opposite was noted (Table 39.2).

Doripenem appears to have useful activity against Burk
holderia pseudomallei (MIC50/90 1 and 1.5 μg/ml, respectively) 
(Harris et al., 2011). Similar to other carbapenems, doripe-
nem does not have useful activity against S. maltophilia because 

Organism
MIC50 

(μg/ml)
MIC90 

(μg/ml) Range
No. of 
isolates Region Reference

Prevotella spp. 0.06 0.125 0.03–0.25 13 Japan Tanaka et al. (2009)

Prevotella bivia 0.12 0.5 0.03–4 15 USA Wexler et al. (2005)

0.06 0.125 0.06–0.25 30 USA Kim et al. (2008)

0.06 0.125 ≤ 0.015–0.125 14 USA Goldstein et al. (2008)

Prevotella corporis 0.03 0.06 0.03–0.06 10 USA Kim et al. (2008)

Prevotella disiens 0.06 0.125 0.03–0.125 10 USA Kim et al. (2008)

Prevotella intermedia, 
nigrescens

0.031 0.062 0.03–0.06 10 USA Wexler et al. (2005)

0.03 0.06 ≤ 0.016–0.125 30 USA Kim et al. (2008)

0.06 0.125 0.03–0.125 25 Japan Tran et al. (2011)

Prevotella melaninogenica, 
denticola

0.03 0.125 ≤ 0.016–0.25 20 USA Kim et al. (2008)

0.06 0.06 ≤ 0.015–0.25 23 Japan Tran et al. (2011)

Prevotella oris, buccae 0.12 0.5 0.03–0.5 10 USA Wexler et al. (2005)

0.06 0.125 0.125 10 USA Kim et al. (2008)

Propionibacterium acnes 0.06 0.06 0.06–0.06 18 USA Snydman et al. (2008)

0.06 0.125 0.03–0.25 14 USA Goldstein et al. (2008)

Propionibacterium spp. 0.06 0.06 0.06–0.06 13 USA Snydman et al. (2008)

Sutterella wadsworthensis 4 8 0.06–32 12 USA Wexler et al. (2005)

Abbreviations: LA: Latin America; EU: Europe.
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this bacterium produces a chromosomally encoded serine car-
bapenemase. More than half the strains of B. cepacia are 
resistant to doripenem, with an MIC50 of 2–8 μg/ml (Jones 
et al., 2009; Chen et al., 2005), although a small number of 
meropenem-resistant strains may test susceptible to doripe-
nem (Singhal et al., 2011). 

GRAM-NEGATIVE ANAEROBES

Doripenem has reliable in vitro activity against the majority 
of anaerobic clinical isolates, including the Bacteroides fragi
lis group, Prevotella spp., Porphyromonas spp., and Fuso bac
terium spp. (Wexler et al., 2005; Hecht et al., 2007; Credito et 
al., 2008; Goldstein et al., 2008; Tran et al., 2011). Of the com-
monly isolated anaerobes, carbapenem resistance is most 
described among Bacteroides spp. Fewer than 10% of B. fra
gilis strains have doripenem MICs > 1 μg/ml (Karlowsyk et 
al., 2012; Fernandez-Canigia et al., 2012), although occa-
sional strains have an MIC > 32 μg/ml (Wexler et al., 2005; 
Snydman et al., 2011).

2b.  Emerging resistance and 
cross-resistance

Carbapenem resistance among Enterobacteriaceae is an emerg-
ing issue. It impacts all agents in this class, including doripe-
nem. The most significant mechanisms of resistance is due  
to bacterial production of a carbapenemase enzyme, a beta- 
lactamase able to hydrolyze carbapenem antimicrobials. Al- 
most all of the currently prevalent carbapenemase enzymes 
will hydrolyze doripenem to a significant extent.

Emerging carbapenemases among Enterobacteriaceae in-
clude enzymes from three Ambler classes (class A: KPC; class 
B: NDM, IMP, VIM, and SPM; and class D: OXA48 and 
OXA48-like). Each enzyme has a relatively unique geograph-
ical distribution and epidemiology. Recent history demon-
strates a rapidly changing epidemiology of carbapenemase 
enzymes. This is driven by the emergence of new mecha-
nisms and/or the introduction and spread of carbapenemase 
enzymes into vulnerable populations (Nordman et al., 2011).

The specific impact of carbapenemase enzymes on doripe-
nem is best characterized for Klebsiella pneumoniae carbap-
enemase (KPC) harboring bacteria. Endimiani et al. (2009) 
demonstrated that MIC50 and MIC90 for a sample of KPC-
harboring isolates was 4 and 32 μg/ml, respectively. Ad ditional 
studies have investigated the contribution of porin deficien-
cies (another contributory resistance mechanism) to isolates 
harboring a KPC beta-lactamase. Among KPC-harboring 
isolates that also had the most common porin deficiency, the 
MIC50 to doripenem was 8 μg/ml, compared with 16 μg/ml 
for imipenem and 32 μg/ml for meropenem. The MIC50 of 
isolates with only a porin deficiency (OmpK36 plus Ompk35; 
n = 12), was higher than wild-type isolates but much lower 
for doripenem (0.25 μg/ml), imipenem (2 μg/ml), and mero-
penem (0.06 μg/ml) (Davies et al., 2011). 

In regard to other carbapenemase-encoding genes, the 
data on the specific impact on doripenem are more limited. 

Among isolates harboring the New Delhi metallo-beta- 
lactamase (NDM) carbapenemase, the MIC to doripenem 
is usually reported at levels well above the susceptible range 
(> 8 μg/ml) (Rogers et al., 2013; Sidjabat et al., 2011; Poirel et 
al., 2016). Isolates harboring a blaOXA-48 carbapenemase may 
have similarly elevated MICs, although many demonstrate 
an MIC closer to the susceptible range (4 μg/ml) (Poirel et 
al., 2015).

Although P. aeruginosa may be nonsusceptible to doripe-
nem through non-carbapenemase-mediated mechanisms, 
some data suggest an increasing presence of carbapenemase 
genes among isolates. European data across 529 doripenem 
nonsusceptible isolates (MIC > 2 μg/ml) show the rate of car-
bapenemase production rising form 13.4% in 2009 to 30.6% 
in 2011. The mechanisms involved were Ambler class B 
beta-lactamases from the IMP and VIM families (Castanheira 
et al., 2014).

3. MECHANISM OF DRUG ACTION

A number of enzymatic activities are involved in the biosyn-
thesis of the peptidoglycan sacculus, including cross-linking 
via peptide bridges by transpeptidase enzymes (Stratton, 
2005). Doripenem, like other beta-lactam antibiotics, reacts 
chemically with the transpeptidases (also known as penicillin- 
binding protein) to form stable acyl-enzymes, which inacti-
vates the PBPs and prevents further cross-linking. This, in 
turn, leads to a weakened cell wall, which eventually ruptures 
because of osmotic pressure forces (Stratton, 2005).

Doripenem has high affinity for PBP2 and PBP3 in P. aeru
ginosa and PBP2 in E. coli (Davies et al., 2008). In general, 
PBP-binding profiles of doripenem are quite similar to those 
of meropenem. In contrast, imipenem has greater affinity to 
PBP1a and PBP1b in P. aeruginosa, but lesser affinity to PBP2 
and PBP3 (Davies et al., 2008). PBP-binding studies of wild-
type penicillin-susceptible S. pneumoniae isolates show that 
doripenem has good affinity for all PBPs, including PBP1a 
and PBP2b (Davies et al., 2008). However, reduced affinity, 
particularly to PBP2X and PBP2b, occurred in a penicillin- 
resistant isolate (Davies et al., 2008).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The current FDA-approved product information recommends 
a doripenem dose of 500 mg every 8 hours (administered over 
a 1-hour infusion) in patients with creatinine clearance > 50 
ml/minute (Shionogi, 2015). In other markets, the product 
information recommends up to 1 g every 8 hours (Shio nogi, 
2013). A number of real-world pharmacokinetic-pharmaco-
dynamic (PK-PD) studies have suggested that the recom-
mended dosing may not achieve therapeutic levels for 
com monly encountered bacteria in some patient groups. 
This data is discussed in section 5.
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4b.  Newborn infants and children

Pediatric use of doripenem was approved in Japan in 2012 
(Shionogi, 2013). It is not approved for pediatric use in other 
large jurisdictions. There are a limited number of studies on the 
pharmacology and safety of doripenem in pediatric popula-
tions. There are no published clinical trials to support efficacy or 
specific indications for its use in the pediatric populations.

Single-dose pharmacokinetics was investigated in 52 healthy 
infants < 12 weeks old. The agent was safe and well tolerated, 
with pharmacokinetics similar to other carbapenems (Cirillo 
et al., 2015; Table 39.4). Clinical data and Monte Carlo simu-
lation indicate an appropriate dose of 20 mg/kg every 8 hours 
(Matsuo et al., 2015b; Cannavino et al., 2015; Matsuo et al., 
2012; Totsuka et al., 2011).

Unfortunately a series of three controlled clinical trials of 
doripenem in children (complicated intraabdominal infections, 
complicated urinary tract infection, pneumonia) across Eu - 
rope and the Americas was stopped before completion for 
commercial reasons. Results have been published from the 
88 children (66 received doripenem) enrolled in the trial, 
before its termination. Safety and tolerability of doripenem 
(20 mg/kg) was similar to the comparator agents (meropenem 
or cefepime). Phlebitis was one particular adverse effect noted 
by the authors, which occurred in 3 children (Cannavino et 
al., 2015). 

4c.  Pregnant and lactating mothers

Doripenem is classified category B in pregnancy by the FDA. 
There is no indication of teratogenicity or other adverse fetal 
effects in laboratory studies of rats and rabbits (Shionogi, 
2015). However, due to the absence of safety and pharmacoki-
netic data, doripenem should not be administered to pregnant 
or lactating women unless there is no suitable alternative.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

On the whole, the clearance of doripenem has a linear rela-
tionship with creatinine clearance (CrCl) (Matsuo et al., 
2015a). Product information indicates that when the target 
dosage is 500 mg every 8 hours, dose adjustment for renal 
impairment is 250 mg every 8 hours (CrCl 30–50 ml/minute) 
and 250 mg every 12 hours (CrCl >1 0 to < 30 ml/minutes), 
with each dose administered over a 1-hour infusion (Shionogi, 
2015). When the target dosage of doripenem is 1g every 
8 hours, simulations suggest an appropriate dose of 1g every 
12 hours (CrCl 50–70 ml/minute), 500 mg every 8 hours 
(CrCl 30–50 ml/minute), and 250 mg every 8 hours (CrCl 
10–30 ml/minute) (Matsuo et al., 2015a).

The pharmacokinetics of doripenem in adult subjects (n = 
24) with varying degrees of renal impairment—mild (CrCl 
50–79 ml/minute), moderate (CrCl 31–50 ml/minute), severe 
(CrCl ≤ 30 ml/minute)—including those with end-stage renal 
impairment (ESRI) receiving hemodialysis, were compared 

with healthy control subjects (n = 8) with normal renal func-
tion (CrCl ≥ 80 ml/minute) (Floren et al., 2004a; Floren et al., 
2004b; see Table 39.4). As a result of the extensive renal clear-
ance, the doripenem half-life (t½) increases from a mean of 
approximately 1  hour in those with normal renal function 
to approximately 5 hours in those with severe renal impair-
ment. Plasma clearance decreased with reduced renal func-
tion, with a mean plasma clearance of 13.6 l/hour in subjects 
with normal renal function compared with 8.4 l/hour for 
mild renal impairment and 1.9 l/hour in those with ESRI 
who were administered a dose after hemodialysis.

The mean extent of systemic exposure (AUC0–∞) of dori-
penem in the healthy control subjects with normal renal 
function was 36.9 μg/ml/h. Subjects with mild, moderate, 
severe, and end-stage renal impairment (1 hour after hemo-
dialysis administration) demonstrated a 1.6-, 2.8-, 5.1-, and 
7.8-fold increase in AUC0–∞, respectively, compared with that 
of pooled age-matched controls (Floren et al., 2004a; Floren 
et al., 2004b; Shionogi, 2015). The mean maximum plasma 
concentration (Cmax) was 30.8 μg/ml after a single 500-mg dose 
infused over 30 minutes in healthy controls (Floren et al., 
2004a; Floren et al., 2004b). Cmax was increased in those with 
renal impairment, with the largest increase (25%) observed in 
those with mild impairment and the smallest increase (10%) 
noted in those with ESRI (1 hour after hemodialysis admin-
istration), likely as a result of increasing steady-state volume 
of distribution (VdSS) (Floren et al., 2004a; Floren et al., 2004b). 

Patients undergoing renal-replacement therapy
There are limited data on the dosing of doripenem in patients 
receiving renal-replacement therapy. The drug is cleared by 
hemodialysis. After a single 500-mg dose of doripenem, the 
mean total recovery in dialysate was 52% of the dose, from  
a 4-hour hemodialysis session (Floren et al., 2004a; Floren et 
al., 2004b; Shionogi, 2015). 

A small study of patients undergoing three times weekly 
hemodialysis (n = 10) suggests that a dosage of doripenem 
500 mg every 24 hours provides adequate concentrations of 
the agent throughout the dosing interval. Among 9 subjects for 
whom predialysis levels were available, the mean predialysis 
concentration was 11.6 μg/ml (standard deviation [SD]: 5.4). 
The study was not large enough to confirm this was the opti-
mal dosing strategy or demonstrate its safety (Heil et al., 2011). 

A handful of studies have investigated the population phar-
macokinetics of doripenem patients undergoing continuous 
renal-replacement therapy (Roberts et al., 2014; Samtani et 
al., 2012; Cirillo et al., 2011; Tamme et al., 2015). One study 
examined real-world critically ill patients (n = 12) receiving 
doripenem at a dose of 500 mg every 8 hours while on con-
tinuous venovenous hemodiafiltration (CVVHDF). The ex - 
trac tion ratio of doripenem with the CVVHDF system used 
was 13-15%. The time course of doripenem was linear. As 
expected, almost all of the clearance was nonrenal. The filter 
made up 30-37% of all clearance, depending on the dialysate 
flow rate. Population modeling demonstrated that a dose of 
500 mg every 8 hours maintained ƒt > MIC of 40% for 100% 
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of the population with an organism MIC up to 4 μg/ml (Rob-
erts et al., 2014).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

No pharmacokinetic data for doripenem are available for those 
subjects with hepatic impairment; hence no recommenda-
tion for dose adjustment of doripenem can be made in this 
setting.

PATIENTS UNDERGOING PLASMAPHERESIS

No pharmacokinetic data of doripenem are currently avail-
able for patients receiving plasmapheresis. In general, owing 
to the potential for extracorporeal drug removal and subther-
apeutic blood concentrations, drug administration should be 
scheduled after plasmapheresis whenever possible (Kintzel et 
al., 2003).

OLDER ADULTS

The impact of age on the pharmacokinetics of doripenem has 
been evaluated by direct measurement and in population 
models. Among healthy adults (n = 12) ≥ 66 years of age, the 
mean doripenem AUC was 49% higher in elderly adults rel-
ative to nonelderly adults (Shionogi, 2015). A similar finding 
was noted among elderly patients with pneumonia (n = 10) 
(Harada et al., 2013). The difference in exposure was mainly 
attributed to age-related changes in creatinine clearance in 
these studies. Population models confirm that creatinine 
clearance accounts for the majority of difference in pharma-
cokinetics with age (Harada et al., 2013; Matsuo et al., 2015a; 
Nandy et al., 2010).

OBESE PATIENTS

It appears that the pharmacokinetics of doripenem are modi-
fied to a greater extent than meropenem in obesity. The steady-
state pharmacokinetics and pharmacodynamics of doripenem 
(500 mg every 8 hours infused over 30 minutes) were investi-
gated in 10 obese patients (body mass index [BMI] ≥ 40 kg/m2 
or ≥ 45.36 kg above ideal body weight) with normal renal 
function (CrCl ≥ 50 ml/minute). They were compared to a 
similar group of patients (n = 10) receiving meropenem (1 g 
every 8 hours). All patients were hospitalized (on a general 
medical ward) and required anti microbial therapy for sus-
pected or documented bacterial infection (Kays et al., 2014).

When compared to meropenem, the volume of distribu-
tion of doripenem was significantly larger (0.18 ± 0.04 vs. 
0.13 ± 0.05 l/kg; p = 0.048) and the systemic clearance signifi-
cantly faster (11.7 ± 4.1 vs. 8.1 ± 2.6 l/hour; p = 0.03). Monte 
Carlo simulation was used to model probability of target 
at tainment (PTA) of 40% ƒt > MIC. Although there were 
demonstrated changes in pharmacokinetics, a PTA > 90% for 
organisms with an MIC ≤ 2 μg/ml could be achieved (Kays et 
al., 2014). A simulation study using data from critically ill 
nosocomial pneumonia patients enrolled in a phase III trial 
demonstrates a potential concern with higher MIC organisms 
among obese patients. In this population, patients ≥ 100 kg 
(CrCl 100 ml/minute) had a low likelihood of achieving 40% 
ƒt > MIC (MIC = 4 μg/ml) (Roberts et al., 2013; Table 39.5).

CYSTIC FIBROSIS

The pharmacokinetics of a single dose of doripenem (1g and 
2g infused over 4 hours) was studied in 10 clinically stable 

Table 39.5. Models derived from critically ill patients demonstrating the potential target attainment of ƒt 40% > MIC for a number of 
different MIC valuesa

Creatinine clearance 
(ml/minute)

Weight 
(kg)

Dose (mg), 
every 

8 hours

Infusion 
duration 
(hours)

Potential target attainment of 40% ƒt > MIC

MIC 1 μg/ml MIC 2 μg/ml MIC 4 μg/ml MIC 8 μg/ml

Model 1: Critically ill patients (n = 12)b

 70 70 500 1 ≈ 100% ≈ 100% ≈ 100%     90–95%

4 ≈ 100% ≈ 100% ≈ 100% ≈ 100%

 70 70 1000 1 ≈ 100% ≈ 100% ≈ 100% ≈ 100%

150 70 500 1     40–50% ≈ 10% 0% 0%

4 ≈ 100% ≈ 90%     20–25% 0%

150 70 1000 1     70–80%     40–50% ≈ 10% 0%

4 ≈ 100% ≈ 100% ≈ 90%     20–25%

150 70 2000 1     85–90%      70–75%     40–50% ≈ 10%

4 ≈ 100% ≈ 100% ≈ 100% ≈ 90%

Model 2: Critically ill patients with nosocomial pneumonia (n = 31)c

100 100 500 1 ≈ 100% ≈ 100%     50–60% ≈ 20%

4 ≈ 100% ≈ 100%     80–90% ≈ 20%

100 135 500 1 ≈ 100% ≈ 100%     30–40% ≈ 20%

4 ≈ 100% ≈ 100%     60–70% > 20%

aThe first model demonstrates the impact of varying dosing and increasing creatinine clearance (70 vs. 150 ml/minute); the second model demonstrates the 
impact of increasing body weight (100 vs. 135 kg). 

Sources: Model 1 data from Abdul-Aziz et al. (2015); model 2 data from Roberts et al. (2013).
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patients with cystic fibrosis and compared to existing data 
from healthy volunteers. After accounting for differences in 
body weight and size between the two groups the pharmaco-
kinetic parameters were similar, suggesting no impact from 
the disease per se on pharmacokinetics of doripenem (Cirillo 
et al., 2012).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The average plasma protein binding of doripenem is approx-
imately 8% and is independent of plasma drug concentra-
tions (Shionogi, 2015). The volume of distribution at steady 
state  of doripenem in healthy subjects is similar to that of 
extracellular fluid volume with a median of 16.8 l (range: 8.09–
55.5 l) (Shionogi, 2015). As frequently occurs, this differs from 
the estimates among patients with infection. Reported esti-
mates of VdSS among critically ill patients are much higher, in 
the range of 0.3–0.54 l/kg. Amongst noncritically ill patients 
the estimated VdSS is in the range of 0.18–0.24 l/kg (Abdul-
Aziz et al., 2015).

5b.  Drug distribution

The pharmacokinetics of doripenem have been defined for a 
number of dose regimens and patient groups (Table 39.3). Of 
note, there are no pharmacokinetic data available to inform 
dosing during pregnancy. Multiple-dose studies with up to 
1000 mg administered every 8 hours for 7–10 days indicate 
no accumulation in subjects with normal renal function 
(Shionogi, 2015). 

Doripenem penetrates well into several body fluids and 
tissues, including retroperitoneal fluid, peritoneal exudates 
(Ikawa et al., 2007), gallbladder, bile, and urine at concentra-
tions that meet or exceed the MIC of the likely pathogens 
(Shionogi, 2015). The penetration into noninflamed prostate 
tissue is relatively low. The average Cmax within prostate tissue 
is estimated at 17–19% of the plasma Cmax (Yamada et al., 
2010; Nakamura et al., 2012). A small study of healthy men 
(n = 6) found that doripenem appears to have good penetra-
tion into soft tissue. After a single dose of 500 mg, the ratios 
of AUC in adipose tissue and skeletal muscle relative to 
plasma were 0.84 (± 0.28) and 0.53 (± 0.19), respectively 
(Burian et al., 2012).

Limited data indicate that doripenem penetrates the 
blood–brain barrier even with noninflamed, although achiev-
ing only low drug levels (Margetis et al., 2011). A single study 
(n = 38) estimated a mean steady state cerebrospinal fluid 
(CSF) concentration of 0.4 μg/ml using a doripenem dose of 
1g every 8 hours in patients without infection undergoing 
neurosurgical procedures (Nalda-Molina et al., 2012). This 
likely indicates a lower CNS penetration of doripenem when 
compared to meropenem. Doripenem should not be used to 
treat CNS infection in the absence of any further supportive 
data or studies.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The most important pharmacodynamic parameter predict-
ing bacteriologic and clinical efficacy for the carbapenems 
is the time that free (unbound) plasma drug concentration 
exceeds the MIC (ƒt > MIC) of the infecting pathogen (Craig, 
2003; Zhanel et al., 2007). An ƒt > MIC of 20–30% is required 
for bacteriostatic effects, whereas an ƒt > MIC of 40–50% 
achieves bactericidal effects (Floren et al., 2004a; Floren et 
al., 2004b; Zhanel et al., 2007). The %ƒt > MIC required for 
efficacy of doripenem is similar to that of other carbapenems 
in the neutropenic murine thigh and lung infection models 
(Andes et al., 2003a; Andes et al., 2003b; Katsube et al., 2008; 
Kim et al., 2008).

Generally, Gram-negative organisms require a greater per-
centage of ƒt > MIC compared with Gram-positive organisms. 
The mean ƒt > MIC associated with 1- and 2-log reductions, 
respectively, were 21.1% (SD: 8.9%) and 27.3% (SD: 11.7%) 
for S. pneumoniae, 32.3% (SD: 6.7%) and 35.4% (SD: 5.0%) 
for S. aureus, and 36.1% (SD: 7.4%) and 43.7% (SD: 7.1%) for 
Gram-negative bacilli (Andes et al., 2003b). More recent 
studies offer similar findings for achieving a 2-log reduction 
in P. aeruginosa (35% ± 13%) and A. baumannii (33% ± 12%) 
(Bowker et al., 2012). A murine infection model demon-
strated no significant difference in in vivo efficacy between 
non-ESBL- and ESBL-harboring strains relative to ƒt > MIC 
(Andes et al., 2003a). 

Early data on human dosing originated from healthy vol-
unteers and phase I trials (Floren et al., 2004b; Bhavnani et 
al., 2005). Simulations of this relatively predictable popula-
tion demonstrated the probability of achieving a PK-PD tar-
get (35% ƒt > MIC for MIC 1 μg/ml) for doses from 250 to 
1000 mg administered every 8 hours was high, regardless 
of  length of infusion. Similarly, doses of 500 mg or higher 
administered every 8 hours as a 1-hour infusion with MICs 
of 2 μg/ml demonstrated similar probabilities (99–100%) for 
achieving the same target. Furthermore, doses of 500 mg 
administered as 4-, 5-, or 6-hour infusions produced high 
target at tainment probabilities (99–100%) for MICs of 2 and 
4 μg/ml (Bhavnani et al., 2005). These findings were substan-
tiated using phase II study population pharmacokinetic data 
and Monte Carlo simulations (Ambrose et al., 2004).

As a result of early studies, doripenem 500 mg every 8 
hours (adjusted for renal dysfunction) with a 1-hour infusion 
and was chosen for phase III clinical trials involving compli-
cated intraabdominal infections, complicated urinary tract 
infections, and nosocomial pneumonia (Shionogi, 2015; Rea-
Neto et al., 2008). Doripenem 500 mg every 8 hours with a 
4-hour infusion was chosen to optimize the PK-PD parame-
ters for phase III clinical trials involving ventilator-associated 
pneumonia, in which multidrug-resistant pathogens with 
higher MICs would likely be more prevalent.

Since these early studies a number of investigators have 
used doripenem population pharmacokinetic data and Monte 
Carlo simulation to evaluate dosing regimens and the proba-
bility of PK-PD target attainment for various real-world 
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populations (Abdul-Aziz et al., 2015; Jaruratanasirikul et al., 
2012; Roberts et al., 2013; Bhaldi et al., 2013). A key finding 
of these studies is that routine dosing of doripenem (500 mg 
every 8 hours) is inadequate for achieving a 40% ƒt > MIC 
in a number of situations. Dosing regimens must be tailored 
to patient weight and CrCl. This is especially apparent in 
patients with critical illness and sepsis who may have an 
altered volume of distribution and an elevated CrCl. (Table 
39.5 shows selected dosing simulations.) Doses up to 2 g 
every 8 hours may be required (Roberts et al., 2013). By way 
of example, a patient with a CrCl of 70 ml/minute will have a 
98.7% chance of achieving a 40% ƒt > MIC (MIC 2 μg/ml), 
whereas a patient with a CrCl of 150 ml/minute would have 
only a 9.9% chance (Abdul-Aziz et al., 2015). Other caution-
ary findings in this population include potential variability 
in drug clearance with a decrease of 30% between day 1 and 
2, suggesting that in critically ill populations the dosing 
requirement might be dynamic (Abdul-Aziz et al., 2015).

PROLONGED INFUSION STRATEGIES

One potential advantage of doripenem over other available 
carbapenems is its stability once reconstituted. The current 
product information indicates stability at room temperature 
for 12 hours when reconstituted with normal saline as a 5 
mg/ml solution (Shionogi, 2015). Other investigators have 
found stability out to 24 hours (5 and 10 mg/ml solution at 
25°C) in a PVC bag or an elastomeric infuser (Crandon et al., 
2010). The stability of doripenem has also been studied at 
elevated temperatures, such as may occur when an infuser is 
worn close to the body. At 40°C it took 8 hours for doripe-
nem to reduce to < 90% of the initial concentration in a 5 
mg/ml solution with normal saline (Keel et al., 2011b).

This stability at room temperature suggests prolonged 
infusion strategies may be useful to optimize pharmacody-
namic parameters for doripenem. Examples of the increase 
in PTA against given bacterial MICs using a prolonged infu-
sion can be seen in Table 39.5. Pharmacodynamic profiling 
against isolate collections also supports this strategy. Among 
6142 P. aeruginosa isolates from North America, the fraction 
of isolates in which a 40% ƒt > MIC could be obtained in- 
creased from 88% to 96% using a 4-hour instead of a 1-hour 
infusion, based on a dose of 1 g every 8 hours (Keel et al., 
2011a). Similar proportional increases in the number of iso-
lates potentially treated are seen with gram-negative organ-
isms from the Asia-Pacific region (Roberts et al., 2011).

Although the modeling data are promising, there are no 
definitive clinical studies that support improved outcomes 
with prolonged or continuous infusion compared with inter-
mittent dosing. A single-center observational study (n = 200; 
94 patients with continuous infusion) showed no impact of 
the use of this strategy in the whole cohort but some sugges-
tion of improved outcome in critically ill patients (Hsaiky et 
al., 2013). As discussed in section 7c, Hospital-acquired pneu-
monia, including ventilator-associated pneumonia, a clinical 
trial of doripenem for ventilator-associated pneumonia (VAP) 
using a prolonged infusion strategy failed to demonstrate 
noninferiority to imipenem–cilastatin (Kollef et al., 2012).

5d.  Excretion

Doripenem is metabolized primarily by dehydropeptidase-1 
(DHP-1) to a microbiologically inactive ring-opened metab-
olite, doripenem-M1 (Shionogi, 2015; Cirillo et al., 2008). The 
inactive doripenem-M1 metabolite is further metabolized into 
three minor metabolites (oxidized doripenem-M1, doripenem- 
M1 taurine conjugate, and doripenem-M1 glycine conjugate) 
and is excreted in urine (Cirillo et al., 2008). Doripenem, like 
meropenem and ertapenem but unlike imipenem, has a 
1-beta-methyl side chain that provides some resistance to 
DHP-1 (Anderson, 2006). Therefore, unlike imipenem, which 
is extensively metabolized by DHP-1 and requires the addi-
tion of cilastatin for protection, doripenem is metabolized to 
a lesser extent by DHP-1 and is primarily excreted by the 
kidneys.

Approximately 70% of doripenem is excreted in urine as 
unchanged drug after a single dose, and a further 15% is excreted 
as the doripenem-M1 metabolite after 48 hours (Shionogi, 
2015). How much doripenem is excreted via the biliary system 
has not been investigated. Less than 1% of radiolabeled dori-
penem was recovered in feces after 1 week after a single 500-
mg dose of radiolabeled doripenem administered to healthy 
adults (Shionogi, 2015; Cirillo et al., 2008).

5e.  Drug interactions

There is no indication that doripenem is hepatically metabo-
lized by the cytochrome P450 enzyme system. However, as 
with other carbapenems, reductions in serum valproic acid 
concentrations may occur as a result of inhibition of valproic 
acid glucuronide hydrolysis (Shionogi, 2015). Similar to other 
renally cleared beta-lactam antibiotics, probenecid interferes 
with the active tubular secretion of doripenem, resulting in 
increased serum concentrations of the carbapenem (Shionogi, 
2015).

6. ADVERSE REACTIONS AND TOXICITY

The safety and adverse effect profile of intravenous doripe-
nem has been analyzed in participants of phase I–III clinical 
trials, totaling 1817 adults receiving the agent. Doripenem 
demonstrated a safety profile similar to the comparator agents 
in the trials (meropenem, imipenem, piperacillin–tazobactam, 
and levofloxacin). The most common adverse effects of dori-
penem were headache (10.1%), diarrhea (9%), nausea (7.8%), 
and phlebitis (5.7%) (Redman et al., 2009). 

6a.  Seizures

In animal studies performed by Shionogi & Co doripenem 
lacked convulsive activity. It demonstrates weak affinity for 
the gamma-aminobutyric acid (GABA) receptor compared 
with other beta-lactam antibiotics in in vitro binding studies 
(Horiuchi et al., 2006). In combined phase III trial data (n = 
1817) the rate of any seizure among doripenem recipients was 
0.3% compared with 1.3% among comparator agents (Redman 
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et al., 2009). In one open-label study using imipenem as the 
comparator for ventilator-associated pneumonia, seizures 
were reported in 3/262 (1.1%) patients in the doripenem arm 
and 10/263 (3.8%) patients in the imipenem arm (Chastre et 
al., 2008). In all doripenem-treated patients and in all but 
one of the imipenem-treated patients, seizures did not appear 
to be related to study drug therapy (Chastre et al., 2008).

6b.  C. difficile–associated diarrhea

There is minimal published information on C. difficile– 
associated diarrhea after doripenem usage, although it has 
been re ported in postmarketing surveillance (Greer, 2008). 
Data from phase I–III three trials indicates the 0.5% rate of 
C. difficile diarrhea in doripenem recipients did not differ 
significantly from comparator agents (Redman et al., 2009).

6c.  Hypersensitivity reactions

Cases of anaphylaxis, Stevens-Johnson syndrome, and toxic 
epidermal necrolysis with doripenem have been noted in 
pos tmarketing reports (Greer, 2008). The product informa-
tion specifies a history of anaphylaxis to beta-lactams as a 
contraindication to doripenem (Shionogi, 2015). In patients in 
whom the anaphylaxis was to noncarbapenem beta-lactams, 
many clinicians would still use a carbapenem if the potential 
benefits of therapy outweigh the small risk of cross-reaction.

7. CLINICAL USES OF THE DRUG

Doripenem is currently approved by the FDA for use in pa- 
tients with complicated intraabdominal infection and compli-
cated urinary tract infection (Shionogi, 2015). The indications 
vary somewhat by market, with a very broad list of conditions 
contained in the Japanese product information (Shionogi, 
2013). Due to the evanescent nature of the agent in many 
markets, it seems unlikely there will be further large ran-
domized trials undertaken to better inform the indications 
for use of doripenem in the foreseeable future. The failure in 
many markets most likely relates to the inferior efficacy of 
doripenem compared with imipenem–cilastatin for therapy 
of ventilator associated pneumonia in a 2012 clinical trial (Kollef 
et al., 2012), as discussed in section 7c, Hospital-acquired pneu-
monia, including ventilator-associated pneumonia.

7a.  Intraabdominal and biliary tract 
infection

Lucasti et al. (2008) conducted a multicenter double-blind 
randomized study of doripenem (500 mg every 8 hours, over 
1 hour) versus meropenem (1 g every 8 hours, over 3–5 min-
utes) for 476 hospitalized adults with complicated intraab-
dominal infections. By definition, complicated intraabdominal 
infections extend beyond the site of origin into the peritoneal 
space, causing peritonitis or abscess formation (Solomkin et 
al., 2003). The most common sites of infection among enrolled 

patients were the appendix (59.9%) and the colon (20.1%). 
All patients underwent surgical intervention within 24 hours of 
study entry. All patients received a minimum of nine intrave-
nous (i.v.) doses of therapy. If adequate clinical improvement 
had occurred, patients could be switched to oral amoxicillin–
clavulanate (Lucasti et al., 2008).

The primary outcome of the study was clinical cure at the 
test-of-cure visit, which occurred 21–60 days after the com-
pletion of study drug therapy. In the clinically evaluable pop-
ulation, no significant difference in clinical response was 
observed; clinical cure occurred in 86.7% of those treated 
with doripenem and 86.6% of those treated with meropenem. 
Similarly, in the microbiologically evaluable population, 
85.9% of those treated with doripenem achieved clinical cure 
compared with 85.3% treated with meropenem. There were 
no statistically significant differences among any subgroup 
analyzed.

Two Japanese studies provide limited data on the clinical 
efficacy of doripenem for acute biliary tract infection (chol-
angitis and/or cholecystitis). The first study used doripenem 
therapy in 119 patients (500 mg three times daily, over 30–60 
minutes), with no comparator (Tazuma et al., 2011). The 
second study was a randomized open-label comparison of 
dori penem (n = 62) with imipenem–cilastatin (n = 65, 
administered 500 mg three times daily) (Tazuma et al., 2015). 
Within both studies there was an assessment of clinical effi-
cacy based on clinical symptoms, signs, and laboratory 
markers at 7 days. This was stratified into a good, fair, or poor 
clinical response by the investigators based on a clinical assess-
ment. Bac terio logical efficacy was assessed based on eradica-
tion of the caus ative or presumed causative bacteria.

Within the studies almost all patients had percutaneous 
our endoluminal drainage of the biliary system. Among the 
single-arm study participants, overall 92.4% of patients were 
rated has having a good clinical response, with no significant 
difference between cholangitis and cholecystitis. The mean 
duration of therapy was 7.7 days (Tazuma et al., 2011). For 
the 122 patients evaluated for efficacy in the randomized trial 
the findings were similar. A good response was seen in 93% 
of patients receiving doripenem (mean duration 7 days) and 
93.8% of patients receiving imipenem–cilastatin (mean dura-
tion 6.5 days). This finding met the investigators prespecified 
definition of noninferiority. Bacteriological efficacy was also 
noninferior (Tazuma et al., 2015).

7b.  Complicated urinary tract infection, 
including pyelonephritis

Naber et al. (2007) conducted a multicenter double-blind ran- 
domized study of doripenem (500 mg every 8 hours, over 
1  hour) versus levofloxacin (250 mg every 24 hours, over 
1 hour) for adults with complicated urinary tract infections 
(UTIs), including pyelonephritis. After a minimum of 3 days 
of i.v. therapy and if adequate clinical improvement had 
occurred, patients could be switched to oral levofloxacin (250 
mg every 24 hours) to complete a total duration of therapy of 
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10–14 days. Following this study, a multicenter, single-arm 
noncomparative, open-label study using doripenem (500 mg 
every 8 hours, over 1 hour) was undertaken. It was otherwise 
similar in inclusion criteria, dosing and outcomes to the ran-
domized trial.

Data from these two studies were aggregated for analysis 
of a total of 1171 adult patients (doripenem, n = 799; levo-
floxacin, n = 372). Approximately 51% of patients had a base-
line diagnosis of pyelonephritis. Complicating conditions for 
entry included male gender, bladder instrumentation or in - 
dwelling catheter, recent surgery, and various other anatom-
ical or functional abnormalities of the urinary tract. Overall, 
approximately 10% of patients had documented bacteremia 
at baseline (Redman et al., 2010).

The primary efficacy end point was microbiological response 
(< 104 CFU/ml colony count) at a test-of-cure visit, which 
occurred 5–11 days after completion of study drug therapy. 
In the microbiologic evaluable population, no significant dif-
ference in microbiologic cure rate was observed. Microbiologic 
cure occurred in 82.8% of those treated with doripenem and 
83.4% of those treated with levofloxacin. Similarly, in the 
clinically evaluable population, 94.1% of those treated with 
doripenem achieved clinical cure versus 90.2% treated with 
levofloxacin (Redman et al., 2010).

Doripenem has also been used as the comparator agent in 
two phase III multicenter randomized double-blind noninfe-
riority trials of ceftazidime–avibactam for complicated UTIs 
including pyelonephritis (Wagenlehner et al., 2016). Data 
from the two trials was aggregated before analysis, totaling 
810 randomized patients (doripenem, n = 417; ceftazidime–
avibactam, n = 393) eligible for the primary modified micro-
bial intention-to-treat (microITT) efficacy analysis. Entero - 
bacteriaceae made up > 95% of the pathogens.

The primary analysis was based on end points suggested 
by the FDA and European Medicines Agency (EMEA) among 
a modified microITT population. Noninferiority was dem-
on strated on analysis by the FDA co-primary end points. 
Using the end point of microbiological cure plus symptomatic 
resolution at a test-of-cure visit 21–25 days after randomiza-
tion, 71.2% of patients receiving ceftazidime–avibactam and 
64.5% of patients receiving doripenem achieved the end 
point (difference: 6.7; 95% confidence interval [CI]: 0.3–
13.1%). Of note, the response to ceftazidime–avibactam was 
statistically superior to that of doripenem (77.4% vs. 71%; 
difference: 6.4%; 95% CI: 0.3–12.4%) when analyzed by the 
single EMEA end point (microbiological eradication at the 
test-of-cure) (Wagenlehner et al., 2016).

7c.  Hospital-acquired pneumonia, including 
ventilator-associated pneumonia

Three randomized trials have investigated doripenem as a 
therapy for hospital-acquired pneumonia (HAP). The most 
clinically significant study demonstrates inferior efficacy 
and higher mortality with doripenem than with imipenem– 
cilastatin (Kollef et al., 2012).

Kollef and colleagues (2012) performed a randomized, 
blind, placebo-controlled comparison of 7 days of doripenem 
(1g every 8 hours via a 4-hour infusion) compared with 10 
days of imipenem–cilastatin (1g every 8 hours over 1 hour) 
for VAP occurring after at least 48 hours of mechanical ven-
tilation. Vancomycin, linezolid, or amikacin could be added 
if pathogen resistance to doripenem was suspected or proven 
(Kollef et al., 2012). The study planned to enroll 480 patients 
but was stopped by the data monitoring committee after 
approximately half this number of enrolment due to inferior 
efficacy and higher mortality in the doripenem arm.

The study population was broad. Inclusion criteria were 
an APACHE II score of > 8 to < 35 and a clinical pulmonary 
infection score (CPIS) ≥ 6 (Luna et al., 2003). The majority of 
exclusions were related to lung pathologies that may compli-
cate diagnosis and assessment. The primary end point was 
clinical cure at end of treatment in a microITT population. 
Inclusion in the population required the isolation of a patho-
gen with an imipenem–cilastatin MIC ≤ 8μg/ml from the 
airway. 

At termination, 167 patients were evaluable in the microITT 
population (doripenem, n = 79; imipenem–cilastatin, n = 88). 
The clinical cure rate in the doripenem group was lower than 
the imipenem–cilastatin group (45.6% vs. 56.8%; 95% CI: 
–26.3% to 3.8%) and crossed the 15% noninferiority margin 
specified in the study design. Responses favoring  imipenem–
cilastatin were also present in most subgroups. In addition, 
all-cause 28-day mortality in the microITT group was numer-
ically higher for doripenem than for imipenem–cilastatin 
(25.5% vs. 14.8%; 95% CI: –5.08 to 18.5). A similar trend was 
seen with mortality in a number of other subgroup and sen-
sitivity analyses but was particular noted for patients with  
P. aeruginosa as the pathogen.

The authors proposed a number of explanations for the 
potential inferiority of doripenem. Foremost, the shortened 
duration of doripenem therapy compared with imipenem–
cilastatin may have been inadequate for pathogens such as  
P. aeruginosa. Additional explanations relate to the PK-PD of 
doripenem use in the study. First, critically unwell patients 
with supranormal creatinine clearance may have had inade-
quate drug levels with the dosing used. Second, the pro-
longed infusion strategy may have led to slower attainment 
of target antibiotic concentrations (Kollef et al., 2012). Sub- 
sequent modeling studies have supported the potential that 
inadequate dosing was involved in this failure, indicating a 
dose of up to 2 g every 8 hours might have been required for 
some patients (Roberts et al., 2013).

Preceding the Kollef study, Chastre et al. (2008) evaluated 
the efficacy of doripenem versus imipenem–cilastatin in the 
treatment of VAP. The study population did not appear to 
include a large number of the typical patients usually man-
aged in many ICUs with ventilator-associated pneumonia 
due to extensive exclusion criteria.

VAP was defined by clinical and radiologic criteria, includ-
ing the need for a CPIS ≥ 5. Patients were excluded if their 
APACHE II scores were < 8 or > 29, if they had structural lung 
disease (other than chronic obstructive pulmonary disease), 
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septic shock, treatment with an immunosuppressive agent, 
an immunocompromising illness, acute respiratory distress 
syndrome (ARDS), or a variety of other conditions. The open- 
label study compared doripenem (500 mg every 8 hours via 
a 4-hour infusion) to imipenem–cilastatin (500 mg every 
6 hours via a 30-minute infusion or 1000 mg every 8 hours 
via a 60-minute infusion). Vancomycin and/or amikacin could 
be added at the discretion of the investigator. The study drug 
continued for 7–14 days (Chastre et al., 2008).

Clinical responses were classified as cure, failure, or inde-
terminate by the investigators at the end of therapy and at a 
test-of-cure visit 7–14 days after completion of the study drug 
course. In total 531 patients were randomized. In the clini-
cally evaluable population, clinical cure was observed in 68.3% 
of those treated with doripenem and 64.8% of those treated 
with imipenem. In a clinical modified intent-to-treat (cmITT) 
population, 59.0% of those treated with doripenem and 57.8% 
of those treated with imipenem had a clinical cure. None of 
these differences was statistically significant. The all-cause 
mortality at day 28 in the cmITT population was 10.8% with 
doripenem and 9.5% with imipenem.

One secondary outcome analyses of note was the emer-
gence of P. aeruginosa strains acquiring decreased suscep-
tibility to study drug (fourfold or greater increase in MIC 
from baseline) as well as emergence of MIC ≥ 8 μg/ml  
among P. aeruginosa strains. A total of 10 of the 28 (35.7%) 
 doripenem-treated patients with a doripenem-susceptible  
P. aeruginosa at baseline had followup lower respiratory cul-
tures that also grew P. aeruginosa meeting this end point. A 
total of 10 of 19 imipenem-treated patients with an imipen-
em-susceptible baseline P. aeruginosa had followup cultures 
of P. aeruginosa that met this end point (Chastre et al., 2008).

Doripenem has been compared in an open-label study 
with piperacillin–tazobactam in the treatment of adults with 
hospital-acquired pneumonia, specifically nonventilated pa- 
tients and those ventilated for fewer than 5 days (Rea-Neto et 
al., 2008). In general terms, critically ill and immunocom-
promised patients were excluded from this study. Patients 
enrolled in the doripenem arm received 500 mg every 8 
hours by a 1-hour infusion, whereas those enrolled in the 
piperacillin–tazobactam arm received 4.5 g every 6 hours by 
a 30-minute infusion. After receiving the intravenous study 
drug for at least 72 hours, patients could be switched to oral 
levofloxacin. Antibiotic therapy was continued for a total of 
7–14 days. Clinical cure rates, assessed 7–14 days after treat-
ment completion, were 81.3% in the doripenem arm and 
79.8% in the piperacillin–tazobactam-treated patients. This 
difference was not statistically significant (Rea-Neto et al., 2008).

A small noncomparative study in Japan investigated the 
safety and efficacy of high-dose doripenem therapy in pa-
tients with hospital or community acquired pneumonia (1g 
infused over 1 hour three times per day). Using a composite 
end point of “clinically effective” among 56 evaluable patients, 
the investigators believed 47/51 patients (92.2%) met this 
end point. The most common adverse reaction was elevated 
aspartate aminotransferase (AST) and/or alanine aminotrans-
ferase (ALT) (n = 6, 16%). All but one of these patients had 

only mild abnormalities. All abnormalities resolved after ceas- 
ing the doripenem (Yatera et al., 2016).

7d.  Bacteremia

There have been no clinical trials of doripenem therapy for 
bacteremia per se. A post hoc analysis of selected bacteremic 
patients from six phase III trials provides some limited data 
on this indication (Rice et al., 2013). In the analysis investi-
gators identified 139 subjects with bacteremia in whom a 
therapy-related outcome could be determined (doripenem, 
n = 76; comparator, n = 63). This was a heterogeneous group 
with a variety of comparator agents. The majority of patients 
were drawn from trials of complicated UTI therapy, with the 
remainder of patients from trials on intraabdominal infec-
tion and respiratory tract infection (VAP and non-VAP). The 
most common pathogen in blood culture was Escherichia coli 
(n = 58). There were very few Gram-positive pathogens (e.g. 
Staphylococcus aureus, n = 5). Overall the clinical cure rate 
among bacteremic patients was similar to that of comparator 
agents across all the indications studied (Rice et al., 2013).

7e.  Synergistic combination therapy for 
highly resistant bacteria

A number of investigators have studied the use of synergistic 
combinations of doripenem with other agents for the ther-
apy of carbapenem-resistant Gram-negative bacilli and other 
organisms. The majority of studies have been in vitro or ani-
mal studies, with only a handful of clinical cases and case 
series reported.

A 2013 systematic review of in vitro synergy between car-
bapenems and polymyxins for Gram-negative bacilli identi-
fied doripenem as the carbapenem showing the highest 
synergy rate for the pathogens reviewed. Synergy was defined 
as > 2-log reduction in colony-forming units (CFUs) for a 
combination compared to the most single active agent or a 
fractional inhibitory concentration index (FICI) of ≥ 0 .5 
when checkerboard testing was performed. The frequency of 
identification of synergy between doripenem and a polymyxin 
for bacteria was Acinetobacter baumannii 88% (95% CI: 70– 
96%), Pseudomonas aeruginosa 62% (95% CI: 38–81%), and 
Klebsiella pneumoniae 63% (95% CI: 39–82%) (Zus man et al., 
2013). Clinical reports of doripenem plus polymyxin combi-
nations are infrequent, with the majority of reports in this 
area using other carbapenems and/or not specifying the car-
bapenem used.

One of the largest reported series of combination therapy 
with doripenem involved the use of doripenem (1 g adminis-
tered over 4 hours, three times per day) plus fosfomycin for  
nosocomial pneumonia, including VAP, caused by  carbapenem- 
resistant Pseudomonas aeruginosa (n = 25). These cases were 
reported as part of a retrospective comparison with the com-
bination to colistin plus fosfomycin (n = 24). Clinical cure 
was observed in 60% (n = 15) of the patients using the dori-
penem combination. This did not differ significantly from the 
combination with colistin (Apisarnthanarak et al., 2012).
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Synergy has also been observed in vitro and in animal 
models when using doripenem in combination with another 
carbapenem (Bulik et al., 2011; Poirel et al., 2016). Ertapenem 
is usually selected with the rational that ertapenem binds to 
the active site of the carbapenemase with higher affinity than 
doripenem, thus protecting the doripenem from hydrolysis. 
It seems likely the finding of in vitro synergy is quite depen-
dent on the carbapenem resistance mechanisms involved 
(Poirel et al., 2016).

Data on the clinical use of double-carbapenem combina-
tion therapy with doripenem are limited. A recent publication 
included five reports, primarily for KPC-producing bacteria. 
The clinical outcomes were variable (Camargo et al., 2015).

The utility of doripenem in combination therapy against 
Neisseria gonorrhoea has also been investigated in vitro. The 
studies demonstrated no indication of synergy or antago-
nism when doripenem was combined with azithromycin, 
moxifloxacin, or gentamicin (Bharat et al., 2016).

A small in vitro study demonstrated synergy of doripenem 
combined with rifampicin for Mycobacterium abscessus and 
drug-resistant M. tuberculosis. Clinically achievable combi-
nations containing drugs at concentrations several fold lower 
than the MIC90 of individual agents inhibited growth. By way 
of example, a concentration of rifampicin 0.25 μg/ml plus 
doripenem 1.25 μg/ml completely inhibited growth of M. tuber
culosis when the rifampicin MIC90 was > 1 μg/ml as a single 
agent (Kaushik et al., 2015). There are no published data on 
the clinical use of doripenem for therapy of mycobacterial 
infection.
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1. DESCRIPTION

Ertapenem (formerly MK-0826; Merck) is a once-daily par-
enteral beta-lactam antibiotic licensed in the USA in Novem- 
ber 2001 and in Europe in April 2002. Generally, ertapenem 
has substantial activity against Enterobacteriaceae-producing 
extended-spectrum beta-lactamases (ESBLs) and AmpC  beta- 
lactamases (Hammond, 2004; Wexler, 2004).

Carbapenems have been subdivided into two groups, 
depending on their activity against nonfermentative Gram-
negative bacteria (Shah and Isaacs, 2003). Ertapenem is a group 
1 carbapenem in that it has restricted activity against Pseu
domonas aeruginosa and Acinetobacter spp. (Hammond, 2004; 
Wexler, 2004). In contrast, imipenem (Chapter 37, Imipenem—
cilastatin and imipenem–relebactam), meropenem (Chapter 
38, Meropenem and meropenem-vaborbactam), and doripe-
nem (Chapter 39, Doripenem) would be regarded as group 2 
carbapenems.

The molecular weight of ertapenem is 475.52, and its 
chemical formula is C22H25N3O7S. Its structure is illustrated 
in Figure 40.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The interpretative criteria for in vitro ertapenem susceptibil-
ity testing are summarized in Table 40.1, whereas the in vitro 
activity of ertapenem against common pathogens is summa-
rized in Table 40.2, Table 40.3 and Table 40.4.

GRAM-POSITIVE AEROBIC BACTERIA

Ertapenem MICs for Gram-positive bacteria are generally 
higher than those of imipenem and generally similar to those 
of meropenem. Ertapenem offers good activity against the 
most common Gram-positive pathogens (see Table 40.2). 
Notable exceptions include enterococci, methicillin-resistant 
Staphylococcus aureus (MRSA), oxacillin-resistant coagulase- 
negative staphylococci, S. haemolyticus, and some Strep to coc 
 cus viridans (Fuchs et al., 1999; Fuchs et al., 2001; Pankuch et 
al., 2002; Rolston et al., 2002; Hammond, 2004).

Generally S. aureus and oxacillin-susceptible coagulase- 
negative staphylococci are slightly less susceptible to ertape-
nem than to imipenem. In two large studies in which more 
than 600 methicillin-susceptible S. aureus isolates were 
assessed, ertapenem had MIC50 of 0.12 and MIC90 of 0.25 µg/
ml (Fuchs et al., 2001; Livermore et al., 2001a). MRSA and 
oxacillin-resistant staphylococci are resistant to ertapenem, 
with an MIC > 16 µg/ml (Fuchs et al., 1999; Fuchs et al., 2001; 
Friedland et al., 2002; Marchese et al., 2004). Most S. haemo
lyticus isolates are resistant to ertapenem (Fuchs et al., 1999).

Figure 40.1. Chemical structure of ertapenem.
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Table 40.1. Interpretative criteria for ertapenem susceptibility testing (µg/ml)

Enterobacteriaceae Streptococci Anaerobes

S I R S I R S I R

EUCAST ≤ 0.5 1 > 1 ≤ 0.25 — > 0.25 ≤ 1 —  > 1

CLSI/FDA ≤ 0.5 1 ≥ 2 ≤ 1 — — ≤ 4 8 > 16

Abbreviations: S: susceptible; I: intermediate; R: resistant.
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Table 40.2. In vitro activity of ertapenem against Gram-positive aerobic bacteria

Organism
MIC50 

(µg/ml)
MIC90 

(µg/ml) Range
No. of 
isolates Region Reference

Bacillus spp. ≤ 0.03 4 ≤ 0.03–8 20 NA Rolston et al. (2002)

Corynebacterium spp. 0.5 16 ≤ 0.03–16 18 NA Rolston et al. (2002)

2 4 ≤ 0.015–4 19 NA Goldstein et al. (2001)

Enterococcus spp. (other) 8 > 16 0.5–> 16 23 NA Fuchs et al. (2001)

0.5 8 0.6–8 12 NA Goldstein et al. (2001)

8 16   4–16 90 NA Pelak et al. (2002)

Enterococcus faecalis 8 16 0.06–> 16 387 NA Fuchs et al. (2001)

16 16   1–32 120 EU, AU Livermore et al. (2001a)

8 > 64 0.05–> 64 16 NA Rolston et al. (2002)

8 > 16   8–> 16 30 NA Fuchs et al. (1999)

Enterococcus faecium > 16 > 16 0.12–> 16 140 NA Fuchs et al. (2001)

> 64 > 64   8–> 64 24 NA Rolston et al. (2002)

> 16 > 16   4–> 16 20 NA Fuchs et al. (1999)

Listeria monocytogenes 0.25 0.5 0.06–1 18 NA Rolston et al. (2002)

0.5 0.5 0.25–1 10 NA Fuchs et al. (1999)

Staphylococcus haemolyticus > 16 > 16   2–> 16 20 NA Fuchs et al. (1999)

Staphylococcus aureus, 
methicillin susceptible

0.12 0.25 0.03–> 16 375 NA Fuchs et al. (2001)

0.12 0.25 ≤ 0.008 to ≤ 16 241 EU, AU, NA Livermore et al. (2001a)

0.12 0.25 0.06–0.25 18 NA Rolston et al. (2002)

0.12 0.25 0.12–0.5 20 NA Fuchs et al. (1999)

0.25 0.25 0.12–0.5 199 NA Pelak et al. (2002)

0.25 0.25 0.125–25 32 AS Hicks et al. (2002)

0.25 0.25 0.125–25 65 EU, AU, NA Song et al. (2006)

Staphylococcus aureus, 
methicillin-resistant

> 16 > 16 0.12–> 16 172 NA Fuchs et al. (2001)

2 16 0.5–16 10 NA Fuchs et al. (1999)

4 16 0.5–16 37 NA Pelak et al. (2002)

32 32 0.5–32 67 AS Song et al. (2006)

Staphylococcus, coagulase 
negative

0.25 16 0.03–32 237 EU, AU Livermore et al. (2001a)

Staphylococcus, coagulase 
negative, methicillin 
susceptible

0.12 0.5 0.03–4 182 NA Fuchs et al. (2001)

≤ 0.03 2 ≤ 0.03–2 18 NA Rolston et al. (2002)

Staphylococcus coagulase 
negative, methicillin-resistant

8 16 0.06–> 16 346 NA Fuchs et al. (2001)

Streptococcus pneumoniae 0.008 0.5 ≤ 0.008–4 234 EU, AU Livermore et al. (2001a)

≤ 0.25 1 ≤ 0.03–1 17 NA Rolston et al. (2002)

0.03 0.25 ≤ 0.008–4 138 NA Hicks et al. (2002)

0.06 1 ≤ 0.03–8 67 AS Song et al. (2006)

0.05 2 ≤ 0.008–4 103 NA Hilliard et al. (2002)

Streptococcus pneumoniae, 
penicillin susceptible

0.016 0.03 ≤ 0.008–0.06 373 NA Fuchs et al. (2001)

0.03 0.03 ≤ 0.008–0.125 114 NA Hicks et al. (2002)

0.016 0.03 ≤ 0.008–0.125 125 NA Pankuch et al. (2002)

0.03 0.03 ≤ 0.0075–0.03 100 EU Marchese et al. (2004)

Streptococcus pneumoniae, 
penicillin intermediate

0.25 0.5 ≤ 0.008–1 93 NA Fuchs et al. (2001)

0.125 0.5 0.06–0.5 13 NA Hicks et al. (2002)

0.125 0.5 ≤ 0.008–0.125 74 NA Pankuch et al. (2002)

0.25 0.5 0.06–1 50 EU Marchese et al. (2004)

Streptococcus pneumoniae, 
penicillin resistant

1 2 0.12–4 110 NA Fuchs et al. (2001)

1 2 0.25–2 10 NA Fuchs et al. (1999)

0.5 1 0.125–4 11 NA Hicks et al. (2002)

0.5 1 0.125–4 86 NA Pankuch et al. (2002)

1 2   1–4 30 EU Marchese et al. (2004)

Beta-hemolytic streptococci 0.06 0.06 0.016–0.12 37 NA Pelak et al. (2002)
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Ertapenem activity against S. pneumoniae has been sup-
ported by many clinical studies, and in most of them ertape-
nem was bactericidal against both penicillin-susceptible and 
penicillin-nonsusceptible S. pneumoniae (Fuchs et al., 2001; 
Livermore et al., 2001a; Rolston et al., 2002; Marchese et al., 
2004; Gómez-Garcés et al., 2005; Song et al., 2006; Zhanel 
et al., 2007). The ertapenem MIC increases with decreasing 
penicillin susceptibility (defined using pre-2007 CLSI peni-
cillin breakpoints) (Hicks et al., 2002; Hilliard et al., 2002; 
Pankuch et al., 2002; Marchese et al., 2004). In one study of 
102 S. pneumoniae isolates selected to include organisms 
resistant to a variety of drug classes, ertapenem MICs were 
0.03 µg/ml for penicillin-susceptible S. pneumoniae, increas-
ing to 0.5 µg/ml for penicillin-intermediate strains and 2 µg/
ml for penicillin-resistant strains (Hilliard et al., 2002). In a 
similar evaluation of pneumococcal isolates, ertapenem MIC90 
values rose from 0.03 µg/ml for 114 penicillin-susceptible iso-
lates to 0.5 µg/ml for 13 penicillin-intermediate isolates and 
1 µg/ml for 11 penicillin-resistant isolates (Hicks et al., 2002).

Beta-hemolytic streptococci remain susceptible to ertape-
nem (Pelak et al., 2002). However, viridans streptococci may 
not be universally susceptible to ertapenem. Most surveil-
lance studies have not specifically examined susceptibility 
of viridans streptococci to ertapenem. In one study of 16 
isolates of viridans streptococci, MICs ranged from < 0.03 
to 16 µg/ml, with the MIC50 being 8 µg/ml and MIC90 being 
16 µg/ml (Rolston et al., 2002).

As mentioned, enterococci are nonsuceptible to ertape-
nem (Fuchs et al., 1999; Fuchs et al., 2001; Livermore et al., 
2001a; Goldstein et al., 2002; Pelak et al., 2002; Rolston et al., 
2002). Most Enterococcus faecalis isolated in the study by 
Livermore et al. (2001a) had low-level resistance to ertape-
nem, with MIC90 values of 16 µg/ml; imipenem was more 
active against these isolates (MIC90 4 µg/ml). In a study by 
Pelak et al. (2002), 814 isolates from pelvis infections were 
tested. Although the enterococci isolated from patients were 
not susceptible to ertapenem, in the clinical trial correspond-
ing to this in vitro study, all patients who were treated with 
ertapenem were cured, confirming the lack of virulence of 
enterococci in these infections.

Listeria spp., of which L. monocytogenes is the primary 
human pathogen, is susceptible to ertapenem, with MICs 
between 0.15 and 0.5 µg/ml (Fuchs et al., 1999; Rolston et al., 
2002). Corynebacterium varies in its susceptibility to ertape-
nem. In a study of bite wound isolations, 98% of the isolates 
studied were inhibited by ertapenem at ≤ 4 µg/ml. Ertapenem 
was only moderately active against Corynebacterium spp. 
(MIC90 4 µg/ml). In other studies, ertapenem MICs against 
Corynebacterium ranged from ≤ 0.015 to 32 µg/ml (Fuchs et 
al., 1999; Goldstein et al., 2001; Rolston et al., 2002). Bacillus 
spp. are susceptible to ertapenem (Rolston et al., 2002). In 
vitro activity of ertapenem against Bacillus spp. isolates from 
cancer patients noted MICs of 0.5–4 µg/ml, although they were 
< 1 µg/ml for piperacillin–tazobactam (Rolston et al., 2002).

GRAM-NEGATIVE AEROBIC BACTERIA

The in vitro activity of ertapenem against common Gram-
negative aerobic pathogens is summarized in Table 40.3. 
Neisseria meningitidis (Fuchs et al., 2001; Livermore et al., 
2001a) is susceptible to ertapenem (MICs < 0.016 µg/ml). 
N. gonorrhoeae is also susceptible to ertapenem. To evaluate 
its possible utility, Livermore et al. (2004) tested ertapenem’s 
microbiologic activity against 652 gonococci collected in 26 
clinics in England and Wales over a 3-month period (June–
August 2003, inclusive). Ertapenem MICs for the 652 isolates 
clustered from 0.002 to 0.06 µg/ml, with fewer than 10% 
of values outside this range. These findings are positive for 
ertapenem and suggest that in vivo efficacy is likely.

Ertapenem MIC90 values for Gram-negative bacilli are 
generally lower than those for imipenem. These differences, 
however, are probably not of great clinical significance 
because imipenem has had a long track record of successful 
clinical use against infections caused by Gram-negative 
bacilli. The activity of ertapenem against P. aeruginosa and 
Acinetobacter species is lower than that of other carbapen-
ems, such as imipenem and meropenem (Fuchs et al., 2001; 
Livermore et al., 2001a).

Haemophilus influenzae, H. parainfluenzae, and Moraxella 
catarrhalis are susceptible to ertapenem (Fuchs et al., 1999; 
Fuchs et al., 2001; Livermore et al., 2001a; Friedland et al., 

Organism
MIC50 

(µg/ml)
MIC90 

(µg/ml) Range
No. of 
isolates Region Reference

Viridans streptococci 8 16 ≤ 0.03–16 16 NA Rolston et al. (2002)

0.12 1 ≤ 0.06–4 140 NA, SA, EU Fritsche et al. (2003)

Streptococcus pyogenes ≤ 0.008 0.016 ≤ 0.008–0.25 238 NA Fuchs et al. (2001)

≤ 0.008 0.06 ≤ 0.008–0.25 92 EU, AU Livermore et al. (2001a)

≤ 0.03 ≤ 0.03 ≤ 0.03 20 NA Rolston et al. (2002)

≤ 0.03 ≤ 0.03 ≤ 0.03–0.12 30 NA Fuchs et al. (1999)

≤ 0.016 0.03 ≤ 0.0080.06 33 NA Pelak et al. (2002)

Streptococcus agalactiae 0.06 0.06 0.016–0.25 206 NA Fuchs et al. (2001)

≤ 0.03 ≤ 0.03 ≤ 0.03 20 NA Rolston et al. (2002)

≤ 0.03 0.06 ≤ 0.03–0.06 25 NA Fuchs et al. (1999)

0.06 0.06 0.03–0125 26 NA Pelak et al. (2002)

Abbreviations: NA: North America; EU: Europe; AU: Australia; AS: Asia; SA: South America.
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Table 40.3. In vitro activity of ertapenem against Gram-negative aerobic bacteria

Organism
MIC50 

(µg/ml)
MIC90

 

(µg/ml) Range
No. of 
isolates Region Reference

Acinetobacter spp. 4 16 0.06–> 16 86 NA Fuchs et al. (2001)

4 16 0.15–> 16 109 EU, AU Livermore et al. (2001a)

2 4 0.12–4 20 NA Fritsche et al. (2003)

4 8   1–8 10 NA Fuchs et al. (2001)

4 > 8 0.06–> 8 155 NA, EU, SA Fritsche et al. (2001)

Aeromonas spp. 0.06 0.25 0.03–1 21 NA Fuchs et al. (2001)

0.12 4 ≤ 0.008–> 16 72 EU, AU Livermore et al. (2001a)

0.05 1 0.03–1 13 NA Rolston et al. (2002)

0.25 1 ≤ 0.06–> 8 44 NA, EU, SA Fritsche et al. (2001)

Burkholderia cepacia 8 > 16   4–> 16 13 NA Fuchs et al. (2001)

Citrobacter spp. ≤ 0.008 0.25 ≤ 0.008–4 216 NA Fuchs et al. (2001)

0.008 0.06 0.006–0.5 112 EU, AU Livermore et al. (2001a)

≤ 0.03 ≤ 0.03 ≤ 0.03–0.25 35 NA, EU, SA Fuchs et al. (2001)

Enterobacter spp. 0.03 0.5 ≤ 0.008–> 16 239 NA Fuchs et al. (2001)

Enterobacter aerogenes 0.06 1 ≤ 0.008–> 16 113 EU, AU Livermore et al. (2001a)

0.06 0.5 0.03–1 20 NA Rolston et al. (2002)

≤ 0.03 0.5 ≤ 0.03–0.5 25 NA Fuchs et al. (2001)

Enterobacter cloacae 0.06 1 ≤ 0.008–> 4 118 EU, AU Livermore et al. (2001a)

≤ 0.03 0.06 ≤ 0.03–0.5 25 NA Rolston et al. (2002)

0.12 4 ≤ 0.03–16 25 NA Fuchs et al. (2001)

0.03 0.125 ≤ 0.016–0.25 16 NA Pelak et al. (2002)

Escherichia coli ≤ 0.008 0.016 ≤ 0.008–0.05 254 NA Fuchs et al. (2001)

0.008 0.03 0.006–1 248 EU, AU Livermore et al. (2001a)

≤ 0.03 0.12 ≤ 0.03–1 40 NA Rolston et al. (2002)

≤ 0.03 ≤ 0.03 ≤ 0.03 30 NA Fuchs et al. (2001)

≤ 0.016 ≤ 0.016 ≤ 0.016 90 NA Pelak et al. (2002)

Escherichia coli, ESBL producing ≤ 0.016 0.25 ≤ 0.016–0.4 121 NA, EU, SA Fritsche et al. (2003)

Klebsiella spp. ≤ 0.008 0.03 ≤ 0.008–> 16 359 NA Fuchs et al. (2001)

Klebsiella oxytoca ≤ 0.008 0.03 ≤ 0.008–> 12 110 EU, AU Livermore et al. (2001a)

≤ 0.03 ≤ 0.03 ≤ 0.03–8 25 NA Rolston et al. (2002)

≤ 0.03 ≤ 0.03 ≤ 0.03 10 NA Fuchs et al. (2001)

Klebsiella pneumoniae ≤ 0.008 0.06 ≤ 0.008–> 2 243 EU, AU Livermore et al. (2001a)

≤ 0.03 0.25 ≤ 0.03–8 25 NA Rolston et al. (2002)

≤ 0.03 ≤ 0.03 ≤ 0.03–0.12 25 NA Fuchs et al. (2001)

≤ 0.016 0.03 ≤ 0.016–0.03 20 NA Pelak et al. (2002)

Klebsiella pneumoniae, ESBL 
positive

0.06 0.25 0.06–0.5 10 EU Marchese et al. (2004)

0.06 0.25 0.03–0.5 11 AS Song et al. (2006)

≤ 0.06 0.5 ≤ 0.06–> 8 155 NA, EU, SA Fritsche et al. (2003)

Haemophilus spp. 0.03 0.06 ≤ 0.008–0.5 332 NA Fuchs et al. (2001)

0.03 0.25 ≤ 0.008–0.5 67 EU, AU Livermore et al. (2001a)

Haemophilus influenzae 0.03 0.12 ≤ 0.008–> 1 242 EU, AU Livermore et al. (2001a)

0.06 0.12 ≤ 0.016–0.25 70 NA Hicks et al. (2002)

Haemophilus influenzae,  
beta-lactamase positive

0.06 0.06 0.016–0.125 12 NA Hicks et al. (2002)

0.06 0.25 ≤ 0.0075–0.5 20 EU Marchese et al. (2004)

Moraxella spp. ≤ 0.008 ≤ 0.008 ≤ 0.008–0.5 76 EU, AU Livermore et al. (2001a)

Moraxella catarrhalis ≤ 0.008 0.016 ≤ 0.008–0.025 181 NA Fuchs et al. (2001)

≤ 0.016 ≤ 0.016 ≤ 0.016 102 AS Song et al. (2006)

≤ 0.03 ≤ 0.03 ≤ 0.03 20 NA Fuchs et al. (1999)

0.016 0.016 ≤ 0.008–0.016 14 NA Hicks et al. (2002)

Neisseria gonorrhoeae — — ≤ 0.00025–0.025 652 EU Livermore et al. (2004)

Neisseria meningitidis ≤ 0.008 0.016 ≤ 0.008–0.03 27 NA Fuchs et al. (2001)

≤ 0.008 ≤ 0.008 ≤ 0.008 26 EU, AU Livermore et al. (2001a)

Pasteurella canis ≤ 0.015 ≤ 0.015 ≤ 0.015 15 NA Goldestein et al. (2001)
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2002; Hicks et al., 2002; Rolston et al., 2002; Marchese et al., 
2004; Gómez-Garcés et al., 2005; Song et al., 2006). Hicks et 
al. (2002) studied the in vitro activity of ertapenem against a 
total of 381 respiratory bacterial pathogens isolated from 
patients with community-acquired pneumonia and exacer-
bation of chronic bronchitis. Ertapenem MIC90 values for 
some of the isolates tested were beta-lactamase-positive  
H. influenzae 0.06 µg/ml, beta-lactamase-negative H. influ
enzae 0.125 µg/ml, and H. parainfluenzae 0.125 µg/ml. Erta-
penem was active against > 90% of M. catarrhalis isolates at 
0.016 µg/ml and against all at 0.25 µg/ml.

Wild-type Enterobacteriaceae are typically fully suscep-
tible to ertapenem (Fuchs et al., 1999; Fuchs et al., 2001; 
Goldstein et al., 2001; Livermore et al., 2001a; Livermore et 
al., 2001b; Hicks et al., 2002; Pelak et al., 2002; Rolston et al., 
2002; Paterson et al., 2005; Baquero et al., 2006; Rossi et al., 
2006). With rare exceptions, the MICs of ertapenem for 
Enterobacteriaceae fall between 0.008 and 0.12 µg/ml (see 
Table 40.3). These values are similar to those of meropenem, 
and up to 8- to 16-fold below those of imipenem. Ertapenem 
is typically active against ESBL- or AmpC-producing strains 
(Livermore et al., 2001b; Tamayo et al., 2007; Teng et al., 
2007; Berg et al., 2008; Zhanel et al., 2008; Wexler, 2004). A 

large survey of 5558 isolates from 11 centers in North America 
found that ertapenem was more active than imipenem against 
Enterobacteriaceae; MIC90 values ranged from > 0.008 µg/ml 
for Salmonella and Shigella spp. to 0.5 µg/ml for Enterobacter 
spp. MICs ≥ 8 µg/ml were also found in a few E. cloacae and 
Klebsielleae among the 1563 Enterobac teria ceae collected, 
with MICs of 2–4 µg/ml seen for a few Citrobacter spp. and 
Proteeae (Fuchs et al., 2001). Most ertapenem- resistant 
 isolates were cross-resistant to imipenem or had reduced 
susceptibility. In a study by Fritsche et al. (2003), a global 
surveillance report of 16,008 clinical bacterial isolates, most 
Enterobacteriaceae, including Escherichia coli and Klebsiella 
pneumonia ESBL producers, were susceptible to ertapenem.

Since 2002, the Merck-sponsored Study for Monitoring 
Antimicrobial Resistance Trends (SMART) has been per-
formed in many different countries. This study tests antibiotic 
resistance in Gram-negative bacilli found in intra abdominal 
infection samples. During 2002–2010, a total of 30,840 
Escherichia coli clinical isolates from intraabdominal infec-
tions were collected. Since the first analyses, 84–86% of the 
isolations have been Enterobacteriaceae, of which 46–48% 
were E. coli. A substantial proportion of E. coli, Klebsielleae, 
and Enterobacter isolates were ESBL-producers. Greater than 

Organism
MIC50 

(µg/ml)
MIC90

 

(µg/ml) Range
No. of 
isolates Region Reference

Pasteurella multocida ≤ 0.015 ≤ 0.015 ≤ 0.015 15 NA Goldestein et al. (2001)

0.016 0.03 ≤ 0.008–0.03 22 NA Fuchs et al. (2001)

Proteeae ≤ 0.016 0.03 ≤ 0.008–4 284 NA Fuchs et al. (2001)

Proteus mirabilis 0.015 0.06 0.008–1 115 EU, AU Livermore et al. (2001a)

≤ 0.03 ≤ 0.03 ≤ 0.03 12 NA Rolston et al. (2002)

≤ 0.03 ≤ 0.03 ≤ 0.03 10 NA Fuchs et al. (2001)

≤ 0.016 ≤ 0.016 ≤ 0.016 17 NA Pelak et al. (2002)

Indole-positive Proteeae 
(P.  vulgaris, Morganella spp., 
Providencia spp.)

0.02 0.12 ≤ 0.008–4 266 EU, AU Livermore et al. (2001a)

Pseudomonas spp. 8 > 16 ≤ 0.008–> 16 29 NA Fuchs et al. (2001)

Pseudomonas aeruginosa 8 > 16 0.12–> 16 161 NA Fuchs et al. (2001)

4 16 ≤ 0.008–> 16 130 EU, AU Livermore et al. (2001a)

8 > 64 0.5–> 64 20 NA Rolston et al. (2002)

2 16 0.5–> 16 25 NA Fuchs et al. (2001)

Serratia spp. 0.03 0.12 ≤ 0.008–> 1 115 EU, AU Livermore et al. (2001a)

S. marcescens 0.03 0.12 ≤ 0.008–> 16 110 NA Fuchs et al. (2001)

≤ 0.03 0.06 ≤ 0.03–16 20 NA Rolston et al. (2002)

≤ 0.03 0.05 ≤ 0.03–1 15 NA Fuchs et al. (2001)

Salmonella spp. ≤ 0.008 ≤ 0.008 ≤ 0.008–0.06 112 NA Fuchs et al. (2001)

0.008 0.016 ≤ 0.008–0.25 111 EU, AU Livermore et al. (2001a)

Shigella spp. ≤ 0.008 ≤ 0.008 ≤ 0.008 37 NA Fuchs et al. (2001)

0.008 0.015 ≤ 0.008–0.5 59 EU, AU Livermore et al. (2001a)

Stenotrophomonas maltophilia > 16 > 16   1–> 16 54 NA Fuchs et al. (2001)

64 64   1–64 20 NA Rolston et al. (2002)

> 16 > 16   4–> 16 10 NA Fuchs et al. (2001)

> 16 > 16   1–16 80 NA, EU, SA Fitsche et al. (2003)

Abbreviations: NA, North America; EU, Europe; AU, Australia; SA, South America; ESBL: extended-spectrum beta-lactamase; AS, Asia.
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Table 40.4. In vitro activity of ertapenem against anaerobic bacteria

Organism
MIC50 

(µg/ml)
MIC90 

(µg/ml) Range
No. of 
isolates Region Reference

Actinomyces — — 0.008 1 EU Livermore et al. (2001a)

B. fragilis group 1 4 ≤ 0.06–8 26 NA Pelak et al. (2002)

2 4 0.125–16 589 NA Snydman et al. (2002)

0.25 I 0.03–32 401 NA Aldridge (2002)

0.5 2 ≤ 0.06–4 309 EU Betriu et al. (2001)

0.5 2 0.06–> 16 133 NA Hoellman et al. (2002)

0.5 2 ≤ 0.06–4 70 NA Wexler et al. (2000)

Bacteroides caccae 0.5 4 0.125–8 27 NA, SA, EU, AF Goldstein et al. (2000)

0.12 0.5 0.03–4 22 NA Aldridge (2002)

B. distasonis 0.5 2 0.125–4 30 NA, SA, EU, AF Goldstein et al. (2000)

0.5 2 ≤ 0.06–4 18 EU Betriu et al. (2001

1 2 0.5–2 10 NA Hoellman et al. (2002)

B. fragilis 0.125 1 ≤ 0.06–8 134 NA, SA, EU, AF Goldstein et al. (2000)

0.125 1 0.125–4 31 NA Pelak et al. (2002)

0.12 1 0.03–> 32 180 NA Aldridge (2002)

0.2 1 ≤ 0.06–4 189 EU Betriu et al. (2001)

0.25 2 0.125–> 16 46 NA Hoellman et al. (2002)

0.25 2 0.12–4 50 NA Wexler et al. (2000)

B. ovatus 0.5 1 0.25–1 46 NA, SA, EU, AF Goldstein et al. (2000)

0.5 1 0.03–4 41 NA Aldridge (2002)

1 1 0.5–8 17 NA Hoellman et al. (2002)

Bacteroides spp. 0.125 0.25 ≤ 0.015–0.25 18 NA Pelak et al. (2002)

B. stercoris, merdae 0.5 1 0.3–1 16 NA, SA, EU, AF Goldstein et al. (2000)

B. thetaiotaomicron 1 1 0.03–1 90 NA, SA, EU, AF Goldstein et al. (2000)

0.5 1 0.03–4 73 NA Aldridge (2002)

1 2 ≤ 0.06–4 36 EU Betriu et al. (2001)

1 1 ≤ 0.06–2 33 NA Hoellman et al. (2002)

B. distasonis 0.5 2 0.03–2 27 NA Aldridge (2002)

B. uniformis 0.25 1 0.03–2 50 NA, SA, EU, AF Goldstein et al. (2000)

0.12 1 0.03–2 21 NA Aldridge (2002)

0.5 2 ≤ 0.06–4 36 EU Betriu et al. (2001)

B. vulgatus 0.125 0.5 ≤ 0.015–1 33 NA, SA, EU, AF Goldstein et al. (2000)

0.12 0.5 0.03–32 33 NA Aldridge (2002)

0.2 1 ≤ 0.06–2 10 EU Betriu et al. (2001)

0.12 2 0.12–4 11 NA Hoellman et al. (2002)

B. wadsworthia 0.06 > 32 ≤ 0.015–> 32 51 NA, SA, EU, AF Goldstein et al. (2000)

0.06 0.06 0.06 14 NA Wexler et al. (2000)

B. ureolyticus 
Campylobacter

0.06 > 16 ≤ 0.015–> 16 13 NA Goldstein et al. (2000)

Clostridium gracilis 0.06 0.12 0.06–0.25 14 NA Wexler et al. (2000)

C. clostridioforme 1 4 0.06–4 53 NA, SA, EU, AF Goldstein et al. (2000)

C. difficile 4 4   4–8 10 NA Hoellman et al. (2002)

4 8   1–8 17 NA Wexler et al. (2000)

C. innocuum 2 2 0.5–4 40 NA, SA, EU, AF Goldstein et al. (2000)

C. perfringens ≤ 0.015 0.06 ≤ 0.015–0.125 29 NA, SA, EU, AF Goldstein et al. (2000)

0.06 0.125 0.008–0.25 22 NA Hoellman et al. (2002)

C. ramosum 0.5 1 0.25–1 20 NA, SA, EU, AF Goldstein et al. (2000)

Clostridium spp. 0.126 2 ≤ 0.015–4 36 NA, SA, EU, AF Goldstein et al. (2000)

0.03 1 ≤ 0.015–2 22 NA Pelak et al. (2002)

Eubacterium lentum 0.5 1 0.03–1 41 NA, SA, EU, AF Goldstein et al. (2000)

Eubacterium spp. 0.06 1 ≤ 0.015–1 54 NA, SA, EU, AF Goldstein et al. (2000)

0.125 0.25 0.03–1 13 NA Goldestein et al. (2001)

1 1 0.06–2 16 NA Hoellman et al. (2002)
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95% of isolates were susceptible to ertapenem at MIC < 2 µg/
ml. The incidence of ESBL-producing isolates ranged from 
9.2% in 2002 to 21.2% in 2010. Global susceptibility trends 
showed that there were only minor fluctuations in suscepti-
bility to ertapenem and imipenem, with no significant decrease 
over time (Paterson et al., 2005; Baquero et al., 2006; Rossi et 
al., 2006; Hawser et al., 2013).

Ertapenem activity is maintained against Proteeae, which 
often have borderline susceptibility to imipenem, with ertap-
enem MICs ranging from ≤ 0.008 to 4 µg/ml (Fuchs et al., 
1999; Fuchs et al., 2001; Livermore et al., 2001a; Livermore et 
al., 2001b; Pelak et al., 2002; Rolston et al., 2002). Pasteurella 
spp. is very susceptible to ertapenem (Fuchs et al., 2001; 
Goldstein et al., 2001). Data for Aeromonas spp. are contra-
dictory. A European–Australian survey examined 72 Aero
monas isolates and recorded an MIC90 of 4 µg/ml, with 6 
isolates requiring MICs ≥ 8 µg/ml (Livermore et al., 2001a). 
American surveys examined 21 and 13 isolates, finding MICs 
universally ≤ 1 µg/ml (Fuchs et al., 2001; Rolston et al., 2002). 
Fritsche et al. (2003) found 44 isolates with MICs ranging 

from ≤ 0.06 to > 8. This discrepancy may reflect differences 
in the balance of species examined, as some Aeromonas spp. 
have chromosomal metallo-beta-lactamases and others do not.

Pseudomonas aeruginosa is resistant to ertapenem (Fuchs 
et al., 1999; Fuchs et al., 2001; Livermore et al., 2001a; Rolston 
et al., 2002; Fritsche et al., 2003). MICs for P. aeruginosa iso-
lates are 2–16 µg/ml, compared with 0.25–0.5 µg/ml for 
meropenem and 1–2 µg/ml for imipenem (Livermore et al., 
2001a). Acinetobacter is also not susceptible to ertapenem 
(Fuchs et al., 2001; Livermore et al., 2001a; Pelak et al., 2002; 
Rolston et al., 2002; Fritsche et al., 2003). Against Acineto
bacter spp., ertapenem MICs generally exceed 4 µg/ml, and 
imipenem remains the most active carbapenem, with MICs 
mostly 0.12–0.5 µg/ml, compared with 0.25–1 µg/ml for mero-
penem (Livermore et al., 2001a).

Stenotrophomonas maltophilia is not susceptible to ertape-
nem. As with established carbapenems, ertapenem lacks activ-
ity against S. maltophilia, which has a chromosomal metallo- 
beta-lactamase (Fuchs et al., 1999; Fuchs et al., 2001; Rolston 
et al., 2002; Fitsche et al., 2003). Ertapenem activity against 

Organism
MIC50 

(µg/ml)
MIC90 

(µg/ml) Range
No. of 
isolates Region Reference

Fusobacterium spp. ≤ 0.015 ≤ 0.015 ≤ 0.015–0.06 33 NA Pelak et al. (2002)

≤ 0.015 0.03 ≤ 0.015–0.06 14 NA Goldestein et al. (2001)

≤ 0.015 0.25 0.015–0.25 22 NA Aldridge (2002)

0.06 1 0.06–8 41 NA Hoellman et al. (2002)

F. mortiferum, varium 0.125 — ≤ 0.015–0.25 9 NA, SA, EU, AF Goldstein et al. (2000)

F. necrophorum ≤ 0.015 0.03 ≤ 0.015–0.25 17 NA, SA, EU, AF Goldstein et al. (2000)

≤ 0.004 0.008 ≤ 0.004–0.016 30 NA Hoellman et al. (2002)

F. nucleatum 0.5 2 ≤ 0.004–2 10 NA Hoellman et al. (2002)

0.06 0.06 0.06 14 NA Wexler et al. (2000)

F. varium 0.125 1 0.06–8 10 NA Hoellman et al. (2002)

Lactobacillus spp. 0.25 > 32 0.03–> 32 18 NA, SA, EU, AF Goldstein et al. (2000)

16 > 16 0.06–> 16 11 NA Hoellman et al. (2002)

Peptostreptococcus spp. 0.06 0.5 ≤ 0.015–12 25 NA, SA, EU, AF Goldstein et al. (2000)

0.06 1 ≤ 0.015–4 169 NA Pelak et al. (2002)

0.125 1 ≤ 0.015–2 23 NA Goldestein et al. (2001)

0.125 1 ≤ 0.004–4 53 NA Hoellman et al. (2002)

0.06 0.12 0.06–0.25 29 NA Wexler et al. (2000)

Porphyromonas spp. ≤ 0.015 ≤ 0.015 ≤ 0.015–0.06 20 NA, SA, EU, AF Goldstein et al. (2000)

≤ 0.015 ≤ 0.015 ≤ 0.015–0.06 56 NA Pelak et al. (2002)

≤ 0.015 ≤ 0.015 ≤ 0.015 12 NA Goldestein et al. (2001)

0.03 0.12 0.015–2 19 NA Aldridge (2002)

0.125 0.5 0.008–0.5 80 NA Hoellman et al. (2002)

0.06 0.06 0.06–0.25 50 NA Wallax et al. (2000)

Prevotella spp. 0.06 0.05 ≤ 0.015 28 NA, SA, EU, AF Goldstein et al. (2000)

0.06 0.25 ≤ 0.015–0.5 42 NA Pelak et al. (2002); Aldridge (2002)

0.06 0.12 ≤ 0.015–0.5 65 NA Wexler et al. (2000)

Prevotella bivia 0.25 0.5 0.125–0.5 30 NA Hoellman et al. (2002)

Propionibacterium spp. 0.25 0.5 0.06–0.5 21 NA Hoellman et al. (2002)

Streptococcus, anaerobic 0.03 0.25 ≤ 0.015–0.25 15 NA, SA, EU, AF Goldstein et al. (2000)

Veillonella spp. 0.03 0.125 0.03–0.25 11 NA Goldestein et al. (2001)

Abbreviations: EU: Europe; NA: North America; SA: South America; AF: Africa.
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Burkholderia cepacia is marginal, with MICs ranging from  
≤ 0.06 to > 8 µg/ml (Fuchs et al., 2001; Fitsche et al., 2003).

ANAEROBIC BACTERIA

Most anaerobic bacteria are susceptible to ertapenem (see 
Table 40.4). Anaerobic Gram-positive cocci such as Pepto
strep to coccus are susceptible to ertapenem (MIC 0.2–1 µg/ml) 
(Goldstein et al., 2000; Wexler et al., 2000; Goldestein et al., 
2001; Aldridge, 2002; Hoellman et al., 2002; Pelak et al., 
2002). Clostridium spp. susceptibility to ertapenem depends 
on the individual species (Goldstein et al., 2000; Wexler et 
al., 2000; Hoellman et al., 2002; Pelak et al., 2002). A large 
study surveying 1001 anaerobes from 17 countries found that 
MICs90 were species specific for Clostridium, ranging from 
0.06 µg/ml for Clostridium perfringens to 4 µg/ml for C. clos
tridioforme (Goldstein et al., 2000). Among all these studies, 
C. difficile was found the most resistant, with MICs ranging 
from 1 to 8 µg/ml. Lactobacillus spp. may also be resistant 
to ertapenem (Goldstein et al., 2000; Hoellman et al., 2002). 
In a study by Goldstein et al. (2000), the Lacto bacillus spp. 
MIC90 to ertapenem was > 32 µg/ml.

Actinomyces and Propionibacterium spp. are susceptible to 
ertapenem (Fuchs et al., 2001; Livermore et al., 2001a; Hoell-
man et al., 2002). Shames et al. (2006) investigated the in 
vitro susceptibilities of 23 Propionibacterium acnes ophthal-
mic isolates to ertapenem, meropenem, and cefepime by 
using the E test. The MICs ranged from 0.094 to 0.75 µg/ml, 
0.094 to 1.5 µg/ml, and 1 to 12 µg/ml for ertapenem, mero-
penem, and cefepime, respectively.

Bacteroides fragilis is typically susceptible to ertapenem, 
although some authors have noted different resistance rates, 
depending on the species (Betriu et al., 2001; Livermore et 
al., 2001a; Aldridge, 2002; Goldstein et al., 2002; Hoellman 
et al., 2002; Pelak et al., 2002; Snydman et al., 2002; Wexler, 
2004). A large study surveying 1001 anaerobes from intra-
abdominal infections from 17 countries found that MIC90 
values for most Bacteroides fragilis group isolates were 1 or 
2 µg/ml. The authors noted a few strains of B. fragilis with 
intermediate resistance to carbapenems, although the pres-
ence of a metalloenzyme (or the gene encoding the enzyme) 
was not noted. Ertapenem was more active than either pip-
eracillin–tazobactam or ceftriaxone against the majority of 
anaerobic species (Goldstein et al., 2000). A multicenter sur-
vey compared the susceptibility of 2673 isolates of B. fragilis 
group species between 1997 and 2000 and found no signifi-
cant change in the resistance rate during this period (0.8–
0.9%). The overall resistance rate of ertapenem was < 1% for 
B. fragilis group isolates in 2000, but 2.8% of B. distasonis were 
resistant. The average resistance rate for the B. group for these 
four years was 1% (Snydman et al., 2002). Aldridge (2002) 
described higher MICs for the B. fragilis group, with some 
strains having MICs > 32 µg/ml. In another study, 363 anaer-
obes isolates were tested. Among the Bacteroides, B. the ta
iotaomicron was the most resistant to ertapenem (60% of 
isolates had MIC > 1 µg/ml compared with 16% of the other 
species) (Wexler et al., 2000).

Prevotella, Fusobacterium, and Porphyromonas are fully 
susceptible to ertapenem (Goldstein et al., 2000; Wexler et 
al., 2000; Aldridge, 2002; Goldstein et al., 2002; Hoellman et 
al., 2002; Pelak et al., 2002). Bilophila wadsworthia may be 
resistant to ertapenem. In a study by Goldstein et al. (2000), 
one of the most resistant anaerobes organisms to ertapenem 
was B. wadsworthia (MIC90 > 32 µg/ml). However, Wexler et al. 
(2000) described 14 isolates with MIC90 values of 0.06 µg/ml.

OTHER BACTERIA

There are no studies related to ertapenem activity against 
Chlamydia trachomatis, Coxiella burnetti, Leptospira, Myco
plasma, and fungi. Some Nocardia spp. are likely to be sus-
ceptible, but data on mycobacteria are lacking.

2b.  Emerging resistance and 
cross-resistance

The best-described mechanisms of carbapenem resistance 
include changes in outer membrane proteins, multidrug 
efflux pumps, and potent beta-lactamases that hydrolyze 
carba penems.

Ertapenem’s lack of activity against MRSA and E. faecium, 
and its reduced activity against penicillin-resistant strepto-
cocci, are mediated by penicillin-binding protein (PBP) 2a, a 
synthetic bacterial cell wall PBP with a low affinity of binding 
to beta-lactams that is encoded by mecA (Chambers, 1995; 
Kata yama et al., 2004).

In Pseudomonas spp., both porins (loss of OprD) and 
efflux pumps have been implicated in carbapenem resistance 
(Ochs et al., 2000). Presumably, this mixture of impermeabil-
ity and efflux is responsible for the lack of activity of ertape-
nem against P. aeruginosa. 

Carbapenems are generally stable to almost all clinically 
relevant beta-lactamases, except for carbapenemases. Regard-
ing ESBL producers, Zhanel et al. (2014) described in an in vitro 
model that once-daily dosing with 1 g of ertapenem was bac-
tericidal against ESBL-producing E. coli with ertapenem MICs 
≤ 0.5 μg/ml and was bactericidal against strains with MICs of 
1.0 μg/ml, with regrowth in some strains. Ertapenem MICs 
of 2–8 μg/ml resulted in early bactericidal activity followed by 
regrowth. Once-daily dosing with 2 g of ertapenem was bac-
tericidal against strains with an MIC of 1.0 μg/ml, but regrowth 
occurred in some strains with an ertapenem MIC of 2 μg/ml 
(Zhanel et al., 2014). Carbapenemases are broad-spectrum 
enzymes that hydrolyze all cephalosporins and penicillins. 
Acquired carbapenemases include (1) class B metallo- beta- 
lactamases belonging to the IMP VIM, and SPM groups; 
(2)  class A enzymes, such as those belonging to the KPC 
groups; and (3) several class D (OXA) groups recorded from 
Acine tobacter spp., Pseudomonas spp. and Enterobacteriaceae. 
The prevalence of carbapenem-resistant Gram-negative bacilli 
is on the rise worldwide posing a major public health threat. 
Previously, this was mostly a problem in Pseudomonas and 
Acinetobacter, but during the last decade, carbapenem resis-
tance  has escalated in medically important species such as 
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Klebsiella pneumoniae and Escherichia coli, conferring resis-
tance against ertapenem (Livermore 2012).

Resistance to ertapenem is also observed where combina-
tions of resistance mechanisms are present (Odeh et al., 
2002; Jacoby et al., 2004; Szabo et al., 2006; Lartigue et al., 
2007; Oteo et al., 2008). Odeh et al. (2002) studied AmpC 
enzymes in two E. coli isolates. A plasmid-mediated AmpC 
enzyme (CMY-2) was associated with resistance to ertape-
nem (not imipenem) in one E. coli isolate, although not in 
another. The variant that expressed resistance may have per-
meability lesions or increased efflux as well as AmpC en-
zymes (Odeh et al., 2002). Szabo et al. (2006) investigated 
ertapenem-susceptible and -resistant extended- spectrum-
lactamase-producing Enterobacter cloacae isolates obtained 
from the same patient. Gene transcription of OmpD and 
OmpF was diminished in the ertapenem-resistant isolate. 
An efflux pump inhibitor decreased the MICs of ertapenem 
in the resistant strain, suggesting a poten tial role of efflux 
pumps in ertapenem resistance. Jacoby et al. (2004) reported 
an ertapenem MIC of 16 µg/ml in one K. pneumoniae isolate 
producing SHV-2 and deficient in protein porins OmpK35 
and OmpK36. Lartigue et al. (2007) evaluated an ertapenem- 
resistant E. coli isolate recovered from peritoneal fluid in a 
patient after a 10-day treatment with imipenem–cilastatin. 
Ertapenem resistance was explained by a defect in the outer 
membrane protein and production of the ESBL CTX-M-2. 
Tängdén et al. (2013) also observed that a porin-deficient 
subpopulations frequently emerged in ESBL-producing E. coli 
when it was expose to ertapenem. All of these isolates had 
OmpR mutations, which reduce the expression of outer 
mem brane porins OmpF and OmpC.

Imipenem cross-resistance after ertapenem therapy has 
been described in vitro and in vivo (Livermore et al., 2005; 
Oteo et al., 2008,). Single-step selection experiments were per-
formed by plating P. aeruginosa cultures on to agar containing 
doubling dilutions of ertapenem. MIC patterns, outer mem-
brane protein profiles, and the effects of efflux inhibitors were 
examined for selected mutants. At 2–8 MIC, ertapenem selected 
for OprD mutants of P. aeruginosa, with cross-resistance only  
to carbapenems and for efflux types with broader cross- 
resistance (Livermore et al., 2005). However, clinical studies 
evaluating the effect of ertapenem use on the susceptibility 
of Pseudomonas to carbapenems have uniformly shown that 
ertapenem use does not result in decreased Pseudomonas 
susceptibility to these antipseudomonal carbapenems.

2c.  In vitro synergy and antagonism

Synergistic combinations with ertapenem plus other antibi-
otics have been tested (Burgess and Nathisuwana, 2002; Frank, 
2004; Marchese et al., 2004; Jacqueline et al., 2006; Smith et 
al., 2015; Oliva et al., 2014; Bulik et al., 2011; Giamarello et 
al., 2013; Ceccarelli et al., 2013). In a study by Burgess and 
Nathisuwana (2002), ertapenem plus ciprofloxacin or genta-
micin against S. aureus, coagulase-negative staphylococci,  
E. coli, and Klebsiella had a synergistic, additive, or indiffer-
ent effect, but never antagonistic. In a study by Jacqueline et 

al. (2006), in vitro and in vivo activity of linezolid combined 
with ertapenem was a highly synergistic combination against 
MRSA. Frank (2004) found that the combination effect of 
ertapenem with aminoglycosides against Gram-positive and 
Gram-negative community-acquired pathogens was always 
synergistic or additive. Marchese et al. (2004) evaluated the 
time-kill of the in vitro activity of ertapenem plus clarithro-
mycin, levofloxacin, rifampicin, and vancomycin against  
S. pneumoniae, finding a high bactericidal activity of combi-
nations in the first 24 hours of experimentation. In a time-
kill experiment Smith et al. (2015) demonstrated synergy us - 
ing ertapenem with daptomycin against vancomycin- resistant 
Enterococcus faecalis and faecium. Some studies shown synergis-
tic activity and effectiveness of a double-carbapenem regimen, 
including ertapenem, for the pandrug-resistant, KPC-producer 
Klebsiella pneumoniae in vitro (Poirel et al., 2016), in blood-
stream infections (Olive et al., 2014; Giamarellou et al., 2013), 
in ventilator-associated pneumonia (Ceccarelli et al., 2013), 
and in a murine model (Bulik et al., 2011). This effect has 
been explained as therapeutic advantage based on a suicide 
substrate effect due to carbapenemase affinity for ertapenem 
although this hypothesis has not been confirmed.

3. MECHANISM OF DRUG ACTION

Ertapenem rapidly penetrates the bacterial membrane and 
inhibits cell wall synthesis by way of binding to PBPs. 
Er tapenem binds most strongly to PBP2 of E. coli, then PBP3, 
and also has good affinity for PBP1a, 1b, 4, and 5. By con-
trast, imipenem binds primarily to PBP2 and then 1a and 1b 
and has only weak affinity for PBP3. Ertapenem and mero-
penem saturate their primary PBP targets in E. coli at lower 
concentrations than does imipenem, probably explaining 
why they have lower MICs. Permeation assays have not been 
reported, but as a larger and more negatively charged mole-
cule, ertapenem is likely to permeate Gram-negative bacteria 
more slowly than meropenem. Inactivation of PBP1a and 1b 
achieves rapid bactericidal action, without the previous fila-
mentation that occurs with agents, such as third-generation 
cephalosporins, which bind primarily to PBP3. This means 
the carbapenems allow a smaller increase in biomass before 
cell lysis, potentially minimizing endotoxin release and or- 
ganism inflammatory damage (Livermore et al., 2003; Gober- 
nado and Acuña, 2007).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The dose of ertapenem is 1 g given once daily by the intrave-
nous or intramuscular route. Concerns have been expressed 
as to whether this is the most appropriate dosing regimen for 
critically ill individuals, for whom the optimal dosing regi-
men has not yet been established.

Although the subcutaneous (s.c.) route is not approved 
some clinical experienced have been published. The s.c. route 
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is resorted to mainly in case of unavailable oral, intravenous, 
or intramuscular routes, especially during palliative care. 
Further studies are needed to hone the indications, modali-
ties, and tolerance of s.c. antibiotic use (Forestier et al.; 2012, 
Forestier et al., 2015).

Although a 30-minute infusion is commonly recommended, 
ertapenem administered as a rapid 5-minute infusion provides 
a well-tolerated, bioequivalent, and phar ma codynamically 
equivalent regimen to the 30-minute infusion at clinically 
relevant MICs (Wiskirchen et al., 2013).

4b.  Newborn infants and children

Ertapenem use in a pediatric population has been described 
in children from 3 months to 12 years of age (FDA, 2005; 
Yellin et al., 2007; Arguedas et al., 2009). Ertapenem is not 
recommended for use in children younger than 3 months 
owing to a lack of data on safety and efficacy. The dose of 
ertapenem in children is 15 mg/kg given twice daily (not to 
exceed 1 g/day) by the intravenous route. No data are avail-
able to make recommendations on dosing in premature 
neonates.

4c.  Pregnant and lactating mothers

As of this writing, all ertapenem clinical trials published ex-
cluded pregnant women. Those studies developed with ani-
mal models did not show adverse effects related to gestation, 
fetal development, and labor. Therefore there are not enough 
data to recommend ertapenem use in pregnant women, 
 although it could be used when clinical benefits outweigh 
potential unknown risks.

Ertapenem is excreted in human milk. As no safety data are 
available in children younger than 3 months, women un der 
ertapenem treatment should avoid breastfeeding at least until 
the newborn attains this age. 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

The total clearance of ertapenem decreases with declining 
creatinine clearance (CrCl) in a roughly linear fashion. The cor-
responding increase in the area-under-the-concentration-time 
curve (AUC) of the total drug was negligible in patients with 

mild renal insufficiency and modestly increased (1.5-fold) in 
patients with moderate impairment (CrCl 30–60 ml/min/1.7 
m2); consequently, no dosage adjustment has been suggested 
for such patients. Patients with advanced (CrCl 10–30 ml/
min/1.7 m2) and end-stage (CrCl < 10 ml/min/1.7 m2) renal 
failure had a 2-fold higher AUC than healthy controls. The 
recommended ertapenem dosage is 0.5 g once a day for 
patients with an estimated creatinine clearance of < 30 ml/
min (Majumdar et al., 2002). Recommended ertapenem 
doses for patients with impaired renal function are summa-
rized in Table 40.5.

An open-label study examined the pharmacokinetics of 
single 1-g intravenous doses of ertapenem, administered over 
30 minutes, in patients with mild, moderate, and ad vanced 
renal insufficiency (RI) and in patients with end-stage renal 
disease (ESRD) requiring hemodialysis. Pharmacokinetics 
were compared with historical controls pooled across healthy 
young and elderly subjects. The AUC0–∞ increased 7% in 
mild, 53% in moderate, 158% in advanced RI, and 192% in 
ESRD; end of infusion concentration changed minimally; 
half-life was 4.5 hours in the historical control group and 4.4, 
6.1, 10.6, and 14.1 hours in mild RI, moderate RI, advanced 
RI, and ESRD, respectively. 

Ertapenem clearance could be between 30% and 72% by 
hemodialysis (HD) and high-flux HD. Although extending 
the interval rather than reducing the dose has not been stud-
ied, the existing pharmacokinetic and pharmacodynamic 
data suggest that 1 g of ertapenem given every 48 hours 
might be an alternative to the recommended 0.5 g every 24 
hours in patients with an estimated creatinine clearance of  
< 30 ml/minute.

If the daily dose is given 6 hours before hemodialysis, a 
supplementary 150-mg dose (30% of the daily dose) is rec-
ommended after dialysis (Mistry et al., 2006). An additional 
dose has not been recommended when hemodialysis follows 
the scheduled dose by more than 6 hours. Although the first 
HD session could eliminate around 30% of the ertapenem, 
plasma ertapenem concentration could increase during the 
next session of HD. A case report describes an increase of 
plasma level to almost twice (79.2to 150.7 μg/ml) at the 
fourth HD session, and this could lead to central nervous 
system toxicity (Lee et al., 2015). The easy penetration but 
difficult removal from the CNS may cause ertapenem to fur-
ther accumulate in the brain after several consecutive recom-
mended doses in regular HD patients. This fact does not change 

Table 40.5. Recommended ertapenem dosage for patients with impaired renal function

Dose for normal 
renal function 
for adults

Adjustment for renal failure 
(GFR, ml/minute)

Supplement for dialysis> 30 ml/minute < 30 ml/minute

I g every 24 hours 100% 50% IHD, extra 150 mg post IHD if daily dose given

< 6 hours before IHD

EDD, none

Abbreviations: GFR: glomerular filtration rate; IHD: intermittent hemodialysis; EDD: extended (daily) dialysis.
Sources: Data compiled from Majumdar et al. (2002), Mistry et al. (2006), and Burkhardt et al. (2008).
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existing doses recommendations, but it is necessary to be 
aware of the development of neurology disorders.

Extended daily dialysis (EDD) is an increasingly popular 
mode of renal-replacement therapy in critically ill patients 
because it combines the advantages of intermittent hemo-
dialysis (IHD) and continuous renal replacement therapy 
(CRRT)—that is, excellent detoxification accompanied by 
cardiovascular tolerability. In a single-center, prospective, 
open-label study six ICU patients with acute renal failure 
undergoing EDD were treated with 1 g ertapenem given as a 
single intravenous dose. Blood and dialysate flow were 160 
ml/minute and the length of treatment was 480 minutes. 
Plasma samples were collected at different time points up to 
24 hours after the medication. After a single dose of 1000 mg 
free ertapenem, protein-unbound plasma concentrations 
exceeded an MIC90 value of 2 μg/ml for > 20 hours after dos-
ing. The clearance of the tested dialyzer was 38.5 ± 14.2 ml/
minute. In a recent published study of critically ill patients 
undergoing continuous venovenous hemodialysis (CVVHD) 
or continuous venovenous hemodiafiltration (CVVHDF), 
Monte Carlos simulations were carried out to test the ability 
of several ertapenem dosing regimens (500 mg/day, 750 mg/ 
day, 500 mg/12 hours, and 1000 mg/day) to obtain effective 
unbound serum concentrations above 0.5, 1, and 2 μg/ml. 
All regimens produced unbound ertapenem concentrations 
above 2 μg/ml for 40% of the dosing interval for at least 96% 
of simulated patients (Eyler et al, 2014).

In contrast to patients undergoing regular IHD, in which 
a dose reduction is required, those data suggest that, in 
patients treated with EDD, a standard dose of ertapenem 
(1 g/day) is required to maintain adequate plasma drug levels 
(Burkhardt et al., 2009).

Related to plasmapheresis Monte Carlo simulations sug-
gest 500 mg of ertapenem i.v. every 24 hours is very likely to 
achieve the exposure target associated with clinical efficacy 
in both the serum and peritoneal cavity against a range of 
MIC values (Cardone et al., 2012). More formal dosing rec-
ommendations are not available for plasmapheresis. 

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

No pharmacokinetic studies have been conducted in subjects 
with impaired liver function, although liver impairment per 
se is not expected to alter the pharmacokinetics of ertape-
nem. Patients with severe liver impairment often have con-
comitant renal impairment, and renal function needs to be 
carefully monitored in this population.

OLDER ADULTS

No specific dose adjustment has been recommended for 
elderly patients. Plasma concentrations are somewhat higher 
in older subjects than in young adults, but this is largely 
attributable to the age-related decline in renal function (Mus-
son et al., 2004). In a meta-analysis of 3390 elderly patients 
with different kinds of infections, ertapenem 1 g daily was as 
safe and as well tolerated as comparator agents (Woods et al., 
2003).

OBESE PATIENTS

Some studies suggest that a standard 1-g dose of ertapenem 
may not provide adequate drug exposure for any body mass 
index (BMI) classification for MICs in excess of 0.25 to 0.5 
µg/ml, but that this is particularly a concern for obese 
patients (Chen et al., 2006). Conversely, a randomized, multi-
center, and double-blind study showed ertapenem 1 g/day 
had nearly identical cure rates in surgical patients with com-
plicated intraabdominal infections with a BMI < 30 and at 
least 30 (Zakrison et al., 2012). However, the increased dose 
required for such obese patients is currently uncertain.

BURN PATIENTS

In a study to evaluate pharmacokinetic (PK) parameters of total 
and unbound ertapenem in burn patients it was ob served that 
CrCl and the burned surface area (BSA) significantly affected 
the pharmacokinetics of total ertapenem—clearance (l/h) = 
0.373 + (0.00666 × CrCl [ml/minute])—and unbound drug—
peripheral volume of distribution (l) = 3.05 + (0.959 × BSA [% 
of the total body surface]). The influences of albuminemia, 
glomerular filtration, and burn wound on ertapenem phar-
macokinetics are proposed to explain these results. These 
results suggest the ertapenem plasma concentration should 
be closely monitored, particularly for patients with high val-
ues of BSA and/or CrCl to avoid suboptimal exposure (Dailly 
et al., 2013).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Ertapenem is almost completely absorbed after intramuscu-
lar administration (Legua et al., 2002; Hammond, 2004). The 
bioavailability of a 1-g i.m. dose approximated 92% in 26 
healthy subjects. Plasma concentrations of total ertapenem 
were similar whether given intramuscularly or intravenously. 
Although peak concentrations are modestly lower with in - 
tramuscular dosing, the AUC is similar to that achieved by 
the intravenous route. In particular, the time that the plasma 
concentration exceeds 4 mg/l following a 1-g dose is slightly 
longer for intramuscular (18.1 hours) than for intravenous 
(16.9 hours) administration (Musson et al., 2003). Regarding 
the subcutaneous route, steady-state pharmacokinetics of 
ertapenem were compared in patients after 1-g intravenous 
and subcutaneous infusions. Bioavailability was 99% ± 18% 
after subcutaneous administration, but peaks were reduced 
(43 ± 29 μg/ml vs. 115 ± 28 μg/ml) and times to peak were 
delayed. Simulations based on unbound concentrations 
show that time over the MIC should always be longer than 
30–40% of the dosing interval, suggesting that subcutaneous 
infusion could be an alternative in patients with reduced vas-
cular access (Frasca et al., 2010). 

Ertapenem is not bioavailable when given orally.
Ertapenem’s plasma protein binding is concentration de -

pen dent, ranging from 96% at total concentrations of 10 mg/l 



754 Ertapenem

to 84% at concentrations of 300 mg/l. The unbound fraction 
increases disproportionately with doses of > 2 g; this nonlin-
earity was noted when total drug concentrations were > 150 
mg/l (315 µM). The manufacturer believes that this binding 
is to the albumin and is contingent on ertapenem’s negative 
charge (Majumdar et al., 2002). Others have suggested that 
ertapenem may be bound to a component other than albu-
min (Livermore et al., 2003). Determination of unbound ertap-
enem by ultrafiltration is susceptible to experimental con ditions 
(Liebchen et al., 2014). When determined at physiological 
pH and temperature, outbound fraction of ertapenem is 
twofold to fourfold higher than previously (~ 20%) reported 
and even higher in ICU patients (range: 30.9–53.6%).

The pharmacokinetic parameters of ertapenem are sum-
marized in Table 40.6.

5b.  Drug distribution

In a single-center, prospective, open-label study, six healthy 
volunteers (three females, 22–37 years) were treated with 1 g 
ertapenem given as a single intravenous dose. Microdialysis 
and plasma samples were collected before and at different 
time points up to 12 hours after medication. Ertapenem con-
centrations in plasma reached a maximum of 103.3 mg/l, a 
terminal elimination half-life (t½) of 3.8 hours and an AUC0–1 
of 359.7 mg/l/h. Mean peak concentrations of free, protein- 
unbound ertapenem in interstitial space fluid of skeletal mus-
cle and subcutaneous adipose tissue were much lower (Cmax = 
4.1–6.7 and 1.6–4.0 mg/l, respectively). This degree of tissue dis-
tribution is consistent with the high concentration-dependent 
plasma protein binding of ertapenem (84–96%) (Burkhardt 
et al., 2006). The penetration of ertapenem 1 g i.v. once daily 
for 3 days into suction-induced skin blisters achieves blister 
fluid concentrations of > 4 µg/ml for the entire dosing inter-
val, with AUC0–24 blister fluid/plasma ratios of 61%, suggest-
ing good blister penetration (Laethem et al., 2003).

A total of 48 patients (23 female and 25 male) with a median 
age of 58 years (range 34–81) requiring surgical intervention 

of intraabdominal organs were studied to determine distri-
bution into abdominal tissues. Patients received ertapenem 1 g 
i.v. for perioperative prophylaxis. Tissue samples were taken 
after resection of parts of the organs. Plasma samples were 
taken when tissue samples were taken. Mean ertapenem tis-
sue concentration (mg/kg) was 16.0 mg/l in the gallbladder, 
12.1 mg/l in the colon, 7.0 mg/l in the small bowel, 4.5 mg/l 
in the liver, and 3.4 mg/l in the pancreas. The mean tissue/
plasma ratios were 0.19 (colon), 0.17 (small bowel), 0.17 
(gallbladder), 0.088 (liver), and 0.095 (pancreas) (Wittau et 
al., 2006).

Penetration of ertapenem into different pulmonary com-
partments of patients undergoing lung surgery was studied 
by Burkhardt et al. (2005). A sample of 15 patients under-
going thoracotomy were treated with ertapenem1 g i.v. for 
perioperative prophylaxis. Bronchoalveolar lavage was per-
formed 1, 3, and 5 hours after ertapenem infusion. Normal 
lung tissue was sampled at the time of lung extraction. Blood 
was collected before and at different time points up to 24 
hours after infusion. Mean concentrations of ertapenem in 
plasma, epithelial lining fluid, and alveolar cells were, respec-
tively, 63.1, 4.06, and 0.004 µg/ml at 1 hour; 39.7, 2.59, and 
0.003 µg/ml at 3 hours; and 27.2, 2.83, and 0.007 µg/ml at 
5 hours. The mean (range) concentration in lung tissue was 
7.60 mg/kg tissue (2.5–19.4 mg/kg tissue ) 1.5–4.5 hours after 
infusion. In plasma, ertapenem exhibited a Cmax of 94.7 ± 
23.3 µg/ml and an AUC0–last of 501.1 ± 266.3 mg/l/h (Burk-
hardt et al., 2005; Boselli et al., 2006).

After a 1-g dose of ertapenem concentrations achieved in 
cancellous and cortical bone tissue and in synovial tissue were 
greater than the MIC90 values for most aerobic organisms for 
24 hours, and for 12–24 hours for anaerobic bacteria in 
healthy volunteers undergoing total hip replacement (Boselli 
et al., 2007).

Ertapenem can be detected in human breast milk for up to 
5 days after discontinuation of treatment. Ertapenem crosses 
the placental barrier in rats. There are presently in sufficient 
data to quantify how much ertapenem crosses the placenta 
in humans or enters cerebrospinal fluid and other protected 
sites.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Similar to other beta-lactam antibiotics, the pharmaco-
dynamic parameter best correlated with clinical efficacy for 
carbapenem antibiotics is the fraction of the dosing interval 
when the drug concentration exceeds the MIC. The time 
above the MIC required for bacteriostasis in vivo appears to 
be somewhat shorter for carbapenems (30% of the dosing 
interval) than for cephalosporins (50% of the dosing inter-
val). In a murine model of soft-tissue infection, the time 
above the MIC required for a bacteriostatic effect with ertap-
enem ranged from 24% to 43% of the dosing interval for total 
drug concentration and from 6% to 25% of the dosing inter-
val for unbound drug concentration.

Table 40.6. Pharmacokinetics of ertapenem, based on 1 g i.v. in 
healthy young volunteers

Pharmacokinetic parameter Value

Half-life in plasma (hours), harmonic mean   3.8

Area under curve (mg/l/ h), total drug 572.1 ± 68.6

Apparent plasma clearance (ml/minute)  29.5 ± 3.4

Apparent renal clearance (ml/minute)  12.9 ± 4.3

Apparent nonrenal clearance (ml/minute)  16.1 ± 5.4

Volume of distribution at steady state (l)   8.2 ± 1.5

Cmax (mg/l) 154.9 ± 22.0

C12h (mg/l)   9.3 ± 2.8

C24h (mg/l)   1.2 ± 0.6

Cmax (mg/l), free drug  12.9 ± 3.2

Area under curve, ratio day 8:day 1   1.04

Sources: Reproduced with permission from Majumdar et al. (2002) and 
Livermore et al. (2003).
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5d.  Excretion

After a 1-g single dose of i.v. ertapenem, almost 40% of the 
drug is excreted in the urine as intact product and a roughly 
equivalent amount is recovered in the urine as the beta- lactam 
open-ring metabolite (Majumdar et al., 2002). Thus the kid-
neys appear to be responsible for 80% of the total clearance 
of the drug. Ertapenem undergoes glomerular filtration and 
net tubular secretion. A substantial reduction in renal clear-
ance of unbound ertapenem with concomitant probenecid 
administration confirms the contribution of tubular secre-
tion to the renal elimination of ertapenem. The only major 
metabolite identified in vivo in human plasma and urine is 
the beta-lactam open-ring metabolite. In humans, DHP-1, 
which catalyses the formation of this metabolite, is found 
predominantly in the kidneys (Livermore et al., 2003; Nix et 
al., 2004). The large contribution of the open-ring metabolite 
to the total radioactivity recovered in the urine after admin-
istration of [14C]ertapenem, in contrast to the very high frac-
tion of plasma radioactivity associated with intact drug, suggests 
that hydrolysis of the ertapenem beta-lactam ring occurs almost 
exclusively within the urinary tract. Ertapenem is much more 
slowly hydrolyzed by DHP-1 than imipenem (Musson et al., 
2004).

Hepatic metabolism plays only a minor role in the elimi-
nation of ertapenem. Ertapenem was metabolically stable after 
in vitro incubation with human hepatic microsomal frac-
tions. Excretion of radioactivity in the feces was 10% of the 
administered dose.

5e.  Drug interactions

In vitro studies of ertapenem were performed to assess the 
potential for drug interactions via the inhibition of CYP450 
isozymes or P-glycoprotein (PGP) (Venkatakrishnan et al., 
2001; Nix et al., 2004). Concentrations of ertapenem as 
high as 500 µM (240 mg/l) did not inhibit the microsomal 
metabolism of probe substrates for the major human CYP450 
isozymes 1A2, 2C9, 2C19, 2D6, 2E1, and 3A4. In addition, 
[14C]ertapenem was found to be metabolically stable when 
incubated with human hepatic microsomes, suggesting that 
ertapenem was not a substrate of CYP450 isozymes. Thus 
the potential for drug interactions resulting from the inhi-
bition of CYP450 metabolism by ertapenem appears to be 
small.

A clinical drug interaction study conducted to assess the 
effect of probenecid on the renal clearance and plasma pharma-
cokinetics of ertapenem noted administration of ertapenem 
with probenecid decreased the renal clearance of un bound 
ertapenem by 50%, consistent with the inhibition of renal 
tubular secretion of ertapenem by probenecid. Probenecid 
also slightly increased the elimination half-life and AUC of 
total ertapenem. Because probenecid had an inconsequential 
effect on ertapenem half-life, co-administration of probene-
cid cannot be effectively used to extend the half-life of ertap-
enem (Nix et al., 2004).

Carbapenem antibacterial agents may decrease the serum 
levels of valproic acid. Monitoring of serum levels of valproic 
acid should be considered if ertapenem is to be co-administered 
with valproic acid (Cabanes Mariscal et al., 2006).

The interaction between tacrolimus and ertapenem was 
retrospectively evaluated in 13 renal transplant recipients 
who had been treated with ertapenem for urinary tract infec-
tions. The mean dose of tacrolimus to achieve desired thera-
peutic concentrations decreased significantly after beginning 
ertapenem. The decrease from 0.079 mg/kg to 0.043 mg/kg 
occurred 2 days after initiation of ertapenem. These results 
suggest that ertapenem, which is not metabolized through 
the cCYP450 3A metabolic pathway, interacts with tacroli-
mus by an unknown mechanism (Bora et al., 2012).

6. ADVERSE REACTIONS AND TOXICITY

Data from early phase clinical pharmacology studies showed 
no dose relationship for clinical or laboratory adverse events 
(AEs) associated with i.v. or i.m. ertapenem at doses of < 1–3 g 
and no clinically significant prolongation of the QTc interval 
following i.v. administration of 2 g ertapenem In addition, no 
dose relationship was demonstrated in the phase II clinical 
trials.

The incidence of most clinical and laboratory AEs was 
similar between ertapenem 1 g and the comparator agents, 
piperacillin–tazobactam and ceftriaxone (Table 40.7). The 
rates of serious AEs and discontinuations because an AE 
associated with ertapenem were also low and generally simi-
lar to those due to the comparators (Livermore et al., 2003; 
Teppler et al., 2004).

6a.  Hypersensitivity reactions and rash

Ertapenem is contraindicated in patients with known hyper-
sensitivity to any component of this product or to other car-
bapenems or in patients who have demonstrated anaphylactic 
reactions to other beta-lactam antibiotics. There have been 
reports of individuals with a history of penicillin hypersensi-
tivity who have experienced severe hypersensitivity reactions 
when treated with another beta-lactam. Owing to the use of 
lidocaine as a diluent, ertapenem administered intramuscu-
larly is contraindicated in patients with a known hypersensi-
tivity to local anesthetics of the amide type.

6b.  Gastrointestinal side effects

Diarrhea was reported in 1.7–7% of patients treated with 
ertapenem, nausea in 0.8–7.0%, and vomiting in 0.9%. None 
of these rates was significantly different from those found for 
the comparator agents. C. difficile–associated colitis has been 
reported after ertapenem use (Graham et al., 2002; Solomkin 
et al., 2003). In a randomized trial of prophylaxis against 
infection after colorectal surgery, the overall incidence of  
C. difficile infection was 1.7% in the ertapenem group and 
0.6% in the cefotetan group (p = 0.22) (Goldstein et al., 2009).
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6c.  Effects on gut flora

In healthy volunteers, ertapenem induced a marked decrease 
in the anaerobic microflora (4-log-unit decreases in lactoba-
cilli, bifidobacteria, clostridia, and Bacteroides) and E. coli, 
whereas the number of enterococci increased (4 log units). A 
slight overgrowth of yeasts was observed. In all cases the 
microflora returned to normal levels on days 21–35 (Pletz et al., 
2004). In comparative evaluations, ertapenem was less likely to 
select for ertapenem-resistant organisms than piperacillin–
tazobactam was to select for piperacillin–tazobactam-resistant 
organisms (DeNubile et al., 2005).

6d.  Hematologic side effects

Drug-related neutropenia is infrequent and, when it occurred 
it was almost always mild and transient. In phase III trials, 
neutropenia was rarely a cause for discontinuation of study 
therapy (Teppler et al., 2004). Neutropenia is a known but un- 
common complication of therapy with any beta-lactam agents 
(Olaison and Alestig, 1990).

6e.  Altered liver function tests

The most common laboratory adverse effect associated with 
ertapenem and both comparator agents was mild to moderate 
elevation of aminotransferase levels. Increased alanine ami-
notransferase levels were seen in 3.3–9.0% of patients, increased 
aspartate aminotransferase in 2.1–8.0%, and increased alka-
line phosphotransferase in 1.4–7.0%. These increases tended 

to be transient, returning to normal or near-normal levels by 
the time followup testing was performed, and without clini-
cal consequence.

6f.  Local effects: pain and phlebitis

Between 3.2% and 15.3% of patients experienced at least one 
local reaction at the infusion site, although three quarters of 
these amounted to no more than local erythema.

6g.  Other side effects

Seizures have been associated with carbapenems. In the clin-
ical trials reported, seizures in patients treated with ertape-
nem 1 g were rare, irrespective of drug relationship (0.5% dur ing 
study therapy plus the 14-day followup period vs. 0.3% for 
piperacillin–tazobactam), and almost all patients who experi-
enced a seizure had underlying central nervous system disease 
or a known seizure disorder. The incidence during parenteral 
therapy of seizures considered to be drug related in patients who 
received ertapenem therapy (0.2%) was similar to the incidence 
in patients in these trials who were treated with piperacillin–
tazobactam (0.3%) (Teppler et al., 2004). 

Other manifestations of central nervous system toxicity 
have been described, including confusion, disorientation, and 
hallucinations with an incidence between 3.3% and 5.1%. This 
rate could be higher using dosages of 2 g per day and in patients 
with renal impairment. The significantly longer half-life of 
ertapenem in patients with advanced renal failure or ESRD as 
compared to healthy adults (14.1 hours vs. 4 hours) may be the 

Table 40.7. Incidence (%) of clinical adverse events occurring with a frequency > 1% during study therapy 
(parenteral plus optional oral) and for 14 days thereafter in patients in the ertapenem, piperacillin–
tazobactam, or ceftriaxone treatment groups of phase II and III trials

Drug-related adverse 
eventa

Trials comparing 
ETP vs. P/Tb,d

Trials comparing 
ETP vs. CROc

Diarrhea 5.0 (10.3) 7.0 (12.1) 5.6 (9.2) 5.9 (9.8)

Infused vein complication 4.5 (7.1) 5.5 (7.9) 3.2 (5.4) 4.6 (6.7)

Nausea 2.5 (8.5) 3.4 (8.7) 3.4 (6.4) 3.3 (7.4)

Headache 1.9 (5.6) 1.2 (5.4) 2.3 (6.8) 2.3 (6.9)

Phlebitis/thrombophlebitis 1.6 (1.9) 1.3 (2.7) 1.0 (1.6) 1.5 (2.0)

Pruritus 1.2 (2.0) 1.2 (2.6) 0.5 (1.0) 1.0 (1.9)

Rash 1.1 (2.5) 1.8 (3.1) 1.1 (2.3) 0.6 (1.5)

Abdominal pain 0.7 (3.6) 0.5 (4.8) 1.0 (4.3) 1.3 (3.9)

Vomiting 0.9 (3.7) 1.7 (5.3) 1.3 (4.0) 1.2 (4.0)

Oral candidiasis 0.1 (0.1) 1.2 (1.3) 0.7 (1.4) 1.4 (1.9)

Vaginitise 0.9 (1.4) 0.7 (1.0) 2.9 (3.3) 3.5 (3.7)

aConsidered by the investigator to be possibly, probably, or definitely related to study drug therapy. Numbers in parentheses: 
those reported irrespective of relationship to study therapy.

bPhase IIb/III intraabdominal infection, skin, and pelvic infection trials.
cPhase IIa trials and phase IIb/III community-acquired pneumonia, urinary tract infection, and i.m. tolerability trials. These trials 

included an option to switch to oral therapy (co-amoxiclav or ciprofloxacin; in the phase IIa IAI study, oral ciprofloxacin plus 
oral metronidazole) after 2–3 days of parenteral therapy.

dPatients in the phase IIa intraabdominal infection study also received i.v. metronidazole.
eDenominator is females.
Abbreviations: ETP: ertapenem; P/T: piperacillin–tazobactam; CRO: ceftriaxone.
Source: Teppler et al. (2004).
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cause of toxicity (Lee et al., 2015). The symptoms of central 
nervous system (CNS) toxicity usually take 7–14 days to com-
pletely resolve under dialysis if ertapenem is dis continued.

6h.  Risk in pregnancy

In mice and rats given i.v. doses of up to 700 mg/kg/day (for 
mice, approximately three times the recommended human 
dose of 1 g based on body surface area and for rats, approxi-
mately 1.2 times the human exposure at the recommended 
dose of 1 g based on plasma AUCs), there was no evidence of 
developmental toxicity as assessed by external, visceral, and 
skeletal examination of the fetuses. However, in mice given 
700 mg/kg/day, slight decreases in average fetal weights and 
an associated decrease in the average number of ossified 
sacral-caudal vertebrae were observed. Ertapenem crosses 
the placental barrier in rats. There are, however, no adequate 
and well-controlled studies in pregnant women. Ertapenem 
is listed as pregnancy category B.

7. CLINICAL USES OF THE DRUG

The spectrum of ertapenem, with activity against Entero bac -
teriaceae and anaerobes, lends itself to the treatment of poly-
microbial infections, particularly where Acinetobacter spp. and 
P. aeruginosa are uncommon pathogens (Wexler, 2004). 
Major clinical trials in these settings are outlined in Table 
40.8, Table 40.9 and Table 40.10. As with most drug eval uations, 
these were powered to demonstrate equivalence, not superi-
ority. Ceftriaxone, with or without metronidazole, ticarcillin– 

clavulanic acid, or piperacillin–tazobactam served as the com-
parators. All the trials were randomized, multicenter, and 
double blind.

7a.  Intraabdominal infections

Seven trials in intraabdominal infections have been published 
(Yellin et al., 2002; Solomkin et al., 2003; Navarro et al., 2005; 
Dela Pena et al., 2006; Namias et al., 2007; Basoli et al., 2008; 
De Waele et al., 2013; Table 40.8). There is also a trial consider-
ing mixed infections in children (Yellin et al., 2007), in whom 
the treatment with ertapenem is compared with ticarcillin–
clavulanic acid.

Solomkin et al. (2003) conducted a prospective random-
ized controlled double-blind trial to compare the safety and 
efficacy of ertapenem with piperacillin–tazobactam as therapy 
after adequate surgical management of complicated intra-
abdominal infections. The modified intent-to-treat popula-
tion included 633 patients, with 396 meeting all criteria for the 
evaluable population. Of 203 microbiologically evaluable pa - 
tients, 176 treated with ertapenem (86.7%) were cured, as were 
157 of the 193 (81.2%) treated with piperacillin–tazobactam. 
This difference was not statistically significant.

The Optimizing Intraabdominal Surgery with Invanz Study 
(OASIS) was made up of prospective randomized controlled 
double-blind trials conducted to compare the safety and effi -
cacy of ertapenem with other antibiotics to treat community- 
acquired intraabdominal infections requiring surgery. In 
OASIS-1, ertapenem 1 g dosed daily was compared with 
piperacillin–tazobactam (3.375 g every 6 hours or 4.5 g every 

Table 40.8. Randomized clinical trials of ertapenem in patients with intraabdominal infections

Reference Treatment regimen

No. 
evaluate 
patients

Age 
group Outcomes

Yellin et al. 
(2002)

Ertapenem i.v., 1 and 1.5 g once a day vs. i.v. 
ceftriaxone 2 g once a day plus i.v. 
metronidazole 500 mg every 8 hours

220 Adults 1 g cohort, 84% cured vs. 85% in the 
ceftriaxone–metronidazole group, 1.5 g 
cohort, 83% cured vs. 77% in the 
ceftriaxone–metronidazole group

Solomkin et al. 
(2003)

Ertapenem 1 g a day vs. piperacillin– 
tazobactam 3.375 g every 6 hours

396 Adults Clinical cure with ertapenem was 86.7% 
vs. 81.2% with piperacillin–tazobactam

Navarro et al. 
(2005)

Ertapenem i.v. 1 g once a day vs. i.v. ceftriax-
one 2 g once a day plus i.v. metronidazole 
30 mg/kg every 12 or 6 hours

450 Adults Ertapenem cured 99.3% vs. 98.1% in the 
ceftriaxone–metronidazole group

Dela Pena et al. 
(2006)

Ertapenem 1 g once a day or piperacillin–
tazobactam 3.375 g every 6 hours or 4.5 g 
every 8 hours

233 Adults Clinical cure with ertapenem was 97.7% 
vs. 96.7% with piperacillin–tazobactam

Namias et al. 
(2007)

Ertapenem 1 g once a day and piperacillin–
tazobactam 3.375 g every 6 hours

231 Adults Ertapenem cured 82.1% vs. piperacillin–
tazobactam cured 81.7%

Basoli et al. 
(2008)

Ertapenem 1 g once a day for 3 days (group I) 
vs. > 5 days (group II)

 90 Adults In groups I and II, 92.9% and 89.6% cured, 
respectively

Navarro et al. 
(2005)

Ertapenem i.v. 1 g once a day vs. i.v. ceftriax-
one 2 g once a day plus i.v. metronidazole 
30 mg/kg every 12 or 6 hours

450 Adults Ertapenem cured 99.3% vs. 98.1% in the 
ceftriaxone–metronidazole group

De Waele et al. 
(2013)

Ertapenem 1 g a day for 5–14 days vs. 
moxifloxacin 400 mg 

699 Adults Clinical success 93.4% (324/347) vs. 89.5% 
(315/352) (95% confidence interval: 
7.9%, 0.4)
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8 hours) in 370 patients. The efficacy and safety of ertapenem 
was similar to piperacillin–tazobactam (Dela Pena et al., 
2006). The OASIS-2 compared ertapenem 1 g daily to ceftri-
axone 2 g daily plus metronidazole (30 mg/kg every 24 hours). 
The clinical and microbiologic rate response were similar in 
both groups (96.6% vs. 96.7%) (Navarro et al., 2005).

In the Yellin et al. (2002) study, the efficacy and safety  
of ertapenem, 1 and 1.5 g i.v. once a day, for the treatment  

of adults with complicated intraabdominal infection were  
compared with those of ceftriaxone 2 g i.v. once a day plus 
metron idazole 500 mg i.v. every 8 hours. After 3 days of 
therapy and satisfactory clinical response, patients could be 
switched to oral ciprofloxacin plus metronidazole. A total of 
59 patients were randomized to receive ertapenem 1 g and 
51 to receive ertapenem 1.5 g; 55 patients were randomized 
to the comparator group. At the test of cure, 4–6 weeks post 

Table 40.9. Randomized clinical trials of ertapenem in patients with community-acquired pneumonia or pneumonia acquired in skilled-care 
facilities or in hospitals outside the intensive care unit

Reference Treatment regimen
No. of 

patientsa

Age 
group Comments

Community-acquired pneumonia

Ortiz-Ruiz et al. (2002) Ertapenem or ceftriaxone (for each, 
1 g given i.v. once daily)

502 (383) Adults Favorable clinical response in 92.3% 
patients in the ertapenem group 
and 91.0% in the ceftriaxone group

Vetter et al. (2002) Ertapenem i .v. or i.m. 1 g once 
daily or i.v. or i.m. ceftriaxone  
1 g once daily

364 (275) Adults Cure rates 92.2% patients in the 
ertapenem group and 93.6% in the 
ceftriaxone group

Pneumonia acquired in skilled-care facilities or in hospitals outside the ICU

Yakovlev et al. (2006) Cefepime (2 g every 12 hours with 
optional metronidazole, 500 mg 
every 12 hours) or ertapenem  
(1 g daily)

303 (195) Adults Favorable clinical response in 87.3% 
patients in the ertapenem group 
and 80% in the cefepime group

aNumber in parentheses represents the number of evaluable patients.

Table 40.10. Randomized clinical trials of ertapenem in patients with various infections

Reference Treatment regimen
No. of 

patientsa Age group Comments

Acute pelvic infections

Roy et al. (2003) Ertapenem 1 g once a day or 
piperacillin–tazobactam, 3.375 g 
every 6 hours

412 (316) Adults Cure rates: 93.9% of ertapenem group 
and 91.5% of piperacillin–tazobactam 
group

Skin and diabetic foot infections

Graham et al. (2002) Ertapenem 1 g once a day or 
piperacillin–tazobactam 3.375 g 
every 6 hours 

541 (359) Adults Cure rates: 82.4% of ertapenem group 
and 84.4% of piperacillin–tazobactam 
group

Lipsky et al. (2005) Ertapenem 1 g i.v. daily (n = 295) or 
piperacillin–tazobactam 3.375 g 
every 6 hours (n = 291) 

586 (445) Adults Favorable clinical response rates: 94% 
for the 226 patients who received 
ertapenem and 92% for the 219 
patients who received piperacillin– 
tazobactam

Urinary tract infections

Jimenez-Cruz et al. 
(2002)

Ertapenem 1 g once a day or 
ceftriaxone 1 g once a day

258 (150) Adults Favorable microbiologic response: 
85.6% of ertapenem group and 
84.9% of ceftriaxone group

Tomera et al. (2002) Ertapenem 1 g i.v. once a day with 
the option to switch to an oral 
agent or ceftriaxone 1 g i.v. daily 
with the same oral switch option

589 (380) Adults Favorable microbiologic response: 
91.8% of ertapenem group and 
93.0% of ceftriaxone group

aNumber in parentheses represents the number of evaluable patients.
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therapy in the 1-g cohort, 84% (26/31) of patients treated 
with ertapenem and 85% (35/41) with comparator therapy 
had a favorable clinical and microbiologic assessment.  
Although not com pared directly in a randomized fashion, 
the efficacy and safety profiles of ertapenem 1 and 1.5 g 
 appeared similar. Ertapenem was generally well tolerated 
and had an overall safety profile similar to ceftriaxone plus 
metro nidazole.

Namias et al. (2007) compared the effectiveness of ertape-
nem (1 g every day) and piperacillin–tazobactam (3.375 g 
every 6 hours) in the treatment of intraabdominal infections. 
The results were similar to those described in previous trials. 
Basoli et al. (2008) demonstrated that in patients with local-
ized community-acquired intraabdominal infection a 3-day 
course of ertapenem had the same clinical and bacteriologic 
efficacy as a standard duration. This prospective double-blind 
multicenter randomized clinical study compared the clinical 
and bacteriologic efficacy and tolerability of 1 g ertapenem per 
day for 3 days (group 1) versus for more than 5 days (group 
2) in 111 patients with localized peritonitis (appendicitis  
vs. nonappendicitis) of mild to moderate severity, requiring 
surgical intervention. Of these 90y patients were evaluable. 
In groups 1 and 2, 92.9% and 89.6% of patients were cured, 
respectively; 95.3% in group 1 and 93.7% in group 2 showed 
eradication.

Yellin et al. (2002) designed an open-label study in which 
children aged 2–17 years with intraabdominal infection were 
randomized 3:1 to receive ertapenem or ticarcillin– clavulanate. 
Children 13–17 years of age received ertapenem 1 g parenter-
ally daily, and those 2–12 years of age received 15 mg/kg twice 
daily. Patients < 60 kg received ticarcillin– clavulanate 50 mg/
kg four to six times daily and those > 60 kg received 3.1 g four 
to six times daily. Overall, age-adjusted response rates were 
91% (68/75 evaluable patients) for ertapenem and 83% (19/23 
evaluable patients) for the comparator.

In 2013, the PROMISE study compared the clinical and 
bacteriological efficacy and safety of moxifloxacin versus 
er tapenem for the treatment of complicated intraabdominal 
infections (De Waele et al., 2013). A total of 699 patients were 
included in the final analysis, showing that moxifloxacin was 
noninferior to ertapenem regarding clinical success: 89.5% 
(315/352) versus 93.4% (324/347) with a 95% confidence in- 
terval (CI) of –7.9%, 0.4%. Bacteriological success was achieved 
in 86.5% (257/297) of moxifloxacin-treated patients and 90.2% 
(249/276) of ertapenem-treated patients (95% CI: –9.0%, 
1.5%). The incidence of adverse events was higher with mox-
ifloxacin than ertapenem (p = 0.039); the most commonly 
reported being nausea and increased lipase.

7b.  Community-acquired pneumonia

Three trials in severe community-acquired pneumonia (CAP) 
requiring hospitalization have been published in adults, com - 
paring ertapenem 1 g once daily with ceftriaxone 1 g once 
daily (Legua et al., 2002; Ortiz-Ruiz et al., 2002; Vetter et al., 
2002; Table 40.9). In addition, there is a trial in children with 
a variety of infections (including CAP) who were treated with 
ertapenem 1 g i.v. once daily versus ceftriaxone 1 g i.v. once 

daily with similar clinical results in both groups (Argue das 
et al., 2009).

Ortiz-Ruiz et al. (2002) conducted a double-blind multi-
center trial. A total of 502 patients hospitalized with CAP 
were randomized to receive therapy with either ertapenem 
or ceftriaxone (for each, 1 g i.v. was given once daily). After  
a minimum of 3 days, therapy could be switched to oral 
 amoxicillin–clavulanate. The median duration of therapy 
was 4 days for both treatment groups. Of the clinically evalu-
able patients, 168 (92.3%) in the ertapenem group and 183 
(91.0%) in the ceftriaxone group had a favorable clinical re-
sponse. Both treatment regimens were generally well tolerated.

The second trial gave similar results: 364 patients were 
randomized in a 2:1 ratio to receive ertapenem or ceftriaxone 
1 g once daily. Cure rates for clinically evaluable patients were 
91.8% for ertapenem and 93.5% for ceftriaxone; those for 
microbiologically evaluable patients were 91.0% and 91.8%, 
respectively. Mean durations of parenteral therapy were sim-
ilar (5.5 and 5.6 days) in both arms, as were the total durations 
of therapy (11.5 and 11.7 days). So as to assess its activity in 
isolation, ertapenem was not combined with macrolides in 
these trials, and steps were taken to exclude patients likely to 
have atypical pneumonia.

When used routinely for community-acquired pneumo-
nia, it may be more appropriate to add a macrolide, unless 
atypical agents are unlikely from the presentation (Vetter et 
al., 2002). Ertapenem seems to be suitable for the treatment 
of elderly patients with CAP or aspiration pneumonia if no 
risk factors for pseudomonal infections are present (Burgess 
and Frei, 2005; Bassetti et al., 2007).

Ertapenem could be a possible option also in elderly pa- 
tients coming from nursing homes. In 2009, a retrospective 
Spanish cohort of patients with CAP, with a high median age 
(80.5 years) and high rate of comorbidities (193/202), was 
published. For the efficacy analysis, patients were matched 
1:2 with other intravenous antibiotics following real-life 
clinical practice according to age, same Pneumonia Severity 
Index class, and whether resident in a nursing home (Murcia 
et al., 2009). A higher clinical response rate was obtained for 
ertapenem versus comparators (88.7% vs. 77.1%; p = 0.05; 
odds ratio [OR]: 2.25; 95% CI: 0.99–5.12), with significant 
differences in clinical response in patients coming from nurs-
ing homes (95.8% ertapenem vs. 63.8% comparators; p < 
0.001) but not in noninstitutionalized patients (85.4% ertap-
enem vs. 84.5% comparators; p = 0.929). The retrospective 
nature of this study should be emphasized.

7c.  Hospital-acquired pneumonia

Yakovlev et al. (2006) compared the efficacy and safety of 
twice-daily cefepime with optional metronidazole to once-
daily ertapenem as initial therapy. After 3 days of parenteral 
therapy, participants demonstrating clinical improvement 
could be switched to oral ciprofloxacin or another appropri-
ate oral agent. In this study population, ertapenem was as 
well tolerated and efficacious as cefepime for the initial treat-
ment of pneumonia acquired in skilled-care facilities or in 
hospital environments outside the intensive care unit (ICU).
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Bassetti et al. (2007) studied ertapenem 1 g daily i.v. treat-
ment given to adult patients with signs and symptoms of ven-
tilator-associated pneumonia (VAP) beginning within 7 days 
of mechanical ventilation and caused by ESBL-producing 
Gram-negative organisms. From June 2005 to June 2006, 20 
adult patients were enrolled in an ICU and diagnosed with 
VAP due to Gram-negative ESBL strains. Causative organ-
isms identified as ESBL producers susceptible to ertapenem 
were K. pneumonia (alone in 10 cases and with MRSA in  
4 cases), Enterobacter cloacae (2), Proteus mirabilis (2), and 
Citrobacter freundii (2). Clinical success was achieved in 16/20 
(80%) of the clinically evaluable patients and in 15/20 (75%) 
of the microbiologically evaluable patients. This is one of the 
first reports to demonstrate that ertapenem has clinical util-
ity in treating serious infections caused by ESBL-producing 
organisms.

Overall, however, ertapenem is generally considered 
in appropriate as empiric therapy for VAP given its lack of 
efficacy against P. aeruginosa.

7d.  Acute pelvic infections

Acute soft-tissue pelvic infections in women include several 
diagnoses that may be categorized as infections related to 
delivery and those that occur after gynecologic surgery. Al- 
though these procedures are often preceded and/or followed 
by antimicrobial prophylaxis (e.g. caesarian section), the rate 
of infection may be as high as 20%. Acute pelvic infections 
are usually polymicrobial.

Roy et al. (2003) compared the efficacy, tolerability, and 
safety of ertapenem 1 g once daily with those of piperacillin–
tazobactam 3.375 g every 6 hours for the treatment of women 
with moderate to severe acute pelvic infection. They de scribed 
a multicenter double-blind study in which 412 women with 
acute pelvic infection were evaluated. In total, 163 patients in 
the ertapenem group and 153 patients in the piperacillin–
tazobactam group were clinically evaluable. The median dur-
ation of therapy was 4.0 days in both treatment groups. The 
most common single pathogen was E. coli. At the primary 
efficacy end point 2–4 weeks post therapy, 93.9% of patients 
who received ertapenem and 91.5% of those who received 
piperacillin–tazobactam were cured, indicating that cure rates 
for both treatment groups were equivalent. In a study by 
Yellin et al. (2007), ertapenem was generally safe and effica-
cious for treating acute pelvic infection in pediatric patients 
(Table 40.10).

An et al. (2009) carried out a meta-analysis of six ran-
domized controlled trials comparing the efficacy and safety 
of ertapenem 1 g with piperacillin–tazobactam for the treat-
ment of 3,161 patients with complicated intraabdominal in- 
fections, acute pelvic infections and skin and skin- structure 
infections. Ertapenem was associated with similar clinical 
treatment success compared with piperacillin–tazobactam 
(clinically evaluable population: 1937 patients; OD: 1.15; 95% 
CI: 0.89–1.49; and modified intention-to-treat population: 
2855 patients; OD: 1.03; 95% CI: 0.87–1.22). All of the sec-
ondary efficacy outcomes analyses obtained similar findings 

with clinical treatment success. No difference was found in 
the incidence of drug-related adverse events between the 
ertapenem and piperacillin–tazobactam groups.

7e.  Skin and soft-tissue infections, including 
diabetic foot infection

There are two trials comparing ertapenem efficacy to pipera-
cillin–tazobactam for the treatment of diabetic foot infection 
(Graham et al., 2002; Lipsky et al., 2005; Table 40.10).

Lipsky et al. (2005) assigned patients to ertapenem (1 g i.v. 
daily; n = 295) or piperacillin–tazobactam (3.375 g i.v. every 
6 hours; n = 291) given for a minimum of 5 days, after which 
oral amoxicillin–clavulanic acid (875/125 mg every 12 hours) 
could be given for up to 23 days. Investigators administered 
vancomycin to patients if Enterococcus spp. or MRSA was 
thought to be a risk. Clinical and microbiologic response 
rates were similar between patients treated with ertapenem 
and piperacillin–tazobactam. Adverse events did not differ 
between groups.

Graham et al. (2002) undertook a study to compare the 
safety, tolerability, and efficacy of ertapenem with piperacillin–
tazobactam for the treatment of patients with a variety of 
complicated skin and skin-structure infections, including dia - 
betic foot infections. The study randomized 540 adults. Cure 
rates for the two treatment groups were similar when com-
pared by stratum, diagnosis, and severity of infection. The 
frequency and severity of drug-related adverse events were 
similar in the treatment groups.

Arguedas et al. (2009) studied children with a variety of 
infections, including skin infections, treated with ertapenem 
1 g i.v. once daily versus ceftriaxone 1 g i.v. once daily. Similar 
clinical results were seen in both groups. In a study by Legua 
et al. (2002), cases of skin infections were also included and 
the clinical response was similar in the group of ertapenem 
1 g i.m. once daily compared with the group of ceftriaxone 
1 g i.m. once daily.

In summary, in the case of community-acquired skin and 
soft-tissue surgical infections, ertapenem is not appropriate 
for simple cellulitis because narrower spectrum agents should 
be sufficient. However, ertapenem may be appropriate for 
conditions with polymicrobial infection (e.g. diabetic foot 
infection or potentially established necrotizing fasciitis or 
Fournier’s gangrene) or in patients at risk of having ESBL-
producing and/or fluoroquinolone-resistant microorganisms 
(e.g. based on the results of microbiologic testing).

As has been detailed previously (Ann et al., 2009), a meta- 
analysis of six randomized trials showed a similar success 
rate of ertapenem 1g compared with piperacillin–tazobactam 
in patients with complicated skin and skin-structure infections.

7f.  Urinary tract infections

Ertapenem is indicated for the treatment of severe, compli-
cated urinary tract infections (cUTIs), particularly in cases at 
risk of having resistant Gram-negative pathogens and as part 
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of directed therapy in cases with isolates demonstrating the 
presence of ESBLs and/or fluoroquinolone-resistant micro-
organisms (see Table 40.10).

Jimenez-Cruz et al. (2002) and Tomera et al. (2002) de-
signed studies to compare the efficacy, tolerability, and safety 
of ertapenem with that of ceftriaxone. Both agents could be 
followed by an optional switch to oral therapy, for the treat-
ment of adults with cUTI (Table 40.10). In a multicenter pro-
spective double-blind study, patients with cUTIs were stratified 
as to whether they had acute pyelonephritis or other cUTIs 
(without pyelonephritis) and randomized to receive ertape-
nem, 1 g once daily, or ceftriaxone, 1 g once daily (Jiménez-Cruz 
et al., 2002). After 3 days, patients with a satisfactory clinical 
response could be switched to an oral antimicrobial agent. Of 
258 randomized patients, 97 (55.4%) in the ertapenem group 
and 53 (63.9%) in the ceftriaxone group were evaluated micro - 
biologically. Almost all patients in each treatment group 
were switched to oral therapy. The mean duration of therapy 
was similar in both treatment groups: parenteral, approxi-
mately 4 days; total, approximately 13 days. The most com-
mon pathogen was E. coli. At the primary efficacy end point, 
5–9 days after treatment, 85.6% of patients who received 
ertapenem and 84.9% who received ceftriaxone had a favor-
able microbiologic response, indicating that the two treat-
ment groups were equivalent. The frequency and severity 
of drug-related adverse events were generally similar in both 
treatment groups.

In a study by Tomera et al. (2002), 592 patients were as- 
signed to one of two strata: acute pyelonephritis or other cUTI 
without acute pyelonephritis. After a minimum of 3 days, 
patients could be switched to an oral antimicrobial agent. A 
total of 159 patients in the ertapenem group and 171 patients 
in the ceftriaxone group were microbiologically evaluable. The 
most common pathogens were E. coli and K. pneumoniae. At 
the primary efficacy end point, 5–9 days after treatment, 91.8% 
of patients who received ertapenem and 93.0% of those who 
received ceftriaxone had a favorable microbiologic response. 
The microbiologic success and the adverse events were also 
similar.

In summary, in adult patients with moderate to severe 
cUTI requiring initial parenteral therapy, ertapenem (1 g once 
daily), with the option to switch to an appropriate oral anti-
microbial agent after clinical improvement, was generally 
well tolerated and highly effective both clinically and micro-
biologically. In children, Arguedas et al. (2009) found that 
the treatment of UTIs with ertapenem was as safe and effica-
cious as the treatment with ceftriaxone.

The easy dosage of ertapenem allows its use in outpatient 
parenteral antimicrobial treatment (OPAT) programs for uri-
nary tract infections caused by ESBL-producing Gram-negative 
organisms. This strategy has been associated with a decrease in 
the therapy’s costs (Bazaz et al, 2010; Qureshi et al, 2014).

7g.  Bacteremia

There are several published series showing a similar efficacy 
of ertapenem compared with others carbapenems for bac- 

 teremia due to susceptible ESBL-producing Gram-negatives 
(Teng et al., 2007; Lee et al., 2011; Wu et al, 2011). Most 
recently, in a multinational retrospective cohort, ertapenem 
appeared as effective as other carbapenems for empirical 
and targeted therapy of bacteremia due to ESBL-producing 
En tero bacteriaceae. It should be noted that these authors 
cautioned that further studies are needed for patients with 
severe sepsis/septic shock (Gutierrez-Gutierrez et al, 2016).

7h.  Colorectal surgery prophylaxis

Several characteristics of ertapenem allow its use as a poten-
tial preoperative antimicrobial agent in elective colorectal 
surgery: it can be given by rapid intravenous administration; 
it has appropriate coverage against potential pathogens; it 
has a long half-life (so it does not require a second adminis-
tration during most surgeries); and it has a safety profile sim-
ilar to that of other commonly used antibiotics. However, the 
use of carbapenems as prophylaxis is generally not consid-
ered to be appropriate because of their very broad spectrum 
of activity.

To assess the efficacy and safety of ertapenem in the pre-
vention of surgical-site infection among patients undergoing 
colorectal surgery, Itani et al. (2006) compared it with cefo-
tetan (see Table 40.10): 1002 patients were randomly assigned 
to study groups; 901 received the study drug (451 in the 
ertapenem group and 450 in the cefotetan group). A successful 
outcome was defined as the absence of surgical-site infec-
tion, anastomotic leakage, or antibiotic use 4 weeks postop-
eratively. In the modified intention-to-treat analysis, the rate 
of overall prophylactic failure was 40.2% in the ertapenem 
group and 50.9% in the cefotetan group, in the per-protocol 
analysis; the failure rate was 28.0% in the ertapenem group 
and 42.8% in the cefotetan group. These differences were sta-
tistically significant. 

Another clinical trial evaluating the effectiveness of ertap-
enem versus ceftriaxone plus metronidazole in this issue has 
been published (Leng, 2014): 600 patients were included in a 
1:1 ratio. A successful prophylaxis rate was 90.4% (227/251) 
in the ertapenem arm and 90.3% (224/248) in the ceftriaxone 
plus metronidazole one, corresponding to a difference in the 
proportion of 0.1% (95% CI: –5.2%, 5.5%). The incidence 
of adverse events was similar between the groups, with the 
most common AE being pyrexia. However, concerns about 
the appropriateness of carbapenems as prophylaxis and the 
(nonsignificant) increase in C. difficile infection have led 
some to caution against its widespread use (Sexton, 2006).
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Yoshiro Hayashi and Hisashi Baba

1. DESCRIPTION

Faropenem (C12H15NO5S, MW 285.32) is a penem-class oral 
beta-lactam antimicrobial agent. Although faropenem is 
structurally similar to the carbapenems, it is distinguished by 
a sulfur atom at position 1. In Japan, faropenem has been 
available since 1997 as faropenem sodium hydrate (Farom) 
(C12H14NNaO5S · 21/2H2O; molecular weight, 352.34), whereas 
in the USA, faropenem medoxomil (also known as faropenem 
daloxate) (C17H19NO8S; molecular weight, 397.40), the ester 
prodrug of faropenem was evaluated in phase III clinical tri-
als (Schurek et al., 2007; Gettig et al., 2008) but its approval 
was eventually rejected by FDA in 2006. Faropenem is nota-
ble because it is one of the few carbapenem-like agents that 
can be given orally.

Faropenem is effective against common community- 
acquired pathogens, such as Streptococcus pneumoniae, Haem o
philus influenzae, Moraxella catarrhalis, methicillin-suscepti-
ble Staphylococcus aureus (MSSA), other streptococci, E. coli, 
and anaerobes. However, faropenem is not active against 
methicillin-resistant S. aureus (MRSA), Enterococcus faecium, 
Pseudomonas aeruginosa, and Stenotrophomonas maltophilia, 
and it tends to show relatively high MICs to Enterococcus f ae
calis and some Enterobacteriaceae. Faropenem has bactericidal 
activity by way of its interaction with penicillin-binding pro-
teins (PBPs) like all other beta-lactam antibiotics (Schurek et al., 
2007).

Although clinical use of faropenem is locally limited in 
Japan, its laboratory use as faropenem disk to predict Kleb
siella pneumoniae carbapenemase (KPC) production in 
En tero bac teriaceae has attracted attention in recent years 
(Hu et al., 2014).

The chemical structures of faropenem, faropenem sodium 
hydrate, and faropenem medoxomil are shown in Figure 
41.1.

Emerging faropenem misuse in some regions is a major 
concern due to the risk of encouraging the emergence of car-
bapenem resistance (Gandra et al., 2016).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

A summary of the in vitro activity of faropenem is shown in 
Table 41.1 and Table 42.2.

Figure 41.1. Chemical structures of (a) faropenem, 
(b) faropenem sodium hydrate, and (c) faropenem 
medoxomil.
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GRAM-POSITIVE BACTERIA

Faropenem is quite active against the major pathogens of 
community-acquired respiratory infections, including Strep
tococcus pneumoniae. Most strains of S. pneumoniae are highly 
sensitive to faropenem, although the MICs of faropenem for 
penicillin-intermediate and resistant strains are higher than 
those for penicillin-susceptible strains (Milatovic et al., 2002; 
Decousser et al., 2003; Critchley et al., 2007).

Faropenem is highly active against streptococci other 
than pneumococci and MSSA. Enterococcus faecalis is less 
sensitive to faropenem, and E. faecium and MRSA are resis-
tant (Milatovic et al., 2002).

GRAM-NEGATIVE BACTERIA

Haemophilus influenzae and Morganella catarrhalis are sensi-
tive, and there are no significant differences in faropenem 
MICs between beta-lactamase-positive and -negative strains 
(Milatovic et al., 2002; Schmitz et al., 2002; Walsh et al., 2003; 
Sanbongi et al., 2006; Critchley et al., 2007). Faropenem has 

good activity against Escherichia coli, Klebsiella pneumoniae, 
and K. oxytoca. However, the other Enterobacteriaceae, such 
as Citrobacter freundii, Enterobacter spp., M. morganii, Proteus 
spp., Providencia spp., and Serratia spp. are less sensitive to 
faropenem (Milatovic et al., 2002).

Neisseria gonorrhoeae is quite sensitive (Jones et al., 2005). 
Pseudomonas aeruginosa and the other nonfermenters are 
faropenem resistant (Milatovic et al., 2002).

Most anaerobic bacteria are sensitive to faropenem (Wex-
ler et al., 2002; Milazzo et al., 2003).

2b.  Emerging resistance and 
cross-resistance

Faropenem is intrinsically stable to class A, C, and D beta- 
lactamases, including the TEM, SHV, and CTX-M type 
extended-spectrum beta-lactamases (ESBLs). However, 
faropenem, like carbapenems, is hydrolyzed by molecular 
class B metallo-beta-lactamases and other carbapenemases 

Table 41.1. In vitro susceptibility of selected Gram-positive bacteria to faropenem

Organism Years
MIC50  

(μg/ml)
MIC90 

(μg/ml) Range
No. of 
isolates Region References

Clostridium perfringens 2001 0.5 0.5 0.12–1 20 USA Wexler et al. (2002)

Enterococcus faecalis 2011 1 4 0.5–16 209 Japan Ishikawa et al. (2015)

1998–2001 1 8 0.06–> 32 291 EU Milatovic et al. (2002)

Enterococcus faecium 1998–2001 > 32 > 32 0.06–> 32 220 EU Milatovic et al. (2002)

Macromonas micros (formerly 
Peptostreptococcus micros)

2001 0.12 0.12 0.12–0.12 12 USA Wexler et al. (2002)

Propionibacterium acnes 2008 ≤ 0.06 ≤ 0.06 ≤ 0.06 98 Japan Hayashi et al. (2011)

Staphylococcus aureus, 
methicillin susceptible

1998–2001 0.12 0.12 0.06–0.5 217 EU Milatovic et al. (2002)

Staphylococcus aureus, 
methicillin resistant

1998–2001 > 32 > 32 0.12–> 32 146 EU Milatovic et al. (2002)

Staphylococci, coagulase 
negative

1998–2001 0.12 4 ≤ 0.015–> 32 354 EU Milatovic et al. (2002)

Streptococci, group A 
beta-hemolytic

1998–2001 0.03 0.03 ≤ 0.015–0.06 186 EU Milatovic et al. (2002)

Streptococci, group B 
beta-hemolytic

1998–2001 0.06 0.06 0.03–0.12 163 EU Milatovic et al. (2002)

Streptococci, viridans group 1998–2001 0.12 1 ≤ 0.015–8 191 EU Milatovic et al. (2002)

Streptococcus milleri 1998–2001 0.06 0.12 ≤ 0.015–0.12 38 EU Milatovic et al. (2002)

Streptococcus pneumoniae 2009 0.06 0.5 ≤ 0.015–2 308 Japan Yamagishi et al. (2012)

2005–2006 0.015 0.5 ≤ 0.004–2 1,543 USA Critchley et al. (2007)

2000 0.032 0.25 0.008–1 194 France Decousser et al. (2003

Streptococcus pneumoniae, 
penicillin susceptible

2005–2006 0.008 0.015 ≤ 0.004–0.06 958 US Critchley et al. (2007)

2004 ≤ 0.02 ≤ 0.02 ≤ 0.02–0.06 110 Japan Sato et al. (2009)

2000 0.016 0.032 0.008–0.125 100 France Decousser et al. (2003)

Streptococcus pneumoniae, 
penicillin intermediate

2005–2006 0.06 0.25 0.008–0.5 338 USA Critchley et al. (2007

2004 0.125 0.25 ≤ 0.02–0.5 123 Japan Sato et al. (2009)

2000 0.25 0.25 0.016–0.5 75 France Decousser et al. (2003)

Streptococcus pneumoniae, 
penicillin resistant

2005–2006 1 2 0.12–2 247 USA Critchley et al. (2007)

2004 0.5 1 0.06–1 99 Japan Sato et al. (2009)

2000 0.5 0.5 0.25–1 19 France Decousser et al. (2003)

Abbreviation: EU: Europe.



2. Antimicrobial activity 767

Table 41.2. In vitro susceptibility of selected Gram negative bacteria to faropenem

Organism Years
MIC50  

(μg/ml)
MIC90  

(μg/ml) Range
No. of 
isolates Region References

Acinetobacter spp. 1998–2001 32 > 32 0.25–> 32 170 EU Milatovic et al. (2002)

Bacteroides istasonis, merdae 
group

2001 1 2   1–4 19 USA Wexler et al. (2002)

Bacteroides fragilis 2001 0.25 1 0.12–64 68 USA Wexler et al. (2002)

Bacteroides thetaiotaomicron 2001 0.5 2 0.25–4 30 USA Wexler et al. (2002)

Burkholderia cepacia 1998–2001 16 > 32   2–> 32 68 EU Milatovic et al. (2002)

Campylobacter spp. 2001 0.12 0.25 0.12–0.25 25 USA Wexler et al. (2002)

Citrobacter freundii 1998–2001 1 8 0.25–32 79 EU Milatovic et al. (2002)

Citrobacter koseri 1998–2001 0.5 2 0.25–32 58 EU Milatovic et al. (2002)

Enterobacter cloacae 1998–2001 4 8 0.5–32 292 EU Milatovic et al. (2002)

Enterobacter aerogenes 1998–2001 4 16 0.5–> 32 118 EU Milatovic et al. (2002)

Escherichia coli 2011 0.5 1 0.125–8 382 Japan Ishikawa et al. (2015)

1998–2001 0.5 1 0.25–32 323 EU Milatovic et al. (2002)

Escherichia coli,
CTX-M beta-lactamase 

positive

2004 1 2 0.5–8 291 UK Mushtaq et al. (2007)

Fusobacterium mortiferum, 
varium group

2001 0.5 1 0.12–2 20 USA Wexler et al. (2002)

Fusobacterium nucleatum 2001 0.12 0.12 0.12–0.25 19 USA Wexler et al. (2002)

Haemophilus influenzae 2005–2006 0.5 1 0.008–4 987 USA Critchley et al. (2007)

1995–2003 1 4 0.016–16 621 Japan Sanbongi et al. (2006)

1997–2000 0.5 1 0.06–4 100 UK Walsh et al. (2003)

Haemophilus influenzae,
beta-lactamase positive

2005–2006 0.25 1 0.06–4 270 USA Critchley et al. (2007)

1998–2001 0.5 1 0.25–2 33 EU Milatovic et al. (2002)

Haemophilus influenzae,
beta-lactamase negative

2005–2006 0.5 1 0.008–4 717 USA Critchley et al. (2007)

1998–2001 0.5 1 0.06–2 361 EU Milatovic et al. (2002)

Klebsiella pneumoniae 2011 0.5 1 0.25–8 132 Japan Ishikawa et al. (2015)

1998–2001 0.5 2 0.25–16 311 EU Milatovic et al. (2002)

Klebsiella oxytoca 2011 0.5 2 0.25–8 41 Japan Ishikawa et al. (2015)

1998–2001 0.5 2 0.25–8 178 EU Milatovic et al. (2002)

Klebsiella spp.,
CTX-M beta-lactamase 

positive

2004 1 4 0.12–16 199 UK Mushtaq et al. (2007)

Moraxella catarrhalis 2005–2006 0.25 0.5 0.03–1 489 USA Critchley et al. (2007)

1998–2001 0.12 0.5 ≤ 0.015–1 307 EU Milatovic et al. (2002)

1997–2000 0.12 0.5 0.032–1 100 UK Walsh et al. (2003)

Morganella morganii 1998–2001 4 8   1–16 151 EU Milatovic et al. (2002)

Neisseria gonorrhoeae 2004 0.06 0.12 ≤ 0.008–0.25 189 USA Jones et al. (2005)

Porphyromonas gingivalis 2001 0.12 0.12 0.12–0.12 10 USA Wexler et al. (2002)

Prevotella oris/buccae group 2001 0.12 1 0.12–4 19 USA Wexler et al. (2002)

Proteus mirabilis 2011 2 4 0.25–8 59 Japan Ishikawa et al. (2015)

1998–2001 4 4 0.25–16 282 EU Milatovic et al. (2002)

Proteus vulgaris 1998–2001 4 8 0.5–16 85 EU Milatovic et al. (2002)

Providencia spp. 1998–2001 2 8 0.25–32 34 EU Milatovic et al. (2002)

Pseudomonas aeruginosa 1998–2001 > 32 > 32   2–> 32 228 EU Milatovic et al. (2002)

Serratia marcescens 2011 8 32   2–64 26 Japan Ishikawa et al. (2015)

1998–2001 8 32   1–> 32 128 EU Milatovic et al. (2002)

Serratia liquefaciens 1998–2001 4 16 0.5–32 16 EU Milatovic et al. (2002)

Stenotrophomonas 
maltophilia

1998–2001 > 32 > 32 > 32 119 EU Milatovic et al. (2002)

Abbreviation: EU: Europe.



768 Faropenem

(Wood cock et al., 1997; Dalhoff et al., 2003a; Mushtaq et al., 
2007). The overproduction of AmpC beta-lactamase in 
Enterobacter and Serratia has been shown to be associated 
with decreased activity of faropenem (Mushtaq et al., 2007).

Okamoto et al. (2001) demonstrated that P. aeruginosa’s 
high intrinsic resistance to faropenem was generated from 
the interplay between the outer membrane barrier, MexAB-
OprM efflux system, and AmpC beta-lactamase.

PBP3 and PBP4 mutations have been shown to be associ-
ated with faropenem resistance in H. influenzae and E. faeca
lis, respectively (Sanbongi et al., 2006; Hiraga et al., 2008).

3. MECHANISM OF DRUG ACTION

The activity of faropenem against bacteria is determined by 
its binding to PBPs as with other beta-lactams. Dalhoff et 
al. (2003b) studied the affinity of faropenem to various PBPs  
in S. aureus, E. coli, P. vulgaris, P. aeruginosa, S. marcescens,  
S. pneu moniae, and E. faecalis. Faropenem exhibited higher 
affinity to the high molecular weight PBPs (1, 2, and 3) than 
to the low molecular weight PBPs (4, 5, and 6) in most bacte-
ria, with the exception of P. vulgaris, S. marcescens, and E. fae
calis (Dalhoff et al., 2003b).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

In randomized trials of faropenem medoxomil that have 
been performed in the USA, Canada, Latin America, Europe, 
and South Africa, a dose of 300 mg twice daily orally has 
been employed. In Japan, a dose of 200–300 mg two or three 
times daily orally of faropenem sodium is approved by the 
Pharmaceutical and Medical Devices Agency (PMDA).

4b.  Newborn infants and children

There have been no published data of faropenem medoxomil 
in the treatment of infectious diseases of newborn infants and 
children. In Japan, a dose of 5–10 mg/kg three times daily p.o. 
(not exceeding 300 mg at one time or 900 mg/day) of faro-
penem sodium is approved for the use in pediatric patients 
by the PMDA. There has been no experience for faropenem 
sodium or faropenem medoxomil in premature neonates.

4c.  Pregnant and lactating mothers

There are no published data on faropenem dosing in preg-
nant women or lactating mothers.

4d. Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

In patients with renal impairment, the elimination half-life 
of faropenem is prolonged. In five patients with creatinine 
clearance between 8 and 35 ml/minute, after a single dose of 

300 mg of faropenem sodium, the elimination half-life and 
area-under-the-concentration-time curve (AUC) were 2.49–
6.67 hours and 5.78–70.29 μg/ml/h, respectively (Maruho, 
2008). However, the necessary dose adjustment of faropenem 
sodium in patients with impaired renal function is not yet 
clear. Similarly, there have been no studies of faropenem medox-
omil pharmacokinetics in patients with renal insufficiency.

There are only limited data for either faropenem or faro-
penem me doxomil regarding pharmacokinetics in patients 
undergoing hemodialysis or continuous renal replacement 
therapy. In a recent study of 8 patients undergoing hemodi-
alysis who were given faropenem sodium, the dialyzer clear-
ance and elimination fraction of faropenem were 14.9 ± 6.8 
mL/min per m2 and 20.4 ± 9.9%, respectively. Only about 
2% of faropenem was removed from the body during a single 
HD session (Hasegawa et al., 2017).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

It has not been clear how to adjust dosing of faropenem so- 
dium and faropenem medoxomil in patients with impaired 
hepatic function.

OLDER ADULTS

In elderly patients, faropenem sodium shows slightly lower 
maximum concentration (Cmax) and longer elimination 
half-life (Shiba et al., 2002; Maruho, 2008). However, no 
dose adjustment is necessary. There have been no data of 
faropenem medoxomil regarding pharmacokinetics in the 
elderly patients.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The bioavailability of faropenem sodium is proposed to be 
20–30% (Schurek et al., 2007). Faropenem is 90–95% bound 
to serum proteins (Boswell et al., 2002). The half-life of faro-
penem sodium is approximately 0.8 hour (Maruho, 2008). 
Administration of faropenem sodium under fasting and post-
prandial conditions resulted in no significant difference in 
Cmax and AUC (Maruho, 2008).

Orally administered faropenem medoxomil is readily ab- 
sorbed. The addition of the medoxomil ester to the faropenem 
moiety improves bioavailability (Schurek et al., 2007). The 
bioavailability of faropenem medoxomil is proposed to be 
70–80%, which is approximately four times that of faropenem 
sodium (Gettig et al., 2008). The half-life of faropenem 
medoxomil is estimated to be 0.9 hour (Schurek et al., 2007; 
Gettig et al., 2008). Administration of faropenem medoxomil 
under fasting and postprandial conditions resulted in no sig-
nificant difference in Cmax and AUC.

5b.  Drug distribution

Cmax after oral administration of a single 150-, 300-, and 600-
mg dose of faropenem sodium in healthy volunteers were 
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2.36 ± 1.01, 6.24 ± 2.86, and 7.37 ± 1.97 μg/ml, respectively 
(Maruho, 2008). The AUC after oral administration of a sin-
gle 150-, 300-, and 600-mg dose of faropenem sodium in 
healthy volunteers were 3.95 ± 2.06, 11.73 ± 8.31, and 19.59 
± 6.37 μg/ml/h, respectively (Maruho, 2008).

Cmax and AUC after oral administration of a single 300-mg 
dose of faropenem medoxomil in healthy volunteers are 13.8 
μg/ml and 25.7 μg/ml/h, respectively (Schurek et al., 2007).

After a single dose of 200 or 300 mg of faropenem sodium 
in 4 patients, concentrations of faropenem in sputum were 
0.02–0.47 μg/ml (Maruho, 2008). At 3–5 hours after a single 
dose of 300 mg of faropenem sodium in 3 patients, concen-
trations of faropenem in bile were not more than 0.01 μg/ml 
(Maruho, 2008). At 60–90 minutes after a single dose of 
200 mg of faropenem sodium in 25 patients, concentrations 
of faropenem in the tissue of the tonsil were 0.01–0.65 μg/ml 
(Maruho, 2008). At 60–178 minutes after a single dose of 
300 mg of faropenem sodium in 9 patients, concentrations of 
faro penem in the tissue of maxillary sinus membrane were 
0.05–0.32 μg/ml (Maruho, 2008). There have been no data 
on penetration of faropenem into cerebrospinal fluid.

No published data are currently available regarding tissue 
penetration of faropenem administered as faropenem medox -
omil (Schurek et al., 2007).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

In contrast to most of the beta-lactam antibiotics, which exhi bit 
only time-dependent killing, pharmacodynamic activity of faro - 
penem is said to be both time- and concentration-dependent 
in vitro (Boswell et al., 1997; MacGowan and Bowker, 2004). 
However, the clinical significance of this statement is not clear.

5d.  Excretion

Faropenem is eliminated mostly via active renal tubular 
secretion and has an estimated renal clearance of 27–43 ml/
minute. Between 14% and 20% of faropenem doses have 
been recovered in urine (Gettig et al., 2008). Renal dihy-
dropeptidase-1 (DHP-1) hydrolyzes some faropenem to the 
inactive metabolites, M-1 and M-2. However, the concentra-
tions of these metabolites in plasma were significantly lower 
than faropenem (Schurek et al., 2007).

5e.  Drug interactions

In more than 10 years of clinical experience of faropenem 
sodium, no drug interactions have been reported.

Possible drug interactions with faropenem medoxomil have 
been investigated in human studies. Compounds in vestigated 
included probenecid, furosemide, digoxin, theo phylline, war-
farin, cholestyramine, ranitidine, aluminium–magnesium 
hy droxide, and hormonal contraceptives. None of those com- 
pounds, except probenecid, had significant interactions. 
Probenecid extends exposure to faropenem, but it remains 
within the limits deemed safe (Schurek et al., 2007).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Gastrointestinal adverse events

The most common adverse events during treatment by faro-
penem are gastrointestinal, such as diarrhea, nausea, and vom-
iting. However, the frequency of those events (15%) was 
similar to the comparators, including penicillin, amoxicillin, 
amoxicillin–clavulanate, cephalexin, cefuroxime axetil, cefpo-
doxime, clarithromycin, azithromycin, and trimethoprim–
sulfamethoxazole (TMP-SMX) (Schurek et al., 2007).

6b.  Hypersensitivity reactions

The frequency of hypersensitivity reactions to faropenem 
medoxomil or faropenem sodium is not yet clear. Cross- 
reactivity of faropenem to other beta-lactams, such as peni-
cillin, is possible, but its frequency has not been defined.

6c.  Fetal toxicity

There are no data in humans regarding fetal toxicity, but ani-
mal experiments show no teratogenicity (Maruho, 2008).

7. CLINICAL USES OF THE DRUG

Although faropenem has been studied for a number of clini-
cal indications, its current clinical role is uncertain and it’s 
recent excessive use in some regions is a cause for concern. 

In 2006, the US Food and Drug Administration (FDA) 
issued a nonapprovable letter for faropenem medoxomil. The 
antibiotic had been submitted for approval for four indica-
tions: acute bacterial sinusitis, community-acquired pneu-
monia (CAP), acute exacerbation of chronic bronchitis, and 
uncomplicated skin and skin structure infections. According 
to the nonapprovable letter, the FDA recommended superi-
ority studies versus placebo to gain the sinusitis and acute 
exacerbation of chronic bronchitis indications. To gain the 
CAP indication further studies were required to provide 
additional microbiologic evaluation.

A recent evaluation showed that not only is faropenem 
use rapidly growing in India but its use now exceeds all other 
carbapenems combined (Gandra et al., 2016). Presumably 
much of its use is for urinary tract infection (UTI) due 
to  ESBL-producing organisms resistant to all other orally 
administered agents. This is potentially concerning because 
the efficacy data for faropenem in UTI is considered ex-
tremely weak. It is noteworthy that faropenem was not being 
trialled for UTI in the USA, presumably because earlier 
unpublished data were not supportive of efficacy. In addi-
tion, there must also be concerns that widespread faropenem 
use may lead to increasing carbapenem resistance among 
gastrointestinal flora. There does not appear to be a reason-
able place for faropenem use for UTI at the present time. 
Indeed, the overall current clinical role of faropenem is 
uncertain.

Nevertheless, the following indications have been studied.
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7a.  Acute bacterial sinusitis

A prospective, double-blind, multicenter trial compared faro-
penem medoxomil 300 mg twice daily for 7 days with cefu-
roxime axetil 250 mg twice daily for 7 days for the treatment 
of acute bacterial sinusitis (Siegert et al., 2003). Clinical cure 
rate and bacteriologic success rates at day 7 were similar for 
faropenem medoxomil and cefuroxime axetil.

A multicenter non-inferiority trial in the USA and Canada 
compared the safety and efficacy of faropenem medoxomil 
and cefuroxime axetil in the treatment of acute bacterial sinus-
itis (Upchurch et al., 2006). Patients were randomized into 
three groups: faropenem medoxomil 300 mg twice daily for 
7 days, faropenem medoxomil 300 mg twice daily for 10 days, 
and cefuroxime axetil 250 mg twice daily for 10 days. This study 
demonstrated that neither faropenem regimen was inferior 
to the cefuroxime regimen. In both studies, adverse events 
were similar among the groups, and gastrointestinal adverse 
effects occurred most frequently with all of the medication.

7b.  Community-acquired pneumonia

A multicenter noninferiority trial conducted in Europe, Latin 
America, and South Africa compared the safety and efficacy 
of faropenem medoxomil and amoxicillin in the treatment of 
community-acquired pneumonia. Patients were randomized 
to receive either faropenem medoxomil 300 mg twice daily 
for 10 days or amoxicillin 1000 mg three times daily for 10 
days. This study showed that faropenem was noninferior to 
amoxicillin for the treatment of community-acquired pneu-
monia (Kowalsky et al., 2005; Gettig et al., 2008).

7c.  Acute exacerbation of chronic bronchitis

Two multicenter noninferiority trials have demonstrated the 
safety of faropenem in acute exacerbation of chronic bronchi-
tis (Gettig et al., 2008). Faropenem has not been compared 
with placebo to unequivocally demonstrate efficacy. In the first 
trial, patients were randomized to receive either faropenem 
medoxomil 300 mg twice daily for 5 days or azithromycin 
500 mg on the first day and 250 mg once daily for the next 4 
days. The primary outcome measure of clinical cure was deter-
mined 7–14 days after completion of the drug regimen. This 
study demonstrated noninferiority of the faropenem regimen 
to azithromycin regimen. Patients in both groups experienced 
similar adverse events (Walker et al., 2005; Gettig et al., 2008).

In the other trial, patients were randomized to receive 
either faropenem medoxomil 300 mg twice daily for 5 days 
or clarithromycin 500 mg twice daily for 7 days. This study 
also showed noninferiority of the faropenem regimen to the 
clarithromycin regimen (Corrado, 2005; Gettig et al., 2008).

7d.  Uncomplicated skin and skin-structure 
infection

Faropenem medoxomil was compared with amoxicillin–
clavulanate in the treatment of uncomplicated skin and skin- 

structure infections in a noninferiority trial (Corrado and 
Echols, 2005; Gettig et al., 2008). Patients were randomized 
to receive either faropenem 300 mg twice daily for 7 days or 
amoxicillin–clavulanate 625 mg three times daily for 7 days. 
The primary outcome measure, clinical cure at 7–14 days 
post treatment, was measured in 473 clinically evaluable pa- 
tients. Faro penem proved to be noninferior to amoxicillin–
clavulanate, and bacteriologic eradication rates against  
S. aureus and S. pyogenes appeared similar between the two 
regimens. Adverse events were mild and mostly gastroin-
testinal in both regimens.

7e.  Acute uncomplicated cystitis

In female acute uncomplicated cystitis, a 3-day course of 
faropenem sodium hydrate and a 7-day course of the drug 
was compared in open-label randomized control trial (RCT) 
in Japan (Hamasuna et al., 2014). Microbiological success, 
which was the primary end point of the study, was superior 
in the 7-day treatment compared to the 3-day treatment. 
However, clinical success rates, both at 3–9 days after treat-
ment and at 4–6 weeks after treatment, were similar in both 
groups. Therefore, the longer course of treatment is generally 
hard to justify for this indication. A recent small retrospec-
tive study of 10 patients with acute cystitis due to ESBL-
producing E. coli found that although 9 were initially cured, 
3 relapsed (Fujino et al., 2016).

7f.  Complicated urinary tract infection

A Japanese study more than 15 years ago compared faro-
penem 300 mg three times per day versus levofloxacin at the 
unusual dose of 100 mg three times per day, both for 7 days, 
in patients with urinary tract infection associated with neu-
rogenic bladder or benign prostatic hypertrophy (Muratani 
et al., 2002). The ratios of eliminated bacteriuria and cleared 
pyuria were 71.9% and 56.3% of patients treated with faro-
penem, and 64.3% and 75.0% of those treated with 
levofloxacin. 

7g. Tuberculosis

Faropenem demonstrates some in vitro activity against M. 
tuberculosis and some laboratory and Monte Carlo model-
ling studies have suggested a potential treatment role as part 
of combination therapy with moxifloxacin plus linezolid 
(Srivastava et al., 2016; Deshpande et al., 2016). However, 
there are currently no published clinical trials to support this 
indication (Hoagland et al., 2016).
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Biapenem, Ritipenem, 
Panipenem, and Sulopenem 

Kunikazu Yamane

1. DESCRIPTION

Biapenem is a parenteral carbapenem antibiotic that pos-
sesses antibacterial activities against a wide range of Gram-
positive and negative bacteria (Ubukata et al., 1990; Perry 
and Ibbotson, 2002). The introduction of the methyl radical 
at the 1-beta position of the carbapenem skeleton gives 
biapenem stability against hydrolysis by renal dehydropepti-
dase-1 (DHP-1). Therefore biapenem does not require con-
comitant administration of an inhibitor of this enzyme 
(Ubukata et al., 1990; Petersen et al., 1991; Hikida et al., 
1992a). The molecular formula for biapenem is C15H18N4O4S, 
and its molecular weight is 350.39; the chemical structure is 
shown in Figure 42.1.

Biapenem is not currently licensed for use, and its role 
compared to available carbapenems such as imipenem (Chap-
ter 37, Imipenem-cilastatin and imipenem–relebactam) and 
meropenem (Chapter 38, Meropenem and meropenem–
vaborbactam) is currently unclear.

Ritipenem is a synthetic beta-lactam antibiotic of the penem 
class that has a broad antimicrobial spectrum and high resis-
tance to beta-lactamases (Hamilton-Miller, 2003). Because 
it is stable in relation to renal DHP-1, ritipenem does not 
require concomitant administration of an inhibitor of this 
enzyme (Cassinelli et al., 1988). 

Ritipenem acoxil (FCE 22891) is the acetoxymethyl ester 
prodrug, which is orally available but is hydrolyzed very rapidly 
to the active component ritipenem (FCE 22101) as well as 
some other metabolites (Franceschi et al., 1989; Vincon et al., 
1990; Poggesis et al., 1997). Less than 50% of ritipenem acoxil 
is absorbed in the intestinal tract, and this fraction is com-
pletely hydrolyzed to ritipenem during transport across the 
gastrointestinal mucosa (Saathoff et al., 1990; Norrby et al., 
1990). Ritipenem acoxil does not have antimicrobial activity 
unless hydrolyzed to ritipenem (Franceschi et al., 1983). The 
chemical structure of ritipenem is shown in Figure 42.2.

Ritipenem is notable as one of the early orally available 
carbapenems; it is manufactured by Tanabe Seiyaku in the 
ritipenem acoxil prodrug form (500 mg ritipenem acoxil is 
equivalent to about 399.75 mg ritipenem anhydrous acid). It 
is not FDA approved in the USA.

Panipenem is a parenteral carbapenem with a broad spec-
trum of in vitro activity against both Gram-positive and 
Gram-negative bacteria (Miyadera et al., 1991; Shimada 
and Kawahara, 1994; Goa and Noble, 2003). Because it is not 
stable to hydrolysis by renal DHP-1 (Hikida et al., 1992b), 
panipenem requires concomitant administration of a DHP-1 
inhibitor such as betamipron. Betamipron is an organic 
anion tubular transport inhibitor with very low toxicity that 
inhibits the active transport of panipenem in the renal cortex 
(Hirouchi et al., 1994; Enomoto et al., 2002).

Figure 42.1. Chemical structure of biapenem.
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The molecular formula for panipenem is C15H21N3O4S, 
and its molecular weight is 339.41; the chemical structure is 
shown in Figure 42.3.

Panipenem was launched in Japan in 1993 but is not cur-
rently licensed for use in the USA or Europe.

Sulopenem is a parenteral penem that demonstrates high 
activity against Gram-positive, Gram-negative, and anaerobic 
bacteria (Gootz et al., 1989; Yoshida et al., 1996; Hamilton-
Miller, 2003). Be cause it is stable in relation to renal DHP-1, 
it does not require concomitant administration of an inhibi-
tor of this enzyme (Gootz et al., 1990). The chemical struc-
ture of sulo penem is shown in Figure 42.4. Oral prodrugs of 
sulopenem were developed by Pfizer but phase II clinical 
studies were abandoned in 2010.

2. ANTIMICROBIAL ACTIVITY

Because there are currently no susceptibility standards for 
any of these carbapenems from CLSI or EUCAST, the stan-
dards for imipenem and meropenem are generally used to 
determine susceptibility. The susceptibility of biapenem as a 
model representative is summarized in Table 42.1, Table 42.2 
and Table 42.3. 

GRAM-POSITIVE AEROBIC BACTERIA 

Biapenem demonstrates good antimicrobial activity against 
most pathogenic Gram-positive aerobic bacteria (Fujimura et 
al., 2006; Suzuki et al., 2001; Table 42.1). The activity is almost 
the same as that of imipenem and is two- to fourfold superior 
to that of meropenem (Fujimura et al., 2006). Methicillin- 
susceptible strains of Staphylococcus aureus and S. epider
midis are susceptible to biapenem (Fujimura et al., 2006; 
Suzuki et al., 2001). However, methicillin- resistant strains of 
S. aureus and S. epidermidis are resistant to biapenem when 

breakpoints of imipenem and meropenem are used (Fujimura 
et al., 2006; Suzuki et al., 2001). When  penicillin-binding 
protein 2a (PBP2a) is produced in large amounts in S. aureus, 
biapenem shows reduced activity (Piddock and Jin, 1995). 
Penicillin-resistant or intermediate strains of Streptococcus 
pneumoniae have higher minimum inhibitory concentrations 
(MICs), both MIC50 and MIC90, than  penicillin- susceptible 
strains. Nevertheless, according to the breakpoints of the 
Japanese Society of Chemotherapy, penicillin-resistant strains 
are still susceptible to biapenem (Saito et al., 1999). Biapenem 
shows moderate activity against Enterococcus faecalis. How-
ever, E. faecium, E. raffinosus, and E. avium show high-level 
resistance (MIC90 > 64 to 128 µg/ml) (Fujimura et al., 2006; 
Malanoski et al., 1993; Catchpole et al., 1992).

GRAM-NEGATIVE AEROBIC BACTERIA 

Most Enterobacteriaceae including Escherichia coli, Klebsiella 
spp., Proteus spp., Salmonella spp., Shigella spp., Providencia 
spp., Citrobacter freundii, Serratia marcescens, Yersinia entero 
colitica, and Morganella morganii are susceptible to bia- 
penem (Yoshida et al., 2006; Suzuki et al., 2001; Weiss et al., 
1999; Clarke and Zemcov, 1993; Table 42.2). The MIC50 and 
MIC90 values for extended-spectrum beta-lactamase produc-
ing E. coli and Klebsiella spp. are also in the susceptible range 
(Sader et al., 1993; Nakamura and Komatsu, 2005; Livermore 
and Yuan, 1996).

Haemophilus influenzae is susceptible to biapenem, but  
MIC50 for beta-lactamase-negative ampicillin-resistant (BLNAR) 
strains (8 µg/ml) is 16-fold higher than that for ampicillin- 
susceptible isolates (Yoshida et al., 2006; Suzuki et al., 2001). 
MIC90 for beta-lactamase-negative ampicillin-resistant strains 
(8 µg/ml) is the same as that for beta-lactamase-positive 
ampicillin-resistant strains, but it is 8-fold higher than that 
for ampicillin-susceptible strains (Miyazaki et al., 2001).  
Bia penem is highly active against Neisseria meningitidis,  
N. gonorrhoeae, and Campylobacter jejuni (Clarke and 
Zemcov, 1993; Ray mond and Bremner, 1995). 

Biapenem usually displays good activity against Pseu do
monas aeruginosa (Yoshida et al., 2006; Suzuki et al., 2001; 
Catchpole et al., 1992). However, some biapenem-resistant 
strains have been isolated. The resistance mechanisms are the 
same as those for other carbapenems and include deficiency 
of D2 outer membrane porin protein (Chen and Livermore, 
1994) production of metallo-beta-lactamases (Franceschini 
et al., 2000). Efflux systems are one of the important anti-
microbial resistant mechanisms in P. aeruginosa. However, 
major resistance-nodulation-division (RND) type efflux sys-
tems such as MexAB-OprM or MexCD-OprJ are not associ-
ated with biapenem resistance (Okamoto et al., 2002).

Biapenem is effective against most strains of Moraxella 
catarrhalis, Aeromonas hydrophila, and Acinetobacter spp. 
(Yoshida et al., 2006; Suzuki et al., 2001; Hoban et al., 1993). 
When a higher inoculum (106 colony forming units [CFUs]) 
of A. hydrophila and Aeromonas sobria was used, MIC90 
of  biapenem increased 32-fold compared with when the 
standard 104 colony forming units were inoculated (Clarke 
and Zemcov, 1993). With Acinetobacter spp., the MIC50 of 

Figure 42.3. Chemical structure of panipenem.
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biapenem against 250 imipenem-resistant strains isolated 
from a Spanish hospital between 1991 and 1996 was 4- and 
8-fold lower than those of imipenem and meropenem, 
respectively. However, MICs were always above 32 µg/ml 
(Ruiz et al., 1999). Burk hol deria pseudomallei is susceptible 
to biapenem (Smith et al., 1996), but MIC50 and MIC90 for 
Burkholderia cepacia is higher than those for B. pseudomal
lei. In particular, strains isolated from cystic fibrosis patients 
tended to have high MICs (Pitt et al., 1996). Stenotrophomonas 
maltophilia is resistant to biapenem (Hoban et al., 1993).

ANAEROBIC BACTERIA 

Biapenem inhibits both Gram-positive and Gram-negative 
anaerobic bacteria (Fujimura et al., 2006; Suzuki et al., 2001; 
Table 42.3 ). For some Bacteroides fragilis strains that pro-
duce metallo-beta-lactamase hydrolyze carbapenems, includ-
ing biapenem, the amount of enzyme production correlates 
with the MIC (Rasmussen et al., 1994).

3. MECHANISM OF DRUG ACTION

The mode of action of biapenem and the other carbapenems 
described in this chapter is similar to that of imipenem (Chap- 
ter 37, Imipenem–cilastatin and imipenem–relebactam) and 
meropenem (Chapter 38, Meropenem and meropenem– 
vaborbactam). In S. aureus and E. coli, binding of biapenem 

to PBP shows a similar pattern to that of imipenem and 
meropenem (Yang et al., 1995). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The recommended dose of biapenem for adults has not been 
totally defined, but depends on the clinical condition. How-
ever, in clinical studies conducted in Japan, biapenem 300 
mg i.v. twice daily given for chronic respiratory infection, 
bacterial pneumonia, and complicated urinary tract infec-
tion was effective in eradicating bacteria and showed clinical 
efficacy (Matsumoto et al., 1995a; Matsumoto et al., 1995b; 
Kawada et al., 2000). In a Swedish study, biapenem 500 mg 
every 8 hours was administrated to patients with complicated 
intraabdominal infection (Brismar et al., 1996). 

Ritipenem can be administered intravenously, intramus-
cularly, and orally. The oral preparation is ritipenem acoxil; 
1.0 g is equivalent to 0.81 g of ritipenem. In a Japanese study, 
oral ritipenem 200 mg three times daily for bacterial pneumo-
nia and chronic lower respiratory tract infection was effective 
in eradicating bacteria and showed clinical efficacy (Saito et 
al., 1996a; Saito et al., 1996b). Boersma et al. (1994) used doses 
of 1 g (two 500 mg tablets) ritipenem acoxil three times daily 

Table 42.1. Minimal inhibitory concentrations of biapenem for Gram-positive isolates

Organism
Year of 

collection
MIC50 

(μg/ml)
MIC90 

(μg/ml)
No. of 
isolates Reference

S. aureus
 methicillin susceptible 2002 ≤ 0.063 0.125 85 Fujimura et al. (2006)

1998–2000 0.125 0.125 25 Suzuki et al. (2001)

 methicillin resistant 2002 32 > 32 85 Fujimura et al. (2006)

1998–2000 32 64 25 Suzuki et al. (2001)

S. epidermidis
 methicillin susceptible 2002 ≤ 0.063 ≤ 0.063 17 Fujimura et al. (2006)

 methicillin resistant 2002 4 > 32 93 Fujimura et al. (2006)

Other coagulase-negative staphylococci 2002 ≤ 0.063 ≤ 0.063 119 Fujimura et al. (2006)

S. pyogenes 2002 ≤ 0.063 ≤ 0.063 63 Fujimura et al. (2006)

S. agalactiae 2002 0.25 0.25 56 Fujimura et al. (2006)

S. pneumoniae
 Penicillin susceptible 2002 ≤ 0.063 ≤ 0.063 22 Fujimura et al. (2006)

1998–2000 ≤ 0.06 ≤ 0.06 36 Suzuki et al. (2001)

2002 ≤ 0.06 ≤ 0.06 16 Yamaguchi et al. (2005)

 Penicillin intermediate 2002 ≤ 0.063 ≤ 0.063 55 Fujimura et al. (2006)

1998–2000 0.25 0.25 41 Suzuki et al. (2001)

 Penicillin resistant 2002 0.25 0.5 39 Fujimura et al. (2006)

1998–2000 0.5 1 23 Suzuki et al. (2001)

 Penicillin resistant and intermediate 2002 0.13 0.13 16 Yamaguchi (2002)

Other streptococci 2002 ≤ 0.063 ≤ 0.125 51 Fujimura et al. (2006)

 E. faecalis 2002 4 16 114 Fujimura et al. (2006)

1998–2000 4 8 50 Suzuki et al. (2001)

 E. faecium 2002 > 64 > 64 69 Fujimura et al. (2006)
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Table 42.2. Minimal inhibitory concentrations of biapenem for Gram-negative isolates

Organism
Year of 

collection
MIC50 

(μg/ml)
MIC90 

(μg/ml)
No. of 
isolates Reference

Escherichia coli 2002 ≤ 0.063 ≤ 0.063 148 Yoshida et al. (2006)

1998–2000 ≤ 0.06 0.125 50 Suzuki et al. (2001)

 ESBL producers 2000–2003 0.12 0.25 36 Nakamura and Komatsu (2005)

Klebsiella pneumoniae 2002 0.25 0.5 75 Yoshida et al. (2006)

1998–2000 0.25 0.5 50 Suzuki et al. (2001)

 ESBL producers 2000–2003 0.5 0.5 12 Nakamura and Komatsu (2005)

Klebsiella oxytoca 2002 0.25 0.5 60 Yoshida et al. (2006)

Klebsiella spp.

 ESBL producers 1994 0.25 1 220 Livermore and Yuan (1996)

Proteus mirabilis 2002 2 4 53 Yoshida et al. (2006)

1998–2000 1 2 50 Suzuki et al. (2001)

Proteus vulgaris 2002 2 4 46 Yoshida et al. (2006)

Yersinia enterocolitica 1993 0.12 0.12 21 Clarke and Zemcov (1993)

Salmonella spp. 1987–1993 0.03 0.06 15 Weiss et al. (1999)

Shigella spp. 1987–1993 0.25 0.25 15 Weiss et al. (1999)

Providencia spp. 2002 1 2 35 Yoshida et al. (2006)

Morganella morganii 2002 2 2 55 Yoshida et al. (2006)

Citrobacter freundii 2002 0.125 0.25 56 Yoshida et al. (2006)

1998–2000 0.125 0.25 50 Suzuki et al. (2001)

Enterobacter cloacae 2002 0.125 0.5 80 Yoshida et al. (2006)

1998–2000 0.125 0.25 50 Suzuki et al. (2001)

Enterobacter aerogenes 2002 0.5 1 40 Yoshida et al. (2006)

Serratia marcescens 2002 1 2 87 Yoshida et al. (2006)

1998–2000 0.25 1 50 Suzuki et al. (2001)

Haemophilus influenzaea 2002 1 8 100 Yoshida et al. (2006)

1998–2000 1 8 100 Suzuki et al. (2001)

Haemophilus parainfluenzae 2002 1 2 28 Yoshida et al. (2006)

Campylobacter jejuni 1993 0.015 0.03 22 Clarke and Zemcov (2006)

Neisseria meningitidis 1995 0.06 0.06 49 Raymond and Bremner (1995)

Neisseria gonorrhoeae 1995 0.06 0.12 65 Raymond and Bremner (1995)

Pseudomonas aeruginosa 2002 0.5 16 90 Yoshida et al. (2006)

1998–2000 1 8 100 Suzuki et al. (2001)

Moraxella catarrhalis 2002 ≤ 0.063 ≤ 0.063 55 Yoshida et al. (2006)

1998–2000 0.125 0.125 50 Suzuki et al. (2001)

Burkholderia cepacia 2002 8 8 21 Yoshida et al. (2006)

Burkholderia pseudomallei 1991–1992 0.25 0.25 100 Smith et al. (1996)

Acinetobacter spp. 2002 0.125 0.5 43 Yoshida et al. (2006)

Stenotrophomonas maltophilia 1993 > 8 > 8 61 Hoban et al. (1993)

Aeromonas hydrophila 1993 0.12 1 11 Hoban et al. (1993)

aIncludes ampicillin-resistant isolates.
Abbreviation: ESBL: extended-spectrum beta-lactamase.

Table 42.3. Minimal inhibitory concentrations of biapenem for clinical strains of anaerobes.

Organism
Year of 

collection
MIC50 

(μg/ml)
MIC90 

(μg/ml)
No. of 
isolates Reference

Peptostreptococcus spp. 2002 0.031 0.125 34 Fujimura et al. (2006)

1998–2000 0.25 1 50 Suzuki et al. (2001)

C. difficile 2002 8 16 23 Fujimura et al. (2006)

B. fragilis group 2002 0.25 4 71 Fujimura et al. (2006)

1998–2000 0.25 1 50 Suzuki et al. (2001)

Prevotella spp. 2002 0.125 0.125 36 Fujimura et al. (2006)
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to treat exacerbations of chronic obstructive pulmonary dis-
ease. Similarly, in a clinical study conducted in Sweden, oral 
ritipenem 500 mg three times daily was used for females with 
uncomplicated cystitis (Swedish Urinary Tract Infection Study 
Group, 1995).

In Japan, the recommended routine dose for adults of 
panipenem is 500 mg i.v. every 12 hours, but 1.0 g every 12 
hours is used if the patient is in a critical or refractory condi-
tion (Shimada, 1994). 

Although there are no published data for dosage, 500 mg 
of sulopenem was administered intravenously in a pharma-
cokinetic study of adult volunteers (Foulds et al., 1991).

4b.  Newborn infants and children

For children, biapenem 6–12 mg/kg three times daily is rec-
ommended (Fujii et al., 1994). In Japan, a dose of 10–30 mg/
kg every 8 hours of panipenem is recommended for children 
(Shimada, 1994).

No data are currently available regarding the use of ritipe-
nem or sulopenem in children and neonates.

4c.  Pregnant and lactating mothers

No data are available on safety or dosing of the carbapenems 
discussed in this chapter in pregnant or lactating women. 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Biapenem
Generally no dosage adjustment is generally necessary for 
patients with renal impairment. When biapenem was admin-
istered as a 500 mg i.v. infusion over 30 minutes to patients 
with decreased renal function (glomerular filtration rate 
[GFR] < 15 ml/min/1.73 m2), the peak plasma concentration 
was 35 µg/ml, the serum half-life was 6 hours, and area- 
under-the-concentration-time curve (AUC) was 209 µg/h/
ml compared with 1.6 hours, 46 µg/ml, and 54 µg/h/ml, 
respectively, in healthy volunteers (Koeppe et al., 1997). 

In patients with end-stage renal disease who were admin-
istrated a 1-hour i.v. infusion of 300 mg biapenem before 
4  hours of hemodialysis, about 90% of the biapenem was 
removed from the blood by hemodialysis (Nagashima et al., 
2000). Because hemodialysis removes such a large amount of 
biapenem from the circulation, routine doses of biapenem 
should be administered to patients undergoing hemodialysis 
(Nagashima et al., 2000).

Ritipenem
Although ritipenem is mainly excreted in the urine, there are 
currently no dosage recommendations available for patients 
with renal impairment.

Panipenem
When panipenem was given as a 500 mg i.v. infusion over 
60 minutes to patients with mild (creatinine clearance [CrCl] 

≥ 60 ml/minute; n = 5), moderate (CrCl ≥ 30 to < 60 ml/min-
ute; n = 5), and severe (mean CrCl = 7.5 ml/minute; n = 6) 
renal function impairment, the peak plasma concentration 
were 30.8, 27.8, and 26.0 μg/ml, respectively. The serum half-
life of the drug was 1.4, 1.8, and 3.9 hours, respectively, and 
the AUC was 53.5, 61.5, and 194.7 μg/h/ml, respectively 
(Aoki et al., 1991). It is currently undefined whether dosage 
adjustment is required for patients with renal impairment.

Sulopenem
There are currently no sulopenem dosage recommendations 
available for patients with renal impairment.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Biapenem is available only intravenously. When biapenem is 
administrated as a 300 mg i.v. infusion over 30 minutes to 
healthy volunteers, a peak plasma concentration of about 19 
µg/ml is reached 30 minutes after the end of the infusion. At 
8 hours after the infusion of biapenem, the plasma concentra-
tion level is 0.2 µg/ml (Saito et al., 1994; Tarao et al., 1996). The 
serum half-life of the drug was approximately 1 hour. After sin-
gle doses of 0.3 or 0.6 g, the AUC is approximately 30 and 55 
µg/h/ml, respectively (Tarao et al., 1996; Nakashima et al., 1993). 

Age-related changes were observed in the AUC and renal 
clearance of biapenem. When 300 mg and 600 mg were ad min-
istered to 10 healthy elderly volunteers, the mean AUC (44.6 
and 91.9 mg/h/ml, respectively) was significantly higher 
than that in the five healthy young volunteers (26.6 and 66.1 
µg/h/ml, respectively) (Kozawa et al., 1998).

Biapenem displays very low serum protein binding of about 
7% (Nagashima et al. 2000).

Oral ritipenem (ritipenem acoxil) is only 30–40% bio-
available, producing a mean AUC of 497 mg/min/l in healthy 
volunteers (Lovering et al., 1992; Efthymiopoulos et al., 1992). 
However, some intersubject variability has been noted, 
 possibly due to either presystemic metabolism of ritipenem 
and/or transformation of the prodrug to compounds other 
than ritipenem (Efthymiopoulos et al., 1992).

Panipenem is available only for parenteral use because it 
has poor oral bioavailability. Protein binding in humans is 
approximately 6% (Nakashima et al., 1991a). 

When 1 g CP-65,207 (containing 46.3% S-isomer [sulope-
nem] and 53.7% of R-isomer) was administered by 10-minute 
i.v. infusion, the peak concentration of sulopenem in serum 
was 36.0 μg/ml, its half-life was 52.8 minutes, and the AUC0–8 
was 21.0 mg/h/ml (Foulds et al., 1991).

5b.  Drug distribution

BIAPENEM

Tissue concentrations after a single 300 mg i.v. infusion of 
biapenem are 2.7 µg/g in gallbladder, 0.8 µg/g in the mucosa of 
the middle ear, 1.8 µg/g in the tonsil, 0.7 µg/g in the aqueous 
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fluid, 2.7 µg/g in skin, 2.6 µg/g in necrotic tissue caused by 
burns, 0.5 µg/g in ligamentous tissue, 1.5 µg/g in spongy bone, 
and 2.5 µg/g in sputum (Hara et al., 1999).

In a clinical study in gynecologic patients, after a single 
300 mg i.v. infusion of biapenem the concentrations in ovary, 
oviduct, and intrapelvic dead space were 2.4, 9.6, and 8.7 µg/
ml, respectively (Matsuda et al., 1994). 

In children when doses of 6 and 12 mg/kg of biapenem were 
administered as 30 minute i.v. infusions, the peak plasma con-
centrations were 25 and 39 µg/ml, respectively. The serum half- 
life of the drug is the same as that for adults (about 1 hour). 
After the single doses of 6 and 12 mg/kg, the AUC was 24 and 
42 µg/h/ml, respectively (Fujii et al., 1994). Cerebro spinal fluid 
concentration in children with bacterial meningitis ranged 
from 0.8 to 8.5 µg/ml after the i.v. administration of 20–40 
mg/ml (Fujii et al., 1994).

RITIPENEM

When 1.0 g ritipenem is given as an intravenous infusion 
over 5 minutes, the peak concentration is 167 μg/ml, the serum 
half-life of the drug is approximately 50 minutes, and AUC is 
41.5 μg/h/ml (Webberley et al., 1988). Similarly, when 250 mg 
ritipenem is given as an intravenous infusion over 20 min-
utes, the peak concentrations, serum half-life, and AUC were 
11.1 μg/ml, 60 miutes, and 7.6 μg/hour/ml, respectively (Norrby 
et al., 1990). In comparison, when 500 mg ritipenem was 
injected intramuscularly, its peak plasma concentration was 
8.3 μg/ml, 27.5 minutes after administration; the serum 
half-life was 42.5 minutes, and AUC was approximately 12.4 
μg/h/ml (Hitzenberger et al., 1989).

In a clinical study of patients undergoing gastrointestinal 
surgery for conditions other than intraabdominal sepsis after 
a 500 mg i.v. infusion, the mean intraperitoneal level within 
the first hour after administration was 11.5 μg/ml, and 
between 1 and 2 hours, it was 3.7 μg/ml (Hextall et al., 1992). 
The concentration in blister fluid after a single 1.0-g dose of 
ritipenem via intravenous infusion and 1.0 g of ritipenem 
acoxil as single oral dose was 17.7 μg/ml after 30 minutes and 
2.7 μg/ml after 2 hours, respectively (Webberley et al., 1988).

When 1.0 g ritipenem acoxil (equivalent to 0.81 g of riti-
penem) was given orally to 10 healthy adult volunteers, after 
22 minutes, the levels rose rapidly, with a t½ absorbance of 19 
minutes; it reached a maximal plasma concentration of about 
4.6 μg/ml after 80 minutes and then fell to an undetectable 
level (< 0.1 μg/ml) at 300 minutes after administration. The 
serum half-life of the drug was 109 minutes after oral admin-
istration, and the AUC was 8.3 μg/h /ml. The total drug recov-
ery was reportedly 31.6% (Lovering et al., 1992). Neither 
ritipenem nor its metabolites were present in any saliva sam-
ples collected at intervals up to 6 hours after dosing (Lovering 
et al., 1992). In another study, when the same dosages were 
given orally to 6 healthy adult volunteers, a peak plasma con-
centration of about 6.9 μg/ml was reached after about 50 
minutes. The serum half-life was 86 minutes, and the AUC 
was reported to be 9.5 μg/h/ml (Webberley et al., 1988).

In two small studies, when 500 mg ritipenem acoxil was 
given orally to healthy adult volunteers, the maximal plasma  
concen tration was 4.0 μg/ml after 45 minutes and 3.0 μg/ml 

after about 25 minutes, whereas the serum half-life was 
65–71 minutes and the AUC was 3.9–4.4 μg/h/ml (Norrby 
et al., 1990; Efthymiopoulos et al., 1992). Urinary concen-
trations of ritipenem, if corrected for normal diuresis, were 
≥ 8 mg/l at least 4 hours after oral dosing with 500 mg riti-
penem acoxil in six healthy male subjects (i.e. well above the 
MIC90  for most susceptible pathogens) (Efthymiopoulos et 
al., 1992).

PANIPENEM

When 0.25, 0.5, and 1.0 g of panipenem were administrated 
intravenously over 60 minutes to healthy volunteers, the peak 
plasma concentrations were 14.3, 27.5, and 49.3 μg/ml, 
respectively, and the AUC was 23.2, 45.2, and 84.8 μg/h/ml, 
respectively (Nakashima et al., 1991a; Saito 1991). The serum 
half-life of the drug was 1.1–1.2 hours. There was no drug 
accumulation after multiple-dose administration of panipe-
nem 0.5 g i.v. over 60 minutes every 12 hours for 5 days to 
healthy volunteers. The peak plasma concentration was 23.3 
μg/ml after the first dose and 26.2 μg/ml after the ninth dose 
(Nakashima et al., 1991b).

In four patients with respiratory tract infections given 500 
mg panipenem, the maximum concentration in sputum was 
0.6–1.4 μg/ml after 2–4 hours (Goto et al., 1991). In five 
chronic bronchitis patients given 750 mg panipenem every 
12 hours, the concentration in focal secretions was 1.9–3.3 
μg/ml (Takahashi et al., 1991).

Concentration in cerebrospinal fluid was 0.1–0.3 μg/ml at 
25–127 minutes after administration of 500 mg panipenem 
to eight patients who underwent spinal surgery (Kurata, 1992). 
In comparison, the concentration in bile was 2.2–8.2 μg/ml 
at 2–4 hours after administration of a 1-hour infusion of 
500 mg panipenem for five patients who underwent chole-
cystectomy (Morimoto et al., 1991).

After 500 mg panipenem was given intravenously over 30 
minutes, the concentration in the renal cortex and renal medulla 
was 2.1–18.9 μg/g and 1.0–14.4 μg/g, respectively (Takagi et 
al., 1991). When a similar panipenem dose was given over 
15 minutes to four patients with chronic prostatitis, for two 
patients the concentrations of panipenem in prostatic fluid 
were 0.1 and 0.2 μg/ml at1 hour after administration. Pani-
penem was not detectable in prostatic fluid in the other two 
patients (Tsuchida et al., 1991).

The concentrations of panipenem in the female genital or - 
gans, including uterus, ovary, and oviduct, showed one third 
to one half the venous concentration. The maximum concen-
tration in the myometrium of the uterus was 9.5 μg/g after 
500 mg i.v. administration. After a 30-minute administration 
of 500 mg and 1.0 g i.v. panipenem, the concentration in the 
female pelvic cavity fluid was 12.9 and 26.8 μg/ml, respec-
tively (Yamamoto et al., 1992).

After panipenem 500 mg i.v. given over 30 minutes to pa- 
tients with bacterial skin infection, the concentration in areas 
of skin infection was 3.8–7.5 μg/g after 30–60 minutes (Arata 
et al., 1992). Similarly, the concentrations in the bone and joint 
capsule were 0.2–2.5 and 1.7–5.6 μg/ml, respectively, after 
15–70 minutes i.v. administration of 500 mg panipenem 
(Kurata, 1992).



778 Biapenem, Ritipenem, Panipenem, and Sulopenem 

When doses of 10, 20, and 30 mg/kg panipenem were 
administered as a 30 minute i.v. infusion in children, the 
peak plasma concentrations were 26.7, 64.8, and 91.7 μg/ml. 
The plasma half-life of the drug was 0.8–1.0 hour (Fujii et 
al., 1992). When a dose of 10–20 mg/kg panipenem was 
administered every 12 hours in 17 neonates (gestational age 
25.6–3.1 weeks), the concentration of panipenem was 18.6–
54.9 μg/ml after 1 hour. Trough concentrations were 1.2–9.5 
μg/ml, and the serum half-life was 3.1 hours (Kimura et al., 
2000).

SULOPENEM

There are currently no detailed published data regarding drug 
distribution of sulopenem.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The pharmacokinetic-pharmacodynamic parameters associ-
ated with clinical efficacy of the carbapenems discussed in 
this chapter that are have not been accurately defined, but it 
is assumed these are similar to those observed for other car-
bapenems such as meropenem (see Chapter 38, Meropenem 
and meropenem–vaborbactam).

5d.  Excretion

The main route of elimination of biapenem in healthy adult 
volunteers is renal glomerular filtration. About 60% and 20% 
are excreted in the urine as active unchanged form and met-
abolic products, respectively, when a single 300 mg dose is 
administrated (Nakashima et al., 1993; Saito et al., 1994; Tarao 
et al., 1996). About 46% of a single 500 mg 30-minute i.v. 
infusion of biapenem is eliminated by extra-renal routes in 
patients with renal impairment (Koeppe et al., 1997).

Animal studies revealed that the major route of ritipenem 
elimination is via the urine (Strolin Benedetti et al., 1989). 
In a rat study, 90.2% of ritipenem and its metabolites were 
excreted in the urine, and 4.5% were excreted in the feces 72 
hours after administration (Battaglia et al., 1992). In the same 
study, when a 1:1 combination of ritipenem and cilastatin 
was administered to rats, the ratio of ritipenem in the urine 
over 0–8 hours increased from 35.3% to 49.4%.

In a human study with intravenous co-administration of 
ritipenem with imipenem–cilastatin, the urinary recovery of 
ritipenem in combination (80.7%) was significantly higher 
than with ritipenem alone (36.9%) (Norrby et al., 1990). When 
4 mg/kg of ritipenem was infused intravenously in healthy 
volunteers over 10 minutes, the urinary recovery was 26.6% 
and 0.9% of the dose at 0- to 2-hour and 2- to 4-hour collec-
tion intervals, respectively. No ritipenem was detected in the 
urine 4–6 hours after infusion. The major metabolite found 
in urine accounted for 42.4% of the dose (Jannuzzo et al., 
1989). Efthymiopoulos et al. (1992) reported a study of four 
healthy male volunteers who were administered 500 mg of 
oral ritipenem acoxil; the average amount of ritipenem 

excreted in urine and feces corresponded to 9% and 1.6% 
of the dose, respectively.

The main route of elimination of panipenem in healthy 
adult volunteers is renal glomerular filtration. About 30% and 
50% are excreted in the urine in the active unchanged form 
and metabolic products, respectively, when a single 0.5-g dose 
is given (Nakashima et al., 1991a).

High concentrations of intact sulopenem are found in the 
urine after sulopenem administration (Foulds et al., 1991).

5e.  Drug interactions

Panipenem affects the serum valproic acid level in patients 
with epilepsy; valproic acid levels are decreased by panipe-
nem administration (Mori et al., 2007). There are few data 
regarding the interactions of biapenem, ritipenem, or sulo-
penem with other agents.

6. ADVERSE REACTIONS AND TOXICITY

BIAPENEM

The most common adverse events from biapenem in a clini-
cal study for adults with pneumonia, chronic respiratory 
tract infection, and complicated urinary tract infections were 
rash and diarrhea. Abnormal clinical laboratory tests were 
observed in 14.8–29.5% patients. Abnormal laboratory re- 
sults consisted mostly of elevated eosinophil counts and liver 
function tests, including alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST) and were transient (Matsu-
moto et al., 1995a; Matsumoto et al., 1995b; Kawada et al., 
2000). In a study with 316 pediatric patients, 4 cases of rash, 
4 cases of diarrhea, and a small number of cases with of 
erythema, stomachache, and fever were observed. Abnormal 
clinical laboratory tests were observed in 14.7%, and most 
abnormalities consisted of transient elevation of eosinophil, 
platelet, and transaminase (Fujii et al., 1994).

Animal studies have shown that biapenem is less likely to 
induce convulsions than imipenem or imipenem–cilastatin 
and as likely as meropenem (Hikida et al., 1993; Day et al., 
1995). 

RITIPENEM

In an Italian study, 8 of 15 (53%) chronic obstructive pulmo-
nary disease (COPD) patients treated with 3.0 g ritipenem 
acoxil developed mild to severe gastrointestinal complaints 
(diarrhea) (Boersma et al., 1994). Few other toxicity data are 
currently available.

PANIPENEM AND SULOPENEM

When panipenem was administered to 2231 adult patients and 
380 pediatric patients, adverse events occurred in 68 (3.0%) 
adult patients and 9 (2.4%) pediatric patients. Most of the 
adverse events were gastrointestinal symptoms, such as diar-
rhea, nausea, and vomiting (48 cases) and allergic symptoms 
such as rash and urticaria (38 cases) (Shimada, 1994).
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There are currently no clinical published data regarding 
toxicity of sulopenem.

7. CLINICAL USES OF THE DRUGS

Biapenem is not currently licensed for use. However, it 
has been assessed for use in a number of clinical situations, 
including intraabdominal sepsis and pneumonia. The clini-
cal role for biapenem in comparison to other available car-
bapenems, such as imipenem and meropenem, is currently 
unclear.

In a Swedish study of 43 evaluable patients with compli-
cated intra abdominal infection who received biapenem 500 
mg i.v. every 8 hours, 28 patients (62.7%) were clinically 
cured, and the microbiological response was satisfactory in 
all these 28 patients—overall, the response to biapenem was 
similar to that of imipenem/cilastatin (Brismar et al., 1996). 

In Japanese trials for the treatment of patients with chronic 
lower respiratory tract infection and bacterial pneumonia, 
biapenem showed clinical and bacteriological efficacy simi-
lar to that of imipenem (Matsumoto et al., 1995a; Matsumoto 
et al., 1995b). In studies of the efficacy of biapenem 150 mg 
twice daily and 300 mg twice daily given for up to 14 days, 
the clinical efficacy was 100% (10 of 10 patients) and 90% 
(9 of 10 patients), respectively (Matsumoto et al., 2000). In 
Japan, biapenem is used for sepsis, lower respiratory infection, 
complicated urinary tract infection, peritonitis, and gyn e-
cological intrapelvic infection. 

In the treatment of complicated urinary tract infection, 
patients receive biapenem 300 mg twice daily for 5 days. 
Clinical efficacy of biapenem was 94.7% (71 of 75 patients) 
compared with the imipenem–cilastatin group (93.4%) 
(Kawada et al., 2000).

Ritipenem has been used in a limited number of clinical con-
ditions in which the use of a carbapenem that can be adminis-
tered both parenterally and orally was considered a possible 
advantage. Ritipenem is not currently licensed for clinical 
use in the USA. Only a few clinical studies have assessed the 
role of ritipenem therapy, and these have been in the treat-
ment of respiratory tract or urinary tract infections Results 
appear generally disappointing.

In a Japanese study in which 75 patients with chronic lower 
respiratory tract infections and 79 patients with bacterial 
pneumonia were given 600 mg ritipenem acoxil per day (200 
mg three times a day), 64 patients (85.3%) and 67 pa tients 
(91.8%) were clinically cured, respectively (Saito et al., 1996a; 
Saito et al., 1996b). This was statistically similar to the ceph-
alosporin comparator.

A total of 12 out of 15 COPD patients using 3.0 g of ritipe-
nem acoxil per day together with intravenous use of prednis-
olone and theophylline and inhalation of salbutamol and 
ipratropium bromide for bacterial exacerbations saw the 
eradication of the original pathogen in representative spu-
tum samples (Boersma et al., 1994). However, gastrointesti-
nal disturbance was notable in a number of patients and 
resistance to ritipenem was observed in three cases with H. 
influenzae infection.

In Swedish trials for the treatment of women with uncom-
plicated cystitis, ritipenem 1.5 g per day showed clinical effi cacy 
similar to that of 400 mg per day of norfloxacin. However, 5–9 
days after the completion of therapy, more persistent bacteri-
uria was documented in the ritipenem acoxil group than in 
the norfloxacin group. Ritipenem acoxil caused significantly 
more adverse effects than in the norfloxacin group (Swedish 
Urinary Tract Infection Study Group, 1995). Other authors 
have also assessed the safety and efficacy of ritipenem in com- 
plicated urinary tract infections (Bischoff et al., 1995).

The efficacy of panipenem has been investigated in nu - 
merous studies in Japan. Most of the studies were small and 
noncomparative in design. As noted in section 4, Mode of 
drug administration and dosage, the routine dose of pani-
penem used for adults in Japan is 500 mg i.v. every 12 hours, 
with 1.0 g every 12 hours reserved for patients who are critically 
ill; the pediatric dose is 10–30 mg/kg every 8 hours (Shimada, 
1994). Based on data from 2089 patients who underwent 
clinical trials in Japan (1750 adults, 339 children), panipe-
nem proved effective in 82.0% of adult cases and 96.2% of 
pediatric cases (Shimada, 1994).

There are no published clinical data currently available for 
sulopenem.
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1. DESCRIPTION

Vancomycin was isolated in the Lilly Research Laboratories 
from Amycolatopsis orientalis (previously designated Strep
tomyces orientalis and Nocardia orientalis), an organism that 
was found in the soil in Borneo (McCormick et al., 1956). 
Originally nicknamed “Mississippi mud” because of impuri
ties causing a brownish color, the current vancomycin hydro
chloride (Vancocin®) is more than 92% pure.

Based on its carbohydrate and peptide content, vanco
mycin is classified as a glycopeptide antibiotic, and it was the 
first member of this new class (Pfeiffer, 1981). Vancomycin 
is a heptapeptide, which means that its basic structure is a 
peptide skeleton of seven amino acids. The five amino acids 

at positions 2, 4, 5, 6, and 7 are aromatic (phenyl nucleus), 
which are more or less constant for all glycopeptides. Gly
copeptides differ in three ways: the nature of the amino acids 
in positions 1 and 3; the number, situation, and nature of the 
sugar residues (monosaccharides and disaccharides) sub
stituted on the heptapeptide skeleton; and the existence or 
nonexistence of an acyl residue (fatty acid), such as that for 
teicoplanin. Vancomycin (as well as oritavancin; see Chap
ter 46, Oritavancin) belongs to Group I glycopeptides accord
ing to the classification by Lancini (Bryskier 2005). Like all 
glycopeptide antibiotics, vancomycin has a high molec ular 
mass (1450). Its chemical formula is C66H75Cl2N9O24 
HCl. The chemical structure of vancomycin is shown in 
Figure 43.1.

Figure 43.1. Molecular structure of vancomycin.
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Vancomycin hydrochloride is available as a white odorless 
powder for dissolution and intravenous administration. The 
parenteral form can be administered orally for the treatment 
of Clostridium difficile colitis. It is also available in capsules 
for oral administration. Other infections have to be treated 
parenterally. The antibacterial spectrum includes aerobic 
and anaerobic Grampositive bacteria. Glycopeptides inhibit 
bacterial cell wall peptoglycan synthesis.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Vancomycin is active primarily against Grampositive bac
teria. Susceptibilities are described later in the chapter using 
either CLSI or EUCAST methodologies, including the epi
demiological cutoff (ECOFF) values, which separate wild
type isolates (i.e., those without acquired resistance) from 
those with acquiredresistance mechanisms (nonwild type) 
(EUCAST, 2016). Table 43.1 summarizes the activity of van
comycin against common pathogens based on published and 
EUCAST data.

GRAM-POSITIVE BACTERIA

Vancomycin is active against methicillinsusceptible S. aureus 
(MSSA) with minimum inhibitory concentration (MIC)90 
values of 0.5–1 µg/ml (range ≤ 0.12–2 µg/ml; ECOFF 2 µg/
ml), methicillinresistant S. aureus (MRSA) with MIC90 val
ues of 1–2 µg/ml (range ≤ 0.25–4 µg/ml; ECOFF 2 µg/ml), 
and similar values for socalled communityacquired MRSA 
(Anastasiou et al., 2008; Biedenbach et al., 2007; Castanheira 
et al., 2008; Pfaller et al., 2007; Sader et al., 2007; Tsuji et 
al., 2007a; Sader et al., 2015). Communityacquired MRSA 
(CAMRSA) is well described in patients with no contact 
with the hospital environment. CAMRSA was first described 
in patients from the remote Kimberley region in Western 
Australia in the early 1990s, and it has subsequently been 
reported worldwide. In contrast to hospitalacquired MRSA, 
CAMRSA has retained susceptibility to non–betalactam 
antibiotics, such as macrolides, tetracyclines, quinolones, 
lincosamides, and trimethoprimsulfamethoxazole, provid
ing alternative options for the treatment of infections caused 
by these strains. However, recent evolving resistance in these 
MRSA clones, such as in USA300, threatens the use of some 
of these agents (Chua et al., 2011).

Until the 1990s, virtually all isolates of S. aureus, includ
ing those resistant to methicillin, were susceptible to van
comycin (MIC90 ≤ 2 µg/ml) (Watanakunakorn, 1984; Vedel 
et al., 1990; Shonekan et al., 1992; Wadsworth et al., 1992; 
Amsterdam et al., 1994). However, strains that displayed 
resistance to heterogeneous vancomycinintermediate Staphy
lococcus aureus (hVISA) (MIC 1–2 µg/ml in subpopulations 
of ≤ 1 × 10–6 that grow in media with > 2 µg/ml vancomycin) 
have been recognized for some time, and in 1996, strains that 
displayed full vancomycinintermediateresistant S. aureus 
(VISA) (MIC 4–8 µg/ml) were described. Subsequently in 
2004, strains of vancomycinresistant S. aureus (MIC ≥ 16 µg/

Table 43.1. Susceptibility of common Gram-positive pathogens 
to vancomycin.

Organism
MIC90 

(μg/ml)
Range 
(μg/ml)

ECOFF 
(μg/ml)

Staphylococcus 
aureus—MSSA

0.5–1 ≤ 0.12–2 2

S. aureus—MRSA    1–2 ≤ 0.25–4 2

S. aureus—hVISA/VISA    4/8   1–16 2

S. epidermidis—MRSE 2 0.5–4 4

S. epidermidis—MSSE 2   1–4 4

S. capitis 2 0.25–4 4

S. lugdunensis 1 0.25–2 4

S. haemolyticus 2 0.25–4 4

S. saprophyticus 2 0.5–4 4

Enterococcus 
faecalis—vanco-S

2 0.25 to 4 4

Enterococcus 
faecium—vanco-S

1 0.25 to 4 4

Enterococcus spp.—VRE > 16 to > 512   8–> 512 4

Streptococcus pyogenes 0.5 0.06-1 1

Streptococcus group G 0.5 ≤ 0.12 to 1 1

S. pneumoniae—PenS 0.5 ≤ 0.06–1 1

S. pneumoniae—PenNS 0.5 ≤ 0.06–4 1

S. agalactiae 0.5–1 0.125–4 1

Streptococcus, viridans 
group 

0.5–1 0.12–2 1

S. anginosus 1 0.016–2 1

S. bovis 0.5 0.25–2 1

Corynebacterium spp. 0.5 0.25–0.5 ND

Propionibacterium 
acnes

0.5–1 0.25–2.0 2

Listeria monocytogenes 1 0.25–2 ND

Clostridium difficile 1 0.03–32 2

Clostridium spp. 0.5 0.125–1.0 ND

Actinomyces spp. 1 0.5–1 ND

Lactobacillus spp.    2–4 0.25–512 ND

Abbreviations: MRSA: methicillin-resistant S. aureus; MSSA: methicillin- 
susceptible S. aureus; MRSE: methicillin-resistant S. epidermidis; MSSE: 
methicillin-susceptible S. epidermidis; ND, no data; vanco-S: vancomycin- 
susceptible; VRE: vancomycin-resistant enterococci; PenS: penicillin-sus-
ceptible; PenNS: penicillin-nonsusceptible.

Source: Data compiled from Anastasiou et al. (2008); Appleman et al. 
(1991); Biedenbach et al. (2007); Castanheira et al. (2008); Chin et al. 
(2007); Draghi et al. (2008a); Draghi et al. (2008b); Goldstein et al. (1994); 
Goldstein et al. (2003); Goldstein et al. (2004); Goldstein et al. (2006); 
Griffith and Peck (1956); Huang et al. (2007); Jadeja et al. (1983); Jones et 
al. (2007); MacGowan et al. (1990); Pallanza et al. (1983); Pfaller et al. 
(2007); Sader et al. (2007); Sader et al. (2015); Soriano et al. (1987); 
Stamm et al. (1979); Streit et al. (2005); Toftee et al. (1984); Tsuji et al. 
(2007a); Tyrrell et al. (2006); Watanakunakorn (1984); and EUCAST (2016).

aECOFF: The epidemiological cut-off (ECOFF) value that separates microor-
ganisms without (wild type) and with acquired resistance (non-wild type) 
mechanisms.

ml; VRSA) were reported, which require confirmatory test
ing with 6 µg/ml of vancomycin in an overnight plate (CLSI, 
2006). Overall, isolates that are heteroresistantintermediate 
and intermediateresistant to vancomycin (hVISA/VISA) have 
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MIC90 values of 4 and 8 µg/ml, respectively (range 1–16 µg/
ml) (Chin et al., 2007). 

Vancomycin is also very active against methicillinsus
ceptible and methicillinresistant coagulasenegative staphy
lococci (CoNS; MIC90 2 and 2 µg/ml, respectively; ECOFF 
4 µg/ml) (Biedenbach et al., 2007; Castanheira et al., 2008; 
Pfaller et al., 2007; Sader et al., 2007). Watanakunakorn (1984) 
reviewed data published after 1958 and found that vancomy
cin was active against the majority of strains of S. epidermidis, 
S. saprophyticus, S. haemolyticus, S. hominis, S. warneri, and 
unspeciated species. Vancomycin activity against these organ
isms was described in later studies of isolates from peritoneal 
dialysis patients (Gruer et al., 1984), adult patients (Vedel et 
al., 1990; Shonekan et al., 1992), and neutropenic patients 
(Maugein et al., 1990). Sixty strains of S. haemolyticus stud
ied by Froggatt et al. (1989) were all susceptible to vancomy
cin, but the MICs were higher than those of 16 S. epidermidis 
strains. Some strains of S. epidermidis produce an extracellu
lar slime–like substance. Two in vitro studies demonstrated 
increases in the MIC of S. epidermidis to vancomycin in the 
presence of this slime (Evans and Holmes, 1987; Farber et al., 
1990).

Betahemolytic streptococci (including Groups A, C, 
and G streptococci) are highly susceptible (MIC90 0.5 µg/ml; 
range: ≤ 0.12–1 µg/ml), as are both penicillinsusceptible 
and nonsusceptible S. pneumoniae (MIC90 0.5 and 0.5 µg/ml, 
respectively; range: ≤ 0.06–1 µg/ml; ECOFF 1 µg/ml), S. pyo
genes (MIC90 0.5 µg/ml; range: 0.25–1 µg/ml; ECOFF 1 µg/ml), 
S. agalactiae (MIC90 0.5 µg/ml; range: 0.25–0.5 µg/ml; ECOFF 
1 µg/ml), and viridans streptococci (MIC90 0.5–1 µg/ml; 
range: < 0.12–1 µg/ml; ECOFF 1 µg/ml), including penicillin 
resistant strains (Griffith and Peck, 1956; Watanakunakorn, 
1984; Goldstein et al., 1994; Biedenbach et al., 2007; Cas
tanheira et al., 2008; Pfaller et al., 2007; Sader et al., 2007; Chin 
et al., 2007; Jones et al., 2007; Goldstein et al., 2006; Draghi et 
al., 2008a; Draghi et al., 2008b; Streit et al., 2005; EUCAST, 
2016). For example, 17 of 47 sequential viridans strepto
coccal blood culture isolates from neutropenic patients were 
resistant to penicillin, but all were susceptible to vancomycin 
(McWhinney et al., 1993). Vancomycin is also active against 
a variety of nutritionally variant streptococci (NVS) such as 
Abiotrophia defectiva, Granulicatella adiacens, and Granulica
tella elegans with MIC90 1 µg/ml (range 0.25–1 µg/ml) (Alberti 
et al., 2016).

Enterococcus faecalis and E. faecium are usually suscep
tible (MIC90 2 and 1 µg/ml, respectively; range: 0.25–4 µg/ml; 
ECOFF 4 µg/ml), but vancomycinresistant strains of both 
species have significantly higher MIC90 values (> 16 to > 512 
µg/ml; range: 8–> 512 µg/ml) (Griffith and Peck, 1956; 
Watanakunakorn, 1984; Tofte et al., 1984; Goldstein et al., 
1994; Biedenbach et al., 2007; Castanheira et al., 2008; Pfaller 
et al., 2007; Sader et al., 2007; Chin et al., 2007; Jones et al., 
2007; Goldstein et al., 2006; Draghi et al., 2008a; Draghi et 
al., 2008b; Streit et al., 2005; EUCAST, 2016). While vanco
mycin inhibits the growth of E. faecalis, is usually not bacte
ricidal in concentrations which can easily be achieved in vivo 
(Harwick et al., 1973). Most vancomycinresistant entero 

cocci, particularly E. faecium, are often also resistant to other 
antibiotics. They commonly exhibit intrinsic highlevel resis
tance to penicillin G and ampicillin and plasmidmediated 
highlevel gentamicin resistance is also frequent. A number 
of strains have now been described that are resistant to 
all commercially available antibiotics (Edmond et al., 1995; 
Morris et al., 1995; Murray, 1995; Patterson et al., 1995; see 
section 2b, Emerging resistance and crossresistance). Some 
enterococci (e.g. E. casseliflavus, E. gallinarum) have intrinsic 
lowlevel resistance to vancomycin with MICs ≤ 32 µg/ml but 
remain susceptible to teicoplanin (Toye et al., 1997; Cetinkaya 
et al., 2000; Gold, 2001).

Vancomycin is active against anaerobic Grampositive bac
teria such as Actinomyces spp. (MIC90 1 µg/ml; range: 0.5–1 
µg/ml), Clostridium difficile and C. perfringens (MIC90 1–2 and 
0.5 µg/ml, respectively; range: 0.25–4 and 0.25–0.5 µg/ml, 
respectively); Finegoldia magna (MIC90 0.5 µg/ml; range: 
0.125–0.5 µg/ml), Peptostreptococcus anaerobius (MIC90 0.5 
µg/ml; range: 0.25–0.5 µg/ml), and Propionibacterium acnes 
(MIC90 0.5 µg/ml; range: 0.25–0.5 µg/ml; ECOFF 2 µg/ml). 
Other less common but clinically important Clostridium spe
cies, including C. botulinum, C. septicum, and C. ramosum 
strains, are vancomycin susceptible (Watanakunakorn, 1984; 
Pallanza et al., 1983; Tyrrell et al., 2006; Goldstein et al., 
2003; Goldstein et al., 2004; Goldstein et al., 2006). 

Vancomycin is also highly active against Corynebacterium 
spp. (including C. diphtheriae and C. jeikeium) (MIC90 0.5 µg/
ml; range: 0.25–0.5 µg/ml) and Listeria monocytogenes (MIC90 
1 µg/ml; range: 0.5–1 µg/ml) but only moderately active 
against Lactobacillus spp. (MIC90 4 µg/ml; range: 0.25–8  
µg/ml) and has poor activity against Pediococcus spp. and 
Leuconostoc (MIC90 > 64 and > 64 µg/ml, respectively; range: 
> 64 and 0.5 to > 64 µg/ml, respectively) (Stamm et al., 1979; 
Jadeja et al., 1983; Soriano et al., 1987; MacGowan et al., 
1990; Appleman et al., 1991; Goldstein et al., 2003; Goldstein 
et al., 2004; Goldstein et al., 2006; Huang et al., 2007; see later 
in the chapter). Rhodococcus equi, a pathogen of immuno
compromised patients, is also susceptible (Nordmann and 
Ronco, 1992).

Bacillus species, including Bacillus anthracis, B. cereus, 
and other species, are susceptible to vancomycin (Geraci and 
Wilson, 1981; Weber et al., 1988). 

Intrinsically vancomycin-resistant Gram-positive 
bacteria
Some uncommon Grampositive organisms are intrinsically 
resistant to vancomycin (Colman and Efstratiou, 1987). These 
organisms, often confused with viridans streptococci, are 
collectively known as vancomycinresistant lactic bacteria 
(Mackey et al., 1993). Leuconostoc spp. (Handwerger et al., 
1990), Pediococcus spp. (Mastro et al., 1990), and some Lacto
bacillus spp. (Holliman and Bone, 1988) exhibit highlevel 
vancomycin resistance (Huang et al., 2007). Alterations in 
the peptidoglycan precursor leading to reduced binding of 
vancomycin have been identified in Lactobacillus casei, Pedi 
ococcus pentosaceus, and Leuconostoc mesenteroides (Billot
Klein et al., 1994). In a study of 28 strains isolated from 
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clinical specimens from Argentinian University Hospital, the 
MICs of penicillin for 67% of the Lactobacillus strains and 
100% of the Leuconostoc spp. and Pediococcus spp. strains 
tested were in the 0.25–2 μg/ml range. Erythromycin was the 
most active antimicrobial overall (Vay et al., 2007). Salminen 
et al. (2006) tested 85 bacteremia isolates of Lactobacillus by 
Etest and disk diffusion; the vancomycin MICs for L. rham
nosus (n = 46), L. fermentum (n = 12), and L. casei (n = 12) 
were > 256 μg/ml. Most Lactobacillus isolates had low MICs 
of imipenem, piperacillintazobactam, erythromycin, and 
clindamycin, but they had variable susceptibility to penicillin 
and cephalosporins (Salminen et al., 2006). MICs of vanco
mycin for 473 taxonomically wellcharacterized isolates of 
lactic acid bacteria encompassing the genera Lactobacillus, 
Pediococcus, and Lactococcus were determined by Klare et al. 
(2007). Although erythromycin, clindamycin, and oxytetra
cycline possessed high antimicrobial activities, 17 Lacto
bacillus isolates were resistant to one or more of these 
antibiotics (Klare et al. 2007).

The Grampositive bacillus Erysipelothrix rhusopathiae is 
intrinsically resistant to vancomycin (Gorby and Peacock, 
1988). 

GRAM-NEGATIVE BACTERIA

Occasional strains of Neisseria spp. are susceptible to vanco
mycin in vitro (Griffith and Peck, 1956). In some areas, up 
to 14% of gonococcal strains used to be susceptible (Miller et 
al., 1981). All other Gramnegative bacteria, including anaer
obes (Baker et al., 1983), are resistant.

OTHER ORGANISMS

Mycobacteria and fungi are generally considered vancomycin 
resistant. However, recent data show that glycopeptides 
strongly inhibit phthiocerol dimycocerosates (PDIM)
deprived mycobacteria. Vancomycin, together with a drug 
targeting lipid synthesis, have been shown to inhibit multi
drugresistant (MDR) and extensively drugresistant (XDR) 
clinical mycobacteria isolates. Thus, glycopeptides may be 
considered as potential antituberculosis (TB) agents and 
might provide a new antimycobacterial drugscreening strat
egy (Soetaert et al., 2015).

Borrelia burgdorferi, the causative pathogen of Lyme dis
ease, is susceptible in vitro (Dever et al., 1993). However, 
in  studies of immunodeficient mice, vancomycin was only 
effective if commenced early and if it did not clear viable 
Borrelia in established infection if therapy was delayed 
beyond 7 days (Kazragis et al., 1996). Furthermore, vanco
mycin is less effective than other antibiotics such as beta 
lactams and doxycycline (Hunfeld et al., 2001).

2b.  Emerging resistance and 
cross-resistance

When vancomycin was introduced for clinical use in 1958, it 
was employed for the treatment of staphylococcal infections 
resistant to available antibiotics. However, within 2 years, it 
was superseded by methicillin (see Chapter 6, Methicillin) 

and then also by various cephalosporins—drugs that had 
fewer side effects. The emergence of MRSA strains in 1961 
and the spread of MRSA in the late 1970s created a need for 
vancomycin for the treatment of infections caused by these 
and other antibioticresistant Grampositive bacteria. 

Staphylococcus aureus
Vancomycin use has steadily increased worldwide since the 
mid1980s in parallel with the spread of MRSA infections. 
A significant period has been free of vancomycin resistance 
in S. aureus. Even now, more than 50 years after its intro
duction, full vancomycinresistant S. aureus (VRSA) strains 
remains rare. In vitro, isolates of S. aureus can be selected 
with twofold to eightfold increases in MIC by passaging sus
ceptible strains in graded concentrations of vancomycin 
(Geraci et al., 1957; Grappel et al., 1983). The emergence of 
VISA with a vancomycin MIC of 8 μg/ml was reported in 
1996 in Japan (Hiramatsu et al., 1997). Since then, VISA 
prevalence appears to be increasing worldwide and has been 
reported from Europe (Chesneau et al., 2000), the USA 
(Sieradzki et al., 1999), Brazil (Oliveira et al., 2001), Australia 
(Ward et al., 2001; Howden et al., 2004), and other countries 
in Asia (Kim et al., 2000). These grades of vancomycin resis
tance can be defined by a number of criteria, including MICs 
of isolates as fully resistant (VRSA), intermediate resistant 
(VISA), and heterogeneousintermediate resistant (hVISA) 
strains (CLSI, 2006). 

The frequency of VISA isolates has also remained rather 
low. VISA isolates have been widely recognized in the past 15 
years, although retrospective testing indicates a longerterm 
presence (Jones, 2008). VISA isolates, having a vancomycin 
MIC of 4–8 μg/ml, were isolated from patients with underly
ing diseases whose longterm vancomycin treatment appar
ently failed. Three VISA strains described in Belgium emerged 
from strains that belonged to locally endemic MRSA geno
types in patients who had received repeated courses of 
 vancomycin therapy (Denis et al., 2002). Heterogeneous 
resistance to vancomycin/glycopeptides (hVISA/glycopeptide 
intermediate resistant S. aureus [GISA]) is increasing and 
has been reported in Australia, India, Taiwan, China, Japan, 
Europe, and Thailand (Horne et al., 2009; Kelley et al., 2011; 
Matsuo et al., 2013; Casapao et al., 2013; Casapao et al., 2014; 
Hu et al., 2015; Singh et al., 2015; Huang et al., 2015; Khatib 
et al., 2015; Zhang et al., 2015; Gomes et al., 2015; Chong et 
al., 2015). However, in some areas in the USA, the rates of 
hVISA are surprisingly low (Richter et al., 2011; Fink et al., 
2012). hVISA isolates accounted for a substantial portion of 
MRSA among Asian countries: 16.5% from 830 bloodborne 
MRSA isolates in Japan (Hanaki et al., 2014), 11.1% from 
1175 various clinical isolates in 14 Chinese hospitals (Liu et 
al., 2015), and 22.1% from 184 sterilesite isolates in China 
(Chen et al., 2011). Between 2012 and 2013, a total of 622 
MRSA isolates from sterile sites with vancomycin MIC of 
1  μg/ml or more were studied in Taiwan. The prevalence 
rates of hVISA and VISA among these isolates were 10.0% 
and 2.7%, respectively. The hVISA prevalence increased 
significantly compared to that in 2003. Compared with 
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vancomycinsusceptible S. aureus, hVISA and VISA isolates 
were less susceptible to ciprofloxacin, clindamycin, daptomy
cin, gentamicin, rifampin, and trimethoprim/sulfamethox
azole, and are thus more likely to have the SCCmec II or III 
element. A twofold increase in either vancomycin or teico
planin MIC doubled the probability of being hVISA (Huang 
et al., 2015). In a detailed systematic review of 91 published 
articles regarding VISA and hVISA from 1997 to late 2014, 
the pooled prevalence of hVISA was 6.05% in 99,042 MRSA 
strains and that of VISA was 3.01% in 68,792 MRSA strains. 
The prevalence of hVISA was 4.68% before 2006, 5.38% in 
2006–2009, and 7.01% in 2010–2014; for VISA, the preva
lence was 2.05% before 2006, 2.63% in 2006, and 7.93% in 
2010–2014, respectively. The frequencies of hVISA isolated 
from blood culture samples and from all clinical samples 
were 9.81% and 4.68%, respectively, and of VISA were 2.00% 
and 3.07%, respectively (Zhang et al., 2015). The evolution of 
VISA) and hVISA has been recently reviewed (Howden et 
al., 2014).

At least 37 cases of vancomycinresistant MRSA (VRSA) 
have been reported globally (Askari et al., 2013; Antony, 
2014; Moravvej et al., 2013). The first seven cases of VRSA 
were identified from 2002 to 2006 in the USA; five were 
reported in Michigan, one was reported in Pennsylvania, and 
one was reported in New York (Sievert et al., 2008). VRSA 
isolates underwent confirmatory identification, antimicrobial 
susceptibility testing, pulsedfield gel electrophoresis, and 
typing of the resistance genes. All VRSA isolates were medi
ated by the vanA gene complex acquired from vancomycin 
resistant enterococci. This vancomycinresistant phenotype 
had variable expression, with higher levels of resistance seen 
in the Michigan strain (MIC > 128 to > 256 μg/ml) compared 
with the subsequently found strain from Pennsylvania (MIC 
32–64 μg/ml) (Sakoulas and Moellering, 2008). All case 
patients had a history of previous MRSA and enterococcal 
infection or colonization, all had several underlying condi
tions, including chronic skin ulcers, and most had received 
vancomycin therapy before their VRSA infection. Personto
person transmission of VRSA was not identified beyond any 
of the case patients (Sievert et al., 2008). Other cases have 
now been reported in India, Iran, Pakistan, and Guatemala 
(Saha et al., 2008; Thati et al., 2011; Mirani and Jamil, 2011, 
Antony, 2014). 

An evaluation of 135,000 S. aureus strains from the world
wide SENTRY database (1997–2003) showed no increase in 
vancomycin MICs. The percentage of isolates with vancomy
cin MICs of > 2 μg/ml ranged from 0–0.1% per year (Jones, 
2006). However, individual American hospitals have reported 
increases in vancomycin MICs (“MIC creep”) in both MRSA 
and MSSA. In an analysis of 16,000 S. aureus isolates recov
ered over a period of 5 years at one hospital, only one VISA 
strain and no VRSA strains were found. However, there was 
a significant drift toward reduced susceptibility, with an 
increase in the percentage of isolates (from 19.9% in 2000 to 
70.4% in 2004) with a MIC equal to 1.0 μg/ml (p < 0.01) 
(Wang et al., 2006). This has also been reported in other cen
ters in the U.S.A. and other countries (Steinkraus et al., 2007; 

Sader et al., 2009; Ho et al., 2010; Kehrmann et al., 2011; 
Zhou et al., 2013). The phenomenon of vancomycin MIC 
creep has not been reported universally (Alos et al., 2008; 
Reynolds R. et al., 2012; Joana et al., 2013; Goldman et al., 
2014).

Two mechanisms of resistance to vancomycin are now 
recognized and well described by Sakoulas and Moellering 
(2008). Resistance in VRE and VRSA is caused by target mod
ifications where the presence of operons encode enzymes 
that produce the lowaffinity precursors dAladLactate or 
dAladSer, or the removal of the susceptible target where 
enzymes eliminate the competitive highaffinity peptidogly
can precursors normally produced (Perichon and Courvalin, 
2000; Courvalin, 2006). The mechanism is described in detail 
for enterococci (see later in the chapter under Vancomycin
resistant enterococci). Noble et al. (1992) were able to transfer 
vancomycinresistance genes from a VanA E. faecalis isolate 
to a S. aureus strain in vitro and in vivo, and the enterococcal 
VanA gene has been associated with clinical isolates of vanco
mycinresistant S. aureus (Perichon and Courvalin, 2009; see 
earlier in the chapter under Staphylococcus aureus).

In VISA/GISA strains, none of the operons mediating this 
mechanism of resistance have been found. Instead, VISA 
isolates have altered cellular physiology as a result of the 
cumulative effects of mutations and/or the modulation of 
regulatory systems. This altered physiology appears to change 
cell wall metabolism in a way that results in increased num
bers of dAladAla residues, which serve as deadend bind
ing sites for vancomycin. This altered cell wall results in a 
reduced diffusion coefficient of vancomycin, sequestration of 
vancomycin within the cell wall by these false targets, and 
prevention of vancomycin reaching its site of action (Cour
valin, 2006). This results in higher vancomycin MICs (Hira
matsu, 2001). In addition, the evaluation of S. aureus with 
reduced vancomycin susceptibility and isogenic vancomycin 
susceptible progenitors showed cell walls with reduced 
peptidoglycan crosslinking, reduced cell wall turnover, and 
reduced autolysis, which investigators suggested may be 
caused by teichoic acid structure and metabolism (Sieradzki 
and Tomasz, 2003). These metabolic changes result in con
siderable morphological cell wall thickening with increased 
amounts of peptoglycan (Reipert et al., 2003).

The phenotype of many of these VISA/GISA strains is 
unstable, suggesting that the regulatory foci can be turned on 
or off, depending on whether glycopeptide is present. Some 
of the genes whose expression has been found to be altered in 
GISA include accessory gene regulator (agr), graRS, penicillin 
binding protein 2 (PBP2), PBP4, PBPD, sigB, ddh, tcaA, and 
vraSR (Howden et al., 2008, Howden et al., 2010). However, 
what is now clear is that the end result of altered cell wall 
metabolism, rather than the specific genetic mechanisms 
achieving this altered metabolism, is of primary importance 
(Tsuji et al., 2007b). The mechanism of vancomycin resis
tance in 16 clinical VISA strains from seven countries was 
assessed with these strains subjected to serial daily passage in 
drugfree medium. After 10–84 days of passage in the non
selective medium, passagederived strains with decreased 
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MICs of vancomycin (MIC, < 4 μg/ml) were obtained. 
However, all of the passagederived strains except one (15 of 
16) still possessed subpopulations that were resistant to van
comycin as judged by population analysis profile (PAP) test
ing, and vancomycinresistant mutant strains were selected 
from the passagederived strains through onestep vanco
mycin selection with a frequency of 4.25 × 10−6 to 1.64 × 10−3. 
These data indicated that vancomycinresistant cells are fre
quently generated from the passagederived strains even 
after vancomycin selective pressure is lifted. Cell wall thick
nesses and MICs of glycopeptides (vancomycin and teico
planin) and betalactams (imipenem and oxacillin) were 
determined for a total of 48 strains, including 15 sets of 3 
strains: the clinical VISA strain, the passagederived strain, 
and the vancomycinresistant mutant strain obtained from 
the passagederived strain. No simple correlation between 
the glycopeptide and betalactam MICs was seen, although 
significant correlations between the MICs of vancomycin 
and teicoplanin (r = 0.679; p < 0.001) and between the MICs 
of imipenem and oxacillin (r = 0.787; p < 0.001) were rec
ognized. Moreover, all of the VISA strains had significantly 
thickened cell walls, which became thinner with the loss of 
vancomycin resistance during drugfree passages and again 
became thick in the resistant mutant strains. The data showed 
that cell wall thickness had high correlation with the MICs 
of the two glycopeptides (correlation coefficients, 0.908 for 
vancomycin and 0.655 for teicoplanin) but not with those of 
the betalactam antibiotics tested (Cui et al., 2003).

hVISA are bacterial strains characterized by a subpopu
lation with elevated MICs to vancomycin. These acknowl
edged precursors of VISA strains show vancomycin MICs 
ranging from 1 to 4 μg/l, but they have subpopulations that 
can grow on agar plates containing > 2 μg/ml. hVISA are 
difficult to detect by standard methods, because the majority 
of the population is susceptible and masks their presence 
(Howden et al., 2010). A number of methods may be used to 
screen for the presence of hVISA, such as the macromethod 
Etest that uses a higher inoculum and longer incubation, or 
the gly copeptide resistance detection (GRD) Etest (Holmes 
et al., 2012). The definitive method is the PAP test developed 
by Hiramatsu et al. (1997) and the modified PAP test by 
Woot ton et al. (2001).

The influence of reduced susceptibilities to glycopeptides 
on the activities of vancomycin against an isogenic pair of 
clinical S. aureus strains in experimental endocarditis was 
investigated. Vancomycin was similarly active against both 
strains, and in contrast to teicoplanin, it did not select for 
the emergence of more resistant subpopulations (Pavie et al., 
2003).

Multiple genes have been associated with reduced glyco
peptide susceptibility in S. aureus and have led to a vast array 
of phenotypic changes, such as changes in the cell wall (cell 
wall thickening, overexpression of PBP2 and reduced PBP4 
expression, reduced levels of peptidoglycan crosslinking, 
reduced growth rate, reduced wholecell lysostaphin sus
ceptibility), reduced autolytic activity, and metabolic changes 
(Cui et al., 2005; Howden et al., 2010).

COAGULASE-NEGATIVE STAPHYLOCOCCI

Vancomycinresistant strains of CoNS can be selected in 
vitro by passage in gradually increasing concentrations of 
vancomycin. This resistance was unstable, and reversion to 
susceptibility occurred when vancomycin was removed 
(Watanakunakorn, 1988). In the early 1980s, isolates of S. 
epidermidis with reduced susceptibility to vancomycin were 
reported (Cherubin et al., 1981). Subsequently, there have 
been numerous reports of clinically significant vancomycin 
resistant CONS infections. Schwalbe et al. (1987) described 
a  patient with continuous ambulatory peritoneal dialysis 
(CAPD)associated peritonitis from whom S. haemolyticus 
was repeatedly isolated despite treatment with vancomycin. 
The isolate was initially susceptible to vancomycin, but the 
MIC of subsequent isolates progressively increased and resis
tant subpopulations of organisms (MIC 128 μg/ml) could 
be readily selected in vitro. S. haemolyticus infections with 
lowlevel resistance to vancomycin have also been reported 
(Froggatt et al., 1989; Veach et al., 1990; Aubert et al., 1990), 
mostly in patients treated with prolonged courses of glyco
peptides before isolation of the resistant organisms. S. epider
midis with relative resistance to vancomycin has also been 
reported in two patients with CAPD peritonitis (Sanyal et 
al., 1993). The mechanisms of glycopeptide resistance among 
CoNS remain elusive (Becker et al., 2014), but CoNS strains 
with a decreased susceptibility to glycopeptides display cell 
wall thickening and tend to form cellular aggregates (Sier
adzki et al., 1998). Heterogeneous susceptibility profiles to 
glycopeptides including teicoplanin suggest some intrinsic 
resistance (Sieradzki et al., 1998); cell wall thickening and 
overproduction of cell wall peptidoglycans seen with S. aureus 
also occur with CoNS, so the basic mechanisms for reduced 
glycopeptide susceptibility are probably similar (Biavasco et 
al., 2000, Becker et al., 2014). 

VANCOMYCIN-RESISTANT ENTEROCOCCI

Vancomycinresistant enterococci had been recognized occa
sionally in the past (Watanakunakorn, 1984), but larger 
numbers of isolates were reported in 1986 from France and 
the UK (Leclerq et al., 1988; Uttley et al., 1988). In Europe, 
avoparcin, a vancomycin–like glycopeptide, has been widely 
used in the agricultural industry from the 1970s to 1997, 
potentially explaining the community reservoir in European 
animals. From the European animal reservoir, VRE and resis
tance genes appear to have spread to healthy humans and 
hospitalized patients. Decreased colonization rates of VRE in 
the healthy population were noted after avoparcin use was 
banned in Europe (Bonten et al., 2001). In the USA, almost 
all enterococcal blood isolates were susceptible to vancomy
cin in 1989, but the proportion of resistant strains increased 
to 12.8% and 25.9% in 1995 and 2000, respectively (Frieden 
et al., 1993; Centers for Disease Control and Prevention, 1993; 
Anonymous, 2000). Unlike in the European situation, almost 
all VRE infections in the USA have been nosocomially 
acquired. Affected patients have usually been hospitalized 
for long periods of time, have received multiple courses of 
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antibiotics (including thirdgeneration cephalosporins or 
vancomycin), and have usually suffered from other serious 
underlying medical or surgical conditions (Shay et al., 1995). 
Clusters of infected and colonized patients have been described 
in specific hospital areas, such as renal units (Uttley et al., 
1989), intensive care units (ICUs) (Karanfil et al., 1992), and 
oncology wards (Montecalvo et al., 1994; Edmond et al., 
1995). Hospitalwide endemic infection and colonization can 
also occur (Morris et al., 1995).

Seven types of acquired vancomycin resistance in entero
cocci are presently known (Perichon and Courvalin, 2000, 
Courvalin, 2006, Perichon and Courvalin, 2009); however, 
only VanA and to a lesser extent VanB are widely prevalent. 
VanA, VanB, and VanD are associated with synthesis of the 
altered Dala Dlac target, whereas VanC, VanE, VanG, and 
VanL are associated with the altered Dala Dser target. The 
major reservoir of acquired vancomycin resistance is E. fae
cium; vancomycinresistant E. faecalis are substantially less 
common in most regions. Population analysis of E. faecium 
has revealed a distinct subpopulation of hospitalacquired 
strain types, which can be differentiated by molecular typing 
methods (multilocus variable number of tandem repeats 
[VNTR] analysis [MLVA], multi locus sequence typing 
[MLST]) from human commensal and animal strains, as well 
as by whole genome sequencing (WGS). Hospitalacquired 
E. faecium have additional genomic content (an accessory 
genome) including several factors known or supposed to 
be virulenceassociated. Acquired ampicillin resistance is a 
major phenotypic marker of hospitalacquired E. faecium in 
Europe and the USA, and experience has shown that it often 
precedes increasing rates of VRE with a delay of several years 
(Grayson et al., 1991). Several factors are known to promote 
VRE colonization and transmission; however, despite having 
populations with similar predispositions and preconditions, 
rates of VRE vary all over Europe (Werner et al., 2008; 
Bonten et al., 2001; Cattoir and Leclercq, 2013).

VanA isolates, usually E. faecium but occasionally E. fae
calis or E. durans, are resistant to high levels of vancomycin 
(MIC ≥ 64 μg/ml) and teicoplanin (MIC ≥ 64 μg/ml) (Arthur 
and Courvalin, 1993). Enterococci with the VanB phenotype 
exhibit low to moderate vancomycin resistance (MIC 32– 
64 μg/ml) but are susceptible to teicoplanin (MIC < 1 μg/ml) 
(Williamson et al., 1989). These organisms, most commonly 
strains of E. faecalis, are inducibly resistant, and the resis
tance determinants are usually nontransferable and chromo
somally encoded. The susceptibility phenotype is explained 
by vancomycin but not teicoplanin, being an inducer of the 
vanB cluster (Courvalin, 2006). VanB isolates with plasmid 
mediated resistance can also occur (Boyce et al., 1994). VanC 
resistance is found in all strains of E. gallinarum, an uncom
mon enterococcal isolate that is intrinsically resistant to low 
levels of vancomycin (8–32 μg/ml) but susceptible to teico
planin. Resistance is constitutively expressed, chromosomally 
mediated, and nontransferable (Leclerq et al., 1992). Another 
uncommon enterococcus, E. casseliflavus, bears the VanC
like phenotype and is also intrinsically resistant to vancomy
cin and susceptible to teicoplanin (Navarro and Courvalin, 

1994; Cetinkaya et al., 2000; Gold, 2001; Bonten et al., 2001; 
Cattoir and Leclercq, 2013). These organisms may acquire 
other van determinants, resulting in higher MICs (Gold, 
2001); an isolate of E. gallinarum was found to contain both 
the vanA and vanB genes in addition to vanC (Eshaghi et al., 
2015). VanD resistance is characterized by constitutive resis
tance to moderate levels of both vancomycin and teico
planin (Depardieu et al., 2003), and VanC, VanE, and VanG 
are associated with low levels of resistance to vancomycin and 
remain susceptible to teicoplanin (Reynolds and Courvalin, 
2005).

The mechanism of resistance to vancomycin in entero
cocci is very complex and has been best characterized in 
VanA isolates (Arthur and Courvalin, 1993; Walsh, 1993; 
Courvalin, 2006; Cattoir and Leclercq, 2013). Plasmids in 
these isolates contain a cluster of genes that reside on a mobile 
genetic element—a transposon—within the plasmid. Genes 
conferring the vanA resistance type reside on a transposon 
designated Tn1546. At least seven genes—vanA, vanH, vanX, 
vanY, vanR, vanS, and vanZ—are involved in mediating 
resistance. During normal bacterial cell wall synthesis, two 
dalanine residues are joined by a bacterial ligase in the cyto
plasm to produce the dipeptide daladala. This dipeptide 
is then added to uridine 5′diphosphate (UDP)muramic 
acidtripeptide, a peptidoglycan precursor. VanA encodes a 
novel ligase that attaches a terminal dlactate molecule to 
dalanine, creating a depsipeptide daladlac, which is then 
added to the peptidoglycan precursor in the normal fashion 
(Arthur et al., 1992a). After the altered peptidoglycan pre
cursor is linked to Nacetyl glucosamine and transported 
across the bacterial cell membrane, vancomycin cannot bind 
to this terminal dlactate residue, but normal cell wall synthe
sis can still proceed and vancomycin resistance results. VanH 
encodes a ketoacid reductase that generates the dlactate 
subsequently incorporated by the vanA ligase into the pepti
doglycan precursor. The product of the vanX gene also inter
feres with normal peptidoglycan synthesis by functioning as 
a dipeptidase that hydrolyzes the daladala precursor (Rey
nolds et al., 1994). VanY encodes a membraneassociated 
carboxypeptidase that hydrolyzes the peptidoglycan peptide 
side chain to which vancomycin usually binds (Arthur et al., 
1994). VanS and vanR are involved in the regulation of the 
vanA, vanH, vanX, and vanY gene expression (Arthur et al., 
1992b). 

Similar mechanisms of resistance seem to occur in other 
resistant enterococci. Genes encoding ligases that are struc
turally related to the VanA gene product have been detected 
in VanB and VanC isolates (Evers et al., 1993; Navarro and 
Courvalin, 1994). VanB and VanC isolates may contain a pool 
of normal daladalacontaining peptidoglycan precursors 
to which vancomycin can bind and partially inhibit cell wall 
synthesis (BillotKlein et al., 1994). VanC gene clusters pro
duce peptidoglycan precursors using an alternative pathway 
with Dalanine Dserine termini that result in steric hindrance 
that reduces affinity for vancomycin (Arias et al., 2000; 
Courvalin, 2006). Three genes are required for VanCtype 
resistance: vanT produces Dser, vanC synthesizes Dala 
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Dser, and vanXYc allows hydrolysis of Dala precursors 
(Courvalin, 2006).

2c.  In vitro and in vivo synergy and 
antagonism

STAPHYLOCOCCI

Results of in vitro studies testing vancomycin/rifampicin 
combinations against S. aureus have varied. Sande and Scheld 
(1980) recommended that infections caused by vancomycin 
tolerant strains should be treated with a combination of van
comycin and rifampicin, although the in vitro results of testing 
combinations of vancomycin with other antibiotics and the 
therapeutic results of such combinations in patients have 
been very inconsistent. A randomized controlled trial is cur
rently recruiting patients to determine if adjunctive rifampi
cin reduces early mortality in S. aureus bacteremia (Thwaites 
et al., 2012). However, rifampicin rpoB mutations have been 
associated with reduced vancomycin susceptibility (Watanabe 
et al., 2011; Gao et al., 2013).

By the timekill curve method, Watanakunakorn and 
Tisone (1982) showed that vancomycin/gentamicin and van
comycin/tobramycin combinations were synergistic against 
most methicillinsusceptible and resistant strains of S. aureus. 
In vitro synergistic activity has also been demonstrated 
between vancomycin and imipenem against 7 of 30 S. aureus 
strains, with additive activity against a further 9 strains (Barr 
et al., 1990). A study evaluated vancomycin susceptibility 
and activity alone and in combination with rifampicin and 
tigecycline against low and highbiofilmproducing MRSA 
clinical isolates. Forty MRSA isolates recovered from blood
stream infections (BSIs) were analyzed. Timekill analysis 
was performed on six low and six highbiofilmproducing 
MRSA clinical isolates with 15 μg/ml vancomycin alone and 
in combination with rifampicin or tigecycline at 4× MIC. In 
the presence of biofilm vancomycin, MIC50 and MIC90 dis
played a fourfold and an eightfold increase, respectively. In 
timekill analysis, 15 μg/ml vancomycin achieved bacteri
cidal activity against lowbiofilmproducing strains only 
with a 1.8 log10 colonyforming units (CFU)/ml difference in 
bacterial kill compared with highbiofilmproducing strains 
(p < 0.001). Vancomycin in combination with rifampicin or 
tigecycline was bactericidal against all strains (mean kill 4 ± 
0.5 log10 CFU/ml), regardless of biofilm production. Vanco
mycin exposures at 15 μg/ml may not be adequate in eradi
cating biofilmproducing S. aureus (Rose and Poppens, 2009).

Over the last 15 years, at least 16 invitro studies have 
explored synergy between vancomycin and betalactams 
against MRSA isolates (Tong et al., 2016), all but one of 
which found evidence of synergy in some or all of the tested 
strains. These studies varied in methodology (checkerboard 
synergy testing or timekill curves), types of strains tested 
(MRSA vs. hVISA vs. VISA), and the betalactams used. 
However, a consistent finding across nearly all of the studies 
was synergistic bacterial killing in most, but not all, strains 

tested. There was a general tendency across these studies to 
an increasing degree of synergy with increasing vancomycin 
MICs. Synergy has been reported with all betalactams tested 
(including cefazolin and ceftaroline), but the largest effect 
has been observed with oxacillin, flucloxacillin, and nafcillin 
(Leonard, 2012; Werth et al., 2013). Vancomycin combined 
with extendedspectrum betalactams such as piperacillin–
tazobactam demonstrated in vitro synergy among MRSA as 
well as VISA isolates (Dilworth et al., 2014a; Dilworth et al., 
2014b; Dilworth et al., 2014c).

Only a few studies have assessed combinations of vanco
mycin with betalactams in animal models of endocarditis 
and renal abscesses, all of which report evidence of synergy 
(Climo et al., 1999; Ribes et al., 2010; Fernandez et al., 2012). 
The combination of vancomycin and betalactams against 
VRSA was studied in a rabbit model of endocarditis. The effi
cacy of treating VRS1 (the first isolated strain of vancomycin 
resistant S. aureus found to carry the vanA gene) with a 
combination of vancomycin and nafcillin in vitro and in vivo 
was examined. The MIC of oxacillin for VRS1 decreased from 
> 256 to < 1 μg/ml in the presence of vancomycin. Treatment 
with nafcillin in combination with vancomycin cleared BSIs 
of VRS1infected rabbits within 24 hours and sterilized 12/13 
spleens (92%), as well as 8/13 kidneys (62%), after 3 days of 
treatment. Mean aortic valve vegetation counts were reduced 
3.48 log10 CFU/g with the combination therapy (compared 
with untreated controls) and were significantly lower than 
the counts with either vancomycin or nafcillin given alone. 
VRS1 was extremely virulent in this model, because no 
untreated rabbits survived the 3day trial (Fox et al., 2006). 
The efficacy of vancomycin given alone and in combination 
with nafcillin was tested in the rabbit model of experimental 
endocarditis caused by three clinical isolates of GISA. Two 
of the GISA isolates (isolates MU50 and HIP5836) were 
extremely virulent in this model, with 27 of 42 (64%) animals 
dying during the 3day trial. Therapy with either vancomycin 
or nafcillin given as a single agent was ineffective for animals 
infected with HIP5827 or MU50. However, the combination 
of vancomycin and nafcillin resulted in a mean reduction 
of 4.52 log10 CFU/g of aortic valvular vegetations per gram 
compared to the reduction for controls for animals infected 
with HIP5827 and a reduction of 4.15 log10 CFU/g for animals 
infected with MU50. Renal abscesses caused by HIP5827 
were sterilized significantly better with the combination of 
vancomycin and nafcillin than by either treatment alone. 
Thus, the authors concluded that the combination of vanco
mycin and betalactams with antistaphylococcal activity may 
be an effective regimen for the treatment of infections with 
clinical strains of staphylococci that demonstrate reduced 
susceptibility to glycopeptides (Climo et al., 1999). 

Fernandez et al. (2012) investigated the antiMRSA ceph
alosporin, ceftobiprole, against an MRSA and a VISA strain 
in a rat endocarditis model. They found good activity of 
cefto biprole against both strains in terms of sterilizing vege
tations and preventing mortality; the combination of van
comycin plus ceftobiprole led to faster killing on timekill 
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curves, but a similar rate of mortality and rate of sterilization 
of vegetations compared with ceftobiprole alone (Fernandez 
et al., 2012). Potent in vitro synergy was also demonstrated 
between vancomycin and another antiMRSA cephalosporin, 
ceftaroline, and helped to clear persistent daptomycin non
susceptible MRSA bacteremia (Barber et al., 2015).

Thus, although substantial synergism has been observed in 
in vitro timekill studies with combinations of betalactams 
and glycopeptides against VSMSSA, VSMRSA, hVISA, and 
especially against the VISA (MU50) strain, in the mouse 
peritonitis model, the clinical relevance of these findings in 
humans remains uncertain. Nevertheless, no antagonism has 
been reported in in vitro or in vivo studies at any subMIC 
betalactam concentration (Domenech et al., 2005).

In the only prospective clinical trial (CAMERA1) that has 
been conducted, 60 patients with MRSA bacteremia were ran
domized to receive either standard therapy with vancomycin 
alone or combination therapy with vancomycin plus fluclox
acillin. The study was conducted in seven centers in Australia 
and was open in design. Patients receiving combination ther
apy cleared bacteremia after a mean of 2 days compared to 
3 days with standard therapy (p = 0.06) (Davis et al., 2016). 
Another trial, CAMERA2, is planned to determine whether 
the addition of an antistaphylococcal penicillin to standard 
therapy results in improved clinical outcomes in MRSA bacte
remia (Tong et al., 2016). Currently there is a lack of random
ized controlled trial data to support the use of combination 
therapy for serious S. aureus (especially MRSA) infection 
(Deresinski, 2009; Thwaites et al., 2011; Holland et al., 2014).

Studies investigating in vitro synergy between combina
tions of vancomycin and other antibiotics against CoNS have 
yielded inconsistent results. Against S. epidermidis, studies 
have shown combinations of vancomycin/cefazolin and 
vancomycin/cephalothin (Siebert et al., 1979), vancomycin/
cefamandole (Ein et al., 1979), and vancomycin/imipenem 
(Barr et al., 1990) to be synergistic. In contrast, Lowy et al. 
(1979) demonstrated antagonism with a vancomycin/cepha
lothin combination. Similarly, conflicting results have been 
obtained in in vitro testing of combinations of vancomycin 
with either rifampicin or gentamicin against methicillin 
resistant S. epidermidis (MRSE) strains. The pharmacody
namic (PD) effects of vancomycin were studied on the 
slimeproducing, oxacillinresistant strain S. epidermidis 
ATCC 35984 growing in Mueller Hinton broth or, to inhibit 
growth, incubated in phosphatebuffered saline. The investi
gated parameters were postantibiotic effect (PAE) describing 
delayed regrowth after drug removal and controlrelated effec
tive regrowth time (CERT) describing the combined effects of 
initial change in bacterial density during antibiotic exposure 
and delayed regrowth after drug removal. In growth cultures, 
PAE and CERT were drugconcentrationdependent for van
comycin. Imipenem combined with vancomycin induced a 
synergistic effect against growing cultures. In nongrowing cul
tures, vancomycin did not induce a concentrationdependent 
effect. The combination of drugs induced no synergistic effects 
against nongrowing bacteria (Svensson et al., 1997).

ENTEROCOCCI

Against enterococci, the addition of an aminoglycoside is 
required for a bactericidal effect, just as an aminoglycoside 
has to be combined with penicillin G to produce bactericidal 
activity against enterococci. This bactericidal effect is impor
tant in the treatment of endocarditis. Until the appearance 
of highlevel aminoglycoside resistance among enterococcal 
isolates, a combination of vancomycin/streptomycin was bac
tericidal against most strains (Westenfelder et al., 1973), and 
vancomycin/gentamicin was bactericidal against virtually all 
strains (Watanakunakorn and Bakie, 1973; Harwick et al., 
1974).

A combination of vancomycin and penicillin G has activ
ity in vitro against some vancomycinresistant enterococci. 
When either amoxicillin, penicillin G, or piperacillin was 
combined with vancomycin, Leclerq et al. (1991) noted syn
ergistic inhibitory activity against 11 vancomycinresistant 
E. faecium isolates, and the addition of gentamicin led to bac
tericidal activity. These isolates were only moderately resis
tant to penicillin G, and none of the isolates was resistant to 
high levels of gentamicin. Similar bactericidal activity with a 
triple combination of penicillin G/vancomycin/gentamicin 
was reported by Shlaes et al. (1991), again with isolates not 
resistant to high levels of aminoglycoside. The mechanism 
of synergy is not completely understood, but it probably 
involves a PBP5 that is usually relatively resistant to inhibi
tion by penicillin G. Expression of vancomycin resistance 
leads to a reduction in the activity of this PBP, and cell wall 
synthesis becomes dependent upon other PBPs. In some 
strains, these PBPs can be inhibited by penicillin G, leading 
to synergistic activity between vancomycin and penicillin G 
(Gutmann et al., 1994). In contrast, others (Handwerger et 
al., 1992; Fraimow and Venuti, 1992; Cercenado et al., 1992) 
have not demonstrated inhibitory activity with a combina
tion of vancomycin and penicillin G or ampicillin against 
strains of E. faecium that exhibited higher levels of resistance 
to ampicillin. The addition of gentamicin did not generally 
lead to bacterial killing, particularly against those strains 
with highlevel resistance to aminoglycosides. Novel syner
gistic combinations of daptomycin with betalactams have 
been reported in vancomycinresistant enterococci (Rand 
and Houck, 2004; Smith et al., 2015; Werth et al., 2015; see 
Chapter 45, Daptomycin).

Streptococcus pneumoniae
The addition of rifampicin to vancomycin did not result in 
synergistic activity against S. pneumoniae (Barakett et al., 
1993). A combination of vancomycin and rifampicin was 
synergistic in vitro against five of nine nutritionally deficient 
viridans streptococci tested by Stein and Libertin (1988).

The pharmacokinetics (PKs) and PDs of vancomycin 
were studied in a rabbit meningitis model. Animals with 
experimental S. pneumoniae meningitis were given 80 mg/kg 
vancomycin daily in two or four divided doses to deter
mine the penetration and activity in CSF. Each regimen was 
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administered with and without dexamethasone. Mean peak 
(2 hour) concentrations in CSF that were fourfold to eight
fold higher than the minimum bactericidal concentration 
(0.5 μg/ml) for the pathogen were adequate for bacterial 
clearance. In both groups, concentrations in CSF remained 
higher than the minimal bactericidal concentration (MBC) 
for more than than 80% of the respective dosing intervals, 
and the penetration of vancomycin into CSF was 20%. Mean 
concentrations in CSF at 24–36 hours of therapy were lower 
than those achieved during the first 12 hours, which is con
sistent with a decline in the level of antibiotic entry into CSF 
as inflammation wanes. Rates of bacterial clearance were 
similar for the two regimens and were sterile by 36 hours for 
all animal cultures of CSF. The coadministration of dexa
methasone significantly reduced the penetration of vanco
mycin into CSF by 29% and significantly lowered the rate of 
bacterial clearance during the first 6 hours in animals receiv
ing 20 mg/kg doses of vancomycin. For animals receiving 
40 mg/kg doses, therapeutic peak concentrations in CSF were 
obtained even with steroid use, suggesting that the effect of 
steroids may be circumvented by the use of larger daily doses 
of vancomycin (Ahmed et al., 1999).

3. MECHANISM OF DRUG ACTION

Vancomycin is bactericidal for most Grampositive organ
isms, except for enterococci. Resistance of Gramnegative 
bacilli to vancomycin is caused by a permeability barrier pro
vided by porin proteins in the outer membrane to its large 
mass (Newsom, 1982).

Vancomycin is bound rapidly and irreversibly to the cell 
walls of susceptible bacteria (Sinha and Neuhaus, 1968), 
thereby inhibiting cell wall synthesis (see Figure 43.2). Van
comycin has a threedimensional pocket shape, which is the 
result of formation of bonds between its aromatic amino acid 
residues. The Nterminal amino acid leucine is critical for the 
activity of vancomycin. Vancomycin binds by its Nterminal 
end to the Cterminal dalaninedalanine residues of the 
peptidoglycan precursor UDPNacetylmuramyl pentapep
tide at the external surface of the cytoplasmic membrane. In 
the absence of vancomycin, the peptidoglycan precursor is 
added to the growing peptidoglycan chain by a transglycosy
lase enzyme, but vancomycin inhibits this reaction, probably 
as a result of steric hindrance. Vancomycin also inhibits the 
transpeptidases and carboxypeptidases that ordinarily cross
link adjacent peptidoglycan chains with pentaglycine side 
chains (Nagarajan, 1991). The end result is inhibition of syn
thesis of the normally rigid cell wall. Lysis of the cell eventu
ally occurs because of the unopposed action of autolysins. 
Inhibition of cell wall synthesis by vancomycin precedes and 
is different from the actions of betalactam agents on the cell 
wall. In addition, vancomycin has other actions on the per
meability of the cytoplasmic membrane of S. aureus, and inhi
bition of RNA synthesis has been ascribed to vancomycin 
(Jordan and Inniss, 1959; Pfeiffer, 1981). A recent detailed 
analysis of the mechanism of vancomycin action has been 
published by Kwun et al. (2013).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

ORAL ADMINISTRATION

Very little vancomycin is absorbed after oral administration. 
The oral route is reserved for the treatment of colitis caused 
by C. difficile, in a dosage regimen of 125–500 mg every 
6 hours (see section 7, Clinical uses of the drug).

PARENTERAL ADMINISTRATION

The usual recommended dosage for adults with normal renal 
function is 2 g i.v. daily intravenously, given as 1 g every 12 
hours or 0.5 g every 6 hours. The intramuscular route is pain
ful and cannot be used in humans. Reconstituted vancomy
cin is stable for 58 days at room temperature (25°C) and for 
at least 90 days under refrigeration (4°C) or freezing (0°C) 
(Mallet et al., 1982).To achieve more uniform blood levels, 
doses based on body weight can also be used. The normal 
total daily dose is 30 mg/kg, given as 7.5 mg/kg every 6 hours 
or as 15 mg/kg every 12 hours. Because failures have been 
described during the treatment of MRSA infections with 
vancomycin, various new dosing approaches have been con
sidered to improve clinical efficacy. These include the admin
istration of increased doses to achieve higher serum trough 
concentrations and the administration of vancomycin through 
continuous infusion. Considerations regarding the appro
priate dosing of vancomycin have recently been reviewed 
(Álvarez et al., 2016). 

After the drug is reconstituted in water, the required dose 
is dissolved in 100–200 ml of 5% dextrose in water or 0.9% 
saline, because vancomycin is a venous irritant if it is admin
istered in smaller volumes. This dose is then given by i.v. 
infusion over a period of at least 60 minutes (Rotschafer et 
al., 1982; Moore, 1985). More rapid i.v. infusion can cause 
side effects, and it may be prudent to monitor the patient’s 
blood pressure during vancomycin infusion (see section 6, 
Toxicity). 

Vancomycin is stable in all commonly used i.v. fluids for 
at least 24 hours, and therefore it can be administered by 
continuous i.v. infusion (see later in the chapter under Con
tinuous infusion) provided that incompatible additives, such 
as betalactams and some other agents (see section 5e, Drug 
interactions), are avoided (Wysocki et al., 1995; Raverdy et 
al., 2013). Vancomycin is stable (defined as recovery ≥ 93% of 
the original content) during a 48hour preparation process 
and also during 72hour exposure of concentrated solutions 
at temperatures up to 37°C. 

In general, therapeutic drug monitoring is recommended 
for all patients. The target concentrations may vary depen
ding on the disease, the MIC of the infectious microorgan
isms, and the mode of administration (see section 4c, Altered 
dosages). For a discussion about loading doses, see section 4d, 
Patients requiring intensive care support. Also, for patients 
with meningitis, higher i.v. doses of 15 mg/kg every 6 hours 
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may be required to overcome the poor CSF penetration of 
vancomycin, with the coadministration of dexamethasone 
likely to reduce the penetration of vancomycin into CSF 
(Klugman et al., 1995; see section 2c, In vitro and in vivo syn
ergy and antagonism). 

To study the correlation between elevated vancomycin 
MIC and treatment failure, the findings of a large multicenter 
phase III and IV prospective study were analyzed. Vanco
mycin failure rates of 22%, 27%, and 51% were observed for 
patients infected with MRSA strains who had MICs of 0.5, 
1.0, and 2.0 μg/ml, respectively (MoiseBroder et al., 2004a). 
In a related study in which data were analyzed on a subset 
of bacteremic patients to whom vancomycin was given in 
doses to achieve a trough concentration of 10–15 μg/ml, the 
authors demonstrated reduced vancomycin bactericidal activ
ity in vitro for susceptible strains with a higher vancomycin 
MIC (Sakoulas et al., 2004). Similarly, Charles et al. (2004) 
noted a statistical correlation between the presence of hVISA 
(as detected by PAP testing) bacteremia and preceding lower 
serum vancomycin serum levels in infected patients. Soriano 
et al. (2008) evaluated vancomycin efficacy in MRSA bacte
remia by MIC and showed a significantly higher mortality 
when vancomycin was used empirically and the vancomycin 
MIC was 2 μg/ml, which is an MIC at the upper end of the 
susceptible range (Soriano et al., 2008). However, other 
authors have argued that the routinely derived MIC for an 
isolate may not be the most accurate means of identifying 
reduced vancomycin susceptibility and that alternative lab
oratory methods, such as PAP testing or the use of heavy 
inoculum Etest, may be more accurate (Hiramatsu, 2001; 
Howden et al., 2004; Wootton et al., 2007). For a detailed 
discussion regarding the PKPD parameters that are associ
ated with vancomycin efficacy and the important interrela
tionship between vancomycin dosing and clinical success, 
see section 5c, Clinically important pharmacokinetic and 
pharmacodynamic features.

Continuous infusion
Continuous infusion of vancomycin may enhance vanco
mycin efficacy with the standard 30 mg/kg daily dosage, thus 
avoiding the need to use higher total daily dosages that could 
increase the risk of nephrotoxicity. In the case of fully sus
ceptible pathogens with an MIC of ≤ 1 μg/ml, the strategy of 
targeting a steadystate vancomycin concentration of 15 μg/ml 
during continuous infusion may simultaneously enable an 
areaundertheconcentration (AUC)time curve/MIC ratio 
of ≥360, so that both PD efficacy targets may be optimized 
(Pea and Viale, 2008; see section 5c, Clinically important 
pharmacokinetic and pharmacodynamic features).

This approach was assessed in 10 patients treated with 
conventional dosing (CD) and continuous infusion vanco
mycin therapy in a prospective, randomized, crossover study. 
CD therapy consisted of 1 g of vancomycin every 12 hours. 
Continuous infusion therapy consisted of a 500 mg loading 
dose followed by 2 g being infused over 24 hours. Continuous 
infusion and CD vancomycin therapy demonstrated equiv
alent PD activities. Continuous infusion therapy was more 

likely to result in serum bactericidal titers that remained 
above 1:8 for the entire regimen. Serum drug concentration 
variability was observed with both treatment regimens, but 
to a lesser extent with continuous infusion administration 
(James et al., 1996). A multicenter, prospective, randomized 
study was designed to compare continuous infusion (tar
geted plateau drug serum concentrations of 20–25 μg/ml) 
and intermittent infusions of vancomycin (targeted trough 
drug serum concentrations of 10–15 μg/ml) in 119 critically 
ill patients with MRSA infections, with the microbiological 
and clinical outcomes and safety being similar. Continuous 
infusion patients reached the targeted concentrations faster 
(36 ± 31 vs. 51 ± 39 hours, p = 0.029), and fewer samples 
were required for treatment monitoring than with intermit
tent infusion patients (7.7 ± 2.2 vs. 11.8 ± 3.9 per treatment, 
p < 0.0001). The variability between patients in both the 
AUC24h and the daily dose given over 10 days of treatment 
was lower with continuous infusion than with intermittent 
infusion (p = 0.026 and p = 0.057, respectively), resulting in 
lower costs (Wysocki et al., 2001). 

In recent years, a number of target steadystate levels have 
been proposed (either 20, 25, or 27.5 µg/ml), based on the 
known key AUC/MIC efficacy parameter for vancomycin 
and the susceptibility of the staphylococcal isolate (Wang et 
al., 2006; Zelenitsky et al., 2011; Roberts et al., 2011; Jeuris
sen et al., 2011; Ampe et al., 2013; Hanrahan et al., 2015; see 
section 5c, Clinically important pharmacokinetic and phar
macodynamic features). 

Notably, however, the higher vancomycin target concen
trations may be associated with an increased risk of toxicity, 
particularly nephrotoxicity. In a retrospective, singlecenter, 
observational study, the prevalence of new onset nephrotox
icity was studied in all critically ill patients receiving van
comycin during a 5year period. The prevalence of newonset 
nephrotoxicity was reported using the Risk, Injury, Failure, 
Loss, Endstage renal disease (RIFLE) criteria, and inde
pendent factors predictive of nephrotoxicity were identified 
using logistic regression analysis. Complete data were avail
able for 1,430 patients. Concomitant vasoactive therapy (odds 
ratio [OR]: 1.633; p < 0.001), median serum vancomycin 
(OR = 1.112; p < 0.001), and duration of therapy (OR = 1.041; 
p ≤ 0.001) were significant positive predictors of nephrotox
icity. Intermittent infusion was associated with a significantly 
greater risk of nephrotoxicity than continuous infusion (OR: 
8.204; p ≤ 0.001) (Hanrahan et al., 2014). In another retro
spective study involving two centers in Singapore, continu
ous infusion vancomycin was associated with a later onset 
of nephrotoxicity, even with propensity score adjustment. 
However, the overall prevalence of nephrotoxicity was no 
different to those patients receiving intermittent infusion 
(Ingram et al., 2009). The clinical efficacy and safety of con
tinuous infusion vs. intermittent dosing of vancomycin has 
recently been reviewed (Hao et al., 2016).

Monitoring of vancomycin concentrations
Before the recognition of vancomycin resistance, the value 
of routine monitoring of serum vancomycin concentrations 
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was often questioned (Freeman et al., 1993; Cantu et al., 
1994; Moellering, 1994; Saunders, 1995). Such monitoring 
could be justified if it resulted in maximal therapeutic effi
cacy with minimal toxicity. Higher peak serum levels do not 
correlate with more successful therapy, and there is no obvi
ous association between peak levels and either ototoxicity or 
nephrotoxicity (Suzuki et al., 2012; see section 6, Toxicity). 
For these reasons, it has been stated in the past that in 
patients with normal renal function receiving standard van
comycin doses, routine monitoring of serum levels is not 
essential, although determination of trough levels may be 
considered (Saunders, 1995).

However, because the vancomycin AUC/MIC correlates 
with efficacy in adults (see section 5c, Clinically important 
pharmacokinetic and pharmacodynamic features) and trough 
levels can be used as a surrogate marker for AUC, assessing 
trough vancomycin concentrations is now standard practice 
(Ye et al, 2013). Most vancomycin dosing guidelines now rec
ommend trough concentrations of 15–20 μg/ml to improve 
appropriate efficacy and avoid the development of resistance 
(Rybak et al., 2009). However, it is important that recent data 
suggest that achievement of target vancomycin AUC/MIC 
does not necessarily correlate with vancomycin troughs of 
15–20 μg/ml in pediatric populations (see section 4b, New
born infants and children). Although trough concentrations 
have been used as a surrogate for AUC/MIC (Rybak et al., 
2009), recent data suggest that the correlation between trough 
concentrations and AUC/MIC is suboptimal (Holmes et al., 
2013; Chhim et al., 2013; Ploessl et al., 2015). More recent 
guidelines suggest alternative methods of monitoring vanco
mycin therapy, such as Bayesian methods (Avent et al., 2013; 
Pai et al., 2014; Neely et al., 2014).

Thus, monitoring of serum vancomycin levels should be 
performed in all patients, but especially in: (1) patients 
being concomitantly treated with nephrotoxic drugs, such 
as aminoglycosides; (2) patients with acute renal failure 
being treated with infrequent vancomycin doses; (3) patients 
with renal impairment (including those with stable impair
ment in whom vancomycin doses have been accordingly 
adjusted); (4) patients with altered vancomycin PKs (e.g. 
preterm infants, intensive care patients, patients with burns, 
pregnant women, patients with liver disease, and pediatric 
oncology patients); and (5) patients with deepseated sepsis 
or those receiving higher vancomycin doses (e.g. patients 
receiving vancomycin for penicillinresistant pneumococcal 
meningitis). Close monitoring of vancomycin trough concen
trations and dosing adjustment has been shown to result in 
improved patient outcomes (see section 5c, Clinically impor
tant pharmacokinetic and pharmacodynamic features).

For patients requiring prolonged duration of vancomycin 
therapy, it should be noted that the clearance of vancomycin 
may vary over time. A retrospective analysis was conducted 
on the therapeutic drug monitoring data obtained from 85 
patients who received an intermittent intravenous infusion 
of vancomycin. The patients were allocated to one of five 
groups according to the length of drug exposure. Patients who 
had received vancomycin for longer than 4 weeks showed a 

significant (p < 0.05) reduction in systemic clearance of van
comycin by 50% compared with patients who had received 
≤  7 days of therapy, whereas creatinine clearance (CrCl) 
remained unchanged. Prolonged administration of vanco
mycin for over 4 weeks may result in a more pronounced 
reduction in systematic clearance of vancomycin than CrCl. 
The data suggest that CrClbased nomograms for individu
alizing vancomycin doses should be used with caution in 
patients who require substantially prolonged drug exposure, 
such as those with infective endocarditis (Nakayama et al., 
2008).

Close monitoring of vancomycin concentrations with 
appropriate dosage adjustments has been associated with 
more accurate target attainment, as well as shorter length of 
vancomycin therapy and a lower incidence of nephrotoxicity 
(Marquis et al., 2015; see section 7, Clinical uses of the drug).

INTRAPERITONEAL ADMINISTRATION

To rapidly achieve adequate serum levels, treatment of peri
tonitis associated with CAPD should involve the administra
tion of a loading dose of 15–30 mg/kg of vancomycin (given 
either i.v. or i.p.), after which a maintenance dose (20–30 mg/l) 
of vancomycin may be given intraperitoneally with each dial
ysis exchange (Johnson, 1991).

INTRATHECAL AND INTRAVENTICULAR 
ADMINISTRATION

Because of the variable penetration of parenterally adminis
tered vancomycin into the CSF, vancomycin has been admin
istered both intrathecally and through the intraventricular 
route (Gump, 1981; Moellering et al., 1981b). PK parameters 
are altered by factors such as obstructive hydrocephalus, ven
tricular CSF shunts, reduced absorption of CSF across the 
arachnoid villi, and concomitant i.v. vancomycin therapy. A 
wide range of intraventricular doses has been used, from 1–2 
to 20 mg/day, but the usual dose is 10–20 mg/day (Luer and 
Hatton, 1993; Ng et al., 2014). Reported CSF concentrations 
have also differed greatly, with significant interpatient and 
intrapatient variability. Ideally, ventricular drug levels should 
be monitored, aiming for a peak concentration of 30–50 μg/ml 
(Reesor et al., 1988). A summary of intraventricular dosing 
and therapeutic drug monitoring is reported in a systematic 
review of intraventricular vancomycin use in adults (Ng et 
al., 2014). CSF concentrations varied from 1.1–812.6 µg/ml 
without any clear relationship between levels, efficacy, or 
toxicity. Importantly, no toxicity has been reported from intra
ventricular vancomycin therapy (Ng et al., 2014). Recommen
dations for pharmaceutical preparation of intraventricular 
vancomycin are suggested in this review.

OTHER MODES OF ADMINISTRATION

Vancomycin can be injected intravitreally to treat cases of 
endophthalmitis (Gan et al., 2001). The recommended dose 
is 1–2 mg, which can be repeated after 3–4 days, if necessary 
(Barza, 1989). Vancomycin has also been incorporated into 
orthopedic bone cement for the management of prosthetic 
joint infections and chronic osteomyelitis (Kuechle et al., 
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1991), although the ideal concentration so that it does not 
have an impact on the structural integrity of the cement is 
not certain. Concentrations of between 2.5–10% have been 
used, often expressed per 40 g of cement. The systemic bio
availabilty and rate of drug elution depend on the type of 
cement, other excipients, and the mixing technique. Despite 
the addition of antibiotics to cement being a commonly 
accepted practice among many orthopedic surgeons, there 
are minimal data that describe improved clinical outcomes 
associated with this practice specific to vancomycin (Pelletier 
et al., 2009; SanzRuiz et al., 2014; Paz et al., 2015). Aerosol 
administration of vancomycin has successfully eradicated 
airway colonization by MRSA, but it is generally not recom
mended (Weathers et al., 1990). 

4b.  Newborn infants and children

Dosage requirements of vancomycin for infants and children 
vary according to age. In preterm infants, vancomycin clear
ance is reduced because of immature renal function, but as 
postconceptional age increases, renal function improves and 
higher vancomycin doses are required. Kidney function is 
difficult to define in the first month of life, when renal phys
iology and fluid balance evolve rapidly. Serum creatinine 
(SCr) concentrations reflect maternal renal function in the 
first 48 hours after birth. Furthermore, preterm infants expe
rience a rise in SCr as a result of tubular reabsorption, mak
ing this an imprecise proxy for glomerular filtration (Lestner 
et al., 2016). On the basis of a PK study, Schaad et al. (1980) 
recommended a dose of 10 mg/kg four times daily in infants 
and older children. Subsequently, a number of different dos
ing regimens, based on weight and postconceptional age, 
have been suggested (Naqvi et al., 1986; James et al., 1987; 
Hardenbrook et al., 1991). In a prospective validation study 
of their proposed dosing schedule (James et al., 1987), Koren 
and James (1987) found that 67% of peak levels and 76% of 
trough levels in 32 premature infants were within the recom
mended range at that time. 

Dosage regimens based on a determination of PK param
eters in individual patients have included postconceptional 
age and weight; factors such as hypotension, hypoxia, pres
ence of a patent ductus arteriosus, or extracorporeal mem
brane oxygenation (ECMO) and use of indomethacin lead 
to an increase in vancomycin volume of distribution and a 
decrease in clearance. Jarret et al. (1993) found significant 
differences in dosage requirements (on a mg/kg basis) in 
preterm infants of a similar postconceptional age using this 
individualized approach. 

In addition to the previously mentioned considerations, 
vancomycin trough concentrations may underestimate the 
AUC in the pediatric population because of interindividual 
variability (Patel et al., 2015). Because of this, trough concen
trations of 15–20 μg/ml did not achieve an AUC/MIC ≥ 400 
with MICs > 1 μg/ml (Patel et al., 2011). In a cohort study of 
two pediatric hospitals, a minimum dosage of 60–70 mg/kg/
day was necessary to achieve an AUC/MIC ≥ 400 in at least 
75% of children, and to achieve an AUC/MIC ≥ 400 corre  

lated with trough concentrations of 8–9 μg/ml (Le et al., 
2013). 

Because of the recent awareness that vancomycin doses 
should aim to meet a target AUC instead of trough concen
trations, more aggressive dosing regimens may be warranted 
in the pediatric population. For a detailed discussion, see 
section 5c, Clinically important pharmacokinetic and phar
macodynamic features. Janssen et al. (2015) have proposed 
that for neonates, a dosing algorithm based on body weight 
at birth and postnatal age be required, with daily doses 
divided over three to four doses. For infants aged < 1 year, 
doses between 32 and 60 mg/kg/day over four doses were 
suggested, whereas above 1 year of age, 60 mg/kg/day was 
considered appropriate. As the time to reach steadystate 
concentrations varied from 155 hours in preterm infants to 
36 hours in children aged > 1 year, an initial loading dose was 
proposed by these authors (Janssen et al., 2015).

In addition, age and weight should also be taken into 
account when determining vancomycin dose in older pediat
ric patients. Children younger than 6 years of age had lower 
trough concentrations than older children receiving the same 
vancomycin dosing regimen, suggesting increased vancomy
cin clearance in younger children (Gordon et al., 2012). 
Children weighing > 50 kg or overweight or obese children 
tended to have higher trough concentrations (Madigan et al., 
2013; Heble et al., 2013). Comorbidities may also play a role 
in vancomycin dosing in children, because pediatric oncol
ogy patients with normal renal function required higher van
comycin doses to achieve target AUC/MIC compared with 
healthy children (Bourguignon da Silva et al., 2012).

For these reasons, there is a shift toward taking only rou
tine trough serum concentrations to optimize efficacy (de 
Hoog et al., 2004). Patients with renal failure and other spe
cial subpopulations, such as patients exposed to ECMO or 
indomethacin, need to be monitored more closely (de Hoog 
et al., 2000; de Hoog et al., 2004).

4c.  Pregnant and lactating mothers

Pregnant women may require higher dosages because of 
increases in the volume of distribution or renal clearance. 
In pregnancy, Salzmann et al. (1987) reported that a dose of 
57 mg/kg was required to maintain recommended drug lev
els in a patient who was 30 weeks pregnant. Monitoring of 
serum concentrations is therefore required.

Special dosing considerations are necessary if using van
comycin for prophylaxis of earlyonset group B streptococcal 
sepsis (e.g. when the mother is allergic to penicillin and 
when the isolate is clindamycin resistant) (ACOG, 2011). In 
a prospective study, 31 women who met these criteria were 
given the standard i.v. dose of 1 g every 12 hours. Based on 
the results, this was changed to a dosing of 15 mg/kg every 
12 hours to 12 women in the second phase of the study and 
then further modified to 20 mg/kg every 8 hours to another 
12 women in the third phase. With standard dosing, only 9% 
of neonates had therapeutic vancomycin levels at delivery. By 
using a regimen of 20 mg/kg i.v. every 8 hours (maximum 
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individual dose 2 g), the newborn therapeutic level increased 
to more than 80%. The pharmacological pattern showed that 
transplacental passage occurs with fetal levels equaling mater
nal levels, but transplacental transport is somewhat slow in 
both directions (Onwuchuruba et al., 2014). 

Vancomycin oral capsules have been assigned to category 
B by the FDA. The oral solution and parenteral formulation 
have been assigned to category C, because animal studies with 
intravenous administration of vancomycin failed to reveal 
evidence of teratogenicity or fetotoxicity. A limited number 
of controlled studies of i.v. vancomycin have assessed the 
potential ototoxic and nephrotoxic effects during the second 
and third trimesters of pregnancy in women with serious 
staphylococcus infections, and determined that no sensori
neural hearing loss or nephrotoxicity was attributed to the 
vancomycin therapy. Vancomycin is only recommended for 
use during pregnancy when the benefits outweighs the risks 
(FDA, 2016). Vancomycin is excreted into human milk after 
intravenous administration, but it is not known whether oral 
vancomycin is absorbed sufficiently to be excreted in human 
milk (FDA, 2016). For more discussion about the use of van
comycin in pregnancy, see section 6h, Risks in pregnancy.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

There is great variability in vancomycin halflife values in 
patients with impaired renal function, so maintenance doses 
of the drug should be guided by serum levels. Vancomycin 
accumulates in these patients, and a modified dosage sched
ule with serum level monitoring is necessary. In renal failure, 
the vancomycin halflife is variable and may be significantly 
prolonged up to 17 days (Matzke et al., 1984). Because van
comycin clearance from the serum is linearly related toCrCl, 
a variety of methods have been developed for determining 
vancomycin dosage adjustment in patients with impaired 
renal function. In the nomogram compiled by Moellering 
et al. (1981a), the total daily dose per kilogram is adjusted 
according to the CrClvalue. The latter can be estimated, if it 
cannot be measured directly, by the Cockroft–Gault equa
tion, taking into account the patient’s age, sex, and SCr value. 
Matzke et al. (1984) prepared a nomogram for patients with 
impaired renal function in which, after an initial loading 
dose of 25 mg/kg, the vancomycin dose remains constant at 
19 mg/kg, but the dosage interval depends on the CrCl. This 
nomogram can be used for the initiation of vancomycin 
therapy for functionally anephric patients on hemodialysis, 
but not for patients treated with intermittent or continuous 
peritoneal dialysis (see later in the chapter). 

Rodvold et al. (1988), on the basis of a detailed PK study 
in 37 patients with varying degrees of renal impairment, devel
oped the following equation to calculate vancomycin doses: 
dose (mg/kg per 24 hours) = 0.227 ∙ CrCl (ml/min) + 5.67. 

Very little vancomycin is removed from the body by hemo
dialysis (Lindholm and Murray, 1966; Eykyn et al., 1970). In 
29 anephric patients managed by hemodialysis at 3day inter 

vals, a single 1 g i.v. dose of vancomycin given over a period of 
30 minutes resulted in a mean peak serum level of 48.3 μg/ml, 
which declined to 15 μg/ml within 3–5 hours, but was still 
3.5 μg/ml after 18 days; the mean elimination halflife was 
7.5 days (Cunha et al., 1981). A study by Quale et al. (1992) 
suggested that use of newer dialysis membranes with greater 
permeability to larger molecules (highflux membranes) 
altered vancomycin PKs. Vancomycin levels after highflux 
hemodialysis (HFHD) were only 63% of predialysis levels, 
with low vancomycin levels in the dialysate suggesting bind
ing of vancomycin to the membrane. However, rebound in 
vancomycin levels can occur after the completion of HFHD, 
so different dosing regimens are probably not required for 
these patients (Pollard et al., 1994). Traditionally, patients 
undergoing hemodialysis were given an i.v. loading dose of 
1 g or 15 mg/kg. A serum level was then measured 5–7 days 
later, and the vancomycin dose was repeated when the level 
fell below 5–10 μg/ml. This strategy often results in under
dosing, as illustrated in more recent studies. A single dose of 
vancomycin 35 mg/kg administered during HFHD in oligu
ric patients with endstage renal disease did not achieve the 
therapeutic serum concentration necessary for onceweekly 
dosing. Patients on longterm HFHD in the outpatient set
ting received vancomycin 35 mg/kg, rounded to the nearest 
250 mg, administered during hemodialysis at a rate of 1 g/
hour through an infusion pump. No patient achieved a van
comycin concentration of ≥10 μg/ml on study day 8 (mean 
serum concentration, 5.1 μg/ml). Six patients (83%) who 
received vancomycin predialysis had undetectable vancomy
cin levels (< 3.5 μg/ml) by study day 8 (n = 6). Patients who 
received vancomycin postdialysis maintained a mean serum 
concentration of 6.4 μg/ml at day 8 (n = 3) (Crawford et al., 
2008). Lin et al. (2014) retrospectively studied an individual
ized loading dose of 15–20 mg/kg followed by a maintenance 
dose of 500 mg after each HFHD session. Trough serum con
centrations of 10–20 μg/ml were obtained in 87% of the 
patients. Rymarz et al. (2014) studied patients with lowflux 
dialysis after an intial dose of 20 mg/kg after dialysis and a 
leveladjusted maintenance dose. In 72.7% of patients, the 
target concentration of 10–20 μg/ml was reached. Nonethe
less, in the reports by Lin et al. and Rymarz et al., only 68.1% 
and 27.2% of patients, respectively, achieved trough levels 
between 15 and 20 μg/ml. In 2011, Vandecasteele et al. (2011) 
proposed a vancomycin dose calculator based on predialysis 
vancomycin trough level, dry body weight, and period to the 
next dialysis session. Maintenance dosing was accurate in 
77.9% of patients, whereas major overdosing and underdos
ing were avoided in the remaining patients (Vandecasteele 
et al., 2011). Jeremiah et al. (2014) proposed a simple van
comycin nomogram for hemodialysis. The initial dose was 
a  weightbased loading dose of 25 mg/kg (maximum 2g). 
Levels were checked urgently at the start of the next dialysis 
session to guide further dosing, and the levels were calcu
lated according to five trough level categories (maximum 
administration rate 1 g/hour) (Jeremiah et al., 2014).

Peritoneal dialysis also results in minimal clearance of 
vancomycin (Moellering, 1984). Magera et al. (1983) did not 
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find any appreciable change in vancomycin concentrations 
before, during, or after the completion of chronic intermit
tent peritoneal dialysis, and serum levels were maintained 
above 4 μg/ml for 8 days after a single 1 g i.v. dose. Morse 
et  al. (1987) studied four patients undergoing CAPD who 
received a 15 mg/kg i.v. dose. The mean peak serum vanco
mycin concentration was 57.1 μg/ml, 19.8 μg/ml at 24 hours, 
and still 8.6 μg/ml 7 days later. The mean terminal elimina
tion halflife was 111 hours. The mean dialysate concentra
tion at the end of the initial dwell was 5.8 μg/ml, and the 
subsequent enddwell dialysate concentrations were greater 
that 2 μg/ml for most exchanges over a 1week period. For 
patients receiving CAPD, vancomycin doses of 15 mg/kg 
every 7 days (Krothapalli et al., 1983), or 23 mg/kg initially 
followed by 17 mg/kg every 7 days (Blevins et al., 1984), have 
been recommended, but should be guided by serum levels.

In contrast to peritoneal dialysis and hemodialysis, some 
vancomycin is cleared by patients undergoing hemofiltra
tion (Matzke et al., 1986a). Continuous hemodiafiltration 
removes larger amounts of vancomycin (Bellomo et al., 1990), 
and twice daily administration of 7.5 mg/kg i.v. was sug
gested by Santré et al. (1993). However, because of patient
topatient variability resulting from factors such as blood flow 
rates through the filtration apparatus, monitoring of serum 
concentrations is necessary to guide dosing. 

In a prospective study of 32 patients, vancomycin concen
trations obtained with a new continuous infusion regimen 
for continuous renal replacement therapy (CRRT) were mea
sured. The regimen included a loading dose of 35 mg/kg given 
over a 4hour period followed by a daily dose of 14 mg/kg by 
continuous infusion. Vancomycin concentrations were mea
sured at the end of the loading dose (T1), 12 hours after the 
onset of therapy (T2), and 24 hours after the onset of therapy 
(T3). Drug concentrations at T2 and T3 were considered 
adequate if they were 20–30 μg/ml. CRRT intensity was cal
culated as: dialysate rate (ml/kg/hour) + ultrafiltration rate 
(ml/kg/hour). Vancomycin population PKs were calculated 
using nonlinear mixedeffects modeling. The patients who 
received median (interquartile range (IQR)) loading and daily 
vancomycin doses of 2750 mg (2250–3150) and 1100 mg 
(975–1270), respectively, achieved the following drug con
centrations: T1, 44 μg/ml (38–58); T2, 27 μg/ml (24–31); and 
T3, 23 μg/ml (19–31). Vancomycin concentrations were ade
quate in 22/32 patients (69%) at T2 and in 20/32 patients 
(63%) at T3. The two relevant covariates that significantly 
affected drug concentrations were body weight and CRRT 
intensity. This new vancomycin regimen allowed the rapid 
achievement of target drug concentrations in the majority 
of patients. CRRT intensity had an influence on vancomycin 
clearance (Beumier et al., 2013). 

Jamal et al. (2014) reviewed the effect of different renal 
replacement therapy modalities and settings on the clearance 
of vancomycin in critically ill patients and evaluated the fre
quency with which current dosing regimens achieve thera
peutic concentrations. PK data from 30 studies were analyzed 
by regression analyses. The mean blood and effluent flow 

rates used were 189.3 and 35.6 ml/min in the CRRT studies. 
Correlations existed between effluent flow rate in CRRT and 
extracorporeal clearance for vancomycin (rs = 0.90; p = 0.08). 
Current dosing regimens achieved target concentrations for 
vancomycin (60%) against susceptible pathogens. The authors 
concluded that effluent flow rate appears to be a reliable pre
dictor of antibiotic clearance in critically ill patients despite 
significantly altered PKs. Higher dosing vancomycin regi
mens may be required in critically ill patients receiving renal 
replacement therapy, in the presence of high effluent flow 
rates and/or the presence of poorly susceptible pathogens 
(Jamal et al., 2014).

Of a total of 21 pediatric patients who received CRRT, 
11 (52.3%) received vancomycin in the CRRT solution. The 
median (range) concentration of vancomycin added to the 
CRRT solution was 25 μg/ml (18–35 μg/ml). The mean 
 vancomycin plateau level was 22.8 ± 3.3 μg/ml. All patients 
achieved a serum vancomycin plateau level that was above 
15 μg/ml. There were no adverse events related to the addi
tion of vancomycin to the CRRT solution (Cies et al., 2016).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Renal mechanisms account for almost all vancomycin elimi
nation, but vancomycin can be detected in feces and bile, 
indicating that some hepatic clearance also occurs. Brown 
et al. (1983) found that the vancomycin elimination halflife 
was prolonged in cancer patients with abnormal liver func
tion, but Rodvold et al. (1988) could not correlate abnormal
ities in liver function with changes in vancomycin clearance. 
Dosage adjustment is probably not necessary in patients with 
liver impairment, but monitoring of serum levels would be 
prudent. 

PATIENTS REQUIRING INTENSIVE CARE SUPPORT

Intensive care patients also require higher vancomycin doses. 
A study was conducted in intensive care patients to evaluate 
retrospectively the importance of a Bayesian PK approach 
for predicting vancomycin concentrations to individualize its 
dosing regimen in 18 critically ill patients admitted to ICUs 
after cardiothoracic surgery. The possible influence of some 
coadministered drugs with important hemodynamic effects 
(dopamine, dobutamine, furosemide) on vancomycin PKs 
was assessed. Vancomycin dosage regimens predicted by the 
Bayesian method (D(a)) were compared retrospectively with 
Moellering’s nomogrambased dosages (D(M)) to assess pos
sible major differences in vancomycin dosing. In 8 out of 
18 patients, much higher dosages were required despite no 
major difference in attained vancomycin steadystate trough 
concentration or estimated CrCl. In four patients, the with
drawal of cotreatment with hemodynamically active drugs 
was followed by a sudden substantial increase in the vanco
mycin Cmin steady state, despite no major change in body 
weight or estimated CrCl being observed. The authors high
lighted the risk of possible subtherapeutic serum vancomy
cin concentrations when these drugs are coadministered and 
the need for therapeutic drug monitoring of vancomycin in 
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these situations (Pea et al., 2000). A retrospective PK analysis 
of serum levels obtained in routine vancomycin monitoring 
was performed in 46 vancomycintreated ICU adult patients 
not needing renal replacement support. Population analyses 
were made by the standard twostage approach. Vancomycin 
clearance and distribution volume were estimated individ
ually assuming a onecompartment PK model. A PKPD 
analysis was performed by Monte Carlo simulation. In the 
ICU patients, higher Vd (nearly twice the quoted value of 
0.72 L/kg) and different vancomycin clearance– CrCl rela
tionship were found. Renal function, the APACHE score, age, 
and serum albumin accounted for more than 65% of drug 
clearance variability. Vancomycin standard dosages led to a 
33% risk of not achieving the recommended AUC24/MIC 
breakpoint for S. aureus (del Mar Fernandez de Gatta Garcia 
et al., 2007; see section 5c, Clinically important pharmaco
kinetic and pharmocodynamic features). 

A loading dose of 25–30 mg/kg has been proposed as 
an appropriate strategy to avoid subtherapeutic vancomycin 
levels in the initial stages of therapy, in particular in critically 
ill patients (Wang et al., 2001). Truong et al. (2012) studied 
52 patients, comparing those with standard therapy and a 
fixed loading dose of 2 g (11 patients) in a preintervention 
and postintervention study. The mean trough plasma con
centrations were higher in the postintervention group (9.8 ± 
6.6 vs. 14.9 ± 6.3 μg/ml) (Truong et al., 2012). Recently, 
Rosini et al. (2015) performed an RCT on 99 patients receiv
ing a loading dose of 30 mg/kg of vancomycin or the stan
dard therapy with 15 mg/kg. After 12 hours, the proportion 
of patients achieving a trough level of 15 μg/ml was higher in 
the group with loading dose (34% vs. 3%; p < 0.01); without 
toxicity differences. This study included both critically and 
noncritically ill patients (Rosini et al., 2015).

In a prospective study of septic patients, a new dosing reg
imen of vancomycin given by continuous infusion was vali
dated. It consisted of a loading dose of 35 mg/kg body weight 
given as a 4hour infusion followed by a daily continuous 
infusion dose adapted to CrCl, as estimated by the Cockcroft
Gault formula. Vancomycin concentrations were measured 
at the end of the loading dose (T1), at 12 hours (T2), 24 hours 
(T3), and then the day after (T4) the start of therapy. Van
comycin concentrations of 20–30 μg/ml at T2, T3, and T4 
were considered adequate. A total of 107 patients (72% male) 
were included. Median age, weight, and CrCl were 59 years, 
75 kg, and 94 ml/min, respectively. Vancomycin concentra
tions were 44, 25, 22, and 26 μg/ml at T1, T2, T3, and T4, 
respectively. Concentrations were adequate in 56% (60/107) 
of patients at T2, in 54% (57/105) of patients at T3, and in 
73% (41/56) of patients at T4. This vancomycin regimen per
mitted rapid serum concentration target attainment in most 
patients. Concentrations were insufficient in only 16% of 
patients at 12 hours of treatment (Cristallini et al., 2016).

PATIENTS WHO ARE OBESE

In obese patients, PK parameters, such as volume of distribu
tion and elimination halflife, are significantly different from 

those of patients at or near their normal body weight (Vance
Bryan et al., 1993). Dosing based on the absolute body weight, 
not the ideal body weight, was advised to calculate initial 
vancomycin doses in these patients (Moellering, 1984). Thus 
the 2009 IDSA guidance recommended an initial dose based 
on actual body weight, not exceeding 2g for each dose, and 
adjusting subsequent doses based on serum concentrations 
to reach therapeutic levels (Rybak et al., 2009). However, 
some authors have subsequently reported abovetarget trough 
levels with this regimen, so some caution and careful moni
toring may be needed (Reynolds DC et al., 2012; Kubiak et 
al., 2015).

The performance of an obesespecific, biphasic, divided 
load vancomycin protocol for attaining target trough con
centrations within 12 to 24 hours of dosing initiation, and 
during maintenance dosing, in obese patients was evaluated 
through a prospective medical record review in 54 consec
utive obese patients weighing up to 245.2 kg. Vancomycin 
serum concentrations were drawn before the third and fifth 
doses after initiation. Steadystate concentrations were drawn 
after the third dose once maintenance dosing was achieved 
and periodically thereafter. Within 12 hours after dosing ini
tiation, 48 (89%) study patients exhibited trough concentra
tions of 10–20 μg/ml (mean 14.5 ± 3.2 μg/ml), 51 (94%) 
study patients exhibited trough concentrations > 10 μg/ml 
within 12 hours after dosing initiation, and 3 (6%) had trough 
concentrations > 20 μg/ml. Thirtyone participants had sec
ond trough concentrations drawn within 24 hours of dosing 
initiation, with mean concentrations of 15.0 ± 3.1 μg/ml, and 
24 patients had a total of 32 trough concentrations drawn 
during maintenance dosing, with a mean concentration of 
15.1 ± 2.5 μg/ml. Trough concentrations of 10–20 μg/ml 
were achieved for 89% of obese patients within 12 hours of 
initial dosing and for 97% of obese patients within 24 hours 
of initial dosing while preventing doses given during supra
therapeutic trough levels. In addition, 97% of troughs mea
sured during the steady state were within the target range 
(Denetclaw et al., 2015).

To compare the effects of empiric vancomycin dosing reg
imens on the attainment of optimal target trough concentra
tions in obese (body mass index [BMI] 30–40 kg/m2) and 
extremely obese (BMI ≥ 40 kg/ m2) patients, a retrospective 
cohort study was undertaken of 263 obese and 71 extremely 
obese inpatients (actual body weight range 72–244 kg in 
both groups) who had suspected MRSA pneumonia and were 
treated with vancomycin. Patients with steadystate trough 
concentrations (measured 2 hours before the next vancomy
cin dose) and no evidence of acute kidney injury before van
comycin initiation were included. Logistic regression models 
were used to measure the effect of various vancomycin dos
ing regimens on the attainment of optimal target trough 
concentrations (15–20 μg/ml). The mean total daily vanco
mycin dose was lower in obese vs. extremely obese patients 
(2005 ± 736 vs. 2306 ± 934 mg, p < 0.05). The mean weight
based daily dose was higher in obese patients (20 ± 7 vs. 17 ± 
7 mg/kg/day, p < 0.05). In each group, approximately 20% of 
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patients achieved optimal target trough concentrations. In 
obese patients, the standard dose of approximately 30 mg/kg/
day was appropriate for target trough concentration attain
ment (OR: 5.15, 95% confidence interval [CI]: 1.69–15.64). 
In extremely obese patients, a lower dosage of 20–25 mg/kg/
day was appropriate for target trough concentration attain
ment (OR: 6.07, 95% CI: 1.01–36.51). The authors concluded 
that extremely obese patients may require a lower weight
based daily dose than obese patients to reach target vanco
mycin trough concentrations (Morrill et al., 2015).

PATIENTS WITH SEVERE BURNS

Patients with burns have variable PKs and may require 
higher than normal doses of vancomycin to produce recom
mended serum concentrations, because increases in glomer
ular filtration, and possibly tubular secretion lead to increased 
vancomycin clearance (Brater et al., 1986; Rybak et al., 1990a; 
Dolton et al., 2010). Moreover, vancomycin PK changes over 
time after the injury, which makes dosing even more difficult 
(Elligsen et al., 2011). A recent systematic review assessed 12 
studies of patients with at least a 10% total body surface area 
(TBSA) burn who received vancomycin intravenously and 
had their serum concentration(s) measured. The most com
mon dosing regimen in adult and pediatric patients was 
5–20 mg/kg/dose every 6 to 8 hours. Mean trough concentra
tions were 7.24 ± 1.5 μg/ml. Only 12.5% of reported trough 
concentrations were within the currently recommended 
range of 10–20 μg/ml. All studies recommended close moni
toring of the trough concentrations. The authors concluded 
that based on limited clinical outcomes data, standardized 
recommendations for vancomycin dosing and monitoring in 
burn patients cannot be made. Higher total daily doses (40–
70 mg/kg/day) and increased dosing frequency (every 6–12 
hours in adults) may be necessary to achieve current target 
trough concentrations (Carter et al., 2015).

PATIENTS WITH OTHER CONDITIONS

In a comparative study of infants and children with and 
without malignancy, vancomycin clearance rates and dosage 
requirements were higher in the cancer patients (Chang, 
1995). On the basis of this and another study (Chang et al., 
1994), a starting dose of 10 mg/kg six times per day was sug
gested for children with cancer, with further dosing guided 
by serum vancomycin estimations. Vancomycin clearance was 
also higher in 35 adult patients with hematologic malignancy, 
although the dosage requirements were not greatly increased 
(del Mar Fernandez de Gatta et al., 1993). The mechanism of 
the increased vancomycin clearance is unknown.

Because serum vancomycin levels may fall precipitously 
after the initiation of cardiopulmonary bypass, a preoperative 
dose of at least 15 mg/kg is generally required to maintain 
adequate serum levels (Moellering, 1984). 

Injecting drug users tend to have higher vancomycin clear
ances (Rybak et al., 1990a), but it is not clear whether higher 
doses of vancomycin are required in this group. The amount 
of vancomycin to be used depends on the individual’s renal 
function, which may be impaired.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

After oral administration, only very low serum concentra
tions are obtained, except in the presence of renal disease 
plus bowel inflammation. Fecal levels of 85–540 μg/ml liquid 
stool were present in two infants given 15–20 mg/kg per day 
of oral vancomycin, but whose serum levels were only 0.9–
1.05 μg/ml (Schaad et al., 1980). However, some systemic 
absorption can occur, especially in patients with renal failure 
in whom vancomycin elimination is decreased. Spitzer and 
Eliopoulus (1984) noted serum levels between 11.4 and 20.3 
μg/ml in a hemodialysis patient with antibioticassociated 
colitis who was given 500 mg of vancomycin orally four 
times daily. Bergeron and Boucher (1994) described a leuke
mic infant with normal renal function who was treated with 
oral vancomycin 1 mg/kg four times daily. A serum level of 
28.7 μg/ml was obtained 1 hour after dosing in association 
with a possible hypersensitivity reaction (HSR). Absorption 
probably occurred because of the combined effects of anti
bioticassociated colitis and alterations in mucosal integrity 
secondary to neutropenia and chemotherapy.

The PK profile of intravenous vancomycin is complex and 
can be characterized by either a two or threecompartment 
PK profile (Matzke et al., 1984; Rodvold et al. 1988; Rotschafer 
et al., 1982). In patients with normal CrCl, vancomycin has a 
distribution phase of approximately 30–60 minutes and an 
elimination halflife of 6–12 hours. The volume of distribu
tion is 0.4–1 l/kg (Matzke et al., 1986b; Rodvold et al. 1988). 
In adult volunteers, the serum levels 1 hour after a 500 mg 
i.v. dose is 13–22 μg/ml and after a 1 g dose is 25–40 μg/ml 
(Blouin et al., 1982; Healy et al., 1987; Boeckh et al., 1988). 
Peak serum levels with a dose of 1 g every 12 hours are usu
ally 25–40 μg/ml, and trough levels are 5–10 μg/ml. In adults 
with normal renal function, Healy et al. (1987) reported little 
intersubject variation in serum levels: a mean level of 33.7 
μg/ml 1 hour after a 1 g dose with a standard deviation of 3.8 
μg/ml and a range of 26.5–40.5 μg/ml. Most of the variation 
could be accounted for by differences in weight of the sub
jects. There is more variation in the elimination halflife, 
which ranges from 3 to 13 hours, the mean being approxi
mately 6 hours (Rotschafer et al., 1982). Healy et al. (1987) 
demonstrated that some vancomycin accumulation occurred 
in their normal subjects with repeated dosing. Trough levels 
increased from 5.4 to 11.2 μg/ml after five doses of 500 mg 
of vancomycin given every 6 hours and from 4.9 to 7.9 μg/ml 
after three i.v. doses of 1 g every 12 hours. Continuous infu
sion of 30 mg/kg over 24 hours in 13 patients resulted in a 
plateau level of 24 ± 6 μg/ml (Wysocki et al., 1995).

The binding of vancomycin to protein ranges from 10–50% 
(Ackerman et al., 1988; Albrecht et al., 1991).

Preterm infants do not have fully mature renal systems, 
and vancomycin clearance is impaired as a result. The pro
longed elimination halflife in preterm infants may be related 
to immaturity of the kidneys, and to a lesser extent possibly 
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to immaturity of the liver. The first dose recommendations 
for neonates were made by Schaad et al. (1980), but peak and 
trough levels were often excessive with the suggested doses. 
Subsequent dosage recommendations have been based on 
postconceptional age and weight (see section 4b, Newborn 
infants and children) and generally result in peak levels of 
30–40 μg/ml and trough levels of 5–10 μg/ml (Naqvi et al., 
1986; James et al., 1987; Hardenbrook et al., 1991). In a retro
spective population PK study, 108 newborns with suspected 
central linerelated septicemia during the first month of life 
received 30 mg/kg per day of vancomycin divided into two 
doses, regardless of gestational or postconceptional age. Tar
gets were a trough concentration of 5–15 μg/ml and a peak 
< 40 μg/ml. Of the 108 patients, 34.3% of measured trough 
concentrations and 17.6% of peak concentrations were out
side the desired therapeutic range. The model that best fitted 
the data included clearance and volume/kg and was indepen
dent of gestational age. Simulation showed that the optimal 
dosing schedule is 30 mg/kg per day, irrespective of gesta
tional age, in three doses. The optimal scheme was then tested 
prospectively in 22 patients. Mean trough concentrations 
before the second dose were 8.2 ± 2.2 μg/ml vs. a predicted 
trough of 8.9 ± 2.5 μg/ml. No peak levels > 40 μg/ml were 
observed. With this dosing scheme, there is reportedly no 
need for routine monitoring of peak serum concentrations 
(de Hoog et al., 2000; de Hoog et al., 2004).

Schaad et al. (1980) also studied vancomycin levels in 
older infants and children. A 15 mg/kg dose given to seven 
term infants produced a mean peak level of 29.8 μg/ml, and 
in infants aged 1–12 months, 10 and 15 mg/kg doses resulted 
in peak levels of 26.1 and 28.0 μg/ml, respectively. Similar 
levels were noted in children 3–5 years of age given these two 
doses. Calculated elimination halflives were 5.9–9.8 hours 
for newborn infants, 4.1 hours for older infants, and 2.2– 
3.0 hours for children. Serum level monitoring on 11 other 
patients showed that there was no evidence of accumulation 
with repeated doses.Vancomycin can be added to peritoneal 
dialysis fluid and administered intraperitoneally. The half
life for equilibration of vancomycin into the circulation from 
the dialysate is 2.8–3 hours (Rogge et al., 1985; Baillie et al., 
1992); thus approximately 65% and 75% of an intraperito
neal vancomycin dose is absorbed across the peritoneal mem
brane and into the systemic circulation after 4 and 6hour 
dwelltimes, respectively. In effect, a 2 g dose of vancomycin 
given intraperitoneally over a 4hour dwell period is equiva
lent to a 1.3 g dose given i.v. Absorption is enhanced in the 
presence of peritonitis (Rubin, 1990). In four CAPD patients 
given 30 mg/kg of vancomycin intraperitoneally, Morse et 
al. (1987) found a mean enddwell dialysate concentration of 
610 μg/ml and a mean peak serum concentration of 30.4 μg/
ml. Baillie et al. (1992), using a lower intraperitoneal dose of 
15 mg/kg, reported a peak serum concentration of 17.8 μg/ml. 
With lower intraperitoneal doses, such as those used when 
peritoneal dialysisassociated peritonitis is treated by add
ing vancomycin to each dialysis bag, much lower levels are 
obtained: a maintenance dose of 25 mg/l results in a serum 
level of 0.27 μg/ml and a dialysate concentration of 10.7 μg/ml 

at the end of the first dwell, with the serum level taking many 
days to reach 10 μg/ml.

5b.  Drug distribution

Vancomycin diffuses readily into pleural, pericardial, ascitic, 
and synovial fluids (Geraci et al., 1957). Vancomycin levels 
in lung epithelial lining fluid obtained by bronchoalveolar 
lavage averaged 4.5 μg/ml in 14 critically ill patients being 
treated with vancomycin (Lamer et al., 1993). The drug pen
etrates well into peritoneal dialysate after i.v. administration 
(Whitby et al., 1987). 

Vancomycin does not appear to diffuse well into the aque
ous humor of the eye (Moellering, 1984). To investigate the 
intraocular penetration of vancomycin eye drops, a pro
spective randomized trial evaluated 53 patients who had 
undergone extracapsular cataract extraction (ECCE) with 
intraocular lens implantation. Vancomycin (50 μg/ml) eye 
drops were applied. After paracentesis performed during 
ECCE, vancomycin concentrations in the anterior chamber 
were 2.04 ± 1.9 μg/ml and 1.49 ± 1.1 μg/ml in an open and 
closed method, respectively (p = 0.202) (Alster et al., 2000).

In patients with uninflamed meninges, CSF penetration is 
poor but increases in the presence of meningitis. In 11 adult 
patients with pneumococcal meningitis treated with vanco
mycin 7.5 mg/kg every 6 hours, the median trough levels 
after 48 hours of treatment were 2 and 5.1 μg/ml in CSF and 
serum, respectively. At the end of 10 days of treatment, peak 
CSF and serum levels were 1.9 and 18.5 μg/ml, respectively 
(Viladrich et al., 1991). When a higher vancomycin dose of 
15 mg/kg every 6 hours was used in children, the mean CSF 
level 2–3 hours after dosing was 3.3 μg/ml, which was 21% of 
the mean simultaneously measured serum level (Klugman et 
al., 1995). Schaad et al. (1981) studied three infants treated 
with i.v. vancomycin who had ventriculoperitoneal shunt 
infections and a mild CSF pleocytosis; the CSF concentra
tions of vancomycin were 1.2–4.8 μg/ml, which were calcu
lated to be 7–21% (mean 14%) of the concurrent serum 
levels. In 12 children with ventriculoperitoneal shunt infec
tions treated with i.v. vancomycin (mean dose 55 μg/kg per 
day), the mean vancomycin level in 27 ventricular fluid spec
imens was 5.5 μg/ml (McGee et al., 1990). Serum levels were 
not reported. Ventricular fluid levels correlated with higher 
CSF protein concentrations and white blood cell counts and 
lower glucose levels. The levels obtained in CSF may be sub
optimal for some infections; thus intrathecal or intraventric
ular administration may be necessary (see section 4, Mode of 
drug administration and dosage). Animal studies indicate 
that administration of dexamethasone reduces the CSF pen
etration of vancomycin (Paris et al., 1994; Cabellos et al., 
1995). However, a mean CSF level of 3.3 μg/ml (21% of simul
taneously measured serum levels) could be achieved in chil
dren treated with dexamethasone and vancomycin 15 mg/kg 
four times daily (Klugman et al., 1995).

In contrast to poor penetration into CSF, vancomycin pen
etrates well into brain tissue itself. Levy et al. (1986) found 
satisfactory brain abscess pus levels in a patient treated with 
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vancomycin for a S. aureus brain abscess. In a study of post
mortem tissues from a patient treated with vancomycin until 
the time of death, good concentrations were found in the 
kidney, liver, lung, heart and aorta, and in an abscess (Torres 
et al., 1979). Vancomycin penetrates satisfactorily into medi
astinal and cardiac tissues when given as a 15 mg/kg preop
erative dose (with or without a supplemental 7.5 mg/kg at the 
time of cardiopulmonary bypass) (Martin et al., 1994). Bone 
penetration has been investigated in 19 patients, 5 of whom 
had osteomyelitis, and adequate cancellous and cortical levels 
were obtained in most specimens (Graziani et al., 1988).

Vancomycin crosses the placenta in a predictable man
ner. This was demonstrated by administering a vancomycin 
1 g dose i.v. over 1 hour at four separate time intervals to 13 
uncomplicated nonlaboring women undergoing scheduled 
cesarean delivery. Vancomycin concentrations in maternal 
serum ranged from 2.6 to 19.8 μg/ml. In cord blood samples, 
vancomycin concentrations ranged from 2.8 to 9.4 μg/ml 
and persisted above 1 μg/ml. However, only 6 of 13 women 
received the full 1 g vancomycin dose, because the other 
7 had some manifestation of “red man syndrome” during 
the infusion (see section 6, Toxicity). No other shortterm 
sequelae were identified in any patients or their fetuses. A 
strong correlation (r2 = 0.93, p < 0.001) between cord and 
maternal serum concentrations vs. time was noted. Cord 
van comycin concentrations approached maternal serum con
centrations 4 hours after the infusion ended (Laiprasert et al., 
2007).

Vancomycin is excreted in human breast milk, although 
no quantitative data are available. The teratogenic potential 
is undetermined (Nahum et al., 2006).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Reviews of PKsPDs have indicated that the AUC/MIC ratio 
is the PD index that best correlates with a successful outcome 
associated with the use of vancomycin based in part on data 
from animal models, in vitro studies, and limited human 
studies (Craig, 2003; Rybak, 2006). 

In in vitro studies, vancomycin has shown a concentration 
independent effect. The bactericidal activities of vancomy
cin against two reference strains and two clinical isolates of 
S. aureus and S. epidermidis were studied with five different 
concentrations ranging from 2 to 64 times the MIC. The 
decrease in the numbers of CFU at 24 hours was at least 
3 log10 CFU/ml for all strains. No concentrationdependent 
killing was observed. The PAE was 1.2 hours for S. aureus 
and 6.0 hours for S. epidermidis (Lowdin et al., 1998). Mono
exponential and biexponential killing curves for vancomycin 
over a 2–50 μg/ml concentration range were generated for 11 
S. aureus isolates and 12 CONS spp. in the logarithmic phase 
of growth. Nonlinear leastsquares regression of the initial 
growth rate and disappearance were not significantly different 
for lower or higher concentrations of vancomycin in broth 
(Ackerman et al., 1992). An invitro PD system was used to 
demonstrate the concentrationindependent PDs of vanco 

mycin against S. aureus ATCC 29213. Initial vancomycin 
concentrations of 5, 10, 20, and 40 μg/ml were studied mon
oexponentially while simulating a 6hour halflife. Timekill 
curve analyses suggested that varying the concentration of 
vancomycin does not affect the rate or extent of bacterial 
killing aerobically or anaerobically against S. aureus and that 
more efficient killing was achieved under aerobic conditions. 
The simulated distribution phase concentrations did not con
tribute to more effective killing of S. aureus ATCC 29213 
(Larsson et al., 1996). 

In vitro and in vivo studies using an experimental model of 
endocarditis in rabbits were performed to compare the activ
ity of cloxacillin and vancomycin against MSSA and to deter
mine how rapidly their bactericidal activity occurs in cardiac 
vegetations. At 4fold and 16fold vancomycin concentrations, 
the MIC produced a modest decrease in the number of micro
organisms at 4 hours. After 24 hours, only the 16fold to 
32fold vancomycin concentrations resulted in MIC decreases 
of 2 to 4 log10 CFU. After 24 hours, only concentrations of van
comycin from 16 to 32fold the MIC resulted in decreases in 
the number of microorganisms up to 4 log10 CFS. However, 
vancomycin was less rapidly bactericidal than cloxacillin in 
vivo (Fernandez Guerrero and de Gorgolas, 2006). 

In a study comparing vancomycin with daptomycin, two 
clinical MRSA and four hVISA were tested in an in vitro 
PKPD model with simulated endocardial vegetations. Van
comycin regimens of 1 g every 12 hours and 2 g every 12 
hours were given over 72 hours. Against MRSA isolates, 
vancomycin displayed minimal activity and minimaltono 
activity against hVISA. In general, the use of highdose van
comycin over standarddose vancomycin did not improve 
activity except against one of six isolates (Leonard and Rybak, 
2009). GISA and VISA strains have an increased inoculum 
effect in comparison with fully vancomycinsusceptible 
strains (LaPlante and Rybak, 2004).

The efficacy of vancomycin against some staphylococcal 
strains has been questioned because of increasing MICs 
among staphylococci and apparently slower bacterial killing 
than was previously recognized (Stevens, 2006). For instance, 
MRSA bloodstream isolates from patients who had received 
vancomycin within the preceding 30 days had a significantly 
decreased vancomycin killing at 24 hours in vitro (median 
log10 decrease, 3.1 vs. 2.2 CFU/ml; p = 0.021) and a signifi
cantly higher vancomycin MIC than isolates obtained from 
patients without that history (p = 0.002) (Moise et al., 2008).

Vancomycin tolerance, defined as a MBC/MIC ratio ≥ 32 
or an MBC/MIC ratio > 16 associated with a resistantlevel 
vancomycin MBC of > 32 μg/ml, represents a lack of bacte
ricidal activity (Geraci and Wilson, 1981). A significant sub
set of S. aureus strains is associated with the risk of clinical 
failure as a result of vancomycin tolerance, regardless of 
the reported susceptibility levels (MICs). In a study of 213 
S. aureus strains, 15% of wildtype MRSA strains, 74% of 
hVISA strains, and 100% of VISA and VRSA strains were 
tolerant to vancomycin (Jones, 2006). Vancomycin tolerance 
in MRSA appears to be linked to cell wall thickening in some 
studies (Cázares et al., 2015). Tolerance (MBC/MIC ≥ 32) to 
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vancomycin may also occur with strains of S. epidermidis 
(Geraci and Wilson, 1981), viridans streptococci (Geraci and 
Wilson, 1981; Meylan et al., 1986), S. bovis (Geraci and 
Wilson, 1981), and Group G streptococci (Noble et al., 1980).

Although the AUC/MIC ratio is the PD index that best 
correlates with a successful outcome associated with the use 
of vancomycin, the exact optimal ratio remains uncertain 
(Craig, 2003; Rybak, 2006). In a retrospective analysis of 
vancomycintreated patients with a S. aureusassociated lower 
respiratory tract infection, an AUC/MIC of > 345 (where 
MIC was measured using broth microdilution) was associ
ated with higher rates of clinical and bacteriological success 
than lower AUC/MIC values (Moise et al., 2000), whereas an 
AUC/MIC > 866 was required for microbiologic success. In a 
subsequent publication, MoiseBroder et al. (2004a) showed 
that vancomycin AUC24/MIC values predicted timerelated 
clinical and bacteriological outcomes for patients with lower 
respiratory tract infections caused by MRSA. Clinical and 
PK information on 108 patients (age range 32–93 years) with 
a S. aureus lower respiratory tract infection was used. Mea
sured vancomycin AUC24/MIC values were predicted with 
the software program AUIC calculator in a subset of these 
patients (r2 = 0.935). Clinical and bacteriological response 
to vancomycin therapy was superior in patients with higher 
(≥400) AUC24/MIC values (p = 0.0046), but no relationship 
was identified between vancomycin %time > MIC and infec
tion response. Bacterial eradication of S. aureus (both MSSA 
and MRSA) occurred more rapidly (p = 0.04) with vancomy
cin when a threshold AUC24/MIC value was reached. S. aureus 
killing rates were slower with vancomycin than with other 
antistaphylococcal antibacterials (p = 0.002) (MoiseBroder 
et al., 2004a).

A retrospective, singlecenter, observational cohort study 
was performed to determine whether vancomycin PK param
eters as such (e.g. serum trough concentrations or AUC 
 values) were associated with mortality for patients with 
healthcareassociated pneumonia (HCAP) attributed to 
MRSA. Patients with MRSA HCAP (n = 102) were identified 
over a 6.5year period; 32 patients (31.4%) died during their 
hospitalization. The mean vancomycin trough concentrations 
(13.6 ± 5.9 vs. 13.9 ± 6.7 μg/ml, respectively; p = 0.87) and 
AUC values (351 ± 143 vs. 354 ± 109 μg × hour/ml, respec
tively; p = 0.94) did not differ between survivors and non
survivors. The stratification of the vancomycin trough 
concentrations and AUC values yielded no relationship with 
hospital mortality. The authors concluded that there was 
no evidence that greater vancomycin trough concentrations 
or AUC values correlated with hospital outcome. However, 
MICs were not measured and therefore the AUC/MIC values 
are not known (Jeffres et al., 2006) and the power of this 
study was probably too small to to draw many conclusions. 

Kullar et al. studied MRSA bacteremia in a large sample of 
patients and concluded that AUC24/MIC < 421 (using broth 
microdilution MIC) was associated with vancomycin treat
ment failure (Kullar et al., 2011). Another study determined a 
much lower AUC24/MIC cutoff value of 221 in complicated 
bacteremia and infective endocarditis in MRSA infection 

(Brown et al., 2012), however this study utilised Etest MIC 
rather than broth microdilution.

To characterize vancomycin PDs in MRSAassociated sep
tic shock, 35 cases were extracted from an observational, mul
ticenter study in Canadian ICUs. These were adult patients 
who received vancomycin and had a measured serum con
centration within the first 72 hours of therapy. Univariate 
and multivariate analyses were used to assess variables pre
dictive of inhospital mortality. Patients who survived were 
significantly younger and had better renal function, lower 
probability of chronic obstructive pulmonary disease, higher 
probability of intravenous drug use, lower probability of 
healthcareassociated infection and lower APACHE II score. 
Survivors also received higher vancomycin doses and had 
higher serum troughs and AUC24/MIC values. The survival 
rate was 2.5fold greater in patients who had vancomycin 
troughs ≥15 µg/ml (70.6% [12/17] vs. 27.8% [5/18]; p = 
0.001). Two significant AUC24/MIC thresholds for survival, 
≥ 451 (p = 0.006) and ≥ 578 (p = 0.012), were identified by 
CART analysis. Only younger age (p = 0.028) and higher 
vancomycin AUC24/MIC (p = 0.045) were significant in 
multivariate analyses of survival (Zelenitsky et al., 2013). It 
is important to note that MICs were not individually per
formed in this study; the AUC24/MIC values were derived 
assuming a vancomycin MIC of 1 µg/ml (using broth micro
dulution) based on concurrent microbiological surveillance 
in Canadian ICUs.

Holmes et al. (2013) evaluated vancomycin serum trough 
levels and vancomycin AUC/MIC by following a cohort of 
182 patients with S. aureus bacteremia (SAB) and analyzing 
these parameters within the critical first 96 hours of vanco
mycin therapy. The median vancomycin trough level at this 
time point was 19.5 µg/ml. There was a significant difference 
in vancomycin AUC/MIC when using broth microdilution 
compared with Etest MIC (medians of 436.1 and 271.5, 
respectively; p < 0.001). Obtaining the recommended vanco
mycin target AUC/MIC of ≥ 400 using broth microdilution 
was not associated with lower 30day allcause or attribut
able mortality from SAB (p = 0.13 and p = 0.27, respectively). 
However, an alternative vancomycin AUC/MIC of > 373, 
derived using classification and regression tree analysis, was 
associated with reduced mortality (p = 0.043) and remained 
significant in a multivariable model. The authors pointed out 
that the MIC test method has a significant impact on van
comycin AUC/MIC estimation. As the current target AUC/
MIC of ≥ 400 was derived using the reference broth micro
dilution method, adjustments to this target need to be made 
when calculating AUC/MIC ratio using other MIC testing 
methods (Holmes et al., 2013). This appears to be an impor
tant consideration when assessing studies that report specific 
AUC/MIC targets.

Jung et al. (2014) retrospectively studied adult patients 
with MRSA bacteremia who were treated with vancomycin 
for ≥ 72 hours without dialysis. Initial steadystate AUC24 
was estimated using a Bayesian model, and the AUC24/MIC 
cutoff value for differentiating treatment success and failure 
was calculated by classification and regression tree (CART) 
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analysis. In total, 76 patients were enrolled; vancomycin 
treatment failure occurred in 20 patients (26.3%). Catheter
related infection was the most frequent (35.5%), followed by 
surgical site infection (26.3%), while 25 (32.9%) had compli
cated infections. In univariate analysis, decreased MRSA 
vancomycin susceptibility (MIC ≥1.5 µg/ml) and vancomy
cin trough levels (15–20 µg/ml) were not associated with 
treatment outcomes. In the CART analysis, low initial vanco
mycin AUC24/MIC (< 430 by Etest; < 398.5 by broth micro
dilution) was associated with a higher treatment failure rate 
(50.0% vs. 25.0%, p = 0.039 by Etest; 45.0% vs. 23.2%; p = 
0.065 by broth microdilution). In multivariate analysis, low 
initial vancomycin AUC24/MIC was a significant risk factor 
for treatment failure (adjusted odds ratio [aOR]: 4.39, 95% 
CI: 1.26–15.35 by Etest; aOR: 3.73, 95% CI: 1.10–12.61 by 
broth microdilution). In MRSA bacteremia, a low initial van
comycin AUC24/MIC appeared to be an independent risk 
factor for vancomycin treatment failure. The authors con
cluded that the AUC24/MIC ratio (estimated using Etest and 
broth microdilution) is associated with vancomycin treat
ment outcomes in MRSA bacteremia, and aiming to achieve 
an individualized AUC24/MIC ratio > 400–430 may improve 
treatment outcomes (Jung et al., 2014).

Casapao et al. (2015) evaluated day 1 vancomycin expo
sure and outcomes in a retrospective study of patients with 
MRSA endocarditis. Vancomycin AUC24/MIC by broth 
micro dilution ≤ 600 was associated with increased clinical 
failure (persistent bacteremia or 30day attributable mortal
ity). Furthermore, different CARTderived AUC/MIC thresh
olds by broth microdilution and Etest at days 1 and 2 of 
vancomycin exposure were associated with clinical failure or 
30day mortality in a retrospective study of MRSA bactere
mia (Lodise et al., 2014): day 1 AUC/MIC ≥ 521 by broth 
microdilution (p = 0.02), day 1 AUC/MIC ≥ 303 by Etest 
(p = 0.003), day 2 AUC/MIC ≥ 650 by broth microdilution 
(p  = 0.05), day 2 AUC/MIC > 320 (p = 0.01). This study 
underscores the need to achieve adequate vancomycin expo
sures early during treatment, and these data demonstrate that 
there is some variability in the desired AUC/MIC threshold 
depending on the site of infection.

An in vitro and in vivo study evaluating central line 
associated CoNS infection in neonates determined that AUC/
MIC > 400 resulted in nearmaximal bacterial killing and 
suppression of the emergence of resistance (RamosMartin 
et al., 2016).

A metaanalysis performed by Men et al. (2016) suggested 
that achieving high vancomycin AUC24/MIC targets (such as 
≥ 400) could reduce mortality rates by 53% and treatment 
failure by 61%. It is important to note that studies evaluating 
vancomycin AUC24/MIC targets have almost exclusively stud
ied S. aureus and not other Grampositive organisms; the 
clinical syndrome (pneumonia, bacteremia, endocarditis) and 
MIC method (broth microdilution, Etest) also impact the 
AUC24/MIC thresholds associated with improved clinical 
outcomes.

Certain clinical situations also require special consider
ation of vancomycin PKPD features. For instance, MRSA 

ventilatorassociated pneumonia is associated with relatively 
high mortality, even when appropriate early vancomycin 
therapy of 15 mg/kg every 12 hours is administered. However, 
because of the poor penetration of vancomycin into epithe
lial lining fluid, it is unlikely that this dosing schedule always 
achieves optimal vancomycin exposure in the lung. Vanco
mycin treatment failure for infections caused by MRSA 
strains with high MICs has prompted the American Thoracic 
Society and the Infectious Diseases Society of America to 
recommend higher vancomycin target troughs of 15–20 μg/ml 
for hospitalacquired, ventilatorassociated, and healthcare 
associated pneumonia (Rybak et al., 2009). A prospective 
cohort study comparing 51 adult patients infected with MRSA 
with a vancomycin MIC of ≥ 2 vs. < 2 μg/ml, with 44 patients 
infected with MRSA with a vancomycin MIC < 2 μg/ml, found 
that the response was significantly lower (62% vs. 85%, p = 
0.02) and infectionrelated mortality was higher (24% vs. 10%; 
p = 0.16) in the high MIC group. High MIC (p = 0.03) and the 
Acute Physiology and Chronic Health Evaluation (APACHE) 
II score (p = 0.009) were independent predictors of the poor 
response in multivariate analysis. Nephrotoxicity  occurred 
only in the hightrough concentration group (11/63; 12%), 
significantly predicted by concomitant therapy with other 
nephrotoxic agents. The authors concluded that the high prev
alence of clinical MRSA strains with elevated vancomycin 
MIC (2 μg/ml) requires aggressive empirical vancomycin dos
ing to achieve a trough greater than 15 μg/ml, and that combi
nation or alternative therapy should be considered for invasive 
infections caused by these strains (Hidayat et al., 2006).

For continuousinfusion vancomycin, different steady
state target levels have been proposed over the past decade. 
An in vitro model study showed that bacterial killing and 
development of diminished vancomycin susceptibility during 
continuous infusion therapy were dependent on the AUC/
MIC ratio, with values of 480 being bactericidal and sup
pressing emerging resistance. This target would generally be 
achieved with continuous infusion at a steadystate concen
tration of 20 µg/ml when vancomycin pathogen MICs are 
1 µg/ml (Zelenitsky et al., 2011). Other authors have sug
gested that, given the tendency toward increasing vanco
mycin MICs in clinical isolates of S. aureus in some centers, 
a target concentration of 25 mg/l may be more appropriate 
(Wang et al., 2006). However, in this case, careful monitoring 
must be carried out. The largest PK study on continuous 
infusion of vancomycin showed that dosages need to be indi
vidualized according to the actual body weight and CrCl of 
the patient (Roberts et al., 2011). To achieve a steadystate 
concentration of 20 µg/ml, these authors proposed a mini
mum loading dose of 35 mg/kg, followed by a daily dose 
adjusted to CrCl, based on a population PK analysis of retro
spective data from critically ill patients. However, the efficacy 
and safety of this scheme have not been prospectively vali
dated in clinical studies. Several administration protocols 
and nomograms validated in a few patient cohorts are avail
able. They used different loading doses and also used diverse 
daily doses, for which calculations were based on estimates 
of CrCl by the CockcroftGault formula, to achieve target 
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steadystate concentrations of 25 µg/ml (Jeurissen et al., 2011), 
and 27.5 µg/ml (Ampe et al., 2013). All of these schemes 
were developed in samples of critically ill patients, so imple
mentation in other patients may require closer monitoring 
(Hanrahan et al., 2015).

Special consideration is needed for pediatric populations, 
because dosing varies with multiple features, including gesta
tional age, weight, and comorbidities. In a study by Janssen 
et al. (2015), both neonatal and pediatric PK models for van
comycin were externally evaluated and subsequently used to 
derive modelbased dosing algorithms for neonates, infants, 
and children. For the external validation, predictions from 
previously published PK models were compared to new data. 
Simulations were performed in order to evaluate current 
dosing regimens and to propose a modelbased dosing algo
rithm. The AUC24/MIC was evaluated for all investigated 
dosing schedules (target of > 400), without any concentra
tion exceeding 40 µg/ml. Both the neonatal and pediatric 
models of vancomycin performed well in the external data 
sets, resulting in concentrations that were predicted correctly 
and without bias. For neonates, a dosing algorithm based on 
body weight at birth and postnatal age was proposed, with 
daily doses divided over three to four doses. For infants aged 
< 1 year, doses between 32 and 60 mg/kg/day over four doses 
were proposed, whereas at more than 1 year of age, 60 mg/
kg/day seemed appropriate. As the time to reach steadystate 
concentrations varied from 155 hours in preterm infants to 
36 hours in children aged > 1 year, an initial loading dose was 
proposed by these authors (Janssen et al., 2015).

5d.  Excretion

Virtually all of an i.v. administered dose of vancomycin is 
excreted by the kidneys in an unchanged form after 24 
hours. This occurs primarily by glomerular filtration, but 
there is evidence that some tubular secretion may occur as 
well (Moellering, 1984; Rybak et al., 1990a). Between 80 % 
and 90% of an i.v. administered dose can be recovered from 
the urine during the first 24 hours. Urine concentrations of 
9–300 μg/ml are maintained for 24 hours after a single 0.5 g 
i.v. dose in healthy adults (Geraci et al., 1957). 

Importantly, renal vancomycin clearance may vary in 
children. A recent review summarized the development of 
the neonatal kidney and discussed various renal function 
descriptors, as well as age, weight, and SCr, and their associ
ation with vancomycin clearance in a septic neonatal cohort 
(Bhongsatiern et al, 2016). 

Geraci et al. (1957) found small quantities of vancomycin 
in the bile and feces after i.v. administration. After i.v. admin
istration of vancomycin to children, Schaad et al. (1980) found 
fecal concentrations of the drug of 4.1–35.8 μg/g wet stool 
(mean 12.5 μg/g). Extrarenal (possibly hepatic) excretion of 
vancomycin may occur to a small extent, because relatively 
high vancomycin clearances are observed in patients with 
compromised renal function (Rotschafer et al., 1982).

Because i.v. vancomycin is mainly eliminated by the 
 kidneys, higher serum levels are produced in patients with 

impaired renal function than in those with normal func
tion if dosage modification is not employed (see section 4c, 
Altered dosages). 

5e.  Drug interactions

Coadministration of vancomycin with anesthetic agents may 
be associated with erythema and histamine–like flushing and 
anaphylactoid reactions. Concurrent and/or sequential use 
of potentially neurotoxic and/or nephrotoxic drugs, such as 
amphotericin B, aminoglycosides, bacitracin, polymyxin B, 
colistin, viomycin, or cisplatin, requires careful monitoring. 

Experience in one patient who had a persistent S. aureus 
bacteremia while receiving vancomycin, suggested that hep
arin can inactivate vancomycin if the two agents are admin
istered in a single i.v. line. Tests of the drugs in vitro at the 
concentrations achieved in the i.v. line resulted in precipitate 
formation and a 50–60% reduction of vancomycin activity 
(Barg et al., 1986).

Major incompatibilities with vancomycin have been ob 
served with betalactams (temocillin, piperacillin/tazobactam, 
ceftazidime, imipenem, cefepime, and flucloxacillin) and 
moxifloxacin, but not with ciprofloxacin, aminoglycosides, 
and macrolides, when these drugs are coadministered in the 
same intravenous line. Propofol, valproic acid, phenytoin, 
theophylline, methylprednisolone, and furosemide are also 
incompatible, whereas ketamine, sufentanil, midazolam, 
morphine, piritramide, nicardipine, urapidil, dopamine, 
dobutamine, and adrenaline appear compatible. No effect or 
incompatibility with Nacetylcysteine or amino acid solu
tions has been detected. Thus, several drugs require distinct 
intravenous lines or appropriate procedures to avoid undue 
contact and potential interaction (Raverdy et al., 2013).

6. ADVERSE REACTIONS AND TOXICITY

The frequency of vancomycinassociated side effects appears 
to have been reduced with better drug purification procedures 
(Griffith, 1984).

6a.  Hypersensitivity and related side 
effects

A reaction, variably known as the “redman,” “red neck,” or 
“red person’s” syndrome, is a wellrecognized complication 
of vancomycin infusion (Polk, 1991). It was described soon 
after vancomycin was first used (Rothenberg, 1959). This 
reaction comprises any combination of skin itch, skin flush
ing (most prominently over the upper body), angioedema, 
hypotension, tachycardia, and occasionally muscle aches. The 
reaction typically begins approximately 30 minutes after the 
infusion has started, with patients complaining of itching and 
warmth over the head and chest. Progression of the symp
toms may occur with the development of angioedema, but 
bronchospasm is not a feature, and hypotension, although not 
infrequent in closely monitored patients, is rarely clinically 
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significant. The reaction may begin to abate even as the infu
sion is continued, and almost always resolves completely 
within 1 hour of completion of the infusion.

The redman syndrome is believed to result from van
comycininduced histamine release (Polk et al., 1988). This 
release is nonimmunologically mediated. Several studies have 
demonstrated a correlation between the levels or rate of 
production of histamine and the occurrence of redman syn
drome in healthy volunteers. Polk et al. (1988) found hista
mine release to be greater during the infusion of a 1000 mg 
dose than during a 500 mg dose, and the magnitude of the 
release correlated with the severity of the infusionrelated 
reaction. Similar results were obtained in a study comparing 
a 1 and 2hour i.v. infusion of vancomycin 1 g (Healy et al., 
1990). Pretreatment with antihistamines can reduce the fre
quency of redman syndrome; only 8% of healthy volunteers 
developed the reaction after medication with an H1 antago
nist (hydroxyzine), compared with 92% of placebo recipients. 
A similar protective effect with antihistamines has also been 
reported in patients treated with vancomycin (Wallace et al., 
1991). However, not all studies have supported a relationship 
between histamine release and redman syndrome (Rybak et 
al., 1992; O’Sullivan et al., 1993), and histamine infusion in 
normal volunteers does not produce itching or edema, so it is 
possible that other mediators, such as bradykinin or sero
tonin, are involved in this reaction.

Redman syndrome is much more common in healthy 
volunteers than in patients. Combining the results of six 
studies, a striking 58 of 66 healthy adult volunteers receiving 
a 1 g i.v. infusion of vancomycin over 60 minutes developed 
redman syndrome (Polk et al., 1988; Polk et al., 1993; Sahai 
et al., 1989; Sahai et al., 1990; Healy et al., 1990; Rybak et al., 
1992). In contrast, the reaction was reported in none of 15 
(Rybak et al., 1992) patients, and in only one of 29 (O’Sullivan 
et al., 1993) patients treated with vancomycin. Reactions 
may be less common in patients for the following reasons: 
previous administration of antihistamines for other purposes, 
depletion of histamine stores in response to acute infection 
or from previous use of narcotics, or greater difficulty in rec
ognizing the syndrome in ill patients. However, Wallace et al. 
(1991) reported that 8 of 17 patients not pretreated with anti
histamines developed redman syndrome.

The dose of vancomycin and its rate of infusion affect the 
frequency of redman syndrome. Vancomycin 500 mg i.v. 
infused over 60 minutes caused no reactions in 11 healthy 
adult volunteers compared with reactions occurring in nine 
of those given 1000 mg (Polk et al., 1988). Similarly, when 
1000 mg of vancomycin was infused over 2 hours rather than 
1 hour to 10 healthy volunteers, the number of volunteers 
developing reactions fell from eight with the shorter infusion 
to three with the longer infusion (Healy et al., 1990). The 
incidence of redman syndrome is highest with the first dose 
of vancomycin and falls with subsequent doses. Polk et al. 
(1988) noted that 9 of 11 healthy volunteers developed red
man syndrome with the first dose of vancomycin, but only 
four experienced a reaction after the third dose, and that reac
tion was less severe. Redman syndrome is much less common 

with the other glycopeptide antibiotic teicoplanin (Sahai et 
al., 1990; Rybak et al., 1992; see Chapter 44, Teicoplanin).

If a patient develops redman syndrome, the infusion time 
should be extended to 2 hours and pretreatment with an 
antihistamine may be considered. Vancomycin skin testing 
does not predict the subsequent development of redman 
syndrome (Polk et al., 1993). Successful vancomycin desen
sitization has been reported, but may not be particularly rel
evant for this syndrome compared to true allergy (Lin, 1990; 
Wong et al., 1994).

The hypotensive effect of i.v. vancomycin seems to be 
related to the rate of infusion, and it has been of most con
cern in patients given preoperative or intraoperative van
comycin. Hypotension is uncommon when vancomycin is 
infused over 60 minutes, but it was reported in 11 of 25 
patients given vancomycin 1 g over 10 minutes preopera
tively (Newfield and Roizen, 1979). Rapid infusions have also 
been associated with cardiopulmonary arrest (Glicklich and 
Figura, 1984; Southorn et al., 1986), a grand mal seizure with 
angioedema of the face and lips (Baillie et al., 1985), and death 
(McHenry and Gavan, 1983). Romanelli et al. (1993) found 
that vancomycin infused preoperatively over 30 minutes 
did not affect hemodynamic parameters, but doses given 
intraoperatively and postoperatively resulted in significantly 
lowered systolic blood pressure and mean arterial pressure. 
However, the intraoperative dose was infused rapidly in 
these patients. When vancomycin has been administered 
more slowly (over 30–60 minutes) either before or after the 
induction of anesthesia, no significant changes in heart rate 
or blood pressure have been noted in other studies (Rosen
berg et al., 1995). Preoperative and intraoperative adminis
tration of vancomycin appears to be safe, provided that the 
drug is infused over 30–60 minutes, but potentiation of the 
hypotensive effect of vancomycin by anesthetic agents being 
given at the same time can occur. Increased intracranial pres
sure has also been reported when vancomycin was given as 
prophylaxis to patients with external ventricular CSF drains 
(Gaskill and Marlin, 1992).

Some generalized reactions to vancomycin do not have fea
tures of the redman syndrome. Sahai et al. (1988) reported a 
patient with a severe reaction to vancomycin characterized 
by fever, hypotension, and rash that was not associated with 
histamine release, and did not abate when the vancomycin 
infusion rate was slowed. Cole et al. (1985) described a 
patient with a reaction resembling the redman syndrome 
that developed 30 minutes after a 1hour infusion with fever, 
rash, hypertension, and pruritis lasting for several hours. True 
allergic vancomycin reactions, mediated by IgE, are rather 
uncommon, but they do occur. A case of IgEmediated HSR 
has been reported after intraperitoneal administration of van
comycin (Hwang et al., 2015). Similarly, two cases of hyper
sensitivity syndrome/drug rash with eosinophilia and systemic 
symptoms (HSS/DRESS) syndrome have been reported after 
vancomycin exposure from systemic dosing combined with 
vancomycinladen bone cement linked to prosthetic joint 
implantation, and both cases occurred 2–4 weeks after the 
initiation of treatment (Güner et al., 2015). Other similar 
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6d.  Nephrotoxicity

Although long considered to be toxic to kidneys, the true 
potential of vancomycin to cause kidney damage is not clear. 
Early reports of nephrotoxicity may have been related to 
impurities. Other factors that affect renal function, such 
as other nephrotoxic drugs (particularly aminoglycosides), 
hypo tension, and a variety of underlying medical conditions, 
are often present in patients being treated with vancomycin, 
and these factors confound the interpretation of most studies 
examining the nephrotoxicity of vancomycin. Vancomycin
associated nephrotoxicity has been recently reviewed by a 
number of authors (Carreno et al., 2014; Meaney et al., 2014; 
Mergenhagen and Borton, 2014; Bamgbola, 2016).

In patients receiving vancomycin alone, varying rates of 
nephrotoxicity have been reported. Nephrotoxicity was not 
observed in any of 25 patients reported by Sorrell and Col
lignon (1985), although Farber and Moellering (1983), in a 
retrospective study, found that only 5% of patients receiving 
vancomycin alone developed renal impairment, and this was 
reversible on discontinuation of the drug. A similar rate was 
observed by Rybak et al. (1990b) in a prospective study of 
168 adult patients with no underlying or predisposing factors 
that might affect renal function. Higher rates of nephrotoxic
ity have been noted by other authors: 13% and 19% in two 
studies of elderly patients (Downs et al., 1989; Goetz and 
Sayers, 1993) and 15% in oncology patients (Cimino et al., 
1987). Dean et al. (1985) detected rises in SCr in 2 of 19 chil
dren treated with vancomycin. Vancomycinrelated nephro
toxicity in neonates is rare, and no clear relation to serum 
concentrations has been demonstrated (de Hoog et al., 2004). 
Consistent with this, a recent review showed that nephro
toxicity occurred in 1–9% of neonates receiving currently 
recommended doses, with the highest incidence in those 
receiving concomitant nephrotoxic drugs. Exposuretoxicity 
relationships in relation to nephrotoxicity have not been 
clearly defined in neonates receiving vancomycin (Lestner et 
al., 2016). Nevertheless, there is conflicting evidence among 
pediatric patients with vancomycin use and the risk of acute 
kidney injury (Le et al., 2015; Patel et al., 2015; Downes et al., 
2016).

The data regarding the nephrotoxicity of vancomycin 
when coadministered with an aminoglycoside are also con
flicting. Farber and Moellering (1983) noted that there was 
a renal impact in 35% of patients treated with vancomycin 
and an aminoglycoside. Pauly et al. (1990) found that 28 of 
105 patients (27%) treated with combined vancomycin and 
an aminoglycoside developed renal impairment, although 
another nephrotoxic factor was present in 22 of these 28 
patients. Rybak et al. (1990b) reported renal impairment in 
14 of 63 patients (22%) treated with vancomycin and an 
aminoglycoside, compared with only eight of 168 patients 
(5%) receiving vancomycin alone (see earlier in the chapter). 
Other studies do not support a significant nephrotoxic inter
action between vancomycin and an aminoglycoside. Neither 
Mellor et al. (1985) nor Cimino et al. (1987) found evidence 
of synergistic nephrotoxicity between vancomycin and an 

cases have also been described (Williams et al., 2014), as 
well as circulatory collapse after the topical application of 
vancomycin powder during spine surgery (Mariappan et al., 
2013).

In a recent detailed review of immunemediated HSRs to 
vancomycin, 71 cases were identified (7 immediate, 64 non
immediate). Nonimmediate HSRs included linear IgA bul
lous dermatosis (n = 34; laryngeal abductor paralysis [LABD]), 
DRESS syndrome (n = 16), acute interstitial nephritis (n = 8), 
and StevensJohnson syndrome/toxic epidermal necrolysis 
(SJS/TEN, n = 6). The median time of vancomycin therapy 
before HSR onset was 7 days (range: 4–10 days) for LABD, 
9 days (range: 9–22 days) for SJS/TEN, 21 days (range: 17–28 
days) for DRESS syndrome, and 26 days (range: 7–29 days) 
for acute interstitial nephritis. Overall, 11 patients (16%) 
died, and 4 (6%) had deaths attributed to the HSR (Minhas 
et al., 2016). Erythema multiforme in relation to vancomycin 
has also been reported (Padial et al., 2000). Other authors 
have reviewed the adverse reactions associated with vanco
mycin in both adults and children (Vinson et al., 2010; An 
et al., 2011; Young et al., 2014; Korman et al., 2015; Bruniera 
et al., 2015).

Notably, crossreactivity with teicoplanin has been com
monly reported for patients with true vancomycin allergy, 
including cases of SJS (Korman et al., 1997; Hsiao et al., 2012; 
Yang et al., 2014).

A summary of medication desensitization protocols has 
been published by Legendre et al. (2014), including one for 
vancomycin (Wazny and Daghigh, 2001), but it is only really 
appropriate for cases of immediate hypersensitivity. 

6b.  Cutaneous reactions

A variety of cutaneous reactions, not including the redman 
syndrome (see the previous section 6a, Hypersensitivity and 
related side effects), have been described in patients treated 
with vancomycin. Early studies reported that 5% of patients 
developed rashes, most of which were described as erythem
atous and maculopapular (Farber and Moellering, 1983), but 
some of these rashes may have been related to impurities in 
early vancomycin preparations. Other rashes reported to be 
caused by vancomycin include linear IgA bullous dermatosis 
(Kuechle et al., 1994), exfoliative dermatitis (Forrence and 
Goldman, 1990), SJS (Laurencin et al., 1992), cutaneous vas
culitis (Markman et al., 1986), TEN (Hannah et al., 1990), 
and DRESS (Young et al., 2014; Korman et al., 2015).

6c.  Local toxicity

Chemical thrombophlebitis is common when vancomycin 
is administered into a peripheral vein, occurring in up to 
13% of patients (Farber and Moellering, 1983). Vancomycin 
may cause a chemical peritonitis when used in doses of 1 g 
or greater to treat episodes of CAPDassociated peritonitis 
(Johnson, 1991). In animal studies, vancomycin is toxic to ret
inal cells when high doses are injected intravitreally (Borhani 
et al., 1993).
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aminoglycoside, and Goetz and Sayers (1993) noted only a 
mild increase in nephrotoxicity with vancomycin and an 
aminoglycoside (24%) vs. vancomycin alone (19%). In a 
detailed prospective study of 289 patients, VanceBryan et al. 
(1994) reported an overall rate of vancomycin nephrotoxic
ity of 13.4%. Nephrotoxicity was significantly more com
mon in patients older than 60 years (18.9%) compared with 
patients aged less than 60 years (7.8%). Associations were 
noted with loop diuretic use in the elderly and with ampho
tericin B use in the younger population. However, amino
glycoside use did not significantly increase the risk of 
nephrotoxicity in either age group or in the overall popula
tion. Goetz and Sayers (1993) performed a metaanalysis of 
nine other studies published between 1966 and 1991 of adult 
patients receiving vancomycin plus an aminoglycoside or 
either agent alone. Of patients receiving vancomycin alone, 
8.1% developed renal impairment, compared with 21.4% 
of  those treated with vancomycin and an aminoglycoside. 
Although this difference was highly significant, 17.1% of 
patients in five of these studies treated with an aminoglyco
side alone developed renal impairment. These authors noted 
that an obvious problem in the interpretation of these non
randomized studies was that the receipt of combination ther
apy may be a marker for more serious underlying conditions, 
and that these conditions, rather than vancomycin, are respon
sible for nephrotoxicity. Key data on the nephrotoxicity of 
vancomycin in combination with an aminoglycoside in ran
domly allocated patients comes from randomized studies of 
neutropenic patients (EORTC, 1991). Of 370 patients treated 
with ceftazidime and amikacin, only two patients developed 
renal impairment, compared with 6 of 383 patients treated 
with vancomycin plus these two drugs.

In a retrospective cohort study of patients receiving contin
uous vancomycin infusion as outpatient parenteral antimicro
bial therapy (OPAT) risk factors associated with nephrotoxicity 
in this setting were investigated in 102 patients. The likeli
hood of developing nephrotoxicity (≥ 50% increase in SCr 
from baseline) was evaluated in relation to demographic vari
ables, underlying comorbidities, infectious disease diagnoses, 
concomitant drug exposures, and vancomycin concentra
tion. The majority (66.7%) of the patients were treated for 
bone and joint infection. The cumulative incidence of neph
rotoxicity was 15.7%. Nephrotoxicity was found to be asso
ciated with hypertension (OR: 5.3; 95% CI: 1.16–24.25; 
p = 0.031), exposure to aminoglycosides (OR: 6.59; 95% CI: 
1.03–42.39; p = 0.047), loop diuretics (OR; 8.123; 95% CI: 
1.45–45.53; p = 0.017), and steadystate vancomycin concen
tration ≥ 28 µg/ml (OR: 21.24; 95% CI: 2.69–167.86; p = 
0.004). A serum steadystate vancomycin concentration ≥ 28 
µg/ml significantly increased the risk (Ingram et al., 2008).

An area of controversy is the role of serum monitoring 
of vancomycin levels in the prevention of vancomycin 
associated nephrotoxicity. Some studies have associated high 
trough levels with the development of nephrotoxicity (Farber 
and Moellering, 1983; Rybak et al., 1990b; Cimino et al., 1987), 
but nephrotoxicity has also occurred in patients who have 
trough serum levels within the normal range. Moreover, the 

increased vancomycin levels that may be seen in association 
with renal impairment have not always preceded an increase 
in SCr and thus may be secondary to the renal impairment 
and not its primary cause (Cantu, 1994). 

Whether administering vancomycin through continuous 
infusion is associated with less nephrotoxicity is currently 
uncertain, because the key correlation appears to be the 
steadystate vancomycin level (Ingram et al., 2009; Hanrahan 
et al., 2014; EcheverríaEsnal et al., 2016). 

A recent retrospective study assessed the impact of tar
geting the attainment of higher AUC/MIC values (namely, 
AUC/MIC ≥400) in patients with troughs in the reference 
range of 15–20 µg/ml and those with troughs in the fol
lowing ranges: < 10, 10–14.9, and > 20 µg/ml. Among 226 
patients reviewed, 100 were included for analysis. Relative to 
troughs ≥10, patients with vancomycin troughs < 10 µg/ml 
were 73% less likely to attain the target AUC/MIC of ≥ 400 
(OR: 0.27), but no difference was identified in the rate of 
attainment in patients with troughs of 10–14.9 µg/ml and 
> 20 µg/ml when compared to patients with troughs of 15–20 
µg/ml. Notably, however, the mean corrected average vanco
mycin trough was higher in patients developing nephrotox
icity compared with those who did not (19.5 vs. 14.5 µg/ml, 
p < 0.001). The authors concluded that achieving vanco
mycin serum trough concentrations of 15–20 µg/ml did not 
result in an increased attainment of the AUC/MIC target rel
ative to troughs of 10–14.9 µg/ml but may increase nephro
toxicity risk (Hale et al., 2016).

In summary, although studies on the nephrotoxicity of 
vancomycin reach different conclusions, the balance of the 
evidence suggests that vancomycin can cause renal impair
ment. When used alone, and in the absence of other factors 
that can affect renal function, the rate of nephrotoxicity is on 
the order of 5% or less. In patients treated with a combina
tion of vancomycin and gentamicin, nephrotoxicity seems 
to be more common than when either agent is used alone, 
although whether toxicity is additive or truly synergistic has 
not been established.

6e.  Ototoxicity

Vancomycinassociated ototoxicity is rare in patients of all 
ages (Lestner et al., 2016). Early reports of tinnitus and deaf
ness complicating vancomycin treatment led to vancomycin 
developing a reputation as an ototoxic drug. However, many 
of these early reports described patients being treated with 
other ototoxic drugs, such as streptomycin or erythromycin. 
It is also possible that earlier preparations of vancomycin were 
more toxic to the inner ear, just as these preparations may 
have been responsible for more HSRs and renal damage.

Although many case reports and a small series of cases of 
deafness related to vancomycin have subsequently appeared 
in the literature, ototoxicity does not appear to be common. It 
was not observed in a retrospective study of 98 vancomycin 
treated patients (Farber and Moellering, 1983) and of 54 
patients monitored prospectively by Sorrell and Collignon 
(1985), only 1 of 11 tested patients, who was also being treated 
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with gentamicin, developed unilateral hearing impairment. 
Mellor et al. (1985) followed 34 patients prospectively, and 
temporary tinnitus and deafness developed in two patients, 
one of whom also received gentamicin. An early review of the 
literature (Brummett and Fox, 1989) concluded that the oto
toxicity of vancomycin has been overrated, and that only a 
very few cases of true vancomycin ototoxicity have occurred. 
However, an animal study has demonstrated that vancomy
cin, though not ototoxic itself (Lutz et al., 1991), enhances 
the ototoxicity of aminoglycosides (Brummett et al., 1990), 
so vancomycin may be ototoxic when used with aminogly
cosides or possibly with other ototoxic agents.

A relationship between the serum levels of vancomycin 
and ototoxicity has not been established. High peak levels of 
80 μg/ml were reported to be associated with auditory tox
icity in patients with renal failure (Lindholm and Murray, 
1966), but high frequency hearing loss and tinnitus have also 
occurred with peak serum levels as low as 38–40 μg/ml 
(Sorrell and Collignon, 1985). Given the rarity of vanco
mycin ototoxicity, it is unlikely that any study will be able to 
demonstrate an association between higher peak (or trough) 
levels and increased auditory damage (Cantu et al., 1994).

In a retrospective casecontrol study, the audiometry results 
of 89 patients with available baseline and followup examina
tions receiving vancomycin therapy were analyzed. After an 
average of 27 days of vancomycin therapy, 89 patients showed 
a 12% rate of high frequency hearing loss, with a trend toward 
a higher rate with advanced age. The mean of the highest van
comycin trough concentration for both patients with wors
ening and those without worsening audiograms was 19 µg/ml. 
Regression tree modelling identified that among patients 
< 53 years of age, the incidence was 0% whereas for patients 
≥ 53 years of age, the rate of highfrequency hearing loss 
detected on audiogram was 19% (p = 0.008). Thus, a signifi
cant rate of highfrequency hearing loss was detected by audi
ometry in older patients receiving vancomycin monotherapy 
(Forouzesh et al, 2009). Similarly, a detailed retrospective 
study compared the hearing test results of infants in a neo
natal intensive care unit (NICU) regardless of whether they 
were treated with extended interval gentamicin dosing and/or 
standard vancomycin dosing. The authors reviewed a data
base of otoacoustic emissions (OAE) over a 5year period of 
NICU admissions and combined this with databases of gen
tamicin and vancomycin dosing to compare patients treated 
or not treated with gentamicin and/or vancomycin, for which 
a total of 2,347 OAE results were available. Overall, the 
authors concluded that gentamicin, as used and evaluated in 
this audit, showed no evidence of an increased risk of oto
toxicity, but that vancomycin was associated with some oto
toxicity in this population (VellaBrincat et al., 2011). 

6f.  Hematological toxicity

Vancomycin uncommonly causes neutropenia. Almost all 
affected patients have been treated with vancomycin for pro
longed periods (usually 15–40 days), and neutropenia resolves 
promptly (within a few days) upon discontinuation of the 

drug (Koo et al., 1986). In their retrospective study of 94 
patients, Farber and Moellering (1983) reported that 2% 
became neutropenic. An even higher rate of 8% (4 of 49 car
diothoracic surgical patients) was reported by Morris and 
Ward (1991). There is no clear relationship between serum 
levels and the development of neutropenia. The neutropenia 
may be related to the presence of antineutrophil antibodies 
(Domen and Horowitz, 1990). 

Vancomycin has also been reported as a cause of throm
bocytopenia in several patients, including one case of life 
threatening hematuria (Walker and Heaton, 1985; Zenon et 
al., 1991; Christie et al., 1990; Shah et al., 2009; Ruggero et al., 
2012; Rowland et al., 2013; Lobo et al., 2015).

6g.  Other side effects

Vancomycin has an unpleasant taste when administered 
orally, when it may cause nausea (McHenry and Gavan, 
1983). Vancomycin overdosage was successfully treated in 
one patient by hemoperfusion; this male patient, who was 
receiving regular hemodialysis, inadvertently received a dose 
of 500 mg every 6 hours (total dose 2.5 g). His tinnitus recov
ered with the associated fall in serum vancomycin levels 
during hemoperfusion and highfrequency hearing loss 
recovered after 1 month (Ahmad et al., 1982). Intraperitoneal 
vancomycin has been associated with eosinophilic peritoni
tis (Deweese et al., 2016), which resolved after the cessation 
of vancomycin.

6h.  Risks in pregnancy

Vancomycin should be given to a pregnant woman only if 
clearly needed (see section 4c, Pregnant and lactating mothers. 
The teratogenic potential of vancomycin is undetermined 
(Nahum et al., 2006). Reyes et al. (1989) described vanco
mycin treatment in 10 pregnant women for infections caused 
by MRSA. No abnormalities, including hearing loss or neph
rotoxicity, were noted in the fetus after at least 1 week of 
vancomycin therapy during the second or third trimesters. 
Vancomycin was detected in the cord blood in two patients 
and in the breast milk of one of these patients. Adequate 
serum levels were achieved with routine doses in eight moth
ers. Other cases in which vancomycin was administered for 
13 and 28 days produced similar results with no ototoxicity 
or nephrotoxicity in the mother or neonate (Adam et al., 
2011). 

7. CLINICAL USES OF THE DRUG

Vancomycin was discovered, developed, and approved by 
the US Food and Drug Administration in the 1950s. In 1956, 
it was introduced in the USA as a possible treatment for 
infections caused by penicillinresistant S. aureus, but it was 
not used widely because of toxicity and the nearly simultane
ous development of semisynthetic antibiotics and cephalo
sporins. Thus, its main initial indication was the treatment of 
serious Grampositive infections in penicillinallergic patients. 
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In clinical practice, however, nafcillin remained the treat
ment of choice for staphylococcal bacteremia, largely because 
it had failure rates of only 4%. With the appearance of MRSA 
and CoNS, vancomycin became the drug of choice for these 
infections (Stevens, 2006). However, it has subsequently 
been recognized that in patients with MSSA infection, van
comycin treatment efficacy is inferior to that of betalactams; 
hence, vancomycin should be reserved for patients with beta 
lactam intolerance or allergy, or multiresistant pathogens 
(Kim et al., 2008; Schweizer et al., 2011; McDanel et al., 2015).

With the recognition and/or emergence of S. aureus strains 
(generally MRSA isolates) with reduced susceptibility to 
vancomycin (see section 2b, Emerging resistance and cross 
resistance), vancomycin efficacy may be less in some clinical 
situations than previously reported, especially in serious deep 
seated infections such as endocarditis and prosthetic device 
infections. This is demonstrated by the increased mortality 
observed in patients with MRSA infection and significantly 
attenuated vancomycin efficacy caused by vancomycin heter
oresistance in S. aureus (Sakoulas and Moellering, 2008). The 
resistance of S. aureus to vancomycin can be a continuous 
phenomenon, rather than a categorical one. Thus, this has 
resulted in some clinical microbiology laboratories having 
difficulty identifying S. aureus strains that have reduced van
comycin susceptibility based on standard laboratory suscep
tibility testing methodology. A better understanding is still 
needed of the PD relationship between vancomycin and 
MRSA as it relates to optimal dosing strategies, including con
sideration for loading doses (Mohr and Murray, 2007). For a 
detailed discussion regarding the important issues related to 
vancomycin dosing, see section 4, Mode of drug administra
tion and dosage and section 5c, Clinically important pharma
cokinetic and pharmacodynamic features.

Vancomycin is widely used in a variety of settings, partic
ularly settings associated Grampositive infections, including 
C. difficileassociated colitis (CDAD).

7a.  Bacteremia and endocarditis

METHICILLIN-RESISTANT STAPHYLOCOCCUS 
AUREUS (MRSA)

Before the development of the penicillinaseresistant penicil
lins and other potent antistaphylococcal agents, vancomycin 
was used extensively for the treatment of severe S. aureus 
infections, such as septicemia and endocarditis. Many early 
clinical studies confirmed that it was effective for these dis
eases (Geraci et al., 1957; Geraci et al., 1958; Kirby et al., 
1960). With the spread of MRSA strains, which became 
progressively resistant to multiple antibiotics in the 1970s, 
vancomycin again became important for the treatment of 
staphylococcal infections. Virtually all strains of MRSA were 
susceptible to vancomycin. Many publications in the 1980s 
showed the clinical efficacy of vancomycin in serious S. aureus 
infections, such as septicemia, endocarditis, pneumonia, 
and cellulitis, caused by methicillinresistant and multiple 
anti bioticresistant strains (Cafferkey et al., 1982; Myers and 

Linnemann, 1982; Sorrell et al., 1982; Craven et al., 1983). 
Despite emerging concerns about efficacy and toxicity, van
comycin remains the mainstay of treatment for serious S. 
aureus infections (van Hal and Fowler, 2013; Holmes et al., 
2015; Tong et al., 2015; Holubar et al., 2016).

S. aureus bacteremia and endocarditis are serious infec
tions that demand prompt clinical attention to ensure good 
outcomes. Of foremost importance is the identification and 
management of the source of infection and any associated 
complications. Evaluation for the presence of cardiac 
involvement is essential, because inadequately managed S. 
aureus endocarditis is lifethreatening. Thus, an assessment of 
whether the S. aureus bacteremia is complicated, is associ
ated with prosthetic device sepsis, or requires surgical inter
vention of a deepseated source is important (Cosgrove and 
Fowler, 2008; LopezCortes et al., 2013; Holland et al., 2014).

Response to vancomycin may be delayed in cases of staph
ylococcal endocarditis. In a study comparing vancomycin 
with the combination of vancomycin and rifampicin for the 
treatment of MRSA endocarditis, the median durations of 
bacteremia and fever were 9 and 7 days, respectively (Levine 
et al., 1991); no difference was noted between the two treat
ment groups. In comparison, patients treated with antistaph
ylococcal betalactam antibiotics for MSSA endocarditis 
had a mean duration of bacteremia of 3 days (Korzeniowski 
and Sande, 1982). An unexpectedly high failure rate was also 
observed in 13 intravenous drug users with S. aureus endo
carditis (two MRSA cases) treated with vancomycin (Small 
and Chambers, 1990). Five of the 13 patients had compli
cated courses with persistent or recurrent fevers or positive 
blood cultures, which is a much higher failure rate than pre
viously noted in injecting drug users with S. aureus endocar
ditis. Timekill curves for 10 clinical isolates demonstrated 
that vancomycin was less rapidly bactericidal than nafcillin 
after a 24hour incubation period. A recent study compared 
a betalactam and vancomycin among intravenous drug users 
with infective endocarditis caused by MSSA. Patients who 
received vancomycin had higher infectionrelated mortality, 
even if they were switched to a betalactam after culture 
results became available; this relationship persisted after logis
tic regression analysis controlling for clinical characteristics 
(Lodise et al., 2007). These observations reinforce early rec
ommendations that vancomycin should only be used to treat 
S. aureus endocarditis if the organism is methicillinresistant, 
or if there is a strong contraindication to the use of beta 
lactam agents in methicillinsusceptible infections (Sande and 
Scheld, 1980). Increased mortality and treatment failure have 
been observed in patients treated definitively with vanco
mycin for MSSA bacteremia (Chang et al., 2003; Schweizer et 
al., 2011). Despite early data suggesting that vancomycin 
during the empiric period was also associated with poor out
comes (Lodise et al., 2007), more recent data suggest that the 
receipt of vancomycin during the empiric period does not lead 
to poor outcomes (McDanel et al., 2015; Wong et al., 2016).

Vancomycin has been used as a comparator drug in clini
cal studies on many older and newer antibiotics (Nichols et 
al., 1999; Rubinstein et al., 2001; Stevens et al., 2002). In ran 
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domized controlled trials, all of the newer agents had similar 
cure rates to vancomycin, including daptomycin for S. aureus 
bacteremia and rightsided endocarditis (Fowler et al., 2006), 
oritavancin for skin infections (Corey et al., 2014), dalbavan
cin for skin infections (Boucher et al., 2014), telavancin for 
hospitalacquired pneumonia (Rubinstein et al., 2011), cef
taroline for skin infections (Corey et al., 2010; Wilcox et al., 
2010), and ceftobiprole for skin infections (Noel et al., 2008).

In a multicenter, randomized trial, patients with bactere
mia or deepseated infections with S. aureus (n = 104) or 
catheterrelated bacteremia resulting from drugsusceptible, 
CoNS (n = 23) were treated either with an oral combination 
of a fluoroquinolone (fleroxacin) plus rifampicin or with 
standard parenteral treatment (flucloxacillin or vancomycin). 
Clinical and bacteriological failures after S. aureus infections 
were documented in similar proportions of patients. The 
median length of hospital stay after study entry was 12 days 
in the fleroxacinrifampicin group, compared with 23 days 
in the standard treatment group (p = 0.006). More adverse 
events, probably related to the study drug, were reported in 
the fleroxacinrifampicin group than in the standard therapy 
group (15 of 68 vs. 5 of 59 patients; p = 0.05) (Schrenzel et al., 
2004).

A prospective, randomized clinical trial among drug abus
ers was conducted to assess the efficacy and safety of a short 
course of a combination of a glycopeptide (vancomycin or 
teicoplanin) and gentamicin compared with a combination 
of cloxacillin and gentamicin for the treatment of rightside 
endocarditis caused by S. aureus. Therapeutic success was 
significantly more frequent with cloxacillin than with a gly
copeptide. No adverse effects were noted among the patients 
in the cloxacillin group. A 14day course of vancomycin or 
teicoplanin plus gentamicin was ineffective and associated 
with a high rate of clinical and microbiological failure (Fortun 
et al., 2001).

In a prospective, randomized trial, daptomycin was non
inferior to standard therapy for S. aureus bacteremia and 
rightsided endocarditis (Fowler et al., 2006). Clinical char
acteristics and outcomes of patients receiving vancomycin 
plus lowdose gentamicin were compared with those receiv
ing daptomycin in the subset with MRSA bacteremia. Success 
was defined as clinical improvement with clearance of bac
teremia among patients who completed adequate therapy, 
received no potentially effective nonstudy antibiotics, and 
had negative blood cultures 6 weeks after the end of therapy 
(EOT). Twenty of the 45 (44.4%) daptomycin patients and 14 
of the 43 (32.6%) vancomycin/gentamicin patients were suc
cessfully treated (difference 11.9%; CI: −8.3 to 32.1). Success 
rates for vancomycin/gentamicin and daptomycin were sta
tistically similar (27% vs. 45% in complicated bacteremia, 
45% vs. 60% in uncomplicated bacteremia, and 50% vs. 50% 
in rightsided MRSA endocarditis). Cure rates in patients 
with septic emboli and in patients who received preenrollment 
vancomycin were similar between the treatment groups. 
However, in both treatment groups, success rates were lower 
in the elderly (≥ 75 years). Rates of persisting or relapsing 
bacteremia were comparable (27% for daptomycin vs. 21% 

for vancomycin/gentamicin); among these patients, MICs of 
≥ 2 μg/ml occurred in five daptomycin and four vancomycin/ 
gentamicin patients. The clinical course of several patients 
may have been influenced by a lack of surgical intervention 
(Rehm et al., 2008).

A cohort of 215 patients with invasive MRSA infections 
who completed recommended therapy at one hospital over a 
7year period was retrospectively studied. Vancomycin mono
therapy was given in 73%. Failure rates by infection site were 
as follows: osteomyelitis 37/81 (46%), epidural abscess 5/18 
(28%), surgical wound 4/15 (27%), pneumonia 8/45 (18%), 
endocarditis 5/32 (16%), bloodstream 5/42 (12%), joint 1/23 
(4%), and meningitis 0/1 (0%). In a multivariate analysis of 
risk factors for failure, only a diagnosis of osteomyelitis was 
independently associated with relapse (p < 0.001) (Dom
browski and Winston, 2008).

COAGULASE-NEGATIVE STAPHYLOCOCCAL 
INFECTIONS

Vancomycin is effective for the treatment of infections due 
to CoNS. These organisms, together with S. aureus, are the 
most common causes of infections of foreign bodies such as 
prosthetic heart valves, prosthetic joints, vascular graft mate
rial, CSF drains and shunts, peritoneal dialysis catheters, and 
longterm indwelling intravenous catheters (Rupp and Archer, 
1994). Many of the CoNS isolated from foreign body infec
tions produce an extracellular slime substance, which helps 
the bacteria adhere to the foreign material and provides pro
tection against host defenses, such as neutrophils. However, 
this biofilm or slime reduces the effectiveness of antibiotics. 
Adjunctive surgery often plays an important role in the man
agement of these infections.

Vancomycin has been successfully used alone or in com
bination with either rifampin or an aminoglycoside, or both, 
in earlyonset prosthetic valve endocarditis caused by S. epi
dermidis. A potential cure requires surgery in addition to 
antibiotic therapy. A regimen of vancomycin, rifampicin, 
and gentamicin for 2 weeks, followed by another 4 weeks of 
vancomycin and rifampicin, produces the best cure rates 
(Karchmer et al., 1983). CoNS are also an occasional cause of 
native valve endocarditis (Baddour et al., 1986; Caputo et al., 
1987). In comparison with prosthetic valve endocarditis, 
most isolates from patients with native valve endocarditis 
are methicillinsusceptible and should be treated with beta 
lactam agents, but methicillinresistant infections do occur. 
It is unclear whether combination therapy, with the addition 
of either rifampicin or an aminoglocyoside, is superior to van
comycin alone for these latter infections. Similar to S. aureus 
data, increased mortality was observed in patients with CoNS 
endocarditis treated with vancomycin (even in methicillin 
resistant CoNS infections) and in isolates with higher vanco
mycin MICs (Garcia de la Maria et al., 2015).

CoNS cause infection in newborn infants, particularly in 
association with infection of implanted devices, and vanco
mycin has been recommended for these infections (Munson 
et al., 1982; Noel et al., 1988). The addition of rifampicin, 
linezolid, and daptomycin to vancomycin has been useful in 
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eradicating persistent CoNS bacteremia in some studies in 
neonates (Gkentzi et al., 2016).

STREPTOCOCCAL AND ENTEROCOCCAL 
INFECTIONS

Vancomycin is useful alone or in combination with an ami
noglycoside for endocarditis caused by S. viridans or S. bovis, 
particularly if the patient is allergic to penicillin G and the 
cephalosporins (Bisno et al., 1989).

The standard treatment of enterococcal endocarditis is a 
combination of penicillin G or ampicillin with gentamicin 
(or streptomycin) (see Chapter 3, Benzylpenicillin (Penicil
lin G)). For patients allergic to penicillins, a vancomycin/ 
aminoglycoside combination is recommended (Bisno et al., 
1989). Combination treatment should be continued for 4–6 
weeks. Because vancomycin may augment the nephrotoxicity 
of the aminoglycoside (see section 6, Toxicity), vancomycin 
levels should be monitored, aiming for troughs of at least 10 
μg/ml, although some would argue for troughs of 15–20 μg/
ml (see section 4, Mode of drug administration and dosage). 
The emergence of resistance in enterococci to penicillins, van
comycin, or aminoglycosides poses special problems because 
of the requirement for combination therapy to achieve bacte
ricidal activity against these organisms. If strains demonstrate 
highlevel resistance to both gentamicin and streptomycin, 
optimal therapy is unknown, but monotherapy with vanco
mycin could be considered, especially if the isolate is also 
resistant to betalactam agents (Patterson et al., 1988). Sur
gery may be required to treat these cases (Eliopoulos, 1993). 
Endocarditis caused by vancomycinresistant enterococci is 
a particularly difficult infection to treat. Some E. faecium iso
lates that are vancomycinresistant and moderately penicillin 
resistant can occasionally be rendered more susceptible to 
penicillin with combination vancomycin/penicillin treatment. 
However, this combination is not bactericidal, and the addi
tion of an aminoglycoside is required to kill the organisms. 
For strains that are penicillinresistant, vancomycinresistant, 
and highlevel aminoglycosideresistant, there are few ther
apeutic options, and the use of novel antibiotics or combi
nations of antibiotics have to be considered. For a detailed 
summary of the treatment regimens for these difficult cases 
of endocarditis, see Table 10 in Chapter 3, Benzylpenicillin 
(Penicillin G)). 

In a singlecenter quality improvement study, 64 catheter 
dependent hemodialysis outpatients with vancomycinsus
ceptible enterococcal bacteremia were treated with a uniform 
antibiotic lock protocol; clinical outcomes were tracked pro
spectively. Patients received i.v. vancomycin for 3 weeks in 
conjunction with a vancomycin lock instilled into both cath
eter lumens after each dialysis session. A clinical cure was 
defined as fever resolution without recurrent bacteremia. 
Major infectionrelated complications within 6 months 
were documented. Treatment failure occurred in 10 patients 
because of persistent fever 48 hours after the initiation of 
antibiotic therapy and recurrent enterococcal bacteremia 
within 90 days in 15 patients. Treatment success occurred in 

39 patients (61%). A serious complication occurred in four 
of 64 patients (6%): endocarditis in one patient and osteo
myelitis in three patients. The frequency of serious complica
tions was 16% (4/25 patients) in those with treatment failure, 
compared with 0% (0/39 patients) in those with treatment 
success (p = 0.01). The antibiotic lock protocol permitted 
catheter salvage in 61% of hemodialysis patients with entero
coccal catheterrelated bacteremia (Peterson et al., 2009).

Patients with NVS endocarditis are managed the same as 
patients for enterococcal endocarditis becasue of the chal
lenges with antimicrobial susceptibility testing, limited clini
cal data, and a high rate of complications. In contrast to 
enterococcal endocarditis, patients with NVS endocarditis 
can be managed with vancomycin alone (without gentamicin 
synergy) for 6 weeks in those with penicillin allergy (Alberti 
et al., 2016; Baddour et al., 2015; Gould et al., 2012).

OTHER BACTERIA

Vancomycin has been successfully used in combination with 
either rifampin or an aminoglycoside, or both, in earlyonset 
native or prosthetic valve endocarditis caused by Coryne
bacterium spp., such as C. amycolatum, C. striatum, and C. 
jeikeium (Geraci and Wilson, 1981; Knox and Holmes, 2002; 
Mookadam et al., 2006); these are usually associated with 
indwelling intravascular devices. Vancomycin with gentami
cin was used in a single case of C. diphtheriae prosthetic valve 
endocarditis, although penicillin is typically used (Muttaiyah 
et al., 2011). As with infections caused by CoNS, surgery 
may be required to deal adequately with foreign body infec
tions. Species of Corynebacterium (diphtheroids) are usually 
commensals on the skin and mucous membranes. These 
organisms can cause infections on other foreign bodies or 
in immunocompromised patients. Examples include bacte
remia in neutropenic oncology and leukemia patients, CSF 
shunt infections, prosthetic joint infections, and occasional 
infections, such as empyema or brain abscesses in normal 
hosts. Many corynebacteria are resistant to penicillins. 

7b.  Meningitis

INTRAVENTRICULAR DEVICE-RELATED MENINGITIS

A randomized controlled trial of conventional dose vanco
mycin (15 mg/kg every 12 hours) compared with highdose 
vancomycin (15 mg/kg every 8 hours) was performed in 
44 patients with acute bacterial meningitis (predominantly 
resulting from not only S. pneumoniae but also Staphylococcus 
spp. and E. faecalis) (Elyasi et al., 2015). Patients in the high
dose group had faster resolution of leukocytosis and fever, 
shorter hospital length of stay, and better Glasgow Coma 
Scale scores.

There is very little experience in the use of vancomycin for 
the treatment of S. aureus meningitis. Aguilar et al. (2010) 
reviewed 33 cases at a single hospital, including postsurgical 
and hematogenous cases. Trimethoprim–sulfamethoxazole or 
rifampicin were added to vancomycin in serious S. aureus men 
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ingitis or communityacquired MRSA meningitis (Aguilar et 
al., 2010). 

Intraventricular vancomycin has been used for postsurgi
cal E. faecalis meningitis, ventriculitis, and cerebritis (Patel et 
al., 2016), as well as through an Ommaya reservoir for recur
rent Rhodococcus spp. meningitis (Lee et al., 2015). 

Children with CSF shunt infections (see section 7f, 
Prophylactic uses) have been successfully treated with i.v. 
vancomycin (Gump, 1981; Schaad et al., 1981), but because 
of suboptimal CSF penetration, direct administration into 
the CSF may be required (see section 4, Mode of drug admin
istration and dosage). Infections of ventriculoperitoneal and 
ventriculoatrial shunts usually require removal of the shunt 
to achieve a cure, but occasionally infections have been 
treated successfully with antibiotics alone (Younger et al., 
1987). Similarly, for those infections caused by CoNS, sys
temic administration of vancomycin may not result in ade
quate CSF levels, and direct administration of vancomycin 
into the CSF may be necessary (Swayne et al., 1987). Moni
toring of CSF levels is recommended in patients treated with 
intraventricular vancomycin, because the optimal dose and 
schedule are not known. The addition of rifampicin could be 
considered if CSF cultures remained positive, but its efficacy 
is unproven.

In a prospective randomized study of 10 patients with 
temporary external ventricular drains (EVDs) implanted to 
treat intracranial hemorrhage, intraventricular vancomycin 
application was shown to be a safe and efficacious treatment 
modality in drainassociated staphylococcal ventriculitis, with 
much higher vancomycin levels being achieved in the ventric
ular CSF than by intravenous administration. Five of these 
patients were randomized to 2 g/day vancomycin adminis
tered intravenously four times daily (group 1), and the other 
five received 10 mg vancomycin intraventricularly once a day 
(group 2). The vancomycin levels were measured in serum 
and CSF six times per day. The maximum vancomycin level 
in CSF was 1.73 ± 0.4 μg/ml in group 1 and 565.58 ± 168.71 
μg/ml 1 hour after vancomycin application in group 2 (mean 
± standard deviation). Vancomycin levels above the recom
mended trough level of 5 μg/ml in CSF were never reached in 
group 1, whereas in group 2 they were below the trough level 
(3.74 ± 0.66 μg/ml) only at 21 hours after intraventricular 
vancomycin application. The vancomycin level in the serum 
was constant within therapeutic levels in group 1, whereas in 
group 2, vancomycin was almost below a measurable concen
tration in most instances. In both groups, bacteriologically 
and laboratoryconfirmed CSF clearance could be obtained 
(Pfausler et al., 2003). A metaanalysis of intraventricular 
vancomycin use in adults revealed highly variable CSF con
centrations without any clear relationship to efficacy or tox
icity (see section 4, Mode of drug administration and dosage), 
with most evidence supporting doses of 5–20 mg/day (Ng et 
al., 2014). The optimal dosage regimens remain unclear.

Few studies thus far have investigated the optimum intra
ventricular administration dose for newborns and the con
centration in the CSF. The vancomycin concentration in the 

CSF after intraventricular administration in newborns was 
chronologically measured to elucidate the optimum adminis
tration method to newborns who underwent interventricular 
shunting placement. Vancomycin was intraventricularly 
administered to 10 patients for a total of 13 cases. The CSF 
concentration was measured at 12 to 120 hours after the 
intraventricular administration of vancomycin. The intra
ventricular administration groups with 20 mg (n = 6) and 10 
mg (n = 2) vancomycin had a high concentration in the CSF 
at 24 hours after administration (95–168 µg/ml), with the 
concentration remaining high at 72 hours (13.2–72 µg/ml). 
At the same time, in the 5 mg group (n = 5), the concentra
tion in the CSF 24 hours after vancomycin administration 
was sufficiently maintained (33.2–62.9 µg/ml), with a suffi
cient trough concentration still maintained at 72 hours 
(11.7–16. µg/ml). The authors concluded that the vancomy
cin concentration in the CSF is prolonged in newborns, thus 
allowing a sufficient therapeutic range to be maintained at an 
intraventricular administration of 5 mg. They recommended 
monitoring of the CSF regarding the administration inter
val, because the vancomycin concentration in the CSF differs 
depending on the case (Matsunaga et al., 2015). A study 
explored the clinical characteristics that correlated with CSF 
concentrations. Over a 9year period, 13 patients with 34 
CSF vancomycin concentrations were evaluated. CSF output 
and time from dose correlated with CSF vancomycin con
centration. No relationship was observed regarding CSF pro
tein, white blood cell count, or glucose (Popa et al., 2016).

PENICILLIN-NONSUSCEPTIBLE PNEUMOCOCCAL 
MENINGITIS

Penicillinresistant pneumococci have become a significant 
problem in some parts of the world. Some of these isolates 
are also resistant to thirdgeneration cephalosporins, but all 
penicillinresistant pneumococci remain susceptible to van
comycin (Goldstein et al., 1994). The inclusion of vanco
mycin as part of initial empiric therapy for pneumococcal 
meningitis is recommended in guidelines published by the 
Infectious Diseases Society of America, until susceptibility 
results are available (Friedland and McCracken, 1994; Tunkel 
et al., 2004). Unfortunately, experience with vancomycin in 
the treatment of pneumococcal meningitis has been disap
pointing. Viladrich et al. (1991) noted treatment failure in 4 
of 11 adult patients treated with vancomycin 7.5 mg/kg every 
6 hours plus dexamethasone. Clearly, if vancomycin is to be 
used to treat pneumococcal meningitis, patients need to be 
observed closely, and a repeat lumbar puncture is advisable 
after 48 hours of treatment to determine whether the CSF 
cultures have become negative. Intrathecal vancomycin has 
been used in some patients not respondng to i.v. vancomy
cin (Buzon et al., 1984; Catalan et al., 1994). Combination 
therapy with vancomycin and ceftriaxone is another option. 
This combination was more effective than either agent alone 
against penicillin and cephalosporinresistant strains in 
an animal study (Friedland et al., 1993), whereas CSF from 
children treated with a combination of ceftriaxone and 
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vancomycin (at a dose of 15 mg/kg four times per day) 
achieved greater bactericidal activity against similar strains 
than ceftriaxone alone (Klugman et al., 1995). 

7c.  Clostridium difficile-associated colitis

Vancomycin is generally active against strains of C. difficile, 
and numerous studies have shown the efficacy of oral van
comycin in treating antibioticassociated enterocolitis caused 
by this pathogen (Larson et al., 1978; Keighley et al., 1978; 
Tedesco et al., 1978).

In most early studies, oral vancomycin doses of 2 g daily 
were used for periods of up to 14 days. Fecal concentrations 
of the drug were often nearly 1000 times the highest MIC of 
isolated C. difficile strains (Tedesco et al., 1978). With an oral 
dose of 500, 250, or 125 mg every 6 hours, the mean daily 
fecal concentrations were 714, 447, and 351 μg/ml, respec
tively (Keighley et al., 1978). A dose of 125 mg every 6 hours 
for 5 days is as effective as higher doses and is now the rec
ommended dose (Fekety et al., 1989).

To assess the impact of fecal vancomycin concentrations 
on clinical and microbiological outcomes in patients with 
Clostridium difficile infection (CDI) and whether these con
centrations vary with stool consistency and frequency, fecal 
concentrations of vancomycin were measured in stools col
lected at various times from patients treated with 125 mg 
every 6 hours for 10 days. Stool consistency and frequency 
were determined over the course of therapy. Clinical and 
microbiological outcomes were assessed during therapy, at 
the EOT, and during a followup visit 19 to 38 days after ther
apy. Fecal vancomycin concentrations in 55 stool samples 
from 15 patients ranged from 175–6299 μg/g at days 3–5 of 
therapy (midpoint), 17–5277 μg/g at EOT, and 0–70 μg/g at 
followup. Clinical cure or failure at EOT and at followup was 
not dependent on vancomycin concentrations measured at 
the midpoint (p = 0.72) or at EOT (p = 0.76). Likewise, con
centrations at EOT and at followup did not predict coloni
zation at followup (p = 0.85 and 0.71, respectively). Fecal 
vancomycin concentrations during the course of therapy 
(days 3–5) did not differ with either stool consistency or fre
quency (p = 0.94 and 0.16, respectively). However, after the 
completion of therapy, patients with more frequent stools 
showed higher concentrations than patients with less fre
quent stools (p = 0.04). Oral vancomycin 125 mg every 6 
hours led to fecal concentrations that did not predict clinical 
outcomes of CDI in terms of cure or gut colonization and did 
not vary with stool consistency and frequency (Thabit and 
Nicolau, 2015). 

Infants and children with CDAD have been treated with 
an oral vancomycin dose of 500 mg per 1.73 m2 surface area 
every 6 hours. 

Despite the proven efficacy of vancomycin, metronida
zole is preferred as the drug of choice for the treatment of 
CDAD, chiefly because it is less expensive than vancomycin, 
and because of concerns that the use of oral vancomycin may 
promote the emergence of vancomycinresistant enterococci 
in the bowel (HICPAC, 1995).

The relapse of antibioticassociated colitis occurs in up 
to 20% of patients (George et al., 1979; Bartlett et al., 1980; 
Tedesco, 1982). The mechanism of relapse may involve either 
reacquisition of the organism from the environment or reac
tivation of spore forms that have persisted in the bowel. 
Different guidelines exist for the management of the first 
and subsequent relapse of infection. Feher and Mensa (2016) 
have provided a comparison of five international guidelines 
for the management of C. difficile infection: the Society for 
Healthcare Epidemiology of America/Infectious Diseases 
Society of America (Cohen et al., 2010), the American Col
lege of Gastroenterology (Surawicz et al., 2013), the European 
Society for Clinical Microbiology and Infectious Diseases 
(Debast et al., 2014), the World Society of Emergency Surgery 
(Sartelli et al., 2015), and the Australasian Society for Infec
tious Diseases (Trubiano et al., 2016). The use of an oral van
comycin taper (e.g. 125 mg QID for 10 days, 125 mg BD for 
7 days, 125 mg on alternate days for 2–8 weeks) may be 
required (Tart, 2013; Trubiano et al., 2016). Other dosing 
regimens of vancomycin that have been tried in this situation 
include the use of intermittent short courses of vancomycin 
(pulsing) to kill spores and concurrent treatment with van
comycin and the nonpathogenic yeast, Saccharomyces bou
lardii (Surawicz et al., 1989). 

Another difficult management problem is the patient with 
antibioticassociated colitis who cannot take oral antibiotics. 
Because i.v. vancomycin only reaches low levels in the feces, 
the use of i.v. metronidazole is recommended, although treat
ment failures have been reported (Oliva et al., 1989; see 
Chapter 99, Metronidazole). 

Another approach is to pass a bowel tube into the cecum 
by colonoscopy and to instil vancomycin or metronidazole 
directly into the large bowel (Pasic et al., 1993). Extraintestinal 
C. difficile infections are very rare, although there is at least 
one report of a patient with C. difficile bacteremia who was 
successfully treated with i.v. vancomycin (Feldman et al., 
1995). Kazanji et al. (2015) reviewed cases of monomicrobial 
and polymicrobial C. difficile bacteremia; antibiotic treatment 
combinations were very heterogeneous and several cases 
received intravenous vancomycin, but the clinical outcomes 
were generally unfavorable.

In a 2005 review of the treatment of CDAD, only random
ized, controlled trials assessing antibiotic treatment for CDAD 
were included. Of 11 studies identified, 2 were subsequently 
excluded. All of the remaining nine studies involved patients 
with diarrhea who recently received antibiotics for an infec
tion other than C. difficile. The definition of diarrhea ranged 
from at least two loose stools per day with an associated symp
tom, such as rectal temperature > 38°C, to at least six loose 
stools in 36 hours. In terms of symptomatic cure, metroni
dazole, bacitracin, and fusidic acid appeared to be similarly 
effective as vancomycin. Teicoplanin may be slightly more 
effective than vancomycin with a relative risk of 1.21 (95% 
CI: 1.00–1.46), but this difference was not quite statistically 
significant (p = 0.06). In terms of initial symptomatic resolu
tion, vancomycin is more effective than placebo with a rela
tive risk of 6.75 (95% CI: 1.16–48.43; p value 0.03). This result 
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should be interpreted with caution given the small number 
of patients in this comparison (12 in the vancomycin group 
and 9 in the placebo group) and the poor methodological 
quality of the trial. Metronidazole, bacitracin, teicoplanin, 
fusidic acid, and rifaximin all appeared as effective as vanco
mycin for initial symptomatic resolution. One study of asymp
tomatic carriers suggested that a placebo may be better than 
vancomycin or metronidazole for eliminating C. difficile in 
stool during followup (Bricker et al., 2005).

The epidemiology, clinical severity, and case–fatality ratio 
of CDAD changed dramatically with the emergence of a toxin 
hyperproducing strain (BI/NAP1/027) in North America and 
Europe in 2000. Pending the development of a prospectively 
validated scoring system, members of the Infectious Diseases 
Society of America/Society for Healthcare Epidemiology of 
America expert committee defined severe CDI as an infec
tion that is present in any patient with a leukocyte count 
≥ 15,000 cells/mm3) or a creatinine level increased by ≥ 50% 
from baseline. For patients with mildtomoderate CDI 
(defined as a leukocyte count < 15,000 cells/mm3 and a creat
inine level < 1.5 times the baseline value), there is no evidence 
that treatment with vancomycin is superior to treatment with 
metronidazole (even for intermediate outcomes), and met
ronidazole therapy should be preferred. Observational data 
from 1991 to 2006 suggests that vancomycin was superior to 
metronidazole in terms of complications or mortality from 
CDI; however, this benefit was no longer seen after the emer
gence of the BI/NAP1/027 strain (Pepin et al., 2007). Earlier 
resolution of symptoms and reduced laboratory detection of 
C. difficile was observed with vancomycin therapy compared 
with metronidazole (AlNassir et al., 2008). For patients with 
severe CDI, vancomycin is superior to metronidazole (Louie 
et al., 2006; Zar et al., 2007; Pepin, 2008; Johnson et al., 2014). 
This is in contrast with a recent Cochrane review that con
cluded that there were no statistical differences in efficacy 
between vancomycin and comparators in treating CDI; how
ever, these conclusions were limited by studies excluding 
many patients with severe disease (Nelson et al., 2011).

7d.  Dialysis-associated peritonitis

CoNS are the most common cause of peritoneal dialysis 
associated peritonitis. Although bacteremia is uncommon, 
a loading dose of vancomycin 15 mg/kg should be given to 
ensure rapid achievement of satisfactory serum levels. This 
dose can be given intravenously or added to a dialysis bag and 
instilled into the peritoneal cavity. For subsequent exchanges, 
vancomycin can be added to dialysis fluid at a concentration 
of 25 µg/ml, but the addition of vancomycin does not appear 
to be absolutely necessary. A number of studies have dem
onstrated the efficacy of this approach (Gruer et al., 1984; 
Bastani et al., 1987; Boyce et al., 1988). Removal of the peri
toneal dialysis catheter is not usually required unless the 
infections become recurrent.

Studies comparing the efficacy of different antibiotic regi
mens for peritoneal dialysisassociated peritonitis are limited 
and dated. Khairullah et al. (2002) compared intraperitoneal 

vancomycin with cefazolin as initial therapy and found that 
there were no differences in clinical response or relapse; how
ever vancomycin was preferred by clinicians because of 
improved patient compliance and lower cost. In a Cochrane 
review of management for peritoneal dialysisassociated peri
tonitis, intraperitoneal vancomycin was no different to first 
generation cephalosporins in terms of primary treatment 
response, relapse rate, or need for catheter removal; however, 
vancomycin treatment was more likely to achieve a complete 
cure (only three studies were included) (Ballinger et al., 2014).

7e.  Vancomycin use in neutropenic patients

Grampositive organisms have reemerged as a significant 
cause of infections in neutropenic patients with fever (Wade 
et al., 1982). The major factor responsible for the shift away 
from Gramnegative organisms as the predominant neutro
penic pathogens has been the widespread use of longterm 
indwelling central venous catheters, such as the Hickman 
catheter. In addition, more intensive chemotherapy regimens 
can produce severe gastrointestinal mucositis, allowing inva
sion of resident flora, including Grampositive bacteria, 
across the disrupted mucosa and into the systemic circula
tion. Prophylaxis with agents such as fluoroquinolones (see 
Chapter 101, Ciprofloxacin) can result in patients becoming 
heavily colonized with CoNS; thus, these pathogens are one 
of the most common causes of Grampositive sepsis in neu
tropenic patients. Other Grampositive pathogens include 
S. aureus, viridans streptococci, corynebacteria (notably C. 
jeikeium), Bacillus spp., enterococci, and Propionibacterium 
acnes. With rare exceptions, all of these organisms are sus
ceptible to vancomycin. The infection can often be treated 
successfully with the catheter left in place, although clinically 
apparent involvement of the subcutaneous tunnel or per
sistence of the bacteremia or fever after 48–72 hours of treat
ment usually requires catheter removal (Press et al., 1984; 
Smith et al., 1989). CoNS do not usually cause serious mor
bidity or mortality, but relapses can occur in up to 20% of 
patients after a course of vancomycin (Raad et al., 1992). 

Infections due to S. aureus are more likely to give rise to 
serious complications and hence catheter removal is almost 
always necessary. Serious infections due to Bacillus spp. are 
a relatively rare, but wellrecognized, cause of bacteremia in 
neutropenic patients. These infections usually arise from an 
infected longterm central venous catheter, and they may be 
associated with complications such as pneumonia (Saleh and 
Schorin, 1987). Bacteremic diphtheroid infections are also 
usually catheterrelated. Vancomycin is the drug of choice 
for these infections, particularly when C. jeikeium is isolated, 
because this organism is generally resistant to almost all 
other agents (Riebel et al., 1986).

Viridans streptococcal infections are an important cause 
of sepsis in neutropenic patients (Cohen et al., 1983; Classen 
et al., 1990). These organisms arise from the flora of the 
mouth or gastrointestinal tract. They do not infect intrave
nous catheters, but are thought to gain access to the blood
stream in association with severe mucositis that complicates 
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some of the more intensive chemotherapeutic regimens, such 
as those used for induction treatment of acute myelogenous 
leukemia. The use of prophylactic fluoroquinolone agents 
may also predispose to these infections, because a substantial 
reduction in the number of quinolonesusceptible aerobic 
Gramnegative organisms may allow significant growth 
of  quinoloneresistant viridans streptococci (Elting et al., 
1992). Not all viridans streptococci isolated from neutrope
nic patients are susceptible to penicillin (McWhinney et al., 
1993), so vancomycin can be indicated for the empirical treat
ment of severely neutropenic patients with sepsis who have 
received penicillin prophylaxis.

A 26dayold premature infant born at 24 weeks’ gestation 
developed septicemia while receiving vancomycin therapy. 
The blood isolate initially identified as a vancomycinresistant 
S. viridans was found to be Leuconostoc spp. Her condition 
improved with parenteral ampicillin and gentamicin therapy 
and the removal of the intravenous central catheter. Pre
maturity is a recognized risk factor for Leuconostoc disease. 
Clinicians need to consider Leuconostoc spp. when vancomy
cinresistant pathogens are identified and to provide appro
priate therapy (Janow et al., 2009).

Although there is no doubting the benefit of vancomycin 
for the treatment of proven Grampositive infections in neu
tropenic patients, the role of empiric vancomycin therapy in 
the neutropenic patient with fever is more controversial. In 
some centers, a common practice is to add vancomycin to 
the treatment regimen if the patient remains febrile 48–72 
hours after the firstline empiric regimen has been started, 
even if no Grampositive infection is proven or suspected 
clinically (Rubin et al., 1988). This practice can lead to reso
lution of the fever in up to 50% of cases (Smith et al., 1990). 
Whether vancomycin should be included in the initial empiric 
antibiotic regimen has been the subject of debate. A random
ized placebocontrolled trial showed that the initial empiric 
use of vancomycin led to fewer secondary Grampositive 
infections, more rapid resolution of fever, and fewer total 
febrile days in patients randomly assigned to vancomycin 
as part of the initial empiric antibiotic therapy (Karp et al., 
1986). However, Rubin et al. (1988) only used vancomycin 
when clinically or microbiologically indicated and not as 
part of the initial empiric regimen. Only 63 of 550 episodes 
of neutropenic fever required the addition of vancomycin, 
and all documented Grampositive infections were success
fully treated. Thus, observational data indicate that “delayed” 
vancomycin therapy can be safe, presumably because the ini
tial empiric antibiotics provide Grampositive cover against 
streptococci and because many of the Grampositive organ
isms, such as CoNS, are less virulent than Gramnegative 
aerobic organisms. Ramphal et al. (1992) supported these 
observations. A large study of 747 neutropenic, febrile patients 
also examined this question, by randomizing patients to 
receive ceftazidime and amikacin, or ceftazidime, amikacin, 
and vancomycin (EORTC, 1991). Not surprisingly, patients 
with Grampositive bacteremias receiving initial vancomy
cin were more likely to respond than those not empirically 
treated with vancomycin. However, the duration of fever did 

not differ between the two groups, and no patient died of 
Grampositive bacteremia during the first 3 days of therapy.

The balance of evidence suggests that vancomycin does 
not have to be included as part of the initial empiric anti
biotic regimen to treat aerobic Grampositive cocci for neu
tropenic patients with fever, unless the patient is critically ill 
and there is clinical evidence of a Grampositive infection, 
such as an inflamed i.v. catheter site, skin or soft tissue infec
tion, or pneumonia, or if the local rates of Grampositive 
infection are especially high. In most situations, vancomycin 
can be added subsequently if there is clinical or microbio
logical evidence of a Grampositive infection or if clinical 
improvement is delayed. This is reflected in multiple guide
lines for the management of febrile neutropenia such as 
those published by the Infectious Diseases Society of America 
(Freifeld et al., 2011) and the European Conference on Infec
tions in Leukemia (Averbuch et al., 2013). The Australasian 
Society of Infectious Diseases recommends empiric vanco
mycin if the patient is known to be colonized with a resistant 
Grampositive organism; however, this was expert opinion 
only (Tam et al., 2011).

7f.  Prophylactic uses

Use of vancomycin to prevent infections is an attractive 
option for situations where the likelihood of a Grampositive 
coccal infection is high, and/or if the consequences of such 
an infection are serious. However, the temptation to use van
comycin in this fashion must be tempered by the realization 
that the emergence of vancomycinresistant organisms is likely 
to be accelerated if vancomycin prophylaxis is administered 
indiscriminately. The consequences of vancomycinresistance 
in S. aureus are so serious that vancomycin prophylaxis should 
be limited to certain welldefined situations.

For penicillinallergic patients, vancomycin is no longer 
the automatic alternative agent of choice for surgical prophy
laxis. For routine perioperative prophylaxis, a firstgeneration 
cephalosporin is the preferred prophylactic antibiotic for 
patients undergoing clean operative procedures. Preoperative 
prophylactic vancomycin is as effective as a firstgeneration 
cephalosporin in cardiothoracic surgery (Maki et al., 1992) 
and in orthopedic surgery (Tan et al., 2015), and it has been 
used to prevent infection in many other surgical settings. A 
systematic review by Bolon et al. (2004) concluded that in 
most cases, vancomycin was no more effective than beta 
lactams for the prevention of surgical site infections after 
cardiac surgery. However, vancomycin was superior to beta 
lactams in the setting of MRSA infection, and there was a 
trend toward significance for the prevention of lower limb 
surgical site infections. Another systematic review of pro
phylactic glycopeptides vs. betalactams in patients under
going clean or cleancontaminated surgical procedures also 
failed to find any statistical differences (Chambers et al., 2010). 
In the context of a high prevalence of MRSA, a randomized 
controlled trial of vancomycin vs. cefazolin prophylaxis 
during cerebrospinal shunt placement demonstrated a lower 
rate of shunt infections (Tacconelli et al., 2008). However, 
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this contrasted with an earlier randomized controlled trial by 
Finkelstein et al. (2002) in which similar efficacy between 
vancomycin and cefazolin in reducing surgical site infections 
after cardic surgery was observed. Because of concerns about 
selective antibiotic pressure and the emergence of resistance, 
prophylactic vancomycin should be restricted to operations 
involving the implantation of foreign material, such as heart 
valves or prosthetic joints, in institutions with a high rate 
of infections due to MRSA or CoNS (HICPAC, 1995). Other 
patients in whom vancomycin prophylaxis may be considered 
include those with documented preoperative colonization or 
infection with MRSA, or those with a long preoperative stay 
in a ward or unit where rates of MRSA infection or coloniza
tion are known to be high, or as part of a bundle of surgical 
site infection prevention in select circumstances (Crawford 
et al., 2012; Schweizer and Herwaldt, 2012).

Numerous other prophylactic uses of vancomycin have 
been reported. Renal dialysis patients often develop staphy
lococcal infections of arteriovenous fistulas, and the use of 
weekly vancomycin can reduce the frequency of these infec
tions. Intravenous vancomycin has also been administered 
prophylactically to neutropenic patients in an attempt to 
reduce Grampositive coccal infections, but the benefits of 
such an approach do not outweigh the risks (Attal et al., 1991).

A study was undertaken to assess whether oropharyn
geal vancomycin may control oropharyngeal carriage and 
lower airway infection caused by MRSA acquired in the ICU. 
Secondary endpoints were the emergence of vancomycin 
resistant enterococci, vancomycinintermediate S. aureus, and 
vancomycin consumption. A total of 84 patients, who were 
admitted to a medical/surgical ICU and mechanically venti
lated for > 72 hours, were randomly assigned to the control 
group (n = 42) or 0.5 g of a 4% vancomycin gel at 6hour inter
vals in the oropharynx group (n = 42). Both groups received 
the protocol of selective decontamination of the digestive 
tract. Lower airway infections caused by MRSA acquired on 
the ICU were reduced in the test group, as was oropharyn
geal carriage. Neither vancomycinresistant enterococci nor 
vancomycinintermediate S. aureus were isolated from either 
the surveillance or diagnostic samples during the study period. 
The vancomycin costs were lower in the test group (Silvestri 
et al., 2004; Pfausler et al., 2003).

In a Cochrane systematic review on the efficacy of anti
biotics in the prevention of early Grampositive longterm 
tunnelled central venous catheter (TCVC) infections, in on 
cology patients, 11 trials were included. Five trials reported 
on antibiotics (vancomycin, teicoplanin, ceftazidime) before 
the insertion of the TCVC compared to no antibiotics. There 
was no reduction in the number of Grampositive TCVC 
infections with an OR of 0.72 (95% CI: 0.33–1.58). Six trials 
studied flushing of the TCVC with an antibiotic/heparin 
solution (vancomycin, amikacin, taurolidine) compared to 
heparin flushing only. This method decreased the number of 
TCVC infections significantly, with an OR of 0.47 (95% CI: 
0.28–0.8). Flushing the TCVC with an antibiotic/heparin solu
tion reduced the incidence of Grampositive infections (van 
de Wetering et al., 2013).

Similarly, other studies have reported that daily installa
tion of a vancomycincontaining solution into intravascular 
catheters may reduce episodes of bacteremia because of van
comycinsusceptible organisms (Schwartz et al., 1990; Safdar 
and Maki, 2006).

In a prospective, randomized doubleblind trial, very low 
birth weight and other critically ill neonates with a newly 
placed peripherally inserted central venous catheter were ran
domized to have the catheter locked two or three times daily 
for 20 or 60 minutes with heparinized normal saline (n = 43) 
or heparinized saline that contained vancomycin 25 μg/ml 
(n = 42). Two of 42 neonates (5%) in the vancomycinlock 
group developed a catheterrelated BSI, compared with 13 of 
43 (30%) in the control group (2.3 vs. 17.8 per 1000 catheter 
days; relative risk: 0.13; 95% CI: 0.01 to 0.57). No vancomycin 
resistant enterococci or staphylococci were recovered from 
any cultures. Vancomycin could not be detected in the blood 
of infants who did not receive systemic vancomycin therapy. 
Twentysix neonates (8 in the vancomycinlock group, and 
18 in the control group) had asymptomatic hypoglycemia 
at the end of a catheterlock period that resolved promptly 
when glucosecontaining intravenous fluids were restarted 
(Garland et al., 2005; van de Wetering et al., 2005).

Because international guidelines suggest that a high prev
alence of MRSA infections should influence the use of van
comycin for surgical prophylaxis, the efficacy and adverse 
effects of vancomycin vs. cefazolin as antimicrobial prophy
laxis for the insertion of CSF shunts was compared in a ran
domized prospective clinical trial. Over a 16month period, all 
consecutive adult patients who underwent CSF shunt inser
tion at a university hospital with a high prevalence of MRSA 
infections were included. Patients were randomly allocated 
to receive either vancomycin or cefazolin before surgery and 
were followed up for 4 weeks for the development of infec
tions. Of the 176 patients included in the study, 88 received 
vancomycin and 88 received cefazolin. Shunt infections 
were significantly less likely to be observed in patients who 
received vancomycin prophylaxis (4 vs. 14%; p = 0.03). All 
isolated staphylococci were resistant to methicillin. Mortality 
of patients with postsurgical infections was higher in the 
cefazolin group (p = 0.02). 

Finally, oral vancomycin, together with other nonab
sorbable antimicrobials, has been used to produce total gut 
decontamination in oncology patients during induction 
chemotherapy (Levi et al., 1978). The value of adding vanco
mycin to such a regimen was already considered doubtful in 
1979 (Bender et al., 1979).

Recently, the topical use of vancomycine powder has 
been explored in spine, cranial, and orthopedic surgery. To 
examine the current clinical evidence on the use of vanco
mycin powder in spine surgery, a systematic review and 
meta analysis of the literature was performed. Studies that 
compared intrawound vancomycin in spine surgery against 
their standard practice were pooled in the metaanalysis 
using a randomeffects model. A total of 671 abstracts were 
reviewed, and 18 papers met the inclusion/exclusion criteria 
and were included in this review. These included 1 randomized 
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controlled trial, 13 comparative studies, and 4 case series. 
Fourteen of the studies—1 randomized controlled trial and 
13 comparative studies—were eligible for the metaanalysis. 
The odds of developing a deep infection with intrawound 
vancomycin powder were 0.23 times the odds of experienc
ing an infection without intrawound vancomycin (95% CI: 
0.11–0.50; p = 0.0002; I2: 47%). For combined superficial and 
deep infections, the OR was 0.43 (95% CI: 0.22–0.82, p = 0.01). 
Most studies had a low level of evidence, and more prospec
tive comparative studies are needed (Bakhsheshian et al., 
2015).

A cohort of 150 consecutive patients who underwent a 
craniotomy was studied retrospectively. Seventyfive patients 
received 1 g of vancomycin powder applied in the subgaleal 
space at the time of closure. This group was compared with 
75 matchedcontrol patients who were accrued over the same 
time interval and did not receive vancomycin. The primary 
outcome measure was the presence of surgical site infection 
within 3 months. Secondary outcome measures included tis
sue pH from a subgaleal drain and vancomycin levels from 
the subgaleal space and serum. Vancomycin was associated 
with significantly fewer surgical site infections (1 of 75) than 
was standard antibiotic prophylaxis alone (5 of 75; p < 0.05). 
As expected, local measured vancomycin concentrations 
peaked immediately after surgery (mean 499 ± 37 μg/ml) 
and gradually decreased over 12 hours. Vancomycin in the 
circulating serum remained undetectable. Subgaleal topical 
vancomycin was associated with a lower incidence of surgical 
site infections after craniotomy. The authors attributed this 
reduction in the infection rate to local vancomycin concen
trations well above the MIC for antimicrobial efficacy. Topi
cal vancomycin is safe. These data support the need for a 
prospective randomized examination of topical vancomycin 
in the setting of cranial surgery (Abdullah et al., 2015).

Eightyone patients with diabetes mellitus who under
went reconstructive surgery of a foot and/or ankle deformity 
and/or trauma and who received topically applied vanco
mycin were matched to 81 patients with diabetes who did not 
receive topically applied vancomycin. The mean age was 60.6 
years in the vancomycin group and 59.4 years in the control 
group (p < 0.05). The two groups were similar with regard 
to gender, body mass index, duration of diabetes, shortterm 
and longerterm glycemic control, and length of surgery. The 
overall likelihood of surgical site infection was decreased by 
73% in patients who received topically applied vancomycin 
(OR: 0.267; 95% CI: 0.089–0.803; p = 0.0188). The rate of 
superficial infection was not significantly different between 
the two groups (OR: 0.40; 95% CI: 0.078–2.062; p = 0.2734); 
however, deep infections were 80% less likely in patients who 
received vancomycin powder (OR: 0.200; 95% CI: 0.044–
0.913; p = 0.0377) (Wukich et al., 2015).

7g.  Other infections

Listeria monocytogenes is susceptible in vitro to vancomycin, 
and several patients with Listeria infections have been treated 
successfully with this drug (Zeitlin et al., 1982; Blatt and Zajac, 

1991). However, failures of vancomycin have also been re  
ported (Baldassarre et al., 1991; Dryden et al., 1991), and van
comycin cannot be considered as an acceptable antiListeria 
agent under any but the most exceptional circumstances. A 
patient with penicillin and aminoglycosidesusceptible L. 
monocytogenes keratoconjunctivitis failed intravenous peni
cillin and gentamicin therapy and progressed to endophthal
mitis; intravitreal and systemic vancomycin with ceftazidime 
were successful (Shoughy and Tabbara, 2014). In a series of 
68 Listeria strains in Brazil from 1970 to 2008, all isolates 
remained susceptible to vancomycin (Reis et al., 2011). A stem 
cell transplant recipient developed prolonged Listeria grayi 
bacteremia that did not respond to vancomycin, and suscep
tibility testing revealed that the isolate was resistant to vanco
mycin (Salimnia et al., 2010).

Rhodococcus equi, a veterinary pathogen, is a rare cause of 
serious infections in immunocompromised patients, notably 
those with HIV infection or AIDS (Verville et al., 1994). A 
combination of erythromycin and rifampicin has been con
sidered one of the treatments of choice for this infection. 
However, vancomycin has good activity against the organ
ism in vitro (Nordmann and Ronco, 1992), and in an animal 
model of Rhodococcus equi infection, vancomycin was the 
single most effective agent (Nordmann et al., 1992). Vanco
mycin, usually in combination with other antibiotics such as 
imipenem, has been used successfully to treat several patients 
with this infection (Rouquet et al., 1991). Vancomycin treat
ment for R. equi is also seen in other immunocompromised 
patients, such as transplant recipients and patients receiving 
chemotherapy for hematologic or solid organ malignancies, 
and has been associated with pneumonia (Yamshchikov et 
al., 2010; Menon et al., 2012), mediastinal lymphadenitis 
(Yamshchikov et al., 2010), lung abscess (Tse et al., 2008), 
and peritoneal dialysisassociated peritonitis (Azzam et al., 
2015). A renal transplant recipient with refractory R. equi 
pneumonia requiring five antimicrobial agents, including 
van comycin, required surgical management for a definitive 
cure (Ursales et al., 2014). An immunocompetent patient 
without HIV or disorders of cellmediated immunity devel
oped pulmonary and cerebral R. equi infection (Kamboj et 
al., 2005) that responded to combination treatment includ
ing vancomycin.

Bacillus spp., normally environmental and skin commen
sals, can cause infections in neutropenic patients and serious 
soft tissue or eye infections in patients sustaining traumatic 
injuries involving contact with soil or soilcontaminated 
objects (Wong and Dolan 1992). Nonanthracis Bacillus spp. 
are not always susceptible to penicillin, and vancomycin is 
the drug of choice for these infections.

Bacterial endophthalmitis can arise as a postoperative 
complication, secondary to a penetrating eye injury, or rarely 
as a metastatic manifestation of a bacteremic infection. Most 
antibiotics, including vancomycin, penetrate poorly into the 
vitreous humor, therefore direct antibiotic administration 
into the vitreous is required to produce adequate antibiotic 
levels. Vancomycin, given intravitreally as a 1–2 mg dose, has 
an important place in the treatment of traumatic and post 
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operative bacterial endophthalmitis, because CoNS, Bacillus 
spp., and Propionibacterium acnes are the predominant organ
isms isolated in these infections (Barza, 1989).

Flavobacterium spp. are environmental Gramnegative 
organisms that occasionally cause human infections. Flavo
bacterium meningosepticum is a cause of nosocomial out
breaks of neonatal meningitis, and it has been isolated (as have 
other Flavobacterium spp.) from hospitalized, often immuno
suppressed, patients with bacteremia, pneumonia, and wound 
infections. Vancomycin is not consistently active against 
these organisms in vitro, but it has been used successfully 
in patients with Flavobacterium meningosepticum meningitis 
(Ratner, 1984) and catheterrelated bacteremia (Sader et al., 
1995).

Oral vancomycin has been used to treat patients with 
shortbowel syndrome and other small bowel abnormalities 
who develop dlactic acidosis (Stolberg et al., 1982). This 
complication occurs when carbohydrates that would have 
been normally digested by bacteria in the small bowel are 
metabolized by colonic bacteria, leading to excess dlactic 
acid production and systemic acidosis.
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Teicoplanin

Anouk E. Muller and Inge C. Gyssens

1. DESCRIPTION

Teicoplanin (Targocid) is a lipoglycopeptide antibiotic chem-
ically related to vancomycin (Bardone et al., 1978), which 
was obtained by fermenting Actinoplanes teichomyceticus 
(Parenti et al., 1978). Similar to vancomycin (see Chapter 43, 
Vancomycin), it has a broad spectrum of activity against 
Gram-positive aerobic and anaerobic bacteria, including 
strains resistant to many other antimicrobials (Parenti et al., 
1978; Greenwood, 1988). Teicoplanin comprises six closely 
related major components whose activities against specific mi- 
crobial species differ. Its empirical formula is C89H108N9O35Cl2, 

and its molecular mass is 1993; the chemical structure is 
shown in Figure 44.1. Teicoplanin binds to the cell wall and 
inhibits cell wall biosynthesis in susceptible organisms by 
interfering with the polymerization of peptidoglycan (Somma 
et al., 1984). Like all (lipo)glycopeptides, it is not active 
against Gram-negative bacteria because it cannot cross their 
cell wall. Teicoplanin is licensed for parenteral use only.

Recently, studies on the potential antiviral activity of 
teicoplanin became available for viruses, such as Ebola virus, 
influenza virus, and hepatitis C virus. However, teicoplanin 
is currently not in clinical use for any of these viruses (Wang 
et al., 2016), and this will not be discussed further here.

Figure 44.1. Chemical structure 
of teicoplanin.
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strains with vancomycin MICs of < 1.5 mg/l, the median 
teicoplanin MIC was 1 mg/l (interquartile range 0.5–1 mg/l), 
whereas in the group with vancomycin MIC of ≥ 1.5 mg/l the 
median teicoplanin MIC was 1.5 mg/l (interquartile range 
1–4 mg/l) (p = 0.03) (Shoji et al., 2015). These results are 
in line with a previous study of MRSA strains isolated from 
blood cultures (Patel et al., 2009). 

Streptococci
Groups A, B, C, and G streptococci are nearly always suscep-
tible to teicoplanin (Table 44.1), the MICs often being lower 
than those for vancomycin. Viridans streptococci and Strep
tococcus bovis are similarly susceptible (Fainstein et al., 1983; 
Neu and Labthavikul, 1983; Greenwood, 1988). Newer data 
confirm the susceptibility of beta-hemolytic and viridans 
streptococci to teicoplanin (Mutnick et al., 2002).

Streptococcus pneumoniae, including penicillin G–resistant 
strains, is always teicoplanin susceptible (Table 44.1) (Fel-
mingham et al., 2002; Gales et al., 2005). EUCAST ECOFFs 
of wild-type distributions for teicoplanin are four times lower 
for teicoplanin than for vancomycin. The MICs of teico-
planin for this organism are still lower than those for vanco-
mycin (Rodríguez-Tudela et al., 1992; Goldstein et al., 1994; 
Klugman, 1994; Lee et al., 1995; Mutnick et al., 2002).

Enterococci
Enterococci such as Enterococcus faecalis and E. faecium are 
usually teicoplanin susceptible (Table 44.1), and their MICs 
are often lower for teicoplanin than for vancomycin (Fain-
stein et al., 1983; Pérez et al., 1987; Venditti et al., 1993). 
ECOFFs of wild-type distributions for teicoplanin are also 
two times lower for teicoplanin than for vancomycin.

E. faecium and occasionally E. faecalis, which has acquired 
plasmid-mediated inducible and transferable VanA-type van-
comycin resistance (see Chapter 43, Vancomycin), are also 
teicoplanin resistant. E. faecium strains resistant to both 
drugs have been detected in hospitals in which teicoplanin 
has never been used (Noskin et al., 1995). Enterococci with 
VanB vancomycin resistance are usually teicoplanin suscep-
tible (Dutka-Malen et al., 1990; Fantin et al., 1991; Arthur 
and Courvalin, 1993; Shlaes et al., 1993a). Enterococcus galli
narum and E. casseliflavus, which normally show low-level 
VanC vancomycin resistance, are usually susceptible to teico-
planin (Leclercq et al., 1992; Dutka-Malen et al., 1994). In 
East Asia, E. faecium strains with the VanA genotype were 
found that were susceptible to teicoplanin and were named 
VanB phenotype VanA genotype vancomycin-resistant entero-
coccus. The exact mechanism is unclear; mutations in several 
genes have been described, but there might also be hetero-
resistance (Qu et al., 2009).

GRAM-POSITIVE BACILLI

Table 44.1 also summarizes the susceptibility patterns of 
anaerobic Gram-positive bacteria, including Listeria mono
cytogenes and the Corynebacterium spp., including C. jei
keium. These are generally teicoplanin susceptible (Neu and 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Teicoplanin is active only against Gram-positive microor-
ganisms (Greenwood, 1988), including methicillin-resistant 
Staphylococcus aureus (MRSA). It is inactive against van-
comycin-intermediate S. aureus (VISA) and heterogeneous 
vancomycin-resistant strains (hVRSA/VRSA).

GRAM-POSITIVE COCCI

Table 44.1 shows susceptibility data of Gram-positive bac-
teria from relatively recent, larger surveillance studies con-
ducted in different parts of the world. Table 44.1 includes 
only those studies that have used well-recognized methods 
(i.e. Clinical Laboratory Standards Institute [CLSI] and Euro-
pean Committee on Antimicrobial Susceptibility Testing 
[EUCAST]). EUCAST epidemiologic cut-off (ECOFF) values 
of wild-type distributions for teicoplanin, if determined, are 
also presented in Table 44.1. The epidemiologic cut-off value, 
which separates microorganisms without (wild-type) and 
with acquired resistance mechanisms (non–wild-type), is 
chosen because it can be considered the most accurate mea-
sure of resistance development (EUCAST, 2016).

Staphylococci
Staphylococcus aureus, including penicillin G–resistant and 
methicillin-resistant strains, was originally about equally sus-
ceptible to teicoplanin and vancomycin (Carper et al., 1987; 
Greenwood, 1988; Gorzynski et al., 1989; Felmingham, 1993). 
This corresponds to ECOFFs ≤ 2 mg/l for wild-type distribu-
tions for both antibiotics.

In Table 44.1 data from a large surveillance study in North 
America show that between 2001 and 2003, S. aureus strains 
were inhibited at ≤ 2 mg/l (Anastasiou et al., 2008). However, 
in later surveillance reports from the USA (data from 2002 to 
2005), some strains with minimal inhibitory concentrations 
(MICs) up to 8 mg/l (both oxacillin susceptible and nonsus-
ceptible strains) and coagulase-negative strains with MICs 
up to 16 mg/l were reported (Pfaller et al., 2007). Actual van-
comycin MICs against staphylococci are almost invariably 
lower. Surveillance data from the SENTRY Program plat-
form 2005 (data from Europe, Turkey, and Israel) showed 
similar patterns (Sader et al., 2007). In the Asia-Pacific region 
SENTRY Program (2003–2004), S. aureus susceptibility was 
still below the CLSI breakpoint, but for coagulase-negative 
staphylococci, MIC90 values of 8 and 16 mg/l were reported 
(Biedenbach et al., 2007).

The ratio of minimum bactericidal concentration to MIC 
of teicoplanin against MRSA was significantly higher than 
that of daptomycin in the Asia-Pacific SENTRY Program, 
with many of the strains showing values consistent with tol-
erance (≥ 32 mg/l). In contrast to vancomycin, this was 
found in wild-type MRSA strains (Biedenbach et al., 2007).

For MRSA strains with higher MICs for vancomycin, the 
MICs for teicoplanin were also higher. In a group of MRSA 
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Table 44.1. Antimicrobial activity of teicoplanin against Gram-positive bacteria.

Organism No. isolates
MIC50 
(mg/l)

MIC90 
(mg/l)

MIC range 
(mg/l)

EUCAST wild 
typea ≤ MIC 
value (mg/l) Reference

Aerobic Gram-positive bacteria

Staphylococcus aureus
 Methicillin/oxacillin susceptible

2

 777 ≤ 2 ≤ 2 — 2 Biedenbach et al. (2007)

5970 ≤ 2 ≤ 2  ≤ 2–8 Pfaller et al. (2007)

1946 ≤ 2 ≤ 2  ≤ 2–8 Sader et al. (2007)

 514 ≤ 2 ≤ 2 ≤ 2 Jones et al. (2013b)

  Methicillin/oxacillin resistant  
 (MRSA)

 220 (MDRSA) 0.25 1 ≤ 0.12–2 2 Anastasiou et al. (2008)

 480 ≤ 2 ≤ 2 — Biedenbach et al. (2007)

4947 ≤ 2 ≤ 2  ≤ 2–8 Pfaller et al. (2007)

 800 ≤ 2 ≤ 2  ≤ 2–8 Sader et al. (2007)

  50 1 1 0.25–8 Tsuji et al. (2007)

 522 ≤ 2 ≤ 2  ≤ 2–4 Jones et al. (2013b)

 Community-acquired MRSA  200 0.5 1 0.13–2 Tsuji et al. (2007)

Coagulase-negative staphylococci  115 ≤ 2 8  ≤ 2–16 Jones et al. (2013b)

 Methicillin/oxacillin susceptible   46 ≤ 2 16 — Biedenbach et al. (2007)

 448 ≤ 2 4  ≤ 2–> 16 Pfaller et al. (2007)

 268 ≤ 2 4  ≤ 2–16 Sader et al. (2007)

 Methicillin/oxacillin resistant  256 ≤ 2 8 — Biedenbach et al. (2007)

1688 ≤ 2 8  ≤ 2–16 Pfaller et al. (2007)

 673 ≤ 2 8  ≤ 2–16 Sader et al. (2007)

Beta-hemolytic streptococci  633 ≤ 0.12 0.25 — 0.5b Mutnick et al. (2002)

Streptococcus pneumoniae 3362 0.06 0.12 — 0.25 Felmingham et al. (2002)

2045 ≤ 0.12 ≤ 0.12 — Mutnick et al. (2002)

Viridans group streptococci  355 ≤ 0.12 0.25 — 0.5 Mutnick et al. (2002)

Enterococci
 Vancomycin susceptible 3336 ≤ 2 ≤ 2  ≤ 2–4 Pfaller et al. (2007)

  30 ≤ 2 ≤ 2 ≤ 2 Jones et al. (2013b)

 Vancomycin resistant 1560 > 16 > 16 ≤ 0.12–> 16 Pfaller et al. (2007)

Enterococcus faecalis 2

  Vancomycin resistant and  
 susceptible

 255 ≤ 2 ≤ 2 — Biedenbach et al. (2007)

2905 ≤ 2 ≤ 2  ≤ 2–> 16 Pfaller et al. (2007)

  60 ≤ 2 ≤ 2 ≤ 2 Jones et al. (2013a)

 Vancomycin susceptible  750 ≤ 2 ≤ 2  ≤ 2–4 Castanheira et al. (2008)

 640 ≤ 2 ≤ 2 ≤ 2 Sader et al. (2007)

 Vancomycin resistant   32 > 16 > 16  ≤ 2–> 16 Castanheira et al. (2008)

   6 ≤ 16 — > 16 Sader et al. (2007)

Enterococcus faecium 2

  Vancomycin resistant and  
 susceptible

 117 ≤ 2 ≤ 2 — Biedenbach et al. (2007)

1806 > 16 > 16 ≤ 0.12–> 16 Pfaller et al. (2007)

  67 ≤ 2 ≤ 2  ≤ 2–> 16 Jones et al. (2013a)

 Vancomycin susceptible  111 ≤ 2 < 2  ≤ 2–4 Castanheira et al. (2008)

 252 ≤ 2 ≤ 2 ≤ 2 Sader et al. (2007)

 Vancomycin resistant  288 > 16 > 16  ≤ 2–> 16 Castanheira et al. (2008)

  55 16 > 16  ≤ 2–> 16 Sader et al. (2007)

Corynebacterium jeikeium   34 1 1 0.12–1 Soriano et al. (1998)

  30 1 2 ≤ 0.5–4 Gómez-Garcés et al. (2007)

Corynebacterium striatum   25 0.25 0.25 0.12–0.5 Soriano et al. (1998)

  30 1 1 ≤ 0.5–2 Gómez-Garcés et al. (2007)

Unusual Gram-positive bacteria

Listeria spp.   35 0.25 0.5 0.25–0.5 Soriano et al. (1998)

Actinomyces   22 0.25 0.50 0.125–0.50 Citron et al. (2003)
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Lab thavikul, 1983; Greenwood, 1988; Gómez-Garcés et al., 
2007), as is Rhodococcus equi (Nordmann and Ronco, 1992). 
Nocardia asteroides is resistant (Gutmann et al., 1983).

Of the anaerobes, the Clostridia spp., including C. perfrin
gens and C. difficile, are susceptible, as is Propionibacterium 
acnes (Neu and Labthavikul, 1983; Pallanza et al., 1983; 
Greenwood, 1988). Pediococcus, Leuconostoc, and Lacto
bacillus spp. and Erysipelothrix rhusiopathiae are usually 
teicoplanin resistant (Phillips and Golledge, 1992).

GRAM-NEGATIVE BACTERIA

Teicoplanin has no activity against Gram-negative bacteria. 

2b.  Emerging resistance and 
cross-resistance

Glycopeptide resistance has been studied in detail in entero-
cocci and staphylococci. In these microorganisms, high-level 
resistance is achieved by replacing the C-terminal D-alanyl-
D-alanine of the nascent peptidoglycan with D-alanyl-D-
lactate or D-alanyl-D-serine, thus reducing the affinities of 
glycopeptides for cell wall targets. Reorganization of the cell 
wall is directed by the expression of the van gene clusters. 
The vanH, vanA, and vanX genes of A. teichomyceticus were 
found to be organized in an operon whose transcription was 
constitutive. The van gene complex was transcribed and 
expressed in the genetic background of A. teichomyceticus 
and conferred resistance to vancomycin and teicoplanin 
through the modification of cell wall biosynthesis. During 
teicoplanin production (maximum productivity 70–80 mg/l), 
the MIC of teicoplanin remained in the range of 25–35 mg/l. 

Teicoplanin-producing cells were found to be tolerant to 
high concentrations of exogenously added glycopeptides, 
which were not bactericidal even at 5000 mg/l (Beltrametti et 
al., 2007).

Teicoplanin-resistant staphylococci can be selected in vitro 
by subculturing the organism in media containing a sub-
inhibitory concentration of teicoplanin (Watanakunakorn, 
1990). By this method teicoplanin can also select vancomycin- 
resistant S. aureus strains, and, in this respect, teicoplanin 
appears to be a more efficient selective agent than vancomy-
cin itself (Shlaes and Shlaes, 1995). S. aureus resistant to 
teicoplanin also emerged in vivo in animals with induced 
endocarditis treated by teicoplanin (Kaatz et al., 1990). It 
was described for the first time in 1990 in a small number 
of patients with severe S. aureus infections treated with the 
drug (Kaatz et al., 1990; Manquat et al., 1992; Kayser, 1995). 
Nosocomial spread of MRSA strains with reduced suscepti-
bility to teicoplanin also occurred in a hospital, involving 12 
patients. Four of these had been previously treated by vanco-
mycin, and it appeared that vancomycin might have selected 
MRSA strains with decreased teicoplanin susceptibility with-
out producing a detectable change in vancomycin suscepti-
bility (Mainardi et al., 1995).

VISA has been isolated in Japan, the USA, France, Hong 
Kong, and Korea among MRSA clinical isolates. Because 
many VISA isolates also have been resistant to teicoplanin, 
the term glycopeptide-intermediate S. aureus (GISA) is often 
used. The frequency of GISA isolates appears to be extremely 
low worldwide. However, heterogeneous resistance to glyco-
peptides (hGISA) has been reported in Japan, Europe, and 
Thailand (Linares, 2001). In a study in the UK, 3.4% and 

Organism No. isolates
MIC50 
(mg/l)

MIC90 
(mg/l)

MIC range 
(mg/l)

EUCAST wild 
typea ≤ MIC 
value (mg/l) Reference

Anaerobic Gram-positive bacteria

Clostridium difficile   18 0.5 0.5 0.125–0.5 Not deter- 
 mined

Citron et al. (2003)

Clostridium perfringens   11 ≤ 0.06 0.125 ≤ 0.06–0.125 Citron et al. (2003)

 101

Peptostreptococcus spp.   13 0.125 0.25 0.125–1 Citron et al. (2003)

Propionibacterium spp.   15 0.5 1 0.125–1 Citron et al. (2003)

 117

aTeicoplanin current: European Committee on Antimicrobial Susceptibility Testing (EUCAST) epidemiologic cut-off values of wild-type distributions (EUCAST, 
2016).

bFor Streptococcus pyogenes.
Anastasiou et al. (2008): isolates from USA 2001–2003.
Biedenbach et al. (2007): isolates from Asia-Pacific and South Africa SENTRY program 2003–2004 (majority vancomycin sensitive).
Castanheira et al. (2008): isolates from USA and Canada 2006.
Mutnick et al. (2002): worldwide SENTRY Antimicrobial Surveillance program 1998–2000.
Pfaller et al. (2007): isolates from US hospitals 2002–2005.
Sader et al. (2007): 23 medical centers in 10 European countries, SENTRY Program platform 2005.
Tsuji et al. (2007): US Detroit Medical Center, Detroit, MI, USA.
Felmingham et al. (2002): isolates of S. pneumoniae from the PROTEKT surveillance study.
Jones et al. (2013a): isolates from 12 hospitals in China; 20.4% from bacteremia, 29.1 from pneumonia, and 20.9% from skin and skin structure infection. 
Jones et al. (2013b): isolates from 29 medical centers in the USA, 2011.
Abbreviations: MIC, minimum inhibitory concentration; MDRSA, multidrug-resistant Staphylococcus aureus.
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2.5% of patients colonized by or bacteremic with MRSA, 
respectively, had reduced susceptibility to glycopeptides 
(hGISA) (Kirby et al., 2010). Heterointermediate glycopeptide 
S. aureus resistance was studied in Malta by screening 454 
nonrepetitive S. aureus isolates on teicoplanin-supplemented 
agar plates. All strains were susceptible to vancomycin, but 
four (0.88%) exhibited teicoplanin MICs of > 12 mg/l (Borg 
et al., 2005). A total of 1445 randomly selected MRSA strains 
isolated in a large French teaching hospital from 1983–2002 
were tested; one vancomycin-intermediate MRSA strain and 
31 teicoplanin-intermediate MRSA strains were detected. The 
first strains were detected in 1985, and all strains were genta-
micin resistant. None of the gentamicin-susceptible strains 
had a glycopeptide MIC > 3 mg/l. In addition, there was a 
significant increase in glycopeptide MIC geometric means 
over the years, and this increase was higher for teicoplanin 
than for vancomycin (Robert et al., 2006).

Teicoplanin resistance in S. aureus is constitutive and not 
plasmid mediated. It involves a mutation of chromosomal 
genes. Resistant strains have a 35-kDa membrane protein and 
usually also increased levels of the penicillin-binding protein 
PBP2. Teicoplanin is less effective than vancomycin at inhib-
iting peptidoglycan synthesis in resistant strains, suggesting 
that there are some differences between these two drugs in 
their mode of action on the cell wall (see Chapter 43, Vanco-
mycin) (Kaatz et al., 1990; Daum et al., 1992; Shlaes et al., 
1993b; Mainardi et al., 1995). A teicoplanin-associated operon 
termed tcaR-tcaA-tcaB has been identified by insertional 
mutagenesis. Resistance to teicoplanin rose fourfold by inser-
tional inactivation of tcaA or by deletion of the entire operon. 
TcaRAB is thought to be involved in some way in cell wall 
biosynthesis, and teicoplanin may interact with tcaA and/or 
tcaB either directly or indirectly (Brandenberger et al., 2000). 

Experiments by Maki et al. (2004) in GISA strains con-
firmed that inactivation of tcaA contributes to and plays a 
relevant role in glycopeptide resistance in S. aureus clinical 
isolates. Recently, S. aureus strains with accessory gene regu-
lator (agr) dysfunctional group II polymorphism, which have 
a higher propensity for reduced vancomycin activity, did not 
determine teicoplanin resistance proclivity. This is consis-
tent with the previously described higher mutation rate in 
S. aureus to teicoplanin (Rose et al., 2008). DNA microarray 
studies have identified more than 17 genes associated with 
glycopeptide resistance in S. aureus. Experimental introduc-
tion of these genes into a vancomycin-susceptible S. aureus 
(VSSA) strain reduced its teicoplanin susceptibility. The 
increased MIC of teicoplanin was 1.5–6.0 mg/l, compared 
with 1.0 mg/l for the VSSA strain. In addition, cell morphol-
ogy studies showed that overexpression of some of these 
genes increased cell wall thickness by more than 20%. 
Extended experiments and analyses indicated that many of 
the genes identified earlier are related to the cell wall biosyn-
thetic pathway, including active nutrient transport systems 
(Cui et al., 2005).

Glycopeptide resistance imposes a fitness burden on S. 
aureus and is selected against S. aureus in vivo, with restoration 
of fitness incurring the price of loss of resistance. In vitro 

step- selected teicoplanin-resistant mutants derived from a 
susceptible S. aureus strain were associated with slower 
growth, thickening of the bacterial cell wall, increased 
N-acetylglu cosamine incorporation, and decreased hemoly-
sis. It was shown that some virulence-associated genes 
became downregulated. In a mouse tissue cage-infection 
model, some of these isogenic glycopeptide-resistant mutants 
were eliminated, and, in case of survival, they became teico-
planin hypersusceptible (McCallum et al., 2006).

Tolerance to vancomycin and teicoplanin in 90 clinical 
isolates of coagulase-negative staphylococcus (CoNS) was 
investigated by time-kill curve methodology. Only six strains, 
belonging to the S. lugdunensis species, exhibited tolerance. 
The seven other S. lugdunensis strains tested displayed weak 
susceptibility to the bactericidal activity of glycopeptides 
compared with the other CoNSs. These phenomena are of 
concern because S. lugdunensis is recognized as one of the 
most pathogenic CoNSs (Bourgeois et al., 2007). Teicoplanin-
resistant strains of S. epidermidis, and in particular S. hae
molyticus, can be selected in vitro by subculturing these 
organisms in media containing a subinhibitory concentra-
tion of teicoplanin. Such resistant strains of S. epidermidis 
often have MICs of 64.0 mg/l, and those of S. haemolyticus 
are ≥ 128.0 mg/l (Watanakunakorn, 1988; Biavasco et al., 
1991). Strains of S. epidermidis and S. haemolyticus with 
similar degrees of resistance to teicoplanin have also been 
isolated from clinical specimens (Moore and Speller, 1988; 
Goldstein et al., 1990; Bannerman et al., 1991). Previous 
treatment with either vancomycin or teicoplanin often selects 
teicoplanin resistance in these staphylococci (Maugein et al., 
1990). Teicoplanin resistance developing during treatment 
was documented in S. haemolyticus from the blood of a 
neutropenic patient with an intravascular catheter (Cunning-
ham et al., 1997). Teicoplanin-heteroresistant S. haemolyticus 
has been described in two strains causing endocarditis (Fal-
cone et al., 2007). The resistance mechanism in teicoplanin- 
resistant CoNS appears similar to that of resistant S. aureus 
(O’Hare and Reynolds, 1992).

Development of teicoplanin resistance under therapy was 
shown in a VanB E. faecium isolate (Hayden et al., 1993; 
Holmes et al., 2013). Two-step acquisition of resistance to the 
teicoplanin–gentamicin combination by VanB-type E. fae
calis was shown in vitro and in experimental endocarditis by 
E. faecalis resistant to vancomycin and susceptible to teico-
planin (VanB type) as well as resistant against mutants that 
had acquired resistance to teicoplanin by three different 
mechanisms. In vitro, gentamicin selected mutants with 
two- to sixfold increases in the level of resistance to this 
antibiotic at frequencies of 10–6 to 10–7. Teicoplanin selected 
teicoplanin-resistant mutants at similar frequencies. Both 
mutations were required to abolish the activity of the gen-
tamicin–teicoplanin combination. As expected, simultaneous 
acquisition of the two types of mutations was not observed. 
In therapy with gentamicin or teicoplanin alone, each selected 
mutants in three of seven rabbits with aortic endocarditis 
due to VanB-type E. faecalis BM4275. The teicoplanin– 
gentamicin regimen prevented the emergence of mutants 
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resistant to one or both components of the combination 
(Lefort et al., 1999), including in a rabbit model of aortic 
endocarditis with VanD-type clinical isolate E. faecium 
BM4339 (MICs: vancomycin, 64 mg/l; teicoplanin, 4 mg/l) 
and its susceptible derivative BM4459 (MICs: vancomycin, 
1 mg/l; teicoplanin, 1 mg/l), in terms of both reduction in 
bacterial counts and prevention of emergence of glycopeptide- 
resistant subpopulations, despite using teicoplanin at con-
centrations greater than the MIC for VanD strains (Lefort et 
al., 2003).

2c.  In vitro synergy and antagonism

The efficacy of teicoplanin in combination with diverse beta- 
lactams has been studied in vitro by means of checkerboard 
assay and time-kill curves against staphylococci with reduced 
susceptibilities to vancomycin. In vitro evidence of synergy 
between teicoplanin, fluoroquinolones (levofloxacin), and 
beta- lactams and of reduction in mutational frequencies by 
combinations against MRSA was found (Drago et al., 2007). 
The efficacy of teicoplanin in combination with cloxacillin 
or cefotaxime both in vitro by means of time-kill curves and 
in a mouse peritonitis model was tested against four strains 
of S. aureus with different glycopeptide susceptibilities (MICs 
of vancomycin from 1–8 mg/l). Combinations of teicoplanin 
and beta-lactams showed synergy in in vitro time-kill curves 
against the four staphylococcal strains. On the other hand, 
no significant increase in efficacy was observed in vivo in 
the experimental model. The efficacy of the combinations 
decreased in correlation to the decreasing susceptibility of 
the strains to glycopeptides (Domenech et al., 2005). Inter-
actions between glycopeptides and beta-lactams were found 
when testing four isogenic derivatives with stably increased 
glycopeptide MICs (all become resistant to teicoplanin) 
obtained from four glycopeptide-susceptible clinical isolates 
of S. haemolyticus (Vignaroli et al., 2006). 

The combination of teicoplanin with fosfomycin was stud-
ied more recently and found to be superior to teicoplanin 
alone in an in vitro biofilm model in eradicating MRSA. The 
efficacy of this combination compared well to the commonly 
used combination of teicoplanin or vancomycin plus rifam-
picin in the clinical setting. Future studies are needed to 
determine the effect of this combination in catheter-related 
or prosthetic joint infections (Tang et al., 2012). A single case 
report of an 85-year-old woman who received vancomycin 
and later teicoplanin monotherapy for vertebral osteomyeli-
tis with persistent positive blood cultures with MRSA sup-
ported its use. She recovered on a combination of teicoplanin 
plus fosfomycin (Lee et al., 2013). The combination with 
fosfomycin also has less mutation-inducing potential for 
biofilm- embedded MRSA compared with rifampicin in vitro 
(Tang et al., 2013).

3. MECHANISM OF DRUG ACTION

The mode of action of teicoplanin on bacterial cell walls is 
similar to that of vancomycin (see Chapter 43, Vancomycin), 

but the additional actions of altering the permeability of the 
cytoplasmic membrane and impairing RNA synthesis that 
occur with vancomycin have not been described with teico-
planin (Bailey et al., 1991; Dykhuizen et al., 1995).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Teicoplanin is available for parenteral use only as a lyo-
philized powder for injection after dissolution. Teicoplanin is 
soluble in water. Owing to gel formation, a minimum volume 
of 3 ml is required to dissolve 400 mg. Teicoplanin sodium is 
stable for 48 hours at room temperature and for 7 days at 
4°C. Dosing recommendations have changed over the years 
and vary by indication. Table 44.2 summarizes dosing regi-
mens and targeted trough concentrations for different patient 
populations and different indications.

4a.  Adults

ORAL ADMINISTRATION

Teicoplanin is not absorbed orally; thus the oral route can be 
used to treat pseudomembranous colitis and C. difficile–
associated diarrhea. The recommended dosage is 100–200 mg 
twice daily for 7–14 days (Summary of Product Charac-
teristics, 2014).

INTRAVENOUS ADMINISTRATION

Teicoplanin can be given i.v. or i.m. in the same dosage and is 
commonly administered as a 30-minute infusion. In 2014 an 
update of the Summary of Product Characteristics was pub-
lished by the European Medicines Agency, including higher 
dosing recommendations. It appeared that much variation in 
teicoplanin dosing practices was seen in 12 European coun-
tries for its use in complicated skin and soft tissue infections 
with MRSA. Before the previous change in dosing recom-
mendations in the Summary of Product Characteristics 
(2010), > 50% of the patients starting with teicoplanin were 
treated with regimens with more frequent dosing than the 
once-daily recommendation at that time. Most of the patients 
also received higher maintenance doses at that time (Lawson 
et al., 2015). 

Maintenance dose
The maintenance dosage for infections such as pneumonia 
and skin infections is 6 mg/kg (400 mg for the average adult) 
given once daily (Summary of Product Characteristics, 2014). 
In heavy patients it is recommended to adapt the dosage to 
the weight. For bone and joint infections as well as for endo-
carditis, the dose should be doubled to 12 mg/kg, in partic-
ular for S. aureus infections (Harding and Garaud, 1988; 
Nováková et al., 1990; Outman et al., 1990; Phillips and 
Golledge, 1992; Smithers et al., 1992; Wilson et al., 1993). 
The optimal serum trough level for common infections is 
> 15 mg/l but is higher for specific difficult-to-treat infections 
(see Table 44.2). The recommended trough concentration at 
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Table 44.2. Dosage recommendations and targeted trough concentrations for teicoplanin use.

Indication
Loading regimen/ 
first dose Maintenance regimen

Targeted trough 
concentrations at 

days 3-5a

Targeted trough 
concentrations during 

maintenancea

Gram-positive infectionsb

Adults and the elderly 
with normal renal 
function

6 mg/kg (or 400 mg) every 
12 h for three doses i.v.

6 mg/kg (or 400 mg) daily 
i.v.

> 15 mg/l > 15 mg/l

Moderate renal failure 
(creatinine clearance 
30-80 ml/min; no 
adjustment before 
day 5)a 

6 mg/kg (or 400 mg) every 
12 h for three doses i.v.

6 mg/kg (or 400 mg) every 
48 h i.v.

> 15 mg/l > 15 mg/l

Severe renal failure
(creatinine clearance 

< 30 ml/min; no 
adjustment before 
day 5)a

6 mg/kg (or 400 mg) every 
12 h for three doses i.v.

6 mg/kg (or 400 mg) every 
72 h i.v.

> 15 mg/l > 15 mg/l

Hemodialysisc 10 mg/kg i.v. 10 mg/kg every 48–72 h 
i.v.

> 15 mg/l > 15 mg/l

Continuous ambulatory 
peritoneal dialysis

Surgical prophylaxis

10 mg/kg i.v.

12 mg/kg single dose i.v.

10 mg/kg every 24 h i.v.

n.a.

> 15 mg/l

n.a.

> 15 mg/l

n.a.

Children older than 
12 years of agea

Children (2 months– 
12 years)a

Dosing similar to adults

10 mg/kg every 12 h for 
three doses i.v.

Dosing similar to adults

6–10 mg/kg daily i.v.

> 15 mg/l

> 15 mg/l

> 15 mg/l

> 15 mg/l

Neonates (up to 
2 months of age)a

16 mg/kg single dose i.v. 8 mg/kg daily i.v. > 15 mg/l > 15 mg/l

Bone and joint infections

Adults with normal renal 
function

Children older than 
12 years of agea

Children (2 months– 
12 years)a

Neonates (up to 
2 months of age)a

12 mg/kg (or 800 mg) 
every 12 h for three to 
five doses i.v.

Dosing similar to adults

10 mg/kg every 12 h for 
three doses i.v.

16 mg/kg single dose i.v.

12 mg/kg (or 800 mg) 
daily i.v.

Dosing similar to adults

6–10 mg/kg daily i.v.

8 mg/kg daily i.v.

> 20 mg/l

> 20 mg/l

> 20 mg/l

> 20 mg/l

> 20 mg/l

> 20 mg/l

> 20 mg/l

> 20 mg/l

Infective endocarditis

Adults with normal renal 
function

12 mg/kg (or 800 mg) 
every 12 h for three to 
five doses i.v.

12 mg/kg (or 800 mg) 
daily i.v.

30-40 mg/l > 30 mg/l

Children older than 
12 years of agea

Children (2 months– 
12 years)a

Neonates (up to 
2 months of age)a

Dosing similar to adults

10 mg/kg every 12 h for 
three doses i.v.

16 mg/kg single dose i.v.

Dosing similar to adults

6–10 mg/kg daily i.v.

8 mg/kg daily i.v.

30-40 mg/l

30-40 mg/l

30-40 mg/l

> 30 mg/l

> 30 mg/l

> 30 mg/l

 aSummary of Product Characteristics (2014).
bInfections: Complicated skin and soft tissue infections, pneumonia, complicated urinary tract infections.
cPapaioannou et al. (2002).
Abbreviation: n.a., not applicable
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days 3–5 for bone and joint infections is > 20 mg/l, whereas 
for infectious endocarditis this is 30–40 mg/l. Of note, 
because of the fact that for these two indications with the 
same recommended loading dose (12 mg/kg) a different 
target concentration should be reached, therapeutic drug 
monitoring (TDM) is warranted. Because the six major com-
ponents of teicoplanin have similar pharmacokinetics, mon-
itoring the individual components of the drug has no clinical 
importance (Hanada et al., 2007).

An increase in clinical success with higher dosing regi-
mens was shown in several studies. A higher maintenance 
dosage (6 mg/kg every 12 hours versus 6 mg/kg every 24 
hours) contributed to a favorable clinical response in patients 
with MRSA bacteremia (p < 0.001; odds ratio [OR]: 8.8; 
95% confidence interval [CI]: 3.602–21.302). This difference 
was also present in patients with endocarditis (p = 0.007) or 
pneumonia (p < 0.001). Both endocarditis and pneumonia 
were factors for unfavorable response in the total group of 
patients (N = 204) (Lee et al., 2015). In addition, improved 
clinical success has been shown for common MRSA infec-
tions. The clinical response at the end of therapy (EOT) for 
the dosing regimen of 10–12 mg/kg for five loading doses 
was significantly higher as compared with the initial dose of 
6 mg/kg every 12 hours for 2 days, both followed by a main-
tenance dose of 6 mg/kg once daily with response rates of 
66.7% and 85.0%, respectively, for adults with normal renal 
function treated for common MRSA infections (Ueda et al., 
2014).

Loading doses
Because of the long half-life and slow accumulation of the 
drug, it is recommended to use loading doses (Wilson, 2000). 
For bone and joint infections as well as infectious endocardi-
tis, three to five loading doses of 12 mg/kg every 12 hours are 
advised (Summary of Product Characteristics, 2014).

Target trough concentrations and therapeutic 
drug monitoring 
Because higher trough concentrations resulted in better clin-
ical response in complicated MRSA infections, such as bone 
or soft tissue infections, TDM is required. The response in 
patients with trough levels > 20 mg/l was shown to be signifi-
cantly better than for 10–20 mg/l, and the group with trough 
levels between 10 and 20 mg/l responded significantly better 
than the group receiving < 10 mg/l (Sato et al., 2014). 

In patients with other severe infections, serum level mon-
itoring may also help to prescribe an appropriate dosage. 
Although the product information states that trough serum 
concentrations should not be less than 15 mg/l (Summary of 
Product Characteristics, 2014), others advise that trough lev-
els just before the next dose should not be less than 20 mg/l 
(MacGowan et al., 1992; Phillips and Golledge, 1992; Wilson 
et al., 1993). Because of its long half-life, it is also suggested 
that teicoplanin be administered every other day in some cases 
(see later under section 5b, Drug distribution).

Higher loading doses than generally recommended might 
be warranted to reach a therapeutic trough plasma concen-
tration earlier. In an observational study, Cmin teicoplanin 
levels were determined for the first 4 days of treatment after 
administration of loading doses of 6 mg/kg every 12 hours 
on day 1 followed by 6 mg/kg once or twice daily. The two 
target trough values (≥ 10 and ≥ 20 mg/l) were achieved by 
day 4 only in the once-daily group (n = 34; mean, 9.55 mg/l; 
95% CI: 8.17–10.94 mg/l) and in the twice-daily group (n = 40; 
mean, 21.8 mg/l; 95% CI: 17.21–26.39 mg/l), respectively. The 
mean Cmin in the twice-daily group was ≥ 10 mg/l (11.03 
mg/l) by day 2. Teicoplanin loading doses of 6 mg/kg every 
12 hours for 48 hours followed by 6 mg/kg once daily would 
be sufficient for infections other than infective endocarditis, 
septic arthritis, and osteomyelitis (Brink et al., 2008). Teico-
planin levels of ≥ 20 mg/l for bone and joint infection in sta-
ble adult patients are best achieved with a daily dose of at 
least 600 mg. A trough serum teicoplanin level of ≥ 20 mg/l 
was predictive of improved outcomes in observational stud-
ies of serious staphylococcal infection (Greenberg, 1990). 
Prospectively collected data for 141 clinically stable adults 
with bone and joint infection treated as outpatients with 
teicoplanin 400 or 600 mg i.v. once daily showed that 51% of 
trough levels, which were available for 78% of episodes, were 
≥ 20 mg/l. There was no significant relationship between 
teicoplanin level and age, body weight, or creatinine clear-
ance, but male gender was associated with lower trough lev-
els than was female gender (p = 0.03) (Matthews et al., 2007).

Different loading doses were compared in other studies to 
determine attainment of the desired trough concentration. In 
small groups of patients, loading doses of 6 mg/kg (N = 12) 
and 12 mg/kg (N = 11) were compared as well as the attain-
ment of the target of trough concentrations of 10 mg/l at days 
2 and 3 after starting therapy. For the loading dose of 6 mg/kg, 
the target attainment rates at day 2 and 3 were 18.2% and 
16.7%, respectively, whereas after administering the loading 
dose of 12 mg/kg, trough concentrations between 10 and 
20 mg/l and target attainment rates of 90% and 100% were 
reached at days 2 and 3, respectively (p < 0.001 between the 
two loading doses) (Wang et al., 2012). Seki et al. (2012) 
found 22.2% target attainment after a loading dose of 1800 
mg/day for a target of 20 mg/l. In a Japanese population the 
target attainment rate for a dosing schedule of 1600 mg the 
first day and a 800-mg maintenance dose afterward resulted 
in 90.7% for a target of ≥ 15 mg/l and 81.3% for a target pop-
ulation of ≥ 20 mg/l (Hiraki, 2015). However, apart from the 
fact that the percentages of patients reaching adequate trough 
levels in various studies will differ, these numbers will also 
vary with time, as was shown in a study in the UK over a 
period of 13 years. The percentage of patients with trough 
levels < 10 mg/l decreased every year to 13% in 2006. The 
percentages of patients reaching trough levels between 10 and 
20 mg/l varied, from ~70% in 1996, falling to 30%, and rising 
again to 50% in 2006 (Tobin et al., 2010). These numbers 
illustrate that in using the recommended standard dosing 
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regimen, many patients are being underdosed (Roberts et al., 
2014; Byrne et al., 2015).

INTRAVENTRICULAR ADMINISTRATION

Although not recommended by the manufacturer, intraven-
tricular administration has been used successfully. A dosage 
of 10 mg daily was used to treat shunt infections in adults 
(Fernández Guerrero, 1994). In another study 5 mg/day (in 
two infants) or 20 mg/day or every 2 days (in adults) was 
well tolerated, and patients responded well (Cruciani, 1992). 
Two neonates were treated for up to 28 days with either 5 mg 
every other day or 10 mg every 3 days (Kralinsky et al., 1999). 

INTRAPERITONEAL ADMINISTRATION

Teicoplanin does not penetrate well in peritoneal dialysate, 
hence solely i.v. dosing should not be used to treat peritonitis 
in patients undergoing continuous ambulatory peritoneal 
dialysis (CAPD) (Stamatiadis et al., 2003). Furthermore, in a 
hemodiafiltration study in vitro, teicoplanin had significant 
filter-binding properties, influenced by the level of albumin, 
indicating that i.v. administration should be avoided in dial-
ysis patients (Shiraishi et al., 2012).

Teicoplanin can be administered intraperitoneally. After 
intraperitoneal administration, more than 50% of the drug is 
absorbed systemically. A dose of 40 mg can be added to each 
2-l bag of dialysate for 10 days (Finch et al., 1996). This regi-
men is more convenient than the 3-week decreasing dosage 
regimen proposed by the manufacturer (based on earlier 
studies) for the first week of treatment, and the dose can be 
reduced to each second bag during the second week (Bowley 
et al., 1988; Neville et al., 1988; Guay et al., 1989).

4b.  Newborn infants and children

Clearance of teicoplanin in children is more rapid than in 
adults and appears to be age and gender dependent in recent 
studies. Hence, the earlier common dosage recommendations 
for children of 10 mg/kg i.v. once daily and 6 mg/kg/day for 
neonates (Lemerle et al., 1988; Tarral and Tarral, 1988) have 
been adjusted and should not be used anymore. Most dos-
ing recommendations are now based on reaching certain 
trough levels, and after initial dosing TDM is strongly 
recommended.

NEONATES

In neonates up to 2 months of age, the recommended main-
tenance dose is 8 mg/kg, with a single loading dose of 16 mg/
kg. However, this may be too low. In an open nonrandom-
ized descriptive study, preterm neonates were treated with a 
15 mg/kg loading dose, followed by a maintenance dose of 
8 mg/kg every 24 hours, for (suspected) late-onset septicemia. 
Serum trough teicoplanin levels measured by fluorescence 
polarization immunoassay were stable throughout the study 
and averaged 12.3 mg/l (interquartile range, 9.1–16.8 mg/l). 
The authors state that inaccurate drug administration in clin-
ical practice and not the dosage guidelines may have been 

responsible for trough levels below 10 mg/l in 57 (32%) of the 
176 cases (Degraeuwe et al., 1998). In a study in neonates 
with an age up to 28 days, not all patients reached the desired 
target. When treated with 12–16 mg/kg on the first day and 
a  maintenance dose of 6–8 mg/kg every 24 hours, 63% of 
patients (N = 8) reached a trough level of ≥ 15 mg/l (Yamada, 
2014).

CHILDREN

The current recommendation in children 2 months to 12 years 
of age is 6–10 mg/kg once daily as a maintenance dose and 10 
mg/kg every 12 hours three times as loading doses; the adult 
dosing regimen is used for older children. For severe infec-
tions these doses should be increased (Table 44.2). 

Adequate dosing in pediatric patients is more compli-
cated because age- and gender-dependent pharmacokinetics 
is suggested. Adolescent (12–18 years of age) girls had higher 
teicoplanin trough levels than adolescent boys (20.8 mg/l vs. 
17.6 mg/l, p = 0.016), respectively. Children aged 1–6 years 
had low trough levels. Trough levels between 10 mg/l and 
20 mg/l were reached in 58.5% of children, increasing with 
age from 45.7% in neonates < 1 year of age and from 65.8% 
in adolescents 12–18 years of age (Strenger et al., 2013). Ito et 
al. (2013) suggested that therapeutic serum trough concen-
trations in children are rarely reached, suggesting that initial 
doses of >27 mg/kg/day are needed. By using the currently 
recommended dosing regimen in children with hematolog-
ical malignancy (i.e. loading with a 10 mg/kg dose every 
12 hours for three doses followed by a maintenance dose of 
10 mg/kg/day), it was found that 48% of patients aged 0.5–
16.9 years were underdosed, taking into account a mini-
mum trough level of < 10 mg/l as target (Zhao et al., 2015). 
However, in the model presented in this paper, the goodness-
of-fit plot of the predicted vs. the measured concentration 
was not good; therefore, the conclusions drawn might not 
be fully valid (Zhao et al., 2015). Nevertheless, the findings 
were similar to the findings of Ramos-Martín et al. (2014), 
who reported that 54% of children between 1 month and 16 
years of age had trough levels below 10 mg/l. Monte Carlo 
simulations showed that the probability of target attainment 
on day 4 changed with weight, from 30% target attainment in 
children weighing 50 kg to 60% target attainment for chil-
dren weighing 10 kg. These studies used (total) trough levels 
of at least 10 mg/l as target, but in the updated summary of 
characteristics in 2014, it is advised to aim for higher (total) 
trough levels of at least 15 mg/l for the majority of infections, 
at least 30 mg/l for infective endocarditis, and 20 mg/l for 
bone and joint infections (Summary of Product Character-
istics, 2014). 

All these findings show the clear need for TDM. 

4c.  Pregnant and lactating mothers

There is a limited amount of data on the use of teicoplanin in 
pregnant women. Studies in animals have shown reproduc-
tive toxicity at high doses. The potential risk for humans is 
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unknown. Therefore, teicoplanin should not be used during 
pregnancy unless clearly necessary. A potential risk of inner 
ear and renal damage to the fetus cannot be excluded (Sum-
mary of Product Characteristics, 2014).

It is unknown whether teicoplanin is excreted in human 
milk. There is no information on the excretion of teicoplanin 
in animal milk. A decision whether to continue or discon-
tinue breastfeeding or therapy with teicoplanin should be 
made taking into account the benefit of breastfeeding to the 
child and of teicoplanin therapy to the mother.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Because teicoplanin is eliminated predominantly by the kid-
neys, the dosage should be reduced in patients with impaired 
renal function. However, reduction of dosage is not required 
until the fourth day of treatment. Patients with moderate renal 
failure (creatinine clearance, 40–60 ml/min) are given the 
unit dose every 2 days, or half the unit dose daily. For patients 
with severe renal failure (creatinine clearance < 40 ml/min) 
or on hemodialysis, the unit dose should be administered 
once every third day, or one-third of the unit dose should 
be administered once a day. However, in critically ill patients 
with renal impairment, there is a wide interpatient variation 
in serum levels of teicoplanin, and these are often not pre-
dictable from the estimated creatinine clearance. Therefore, 
serum level monitoring is essential in these patients (Domart 
et al., 1987; Falcoz et al., 1987; Bonati et al., 1988). Serum 
levels in renal failure are discussed further under section 5b, 
Drug distribution.

On the use of teicoplanin in patients with hemodialysis, 
the studies in the literature present conflicting data. On one 
hand, hemodialysis is described not to increase the body 
clearance of teicoplanin, so that patients treated in this way do 
not need extra doses as compared with patients not on hemo-
dialysis (Bonati et al., 1988). But more recently, Shiraishi et 
al. described that teicoplanin had significant filter-binding 
properties in an in vitro study, indicating that i.v. adminis-
tration should be avoided in dialysis patients (Shiraishi et al., 
2012). To obtain trough levels of approximately 10 mg/l, 
teicoplanin should be administered at a dose of 10 mg/kg 
at  48- to 72-hour intervals in patients undergoing chronic 
hemodialysis (Papaioannou et al., 2002). However, the sum-
mary of product characteristics recommends higher trough 
concentrations for several indications (Summary of Product 
Characteristics, 2014), and in this patient category higher 
doses and TDM are needed.

Plasma exchange influences teicoplanin pharmacokinetics, 
with a clinically significant quantity of the drug being elimi-
nated. If trough teicoplanin concentrations of higher than 
10 mg/l are desired, it is recommended that the teicoplanin 
dosage be supplemented or given after plasma exchange (Alet 
et al., 1999). Very little teicoplanin is eliminated by CAPD. It 
has been proposed that teicoplanin might be administered at 

10 mg/kg every 24 hours for the therapy of systemic infec-
tions in patients undergoing CAPD (Stamatiadis et al., 2003).

Serum concentrations of teicoplanin in 48 patients with 
MRSA pneumonia (including some receiving hemodialysis) 
were monitored and compared for clinical efficacy to investi-
gate the significance of the mean dose administered during 
the initial 3 days. Teicoplanin was given at a loading dose of 
400 or 800 mg on the first day, followed by maintenance 
doses of 200 or 400 mg. The mean initial dose (MID) over the 
first 3 days was calculated as (loading dose + dose on day 2 + 
dose on day 3 day)/3. Patients with an MID of 266.7 mg or 
less (400 mg for loading, 200 mg over the second and third 
days) did not have a trough level that exceeded 10 mg/l at the 
point before the injection on the fourth day. Even in patients 
receiving hemodialysis, an MID of 266.7 mg was not enough 
to provide a trough level of 10 mg/l. Patients with an MID 
higher than 533.3 mg had significantly elevated trough lev-
els, showing better outcomes. A multiple regression formula 
for predicting trough level before the fourth day of admin-
istration is given as 0.034 + 0.030 × (MID in mg) – 0.057 × 
creatinine clearance (CLCr; ml/min). These findings suggest 
that the use of 800 mg as an initial dose, followed by 400-mg 
maintenance doses over the next 2 days, makes it possible to 
safely attain an optimal trough level, even in patients receiv-
ing hemodialysis (Sato et al., 2006).

NEUTROPENIC AND CRITICALLY ILL PATIENTS

Patients with neutropenia after treatment for leukemia or 
burns and the critically ill have lower trough levels after stan-
dard dosing and need higher loading doses to achieve target 
trough concentrations. This is possibly because they have a 
higher volume of drug distribution and/or high rates of drug 
clearance, in part as a result of less protein binding. Therefore, 
the loading dose of teicoplanin should be tailored to indi-
vidual neutropenic patients. Teicoplanin trough plasma 
concentrations were followed in 11 neutropenic patients 
after repeated administration of a 6 mg/kg i.v. bolus. The first 
three injections were given at 12-hour intervals and the rest 
every 24 hours. Trough plasma concentrations at 48 hours 
varied from 5.6–13.1 mg/l (Gimenez et al., 1997). In a pro-
spective study involving adult patients with normal renal 
function previously treated for acute leukemia and subse-
quently developing febrile neutropenia, patients received a 
high loading regimen (800 + 400 mg 12 hours apart on day 1, 
600 + 400 mg 12 hours apart on day 2) followed by a high 
maintenance regimen (400 mg every 12 hours) from day 3 
on. In favorable comparison with a standard dosage group, 
teicoplanin Cmin averaged ≥ 10 mg/l within 24 h, and this 
value was achieved within 48 hours in all but one patient. 
Cmin at 72 hours exceeded 20 mg/l in 10 of the 22 patients 
(45%). No patient experienced significant impairment of 
renal function (Pea et al., 2004).

In a study of critically ill patients receiving a standard 
regimen for adults (see Table 44.2), only 4 of 14 exceeded 
trough serum concentrations of 10 mg/l (Whitehouse et al., 
2005). Therefore, it is advised to also use higher loading and 
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maintenance doses and perform monitoring of trough levels 
in critically ill patients.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Teicoplanin is not absorbed orally and can only be adminis-
tered parenterally. Unlike vancomycin, intramuscular admin - 
istration is well tolerated. Reported plasma protein binding 
varies between 80% and > 97%. Assandri and Bernareggi 
(1987) infused teicoplanin, 400 mg, in human volunteers and 
found a protein binding of 88–91% by measuring the bound 
fraction of teicoplanin-14c after equilibrium dialysis. In a 
subsequent study these values were confirmed using an ultra-
filtration method and a bioassay and appeared to be linear 
over a range of 7–280 mg/l (Bernareggi et al., 1991). However, 
in a study by Dykhuizen et al. (1995), a protein binding of 
97.4% was determined, which was significantly higher. That 
study also used ultrafiltration. Protein binding appears to 
be highly dependent on the amount of albumin, which may 
explain in part these discrepancies. Free concentrations of 
teicoplanin are higher in noncritically ill patients with hypo-
albuminemia (< 35 g/l) (Brink et al., 2015) as well as in the 
critically ill (Roberts et al., 2014). This in turn affects the 
pharmacokinetics (see section 5c, Clinically important phar-
macokinetic and pharmacodynamic features) and therefore 
dosing (see section 4, Mode of drug administration and dos-
age). Teicoplanin’s volumes of distribution (Vd) are 0.07–
0.11 l/kg (initial phase), 1.3–1.5 l/kg (distribution phase), 
and 0.9–1.6 l/kg (steady state), the values being greater in 
studies with longer sampling periods. Studies before 1990 
used shorter sampling times and so reported lower values for 
the Vd. The kinetics of distribution is not dependent on teico-
planin dose. The pharmacokinetics of teicoplanin follows a 
triexponential decay, the alpha, beta, and gamma half-lives 
being 0.4–1 hour, 4.7–15.4 hours, and 83–168 hours, respec-
tively. The long serum half-life (88–182 hours) reflects its 
large molecular size, high protein binding, and extensive tis-
sue distribution.

5b.  Drug distribution

Single-dose pharmacokinetic studies were carried out on six 
volunteers, with doses of 3 and 6 mg/kg given i.v. over 5 min-
utes or a dose of 3 mg/kg given by i.m. injection (Verbist et 
al., 1984). Immediately after i.v. injection, the mean peak val-
ues after the 3 and 6 mg/kg doses were 53.48 and 111.81 mg/l, 
respectively; these levels fell rapidly in the first 8 hours, but at 
24 hours they still exceeded 2 and 4 mg/l, respectively. After 
the i.m. injection of 3 mg/kg, a mean peak serum level of 
7.12 mg/l was reached in 2 hours, and thereafter serum levels 
followed those attained after an identical i.v. dose, being 
greater than 2 mg/l at 24 hours. The elimination half-life of 
the drug was about 47 hours. Similar results were obtained 
by Buniva et al. (1988), who gave 400 mg of teicoplanin i.v. 

over 1 minute to volunteers. Plasma concentrations averaged 
71.7 mg/l at 5 minutes after administration, decreasing to 
4.0 mg/l at 24 hours. After a 200-mg i.m. dose, the mean 
peak serum level in eight volunteers was 7 mg/l after 4 hours; 
when this dose was repeated every 12 hours, this peak rose to 
12 mg/l after the sixth dose. When the drug was continued in 
a dose of 200 mg daily, trough serum levels were 5.4–7.3 mg/l 
from days 2 to 6 (Williams and Grüneberg, 1984). Single doses 
of 15, 20, and 25 mg of teicoplanin per kg of body weight 
given to five adult volunteers by a 30-minute i.v. infusion 
resulted in peak levels at the end of the infusion averaging 
194, 197, and 253 mg/l, respectively (Del Favero et al. 1991). 
Mean concentrations in plasma 24 hours after administration 
were 10.5, 13.6, and 19.8 mg/l, respectively. Terminal half-
lives averaged 88, 83, and 92 hours, respectively.

Based on early pharmacokinetic studies, it was suggested 
that for clinical dosing regimens, dosing every 12 hours for 
approximately 48 hours should be used, followed by once-
daily dosing thereafter (Outman et al., 1990). Since 1990, 
multiple-dose administration regimens have been re-exam-
ined. In a randomized crossover study in 10 healthy volun-
teers, two loading doses of 6 or 12 mg/kg at 12-hour intervals 
were given on day 1 followed by 6 or 12 mg/kg every 24 hours 
for 13 days. 

After 14 days, an estimated 93% of the steady state was 
achieved. Total body clearance did not change significantly 
with increasing dose (Thompson et al., 1992). In a ran-
domized double-blind study, three different regimens were 
assessed in 4 to 10 healthy volunteers (3, 12, and 30 mg/kg/
day for 14  days). Steady-state concentrations increased in 
proportion to dosage. After 12 mg/kg i.v., serum concentra-
tions were between 10 and 100 mg/l, reaching 15–20 mg/l at 
12 hours and 10 mg/l at 24 hours. The total body clearance 
was between 10.5 and 13.4 ml/hour per kg and renal clear-
ance was 8.5–11.6 ml/hour per kilogram. The t1/2 of the third 
phase varied between 59 and 231 hours. Even with the higher 
dose of 30 mg/kg, no dose-related differences were found in 
total or renal clearance. However, the volume of distribution 
at steady state (Vdss) decreased with the increasing dose. 
There was a trend to decrease in the t1/2γ. Saturable tissue 
binding is probably responsible because the total body clear-
ance is unaffected by dose (Smithers et al., 1992; Wilson, 
2000).

A randomized study compared teicoplanin concentrations 
after alternate or daily i.v. dosing in healthy adults. Trough 
serum concentrations were compared after administration 
of 12 mg/kg of body weight every 12 hours for three doses 
and then 15 mg/kg every 48 hours for four doses (n = 16 
subjects), or 6 mg/kg every 12 hours for two doses and then 
6 mg/kg every 24 hours for nine doses (n = 8 subjects). The 
mean (± standard deviation) trough concentrations in serum 
on day 11 (24 and 48 hours, respectively, after administra-
tion of the last dose for the daily and alternate-day dosing 
schedules) were 16.0 ± 2.1 and 17.9 ± 3.5 mg/l, respectively. 
Throughout the study, the individual trough concentrations in 
serum in the alternate-day dosing group constantly exceeded 
10 mg/l (Rouveix et al., 2004).
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The pharmacokinetics of teicoplanin was assessed after a 
single dose and under multidose conditions in 12 infants 
and children. Study patients ranged in age from 2.4–11 years. 
Each patient received teicoplanin, 6 mg/kg of body weight, 
given i.v. over 20–30 minutes once daily for 5 consecutive 
days. Multiple timed blood and urine samples were obtained 
over the 6-day sampling period and were analyzed for teico-
planin by both microbiological assay and high-performance 
liquid chromatography. Three-compartment pharmacokinetic 
analysis was used to describe the drug’s disposition charac-
teristics. Peak and 24-hour trough serum teicoplanin con-
centrations averaged 39.3 and 1.8 mg/l, respectively, after the 
first dose with little accumulation observed after 5 days of 
therapy. Teicoplanin disposition was variable; Vdss ranged from 
0.31–0.68 l/kg, t1/2γ from 6.5–18.1 hours, and clearance from 
29–51 ml/h/kg. A substantial amount of the administered 
drug distributed rapidly to the largest, third compartment, 
with egress approximately fourfold slower than ingress. The 
majority of the drug was excreted unchanged in the urine. 
Teicoplanin administration was well tolerated by all study 
subjects. If one uses the teicoplanin pharmacokinetic data 
derived in this study, a dose of teicoplanin, 8 mg/kg of body 
weight administered every 12 hours, should achieve target 
serum trough concentrations averaging 11 mg/l in children. 
Higher doses, e.g. 15 mg teicoplanin per kilogram adminis-
tered every 12 hours, would be required for the treatment 
of deep-seated staphylococcal infections and/or endocarditis 
(Reed et al., 1997).

Twenty-one critically ill children aged between 7 days and 
12 years were treated with teicoplanin (three loading doses 
of 10 mg/kg at 12-hour intervals, followed by a maintenance 
dose of 10 mg/kg/day). Serum teicoplanin concentrations 
were monitored by high-performance liquid chromatogra-
phy. Mean concentrations in plasma 30 minutes after drug 
administration were 20 ± 16.1 mg/l. The volume of distribu-
tion was 0.30 l/kg, and the terminal half-life was 17.41 hours. 
Only 11% of trough values were > 10 mg/l (established as 
target). In critically ill children, a dosage of 10 mg/kg/day 
does not assure serum trough values > 10 mg/l (Sanchez et 
al., 1999).

The administration of a 5 mg/kg and a 10 mg/kg dose to 
seven anuric patients immediately after the end of hemodi-
alysis gave mean Cmax of 62.80 and 122.43 mg/l, mean area- 
under-the-concentration-time curve (AUC) of 526.43 and 
1103.98 mg/l per hour, mean half-life (t1/2) of 109.09 and 
107.06 hours, mean clearance rates of 12.85 and 12.44 ml/
min, mean apparent volumes of distribution of 1.68 and 1.68 
l/kg, and mean Vdss of 0.31 and 0.28 l/kg, respectively. Trough 
serum levels above 10 mg/l were found for 24 hours after the 
administration of the 5 mg/kg dose and for 48 hours after 
the administration of the 10 mg/kg dose. Teicoplanin was 
not detected in the dialysate. Its concentrations in both the 
arterial and the venous lines of the fistulae were similar 
(Papaioannou et al., 2002). One single dose of 10 mg/kg of 
teicoplanin was administered intravenously to eight anuric 
patients undergoing CAPD. Blood and dialysate were sam-
pled at regular time intervals for 48 hours after drug infusion. 

Concentrations of teicoplanin were determined by micro-
biological assay. Teicoplanin serum levels > 10 mg/l were 
detected for 24 hours after administration. All dialysate con-
centrations were very low. Teicoplanin presented two phases 
of elimination: an early first phase and a late second phase. 
Mean maximum serum concentration was 75.56 mg/l; mean 
t1/2 of the early elimination was 3.34 hours; mean t1/2 of the 
late elimination was 61.68 hours; mean area under the serum 
concentration–time curve was 1491.92 mg/l/h; mean clear-
ance rate was 10.68 ml/min; mean apparent volume of dis-
tribution was 0.80 l/kg; and mean Vdss was 0.22 l/kg. Mean 
dialysate excretion was 3.16%, and mean peritoneal clearance 
rate was 0.023 ml/min (Stamatiadis et al., 2003).

In a study in critically ill patients, serum was collected fre-
quently during day 0 and then collected predose and 1 hour 
postdose on days 1, 2, 3, 5, and 7 and every third day there-
after during treatment. Teicoplanin was best described by a 
two-compartment model (n = 26). The clearance was 4.97 ± 
1.58 l/h. Serum levels exceeded 4 mg/l for the entire dosing 
interval in all subjects (400-mg dose every 12 hours) with an 
AUC/MIC of 399.3 (95% CI: 329.6–469.0). However, only 4 
of 14 patients had trough serum concentrations of > 10 mg/l 
(Whitehouse et al., 2005).

Teicoplanin penetrates poorly into the CSF, even in 
patients with bacterial meningitis (Stahl et al., 1987). Of 
four patients given i.v. doses of 400 mg daily for neurosurgical 
shunt infections, CSF concentrations were all under 1 mg/l 
(Cruciani et al., 1992). One patient given 1.2 g/day i.v. for 
4 days achieved CSF concentrations of only 1.5–2 mg/l.

The penetration into ocular vitreous is also poor. Of 20 
patients having vitrectomy after the administration of teico-
planin, only 8 were found to have measurable intraocular 
concentrations, including 4 of the 5 specimens taken 24 and 
48 hours after doses of 600 mg i.v. (0.5–1.8/ml) (Briggs et al., 
1998). No teicoplanin was found in the vitreous after topical 
administration or in the aqueous humor after subconjuncti-
val administration (Briggs et al., 1998). Concentrations in 
bone reach 7 mg/l at 12 hours after a dose of teicoplanin, 
6 mg/kg, but reached only 3.5 mg/l in the cartilage. Doses of 
10 mg/kg are necessary to achieve adequate bone concen-
trations. Autoradiography technique using teicoplanin-14C 
diffusion patterns in rabbits with prostheses showed that in 
the infected animals, the highest levels of radioactivity were 
located around the prosthesis and in the periosteum, bone 
marrow, and trabecular bone. Radioactivity was less intense 
in epiphyseal disk cartilage, femoral cartilage, articular liga-
ments, and muscles and was weak in compact bone. A simi-
lar distribution pattern was seen in uninfected rabbits.

In patients undergoing cardiac surgery, chemoprophy-
laxis with teicoplanin, 400 mg i.v. at the time of induction of 
anesthesia plus 200 mg 24 hours later, was not as effective as 
flucloxacillin plus tobramycin in preventing sternal wound 
infections. A teicoplanin regimen of 400 mg i.v. at induction 
of anesthesia, 400 mg at the end of cardiopulmonary bypass, 
and 400 mg 24 hours after the first dose was no more effec-
tive. With both regimens, low levels of teicoplanin were found 
in fat (Wilson et al., 1988a; Wilson et al., 1988b). In another 
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study, an initial higher i.v. dose of 12 mg/kg of body weight 
was given at the time of induction of anesthesia and a second 
dose of 400 mg i.v. 24 hours later for patients undergoing 
cardiac surgery. The mean concentrations in serum and tis-
sues were more satisfactory; at the end of cardiopulmonary 
bypass they were 15 mg/l in serum, 6 mg/g in fat, and 9 mg/g 
in skin (Wilson et al., 1989). Teicoplanin also readily pene-
trated into heart tissue (Bergeron et al., 1990). Penetration of 
teicoplanin into serum, heart valves, and subcutaneous and 
muscle tissues was determined in 22 patients undergoing open 
heart surgery. Each patient received 12 mg of teicoplanin per 
kilogram of body weight as a 30-minute intravenous infu-
sion preoperatively. Within 10 hours, serum concentrations 
of teicoplanin declined from 43.1–2.8 mg/l. Teicoplanin 
concentrations in subcutaneous tissues reached their peak of 
9.2 μg/g after 2–3 hours and decreased slowly to 2.3 μg/g 
after 9–10 hours. Concentrations in muscle decreased from 
8.7 μg/g to nondetectable levels. Teicoplanin concentrations 
in cardiac valvular tissue reached their peak of 6.1 μg/g and 
decreased thereafter to 1.7 μg/g. Teicoplanin concentra-
tions in heart valves were high enough to inhibit MRSA and 
coagulase-negative staphylococci, which are known to cause 
postoperative wound infections and infective endocarditis 
(Frank et al., 1997). A single prophylactic dose of 12 mg/kg 
is sufficient to maintain therapeutic concentrations during 
cardiopulmonary bypass or burn surgery. High loading doses 
reduce the delay to attaining therapeutic concentrations. In 
patients undergoing cardiac surgery, teicoplanin concentra-
tions in heart and mediastinal tissues were far in excess of the 
MIC90 for the potential pathogens after a 12 mg/kg dose. 
Penetration in sternal bone was very poor (Martin et al., 1997). 
Teicoplanin is concentrated in phagocytes, where it appears 
to aid the killing of ingested organisms such as S. aureus 
(Carlone et al., 1989).

In critically ill patients with ventilator-associated pneu-
monia, the administration of teicoplanin, 12 mg/kg once 
daily, resulted in sufficient trough antibiotic concentrations 
in epithelial lining fluid at steady state. At that time, trough 
free concentrations of teicoplanin in serum and epithelial 
lining fluid were similar, 3.7 (2.0–5.4) and 4.9 (2.0–11.8) mg/l, 
respectively.

Teicoplanin trough plasma concentrations were followed 
in 11 neutropenic patients after repeated administration of 
a 6 mg/kg i.v. bolus. The first three injections were given at 
12-hour intervals and the rest every 24 hours. Trough plasma 
concentrations at 48 hours varied from 5.6–13.1 mg/l 
(Gimenez et al., 1997).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

In in vitro studies, concentration-dependent killing was noted 
against S. epidermidis, with a > 4 log10 difference in colony 
forming units (CFUs) between 2 times MIC and 64 times 
MIC at 24 hours. Against S. aureus there was also slight con-
centration-dependent killing, which, however, did not reach 
2 log10 CFU/ml. Teicoplanin at 8 times MIC exerted a similar 

killing rate for inocula of 5 × 103, 5 × 105, and 5 × 107 CFU/
ml for S. epidermidis, except for slower initial killing up to 
6 hours at the highest inoculum. In contrast, overall slower 
killing at all inocula was seen for S. aureus, with an inoculum 
effect noted at 5 × 107 CFU/ml. For E. faecium, only a bac-
teriostatic effect was noted at all concentrations and inocula 
(Odenholt et al., 2003).

Studies of the postantibiotic effect (PAE) and the post-
antibiotic sub-MIC effect of teicoplanin showed no or very 
short PAEs for S. epidermidis, S. aureus, and E. faecium. 
However, when the strains in the postantibiotic phase were 
exposed to subinhibitory concentrations (0.1, 0.2, and 0.3 
times MIC) of the teicoplanin postantibiotic sub-MIC effect, 
substantial prolongation of the PAEs was seen (Odenholt et 
al., 2003).

In an in vitro kinetic model after exposure to simulated 
human serum pharmacokinetic concentrations of teicoplanin 
(6 mg/kg once a day at steady state), no significant killing 
was achieved for S. epidermidis, S. aureus, and E. faecium. 
Regrowth of S. epidermidis was noted first after 8 hours, 
despite a time (T) > MIC24 of only 5% (1.2 hours), illustrating 
the long post-MIC effect for this strain. For S. aureus, T > 
MIC was 38%, and regrowth occurred later than for S. epi
dermidis. Neither killing nor regrowth was seen for E. fae
cium with a T > MIC24 of 27% (Odenholt et al., 2003). In one 
in vitro study, it was noted that teicoplanin alone (8 mg/l) 
was usually bactericidal to teicoplanin-susceptible, but not 
vancomycin-resistant, E. faecium strains at 24 hours, but 
only if these strains lacked high-level gentamicin resistance. 
If the latter was present, teicoplanin was inhibitory but not 
bactericidal (Hayden et al., 1994).

Both vancomycin and teicoplanin have influence on the 
growth of biofilm-associated bacteria at high concentrations, 
such as used in a catheter lock. The bacterial killing activity 
of teicoplanin against biofilms formed by two strains of S. 
aureus and two strains of S. epidermidis was assessed after 
exposure to antibiotics (1, 5, and 10 mg/ml) for 1, 3, 5, 7, 10, 
or 14 days using an in vitro model of biofilms on polyure-
thane film. The biofilms were completely sterile after expo-
sure to teicoplanin (5 and 10 mg/ml) for 7 days. Ciprofloxacin 
and rifampicin (both 5 mg/ml) achieved eradication of the 
biofilms of both staphylococcal species more rapidly than did 
vancomycin or teicoplanin (Lee et al., 2006). Three strains of 
S. epidermidis were used in vitro, and teicoplanin, 50 mg/l, 
was found to be more effective in killing biofilm-associated 
bacteria in a 24 hour–old biofilm compared with vancomycin, 
40 mg/l (Claessens, 2015). The combination of teicoplanin 
plus rifampicin was even more effective compared with teico-
planin monotherapy (Claessens, 2015). 

The pharmacokinetic or pharmacodynamic indices that 
are the most important and best predictors of the effects of 
treatment with teicoplanin were studied in a mouse perito-
nitis model with immunocompetent mice with S. aureus and 
S. pneumoniae. A wide spectrum of different treatment regi-
mens was tested. In studies in which the single dose that pro-
tected 50% of lethally infected mice (ED50) was given as one 
dose or was divided into two doses, survival was significantly 
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decreased when the dose was divided. The only statistically 
significant correlations between the percentage of survival 
of the mice after 6 days and each of the pharmacokinetic/
pharmacodynamic parameters were for peak concentration 
(Cmax)/MIC in S. aureus and for the free fraction of Cmax 
(Cmax-free)/MIC in S. pneumoniae. For S. pneumoniae, the ED50 
for different dosing regimens increased with the number of 
doses given, e.g. the single-dose ED50 for teicoplanin was 0.45 
mg/kg, but the ED50 for dosing regimens with 2-hour doses 
given for 48 hours was 5.67 mg/kg. In experiments with 40 
different teicoplanin-dosing regimens against S. pneumoniae, 
the different pharmacokinetic/pharmacodynamic parameters 
were analyzed using logistic regression. The Cmax–free/MIC was 
one of two parameters that best explained the effect; the 
other parameter was the amount of time that the free frac-
tion of the drug was above the MIC. The effect analyzed as 
a  function of Cmax–free/MIC disclosed thresholds with shifts 
from almost no effect to full effect at ratios of 2 to 3 for tei-
coplanin (Knudsen et al., 2000). The author concluded that 
the 24-hour AUC/MIC was probably the most important 
pharmacokinetic/pharmacodynamic index correlating with 
the efficacy of teicoplanin, as it is for vancomycin (Craig, 
2003).

Higher teicoplanin dosage recommendations for specific 
infections did not lead to a significant increase in the propor-
tion of predose concentrations > 20 mg/l between 1994 and 
1998 in samples sent for teicoplanin assay at the Regional 
Antimicrobial Reference Laboratory, Bristol, UK. A question-
naire on the use of teicoplanin and TDM was sent to all UK 
National External Quality Assurance Scheme antibiotic assay 
users. Teicoplanin was widely used in the UK, although van-
comycin was more popular as a choice of glycopeptide. Fewer 
than 25% of respondents recommended teicoplanin TDM 
during routine use, the main reasons being perceived lack of 
toxicity and lack of evidence for the use of teicoplanin TDM. 
Predose concentrations < 20 mg/l were considered appropri-
ate for treatment of bacteremia caused by MRSA by 53% of 
those responding. Data sheet advice was relied on more than 
TDM as an indication of therapeutic dosing. Microbiologists 
who mainly used vancomycin tended to perform more TDM 
and seek higher serum concentrations when using teicoplanin 
than those who preferentially used teicoplanin (Darley and 
MacGowan, 2004).

In a prospective randomized crossover study in the sur-
gical intensive care unit, i.v. administration of teicoplanin 
was compared with subcutaneous administration. Patients 
received a loading dose of 6 mg/kg per 12 hours for 48 hours 
i.v. and then continued at a daily dose of 6 mg/kg. Compared 
with a 30-minute i.v. infusion, the peak concentration of 
teicoplanin after a 30-minute subcutaneous administration 
occurred later (median, 7 hours; range 5–18) and was lower 
(16 mg/l, range 9–31 vs. 73 mg/l, range 53–106). Despite large 
and unpredictable interindividual differences, no significant 
differences between subcutaneous and i.v. administration 
were observed in trough antibiotic concentrations (10 mg/l, 
range 6–24 vs. 9 mg/l, range 5–30), the area under the teico-
planin plasma concentration vs. time curves from 0–24 hours 

(AUC0–24 h) (309 mg/l/min, range 180–640 vs. 369 mg/l/min, 
range 171–955), the proportion of the dosing interval during 
which the plasma teicoplanin concentration exceeded 10 mg/l 
(96%, 0–100%, vs. 79%, 13–100%), and the ratio of AUC0–24 h 
to 10 (77, 45–160, vs. 92, 43–239) (Barbot et al., 2003). Phar-
ma codynamic exposures, measured as the ratio of steady-state 
total drug AUC to MIC, were modeled using a 5000-patient 
Monte Carlo simulation against 119 nonduplicate clinical 
isolates of S. aureus and 82 CoNS collected from hospitals 
in Brazil between 2003 and 2005. Pharmacodynamic targets 
included an AUC/MIC > 345 for teicoplanin. The cumula-
tive fractions of response (CFRs) against all S. aureus isolates 
were 30.1% and 71.6% for teicoplanin, 400 mg every 24 hours 
and 800 mg every 24 hours, respectively. CFRs against all 
CNS isolates were 13.4% and 34.6%, respectively. The CFR 
was reduced among the methicillin-resistant isolates. Higher 
doses of teicoplanin increased the CFR (Kuti et al., 2008).

Several studies have described the correlation between 
the MIC of teicoplanin and clinical outcome. In a population 
of 101 patients with MRSA-bacteremia, an MIC of > 1.5 mg/l 
for teicoplanin predicted a less favorable outcome when com-
pared with strains with MIC values of ≤ 1.5 mg/l. A favorable 
outcome was reported in 66.1% in the group with a low MIC 
and in 28.9% for infections due to a high MIC (p < 0.001) 
(Chang et al., 2012). Similar results were found in patients 
with MRSA pneumonia. MRSA strains with an MIC of < 2 
mg/l causing pneumonia were associated with a higher clin-
ical response compared with strains with MICs ≥ 2 mg/l 
(77.4% and 46.9%, respectively; p = 0.007, N = 80 of total 
group) (Chen, 2013). However, in a retrospective study 
including 210 patients with MRSA bloodstream infections, 
the MIC of teicoplanin was not found to be correlated with 
outcome. Factors that were associated with outcome were, 
for example, septic shock, thrombocytopenia and elevated 
C-reactive protein (CRP) (Wang et al., 2013). 

EFFECTS OF PROTEIN BINDING

Teicoplanin is highly (more than 90%) bound to serum pro-
teins. In an in vitro study, it appeared that this high degree 
of serum protein binding impaired the bactericidal activity 
of the drug, compared with that of vancomycin (Bailey et al., 
1991), but in a study in volunteers, Dykhuizen et al. (1995) 
reported that the serum bactericidal activity of teicoplanin 
was not impaired by its high degree of protein binding. In 
another in vitro study, CoNS, multiplying within a clot of 
human plasma, was shown to be partly protected from inhi-
bition and killing by both vancomycin and teicoplanin. This 
effect, however, was more pronounced for the highly protein- 
bound teicoplanin (Cunningham and Cheesbrough, 1992).

Serum albumin level plays a major role in the variability 
of the unbound fraction of teicoplanin (Ulldemolins et al., 
2011). The impact of lower serum albumin levels on teico-
planin pharmacokinetics was assessed by studying the rela-
tionship between total and free concentrations of teicoplanin 
in serum samples obtained from patients receiving teicoplanin 
therapy for Gram-positive bacterial infections. In addition, the 
contribution of serum albumin concentrations to the unbound 
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fraction of teicoplanin was determined. One hundred and 
ninety-eight serum samples were obtained from 65 patients 
undergoing routine TDM of teicoplanin. Free serum teico-
planin was separated by ultrafiltration, and total and free 
serum concentrations of teicoplanin were determined by a 
fluorescence polarization immunoassay. Regression analysis 
was then performed to build a prediction model for the free 
serum teicoplanin concentration from the total serum teico-
planin concentration and the serum albumin level using the 
first 132 samples. The predictive performance of this model 
was then tested using the next 66 samples. Free serum teico-
planin concentrations (Cf) (mg/l) were predicted using a 
simple model constructed using total serum teicoplanin 
(Ct) (mg/l) and albumin concentrations (g/dl): Cf = Ct/(1 + 
1.78 × albumin concentration). This model could estimate 
free serum teicoplanin concentrations with a small bias and 
an acceptable error. The measured free level of teicoplanin 
will lie between 0.63 and 1.38 times the predicted concentra-
tion in 95% of cases (Yano et al., 2007). The finding that albu-
min levels significantly influence the free concentration of 
teicoplanin and its pharmacokinetics was supported by data 
in noncritically ill patients with hypoalbuminemia (< 35 g/l) 
(Brink, 2015) as well as in the critically ill (Roberts et al., 
2014). 

The protein binding of teicoplanin is influenced by albu-
min but also by the proportion of albumin that is glyco-
sylated. Glycosylation of albumin decreases its ability to bind 
to teicoplanin. In patients with hyperglycemia, the propor-
tion of glycosylated albumin increases, resulting in a higher 
volume of distribution and lower trough levels (Enokiya et 
al., 2015).

5d.  Excretion

Renal clearance is the most important route of elimination. 
Most of the parenterally administered dose of teicoplanin is 
excreted in the urine as the active unchanged drug in 16 days. 
This accounts for about 83% of the dose given. The total body 
clearance has been reported to be 11 ml/kg per hour and is 
not dose dependent. Clearance of the unbound drug is by 
glomerular filtration, and both tubular resorption and renal 
secretion are minimal. Two metabolites that arise owing to 
hydroxylation of teicoplanin have been identified in urine. 
They have some, but reduced, activity against Gram-positive 
bacteria (Bernareggi et al., 1992).

Some 2.7% of an i.v.-administered dose of active teico-
planin can be recovered from the feces (Buniva et al., 1988). 
The drug apparently is excreted into the bowel via the bile. 
Administered teicoplanin not excreted in urine or feces 
appears to be metabolized in the liver. In intravenous drug 
abusers, the renal (and nonrenal) clearance of teicoplanin is 
increased (Rybak et al., 1991).

In anuric patients undergoing CAPD, mean clearance rate 
was 10.68 ml/min, mean apparent volume of distribution 
was 0.80 l/kg, and mean Vdss was 0.22 l/kg. Mean dialysate 
excretion was 3.16%, and mean peritoneal clearance rate was 
0.023 ml/min (Stamatiadis et al., 2003).

5e.  Drug interactions

In animals, both morphine and phenobarbital administration 
increase the renal elimination and hepatic metabolism of 
teicoplanin (Fan-Havard et al., 1993).

6. ADVERSE REACTIONS AND TOXICITY

Teicoplanin has a generally good safety profile, which along 
with its structural dissimilarity to beta-lactam and other 
antimicrobials permits its use in patients who are intolerant 
of other antibiotic regimens. The total number of reported 
adverse events with teicoplanin is less compared with treat-
ment with vancomycin (Svetitsky et al., 2009; Cavalcanti 
et al., 2010). In general, total trough levels of teicoplanin of 
< 60 mg/l are recommended to avoid toxicity, although there 
is limited evidence for this specific value. 

Because the summary of product characteristics advised 
higher trough levels for various indications (Summary of 
Product Characteristics, 2014), it is likely that the daily 
amount of teicoplanin in patients will increase. Various 
studies compared the number of adverse effects for various 
dosing regimens and found no difference in adverse effects 
between lower and higher daily dosages (Sato et al., 2014; 
Matthews et al., 2014; Ueda et al., 2014).

6a.  Hypersensitivity and related side 
effects

The red man syndrome, which typically occurs with rapid 
vancomycin i.v. infusions and results from vancomycin- 
induced histamine release (see Chapter 43, Vancomycin), has 
also occurred with teicoplanin (Phillips and Golledge, 1992). 
However, red man syndrome due to teicoplanin was less fre-
quently found compared with vancomycin (risk ratio [RR]: 
0.21; 95% CI: 0.08–0.59) (Cavalcanti et al., 2010). Patients 
who have experienced the red man syndrome due to vanco-
mycin usually tolerate teicoplanin with no reactions (Smith 
et al., 1989a; Polk, 1991). Intramuscular teicoplanin admin-
istration also does not cause this syndrome (Verbist et al., 
1984; Stille et al., 1988; Smith et al., 1989b; Sahai et al., 1990; 
Davey and Williams, 1991a). More severe anaphylactoid reac-
tions with rash and hypotension were believed to be much 
rarer with teicoplanin than with vancomycin (Smith et al., 
1989b; Polk, 1991). However, more recent data suggest that 
anaphylactic reactions to teicoplanin might be more common 
than previously thought (Savic, 2015). Not in all cases were a 
positive skin test and histamine release seen. The mechanism 
of these reactions is not known (Savic, 2015). 

Milder allergic rashes, such as urticaria, may occur with 
teicoplanin therapy. A cutaneous rash occurred less frequently 
with teicoplanin compared with vancomycin (RR: 0.57; 95% 
CI: 0.35–0.92) (Cavalcanti et al., 2010). Bronchospasm has 
also been occasionally noted (Bibler et al., 1987; Stille et al., 
1988; Davey and Williams, 1991a; Rolston et al., 1994). Such 
reactions are more common with vancomycin. Drug fever 
has occurred during teicoplanin therapy and has necessitated 



6. Adverse reactions and toxicity 851

cessation of treatment in some patients (Greenberg, 1990; 
Venditti et al., 1992).

6b.  Local reactions

Phlebitis with i.v. administration and pain at the local site with 
i.m. therapy do occur with teicoplanin, but these reactions are 
usually not severe (Davey and Williams, 1991a).

6c.  Nephrotoxicity

In animals, teicoplanin, similar to vancomycin, causes a dose- 
related nephrotoxicity (Marre et al., 1987). In humans, neph-
rotoxicity appears to be less common with teicoplanin than 
with vancomycin, and this also applies when either of the 
two drugs is administered together with an aminoglycoside 
(Smith et al., 1989b; Davey and Williams, 1991a; Van der 
Auwera et al., 1991). In one clinical trial, coadministration of 
vancomycin plus cyclosporin A was more nephrotoxic than 
teicoplanin plus cyclosporin A, but among patients receiving 
vancomycin plus amphotericin B and those treated by teico-
planin plus amphotericin B, deterioration in renal function 
was equal in both groups (Kureishi et al., 1991).

One study of 100 consecutive neutropenic patients with 
hematologic malignancies and persistent fever compared the 
toxicity of teicoplanin with that of vancomycin. A multivari-
ate analysis revealed that concomitant use of amphotericin B 
(p < 0.001) and treatment with vancomycin (p = 0.002) were 
independently associated with nephrotoxicity. If combined 
with amphotericin B, vancomycin was significantly more 
nephrotoxic than teicoplanin (Hahn-Ast et al., 2008).

6d.  Ototoxicity

Brummett et al. (1987) evaluated the potential of teicoplanin 
for ototoxicity in guinea pigs. No ototoxicity was detected 
either with teicoplanin alone or when this drug was com-
bined with ethacrynic acid, a diuretic that augments the oto-
toxicity of many drugs. A few patients receiving high-dose 
(15 mg/kg/day) teicoplanin therapy developed tinnitus or a 
mild loss of high-frequency hearing detected by audiogra-
phy. The peak teicoplanin serum level in these patients was 
85 mg/l, and trough level was 41 mg/l (Greenberg, 1990). In 
general, ototoxicity with teicoplanin appears to be rare. Of 
3377 patients treated with the drug, 11 developed some degree 
of ototoxicity, but other factors rather than teicoplanin might 
have caused this side effect in some of these patients (Davey 
and Williams, 1991a). Audiometry over time was performed 
on 17 patients who were treated with either teicoplanin or 
cloxacillin for severe staphylococcal infections. The hearing 
thresholds of 12 patients treated with teicoplanin showed a 
slight but significant increase over time, whereas the thresh-
olds of 5 patients treated with cloxacillin decreased signifi-
cantly during treatment. This improvement in hearing with 
cloxacillin may be attributed to improvement of the patient’s 
clinical condition. This outcome implies that previous reports 
that suggest a lack of ototoxicity of teicoplanin potentially 

underestimate the risk and should be interpreted accordingly 
(Bonnet et al., 2004).

6e.  Hematologic side effects

Leukopenia has occurred during teicoplanin therapy. This 
appears to be rare and is usually reversible on cessation of 
the drug (Del Favero et al., 1989). The teicoplanin-induced 
leukopenia in a patient with infective endocarditis persisted 
long after cessation of teicoplanin but reversed after the 
administration of granulocyte colony-stimulating factor (Patel 
et al., 2012). In one patient who was treated with teicoplanin 
and rifampicin for severe MRSA infection, a circulating inhib-
itor of factor VIII appeared, which resulted in bleeding; the 
role of teicoplanin in production of this complication was 
uncertain (Legrand et al., 1987). A probable case of teico-
planin-induced pancytopenia was also reported (Choi et al., 
2016).

Platelet function and blood coagulation have not been 
affected by therapeutic serum concentrations of teicoplanin 
(Agnelli et al., 1987). There are a few reports of thrombo-
cytopenia associated with clinical doses of teicoplanin. Of 39 
patients receiving teicoplanin, 14 thrombocytopenic cases 
(45%) and 2 nonthrombocytopenic cases (25%) with IgG 
teicoplanin-dependent platelet-reactive antibodies were iden-
tified. Glycoprotein Ib/IIIa complex was found to be a major 
target antigen of these antibodies (Garner et al., 2005).

6f.  Other side effects

Cutaneous vasculitis with renal impairment developed in a 
patient receiving teicoplanin for S. aureus osteomyelitis of 
the hip (Logan et al., 2005). A second case of teicoplanin- 
induced (leukocytoclastic) vasculitis developed after 13 days 
of treatment in a patient with wound infection with MRSA 
after coronary artery bypass graft surgery (Uchida et al., 2014). 
Reversible elevations of liver transaminases and bilirubin 
have occurred in a small number of patients receiving teico-
planin (Smith et al., 1989b; Davey and Williams, 1991a; Kelsey 
et al., 1992). Mild tremor has also been rarely noted during 
teicoplanin therapy. Issues regarding the toxicity of teico-
planin to chondrocytes have been raised, but an in vitro 
study showed no chondrotoxic effects in cultures (Dogan et 
al., 2015). A case of hypokalemia was described with the use 
of teicoplanin (Ramírez et al., 2013). There are several case 
reports of teicoplanin administration associated with com-
plete heart block; however, the causative role of teicoplanin is 
uncertain (Sharif-Yakan et al., 2013).

6g.  Cross-reactivity between teicoplanin 
and vancomycin

Generally, teicoplanin is thought to be safe in patients with 
vancomycin-induced adverse effects. Most patients in reports 
from the 1980s who had developed allergic rashes due to van-
comycin tolerated teicoplanin subsequently with no reactions 
(Van Laethem et al., 1984; Schlemmer et al., 1988; Smith et al., 
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1989a; Wood and Whitby, 1989). However, Grek et al. (1991) 
described a patient who had had a previous allergic rash due 
to vancomycin and who developed an immediate rash and 
severe bronchospasm when teicoplanin was given i.v. at a 
later date. Conversely, de Vries et al. (1994) reported a 4-year-
old child who had a documented teicoplanin allergy and who 
subsequently tolerated vancomycin with no reaction. A case 
of Stevens-Johnson syndrome developed in a patient who 
was initially treated for infective endocarditis with teico-
planin for 12 days. Because of pruritus and a maculopapular 
rash, vancomycin was given for 7 days until the rash spread 
over his body. After teicoplanin was reintroduced, he devel-
oped Stevens-Johnson syndrome. After stopping both glyco-
peptides, the patient recovered (Yang et al., 2014).

In two case series of 24 and 117 patients with adverse reac-
tions to vancomycin, cross-reactivity between vancomycin 
and teicoplanin was found in 25% and 10% of cases, respec-
tively, after therapy was changed to teicoplanin (Hsiao et al., 
2012; Hung et al., 2009). Of the patients with vancomycin- 
induced neutropenia (n = 8), 50% also developed teicoplanin- 
induced neutropenia (Hung et al., 2009). This suggests that 
cross-reactivity between vancomycin and teicoplanin might 
be more common than previously suggested. 

7. CLINICAL USES OF THE DRUG

In general, teicoplanin may be used for indications similar 
to those for vancomycin (see Chapter 43, Vancomycin). The 
potential advantages of teicoplanin include its once-daily 
administration, short infusion time or bolus i.v. administra-
tion, feasibility of i.m. dosing, and fewer side effects. However, 
resistant organisms may be more likely to emerge during 
therapy with this drug than with vancomycin. In some coun-
tries, teicoplanin is reserved for infections in patients who do 
not tolerate vancomycin (Phillips and Golledge, 1992). The 
efficacy was found to be comparable with that of vancomycin 
(Svetitsky et al., 2009; Cavalcanti et al., 2010; Peng et al., 
2013). The use of teicoplanin has also been clouded by the 
initial recommendation of lower doses than are now consid-
ered necessary to reliably achieve clinical efficacy in a range 
of serious infections, especially those involving S. aureus. 
These important dosing issues are discussed in detail earlier 
in section 4, Mode of drug administration and dosage. 
Furthermore, teicoplanin has not yet been licensed for use 
in the USA.

7a.  Serious Gram-positive infections—
variety of pathogens

Teicoplanin has also been used as a comparator in clinical 
trials with newer antibiotics, such as linezolid. The efficacy, 
safety, and tolerability of linezolid were compared with 
those of teicoplanin in a randomized controlled open-label 
multicenter study of 430 patients with suspected or proven 
Gram-positive infection. Patients received intravenous ± oral 
linezolid, 600 mg every 12 hours (n = 215), or i.v. or i.m. 

teicoplanin (n = 215) for up to 28 days. Teicoplanin doses 
ranged from 200–800 mg, and trough serum levels were not 
required. Clinical outcomes in the intent-to-treat and clini-
cally evaluable populations and microbiological success rates 
in microbiologically evaluable patients were assessed at fol-
lowup (test of cure). Investigator-assessed clinical cure rates 
at EOT in intent-to-treat patients treated with linezolid 
(95.5%) were superior to those of teicoplanin (87.6%) for all 
infections combined, indicating a 7.9% statistically significant 
treatment advantage for linezolid (p = 0.005; 95% CI: 2.5–
13.2). Clinical cure rates by baseline diagnosis were consis-
tently higher at EOT for the linezolid vs. teicoplanin groups 
with skin and soft tissue infection (SSTI) (96.6% vs. 92.8%), 
pneumonia (96.2% vs. 92.9%), or bacteremia (88.5% vs. 
56.7%). The 31.8% treatment advantage of linezolid in bac-
teremic patients (but not in the other infection categories) 
was statistically significant (p = 0.009; 95% CI: 10.2–53.4). 
Bacterial eradication rates for linezolid exceeded those of 
teicoplanin for all infection sites combined, but this did not 
reach statistical significance (81.9% vs. 69.8%, respectively; 
p = 0.056). Adverse event rates were similar between the treat-
ment groups, were mild to moderate in severity, and resolved 
quickly after treatment. The linezolid group experienced a 
higher incidence of drug-related adverse events (30% vs. 17%; 
p = 0.002) and notably of gastrointestinal effects (13.0% vs. 
1.9%; p = 0.001). However, antibiotic discontinuation rates as 
a result of drug-related adverse events were similar (4.7% in 
the linezolid group vs. 3.7% in the teicoplanin group) (Wilcox 
et al., 2004).

A randomized prospective study was performed to com-
pare linezolid with teicoplanin for the treatment of suspected 
or proven Gram-positive infections in an intensive care pop-
ulation. Using a double-blind double-dummy prospective 
design, 100 patients were randomized to intravenous linezolid 
(600 mg/12 hours) plus teicoplanin dummy and 102 to teico-
planin (400 mg/12 hours for three doses then 400 mg/24 
hours i.v.) plus linezolid dummy. At the EOT, clinical success 
(71 [78.9%] of linezolid group vs. 67 [72.8%] of teicoplanin 
group) and microbiological success (49 [70.0%] vs. 45 [66.2%]) 
rates were similar, as were adverse effects, intensive care unit 
mortality, and success rates at short- and long-term followup. 
Linezolid was superior at initial clearance of MRSA coloni-
zation (EOT, 51.1% vs. 18.6%; p = 0.002). Two MRSA isolates 
showed reduced susceptibility to teicoplanin (Cepeda et al., 
2004).

7b.  Serious Staphylococcus aureus 
infections

Although in clinical trials teicoplanin has been used for both 
MRSA and methicillin-susceptible S. aureus (MSSA) infec-
tions, it is mainly indicated for MRSA infections but is also 
recommended for MSSA infections if the patient is allergic 
to beta-lactam antibiotics.

In rabbits with induced endocarditis, the effectiveness of 
teicoplanin was similar to that of nafcillin for infections due 
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to strains of MSSA, and to that of vancomycin for infections 
due to strains of MRSA (Chambers and Sande, 1984). In 
another animal study, it appeared that high trough teicoplanin 
concentrations resulted in a better cure rate for S. aureus 
endocarditis (Chambers and Kennedy, 1990). In another 
endocarditis study in rabbits, the in vivo efficacy of teico-
planin and vancomycin against five S. aureus strains with 
different susceptibilities to the drugs and to methicillin was 
compared. Rabbits were treated for 2 days. Vancomycin and 
teicoplanin showed similar activities. Low MICs did not pre-
dict better in vivo results (Asseray et al., 2005). In rabbits 
with endocarditis induced with an isogenic pair of clinical 
S.  aureus strains with reduced susceptibility to glycopep-
tides, vancomycin was similarly active against both strains, 
but teicoplanin was approximately 100-fold less active against 
the resistant strain and selected for the emergence of more 
resistant subpopulations (Pavie et al., 2003). Animal studies 
showed that teicoplanin was effective in induced S. epider
midis endocarditis (Tuazon and Washburn, 1987).

Older studies have suggested that teicoplanin in a dosage 
of 6 mg/kg every 12 hours for three doses, and then 6 mg/kg 
of body weight once every 24 hours, may be effective for seri-
ous MRSA or MSSA infections (Bibler et al., 1987; de Lalla 
et al., 1989; Davey and Williams, 1991b; Rolston et al., 1994). 
However, in one early trial, low-dose teicoplanin (400 mg i.v. 
loading dose followed by 200 mg i.v. daily) was considerably 
less effective than flucloxacillin for the treatment of MSSA 
infections (Calain et al., 1987). Also, in a trial by Gilbert et al. 
(1991), in which teicoplanin was given in a dosage of 6 mg/
kg every 12 hours for three doses followed by 6 mg/kg every 
24 hours to treat S. aureus intravascular infections, there was 
an unexpectedly high number of treatment failures. It is now 
accepted that for severe S. aureus infections, such as septice-
mia and/or septic arthritis, a teicoplanin dosage of 12 mg/kg 
of body weight per day may be needed.

Logistic regression analysis was performed on data drawn 
from a clinical trial database for S. aureus septicemia treated 
with teicoplanin. Variables analyzed were age, body weight, 
mean predose and postdose serum teicoplanin concentra-
tions, mean dose (milligrams or milligrams per kilogram of 
body weight), and combination therapy versus monotherapy. 
Only two variables correlated with clinical outcome at a sig-
nificance level better than 0.05: age (p = 0.012) and mean 
predose serum concentration (p = 0.010). The probability of 
successful treatment declined with age and increased with 
mean predose serum concentration (Harding et al., 2000). In 
an open study of 16 patients with hospital-acquired bacte-
remic S. aureus infections, patients received teicoplanin, 400 
mg i.v. twice a day for the first 24 hours followed by 400 mg 
once a day thereafter, and rifampicin, 600 mg i.v. twice a day. 
Fifteen patients were evaluable, of whom 13 (86.7%) were 
clinically cured with elimination of S. aureus. One patient 
died, but death was not attributed to the study drugs. Treat-
ment failed in another patient who relapsed with a high fever. 
S. aureus was recovered from blood cultures from this patient, 
and resistance to rifampicin had developed. Time-kill curves 

all showed adequate killing of S. aureus at the drug concen-
trations measured in vivo. Neither synergy nor antagonism 
between teicoplanin and rifampicin was demonstrated (Yzer-
man et al., 1998).

Studies comparing the efficacy of teicoplanin with van-
comycin in the treatment of MRSA bacteremia showed no 
significant difference. In a multicenter study in 15 hospitals 
in Korea, the treatment of health care–associated MRSA 
bacteremia showed no difference in treatment outcome and 
safety between vancomycin and teicoplanin. However, in 11 
of the 15 hospitals, vancomycin treatment was monitored 
by using TDM (target trough concentration of vancomycin 
15–20 mg/l), whereas none of the hospitals practiced TDM 
for teicoplanin (Yoon et al., 2014). No difference in effective-
ness between vancomycin and teicoplanin was found in the 
treatment of persistent MRSA bacteremia in the elderly (Lin 
et al., 2011).

For treatment of MRSA endocarditis, the trough teico-
planin serum levels should exceed 20 mg/l, and this is usually 
achieved by three doses of 12 mg/kg every 12 hours, followed 
by 12 mg/kg once every 24 hours (Martino et al., 1989; 
Wilson et al., 1993; Graninger et al., 1995). For S. aureus 
endocarditis in i.v. drug abusers, higher dosages, determined 
by serum level monitoring, are usually necessary (Rybak et al., 
1991; Fortún et al., 1995). A prospective randomized clinical 
trial among drug abusers was conducted to assess the effi-
cacy and safety of a 14-day course of a combination of tei-
coplanin and gentamicin compared with a combination of 
cloxacillin and gentamicin for the treatment of right-sided 
endocarditis caused by S. aureus. Therapeutic success was 
significantly more frequent with cloxacillin than with glyco-
peptides regimens, which were associated with a high rate of 
clinical and microbiological failure. No adverse effects were 
noted among patients in the cloxacillin group (Fortún et al., 
2001). Also, in a retrospective study of a cohort treated with 
outpatient parenteral antibiotics therapy (OPAT) for infec-
tive endocarditis, the use of teicoplanin was associated with 
therapy failure. OPAT was evaluated over 12 years, and 80 
episodes were identified with treatment for infective endo-
carditis. In the analysis, treatment with teicoplanin was 
associated with failure (N = 18 patients; OR: 8.69; 95% CI: 
2.01–37.48; p = 0.004). Median teicoplanin trough levels in 
the success and failure groups were 34.3 mg/l (range 28.3–
52.7 mg/l) and 28.6 mg/l (range 16.3–40.0 mg/l), respectively 
(p = 0.070, Mann-Whitney test). Although the difference 
between the median values for the trough concentrations was 
not significantly different, it is possible that a larger percent-
age of patients in the success group reached the currently 
recommended trough levels for infective endocarditis of > 30 
mg/l (Summary of Product Characteristics, 2014; Duncan et 
al., 2013).

Ten MRSA meningitis cases were evaluated retrospectively 
in one hospital. All patients had undergone neurosurgery 
and were considered to have hospital-acquired meningitis. 
Six patients were treated with regimens including teicoplanin 
and four with vancomycin. Mean duration of treatment was 
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23.5 ± 18.8 days (range, 3–60 days). One patient died. Six 
of these 10 patients were successfully treated with regimens 
including teicoplanin, suggesting that this agent may be an 
alternative to vancomycin in the therapy of such patients 
(Arda et al., 2005).

7c.  Staphylococcus aureus osteomyelitis 
and soft tissue infections

In a rat model of foreign body MRSA infection, vancomycin 
was more effective in eradicating the infection than teico-
planin, but a combination of high-dose teicoplanin and 
rifampicin was also effective (Schaad et al., 1994). By using a 
recently developed rabbit model of MRSA infection of a knee 
prosthesis, the efficacies of teicoplanin and vancomycin, 20 
or 60 mg/kg of body weight, respectively, given intramus-
cularly twice daily 7 days after inoculation for 7 days, were 
compared. The teicoplanin and vancomycin MICs for MRSA 
were 1 mg/l. Teicoplanin and vancomycin significantly 
reduced (p < 0.05) the bacterial density (2.7 ± 1.3 and 3.3 ± 
1.6 log10 CFU/g of bone, respectively) compared with that for 
the controls (5.04 ± 1.4 log10 CFU/g of bone) (Saleh Mghir et 
al., 1998). By using a rabbit model of MRSA knee prosthesis 
infection, the efficacy of prosthesis replacement by a teico-
planin-loaded cement spacer (1.2 g of teicoplanin per 40 g of 
cement) alone or in combination with systemic i.m. injec-
tions of teicoplanin was studied. A combination of systemic 
teicoplanin and antibiotic spacers was the most effective reg-
imen (Ismael et al., 2003).

Because treatment of osteomyelitis requires a prolonged 
hospital stay, lengthy antibiotic therapy, and adequate surgi-
cal débridement, OPAT has been used to reduce patient dis-
comfort and hospital costs. Teicoplanin is cost effective for 
home antibiotic therapy because of the possibility of rapid 
i.v. or i.m. administration once daily (Schaison, 1993; Wilson 
and Grüneberg, 1994). A total of 125 patients with SSTIs were 
treated using an OPAT service. The patients received i.v. anti-
biotic therapy for a mean duration of 5.32 days. The two pri-
mary agents administered were once-daily ceftriaxone and 
teicoplanin. Of the 125 patients, 123 (98.4%) were cured or 
improved, and 2 worsened and required surgery. Patient sat-
isfaction was very high. OPAT saved the inpatient facility 
665 bed-days. Economic benefits were realized despite use of 
more expensive agents. Data indicate that if the hospital stay 
of patients with SSTIs were reduced by only 1 day, savings 
would amount to $0.6–1.2 million per year. OPAT is a feasi-
ble alternative to inpatient management of SSTIs and may 
safely, effectively, and cost-effectively reduce the number of 
hospital days for these infections (Nathwani, 2001). A retro-
spective audit of the management of 55 treatment episodes of 
bone and joint infections with teicoplanin delivered in the 
out patient or home setting revealed that the mean cost of 
care per episode of infection was less with treatment in the 
ambulatory setting than with the inpatient setting or com-
pared with the hypothetical situation of treatment with oral 
linezolid in the home setting (Nathwani et al., 2003).

A pilot study was undertaken to assess the safety and effi-
cacy of teicoplanin given three times weekly in the outpatient 
treatment of 10 patients with acute post-traumatic MRSA 
osteomyelitis. Pathogens were MRSA (5 patients) and meth-
icillin-resistant S. epidermidis (5 patients). After a loading 
dose of 400 mg twice a day for 3 days, patients were treated 
with an i.v. dose of 1000 mg on Mondays and Wednesdays 
and a 1200-mg dose on Fridays. Teicoplanin trough levels 
were maintained within a 10–20 mg/l range. If prosthetic 
hardware removal had been possible at enrollment, treatment 
was carried out for at least 4 weeks. If hardware removal had 
not been possible, teicoplanin was administered as suppres-
sive therapy until hardware removal. Treatment was success-
fully performed in 9 of 10 patients, whereas in 1 patient only 
improvement was achieved. Side effects were not recorded. 
Three-times-weekly teicoplanin seemed to be a useful option 
in the treatment of acute staphylococcal osteomyelitis. Fur-
ther studies are warranted to better define the role of this new 
administration schedule in this field (Lazzarini et al., 2002).

The efficacy of teicoplanin-loaded calcium sulfate (TCS) 
was studied in rabbits for the treatment of chronic MRSA 
osteomyelitis. The animals were treated with implantation of 
TCS pellets or a placebo pellet or i.v. teicoplanin. A sustained 
release of 3 weeks was found in rabbits with the TCS pellets. 
The best therapeutic effect was observed in rabbits treated 
with TCS pellets: lower radiological and histological scores, 
lower number of positive MRSA cultures, and lower bacterial 
load as well as better bone regeneration (Jia et al., 2010).

Fifteen evaluable patients (mean age, 67 years) were 
enrolled to assess the efficacy of teicoplanin, 6 mg/kg given 
daily during the first 3 days and then on alternate days, for 
the treatment of MRSA infections. Eight patients had soft 
tissue infections, 4 had catheter-associated bacteremia, 2 
had osteomyelitis, and 1 had pneumonia. Clinical cure was 
observed in 13 of 15 patients. Both clinical and bacteriologi-
cal failures were shown in the 2 patients with osteomyelitis. 
The mean serum levels of teicoplanin were 22, 8, and 6.7 mg/l 
for peak and 24-hour and 48-hour troughs, respectively. The 
dosage employed in this study proved effective in non–deep-
seated MRSA infections (Bantar et al., 1999).

The treatment of complicated SSTIs was compared for dap-
tomycin, vancomycin, and teicoplanin in a randomized con-
trolled trial of 189 patients. Especially in patients older than 
65 years, treatment with daptomycin appeared to be more 
favorable (clinical success in 88.9% of patients) compared with 
the glycopeptides (clinical success in 76.5% of patients). How-
ever, the difference was more prominent for vancomycin 
(clinical success in 60% of patients) than for teicoplanin (clin-
ical success in 83.3% of patients) (Quist et al., 2012). For 
younger patients, the percentages were not very different.

An open trial and a multicenter three-group randomized 
trial were performed to study the use of teicoplanin vs. 
cefazolin in the treatment of SSTIs caused by Gram-positive 
bacteria. A total of 418 patients were entered into the random-
ized trial, 293 of whom were available for efficacy analysis, 
and 262 patients were entered in the open trial. The random- 
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ized trial had three arms: i.m. (125 patients) vs. i.v. (148 
patients) teicoplanin vs. cefazolin (145 patients). In both 
trials teicoplanin was administered once daily, originally as 
3  mg/kg/day, with the option of higher doses in the open 
trial. Cefazolin was given at a dosage of 1.5–4 g/day, in three 
divided doses. In the randomized trial, teicoplanin and 
cefazolin showed similar overall efficacy. The higher dose of 
teicoplanin (6 mg/kg) was significantly more effective than 
the lower dose (3 mg/kg), particularly in patients with dia-
betes. In the open trial, teicoplanin had a clinical success rate 
of 93%. There was no significant difference in the incidence of 
adverse events between the cefazolin and teicoplanin groups. 
Outpatient ambulatory therapy was shown to be a practical 
method of administering teicoplanin, suggesting that once-
daily dosing with teicoplanin may allow physicians to treat 
SSTIs on a totally outpatient basis (Stevens, 1999).

7d.  Coagulase-negative staphylococcal 
infections

Similar to vancomycin (see Chapter 43, Vancomycin), tei-
coplanin is effective for coagulase-negative staphylococcal 
infections.

The clinical and bacteriological efficacy and potential side 
effects of teicoplanin treatment in neonates with proven 
staphylococcal infection were retrospectively evaluated. There 
were 37 episodes of staphylococcal septicemia in neonates; 
26 were caused by CoNS sepsis and 11 by S. aureus sepsis. All 
episodes were treated with teicoplanin (i.v. loading dose of 
16 mg/kg followed by a maintenance dose of 8 mg/kg daily). 
The methicillin resistance and other antibiotic susceptibilities 
of both microorganisms were evaluated. Bacterial eradica-
tion was achieved in 89.1% of cases, and mortality was 
16.2%. The mean duration of treatment of the survivors was 
11.6 ± 2.3 days. There were no drug-related adverse events, 
and the biochemical and hematologic tests showed no clini-
cally significant changes in relation to teicoplanin therapy 
(Yalaz et al., 2004).

A case of infection with a teicoplanin-resistant small- 
colony variant of S. epidermidis has been reported (Adler et 
al., 2003). The small-colony variant was isolated from blood 
cultures of a patient with acute leukemia and therapy-induced 
neutropenia who was treated with vancomycin for cathe-
ter-associated bloodstream infection. Despite removal of the 
catheter and adequate antibiotic therapy, the infection did not 
clear, and the patient died 20 days after continuous antibiotic 
therapy (Adler et al., 2003).

In humans, a relatively small number of patients with S. 
epidermidis endocarditis (Presterl et al., 1993), bone marrow 
transplant recipients with right-sided catheter-related S. epi
dermidis (Martino et al., 1990), and patients with cancer and 
S. epidermidis bacteremia (Rolston et al., 1994) have responded 
to teicoplanin, 6–8 mg/kg of body weight per day. It is possible 
that for patients with endocarditis, higher doses similar to 
those now recommended for this disease caused by S. aureus 
may be needed.

Cruciani et al. (1992) used a combination of i.v. and intra-
ventricular teicoplanin to treat S. epidermidis and S. aureus 
neurosurgical shunt infections. Two infants received 5 mg 
of teicoplanin daily, three adults received 20 mg daily, and 
another two adults received 20 mg every other day intraven-
tricularly. The mean duration of intraventricular therapy was 
16 days. All patients were cured, and the alternate-day sched-
ule of intraventricular administration of teicoplanin was as 
effective as the once-daily regimen. After craniotomy for a 
medulloblastoma in the posterior cranial fossa, a 6-year-old 
girl developed ventriculitis with CoNS associated with the 
use of a ventriculostomy. Treatment with intravenous and 
intraventricular vancomycin resulted in negative CSF cultures, 
but this treatment had to be stopped because of a severe 
allergic skin reaction. Teicoplanin was administered i.v. (240 
mg once daily) and intraventricularly (10 mg once daily), 
resulting in high teicoplanin CSF levels, which were used to 
model the pharmacokinetics of intraventricular teicoplanin 
in this patient. No signs of recurrent infection or adverse 
events occurred. It was concluded that a pharmacokinetic 
model could be derived from this case that could be used to 
guide teicoplanin intraventricular therapy in other patients 
(Beenen et al., 2000).

Peritonitis caused by CoNS in peritoneal dialysis patients 
can be successfully treated by intraperitoneal teicoplanin. A 
multicenter comparative randomized study was performed 
to compare the efficacy and tolerability of two antibiotic 
regimens in the treatment of peritonitis in CAPD patients: 
teicoplanin plus tobramycin vs. cephalothin plus tobramycin. 
Sixty-eight patients were randomized prospectively to receive 
either regimen. Patients were followed throughout the study 
and for up to 4 weeks after the EOT, when clinical and micro-
biological parameters were assessed again. The incidence of 
clinical failure was 4.6 times higher in the cephalothin plus 
tobramycin group than in the teicoplanin plus tobramycin 
group (7 of 28 vs. 2 of 37; p < 0.05). There was no significant 
difference in bacterial eradication between the two groups. 
Local and systemic tolerability was good for both regimens. 
The authors suggested that teicoplanin plus tobramycin was 
more effective than cephalothin plus tobramycin and might 
become a first-line treatment for peritonitis in CAPD patients 
(Lupo et al., 1997).

Central venous catheter (CVC) infections represent the 
most common complication of parenteral nutrition. These 
infections are usually treated with long-term systemic anti-
biotics. The objective of the study by Cuntz et al. (2002) was 
to determine the efficacy of combining a local antibiotic lock 
with a short systemic double antibiotic regimen (amikacin 
and teicoplanin for 5 days) to treat CVC-related staphylo-
cocci infections. Any child with CoNS or S. aureus septice-
mia, confirmed by a positive blood culture, was included in 
the study. The antibiotic treatment was combined from the 
first day with a local teicoplanin lock, which was left in the 
catheter 12 hours a day for 15 days. Parenteral nutrition was 
continued on a nocturnal cyclic mode during antibiotic treat-
ment. The efficacy of the treatment was evaluated by patient 
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body temperature, CRP levels, and blood culture findings. 
Twenty CVC-related infection episodes in 13 patients were 
analyzed for the study. The median time until normalization 
of temperature and CRP levels after the beginning of anti-
biotic treatment was 3.2 days (range, 1–14 days) and 6.2 days 
(range, 2–19 days), respectively. All blood cultures were neg-
ative for infection 48 hours after stopping the treatment. Only 
one therapeutic failure was observed during the treatment—
the patient had persistent signs of clinical septicemia that 
required removal of the CVC. Two catheter-related infection 
recurrences were observed in the month after termination of 
the local antibiotic lock, which also required removal of the 
CVC. The CVC was maintained in the other cases. Teico-
planin antibiotic locks, combined with short conventional 
systemic antibiotic treatment and continuation of cyclic par-
enteral nutrition, seem effective and well-tolerated treatments 
for some CVC infections. 

7e.  Streptococcal and enterococcal 
infections

Teicoplanin, 500 mg every 12 hours for the first 2 days and 10 
mg/kg of body weight every 24 hours thereafter for a total of 
4 weeks, can be considered for the home treatment of S. viri
dans or S. bovis endocarditis. However, penicillin G remains 
the drug of choice, provided that the strain is susceptible to 
penicillin (Venditti et al., 1992).

An animal study of enterococcal endocarditis induced by 
strains with high-level resistance to gentamicin showed teico-
planin to be more effective than vancomycin monotherapy. 
This applied only if the enterococcal strain was teicoplanin 
susceptible (Eliopoulos et al., 1992). The efficacy of teico-
planin combined with gentamicin given once daily was 
compared with the standard treatment, ampicillin plus gen-
tamicin, for experimental endocarditis induced with E. fae
calis EF91. (The MIC and minimal bactericidal concentration 
of ampicillin, gentamicin, and teicoplanin are 0.5 and 32, 16 
and 32, and 0.5 and 1 mg/l, respectively). The antibiotics were 
administered for 3 days by using simulated profiles of these 
drugs in humans with ampicillin plus gentamicin, or teico-
planin alone or combined with gentamicin. Teicoplanin alone 
was as effective as ampicillin alone in reducing the bacterial 
load (p > 0.05). The combination of ampicillin or teicoplanin 
with gentamicin was more effective than the administration 
of both drugs alone in reducing the log10 CFU/g of aortic 
vegetation (p < 0.01 and p < 0.05, respectively). Increasing 
the interval of administration of gentamicin to a single daily 
dose combined with teicoplanin resulted in a reduction in 
bacteria in the vegetations equivalent to that achieved with 
the recommended regimen of ampicillin plus three-times-
daily gentamicin in the treatment of experimental endocar-
ditis due to E. faecalis (Lopez et al., 2001). In a rabbit model 
of VanE-type resistant E. faecalis endocarditis (MIC of van-
comycin and teicoplanin: 16 and 0.5 mg/l, respectively), 
treatment with teicoplanin led to results similar to those 
obtained with vancomycin at a high dose. No subpopulations 

with increased resistance to glycopeptides were selected in 
vitro or in vivo (Lafaurie et al., 2001).

In humans, enterococcal infections such as those of the 
urinary tract, septicemia, and even endocarditis can be 
treated with teicoplanin monotherapy (Leport et al., 1989; 
Martino et al., 1989; Felmingham et al., 1992; Schmit, 1992). 
For patients with endocarditis, the addition of an amino-
glycoside such as gentamicin or netilmicin may be bene-
ficial, unless the strain shows high-level resistance to all 
aminoglycosides (Martino et al., 1989). One child who 
developed E. faecium meningitis after neurosurgery recov-
ered after 14 days of intrathecal teicoplanin (10 mg daily) 
and i.v. clindamycin, rifampicin, and ampicillin. The entero-
coccal strain was only moderately susceptible to teicoplanin 
(MIC 4 mg/l) but resistant to many other antibiotics, includ-
ing ampicillin and vancomycin (Losonsky et al., 1994). If the 
E. faecium strain is resistant to both vancomycin and teico-
planin, teicoplanin is unlikely to be effective clinically, even 
when combined with other drugs (Caron et al., 1992). How-
ever, E. faecium infections caused by teicoplanin-susceptible 
but vancomycin- resistant strains are likely to respond to 
teicoplanin.

7f.  Corynebacterium spp. infections

Similar to vancomycin (see Chapter 43, Vancomycin), teico-
planin is likely to be effective in Corynebacterium infections, 
including those caused by C. jeikeium (Martino et al., 1989).

7g.  Fever in neutropenic patients

In units where Gram-positive organism infections are frequent 
in neutropenic patients, teicoplanin (similar to vancomycin) 
appears effective when used in initial fever treatment regimens, 
such as teicoplanin–amikacin–ceftazidime or teicoplanin– 
ciprofloxacin (Del Favero et al., 1987; Kureishi et al., 1991; 
Kelsey et al., 1992; Menichetti et al., 1994). In another study, 
teicoplanin was continued as monotherapy once the pres-
ence of a Gram-positive infection was confirmed (Van der 
Auwera et al., 1991).

A prospective randomized double-blind trial was con-
ducted on 124 febrile patients with hematologic malignancies 
to compare teicoplanin with vancomycin as an addition to 
the initial empirical amikacin–ceftazidime regimen after bac-
teremia due to Gram-positive cocci has been documented. 
Rates of therapeutic success were 55 of 63 (87.3%) in the 
teicoplanin group and 56 of 61 (91.8%) in the vancomycin 
group (p = 0.560). The mean duration of treatment was 
similar, being 12.2 and 11.4 days, respectively (p = 0.216). 
Patients treated with teicoplanin remained febrile for slightly 
longer than those treated with vancomycin (4.9 vs. 4.0 days) 
(p = 0.013). Thirteen patients experienced an adverse drug 
reaction, but without any significant difference in the two 
arms. Isolated staphylococci showed a progressive and signif-
icant decrease in susceptibility to both glycopeptides during 
the eight study years (D’Antonio et al., 2004).
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A prospective double-blinded placebo-controlled single- 
center study was conducted to investigate whether the addi-
tion of teicoplanin improved the outcome of neutropenic 
patients who remained febrile after 72–96 hours of imipenem 
monotherapy. Patients with documented infections caused 
by imipenem-resistant microorganisms were excluded. From 
the 114 evaluable episodes (out of a total of 125) in 105 
patients who met the eligibility criteria, 56 patients were ran-
domized to receive teicoplanin and 58 to placebo. At 72 hours 
after the start of the assigned intervention, 52 (45.6%) of the 
patients were afebrile; at the end of the aplastic phase, 10 
(8.8%) had died. There was no difference between the two 
study arms. When febrile episodes were subdivided between 
microbiologically documented infections, clinically docu-
mented infections, and fevers of unknown origin, again no 
significant differences were observed (Erjavec et al., 2000).

7h.  Antibiotic-associated colitis

Teicoplanin orally in a dosage of 100 mg twice daily for 10 
days appeared to be equally effective as oral vancomycin (see 
Chapter 43, Vancomycin) for the treatment of antibiotic- 
associated colitis (de Lalla et al., 1989; de Lalla et al., 1992), 
but in another trial in which a similar dosage (either 50 mg 
four times daily or 100 mg twice daily) was administered for 
7 days only, clinical recurrences were frequent (The Swedish 
CDAD Study Group, 1994). The formulations of teicoplanin 
differed in these studies. In the first two trials, a parenteral 
formulation was used, but in the third an oral formulation 
capsule was employed.

In a review of randomized controlled trials assessing anti-
biotic treatment for C. difficile-associated diarrhea, nine 
studies involved patients with diarrhea who recently received 
antibiotics for an infection other than C. difficile. In terms 
of symptomatic cure, metronidazole, bacitracin, and fusidic 
acid were not shown to be less effective than vancomycin. 
Teicoplanin was considered slightly more effective than van-
comycin with a RR of 1.21 (95% CI: 1.00–1.46) and a p value 
of 0.06. Metronidazole, bacitracin, teicoplanin, fusidic acid, 
and rifaximine were as effective as vancomycin for initial 
symptomatic resolution. Regarding both symptomatic cure 
and bacteriologic cure, teicoplanin appeared to be the best 
choice because the available evidence suggests that it is better 
than vancomycin for bacteriologic cure and has borderline 
superior effectiveness in terms of symptomatic cure (Bricker 
et al., 2005).

7i.  Chemoprophylaxis

In the UK and Europe, teicoplanin, 400 mg i.v., plus gentami-
cin, 120 mg i.v., has been used as endocarditis chemoprophy-
laxis in patients with prosthetic valves undergoing endoscopy, 
colonoscopy, proctoscopy, sigmoidoscopy, or barium enema. 
This dose of teicoplanin alone, instead of clindamycin, can 
also be considered for prophylaxis of endocarditis after den-
tal procedures in penicillin-allergic patients (Shanson et al., 

1987; Gould, 1990). However, the UK guidelines regarding 
endocarditis prophylaxis have been recently revised (Harri-
son et al., 2008).

Single-dose i.v. teicoplanin, given just before insertion of 
Hickman catheters, also reduced the incidence of Gram-
positive organism sepsis in patients with hematologic malig-
nancies, especially during the period of neutropenia after 
cancer chemotherapy (Lim et al., 1991). In a Cochrane sys-
tematic review of the efficacy of antibiotics in the prevention 
of early Gram-positive long-term tunneled CVC infections 
in oncology patients, nine trials were included. Four trials 
reported on vancomycin–teicoplanin prior to insertion of 
the tunneled CVC compared with no antibiotics. There was 
no reduction in the number of Gram-positive tunneled CVC 
infections with these agents (OR: 0.42; 95% CI: 0.13–1.31) 
(van de Wetering et al., 2005). Antibiotic solutions are also 
used to prevent infection of ports in catheters. A lock solu-
tion of teicoplanin, 10 mg/l, was compared with vancomycin, 
2 mg/l, and the study showed port survival rates of 100% for 
teicoplanin and 77% for vancomycin. This difference was not 
statistically significant (p = 0.06) and might also be caused by 
the difference in the concentrations of the lock solutions (Del 
Pozo et al., 2009). Dosing recommendations for lock solu-
tions are not available.

Teicoplanin in a dose of 800 mg i.v. has been given 2.5 
hours before surgery to patients undergoing total knee arthro-
plasty (TKA) or in a dose of 800 mg given 30 minutes before 
surgical incision in patients undergoing TKA or total hip 
arthroplasty. A single dose of teicoplanin added to the stan-
dard prophylaxis of 1.5 g of i.v. cefuroxime resulted in a 
reduction of Gram-positive infections, mainly S. aureus, both 
methicillin susceptible and methicillin resistant (hazard ratio: 
0.35; 95% CI: 0.17–0.74) (Tornero, 2015). In a prospective 
open-label prophylaxis study of 616 patients undergoing total 
hip arthroplasty or TKA, a single dose of 10 mg/kg teico-
planin was compared with second-generation cephalosporins 
(48.2% of cases) or beta-lactams/ beta-lactamase inhibitors 
(45.3% of cases) or ciprofloxacin (6.5% of cases) for 4–6 days. 
Teicoplanin prophylaxis was more effective in the prevention 
of surgical site infections. In the group on teicoplanin there 
were 2 surgical site infections, whereas in the comparator 
group 11 infections were observed (p = 0.025) (Kanellako-
poulou et al., 2009). Regional chemoprophylaxis in such 
patients has also been tried: 400 mg of teicoplanin in 100 ml 
of saline was given in a foot vein, and an above-knee tour-
niquet was inflated to 400 mmHg. This regional prophylaxis 
resulted in higher teicoplanin concentrations in bone, skin, 
synovia, and subcutaneous tissue than was achieved with the 
800-mg i.v. dose (de Lalla et al., 1993). A tissue penetration 
study of teicoplanin was performed in five patients under-
going TKA, who received 800 mg i.v. systemically 2.5 hours 
before surgery, and 15 patients who received 200 mg into a 
foot vein in the leg to be treated. Samples of bone, synovia, 
subcutaneous tissue, and skin were collected at 20, 40, and 
60 minutes after tourniquet inflation and at the end of sur-
gery. None of the study subjects experienced adverse effects, 
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adverse events, or infections during the postoperative and 
followup period. Mean teicoplanin concentration in the col-
lected tissue ranged from 1.52–5.81 mg/l after regional pro-
phylaxis and from 0.9–2.94 mg/l after systemic prophylaxis 
(Lazzarini et al., 2003). In a followup study by de Lalla et al. 
(2000), patients undergoing primary elective monolateral (115 
patients) or bilateral (45 patients) TKA received 400 mg of 
teicoplanin in 100 ml of saline as a 5-minute infusion into a 
foot vein of the leg to be operated on immediately after the 
tourniquet was inflated. Followup ranged from a minimum 
of 2 years to 8 years. None of the patients experienced local 
or systemic adverse effects. In the immediate postoperative 
and 2-year follow-up periods, only one superficial infection in 
the 205 prostheses implanted was observed. Deep infections 
involving the prosthesis did not occur (de Lalla et al., 2000).

Teicoplanin, similar to vancomycin (see Chapter 43, Van-
comycin), may be suitable for chemoprophylaxis in patients 
undergoing cardiac surgery. In a prospective unblinded 
randomized comparative study on prophylaxis for vascular 
surgery in two hospitals, 272 patients received either a single 
dose of teicoplanin, 6 mg/kg i.v., or cephradine, 1 g i.v., with 
metronidazole, 1 g rectally, at induction of anesthesia, fol-
lowed by two additional 1-g doses of cephradine and metro-
nidazole 8 and 16 hours later. The most common operations 
were femoropopliteal grafting (n = 96) and aortic aneurysm 
repairs (n = 47). In the evaluable patient analysis, primary 
wound infections occurred in 3.5% of patients (4/114) 
receiving teicoplanin and 5.1% of patients (6/117) receiving 
cephradine plus metronidazole. S. aureus and Proteus spp. 
were the most common pathogens in primary wound infec-
tions. In 19 patients receiving teicoplanin (14%) and 15 receiv-
ing cephradine plus metronidazole (11%), adverse events 
were considered to be related to the study drugs. The most 
often reported events were infections, cardiac events, and 
vascular phenomena (hematoma or emboli) (Kester et al., 
1999).

In a prospective randomized double-blind trial compar-
ing teicoplanin and cefazolin as antibiotic prophylaxis in 
prosthetic vascular surgery in one hospital, 238 consecutive 
patients undergoing elective clean abdominal or lower limb 
prosthetic vascular surgery were allocated to receive a single 
i.v. dose of teicoplanin (400 mg) or cefazolin (2 g) at the 
induction of anesthesia. Surgical site infections occurred in 
5.9% of teicoplanin recipients (4.2% wound infection, 1.7% 
graft infection) and 1.7% of cefazolin recipients (1.7% wound 
infection, 0% graft infection) (p = 0.195). Other postoper-
ative infections occurred in 10% of teicoplanin recipients 
(pneumonia in 7%, urinary tract infection in 3%) and 12% of 
cefazolin recipients (pneumonia in 7%, urinary tract infec-
tion in 2.5%, bloodstream infections in 2.5%). Overall mor-
tality rate was 3.4% in teicoplanin recipients (4 patients) and 
2.5% in cefazolin recipients (3 patients). Infective deaths 
occurred in 1 patient for each group. The two prophylactic 
regimens were well tolerated. Cost savings of US $52,510 
favoring cefazolin were related to the lower acquisition cost 
(US $1034 vs. US $4740) and to the shorter duration of the 
hospital stay (1762 vs. 1928 days) (Marroni et al., 1999).

In patients undergoing cardiac surgery, chemoprophy-
laxis with teicoplanin, 400 mg i.v. at the time of induction of 
anesthesia plus 200 mg 24 hours later, was not as effective as 
flucloxacillin plus tobramycin in preventing sternal wound 
infections. Similarly, a teicoplanin regimen of 400 mg i.v. at 
induction of anesthesia, 400 mg at the end of cardiopulmo-
nary bypass, and 400 mg 24 hours after the first dose was no 
more effective (Wilson et al., 1988a; Wilson et al., 1988b). A 
multicenter double-blind randomized controlled trial com-
paring teicoplanin with cefazolin was performed in 3027 adult 
patients undergoing elective coronary artery bypass grafting, 
valve operations, or both. Patients were randomized to a 
single dose of teicoplanin (15 mg/kg) or a 2-day course of 
cefazolin (2-g initial dose, followed by 1 g every 8 hours for 
six more doses) and followed up for a total of 6 months post-
operatively. Thirty days postoperatively, there was a trend to 
more deep sternotomy wound infections in the teicoplanin 
group (31 vs. 8, p = 0.087), which became significant by 6 
months (36 vs. 19, p = 0.032). One hundred percent of the 
Gram-positive strains infecting patients were susceptible to 
teicoplanin, whereas 8.3% were resistant to cefazolin (Saginur 
et al., 2000).

A meta-analysis of randomized controlled trials evaluated 
the effectiveness and safety of teicoplanin compared with 
first- or second-generation cephalosporins for perioperative 
anti-infective prophylaxis in orthopedic and vascular surgery 
involving prosthetic material. No differences were found 
between teicoplanin and cephalosporins with respect to the 
development of infection at the site of surgery or in remote 
areas of the body. In addition, there were no significant dif-
ferences in reported adverse effects or mortality (Vardakas et 
al., 2005).

Teicoplanin is one of the antibiotic options for preventing 
infection of i.v. catheters by using an antibiotic lock. In vitro, 
several combinations were evaluated with some S. epidermidis 
strains. A reduction in CFU/ml after 72 hours was seen as 
compared with the control, but there was a full regrowth 
within 24 hours after removal of the lock. Daptomycin was 
also studied and resulted in significant reductions in log10 
versus teicoplanin (p = 0.001) (Parra, 2015). 

7j.  Other uses and animal studies

The emergence of resistance to various antibiotics in pneu-
mococci led to a renewed interest in the use of glycopep-
tides. Rabbits with experimental meningitis induced with a 
cephalosporin-resistant pneumococcal strain (penicillin MIC, 
4 mg/l; ceftriaxone MIC, 2 mg/l; teicoplanin MIC, 0.03 mg/l) 
were treated with teicoplanin administered alone and in com-
bination with ceftriaxone over a 26-hour period, with or with-
out dexamethasone. Teicoplanin alone promoted a decrease 
in bacterial counts at 6 hours of –2.66 log CFU/ml and was 
bactericidal at 24 hours, without therapeutic failures. Similar 
good results were obtained when dexamethasone was used 
simultaneously, in spite of the penetration of teicoplanin 
into the CSF being significantly reduced, from 2.31–0.71%. 
Teicoplanin and ceftriaxone combinations were synergic in 
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vitro, but not in the meningitis model (Fernandez et al., 
2005).

A mouse model of S. aureus wound infection was used to 
investigate the efficacy of the local application of teicoplanin- 
soaked hydrogel foam. The tissue effects were associated with 
an increase in neovascularization and vascular endothelial 
growth factor expression by endothelial cells and fibroblasts 
in the granulation tissue. Bacterial colonies were also reduced, 
especially when teicoplanin was also given parenterally 
(Ghiselli et al., 2008).
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1. DESCRIPTION

Daptomycin (Cubicin) (formerly LY 146032) is the first in 
the new antibiotic class of the cyclic lipopeptides. Daptomycin 
is more active in vitro than glycopeptides against a wide 
range of Gram-positive aerobic as well as anaerobic organ-
isms, including methicillin-resistant Staphylococcus aureus 
(MRSA) and vancomycin-resistant enterococci (VRE). The 
initial development program started in the 1980s was termi-
nated owing to treatment failures in endocarditis with 2 mg/kg 
and the occurrence of potential drug-induced myopathy. 
With the increasing prevalence of resistant Gram-positive 
microorganisms, in particular MRSA, clinical development 
of daptomycin was reinstigated in 1997 by evaluating once-
daily dosing regimens. The official dosage recommendations 
are 4 mg/kg or 6 mg/kg once daily; however, currently much 
higher doses are used in clinical practice. 

Daptomycin is derived from Streptomyces roseosporus. It 
is a cyclic lipopeptide comprising 13 amino acids with a 
water-soluble hydrophilic core and a lipophilic tail. The chem-
ical formula is C72H101N17O26, and the molecular weight is 
large, 1620.67. The chemical structure of daptomycin is shown 
in Figure 45.1.

The mechanism of action depends on a fast depolariza-
tion of the bacterial cytoplasmic membrane, resulting in a 
rapid concentration-dependent bactericidal effect. Dapto-
mycin is available for i.v. use only.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Daptomycin is active against Gram-positive organisms only. 
It can be used in combination with other antibiotics to obtain 

Figure 45.1. Chemical structure of daptomycin.
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a broader spectrum of activity. It is also active against resis-
tant Gram-positive pathogens such as MRSA and VRE.

Despite the fact that daptomycin is only effective against 
Gram-positive microorganisms, the drug has been evaluated 
in combinations with other antibiotics for Gram-negative 
pathogens. Several studies indicate enhanced activity of 
colistin when combined with daptomycin for Acinetobacter 
baumannii (Phee et al., 2013; Galani et al., 2014; Córdoba et 
al., 2015; Yang et al., 2015). Another study showed some syn-
ergistic effect when daptomycin was added to aztreonam or 
ceftazidime (LaPlante and Sakoulas, 2009). 

AEROBIC GRAM-POSITIVE COCCI

Table 45.1 shows susceptibility data against aerobic Gram- 
positive bacteria from relatively recent, larger surveillance 
studies conducted in different parts of the world. Suscep-
tibility data against anaerobic Gram-positive bacteria and 
unusual species are shown in Table 45.2. The tables include 
only those studies that have used Clinical and Laboratory 
Standards Insti tute (previously National Committee for Clin-
ical Labora tory Standards; USA) methods or European Com-
mittee on Antimicrobial Susceptibility Testing (EUCAST) 
methods. EUCAST breakpoints and epidemiological cut-offs, 
if determined, are also listed in Table 45.1 and Table 45.2 
(EUCAST, 2016).

Data from large surveillance studies in the USA show that 
between 2001 and 2003, all staphylococci isolates were inhib-
ited at ≤ 1 mg/l (equal to the EUCAST and Clinical and 
Laboratory Standards Institute breakpoints) (Anastasiou et 
al., 2008). In other reports (data from 2002–2006) from the 
USA and Canada, isolates from all staphylococcal species 
with nonsusceptible minimum inhibitory concentration 
(MIC) values (i.e. 2 mg/l) were rarely found (Pfaller et al., 
2007; Castanheira et al., 2008). Surveillance data from the 
SENTRY Program platform 2005 (Europe, Turkey, and Israel) 
showed that all S. aureus strains were susceptible, and only 
one coagulase-negative strain (0.1%) showed an elevated 
daptomycin MIC of 4 mg/l (Sader et al., 2007). In the Asia-
Pacific region SENTRY program (2003–2004), daptomycin 
MIC90 (0.5–1 mg/l), when tested against staphylococci, was 
twofold more potent than vancomycin (Biedenbach et al., 
2007). In a recent SENTRY report the distributions were 
similar (Sader et al., 2014), although recently some strains 
with MICs have been reported (Sader et al., 2015). In Greek 
hospitals, the MIC50 and MIC90 were comparable in 2008–2012 
to earlier years and did not increase for methicillin- susceptible 
Staphylococcus aureus (MSSA), MRSA, methicillin-suscepti-
ble coagulase-negative staphylococcus, methicillin-resistant 
coagulase-negative staphylococcus, vancomycin-sensitive 
enterococci, and VRE (Papadimitriou-Olivgeris et al., 2015).

The MIC for daptomycin (MIC range, 0.03–2 mg/l) against 
MSSA obtained between 1999 and 2006 was two to four 
times lower than for vancomycin and two to eight times 
lower than for linezolid (Hair and Keam, 2007). The new 
lipoglycopeptide dalbavancin is more potent than daptomy-
cin. S. aureus daptomycin MIC distributions from 2006 com- 

pared with those of previous years did not show a “MIC 
creep” (Castanheira et al., 2008).

The MIC range (≤ 0.06–2) for daptomycin against MRSA 
strains was similar to that for methicillin-susceptible isolates 
(Table 45.1). Anastasiou et al. (2008) reported on daptomy-
cin susceptibility for 318 MRSA isolates from North Amer-
ica. All isolates were inhibited at ≤ 1 mg/l daptomycin. 
Community-acquired MRSA with known virulence factors 
(n = 50) and hospital-acquired multidrug-resistant S. aureus 
(n = 268) collected between 2001 and 2003 were equally sus-
ceptible (Table 45.1) (Anastasiou et al., 2008). Tsuji et al. 
(2007) studied 200 isolates of community-acquired MRSA 
(SCCmec type IV) and 50 hospital-acquired MRSA isolates 
(HA-MRSA; SCCmec type II) of clinical origin obtained from 
infected patients at the Detroit Medical Center, Michigan. 
Daptomycin was four times more potent than vancomycin 
and levofloxacin, eight times more potent than linezolid, and 
of comparable potency with trimethoprim–sulfamethoxazole 
and clindamycin (Tsuji et al., 2007). In an in vitro study that 
determined the activity of daptomycin against MRSA associ-
ated with endocarditis (n = 37) and bone and joint infections 
(n = 31), two MRSA isolates associated with bone and joint 
infections were found to be nonsusceptible to daptomycin 
(MIC 2 mg/l, minimal bactericidal concentration [MBC] 2 
and 16 mg/l, respectively) (Rouse et al., 2007).

S. aureus strains that are intermediately susceptible to 
glycopeptides, intermediately susceptible to vancomycin 
(vancomycin-intermediate S. aureus [VISA]), heterogeneously 
intermediately susceptible to glycopeptides, or heteroge-
neously intermediately susceptible to vancomycin (hVISA) 
constitute a growing clinical problem. Susceptibilities to 
hVISA strains are variable. Some authors report MICs in the 
susceptible range (Diederen et al., 2006; Chin et al., 2007; 
Samra et al., 2007). Daptomycin MICs ranged from 0.125–1 
mg/l against 50 hVISA/VISA strains, and MBCs were equal 
to MICs (Chin et al., 2007). Thirty-two VISA strains from 
Israel had an MIC for daptomycin of ≤ 0.5 mg/l (Samra et al., 
2007). One of three VISA strains was not killed by dapto-
mycin (MBC = 8 mg/l) (Fuchs et al., 2002).

Daptomycin also retains activity against the few S. aureus 
strains that are resistant to vancomycin (VRSA; MIC > 8 mg/l). 
Daptomycin was active in vitro (MIC 0.125–0.5 mg/l) against 
the VRSA strains VRSAMI 2002, VRSAMI 2005, VRSAPA = 
Hershey, and VRSANY and displayed good killing activity 
(MBC = MIC except for VRSAMI 2002). Similarly, linezolid 
and quinupristin–dalfopristin demonstrated some activity 
(MIC 0.25–2 mg/l) (Leuthner et al., 2006; Chin et al., 2007).

Daptomycin possesses good in vitro activity against Strep
tococcus spp., with an MIC range of 0.03–2 mg/l (Biedenbach 
et al., 2007; Jones et al., 2007; Pfaller et al., 2007; Castanheira 
et al., 2008). Beta-hemolytic streptococci (MIC90 0.5–1 mg/l) 
have lower MICs than viridans streptococci (MIC90 0.5–1 
mg/l). Although streptococcal susceptibility to daptomycin 
is favorable compared with most antibiotics that are active 
against Gram-positive bacteria, one should keep in mind 
that penicillin (see Chapter 3, Benzylpenicillin [Penicillin G]) 
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is still four times more potent than daptomycin against beta- 
hemolytic and viridans streptococci (Castanheira et al., 2008). 
In one study, 99.9% of 915 bloodstream isolates of viridans 
streptococci and S. bovis (approximately 100 strains per spe-
cies) had an MIC90 of 1 or lower, with S. bovis having the 
lowest MIC90 (0.06 mg/l) (Streit et al., 2005).

In the USA and Canada, daptomycin was highly active 
against Enterococcus faecalis (99.9% susceptible at ≤ 4 mg/l). 
Ampicillin (MIC90 2 mg/l) and linezolid (MIC90 2 mg/l) were 
equally active (Pfaller et al., 2007). In the European SENTRY 
surveillance program, the highest daptomycin MIC value 
against E. faecalis was 2 mg/l, whereas among E. faecium the 
highest MIC value was 4 mg/l (Sader et al., 2007). In the 
Asia-Pacific region surveillance study, all tested isolates of 

E. faecalis (MIC90 2 mg/l) were susceptible to daptomycin, 
whereas 0.4% were resistant to vancomycin. Ten percent of 
the E. faecium isolates were resistant to daptomycin (MIC 
8 mg/l) (Biedenbach et al., 2007).

ANAEROBIC GRAM-POSITIVE BACTERIA

Daptomycin has in vitro activity against several anaerobic 
Gram-positive pathogens, including Clostridium perfringens, 
C. difficile, Finegoldia magna, Peptoniphilus asaccharolyticus, 
and Anaerococcus prevotii (Table 45.2).

Table 45.2 shows the susceptibility of frequently isolated 
Gram-positive anaerobes from recent studies. Goldstein et 
al. (2006) studied the susceptibility of 120 anaerobic isolates 
from consecutive patients with diabetic foot infections who 

Table 45.2. Antimicrobial activity of daptomycin against Gram-positive anaerobic bacteria, Corynebacteria, and unusual Gram-positive 
bacteria.

Species  
(no. of isolates) MIC50 (mg/l)

MIC90 
(mg/l)

MIC range 
(mg/l)

EUCAST 
breakpoint 
≤ MIC value 
(mg/l)

ECOFF 
(mg/l) Reference

Anaerobic Gram-positive bacteria

Clostridium spp., n = 20 1 4 0.25–16 Goldstein et al. (2006)

Clostridium difficile, 
n = 18, 102, 205

0.5, 0.5, 1 1, 1, 2 0.125–1, 
0.125–2, 
0.032-4

Not determined 4 Goldstein et al. (2003); Tyrrell et al. 
(2006), Norén et al. (2010) 

Clostridium perfringens, 
n =11, 101, 15

0.5, 0.5, 2 0.5, 2, 2 0.06–0.5, 
0.06–8a, 1–2

Goldstein et al. (2003); Tyrrell et al. 
(2006); Tyrrell et al. (2012)

Peptoniphilus asaccharo-
lyticus, n =20

≤ 0.03 0.25 ≤ 0.03–1 Not determined Goldstein et al. (2006)

Finegoldia magna,  
n = 29, 101

0.5, 0.5 1, 1 0.125–2, 
≤ 0.015–2

Goldstein et al. (2006)

Anaerococcus prevotii, 
n = 20

0.125 0.125 ≤ 0.03–1 Goldstein et al. (2006)

Peptostreptococcus 
anaerobius, n = 10

0.25 0.5 0.25–4 Goldstein et al. (2004)

Propionibacterium 
acnes, n =15, 117

0.5, 0.5 2, 1 0.125–2, 
0.25–1

Goldstein et al. (2003); Tyrrell et al. 
(2006)

Other Gram positive- 
anaerobic cocci,  
n = 31, 48

0.25, 0.125 1, 0.5 ≤ 0.03–1, 
≤ 0.03–1

Not determined Goldstein et al. (2006); Tyrrell et al. 
(2012)

Corynebacteria

Corynebacterium spp., 
n = 20, 18

0.125, ≤ 0.06 0.5, 0.12 ≤ 0.06–0.5, 
≤ 0.06–0.25

Goldstein et al. (2006); Sader et al. 
(2013)

Corynebacterium 
jeikeium, n =10, 25

0.25, 0.25 0.25, 0.25 0.125–0.5, 
0.06–0.5

Not determined Goldstein et al. (2003); Navas et al. 
(2012)

Unusual Gram-positive bacteria

Listeria monocytogenes, 
n = 31, 39

4, 2 4, 4 0.5–8, 0.5–4 Not determined 4 Huang et al. (2007); Sader et al. 
(2013) 

Pediococcus spp., n = 13 0.25 0.5 0.06–0.5 Huang et al. (2007)

Micrococcus spp, n = 26
Leuconostoc, n = 68
Lactobacillus spp, n = 24

≤ 0.06
0.12
2

0.25
0.25
4

≤ 0.06–0.25
0.06–2
0.25–> 32

Not determined

Not determined

Sader et al. (2013)
Huang et al. (2007)
Tyrrell et al. (2012)

aSingle isolate at > 2 mg/ml.
Abbreviations: MIC: minimum inhibitory concentration; EUCAST: European Committee on Antimicrobial Susceptibility Testing; ECOFF: epidemiological 

cut-off.
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had not received antibiotics within 48 hours and after wound 
débridement. The activity of daptomycin (MIC90 0.125–1 mg/l) 
against anaerobic Gram-positive cocci was similar to that of 
clindamycin (Goldstein et al., 2006). In an earlier study by 
Goldstein et al. (2003), daptomycin (MIC90 1 mg/l) was two-
fold more potent than vancomycin against 18 C. difficile iso-
lates (Goldstein et al., 2003).

OTHER GRAM-POSITIVE BACTERIA

Daptomycin had decreased activity (MIC < 4 mg/l) against 
14 strains of Actinomyces spp. and all Clostridium ramosum, 
Eubacterium lentum, and Lactobacillus plantarum strains 
(Gold stein et al., 2005). Daptomycin was twofold more potent 
against 10 penicillin-resistant Corynebacterium jeikeium strains 
(MIC90 0.25 mg/l) than vancomycin (Goldstein et al., 2003).

MISCELLANEOUS

Some in vitro studies indicated that there might be some 
activity of daptomycin against Borrelia burgdorferi, but the 
data are too diverse to use in clinical practice. In an in vitro 
study using 7- and 15-day-old stationary-phase cultures of 
Borrelia burgdorferi, an additional effect of doxycycline was 
suggested on biofilm-like structures to the combination of 
doxycycline and cefuroxime (Feng et al., 2016). Daptomycin 
alone could not eliminate microcolonies, but the combina-
tion with doxycycline or beta-lactams was more effective 
(Feng et al., 2015). Another study also showed the presence of 
persister cells in Lyme disease. Daptomycin kills stationary- 
phase cells but not the persisters. The presence of drug- 
tolerant persisters can explain the recalcitrance of chronic 
infections due to antimicrobial therapy (Sharma et al., 2015). 
This is in contrast with a previous study showing that dap-
tomycin did kill persisters more effectively than regular cells 
(Feng et al., 2014).

2b.  Emerging resistance and 
cross-resistance

In vitro experiments have demonstrated that bacterial resis-
tance to daptomycin evolves occasionally (see section 5c, 
Clinically important pharmacokinetic and pharmacodynamic 
features). A subtle increase in MIC (within susceptible range) 
over time, also defined as MIC creep, has been described for 
vancomycin MICs of MRSA (see Chapter 43, Vancomycin). 
The emergence of resistance to daptomycin was studied 
using three different methods: high inocula, serial passage in 
the presence of increasing drug concentrations, and chemi-
cal mutagenesis. No spontaneously resistant mutants were 
obtained for any organism tested (< 10–10 for S. aureus, < 10–9 
for S. epidermidis, < 10–9 for E. faecalis, < 10–9 for E. faecium, 
and < 10–8 for S. pneumoniae). However, population analysis 
demonstrated that bacterial susceptibility to daptomycin is 
heterogeneous. Stable S. aureus mutants were isolated by both 
serial passage in liquid media and chemical mutagenesis. The 
daptomycin MICs for these isolates were 8- to 32-fold higher 
than for the parent strain. In vivo data showed that some 
daptomycin-resistant mutants had lost significant virulence. 

For other mutants, the degree of in vitro resistance was 
greater than the change in in vivo susceptibility (Silverman 
et al., 2001).

The concentrations of daptomycin required to prevent the 
selection of resistant S. aureus are discussed later in section 
5c, Clinically important pharmacokinetic and pharmaco-
dynamic features—especially the mutant selection window 
(MSW) hypothesis, which has been tested using the pharma-
codynamics of daptomycin and vancomycin by Firsov et al. 
(2006).

The impact of bacterial inoculum on the likelihood of 
emergence of daptomycin resistance has been assessed in 
detail. Daptomycin is able to kill high inocula of staphylo-
cocci and does not require cell division or active metabolism, 
most likely as a consequence of its direct action on the bac-
terial membrane (see section 3, Mechanism of action). In 
a kill-curve study with the MSSA strain ATCC 29213, dap-
tomycin displayed concentration-dependent bactericidal 
activity against cultures in stationary phase (1010 colony 
forming units [CFUs]/ml)—requiring daptomycin (32 mg/l) 
to achieve a 3-log reduction. In a study comparing several 
antibiotics at concentrations of 100 mg/l, daptomycin dem-
onstrated faster bactericidal activity than nafcillin, ciproflox-
acin, gentamicin, and vancomycin. In experiments in which 
bacterial cell growth was halted by chemical treatment, dap-
tomycin (10 mg/l) achieved the bactericidal endpoint (a 
3-log reduction) within 2 hours. In contrast, ciprofloxacin 
(10 mg/l) did not produce bactericidal activity. Daptomycin 
(2 mg/l) remained bactericidal against cold-arrested S. aureus, 
which was protected from the actions of ciprofloxacin and 
nafcillin (Mascio et al., 2007). In an in vitro 72-hour pharma-
codynamic model with simulated endocardial vegetations, 
the impact of high (9.5 log10 CFU/g) and moderate (5.5 log10 
CFU/g) inocula of MSSA and MRSA on the activity of dap-
tomycin was compared with nafcillin, linezolid, vancomycin, 
and daptomycin, alone and in combination with gentamicin. 
Human therapeutic dosing regimens were simulated. At a 
moderate inoculum, daptomycin demonstrated significant 
(p < 0.01) bactericidal (99.9% kill) activity (decrease 3.34 ± 
0.8 log10 CFU/g). Bactericidal activity was demonstrated at 
4 hours against both MSSA and MRSA. At a high inocu-
lum, daptomycin exhibited bactericidal activity against both 
MSSA and MRSA by 24 hours (decrease of 5.51–6.31 ± 0.10 
log10 CFU/g). The addition of gentamicin increased the rate 
of 99.9% kill to 8 hours (p < 0.01). Overall, high-inoculum 
S. aureus had a significant impact on the activities of nafcillin 
and vancomycin. In contrast, daptomycin was affected mini-
mally, and linezolid was not affected by inocula (LaPlante and 
Rybak, 2004).

Epidemiological studies on blood or invasive MRSA iso-
lates have been conducted in two large US institutions. The 
first study over a 5-year period (2001–2005) using Etest MICs 
showed that daptomycin MICs increased slightly (but statis-
tically) over time (p = 0.0386) (Steinkraus et al., 2007). In the 
second study, the MICs and MBCs of daptomycin against 
invasive/blood MRSA isolates obtained during an 8-year 
period from 1999–2006 were assessed. The MIC50 was equal 
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to the MIC90 (0.5 mg/l), and MBC50 was equal to MBC90. No 
MIC creep was observed (Holmes and Jorgensen, 2008). 
However, in Japan, an increase of the MIC creep in MRSA 
isolates has been reported between 2008 and 2012. The MIC 
creep rate was 13% in 2012, significantly higher than the 
value of 3.3% in 2008 (p < 0.01). The MIC50/MIC80 values of 
daptomycin and vancomycin were 0.125/0.5 and 0.125/1 mg/l, 
respectively. The mutant prevention concentration MPC50/
MPC80 values of daptomycin and vancomycin were both 
32/64 mg/l. Of strains that were selected in the MSW, dapto-
mycin nonsusceptible isolates accounted for 70%, whereas 
MRSA with a vancomycin MIC of 2 mg/l accounted for 
26.7%. On the other hand, 50% of the strains that selected in 
the vancomycin MSW were daptomycin nonsusceptible. The 
detection rate of MRSA with a vancomycin MIC of 2 mg/l 
that selected in the daptomycin MSW was 36.7%. These results 
showed that MRSA with a vancomycin MIC of 2 mg/l and 
daptomycin nonsusceptible isolates were selected by exposure 
to both antibiotics (Fujimura et al., 2014).

This is supported by an increase in the range of MICs for 
vancomycin in MRSA over the past decades. MRSA isolates 
were analyzed from bloodstream infections. There was a sig-
nificant correlation (p < 0.01) between the MIC values for 
vancomycin and daptomycin. The daptomycin MIC values 
were also correlated with those for linezolid, tigecyclin, and 
teicoplanin. This suggests that vancomycin selective pressure 
may have a role in the selection of MRSA with reduced sus-
ceptibility for daptomycin and other anti-MRSA drugs (Patel 
et al., 2009).

MRSA bloodstream isolates from patients who had re-
ceived vancomycin within the preceding 30 days (n = 38) 
had higher MICs against daptomycin (not statistically signif-
icant) than non–vancomycin-exposed patients with MRSA 
bacteremia (n = 43), whereas vancomycin MICs were signifi-
cantly higher. No differences in daptomycin killing of MRSA 
at 4 hours in vitro were noted, whereas vancomycin killing 
at 24 hours in vitro was significantly increased (Moise et al., 
2008). However, the difference in duration of the experiment 
for the two drugs limits the interpretation of the data.

MECHANISMS OF RESISTANCE

Resistance to daptomycin seems to involve multiple mecha-
nisms and steps. Many of these steps have not yet been eluci-
dated. Some mutations and mechanisms are described here.

Daptomycin resistance in S. aureus appears to involve sev-
eral mechanisms, including the following: (1) altered expres-
sion of two key determinants of net positive surface charge, 
during either exponential or stationary growth phases (i.e., 
dysregulation of dltA and mprF); (2) a significant increase in 
the D-alanylated wall teichoic acid content in daptomycin- 
resistant strains, reflecting DltA gain-in-function; (3) height-
ened elaboration of lysinylated phosphatidylglycerol in 
daptomycin-resistant strains, reflecting MprF gain-in-function; 
(4) increased cell membrane fluidity; and (5) significantly 
reduced susceptibility to prototypic cationic host defense pep-
tides of platelet and leukocyte origins (Mishra et al., 2014). 
A  mutation in the RpoB gene was also accompanied by a 

thickened cell wall and a reduction of the cell surface nega-
tive charge. The RpoB mutation resulted in a reduced sus-
ceptibility to both daptomycin and hetero-VISA (Cui et al., 
2010). Point mutations resulting in dysregulation of mprF 
are also one of the mechanisms involved in daptomycin 
resistance in S. aureus (Bayer et al., 2014). 

TOLERANCE

Tolerant strains are susceptible in laboratory testing but tol-
erant to antibiotic killing, and therefore they may present a 
challenge in treatment. Tolerance to daptomycin in S. aureus 
might occur owing to point mutation in PitA (inorganic phos-
phate transporter). It differs from classic resistance mecha-
nisms in that it does not translate into an increase in MIC 
(Mechler et al., 2015). In vancomycin-tolerant MRSA strains, 
the vancomycin killing was reduced, and the daptomycin 
activities were maintained. Exposure to daptomycin increased 
the expression of some genes that possess a number of regu-
lators that are differentially expressed in strains with reduced 
susceptibility, such as mprF, vraSR and sltA. The most sig-
nificant increase, however, was in mprF expression as com-
pared with vancomycin-susceptible strains. Longer exposure 
to these antibiotics resulted in increased gene expression in 
vancomycin-tolerant MRSA (Rose et al., 2012). Tolerance of 
E. faecium has been associated with a deletion of isoleucine 
in position 177 of LiaF, a member of the three-component 
regulatory system LiaFSR involved in the cell envelope 
response to antimicrobials (Munita et al., 2013). 

EMERGING RESISTANCE DURING THERAPY

Several mechanisms of resistance have been described in 
microorganisms cultured from clinical patients during dap-
tomycin therapy as well as in in vitro studies. A mutation of 
fabF has been described for the small-colony variant of VISA 
in a patient with septic arthritis during long-term treatment 
with daptomycin (Lin et al., 2016). Daptomycin-susceptible 
(MIC 3 mg/l) E. faecium strains harbor LiaSR substitutions, 
causing high-dose daptomycin therapy to fail in a neutro-
penic patient with a bloodstream infection (Munita et al., 
2014).  In addition to the mutations in the LiaSR system, 
YycFGHIJ, a system involved in the regulation of cell wall 
homeostasis, was also found to be important in E. faecium 
(Diaz et al., 2014). In S. aureus, dltA overexpression and 
mprF mutations have been found to be important (Cafiso 
et  al., 2014). In clinical patients, resistance development 
has been shown for E. faecium (Lin et al., 2016), S. aureus 
(Munita et al., 2014), Corynebacterium striatum (McElvania 
TeKippe et al., 2014) and viridans group streptococci (Akins 
et al., 2015; García-de-la-Mària et al., 2013). One study also 
described the development of resistance in vancomycin- 
resistant E. faecium–colonizing isolates and found mutations 
in cardiolipin synthase and in the liaFSR operon (Lellek et 
al., 2015). Mutations do not always result in daptomycin 
resistance. In E. faecium with mutation in the liaFSR system, 
they may be difficult to detect in routine practice, although 
there is a strong association between daptomycin MICs within 
the upper susceptibility range and mutations in the liaFSR 
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system. Identifying these mutations might be useful in detect-
ing these E. faecium first-step mutants (Munita et al., 2012). 
However, in patients treated with daptomycin for MRSA 
bacteremia, significant increases in MIC in MRSA strains 
isolated from blood were observed in 7 of 18 (39%) episodes 
of persistent bacteremia. Daptomycin MIC increase was sig-
nificantly associated with microbiological failure (odds ratio 
[OR]: 27; confidence interval [CI]: 1.9–368.4) and therapeu-
tic failure of any cause (OR: 16; CI:1.3–194.6) (Gasch et al., 
2014). In another study in patients with S. aureus bacteremia 
with or without right-sided endocarditis, the emergence of 
dap tomycin resistance appeared to occur relatively commonly 
(Fowler et al., 2006; Grayson, 2006). About one third (6 of 
19) of daptomycin-treated patients who suffered microbio-
logical failure were found to have isolates that had developed 
resistance to daptomycin (MIC ≥ 2 mg/l) during treatment 
(for further discussion see section 7, Clinical uses of the drug). 

One of the factors involved in the development of resis-
tance during therapy is suboptimal dosing. This is demon-
strated in VRE strains in a model simulating a 6 mg/kg/day 
and a 10 mg/kg/day dosing regimen. The daptomycin-resistant 
mutants displayed a 43–58% increase in cell wall thickness 
(p < 0.0001), whereas daptomycin membrane depolarization 
decreased from 53–65% compared with that of the suscepti-
ble strains. The response and regrowth were dose dependent 
against all three strains studied (Steed et al., 2011). However, 
the regrowth during daptomycin therapy is not (only) related 
to suboptimal concentrations. Regrowth during daptomycin 
therapy in an in vitro endocarditis model for viridans group 
streptococci (MICs 1 or 2 mg/l) has been shown with doses 
equal to 6 and 8 mg/kg/day. Regrowth was seen even at con-
centration eight times the MIC. The underlying mechanism 
is unknown (Akins et al., 2015). The expression of viru-
lence factors in MRSA (Panton–Valentine leukocidin, alpha- 
hemolysin, and protein A) has shown not to be increased in 
the presence of subinhibitory concentrations of daptomycin 
and vancomycin (Otto et al., 2013).

EMERGING RESISTANCE AND COMBINATION 
THERAPY

Restored susceptibility has been demonstrated with several 
antibiotics when they are administered in combinations with 
daptomycin. Daptomycin’s bactericidal activity was abolished 
in the presence of liaFSR or yycFGHIJ mutations in E. fae
cium regardless of the MIC and was restored in the presence 
of ampicillin, but only in representatives of the LiaFSR path-
way. Reduced binding of daptomycin to the cell surface was 
the predominant finding correlating with resistance in iso-
lates with daptomycin MICs above the susceptibility break-
point (Diaz et al., 2014). The increased daptomycin cell 
membrane binding in the presence of a beta-lactam was also 
seen by Dhand et al. (2011), who reported enhanced dapto-
mycin bactericidal activity, increased membrane-daptomycin 
binding, and decrease in positive surface charge induced by 
antistaphylococcal beta-lactams against daptomycin-nonsus-
ceptible MRSA. In persistent or refractory MRSA infections 
the daptomycin–beta-lactam combination may significantly 

enhance both the in vitro and the in vivo efficacy of anti-MRSA 
therapeutic options against DAP-resistant MRSA infections 
and represent an option in preventing daptomycin resistance 
selection (Mehta et al., 2012).

The combination of daptomycin with other antibiotics 
has also identified some beneficial combinations. High-level 
daptomycin resistance (MIC ≥ 256 mg/l) develops rapidly 
and frequently in vitro and in vivo among mitis group strep-
tococci. Combining daptomycin with gentamicin might 
enhance its activity and prevent the development of high-
level daptomycin resistance (García-de-la-Mària et al., 2013). 
Combining daptomycin with oxacillin or clarithromycin in 
MRSA may delay the development of daptomycin resistance 
in cases requiring prolonged antibiotic therapy (Berti et al., 
2012). Combinations with rifampin or fosfomycin were effec-
tive in delaying the emergence of daptomycin, but the devel-
opment of resistance was delayed 1 week only (Berti et al., 
2012). 

3. MECHANISM OF DRUG ACTION

Daptomycin exerts bactericidal activity by altering the bac-
terial cell envelope homeostasis by interacting with the 
phospholipids of the cell membrane. The process of these 
interactions has not been fully elucidated, and the mecha-
nism leading to daptomycin-induced bacterial cell death has 
not been fully established (Straus and Hancock, 2006; Tran et 
al., 2015). It is clear that the activity of daptomycin is depen-
dent on the presence of ionized calcium (Jung et al., 2004). 
The daptomycin–calcium complex facilitates the insertion of 
the antibiotic into the bacterial cell membrane. The presence 
of calcium also appears to stimulate the formation of dapto-
mycin micellar structures, which have been postulated to 
serve as vehicles for delivery of daptomycin to the bacterial 
cell membrane (Ho et al., 2008; Scott et al., 2007). 

Interactions between the daptomycin–calcium complex 
and the cell membrane have not fully been elucidated, but 
there are some important steps (Tran et al., 2015). The dap-
tomycin–calcium complex inserted into the cell membrane 
oligomerizes in the outer leaflet of the cell membrane, and 
this process is dependent on the present of phospholipid 
phosphatidylglycerol (Muraih et al., 2011; Muraih et al., 
2012). There is also a translocation of the oligomers into the 
inner leaflet of the cell membrane in a model in which two 
opposing structures (on the inner and outer leaflet of the cell 
membrane) form a multifunctional porelike structure (Zhang 
et al., 2014a). These porelike structures allow potassium 
efflux from the bacterial cytoplasm, thus destroying the ion 
concentration gradient. The translocation of daptomycin 
oligomers is influenced by the presence of cardiolipin, a 
phospholipid that plays important roles in the cell mem-
brane homeostasis of bacteria. Increased concentrations of 
cardiolipins might prevent, at least in part, the antibacterial 
activity of daptomycin (Zhang et al., 2014b). 

Recently an alternative model for the mechanism of action 
of daptomycin has been proposed (Chen et al., 2014). The 
activity of daptomycin was studied using microscopic imaging 
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of giant unilamellar vesicles (GUVs). These constitute differ-
ent lipid compositions. Chen et al. provided evidence that the 
interaction of daptomycin with the cell membrane results in 
a marked alteration of phospholipid content (so-called lipid 
extracting effect). In the presence of low concentrations of 
daptomycin, an initial expansion of the GUV occurs owing 
to binding of the daptomycin to the surface. At higher dap-
tomycin concentrations, this initial expansion is followed by 
a decrease in outer surface area of the GUVs (i.e. lipids are 
removed from the lipid bilayer). These processes were observed 
when phosphatidyl glycerol (PG) was present in the GUV 
and calcium was added to the solution (Chen et al., 2014). 

The specific mechanisms leading to bacterial cell death 
remain, however, unclear. The changes in cell membrane 
homeostasis lead to leakage of ions and loss of cell mem-
brane potential (Pogliano et al., 2012). A correlation between 
dissipation of membrane potential and the bactericidal 
activity of daptomycin was demonstrated by Silverman et al. 
(2003). Membrane depolarization was measured by both 
fluorimetric and flow cytometric assays. Adding daptomycin 
(5 mg/l) to S. aureus gradually dissipated membrane poten-
tial. In both assays, cell viability was reduced by > 99% and 
membrane potential was reduced by > 90% within 30 min-
utes of adding daptomycin. Cell viability decreased in par-
allel with changes in membrane potential, demonstrating a 
temporal correlation between bactericidal activity and mem-
brane depolarization. Decreases in viability and potential 
also showed a dose-dependent correlation. Depolarization is 
indicative of ion movement across the cytoplasmic mem-
brane. Fluorescent probes were used to demonstrate Ca2+-
dependent, daptomycin-triggered potassium release from 
S. aureus. Potassium release was also correlated with bacteri-
cidal activity (Silverman et al., 2003).

IMMUNE MODULATION

The mode of action of daptomycin endows it with a broad 
spectrum of bactericidal activity against Gram-positive bac-
teria without being bacteriolytic. The ability of daptomycin 
to produce bactericidal activity against S. aureus while caus-
ing negligible cell lysis has been demonstrated using electron 
microscopy and the membrane integrity probes calcein and 
ToPro3. The formation of aberrant septa on the cell wall, sug-
gestive of impairment of the cell division machinery, was also 
observed (Cotroneo et al., 2008), a feature that contributes 
to reducing overstimulation of the immune response by bac-
teria and prolongation of inflammation. A reduced macro-
phage inflammatory response to S. aureus isolates was noted 
in vitro in the presence of daptomycin, relative to vancomy-
cin or oxacillin. Exposure of any of six clinical isolates of 
S. aureus to daptomycin alone or in combination with van-
comycin or oxacillin (compared with vancomycin or oxa-
cillin alone) led to a dampened macrophage inflammatory 
response with diminished tumor necrosis factor secretion 
and reduced accumulation of inducible nitric oxide synthase 
protein (English et al., 2006). It is postulated that fewer pro-
inflammatory bacterial fragments were released by the bac-
tericidal activity of daptomycin than by the other agents. A 

study that supports this postulate compared therapy with 
daptomycin with ceftriaxone in experimental pneumococcal 
meningitis. The treatments were evaluated for their effects on 
inflammation and brain injury. Daptomycin cleared the bac-
teria more efficiently from the CSF than ceftriaxone within 
2 hours of the initiation of therapy, reduced the inflamma-
tory host reaction, and prevented the development of corti-
cal injury (Grandgirard et al., 2007). Daptomycin may have 
minimal effects on cytokine production and may have syner-
gistic immunomodulatory effects in combination with other 
immunomodulators (Kelesidis, 2014). Although clinical evi-
dence is limited, daptomycin has immunomodulatory prop-
erties, resulting in the suppression of cytokine expression after 
host immune response stimulation by MRSA. Experimental 
studies showed an improved efficacy of daptomycin in com-
bination with administration of vitamin E (an immune 
enhancer) before infecting wounds by MRSA (Tirilomis, 
2014). Further clinical studies are needed to confirm these 
findings and determine the effect of a reduced inflammatory 
response.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Daptomycin is available for i.v. use only as a concentrated 
lyophilized powder for dissolution for infusion. Freshly recon-
stituted solutions of daptomycin range in color from pale 
yellow to light brown.

In addition to i.v. administration, there has been some 
off-label use of daptomycin given intraventricularly and intra-
peritoneally (see section 5b, Drug distribution). 

STABILITY

Chemical and physical in-use stability of the reconstituted 
solution in the vial has been demonstrated for 12 hours at 
25°C and up to 48 hours at 2– 8°C. Chemical and physical 
stability of the diluted solution in infusion bags is established 
as 12 hours at 25°C or 24 hours at 2–8°C (Summary of 
Product Characteristics, 2016). The stability of an admixture 
containing reconstituted daptomycin and heparin in lactated 
Ringer’s injection was also evaluated. The admixture of dap-
tomycin (5 mg/ml) and heparin sodium (100 USP units/ml 
diluted in lactated Ringer’s injection) was stable when stored 
in polypropylene syringes for up to 14 days at 4°C and –20°C 
(Ortega et al., 2014).

Daptomycin has been reported to degrade in 5% glucose 
solutions at a rate of 15–20% per 24 hours at room tempera-
ture (Parra et al., 2013). This might be important for the use 
of daptomycin in peritoneal dialysis solutions. Over 24 hours, 
daptomycin concentrations declined similarly in Physioneal 
2.27% glucose solution held at 25°C (92%) and 37°C (98%); 
in Glucosada Grifols 5% and Viaflo Glucosa 10% solutions, 
they declined 60% below the level chosen to denote stabil-
ity. The observed difference in daptomycin recovery can be 
explained only by the different glucose concentrations of the 
evaluated solutions (Parra et al., 2013). In both cases stability 
of daptomycin declines by more than 10% after 6 hours at 



4. Mode of drug administration and dosage 875

37°C. The reliability of high-performance liquid chromatog-
raphy measurements of daptomycin mixed into icodextrin 
solutions was unacceptable, and therefore stability in ico-
dextrin cannot be studied (Peyro Saint Paul et al., 2011). 

4a.  Adults

The approved dosage regimen after clinical trials for compli-
cated skin and skin structure infections (cSSSIs) is 4 mg/kg 
once daily. For bacteremia and endocarditis, a dosing regi-
men of 6 mg/kg once daily is recommended. Administration 
is by i.v. infusion in 0.9% sodium chloride injection over a 
30-minute period. Owing to the risk of side effects, dapto-
mycin should not be dosed more frequently than once daily. 
Instead of a 30-minute infusion, two studies evaluated the 
use of bolus injections. A bolus injection over 10 seconds of 
the 6 mg/kg dose resulted in comparable exposures of 700 
mgh/l for the bolus group (N = 16) and 690 mgh/l for the 
30-minute infusion group (Aoki et al., 2015). Bolus injec-
tions of 2 minutes also resulted in similar exposures com-
pared with the standard 30-minute infusions (Chakraborty 
et al., 2009). In both studies, which used limited numbers of 
patients, no differences in adverse events have been shown. 
Daptomycin cannot be administered i.m.

However, the on-label dosages of 4 and 6 mg/kg/day are 
now considered too low by some authors. As has been 
reviewed recently by Senneville et al. (2016), higher dosages 
of daptomycin (i.e. ≥ 10 mg/kg/day) might be needed to pre-
vent the risk of selecting resistance and to treat endocarditis 
and bacteremia, including those cases associated with intra-
vascular catheter and implant-related infections. 

For the average population, daptomycin is mostly dosed 
based on actual body weight. To compare the effect when 
dosages were based on ideal body weight, two groups were 
compared. One group was dosed based on actual body weight 
(N = 69 patients) and the other on ideal body weight (N = 48 
patients). There was no statistically significant difference in 
clinical success between the groups (88.9% for actual body 
weight compared with 89.1% for ideal body weight; p = 0.97). 
After adjustment for gender, age, body mass index, con-
comitant 3-hydroxy-3-methylglutaryl-coenzyme A reduc-
tase inhibitors, infection type, and organism type, clinical 
success rates remained similar between groups (adjusted 
OR: 0.68 in favor of actual body weight; 95% CI: 0.13–3.55). 
Microbiological outcomes, length of stay, mortality, and 
adverse effects were also similar between groups (Ng et al., 
2014).

4b.  Newborn infants and children

No dosing regimen adaptations have been recommended for 
children, and the optimal dosing regimen still needs to be 
determined (Garazzino et al., 2016). The pharmacodynamics, 
safety, and effectiveness of daptomycin in infants and chil-
dren are not well established (Ardura et al., 2007). Some data 
suggest that rates of adverse events in children are similar to 
those in adults (Garazzino et al., 2016; Syriopoulou et al., 

2016). However, drug exposure after a single weight-adjusted 
daptomycin dose is reduced in younger children compared 
with adolescents (Abdel-Rahman et al., 2008; Bradley et al., 
2014). This is due to an apparent age-associated change in 
total plasma clearance (see section 5d, Excretion). Further 
data are needed to adjust the dosing regimen according to 
the increased renal clearance of daptomycin in severe infec-
tions in children. Clinical experience reports on the out-
come of daptomycin treatment in children are scarce. No 
data are currently available for daptomycin use in neonates. 
The excretion of daptomycin in children is discussed later 
under section 5d, Excretion.

4c.  Pregnant and lactating mothers

There are no clinical data on the use on daptomycin in preg-
nant women. Animal studies do not indicate direct or indi-
rect harmful effects with respect to pregnancy, embryonal 
or fetal development, parturition, or postnatal development 
(Summary of Product Characteristics, 2016). 

Clinical data on the excretion of daptomycin in breast 
milk are scarce. In a single human case study, a breastfeeding 
mother was treated with daptomycin for an infection caused 
by MRSA (Buitrago et al., 2009). She received daptomycin 
i.v. daily for 28 days at a dose of 500 mg/day (6.7 mg/kg/day), 
and samples of the patient’s breast milk were collected over a 
24-hour period on day 27. The highest measured concentra-
tion of daptomycin in the breast milk was 0.045 mg/l, which 
is low. The estimated milk/plasma ratio was 0.0012. This low 
concentration supports the idea that daptomycin, given its 
high protein binding of 90–93% and a high molecular weight 
of 1620.67 daltons, will be excreted minimally into breast 
milk (Mitrano et al., 2009). 

4d.  Those requiring altered dosages

Several well-known patient groups for whom dosages might 
be changed are discussed, but there may be other special 
situations for which altered dosages may be needed. An 
example is the different pharmacokinetics during cardiac sur-
gery, as is shown by Nguyen et al. (2011) for patients during 
cardiopulmonary bypass surgery. In this group of patients, 
therapeutic drug monitoring might be needed. 

PATIENTS WITH IMPAIRED RENAL FUNCTION

The recommendation of the authorities for dosing of dapto-
mycin, as described in the Summary of Product Charac-
teristics (2016), is based on the indication as well as the 
creatinine clearance. Routine once-daily doses of daptomy-
cin are used for adults with creatinine clearance ≥ 30 ml/min 
(Package Insert, 2007; Summary of Product Characteristics, 
2016). However, because renal excretion is the primary route 
of elimination, dose adjustment is required in patients with 
severe renal insufficiency (creatinine clearance rate < 30 ml/
min), including patients receiving hemodialysis or continu-
ous ambulatory peritoneal dialysis (see section 5d, Excretion) 
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(Package Insert, 2007). In such circumstances for cSSSI and 
S. aureus bloodstream infections, doses of 4 and 6 mg/kg, 
respectively, are given every 48 hours. No additional doses 
are required for patients undergoing hemodialysis, peritoneal 
dialysis, or continuous venovenous hemofiltration, although 
it is advised to administer daptomycin after hemodialysis 
(Package Insert, 2007). Dosages are derived from patient 
studies using the calculated creatinine clearance by the 
Cockroft and Gault equation using actual body weight. Using 
pharmacokinetic data, a dose of 6 mg/kg every 48 hours for 
patients with S. aureus bloodstream infections and creatinine 
clearance of < 30 ml/min or receiving hemodialysis or con-
tinuous ambulatory peritoneal dialysis provides appropriate 
daptomycin exposure for this indication; this will not be the 
case for patients receiving 4 mg/kg every 48 hours (Chaves 
et al., 2014). This recommendation would be in conflict with 
hemodialysis administered three times a week, however. 
Butterfield et al. (2013) analyzed the pooled data from three 
pharmacokinetic studies of patients on hemodialysis (Salama 
et al., 2010; Benziger et al., 2011; Patel et al., 2011). In total 
26 patients were included, and they all received a dose of 
6 mg/kg/day after dialysis. With the use of Monte Carlo sim-
ulations, two interdialytic periods were evaluated. Their rec-
ommendation was to use the standard doses of 4 and 6 mg/
kg for the interdialytic period of 48 hours. When an inter-
dialytic period of 72 hours is used, they advise to increase the 
doses by 50%. Therefore, for the dose of 4 mg/kg, the recom-
mendation is to use 6 mg/kg every 72 hours, and the dose 
of 6 mg/kg should be increased to 9 mg/kg every 72 hours 
(Butterfield et al., 2013). 

Several studies have been performed with patients during 
continuous renal replacement therapy. Corti et al. (2013) 
described nine critically ill patients and reviewed the litera-
ture. Dosing recommendations varied in this special popula-
tion; because of the limited data available, therapeutic drug 
monitoring was recommended. On the other hand, Preis-
werk et al. (2013) retrospectively reviewed seven cases of 
continuous renal replacement therapy and also concluded 
that the recommended dose should be at least 6 mg/kg/day, 
but possibly 8 mg/kg/day for critically ill patients. They 
also recommended therapeutic drug monitoring to prevent 
underdosing. A summary of these studies is provided in 
Table 45.3. 

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Subjects with moderate hepatic impairment receiving dap-
tomycin do not require an adjustment in daptomycin dose or 
dose regimen. A single-dose, matched-controlled study was 
designed to evaluate the pharmacokinetics of daptomycin in 
adults (18–80 years) with moderately impaired hepatic func-
tion (Child-Pugh class B, n = 10). Subjects were administered 
a single i.v. dose (6 mg/kg of total body weight) over 30 min-
utes. A normal volunteer control group matched by weight 
(±25 lb/11 kg), age (±10 years), and sex was included in this 
study for comparison with the hepatic function–impaired 
group. The pharmacokinetic parameters of daptomycin were 
similar in both groups (Dvorchik, 2004).

OLDER ADULTS

Changes in the pharmacokinetics of daptomycin in the 
elderly are attributable to changes in renal function, because 
age per se is not a significant factor. The pharmacokinetics of 
daptomycin was evaluated after a single 30-minute i.v. infu-
sion of 4 mg/kg to groups of young adult (18–30 years) and 
geriatric (≥ 75 years) volunteers. With increased age, there 
were increases in the area-under-the-concentration-time-
curve (AUC) extrapolated to infinity and the terminal elimi-
nation half-life. Systemic clearance (CL) and renal clearance 
both decreased with increasing age. The observed changes 
seen in CL between the two cohorts were most likely a result 
of changes in renal function, as estimated by creatinine clear-
ance (Cockroft and Gault formula). No statistically significant 
differences were observed between the two groups in the 
maximum plasma concentration (Cmax) or the volume of dis-
tribution at steady state (Dvorchik and Damphousse, 2004).

OBESE PATIENTS

Daptomycin may be dosed based on total body weight, and 
no adjustment in daptomycin dose or dosing regimen should 
be required based solely on obesity (Dvorchik and Damp-
housse, 2005). The absolute volume of distribution (Vz and 
Vss) and plasma CL for daptomycin (4 mg/kg of total body 
weight) were higher in moderately obese (body mass index = 
25–39.9 kg/m2) or morbidly obese (body mass index ≥ 40 kg/
m2) subjects than in nonobese matched controls. Daptomycin 
plasma half-life, the fraction of the dose excreted unchanged 
in urine, and daptomycin absolute renal clearance (ml/h) 
were unchanged as a function of obesity. The rate of change 
of Vz and CL with increasing body mass index was greater 
when these pharmacokinetic parameters were expressed in 
absolute terms than when they were normalized for total or 
ideal body weight. This suggests that increases in body mass 
associated with obesity are proportionally higher than the 
corresponding increases in Vd and CL. Exposure to dapto-
mycin in obese subjects (Cmax, AUC) was increased by 25% 
and 30%, respectively, compared with nonobese matched con-
trols, well within the range that was previously determined to 
be safe and well tolerated (Dvorchik and Damp housse, 2005).

PERITONEAL ADMINISTRATION

Although intraperitoneal administration of daptomycin is off 
label, there are several case reports, as reviewed by Gilmore 
et al. (2013). A total of seven cases have been included, of 
which four used an intraperitoneal loading dose (most fre-
quently, 100 mg/l dialysate volume), and the maintenance 
dose was most often 20 mg/l dialysate volume. All patients 
were clinically cured. One of the cases was a patient with 
peritoneal dialysis-associated peritonitis who was treated 
with intraperitoneal administration of a daptomycin dose of 
7 mg/kg after peritoneal dialysis because no vascular access 
was available. The plasma concentrations were measured 15 
minutes, 30 minutes, 3.5 hours, and 25 hours after injection. 
All concentrations were above the MIC90 for MRSA, and the 
3.5- and 25-hour samples were above 10 mg/l (Bahte et al., 
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2010). This indicates that high serum levels can be reached 
after intraperitoneal administration. 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

Data on pharmacokinetics in various patients are presented 
in Table 45.4.

5a.  Bioavailability

Daptomycin is available for i.v. use only. Daptomycin is 
highly but reversibly bound to plasma proteins (90–93%), 
primarily to albumin, as measured by ultracentifugation 
(Woodworth et al., 1992). The binding is concentration inde-
pendent, based on determination by equilibrium dialysis 
(Dvorchik et al., 2003).

The possible effects of this high protein binding are dis-
cussed later in section 5c, Clinically important pharmaco-
kinetic and pharmacodynamic features. A two-compartment 
model with first-order elimination provides the best fit for 
recording data on daptomycin concentrations in plasma over 
time (Table 45.5).

5b.  Drug distribution

Daptomycin has a relatively small volume of distribution, 
which is compatible with its characteristics of not crossing 
cell membranes (no penetration in erythrocytes) (Wood worth 
et al., 1992) and remaining within plasma and extracellular 
fluid.

Daptomycin has a relatively long half-life of 8–9 hours. 
At a dose of 8 mg/kg per 24 hours, the accumulation factor 
is 1.2. The estimated accumulation factor for a dosage of 
8 mg/kg every 12 hours is 1.7, which has been correlated with 
an increased occurrence of adverse muscle effects associated 
with twice-daily dosing (Dvorchik et al., 2003).

A single-dose (Woodworth et al., 1992) and two multiple- 
dose (Benvenuto et al., 2006; Dvorchik et al., 2003) phase I 
studies were conducted in young healthy adults. Daptomycin 
pharmacokinetics was generally linear and time indepen- 

dent at doses of 4–12 mg/kg/day. In the first study, 24 healthy 
subjects received daptomycin (4, 6, and 8 mg/kg of body 
weight) every 24 hours for 7–14 days. The pharmacokinetic 
parameters measured on the median day of the study period 
(day 7) for a dose of 4 mg/kg are shown in Table 45.6.

In subsequent studies, 6 and 8 mg/kg dosing regimens were 
repeated, and 10 and 12 mg/kg/day regimens were explored 
for up to 14 days (Benvenuto et al., 2006). The data at steady 
state in the two studies for the regimens (6 and 8 mg/kg on 
days 7 and 4, respectively) are combined in Table 45.6. The 
data for 10 and 12 mg/kg/day are from the second study. For 
approved doses of 4–6 mg/kg, the half-life was 7.9–8.9 hours, 
the volume of distribution approximately 0.1 l/kg, and the 
plasma clearance approximately 8.1–9.1 ml/h/kg. Steady-state 
trough concentrations (Cmin) were reached by the third daily 
dose. The mean (± standard deviation) steady-state trough 
concentrations attained after administration of 4, 6, 8, 10, 
and 12 mg/kg once daily were 5.9 (1.6), 6.7 (1.6), 10.3 (5.5), 
12.9 (2.9), and 13.7 (5.2) mg/l, respectively (Package Insert, 
2007).

Although daptomycin does penetrate into the lung, it is 
known to interact in vitro with pulmonary surfactant, result-
ing in inhibition of antibacterial activity. This effect was 
specific to daptomycin and is consistent with its known 
mechanism of action. This represents the first example of 

Table 45.5. Summary of pharmacokinetic parameters (median 
values) sorted by estimated creatinine clearance (CLCR) and 
obtained by Bayesian estimation from the final calculated model.

CLCR

AUC0–∞
a 

(μg/h/ml)
Clearance 

(l/h) VSS (l)
Half-life 

(h)

> 80 ml/min (n = 165)  400.77 0.86  9.73  8.28

< 80 to > 40 ml/min  
 (n = 80)

 436.54 0.64  8.75  9.07

≤ 40 ml/min (n =16)  716.24 0.37 10.36 18.96

On dialysis (n = 21) 1205.60 0.24 10.44 29.32

aCalculated for a single 4 mg/kg dose.
Abbreviations: AUC: area-under-the-concentration-time curve; Vss: volume 

of distribution at steady state.
Adapted from Dvorchik et al. (2004).

Table 45.6. Pharmacokinetic parameters of daptomycin in healthy volunteers at steady state after administration of multiple 
intravenous doses.

Dose (mg/kg)
Cmax 

(mg/l)
AUC0–24 

(μg/h/ml)
CLtot 

(ml/h/kg)
VSS 

(l/kg)
Half-life 

(h)

 4 (n = 6)  57.8 (3.0)  494 (75) 8.3 (1.3) 0.096 (0.009) 8.1 (1.0)

 6 (n = 6)  93.9 (6.0)  632 (78) 9.1 (1.5) 0.101 (0.007) 7.9 (1.0)

 8 (n = 6) 123.3 (16.0)  858 (213) 9.0 (3.0) 0.101 (0.013) 8.3 (2.2)

10 (n = 9) 141.1 (24.0) 1039 (178) 8.8 (2.2) 0.098 (0.017) 7.9 (0.6)

12 (n = 9) 183.7 (25.0) 1277 (253) 9.0 (2.8) 0.097 (0.018) 7.7 (1.1)

Abbreviations: Cmax: peak serum concentration; AUC: area-under-the-concentration-time curve; CLtot: total clearance; VSS: mean volume of distri-
bution at steady state.

Adapted from Package Insert (2007) based on data from Dvorchik et al. (2003) and Benvenuto et al. (2006).
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organ-specific inhibition of an antibiotic (Silverman et al., 
2005). Because of this property, daptomycin is unsuitable 
for the treatment of lung infections, including community- 
acquired pneumonia.

BONE PENETRATION

Daptomycin penetrates into the synovial fluid. In 16 patients 
who underwent knee or hip replacement and received a sin-
gle i.v. dose of 8 mg/kg before surgery, concentrations were 
measured in bone fragments and synovial fluid at the same 
time during surgery. Concentrations approximately 7.4 hours 
after the daptomycin infusion were 39.3 ± 13.6 and 21.6 ± 
6.8 mg/l for serum and synovial fluid, respectively. The cal-
culated penetration into synovial fluid was found to be 53.9 
± 15.9%. Concentrations in thigh and shin bone were found 
to be 3.3 ± 1.5 and 3.4 ± 1.9 mg/l, respectively, after 7.3 hours 
(Montange et al., 2014). Another study measured metatarsal 
bone concentrations using microdialysis at steady state in 
patients with diabetes and foot bone infections after doses 
of 6 mg/kg daptomycin and reported an AUC0–24h of 60.24 
mgh/l for eight patients with a Cmax of 4.7 mg/l in bone. Total 
Cmax in plasma was 72.9 mg/l (Traunmüller et al., 2010). How-
ever, interpretation of the meaning of tissue concentration 
needs to be considered (Mouton et al., 2008). It is note-
worthy that although concentrations have been measured in 
bone tissues, there is a study showing that daptomycin has 
no significant effect on the intracellular bacterial growth in 
osteoblasts (Valour et al., 2015). 

CEREBROSPINAL FLUID

Daptomycin appears to only minimally penetrate across the 
blood–brain barrier in noninfected rats (Package Insert, 2007). 
In a rabbit S. aureus meningitis model, penetration of a dose 
(15 mg/kg, to mimic serum levels in humans given 6 mg/kg) 
in noninflamed meninges was 2%, and 5% in inflamed 
meninges (Gerber et al., 2006). In experimental pneumo-
coccal meningitis in rabbits, CSF concentrations reached 6% 
of serum concentrations (Cottagnoud et al., 2004). Several 
cases of daptomycin use in humans have also been described 
(Elvy et al., 2008; Jaspan et al., 2010; Vena et al., 2013). The 
i.v. doses differed, and in some cases additional doses of dap-
tomycin were administered intraventricularly. The different 
doses and concentrations in both serum and cerebrospinal 
fluid as reported are summarized in Table 45.7.

EYE

The rabbit model is considered suitable for evaluation of the 
activity, toxicity, and pharmacokinetics of antimicrobials in 
experimental endophthalmitis (globe size, aqueous humor 
turnover rate, and blood-ocular barriers are comparable with 
those of human eyes) (Lefèvre et al., 2012; Belmatoug et al., 
1997). Two doses of daptomycin (0.2 and 1 mg) were admin-
istered as a single dose intravitreally in an MRSA endoph-
thalmitis rabbit model. As comparison 1 mg of vancomycin 
was administered in another group of rabbits. The Cmax in the 
daptomycin treatment groups were 160 ± 159 and 458 ± 296 
mg/l for the 0.2- and 1-mg doses, respectively (Lefèvre et al., 

Table 45.7. Summary of available data on concentrations in both serum and cerebrospinal fluid after various doses of daptomycin (cases).

Case Renal function Dose, i.v. 
Dose, 
intraventricular Concentration serum (mg/l)

Concentration CSF
(mg/l)

Erritouni (2012) n.a. 10 mg/kg/day 10 mg daily 20.15 (trough) 6.30 (peak)
1.39 (trough)

Le (2010) Normal 9 mg/kg/day — 20.39 (3 hours postinfusion) 0.86 (3 h postinfusion)

Riser (2010) Acute renal 
failure

9 mg/kg/day — 11.21 (trough) 0.52 (trough)

Jaspan (2010) n.a. 4 mg/kg/4 hours 2.5 mg daily — 24.44 (peak)
2.97 (trough)

Vena (2013) Normal 10 mg/kg/day — 18.9 (trough)
51.65 (4 h postinfusion)

0.78 (trough)
3.1 (4 h postinfusion)

Kullar (2011) 
(6 cases)

Creatinine 
clearance 
30–140 ml/min

10 mg/kg (total 
body weight)

— 93.7 ± 17.3 (0.5 h postinfusion)
43.3 ± 13.5 (6 h postinfusion )
27.0 ± 10 (12 h postinfusion)
13.8 ± 4.8 (24 h postinfusion )

0.126 ± 0.12 (0.5 h postinfusion)
0.461 ± 0.51 (6 h postinfusion)
0.442 ± 0.45 (12 h postinfusion)
0.221 ± 0.15 (24 h postinfusion)

Mueller (2012) n.a. — 5 mg daily (right 
EVD)

— 74.8 (mixed peaka)
7.7 (right EVD at 7.5 h)
2.6 (left EVD at 7.5 h)
1.34 (right EVD at 18 h)
0.37 (left EVD at 18 h)

Elvy (2008) n.a. 12 mg/kg/day 10 mg every 
third day; later 
5 mg every 
third day

— 23 (trough, after 10 mg)
483 (peak, after 10 mg)
9.9 (trough, after 5 mg)
139 (peak, after 5 mg)

aAfter both external ventricular drains (EVDs) were clamped for 60 minutes.
Abbreviations: CSF: cerebrospinal fluid; n.a.: not available. 
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2012). The AUC0–24 was 2896 ± 2755 and 8892 ± 5589 for the 
0.2- and 1-mg doses, respectively. On the fourth day, the 
daptomycin concentrations were 20 ± 14 and 80 ± 56 mg/l 
for the 0.2- and 1-mg doses, respectively. On day 7 these con-
centrations were 3 ± 1.6 and 25 ± 20. The elimination half-
life (t1/2) of daptomycin was independent of the administered 
dose (38.8 ± 16.5 and 40.9 ± 6.7 hours, respectively, for the 
0.2- and 1-mg doses) and was significantly longer than the t1/2 
of vancomycin (20.5 ± 2.0 hours for the vancomycin, 1 mg, 
group) (p < 0.05) (Lefèvre et al., 2012). However, the use of 
daptomycin as an intravitreal injection seems limited by 
toxicity. Four doses of intravitreal daptomycin were injected 
into rabbit eyes. The 75- and 188-μg doses of daptomycin 
demonstrated acceptable safety profiles when injected intra-
vitreally in Dutch-belted rabbits. However, there was a dose- 
dependent increase in cataract formation, electroretinogram 
suppression, and photoreceptor damage with higher doses 
(Comer et al., 2011). 

A rabbit model was also used to study the penetration of 
daptomycin in the aqueous humor. After topical application 
on the corneal epithelium of rabbit eyes of a single drop of 
50 μl containing 1% daptomycin, 30 minutes later the con-
centration of daptomycin in the aqueous humor was unde-
tectable for both scraped and nonscraped epithelium. The 
application regimen of drops every 15 minutes for 1 hour 
resulted in concentrations in the aqueous humor of 1.90 ± 
0.15 and 1.71 ± 0.42 mg/l at 1 and 2 hours, respectively, after 
the last drop for the nonscraped group. For the scraped group 
these concentrations were 5.19 ± 0.5 and 4.96 ± 0.47 mg/l, 
respectively (Sakarya et al., 2013). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Daptomycin displays concentration-dependent activity that 
is best characterized by the pharmacodynamic indices AUC/
MIC or Cmax/MIC. The pharmacodynamics of daptomycin 
for S. pneumoniae, S. aureus, and E. faecium were character-
ized in the neutropenic mouse model (Safdar et al., 2004). 
Free daptomycin exhibited concentration-dependent killing. 
The pharmacodynamic indices that correlated best with in 
vivo efficacy were 24-hour AUC/MIC ratio (R2 = 86%) and 
Cmax/MIC (R2 = 83%) for standard strains of S. aureus and 
S. pneumoniae. The Cmax/MIC ratios required for a bacterio-
static effect ranged from 12–36 for S. pneumoniae, from 
59–94 for S. aureus, and from 0.14–0.25 for E. faecium. The 
AUC/MIC ratios required for a bacteriostatic effect ranged 
from 75–237 for S. pneumoniae, from 338–537 for S. aureus, 
and from 0.94–1.67 for E. faecium. The free daptomycin con-
centrations needed were an average of one to two times the 
MIC over 24 hours to produce a bacteriostatic effect, and two 
to four times the MIC over 24 hours to produce greater than 
99% killing. Translating this information to the human situ-
ation, it can be calculated that a mean AUC of approximately 
400 mgh/l (as reached with a dose of 4 mg/kg in humans) and 
a mean MIC of an S. aureus strain of approximately 0.25 mg/l 
result in mean AUC/MIC ratios that should be sufficient for 

a bactericidal effect. However, in the case of lower AUCs 
owing to increased clearance of the drug or a higher MIC, 
higher doses are likely to be needed.

The daptomycin free ( f )AUC/MIC ratio for a static effect 
and 3-log reduction in viable MRSA count was also deter-
mined in a pharmacokinetic in vitro model. The fAUC/MIC 
ratios for a static effect and 1-log and 3-log drop were 37.2 
+/– 16.5, 40.6 +/– 17.8 and 49.8 +/– 19.2, respectively. A 
higher inoculum reduced the antibacterial effects (Bowker et 
al., 2009).

In clinical studies a clear relationship between exposure 
and outcome was not consistently found. In 55 patients with 
an S. aureus skin infection treated with 4 mg/kg of daptomy-
cin daily, there was no relation between AUC/MIC and the 
probability of clinical success (OR: 1.03; 95% CI: 0.73–1.45) 
or of microbiological success (OR: 0.94; 95% CI: 0.81–1.09) 
(Takesue et al., 2015). On the other hand, in 35 patients 
with severe Gram-positive infections and various creatinine 
clearances treated with two dosing regimens of daptomycin, 
an AUC/MIC < 666 was associated with increased mortal-
ity. Other factors, such as infection acquired in the intensive 
care unit and hypoalbuminemia, were also associated with 
increased mortality (Falcone et al., 2013a). 

With the help of the available literature, Monte Carlo sim-
ulations were performed to determine the probability of 
bacteriologic efficacy for various dosing regimens and MICs. 
By considering a probability of target attainment of > 90% as 
being adequate as well as the risk for toxicity, it was deter-
mined that the most favorable dosing regimen in the treat-
ment of microorganisms with an MIC of ≤ 1 mg/l was 10 mg/
kg/day (Soon et al., 2013). However, a 90% probability of 
target attainment is often considered too low, and even higher 
doses may therefore be needed.

By using the known relationship between exposure to 
daptomycin and clinical outcome in patients with S. aureus 
bacteremia as well as by using Monte Carlo simulations, a 
U-shaped exposure-response relationship for clinical response 
was found. This indicates that the AUC/MIC ratio resulted in 
a favorable clinical outcome in the case of a low ratio (AUC/
MIC ≤ 1081) and in the case of a high ratio (AUC/MIC > 
2337). The clinical success rates were 100% and 75% for the 
groups with the low and the high AUC/MIC ratios, respec-
tively. The middle-range group had clinical success in 60.5% 
of cases. It appeared that the group with the low AUC/MIC 
ratio had a more favorable profile in regard to other vari-
ables, such as better renal function, higher albumin level, and 
a greater percentage of patients with uncomplicated bacte-
remia. This might explain the high success rate in this group 
(Bhavnani et al., 2015). The probability of success improved 
substantially in subgroups of patients, such as patients with 
left-sided endocarditis, good renal function, and a higher 
albumin concentration, after optimizing the exposure (from 
0.577–0.832). Time to decreased susceptibility was also 
analyzed at day 30 after start of therapy. The probability of 
decreased susceptibility was high (0.278) in the middle AUC/
MIC range (between 1480 and 1970). In the case of a low 
AUC/MIC ratio, the probability of decreased susceptibility 
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was 0, indicating that a low exposure did not select resistance. 
High AUC/MIC ratios (> 1970) resulted in a lower prob-
ability of decreased susceptibility (0.081) compared with the 
middle range (Bhavnani et al., 2015).

Daptomycin displays a significant postantibiotic effect in 
vitro that is dose related and concentration dependent and 
lasts up to 6 hours against S. aureus and E. faecalis in the 
presence of free calcium at physiological concentrations (Bush 
et al., 1989).

THERAPEUTIC DRUG MONITORING

Pharmacokinetic studies of daptomycin have shown a marked 
variability among patients. Recently, Reiber et al. (2015) 
showed the pharmacokinetics to be unpredictable in 332 
patients. This is in line with a study in 35 patients with severe 
Gram-positive infections and various creatinine clearance 
levels (Falcone et al., 2013a). The unpredictable and highly 
variable pharmacokinetics and the correlation between expo-
sure and effect warrant therapeutic drug monitoring, in par-
ticular because the need for optimal dosing and exposure has 
been shown in critically ill patients with MRSA bacteremia. 
In-hospital mortality was significantly higher (30.7% vs. 
10.8%) in the subset of patients with lower exposure com-
pared with the other patients (Falcone et al., 2013b).

IMPACT OF PROTEIN BINDING ON IN VITRO AND 
IN VIVO EFFICACY

The influence that the extensive binding to plasma proteins 
may have on daptomycin activity has been studied exten-
sively. The effect of protein binding on the MIC values of 
daptomycin was studied against one MSSA and four MRSA 
strains using an in vitro pharmacodynamic model to simulate 
daptomycin regimens of 6 mg/kg/day. For protein-binding 
experiments, cation-adjusted Mueller-Hinton broth was sup-
plemented with 4 g/dl of albumin to simulate normal human 
physiological levels, 50% human serum or 100% mouse serum. 
The activity of these agents was greater than suggested by the 
free fraction of drug reported previously. The kill rate of dap-
tomycin was slowed in the presence of 4 g/dl of albumin 
from 0.5–8 hours; however, there was no difference in the 
extent of killing at 24 or 48 hours (Cha and Rybak, 2004).

The calculated protein binding based on the arithmetic 
means of MIC values in the presence and absence of protein 
for daptomycin was compared with that of telavancin, van-
comycin, and teicoplanin against five S. aureus isolates. The 
calculated extent of protein binding based on MIC changes 
was lower than expected, 58–66%, vs. 62–70% for telavancin. 
These drugs may be more active than predicted based on 
unbound drug concentrations alone. One potential explana-
tion for this in vitro finding would be that daptomycin binds 
weakly and reversibly to albumin (dissociation constant = 
90.3 μmol/l) in contrast to its stronger irreversible binding 
to its site of action, the bacterial cell membrane (Tsuji et al., 
2008).

The bactericidal activity of daptomycin at human peak free 
serum concentrations (fCmax) achieved after standard doses in 
humans was determined against S. aureus (one methicillin-  

susceptible and two MRSA strains) in time-kill experiments 
and compared with vancomycin, teicoplanin, and linezolid. 
Daptomycin was rapidly bactericidal against all S. aureus 
strains at fCmax of 22.0 mg/l (corresponding to 63% protein 
binding) and against both MRSA strains at 4.8 mg/l (corre-
sponding to 92% protein binding). Vancomycin (18.0 mg/l) 
was bactericidal against only two strains, one susceptible to 
S. aureus and one to MRSA. Both teicoplanin (4.5 mg/l) and 
linezolid (10.4 mg/l) were consistently bacteriostatic (Brauers 
et al., 2007).

The influence of protein binding on the bactericidal activ-
ity of daptomycin was studied by adding physiological con-
centrations of human albumin (4 g/dl) or human serum 
(90%) to kill-curve experiments against MRSA and hVISA 
strains. Final inocula of approximately 107 CFU/ml and dap-
tomycin concentrations similar to the Cmax obtained in serum 
after an i.v. dose of 4 mg/kg were used. Daptomycin was rap-
idly bactericidal (≥ 3 log10 initial inocula reduction) against 
S. aureus, regardless of the strain tested or the presence of 
albumin or human serum, although the latter slightly delayed 
bactericidal activity. Vancomycin exhibited much slower bac-
tericidal activity against methicillin-susceptible or -resistant 
S. aureus but was never bactericidal against hVISA (Cafini et 
al., 2007).

The influence of protein binding on the bactericidal activ-
ity of daptomycin was also studied by adding physiological 
concentrations of human albumin (4 g/dl) or human serum 
(90%) in kill-curve experiments against one vancomycin- 
susceptible and one vancomycin-resistant strain of E. faecium. 
Final inocula of approximately 107 CFU/ml and daptomycin 
concentrations similar to the Cmax obtained in serum after a 
i.v. dose of 4 mg/kg were used. Daptomycin exhibited rapid 
bactericidal activity against the vancomycin- susceptible or 
the vancomycin-resistant E. faecium strain, delayed to 8 and 
24 hours, respectively, by human albumin. Vancomycin was 
never bactericidal against the vancomycin- susceptible or 
-resistant strains of E. faecium (Cafini et al., 2007).

Similarly, in another study, the bactericidal activity of 
daptomycin at fCmax was determined against E. faecalis and E. 
faecium (one vancomycin-susceptible and one vancomycin- 
resistant strain of each) at 22.0 mg/l (corresponding to 63% 
protein binding) and at 4.8 mg/l (corresponding to 92% 
protein binding), respectively. All four enterococcal strains 
(daptomycin MIC 1–4 mg/l; AUC/MIC of approximately 
100–400) demonstrated a 3-log reduction at a daptomycin 
concentration of 22.0 mg/l and a 2-log reduction in three 
strains at 4.8 mg/l. In comparison with S. aureus the entero-
coccal strains were less susceptible to daptomycin, with a 
lower AUC/MIC ratio, although the killing of enterococci 
was very effective, and regrowth did not occur (Brauers et al., 
2007).

The effect of 50 mg/kg of daptomycin subcutaneously 
on  peritonitis caused by MSSA and MRSA was studied in 
healthy and neutropenic mice and compared with the effects 
of subcutaneous nafcillin at 100 mg/kg, subcutaneous van-
comycin at 100 mg/kg, linezolid at 100 mg/kg via gavage 
(orally), or saline (10 ml/kg subcutaneously). Mice were 
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inoculated intraperitoneally with lethal doses of one MSSA 
or one MRSA laboratory strain transformed with a plasmid 
containing the Lux operon (which confers bioluminescence). 
Photon emissions from living bioluminescent bacteria were 
imaged and quantified. The luminescence in saline-treated 
control mice either increased (neutropenic mice) or remained 
relatively unchanged (healthy mice). In contrast, by 2–3 hours 
after dosing, daptomycin resulted in a 90% reduction of lumi-
nescence of MSSA or MRSA in both healthy and neutrope-
nic mice. The activity of daptomycin against both MSSA and 
MRSA strains was superior to that of nafcillin, vancomycin, 
and linezolid. In MSSA peritonitis, daptomycin showed 
greater and more rapid bactericidal activity than nafcillin 
or linezolid. Against MRSA peritonitis, daptomycin showed 
greater and more rapid bactericidal activity than vancomycin 
or linezolid (Mortin et al., 2007).

Vancomycin and daptomycin were also compared in a 
rabbit ventriculitis model. Rabbits were treated with intra-
ventricular vancomycin (30 or 120 μg) or daptomycin (7.5 μg). 
Single-dose intraventricular vancomycin did not lower S. 
aureus concentrations over 8 hours, whereas daptomycin 
did. Intraventricular half-lives were approximately 2.8 hours 
(maximum) for vancomycin and 4.5 hours for daptomycin. 
Thus, daptomycin achieved greater bactericidal activity, more 
rapid killing kinetics, and a longer half-life in the ventricle 
than vancomycin did in this model (Haworth et al., 1990).

USING PHARMACODYNAMIC PRINCIPLES TO 
PREDICT THE EMERGENCE OF IN VITRO 
DAPTOMYCIN RESISTANCE

The MSW hypothesis has been tested using the pharmaco-
dynamics of daptomycin and vancomycin by Firsov et al. 
(2006). The drugs’ abilities to prevent the selection of resis-
tant S. aureus were studied in an in vitro model. Two clinical 
isolates of S. aureus were exposed for 5 consecutive days to 
once-daily daptomycin (half-life, 9 hours) and twice-daily 
vancomycin (half-life, 6 hours) at a 24-hour AUC/MIC ratio 
that varied over a 16- to 30-fold range. The antistaphylo-
coccal effect of the therapeutic doses of daptomycin (4 and 
6  mg/kg) against a hypothetical S. aureus strain with MIC 
equal to the MIC90 (AUC24/MIC90, 380 and 570 hours for 4 
and 6 mg/kg, respectively) was predicted to be similar to the 
effect of two 1-g doses of vancomycin given at a 12-hour inter-
val (AUC24/MIC90, 200 hours). An AUC24/MIC ratio that pro-
tects against the selection of resistant mutants was predicted 
at > 200 hours. This protective value is less than the AUC24/
MIC90 values provided by the 4 mg/kg dose of daptomycin 
and considerably less than the 6 mg/kg dose of dap tomycin, 
but it is close to the AUC24/MIC90 provided by two 1-g doses 
of vancomycin. These findings support the MSW hypothesis 
and suggest comparable antistaphylococcal effects of clinically 
achievable AUC24/MIC90 values for daptomycin and vanco-
mycin but slightly better prevention against the selection of 
resistant S. aureus by daptomycin (Firsov et al., 2006).

Quinn et al. (2007) performed in vitro experiments com-
paring drug pharmacokinetics with MPC. Daptomycin MPC 
with S. aureus was below minimal plasma drug concentra- 

tions with approved doses, which is consistent with resistance 
to daptomycin arising rarely (Quinn et al., 2007). The rela-
tionship of daptomycin to the development of resistance in 
S. aureus belonging to accessory gene regulator (agr) groups 
I and II was assessed by exposing isolates to varying concen-
trations of daptomycin simulating an fAUC/MIC of 30–239 
in an in vitro pharmacodynamic model. At extremely low 
daptomycin exposures of fAUC/MIC of 22–66, an increase 
in MIC of two- to threefold up to a maximum of 0.75 mg/l 
was observed. However, this was independent of agr group 
and/or function and still within the susceptible range of dap-
tomycin (Rose et al., 2007).

In an in vitro pharmacokinetic/dynamic model with 
simulated endocardial vegetations, the daptomycin activity 
against S. aureus after vancomycin exposure over 8 days 
was studied. The emergence of daptomycin nonsusceptibility 
(12- to 16-fold MIC increase) was detected with an MSSA 
isolate with daptomycin, 6 mg/kg daily, for 4 days after van-
comycin exposure. However, the bactericidal activity of dap-
tomycin was maintained, and the MIC increases of these 
isolates, which had no mprF or yycG mutations, were unsta-
ble to serial passage on antibiotic-free agar. Subsequent regi-
mens did not demonstrate nonsusceptibility to daptomycin. 
Daptomycin susceptibility seems to be a strain-specific and 
unstable event (Rose et al., 2008b).

In the same model, sequential MSSA isolates collected 
from a patient with mitral valve endocarditis during persistent 
bacteremia on standard therapy and relapse after treatment 
with daptomycin were studied. An isolate obtained after 5 days 
of antimicrobial therapy but before exposure to daptomycin 
showed subtle physiological changes in response to dapto-
mycin, with significant regrowth in the daptomycin killing 
assay compared with the treatment-naive strain. Once dap-
tomycin was started, the population became more heteroge-
neous and tested as nonsusceptible. These organisms were 
examined in a simulated vegetation in vitro pharmaco-
dynamic model, which confirmed progressive decreases in 
killing with daptomycin concentrations that simulate those 
attained in humans treated with 6 mg/kg once daily (Sakoulas 
et al., 2008).

The prevention of resistance in enterococci, specifically 
mutations in genes encoding proteins associated with cell 
envelope homeostasis (yycFG and liaFSR) and phospholipid 
metabolism (cardiolipin synthase and cyclopropane fatty 
acid synthetase), was simulated in an endocardial vegetation 
pharmacokinetic/pharmacodynamic model over 14 days 
by using doses from 4–12 mg/kg/day. Two strains were 
used: E. faecium (S447) and E. faecalis (S613). Peak/MIC and 
AUC0–24/MIC ratios associated with resistance prevention 
were 72.1 and 780 for S447 and 144 and 1561 for S613, 
respectively. Daptomycin doses of 10 mg/kg/day may be 
required to prevent daptomycin resistance in serious entero-
coccal infections (Werth et al., 2014b).

ASSESSMENTS OF SYNERGY

Synergy in vitro was explored among daptomycin and 18 other 
antibiotics against 19 strains of high-level VRE (vancomycin 
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MIC ≥ 256 mg/l). Daptomycin was incorporated into Ca2+-
supplemented Mueller-Hinton agar at subinhibitory concen-
trations, and synergy was screened by comparing antibiotic 
Etest MICs on agar, with and without daptomycin. In 11 of 
15 (73.3%) strains an approximately 100-fold reduction in 
rifampicin MICs was observed at one eighth to one fourth 
the daptomycin MIC (Rand and Houck, 2004). A study using 
checkerboard assays with 59 S. aureus isolates (9 MSSA and 
49 MRSA) found neither antagonism nor synergism between 
daptomycin and rifampicin for any of the isolates (Stein et 
al., 2016). Synergy was also observed for 13 of 19 (68%) iso-
lates with ampicillin (MIC ≥ 128 mg/l) (Rand and Houck, 
2004). The mechanism by which daptomycin is able to reverse 
rifampicin resistance in some strains of VRE could not be 
explained by an effect of daptomycin on entry of rifampicin 
into or transport out of the cell, by inactivation of rifampicin, 
or by mutation involving the rifampicin binding site (Rand 
et al., 2007).

The impact of administering short-course regimens of 
gentamicin in combination with daptomycin or vancomycin 
against one MSSA and one MRSA isolate using an in vitro 
pharmacodynamic model with simulated endocardial vegeta-
tions over 96 hours was evaluated. Human therapeutic dosing 
regimens for daptomycin (6 and 8 mg/kg of body weight) 
with and without gentamicin were simulated. Short-course 
combination regimens involving gentamicin were adminis-
tered either as a single 5 mg/kg dose or as three 1 mg/kg doses 
for only the first 24 hours and compared with the regimens 
administered for the full 96-hour duration. Both regimens of 
daptomycin achieved 99.9% kill by 32 hours and maintained 
bactericidal activity against both isolates, which was signifi-
cantly different from vancomycin, which displayed bacte-
riostatic activity (p < 0.05). The effects of all short-course 
regimens of gentamicin were equal to those of the full- 
duration regimens in combination with daptomycin. Adding 
three doses of gentamicin (1 mg/kg) to daptomycin resulted 
in enhancement and bactericidal activity at 24 hours against 
both MRSA and MSSA. The addition of a single dose of gen-
tamicin (5 mg/kg) enhanced or improved the activity of dap-
tomycin and resulted in early bactericidal activity at 4 hours 
against both isolates. These in vitro findings suggest that a 
single high dose of gentamicin in combination with dapto-
mycin may be of utility to maximize synergistic and bacteri-
cidal activity and minimize toxicity, although clinical data to 
support these observations are currently lacking (Tsuji and 
Rybak, 2005).

In the same model, the impact of simulated standard and 
high-dose daptomycin in combination with gentamicin or 
rifampicin against daptomycin-susceptible and -nonsuscep-
tible matched strains of S. aureus was evaluated. Strains were 
collected from the daptomycin bacteremia and endocarditis 
clinical trial and consisted of three susceptible strains (MIC, 
0.25 mg/l) and four nonsusceptible isolates (MIC, 2–4 mg/l). 
Daptomycin regimens consisted of 6 and 10 mg/kg once daily 
alone and in combination with gentamicin, 5 mg/kg daily, or 
rifampicin, 300 mg every 8 hours. Rapid bactericidal activity 

(identified by time to 99.9% kill) was displayed in all regimens 
with the daptomycin-susceptible strains. Concentration-
dependent activity was noted by more rapid killing with the 
10 mg/kg/day dose. The addition of gentamicin improved 
activity in the majority of susceptible isolates. Daptomycin 
(6  mg/kg/day) monotherapy displayed bactericidal activity 
in only one of the nonsusceptible isolates and in only two 
isolates with increased doses of 10 mg/kg/day. Combination 
regimens demonstrated improvement in some but not all 
nonsusceptible isolates. Three isolates developed a reduction 
in daptomycin susceptibility with 6 mg/kg/day monotherapy, 
but this was suppressed with both combination and high-
dose daptomycin. These in vitro results suggest that high-
dose daptomycin therapy and combination therapy may be 
reasonable to consider as treatment options for difficult clin-
ical cases with susceptible isolates (Rose et al., 2008a).

More recently, daptomycin has been used in many in vitro 
studies evaluating the effect of different combinations. In these 
studies, for some combinations synergy or additive effect has 
been shown, and for some there was no difference, or even 
antagonism. Unfortunately, the results of these in vitro stud-
ies do not immediately apply to the clinical setting. Therefore 
the value of these studies is not clear. Some examples of drugs 
that have been shown to display an enhanced activity in 
combination with daptomycin as compared with daptomy-
cin monotherapy are colistin (in vitro model, Acinetobacter 
baumannii [Córdoba et al., 2015]; Galleria mellonella larvae 
model, Acinetobacter baumannii [Yang et al., 2015]), vanco-
mycin (biofilm-forming MRSA in vitro model [Luther et al., 
2015]), ampicillin (daptomycin-nonsusceptible enterococci, 
only in those with mutation in LiaSFR system, in vitro time-
kill studies [Hindler et al., 2015]; in vitro model, vancomycin- 
resistant E. faecium and E. faecalis [Smith et al., 2015]), 
fosfomycin (MRSA osteomyelitis rat model [Lingscheid et al., 
2015]; foreign-body infection model, MRSA [Mihailescu et 
al., 2014]), ceftaroline (in vitro model, vancomycin-resistant 
E. faecium and E. faecalis [Smith et al., 2015]; hollow-fiber 
model, MRSA [Barber et al., 2015]), ceftobiprole (in vitro 
model, vancomycin-resistant E. faecium and E. faecalis [Werth 
et al., 2015]), ertapenem (in vitro model, vancomycin-resistant 
E. faecium and E. faecalis [Smith et al., 2015]), rifampicin 
(tissue-cage MSSA infection model [El Haj et al., 2015]), 
clarithromycin (biofilm-forming MRSA on device in broth 
[Fujimura et al., 2015]), cloxacillin (tissue-cage MSSA infec-
tion model [El Haj et al., 2014]), and gentamicin (in vitro 
model simulated endocardial vegetations, Enterococci [Luther 
et al., 2014]). 

For some combinations antagonism has been shown. 
Examples are linezolid (biofilm-forming MRSA in vitro model 
[Luther et al., 2015]), tigecycline (two strains of nine of dap-
tomycin-nonsusceptible enterococci in vitro time-kill studies 
[Hindler et al., 2015]), and rifampicin (three strains of nine 
of daptomycin-nonsusceptible enterococci in vitro time-kill 
studies [Hindler et al., 2015]; in vitro model simulated endo-
cardial vegetations, Enterococci, delayed killing [Luther et 
al., 2014]). 
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Some in vitro studies on these combinations are discussed 
in more detail in the specific paragraphs regarding clinical uses.

5d.  Excretion

Renal clearance is the most important route of elimination. 
In a population pharmacokinetic analysis, data from subjects 
in nine phase I (n = 153) and six phase II/III (n = 129) clini-
cal trials were combined to identify factors contributing to 
interindividual variability in daptomycin pharmacokinetics. 
Over 30 covariates were considered. A two-compartment 
model with first-order elimination provided the best fit for 
data on daptomycin concentrations in plasma over time. In 
the final population pharmacokinetic model, renal function 
contributed most significantly to interindividual variability. 
CL varied linearly with the estimated creatinine clearance 
(Table 45.5).

Clearance among dialysis subjects is approximately one 
third that of healthy subjects (0.27 vs. 0.81 l/h). The relation-
ship between body weight and the rate and extent of extra-
vascular distribution supports the dosing of daptomycin on a 
milligram per kilogram of body weight basis. Renal clearance 
should determine the dosage interval (Dvorchik et al., 2004).

The limited systemic clearance is consistent with high pro-
tein binding. After administration of 1 mg/kg of carbon- 14–
labeled daptomycin, recovery of carbon-14 in urine and feces 
accounted for 83% of the administered dose, with the great-
est fraction (78%) appearing in the urine. Specific analysis 
for daptomycin in both urine and plasma indicated that met-
abolic products were present in urine, but total carbon-14 
in plasma consisted of daptomycin only (Woodworth et al., 
1992). Mean urinary recovery of unchanged daptomycin was 
47–60% of the dose at 24 hours after administration of 4 or 
6 mg/kg in healthy young adults (Dvorchik et al., 2003).

In a study by Woodworth et al. (1992), a small proportion 
of daptomycin (5.0%) was recovered from feces (collected for 
up to 6 days) based on total radioactivity. 

No metabolites were detected in the plasma on day 1 after 
administration of daptomycin (6 mg/kg) to subjects. The site 
of metabolism of the inactive metabolites detected in urine 
has not been identified (Package Insert, 2007).

Clearance appears to be more rapid in children. The phar-
macokinetics of a single 4 mg/kg i.v. dose of daptomycin over 
24 hours was studied in 25 children (12–17 years, n = 8; 7–11 
years, n = 8; 2–6 years, n = 9) with suspected or proven 
Gram-positive infections receiving standard therapy in a 
multicenter open-label study. Daptomycin systemic exposure 
decreased with decreasing age, reflecting more rapid rates of 
clearance in younger children. Total body exposure estimates 
in adolescents were approximately 1.7 times those observed 
in children < 6 years of age (374.4 vs. 215.3 mgh/l) and were 
similar to those observed in adult historic controls. Estimates 
of apparent elimination half-life averaged 6.7 hours in adoles-
cents, 5.6 hours in children 7–11 years of age, and 5.3 hours in 
children < 6 years of age (Abdel-Rahman et al., 2008). The 
lower exposure as compared with adults is also described for 

children aged 3–24 months (Bradley et al., 2014). In children 
2–6 years of age receiving doses of 8 and 10 mg/kg, the expo-
sures were 429 and 549 mgh/l, respectively. These exposures 
are still lower compared with the exposure in 12 healthy 
volunteers after a 6 mg/kg dose (690 mgh/l) (Chakraborty et 
al., 2009) but are comparable to the exposure in 13 healthy 
Taiwanese volunteers (470 mgh/l) (Liang et al., 2009). 

5e.  Drug interactions

In vitro experiments using human hepatocytes demonstrated 
that daptomycin has no effects on hepatic cytochrome 450–
mediated drug metabolism and therefore suggest that dap-
tomycin is unlikely to show potential for pharmacokinetic 
interactions with concomitantly administered drugs that are 
metabolized by cytochrome P450 isoforms (Oleson et al., 
2004). Drug interaction single- and multiple-dose studies 
were performed in healthy subjects. No clinically relevant 
interactions were found when daptomycin, 2–6 mg/kg, was 
administered with aztreonam, tobramycin, warfarin, simvas-
tatin, and probenecid (Package Insert, 2007).

Although no specific drug interactions have been detected 
when daptomycin is co-administered with hydroxymethyl-
glutaryl–coenzyme A (HMG-CoA) reductase inhibitors (e.g. 
simvastatin), both daptomycin and statins may increase cre-
atine phosphokinase (CPK) levels. Therefore, it is suggested 
by the manufacturer to withhold statin therapy during ther-
apy with daptomycin. Fowler et al. (2006) reported a number 
of patients who developed CPK increases in a study of dap-
tomycin efficacy in S. aureus bacteremia/endocarditis and 
were receiving concomitant HMG-CoA reductase inhibitors. 
Parra- Ruiz et al. (2012b) concluded based on 36 patients 
receiving both drugs and 68 patients receiving only dapto-
mycin (mean dose 7.8 mg/kg/day for mean duration of 17 
days) that concomitant administration of daptomycin and 
statins is safe and is not associated with an increased risk of 
rhabdomyolysis. Berg et al. (2014) performed a retrospective 
cohort study of patients ≥ 18 years of age who received dap-
tomycin for ≥ 72 hours and had ≥ 1 followup CPK level 
tested during a 5-year period. The study included 498 
patients; 384 received daptomycin alone with no previous or 
concurrent exposure to statins, 63 received daptomycin con-
current with statin, and 51 had statin held during daptomy-
cin therapy. Cumulative incidence of CPK elevation was 5.1% 
and 12% at 7 and 14 days, respectively. Those on daptomycin 
and statin concurrent therapy demonstrated an approxi-
mately twofold risk of CPK elevation compared with those 
having their statin therapy held, but the overall group effect 
was not statistically significant (p = 0.17). Although none of 
these studies showed an increase in CPK in patients treated 
with both statins and daptomycin, all the authors recom-
mend monitoring these patient closely for increase in CPK.

DRUG–LABORATORY TEST INTERACTIONS

A cluster of patients experiencing elevations of interna-
tional normalized ratio without clinical bleeding in temporal 
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association with daptomycin therapy was identified during 
postmarketing safety surveillance. A study investigating 30 
commercially available thromboplastin reagent kits detected 
interaction of clinically relevant daptomycin concentrations 
with two recombinant thromboplastin reagents that led to 
falsely prolonged patient prothrombin time/international nor-
malized ratio results (Webster et al., 2008).

6. ADVERSE REACTIONS AND TOXICITY

Daptomycin has relatively few side effects (Table 45.8). Data 
from manufacturer-sponsored trials are available for 1667 
treated patients. Most adverse events were described as mild 
or moderate in intensity. In phase III cSSSI trials, dapto-
mycin was discontinued in 15 of 534 (2.8%) patients owing 
to an adverse event, whereas comparators were discontinued 
in 17 of 558 (3.0%) patients. Treatment-emergent adverse 
events were more common in patients older than 65 years 
of age than in patients younger than 65 years (Arbeit et al., 
2004). In an S. aureus bacteremia/endocarditis trial, dapto-
mycin was discontinued in 20 of 120 (16.7%) patients because 
of an adverse event, whereas the comparator was discontin-
ued in 21 of 116 (18.1%) patients (Fowler et al., 2006). The 
most common adverse events with onset before 14 days were 
similar to those occurring between 15 and 28 days and after 
28 days (Rege et al., 2013). The main side effects from the 
various cSSSI trials with daptomycin, 4 mg/kg/day, are shown 
in Table 45.8.

In the pooled analysis of the Cubicin Outcomes Registry 
and Experience (CORE) and the European Cubicin Out-
comes Registry and Experience (EU-CORE) methodology, 
including the data in the registry from Europe, the USA, 
Latin America, and Asia, a total of 11,557 patients was treated 
with daptomycin between 2004 and 2012. Safety was assessed 
for up to 30 days after treatment. Adverse events and serious 
adverse events possibly related to daptomycin therapy were 
reported in 628 (5.4 %) and 133 (1.2 %) patients, respectively 
(Seaton et al., 2016). 

Two meta-analyses including 6 and 13 trials, respectively, 
evaluated the incidence of adverse events in comparison with 
other antibiotics. The analyses did not agree on the overall 
incidence of adverse effects as compared with other antibiot-
ics. The first meta-analysis found daptomycin to have a sim-
ilar treatment-related adverse events incidence in comparison 
with other antibiotics, mainly vancomycin and teicoplanin 
(OR: 1.06; 95% CI: 0.71–0.59; p = 0.76; I2 = 41%) (Wang et al., 
2014). In contrast, in the other meta-analysis it was found 
that daptomycin-treated patients had fewer adverse effects 
in total (He et al., 2014). Both analyses found more patients 
receiving daptomycin with significant elevations in CPK (OR: 
1.95; 95% CI: 1.04–3.65; p = 0.04; I2 = 0%) (Wang et al., 2014). 
He et al. (2014) also focused on renal impairment and found 
that daptomycin caused a significantly lower incidence of 
renal impairment. Subgroup analysis indicated that dapto-
mycin was significantly associated with a higher incidence 
of CPK elevation and fewer renal impairments among the 

population with a mean age ≤ 60 years and receiving a dose 
of daptomycin ≥ 6 mg/kg/24 hours (He et al., 2014). 

A study in 119 patients receiving daptomycin at home 
described adverse effects in 8 patients. In 3 of these patients 
a rash occurred; 1 had leucopenia, 3 had elevated creatine 
kinase levels, and 1 had a clinical adverse event. The research-
ers also compared the rate of adverse events during home 
therapy in a group of patients receiving vancomycin and 
found a 60% lower rate of antimicrobial adverse events and 
an 80% lower rate of antimicrobial interventions than in 
similar patients receiving vancomycin (Shrestha et al., 2014). 
Seaton et al. (2013a) also found outpatient use to be safe. 
Ease of administration of daptomycin via a daily 2-min 
injection and its efficacy and safety combine to make it an 
attractive treatment option for outpatient parenteral anti-
microbial therapy.

Although the use of daptomycin in children is not recom-
mended in the official labels and the optimal dose still needs 
to be determined, it has been used. Concerning the safety 
of daptomycin, some data suggest that rates of adverse events 
in children are similar to those in adults (Garazzino et al., 
2016; Syriopoulou et al., 2016).

Table 45.8. Incidence of most frequent adverse events on 
daptomycin treatment (> 2%) vs. comparator agents from 
phase III cSSSI studies.

Daptomycin, 4 mg/kg 
(n = 534) (%)

Comparatora 
(n = 558) (%)

Constipation 6.2 6.8

Reaction at the 
injection site

5.8 7.7

Nausea 5.8 9.5

Headache 5.4 5.4

Diarrhea 5.2 4.3

Insomnia 4.5 5.4

Rash 4.3 3.8

Vomiting 3.2 3.8

Abnormal liver 
function tests

3.0 1.6

Pruritus 2.8 3.8

Elevated creatine 
kinase 

2.8 1.8

Fungal infections 2.6 3.2

Hypotension 2.4 1.4

Urinary tract 
infection

2.4 0.5

Dizziness 2.2 2.0

Renal failure 2.2 2.7

Anemia 2.1 2.3

Dyspnea 2.1 1.6

aComparators were antistaphylococcal penicillins (flucloxacillin, nafcillin, 
oxacillin, 4–12 g/day i.v. in divided doses) and vancomycin 1 g every 12 
hours i.v.

Abbreviation: cSSI: complicated skin and skin structure infection.
Adapted from Arbeit et al. (2004).
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6a.  Musculoskeletal toxicity

One side effect that was apparent in experimental animals 
and in subjects in early trials with twice-daily dosing was 
skeletal muscle toxicity. Patients developed myopathy with 
elevated CPK, muscle pain, and weakness. The adverse skel-
etal muscle effects in dogs were characterized by degenerative/ 
regenerative changes and elevated CPK. No fibrosis or rhab- 
 domyolysis was evident. Severity was dose dependent, and 
all effects were fully reversible within 30 days of cessation of 
dosing (Package Insert, 2007). To guide the clinical dosing 
regimen with the potential for the least effect on skeletal 
muscle, two studies were conducted with dogs to compare 
the effects of repeated i.v. administration every 24 hours vs. 
every 8 hours for 20 days. The data from these studies suggest 
that increases in serum CPK activity and the incidence of 
myopathy were more closely related to the dosing interval 
(more severe effects with dosing every 8 hours than with 
every 24 hours) than to either the maximum concentration 
of the drug in plasma or the AUC. Once-daily administra-
tion appeared to minimize the potential for daptomycin- 
related skeletal muscle effects, possibly by allowing for more 
time between doses for repair of subclinical effects (Oleson 
et al., 2000).

In humans, these adverse effects were also reduced when 
once-daily dosing was administered. In a later phase I study 
examining dosages up to 12 mg/kg once daily for 14 days, 
no skeletal muscle effects or CPK elevations were observed 
(Benvenuto et al., 2006). In the phase III trials of cSSSI 
(Arbeit et al., 2004), 0.2% of patients treated with daptomy-
cin had symptoms of muscle pain or weakness associated 
with CPK elevations to greater than four times the upper 
limit of normal (Table 45.8). The symptoms resolved within 
3 days, and CPK returned to normal within 7–10 days after 
discontinuing treatment. In the bacteremia/endocarditis trial 
(Fowler et al., 2006), CPK elevations were significantly more 
common in the daptomycin-treated group than in the stan-
dard-therapy group (6.7% vs. 0.9%; p = 0.04). Among patients 
with normal baseline levels of CPK, elevations were noted 
in 23 of 92 patients who received daptomycin, compared 
with 12 of 96 patients who received standard therapy (25.0% 
vs. 12.5%; p = 0.04). Among patients with data that could be 
evaluated, 11 of 116 patients who received daptomycin had 
elevations in creatine kinase to more than 500 IU/l, com-
pared with 2 of 111 patients who received standard therapy 
(9.5% vs. 1.5%; p = 0.02). Of these 11 patients receiving 
daptomycin, 4 had prior or concomitant treatment with an 
HMG-CoA reductase inhibitor. Four of the 11 patients who 
received daptomycin had elevations that were greater than 10 
times the upper limit of normal. Elevation of CPK led to the 
discontinuation of treatment with daptomycin in 2.5% of 
patients (Fowler et al., 2006). In a group of 8 patients with 
asymptomatic elevated CPK receiving a mean daptomycin 
dosage of 7.75 mg/kg/day for a median duration of 42 days, 
the daptomycin dosing was withheld for 24 hours. After re- 
sum ing the daptomycin 24 hours later, most often at the same 

dose, the elevated CPK values had resolved, and the 8 patients 
were able to complete the daptomycin therapy without fur-
ther increases in CPK elevations (Burdette et al., 2014).

The relationship between exposure to daptomycin and the 
probability of an elevation in CPK level was described in 108 
patients, of whom 6 demonstrated a defined CPK elevation. 
Significant relationships between the minimum concentration 
of drug (Cmin) and the area under the plasma concentration 
time curve and probability of CPK elevation were observed. 
Cmin (breakpoint of 24.3 mg/l) was most significantly associ-
ated with CPK elevation (p = 0.002). The probabilities of a 
CPK elevation with a Cmin of at least 24.3 mg/l and < 24.3 
mg/l were 0.5 and 0.029, respectively. Increases in Cmin, eval-
uated as a continuous variable, were also significantly associ-
ated with CPK elevation (p = 0.01). The probability of a CPK 
elevation was 0 and 0.01 after 7 days of treatment in patients 
with a Cmin of at least 24.3 mg/l or < 24.3 mg/l, respectively. 
After 14 days, the probabilities were 0.5 and 0.025, respec-
tively (Bhavnani et al., 2010). In a subsequent study the cor-
relation between Cmin and CPK as described by Bhavnani et 
al. (2010) was used in Monte Carlo simulations to determine 
the probability of toxicity for various doses. The probabilities 
of toxicity with 6 mg/kg/day and 12 mg/kg/day were 3.3% 
and 17.7%, respectively (Soon et al., 2013). Although the 
numbers in the study are relatively small, this suggests that 
both the Cmin and the duration of therapy should be consid-
ered in determining the risk of an elevated CPK.

Rhabdomyolysis is an infrequent yet serious adverse effect. 
In four reported cases, this occurred after 7–10 days’ therapy 
(Echevarria et al., 2005; Kazory et al., 2006; Papadopoulos 
et al., 2006; King et al., 2014; Patel et al., 2007); in two cases 
it was associated with liver function abnormalities. Early-
onset rhabdomyo lysis has been reported in two cases. 

6b.  Peripheral nerve toxicity

In a study of daptomycin efficacy for S. aureus bacteremia/
endocarditis, a total of 11 of 120 (9.2%) daptomycin-treated 
patients had adverse events categorized as peripheral neu-
ropathy. In phase I studies examining dosages up to 12 mg/kg 
once daily of daptomycin for 14 days, no nerve conduction 
deficits or symptoms of peripheral neuropathy were observed, 
whereas in a small number of patients in phase I and phase II 
studies at doses up to 6 mg/kg, administration of daptomycin 
was associated with decreases in nerve conduction velocity 
and with adverse events (e.g. paresthesias, Bell palsy) pos-
sibly reflective of peripheral or cranial neuropathy. Nerve 
conduction deficits were also detected in a similar number 
of comparator subjects in these studies. In animals, effects 
of daptomycin on peripheral nerve—characterized by axonal 
degeneration and frequently accompanied by significant losses 
of patellar reflex, gag reflex, and pain perception—were 
observed at doses higher than those associated with skeletal 
myopathy. Therefore, physicians should be alert to the pos-
sibility of signs and symptoms of neuropathy in patients 
receiving daptomycin (Package Insert, 2007).
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6c.  Hepatotoxicity

Although daptomycin-induced hepatotoxicity is rare (Abra-
ham et al., 2008; Bohm et al., 2014), several cases have been 
described in the literature suggesting a causal relation. Hepa-
totoxicity may lead to severe or even fatal consequences. The 
majority of the cases described transaminase elevations during 
long-term daptomycin use (> 7 days). Some of the patients 
also showed elevated CPK levels. The correlation between 
hepatotoxicity and other risk factors, dosing regimen used, 
and duration of therapy is still unclear (Mo et al., 2016).

6d.  Hypersensitivity reactions

In clinical trials, skin symptoms among patients treated with 
daptomycin were not significantly different from those found 
in comparator groups (Table 45.8). Two cases of acute gen-
eralized exanthematous pustulosis attributed to daptomycin 
use were described, one in a critically ill burn patient (Hagiya 
et al., 2014) and one in a patient with diabetes mellitus and 
osteomyelitis of the foot (Leng et al., 2011). Hypersensitivity 
reactions, including pruritus, hives, shortness of breath, 
difficulty in swallowing, truncal erythema, and pulmonary 
eosinophilia, have been reported in postmarketing studies. 
However, estimates of frequency and causal relationship are 
not established.

Metz and Thyagarajan (2008) described a successful pro-
tocol for desensitization that was used in a patient with a 
generalized urticarial rash in which the desired final dose of 
daptomycin was 350 mg/day. Tenfold dilutions were admin-
istered starting with 350 mg × 10–6. Each dilution was admin-
istered over 15 minutes, and the patient was closely observed 
for any signs of urticaria, angioedema, shortness of breath, or 
hemodynamic instability. If no reaction occurred within 30 
minutes, the next dose was administered. The patient toler-
ated all dilutions and achieved the target dose without any 
allergic symptoms.

6e.  Eosinophilic pneumonia

Acute eosinophilic pneumonia (AEP) has been described as 
an adverse event of many drugs and is one of the more com-
mon hypersensitivity reactions. In a 2010 warning concerning 
daptomycin, AEP was added to the prescription information 
(Package Insert, 2013). After this warning a retrospective 
review of the published case reports and records from the 
Adverse Event Reporting System databases of the US Federal 
Drug Administration (FDA) was performed (Kim et al., 2012). 
Patients with definite cases of daptomycin-induced AEP had 
concurrent exposure to daptomycin, fever, dyspnea requir-
ing increased oxygen or mechanical ventilation, new infil-
trates on chest imaging, bronchoalveolar lavage with > 25% 
eosinophils, and clinical improvement after daptomycin with-
drawal (Kim et al., 2012). The reviewers described seven defi-
nite cases. Symptoms developed 2–4 weeks after initiation of 
daptomycin, and five of these seven patients received corti- 

costeroids (Kim et al., 2012). There are not enough data up to 
now to calculate a frequency of daptomycin-induced AEP. 
Risk factors for development of eosinophilic pneumonia are 
unknown, but recently of 43 patients treated for a bone or 
joint infection with daptomycin, 2 cases of eosinophilic pneu-
monia were described, concomitant with daptomycin trough 
concentration above 24 mg/l. However, the causative rela-
tionship between a certain trough level and the risk of eosin-
ophilic pneumonia is not known (Roux et al., 2016). Cases 
have also been described recently in the literature (Hayes et 
al., 2007; Chiu et al., 2015; Roux et al., 2015; Hagiya et al., 
2015).

6f.  Ototoxicity

In a guinea pig model, mild hearing impairment was noted 
after topical application of daptomycin when the drug 
reached the middle ear. Rodents are more sensitive to oto-
toxic effect than humans, and therefore these results do not 
automatically imply that daptomycin is ototoxic in humans. 
Furthermore, daptomycin was found to be less ototoxic as 
compared with gentamicin (Oshima et al., 2014).

6g.  Hematologic side effects

Up to now, only two patients have been described in the lit-
erature with hematologic side effects probably attributed to 
the use of daptomycin. A case had been described of a patient 
treated with daptomycin, 6 mg/kg/day, for an MRSA septic 
arthritis, which developed during chemotherapy for B-cell 
non-Hodgkin lymphoma. She was treated with daptomycin 
after 11 weeks of vancomycin with an insufficient clinical 
response. Her baseline absolute neutrophil count was 4.1 × 
103 cells/µl. After 4 weeks this was 2.9 × 103 cells/µl, and after 
77 days of daptomycin it decreased to 0.6 × 103 cells/µl. In a 
review of the case, the association between neutropenia and 
daptomycin use was scored as probable (Knoll et al., 2013). 
Severe daptomycin-induced immune thrombocytopenia is 
reported in a patient 4 days after treatment with 6 mg/kg 
of daptomycin for MRSA and VRE bacteremia was initiated 
(Grégoire et al., 2012). 

6h.  Other side effects

Hyperkalemia has been described in a single patient. After 
10 days of therapy with 9 mg/kg daptomycin, hyperkalemia 
was noted in a patient with normal renal function (serum 
potassium level of 5.4 meq/l, with an increase to 6.1 meq/l on 
the 11th day). The daptomycin was withheld for 1 day, and the 
serum potassium levels normalized after administration of 
insulin plus dextrose and oral sodium polystyrene sulfonate. 
After reintroduction of a lower dose of daptomycin (7 mg/
kg), the potassium levels increased again to 5.5 meq/l; with 
an even lower dose of daptomycin and continuous sodium 
polystyrene sulfonate administration, however, the patient 
completed the course of therapy (Budovich et al., 2014).
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6i.  Risks in pregnancy and fetal toxicity

Reproductive and teratology studies performed in rats and 
rabbits at doses up to 75 mg/kg—three and six times the 
human dose, respectively, based on body surface area—have 
revealed no evidence of harm to the fetus. There are, how-
ever, no adequate and well-controlled studies in pregnant 
women. Because animal reproduction studies are not always 
predictive of human response, daptomycin should be used 
during pregnancy only if clearly needed. Daptomycin is 
classified as a category B agent during pregnancy in terms 
of teratogenic risk (Package Insert, 2007).

7. CLINICAL USES OF THE DRUG

The main clinical use of daptomycin is to treat infections 
caused by (resistant) Gram-positive microorganisms. The 
clinical efficacy of daptomycin has mainly been evaluated in 
major clinical trials in adult patients with cSSSI and S. aureus 
bacteremia, with or without endocarditis. An extensive post-
marketing database, CORE, is available, which is a multi-
center observational registry that involves 45 institutions 
and is designed to characterize infection types, pathogens, 
and outcomes of patients who were treated with daptomycin 
(Lamp et al., 2007; Levine and Lamp, 2007; Owens et al., 
2007; Sakoulas et al., 2007; Forrest et al., 2008). Details on the 
methodology of the CORE registry are published, with data 
collected retrospectively by trained investigators to document 
real-world clinical experience. Study limitations include un-
controlled diagnostic criteria, some noncomparative data, 
and lack of followup assessments (Rolston et al., 2007).

In many of the clinical studies discussed, patients included 
may have been treated with other antibiotics, mainly van-
comycin, before the start of the daptomycin. For MRSA, the 
duration of previous vancomycin treatment did not influ-
ence the daptomycin outcome in patients with bacteremia 
(Culshaw et al., 2015). However, in a 96-hour in vitro phar-
macodynamic model using three MRSA isolates, prior expo-
sure of vancomycin at 1 g every 12 hours reduced the initial 
microbiological response of daptomycin, particularly for 
hVISA and VISA isolates (Bhalodi et al., 2014). This might 
influence the outcome of the use of daptomycin as salvage 
therapy. 

DAPTOMYCIN FOR GENERAL USE

A meta-analysis compared daptomycin with other antibiotics, 
mainly vancomycin and teicoplanin, for the treatment of 
infectious diseases and included 13 trials. Daptomycin was 
as efficacious as comparator regimens among the intent to 
treat (ITT) population (risk ratio [RR]: 0.98; 95% CI: 0.93–
1.03) but had a lower efficacy among the clinically evaluable 
population (RR: 0.96; 95% CI: 0.93–1.00). Subgroup analyses 
according to the quality of the trial, the type of antibiotic, and 
the type of infection did not alter the outcomes. No signifi-
cant difference was identified for all-cause mortality between 
the daptomycin and comparator groups (RR: 1.17; 95% CI: 

0.76–1.79), but daptomycin therapy did reduce the duration 
of treatment (He et al., 2014). 

The reduction in duration of treatment for daptomycin 
was also found in the comparison of daptomycin with van-
comycin in the treatment of mild S. aureus infections with 
an MIC for vancomycin of ≥ 2 mg/l. The median antibiotic- 
related length of stay was significantly shorter with dapto-
mycin than with vancomycin (7.5 vs. 10.0 days; p = 0.035). 
Relapse rates in the clinically evaluable population were 
25% and 23% for daptomycin and vancomycin, respectively 
(Jobson et al., 2011). A better outcome might be more likely 
after the use of daptomycin doses of more than 6 mg/kg/day 
compared with doses less than 6 mg/kg/day (clinical cure of 
94% and 73%, respectively). However, in the study compar-
ing these doses, the mean duration of treatment was different 
between the two groups: 13.5 days and 19 days for the low- 
and high-dose groups, respectively (Bassetti et al., 2010). 

For a mixture of enterococcal infections in the EU-CORE, 
clinical success was achieved in 77.1% of 472 patients, with 
similar success rates across all primary infection categories. 
Of those patients, 72.7% received antibiotics before dapto-
mycin treatment, whereas 77.1% received other antibiotics 
concomitantly. Failure of previous therapy, resistant or non-
susceptible pathogen, and narrowing of antibiotic therapy 
were the main reasons for switching to daptomycin treat-
ment. The overall clinical success rate was marginally higher 
(82.5% vs. 74.6%; p = 0.09) with daptomycin as first-line vs. 
second-line therapy. Patients receiving higher doses of dap-
tomycin exhibited the highest clinical success rates (85.7% 
for ≥ 8 mg/kg/day vs. 75.8% for < 8 mg/kg/day; p = 0.08) 
(Lübbert et al., 2015). 

7a.  Complicated skin and skin structure 
infections

Daptomycin appears to be at least as effective as appropriate 
comparators for the treatment of skin and skin structure 
infections (SSSIs) and cSSSIs. Two phase III randomized con-
trolled international trials, DAP-SST-98-01 and DAP-SST- 
99-01, were conducted between 1999 and 2001 as evaluator- 
blind multicenter studies in which daptomycin, administered 
as 4 mg/kg once daily infused over 30 minutes, was compared 
with penicillinase-resistant penicillins (cloxacillin, nafcillin, 
oxacillin, or flucloxacillin [4–12 g/day] or vancomycin) for 
cSSSI. Analyses of pooled data (n = 1092) were published 
(Arbeit et al., 2004). Such cSSSIs included wound infections, 
major abscesses, and infected (diabetic) ulcers—all requiring 
hospitalization, parenteral antibacterial therapy for > 96 hours, 
and an expected treatment duration of 7–14 days. Only 
patients considered at risk for MRSA infection were treated 
with vancomycin, 1 g every 12 hours by 60-minute i.v. infu-
sion. At baseline, an infecting organism was identified in 80% 
of the patients in the daptomycin group and 84% of the com-
parator group (modified ITT population). Among Gram-
positive isolates, approximately 75% were S. aureus, one fifth 
were S. pyogenes, and the remainder were viridans streptococci 
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and enterococci. The primary efficacy endpoint was non-
inferiority, defined as an upper limit of the 95% confidence 
interval for the between-group difference in success rates of 
< 10%. Noninferiority to standard therapy was demonstrated 
in the ITT and clinically evaluable populations at the test of 
cure (TOC) 6–20 days after administration of the last dose 
and also in the modified ITT and microbiologically evaluable 
populations. In the microbiologically evaluable population, 
clinical success rates by infecting Gram-positive organisms 
at baseline were 73–100% for daptomycin and 69–91% for 
comparators (Arbeit et al., 2004).

Subgroup analyses of both trials were reported in separate 
publications. The subset of diabetic patients with an infected 
ulcer enrolled in these two trials was analyzed. Patients were 
prospectively stratified according to diagnosis to ensure that 
they were equally represented in the treatment groups, then 
randomized to either daptomycin (4 mg/kg every 24 hours 
i.v.) or a preselected comparator (vancomycin or a semi-
synthetic penicillin) for 7–14 days. Among 133 patients with 
a diabetic ulcer infection, 103 were clinically evaluable; 47 
received daptomycin and 56 received a comparator. Most 
infections were monomicrobial, and S. aureus was the pre-
dominant pathogen, mostly MSSA. Success rates for patients 
treated with daptomycin or the comparators were not statis-
tically different for clinical (66% vs. 70%, respectively; 95% 
CI: –14.4–21.8) or microbiological (overall or by pathogen) 
outcomes. Both treatments were generally well tolerated, with 
most adverse events of mild to moderate severity (Lipsky and 
Stoutenburgh, 2005).

An analysis of clinical and economic outcomes of dap-
tomycin vs. vancomycin for cSSSI was conducted as a pro-
spective open-label study in a trauma center in the USA. 
Fifty-three adult patients with cSSSI at risk for MRSA infec-
tion who were treated with daptomycin were compared with 
a historic matched cohort of 212 patients treated with vanco-
mycin. Patients in the prospective arm received i.v. daptomy-
cin, 4 mg/kg once daily for at least 3 days but not more than 
14 days. Controls received at least 3 days of vancomycin dosed 
to achieve trough concentrations of 5–20 mg/l. Out comes 
evaluated included blinded assessments of clinical resolution, 
duration of therapy, and costs. The most common diagnoses 
were cellulitis (31%), abscess (22%), and cellulitis with abscess 
(37%). Microbiology differed significantly between groups, 
with S. aureus found in 27 patients (51%) in the daptomycin 
group and 167 patients (79%) in the vancomycin group, and 
MRSA in 22 (42%) and 159 (75%), respectively (p < 0.001). 
The proportions of patients with clinical improvement or 
resolution of their infections on days 3 and 5 were 90% vs. 
70% and 98% vs. 81% in the daptomycin vs. vancomycin 
groups, respectively (p < 0.01 for both comparisons), and 
100% at the end of therapy in both groups. Among patients 
with complete resolution of their infections (41 patients 
[77%] with daptomycin vs. 89 patients [42%] with vancomy-
cin; p < 0.05), median duration of i.v. therapy was 4 and 7 
days, respectively (p < 0.001), and hospital costs were $5027 
and $7552, respectively (p < 0.001). The authors concluded 
that patients receiving daptomycin achieved more rapid reso - 

lution of symptoms and clinical cure and had a decreased 
duration of inpatient therapy vs. those receiving vancomycin 
(Davis et al., 2007). However, it should be noted that the 
accuracy with which hVISA isolates were identified in this 
study is not clear. (Thus some of the vancomycin treatment 
failures may have been associated with hVISA infection.)

Another randomized controlled trial also compared the 
effectiveness of daptomycin with that of vancomycin for 
treatment of patients hospitalized with cSSSI caused by sus-
pected or documented MRSA infection. Two hundred and 
fifty patients were included. The primary study endpoint 
was infection-related length of stay. Secondary endpoints 
included health care resource utilization, cost, clinical response, 
and patient-reported outcomes. Patient assessments were 
performed daily until the end of antibiotic therapy or until 
hospital discharge, and at 14 days and 30 days after discharge. 
No difference was found for infection-related length of stay, 
total length of stay, or total inpatient cost between cohorts. 
Hospital length of stay contributed 85.9% to the total hospi-
talization cost, compared with 6.4% for drug costs. Dapto-
mycin showed a nonsignificant trend toward a higher clinical 
success rate compared with vancomycin at treatment days 
2 and 3. In the multivariate analyses, vancomycin was asso-
ciated with a lower likelihood of day 2 clinical success (OR: 
0.498; 95% CI: 0.249–0.997; p < 0.05). This study did not pro-
vide conclusive evidence of the superiority of one treatment 
over the other in terms of clinical, economic, or patient out-
comes (Kauf et al., 2015). On the other hand, a small ran-
domized clinical trial in the clinical evaluable population 
found a difference in clinical outcome between daptomycin 
(4 mg/kg) and vancomycin or teicoplanin. Clinical success 
was reported in 53 of 58 (91.4%) patients treated with dapto-
mycin and 41 of 47 (87.2%) of the comparators. However, 
this difference was more pronounced in the subgroup of 
patients with an age of ≥ 65 years. Clinical success rates were 
88.9%, 60%, and 81% for daptomycin, vancomycin, and teico-
planin, respectively (Quist et al., 2012). In a meta-analysis 
Wang et al. (2014) included six evaluator-blinded random-
ized controlled trials to compare the efficacy of daptomycin 
with comparator antibiotics in the treatment of SSSIs, mainly 
vancomycin and teicoplanin. Both clinical and microbio-
logical success for patients receiving daptomycin was com-
parable to other antibiotics (Wang et al., 2014).

Assessment of the CORE registry database for patients with 
a diagnosis of an SSSI and determined outcome revealed 577 
patients with SSSI, of whom 522 (90%) were evaluable (Owens 
et al., 2007). Diabetes mellitus and peripheral vascular dis-
ease were present in 27% and 10% of the population, respec-
tively. Pathogens were identified for 65% of all patients—S. 
aureus (75%; 85% methicillin resistant) and Enterococcus 
species (19%; 44% vancomycin resistant) most commonly. 
Concomitant use of other antibiotics was common (42%). Of 
522 patients studied, 334 (64%) had cSSSIs, and 188 (36%) had 
uncomplicated skin and skin structure infections (uSSSIs). 
Overall cure, improvement rates, and failure rates were 53%, 
43%, and 4%, respectively, for cSSSI and 66%, 32%, and 2%, 
respectively, for uSSSI. The median dose administered was 
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4.0 mg/kg for cSSSI (mean, 4.5 ± 1.0 mg/kg; range, 2.3–12 
mg/kg) and 4.0 mg/kg for uSSSI (mean, 4.2 ± 0.8 mg/kg; 
range, 2.1–9 mg/kg); the dose was significantly higher in 
cSSSI (p < 0.001, median test). Median daptomycin treat-
ment duration was 12 days and was longer for cSSSI than for 
uSSSI (14 vs. 10 days; p = 0.002) (Owens et al., 2007).

7b.  Staphylococcal bacteremia and 
endocarditis

CATHETER-RELATED BLOODSTREAM INFECTION

Catheter-related bloodstream infections are a major health 
problem. In vitro studies indicated that daptomycin (com-
binations) could be a good option in the treatment and pre-
vention of these infections. Daptomycin was one of the 
antibiotics that resulted in a significant reduction in the via-
bility of S. aureus biofilm formed over a 24-hour incubation 
period (Hogan et al., 2016). The combination of daptomycin 
(5 mg/ml) plus ethanol and daptomycin (5 mg/ml) plus clar-
ithromycin (5 mg/ml) prevented regrowth at 24 hours after 
removal for the catheter lock (Parra et al., 2015). These 
results might support the use of daptomycin as antimicrobial 
lock therapy.

Animal studies supported this finding. Three different lock 
solutions were compared in an S. aureus–infected i.v. cathe-
ter model implanted in New Zealand white rabbits. The solu-
tions with daptomycin (5 mg/ml), daptomycin (50 mg/ml), 
and vancomycin (10 mg/ml) were compared by determining 
the minimum biofilm eradication concentration. Daptomycin 
showed greater in vitro activity than vancomycin against bio-
film bacteria. (Minimum biofilm eradication concentrations 
of vancomycin and daptomycin for MSSA were > 2000 mg/l 
and 7 mg/l, respectively; for MRSA, they were > 2000 mg/l 
and 15 mg/l, respectively.) Daptomycin (5 mg/ml) achieved 
significant reductions relative to vancomycin (10 mg/ml) 
in log10 CFUs recovered from catheter tips for both strains 
(p < 0.05). Only daptomycin (50 mg/ml) achieved negative 
catheter-tip cultures (up to 75% in MSSA and 85% in MRSA; 
p < 0.05), showing the greatest median log10 CFU reduction 
compared with controls (6.07 in MSSA and 6.59 in MRSA; 
p < 0.05) (Meije et al., 2014). A study in rats using a central 
venous catheter biofilm model compared daptomycin lock 
therapy combined with systemic therapy to that of vanco-
mycin. A methicillin-resistant S. epidermidis–infected central 
venous catheter was treated for 3 days with daptomycin or 
vancomycin lock therapy (18 hours at 5 mg/ml) with sys-
temic dosing (40 mg/kg/day of daptomycin or 100 mg/kg/day 
of vancomycin). The regimens were equally effective 1 week 
post-therapy in maintaining cleared central venous catheters 
(90% [n = 10] vs. 100% [n = 8]). However, the lactated 
Ringer’s formulation was superior to that of saline in sustain-
ing the bacterial clearance of treated central venous catheters 
(83% vs. 50%) (Van Praagh, 2011).

Two retrospective studies evaluated the use of daptomycin 
lock therapy in combination with systemic administration. In 
one study 13 patients with long-term catheter-related blood- 

stream infections were evaluated. The primary endpoint used 
in this study was failure to cure the episode of long-term 
catheter-related bloodstream infection. Cure was defined as 
fever disappearance, negative blood cultures within 1 month 
after the end of treatment, and catheter salvage. Daptomycin 
lock therapy (5 mg/ml) was administered for a mean of 
14  days (interquartilic range 10–14). I.v. daptomycin was 
administered in nine patients for a mean of 10 days (inter-
quartilic range 5–11). Clinical cure and blood culture steril-
ization occurred in 11 of 13 patients (85%). Two patients had 
fever during treatment, and catheters were removed. Median 
length of followup in patients with therapeutic success was 
67 days (interquartilic range 14–88) (Del Pozo et al., 2012). 
The other evaluation included eight patients. The primary 
outcome was catheter maintenance, after clinical success and 
microbiological eradication. Eight patients who had failed 
previous standard therapy (7 vancomycin, 1 cefazolin) were 
included in the study. Daptomycin, given intravenously and 
as lock therapy, was successful in six of eight cases. The mean 
time to negative blood cultures was 2 days (range 1–6). In 
two cases neither clinical nor microbiological response was 
documented, and the catheter was removed (Tatarelli et al., 
2015). Although both studies included limited numbers of 
patients, they support the potential of daptomycin when used 
as catheter lock therapy. 

EXPERIMENTAL ENDOCARDITIS

Daptomycin has been tested in rats with experimental endo-
carditis against an ampicillin- and vancomycin-susceptible 
E. faecalis strain, vancomycin-resistant (VanA type) mutant 
of the strain, and an ampicillin- and vancomycin-resistant 
(VanB type) E. faecium strain. Rats with catheter-induced 
aortic vegetations were treated with dosages simulating i.v. 
kinetics in humans of daptomycin (6 mg/kg every 24 hours), 
amoxicillin (2 g every 6 hours), vancomycin (1 g every 12 
hours), or teicoplanin (12 mg/kg every 12 hours). Treatment 
was started 16 hours postinoculation and continued for 2 
days. MICs of daptomycin were 1, 1, and 2 mg/l, respectively, 
for the three strains. In time-kill studies, daptomycin showed 
rapid (within 2 hours) bactericidal activity against all strains. 
Daptomycin was highly bound to rat serum proteins (89%). 
In the presence of 50% rat serum, simulating free concentra-
tions, daptomycin killing was maintained but delayed (6–24 
hours). In vivo, daptomycin treatment resulted in 10 of 12 
(83%), 9 of 11 (82%), and 11 of 12 (91%) culture-negative 
vegetations in rats infected with the three strains, respec-
tively (p < 0.001 compared with controls). Daptomycin effi-
cacy was similar to that of amoxicillin and vancomycin for 
susceptible isolates. Daptomycin, however, was significantly 
(p < 0.05) more effective than teicoplanin against the glyco-
peptide-susceptible strain and superior to all comparators 
against resistant isolates. These results support the use of the 
newly proposed daptomycin dose of 6 mg/kg every 24 hours 
for the treatment of enterococcal infections in humans 
(Vouillamoz et al., 2006).

The in vitro and in vivo efficacies of daptomycin against 
one MRSA clinical isolate with vancomycin MIC of 2 mg/l 
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and ATCC 700788 VISA strain (vancomycin MIC 8 mg/l) 
was studied in a rabbit model of infective endocarditis (IE). 
Time-kill experiments had demonstrated that daptomycin 
was bactericidal in vitro against these two strains. The effect 
of daptomycin (6 mg/kg/day) was compared with the activ-
ities of a high-dose vancomycin regimen (1 g i.v. every 
6 hours), the recommended dosage of vancomycin regimen 
(1 g i.v. every 12 hours) for 48 hours, and no treatment (con-
trol). Daptomycin was significantly more effective than the 
vancomycin recommended dose in reducing the density of 
bacteria in the vegetations for the MRSA strains (0 [inter-
quartile range, 0–1.5] vs. 2 [interquartile range, 0–5.6] log 
CFU/g vegetation; p = 0.02) and VISA strains (2 [interquar-
tile range, 0–2] vs. 6.6 [interquartile range, 2.0–6.9] log 
CFU/g vegetation; p < 0.01) studied. In addition, daptomycin 
sterilized more MRSA vegetations than the vancomycin rec-
ommended dose (13 of 18 [72%] vs. 7 of 20 [35%]; p = 0.02) 
and sterilized more VISA vegetations than either vancomy-
cin regimen (12 of 19 [63%] vs. 4 of 20 [20%]; p < 0.01). No 
statistically significant difference between the high-dose van-
comycin and the vancomycin recommended dose for MRSA 
treatment was noted. These results support the use of dapto-
mycin for the treatment of aortic valve endocarditis caused 
by VISA and MRSA (Marco et al., 2008).

The superiority of daptomycin over vancomycin as 
described for VISA and MRSA has also been shown for 
methicillin-resistant and glycopeptide-intermediate-suscep-
tible S. epidermidis. An experimental rabbit endocarditis model 
with methicillin-resistant and glycopeptide-intermediate- 
susceptible S. epidermidis was used to compare daptomycin 
(doses of 6 mg/kg and 10 mg/kg) vs. vancomycin (1 g every 
12 hours). Both doses of daptomycin sterilized more vegeta-
tions than vancomycin (9 of 15 [60%] and 11 of 15 [73%] vs. 
3 of 16 [19%]; p = 0.02 and p = 0.002, respectively) (García-
de-la-Mària et al., 2010). However, in a study in rabbits using 
human-equivalent daptomycin doses of 6 mg/kg and 10 mg/
kg, the higher dose was found to be more efficacious in erad-
icating S. aureus, with an MIC of 2 mg/l from endocardial 
vegetations compared with the 6 mg/kg dose. By using the 
high dose, a 3 log10 kill was found, whereas there was no kill 
in the 6 mg/kg group (Chambers et al., 2009). 

In a rabbit endocarditis model, both of the fifth-generation 
cephalosporins ceftobiprole and ceftaroline were compared 
with daptomycin and were both found to be more efficacious 
than daptomycin. Residual organisms in vegetations were sig-
nificantly fewer in ceftobriprole-treated animals than in the 
comparator groups, of which daptomycin was one (p < 0.05) 
(Tattevin et al., 2010). Ceftaroline was also superior to dapto-
mycin in terms of sterilization of the vegetations (Jacqueline 
et al., 2011).

EXPERIMENTAL ENDOCARDITIS: COMBINATION 
THERAPY

Various combinations with daptomycin have been evaluated 
by using in vitro endocarditis models. One of the combina-
tions is daptomycin with trimethoprim-sulfamethoxazole. 
The activity of high-dose daptomycin plus trimethoprim- 

sulfamethoxazole de-escalated to high-dose daptomycin or 
trimethoprim-sulfamethoxazole was evaluated against four 
clinically daptomycin-nonsusceptible (MRSA) isolates in an 
in vitro pharmacokinetic/pharmacodynamic model of simu-
lated endocardial vegetations. Simulated regimens included 
high-dose daptomycin at 10 mg/kg/day for 14 days, tri-
methoprim-sulfamethoxazole at 160/800 mg every 12 hours 
for 14 days, high-dose daptomycin plus trimethoprim-sulfa-
methoxazole for 14 days, and the combination for 7 days de- 
escalated to high-dose daptomycin for 7 days and de-escalated 
to trimethoprim-sulfamethoxazole for 7 days. Differences in 
CFU/g (at 168 and 336 hours) were evaluated. A ≥ 8 log10 
CFU/g decrease was observed with high-dose daptomycin 
plus trimethoprim-sulfamethoxazole against all strains (at 
48 to 144 hours), which was maintained with de-escalation to 
high-dose daptomycin or trimethoprim-sulfamethoxazole 
at 336 hours. The combination for 14 days and the combina-
tion for 7 days de-escalated to high-dose daptomycin or 
trimethoprim-sulfamethoxazole were significantly better than 
daptomycin monotherapy (p < 0.05) and trimethoprim- 
sulfamethoxazole monotherapy (p < 0.05) at 168 and 336 
hours. However, superiority of combination therapy includ-
ing daptomycin over daptomycin monotherapy for the treat-
ment of daptomycin-nonsusceptible microorganisms can be 
expected. Combination therapy followed by de-escalation 
offers a novel bactericidal therapeutic alternative for high- 
inoculum, serious MRSA infections (Steed et al., 2012).

Another interesting combination is daptomycin combined 
with beta-lactams, such as ceftriaxone or oxacillin. In an 
experimental infectious endocarditis model with simulated 
endocardial vegetations, daptomycin was combined with cef-
triaxone against VRE. Daptomycin (6 and 12 mg/kg/day) 
with and without 2 g of ceftriaxone every 24 hours was eval-
uated. Daptomycin (6 mg/kg) with ceftriaxone and dapto-
mycin (12 mg/kg) alone and in combination with ceftriaxone 
displayed significantly more activity than daptomycin (6 mg/
kg) alone from 48 to 96 hours (p  ≤  0.005). The addition of 
ceftriaxone significantly enhanced the activity of daptomy-
cin (6 mg/kg) against both strains and improved the activity 
of daptomycin (12 mg/kg) against one of the two strains at 
96 hours. Daptomycin (12 mg/kg) plus ceftriaxone displayed 
no appreciable activity against one strain with a daptomycin 
MIC of 32 mg/l (Hall Snyder et al., 2014). The combination 
of daptomycin with oxacillin improved the activity as com-
pared with daptomycin monotherapy (doses equal to human 
doses of 6 mg/kg) as well (Yang et al., 2010). More data, 
especially clinical, are needed to conclude whether this com-
bination is beneficial. The combination of daptomycin plus 
ceftaroline also resulted in enhanced killing over monother-
apy of one of the drugs in an in vitro endocarditis model with 
simulated endocardial vegetations (Werth et al., 2014a).

An antagonistic effect between daptomycin and rifampicin 
and gentamicin has been shown. In one study, an experimen-
tal infectious endocarditis model with simulated endocar-
dial vegetations was used to evaluate the use of daptomycin 
and vancomycin in combination with rifampicin or gentami-
cin in the treatment of MRSA. The daptomycin-containing 
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regimens had more activity compared with the vancomycin- 
containing regimens (p = 0.03). Adding rifampicin or gen-
tamicin to the daptomycin antagonized or delayed the 
bactericidal effect of daptomycin within the first 24 hours 
after start of treatment (LaPlante and Woodmansee, 2009). 
These results were supported by another study in rats show-
ing that the combination of daptomycin with gentamicin was 
as effective in reducing the density of bacteria in valve vege-
tations as was daptomycin alone (p = 0.83). The combination 
of daptomycin with rifampicin was less effective than dapto-
mycin alone (p < 0.05) (Miró et al., 2009).

HUMAN STUDIES OF BACTEREMIA AND 
ENDOCARDITIS

MRSA bacteremia
An international open-label randomized controlled trial, the 
largest comparative trial of S. aureus bacteremia to date, 
included 246 (ITT) patients (21–91 years) with bacteremia 
and right-sided endocarditis due to MSSA or MRSA. Fowler 
et al. (2006) assessed the comparative clinical efficacy of dap-
tomycin (6 mg/kg/day i.v.) vs. “conventional” therapy (initial 
low-dose gentamicin plus either antistaphylococcal penicil-
lin or vancomycin) for the treatment of MSSA and MRSA 
bacteremia, including endocarditis. The minimum duration 
of treatment was determined by the initial diagnosis and 
lasted 10–42 days. The primary efficacy endpoint in this 
noninferiority trial was the blinded evaluation of clinical 
success rate in the two treatment groups, based on the mod-
ified ITT and per-protocol populations at the TOC visit 6 
weeks after the end of treatment. Noninferiority of daptomy-
cin was demonstrated when the lower limit of 95% CI for the 
between-group difference in clinical success rates was greater 
than –20% with 95% CI including 0%. The infecting organ-
ism was MRSA in 38% of patients in both treatment groups. 
Noninferiority of daptomycin was claimed in patients with 
bacteremia with or without IE. Clinical success rates were 
44% vs. 42% for daptomycin vs. standard therapy, respec-
tively, in the modified ITT population and 54% vs. 53%, 
respectively, in the per-protocol population. Overall survival 
rates did not differ either: 85% in the daptomycin group vs. 
84% in the standard therapy group. No differences were found 
in the time to clearance of S. aureus bacteremia (median time 
to clearance, 4 and 3 days in patients with MSSA and 8 and 
9 days in patients with MRSA). Daptomycin was well toler-
ated. Although 25% of patients had elevations in CPK, in 
only three patients did this lead to discontinuation of ther-
apy. A high incidence of renal dysfunction was attributed to 
the addition of gentamicin for the first 4 days of therapy in 
the comparator group, who received vancomycin and/or beta- 
lactam therapy (Fowler et al., 2006).

However, the study of Fowler et al. (2006) has a number of 
important limitations that restrict the interpretation of their 
findings (Grayson, 2006). First, although this trial was ran-
domized, it was open label with a blinded assessment of the 
clinical outcome. Thus although bias in assessing treatment 
efficacy may have been controlled, bias in reporting and acting 

on adverse events was not. Second, the study population was 
rather heterogeneous—a key focus of the study was staphylo-
coccal endocarditis, yet only 29% (53 of 181) of patients who 
were initially thought to have endocarditis at enrollment were 
confirmed to have this as a final diagnosis, with a wide vari-
ety of nonendocarditis etiologies identified. Although the 
study aimed to recruit 90 evaluable patients in each treat-
ment arm (to assess a potential treatment difference [delta] of 
≥ 20%), only 79 (daptomycin) and 60 (comparator) patients 
were fully evaluable, and, surprisingly, at least one patient 
who did not have S. aureus bacteremia was included in the 
assessment of efficacy. Key outcomes of “clinical failure” and 
“microbiological failure” were not clearly described, and the 
definitions of complicated endocarditis and bacteremia were 
perplexing. Finally, about one third (6 of 19) of daptomycin- 
treated patients who suffered microbiological failure were 
found to have isolates that had developed resistance to dap-
tomycin (MIC ≥ 2 mg/l) (see section 2b, Emerging resistance 
and cross-resistance, and the unnumbered section, Clinical 
failures in the treatment of bacteremia and endocarditis). 
Thus clinicians using this agent should be aware that if patients 
appear to be failing treatment, the emergence of resistance 
should be carefully assessed.

Several studies retrospectively compared the efficacy of 
vancomycin and daptomycin in the treatment of MRSA bac-
teremia. Weston et al. (2014) studied 150 patients (100 in the 
vancomycin arm and 50 in the daptomycin arm). Compared 
with vancomycin, the use of daptomycin was not signifi-
cantly associated with treatment failure. These authors did not 
divide patients based on the vancomycin MIC. Three other 
studies included only patients infected with an MRSA strain 
with an MIC for vancomycin of at least 1 mg/l. These studies 
all reported a better outcome for daptomycin compared with 
vancomycin (Moore et al., 2012; Murray et al., 2013; Moise 
et al., 2016). For example, Murray et al. (2013) included 170 
patients. The rate of clinical failure at 30 days was signifi-
cantly lower in the daptomycin arm compared with the 
vancomycin arm (20.0% vs. 48.2%; p < 0.001). Both 30-day 
mortality and persistent bacteremia were significantly lower 
in the daptomycin group compared with the vancomycin 
group (3.5% vs. 12.9% [p = 0.047] and 18.8% vs. 42.4% [p = 
0.001], respectively). Logistic regression confirmed the asso-
ciation between vancomycin treatment and increased risk of 
clinical failure (adjusted OR: 4.5; 95% CI: 2.1–9.8). Falcone et 
al. (2012b) included 106 patients and found a reduced length 
of hospitalization for the daptomycin-treated group com-
pared with the glycopeptide group, possibly owing to a rapid 
resolution of the clinical syndrome. In all retrospective stud-
ies, many patients treated with daptomycin were previously 
treated with vancomycin. However, for MRSA, the duration 
of previous vancomycin treatment did not influence the dap-
tomycin outcome (Culshaw et al., 2015). 

VRE bacteremia
The efficacy of daptomycin with or without concomitant 
beta-lactams in the treatment of VRE was evaluated in 262 
patients. Overall treatment success was 86% (n = 225/262), 
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and treatment success for patients taking concomitant beta- 
lactams was 86% (n = 105/122). Logistic regression identified 
treatment failure to be associated with sepsis (OR: 3.42; 
p  =  0.009) and an elevated daptomycin MIC (3–4 µg/ml) 
(OR: 3.23; p = 0.013) (Moise et al., 2015). The lower efficacy 
with an MIC of 3–4 mg/l was confirmed later (Shukla et al., 
2016). No significant increase in clinical failure was seen 
among patients with elevated daptomycin MIC who received 
concomitant beta-lactam therapy (clinical success, 88% vs. 
79% for MIC ≤ 2 vs. 3–4 µg/ml, respectively; p = 0.417) 
(Moise et al., 2015). Daptomycin was effective in a case of 
VRE bacteremia. The efficacy is lower in cases with MICs of 
3–4 mg/l, but this decrease in efficacy might be compensated 
for with the concomitant use of beta-lactam therapy. 

Three systematic reviews with meta-analyses have been 
performed to compare daptomycin with linezolid in the treat-
ment of VRE bacteremia (Whang et al., 2013; Balli et al., 
2014; Chuang et al., 2014). The entry criteria for the studies 
differed, but all three meta-analyses suggested a survival 
benefit of linezolid over daptomycin. In addition, significant 
methodological limitations to the underlying literature have 
been identified in these studies. The limitations of prior stud-
ies included variable case definitions, limited sample size, het-
erogeneous patient populations, wide variation in outcome 
measures, insufficient daptomycin dosing, and documented 
but unadjusted treatment selection bias (McKinnell and Arias, 
2015). A relatively large retrospective study (N = 644) has 
also been performed comparing daptomycin (6 mg/kg) and 
linezolid, but it reported opposite results (Britt et al., 2015). 
Linezolid was associated with a significantly higher risk of 
treatment failure compared with daptomycin (RR: 1.37; 95% 
CI: 1.13–1.67; p = 0.001). After adjusting for confounding fac-
tors in Poisson regression, the relationship between linezolid 
use and treatment failure persisted (adjusted RR: 1.15; 95% 
CI: 1.02–1.30; p = 0.026). Linezolid was also associated with 
higher 30-day mortality (42.9% vs. 33.5%; RR: 1.17; 95% CI: 
1.04–1.32; p = 0.014) and microbiological failure rates (RR: 
1.10; 95% CI: 1.02–1.18; p = 0.011). Although this study has 
been performed on patients treated only with daptomycin 
or linezolid—not those who received sequential treatment—
there might be some bias between the treatment groups. The 
cohort of patients treated with linezolid may actually have 
been sicker than patients treated with daptomycin (McKinnell 
and Arias, 2015). The linezolid cohort had more patients in 
intensive care (84% vs. 71%; p < 0.001), higher median Acute 
Physiology and Chronic Health Evaluation II score (16 vs. 
14; p = 0.005), and more mechanical ventilation (22% vs. 
11%; p < 0.001). Therefore, a definite conclusion for the com-
parison between daptomycin and linezolid cannot be drawn.

Infective endocarditis
Although daptomycin can be used to treat right-sided IE 
caused by MSSA and MRSA, the clinical trial included lim-
ited data from patients with left-sided IE; outcomes in these 
patients were poor. Daptomycin has not been studied in 
patients with prosthetic valve endocarditis (Package Insert, 
2007).

Data from the EU-CORE registry were collected for 
patients with IE who had received at least one dose of dap-
tomycin between January 2006 and April 2012, across 18 
countries in Europe (12), Latin America (5), and Asia (1). Of 
6075 patients included in the EU-CORE registry, 610 were 
diagnosed with IE as primary infection; 149 (24.4%) had 
right-sided IE, 414 (67.9%) had left-sided IE, and 47 (7.7%) 
had both right- and left-sided IE. Overall clinical success was 
achieved in 80.0% of patients (right-sided IE, 88.6%; left-
sided IE, 76.6%; and both right- and left-sided IE, 82.9%). 
Success rates for MRSA infections were 90.9%, 71.7%, and 
66.6% in patients with right-sided IE, left-sided IE, and both 
right- and left-sided IE, respectively. The overall sustained 
clinical success rate in patients followed for up to 2 years was 
86.7% (right-sided IE, 93.5%; left-sided IE, 88.3%; and both 
right- and left-sided IE, 77.8%) (Guleri et al., 2015). The clin-
ical success rates found by Kullar et al. (2013) were comparable 
in a much smaller study using a median daptomycin dose of 
9.8 mg/kg.

Two studies in patients with endocarditis compared dap-
tomycin with standard care, and the results were in disagree-
ment. Among patients with left-sided IE due to S. aureus, 
coagulase-negative staphylococci, or E. faecalis, daptomycin 
(cohort A) was compared with standard-of-care antibiotics 
(cohort B). One of the outcomes was the time to clearance 
of bacteremia. There were 29 and 149 patients included in 
cohort A and cohort B, respectively. Baseline comorbidities 
did not differ between the two cohorts, except for a signifi-
cantly higher prevalence of diabetes and previous episodes 
of IE among patients treated with daptomycin. The median 
daptomycin dose was 9.2 mg/kg of body weight per day. 
Median time to clearance of MRSA bacteremia was 1.0 day, 
irrespective of daptomycin dose, representing a significantly 
faster bacteremia clearance compared with standard of care 
(1.0 vs. 5.0 days; p < 0.01) (Carugati et al., 2013). The other 
study compared daptomycin vs. ampicillin/ceftriaxone vs. 
conventional antibiotic regimens (ampicillin or vancomy-
cin  ±  gentamicin) for enterococcal endocarditis in a limited 
number of patients and reported that patients taking dap-
tomycin had longer duration of bacteremia (6 vs. 1 day; 
p  <  0.01) (Cerón et al., 2014). 

Adding ceftaroline to daptomycin, as has been suggested 
in in vitro studies (Barber et al., 2015; Smith et al., 2015), has 
been shown to be beneficial in a an 81-year-old medically com-
plex patient with persistent bacteremia due to daptomycin- 
nonsusceptible VISA native mitral valve endocarditis who 
was not an operative candidate (Baxi et al., 2015).

CLINICAL FAILURES IN THE TREATMENT OF 
BACTEREMIA AND ENDOCARDITIS

Daptomycin susceptibility may decrease during treatment of 
persistent infections. In the bacteremia clinical trial (Fowler 
et al., 2006), 7 of 120 daptomycin-treated patients (6 of 
whom had clinical failure) experienced increases in the dap-
tomycin MIC while on therapy. Of the 53 vancomycin-treated 
patients, 9 had microbiological failure, 4 of whom experi-
enced increases in vancomycin MIC. In 10 S. aureus isolates 
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(9 MRSA, 1 MSSA) from patients with bacteremia in one 
center in the USA (2004–2006), pre- and postdaptomycin 
therapy MICs could be compared. Most patients had failed 
vancomycin therapy prior to starting daptomycin. The pre- 
exposure MIC was known in seven cases (0.125–0.5 mg/l). 
Postexposure MIC was elevated in 6 of 10 cases (MICs 2–4 
mg/l). An MIC increase was noted after 5–10 days of expo-
sure. Pulsed-field gel electrophoresis band pattern of isolates 
with increased MIC revealed one to three band differences, 
implying genetic relatedness. All patients with nonsuscepti-
ble isolates relapsed or failed therapy (Sharma et al., 2008).

An elderly patient with MRSA bacteremia was treated 
sequentially with vancomycin plus rifampicin, then daptomy-
cin plus gentamicin. The MRSA strain developed diminished 
susceptibility to vancomycin (MIC increase and tolerance), 
daptomycin, and gentamicin and resistance to rifampicin 
during therapy (Bennett et al., 2008). Huang et al. (2008) 
described the development of nonsusceptibility to daptomy-
cin and vancomycin during treatment for MRSA bacteremia 
associated with infective endocarditis and probable septic 
thrombophlebitis in a uremic patient from Taiwan. VISA 
MRSA bacteremia persisted during glycopeptide treatment 
and subsequent daptomycin treatment but cleared after 5 days’ 
treatment with linezolid and fusidic acid.

A patient with native valve endocarditis caused by a van-
comycin “heteroresistant” strain of E. faecium experienced 
failure of daptomycin monotherapy without evidence of dap-
tomycin resistance. The infecting organism exhibited in vivo 
emergence of a vancomycin-susceptible subpopulation lack-
ing the vanA gene cluster. Treatment with a combination of 
high-dose daptomycin, gentamicin, and high-dose ampicillin 
cleared the infection (Arias et al., 2007). Failures in clinical 
treatment of S. aureus infection with daptomycin appear to be 
associated with alterations in surface charge, membrane phos-
pholipid asymmetry, and drug binding (Jones et al., 2008).

7c.  Osteoarticular infections

EXPERIMENTAL STUDIES USING BIOFILM MODELS

Experimental studies using a biofilm model have been per-
formed for S. epidermidis and S. aureus. One study showed 
the effect of daptomycin alone or combined with azithromy-
cin on S. epidermidis biofilm in the static phase by detection 
of changes in the optical density of the treated vs. the untreated 
biofilm. Daptomycin alone at concentrations of 2 mg/l and 
5 mg/l had no effect on the biofilm, and the addition of azith-
romycin also had no effect (Presterl et al., 2009). In the other 
study, Olson et al. (2010) studied S. epidermidis biofilm using 
flow cell and guinea pig tissue cage models and found that by 
using both models, the viable cell count after treatment with 
daptomycin–rifampicin was significantly lower (p < 0.05) than 
after treatment with vancomycin, vancomycin–rifampicin, 
daptomycin, or rifampicin alone. They also found that dapto-
mycin alone had no effect on the S. epidermidis biofilm. This 
lack of effect occurs despite the good penetration of dapto-
mycin in S. epidermidis biofilms (Stewart et al., 2009). 

In contrast to the results for S. epidermidis biofilm models, 
which show no activity of daptomycin monotherapy, studies 
for S. aureus biofilm models do show activity for daptomycin 
monotherapy. In a study comparing the activity of various 
antibiotics in a MRSA biofilm model, daptomycin and dela-
floxacin were the most potent, reducing viability by more 
than 50% at clinically achievable concentrations against both 
strains as well as reducing biofilm depth, as observed in 
confocal microscopy. Rifampin, tigecycline, and moxifloxa-
cin were effective against mature MRSA biofilms, whereas 
oxacillin demonstrated activity against MSSA. Fusidic acid, 
vancomycin, and linezolid were less potent overall. Antibiotic 
activity depends on biofilm maturity and bacterial strain 
(Bauer et al., 2013). 

However, studies with combinations of antibiotics indi-
cate that the activity of daptomycin on S. aureus biofilms can 
be increased by combination therapy. The combination of 
daptomycin with clarithromycin significantly increased the 
activity against both biofilm-embedded MRSA and plank-
tonic MRSA (p < 0.01) (Parra-Ruiz et al., 2010). The com-
bination of linezolid plus daptomycin has been shown to 
be more effective than both drugs alone in a biofilm MRSA 
reactor model (Parra-Ruiz et al., 2012a). Time-kill studies 
indicate that daptomycin plus rifampicin was superior over 
vancomycin plus rifampicin for E. faecium (Holmberg et al., 
2014).

EXPERIMENTAL FOREIGN-BODY MODELS: 
COMBINATION THERAPY

A MRSA foreign-body model was used to evaluate the effi-
cacy of daptomycin at usual and high doses (equivalent to 6 
and 10 mg/kg/day in humans, respectively) in combination 
with cloxacillin in a rat tissue cage MRSA infection model 
and to compare its efficacy to that of daptomycin–rifampin. 
Daptomycin–rifampin was the best therapy (p < 0.05). The 
low dosage of daptomycin was the least effective treatment 
and did not protect against the emergence of resistant strains. 
There were no differences between the two dosages of dapto-
mycin plus cloxacillin in any situation, and both protected 
against resistance. The overall effect of the addition of cloxa-
cillin to daptomycin was a significantly greater cure rate 
(against adhered bacteria) than that for daptomycin alone. 
In conclusion, daptomycin–cloxacillin enhanced modestly 
the in vivo efficacy of daptomycin alone against foreign-body 
infection by MRSA and was less effective than daptomycin 
plus rifampin (Garrigós et al., 2012).

A beneficial effect of rifampicin was also found in two 
other studies. In a foreign-body model in guinea pigs infected 
with MRSA, it has been shown that daptomycin alone (doses 
equal to 6 mg/kg/day in humans) was not able to cure any 
of the cage-associated infections. When combined with 
rifampicin, however, the cure rate was 67% and resulted in a 
reduction of > 6 log10 CFU/ml. This daptomycin dose also 
prevented the emergence of resistance (John et al., 2009). 
In rats infected with MRSA, this combination was also stud-
ied. Daptomycin doses that were equal to human doses of 
6 mg/kg and 10 mg/kg were used. Daptomycin monotherapy 
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performed better than vancomycin and linezolid. In com-
bination with rifampicin, both dosages of daptomycin were 
significantly better than the combinations with vancomycin 
and better than monotherapy. The human-simulated 10 mg/
kg dose achieved better cure rates at 11 days compared with 
the human-simulated 6 mg/kg dose (p < 0.05). Resistant 
strains were found in the human-simulated 6 mg/kg dose 
group (Garrigós et al., 2010). The increased efficacy of the 
combination of daptomycin with rifampicin has also been 
shown in a MRSA-infected knee prosthesis infection model 
in rabbits (Saleh-Mghir et al., 2011). The beneficial effect of 
rifampicin added to daptomycin in foreign-body models is 
in contrast with the results of studies using experimental 
endocarditis models showing an antagonistic effect (Miró et 
al., 2009). 

The combination of daptomycin with gentamicin in an 
endocarditis model has been shown to be antagonistic in the 
treatment of MRSA (LaPlante et al., 2015). In a study of for-
eign-body infection with E. faecalis, which employed various 
models such as an in vitro and a guinea pig model, the addi-
tion of gentamicin to daptomycin increased the cure rate 
from 25% for daptomycin monotherapy to 55% for the com-
bination. Compared with vancomycin, daptomycin was more 
active, and the addition of gentamicin resulted in a more 
pronounced increase in cure rate in the daptomycin group 
(Furustrand Tafin, 2011). The difference in effect between 
the endocarditis model and the foreign-body model might 
be due to the infecting microorganism or to the model or 
type of infection itself.

EXPERIMENTAL OSTEOMYELITIS: COMBINATION 
THERAPY

Daptomycin and vancomycin were compared alone and in 
combination with rifampicin in an osteomyelitis model in 
rabbits over 4 days. Surviving bacteria were counted in bone, 
bone marrow, and joint fluid. Vancomycin and daptomycin 
as single therapies were ineffective, but both combinations 
were significantly more effective than the corresponding 
monotherapy. Bacterial eradication was achieved more often 
with the combination of daptomycin and rifampicin com-
pared with the combination of vancomycin and rifampicin. 
Combination of daptomycin and rifampicin could prevent 
S. aureus from developing resistance. This combination could 
be a useful alternative for treating MRSA osteomyelitis at an 
early stage (Lefebvre et al., 2010). 

MRSA osteomyelitis in an experimental rat model com-
pared the activity of daptomycin (60 mg/kg) and fosfomycin 
(40 mg/kg) and their combination. The rats were treated for 
4 weeks. Fosfomycin was superior to daptomycin (in doses 
equal to ~8 mg/kg in humans). Positive bone cultures were 
found in 9 of 9 animals in the daptomycin group and 1 of 10 
in the fosfomycin group. In the combination therapy group, 
1 of 9 of the bone cultures was positive for MRSA after the 
treatment period. No synergistic or antagonistic effect was 
observed for the combination therapy (Poeppl et al., 2011). 
However, more recently this study was repeated with lower 
fosfomycin doses (75 mg/kg) and the same dose of dapto- 

mycin. Based on bacterial counts in bones, treatment with 
daptomycin–fosfomycin was statistically significantly supe-
rior to fosfomycin monotherapy, daptomycin monotherapy, 
and no treatment (p < 0.003) (Lingscheid et al., 2015).

CLINICAL DATA ON OSTEOARTICULAR INFECTIONS

A subgroup analysis of patients with osteoarticular infec-
tions from the S. aureus bacteremia trial (Fowler et al., 2006) 
was performed. The clinical characteristics and outcomes for 
patients with osteoarticular infections were described using 
a post hoc analysis of an open-label randomized trial com-
paring daptomycin with standard therapy (vancomycin or 
antistaphylococcal penicillin with initial gentamicin) for the 
treatment of S. aureus bacteremia. Osteoarticular infection 
occurred in 32 of 121 patients (21 on daptomycin and 11 on 
standard therapy) with complicated S. aureus bacteremia (18 
septic arthritis, 9 vertebral osteomyelitis, and 7 others). Two 
patients had osteomyelitis at more than one site. Success 
rates seen in the two treatment groups were as follows: verte-
bral osteomyelitis (3 of 5 [60%] daptomycin vs. 0 of 2 [0%] 
comparator), septic arthritis (7of 11 [64%] vs. 3 of 5 [60%]), 
sternal osteomyelitis (3 of 3 [100%] vs. 1 of 2 [50%]), and 
long bone osteomyelitis (0 of 1 [0%] vs. 1 of 1 [100%]). Suc-
cess rates in both treatment groups improved with surgical 
therapy. CPK elevations to > 500 IU/l occurred in one patient 
receiving daptomycin who discontinued therapy, and renal 
impairment developed in three patients on standard therapy, 
two of whom discontinued therapy. Two patients treated with 
daptomycin and one patient on vancomycin had increases in 
S. aureus MICs to daptomycin and vancomycin, respectively. 
Three patients treated with daptomycin died after comple-
tion of therapy, with mortality attributed to multiple comor-
bid conditions and inadequate débridement of osteoarticular 
infections in these patients. No deaths were reported in the 
standard therapy group (Lalani et al., 2008).

A prospective randomized controlled trial has been per-
formed to compare two doses of daptomycin (6 mg/kg and 
8 mg/kg) with the comparator (standard care, i.e. vancomy-
cin, teicoplanin, or a semisynthetic penicillin). A group of 
75 patients with a prosthetic joint infection undergoing a 
two-stage revision arthroplasty was studied. After prosthesis 
removal, patients received 6 weeks of antibiotic treatment 
followed by a 2- to 6-week antibiotic-free period before 
im plantation of a new prosthesis. TOC was within 1 to 2 weeks 
after reimplantation. The primary objective was evaluation 
of CPK levels. Secondary objectives were clinical efficacy and 
microbiological assessments. Of 73 CPK safety population 
patients, CPK elevation of > 500 U/l occurred in 4 of 25 
(16.0%) patients receiving daptomycin (6 mg/kg), in 5 of 
23 (21.7%) patients receiving daptomycin (8 mg/kg), and in 
2 of 25 (8.0%) comparator patients. Adverse event rates were 
similar among daptomycin and comparator groups. Among 
modified ITT patients at TOC, clinical success rates were 14 
of 24 (58.3%) for 6 mg/kg of daptomycin, 14 of 23 (60.9%) 
for 8 mg/kg of daptomycin, and 8 of 21 (38.1%) for the com-
parator. Overall microbiological success at TOC was 12 of 
24 (50.0%) for 6 mg/kg of daptomycin, 12 of 23 (52.2%) for 
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8 mg/kg of daptomycin, and 8 of 21 (38.1%) for comparator 
patients. In conclusion, daptomycin at 6 and 8 mg/kg given 
for up to 6 weeks was safe and appeared to be effective in 
managing staphylococcal prosthetic joint infection using a 
two-stage revision arthroplasty technique in a total of 49 
patients (Byren et al., 2012).

Several other authors also report clinical success rates in 
the treatment of periprosthetic joint infection; however, all 
the studies included a limited number of patients (18–72) 
and did not compare them with treatment with other antibi-
otics (Roux et al., 2016; Corona Pérez-Cardona et al., 2012; 
Perrottet et al., 2015; Lora-Tamayo et al., 2014). Clinical suc-
cess rates varied from 50–87%. One retrospective study com-
bined the i.v. use of daptomycin with bone cement containing 
daptomycin after the two-stage revision arthroplasty and 
included 22 patients with periprosthetic joint infections with 
methicillin-resistant staphylococci. In the first stage, 10% dap-
tomycin (weight of daptomycin per weight of bone cement) 
was incorporated into polymethylmethacrylate bone cement, 
and systemic daptomycin (6 mg/kg) was administered post-
operatively for 14 days. In the second stage, 2.5% daptomycin 
was used in the bone cement. The minimum followup was 
2 years or until recurrence of infection. The infecting organ-
isms included MRSA in 10 patients, MRSE in 8 patients, and 
methicillin-resistant coagulase-negative staphylococci in 4 
patients. The mean followup was 33.7 months (range 24–51 
months). The treatment success rate was 100%. Only 1 patient 
developed asymptomatic transient elevation of the CPK level 
(Kuo et al., 2016).

The data between January 2006 and April 2012, with fol-
lowup to 2014 in the EU-CORE, were retrospectively eval-
uated. Clinical outcomes were assessed as success (cured 
or  improved), failure, or nonevaluable. Of 6075 patients 
enrolled, 638 (median age, 63.5 years) had primary infec-
tions of osteomyelitis or orthopedic device infections, 224 had 
nonprosthetic osteomyelitis, 208 had osteomyelitis related to 
a permanent or temporary prosthetic device, and 206 had 
orthopedic device infections. The most commonly isolated 
pathogen was S. aureus (214 [49.1%]; 24.8% were MRSA). 
Overall, 455 (71.3%) patients had received previous antibiotic 
therapy. Patients underwent surgical interventions, includ-
ing tissue (225 [35.3%]) and bone (196 [30.7%]) débride-
ment, as part of their treatment. The overall success rate for 
daptomycin treatment was 81.8%. Clinical success rates were 
82.7% and 81.7% in S. aureus and in coagulase-negative 
staphylococcal infections, respectively. Differences in clinical 
success rates for various infection types have been identified. 
The highest cure rate has been found for infection with tem-
porary prosthetic devices (89.6%), followed by nonprosthetic 
infections (79.9%) and permanent prosthetic device–related 
osteomyelitis (78.1%). Clinical success rates were similar 
when daptomycin was prescribed as first-line treatment 
(80.1%) or as second-line treatment (83.1%) (Malizos et al., 
2016). A previous analysis of the CORE database indicated 
that failures were more likely if surgical débridement was 
not performed (24% vs. 5%; p = 0.045). The clinical success 
rate for patients treated with an initial daptomycin dose of 

> 4 mg/kg was significantly higher than for patients treated 
with an initial dose ≤ 4 mg/kg (88% vs. 65%; p= 0.013) (Lamp 
et al., 2007). The cure rates as described by Malizos et al. 
(2016) were comparable to the rates reported in other smaller 
studies (Liang et al., 2014; Seaton et al., 2013b).

7d.  Central nervous system infections

EXPERIMENTAL MENINGITIS

In an infant pneumococcal meningitis rat model, the effect 
on brain damage due to inflammation was studied. Rats were 
treated with ceftriaxone alone, with daptomycin before cef-
triaxone, and with rifampin before ceftriaxone. Brain damage 
was studied by measuring chemokines and cytokines in the 
CSF and histomorphometry, and hearing loss were assessed 
after 3 weeks. Daptomycin plus ceftriaxone vs. ceftriaxone sig-
nificantly (p < 0.04) lowered CSF concentrations of monocyte 
chemoattractant protein 1, macrophage inflammatory pro-
tein 1α, and interleukin 6 at 6 hours as well as macrophage 
inflammatory protein 1α, interleukin 6, and interleukin 10 
at 22 hours after initiation of therapy and led to significantly 
(p < 0.01) less apoptosis and significantly (p < 0.01) improved 
hearing capacity (Grandgirard et al., 2012). Adjuvant dapto-
mycin could therefore offer added benefits for the treatment 
of pediatric pneumococcal meningitis. Another study also 
showed an additional effect for the combination of ceftri-
axone plus daptomycin (Egermann et al., 2009). In the com-
parison of daptomycin and vancomycin in a rabbit MRSA 
meningitis model, after 8 hours of treatment the antibacterial 
effect of these two drugs was similar. The doses of daptomy-
cin used in the rabbits were comparable to human doses of 
6 mg/kg (Bardak-Ozcem et al., 2013).

HUMAN MENINGITIS

There is very limited experience with daptomycin in the 
treatment of human meningitis or ventriculitis. Several cases 
have been described in the literature, as reviewed by Vena et 
al. (2013). Daptomycin in these cases is combined with other 
antibiotics such as vancomycin, rifampicin, linezolid, genta-
micin, tigecyclin, or levofloxacin. Doses used in these cases 
vary considerably, also dependent on the renal function. The 
highest i.v. dosage was 24 mg/kg/day divided over six doses, 
combined with 2.5 mg of daptomycin administered intraven-
tricularly (Jaspan et al., 2010). An additional intraventricular 
dose was administered in one other case, but in a dose of 10 
mg daily (Erritouni et al., 2012). One of the 11 cases described 
by Vena et al. (2013) was not cured (Wahby et al., 2012). This 
particular patient was treated with daptomycin, 6 mg/kg every 
48 hours (peritoneal dialysis), and serum as well as CSF con-
centrations at 24 hours after the dose were undetectable 
(Wahby et al., 2012). In another case, different concentra-
tions of daptomycin were measured for samples taken from 
two external ventricular drains (EVDs). The output of the 
EVDs differed also. The right EVD produced 20 ml and the 
left EVD 45 ml since the last dose or sample. The concentra-
tions of daptomycin in samples taken from these EVDs were 



898 Daptomycin

7.7 and 2.6 mg/l, respectively, for the right and left EVD 
after 7.5 hours (Mueller et al., 2012). Data on concentrations 
reached in patients treated for meningitis or ventriculitis are 
summarized in Table 45.7. 

7e.  Daptomycin treatment for community-
acquired MRSA infections

A retrospective chart review of data from patients enrolled in 
a postlabeling registry who received daptomycin for MRSA 
infections from January to December 2005 has been reported. 
Community-acquired MRSA was defined as MRSA suscep-
tible to clindamycin and trimethoprim–sulfamethoxazole; all 
other phenotypes were considered as other-phenotype MRSA. 
Success rates were calculated by dividing success (defined 
as cure + improvement) by the total (including nonevaluable 
patients). A database search identified 352 patients (100 
patients with community-acquired MRSA; 252 patients 
with other-phenotype MRSA) who met study criteria. Most 
patients (79.2%) received other antibiotics with activity against 
Gram- positive pathogens before daptomycin. Compared with 
other- phenotype MRSA, a greater proportion of patients 
with community-acquired MRSA were < 50 years of age 
(50.0% vs. 35.7%; p = 0.014) and had fewer underlying dis-
eases (mean [± standard deviation]: 1.7 [1.3] vs. 2.5 [1.5]; 
p < 0.001). Success rate, time to clinical response, and duration 
of therapy were similar in both groups (Katz and Martone, 
2007).

The use of daptomycin in an outpatient parenteral therapy 
program (12 months, 29 patients) has been reported. In the 
context of a restrictive prescribing policy, daptomycin was 
used successfully in a difficult-to-treat population with com-
plicated Gram-positive infections failing or intolerant of gly-
copeptides, including those with bone and joint infections 
and left-sided endocarditis. Prolonged therapy (> 28 days) was 
used in 31%, and myotoxicity was observed twice (Seaton 
and Macconnachie, 2008).

A retrospective review of medical records of hospitalized 
children who received daptomycin for treatment of invasive 
Gram-positive bacterial infections at the Children’s Medical 
Center, Dallas, from December 2003 to March 2007 was 
performed. Bacterial isolates were tested for susceptibility to 
daptomycin and were evaluated by pulsed-field gel electro-
phoresis and polymerase chain reaction for staphylococcal 
cassette chromosome mecA. Sixteen children (10 male; 
median age, 6.5 years) received daptomycin. Fifteen (94%) 
children had invasive staphylococcal disease (14 MRSA, of 
which 13 were community associated and one was MSSA), 
and one had urinary tract infection caused by VRE. Twelve 
children with disseminated staphylococcal disease had bac-
teremia for 2–10 days despite therapy with two or more of 
the following: vancomycin, clindamycin, rifampicin, amino-
glycoside, or linezolid. The addition of daptomycin resulted 
in bacteriologic cure in 6 of 7 evaluable patients with per-
sistent bacteremia. No adverse events were attributed to 
daptomycin. Overall, 14 patients improved and were dis-
charged home, and 2 died of complications of their underlying 

medical conditions. The majority of patients demonstrated 
clinical improvement after addition of daptomycin to con-
ventional antimicrobial therapy. Further studies are needed 
to assess the pharmacokinetics, pharmacodynamics, safety, 
and effectiveness of daptomycin in infants and children 
(Ardura et al., 2007).

7f.  Respiratory tract infections

Daptomycin is not effective for the treatment of community- 
acquired pneumonia, including infections caused by S. pneu
moniae and S. aureus, most probably because of inactivation 
by surfactant (see section 5b, Drug distribution). Two phase 
III randomized double-blind trials that enrolled adult patients 
hospitalized with community-acquired pneumonia were con-
ducted. Patients received i.v. daptomycin (4 mg/kg) or ceftri-
axone (2 g) once daily for 5–14 days. Aztreonam could be 
added for patients with Gram-negative infections. The pri-
mary efficacy endpoints were the clinical responses at the 
TOC visit among patients in the ITT and clinically evaluable 
populations. After combining data from the trials, the ITT 
population included 413 daptomycin-treated patients and 
421 ceftriaxone-treated patients, and the clinically evaluable 
population included 369 daptomycin-treated patients and 
371 ceftriaxone-treated patients. In the ITT population, the 
clinical cure rate among daptomycin-treated patients with 
community-acquired pneumonia was 70.9%, compared with 
77.4% among ceftriaxone-treated patients (95% CI for the dif-
ference between cure rates, –12.4% to –0.6%). In the clinically 
evaluable population, the clinical cure rate was lower among 
daptomycin-treated patients (79.4%) than among ceftriaxone- 
treated patients (87.9%; 95% CI for the difference between 
cure rates, –13.8% to –3.2%). Thus, data from both studies 
suggested that daptomycin was potentially less efficacious 
than ceftriaxone for community-acquired pneumonia. How-
ever, for patients who received the equivalent of 1 day of prior 
effective antibacterial therapy, the cure rates were similar in 
both treatment groups. It appeared that 1 day of effective 
therapy may affect clinical outcome (Pertel et al., 2008).

7g.  Other infections

Hyper-IgE Job syndrome (hyperimmunoglobulin E syn-
drome) is a congenitally acquired primary immune defi-
ciency (impaired phagocytosis). Accordingly, these patients 
have difficulty in eradicating staphylococcal infections. A 
case of Job syndrome with MRSA mitral valve endocarditis 
complicated by extensive metastatic septic complications 
manifested as brain abscess, multiple epidural abscesses, and 
multifocal vertebral osteomyelitis has been described. The 
patient did not respond to 5 days of appropriately dosed 
linezolid and daptomycin and remained bacteremic despite 
appropriate therapy because abscess drainage was not an 
option. High-dose daptomycin (12 mg/kg i.v. every 24 hours) 
cleared the MRSA bacteremia rapidly. Because daptomycin 
does not cross the blood–brain barrier in therapeutic con-
centrations, linezolid was used to treat the brain abscess. The 
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patient’s endocarditis and epidural abscesses/vertebral osteo-
myelitis were cured. The patient was treated within 8 weeks 
with no adverse effects (Cunha et al., 2008).

A case report of vancomycin-resistant E. faecium pyelo-
nephritis during pregnancy has been described. A 20-year-
old 27-week-pregnant patient with a history of spina bifida, 
neurogenic bladder, and multiple hospitalizations for recur-
rent urinary tract infections was diagnosed with pyelone-
phritis. She was treated with daptomycin, 260 mg (4 mg/kg) 
daily for 14 days, on the basis of a urine culture that revealed 
E. faecium resistant to ampicillin, nitrofurantoin, and van-
comycin. All cultures after treatment revealed no growth, 
and the patient as well as the neonate displayed no adverse 
effects. VRE urinary tract infections can be treated safely in 
pregnancy with nitrofurantoin, if the organism is suscepti-
ble. Other viable options in the treatment of VRE, including 
linezolid, doxycycline, and quinupristin–dalfopristin, have 
lower urinary concentrations or teratogenic risk or have lim-
ited findings regarding their safety in pregnancy. Daptomycin 
was selected in this case owing to its efficacy in the treatment 
of VRE, high urinary concentrations, pregnancy category B, 
and one case report indicating its successful use in pregnancy 
(Shea et al., 2008).

7h.  Prophylaxis

Very limited data are available on prophylactic used of dap-
tomycin. A preclinical study in mice compared the efficacy 
of vancomycin, daptomycin, and tigecycline as prophylactic 
therapy against an MSSA or an MRSA surgical implant 
infection. In this mouse model, daptomycin and tigecycline 
prophylaxis were effective over a broader dosage range than 
vancomycin (Niska et al., 2012). This is in contrast with a 
clinical study on the prevention of surgical site infections; 
however, the type of infection for these two studies also dif-
fered. A prospective double blinded randomized study of 178 
patients undergoing lower extremity vascular procedures 
was performed to compare vancomycin with daptomycin 
in the prevention of surgical site infections. For infections 
within 30 days after the procedure, no difference was found 
for the drugs. Gram-positive related infections and MRSA 
infections occurred in 1 (1.18%) and 0 (0%) vancomycin 
patients, respectively, and in 9 (9.68%) and 1 (1.08%) dap-
tomycin patients, respectively (p < 0.02 and p = 1.00). This 
suggests that vancomycin supplemental prophylaxis seems to 
reduce the incidence of Gram-positive infection compared 
with the addition of supplemental daptomycin prophylaxis 
(Stone et al., 2009).
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Oritavancin

Wonhee So and David P. Nicolau

1. DESCRIPTION

Oritavancin (Orbactiv) is a semisynthetic lipoglycopeptide 
antibiotic derived from a naturally occurring glycopeptide, 
chloroeremomycin. Oritavancin shares the common hepta-
peptide core with all glycopeptides and is distinguished 
from vancomycin by the addition of a 4-epi-vancosamine 
monosaccharide at the amino acid residue in ring 6 and of 
a  4′-chlorobiphenylmethyl substituent on the disaccharide 

Figure 46.1. Chemical structure of 
oritavancin. The structural differences 
between oritavancin and vancomycin (the 
addition of a 4-epi-vancosamine mono-
saccharide and a 4′-chlorobiphenylmethyl 
substituent on the disaccharide sugar) are 
indicated by circles.
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sugar (Figure 46.1) (Zhanel et al., 2012). This lipophilic side 
chain in oritavancin allows stronger anchoring of the com-
pound to the cell membrane through hydrophobic interac-
tions, thus increasing its half-life (Guskey and Tsuji, 2010) 
and enhancing its spectrum of activity as well as the speed of 
bactericidal activity (Zhanel et al., 2012).

Oritavancin is effective against Gram-positive aerobes, 
including vancomycin-resistant organisms, such as Staphy
lococcus aureus isolates that are vancomycin resistant 
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(vancomycin-resistant S. aureus [VRSA] or vancomycin 
intermediate-resistant S. aureus [VISA]) and vancomycin- 
resistant Enterococcus (VRE), including vanA enterococci 
(Belley et al., 2009a). It also possesses activity against a 
number of Gram-positive anaerobic bacteria. Mechanistically, 
oritavancin exerts its action by interfering with bacterial cell 
wall synthesis and altering the cell membrane. Oritavancin 
inhibits transglycosylation by binding to the d-alanyl-d-ala-
nine terminus of the peptidoglycan chain, like vancomycin. 
It also binds to depsipeptides, including d-alanyl-d-lactate, 
as well as inhibiting transpeptidation by binding to a second-
ary site, thus retaining activity against vancomycin-resistant 
organisms (Patti et al., 2009; Kim et al., 2006). The addition 
of a hydrophobic 4′-chlorobiphenylmethyl side chain also 
causes concentration-dependent membrane depolarization 
and increased permeability in various resistant phenotypes 
of S. aureus and enterococci (VISA, VRSA, and VRE), lead-
ing to cell death (Belley et al., 2010). Oritavancin is avail-
able as a lyophilized powder for i.v. infusion that contains 
449 mg of oritavancin diphosphate (equivalent to 405 mg of 
oritavancin) in a 50-ml vial. Oritavancin’s molecular for-
mula is C86H97Cl3N10O26, and it has a molecular weight of 
1793.1 g/mol.

2. ANTIMICROBIAL ACTIVITY

As with the other glycopeptides, oritavancin is active against 
both aerobic and anaerobic Gram-positive bacteria. However, 
because of its inability to cross the outer membrane, orita-
vancin possesses no activity against Gram-negative bacteria 
(Ward et al., 2006). A summary of the antimicrobial activity 
of oritavancin is shown in Table 46.1.

2a.  Routine susceptibility

The Clinical and Laboratory Standards Institute (CLSI) rec-
ommends adding 0.002% polysorbate 80 to cation-adjusted 
Mueller Hinton broth when testing minimum inhibitory 
concentrations (MICs) for dalbavancin, oritavancin, and 
telavancin by broth microdilution (Clinical and Laboratory 
Standards Institute, 2015). This recommendation was based 
on previous reports suggesting that oritavancin adsorbs to 
plastic ware, resulting in underestimated MIC (Arhin et al., 
2008a; Arhin et al., 2008b), and that the addition of 0.002% 
polysorbate 80 prevents it from sticking to plastic with 
resultant 16- to 32-fold reduction in MICs against staphylo-
cocci and enterococci. Notably, these findings were not seen 

Table 46.1. In vitro activity of oritavancin against Gram-positive aerobic and anaerobic bacteria.

Organism MIC50 (mg/l) MIC90 (mg/l) MIC range (mg/l)

Staphylococcus aureusa

 Methicillin-susceptible S. aureus 0.03 0.06 ≤ 0.004–0.25

 Methicillin-resistant S. aureus 0.03–0.06 0.06 ≤ 0.004–0.25

 MDR S. aureus 0.03 0.06 0.008–0.25

Staphylococcus epidermidisa

 Non-MDR S. epidermidis 0.06 0.12 0.008–0.5

 MDR S. epidermidis 0.12 0.12 0.015–0.25

Streptococcus anginosus group ≤ 0.008 ≤ 0.008 ≤ 0.008–0.03

Streptococcus pyogenesa 0.03 0.12–0.25 ≤ 0.0005–0.5

Streptococcus agalactiaea 0.03 0.12 0.001–0.25

Streptococcus dysagalactiaea 0.06 0.25–0.5 ≤ 0.008–0.5

Streptococcus pneumoniaea

 Penicillin susceptible ND 0.004 ≤ 0.0005–0.25

 Penicillin intermediate ND 0.008 ≤ 0.0005–0.5

 Penicillin resistant ND 0.008 0.002–0.015

Enterococcus faecalisa 0.015–0.03 0.06 ≤ 0.004–0.5

Enterococcus faeciuma

 Vancomycin-susceptible E. faecium ≤ 0.008 ≤ 0.008–0.015 ≤ 0.004–0.03

 Vancomycin-resistant E. faecium 0.008–0.06 0.06–0.12 ≤ 0.004–0.5

Clostridium perfringensb 0.5 1 0.25–1

Clostridium difficilec ND ND 0.06–1

Peptostreptococcus anaerobiusb 0.125 0.25 0.06–0.5

Propionibacterium acnesb 0.125 0.25 0.125–0.25

aMinimum inhibitory concentration (MIC) testing conducted by CLSI-approved broth microdilution method supplemented with 0.002% 
polysorbate 80.

bMIC testing conducted by Brucella agar dilution method supplemented with hemin, vitamin K1, and laked sheep blood.
cMIC testing by Brucella broth macrodilution supplemented with hemin, NaHCO3, vitamin K1, and 0.002% polysorbate 80. 
Abbreviations: MDR: resistance to three or more classes of antimicrobial agents (beta-lactam, glycopeptides, macrolide, lincosamide, 

folate synthesis inhibitor, fluoroquinolone, tetracycline, and glycylcycline); ND: data unavailable.
Adapted from Karlowsky et al., 2014; Mendes et al., 2015; Arhin et al., 2009; Citron et al., 2005; and O’Connor et al., 2008.
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with streptococci isolates because the addition of 2% lysed 
horse blood, as recommended by CLSI (Clinical and 
Laboratory Standards Institute, 2006), also prevents the 
adsorption of oritavancin to plastics. 

Table 46.1 displays the MIC50 and MIC90 for oritavancin 
from several surveillance studies (Karlowsky et al., 2014; 
Mendes et al., 2015; Arhin et al., 2009; Citron et al., 2005; 
O’Connor et al., 2008). Oritavancin provides potent in vitro 
activity to many multidrug-resistant bacteria including VRE, 
methicillin-resistant S. aureus (MRSA), VRSA, VISA, and 
penicillin-resistant Streptococcus spp. Oritavancin showed 
MIC90 ≤ 0.25 mg/l against most Gram-positive aerobic and 
anaerobic isolates regardless of the presence of multidrug 
resistance. For example, among the 1345 multidrug-resistant 
S. aureus isolates, defined as isolates displaying resistance to 
at least four anti–Gram-positive agents, oritavancin MIC90 
remained at 0.06 mg/l, whereas MIC90 for vancomycin, dap-
tomycin, and linezolid were 1, 0.5, and 2 mg/l, respectively 
(Mendes et al., 2014). Additionally, MIC90 of oritavancin 
against MRSA isolates harboring a novel mecC gene, which 
poses a diagnostic challenge by not being detectable by the 
conventional mecA polymerase chain reaction test, remained 
at 0.06 mg/l (Arhin et al., 2014).

Similarly, oritavancin displays 32-fold lower MICs to 
E.  faecalis compared with vancomycin (Arhin et al., 2009; 
Mendes et al., 2015), and these MICs remain low against 
vancomycin-resistant E. faecalis, including VanA or VanB 
strains (Arhin et al., 2009). Likewise, oritavancin’s MIC90 
remained at 0.12 mg/l for vancomycin-resistant E. faecium, 
whereas vancomycin MIC90 was > 256 mg/l. Against strep-
tococci, oritavancin was less potent than penicillin but more 
potent than vancomycin (Mendes et al., 2015; Arhin et al., 
2009) except for S. pneumoniae, against which oritavancin 
(MIC90 = 0.008 mg/l) demonstrated more potent activity 
compared with penicillin (MIC90 = 2 mg/l) or vancomycin 
(MIC90 = 0.25 mg/l) regardless of penicillin susceptibility. 
Against Gram-positive anaerobes except Clostridium difficile, 
oritavancin exhibited potency similar to vancomycin but 
higher than metronidazole (Citron et al., 2005). Against 
C. difficile, using the broth macrodilution method supple-
mented with 0.002% polysorbate 80, oritavancin showed 
higher potency than vancomycin by two or more doubling 
dilutions in 76% (25 of 33) of the tested isolates (O’Connor 
et al., 2008). 

2b.  Emerging resistance and 
cross-resistance

Resistance to glycopeptides has been well documented in 
Enterococcus spp., and the transmissibility of vancomycin 
resistance genes beyond the genus Enterococcus spp. to Strep
tococcus or S. aureus has been reported in both experimental 
and clinical settings (Poyart et al., 1997; Noble et al., 1992; 
Chang et al., 2003; Melo-Cristino et al., 2013). Via the acqui-
sition and expression of operons, the terminal d-alanine 
in  peptidoglycan precursors is substituted with a terminal 

d-lactate, conferring high-level resistance, or with d-serine, 
producing low-level resistance (Rice, 2012; Arias et al., 
2012). The resulting peptidoglycan precursors terminating in 
d-alanyl-d-lactate or d-alanyl-d-serine instead of d-alanyl- d-
alanine ultimately prevent the antibiotics from binding and 
exerting their antibacterial actions. Although there are seven 
operons or gene clusters that have been described (vanA, 
vanB, vanC, vanD, vanE, vanG, and vanL) (Henson et al. 
2015), vanA and vanB clusters, conferring high-level vanco-
mycin resistance, have been primarily found in E. faecalis 
and E. faecium (Gold, 2001; Bozdogan et al., 2004). Tn5382, 
one of the two transposons where vanB clusters have been 
found, has also been reported to be part of a larger element 
that carries PBP5, conferring high-level ampicillin resistance 
(Carias et al., 1998; Hanrahan et al., 2000).

VanA enterococci are resistant to both vancomycin and 
teicoplanin, whereas VanB organisms retain susceptibility to 
teicoplanin (Gold, 2001). Among the newer glycopeptides 
(i.e. telavancin, dalbavancin, and oritavancin), oritavancin is 
the only agent that maintains activity against clinical strains 
expressing both vanA and vanB gene clusters. On the other 
hand, both dalbavancin and telavancin are resistant to 
vanA-producing strains while retaining activity against 
vanB-producing isolates (Butler et al., 2014). The vanC gene 
clusters mediate the pathway, producing peptidoglycan 
precursors with d-alanyl-d-serine termini that lead to poor 
vancomycin binding and the intrinsic vancomycin resistance 
of E. gallinarum and E. casseliflavus (Arias et al., 2000). Resis-
tance to oritavancin was observed in serial passage studies 
against the isolates of S. aureus and E. faecalis, whereas no 
resistance to oritavancin was observed in clinical studies 
(Package Insert, 2014). 

3. MECHANISM OF DRUG ACTION

Oritavancin’s mechanism of action is threefold. The first 
mechanism of action, as for vancomycin, is through the inhi-
bition of the transglycosylation (polymerization) step of cell 
wall biosynthesis (Zhanel et al., 2012). During the synthesis 
process, transport of the disaccharide-pentapeptide units 
across the cell membrane occurs in the form of a complex 
with a lipid carrier (i.e. lipid II), and the translocation of the 
complex across the cell membrane provides the substrate for 
transglycosylase enzymes to incorporate the disaccharide-
pentapeptide monomer into nascent peptidoglycan. Vanco-
mycin and other glycopeptides bind to the d-alanyl-d-alanine 
terminus of the developing peptidoglycan chain, thus ste-
rically hindering transglycosylation. Although the binding 
site of oritavancin remains the same as for vancomycin in the 
first mechanism of action, oritavancin’s affinity for the pepti-
doglycan terminus far exceeds that of vancomycin, especially 
for VRE and resistant S. aureus (Cooper et al., 1996). The 
addition of the hydrophobic side chain allows bacterial cell 
membrane anchoring, which stabilizes the interaction with 
lipid II (Kim et al., 2009). Another possible explanation for 
this increased binding affinity is oritavancin’s ability to form 
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a homodimer prior to binding. Each dimer then has the abil-
ity to interact with two developing peptidoglycan precursors 
instead of the single one afforded by a lone molecule. This, in 
turn, creates an extra binding site to the cytoplasmic mem-
brane (Allen and Nicas, 2003).

Unlike vancomycin, oritavancin also inhibits transpep-
tidation by binding to a secondary site (Kim et al., 2008). 
Oritavancin binds the peptidic cross-linking portion of the 
cell wall of S. aureus and of E. faecium in addition to binding 
to the d-alanyl-d-alanine termini of the stem peptide (Kim 
et al., 2006; Kim et al., 2008). Therefore, oritavancin exerts 
antimicrobial activity against vancomycin-resistant organ-
isms with the termini d-alanyl-d-lactate by alternatively 
binding to the bridge. 

The third mechanism of oritavancin’s antimicrobial 
activ ity is via the disruption of bacterial membrane integ-
rity, leading to depolarization, permeabilization, and cell 
death. Oritavancin’s hydrophobic 4′-chlorobiphenylmethyl 
side chain binds to the cell membrane and causes rapid 
changes in membrane potential and ultimately membrane 
permeability (Belley et al., 2010). Depolarization of the 
membrane was concentration dependent and also led to 
rapid antimicrobial activity, unlike vancomycin. This mech-
anism has also been postulated to explain the activity of 
oritavancin against S. aureus in several phases of growth, 
including stationary phase and biofilms (Belley et al., 2009b).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The recommended dosage of oritavancin is 1200 mg as a 
single dose administered by 3-hour i.v. infusion for the 
treatment of complicated skin and skin structure infections 
 (cSSSIs) (Corey et al., 2014; Corey et al., 2015).

4b.  Newborn infants and children

There are no data for newborn infants and children.

4c.  Pregnant and lactating mothers

Oritavancin is categorized as pregnancy category C and should 
be used during pregnancy only if the potential treatment 
benefit outweighs the potential risk to the fetus (Package 
Insert, 2014). Reproduction studies in animals tested at a dose 
equivalent to a human dose of 300 mg (i.e. 25% of the single 
clinical dose of 1200 mg) revealed no harm to the fetus. 
However, no data are available for higher doses. The effects of 
oritavancin in the fetus and pregnant woman have not been 
studied in well-controlled clinical trials.

It is also unknown whether oritavancin is excreted in 
human milk, although radiolabeled oritavancin-14C was 
excreted in milk and absorbed by nursing pups after a single 
i.v. infusion in lactating rats (Package Insert, 2014). 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

No dosage adjustment is necessary in mild or moderate renal 
impairment, but oritavancin has not been evaluated in severe 
renal impairment (Package Insert, 2014). Previous pharma-
cokinetic studies in animals and healthy volunteers suggest 
that renal elimination is the major route of elimination of 
oritavancin, but it is a slow process, thus obviating the need 
for dosage adjustment in mild or moderate renal impairment 
(Bhavnani et al., 2004). Bhavnani et al. studied pharmacoki-
netics of oritavancin at a single i.v. dose ranging from 0.02–
0.5 mg/kg and found < 5% of the drug was recovered in the 
urine within 7 days after a single dose. The high protein bind-
ing of oritavancin, extensive renal reabsorption, large tissue 
distribution, and slow clearance from major organs were 
speculated to be the contributing factors for this slow elimi-
nation (Bhavnani et al., 2004; Rowe and Brown, 2001).

When the clearance of oritavancin from human blood was 
evaluated in an in vitro hemodialysis model utilizing each 
of three types of low- and high-flux dialyzers and one type 
of continuous renal replacement therapy dialyzer, the mean 
dialytic clearance of oritavancin was insignificant (Kumar et 
al., 2011).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

The pharmacokinetics in subjects with moderate hepatic 
impairment has been determined (Fetterly et al., 2004). In 
this evaluation, oritavancin pharmacokinetics were compared 
after an 800-mg dose given to subjects with Child-Pugh class 
B hepatic impairment and to healthy subjects. Oritavancin’s 
maximum plasma concentration (Cmax) and area-under-the- 
concentration-time curve over 24 hours (AUC0–24) were 16% 
and 11% lower, respectively, in subjects with hepatic impair-
ment than in healthy subjects. The authors considered these 
results to be clinically insignificant and concluded that orita-
vancin dosage adjustments are not necessary in patients with 
mild to moderate hepatic impairment.

OBESE PATIENTS

Results of a population pharmacokinetic study suggest that 
dose modification may be necessary in patients weighing 
> 110 kg (Rubino et al., 2009), although this was based on an 
analysis of a 200-mg daily dose regimen and not the single 
1200-mg dose. 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS 

5a.  Bioavailability

Oritavancin is available for i.v. use only. Like vancomycin, 
oritavancin is not absorbed from the gastrointestinal tract. 
Oritavancin demonstrates a high degree of protein binding 
(86–90%) independent of drug concentration (Rowe and 
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Brown, 2001). In addition, Arhin et al. (2010) found that the 
high protein binding, ranging from 82–87%, was similar 
across various species, including mouse, rat, dog, and human.

Biophysical methods to study the binding of oritavancin, 
a lipoglycopeptide, to serum protein are confounded by non-
specific drug adsorption to labware surfaces. We assessed 
oritavancin binding to serum from mouse, rat, dog, and 
human by a microbiological growth-based method under 
conditions that allow near-quantitative drug recovery. Pro-
tein binding was similar across species, ranging from 81.9% 
in human serum to 87.1% in dog serum. These estimates 
support the translation of oritavancin exposure from non-
clinical studies to humans.

5b.  Drug distribution

A number of studies have evaluated the pharmacokinetics 
of single and multiple doses of oritavancin in humans. 
Throughout, oritavancin has displayed linear pharmacoki-
netics for doses ranging from 0.02–5 mg/kg and a very 
prolonged terminal half-life ranging from 132–356 hours 
(de la Pena et al., 2002; Bhavnani et al., 2004). A population 
pharmacokinetic analysis, which included a total of 12 phase 
I, II, and III clinical studies utilizing oritavancin doses from 
1–1220 mg, revealed a multiexponential decline in plasma 
concentrations best characterized by a linear three-compart-
ment model with distribution and terminal half-lives of 2.6, 
27, and 318 hours (Rubino et al., 2009). Oritavancin Cmax 
appears to increase with dose. One study found an increase 
from 46.2 mg/l with 200 mg to 137 mg/l with 800 mg (Fetterly 
et al., 2005). These findings also hold true for AUC values 
(Bhavnani et al., 2004). A more recent population pharma-
cokinetic analysis for a single 1200-mg dose of oritavancin 
using the data from Studies of OLaparib in Ovarian cancer 
(SOLO) I and SOLO II clinical trials revealed similar results 
with mean distribution and terminal half-lives of 2.3 (coeffi-
cient of variation, 49.8%), 13.4 (10.5%), and 245 (14.9%) 
hours; Cmax of 138 mg/l; AUC0–∞ of 2800 mgh/l; and the mean 
Vss of nearly 100 l (Rubino et al., 2015).

Tissue distribution studies in mice, rats, and beagle dogs 
reveal the greatest uptake in the liver, kidneys, spleen, and 
lungs, with approximately 59–64%, 2.7%, 1.8%, and 1.7% 
of  the administered dose found in each site, respectively 
(Bhavnani et al., 2004). On a cellular level, in vitro studies 
reported that oritavancin concentrates highly within the 
lysosomes (Van Bambeke et al., 2004), where it exerts intra-
phagocytic activity against the intracellular forms of S. aureus 
(Lemaire et al., 2008). However, when the intracellular 
accumulation of oritavancin was evaluated in correlation 
with the specific functions of macrophages (i.e. phagocytic 
capacity, lysosomal integrity, metabolic activity, and pro-
duction of reactive oxygen species) using J774 mouse macro-
phages and THP-1 human monocytes differentiated into 
macrophages, it was concluded that oritavancin is unlikely 
to affect macrophage function at the clinically achievable 
concentrations after a single dose of 1200 mg despite its 
accumulation in macrophages (Lemaire et al., 2014).

Bronchoalveolar lavage samples taken from healthy vol-
unteers after five daily i.v. doses of 800 mg also showed the 
high 24-hour mean concentration in alveolar macrophages 
to be 179.4 ± 76.7 mg/l. The same study showed oritavancin 
24-hour concentrations of 6.3 ± 1.5 mg/l in epithelial lining 
fluid, whereas total plasma concentrations were 73.7 ± 28.2 
mg/l at the same time point (Rodvold et al., 2004), indicating 
good penetration of the free fraction.

Oritavancin was also shown to distribute into skin struc-
tures via a cantharidin-induced blister fluid model (Fetterly 
et al., 2005). Healthy volunteers were given oritavancin as 
either a daily dose of 200 mg for 3 days or a single 800-mg 
dose. By using AUC0–24 to represent exposure, blister–plasma 
ratios were found to be 0.190 ± 0.52 for the 200-mg group 
and 0.182 ± 0.062 for the 800-mg group. For the 200-mg 
group, when the free drug fraction of 13% was applied 
(Arhin et al., 2010), AUCblister fluid/AUCplasma ratio (90.7/457) 
of 0.19 translated to an AUCblister fluid/AUCfree plasma ratio 
(90.7/59.4) of 1.5. (Fetterly et al., 2005).

The penetration of oritavancin into the CSF was evalu-
ated in a rabbit meningitis model with penicillin-sensitive 
Streptococcus pneumoniae (oritavancin MIC of 0.015 mg/l). 
Oritavancin’s entry into the CSF at doses of 1, 2.5, 10, and 
40 mg/kg was calculated as 1–5% of that in the serum using 
AUCCSF0–12 h/AUCSerum0–12 h ratios. Despite the low percentage 
of central nervous system penetration, only the 1 mg/kg dose 
showed statistically less activity, in changes of log10 colony- 
forming units per milliliter, compared with ceftriaxone 
(Gerber et al., 2001). Similarly, in a rabbit meningitis model 
against cephalosporin-resistant Streptococcus pneumoniae 
(cef triaxone MIC 2 mg/l, oritavancin MIC 0.008 mg/l), 
oritavancin, 10 mg/kg, alone or in combination with cef-
triaxone, 100 mg/kg, displayed rapid bactericidal activities 
without therapeutic failures (Cabellos et al., 2003). However, 
two treatment failures were noted in rabbits treated with 10 
mg/kg oritavancin in combination with dexamethasone, likely 
due to a reduced oritavancin CSF penetration as the steroid 
exhibited its anti-inflammatory action (Cabellos et al., 2003). 

5c.  Excretion

Preclinical studies in rats, mice, and dogs as well as in vitro 
human liver microsome studies provide no evidence that 
oritavancin is metabolized (Bhavnani et al., 2004; Package 
Insert, 2014). One study evaluating excretion in healthy vol-
unteers found that < 5% and < 1% of the administered dose 
(0.02–0.05 mg/kg) were recovered after 7 days in urine and 
feces, respectively (Bhavnani et al., 2004). Based on popu-
lation pharmacokinetic analyses, oritavancin has a clearance 
of 0.445 l/h (Rubino et al., 2015).

5d.  Clinically important pharmacokinetic 
and pharmacodynamic features

The pharmacodynamic features of oritavancin have been 
evaluated by a number of in vitro and in vivo studies. In vitro 
time-kill studies and a pharmacodynamic study demon- 
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strated oritavancin’s rapid concentration-dependent bacte-
ricidal activity over a large range of doses against pan-sensi-
tive and multidrug-resistant isolates of S. aureus, Streptococcus 
spp., and Enterococcus spp. (Mercier et al., 1997; Zelenitsky 
et al., 1997; Coyle and Rybak, 2001). Additionally, a dose 
fractionation study was conducted to determine which 
pharmacodynamic parameter best predicts in vivo efficacy 
of oritavancin by applying different dose fractionations at 
different dosing intervals (Boylan et al., 2003). In that study, 
which used a neutropenic murine thigh infection model 
against one S. aureus isolate, all three pharmacodynamic 
parameters (i.e. maximum concentration of drug above the 
MIC [Cmax/MIC], AUC over MIC [AUC/MIC], and the per-
centage of dosing interval during which drug concentrations 
remains above the MIC [T > MIC]) were highly correlated to 
the efficacy, whereas Cmax/MIC showed the highest correla-
tion ( r2 = 0.93) over the dose range tested (0.25–20 mg/kg) 
as compared with AUC/MIC (r2 = 0.54) or T > MIC (r2 = 
0.84) (Boylan et al., 2003). The authors concluded that the 
long half-life of oritavancin makes it difficult to distinguish 
the effects of Cmax, AUC, or T > MIC on its efficacy in their 
model with one S. aureus isolate studied for a 24-hour period. 
Nonetheless, based on their observation, a total dose given 
as a single dose rather than as divided doses was suggested. 
Moreover, these results were echoed in the previously 
described penicillin-sensitive S. pneumoniae rabbit menin-
gitis study, which showed an improved kill within the CSF 
as oritavancin Cmax increased (Gerber et al., 2001). In addi-
tion, a rat model of an S. aureus central venous catheter–
associated infection showed a greater reduction in colony 
forming units after 7 days with a dose of 20 mg/kg every 96 
hours than with doses of 2.5 mg/kg every 12 hours, 5 mg/kg 
every 24 hours, or 10 mg/kg every 48 hours, all with the same 
total exposure (Rupp and Ulphani, 1998). Finally, a murine 
pneumonia model with a single S. pneumoniae isolate showed 
AUC/MIC and Cmax/MIC to be highly associated with bacte-
rial killing in plasma and epithelial lining fluid (Lehoux et al., 
2007).

In contrast to these findings, a rabbit model of E. faecalis 
endocarditis failed to show an increase in bactericidal activ-
ity with increasing Cmax or AUC. Instead, the investigators 
concluded that oritavancin displayed time-dependent activ-
ity and that the optimization of serum trough levels would be 
required to optimize bacterial killing (Lefort et al., 2000). Of 
note, their conclusion was based on the observations from 
only two dosing regimens (i.e. 20 mg/kg i.v. vs. 20 mg/kg i.m. 
administration), which makes it hard to interpret where 
these doses fall in the shape of a sigmoid maximum effect 
(Emax) dose-response curve. 

In summary, most pharmacodynamic data on oritavancin 
suggest Cmax/MIC or AUC/MIC would be the pharmacody-
namic driver for its efficacy. Oritavancin’s concentration- 
dependent antimicrobial activity, coupled with its markedly 
prolonged terminal half-life, forms the basis for its front-
loaded, single high-dose regimen rather than smaller daily 
doses to reach the steady-state exposures quickly and maxi-
mize its antimicrobial efficacy. 

5e.  Drug interactions

In vitro studies with human liver microsomes demonstrated 
that oritavancin inhibited cytochrome P450 (CYP) enzymes 
1A2, 2B6, 2D6, 2C9, 2C19, and 3A4, which was likely to be 
reversible and noncompetitive (Package Insert, 2014). On 
the other hand, oritavancin was neither a substrate nor an 
inhibitor of efflux transporter P-glycoprotein in the in vitro 
studies. In contrast to the in vitro studies, results from a 
drug-drug interaction study in healthy volunteers (n = 16) 
evaluating a single 1200-mg dose of oritavancin showed that 
oritavancin is a weak inducer of CYP3A4 and CYP2D6 
(Package Insert, 2014). In this study, oritavancin was a weak 
inhibitor of CYP2C19 and CYP2C9, with a resultant 31% 
increase in the mean AUC of warfarin. In addition to these 
drug-drug interactions, oritavancin has drug-laboratory inter-
actions (Package Insert, 2014). Oritavancin has been shown 
to artificially prolong prothrombin time and international 
normalized ratio for up to 24 hours and activated partial 
thromboplastin time for 48 hours after a dose by binding to 
and preventing the action of the phospholipid reagents that 
activate coagulation in these laboratory coagulation tests. 
Therefore, during this time period, monitoring the antico-
agulation effect of heparin or warfarin is challenging, and 
heparin is contraindicated for 48 hours after oritavancin 
administration (Package Insert, 2014). Use of alternative anti-
coagulant or a non–phospholipid-dependent coagulation test 
(factor Xa) should be considered for patients who require 
activated partial thromboplastin time monitoring within 48 
hours of oritavancin dosing (Roberts et al., 2015).

6. ADVERSE REACTIONS AND TOXICITY

Most commonly reported adverse events pooled from the 
two phase III trials of oritavancin (SOLO I and SOLO II) for 
the treatment of acute bacterial skin and skin structure infec-
tions are summarized in Table 46.2 (Corey et al., 2014; Corey 
et al., 2015; Package Insert, 2014). In these trials, oritavancin 
was given as a single i.v. dose of 1200 mg, and vancomycin, 
1 g or 15 mg/kg given every 12 hours, was used as a compar-
ator. In the pooled analysis, serious adverse reactions were 
reported to be 5.8% (57 of 976) of the patients in the orita-
vancin group and 5.9% (58 of 983) in the vancomycin group, 
with cellulitis being the most commonly reported serious 
adverse reactions in both groups: 1.1% (11 of 976) in the ori-
tavancin group and 1.2% (12 of 983) in the vancomycin 
group. Furthermore, adverse events that led to discontinua-
tion of the study drug were similar between the two groups: 
3.7% (36 of 976) for the oritavancin group and 4.2% (41 of 
983) for the vancomycin group. In the oritavancin group, 
cellulitis was the most common cause of discontinuation 
(0.4%, 4 of 976), followed by osteomyelitis (0.3%, 3 of 976). 
Of note, in the SOLO II trial, five patients in the oritavancin 
group and none in the vancomycin group had osteomyelitis 
reported as an adverse event during the study. Considering 
that all events occurred within 1–9 days after study initia-
tion, the authors suggested that osteomyelitis may have been 
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a pre-existing condition (Corey et al., 2015). None of the 
elevations of aminotransferases were reported as serious or 
caused the discontinuation of the study drug. There were no 
significant differences in vital signs or electrocardiographic 
findings between the two groups. 

7. CLINICAL USES OF THE DRUG

7a.  Complicated skin and skin structure 
infections

The only indication for oritavancin at present is acute bacte-
rial skin and skin structure infections.

Oritavancin was studied in daily dosing regimens during 
its initial development using a dose of 1.5–3 mg/kg i.v. once 
daily for 3–7 days (Wasilewski et al., 2001) or a fixed dosage 
of 200 mg (weight ≤ 110 kg) or 300 mg (weight >110 kg) i.v. 
daily for the treatment of cSSSIs (Giamarellou et al., 2003).

However, the pharmacokinetic and dynamic profiles of 
oritavancin (i.e. markedly prolonged terminal half-life and 
rapid concentration-dependent bactericidal activity) sug-
gested that oritavancin could be effective given in a single 

dose (Bhavnani et al., 2004; Rubino et al., 2009; Boylan et al., 
2003). Furthermore, a humanized dosing regimen simulat-
ing a single 1200-mg dose of oritavancin in a neutropenic 
murine thigh infection model against S. aureus resulted in an 
enhanced rate and extent of antibacterial killing as com-
pared with a 400-mg daily dose for 3 days (Forrest et al. 2008; 
Okusanya et al., 2009). The efficacy of a single 1200-mg dose 
was also supported in an in vitro pharmacodynamic model 
against MRSA infections (Belley et al., 2013). Finally, in a 
phase II double-blind randomized study of oritavancin in 
single or infrequent doses for the treatment of complicated 
skin and skin structure infections (SIMPLIFI trial), orita-
vancin was administered as a daily dose (200 mg) for 3–7 
days, a single dose (1200 mg), or an infrequent dose (800 mg 
with an optional addition of 400 mg on day 5). The study 
showed either a single or an infrequent dosing regimen of 
oritavancin was as efficacious as a daily dosing schedule, with 
similar adverse events profiles for the treatment of cSSSI 
(Dunbar et al., 2011).

In addition, a single 1200-mg dose of oritavancin was 
evaluated for its efficacy and safety in two phase III clinical 
trials for the treatment of cSSSIs proven or suspected to be 
due to Gram-positive pathogens (SOLO I and SOLO II). 
SOLO I and II were identically designed international ran-
domized double-blind noninferiority studies comparing a 
single 1200-mg i.v. dose of oritavancin with i.v. vancomycin 
(1g or 15 mg/kg every 12 hours) for 7–10 days. The primary 
endpoint in both trials was early clinical response, defined as 
cessation of spread or reduced size of the baseline lesion, 
absence of fever, and no rescue antimicrobials at 48–72 
hours after initiation of the therapy. In both trials, orita-
vancin was noninferior to vancomycin in achieving the pri-
mary endpoint: clinical response rate of 82.3% (oritavancin) 
vs. 78.9% (vancomycin) from SOLO I (difference = 3.4; 95% 
CI: –1.6–8.4) and 80.1% (oritavancin) vs. 82.9% (vancomy-
cin) from SOLO II (difference = –2.7; 95% CI: –7.5–2.0), 
respectively (Corey et al. 2014; Corey et al. 2015). 

7b.  Bacteremia

Two studies evaluating oritavancin for the treatment of Gram- 
positive bacteremia have been completed. The first was an 
open-label noncontrolled phase II trial evaluating 7–10 days 
of oritavancin at one of the following three dosing regimens 
(loading dose/daily maintenance dose): 3/2 mg/kg (n = 5), 
4/3 mg/kg (n = 5), or 5/4 mg/kg (n = 17). Analysis of the 
primary endpoint, bacteriologic eradication, was based on 
10 of the patients from the 5/4 mg/kg group who met pre-
specified criteria. Of these 10 identified patients, 9 displayed 
favorable bacteriologic responses at 5 days after the end of 
therapy (de la Pena et al., 2002).

The second trial was a phase II open-label randomized 
noninferiority trial comparing 10–14 days of oritavancin at 
doses of 5, 6.5, 8, or 10 mg/kg i.v. daily and a comparator for 
the treatment of S. aureus bacteremia. The comparator was 
vancomycin, 15 mg/kg i.v. every 12 hours for MRSA, or a 
beta-lactam agent for methicillin-sensitive S. aureus. The pri- 

Table 46.2. Reported adverse events from the pooled clinical 
trials of oritavancin for the treatment of acute bacterial skin and 
skin structure infections.

Adverse events
Oritavancina 

n = 976 (%)
Vancomycinb 

n = 983 (%)

Gastrointestinal disorders

Nausea 97 (9.9) 103 (10.5)

Vomiting 45 (4.6) 46 (4.7)

Diarrhea 36 (3.7) 32 (3.4)

Nervous system disorders

Dizziness 26 (2.7) 26 (2.6)

Headache 69 (7.1) 66 (6.7)

General disorders and 
administration

Infusion site phlebitis 24 (2.5) 15 (1.5)

Infusion site reaction 19 (1.9) 34 (3.5)

Pruritus 29 (3.0) 73 (7.4)

Infections and infestations

Abscess (limb and subcutaneous) 37 (3.8) 23 (2.3)

Investigations

Alanine aminotransferase increased 27 (2.8) 15 (1.5)

Aspartate aminotransferase  
 increased

18 (1.8) 15 (1.5)

Cardiac disorders

Tachycardia 24 (2.5) 11 (1.1)

aA single i.v. 1200-mg dose of oritavancin infused over 3 hours, followed by 
i.v. placebo every 12 hours for 7–10 days.

bVancomycin,1g or 15 mg/kg i.v. every 12 hours for 7–10 days total.
Adapted from Corey et al., 2014; Corey et al., 2015; and Package Insert, 

2014.
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mary endpoint was the combined outcome of bacteriologic 
cure and clinical improvement at 5–12 days post-therapy. 
The results of the 84 evaluable patients showed oritavancin to 
be noninferior to comparator at all the doses tested. With 
respect to the composite endpoint, success rates for patients 
given oritavancin dosed at 5, 6.5, 8, and 10 mg/kg were 83%, 
71%, 67%, and 80%, respectively; the comparator success 
rate was 70%. Moreover, in the oritavancin arm 83%, 86%, 
79%, and 85% of the patients displayed bacterial eradication, 
compared with 78% in the comparator arm. Finally, clinical 
cure was established in 83%, 71%, 71%, and 80% of patients 
in the oritavancin groups and in 74% in the comparator group 
(Loutit et al., 2004).
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Dalbavancin

Marguerite L. Monogue and David P. Nicolau

1. DESCRIPTION

Dalbavancin (Dalvance, Xydalba) is a semisynthetic lipo
glycopeptide approved in 2014 by the US Food and Drug 
Administration (FDA) and in 2015 by the European Medi
cines Agency for acute bacterial skin and skin structure 
infections (ABSSSIs) caused by susceptible Grampositive 
isolates in adults. Although originally approved for a two
dose regimen, the compound has an extended halflife (t1/2) 
that enables singledose therapy for ABSSSIs (Dunne et al., 
2016a; Dunne et al., 2016b). Dalbavancin has potent in vitro 
activity against most Grampositive organisms with lower 
minimum inhibitory concentration (MIC) values than van
comycin and other investigational lipoglycopeptides (i.e. ori
tavancin, telavancin). It is also active against drugresistant 
pathogens of concern such as methicillinresistant Staphylo
coccus aureus (MRSA) and vancomycinresistant enterococci 
(VRE), except for strains exhibiting vanA resistance.

Derived from the naturally occurring A40926 (a family 
member of teicoplanin), dalbavancin maintains the peptide 
backbone that is characteristic of glycopeptides. It has sev
eral structural changes, including a 3,3dimethylamino
propylamide in place of a peptide carboxyl group, which 
increases antistaphylococcal potency, particularly against 
coagulasenegative staphylococci (CoNS) (Van Bambeke et 
al., 2004; Malabarba and Goldstein, 2005). Its lipophilic side 
chain increases protein binding and thus provides the long 
t1/2 typical of teicoplanintype derivatives. The side chain also 
provides additional mechanisms that enhance dalbavancin’s 
interaction with its target binding site (Van Bambeke, 2004; 
Van Bambeke et al., 2004; Malabarba and Goldstein, 2005).

The molecular formula of dalbavancin is 5,31dichloro
38de(methoxycarbonyl)7demethyl19deoxy56O[2
deoxy2[(10methyl1oxoundecanoyl)amino]βd 
glucopyranosyl]38[[[3(dimethylamino)propyl]amino]
carbonyl]42OαdmannopyranosylN15Nmethylristo
mycin). The molecular weight is 1816.7. The chemical struc
ture is shown in Figure 47.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Like other glycopeptides such as vancomycin, dalbavancin 
has excellent in vitro activity against Grampositive organ
isms and no activity against Gramnegative organisms. It 
retains its potency against resistant Grampositive pathogens 
such as MRSA and VRE, with the exception of vanA entero
cocci (Jones et al., 2001; Jones et al., 2013a). To date, the FDA 
has an MIC breakpoint established for only S. aureus, S. pyo
genes, S. agalactiae, and S. anginosus of ≤ 0.125  mg/l. An 
identical breakpoint has been set by the European Committee 
on Antimicrobial Susceptibility Testing for Staphylococcus 
spp. and Streptococcus groups A, B, C, and G. Table 47.1 dis
plays the in vitro activity of dalbavancin against a worldwide 
collection of Grampositive bacteria (Streit et al., 2004; 
Biedenbach and Jones, 2009; Karlowsky et al., 2011; Jones 
et  al., 2013b; Mendes et al., 2015). Table 47.2 presents the 
comparative in vitro activity of dalbavancin and other novel 
lipoglycopeptides against Grampositive bacteria (Pace and 
Yang, 2006; Zhanel et al., 2010; Jones et al., 2013a; Jones et 
al., 2013b). Because of its properties, the addition of 0.002% 
polysorbate 80 (a surfactant) was found to be required to 
yield consistent and reproducible MIC results in broth micro
dilution (Rennie et al., 2007).

GRAM-POSITIVE COCCI

Staphylococci
The MIC for dalbavancin (MIC range, ≤ 0.03–0.5 mg/l) is the 
lowest of the agents tested against S. aureus and CoNS and is 
unaffected by the methicillin resistance phenotype (Streit et 
al., 2004; Gales et al., 2005; Jones et al., 2005; Lin et al., 2005a; 
Lopez et al., 2005; Biedenbach et al., 2007; Goldstein et al., 
2007; Goldstein et al., 2006; Jones et al., 2006; Biedenbach 
and Jones, 2009; Biedenbach et al., 2009; Chong et al., 2012; 
Jones et al., 2013a; Jones et al., 2013b; Mendes et al., 2015). 
Weighed against comparator agents for S. aureus, dalbavancin 
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Figure 47.1. Chemical structure of 
dalbavancin.
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Table 47.1. Antimicrobial activity of dalbavancin against Gram-positive bacteria with differing phenotypic profiles collected worldwide.

Organism 
MIC50 

(mg/l)
MIC90 
(mg/l)

MIC range 
(mg/l)

No. of 
isolates Region Reference

Staphylococcus aureus
 Methicillin susceptible 0.06 0.06 ≤ 0.03–0.25 4995 USA, EU Mendes et al. (2015); 

Jones et al. (2013b)

 Methicillin resistant 0.06 0.06 ≤ 0.03–0.5 3499 USA, EU Mendes et al. (2015); 
Jones et al. (2013b)

Coagulase-negative staphylococci
 Methicillin susceptible ≤ 0.03 0.06 ≤ 0.03–0.12 38 USA Mendes et al. (2015)

 Methicillin resistant 0.06 0.12 ≤ 0.03–0.25 84 USA Mendes et al. (2015)

Streptococcus pneumoniae
 Penicillin susceptible ≤ 0.03 ≤ 0.03 ≤ 0.03–0.12 739 CA Karlowsky et al. (2011)

 Penicillin nonsusceptible ≤ 0.03 ≤ 0.03 ≤ 0.03 34 CA Karlowsky et al. (2011)

Viridans group streptococci
 Penicillin susceptible ≤ 0.015 0.03 ≤ 0.015–0.06 NA, LA, EU Streit et al. (2004)

 Penicillin nonsusceptible ≤ 0.015 0.03 ≤ 0.015–0.03 30 NA, LA, EU Streit et al. (2004)

Beta-hemolytic streptococci ≤ 0.03 ≤ 0.03 ≤ 0.03–0.06 200 CA Karlowsky et al. (2011)

E. faecalis
 Vancomycin susceptible ≤ 0.03 0.06 ≤ 0.03–0.5 10,025 NA, LA, EU, Asia-Pacific Biedenbach et al. (2009)

 Vancomycin resistant ≥ 4 ≥ 4 ≤ 0.03–> 4 349 NA, LA, EU, Asia-Pacific Biedenbach et al. (2009)

Enterococcus faecium
 Vancomycin susceptible 0.06 0.12 ≤ 0.03–2 2578 NA, LA, EU, Asia-Pacific Biedenbach et al. (2009)

 Vancomycin resistant > 4 > 4 ≤ 0.03–> 4 2176 NA, LA, EU, Asia-Pacific Biedenbach et al. (2009)

Abbreviations: MIC: minimum inhibitory concentration; USA: United States of America; EU: European Union; CA: Canada; NA: North America; LA: Latin America.
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is 16 times more potent than vancomycin and linezolid and 
4–8 times more potent than daptomycin (Jones et al., 2013b; 
Mendes et al.,  2015). Dalbavancin is also active against 
community acquired MRSA (CAMRSA) strains, which are 
distinct from the hospitalborne variety, as displayed by 
betalactam resistance, which is expressed on staphylococcal 
cassette cartridge type IV and by the presence of the Panton
Valentine leukocidin toxin (Naimi et al., 2003). Against 
CAMRSA isolates, dalbavancin has an MIC range of 0.06–
0.125 mg/l, which is up to 32fold lower than linezolid (MIC, 
2 mg/l) and 16fold lower than vancomycin (MIC, 1 mg/l) 
(Carmeli et al., 2006; Huang et al., 2010). Against CoNS, dal
bavancin is far superior to teicoplanin (64 times more potent) 
with its highest MIC of only 0.25 mg/l vs. > 16 mg/l (Jones 
et al., 2001; Streit et al., 2004; Gales et al., 2005; Jones et al., 
2005; Jones et al., 2006; Jones et al., 2013b). Compared with 
other lipoglycopeptides such as oritavancin (see Chapter 46, 
Orita vancin) and telavancin (see Chapter 48, Telavancin), 
dalbavancin has the lowest MIC for S. aureus and CoNS 
(Pace and Yang, 2006; Biedenbach and Jones, 2009; Karlowsky 
et al., 2011; Biedenbach et al., 2015).

Dalbavancin also retains its activity against challenging 
staphylococci strains that are intermediate or resistant to 
vancomycin, linezolid, and quinupristin–dalfopristin (Lefort 
et al., 2004; Streit et al., 2005; Lepak et al., 2015; McCurdy et 
al., 2015). In a surveillance study of 62,195 isolates, nearly all 
(99.8%) multidrugresistant MRSA isolates were inhibited 
by dalbavancin at < 0.12 mg/l; (MIC50/90, 0.06/0.06 mg/l) 
(McCurdy et al., 2015).The MIC range is 0.125–2 mg/l 
against heterogeneous vancomycinintermediate S. aureus 
and vancomycinintermediate S. aureus (VISA) (Citron et 
al., 2014). With a median MIC90 of 0.5 mg/l against hetero
geneous VISA, dalbavancin is eight times more potent than 

vancomycin. Tested against the vancomycinresistant S. aureus 
(VRSA) strain from Hershey, PA, dalbavancin was bacteri
cidal with a low MIC range of 0.125–0.5 mg/l, which was 
similar to oritavancin (Bozdogan et al., 2003). However, 
despite its display of antiVRSA activity, dalbavancin intrin
sically lacks the ability to overcome the vanA resistance gene 
that is expressed by VRSA strains and some VRE strains 
(Bozdogan et al., 2003; Van Bambeke et al., 2004). Of note, 
it appears that the level of vanA expression in the VRSA
Hershey strain is unstable, which would account for its 
 susceptibility to teicoplanin and a low oritavancin MIC 
(0.25 mg/l), unlike the VRSAMichigan strain, which has 
teicoplanin resistance and a high oritavancin MIC (4 mg/l) 
(Bozdogan et al., 2003).

Streptococci
Dalbavancin possesses in vitro activity against Streptococcus 
spp., with an MIC range of ≤ 0.015–0.25 mg/l and potencies 
8–32 times greater than vancomycin and quinupristin– 
dalfopristin, 8–16 times greater than daptomycin, and 16–64 
times greater than linezolid (Jones et al., 2001; Streit et al., 
2004; Gales et al., 2005; Jones et al., 2005; Jones et al., 2006; 
Karlowsky et al., 2011; Jones et al., 2013a; Jones et al., 2013b). 
It seems to have similar potency to teicoplanin against 
Streptococcus pneumoniae, as indicated by comparable MIC90 
values (dalbavancin, 0.06 mg/l; teicoplanin, 0.125 mg/l) in 
one study and identical MICs (0.03 mg/l) in another (Can
diani et al., 1999; Lin et al., 2005b). Dalbavancin also had 
matching MIC values (0.03 mg/l) for penicillinsusceptible 
and penicillinresistant strains of pneumococci and viridans 
group streptococci, alluding to the fact that it is unaffected by 
changes in penicillinbinding protein affinities (Streit et al., 
2004; Karlowsky et al., 2011).

Table 47.2. Comparative antimicrobial activity of semisynthetic lipoglycopeptides and vancomycin against Gram-positive bacteria.

Organism

MIC90 (mg/l)

Dalbavancin Oritavancin Telavancin Vancomycin

Staphylococcus aureus
 Methicillin susceptible 0.06 0.12 0.5 1

 Methicillin resistant 0.06 0.25 0.5 1

Coagulase–negative staphylococci
 Methicillin susceptible ≤ 0.03 0.25 0.25 2

 Methicillin resistant 0.06 0.5 0.5 2

Streptococcus spp.

 Streptococcus pneumoniae 0.03 0.04 0.03 0.5

 Beta–hemolytic streptococci 0.03 0.25 0.06 1

Enterococcus spp.

 Vancomycin susceptible 0.06–0.12 0.06–0.15 0.25–0.5       1–2

 Vancomycin resistant (VanB) 0.12 0.03 2 64

 Vancomycin resistant (VanA) 32 0.25 8 512

 Abbreviation: MIC: minimum inhibitory concentration.
Adapted from Zhanel et al. (2010); Jones et al. (2013a); Jones et al. (2013b); and Pace and Yang (2006).
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Enterococci
The MIC for dalbavancin against vancomycinsusceptible 
enterococci remains low for Enterococcus faecalis (MIC90, 
0.06 mg/l) and E. faecium (MIC90, 0.12 mg/l) but falls into a 
wider range of ≤ 0.015–4 mg/l (Candiani et al., 1999; Jones 
et al., 2001; Streit et al., 2004; Gales et al., 2005; Jones et al., 
2005; Biedenbach et al., 2009; Zhanel et al., 2010). The values 
escalate drastically to an MIC90 of 32 mg/l for vancomycin 
resistant strains of E. faecalis (MIC range, 0.015 to > 32 mg/l) 
and E. faecium (MIC range, 0.03 to > 32 mg/l) (Zhanel et al., 
2010). Dalbavancin does not demonstrate activity against 
VRE strains with vanAmediated resistance (MIC90, 32 mg/l), 
which display a high level of resistance to both vancomycin 
and teicoplanin (Malabarba and Goldstein, 2005; Streit et al., 
2005). It does maintain potent activity for vanB phenotypes 
(MIC90, 0.12 mg/l), which also retain teicoplanin susceptibil
ity. Against quinupristin–dalfopristin resistant E. faecium 
strains, dalbavancin has a potent MIC90 < 0.12 mg/l (Streit et 
al., 2005). For vancomycinsusceptible and nonvanA Entero
coccus spp., dalbavancin is more potent than telavancin but 
not oritavancin, which alternatively have activity against 
vanAproducing strains (Zhanel et al., 2010).

OTHER GRAM-POSITIVE AEROBES AND 
ANAEROBES

Dalbavancin is potent against less common Grampositive 
aerobes such as Bacillus spp., Corynebacterium spp., Listeria 
spp., and Micrococcus spp., with MIC90 values (0.016–0.25 
mg/l) that are comparable with vancomycin, linezolid, dap
tomycin, and quinupristin–dalfopristin (Jones et al., 2001; 
Goldstein et al., 2003; Streit et al., 2004; Gales et al., 2005; 
Jones et al., 2005; Goldstein et al., 2006; Heine et al., 2010; 
Jones and Stilwell, 2013; Rolston et al., 2015). It is generally 
two to fourfold more potent than vancomycin against 
Gram positive anaerobes such as Actinomyces spp. (MIC90, 0.5 
mg/l), Eubacterium spp. (MIC90, 1 mg/l), Propionibacterium 
spp. (MIC90, 0.5 mg/l), and Peptostreptococcus spp. (MIC90, 
0.25 mg/l) (Goldstein et al., 2003). However, for Clostridium 
difficile, dalbavancin (MIC90, 2 mg/l; MIC range ≤ 0.015–8) is 
less potent than vancomycin and metronidazole (Goldstein 
et al., 2006). Lactobacillus spp. also demonstrate dalbavancin 
resistance with an MIC90 > 32 mg/l for Lactobacillus acidoph
ilus and L. casei, although L. fermentans is easily inhibited by 
an MIC ≤ 0.25 mg/l (Goldstein et al., 2003).

2b.  Emerging resistance and 
cross-resistance

Dalbavancin MIC results within the past 10 years against US 
Grampositive pathogens remain consistent and do not indi
cate MIC change or emerging resistances among analyzed 
isolates (Jones et al., 2013a; Jones et al., 2013b). Population 
data of more than 1100 staphylococci and 300 betahemo
lytic streptococci isolates from US medical centers in 2011 
demonstrated only 3 staphylococcal isolates (0.3%), and 14 
streptococcal isolates (4%) possessed dalbavancin MIC values 

above the current FDA/European Committee on Antimi
crobial Susceptibility Testing breakpoint (Jones et al., 2013a). 
However, as mentioned earlier, dalbavancin demonstrates 
diminished activity against VRE and VRSA isolates express
ing VanA, which is a common glycopeptideresistant phe
notype. Resistance arises via alteration of peptidoglycan 
precursors, such that pentapeptides normally terminating in 
dalaninedalanine are revised to terminate in dalanine d
lactate or dalaninedserine, potentially decreasing anti
biotic target affinity up to 100fold (Malabarba and Ciabatti, 
2001; Courvalin, 2006; Bailey and Summers, 2008; Zhanel et 
al., 2010). 

Studies suggest that staphylococci are less likely to develop 
resistance to dalbavancin than to vancomycin and teico
planin. In a study by Lopez et al. (2005), no singlestep resis
tance (frequency < 10–10) was detected for dalbavancin when 
S. aureus was incubated on plates containing 10 mg/l of dal
bavancin, 10 mg/l of vancomycin, and 15 mg/l of teicoplanin. 
After 24 serial passages through subMIC concentrations, 
dalbavancin MIC increased twofold for S. aureus, whereas 
greater increases were seen with vancomycin (fourfold) and 
teicoplanin (eightfold). In another study with six strains 
of Staphylococcus spp. (containing methicillinresistant and 
vancomycinintermediate isolates), singlestep resistance was 
not encountered when incubated at 0.5, 1, 2, 4, and 8 times 
MIC of dalbavancin (Goldstein et al., 2007). After 20 serial 
passages, four strains had equal or double the MIC, whereas 
two methicillinresistant strains had a four to sixfold 
increase. Susceptibility was reinstated after the isolates were 
grown on a drugfree medium for 3 days. 

3. MECHANISM OF DRUG ACTION

Like other glycopeptides, dalbavancin inhibits the final stages 
of peptidoglycan synthesis by forming a binding pocket with 
the dalanyldalanine terminus of peptidoglycan precursors 
(Van Bambeke, 2004; Van Bambeke et al., 2004; Kahne et al., 
2005; Malabarba and Goldstein, 2005). The complex created 
between the heptapeptide backbone and the dalanyld 
alanine dipeptide blocks access for transglycosylases and 
transpeptidases, enzymes that are necessary to pursue 
polymerization and crosslinking. As a result, the nascent 
peptidoglycan chain is halted from developing further, 
leaving cells vulnerable to rupture from changing internal 
osmotic pressure.

The addition of a lipophilic side chain seems to afford 
dalbavancin more ways to improve the interaction with 
dalanyldalanine peptides (Beauregard et al., 1995; Kahne 
et al., 2005; Malabarba and Goldstein, 2005). It is hypothe
sized to allow for dimerization (like vancomycin) and 
membrane anchoring (like teicoplanin), which increases dal
bavancin’s binding affinity to the hydrophobic target site, 
more so than vancomycin (Treviño et al., 2014). Homodimers 
formed between glycopeptide molecules lock the binding 
pocket into a prime position to facilitate cooperative binding 
(Van Bambeke, 2004; Van Bambeke et al., 2004). Membrane 
anchoring helps localize dalbavancin closer to its target. 
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These features are considered to contribute to dalbavancin’s 
antimicrobial activity.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Currently, dalbavancin is available only in the i.v. form, 
owing to the poor systemic absorption displayed by it and 
other glycopeptide antibiotics.

4a.  Adults

The initial FDAapproved dosage consisted of dalbavancin, 
1000 mg on the first day, followed by 500 mg 7 days later, 
which was well tolerated and associated with a higher clinical 
response rate than the comparator regimens (Dorr et al., 
2005; Durata, 2015). This regimen is also approved in Europe 
by the European Medicines Agency. Recently, the FDA 
approved a single 1500mg infusion of dalbavancin based on a 
phase III study, which demonstrated that the single dose was 
noninferior to the twodose regimen and has a similar safety 
profile. This singledose regimen potentially removes logisti
cal constraints related to delivery of the second dose, enhanc
ing its ease of use (Dunne et al., 2016a; Dunne et al., 2016b). 

4b.  Newborn infants and children

To date, there has been a single dalbavancin phase I study in 
children (Bradley et al., 2015). Dalbavancin is currently not 
approved in the USA or Europe for those ≤ 18 years of age. 

4c.  Pregnant and lactating mothers

Dalbavancin is an FDA pregnancy category C drug. It should 
be used in pregnancy only if the benefit justifies the potential 
risk to the fetus. In pregnant rats and rabbits, there were no 
treatmentrelated malformations or embryofetal toxicity 
at clinically relevant dalbavancin exposures. It is unknown 
whether dalbavancin or its metabolite is excreted in human 
milk (Durata, 2015). 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

A mean renal clearance of 0.042 l/h suggests that dalbavancin 
may not require a dose adjustment for patients with mild to
moderate renal impairment (Marbury et al., 2009). Pharma
cokinetic parameters (i.e. maximum concentration [Cmax]; 
areaundertheconcentrationtime curve [AUC]) studied 
over a 7day period were found to be similar among subjects 
with mild renal impairment, defined as creatinine clearance 
(CLCr) of 50–80 ml/min (Cmax: 266.8 ± 42.3 mg/l; AUC0–7: 
9714 ± 1406 mg/lh) and those with normal renal function 
(Cmax: 248.8 ± 33 mg/l; AUC0–7: 8992 ± 1362 mg/lh) after 
receiving a 1000mg dose (Marbury et al., 2009). Patients with 
moderate renal impairment (CLCr: 30–49 ml/min) receiving 
1000 mg also showed similar pharmacokinetics to those 

with normal renal function, although the mean AUC0inf was 
approximately 50% higher compared with normal patients 
(Marbury et al., 2009). In patients with severe renal impair
ment (CLCr < 30 ml/min), the Cmax increased nearly 30% after 
the first week and AUC0–7 increased by approximately 17%. It 
appears that dose adjustments may be necessary for patients 
with CLCr < 30 ml/min, as reflected in the current recom
mendations (750 mg followed 1 week later by 375 mg). For 
those with endstage renal disease requiring dialysis support, 
concentrations from a 500mg dose were similar to those 
without any renal impairment. A smaller dose of 500 mg may 
suffice for dialysis patients, considering that hemodialysis 
was not an important route of elimination for dalbavancin 
(Marbury et al., 2009). 

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Currently, no dalbavancin dose adjustments are recommended 
for patients with mild, moderate, or severe hepatic impair
ment (Marbury et al., 2009). Pharmacokinetic parameters 
were similar to subjects with normal hepatic function on a 
1000mg dose followed by 500 mg 7 days later (Marbury et 
al., 2009). A slightly lower AUC and higher clearance were 
seen in subjects with moderate and severe hepatic impair
ment but were likely due to volume changes from ascites and 
edema.

OLDER ADULTS

A population pharmacokinetic study, which utilized data 
from phase II and III clinical trials, determined that age, 
gender, race, and serum albumin were not influential factors 
for pharmacokinetic parameters, suggesting no dosage adjust
ments will be required based on these variables (Buckwalter 
and Dowell, 2005). In a recent analysis of 1778 patients 
treated with dalbavancin, 313 patients (17.7%) were 65 years 
of age or older. The efficacy and tolerability of dalbavancin 
were similar to comparator regardless of age (Durata, 2015; 
Dunne et al., 2016b). 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Dalbavancin is not available orally. Total protein binding 
of dalbavancin is concentration independent, reversible, and 
estimated to be 93%. Yet the small free fraction left over is 
capable of bactericidal activity (Cavaleri et al., 2002; Bowker 
et al., 2006; Cavaleri et al., 2005). The plasma concentra
tiontime profile of dalbavancin initially has a steep decline 
during the 24 to 48hour distribution phase, which slopes 
down into a slower terminal elimination phase, extending 
out to 600–800 hours (Cavaleri et al., 2005; Dorr et al., 2005). 

5b.  Drug distribution

Dalbavancin exhibits linear, doseproportional pharmaco
kinetics with a t1/2 of approximately 7 days (Leighton et al., 
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2004; Bradley et al., 2015; Scoble et al., 2015). A phase I ran
domized doubleblind study examined escalating dosages of 
dalbavancin as a single and multipledose (loading dose and 
maintenance dose in 10:1 ratio) regimen. Single doses (140, 
350, 500, 630, 840, and 1120 mg) were administered once, 
and multiple doses were given daily for 7 days (300 and 30; 
400 and 40; 600 and 60; 800 and 80; and 1000 and 100 mg) 
with the loading dose administered in equal doses divided 
by 12 hours. Pharmacokinetic parameters from the study are 
displayed in Table 47.3.

The Cmax of dalbavancin was found to increase in propor
tion to the dose, rising from 40.1 mg/l with 140 mg to 312 
mg/l with 1120 mg. The AUC also responded accordingly to 
higher doses, increasing from 3234 mgh/l (140 mg) to 27,103 
mgh/l (1120 mg). Similar results were seen in the multiple 
dose group, in which the design of 10:1 ratio for loading dose 
to maintenance dose generated steady state within 2–3 days 
after administration of the first dose. However, daily doses of 
dalbavancin do not appear to be necessary and thus were not 
pursued in clinical trials, because Cmax and AUC parameters 
from single doses far exceeded those from smaller multiple 
daily doses.

The volume of distribution at steady state stayed generally 
the same at 7.85–11.3 l over the rising doses studied in both 
single and multipledose groups. The total mean clearance 
of dalbavancin was 0.0472 l/h. The t1/2 did not change in 
regard to dose and ranged from 149 to 204 hours, thereby 
suggesting that onceweekly therapy is suitable. 

Although its t1/2 is approximately 1 week, it appears that 
dalbavancin can reside in the body for months after a single 
dose. In a tissue distribution study in rats, 20 mg/kg of radio
active dalbavancin was widely distributed to 40 different tis
sues and fluids, with the highest concentrations found in the 
kidney and liver (Cavaleri et al., 2005). By day 3, there were 
higher concentrations found in the tissues than in plasma. 
However, dalbavancin is not exclusively retained by one par
ticular tissue, because all tissues experienced a loss of con
centration to < 5% of the dose by day 5. By day 14, dalbavancin 
was still present in kidneys, liver, brown fat, skin, and skeletal 
muscle at > 1%. At day 70 when the animals were sacrificed, 
there was still < 5% of dalbavancin remaining in an entire 
carcass.

The penetration of dalbavancin into bone, bonerelated 
structures, and CSF was investigated in rabbits (Solon et al., 
2007). A dose of 20 mg/kg, which simulated total plasma 
concentrations in humans, revealed drug concentrations that 
were three times higher in bone marrow than in plasma at 
day 3 (12.74 ± 1.47 µg eq/g) lasting through day 14 (12.02 ± 
1.87 µg eq/g). Concentrations in the bone (1.96 ± 0.14 µg 
eq/g) itself, however, were far less but also exceeded those in 
plasma (0.94 ± 0.09 µg eq/g) at day 14. Tissueplasma ratios 
of the AUC were 2.48 for bone marrow and only 0.63 for 
bone. Penetration into the CSF was insignificant, with quan
tifiable concentrations detected only at 12 hours (0.08 mg 
eq/g) and 24 hours (0.05 µg eq/g) postdose. More recently, 
a bone penetration study in humans demonstrated that 

Table 47.3. Pharmacokinetic parameters of dalbavancin in healthy volunteers after administration of single and multiple i.v. dosesa

Dose (mg)b Cmax (mg/l) AUC (mgh/l) CL (l/h) Vss (I) t1/2 (h)

Single dose

140 40.1 (37.9–41.1)    3234 (3174–3344) 0.0433 (0.0419–0.0441) 10.9 (10.7–11.1) 188 (186–193)

220 71.4 (48.4–76.1)    5004 (4370–5490) 0.044 (0.0401–0.0503) 11.0 (10.1–12.7) 186 (172–207)

350 96.3 (89.1–103)    8104 (6904–9276) 0.0432 (0.0377–0.0507) 11.0 (8.2–12.8) 188 (162–192)

500 133 (131–195) 11,393 (11,200–14,758) 0.0439 (0.0339–0.0446) 9.01 (7.19–9.54) 162 (154–163)

630 170 (143–256) 12,616 (12,257–19,400) 0.0499 (0.0325–0.0514) 11.3 (6.96–13.2) 168 (158–190)

840 239 (235–256) 21,949 (21,253–23,474) 0.0383 (0.0358–0.0395) 7.85 (7.15–8.24) 149 (148–158)

1120 312 (292–371) 27,103 (22,967–27,299) 0.0413 (0.041–0.0488) 7.93 (7.84–9.70) 149 (145–153)

Multiple dosec

300/30 29.5d (24.5–34.9)    607e (517–667) 0.0494d (0.045–0.0581) NA 189d (179–207)

400/40 38.8d (37.7–51.0)    849e (729–896) 0.0471d (0.0446–0.0549) NA 185d (166–200)

600/60 63.5d (60.6–66.9)   1248e (1134–1282) 0.0481d (0.0468–0.0529) NA 204d (177–213)

800/80f NAd (66.2–69.2) NAe (1345–1397) NAd (0.0573–0.0595) NA NAd (189–208)

1000/100 92.6d (84.1–120)   1871e (1770–2349) 0.0535d (0.0426–0.0565) 188d (177–201)

 aValues shown are medians with ranges in parentheses.
bThere were three subjects in each group, unless otherwise noted.
cLoading dose/maintenance dose administered as multiple daily infusions for 7 days.
dThere were two subjects on day 7.
eOn day 7.
fAUC0–24 on day 7.
Abbreviations: AUC: area-under-the-concentration-time curve; CL: clearance; Cmax: maximum concentration; Vss: volume of distribution at steady state: t1/2: half-

life; NA, not applicable/available.
Adapted from Leighton et al. (2004).
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dalbavancin concentrations in cortical bone 12 hours after a 
single 1000mg i.v. infusion were 6.3 μg/g and 2 weeks later 
were 4.1 μg/g (Dunne et al., 2016b). This study also suggested 
that a regimen of 1500 mg given on day 1 and again on day 8 
will result in dalbavancin exposure at or above the S. aureus 
MIC99.9 for dalbavancin 0.12 mg/l for the entire osteomyelitis 
treatment duration with an adverse event (AE) profile simi
lar to that of a 1000mg dose (Dunne et al., 2016b). 

A phase I blister study identified favorable penetration 
into the skin (60%) with a mean AUC of 6438 ± 1238 mgh/l 
for blister fluid vs. 10806 ± 1926 mgh/l for plasma, after a 
1000mg dose (Nicolau et al., 2007). Dalbavancin concentra
tions in blister fluid (30.3 ± 4.4 mg/l) were sustained well 
above the MIC over 7 days, regardless of protein binding. 
Concentrations in blister fluid in ratio to plasma were found 
to be 0.83–1.11, supporting dalbavancin’s FDA approval for 
ABSSSIs (Leighton et al., 2004).

Dalbavancin has moderate penetration into macrophages, 
where the intracellular concentration increases with growing 
extracellular concentrations (Bulgheroni et al., 2004). In com
parison with vancomycin and teicoplanin, dalbavancin has 
better penetration into these cells, although its intracellular 
concentration is still considerably lower than oritavancin.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Timekill experiments with staphylococci reiterate dalba
vancin’s antibacterial activity compared with traditional gly
copeptides (Candiani et al., 1999; Lin et al., 2005a; Lopez et 
al., 2005). Dalbavancin produced a 3log kill at four times 
the MIC over 24 hours against six strains (grouping of meth
icillinsusceptible and methicillinresistant S. aureus and 
CoNS) (Lin et al., 2005a). Only oritavancin and daptomycin 
matched dalbavancin’s activity, whereas vancomycin and 
teicoplanin were bactericidal against just four strains and 
linezolid and quinupristin–dalfopristin against none. Like 
vancomycin and teicoplanin, dalbavancin is slower in reach
ing its bactericidal activity and generally requires 24 hours 
to achieve the requisite bactericidal kill of 3 logs (Lin et al., 
2005a; Lopez et al., 2005). An earlier study by Jones et al. 
(2001) conversely discovered bacteriostatic (1.0 to 2.3log kill) 
results for dalbavancin against two S. aureus strains and one 
S. epidermidis strain at four to eight times MIC in 24 hours.

Serum bactericidal activity experiments against two MRSA 
strains showed bactericidal activity up to 7 days after dalba
vancin administration (Leighton et al., 2004). Blood samples 
taken from subjects who received single doses ≥ 500 mg or 
any multiple doses revealed reciprocal serum bactericidal 
activity titers that increased along with plasma drug concen
trations. It appears that drug concentrations ≥ 20 mg/l in 
plasma yield detectable bactericidal titers. Cavaleri et al. 
(2002) attempted to explain how dalbavancin is capable of 
bactericidal activity within the serum, despite the high pro
tein binding, by means of isothermal titration microcalorim
etry. It seems that dalbavancin has a high capacity but a low 

affinity for human plasma proteins. Its high protein capacity 
is responsible for creating high concentrations of dalbavan
cin and for its long t1/2, but the low affinity for protein allows 
enough unbound dalbavancin to be present to generate bac
tericidal activity in vitro.

Goldstein et al. (2007) demonstrated that minimal bacte
ricidal concentrations (MBCs) for dalbavancin were ≤ 0.5 
mg/l for eight staphylococcal isolates; for six of these strains, 
including one VISA isolate, the MBCs were equal to or 
within one doubling dilution of the MIC. Dalbavancin MBCs 
were 0.008–0.25 mg/l for three S. pyogenes strains, which 
were identical to the MICs for two of the three isolates (0.008 
mg/l). In timekill studies conducted with a different set of 
seven strains, including MSSA, MRSA, VISA, and S. pyo
genes, all strains exhibited a ≥ 3 log10 decrease in their viable 
counts when they were exposed to ≥ 1 mg/l of dalbavancin 
for 24 hours.

In a timekill study with 10 pneumococci strains of 
assorted resistant types, dalbavancin was bactericidal at two 
to four times the MIC in 24 hours against 10 strains, and at 
one times the MIC in 8 of 10 (Lin et al., 2005b). In another 
timekill study, dalbavancin was determined to be bacterio
static (0 to 1.4log kill) against single isolates of E. faecalis 
and vancomycinresistant E. faecium at four to eight times 
the MIC in 24 hours (Jones et al., 2001).

Unlike glycopeptides that have timedependent killing, 
dalbavancin displays concentrationdependent activity, which 
is best characterized by AUC/MIC ratios (Bowker et al., 
2006; Andes and Craig, 2007; Lepak et al., 2015). An in vitro 
model with simulated free concentrations against several 
S.  aureus (MSSA, MRSA, VISA) isolates similarly found 
correlations between AUC/MIC and antibacterial activity, 
whereas Cmax/MIC was determined to be less relevant (Bowker 
et al., 2006). In this study, free AUC/MIC of 36–100 was suf
ficient for a bacteriostatic effect, and an increase to 214–331 
produced a 2log bactericidal kill. In murine thigh and lung 
infection models studying multiple doses of dalbavancin 
(twofold increasing total doses divided into 2, 4, 6, or 12 
doses over a period of 6 days), high doses given less fre
quently were the most effective regimens in producing the 
greatest bacterial kill. Cmax and AUC had the greatest impact 
on efficacy compared with time above MIC (T > MIC) for 
both S. aureus and S. pneumoniae, based on free (i.e. 
unbound) drug concentrations. AUC/MIC (R2 = 0.77) was 
more strongly associated with efficacy than Cmax/MIC (R2 = 
0.57) for S. aureus, whereas Cmax/MIC (R2 = 0.90) was the 
predictive index for S. pneumoniae vs. AUC/MIC (R2 = 0.78). 
Free AUC/MIC ratios of 160 ± 67 and 7.2 ± 4.52 were associ
ated with bacteriostatic effect for S. aureus and S. pneumoniae, 
respectively, with the less frequent dosing regimen (every 
72 hours), and exposures required for a 2log kill were only 
slightly greater (less than twofold). Overall, less drug exposure 
(approximately 10fold) was necessary against S. pneumo
niae than S. aureus (Andes and Craig, 2007). Comparatively, 
a recent neutropenic murine thigh infection model dem
onstrated lower AUC/MIC target values. In this study, the 
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exposureresponse model for dalbavancin was well described 
by the pharmacodynamic (PD) index AUC/MIC (R2 = 0.86). 
Against S. aureus isolates (MIC range 0.12–0.5mg/l), includ
ing VISA, the free drug AUC/MIC targets for stasis, 1log 
kill, and 2log kill were 27, 53, and 111, respectively (Lepak et 
al., 2015).

The 7day AUC for dalbavancin (1000 mg) in humans is 
8992 mgh/l (Marbury et al., 2009). Using protein binding in 
humans of 93%, the average daily (24hour) free drug AUC 
over the treatment period is 89.9 mgh/l. These findings sug
gest that the current human dosing regimen could achieve 
a 1log kill for S. aureus strains with dalbavancin MICs of 
≤  1  mg/l (Lepak et al., 2015).  In population parametric 
models, the standard dose of dalbavancin demonstrated that 
the free plasma concentrations of dalbavancin remain above 
1 mg/l for 14 days (Dowell et al., 2008). The likelihood of 
target attainment was near 100% at dalbavancin MICs up to 
0.5 mg/l against S. aureus isolates. A similar finding was 
demonstrated in a recent study with 10,000 Monte Carlo 
simulations of dalbavancin, 1000 mg, followed by 500 mg 
1 week later. The results showed a 100% probability of target 
attainment for MRSA isolates with dalbavancin MICs up to 
0.12 mg/l (Salem et al., 2014).

A pharmacokinetic analysis of a single dalbavancin dose 
(1000 mg if > 60 kg or 15 mg/kg if < 60 kg) in children 12–17 
years of age demonstrated dose proportionality, with similar 
t1/2 and plasma exposures between the two doses (Bradley et 
al., 2015). Although the AUC in children was ~30% lower 
than in adults, the volume of distribution at steady state was 
similar (Bradley et al., 2015). 

5d.  Excretion

In a phase I study, nearly 34% of dalbavancin was excreted 
unchanged in the urine, suggesting that nonrenal methods 
of elimination play an important role in the metabolism of 
dalbavancin (Leighton et al., 2004). A different elimination 
route for dalbavancin was found in a rat study, as 3.7%, 
17.4%, and 22.3% of dalbavancin were recovered in feces at 
1, 36, and 70 days, respectively, following a 20 mg/kg dose 
(Cavaleri et al., 2005).

5e.  Drug interactions

To date, major drug interactions with dalbavancin have not 
been identified. It is not a substrate, inhibitor, or inducer of 
CYP450 isoenzymes (Buckwalter and Dowell, 2005). 

6. ADVERSE REACTIONS AND TOXICITY

In a phase I doseescalation study, dalbavancin was well tol
erated with no serious AEs in 39 evaluated subjects (Leighton 
et al., 2004). Although 68% experienced at least one AE, 
most events were considered mild. The most common AEs 
were pyrexia (50%) and headache (25%), which were also 
experienced by patients receiving placebo (pyrexia, 38%; 
head ache, 31%). No auditory toxicity was detected at any 

time point (2, 7, 14, or 21 days after drug administration) 
for all subjects within the conventional (0.25–8 kHz) and 
highfrequency (9–16 kHz) range, as specified by the 
American Speech–Language–Hearing Association 1994 cri
teria (Campbell et al., 2003). No vestibular dysfunction was 
observed according to the Dizziness Handicap Inventory, 
with a zero score at all timepoints in all subjects (Campbell et 
al., 2003). Doserelated effects were not seen over the range of 
doses tested with the singledose group (140–1120 mg) and 
the multipledose group given as a loading dose on the first 
day, followed by daily maintenance doses for 6 days (300/30–
1000/100 mg) (Leighton et al., 2004).

A safety database was compiled from seven different 
phase II and III studies between 2002 and 2013 evaluating 
dalbavancin against different comparator agents (cefazolin, 
nafcillin, oxacillin, vancomycin, and linezolid) for the treat
ment of uncomplicated and complicated skin infections, 
catheterrelated bloodstream infections, and ABSSSIs (Dunne 
et al., 2016b). The database contains 1778 subjects who 
received dalbavancin and 1224 subjects who received a com
parator agent. Approximately 85% and 86.5%, respectively, 
of the subjects completed the study drug course of therapy. 
Treatmentrelated AEs for dalbavancin and comparator 
agents are displayed in Table 47.4. Overall, most AEs experi
enced with dalbavancin were gastrointestinal in nature, of 
mild to moderate intensity, and comparable to comparator 
agents. Relative to those treated with comparator, patients 
receiving dalbavancin experienced fewer treatmentemergent 
AEs (44.9% vs. 46.8 %, respectively; p = 0.012), fewer treat
mentrelated AEs (18.4% vs. 20.1%, respectively; p = 0.014), 
and fewer treatmentrelated serious AEs (0.2% vs. 0.7%, 
respectively; p = 0.021). However, in subjects with normal 
hepatic function at baseline, determined by alanine amino
transferase levels, 218 (15.2%) subjects receiving dalbavancin 
had alanine aminotransferase levels above the upper limit of 
normal compared with 139 (14.3%) subjects receiving the 
comparator posttherapy. There were no treatmentrelated 
serious AEs involving the renal, nervous, auditory, or vestib
ular systems. The rate of discontinuations due to AE was 
found to be low for dalbavancin (3.0%), similar to compara
tor agents (2.9%). Ten deaths were observed in the dalba
vancin group, whereas 14 deaths occurred in the comparator 
group.

Dunne and colleagues (2015a) specifically looked at the 
effect that dalbavancin has on QT prolongation. Fifty patients 
in each group received dalbavancin at 1000 mg, dalbavancin 
at 1500 mg, placebo i.v., or 400 mg of oral moxifloxacin. The 
findings showed that dalbavancin did not exert a relevant 
effect on heart rate or PR or QRS intervals. Doses up to 1500 
mg of dalbavancin did not prolong the QTc interval and had 
no effect on heart rate or PR and QRS intervals.

7. CLINICAL USES OF THE DRUG

Leading up to the FDA’s approval of the twodose dalba
vancin regimen for ABSSSIs, one phase II trial and three 
phase III trials for the treatment of skin and skin structure 
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infections (SSSIs), encompassing both complicated SSSIs and 
ABSSSI, were published. Additionally, the data from a phase 
III trial demonstrating the efficacy of a singledose regimen 
in ABSSSIs are available. Dalbavancin has also been studied 
in a single phase II trial for catheterrelated bloodstream 
infections (CRBSIs). A summary of the clinical trials are in 
Table 47.5.

7a.  Skin and skin structure infections

A phase II study was conducted to examine the safety and 
efficacy of dalbavancin against standard of care regimens for 
SSSIs (Seltzer et al., 2003). A randomized controlled open 
label multicenter study was performed, with a total of 62 
enrolled patients with an SSSI of known or suspected Gram
positive origin. Included patients were adults (≥ 18 years) 
with an SSSI involving deep soft tissue and/or requiring sur
gical intervention (i.e. major abscess, infected ulcer, major 
burn, or deep and extensive cellulitis) that presented with two 
or more symptoms indicative of SSSI (drainage, erythema, 
fluctuance, heat, tenderness to palpation, or swelling). Of the 
62 patients, 20 were randomized to receive the onedose 
dalbavancin regimen (single 1100mg i.v. dose), 21 to the 
twodose dalbavancin regimen (1000mg i.v. dose, followed 
by a 500mg i.v. dose 7 days later), and 21 to comparator 
regimens as determined by the investigator (cephalexin, 
cefazolin, ceftriaxone, clindamycin, piperacillin/tazobactam, 
vancomycin, or linezolid, alone or in combination). Com 

parator regimens were administered for 7–21 days, with con
version to oral therapy as permissible by the investigator.

More than 90% of patients had a deep or complicated 
infection; 70% of the population received surgical inter
vention before any study drug. Fortyone (66%) patients had 
a Grampositive pathogen that was isolated at baseline. S. 
aureus was the most prevalent at 83% of all baseline organ
isms, 38% of which were MRSA. All S. aureus isolates were 
susceptible to both dalbavancin (MIC, 0.12–0.25 mg/l) and 
vancomycin (MIC, 0.5–1 mg/l). Of the 51 clinically evaluable 
patients, 16 of 17 (94%) in the twodose dalbavancin group, 
8 of 13 (62%) in the singledose dalbavancin group, and 16 of 
21 (76%) in the comparator regimen groups met the primary 
efficacy endpoint of clinical success (cure or improvement) 
at followup. Among microbiologically evaluable patients, 
the twodose dalbavancin group had higher S. aureus eradi
cation rates (90%) compared with 50% for the singledose 
dalbavancin and 60% for comparator regimens. Overall, the 
twodose dalbavancin regimen had higher clinical response 
and microbiological eradication rates than the singledose 
dalbavancin and comparator regimen groups.

A randomized doubleblind multicenter international 
phase III trial was conducted to evaluate the safety and effi
cacy of onceweekly dalbavancin against twicedaily linezolid 
in the treatment of SSSI (Jauregui et al., 2005). A total of 854 
patients with an SSSI known or suspected to be Gram posi
tive in origin were enrolled. Similar inclusion criteria from 
the previous SSSI phase II trial were applied, except that any 

Table 47.4. Adverse events (AEs) of dalbavancin and comparator agents from seven clinical studies.

Dalbavancin (n = 1778)
No. (%) of patients 

Comparator (n = 1224)
No. (%) of patients

Treatment-emergent AE (at > 2%) 799 (44.9) 573 (46.8)

Nausea  98 (5.5)  78 (6.4)

Headache  83 (4.7)  59 (4.8)

Diarrhea  79 (4.4)  72 (5.9)

Constipation  52 (2.9)  30 (2.5)

Vomiting  50 (2.8)  37 (3.0)

Rash  38 (2.1)  22 (1.8)

Urinary tract infection  36 (2,0)  16 (1.3)

Pruritus  32 (1.8)  35 (2.9)

Insomnia  27 (1.5)  30 (2.5)

Treatment-related serious AE   3 (0.2)   9 (0.7)

Leukopenia   1 (0.1)   0

Anaphylactoid reaction   1 (0.1)   0

Cellulitis   1 (0.1)   1 (0.1)

Renal failure (acute)   0   2 (0.2)

Gastrointestinal disorder   0   1 (0.1)

Face edema   0   1 (0.1)

Pancytopenia   0   1 (0.1)

Thrombocytopenia   0   1 (0.1)

Thrombocytopenia   0   1 (0.1)

Pancreatitis (acute)   0   1 (0.1)

Adapted from Dunne et al. (2016b).
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SSSI associated with known or suspected MRSA was per
mitted, and with the added condition of one or more signs of 
systemic infection or a complicating factor that would neces
sitate parenteral therapy. Patients were randomized in a 2:1 
ratio to distribute 571 to receive dalbavancin (1000mg i.v. 
dose, followed by a 500mg dose on day 8) and 283 to receive 
linezolid (600 mg i.v. every 12 hours) for a total 14day 
course. Conversion to oral therapy was allowed after > 24 
hours of parenteral therapy for linezolid, with an oral pla
cebo available for dalbavancin.

The breakdown in the different causes, types, and presen
tations of SSSI was similar between groups, with the majority 
being major abscess (32%) and complicated cellulitis (28%) 
(Jauregui et al., 2005). Fivehundred and fifty (64%) patients 
had a Grampositive organism isolated at baseline, 89% of 
whom had S. aureus as the causative pathogen. The MRSA 
rate in the microbiological intenttotreat (microITT) 

population was 51%. Of the 255 MRSA isolates, 164 (64%) 
were determined to be CAMRSA, as detected by the pres
ence of  staphylococcal cassette cartridge type IV and 
PantonValentine leukocidin (Carmeli et al., 2006). Of 660 
clinically evaluable patients at the testofcure (TOC) visit 
(14 ± 2 days after end of therapy), 88.9% in the dalbavancin 
group reached the point of clinical success where further 
antimicrobial therapy was not necessary, similar to 91.2% in 
the linezolid group (Jauregui et al., 2005). Similar success 
rates were seen for microbiological outcomes (eradication or 
presumed eradication of baseline pathogen) between dalba
vancin (89.5%) and linezolid (87.5%) for 429 microbiologi
cally evaluable patients on TOC. For CAMRSA specifically, 
dalbavancin had comparable success with linezolid for clini
cal (95.3% and 90.7%, respectively) and microbiological out
comes (92.9% and 93.0%, respectively) (Carmeli et al., 2006). 
A negligible percentage of baseline pathogens reappeared on 

Table 47.5. Dalbavancin vs. comparators in clinical trials.

Reference Treatment regimen
No. of enrolled 
patients Age group Outcomes

Seltzer et al. (2003) Dalbavancin (1100 mg once i.v.) 
vs. dalbavancin (1000-mg i.v. 
dose, followed by 500-mg i.v. 
dose 7 days later) vs. 
comparator regimens as 
determined by the 
investigator

62 with SSSI of known 
or suspected 
Gram-positive origin

Adults (≥ 18 
years of age)

Clinical success (62% vs. 94% 
vs. 76%)

Microbiological success: 
Staphylococcus aureus 
(50% vs. 90% vs. 60%)

Jauregui et al. (2005) Dalbavancin (1000-mg i.v. dose, 
followed by a 500-mg dose 
on day 8) vs. linezolid (600 
mg i.v. every 12 hours) for a 
total 14-day course

854 with an SSSI known 
or suspected to be 
Gram positive in 
origin

Adults (≥ 18 
years of age)

Clinical success (88.9% vs. 
91.2%)

Microbiological success: 
Gram-positive isolates 
(89.5% vs. 87.5%)

Overall success (88.4% vs. 
86.8%)

Boucher et al. (2014) Dalbavancin (1000-mg i.v. dose, 
followed by 500-mg i.v. dose 
7 days later) vs. vancomycin 
i.v. for at least 3 days with 
the option to switch to oral 
linezolid to complete 10–14 
days of therapy

1312 with a diagnosis of 
ABSSSI and who were 
thought to require at 
least 3 days of i.v. 
therapy, plus one or 
more systemic signs 
of infection within 24 
hours before 
randomization

Adults (≥ 18 
years of age)

Early clinical response (79.7% 
vs. 79.8%)

Reduction in size of infected 
area of 20% or more at 48 
to 72 hours (88.6% vs. 
88.1%)

Clinical success in those 
infected with S. aureus 
(90.6% vs. 93.8%)

Dunne et al. (2016a) Dalbavancin 1500-mg i.v. dose 
(once) vs. dalbavancin 
1000-mg i.v. dose, followed 
by 500-mg i.v. dose 7 days 
later

698 with a diagnosis of 
ABSSSI with an area 
of erythema of at 
least 75 cm2, plus one 
or more systemic 
signs of infection 

Adults (≥ 18 
years of age)

Reduction in the size of the 
infected area of 20% or 
more at 48–72 hours 
(81.4% vs. 84.2%)

Clinical success at day 14 
(84.0% vs. 84.8%)

Clinical success at day 28 
(84.5% vs. 85.1%)

Raad et al. (2005) Dalbavancin (1000-mg i.v. dose, 
followed by 500-mg i.v. dose 
7 days later) vs. vancomycin 
i.v. twice daily for 14 days of 
therapy

75 with known or 
suspected CRBSI

Adults (≥ 18 
years of age)

Clinical success (87.0% vs. 
50.0%)

Microbiological success 
(95.7% vs. 78.6%)

Abbreviations: SSSI: skin and skin structure infection; ABSSSI: acute bacterial skin and skin structure infection; CRBSI: catheter-related bloodstream infection.
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TOC: only 1% for dalbavancin and 4% for linezolid 
(Jauregui et al., 2005). Overall, as a noninferiority study, the 
lower limit of the 95% confidence interval (CI) (–7.28%) for 
clinical success fell within the limit of –12.5%, signifying that 
dalbavancin is as effective as linezolid in the treatment of 
SSSI.

Dalbavancin for Infections of the Skin Compared to 
Vancomycin at an Early Response 1 (DISCOVER 1) and 
DISCOVER 2 were doubleblind doubledummy interna
tional multicenter randomized trials (Boucher et al., 2014). 
Patients included in the studies had a diagnosis of an ABSSSI 
with systemic signs of infection and were thought to require 
at least 3 days of i.v. therapy. Patients received either dalba
vancin at a dose of 1000 mg given i.v. over a period of 30 
minutes on day 1, followed by 500 mg given i.v. over a period 
of 30 minutes on day 8, or vanco mycin at a dose of 1 g (or 15 
mg/kg of body weight) given i.v. over a period of 120 minutes 
every 12 hours for at least 3 days, with an option to switch to 
oral linezolid, at a dose of 600 mg every 12 hours, to com
plete 10 to 14 days of therapy. Following newly defined FDA 
criteria, a successful outcome was defined as both cessation 
of the spread of erythema associated with the infection and a 
temperature of 37.6°C or lower at 48–72 hours of therapy. 

More than 85% of patients enrolled possessed tempera
tures ≥ 38°C, and the median size of infection was 343 cm2. 
A total of 608 of 659 patients (92.3%) in the dalbavancin 
group and 601 of 653 (92.0%) in the vancomycin–linezolid 
group completed the study treatment. In a pooled analysis 
of both trials, a successful outcome was observed in 79.7% 
of the dalbavancin patients and 79.8% of the vancomycin–
linezolid group (95% CI: –4.5–4.2). In those who had mono
microbial S. aureus infections, successful outcomes in the 
dalbavancin group and vancomycin–linezolid group were 
90.6% and 93.8%, respectively. Specifically in MRSA infec
tions, dalbavancin had a successful clinical outcome in 89.2% 
of patients. Notably, dalbavancin was 100% successful in 
patients with bacteremia compared with 85.7% in the vanco
mycin–linezolid group. In a safety analysis, dalbavancin was 
associated with fewer AEs and deaths than the comparator 
antimicrobials (32.8% vs. 37.9%; 0.2% vs. 1.1%, respectively). 
More patients receiving vancomycin–linezolid had increases 
in serum creatinine, gammaglutamyltransferase, alkaline 
phosphatase, and total bilirubin above the upper limit of 
normal. The most common treatmentrelated AEs in both 
groups were nausea, diarrhea, and pruritus. This study dem
onstrated dalbavancin noninferiority to standard therapy in 
ABSSSIs. These findings ultimately led to dalbavancin’s FDA 
approval for ABSSSIs. 

The most recent phase III study comparing dalbavancin, 
1500 mg, either as a single i.v. infusion or 1000 mg i.v. on day 
1 followed 1 week later by 500 mg i.v., was a doubleblind 
pharmacistunblinded randomized trial conducted between 
April 2014 and March 2015 at 60 centers worldwide. Patients 
enrolled in the study had an ABSSSI described as a major 
abscess, cellulitis, or traumatic wound or surgical site infec
tion, with an area of erythema of at least 75 cm2 and addi
tional signs of a local and systemic infection. The primary 

endpoint was a comparison of the number of patients who 
achieved ≥ 20% reduction in the size of the erythema 48–72 
hours (± 3 hours) after initiation of study drug and did not 
receive rescue antibacterial therapy (Dunne et al., 2016a). 

In total, 698 patients were randomized in the trial. Base
line characteristics were similar between the two groups, 
with the exception of MRSA infections. Of 220 patients with 
a pathogen at baseline, 61 (27.7%) had MRSA in the two
dose regimen compared with 36 of 210 patients (17.1%) in 
the singledose regimen. Greater than 40% of the patients 
met the diagnosis of systemic inflammatory response syn
drome in both groups. Treatment response (≥ 20% reduction 
in the size of the erythema) at 48–72 hours was demonstrated 
in 81.4% of those randomized to the singledose regimen 
compared with 84.2% in the twodose regimen (absolute 
difference: –2.9%; 90% CI: –8.5–2.8), with the difference 
narrowing at 36 hours (absolute difference: –1.4%; 90% CI: 
–6.8–4.0). Clinical success rates at day 14 and day 28 were 
similar between regimens, including those with MRSA infec
tions at baseline. In the safety analysis, nausea, headache, and 
vomiting were the only AEs reported in > 1% of the subjects. 
Drugrelated AEs were reported in 7.2% (25 of 349) and 7.5% 
(26 of 346) of patients receiving the singledose and two
dose regimen, respectively. Overall, this study demonstrated 
that the treatment response of a singledose dalbavancin reg
imen was noninferior compared with the twodose regimen. 
Additionally, the higher dose of 1500 mg did not display an 
AE profile dramatically different from that of the twodose 
regimen (Dunne et al., 2016a). This new dose, approved only 
by the FDA thus far, provides more flexibility and simplicity 
in the treatment of ABSSSIs by eliminating the need for long
term i.v. catheters and the risk of patient noncompliance.

7b.  Catheter-related bloodstream 
infections

Dalbavancin’s potent activity against skinborne bacteria 
prompted a phase II trial to evaluate efficacy and safety of 
onceweekly dalbavancin against twicedaily vancomycin for 
CRBSI (Raad et al., 2005). A randomized controlled multi
center openlabel trial enlisted 75 patients exhibiting signs 
of bacteremia known or suspected to be linked to a CRBSI. 
Catheter removal was recommended for verified CoNS bac
teremia but required for S. aureus bacteremia. Patients were 
randomized to receive either dalbavancin or vancomycin, 
except in cases of CoNS infections, in which the investigator 
could opt for either a single dose of dalbavancin or a week of 
vancomycin after catheter removal.

Of 75 patients, 33 were enrolled into the dalbavancin 
group (1000 mg i.v. on day 1 and 500 mg i.v. on day 8) and 
42 into the vancomycin group (1000 mg i.v. every 12 hours) 
to complete 14 days of treatment, whereas 8 patients who 
received vancomycin were inexplicably excluded from any 
analysis. Doses of vancomycin were adjusted using serum 
levels according to the investigator’s standard practice, with
out specified targets. There were comparable rates of defi
nite CRBSI (positive catheter and blood culture results) and 
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probable CRBSI (positive blood culture results only) between 
dalbavancin (22% and 18%, respectively) and vancomycin 
(29% and 71%, respectively). The number of catheters 
removed or replaced was similar between treatment arms, 
but more antibioticimpregnated catheters were used in the 
vancomycin group (56%) than in the dalbavancin group 
(30%). Fiftyone (76%) patients had 54 pathogens isolated at 
baseline, with the majority CoNS (48%), followed by S. 
aureus (43%) and a smaller percentage of MRSA (26%). Of 
41 patients in the microITT population, 20 of 23 in the dal
bavancin arm vs. 14 of 28 in the vancomycin arm met overall 
success (sum of clinical and microbiological responses) at 
TOC (18–24 days after end of therapy). Dalbavancin was 
superior to vancomycin (p < 0.05) with 87% (95% CI: 73.2–
100.0%) vs. 50% (95% CI: 31.5–68.5%), respectively, meeting 
the primary endpoint of efficacy (overall success) at TOC. 
Similar results were observed in 34 evaluable (subset of 
microITT population who adhered to the study protocol) 
patients at TOC, whereas 13 of 14 (92.9%) subjects treated 
with dalbavancin had clinical success vs. only 9 of 20 (45.0%) 
subjects treated with vancomycin despite vancomycin’s high 
rate of microbiological success.
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1. DESCRIPTION

Telavancin (Vibativ, TD-6424; Theravance Inc., San Francisco, 
CA) is a semisynthetic derivate of vancomycin featuring a 
lipophilic side chain (decyl-aminoethyl) and a hydrophilic 
moiety (phosphonomethyl aminomethyl) on the 4′-position 
of amino acid 7, which is attached to a vancosamine sugar 
(Leadbetter et al., 2004; Pace and Judice, 2005). The addition 
of the lipophilic side chain classifies this agent as a lipoglyco-
peptide similar to oritavancin (see Chapter 46, Oritavancin) 
and dalbavancin (see Chapter 47, Dalbavancin). The molecular 

Figure 48.1. Molecular structure of 
telavancin.
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formula is C80H106Cl2N11O27P, and its molecular weight 1755.6; 
the chemical structure is shown in Figure 48.1.

Telavancin is available as 250-mg or 750-mg vials for 
i.v. injection (Package Insert, 2015). The approved dosage is 
10 mg/kg every 24 hours in patients 18 years of age or older 
with adjustment for renal function. It is indicated in the USA 
and Canada (Health Canada, 2015) for the treatment of 
complicated skin and skin structure infections (cSSSIs) and 
hospital-acquired and ventilator-acquired pneumonia caused 
by susceptible Staphylococcus aureus isolates. The European 
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Medicines Agency (http://www.ema.europa.eu) has approved 
telavancin for the treatment of adults with nosocomial pneu-
monia, including ventilator-associated pneumonia, that is 
known or suspected to be caused by methicillin-resistant 
S. aureus (MRSA). In all approvals, the use of telavancin for 
pneumonia is recommended only in situations where other 
alternatives are not suitable.

The mean protein binding of telavancin is 90%, and the 
serum half-life is approximately 7–9 hours in patients with 
normal kidney function, which supports once-daily dosing 
of the compound (Shaw et al., 2005). Analogous to vanco-
mycin, telavancin interferes with the bacterial cell wall by 
binding to the d-alanyl-d-alanine terminal residue of pepti-
doglycan, thus interfering with peptidoglycan synthesis. How-
ever, unlike other glycopeptides, telavancin also disrupts 
cell membrane barrier function by a noncovalent interaction 

between its lipophilic side chain and the lipid bilayer of the 
bacterial cell membrane (Lunde et al., 2009). This ultimately 
causes the disruption of the cell membrane integrity and 
increased membrane permeability.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Telavancin possesses in vitro activity against aerobic and 
anaerobic Gram-positive bacteria but lacks activity against 
Gram-negative bacteria (Table 48.1). Additionally, telavancin 
has activity against some multidrug-resistant Gram-positive 
organisms (Laohavaleeson et al., 2007)—for example, MRSA, 
vancomycin-intermediate-resistant S. aureus (VISA), some 
vancomycin-resistant S. aureus (VRSA) strains, and certain 

Table 48.1. In vitro activity of telavancin against Gram-positive bacteria.

Organism (no. isolates)

MIC (mg/l)

MIC50 MIC90 MIC range

Staphylococcus aureus
 Methicillin susceptible (4959) 0.03 0.06 ≤ 0.015–0.12

 Methicillin resistant (5858) 0.03 0.06 0.06–1

Staphylococcus spp., coagulase negative (1532) 0.06 0.06 ≤ 0.015–0.25

Streptococcus spp.

 S. pneumoniae (3865) ≤ 0.015 0.015 ≤ 0.015–0.06 

 Beta-hemolytic streptococci (1924) ≤ 0.015–0.03 0.03–0.06 ≤ 0.015–0.12

 Viridans group streptococci (933) ≤ 0.015 0.03 ≤ 0.015–0.06

Enterococcus faecalis, all (702) 0.12 0.12 ≤ 0.015–2

E. faecalis, vancomycin susceptible (1604)  0.12 0.12 ≤ 0.015–0.25

E. faecium
 Vancomycin susceptible (509) ≤ 0.015 0.03 ≤ 0.015–0.12

 Vancomycin resistant (241) 1 1 ≤ 0.015

Corynebacterium species (34) ≤ 0.015 0.03 ≤ 0.015–0.06

Actinomyces*
 A. israelii (13) 0.25 0.25 0.125–0.25

 A. meyeri–A. turicensis group (12) 0.125 0.25 0.125–0.25

 A. odontolyticus (10) 0.25 0.25 0.125–0.25

 A. viscosus (10) 0.125 0.25 0.125–0.25

Anaerococcus (Peptostreptococcus) prevotii (II) 0.03 0.06 ≤ 0.015–0.5

Bacillus anthracis* (15) 0.12 0.12 ≤ 0.03–0.5

Clostridium*
 C. clostridioforme (15) 1.0 8.0 0.25–8

 C. difficile (14) 0.25 0.25 0.125–0.5

 C. innocuum (15) 4.0 4.0   2–4

 C. perfringens (12) 0.06 0.125 0.006–0.125

 C. ramosum (16) 0.5 1.0 0.25–8

Lactobacillus*
 L. casei (6) 32 NA  32–64

 L. plantarum (10) 0.25 0.25 0.125–0.25

Peptostreptococcus anaerobius* (10) ≤ 0.015 0.03 ≤ 0.015–0.03

*Data based on the older minimum inhibitory concentration (MIC) methodology. 
Abbreviation: NA: not available.
Adapted from Mendes et al. (2015a); Mendes et al. (2015b); Mendes et al. (2015c); Mendes et al. (2015d); Mendes et al. (2016); Goldstein 

et al. (2004); Kaniga et al. (2004); King et al. (2004); Draghi et al. (2005); Leuthner et al. (2006); and Draghi et al. (2008).

http://www.ema.europa.eu
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vancomycin-resistant enterococci (Draghi et al., 2005; Lao-
havaleeson et al., 2007).

The minimum inhibitory concentrations (MIC50, MIC90) 
and range of telavancin MICs against clinically important 
Gram-positive bacteria are listed in Table 48.1.

In 2014, the Clinical and Laboratory Standards Institute 
revised the methodology guidelines for the susceptibility 
testing of telavancin. To conform with the recommendations 
for water-insoluble antimicrobial agents, the use of dimethyl 
sulfoxide as a solvent and diluent is required for stock solu-
tion preparation as well as the addition of 0.002% (vol/vol) 
of polysorbate 80 to broth microdilution test medium to 
prevent binding to plastic surfaces. These changes result in 
more accurate and reproducible MIC determination and also 
reduce the MIC of telavancin by approximately fourfold 
compared with the previous method. As a result, the suscep-
tibility breakpoints and interpretive criteria for telavancin 
approved by the US Food and Drug Administration (FDA) 
were modified to the following: S. aureus, ≤ 0.12 mg/l; 
Streptococcus pyogenes, ≤ 0.12 mg/l; Streptococcus agalactiae, 
≤ 0.12 mg/l; Streptococcus anginosus group, ≤ 0.06 mg/l; and 
vancomycin-susceptible Enterococcus faecalis, ≤ 0.25 mg/l. 

Using the new methodology, data from the CANWARD 
(Karlowsky et al., 2015) surveillance program (national Health 
Canada annual surveillance study) demonstrate that telavan-
cin was equally potent against both methicillin-susceptible 
S. aureus (MSSA) and MRSA (MIC50/90 0.06/0.06 mg/l) with 
no difference between community and healthcare-acquired 
MRSA. Telavancin was 8- to 16-fold more active than vanco-
mycin (MIC50/90, 0.5/1 mg/l), fourfold more active than dap-
tomycin (MIC50/90, 0.25/0.5 mg/l), and 32-fold more active 
than linezolid (MIC50/90, 2 /2 mg/l). Telavancin also demon-
strates activity against heterogeneous vancomycin-interme-
diate S. aureus (hVISA) (MIC50/90, 0.06/0.12 mg/l) but reduced 
activity against VISA (MIC50/90, 0.12/0.25 mg/l); notably most 
VISA tested still remains within the susceptibility criteria for 
telavancin. In contrast, owing most often to acquisition of 
the VanA operon from Enterococcus species, VRSA (MIC50/90, 
0.5/1 mg/l) is not considered susceptible to telavancin. The 
activity of telavancin (MIC50/90, 0.06/0.12) against S. epider-
midis was 8- to 16-fold more active than vancomycin and 
linezolid (MIC50/90, 1/1 mg/l) and 2- to 4-fold more active 
than daptomycin (MIC50/90, 0.25/0.5 mg/l). Another surveil-
lance program, SENTRY 2011–2013, yielded similar results 
(Mendes et al., 2015c). The susceptibility pattern of E. faecalis 
to telavancin resembles that of vancomycin, with isolates 
harboring the vanA gene being resistant to both antibiot-
ics. Telavancin (MIC50/90, 0.12/0.12 mg/l) manifested greater 
activity than vancomycin (MIC50/90, 1/2 mg/l), daptomycin 
(MIC50/90, 1/1 mg/l), and linezolid (MIC50/90, 1/2 mg/l) against 
E. faecalis. Telavancin also maintained higher potency against 
E. faecium, including both vancomycin-susceptible (MIC50/90 
≤ 0.015/0.03 mg/l) and vancomycin-resistant strains (MIC50/90, 
0.015/0.25 mg/l for VanB phenotype and MIC50/90, 1/> 1 mg/l 
for VanA phenotype, although the latter is again considered 
nonsusceptible). Finally, telavancin was remarkably active 
against Streptococci with MIC ≤ 0.12 mg/l.

2b.  Emerging resistance and 
cross-resistance

Studies show that telavancin’s potency is negatively affected 
by the VanA resistance phenotype, the primary mechanism 
of resistance within vancomycin-resistant enterococci and 
VRSA; however, the elevation in MIC is less pronounced 
than observed with vancomycin and dalbavancin (Judice and 
Pace, 2003). Despite this observation, telavancin has demon-
strated a low potential and low frequency for selecting resis-
tant mutations among S. aureus and enterococci with in vitro 
studies (Krause et al., 2003; Krause et al., 2005). For example, 
the chance of spontaneous resistance developing in S. aureus 
strains and both VanA E. faecalis and E. faecium was < 1 × 
10–9 and 1 × 10–7, respectively (Krause et al., 2003). Moreover, 
cross-resistance among telavancin and the other antimi-
crobials (i.e. penicillin G, linezolid, vancomycin, teicoplanin, 
daptomycin, linezolid, penicillin, oxacillin, erythromycin) 
was not found when tested (Krause et al., 2003; Krause et al., 
2005).

3. MECHANISM OF DRUG ACTION

Telavancin has two modes of action (Higgins et al., 2005; 
Pace and Judice, 2005; Pace and Yang, 2006). The first mech-
anism of action is similar to vancomycin and other glyco-
peptides, in which telavancin inhibits cell wall synthesis by 
interfering with peptidoglycan synthesis as a consequence of 
binding to d-alanyl-d-alanine terminal residues. Telavancin 
is over 10 times more potent than vancomycin in its inhibi-
tion of peptidoglycan synthesis and transglycosylase activity. 
Telavancin also binds noncovalently to the cell membrane 
molecule and the lipophilic moiety by directly interacting with 
the cell membrane (Lunde et al., 2009). As a result, telavancin 
disrupts the membrane integrity, leading to depolarization of 
the cell membrane and increased membrane permeability; 
this is associated with the rapid bacterial killing profile of 
telavancin (Higgins et al., 2005). Like oritavancin, telavancin 
showed greater activity than vancomycin against biofilm- 
producing bacteria (LaPlante and Mermel, 2009).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Telavancin is available only as an i.v. formulation because of 
the poor systemic oral absorption of glycopeptides.

4a.  Adults

Original dosages of telavancin during phase II studies were 
both 7.5 and 10 mg/kg once daily. In these studies, higher 
response rates were observed with the 10 mg/kg once-
daily dosage; thus, all phase III studies in cSSSIs as well as 
hospital- acquired pneumonia have utilized the higher dos-
age, and 10 mg/kg is the dose approved.



5. Pharmacokinetics and pharmacodynamics 933

4b.  Newborn infants and children

Currently, no studies have tested telavancin in subjects 
younger than 18 years of age.

4c.  Pregnant and lactating mothers

Telavancin has been designated pregnancy category C by 
the FDA. Although there are no data in pregnant women, 
telavancin administration caused birth defects at clinically 
relevant doses in three animal species. Therefore, the use of 
telavancin in pregnancy should be avoided unless the bene-
fits to the patient outweigh the potential risks to the fetus. No 
data are available regarding the excretion of telavancin into 
human breast milk.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Dose adjustments of telavancin may be necessary in individ-
uals with moderate to severe renal impairment. One study 
that evaluated single-dose pharmacokinetics in subjects with 
renal dysfunction noted a two- to threefold increase in tela-
vancin exposure in patients with severe renal impairment 
(Duchin et al., 2004b; Barriere et al., 2014). The authors sug-
gested that the dosages should be adjusted based on creati-
nine clearance (CLCr). For instance, when CLCr is between 30 
and 50 ml/min, the dose should be reduced by 75%; mean-
while, patients with a CLCr < 30 ml/min and those with end-
stage renal disease should be given a full dose at a frequency 
of every 48 hours instead of every 24 hours. Dialysis was 
shown to poorly remove telavancin; thus it has been sug-
gested that no dose supplementation is required during 
hemodialysis. Another study advised either a 50% dosage 
reduction or a change of dosing interval to every 48 hours 
for hemodialysis patients after results showed that tela-
vancin’s area-under-the-concentration-time (AUC) curve 
was increased twofold in six hemodialysis subjects compared 
with subjects with normal renal function (Duchin et al., 
2005). Investigators have also observed telavancin clearance 
with continuous venovenous hemofiltration and continuous 
venovenous hemodialysis and found that the drug is sub-
stantially cleared. However, the authors still advise that a 
dosage adjustment should be considered (Patel et al., 2006a; 
Patel et al., 2006b; Patel et al.,2009; Worboys et al., 2015).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

One study compared patients with hepatic impairment with 
healthy subjects and showed no differences in telavancin 
clearance (Goldberg et al., 2010; Samara et al., 2012). This 
suggested that dosage adjustments are not needed for patients 
with impaired liver function. This was also observed in a 
population study with patients with cSSSIs, in which obese 
patients with a basal metabolic index ≥ 35 had clearances 
similar to nonobese patients (Samara et al., 2012).

OLDER ADULTS

Telavancin pharmacokinetics in the elderly population has 
been studied, and no dosage adjustments are suggested out-
side renal impairment (Duchin et al., 2004a; Barriere et al., 
2014; Samara et al., 2012). One study evaluated 16 healthy 
elderly subjects (age > 65 years) and revealed that the phar-
macokinetics (i.e. maximum concentrations [Cmax], AUCss, 
half-life, clearance, and volume of distribution) and hydrox-
ylated metabolite were similar to those in young adults 
(Duchin et al., 2004a; Barriere et al. 2014).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Telavancin is available for i.v. use only. Similar to other (lipo)
glycopeptides, it is poorly absorbed from the gastrointestinal 
tract. 

5b.  Drug distribution 

With regard to plasma protein binding, telavancin demon-
strates > 90% binding. The clinical relevance of this high level 
of protein binding is not fully elucidated (Leuthner et al., 
2006; Tsuji et al., 2008). One study evaluated the activity of 
four antibiotics in the presence of albumin and human and 
mouse serum (Tsuji et al., 2008) and observed telavancin and 
daptomycin to have more activity than the free-fraction drug 
concentration previously reported.

At an infusion of 30–120 minutes, telavancin demonstrates 
linear and predictable pharmacokinetics within a dosage 
range of 7.5–15 mg/kg (Shaw et al., 2005; Wong et al., 2008). 
In the phase I preclinical trial, steady state was achieved by 
day 3 or 4 without evidence of accumulation. Moreover, Cmax 
and AUC were highest after a 30-minute infusion. The serum 
half-life is approximately 7–9 hours (Shaw et al., 2005; Wong 
et al., 2008; Wong et al., 2009). Pharmacokinetic parameters 
are summarized in Table 48.2.

The tissue penetration of telavancin is extensive, reaching 
common sites of infection. A human blister study observed a 
favorable mean penetration in blister fluid (40%) compared 
with plasma when telavancin was dosed at 7.5 mg/kg i.v. 
every 24 hours for 3 days in nine healthy volunteers (Sun et 
al., 2006). In this study, telavancin achieved a mean AUC of 
241 ± 33 mg/l per hour in blister fluid vs. 604 ± 83 mg/l per 
hour in plasma. When intrapulmonary distribution of tela-
vancin, 10 mg/kg/day for 3 successive days, was tested using 
bronchoalveolar lavage in 20 healthy subjects, telavancin 
penetration into epithelial lining fluid (ELF) and alveolar 
macrophages was found to be substantial (Lodise et al., 
2005; Gotfried et al., 2008). Telavancin produced a mean 
AUCELF/AUCplasma penetration ratio of 10% (74.8 ± 73.2 vs. 
740.4 ± 125.2 mgh/l) (Lodise et al., 2005). Concentrations 
of telavancin in alveolar macrophages were reportedly higher 
than ELF concentrations, with concentrations at 24 hours of 
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42.0 ± 31.4 mg/l in alveolar macrophages vs. 0.89 ± 1.03 mg/l 
in ELF (Gotfried et al., 2008). Unlike daptomycin, telavancin 
activity did not appear to be affected by the presence of pul-
monary surfactant (Gotfried et al., 2008).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Telavancin displays concentration-dependent activity and 
is rapidly bactericidal against Gram-positive bacteria. In a 
time-kill study, maximum decreases in colony forming units 
at 24 hours for all concentrations tested as observed. When 
tested against a variety of S. aureus isolates, including hVISA, 
VISA, and VRSA, telavancin maintained concentration- 
dependent activity (Leuthner et al., 2006). Moreover, the in 
vitro postantibiotic effect of telavancin is 4–6 hours (Pace et 
al., 2003), which is approximately four times longer than that 
of vancomycin against staphylococci. The serum bactericidal 
activity of telavancin was tested during phase I pharmaco-
kinetic studies (Shaw et al., 2005). In support of once-daily 
dosing of telavancin, serum bactericidal titers were ≥ 16 at 
24 hours after dosing, but greater titers against both MRSA 
and Streptococcus pneumoniae strains were achieved with 
higher doses of telavancin.

The in vitro intracellular activity of telavancin against var-
ious strains of S. aureus has also been analyzed. One study 
observed telavancin concentrating macrophages and produc-
ing bactericidal activity against intracellular S. aureus (Barcia-
Macay et al., 2008). In spite of this, the level of bactericidal 
activity was significantly less than that observed against 
extracellular staphylococci. In contrast to vancomycin, tela-
vancin exhibited an enhanced kill rate against intracellular 
MRSA, VISA, and VRSA strains (Barcia-Macay et al., 2006).

As observed in pharmacodynamic studies, the AUC/MIC 
is suggested as the best predictor of efficacy for telavancin 
(Hedge et al., 2004; Lubenko et al., 2008). When studied in 
the mouse neutropenic thigh model, the authors reported 
that a 24-hour free drug AUC/MIC of 219 (using the older 
MIC methodology) attained a 1-log reduction in colony 
forming units against the tested MRSA ATCC 33591 strain 
(Hedge et al., 2004). In an in vitro pharmacokinetic model, 
it was revealed that both Cmax/MIC and AUC/MIC (total 

drug) were correlated with telavancin antimicrobial activity 
(Lubenko et al., 2008).

In two studies that observed a model of aortic valve endo-
carditis, rabbits infected with S. aureus (MRSA vs. VISA and 
two different strains of VISA) received either telavancin or 
vancomycin (Madrigal et al., 2005; Miro et al., 2007). One 
study observed rapidly induced sterilization of vegetations 
with 2 days of therapy at a human dose simulation of 7.5 mg/
kg/day of telavancin (Madrigal et al., 2005). It was concluded 
that telavancin was as active as vancomycin against MRSA 
and more active than vancomycin against the VISA strain. 
Similar results were found in another study with the tela-
vancin dose simulating 10 mg/kg i.v. every 24 hours (Miro 
et al., 2007). After 48 hours of treatment, telavancin reduced 
vegetation titers and sterilized vegetations more effectively 
than vancomycin for two VISA strains; however, the differ-
ence was not statistically significant. Telavancin appeared to 
be at least as effective as vancomycin after 2 days of therapy 
in VISA experimental endocarditis. In an in vitro pharma-
cokinetic/pharmacodynamic model with simulated endo-
cardial vegetations, telavancin demonstrated greater killing 
than vancomycin, including a heterogeneous glycopeptide- 
intermediate S. aureus and a glycopeptide-intermediate sus-
ceptible S. aureus strain (Leonard et al., 2009). The studies 
suggested the potential efficacy of telavancin for the treat-
ment of endocarditis.

Telavancin was compared with vancomycin and linezolid 
in a neutropenic murine model of MRSA pneumonia (Reyes 
et al., 2005). Telavancin quickly achieved > 3-log decrease 
in lung bacterial titer within 8 hours against MRSA (MIC 
0.5 mg/l), but vancomycin (MRSA MIC of 1 mg/l) required 
up to 24 hours to produce the same effect. Unlike vancomy-
cin and telavancin, linezolid (MRSA MIC 1 mg/l) displayed 
bacteriostatic activity. In a similar study, telavancin was 
compared with other regimens (e.g. nafcillin, linezolid, and 
vancomycin) in a neutropenic murine model of MSSA pneu-
monia (Hedge et al., 2008). Although telavancin, nafcillin, 
and vancomycin each showed bactericidal activity against 
MSSA (1, 0.5, and 1 mg/l, respectively), telavancin was the 
only antibiotic to reduce and maintain bacterial concentra-
tion to the limit of detection by 24 hours with a concentra-
tion range corresponding to two- to eightfold MIC. Overall, 

Table 48.2. Pharmacokinetic parameter estimates (+ standard deviation) of telavancin.

Pharmacokinetic 
parameter 7.5 mg/kg/day 12.5 mg/kg/day 15 mg/kg/day

No. subjects 6 6 4

t1/2 (h) 8.83 ± 1.71 9.11 ± 2.33 8.78 ± 1.46

Vss (ml/kg) 105 ± 20 119 ± 18 126 ± 15

Cmax (mg/l) 96.7 ± 19.8 151 ± 17 203 ± 29

AUCss (mg × h/l) 700 ± 114 1033 ± 91 1165 ± 232

CL (ml/h/kg) 10.9 ± 1.6 12.2 ± 11 13.3 ± 2.6

Abbreviations: t1/2: half-life; Vss: volume of distribution at steady state; Cmax: maximum serum concentration; AUCss: 
area-under-the-concentration-time curve at steady state; CL: clearance. 

Adapted from Shaw et al. (2005).
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telavancin produced nine significantly greater and more 
rapid reductions in lung bacterial titers (high and low) when 
observed over 48 hours postinoculation than nafcillin or 
linezolid. Finally, in a murine pneumonia model comparing 
humanized doses of vancomycin with telavancin, compara-
tive efficacy was observed against MRSA and hVISA strains; 
however, against VISA, telavancin reduced bacterial burden 
in the lung significantly more than vancomycin at 48 hours 
(Crandon et al., 2010).

In a rabbit meningitis model, the standard regimen, cef-
triaxone plus vancomycin, was compared with telavancin 
against penicillin-resistant S. pneumoniae (Stucki et al., 2006). 
Additionally, the efficacy for MSSA meningitis was evaluated 
using telavancin vs. vancomycin. Penetration of unbound 
telavancin is approximately 2% into inflamed meninges and 
negligible into noninflamed meninges. Although telavancin 
displayed a low CSF/MIC ratio, telavancin was effective in 
the sterilization of the CSF in 60% of the rabbits in both 
groups. The investigators suggested that telavancin mono-
therapy is more effective in penicillin-resistant S. pneumo-
niae meningitis than the standard regimen (ceftriaxone plus 
vancomycin) and is as effective as vancomycin monotherapy 
against MSSA meningitis.

In a neutropenic murine model of bacteremic peritonitis, 
the telavancin group showed only a 7% mortality over 2 weeks 
compared with the vancomycin group (100%) and a control 
group (100%). Additionally, telavancin reduced bacterial titers 
in the blood and spleen by a greater amount compared with 
vancomycin therapy (Hedge et al., 2006; Reyes et al., 2006). 
Recent in vitro data suggest that prior exposure to vanco-
mycin did not negatively affect the antimicrobial activity of 
telavancin against MSSA and MRSA. Sequential telavancin 
therapy after 72 hours of vancomycin maintained the bacte-
rial killing threshold with no detected development of resis-
tance (Thabit et al., 2015). 

5d.  Excretion

Telavancin is primarily eliminated renally (70–80%), with 
most of the drug being excreted unchanged in the urine 
(Wong et al., 2008). The remainder of the antibiotic under-
goes minimal metabolism via hydroxylation (see section 4d, 
Those requiring altered dosages).

5e.  Drug interactions

The potential for drug interactions with telavancin is largely 
unknown. There is no pharmacokinetic drug interaction with 
aztreonam or piperacillin (Wong et al., 2009).

6. ADVERSE REACTIONS AND TOXICITY

The following adverse events have been reported throughout 
clinical trials: taste disturbances, headaches, QTc interval 
changes, insomnia, dizziness, nausea, mild rash, infusion- 
associated reactions, and serum creatinine elevation. A phase I 
clinical study assessed the safety of telavancin in a dose range 

of 0.25–15 mg/kg in 54 healthy individuals (Shaw et al., 
2005). The most commonly reported adverse events were 
mild taste disturbance (75% in telavancin group vs. 14% in 
placebo group) and headache (40% vs. 29%). Other reported 
adverse events included dizziness (35%), nausea (20%), infu-
sion-associated reactions (two subjects), and mild rash (two 
subjects). Although the study was not designed to detect 
QTc prolongation, changes in the QTc interval observed at 
doses ≥ 10 mg/kg were of greater magnitude in the telavancin 
group than in those receiving placebo. In a separate phase I 
study, QTc interval changes were evaluated at two doses (7.5 
and 15 mg/kg) of telavancin (Barriere et al., 2004). In this 
study, 160 healthy subjects randomly received placebo, tela-
vancin, or moxifloxacin for 3 days. The study revealed that 
the moxifloxacin group had more than two times higher QTc 
prolongation than the telavancin groups. Within the telavan-
cin groups, there was no difference in QTc change. Overall, 
no subject had a QTc > 500 ms or experienced a cardiovas-
cular adverse event.

During phase II trials, there was a similar incidence of 
adverse events between the telavancin and the standard treat-
ment groups (6% vs. 5%) (Stryjewski et al., 2005). However, 
there were more cases of reversible elevated serum creatinine 
(seven vs. two patients) and mild, transient platelet count 
decrease (seven vs. no patients) among patients receiving 
telavancin. Of note, subjects with decreased platelet counts 
did not experience clinically significant bleeding events.

During the Fibrillation Ablation or Surgical Treatment 
(FAST II) study, treatment in only 6% and 3% of those receiv-
ing telavancin and standard therapy, respectively, was dis-
continued because of adverse events. However, 73% and 
59% of reported adverse events were defined to be possibly 
or probably related to telavancin and the standard therapy, 
respectively (Stryjewski et al., 2006). Overall, the most com-
mon adverse events were mild and transient nausea, insom-
nia, headache, and taste alterations. Other than the two 
patients in the telavancin group experiencing moderately 
severe rashes, the severity and types of adverse events were 
similar. Moreover, a few subjects (n = 5) in the telavancin 
group experienced reversible elevated serum creatinine (≤ 1.8 
mg/dl) and reversible hypokalemia. Finally, no cardiovascu-
lar events were reported; however, the mean QTc change 
from baseline was 12.5 ms longer in the telavancin group 
than in the standard therapy group (p ≤ 0.0001).

In Assessment of Telavancin in Complicated Skin and 
Skin Structure Infections (ATLAS I, a large phase III study 
conducted in 855 patients), no differences in serious adverse 
events were noted between the subjects receiving telavancin 
and those receiving vancomycin (Stryjewski et al., 2008). 
The safety results of another phase III study, the Assessment 
of Telavancin for Treatment of Hospital-Acquired Pneu-
monia (ATTAIN) I and II clinical trials (conducted in 1506 
patients), showed similar rates of adverse events in the tela-
vancin and vancomycin groups (Rubinstein et al., 2011). 
Subsequent to the publication of the FDA’s proposed modi-
fied inclusion of hospital-acquired and ventilator-associated 
pneumonia and the recommendation that 28-day mortality 
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should constitute the primary endpoint, a post hoc analysis 
of the ATTAIN studies demonstrated lower survival rates 
in patients with renal impairment treated with telavancin: 
59% (patients with CrCl ≤ 50 ml/min) and 47% (patients with 
CrCl < 30 ml/min), in comparison with the vancomycin 
group, 70% and 61%, respectively. Similar to other studies, 
the most common adverse events with telavancin were con-
stipation, diarrhea, anemia, and altered renal function. In 
addition, QTc changes were similar in the two treatment 
groups. Both groups included a proportion of patients with 
≥ 60-ms postbaseline changes in QTc or QTc results maxi-
mizing at ≥ 500 ms.

7. CLINICAL USES OF THE DRUG

7a.  Complicated skin and soft tissue 
infections

Two phase II trials, referred to as FAST and FAST II, were 
conducted to assess the efficacy of telavancin in cSSSIs 
(Stryjewski et al., 2005; Stryjewski et al., 2006). FAST was a 
randomized double-blind active-controlled multicenter study. 
Patients with a diagnosis of cSSSIs (major abscess requiring 
surgical drainage, infected burn, deep extensive cellulitis, or 
infected wound) were included. Exclusion criteria were osteo-
myelitis, gangrene, necrotizing fasciitis, burns > 20% of the 
body surface, chronic diabetes, creatinine clearance < 50 ml/
min, moderate to severe hepatic disease, or QT interval 
> 470 ms. A total of 167 patients were randomized to receive 
i.v. telavancin, 7.5 mg/kg every 24 hours (n = 84), or standard 
therapy (n = 83), which consisted of vancomycin, 1 g every 
12 hours; nafcillin/oxacillin, 2 g every 6 hours; or cloxacillin, 
0.5–1 g every 6 hours. S. aureus was isolated at baseline in 
approximately 50 patients in each treatment group, and 
MRSA accounted for almost 50% of the isolates. Of these 
MRSA isolates identified, > 80% were identified as USA 300 
containing the pvl gene (Campbell et al., 2008). The MIC90 
of both MSSA and MRSA was 0.25 mg/l for telavancin and 
1 mg/l for vancomycin. The test of cure (TOC) was 7–14 days 
after the last dose, whereas the median duration of therapy 
was 7 days in each treatment group. Among all treated 
groups, 79% of the telavancin cohort vs. 80% of the standard 
cohort achieved cure (p = 0.53). Cure rates in patients with 
MRSA were 82% and 69% (p = 1.00) in the telavancin and 
the standard therapy group, respectively. Similarities were 
also observed in microbiological response between groups: 
44 of 56 (80%) for telavancin vs. 46 of 56 (82%) for standard 
therapy (p = 0.83) for all pathogens evaluated.

In the second phase II study (FAST II), a higher dose of 
telavancin (10 mg/kg/day) was evaluated (Stryjewski et al., 
2006). This study used inclusion and exclusion criteria simi-
lar to those used in FAST. However, subjects with a creati-
nine clearance < 50 ml/min were included. Although dosages 
were adjusted in patients with renal impairment, the specific 
dosage changes were not provided. In this study, 195 patients 
were randomized to receive telavancin (n = 100) or standard 
therapy (n = 95). Of the standard cohort, 93% of patients 

received vancomycin, which is more than in the previous 
study (75%). S. aureus was identified in 52% of patients, with 
almost half of isolates being MRSA. The MIC90 for telavancin 
against MSSA and MRSA was 1 mg/l and 0.25 mg/l, respec-
tively. Meanwhile, the MIC90 for vancomycin against both 
MSSA and MRSA was 1 mg/l. When the outcomes of the two 
treatment groups were compared, clinical success rates at 
TOC were not different for telavancin and standard therapy 
(82% and 85%; p = 0.37). In contrast, the microbiological 
eradication rate for MRSA was significantly higher in the tel-
avancin group than in the standard therapy group (92% vs. 
68%; p = 0.04). Overall, clinical and microbiological response 
rates were slightly higher in this study using a telavancin 
dose of 10 mg/kg compared with 7.5 mg/kg in the previous 
study.

Two large identical randomized double-blinded multi-
national phase III studies in cSSSIs (ATLAS I and ATLAS II) 
were completed (Corey et al., 2006; Stryjewski et al., 2008). 
ATLAS I was conducted in 40 sites in eight countries and 
contained 855 patients. The patients were adults (≥ 18 years 
of age) with suspected or confirmed Gram-positive cSSSIs, 
with the majority being abscesses (44%) and cellulitis (37%). 
Of note, MRSA accounted for 36% of the baseline pathogens. 
The results showed that 7–14 days’ treatment with telavancin, 
10 mg/kg i.v. every 24 hours (n = 426), was noninferior to 
vancomycin, 1 g i.v. every 12 hours (n = 429). The successful 
clinical responses were similar in subjects treated with van-
comycin and those treated with telavancin (86.5% vs. 87.9%). 
Similar results were noted in the microbiologically evaluable 
patients; clinical responses in the vancomycin and telavancin 
groups were 85.5% vs. 87%, respectively, for MRSA and 84.6% 
vs. 89.9%, respectively, for MSSA. In the combined analysis 
of ATLAS I and ATLAS II, 1867 patients were randomized, 
and efficacy of telavancin once daily was similar to vancomy-
cin (Stryjewski et al., 2008).

7b.  Hospital-acquired pneumonia

Evidence from pharmacokinetic studies showing adequate 
penetration into ELF and alveolar macrophages (Gotfried et 
al., 2008), along with preclinical animal studies demonstrat-
ing efficacy in pneumonia models (Crandon et al., 2010), 
has stimulated interest in assessing telavancin in pneumonia 
clinical trials. 

The ATTAIN phase III studies were two identically 
designed double-blind, active-controlled, noninferiority inter-
national registration clinical trials (Rubinstein et al., 2014). 
The studies compared the efficacy of telavancin, 10 mg/kg/day, 
with vancomycin, 1 g every 12 hours (dose adjusted as per 
local practice), in the treatment of Gram-positive hospital- 
acquired pneumonia in 1503 randomized patients. The pri-
mary efficacy endpoint was the clinical response at followup/
TOC in all treated and clinically evaluable populations. The 
clinical cure was defined as improvement or no progression 
on radiographic findings at the end of treatment and resolu-
tion of signs and symptoms at followup TOC. During the two 
studies, telavancin exhibited similar cure rates to vancomycin 
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in all treated and clinically evaluable patients (82% and 80%, 
respectively). When the infection types were analyzed, tela-
vancin had higher cure rates in patients with monomicrobial 
S. aureus (MSSA, MRSA, and S. aureus) with vancomycin 
MIC ≥ 1mg/l, whereas it showed lower cure rates in patients 
with mixed (Gram-positive/Gram-negative) infections (66.2% 
and 79.4%, respectively). In an attempt to explain this obser-
vation (Lacy et al., 2015), the initial Gram-negative therapy 
was evaluated by blinded medical monitors and an indepen-
dent panel of critical care physicians. The analysis revealed 
that in patients who had Gram-positive only or mixed infec-
tions with proper Gram-negative coverage, the cure rates were 
higher in the telavancin group (61.4% vs. 58.4%). Notably, 
survival rates were lower for patients with severe renal 
impairment (CrCl < 30 ml/min) who were treated with tela-
vancin (47%) compared with vancomycin (61%) (Corey et 
al., 2014). 

7c.  Bacteremia including right-sided 
endocarditis

In the context of expanding the clinical scope of telavancin, 
there is currently an ongoing phase II multicenter random-
ized open-label noninferiority trial examining the efficacy 
of telavancin compared with vancomycin, daptomycin, syn-
thetic penicillins, and cefazolin in the treatment of S. aureus 
bacteremia, including cases complicated by right-sided endo-
carditis (clinicaltrials.gov NCT02208063). The study enrolls 
patients with at least one S. aureus positive blood culture and 
one indicator of infection. Exclusion criteria include patients 
with known other types of cardiac infection or other serious 
infections. The primary outcome measure will be the clinical 
response at the TOC at 28 days after the end of treatment 
and at up to 10 weeks. Secondary outcome measures include 
clearance of bacteremia and development of metastatic foci 
of infection. The study is estimated to be concluded in 2017.

Case reports in the literature document successful treat-
ment with telavancin after failure of other antibiotics. One 
patient with MRSA bacteremia with right-sided infective 
endocarditis had persistently positive blood cultures despite 
8 days of vancomycin treatment with verified 15–20 mg/l 
trough levels. Telavancin, 10 mg/kg/day, yielded negative 
blood cultures after 1 day of treatment. The patient com-
pleted 4 weeks of telavancin with no deterioration in renal 
function and remained in remission at 6 weeks’ followup 
after the treatment course (Nace et al., 2010). Another report 
describes a patient with MRSA bacteremia with endocarditis 
who failed to respond to vancomycin treatment and relapsed 
on daptomycin, 10 mg/kg, after 18 days’ treatment with devel-
opment of an increased daptomycin MIC. After the patient 
was started on telavancin, blood cultures became negative 
the following day. The patient received an 8-week treatment 
course with no marked increase in serum creatinine and blood 
cultures and remained sterile at 2 months post-treatment fol-
lowup (Marcos and Camins, 2010). Finally, an i.v. drug user 
with MRSA bacteremia who demonstrated failure to respond 
to daptomycin and linezolid (secondary thrombocytopenia) 

over 38 days was successfully treated with telavancin for 3 
weeks (Joson et al., 2011).

The safe and effective use of telavancin continues to be 
monitored (Telavancin Observational Use Registry [TOUR]; 
clinicaltrial.gov NCT02288234) by collecting data in hospi-
tal-based inpatients and outpatients in infusion centers. The 
efficacy measures are time to clinical response (time from 
initiation of telavancin therapy to resolution of signs and 
symptoms), negative cultures, and no need for antibiotic 
therapy. The safety measure is development of adverse events 
such as nephrotoxicity, QT interval prolongation, and skin 
reactions.
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Ramoplanin

Ed J. Kuijper

1. DESCRIPTION

Ramoplanin (A 16686, A 16686A, MDL 62198, NTI-851) 
is a novel oral nonabsorbable 17-amino-acid cyclic lipogly-
codepsipeptide antibiotic from Biosearch Italia. Cyclic lipo-
depsipeptides (see Chapter 45, Daptomycin) contain one or 
more ester bonds along with the amide bonds and have 
emerged as promising candidates for the development of 
new antibiotics. Ramoplanin is an antibiotic complex first 
identified in 1984 that was isolated from the fermentation 
broth of Actinoplanes spp. ATCC 33076. It is a mixture of 
three closely related compounds, ramoplanin A1–A3, which 
differ only in the acyl group attached to the Asn-1 N-terminus; 
ramoplanin A2 is the most abundant (Shin et al., 2004). The 
empirical formula is C106H170ClN21O30, and the molecular 
weight is 2254. The chemical structure of ramoplanin is 
shown in Figure 49.1.

Ramoplanin displays activity against aerobic and anaer-
obic Gram-positive bacteria by preventing cell wall pepti-
doglycan formation through binding to a key intermediate 
moiety, lipid II, thereby disrupting bacterial cell wall syn-
thesis (Anonymous, 2002). It is being developed by Nano-
therapeutics MD (Frederick, MD, USA) for the treatment of 
Clostridium difficile infections. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Ramoplanin is bactericidal against aerobic and anaerobic 
Gram-positive bacteria. If a broth microdilution suscepti-
bility test is used to determine the activity of ramoplanin, 
addition of bovine serum albumin to a final concentration 
of 0.02% is necessary to obtain reproducible data (Kenny and 
Brackman, 1994). Interestingly, combinations of ramoplanin 
with vancomycin or actagardin yielded additive effects against 
C. difficile PCR ribotype 027 (Mathur et al., 2013). 

GRAM-POSITIVE BACTERIA

Ramoplanin susceptibility testing performed according to 
the Clinical and Laboratory Standards Institute (M11-A5) 
methods against intestinal anaerobic bacteria revealed excel-
lent activity against C. difficile (minimum inhibitory concen-
tration [MIC] 0.25–0.5 mg/l) (Citron et al., 2003; Hecht et 
al., 2007). Ramoplanin is also active against vancomycin- 
intermediate C. difficile strains and strains with resistance to 
metronidazole (Peláez et al., 2005). Other clostridial species 
are also susceptible, but higher MIC levels were found for 
C. clostridioforme (4–32 mg/l). All strains of Eubacteria spp., 
Lactobacillus spp., Actinomyces spp., Propionibacterium spp., 
and Peptostreptococcus spp. were inhibited by ≤ 0.25 mg/l of 
ramoplanin.

In a study performed in eight European countries, ramo-
planin was active against all 38 strains of vancomycin- 
resistant enterococci (VRE; 27 Enterococcus faecium and 11 
E. faecalis; 35 VanA and 3 VanB phenotypes), with an MIC90 
of 0.5 mg/l for clinical isolates (Goossens et al., 2003). 
Ramoplanin demonstrated MICs of ≤ 0.25 mg/l for at least 
99% of Staphylococcus aureus isolates and 100% of coagulase- 
negative staphylococci tested. For both oxacillin-susceptible 
and oxacillin-resistant S. aureus and coagulase-negative staph-
ylococci, the activity of ramoplanin surpassed that of both 
vancomycin and teicoplanin (Lawrence et al., 1993). The 
ramoplanin complex is between 2 and 10 times more active 
than vancomycin against Gram-positive bacteria. Ramo planin 
is also active against the vancomycin-resistant S. aureus strain 
HMC3 (containing the vanA resistance gene) isolated at the 
Hershey Medical Center (Bozdogan et al., 2003).

GRAM-NEGATIVE BACTERIA

Ramoplanin is not active against anaerobic Gram-negative 
bacteria, such as the Bacteroides fragilis group ( ≥ 256 mg/l), 
Fusobacterium spp., and Veillonella spp. ( ≥ 256 mg/l) but 
shows some activity against Porphyromonas spp. (≤ 1–4 mg/l) 
and Prevotella spp. (4–128 mg/l) (Citron et al., 2003).
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2b.  Emerging resistance and 
cross-resistance

Since its discovery in 1984, no clinical resistance to ramo-
planin has been reported. When S. aureus (NCTC 8325-4) 
was subjected to serial passage in the presence of increasing 
concentrations of ramoplanin, marked resistance developed 
owing to a thickened cell wall with cross-resistance to vanco-
mycin and nisin (Schmidt et al., 2010). 

3. MECHANISM OF DRUG ACTION

The mechanism of action of ramoplanin involves sequestra-
tion of peptidoglycan biosynthesis lipid intermediates, thus 
physically occluding these substrates from proper utilization 

by the late-stage peptidoglycan biosynthesis enzymes MurG 
and the transglycosylases (Cudic et al., 2002; McCafferty et 
al., 2002; Fang et al., 2006). This results in sequestering of 
lipid II, which causes inhibition of cell wall peptidoglycan 
biosynthesis and cell death. Additionally, ramoplanin was 
shown to bind to anion membranes of methicillin-susceptible 
S. aureus (ATCC 25923) and induced membrane depolariza-
tion at concentrations at or above the minimum bactericidal 
concentration (Cheng et al., 2014). Ramoplanin is structur-
ally related to two cell wall–active lipodepsipeptide antibiot-
ics, janiemycin and enduracidin, and is functionally related 
to members of the lantibiotic class of antimicrobial peptides 
(mersacidin, actagardin, nisin, and epidermin) and glyco-
peptide antibiotics (vancomycin and teicoplanin) (McCafferty 
et al., 2002). As a consequence of the unique mechanism of 

Figure 49.1. Chemical structure of ramoplanin. 
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action of ramoplanin, cross-resistance with existing glyco-
peptides and beta-lactam antibiotics has not been observed. 
Ramoplanin has also been suggested to be active against 
spores of C. difficile. Using spores of C. difficile PCR ribotype 
027, ramoplanin adhered to the exosporium, achieved a con-
centration equilibrium, and acted as an effective antimicro-
bial as it ambushed the germinating cell (Kraus et al., 2015). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

For oral administration, various doses from 100–400 mg are 
under investigation. The systemic use of ramoplanin is not 
possible because of low tolerability when injected i.v. To 
overcome this problem, the fatty acid side chain of ramo-
planin was selectively removed and replaced with different 
carboxyl acids (Ciabatti et al., 2007). These new derivates 
have been further subjected to in vitro and in vivo character-
ization studies. Ramoplanin is available as an ointment for 
topical application in a phase II trial for the eradication of 
nasal carriage of S. aureus.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

Ramoplanin is not absorbed from the intestinal tract. When 
ramoplanin (200 and 400 mg) was administered orally to two 
groups of healthy volunteers over a period of 10 days, no 
ramoplanin could be detected in plasma and urine. With the 
200-mg dose, concentrations in stools varied between 467 
and 1043 µg/g, and with the 400-mg dose, concentrations 
were between 765 and 2032 µg/g (Romeo et al., 1993). Results 
from an in vitro gut model and hamster model revealed that 
ramoplanin may be more effective than vancomycin at kill-
ing spores and preventing spore recrudescence (Freeman et 
al., 2005).

6. ADVERSE REACTIONS AND TOXICITY

When administered orally in a double-blind randomized 
placebo-controlled study, no adverse reactions were observed 
in patients receiving two daily doses of ramoplanin (100 or 
400 mg) in comparison with the placebo.

Single and repeated topical application in 10 healthy human 
volunteers revealed very low irritation rates and no sensitiza-
tion after 21 days (Pafyia and Berchicci, 1990).

7. CLINICAL USES OF THE DRUG

Currently, ramoplanin is not yet available for clinical use. 
Ramoplanin was fast-tracked in the USA by the Food and 
Drug Administration (FDA) for the prevention of enterococ-
cal infections and treatment of C. difficile. A phase II study 
of ramoplanin (200 or 400 mg twice a day) vs. vancomcyin 
(125 mg four times a day) to assess the safety and efficacy 
of treating C. difficile infection in 86 patients dem onstrated 
comparable response rates for all three arms (Pullman et al., 

2004). However, the phase II trial did not meet its primary 
endpoint. The company agreed with the FDA to a special 
protocol assessment regarding specific components of a 
phase III program that if completed successfully would 
support regulatory approval for the indication. After Nano-
therapeutics acquired ramoplanin, it targeted a new indica-
tion for development, relapse prevention, and a phase IIb 
study is under development, with the first patient scheduled 
for 2016. 

In mice, ramoplanin inhibited VRE colonization (Stiefel 
et al., 2004); therefore oral ramoplanin was compared with 
placebo for suppression of gastrointestinal VRE colonization 
in a three-arm phase II double-blinded randomized multi-
center placebo-controlled study (Wong et al., 2001). Sixty-
eight VRE-colonized patients were enrolled and received two 
daily doses of ramoplanin (100 or 400 mg) or placebo orally 
for 7 days. After treatment at day 7, none of the 20 patients 
in the placebo group, and 17 of 21 (p < 0.001) and 18 of 20 
(p < 0.001) in the 100- and 400-mg ramoplanin groups, respec-
tively, had no detectable gut colonization with VRE. By day 
21, there were no differences between treatment groups. An 
ongoing phase III study has been designed to demonstrate 
whether oral prophylaxis with ramoplanin reduces the inci-
dence of VRE bloodstream infections in cancer patients 
known to be fecally colonized with VRE.

Another intended use of ramoplanin is as a topically 
applied therapy, such as for eradication of nasal methicil-
lin-resistant S. aureus carriage, local treatment of skin and 
mucosal infections, and coating of catheters to prevent colo-
nization. The future clinical role and value of ramoplanin are 
dependent on the results of phase III trials addressing its util-
ity in suppressing carriage of target organisms in the nares 
(Fulco and Wenzel, 2006). Ramoplanin coating prevented 
colonization of catheters by S. aureus during the first few 
days after insertion in a mouse model, but further studies 
are clearly warranted (Romanò et al., 1997).
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Surotomycin

Johan W. Mouton

1. DESCRIPTION

Surotomycin (CB-183,315; MK-4261) belongs to the lipo-
peptides and is a semisynthetic derivate cyclic tail analogue 
of daptomycin (see Chapter 45, Daptomycin) designed spe-
cifically to improve the activity against Clostridium difficile 
(Yin et al., 2015). It has the same peptide sequence as dapto-
mycin but has an aromatic ring containing an unsaturated 
lipid tail, (E)-3-(4-pentylphenyl) but-2-enoic acid tail. The 
molecular formula for surotomycin is C77H101N17O26 with a 
corresponding molecular weight of 1680.7 g/mol (PubChem, 
2016). The molecular structure of surotomycin is depicted in 
Figure 50.1. Its mechanism of action is similar to that of dap-
tomycin, cell membrane depolarization leading ultimately to 
cell death (Mascio et al., 2012). It was developed by Cubist 
Pharmaceuticals but is now owned by Merck & Co. (North 
Wales, PA). 

Surotomycin has, similar to daptomycin, good activity 
against most Gram-positive bacteria, including enterococci 
and methicillin-resistant Staphylococcus aureus. Although it 
is a promising alternative to vancomycin and metronidazole 
for the treatment of C. difficile–associated diarrhea (CDAD), 
with activity against both growing and nongrowing C. diffi-
cile (Alam et al., 2015), further development remains unclear 
because of dissapointing results in clinical trials.

2. KEY FEATURES

The antimicrobial spectrum of surotomycin is comparable to 
daptomycin but is significantly more active against C. diffi-
cile. Surotomycin has no significant activity against Gram-
negatives, and, although concentrations in stool are very high 
(Chandorkar, 2013b), minimum inhibitory concentration 
(MICs) are even higher (Citron et al., 2012). It should be 

Figure 50.1. Molecular structure of surotomycin.
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noted that similar to daptomycin, MICs are dependent on 
the concentration of calcium in testing medium, and a con-
centration of 50 mg/l is recommended, as for other lipopep-
tides (Traczewski et al., 2016).

MIC values for C. difficile range from 0.06–2 mg/l, and typ-
ically from 0.125–1 mg/l with MIC50 and MIC90 of 0.5 mg/l 
(Snydman et al., 2012; Citron et al., 2012; Reigadas et al., 
2016; Deane et al., 2013). 

Surotomycin also displays good activity against staphylo-
cocci in various studies. In initial evaluations, surotomycin 
showed a 2- to 16-fold improvement in activity against 28 
daptomycin-nonsusceptible S. aureus strains, with MICs rang-
ing from 0.125–2 mg/l (Yin et al., 2015). In subsequent stud-
ies and surveillance studies, these values were confirmed. 
There is also significant activity against enterococci, and the 
drug could have potential for the treatment of vancomycin- 
resistant enterococci. 

Similar to daptomycin, surotomycin displays rapid killing 
when evaluated in time-kill studies. It also shows a moderate 
in vitro postantibiotic effect (Mascio et al., 2012). Surotomycin 
was shown to kill C. difficile cells at various stages of develop-
ment but did not inhibit toxin production in vitro (Bouillaut 
et al., 2015). However, in another study, reduced toxin A and 
B production was found (Endres et al., 2016). In that study, 
an attenuate immune response was also demonstrated, but 
this was not different from the comparator antibiotics metro-
nidazole and vancomycin. Emergence of resistance was stud-
ied in vitro using serial passage in C. difficile and enterococci 
(Adams et al., 2015; Mascio et al., 2012). Nonsynonymous 
mutations in genes coding for cardiolipin synthase in C. dif-
ficile ATCC 700057, enoyl-(acyl carrier protein) reductase II 
(FabK) and cell division protein FtsH2 in C. difficile REA 
type BI, and a PadR family transcriptional regulator in C. dif-
ficile REA type K were identified. Among the 4 enterococcal 
strain pairs, 20 mutations were identified, and those muta-
tions overlap those associated with daptomycin resistance 
(Adams et al., 2015). These findings need further investiga-
tion, and the impact of larger scale use needs to be evaluated. 
In another study, the rate of spontaneous resistance at eight 
times the MIC was below the limit of detection in C. difficile. 
Under selective pressure C. difficile susceptibility changed no 
more than twofold over 15 days of serial passage, suggesting 
that emergence of resistance should be infrequent (Mascio et 
al., 2012). These findings were confirmed in a subsequent 
study that included various enterococcal strains (Mascio et al., 
2014).

Surotomycin was shown to be effective in the treatment in 
a hamster model of CDAD (Mascio et al., 2012).

Because the primary indication for surotomycin use is 
CDAD, the effect of this drug on the gut flora has been ex - 
tensively investigated. In an in vitro gut model, surotomycin 
successfully reduced C. difficile vegetative cell counts and 
toxin levels and was sparing of Bacteroides fragilis group 
populations. There was no evidence of decreased susceptibil-
ity to surotomycin during exposure or postexposure (Chilton 
et al., 2014). In a mouse model the impact of surotomycin 
exposure on the microbiome was studied, together with 

testing the consequences of the disruption on colonization 
by vancomycin-resistant enterococci (VRE) and extended- 
spectrum beta-lactamase–producing Klebsiella pneumoniae 
(ESBL-KP) in comparison with the effects of oral vanco-
mycin and metronidazole (Deshpande et al., 2016). In com-
parison to controls, oral vancomycin promoted VRE and 
ESBL-KP overgrowth in stool (8–10 log10 colony forming 
units [CFUs]/g; p < 0.001), whereas metronidazole did not 
(< 4 log10 CFU/g; p > 0.5). Surotomycin promoted ESBL-KP 
overgrowth (> 8 log10 CFU/g; p < 0.001 for comparison with 
saline controls) but not VRE overgrowth. Thus although 
highly effective, there are some concerns that surotomycin 
may promote colonization by antibiotic-resistant Gram-
negative bacilli (Deshpande et al., 2016). In a phase I clinical 
study, the impacts of ascending doses of surotomycin on 
major organism groups in the gut microbiota of healthy vol-
unteers were evaluated (Citron et al., 2016) by culture and 
quantitative real-time polymerase chain reaction. Baseline 
and end-of-treatment stool samples showed 1- to 2-log10 
CFU/g reductions in total bacterial counts for most volun-
teers. Various decreases in clostridial, lactobacillus–bifido-
bacterium group, and enterococcus–streptococcus group 
counts occurred while patients were receiving surotomycin, 
whereas the enterobacteria and the B. fragilis group persisted 
at the end of treatment. The results thus indicate that suro-
tomycin at dosages of up to 1000 mg twice daily had only 
modest disruptive effects on the gut microbiota (Citron et al., 
2016).

The pharmacokinetic profile after oral administration of 
surotomycin was studied in single (0.5–4 g) and multiple 
ascending oral doses (250–1000 mg twice daily for 14 days) 
(Chandorkar et al. 2013a; Chandorkar et al. 2013b). Con-
centrations in plasma increased with increasing doses but 
were very low, indicating minimal absorption. In the single- 
dose study, recovery in urine was less than 0.01% of the dose 
administered. Substantial concentrations were recovered from 
the gut, however. The mean concentration on day 5 in the 
1000-mg group was 6394 mg/kg of stool. In the multiple-dose 
study, adverse events were mild to moderate and were com-
parable to those in placebo subjects. Constipation, back pain, 
oropharyngeal pain, and pruritus were each reported in 2 of 
the 24 subjects who received surotomycin. 

The efficacy and safety of surotomycin was further studied 
in a phase II randomized controlled double-blind noninferior-
ity multicenter trial (clinicaltrials.gov number NCT01085591) 
(Lee et al., 2016). Participants received surotomycin in a dos-
age of 125 mg twice daily, surotomycin in a dosage of 250 mg 
twice daily, or vancomycin in a dosage of 125 mg four times 
daily for 10 days. The primary efficacy outcome was clinical 
response at end of treatment. The clinical cure rates were sim-
ilar among treatment groups (92.4% for surotomycin, 125 
mg twice daily; 86.6% for surotomycin, 250 mg twice daily; 
and 89.4% for vancomycin). However, the recurrence rate 
with surotomycin at a dosage of 250 mg twice daily (17.2%) 
was significantly lower compared with vancomycin (35.6%) 
(p  =  0.035). The lower recurrence rates were statistically 
similar between the surotomycin dose groups (p  =  0.193). 

http://clinicaltrials.govnumberNCT01085591
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Rates of sustained clinical response at end of study were 
66.7% for surotomycin, 125 mg twice daily; 70.1% for surot-
omycin, 250 mg twice daily; and 56.1% for vancomycin. 
Incidence of adverse events was similar among treatment 
arms (Lee et al., 2016). 

Two phase III parallel randomized double-blind studies 
with similar design were completed comparing oral suroto-
mycin (250 mg twice daily) with oral vancomycin (125 mg 
four times daily) in adult patients with CDAD (ClinicalTrials.
gov NCT01597505 and NCT01598311). The primary out-
come measure was the proportion of subjects with a clinical 
outcome of cure 2 days after the last dose of study drug. 
Treatment lasted 10 days, and participants were followed up 
for at least 40 days, with a maximum of 100 days. The out-
come of the first of these trials showed disappointing results 
(Boix et al., 2017). Of the 570 study subjects, 290 were ran-
domized to receive surotomycin. Surotomycin clinical cure 
rates were 79% versus 83.6% for vancomycin (difference of 
−4.6%; 95% confidence interval [CI]: −11.0 to 1.9). Sustained 
clinical response at the end of the trial (days 40–50) was 
60.6% for surotomycin versus 61.4% for vancomycin (differ-
ence of −0.8%; 95% CI: −8.8 to 7.1). These differences in the 
microbiological modified intent to treat population did not 
meet noninferiority or superiority criteria versus vancomy-
cin. Surotomycin demonstrated reduced CDI recurrence rates 
and improved clinical response for subjects with baseline 
BI/NAP1/027-positive samples compared with vancomycin, 
but these differences were not statistically significant.
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1. DESCRIPTION

Kanamycin A belongs to the family of aminoglycoside anti-
biotics that consists of two or more amino sugars linked by 
glycosidic bonds to an aminocyclitol ring (Rinehart, 1969). 
It was isolated in Japan from Streptomyces kanamyceticus 
(Umezawa et al., 1957). The empirical formula is C18H36N4O11, 
and the molecular weight is 484.5; the chemical structure of 
kanamycin A is shown in Figure 51.1. Clinically, kanamycin 
is used as a sulfate. 

Currently, kanamycin is predominantly used for the 
treatment of multidrug resistant tuberculosis (MDR-TB), 
although limited access to supply in some regions has influ-
enced which tuberculosis programs have benefited from its 
use (Iseman, 1993; WHO, 2010).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The in vitro susceptibility of common pathogens to kanamy-
cin is shown in Table 51.1.

GRAM-POSITIVE BACTERIA

Staphylococcus aureus (irrespective of beta-lactamase pro-
duction) and S. epidermidis are kanamycin susceptible, but 
all other Gram-positive bacteria, such as Streptococcus pyo
genes, S. pneumoniae, viridans streptococci, Enterococcus fae
calis, and Nocardia, Actinomyces, and Clostridium spp., are 
resistant (see Table 51.1). Usually E. faecalis is resistant to 

Figure 51.1. Chemical structure of kanamycin A.
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Table 51.1. In vitro susceptibility of various bacterial pathogens 
to kanamycin.

Organism MIC range (mg/l)

Gram-positive bacteria

Staphylococcus aureus  0.5–2

Streptococcus pyogenes 64–256

Enterococcus faecalis  8–32

Gram-negative bacteria

Escherichia coli  2–8

Klebsiella pneumoniae  1–4

Proteus mirabilis  2–8

Enterobacter spp.  2–8

Morganella morganii  2–8

Providencia spp.  2–4

Salmonella spp.  1–4

Pseudomonas aeruginosa  8–128

Abbreviation: MIC: minimum inhibitory concentration.
Adapted from Barber and Waterworth (1966); Finegold (1959); Phillips et 

al. (1977).
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kanamycin concentrations that are attained in serum with 
ordinary doses. A penicillin G–kanamycin combination is 
synergistic against occasional E. faecalis strains for which 
penicillin G–streptomycin is not synergistic (Garrod and 
Waterworth, 1962). These strains are uncommon, because 
most of those that show high-level resistance to streptomycin 
also show similar resistance to kanamycin (minimum inhib-
itory concentration [MIC] > 2000 mg/l). 

Groups A, B, and G streptococci, viridans streptococci, 
and nonenterococcal Group D streptococci are usually rela-
tively resistant to kanamycin (MICs 8–256 mg/l). These 
organisms with low-level resistance are usually killed syner-
gistically by a penicillin G–kanamycin combination. Some 
strains of all these streptococci may exhibit high-level kana-
mycin resistance (MIC > 2000 mg/l). These strains are not 
killed synergistically by a penicillin G and kanamycin combi-
nation, but they are killed by a penicillin G–gentamicin com-
bination in situations in which no high-level gentamicin 
resistance is displayed (Horodniceanu et al., 1982).

Nocardia asteroides is usually kanamycin resistant. Wallace 
et al. (1983) found only 31% of strains tested to be suscep-
tible. N. brasiliensis was nearly always resistant. In contrast, 
N.  caviae was usually susceptible to kanamycin for 75% of 
the strains.

GRAM-NEGATIVE BACTERIA

Kanamycin is active against most of the Enterobacteriaceae 
(see Table 51.1), such as Escherichia coli, Enterobacter, Kleb
siella, Proteus, Salmonella, Shigella, Providencia, and Citro
bacter spp. Yersinia pestis (Butler et al., 1974), Y. enterocolitica 
(Hammerberg et al., 1977), and Y. pseudotuberculosis (Brodie 
et al., 1973) are also susceptible to kanamycin.

Among other Gram-negative bacteria, the Neisseria spp. 
(meningococci and gonococci), Haemophilus influenzae, 
H.  ducreyi, and the Brucella spp. are usually kanamycin 
 susceptible. Some gonococcal strains are now resistant to 
kanamycin. Strains of H. ducreyi resistant to kanamycin pro-
duce plasmid-mediated aminoglycoside modifying enzymes 
(Sanson-le Pors et al., 1985). Unlike the case for other ami-
noglycosides such as tobramycin, gentamicin, and amikacin, 
which are highly active, Pseudomonas aeruginosa is resistant 
to kanamycin (Finegold, 1959). Acinetobacter spp. are usu-
ally susceptible to kanamycin, but resistant strains occur. 
Campylobacter jejuni is susceptible to the aminoglycosides, 
including kanamycin, with an MIC of 0.25–4.0 mg/l (Michel 
et al., 1983). Resistant strains of C. jejuni have been detected 
with plasmids that usually code for the production of kana-
mycin phosphotransferase. Most Gram-negative anaerobic 
bacteria are kanamycin resistant (Martin et al., 1972).

MYCOBACTERIA

Mycobacterium tuberculosis is susceptible to kanamycin, but 
resistant strains can emerge. MDR-TB, which may be resis-
tant to isoniazid, rifampicin, pyrazinamide, ethambutol, and 
streptomycin, may be susceptible to second-line injectable 
(SLI) antituberculosis agents, including kanamycin (Bloch et 
al., 1994; Caminero et al., 2010; Frieden et al., 1993). Drug 

susceptibility testing critical concentrations (breakpoints) 
have been established as follows: 30 mg/l using Löwenstein-
Jensen agar (WHO, 2012); 6 mg/l using Middlebrook 7H11 
agar (WHO, 2012); 5 mg/l using Middlebrook 7H10 agar 
(Huang et al., 2014; WHO, 2012); 5 mg/l using Bactec 460 
agar (Pfyffer et al., 1999); 5 mg/l using the microscopic 
obser vation drug susceptibility (MODS) assay (Trollip et al., 
2014); and 2.5 mg/l using the Bactec MGIT 960 system (Kim 
et al., 2013; Rodrigues et al., 2008). 

Kanamycin (and amikacin) resistance is largely due to 
nucleotide substitutions in the rrs gene encoding 16S rRNA, 
whereas streptomycin resistance is due to a combination of 
mutations in the 16S rRNA gene and the rspL gene encod-
ing ribosomal protein S12 (Ramaswamy and Musser, 1998). 
More recently, whiB7 mutations have been shown to confer 
low-level resistance to kanamycin as well as cross-resistance 
to streptomycin (Reeves et al., 2013) (see section 2b, Emerg-
ing resistance and cross-resistance). The extensively drug- 
resistant strains of TB (XDR-TB) have a high rate of resistance 
to kanamycin (Banerjee et al., 2008).

Among the “atypical mycobacteria,” M. kansasii (Kuze et 
al., 1981), M. marinum (Sanders and Wolinsky, 1980; Wallace 
and Wiss, 1981), and M. chelonae (Becker et al., 1980) are 
usually susceptible to kanamycin. Other atypical mycobacte-
ria, such as the M. avium complex, are kanamycin resistant 
(Davidson et al., 1981; Zimmer et al., 1982). Aminoglycoside-
modifying enzymes have been detected in M. kansasii and 
M. fortuitum but not in M. avium complex (Ho et al., 2000).

Kanamycin is bactericidal to M. leprae infection in the 
mouse footpad provided a high daily dose of 100 mg/kg body 
weight is used. The usefulness of kanamycin and other ami-
noglycosides in the treatment of human leprosy has not been 
established (Gelber et al., 1984).

2b.  Emerging resistance and 
cross-resistance

Kanamycin resistance among Enterobacteriaceae is most 
com monly due to plasmid-mediated production of a series 
of aminoglycoside-modifying enzymes that acetylate an 
amino group or phosphorylate or adenylate a hydroxyl group. 
A number of subtypes of these acetyltransferases, phospho-
transferases, and adenylyltransferases exist. In the bacterial 
cell, these enzymes may be located in the periplasmic space 
or bound to the cytoplasmic membrane. Kanamycin and 
other aminoglycosides that are acetylated, phosphorylated, or 
adenylylated do not bind well to ribosomes, thereby result-
ing in resistance. Aminoglycosides vary in their ability to 
resist enzymatic modification, and, of those in clinical use, 
amikacin and isepamicin are the most resistant. A second 
mechanism of bacterial resistance to kanamycin and other 
aminoglycosides results from alterations in the permeability 
of these drugs into the cell. Mutational resistance due to a 
change of the 30S subunit of the ribosome can lead to strep-
tomycin-resistant Gram-negative bacilli, but such ribosomal 
resistance to other aminoglycosides does not occur in clini-
cal isolates (Foster, 1983; Moellering, 1983; Neu, 1984).
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Resistance of Enterobacteriaceae to kanamycin first became 
a significant problem about 10 years after its discovery (Roe 
and Lowbury, 1972; Sabath, 1969; Terman et al., 1972). 
Resistant Enterobacteriaceae at that time were more frequent 
in hospital-acquired infections (Baker et al., 1974; Dans et 
al., 1970). During the 1970s and early 1980s, kanamycin was 
largely replaced by gentamicin in many hospitals. Subse-
quently, kanamycin-resistant strains were no longer increas-
ing in frequency, and their prevalence actually decreased in 
many areas. In seven North American nurseries, the percent-
age of E. coli strains resistant to kanamycin isolated from 
neonates decreased from a high of 71% in 1971 to 12% in 
1974; this coincided with the substitution of gentamicin for 
kanamycin for the treatment of neonatal infections (Howard 
and McCracken, 1975). In only one Boston hospital, 15% 
of E. coli, 16% of K. pneumoniae, 4% of E. aerogenes, 9% of 
P.  mirabilis, and 12% of Providencia stuartii strains were 
kanamycin resistant (Moellering, 1983).

TUBERCULOSIS

Intravenous kanamycin can be included as a second-line 
injectable (SLI) antituber culosis agent when used as com-
bination therapy to treat MDR-TB and some strains of 
XDR-TB; in fact, in many countries kanamycin is considered 
standard therapy for MDR-TB (WHO, 2014a). However, in 
recent years, the amount of data on the extent and nature of 
SLI resistance among TB clinical isolates, including resistance 
to kanamycin, has increased. In Estonia, 43 of 79 (54%) 
kanamycin-resistant MDR-TB isolates tested susceptible to 
amikacin, although cross-resistance is expected between 
amikacin and kana mycin because of their almost identical 
chemical structures. An rrs gene mutation was not identified 
in any of these strains (Krüüner et al., 2003). This discor-
dance was also con firmed in another study in which 9 of 78 
(11.5%) kanamycin-resistant isolates remained susceptible 
to amikacin, whereas all amikacin-resistant strains were also 
kanamycin resistant. Detection of the A1401G rrs mutation 
was highly specific and relatively sensitive for both kanamycin 
and amikacin resistance (Jugheli et al., 2009). Zaunbrecher et 
al. (2009) found that 80% of TB strains with mutations in the 
eis pro moter gene had low-level kanamycin resistance but 
retained susceptibility to amikacin. The authors concluded 
that cross-resistance between kanamycin and amikacin should 
not be assumed, especially when eis promoter gene muta-
tions are detected.

In Russia, the emergence of XDR-TB was reported in 75 
isolates from two different regions, where the prevalence of 
kanamycin resistance was as high as 47%. High kanamycin 
resistance rates were thought to be due to previous widespread 
use of second-line agents such as kanamycin (Punga et al., 
2009). Conversely, in the UK, kanamycin resistance was as 
low as 4.2% in a study assessing susceptibility to second-line 
antituberculosis drugs between 1995 and 2007, although 
amikacin susceptibility was more frequently tested than kana-
mycin in this cohort (Abubakar et al., 2009). In a large pro-
spective study assessing resistance to second-line drugs in 
MDR-TB isolates from a large range of countries, 1278 

isolates underwent susceptibility testing using the indirect 
agar proportion method, and 20% resistance to at least one 
second-line agent, of which 18.5% were kanamycin resistant, 
was observed (Dalton et al., 2012). In a Taiwanese study of 
6035 patient isolates, a sequential reduction in kanamycin-
resistant strains from 5.9% to 0.6% was observed between 
2004 and 2011 (Chien et al., 2014). 

Because conventional growth-based drug susceptibility 
testing (DST) is slow, complicated, and nonstandardized, 
recent studies have focused on identifying genotypic muta-
tions and correlating these with phenotypic resistance to 
SLIs. A recent systematic review and meta-analysis of the 
diagnostic accuracy and reproducibility of phenotypic DST 
for first- and second-line antituberculosis drugs concluded 
that in contrast to first-line agents such as rifampicin and 
isoniazid, further research is needed to evaluate the critical 
concentrations of second-line agents that accurately detect 
susceptibility (Horne et al., 2013). Identification of the main 
genes conferring resistance to kanamycin and other SLIs 
is key to the development and validation of molecular DST. 
In general, cross-resistance between the aminoglycosides 
(kana mycin and amikacin) is very high, with cross-resistance 
between kanamycin, amikacin, and capreomycin usually 
associated with the rrs mutation. In contrast, streptomycin 
has low cross-resistance with the other SLIs (WHO, 2014a). 
However, study findings on cross-resistance between the 
aminoglycosides and/or the polypeptides appear at times to 
be somewhat contradictory. Although genotypes associated 
with resistance to the aminoglycosides and the cyclic polypep-
tides may overlap, a small study showed that cross-resistance 
patterns and MICs vary among the different molecular 
mutations described; hence, the generalizability of identify-
ing resistance to a single SLI to all may be limited (Maus et 
al., 2005). In a systematic review of publications evaluating 
MDR-TB mutations associated with resistance to SLIs 
derived from 1585 clinical isolates, an rrs mutation (A1401G) 
was present in 56% of kanamycin-resistant MDR-TB strains 
as well as 70–80% of amikacin- and capreomycin-resistant 
strains. For kanamycin and amikacin, this gene was not 
detected in susceptible strains but was found in 7% of 
capreomycin-susceptible strains. These results suggest that 
this mutation is only a moderately sensitive but very specific 
marker for kanamycin resistance and likely cross-resistance 
to amikacin and capreomycin. However, over 40% of kana- 
mycin-resistant strains do not appear to have this mutation 
present (Georghiou et al., 2012). 

Other rrs gene mutations, C1402T and G1484T, appear to 
be poor markers for kanamycin resistance. Eis promoter 
mutations have been largely associated with low-level kana-
mycin resistance and were detected in 20–25% of these 
strains. The authors concluded that using a combination of 
rrs and eis promoter mutations might be the most accurate 
way to predict kanamycin resistance in TB (Georghiou et al., 
2012). In a large study analyzing 380 TB isolates with known 
drug susceptibility from rural China, the prevalence of resis-
tance to SLIs (agar proportion method; Middlebrook 7H10 
or 7H11 agar; kanamycin critical concentration 30 mg/l) and 
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associated genetic mutations was assessed. Kanamycin resis-
tance was detected in 15% (57/380) of isolates, with 75.4% of 
these cross-resistant to amikacin. The rrs A1401G gene muta-
tion appeared in the majority of phenotypically kanamycin- 
and amikacin-resistant isolates with 71.9% (41/57) and 
86.4% (38/44) sensitivity, respectively. Among kanamycin-
resistant, amikacin-susceptible strains, 21.1% had an eis 
gene mutation, suggesting that testing for this gene may be 
important when determining whether amikacin should be 
used in kanamycin-resistant cases (Hu et al., 2013). In 
another study from China, 158 MDR-TB isolates from 29 
provinces were assessed for phenotypic susceptibility (micro-
plate Alamar blue assay [MABA]) and genetic mutations 
related to SLI resistance, including rrs, tlyA, and the promoter 
region of eis genes. Sixteen (10%) of the isolates were kana-
mycin resistant. The most frequently observed mutation was 
again the rrs A1401G, which conferred high-level resistance 
to kanamycin and amikacin, with varying MICs for capreo-
mycin. Among 16 kanamycin-resistant isolates, 7 retained 
susceptibility to amikacin. These results challenged the prac-
tice in China of generalizing SLI resistance based on sus-
ceptibility testing to only kanamycin (Zhang et al., 2014). 

Other Chinese studies have found similar results. Du et al. 
(2013) assessed 114 TB clinical isolates for SLI resistance 
using MABA with high-level resistance, defined as an MIC 
>16-fold the critical concentration. Kanamycin resistance 
was 50% (57/114) with 100% cross-resistance to both ami-
kacin and capreomycin; most isolates showed high-level 
kanamycin resistance. Of those resistant to capreomycin 
(99/114, 87%), 88% (87/99) were also resistant to kanamycin 
and amikacin, implying a high degree of cross-resistance 
between SLIs in China. A variety of mutations was sequenced, 
with the most prevalent mutation, rrs A1401G, present in 
84% of kanamycin-resistant isolates as well as in about 50% 
of other SLI-resistant strains (Du et al., 2013).

Similar findings have been noted in other countries. In 
a  South Korean study of susceptible and resistant clinical 
TB strains (using the absolute concentration method on 
Löwenstein-Jensen agar; kanamycin critical concentration 
40 mg/l), among the 62 MDR-TB isolates identified, 17 
(27.4%) were resistant to kanamycin, with the most frequent 
mutation observed being rrs A1401G. All strains with this 
mutation were panresistant to SLIs (Jnawali et al., 2013). In a 
large study in Thailand of 1294 MDR-TB strains using the 
disk diffusion method with Middlebrook 7H10 agar, 29 strains 
were identified as kanamycin resistant, with the majority 
(21/29) containing the A1401G rrs mutation, 5 of 29 having 
an eis mutation, and 3 of 29 having no mutation identified. 
Among 21 A1401G-containing strains, 20 also displayed 
high-level amikacin resistance. Capreomycin cross-resistance 
was confirmed in almost all these kanamycin-resistant strains, 
thereby providing support for the association between rrs 
mutations and cross-resistance of SLIs (Sowajassatakul et al., 
2014). In Pakistan, of 50 XDR-TB isolates (based on agar 
proportion method; enriched Middlebrook 7H10 medium; 
kanamycin cut-off concentration 6 mg/l), all isolates with the 

rrs A1401G gene mutation were kanamycin- and amikacin- 
 resistant, with only about 50% resistant to capreomycin. 
However, 30% of the XDR-TB isolates did not test positive 
for this gene mutation yet displayed either kanamycin, 
amikacin, or capreomycin resistance, suggesting that reliance 
on identifying rrs mutations as a marker for SLI resistance 
could miss identification of such resistance in about 30% of 
XDR-TB strains in this population (Ali et al., 2011). 

Reeves et al. (2013) assessed a variety of kanamycin- 
resistant TB strains using whole genome sequencing to detect 
mutations (including rrs, eis, and whiB7) and phenotypic 
susceptibility using Middlebrook 7H10 agar containing kana-
mycin concentrations ranging from 1 to 80 mg/l. Mutations 
in whiB7 were associated with an increased expression of the 
eis promoter gene, which conferred low-level resistance to 
kanamycin as well as cross-resistance to streptomycin. 

A meta-analysis to assess the diagnostic accuracy of a line 
probe assay (LPA) in detecting second-line drug resistance 
in TB strains compared with phenotypic susceptibility testing 
reported relatively low sensitivity (44%) for detecting kana-
mycin resistance compared with amikacin and capreomycin 
resistance (both approximately 82%), although it was highly 
specific (99%) (Feng et al., 2013). However, this discordance 
in the detection of SLI resistance may be because the test 
does not sequence mutations in the eis promoter region pre-
viously reported to be associated with kanamycin resis tance 
(Georghiou et al., 2012; Zaunbrecher et al., 2009). A 
Cochrane review also reported on the diagnostic accuracy 
of the same LPA in correlating resistance to second-line 
agents in XDR-TB (Theron et al., 2014). For kanamycin resis-
tance, the pooled sensitivity was 66.9%, with 98.6% specificity, 
suggesting that this LPA will not detect one in three cases of 
kanamycin resistance. This was substantially higher than the 
sensitivity rates previously reported (Feng et al., 2013). 

Pyrosequencing (PSQ) is another method to detect genetic 
mutations linked with first- and second-line drug resistance 
in TB. In one PSQ-based study of rrs gene mutations that 
evaluated 187 clinical isolates from India, Moldova, South 
Africa, and the Philippines (susceptibility assessed by MGIT 
960 with kanamycin critical concentration 2.5 mg/l), the 
specificity of PSQ in detecting kanamycin resistance was high 
(100%), but sensitivity was lower for kanamycin resistance 
(68%) compared with amikacin and capreomycin (84% and 
88%, respectively). Indeed, 21 isolates phenotypically resis-
tant to kanamycin but susceptible to amikacin and capreo-
mycin showed no mutation in rrs gene (Ajbani et al., 2015). 
Undetected eis promoter (Zaunbrecher et al., 2009) and 
whiB7 gene mutations (Reeves et al., 2013) not included in 
the assay are likely reasons for the low sensitivity. A related 
study (Rodwell et al., 2014) that used Sanger sequencing deter-
mined that the majority of kanamycin-resistant isolates had 
no detectable rrs mutations and that adding the eis promoter 
mutation to the sequencing test increased the sensitivity 
from 71% to 91% for kanamycin resistance. Hence, inclusion 
of analysis for eis mutations appears to be important for 
some regions where this mutation is more commonly respon- 
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 sible for kanamycin resistance. Lacoma et al. (2015) recently 
evaluated the accuracy of PSQ targeting rrs and eis promoter 
genes in detecting kanamycin and other SLI resistance in 104 
TB isolates from Lithuania and Spain; susceptibility was 
assessed with either the nonradiometric method BACTEC 
460TB or BACTEC MGIT 960 (critical kanamycin concen-
tration 5 mg/l and 2.5 mg/l, respectively). Thirty isolates 
(29.1%) were phenotypically resistant, whereas PSQ had a 
93.3% sensitivity and 81.7% specificity; however, 2 of 30 
resistant isolates were “susceptible” by sequencing. 

Such differences in test sensitivity are likely to vary 
according to the geographic origins and associated genetic 
variability of TB strains and the pretest probability of various 
mutations under analysis. Hence, conventional susceptibility 
testing is still required in most situations, although pheno-
typic results may vary according to the susceptibility method 
used. Compared with resistance to first-line agents, pheno-
typic resistance to SLIs appears to be associated with a large 
diversity of genes, particularly for kanamycin. 

3. MECHANISM OF DRUG ACTION

Kanamycin and other aminoglycoside antibiotics inhibit 
bacterial protein synthesis by binding irreversibly to the 30S 
ribosomal subunit. This results in a misreading (or miscod-
ing) of mRNA codons. Consequently, wrong amino acids 
are incorporated into growing peptide chains, and nonsense 
bacterial proteins are formed. This effect alone may not be 
lethal to bacteria, yet kanamycin and other aminoglycosides 
are rapidly bactericidal. Numerous hypotheses have been put 
forward over the years to explain this. The bactericidal prop-
erty may be related to the irreversible binding of aminogly-
cosides to the ribosomes. The most likely explanation seems 
to be that kanamycin also leads to the production of abnor-
mal membrane proteins of the bacterial cell, which cause 
alterations in membrane permeability, and this plays an 
essential role in the bactericidal action (Bryan and Kwan, 
1983; Davis, 1987; Wyka and St John, 1990). For a detailed 

discussion about the mechanisms of aminoglycoside action, 
see Chapter 52, “Gentamicin.” 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Kanamycin is poorly absorbed from the gastrointestinal 
tract, and hence it is administered by the i.m. or i.v. route for 
systemic infections. However, administration of i.m. kana-
mycin can be very painful, so i.v. administration is preferred. 
The adult dosage is 15 mg/kg per day. Kanamycin, like other 
aminoglycosides, can be given in two divided doses; how-
ever, increasingly and especially in the setting of tubercu-
losis, doses are most commonly administered once daily. A 
common dosage for adults is 1 g every 24 hours. 

For treatment of mycobacterial infections, the frequency 
of kanamycin administration can be adjusted from daily 
to five times per week (WHO, 2014a; Yew and Leung, 2008) 
or to 25 mg/kg body weight three times per week (Peloquin 
et al., 2004). See Table 51.2 for a summary of dosing 
recommendations. 

Intravenous kanamycin can be diluted in normal saline 
or glucose 5% solution. In adults, doses should be diluted in 
100 ml of compatible fluid and infused over 30–60 minutes. 
In children, doses should be diluted to at least 5mg/ml and 
infused over 1–2 hours to avoid thrombophlebitis. 

Kanamycin has been used orally in patients with hepatic 
failure to eliminate urease-producing Enterobacteriaceae in 
a dosage of 4–8 g/day (1–2 g every 6 hours). Some of the 
drug is absorbed, and after several days’ treatment in patients 
with impaired renal function, serum levels can approach 
those usually attained after parenteral administration (Kunin, 
1966). Similarly, when used for bowel sterilization before 
colorectal surgery, various oral dosing schedules have been 
used, including 1g hourly for 4 hours followed by 1 g every 
6  hours during the 72 hours before the procedure (Cohn, 

Table 51.2. Intravenous and intramuscular dosing of kanamycin

Dose Frequency Reference 

Routine dosage

Adult 15 mg/kg/d (max 1g/d)
or

Single dose 5–7 times a week* Blumberg et al. (2003); WHO (2014a)

25 mg/kg/d Single dose 2–3 times a week Peloquin et al. (2004)

Child 15–30 mg/kg/d (max 1g/d) Single dose 7 times a week WHO (2014b)

Altered dose

Elderly (> 59 y) 10 mg/kg/d (max 750 mg/d) Single dose 5–7 times a week* Blumberg et al. (2003); WHO (2014a)

Renal impairment 15 mg/kg/dose Single dose 3 times a week Blumberg et al. (2003); WHO (2014a)

Hemodialysis 15 mg/kg/dose Single dose 3 times a week posthemodialysis Blumberg et al. (2003); WHO (2014a)

*Dose may be adjusted to five times a week after 2–4 months in tuberculosis. 



954 Kanamycin

1958), or 1 g four times a day commencing 48 hours before 
the procedure (Wapnick et al., 1979).

4b.  Newborn infants and children

The use of parenteral kanamycin in children has largely been 
replaced by other aminoglycosides such as gentamicin (see 
Chapter 52, “Gentamicin”). Although kanamycin continues 
to be recommended in the treatment of MDR-TB, amikacin 
is preferred in children owing to fewer adverse effects and 
more convenient ampule size for dosing in children (Schaaf 
and Marais, 2011). When used for TB, kanamycin, 15–30 
mg/kg once daily (to 1 g maximum) by either i.m. or prefer-
ably i.v. injection, is recommended as part of combination 
therapy (WHO, 2014b; see Table 51.2). It is important to 
note that a number of authors have demonstrated that the 
usual dosage of 15 mg/kg/day fails to produce therapeutic 
serum concentrations in many children aged 2 months to 
12 years (Hieber et al., 1980; Hieber and Nelson, 1976). 
Accordingly, the higher end of the dose range is recom-
mended for this age group (Hieber and Nelson, 1976; WHO, 
2014b). It is also recommended that babies whose birth 
weight was less than 2000 g should receive 7.5 mg/kg i.m. or 
i.v. every 12 hours until 7 days of age, and thereafter 10 mg/
kg every 12 hours. Infants weighing more than 2000 g at 
birth should receive 10 mg/kg i.m. or i.v. every 12 hours until 
7 days of age, and thereafter 10 mg/kg every 8 hours (Hieber 
and Nelson, 1976; Mc Cracken and Nelson, 1983; McCracken 
and Threlkeld, 1976).

In prevention of neonatal enterocolitis, a dose of 15mg/
kg/day of enteral kanamycin was given in three divided doses 
for up to 24 days (Boyle et al., 1978; Egan et al., 1976). Plasma 
levels in infants were monitored, and all blood levels were 
undetectable (Egan et al., 1976).

Intrathecal administration of kanamycin is usually unnec-
essary for the treatment of meningitis. However, in infants 
who have associated anatomical abnormalities such as men-
ingomyeloceles or who have shunts inserted because of 
hydrocephalus, intrathecal and intraventricular kanamycin 
has been used in addition to systemic treatment. Intrathecal 
dosages of kanamycin used for infants have ranged from 5 to 
25 mg daily (Lorber, 1967).

4c.  Pregnant and lactating mothers

Kanamycin is classified as pregnancy category D by the FDA; 
namely, kanamycin is only recommended for use during 
pregnancy when benefit outweighs risk, because amino-
glycosides cross the placenta (Bristol-Myers Squibb, 2006). 
Although animal studies have failed to reveal evidence of 
teratogenicity, there are no controlled data in human preg-
nancy. However, there are reports of fetal eighth cranial 
nerve toxicity and hearing loss after prolonged in utero expo-
sure to kanamycin (Bristol-Myers Squibb, 2006; WHO, 
2014a). Furthermore, aminoglycosides can be associated with 
fetal nephrotoxicity (Blumberg et al., 2003). For these rea-
sons, amikacin and capreomycin are also not recommended 

during pregnancy but have been used safely according to 
some reports (see Chapter 130, “Streptomycin,” and Chapter 
134, “Capreomycin”) (WHO, 2014a).

Pregnant patients have lower serum levels after usual 
thera peutic doses. Monitoring of maternal serum levels 
throughout therapy is recommended not only to minimize 
fetal exposure to excessive drug levels but also to ensure the 
optimal outcome of treatment through the avoidance of sub-
therapeutic levels in the mother (Chow and Jewesson, 1985).

Kanamycin is excreted into breast milk in small amounts 
(see section 5b, Drug distribution). A 1-g i.m. dose produced 
peak milk levels of 18.4 mg/l (O’Brien, 1974). However, owing 
to poor oral absorption, adverse effects are unlikely. The 
WHO and the American Academy of Pediatrics consider 
kanamycin use compatible with breastfeeding (American 
Academy of Pediatrics, 2001; WHO, 2014a; Bristol-Myers 
Squibb, 2006). There are no specific dosing changes required 
during pregnancy, but great caution should be exercised in 
usage.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Like other aminoglycosides, kanamycin is almost exclusively 
cleared by the kidney, and an adjustment to the dose inter-
val is required to avoid accumulation (Blumberg et al., 
2003). Early recommendations called for a loading dose of 1 g 
administered i.m. or i.v. to any renal-impaired patient. There-
after, the frequency with which the standard 0.5 g dose can 
be repeated depends on the severity of the renal failure. 
Oliguric patients may receive subsequent doses every 2–4 
days (Kunin, 1966). Kanamycin in a dosage of 0.5 g given 
every third half-life results in therapeutic nontoxic levels in 
patients with renal failure. In TB, the dosing frequency 
should be reduced to two or three times per week, maintain-
ing the 12–15 mg/kg dosage to sustain adequate peak con-
centrations (Blumberg et al., 2003; WHO, 2014a). 

Computer-assisted prescribing of kanamycin has been 
used for patients with renal failure, and nomograms for 
kanamycin dosage have been published (Mawer et al., 1972a; 
Mawer et al., 1972b; Reeves, 1977). With these methods, 
which aim for more precision, the loading dose, the mainte-
nance dose, and the intervals between doses are all altered 
in an attempt to maintain therapeutic serum kanamycin con-
centrations. All these dosage schedules are useful guides, but, 
when possible, dosage should be governed by measured 
serum kanamycin concentrations. With divided daily dos-
ing, the peak level should not exceed 30 mg/l, and the trough 
level should be very low and should not exceed 10 mg/l. 
However, these data and guidelines are relatively old, when 
pharmacokinetic–pharmacodynamic relationships were not 
yet as clearly established, and should be interpreted with 
great caution (see later for further details).

Approximately 40% of kanamycin is removed from the 
body by hemodialysis (WHO, 2014a). In anephric patients 
undergoing dialysis, the kanamycin half-life is approximately 
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4.9 hours. During a 6- to 8-hour hemodialysis session, about 
50% of kanamycin is removed from the body, whereas about 
70–80% of the drug is removed during a 12-hour dialysis ses-
sion (Danish et al., 1974). Therapeutic nontoxic levels of 
kanamycin will usually be maintained in anephric patients 
managed by twice-weekly hemodialysis if a dose of 7 mg/kg 
is given after each dialysis (Turnidge, 2003). More modern 
aminoglycoside dosing regimens may involve giving a higher 
dose just before dialysis to achieve appropriate peak con-
centrations and enable appropriate interdialysis clearance 
(Matsuo et al., 1997). Hemodialysis is also the best way to 
treat kanamycin overdosage.

Kanamycin is also removed by peritoneal dialysis. The 
average rate of removal of kanamycin is 4.4 mg/h during 
peritoneal dialysis (about 100 mg/day). This suggests that a 
daily dose of 250 mg during peritoneal dialysis would suffice 
for anuric patients (Greenberg and Sanford, 1967). A larger 
amount of kanamycin is absorbed if the drug is added to 
peritoneal dialysis fluid than is cleared by peritoneal dialysis. 
If 0.5 g of kanamycin is introduced into the peritoneal cavity, 
serum levels are reached that are approximately 30% of those 
obtained with the same dose (Finegold, 1966; Sanford, 1966).

PATIENTS WITH HEPATIC IMPAIRMENT

No dose adjustment is required in patients with impaired liver 
function, although plasma concentrations can be affected 
owing to larger volume of distribution in cirrhotic patients 
with ascites. Prolonged use in patients with severe liver dis-
ease may progress rapidly to hepatorenal syndrome (WHO, 
2014a). Careful monitoring of serum kanamycin levels is 
required.

OLDER ADULTS

For patients older than 59 years of age receiving kanamycin 
therapy for MDR-TB, the dosage can be reduced to 10 mg/kg 
(usually up to 750 mg) given as a single dose five to seven 
times per week (Blumberg et al., 2003). Capped doses are 
recommended in an attempt to minimize toxicity. Although 
hearing loss is more prevalent in older patients, it is not asso-
ciated with dose, frequency of administration, or peak con-
centration but rather with total duration and total cumulative 
dose of kanamycin (Peloquin et al., 2004). 

OBESE PATIENTS

Most guidelines recommend capping the 15 mg/kg adult 
dose at 1g (Blumberg et al., 2003; WHO, 2014a). Markedly 
obese patients should receive an adjusted dose owing to 
decreased distribution of extracellular fluid in adipose tissue. 
Dosing should be based on an adjusted weight because using 
actual body weight may give supratherapeutic levels (WHO, 
2014a). It is recommended that lean body weight be used for 
dosing of other aminoglycosides in obese patients (Pai et al., 
2011), which could mean dosing more than 1g. However, 
another study did not support capping doses at 1g because 
this could lead to underdosing in some obese patients (Pelo-
quin et al., 2004). Hence, careful monitoring of serum levels 
is required when using kanamycin in obese patients.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The bioavailability of kanamycin administered orally is low 
at 0.7%, although large oral dosages (up to 6 g per day) may 
result in serum concentrations of 0.5–2 mg/l (Kunin, 1966). 
Bioavailability after i.m. administration is much higher at 
40–80% (Kunin, 1966), with peak levels achieved 1 to 2 hours 
after a dose (Welch et al., 1958). The serum half-life of kana-
mycin is about 2–3 hours (similar to the other aminogly-
cosides), but in patients with severe renal impairment, the 
half-life may be prolonged to 70–80 hours. 

Early investigations found that systemic absorption from 
inhaled kanamycin administration was negligible (Lifschitz 
and Denning, 1971). More recently, in a small study of five 
patients with MDR-TB in which inhaled kanamycin, 500 or 
750 mg (aerolized via nebulizer), was added to an active 
combination (including a parenteral SLI), undetectable levels 
after inhalation were observed (Turner et al., 1998). 

Intraperitoneal irrigation of kanamycin, 1 g in a 200-ml 
solution, demonstrated significant systemic absorption, with 
peak kanamycin serum levels detected within 15 to 120 min-
utes of application despite short contact time. Serum levels 
ranged between 15 and 24 mg/l (Ericsson et al., 1978).

5b.  Drug distribution

After i.m. injection, kanamycin can be detected in serum in 
15–30 minutes, and a peak level is reached in about 1 hour. 
Average peak concentrations are 11 mg/l after 0.25 g, 22 mg/l 
after 0.5 g, and 31–32 mg/l after 1 g (Welch et al., 1958). The 
drug does not accumulate with repeated doses of 0.5 g given 
every 12 hours to adults unless the patient has impaired renal 
function. After a 30-minute i.v. infusion of kanamycin to 
adults, serum levels as high as 34–48 mg/l are attained imme-
diately after the infusion. After a short distribution phase, 
serum levels fall to 20–30 mg/l, a value similar to the peak 
level attained after i.m. dosing. Serum concentrations of 
kanamycin are consistently lower in pregnant than in non-
pregnant patients; this is because of an increase in both the 
distribution volume and the glomerular filtration rate (Chow 
and Jewesson, 1985).

Kanamycin diffuses primarily into the extracellular space, 
and therefore its volume of distribution is low (0.27 l/kg) 
(Turnidge, 2003). Pleural and ascitic fluid concentrations 
similar to those in serum are usually obtained (Finegold, 
1959). Only traces of kanamycin can be detected in the CSF 
of patients with uninflamed meninges, in saliva (Boger and 
Gavin, 1959), and in bronchial secretions (Finegold, 1959). 
Serum protein binding of kanamycin is very low at 0–10% 
(Gordon et al., 1972; Rosenkranz et al., 1978).

The drug is transferred across the placenta, and fetal 
serum levels are 30–50% of those in the mother. Small 
amounts of kanamycin are excreted in the breast milk, where 
a concentration of 2.0 mg/l may be reached after usual 
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therapeutic doses (Chow and Jewesson, 1985). Overall, the 
milk/plasma ratio is 0.05:0.4 (Bristol-Myers Squibb, 2006). 
Peak milk concentrations of 18.4 mg/l have been reported 
after administration of 1 g intramuscularly. 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Kanamycin exhibits concentration-dependent killing with 
members of the Enterobacteriaceae, and, similar to other 
aminoglycosides, the area-under-the-concentration-time 
curve (AUC) is the major pharmacokinetic index determin-
ing its efficacy (Regoes et al., 2004). Similar to other amino-
glycosides, kanamycin exhibits a postantibiotic effect (PAE), 
whereby there is persistent suppression of bacterial growth 
after drug exposure, despite rapid drug elimination. This 
effect is prolonged with higher, less frequent doses of amino-
glycosides (Vogelman et al., 1988; Zhanel et al., 1991). How-
ever, the PAE decreases significantly with longer half-lives, as 
observed in humans as opposed to animals (den Hollander et 
al., 1998). Target peak concentrations of 35–45 mg/l after a 
15 mg/kg once-daily dosage and 65–80 mg/l after a 25 mg/kg 
twice-weekly dosage are recommended. The peak should be 
sampled approximately 1 hour after the dose to allow for the 
distribution phase (Alsultan and Peloquin, 2014; Peloquin, 
2002). 

A pharmacokinetic model for kanamycin was developed 
to predict the 24-hour AUC and Cmax based on a limited sam-
pling strategy of two postdose levels (at 1 and 4 hours) 
(Dijkstra et al., 2015). In this study, much lower kanamycin 
doses were used with good outcomes. Although using the 
AUC/MIC ratio instead of the C

max
/MIC ratio has not been 

validated in humans for mycobacterial infections, some data 
suggest that it may be significant (Nuermberger and Grosset, 
2004). Bioassay and liquid chromatography–mass spectrom-
etry methods can determine kanamycin serum concentra-
tions; however, the limited availability of these assays means 
that routine serum concentration monitoring is often not 
performed (Dijkstra et al., 2014). 

For enterococci, the combination of penicillin G and 
kanamycin, similar to penicillin G–streptomycin, often acts 
synergistically against this organism. This occurs because 
inhibitors of cell wall synthesis enhance the uptake of amino-
glycosides (Moellering and Weinberg, 1971).

5d.  Excretion

Kanamycin administered i.m. is excreted 50–80% in the urine 
in an active unchanged form, mostly in the first 6–9 hours 
(Finegold, 1959). High concentrations of the active drug are 
attained in urine and with normal doses that range from 100 
to 600 mg/l (Kunin, 1966; Welch et al., 1958). The mecha-
nism for renal excretion of kanamycin is glomerular filtra-
tion; thus, probenecid does not delay kanamycin excretion 
(Berger et al., 1959). Boger and Gavin found that the clear-
ance rate in an adult patient was about 80% of the simultane-
ous creatinine clearance, but Berger et al. (1959) reported 

that kanamycin was cleared at a somewhat higher rate in 
children.

After i.m. administration, only about 1% of the dose is 
excreted in the bile. Biliary concentrations are similar to those 
obtained in sera, but the peak is not reached until 6 hours 
after injection (Hansbrough et al., 1981). The fate of the small 
fraction of kanamycin that cannot be recovered in the free 
form in urine and bile is unknown (Kunin, 1966).

5e.  Drug interactions

Caution should be taken when concurrently administering 
kanamycin with other agents that have a similar adverse 
effects profile. For instance, loop diuretics have been associ-
ated with deafness when used concurrently with kanamycin 
(Johnson and Hamilton, 1970; Meriwether et al., 1971; Toma 
and Main, 1967), although a more recent study found a sim-
ilar incidence of nephrotoxicity and ototoxicity with or with-
out concurrent furosemide (Smith and Lietman, 1983). As 
with other aminoglycosides, kanamycin may enhance neuro-
muscular blockade (Holdiness, 1987), and co-administration 
with other nephrotoxic agents such as amphotericin, tacroli-
mus, and foscarnet may cause additive nephrotoxicity. 

All aminoglycosides are partially inactivated in vitro by 
high concentrations of any of the penicillins. Penicillins inac-
tivate kanamycin to about the same degree as gentamicin 
and tobramycin, but this occurs less readily with amikacin 
(Farchione, 1981). Thus, these agents should not be mixed 
together before administration. Studies with gentamicin and 
amikacin have shown that heparin reversibly inhibits amino-
glycoside activity in a dose-dependent way (Nilsson et al., 
1981). This may also apply to kanamycin. Hence, blood spec-
imens for kanamycin measurements should not be obtained 
in heparinized tubes. Kanamycin excretion is not affected by 
probenecid (Berger et al., 1959).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Ototoxicity

Deafness through irreversible cochlear damage is the most 
important toxic effect of kanamycin. Vestibular function may 
also be affected (usually manifesting as vertigo, nausea, vom-
iting, nystagmus, and ataxia), but this is less common than 
with streptomycin (Finegold, 1959, 1966). Several factors pre-
dispose to ototoxicity, such as pre-existing renal impairment 
and high kanamycin serum levels (> 30 mg/l). In animals, the 
magnitude of ototoxicity resulting from kanamycin appears 
to be related to the total daily dose and not the dosing sched-
ule (Davis et al., 1984). Other factors that contribute to oto-
toxicity include prolonged use of the drug, increasing age of 
the patient, pre-existing hearing loss, and previous treatment 
with ototoxic drugs. Kanamycin is potentially more toxic for 
cochlear function than streptomycin, but less so than neo-
mycin (Frost et al., 1959; Peloquin et al., 2004). 

The incidence of ototoxicity with kanamycin in the treat-
ment of TB varies from 15.6% to 42% (de Jager and van Altena, 
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2002; Kass, 1966; Peloquin et al., 2004). Some authors have 
been unable to demonstrate an association between any clin-
ical or treatment factors and the incidence of hearing loss (de 
Jager and van Altena, 2002), whereas others found that oto-
toxicity was associated with older age, prolonged treatment, 
and greater cumulative dose received (Peloquin et al., 2004). 
In contrast, a survey in Boston showed that only 4 (1.6%) of 
243 medical inpatients receiving kanamycin developed deaf-
ness (Anon, 1973). A recent retrospective evaluation of a 
Dutch cohort demonstrated that an MDR-TB treatment reg-
imen (which included aminoglycoside drug concentration–
guided dosing) resulted in high effectiveness with excellent 
treatment outcome, without severe adverse drug reactions. 
During the study period, no treatment failures or documented 
relapses were observed using a relatively low dosage (7.5 mg/
kg/day) of kanamycin (van Altena et al., 2015). 

A retrospective cohort real-world study in Namibia com-
pared the incidence of hearing loss during amikacin treat-
ment with that during kanamycin treatment for TB. The 
researchers reviewed 353 patient records and discovered a 
cumulative incidence of any hearing loss of 58%, 42% of 
which was severe. Kanamycin-treated patients had a lower 
incidence of hearing loss (56%) compared with the amikacin 
cohort (70%) (Sataloff et al., 1964). 

Serial audiograms may be monitored, when feasible, during 
therapy (Finegold, 1966). Although aminoglycosides, includ-
ing kanamycin, may have both nephrotoxic and ototoxic 
potential, de Jager and van Altena (2002) found that there 
was no statistically significant relationship between the two 
side effects and that their co-occurrence was 4.5%. Others 
have also noted limited association between the incidences 
of aminoglycoside toxicities (Peloquin et al., 2004; Smith et 
al., 1979). Notably, hearing loss may continue to progress 
despite cessation of the agent. This is thought to be due to 
sequestration of the aminoglycoside in the inner ear, which 
may continue to damage sensory hair cells (Huth et al., 2011). 
Damage to the inner ear is usually permanent. 

The pathophysiology of hearing loss with aminoglycosides 
has been postulated to be accumulation of the aminoglyco-
side in the inner ear fluid, where highly reactive complexes 
may form with heavy metal ions that can damage the sensory 
hair cells (Brummett and Fox, 1989; Huth et al., 2011). Sev-
eral mutations in mitochondrial DNA (including A1555G 
and C1494T) are linked to increased susceptibility to amino-
glycoside ototoxicity (Hobbie et al., 2008; Zhao et al., 2004). 
A mitochondrial 12S ribosomal RNA mutation, A1555G, 
has been identified as a common predisposing polymor-
phism, accounting for at least 33–59% of aminoglycoside 
otoxoticity in China (Usami et al., 2000). These mutations 
create an aminoglycoside-binding site similar to the site found 
in bacterial RNA. With these mutations, hearing loss can 
occur soon after exposure to the aminoglycoside as well as 
spontaneously without exposure, making the association more 
complex. 

The use of other ototoxic drugs together with kanamycin 
are to be avoided whenever possible. Sudden deafness may 
occur in association with the i.v. use of the diuretic ethacrynic 

acid (Anon, 1973). In animals, ototoxicity of kanamycin and 
other aminoglycosides is augmented by concomitant admin-
istration of loop-inhibiting diuretics, such as furosemide and 
ethacrynic acid (Brummett, 1983). In contrast, the calcium 
channel blocker verapamil has a protective effect against oto-
toxicity in animals (Zhuravskii et al., 2002).

Kanamycin ototoxicity appears to be rare in newborn 
and premature infants. Many children who had been given 
kanamycin in the recommended dosage in infancy have had 
audio metric, vestibular, and psychometric evaluations per-
formed when they were 4 years old. No significant hearing 
loss or vestibular dysfunction was identified in these patients 
compared with controls who had never received the drug 
(Finitzo-Hieber et al., 1979). Children with normal renal 
function usually tolerate treatment well if the total dose 
administered does not exceed 500 mg/kg (Yow, 1966). In spite 
of the early widespread use of kanamycin, very few cases of 
neonatal ototoxicity have been recorded after short-term 
maternal administration of the drug during late pregnancy 
(Chow and Jewesson, 1985). Kent et al. (2014) reviewed the 
animal and human evidence for aminoglycoside toxicity in 
neonates, finding that both ototoxicity and nephrotoxicity 
associated with aminoglycoside use in neonates are rare. 
Genetic mutations in the maternal mitochondrial DNA may 
predispose neonates to ototoxicity, and a family history of 
aminoglycoside-induced deafness may warrant screening for 
these mutations or avoidance of aminoglycosides.

6b.  Nephrotoxicity

Similar to other aminoglycosides, kanamycin may cause renal 
damage. Kanamycin is not as nephrotoxic as neomycin, but it 
is thought to be more toxic than streptomycin, which is pos-
sibly the least nephrotoxic aminoglycoside (Appel and Neu, 
1977). The incidence of nephrotoxicity in the treatment of 
TB varies from 4.5% to 9% (de Jager and van Altena, 2002; 
Peloquin et al., 2004). Patients developing nephrotoxicity in 
one study were more likely to have received prolonged kana-
mycin courses and larger cumulative doses (de Jager and van 
Altena, 2002). Kanamycin accumulates in renal cortical tis-
sue (Buss et al., 1984) and can cause changes in the proximal 
tubules that range from cloudy swelling to acute necrosis. 
Mild renal toxicity with the appearance of casts, red and white 
cells, and protein in the urine is relatively common. Increas-
ing azotemia is infrequent, except perhaps in older patients. 
Oliguric renal failure with features of acute tubular necrosis 
may occasionally develop. Recovery from these more severe 
nephrotoxic effects is usually slow and may be only partial 
(Appel and Neu, 1977; Bennett et al., 1977). Early recognition 
of kanamycin nephrotoxicity is also important because it may 
predispose patients to ototoxicity (Finegold, 1959; 1966), 
although more recent studies could not find a link between 
these two toxicities (Peloquin et al., 2004; Smith et al., 1979).

Animal, and even some human, studies with other ami-
noglycosides, such as gentamicin, tobramycin, amikacin, 
and netilmicin, indicate that antibiotic-induced nephrotox-
icity can be minimized if the total daily dose of the drug is 
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administered as a single daily injection (Bennett et al., 1979; 
Davis et al., 1984; Rougier et al., 2003). This does not apply to 
ototoxicity.

6c.  Neurotoxicity and neuromuscular 
blockade

As with other aminoglycosides, kanamycin has been associ-
ated with neuromuscular blockade due to inhibition of ace-
tylcholine release from the nerve terminal (Holdiness, 1987), 
although it is thought to produce the least potent blockade 
(Snavely and Hodges, 1984). Similar to streptomycin and 
neomycin, kanamycin can cause paralysis, which may affect 
respiration, especially if a large dose is introduced intraperi-
toneally to an anesthetized patient (Finegold, 1966). The drug 
may cause respiratory depression when administered before 
or during operations, a myasthenic syndrome unrelated to 
the operation, or transient deterioration in patients with 
myasthenia gravis (Argov and Mastaglia, 1979).

Many other infrequent neurotoxic side effects have been 
attributed to kanamycin. These include circumoral and other 
paresthesiae, headaches, restlessness, nervousness, tachycar-
dia, blurring of vision, and an acute brain syndrome with hys-
terical features (Finegold, 1966; Snavely and Hodges, 1984).

6d.  Hypersensitivity

Pruritus, rash, drug fever, and even anaphylaxis have been 
reported, but these are rare (Finegold, 1966). Eosinophilia 
without clinical manifestations is more common.

6e.  Side effects after oral administration

Vomiting and diarrhea can result. The severe but rare com-
plication of staphylococcal enterocolitis may occur, as with 
neomycin (see Chapter 57, “Neomycin”). Prolonged oral kana-
mycin administration can induce malabsorption with ste-
atorrhea, but neomycin appears to be more potent in this 
regard (Faloon et al., 1966).

6f.  Side effects after intramuscular 
administration

Intramuscular administration of kanamycin may cause pain 
at the injection site. For this reason, i.v. delivery is the pre-
ferred route of administration in patients receiving the drug 
on a long-term basis (WHO, 2014a). 

7. CLINICAL USES OF THE DRUG

The clinical role of kanamycin has steadily diminished in 
recent decades; it has been replaced by gentamicin, strep-
tomycin, or amikacin, depending on the indication. Never-
theless, kanamycin (along with amikacin and capreomycin) 
continues to be recommended by WHO for use in MDR-TB 
treatment programs, assuming that the drug supply can be 
assured (WHO, 2014a).

7a.  Drug-resistant tuberculosis

Kanamycin has never been regarded as a first-line drug for 
the treatment of TB but does form part of the treatment 
backbone in combination therapy for MDR-TB. The WHO 
(2011, 2014a) recommends that all patients diagnosed with 
MDR-TB receive an SLI in the intensive phase of treatment, 
unless resistance is documented or highly suspected. SLIs 
such as kanamycin should always be used in combination 
with other second-line agents when susceptibilities have been 
confirmed. Either kanamycin or amikacin is used as the first 
choice, depending on cost, availability, and drug susceptibility 
testing (WHO, 2011). For this indication, the usual kana-
mycin dosage is 15 mg/kg/day (usually given as a single 1-g 
dose) administered by i.v. or i.m. injection. The frequency 
of administration can be reduced from daily to three times a 
week for patients receiving kanamycin for prolonged periods, 
based on patient factors and tolerability, although compara-
tive trial data do not exist (Blumberg et al., 2003). Preclinical 
studies show that amikacin is more potent in vitro, but clin-
ical comparisons are lacking (Sanders et al., 1982). A cohort 
study found that patients with MDR-TB with resistance to 
SLIs have lower treatment success than those with preserved 
susceptibility, so it is imperative that kanamycin and the 
other SLIs are used appropriately in this setting (Chan et al., 
2009).

The recommended duration of administration of kana-
mycin and other SLIs for MDR-TB is 8 months as part of the 
intensive phase (WHO, 2011). A meta-analysis from these 
guidelines demonstrated no benefit in continuing SLIs longer 
than 8 months. A shorter duration may be considered in low- 
burden disease when the patient has become culture negative 
for at least 4 months before cessation.

Kanamycin may be used during a shortened intensive 
phase (at least 4 months or until culture negative) in an 
MDR-TB combination regimen, with an overall shorter treat-
ment period (9–12 months). Data for these shorter courses 
are limited to observational studies. Van Deun et al. (2010) 
reported clinical success with a 9-month regimen in 206 
patients with MDR-TB with no previous exposure to second-
line drugs. During an intensive treatment phase, patients 
received at least 4 months of combination therapy including 
kanamycin, followed by a 5-month maintenance phase. The 
relapse-free cure rate was 87.9% in this cohort, in which 
resistance to kanamycin was 0%. In an update to this original 
study, Aung et al. (2014) reported that 84.5% of the 515 
patients enrolled between 2005 and 2011 had a successful 
treatment outcome, with 82.3% of these patients being 
relapse free for 24 months. In Cameroon, one study assessed 
outcomes and adverse effects observed with a similar stan-
dardized 12-month regimen for MDR-TB, which included 
kanamycin during the 4-month intensive treatment phase. 
Analysis was undertaken in 150 patients who received the 
treatment regimen and were followed up: 134 (89%) patients 
successfully completed treatment, with hearing impairment 
attributed to kanamycin therapy being an important adverse 
effect (occurring in 43% of patients) (Kuaban et al., 2015). 
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A randomized clinical trial evaluating the efficacy and 
safety of this shorter regimen is currently under way (Nunn 
et al., 2014). This 9–12 month regimen could be considered 
in cases in which fluoroquinolone and SLI susceptibilities 
have been proven, thereby potentially limiting the overall 
risk of toxicity from SLIs. 

Because the manufacturing process of kanamycin is com-
plex and limited to only a few manufacturers globally who 
meet WHO quality standards, kanamycin availability is often 
limited and has been hampered in recent years by manu-
facturing issues, resulting in many countries being forced to 
switch to amikacin for use against MDR-TB (MSF, 2013).

7b.  Serious Gram-negative infections

In the 1960s, kanamycin was regarded as the antibiotic of 
first choice for treatment of serious Gram-negative infections 
(Murdoch et al., 1962). However, with the advent of genta-
micin and the third-generation cephalosporins, kanamycin 
is no longer used for these infections.

7c.  Bowel sterilization

Along with neomycin, oral kanamycin has been used in com-
bination with an anaerobic agent (such as erythromycin or 
metronidazole) to “sterilize” the gut and prevent infection 
before colorectal surgery (Cohn, 1958; Wapnick et al., 1979). 
Oral prophylaxis is still recommended before colorectal sur-
gery in combination with mechanical bowel preparation and 
intravenous antibiotic prophylaxis; however, neomycin is 
usually chosen because of its easier availability (Bratzler et 
al., 2013). 

Oral kanamycin has been used for bowel sterilization 
and to reduce hepatic encephalopathy in patients with liver 
failure, especially if they also have renal impairment. Oral 
kanamycin has been preferred to neomycin in patients with 
hepatic failure because it has fewer gastrointestinal side effects 
and lower expected nephro- and ototoxicity potential (Kunin, 
1966). Although minimal amounts of kanamycin are absorbed 
from the gastrointestinal tract, in the setting of liver failure, 
the small amount that is absorbed may accumulate owing to 
concurrent renal impairment. Kanamycin is also considered 
by some authors to be less liable to cause changes in the 
intestinal mucosa and malabsorption (Faloon et al., 1966).

7d.  Necrotizing enterocolitis

Necrotizing enterocolitis is a disease predominantly affecting 
infants of low birth weight who have received intensive care 
treatment. It is characterized by abdominal distention, ileus, 
passage of blood in stools, intestinal perforation, septic shock, 
and high mortality (20–40%). Randomized controlled trials 
with enteral kanamycin prophylaxis (Boyle et al., 1978; Egan 
et al., 1976) have resulted in a significant reduction in necro-
tizing enterocolitis and a nonsignificant reduction in mortal-
ity. However, owing to the observed increase in the incidence 
of resistant bacterial colonization, the reviewers concluded 

that there was insufficient evidence for use of oral aminogly-
cosides for prophylaxis of necrotizing enterocolitis (Bury 
and Tudehope, 2001). Emergence of resistant strains of Staphy
lococcus epidermidis was also noted to coincide with the use 
of oral kanamycin prophylaxis in one neonatal intensive care 
unit (Conroy et al., 1978).

7e.  Gonorrhea

Previously, kanamycin and other aminoglycosides were used 
as an alternative to penicillin G for the treatment of gonor-
rhea. Satisfactory results in acute uncomplicated gonorrhea, 
including cases caused by beta-lactamase–producing strains, 
have been obtained using single 2-g i.m. doses (Hira et al., 
1985; Report of a WHO Scientific Group, 1978). Increasing 
resistance, however, has been noted in many countries where 
kanamycin was previously used for empiric treatment of 
gonorrhea (Apalata et al., 2009; Hovhannisyan et al., 2007), 
and other drugs, such as ceftriaxone and the fluoroquino-
lones, are now preferred. Kanamycin is currently no longer 
recommended for gonorrhea by the Centers for Disease 
Control and Prevention in the USA (CDC, 2015).
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1. DESCRIPTION

Gentamicin is a mixture of relatively equal amounts of three 
natural aminoglycosides, gentamicin C1, gentamicin C2, and 
gentamicin C1a, produced by Micromonospora (M. purpurea 
and M. echinospora) (Weinstein et al., 1964). The three com-
ponents are structurally related to the other natural amino-
glycosides, streptomycin, kanamycin, neomycin, tobramycin, 
and sisomicin. The molecular formulas for gentamcin C1, C2, 
and C1a are C21H43N5O7, C20H41N5O7, and C19H39N5O7, respec-
tively; the corresponding molecular weights are 477, 463, 
and 449. Gentamicin is used clinically as the sulfate salt. The 
molecular structure of gentamicin is shown in Figure 52.1. 
Like other aminoglycosides, gentamicin is characterized by 
having an aminocyclitol nucleus linked to amino sugars 
through glycosidic bonds.

For about a decade after its discovery, gentamicin was 
usually the preferred drug for the treatment of severe infec-
tions caused by Gram-negative aerobic bacteria, particularly 
in hospitals. Since the mid-1970s, its usefulness has decreased 
owing to the emergence of bacterial resistance and the devel-
opment of better-tolerated and potentially more effective 
drugs, such as extended-spectrum penicillins, cephalosporins, 
and the fluoroquinolones. However, with the global spread of 
multidrug-resistant bacteria, there is a renewed interest in 
gentamicin and other aminoglycosides (Falagas et al., 2014).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The antibiotic spectrum of gentamicin comprises mainly 
Gram- negative aerobic bacilli; against Gram-positive aero-
bic bacteria it is less active, although it may show synergy 
with cell wall–active antibiotic. In general, anaerobic bacte-
ria are not susceptible to gentamicin, similar to other 
aminoglycosides.

The in vitro susceptibility of common pathogens to genta-
micin, including the epidemiologic cut-off (upper limit of 
minimum inhibitory concentration [MIC] of the wild-type 
strains) and the clinical breakpoints according to the Euro-
pean Committee on Antimicrobial Susceptibility Testing 
(EUCAST), is shown in Table 52.1 (EUCAST, 2015; EUCAST 
2016).

GRAM-POSITIVE BACTERIA

All strains of Staphylococcus aureus were initially susceptible 
to gentamicin, but outbreaks caused by gentamicin-resistant 
strains were first reported by the mid-1970s (Speller et al., 
1976; Lewis and Altemeier, 1978). During the 1980s, most 
strains of methicillin-resistant S. aureus (MRSA) were also 
resistant to gentamicin; however, a switch to gentamicin- 
susceptible strains of MRSA has occurred recently in many 
areas (Klevens et al., 2006; Rodríguez-Baño et al., 2009). S. 
epidermidis strains were also initially susceptible to gentami-
cin (Laverdiere et al., 1978), but similar to the situation for 
S. aureus, more than 60% of S. epidermidis strains became 
resistant (Archer and Climo, 1994). In contrast, most strains 
of S. saprophyticus are still susceptible (Hayami et al., 2013). 
Despite the in vitro susceptibility of these strains, gentami-
cin has limited in vivo activity if used alone against these 
pathogens.

Other Gram-positive cocci, such as Streptococcus pyogenes, 
group B streptococci, S. pneumoniae, and the alpha-hemo-
lytic streptococci (S. viridans), are relatively resistant to gen-
tamicin. Gentamicin acts synergistically with penicillin G 
(or ampicillin) against group A and B streptococci and most Figure 52.1. Molecular structure of gentamicin.
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S. viridans strains, unless the organism shows high-level 
resistance to gentamicin (Baker et al., 1981; Sande and Irvin, 
1974). However, gentamicin only mildly enhances the bacte-
ricidal activity of penicillin G and cefotaxime against pneu-
mococci (Gross et al., 1995). Vancomycin and gentamicin 
act synergistically against penicillin-resistant pneumococci in 
vitro and in experimental meningitis in rabbits (Cottagnoud 
et al., 2003).

Enterococcus faecalis and E. faecium are moderately resis-
tant (MIC, 4–128 mg/l), but there is a synergistic effect when 
combined with penicillin G or ampicillin for strains not 
showing high-level resistance to gentamicin (Patterson and 
Zervos, 1990; Leclercq et al., 1992). 

Listeria monocytogenes is moderately susceptible to genta-
micin (MIC, 0.25–1.0 mg/l) (Larsson et al., 1985). Again, 
penicillin G or ampicillin and gentamicin act synergistically 
against this organism (MacGowan et al., 1990). Gentamicin 
has modest activity against Bacillus and Corynebacterium 
spp. (Waitz and Weinstein, 1969). Bacillus cereus is moder-
ately susceptible (MIC, 2.0 mg/l), and both clindamycin and 
vancomycin show in vitro synergy with gentamicin against 
this organism (Gigantelli et al., 1991). Most Nocardia aster
oides strains are gentamicin resistant, but N. brasiliensis 
and N. caviae are usually susceptible (Wallace et al., 1983). 
Anaerobic Gram-positive bacilli, such as Clostridium per
fringens and C. difficile, are resistant to gentamicin (Brook 
and Walker, 1985).

GRAM-NEGATIVE BACTERIA

Gentamicin is intrinsically active against nearly all the Enter-
obacteriaceae, such as Escherichia coli, Enterobacter, Kleb siella, 
Proteus, Salmonella, Shigella, Providencia, Serratia, and Citro
bacter spp. (Jao and Jackson, 1964; Weinstein et al., 1964; John 
et al., 1982; Guimaraes et al., 1985). An exception is Providen
cia stuartii, which unlike other Providencia spp. sometimes 
needs high gentamicin concentrations for inhibition (MIC 
up to 32 mg/l) (Penner et al., 1982). Yersinia pestis, Y. pseudo
tuberculosis, and Y. enterocolitica are also usually gentamicin 
susceptible (Soriano and Vega, 1982; Pham et al., 1991).

Pseudomonas aeruginosa is intrinsically susceptible, 
although the rate of resistance is heterogeneous in different 
hospitals. It is less active than tobramycin, however. Burk
holderia cepacia, P. multivorans, P. putida, P. fluorescens, and 
Stenotrophomonas maltophilia are usually or intrinsically 
resistant. P. stutzeri and P. putrefaciens may be susceptible to 
gentamicin, but resistant strains occur (Uwaydah and Taqi-
Eddin, 1976; Kim et al., 1989). Gentamicin is also intrin-
sically active against Acinetobacter baumannii (Tilley and 
Roberts, 1994), but resistance rate is usually higher than 50% 
in many areas (Fernández-Cuenca et al., 2013).

Among other Gram-negative bacteria, the Neisseria spp. 
(meningococci and gonococci) are only moderately suscep-
tible to gentamicin, the degree varying with individual strains 
(Chisholm et al., 2011). Gentamicin also has only modest 
activity against Haemophilus influenzae. Brucella spp. (Turk-
man et al., 2006), Moraxella spp., Pasteurella multocida (Waitz 
and Weinstein, 1969), and Francisella tularensis (Alford et 
al., 1972; Urich and Petersen, 2008) are usually susceptible. 
Aeromonas spp. are also usually susceptible (Harris et al., 
1985), but Pseudomonas alcaligenes is commonly resistant to 
gentamicin and other aminoglycosides (Uwaydah and Taqi-
Eddin, 1976). The Flavobacterium spp. are always resistant 
to aminoglycosides, including gentamicin (Drasar et al., 
1976; Lee et al., 1977). Although Legionella pneumophila and 
L. micdadei are susceptible to gentamicin in vitro, the drug is 
ineffective for treatment of human infections caused by these 
organisms (Thornsberry et al., 1978; Dowling et al., 1982). 
Campylobacter jejuni is susceptible in vitro to gentamicin 
and other aminoglycosides (Michel et al., 1983). The drug is 
also active against C. fetus (Goossens et al., 1989).

All anaerobic Gram-negative bacteria, such as Fusobac
terium spp., Prevotella (Bacteroides) melaninogenica, Bacter
oides fragilis, and other Bacteroides spp., are resistant to 
gentamicin (Brook et al., 1984) because gentamicin and other 
aminoglycosides require oxygen for the intracellular uptake 
and transport of these agents (Bryan et al., 1979; Moellering, 
1983). Gentamicin combined with either penicillin G, clinda-
mycin, or metronidazole may significantly reduce the MICs 
of these three drugs against some strains of P. melaninogenica 
and B. fragilis (Okubadejo and Allen, 1975; Brook et al., 1984). 

MYCOBACTERIA

Gentamicin, in contrast to kanamycin (see Chapter 51, Kana-
mycin), has no activity against Mycobacterium tuberculosis 

Table 52.1. In vitro epidemiologic and susceptibility breakpoints, 
and range of MIC in various bacterial pathogens to gentamicin 
according to EUCAST

Organism

MIC (µg/ml)

ECoff
S

(≤)
R

(>) Range

Gram-positive bacteria

Staphylococcus aureus  2 1   1 0.008–512

Coagulase-negative 
Staphylococcus

 0.5 1   1 0.016–512

Enterococcus spp. 32 128 0.054–512

Streptococcus group A, B, C 
and G

ND — — 0.032–512

Streptococcus pneumoniae ND — — 0.032–512

Streptococcus viridans group ND — — 0.25–256

Listeria monocytogenes ND — — 0.032–2

Gram-negative bacteria

Enterobacteriaceae 2 2   4 0.008–512

Haemophilus influenzae 4 — — 0.25–4

Pseudomonas aeruginosa 8 4   4 0.016–512

Acinetobacter baumannii 4 4   4 0.032–512

Neisseria gonorrhoeae ND — — 1–16

Abbreviations: ECoff: epidemiologic cut-off, indicating the upper limit of 
the wild-type distribution; EUCAST: European Committee on Antimicro-
bial Susceptibility Testing; MIC: minimal inhibitory concentration; ND: 
not determined; R: resistant; S: susceptible.
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at clinically attainable concentrations, with most strains hav-
ing an MIC of 64 mg/l or higher. It also has no activity against 
other mycobacteria (Gangadharam and Candler, 1977; Wal-
lace and Wiss, 1981).

OTHER ORGANISMS

Mycoplasma pneumoniae and M. hominis are susceptible to 
gentamicin. Yeasts, other fungi, and Entamoeba histolytica 
are resistant (Waitz and Weinstein, 1969).

2b.  Emerging resistance and 
cross-resistance

GRAM-NEGATIVE BACTERIA

For a period after the introduction of gentamicin, gentami-
cin-resistant strains of Enterobacteriaceae were uncommon 
(Sabath, 1969). This contrasted with the high prevalence of 
kanamycin-resistant organisms at the time. During the 
1970s, the prevalence of gentamicin-resistant Enterobac-
teriaceae and P. aeruginosa gradually increased worldwide 
(Moellering, 1983; John and Ribner, 1991), and hospital 
infections and outbreaks caused by gentamicin-resistant 
Klebsiella spp. and P. aeruginosa became especially prevalent 
during the 1970s and 1980s (Richmond et al., 1975; Gerding 
et al., 1979; Olson et al., 1985). The resistance rate tended to 
decline later when the use of gentamicin was reduced 
(Ristuccia and Cunha, 1982; Gerding et al., 1991; Sader et 
al., 2003; Kiffer et al., 2005; Rhomberg et al., 2007; Turner, 
2009). However, the spread of Enterobacteriaceae-producing 
extended-spectrum beta-lactamases (ESBLs) during the past 
20 years has again affected the rates of gentamicin suscepti-
bility, because ESBLs are vehiculated in epidemic plasmid 
that frequently also harbors aminoglycoside-resistant genes. 
Table 52.2 reflects the current rates of gentamicin resistance 
in different parts of the world based on multinational resis-
tance surveillance studies.

There are four known mechanisms by which Gram-
negative bacteria develop resistance to gentamicin and other 
aminoglycosides: (1) alteration of the ribosomal site of 
action; (2) decreased cell permeability; (3) efflux pumps; and 
(4) aminoglycoside-modifying enzymes.

Alteration of ribosomal site
Mutation in ribosomal genes may cause an alteration at the 
site of aminoglycoside attachment to the ribosome, thereby 
interfering with the drug’s ability to bind to the ribosome. 
Gram-negative bacteria readily develop high-level resis-
tance to streptomycin by this mechanism, because this drug 
appears to bind to a single site on the 30S subunit of the ribo-
some. Other aminoglycosides, such as kanamycin, gentami-
cin, tobramycin, and amikacin, appear to bind to multiple 
sites on both ribosomal subunits, and high-level ribosomal 
resistance to these drugs is rare and cannot be selected in 
vitro by a single mutational step.

In 2003, the acquired gene rmtA, which methylates the 
16S rRNA site of action, was found in a P. aeruginosa strain 

showing high-level resistance to all aminoglycosides (Yoko-
yama et al., 2003). Since that discovery, similar or other 
methylase genes have been found in various strains of 
Enterobacteriaceae (Bogaerts et al., 2007; Wachino et al., 
2007; Yu et al., 2009). These genes, rmtA, rmtB, armA, and 
npmA, can be found alone or in combination and are associ-
ated with methylation at the G1405 or A1408 position on 16S 
rRNA (Wachino et al., 2007; Maravić Vlahovicek et al., 
2008). The majority of these strains also have ESBL or car-
bapenemase genes that are co-transferred with the methylase 
genes on plasmids. The rapid spread of these multiresistant 
isolates in some countries is a major threat.

Decreased cell permeability
Some strains of P. aeruginosa and other Gram-negative 
bacilli are resistant to gentamicin and other aminoglycosides 
owing to a transport defect limiting the concentration of the 
antibiotic in the bacteria. These mutants may have changes 
in cytochromes, respiratory quinones, or a reduction of the 
synthesis of components of the electron transport chain 
(Bryan and Kwan, 1981). They also have a tendency to form 
small colonies on agar (Gerber et al., 1982). This type of 
resistance leads to generalized cross-resistance to all amino-
glycosides, although the level of resistance may be low 
(Gerber et al., 1982). It probably occurs as a result of a chro-
mosomal mutation affecting the genes for aminoglycoside 
transport (Hardy et al., 1980; Schurek et al., 2008). In other 
bacterial strains, resistance may be due to a permeability bar-
rier at the cell wall; in some P. aeruginosa strains, low-level 
aminoglycoside resistance is associated with a change in the 
structure of the lipopolysaccharide in their cell walls (Bryan 
et al., 1984; Shearer and Legakis, 1985; Bryan, 1988; Young et 
al., 1992; Kadurugamuwa et al., 1993; Schurek et al., 2008).

Efflux pumps
Overexpression of efflux pumps can also result in resistance 
to gentamicin (Vettoretti et al., 2009). The AcrD pump system 
in E. coli and the MexXY-OprM pump system in P. aerugi
nosa are the major pumps that cause efflux of aminoglyco-
sides (Masuda et al., 2000; Aires and Nikaido, 2005). The 
MexAB-OprM efflux system also contributes to intrinsic 
gentamicin resistance in low-ionic-strength media (Li et al., 
2003). Overexpression of the MexXY-OprM pump is a major 
resistance mechanism for P. aeruginosa isolates in individ-
uals with cystic fibrosis (Islam et al., 2009; Vettoretti et al., 
2009). This pump system (the MexAB-OprM efflux system) 
has also been shown to contribute to intrinsic gentamicin 
resistance in low-ionic-strength media (Li et al., 2003). This 
efflux pump is also required for antagonism of aminoglyco-
sides by divalent cations in P. aeruginosa (Mao et al., 2001).

There is also evidence that efflux pumps are involved in the 
phenomenon called adaptive resistance after first exposure 
(Daikos et al., 1990). After the initial aminoglycoside dose, 
bacteria may become very resistant for several hours before 
gradual return to their full sensitivity. The mechanism for 
adaptive resistance was thought to represent downregulation 
of aminoglycoside uptake during the period of accelerated 
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energy-dependent drug transport (Daikos et al., 1990; Bar-
clay et al., 1992). However, the presence of the MexXY-OprM 
efflux system is necessary to develop adaptive resistance to 
gentamicin and other aminoglycosides in P. aeruginosa 
(Hocquet et al., 2003). This suggests that the resistance is 
due to temporary upregulation of the MexXY-OprM efflux 
system.

Aminoglycoside-modifying enzymes 
Aminoglycoside-modifying enzymes (AMEs) are the most 
common and the most important resistant mechanisms in 
clinical practice. These enzymes can modify gentamicin by 
acetylation, adenylylation, or phosphorylation (Ramirez 
and Tolmasky, 2010). Aminoglycosides modified by these 
enzymes cannot bind to ribosomes.

There is no uniform nomenclature to refer to AMEs and 
the genes encoding them (Shaw et al., 1993; Novick et al., 
1976; Vanhoof et al., 1998; Ramirez and Tolmasky, 2010). 
They are frequently named according to their enzymatic 
activity (AAC, AAD, and APH for acetyltransferases, nucle-
otidyltransferases, and phosphotransferases, respectively) fol-
lowed by the site of modification in parenthesis (class), a 
roman number particular to the resistant profile they confer 
(subclass), and a lowercase letter (Ramirez and Tolmasky, 
2010). Gene designation is written in the same way as the 
enzyme designation, but in italic and lowercase characters 
(Vanhoof et al., 1998). In the classic nomenclature system, 
genes are named with italic lowercase letters (aac, aad, aph) 
followed by a capital letter that identifies the site of modifica-
tion and a number that provides a unique identifier to differ-
ent genes (e.g. aacA7) (Novick et al., 1976).

There are at least four acetyltransferases that modify ami-
noglycosides by acetylation in –NH2 groups at positions 1, 2′, 
3, or 6′, which are designated AAC-(1), AAC-(2′), AAC-(3), 
and AAC-(6′), respectively. The enzymes AAC-(3) and AAC-
(6′) are each further subdivided into several types. Genta-
micin can be modified by AAC-2′ and by some types of 
AAC-(3) and AAC-(6′) enzymes, but amikacin is affected 
only by the AAC-(6′) group. The AAC-(6′) enzymes are the 
most frequent; they can be found in various Gram-negative 
bacilli but also in enterococci (Chen and Williams, 1985). A 
variant of AAC-(6′)-Ib conferring reduced susceptibility to 
ciprofloxacin by N-acetylation at the amino nitrogen has 
been identified (Robicsek et al., 2006).

Adenylylation may be caused by at least five adenylyl-
transferases, designated ANT-2″, ANT-3′, ANT-4′, ANT-6, 
and ANT-9. ANT-4′ is further subdivided into two types. 
ANT-2″ can modify gentamicin and ANT-4′ can modify 
amikacin.

There are at least 10 phosphotransferases, designated 
APH-3′-I, APH-3′-II, APH-3′-III, APH-3′-IV, APH-3′-V, 
APH-3′-VI, APH-3′-VII, APH-3″-I, APH-6-I, and APH-4-I. 
Most of these can be elaborated by various Gram-negative 
bacilli. APH-3′-II and APH-3′-VI can modify gentamicin, 
but amikacin is modified only by APH-3′-VI.

Genes encoding for AMEs have been found in plasmids 
and chromosomes and are often part of mobile genetic ele- 

ment structures (Bryan et al., 1974; Shaw et al., 1993; Ramirez 
and Tolmasky, 2010; Chen et al., 2013). AME gene-contain-
ing plasmids have been implicated in hospital outbreaks 
(Richmond et al., 1975; Davey and Pittard, 1977; Huang et 
al., 2012). ESBL-producing Enterobacteriaceae may be gen-
tamicin resistant because they may also produce AMEs or 
methylases (Fernandez-Rodriguez et al., 1992; Galani et al., 
2002).

GRAM-POSITIVE BACTERIA

Resistance of S. aureus to gentamicin is frequently mediated 
by gentamicin-modifying enzymes; the most frequent are 
ANT-4′, APH-3′-III, and the bifunctional enzyme AAC-6′/
APH-2″ (Storrs et al., 1988; Hodel-Christian and Murray, 
1991; Shaw et al., 1993; Archer and Climo, 1994; Vanhoof 
et al., 1994). Gentamicin-resistance genes are usually located 
on conjugative or nonconjugative plasmids (Schaberg et al., 
1985; Byrne et al., 1990), but some can also be located on the 
chromosome (Storrs et al., 1988; Jordens and Hall, 1989). 
Plasmids may be transferred from S. epidermidis to S. aureus 
and vice versa (Jaffe et al., 1982; Archer and Johnston, 1983; 
Archer et al., 1985).

In some S. aureus strains, similar to Gram-negative bacilli, 
the resistance mechanism is probably decreased intracellular 
uptake of gentamicin or abnormal intracellular transport of 
the drug owing to a chromosomal mutation. These organ-
isms exhibit a broad spectrum of resistance that applies to all 
clinically useful aminoglycosides, including amikacin (Miller 
et al., 1980; Moellering, 1983). If the MICs of gentamicin 
against S. aureus strains are estimated under anaerobic con-
ditions, they are 10-fold greater than those determined aero-
bically. This may be of clinical significance because some 
S. aureus infections, such as osteomyelitis, and some deep-
seated abscesses are essentially anaerobic (Harrell and Evans, 
1978; Mates et al., 1983).

Plasmid or chromosomally mediated high-level gentami-
cin resistance has been described in some strains of group B 
streptococci (Buu-Hoï et al., 1990; Kaufhold et al., 1992), and 
chromosomally mediated high-level gentamicin resistance 
has been described in Streptococcus mitis (Kaufhold and Pot-
gieter, 1993). For these strains, penicillin G (or ampicillin) 
plus gentamicin does not exhibit synergism. With S. pyogenes, 
high-level streptomycin and kanamycin resistance has been 
detected but no high-level gentamicin resistance (Van Asselt 
et al., 1992).

In addition to intrinsic low-level resistance to aminogly-
cosides owing to low uptake of the drug, Enterococci may 
acquire genes conferring high-level resistance, which was 
initially discovered in the late 1970s (Horodniceanu et al., 
1979; Mederski-Samoraj and Murray, 1983). The MIC of 
gentamicin in these strains was > 2000 mg/l, which is much 
higher than the MICs of those with only low-level resistance 
(Zervos et al., 1986). According to EUCAST criteria, high-
level resistance to gentamicin is defined as MIC >128mg/l 
or an inhibition zone diameter < 8 mm (EUCAST, 2015). A 
combination of penicillin G (or ampicillin) plus gentamicin 
is not synergistic against these strains (Patterson and Zervos, 
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1990; Leclercq et al., 1992). High-level resistance to genta-
micin in such strains is mediated by the production of the 
AMEs AAC-6′ and APH-2″ (Patterson and Zervos, 1990; 
Huycke et al., 1991; Woodford et al., 1992). The same 
enzymes modify all other aminoglycosides except for strep-
tomycin, so E. faecalis strains with high-level gentamicin 
resistance always have high-level resistance to tobramycin, 
kanamycin, amikacin, netilmicin, and sisomicin.

E. faecalis strains with high-level gentamicin resistance 
have become quite prevalent in many areas over the past sev-
eral decades (Zervos et al., 1987; Patterson and Zervos, 1990; 
Watanakunakorn, 1992; Antalek et al., 1995; Christiansen 
et al., 2007; Rodríguez-Baño et al., 2005; Hammerum AM et 
al., 2012), and previous use of antibiotics is the main risk fac-
tor for acquisition (Rodríguez-Baño et al., 2005). Most beta- 
lactamase–producing E. faecalis strains also show high-level 
gentamicin resistance (Ingerman et al., 1987; Markowitz et al., 
1991). The beta-lactamase genes and gentamicin-resistance 
genes in these strains appeared to be integrated into the bac-
terial chromosome. 

Genes coding for high-level gentamicin resistance in E. 
faecalis can be transferred to E. faecium in vitro and in vivo 
(Chen and Williams, 1985; Eliopoulos et al., 1988; Woodford 
et al., 1992). Genes homologous to the E. faecalis high-level 
gentamicin-resistance gene can also be demonstrated in 
three additional enterococcal species, E. avium, E. gallinarum, 
and E. raffinosus. Transfer of these resistance determinants 
among various species can occur, but there is some hetero-
geneity among the resistance genes in the various species 
(Grayson et al., 1991; Sahm and Gilmore, 1994).

3. MECHANISM OF DRUG ACTION

Aminoglycosides penetrate into bacteria following a sequen-
tial process; a passive step is followed by two energy-de-
pendent steps (Taber et al., 1987; Ramirez and Tolmasky, 
2010). Gentamicin and other aminoglycosides inhibit bacte-
rial growth by inhibiting protein synthesis, and the main 
mechanism of its action appears to be similar to that of strep-
tomycin. Gentamicin binds to a particular protein or pro-
teins of the 30S subunit of bacterial ribosomes and causes 
misreading of the genetic code. The drug is bactericidal in 
vitro, similar to other aminoglycosides (Hahn and Sarre, 
1969). The bactericidal activity could be due to nonsense 
peptides produced as a result of the misreading of the genetic 
code, the nonreversible tight binding of the drug to the ribo-
some, or the interaction with the cell membrane (Davis, 
1987; Wyka and St John, 1990). 

Gentamicin also inhibits the accumulation of extracellu-
lar proteases secreted by P. aeruginosa, enzymes that contrib-
ute to its pathogenicity. This inhibition occurs at gentamicin 
concentrations lower than those required to inhibit bacterial 
protein synthesis (Warren et al., 1985).

Gentamicin and other aminoglycosides can produce a 
decrease in mammalian microsomal protein synthesis at con-
centrations approximating those accumulated in the renal 
cortex and in perilymph bathing the membranous labyrinth. 

Inhibition of mammalian protein synthesis may explain the 
toxicity of gentamicin and other aminoglycosides (Buss et 
al., 1984; Buss et al., 1985; Buss and Piatt, 1985).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The dose of gentamicin usually recommended is 4.0–7.0 mg/
kg i.m. or i.v. per day administered as a single dose or divided 
into two or three equal doses. Intravenously, the drug has 
usually been given as a 30-minute infusion (Prins et al., 1993; 
Ellis-Pegler et al., 1994). For intraventricular gentamicin in 
adults, which may be needed in the case of meningitis caused 
by extensively drug-resistant bacteria, the dosage is 5–10 mg 
daily (Rahal, 1972; Kaiser and McGee, 1975; Tängdén, 2011), 
although doses as high as 20 mg daily have been used safely 
(Smilack and McCloskey, 1972). Gentamicin dosing is usu-
ally monitored by measuring peak and trough serum levels 
both to reduce toxicity and to optimize efficacy.

ONCE-DAILY ADMINISTRATION

There are several reasons for once-daily administration of 
gentamicin and other aminoglycosides. Initial bacterial kill-
ing with aminoglycosides is enhanced by the high peak drug 
concentration attained by this method of administration. 
Aminoglycosides have a postantibiotic effect in vivo and in 
vitro against most susceptible bacteria; the in vitro effect is 
the recovery period or persistent suppression of bacterial 
growth after short (1- or 2-hour) antimicrobial exposure in 
vitro (Vogelman et al., 1988). Initial high antibiotic concen-
tration and increased time of exposure prolong the postanti-
biotic effect in vitro. It is hypothesized that after one large 
gentamicin dose daily, the postantibiotic effect could last as 
long as 5–10 hours (Isaksson et al., 1988; Vogelman et al., 
1988; Fantin et al., 1990; Isaksson et al., 1993; MacKenzie and 
Gould, 1993; Karlowsky et al., 1994). However, simulations 
of in vivo human pharmacokinetics of tobramycin showed 
this effect to be much shorter (den Hollander et al., 1998; see 
Chapter 53, Tobramycin). Finally, studies in patients requir-
ing nephrectomy have shown less gentamicin uptake into the 
kidney at 24 hours with once-daily dosing than with contin-
uous infusion (Verpooten et al., 1989).

Once-daily aminoglycoside administration has been stud-
ied in multiple comparative studies with conventional every-
8-hours administration for various aminoglycosides. There 
are many meta-analyses of different combinations of these 
studies, which show a small significant difference or a non-
significant trend to fewer clinical failures with once-daily 
dosing (Galloe et al., 1995; Barza et al., 1996; Hatala et al., 
1996; Munckhof et al., 1996; Ali and Goetz, 1997; Bailey et 
al., 1997). The meta-analyses included studies using genta-
micin, tobramycin, amikacin, and netilmicin for 7–14 days 
of therapy. Most of the studies have been performed in adults 
(Nordström et al., 1990; Gilbert, 1991; Parker and Davey, 
1993; Prins et al., 1993; Ellis-Pegler et al., 1994). The meta- 
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analyses have shown equivalent ototoxicity or a “trend” to 
lower ototoxicity with once-daily administration. Only the 
meta-analysis by Barza et al. (1996) exhibited a significantly 
lower incidence of nephrotoxicity with once-daily dosing. 
Subsequent studies have demonstrated that the nephrotoxic-
ity with once-daily dosing develops later than with tradi-
tional every-8-hours dosing; however, with prolonged dosing 
the incidence is much the same (Rougier et al., 2003). A 
meta-analysis of studies in neutropenic patients was limited 
by the small sample size and the limitations of the studies 
included; its results also suggest that once-daily dosing is as 
effective in neutropenic patients, although more studies in 
patients with bacteremia would be needed (Mavros et al., 
2011). 

Current recommendations for once-daily dosing of gen-
tamicin are well supported for up to 5 days of therapy 
(Hansen et al., 2001; Drusano et al., 2007). Nicolau et al. 
(1995) administered gentamicin in a dosage of 7 mg/kg i.v. 
every 24 hours to patients with estimated creatinine clear-
ance of ≥ 60 ml/min for relatively short durations, with good 
results. As expected, a few patients developed ototoxicity or 
nephrotoxicity, but overall these side effects were infrequent. 
Serum level monitoring showed that concentrations at 24 
hours were usually less than 1.0 mg/l. It appears that a dosage 
of 7 mg/kg administered once daily is suitable when this 
drug alone is to be used to treat serious infections. The usual 
4–5 mg/kg daily dosage is probably sufficient when gentami-
cin is used together with a beta-lactam antibiotic. Pharmaco-
kinetic adjustment of dosing based on serum concentrations 
showed better outcomes than use of fixed dosing in a small 
trial (Bartal et al., 2003).

Once-daily gentamicin at 3 mg/kg plus penicillin is satis-
factory for S. viridans endocarditis (Brandt et al., 1996), but 
for enterococcal endocarditis 3 mg/kg/day in two to three 
equally divided doses is still recommended (Baddour et al., 
2015). Gentamicin (3 mg/kg) is also given in two or three 
divided doses for short 3- to 5-day courses in S. aureus endo-
carditis and for 2 weeks for prosthetic valve endocarditis.

TRADITIONAL ADMINISTRATION EVERY 8 HOURS

In the past, a commonly recommended adult dosage was 
80 mg every 8 hours, or 4.5 mg/kg of body weight per day, 
given i.m. or i.v. in three divided doses (Darrell and Water-
worth, 1967; Gingell and Waterworth, 1968). For seriously ill 
patients, a larger dose may be needed for a satisfactory clini-
cal outcome. During the first day of treatment of critically ill 
patients, a dosage ranging from 5 mg/kg of body weight per 
day (Noone et al., 1974) to 7–8 mg/kg/day (Riff and Jackson, 
1971), or even higher (Zaske et al., 1982), given in three 
divided doses has been used. Overweight patients need less 
gentamicin per kilogram of body weight and, conversely, 
underweight patients need more, mainly because the volume 
of distribution of the drug is higher in the latter group 
(Traynor et al., 1995). Subsequent gentamicin dosage is then 
determined according to results of serum concentration mea-
surements, a gentamicin dosage nomogram, or both. Patients 
older than 60 years of age may have a reduced creatinine clear- 

ance and thus reduced gentamicin clearance despite normal 
serum creatinine values. Subsequent doses of gentamicin may 
have to be reduced in these patients and serum gentamicin 
levels monitored (Ljungberg and Nilsson-Ehle, 1987).

In patients with Gram-negative sepsis, increased mortality 
has been correlated with early inadequate gentamicin serum 
levels (Moore et al., 1984; Drusano, 1988). Dosage should 
be adjusted to produce peak serum concentrations of about 
6–10 mg/l, which occur about 1 hour after i.m. or i.v. injec-
tion. Serum concentrations just before the next dose (trough 
levels) should not exceed 1.5–2.0 mg/l (McGhie et al., 1974) 
using an every-8-hours dosing regimen. In some patients, 
the commonly used adult dosage of 80 mg every 8 hours may 
produce toxic serum levels, but in others this may be insuffi-
cient. A proportion of adults require a maintenance dosage 
of 120 mg or even 160 mg every 8 hours (up to 7 mg/kg/day) 
to achieve adequate serum levels and a satisfactory therapeu-
tic result. The continuous infusion of gentamicin at ordinary 
doses is not recommended (Powell et al., 1983).

4b.  Newborn infants and children

Children need relatively higher doses of gentamicin than 
adults to achieve similar serum levels. For children younger 
than 5 years of age, a dosage of 7.5 mg/kg of body weight per 
day is recommended, whereas for those aged 5–10 years, a 
dosage of 6 mg/kg/day is appropriate, both given in three 
divided doses. These regimens produce serum levels similar 
to those attained in adults with the commonly used dosage of 
4.5 mg/kg/day. Alternatively, the arguments for administer-
ing the dose once daily are similar to those for adults. In a 
study involving relatively small numbers of children, genta-
micin in a dosage of 4.5 mg/kg/day given once daily appeared 
equally as safe and effective as the same daily dose adminis-
tered in three divided doses (Elhanan et al., 1995).

The serum gentamicin half-life is prolonged in infants 
during the first week of life. Such patients should be given 
only 5 mg/kg/day administered in two divided doses; all 
other infants may be given 7.5 mg/kg/day in three divided 
doses, the dosage recommended for older children (Ingham 
and Emslie, 1972; Nelson and McCracken, 1972; McCracken 
and Nelson, 1983). As in adults, there is a considerable vari-
ation in the serum levels attained with these dosages in 
individual infants, and serum gentamicin levels should be 
monitored (Leff et al., 1984; de Louvois, 1987). In studies in 
full-term neonates, once-daily administration of gentamicin 
in a dosage of 3.5–5 mg/kg of body weight infused i.v. over 
30 minutes was found to be safe and effective (Skopnik and 
Heimann, 1995; Lanao et al., 2004). A systematic review of 
once-daily versus multiple-dose administration in neonates 
found insufficient evidence for the superiority of either dos-
ing regimen (Rao et al., 2006). Once-daily dosing was supe-
rior in achieving peak gentamicin levels of at least 5 mg/l and 
avoiding toxic trough levels (Miron, 2001; Rao et al., 2006; 
Hagen and Øymar, 2009).

Smaller doses than these have been recommended by 
Szefler et al. (1980) and by Edwards et al. (1986) for preterm 
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babies during the first week of life. For those of gestational 
age of 28 weeks or less, the authors recommended a dosage of 
2.5 mg/kg once every 24 hours, and, for those of gestational 
age of 29–35 weeks, 2.5 mg/kg every 18 hours. A dosing inter-
val of 24 hours was also recommended for infants weighing 
less than 1500 g and an 18-hour interval for those weighing 
between 1500 and 3250 g (Keyes et al., 1989).

Comparative trials showed that intrathecal gentamicin 
provided no additional benefit to the efficacy of parenteral 
ampicillin plus gentamicin (McCracken and Mize, 1976) and 
that intraventricular gentamicin resulted in a higher death 
rate than in those who received systemic antibiotics alone 
(McCracken et al., 1980; McCracken and Mize, 1980). Intra-
thecal gentamicin is therefore considered only in cases of 
meningitis caused by bacteria resistant to first-line systemic 
agents.

4c.  Pregnant and lactating mothers

Gentamicin is categorized as pregnancy class D by the Food 
and Drug Administration (FDA) and should be adminis-
tered only when benefits outweigh the risks. Aminoglycosides 
cross the placenta, and there is therefore a potential risk of 
fetal nephrotoxicity and ototoxicity. There are reports of fetal 
eighth cranial nerve toxicity and hearing loss after prolonged 
in utero exposure to kanamycin (see Chapter 51, Kanamycin). 
Gentamicin is excreted into human milk in small amounts. 
However, aminoglycosides demonstrate poor bioavailability 
after oral administration, and therefore systemic toxicity in 
the nursing infant is unlikely. Gentamicin is considered 
compatible with breastfeeding by the American Academy of 
Pediatrics.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Patients with impaired renal function require a modified 
dosage schedule, and a number of dosage recommendations 
are available. A simple method is to assume that there is a 
linear relationship between the gentamicin half-life and the 
patient’s serum creatinine concentration. The gentamicin 
half- life (measured in hours) is roughly equal to the serum 
creatinine concentration (mg/dl) multiplied by 4. In patients 
with renal failure, the usual gentamicin dose of 80–120 mg 
(2.5 mg/kg in children) may be administered i.m. or i.v. once 
every two calculated half-lives. For example, an adult with a 
normal creatinine of 1.0 mg/dl may be given 80 mg every 8 
(1 × 4 × 2) hours, whereas a patient with severe renal failure 
(creatinine 10 mg/dl) should be given this dose once every 
80 (10 × 4 × 2) hours (McHenry et al., 1971). A simplification 
of this is to calculate the period in hours between doses by 
multiplying the patient’s serum creatinine (mg/dl) by 8 
(Goodman et al., 1975). This method has the disadvantage 
that there may be a prolonged period during which gentami-
cin serum levels are nontherapeutic before the next dose. It 
should be noted that the serum creatinine may be calculated 

by multiplying the creatinine value in millimoles per liter (in 
SI units) by a factor of 12. For instance, a serum creatinine 
of 0.1 mmol/l equals 1.2 mg/dl, and a serum creatinine of 
1.0 mg/dl equals 0.088 mmol/l.

An alternative is to reduce the individual doses of the 
drug, which are administered at constant intervals (Cutler et 
al., 1972). A loading dose of 1.5–2.5 mg/kg is given, but the 
subsequent every-8-hours dose is calculated by dividing the 
loading dose by the patient’s serum creatinine. This method 
aims to produce serum gentamicin levels that continuously 
approximate or slightly exceed the MICs of gentamicin for 
many aerobic Gram-negative bacilli (Goodman et al., 1975).

The gentamicin half-life often correlates poorly with 
serum creatinine (Kaye et al., 1974; Barza et al., 1975), how-
ever, and it correlates better with creatinine clearance in mil-
liliters per minute (Cronberg, 1994). An initial loading dose of 
gentamicin (5 mg/kg for single-daily therapy and 2.5 mg/kg 
for traditional every-8-hours administration) can be given to 
any patient with renal failure. Thereafter, maintenance doses 
can be given at the same dosage intervals. The maintenance 
dose is obtained by dividing the value of the observed creat-
inine clearance (ml/min) by the value of the normal creati-
nine clearance (ml/min), and then multiplying this result by 
the value of normal individual dose in milligrams. 

Numerous nomograms for gentamicin dosage have been 
published (Chan et al., 1972; Mawer et al., 1974; Bryan and 
Stone, 1977), designed to produce peak serum gentamicin 
concentrations of 5–10 mg/l and trough concentrations of 
2–3 mg/l (Aronoff and Luft, 1979). Several nomograms have 
also been published for once-daily dosing regimens (Nicolau 
et al., 1995; Urban and Craig, 1997). These nomograms use 
serum concentrations obtained 6–14 hours after the initial 
dose to extend the dosage interval to 36, 48, or 72 hours. 
Nevertheless, maintenance doses of gentamicin should be 
governed by serum level estimations (Follath et al., 1981; 
Bennett et al., 1983; Matzke et al., 1983). Wallace et al. (2002) 
evaluated the accuracy of four once-daily dosing nomo-
grams and found that they provided inaccurate dosing in 
many patients, which could be improved by individualizing 
the dosage.

Gentamicin is removed from the body by hemodialysis, 
and its half-life in anephric patients of approximately 50 
hours is reduced to about 10 hours during dialysis (Halpren 
et al., 1976). Newer dialyzers have obtained mean gentami-
cin half-lives on dialysis of 3.9 hours (range, 2.7–4.8 hours) 
(Sowinski et al., 2008). The commonly used dosing regimen 
for gentamicin in patients on hemodialysis two or three 
times a week is to give 50% of the standard 1.5–2.0 mg/kg 
dose after each hemodialysis session (Bennett et al., 1983; 
Zhuang et al, 2015). Again, gentamicin serum level monitor-
ing is essential.

Peritoneal dialysis also removes gentamicin, but the rate 
of clearance is slower than in hemodialysis and varies accord-
ing to the degree of peritoneal inflammation (Smithivas et 
al., 1971). The serum half-life of gentamicin in patients on 
peritoneal dialysis averages about 27 hours (Somani et al., 
1982). A single daily dose of 1.5–2.0 mg/kg of i.m. gentamicin 
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may result in therapeutic nontoxic serum levels in uremic 
patients undergoing peritoneal dialysis, but this should be 
confirmed by serum level estimations. Gentamicin may also 
be added to peritoneal dialysis fluid in a concentration of 
5–10 mg/l. If this is used to treat peritonitis, results will 
be improved if parenteral gentamicin is also administered 
(Smithivas et al., 1971; Hyams et al., 1971; Pancorbo and 
Comty, 1981).

PATIENTS WITH CYSTIC FIBROSIS

The most frequently used aminoglycoside in patients with 
cystic fibrosis is tobramycin (see Chapter 53, Tobramycin) 
because tobramycin is more active against P. aeruginosa. If 
gentamicin is used in patients with more severe cystic fibro-
sis, lower serum levels are attained with usual gentamicin 
doses owing to larger apparent volume of distribution of gen-
tamicin and also increased plasma clearance of the drug. 
These patients need a higher gentamicin dosage, but because 
there is much individual variation, therapy should be indi-
vidualized for each patient with serum level monitoring 
(Kearns et al., 1982; MacDonald et al., 1983). A meta-analysis 
of studies in this population showed similar efficacy of once-
daily dosing as compared with three daily doses, as well as 
probably lower nephrotoxicity in children (Smyth and Bhatt, 
2014).

PATIENTS WITH BURNS, TRAUMA, OR 
HEMATOLOGIC MALIGNANCIES

It had been found that in patients with hematologic malig-
nancies, there can be an increased clearance of gentamicin 
and other aminoglycosides, necessitating somewhat increased 
dosages when infections are treated in these patients (Zeitany 
et al., 1990; Bertino et al., 1991); however, the findings in 
these studies were later disputed (Inciardi and Batra, 1993). 
In both adults (Hassan and Ober, 1987) and children (Kraus 
et al., 1993) with severe trauma (Townsend et al., 1989) or 
severe burns (Boucher et al., 1992) or who are critically ill 
intensive care patients, the volume of distribution of genta-
micin is increased, requiring higher initial doses. Serum level 
monitoring is necessary to determine further dosing.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Bioavailability of gentamicin is less than 1% after oral or 
rectal administration. The drug is well absorbed with i.m. 
administration, with bioavailability ranging from 80–90%. 
Binding of gentamicin to serum proteins under normal con-
ditions is very low, and estimated values have been in the 
range 0–25% (Black et al., 1964; Gordon et al., 1972; Bailey 
and Briggs, 2004). Serum protein binding of gentamicin and 
other aminoglycoside antibiotics increases progressively with 
decreasing concentrations of the divalent cations, calcium 
and magnesium. In the absence of these cations, the drug is 
approximately 70% protein bound. Therefore, under normal 

circumstances, the binding of aminoglycosides to serum 
proteins is not pharmacologically important, but signifi-
cant binding may occur in certain pathologic conditions 
(Ramirez-Ronda et al., 1975).

The serum half-life of the drug in patients with normal 
renal function is approximately 1.9–2.6 hours. The half-life is 
longer in newborns but more rapid than in adults or young 
children (75 minutes). However, the half-life in patients with 
severe renal failure may be prolonged to 40–50 hours.

5b.  Drug distribution

The mean peak serum level of gentamicin after i.m. injection 
of 80 mg in an adult is 7.0 mg/l (range, 4.2–12.0 mg/l). This 
level is attained 0.5–2.0 hours after the injection (Gingell and 
Waterworth, 1968). Doubling the dose results in approxi-
mately twice the serum concentrations (Jao and Jackson, 
1964). Intravenous gentamicin produces serum levels similar 
to those obtained after i.m. injection, provided that the dose 
is infused over 20–30 minutes (Dyas et al., 1983). The peak 
serum levels after i.v. dosing of 80 and 240 mg/kg of body 
weight are 4.5 ± 0.5 and 13.4 ± 0.9 mg/l, respectively (Panidis 
et al., 2005). Peak serum concentrations after i.v. dosing of 
2.0, 5.0, and 7.0 mg/kg of body weight are 10.1 ± 1.3, 20.5 ± 
4.7, and 39.8 ± 4.1 mg/l, respectively (Demczar et al., 1997; 
Liu et al., 1999). The area-under-the-concentration-time 
curve (AUC) for the 2.0 and 7.0 mg/kg doses is 28.6 and 112 
mg/l per hour, respectively. MacGowan et al. (1994) gave 
gentamicin once a day in a dose of 4.5 mg/kg infused i.v. over 
30 minutes to seven neutropenic adults. Gentamicin serum 
levels 1, 2, 4, 8, and 24 hours after the infusion averaged 10.9, 
7.1, 4.2, 1.8, and 0.16 mg/l, respectively. The AUC of genta-
micin for this dosage averaged 50.9 mg/l per hour.

Mean peak concentrations are lower in neonates than in 
adults, varying from 1.58 mg/l after i.v. dosing of 1.0 mg/kg 
of body weight to 8.2 mg/l after 4.0–5.0 mg/kg of body weight 
(Siber et al., 1975; González-Santacruz et al., 2008). In a 
study comparing maternal and fetal blood concentrations 
after i.v. dosing of gentamicin at 5.1 mg/kg of body weight, 
the mean peak serum concentrations were 18.2 mg/l in the 
mothers and 6.9 mg/l in the fetuses (Locksmith et al., 2005).

The peak serum levels in patients with renal impairment 
after a single gentamicin dose are higher than those obtained 
in normal subjects (Klein et al., 1964; Riff and Jackson, 1971). 
Higher peak serum gentamicin levels are expected after the 
initial dose in patients with renal failure because this peak is 
determined not only by the distribution volume but also by 
excretion, which commences as soon as gentamicin is pres-
ent in the blood. 

Very low gentamicin concentrations are attained in the 
cerebrospinal fluid of patients with uninflamed meninges 
(Riff and Jackson, 1971). Levels in pleural, pericardial, and 
ascitic fluids are usually about 50% of those found in the 
serum at the time measured (Riff and Jackson, 1971; Taryle 
et al., 1981). The drug concentration is higher and may reach 
90% of the serum level in ascitic fluid of patients with bacte-
rial peritonitis (Gerding et al., 1977; Richey and Schleupner, 
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1981). Gentamicin penetrates well into synovial fluid, even 
in the absence of bacterial infection, where concentrations 
consistently exceed 50% of simultaneous serum levels (Dee 
and Kozin, 1977).

Gentamicin is detectable in bronchial secretions, but con-
centrations are only 25–50% of simultaneous serum levels 
(Pennington and Reynolds, 1973; Wong et al., 1975; Pen-
nington, 1981). Penetration of gentamicin into epithelial lin-
ing fluid after an i.v. dose of 240 mg was 32% (Panidis et al., 
2005). Gentamicin enters the inner ear fluids of animals, but 
concentrations reached in perilymph and endolymph are 
lower than those in the serum. Concentrations of gentami-
cin in perilymph, although lower, are related to the concen-
trations present in the blood. The drug appears to enter 
endolymph very slowly. After cessation of gentamicin admin-
istration, the drug leaves these compartments slowly, and, in 
one animal study, a concentration of about 1.0 mg/l persisted 
for up to 15 days (Tran Ba Huy et al., 1981; Tran Ba Huy et al., 
1983). Some gentamicin apparently enters or is absorbed 
onto red cells, and this is released when the serum level falls 
(Riff and Jackson, 1971). Gentamicin enters human poly-
morphonuclear leukocytes, where it may reach a concen-
tration of about 80% of the extracellular level of the drug 
(Prokesch and Hand, 1982). Postmortem studies of gentami-
cin tissue levels in infants who had received the drug during 
life have shown that the highest concentration was reached 
in kidney tissue. Adequate tissue concentrations were usually 
found in lung, heart, and skeletal muscle, but the concentra-
tions in brain tissue were usually less than 1.0 μg/g (Phillips 
and Milner, 1984). The persistence of measurable concentra-
tions in the urine of patients with normal renal function for 
10 days or more after a final dose suggests that gentamicin 
persists in tissues for long periods (Schentag et al., 1977; 
Schentag and Jusko, 1977; Kahlmeter et al., 1978). After the 
final dose of a course of gentamicin, the serum concentration 
declines in a biphasic fashion. There is an initial rapid decline, 
which is similar to that which follows maintenance doses, 
and then a slow gamma phase, during which low serum con-
centrations (< 0.5 mg/l) are measurable for 10 or more days. 
The gentamicin half-life of the gamma phase, when tissue- 
bound drug is excreted, averages 112 hours (Schentag et al., 
1977).

Gentamicin undergoes reabsorption from the lumens of 
the proximal tubules via the brush border and leads to genta-
micin deposition in the kidneys (Brion et al., 1984; Beau-
champ et al., 1991). Studies in humans (Edwards et al., 1976; 
Schentag and Jusko, 1977) and in experimental animals 
(Kornguth and Kunin, 1977) indicate that the kidneys are the 
major site of gentamicin deposition, accounting for 40% of 
the total antibiotic in the body. The main site of this deposi-
tion is the renal cortex, which contains approximately 85% of 
the total renal drug (Luft and Kleit, 1974). In renal cortical 
tissue, gentamicin levels are often at least 100-fold higher 
than those in the serum (Schentag and Jusko, 1977). The 
drug is transported into renal cortical cells by an active pro-
cess, aerobic phosphorylation (Hsu et al., 1977; Barza et al., 

1980). Gentamicin, which is generally considered the most 
nephrotoxic of the aminoglycosides, undergoes the highest 
degree of tubular reabsorption and reaches the highest con-
centrations in renal cortical tissue (Contrepois et al., 1985). In 
animals in the presence of endotoxin, gentamicin and other 
aminoglycosides accumulate in the renal cortex to a greater 
extent (Bergeron and Bergeron, 1986; Tardif et al., 1990).

Gentamicin and other aminoglycosides are also concen-
trated in the renal medulla and papillae, where the levels are 
lower than those in the cortex; some drug persists in these 
tissues for about 25 days after its administration. Because 
bacterial growth is largely limited to the medulla and papillae 
in pyelonephritis, this accumulation of gentamicin may be 
important in the therapy of renal infections (Bergeron and 
Trottier, 1979). In animals with induced E. faecalis pyelone-
phritis treated with gentamicin for 7 days, there was an 
increased concentration of gentamicin in the kidneys com-
pared with animals with no infection. This high level of ami-
noglycoside in the kidney may be beneficial for the treatment 
of pyelonephritis, but it may also increase the toxic potential 
of the drug (Auclair et al., 1988).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Gentamicin, like other aminoglycosides, demonstrates con-
centration-dependent killing. The drug at doses of 6–12 mg/
kg also produces postantibiotic or persistent effects of 3.4, 
1.4–1.9, and 3.5 hours’ duration against strains of S. aureus, 
E. coli, and Klebsiella pneumoniae, respectively, in a neutro-
penic mouse thigh model (Vogelman et al., 1988). In neutro-
penic mice, the AUC is the major pharmacokinetic parameter 
correlating with the efficacy of gentamicin against various 
Enterobacteriaceae and P. aeruginosa (Vogelman et al., 1988; 
Leggett et al., 1989; Leggett et al., 1990). The target value for 
efficacy in these studies was an AUC0–24/MIC of around 100.

In patients with Gram-negative bacilli infection who par-
ticipated in four clinical trials with aminoglycosides, the 
ratio of the peak serum level to the MIC was an important 
determinant of clinical efficacy (Moore et al., 1987). A graded 
dose-response effect was observed between the maximal 
peak aminoglycoside/MIC ratio and clinical response. For a 
peak gentamicin level/MIC ratio of 2, clinical efficacy was 
just above 50%, whereas at a peak level/MIC ratio of 10, clin-
ical efficacy rose to 90%. The AUC was not specifically mea-
sured in this study, but it would be expected to correlate with 
clinical response because the aminoglycosides were admin-
istered by means of the same 8-hour dosing regimen. In 
patients with nosocomial pneumonia, a peak level/MIC ratio 
of 10 or greater within the first 48 hours of therapy was asso-
ciated with a 90% probability of resolving fever and leukocy-
tosis by day seven (Kaskuba et al., 1999). These studies and 
preclinical studies suggest that both the AUC and the peak 
serum concentration are important determinants of the effi-
cacy of gentamicin and aminoglycosides in general (see also 
Chapter 53, Tobramycin).
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There are also studies showing a relationship between the 
AUC of aminoglycosides and nephrotoxicity (see section 6, 
Adverse reactions and toxicity).

5d.  Excretion

Gentamicin is excreted by glomerular filtration almost 
entirely in the active form (Black et al., 1964). Its renal 
clearance in normal subjects is about 60 ml/min (Jao and 
Jackson, 1964). For the first 1 or 2 days of gentamicin ther-
apy, excretion is partly delayed, and during this time only 
about 40% of the administered drug can be recovered from 
urine. With continued administration, there is equilibration 
between the serum and body tissues, and the daily urinary 
excretion increases; after about 1 week nearly all the daily 
dose is excreted in the urine. After 2 days’ treatment with 
a dose of 2.4 mg/kg/day, the urine concentration is about 
40–50 mg/l (Jao and Jackson, 1964). The urinary gentamicin 
concentration varies inversely with urine volume, and in oli-
guric patients concentrations as high as 500–1000 mg/l of 
urine have been observed (Riff and Jackson, 1971).

A small amount of gentamicin is excreted in bile, but the 
mean biliary concentration is usually only 30–40% of the 
mean serum level. Gentamicin is not detected in gallbladder 
bile in the presence of cystic duct obstruction (Mendelson et 
al., 1973; Pitt et al., 1973).

5e.  Drug interactions

Gentamicin and other aminoglycosides are partially inacti-
vated by high concentrations of any of the penicillins both in 
vitro and in vivo. This can be largely avoided if the two anti-
biotics are not mixed together in the i.v. infusion fluid, 
because the half-lives of the drugs are faster than the rate of 
inactivation (Tindula et al., 1983). However, in patients with 
renal impairment, the half-lives of both drugs are increased, 
and significant inactivation of gentamicin can occur; such 
patients would require an increased dose of gentamicin to 
compensate for this.

Heparin reversibly inhibits gentamicin activity in a dose- 
dependent way. Therefore, specimens for gentamicin estima-
tions should not be put in heparinized tubes. When heparin 
is used clinically as an anticoagulant, its serum level is not 
high enough to affect the activity of gentamicin (Nilsson et 
al., 1981).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Ototoxicity

Ototoxicity is an important side effect of gentamicin; although 
it has been described even after a single dose (Hanberger et 
al, 2013), in the absence of renal insufficiency it usually only 
occurs if high doses are used. The drug can cause both ves-
tibular and cochlear toxicity (Huy and Deffrennes, 1988). 
Gentamicin and other aminoglycosides penetrate into the 

perilymph and the vestibular and cochlear tissue (Dulon et 
al., 1986). In the vestibular portion of the labyrinth, gentami-
cin damages the vestibular secretory tissues and the hair cells 
of the balance receptors. The two areas within the cochlea 
primarily affected are the hair cells and the stria vascularis 
(Wersäll et al., 1969; Brummett, 1983). However, in some 
patients with gentamicin-induced hearing loss, cochlear 
ganglion cells are damaged, and there is no hair cell loss 
(Hino josa and Lerner, 1987). Some patients are hypersuscep-
tible to gentamicin (and other aminoglycoside) ototoxicity 
because of an inherited mitochondrial mutation (Fischer-
Ghodgian, 1999); specific mutations that increase the risk 
for ototoxicity to gentamicin and other aminoglycosides in- 
clude A1555G (Fischel-Ghodsian, 1999), C1494T (Rodriguez-
Ballesteros et al., 2006), A827G (Xing et al., 2006), and T961Cn 
(Tang et al., 2002). Another mutation appears to alter the 
phenotypic expression of the A1555G mutation (Yuan et al., 
2005).

In large-scale retrospective surveys, the frequency of gen-
tamicin ototoxicity has been only 2–3% (Jackson and Arcieri, 
1971; Kahlmeter and Dahlager, 1984). In a retrospective 
survey of 1327 patients treated with gentamicin, 31 (2.3%) 
developed ototoxicity (Arcieri et al., 1970). Vestibular impair-
ment was present in 27 patients, 8 of whom also had high-
tone hearing loss; the remaining 4 had high-tone hearing loss 
alone. In contrast, prospective studies of small patient popu-
lations have shown a frequency as high as 25% (Meyers, 
1970; Fee, 1983; Holm et al., 1983). Total deafness due to 
gentamicin was not observed in this survey, but it has been 
reported occasionally (Wersäll et al., 1969). An analysis of 
three prospective controlled clinical studies identified pro-
longed therapy, bacteremia, high fever, liver dysfunction, and 
volume depletion as risk factors for ototoxicity (Moore et 
al., 1987). Aspirin was found to protect against gentamicin- 
induced ototoxicity in one study (Sha et al., 2006).

Vestibular damage rather than deafness is more common 
with gentamicin and results in symptoms varying from acute 
Meniere syndrome to slight vertigo or tinnitus. In a system-
atic review of multiple studies, gentamicin had the highest 
incidence of vestibular toxicity (10.7%), followed by amika-
cin (7.4%). The incidence of vestibular injury for tobramycin 
and netilmicin was 3.5% and 1.1%, respectively (Ariano et 
al., 2008). The damage is usually permanent and affects 
patients’ quality of life (Jao and Jackson, 1964). Ototoxicity 
is related to high prolonged serum levels. The transient, high 
peak gentamicin levels resulting from once-daily gentamicin 
administration do not cause vestibular damage. Delayed 
ototoxicity occurring 10–14 days after stopping gentamicin 
has been observed but it is rare, except in patients with 
markedly impaired renal function (Hewitt, 1974). Three spe-
cific mutations in genes involved in oxidative stress have been 
identified—NOS3, GSTZ1, and GSTP1—and are found in 
64% of patients with vestibular injury (Roth et al., 2008).

Gentamicin ototoxicity appears to be uncommon in 
infants and young children (Finitzo-Hieber et al., 1979). 
Theoretically, the newborn infant should be more at risk for 
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aminoglycoside ototoxicity because of potential higher sus-
ceptibility of the cochlea. In addition, aminoglycosides are 
eliminated mainly by glomerular filtration, which is poor 
at birth. However, data from at least 17 published studies 
of  auditory evaluations in 1069 infants and children who 
received gentamicin or other aminoglycoside therapy in the 
neonatal period have not shown higher rates of ototoxicity 
than in untreated control patients. There have also been 
studies in babies exposed to gentamicin in utero, and no 
cases of ototoxicity have been identified (Kirkwood et al., 
2007). Despite these results, concern that gentamicin and 
other aminoglycosides may be ototoxic in infants and chil-
dren persists.

6b.  Nephrotoxicity

Gentamicin is selectively concentrated in renal cortical cells, 
and it can cause functional and structural damage to the 
proximal tubules. With moderate doses, there is cloudy 
swelling of tubules, but at higher doses acute tubular necrosis 
results (Appel and Neu, 1977; Bennett et al., 1977). Electron 
microscopic studies of proximal renal tubules in animals 
show changes within the first 2 days of gentamicin treatment. 
With continued gentamicin administration, tubular cells lose 
brush border microvilli and intracellular organelles undergo 
swelling. Eventually, the cell becomes necrotic and sloughs 
into the lumen, leaving a bare basement membrane on which 
regenerative activity begins (Luft et al., 1983). Similar changes 
have been observed in humans (Wellwood et al., 1975; Chan 
and Ng, 1985).

Animal studies have shown that gentamicin and other 
aminoglycosides bind to megalin, a large glycoprotein on the 
brush border of renal tubular cells (Nagai et al., 2001). 
Binding to megalin is necessary for gentamicin to be inter-
nalized by pinocytosis. Animals deficient in megalin do not 
accumulate gentamicin in the kidney cells (Schmitz et al., 
2002). Animal studies show that an increased intake of cal-
cium delays and attenuates gentamicin-mediated renal dam-
age because calcium also binds to megalin and slows the 
accumulation of the gentamicin in the renal cortex (Bennett 
et al., 1982; Humes et al., 1985). Animals with ligated com-
mon bile ducts are more at risk of gentamicin nephrotoxicity, 
but the effect can be prevented by pretreatment with dietary 
calcium (Vakil et al., 1989). Binding of gentamicin to megalin 
is saturable at a clinically relevant concentration of about 15 
mg/l, and it explains why once-daily dosing reduces uptake 
of gentamicin and delays the occurrence of nephrotoxicity 
(Guliano et al., 1986; Verpooten et al., 1986; Verpooten et al., 
1989).

The gentamicin endosomes next fuse with lysosomes and 
continue to accumulate gentamicin in the cell. After a few 
hours, permeabilization of the lysosomes occurs, and some 
gentamicin can reach the cytosol. When it reaches a critical 
concentration in the cytosol, the drug activates apoptosis 
(Servais et al., 2006). Glomerular dysfunction appears to arise 
subsequent to proximal tubular damage and is due to acti-

vation of the renin-angiotensin system and resulting vaso- 
constriction (Hishida et al., 1994). In animals, gentamicin 
administration results in a decrease in the diameter and den-
sity of endothelial fenestrae (Luft and Evan, 1980). However, 
no glomerular lesion has been observed in human kidneys 
(Lietman and Smith, 1983).

The most common clinical manifestation of gentamicin 
nephrotoxicity is a gradual onset over several days of nonol-
iguric renal failure with proteinuria and increasing blood 
urea and serum creatinine values. This appears to be dose 
related and is usually reversible. The increase in serum creat-
inine levels usually appears several days after the initiation of 
gentamicin therapy. Nephrotoxicity varies from clinically 
trivial effects on the tubules to life-threatening acute tubular 
necrosis (Appel and Neu, 1977; Lietman and Smith, 1983). 
Less commonly, acute oliguric renal failure may occur; the 
oliguric phase lasts about 10 days and is followed by a diuretic 
phase and a slow return to 50% or greater of normal renal 
function (Kahn and Stein, 1972; Hewitt, 1974).

In animals, prolonged endotoxemia enhances the nephro-
toxic potential of both gentamicin alone and gentamicin 
plus vancomycin (Auclair et al., 1990; Ngeleka et al., 1990). 
Concomitant administration of furosemide increases genta-
micin nephrotoxicity in animals (Adelman et al., 1979). This 
may not be relevant to humans because furosemide is usually 
given with due attention to the fluid and salt status of the 
patient (Lietman and Smith, 1983). In animals, cephalospo-
rins appear to protect the kidneys from gentamicin nephro-
toxicity (Luft et al., 1976; Bloch et al., 1979). Although some 
studies in humans have shown that the simultaneous admin-
istration of an aminoglycoside with cephalothin is associated 
with little nephrotoxicity (Brown et al., 1982), most studies 
have demonstrated potentiation of gentamicin nephrotoxic-
ity by cephalosporins. Cyclosporine, which itself is a nephro-
toxic drug, potentiates gentamicin nephrotoxicity (Sands and 
Brown, 1989). However, gentamicin, if carefully monitored, 
can be reasonably safely combined with i.v. cyclosporine in 
bone marrow transplant recipients (Chandrasekar and Cronin, 
1991).

In one large study involving 1489 patients taking amino-
glycosides, several drugs were identified as risk factors for 
aminoglycoside-associated nephrotoxicity, including ampho- 
tericin B, cephalosporins, vancomycin, piperacillin (but not 
ticarcillin, in which the extra sodium might have been pro-
tective), and furosemide (Bertino et al., 1993). Other studies 
suggest that gentamicin-vancomycin was more nephrotoxic 
than gentamicin alone (Goetz and Sayers, 1993; Ryback et 
al., 1999). Ryback et al. (1999) performed the only random-
ized study examining the interaction between aminoglyco-
sides and vancomycin with respect to toxicity. They were able 
to demonstrate that once-daily administration of the drug 
was significantly less likely to result in nephrotoxicity, that an 
increasing daily AUC corresponded with a higher likelihood 
of toxicity, and that concurrent vancomycin use was particu-
larly related to an increase in the likelihood of nephrotoxic-
ity. This issue was further elaborated by Drusano et al. (2007).
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THERAPEUTIC DRUG MONITORING TO PREVENT 
TOXICITY

In humans, nephrotoxicity is related to the gentamicin dose 
and to the serum levels attained. However, there is some con-
troversy regarding the monitoring of serum levels to prevent 
nephrotoxicity. Although peak drug levels in excess of 12 
mg/l have been associated with an increased frequency of 
nephrotoxicity (Hewitt, 1974; Tablan et al., 1984; Sawyers et 
al., 1986), trough levels are probably more useful for predict-
ing accumulation of gentamicin because they correlate better 
with early renal impairment (Goodman et al., 1975). Dahl-
gren et al. (1975) monitored gentamicin serum levels in 86 
patients; 21 had trough levels over 2.0 mg/l, and in 36% of 
these the serum creatinine level rose. Elevated serum creati-
nine levels were not observed in patients with trough levels 
less than 2.0 mg/l, and peak levels of higher than 10 mg/l did 
not correlate with nephrotoxicity. Lietman and Smith (1983) 
considered that there was no evidence that dosage adjust-
ments on the basis of trough levels lead to less nephrotoxic-
ity. Dose reduction according to trough levels may lead to 
inadequate peak levels and a poor therapeutic result. These 
authors disregarded trough levels in terms of dosage adjust-
ment and used them only as a potential early indicator of a 
decreasing glomerular filtration rate.

Because gentamicin serum levels are unpredictable, it 
has been customary to monitor both its peaks and troughs 
(Ristuccia and Cunha, 1982). This is especially true in new-
borns and neonates. The best time to take the serum sample 
for “peak serum level” estimation is 1 hour after an i.m. injec-
tion and 30 minutes after a 20- to 30-minute i.v. infusion 
(Ristuccia and Cunha, 1982; Schentag et al., 1982). Some 
authors prefer to take the serum sample 60 minutes after a 
20- to 30-minute i.v. infusion (Smith et al., 1980; Trollfors, 
1983; Sawyers et al., 1986). Blood for the estimation of trough 
levels is taken just before the next dose. The optimal thera-
peutic nontoxic peak concentrations of gentamicin should be 
between 4.0 and 10.0 mg/l, with optimal trough concentra-
tions between 0.5 and 2.0 mg/l (Smith et al., 1980; Schentag 
et al., 1981). With once-daily gentamicin administration, the 
transient high peak level does not cause toxicity, and this 
need not be monitored. In addition, the trough levels are 
usually very low and unmeasurable. This is why several of the 
nomograms for a single daily dose recommend a single gen-
tamicin level obtained 6–14 hours after the dose (Nicolau et 
al., 1995; Urban and Craig, 1997). In the study mentioned 
earlier involving 1489 patients, risk factors other than con-
comitant medication were higher initial steady-state trough 
concentrations, lower initial aminoglycoside clearance, lon-
ger duration of therapy, pneumonia, rapidly fatal prognosis, 
leukemia, lower initial calculated creatinine clearance, pre- 
existing renal or liver disease, protein malnutrition, ascites, 
pleural effusion, shock, male sex, larger volume of distribu-
tion, older age, and intensive care stay (Bertino et al., 1993). 
However, early peak serum concentrations can predict over-
all clinical efficacy if one also knows the MIC of the infecting 
pathogen to gentamicin.

Gentamicin should be used cautiously in patients with 
pre-existing renal disease and whenever other factors known 
to impair renal function, such as hypotension or dehydra-
tion, are present (Bygbjerg and Moller, 1976). Other authors 
have also identified some of the risk factors described by 
Bertino et al. (1993) as well as others, and these include dura-
tion of gentamicin therapy, the total dose administered, and 
the age of the patient (Sawyers et al., 1986). Gentamicin 
nephrotoxicity is frequent in patients with cirrhosis (Cabrera 
et al., 1982) and in those with obstructive jaundice (Desai 
and Tsang, 1988).

6c.  Interstitial nephritis

Gentamicin-induced interstitial nephritis has been described 
but is much less common than other side effects. A 55-year-
old man who developed recurrent acute renal failure, appar-
ently due to gentamicin-induced interstitial nephritis, was 
described by Saltissi et al. (1979). Kourilsky et al. (1982) 
studied 29 patients with acute interstitial nephritis; in 7 of 
these patients, gentamicin was a possible etiologic agent, and 
5 of these patients were female. The authors then studied 
the effect of gentamicin on male and female rats. Interstitial 
inflammation was greater in female rats even though the 
renal failure was more severe in male animals.

6d.  Neurotoxicity and neuromuscular 
blockade

Gentamicin, in common with other aminoglycosides, can 
cause neuromuscular blockade. Warner and Sanders (1971) 
described an adult patient receiving normal doses of genta-
micin who developed respiratory failure 2 days after an oper-
ation; renal impairment and a lowered serum calcium level 
may have been contributory. Another patient with Parkinson 
disease, reported by Holtzman (1976), developed profound 
weakness after a short course of gentamicin; this resolved 
after the drug was stopped but recurred on rechallenge. The 
symptoms in this patient may have been a result of a drug 
interaction with his antiparkinsonian medication. Genta-
micin can unmask or aggravate myasthenia gravis (Argov 
and Mastaglia, 1979) and potentiate Clostridium botulinum 
toxin, thus producing an exacerbation of clinical botulism 
(Santos et al., 1981; Schwartz and Eng, 1982).

In rabbits, daily intraventricular gentamicin doses of 0.25 
or 0.5 mg/kg were associated with ventriculitis, ventricular 
dilation, abnormal postural reflexes, and ataxia (Hodges et 
al., 1981). The increased mortality in neonates who received 
intraventricular gentamicin in the study by McCracken et al. 
(1980) might have been related to gentamicin neurotoxicity. 
Concentrations of gentamicin in the ventricular fluid of the 
neonates 1–6 hours after administration ranged from 10 to 
130 mg/l; these were similar to concentrations found in the 
cisternal fluid of rabbits in the study described earlier. Intra-
ventricular gentamicin levels should, therefore, be regularly 
estimated in patients receiving the drug by this route.
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Parenterally administered gentamicin has been associated 
with psychosis and encephalopathy on rare occasions (Snavely 
and Hodges, 1984). Two patients developed acute organic 
brain syndrome, apparently related to gentamicin therapy 
(Byrd, 1977).

6e.  Hypersensitivity reactions

Skin rashes due to parenteral gentamicin and skin sensitiza-
tion due to topical gentamicin occur but are rare (Ristuccia 
and Cunha, 1982). One case of anaphylaxis, presenting within 
1 minute of an i.v. gentamicin injection, has been reported 
(Hall, 1977).

6f.  Hematologic side effects

Transient leukopenia has been observed occasionally, and 
one patient developed acute agranulocytosis in association 
with gentamicin therapy (Chang and Reyes, 1975). In vitro, 
therapeutic concentrations of gentamicin and other amino-
glycosides inhibit leukocyte function of migration (Seklecki 
et al., 1978), chemotaxis (Burgaleta et al., 1982), and candi-
dacidal activity (Ferrari et al., 1980). When gentamicin and 
other aminoglycosides were administered i.v. to normal vol-
unteers, these drugs did not appear to produce leukocyte 
dysfunction in vivo because chemotaxis, phagocytosis, and 
killing of Candida albicans were unimpaired at 1, 3, and 24 
hours after aminoglycoside infusion (Venezio and DiVincenzo, 
1985).

6g.  Changes in fecal flora

Parenteral gentamicin therapy leads to some changes in fecal 
flora. Enterococci as well as gentamicin-resistant S. epider
midis often increases in the feces, and in some patients 
 gentamicin-resistant Gram-negative aerobic bacilli appear 
(Heritage et al., 1988).

6h.  Other side effects

Transient elevations of serum glutamic-oxaloacetic trans-
aminase levels have occurred, but there has been no other 
evidence of hepatotoxicity (Klein et al., 1964). Some reports 
suggest that gentamicin interferes with the binding of biliru-
bin to serum albumin (Kapitulnik et al., 1972). This has not 
been confirmed by subsequent studies, and gentamicin does 
not predispose to the development of kernicterus in the 
human neonate (Wennberg and Rasmussen, 1975; Woods 
et al., 1976).

7. CLINICAL USES OF THE DRUG

Aminoglycosides are primarily used in the treatment of 
infections caused by Gram-negative aerobic bacilli. When 
used against gram-positive organisms, aminoglycosides are 
recommended in combination with other cell wall–active 
antibiotics owing to synergism. 

7a.  Bacteremia and other severe infections 
due to aerobic Gram-negative bacilli

Gentamicin was a first-line drug for the treatment of bactere-
mia and other severe infections due to aerobic Gram-negative 
bacilli before the development of the broad-spectrum beta- 
lactams and fluoroquinolones. After that, aminoglycosides 
were considered second-line drugs owing to their lower effi-
cacy in some types of infection and higher toxicity. However, 
the spread of multidrug-resistant and extensively drug- 
resistant Gram negative bacilli showing resistance to most 
or all beta-lactams and fluoroquinolones, but that are some-
times susceptible to certain aminoglycosides, has renewed 
the interest in these antibiotics (Falagas et al., 2014). 

There are many trials of aminoglycoside monotherapy, pri-
marily with gentamicin, compared with monotherapy with 
various beta-lactams or fluoroquinolones (Vidal et al., 2007). 
These studies demonstrate equivalent efficacy in patients 
with pyelonephritis and sepsis from the urinary tract but not 
for other sources of Gram-negative bacilli infections. In intra- 
abdominal infection, two meta-analyses found less efficacy in 
terms of clinical response for regimens with an aminoglyco-
side versus those with a beta-lactam as the anti– Gram-negative 
bacteria drug (Bailey et al., 2002; Falagas et al., 2006). 

There has been debate whether combination therapy 
with an aminoglycoside and a beta-lactam is superior to 
monotherapy with a beta-lactam for infections due to 
Gram-negative bacteria. The hypothetical reasons for using 
combination therapy are a potential synergistic effect, avoid-
ance of development of resistance, and additional coverage 
in case of infection due to beta-lactam–resistant bacteria. 
Although there might be in vitro synergy against strains of 
P.  aeruginosa, no clinical benefit has been demonstrated 
(Safdar et al., 2004; Paul and Leibovici, 2005). In a large ret-
rospective study of patients with Gram-negative bacteremia 
in Spain, no benefits in terms of 30-day mortality were found 
with aminoglycosides in combination, but subgroup analy-
ses showed that combination therapy was independently 
associated with lower mortality in patients with shock or 
neutropenia (Martínez et al., 2010). Combination therapy 
improved the appropriateness of empirical therapy in epi-
sodes due to ESBL- or AmpC-producing Enterobacteriaceae 
and P. aeruginosa. A meta-analysis also found that combi-
nation therapy was associated with improved survival in 
patients with severe infections but might be deleterious in 
low-risk patients (Kumar et al, 2010); in that study, observa-
tional studies and all combinations, not only those including 
aminoglycosides, were considered. On the other hand, several 
other systematic reviews and meta-analyses of randomized 
trials have shown no benefits of aminoglycoside combina-
tion (Paul et al., 2003; Paul et al., 2004; Marcus R et al., 2011; 
Paul et al, 2013). Mortality was similar in the two groups, 
whereas nephrotoxicity was more common in the aminogly-
coside–beta-lactam group. This statement is valid not only 
for Enterobacteriaceae but also for infections due to P. aeru
ginosa, for which the controversy has lasted longer (Safdar et 
al., 2004; Paul and Leibovici, 2005, Hu et al. 2013; Peña et al, 
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2013). Therefore, the available evidence does not support the 
use of an aminoglycoside such as gentamicin in combination 
with a beta-lactam for infections due to Enterobacteriaceae 
and P. aeruginosa (Leibovici et al., 2009). 

The empirical use of combination therapy including an 
aminoglycoside is justified in patients with serious infections 
at risk of containing multidrug-resistant bacteria to increase 
the probability of appropriate initial treatment. Until the late 
1990s, recommendations for empirical therapy in febrile 
neutropenic patients included combination therapy with an 
aminoglycoside as one of the potential drugs (Schimpff et al., 
1978; Hathorn and Pizzo, 1986; Young, 1986; Klastersky, 1989; 
Hughes et al., 1990; Feld, 2000). However, again the results 
from meta-analysis do not support this practice (Paul et al., 
2004); therefore, monotherapy with a beta-lactam is pre-
ferred, but the addition of an aminoglycoside should be con-
sidered in specific patients, such as those colonized by 
Gram-negative bacteria showing resistance to the preferred 
beta-lactam. Something similar can be said for other types of 
infection such as nosocomial pneumonia (American Thoracic 
Society and Infectious Diseases Society of America, 2005). 
When used with the intention of providing coverage, the local 
susceptibility profiles should be considered; in this regard, 
resistance to gentamicin and tobramycin is more frequent 
than to amikacin (among the Gram-negative bacilli) in many 
centers and therefore would be the preferred aminoglycoside 
for empirical use. The aminoglycoside in these regimens 
should be stopped as soon as clinically practicable, espe-
cially if there are risk factors for aminoglycoside toxicity 
(McCormack and Jewesson, 1992).

It is important to note that aminoglycosides may be one 
of the scarce available active drugs against carbapenem- 
resistant Enterobacteriaceae (Kontopidou et al., 2014). Data 
from retrospective cohort studies in Italy and Greece sug-
gested that gentamicin or other aminoglycosides, when active 
in vitro, should be considered accompanying drugs to carbap-
enems in bacteremic infections due to Klebsiella pneumoniae 
carbapenemase (KPC)– and VIM-producing K. pneumoniae 
(Tumbarello et al., 2012; Daikos et al, 2014). Another retro-
spective study in Spain found that gentamicin use was inde-
pendently associated with lower mortality in a cohort of 
patients with bacteremia due to KPC-producing K. pneumo
niae showing both high-level carbapenem resistance and 
colistin resistance but that was susceptible to gentamicin 
(Gonzalez-Padilla M et al., 2015).

7b.  Severe Gram-negative sepsis in children

Ampicillin combined with gentamicin (or amikacin) is a 
classic therapy for early neonatal sepsis and meningitis 
(Klein, 1969; Klein et al., 1971) and is still considered a satis-
factory empirical therapy in these infections.

7c.  Urinary tract infections

Even though gentamicin is effective monotherapy against 
most organisms causing urinary tract infections, with the 

exception of E. faecalis (Cox, 1969), it has not been a first-
line drug for these infections since the development of more 
convenient oral or parenteral drugs such as quinolones, 
 trimethoprim-sulfamethoxazole, or beta-lactams, some of 
which can be used orally. 

Gentamicin monotherapy has demonstrated efficacy sim-
ilar to that of beta-lactam antibiotics in patients with pyelo-
nephritis and sepsis from a urinary tract source (Vidal et al., 
2007), however, and therefore is a valuable treatment in spe-
cific circumstances, particularly in the case of infections due 
to P. aeruginosa and other Gram-negative bacilli resistant to 
commonly used drugs, especially if such infections occur in 
an abnormal urinary tract (Chisholm, 1974). Although fre-
quently forgotten, gentamicin seems to be more effective for 
urinary tract infections if the urine is made alkaline. In vitro, 
it is approximately 100-fold more active against most strains 
of Gram-negative bacilli when tested at a pH of 8.5 than at a 
pH of 5.0. Concentrated urine has an inhibitory effect on the 
antibacterial activity of gentamicin, the degree of which 
depends on the total urine osmolality and also on the pres-
ence of individual solutes (Sabath et al., 1970; Papapetropoulou 
et al., 1983). Classically, urine alkalinization can be conve-
niently achieved by concomitant administration of bicar-
bonate or acetazolamide (Sabath et al., 1970). Gentamicin 
treatment may be less effective in patients with renal failure 
because their urine may be strongly acidic and only relatively 
low urinary gentamicin concentrations are attained.

7d.  Bacterial endocarditis

In vitro observations and animal studies have suggested that a 
peak serum gentamicin concentration of 3.0 mg/l may be suf-
ficient to obtain optimal penicillin G–gentamicin synergism 
for the treatment of E. faecalis endocarditis (Matsumoto et al., 
1980; Carrizosa and Levison, 1981). Penicillin G–gentamicin 
synergism could not be demonstrated against a small number 
of E. faecalis strains, but these were killed synergistically by 
penicillin G–tobramycin. Such strains have been of the small- 
colony variant type and not highly resistant to gentamicin 
alone. Their resistance appeared to be related to a specific 
defect in the intracellular uptake of gentamicin (but not tobra-
mycin) in the presence of penicillin G (Moellering et al., 1980; 
Eliopoulos and Moellering, 1982). A penicillin G–tobramycin 
combination did not exhibit synergism against E. faecium. 

In E. faecalis endocarditis, a combination of ampicillin 
and gentamicin has been the recommended standard treat-
ment for years, as based on observational studies in the 
 precardiovascular surgery era (Bisno et al., 1989; Geraci and 
Martin, 1954). At present, most guidelines for infective endo-
carditis incorporate other alternatives, such as ampicillin 
and ceftriaxone (Baddour et al., 2015; Habib et al., 2015). In 
fact, and because of toxicity and the emergence of plasmid- 
mediated high-level gentamicin resistance in E. faecalis 
(Araoka et al., 2011; Christiansen et al., 2007), nonaminogly-
coside-containing regimens have been evaluated and appear 
to be as effective as aminoglycoside-containing regimens with 
fewer adverse events (Fernández-Hidalgo et al. 2013). 
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For penicillin-susceptible strains with high-level resistance 
to gentamycin there are several options: the aforementioned 
ampicillin-ceftriaxone combination; ampicillin-streptomycin 
for the 10–20% of strains that do not also exhibit high-level 
resistance to streptomycin (Baddour et al., 2015; Fernández-
Hidalgo et al., 2013, Geraci and Martin, 1954); and high-dose 
continuous infusion of ampicillin. Patients with penicillin 
allergy can be desensitized or treated as if they had ampicillin- 
resistant E. faecium (see later). E. faecalis bacteremia without 
endocarditis may respond to penicillin G or ampicillin alone 
(Gullberg et al., 1989; Watanakunakorn and Patel, 1993).

There has been debate on how to administer gentamicin 
in enterococcal endocarditis (Bassetti et al., 2013). No signif-
icant differences in efficacy or toxicity between the once-daily 
and three-times-daily regimens have been found (Buchholtz 
et al., 2011); the American Heart Association practice guide-
lines continue to recommend two or three daily doses (Bad-
dour et al., 2015). Another issue that has sparked discussion 
is how long the gentamicin treatment should be extended. 
There are no clinical trials comparing a short course of gen-
tamicin with a course of 4–6 weeks, but in two observational 
studies, 2 weeks of gentamicin treatment was not associated 
with worse outcomes and caused a significantly lower decrease 
in estimated glomerular filtration rate (Dahl et al., 2013; 
Olaison and Schadewitz 2002). However, both the European 
and the American guidelines continue to recommend the 
use of gentamicin for the whole 4–6 week course of the 
accompanying drug (Baddour et al., 2015; Habib et al., 2015).

The principles of treatment of E. faecium endocarditis are 
similar to those outlined for E. faecalis: a combination of 
gentamicin with a cell-wall inhibitory antibiotic for 6 weeks 
(Baddour et al., 2015; Habib et al., 2015). However, E. faecium 
strains are usually resistant to ampicillin, and vancomycin 
has been used for years; in some areas, vancomycin resis-
tance is also frequent (Arias et al., 2010; Cattoir and Giard, 
2014). Endocarditis due to vancomycin- and ampicillin- 
resistant E. faecium is also difficult to treat; different genta-
micin combinations have been used in animal models and 
case reports (Arias et al., 2010; Caron et al., 1995; Stevens 
and Edmond, 2005; Whitman et al., 1993). High-level genta-
micin-resistant strains of E. faecium have also been reported 
(Das et al., 1994). For the situations described previously, the 
guidelines recommend linezolid or daptomycin together with 
evaluation by an infectious disease specialist (Baddour et al., 
2015; Habib et al., 2015).

For viridans group streptococci (VGS) and Streptococcus 
gallolyticus (bovis) endocarditis, gentamicin is recommended 
in combination with penicillin G or ampicillin to shorten the 
treatment to 2 weeks in selected patients with native valve 
endocarditis (i.e. uncomplicated cases [absence of cardiac or 
extracardiac abscess]) caused by highly penicillin-susceptible 
strains (MIC ≤ 0.12 µg/ml), creatinine clearance > 20 mL/
min, and normal eighth cranial nerve function (Baddour et 
al., 2015). Two weeks of gentamicin at 3 mg/kg/day in a 
single daily dose together with 4 weeks of penicillin is rec-
ommended if the organism is relatively resistant to penicillin 

(0.12 µg/ml > MIC < 0.5 µg/ml). For prosthetic valve endo- 
carditis, gentamicin is recommended as adjunctive therapy 
for 2 weeks for strains highly susceptible to penicillin or for 
6  weeks for strains relatively or fully resistant to penicillin 
(Baddour et al., 2015).

The role of gentamicin in S. aureus endocarditis is less 
certain. The combination of oxacillin or other penicillinase- 
resistant penicillins with gentamicin usually exhibits in vitro 
synergism against methicillin-susceptible S. aureus strains 
(Watanakunakorn and Glotzbecker, 1974). However, the 
present evidence suggests that the addition of adjunctive 
gentamicin therapy has no (or marginal) benefits for patients 
with native valve S. aureus endocarditis (right- or left-sided) 
and may cause harm (Baddour et al., 2015; Korzeniowski 
and Sande, 1982; Ribera et al., 1996). Therefore, gentamicin 
adjunctive therapy in no longer recommended for native 
valve S. aureus endocarditis (Baddour et al., 2015; Habib 
et  al., 2015). There is also no evidence that a vancomycin- 
gentamicin combination is superior to vancomycin alone for 
the treatment of S. aureus native valve endocarditis caused 
by methicillin-resistant strains, although the risk of nephro-
toxicity may be enhanced. 

For the treatment of prosthetic valve endocarditis caused 
by methicillin-susceptible or methicillin-resistant S. aureus 
and S. epidermidis strains, a combination of either a beta- 
lactam or vancomycin with both gentamicin and rifampicin 
is still recommended (Baddour et al., 2015; Habib et al., 
2015). In the USA, gentamicin is recommended for only the 
first 2 weeks of therapy; a beta-lactam or vancomycin plus 
rifampicin are then continued for 6–8 weeks. This approach 
is supported by in vitro studies showing the synergistic activ-
ity of the triple-drug combination (Lowy et al., 1983; Yu et 
al., 1984), animal models, and limited clinical reports (Drin-
ković et al., 2003; Karchmer et al., 1983). The addition of gen-
tamicin may prevent the emergence of rifampicin-resistant 
S. epidermidis strains during therapy (Rupp and Archer, 
1994). With vancomycin plus rifampicin therapy, such resist-
ance emerges in about 30% of patients. Gentamicin should 
not be added to the regimen if the strain is gentamicin resist-
ant. In this situation, it may be reasonable to replace genta-
micin with an active alternative aminoglycoside (Baddour et 
al., 2015). 

In regard to Gram-negative bacilli endocarditis, gen-
tamicin is no longer recommended for the treatment of 
Haemophilus, Aggregatibacter, Cardiobacterium hominis, 
Eikenella corrodens, and Kingella (HACEK) group endo-
carditis because of the risk of nephrotoxicity (Baddour et 
al., 2015). Endocarditis due to other Gram-negative bacilli 
(Enterobacteriaceae and Pseudomonas species) is rare and 
usually occurs in patients with serious underlying diseases 
(Morpeth et al., 2007). Nowadays, one of the third-genera-
tion cephalosporins, such as cefotaxime, ceftriaxone, or 
 ceftazidime, would be the mainstay of treatment, but com-
bination therapy with gentamicin or amikacin may be 
needed in difficult cases (Baddour et al., 2015; Morpeth et 
al., 2007). 
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7e.  Tularemia, plague, and brucellosis

Gentamicin, often with co-administration of other agents, is 
effective in the treatment of tularemia, plague, and brucel-
losis (Barza and Scheife, 1977). The drug alone is effective in 
the treatment of tularemia (Mason et al., 1980; Enderlin et 
al., 1994; Cross et al., 1995), but streptomycin is an equally 
effective alternative (Capellan and Fong, 1993). Gentamicin 
and streptomycin are considered the drugs of choice for the 
treatment of tularemia (Bossi et al., 2004). Even once-daily 
administration of gentamicin at 5.0 mg/kg is efficacious 
(Hassoun et al., 2006). For therapy of human plague, genta-
micin alone or in combination with doxycycline is as effica-
cious as streptomycin (Boulanger et al., 2004). In another 
trial, gentamicin was as effective as doxycycline alone in the 
treatment of plague in both adults and children (Mwengee et 
al., 2006). A recent systematic review and meta-analysis of 
randomized controlled trials for the treatment of brucellosis 
showed that the preferred treatment should be with dual- or 
triple-drug regimens including an aminoglycoside, such as 
gentamicin or streptomycin (Shalsky et al., 2008). A specific 
comparative trial of doxycycline with gentamicin at 5.0 mg/
kg daily or with streptomycin at 1.0 g daily as treatment for 
brucellosis in humans exhibited equivalent efficacy (Hasan-
jani Roushan et al., 2006).

7f.  Chemoprophylaxis in abdominal surgery

Gentamicin, 1.5 mg/kg of body weight, combined with 
metronidazole, 500 mg (both i.v, administered just before 
surgery) is still used as prophylaxis for colorectal surgery 
(Song and Glenny 1998). 

7g.  Ménière disease

Intratympanic injections of gentamicin have been used for 
disabling episodes of vertigo in Ménière disease (Carey, 2004; 
Steenerson et al., 2008). Titration therapy with intratym-
panic gentamicin offers control of vertigo in 87% of patients 
with unilateral disease. The risk of additional hearing loss is 
about 21%. One-shot application protocols produce genta-
micin exposures that cause minimal risk to hearing (Salt et 
al., 2008). Repeated or continuous application protocols are 
more likely to damage hearing.

7h.  Peritoneal dialysis–related peritonitis

Intraperitoneal gentamicin administration has been used as 
empirical therapy of peritonitis in patients receiving perito-
neal dialysis when Gram-negative bacteria are suspected (Li 
et al., 2010). The median percentage of the dose absorbed 
into the systemic circulation was 76%, with significant differ-
ences depending on peritoneal membrane transporter status, 
in one study (Varghese et al., 2012). Nonetheless, intraperito-
neal short-term use appears to be safe: there is no evidence 
that short courses of aminoglycosides harm residual renal 

function (Baker et al., 2003). Gentamicin levels on day two 
do not predict gentamicin-related harm or efficacy during 
short-course gentamicin therapy for Gram-negative perito-
neal dialysis–related peritonitis (Tang et al., 2014). Prolonged 
courses (e.g. longer than 2 weeks) are not recommended if 
an alternative drug is available (Li et al., 2010). In one meta- 
analysis, regimens containing aminoglycosides were less effec-
tive than those containing ceftazidime (Barretti et al., 2014).

7i.  Gonorrhea

Even though uncomplicated gonorrhea may respond to a 
single i.m. dose of 280 mg of gentamicin (WHO Scientific 
Group, 1978), it is not currently recommended for this infec-
tion. However, it has occasionally been used for beta-lact-
amase–producing gonococci (Hira et al., 1985). Because of 
its low price and convenient single i.m. 280-mg dose, it can 
be particularly useful in low-income countries.

7j.  Selective decontamination of the 
digestive tract

The aminoglycosides in general, and gentamicin in particu-
lar, are frequently part of the regimens used for the selective 
decontamination of the digestive tract (SDDT), which has 
been proven useful in intensive care unit (ICU) patients to 
prevent ventilator-associated pneumonia and ICU-acquired 
bacteremia (Chan et al., 2007; de Smet et al., 2011). The issue 
of selection or induction of resistance has been controversial; 
recent data suggest that in low-level resistance settings, SDDT 
is not associated with increased resistance in the short term 
(de Smet et al., 2011; Daneman et al., 2013), but more studies 
are needed in other settings. When used for this purpose, gen-
tamicin is usually administered as 80 mg three or four times 
a day orally, and sometimes also as a gel for mouth decon-
tamination. It is frequently co-administered with an oral 
preparation of a polymyxin and sometimes amphotericin B.

More recently, aminoglycosides were tested as decoloni-
zation regimens for patients colonized by ESBL or carbap-
enemase-producing Enterobacteriaceae in two randomized 
trials (Saidel-Odes et al., 2012; Huttner et al. 2013). However, 
the decolonization rate, which during treatment was around 
60–70%, was no different from placebo after treatment, and 
therefore they are not recommended at present. 
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1. DESCRIPTION

Tobramycin is an aminoglycoside aminocyclitol antibiotic, 
which is one of several compounds in an antibiotic complex 
(nebramycin) produced by Streptomyces tenebrarius. The 
molecular formula for tobramycin is C18H37N5O9; the cor
responding molecular weight is 467.5, and the molecular 
structure is shown in Figure 53.1. Tobramycin is used clin
ically both as a sulfate salt and in a nebulizer solution in 
sodium chloride and without preservatives for inhalation. It 
is a drug similar to gentamicin (see Chapter 52, Gentamicin), 
but its advantages include greater intrinsic activity against 
Pseudomonas aeruginosa, activity against some gentamicin 
resistant P. aeruginosa and Acineto bacter baumannii strains, 
and lesser nephrotoxicity.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The in vitro epidemiologic and clinical breakpoints of com
mon pathogens to tobramycin according to the European 
Committee on Antimicrobial Susceptibility Testing (EUCAST) 
are shown in Table 53.1 (EUCAST, 2016). In general, 

anaerobic bacteria are not susceptible to tobramycin, similar 
to other aminoglycosides.

GRAM-POSITIVE BACTERIA

Similar to gentamicin, tobramycin has only a low degree of 
activity against Grampositive bacilli and is inactive against 
anaerobic Grampositive organisms. Staphylococcus aureus, 
including methicillinresistant strains, may be tobramycin 
susceptible (Jordan and Hoeprich, 1977). Gentamicin
resistant S. aureus strains, which in the early 1980s became 
common in hospitals and were often multiply resistant to 
antibiotics including methicillin, were also always tobramy
cin resistant (Vogel et al., 1978; Archer and Johnston, 1983). 
S. epidermidis may also be susceptible, but many hospital 
strains are now tobramycin resistant, as with gentamicin.

Other Grampositive cocci, such as Streptococcus pyo
genes, group B streptococci, S. pneumoniae, and the alpha 
hemolytic streptococci (S. viridans), have only a low degree 
of susceptibility or are completely tobramycin resistant (Britt 
et al., 1972). The various enterococci, including Enterococcus 

Figure 53.1. Molecular structure of tobramycin. 
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Table 53.1. In vitro epidemiologic and clinical breakpoints in 
various bacterial pathogens to gentamicin according to EUCAST

Organism

MIC (mg/l)

ECoff
S

(≤)
R

(>)

Gram-positive bacteria

Staphylococcus aureus 2 1 1

Coagulase-negative Staphylococcus 0.5 1 1

Gram-negative bacteria

Enterobacteriaceae 2 2 4

Pseudomonas aeruginosa 8 4 4

Acinetobacter baumannii 4 4 4

ECoff: epidemiologic cut-off, indicating the upper limit of the wild-type dis-
tribution; EUCAST: European Committee on Antimicrobial Susceptibility 
Testing; MIC: minimal inhibitory concentration; R: resistant; S: susceptible.
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faecalis and E. faecium, are moderately resistant, being slightly 
more resistant to tobramycin than to gentamicin (Finland et 
al., 1976). Tobramycin acts synergistically with penicillin G 
against many E. faecalis strains (Basker et al., 1977; Calder
wood et al., 1977; Gutschik et al., 1977) unless showing high
level resistance. 

GRAM-NEGATIVE BACTERIA

Tobramycin is intrinsically active against the Enterobac
teriaceae, such as Escherichia coli and the Enterobacter, 
Klebsiella, Proteus, Salmonella, Shigella, Providencia, Serratia, 
Citrobacter, and Yersinia spp. (Hammer berg et al., 1977; 
Moellering, 1977). Against some of wildtype strains of these 
bacteria, such as E. coli, tobramycin is usually about twofold 
less active, and against Serratia spp. it is at least fourfold less 
active than gentamicin (Moellering, 1983; Guimaraes et al., 
1985; Sader et al., 2014). Similar to gentamicin, tobramycin 
is less active against Providencia stuartii than are other 
Enterobacteriaceae (Penner et al., 1982).

An important feature of tobramycin is that it is about two 
to fourfold more potent than gentamicin against P. aerugi
nosa (Wretlind et al., 1974; Perkins et al., 1976; Moellering, 
1983; Van der Auwera and Schuyteneer, 1983; Guimaraes 
et al., 1985). P. stutzeri may be susceptible to tobramycin, 
but Burkholderia cepacia is usually resistant (Uwaydah and 
TaqiEddin, 1976; Moellering, 1983). Steno trophomonas 
mal tophilia is tobramycin resistant (Cohn et al., 1988). 
Acinetobacter spp. are usually more susceptible to tobramy
cin than to gentamicin, but moderately or highly resistant 
strains are increasingly frequent.

Among other Gramnegative bacteria, the Neisseria spp. 
(meningococci and gonococci), similar to gentamicin, are 
only moderately susceptible to tobramycin. The same also 
applies to Haemophilus influenzae (Moellering, 1983). Alcali
genes spp. are more commonly resistant (Uwaydah and Taqi
Eddin, 1976), and Flavobacterium spp. are always resistant to 
aminoglycosides including tobramycin (Drasar et al., 1976). 
Legionella pneumophila is susceptible to tobramycin in vitro 
(Thornsberry et al., 1978) but is not useful in vivo. Tobra
mycin, like gentamicin, is inactive against Bacteroides fragilis 
and most other anaerobic Gramnegative bacteria (Moel
lering, 1977; Ristuccia and Cunha, 1982) because the drug 
requires oxygen for optimal uptake into the bacterial cell for 
antimicrobial activity.

MYCOBACTERIA

At clinically attainable concentrations, tobramycin has no 
activity against Mycobacterium tuberculosis or other myco
bacteria (Gangadharam and Candler, 1977).

2b.  Emerging resistance and 
cross-resistance

GRAM-POSITIVE BACTERIA

Gentamicinresistant S. aureus strains are usually also tobra
mycin resistant (Vogel et al., 1978; Archer and Johnston, 1983). 

The resistance mechanisms are the same as with gentamicin 
(see Chapter 52, Gentamicin). Recent surveys show high sus
ceptibility rates for tobramycin in methicillinsusceptible 
S.  aureus compared with previous decades (Turner, 2009), 
but still a high proportion of resistance among methicillin 
resistant strains is found in some areas (RodríguezBaño et 
al., 2009).

Some strains of E. faecalis are not killed synergistically 
by a penicillin G and gentamicin combination but may be 
susceptible to a penicillin G and tobramycin combination, 
probably as a result of diminished uptake affecting specifi
cally gentamicin (Moellering et al., 1980; Eliopoulos and 
Moellering, 1982). Strains of E. faecalis with acquired high
level gentamicin resistance due to plasmidmediated amino
glycosidemodifying enzymes are not killed synergistically 
by any betalactam–aminoglycoside combination, except for 
a small percentage that show penicillin G–streptomycin 
synergism. There is no synergism between penicillin G and 
tobramycin against E. faecium. However, most strains of 
E. faecium are killed by a penicillin G–gentamicin combi
nation. This appears to be because S. faecium elaborates an 
enzyme, AAC6′I, that modifies tobramycin but not genta
micin (Eliopoulos and Moellering, 1982).

GRAM-NEGATIVE BACTERIA

Enterobacteriaceae exhibit almost complete crossresistance 
between tobramycin and gentamicin (Houang and McKay
Ferguson, 1976; Seligman, 1978; Moellering, 1983; Bengtsson 
et al., 1986). Resistance mechanisms of Enterobacteriaceae to 
tobramycin are the same as with gentamicin (see Chapter 52, 
Gentamicin). The most common is plasmidmediated pro
duction of enzymes that modify tobramycin by acetylation, 
adenylylation, or phosphorylation (Price et al., 1981; Maes, 
1985; Jacoby et al., 1990; Galimand et al., 1993; Shaw et al., 
1993). Most of the various aminoglycosidemodifying 
enzymes will inactivate both gentamicin and tobramycin. 
However, AAC3I and AAC3III inactivate gentamicin, 
but not tobramycin (Miller et al., 1997). AAC3III is more 
commonly found in P. aeruginosa than in the Enterobac
teriaceae. In Europe and the panPacific region, AAC3I 
accounted for about 8–11% of the resistance mechanisms 
observed in the Enterobacteriaceae during the 1990s (Miller 
et al., 1997). A similar percentage (10%) accounts for amino
glycoside resistance in P. aeruginosa in Europe, whereas 
about 7% of resistance mechanisms in the USA are due to the 
presence of AAC3III. 

Because of tobramycin’s enhanced potency over gentami
cin, strains of P. aeruginosa with only lowlevel gentamicin 
resistance (minimum inhibitory concentrations [MICs] of 
16.0–32.0 mg/l) may still be susceptible to tobramycin con
centrations that are attainable in vivo (4.0–8.0 mg/l). Such 
lowlevel gentamicin resistance is due to chromosomally 
mediated defects of transport of aminoglycosides into the 
bacterial cell or to overexpression of efflux pumps. Mutants 
with altered lipopolysaccharide can also have reduced uptake 
of tobramycin. These strains are usually also amikacin resis
tant (Olson et al., 1985).
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Overexpression of efflux pumps can result in resistance to 
tobramycin (Vettoretti et al., 2009). The AcrD pump system 
in E. coli and the MexXYOprM pump system in P. aerugi
nosa are major pumps that efflux aminoglycosides (Masuda 
et al., 2000; Rosenberg et al., 2000). Overexpression of the 
MexXYOprM pump is the major resistance mechanism 
identified for tobramycin in P. aeruginosa isolates from 
patients with cystic fibrosis (Islam et al., 2009; Vettoretti et 
al., 2009).

A newer challenge to aminoglycoside susceptibility is the 
spread of genes by conjugative plasmids that methylate the 
30S ribosome site of activity (Doi et al., 2004). The enzymes 
produced by these genes are similar to the 16S rRNA methy
lases that protect aminoglycosideproducing actinomycetes. 
Spread has been observed more in the Enterobacteriaceae 
than in P. aeruginosa (Doi et al., 2004; Yan et al., 2004; 
Bogaerts et al., 2007; Ma et al., 2009; Yu et al., 2009). Several 
specific genes, such as armA, rmtA and rmtB, rmtC, rmtD, 
and npmA have been identified (Wu et al., 2009). As explained 
in Chapter 52, Gentamicin, this mechanism confers high
level resistance to all aminoglycosides except for neomycin, 
apramycin, and streptomycin (Doi and Arakawa, 2007). 
These methylases are frequently found in association with 
betalactamases and carbapenems (Jia et al., 2013). 

Surveys performed in the first decade of the 21st century 
suggested that resistance to tobramycin in the Enterobac
teriaceae had been relatively stable, with higher values in 
Asia and South America (20–27%) than in the USA and 
Europe (8–14%) (Turnidge et al., 2002; Kiffer et al., 2005; 
Rhomberg et al., 2005; Tsai et al., 2007; Turner, 2008; Turner, 
2009). A recent study showed an important increase in the 
resistance rates of Serratia marcescens nosocomial isolates in 
European hospitals, both in intensive care units (72.7%) and 
in general wards (80%) (Sader et al., 2014). The resistance to 
tobramycin has generally been higher in P. aeruginosa than 
with the Enterobacteriaceae. Resistance rates of 7–14% in the 
USA, 16–24% in Europe, and up to 50% in Latin and South 
America have been reported for P. aeruginosa (Jones et al., 
2002; Kiffer et al., 2005; Cavallo et al., 2007; Merlo et al., 
2007; Rhomberg et al., 2005; Turner, 2009).

P. aeruginosa in sites of chronic infection, such as the 
respiratory tract of patients with cystic fibrosis, often forms 
biofilm (Anwar et al., 1989). This biofilm can prevent the 
accumulation of bactericidal concentrations of tobramycin 
at the target. As a result, tobramycin is often unable to eradi
cate P. aeruginosa from the bronchi of patients with cystic 
fibrosis.

3. MECHANISM OF DRUG ACTION

Tobramycin inhibits bacterial growth by inhibiting protein 
synthesis in a manner similar to gentamicin (see Chapter 52, 
Gentamicin).

Subinhibitory tobramycin concentrations can suppress the 
production of exoenzymes by P. aeruginosa and offer protec
tion from tissue damage in patients with cystic fibrosis (Grim
wood et al., 1989). In addition, mucoid strains growing in the 

presence of sublethal concentrations of aminoglycosides do 
not produce alginate and thus may not colonize the epithelial 
surface (Geers and Baker, 1987a; Geers and Baker, 1987b).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The usually recommended dosage of tobramycin is 4.0–7.0 
mg/kg i.m. or i.v. per day administered as a single dose or 
divided into two or three equal doses. Intravenously, the 
drug is given as an infusion over 20–30 minutes (Lode et al., 
1975; Setia and Gross, 1976), but rapid infusion has also been 
used without apparent increase in toxicity (Gillett et al., 1976). 

The usual dosage for inhalation of tobramycin is 300 mg 
twice daily (Barker et al., 2000; Pai and Nahata, 2001; Smith, 
2002; Cheer et al., 2003; Bilton et al., 2006; Dal Negro et al., 
2008; Rubin, 2008; Quon et al., 2014; Langan et al., 2015). 
However, dosages of up to 600 mg three times a day have 
been used in some clinical studies. 

In common with gentamicin, tobramycin can be admin
istered to adults by intrathecal or intraventricular routes 
in  single daily doses of 5–10 mg. Intrathecal administra
tion  produces adequate antibiotic concentrations in lum
bar, but not in ventricular, cerebrospinal fluid (CSF). When 
it is administered into the cerebral ventricles, adequate con
centrations are attained in both lumbar and ventricular CSF 
(Kaiser and McGee, 1975). These methods of administration 
should be only rarely necessary.

As with other aminoglycosides, tobramycin may be used 
for lockin therapy in patients with catheterrelated infec
tions caused by susceptible Gramnegative pathogens, with 
the aim of saving the catheter. It is usually given at 5 mg/ml 
with heparin or fibrinolytic agents (Bookstaver et al., 2013, 
Justo and Brookstaver, 2014).

ONCE-DAILY ADMINISTRATION

Similar to gentamicin (see Chapter 52, Gentamicin), tobra
mycin is usually administered once daily in a dosage of 4–7 
mg/kg of body weight i.m. or i.v. as a 30minute infusion 
(Gilbert, 1991; Potel et al., 1991; EllisPegler et al., 1994). The 
initially high serum levels of tobramycin enhance bacterial 
killing, and regrowth of the organisms when levels fall below 
the MIC is prevented by its prolonged postantibiotic effects 
(Rescott et al., 1988; Vogelman et al., 1988a; Barmada et al., 
1993; Drusano et al., 2007). The administration of tobra
mycin as a single large daily dose i.v. or i.m. may be thera
peutically more effective and possibly less toxic than the 
administration of the same amount of the drug in three 
divided doses (Kapusnik and Sande, 1986; Herscovici et al., 
1988; Wood et al., 1988). Studies in patients requiring nephrec
tomy show that the accumulation of tobramycin in kidney 
cortical tissue is less with oncedaily administration than with 
threetimesdaily dosing or continuous infusion (De Broe et 
al., 1991). Oncedaily dosing of tobramycin also results in 
less enzymuria of potential markers of nephrotoxicity than 
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do multiple daily administrations (Olsen et al., 2004). How 
ever, clinical trials have demonstrated relatively equal effi
cacy and safety of once and multipledaily dosing of tobra
mycin (Munckhof et al., 1995; SanchezAlcaraz et al., 1998; 
Olsen et al., 2004). Finally, a systematic review of articles 
published between 1985 and 2014 showed similar or higher 
efficacy with oncedaily dosing and similar renal toxicity 
(Stankowicz et al., 2015). A recent observational study with 
382 patients showed a lower risk of renal toxicity in patients 
treated with tobramycin than with gentamicin, both with 
oncedaily dosing (odds ratio [OR]: 2.4; 95% confidence inter
val [CI]: 1.2–4.7; p = 0.012) (van Maarseveen et al., 2014). 

With oncedaily tobramycin, a dose of 4–5 mg/kg of body 
weight is recommended for most infections. For severe infec
tions, especially if tobramycin is used alone, a starting dose 
of 7 mg/kg is recommended. Serum levels then can be mea
sured at 1 hour and 6–14 hours after the start of the infusion, 
and suitable dosage adjustments can made for subsequent 
daily doses (Barclay et al., 1995). 

Different nomograms have been developed to help in 
establishing the most adequate dosing after an initial dose of 
5–7 mg, with later doses being adjusted according to serum 
levels (Stankowicz et al., 2015).

TRADITIONAL EVERY-8-HOURS ADMINISTRATION

Before oncedaily dosing became standard practice, tobra
mycin was usually administered in a dosage of 3.0–4.5 mg/kg 
of body weight per day, given in three divided doses. A com
mon adult dosage was 80 mg every 6 or 8 hours (Simon et al., 
1973; Kahlmeter, 1979). The dosage can be increased to 5–8 
mg/kg/day for serious infections (Lode et al., 1975). Patients 
with P. aeruginosa endocarditis need a high dosage of at least 
8.0 mg/kg/day (Rybak et al., 1986). As with gentamicin, there 
is a wide variation in serum levels attained in different 
patients, and, therefore, serum level monitoring is advisable 
in all seriously ill patients (Follath et al., 1981). Optimally, 
the peak serum level should be 5–10 mg/l and the trough 
level 1–2 mg/l (Kahlmeter, 1979; Follath et al., 1981).

If the drug is administered in more than once dose per 
day, seriously ill patients should receive a loading dose of at 
least 2.0 mg/kg of tobramycin (Kahlmeter, 1979). This may 
not be sufficient for all patients. In one study, 26 consecutive 
patients with presumed sepsis or septic shock had initial 
peak serum levels less than 5 mg/l after completion of a 
20minute infusion of tobramycin in a dose of 2.0 mg/kg 
(Summer et al., 1983). Therefore, it appears that the recom
mended dosage schedules (1–2 mg/kg every 8 hours) may 
be too low for patients with severe sepsis. The volume of dis
tribution of the drug in these patients is probably much 
increased (Summer et al., 1983). Tobramycin elimination is 
also more rapid in i.v. drug abusers, and if they are younger 
than 35 years of age they may need a dosage of at least 8 mg/
kg/day (King et al., 1985). As with gentamicin, pregnant 
patients need larger doses of tobramycin. Other authors have 
found that an every12hours tobramycin regimen, in which 
the total daily dose is given in two equal doses, is satisfactory 
for the treatment of patients (Lilliestierna et al., 1985).

4b.  Newborn infants and children

As with gentamicin, newborn infants and children need a 
higher dosage of tobramycin. One recommendation is to 
administer tobramycin at 2 mg/kg every 12 hours to infants 
aged 0–7 days and to give the same dose every 8 hours to 
infants older than 7 days (McCracken and Nelson, 1983). 
Premature babies during their first week of life may need a 
lower tobramycin dosage (Arbeter et al., 1983). Nahata et 
al. (1983, 1984a) suggested the following modifications: for 
fullterm infants during their first week of life, 2.5 mg/kg 
every 12 hours; for those who are less than 34 weeks of gesta
tional age and have a birth weight greater than 1.25 kg, 2.5 
mg/kg every 18 hours; and for babies of the same gestational 
age who weigh less than 1.25 kg, 3 mg/kg every 24 hours. 
Another recommendation with less frequent dosing is to use 
4 mg/kg every 48 hours for neonates with gestational age less 
than 32 weeks, every 36 hours for those with a gestational age 
of 32–36 weeks, and every 24 hours for those with a gesta
tional age of 37 weeks or greater (de Hoog et al., 1997).

Young children with serious infections should receive at 
least 7.5 mg/kg/day. A pharmacokinetic evaluation in 50 pedi
atric patients showed that therapeutic nontoxic serum levels 
were achieved only if a high total daily dose of 300 mg/m2 
(approximately 10 mg/kg every 24 hours) was given in six 
divided doses every 4 hours. It was recommended that this 
tobramycin dosage should be given to children and adoles
cents younger than 18 years of age (Hoecker et al., 1978). 
However, oncedaily dosing of tobramycin at 8–9 mg/kg has 
been recommended for children in more recent studies (Sung 
et al., 2003; Dupuis et al., 2004). A large metaanalysis of 
oncedaily versus multidaily administration failed to show 
any differences in efficacy or in ototoxicity or nephrotoxicity 
(ContopoulosIoannidis et al., 2004). However, urinary excre
tion of proteins and phospholipids was significantly less with 
oncedaily dosing.

4c.  Pregnant and lactating mothers

Tobramycin is categorized as pregnancy class D by the Food 
and Drug Administration (FDA) and should be adminis
tered only when benefits outweigh the risks. Aminoglycosides 
cross the placenta, and there is therefore a potential risk of 
fetal nephrotoxicity and ototoxicity. There are reports of fetal 
eighth cranial nerve toxicity and hearing loss after prolonged 
in utero exposure to kanamycin (see Chapter 51, Kanamycin). 
Tobramycin is excreted into human milk in small amounts. 
However, aminoglycosides demonstrate poor bioavailability 
after oral administration, and therefore systemic toxicity in 
the nursing infant is unlikely.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Dosage should be reduced in patients with impaired renal 
function. This may be accomplished in two ways. First, 
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individual tobramycin doses may be left unchanged but with 
the usual dosage interval of 8 hours extended by multiplying 
it by the value of the patient’s serum creatinine measured in 
milligrams per deciliter. Alternatively, the usual 8hour inter
val between doses may be left unchanged but with individual 
doses reduced by dividing them by the value of the patient’s 
serum creatinine, measured in milligrams per deciliter 
(Naber et al., 1973; Jaffe et al., 1974; Neu, 1977). These dosage 
schedules are only rough approximations. The presumed lin
ear relationship between serum creatinine and the tobramy
cin halflife in the body does not necessarily always hold 
true, especially at higher creatinine concentrations (Jaffe et 
al., 1974). For this reason, tobramycin dosage in patients with 
impaired renal function should always be governed by regu
lar serum level estimations. Ideally, peak serum levels should 
be at least 5–10 mg/l, and trough levels should not exceed 
2.0 mg/l (Gillett et al., 1976).

Nomograms developed to assist in prescription of amino
glycosides in these patients can also be used for tobramycin 
(Chan et al., 1972; Mawer et al., 1974; Bryan and Stone, 1977; 
Nicolau et al., 1995; Urban and Craig, 1997; Stankowicz et 
al., 2015). The minimal input data for such nomograms are 
the patient’s age, sex, weight, and serum creatinine concen
tration. Nomograms based on creatinine clearance require 
conversion of the serum creatinine to creatinine clearance 
(see Chapter 52, Gentamicin). Tobramycin serum level esti
mations are still advisable, even if the dosage is prescribed 
according to a nomogram.

Tobramycin, like gentamicin (see Chapter 52, Gentamicin), 
is removed by hemodialysis; approximately 50% of an admin
istered dose is removed during a 6hour dialysis session 
(Lockwood and Bower, 1973; Jaffe et al., 1974). In anephric 
patients maintained by regular hemodialysis, the usual single 
dose of 1.5–2.0 mg/kg, given after each dialysis session, will 
usually maintain therapeutic nontoxic serum levels. Removal 
of tobramycin by peritoneal dialysis is inefficient, and only 
about 50% of an administered dose is recovered during 36 
hours of this procedure (Weinstein et al., 1973; Jaffe et al., 
1974). Nevertheless, the tobramycin halflife in anephric 
patients of 53 hours is reduced to 12–16 hours when these 
patients undergo peritoneal dialysis, so a dosage schedule of 
2 mg/kg of body weight every 24–36 hours is recommended 
(Malacoff et al., 1975).

Tobramycin can be added to peritoneal dialysate to treat 
P. aeruginosa peritonitis, a serious complication of continuous 
ambulatory peritoneal dialysis (Shalit et al., 1985). Usually, 
the drug is added to produce a concentration of 8 mg/l in 
each dialysis exchange. Walshe et al. (1986) suggested that 
intermittent intraperitoneal administration with larger doses 
may be advantageous: higher fluctuating serum levels are 
attained, making parenteral dosing unnecessary; drug admin
istration is simpler; and the risk of dialysate contamination is 
reduced. An intraperitoneal loading dose of 3.0 mg/kg of 
body weight, added to 2 l of dialysate, is recommended. This 
produces peak tobramycin serum concentrations of 6–8 mg/l; 
after 24 hours the serum level is 5 mg/l, and the dialysate 
concentration is 3.5 mg/l. An intraperitoneal maintenance 

dosage of 1.2 mg/kg per 2 l of dialysate once every 24 hours 
is usually sufficient, but this should be governed by serum 
tobramycin determinations.

PATIENTS WITH CYSTIC FIBROSIS

Patients with cystic fibrosis have a greater total body clear
ance of aminoglycosides and a larger volume of distribution 
with severe infections (Mann et al., 1985; Horrevorts et al., 
1987). Much higher daily dosages of 9–15 mg/kg have been 
recommended for these patients (Vic et al., 1998; Massie and 
Cranswick, 2006; Coulthard et al., 2007). The most common 
dosage in the USA is 10 mg/kg administered once daily. A 
mean peak serum level of 32 mg/l was attained in patients 
receiving this dose via a 20minute infusion; neither ototox
icity nor nephrotoxicity was observed after 10 days of such 
therapy (Powell et al., 1983). 

A recent study found that with 10 mg/kg, only 42% of 
the patients achieved the pharmacokinetic and pharmaco
dynamic target (Cmax of 20–30 mg/l) against contemporary 
isolates, and therefore the author proposed an initial dose of 
12 mg/kg (Reyes et al., 2014). In any case, serum level moni
toring is recommended.

The most common dosage of inhaled tobramycin in 
patients with cystic fibrosis is 300 mg twice daily (Ramsey 
et al., 1999; Gibson et al., 2003; Chuchalin et al., 2007; Smyth 
et al., 2015; Mogayzel et al., 2014). For acute exacerbations, 
the drug is used for 2–4 weeks; however, about half of the 
inhaled tobramycin currently used is chronically adminis
tered (Conway, 2005; Moskowitz et al., 2008). Tobramycin 
resistance does occur, but MICs should be greater than 64 
mg/l before switching to inhaled colistin is considered (Mac
Leod et al., 2000; Bowman, 2002; Morosini et al., 2005).

OTHERS

Patients with severe burns may need a larger dosage because 
they appear to have a larger volume of distribution (Bracco 
et al., 2008). Critically ill patients in intensive care units can 
also have increased volumes of distribution and require fre
quent therapeutic drug monitoring (Buijk et al., 2002; Rea et 
al., 2008).

In overweight patients, particularly in the case of severe 
infections, the recommended dose should be calculated 
according to the ideal weight and then adjusted according to 
serum levels (Velissaris et al., 2014).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Tobramycin has very poor bioavailability after oral adminis
tration. The drug is well absorbed from i.m. administration, 
with bioavailability ranging from 80–100%. The bioavail
ability of inhaled tobramycin varies from 9.1–17.5% (Cooney 
et al., 1994; Touw et al., 1997; Geller et al., 2002). 

Binding of tobramycin to serum proteins is very low at 
0–15% (Gordon et al., 1972; Bailey and Briggs, 2004). The 



5. Pharmacokinetics and pharmacodynamics 997

serum halflife of tobramycin in patients with normal renal 
function is approximately 1.9–2.2 hours (Simon et al., 1973; 
Neu, 1977). The halflife is longer in newborns (6.4–7.3 
hours) but more rapid than in adults or young children (97 
minutes) (Hoecker et al., 1978; Yoshioka et al., 1979; Nahata 
et al., 1984b). In the elderly, the tobramycin halflife is about 
3.0 hours (Naber et al., 1973). With mild or moderate renal 
impairment, the halflife increases to 5.2 and 7.5 hours, 
respectively. In anephric patients or those with endstage 
renal impairment, the tobramycin halflife is prolonged to 
45–70 hours (Lockwood and Bower, 1973; Jaffe et al., 1974).

5b.  Drug distribution

After an 80mg i.m. injection of tobramycin is given to 
adults, a mean peak serum level of 3.7 mg/l is attained in 
30 minutes. Eight hours later, the mean serum level is 0.12–
0.28 mg/l; the areaundertheconcentrationtime curve 
(AUC) is 11.2–13.0 mg.h/l (Simon et al., 1973; Lode et al., 
1975). Intravenous doses of 3.3, 5, and 10 mg/kg in adults 
with cystic fibrosis produced peak concentrations of 11.6 ± 
2.6, 16.4 ± 3.8, and 29.3 ± 6.9 mg/l, respectively (Beringer 
et al., 2000). The AUCs for these doses were 37.5, 55.7, and 
111 mg.h/l, respectively. Powell et al. (1983) reported a mean 
peak concentration of 51 mg/l in adults with cystic fibrosis 
after a single 15 mg/kg i.v. dose. In children with cystic fibro
sis, the dose of 3.3 mg/kg produced a lower mean peak at 
5.6–7.8 mg/l and a lower AUC at 20.7–21.4 mg.h/l (Mouton 
et al., 2005; Burkhardt et al., 2006). In neonates, a 2.5 mg/kg 
dose produces peak concentrations from 5–10 mg/l in most 
patients, but over a third of the infants had trough levels 
greater than 2 mg/l (de Hoog et al., 1997). Serum concentra
tion after inhaled tobramycin have been low and range from 
< 0.2–3.62 mg/l for doses of 300–600 mg (Touw et al., 1997; 
Rosenfeld et al., 2001; Geller et al., 2002; Kahler et al., 2003). 
There is no accumulation of the drug in serum with 28 days 
of use in most patients. One patient with underlying renal 
failure used inhaled tobramycin for 3 weeks and developed 
ototoxicity with a serum level of 13.4 mg/l (Patatanian, 2006).

Tobramycin is distributed in human body fluids and tis
sues in a manner similar to gentamicin (see Chapter 52, 
Gentamicin). Tobramycin reaches satisfactory concentrations 
in noninflamed human interstitial fluid (Tan and Salstrom, 
1977). Tobramycin levels are low in peritoneal fluid (Wein
stein et al., 1973; Gerding et al., 1976), but they usually reach 
50% or more of the simultaneous serum level in patients with 
ascites and bacterial peritonitis (Gerding et al., 1977). The 
drug penetrates well into synovial fluid even in the absence of 
bacterial infection, where concentrations consistently exceed 
50% of the serum level (Dee and Kozin, 1977). It diffuses 
poorly into the CSF of patients with uninflamed meninges. 
In 11 neurosurgical patients, CSF concentrations varied from 
0 to 0.47 mg/l, and in 7 patients with meningitis with pleocy
tosis, tobramycin concentration in the CSF greater than 1 
mg/l was found in only 1 patient (Bruckner et al., 1981).

Tobramycin passes into the bronchial secretions with mean 
concentrations that are only 17% of serum concentrations 

(Alexander et al., 1982). However, mean concentrations of 
tobramycin in bronchial secretions from patients with pneu
monia are almost twice those found in normal patients and 
are 66% of serum levels. The drug also penetrates into the 
epithelial lining fluid of patients with pneumonia at concen
trations that are 54% of serum concentrations (Carcas et al., 
1999). In patients with cystic fibrosis, peak sputum levels 
exceed the MICs of many P. aeruginosa strains, provided that 
large dosages of 5–10 mg/kg/day are used. Mean sputum con
centrations after administration of 300 mg of inhaled tobra
mycin have been very high, ranging from 696 to 1239 μg/g 
(Geller et al., 2002; Lenoir et al., 2007; Poli et al., 2007). Bron
choalveolar lavage in 12 children with cystic fibrosis who 
were 6 months to 6 years of age demonstrated a mean epithe
lial lining fluid (ELF) level of 90 mg/l and a range from 
16–204 mg/l (Rosenfeld et al., 2001).

The drug crosses the placenta, but fetal serum levels are 
lower than in the mother. Fetal concentrations were studied 
in detail by Bernard et al. (1977). After administering single 
doses of 2 mg/kg of tobramycin to pregnant women, the 
drug’s halflife in fetal serum was 5.2 hours when levels did 
not exceed 0.58 mg/l. For the subsequent 34 hours, the mean 
placental tissue concentration was 1.4 μg/g. Tobramycin was 
also detected in amniotic fluid, except in women during their 
first trimester. Fetal kidney tissue concentrations reached 
7.2 μg/g 34 hours after maternal drug administration; higher 
concentrations in this tissue were obtained when maturation 
of the fetal kidney was more advanced. Fetal urine concen
trations estimated during the second trimester ranged from 
0.1 to 3.4 mg/l. Very low tobramycin CSF concentrations 
(0.1–0.7 mg/l) were found in fetuses of less than 17 weeks’ 
gestation.

Tobramycin accumulates in the kidney, where it is selec
tively concentrated in renal cortical cells (Luft and Kleit, 
1974; Bennett et al., 1977), but gentamicin accumulates to a 
greater extent in this tissue (Whelton et al., 1978; Aronoff et 
al., 1983). These drugs are only slowly eliminated from renal 
tissue. Luft and Kleit (1974) found that the halflife of genta
micin in renal tissue was 109 hours, whereas that of tobra
mycin was 74 hours.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Tobramycin, like gentamicin (see Chapter 52, Gentamicin) 
and other aminoglycosides, exhibits concentrationdependent 
killing and produces prolonged postantibiotic effects (PAEs) 
(Rescott et al., 1988; Vogelman et al., 1988b; Li and Zhu, 
2002). However, prolonged exposures to the drug cause the 
PAE to virtually disappear in vitro, but it is still thought to be 
relevant in vivo (McGrath et al., 1993; den Hollander et al., 
1998). The durations of in vivo PAEs for tobramycin against 
Entero bacteriaceae and P. aeruginosa have varied from 1.8–
7.5 hours (Vogelman et al., 1988a), but halflives in rodents 
are significantly shorter than in humans. Exposure of bacte
ria to tobramycin also increases phagocytosis and killing by 
leukocytes (Novelli et al., 1995). In neutropenic mice, it is the 
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AUC that correlates best with the efficacy of tobramycin 
against various Enterobacteriaceae and P. aeruginosa (Vogel
man et al., 1988b; Leggett et al., 1989; Leggett et al., 1990). 
The target value for efficacy in these studies was an AUC0–24/
MIC of about 100.

Four clinical trials of different aminoglycosides including 
tobramycin observed that the ratio of the peak serum level to 
the MIC was an important determinant of clinical efficacy in 
patients with Gramnegative bacillary infections (Moore et 
al., 1987). A serum peak level/MIC ratio of 8–10 was required 
for 90% efficacy. In clinical trials comparing tobramycin 
monotherapy with aztreonam monotherapy, the magnitude 
of the AUC0–24/MIC ratio for tobramycin was important for 
efficacy. If the value was greater than 110, the efficacy was 
80%, but if it was below 110, the efficacy was only 47% (Smith 
et al., 2001). More recently, two studies have correlated peak 
level/MIC and AUC/MIC ratios to improvement in forced 
expiratory volume over 1 second (FEV1). In one study, the 
peak level/MIC ratio gave the best significant correlation, 
whereas in the other, the AUC/MIC ratio was the only index 
correlating with efficacy (Mouton et al., 2005; Burkhardt et 
al., 2006).

The combination of tobramycin with an antipseudomo
nal betalactam, such as ticarcillin, piperacillin, ceftazidime, 
or imipenem, shows in vitro synergy with many isolates of 
P.  aeruginosa (Comber et al., 1977; Fass, 1982; Lyon et al., 
1986; Chan and Zabransky, 1987). In vivo synergy of tobra
mycin plus ticarcillin in mice was observed primarily when 
the aminoglycoside was administered intermittently once or 
twice daily and the ticarcillin was dosed more frequently 
(Mouton et al., 1999). However, clinical studies have failed to 
demonstrate a clinical benefit of this combination therapy. 

5d.  Excretion

Tobramycin is excreted by the kidneys in an active unchanged 
form, producing high urinary concentrations. In patients 
with normal renal function, 60% of an administered dose is 
excreted within the first 6 hours (Naber et al., 1973) and 
85% within 24 hours (Neu, 1977). Excretion is only by glo
merular filtration, and therefore probenecid has no effect on 
tobramycin elimination (Naber et al., 1973). In patients with 
impaired renal function, tobramycin excretion is reduced, 
but even in patients with moderately severe renal failure, 
urine levels are adequate for the inhibition of tobramycin 
susceptible Gramnegative bacilli (Weinstein et al., 1973). 
Like gentamicin, some of the drug is not rapidly excreted and 
accumulates in the body, particularly in renal cortical tissue. 
Accumulated tobramycin is slowly excreted by the kidney for 
10–20 days after the last dose, with a terminal halflife of 
96–146 hours (Schentag et al., 1978; Winslade et al., 1987).

5e.  Drug interactions

Tobramycin appears to be the aminoglycoside most suscepti
ble to inactivation by high concentrations of the penicillins 

both in vitro and in vivo (Pickering and Rutherford, 1981; 
Tindula et al., 1983). Studies in patients with normal and 
mild to moderate renal impairment have similar or slightly 
shorter tobramycin halflives when administered concomi
tantly with piperacillin, carbenicillin, or ticarcillin (Konishi 
et al., 1983; Dowell et al., 2001). However, in a patient with 
severe renal impairment, the halflife of tobramycin decreased 
from 35 to 7 hours when high doses of ticarcillin were used 
(Chow et al., 1982).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Ototoxicity

Tobramycin, like gentamicin (see Chapter 52, Gentamicin), 
is prone to cause ototoxicity in association with high and 
prolonged serum levels of the drug. Ototoxicity may be due 
to either cochlear or vestibular damage. Cochlear damage 
usually presents as hearing loss for highfrequency sounds; it 
is usually reversible unless it progresses to include lower fre
quency sounds, which is usually related to longer duration of 
treatment. However, idiosyncratic toxicity causing irrever
sible and profound deafness has been described rarely; this 
may happen with any dose (Guthrie, 2008; Jackson, et al., 
2013). The vestibular toxicity is more rare with tobramycin, 
although it might be underdiagnosed; it causes tinnitus and 
vertigo and usually affects the quality of life of the patients 
(Jackson et al., 2013).

Studies in animals suggest that tobramycin may cause less 
cochlear and vestibular damage than gentamicin (Brummett 
et al., 1978; Brummett, 1983). Initial largescale retrospective 
surveys have suggested that the frequency of tobramycin 
ototoxicity is low. For instance, Neu and Bendush (1976) 
found ototoxicity in only 21 of 3506 treated patients. In 7 of 
these patients, the effects were auditory only; in 9 they were 
vestibular only; and in 5 both occurred. Sub sequent progress 
of 18 patients was monitored; in 14 side effects gradually 
subsided, in 3 a highfrequency audiometric loss persisted, 
and in 1 there was still a decrease in hearing. It seemed that 
preexisting renal impairment, previous and/or concomitant 
therapy with other ototoxic drugs, and therapy lasting 10 
days or more with a dosage exceeding 3 mg/kg/day predis
posed to ototoxicity. Similar to gentamicin (see Chap ter 52, 
Gentamicin), the incidence of tobramycininduced hearing 
loss is enhanced in patients with certain genetic mutations 
that predispose to ototoxicity (FischelGhodsian, 1999). In 
smaller prospective studies in which all patients were care
fully monitored from the beginning of therapy, the inci
dence of ototoxicity was more common (11–24%) (Lerner 
et al., 1983; Fee, 1983). In one prospective randomized trial 
involving 187 patients in whom netilmicin, tobramycin, and 
amikacin were compared, auditory toxicity was detected in 
4.4%, 10.8%, and 23.5% of patients given netilmicin, tobra
mycin, and amikacin, respectively. In this study, it was also 
found that increasing age was the most important predispos
ing factor for the development of auditory toxicity in patients 
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receiving aminoglycosides (Gatell et al., 1987). Kahlmeter 
and Dahlager (1984) surveyed the incidence of aminoglyco
sideinduced ototoxicity reported in clinical trials published 
between 1975 and 1982, which included approximately 10,000 
patients. The average frequency of cochlear toxicity in approx
imately 10,000 patients was 13.9% for amikacin, 8.3% for 
gentamicin, and 6.1% for tobramycin. Ariano et al. (2008) 
did a similar survey of aminoglycosideinduced vestibular 
injury from 1975–2007 and found the average frequencies 
of toxicity were 7.4% for amikacin, 10.9% for gentamicin, 
and only 3.5% for tobramycin. Recent studies also showed a 
lower rate of ototoxicity with tobramycin in comparison with 
other aminoglycosdes (Ariano et al., 2008, Farzal et al., 2015). 
However, the available data are limited by the heterogenic 
diagnostic criteria, the duration of exposure and dosing, and 
the length of followup.

In patients with cystic fibrosis receiving repeated courses 
of tobramycin, highfrequency audiometry may serve as a 
useful measure of the elevation in puretone hearing thresh
olds that precede noticeable loss of auditory acuity (McRorie 
et al., 1989). In general, the acute and chronic ototoxicity of 
repeated highdose tobramycin treatment in patients with 
cystic fibrosis appears to be mild (Pedersen et al., 1987). No 
audiometric changes were observed after a 14day course 
of tobramycin administered either daily or three times daily 
(Mulheran et al., 2006). No ototoxicity, either presenting 
clinically or determined by highfrequency audiometry, has 
been seen in clinical trials of twicedaily inhaled tobramycin 
at 300 mg for 28 days; the incidence of transient tinnitus 
in these patients was also very low (Pai and Nahata, 2001; 
Cheer et al., 2003; Chuchalin et al., 2007; Lenoir et al., 2007). 
Chronic use for almost 18 months results in a very low inci
dence of tinnitus (Bowman, 2002). There is one reported 
case of ototoxicity after 3 weeks of inhaled tobramycin; this 
patient had underlying renal impairment, which resulted 
in a serum concentration of 13.4 mg/l (Patatanian, 2006). 
Clinicians need to be aware of the risk of ototoxicity with use 
of inhaled tobramycin in patients with renal impairment 
(Kahler et al., 2003).

6b.  Nephrotoxicity

Tobramycin is selectively concentrated in renal cortical cells, 
and it produces changes in proximal tubules resembling those 
produced by gentamicin. The drug causes renal impairment 
characterized by excretion of casts, oliguria, proteinuria, and 
a progressive rise in blood urea and serum creatinine values 
(Appel and Neu, 1977; Lietman and Smith, 1983). The patho
logic changes in the kidney and the mechanisms producing 
nephrotoxicity are similar to those for gentamicin (see 
Chapter 52, Gentamicin). The drug binds to megalin, which 
facilitates its entry into the cell by pinocytosis (Nagai et al., 
2001). The drug then accumulates in the cell in liposomes and 
eventually gets into the cytosol, where it activates apoptosis, 
which results in cell death (MingeotLeclercq and Tulkens, 
1999). In animals and humans, tobramycin appears to accu 

mulate in the kidney at lower amounts than does gentamicin 
(Luft and Kleit, 1974; Schentag et al., 1978; Winslade et al., 
1987). In animals, tobramycin accumulates in the kidneys 
more during the rest period at night and possibly causes more 
nephrotoxicity during that time (Lin et al., 1994). Based on 
drug accumulation, one would expect less nephrotoxicity 
with tobramycin than with gentamicin. In animals, tobramy
cin is less toxic to renal tubules than is gentamicin (Whelton 
et al., 1978; Bennett et al., 1979; Kahlmeter, 1979). Some ran
domized controlled trials performed more than 30 years ago 
showed lower nephrotoxicity with tobramycin than with 
gentamicin (Smith et al., 1980; Schentag et al., 1981; Feig et 
al., 1982). Kahlmeter and Dahlager (1984) analyzed results 
of clinical studies published between 1975 and 1982 involv
ing approximately 10,000 patients treated with aminogly
cosides, and the average frequencies of nephro toxicity for 
gentamicin and tobramycin were 14% and 12.9%, respec
tively. As for the most recent studies, van Maarseveen et al. 
(2014) studied patients who received amino glycosides for 
nosocomial infections; they found a higher rate of renal tox
icity with gentamicin than with tobramycin (21.3% vs. 10.6%), 
and gentamicin was independently associated with renal tox
icity. This is in contrast with a recent observational retro
spective study in 5507 patients treated with gentamicin or 
tobramycin in two hospitals from 2001–2015, which did not 
confirm the lower nephrotoxicity of tobramycin (Paquette et 
al., 2015).

Oncedaily dosing results in slightly less drug accumu
lation in the human kidney than does threetimesdaily dos
ing, but the differences in renal toxicity do not seem to be 
significant (De Broe et al., 1991; Munckhof et al., 1995; Olsen 
et al., 2004).

Described risk factors for renal toxicity include adminis
tration of high doses for prolonged periods (Tablan et al., 
1984), dehydration (Bergeron et al., 1986; Joly et al., 1991), 
concomitant use of other nephrotoxic drugs such as vanco
mycin (Wood et al., 1986; Beauchamp et al., 1990; Rybak et 
al., 1999), and high bilirubin concentrations from obstruc
tive jaundice (Desai and Tsang, 1988). A recent study using 
multivariate analysis found that the variables associated with 
nephrotoxicity were concomitant use of vancomycin, heart 
insufficiency, and higher trough levels of the aminoglycoside 
(≥ 2 µg/ml) (Paquette et al., 2015). 

One animal study showed that concomitant administra
tion of ticarcillin protected against tobramycin nephrotoxic
ity (English et al., 1985). Because salt depletion aggravates 
tobramycin nephrotoxicity, the protective effect of ticarcillin 
may be secondary to the obligatory sodium load associated 
with the use of this drug (Sabra and Branch, 1990). Animal 
studies have also demonstrated than daptomycin can reduce 
the risk of tobramycin nephrotoxicity (Wood et al., 1989; 
Beau champ et al., 1990). It appears that daptomycin attenu
ates nephrotoxicity by electrostatic complexation to tobra
mycin (Couture et al., 1994).

Prolonged use of inhaled tobramycin does not increase 
the incidence of nephrotoxicity (Bowman, 2002). 
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6c.  Other side effects

Local reactions may occur at the sites of i.m. injections, 
and  thrombophlebitis may occur after i.v. administration. 
Urticaria, eosinophilia, or a maculopapular rash have been 
described but are rare. Elevated serum glutamic oxaloacetic 
transaminase levels have been noted in some patients, but 
other evidence of hepatotoxicity has not been reported 
(Bendush and Weber, 1976). Psychosis and delirium in 
one 66yearold woman was probably caused by tobramy
cin (McCartney et al., 1982).

Inhaled tobramycin can result in bronchospasm and 
wheezing during administration (Gibson et al., 2003; Con
way, 2005; Bilton et al., 2006); this effect seems to be more 
frequent with dry powder capsules than with solutions for 
aerosol therapy (Shteinberg and Elborn, 2015). Prolonged 
use has also been associated with increased colonization with 
Candida spp. and Aspergillus spp.; however, this does not 
result in any clinical deterioration (Burns et al., 1999; Cheer 
et al., 2003). One patient developed a rash with i.v. gentami
cin that resolved after discontinuation but returned with the 
start of inhaled tobramycin (Spigarelli et al., 2002). Sporadic 
cases of neuromuscular blockade have been described, 
although with lower intensity than with gentamicin or amik
acin; administration of calcium reversed the effect (Paradelis 
et al., 1980).

7. CLINICAL USES OF THE DRUG

7a.  Pseudomonas aeruginosa infections

In experimental P. aeruginosa infections (e.g. pneumonia) in 
animals, tobramycin alone has been as effective as tobramy
cin combined with a betalactam (e.g. tobramycinticarcillin) 
(Pennington and Stone, 1979; Schiff and Pennington, 1984). 
However, a tobramycin and betalactam combination was 
superior to either drug used alone for the treatment of P. 
aeruginosa pneumonia in neutropenic guinea pigs (Rusnak 
et al., 1984) or a thigh infection in neutropenic mice (Mouton 
et al., 1999). 

Owing to its increased activity in vitro against this patho
gen, tobramycin has traditionally been used in preference 
to gentamicin for the treatment of confirmed P. aeruginosa 
infections and also for initial empirical treatment of patients 
with severe infections in which P. aeruginosa is a likely 
pathogen. This included patients with neutropenia, burns, 
and cystic fibrosis (Moellering, 1977). One comparative study 
performed in the 1970s found similar results with gentami
cin and tobramycin in severe P. aeruginosa infections (Klas
tersky et al., 1974). Tobramycin has been used as a single 
drug with about the same success as gentamicin to treat 
P. aeruginosa septicemia and pneumonia (Blair et al., 1975; 
Carmalt et al., 1976). Likewise, tobramycin has been used 
successfully to treat Pseudomonas urinary tract infections 
(Bennett, 1976; Perkins et al., 1976), soft tissue infections, and 
osteomyelitis (Bennett, 1976; Carmalt et al., 1976; Perkins 
et al., 1976). Monotherapy alone with tobramycin or other 

aminoglycosides in 200 patients with P. aeruginosa bactere
mia resulted in 47% mortality compared with only 27% with 
combination therapy; mortality was higher in patients with 
neutropenia (Hilf et al., 1989). A systematic review and 
metaanalysis showed that treatment with aminoglycosides 
in monotherapy was inferior to betalactams or quinolones 
except in the case of urinary tract infections, in which the 
efficacy was similar (Vidal et al., 2007). Therefore, monother
apy with tobramycin is not recommended except for urinary 
tract infections.

Until recently, most clinicians would recommend the 
use of combination therapy with an antipseudomonal beta 
lactam, such as ticarcillin, piperacillin, ceftazidime, cefepime, 
imipenem, or meropenem, plus tobramycin for the treat
ment of pneumonia and most other serious P. aeruginosa 
infections (Korvick and Yu, 1991). However, monotherapy 
with an active betalactam in nonneutropenic patients has 
shown similar efficacy to combination therapy (Leibovici et 
al., 1997; Paul et al., 2004). In fact, in these studies, nephro
toxity was higher in the combination therapy group, but in 
the patients with Pseudomonas infections there was a trend to 
a better outcome with combination therapy. A recent study 
in Spain that included 593 patients, including those with 
neutropenia, with bacteremia due to P. aeruginosa did not 
find better results with combination therapy (Peña et al., 
2013). Therefore, combination therapy is not recommended 
at present although the controversy persists. 

The preferred combination for the treatment of P. aerugi
nosa endocarditis is an antipseudomonal betalactam plus 
tobramycin; however, because this is a rare entity, the avail
able data come only from short case series, in which many of 
the patients had surgery (Dawson et al., 2011). Large doses of 
tobramycin are recommended, aiming to obtain peak serum 
levels of 12–15 mg/l or even 15–20 mg/l (Tablan et al., 1984; 
Rybak et al., 1986; Korvick and Yu, 1991).

For the initial treatment of severe infections in patients 
with neutropenia from leukemia or cancer, a combination of 
tobramycin plus an antipseudomonal betalactam was pre
ferred in the past (Bodey et al., 1985; Korvick and Yu, 1991). 
A total of 410 episodes of P. aeruginosa septicemia occurring 
in patients with cancer were analyzed by Bodey et al. (1985). 
Patients who received an antipseudomonal betalactam anti
biotic with or without an aminoglycoside had a higher cure 
rate than patients who received only an aminoglycoside. 
However, as discussed in Chapter 52, Gentamicin, the addi
tion of an aminoglycoside has not demonstrated benefits and 
therefore is not routinely recommended in patients with 
neutropenia.

7b.  Patients with cystic fibrosis and 
Pseudomonas aeruginosa infections

The management of respiratory tract infections due to P. aeru
ginosa in patients with cystic fibrosis includes treatment of 
acute exacerbations, control of the chronic infection, and 
eradication of the pathogen from the airways. These goals 
can be achieved in the initial phases of the infection by using 
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intravenous or inhaled therapy with tobramycin; for i.v. 
treatment, combination therapy with an antipseudomonal 
betalactam is still frequently used (Reyes et al., 2014).

For the treatment of initial P. aeruginosa episodes, differ
ent trials have shown the efficacy of tobramycin in eradicat
ing the pathogen, either in monotherapy or in association 
with other agents (Langan et al., 2015). In most of the trials, 
inhaled aerosolized tobramycin alone or in combination with 
oral ciprofloxacin was superior to placebo; eradication was 
achieved in 63–100% of patients. No differences were found 
in terms of mortality or quality of life. Therefore, even though 
the best strategy is not well defined, present recommenda
tions include inhaled tobramycin (300 mg every 12 hours 
for 28 days) as initial treatment with the aim of eradicating 
P. aeruginosa.

Tobramycin has been extensively used intravenously for 
the treatment of exacerbations of P. aeruginosa pulmonary 
infections in patients with cystic fibrosis. The major benefit 
of therapy is improved respiratory function (FEV1), because 
only a small percentage of patients eliminate the organism 
from the sputum (Moller and Hoiby, 1981; Horrevorts et al., 
1987; Mouton et al., 1993; Smyth et al., 2005). Reducing the 
number of bacteria may also reduce the frequency of exacer
bations. Tobramycin is usually used in combination with an 
antipseudomonal betalactam antibiotic or even with inhaled 
tobramycin. Dosages of 7–12 mg/kg/day were used with once
daily dosing in 57–88% of cases from 1999 to 2008 in an 
Australian study (Phillips and Bell, 2001; Soulsby et al., 2008). 
A similar survey in the USA showed that 10 mg/kg was the 
most common dose and that 61% of dosages were adminis
tered once daily (Van Meter et al., 2009). However, inhaled 
therapy is considered the method of choice for administering 
tobra mycin to these patients today. (Systemic administration 
is reserved for patients with sepsis or very symptomatic acute 
exacerbations.) The probability of achieving eradication is 
reduced in subsequent episodes and in chronic infections, 
but therapy including inhaled tobramycin is associated with 
a reduction in both new exacerbations and hospital admis
sions (Shteiberg et al., 2015; Langan et al., 2015).

Two formulations for nebulization of tobramycin are 
available: dry powder and solution. The dry powder has the 

advantages of more portability and a shorter time of admin
istration; however, dysphonia and cough were less frequent 
with the solution (Shteiberg et al,, 2015) (Table 53.2). The 
objective is to attain very high concentrations of the drug in 
the lung while avoiding the toxic effect of systemic adminis
tration (Quon et al., 2014; Biller, 2015). By using inhaled 
therapy, lung concentrations 50 to 100fold greater than the 
MIC of the usual pathogens can be achieved; however, the 
concentration of the drug varies according to the formula
tion, the particle size, the type of nebulizer used, and the 
characteristics of the patient (Lanton Hewer et al., 2014).

Although resistant strains appear in some patients, these 
are not associated with clinical deterioration. A recent survey 
on inhalation use showed that acute use of inhaled tobramy
cin to treat pulmonary exacerbations has been decreasing, 
whereas chronic use has been increasing (Moskowitz et al., 
2008). In 2005, 50% of patients with cystic fibrosis used 
inhaled tobramycin chronically.

7c.  Inhalation therapy for Pseudomonas 
infections in other respiratory diseases

There is less available evidence for use of inhalation therapy 
for Pseudomonas infections in respiratory diseases other than 
cystic fibrosis. However, several studies have evaluated inha
lation of tobramycin at 300 mg twice daily in the treatment 
of P. aeruginosa infections in patients with exacerbations of 
bronchiectasis or chronic obstructive lung disease (Barker et 
al., 2000; Bilton et al., 2006; Dal Negro et al., 2008; Vendrell 
et al., 2015). In one study of bronchiectasis complicated by 
P.  aeruginosa infection, therapy with inhaled tobramycin 
was  combined with oral ciprofloxacin (Bilton et al., 2006). 
Although inhaled tobramycin administered for 2 weeks 
resulted in greater microbiologic response than did inhaled 
placebo, there was no difference in clinical efficacy between 
the two groups. In fact, the inhaled tobramycin produced 
wheezing in about 50% of patients. In other studies in which 
patients with bronchiectasis were treated for 2–4 weeks, 
P. aeruginosa was eradicated in 22–35% of patients receiving 
inhaled tobramycin and in none of those receiving placebo 
(Barker et al., 2000; Scheinberg and Shore, 2005). However, 

Table 53.2. Indications and dosing of tobramycin in Pseudomonas aeriginosa infections

Indication Recommended dose Comments

Systemic therapy 5-7 mg/kg /daya Adjustment of dose recommended according to serum 
levels.

Usually use in combination with other antimicrobials except 
in urinary tract infections.

Inhaled therapy in patients with 
cystic fibrosis 

300 mg every 12 hours (aerosol)
448 mg every 12 hours (dry powder)

Patients aged > 6 years, moderate to severe disease.
Acute exacerbations: monotherapy or combined with 

systemic or oral antibiotics.
Chronic infection: 4-week cycles with 4-week intervals.

Lock-in therapy for intravenous 
catheters

2–5 mg/mlb If bacteremia, systemic therapy is also needed.

a Higher doses have been used in cystic fibrosis patients (10 mg/kg/24 h).
b Solution with heparin and saline..
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tobramycinresistant P. aeruginosa strains developed in 9–11% 
of patients using inhaled tobramycin and in only 0–3% of 
those on placebo. In patients with severe chronic obstruc
tive pulmonary disease colonized with P. aeruginosa, use of 
inhaled tobramycin for 6 months lowered bacterial density 
in the sputum and reduced the frequency of severe acute 
exacerbations by 42% (Dal Negro et al., 2008). Overall, the 
studies show better microbiological response and a reduc
tion in sputum density with inhaled tobramycin when com
pared with placebo, but cough and wheezing were more 
frequent with tobramycin (Brodt et al., 2014).

7d.  Infections caused by other  
Gram-negative bacilli

Urinary tract infections, as well as more serious systemic 
infections such as pneumonia, osteomyelitis, and bacteremia 
from any source, caused by the Enterobacteriaceae were 
reported to respond to tobramycin treatment during the 
1970s (Bendush and Weber, 1976; Bennett, 1976; Carmalt et 
al., 1976). These infections are now commonly treated with 
extendedspectrum penicillins, cephalosporins, carbapenems, 
or fluoroquinolones. In fact, monotherapy with betalactams 
appears to result in higher efficacy in infections outside the 
urinary tract than is observed with monotherapy with ami
noglycosides (Vidal et al., 2007). However, in the context 
of multidrugresistant and extensively drugresistant Gram 
negative bacilli, the aminoglycosides may be one of the few 
available alternatives; monotherapy with aminoglycosides is 
effective in urinary tract infections caused by these bacteria 
if they are susceptible to aminoglycosides (DelgadoValverde 
et al., 2013; Morrill et al., 2015). Experience in other infec
tions is more limited, and, for serious infections, tobramycin 
should probably be used in combination with other active 
agents (RodriguezBaño et al., 2014).
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Amikacin

Whitney J. Nesbitt and David Aronoff

1. DESCRIPTION

Amikacin is a semisynthetic aminoglycoside antibiotic. It 
was derived by the addition of the (S)-4-amino-2-
hydroxybutyryl (AHB) side chain into the 1-amino position 
of the deoxystreptamine moiety of kanamycin A (Kawaguchi, 
1976; Pien and Ho, 1981). The empirical formula of amikacin 
is C22H43N5O13, and the molecular weight is 585.6; the molec-
ular structure of amikacin is shown in Figure 54.1.

Clinically the drug is used in the sulfate form. It is almost 
identical to kanamycin (see Chapter 51, Kanamycin) in its 
physical, chemical, pharmacologic, and toxicologic proper-
ties (Cabana and Taggart, 1973; Hewitt and Young, 1977). 
The presence of the AHB side chain gives amikacin stability 
against most of the bacterial plasmid-mediated enzymes, 
which are responsible for resistance to aminoglycosides. For 
this reason, amikacin is active against many gentamicin- 
and tobramycin-resistant Gram-negative bacilli (Price et al., 
1976; Davies and Courvalin, 1977; Gerding and Larson, 
1985; Maes, 1985).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The in vitro susceptibility of amikacin against common patho-
gens is shown in Table 54.1. In general, anaerobic bacteria 
are not susceptible to amikacin, which is similar to other 
aminoglycosides. 

GRAM-POSITIVE BACTERIA

Staphylococcus aureus and S. epidermidis, including penicil-
lin G–resistant strains of both, are usually susceptible to ami-
kacin. Methicillin-resistant strains of these organisms may 
be amikacin susceptible, but many isolates from hospitals 
are resistant (Guimaraes et al., 1985). Gentamicin-resistant 
S. aureus may also be susceptible to the drug, but often the 
minimum inhibitory concentrations (MICs) for amikacin 
are four- to eightfold higher than those for fully susceptible 
strains (Vogel et al., 1978).

Other Gram-positive cocci, such as Streptococcus pyo
genes, S. pneumoniae, and Enterococcus faecalis, are resistant 
to amikacin (Schiffman, 1977; Hewitt and Young, 1977). The 
combination of penicillin G and amikacin does not act syn-
ergistically against many E. faecalis strains. If a penicillin  
G/kanamycin combination is not synergistic against a par-
ticular E. faecalis strain, then this also applies to a penicillin 
G/amikacin combination (Basker et al., 1977; Calderwood et 
al., 1977; Gutschik et al., 1977).

Nocardia asteroides is amikacin susceptible, with most 
strains being inhibited by 0.5–1.0 μg/ml (Gutmann et al., 
1983; Gombert et al., 1986). Other aerobic Actinomycetes 
such as N. brasiliensis, Actinomadura madurae, and Strep
tomyces griseus are also susceptible to amikacin (Boiron and 
Provost, 1988; McNeil et al., 1990). Gram-positive anaerobic 
bacilli, such as Clostridium and Actinomyces spp., are amika-
cin resistant, similar to other anaerobes.

GRAM-NEGATIVE BACTERIA

Amikacin is active against all the Enterobacteriaceae such as 
Escherichia coli, Enterobacter, Klebsiella, Proteus, Salmonella, 
Shigella, Providencia, Serratia, Citrobacter, and Yersinia spp. 
(Drasar et al., 1976; Kawaguchi, 1976; Hammerberg et al., 
1977; Schiffman, 1977; Ball and Gray, 1979; Moellering, 1983; 

Figure 54.1. Molecular structure of amikacin.
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Kwaga and Iversen, 1990). Pseudomonas aeruginosa is sus-
ceptible to amikacin, as are most strains of P. stutzeri and 
P. fluorescens (Davies and Courvalin, 1977; Van der Auwera 
and Schuyteneer, 1983; Williams et al., 1984). Against gen-
tamicin-susceptible strains, amikacin is two- to fourfold less 
active than gentamicin (Bodey and Stewart, 1973; Yu and 
Washington, 1973). A very important feature of amikacin is 
that it is active against many strains of Enterobacteriaceae 
(usually greater than 80%) and also a considerable propor-
tion of P. aeruginosa (25–85%), which have acquired resis-
tance to gentamicin and/or other aminoglycosides (Acar et 
al., 1976; Houang and McKay-Ferguson, 1976; Meyer et al., 
1976; Seligman, 1978; Price et al., 1981; Gerding and Larson, 
1985; Guimaraes et al., 1985; Maes, 1985; Bengtsson et al., 
1986; Zhang et al., 2015). Burkholderia cepacia and Steno
trophomonas maltophilia are usually resistant to amikacin 
(Price et al., 1976). Acinetobacter baumanii is usually amika-
cin susceptible, but resistant strains have increased in preva-
lence (Yu and Washington, 1973; Drasar et al., 1976; Phillips 
et al., 1977; Zilberberg et al., 2016).

Amikacin, like kanamycin, is active against the Neisseria 
spp. (meningococci and gonococci) and Haemophilus influ
enzae (Phillips et al., 1977). Pasteurella multocida is also 
susceptible to amikacin (Yu and Washington, 1973). Both 
Campylobacter jejuni and C. fetus are amikacin susceptible, 

similar to gentamicin. Legionella pneumophila is susceptible 
to amikacin in vitro but not in vivo (Thornsberry et al., 1978). 
In common with other aminoglycosides, amikacin is inactive 
against Bacteroides fragilis and most other anaerobic Gram-
negative bacteria. The uptake of aminoglycosides by bacteria 
is an active process requiring oxygen, which cannot occur in 
anaerobes (Moellering, 1977).

MYCOBACTERIA

Mycobacterium tuberculosis is amikacin susceptible (Gangad-
haram and Candler, 1977; Sanders et al., 1982; Heifets and 
Lindholm-Levy, 1989). Approximately 50% of M. fortuitum 
strains and a proportion of those of M. chelonae are also 
susceptible to clinically attainable amikacin concentrations 
(Dalovisio and Pankey, 1978; Wallace et al., 1979a; Swenson 
et al., 1982; Ingram et al., 1993). Usually M. marinum is 
amikacin susceptible (Sanders and Wolinsky, 1980; Wallace 
and Wiss, 1981); M. kansasii is usually resistant because its 
MICs are usually higher than 16 μg/ml (Sanders et al., 1982). 
M. ulcerans is also usually susceptible to amikacin (Ji et al., 
2006), whereas M. abscessus is often resistant (Shen et al., 
2007). Of 40 international reference rapidly growing myco-
bacteria isolates, including M. abscessus, M. chelonae, M. for
tuitum, M. immunogenum, and M. smegmatis, all were 
susceptible to amikacin (Pang et al., 2015).

Mycobacterium avium complex (MAC) is usually suscep-
tible, with most strains having an MIC of 16 μg/ml or lower. 
The minimal bactericidal concentrations (MBCs) are consid-
erably higher than the MICs and range from 32–256 μg/ml 
(Inderlied et al., 1987; Yajko et al., 1987; Bermudez and Young, 
1988; Heifets, 1988; Khardori et al., 1989; Brown-Elliott et 
al., 2013). Amikacin also appears active against this organ-
ism under simulated in vivo conditions (Gangadharam et al., 
1988). Mycobacterium haemophilum, which causes cutane-
ous lesions in immunosuppressed patients, may be suscepti-
ble to amikacin in vivo if it is combined with other antibiotics 
such as rifampicin and ciprofloxacin (Straus et al., 1994). 
Amikacin is bactericidal to M. leprae in the mouse footpad 
model, provided that a high daily dose of 100 mg/kg of body 
weight is used. However, similar to kanamycin, amikacin is 
not useful for the treatment of human leprosy (Gelber et al., 
1984).

2b.  Emerging resistance and 
cross-resistance

Resistance mechanisms relevant to amikacin are similar to 
those described for gentamicin (see Chapter 52, Gentamicin, 
section 2b, Emerging resistance and cross-resistance).

GRAM-POSITIVE BACTERIA

Amikacin resistance in staphylococci is usually mediated by 
plasmids that code for amikacin-modifying enzymes such as 
ANT-4′, APH-3′-VI, and ACC-6′ (Courvalin and Davies, 
1977; Davies and Courvalin, 1977; Neu, 1984; Ubukata et al., 
1984). The frequency of amikacin resistance in methicillin- 
resistant Staphylococcus aureus (MRSA) infection is low (Uete 

Table 54.1. In vitro susceptibility of various bacterial pathogens 
to amikacin

Organism

MIC (µg/ml)

Rangea ECoff

Gram-positive bacteria

Staphylococcus aureus 0.5–8  8

Staphylococcus epidermidis 0.25–16 ND

Streptococcus pyogenes     4–16 ND

Streptococcus pneumoniae     4–64 ND

> 64 ND

Gram-negative bacteria

Escherichia coli 0.5–8  8

Enterobacter spp. 0.5–8  8

Klebsiella pneumoniae 0.5–8  8

Serratia marcescens      1–8  8

Citrobacter spp. 0.5-8  8

Proteus mirabilis 0.5–8  8

Proteus vulgaris 0.25–8  8

Pseudomonas aeruginosa 0.5–16 16

Acinetobacter spp. 0.5–8  8

Neisseria gonorrhoeae 0.5–8 ND

Neisseria meningiditis     2–32 ND

Haemophilus spp.     2–16 16

Mycobacterium tuberculosis 0.25–4 ND

aAdapted from EUCAST (2016), Young and Hewitt (1973), Kawaguchi (1976), 
and Thornsberry et al. (1980). 

Abbreviations: ECoff, epidemiologic cut-off, indicating the upper limit of 
the wild-type distribution; MIC, minimum inhibitory concentration; ND, 
not determined.
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et al., 1992). The absence of synergy by penicillin G/amika-
cin against E. faecalis is due to the production of plasmid- 
mediated amikacin-modifying enzymes such as APH-3′-IIIa 
(Calderwood et al., 1981; Arias et al., 2010).

GRAM-NEGATIVE BACILLI

Resistance of Enterobacteriaceae to aminoglycosides is 
usually due to the production of aminoglycoside-modifying 
enzymes, which act on the antibiotic in the outer layers of 
the bacterial cell. Enzyme modification of amikacin occurs 
by acetylation, adenylylation or phosphorylation. However, 
among the many different enzymes that Gram-negative 
bacteria produce, only three—6′-aminoglycoside acetyl-
transferase (AAC-6′), 3′-aminoglycoside phosphotransfer-
ase (APH-3′-VI), and 4′-aminoglycoside adenyltransferase 
(ANT-4′)—determine resistance to amikacin in clinical iso-
lates. The genes coding for production of these three enzymes 
are usually located in plasmids, but they may also reside in 
the chromosome or on transposons (Sanders and Watanaku-
nakorn, 1986; Tolmasky et al., 1986; Tolmasky et al., 1988; 
Tolmasky and Crosa, 1987; Champion et al., 1988; Gaynes et 
al., 1988; Van Nhieu and Collatz, 1988; Jacoby et al., 1990; 
Hopkins et al., 1991; Lambert et al., 1990; Lambert et al., 
1993; Lambert et al., 1994b). Amikacin’s AHB side chain 
prevents its modification by the majority of plasmid-coded 
enzymes that determine resistance to other aminoglycosides. 

Strains of Enterobacteriaceae, including pseudomonal 
spp., resistant to amikacin were very uncommon in early sur-
veys. Jauregui et al. (1977), in a 10-month survey, detected 37 
(0.8%) of 4640 strains of Gram-negative bacilli in one gen-
eral hospital that were amikacin resistant. Similarly, Moel-
lering et al. (1977) surveyed 46,000 isolates of Gram-negative 
bacilli during a 2-year period in another hospital and found 
a very small percentage of amikacin-resistant bacteria. There 
have been a number of reports of the emergence of amikacin- 
resistant organisms during treatment (Minshew et al., 1977; 
Levine et al., 1985; Van Nhieu et al., 1986). Increased resis-
tance of Enterobacteriaceae and P. aeruginosa to amikacin 
was also reported in neonatal units after increased amikacin 
usage (Garcia et al., 1989; Friedland et al., 1992). In other 
hospitals the frequency of amikacin-resistant strains increased 
only marginally over a range of 1.2–1.8% during periods of 
1–13 years of amikacin usage (Gerding and Larson, 1985; 
Shulman and Yogev, 1985; Young, 1985; Larson et al., 1986; 
Powell and Pincus, 1987; Gerding et al., 1991; Muscato et al., 
1991; King et al., 1992). A more recent large survey of sus-
ceptibility of Enterobacteriaceae and P. aeruginosa to various 
antibiotics shows low rates of resistance to amikacin of 0.7%, 
1.9%, 4.8%, and 9.3% in the USA, Europe, Asia/Pacific Rim, 
and Latin America, respectively (Reinert et al., 2007). Studies 
in Taiwan and Japan also show low resistant rates to amika-
cin among the Enterobacteriaceae (Yamaguchi et al., 1999; 
Tsai et al., 2007). Even in studies of ceftazidime-resistant 
Enterobacteriaceae, the frequency of amikacin resistance is 
only 10% (Pfaller et al., 2006). 

Resistance in P. aeruginosa is higher, at values of 2.3–2.9%, 
6.5–14.0%, 8.5–14.3%, and 28.0% in the USA, Europe, Asia/

Pacific Rim, and Latin America, respectively (Jones et al., 
2002; Turnidge et al., 2002; Kirby et al., 2006; Cavallo et al., 
2007; Reinert et al., 2007; Turner, 2008). Studies from China 
and Japan have also shown a high incidence of resistance in 
strains of P. aeruginosa ranging from 15.5–27.9% (Nakamura 
et al., 2007; Tsai et al., 2007). Acinetobacter spp. strains can 
become amikacin resistant owing to chromosomal- or plas-
mid-mediated production of the aminoglycoside modifying 
enzymes AAC-6′ or APH-3′ (Lambert et al., 1988; Shaw et 
al., 1993; Lambert et al., 1994a; Ploy et al., 1994). The fre-
quency of resistant strains in various regions of the world is 
higher with strains of Acinetobacter spp. than with strains of 
P. aeruginosa and varies from 15.0% in the USA to 76.6% in 
Latin America (Rhomberg et al., 2005; Reinert et al., 2007). 

In hospitals with a low frequency of gentamicin-resistant 
strains, amikacin use is often restricted. However, in some 
hospitals in the USA and other regions where gentamicin- 
resistant Gram-negative bacilli are widespread, amikacin is 
the major aminoglycoside used. Although increased use of 
amikacin does appear to increase the incidence of resistant 
strains, the emergence of resistance in Enterobacteriaceae 
has been much lower than with P. aeruginosa (Kirby et al., 
2006; Reinert et al., 2007). The mechanism of resistance to 
aminoglycosides in P. aeruginosa is more likely to be due 
to changes in permeability or overexpression of efflux pumps 
rather than primarily to modifying enzymes as in the Entero-
bacteriaceae (Miller et al., 1997). 

Instead of modification by enzymes, some bacteria are 
resistant to amikacin as a result of an increase in the perme-
ability barrier to the drug. This resistance is not plasmid 
mediated and not transferable. Such amikacin-resistant Gram- 
negative bacilli are usually resistant to all other aminoglyco-
sides, and the resistance is usually of low level (Moellering 
et al., 1977; Olson et al., 1985; Clark et al., 1988). Now it is 
known that most of this resistance with P. aeruginosa rep-
resents overexpression of the MexXY-OprM efflux pump 
system (Masuda et al., 2000; Islam et al., 2009).

Amikacin resistance, along with resistance to other ami-
noglycosides, can occur in strains that have acquired the 16S 
rRNA methylase gene (Yokoyama et al., 2003). This gene 
shows considerable similarity to the 16S rRNA methylases 
in aminoglycoside-producing Actinomycetes. Three genes, 
armA, rtmA, and rtmB, have been found in an increasing 
number of Enterobacteriaceae, primarily Klebsiella pneumo
niae, along with extended-spectrum beta-lactamases (ESBLs) 
and in Acinetobacter spp. that are nonsusceptible to carbap-
enems (Yan et al., 2004; Lee et al., 2006; Bogaerts et al., 2007; 
Ma et al., 2009). These genes can be located in plasmids or on 
the chromosome (Yu et al., 2009).

MYCOBACTERIA

Multidrug-resistant strains of M. tuberculosis from Russia, 
Thailand, Italy, and England have high rates of susceptibility 
to amikacin ranging from 80–95% (Fattorini et al., 1999; 
Balabanova et al., 2005; Prammananan et al., 2005; Abubakar 
et al., 2009). Even extensively drug-resistant strains, which 
have 83% resistance to streptomycin, are amikacin resistant 
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for only 58% of the isolates (Banerjee et al., 2008). Cross-
resistance between amikacin and kanamycin is also not com-
plete because 54% of strains of M. tuberculosis resistant to 
kanamycin are susceptible to amikacin (Kruuner et al., 2003).

3. MECHANISM OF DRUG ACTION

The mechanism of action is similar to that of other amino-
glycosides such as gentamicin (see Chapter 52, Gentamicin) 
that inhibit protein synthesis by binding to the 30S ribosome. 
Exposure of gram-negative bacilli to amikacin initially shows 
a reduction in the number of ribosomes in the center of the 
cell and an aggregation of nuclear material in a concentric 
pattern (Lorian and Atkinson, 1986). This is followed in a 
few hours by rupture of the cytoplasmic membrane, damage 
to cell walls, and even complete loss of cellular shape. Thus, 
cell death induced by amikacin appears to be due to lysis.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The dosage of amikacin usually recommended is 15–20 mg/
kg i.m. or i.v. per day administered as a single dose or in two 
divided doses. Intravenously, the dose is dissolved in 30–50 
ml of i.v. fluid and then infused over 30 min. In several adults, 
the drug has been administered intrathecally as an adjunct 
to systemic therapy for meningitis caused by gentamicin- 
resistant Gram-negative bacteria. In one patient the daily 
intrathecal dose was 4 mg (Hamory et al., 1976), and in two 
others it was 20 mg (Block et al., 1977, Corpus et al., 2004). 
Intrathecal therapy was well tolerated and appeared to con-
tribute to the recovery of both patients. As with gentamicin 
(see Chapter 52, Gentamicin), the intrathecally administered 
drug is unlikely to reach the cerebral ventricles. 

ONCE-DAILY ADMINISTRATION

Similar to other aminoglycosides such as gentamicin (see 
Chapter 52, Gentamicin), amikacin can be administered as 
a single-daily dose. For normal adults the daily dosage is 15 
mg/kg of body weight per day or 1.0 g daily. This can be given 
i.m. but more commonly is administered i.v. with the dose 
being dissolved in 30–50 ml of i.v. fluid and then infused 
over 30 min. Once-daily amikacin administration may be 
slightly less nephrotoxic than classic 12-hour dosing (Rougier 
et al., 2003), and some investigators have also found it clini-
cally slightly more efficaceous (Maller et al., 1988; Maller et 
al., 1993; Garraffo et al., 1990; Beaucaire et al., 1991; Marik 
et al., 1991a; Marik et al., 1991b). A meta-analysis of seven 
comparative studies showed that there were only minor dif-
ferences in efficacy and toxicity between once-daily compared 
with 12-hour dosing of amikacin. The main advantages of 
once-daily dosing appear to be simplicity of administration 
and a lower incidence of nephrotoxicity if the duration of 
therapy is less than 7 days (Munckhof et al., 1996; Rougier 
et al., 2003). The theoretical justifications for once-daily 

amikacin administration are the same as those for other ami-
noglycosides (see Chapter 52, Gentamicin, and Chapter 53, 
Tobramycin). 

TRADITIONAL ADMINISTRATION

A common dosage of amikacin, similar to kanamycin, is 15 
mg/kg of body weight per day, administered i.m. or i.v. in 
two or three divided doses (Gooding et al., 1976; Lau et al., 
1977a; Smith et al., 1977; Meyer, 1981). For most adults the 
dose is approximately 0.5 g every 12 h. For the treatment 
of serious infections, higher dosages of 7.5–8.0 mg/kg every 
8 hours have been used (Smith et al., 1977; Lau et al., 1977a). 
Similar to other aminoglycosides, amikacin can also be given 
by rapid i.v. injection. If individual doses of 0.5 g are given i.v. 
over a period of 5 min to normal adults, the serum levels 
during the first hour after injection usually exceed 30 μg/ml, 
and during the first 15 min they may exceed 50 μg/ml. 
Transiently high serum levels obtained with this method do 
not appear to be associated with toxicity (Yates et al., 1978; 
Wise et al., 1981). The onset of nephrotoxicity appears to 
occur earlier with this dosing regimen; however, with longer 
durations of therapy, the incidence of nephrotoxicity with 
twice-daily administration is similar to that with once-daily 
dosing (Rougier et al., 2003).

4b.  Newborn infants and children

For infants weighing less than 2000 g and who are 0–7 days 
old, an individual dose of 7.5 mg/kg should be used; for all 
others the individual dose recommended is 10 mg/kg. The 
individual dosage should be given i.v. (as a 20- to 30-min 
infusion) every 12 hours for infants 0–7 days of age and every 
8 hours for infants older than 7 days. This equates to a total 
daily dosage of 15 mg/kg for infants weighing less than 2000 g 
who are 0–7 days of age; 20 mg/kg for infants weighing more 
than 2000 g who are 0–7 days of age; and 30 mg/kg for those 
older than 7 days (Howard and McCracken, 1975; McCracken 
and Nelson, 1983). For preterm infants, an initial amikacin 
dose of 10 mg/kg, followed by 7.5 mg/kg every 12 hours, may 
be suitable (Want et al., 1979). Other authors have found that 
preterm infants of greater than 30 weeks of postconceptional 
age may need higher dosages, such as 9 mg/kg every 12 hours, 
but there is individual variation, so ongoing serum level 
monitoring is essential (Kenyon et al., 1990).

Large single-daily doses of 15–20 mg/kg are also recom-
mended (Krivoy et al., 1998; Tréluyer et al., 2002; Sherwin 
et al., 2009; Vucicevic et al., 2014). Significantly higher peak 
and lower trough concentrations have been achieved with 
once-daily dosing compared with twice-daily dosing without 
an increased incidence of nephrotoxicity or significant dif-
ference in efficacy (Abdel-Hady et al., 2011; Vucicevic et al., 
2014). Lengthening the dosing interval to every 36 hours has 
been recommended for neonates less than 28 weeks of post-
menstrual age (Sherwin et al., 2009). Many factors, such as 
hypoxemia, affect the serum half-life of amikacin in neo-
nates, so that routine monitoring of serum levels is advisable 
(Myers et al., 1977). In a systematic review and meta-analysis 
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of once-daily versus multiple-daily dosing of aminoglyco-
sides in children, a statistically significant clinical benefit 
with once-daily dosing was seen only in trials using amikacin 
(Contopoulos-Ioannidis et al., 2004). Serum peak concen-
tration/MIC ratios greater than 8 are observed more fre-
quently in patients receiving single-daily doses of 15 mg/kg 
than with 7.5 mg/kg twice daily (Tréluyer et al., 2002).

In younger subjects there is a higher glomerular filtration 
rate of amikacin, and therefore they excrete more of the drug 
in proportion to their body weight than do adults. Cleary et 
al. (1979) suggested that the optimal initial dosage regimen 
of amikacin in children is 20 mg/kg daily, administered in 
divided doses every 6 hours. This dosage of 20 mg/kg in chil-
dren can also be administered once daily (Marik et al., 1991a; 
Marik et al., 1991b; Krivoy et al., 1998). Vogelstein et al. (1977) 
studied 20 patients aged 4–16 years and found that in many 
an amikacin dosage as high as 10 mg/kg every 8 hours was 
required to produce satisfactory serum levels. These authors 
found that dosage based on surface area, rather than body 
weight, was more satisfactory for these patients. Accordingly, 
they suggested an amikacin dosage of 420 mg/m2 adminis-
tered i.v. every 8 hours. This resulted in therapeutic nontoxic 
serum levels, and there was no accumulation of the drug 
after four doses.

Wright et al. (1981) administered amikacin intraventric-
ularly to neonates with Gram-negative rod meningitis. An 
initial intraventricular instillation of 5 mg of amikacin via a 
Rickham reservoir was given, and thereafter the dosage was 
adjusted to maintain the concentration of amikacin in CSF 
well above the MIC for the infecting organism. However, 
the use of intrathecal administration is not routinely recom-
mended for treatment of Gram-negative bacillary meningitis 
(McCracken et al., 1980).

4c.  Pregnant and lactating mothers

Amikacin has been assigned to pregnancy category D by 
the Food and Drug Administration (FDA). There are no 
studies in animals evidencing significant harm to the fetus. 
In humans, no controlled studies during pregnancy are avail-
able. Aminoglycosides cross the placenta, and there is there-
fore a potential risk of fetal nephrotoxicity and ototoxicity. 
There are reports of fetal eighth cranial nerve toxicity and 
hearing loss after prolonged in utero exposure to kanamycin 
(see Chapter 51, Kanamycin). Therefore, amikacin should be 
avoided during pregnancy and be given only when there are 
no alternatives and benefit outweighs risk.

Amikacin is excreted into human milk in small amounts. 
However, aminoglycosides demonstrate poor bioavailability 
after oral administration, and therefore systemic toxicity in 
the nursing infant is unlikely.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Dosage needs to be reduced for patients with impaired renal 
function. The simplest approximate dosage schedule assumes 

a linear relationship between amikacin’s serum half-life and 
the patient’s serum creatinine in milligrams percent (for con-
version of creatinine values from SI units, see Chapter 52, 
Gentamicin, section 4, Mode of drug administration and 
dosage). Normal individual amikacin doses can be used, but 
the interval between doses (in hours) is extended to a value 
that is obtained by multiplying the normal dosage interval 
(in hours) by the patient’s serum creatinine in milligrams 
percent. Alternatively, the intervals between doses may be 
left unchanged, but after the initial dose, subsequent main-
tenance doses are calculated by dividing the usual dose by 
the patient’s creatinine in milligrams percent. These two 
approaches can also be combined. Because the relationship 
between amikacin’s half-life and serum creatinine in not 
always linear, frequent monitoring of serum levels is neces-
sary; otherwise, considerable errors can occur (McHenry et 
al., 1976). Particularly in older patients, the creatinine clear-
ance (and therefore amikacin clearance) is often considerably 
reduced without a corresponding increase in serum creati-
nine level. 

There is a better linear relationship between the amikacin 
serum half-life and the rate of creatinine clearance (McHenry 
et al., 1976). The formula for estimation of creatinine clear-
ance from the serum creatinine is given in Chapter 52, Gen-
tamicin. This can be used to calculate dosage for patients 
with renal failure. An initial dose of 7.5 or 15 mg/kg of body 
weight is used, and thereafter maintenance doses are given 
at the usual dosage intervals, 12 and 24 hours, respectively. 
The maintenance dose is obtained by dividing the value of the 
observed creatinine clearance in milliliters per minute by the 
value of the normal creatinine clearance in milliliters per 
minute and then multiplying this result by the normal dose 
in milligrams (Schiffman, 1977). More accurate dosage sched-
ules can be obtained from nomograms based on creatinine 
clearance values (Bryan and Stone, 1977). Several nomo-
grams for once-daily dosing recommend using serum amik-
acin concentrations obtained 6–10 hours after dosing to 
change the frequency of administration to every 36, 48, or 
72 hours (Nicolau et al., 1995; Urban and Craig, 1997). 

Amikacin is removed by hemodialysis, and during this 
procedure its half-life decreases to less than 10% of the pre-
treatment value. A satisfactory dose for anephric patients 
undergoing twice- or three-times-weekly hemodialysis is 
5.0–7.5 mg/kg of body weight administered i.v. immediately 
after each dialysis session (Regeur et al., 1977). Peritoneal 
dialysis is less effective in removing amikacin; its serum half-
life may be decreased to about 30% of the pretreatment value, 
but this may vary according to other factors such as peri-
toneal inflammation (Madhavan et al., 1976; Regeur et al., 
1977). Individual dosage adjustment with serum level moni-
toring is required in patients undergoing peritoneal dialysis. 
Amikacin can be added to peritoneal dialysis fluid to treat 
bacterial peritonitis associated with chronic ambulatory peri-
toneal dialysis (CAPD). Amikacin is usually given as 2 mg/kg 
per exchange (once daily) for intermittent CAPD or as a 25 
mg/l loading dose followed by a 12 mg/l maintenance dose 
in each exchange for continuous CAPD (Li et al., 2010). 
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Intraperitoneal amikacin alone may be clinically ineffective, 
and supplemental systemic amikacin may be required (Shalit 
et al., 1985). In these patients, a single 7.5 mg/kg i.v. dose 
of amikacin may provide clinically effective concentrations 
in serum and peritoneal fluid for up to 72 hours (Smeltzer et 
al., 1988).

In patients with renal failure, treatment by hemofiltration 
removes about 60% of the administered amikacin dose. A 
7.5 mg/kg dose of amikacin can be given 2 hours before the 
hemofiltration period and half this dose after the first hemo-
filtration. Hemofiltration filters made of polyacrylonitrile 
can result in irreversible absorption of amikacin (Tian et al., 
2008). Close monitoring of amikacin serum levels is neces-
sary in patients receiving hemofiltration with polyacryloni-
trile hemofilters.

CRITICALLY ILL PATIENTS

In critically ill patients there may be increased volumes of 
distribution as well as alterations in clearance due to organ 
dysfunction, which can result in insufficient drug concentra-
tions (Rea et al., 2008; Roberts and Lipman, 2009). Standard 
doses of amikacin have been associated with the achieve-
ment of an adequate Cmax in as few as 0–19% of critically ill 
patients (Galvez et al., 2011; Roger et al., 2015). Therefore, 
higher initial loading doses of amikacin have been recom-
mended to rapidly achieve therapeutic drug concentrations 
and maximize the probability of pharmacokinetic target 
attainment. Initial amikacin doses of 25 and 30 mg/kg have 
achieved target Cmax concentrations in 30–77% and 59–76% 
of patients, respectively, without an associated higher inci-
dence of nephrotoxicity (de Montmollin et al., 2014; Galvez 
et al., 2011; Roger et al., 2016; Taccone et al., 2010). After the 
initial 30 mg/kg dose, repeated doses of ≥ 30 mg/kg have 
resulted in 90% target attainment. However, trough concen-
trations must be closely monitored because repeated doses 
have led to trough concentrations > 2.5 mg/l (de Montmollin 
et al., 2014; Galvez et al., 2011; Roger et al., 2016; Taccone et 
al., 2010). 

PATIENTS WITH MYCOBACTERIAL INFECTIONS

Amikacin has been dosed at 25 mg/kg three times a week in 
patients with tuberculosis or complicated nontuberculous 
mycobacterial infections, including MAC and M. abscessus 
infections (Peloquin et al., 2004). For patients with nodular 
or bronchiectatic MAC disease or those who require dura-
tions of therapy 6 months or longer, amikacin doses of 8–10 
mg/kg, with a maximum of 500 mg for patients older than 50 
years, twice to three times weekly have been recommended 
(Griffith et al., 2007). Eighteen of 20 (90%) patients with 
rifampin-resistant M. kansasii who received amikacin, 500 
mg five times weekly for an initial 2 to 3 months, followed by 
a regimen of three-times-weekly doses for at least 6 months 
as a part of their therapy, experienced sputum conversion 
after a mean of 11 weeks (Wallace et al., 1994). For the treat-
ment of M. abscessus in patients with normal renal function, 
daily doses of 10–15 mg/kg are given to achieve peak con-
centrations between 20 and 25 mg/ml. Doses of 10 mg/kg 

daily are recommended for older patients receiving pro-
longed therapy (Griffith et al., 2007).

PATIENTS WITH CYSTIC FIBROSIS, BURNS, AND 
HEMATOLOGIC MALIGNANCIES

In patients with cystic fibrosis with pulmonary infections, 
hematologic malignancies or cancer with febrile neutrope-
nia, or infected burns, there is often a higher volume of dis-
tribution of amikacin, and some may also have a higher drug 
clearance (Kaojarern et al., 1989; Davis et al., 1991; Kopcha 
et al., 1991; Krivoy et al., 1998; Bly et al., 2001; Conil et al., 
2006). Higher amikacin doses, such as 20–30 mg/kg/day, are 
usually recommended for initial therapy. Serum level moni-
toring is also needed because of the significant variation 
among patients. Toward the end of therapy, the elevated vol-
ume of distribution is usually back to normal.

All dosage recommendations are provided in Table 54.2.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Amikacin is poorly absorbed from the gastrointestinal tract, 
similar to kanamycin. The bioavailability with intramuscular 
injection is about 95%. Serum protein binding of amikacin 
is very low at 4% (Kirby et al., 1976). The half-life of amika-
cin in young adults with normal renal function varies from 
1.9–2.6 hours and is prolonged to 44 hours in patients with 
minimal renal function and to 86 hours in anephric patients 
(Cabana and Taggart, 1973; Kirby et al., 1976; Regeur et al., 
1977; Lode et al., 1976). The amikacin half-life in newborns 
less than 3 days old is 6.4 ± 2.7 hours, and this decreases to 
4.8 ± 1.8 hours in neonates over 3 days of age (Myers et al., 
1977). The half-life in children with cystic fibrosis is about 
2.6 hours (Bly et al., 2001).

5b.  Drug distribution

Serum levels of amikacin are very similar to those of kana-
mycin (see Chapter 51, Kanamycin). After a 0.5-g dose, a peak 
serum concentration of about 20 μg/ml is attained approxi-
mately 1 hour later. Thereafter, the level falls and is approxi-
mately 10 μg/ml at 4 hours, 4 μg/ml at 8 hours, and usually 
undetectable at 12 hours after administration (Cabana and 
Taggart, 1973; Kirby et al., 1976). This corresponds to an area-
under-the concentration-time curve (AUC) of about 70 µg-h/
ml. After a 0.5-g i.v. infusion given over 30 minutes to adults, 
serum levels as high as 34–48 μg/ml are attained immedi-
ately after the infusion (Schiffman, 1977). After the infusion, 
a short (0.5-hour) distribution phase occurs in most patients, 
during which serum levels fall to 20–30 μg/ml, a value simi-
lar to the peak level attained after i.m. dosing. Thereafter, 
the serum level declines in a manner similar to that after i.m. 
administration, and at 12 hours very little amikacin can be 
detected in the serum. For purposes of serum level monitor-
ing during therapy, blood for the peak level estimation is 
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usually taken 0.5 hours after the cessation of a 30-minute 
infusion, and blood for the trough level is collected shortly 
before the next infusion. The mean peak serum level after 
once-daily i.v. amikacin infusion of 15 mg/kg over 30 min-
utes is 40.9 μg/ml, and the trough concentration is 1.8 μg/ml 
(Maller et al., 1993). A slightly higher peak level of 49 μg/ml 
was obtained with the same dose in normal volunteers; the 
AUC varied from 122–143 μg-h/ml (Ehrmann et al., 2008).

In newborns the peak concentrations are similar to those 
observed in adults, but the trough concentrations are higher. 
In one study, the i.v. infusion of 10 mg/kg produced a mean 
peak concentration after infusion of 37.1 μg/ml, but the trough 
level 24 hours later was 6.3 μg/ml (Berger et al., 2004). In 
older children peak serum concentrations for 7.5 and 15 mg/
kg are 20.0 and 39.4 μg/ml, respectively, whereas the trough 
levels for both doses are less than 0.8 μg/ml (el Desoky and 
Shoreit, 1999). One study using once-daily dosing of 30 mg/kg 
in patients with cystic fibrosis found a mean peak serum level 
immediately after infusion of 111 μg/ml and a mean AUC of 
235 (Bly et al., 2001).

The apparent volume of distribution of amikacin is approx-
imately 23% of body volume or 30% of total body weight, 
suggesting that it is distributed primarily in extracellular flu-
ids (Cabana and Taggart, 1973; Kirby et al., 1976; Schiffman, 
1977). Amikacin diffuses well into normal human blister 
fluid, but concentrations are lower than simultaneous serum 
levels (Tan and Salstrom, 1977; Lanao et al., 1983). It may 
also reach adequate concentrations in tissue contiguous with 
pressure sores in humans with spinal cord injury (Segal et al., 
1990). Peak concentrations in muscle and fat are 12–15% of 
peak serum concentrations in children after i.m. administra-
tion of a dose of 7.5 mg/kg of body weight (Daschner et al., 
1977). Amikacin penetrates relatively poorly into noninfected 
bronchial secretions. In one study three consecutive i.m. 
injections (7.5 mg/kg every 12 hours) were given to healthy 
men. Bronchial secretion concentrations between 1.5 and 
2.0 hours after the final dose ranged from 2.3–8.4 μg/ml. The 
mean bronchial secretion concentration 7 hours after the final 
dose was less than 1.0 μg/ml (Dull et al., 1979). The drug 
penetrated better into bronchial secretions of patients with 

Table 54.2. Dosage recommendations for amikacin use

Indication Dosage regimena

Adults 
 Normal renal function 
  Once daily
  Divided doses
 Impaired renal function
  Once daily
  Divided doses
 Hemodialysis
 CAPD
  Intravenous
  Intermittent
  Continuous

Critically ill

15–20 mg/kg (single dose) every 24 h
15–20 mg/kg 7.5–15 mg per kg every 24–72 h

7.5 mg/kg every 12 h or 15 mg/kg every 24 h
5–7.5 mg/kg after each dialysis session
7.5 mg/kg every 72 h

2 mg/kg per exchange (once daily)
25 mg/l initial dose followed by12 mg/l exchange
25–30 mg/kg initial dose followed by 20 mg/kg once daily or 

divided into 2 or 3 doses

Children
 Once daily
  Neonates < 28 weeksb

 Preterm infants
 Infants 0–7 days old and < 2000 g
 Infants 0–7 days old and > 2000 g
 Infants > 7 days old
 Children 4–16 years

15–20 mg/kg (single dose) every 24 h
15–20 mg/kg (single dose) every 36 h
10 mg/kg initial dose, followed by 7.5–9 mg/kg every 12 hc

7.5 mg/kg every 12 h
10 mg/kg every 12 h
10 mg/kg every 8 h
20 mg/kg divided every 6 h, up to doses of 10 mg/kg every 8 h

Intrathecal 4–20 mg daily

Mycobacterial infections
 Tuberculosis and complicated NTM
 Nodular or bronchiectatic MAC or durations of therapy ≥ 6 months 
 M. abscessus

25 mg per kg three times weekly
8–10 mg per kg twice to three times weeklyd

10–15 mg/kg dailye

Cystic fibrosis, burns, hematologic malignancies 20–30 mg/kg daily initial dose(s), followed by 15–20 mg per kg 
once daily or divided into 2 or 3 doses

aDosage regimens should be adjusted based on target peak and trough concentrations.
b28 weeks postmenstrual age.
cPreterm infants of greater than 30 weeks of postconceptional age may need doses of 9 mg/kg every 12 h.
dMaximum of 500 mg for patients older than 50 years. 
eDoses of 10 mg/kg daily are recommended for older adults receiving prolonged therapy.
Abbreviation: CAPD, continuous ambulatory peritoneal dialysis.
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pneumonia, in whom the concentrations were higher if the 
drug was given i.v. once daily rather than in two divided 
doses (Santré‚ et al., 1995). The AUC of amikacin in sputum 
of patients with cystic fibrosis was 25% of the AUC in serum 
(Bly et al., 2001). Amikacin penetrated well into human para-
pneumonic effusions, in which the concentration reached was 
approximately 80% of the simultaneous serum level (Taryle 
et al., 1981). 

Amikacin levels in human bile were lower than those in 
the serum (approximately 20% of simultaneous serum levels). 
The concentrations of the drug in gallbladder wall ranged 
from 4.7 to 34 μg/g after the usual parenteral doses were 
given (Bermudez et al., 1981; Hansbrough et al., 1981). In 
animals with induced P. aeruginosa endocarditis of both tri-
cuspid and aortic valves, amikacin penetrated better into the 
tricuspid valve vegetations, and the time above the MBC was 
also longer in these vegetations (Bayer et al., 1988).

Amikacin does not penetrate into the CSF of patients with 
normal meninges (Briedis and Robson, 1978), and even in 
those with bacterial meningitis CSF levels are < 0.4–3.8 μg/
ml when usual parenteral doses are given in adults and neo-
nates (Hamory et al., 1976; Badri et al., 1977; Allegaert et al., 
2008). A two-compartment model suggested that the per-
meability of amikacin through the blood-brain barrier was 
10.3% (Allegaert et al., 2008). The findings of Gaillard et al. 
(1995) in older children with bacterial meningitis were simi-
lar; the highest average CSF levels of amikacin (2.9 μg/ml) 
were found in those with low CSF glucose levels. Yogev and 
Kolling (1981) measured ventricular fluid amikacin levels in 
10 children with hydrocephalus with suspected ventriculitis 
who were given the drug in a dosage of 7.5 mg/kg every 8 
hours. After the fourth or fifth dose, the mean peak ventric-
ular fluid level in five patients with bacterial meningitis was 
6.1 μg/ml. In the remaining five patients without bacterial 
ventriculitis, very low levels (< 0.7 mg/l) of amikacin were 
detected. 

When a single i.v. injection of 7.5 mg/kg was given to 
women in labor, amikacin levels of 0.5–6.0 μg/ml were 
detected in cord blood. After 3 hours the babies’ serum levels 
of amikacin were 2- to 10-fold lower than those of the moth-
ers (Mazzei et al., 1976).

As with other aminoglycosides, the major site of antibi-
otic deposition is the kidney, particularly the renal cortex, 
where concentrations may exceed 100 μg/g. This accumula-
tion appears to be related to nephrotoxicity. High kidney 
concentrations were found in five patients who died during 
therapy with amikacin (Edwards et al., 1976). Concentrations 
ranged from 365–1030 μg/g in the renal cortex and from 
270–718 μg/g in the medulla.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

At concentrations above the MIC, amikacin produces con-
centration-dependent killing with a variety of Enterobac-
teriaceae (Blaser, 1991; Craig et al., 1991). A 1-hour exposure 
of the same organisms exhibited postantibiotic effects (PAEs) 

in vitro of 0.6–1.3 hours at two times MIC and 1.1–3.3 hours 
at eight times MIC (Craig et al., 1991). Combinations of ami-
kacin with ceftazidime or imipenem give longer PAEs in 
vitro against multidrug-resistant P. aeruginosa of 3.1 ± 0.7 
and 4.4 ± 0.8 hours, respectively (Giamarellos-Bourboulis et 
al., 2005). In mice with normal renal function and an amika-
cin half-life of 20–30 minutes, amikacin doses of 15 mg/kg 
induced in vivo PAEs of 3.4- and 4.0-hour durations in the 
thigh for K. pneumoniae and P. aeruginosa, respectively 
(Craig et al., 1991). The same dose of amikacin produced a 
longer in vivo PAE lasting 9.0 hours in a lung-infection 
model with K. pneumoniae. In renally impaired mice, the 
half-life of amikacin increased to 90–120 min, and the same 
15 mg/kg dose increased the duration of the in vivo PAE in 
the thigh to 12.2 and 10.1 hours for K. pneumoniae and P. 
aeruginosa, respectively. Renal impairment in mice increased 
the in vivo PAE in the lung model with K. pneumoniae to 15.2 
hours. A large 90-mg/kg dose was also given to mice with nor-
mal renal function to produce the same AUC observed with 
15 mg/kg in mice with renal impairment. This dose produced 
in vivo PAEs with K. pneumoniae of 7.4 hours in the thigh 
and 11.3 hours in the lung. The duration of these PAEs is 
3.9–4.8 hours shorter than that observed when the half-life 
of amikacin was prolonged and is very close to that observed 
in humans. This difference is believed to represent the longer 
duration of subinhibitory concentration of amikacin, which 
can also prolong the duration of the PAE (Odenholt-Tornqvist 
et al., 1992).

The AUC/MIC ratio was the major pharmacokinetic- 
pharmacodynamic index correlating with efficacy of amik-
acin in thigh- and lung-infection models produced by the 
Enterobacteriaceae (Craig et al., 1991). The peak/MIC ratio 
gave a higher correlation with efficacy for P. aeruginosa. This 
may be due to adaptive resistance in P. aeruginosa strains, 
which is dependent on the Mex XY-OprM efflux pump 
(Blaser, 1991; Hocquet et al., 2003). With overexpression of 
this pump after the initial bactericidal effect, the organisms 
become more resistant to further doses of amikacin. This effect 
has also been observed in vivo during treatment with amika-
cin for P. aeruginosa endocarditis in rabbits (Xiong et al., 
1997). Peak/MIC ratios between 8 and 10 have been the pri-
mary pharmacokinetic-pharmacodynamic index correlating 
with efficacy with aminoglycosides (Moore et al., 1987). These 
studies were based on comparative studies with gentamicin, 
tobramycin, and amikacin. The AUC/MIC ratio was not mea-
sured in this study, but it would also be expected to correlate 
with clinical response because the aminoglycosides were 
administered by the same 8-hour dosing regimen. 

Short exposures for 2 hours of a single strain of M. tuber
culosis produced an in vitro PAE of 17.4 hours in duration 
(Chan et al., 2001). In combination with other antituberculo-
sis agents, the PAE increased to 95–97 hours. M. fortuitum 
isolates from sternotomy wounds also exhibited prolonged 
PAEs of 14.5 to 27.6 hours after amikacin exposure (Tsui et 
al., 1993). Multiple strains of M. avium have been studied 
after short exposures (0.5–2 hours) to amikacin at multiples 
of the MIC (Bermudez et al., 1992; Fuursted, 1997; Horgen et 
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al., 1997). The duration of the PAE has been 10.3 ± 1.7 hours 
at the MIC, 14.7 ± 1.9 hours at four times the MIC, and 17.7 
± 4.1 hours at eight times the MIC. The durations are much 
longer with two- and three-drug combinations than with the 
single drug (Horgen et al., 1999). Rifampin-amikacin and 
rifampin-clarithromycin-amikacin were the most potent com-
binations in producing prolonged PAEs. Prior exposure of 
M. avium to amikacin can also enhance prolonged suppres-
sion of growth inside human macrophages (Horgen et al., 
1998).

5d.  Excretion

Like other aminoglycosides, amikacin is eliminated from the 
body almost entirely by the kidney in an active unchanged 
form. High concentrations of the active drug are attained in 
urine. It is excreted entirely by glomerular filtration, but the 
rate of renal clearance of creatinine is higher than that of 
amikacin, indicating that the drug undergoes appreciable 
tubular reabsorption (Kirby et al., 1976). In patients with nor-
mal renal function approximately 94% of an administered 
dose is excreted in the urine within 24 hours (Cabana and 
Taggart, 1973; Kirby et al., 1976). The prolonged terminal 
elimination phase of amikacin in normal volunteers is 188 
hours, which is slightly longer than with gentamicin (French 
et al., 1981).

Pharmacokinetic parameters are shown in Table 54.3.

5e.  Drug interactions

Amikacin is the most stable of the aminoglycoside antibiot-
ics to inactivation by various penicillins (Pickering and 
Rutherford, 1981; Riff and Thomason, 1982; Tindula et al., 
1983). The drug also appears to be very stable to inactivation 
by penicillins in vivo. The elimination half-life of amikacin 
in patients with end-stage renal impairment was the same 
whether amikacin was administered alone (66.0 hours) or 
simultaneously with carbenicillin (64.5 hours) (Blair et al., 

1982). In contrast, gentamicin’s elimination half-life was sig-
nificantly shortened by concomitant dosing of carbenicillin.

6. ADVERSE REACTIONS AND TOXICITY

OTOTOXICITY

Amikacin causes predominantly cochlear damage, although 
vestibular dysfunction can also develop in some patients 
(Black et al., 1976; Bock et al., 1980; Meyer, 1981). In animals 
amikacin selectively produced an impairment of cochlear 
function at five times the dose of gentamicin, which pro-
duces both vestibular and cochlear damage (Christensen et 
al., 1977; Hottendorf, 1977). The drug penetrates the inner 
ear fluid compartments and causes hair cell damage. The rate 
of entry of amikacin into the perilymph space of the inner 
ear is relatively slow, but it persists there because of slow 
elimination (Desjardins-Giasson and Beaubien, 1984). Ami-
kacin ototoxicity appears to be related to the presence of the 
drug in the perilymph over the total time of amikacin expo-
sure regardless of the level in the perilymph (Beaubien et al., 
1991). However, guinea pigs given 200 mg/kg once daily for 
28 days have less ototoxicity than those given 100 mg/kg 
twice daily (Takumida et al., 1990).

There are no warning symptoms of early amikacin cochlear 
toxicity, and performing serial audiograms is often not feasi-
ble. Hearing loss caused by amikacin is usually not progres-
sive once the drug is stopped (Black et al., 1976). Amikacin 
ototoxicity is usually irreversible, although it ameliorates 
occasionally (Meyer, 1981). The major risk factors associated 
with amikacin-induced hearing loss include prolonged dura-
tion of therapy of more than 10 days, large total dose greater 
than 15 g, increasing age of patient, previous aminoglycoside 
therapy, elevated serum peak levels > 30 μg/ml, trough con-
centrations > 10 μg/ml, cumulative AUC greater than 87,000 
μg-h/l, duration of therapy greater than 6 months, previous 
excessive noise exposure, and possibly the concomitant use 
of loop diuretics such as furosemide (Meyer, 1981; Pien and 
Ho, 1981; Moore et al., 1984; Gatell et al., 1987; Modongo et 
al., 2015). Genetic factors such as specific mutations in the 
mitochondrial 12S rRNA gene make patients hypersuscepti-
ble to ototoxicity from amikacin as well as gentamicin and 
other aminoglycosides (see Chapter 52, Gentamicin) (Fischel- 
Ghodsian, 1999; Tang et al., 2002). In an analysis of the 
records of 1548 patients treated with amikacin, high- 
frequency hearing loss occurred in 71 (4.6%) patients and 
conversational hearing loss in another 8 (0.5%). A further 
10 patients (0.65%) had some vestibular damage, which was 
usually mild (Lane et al., 1977). In 328 of these patients, pre- 
and post-treatment audiograms could be evaluated. In 11, a 
hearing loss of 15 decibels or greater occurred at least at one 
frequency; all of these patients had received approximately 
twice as much amikacin as those without audiometric 
changes. In addition, 8 of the 11 patients (73%) had received 
previous aminoglycoside therapy, compared with only 34% 
of the 317 patients without cochlear damage. Differences 
between the mean ages of these groups were not significant.

Table 54.3. Pharmacokinetic parameters of amikacin.

Pharmacokinetic parameter Value

Bioavailability 95% (i.m.), 100% (i.v.)

Distribution 0.25 l/kg

Serum protein binding < 4%

Half-life
 Adults
  Normal renal function
  Minimal renal function
  Anephric
 Children
  Neonates < 3 days old
  Neonates > 3 days old
  Cystic fibrosis

1.9–2.6 h
44 h
86 h

6.3 ± 2.7 h
4.8 ± 1.8 h
2.6 h

Excretion 94% unchanged in urine 
within 24 h
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Some comparative studies with other aminoglycosides sug-
gest that the frequency of amikacin ototoxicity may be simi-
lar to that of gentamicin (Lau et al., 1977a; Smith et al., 1977). 
Single-daily-dose therapy does not result in a lower incidence 
of ototoxicity (Meunier et al., 1991; Tulkens, 1991; Kibbler et 
al., 1992; Munckhof et al., 1996). Kahlmeter and Dahlager 
(1984) surveyed aminoglycoside-induced ototoxicity reported 
in clinical trials published between 1975 and 1982, which 
included approximately 10,000 patients. The average fre-
quency of cochlear toxicity was 13.9% for amikacin, 8.3% for 
gentamicin, and 6.1% for tobramycin. Ariano et al. (2008) 
recently did a similar survey of aminoglycoside- induced ves-
tibular injury from 1975 through 2007. The average frequen-
cies of vestibular toxicity were 7.4% for amikacin, 10.9 % for 
gentamicin, 3.5% for tobramycin, and 1.1% for netilmicin.

As with other aminoglycosides, amikacin ototoxicity has 
been uncommon in young children (Faden et al., 1982). 
Finitzo-Hieber et al. (1985) used the more reliable method 
of auditory brainstem response audiometry to detect hearing 
impairment in the first months of life. Infants treated with 
aminoglycosides had conventional audiometric examina-
tions performed when they reached the age of 6 weeks and 
again when aged 18 months. A total of 150 infants with ges-
tational ages of 27–42 weeks were studied; 49 received netil-
micin, 50 received amikacin, and the others served as 
controls. The duration of aminoglycoside therapy ranged 
from 3–7 days. Bilateral sensorineural impairment was con-
firmed in one infant (2%) in each group. In a large meta- 
analysis of once-daily versus multiple-daily dosing in children, 
of those studies that provided auditory testing, the pooled 
rate of ototoxicity was 2.3% (10 of 436 cases) in those receiv-
ing once-daily dosing and 2.0% (8 of 406 cases) receiving 
multiple daily dosing (Contopoulos-Ioannidis et al., 2004). 
In studies that included clinical vestibular function testing, 
no cases of vestibular toxicity were identified in over 200 
patients in each group.

NEPHROTOXICITY

Amikacin can cause nephrotoxicity, the clinical features of 
which are similar to those of gentamicin nephrotoxicity (see 
Chapter 52, Gentamicin). Similarly, the pathologic changes 
and the mechanisms of renal tubular drug uptake and toxicity 
are also similar to those described for gentamicin. Amikacin 
does bind to megalin, a large glycoprotein on the brush bor-
der of renal tubular cells (Nagai et al., 2001). This is the 
essential first step for the uptake of amikacin by pinocytosis 
into the renal tubular cell. In animals the renal uptake of 
amikacin is significantly lower than that of gentamicin (El 
Mouedden et al., 2000). Amikacin also causes less apoptosis 
in cultured renal cells (Denamur et al., 2008). Lower accu-
mulation combined with less apoptosis would suggest that 
the incidence of nephrotoxicity would be lower with amika-
cin than with gentamicin. However, most trials comparing 
these two drugs have shown similar nephrotoxicity (Lau et 
al., 1977a; Smith et al., 1977; Feld et al., 1977). When Kahl-
meter and Dahlager (1984) analyzed aminoglycoside neph-
rotoxicity in approximately 10,000 patients reported in the 

literature between 1975 and 1982, the average frequency of 
nephrotoxicity with amikacin (9.4%) was slightly lower than 
with gentamicin (14%). 

In a review of 1548 patients treated with amikacin, 8.7% 
developed changes consistent with impaired renal function 
(Lane et al., 1977). These changes were more frequent in 
patients who had initial high serum creatinine values, were 
older, received a larger total dose of amikacin, or received 
other nephrotoxic agents, either previously or concurrently. 
Concomitant administration of furosemide did not appear 
to be a major risk factor for the development of amikacin- 
induced nephrotoxicity (Smith and Lietman, 1983). Similar 
to other aminoglycosides, amikacin may be more nephro-
toxic in patients with obstructive jaundice (Desai and Tsang, 
1988). The incidence of amikacin nephrotoxicity is also lower 
in children than in adults; the incidence in multiple clinical 
trials was about 1.6% for children (Contopoulos-Ioannidis et 
al., 2004).

Amikacin nephrotoxicity appears to be dependent on the 
mode of administration and the duration of therapy. In ani-
mals and humans, amikacin has shown saturable uptake into 
the kidney (Guiliano et al., 1986; De Broe et al., 1991). In 
humans the renal cortical concentration about 24 hours after 
dosing was lowest with a single dose and highest with contin-
uous infusion of the same amount of drug. Twice-daily dos-
ing gave renal cortical levels between these two values. In a 
model designed to correlate the serum AUC of amikacin 
with the probability of nephrotoxicity, Rougier et al. (2003) 
showed that nephrotoxicity is delayed by once-daily dosing 
for the same total daily dose compared with twice-daily 
dosing. The difference in nephrotoxicity between once- and 
twice- daily dosing was greatest at a cumulative AUC of 2495 
µg-h/ml, which corresponds to 900 mg/day for 7 days. For 
cumulative AUCs above 2495 µg-h/ml, the difference between 
the two regimens slowly decreases to zero. A randomized, 
double-blind trial of amikacin, gentamicin, and tobramycin 
administered once or twice daily also demonstrated a sig-
nificantly lower incidence of nephrotoxicity with once-daily 
dosing (Rybak et al., 1999).

OTHER SIDE EFFECTS

Other side effects are infrequent and relatively unimportant. 
They include hypersensitivity reactions, nausea and vomiting, 
headache, drug fever, tremor, paresthesiae, arthralgia, eosin-
ophilia, anemia, and mild abnormalities in liver function 
tests (Gooding et al., 1976; Schiffman, 1977). Neuromuscular 
blockade is very rare with amikacin. 

7. CLINICAL USES OF THE DRUG

7a.  Infections due to aerobic  
Gram-negative bacilli

Controlled studies indicate that amikacin is equally as effec-
tive as gentamicin or tobramycin for the treatment of serious 
Gram-negative infections caused by organisms susceptible to 
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all three drugs (Lau et al., 1977a; Smith et al., 1977; Feld et al., 
1977). Amikacin also has an efficacy comparable with that of 
tobramycin in the treatment of pulmonary infection due to 
susceptible strains for P. aeruginosa in patients with cystic 
fibrosis (Levy et al., 1982). The drug has been compared with 
gentamicin for the treatment of adults with urinary tract 
infections. In two randomized studies, gentamicin was used 
in a dosage of 3–4 mg/kg/day, but amikacin was used in a 
reduced dosage of 9 mg/kg/day (Cox, 1976; Gilbert et al., 
1977). Results of treatment using either drug were essentially 
the same. Amikacin has been used in many uncontrolled 
studies to treat various infections caused by gentamicin- 
sensitive Gram-negative rods. In general it has been about 
as effective as would be expected from a gentamicin regimen 
in complicated urinary tract infections, pyelonephritis, septi-
cemia, bone and joint infections, Gram-negative bacillary 
pneumonias, and exacerbations of P. aeruginosa infections in 
children and adults with cystic fibrosis (Mathias et al., 1976; 
Trenholme et al., 1977; Schurman and Wheeler, 1977; Lau et 
al., 1977b). In many of these studies, amikacin was combined 
with a beta-lactam drug.

In a large observational study of patients with bacteremia, 
aminoglycosides were less effective than beta-lactams in sep-
tic patients with Gram-negative bacillary infections from 
sites other than the urinary tract (Leibovici et al., 1997). 
Aminoglycoside monotherapy was equally efficacious com-
pared to beta-lactam antibiotics and fluoroquinolones for 
the treatment of urinary tract infections and pyelonephritis 
(Vidal et al., 2007). However, the number of clinical trials 
involving other sites of infection was insufficient to establish 
the full efficacy of aminoglycoside monotherapy. Further-
more, the rate of bacteriologic failure at the end of therapy 
was higher in the patients receiving aminoglycosides. Other 
large systematic reviews suggest that efficacy with a single 
beta-lactam antibiotic is similar to the efficacy of an amino-
glycoside–beta-lactam combination (Paul et al., 2003; Paul 
et al., 2004; Tamma et al., 2011). Nevertheless, most recom-
mendations for treatment of severe Gram-negative bacillary 
infections include the option of using an aminoglycoside 
with a beta-lactam; however, the use of combination therapy 
must be weighed against the increased incidence of toxici-
ties (Feld, 2000; American Thoracic Society and Infectious 
Diseases Society of America, 2005; Tamura, 2005; Tamma et 
al., 2011). 

Many clinical studies have documented the efficacy of 
amikacin in the treatment of septicemia and other serious 
infections caused by gentamicin-resistant aerobic Gram-
negative bacilli (Meyer et al., 1975; Lewis et al., 1977; Tally 
et al., 1976; Mosquera et al., 1981). Pulmonary infections 
caused by drug-resistant Gram-negative bacilli usually 
respond to amikacin (Bartlett, 1977). However, in one trial 
in which 19 patients with Serratia infections were treated, 
only one of eight patients with pneumonia or other deep tis-
sue infections was cured. In four of the treatment failures 
Serratia spp. strains became increasingly amikacin resistant 
during therapy (Craven et al., 1977). Urinary tract infections 
caused by gentamicin-resistant organisms usually respond 

well to amikacin. If amikacin is used for empiric treatment of 
sepsis after large bowel surgery, when infection by both aer-
obic and anaerobic Gram-negative organisms is possible, it 
should be combined with either clindamycin or metronida-
zole (Dougherty, 1985).

Amikacin is valuable for the treatment of serious infec-
tions caused by multiresistant aerobic Gram-negative bacilli 
in children of all ages and neonates (Yow, 1977; Shulman 
and Yogev, 1985). For neutropenic patients with cancer with 
presumed infection, combinations of amikacin with an 
extended- spectrum penicillin, a third- or fourth-generation 
cephalosporin, or a carbapenem have been used with success 
(Lau et al., 1977a; Klastersky, 1983; Young et al., 1981; Win-
ston et al., 1986).

When amikacin was first introduced for clinical use, it 
was generally regarded as a reserve drug to be used only for 
treatment of the serious aerobic Gram-negative bacillary 
infections previously described if the organism concerned 
was suspected or proven to be resistant to gentamicin and 
other aminoglycosides (Hewitt and Young, 1977; Schiffman, 
1977). However, amikacin has been used as the principal 
aminoglycoside in many hospitals for several years without 
the emergence of large numbers of amikacin-resistant Gram-
negative bacilli. Amikacin has the obvious advantage of being 
active against most gentamicin- and tobramycin-resistant 
Gram-negative bacilli. Another advantage of amikacin is that 
it is the most stable aminoglycoside when used in combina-
tion with high doses of the penicillins, such as piperacillin or 
ticarcillin (Blair et al., 1982). It seems prudent to use genta-
micin for severe infections caused by one of the Enterobac-
teriaceae and tobramycin for P. aeruginosa infections if the 
strains involved are susceptible to these drugs. This would 
restrict amikacin to the treatment of infections caused by 
strains resistant to other aminoglycosides. In institutions with 
significant gentamicin or tobramycin resistance, amikacin 
is the aminoglycoside of choice to be included in empirical 
treatment regimens for suspected severe infections caused by 
Gram-negative aerobic rods.

7b.  Nocardia and actinomycetes infections

Amikacin is effective in N. asteroides infections in animals 
(Wallace et al., 1979b; Gombert et al., 1986; Gombert et al., 
1990). It has been used successfully in human nocardiosis 
(Yogev et al., 1980; Meier et al., 1986; Pintado et al., 2002; 
Biscione et al., 2005). Co-trimoxazole is the drug of choice 
for the treatment of this disease, but amikacin may be useful 
in combination or as a therapeutic alternative for patients 
who develop reactions to sulfonamides or who fail to respond 
to the usual therapy. Patients with Nocardia farcinica infec-
tion also respond well to amikacin therapy alone or in com-
bination with imipenem (Schiff et al., 1993; Hitti and Wolff, 
2005).

Actinomycetes are susceptible to amikacin, and the com-
bination of co-trimoxazole and amikacin has been very 
effective in treating cutaneous mycetoma or Madura foot 
(De Palma et al., 2006; Damie et al., 2008).
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7c.  Mycobacterial infections

Although M. tuberculosis is sensitive to amikacin in vitro, the 
drug has little role in the initial treatment of human tubercu-
losis. However, it is one of the secondary agents that has been 
shown to be effective in patients infected with multiresistant 
strains (Allen et al., 1983; Mirsacidi et al., 2005). Resistance 
to amikacin is very low in these organisms, and the drug 
does not show complete cross-resistance with kanamycin. 

Amikacin, in combination with other drugs, may be 
clinically useful for the treatment of M. fortuitum and M. 
chelonae infections, provided that the strain involved is sus-
ceptible to amikacin. Cutaneous lesions in immunocompe-
tent patients respond well to one drug or a combination of 
two drugs, but disseminated infection in immunocompro-
mised patients needs more aggressive therapy with three 
or more agents. Drugs that may be useful for combination 
therapy with amikacin include clarithromycin, azithromycin, 
cefoxitin, imipenem, and doxycycline (Wallace et al., 1985; 
Subbarao et al., 1987; Raad et al., 1991; McWhinney et al., 
1992; Ingram et al., 1993). Amikacin, either alone or com-
bined with another antibiotic, also provides adequate ther-
apy for environmental mycobacterial peritonitis, which may 
be a complication of peritoneal dialysis (Hakim et al., 1993).

Mycobacterium avium complex infections are hard to treat, 
particularly in patients with AIDS. Animal studies suggest 
that amikacin, in combination with other antimycobacterial 
agents, may be useful for the treatment of these infections 
(Gangadharam et al., 1988; Inderlied et al., 1989). In humans 
some success has been obtained by using combinations such 
as amikacin, rifampicin, and ethambutol (Baron and Young, 
1986; Young et al., 1986; Young, 1988). Amikacin still has 
an enhanced rate of initial killing compared with other drugs 
(Bakker-Woudenberg et al., 2005). Other useful agents include 
rifabutin, clarithromycin, and azithromycin. 

Aerosolized amikacin may also enhance multidrug oral 
therapy for pulmonary nontuberculous mycobacterial infec-
tions (Davis et al., 2007; Olivier et al., 2014; Safdar, 2012). 
Aerosolized amikacin has been used in combination with 
multidrug regimens in patients with M. kansasii, M. intracel
lulare, M. avium, and M. abscessus. In one study, the use 
of aerosolized amikacin for patients with M. avium or M. 
abscessus resulted in microbiologic clearance in 25% of the 
patients. However, side effects leading to discontinuation 
occurred in 35% of patients (Olivier et al., 2014). All nine 
patients with pulmonary nontuberculous mycobacterial infec-
tions who received aerosolized amikacin for 75 ± 85 days in 
combination with multidrug regimens achieved a complete 
response, which was defined as clinical recovery and/or 
improved or stable radiographic lung disease. Side effects 
were mild and self-limiting and did not result in discontinu-
ation (Safdar, 2012).
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Sisomicin and Netilmicin

Johan W. Mouton

1. DESCRIPTION

Both sisomicin and netilmicin are aminoglycosides similar 
to gentamicin, but only netilmicin offers any advantage over 
gentamicin and has been used regularly.

1a.  Sisomicin

Sisomicin is produced by Micromonospora inyoensis (Crowe 
and Sanders, 1973). The empirical formula is C19H37N5O7, 
and the molecular weight is 447.5; the chemical structure is 
shown in Figure 55.1. Sisomicin is very similar to gentamicin 
in its antimicrobial spectrum and all other properties (see 
Chapter 52, Gentamicin). It is as active as gentamicin against 
all Enterobacteriaceae (Meyers et al., 1975; Drasar et al., 
1976; Phillips et al., 1977a). Against Pseudomonas aerugi
nosa, sisomicin is more active than gentamicin, but not as 
active as tobramycin (Sanders and Sanders, 1980; Moellering, 
1983).

There is almost complete cross-resistance between genta-
micin and sisomicin with most Gram-negative bacilli (Drasar 
et al., 1976; Meyer et al., 1976; Verbist et al., 1978). The rea-
son for this is that sisomicin, like gentamicin, is affected by at 
least eight of the plasmid-coded modifying enzymes, which 
can be produced by Gram-negative bacilli (O’Hara et al., 
1974; Shaw et al., 1993). On the other hand, sisomicin is 
active against some organisms that resist gentamicin by non-
enzymatic mechanisms (Sanders and Sanders, 1980).

Sisomicin does not offer significant advantages over gen-
tamicin. It has had limited clinical trials and has been avail-
able commercially in Europe as a sulfate in the past but not 
in the USA, UK, and Australia. The drug dosage of sisomicin 
(3–6 mg/kg/day), its methods of administration, and its 
pharmacokinetics are similar to those of gentamicin (Leroy 
et al., 1976; Pechère et al., 1976). The toxicity of these two 
drugs is also probably about the same (Sanders and Sanders, 
1980), but data are lacking. Results of treatment of conditions 
such as urinary tract infections or Gram-negative bacillary 
septicemias have, in general, been similar to what would be 

expected from an identical gentamicin regimen (Klastersky 
et al., 1975; Maki et al., 1979). Plazomicin, an aminoglyco-
side under development, is based on sisomicin and takes 
away some of the disadvantages of sisomicin (see Chapter 58, 
Plazomicin).

Figure 55.1. Chemical structures of sisomicin and 
netilmicin.
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1b.  Netilmicin

Netilmicin is a semisynthetic derivative of sisomicin, which 
was developed by ethylation of the 1-N position of the deox-
ystreptamine ring of sisomicin (Rahal et al., 1976; Dhawan et 
al., 1977). The empirical formula of netilmicin is C21H37N5O7, 
and the molecular weight is 475.6; the chemical structure of 
netilmicin is shown in Figure 55.1.

Clinically, netilmicin is used as a sulfate. Netilmicin has a 
similar in vitro antibacterial spectrum to that of gentamicin 
but, unlike sisomicin, it is active against a proportion of gen-
tamicin-resistant Gram-negative bacilli (Miller et al., 1976). 
However, netilmicin is not active against as wide a range of 
gentamicin-resistant Gram-negative bacilli as amikacin. Nev - 
ertheless, it may be occasionally indicated as an alternative to 
amikacin for the treatment of infections caused by gentamicin- 
resistant but netilmicin-susceptible Gram-negative organisms. 
The following details apply only to netilmicin.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The in vitro activity of common pathogens to netilmicin is 
shown in Table 55.1, based on the epidemiologic cut-off 
(ECoff) values. In general, anaerobic bacteria are not suscep-
tible to netilmicin, similar to other aminoglycosides. 

GRAM-POSITIVE BACTERIA

Staphylococcus aureus and S. epidermidis, including penicil-
lin G–resistant strains, are netilmicin susceptible. Suscep-
tibility of S. aureus over about 20 years has been very stable 
(Guggenheim et al., 2009). Methicillin-resistant strains of 
these organisms are usually susceptible to netilmicin, but 
resistant strains do occur. Streptococcus pyogenes, S. pneu
moniae, and Enterococcus faecalis are netilmicin resistant 
(Eickhoff and Ehret, 1977). Activity of netilmicin against 
these organisms is similar to that of gentamicin. Similar to 
penicillin G–gentamicin and penicillin G–tobramycin com- 

Table 55.1. In vitro susceptibility as defined by the ECoff of 
various bacterial pathogens to netilmicin (EUCAST, 2016)

Organism ECoff (mg/l)

Gram-negative bacteria (gentamicin-susceptible)

Escherichia coli 2

Enterobacter spp. 2

Klebsiella spp. 2

Proteus mirabilis 4

Pseudomonas aeruginosa 4

Acinetobacter spp. ND

Gram-positive bacteria

Staphylococcus aureus 4

 Abbreviations: ECoff: epidemiologic cut-off; ND: not determined.

binations, penicillin G and netilmicin act synergistically 
against a proportion of E. faecalis strains in vitro (Sanders, 
1977; Smith et al., 1977). In one study, netilmicin was at least 
as effective as gentamicin for bactericidal synergy with peni-
cillin G against E. faecalis strains isolated from patients with 
endocarditis (Shanson et al., 1986). Findings by Rahal and 
Simberkoff (1986) were somewhat different. They reported 
that bactericidal synergy occurred with penicillin G at two- 
to fourfold lower netilmicin concentrations than with genta-
micin. Penicillin G plus netilmicin is not synergistic against 
E. faecalis strains that exhibit high-level gentamicin resistance. 
Similar to penicillin G–gentamicin, penicillin G–netilmicin 
exhibits bactericidal synergism against penicillin G–tolerant 
S. viridans strains (Shanson et al., 1986).

Nocardia asteroides and some other Nocardia spp. are netil-
micin susceptible (Martin-Luengo and Valero-Guillen, 1983). 
All Gram-positive anaerobic bacilli, such as the Clostridium 
spp., are netilmicin resistant, similar to other aminoglycosides.

GRAM-NEGATIVE BACTERIA

Netilmicin, like gentamicin, is active against all the Entero-
bacteriaceae, such as Escherichia coli, the Enterobacters, Kleb
siella, all strains of Proteus, Salmonella, Shigella, Providencia, 
Serratia, Citrobacter, and Yersinia spp. (Eickhoff and Ehret, 
1977; Hammerberg et al., 1977; Smith et al., 1977), although 
there are differences between species (EUCAST, 2016). In 
general, its activity against gentamicin-susceptible strains 
of the Enterobacteriaceae is similar to that of gentamicin. 
However, gentamicin is more active against Serratia spp. 
(Kantor and Norden, 1977; Klastersky et al., 1977; Habwe 
and Shadomy, 1979).

P. aeruginosa used to be considered susceptible to netilmi-
cin because it displays significant activity, but it is less active 
than gentamicin (Brown et al., 1976; Smith et al., 1977; 
Digranes et al., 1980) and tobramycin (Moffie et al., 1993). 
However, using aggregated data, the European Committee 
on Antimicrobial Susceptibility Testing (EUCAST) ECoffs 
are 2, 4, and 8 mg/l for tobramycin, netilmicin, and gentami-
cin, respectively (EUCAST, 2016), indicating that tobramycin 
is the most active aminoglycoside against P. aeruginosa and 
should be preferred. Netilmicin, like gentamicin, is not active 
against the Neisseria spp. (meningococci and gonococci) and 
has modest activity against Haemophilus influenzae (Eickhoff 
and Ehret, 1977). Acinetobacter spp. may be susceptible to 
netilmicin, but resistant strains occur (Meyers and Hirsch-
man, 1977; Phillips et al., 1977b). In common with other 
aminoglycosides, netilmicin is inactive against Bacteroides 
fragilis and other anaerobic Gram-negative bacteria.

2b.  Emerging resistance and 
cross-resistance

GRAM-POSITIVE BACTERIA

Gentamicin-resistant staphylococci are often susceptible to 
netilmicin, but netilmicin minimum inhibitory concentrations 
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(MICs) for these strains may be four- to eightfold higher 
than those for fully susceptible strains. The suitability of 
netilmicin for treatment of infections caused by these staph-
ylococci therefore depends on the degree of susceptibility of 
the particular strain (Phillips et al., 1977b; Bengtsson et al., 
1986; Davies et al., 1986; McAllister et al., 1987). In some 
geographical areas, such as Australia and Iran, methicillin- 
resistant S. aureus (MRSA) strains are resistant to almost all 
aminoglycosides, including netilmicin (Fatholahzadel et al., 
2009).

A penicillin G–netilmicin combination is effective for the 
treatment of experimental E. faecalis endocarditis in animals 
caused by both streptomycin-susceptible and streptomycin- 
resistant strains (Carrizosa and Kaye, 1978; Korzeniowski et 
al., 1978). The incidence of high-level netilmicin resistance 
in enterococci is 5–14% lower than with gentamicin (Wata-
nakunakorn, 1989).

GRAM-NEGATIVE BACILLI

The main feature of netilmicin is its activity against a percent-
age of strains of Enterobacteriaceae with acquired resistance 
to gentamicin and/or tobramycin (Meyers and Hirschman, 
1977; Langstaff et al., 1983; Guimaraes et al., 1985; Bengtsson 
et al., 1986). Although at least nine of the plasmid-mediated 
aminoglycoside-modifying enzymes produced by Gram-
negative bacilli affect gentamicin, and eight of these also affect 
sisomicin, netilmicin is not affected by all these enzymes. In 
general, netilmicin is active against strains of gentamicin- 
resistant Gram-negative bacilli that modify gentamicin by 
phosphorylation (APH enzymes) or adenylylation (referred 
to as either AAD or ANT enzymes). Netilmicin is usually 
ineffective against bacterial strains that produce aminogly-
coside acetylating (AAC) enzymes (Miller et al., 1976; Guay, 
1983; Moellering, 1983; Maes, 1985; Shaw et al., 1993). 
Compared with amikacin, netilmicin is not active against as 
high a percentage of individual species strains or as wide a 
range of gentamicin-resistant Gram-negative bacilli (Kantor 
and Norden, 1977; Seligman, 1978; Guay, 1983).

The proportion of gentamicin-resistant Gram-negative 
bacilli that are netilmicin susceptible may vary in different 
geographical areas. In a review of geographical differences 
(Miller et al., 1997), 60–85% of gentamicin-resistant Gram-
negative bacilli in the USA were susceptible to netilmicin, 
whereas only 32–45% of the strains from Japan were suscep-
tible to netilmicin. Even a smaller number of gentamicin- 
resistant strains (17–31%) were susceptible to netilmicin in 
Europe. In the USA, an adenylating enzyme was the major 
aminoglycoside-modifying enzyme producing gentamicin 
resistance, and this enzyme does not affect netilmicin. In 
Europe and Japan, the acetylating enzyme AAC(3), alone or 
in combination with other modifying enzymes, was predom-
inant; this enzyme does modify netilmicin. However, in some 
countries, like Sweden, Enterobacteriaceae and P. aeruginosa 
from patients in intensive care units are more than 90% sus-
ceptible to netilmicin (Hanberger et al., 2004).

Netilmicin resistance can also emerge from mutations that 
alter membrane permeability. In one study involving 1400 

aminoglycoside-resistant clinical isolates, permeability mutants 
were observed in about 5% of the isolates (Miller et al., 1997). 
Netilmicin along with other aminoglycosides are not active 
in strains of Enterobacteriaceae and P. aeruginosa–producing 
methylase enzymes that alter 16S rRNA (Yokoyama et al., 
2003). Overexpression of efflux pump systems can also 
increase netilmicin MICs and result in the first-exposure 
“adaptive resistance” phenomenon described with gentami-
cin (Daikos et al., 1991; Nemec et al., 2007) (see also Chapter 
52, Gentamicin).

3. MECHANISM OF DRUG ACTION

The mechanism of action of netilmicin is presumably the 
same as that of other aminoglycosides, such as gentamicin 
(see Chapter 52, Gentamicin). Netilmicin and other amino-
glycosides also produce a dose-dependent inhibition of amino 
acid incorporation in microsomes isolated from human liver 
and rat brain, kidney, and liver. This inhibition of micro-
somal protein synthesis occurs at concentrations that have 
been shown to accumulate in rodent and human renal cortex 
and perilymph. This effect may partly explain the toxic effects 
of these drugs (Buss et al., 1984).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

ONCE-DAILY ADMINISTRATION

Similar to other aminoglycosides, netilmicin can be given 
once daily i.m. or i.v. The theoretical justifications for this are 
similar to those for gentamicin (see Chapter 52, Gentamicin) 
and apply to all aminoglycosides. Bacterial killing by netil-
micin is enhanced by the high peak levels and followed by 
a  delay in regrowth owing to the prolonged postexposure 
effects. With strains of P. aeruginosa, more frequent dosing 
can induce adaptive resistance to netilmicin and limit its bac-
tericidal activity (Blaser et al., 1985; Blaser et al., 1987; Daikos 
et al., 1991). Netilmicin has been given once daily i.m. or i.v. 
in doses of 5–6 mg/kg. If it is given i.v., it is best to dilute the 
dose in 30–50 ml of i.v. infusion fluid and then to administer 
this as a short 30-minute infusion.

A variety of clinical trials comparing once-daily adminis-
tration with traditional every-8-hours divided doses have 
demonstrated similar efficacy and safety (Sturm, 1989; Gil-
bert, 1991; Van der Auwera et al., 1991; Vigano et al., 1992; 
Munckhof et al., 1996). For treatment of peritonitis, netilmi-
cin once daily or three times daily again gave similar results, 
but the netilmicin regimens were combined with metronida-
zole (Fan et al., 1988; Hollender et al., 1989). For treatment of 
febrile neutropenic patients, again there was no difference in 
results with the two netilmicin regimens, but it was essential 
to combine netilmicin with a suitable beta-lactam antibiotic 
(Rozdzinski et al., 1993). P. aeruginosa infections in patients 
with cystic fibrosis have been treated with a higher once-daily 
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netilmicin dose of 8 mg/kg with success (Smith et al., 1994). 
It is believed that once-daily dosing of netilmicin would also 
be less nephrotoxic than multiple divided doses if treatment 
durations were limited to 5–7 days, as was shown with genta-
micin (Rougier et al., 2003).

With once-daily netilmicin administration, one can mon-
itor the peak and trough serum levels. However, Blaser et al. 
(1994) suggested that adequate information about serum 
netilmicin concentrations may be derived from a sample 
obtained 8 hours after administration. Con centrations mea-
sured at this time should be in the range of 1.5–6 mg/l. If the 
serum concentration at 8 hours is lower than this, the netil-
micin dosage may be too low, producing too small an area 
under the curve. If the level is higher, the patient may be at 
risk of toxicity.

CLASSIC EVERY-8-HOURS ADMINISTRATION TO 
ADULTS

Classic every-8-hours administration is hardly used anymore, 
and it is doubtful that it should be used at all. Netilmicin, like 
gentamicin, can be administered either i.m. or i.v. in the 
same dosage. The drug has been used in daily doses of 3.0, 
4.5, 6.0, or 7.5 mg/kg of body weight administered in three 
divided doses at 8-hour intervals (Klastersky et al., 1977; 
Panwalker et al., 1978; Kahlmeter, 1980; Aroney et al., 1981). 
The higher doses have been used for severely ill patients or 
for treatment of infections caused by organisms relatively 
resistant to netilmicin. Solberg et al. (1980) used an adult 
i.m. dose as high as 200 mg (2.2–3.6 mg/kg) of netilmicin 
every 8 hours for 10 days to treat patients with severe infec-
tions. Others have administered the drug i.v. every 12 hours 
in a dose of 150 mg (Haverkorn, 1983) or 200 mg (Perera 
et al., 1982) to treat patients with systemic aerobic Gram-
negative bacillary infections.

Netilmicin can be administered i.v. in the same manner as 
gentamicin, either by relatively rapid (3- to 5-minute) injec-
tions (Riff and Moreschi, 1977) or by suitably diluting each 
dose in i.v. fluid for infusion over a 30-minute period (Meyers 
et al., 1977). It used to be feasible, but is no longer recom-
mended, to give netilmicin by a constant i.v. infusion using 
an infusion pump. To maintain constant serum concentra-
tions of 4–6 mg/l by this method, a higher total daily dose 
of the drug is needed, which may increase the risk of toxicity 
(Yap et al., 1977).

4b.  Newborn infants and children

A dosage of 2.5–3.0 mg/kg administered every 12 hours to 
infants 0–7 days of age and every 8 hours to those older than 
7 days is recommended. Because of the marked variation in 
pharmacokinetics in newborns, serum level monitoring is 
essential when netilmicin is given to these patients (Siegel et 
al., 1979; McCracken and Nelson, 1983). Small preterm 
infants may require longer than 12-hour intervals between 
individual 2.5 mg/kg netilmicin doses (Granati et al., 1985). 
For once-daily dosing in neonates, 4.5–6.0 mg/kg has been 
used (Gosden et al., 2001; Klingenberg et al., 2004; Rengels - 

hausen et al., 2006). Some neonates with trough serum con-
centrations > 2 mg/l received the drug every 36 hours. A 
daily dosage of 6–7.5 mg/kg of body weight is suitable for 
older children (Michalsen and Bergan, 1981). Based on a 
population model, individualized dosing regimens were 
suggested by Sherwin and colleagues (2008) based on post-
menstrual age (PMA). The optimal dosing was 5 mg/kg every 
36 hours, 5 mg/kg every 24 hours, 6 mg/kg every 24 hours, 
and 7 mg/kg every 24 hours for neonates 27, 28–30, or 31–33 
weeks of age or older and for those 34 weeks PMA or older, 
respectively.

4c.  Pregnant and lactating mothers

Netilmicin has been assigned to pregnancy category D. There 
are no controlled data in human pregnancy. Aminoglycosides 
do cross the placenta. Netilmicin, like other aminoglyco-
sides, should be given during pregnancy only when there are 
no alternatives and benefit outweighs risk.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

The dose of netilmicin should be adjusted in a manner simi-
lar to that of gentamicin (see Chapter 52, Gentamicin). For 
subjects with creatinine clearance values of 25–70 or 4–25 
ml/min or for anephric patients, the netilmicin half-lives are 
approximately 10, 32, and 42 hours, respectively. In patients 
with renal failure, the individual 2.0 mg/kg netilmicin doses, 
which are usually given every 8 hours, should be adminis-
tered at longer intervals. These intervals can be calculated 
by multiplying the drug’s half-life by three. This is a rough 
approximation, and serum level monitoring and appropriate 
dosage adjustments are necessary. In anephric patients under-
going chronic hemodialysis, a dose of 2 mg/kg at the end of 
each dialysis session is usually sufficient (Humbert et al., 1978; 
Luft et al., 1978).

CYSTIC FIBROSIS

As is true with other aminoglycosides, patients with cystic 
fibrosis often need higher dosages. In 10 patients with cystic 
fibrosis, Bosso et al. (1985) found that the range of dosages 
needed to achieve desired peak concentrations in the sera 
was 7.4–17.0 mg/kg of body weight per day. Because there is 
a large individual variation, routine monitoring of netilmicin 
concentrations in the sera of these patients is recommended.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The bioavailability of netilmicin is very low (< 1%) when 
given orally but very high (80–90%) when administered 
intramuscularly. The binding of netilmicin to serum proteins 
is also very low (Kahlmeter, 1980). In adults with normal 
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renal function, the elimination half-life of netilmicin varies 
from 2–3 hours (Welling et al., 1977; Chung et al., 1980). In 
neonates no effect of parenteral nutrition was observed 
(Bacopoulou et al., 2009).

5b.  Drug distribution

Serum netilmicin levels after both i.m. and i.v. administra-
tion resemble those of gentamicin (Riff and Moreschi, 1977; 
Chung et al., 1980). With i.m. administration of netilmicin 
at 1.0 and 2.5 mg/kg of body weight, the peak serum levels 
are 5.2 and 9.5 mg/l, respectively (Chung et al., 1980). The 
area-under-the-concentration-time curve (AUC) with these 
two doses is 19.6 and 46.4 mg∙h/l per hour, respectively. With 
a 2 mg/kg dose infused i.v. over 30 minutes, mean netilmicin 
levels at 10, 20, and 40 min and 1, 2, 6, and 8 hours are 16.6, 
12.9, 9.75, 7.9, 3.25, 1.4, and 0.91 mg/l, respectively (Meyers 
et al., 1977). The AUC with this dose is approximately 30 
mg∙h/l per  hour. In neonates, doses of 4.5 and 6.0 mg/kg 
exhibited peak serum concentrations of 7.2 and 10.6 mg/l, 
respectively (Gosden et al., 2001; Klingenberg et al., 2004).

The drug appears to be distributed primarily into the 
extracellular fluid of various body tissues and fluids, in a 
similar manner to gentamicin. Good levels were observed 
in heart valves and subcutaneous and muscular tissues of 
patients undergoing heart surgery (Just et al., 1983). When 
netilmicin in a dosage of 5 mg/kg of body weight every 12 
hours was given to patients with cystic fibrosis who had 
P. aeruginosa bronchial infections, peak sputum netilmicin 
concentrations occurred 2–3 hours after administration and 
averaged 2.6 and 1.5 mg/l on days 2 and 6 of treatment, 
respectively (Hjelte et al., 1989).

Netilmicin usually does not penetrate into the CSF of 
patients with uninflamed meninges. In patients who received 
a single daily dose of 400 mg of the drug i.v., CSF netilmicin 
concentrations of 0.13–0.45 mg/l were observed 2–10 hours 
after the end of netilmicin infusion (Nau et al., 1993). In 
patients with bacterial meningitis after more than one netil-
micin dose on an administration schedule of every 8 hours, 
CSF levels ranged from 0.27 to 5.0 mg/l (Brückner et al., 
1983).

In animals, netilmicin accumulates in the kidney, and the 
predominant site of accumulation is the renal cortex, where 
the concentration is similar to that of gentamicin but higher 
than that of tobramycin (Luft et al., 1976; Bowman et al., 
1977; Chiu et al., 1977; Luft et al., 1983). Some authors have 
reported that netilmicin accumulates in the renal cortex of 
animals to an even greater extent than does gentamicin (Brier 
et al., 1985). In animals, netilmicin, like gentamicin, also 
accumulates in the renal medulla and the papillae; concen-
trations in these tissues are lower than in the cortex, but ther-
apeutic levels persist for about 25 days after a 7-day course of 
the drug (Bergeron and Trottier, 1979). In patients, netilmi-
cin also accumulates in the body with multiple dosing. This 
accumulation is probably predominantly in the renal cortical 
cells (Edwards et al., 1981).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Increasing concentrations of netilmicin result in concentra-
tion-dependent killing (Gould et al., 1991). The drug also 
produces in vitro and in vivo postantibiotic effects of several 
hours’ duration (Isaksson et al., 1988; Minguez Minguez et 
al., 1992; Craig, 1993). AUC/MIC ratio was the most impor-
tant pharmacokinetic-pharmacodynamic index determining 
efficacy of netilmicin against P. aeruginosa in a neutropenic 
thigh-infection model (Mouton et al., 1999). However, when 
combined with ceftazidime, netilmicin regimens resulting in 
high infrequent peak levels show more in vivo synergy than 
those with lower sustained levels. These studies suggest that 
both AUC/MIC and peak/MIC ratios are important for the 
efficacy of netilmicin.

5d.  Excretion

Like other aminoglycosides, netilmicin is excreted via the 
kidney by glomerular filtration, and it is reabsorbed in the 
tubules to a limited extent (Chiu et al., 1977). The drug 
appears in the urine in an unchanged active form, where 
high urinary concentrations are attained. Approximately 50% 
of an administered dose is excreted in the urine during the 
first 6 hours (Yap et al., 1977) and 70–80% in the first 24 
hours (Follath et al., 1978). The urine excretion of netilmicin 
is almost the same regardless of the route of administration 
(Riff and Moreschi, 1977).

5e.  Drug interactions

Netilmicin is inactivated less than are gentamicin and 
tobramycin by high concentrations of various penicillins 
(Pickering and Rutherford, 1981). At the highest penicillin 
concentration studied (500 mg/l), inactivation of netilmicin 
was a little higher than amikacin. The in vivo inactivation of 
netilmicin was compared with gentamicin in patients with 
end-stage renal disease (Halstenson et al., 1990). The termi-
nal elimination half-life for gentamicin decreased from 60 to 
25 hours, whereas the values for netilmicin remained essen-
tially the same at 42 to 40 hours. Such patients receiving com-
binations of netilmicin and various penicillins will not require 
further dose adjustment.

Netilmicin differed from other aminoglycosides by reduc-
ing T3, or triiodothyronine, levels in serum (du Souich et al., 
1985).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Ototoxicity

One of the major toxicities observed with netilmicin is oto-
toxicity. Animal studies indicate that netilmicin, on a weight 
for weight basis, is considerably less ototoxic than other ami-
noglycosides such as gentamicin and tobramycin (Wersäll, 
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1984). In animals, netilmicin concentrations in both vestibu-
lar and cochlear tissues are slightly lower than those of gen-
tamicin, but their concentrations are about the same in the 
perilymph. However, there is no correlation between the 
concentration of the various aminoglycosides in these tissues 
and in perilymph and their degree of ototoxicity (Dulon et 
al., 1986).

Uncontrolled clinical studies indicate that netilmicin- 
induced ototoxicity is uncommon (Klastersky et al., 1977; 
Panwalker et al., 1978; Bergeron et al., 1983). No toxicity 
was observed in two patients in whom very high netilmicin 
serum levels were maintained for more than a week; in one of 
these the range of peak serum levels was 15–36 mg/l, and 
that of trough levels was 10–24 mg/l. There were also no 
auditory changes in 28 patients aged 17–72 years who were 
treated for an average of 35 days with netilmicin at dosages of 
2.4 to 6.9 mg/kg/day. However, vestibular toxicity developed 
in two patients.

In prospective studies comparing netilmicin with other 
aminoglycosides, the drug was shown to be probably less 
toxic to the inner ear than other aminoglycosides. Barza et 
al. (1980) compared amikacin and netilmicin ototoxicity. 
Cochlear toxicity, as measured by a change in the audiogram, 
occurred in 4 of 14 amikacin recipients and in 3 of 19 netil-
micin recipients. Vestibular toxicity was noted in 3 of 16 ami-
kacin-treated patients and 1 of 15 treated by netilmicin. In 
another comparative trial, 197 patients were treated by either 
tobramycin or netilmicin, and 55 were evaluated by audio-
gram. Relatively mild auditory toxicity developed in 5 of 
28 recipients of tobramycin and in 2 of 27 of those treated 
by netilmicin (Gatell et al., 1984). In a trial involving 187 
patients, auditory toxicity was detected in 4.4%, 10.8%, and 
23.5% of patients given netilmicin, tobramycin, and amika-
cin, respectively (Gatell et al., 1987). In addition, in a study 
of 118 immunocompromised patients with presumed severe 
infections, aminoglycoside-associated ototoxicity was less 
severe and more often reversible with netilmicin than with 
tobramycin (Bernstein et al., 1986). Either tobramycin-ticar-
cillin or netilmicin-ticarcillin was used to treat 254 patients 
with serious Gram-negative bacillary infections by Lerner et 
al. (1983), and 84 tobramycin-treated and 73 netilmicin- 
treated patients had serial audiograms. Ototoxicity devel-
oped in 10 tobramycin-treated patients but in only 2 of those 
who received netilmicin. In another study involving 89 older 
adults with serious bacterial infections and pre-existing renal 
impairment, the ototoxicity due to tobramycin and netilmi-
cin appeared to be about the same (Gorse et al., 1992). In a 
clinical trial in which once-daily netilmicin dosage was com-
pared with once-daily gentamicin for treatment of serious 
infections, there was no difference in ototoxicity between the 
two groups (Prins et al., 1994).

In a study of neonates treated in an intensive care unit, 50 
received amikacin and 49 netilmicin for periods of 3–7 days. 
A third group of 51 healthy untreated neonates was selected 
as the control group. All these infants were followed up until 
18 months of age. Bilateral sensorineural impairment was 

confirmed in one infant given amikacin, in one given netilmi-
cin, and in one control infant. As with other aminoglycosides, 
the risk of infants developing ototoxicity from short-course 
netilmicin therapy appears to be small (Finitzo-Hieber et al., 
1985).

Kahlmeter and Dahlager (1984) surveyed aminoglyco-
side-induced ototoxicity in about 10,000 patients described 
in clinical trials published between 1975 and 1982. The aver-
age frequency of cochlear toxicity was 13.9% for amikacin, 
8.3% for gentamicin, 6.1% for tobramycin, and 2.4% for netil-
micin. Vestibular toxicity is also very low with netilmicin. In 
similarly designed studies over a longer period of time, the 
pooled incidence of vestibular toxicity was 10.9% for gen-
tamicin, 7.4% for amikacin, 3.5% for tobramycin, and only 
1.1% for netilmicin (Adriano et al., 2008). Netilmicin is also 
subject to the genetic mutations that increase susceptibility 
to ototoxicity, as described with gentamicin (see Chapter 52, 
Gentamicin).

6b.  Nephrotoxicity

In contrast to ototoxicity, the nephrotoxicity of netilmicin 
appears to be rather similar to that observed with other ami-
noglycosides. The pathologic changes and the mechanisms 
of renal tubular drug uptake and toxicity are similar to those 
described for gentamicin (see Chapter 52, Gentamicin). How-
ever, there are differences with netilmicin in the renal distri-
bution and the process of aminoglycoside-mediated toxicity. 
Renal toxicity is probably determined by two major factors: 
the drug’s transport into tubular cells and its intrinsic intra-
cellular toxicity (Brion et al., 1984; Contrepois et al., 1985). 
In animals, the renal uptake of netilmicin is higher than 
observed with gentamicin and tobramycin (Parker et al., 
1980; Brier et al., 1985). If one compares the predicted tissue 
accumulation of aminoglycosides in humans from prolonged 
urinary excretion, the tissue accumulation of netilmicin is 
2.5 times greater than that of tobramycin (Winslade et al., 
1987). Actual human kidney tissue concentrations after 24 
hours of therapy are higher for netilmicin than for gentamicin 
(Verpooten et al., 1989). Thus, one might expect from tissue 
accumulation alone that netilmicin would be more nephro-
toxic than other aminoglycosides. However, activation of the 
apoptosis pathway that results in cell death occurs much less 
frequently with netilmicin than with gentamicin (El Moued-
den et al., 2000). Thus, these two factors have opposing effects 
on the incidence of netilmicin nephrotoxicity, making it rel-
atively similar to other aminoglycosides.

Nephrotoxicity appears to be more likely in diabetics and 
older patients after prolonged treatment and when a larger 
total amount of the drug is administered (Panwalker et al., 
1978; Trestman et al., 1978; Bergeron et al., 1983; Bhattacharya 
et al., 1983), although an acquired Bartter-like syndrome was 
recently described in association with netilmicin therapy in an 
extremely low birth weight infant (Sandal et al., 2014). Studies 
in animals suggest that concomitant administration of peni-
cillins, cephalosporins, and clindamycin does not aggravate 
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netilmicin nephrotoxicity (Hagstrom et al., 1978). However, 
the administration of furosemide enhances the nephrotoxic-
ity of netilmicin in animals, possibly largely owing to volume 
depletion (Adelman et al., 1981). In contrast, diltiazem, a 
calcium channel blocker, prevents netilmicin-induced renal 
failure in animals (Lortholary et al., 1993).

Data from statistically assessable clinical trials comparing 
the nephrotoxicity of netilmicin with that of other aminogly-
cosides are limited. Lerner et al. (1983) treated 254 patients 
with either tobramycin-ticarcillin or netilmicin-ticarcillin. 
Drug-related renal dysfunction developed in 5 (4%) of 114 
tobramycin-treated patients whose renal function was mon-
itored and in 1 (1%) of 116 netilmicin-treated patients. Gatell 
et al. (1984), in a prospective randomized trial, gave tobra-
mycin or netilmicin to 197 patients, 140 of whom were eval-
uated for nephrotoxicity. Renal damage of similar severity 
developed in 7 of 73 (9.6%) recipients of tobramycin and in 
7 of 67 (10.4%) recipients of netilmicin. Other authors have 
also found the prevalence of nephrotoxicity to be about the 
same in netilmicin- and tobramycin-treated patients (Bern-
stein et al., 1986; Gorse et al., 1992). In a trial in which once-
daily gentamicin was compared with once-daily netilmicin 
for the treatment of serious infections, the prevalence of 
nephrotoxicity in the two groups was again about the same 
(Prins et al., 1994). Kahlmeter and Dahlager (1984) surveyed 
aminoglycoside nephrotoxicity in approximately 10,000 
patients described in clinical trials published between 1975 
and 1982. Average frequencies of nephrotoxicity for genta-
micin, tobramycin, amikacin, and netilmicin were 14%, 12.9%, 
9.4%, and 8.7%, respectively. It appears that comparative 
nephrotoxicity should be relatively unimportant when an 
aminoglycoside is chosen for therapy in a clinical situation 
(Luft, 1984).

6c.  Other side effects

Elevated serum glutamic-oxaloacetic transaminase values 
have been noted in some patients. An elevation of serum 
alkaline phosphatase occurred in 43% of patients treated by 
Panwalker et al. (1978). There was no other evidence of hep-
atotoxicity. Netilmicin, similar to other aminoglycosides, can 
also cause neuromuscular blockade (Paradelis, 1979). Animal 
studies have suggested that aminoglycosides may have a 
myocardial depressant effect, and that netilmicin is more 
potent in this regard than gentamicin or sisomicin (Descotes 
and Evreux, 1981).

7. CLINICAL USES OF THE DRUG

Netilmicin, either alone or in combination with a beta-lac-
tam antibiotic, has been used to treat severe infections such 
as pyelonephritis, biliary tract infections, peritonitis, pleuro-
pulmonary infections, and septicemia caused by gentamicin- 
susceptible Gram-negative bacilli. Results of treatment have 
usually been satisfactory and similar to those that would 
be expected from a similar gentamicin regimen (Klastersky 
et al., 1977; Panwalker et al., 1978; Snydman et al., 1979; 

Brandenhoff et al., 1980; Aroney et al., 1981; Perera et al., 
1982; Lerner et al., 1983; Lane, 1984; Prins et al., 1994). 
However, the same concerns for gentamicin monotherapy in 
other than urinary tract infections also apply to netilmicin 
(Vidal et al., 2007). Most clinicians prefer to use the more 
familiar and usually less expensive gentamicin for the treat-
ment of these infections, but some may prefer netilmicin 
because of its lower potential to cause ototoxicity (Jackson, 
1984). Netilmicin also appears as effective as amikacin for 
the treatment of complicated urinary tract infections caused 
by Gram-negative bacilli susceptible to both antibiotics 
(Maigaard et al., 1978). The drug is about as efficacious clin-
ically as tobramycin when serious infections due to organ-
isms susceptible to both antibiotics are treated (Bernstein et 
al., 1986; Gorse et al., 1992).

Edelstein and Meyer (1978) used netilmicin to treat 25 
patients with serious Gram-negative bacillary infections, 9 
of whom had gentamicin-resistant but netilmicin-susceptible 
pathogens. Previous therapy with gentamicin had been unsuc-
cessful in 6, but 7 of the 9 patients subsequently responded 
to netilmicin. This drug may, on occasion, have a place in 
therapeutics as an alternative, along with amikacin, for the 
treatment of those infections caused by gentamicin-resistant 
Gram-negative bacilli that remain susceptible to netilmicin.

Netilmicin in combination with vancomycin has been 
used intraperitoneally to treat peritonitis in patients on con-
tinuous ambulatory peritoneal dialysis. Prolonged (4–6 hours) 
dwell times for peritoneal fluid administration were used. A 
loading dose of 1.7 mg/kg of netilmicin was added to 21 l of 
dialysis fluid. Thereafter, netilmicin in a dosage of 7.5 mg/l of 
dialysate was administered every 4 hours during the first day, 
then 4.0 mg/l was given every 6 hours. The minimum and 
maximum netilmicin serum levels achieved were 1.0 and 8.1 
mg/l, respectively (Brauner et al., 1985).

Netilmicin, in a single dose of 300 mg i.m., is quite effective 
for the treatment of gonorrhea, but other drugs such as ceftri-
axone (see Chapter 27, Ceftriaxone) are preferred for the treat-
ment of this disease (Moran and Levine, 1995; CDC, 2007).
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Isepamicin

Johan W. Mouton

1. DESCRIPTION

Isepamicin is a semisynthetic aminoglycoside antibiotic, 
which was developed by the addition of the (S)-3-amino-2-
hyroxypropionyl side chain into the 1-amino group of genta-
micin B (Kondo and Hotta, 1999). The chemical name is 
(2S)-3-amino-N-[(1R,2S,3S,4R,5S)-5-amino-4-[(2R,3R,4S, 
5S,6R)-6-(aminomethyl)-3,4,5-trihydroxyoxan-2-yl]oxy-2-
[(2R,3R,4R,5R)-3,5-dihydroxy-5-methyl-4-(methylamino)
oxan-2-yl]oxy-3-hydroxycyclohexyl]-2-hydroxypropana-
mide, the empirical formula is C22H43N5O12, and the molec-
ular weight is 569. The chemical structure of isepamicin is 
shown in Figure 56.1.

Clinically, the drug is used as a sulfate. Isepamicin has 
an in vitro antibacterial spectrum similar to amikacin, and 
it is active against a small proportion of amikacin-resistant 
Gram-negative bacilli (Miller et al., 1995). Thus, it may be 
occasionally indicated as an alternative to amikacin for the 
treatment of infections caused by amikacin- and gentamicin- 
resistant but isepamicin-susceptible Gram-negative organ-
isms. It is available only in a few countries, mainly in east Asia. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The in vitro susceptibility of isepamicin against common 
pathogens is shown in Table 56.1.

GRAM-POSITIVE BACTERIA

Staphylococcus aureus and S. epidermidis, including methi-
cillin-resistant strains, are usually susceptible to isepami-
cin, but resistant strains do occur (Thornsberry et al., 1980; 
Valdes et al., 1990). Streptococcus pyogenes, S. pneumoniae, 
and Enterococcus faecalis are resistant to isepamicin (Thorns-
berry et al., 1980; Valdes et al., 1990). Activity of the drug 
against S. pyogenes is 8- to 16-fold lower than amikacin. 
Additive or synergistic effects are observed with ampicillin–
isepamicin combinations with E. faecalis strains that do not 
have high-level resistance to gentamicin or kanamycin (Jones 

et al., 1991). Isepamicin showed synergism with fosfomycin 
in vitro against Pseudomonas aeruginosa (Cai et al., 2009).

Nocardia brasiliensis is susceptible to isepamicin and pro-
duces the lowest minimum inhibitory concentration (MICs) 
of all the aminoglycosides (Gomez-Flores et al., 2004). Activity 
of isepamicin against other Nocardia spp. is unknown. All 
Gram-positive anaerobic bacilli, such as the Clostridium spp., 
are resistant to isepamicin and other aminoglycosides.

GRAM-NEGATIVE BACTERIA

Isepamicin is very similar in activity to amikacin and is active 
against all the Enterobacteriaceae, such as Escherichia coli, 
Enterobacter, Klebsiella, all Proteus strains, Salmonella, Shigella, 
Serratia, Provencia, and Citrobacter spp. (Thornsberry et al., 
1980; Belgian Isepamicin Multicenter Study Group, 2001; 
Tsai et al., 2007; Falagas et al., 2012). For many of the 
Enterobacteriaceae, the MICs for isepamicin are two- to 
fourfold lower than for amikacin. Isepamicin is also active 
against most strains of P. aeruginosa and Acinetobacter spp. 
(Thornsberry et al., 1980). Nearly all strains of Burkholderia 
cepacia and Steno trophomonas maltophilia are resistant to 
isepamicin. The drug is only moderately active against Hae
mophilus influenzae and has modal MICs that are eightfold 
higher than  amikacin (Thornsberry et al., 1980). Isepamicin 

Figure 56.1. Chemical structure of isepamicin. 
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was widely active against a collection of carbapenem-resis-
tant Entreo bacteriaceae isolates (Livermore et al., 2011).

Neisseria spp. (meningococci and gonococci) are resistant 
to isepamicin and have MICs that are 4- to 32-fold higher 
than amikacin (Thornsberry et al., 1980). Similar to other 
aminoglycosides, isepamicin is inactive against Bacteroides 
fragilis and other anaerobic Gram-negative bacteria.

MYCOBACTERIA

Isepamicin is active against strains of Mycobacterium tuber
culosis. However, amikacin is slightly more potent than 
isepamicin for M. tuberculosis strains and produces better 
in  vivo efficacy in an animal model (Lounis et al., 1997). 
Amikacin also has lower MICs than isepamicin for M. fortu
itum. On the other hand, isepamicin is more potent than 
amikacin for M. aviumintracellulare, M. abscessus, and 
M. chelonae (Barrett et al., 1992; Shen et al., 2007).

2b.  Emerging resistance and 
cross-resistance

GRAM-POSITIVE BACTERIA

Isepamicin resistance in staphylococci is not as common as 
with gentamicin and tobramycin (Uete et al., 1992). In Japan, 
no resistance to isepamicin was observed with methicillin- 
susceptible strains, but 14% of methicillin-resistant strains 
were resistant (O’Hara et al., 2000). However, the resistance 

to isepamicin was not high level, and the drug had the lowest 
MICs of the various aminoglycosides tested.

GRAM-NEGATIVE BACILLI

Initially, the only aminoglycoside-modifying enzymes that 
inactivated isepamicin were ANT-4′-I, found in staphylo-
cocci; ANT-4′-II; and APH-3′-VI, found in nonfermenting 
Gram-negative bacilli (Jones, 1995). In Enterobacteriaceae, 
AAC-6′-I enzymes confer resistance to tobramycin, netil-
micin, and amikacin but not to isepamicin and gentamicin 
(Miller et al., 1995). These enzymes are found especially in 
Enterobacter, Klebsiella, Citrobacter, Providencia, and Serratia 
and were very common as single enzymes or combined with 
other enzymes, accounting for 39–73% of aminoglycoside 
resistance in Belgium, France, and Greece (Miller et al., 
1997). However, mutations in the AAC-6′-I enzymes have 
created a family of enzymes for which isepamicin is some-
times a substrate for inactivation. For example, enzymes 
AAC-6′-Iad, AAC-6′-In, and ACC-6′-Ib can acetylate isepa-
micin as well as amikacin (Wu et al., 1997; Casin et al., 1998; 
Vanhoof et al., 1999; Doi et al., 2004). Some of these mutants 
may be susceptible in vitro but behave as resistant organisms 
in vivo (Coulin et al., 1996). In studies including Entero-
bacteriaceae isolates collected up to 1993, these isolates were 
common only in South and Latin America, accounting for 
11–19% of resistant strains; the incidence was less than 1% of 
resistant strains in the USA, Europe, the pan-Pacific region, 
and South Africa (Miller et al., 1997). Complete cross-sus-
ceptibility or cross-resistance between isepamicin and amik-
acin is observed in more than 95% of tested isolates (Belgian 
Isepamicin Multicenter Study Group, 2001).

The most common mechanisms of resistance to isepami-
cin in Pseudomonas isolates are permeability mutants (Miller 
et al., 1997). Permeability mutants can also occur in Entero-
bacteriaceae (Kashiwagi et al., 1998). Many of the strains of 
P. aeruginosa may actually represent overexpression of the 
MexXY-OprM efflux pumps (Vettoretti et al., 2009). P. aeru
ginosa produces AAC-6′-II enzymes, which inactivate gen-
tamicin, tobramycin, and netilmicin but are still susceptible 
to isepamicin, amikacin, and plazomicin. However, some 
mutations in these enzymes, or transfer of AAC-6′-I muta-
tions from Enterbacteriaceae, allow inactivation of both 
isepamicin and amikacin (Poirel et al., 2001; Sekiguchi et al., 
2005). These organisms account for only about 3–9% of ami-
noglycoside-resistant strains of Pseudomonas (Miller et al., 
1997). The enzyme APH-3′-VI also results in a small per-
centage of strains inactivating isepamicin and amikacin 
(Fong and Berghuis, 2009). Mutant APH(2″)-IIa enzymes 
with increased activity against amikacin and isepamicin 
have also been described (Toth et al., 2010). In a survey in 
China, an analysis of resistance mechanisms in E. coli showed 
that AAC-3-II was the most prevalent. Resistance to isepa-
micin and other aminoglycosides can also arise in strains of 
Enterobacteriaceae and P. aeruginosa, producing methylase 
enzymes that alter 16S rRNA (Yokoyama et al., 2003; Doi et 
al., 2007). The MICs for these strains are usually > 500 mg/l. 
With a large number of aminoglycoside-resistant strains, 

Table 56.1. In vitro susceptibility of various bacterial pathogens 
to isepamicin.

Organism MIC (mg/l)

Gram-negative bacteria (gentamicin sensitive)

Escherichia coli 0.5–4

Enterobacter spp. 0.5–4

Klebsiella spp. 0.5–4

Serratia marcescens     1–64

Citrobacter spp.     1–8

Proteus mirabilis     1–16

Proteus vulgaris 0.5–16

Providencia spp. 0.5–32

Pseudomonas aeruginosa 0.5–64

Acinetobacter spp.    2–64

Neisseria gonorrhoeae   32–64

Neisseria meningitidis   32–64

Haemophilus spp.    8–6t

Gram–positive bacteria

Staphylococcus aureus 0.5–8

Staphylococcus epidermidis 0.5–8

Streptococcus pyogenes   64–> 64

Streptococcus pneumoniae > 64

Enterococcus faecalis   32–> 64

Abbreviation: MIC, minimum inhibitory concentration.
Adapted from Neu and Fu (1978), Thornsberry et al. (1980), and Valdes et 

al. (1990).
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isepamicin usually has the lowest number of resistant isolates 
among all the aminoglycoside antibiotics. This was recently 
confirmed in a large surveys in China (Xiao and Hu, 2012) 
and Greece (Maraki et al, 2012).

3. MECHANISM OF DRUG ACTION

The mechanism of action of isepamicin is presumably the 
same as that of other aminoglycosides, such as gentamicin 
(see Chapter 52, Gentamicin), that inhibit protein synthesis 
by binding to the 30S ribosome.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

ONCE-DAILY ADMINISTRATION

Similar to other aminoglycosides, isepamicin can be given 
once daily i.m. or i.v., usually at a dose of 1.0 g or 15 mg/kg 
of body weight. A lower dosage of 8 mg/kg once daily was 
used in patients with less severe infections. When given 
i.v., the dose is diluted in 30–50 ml of i.v. infusion fluid and 
then administered as a short 30-minute infusion. Once-daily 
administration produces high peak concentrations that 
enhance initial bacterial killing. More frequent dosing can 
induce “adaptive resistance” to isepamicin in P. aeruginosa 
strains and reduce the drug’s bactericidal activity (Blaser, 
1991; Daikos et al., 1991). It is also probable that once-daily 
dosing will reduce or slow the renal uptake of isepamicin, as 
has been shown with amikacin, gentamicin, and netilmicin 
(Verpooten et al., 1989; De Broe et al., 1991).

In a few of the clinical trials of isepamicin versus amika-
cin, groups of patients were randomized to also allow a com-
parison of once-daily vs. twice-daily dosing of isepamicin 
(Beaucaire, 1995; Carbon, 1995). These portions of the stud-
ies have shown similar efficacy and safety. Monitoring peak 
concentrations to assure attainment of a value of 80 mg/l or 
higher is recommended, along with trough levels less than 
5.0 mg/l, for patients with severe Gram-negative infections 
(Fauvelle et al., 2001).

CLASSIC ADMINISTRATION EVERY 12 HOURS

Isepamicin, like amikacin, can be administered both i.m. and 
i.v. in the same dosage. The drug has been used as 500 mg 
or as 7.5 mg/kg doses administered every 12 hours. The 
every-12-hours regimen is recommended especially for treat-
ment of Gram-negative bacilli in febrile neutropenic children 
(Maltezou et al., 2001).

4b.  Newborn infants and children

A dosage of 7.5 mg/kg administered every 24 hours to infants 
0–16 days of age and every 12 hours to those older than 16 
days is recommended. Drug level monitoring is recommended 
because of the marked variation in pharmacokinetics in 
newborns and infants (Scaglione et al., 1995). Larger once- 

daily doses, such as 15 mg/kg, can be safely used in older 
children.

4c.  Pregnant and lactating mothers

There are insufficient data with respect to safety in pregnant 
and lactating mothers. As an aminoglycoside, this drug will 
cross the placenta. 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

The dose needs be adjusted for patients with impaired renal 
function in a manner similar to that of gentamicin (see 
Chapter 52, Gentamicin). The mean terminal half-life of 
netilmicin for subjects with creatinine clearance values of 
30–50 ml/min or 5–29 ml/min and for anephric patients is 
approximately 8, 16, and 48 hours, respectively. The recom-
mended dosage schedule in these patients is an initial dose of 
8 mg/kg followed by the same dose at 24 hours for creatinine 
clearances of 40–59 ml/min, at 48 hours for a creatinine 
clearance of 20–39 ml/min, at 72 hours for a creatinine clear-
ance of 10–19 ml/min, and at 96 hours for patients with a 
creatinine clearance of 5–9 ml/min (Tod et al., 2000). The 
creatinine clearance can be estimated from the serum creati-
nine from the equations listed for gentamicin (see Chapter 
52, Gentamicin). In patients receiving intermittent hemodi-
alysis, the dose of 7.5–8.0 mg/kg is recommended to be given 
after each dialysis session (Halstenson et al., 1991). Once-
daily dosing of 15 mg/kg may be adequate in patients on con-
tinuous venovenous hemodiafiltration because the measured 
elimination half-life in six patients was 7.9 ± 0.8 hours (Breilh 
et al., 1999).

PATIENTS WITH SPECIFIC DISEASES ASSOCIATED 
WITH INCREASED ISEPAMICIN VOLUME OF 
DISTRIBUTION

Patients in intensive care units with severe infections or nos-
ocomial pneumonia, patients with hematologic malignancy 
and febrile neutropenia, and patients with acute pelvic inflam-
matory disease have increased volumes of distribution for 
isepamicin (Tod et al., 1996; Tod et al., 1999; Yombi et al., 
2005). This reduces the serum peak concentration and the 
area-under-the-concentration-time curve (AUC). Higher 
initial loading doses of isepamicin, such as 25 mg/kg, are rec-
ommended in these patients. Monitoring peak and trough 
concentrations is also recommended because of the variation 
among patients. Studies show that at the end of treatment, 
the volume of distribution is back to normal.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Isepamicin is not absorbed by the oral route, and its bioavail-
ability when administered i.m. is close to 100% (Radwanski 
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et al., 1997). The binding of isepamicin to serum proteins is 
very low at 3.5–6.3% (Barr et al., 1995).

5b.  Drug distribution

Mean peak serum levels in adults after i.m. administration of 
7.5 mg/kg of body weight of isepamicin occur about 65–80 
minutes after dosing and range from 24–26 mg/l; the corre-
sponding AUC varies from 103–109 mg∙h/l (Lin et al., 1997). 
A fixed dose of 1.0 g administered i.m. or i.v in the same 
patients results in peak concentrations of 37 and 67 mg/l, 
respectively (Radwanski et al., 1997). The mean AUC value 
was slightly higher after i.m. dosing (165 mg∙h/l) than after 
i.v. dosing (155 mg∙h/l). Intravenous administration of 7.5 
or 15 mg/kg over 30 minutes produces peak concentrations 
of 47 and 92 mg/l, respectively, at 30 minutes after dosing 
(Lin et al., 1995b). The AUC with these two doses is 110 and 
228 mg∙h/l, respectively, for the mean peak concentration. In 
older children, the serum concentrations are similar to those 
seen in adults. However, in neonates, the Cmax is lower, and 
the AUC is significantly larger (Scaglione et al., 1995).

In young adults with normal renal function, the elimina-
tion half-life of isepamicin varies from 2.0–2.7 hours; in the 
elderly, the elimination half-life was 3 hours (Lin et al., 
1995b; Lin et al., 1997; Nomeir et al., 1997). In patients with 
renal impairment, the half-life is 3.2 ± 0.7 hours with creati-
nine clearances of 50–80 ml/min, 8.3 ± 4.1 hours with cre-
atinine clearances of 30–49 ml/min, and 16.2 ± 7.4 hours 
for creatinine clearances of 5–29 ml/min (Halstenson et al., 
1991). In patients with end-stage kidney disease, the half-life 
is 47.9 hours (Halstenson et al., 1992).

The drug is distributed primarily into the extracellular 
fluid. At about 2–3 hours after a 1.0-g dose, median tracheal 
and bronchial concentrations are 2.1 and 2.7 mg/l, respec-
tively (Tod et al., 2000). In patients with nosocomial pneu-
monia treated with 15 mg/kg once daily, the isepamicin 
concentrations in bronchial secretions range from 2.3–32.4 
mg/l (median 6.9 mg/l) on day 1 and from 1.9–15 mg/l 
(median 7.1 mg/l) on day 3 (Tod et al., 2000). The drug pen-
etrates into cortical and cancellous bone at concentrations 
that are 28–31% of the simultaneous serum concentration 
(Boselli et al., 2002).

In animals, isepamicin accumulates with repeated doses, 
primarily in the kidney (Iwasaki, 1987). The terminal gamma 
phase of isepamicin clearance can be used to estimate the 
accumulation of the drug in human kidneys. The half-life of 
the gamma phase with isepamicin is only 34 hours, and the 
AUC accounts for only 2.6% of the drug in the body (Lin et 
al., 1995a). This is much less than observed with gentamicin, 
tobramycin, and netilmicin.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Increasing concentrations of isepamicin exhibit concentration- 
dependent killing (Blaser, 1991; Craig, 1995). The drug also 
produces prolonged in vitro and in vivo postantibiotic effects 
(PAEs) of 3–7 hours’ duration with Gram-negative bacilli 

and S. aureus (Minguez et al., 1990; Minguez Minguez et al., 
1992; Craig, 1995; Fuentes et al., 1998). When the half-life 
of isepamicin in mice is increased from 21 to 90 minutes by 
inducing renal impairment, the in vivo PAE for a dose of 
3  mg/kg with a strain of Klebsiella pneumoniae increased 
from 3.2–11.3 hours (Craig, 1995). A larger 24 mg/kg dose 
increased the duration of the in vivo PAE to 7.1 hours in the 
same neutropenic murine model. However, when the identi-
cal dose was administered to mice with leukocytes, the dura-
tion of the suppressive effect increased to 13.4 hours. Thus, in 
most clinical situations, isepamicin might produce in vivo 
PAEs of 10 hours or longer. In a rat infection model, syner-
gism was observed with fosfomycin against P. aeruginosa 
(Cai et al., 2009).

The AUC/MIC ratio has been identified as the major 
pharmacokinetic- pharmacodynamic index correlating with 
in vivo efficacy in animal models (Craig, 1995). However, no 
correlation has been observed for isepamicin between effi-
cacy in human infections and peak and AUC values or their 
ratios with MIC (Tod et al., 1999). A further discussion can 
be found in Chapter 53, Tobramycin.

5d.  Excretion

Isepamicin is excreted via the kidney by glomerular filtra-
tion, and a small amount is reabsorbed in the tubules. The 
drug is not metabolized and appears in the urine in an 
unchanged active form, producing high urinary concentra-
tions (Lin et al., 1995a). Approximately 60% of an adminis-
tered dose is excreted in the urine during the first 6 hours 
and 97% in 48 hours (Lin et al., 1995a). Only 0.1% of isepa-
micin is excreted in the feces.

5e.  Drug interactions

Isepamicin is inactivated less than gentamicin by high concen-
tration of various penicillins and beta-lactamase inhibitors 
(Walterspiel et al., 1991). It was found to be as stable as ami-
kacin against inactivation by these beta-lactam compounds 
and beta-lactamase inhibitors. The in vivo inactivation by 
piperacillin of isepamicin was compared with gentamicin in 
patients on chronic hemodialysis (Halstenson et al., 1992). 
The pharmacokinetics of isepamicin was not altered during 
combination dosing with piperacillin. The terminal elimi-
nation half-life for isepamicin (47.9 vs. 45.1 hours) was 
not significantly altered by concomitant administration with 
piperacillin, whereas the values for gentamicin were signifi-
cantly reduced by the presence of piperacillin from 47.7 to 
35.7 hours. Such patients receiving combinations of isepami-
cin and various penicillins and beta-lactamase inhibitors will 
not require further dose adjustment.

6. ADVERSE REACTIONS AND TOXICITY

6a.  Ototoxicity

Hearing loss is one of the major toxicities observed with isepa-
micin. Animal studies suggest that isepamicin, on a weight 
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for weight basis, is markedly less ototoxic than amikacin 
(Takumida et al., 1990). In one animal study, once-daily dos-
ing for 28 days at 200 mg/kg was less ototoxic than dosing of 
100 mg/kg every 12 hours (Takumida et al., 1990). Another 
study at lower doses found the median isepamicin concen-
tration in the cochlear duct and the cochlear nerve to be sim-
ilar after 8 days of once-daily dosing or continuous infusion 
of the same daily dose (Govaerts et al., 1991).

Controlled clinical studies comparing isepamicin with 
amikacin indicate that ototoxicity with both drugs is uncom-
mon (Beaucaire, 1995; Carbon, 1995; Colardyn, 1995; Covi 
and Velluti, 1995; Leal del Rosal et al., 1995; Petrikkos et 
al., 1995; Rodriguez-Noriega et al., 1995; Sturm, 1995). The 
occurrence of ototoxicity with isepamicin in about 200 
patients evaluated by pure tone audiometry is 3.7% using a 
15-dB threshold and 1.1% using a 20-dB threshold (Blum, 
1995). Ototoxicity is also low in studies in children and 
neonates (Vigano and Principi, 1995; Kafetzis et al., 2000; 
Maltezou et al., 2001). Isepamicin is subject to the genetic 
mutations that enhance susceptibility to ototoxicity, as 
described with gentamicin (see Chapter 52, Gentamicin). 
Two cases of ototoxicity in patients with the 1555 A to G 
mutation have been induced by treatment with isepamicin 
in Japan (Usami et al., 1998).

6b.  Nephrotoxicity

The nephrotoxicity of isepamicin appears to be rather similar 
to that observed with amikacin. The pathologic changes and 
the mechanisms of renal tubular drug uptake and toxicity are 
similar to those described for gentamicin (see Chapter 52, 
Gentamicin) and amikacin (see Chapter 54, Amikacin). Renal 
toxicity appears to be determined by the aminoglycoside’s 
transport into tubular cells and its intrinsic intracellular tox-
icity (Contrepois et al., 1985). In animals, the renal uptake 
of isepamicin is similar to that of amikacin and significantly 
lower than gentamicin and netilmicin (El Mouedden et al., 
2000). Comparing the observed prolonged gamma phase 
of excretion with these drugs in human volunteers suggests 
that renal accumulation of isepamicin in human kidneys is 
also less than for gentamicin and netilmicin (Winslade et 
al., 1987; Lin et al., 1995a). Furthermore, higher cytosol 
concentrations of isepamicin are required to induce apopto-
sis than are required with gentamicin (Denamur et al., 2008). 
Together, these factors suggest that the incidence of nephro-
toxicity would be lower with isepamicin than with gentami-
cin and netilmicin. Unfortunately, all the comparative trials 
have used amikacin, which behaves somewhat similarly to 
isepamicin in inducing nephrotoxicity (El Mouedden et al., 
2000; Denamur et al., 2008).

Data from clinical trials comparing isepamicin with ami-
kacin have involved over 1200 patients (Blum, 1995). The 
mean duration of therapy in these studies was 9 days for both 
drugs. Increases in creatinine indicative of nephrotoxicity 
occurred in 4.6% of patients receiving isepamicin and 5.1% 
of patients receiving amikacin. Studies in animals suggest 
that cortical accumulation and cellular regeneration were 
higher in animals treated at 1400 hours than at 0200 hours 

(Yoshiyama et al., 1996). They also found that once-daily 
dosing at mid-dark (0200 hours) had less nephrotoxicity 
than twice-daily injections (Yoshiyama et al., 1993). This 
suggests that there is a temporal influence on the risk for 
nephrotoxicity.

6c.  Other side effects

Isepamicin produces the lowest level of neuromuscular block-
ade of all the aminoglycosides (Shinoda et al., 1987).

7. CLINICAL USES OF THE DRUG

Isepamicin, either alone or in combination with a beta- 
lactam antibiotic, has been used to treat severe infections 
such as pyelonephritis, peritonitis, pulmonary infections, sep-
ticemia, and skin and soft tissue infection caused by amika-
cin-susceptible Gram-negative bacilli and S. aureus. Efficacy 
and safety of treatment with isepamicin are similar to those 
with amikacin (Beaucaire, 1995; Carbon, 1995; Colardyn, 
1995; Covi and Velluti, 1995; Herbrecht et al., 1995: Leal der 
Rosal, 1995; Petrikkos et al., 1995; Rodriguez-Noriega et 
al., 1995; Sturm, 1995; Lee et al., 1999; Park et al., 2013). 
However, the same efficacy concerns for monotherapy of 
gentamicin for other than urinary tract infections compared 
with beta-lactams may also apply to isepamicin (Vidal et al., 
2007). In combination with levofloxacin, it has been used as 
prophylaxis for transrectal prostate biopsy (Shigemura et al., 
2009).

The development of isepamicin was fostered by the 
increasing frequency of AAC-6′-I–modifying enzymes in 
Enterobacteriaceae, which may be a result of increased use 
of amikacin in some areas (Miller et al., 1997) (see also sec-
tion 2b, Emerging resistance and cross-resistance). The inci-
dence of these strains in Belgium, France, and Greece used to 
account for 39–73% of aminoglycoside resistance in Entero-
bacteriaceae in these countries. These strains are also com-
mon in South America, Latin America, and Japan (Miller et 
al., 1997). Isepamicin would be an attractive alternative for 
treating such infections in these countries. However, because 
some of these strains are still susceptible to gentamicin, most 
clinicians prefer to use the more familiar and usually less 
expensive gentamicin for the treatment of these infections. 
Nevertheless, on occasion, isepamicin may have a place in 
therapeutics as an alternative for the treatment of those 
infections caused by amikacin-resistant Gram-negative bacilli.
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Neomycin

Johan W. Mouton

1. DESCRIPTION

Neomycin is an aminoglycoside compound that is relatively 
toxic and therefore not used systemically. Neomycin was first 
described by Waksman and Lechevalier in 1949 as a product 
of Streptomyces fradiae. Three chemically similar constitu
ents have been described, neomycin A, B, and C. Purification 
of a similar compound was performed at Roussell Labora
tories, after description by Decaris in France, and was called 
framycetin (Soframycin, Fradiomycin) (Decaris, 1953). Later, 
it appeared that framycetin was identical to neomycin B sul
fate, and references in this chapter to neomycin thus include 
framycetin. Marketed formulations may contain various 
mixtures of the compounds or just one of the three forms, 
as is the case with framycetincontaining formulations. The 
chemical names of neomycin A, B, and C differ somewhat. 
The empirical formula of neomycin B is C23H46N6O13, and the 
molecular weight is 614 (Figure 57.1).

Like other aminoglycosides, neomycin exerts its action 
by inhibiting protein synthesis. The drug is used in various 
topical forms only and should never be given parenterally 
because of demonstrated toxicity.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Neomycin is active against staphylococci and most Gram
negative bacteria. Usual minimum inhibitory concentrations 
(MICs) of neomycin against some selected bacteria are shown 
in Table 57.1. In general, they are similar to those of kana
mycin (see Chapter 51, Kanamycin).

GRAM-POSITIVE BACTERIA

Staphylococcus aureus and S. epidermidis are highly suscepti
ble to neomycin, but all streptococci and the Grampositive 
bacilli are relatively resistant.

GRAM-NEGATIVE BACTERIA

Nearly all the medically important Gramnegative aerobic 
bacteria are susceptible to these drugs, with the exception of 
Pseudomonas aeruginosa. Anaerobic bacteria, such as Bac
teroides spp., are resistant. However, because the drug is used 
only topically or enterally, and local concentrations are rela
tively high, it is not exactly clear how susceptibility data 
should be interpreted.

2b.  Emerging resistance and 
cross-resistance

Resistant strains of the usually sensitive organisms such as 
Escherichia coli, Klebsiella spp., and Proteus spp. are now 
often encountered in hospitals, and these usually show 
complete crossresistance with kanamycin (see Chapter 51, 
Kana mycin). Longterm oral administration of neomycin 
particularly favors emergence of multiresistant plasmid 
carrying aerobic enteric bacteria. These are usually also resis
tant to other drugs, such as sulfonamides, tetracyclines, 
streptomycin, ampicillin, and carbenicillin. Such multi
resistant bacteria are capable of transferring their resistance 
to other aerobic enteric bacteria (Valtonen et al., 1977). 

Figure 57.1. Molecular structure of neomycin sulfate. 
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Neomycinresistant strains of Shigella sonnei (Davies et al., 
1970) and the Salmonellae (Bissett et al., 1974) have been 
encountered for years. In a study in Sudan, 3% of enteric 
pathogens were resistant to neomycin (Ahmed et al., 2000). 
Similar values have been reported for Campylobacter strains 
in Iran (Feizabadi et al., 2007) and the UK (Thwaites and 
Frost, 1999). MICs of pathogens causing otitis externa 
(including P. aeruginosa) were reported to have significantly 
increased over a period of 8 years (Cantrell et al., 2004). In 
contrast, an increase in susceptibility was reported for ocular 
isolates in Brazil (Chalita et al., 2004).

Neomycinresistant strains of S. aureus were first reported 
by hospitals in the 1960s (Rountree and Beard, 1965). These 
staphylococci were also always resistant to kanamycin, and 
the majority were resistant to several other antibiotics, 
including penicillin G, streptomycin, tetracycline, and 
erythro mycin. At times, they also became resistant to baci
tracin (see Chapter 83, Bacitracin and Gramicidin), an anti
biotic often used in combination with neomycin in topical 
applications (Rountree and Beard, 1965). When neomycin 
containing topical preparations are used for shortterm con
trol of skin sepsis in conditions such as eczema, the risk of 
inducing neomycinresistant strains of S. aureus is relatively 
small. If these applications are used for weeks, months, or 
intermittently, staphylococci resistant to neomycin emerge 
readily. These may be implicated in further attacks of sepsis, 
and they may  be difficult to control (Smith et al., 1975). 
Methicillinresistant strains of S. aureus and S. epidermidis, 
which became widespread in many hospitals in the late 
1970s, are also often resistant to neomycin and other amino 
glycosides.

3. MECHANISM OF DRUG ACTION

The mechanism of action of neomycin is similar to other 
aminoglycosides (see Chapter 52, Gentamicin).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Neomycin is now never used parenterally. In the past, an i.m. 
adult dosage of 1.0 g or 15 mg/kg of body weight per day, 
given in two to four divided doses, was used, but serious 
toxic effects were common (see section 6, Adverse reactions 
and toxicity).

4a.  Adults

The usual adult oral dosage of neomycin is 1 g every 6 
hours, but up to 2 g orally every 6 hours has also been used. 
A threedose regimen of neomycin plus erythromycin (or 
metronidazole) has often been used as chemoprophylaxis 
before elective colon operations. Mechanical bowel prepa
ration is performed for 3 days preoperatively, and 1.0g 
doses of both neomycin and erythromycin are given orally 
at 19, 18, and 9  hours before surgery. This regimen has 
been used in the USA since 1972 (Gorbach, 1982; Gorbach, 
1991).

To suppress bowel flora in patients with hepatic precoma 
or coma, Suh et al. (1979) recommended that the optimal 
neomycin regimen was a dosage of 2.0 g given three times on 
the first day followed by 1.0 g twice daily.

Neomycin for topical administration is available in vari
ous forms, such as gels, solutions, creams, ear drops, and eye 
drops. Dose and frequency are dependent on the recommen
dations of the manufacturer.

Although bladder irrigation and intraperitoneal admin
istration were used in the past, these are no longer recom
mended (Haldorson et al., 1978; Turck and Stamm, 1981; 
Keighley, 1983).

4b.  Newborn infants and children

Although neomycin was used in the past, there is no indica
tion for its use as an oral formulation in children. For topical 
use, recommendations are similar as for adults.

4c.  Those requiring altered dosages

Because neomycin is generally not absorbed from the gas
trointestinal tract, no dosage adjustment is necessary for 
patients with impaired renal or hepatic function, although 
toxicity should be monitored (see section 6, Adverse reac
tions and toxicity).

Table 57.1. In vitro susceptibility data (MIC50s, MIC90s) and 
epidemiologic cutoffs (ECoffs) of neomycin for selected 
microorganisms.

Organism
MIC50 
(mg/l)

MIC90 
(mg/l)

ECoff ≤ 
(mg/l)

Gram-positive bacteria

Staphylococcus aureus 0.5 1 1

Staphylococcus, coagulase  
 negative

0.125 0.25 ND

Enterococcus faecalis 64 > 256 ND

Enterococcus faecium 8 32 ND

Enterococcus hirae 16 64 ND

Gram-negative bacteria

Escherichia coli 2 4 8

Pasteurella multocida 8 64 ND

Klebsiella spp. 0.5 2 ND

Salmonella spp. 1 2 4

Campylobacter coli 1 2 2

Abbreviations: MIC, minimum inhibitory concentration; ND, not determined. 
Data from EUCAST (2016).
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5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

Neomycin is poorly absorbed, and therefore systemic avail
ability is poor. However, there is some resorption. A single 
oral dose of 4 g of neomycin may produce a peak serum level 
of about 4.0 mg/l (Kunin et al., 1960). Enemaadministered 
neomycin is absorbed to about the same extent (Breen et al., 
1972).

Because neomycin is now given only topically, local con
centrations are relatively high, and the concentrationtime 
profile varies by location and formulation. Not much is known 
about the pharmacodynamics locally, and dosing is primar
ily by clinical experience.

6. ADVERSE REACTIONS AND TOXICITY

Neomycin is toxic when given systemically. Although the drug 
was available as a parenteral formulation in the past, it should 
not be given in its parenteral form because this causes irre
versible ototoxicity. Animal studies have also demonstrated 
that neomycin is the most nephrotoxic of the commonly 
used aminoglycosides, and renal toxicity in animals can even 
be demonstrated after very large oral doses of the drug 
(Emmerson and PryseDavies, 1964; Appel and Neu, 1977).

6a.  Ototoxicity

Neomycin can cause irreversible deafness rather than vestib
ular dysfunction. This is the principal reason why these agents 
are not used parenterally. Neomycin, when first introduced, 
was given i.m. in dosages of 0.5–1.0 g daily, and many patients 
became completely deaf after relatively short courses of 7–15 
days (Welch, 1954; De Beukelaer et al., 1971). Neomycin is 
considerably more ototoxic than kanamycin (Leading article, 
1963). Detection of early ototoxicity usually does not prevent 
further auditory loss, which often progresses to complete deaf
ness despite cessation of the drug. Sometimes hearing loss 
is first noted days or weeks after stopping the drug and then 
progressively deteriorates (Kelly et al., 1969; Leading article, 
1969).

After prolonged oral administration, sufficient absorption 
of these drugs may occur to cause ototoxicity, especially in 
the presence of renal impairment. This is most likely to occur 
in patients with liver failure, who often have associated renal 
functional impairment and are treated for prolonged periods 
with neomycin (Anonymous, 1973). It is advisable to check 
neomycin serum levels regularly in such patients (Last and 
Sherlock, 1960), although it is not clear which levels are accep
table. Although serum levels of 5 mg/l were considered a 
threshold value in the past, these may have been too high.

Ototoxicity can also result from topical neomycin ther
apy. Kelly et al. (1969) reported deafness in a patient whose 
wound was irrigated every 4 hours with 80 ml of a solution 
containing 0.5% neomycin. The amount of neomycin used 
for wound irrigation in this patient was 2.4 g daily. After this 
report, Trimble (1969) reviewed neomycininduced deafness 

and showed that ototoxicity had occurred after use of this drug 
by all modes of administration—parenteral, aerosol, oral, and 
cutaneous as well as by wound and bowel irrigation. He also 
observed that whenever a new neomycin preparation became 
available, reports of ototoxicity after its use appeared.

Jawetz (1969) pointed out that the absorption of neo
mycin from a wound or granulating surface may be similar 
to absorption after i.m. injection. Neomycin is not absorbed 
after application to normal skin or instillation into a normal 
bladder, but it may be absorbed if the skin or bladder mucosa 
is inflamed. Weinstein et al. (1977) studied 10 patients in 
whom neomycin wound irrigations were used during total 
hip replacement. A 1.0% neomycin solution was used, and 
the volume of irrigation solution varied from 500–1400 ml 
in individual patients; it was calculated that these patients 
received a topical dose ranging from 67–203 mg/kg. Although 
ototoxicity was not observed, systemic absorption and sig
nificant neomycin serum levels occurred in all patients.

Neomycin toxicity after topical therapy may be avoided if 
the total daily amount of the drug administered is calculated, 
and this is restricted to a safe dose. The dose should not 
exceed 15 mg/kg/day or 1.0 g daily in adults for longer than 
1–3 days. A lower total daily dose should be used if topical 
therapy is continued for longer periods.

Animal studies have shown that many antibiotics, such as 
neomycin, gentamicin, chloramphenicol, tetracycline, eryth
romycin, and polymyxin B, can cause deafness if instilled 
directly into the intact middle ear. Antibiotic ear drops may 
therefore be a potential cause of deafness in humans, 
although severe deafness from their use appears to be rare. 
In a retrospective study of 134 patients, 2 patients receiving 
neomycin and polymyxincontaining ear drops had possible 
antibioticrelated ototoxicity (Linder et al., 1995). In another 
report, three patients with a perforation were described who 
developed severe ototoxicity after the use of ear drops con
taining 0.35% neomycin (Yamasoba and Tsukuda, 2004). 
These patients were not hypersusceptible to aminoglycosides, 
as indicated by the absence of an A1555G point mutation. 
More reports have appeared recently (Thomas et al., 2005). 
In view of their doubtful efficacy and the possibility of oto
toxicity, antibiotic ear drops containing neomycin should be 
avoided whenever possible, especially in the presence of per
forations and in patients undergoing ear surgery (Annotation, 
1976; Brummett, 1983).

6b.  Nephrotoxicity

Although nephrotoxicity was shown in animals after very 
high doses, the danger of renal damage may not be very great 
when neomycin is used by the oral route. In 27 patients with 
liver disease treated by oral neomycin, there was no convinc
ing evidence that sufficient quantities of neomycin had been 
absorbed to cause renal damage (Last and Sherlock, 1960). 
Similarly, no significant absorption was observed in several 
studies involving oral administration. Nevertheless, such 
patients should be monitored for declining renal function to 
avoid toxicity (Appel and Neu, 1977).
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6c.  Neuromuscular blockade

Neomycin can cause neuromuscular blockade, similar to 
other aminoglycosides (see Chapter 52, Gentamicin). In the 
past, when neomycin was often administered intraperitone
ally for the treatment of peritonitis, neuromuscular blockade 
was observed most commonly in children because the dan
ger of overdosage was greater in this age group. This form 
of  therapy, especially if peritonitis is present, may result in 
rapid systemic absorption of the drug. Anesthesia and mus
cle relaxants potentiate neomycininduced neuromuscular 
blockade (Emery, 1963). This complication was also observed 
when neomycin was given by other routes. Ross et al. (1963) 
reported postoperative apnea in a man aged 70 years with 
impaired renal function who received 6 g of oral neomycin 
before an operation; a small amount of the drug, probably 
less than 150 mg, was introduced into the peritoneal cavity 
during the operation. Bush (1962) reported the same effect 
in a newborn in whom a large area of subcutaneous tissue 
was sprayed with a neomycin and polymyxin B mixture. This 
neonate (weight 3.1 kg) probably received a total dose of 166 
mg of neomycin and 50,000 units of polymyxin B. The poly
myxins can also cause neuromuscular blockade (see Chapter 
81, Polymyxins).

6d.  Gastrointestinal side effects

Large oral doses of neomycin may cause vomiting or diar
rhea. Rubbo et al. (1966) found that doses of neomycin as 
high as 9 g/day, used for preoperative chemoprophylaxis, 
frequently caused these symptoms. Orally administered 
neomycin, unlike parenteral aminoglycosides, has also been 
implicated as a cause of antibioticassociated colitis due to 
Clostridium difficile (Bartlett, 1979). In a retrospective study, 
patients receiving oral antibiotics for bowel preparation had 
a significantly higher incidence of C. difficile enteritis (Wren 
et al., 2005). Similar to tetracyclines, colitis due to S. aureus 
overgrowth may also be a rare complication of oral neomy
cin therapy. It occurred mainly in surgical patients who had 
received preoperative neomycin as chemoprophylaxis, and 
the infection appeared to be caused by neomycinresistant 
staphylococci (Finegold, 1986). S. aureus, however, is common 
in the stools of patients who are receiving broadspectrum 
antimicrobial agents, and most patients who harbor this 
organism have no symptoms. It is possible that some cases 
diagnosed as staphylococcal enterocolitis in the past were due 
to C. difficile (Bartlett, 1979).

Prolonged oral administration of neomycin may also cause 
atrophic changes in the intestinal mucosa resulting in a mal
absorption syndrome, which was described early in the 1960s 
(Jacobson and Faloon, 1961). Malabsorption of fat, choles
terol, electrolytes, disaccharides, glucose, xylose, vitamin B12, 
and oral penicillin may result. Neomycin, even in a single 
dose of 1.0 g, depresses the rate and extent of the absorption 
of digoxin in humans (Lindenbaum et al., 1976).

In infants with E. coli gastroenteritis, a mild form of mal
absorption was commonly induced by relatively short courses 

of oral neomycin. Nelson (1971) demonstrated that diarrhea 
was significantly prolonged and onset of weight gain was 
delayed in infants treated with neomycin for 10 days com
pared with infants treated for 3 days.

6e.  Contact dermatitis

Prolonged application of neomycin to skin lesions may cause 
sensitization. Kirton and MunroAshman (1965) described 
70 cases of contact dermatitis due to these drugs. The patients 
had been treated for lesions such as leg ulcers, otitis externa, 
blepharitis, and eczema. Sensitization was manifested by 
either an acute exacerbation of the disease or failure to 
respond to local treatment. In the latter group, the absence 
of an acute allergic reaction was ascribed to the concomitant 
use of topical corticosteroids. Patch testing showed that 65 
patients were sensitive to neomycin and 50 to framycetin, 
and in 45 patients there was crosssensitivity between these 
two antibiotics. It is now known that the drugs are essentially 
similar, so this is not surprising. Other studies also suggested 
that the risk of contact dermatitis was high, especially in 
eczema of the lower leg and when application is continued 
for long periods. In contrast, shortterm application of neo
mycin, particularly to children, carried little risk of sensi
tization (Leading article, 1977). In a prospective study to 
determine sensitization to antibiotics in patients with rosa
cea, the incidence of sensitization to gentamicin was signifi
cantly higher than the incidence of sensitization to neomycin 
(Jappe et al., 2008). However, in another study this finding was 
reversed, with gentamicin causing fewer reactions (Menezes 
de Pádua et al., 2005; De Pádua et al., 2008). The prevalence 
was estimated to be at least 1% in a multifactorial analysis. In 
a recent large study involving 1158 patients tested for allergic 
contact dermatitis as the cause of periorbital dermatitis, 
8.1% tested positive for gentamicin, 5.9% for neomycin, and 
4.9% for kanamycin, significantly more than for polymyxin 
B (1.7%), chloramphenicol (0.8%), and erythromycin (0%) 
(Landeck et al., 2014). 

7. CLINICAL USES OF THE DRUG

7a.  Topical treatment

Neomycincontaining formulations have often been used for 
local treatment of superficial infections due to staphylococci 
and Gramnegative bacilli. These drugs are best used in 
combination with other antibiotics to avoid the development 
of resistant strains. Neomycin is often combined with poly
myxin B and bacitracin in various creams, ointments, eye 
drops, sprays, and solutions for topical use. Neomycin is also 
used in association with various corticosteroids in creams 
and ointments to treat allergic diseases with secondary bac
terial infections. For treatment of otitis, however, neomycin 
would best be avoided. In patients with perforations, there 
is a clear risk of irreversible ototoxicity. In addition, in a ran
domized clinical trial comparing steroid and acetic acid ear 
drops with steroid and neomycin–polymyxin B in patients 
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with acute otitis externa, there was no difference in outcome 
between these two regimens (van Balen et al., 2003). If anti
biotics are to be used, there are much safer alternatives 
available, and formulations containing fluoroquinolones are 
preferred. Also, in a blinded randomized trial, ofloxacincon
taining otic drops were preferred over neomycin–polymyxin 
B by children because they caused less pain (Poetker et al., 
2006). In a pooled analysis comparing the efficacy of cipro
floxacin–dexamethasone with that of neomycin–polymyxin 
B–hydrocortisone, the former was significantly better for 
eradication of P. aeruginosa¸ whereas for S. aureus no differ
ence was found (Dohar et al., 2009). It was applied success
fully as part of a triple antibiotic ointment in clearance of 
nasal S. aureus infection and could be useful if the strain has a 
decreased susceptibility to mupirocin (Grossman et al., 2012).

Alternatively, the use of nonantibiotics should be consid
ered and is often equally or even more effective. In the treat
ment of vaginitis, octenidine dihydrochloride–phenoxyethanol 
was more effective than neomycin (Novakov Mikíc and Stojic, 
2015), and povidone iodine was more effective in a prophy
laxis regimen for cataract surgery (Li et al.¸2015).

7b.  Bacterial intestinal infections

Because neomycin is only slightly absorbed from the gastro
intestinal tract, it was used in the past to treat various bacte
rial intestinal infections. It is no longer recommended for 
this purpose.

Orally administered nonabsorbable drugs of this group 
are of no value in gastroenteritis due to enteropathogenic 
E. coli (Emond et al., 1969; Christie, 1973; Ryan et al., 1986). 
Similarly, antibiotics (absorbable or nonabsorbable) are gen
erally of little value for the treatment of mild Salmonella gas
troenteritis. They do not generally shorten the clinical illness, 
and they may prolong the Salmonella carrier state. This was 
confirmed in a controlled trial with neomycin (Joint project, 
1970). In patients with severe Salmonella gastroenteritis in 
whom septicemia is suspected or confirmed, other drugs are 
indicated.

Neomycin and related drugs do not benefit mild to mod
erate cases of S. sonnei dysentery. Severe Shigella dysentery 
with marked systemic symptoms, which occurs more fre
quently with S. flexneri and S. dysenteriae type 1 infections, 
may require chemotherapy, but absorbable antibiotics are 
indicated.

7c.  Preoperative chemoprophylaxis in 
surgery and selective gut 
decontamination

Oral neomycin was often used in the past to suppress the 
normal flora of the large bowel before surgery. This was of 
doubtful efficacy, and neomycin used alone is now no longer 
recommended for this purpose. The use of nonabsorbable 
antibiotics encourages the emergence of resistant organisms 
in the bowel (Finegold, 1986). Emergence of resistant organ
isms may result in bowel superinfections and diseases such 

as C. difficile or staphylococcal colitis. In a randomized 
placebo controlled study, no effect of preoperative gut decon
tamination on endotoxemia and cytokine activation was 
observed in patients during cardiopulmonary bypass (Bouter 
et al., 2002). Reddy et al. (2007) investigated whether modu
lation of gut flora and preservation of intestinal barrier func
tion by use of a combination of synbiotics, neomycin, and 
mechanical bowel preparation were effective during elective 
colorectal surgery. Although there was a significant decrease 
in Enterobacteriaceae and there was significantly lower inci
dence of translocation, there were no differences in intesti
nal permeability, inflammatory response, or septic morbidity. 
More studies are needed in that respect before a change in 
practice is recommended.

Oral neomycin, usually in combination with other non
absorbable antibiotics, has been used to suppress intestinal 
aerobic bacteria in patients with leukemia during neutrope
nic episodes and in patients managed in intensive care units. 
Anaerobes have an inhibitory effect on the growth of aerobic 
microorganisms in the bowel. This effect is referred to as col
onization resistance (Guiot et al., 1981; Clasener et al., 1987). 
Furthermore, anaerobes usually do not cause serious infec
tions in neutropenic patients. Oral decontamination has met 
with some success in reducing the frequency of septicemia, 
other infections, and pyrexial episodes because most of the 
causative organisms in such patients arise from the bowel 
(Keating and Penington, 1973; Storring et al., 1977; Clasener 
et al., 1987). Neomycin is hardly used for this purpose any
more because of emergence of resistance as well as toxicity. 
Other aminoglycosides such as tobramycin are preferred. 
The use of neomycin as a decolonizing agent for extended 
spectrum betalactamase–producing Enterobacteriaceae has 
renewed interest in the drug. However, although there was a 
clear shortterm suppressive effect on carriage when given 
together with colistin, effects disappeared 7 days after treat
ment (Huttner et al., 2013).

7d.  Irritable bowel syndrome

There is an increase in interest in neomycin because of its 
possible effect in irritable bowel syndrome, in which consti
pation is predominant (Cash, 2014). In a subanalysis of a 
doubleblind randomized controlled study, treatment with 
neomycin resulted in significant improvement in constipa
tion. This was related to its effect on the presence and elimi
nation of methane on the breath test and may be related to 
the suppression of specific bacteria or inhibition of chemical 
pathways (Pimentel et al., 2006). In a subsequent study, the 
same authors showed that neomycin combined with rifam
ixin was more effective than neomycin alone (Pimentel et al., 
2014).

7e.  Bladder infections

Neomycin solutions were often instilled into the bladder for 
prophylactic purposes after cystoscopy and other proce
dures. Such solutions were also used for bladder washouts to 
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treat or prevent infections in patients with continuous cathe
ter drainage (McLeod et al., 1963; Clark, 1973). Although the 
use of neomycin for these purposes is no longer recom
mended (Haldorson et al., 1978), there was a recent study 
to evaluate its effect on treatment. In a comparative study, 
Waites et al. (2006) found no advantages of neomycin– 
polymyxin over saline in terms of reducing the urinary bac
terial load and inflammation in patients with a neurogenic 
bladder, and they concluded that there was no indication for 
its use.

7f.  Hepatic encephalopathy

Oral neomycin was commonly used for suppression of intes
tinal flora in hepatic failure (Suh et al., 1979) and is still used 
in the treatment of hepatic encephalopathy, although it is not 
considered the first choice (Leise et al., 2013). Patients hav
ing received this drug have a considerable risk for ototoxicity 
(Fraser et al. 2015). In a comparative study, erythromycin 
was more effective than neomycin (Romeiro et al., 2013), 
and in a metaanalysis rifamixin was at least as effective as 
conventional oral therapy (Eltawil et al. 2012).

7g.  Hypercholesterolemia

Longterm administration of oral neomycin in a dosage of 
1.5 g daily has a serum cholesterol–lowering effect. This 
appears to be primarily due to inhibition of intestinal absorp
tion of cholesterol, resulting in enhanced elimination of cho
lesterol as neutral sterols in the feces (Miettinen and Toivonen, 
1975). This longterm neomycin treatment, however, has a 
profound effect on the aerobic intestinal flora, and neomycin 
is not used for this purpose.

7h.  Parasitic infections

Amebic keratitis may be treated by topical neomycin 
(Nagington and Richards, 1976) in combination with other 
drugs, but the results of treatment are often disappointing. 
These drugs, if used for prolonged periods, can also have 
ocular toxic effects (Osato et al., 1991).
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Plazomicin

Karen Bush

1. DESCRIPTION

Plazomicin, a semisynthetic aminoglycoside based on siso-
micin, was designed by scientists at Achaogen to avoid enzy-
matic inactivation by common aminoglycoside-modifying 
enzymes (AMEs) (Aggen et al., 2010). The molecular for-
mula for plazomicin is C25H48N6O10 with a corresponding 
molecular weight of 592.68 (SciFinder, CAS Registry 
Number 1154757-24-0). The molecular structure of plazo-
micin, a sisomicin derivative with 1-hydroxyaminobutyric 
acid and 6-hydroxyethyl substituents, is shown in Figure 
58.1. Its mechanism of action is similar to that of the other 
aminoglycosides, that is, binding to the bacterial ribosome, 
resulting in the cessation of protein synthesis (Aggen et al., 
2010). It is currently under development for the treatment 
of serious antibiotic-resistant infections caused by enteric 
bacteria (Bassetti and Righi, 2015).

Aminoglycosides have been used for decades to treat seri-
ous nosocomial infections caused by Gram-negative aerobic 
bacteria, although their utility has diminished owing to the 
increased prevalence of resistance to these agents. The novel 
aminoglycoside plazomicin was constructed to evade many 
common aminoglycoside resistance mechanisms (Armstrong 
and Miller, 2010).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The in vitro susceptibility profiles of common pathogens to 
plazomicin are shown in Tables 58.1 and 58.2. Gram-negative 
aerobic bacteria, including nonfermentative pathogens, are 
the general target organisms, although plazomicin also has 
antibacterial activity against staphylococci.

Figure 58.1. Molecular structure of plazomicin.  
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GRAM-POSITIVE BACTERIA

Plazomicin exhibits potent activity against all staphylococci 
tested, including coagulase-negative staphylococci and ami-
noglycoside-resistant strains, with minimum inhibitory con-
centrations (MICs) of ≤ 4 mg/l for all but occasional strains 
of methicillin-resistant Staphylococcus aureus (MRSA) (Aggen 
et al., 2010; Lin et al., 2010; Reyes et al., 2011; Tenover et al., 
2011; Walkty et al., 2014; Castanheira et al., 2015). It is not 
effective against streptococci, with MIC90 values ≥ 32 mg/l 
(Walkty et al., 2014). Unlike many antibiotics, plazomicin 
demonstrates more potent antibacterial activity against 
Entero coccus faecium compared with Enterococcus faecalis, 

with MIC50/MIC90 values of 8/16 and 64/>64 mg/l, respec-
tively (Walkty et al., 2014).

GRAM-NEGATIVE BACTERIA

Plazomicin has in vitro antibacterial activity against many 
antibiotic-susceptible and antibiotic-resistant Gram-negative 
pathogens. Clinically important enteric bacteria such as 
Citrobacter spp., Escherichia coli, Klebsiella spp., Enterobacter 
spp., and Serratia spp. are generally inhibited with MIC90 
values in the range of 0.5–2 mg/l (Aggen et al., 2010; 
Almaghrabi et al., 2014; Endimiani et al., 2009; Galani et al., 
2012; Landman et al., 2010; Landman et al., 2011; Livermore 

Table 58.1. In vitro susceptibility of selected bacterial pathogens to plazomicin and comparative aminoglycosides.

Organism

Range of MIC90 (mg/l)

PLZ AMK GEN KAN TOB

Gram-positive bacteria

Staphylococcus aureus (MSSA) 1 4    ≤ 0.5 No data ≤ 0.5

Staphylococcus aureus (MRSA) 0.5–2     16–32 ≤ 0.5–64 No data > 16–> 64

Staphylococcus epidermidis 0.5 16 > 32 No data 64

Staphylococcus spp. (AG-R) 2 > 64 > 64 No data No data

Enterococcus faecalis  > 64–128 > 64 > 32 No data > 64

Enterococcus faecium 16 > 64 > 32 No data > 64

Gram-negative bacteria

Enterobacteriaceae (CRE, 
non–NDM-producing)

0.5–1 32 ≥ 64 No data 16

Enterobacteriaceae (CRE, 
NDM-producing)

> 256 > 256 > 256 No data 64

Enterobacter aerogenes 0.5–1 2 ≤ 0.5 No data 1

Enterobacter cloacae 0.5–1 2 ≤ 0.5 No data 1

Enterobacter spp. (MDR/CRE) 1     16–64      4–256 No data    32–64

Escherichia coli      1–4 4     16–32 No data     4–8

Escherichia coli (MDR) 2     32–> 32    > 8–> 64 No data > 32

Klebsiella oxytoca 0.5–1 2 ≤ 0.5–32 No data ≤ 0.5–16

Klebsiella pneumoniae 0.5–1    ≤ 1–64 ≤ 0.5–64 No data 0.25–> 64

Klebsiella pneumoniae (CRE) 0.5–1      1–64     16–256 2–> 256 0.25–> 64

Klebsiella pneumoniae (MDR)      1–2     32–≥ 64   > 8–≥ 64 No data > 32–> 64

Proteus mirabilis      4–8      4–64      1–> 64 No data 2

Serratia marcescens      1–2 2 1 No data 2

Serratia marcescens (CRE) 4 16 8 No data 32

Pseudomonas aeruginosa     16–64     8–> 64      8–> 64 No data     2–64

Pseudomonas aeruginosa (MDR) 32 32 > 32 No data 64

Acinetobacter spp.     16–32 > 64 > 64 No data > 64

Stenotrophomonas maltophilia > 64 > 64 > 32 No data > 64

Other bacteria

Francisella tularensis 1 No data 0.5 No data No data

Yersinia pestis 1 No data 0.5 No data No data

Abbreviations: MIC, minimum inhibitory concentration; PLZ: plazomicin; AMK: amikacin; GEN: gentamicin; KAN: kanamycin; TOB: tobramycin; MSSA: methicil-
lin-susceptible Staphylococcus aureus; MRSA: methicillin-resistant S. aureus; AG-R: aminoglycoside resistant; CRE, carbapenem-resistant Enterobacteriaceae; 
NDM, New Delhi metallo-beta-lactamase frequently produced with a 16S rRNA methylase; MDR, multidrug resistant.

Compiled from data published by Aggen et al. (2010), Almaghrabi et al. (2014), Endimiani et al. (2009), Galani et al. (2012), Landman et al. (2010), Rodriguez-
Avial et al. (2015), Landman et al. (2011), Livermore et al. (2011), Tenover et al. (2011), Walkty et al. (2014, Garcia-Salguero et al. (2015), Lopez et al. (2015), 
and Castanheira et al. (2015).
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et al., 2011; Rodriguez-Avial et al., 2015; Walkty et al., 2014). 
Proteus spp. and Morganella spp. are less sensitive to plazo-
micin, with MIC90 values of 4 to 8 mg/l and 8–64 mg/l, 
respectively (Aggen et al., 2010; Kotlovsky et al., 2011; Cas-
tanheira et al., 2015). The range of plazomicin MICs against 
Salmonella and Shigella spp. is 0.5–8 mg/l, with an MIC90 of 
8 mg/l, similar to the Proteae (Aggen et al., 2010). Activity 
against nonfermentative bacteria is generally less than against 
Enterobacteriaceae. Plazomicin MIC50 values can range from 
2–16 mg/l against Pseudomonas aeruginosa and Acinetobacter 
spp., with plazomicin MIC90 values of 16–32 mg/l for recent 
collections of P. aeruginosa and 16 mg/l for Acinetobacter 
spp. from the USA and Europe (Aggen et al., 2010; Landman 
et al., 2011; Walkty et al., 2014; Castanheira et al., 2015; 
Garcia-Salguero et al., 2015). The compound is inactive 
against Stenotrophomonas maltophilia with MIC50/MIC90 val-
ues of 64/>64 mg/l (Walkty et al., 2014).

Plazomicin has notable activity against multidrug-resistant 
(MDR) Gram-negative bacteria, including aminoglycoside- 
resistant strains and beta-lactam–resistant strains, such as 
carbapenem-resistant Enterobacteriaceae (CRE), AmpC 
cephalosporinase–producing clinical isolates, and extend-
ed-spectrum beta-lactamase (ESBL)–producing clinical iso-
lates (Aggen et al., 2010; Almaghrabi et al., 2014; Galani et 
al., 2012; Livermore et al., 2011; Rodriguez-Avial et al., 2015; 
Walkty et al., 2014). Because the compound is not inacti-
vated by most AMEs (see later), it demonstrates antimicro-
bial activity against AME-producing pathogens (Aggen et 
al., 2010; Almaghrabi et al., 2014; Endimiani et al., 2009; 
Landman et al., 2010; Landman et al., 2011). This explains its 
16- to 32-fold more potent activity against MRSA compared 
with amikacin and tobramycin and at least 32-fold more 
potent activity than amikacin, gentamicin, and tobramycin 
against coagulase-negative staphylococci and aminoglycoside- 
resistant pathogens as well as its unchanged MICs against 
most enteric bacteria regardless of their sensitivity or resis-
tance to other aminoglycosides. Its activity against CRE 
and ESBL-producing enteric bacteria is not affected by the 
presence of either serine or metallo-beta-lactamases (Aggen 
et al., 2010; Almaghrabi et al., 2014; Galani et al., 2012; 
Livermore et al., 2011; Rodriguez-Avial et al., 2015; Walkty 
et al., 2014), with the exception of the plasmid-encoded 
NDM (New Delhi metallo-beta-lactamase) family of car-
bapenemases that are often co-transferred with ribosomal 
methyl transferases (see later) (Livermore et al., 2011). Thus 
plazomicin may be useful in treating infections caused by 
many MDR staphylococci and Gram-negative pathogens.

OTHER ORGANISMS

Plazomicin inhibits the growth of Brucella abortus, B. meli
tensis, and B. suis, with MICs ranging from 4–32 mg/l. It has 
bactericidal activity against these species at concentrations 
16-fold higher than the MIC or more (Olsen and Carlson, 
2015). Plazomicin is comparably active as gentamicin against 
the potential bioterrorism agents Francisella tularensis and 
Yersinia pestis, the causative agents of tularemia and plague 
(Heine et al., 2012; Heine et al., 2010).

2b.  Emerging resistance and 
cross-resistance

STAPHYLOCOCCI

Aminoglycoside resistance in staphylococci is due to the 
production of a limited number of AMEs that may be pro-
duced alone or in combination: ANT(4′)-Ia, ANT(6′)-Ia, 
APH(3′)-IIIa, APH(2″)-Ia/AAC(6′)-Ie, ANT(6′)-Ia+APH(3′)- 
IIIa, or APH(2″)-Ia/AAC(6′)-Ie + ANT(4′)-Ia (Aggen et al., 
2010; Tenover et al., 2011; Lopez et al., 2015). When these are 
produced as single enzymes in S. aureus, plazomicin MICs 
do not increase compared with a wild-type strain. No clear 
association between AME production and slightly elevated 
plazomicin MICs (4 mg/l compared with 1 mg/l for reference 
strains) is evident for the staphylococci, with which amika-
cin and tobramycin MICs can increase to > 64 mg/l and > 
16 mg/l, respectively. In these staphylococci, which produce 
more than one AME, full resistance to all other aminoglyco-
sides is reported and is sometimes associated with a higher 
plazomicin MIC of 4 mg/l (Aggen et al., 2010; Tenover et al., 
2011).

GRAM-NEGATIVE BACTERIA

Aminoglycoside resistance in Gram-negative bacteria occurs 
by the following mechanisms: (1) decreased penetration and/
or increased efflux, (2) AMEs, and (3) alteration of the ribo-
somal binding site. Unlike other aminoglycosides, for which 
resistance is most frequently caused by AME production, 
ribosomal modification is the mechanism most responsible 
for causing reductions in plazomicin antimicrobial activity.

Decreased cell penetration and efflux
Membrane alterations that affect aminoglycoside permea-
bility are infrequently encountered in most enteric bacteria, 
with the exception of the Proteae. These bacteria typically 
have an outer membrane that impedes the entry of amino-
glycosides (Waitz et al., 1978), including plazomicin (Arm-
strong and Miller, 2010). As in other drugs that are active 
against Gram-negative pathogens, decreased plazomicin 
activity in P. aeruginosa and Acinetobacter spp. can be due to 
low penetrability or increased efflux (Armstrong and Miller, 
2010; Walkty et al., 2014). In P. aeruginosa, aminoglycosides 
often exhibit higher MICs as a result of hyperproduction 
of the efflux pump (Sobel et al., 2003), whereas in Acineto
bacter baumannii, increased expression of the AdeB efflux 
system may contribute to reduced sensitivity to plazomicin 
(Georgescu et al., 2009). However, multiple resistance mech-
anisms, such as decreased penetrability with increased efflux 
together with production of methyltransferase activity, are 
likely necessary for high-level resistance to plazomicin (Aggen 
et al., 2010; Armstrong and Miller, 2010).

Aminoglycoside-modifying enzymes
For aminoglycosides other than plazomicin, resistance is most 
frequently caused by the production of plasmid-encoded 
AMEs (see Chapter 52, Gentamicin, for a full description of 
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Table 58.2. In vitro susceptibility of characterized bacterial pathogens to plazomicin.

Organism
MIC50 
(mg/l)

MIC90 
(mg/l)

Range 
(mg/l)

No. of 
isolates Region Reference

Gram-positive bacteria

Staphylococcus aureus 0.5 0.5 0.25–1 34 USA Castanheira et al. (2015)

Staphylococcus aureus (MSSA) 1 1 ≤ 0.12–4 1221 NA Walkty et al. (2014)

Staphylococcus aureus (MRSA) 1 2 ≤ 0.12–8 493 USA Tenover et al. (2011)

1 1 0.25–64 266 NA Walkty et al. (2014)

0.5 0.5 0.25–1 15 USA Castanheira et al. (2015)

0.5 1 0.12–2 61 EU Lopez et al. (2015)

Coagulase-negative staphylococci 
(CoNS)

0.12 0.25 ≤ 0.06–2 35 USA Castanheira et al. (2015)

Methicillin-resistant CoNS 0.12 0.25 ≤ 0.06–2 35 USA Castanheira et al. (2015)

Staphylococcus epidermidis ≤ 0.12 0.5 ≤ 0.12–4 143 NA Walkty et al. (2014)

Staphylococcus spp. (AG-R) 1 2 0.25–4 49 Diverse Aggen et al. (2010)

Streptococcus agalactiae 64 > 64   16–> 64 93 NA Walkty et al. (2014)

Streptococcus pyogenes 16 32    4–64 81 NA Walkty et al. (2014)

Streptococcus pneumoniae 32 32 ≤ 0.12–64 323 NA Walkty et al. (2014)

64 64   16–64 31 USA Castanheira et al. (2015)

Enterococcus spp. 64 128    2–128 26 USA Castanheira et al. (2015)

Enterococcus faecalis 64 > 64    2–>64 45 NA Walkty et al. (2014)

64 128    8–128 17 USA Castanheira et al. (2015)

Enterococcus faecium 8 16    2–>64 70 NA Walkty et al. (2014)

Gram-negative bacteria

Citrobacter spp. 1 2 ≤ 0.25–4 24 Diverse Aggen et al. (2010)

0.5 1 0.12–4 157 USA Castanheira et al. (2015)

Enterobacteriaceae 0.5 2 0.12–> 128 2291 USA Castanheira et al. (2015)

Enterobacteriaceae (CRE) 0.5 1 0.12–> 128 48 USA Castanheira et al. (2015)

Enterobacteriaceae (CRE, 
non–NDM-producing)

0.25 0.5 ≤ 0.12–2 65 EU Livermore et al. (2011)

Enterobacteriaceae (CRE, 
NDM-producing)

> 256 > 256   64–> 256 17 EU Livermore et al. (2011)

Enterobacter aerogenes 0.25 0.5 ≤ 0.12–2 55 NA Walkty et al. (2014)

0.5 1 0.25 62 USA Castanheira et al. (2015)

Enterobacter cloacae 0.25 0.5 ≤ 0.12–2 173 NA Walkty et al. (2014)

0.5 1 0.25–2 51 USA Castanheira et al. (2015)

Enterobacter spp. (CRE) 0.25 1 0.12–2 24 EU Rodriguez-Avial et al. (2015)

Enterobacter spp. (MDR) 1 1 ≤ 0.5–2 26 EU Galani et al. (2012)

Escherichia coli 1 4 0.5–16 39 Diverse Aggen et al. (2010)

0.5 1 ≤ 0.06–> 8 3050 USA Landman et al. (2010)

0.5 1 ≤ 0.12–4 1146 NA Walkty et al. (2014)

1 2 0.25–> 128 689 USA Castanheira et al. (2015)

Escherichia coli (MDR) 1 2 ≤ 0.25–2 33 EU Galani et al. (2012)

Klebsiella oxytoca 0.25 0.5 ≤ 0.12–1 113 NA Walkty et al. (2014)

0.5 1 0.25–> 128 182 USA Castanheira et al. (2015)

Klebsiella pneumoniae 0.5 1 0.12–> 8 1155 USA Landman et al. (2010)

0.25 0.5 ≤ 0.12–> 64 395 NA Walkty et al. (2014)

0.5 0.5 0.12–> 128 784 USA Castanheira et al. (2015)

Klebsiella spp. 0.5 1 ≤ 0.25–8 60 Diverse Aggen et al. (2010)

Klebsiella spp. (CRE) 0.25 0.5 0.12–1 124 EU Rodriguez-Avial et al. (2015)

Klebsiella pneumoniae (gentamicin 
susceptible (CRE)

0.25 0.5 0.12–1 30 USA Almaghrabi et al. (2014)

Klebsiella pneumoniae (gentamicin 
resistant, CRE)

0.5 1 0.12–1 20 USA Almaghrabi et al. (2014)
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these). However, plazomicin contains the N-1-hydroxy-
aminobutyric acid and 6′-hydroxyethyl substituents that 
were designed to evade almost all known AMEs. Thus it is 
exceedingly stable to AME activities, with the exception of 
the uncommon acetylase, AAC(2′)-1, which inactivates both 
plazomicin and gentamicin (Aggen et al., 2010). This enzyme 
has been identified as a chromosomal AME only in Provi
dencia stuartii and has not been found in any other organism 
(Armstrong and Miller, 2010). In other enteric bacteria, P. 
aeruginosa, A. baumannii, and staphylococcal isolates that 
produce a single AME, plazomicin MICs generally do not 
increase or increase no more than a single twofold dilution 
compared with wild-type organisms (Aggen et al., 2010; 
Almaghrabi et al., 2014; Armstrong and Miller, 2010; Land-
man et al., 2011). 

Ribosomal methylases
Resistance to plazomicin is most commonly caused by the 
production of 16S ribosomal RNA methylases, including 
ArmA, RmtA, RmtB, and RmtC (Endimiani et al., 2009; 
Livermore et al., 2011). These enzymes methylate bacterial 

ribosomes and prevent the binding of 4,6-linked amino-
glycosides such as plazomicin, amikacin, and gentamicin 
(Doi et al., 2004; Livermore et al., 2011). They are found in 
Enterobacteriaceae as well as in P. aeruginosa and Acine
tobacter spp. and were initially identified more frequently in 
Asian isolates (Livermore et al., 2011; Ma et al., 2009; Wei et 
al., 2015). Dissemination may be due to both clonal spread 
and plasmidic transfer; they may travel on transposons and 
are often associated with insertion sequences such as ISEcp1, 
IS26, ISAba125, or ISCR1 (Ma et al., 2009; Wei et al., 2015). 
The armA or rmtC genes may travel on the same plasmids as 
ESBL-encoding genes (Ma et al., 2009) or quinolone resis-
tance proteins (Wei et al., 2015). They are frequently associ-
ated with carbapenemase genes such as blaNDM, which confer 
resistance to carbapenems (Livermore et al., 2011).

3. MECHANISM OF DRUG ACTION

Aminoglycosides bind to the highly conserved aminoacyl- 
tRNA decoding site (A-site) of bacterial 16S rRNA of the 
30S ribosomal subunit, resulting in the inhibition of protein 

Organism
MIC50 
(mg/l)

MIC90 
(mg/l)

Range 
(mg/l)

No. of 
isolates Region Reference

Klebsiella pneumoniae (MDR) 0.5 1 0.25–1 102 USA Endimiani et al. (2009)

1 2 ≤ 0.5–4 241 EU Galani et al. (2012)

Morganella morganii 2 8 0.5–64 72 USA Castanheira et al. (2015)

Morganella spp. 8 64 0.25–128 17 EU Kotlovsky et al. (2011)

Proteus mirabilis 2 4 0.25–8 85 NA Walkty et al. (2014)

4 8    1–16 23 Diverse Aggen et al. (2010)

2 4    1–8 63 USA Castanheira et al. (2015)

Proteus vulgaris 2 4 0.5–6 84 USA Castanheira et al. (2015)

Proteae, indole positive 4 8    1–16 31 Diverse Aggen et al. (2010)

Providencia spp. 2 8 0.12–64 94 USA Castanheira et al. (2015)

Serratia marcescens 0.5 1 ≤ 0.12–4 109 NA Walkty et al. (2014)

1 2 0.5–4 53 USA Castanheira et al. (2015)

Serratia marcescens (CRE) 1 4 0.25–4 16 EU Rodriguez-Avial et al. (2015)

Serratia spp. 2 2 0.5–4 28 Diverse Aggen et al. (2010)

Pseudomonas aeruginosa 8 32 0.12–> 64 679 USA Landman et al. (2011)

4 16 ≤ 0.12–> 64 593 NA Walkty et al. (2014)

8 64 0.5–> 64 66 Diverse Aggen et al. (2010)

4 16 0.5–32 49 USA Castanheira et al. (2015)

Pseudomonas aeruginosa (MDR) 8 32 0.25–> 64 64 NA Walkty et al. (2014)

Acinetobacter baumannii 8 16 0.12–> 64 407 USA Landman et al. (2011)

16 16 0.5–64 77 EU Garcia-Salguero et al. (2015)

Acinetobacter spp. 8 32 0.5–> 64 82 Diverse Aggen et al. (2010)

2 16 ≤ 0.06–> 128 50 USA Castanheira et al. (2015)

Stenotrophomonas maltophilia 64 >4    2–> 64 104 NA Walkty et al. (2014)

Salmonella and Shigella spp. 2 8 0.5–8 14 Diverse Aggen et al. (2010)

Other bacteria

Francisella tularensis 0.5 1 0.03–1 30 Diverse Heine et al. (2010)

Yersinia pestis 0.5 1 0.12–1 28 Diverse Heine et al. (2010)

Abbreviations: MIC: minimum inhibitory concentration; USA, United States of America; MSSA, methicillin-susceptible Staphylococcus aureus; NA: North 
America; MRSA: methicillin-resistant S. aureus; EU: European Union; AG-R, aminoglycoside resistant; CRE: carbapenem-resistant Enterobacteriaceae; NDM: 
New Delhi metallo-beta-lactamase, frequently produced with a 16S rRNA methylase; MDR: multidrug resistant. 
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synthesis (Magnet and Blanchard, 2005; Tor, 2006). Like the 
other aminoglycosides, plazomicin exhibits dose-dependent 
bactericidal activity in vitro at concentrations of two to four 
times MIC (Almaghrabi et al., 2014; Olsen and Carlson, 
2015). Regrowth is occasionally observed in carbapenem- 
resistant Klebsiella pneumoniae strains when tested at plazo-
micin concentrations one to four times MIC but is suppressed 
when plazomicin concentrations are at least 16 times MIC 
(Almaghrabi et al., 2014). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Plazomicin is not (yet) available for clinical use and is cur-
rently being evaluated in phase III clinical trials. As plazo-
micin sulfate, it was dosed intravenously at 10 mg/kg and 
15 mg/kg over a 30-min period every 24 hours in a phase II 
clinical study in patients with complicated urinary tract 
infection (cUTI), including acute pyelonephritis (AP) (Con-
nolly et al., 2015; Riddle et al., 2012). Based on the results of 
this and other studies, the 15 mg/kg dose was chosen for fur-
ther study in phase III. In the phase III cUTI study (ACHN-
490-009; clinicaltrials.gov NCT02486627), plazomicin is being 
dosed as a once-daily infusion of 15 mg/kg for up to 7 days 
(Achaogen, 2015), followed by optional oral switch therapy. 
In the phase III study of bloodstream infections, nosocomial 
pneumonia, and cUTI due to CRE (ACHN-490-007; clini-
caltrials.gov NCT01970371), an initial dose of up to 15 mg/kg 
as an i.v. infusion is administered, with the initial dose and 
dosing frequency determined according to baseline renal 
function; subsequent doses are individualized based on renal 
clearance and therapeutic drug management to help ensure 
that plazomicin exposures lie within an acceptable range of 
the target mean steady-state area-under-the-concentration- 
time curve (AUC) (Achaogen 2015). The treatment duration 
in this study can continue up to 14 days for bloodstream 
infections and nosocomial pneumonia.

AUC and clearance values in subjects with mild renal 
impairment are similar to those of subjects with normal renal 
function, and thus no dose adjustment is required in the set-
ting of mild renal impairment. In contrast, clearance and 
AUC values are significantly altered in subjects with moder-
ate and severe renal impairment (approximately twofold and 
fivefold in moderate and severe renal impairment, respec-
tively, compared with subjects with normal renal function), 
and dose adjustments are thus required in the setting of 
moderate to severe renal impairment (Riddle et al., 2013a).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

No data have been published concerning the oral bioavail-
ability of plazomicin, but as an aminoglycoside it is expected 
to be low. None of the model infection studies in rodents 
(Drusano et al., 2014; Reyes et al., 2011) or primates (Mega et 

al., 2012) have been conducted using oral administration of 
the drug. Plasma protein binding of plazomicin in humans is 
16% (Cass et al., 2011). The apparent elimination half-life is 
4.0–4.1 hours in healthy volunteers (Cass et al., 2011). 
Plazomicin appears to follow a three-compartment pharma-
cokinetic model with a long terminal elimination phase (Cass 
et al., 2011; Riddle et al., 2013a; Van Wart et al., 2013a). For 
subjects with normal renal function, the terminal gamma- 
phase half-life, representing excretion of tissue-bound drug, 
is 33.8 hours (Riddle et al., 2013a). 

5b.  Drug distribution

In single ascending and multiple ascending dose phase I 
studies, the mean peak plasma level (Cmax) of plazomicin in 
healthy adults after a single 10-min i.v. infusion of 15 mg/kg 
was 144 ± 45 mg/l and was attained at the end of or shortly 
after the end of the infusion; after 3 or 5 days of dosing, the 
mean peak plasma level was 113–117 mg/l (Cass et al., 2011). 
In other phase I studies and in a phase II study in patients 
with cUTI or AP, plazomicin was administered as a 30-min 
i.v. infusion resulting in correspondingly lower peak plasma 
concentrations (Riddle et al., 2013a; Van Wart et al., 2013b). 
On days 3 and 5 after daily dosing of 15 mg/kg in healthy 
subjects, the minimum plasma concentration at the end of 
24 hours averaged 0.27 (± 0.08) and 0.43 (± 0.14) mg/l, 
respectively. Steady-state trough concentrations were attained 
after day 2 of dosing (Cass et al., 2011). Based on a popula-
tion pharmacokinetic model, the average AUC0-24 associated 
with the 15 mg/kg dose in subjects with normal renal func-
tion was 262 mg/h/l (Van Wart et al., 2013b). No statistically 
different values for AUC or total clearance were seen for sub-
jects with normal or mildly impaired renal function (Riddle 
et al., 2013a). Subjects with moderate or severe renal impair-
ment had AUC values 1.98- or 4.42-fold higher than subjects 
with normal renal function (Riddle et al., 2013a). Distribution 
of plazomicin into the epithelial lining fluid of healthy sub-
jects, as estimated by bronchoscopic microsampling, was 13% 
(by AUC), similar to that of amikacin (14% by AUC) (Cass et 
al., 2013).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Plazomicin produces an in vitro PAE similar to that of other 
aminoglycosides. In a study of seven strains of enteric bac-
teria, six exhibited PAEs ranging from 0.5–0.8 hours when 
tested at two or four times the MIC of plazomicin, compared 
with PAEs of 0.17–1.8 hours for amikacin or gentamicin when 
tested under the same conditions (Serio et al., 2015).

In a murine pneumonia model caused by P. aeruginosa, 
bacterial killing was affected by both plazomicin exposure 
and granulocyte-mediated bacterial clearance (Drusano et 
al., 2014). The pharmacokinetic/pharmacodynamic index 
best correlated with plazomicin efficacy in murine models of 
infection is the ratio between the target 24-hour area-under- 
the-plasma-concentration-time curve (AUC0–24) and the MIC 

http://clinicaltrials.govNCT01970371
http://clinicaltrials.govNCT01970371
http://clinicaltrials.govNCT02486627
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of the causative pathogen (Van Wart et al., 2013b). Pharma-
codynamic AUC0-24/MIC targets for plasma and epithelial 
lining fluid obtained in a neutropenic lung infection model 
in mice associated with 2-log colony forming units reduc-
tions yielded target attainments ≥ 97% for treatment of MDR 
K. pneumoniae in subjects having normal renal function to 
severe renal impairment (Van Wart et al., 2013b). 

Because aminoglycosides are often used in combination 
therapy against highly resistant nosocomial infections, plazo-
micin has been studied with commonly prescribed parenteral 
agents. Against MRSA, plazomicin at sub-MIC concentra-
tions is either synergistic with daptomycin (43 of 47 strains) 
or indifferent (4 of 47 strains); the ceftobiprole combination 
with plazomicin exhibits less synergistic activity (17 of 47 
strains) but demonstrates no antagonism at 3 or 24 hours 
against these strains (Lin et al., 2010). Plazomicin exhibits 
limited synergy with linezolid (6 of 47) but is not antagonis-
tic against most MRSA strains at 24 hours (Lin et al., 2010). 
Plazomicin is also synergistic with antipseudomonal beta- 
lactams against P. aeruginosa (Pankuch et al., 2011). After 24 
hours, synergy with cefepime or doripenem is seen with 20 
of 25 strains; with imipenem synergy is seen with 68% of the 
strains; and with the combination of plazomicin and pipera-
cillin–tazobactam, 92% of the tested strains exhibit synergy. 
No antagonism occurred for these aminoglycoside–beta- 
lactam combinations (Pankuch et al., 2011). Similarly, plazo-
micin is synergistic with meropenem or imipenem against 
carbapenem-nonsusceptible strains of A. baumannii at least 
60% of the time and is not antagonistic when combined with 
carbapenems, colistin, fosfomycin, or tigecycline against 
these pathogens (Garcia-Salguero et al., 2015). Against CRE, 
combinations of plazomicin with meropenem, ceftazidime, 
piperacillin–tazobactam, tigecycline, rifampin, colistin, or 
fosfomycin are not antagonistic and occasionally may be 
synergistic (Pillar et al., 2013; Rodriguez-Avial et al., 2015).

5d.  Excretion

Plazomicin is excreted primarily in the urine (78 ± 9% of 
dose recovered in urine over the dosing interval), with renal 
clearance (adjusted for body weight) of 0.89 ± 0.21 ml/min/
kg in healthy subjects with normal renal function (Cass et al., 
2011). Plazomicin concentrations average 805 (± 236) mg/l 
in urine collected during the first 4 hours after a single 
10-minute i.v. infusion of 15 mg/kg in subjects with normal 
renal function (Cass et al., 2011). Plazomicin clearance values 
were similar between subjects with mild renal impairment 
and subjects with normal renal function but were signifi-
cantly lower (0.48-fold and 0.2-fold, respectively) in subjects 
with moderate or severe renal impairment compared with 
subjects with normal renal function (Riddle et al., 2013a).

5e.  Drug interactions

As described in section 5c, plazomicin in vitro demon-
strates either synergistic or indifferent behavior with a vari-
ety of other antibacterial drugs, including the lipopeptide 

daptomycin; the beta-lactams, piperacillin–tazobactam, 
cefep ime, ceftobiprole, imipenem, meropenem, and doripe-
nem; the polymyxin colistin; the tetracycline tigecycline; the 
rifamycin rifampin; and the cyclic antibiotic fosfomycin, with 
no antagonism reported (Garcia-Salguero et al., 2015; Lin et 
al., 2010; Pankuch et al., 2011; Pillar et al., 2013). These data 
suggest that no significant drug interactions occur between 
plazomicin and many common antibacterial agents that could 
be used in combination therapy to treat serious nosocomial 
infections. There are currently no reported drug interac-
tions in vivo. However, interactions that have been described 
for aminoglycosides in general may apply (see Chapter 52, 
Gentamicin).

6. ADVERSE REACTIONS AND TOXICITY

Aminoglycosides are most notable for causing ototoxicity 
or nephrotoxicity (Houghton et al., 2010; Leis et al., 2015; 
Wargo and Edwards, 2014). The reported incidence of these 
events in early clinical studies of plazomicin is low (Cass et 
al., 2013; Riddle et al., 2012; Riddle et al., 2013a).

6a.  Ototoxicity

Aminoglycosides can cause vestibular or cochlear toxicity in 
up to 10% of patients receiving i.v. therapy (Leis et al., 2015; 
Xie et al., 2011). In a preclinical ototoxicity study of plazomi-
cin in a guinea pig model, there was no evidence of impair-
ment of hearing function in the auditory brainstem response 
or histological evidence of hair cell damage when it was dosed 
for 14 days, with exposures approximately 1.5 times that 
observed in humans with normal renal function at the clinical 
dose of 15 mg/kg (Kostrub et al., 2010). Results of cochlear 
and vestibular function testing across phase I and phase II 
studies showed no clinically meaningful changes in vestibu-
lar or cochlear function in subjects receiving plazomicin 
dosages up to 15 mg/kg/day for durations up to 5 days (Cass 
et al., 2013; Cass et al., 2011; Riddle et al., 2013a; Riddle et al., 
2013b). Adverse events of mild vertigo and mild unilateral 
permanent tinnitus, possibly associated with vestibular and 
cochlear function, occurred in two patients in the phase II 
cUTI study randomized to the plazomicin 15 mg/kg group 
(Riddle et al., 2012).

6b.  Nephrotoxicity

Nephrotoxicity is one of the most frequent adverse events 
associated with aminoglycoside therapy (Wargo and Edwards, 
2014). Patients with cUTI or AP and mild renal impairment 
or normal renal function (creatinine clearance ≥ 60 ml/min 
as estimated by Cockcroft-Gault equation) dosed daily with 
plazomicin at 10 mg/kg or 15 mg/kg for 5 days generally 
exhibited stable creatinine levels over the course of study 
(Riddle et al., 2012). Clinically relevant mild elevations in 
creatinine levels of at least 0.5 mg/dl were observed in approx-
imately 5% of plazomicin-treated patients compared with 
4.5% of levofloxacin-treated patients; these values returned 



1060 Plazomicin

to near baseline in most patients. Adverse events associated 
with renal function (azotemia and mild acute renal insuffi-
ciency) occurred in two patients (2.7%) in the group receiv-
ing plazomicin in a dose of 15 mg/kg (Riddle et al., 2012). 

6c.  Cardiotoxicity

In a dedicated thorough QT study, small, statistically signifi-
cant changes in the QT/QTc interval in healthy volunteers 
were observed after a single therapeutic dose of 15 mg/kg 
or a supratherapeutic dose of 20 mg/kg (Riddle et al., 2013b) 
However, because the upper bounds of the 90% confidence 
intervals for the change in QTc (by Fridericia’s formula) are 
less than 10 milliseconds, these changes are not considered 
to be clinically significant (Riddle et al., 2013b).

6d.  Other side effects

In preliminary studies (phase I/II), the most common side 
effects after dosing with plazomicin were gastrointestinal 
(nausea, vomiting, diarrhea) and neurologic (hypesthesia, 
headache, dizziness) (Cass et al., 2011; Riddle et al., 2012; 
Riddle et al., 2013b). Most of the adverse events were mild to 
moderate in severity and were reversible after the drug was 
discontinued. Further clinical studies are needed to more 
accurately define the rates of adverse reactions for plazomicin.

7. CLINICAL USES OF THE DRUG

7a.  Urinary tract infections

A phase II clinical trial compared once-daily intravenous 
dosing of plazomicin to levofloxacin for the treatment of 
cUTI, including AP, with 5 days of treatment (Connolly et 
al., 2015; Karaiskos et al., 2015; Riddle et al., 2012). The most 
common pathogen isolated was E. coli (74%), followed by 
K. pneumoniae (7.5%), Gram-positive aerobes (6.5%), and 
P.  aeruginosa (2.2%) (Connolly et al., 2015). Multidrug-
resistant pathogens resistant to at least one agent in three or 
more classes composed 16% of the baseline Enterobacteria-
ceae isolates (Connolly et al., 2015). Of the 22 subjects in the 
10 mg/kg plazomicin cohort, 12 had baseline pathogens 
identified, and 7 subjects were microbiologically evaluable. 
Of the 76 subjects who received 15mg/kg of plazomicin daily, 
51 had an identifiable baseline pathogen, and 35 were micro-
biologically evaluable. In this trial, clinical cure rates at the 
test-of-cure visit were 67%, 71%, and 66% for subjects treated 
with plazomicin at 10 mg/kg, plazomicin at 15 mg/kg, and 
levofloxacin at 750 mg, respectively, in the modified-intent-to 
treat populations. Microbiological eradication rates at the 
test-of-cure visit were 86%, 89%, and 81% for subjects treated 
with plazomicin at 10 mg/kg, plazomicin at 15 mg/kg, and 
levofloxacin at 750 mg, respectively, in the microbiologically 
evaluable populations (Riddle et al., 2012).

A randomized, double-blind phase III trial is currently 
being conducted, comparing plazomicin with meropenem 

for the treatment of cUTI (https://clinicaltrials.gov), with an 
optional switch to oral levofloxacin allowed after completion 
of study drug when clinically appropriate in both arms of the 
study. 

7b.  Infections due to carbapenem-resistant 
Enterobacteriaceae

Plazomicin is being studied in a randomized open-label 
phase III trial in patients with serious infections due to CRE. 
A randomized cohort will compare the safety and efficacy of 
a plazomicin-based combination regimen to a colistin-based 
combination regimen with a second antibiotic (either mero-
penem or tigecycline) for the treatment of bloodstream 
infection, hospital-acquired bacterial pneumonia, or ventila-
tor-associated bacterial pneumonia due to CRE. A second 
single-arm cohort of subjects not eligible for enrollment in 
the randomized cohort and who have bloodstream infection, 
hospital-acquired bacterial pneumonia, ventilator-associated 
bacterial pneumonia, cUTI, or AP due to CRE will be treated 
with plazomicin-based therapy https://clinicaltrials.gov).
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Erythromycin

Françoise Van Bambeke

1. DESCRIPTION 

Ilotycin (CAS number: 114-07-8), thereafter renamed eryth-
romycin A, was first isolated at Eli Lilly from a strain of 
Streptomyces erythreus (McGuire et al., 1952). It is the first 
representative of the class of macrolide antibiotics intro-
duced for clinical use. Macrolides are characterized by a 
macrocyclic lactone ring substituted by two sugars, among 
which a desosamine confers a character of weak base respon-
sible for their ability to accumulate inside the cells. Erythro-
mycin is made of a 14-membered ring, substituted by a 
desosamine in position 5 and a cladinose in position 3. The 
empirical formula is C37H67NO13 and the molecular weight is 
733.93; the chemical structure is shown in Figure 59.1.

Erythromycin A base is very bitter, insoluble in water, and 
inactivated by acid (including gastric secretions) as a result 
of an intramolecular cyclization reaction leading to the for-
mation of an inactive spirocetal compound (Kirst and Sides, 
1989). Effort has thus been made to develop gastro-resistant 

formulations or ester prodrugs to improve oral absorption. 
Current formulations of erythromycin base include different 
formulations to be administered by the oral route and a 
powder to be reconstituted for intravenous administration. 
The availability of these differs from one country to another 
(tablets, gastro-resistant capsules with delayed release, and 
granules or powder for reconstitution of oral solutions). 
Erythromycin is also an active ingredient in several prepara-
tions for topical applications. Stearate, estolate, ethylsuccinate, 
lactobionate, and gluceptate are the salt and ester forms used 
for clinical use. Most of the oral formulations need to be 
administered 1 hour before a meal to ensure optimal oral 
absorption because food affects drug absorption.

There are four key erythromycin compounds that have 
been used clinically:

1. Erythromycin stearate (a salt).
2. Erythromycin ethyl succinate (an ester). 

These two preparations are still susceptible to acid inactiva-
tion. Despite the fact that they are marketed with a buffering 
agent or as film-coated or enteric-coated tablets, they should 
be administered at least 1 hour before a meal.

3. Propinyl erythromycin ester lauryl sulfate (erythromycin 
estolate) (the salt of an ester).

4. Stearate salt of 2′-acetyl ester of erythromycin (erythro-
mycin acistrate) (Tuominen et al., 1988). 

These last two formulations are more resistant to inactivation 
by gastric acid and can be administered in the fasting state or 
after food.

Subsequent to the development of erythromycin, a series 
of semi-synthetic compounds with improved stability in an 
acidic environment and oral bioavailability, as well as mark-
edly improved pharmacologic profiles, have been developed—
these include clarithromycin, roxithromycin, and azithromycin. 
In addition, some older macrolides, including spiramycin, 
josamycin, and rosaramycin, remain available in some 
regions. The availability of clarithromycin, roxithromycin, 

Figure 59.1. Chemical structure of erythromycin A. 
Chemical instability in acid medium is due to the reaction 
between the ketone in position 9 and the hydroxyl in 
position 6 to form a hemicetal, followed by the reaction of 
this hemicetal with the hydroxyl in position 1 to form a cetal.
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and azithromycin has substantially reduced the use of eryth-
romycin over the last decade.

Erythromycin is mainly active against Gram-positive cocci, 
as well as against a few Gram-negative bacteria, including 
Neisseria spp., Haemophilus spp., Legionella spp., as well as 
Chlamydia spp. and Mycoplasma spp.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Erythromycin, and macrolides in general, are characterized 
by a moderately broad spectrum of activity, which includes 
most Gram-positive but only selected Gram-negative organ-
isms, as well as several bacteria responsible for intracellular 
infection such as Mycobacteria spp. Chlamydia spp., and 
Legionella spp. Erythromycin is somewhat active against some 
strains of Neisseria spp., Coryneform bacteria, and Haemo
philus spp., but relatively inactive against most coliform and 
enteric bacteria (Haight and Finland, 1952a). Table 59.1 
summarizes the susceptibility patterns observed for wild-
type strains and clinical isolates of the most relevant target 
organisms.

GRAM-POSITIVE BACTERIA

Erythromycin is active against organisms such as Staphylo
coccus aureus (including beta-lactamase-producing strains) 
and coagulase-negative staphylococci, Streptococcus pyo
genes, Groups B, C, and G streptococci, S. pneumoniae, 
S.  viridans, and Streptococcus bovis. Enterococcus faecalis is 
somewhat less susceptible. Nutritionally variant strains of 
streptococci are usually sensitive. The minimum inhibitory 
concentration (MIC) and minimum bactericidal concen-
tration (MBC) of erythromycin for 90% of these organisms 
in one series were 0.13 and 2.0 mg/L, respectively (Gephart 
and Washington, 1982). Most hospital-acquired methicillin- 
resistant S. aureus (MRSA) strains have now acquired resis-
tance to macrolides.

Other susceptible Gram-positive organisms include Lis
teria monocytogenes, Bacillus anthracis (Wiggins et al., 1978), 
Corynebacterium diphtheriae (Zamiri and McEntegart, 1972; 
Maple et al., 1994), and Rhodococcus equi (Decre et al., 1991; 
Verville et al., 1994); whereas Nocardia spp. are variable in 
their susceptibility (Bach et al., 1973; Yazawa et al., 1994). 
As erythromycin and penicillin are antagonistic in vitro, 
the combination is not recommended for the treatment of 
L. monocytogenes infections (Winslow et al., 1983).

GRAM-POSITIVE ANAEROBIC BACTERIA

Erythromycin shows a wide range of activity against Gram-
positive anaerobes, including Eubacterium, Propionibacterium, 
Bifidobacterium, Lactobacillus, and Peptostreptococcus spp., 
and also against most strains of Peptococcus spp. (Sutter and 
Finegold, 1976). Actinomyces israeli (the causative agent of 
human actinomycosis) is also susceptible (Sutter and Fine-
gold, 1976; Holmberg et al., 1977). Clostridium tetani and C. 
perfringens are also usually susceptible (Brazier et al., 1985). 

Some strains of C. perfringens are resistant owing to the 
presence of a gene which results in erythromycin-target site 
modification (Berryman et al., 1994). In one study of 308 
C. difficile isolates, almost all of the 161 isolates of serogroups 
A, F, G, H, and X were erythromycin sensitive, but most of 
32  toxigenic isolates of serogroup C were resistant. Other 
serogroups showed variable patterns (Delmée and Avesani, 
1988). The main resistance mechanism for C. difficile is, again, 
target site modification (Hächler et al., 1987; Berryman and 
Rood, 1989).

GRAM-NEGATIVE AEROBIC BACTERIA

Erythromycin is active against some Gram-negative bacteria 
responsible for respiratory tract infections (Moraxella catar
rhalis, Legionella spp., Bordetella pertussis), genital infections 
(Neisseria gonorrhoeae, Haemophilus ducreyi, and Gardnerella 
vaginalis), digestive tract infections (Helicobater pylori and 
Campylobacter jejuni), and meningitis (N. meningitidis). How-
ever, H. influenzae is only moderately susceptible (McCarthy 
et al., 1979; Vanhoof et al., 1980; Brorson et al., 1981; Karmali 
et al., 1981; Ringertz et al., 1981; Bannatyne and Cheung, 
1982; Bilgeri et al., 1982; McNulty et al., 1985; Righter and 
Luchsinger, 1988). Although N. gonorrhoeae is usually sus-
ceptible, some strains with diminished sensitivity, or which 
are completely resistant, occur. In clinical isolates of N. gon
orrhoeae, co-resistance is described for penicillin G, tetracy-
cline, erythromycin, and chloramphenicol (Report, 1978). In 
the 1970s, approximately 35% of beta-lactamase-producing 
strains isolated in the USA and East Asia were resistant to 
erythromycin (MIC 1.0 mg/L) (CDC, 1978), and in the 
1980s, Ng et al. (1983) found that, among strains of N. gonor
rhoeae from various Southeast Asian countries, 80% of the 
beta-lactamase-producing strains and 75% of the non-beta- 
lactamase-producers had MICs ≥ 2 mg/L.

Escherichia coli, Pseudomonas aeruginosa, Enterobacter 
spp., Klebsiella spp., Proteus spp., Salmonella spp., and Shigella 
spp. are not susceptible (Arthur and Courvalin, 1986; Arthur 
et al., 1987). Antibacterial activity of erythromycin against 
Gram-negative bacilli is influenced by pH, and it increases 
markedly as the pH rises to 8.5. Therefore, most E. coli and 
Klebsiella spp. strains can be inhibited in alkalized urine if 
using erythromycin at ordinary therapeutic doses (Sabath et 
al., 1968). Some strains of Brucella spp. are sensitive to eryth-
romycin (Abbott Labora tories, 1966).

Early in vitro and animal studies on Legionella pneumoph
ila indicated that erythromycin might be effective against 
this organism (CDC, 1977a; CDC, 1977b). Subsequent in 
vitro and in vivo studies in guinea-pigs confirmed that eryth-
romycin is one of the most active drugs against this organism 
(Fraser et al., 1978; Thornsberry et al., 1978; Edelstein and 
Meyer, 1980; Moffie and Mouton, 1988; Bruin et al., 2012) 
and embryonated eggs (Lewis et al., 1978). This agent is also 
active against L. pneumophila within human monocyte- 
derived macrophages (Vildé et al., 1986). Other members 
of this genus, L. micdadei (the Pittsburg pneumonia agent), 
L. bozemanii, L. gormanii, L. dumoffii, L. longbeachae, and L. 
anisa are also sensitive to erythromycin (Pasculle et al., 1981; 
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Dowling et al., 1982; Fallon and Stack, 1990; Nimmo and 
Bull, 1995).

Flavobacterium spp. may also be sensitive to erythromycin 
(Lee et al., 1977). Bartonella (formerly Rochalimaea) quin
tana and B. henselae, the agents which cause bacillary angio-
matosis and bacillary peliosis in patients with AIDS, are 
erythromycin sensitive (Koehler and Tappero, 1993; Maurin 
and Raoult, 1993; Regnery and Tappero, 1995). Pasteurella 
multocida is resistant (Goldstein et al., 1988).

GRAM-NEGATIVE ANAEROBE BACTERIA

Erythromycin has a variable activity against anaerobic Gram-
negative bacteria. Erythromycin demonstrates moderate 
activity against Prevotella and Porphyromonas. Most strains 
of Bacteroides spp. can be inhibited by moderately high 
erythromycin concentrations, but such high levels are only 
attained in the serum after parenteral administration (Zabran-
sky et al., 1973; Gorbach and Bartlett, 1974). Sutter and Fine-
gold (1976) studied susceptibility of anaerobic organisms to 
erythromycin. Although all strains of Prevotella melanino
genica and some Bacteroides spp. were susceptible to 1.0 mg/L, 
B. fragilis and the Fusobacterium spp. were usually resistant. 
Harvey et al. (1981) found that a 6 mg/L concentration of 
erythromycin was usually required to inhibit more than 90% 
of B. fragilis, other Bacteroides spp., and Fusobacterium spp., 
a concentration that may be difficult to achieve in routine 
clinical use.

Chlamydia and chlamydophila
Both cell culture and clinical studies of Chlamydia tracho
matis have suggested that tetracycline (see Chapter 67, 
Tetracycline) and erythromycin were the most effective anti-
biotics against this organism before quinolones became 
available (Kuo et al., 1977; Lee et al., 1978; Schachter et al., 
1986). A few strains of C. trachomatis have been shown to be 
relatively resistant to erythromycin (Mourad et al., 1980), but 
macrolide resistance remains rare in this organism (Ison, 
2012). Chlamydophila pneumoniae is also erythromycin 
sensitive, but clarithromycin (see Chapter 61, Clarithromycin) 
is some 8-fold more active against the organism in vitro 
(Chirgwin et al., 1989; Fenelon et al., 1990; Hammerschlag, 
1994; Roblin et al., 1994).

Mycoplasma spp.
Mycoplasma pneumoniae is very susceptible to erythromycin 
(Jao and Finland, 1967). Erythromycin-resistant M. pneumo
niae variants can be obtained in vitro by serial subculture of 
the organism in the presence of the drug. Such erythromycin 
resistance is usually accompanied by resistance to other mac-
rolides (Niitu et al., 1974). In one report a strain of M. pneu
moniae acquired resistance to erythromycin during treatment 
(Niitu et al., 1970). Macrolide resistance becomes particu-
larly worrying in Asian countries (Li et al., 2012), and reaches 
5–10% in the USA and in European countries. Erythromycin 
is also active against M. genitalium (Renaudin et al., 1992), 
but not against M. hominis (Csonka and Spitzer, 1969).

Ureaplasma urealyticum
Ureaplasma urealyticum is susceptible to erythromycin, but 
some strains with intermediate or complete resistance occur 
(Spaepen et al., 1976; Waites et al., 1992). Tetracycline-
resistant strains of U. urealyticum may sometimes be suscep-
tible to erythromycin (Ford and Smith, 1974).

Mycobacteria
Mycobacterium tuberculosis is resistant to erythromycin, but 
some atypical mycobacteria are erythromycin sensitive, par-
ticularly M. chelonae (Molavi and Weinstein, 1971). M. avium 
is sensitive, but to a lesser degree (Swenson et al., 1982). 
Generally, other macrolides such as clarithromycin (see 
Chapter 61, Clarithromycin) are more active against atypical 
mycobacteria.

Spirochetes
Treponema pallidum is erythromycin-susceptible (Brause et 
al., 1976; Norris and Edmondson, 1988), although strains 
which exhibit high-level erythromycin resistance have been 
detected, and erythromycin is not considered an appropriate 
option for treating this disease (Stamm et al., 1988). Erythro-
mycin exhibits only a relatively low degree of activity against 
Borrelia burgdorferi (Johnson et al., 1987).

Rickettsiae
In vitro activity of erythromycin against Rickettsia prowazeki 
has been demonstrated in cell culture, but the rate of killing 
of rickettsiae was slow (Wisseman et al., 1974). Rickettsia 
rickettsii and R. conorii are erythromycin-resistant (Raoult et 
al., 1988). In general, erythromycin is not an appropriate 
therapeutic option for rickettsial disease.

2b.  Emerging resistance and 
cross-resistance

Resistance to macrolides has become a major issue for most 
of the species originally described as susceptible, including 
Staphylococcus spp., Streptococcus spp., Bacteroides spp., 
Enterococcus spp., Clostridium spp., Bacillus spp., Lactoba
cillus spp., M. pneumoniae, Campylobacter spp., C. diphthe
riae, and Propionibacterium (Leclercq and Courvalin, 1991). 
Multiple mechanisms of resistance have been described (see 
below under 3. Mechanism of drug action), with the preva-
lence of these varying on a geographical basis. For instance, 
efflux-mediated resistance in pneumococci was uncom-
mon in France (Marchandin et al., 2001) and Italy (Schito 
et al., 2003), whereas it was significantly present in Germany 
(Reinert et al., 2003; Reinert et al., 2004), The Netherlands 
(Neeleman et al., 2005), and the USA (Doern and Brown, 
2004).

TARGET MODIFICATION

Ribosomal methylation was the first resistance mechanism 
described for macrolides (Lai and Weisblum, 1971) and has 
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now become the most prevalent (Farrell et al., 2003). It is 
mediated by the acquisition of an erm gene, encoding a meth-
yltransferase, which methylates the N(6) position of adenine 
2058 in 23S rRNA (Weisblum, 1995). Mono-methylation 
confers a high level of resistance to lincosamides and strepto-
gramins and a lower level of resistance to macrolides, whereas 
dimethylation confers high levels of resistance to the three 
classes of drugs, conferring the MLSB phenotype of cross- 
resistance (Leclercq and Courvalin, 1991). The erm(A) gene 
is mostly found in staphylococci and in S. pyogenes, but is 
rare in S. pneumoniae. Conversely, erm(B) is the major deter-
minant of resistance to the three classes of drugs found in 
S. pneumoniae and also in other streptococci and in entero-
cocci. Other determinants have been found in specific organ-
isms, such as erm(C) (Shivakumar and Dubnau, 1981), which 
is found in S. aureus (Lina et al., 1999; Schmitz et al., 2000), 
erm(D) and erm(G), in Bacillus spp. (Gryczan et al., 1984; 
Monod et al., 1987), and erm(F), in Bacteroides fragilis (Ras-
mussen et al., 1986). The expression of the methylase is either 
constitutive or inducible. In the latter case, inducers include 
the 14-, 15- and 16-membered macrolides, lincosamides, and 
streptogramins (Leclercq and Courvalin, 1991), but not the 
ketolides (Bonnefoy et al., 1997; Leclercq, 2001).

Mutations of 23S rRNA, with substitution of adenine 
2058 by guanine being the most common, have also been 
described in bacterial pathogens (Vester and Douthwaite, 
2001; Poehlsgaard and Douthwaite, 2003). This substitution 
defines an ML phenotype of resistance, with high MICs for 
erythromycin, azithromycin, the 16-membered macrolides, 
and the lincosamides, and a slightly reduced susceptibility to 
clarithromycin, but has no influence on streptogramins and 
ketolides (Canu and Leclercq, 2002). This mechanism is, so 
far, mainly found in Helicobacter pylori, Mycoplasma spp., 
and Mycobacterium spp. (Vester and Douthwaite, 2001).

Mutations in the ribosomal proteins L4 and L22 have also 
been recently associated with the appearance of resistance to 
macrolides in clinical strains of streptococci (Tait-Kamradt 
et al., 2000; Farrell et al., 2003; Reinert et al., 2003). Mutations 
in the L4 protein confer an MSB resistance phenotype, with 
MICs remaining low (Canu and Leclercq, 2002). Mutations 
in the L22 protein also confer a low level of resistance to teli-
thromycin and clindamycin (Canu et al., 2002).

ANTIBIOTIC INACTIVATION

Unlike target modification, this mechanism confers resistance 
to structurally related antibiotics only, which means that it 
affects macrolides but not lincosamides or streptogramins 
(Nakajima, 1999; Leclercq, 2002). At the present time, phos-
phorylases and esterases conferring resistance to 14-, 15-, 
and 16-membered macrolides have been mainly reported in 
Enterobacteriacae. However, the clinical significance of this 
resistance remains minor, since these bacteria are not the 
primary target of macrolides. However, a few strains of 
phosphotransferase-producing S. aureus have already been 
reported (Wondrack et al., 1996; Matsuoka et al., 1998), but 
so far this mechanism does not seem to spread.

EFFLUX

In Gram-positive bacteria, the expression of efflux pumps 
conferring resistance to macrolides is inducible. Two main 
types of pumps with narrow spectrum have been described 
so far, namely Msr(A) in staphylococci [inducible by 14- and 
15-membered macrolides, conferring resistance to these 
macrolides and to streptogramins, but not to lincosamides 
(MSB phenotype) (Ross et al., 1990)], and mef(A) and mef(E), 
described in several species of streptococci, including S. pneu
moniae and S. pyogenes, as well as in enterococci [inducible 
and conferring resistance only to 14- and 15-membered 
macrolides (M phenotype)] (Clancy et al., 1996; Sutcliffe et 
al., 1996; Tait-Kamradt et al., 1997; Leclercq, 2002; Klaassen 
and Mouton, 2005). The mef(A) gene is located on a conjuga-
tive transposon, and can therefore easily spread between 
bacteria or even between streptococcal species (Goldman and 
Capobianco, 1990; Leclercq and Courvalin, 1991; Santagati 
et al., 2003).

3. MECHANISM OF DRUG ACTION

Macrolides are inhibitors of protein synthesis at the ribo-
somes (Goldman et al., 1990). They impair the elongation 
cycle of the peptidyl chain by specifically binding to the 50S 
subunit of the ribosome. Specificity toward prokaryotes 
relies upon the absence of 50S ribosomes in eukaryotes. The 
main interaction site is located at the central loop of domain 
V of the 23S rRNA, at the vicinity of the peptidyl transferase 
center. The macrolide binding site is located at the entrance 
of the exit tunnel used by the nascent peptide chain to escape 
from the ribosome, at the place where the central loop of 
domain V interacts with proteins L4 and L22 and with the 
loop of hairpin 35 in domain II of rRNA (for a general review, 
see Poehlsgaard and Douthwaite, 2003).

Interaction occurs via the formation of hydrogen bonds 
between the reactive groups (2′-OH) of the desosamine sugar 
and the lactone ring (Schlunzen et al., 2001) and adenine res-
idue 2058. This explains why mutation or methylation in 
position 2058 as well as mutations in proteins L4 and L22 
confer resistance to macrolides. The binding site of the mac-
rolide drug on the ribosome overlaps that of chlorampheni-
col and those of lincosamides such as clindamycin (Schlunzen 
et al., 2001), explaining pharmacologic antagonism between 
these antibiotic classes as well as cross-resistance.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

ORAL ADMINISTRATION

Erythromycin is usually administered by the oral route. The 
dosage depends on the indication, but the maximum dose 
is 4 g/day (independent of its formulation) divided into four 
administrations. The conventional oral doses of ester forms 
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are 250 mg every 6 hours for estolate or stearate, and 400 mg 
every 6 hours for ethylsuccinate (Ginsburg et al., 1982).

PARENTERAL ADMINISTRATION

Erythromycin can be administered i.m. as erythromycin eth-
ylsuccinate. The adult dosage is 100–200 mg every 8 hours, 
but these injections are painful so this route of administra-
tion is rarely used. It is therefore preferable to use erythro-
mycin lactobionate administered intravenously for treatment 
of severe infections. The dosage is 1 g every 6 hours. Adult 
doses as high as 4–6 g daily have been given without toxic 
effects. The drug should be given as intermittent or continu-
ous i.v. infusions. For intermittent administration, each dose 
should be dissolved in 100–200 ml of infusion fluid, and this 
should be infused relatively slowly to minimize the risk of 
thrombophlebitis, digestive side effects (Marlin et al., 1983; 
Putzi et al., 1983), or ventricular arrhythmias (Schoenenberger 
et al., 1990; Farrar et al., 1993). Recommended rates of infu-
sions are 0.5–1 hour for a dose of 500 mg, and 1–2 hours for 
a dose of 1 g. If used by continuous infusion, compatibilities 
with other drugs administered by the same line should be 
checked carefully. Lactobionate of erythromycin is adminis-
tered intravenously at a dose of 500 mg every 6 hours.

OTHER MODES OF ADMINISTRATION

Erythromycin is also available for local applications as 
gels, alcoholic solutions, lotions, or ointments or eye drops/ 
ointments. These forms are used for specific indications, 
such as acne in adolescents (topical formulations; Chalker et 
al., 1983; Lesher et al., 1985) or prophylaxis against trachoma 
in newborn infants (eye drops/ointments).

4b.  Newborn infants and children

Oral suspensions are available for children. The dosage is 
30–50 mg/kg to be divided in two to four administrations. 
For more severe infections this dosage may be doubled. Burns 
and Hodgman (1963) administered 40 mg/kg/day of erythro-
mycin estolate in four divided doses to 26 premature infants. 
Satisfactory serum levels, no evidence of accumulation, and 
no toxic effects were observed.

The pediatric dosage of erythromycin lactobionate by the 
intravenous route is 30–50 mg/kg/day given in four divided 
doses, and each dose should be infused over a period of time 
not less than 60 minutes (Gouyon et al., 1994; Waites et al., 
1994).

The drug can be safely used in the newborn. High doses of 
erythromycin are effective in the treatment of nonobstruc-
tive gastrointestinal dysmotility in preterm infants but their 
impact on the emergence of resistance or on digestive flora 
have not been evaluated (Lam and Ng, 2011).

4c.  Pregnant and lactating mothers

Erythromycin belongs to the B category. Because of its pro-
pensity to cause hepatotoxicity (see below under 6b. Hepa-
totoxicity), erythromycin estolate should not be used in 

pregnant and lactating mothers. Other erythromycin prep-
arations appear to be safe in pregnancy without dosage 
adjustment.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

The normal serum half-life of erythromycin (1.4 hours) is 
prolonged to 6 hours in anuric patients, but dosage reduction 
is not considered necessary in patients with severe renal fail-
ure (Kunin, 1967). Erythromycin is not significantly removed 
by hemodialysis or peritoneal dialysis.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Erythromycin may accumulate in patients with severe liver 
disease. If large doses are administered to such patients, serum 
level monitoring and dosage reduction may be necessary. 
When 500 mg of erythromycin base was given to patients 
with alcoholic liver disease and to normal subjects after a 
12-hour fast, the normally delayed absorption time (lag 
time) was shorter (2 vs 3 hours) among liver disease patients; 
an earlier peak concentration was obtained (4.6 vs 6.3 hours) 
and higher peak concentrations were also observed (2.04 
vs  1.5 mg/L) in this group. A slower elimination time also 
occurred in patients with liver disease, so that some adjust-
ment of the dose may occasionally be required in such 
patients if large doses are used (Kroboth et al., 1982).

OLDER ADULTS

The pharmacokinetics of macrolides may be modified in 
elderly patients. However, dosage adjustment is usually not 
required with conventional doses, but closer than usual clin-
ical monitoring of the older patient has therefore been advo-
cated (Periti et al., 1989). This is particularly the case for 
elderly patients who are receiving other medications, because 
the risk of drug interactions with erythromycin is conse-
quently increased.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

The main pharmacokinetic properties of erythromycin are 
summarized in Table 59.2.

5a.  Bioavailability

The oral bioavailability of erythromycin base is poor and 
highly variable because of inactivation by gastric acidity 
(Kirst and Sides, 1989). Formulations with an acid-resistant 
coating have therefore been developed, as well as esters with 
improved oral bioavailability. Stearate is hydrolyzed in the 
intestine, whereas ethylsuccinate is absorbed both as the 
free base (55%) and the ester (45%) formulations. These are 
best absorbed in the fasting state. Estolate absorption is not 
affected by food; 20–30% of its serum concentration corre-
sponds to the active form and 70–80% to the ester prodrug 
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(Sivapalasingam and Steigbigel, 2005). Serum protein bind-
ing varies between 40% and 90%. Alcohol can cause a mod-
erate reduction in the absorption of erythromycin succinate.

5b.  Drug distribution

Erythromycin is distributed in the total body water, and 
penetrates easily into tissues where it persists longer than in 
the blood. Erythromycin is also able to accumulate in the 
cells, reaching cellular to extracellular concentrations ratios 
of about ten to one (Martin et al., 1985). This property can be 
explained by the high diffusibility of the molecule combined 
with a weak basic character, allowing for the rapid diffusion 
through cellular membranes and the trapping of the proton-
ated forms in the acidic compartments of the cells (lyso-
somes) (de Duve et al., 1974; Carlier et al., 1987).

Erythromycin stearate is less readily destroyed in the 
stomach than erythromycin base and it dissociates in the 
duodenum, liberating active erythromycin, which is absorbed. 
Peak serum levels after oral administrations of erythromycin 
base and stearate appear approximately the same, except that 
the absorption of the base may be slightly more delayed. 
Triggs and Ashley (1978) demonstrated in volunteers that, 
although mean serum levels were low after a single dose of 
erythromycin stearate, they were considerably higher after 
repeated doses. Doubling the doses of these compounds 
approximately doubles the serum concentrations. Food in 
the stomach diminishes the absorption of both the base and 
the stearate (Disanto and Chodos, 1981). Furthermore, there 
is marked individual variation in the serum levels achieved 
after the administration of all forms of oral erythromycin 
(Griffith and Black, 1964; Lake and Bell, 1969).

Unlike the base and the stearate, erythromycin estolate is 
acid-stable and absorbed from the gastrointestinal tract more 
completely. It is absorbed mainly as an ester, of which about 
41% is hydrolyzed in serum to active erythromycin (Griffith 
and Black, 1962; Croteau et al., 1988).

Erythromycin ethylsuccinate is another ester which is 
well absorbed from the gastrointestinal tract. Absorption is 
delayed by food, however, and the highest and earliest peak 
serum levels after an 800-mg dose (2.23 mg/l) occur under 
fasting conditions (Thompson et al., 1980). After absorption, 
about 69% of this ester is hydrolyzed to active erythromycin, 
but the estolate ester is still considered to have an advantage 
in pharmacokinetics as it has a longer half-life (5.47 vs 2.72 
hours) and a larger area under the curve (AUC) (Croteau et 
al., 1988). In another study, Bérubé et al. (1988) also found 
that after single doses of erythromycin estolate (500 mg) and 
erythromycin ethylsuccinate (600 mg), the bactericidal titers 
at 2 and 8 hours against S. pyogenes and S. pneumoniae were 
significantly higher with erythromycin estolate than with eth-
ylsuccinate ester.

Eriksson et al. (1981) reported a decreased absorption of 
erythromycin suspension (both stearate and ethyl succinate) 
in infants less than one month old, and the stearate suspen-
sion was also poorly absorbed in infants 1–6 months old. In 
a pharmacokinetic study of infants younger than four months 
of age comparing the estolate and ethylsuccinate esters, no 
differences were found between peak serum concentrations 
or the times taken to reach them, but the elimination half-life 
of the estolate was longer (Patamasucon et al., 1981).

Erythromycin acistrate is an ester that is well absorbed 
after oral administration, provided it is given in a tablet with 
an acid-resistant coating. The total serum level reached is 
about 3.9-fold higher than that reached after the administra-
tion of the same dose of erythromycin base with an acid- 
resistant coating. In plasma, however, only about one-third of 
erythromycin acistrate is hydrolyzed to active erythromycin. 
The absorption of this ester in some patients may be impaired 
by food. Concomitant administration of cimetidine does not 
affect the serum levels of erythromycin acistrate (Männistö 
et al., 1988; Tuominen et al., 1988).

Satisfactory serum levels are achieved after parenteral 
erythromycin administration. After i.m. injection of 100 mg 

Table 59.2. Pharmacokinetic parameters of erythromycin and its ester forms.

Pharmacokinetic 
parameter 
(reference)

Erythromycin 
500 mg bid

Base 
250 mg Base – enteric coated

Stearate – 
250 mg qid

Estolate –  
250 mg

Ethylsuccinate –  
500 mg

Cmax (mg/l) 3 0.3–0.5 0.9–3.5 0.5–1.4 l.5 1.5 (0.5 of base)

tmax (h) 1.9–4.4 4 2.1–3.9 2–3 2 1–2

t1/2 (h) 2 1.6

Vd (l/kg) 0.64 0.78

Bioavailability (%) 25–60 35

Protein binding (%) 65–90 84

Tissue–serum  
 concentration

0.5

AUC (mg/l h) 4.4–14

Reference Brogden and 
Peters, 1994

Chambers, 
2006

Periti et al., 1989; 
Chambers, 2006

Periti et al., 1989; 
Chambers, 2006

Chambers, 
2006

Chambers, 2006

AUC: area under the curve; bid: twice-daily; qid: four-times daily.
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erythromycin ethyl succinate in an adult, the mean peak level 
after 1 hour is 0.64 mg/L; this level is maintained for nearly 
6 hours, and measurable serum concentrations persist for at 
least 12 hours (Metzger et al., 1959). Following a single i.v. 
injection of 200 mg erythromycin lactobionate, the mean 
serum level in adults is 3.0 mg/L 1 hour after injection, and 
detectable levels persist for at least 6 hours (Abbott Labora-
tories, 1966). If erythromycin lactobionate is given by contin-
uous infusion at a rate of 1.0 g every 12 hours, serum levels 
of about 4–6 mg/L are maintained from 8 hours onward 
(Neaverson, 1976). Peak concentrations attained after 1 hour 
of intermittent i.v. erythromycin infusion in the usual doses 
are usually some 4- to 10-fold greater than those attained 
after administration of oral erythromycin (Farrar et al., 1993). 
When erythromycin lactobionate was given to preterm neo-
nates i.v. in dosages of either 25 or 40 mg/kg/day in four 
divided doses every 6 hours (each dose infused over 60 min), 
the peak serum levels varied from 1.92 to 2.9 mg/L and 3.05 
to 3.69 mg/L, respectively (Waites et al., 1994).

Overall, erythromycin is widely distributed in tissues, and 
is concentrated in the liver and spleen. It persists in tissues 
for longer periods than in serum. The related macrolide anti-
biotics, spiramycin (see Chapter 187, Spiramycin) and some 
newer macrolides, such as clarithromycin (see Chapter 61, 
Clarithromycin) and azithromycin (see Chapter 62, Azithro-
mycin), produce even higher and better sustained tissue con-
centrations than erythromycin.

Adequate concentrations of erythromycin are found in 
pleural and ascitic fluids. The drug reaches high levels in tear 
fluid in infants with purulent conjunctivitis (Sandström and 
Ringertz, 1988). It enters middle-ear exudates in sufficient 
concentrations to inhibit the highly sensitive organisms S. 
pyogenes and S. pneumoniae, but not necessarily all strains of 
H. influenzae (Bass et al., 1971). Adequate levels of erythro-
mycin are found in tonsils after oral administration, the lev-
els being higher after the estolate suspension than after the 
ethylsuccinate suspension (Ginsburg et al., 1976). The tonsil-
lar concentrations are also adequate after oral erythromycin 
acistrate administration and more of this ester is hydrolyzed 
to active erythromycin in the tonsillar tissue than in the 
serum (Gordin et al., 1988a). In patients with lobar pneumo-
nia treated with i.v. erythromycin lactobionate, effective con-
centrations were reached in infected and uninfected lung 
tissue within 10 minutes and maintained for at least 1 hour 
(Wollmer et al., 1982). Mean sputum levels of 2.6 mg/L have 
been recorded when erythromycin lactobionate was given by 
infusion in a dose of 1 g every 12 hours (Neaverson, 1976). 
However, after 500 mg erythromycin stearate was given orally 
every 8 hours for 7 days, sputum levels in 24-hour collections 
did not exceed 1.0 mg/L in five of six patients (Clarke et al., 
1980). After an oral dose of 500 mg erythromycin ethylsucci-
nate or stearate, the gastric mucosal concentration was higher 
than the MIC of H. pylori (McNulty et al., 1988). In general, 
however, conclusions with respect to tissue concentrations 
should be drawn with great caution (Mouton et al., 2008).

Erythromycin does not enter the cerebrospinal fluid (CSF) 
in the absence of meningitis but, as with many antibiotics, 

the drug may be detectable in the CSF when the meninges 
are inflamed (Griffith and Black, 1970). Van Bambeke and 
Tulkens (2002) also found erythromycin concentrations in 
CSF usually to be low, such that i.v. administration of large 
doses was considered necessary to treat meningitis due to 
highly susceptible organisms. Overall, macrolide penetration 
into the central nervous system (CNS) is poor (Kearney and 
Aweeka, 1999). Likewise, concentrations in synovial fluid 
are probably too low to treat septic arthritis. The high intra-
cellular accumulation of erythromycin, however, justifies its 
potential use in the treatment of intracellular infections.

Peak concentrations in lymph after oral therapy were 
24% of the peak serum concentrations, and the mean lymph–
serum concentration ratio was 0.35 (Bergan et al., 1982). After 
i.v. administration of erythromycin lactobionate, the concen-
trations in normal cancellous bone were approximately 30% 
of concomitant serum levels (Rosdahl et al., 1979). Erythro-
mycin crosses the placenta, but serum concentrations attained 
in the infant are considerably lower and less predictable than 
those in the mother (South et al., 1964; Philipson et al., 
1973). Erythromycin is excreted in the milk, so its use should 
be avoided in pregnant or lactating women. Serum half-life is 
relatively short (about 1.4 h).

Erythromycin is concentrated in human polymorpho-
nuclear leukocytes at some 10–20 times the concentration in 
extracellular fluid (Prokesch and Hand, 1982; Ishiguro et al., 
1989). Phagocytosis by neutrophils appears to be unaffected 
by erythromycin (Naess and Solberg, 1988), but erythromy-
cin may stimulate neutrophil migration (Anderson, 1989). In 
alveolar macrophages from smokers and nonsmokers, the 
uptake of erythromycin was lower in the cells derived from 
the latter group (Hand et al., 1985).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Erythromycin is essentially bacteriostatic, with increased 
activity at alkaline pH (Haight and Finland, 1952b). The cure 
rate for macrolides mainly depends on the AUC/MIC ratio 
(Andes et al., 2004), based on their time-dependent effect 
coupled with a postantibiotic effect, using both in vitro and 
in animal models (Rolin and Bouanchaud, 1989; Novelli et 
al., 2002). The large diffusion of erythromycin into tissues 
was considered an advantage in the treatment of several infec-
tions, including those of the respiratory tract. However, the 
increasing prevalence of resistance raises doubts about the 
drug’s efficacy at some tissue and organ sites. As noted ear-
lier, tissue concentrations per se do not always indicate the 
level of activity (Mouton et al., 2008).

5d.  Excretion

Erythromycin is only partly excreted in urine, and only about 
2.5% of an orally administered dose and 15% of a parenter-
ally administered dose are recoverable from the urine in the 
active form (Abbott Laboratories, 1966). Urinary concentra-
tions of the active drug are usually low and variable. As renal 
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excretion is not the main method of erythromycin elimina-
tion from the body, there is no significant accumulation of 
the drug in uremic patients.

The main route of excretion of erythromycin after being 
metabolized is bile. This occurs by demethylation and oxi-
dation of the aminated sugar and implies involvement of 
P450 cytochrome (group 3A4) (Kirst and Sides, 1989). Some 
erythromycin excreted in this way is reabsorbed from the 
intestine.

A large proportion of administered erythromycin cannot 
be accounted for by combined renal and biliary excretion, 
and so a considerable amount appears to be inactivated in the 
body, probably in the liver (Osono and Umezawa, 1985).

5e.  Drug interactions

Drug interactions with macrolides can be a considerable 
problem which seriously limits use of macrolides in some 
patients. The main mechanism involved in these interactions 
is the binding of macrolides to cytochrome P450 (group 3A4), 
thereby impairing the subsequent metabolism of other sub-
strates of the same cytochrome (Periti et al., 1992). The elim-
ination of these co-administered drugs is therefore reduced, 
causing a potential risk of toxicity (Periti et al., 1992; von 
Rosensteil and Adam, 1995). Within the macrolide group, 
erythromycin is associated with the greatest risk. The main 
clinically relevant interactions are summarized in Table 59.3. 
In particular, co-administration of ergotamine and drugs 
with the potential to prolong the QT-interval with macro-
lides may increase the risk of torsades de pointes due to the 
macrolides and should be avoided (Curtis et al., 2003). Co- 
administration of inducers of the cytochrome P450 3A4, 
such as rifampicin or rifabutin, cause a reduction of mac-
rolide plasma levels, which can lead to therapeutic failure or 
to selection of resistant strains. Co-administration of cimeti-
dine can almost double the serum level of erythromycin by 
inhibiting its metabolism.

Two review articles have concluded that erythromycin 
can, in some individuals, inhibit the elimination of methyl-
prednisolone, theophylline, carbamazepine, and warfarin 
(Descotes et al., 1985; Ludden, 1985). This has been more 
closely studied for some of these drugs, such as carbamaze-
pine (Wroblewski et al., 1986). The mean change in drug 
clearance was about 20–25% in most cases, with some 
patients having a much larger change than others. The type 
of erythromycin used may also be important. Concomitant 
erythromycin administration may cause elevation of ciclo-
sporin serum levels by interfering with its metabolism in the 
liver. This can lead to acute reversible impairment of renal 
function (Martell et al., 1986; Ben-Ari et al., 1988).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Gastrointestinal adverse effects

Gastrointestinal adverse effects are the most common side 
effects associated with erythromycin. Abdominal pain (16%), 

nausea and vomiting (14%), and diarrhea are reported with 
an overall incidence of 30% for erythromycin use (Ellsworth 
et al., 1990). In fact, erythromycin acts as a motilin recep-
tor agonist in the gastrointestinal tract (Peeters et al., 1989) 
and stimulates stomach and gut motility (Itoh et al., 1984). 
Accord ingly, use of erythromycin has been proposed as a 
therapeutic agent for some motility disorders or for clearing 
the stomach in patients undergoing general anesthesia for 
emergency procedures (Czarnetzki et al., 2015), owing to 
this “adverse” effect. Although popular in some intensive 
care units, this nonantibacterial use of erythromycin may be 
problematic in relation to resistance emergence among rou-
tine commensal bacteria (Itoh et al., 1985; Peeters, 2001), and 
good clinical trials are unavailable. Macrolide-induced emesis 
may be partially due to 5-hydroxytryptamine receptors.

6b.  Hepatotoxicity

Hepatotoxicity is a rare but serious adverse effect of erythro-
mycin. Initially, this was thought to occur after administra-
tion of erythromycin estolate, but not after administration 
of other erythromycin preparations (Masel, 1962; Sherlock, 
1968). It was postulated that the propionyl ester linkage at 
the 2′ position conferred this property on the estolate and 
that there was no cross-sensitivity with other erythromycin 
preparations (Tolman et al., 1974). Jaundice usually occurs 
about 10–12 days after starting treatment, but it may occur 
within 1 or 2 days in patients who had previously experienced 
the drug (Robinson, 1961; Gilbert, 1962). Some patients may 
experience severe abdominal pain, which may lead to an 
erroneous diagnosis of cholelithiasis (Oliver et al., 1973). 
Nausea and abdominal pain are initial symptoms, followed 
by fever (50%). Approximately 75% of patients develop eosin-
ophilia (> 500 cells/mm3) and uniformly elevated transami-
nase levels. Liver function tests revert to normal within days 
after discontinuation of the drug but may recur after rechal-
lenge (Eichenwald, 1986). Occasionally, pruritus and a rash 
may recur. Jaundice may be clinical or subclinical, and hepatic 
enlargement is usually present. Liver function tests usually 
indicate cholestasis, and the mechanism of this toxicity may 
represent either a hypersensitivity or toxic reaction result-
ing from the formation of nitrosoalkanes (Pessayre et al., 
1985). Liver histology usually reveals a picture of intrahe-
patic cholestasis.

The jaundice and other symptoms usually subside when 
the drug is stopped, but occasionally jaundice may persist for 
weeks, and in one case reported by Brown (1963) it persisted 
for about three months. There have been no deaths associ-
ated with erythromycin jaundice, and the subsequent devel-
opment of chronic liver disease has not been reported. The 
exact frequency of this latter complication is not known, but 
it may be more frequent during pregnancy (McCormack et 
al., 1977).

It now appears that similar cholestatic jaundice can arise 
after administration of other erythromycin preparations 
and that it may not be more common with the estolate than 
with other preparations. Inman and Rawson (1983) reported 
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three cases of similar jaundice associated with erythromycin 
stearate. The incidence of patients developing acute symp-
tomatic liver disease resulting in hospitalization after treat-
ment with a 10-day course of erythromycin was estimated at 
2.3 per million patients (about 66 cases annually in the USA) 
(Carson et al., 1993). None of these patients had taken eryth-
romycin estolate, but this study demonstrated that jaundice 
occurred after the administration of erythromycin ethyl-
succinate and erythromycin stearate. The risk of cholestatic 
jaundice was estimated at 0.4 per million patients by Derby et 
al. (1993), who studied a total of 366,064 patients who had 

received one or more prescriptions of erythromycin. They 
estimated that the risk of cholestatic jaundice associated with 
erythromycin was approximately 3.6 per 100,000 users. It did 
not appear that erythromycin estolate caused jaundice more 
frequently than other erythromycin preparations, although 
only 3036 patients received the estolate. Lehtonen et al. (1991) 
administered erythromycin acistrate to 1549 patients. Only 
three patients (0.2%) developed hepatic damage attributable 
to the drug.

Thus, hepatotoxicity can occur with any erythromycin 
formulation (Diehl et al., 1984; Ortuno et al., 1984), although 

Table 59.3. Drug interactions with erythromycin.

Interaction Drug class Drugs

Possible pharmacologic 
antagonism

Lincosamides Lincomycin

Decreased effect of 
macrolide

Rifamycins Rifabutin rifampicin

Decreased effect Zafirlukast

Increased serum levels Miscellaneous Bromocriptine

Imatinib

Increased toxicity of 
both drugs

HIV protease 
inhibitor

Ritonavir

Increased effect Benzodiazepines Alprazolam

Diazepam

Triazolam

Midazolam

Anticoagulants Acenocoumarol

Anisindione

Dicoumarol

Warfarin

Miscellaneous Carbamazepine

Cilostazol

Clozapine

Ciclosporin

Digoxin

Divalproex sodium

Felodipine 

Methylprednisolone

Repaglinide

Increased effect and 
toxicity

Theophylline and 
derivatives

Aminophylline

Dyphylline

Oxtriphylline

Theophylline

Miscellaneous Alfentanil

Aprepitant

Buspirone

Cinacalcet

Docetaxel

Eletriptan

Eplerenone

Erlotinib

Everolimus

Gefitinib

Itraconazole

Interaction Drug class Drugs

Quetiapine

Ranolazine

Sibutramine

Sildenafil

Sirolimus

Tacrolimus

Vardenafil

Increased toxicity Statins Atorvastatin

Cerivastatin

Lovastatin

Simvastatin

Miscellaneous Colchicine

Quinupristin

Vinblastine

Possible ergotism Ergot derivatives Cabergoline

Dihydroergotamine

Dihydroergotoxine

Ergotamine

Methylergonovine

Methysergide

Ergonovine

Increased risk of 
cardiotoxicity and 
arrhyhthmias

Fluoroquinolones Grepafloxacin

Levofloxacin

Moxifloxacin 

Sparfloxacin

Miscellaneous Bretylium

Astemizole

Amiodarone

Cisapride

Disopyramide

Dofetilide

Mesoridazine

Pimozide

Quinidine

Sotalol

Terfenadine

Thioridazine

Verapamil

Possible serotoninergic 
syndrome

Miscellaneous Citalopram

Fluoxetine

Sertraline

Adapted from: www.drugbank.ca/cgi-bin/getCard.cgi?CARD = APRD00953.

http://www.drugbank.ca/cgi-bin/getCard.cgi?CARD=APRD00953
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most of the initial reports implicated the estolate formulation 
(Eichenwald, 1986).

6c.  Ototoxicity

The incidence of ototoxicity is uncertain, but it is probably 
underestimated. A prospective case–control study found evi-
dence of ototoxicity in 21% of patients receiving 4 g/day eryth-
romycin, when audiograms were performed and patients 
were closely monitored (Swanson et al., 1992). Subjective 
symptoms begin within the first week of drug administration 
(Swanson et al., 1992; Sacristan et al., 1993), but are usually 
reversed within 1 to 30 days upon discontinuation of the 
drug (Brummett, 1993). However, irreversible unilateral tin-
nitus (Levin and Behrenth, 1986) and irreversible hearing 
loss (Agusti et al., 1991) have been reported with intravenous 
administration of erythromycin lactobionate, 4 and 2 g/day, 
respectively. The mechanism of erythromycin ototoxicity is 
not known, but it may occur via an effect on the central audi-
tory pathway (Brummett, 1993) and it is probably dose depen-
dent (Taylor et al., 1981; Swanson et al., 1992). Although 
auditory dysfunction is most common, vestibular dysfunction 
may also occur (Quinnan and McCabe, 1978). Erythromycin 
causes low local tinnitus, and hearing loss ranges from bilat-
eral flat to high frequency sensorineural loss, which can be 
detected on audiograms at both conventional (0.25–8.0 kHz) 
and extended high frequencies (8–14 kHz). Ototoxicity can 
occur with all formulations, including lactobionate and stea-
rate (Dylewski, 1988; Sacristan et al., 1993). Pre-existing 
hepatic or renal abnormalities, advanced age, high dosages, 
and concurrent ototoxic medications are predisposing fac-
tors (Haydon et al., 1984; Umstead and Neumann, 1986; 
Vasquez et al., 1993). Ototoxicity has also been reported in 
patients without predisposing factors (Agusti et al., 1991; 
Sacristan et al., 1993).

6d.  Skin rashes

Skin rashes may occur as a single manifestation, but are rare; 
as is eosinophilia and fever (Periti et al., 1993). The risk of 
erythromycin hypersensitivity appears to be higher in patients 
allergic to other antibiotics, such as the penicillins (Bogun-
iewicz and Leung, 1995). Severe reactions such as Stevens–
Johnson syndrome have been reported (Sullivan et al., 1999). 
Erythromycin administered intramuscularly can cause pain 
at the injection site, and when administered intravenously 
causes thrombophlebitis (4%).

6e.  Cardiac toxicity

Macrolides have been associated with the prolongation of 
cardiac repolarization (prolongation of the QT interval). The 
molecular mechanism appears to be a blockade of the human 
ether-a-go-go-related gene (HERG) potas  sium channel in 
myocyte membranes (Roden, 2008). These interactions may 
give rise to polymorphic ventricular tachycardia, torsades de 
pointes, or ventricular fibrillation. There is, however, no sim-
ple correlation between the prolongation of repolarization 

and the proarrhythmic potential (noted to be erythromycin 
> clarithromycin > azithromycin) in the rabbit experimental 
model; which suggests other interactions of macrolides with 
the myocardial cells (Milberg et al., 2002). In humans, pro-
longation of the QTc interval is most notable with erythro-
mycin (Iannini, 2002) and reaches clinically significant 
values (> 30 ms) (Oberg and Bauman, 1995). Torsades de 
pointes remains rare, however, except when macrolides are 
combined with type Ia or III anti- arrhythmic agents, with 
other drugs that prolong the QTc interval such as cisapride 
(van Haarst et al., 1998; Kyrmizakis et al., 2002), terfenadine, 
or drugs that compete for the same metabolic routes as 
macrolides (Dresser et al., 2000). A number of case reports 
have described episodes of cardiac toxicity in premature 
infants who have been treated with i.v. erythromycin, mainly 
for U. urealyticum infections (Farrar et al., 1993; Waites et al., 
1993; Gouyon et al., 1994; Sims et al., 1994).

6f.  Miscellaneous side-effects

Interstitial nephritis and acute renal failure have been reported 
after use of oral erythromycin (Rosenfeld et al., 1983). An 
episode of erythromycin-induced hemolytic anemia has been 
described by Wong et al. (1981). Reversible selective factor X 
deficiency and acute liver failure have been reported in a 
patient with a chest infection treated with erythromycin base 
(Hosker and Jewell, 1983).

6g.  Risk in pregnancy

Erythromycin belongs to the B category. There is, however, 
no evidence of teratogenicity or any other adverse effect on 
reproduction in female rats fed with erythromycin base 
before and during mating, during gestation, and through the 
weaning of two successive litters.

7. CLINICAL USES OF THE DRUG

Owing to the availability of other macrolides with improved 
pharmacokinetic profiles and lower rates of side effects and 
drug interactions, erythromycin has only a few indications 
as a first choice drug. If intravenous administration is neces-
sary, it may be an alternative for clarithromycin if intrave-
nous clarithromycin is not available.

Macrolides were long considered as an alternative to 
beta-lactams for the treatment of respiratory tract infections. 
The increasing rate of erythromycin resistance among com-
mon pathogens has meant that macrolide usage for these 
indications should be limited to countries where resistance is 
still relatively low (Brunton and Iannini, 2005; Lode, 2007).

7a.  Upper respiratory tract infections

Erythromycin is an effective alternative to penicillin G for 
the treatment of many infections caused by group A beta- 
hemolytic streptococci in penicillin-allergic patients (Feldman, 
1993; Klein, 1994). Streptococcal tonsillitis, scarlet fever, 
and erysipelas can be successfully treated by erythromycin. 
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Erythromycin base or estolate given twice daily is just as 
effective for streptococcal tonsillitis as when given every 6 
or 8 hours, provided that the same total daily dose is used 
(Breese et al., 1974; Ginsburg and Eichenwald, 1976; Hovi 
et al., 1987). In one study, erythromycin estolate in a dose of 
15 mg/kg every 12 hours proved to be superior to erythro-
mycin ethylsuccinate, given in the same dosage (Ginsburg et 
al., 1982). In another study erythromycin ethylsuccinate given 
at 50 mg/kg/day in two doses produced an elevated incidence 
of gastrointestinal symptoms and a greater bacteriologic fail-
ure rate in treating S. pyogenes pharyngitis than twice-daily 
estolate (30 mg/kg/day), each drug being given for 10 days 
(Ginsburg et al., 1984). The high level of resistance of some of 
these organisms to erythromycin (and macrolides in general) 
in some countries is of concern (Arêas et al., 2014; Wajima 
et al., 2014), but it tends to decline in other countries due to 
the replacement of resistant circulating clones by more sus-
ceptible ones (Huang et al., 2014; Montes et al., 2014).

Erythromycin is one of the most effective antimicrobial 
agents for treatment of nonstreptococcal pharyngitis due to 
Chlamydophila pneumoniae and M. pneumoniae (McDonald 
et al., 1985; Grayston, 1989). It is effective in pertussis infec-
tion when given early and is effective in decreasing trans-
mission during pertussis outbreaks (Steketee et al., 1988). For 
treatment of diphtheria and the carrier state with C. diphthe
riae, erythromycin remains the drug of choice (see below 
under 7j. Diphtheria). 

For acute bacterial laryngitis, a recent Cochrane analysis 
concluded that antibiotics are not effective with respect to 
objective outcomes but may have a benefit for some subjec-
tive outcomes. Specifically, erythromycin could reduce voice 
disturbance and cough (Reveiz and Cardona, 2015).

Co-administration of erythromycin with a sulfonamide 
(most often sulfisoxazole, which has a half-life of about 5–6 
hours) has previously been a popular treatment for otitis 
media, being more effective than erythromycin alone (Wash-
ington and Wilson, 1985; Bergeron et al., 1987; Giebink and 
Canafax, 1991; Berman, 1995). Some failures of erythromy-
cin therapy in otitis media may be due to erythromycin- 
resistant S. pneumoniae strains (Tarpay et al., 1982). Amoxicillin 
is usually the preferred drug for otitis media (see Chapter 5, 
Ampicillin and Amoxicillin). S. pyogenes and cases of pneu-
mococcal sinusitis often respond well to erythromycin, but 
sinusitis due to H. influenzae may not (Kalm et al., 1975). 
Long-term erythromycin treatment (erythromycin base at 
600 mg/day for more than four months) was effective in the 
treatment of sinobronchial syndrome-associated otitis media 
with effusion (Iino et al., 1993).

7b.  Community-acquired pneumonia and 
bronchitis

Pneumococci and H. influenzae are common pathogens in 
bacterial bronchitis. Erythromycin is one of the drugs used 
in the treatment of acute bronchial infections (Gordin et al., 
1988b; Söderström et al., 1991). Erythromycin is an effective 

alternative to penicillin G for the treatment of pneumococcal 
pneumonia, at least in countries where resistance is not a 
major issue. Among the factors influencing the distribution 
of resistant clones, vaccination (and more specifically the 
serotypes included in the vaccines used) plays a major role 
(Janoir et al., 2014; Siira et al., 2014; Imöhl et al., 2015). 
Erythromycin is also effective in the treatment of severe 
related infections, such as pneumococcal meningitis, if it is 
used intravenously in large doses (4–6 g daily), but cefotax-
ime (see Chapter 26, Cefotaxime) or ceftriaxone (see Chapter 
27, Ceftriaxone) (and in some developing countries, chlor-
amphenicol), are preferable as treatment for pneumococcal 
meningitis if penicillin G is contraindicated. Respiratory tract 
infections due to M. catarrhalis may respond well to erythro-
mycin (Darelid et al., 1993).

Erythromycin is also active against M. pneumoniae infec-
tions and appears to be as efficient as tetracycline in shorten-
ing the course of the infection (Rasch and Mogabgab, 1965; 
Shames et al., 1970; Wenzel et al., 1976; Martin and Bates, 
1991).

Although Rhodococcus equi can cause pneumonia in 
healthy individuals, it more commonly causes a destructive 
cavitating pneumonia in patients with immune system dys-
function, especially in patients with AIDS. Several antibiot-
ics are effective against this organism, such as erythromycin, 
rifampicin, ciprofloxacin, aminoglycosides, and vancomycin 
(Harvey and Sunstrum, 1991; Gillet-Juvin et al., 1994; Ver-
ville et al., 1994).

7c.  Legionella infections

Erythromycin and other macrolides have been the drugs of 
choice for L. pneumophila pneumonia; however, some authors 
now consider fluoroquinolones to be better—although defin-
itive studies regarding this are lacking (Pedro-Botet and Yu, 
2006). Mild L. pneumophila infections may be treated with 
oral erythromycin, but more severe cases should be treated 
intravenously with erythromycin 0.5–1.0 g every 6 hours. 
The higher intravenous dosage should always be given to 
immunosuppressed patients. A combination of i.v. erythro-
mycin plus rifampicin (1200 mg daily) is recommended for 
very ill patients and for those not responding to erythro-
mycin (Fraser et al., 1978; Meyer, 1983; Muder et al., 1989; 
Nguyen et al., 1991; Edelstein, 1993; Roig et al., 1993). Of 
importance, erythromycin and rifampicin have opposite 
effects on hepatic metabolism, which may result in modifi-
cation in the efficacy or toxicity of other co-administered 
drugs, such as ciclosporin, with an increased risk of ciclo-
sporin toxicity (Ampel and Wing, 1990). Other combina-
tions of newer macrolides and fluoroquinolones have been 
recommended by some authors (Klein and Cunha, 1998).

Some 20% of patients with Legionella pneumonia are 
septicemic and they may develop extrapulmonary lesions. 
Lesions such as Legionella peritonitis, bowel abscess, colitis, 
and cellulitis have been described. Bowel lesions may develop 
because of ingestion of the bacteria and are less likely to 
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develop from septicemia. The treatment of choice is, again, 
erythromycin or fluoroquinolones (Edelstein, 1993; Waldor 
et al., 1993; Pedro-Botet and Yu, 2006).

Legionella micdadei also causes pneumonia, but this occurs 
mainly as a nosocomial infection in immunocompromised 
hosts, such as renal transplant and bone marrow transplant 
patients, patients receiving steroids, and those who are hos-
pitalized for prolonged periods (Schwebke et al., 1990). 
However, waterborne outbreaks have also occurred in the 
community (Goldberg et al., 1989). For L. micdadei pneumo-
nia, erythromycin is one of the drugs of choice (Wing et al., 
1981; Schwebke et al., 1990). In cases of apparent failure of 
therapy with erythromycin, cotrimoxazole may be beneficial 
if fluoroquinolones cannot be used (Rudin et al., 1984).

7d.  Chemoprophylaxis

For chemoprophylaxis against endocarditis, oral erythromy-
cin stearate 1.0 g orally 2 hours before a dental procedure and 
0.5 g 6 hours later is one option for standard-risk penicillin- 
allergic patients. This erythromycin regimen is also suitable 
for standard-risk patients who have been receiving long-
term penicillin prophylaxis for rheumatic fever. Erythromycin 
may cause some gastrointestinal side effects in these patients 
(Sefton et al., 1990).

Erythromycin has previously been considered a suitable 
alternative to penicillin for prophylaxis against rheumatic 
fever (Ginsburg and Eichenwald, 1976). Suitable dosage is a 
single dose of 200 mg daily for children and adults weighing 
more than 36 kg, and 100 mg daily for those of lower weight. 
This chemoprophylaxis has been used continuously for over 
4 years (as recommended by World Health Orgaization) 
without side effects or the development of resistant strains of 
S. pyogenes. Erythromycin-resistant strains of S. viridans 
often emerge in the pharynges of patients receiving long-term 
erythromycin prophylaxis. In ten volunteers given three 
1-g  doses of erythromycin stearate, erythromycin- resistant 
strains of S. viridans were present in eight of the ten subjects 
at 23 weeks and were still present in five of eight subjects 
examined at 43 weeks (Harrison et al., 1985). In such patients 
with rheumatic heart disease receiving long-term erythro-
mycin, who require temporary protection against endo-
carditis at the time of dental procedures etc., prophylaxis by 
an unrelated antibiotic, such as one of the cephalosporins, is 
indicated. Clindamycin is not suitable for this purpose, as 
erythromycin-resistant S. viridans strains are also often clin-
damycin-resistant (Sprunt et al., 1970).

7e.  Sexually transmitted diseases

Erythromycin 500 mg four times daily is recommended by 
the Centers for Disease Control and Prevention (CDC, 2015) 
as an alternate treatment for lymphogranuloma venereum 
caused by C. trachomatis (21 days’ treatment) and for recur-
rent urethritis (7 days’ treatment, in combination with a single 
dose of metronidazole 2 g if T. vaginalis cannot be excluded). 

Erythromycin 500 mg four times daily for 7 days is also pro- 
posed as an alternative treatment for non-gonococcal ure-
thritis and granuloma inguinale (donovanosis). The main 
indication for macrolides is, without doubt, infection with 
C.  trachomatis—erythromycin is used in a dose of 500 mg 
four times a day for 7 days for this indication. Azithromycin 
(see Chapter 62, Azithromycin) is now considered the drug 
of choice for treatment of C. trachomatis in many countries 
because it can be given in one large dose. Erythromycin was 
considered as a first choice for the treatment of pregnant 
women, but more recent studies suggest that azithromycin is 
also safe and effective (Adair et al., 1998; Miller and Martin, 
2000). Chlamydia infection in children, including ophthal-
mia neonatorum, is treated with erythromycin 50 mg/kg/day 
divided into four administrations for 14 days (CDC, 2015). 
However, its use has been associated with signs of hypertro-
phic pyloric stenosis in children younger than 6 weeks, so that 
monitoring in these patients should be considered (Cooper 
et al., 2002).

Mycoplasma hominis has been implicated in pelvic in-
flammatory disease, postabortal fever, and postpartum fever. 
How ever, pelvic inflammatory diseases caused by this spe-
cies do not respond to erythromycin, but the tetracyclines 
are effective (see Chapter 67, Tetracycline, and Chapter 68, 
Doxycycline) (Plummer et al., 1987).

For nongonococcal urethritis due to Ureaplasma urealy
ticum, doxycycline is the drug of choice (see Chapter 68, 
Doxycycline), but erythromycin is also effective and is suit-
able for pregnant women (CDC, 1993). Ureaplasma urealy
ticum may also cause postpartum infections, which can be 
treated by doxycycline or erythromycin (Plummer et al., 
1987). This organism also causes neonatal bacteremia, pneu-
monia, and meningitis. Severe cases should be treated with 
i.v. erythromycin (Waites et al., 1992; Waites et al., 1993).

Erythromycin 500 mg orally four times daily for 7 days 
is one of several effective therapies for chancroid. However, 
ceftriaxone or azithromycin are most commonly recom-
mended (Dangor et al., 1990; Schmid, 1990; CDC, 2015). 
Chancroid is more difficult to cure in HIV-positive patients; 
the above dose of erythromycin is usually sufficient, but a 
lower dose such as 250 mg every 8 hours for 7 days may be 
inadequate (Behets et al., 1995).

Erythromycin in a dosage of 2 g daily for 10–15 days has 
been used to treat primary or secondary syphilis in penicillin- 
allergic pregnant women. The disease in the mother is usually 
cured, but placental transfer of the drug is inconsistent and 
the fetus may remain infected (Rolfs, 1995). Where possible, 
desensitization to penicillin G is therefore preferable to eryth-
romycin use (see Chap ter 3, Benzylpenicillin (penicillin G)).

7f.  Gastrointestinal infections

In Campylobacter enteritis, if erythromycin is given early 
there may be some lessening of pain and the postinfection 
carrier state is shortened. However, erythromycin therapy 
does not generally reduce the duration or severity of diarrhea 
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and other symptoms. The disease is usually short-lived and 
self-limiting, and no chemotherapy is necessary unless the 
eradication of organisms from stools is necessitated. If 
erythromycin is used, an oral dose of 0.5 g every 6 hours is 
sufficient (Pai et al., 1983; Williams et al., 1989). However 
clarithromycin is now often used for this indication. For 
C.  jejuni septicemia, gentamicin is also an excellent option 
(McNulty, 1987). In immunosuppressed patients such as those 
with HIV infection, C. jejuni enteritis can be prolonged and 
severe, necessitating prolonged therapy. However, resistance 
may become problematic (Gibreel and Taylor, 2006; Ghosh 
et al., 2013).

In a series of patients with C. fetus bacteremia, relapse of 
one patient after therapy with erythromycin, and progress 
in vertebral osteomyelitis in another during treatment, sug-
gested that erythromycin alone may not be suitable therapy 
for Campylobacter infections (Francioli et al., 1985).

7g.  Staphylococcal infections

Severe S. aureus infections, such as septicemia, may be suc-
cessfully treated by large doses of i.v. erythromycin if the 
organism is susceptible (Shoemaker and Yow, 1954), but other 
drugs are now preferred. Oral erythromycin may be useful 
for the treatment of staphylococcal illnesses such as boils, 
carbuncles, and wound infections when susceptible strains 
are involved. An oral dose of 1.0 g daily given for 7 days was 
effective in eradicating staphylococci from healthy nasal car-
riers in one study (Wilson et al., 1977), but mupirocin (see 
Chapter 84, Mupirocin) or rifampicin (see Chapter 126, 
Rifampicin [Rifampin]) are usually the preferred agents.

7h.  Bartonella (formerly Rochalimaea) 
infections

Bacteria of this genus cause cat scratch disease, bacillary 
angiomatosis, bacillary peliosis, and trench fever. In bacillary 
angiomatosis, there are localized vascular proliferative lesions 
in skin and extracutaneous organs, and, in bacillary peliosis, 
there are changes in the hepatic or splenic parenchyma. In 
addition, bacteremia may occur in AIDS patients and lesions 
may develop in other parts of the body in these patients. 
There are numerous species in this genus, but three main 
species are Bartonella quintana, B. henselae, and B. elizabe
thae. In World War I, B. quintana caused trench fever, which 
was probably louse-borne. B. henselae is carried by cats and 
causes cat-scratch disease. All three species can cause the 
severe syndromes occurring in HIV-infected patients. Addi-
tionally, B. quintana bacteremia has been described in 
patients with chronic alcoholism (Spach et al., 1995a), and 
endocarditis due to this organism has been reported in home-
less men (Drancourt et al., 1995; Spach et al., 1995b). For 
mild disease, oral erythromycin may be used, but, for severe 
infections, the drug should be given i.v. or alternatives should 
be used, including doxycycline. Therapy should usually be 
prolonged (Schwartzman, 1992; Koehler and Tappero, 1993; 

Koehler et al., 1994; Tompkins, 1994; McGregor and Sorrell, 
1995).

7i.  Pertussis

Erythromycin may prevent whooping cough in exposed sus-
ceptible individuals, and may also attenuate the illness if 
given early in the course of the disease (Linnemann et al., 
1975; Altemeier and Ayoub, 1977; Bergquist et al., 1987). 
Mothers with pertussis can safely nurse their infants if both 
receive erythromycin (Granström et al., 1987). In one per-
tussis outbreak in a facility for the developmentally disabled, 
erythromycin prophylaxis was effective in exposed patients. 
Carbamazepine toxicity occurred in 7 (19%) of 37 residents 
when this drug was administered together with erythromy-
cin (Steketee et al., 1988).

Once the paroxysmal stage of the illness is reached, eryth-
romycin, as with other antibiotics, does not influence the 
natural course of the illness. It may be useful in preventing 
secondary bacterial infection and it eliminates pertussis 
organisms from the nasopharynx, possibly rendering the 
patients noninfectious and reducing the number of second-
ary cases (Bass et al., 1969; Nelson, 1969; Bergquist et al., 
1987). It appears worthwhile to use erythromycin in the 
treatment of pertussis in children younger than six months 
when diagnosed early, and for older children if they are seri-
ously ill or diagnosed during the first week or so of their 
symptoms. Cases of erythromycin-resistant B. pertussis have 
been reported (Lewis et al., 1995) and even become highly 
prevalent in some countries like China because of clonal 
spread (Yang et al., 2015).

7j.  Diphtheria

Erythromycin is active against C. diphtheriae, but the admin-
istration of specific diphtheria antitoxin is essential for treat-
ment of the disease itself; a course of erythromycin (or 
penicillin G or V) for 7–14 days should also be given so that 
the organism will be eradicated, toxin production terminated, 
and the likelihood of transmission decreased (Farízo et al., 
1993; Wilson, 1995). Erythromycin is effective in eliminating 
C. diphtheriae from carriers (Ginsburg and Eichenwald, 1976). 
Miller et al. (1974), however, found a 21% relapse rate 2 weeks 
after a 6-day course of erythromycin, but this may have been 
a result of reinfection. Erythromycin for 7 days or i.m. ben-
zathine penicillin are options for unimmunized household 
contacts of patients with diphtheria (CDC, 1985).

7k.  Mycobacterial infections

The newer macrolides, such as clarithromycin and azithro-
mycin, are now preferred for the treatment of nontuberculous 
mycobacterial infections (see Chapter 61, Clarithromycin). 
Nevertheless, M. chelonae chest infection was successfully 
treated with 2.0 g oral erythromycin daily in at least one 
patient (Irwin et al., 1982). Erythromycin has also been 
combined with various other drugs, such as cefoxitin and 
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amikacin, for the treatment of M. chelonae and M. fortuitum 
infections.

Erythromycin demonstrated no advantage over isoniazid 
in a controlled trial of treatment of adverse reactions to 
Bacillus Calmette–Guérin (BCG) vaccination (Hanley et al., 
1985). Caglayan et al. (1987) could not demonstrate any 
superiority of erythromycin over placebo for the treatment 
of regional lymphadenitis and abscesses that followed BCG 
vaccinations. However, Murphy et al. (1989) reported two 
patients in whom post-BCG vaccination abscesses appeared 
to heal with erythromycin therapy.

7l.  Q fever

A number of authors have reported treatment success with 
erythromycin for Q fever, although tetracyclines, especially 
doxycycline, remain the drugs of choice. Five patients with Q 
fever pneumonia all showed reduction or resolution of fever 
within 48 hours of commencing treatment with i.v. erythro-
mycin in a dosage of 500 mg every 6 hours (D’Angelo and 
Hetherington, 1979). Pérez-del-Molino et al. (1991) had a 
similar experience with both i.v. and oral erythromycin.

7m.  Inflammatory diseases of the 
respiratory tract

Erythromycin or other macrolides are used as adjuvant ther-
apy for a range of chronic respiratory tract conditions, such 
as diffuse panbronchiolitis (a pathology which is frequent 
in Japan), chronic sinusitis, asthma, bronchiectasis, and 
pulmonary infections in cystic fibrosis patients, even if the 
causative organisms are not susceptible to the activity of 
erythromycin (Hoyt and Robbins, 2001; Garey et al., 2003). 
Improvement in patients has been attributed to the anti- 
inflammatory effect of the macrolide rather to any antibiotic 
activity.

7n.  Other infections

Large doses of i.v. erythromycin were used in the past for viri-
dans streptococcal endocarditis in penicillin-allergic patients, 
but now cephalothin (see Chapter 18, Cephalothin and 
Cefazolin) or ceftriaxone (see Chapter 27, Ceftriaxone) are 
preferred. It also has been used under the same circumstances 
for E. faecalis endocarditis, but the role of erythromycin in 
this disease has been questioned and, in any case, vancomy-
cin plus gentamicin are now preferred.

Erythromycin in large doses given intravenously is an 
effective alternative to penicillin G for the treatment of gas 
gangrene in penicillin-allergic patients. Occasionally strains 
of C. perfringens may be resistant to erythromycin. In such 
cases, clindamycin, chloramphenicol, or metronidazole can 
be used.

Erythromycin or one of the tetracyclines are alternatives to 
penicillin G for the treatment of actinomycosis in penicillin- 
allergic patients (Holmberg et al., 1977).

Flavobacterium meningosepticum meningitis usually 
occurs in children. As with i.v. erythromycin, intraventricu-
lar and intrathecal drug have been used in 1.0- or 10-mg doses 
without evidence of toxicity (Maderazo et al., 1974). Treat-
ment failure has been reported in some adults owing to the 
development of resistance to erythromycin during therapy. 
Rifampicin may be a suitable alternative (Rios et al., 1978).

A single oral dose of 0.5 g erythromycin (or tetracycline) 
may be suitable therapy for relapsing fever due to louse-
borne Borrelia recurrentis. Erythromycin rather than tetra-
cycline should be used in pregnant patients and children. 
Both drug regimens may produce the Jarisch–Herxheimer 
reaction.

Erythromycin has been used to treat acne, on the same 
basis as the tetracyclines (see Chapter 67, Tetracycline, Chap-
ter 68, Doxycycline) and roxithromycin (see Chapter 60, 
Roxithromycin) (Ginsburg and Eichenwald, 1976). The drug 
in various suitable vehicles has also been used topically 
(Stoughton, 1979; Eady et al., 1982).
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Roxithromycin

Françoise Van Bambeke

1. DESCRIPTION 

Roxithromycin (CAS number: 80214-83-1) is a semisyn-
thetic macrolide derived from erythromycin A (9-[O-[(2-
methoxyethoxy)-methyl]oxime]) (Chantot et al., 1986; Kirst 
and Sides, 1989a). The empirical formula is C41H76N2O15 and 
the molecular weight is 837.05. Its chemical structure is 
shown in Figure 60.1. Its in vitro antibacterial activity is sim-
ilar to that of erythromycin, with similar or slightly higher 
minimum inhibitory concentrations (MICs) (Pechére and 
Auckenthaler, 1987; Barry et al., 1988), and it has complete 
cross-resistance with erythromycin (Barlam and Neu, 1984; 
Pechére and Auckenthaler, 1987; Barry et al., 1988).

Roxithromycin differs from erythromycin in having an 
improved pharmacokinetic profile, characterized by (1) higher 
acid stability, due to replacement of the keto group in posi-
tion 9 by an N-oxime side chain which prevents the intra-
molecular hemiketalization reaction (Kirst and Sides, 1989b); 

(2) improved oral bioavailability and higher serum levels; and 
(3) a prolonged half-life allowing for once-daily (300 mg) or 
twice-daily (150 mg) administration (Nilsen, 1987; Puri and 
Lassman, 1987).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Similar to other macrolides, roxithromycin has a moderately 
broad spectrum of activity, including intracellular pathogens 
such as Mycobacteria spp., Chlamydia spp., or Legionella spp. 
Table 60.1 summarizes the susceptibility of wild-type strains 
of key pathogens to roxithromycin.

GRAM-POSITIVE BACTERIA

Roxithromycin is active against organisms such as Staphylo
coccus aureus (including beta-lactamase-producing strains) 
and coagulase-negative staphylococci, Streptococcus pyogenes, 
groups B, C, and G streptococci, S. pneumoniae, S. viridans, 
S. bovis, and Enterococcus faecalis, with MICs close to those 
of erythromycin. However, most of the hospital-acquired 
methicillin-resistant S. aureus (MRSA) strains have now 
acquired resistance to macrolides. There is complete cross- 
resistance among all macrolides, such that erythromycin- 
resistant organisms are also roxithromycin-resistant (Barlam 
and Neu, 1984; Pechére and Auckenthaler, 1987; Barry et al., 
1988).

Gram-positive bacilli, such as Listeria monocytogenes, are 
slightly less susceptible to roxithromycin than to erythromy-
cin (Barlam and Neu, 1984). Nocardia asteroides is resistant 
(Pechère and Auckenthaler, 1987).

GRAM-POSITIVE ANAEROBIC BACTERIA

Peptococcus and Peptostreptococcus spp. are usually roxithro-
mycin-susceptible. Clostridium perfringens is usually slightly 
less susceptible to roxithromycin than to erythromycin. Some 
C. difficile strains are susceptible, but others are completely 
resistant (Dubreuil, 1987).

Figure 60.1. Chemical structure of roxithromycin. Chemical 
stability in acid medium is due to the replacement of the 
keto group in position 9 of erythromycin by an N-oxime.

O

O

OH

OHOH

H3C

H3C

9

O

CH3

CH3

H3COH2CH2COH2CO

CH3

CH3
CH3

H3C

H3C

O

H3CH2C

(H3C)2N

H3CO

1

O

O
HO

OH

N



1088 Roxithromycin

GRAM-NEGATIVE BACTERIA

Roxithromycin, with MICs equal to or 2- to 4-fold higher 
than those for erythromycin, is active against some Gram-
negative bacteria responsible for respiratory tract infections 
(Moraxella catarrhalis, Legionella spp., Bordetella pertussis), 
genital infections (Neisseria gonorrhoeae, Haemophilus ducreyi, 
and Gardnerella vaginalis), digestive tract infections (Helico
bacter pylori and Campylobacter jejuni), and meningitis 
(Neisseria meningitidis). However, Haemophilus influenzae 
is only moderately susceptible to roxithromycin (Righter 
and Luchsinger, 1988), and Escherichia coli, Pseudomonas 
aeruginosa, Enterobacter spp., Klebsiella spp., Proteus spp., 
Salmonella spp., and Shigella spp. are not susceptible (Jones 
et al., 1983; Barlam and Neu, 1984; Dubreuil, 1987; Ridgway, 
1987; Barry et al., 1988; Hardy et al., 1988; Kirst and Sides, 
1989b; Liebers et al., 1989; Kitsukawa et al., 1991; Vaara, 1993).

GRAM-NEGATIVE ANAEROBIC BACTERIA

Only some 50% of the bacteria of the B. fragilis group are 
roxithromycin-susceptible. Other Bacteroides spp. are more 
susceptible, but most Fusobacteria are resistant (Jones et al., 
1983; Barlam and Neu, 1984; Dubreuil, 1987; Ridgway, 1987; 
Barry et al., 1988; Hardy et al., 1988; Kirst and Sides, 1989b; 
Liebers et al., 1989; Kitsukawa et al., 1991; Vaara, 1993).

OTHERS

Roxithromycin is also active against Chlamydia, Chlamy
dophila, Borrelia, and Mycoplasma spp., and Ureaplasma ure
alyticum, as well as some species of Rickettsia (Drancourt 
and Raoult, 1989) and Mycobacteria, including M. avium 
complex. However, roxithromycin is poorly effective against 
M. tuberculosis (Bermudez and Young, 1988; Naik and Ruck, 
1989; Hansen et al., 1992; Rastogi et al., 1993; Rumpianesi 
et al., 1993; Rastogi et al., 1994; Rastogi et al., 1995; Struillou 
et al., 1995). Roxithromycin is active against M. leprae infec-
tions in mouse footpads, but clarithromycin shows superior 
activity (Franzblau and Hastings, 1988; Gelber et al., 1991). 
Toxoplasma gondii infections in mice were successfully treated 

by roxithromycin, but the drug often did not eradicate the 
organisms from the mouse brain (Chang and Pechère, 1987). 
Also, in vitro studies showed that roxithromycin had activity 
against this parasite, but high concentrations of the drug 
were needed to have a killing effect on T. gondii (Chang and 
Pechère, 1988). In animal studies, roxithromycin alone was 
also relatively ineffective against toxoplasmosis, but its effi-
cacy was improved if it was combined with either sulfadia-
zine or pyrimethamine (Romand et al., 1995).

2b.  Emerging resistance and 
cross-resistance

Resistance to macrolides has become a major issue for 
most  of the bacteria originally described as susceptible, 
including Staphylococcus spp., Streptococcus spp., Bacteroides 
spp., Enterococcus spp., Clostridium spp., Bacillus spp., Lac
tobacillus spp., M. pneumoniae, Campylobacter spp., Cory
nebacterium diphteriae, and Propionobacterium, as well as 
many members of the Enterobacteriaceae (Leclercq and 
Courvalin, 1991; Bandak et al., 2000). There is complete 
cross-resistance between erythromycin and roxithromycin. 
The main mechanisms of resistance are similar to those in 
cells resistant to erythromycin and include target modifi-
cation, antibiotic inactivation, and efflux mechanisms (see 
Chapter 59, Erythromycin).

3. MECHANISM OF DRUG ACTION

The mechanism of action of roxithromycin is similar to that 
of erythromycin (see Chapter 59, Erythromycin).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Roxithromycin is available as an oral formulation only. Its 
absorption is minimally affected by food intake (Puri and 
Lassman, 1987).

Table 60.1. Susceptibility (MIC, mg/l) of key pathogens to roxithromycin as compared with susceptibility breakpoints.

Bacteria

Wild-type strains (EUCAST 
distributions of MIC)

Clinical isolates

Breakpoint 
(S≤/R>)

Resistance issuesRange MIC50 MIC90 CLSI EUCAST

Staphylococcus aureus 
(MSSA)

0.25–0.5 0.5  0.5 There are no recent epidemio-
logic studies of roxithromycin 
MIC distributions as there is 
complete cross-resistance with 
erythromycin (see Chapter 59, 
Erythromycin)

1/2

Staphylococcus aureus 
(MRSA)

0.25–0.5 0.5  0.5 1/2 Hospital-associated 
strains of MRSA 
are frequently 
multiresistant

Haemophilus influenzae 4–16 8 16 1/16

Moraxella catarrhalis 0.032–0.25 0.064  0.0125 0.5/1

Abbreviations: CLSI, Clinical and Laboratory Standards Institute; EUCAST, European Committee on Antimicrobial Susceptibility Testing; MIC, minimum inhibitory 
concentration; MSSA, methicillin-susceptible S. aureus; MRSA, methicillin-resistant S. aureus.
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4a.  Adults

The daily dose is 300 mg given once daily or divided into 
two doses of 150 mg (Puri and Lassman, 1987; Paulsen et al., 
1992).

4b.  Newborn infants and children

The pediatric dosage is 2.5–5 mg/kg daily, divided into two 
administrations (Kafetzis and Blanc, 1987; Stenberg and 
Mardh, 1991).

4c.  Pregnant and lactating mothers

Roxithromycin belongs to the B category. A limited clinical 
experience (608 women exposed to neomacrolides during 
pregnancy) suggests no specific risk of major congenital or 
cardiac malformations for those exposed to roxithromycin 
(Bar-Oz et al., 2012). Less than 0.05% of a single 300-mg 
dose is excreted in the breast milk of lactating women (Puri 
and Lassman, 1987).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

It is commonly accepted that no dosage adjustment is needed 
in patients with severe renal insufficiency (Periti and Mazzei, 
1987; Puri and Lassman, 1987). Significant delays in elimina-
tion have, however, been reported in patients with a creati-
nine clearance < 15 ml/min, so that a doubling of the dosage 
interval has been recommended for these patients (Halsten-
son et al., 1990). Very little roxithromycin is eliminated by 
continuous ambulatory peritoneal dialysis (Lam et al., 1995).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

In patients with severe hepatic dysfunction, the manufac-
turer recommends halving the roxithromycin dosage. No 
dosage adjustment is needed in patients with cirrhosis (Periti 
and Mazzei, 1987; Puri and Lassman, 1987). In patients with 
alcoholic cirrhosis, the increase in renal clearance of roxi-
thromycin offsets the reduction in hepatic clearance, and no 
dosage modification is considered necessary in most patients 
(Periti and Mazzei, 1987).

OLDER ADULTS

The pharmacokinetics of macrolides is modified in elderly 
patients. Dosage adjustment for roxithromycin is usually not 
required with conventional doses, but closer than usual clin-
ical monitoring of the older patient has been advocated 
(Periti et al., 1989).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

The main pharmacokinetic properties of roxithromycin are 
summarized in Table 60.2.

5a.  Bioavailability

The absorption of roxithromycin is rapid (Tmax ≈ 2 hours) 
and its oral bioavailability (72–85%) significantly higher 
than that of erythromycin (Puri and Lassman, 1987). Serum 
half-life (8–13 hours) is much longer than that of erythromy-
cin, allowing for an administration every 12 hours (Puri and 
Lassman, 1987). The absorption of roxithromycin is mini-
mally affected by food intake (an increase of 15–20% in oral 
bioavailability when taken after a meal or with milk), but this 
is not considered as clinically significant (Puri and Lassman, 
1987). Likewise, the bioavailability of roxithromycin is not 
affected by antacids or anti-H2 agents (Boeckh et al., 1992). 
Serum protein binding is high (73–96%). When the serum 
concentration is 10 mg/l, the drug is 86–91% serum protein 
bound (Wise et al., 1987)—the free serum fraction of roxi-
thromycin increases with increasing serum levels (Puri and 
Lassman, 1987).

5b.  Drug distribution

When 150 mg of roxithromycin was given to healthy adults 
every 12 hours for 3 days, the mean peak levels (attained 1.5 
hours after dose administration) increased from 4.4 mg/l on 
day 1 to 5.9 mg/l on day 2, and to 7.4 mg/l on day 3 (Wise et 
al., 1987). Steady-state serum levels were usually reached by 
day 4. The minimum plasma concentrations of roxithromy-
cin at steady state (days 4–11) ranged from 3.22 to 3.69 mg/l. 
The maximum serum level during this time was about 9.3 
mg/l. The drug is eliminated with a half-life of about 10 hours. 
Doubling the dose increases, but does not double, the peak 
serum level (Puri and Lassman, 1987; Kirst and Sides, 1989a).

Roxithromycin is distributed in the total body water and 
penetrates easily into tissues, where it persists longer than in 
the blood. Roxithromycin penetrates well into blister fluid; in 
one study the mean percent penetration was 85% (Wise et 
al., 1987). After oral dosing, a very high concentration was 
achieved in pulmonary, prostatic, epididymal, tonsillar, and 
skin tissue, tear fluid and aqueous humor, as well as peri-
odontal and synovial tissues. However, roxithromycin was 
not detected in the cerebrospinal fluid (CSF) of subjects 
with noninflamed meninges (Chastre et al., 1987; Puri and 

Table 60.2. Pharmacokinetic parameters of roxithromycin.

Pharmacokinetic parameter Roxithromycin (150 mg bid)

Cmax (mg/l)  6.8

Tmax (h)  2

t1/2 (h)  8–13

Bioavailability (%) 72–85

Protein binding (%) 73–96

Tissue/serum concentration  1–2

AUC (mg ∙ h/l) 70

bid: twice-daily.
Reproduced with permission from Puri and Lassman (1987).
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Lassman, 1987; Campa et al., 1990; Costa et al., 1992; Van 
Bambeke and Tulkens, 2002). Overall, macrolide penetration 
into the central nervous system (CNS) is generally low, which 
also applies to roxithromycin (Kearney and Aweeka, 1999). 
Roxithromycin crosses the placental barriers and less than 
0.05% of a single 300-mg dose is excreted in the breast milk 
of lactating women (Puri and Lassman, 1987). Roxithromycin 
accumulates in the cells to higher levels than erythromycin 
(Carlier et al., 1987). Roxithromycin is concentrated in human 
monocytes (Hand and King-Thompson, 1989), neutrophils, 
and macrophages (Labro et al., 1989), and it stimulates human 
neutrophil migration in vitro (Anderson, 1989).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The cure rate for macrolides mainly depends on the AUC/
MIC ratio (Andes et al., 2004), based on in vitro and in ani-
mal models (Rolin and Bouanchaud, 1989; Novelli et al., 
2002). The high level of tissue diffusion is considered an 
advantage for the treatment of serious infections, including 
those in the respiratory tract; however, increasing rates of 
resistance in some regions limit the use of roxithromycin 
in  some countries (Bergogne-Berezin, 1987; Chastre et al., 
1987; Puri and Lassman, 1987). However, conclusions with 
respect to tissue concentrations should be drawn with great 
caution (Mouton et al., 2008).

5d.  Excretion

Liver metabolization of roxithromycin is limited (~25% of 
the dose), the main metabolite being the decladinose deriv-
ative (Puri and Lassman, 1987; Zhong et al., 2000). The 
unchanged form is excreted in the urine (7–12%), the feces 
(~25–54%), and through the lungs (~13%) (Bergogne-
Berezin, 1987; Puri and Lassman, 1987; Lassman et al., 1988). 
About 30% of the drug eliminated in the feces consists of 
inactive metabolites (Periti and Mazzei, 1987; Puri and 
Lassman, 1987).

5e.  Drug interactions

Drug interactions with macrolides can be a significant prob-
lem, which in some cases can seriously limit their use in 
at-risk patients. The main mechanism involved in these inter-
actions is the ability of macrolides to bind to cytochrome P450 
(group 3A4), thereby impairing the subsequent metaboliza-
tion of other substrates of the same cytochrome (Periti et al., 
1992). The elimination of these drugs when co-administered 
is therefore reduced, causing a potential risk of toxicity 
(Periti et al., 1992; von Rosensteil and Adam, 1995). The risk 
of drug interactions with roxithromycin is lower than with 
erythromycin. The main clinically relevant interactions are 
summarized in Table 60.3.

Although roxithromycin is a 14-membered lactone ring 
macrolide, it is unlike erythromycin in that it does not inter-
fere with the metabolism of theophylline and carbamazepine 

(Saint-Salvi et al., 1987). Ergotamine and drugs that prolong 
the QT interval (e.g. tamoxifen, fluoxetine, salmoterol, cisap-
ride, astemizole, terfenadine, grepafloxacin) should not be 
co-administered with roxithromycin (Curtis et al., 2003; see 
Chapter 61, Clarithromycin). Conversely, co-administration 
of inducers of cytochrome P4503A4, such as rifam picin or 
rifabutin, may cause a reduction in macrolide plasma levels, 
which can lead to therapeutic failure or to selection of resist-
ant strains.

Roxithromycin does not influence the pharmacokinetics 
of lovastatin, such that no dosage alteration is needed when 
these agents are given concomitantly (Bucher et al., 2002).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Gastrointestinal adverse effects

Gastrointestinal adverse effects are the most common side 
effects (Periti et al., 1993). Abdominal pain, nausea and 
vomiting, diarrhea, and anorexia are observed in 5–15% of 
patients treated with roxithromycin (Worm et al., 1989; Worm, 
1990). In adults, the gastrointestinal tolerance of roxithro-
mycin compares favorably with those of doxycycline and 
erythromycin ethylsuccinate. Roxithromycin therapy has 
caused vomiting in a few children (Kafetzis and Blanc, 1987).

6b.  Hepatotoxicity

Transaminase elevation may occur in ~1–2% of patients 
receiving roxithromycin, but it is reversible on drug cessa-
tion. Fulminant acute hepatitis has been rarely reported (Blanc 
et al., 1987; Paulsen et al., 1992; Vial et al., 1997). Concomitant 
acute renal failure and hepatotoxicity have been associated 
with roxithromycin therapy (Akcay et al., 2004).

6c.  Hypersensitivity reactions

Allergic reactions, including eosinophilia, fever, and skin 
eruptions, are rarely reported for macrolides. They usually 
disappear upon treatment cessation (Periti et al., 1993). 
Roxithromycin-induced eosinophilic pneumonitis has been 
reported by a number of authors (Pérez-Castrillón et al., 
2002; Chew et al., 2006).

Table 60.3. Drug interactions with roxithromycin.

Contraindicated drugs

Drugs to use with caution 
(require dose reduction and/or 
a therapeutic monitoring)

Astemizole Benzodiazepines

Cisapride Bromocriptine

Ergotamine and ergot  
 derivatives

Theophylline

Terfenadine Digoxin

Fentanyl

Adapted with permission from Periti et al. (1992) and Amsden (1995).
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6d.  Other adverse reactions

Reversible and mild itching and headache are other side 
effects observed in more than 1% of patients (Worm et al., 
1989; Worm, 1990). Candida overgrowth occurs rarely (Blanc 
et al., 1987; Peterslund et al., 1989; Paulsen et al., 1992).

Macrolides have been associated with prolongation of 
cardiac repolarization (prolongation of the QT interval). The 
molecular mechanism appears to be a blockade of the hERG 
(human ether-à-go-go related gene) channel–dependent 
potassium current in myocyte membranes (Roden, 2008). 
These interactions may give rise to polymorphic ventricular 
tachycardia, torsades de pointes, or ventricular fibrillation. 
In a rat model, the capacity of various macrolides to induce 
prolongation of the corrected QTc interval (QTc) was ranked 
as follows: erythromycin > clarithromycin > roxithromycin 
> azithromycin (Ohtani et al., 2000). A recent cohort study 
confirmed that the risk of QTc prolongation was minimal 
with roxithromycin (Svanström et al., 2014), but a meta-anal-
ysis suggested that patients older than 48 years may be at 
higher risk (Li et al., 2015).

7. CLINICAL USES OF THE DRUG

Overall, the various indications for roxithromycin are some-
what limited, since, despite a favorable pharmacokinetic pro-
file, it does not have a major advantage in intrinsic activity 
over other newer macrolides, such as clarithromycin (see 
Chapter 61, Clarithromycin) or azithromycin (see Chapter 
62, Azithromycin). Clarithromycin and azithromycin both 
demonstrate lower MICs than erythromycin, have high bio-
availability and prolonged half-lives, and are therefore often 
the preferred agents versus roxithromycin. In those countries 
where roxithromycin is used regularly, it is generally for 
respiratory tract infections, especially mild to moderate cases 
of community-acquired pneumonia, often in combination 
with a beta-lactam agent.

7a.  Respiratory tract infections

Roxithromycin is an alternative to erythromycin for the 
treatment of pharyngitis. In patients with group A beta- 
hemolytic streptococcal pharyngitis, its efficacy is similar 
to or inferior to that of erythromycin (Herron, 1987; Melcher 
et al., 1988).

Roxithromycin has been effective in the treatment of 
sinusitis, otitis media, bronchitis, and pneumonia caused by 
pathogens such as S. pneumoniae, H. influenzae, M. catarrh
alis, M. pneumoniae, and Chlamydophila psittaci. Its per-
formance in these scenarios was attributed to its favorable 
pharmacokinetic profile, which can compensate for MICs 
that are sometimes higher than those of erythromycin (Kirst 
and Sides, 1989b; Peterslund et al., 1989; Paulsen et al., 1992; 
Chatzimanolis et al. 1998). Roxithromycin (300 mg once 
daily) administered for a mean of 7 days has been compared 
with amoxicillin–clavulanate (875 + 125 mg twice daily) 
administered for the same periods of time in the treatment 

of acute otitis media, pharyngotonsillitis, or rhinosinusitis. 
Out comes were similar with clinical cures/improvements 
of 82% and 78%, respectively (Mira and Benazzo, 2001). 
Roxithromycin (150 mg daily for three months) appears to 
be more effective than placebo in the treatment of chronic 
rhinosinusitis (Wallwork et al., 2006). 

Macrolides have long been considered as an alternative to 
beta-lactams for the treatment of respiratory tract infections. 
However, the increasing rates of resistance to macrolides 
among common respiratory pathogens, other than Myco
plasma and Chlamydophila spp., has meant that roxithromy-
cin and other similar agents should be used with caution 
in  countries where resistance rates are high (Brunton and 
Iannini, 2005; Lode, 2007). In addition, the beneficial effects 
of macrolides in the treatment of mild respiratory infections 
are increasingly being questioned. Hopstaken et al. (2002) 
found that amoxicillin (500 mg three times a day) and roxi-
thromycin (300 mg once daily) had similar clinical efficacy 
among 196 patients with acute lower respiratory tract infec-
tions treated for 10 days in a double-blind, randomized con-
trolled trial. In a small study, Tatsis et al. (1998) found that 
roxithromycin (300 mg once daily) demonstrated similar 
efficacy to that of clarithromycin (500 mg twice daily) in 
patients with lower respiratory tract infections.

Compared with broad-spectrum fluoroquinolones, roxi-
thromycin appears less effective in the treatment of respira-
tory infections. In a study by Örtqvist et al. (1996) comparing 
roxithromycin (150 mg twice daily) with sparfloxacin (400 
mg on day 1, followed by 200 mg daily) administered for 
10–14 days in the treatment of 304 adults with community- 
acquired pneumonia (CAP), cure rates were 79% for roxi-
thromycin versus 94% for sparfloxacin among evaluable 
patients at follow-up. Asymptomatic prolongation of the 
QTc interval was noted in 1% and 3% of patients, respec-
tively, whereas mild to moderate phototoxicity was noted in 
5% of sparfloxacin recipients. Overall, sparfloxacin was supe-
rior to roxithromycin for the treatment of moderately severe 
CAP. Similarly, once-daily moxifloxacin (400 mg) appears to 
have similar efficacy to that of amoxicillin–clavulanate (1000 
mg/125 mg three times a day) plus roxithromycin (150 mg 
twice a day) for adults with nonsevere CAP (Portier et al., 
2005).

In an open-label, randomized study comparing once-daily 
oral regimens of roxithromycin (300 mg) to similar regimens 
of cefixime (400 mg) in 60 patients with mild to moderate 
CAP, cure rates were similar (100 vs 94%, respectively) and 
both agents were well tolerated (Salvarezza et al., 1998).

7b.  Skin infections

Roxithromycin can be effective for impetigo and erysipelas 
caused by susceptible S. aureus or S. pyogenes (Agache et al., 
1987; Bernard et al., 1992). However, roxithromycin in these 
scenarios offers little advantage over clarithromycin or azith-
romycin (Parsad et al., 2003). A 4-week administration of 
roxithromycin proved effective in decreasing inflammatory 
acne (Ferahbas et al., 2004).
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7c.  Lyme disease

Limited data suggest that roxithromycin can be effective 
against borreliosis and Lyme arthritis (Pedersen and Friis-
Moller, 1991), but therapeutic failures have also been reported 
(Weber, 1996). The efficacy is much lower than would be 
anticipated based on in vitro susceptibility data (Hansen et 
al., 1992). Overall, macrolides, including roxithromycin, are 
considered second-line therapy behind beta-lactams and tet-
racyclines for this disease owing to their lower rates of effi-
cacy (Loewen et al., 1999).

7d.  Sexually transmitted diseases

In the treatment of nongonococcal urethritis in males, roxi-
thromycin in a dosage of 150 mg every 12 hours cured 97% 
of C. trachomatis infections, 88% of Ureaplasma urealyticum 
infections, and 73% of infections due to M. homini (Lassus 
and Seppala, 1987). Chlamydial conjunctivitis in newborns 
and adults has also been treated with some success with oral 
roxithromycin (Stenberg and Mardh, 1991). However, other 
macrolides are generally preferred.

7e.  Gastrointestinal infections

In relation to the treatment of H. pylori gastritis, the results of 
initial studies with roxithromycin alone or in combination 
with metronidazole were encouraging (Cellini et al., 1991; 
Stolzle, 1994). Roxithromycin was shown to be less effective 
than clarithromycin in one triple-therapy study (Svoboda et 
al., 1997), but another study did not find such a difference 
(Pohle et al., 1998). In a quadruple-therapy study of omepra-
zole, amoxicillin, metronidazole, and roxithromycin, how-
ever, cure rates were as high as 95% (Okada et al., 1998). No 
reinfection was seen after apparent successful eradication 
of H. pylori with 20 mg of omeprazole once daily, 500 mg 
of amoxicillin three times per day, 250 mg of metronidazole 
three times per day, and 150 mg of roxithromycin twice a 
day, all for 1 week. (Seo et al., 2002).

A number of uncontrolled studies have suggested that 
roxithromycin 300 mg twice daily for 4 weeks may be effective 
in the treatment of AIDS-related cryptosporidial diarrhea, 
with 79–95% of patients improving and 50–68% achieving 
complete recovery (Sprinz et al., 1998; Uip et al., 1998).

7f.  Chemoprophylaxis in neutropenic 
patients

In a prospective, randomized, open trial, the efficacy of oral 
roxithromycin (150 mg 12-hourly) as additional chemo-
prophylaxis on top of ofloxacin was evaluated in 131 adult 
patients with acute leukemia or receiving adult bone marrow 
transplants. Relative to patients given ofloxacin alone, fewer 
patients receiving both drugs developed bacteremia caused 
by S. viridans. The researchers concluded that routine use 
of roxithromycin prophylaxis was not justified, but that it 
may be valuable in geographical areas where there is high risk 

of streptococcal infection (Kern et al., 1994). Other authors 
have also used a quinolone, such as ciprofloxacin, plus roxi-
thromycin as chemoprophylaxis in neutropenic patients with 
some success (Verhoef, 1993). Similarly, a reduction in che-
motherapy-induced febrile neutropenia has been observed 
among patients with small cell lung cancer receiving a pro-
phylactic administration of ciprofloxacin plus roxithromycin 
in a double- blind, placebo-controlled, phase III study con-
ducted by the European Organization for Research and Treat-
ment of Cancer (EORTC) group (Tjan-Heijnen et al., 2001).

7g.  Coronary artery and other 
arteriovascular diseases

Chlamydia pneumoniae has been found present in athero-
sclerotic lesions and therefore is suggested to play a role in 
cardiovascular diseases. Macrolides have been theorized to 
play a protective role against coronary artery disease, as a 
result of their antichlamydial or anti-inflammatory effect on 
atheromata. Studies with roxithromycin for this indication 
yield contradictory results (Gurfinkel et al., 1997; Gurfinkel, 
2000; Leowattana et al., 2001). Until recently, no large ran-
domized trials centering on coronary artery disease had 
been conducted with roxithromycin (Muhlestein, 2003), but 
studies with azithromycin (Grayston et al., 2005) and clari-
thromycin (Gluud et al., 2008) found no change in cardiac 
risk or increased mortality in macrolide-treated patients. A 
meta-analysis of studies examining potential macrolide ben-
efit in the secondary prevention of coronary artery disease 
did not support the routine use of anti-chlamydial therapy 
(Etminan et al., 2004).

Zahn et al. (2003) assessed 872 patients with acute myo-
cardial infarction (AMI) who were randomly assigned to 
receive double-dummy treatment with either roxithromycin 
(300 mg daily) or placebo for 6 weeks. The primary end point 
was mortality at 12 months. More patients in the roxithro-
mycin group interrupted their therapy before completion of 
at least 4 weeks’ treatment (18% vs 11%; p = 0.003). Among 
the 868 patients followed up at 12 months, there was no dif-
ference in mortality (6.5% vs 6.0%, respectively). Thus, these 
findings do not support the routine use of roxithromycin 
therapy in patients with AMI but are contrary to those of 
Gurfinkel et al. (1997), who showed a significant benefit of 
a 4-week roxithromycin treatment on the risk of cardiac 
ischemic death, myocardial infarction, and severe recurrent 
ischemia. Similarly to Zahn et al. (2003), Sander et al. (2002) 
found no benefit from roxithromycin in the combined inci-
dence of stroke, AMI, and vascular death among Chlamy
dophila pneumoniae–seropositive patients aged > 55 years 
who were treated with roxithromycin for 30 days. Subse-
quently, in a long-term follow-up program, these authors 
(Sanders et al., 2004) found ongoing progression of vascular 
disease among roxithromycin recipients with no difference 
in cardiovascular events in these subjects compared with the 
placebo group.

For patients who have undergone cardiac vascular stent-
ing, Neumann et al. (2001) found no difference between 
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patients receiving roxithromycin versus placebo in the rate of 
angiographic restenosis (31% vs 29%, respectively), nor any 
difference in the rate of death or AMI at one-year follow-up. 
However, among patients with very high titers of antibodies 
to C. pneumoniae, restenosis rates appeared to be lower in 
roxithromycin recipients. The interpretation of these data 
remains unclear. Interestingly, Kaehler et al. (2005) found 
similar results in terms of roxithromycin therapy having no 
association with any reduction in symptomatic restenosis. 
However, they noted that during follow-up marked increases 
in antichlamydial antibodies, TNF-α, and eotaxin occurred, 
suggesting that angioplasty-induced plaque rupture may 
induce a specific immunologic response without activation 
of inflammatory mechanisms such as C-reactive protein.

For peripheral vascular disease, a number of authors have 
suggested that reduced rates of disease progression were 
associated with roxithromycin when roxithromycin (300 mg 
once daily) versus placebo were administered for 28 days 
(Wiesli et al., 2002; Krayenbuehl et al., 2005). However, Joen-
sen et al. (2008) recently demonstrated in a large, random-
ized, double-blinded, placebo-controlled study of 507 patients 
with established peripheral vascular disease that 28 days’ 
therapy with roxithromycin 300 mg daily is ineffective in 
preventing death, amputation, peripheral revascularization, 
AMI, stroke, transient cerebral ischemic attacks, thrombosis, 
and decline in ankle–brachial blood pressure index.

A randomized, double-blind controlled trial of roxithro-
mycin for prevention of abdominal aortic aneurysm (AAA) 
expansion among 92 patients suggested that, compared with 
placebo, roxithromycin 300 mg once daily for 4 weeks 
reduced the expansion rate of AAA (Vammen et al., 2001). 
However, additional studies are needed to confirm these 
findings before such therapy can be routinely recommended 
(Baxter et al., 2008).

7h.  Immunomodulatory and  
anti-inflammatory uses

Similar to clarithromycin and azithromycin, roxithromycin 
appears to have an anti-inflammatory effect that is inde-
pendent of dose and results in a reduction in the secretion 
of proinflammatory cytokines, ameliorates the infiltration of 
inflammatory cells into the airways, and reduces mucus 
secretion. Improvements in pulmonary function and quality 
of life have been observed when these agents are given to 
some patients with chronic inflammatory diseases of the 
airways, including diffuse panbronchiolitis, cystic fibrosis, 
asthma (including aspirin-intolerant asthma), and bronchi-
ectasis (Shoji et al., 1999; Siddiqui, 2004; Amsden, 2005). 
Likewise, roxithromycin is effective in the treatment of 
chronic prostatitis/chronic pelvic pain syndrome, probably 
due to a combination of anti-inflammatory effects and anti-
bacterial effects on intracellular organisms (Choe et al., 2014). 
Patients with chronic rheumatoid arthritis treated for 6 
months with roxithromycin 300 mg showed clinical improve-
ment with no sign of toxicity (Ogrendik and Karagoz, 2011). 
However, a combination of roxithromycin and ofloxacin 

administered for 3 months did not show any advantage over 
placebo in the outcome of reactive arthritis, and showed 
more side effects (Kuuliala et al., 2013).

7i.  Other uses

Long-term roxithromycin (300 mg daily) appears to have 
been effective in the treatment of nine patients with chronic 
diffuse sclerosing osteomyelitis of the mandible—seven of the 
nine had resolution of symptoms after 1–12 months (Yoshii 
et al., 2001).

Roxithromycin has been used successfully in the treat-
ment of cutaneous M. chelonae infection, but other macro-
lides such as clarithromycin are generally preferred (Sodemoto 
et al., 2007).

Owing to the perceived possible association between 
C. pneumoniae infection and multiple sclerosis (MS), a ran-
domized, placebo-controlled, double-blind study involving 
28 patients with confirmed MS was undertaken with roxi-
thromycin (300 mg daily) versus placebo given over 12 months 
in three cycles of 6 weeks’ oral therapy. No difference in clin-
ical outcomes was identified—suggesting that a causative role 
for C. pneumoniae in this condition seems unlikely (Woessner 
et al., 2006).
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Clarithromycin

Jakko van Ingen

1. DESCRIPTION

Clarithromycin (CAS number: 81103-11-9) is the 6-O-methyl 
derivative of erythromycin (Morimoto et al., 1984; Fernandes 
et al., 1986). The replacement of the hydroxyl substituent by 
a methoxy group in position 6 renders the molecule resistant 
to acidic hydrolysis, improving its oral bioavailability com-
pared to that of erythromycin (see Chapter 59, Erythromycin). 
The empirical formula is C38H69NO13 and the molecular weight 
is 748.0; the molecular structure is shown in Figure 61.1.

In general, clarithromycin has the same spectrum and 
the same therapeutic indications as erythromycin (Amsden, 
1996). The in vitro activity of clarithromycin against most 
aerobic microorganisms is equal to or twice that of erythro-
mycin, except for Haemophilus influenzae, against which it is 
approximately half as active (Fernandes et al., 1986; Hardy et 
al., 1988a). Owing to its high intrinsic activity, clarithromy-
cin is the macrolide of choice for Helicobacter pylori gastritis. 
Moreover, it is associated with an improved pharmacokinetic 

profile—higher oral bioavailability, longer half-life, higher 
tissue accumulation, and lower degree of interaction with 
CYP450 (Periti et al., 1992; Fraschini et al., 1993). In humans, 
clarithromycin has four metabolites, the most important of 
which is 14-hydroxy-clarithromycin. This metabolite shows 
antimicrobial activity with MICs usually one or two dilu-
tions lower than those of clarithromycin (Logan et al., 1991; 
Martin et al., 2001).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Macrolides are characterized by a moderately broad spectrum 
of activity, which includes activity against most Gram-
positive organisms but only selected Gram-negative organ-
isms, as well as several bacteria responsible for intracellular 
infection, such as Mycobacterium spp., Chlamydia spp., or 
Legionella spp. Macrolide activity is markedly reduced in 
acidic environments. Table 61.1 lists the susceptibilities 
observed for wild-type strains of the most relevant target 
organisms.

GRAM-POSITIVE AEROBIC BACTERIA

Staphylococcus aureus, including beta-lactamase–producing 
strains, is susceptible to clarithromycin and its 14-hydroxy 
metabolite, but strains resistant to erythromycin are usually 
also clarithromycin-resistant. This cross-resistance also applies 
to coagulase-negative staphylococci. Group A hemolytic 
streptococci, streptococci of Groups B, C and G, Streptococcus 
pneumoniae, and S. viridans are also susceptible. Enterococcus 
faecalis, less susceptible to erythromycin, is also less suscep-
tible to clarithromycin. In general, most of these listed organ-
isms are about twice as susceptible to clarithromycin as to 
erythromycin, and they are about equally susceptible to the 
hydroxy metabolite and erythromycin (Barry et al., 1987; 
Benson et al., 1987; Eliopoulos et al., 1987; Floyd-Reising et 
al., 1987; Neu, 1991; Goldstein and Citron, 1993; Hardy, 
1993).

Figure 61.1. Molecular structure of clarithromycin. 
Chemical stability in acid medium is a result of the replace-
ment of the hydroxyl group in position 6 of erythromycin 
by a methoxy group.
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Clarithromycin is active against Listeria monocytogenes. 
It is active against Corynebacterium spp., except C. jeikeium, 
which is resistant (Benson et al., 1987; Hardy et al., 1988a; 
Bauer and Hof, 1992; Goldstein and Citron, 1993).

GRAM-POSITIVE ANAEROBIC BACTERIA

The anaerobic Gram-positive cocci such as Peptostreptococcus 
spp. are usually moderately clarithromycin-susceptible. The 
same is true for Clostridium spp. and Propionibacterium acnes 
(Fernandes et al., 1986; Fass, 1993; Goldstein and Citron, 
1993).

GRAM-NEGATIVE BACTERIA

Clarithromycin is active against Neisseria meningitidis and 
N. gonorrhoeae (Barry et al., 1987; Eliopoulos et al., 1987), 
Bordetella pertussis and B. parapertussis (Hardy, 1993), 
Moraxella catarrhalis, Pasteurella multocida (Eliopoulos et 
al., 1987; Fass, 1993), Bartonella spp. (Dörbecker et al., 2006), 
and Campylobacter jejuni (Bakeli et al., 2008). Most strains 
of C. coli and C. fetus are also susceptible (Endtz et al., 1993; 
Sanchez et al., 1994).

Haemophilus influenzae is only moderately susceptible to 
clarithromycin (MICs 2–8 mg/l), but 14-hydroxy-clarithro-
mycin has MICs that are one dilution lower. The combination 
of the drug and its metabolite is bactericidal and synergistic 
against H. influenzae (Hardy et al., 1990; Hoover et al., 1992). 
Haemophilus parainfluenzae is moderately susceptible (Ben-
son et al., 1987), but H. ducreyi is very susceptible (MICs 
0.002–0.06 mg/l) (Dangor et al., 1988).

Clarithromycin is one of the most active macrolides 
against H. pylori (Hardy et al., 1988b) and L. pneumophila 
(Eliopoulos et al., 1987; Reda et al., 1994; Stout et al., 2005). 
Its activity against Legionella spp. is enhanced by the pres-
ence of its 14-hydroxy metabolite (Jones et al., 1990). Vibrio 
spp. are moderately susceptible and the Enterobacteriaceae 
and Pseudomonas aeruginosa are resistant (Benson et al., 
1987; Chin et al., 1987).

GRAM-NEGATIVE ANAEROBE BACTERIA

Some Gram-negative anaerobes such as Prevotella melani
nogenica may be moderately clarithromycin-susceptible, but 
Bacteroides fragilis and other members of the B. fragilis group 
and Fusobacterium spp. are usually resistant (Chin et al., 1987; 
Hardy et al., 1988a; Fass, 1993).

MYCOBACTERIA

Clarithromycin is active against most slow-growing Mycobac
terium spp., including M. avium complex, M. scrofulaceum, 
M. kansasii, M. szulgai, and M. haemophilum, but M. simiae 
is relatively resistant (Biehle and Cavalieri, 1992; Brown et 
al., 1992a; Bernard et al., 1993; Alcaide et al., 2004; da Silva 
Telles et al., 2005; Rastogi et al., 1992; van Ingen et al., 2010). 
The drug is less active against rapidly growing mycobacteria, 
since many clinically significant rapid growers (particularly 
M. abscessus subsp. abscessus and subsp. bolletii and most 
M. fortuitum complex species) have functional erm genes and 
thus inducible resistance. M. mucogenicum, M. peregrinum, 

M. abscessus subsp. massiliense, and M. chelonae are usually 
susceptible owing to nonfunctional or absent erm genes 
(Esteban et al., 2009; Brown-Elliott et al., 2015). Clarithro-
mycin is also active against M. leprae growing in mouse foot 
pads (Gelber et al., 1991). Clarithro mycin alone is inactive 
against M. tuberculosis, owing to the organism’s functional 
erm gene (Truffot-Pernot et al., 1995).

OTHER PATHOGENS

Clarithromycin is usually more active than erythromycin 
against C. trachomatis (Segreti et al., 1987; Samra et al., 2001) 
and C. pneumoniae (Roblin et al., 1994). It is as effective as 
erythromycin against Mycoplasma pneumoniae and Urea
plasma urealyticum (Waites et al., 1988). However, Myco
plasma hominis has in vitro resistance to macrolides (Samra 
et al., 2002). Clarithromycin is active in vitro against Borrelia 
burgdorferi (with MICs lower than those of doxycycline) 
(Dever et al., 1993), Rickettsia rickettsii, R. conorii, R. israeli, 
Coxiella burnetii (Maurin and Raoult, 1993), and Leptospira 
spp. (Ressner et al., 2008). The drug also shows activity in 
vivo against Treponema pallidum in hamsters (Alder et al., 
1993), and T. gondii infections in mice and infected cells 
(Chang and Pechere, 1988; Chang et al., 1988).

2b.  Emerging resistance and 
cross-resistance

Resistance to macrolides has become a major issue for most 
of the bacteria originally described as susceptible, including 
Staphylococcus spp., Streptococcus spp., Bacteroides spp., 
Enterococcus spp., Clostridium spp., Bacillus spp., Lactoba
cillus spp., M. pneumoniae, Campylobacter spp., Corynebac
terium diphtheriae, and Propionibacterium spp., as well as 
many members of the Enterobacteriaceae (Leclercq and 
Courvalin, 1991; Goldstein and Garau, 1994; Bartlett, 1997; 
Doern, 2006). There is complete cross-resistance between 
erythromycin and roxithromycin. The main mechanisms of 
resistance are similar to those for erythromycin and include 
target modification, antibiotic inactivation, and efflux mech-
anisms—these are reviewed in Chapter 59, Erythromycin.

Therapy with clarithromycin has been shown to increase 
macrolide resistance in oropharyngeal flora (Aberg et al., 
2001; Berg et al., 2004; Kasahara et al., 2005; Malhotra-Kumar 
et al., 2007).

Resistance among strains of H. pylori appears to be 
increasing and is often related to previous use of macrolides 
(Cars et al., 2001; Koletzko et al., 2006). Resistance is due to 
a point mutation in the gene that encodes the 23S subunit of 
the bacterial ribosome; A2143G and A2142G are the most 
common (Mégraud, 2004). Strains having the latter point 
mutation demonstrate cross-resistance to other macrolides 
and lincosamides. Strains with these mutations have been 
shown to have higher growth rates in vitro. The A2143G muta-
tion appears to be associated with a very low eradication rate 
for H. pylori with standard triple therapy (Taylor, 2000; De 
Francesco et al., 2006; see below under 7. Clinical uses of 
the drug).
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Clarithromycin resistance in M. avium complex usually 
arises from therapy with single drug regimens or two drug 
regimens of macrolides and quinolones; it is due to point 
mutations in the gene that encodes the 23S subunit of ribo-
somal RNA (Griffith et al., 2006). In M. abscessus, macrolide 
resistance is due to activation of an intact erm gene, 23S RNA 
mutations similar to those occurring in M. avium complex, 
or both (Maurer et al., 2012). 

3. MECHANISM OF DRUG ACTION

The mechanism of action is similar to that of erythromycin 
(see Chapter 59, Erythromycin).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

ORAL ADMINISTRATION

Clarithromycin is mainly administered by the oral route, at a 
daily dose of 500–1000 mg, divided into two daily adminis-
trations in the case of immediate release formulations. Two 
adult formulations have been developed—namely immediate- 
release tablets (250 or 500 mg) and extended-release tablets 
(500 mg). The extended-release formulation should be taken 
with food as bioavailability is reduced under fasting condi-
tions (Guay et al., 2001). Immediate-release tablets may be 
taken with or without food (Benninger et al., 2004). The dose 
and duration of therapy are dependent on the specific clini-
cal use (see setion 7, Clinical uses of the drug).

PARENTERAL ADMINISTRATION

Clarithromycin is also available for i.v. administration in 
some countries (500 mg vials), at a daily dose of 1000 mg 
divided into two administrations. It should be administered 
into one of the larger proximal veins as an i.v. infusion over a 
period of 60 minutes, using a solution concentration of about 
2 mg/ml.

INTRAVITREAL ADMINISTRATION

Clarithromycin given intravitreally, in doses of up to 1 mg, 
has been shown to be nontoxic in a rabbit model (Unal et al., 
1999).

4b.  Newborn infants and children

Pediatric dosage (in the form of granules to be reconstituted 
as an oral suspension) is 7.5–15 mg/kg, divided into two 
administrations. Granules may be taken without or with 
food.

4c.  Pregnant and lactating mothers

Clarithromycin has been classed as an FDA pregnancy cate-
gory C drug and should be avoided during pregnancy. Both 

clarithromycin as well as its metabolite are excreted in human 
milk, and its use in pregnant and lactating women should 
therefore be limited to those cases in which the benefits out-
weigh the risks (see section 6h, Risk in pregnancy).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

In patients with severe renal impairment (creatinine clear-
ance [CrCl] < 30 ml/min) with or without co-existing hepatic 
impairment, decreased dosage or prolonged dosing intervals 
may be appropriate. Dose reduction should be as follows: 
CrCl 10–50 ml/min, 75%; < 10 ml/min, 50–75%. No dose 
reduction is necessary for patients undergoing continuous 
ambulatory peritoneal dialysis (CAPD), continuous arterio-
venous hemofiltration (CAVH), or continuous venovenous 
hemofiltration (CVVH). Patients undergoing hemodialysis 
should be dosed after dialysis, although there are few detailed 
data to serve as dosing guidelines in this situation (Aronoff 
et al., 2007; Gilbert et al., 2009).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Clarithromycin may be administered without dosage adjust-
ment to patients with hepatic impairment and normal renal 
function (Gilbert et al., 2009).

OLDER ADULTS

The pharmacokinetics of macrolides are modified in elderly 
patients (Chu et al., 1992c). Dosage adjustment for clarithro-
mycin is usually not required in relation to the conventional 
dose, but closer than usual clinical monitoring of the older 
patient has been advocated (Periti et al., 1989), in part 
because of poor tolerance (Wallace et al., 1993a).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

The main pharmacokinetic properties of clarithromycin are 
summarized in Table 61.2.

Table 61.2. Pharmacokinetic parameters of clarithromycin. 

Pharmacokinetic 
parameter

Clarithromycin 
(500 mg bid, 

immediate-release 
formulation)

Clarithromycin 
(1000 mg qd; 

extended-release 
formulation)

Cmax (mg/l) drug 3–4 2–3

Cmax (mg/l) metabollite 1 0.8

Tmax (hours) 2–3 5–8

T1/2 (hours) 5–7

Vd (l/kg) 3–4

Bioavailability (%) 55

Protein binding (%) 42–50

AUC (mg.h/l) 46 42

Abbreviations: bid: twice-daily; qd: once-daily.
Source: From Peters and Clissold (1992), Fraschini et al. (1993) and Guay et 

al. (2001).
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5a.  Bioavailability

Clarithromycin is acid stable and well absorbed after oral 
administration (Tmax, 2–3 hours; bioavailability, 55%) (Davey, 
1991). After absorption, approximately half of the absorbed 
dose is converted to its active metabolite 14-hydroxy-clari-
thromycin. The peak serum levels of clarithromycin and its 
metabolite are 0.78 mg/l and 0.65 mg/l, respectively, after a 
dose of 250 mg is given, and 2.12 mg/l and 1.0 mg/l, respec-
tively, after a dose of 500 mg is given. The pharmacokinetics 
of clarithromycin are apparently not linear, with the peak 
serum level of the drug itself increasing to more than double 
the single dose value after the dose has been doubled. This is 
because of substrate saturation of an enzyme in the meta-
bolic pathway for the production of the metabolite (Rodvold 
and Piscitelli, 1993). Clarithromycin is approximately 70% 
bound to serum proteins, but the bound molecule percent-
age decreases with increasing concentration of clarithromycin 
(Davey, 1991; Chu et al., 1992a).

In healthy volunteers, after administration of 1 g of the 
extended release formulation of clarithromycin, a serum peak 
level of 2–3 mg/l was achieved after 5–8 hours for the drug, 
and 0.6 mg/l after 6–9 hours for the active metabolite. The 
24-hour AUC is similar to that obtained after a twice-daily 
administration of 500 mg of the immediate release formula-
tion. However, a 30% reduction in the AUC is observed for 
the extended-release formulation when administered under 
fasting conditions (Guay et al., 2001).

When clarithromycin is given in combination with ome-
prazole 40 mg, the serum peak level and AUC of clarithro-
mycin are increased by about 10% and 15%, respectively; 
concentrations of clarithromycin are also increased in the 
gastric mucus and tissue (Gustavson et al., 1995).

In adult patients with M. avium complex pulmonary dis-
ease who did not receive rifamycins, the clarithromycin 
500 mg twice daily dosing led to mean serum concentrations 
of 3.91 ± 1.86 mg/l at 3 hours after intake, and 2.61 ± 1.63 
mg/l 7 hours after intake, with an AUC (0–7 hours) of 19.74 
± 9.18 mg.h/l; in those receiving rifampicin mean serum 
concentrations of clarithromycin decreased by 70% (van Ingen 
et al., 2012).

In children who received a 7.5 mg/kg dose of clarithromy-
cin suspension, the peak serum level at 3 hours was approxi-
mately 4.0 mg/l. The peak level of the metabolite, attained in 
4 hours, was approximately 1.0 mg/l (Gan et al., 1992; Guay 
and Craft, 1993).

The key pharmacokinetic parameters of clarithromycin 
are summarized in Table 61.2.

5b.  Drug distribution

Clarithromycin readily penetrates bodily fluids and tissues, 
where it reaches concentrations 2–10 times higher than in 
serum. The penetration of clarithromycin is considered excel-
lent, with high tissue accumulation in gastric tissue (Gustav-
son et al., 1995; Nakamura et al., 2003), lungs (Fish et al., 
1994; Rodvold et al., 1997; Kikuchi et al., 2008), tonsils, and 

gingivae (Burrell and Walters, 2008), and good accumulation 
in middle ear fluid (Sundberg and Cederberg, 1994; Gan et 
al., 1997), sinus fluid (Margaritis et al., 2007), sputum (Tsang 
et al., 1994), prostate tissue (Giannopoulos et al., 2001), and 
the eye (vitreous and aqueous fluid and iris tissue) (Al-Sibai 
et al., 1998). Although these fluid concentrations all techni-
cally exceed the MICs of most common pathogens, the clin-
ical relevance of such analyses has been questioned, based 
on the pharmacokinetic–pharmaco dynamic indices of drugs 
such as clarithromycin (Mouton et al., 2008). Like other 
macrolides, clarithromycin enters macrophages and poly-
morphonuclear cells and accumulates inside eukaryotic cells 
(Anderson et al., 1988; Mor et al., 1994; Seral et al., 2003).

Patients who received the drug in a dosage of 250 mg 
orally every 12 hours achieved peak tissue levels 4 hours after 
administration, and the mean peak concentrations in nasal 
mucosa and in tonsil were 8.32 and 6.47 μg/g, respectively 
(Fraschini et al., 1991). Patients who were to undergo lung 
resection were given clarithromycin 500 mg orally every 12 
hours for a minimum of five doses and lung resection was 
performed approximately 4 hours after the final dose. The 
concentrations of the drug and its 14-hydroxy metabolite in 
the lung tissue a few hours after the final dose was given aver-
aged 54.3 and 5.12 μg/g, respectively, with a mean calculated 
ratio of concentrations of the parent molecule to the metab-
olite being 11.3 in lung tissue and 2.4 in plasma (Fish et al., 
1994). The drug is also concentrated in epithelial lining fluid 
(ELF) and alveolar cells (Conte et al., 1995). The concentra-
tions of clarithromycin in alveolar epithelial lining fluid 
and alveolar marophages 3 hours after oral administration of 
200 mg clarithromycin were 4.84 and 10.7 mg/l, respectively, 
with an AUC (0–10 hours) of 7.37 mg.h/l in relation to the 
bronchial epithelial lining fluid, a value more than three 
times higher than that measured in the serum (Kikuchi et al., 
2008). A more recent study measured an ELF/serum ratio of 
8.1 using the AUC for the clarithromycin 500mg twice daily 
dose (Ikawa et al., 2014). In patients with infective exacerba-
tions of chronic bronchiectasis, a single 250 mg clarithro-
mycin dose orally yielded maximum sputum concentrations 
of clarithromycin of 0.52 mg/l 5 hours after the dose, and 
0.3 mg/l of the metabolite 6.5 hours after the dose (Tsang et 
al., 1994). Clarithromycin suspension was given in a dosage 
of 7.5 mg/kg every 12 hours for 7 days to children with otitis 
media. The fifth dose was given 2.5 hours before aspiration of 
middle ear effusions. In the middle ear effusions, mean con-
centrations of clarithromycin (2.5 mg/l) and the metabolite 
(1.3 mg/l) were higher than the serum concentrations (1.7 
and 0.8 mg/l, respectively) (Guay and Craft, 1993; Sundberg 
and Cederberg, 1994). The degree of penetration of clarithro-
mycin into the central nervous system is unknown. Although 
these various fluid concentrations of clarithromycin all tech-
nically exceed the minimum inhibitory concentrations for 
most common pathogens, the clinical relevance of such anal-
yses has been questioned (Mouton et al., 2008).

Clarithromycin has enhanced placental transfer compared 
with other macrolides (Witt et al., 2003). Clarithromycin and 
its metabolite 14-hydroxy-clarithromycin are present in breast 
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milk (with concentrations of 25% and 75%, respectively) 
with peak concentrations reached 2–3 hours post adminis-
tration (Chung et al., 2002). However, increased protein 
binding decreases the risk of GI absorption of the drug in 
infants during and after breastfeeding, and therefore the 
presence of clarithromycin and its metabolite in human milk 
is of little clinical importance (Chin et al., 2001).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Similar to erythromycin (see Chapter 59, Erythromycin), 
clarithromycin is essentially bacteriostatic. The cure rates of 
macrolides mainly depend on the AUC/MIC ratios (Andes et 
al., 2004), which hinge on a time-dependent effect together 
with a postantibiotic effect, as shown both in in vitro and in 
animal models (Rolin and Bouanchaud, 1989; Novelli et al., 
2002). In in vitro static models, the activity of clarithromycin 
against mycobacteria was also time-dependent (Ferro et al., 
2015a; Ferro et al., 2015b). In a study of a hollow fiber model, 
the antibacterial effect was AUC/MIC dependent for pneu-
mococci and S. aureus (Alferova et al., 2005). 

One study has suggested that the free AUC (0–24 hours) 
of clarithromycin (500 mg twice daily) was too low (0.39 
and 0.41 mg.h/l for subcutaneous tissue and skeletal muscle, 
respectively) to be effective in the treatment of soft tissue 
infections caused by pathogens with drug MICs higher than 
0.125 mg/l (Traunmuller et al., 2007).

A more recent study measured an ELF/serum ratio of 8.1 
using the AUC of 500mg clarithromycin given twice daily, 
which yielded a >90% AUC/MIC target ratio (100) attain-
ment in ELF against bacterial isolates with MICs <1 mg/l 
(Ikawa et al., 2014). However, it is not clear how the authors 
separated intracellular (macrophage) from extracellular 
concentrations.

5d.  Excretion

Clarithromycin is metabolized in the liver and several metab-
olites are formed, but 14-hydroxy-clarithromycin (the 14-OH 
derivative) is the only microbiologically active metabolite, 
and it is also the only metabolite found in plasma in high 
concentrations. This metabolism is saturable, explaining 
why the pharmacokinetics of clarithromycin are not linear 
(Ferrero et al., 1990). The main route of excretion of clari-
thromycin is urine, with only small amounts recovered in 
bile or in feces. 

Approximately 20–30% of an oral dose is excreted in 
urine as active clarithromycin and another 10–15% is recov-
erable in urine as the active metabolite (Chu et al., 1992b; 
Rodvold and Piscitelli, 1993).

5e.  Drug interactions

Drug interactions with macrolides are a considerable prob-
lem which seriously limit their use in at-risk patients. Thus, 
all patients receiving clarithromycin should be evaluated by 

their physicians for potentially harmful drug interactions 
before receiving the drug. The main clinically relevant inter-
actions are summarized in Table 61.3.

The main mechanism involved in these potentially harm-
ful interactions is the ability of macrolides to bind to cyto-
chrome P450 (group 3A4 predominantly, but also 2C9, 2C19, 
and 1A2), thereby impairing the subsequent metabolization 
of other substrates of the same cytochrome (Periti et al., 1992; 
Dresser et al., 2000; Pai et al., 2000; Pai et al., 2006). The elim-
ination of co-administered drugs may therefore be reduced, 
leading to potential risks of toxicity (Periti et al., 1992; von 
Rosensteil and Adam, 1995; Dresser et al., 2000). This risk 
of toxicity, however, is lower with clarithromycin than with 
erythromycin. As clarithromycin inhibits intestinal as well as 
hepatic cytochrome P450 isoenzymes, interaction potential 
is greatest with orally administered CYP3A4 substrates.

Potential life-threatening side effects may be experienced 
when macrolides are co-administered with drugs liable to 
prolong the QT-interval and thereby increase the risk of tor-
sades de pointes (van Haarst et al., 1998; Curtis et al., 2003). 
These include many antiarrhythmics and other drugs (includ-
ing cisapride, terfenadine, astemizole, and grepafloxacin, 
which were withdrawn from the market because of this 
adverse effect) (van Haarst et al., 1998). The steady state con-
centration of loratadine rises when loratadine is given with 
clarithromycin, but no clinically significant QT-interval pro-
longation has been demonstrated (Carr et al., 1998).

There have been several reports of interaction between 
clarithromycin and carbamazepine, with resulting increased 
serum carbamazepine levels (approximately doubled). Toxicity 
included drowsiness, dizziness, and ataxia (Richens et al., 
1990; O’Connor and Fris, 1994; Yasui et al., 1997; Pauwels, 
2002). Therefore, this combination should be avoided if pos-
sible and, if it can’t be avoided, then carbamazepine dosage 
should be decreased by 25–50% and serum concentrations 
of carbamazepine should be measured frequently (Pai et al., 
2000).

A 2- to 5-fold increase in serum concentrations of poten-
tially nephrotoxic ciclosporin and tacrolimus can occur within 
a few days of starting clarithromycin, but start to normalize 
several days after stopping clarithromycin (Ferrari et al., 
1994; Gersema 1994; Sádaba et al., 1998; Gómez et al., 1999; 
Pai et al., 2000). Therefore, increased therapeutic drug moni-
toring is necessary with concomitant use, to prevent potential 
nephrotoxicity. Similar drug interaction has been reported 
with other calcineurin inhibitors, not just tacrolimus (Wolter 
et al., 1994; Katari et al., 1997; Gómez et al., 1999; Ibrahim et 
al., 2002; Kunicki and Sobieszczańska-Małek, 2005), sirolimus 
(Capone et al., 2007), and everolimus (Mignat, 1997), which 
are, in fact, macrolide molecules.

HMG-CoA reductase inhibitors that are metabolized by 
cytochrome P3A4, such as atorvastatin, cerivastatin, lovasta-
tin, and simvastatin, can manifest similar increases in their 
serum levels. This can result in myopathy and rhabdomyoly-
sis, particularly in patients with renal insufficiency (Grunden 
and Fisher, 1997; Lee and Maddix, 2001; Amsden et al., 2002; 
Jacobson, 2004; Molden and Andersson, 2007).
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There are several notable interactions between clarithro-
mycin and antiretroviral medications (Malaty and Kuper, 
1999). These include protease inhibitors that inhibit CYP3A4 
liver isoenzymes, including ritonovir, indinavir, saquinavir, 
amprenavir, and tipranavir. This interaction results in 
increased serum levels of both these protease inhibitors 
and clarithromycin. When co-administered with darunavir, 
clarithromycin Cmax and AUC increased by 26 and 57%, 
respectively, while darunavir Cmax and AUC (0–12 hours) 
decreased by 17 and 13%, respectively. However, no dose 
adjustment is necessary if there is normal renal function 
(Ouellet et al., 1998; Boruchoff et al., 2000; Brophy et al., 
2000; Cvetkovic and Goa, 2003; Sekar et al., 2008; la Porte et 
al., 2009). Both nevirapine and efavirenz are CYP3A4 induc-
ers and can decrease clarithromycin levels (Robinson et al., 
1999). Although, the nuclease reverse transcriptase inhibi-
tors are not dependent on cytochrome P450 for elimination, 
effects on zidovudine pharmacokinetics have been described 
when zidovudine and clarithromycin are co-administered. 
Decreases in zidovudine Cmax and AUC have been described 
(Polis et al., 1997), but an increase in zidovudine’s Cmax has 
also been described (Vance et al., 1995). It is unlikely that 
this interaction is clinically significant, although separation 
of administration of these two drugs by at least 2 hours is 
recommended (Polis et al., 1997).

Another potentially significant interaction with clarithro-
mycin is posed by midazolam (Yeates et al., 1997; Gorski 
et al., 1998). Pretreatment with clarithromycin significantly 
increased midazolam drug levels and increased drowsiness 
after a single clarithromycin dose (Yeates et al., 1997).

Co-administration of omeprazole and clarithromycin 
increases omeprazole’s serum levels (Calabresi et al., 2004). 
This has also been described with co-administration of esome-
prazole and lansoprazole (Hassan-Alin et al., 2006; Saito et 
al., 2005). The serum peak level and AUC of clarithromycin 
and its concentrations in gastric mucus and gastric tissue 
have also been noted to increase when clarithromycin is 
given with omeprazole (Gustavson et al., 1995) but not when 
given with esomeprazole (Hassan-Alin et al., 2006).

Co-adminstration of calithromycin with ergotamine can 
lead to ergotism (Horowitz et al., 1996; Ausband and Good-
man, 2001). Newer antimigraine therapy such as sumatrip-
tan has not shown this same interaction (Moore et al., 2002). 
A fatal interaction between disulfiram and clarithromycin 
with resultant fatal toxic epidermal necrolysis and fulminant 
hepatic failure has been described (Masia et al., 2002).

There have been cases of hypoglycemia in patients taking 
oral hypoglycemic drugs (Jayasagar et al., 2000; Bussing and 
Gende, 2002; Khamaisi and Leitersdorf, 2008). Sulfonylureas 
are metabolized via the cytochrome P450 CYP2CP and 
CYP2C19 isoenzymes. This is probably also the basis of the 
interaction between clarithromycin and warfarin. There 
have been case reports of over-anticoagulation occurring in 
patients receiving concomitant warfarin (Recker and Kier, 
1997; Oberg, 1998). Patients on warfarin should have their 
prothrombin time/international normalized ratio (PT/INR) 
monitored closely while taking clarithromycin.

Conversely, co-administration of clarithromycin and 
inducers of the cytochrome P450 3A4, such as rifampicin 
or rifabutin, causes a reduction of macrolide plasma levels, 
which can lead to therapeutic failure or selection of resistant 
strains due to the presence of subtherapeutic clarithromycin 
concentrations. This effect is especially marked with rifam-
picin (van Ingen et al., 2012). Clarithromycin also acts via 
the cytochrome P450 system to increase rifabutin serum lev-
els, and toxicities such as uveitis or neutropenia can occur 
(Griffith et al., 1995; Apseloff et al., 1998; Hafner et al., 1998; 
Jordan et al., 2000). In one study, risk of uveitis was reduced 
when rifabutin, given in combination with clarithromycin 
and ethambutol (Shafran et al., 1998), was reduced from 600 
to 300 mg daily, and this is now the recommended dosing 
(Griffith et al., 2007).

Clarithromycin is also known to be an inhibitor of 
P-glycoprotein (Kurata et al., 2002). This may increase intes-
tinal absorption of or reduce renal elimination of drugs that 
are substrates for this transporter and possibly contribute to 
increased risks of toxicity, especially when associated with 
inhibition of hepatic metabolism. Digoxin toxicity may be a 
result of this mechanism as digoxin is primarily cleared 
renally by P-glycoprotein-mediated tubular secretion. Admin- 
istra tion of clarithromycin with digoxin results in increased 
oral bioavailability of digoxin, decreased renal clearance of 
digoxin, and increased serum digoxin concentrations (Ren-
gelshausen et al., 2003). This usually occurs within 4–7 days 
and is correlated with clarithromycin dose (Zapater et al., 
2002; Tanaka et al., 2003). There have been numerous case 
reports of digoxin toxicity with the concomitant use of clari-
thromycin (Ford et al., 1995; Midoneck and Etingin, 1995; 
Brown et al., 1997; Guerriero et al., 1997; Laberge and 
Martineau, 1997; Nawarskas et al., 1997; Nordt et al., 1998; 
Trivedi et al., 1998; Gooderham et al., 1999). Digoxin toxicity 
is particularly a problem in the elderly, with increases of 
digoxin concentrations in serum of approximately 70 per-
cent described in elderly patients who have received 400 mg 
oral clarithromycin (Juurlink et al., 2003; Tanaka et al., 2003). 
Patients treated with both of these medications should have 
their renal function and digoxin levels monitored and adjust-
ments made as necessary.

The potential interaction with colchicine is also probably 
via the mechanism of inhibition of P-glycoprotein (van der 
Veen et al., 2008). A retrospective study of 116 patients 
found a 3-fold increase in mortality with combination, ver-
sus sequential, therapy (10.2% vs. 3.6%) (Hung et al., 2005). 
Renal impairment was a particularly important underlying 
risk factor (Akdag et al., 2006).

Clarithromycin, like the other macrolides, has minimal 
potential interaction with oral contraceptives and has not 
been causally linked to pregnancy as a result of oral contra-
ceptive failure (Archer and Archer, 2002).

6. ADVERSE REACTIONS AND TOXICITY

Overall, clarithromycin adverse effect rates of approximately 
20% have been described in both adults and children (Guay 
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Table 61.3. Drug interactions with clarithromycin.

Drug class Drug Interactions References

Antibiotics Rifabutin, rifampicin Decreased effect of macrolide; 
increased effect and toxicity

Griffith et al. (1996); Apseloff et 
al. (1998); Hafner et al. (1998); 
Jordan et al. (2000); van 
Ingen et al. (2012)

Antifungals Itraconazole, ketoconazole, 
fluconazole

Increased effect and toxicity; 
increased level of macrolide

Antiretrovirals

Protease inhibitors Amprenavir, atazanavir, darunavir, 
indivavir, ritonovir, saquinavir

Increased serum levels of both drugs Ouellet et al. (1998); Brophy et 
al. (2000)

NNRTI Efavirenz, nevirapine, delavirdine Decreased serum levels of macrolide; 
increased levels of both drugs

Malaty and Kuper (1999); Kuper 
and D’Aprile (2000)

NRTI Zidovudine Decreased serum levels Polis et al. (1997)

Immunosuppressants

Ciclosporin Increased effect of both drugs—  
nephrotoxicity

Rapamycins Everolimus, tacrolimus, sirolimus Increased effect of both drugs—  
nephrotoxicity

Katari et al. (1997); Capone et 
al. (2007)

Corticosteroids Meythlprednisolone Increased effect Fost et al. (1999)

Cardiovascular agents

Digoxin Increased effect of both drugs

Amiodarone, bretylium, 
dofetilide, quinidine, pimozide, 
sotalol

Increased risk of arryhthmias Desta et al. (1999)

Disopyramide, verapamil Symptomatic hypotension Kaeser et al. (1998)

Anticoagulants Acenocoumarol, anisindione, 
dicoumarol, warfarin

Increased effect of both drugs Oberg (1998)

HMG coenzyme A 
reductase inhibitors 
(“Statins”)

Atorvastatin, cerivastatin, 
lovastatin, simvastatin

Increased toxicity; rhabdomyolysis Gruden and Fisher (1997); Lee 
and Maddix (2001); Amsden 
et al. (2002); Jacobson (2004)

Eplerenone Increased effect and toxicity

Ranolazine Increased effect and toxicity

Anticonvulsants

Phenytoin Fosphenytoin, phenytoin Increased effect and toxicity

Carbamazepine Increased effect of both drugs

Psychotropic drugs

Benzodiazepines Alprazolam, diazepam, midaz-
olam, triazolam

Increased effect of both drugs—  
excessive sedation

Quinney et al. (2008)

Buspirone, Zopiclone Increased effect and toxicity—  
excessive sedation

Citalopram, fluoxetine, sertraline Possible serotoninergic syndrome

Quetiapine Increased effect and toxicity; 
arrhythmias

Schulz-Du Bois et al. (2008)

Antihistamines

Astemizole Increased risk of cardiotoxicity and 
arryhthmias

Terfenadine Increased risk of cardiotoxicity and 
arryhthmias

Gastrointestinal

Cisapride Increased risk of cardiotoxicity and 
arrhythmias

Sekkarie (1997); Michalets and 
Williams (2000)

Cimetidine Increased serum levels of both drugs Amsden et al. (1998)

Proton pump inhibitors

Omeprazole Increased serum levels of both drugs Calabresi et al. (2004); Calabresi 
et al. (1995)



6. Adverse reactions and toxicity 1105

et al., 1993; Principi and Esposito, 1999; Block, 2006). Dis-
continuation rates secondary to side effects have been 3–5% 
in most trials. Most adverse effects are mild to moderate and 
reversible with cessation of clarithromycin. Elderly patients 
may have increased rates of side effects (Wallace et al., 1993a).

Laboratory test result abnormalities have been noted in 
0–1% of children and 3% of adults treated with clarithro-
mycin (Guay et al., 1993; Principi and Esposito, 1999). In 
these studies, liver function test abnormalities were the most 
common and all resolved after cessation of clarithromycin. 
Thrombocytopenia has also been uncommonly observed.

6a.  Gastrointestinal adverse effects

Clarithromycin may cause some gastrointestinal distur-
bance; nausea 3.8% , diarrhea 3%, and abdominal pain 1.9% 
were reported in 3768 adult patients in phase II and III clin-
ical trials (Guay et al., 1993). Somewhat higher rates have 
been observed in children (diarrhea 7%, vomiting 6%, nau-
sea 1%, and abdominal pain 2%) (Craft and Siepman, 1993). 
The incidences of these side effects are generally lower with 
clarithromycin than with erythromycin (17% vs. 41%, respec-
tively) (Guay et al., 1993). However, Block et al. (1995), in a 
comparator study of clarithromycin versus erythromycin, 
found similar rates of gastrointestinal side effects (25% in 
both groups). Principi and Esposito (1999) reported inci-
dences of 14–26% gastrointestinal side effects in children 

receiving clarithromycin. These effects have been more 
 frequently reported with the immediate-release than the 
extended-release form of clarithromycin. Taste alteration is 
also a frequently reported side-effect (~ 10–15%).

6b.  Hepatotoxicity

Transaminase elevations reaching greater than 3 times the 
upper limits of normal occur in 2–3% of patients. This is usu-
ally reversible upon completion of therapy (Abbott Labora-
tories, 2000). Several cases of fulminant acute hepatitis have 
been reported (Yew et al., 1994; Shaheen and Grimm, 1996; 
Baylor and Williams, 1999; Christopher et al., 2002; Tietz et 
al., 2003). There is also a case report of fatal cholestatic liver 
disease after clarithromycin administration (Fox et al., 2002).

6c.  Cardiac effects

Macrolides have been associated with prolongation of car-
diac repolarization (prolongation of the QT interval). The 
molecular mechanism appears to be a blockade of the hERG 
(human ether-à-go-go related gene) channel-dependent potas-
sium current in myocyte membranes (Roden, 2008). Thus 
the use of macrolides could give rise to polymorphic ventric-
ular tachycardia, torsades de pointes, or ventricular fibrilla-
tion, as noted by Hensey and Keane (2008). In a rat model, 
the capacity of various macrolides to induce prolongation 

Drug class Drug Interactions References

Esomeprazole Increased serum levels of 
esomeprazole

Hassan-Alin et al. (2004)

Lansoprazole Increased serum levels of 
lansoprazole

Saito et al. (2005)

Hypoglycemic agents

Repaglinide Increased effect Khamaisi and Leitersdorf (2008)

Sulfonylureas Increased effect Bussing and Gende (2002)

Tolbutamide Increased effect Jayasagar et al. (2000)

Others

Colchicine Increased toxicity Dogukan et al. (2001); Rollot et 
al. (2004); Hung et al. (2005); 
vander Veen et al. (2008)

Ergot derivatives Dihydroergotamine ergotamine, 
methysergide

Possible ergotism Ausband and Goodman (2001)

Eletriptan Increased effect and toxicity

Dopamine D2-receptor 
agonist

Carbegoline Increased serum level Nakatsuka et al. (2006)

Theophylline and 
derivatives

Aminophylline, dyphylline, 
theophylline, oxtriphylline

Increased effect and toxicity

Phosphodiesterase 
inhibitors

Sildenafil, vardenafil Increased effect and toxicity—  
symptomatic hypotension 

Darifenacin Increased serum levels of macrolide

Aprepitant Increased effect and toxicity

Aldehyde dehydrogenase 
inhibitor

Disulfiram Increased effect and toxicity Masia et al. (2002)

Abbreviations: HMG: hydroxy methyl glutaryl; NRTI: nuclease reverse transcriptase inhibitor; NNRTI: non-nuclease reverse transcriptase inhibitor.
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of the corrected QT interval (QTc) was ranked as follows: 
erythromycin > clarithromycin > roxithromycin > azithro-
mycin (Ohtani et al., 2000). In a small group of 28 children, a 
mean QTc prolongation of 22 ms was observed, but in seven 
children, a QTc prolongation of greater than 440 ms was 
observed (Germanakis et al., 2006). In a small group of 
adults, the mean increase was only 11 ms (Carr et al., 1998). 
Of 156 cases of torsades de pointes associated with macrolide 
use reported to the USA Food and Drug Administration 
Adverse Event Reporting System from 1987 to 2000, 36% 
were attributed to clarithromycin. It should be noted that 
half of these patients were also receiving another medication 
associated with QT prolongation, such as cisapride (Shaffer 
et al., 2002). Risk factors were female gender, pre-existing 
heart disease, electrolyte disturbances, reduced drug elimi-
nation because of drug interactions or renal or hepatic dys-
function, and concomitant QT prolonging medications such 
as cisapride (van Haarst et al., 1998; Shaffer et al., 2002; Simkó 
et al., 2008; Gysel et al., 2013). Therefore, in patients with 
multiple risk factors for prolongation of the QT interval, 
clarithromycin should be avoided.

6d.  Hypersensitivity reactions

Allergic reactions including eosinophilia, fever, and skin 
eruptions are rarely reported for macrolides (Periti et al., 
1993; Hamamoto et al., 2001), and they usually disappear 
upon cessation of macrolide treatment. There may be cross- 
reactivity to different macrolides as positive skin prick test-
ing has been reported with roxithromycin, erythromycin, and 
clarithromycin (Kruppa et al., 1998). There has been a case 
report of immediate hypersensitivity with bronchospasm 
(Gangemi et al., 2001). Toxic reactions such as Stevens–
Johnson syndrome or toxic epidermal necrolysis have been 
reported very rarely (Masia et al., 2002; Baz et al., 2004; 
Mittmann et al., 2012). A few cases of leukocytoclastic vas-
culitis and Henoch–Schönlein purpura have been associated 
with the use of clarithromycin (Gavura and Nusinowitz, 
1998; Goldberg et al., 1999; Borrás-Blasco et al., 2003).

6e.  Hematologic toxicity

Leukopenia (white blood cell count < 2 × 109/l) or thrombo-
cytopenia (platelet count < 75 × 109/l) develop in 2–3% of 
patients (Price and Tuazon, 1992; Abbott Australasia, 2016). 
Agranulocytosis has been described with the use of clari-
thromycin (Jacobs et al., 2004). There have also been some 
case reports of thrombocytopenic purpura developing in 
patients taking clarithromycin (Oteo et al, 1994; Alexopoulou 
et al., 2002).

6f.  Neurotoxicity

Headache occurs in approximately 2% of adults and children 
(Craft, 1993; Guay et al., 1993). Clarithromycin has been 
associated with transient neurologic effects such as anxiety, 
confusion, insomnia, psychosis, tremor, dizziness, vertigo, 
convulsions, and disorientation (Abbott Laboratories, 2000; 

Bandettini di Poggio et al., 2011). These are reversible with 
discontinuation of the drug. Psychiatric effects such as hallu-
cinations and mania have also been reported (Steinman and 
Steinman, 1996; Jiménez-Pulido et al., 2002; Kouvelou et al., 
2008). The underlying reason for the reported psychiatric 
effects has not been fully elucidated, but macrolides may 
inhibit glutamatergic neurotransmission (Manev and Favaron, 
1993).

6g.  Ototoxicity

A study in guinea pigs showed a single high intravenous dose 
of clarithromycin (75 mg/kg) reduced transiently evoked 
otoacoustic emissions (Uzun et al., 2001). In phase I trials, 
184 healthy volunteers had audiologic testing; minor (not 
clinically significant) alterations in hearing were detected in 
9% of the volunteers. In phase II and III trials, two patients 
with AIDS and M. avium complex infection, treated with 
prolonged high doses of 1000 mg twice daily for 6 weeks, had 
partial hearing loss (Guay et al., 1993). There have been few 
case reports of this adverse effect since then (Coulston and 
Balaratnam, 2005). But macrolide ototoxicity may be an 
underrecognized problem.

6h.  Risk in pregnancy

Animal studies have shown increased rates of cardiovascular 
abnormalities, cleft palate, and spontaneous abortion with 
high doses of clarithromycin (Guay et al., 1993). Einarson 
et al. (1998) performed a prospective case-control study of 
157 pregnant women who were exposed to clarithromycin. 
Spontaneous abortion rates were significantly higher in the 
clarithromycin group versus the control group (14% vs. 7%; 
p  = 0.04). Despite previous descriptions of cardiovascular 
malformations after clarithromycin exposure in the first 
trimester and pyloric stenosis after exposure in the third tri-
mester, three large population-based recent studies did not 
show an increase in cardiovascular malformations or pyloric 
stenosis after clarithromycin exposure (Bahat Dinur et al., 
2013; Lin et al., 2013; Bérard et al., 2015). Like erythromycin, 
clarithromycin has been shown to inhibit contractions of 
human myometrium independently of dose in in vitro stud-
ies (Celik and Ayar, 2002).

7. CLINICAL USES OF THE DRUG

Clarithromycin is approved for the treatment of acute strep-
tococcal pharyngitis, acute otitis media, acute sinusitis, acute 
bacterial exacerbations of chronic bronchitis, community 
acquired pneumonia, disseminated or localized mycobacte-
rial infections, skin infections, for the prevention of dissemi-
nated M. avium complex infection in HIV infected adults, 
and for the treatment of peptic ulcer disease as part of com-
bined therapy. Other clinical indications for clarithromycin 
include chlamydiall infections, leprosy, Q fever, and Lyme 
disease. A comparison of the clinical uses of clarithromycin 
compared with those of other macrolides is summarized in 
Table 61.4.
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Macrolides have long been considered an alternative to 
beta-lactams for the treatment of respiratory tract infections. 
The immediate-release and extended-release formulations of 
clarithromycin are approved for the treatment of community- 
acquired respiratory infections, with success rates similar to 
those of beta-lactams in some studies (Darkes and Perry, 
2003). However, the increasing rates of resistance among many 
respiratory pathogens to macrolides (in particular S. pneu
moniae and S. pyogenes) call for caution when prescribing, 
such that macrolide usage for these indications should be 
limited to countries where resistance rates remain low 
(Brunton and Iannini, 2005; Lode, 2007; Wang et al., 2011). 
Macrolide resistance among 3778 S. pneumoniae isolates 
obtained from multiple medical facilities in a large number 
of countries in the years 1997 to 2000, was highest in Asia 
(51.7%). The other rates were: 26% in Europe, 21.6% in North 
America, 13.7% in the Middle East, 10.6% in the South Pacific, 
and 10.0% in Africa (Bouchillon et al., 2004).

In recent years, macrolides have gained recognition as 
immunomodulatory agents, particularly in the treatment of 
bronchiectasis (e.g. in cystic fibrosis), wherein they have been 
shown to reduce exacerbation frequency; azithromycin is 
more commonly used than clarithromycin in this setting 
(Hnin et al., 2015).

7a.  Upper respiratory tract infection

PHARYNGITIS

In the treatment of pharyngitis, claritromycin has been shown 
to be as effective as penicillin V or amoxicillin–clavulanate, 
but should be used only in geographic areas where macrolide 
resistance among S. pyogenes isolates is low (Portier et al., 
2002; Syrogiannopoulos et al., 2004). The dosage recom-
mended for this indication is 250 mg immediate-release 
preparation or 500 mg extended-release preparation twice 

daily (7.5 mg/kg twice daily in children) for 5–10 days. Large, 
randomized, controlled trials have shown clinical cure rates 
of 81–94% (McCarty et al., 2000; Quinn et al., 2003; Takker 
et al., 2003; Kafetzis et al., 2004) and bacterial eradication 
rates of between 83% and 94% (Venuta et al., 1998; Quinn et 
al., 2003; Takker et al., 2003; Kafetzis et al., 2004; Syro-
giannopoulos et al., 2004). Clarithromycin appears to be as 
effective as phenoxymethylpenicillin in the eradication of 
streptococci from the nasopharynx. However, penicillin 
remains the usual drug of choice in the treatment and preven-
tion of streptococcal infections. Substantial data establishing 
the efficacy of clarithromycin in preventing the development 
of rheumatic fever are not available at present.

SINUSITIS

Clarithromycin 500 mg twice daily for adults or 7.5 mg/kg 
twice daily for children, or 1000 mg extended-release for-
mulation for 7–14 days, is indicated in the treatment of 
sinusitis (Murray et al., 2000; Rechtweg et al., 2004; Riffer et 
al., 2005). Clarithromycin has been shown to reduce mucus 
secretion in patients with purulent rhinitis as well as control 
subjects (Rubin et al., 1997). Clinical cure rates of 79–94% 
and radiologic cure rates of 90–96% have been shown in clin-
ical trials (Adelglass et al., 1998; Riffer et al., 2005), compara-
ble with cure rates of amoxicillin–clavulanic acid therapy. In 
a study comparing immediate-release and extended-release 
formulations of clarithromycin, clinical cure rates were sim-
ilar (Murray et al., 2000).

OTITIS MEDIA

Clarithromycin has also been shown to be useful in the treat-
ment of otitis media (Aspin et al., 1994; Pavlopoulou et al., 
1995; Arguedas et al., 1997; Block 1997; Quach et al., 2005). 
As there is now increasing macrolide resistance in S. pneu
moniae, the usefulness of macrolide therapy in the treatment 

Table 61.4. Potential clinical indications for various macrolides in settings where macrolide susceptibility is likely.

Organism or disease Erythromycin Clarithromycin Azithromycin

Otitis media Yes Yes Yes

Pharyngitis Yes Yes Yes

Sinusitis Yes Yes Yes

Acute infective exacerbation of chronic bronchitis Yes Yes Yes

Community-acquired pneumonia Yes Yes Yes

Legionella spp. No Yes (outpatient) Yes

Helicobacter pylori No Yes Investigational

Chlamydia trachomatis Yes No Yes

Lymphogranuloma venereum Yes No Yes

Campylobacter Yes Yes Yes

MAC treatment No Yesa Yesa

MAC prophylaxis No Yes Yes

Mycobacterium chelonae No Yes Yes

Mycobacterium abscessus No Yes Yes

Mycobacterium leprae No Yes No

a Use in combination with a rifamycin and ethambutol.
Abbreviation: MAC: Mycobacterium avium complex.
Source: Adapted from Blondeau et al. (2002).
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of otitis media is diminished. A recent meta-analysis showed 
an increased incidence of treatment failure with macrolides 
versus amoxicillin with or without clavulanic acid in the 
treatment of acute otitis media (Courter et al., 2010). In 
addition, the reliance on antibiotic therapies in the treatment 
of otitis media has been questioned, since the condition is so 
frequently a result of viral infection.

7b.  Lower respiratory tract infection

ACUTE BACTERIAL EXACERBATIONS OF 
BRONCHITIS/CHRONIC OBSTRUCTIVE AIRWAYS 
DISEASE

Both immediate-release and extended-release clarithromycin 
administered for 5–10 days have been shown to be effective 
in treatment of acute bacterial exacerbations of bronchits/
chronic obstructive airways disease, with clinical cure rates 
of 78–98% (Anzueto et al., 1997; Anzueto et al., 1998; Cho-
dosh et al., 1998; Ziering and Mcelvaine, 1998; Adler et al., 
2000; Adam et al., 2001; Anzueto et al., 2001; Gotfried et al., 
2001; Weiss, 2002; Weiss et al., 2002; Wilson et al., 2002; 
Nalepa et al., 2003; Fogarty et al., 2005; Gotfried et al., 2005; 
Gotfried et al., 2007). However, the same issues of emerging 
resistance as described above are also likely to affect its clin-
ical use in this area.

COMMUNITY-ACQUIRED PNEUMONIA

Clarithromycin’s main role in the treatment of pneumonia is 
the treatment of atypical respiratory infections caused by 
intracellular pathogens such as M. pneumoniae and C. pneu
moniae (Block et al., 1995; Numazaki et al., 2000; Bonvehi et 
al., 2003; Roig et al., 2006; Lee et al., 2008). Doses used are 
similar: 500 mg orally twice daily for the immediate-release 
formulation and 1000 mg orally daily for the extended- 
release formulation (Allin et al., 2001). Duration of therapy 
is usually 7–10 days.

Clarithromycin has been shown to have efficacies similar 
to those of other antibiotics in the treatment of community- 
acquired pneumonia. This includes other macrolides such as 
azithomycin (Sopena et al., 2004), telithromycin (Mathers 
Dunbar et al., 2004; Niederman et al., 2004; Tellier et al., 
2004), roxithromycin (Tatsis et al., 1998), beta-lactams (Genné 
et al., 1997; Langtry and Brogden, 1997; Bonvehi et al., 2003), 
gatifloxacin (Dean et al., 1999; Lode et al., 2004; Dean et al., 
2006), trovafloxacin (Sokol et al., 2002), and moxifloxacin 
(Hoeffken et al., 2001). Most of the clinical trials have been 
conducted with nonhospitalized patients. A study of dual 
therapy with clarithromycin and cefuroxime versus clarithro-
mycin alone for treatment of community-acquired pneumo-
nia in outpatient settings did not show the dual therapy as 
having any additional benefits (Rovira et al., 1999). Clari thro-
mycin has greater side effects, particularly gastrointestinal side 
effects, compared with azithromycin, and hence azithromy-
cin is often preferred (Sopena et al., 2004; Tamm et al., 2007).

Macrolide resistance is an increasing problem in S. pneu
moniae. There have been several clinical studies of clarithro- 
mycin used to treat S. pneumoniae showing resistant isolates 

of S. pneumoniae and clinical failure (Kelley et al., 2000; 
Lonks et al., 2002; Gordon et al., 2003; Schentag et al., 2007). 
In one study, the mean AUC/MIC was much lower in those 
patients not responding to macrolide therapy. (Schentag et al., 
2007). For this reason, clarithromycin and other macrolides 
are proposed as first-line therapy of community- acquired 
pneumonia only in previously healthy patients with no risk 
factors for drug-resistant S. pneumoniae by the Infectious 
Diseases Society of America/American Thoracic Society 
Con sensus Guidelines (Mandell et al., 2007). As with azith-
romycin (see Chapter 59, Azithromycin), a combination 
of clarithromycin with amoxicillin(–clavulanate) is recom-
mended in countries with high rates of macrolide-resistant 
pneumococci when treatment for “atypical” pathogens is 
required (García Vázquez et al., 2005; Mandell et al., 2007; 
Tamm et al., 2007).

LEGIONELLA PNEUMONIA

Clarithromycin is also active against L. pneumophila at a 
dose of 500–100 mg twice daily for 10–21 days (Hamedani 
et al., 1991; Roig et al., 1993; Amsden, 2005; Roig et al., 
2006). If hospitalization is required, therapy should consist 
of azithromycin or another suitable macrolide drug given 
parenterally (Amsden, 2005). It has been suggested that flu-
oroquinolones may produce a better response in the treat-
ment of Legionella pneumonia, although in recent studies 
this superior response has been described as a nonsignificant 
trend (Griffin et al., 2010). A combined therapy of clarithro-
mycin and rifampicin has also been used.

PERTUSSIS

Clarithromycin is one of three macrolides recommended for 
the treatment of and post-exposure prophylaxis against per-
tussis (Tiwari et al., 2005; Antibiotic Expert Group, 2006; 
Altunaiji et al., 2007). Clarithromycin is not recommended 
for infants less than one month of age, as safety data are 
unavailable. In particular, it is unknown if, as with erythro-
mycin, clarithromycin is associated with infantile hypertro-
phic pyloric stenosis. The recommended pediatric dosage is 
7.5 mg/kg twice daily (maximum 1 g daily) and the adult 
dosage is 500 mg twice daily, both for a duration of 7 days. 
Microbiologic eradication of the pertussis organism was 
achieved in 100% of cases, with clarithromycin 10 mg/kg 
daily (maximum 400 mg) given to nine children for 7 days 
(Aoyama et al., 1996). None relapsed at 2 weeks. A larger 
study of 76 children in Canada had similar results, with clar-
ithromycin 7.5 mg/kg given twice daily for 7 days (Lebel and 
Mehra, 2001). This is better than the erythromycin results 
(80–96%) and similar to azithromycin’s (Tiwari et al., 2005).

7c.  Skin infections

Clarithromycin can be used for noncomplicated skin and 
skin-structure infections caused by susceptible S. aureus or 
S. pyogenes, although penicillins are preferred. In this con-
text clarithromycin has similar clinical efficacy to that of 
erythromycin (Northcutt et al., 1990). Results of early studies 
of clarithromycin 250 mg given twice daily compared favor- 
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ably with those of cefadroxil 500 mg also given twice daily: 
89% versus 92% organism eradication, respectively, and 77% 
versus 79% clinical cure rates, respectively (Clarithromycin 
Study Group, 1993). However, both S. aureus and Group A 
Strep tococcus can display high rates of macrolide resistance, 
and hence clarithromycin is no longer recommended for this 
use (Cornaglia et al., 1998; Nakaminami et al., 2008).

7d.  Helicobacter pylori–associated gastritis 
and peptic ulcer disease

Clarithromycin 500 mg twice daily for 7–14 days, in combi-
nation with 1 g amoxicillin (or metronidazole) 500 mg twice 
daily and a proton pump inhibitor, is the first-line treatment 
of H. pylori gastritis (Malfertheiner et al., 2012). The usual 
duration of triple therapy is 7 days, but extension to 14 days 
modestly increases the cure rate (Malfertheiner et al., 2012). 
Omeprazole increases the concentration of clarithromycin in 
gastric tissue and mucus, and this may be one of the explana-
tions for the success of this regimen (Gustavson et al., 1995). 
However, resistance to clarithromycin is increasing all over 
the world. The incidence of H. pylori resistance to clarithro-
mycin ranges from 5% to 20% (Duck et al., 2004; Lee et al., 
2005; Kulsuntiwong et al., 2008; Boyanova et al., 2008; Hung 
et al., 2009; Megraud, 2007; Woo et al., 2009; Wueppenhorst 
et al., 2009). The resistance is related to the longstanding use 
of macrolides (Cars et al., 2001). Clarithromycin resistance is 
a key factor in H. pylori disease treatment failure (McMahon 
et al., 2003; Taylor, 2000; De Francesco et al., 2006; Malfer-
theiner et al., 2012; see above under 2b. Emerging resistance 
and cross-resistance). It is recommended that clarithromy-
cin not be used in the treatment of H. pylori gastritis. 
Clarithromycin susceptibility testing should be performed if 
there are clarithromycin resistance rates of 15–20% in a given 
population (Malfertheiner et al., 2012).

Recently, sequential therapy has been developed: a dual 
therapy comprised of a proton pump inhibitor plus amoxi-
cillin 1 g (both twice daily) for five days, followed by triple 
therapy comprised of a proton pump inhibitor, clarithro-
mycin 500 mg, and a nitroimidazole antimicrobial (all twice 
daily) for an additional five days. Initial studies of this 
sequential therapy suggested that its superiority versus the 
triple therapy for a period of 7 days might be due to an 
improved eradication of clarithromycin-resistant strains 
(Gatta et al., 2013).

7e.  Mycobacterium avium complex 
infections

DISSEMINATED MYCOBACTERIUM AVIUM COMPLEX 
IN HIV

Clarithromycin and azithromycin (see Chapter 59, Azithro-
mycin) are key drugs used in the treatment of disseminated 
Mycobacterium avium complex (MAC) infection as part 
of  HIV disease (Shafran et al., 1996; Ward et al., 1998). 
Macrolides should not be used as single agents to treat MAC 
infection as resistance in M. avium strains develops readily 

(Chaisson et al., 1994). Two-drug (with ethambutol) or three- 
drug (with ethambutol and rifabutin) regimens are used in 
first-line combinations (Benson, 1994; Gordin et al., 1999; 
Griffith et al., 2007). In a prospective randomized trial, clari-
thromycin combined with both ethambutol and rifabutin 
proved more effective in relation to bacterial eradication and 
prevention of relapse than dual clarithromycin and etham-
butol therapy (Benson et al., 2003). The maximum dose of 
clarithromycin for this indication is 500 mg twice daily. 
Higher doses have been associated with increased mortality 
(Cohn et al., 1999). Therapy can be discontinued with resolu-
tion of symptoms and reconstitution of cell-mediated immune 
function by antiretroviral therapy.

MYCOBACTERIUM AVIUM COMPLEX PROPHYLAXIS 
IN PATIENTS WITH HIV

Clarithromycin (500 mg twice daily) is effective in the pro-
phylaxis against MAC infection in patients with fewer than 
50 CD4+ T-cells/μl (Uthman et al., 2013). However, azithro-
mycin is preferred because of its once weekly dosing (1200 
mg), which favors compliance and decreases the risk of 
selection of resistant organisms (Oldfield et al., 1998). Pro-
phylaxis is indicated until CD4+ T-lymphocyte counts are 
> 100 cells/μl for more than three months (Masur et al., 2002).

MYCOBACTERIUM AVIUM COMPLEX PULMONARY 
INFECTION IN PATIENTS WITHOUT HIV

A three-drug regimen of rifampicin (10 mg/kg daily), eth-
ambutol (15 mg/kg daily), and clarithromycin (500mg twice 
daily) is the currently recommended treatment regimen for 
MAC lung disease (Griffith et al., 2007). For patients with 
severe fibrocavitary disease, amikacin or streptomycin may 
be added for the first three months of therapy (Griffith et al., 
2007). The three-drug regimen may be poorly tolerated, 
especially in elderly patients (Wallace et al., 1993a). If the 
patient is elderly or weighs < 50 kg, dosage reduction of 
clarithromycin to 500 mg/day or 250 mg twice daily may be 
necessary because of gastrointestinal intolerance.

For those patients who cannot tolerate higher dose clari-
thromycin and those with less severe disease, intermittent, 
3 times weekly therapy is an alternative (Griffith et al., 2000). 
This includes (1) clarithromycin 1000 mg, (2) ethambutol 
25 mg/kg, and (3) rifampicin 600 mg, each given three times 
weekly (Griffith et al., 2007). Conversion to sputum culture 
negativity after six months was 78% (32/41) in one study of 
this regimen (Griffith et al., 2000) and proved comparable to 
the outcome of daily therapy (86% sputum culture conver-
sion) in a subsequent larger cohort (Wallace et al., 2014). 

Clarithromycin has been used to treat MAC and other 
mycobacterial infections in patients with cystitic fibrosis, but 
outcome data are limited.

Routine clarithromycin susceptibility testing of all base-
line isolates obtained from patients with MAC lung disease 
should be performed as well as isolates associated with dis-
ease persistence or recurrence (Griffith et al., 2007; CLSI 
2011). Untreated MAC isolates usually have MICs of ≤4 mg/l 
(Heifets et al., 1993). All isolates with high level clarithromy-
cin resistance have mutations in the 23S rRNA gene, altering 



1110 Clarithromycin

the presumed macrolide binding site on the ribosomal unit 
(Meier et al., 1996) and resulting in cross-resistance between 
clarithromycin and azithromycin.

7f.  Other non-tuberculous mycobacterial 
infections

Mycobacterium kansasii exhibits in vitro sensitivity to clari-
thromycin. The rifampicin–ethambutol–clarithromycin reg-
imen yielded a 100% cure rate in one small cohort study 
(Shitrit et al., 2006). However, there is better evidence for 
rifampicin, isoniazid, and ethambutol combination therapy in 
the treatment of Mycobacterium kansasii infection (Griffith 
et al., 2007).

The slow grower M. marinum, causative agent of the skin 
infection often dubbed “fish tank granuloma,” is usually 
susceptible to clarithromycin. In one study, clarithromycin, 
given most often in combination with rifampicin and/or 
ethambutol, resulted in resolution of skin and soft tissue 
infections in 92% of patients (22/24). For those with deeper 
infections such as osteomyelitis there was resolution in 67% 
of cases (10/15) (Aubry et al., 2002). Griffith et al. (2007) rec-
ommend therapy for M. marinum infection comprised of a 
combination of clarithromycin and ethambutol, with the addi-
tion of rifampicin if osteomyelitis is present.

Treatment of disease caused by the rapidly growing M. 
abscessus also frequently involves macrolide therapy with clar-
ithromycin or azithromycin in combination with parenteral 
amikacin plus either cefoxitin or imipenem. The role of mac-
rolides in the treatment of this important species has been 
questioned with the discovery of the erythromycin methy-
lase (erm)-gene–mediated inducible resistance in M. absces
sus subsp. bolletii and subsp. abscessus. Treatment outcomes 
for macrolide-based regimens are best for M. abscessus subsp. 
massiliense, which has a deletion in its erm gene (Koh et al., 
2011).

Mycobacterium chelonae is usually sensitive to clarithro-
mycin (Brown et al., 1992). A trial of clarithromycin mono-
therapy (500 mg twice a day for at least four months) for 
the skin disorder, primarily a manifestation of disseminated 
disease, resulted in successful treatment of 11 of 14 patients 
with M. chelonae infection (two died during the study and 
one stopped therapy and then developed a clarithromycin- 
resistant recurrence) (Wallace et al., 1993b). A multidrug 
clarithromycin-containing regimen is recommended for seri-
ous M. chelonae skin and soft tissue infection, and osteomy-
elitis (for four and six months, respectively). Optimal therapy 
for pulmonary disease is not known, but a clarithromycin- 
containing regimen is likely to be successful (Griffith et al., 
2007). Oral or topical (solution of 10–40 mg/ml) clarithromycin 
can also be used for corneal infections, although local discom-
fort can occur with the topical preparation (Ford et al., 1998).

Mycobacterium fortuitum isolates are usually susceptible 
to clarithromycin in in vitro testing, but they often contain 
the inducible macrolide resistance gene (erm), and therefore 
macrolides should be used in treatment of M. fortuitum with 
caution (Brown et al., 1992; Nash et al., 2005).

New data are emerging regarding the use of clarithromy-
cin in treatment of Buruli ulcer disease (caused by M. ulcer
ans). Eight weeks of rifampicin and streptomycin had been 
the WHO-approved treatment regimen. One clinical trial 
showed that sequential therapy consisting of rifampicin and 
streptomycin given daily for 4 weeks followed by rifampicin 
and clarithromycin also given daily for 4 weeks performed as 
well as the 8-week rifampicin–streptomycin regimen, i.e. 
cured > 90% of the patients with limited M. ulcerans disease 
(Nienhuis et al., 2010). A later study Benin assessed 8 weeks 
oral rifampicin–clarithromycin in 30 patients, all of whom 
were treated successfully (Chauty et al., 2011).

7g.  Leprosy

Clarithromycin appears rapidly bactericidal against M. lep
rae in humans. In one clinical trial, clarithromycin was given 
to nine patients with untreated leprosy (Chan et al., 1994). 
Patients received two 1500 mg doses of clarithromycin on 
the first day, followed by 7 days of no treatment, in order that 
the efficacy of intermittent therapy could be evaluated. 
Thereafter, patients received 1000 mg daily for 2 weeks fol-
lowed by 500 mg daily for 9 weeks. Within 3 weeks, biopsy- 
derived M. leprae specimens were noninfectious for exposed 
mice, and significant clinical improvement in the 9 patients 
was evident after 4 weeks of treatment. The current WHO 
recommendation for multibacillary leprosy treatment is 
clofazimine 50 mg daily and dapsone 100 mg daily, plus 
rifampicin 600 mg once monthly, clofazimine 300 mg once 
monthly, and dapsone 100 mg once monthly, and all for 
12–18 months. A regimen consisting of clarithromycin 500 
mg, rifampicin 600 mg, sparfloxacin 200 mg, and minocy-
cline 100 mg, all daily and all for just 12 weeks, compared 
favorably with the longer lasting WHO regimen (Tejasvi et 
al., 2006). In a randomized controlled trial of 30 patients 
who were given either the WHO regimen or the regimen that 
included clarithromycin, the net percentage reduction in 
morphologic index in both groups was 100% at 8 weeks. The 
net percentage reduction in bacterial index was also similar 
in both groups at 48 weeks (18.87% vs. 19.17%). A recent ran-
domized clinical trial looked at the rifampicin–ofloxacin–
minocycline regimen given with and without clarithromycin 
and found no significant improvement in outcomes with the 
addition of clarithromycin (Girdhar et al., 2011). Hence its 
role in leprosy treatment remains unsettled.

7h.  Genitourinary infection

Unlike azithromycin, clarithromycin is not generally recom-
mended in standard guidelines for the treatment of genito-
urinary infections, including non-gonococcal urethritis caused 
by C. trachomatis, U. urealyticum, and M. genitalium; and 
H. ducreyi and K. granulomatis infections (Centers for 
Disease Control and Prevention, 2006; O’Farrell and Moi, 
2016). Although clarithromycin is potentially effective, azi-
thromycin and doxycycline are the preferred antimicrobials. 
Azithromycin’s prolonged half-life offers a distinct clinical 



7. Clinical uses of the drug 1111

advantage versus the need for twice a day dosing for up to 14 
days with clarithromycin (Skerk et al., 2002; Mikamo et al., 
2003).

7i.  Other infectious diseases

CHLAMYDIA EYE INFECTIONS

Clarithromycin has been used successfully to treat neonatal 
conjunctivitis due to both C. pneumoniae and C. trachomatis 
(Krasny et al., 2005). Dosing was 15 mg/kg/day for 14 days.

TOXOPLASMOSIS

In one uncontrolled clinical trial, clarithromycin 2 g daily 
plus pyrimethamine 75 mg daily for 6 weeks appeared to be 
as effective as the conventional therapy of sulfadiazine plus 
pyrimethamine for the treatment of acute toxoplasma enceph-
alitis in patients with AIDS (Fernandez-Martin et al., 1991). 
Combination therapy consisting of clarithromycin given with 
minocycline has also been described (Lacassin et al., 1995). 
However, breakthrough toxoplasmosis has been described in 
patients who were already taking clarithromycin (Raffi et al., 
1995). With no further evidence emerging in the past two 
decades, the role of clarithromycin in toxoplasmosis treat-
ment and prophylaxis is likely limited (Masur et al., 2002).

LYME DISEASE

Macrolide antibiotics are less effective than other antimicro-
bials for the treatment of Lyme disease, despite their being 
highly active in vitro against B. burgdorferi (Hunfeld et al., 
2004). However, in patients who are unable to tolerate amox-
icillin, doxycycline, or cefuroxime (for example pregnant 
women and children with beta-lactam allergy), clarithromy-
cin 500 mg twice daily for 14–21 days may be an alternative 
in both early (Dattwyler et al., 1996; Wormser et al., 2006) 
and late disease, although in the latter case the addition of 
hydroxychloroquine seems imperative to satisfactory clinical 
response (Donta, 2003). In early disease, azithromycin showed 
more promise in the treatment of Lyme disease, at least in 
trials performed in Europe (Cameron et al., 2014).

Q FEVER

Q fever (C. burnetii) has been successfully treated with clar-
ithromycin (Gikas et al., 2001; Jover-Díaz et al., 2001; 
Morovic, 2005). Macrolides appear more effective than beta- 
lactams, although doxycycline remains the standard first-line 
agent. 

Clarithromycin has been proposed as an alternative agent 
for pregnant women receiving treatment for Q fever (Ko et 
al., 1997), but there are safety concerns and erythromycin 
is the preferred agent. Gikas et al., (2001) reported 15 cases 
of Q fever treated with clarithromycin. Fever took longer to 
resolve than in those patients who received doxycycline (4 vs. 
9 days; p < 0.05). However, similar times to resolution of fever 
with doxycycline, moxifloxacin, and clarithromycin were seen 
in a larger study (2.4, 2.2, and 1.9 days, respectively) (Morovic, 
2005); no supportive evidence has been published since.

MEDITERRANEAN SPOTTED FEVER

Macrolides have in vitro activity against many rickettsial 
organisms (Rolain et al., 1998). Their main role in relation to 
these organisms is the treatment of children and pregnant 
women for whom tetracyclines and chloramphenicol have 
potentially serious adverse effects. Both clarithromycin and 
azithromycin were shown to be equally efficacious in one 
study that focused on the treatment of R. conorii infection 
in children (Cascio et al., 2002). Eighty-seven children were 
randomized to receive either clarithromycin 7.5 mg/kg twice 
daily for 7 days, or azithromycin 10 mg/kg daily for 3 days. 
All had defervescence within 7 days, and there was no signif-
icant difference between the two groups in terms of efficacy 
or tolerability. This was confirmed in a later retrospective 
case series (Colomba et al., 2006). Azithromycin’s simpler, 
shorter course of treatment offers a distinct advantage.

ANTHRAX

Clarithromycin has in vitro activity against B. anthracis. It is 
one of the secondary antimicrobials that could be added to 
doxycycline or ciprofloxacin in the treatment of inhalational 
anthrax (Brook, 2002).

7j.  Immunomodulatory effects and uses

RESPIRATORY DISEASE

The immunomodulatory properties of clarithromycin may 
play a role in the treatment of sinusitis (Gotfried, 2004; Mac-
Leod et al., 2001), asthma (Hasegawa et al., 2000; Richeldi 
et al., 2005), chronic obstructive pulmonary disease (COPD) 
(Bishai, 2006), cystic fibrosis (Pukhalsky et al., 2004), and 
diffuse panbronchiolitis (Keicho and Kudoh, 2002; Kadota et 
al., 2003). However, many of the studies in these areas have 
focused on azithromycin (see Chapter 62, Azithromycin). 
Macrolides increase mucociliary clearance and decrease mu- 
co sal inflammation, nasal secretions, and nasal polyp size in 
patients with sinusitis (MacLeod et al., 2001; Gotfried, 2004).

Clarithromycin has been shown to reduce IL-8 and neu-
trophil activity in vitro and has been shown to do the same in 
patients with refractory asthma (Simpson et al., 2008). There 
have been differing reports of improvement in pulmonary 
function and airway hyper-responsiveness related to clari-
thromycin therapy (Amayasu et al., 2000; Kostadima et al., 
2004; Simpson et al., 2008). However, atypical intracellular 
pathogens may play a role in the pathogenesis of reactive air-
way diseases. One study in stable asthmatics treated with 
clarithromycin showed improvement in pulmonary function 
tests only in those patients with positive polymerase chain 
reaction (PCR) results for M. pneumoniae and C. pneumo
niae (Kraft et al., 2002). The benefit of macrolide maintenance 
therapy in COPD is mainly the reduction in the number of 
exacerbations; effects on the incidence of hospital admission 
and effects on lung function are non-significant (Herath and 
Poole, 2013).

Retrospective analyses of patients treated for community- 
acquired or ventilator-associated pneumonia suggest that 
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addition of clarithromycin to the treatment regimen lowered 
mortality rates (Martínez et al., 2003; García Vázquez et al., 
2005; Metersky et al., 2007; Giamarellos-Bourboulis, 2008).

Many patients with chronic lung disease become infected 
or colonized by mucoid strains of P. aeruginosa, which per-
sist within a biofilm. Macrolides, including clarithromycin, 
inhibit biofilm formation (Bui et al., 2000), most likely by 
disturbing “quorum sensing” (Tateda et al., 2004; Wozniak 
and Keyser, 2004). Yet, the antipseudomonal effect may also 
be related to the decreased efflux pump activity and increased 
cell wall permeability of P. aeruginosa in eukaryotic media 
and biological fluids (Buyck et al., 2012). 

CORONARY ARTERY DISEASE

Macrolides have been theorized to play a protective role 
against coronary artery disease, as a result of an antichlamyd-
ial or anti-inflammatory effect on atheromata. A large ran-
domized clinical study of patients with coronary artery disease, 
however, showed a significantly increased relative risk of 
death for those receiving clarithromycin versus those receiv-
ing placebo (Gluud et al., 2008). These data argue against the 
systematic use of clarithromycin for this indication.

CROHN’S DISEASE

Mycobacterium avium subsp. paratuberculosis has been pro-
posed as a cause of Crohn’s disease, and hence it is theorized 
that clarithromycin may have therapeutic value in the treat-
ment of Crohn’s disease. However, there has been no support 
for this hypothesis from clinical trials. Randomized, controlled 
placebo trials have used clarithromycin within a multidrug 
regimen with rifabutin, clofazimine, and prednisolone (Selby 
et al., 2007), or as monotherapy (Leiper et al., 2008), but all 
failed to demonstate long-term efficacy in treating Crohn’s 
disease. 

OTHER

A randomized placebo-controlled trial of clarithromycin 500 
mg administered daily to patients with early rheumatoid 
arthritis showed promising results at six months (Ogrendik, 
2007). Clarithromycin has also been used to treat Walden- 
ström’s macroglobulinemia (Coleman et al., 2003; Dimopoulos 
et al., 2003) and adult-onset Still’s disease (Thanou-Stavraki 
et al., 2011).

7k.  Other uses

Clarithromycin, like erythromycin, stimulates gastrointesti-
nal and esophageal motility (Bortolotti et al., 2000; Bortolotti 
et al., 2006), and may have potential therapeutic applications 
in this area.
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1. DESCRIPTION 

Azithromycin (CAS number: 83905-01-5) was obtained by 
Beckman rearrangement of the oxime derivative of the 
ketone of erythromycin (see Chapter 59, Erythromycin), 
leading to a 15-membered macrocycle, followed by its reduc-
tion and N-alkylation (hence the name of azalide given to 
this class of compounds) (Bright et al., 1988; Djokic et al., 
1987). The molecular formula is C38H72N2O12 and the molec-
ular weight is 749; the structure is shown in Figure 62.1.

Azithromycin has greater in vitro activity than erythro-
mycin against some Gram-negative bacteria and improved 
pharmacokinetics with a relatively long half-life (Dunkin et 
al., 1988; Maskell et al., 1990). It accumulates significantly 
intracellularly. It also shows activity against nontuberculous 
mycobacteria, including Mycobacterium avium complex (MAC) 
(Watt et al., 1996), and some parasites, such as Toxoplasma 

gondii (Araujo et al., 1988). Apart from its use as an antimi-
crobial agent, it is increasingly used as an anti-inflammatory 
agent, in particular in patients with cystic fibrosis.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Macrolides are bacteriostatic antibiotics, characterized by a 
moderately broad spectrum of activity, which includes most 
Gram-positive but only selected Gram-negative organisms, 
as well as several bacteria responsible for intracellular infec-
tion, such as Mycobacteria spp., Chlamydia spp., or Legionella 
spp. Their activity is markedly reduced in acidic environments. 
Table 62.1 lists the susceptibilities observed for wild strains 
of the most relevant target organisms.

GRAM-POSITIVE BACTERIA

Similar to erythromycin (see Chapter 59, Erythromycin), 
azithromycin is active against erythromycin-susceptible 
strains of Streptococcus pyogenes, groups B, C, and G strepto-
cocci, S. pneumoniae, S. viridans, S. bovis, Staphylococcus 
aureus, coagulase-negative staphylococci, Enterococcus fae
caiis, and E. faecium. Azithromycin MICs are similar to or 
slightly higher than those of erythromycin against these 
organisms. Gram-positive anaerobic cocci such as the Pepto
streptococcus spp. are also azithromycin-susceptible. The same 
is true for Gram-positive anaerobic rods, such as Clostridium, 
Actinomyces, Propionibacterium, Eubacterium, Lactobacillus 
spp., Listeria monocytogenes, and Corynebacterium diphthe
ria (Barry et al., 1988; Engler et al., 2001; Maskell et al., 1990; 
Seral et al., 2003; Williams et al., 1992).

GRAM-NEGATIVE BACTERIA

Overall, azithromycin is more active than erythromycin 
toward Gram-negative bacteria, probably because of a high 
penetration inside these bacteria due to its higher lipophilic-
ity and/or cationic character (Farmer et al., 1992; Vaara, 1993).

Azithromycin is more active against Neisseria meningiti
dis and N. gonorrhoeae than erythromycin (Barry et al., 1988; 

Figure 62.1. Molecular structure of azithromycin. Chemical 
stability in acid medium is due to absence of a keto 
group in position 9. Note that azithromycin is built on a 
14- membered cycle and is a diaminated compound (Djokic 
et al., 1987).
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Slaney et al., 1990). Haemophilus influenzae and Moraxella 
catarrhalis are some 4-fold more susceptible to azithromycin 
than to erythromycin and clarithromycin (Barry and Fuchs, 
1995; Barry et al., 1988; Maskell et al., 1990; Zhanel et al., 
2003). H. ducreyi is also more susceptible to azithromycin 
than erythromycin (Aldridge et al., 1993; Jonas et al., 2000; 
Slaney et al., 1990). Azithromycin is about as active as eryth-
romycin against Legionella pneumophila and L. micdadei in 
vitro, but more active against these pathogens intracellularly 
(Donowitz and Earnhardt, 1993; Edelstein and Edelstein, 
1991). Campylobacter jejuni, C. coli, and Bordetella pertussis 
are about as susceptible to azithromycin as to erythromycin 
(Fry et al., 2010; Taylor and Chang, 1991).

Unlike erythromycin, azithromycin is active against some 
of the Enterobacteriaceae, particularly the enteropathogens, 
such as enteropathogenic Escherichia coli and the Shigella 
and Salmonella spp. Azithromycin is particularly effective 
against these pathogens intracellularly (Gordillo et al., 1993; 
Gunell et al., 2010; Rakita et al., 1994; Retsema et al., 1987). 
It also has some activity against other E. coli strains, Y. entero
colitica, Leclercia adecarboxylata, Plesiomonas shigelloides, 
and C. diversus (Stock et al., 2004; Stock and Wiedemann, 
2001). Kluyvera ascorbata is less susceptible than K. cryo
crescens (Stock, 2005). Klebsiella and Enterobacter spp. and 
C. freundii are more resistant and the Proteus and Serratia 
spp. and Y. pestis are completely resistant (Retsema et al., 
1987; Smith et al., 1995).

Azithromycin is more active than erythromycin against 
Vibrio cholerae, with an MIC of 0.25 mg/l (Jones et al., 1988). 
Azithromycin also shows some activity against other Gram-
negative bacteria, such as the Bartonella spp., Brucella spp., 
and Cardiobacterium hominis, and the Pasteurella, Aeromonas, 
and Acinetobacter spp.; Pseudomonas aeruginosa is com-
pletely resistant (Biswas et al., 2010; Garcia-Rodriguez et al., 
1993; Halling and Jensen, 2006; Jiang et al., 2010; Kitzis et 
al., 1990; Landinez et al., 1992; Lion et al., 2006; Retsema et 
al., 1987; Timurkaynak et al., 2006; Tsuneoka et al., 2010). 
Type A Francisella strains, as well as F. novicida and F. philo
miragia, are sensitive to azithromycin in vitro (Ahmad et al., 
2010). Azithromycin is ineffective against Coxiella burnetii 
(Lever et al., 2004). Only a small minority of Burkholderia 
pseudomallei are senstive to azithromycin (Karunakaran and 
Puthucheary, 2007).

Among the Gram-negative anaerobic bacteria, the 
Prevotella spp., Porphyromonas spp., Fusobacterium spp., 
Aggregatibacter actinomycetemcomitans, Peptostreptococcus 
micros, Oxalobacter formigenes, and Eikenella corrodens are 
azithromycin-susceptible (Japoni et al., 2011; Kuriyama et 
al., 2007; Lange et al., 2012; Muller et al., 2002). Veillonela 
spp., Bacteroides fragilis, and other members of the B. fragilis 
group are moderately resistant (Barry et al., 1988; Chen et al., 
1992; Kitzis et al., 1990; Pajukanta et al., 1992).

OTHER BACTERIA

Azithromycin is active against MAC, with MICs similar to 
or slightly higher than those of clarithromycin (Bermudez 
and Young, 1988; Perronne et al., 1991). It is also as active as 

clarithromycin (see Chapter 61, Clarithromycin) against 
other nontuberculous mycobacteria, such as M. kansasii, M. 
xenopi, M. simiae, M. malmoense, M. chelonae, and M. celatum 
(Brown-Elliott et al., 2012; Fattorini et al., 2000; Klemens 
and Cynamon, 1994). M. marinum is resistant to azithro-
mycin; however, clarithromycin has moderate activity against 
it (Aubry et al., 2000). Azithromycin is active against Myco
bacterium abscessus (Brown-Elliott et al., 2012; Nie et al., 
2014; Reddy et al., 2010), however inducible resistance in 
vitro has been reported (Maurer et al., 2014).

Azithromycin is highly active against Mycoplasma pneu
moniae, M. genitalium, Chlamydia trachomatis, Chlamy
dophila pneumoniae, and C. psittaci (Hagiwara et al., 2011; 
Hammerschlag et al., 1992; Ishida et al., 1994; Niki et al., 
1994; Walsh et al., 1987). It also has demonstrated activity in 
vitro against, or in animal models of infection by, Ureaplasma 
urealyticum (Rylander and Hallander, 1988; Samra et al., 
2011), Treponema pallidum (Lukehart et al., 1990), Borrelia 
burgdorferi (Hunfeld et al., 2004; Johnson et al., 1990; 
Veinovic et al., 2013), and T. gondii (Araujo et al., 1988; 
Castro-Filice et al., 2014). Azithromycin and clarithromycin 
are equally active against leptospira (Ressner et al., 2008). 
Azithromycin also has some in vitro activity against Crypto
sporidium parvum in cell lines and animal models (Giaco-
metti et al., 2000; Rehg, 1991); however, there have been 
concerns about clinical efficacy (Giacometti et al., 1999). 
Azithromycin has weak antimalarial activity on its own, as 
well as synergistic interactions with artemisinin derivatives 
or quinine (Gingras and Jensen, 1992; Noedl et al., 2007). 
Ehrlichia phagocytophila are uniformally resistant to azithro-
mycin using standardized sensitivity testing with cell cultures 
(Horowitz et al., 2001). Azithromycin has demonstrated in 
vitro  synergism with amphotericin B or fluconazole against 
Aspergillus  spp. (Nguyen et al., 1997), Fusarium  spp. (Ku 
et al., 2010), and against Pythium insidiosum (Jesus et al., 
2014).  

2b.  Emerging resistance and 
cross-resistance

Resistance to macrolides has become a major issue for most 
of the bacteria originally described as susceptible, including 
Staphylococcus spp., Streptococcus spp., M. catarrhalis, N. gon
orrhoeae, Bacteroides spp., Enterococcus spp., Clostridium spp., 
Bacillus spp., Lactobacillus spp., M. pneumoniae, B. pertussis, 
M. genitalium, Campylobacter spp., C. diphtheriae, T. pallidum, 
and Propionibacterium, as well as many Enterobacteriaceae 
(Bissessor et al., 2015; Bissessor et al., 2015; Den Heijer et al., 
2013; Gaudreau et al., 2014; Gonzalez et al., 2010; Jensen et 
al., 2008; Kasai et al., 2015; Kuster et al., 2014; Lukehart et al., 
2004; Mukherjee et al., 2014; Yang et al., 2015; Zhao et al., 
2013). There is complete cross-resistance between erythromy-
cin and roxithromycin. The main mechanisms of resistance 
are similar to erythromycin’s and include target modifica-
tion, antibiotic inactivation, and efflux mechanisms (see 
Chapter 59, Erythromycin). Because of its use as an immu-
nomodulatory agent, azithromycin has been given for pro- 
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longed periods of time to patients with cystic fibrosis, diffuse 
panbronchioloitis, and bronchiolitis obliterans. Long-term 
use of azithromycin led to the increased resistance of S. 
aureus, H. influenza, M. catarrhalis, and organisms of the 
S. milleri group (Altenburg et al., 2013; Grinwis et al., 2010; 
Roberts et al., 2011; Wong et al., 2014), thereby decreasing its 
potential use as an antimicrobial. Mass distribution of azith-
romycin for trachoma control transiently increases the prev-
alence of azithromycin-resistant S. pneumoniae and E. coli 
(Coles et al., 2013; Haug et al., 2010; Seidman et al., 2014). 
Babesia microti may become resistant to azithromycin during 
dual therapy with azithromycin–atovaquone in immunocom-
promised patients (Wormser et al., 2010).

3. MECHANISM OF DRUG ACTION

The mechanism of action is similar to that of erythromycin 
(see Chapter 59, Erythromycin).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

ORAL ADMINISTRATION

Azithromycin is mainly given by the oral route. The adult 
dose for most indications is 500 mg once on the first day 
and 250 mg once daily for the next 4 days, or, alternatively, 
500 mg once daily for only 3 days (Foulds and Johnson, 1993; 
Foulds et al., 1990). 

For MAC infection, the dosage is 1200 mg once weekly 
for primary prevention, or 500 mg daily (combined with eth-
ambutol or rifampicin) for secondary prevention in immu-
nocompromised patients (Benson, 1994), and 600 mg daily 
in combination with other antimycobacterial agents for the 
treatment of disseminated infection, or 500–600 mg three 
times a week or 300 mg daily for the treatment of MAC lung 
disease (Griffith et al., 2007). For the treatment of sexually 
transmitted diseases, a single dose of 1 g (1 to 2 g for cervi-
citis or urethritis due to N. gonorrhoeae) is recommended 
(Workowski et al., 2015).

A daily dose of 500 mg, but for a longer period of time, is 
administered for typhoid fever (7 days) or acute toxoplasmic 
encephalitis in AIDS patients (4 weeks) (Effa and Bukirwa, 
2008; Saba et al., 1993).

An extended-release formulation has been developed, mak-
ing possible the use of a single 2-g dose in respiratory tract 
infections in adults (Chandra et al., 2007; Swainston et al., 
2007).

PARENTERAL ADMINISTRATION

Azithromycin can be administered by the intravenous route. 
The powder is first reconstituted at a concentration of 100 
mg/ml (it cannot be used for intramuscular injection or for 
bolus injection), and further diluted to 1 mg/ml for adminis-
tration over 3 hours, or diluted to 2 mg/ml for administra-
tion over 1 hour (Luke and Foulds, 1997).

OTHER ROUTES OF ADMINISTRATION

A 1% ophthalmic suspension is available for topical use only.

4b.  Newborn infants and children

The dosage for children age six months or older is 10 mg/kg 
as a single dose on day 1 followed by 5 mg/kg once daily for 
the next 4 days, or, alternatively, 10 mg/kg once daily for 3 
days only (Hamill, 1993; Nahata et al., 1993; Schaad, 1993). 
For otitis media, a single dose of 30 mg/kg has been approved. 
In pharyngitis and tonsillitis in children aged 2 years or 
above, 12 mg/kg once daily for 5 days has been approved. For 
disseminated MAC infection, a daily dose of 10–12 mg/kg 
azithromcyin (combined with antimycobacterial agents) is 
recommended. For typhoid fever, 20 mg/kg/day for 5 days, 
or 10 mg/kg/day for 7 days, have been used successfully 
(Frenck et al., 2004; Frenck et al., 2000). The extended release 
formulation can be administered as a single dose of 60 mg/kg 
(maximum 2g) in pediatric patients older than six months 
(Liu et al., 2011).

4c.  Pregnant and lactating mothers

Azithromycin has been assigned to pregnancy category B by 
the FDA. Azithromycin should only be given during preg-
nancy when benefit outweighs risk. Azithromycin is excreted 
in human milk, but administration of azithromycin to the 
mother is generally considered safe for the offspring during 
periods of breast feeding. For a further discussion of safety, 
see section 6g below.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

No dosage adjustment is required in patients with renal 
insufficiency (Aronoff and Brier, 2007). Dose reduction is 
not necessary for patients on hemodialysis, continuous ambu-
latory peritoneal dialysis, or continuous arteriovenous hemo-
filtration (Aronoff and Brier, 2007).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

A study of 16 cirrhotic patients with moderate hepatic impair-
ment (Pugh’s classes A and B) suggested that no modification 
of azithromycin dosage is necessary for short-course treat-
ment (Mazzei et al., 1993).

OLDER ADULTS

No dosage adjustment is needed for geriatric patients, as 
pharmacokinetic parameters, efficacy, and toxicity measures 
are similar to those of younger populations.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

The main pharmacokinetic properties of azithromycin are 
summarized in Table 62.2.
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5a.  Bioavailability

After the administration of a single 500 mg oral dose of azi-
thromycin, a mean peak serum level of 0.4 mg/l is reached in 
2–4 hours. The serum levels in children are similar to those 
in adults if both groups are given a single dose of azithromy-
cin 10 mg/kg on day 1 and 5 mg/kg daily for the next 4 days 
(Nahata et al., 1993). The oral bioavailability of azithromycin 
is 38%. The AUC of azithromycin is unaffected by food intake 
(but Cmax is increased by 56%) and by the co-administration 
of antacids or cimetidine. Azithromycin AUC (0–24 hours) 
is diminished by one-third following gastric bypass surgery 
(Padwal et al., 2012). The kinetics of azithromycin are best 
described in adults and children by the three compartment 
pharmacokinetic model (Ballow et al., 1998; Pene Dumitrescu 
et al., 2013; Zhao et al., 2014). In preterm neonates, the two 
compartment model with all parameters allometrically scaled 
on body weight best describes azithromycin pharmacokinet-
ics (Merchan et al., 2015).

After administration of a single 2 g dose of the extended- 
release formulation, serum Cmax and AUC (0–24 hours) are 
3- to 4-fold higher than with a conventional dose of 500 mg 
of the immediate release formulation, with serum concen-
trations in patients receiving the extended release remaining 
> 1 mg/l for 120 hours, similar to levels seen with the conven-
tional 3 days’ treatment (Ehnhage et al., 2008). The extended 
release formulation shows an improved bioavailability (83%), 
compared with the conventional formulation. Azithromycin 
is best absorbed when taken on an empty stomach and can 
be co-administered with antacids (Chandra et al., 2007). 

5b.  Drug distribution

After reaching the Cmax, the serum level of azithromycin 
thereafter declines to 0.1 mg/l at 6 hours and 0.04 mg/l at 12 
hours. This initial rapid fall of serum level is due to extensive 
uptake of azithromycin in the tissues, rather than the drug’s 
elimination.

Probably the most striking pharmacokinetic property 
of azithromycin is its large volume of distribution, which is 
related to its exceptional ability to accumulate inside eukary-
otic cells. This can be ascribed to the fact that azithromycin 

possesses two basic amine groups, responsible for higher 
azithromycin retention in the acidic compartments of the 
cells than is seen with the other, monocationic macrolides 
(Carlier et al., 1994; De Duve et al., 1974; Zheng et al., 2014). 
The consequences of this large volume of distribution is that 
the serum level of azithromycin is low, which may limit its 
efficacy, whereas its tissue and cellular concentrations are 
high, which may be an advantage for the treatment of infec-
tions localized in these compartments (Schentag and Ballow, 
1991; Zhanel et al., 2001). Thus, in animal models, tissue/
serum concentration ratios as high as 100 have been found 
in spleen, liver, kidneys, lung, lymph nodes, and tonsils, as 
high as 20 in the eye, as high as 10 in muscle and fat, but only 
1.2 in the brain (Shepard and Falkner, 1990) (Carceles et al., 
2007; Davila et al., 1991). This high tissue concentration gra-
dient has been correlated with efficacy in models of infection 
by S. pyogenes, S. pneumoniae, group B streptococci, and 
H. influenzae (Girard et al., 1987; Tissi et al., 1995), but high 
concentrations in tissues do not always compensate for low 
plasma levels (see section 5c, pharma codynamics). Its high 
cellular concentrations have been correlated with high activ-
ity against intracellular pathogens, including L. pneumo
phila (Stamler et al., 1994), C. trachomatis (Raulston, 1994), 
M. avium (Bermudez et al., 1991), and T. gondii (Blais et al., 
1994; Schwab et al., 1994). However, azithromycin is poorly 
effective in experimental S. aureus osteomyelitis (O’Reilly et 
al., 1992), despite bone concentrations 30 times higher than 
levels in the serum (Foulds et al., 1990; O’Reilly et al., 1992), 
as well as against S. aureus organisms that have been ingested 
by polymorphonuclear neutrophils (PMNs) or macrophages 
(Barcia-Macay et al., 2006; Meyer et al., 1993; Pascual et al., 
1995; Seral et al., 2003). This poor effectiveness against intra-
cellular pathogens could be ascribed to the fact that S. aureus 
is localized in phagolysosomes, where the acidic pHs drasti-
cally impair the activity of azithromycin (Barcia-Macay et al., 
2006; Seral et al., 2003).

Broad tissue distribution has also been demonstrated in 
humans after the administration of 500 mg azithromycin, 
with concentrations of 0.4–5.1 µg/g in tonsillar tissue even 
after 1 week (Schmedes et al., 1998), of 9 µg/g in lung tissue 
(Danesi et al., 2003), giving rise to tissue/serum concentra-
tion ratios > 100 in the lung and tonsil, > 70 in the cervix, 
and > 30 in the sputum or skin. Brain tissue concentrations 
after administration of 500 mg oral dose are 2.6 µg/g after 
24 hours and 3.6 µg/g after 48 hours, while concentrations in 
cerebrospinal fluid and aqueous humor of the eye are very 
low or undetectable (Jaruratanasirikul et al., 1996). Tissue 
concentrations are even higher with the extended release for-
mulations. After administration of a single 2 g dose of the 
extended release formulation, maximal concentrations were 
reached in the sinus, lung, and alveolar macrophages after 
16–24 hours, and in the epithelial lining fluid after 48 hours. 
The AUC was about four to five times higher in the sinus 
and epithelial lining fluid than with the conventional treat-
ment, and seven times higher in the lung and alveolear mac-
rophages than in the serum (Ehnhage et al., 2008; Lucchi et 
al., 2008). After a dose of azithromycin 500 mg daily is given 

Table 62.2. Pharmacokinetic parameters of azithromycin.

Pharmacokinetic parameter
Azithromycin 

(500 mg; 3 days)
Extended 

release (2 g)

Cmax (mg/l)  0.4 ~ 1

tmax (hours)  2.5 4

t1/2 (hours) 72 59

Bioavailability (%) 37 83

Protein binding (%) 12–40

Tissue serum concentration 50–1150

AUC (mg/l h) 24h  2–3.4     7–10

Sources: Data compiled from Foulds et al. (1990), Peters et al. (1992), 
Chandra et al. (2007), Ehnhage et al. (2008), and Lucchi et al. (2008).
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for 3 days, much of the drug is present in blood leukocytes 
(Matzneller et al., 2013; Pene Dumitrescu et al., 2013). In 
healthy volunteers, very low levels of azithromycin are 
present in the extracellular space fluid of muscle and sub-
cutaneous adipose tissue compared to blood and plasma 
(Matzneller et al., 2013). Azithromycin 1% ophthalmic solu-
tion delivers high and prolonged concentrations to the con-
junctiva, cornea, and eyelid (Akpek et al., 2009). 

In pregnancy, there is limited transplacental transfer of 
azithromycin. Mean placental transfer is 2.6%, which is the 
ratio of steady state concentrations in fetal venous to maternal 
arterial circulations (Heikkinen et al., 2000). Dose-adjusted 
AUC was 21% to 42% higher in non–African American 
pregnant women versus their nonpregnant counterparts, a 
difference not observed in pregnant versus nonpregnant 
African-American women (Fischer et al., 2012). In pregnant 
women, azithromycin has a short serum half-life with a pro-
longed tissue half-life (levels sustained for up to 72 hours), 
and sustained high levels within the myometrium, and adi-
pose and placental tissues (Ramsey et al., 2003; Sutton et al., 
2015). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Cure rates for macrolides mainly depend on the AUC/MIC 
ratios based on their time-dependent effects coupled with a 
postantibiotic effect (Andes et al., 2004; Novelli et al., 2002; 
Rolin and Bouanchaud, 1989). Girard et al. showed the AUC/
MIC ratio as the most important pharmacodynamic index, 
which correlated with antimicrobial efficacy in a mouse 
model of infection (Girard et al., 2005). 

The pharmacodynamic activity of azithromycin against 
macrolide-susceptible and -resistant S. pneumoniae was exam-
ined in vitro by simulating clinically achievable free drug 
concentrations in serum, epithelial lining fluid, and middle 
ear fluid, leading to the conclusion that a free azithromycin 
AUC24/MIC ≥ 36.7 allows for a bactericidal effect against a 
macrolide-susceptible S. pneumoniae with an azithromycin 
MIC ≤ 0.05 mg/l (Zhanel et al., 2003). In patients with pneu-
mococcal bacteraemia, azithromycin AUC24/MIC was ten 
in patients failing azithromycin therapy, compared to 17 in 
controls (Schentag et al., 2007). These data suggested a phar-
macodynamic breakpoint of 0.2 mg/l based on an AUC of 
~ 3 mg.h/l. This is on the order of magnitude of the European 
Committee on Antimicrobial Susceptibility Testing break-
point for resistance (0.5 mg/l), but is well below the Clinical 
Laboratory Standards Institute breakpoint (2 mg/l). Muto et 
al. showed that with a 2 g single dose of extended release 
azithromycin, an AUC24/MIC > 5 was associated with clini-
cal and bacteriological successes in patients with respiratory 
tract infections (Muto et al., 2011). 

It is important to remember that azithromycin is highly 
concentrated within the host cells. It may therefore have a 
more favorable pharmacodynamic profile vis-à-vis intracel-
lular bacteria. Moreover, concentrations in human polymor-
phonuclear leukocytes (PMNs) after conventional treatments 

peak to ~ 120 mg/l and remain above 60 mg/l 7 days after 
the final dose, and the concentration is about twice as high 
in inflamed (versus noninflamed) blister fluid (Ballow et al., 
1998), which has led some to propose a role for PMNs in the 
delivery of azithromycin at the site of infection (Schentag 
and Ballow, 1991).

With respect to other routes of administration, once-
daily instillation of 1.0% eye drops was shown to reach an 
AUC/MIC above the required threshold for antibacterial 
activity against Gram-positive bacteria (Stewart et al., 2010). 
A twice- daily instillation is likely to ensure antimicrobial 
activity against Gram-negative bacteria (threshold > 100) 
(Chiambaretta et al., 2008).

5d.  Excretion

Owing to its high cellular retention, the elimination of azith-
romycin is extremely slow. The drug is still detected in the 
serum 3 weeks after its administration, with concentrations 
> 1 µg/l at 15–30 days (Crokaert et al., 1998). The persistence 
of subinhibitory concentrations in the serum raises ques-
tions regarding the potential for selection of resistance.

Biliary excretion of azithromycin, predominantly as un- 
changed drug, is a major route of elimination. Only 4–6% of 
an orally administered dose of azithromycin is excreted via 
the kidney as the active drug (Cooper et al., 1990; Wildfeuer 
et al., 1993).

5e.  Drug interactions

Drug interactions with macrolides can be a considerable 
problem, which may limit their use in at-risk patients. The 
main mechanism involved in these interactions is the ability 
of macrolides to bind to cytochrome P450 (group 3A4), 
thereby impairing the metabolization of other substrates of 
the same cytochrome (Periti et al., 1992). The elimination of 
these co-administered drugs is therefore reduced, causing a 
potential increase in the risk of toxicity (Periti et al., 1992; 
Von Rosensteil and Adam, 1995). This risk is lowest with azi-
thromycin compared to other macrolides, therefore, azithro-
mycin is contraindicated only when the interaction may lead 
to a life-threatening risk (Gandhi et al., 2013; Pai et al., 2000; 
see Table 62.3). This is the case for ergotamine (risk of ergo-
tism) or drugs that result in a prolongation of the cardiac 
QT interval (e.g. terfenadine), thereby increasing the risk of 
torsades de pointes with macrolide use (Curtis et al., 2003; 
see section 6c, Caridac effects). Among the newer antihista-
mines, peak fexofenadine concentrations were increased by 
67% in the presence of azithromycin, whereas the deslorati-
dine and azithromycin combination was better tolerated with 
only a small (< 15%) increase in mean pharmacokinetics 
(Gupta et al., 2001). However, both antihistamines in combi-
nation with azithromycin did not significantly alter the elec-
trocardiogram. Azithromycin does not significantly alter the 
pharmacokinetics of rupatadine, an oral antihistamine and 
platelet-activating factor antagonist (Solans et al., 2008). 
Although azithromycin is the preferred macrolide in patients 
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receiving tacrolimus due to its minimal cytochrome P (CYP) 
interactions, there is a case report of a marked increase in 
tacrolimus blood levels after two doses of azithromycin (Mori 
et al., 2005). 

Azithromycin is described as an inhibitor and a substrate 
of P-glycoprotein, which may explain how it increases the 
serum levels of cyclosporin (Page et al., 2001), digoxin (Eberl 
et al., 2007) and colchicine (Bouquie et al., 2011). Conversely, 
nelfinavir increases the serum concentration and AUC of 
azithromycin, presumably by inhibiting its transport by 
P-glycoprotein in the gut (Amsden et al., 2000), justifying 
close monitoring for azithromycin side effects. In a case 
report, azithromycin use increased cyclosporin levels; how-
ever, two follow-up studies of a total of 14 renal transplant 
patients did not show an interaction (Ljutic and Rumboldt, 
1995; Gomez et al., 1996; Bachmann et al., 2003).

Similar to other macrolides, azithromycin is thought to 
eliminate Eubacterium lentum, which can inactivate up to 40% 
of intestinal digoxin (Pai et al., 2000). A case series of two 
patients with elevated serum digoxin concentrations in the 
presence of co-administration with azithromycin has been 
reported (Thalhammer et al., 1998). Clarithromycin exposure, 
and to a much lesser extent azithromycin and erythromycin 
exposures, increases the risk of hospitalization due to digoxin 
toxicity (Gomes et al., 2009). 

Although co-administration of rifabutin and azithro mycin 
has not been shown to alter the pharmacokinetics of either 
drug, the combination increases the risk of severe neutrope-
nia. A controlled study comparing the effects of clarithromy-
cin and azithromycin on the pharmacokinetics of rifabutin 
involving 30 healthy volunteers was terminated after neutro-
penia developed in 14 participants (Apseloff et al., 1998). The 
incidence of neutropenia was greater in the azithromycin–
rifabutin group than in patients solely receiving rifabutin. 
The combination of azithromycin and rifabutin should be 
used cautiously, with close monitoring for neutropenia.

Owing to its lack of cytochrome P450 interactions, azith-
romycin is considered to be the macrolide of choice for 

patients taking warfarin. However, data are emerging that 
dual administration of warfarin–azithromycin may lead to 
an increased risk of bleeding. Several case reports suggest an 
azithromycin–warfarin interaction, with resultant increase 
in international normalized ratio (INR) (Foster and Milan, 
1999; Lane, 1996; Shrader et al., 2004; Williams and Ponte, 
2003; Woldtvedt et al., 1998). A large retrospective cohort 
study found an increased risk of bleeding with warfarin and 
azithromycin co-administration (Lane et al., 2014). Similarly, 
an increase in the international normalized ratio (INR) has 
been observered in elderly subjects on stable warfarin ther-
apy after the addition of azithromycin (Ghaswalla et al., 2012; 
Mergenhagen et al., 2013). Clinicians should be mindful of 
a potential warfarin–azithromycin interaction, particularly in 
the elderly. 

Rhabdomyolysis can occur with the co-administration 
ofclarithromycin or erythromycin with the hydroxyme-
thylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors 
atorvastatin, simvastatin, or lovastatin, due to shared bind-
ing of CYP3A4 (Patel et al., 2013). Owing to the lack of 
cyto chrome P450 interactions with azithromycin, a drug 
inter action with CYP3A4-metabolized statins is rare (Alreja 
et al., 2012; Grunden and Fisher, 1997; Stienlauf et al., 
2014). 

Azithromycin has been reported to cause disopyramide 
toxicity and increased risk of ventricular arrhythmias, pre-
sumably by inhibiting dealkylation of disopyramide to its 
major metabolite, mono-N-dealkyldisopyramide (Granowitz 
et al., 2000).

Azithromycin increased the exposure of melagatran, the 
active form of the oral direct thrombin inhibitor ximelagatran, 
although the activated partial thromboplastin time (APTT) 
was not significantly altered (Dorani et al., 2007).

Azithromycin has not been shown to interact significantly 
with carbamazepine, cimetidine, didanosine, indinavir, zid-
ovudine, etravirine, sildenafil, theophylline, zafirlukast, 
ciapride, and midzolam (Foulds et al., 1991; Foulds et al., 
1999; Chave et al., 1992; Garey et al., 1999; Ito et al., 2003; 
Kakuda et al., 2011; Michalets and Williams, 2000; Muirhead 
et al., 2002; Pai et al., 2000; Rapeport et al., 1991).

6. ADVERSE REACTIONS AND TOXICITY

Azithromycin is well tolerated with few side effects, although 
the use of higher doses is associated with greater toxicity. For 
instance, high-dose azithromycin (600 mg daily) used in 
mycobacterial infections led to gastrointestinal disorders in 
82% of patients, hearing impairment in 2%, tinnitus in 46%, 
and poor balance or dizziness in 28% (Brown et al., 1997). 
Adverse effects were generally associated with higher serum 
concentrations.

6a.  Gastrointestinal adverse effects

Gastrointestinal disorders are the most common side effects 
of azithromycin (Periti et al., 1993; Treadway et al., 2002), 

Table 62.3. Drug interactions with azithromycin.

Contraindicated drugs  
(careful monitoring required)

Drugs increasing 
azithromycin 
concentrations

Digoxin Nelfinavir

Disopyramide

Ergotamine or dihydroergotamine

Tacrolimus

Terfenadine

Ciclosporin

Hexobarbital

Statins

Melegratan

Phenytoin

Rifampicin

Warfarin

Source: www.drugbank.ca/drugs/DB00207.

http://www.drugbank.ca/drugs/DB00207
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with diarrhea/loose stools (4–5% of patients), nausea (3%), 
and abdominal pain (2–3%) being the most frequently 
reported. With the 2 g extended release formulation, the 
reported rates are nausea 17%, diarrhea/loose stools 18–55%, 
vomiting 4%, and abdominal pain 36% (Chandra et al., 2007; 
Okayasu et al., 2011). The incidence of gastrointestinal reac-
tions due to azithromycin is lower, compared to erythromy-
cin (Periti et al., 1993). The mechanism for the gastrointestinal 
effects is macrolide-induced endogenous release of motilin, 
which stimulates motilin receptors and has a prokinetic effect 
on the gut (Catnach and Fairclough, 1992).

6b.  Hepatotoxicity

Transaminase elevation occurs during azithromycin treat-
ment in 7% of patients but is reversible upon completion of 
the therapy (Vergis et al., 2000). In large prospective stud-
ies, azithromycin has been associated with an increased risk 
of idiosyncratic drug-induced liver injury, particularly in 
patients with pre-existing liver disease (Chalasani et al., 
2015; Molleston et al., 2011). Liver injury is more commonly 
hepatocellular than cholestatic and usually occurs 1 to 3 
weeks after initiation of azithromycin therapy (Martinez et 
al., 2015). Liver injury is usually reversible, but chronic liver 
injury, and complications leading to liver transplantation or 
death can occur (Martinez et al., 2015). 

6c.  Cardiac effects

Macrolides have been associated with prolongation of car-
diac repolarization (prolongation of the QT interval). The 
molecular mechanism appears to be a blockade of the hERG 
channel-dependent potassium current in myocyte mem-
branes (Roden, 2008). These interactions may give rise to 
polymorphic ventricular tachycardia, torsades de pointes, or 
ventricular fibrillation. In a rat model, the capacity of various 
macrolides to induce QTc prolongation was ranked as fol-
lows: erythromycin > clarithromycin > roxithromycin > azi-
thromycin (Ohtani et al., 2000). In an early meta-analysis of 
six randomized trials comparing azithromycin to placebo in 
almost 14 000 patients with established coronary disease—
an inherently high-risk group—azithromycin use was not 
associated with increased mortality (Baker and Couch, 2007). 
Following several published case reports of azithromycin- 
associated QT interval prolongation (Matsunaga et al., 2003; 
Russo et al., 2006), sometimes leading to torsade de pointes 
(Huang et al., 2007; Kezerashvili et al., 2007), Ray et al. 
(2012) evaluated the effect of azithromycin on the risk of 
death in a Tennessee Medicaid cohort aged 30–74 years. The 
study found that a 5-day course of azithromycin was associ-
ated with an increased risk of cardiovascular death, particu-
larly in patients with a high baseline risk of cardiovascular 
disease, versus control patients who were taking amoxicil-
lin (Ray et al., 2012). In a cohort of U.S. veterns, a group 
with a higher rate of comorbidities, azithromycin was associ-
ated with higher mortality and increased rates of  serious 
arrhythmia, compared to control patients who were taking 

amoxicillin (Rao et al., 2014). In a nationwide Taiwanese 
study, the use of azithromycin was associated with an 
increased risk of ventricular arythmia and cardiovascular 
death, compared to amoxicillin–clavulanate use (Chou et al., 
2015). However, these findings were not confirmed in a large 
nationwide Danish study that included the general popula-
tion aged 18–64 years who had low risk of cardiovascular 
disease, and used patients treated with penicillin V as the 
comparion group (Svanstrom et al., 2013). In addition, a 
study of elderly patients hosptitalized for pneumonia found 
that pneumonia treatment that included azithromycin was 
associated with lower mortality and a smaller risk of myocar-
dial infarction than pneumonia treated with other antibi otics 
(Mortensen et al., 2014). Single dose azithromycin 1 g used 
for the treatment of sexually transmitted infections has not 
been associated with increased risk of cardiac death (Khos-
ropour et al., 2014). Although the data on the cardiovascular 
safety of azithromycin remain inconclusive, the absolute risk 
of serious arrhythmia in most patients is extremely small. 
However, because the drug does carry risk, the decision to 
initiate azithromycin treatment should be based on a careful 
evaluation of the pre-existing comorbidities, risk factors for 
arrhythmia, or QT prolongation, and concomitant medica-
tion use. If azithromycin is unavoidable in these patients, 
reversible causes of QT prolongation can be abated, and the 
dose and duration of azithromycin limited. Monitoring with 
electrocardiogram can also be performed periodically during 
therapy.

6d.  Ototoxicity

Reversible ototoxicity has been reported in patients receiving 
long-term azithromycin therapy for M. avium infection, and 
8 days of intravenous azithromycin for pneumonia (Bizjak et 
al., 1999; Wallace et al., 1994). Clinicians should be aware 
that irreversible hearing loss has also been reported with low-
dose oral azithromycin for a urinary tract infection (Ress and 
Gross, 2000). There have also been case reports of ototoxicity 
occurring in patients with HIV (Tseng et al., 1997). Guinea 
pig models have shown reversible reductions in transiently 
evoked otoacoustic emissions with clarithromycin and azi-
thromycin, but not erythromycin (Uzun et al., 2001). The 
authors attribute this to transient dysfunction of outer hair 
cells in the inner ear.

6e.  Hypersensitivity reactions

Allergic reactions including anaphlylaxis, eosinophilia, fever, 
and skin eruptions are rarely reported for macrolides (Mori 
et al., 2014; Periti et al., 1993; Sriratanaviriyakul et al., 2014; 
Taylor et al., 2003); but when they do occur, they usually 
resolve promptly with treatment cessation. Azithromycin is 
more allergenic than clarithromycin in children (Barni et al., 
2015). Pharmaceutical workers exposed to powdered sub-
stances involved in azithromycin synthesis may develop aller-
gic contact dermatitis as a result of patch testing (Lopez-Lerma 
et al., 2009; Milkovic-Kraus et al., 2007).
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6f.  Other adverse reactions

Headache is commonly reported in patients (1.3%) taking 
2 g of extended release formulation. Transient neutrophilia 
(1.5%) and neutropaenia (1.5%) have been documented 
(Hopkins, 1991). There is one report of severe exacerbation 
of Myasthenia gravis during azithromycin treatment (Cadisch 
et al., 1996).

There have been case reports of azithromycin causing acute 
intersitial nephritis. An adult developed end-stage renal fail-
ure after receiving azithromycin for 9 days (Mansoor et al., 
1993). A 14-year-old child developed recurrent acute inter-
stitial nephritis induced by azithromycin administration (Soni 
et al., 2004).

A syndrome similar to Churg–Strauss with eosinophilia, 
arthralgia, fever, and rash has been reported in a patient 
who receieved azithromycin and roxithromycin, on separate 
occasions (Hubner et al., 1997).

Azithromycin rarely causes neuropsychiatric effects includ-
ing delirium, catatonia, hallucinations (Schiff et al., 2010), 
akathisia (Riesselman and El-Mallakh, 2015), and choreiform 
movements (Farooq et al., 2011).

6g.  Risk in pregnancy

Azithromycin has been classed as an FDA pregnancy cate-
gory B drug; there is not enough clinical experience with 
pregnancy to confirm its safety, although animal studies have 
suggested teratogenicity. In rat embryo models, macrolides 
significantly inhibited all growth and developmental param-
eters dose dependently, compared with controls (Karabulut 
et al., 2008). Clarithromycin caused more developmental 
toxicity, whereas azithromycin had more teratogenicity poten-
tial and spiramycin had the lowest levels of toxic and terato-
genic effects observed. Observational studies have suggested 
that gestational exposure to azithromycin is not associated 
with an increased risk of congenital malformations (Bar-Oz 
et al., 2008; Bar-Oz et al., 2012; Lin et al., 2013; Sarkar et al., 
2006). Studies of macrolide use during pregnancy and infan-
tile hypertrophic pyloric stenosis (IHPS) yield heterogeneous 
results but suggest a possible modest increased risk with use 
in late pregnancy (Cooper et al., 2002; Lin et al., 2013; Lund 
et al., 2014; Mahon et al., 2001). Although macrolides are 
excreted in breast milk at low levels (Kelsey et al., 1994) and 
are generally considered safe while breast feeding (Network, 
2015), epidemiologic evidence indicates that the risk of IHPS 
may be increased by maternal use of macrolides within the 
first two weeks of life (Lund et al., 2014; see section 6h, Risk 
in young infants). 

6h.  Risk in young infants

IHPS has been associated with perinatal macrolide exposure 
in large retrospective cohort studies (Eberly et al., 2015; 
Lund et al., 2014). In a large nationwide Danish cohort study 
of infants treated with macrolides within the first 2 weeks 
of  life, infants were 30 times more likely to develop IHPS 

than untreated babies (Lund et al., 2014). The risk was three 
times higher for babies treated 2–18 weeks after birth. Con-
sistent with a previous smaller study (Sorensen et al., 2003), 
the risk was 3.5 times higher with maternal use of macrolides 
during the first 2 weeks after birth. In a large cohort study 
that used a military healthcare system database, infants hav-
ing azithromycin exposure in the first 2 weeks of life were 8 
times more likely to develop IHPS (Eberly et al., 2015). The 
risk of IHPS is less with azithromycin, compared to erythro-
mycin (Eberly et al., 2015; Lund et al., 2014). Data suggest 
that the infant gut is particularly affected by macrolides 
during the first 2 weeks of life. A potential mechanism for 
the gastrointestinal effects is macrolide-induced endogenous 
release of motilin, which stimulates motilin receptors and 
has a prokinetic effect on the gut. Other antibiotic treatments 
should be used in young infants, if available. If no effective 
alternatives are available (i.e. in treatment of neonatal pertus-
sis), the risk of IHPS should be weighed against the risks of 
not treating the disease. 

7. CLINICAL USES OF THE DRUG

A key therapeutic benefit with azithromycin is its easy 
scheme of administration. Azithromycin has a number of 
indications, particularly for respiratory tract infections, 
where macrolides have long been considered an alternative 
to beta-lactams. However, the increasing rates of macrolide 
resistance, particularly among respiratory pathogens (see 
section 2bm Emerg ing resistance and cross-resistance), 
require some caution by physicians when prescribing, such 
that macrolide usage for these indications should be limited 
to countries where resistance rates remain low. In addition, 
chronic use of macrolides for their immunomodulatory 
properties needs to be balanced with the increased risk of 
selection of macrolide- resistant bacteria at both the individ-
ual and population level.

7a.  Upper respiratory tract infections

Azithromycin is proposed as second-line therapy and in 
penicillin-allergic patients for tonsillopharyngitis in children 
and adults. Azithromycin (10 mg/kg/day for 3 days during 
each of 3 consecutive weeks) may be considered for the erad-
ication of atypical organisms (M. pneumoniae and C. pneu
moniae) in children with acute tonsillopharyngitis who are at 
high risk of recurrence of respiratory illness (Esposito et al., 
2006). Oral azithromycin is equivalent to intravenous cefa-
zolin for preventing surgical site infection in patients under-
going tonsillectomy (Otake et al., 2014). Azithromycin is 
indicated in the treatment of acute otitis media (in children) 
and acute sinusitis caused by S. pneumoniae, H. influenzae, 
and M. catarrhalis.

ACUTE OTITIS MEDIA

Azithromycin is an alternative to penicillin and the cephalo-
sporins for the treatment of acute bacterial otitis media in 
penicillin-allergic patients. Multiple clinical trials in pediat- 
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ric patients with acute otitis media (AOM) have demon-
strated that 3- and 5-day courses of azithromycin are safe and 
have clinical efficacies similar to those of other agents com-
monly used as part of 10-day regimes (Arguedas et al., 1996; 
Arguedas et al., 1997; Khurana, 1996; Mclinn, 1996). Single-
dose azithromycin therapy (30 mg/kg) is an alternative to 
short-course azithromycin or high-dose amoxicillin regimes 
of longer duration in the treatment of AOM in children, 
in whom high-level S. pneumoniae resistance is uncommon 
(Arguedas et al., 2005; Arguedas et al., 2003; Block et al., 
2003; Dunne et al., 2003).

ACUTE BACTERIAL SINUSITIS

Azithromycin is an alternative to amoxicillin or amoxicillin–
clavulanate for the treatment of acute bacterial sinusitis. 
Short-course azithromycin therapy (500 mg daily) for either 
3 or 6 days is as efficacious as a 10-day regime of amoxicillin–
clavulanate (500/125 mg three times a day) for clinically and 
radiologically documented acute bacterial sinusitis (Henry 
et al., 2003; Klapan et al., 1999). A single 2g dose of extended 
release azithromycin is as efficacious as a 10-day regime of 
either amoxicillin–clavulanate (Marple et al., 2010), or levo-
floxacin (500 mg daily) (Murray et al., 2005) for acute bacte-
rial maxillary sinusitis. Azithromycin 500mg once per week 
for 3 months may benefit patients with chronic sinusitis with-
out nasal polyps (Rudmik and Soler, 2015).

7b.  Lower respiratory tract infections

Azithromycin is indicated for acute exacerbations of chronic 
bronchitis caused by S. pneumoniae, H. influenzae, and M. 
catarrhalis (Amsden et al., 2003; Swanson et al., 2005; Zervos 
et al., 2007) and for community-acquired pneumonia due to 
C. pneumoniae, M. pneumoniae, L. pneumophila, H. influen
zae, or S. pneumoniae (Feldman et al., 2003; Plouffe et al., 
2000; Vergis et al., 2000). A 3-day course of azithromycin is 
as effective and well tolerated as a 10-day course of clarithro-
mycin for treating lower respiratory tract infections (Brad-
bury, 1993).

ACUTE BRONCHITIS AND ACUTE EXACERBATIONS 
OF CHRONIC BRONCHITIS

Randomized placebo-controlled trials and subsequent meta- 
analyses have led to most clinical practice guidelines recom-
mending antibiotics for the treatment of moderate to severe 
exacerbations of chronic bronchitis (Anthonisen et al., 1987; 
Bach et al., 2001; Nouira et al., 2001; Vollenweider et al., 
2012). However, there is insufficient evidence to support the 
use of antibiotic therapy in mild exacerbations (Vollenweider 
et al., 2012).

A Cochrane meta-analysis compared azithromcyin ver-
sus amoxicillin or amoxicillin–clavulanate for the treatment 
of lower respiratory tract infections, including acute bron-
chitis, acute exacerbations of chronic bronchitis, and pneu-
monia (Laopaiboon et al., 2015). The pooled analysis of 
15 trials concluded that the azithromycin group and amox-
icillin or amoxiclav group were not appreciably different in 

terms of clinical failure, microbial eradication, and adverse 
events. In patients with acute bronchitis of a suspected bacte-
rial cause, azithromycin tended to be more efficacious than 
amoxicillin or amoxiclav. In clinical practice, the choice of 
azithromycin versus amoxicillin or amoxiclav is often based 
on considerations such as cost, convenience, and treatment 
compliance.

Two randomized studies have compared azithromycin 
versus levofloxacin or moxifloxacin in the treatment of acute 
exacerbations of chronic bronchitis. Azithromycin (500 mg on 
day 1, followed by 250 mg daily for days 2–5) was clinically 
(89% vs. 92%) and bacteriologically (96% vs. 85%) eqivalent 
to levofloxacin (500 mg daily for 7 days), in 235 outpatients, 
despite concerns over macrolide resistance and a higher inci-
dence of Gram-negative pathogens (Amsden et al., 2003). 
Five hundred and sixty-seven patients were randomized to 
receive moxifloxacin (400 mg daily) or azithromycin (500 
mg daily for day 1; 250 mg for days 2–5) for five days (Deabate 
et al., 2000). Clinical resolution rates were 88% for moxiflox-
acin and 86% for azithromycin, with similar bacteriologic 
eradication rates: 95% for moxifloxacin and 94% for azithro-
mycin, although the H. influenzae eradication rate was greater 
for moxifloxacin.

Azithromycin has more activity against H. influenzae than 
other macrolides (Mandell et al., 2007). However, it should 
be noted that a dosing regimen of azithromycin 500 mg ini-
tially, followed by 250 mg for 4 days, was ineffective for erad-
icating H. influenzae from purulent exacerbations of chronic 
bronchitis (Davies et al., 1989). 

COMMUNITY-ACQUIRED PNEUMONIA

For otherwise healthy outpatients with community acquired 
pneumonia (CAP), macrolides are recommended as first-
line therapy by the Infectious Diseases Society of America/
American Thoracic Society (IDSA/ATS) Consensus Guide-
lines (Mandell et al., 2007), provided that < 25% of pneumo-
cocci in the community have high-level macrolide resistance. 
In comparison, guidelines from Europe recommend amoxi-
cillin or penicillin for the same indication (Lim et al., 2009; 
Spindler et al., 2012). Among the macrolides, azithromycin 
(500 mg once daily) is as clinically effective and as well tol-
erated as a 10-day course of clarithromycin (250 mg twice 
daily) in mild to moderate CAP (O’Doherty and Muller, 
1998). The presence of comorbidities, such as chronic heart 
disease, lung, liver, or renal disease, or diabetes mellitus, or 
alcoholism, malignancy, asplenia, immunosuppressing con-
ditions, or the use of immunosuppressant drugs, requires the 
use of a respiratory fluroquinolone or a beta-lactam plus azi-
thromycin (Mandell et al., 2007).

For those patients with CAP requiring hospitalization, 
and in whom the infectious etiology is not known, a macro-
lide in combination with a beta-lactam, or a respiratory 
quninolone, are recommended by the IDSA/ATS guidelines, 
unless Pseudomonas or methicillin-resistant S. aureus is 
suspected (Mandell et al., 2007). These regimens generally 
produce a cure in about 90% of patients with mild or mod-
erate CAP (Johnstone et al., 2008; Metersky et al., 2012). In 
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hospitalized patients with moderate to severe CAP the com-
bination of azithromycin and ceftriaxone was equivalent in 
its efficacy and safety to that of ceftriaxone plus clarithro-
mycin or erythromycin (Tamm et al., 2007). Among older 
patients hospitalized with pneumonia, antimicrobial therapy 
that included azithromycin (compared to other antibiotic 
therapy) was associated with reduced 90-day mortality (Mor-
tensen et al., 2014). Azithromycin monotherapy may be con-
sidered for hospitalized patients with nonsevere CAP and 
having none of the factors for infection with drug-resistant 
S.  pneumoniae or Gram-negative pathogens (Brown et al., 
2003; Feldman et al., 2003; Mandell et al., 2007).

For patients requiring intensive care admission, guide-
lines recommend a minimum of a beta-lactam plus a macro-
lide or a quinolone (Mandell et al., 2007). In areas with high 
rates of macrolide-resistant pneumococci, a combination of 
azithromycin with amoxicillin–clavulanate (see Chapter 14, 
Amoxicillin–clavulanic acid) is recommended when treat-
ment for “atypical” pathogens is required (Mandell et al., 
2007).

Indications for the extended-release formulation of azith-
romycin are limited to mild to moderate CAP in children 
and adults. D’Ignazio et al. (2005) demonstrated in a ran-
domized double-blind noninferiority study that single- dose 
extended-release formulation azithromycin (2 g) was at least 
as effective as a 7-day course of levofloxacin for the treatment 
of mild to moderate CAP (D’Ignazio et al., 2005). In a ran-
domized double-blind study, single-dose extended- release 
azithromycin (2 g) was as effective as a 7-day course of clari-
thromycin for mild to moderate CAP in adults (Drehobl et 
al., 2005).

7c.  Pertussis

Azithromycin is preferred for the treatment of pertussis in 
patients aged < 1 month, and is an alternative to other mac-
rolides in older children and adults, although data on the 
safety and efficacy of azithromycin use among infants aged 
<  6 months are limited (Salim et al., 2015). Azithromycin 
(10 mg/kg/day for 5 days; 500 mg in a single dose on day 1, 
followed by 250 mg daily on days 2–5) is as effective as eryth-
romycin (40 mg/kg/day in three divided doses for 10 days), is 
better tolerated, and is associated with fewer and milder side 
effects (Langley et al., 2004). For postexposure prophylaxis, 
the benefits of administering an antimicrobical agent to reduce 
the risk of pertussis should be weighed against the potential 
adverse effects of the drug. The Centers for Disease Control 
and Prevention (CDC) recommends administration of post-
exposure prophylaxis of asymptomatic household contacts 
within 21 days of onset of cough in the index patient (Tiwari 
et al., 2005). The recommended antimicrobial agents and 
dosing are the same as those for the treatment of pertussis.

7d.  Skin and skin structure infections

Azithromycin is indicated for uncomplicated skin and skin 
structure infections due to S. aureus, S. pyogenes, or S. agalac 

tiae. Antibiotics with antiinflammatory properties, such as 
the tetracyclines and macrolides, are the agents of choice 
for pustulopustular acne (Sandoval et al., 2014). For acne 
vulgaris, 12 weeks’ treatment with azithromycin 500 mg for 
4 days per month is as effective as doxycycline 100 mg 
daily (Babaeinejad et al., 2011; Maleszka et al., 2011); how-
ever, doxycycline may be superior in patients over 18 years 
(Babaeinejad et al., 2011). 

YAWS

Yaws, an endemic treponematosis, is caused by Treponema 
pallidum subsp. pertenus. Following the success of azith-
romycin for the treatment of syphilis, a single dose of oral 
azithromycin 30 mg/kg was compared to the standard intra-
muscular 50 000 units/kg benzathine benzyl penicillin for 
the treatment of yaws in children, and found to be non- 
inferior (Mitja et al., 2012). In a subsequent study, mass 
treatment with single dose azithromycin reduced the preva-
lence of active yaws from 2.4% to 0.3% and decreased the 
prevalence of latent yaws from 18.9% to 7.3% one year after 
treatment (Mitja et al., 2015). There was no evidence of the 
emergence of macrolide resistance in  T. pallidum  species. 
These data are encouraging for the renewed efforts by the 
World Health Organiation (WHO) to achieve global eradica-
tion of yaws by 2020 (2012). Further more, a single round of 
mass azithromycin administration (single dose 20mg/kg) as 
part of the WHO trachoma eradication program reduced the 
prevalence of yaws to zero in a previously endemic popula-
tion (Marks et al., 2015). This study suggests that an inte-
grated approach to the control of yaws and trachoma may be 
possible in co-endemic areas. 

7e.  Tick-borne infections and other 
zoonoses

LYME DISEASE

Azithromycin is an alternative for early localized or dissemi-
nated Lyme disease (Borreiia spp.) associated with erythema 
migrans or borrelial lymphcytoma, although it has been 
found in clinical trials to be less effective than other anti-
microbials such as doxycycline, amoxicillin, and cefuroxime 
(Wormser et al., 2006). The Infectious Diseases Society of 
America reserves the use of azithromycin (children: 10 mg/
kg/day to a maximum of 500 mg; adults: 500 mg daily for 
7–10 days) for patients who are intolerant of, or who should 
not take, amoxicillin, doxycycline, and cefuroxime axetil 
(Wormser et al., 2006).

BABESIOSIS

The combination of atovaquone plus azithromycin (adults: 
500–100 mg azithromycin on day 1, followed by 250 mg/
day after; children: 10 mg/kg/day azithromycin for day 1, 
5  mg/kg/day after) or clindamycin plus quinine for 7–10 
days is recommended as initial therapy of babesiosis 
(Wormser et al., 2006). Severe babesiosis should be treated 
with quinine and azithromycin. Higher doses of azithro- 
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mycin (600–1000 mg/day) may be used in immunocom-
promised patients.

SCRUB TYPHUS

Azithromycin is considered an appropriate alternative 
to  doxycycline for mild to moderate scrub typhus due to 
 doxycycline-resistant strains of Orientia tsutsugamushi 
(Watt et al., 1996) and when doxycycline is contraindicated.
Doxycycline-resistant strains of Orientia tsutsugamushi 
remain susceptible to azithromycin in vitro (Strickman et al., 
1995). A randomized trial demonstrated that azithromycin 
for 3 days (1 g initially, followed by 500 mg once daily for 
2 days) (Phimda et al., 2007) is as effective as a 7-day course 
of doxycycline for the treatment of mild to moderate scrub 
syphus. A single 500 mg dose of azithromycin may also be 
efficacious in mild scrub typhus (Kim et al., 2004). A retro-
spective, propensity score-matched, case-control study of 
patients with severe or complicated scrub typhus showed 
that azithromycin was as efficacious as doxycycline (Jang et 
al., 2014). Doxycycline is not recommended in children 
under 8 years and azithromycin is considered a safe and effi-
cacious treatment option in this age group (Palanivel et al., 
2012; Rajapakse et al., 2011). Azithromycin is commonly 
used as an alternative to doxycline for scrub typhus in preg-
nancy although evidence supporting its use is limited (Kim 
et al., 2006; Mcgready et al., 2014).

OTHER ZOONOSES

Azithromycin is recommended for cat scratch disease (adults: 
500 mg on day 1, followed by 250 mg daily for 4 additional 
days; children: 10 mg/kg/day for day 1 and 5 mg/kg dilay 
for 4 additional days) (Stevens et al., 2014). In a small ran-
domized trial, azithromycin treatment led to lymph node 
regression at 30 days more frequently than placebo (Bass et 
al., 1998). Bacillary angiomatosis typically occurs in immu-
nocompromised patients, especially patients with AIDS. 
Erythromycin or doxycycline is recommended for the 
treatment of bacillary angiomatosis (Stevens et al., 2014), 
although a case report has reported efficacy with azithromy-
cin (Guerra et al., 1993). Azithromycin is an appropriate 
option for tularemia during pregnancy in regions where the 
infecting strains of Francisella tularensis have no natural 
resistance to macrolides (Dentan et al., 2013).  North Ameri-
can strains are generally sensitive to macrolides, in contrast 
to European isolates (Johansson et al., 2002). Azithromycin 
may be used for the treatment of toxoplasmosis, particularly 
in immunocompetent patients (Wei et al., 2015). Azithro-
mycin treatment of toxoplasmosis during pregnancy can 
reduce the sequelae rate among infected infants at 1 year of 
age (Foulon et al., 1999), and is also widely used in the treat-
ment of refractory ocular toxoplasmosis (Bosch-Driessen 
et al., 2002; Commodaro et al., 2009; Rothova et al., 1998; 
Yazici et al., 2009). Azithromycin alone or combined with 
pyrimethamine or sulfamethoxazole–trimethoprim is an 
option for secondary prevention of HIV toxoplasmic enceph-
alitis when pyrimethamine–sulfadiazine is unavailable or 
contraindicated (Wei et al., 2015).

7f.  Sexually transmitted diseases

CHLAMYDIA TRACHOMATIS

Guidelines recommend either single-dose azithromycin (1 g) 
or doxycycline (100 mg twice daily for 7 days) for the treat-
ment of uncomplicated chlamydial genital or pharyngeal 
infection, although single-dose regimes have improved com-
pliance (Alliance, 2015; Lanjouw et al., 2015; Workowski 
et al., 2015). A 2002 meta-analysis of randomized controlled 
trials reported a similar cure rate for azithromycin compared 
to doxycycline (98% vs. 97%) (Lau and Qureshi, 2002). 
Nearly all of the studies in the meta-analysis used culture 
or  immunoassay to determine microbiological cure rates. 
Subsequent evidence has led to questioning of the efficacy 
of azithromycin for the treatment of urogenital chlamydial 
infections. A randomized controlled trial of nongonococcal 
urethritis reported C. trachomatis eradication in 77% of men 
receiving azithromycin, compared with 95% of men treated 
with doxycycline (Schwebke et al., 2011). A partner treat-
ment study of persons treated with azithromycin found that 
among women who reported having no sex after treatment, 
8% had persistent infection at follow-up (Golden et al., 2005). 
Another study of azithromycin for genital infection in ado-
lescent females reported a treatment failure rate of 7.9% 
(Batteiger et al., 2010). Given these concerns, a meta-analysis 
of 23 randomized controlled trials comparing azithromycin 
to doxycycline was performed in 2014 (Kong et al., 2014). 
They found a small increase in efficacy of up to 3% for doxy-
cycline for the treatment of urogenital chlamydia, and about 
7% increased efficacy for doxycycline for the treatment 
of  symptomatic urethritis in men. Similarly, retrospective 
studies have raised significant concern about the efficacy of 
azithromycin for rectal C. trachomatis infection with reports 
of treatment failure of up to 13% (Hathorn et al., 2012; 
Khosropour et al., 2014). Prospective clinical trials comparing 
azithromycin to doxycycline regimens for rectal  C. tracho
matis infection are needed to clarify the the optimal treatment 
regime. Given the potential risk of HIV transmission associ-
ated with rectal chlamydia infection, European and Australian 
guidelines currently recommend that rectal chlamydia infec-
tion be treated with 7 days of doxycycline as first-line therapy 
(Alliance, 2015; Lanjouw et al., 2015). Azithromycin is rec-
ommended for treatment of C. trachomatis infection in preg-
nant women because of its favorable safety profile compared 
to doxycycline (Workowski et al., 2015).

HAEMOPHILUS DUCREYI

Azithromycin is recommended as first-line therapy for gen-
ital ulcer disease in men due to H. ducreyi (chancroid) (Wor-
kowski et al., 2015). However, the efficacy of azithromycin in 
the treatment of chancroid in women has not been established 
because of the low number of women included in clinical tri-
als. Evidence is limited for the therapeutic efficacy of single 
dose azithromycin for chancroid in HIV-infected patients, 
who tend to have slow-healing ulcers and treatment failure 
regardless of treatment regime (Workowski et al., 2015). 



1134 Azithromycin

TREPONEMA PALLIDUM

Penicillin is the recommended first-line treatment of syphi-
lis. Data to support the use of alternatives to penicillin in 
penicillin-allergic patients are limited. Single-dose azithro-
mycin (2 g) has been shown to be effective in treating early 
syphillis in some settings (Hook et al., 2010; Hook et al., 
2002; Riedner et al., 2005). However, macrolide resistance 
and treatment failure with azithromycin have been reported 
in the United States, Canada, Europe, and China, limiting the 
use of azithromycin to macrolide-susceptible T. pallidum 
areas (Lu et al., 2015; Martin et al., 2009; Matejkova et al., 
2009; A2058G Prevalence Workgroup, 2012). Azithromycin 
should only be used with caution when penicillin or doxycy-
cline treatment is not possible, and should not be used in 
men who have sex with men, patients with HIV infection, or 
pregnant women (Wor kowski et al., 2015; Zhou et al., 2007). 
Jarisch–Herxheimer reactions are less common with azitro-
moycin treatment of early syphilis, compared to penicillin G 
(Tsai et al., 2014).

GONORRHEA

Gonorrhea treatment is complicated by the ease with which 
N. gonorrhoeae develops resistance to antimicrobials. The 
efficacy of single dose azithromycin 1 g and single-dose 2 g 
extended release azithromycin monotherapy for the treat-
ment of uncomplicated gonorrhea has been demonstrated 
in clinical trials (Steingrimsson et al., 1990; Waugh, 1993). 
However, monotherapy is no longer recommended due to 
the ability of N. gonorrhoeae to rapidy develop antimicrobial 
resistance. Combination antimicrobial therapy with cepha-
losporins and azithromycin shows synergy  in vitro  and  in 
vivo, although data are limited (Barbee et al., 2013; Furuya et 
al., 2006; Sathia et al., 2007). Dual treatment with ceftriaxone 
and azithromycin 1 g is currently recommended for treat-
ment of non-neonatal gonococcal infections (Alliance, 2015; 
Bignell and Unemo, 2013; Workowski et al., 2015). A ran-
domized trial demonstrated high efficacy of the two combi-
nations gentamicin 240mg IM plus azithormyicin 2 g, and 
gemifloxacin 320mg orally plus azithromycin 2 g, for the 
treatment of uncomplicated urogenital gonorrhea, and are 
considered alternative options for patients who cannot be 
treated with cephalosporins (Kirkcaldy et al., 2014).

MYCOPLASMA GENITALIUM

In randomized clinical trials single dose 1 g azithromycin is 
more effective against M. genitalium infection than doxy-
cycline (Mena et al., 2009; Schwebke et al., 2011). However, 
resistance to azithromycin is emerging, which has been 
attributed to the widespread use of single dose 1 g azithro-
mycin (Horner et al., 2014). M. genitalium is a slow replicat-
ing intracellular and extracellular bacterium and treatment 
failure with single dose 1 g azithromycin may be because azi-
thromycin is not concentrated extracellularly. A single obser-
vational study of 5 days of azithromycin therapy found that 
none of the 25 patients treated developed resistance (Anagrius 
et al., 2013). In contrast, studies of single dose 1 g azithromy-
cin report azithromycin resistance as high as 39% (Anagrius 

et al., 2013; Bissessor et al., 2015; Bradshaw et al., 2006). 
Macrolide resistance mutations are now detected in 30–100% 
of clinical M. genitalium isolates from Green land (Gesink et 
al., 2012), Australia (Twin et al., 2012), Japan (Kikuchi et al., 
2014) and the UK  (Pond et al., 2014). A 5-day course of 
azithromycin (500 mg initally followed by 250 mg daily) is 
preferable for M. genitalium infections where isolates remain 
susceptible (Horner et al., 2014; Workowski et al., 2015).

OTHER SEXUALLY TRANSMITTED DISEASES 

Azithromycin is the recommended regimen for granuloma 
inguinale (donovanosis) at a dosage of 1 g once per week for 
at least 3 weeks and until all lesions have healed (Workowski 
et al., 2015). 

7g.  Mycobacterium avium complex 
infection

PULMONARY MYCOBACTERIUM AVIUM COMPLEX 
(MAC) DISEASE

The newer macrolides have been a major therapeutic advance 
with substantial in vitro and clinical activity against MAC, 
which is attributed to their high concentration in phagocytes 
and tissues. All untreated strains of MAC are macrolide- 
susceptible and microbiologic and clinical relapses are asso-
ciated with the development of a point mutation in the 
macrolidebinding region (peptidyl-transferase) of the 23S 
rRNA gene (Jost et al., 1995; Nash and Inderlied, 1995; 
Springer et al., 1996). This mutation, measured by clarithro-
mycin sensitivity testing (MICs > 32 mg/l), confers cross- 
resistance between clarithromycin and azithromycin, and 
presumably all macrolides (Heifets et al., 1993). In a prospec-
tive, noncomparative trial, patients with MAC pulmonary 
disease received azithromycin 600 mg/day as monotherapy 
for four months (Griffith et al., 1996). Other agents, includ-
ing streptomycin, ethambutol, and rifabutin or rifampicin, 
were added after four months, or when the sputum con-
verted to AFB negative. Sputum conversion rates were 67% 
at six months, which was similar to clarithromycin’s (74%), 
reported in a separate trial by the same authors (Griffith et 
al., 2007). Macrolides should not be used as single agents, 
as resistance in M. avium develops (Chaisson et al., 1994; 
Wallace et al., 1994). For fibronodular bronchiectasis MAC 
infection, the American Thoracic Society/Infectious Disease 
Society recommends thrice-weekly therapy with a macro-
lide, either clarithromycin 1000 mg or azithromycin 500–600 
mg, ethambutol 25 mg/kg, and rifampin 600 mg (Griffith et 
al., 2007). This recommendation was based on two small 
single-center noncomparative studies that showed smilar 
sputum culture conversion rates between thrice-weekly 
therapy and daily therapy (Griffith et al., 2000; Griffith et al., 
2001; Griffith et al., 1998). Subsequent retrospective cohort 
studies confirmed the equivalent efficacies of thrice-weekly 
treatment regimes compared to daily treatment regimes, with 
the thrice-weekly regime being significantly better tolerated 
(Jeong et al., 2015; Wallace et al., 2014). 
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The more aggressive (but less well tolerated) daily treat-
ment regimen is recommended for patients with cavitary, 
previously treated, severe and/or extensive disease and con-
sists of azithromycin 250 mg/day or clarithromycin 1000 mg/
day (or 500 mg twice daily), rifabutin 150–300 mg/day or 
rifampicin 10 mg/kg/day (maximum 600 mg/day), and eth-
ambutol (15 mg/kg/day), with consideration of inclusion of 
either amikacin or streptomycin for the first two or three 
months of therapy (Griffith et al., 2007).

DISSEMINATED MYCOBACTERIUM AVIUM COMPLEX 
IN PATIENTS WITH AIDS

Successful treatment of disseminated MAC in persons with 
AIDS requires therapy targeting both the mycobacterial 
infection and the HIV infection to improve the underlying 
immunosuppression (Griffith et al., 2007). Close monitoring 
is required for adverse drug effects and drug interactions. 
Combination therapy is recommended, and both clarithro-
mycin and azithromycin have been shown to be effective, 
although clarithromycin tends to clear bacteremia faster 
(Gordin et al., 1999; Lam et al., 2006). Recommended intial 
therapy for disseminated MAC is azithromycin 250 mg/day 
or clarithromycin 1000 mg/day (or 500 mg twice daily), rifa-
butin 150–300 mg/day or rifampicin 10 mg/kg/day (maxi-
mum 600 mg/day), and ethambutol (15 mg/kg/day) (Griffith 
et al., 2007). As with pulmonary MAC, amikacin or moxi-
floxacin are generally considered only in cases of resistance. 
Treatment of MAC in patients with AIDS should be con-
sidered lifelong, unless immune restoration is achieved by 
antiretroviral therapy (Griffith et al., 2007).

Azithromycin is the preferred macrolide for prophylaxis 
of MAC infections because of its easier therapeutic scheme 
(1200 mg once weekly), which favors compliance and there-
fore decreases the risk for selection of resistance (Oldfield et 
al., 1998; Uthman et al., 2013).

7h.  Gastrointestinal infections

Azithromycin is an alternative for the treatment of traveler’s 
diarrhea, particularly in travelers returning from areas with 
high levels of fluroquinolone resistance (Steffen et al., 2015). 
Single dose (1 g) azithromycin is recommended for empirical 
therapy of traveler’s diarrhea acquired in South or Southeast 
Asia, where campylobacter resistence to fluoroquinolones is 
common (Steffen et al., 2015; Tribble et al., 2007). 

SALMONELLA TYPHI AND SALMONELLA PARATYPHI

Numerous trials that included multiple drug resistant (resis-
tant to chloramphenicol, ampicillin, and cotrimoxazole) or 
nalidixic acid–resistant strains of S. typhi or S. paratyphi 
(52–96% of study participants) have demonstrated that azi-
thromycin significantly reduced clinical failure and duration 
of hospital stay, compared with the fluoroquinolones ofloxa-
cin and gatifloxacin (Chinh et al., 2000; Dolecek et al., 2008; 
Effa and Bukirwa, 2008; Parry et al., 2007; Thaver et al., 
2009). Compared with ceftriaxone, azithromycin has simi-
lar clinical outcomes in the treatment of enteric fever, and 

significantly reduces the rate of relapse (Effa and Bukirwa, 
2008; Frenck et al., 2004; Frenck et al., 2000). Recommended 
initial treatment of enteric fever acquired in Asia is with a 
third generation cephalosporin or azithromycin, due the prev-
alence of decreased fluoroquinolone susceptibility in Asia 
(Sanchez-Montalva et al., 2015). There are an increasing 
number of reports of S. typhi and S. paratyphi A isolates 
with azithromycin MICs in the non-susceptible range (MIC 
> 16 mg/l) (Choudhary et al., 2013; Hassing et al., 2014).

SHIGELLOSIS

Azithromycin is recommended as first-line therapy for shig-
ellosis in children (Khan et al., 1997) and as second-line 
treatment in adults (World Health Organization, 2005). 
Emergence of resistance in Shigella isolates in the US, Europe, 
Australia, and South and East Asia may limit the use of azi-
thromycin in these areas (Boumghar-Bourtchai et al., 2008; 
Bowen et al., 2015; Klontz and Singh, 2015; Rahman et al., 
2007; Valcanis et al., 2015). Outbreaks of infections caused 
by azithromycin-resistant Shigella have been reported in Aus-
tralia, Europe, and North America among men who have sex 
with men (Bowen et al., 2015; Gaudreau et al., 2014; Valcanis 
et al., 2015). 

CHOLERA

Azithromycin is indicated for the treatment of severe cholera 
in adults and children in conjuntion with aggressive hydra-
tion. Randomized controlled trials comparing single-dose 
azithromycin 1 g with single-dose ciprofloxacin (1 g) found 
reduced mean duration of diarrhea, reduced stool volume, 
and reduced hydration requirements in the azithromycin 
treated group (Kaushik et al., 2010; Leibovici-Weissman et 
al., 2014; Saha et al., 2006). Similarly, randomized trials com-
paring a 1 day or 3 day course of azithromycin, to 3 days 
of erythromycin, found a reduced mean duration of diarrhea 
and reduced stool volume in the azithromycin treatment 
group (Bhattacharya et al., 2003; Khan et al., 2002; Leibovici-
Weissman et al., 2014). Tetracyclines or doxycycline are rec-
ommended as first-line treatment for severe cholera in adults. 
Azithromycin is an appropriate first-line regime for children 
under 8 years of age and pregnant women due to its improved 
efficacy over erythromycin and ciprofloxacin and favorable 
safety profile in these groups. Selection of antibiotic treat-
ment should be directed by the results of antibiotic suscepti-
bility testing of local V. cholerae isolates. 

HELICOBACTER PYLORI

A proton pump inhibitor (PPI), clarithromycin, and amoxi-
cillin or metronidazole is recommended as first-line therapy 
for the eradication of H. pylori infection in areas where clar-
ithromycin resistance is less than 20% (Malfertheiner et al., 
2012). Azithromycin is considered as an alternative to clari-
thromycin owing to its ease of administration and ability to 
achieve high concentrations in plasma and gastric mucosa 
(Krichhoff et al., 1999). Clinical trials of azithromycin- 
containing triple therapy regimes have reported eradication 
rates ranging from 44–93%, depending on the regimen and 
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dose used (Blandizzi et al., 1998; Dong et al., 2009; Rogha et 
al., 2009; Trevisani et al., 1998; Vcev et al., 1999). Randomized 
trials of first-line H. pylori eradication have reported similar 
eradication rates with azithromycin-containing regimes, com-
pared to clarithromycin-contining regimes (Khoshnood et 
al., 2014; Sarkeshikian et al., 2013; Vafaeimanesh et al., 2014). 
For second-line H. pylori eradication, an azithromycin– 
levofloxacin combined triple therapy achieved higher eradi-
cation rates compared to quadriple therapy (PPI, bismuth, 
methronidazole, tetracycline) (Kang et al., 2006). Another 
double blind randomised clinical trial compared the efficacy 
of quadruple therapy containing azithromycin (plus amoxi-
cillin, omeprazole, and bismuth), with another quadruple 
therapy using metronidazole (plus amoxicillin, omeprazole, 
and bismuth), and found no difference in rates of H. pylori 
eradication (Agah et al., 2009).

7i.  Trachoma

Antibotic therapy is aimed at reducing the burden of infec-
tion of trachoma, which in turn reduces progressive tracho-
matous scarring. In addition, antibiotic treatment limits 
transmission of infection to others (Emerson et al., 2006). 
Mass drug administration of single dose oral azithromycin 
(20 mg/kg up to 1 g) is a component of the SAFE strategy to 
achieve the WHO Alliance goal of elimination of blinding 
trachoma by the year 2020 (Emerson et al., 2006). The other 
componets of the SAFE strategy are surgery for trachomatous 
trichiasis, facial cleanliness, and environmental improvement. 
A single oral dose of azithromycin (20 mg/kg up to 1 g) is 
equally as effective as topical tetracyline applied twice daily 
for 6 weeks (Bailey et al., 1993). Mass community-wide treat-
ment with azithromycin in endemic areas has produced a 
marked reduction in the rates of clinical disease and the rates 
of infection (Chidambaram et al., 2006; Schachter et al., 1999; 
Solomon et al., 2004; West et al., 2005; West et al., 2014). 
Solomon et al. (2004) reported the effect of high-coverage, 
single-dose mass azithromycin treatement of ocular C. tra
chomatis infection in a community of 978 people in Tanzania, 
of whom 97.6% were treated; the prevalence of the illness fell 
from 9.5% at baseline to 0.1% 24 months later. A second 
round of mass treatment occurred at 24 months. Three years 
after the second mass treatment, C. trachomatis DNA was 
not detected on the conjunctivae of any of the 859 residents 
tested (Solomon et al., 2008). Melese et al. (2008) compared 
annual and biannual mass azithromycin administration 
in  severely affected villages in Ethiopia (Melese et al., 
2008). Overall, 14,897 of 16,403 eligible individuals (90.8%) 
received their scheduled treatment. In the villages treated 
annually, the prevalence of trachoma fell from 42% to 6.8% at 
24 months, whereas in the villages treated biannually, preva-
lence fell from 31.6% to 0.9% at 24 months. The World Health 
Organization currently recommends annual mass azithro-
mycin treatment for three years in communities in which 
the prevalence of trachomatous inflammation—follicular in 
children between one and nine years of age is 10% or more. 
To date, seven countries have reported achieving the WHO 

indicators for trachoma elimination (WHO, 2014). Studies 
have demonstrated that mass azithromycin distribution for 
trachoma have collateral benefits, including decreases in 
childhood respiratory infections (Coles et al., 2012), diar-
rhea (Coles et al., 2011), malaria (Gaynor et al., 2014; 
Schachterle et al., 2014), and mortality (Keenan et al., 2011; 
Porco et al., 2009). Conversely, studies have demonstrated 
potential harms, including transient macrolide resistance 
in pneumococcal isolates (Gaynor et al., 2003; Haug et al., 
2010), and macrolide resistance in E. coli isolates (Seidman 
et al., 2014). Development of significant resistance in C. tra
chomatis isolates to azithromycin has not yet been demon-
strated after mass treatment for trachoma control (West et 
al., 2014). 

7j.  Malaria

The spread of multidrug resistance to P. falciparum has led 
to interest in the development of antimalarial compounds 
with novel modes of action. Azithromycin kills malaria 
asexual blood stage parasites by blocking protein synthesis 
in the apicoplast, and has been shown to inhibit parasite 
invasion of erythrocytes (Wilson et al., 2015). Azithromycin 
has intrinsic activity against Plasmodium spp. both in vitro 
and in vivo for prophylaxis and treatment (Andersen et al., 
1998; Dunne et al., 2005; Heppner et al., 2005; Miller et al., 
2006; Noedl et al., 2006; Ohrt et al., 2002). However, azith-
romycin is considered to be a weak antimalarial but with a 
favorable side effect profile in children and pregnant women. 
Currently evidence shows that azithromycin is not useful 
as monotherapy or combination therapy for uncomplicated 
malaria (Van Eijk and Terlouw, 2011). Azithromycin is not 
currently recommended in WHO clinical practice guide-
lines for the treatment of malaria (World Health Organiza-
tion, 2015). 

7k.  Coronary artery disease

An association between C. pneumoniae and atherogenesis 
has been suggested from various epidemiolgic, laboratory, 
animal, and clinical studies. However, causality has not been 
established. Several large randomized trials, encompassing 
several thousands of patients, have investigated the effective-
ness of different antibiotics and therapeutic regimens in 
reducing cardiovascular risk in patients with ischemic heart 
disease, with or without serological evidence of C. pneumo
niae infection, and found no evidence of a long-term reduc-
tion of cardiovascular risk (Cercek et al., 2003; Grayston et 
al., 2005; O’connor et al., 2003). Insufficient evidence exists 
for the use of antichlamydial therapy in the secondary pre-
vention of cardiovascular disease (Baker and Couch, 2007; 
Danesh, 2005; Watson and Alp, 2008).

7l.  Use as an immunomodulating agent

Apart from their antimicrobial activity, macrolides can also 
act as immune modulators. The immunomdulatory effects of 
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macrolides are achieved via two mechanisms. First, inhibi-
tion of the production of proinflammatory microbial toxins 
and other virulence factors through binding of the macrolide 
agent to the bacterial 50S ribosomal subunit (Steel et al., 
2012). For example, azithromycin, although not directly active 
against P. aeruginosa, prevents biofilm formation by inter-
fering with microbial quorum sensing (Steel et al., 2012).   
Second, macrolides target cells of both the innate and adap-
tive immune systems, as well as structural cells, and regulate 
leukocyte function, production of inflammatory mediators, 
mucus hypersecretion, resolution of inflammation, and host 
defense mechanisms (Gualdoni et al., 2015; Lopez-Boado 
and Rubin, 2008; Steel et al., 2012; Yamada et al., 2014). 
Macrolide antibiotics have been demonstrated to be effica-
cious against chronic airway diseases characterised by neu-
trophilic airway inflammation, including cystic fibrosis (CF), 
non–CF bronchiectasis, diffuse panbronchiolitis, exacerba-
tion-prone chronic obstructive pulmonary disease (COPD), 
and neutrophilic severe asthma. However, chronic use of 
macrolides has been associated with the occurrence of 
macrolide-resistant bacteria in the commensal flora of the 
pharynges of individual patients, and increases the risk of 
antibiotic resistance at the population level (Serisier, 2013).

CYSTIC FIBROSIS

Azithromycin is used as an immunomodulating agent in CF 
patients, although its mechanism of action remains unclear 
(Pittman and Ferkol, 2015). In a large randomized trial of 
patients aged > 6 years with CF and P. aeruginosa infection, 
azithromycin three times weekly improved lung function 
and reduced pulmonary exacerbations, when compared to 
placebo (Saiman et al., 2003). A subsequent randomized trial 
in subjects with CF who did not have chronic  P. aerugi
nosa infection did not reveal a difference in lung function 
(versus the prior study), though there was a reduction in 
pulmonary exacerbations and improved nutritional status 
(Saiman et al., 2010). A Cochrane review of 10 studies of CF 
patients given azithromycin concluded that treatment with 
azithromycin for 6 months improves respiratory function 
and reduces respiratory exacerbations (Southern et al., 2012). 
Long-term azithromycin is currently recommended for 
patients with CF, regardless of P. aeruginosa infection status, 
although benefit is greater in those infected with P. aerugi
nosa (Mogayzel et al., 2013). Clinical studies have shown 
that show that once per week or three times per week oral 
azithromycin regimens are equally efficacious (Clement et 
al., 2006; Saiman et al., 2010; Saiman et al., 2003; Steinkamp 
et al., 2008). It is not clear whether azithromycin remains 
effective if given for more than 12 months (Principi et al., 
2015; Willekens et al., 2015). Azithromycin is usually well 
tolerated however contraindications to its use include nontu-
berculous mycobacterial infection, wherein use of azithro-
mycin has the potential to induce antibiotic resistance, and 
the presence of prolonged QT intervals. Long-term azithro-
mycin use in persons with CF has been associated with a 
lower frequency of incident nontuberculous mycobacterial 
infections (Binder et al., 2013). Recent data suggest that oral 

azithromycin may antagonize the therapeutic benefits of 
inhaled tobramycin in subjects with CF and P. aeruginosa 
infection; however, further studies are required to clarify the 
clinical implications of these unexpected results (Nick et al., 
2014).  

NON–CYSTIC FIBROSIS BRONCHIECTASIS 

Several randomized controlled trials have reported the ben-
efit of long-term macrolide use in patients with non–CF 
bronchiectasis and frequent exacerbations (Altenburg et al., 
2013; Serisier et al., 2013; Wong et al., 2012). Azithromycin 
500mg three times per week for 6 months reduced pulmo-
nary exacerbations in patients experiencing at least one exac-
erabtion per year (Wong et al., 2012). Azithromycin 250 mg 
daily for 12 months reduced pulonary exacerbations and 
improved lung function and quality of life in patients experi-
encing three or more exacerbations per year (Altenburg et 
al., 2013). A similar reduction in pulmonary exacerbations 
was observed in a study of indigenous Australian, Maori, 
and Pacific Island children with non–CF bronchiectasis or 
chronic suppurative lung disease who were treated for 24 
months with azithromycin 30 mg/kg weekly (Valery et al., 
2013). A meta-analysis of 10 studies concluded that macro-
lide maintenance treatment in patients with non–CF bron-
chiectasis can effectively reduce frequency of exacerbations, 
reduce lung function decline, decrease sputum volume, and 
improve quality of life (Fan et al., 2015). However, these ben-
efits may be accompanied by increased macrolide resistance 
in respiratory pathogens (Altenburg et al., 2013; Valery et al., 
2013).

CHRONIC OBSTRUCTIVE PULMONARY DISEASE

Clinical trials have examined the utility of long-term azith-
romycin in reducing the rate of exacerbations of chornic 
obstructive pulmonary diease (COPD). A large randomized 
tiral of 1142 patients compared 250 mg of azithromycin once 
daily to placebo, and found a 17% reduction in the exacer-
bation rate of the azithromycin treated group versus the pla-
cebo group (Albert et al., 2011). Secondary analysis revealed 
that azithromycin seemed to be more effective in patients who 
were older and who had milder disease (Han et al., 2014). 
There was no treatment effect in active smokers (Han et al., 
2014). A Cochrane review of seven randomized controlled 
studies concluded that continuous macrolide antibiotic use 
for prophylaxis against COPD was associated with a clini-
cally significant reduction in COPD exacerbations, but that 
pulsed antibiotic use was not associated with benefit (Herath 
and Poole, 2013).  The trials included patients who were “fre-
quent exacerbators” and needed treatment with antibiotics 
or systemic steroids, or who were on supplemental oxygen, 
which limits the generalizability of results (Herath and Poole, 
2013). A more recent randomized study of COPD patients 
with more than 3 exacerbations per year found that azithro-
mycin 500 mg 3 times per week reduced the rate of exacer-
bation compared with placebo (Uzun et al., 2014). As with 
other indications for long-term azithromycin use, macrolide 
resistance and cardiac toxicity remain significant concerns 
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(Taylor et al., 2015). Given these concerns, the most recent 
2015 GOLD guidelines do not recommend long-term azith-
romycin to prevent COPD exacerbations (Global Initiative 
for Chronic Obstructive Lung Disease, 2015). 

BRONCHIOLITIS OBLITERANS SYNDROME AFTER 
LUNG TRANSPLANTATION 

Observational studies of azithromycin treatment of lung 
transplant recipients who develop bronchiolitis obliterans syn-
drome (BOS) have suggested that one-third of these patients 
may respond clinically with a gain in lung function and 
an  improved life expectancy (Gerhardt et al., 2003; Jain et 
al.,  2010; Yates et al., 2005). A meta-analysis of 10 studies 
demonstrated a significant improvement in lung function in 
patients with BOS after seven months of treatment (Kingah 
et al., 2014). In a subsequent randomized controlled trial, 
48 lung transplant recipients with BOS were randomized to 
receive azithromycin (250 mg on alternate days) for 12 weeks, 
or placebo (Corris et al., 2015). Patients receiving azithromy-
cin had an improvement in lung function after 12 weeks 
compared to no improvement in the placebo group. Current 
2014 ISHLT/ATS/ERS guidelines suggest a trial of azithro-
mycin for lung transplant recipients who develop BOS 
(Meyer et al., 2014). Similarly, a randomized, controlled trial 
of azithromycin prophylaxis in lung transplant recipients 
prolonged BOS-free survival and improved lung function 
(Vos et al., 2011). 

OTHER RESPIRATORY CONDITIONS

Although several short-term studies of macrolides in mild 
to moderate asthma did not show improved lung function 
(Black et al., 2001; Kraft et al., 2002), a randomized, double- 
blind, placebo-controlled trial of azithromycin (250 mg three 
times per week) for 6 months demonstrated a significant 
reduction in the rate of exacerbations in patients with exac-
erbation-prone noneosinophilic severe asthma (Brusselle et 
al., 2013). In children hospitalized with bronchiolitis, azith-
romycin does not improve clinical outcomes, unless there 
is  a concern for bacterial pneumonia or respiratory failure 
(Farley et al., 2014; Mccallum et al., 2013; Mccallum et al., 
2015). A recent randomized control trial of preschool children 
with severe intermittent lower respiratory tract infection 
(LRTI)–associated wheezing, found that 5 days of azithromy-
cin commenced at onset of symptoms reduced the likelihood 
of progression of illness to severe LRTI (Bacharier et al., 
2015). The explanation for this effect is likely to be found in a 
combination of azithromycin’s antibacterial and anti-inflam-
matory properties. More studies are needed to define how to 
translate these findings into current care, as well as to address 
significant concerns about the development of macrolide 
resistance.
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Josamycin and Rosaramicin

Françoise Van Bambeke

1. DESCRIPTION 

Josamycin and rosaramicin (rosamicin, rosamycin), to - 
gether with spiramycin (see Chapter 187, Spiramycin), share 
the property of being constructed from a 16-atom macro-
cycle, instead of a 14-atom macrocycle, as with most macro-
lides, or a 15-atom macrocycle, as with azithromycin. 
Within this subclass of 16-membered macrolides, a series 
of  molecules has been assessed clinically, with often only 
limited success.  These include natural products, including 
spiramycin (isolated from Streptomyces ambofaciens [Kel- 
low et al., 1955]), josamycin (isolated from S. narbonensis 
var. josamyceticus [Nitta et al., 1967]), rosaramicin, formerly 
called rosamicin (isolated from Micromonospora rosaria 
[Wagman et al., 1972; Waitz et al., 1972]), and mideca- 
mycin (Kanazawa and Kuramata, 1976), and semisynthetic 
compounds such as miocamycin, derived from mideca- 

mycin (Omoto et al., 1976; Kawaharajo et al., 1981), and 
rokitamycin, derived from leucomycin A5 (Sakakibara et 
al., 1981).

This chapter is limited to the agents josamycin (CAS num-
ber 16846-24-5; molecular formula C42H69NO15; molecular 
weight 828.00), and rosaramicin (CAS number 35834-26-5; 
molecular formula C31H51NO9; molecular weight 581.74). 
The chemical structures of these two agents are shown in 
Figure 63.1. Their spectrum of activity for each is similar to 
those of other macrolides.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Macrolides are bacteriostatic antibiotics, characterized by 
moderately broad spectra of activity, which includes activity 

Figure 63.1. Chemical structure of josamycin 
and rosaramicin. Chemical stability in acid 
medium is due to absence of a keto group in 
position 9.
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against most Gram-positive but only selected Gram-negative 
organisms, as well as several species responsible for intracel-
lular infection, such as Mycobacterium spp., Chlamydia spp., 
Chlamydophyla spp., and Legionella spp. Macrolide activity 
is markedly reduced in acidic environments. Table 63.1 sum-
marizes the susceptibilities observed to josamycin for the 
most relevant target organisms.

GRAM-POSITIVE BACTERIA

Josamycin and rosaramicin are active against bacteria such as 
Staphylococcus aureus (including beta-lactamase–producing 
strains), coagulase-negative staphylococci, S. pyogenes, S. pneu
moniae, and most strains of Enterococcus faecalis. Josamycin 
is reported to be as active as or less active than erythromycin 
against S. aureus (Shadomy et al., 1976; Strausbaugh et al., 
1976b; Westerman et al., 1976). Rosaramicin is more potent 
than josamycin against S. aureus (Shadomy et al., 1976), but 
less active than erythromycin against group A streptococci 
and E. faecalis (Saroglou and Bisno, 1978; Tofte et al., 1984). 
Corynebacterium diphtheriae and Bacillus anthracis are sus-
ceptible to rosaramicin.

Of the Gram-positive anaerobes, Peptococcus, Peptostrep
tococcus, Propionibacterium, and Eubacterium spp. are sus-
ceptible to josamycin, but Clostridium spp. strains may be 
resistant (Long et al., 1976). Rosaramicin is also active against 
anaerobes (Sutter and Finegold, 1976). It is much more active 
than erythromycin against Peptococcus spp., but has the 
same activity as erythromycin against the others, such as 
Peptostreptococcus spp., Eubacterium spp., Propionibacterium 
spp., Actinomyces spp., and Lactobacillus spp. Clostridium 
tetani and C. perfringens are susceptible to spiramycin and 
rosaramicin.

GRAM-NEGATIVE BACTERIA

Neisseria meningitidis is generally susceptible to josamycin 
and rosaramicin, whereas resistance to the two agents is 
reported in N. gonorrhoeae. Rosaramicin is more active than 
penicillin G, erythromycin, and tetracycline against N. gon
orrhoeae; this activity also encompasses beta-lactamase– 
producing strains (Sanders and Sanders, 1977).

Bordetella pertussis is susceptible to josamycin. The in 
vitro activity of rosaramicin against Haemophilus influenzae 
is greater than that of chloramphenicol, ampicillin, or eryth-
romycin (Sanders and Sanders, 1977). Rosaramicin is also 
active against Haemophilus ducreyi, with MICs as low as 
0.06 mg/l (Feltham et al., 1979). Campylobacter spp. are 
readily inhibited, but some variation in sensitivity among 
subspecies occurs, which may assist laboratory differentiation 
(Ahonkhai et al., 1981). For instance, C. jejuni was somewhat 
more susceptible than C. coli to both spiramycin and josamy-
cin (Elharrif et al., 1985). Legionella spp. were very suscepti-
ble to rosaramicin: the mean rosaramicin MIC of 33 strains 
was only one-fifth of the corresponding erythromycin MIC 
(Edelstein et al., 1982). Josamycin has therapeutic efficacy in 
experimental Legionella pneumophila pneumonia in guinea 
pigs (Saito et al., 1985).

Josamycin is active against Bacteroides fragilis (Straus baugh 
et al., 1976a), but Fusobacterium spp. often show MICs > 2 
mg/l (Long et al., 1976). Rosaramicin is generally more active 
than erythromycin against Gram-negative anaerobes such 
as Fusobacterium spp. and Bacteroides spp., with B. fragilis 
MICs < 4 mg/l (Sutter and Finegold, 1976).

OTHER BACTERIA

Mycoplasmas and Ureaplasma urealyticum are susceptible 
to both josamycin and rosaramicin (Robertson et al., 1981; 
Chabbert, 1988). In a Greek study involving 369 women with 
clinical vaginitis, 79% of U. urealyticum strains were suscep-
tible (Kechagia et al., 2008). In a Turkish study involving 382 
women with abnormal vaginal discharge, susceptibility to 
josamycin was 94.1% for M. hominis isolates, and 98.4% for 
U. urealyticum isolates (Karabay et al., 2006). In Gabon, of 
650 U. urealyticum isolates collected from genital infections, 
92 % were susceptible to josamycin; among patients coin-
fected with M. hominis and U. urealyticum, 81.5 % of strains 
of the latter were susceptible to josamycin (Kouegnigan 
Rerambiah et al., 2015). Chlamydia trachomatis is suscep-
tible to rosaramicin but Chlamydophila psittaci is not (Orfila 
et al., 1988). Rickettsia rickettsii and R. conorii are also sus-
ceptible to josamycin (Raoult et al., 1988).

Table 63.1. In vitro activity (mg/l) of josamycin against target bacteria.

Bacteria

Clinical isolates

Resistance issues ReferencesStudy period Range MIC50 IC90

Staphylococcus 
aureus

< 1997 (Munich Germany) < 0.06–> 512 1 > 512 HA-MRSA frequently 
multiresistant

Schmalreck et al. 
(1997)

Streptococcus 
pneumoniae

2002–2003 0.06–> 256 ≤ 0.06 128 High prevalence in 
many countries; often 
multiresistant strains

Mazzariol et al. (2007)

Streptococcus 
pyogenes

2000–2001 (Hungary) 0.12–256 0.25 0.5 Gattringer et al. (2004)

2002–2003 ≤0.06–> 256 ≤ 0.06 > 256 Mazzariol et al. (2007)

Haemophilus 
influenzae

< 1997 (Munich Germany) 0.06–> 64 1 > 64 Schmalreck et al. 
(1997)

Neisseria 
gonorrhoeae

1978 (Belgium) 0.024–25 0.78 6.25 Gordts et al. (1982)
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2b.  Emerging resistance and 
cross-resistance

Resistance to macrolides has become a major issue for most 
of the bacteria originally described as susceptible, includ-
ing Staphylococcus spp., Streptococcus spp., Bacteroides spp., 
Entero coccus spp., Clostridium spp., Bacillus spp., Lactobacillus 
spp., M. pneumoniae, Campylobacter spp., Corynebacterium 
diphtheria, and Propionobacterium, as well as many members 
of the Enterobacteriaceae (Leclercq and Courvalin, 1991). 
The main mechanisms of resistance are similar to those 
described for erythromycin and include target modification 
and antibiotic inactivation (see Chapter 59, Erythromycin). 
Of interest, however, 16-atom macrolides remain active 
against streptococci harboring the M phenotype (character-
ized by resistance to some macrolides through the activity 
of an efflux pump) (Mazzariol et al., 2007), and testing these 
agents separately is therefore necessary in these bacteria. 
Interestingly, 16-membered ring macrolides seem to be more 
effective inducers of resistance than 14-membered ring 
macrolides in enterococci (Min et al., 2003). Enterococcus 
faecium strains with reduced susceptibility to quinopristin–
dalfopristin all showed high-level resistance to josamycin 
(López et al., 2010).

Resistance of C. psittaci is described, but carries a prohib-
itive physiological cost (Binet and Maurelli, 2007). In Russia, 
point mutations responsible for josamycin resistance were 
found in 48% of M. hominis strains isolated from patients 
with bacterial vaginosis (Karamova et al., 2004).

3. MECHANISM OF DRUG ACTION

The mechanism of action is similar to those of erythromycin 
and other macrolides (see Chapter 59, Erythromycin).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The usual dosage of josamycin is 2–3 g per day by mouth, 
given in two to four divided doses; this may be increased 
to  4  g daily for severe infections (Wenzel et al., 1976). 
Rosaramicin has been administered in a dosage of 250 mg 
orally four times daily (Brunham et al., 1982). The bioavail-
abilities of the two agents are not affected by food intake.

4b.  Newborn infants and children

Dosage is 30–75 mg/kg/day orally for josamycin, given in 
two to four divided doses. Josamycin propionate is a tasteless 
derivative used as a suspension in pediatric practice.

4c.  Pregnant and lactating mothers

Little is known of josamycin use during pregnancy. Josamycin 
should therefore not be used during pregnancy and there are 

better alternatives, such as azithromycin (first choice) or 
amoxi cillin (Khrianin and Reshetnikov, 2007). Josamy cin is 
excreted in human milk; infant intolerance to this drug is 
similar to that observed for other macrolides.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Because of extensive hepatic metabolism, dosage adjustment 
is suggested for josamycin in patients with hepatic insuffi-
ciency (Periti et al., 1989), but no specific guidelines have 
been provided.

OLDER ADULTS

A significant increase in the elimination half-life of josamy-
cin has been reported in elderly subjects, so that the admin-
istration of lower doses at longer intervals has been suggested 
for elderly patients (Periti et al., 1989).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

The main pharmacokinetic properties of 16-atom macrolides 
are summarized in Table 63.2.

5a.  Bioavailability

A peak of 0.65 mg/l is reached 1 hour after the administra-
tion of 500 mg josamycin (Periti et al., 1989), the absorption 
by the oral route is nearly complete (Strausbaugh et al., 1976a; 
Privitera et al., 1984). The absorption of josamycin base is 
delayed by food.

Peak serum levels of 0.3–0.5 mg/l were obtained 1.5–2 
hours after oral administration of 0.5 g of rosaramicin. Oral 
bioavailability was 32–39% (Lin et al., 1984).

5b.  Drug distribution

Josamycin penetrates well into saliva, sweat, and tears 
(Straus baugh et al., 1976a). Concentrations of the drug in 

Table 63.2. Pharmacokinetic parameters of oral josamycin and 
rosaramicin.

Pharmacokinetic 
parameter

Josamycin 
(0.5 g)

Rosamamicin 
(0.5 g)

Cmax (mg/l) 0.65 0.5

Tmax (h) 1 1.8

tl/2 (h) 2 0.6

Bioavailability (%) > 90 39

Protein binding (%) 15 NA

AUC0–24h (mg h/l) 8.5 NA

Abbreviation: NA: data not available.
Source: Data compiled from Lin et al. (1984), Frydman et al. (1988), Periti et 

al. (1989), and Carbon and Rubinstein (1999).
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phagocytic cells are up to 20-fold greater than serum concen-
trations (Labro and Babin-Chevaye, 1989).

Rosaramicin is concentrated in human prostatic tissue 
and, therefore it has been suggested that it may be useful 
for  the treatment of bacterial prostatitis (Baumueller et al., 
1977). In ten lactating mothers given a single 250 mg dose of 
rosaramicin, only 0.0025% of the dose was recoverable from 
breast milk over the first 10 hours. Drug-induced toxicity 
in an infant via breast milk is, therefore, unlikely (Stoehr et 
al., 1985).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Cure rates for macrolides mainly depend on the AUC/MIC 
ratios (Andes et al., 2004), based on their time-dependent 
effects coupled with a postantibiotic effect, both in in vitro 
and in animal models (Rolin and Bouanchaud, 1989; Novelli 
et al., 2002). No specific studies using pharmacodynamic 
models have examined these molecules in details.

5d.  Excretion

Josamycin is metabolized in the liver and excreted in bile 
in an inactive form. Less than 20% of the drug is excreted in 
urine in the active form. Rosaramicin is also eliminated in 
bile (87% of the dose), as both active and metabolized drug. 
Unchanged rosaramicin accounts for only 7–9% of the drug 
excreted in urine (Lin et al., 1984).

5e.  Drug interactions

Drug interactions with macrolides can be a significant prob-
lem, and seriously limit their use in some at-risk patients. 
The main mechanism involved in these interactions is the 
ability of macrolides to bind to cytochrome P450 (group 
3A4), thereby impairing the subsequent metabolism of other 
substrates of the same cytochrome (Periti et al., 1992). The 
elimination of these “other substrates” if co-administered is 
therefore reduced, causing potential risks of toxicity (Periti 
et al., 1992; von Rosensteil and Adam, 1995). Spiramycin and 
josamycin have not been implicated in causing significant 
drug interactions via interference with other drugs’ hepatic 
metabolism (Pessayre, 1983; Descotes et al., 1985; Ludden, 
1985). Their use is, however, contraindicated when interac-
tion with other drugs may have a life-threatening risk (see 
Table 63.3). A case of digoxin intoxication due to co-admin-
istration of josamycin has been described (Cambonie et al., 
2006).

6. ADVERSE REACTIONS AND TOXICITY

Hepatic transaminase elevation may occur with josamycin 
therapy (Fraschini, 1990; Straneo and Scarpazza, 1990), and 
was reported with rosaramicin in a small number of patients 
(Robson et al., 1983). With josamycin, skin rashes have been 
reported (Privitera et al., 1984).

Although not reported extensively, side effects similar 
to  those of other macrolides do occur (see Chapter 59, 
Erythromycin, and Chapter 62, Azithromycin).

7. CLINICAL USES OF THE DRUG

Neither josamycin nor rosaramicin are commonly used and 
in many geographic regions their availability is limited. Nev-
ertheless, they have some limited clinical utility in relation to 
the following clinical conditions.

7a.  Respiratory tract infections

Macrolides were long considered as an alternative to beta- 
lactams for the treatment of respiratory tract infections, but 
increasing rates of resistance to macrolides among common 
respiratory pathogens have reduced their utility in many 
regions (Brunton and Iannini, 2005; Lode, 2007). The pub-
lished record of experience with josamycin and rosaramicin 
is limited.

Josamycin 500 mg three times a day was less effective than 
brodimoprim in the treatment of otitis media (de Campora 
et al., 1993). In a study comparing 5 days’ administration 
of josamycin with administration of penicillin G for 10 days 
for the treatment of acute group A beta-hemolytic strepto-
coccal tonsillitis, the two regimens yielded equivalent clini-
cal outcomes (Portier et al., 2001). A recent survey in France 
demonstrated that more than 95 % of S. pyogenes are still sus-
ceptible to josamycin (Auzou et al., 2015).

Josamycin has reportedly proved effective for the treat-
ment of respiratory tract infections occurring in pediatric 
patients (Privitera et al., 1984).

Josamycin has been reported as being as effective as clari-
thromycin for the treatment of bacterial pneumonia and acute 
exacerbations of chronic bronchitis (Fraschini, 1990; Straneo 
and Scarpazza, 1990), and a 5-day treatment with josamycin 
was satisfactory for non-severe community- acquired pneu-
monia (Mensa et al., 1993). In one controlled study, josa-
mycin and erythromycin, both given orally at 2.0 g daily in 
four divided doses, were equally effective in the treatment 
of adults with Mycoplasma pneumoniae (Wenzel et al., 1976). 
However, josamycin was less efficient than ciprofloxacin in 

Table 63.3. Drug interactions with the 16-atom macrolides, 
josamycin and rosaramicin.

Macrolide
Totally contra-
indicated drugs

Drugs to use with 
caution (requiring 
dose reduction and/or 
therapeutic monitoring)

Josamycin Astemizole Benzodiazepines

Cisapride Bromocriptine

Ergotamine Carbamazepine

Terfenadine Ciclosporin

Theophylline

Source: Data compiled from Periti et al. (1992), Amsden (1995), and Zhanel 
et al. (2001).
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the treatment of recurrent exacerbated bronchitis (Canton 
et al., 1989).

7b.  Sexually transmitted diseases

Rosaramicin (1 g daily for 7 days) was as effective as erythro-
mycin stearate (2 g daily for 7 days), or as tetracycline (2 g 
daily for 7 days), in women with C. trachomatis cervicitis 
(Brunham et al., 1982; Robson et al., 1983). Nongonococcal 
urethritis in men was treated in two controlled trials with 
either rosaramicin or tetracycline, each given in a dosage of 
1 g per day for 7 days, with equivalent successes (Juvakoski et 
al., 1981; Darne et al., 1982). A comparative study of erythro-
mycin base 500 mg and rosaramicin 250 mg, each given four 
times daily for 10 days, in the treatment of genital ulcers due 
to Haemophilus ducreyi in Kenyan men resulted in similar 
healing times (5 days to 2 weeks), with no treatment failures 
in either group (Plummer et al., 1983). Josamycin is a first 
choice for the treatment of urethritis caused by Mycoplasma 
genitalium in Russia, but resistance is high and selected 
during treatment, especially in patients with a high infecting 
inoculum (Guschin et al., 2015).

7c.  Other uses

A 5-day josamycin regimen was as effective as a 1-day doxy-
cycline treatment for Mediterranean spotted fever, the tick-
borne rickettsiosis caused by Rickettsia conorii (Bella et al., 
1990). Josamycin has also been investigated as a component 
of quadruple therapy for H. pylori, with good success rates 
(Liu et al., 2000). Josamycin and erythromycin were equally 
effective in reducing the carrier rates of S. aureus (Wilson et 
al., 1977).
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Telithromycin

Eric Wenzler and Keith A. Rodvold

1. DESCRIPTION

Telithromycin (HMR 3647, Ketek®, Sanofi-Aventis, Bridge-
water, NJ) is a semisynthetic ketolide analogue of the flagship 
macrolide antibiotic erythromycin A. Similar to macrolides, 
telithromycin exerts its bacteriostatic effect by binding 
reversibly to the 50S subunit of the bacterial ribosome and 
ultimately blocking bacterial protein synthesis. Unlike new 
generations of macrolides produced from synthetic modifi-
cations of existing macrolides, such as clarithromycin and 
azithromycin, telithromycin retains activity against macrolide- 
resistant bacterial pathogens due to alterations in its chemi-
cal structure (Agouridas et al., 1998). Although telithromycin 
retains the classic macrocyclic ring structure common to 
macrolide antibiotics, the L-cladinose moiety at position 3 
of the erythronolide ring is replaced by a keto group giving 
rise to the ketolide name. In addition, an alkyl-aryl exten-
sion is added at positions 11 and 12 of the cyclic carbamate 
ring (Figure 64.1) (Pavlovic et al., 2014). These modifications 
in structure result in telithromycin’s improved antibacterial 
activity, increased bioavailability, and decreased incidence of 
adverse events, namely gastrointestinal intolerance, com-
pared to macrolides (Denis et al., 1999). The molecular for-
mula of telithromycin is C43H65N5O10 and the molecular 
weight of the drug is 812.00 (Zhanel et al., 2002). 

Telithromycin was originally approved in 2004 by the U.S. 
Food and Drug Administration (FDA) for the treatment of 
adult patients with acute bacterial sinusitis (ABS), acute bac-
terial exacerbations of chronic bronchitis (AECB), and com-
munity-acquired pneumonia (CAP), including cases caused 
by strains resistant to macrolides and beta-lactams. The 
European Medicines Agency (EMA) approved telithromycin 
in 2001 for acute sinusitis due to strains resistant to macro-
lides or beta-lactams, AECB, CAP, and tonsillopharyngitis 
due to Streptococcus pneumoniae in countries with patterns 
of macrolide resistance when beta-lactams are inappropri-
ate. Since 2007, the clinical indications for telithromycin 
have been restricted to mild to moderate community-acquired 
pneu monia due to Streptococcus pneumoniae (including mul-
tidrug-resistant isolates), Haemophilus influenzae, Moraxella 
catarrhalis, Chlamydophila pneumoniae, or Mycoplasma pneu
moniae for patients aged 18 years or older. These restrictions 
were placed after reports of significant toxicities emerged 
(see section 7, Clinical uses of the drug), and the use of teli-
thromycin has all but dis appeared in most countries. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Clinical Breakpoints are available from the Clinical and 
Laboratory Standards Institute (CLSI, 2016) and the Euro-
pean Committee on Antimicrobial Susceptibility Testing 
(EUCAST, 2016). 

Fastidious organisms, such as those implicated in respi-
ratory tract infections and those targeted by telithromycin, 
require incubation in CO2 for growth and to facilitate the 
determination of MICs. However, incubation in CO2 has been 
shown to falsely elevate MIC values for certain antibacteri-
als, including the macrolides, potentially due to acidification 
of the test medium (Barry et al., 2001). Against 400 typical 
respiratory tract isolates, both telithromycin and azithromy-
cin MICs measured using Etests with the isolates incubated 
in 5% CO2 were consistently elevated, compared to broth 
microdilution with isolates incubated in ambient air (Bou - Figure 64.1. Chemical structure of telithromycin. 
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chillon et al., 2005). This may indicate the need for method-
ology-specific breakpoints if incubating in 5% CO2.

Telithromycin has an exceptionally broad spectrum of 
activity and has been tested against an enormous number 
of pathogens. In general, the antibacterial effects of telithro-
mycin are intended for common respiratory tract pathogens 
against which it has potent in vitro activity (Table 64.1). As 
discussed in section 1, the ketolide structure of telithromycin 
allows it to maintain antimicrobial activity against macrolide- 
resistant pathogens, particularly S. pneumoniae. The activity 
of telithromycin against multidrug resistant strains has been 
studied and is highlighted in Table 64.1. Similar to macrolides, 
telithromycin possess activity against both Gram-positive 
and Gram-negative respiratory pathogens and intracellular 
pathogens; i.e. the “atypical” pathogens. In addition, teli-
thromycin has been studied in relation to a unique variety 
of pathogens including nontuberculous mycobacteria, both 
rapid and slow growing, amoebas, parasites, and malaria, 
which are discussed in the following sections. 

GRAM-POSITIVE BACTERIA

Like macrolides, telithromycin inhibits bacterial protein syn-
thesis by blocking the passage of nascent proteins through 
the 50S ribosomal exit tunnel. Unlike macrolides, telithro-
mycin also binds the V and II domains of the 23S RNA sub-
unit. Alterations in the domain V binding site via methylation 
or mutation provide certain pathogens the ability to resist 
the activity of macrolides (Hisanaga et al., 2005). The addi-
tional binding of telithromycin to domain II is responsible 
for the improved antimicrobial activity of ketolides against 
macrolide-resistant pathogens (Berisio et al., 2003). In addi-
tion, telithromycin has also been shown to bypass the erm 
gene induction pathway while other macrolides increase lev-
els of erm methyltransferases in bacterial species carrying 

inducible genes (Wolter et al., 2008). Telithromycin-resistant 
S. pneumoniae isolates have been rarely identified, demon-
strating telithromycin MICs between 2 and 8 mg/l due to 
multiple alterations in the 23S rRNA in addition to other 
resistance mechanisms (Al-Lahham et al., 2006). The global 
surveillance project Prospective Resistant Organism Tracking 
and Epidemiology for the Ketolide Telithromycin (PROTEKT) 
demonstrated only 0.2% of S. pneumoniae isolates collected 
from 1999 to 2003 to be telithromycin-resistant (Farrell and 
Felmingham, 2004). Macrolide-resistant staphylococci pos-
sess the msr(A) determinant, which also confers upon the 
organisms low-level resistance to telithromycin, although 
high-level resistance requires mutations in the CLpX chaper-
one proteolytic system (Vimberg et al., 2015). 

Telithromycin has been tested in vitro on numerous Gram-
positive species, including pathogens isolated from patients 
with varying sites of infection and levels of immunosuppres-
sion. Of 101 isolates of S. pneumoniae collected from patients 
with AECB, the organisms showed 100% and 98% suscepti-
bility to telithromycin according to CLSI and EUCAST break-
points, respectively, including strains producing biofilms 
(Vandevelde et al., 2014). Telithromycin has demonstrated 
retained activity against multidrug resistant (MDR) strains 
of S. pneumoniae, including those with penicillin MICs up 
to 32 mg/l, making telithromycin a viable option for empiric 
therapy of CAP in adults (Rodriguez-Cerrato et al., 2010). 
Importantly, telithromycin has also been shown to reduce 
the expression of the S. pneumoniae capsule, the mechanism 
responsible for the organism’s virulence, significantly better 
than penicillin (Brook and Hausfeld, 2006). Telithromycin has 
also demonstrated excellent activity against other species 
of Streptoccoccus, including those from the viridans group 
isolated from neutropenic cancer patients with bloodstream 
infections (Alcaide et al., 2001). Resistance to telithromycin 

Table 64.1. Telithromycin susceptibility against respiratory pathogens from key infection types.

Number 
of isolates

MIC range 
(mg/l)

MIC50 

(mg/l)
MIC90 

(mg/l)
% 

Susceptiblea

CAP

S. pneumoniae 2256 ≤ 0.002–4 0.015 0.25 99.8

MDRSP 99.5

H. influenzae 740 0.06–32 1 2 99.7

AECB

S. pneumoniae 0.004–4 0.015 0.25 99.4

MDRSP 98.3

H. influenzae 432 0.06–8 1 2 99.1

ABS

S. pneumoniae 0.004–4 0.015 0.25 99.9

MDRSP 99.7

H. influenzae 356 0.06–8 1 2 99.7

aBased on 2006 CLSI M100–S16 interpretive criteria
Abbreviations: CAP: community-acquired pneumonia; AECB: acute exacerbation of chronic bronchitis; ABS: acute bacterial sinusitis; MDRSP: 

multi-drug resistant S. pneumoniae
Source: Blasi et al. (2009)
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has rarely been reported in strains of Streptococcus bovis 
(Rodriguez-Avial et al., 2005) and Streptococcus mitis 
(Malhotra-Kumar et al., 2004). Telithromycin has shown 
to be more effective than macrolides against clinical isolates 
from the Streptococcus anginosus group (Yamamoto et al., 
2006), an increasingly clinically worrisome group of patho-
gens (Wenzler et al., 2015). Resistance among group A strep-
tococci from pharyngeal cultures has also been exceedingly 
low at 0.2% (Green et al., 2005). 

Conversely, telithromycin has shown very poor activity 
against methicillin-resistant Staphylococcus aureus (MRSA). 
In a study of MRSA strains with high level ciprofloxacin 
resistance, only 2 of 34 strains showed telithromycin MICs < 
32 mg/l (Munoz Bellido et al., 2002). Although telithromycin 
was 10-fold more active than erythromycin in this context, 
telithromycin should not be relied on for clinical efficacy 
in  infections known or suspected to be caused by MRSA. 
Interestingly, sub-MIC concentrations of telithromycin (1/8 
MIC of 512 mg/l) have been shown to inhibit coagulase 
production, a virulence factor of S. aureus. High doses (100 
mg/kg) given to mice prior to induction of hematogenous 
pulmonary infections due to MRSA also significantly reduce 
the lung bacterial burden compared to controls despite in 
vitro resistance (Yanagihara et al., 2008). Telithromycin has 
displayed more favorable activity against species of coagulase- 
negative staphylococci, although resistance rates in the most 
commonly encountered species, such as Staphylococcus epi
dermidis, exceed 30% (John et al., 2002). 

Although telithromycin is not known for its activity against 
enterococci, it has demonstrated in vitro activity against 
Enterococcus faecalis. In time-kill assays, telithromycin dis-
played bactericidal activity against both E. faecalis and E. fae
cium strains, although there was significant strain-to-strain 
variability. The combination of telithromycin plus ampicillin, 
vancomycin, or gentamicin did not prove synergistic against 
any isolate (Baltch et al., 2001). 

Finally, telithromycin has exhibited excellent activity against 
aerobic and facultatively anaerobic non–spore-forming Gram- 
positive bacilli, including most species of Corynebacterium 
with the exception of Corynebacterium striatum (Soriano et 
al., 1998). Good activity against toxigenic and nontoxigenic 
strains of C. diptheriae has also been observed (Engler et al., 
2001). Against less commonly pathogenic Gram-positive lac-
tic acid bacteria such as Lactobacillus, Leuconostoc, and Pedio
coccus, the MIC90 to telithromycin was 0.015 mg/l (Zarazaga 
et al., 1999). When tested against obligate Gram-positive 
anaerobes, telithromycin inhibited 100% of Clostridium per
fringens and 46–56% of Clostridium difficile strains (Wexler 
et al., 2001). Excellent activity has also been demonstrated 
against Propionibacterium and Actinomyces spp., among other 
rare anaerobic Gram-positive species (Goldstein et al., 2005). 

GRAM-NEGATIVE BACTERIA

Telithromycin displays activity against two important res-
piratory pathogens—H. influenzae and M. catarrhalis— 
although the telithromycin MIC values for H. influenzae are 
higher than those for Gram-positive cocci. The drug’s activ- 

ity against H. influenzae is similar to that of azithromycin, 
but approximately 4-fold greater than that of clarithromycin 
and erythromycin against the same organism (Lonks and 
Goldmann, 2005). Telithromycin activity against H. influen
zae is maintained irrespective of beta-lactamase production 
(Kucukbasmaci et al., 2003). In addition to the telithromycin 
resistance arising from alterations in the ribosomal subunits, 
shown by S. pneumoniae, telithromycin resistance in the 
primary Gram-negative pathogen Haemophilus influenzae 
is induced via efflux pumps (Bogdanovich et al., 2006). This 
ketolide has shown excellent in vitro activity against M. 
catarrhalis, with lower MIC values than those for H. influen
zae (see Table 64.1). Telithromycin is inherently inactive 
against Enterobacteriaceae and Pseudomonas aeruginosa.

Telithromycin has shown excellent activity against other 
respiratory tract Gram-negative pathogens including Eikenella 
corrodens, Moraxella spp., and Prevotella spp. isolated from 
antral punctures of patients with sinusitis (Goldstein et al., 
2003). Similar to macrlolides, specifically clarithryomycin, 
telithromycin has displayed in vitro efficacy against Helico
bacter pylori (Lascols et al., 2001). 

Against nonrespiratory aerobic Gram-negative pathogens, 
telithromycin displays minimal activity against Acinetobacter 
spp., Enterobacteriaceae spp., Vibrio spp., Campylobacter 
jejuni, Aeromonas hydrophilia, Plesiomonas shigelloides, and 
Pseudomonas aeruginosa (Felmingham and Farrell, 2006). 

When tested against obligate anaerobic Gram-negative 
bacteria, telithromycin demonstrates poor activity against 
Bacteroides fragilis, variable activity against other Bacteroides 
spp., and excellent activity against Porphyromonas spp., Pre
votella spp., and Bilophila wadsworthia. But telithromycin was 
not active against Fusobacterium spp. (Wexler et al., 2001). 

OTHER PATHOGENS

Like the macrolides, telithromycin exerts activity against the 
most commonly encountered atypical pathogens: Legionella 
pneumophila, Mycoplasma pneumoniae, Chlamydophila pneu 
moniae, and Bordetella pertussis, making it a viable single- 
drug option for the treatment of CAP.

Telithromycin has exhibited activity against L. pneumoph
ila comparable to that of levofloxacin (see Chapter 104, 
Levofloxacin) and moxifloxacin (see Chapter 105, Moxi-
floxacin) (Dunbar and Farrell, 2007). Compared to azithro-
mycin and clarithromycin, telithromycin MIC values for 
M.  pneumoniae are 2- to 3-fold lower (Felmingham et al., 
2001). Telithromycin’s activity against C. pneumoniae is sim-
ilar to that of the macrolides erythromycin and azithromy-
cin, although it is possibly less than that of clarithromycin 
(Miyashita et al., 2001). Telithromycin has shown some activ-
ity against Ureaplasma urealyticum and Ureaplasma parvum, 
although its activity against these organisms was less than 
that of clarithromycin, especially against sessile cells within 
formed biofilms (Garcia-Castillo et al., 2008). 

Interestingly, telithromycin has been tested and shown 
activity in vitro against a host of other organisms, including 
pathogens responsible for anthrax (Athamna et al., 2004) 
and malaria (Barthel et al., 2008). Additionally, it exerts activ- 
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ity against most tick-borne pathogens (Rolain et al., 2000) and 
certain species of rapid and slow growing nontuberculous 
Mycobacterium spp. (Fernandez-Roblas et al., 2000; Rastogi 
et al., 2000). Telithromycin has limited activity against amoeba 
(Ahmad et al., 2013) but displays efficacy against the agents 
of toxoplasmosis (Araujo et al., 1997), leptospirosis (Moon 
et al., 2006), and tularemia (Gestin et al., 2010).

2b.  Emerging resistance and 
cross-resistance

The PROTEKT US surveillance study has provided impor-
tant longitudinal information on issues related to resistance 
toward antimicrobials, including telithromycin. Clinical iso-
lates of S. pneumoniae showing resistance to telithromycin 
have been found, but are still rare. After four years of global 
surveillance, only 0.1% of 20,750 S. pneumoniae strains show 
telithromycin MIC values > 4 mg/l (Farrell and Felming- 
ham, 2005). Nonetheless, resistance distribution among coun-
tries may be heterogeneous, with telithromycin-resistant S. 
pneumoniae rates above 10% being found in Finland (Rantala 
et al., 2006), Greece (Ioannidou et al., 2003), and Taiwan 
(Hsueh et al., 2003).

Emergence of resistance to telithromycin in other patho-
gens that were originally susceptible to telithromycin has not 
been reported, likely due to the limited clinical use of this 
agent. However resistance among Streptococcus pyogenes has 
been shown to be increasing across Europe in concordance 
with overall macrolide use (Richter et al., 2008). Therefore 
the continued pervasive use of macrolide agents may in turn 
affect the activity of telithromycin against some pathogens, 
depending on the mechanism of resistance. 

Inducible telithromycin resistance subsequent to erm- 
mediated resistance has been demonstrated in Staphylococcus 
spp. and some Lancefield groups A, B, C and G beta-hemo-
lytic streptococci. The well-known D-zone test to identify 
inducible clindamycin resistance in staphylococci has been 
shown to lack sensitivity and specificity for the detection of 
inducible telithromycin resistance in beta-hemolytic strepto-
cocci (Raney et al., 2006). 

3. MECHANISM OF DRUG ACTION

The mechanism of action of telithromycin is similar to that 
of macrolides (see Chapter 59, Erythromycin) and is based 
on interaction with the peptidyl transferase site of the 50S 
ribosomal subunit, inhibiting the translation of rRNA mole-
cules and preventing the elongation step of protein synthesis. 
In addition, telithromycin also interferes at an earlier stage 
of protein synthesis by disrupting the assembly of 50S sub-
unit precursors, blocking the formation of a functional 50S 
subunit. The presence of a 3-keto group in place of the 
L-cladinose moiety allows telithromycin to bind to the ribo-
somal target at its 23S rRNA domain V region without elic-
iting expression of ribosomal mutations. The large C-11/C-12 
carbamate extension provides an additional binding site at 
the ribosomal domain II. This dual binding increases the 

binding affinity of telithromycin approximately 10-fold rel-
ative to that of erythromycin. Dual binding is likely also 
responsible for overcoming target organism resistance medi-
ated by both the ribosomal mutations (erm) and efflux pump 
(mef ) mechanisms. 

In addition to their antimicrobial activity, macrolides 
and ketolides have demonstrated many pleiotropic effects, 
including those arising from immunomodulatory and anti- 
inflammatory properties. These properties include inhibi-
tion of the production of the streptococcal toxin pneumolysin. 
This activity is clearly independent of the antibacterial activ-
ity as it has been demonstrated at sub-MIC concentrations 
and with strains of S. pneumoniae that are macrolide-resistant 
(Anderson et al., 2007). 

When exposed to concentrations of telithromycin higher 
than those achievable in human serum, lipopolysaccharide 
(LPS) stimulated monocytes derived from the peripheral 
blood of healthy volunteers showed significant decreases 
in expression of the proinflammatory cytokines interleukin 
(IL)-1α and tumor necrosis factor (TNF)-α. Telithromycin 
showed no inhibition of the factors IL-1β, IL-6, or IL-10 at 
any tested concentration (Araujo et al., 2002). In mice 
injected with LPS, telithromycin attenuated the expression 
and formation of TNF-α, IL-1β, and interferon-γ, and dimin-
ished the formation of nitric oxide (Lotter et al., 2006). 
Telithromycin has also shown potent reduction in LPS-
induced acute airway inflammation and injury in mice (Leiva 
et al., 2008). In total, these findings indicate that in addition 
to its antimicrobial activity, telithromycin may have a protec-
tive effect against the inflammatory response generated by 
the body in response to an infectious process. Although the 
macrolides have demonstrated beneficial anti-inflammatory 
effects in humans, especially in patients with chronic respi-
ratory diseases, the effect of telithromycin’s mediation of 
inflammatory factors has not been tested in humans. 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Telithromycin is available as an oral tablet formulation only. 

4a.  Adults

Telithromycin was previously supplied commercially in 300 
and 400 mg tablets. On March 11 2016, the FDA announced 
that both the 300 and 400 mg tablets had been permanently 
discontinued by Sanofi as the result of a business decision 
(FDA, 2016). The recommended dosage of telithromycin in 
adults is 800 mg orally once daily for 7–10 days. 

4b.  Newborn infants and children

Clinical trials of telithromycin in pediatric patients were 
halted due to post-marketing safety concerns arising from 
studies of adult patients given telithromycin. The safety and 
efficacy of telithromycin has not been established in patients 
under 18 years of age. 
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4c.  Pregnant and lactating mothers

At doses several fold higher than those recommended for 
humans, telithromycin was not teratogenic to rat or rabbit 
fetuses. There are no studies in of telithromycin in pregnant 
women and it should only be used if the benefit clearly out-
weighs the risk. Telithromycin has been designated an FDC 
pregnancy category C drug. Telithromycin is excreted in the 
breast milk of rats. Given that no data are available in lactat-
ing women, telithromycin should be used with caution in 
nursing mothers. 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION 
INCLUDING DIALYSIS

Telithromycin is excreted both hepatically and renally. In 
subjects with an estimated creatinine clearance (CrCl) > 30 
ml/min administered single or multiple ascending doses 
of  telithromycin, no significant changes in exposure were 
observed in these subjects versus healthy volunteers given 
the same therapy. In subjects with CrCl values < 30 ml/min 
administered multiple doses of telithromycin, there was 
approximately a 2-fold increase in the area under the curve 
AUC (0–24 hours) at steady state (Shi et al., 2004). In these 
patients, the dose of telithromycin should be reduced to 
600 mg daily. In subjects with end stage renal failure on 
intermittent hemodialysis, the total exposure to telithromy-
cin after an 800 mg dose administered two hours after the 
end of dialysis was similar to that of healthy volunteers 
receiving the same one-time dose (Shi et al., 2004). The rec-
ommended dose for these patients is 600 mg daily after 
dialysis on dialysis days. The degree of removal of telithro-
mycin by intermittent or other forms of renal replacement 
therapies has not been studied. 

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

In subjects with mild to severe hepatic dysfunction admin-
istered single and repeated doses of 800 mg, the pharmaco-
kinetic parameters of telithromycin were not significantly 
different compared to those observed in age- and sex-
matched healthy control subjects. In patients with to severe 
hepatic dysfunction, the terminal elimination half-life of teli-
thromycin is increased approximately 1.4-fold. In these 
patients, renal clearance of telithromycin is increased up to 
1.5-fold due to activation of a compensatory elimi nation 
pathway in response to decreased metabolism and decreased 
metabolic clearance (Cantalloube et al., 2003). If isolated 
hepatic dysfunction is present, no dosage adjustments of teli-
thromycin are needed. In patients with concomitant hepatic 
impairment and severe renal dysfunction (CrCl < 30 ml/
min), the dose of telithromycin should be decreased to 400 
mg daily. Although hepatic dysfunction decreases the meta-
bolic conversion of the parent compound telithromycin to its 
main metabolite RU 76363 (Cantalloube et al., 2003), none 

of its metabolites has been shown to have any appreciable 
antibacterial activity. 

OLDER ADULTS

Subjects ≥ 65 years of age given single and multiple doses 
of  telithromycin, including intravenous doses, showed an 
approximate 2-fold increase in maximum plasma concentra-
tion compared to healthy controls after intravenous dosing 
but not after oral dosing. There were no significant differences 
in any other pharmacokinetic parameters, including renal 
clearance, and no dosage adjustments are recommended 
based on age alone (Perret et al., 2002). 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The structural alterations of telithromycin allow for improved 
gastric acid stability and improved absorption. The fraction 
of the administered dose that is absorbed is estimated to be 
greater than 90%, whereas the absolute oral bioavailability is 
approximately 57% (Perret et al., 2002), similar to those of 
the macrolides. The bioavailability of telithromycin adminis-
tered orally is not affected by food intake (Bhargava et al., 
2002), and the tablets may be crushed prior to administra-
tion (Lippert et al., 2005). 

The serum protein binding of telithromycin is approxi-
mately 65%, primarily to albumin (Heinze and Holzgrabe, 
2006). The terminal elimination half-life is approximately 9.81 
hours (Namour et al., 2001), allowing for once daily dosing. 

5b.  Drug distribution

Table 64.2 displays the steady-state pharmacokinetic param-
eters of telithromycin after multiple doses of 800 mg once 
daily were given to healthy volunteers. 

The large volume of distribution and lipophilicity of teli-
thromycin allows for extensive penetration into body tissue 
and cells. Although plasma concentrations of telithromycin 
remain low throughout the dosing interval, tissue concen-
trations are consistently several fold higher than plasma 
concentrations. The disposition of telithromycin has been 
extensively studied in many different matrices relevant to its 
clinical usages. Telithromycin has been shown to concentrate 
in nasal mucus, nasal mucosa, and in the ethmoid bone, with 
exposures up to approximately 6-fold higher than the AUCs 
achieved in plasma (Kuehnel et al., 2005). The AUC24 of teli-
thromycin in saliva is approximately 1.5 times that of plasma 
AUC24 (Edlund et al., 2000), and concentrations in tonsillar 
tissue are more than 13 times plasma concentrations 24 hours 
after an oral dose (Gehanno et al., 2003). Adequate anti-
microbial concentrations in the lung are an important con-
sideration in the clinical treatment of pneumonia (Rodvold 
et al., 2011), and telithromycin displays excellent penetra-
tion into both the epithelial lining fluid (ELF) and alveolar 
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macrophages (AM). Telithromycin concentrations in ELF and 
AM exceed peak plasma concentrations by 10- to 100-fold 
and telithromycin remains accumulated in AM and is released 
very slowly (Kadota et al., 2002; Khair et al., 2001; Kikuchi et 
al., 2007; Muller-Serieys et al., 2001; Ong et al., 2005). The 
clinical implications of these concentrations could be signif-
icant for the treatment of CAP, particularly due to intracellu-
lar pathogens where telithromycin has a potential advantage 
over other agents such as the beta-lactams. The penetration 
of telithromycin has also been examined in peripheral soft 
tissues (Gattringer et al., 2004; Traunmuller et al., 2009), blis-
ter fluid (Namour et al., 2002), and female genital tissues 
(Mikamo et al., 2003), with similar results. 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Telithromycin exerts bactericidal activity toward S. pneu
moniae, including macrolide-resistant strains. Limited bac-
tericidal activity may also be achieved against S. pyogenes, 
H. influenzae, and M. catarrhalis, depending on the con-
centrations achieved and the size of the bacterial inoculum 
(Odenholt et al., 2001).

In murine neutropenic thigh models of mice infected 
with MDR S. pneumoniae, the fAUC24 to MIC ratio was the 
best predictor of antimicrobial activity of telithromycin, with 
an r2 value of 0.86 compared to 0.84 for Cmax to MIC and 0.61 
for time > MIC (Tessier et al., 2005). Bacterial stasis and 
maximal efficacy were predicted by AUC/MIC ratios of 200 
and 1,000, respectively. At simulated clinically achievable 
free drug concentrations in serum and ELF against efflux 
(mefE)-producing macrolide-resistant S. pneumoniae, Cmax/
MIC ≥ 3.5 and AUC/MIC ≥ 25 completely eradicated mac-
rolide-resistant S. pneumoniae, whereas free telithromycin 
concentrations in serum simulating Cmax/MIC ≥ 1.8 and 
AUC/MIC ≥ 12.5 were bacteriostatic (Zhanel et al., 2005).

A single study suggested that the AUC/MIC target for 
predicting efficacy of telithromycin against CAP due to S. 
pneumoniae is approximately 27 (Lodise et al., 2005). This 
target is similar to the 25–35 range suggested for azithro - 

mycin and clarithromycin. Using this proposed target, the 
probability of target attainment for telithromycin in serum 
and ELF against susceptible and resistant S. pneumoniae 
strains in CAP patients was examined using Monte Carlo 
simulations. Using these simulations, the probability of target 
attainment for telithromycin was > 90% in both serum and 
ELF for all strains except penicillin-resistant S. pneumoniae, 
for which it was 89.1%. The probability of target attainment 
for telithromycin was significantly greater than for either azi-
thromycin or clarithromycin (Noreddin et al., 2009). At a 
dose of 800 mg orally once daily, telithromycin is predicted 
to attain this target 100% of the time against pathogens with 
an MIC ≤1 mg/l and 80% of the time against those with an 
MIC ≤2 mg/l (Lodise et al., 2005). 

A larger pharmacodynamic analysis of patients with 
monomicrobial CAP given 800 mg of telithromycin daily 
from five phase III studies did not identify any relationship 
between PK/PD indices and microbiological outcome. There 
was a low number of microbiological poor outcomes and 
logistic regression indicated telithromycin had a near maxi-
mal effect. Classification and regression tree analyses also did 
not identify any PK/PD breakpoints for any of the pathogens 
included (Shi et al., 2005c). 

Despite the relatively low plasma concentrations achieved 
after an oral dose of telithromycin, healthy volunteers given a 
single 800 mg dose demonstrated rapid and prolonged anti-
bacterial activity in serum out to 12 hours post-dose against 
MDR S. pneumoniae strains, H. influenzae, and both Gram- 
positive and Gram-negative anaerobes based on serum bac-
tericidal titers (Stein et al., 2007). 

Telithromycin possesses greater ribosomal binding affin-
ity than macrolides and a slow rate of dissociation of the 
drug–ribosome complex has been noted. This is consistent 
with a substantial postantibiotic effect (PAE) observed in 
vitro (Odenholt et al., 2001). Telithromycin exhibits a PAE 
against most pathogens involved in respiratory tract infec-
tions, in a concentration-dependent manner. The duration of 
the in vitro PAE against S. pneumoniae ranges from 0.4 to 
9.8 hours (Jacobs et al., 2003), compared to 4.4 to 5.5 hours 
against S. aureus, from 3.7 to 5.8 hours against S. pyogenes, 

Table 64.2. Pharmacokinetic parametersa of telithromycin in healthy subjects.

Parameter
Namour et al. 

(2001)
Cantalloube et al. 

(2003)
Edlund et al. 

(2000)
Shi et al. 
(2005b)

Cmax (mg/l) 2.3 (31) 1.9 (30)   2 (42) 2.5 (29.7)

Tmax (h)b    1 (0.5–3)      3 (0.5–6) 1.5 (1–4) —

C24 (mg/l) 0.07 (72) — 0.03 (140) 0.04 (58)

AUC24 (mg·h/l) 12.5 (43) 13.3 (27) 10.4 (49) 13.4 (36)

CLR (l/h) 12.5 (34) 11.7 (15) — —

Half-life (h) 9.8 (20)     11 (20) — 13.3 (43)

aMedian (range)
bParameters are derived after multiple doses of 800 mg orally once daily. Data presented as mean (% CV) unless otherwise specified.
Abbreviations: Cmax: maximum plasma concentration; Tmax: time to reach Cmax; C24: plasma concentration 24 hours post-dose; AUC24: area 

under the plasma concentration-time curve to 24 hours post-dose; CLR: renal clearance; CV: coefficient of variation.
Source: Adopted from Ciervo and Shi, 2005.
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from 2.2 to 6.2 hours against H. influenzae, and from 2.5 to 
5.0 hours against M. catarrhalis (Boswell et al., 1998). The 
clinical implications of the PAEs demonstrated in vitro are 
not fully clear. 

5d.  Excretion

Telithromycin is eliminated via multiple pathways from the 
systemic circulation. Approximately 37% is metabolized by 
the liver, 13% is eliminated unchanged in the urine, and 7% 
of the drug is excreted unchanged in feces through biliary 
and/or intestinal excretion. As discussed, the multiple elimi-
nation pathways of telithromycin help to limit the risk of 
over-exposure when a single pathway is compromised. 

Approximately 70% of an oral dose of telithromycin is 
metabolized and the parent compound is the primary circu-
lating molecule representing 56.7% of the radioactivity in a 
mass balance study. About half of the metabolism of telithro-
mycin in the liver is mediated by the CYP3A4 enzyme while 
the other 50% is independent of the CYP system. This large 
dependence on CYP enzymes creates numerous drug–drug 
interactions. 

5e.  Drug interactions

Telithromycin is both a substrate of and an inhibitor of the 
CYP3A4 pathway, and a substrate of p-glycoprotein (P-gp). 
Telithromycin also shows in vivo inhibition of the CYP2D6 
pathway. The potential for drug interactions with telithro-
mycin is similar to that of the macrolide clarithromycin 
(Piscitelli, 2011). Clinically important drug–drug interac-
tions are summarized in Table 64.3.

CYP3A4 SUBSTRATES

Telithromycin causes dramatic increases in the systemic expo-
sure of simvastatin when administered together, although 
these effects can be mitigated if the two agents are given at 
least 12 hours apart. Interaction between telithromycin and 
pravastatin, fluvastatin, or rosuvastatin is unlikely since these 
statin drugs are not metabolized via the CYP34A system. 
Telithromycin also increased the AUC of the substrate mid-
azolam up to 6-fold. Conversely, lorazepam and temazepam 
do not interact with the ketolide. The ketolide increased the 
AUC of the antidiabetic agent repaglinide 177% and may 
increase the risk of hypoglycemia (Kajosaari et al., 2006). The 
concomitant use of telithromycin and cisapride or pimozide is 
contraindicated due to the potential risk for life-threatening 
QT prolongation. 

CYP3A4 INDUCERS

The most well-known and appreciated CYP3A4 inducer, 
rifampin, has been shown to reduce the AUC of telithromy-
cin by 86% after repeated doses. Other strong inducers are 
likely to greatly reduce the plasma exposure of telithromycin, 
given its strong reliance on this pathway. 

CYP3A4 INHIBITORS

Recognized CYP3A4 inhibitors itraconazole and ketocona-
zole, when administered with telithromycin, have increased 
the AUC of telithromycin by 54 and 95%, respectively (Shi et 
al., 2005a; Shi et al., 2005b). Coadministration of telithro-
mycin and grapefruit juice has also been studied and shown 
to have no significant effect, as P-gp represents only a minor 
contribution to the intestinal absorption of telithromycin. 

Table 64.3. Interactions between telithromycin and other drugs.

Drug AUC change Clinical effect Recommendation

Effect on co-administered drug in the presence of telithromycin

Midazolam 511% Increase Benzodiazepine overdose Monitor for toxicities and adjust dose if necessary

Simvastatin 761% Increase Risk of myopathy and rhabdomyolysis Temporary suspension of simvastatin during course 
of telithromycin

Cisapride 223% Increase Significant increase in QTc Avoid concomitant use

Paroxetine 0.4% Decrease Not likely clinically significant None

Metoprolol 37% Increase Not likely clinically significant Caution in patients with heart failure

Theophylline 17% Increase Nausea/vomiting Administer 1 hour apart

Warfarina 5% Increase Not likely clinically significant Monitor INR

Digoxin 37% Increase Digoxin toxicity Monitor serum levels and side effects of digoxin

Sotalol 20% Decrease Not likely clinically significant None

Ethinyl estradiol 2% Increase Not likely clinically significant None

Effect on telithromycin from co-administered drug

Ketoconazole 95% Increase Telithromycin toxicity Avoid concomitant use

Itraconazole 54% Increase Telithromycin toxicity Avoid concomitant use

Grapefruit juice 4% Increase Not likely clinically significant None

Rifampin 86% Decrease Loss of telithromycin activity Avoid concomitant use

Ranitidine 15% Decrease Not likely clinically significant None

aS enantiomer.
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OTHER INTERACTIONS

Telithromycin has many other important drug–drug interac-
tions. Telithromycin’s prescribing information includes a 
warning regarding severe adverse reactions, including fatali-
ties, which were reported when telithromycin was used 
concomitantly with colchicine, statins, or calcium channel 
blockers. Telithromycin use should be avoided in combina-
tion with these medications, especially in patients with renal 
or hepatic impairment. Telithromycin increases the peak 
plasma concentration of digoxin by 73% and the AUC of the-
ophylline by 17%. It interacts with the anti-arrhythmic drug 
sotalol by decreasing its absorption and increasing the expo-
sure of metoprolol. Importantly, studies have shown that teli-
thromycin does not affect the anti-ovulatory effect of oral 
contraceptives containing ethinyl estradiol and levonorge-
strel. Telithromycin may act as an inhibitor to the hepatic 
uptake transporters OATP1B1 and OATP1B3, although the 
significance of this is unknown. Drugs affecting gastric pH 
do not seem to affect the absorption of telithromycin. In con-
trolled studies, the pharmacokinetics of warfarin were not 
affected by concomitant administration with telithromycin, 
although post-marketing reports have documented potenti-
ation of warfarin by telithromycin. The CYP2D6 effects of 
telithromycin do not affect the kinetics of paroxetine but 
do increase the AUC of oxycodone by 80% (Gronlund et al., 
2010). 

6. ADVERSE REACTIONS AND TOXICITY

Toxicities associated with telithromycin have led to the 
removal of several of its approved indications and are respon-
sible for its limited clinical usage throughout the United State 
and Europe (see section 7). The pyridine–imidazole group 
of the telithromycin side chain has been shown to interact 
with nicotinic acetylcholine receptors (Bertrand et al., 2010) 
and inhibit acetylcholine-evoked currents at therapeutic 
concentrations. This interaction accounts for the observed 
visual, neurological, and musculoskeletal side effects of teli-
thromycin and is unique to the ketolide class due to the chem-
ical structure. In rats, telithromycin has also demonstrated 
the ability to inhibit adrenergic neurotransmission thereby 
increasing visceral blood flow and decreasing cerebral perfu-
sion. These effects may explain the telithromycin-associated 
temporary loss of consciousness and syncope phenomena 
reported to the FDA and EMA. 

The combined data from phase III clinical trials involving 
2702 patients treated with telithromycin 800 mg once daily 
for 5 or 7–10 days indicate that the most common adverse 
events following telithromycin treatment were diarrhea 
(10.0%), nausea (7.0%), dizziness (2.8%), and vomiting 
(2.4%). Reported adverse events were generally considered 
mild or moderate in severity. The rates of discontinuation 
attributed to treatment-emergent adverse events were simi-
lar in patients treated with telithromycin (4.4%) and pooled 
comparators (4.3%).

6a.  Hepatic effects

The exact mechanism for telithromycin-induced hepatotox-
icity is largely unknown, although there may be a synergistic 
effect between inflammatory stimuli and telithromycin on 
needed hepatic transporters such as MDR1 and MRP2 (Saab 
et al., 2013). In phase III trials, liver alanine transferase levels 
greater than three times the upper limit of normal were 
observed in 1.6% of patients treated with telithromycin. 
Hepatitis, with or without jaundice, occurred in 0.07% of 
patients treated with telithromycin and was reversible. Upon 
drug approval and more widespread use of telithromycin, the 
true hepatotoxic effects were discovered. A 2006 report high-
lighted three cases of severe liver injury in patients treated 
with telithromycin (Clay et al., 2006). Within a few days of 
receiving telithromycin, the patients presented with acute 
hepatitis. One patient recovered spontaneously, one required 
orthotopic liver transplantation, and one died. Pathologic 
examination in the last two patients showed massive hepatic 
necrosis. Following this report, two more case series of hep-
atotoxicity due to telithromycin were published, document-
ing 42 (Brinker et al., 2009) and 226 cases (Chen et al., 2008). 
These reports eventually led to the removal of several clinical 
indications for the use of telithromycin. The package insert 
for telithromycin includes a warning indicating that fatal 
acute liver injury has been reported and that telithromycin 
should be discontinued immediately if signs and symptoms 
of hepatitis occur. 

6b.  Visual disturbance

Overall, 1.1% of patients in the controlled phase III trials 
reported treatment-emergent visual adverse events compared 
with 0.28% of patients who received comparators. The inci-
dence of visual adverse events was higher in females and in 
patients < 40 years of age. Most of these events were mild to 
moderate in severity. The package insert for telithromycin 
includes a warning regarding visual disturbances and loss of 
consciousness, stating that telithromycin may impair accom-
modation, cause blurred vision, difficulty focusing, or diplo-
pia, and that driving or performing other hazardous activities 
should be avoided while taking the ketolide.

6c.  Cardiac effects

In healthy volunteers administered repeated doses of 800 mg 
of telithromycin or single doses up to 2400 mg, prolonga-
tion of the QT interval was not observed at any heart rate 
(Demolis et al., 2003). In healthy women administered sota-
lol together with placebo or telithromycin, telithromycin 
actually decreased the mean QTc interval by approximately 
16 ms compared to placebo (Demolis et al., 2005). In vitro 
studies suggest the risk of arrhythmia with telithromycin to 
be less than those of both erythromycin and moxifloxacin 
(Wisialowski et al., 2006). 
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The package insert for telithromycin includes a warning 
regarding prolongation of the QTc interval, stating an 
increased risk for ventricular arrhythmias and torsades des 
pointes with fatal outcomes. The drug should be avoided in 
patients with known QTc prolongation, hypokalemia, hypo-
magnesemia, clinically significant bradycardia, and in patients 
taking class IA and class III antiarrhythmics. However, no 
cardiovascular morbidity or mortality attributable to QTc 
prolongation occurred during the phase III trial program 
involving 4780 patients, including 204 with QTc prolonga-
tion at baseline. 

6d.  Exacerbations of myasthenia gravis

The aforementioned interaction between telithromycin and 
nicotinic acetylcholine receptors can cause exacerbations of 
myasthenia gravis or myasthenic crisis (Jennett et al., 2006; 
Perrot et al., 2006). The prescribing information for telith-
romycin contains a black box warning indicating that fatal 
and life-threatening respiratory failure has been reported in 
patients with myasthenia gravis treated with telithromycin. 
The drug is contraindicated in patients with this disease state. 

6e.  Additional toxicities

Reports of telithromycin causing anaphylactoid (Bottenberg 
et al., 2007) and other immune-mediated drug toxicities, 
including toxic epidermal necrosis (Bedard and Gilbert, 
2007) and acute interstitial nephritis (Tintillier et al., 2004), 
have been reported in the literature. Telithromycin should 
be avoided in patients with a history of hypersensitivity to 
a  macrolide antibacterial. As with any antibiotic, patients 
should be evaluated for Clostridium difficile–associated diar-
rhea if diarrhea occurs while taking telithromycin. No gas-
trointestinal overgrowth of C. difficile was observed after the 
administration of telithromycin and the ecological profile 
appeared more favorable than that of clarithromycin (Edlund 
et al., 2000).

7. CLINICAL USES OF THE DRUG

The path through regulatory agencies in both the United 
States and Europe was a difficult one for telithromycin 
(Figure 64.2). The initial new drug application was rejected 
by the U.S. Food and Drug Administration (FDA) in June 
2001 due to insufficient safety data regarding observed toxic-
ities, specifically hepatotoxicity, effects on visual acuity, and 
drug interactions, among others (FDA, 2004). The European 
Agency for the Evaluation of Medicinal Products, later to 
become the European Medicines Agency (EMA) (Pappas et 
al., 2009), did not express the same concerns and the drug 
was approved in July 2001 in Europe. In response to the FDA’s 
request for more safety information, Sanofi-Aventis initiated 
a large, unblinded safety trial to investigate the incidence of 
hepatic, cardiac, and visual adverse effects of telithromycin 
compared to those of amoxicillin–clavulanate. Unfortunately, 
several physician principal investigators in this trial later 
admitted to fabricating data and/or not reporting adverse 
events (Barie, 2006). In the second review of the data by 
the FDA in 2003, the issue of data integrity from the safety 
study was not disclosed to the voting committee as it was the 
subject of an open criminal investigation and only one site 
was considered unreliable at the time (Soreth et al., 2007). 
Unaware of these transgressions, the committee voted to 
approve the drug. Upon a third review in January 2003, the 
FDA again asked for more safety information, including 
reports from Europe where the drug was commercially avail-
able. Also occurring concomitantly during this time was the 
regulatory shift away from accepting non-inferiority trials of 
antibiotics for self-resolving respiratory tract infections such 
as those targeted by telithromycin, including pharyngitis and 
sinusitis (Psaty, 2008). The FDA ultimately approved telithro-
mycin in April 2004 after reviewing the European reports 
and results from smaller clinical trials demonstrating no 
substantial safety problems after almost 4 million courses of 
therapy (Shlaes and Moellering, 2008). This decision ulti-
mately sparked Congressional investigations into the FDA’s 
acceptance of data that were known to be fraudulent (Ross, 

Figure 64.2. Timeline of telithromycin FDA approval (Ross, 2007).
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2007). Just 7 months after the drug was commercially avail-
able on the U.S. market, the first death due to telithromycin- 
associated hepatotoxicity was reported to the FDA. Not long 
after, reports of life-threatening hepatic failure began to 
emerge, in 2006. By the end of 2006, telithromycin had been 
implicated in 53 cases of hepatotoxicity. In response, the 
FDA Division of Drug Risk Evaluation recommended the 
addition of additional warnings to the package insert for teli-
thromycin describing severe, life-threatening, and sometimes 
fatal cases of hepatotoxicity associated with telithromycin. In 
February 2007, the FDA withdrew its approval of telithromy-
cin for the treatment of ABS and AECB, following the advice 
of a 2006 FDA Anti-Infective Drug Advisory Committee 
meeting. Sanofi-Aventis later ceased enrollment for all three 
of its pediatric telithromycin trials, in June 2009. Despite the 
FDA’s claim in 2007 that the potential benefits of telithromy-
cin outweigh the risks when used according to the updated 
package insert (Soreth et al., 2007), the clinical use of teli-
thromycin in the U.S. has vanished. 

In all, the safety and efficacy of telithromycin has been 
extensively studied in numerous trials involving several respi-
ratory tract infections, including CAP, pharyngitis, sinusitis, 
AECB, and asthma. As discussed, the FDA indications for 
bacterial sinusitis and AECB were removed in February 2007 
and the only remaining approved indication is mild to 
moderate CAP in adults due to S. pneumoniae, H. influenzae, 
M. catarrhalis, C. pneumoniae, or M. pneumoniae. A meta- 
analysis of 14 Phase III trials of telithromycin 800 mg once 
daily in patients with CAP, AECB, or ABS due to S. pneu
moniae demonstrated clinical cure rates above 80% for all 

indications, including infections due to penicillin-resistant 
and/or macrolide-resistant strains. The rate of adverse events 
due to telithromycin was also similar to those of comparator 
agents (26.5% vs. 29.4%, respectively) (Fogarty et al., 2006). 
A summary of the key clinical efficacy studies published from 
2001–2008 is shown in Table 64.4.

7a.  Community-acquired pneumonia

The earliest trials examining telithromycin for use in patients 
with CAP began in the late 1990s and were published in the 
early 2000s. The first study was a randomized, double-blind 
trial comparing 800 mg of telithromycin administered once 
daily to high dose amoxicillin administered for 10 days to 
patients with acute CAP. Clinical cure rates for the two 
groups at the test-of-cure (TOC) visit were similar (94.6% vs. 
90.1%), while telithromycin demonstrated an improved rate 
of clinical cure in the modified intent-to-treat population at 
the late follow-up visit (81.4% vs. 72.7%). Interestingly, clini-
cal cure rates in patients infected with atypical organisms 
were similar between the groups, although the rates them-
selves were small. Rates of adverse events were comparable 
between the groups, including rates of hepatic toxicities 
(Hagberg et al., 2002). The second study began as a multi-
center, active-controlled trial of telithromycin 800 mg once 
daily for 7–10 days versus trovafloxacin in patients with CAP. 
The study was halted prematurely due to safety concerns 
with trovafloxacin so the study continued as an open-label 
trial at 17 sites in South Africa. Bacteriologic outcomes at the 
TOC visit were satisfactory in 89.7% of patients receiving 

Table 64.4. Controlled trials involving telithromycin in patients with community-acquired pneumonia, pharyngitis, acute bacterial sinusitis, 
or acute exacerbation of chronic bronchitis.

Trial
No. of 

patients Regimen Duration
Clinical cure 
rate (%)

Bacteriologic 
outcome rate (%)

Community-acquired pneumonia

Hagberg et al. (2002) 301 TEL 800 mg vs. AMX 1000 mg tid 10 vs. 10 days 94.6 vs. 90.1 90.0 vs. 87.5

Mathers et al. (2004) 318 TEL 800 mg vs. CLA 500 mg bid 10 vs. 10 days 88.3 vs. 88.5 89.3 vs. 96.4

Tellier et al. (2004) 466 TEL 800 mg vs. CLA 500 mg bid 5–7 vs. 10 days 89.3/88.8 vs. 91.8 87.7/80.0 vs. 83.3

Pharyngitis

Norrby et al. (2001) 395 TEL 800 mg vs. PEN V tid 5 vs. 10 days 94.8 vs. 94.1 84.3 vs. 89.1

Quinn et al. (2003) 463 TEL 800 mg vs. CLA 250 mg bid 5 vs. 10 days 92.7 vs. 91.1 91.3 vs. 88.1

Acute bacterial sinusitis

Buchanan et al. (2003) 356 TEL 800 mg vs. CXM 250 mg bid 5 vs. 10 days 80.4 vs. 82.0 81.0 vs. 79.6

Luterman et al. (2003) 607 TEL 800 mg vs. AMC 500/125 mg tid 5–10 vs. 10 days 75.3 vs. 72.9 85.7 vs. 85.7

Desrosiers et al. (2008) 248 TEL 800 mg vs. AMC 875/125 mg tid 5 vs. 10 days 88.6 vs. 88.8 96.3 vs. 89.8

Ferguson et al. (2004) 322 TEL 800 mg vs. MOX 400 mg 5 vs. 10 days 87.4 vs. 86-9 94.1 vs. 93.9

Acute exacerbations of chronic bronchitis

Aubier et al. (2002) 227 TEL 800 mg vs. AMC 500/125 mg tid 5 vs. 10 days 86.1 vs. 82.1 69.2 vs. 70.0

Zervos et al. (2003) 282 TEL 800 mg vs. CXM 500 mg bid 5 vs. 10 days 86.4 vs. 83.1 76.0 vs. 78.6

Fogarty et al. (2005a) 456 TEL 800 mg vs. CLA 500 mg bid 5 vs. 10 days 85.8 vs. 89.2 81.9 vs. 82.9

Abbreviations: TEL: telithromycin; AMX: amoxicillin; CLA: clarithromycin; PEN V: penicillin V; CXM: cefuroxime axetil; AMC: amoxicillin–clavulanate; MOX: moxi-
floxacin; bid: twice daily; tid: three times daily.
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telithromycin and bacteriologic eradication was 95% in pa-
tients infected with S. pneumoniae, including 11/12 patients 
with pneumococcal bacteremia. There were no serious adverse 
events reported, although 1.8% did report abnormal liver 
function tests (Van Rensburg et al., 2002). 

Six studies evaluating the clinical efficacy and safety of 
telithromycin were published in 2003 and 2004. These stud-
ies further established the efficacy and safety of 7–10 days 
of telithromycin in an open-label design (Carbon et al., 2003) 
and versus clarithromycin (Mathers Dunbar et al., 2004) in 
patients with CAP. Additional trials demonstrated that teli-
thromycin once daily for 5 days was equivalent to clarithro-
mycin twice daily for 10 days in relation to clinical cure and 
bacteriological outcome rates in patients with mild to mod-
erate CAP (Tellier et al., 2004b). The treatment of CAP with 
telithromycin for 5–7 days demonstrated reduced hospital 
admissions and potentially lower healthcare costs compared 
to 10 days of clarithromycin (Tellier et al., 2004a), although 10 
days of telithromycin versus 10 days of clarithromycin did not 
demonstrate the same result (Niederman et al., 2004b). When 
these results were pooled, fewer CAP-related hospitalizations 
and hospital days were observed in patients receiving telithro-
mycin versus clarithromycin (Niederman et al., 2004a). 

In 2005 and 2006, telithromycin again displayed efficacy 
in the treatment of patients with CAP, including an 80% bac-
teriological eradication rate in 23 patients with pneumoniae 
due to S. aureus (Fogarty et al., 2005c). Five to ten days of 
telithromycin was also efficacious in two small studies of 
patients with CAP due to S. pneumoniae with reduced sus-
ceptibility to or resistance to penicillin and/or erythromycin 
(van Rensburg et al., 2005a). All isolates included in these 
studies had a telithromycin MIC ≤ 1 mg/l, supporting the 
retention of ketolide activity against resistant strains seen 
in vitro (van Rensburg et al., 2005b). Finally, telithromycin 
demonstrated a clinical cure rate and bacterial eradication 
rate of 90.2 and 93.9%, respectively, in patients with bactere-
mia and CAP due to S. pneumoniae. 

7b.  Pharyngitis

A double-blind, randomized trial compared telithromycin 
800 mg once daily for 5 days with penicillin V 500 mg three 
times daily for 10 days in patients with group A streptococcal 
tonsillopharyngitis (Norrby et al., 2001). Clinical outcomes 
were comparable for the two regimens with clinical cure rates 
of 94.8% and 94.1%, respectively, for the ketolide and the 
beta-lactam. Bacteriologic eradication was reached in 84.3% 
and 89.1% of patients in the telithromycin and penicillin V 
groups, respectively, and the rate of treatment-emergent 
adverse events was no different between the groups. In a sep-
arate analysis of the same study, telithromycin demonstrated 
significantly better improvement in mean total symptom score 
at days 3–5 of treatment compared to penicillin V in pa tients 
with group A streptococcal tonsillopharyngitis (Norrby et 
al., 2003). In a second randomized, double-blind study, teli-
thromycin 800 mg once daily for 5 days was compared with 
clarithromycin 250 mg twice daily for 10 days (Quinn et al., 

2003). Bacterial eradication was achieved in 91.3% of teli-
thromycin-treated patients and 88.1% of clarithromycin 
recipients. Clinical cure was achieved in 92.7% of telithromy-
cin recipients and 91.1% of clarithromycin-treated patients. 
A pooled analysis of these studies confirmed these results, 
with 5 days of telithromycin demonstrating a clinical cure 
rate of 93.6% at the TOC visit compared to 90.9% for 10 days 
of penicillin and clarithromycin (Norrby et al., 2004). 

7c.  Sinusitis

The safety and efficacy of 5 versus 10 days of telithromycin 
was first observed in patients with acute maxillary sinusitis. 
Clinical cure rates were almost identical between the two 
regimens (91.1% after 5 days vs. 91.0% after 10 days). Bac-
teriological eradication rates, assessed from pre-treatment 
sinus puncture, were also adequate and similar at 90.7% and 
91.3% for the 5 and 10 day regimens (Roos et al., 2002). 

Telithromycin has been evaluated in several comparative 
trials in patients with acute bacterial sinusitis. One trial 
(Luterman et al., 2003) compared telithromycin 800 mg for 
5 days with telithromycin 800 mg for 10 days, and with 
amoxicillin–clavulanate 500/125 mg three times daily for 10 
days. Clinical cure rates were similar for all three treatment 
arms (75.3% for 5-day telithromycin, 72.9% for 10-day teli-
thromycin, and 74.5% for amoxicillin–clavulanate). In a 
similar trial examining 5 days of daily telithromycin versus 
10 days of twice daily amoxicillin–clavulanate 875/125 mg, 
pre-protocol clinical success rates were similar at 88.6% for 
telithromycin and 88.8% for amoxicillin–clavulanate. Symp-
tom relief was assessed in this trial and the median time for 
50% reduction in total symptom scores was significantly 
shorter for telithromycin (4 days) versus the beta-lactam 
(5 days). Treatment-emergent adverse events were also sig-
nificantly more common in the amoxicillin–clavulanate 
group (Desrosiers et al., 2008). In a third trial, a 5-day course 
of once-daily telithromycin was shown to be as clinically 
effective as a 10-day course of cefuroxime axetil 250 mg twice 
daily (Buchanan et al., 2003). Clinical cure rates were 85.2% 
and 82.0% for telithromycin and cefuroxime axetil, respec-
tively. Bacteriologic eradication was observed in 84.0% of 
telithromycin-treated patients compared with 79.6% of those 
treated with the cefuroxime. A final study (Ferguson et al., 
2004) demonstrated that a 5-day telithromycin regimen pro-
vides equivalent clinical and bacteriologic efficacy to 10 days 
of treatment with the moxifloxacin 400 mg once daily. Two 
pooled analyses of these trials demonstrated comparable 
findings that the clinical efficacy of 5 days of telithromycin 
was equal to that of a 10 day regimen of telithromycin or 
comparator beta-lactam agent (Buchanan et al., 2005; Roos 
et al., 2005). 

7d.  Acute exacerbations of chronic 
bronchitis

Telithromycin 800 mg once daily for 5 days has been com-
pared with standard 10-day regimens of cefuroxime axetil 
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500 mg twice daily (Zervos et al., 2003), amoxicillin–clavula-
nate 500/125 mg three times daily (Aubier et al., 2002), and 
clarithromycin 500 mg twice daily (Fogarty et al., 2005a), in 
three controlled trials. Cure rates following treatment with 
telithromycin were 86.4% vs. 83.1% for cefuroxime axetil, 
86.1% vs. 82.1% for amoxicillin–clavulanate, and 85.8% vs. 
89.2% for clarithromycin. Bacteriologic cure rates were also 
similar between telithromycin and comparators. A pooled 
analysis of the above studies (Fogarty et al., 2005b) indicated 
an overall clinical cure rate of 86.0% for telithromycin com-
pared with 85.8% for the comparators, with 77.2% bacterio-
logic cure rates for telithromycin compared with 79.1% for 
comparators. The presence of adverse prognostic factors did 
not negatively influence telithromycin efficacy and relapse and 
reinfection rates were similar in treatment groups. 

7e.  Exacerbations of asthma

A single double-blind, randomized, placebo-controlled trial 
has evaluated the efficacy of telithromycin in patients with 
acute exacerbations of asthma (Johnston et al., 2006). Patients 
were randomized to 10 days of telithromycin 800 mg once 
daily or placebo plus standard asthma care. Patients treated 
with telithromycin exhibited clinically relevant and signifi-
cantly greater reductions in asthma symptoms over the 
treatment period compared to placebo. Patients treated with 
telithromycin also exhibited: larger improvements from base-
line to end of treatment in all pulmonary function tests, a 
faster median time to 50% reduction in symptom severity 
(5 vs. 8 days), and a greater proportion of completely symp-
tom-free days during the treatment period (16% vs. 8%). 
Further studies are required to elucidate the mechanisms of 
possible benefit of telithromycin in asthma exacerbations 
that can be related to telithromycin antimicrobial activity 
or its anti-inflammatory activity, or both. 
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1. DESCRIPTION

Cethromycin (formerly ABT-773; Restanza) is a ketolide 
antibiotic whose development was initiated by Abbott in 
1997 but abandoned in 2002. Since 2004 Advanced Life 
Sciences has promoted the development of cethromycin. The 
ketolides are structurally derived from erythromycin A and 
designed to overcome bacterial resistance to macrolides. One 
of the main features of the ketolide antibiotics is the absence 
of the neutral sugar L-cladinose at position 3 of the erytho-
nolide ring, which is replaced by a keto group (thus giving 
rise to the antibiotic class name) (Zhanel et al., 2002). The 
absence of the L-cladinose moiety also results in better drug 
absorption and less gastric irritation through improved acid 
stability.

The chemical structure of cethromycin is shown in Figure 
65.1. Cethromycin is a 6-O-ketolide—meaning that, com-
pared with 11-N-ketolides such as telithromycin, linkage with 

the macrolactone ring occurs at the 6-O-position, with an 
O-propylallyl linkage replacing the aminopropyl linkage 
of  telithromycin (Lawrence, 2001). Cethromycin presents 
as a white crystalline powder. The molecular formula is 
C42H59N3O10 and the molecular weight of the compound is 
765.42 u (Hammerschlag and Sharma, 2008).

As yet, cethromycin has been used only in clinical trials 
and is not available for clinical use. Development is primarily 
directed toward the treatment of upper and lower respiratory 
tract infections. The FDA Anti-Infective Drugs Advisory 
Committee did not approve the drug for efficacy in the 
treatment of community-acquired pneumonia (CAP) (ALS, 
2009). Further development was halted. The patent expired 
in 2016.

2. ANTIMCROBIAL ACTIVITY

2a.  Routine susceptibility

Cethromycin exhibits activity against most Gram-positive 
and some Gram-negative bacteria (see Table 65.1). Unlike 
telithromycin, cethromycin exerts some degree of activity 
against anaerobic species, such as Prevotella spp. and Pepto
streptococcus spp., which may prove to be useful in the treat-
ment of sinus infections. It is also active against atypical 
microorganisms, such as mycoplasmas.

GRAM-POSITIVE BACTERIA

Ketolides as a class were designed to overcome macrolide 
resistance in Streptococcus pneumoniae strains, and are gen-
erally intrinsically more active against these strains than 
the parent compounds. Cethromycin has shown excellent 
activity against both macrolide-susceptible and macrolide- 
resistant S. pneumoniae strains (see Table 65.1). Minimum 
inhibitory concentration (MIC) values for ketolides are only 
moderately increased in S. pneumoniae strains harboring low 
level (macrolide efflux) or high level (ribosomal methylase) 
resistance to macrolides. However, ketolides have been shown 
to be induders of erm(B) expression (Park and Min, 2015). 
Cethromycin displays greater activity than telithromycin and Figure 65.1. Chemical structure of cethromycin. 
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macrolides toward Streptococcus pyogenes, a common patho-
gen in upper airway infections such as tonsillitis and phar-
yngitis. Cethromycin activity toward Staphylococcus aureus 
(macrolide-susceptible and -inducible ribosomal methyla-
tion strains) is comparable to that of telithromycin. Strains 
with constitutive resistance to erythromycin are resistant to 
both ketolides.

The threat of bioterrorism attacks has prompted novel 
research that includes the search for compounds showing 
activity toward Bacillus anthracis. In a study involving 26 
southern African strains, cethromycin MIC values were sub-
stantially lower than those for erythromycin, and similar 
to those for ciprofloxacin, one of the reference drugs against 
B. anthracis (Frean et al., 2003).

GRAM-NEGATIVE BACTERIA

Cethromycin displays excellent activity toward Moraxella 
catarrhalis. Activity against Haemophilus influenzae is simi-
lar to that of telithromycin (see Table 65.1). As with all 
ketolides, cethromycin has no activity against Enterobac-
teriaceae and Pseudomonas aeruginosa. In contrast to macro-
lides, it has some activity against Burkholderia pseudomallei 
because it is less prone to efflux (Mima et al., 2011).

OTHER

As with other macrolides and telithromycin, MIC values 
for  cethromycin in relation to atypical pathogens such as 
Mycoplasma pneumoniae and Chlamydophila pneumoniae 

are extremely low. Activity is also good against Legionella 
pneumophila, although cethromycin MIC values are some-
what higher than those for telithromycin (Table 65.1).

2b.  Emerging resistance and 
cross-resistance

Limited data are currently available regarding the emergence 
of resistance to cethromycin. Ketolides appear to have a 
lower propensity to select for resistance than do macrolides. 
In an in vitro study, cethromycin was less likely to induce 
mutations conferring resistance in strains of S. pneumoniae, 
S. pyogenes, S. aureus, and H. influenzae than erythromycin 
at concentrations above their respective MICs (Nilius et al., 
2002). This was felt to be attributable to the high intrinsic 
activity and tight ribosomal binding of cethromycin, in addi-
tion to the fact that the drug is a poor substrate for efflux 
pumps (Zhanel et al., 2002). Point mutations in the genes 
that encode ribosomal proteins may affect ketolide binding. 
However, resistance to ketolides is associated with an inser-
tion of six amino acid residues into the bacterial cell’s ribo-
somal protein L4, whereas single point mutations in the 
bacterial genome are associated with resistance to macrolides.

3. MECHANISM OF DRUG ACTION

The mechanism of action is similar to that of macrolides and 
is based on the antimicrobial agent’s interaction with the 23S 

Table 65.1. Cethromycin microbiological activity against key respiratory pathogens.

Pathogen

MIC range (mg/ml)

Erythromycin A Telithromycin Cethromycin

Staphylococcus aureus (macrolide-susceptible) 0.12–1 0.008–0.5 0.008–0.25

Staphylococcus aureus (macrolide-resistant— 
inducible ribosomal methylation)

0.5–> 32 0.03–5 0.04–0.12

Staphylococcus aureus (macrolide-resistant— 
consitutive ribosomal methylation)

  16–> 32 0.06 > 32 ≤ 0.008 > 32

Streptococcus pneumoniae ≤ 0.06–> 256 ≤ 0.004–0.125 ≤ 0.004–> 16

Streptococcus pneumoniae (macrolide-resistant—
efflux mechanism)

   2–16 0.008–1 ≤ 0.004 > 16

Streptococcus pneumoniae (macrolide-resistant—
ribosomal methylation)

   2–> 128 0.008–8 0.008–2

Streptococcus pyogenes ≤ 0.06 > 256 ≤ 0.015–16 ≤ 0.004–0.03

Prevotella spp. 0.06–8 0.12–64 0.125–0.5

Peptostreptococcus spp. ≤ 0.03 > 32 0.12–1 0.03

Haemophilus influenzae ≤ 0.12 > 256 ≤ 0.015–16 0.03–8

Moraxella catarrhalis 0.12–0.5 0.015–0.25 0.015–0.25

Chlamydophila pneumoniae 0.015–0.25 0.031–2.0 0.008–0.015

Legionella pneumophila 0.06–0.5 0.016–0.344 0.064–1.0

Mycoplasma pneumoniae ≤ 0.001–0.016 0.00025–0.015 ≤ 0.001–0.016

Bacillus anthracis 0.5–0.8 0.016–0.125 0.016–0.063

Sources: Shortridge et al. (2002), Brown and Rybak (2004), Jorgensen et al. (2004), Schmitz et al. (2002), Goldstein et al. (2001), Wexler et al. (2001), Citron 
and Appleman (2001), Hammerschlag et al. (2001), Hammerschlag (2003), Schülin et al. (1998), Edelstein (1999), Edelstein et al. (2001), Waites et al. 
(2003), Bébéar et al., 1997), and Frean et al. (2003).
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rRNA component of the 50S ribosomal subunit, thus inhib-
iting the translation of rRNAs and preventing the elongation 
step of protein synthesis. In addition, cethromycin also inter-
feres at an earlier stage of protein synthesis by disrupting the 
assembly of 50S subunit precursors to block the formation 
of a functional 50S subunit (Franceschi, et al., 2004).

Ketolides in general (including cethromycin) inhibit pro-
tein synthesis by binding to the 50S ribosomal subunit close 
to the peptidyl transferase site, at the entrance to the ribo-
somal exit tunnel. The presence of a 3-keto group in place 
of the L-cladinose moiety, common to all ketolides, allows 
cethromycin to bind to domain V of the 23S rRNA of the 
ribosomal target without causing expression of ribosomal 
mutations.

The additional flexible side chain attached to the macro-
cyclic ring (in the 6-O position for cethromycin) allows the 
binding of cethromycin to an additional ribosomal site. This 
dual binding affinity increases the ribosomal binding affinity 
of cethromycin several-fold compared with that of erythro-
mycin. It is probably also responsible for overcoming resis-
tance mediated by both the ribosomal mutations (erm) and 
efflux pump (mef ) mechanisms. This leads to an enhanced 
activity against S. pneumoniae, including most of the mac-
rolide-resistant strains (Douthwaite and Champney, 2001). 
In addition, the methoxy group at position C-6 of the mac-
rocyclic ring provides greater acid stability than that of 
other macrolides, and is related to greater gastrointestinal 
stability.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

In all trials conducted so far, cethromycin has been used 
only in oral formulation, and in only in adults. Dose–range 
studies have employed doses ranging from 100 to 1200 mg, 
whereas in clinical trials doses have ranged from 150 to 600 
mg/day. Compared with normal subjects, patients with renal 
impairment show some increase in cethromycin concentra-
tions. However, in patients with stable severe chronic renal 
impairment (creatinine clearance 10–29 ml/min), increases 
in both area under the curve (AUC) and Cmin were < 2.5 times 
greater than in normal subjects, and this did not appear to be 
clinically meaningful (Bukofzer et al., 2007a). Cethromycin 
was well tolerated in patients with mild to moderate hepatic 
impairment and did not require dose adjustments when 
administered to these patients (Bukofzer et al., 2007b).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Oral bioavailability of cethromycin has been poorly studied 
in humans. Animal studies report values ranging from 36% 
to 50%. A significant proportion is excreted unchanged in 
feces: 31% at the 150 mg dose (Guan et al., 2004). Absorption 
of cethromycin appears to be dose-dependent, with time to 
Cmax increasing from 0.9 to 5.1 hours with increasing dosage 
(Zhanel et al., 2002). Food does not appear to exert meaning-
ful effects on the pharmacokinetics of cethromycin, but this 
aspect of the pharmacokinetics deserves additional study. In 
a study on the effects of drug co-administration on the phar-
macokinetics of cethromycin, ranitidine was found to sig-
nificantly reduce cethromycin Cmax concentrations, by 25.7%. 
Conversely, sucralfate had no effect on cethromycin concen-
trations (Pletz et al., 2003). The degree of serum protein 
binding is considered to be approaching 90% (van Bambeke 
et al., 2008).

5b.  Drug distribution

The pharmacokinetic and pharmacodynamic properties of 
two dosage regimens of cethromycin (150 and 300 mg) have 
been tested in healthy volunteers (Conte et al., 2004). Plasma 
pharmacokinetics for the two drug dosages are shown in 
Table 65.2. This study shows the nonlinear (nonproportional 
to dose) pharmacokinetic properties of cethromycin. Similar 
to macrolides and the ketolide telithromycin, cethromycin 
shows a high degree of pulmonary penetration, with con-
centrations in epithelial lining fluid and alveolar cells greatly 
exceeding those in plasma (Conte et al., 2004), as shown 
in Table 65.3. The high penetration in respiratory tissues is 
thought to result from the enhanced lipophilic character of 
ketolides compared with that of macrolides, associated with 
the absence of the L-cladinose moiety. Cethromycin also 
achieves high intracellular concentrations within human poly-
morphonuclear leukocytes (PMNs), retaining antimicrobial 
activity within these cells (Garcia et al., 2003). This uptake 
by PMNs appears to be nonsaturable, but, unlike telithro-
mycin, cethromycin rapidly egresses from preloaded cells and 
appears to locate mainly in the cytosol of PMNs, as opposed 
to accumulation in the granular compartment by telithro-
mycin (Bosnar et al., 2005).

Table 65.2. Plasma pharmacokinetic properties of cethromycin (150 and 300 mg) in healthy volunteers.

Dose

Pharmacokinetic parameters

Cmax (mg/ml) Tmax (h) Cmin (mg/ml) AUC0–24 (mg·h/ml) T1/2 (h) Distribution volume (l)

150 mg 0.181 ± 0.084 2.01 ± 1.30 0.004 ± 0.004 0.902 ± 0.469 4.85 ± 1.10 1453 ± 997

300 mg 0.500 ± 0.168 2.09 ± 0.03 0.014 ± 0.008 3.067 ± 1.205 4.94 ± 0.66  769 ± 272

Source: Adapted from Conte et al. (2004), with permission.
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5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Ketolides as a class are considered to be bacteriostatic against 
a wide range of pathogens (e.g. S. aureus, Enterococcus spp., 
Gram-positive bacilli), though exerting bactericidal activity 
against some species (e.g. S. pneumoniae). These drugs are 
reported to be associated with concentration-dependent 
bactericidal activity and the AUC/MIC ratio appears to be 
the parameter that best correlates with this drug’s efficacy. 
In an animal model of pneumococcal pneumonia, an AUC/
MIC ratio of > 50 was associated with bacteriostatic effects, 
whereas 2-fold higher values were needed to maximize ani-
mal survival (Kim et al., 2002). In a model of rat pulmonary 
infection, cethromycin demonstrated efficacy equivalent to 
telithromycin’s against macrolide-susceptible S. aureus and 
S.  pneumoniae (Mitten et al., 2001). Cethromycin demon-
strated greater effectiveness than telithromycin in rat lung 
infections caused by constitutively macrolide-resistant S. 
pneumoniae (ermAM), mefEproducing S. pneumoniae, and 
H. influenzae.

Although data in this field are still rather scarce, in a study 
on healthy volunteers receiving cethromycin, relevant phar-
macokinetic/pharmacodynamic properties vis-à-vis leading 
respiratory pathogens were analyzed (Conte et al., 2004). 
Table 65.4 summarizes the main findings observed in epithe-
lial lining fluid from this study.

Cethromycin possesses an in vitro postantibiotic effect 
(PAE) of several days (Credito et al., 2001; Davies et al., 2000), 
but the clinical relevance of this is unclear. 

5d.  Excretion

Cethromycin is extensively metabolized. The main pathway 
is N-demethylation, giving rise to N-desmethyl cethromy-
cin. The drug is predominantly excreted in feces, and may 
undergo intestinal metabolism via oxidative mechanisms. 
Cethromycin also undergoes some degree of liver metabo-
lism (Guan et al., 2001).

5e.  Drug interactions

Ketolides and macrolides are substrates and inhibitors of the 
cytochrome P450 (CYP450) 3A4 system. So far, data avail-
able specific to cethromycin are very limited and mainly exist 
in abstract form. It is expected that drug interactions are 
similar to those of other drugs that use this pathway. This 
is exemplified by ketoconazole, a potent CYP3A4 inhibitor 
whose co-administration with cethromycin caused a 5-fold 
increase in the cethromycin AUC and a 2.5-fold increase in 
the cethromycin Cmax, although cethromycin’s main metab-
olite showed a decreased Cmax and no effect on its AUC 
(Bukofzer et al., 2007c). Similarly, co-administration with 
rifampicin (600 mg) significantly affected the pharmacoki-
netics of cethromycin (300 mg), with 95% reductions in the 
ketolide’s AUC and levels of its metabolite N-desmethyl 
cethromycin (Bukofzer et al., 2007d).

6. ADVERSE REACTIONS AND TOXICITY

Given the limited number of clinical studies that have cen-
tered on cethromycin, available information comes from 
data presented in abstract form. These data deserve in-depth 
evaluation in future trials, given the recent experiences with 
postmarketing studies on telithromycin (see Chapter 64, 
Telithromycin). Following severe liver damage cases and con-
cerns in patients with myasthenia gravis associated with teli-
thromycin use, telithromycin’s patient information leaflet has 
been altered and clinical indications restricted (see Chapter 
64, Telithromycin).

Similar to adverse event profiles for macrolides and other 
ketolides, most of the reported adverse events related to 

Table 65.3. Epithelial lining fluid and alveolar cell 
pharmacokinetic properties of cethromycin (150 and 300 mg) 
in healthy volunteers.

Dose

Pharmacokinetic parameters

Cmax 
(mg/ml)

Tmax  
(h)

Cmin  
(mg/ml)

AUC0–24  
(mg·h/ml)

T1/2 
(h)

150 mg

ELF 0.94 2.0 0.118 11.4 6.43

AC 12.7 8.0 2.88 160.8 10.0

300 mg

ELF 2.75 4.0 0.13 24.15 5.26

AC 55.4 6.0 6.66 636.2 11.6

Abbreviations: AC: alveolar cells; ELF: epithelial lining fluid.
Source: Adapted from Conte et al. (2004), with permission.

Table 65.4. Epithelial lining fluid pharmacodynamic indices for cethromycin.

Organism (MIC90)

Cmax/MIC90 ratio AUC/MIC90 ratio % T > MIC90

150 mg 300 mg 150 mg 300 mg 150 mg 300 mg

S. pneumoniae (0.008 μg/ml) 117 344 1425 3244 100 100

H. influenzae (4 μg/ml) 0.24 0.69 2.9 6   0   0

M. catarrhalis (0.12 μg/ml) 8 23 95 215 100 100

M. pneumoniae (≤ 0.001 μg/ml) 936 2752 11,400 25,792 100 100

C. pneumoniae (0.015 μg/ml) 62 183 760 1800 100 100

Source: Adapted from Conte et al. (2004), with permission.
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cethromycin use are gastrointestinal, in several studies rang-
ing from an 18% incidence in patients receiving cethromycin 
150 mg once daily to 27% in patients receiving cethromy- 
cin 300 mg once daily, up to 66% in those receiving the drug 
600 mg once daily, and thus the phenomenon appears to 
be dose-dependent (Bukofzer et al., 2006a). Three other as 
yet unpublished studies have evaluated patients receiving 
cethromycin. In a study of patients with CAP that compared 
cethromycin 300 mg once daily with 600 mg once daily 
(Bukofzer et al., 2006c), and in another study of patients with 
acute exacerbations of chronic bronchitis (AECB) that com-
pared cethromycin 150 mg once daily, 300 mg once daily, 
and 600 mg once daily (Valdes et al., 2006), the reported 
adverse event dysgeusia or “taste perversion” was relatively 
common, occurring in up to 29% of patients who received 
cethromycin 600 mg once daily. In phase III trials comparing 
cethromycin with clarithromycin for the treatment of CAP, a 
significantly greater proportion of patients receiving cethro-
mycin reported dysgeusia (English et al., 2012). A phase III 
trial of patients with AECB compared cethromycin 150 mg 
once daily with levofloxacin 500 mg once daily. There were 
no significant differences in adverse events between the two 
groups, including gastrointestinal disturbances (Bukofzer et 
al., 2006b). 

None of the reported trials reported a case of severe hep-
atotoxicity. No information is available regarding potential 
risks during pregnancy and fetal toxicity of the drug.

7. CLINICAL USES OF THE DRUG

7a.  Community-acquired pneumonia

Two large clinical trials were performed comparing the effi-
cacy of cethromycin 300 mg daily versus clarithromycin 250 
mg twice daily as treatment for CAP involving 1025 patients 
in the ITT population (English et al., 2012). In the combined 
analysis of the two trials, cethromycin achieved the protocol- 
defined noninferiority for the treatment of mild to moderate 
CAP, with clinical cure rates of 83% for cethromycin and 
84.8% for clarithromycin. However, because of the require-
ments set by the FDA, the results for cethromycin were not 
thought to be at the requisite level for approval by the FDA as 
treatment for CAP (ALS, 2009). 

Most other information regarding human clinical trials 
with cethromycin has appeared in abstract form. The only 
other published human clinical trial that centered on cethro-
mycin involved ten patients with culture-confirmed C. pneu
moniae pneumonia (Hammerschlag et al., 2003). This was an 
open, dose-ranging trial comparing cethromycin 150 mg 
once daily versus 150 mg twice daily for 10 days. Clinical cure 
was obtained in all patients, with both treatment doses. One 
or more additional pathogens were identified in eight of ten 
patients (seven displaying H. parainfluenzae, one displaying 
H. influenzae, and one displaying M. catarrhalis).

Two double-blinded, randomized, parallel-group, multi-
center studies were performed comparing various dosing 

regimens of 150 mg once daily up to 600 mg daily involving 
187 and 383 patients treated for 7 and 10 days, respectively 
(Bukofzer et al., 2006a; Bukofzer et al., 2006c). When results 
of the two studies were taken together, there were no clear 
indications as to the optimal dose. 

7b.  Acute exacerbations of chronic 
bronchitis

No studies involving cethromycin in this clinical arena have 
yet been published, although a limited number of studies 
have appeared in abstract form. A phase II, double-blind, 
randomized, parallel group, multicenter dose-ranging study 
compared cethromycin 150 mg once daily versus 300 mg 
once daily or 600 mg once daily, for 5 days in outpatients 
with AECB (Valdes et al., 2006). All three cethromycin treat-
ment regimens were effective in resolving the symptoms of 
acute bacterial exacerbation of chronic bronchitis (ABECB), 
with a trend toward greater response with increasing doses. 
The overall and individual pathogen eradication rates were 
greater for the 600 mg once daily group, but there were no 
statistically significant differences among the three groups of 
patients.

A second double-blind, randomized, multicenter, parallel- 
group AECB study compared cethromycin 150 mg once daily 
for 5 days with levofloxacin 500 mg once daily for 7 days 
(Bukofzer et al., 2006b). Both cethromycin and levofloxacin 
were effective in resolving the clinical signs and symptoms 
of AECB. The overall bacterial eradication rates did not dif-
fer significantly between the treatment arms.

7c.  Use as biodefense countermeasure

The FDA assigned cethromycin “drug orphan” status for the 
prophylactic treatment of inhalation anthrax, tularemia, and 
plague. Studies in animals showed that the drug was “protec-
tive” against these illnesses (Rosenzweig et al., 2011), but fur-
ther development has been halted.
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Solithromycin

Andrew Henderson

1. DESCRIPTION

Solithromycin, formerly OP-1068 (Optimer), then CEM-101 
(Cempra), is a novel fluoroketolide antimicrobial with broad 
activity against a wide range of Gram-negative and Gram-
positive organisms, including intracellular and atypical patho-
gens such as Chlamydia trachomatis, Neisseria gonorrhoeae, 
and Legionella pneumophila. The ketolides, originally devel-
oped to treat macrolide-resistant pneumococci in respiratory 
tract infections, are semisynthetic derivatives of erythromy-
cin A and form part of the macrolide–lincosamide–strepto-
gramin (MLSB) group of antibiotics. They act by inhibiting 
protein synthesis as a consequence of their binding to bacte-
rial ribosomes (Llano-Sotelo et al., 2010). It is thought that 
solithromycin, in contrast to other MLSB agents, has en- 
hanced activity because of three sites of interaction with the 
23S ribosomal subunit, due to the absence of cladinose and 
the presence of an alkyl-aryl side chain, compared to one or 
two sites of interaction for other MLSB antibiotics (Llano-
Sotelo et al., 2010).

The chemical structure of solithromycin (Figure 66.1) is 
similar to that of telithromycin (see Chapter 64, Telithro-
mycin) but differs in the nature of the alkyl-aryl side chain 
(represented by the 11,12-carbamate-butyl-[1,2,3]-triazolyl- 
aminophenyl side chain in solithromycin) and the presence 
of a fluorine atom linked to C-2 of the lactone ring (Llano-
Sotelo et al., 2010). 

2.  ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Solithromycin has broad spectrum activity against staphylo-
cocci, streptococci including macrolide-resistant S. pneumo-
niae, and atypical and fastidious Gram-negative pathogens 
such as H. influenzae, N. gonorrhoeae, and Legionella pneu-
mophila. Similar to macrolides, solithromycin is also potent 
against mollicutes that typically are resistant to cell wall–active 
agents. In vitro activity of solithromycin against common 
pathogens is shown in Table 66.1, Table 66.2, and Table 66.3.

GRAM-POSITIVE ORGANISMS

Solithromycin has activity against a broad range of typical 
Gram-positive pathogens, and in particular has potential 
in the treatment of community-acquired pneumonia (CAP) 
and uncomplicated skin and skin structure infections (SSSI) 
(Farrell et al., 2010b; Mcghee et al., 2010; Piccinelli et al., 
2014; Vandevelde et al., 2014; Woosley et al., 2010).

Ketolides, similar to MLSB compounds, are unaffected by 
penicillinase, produced by the majority of S. aureus strains, 
with resistance in Gram-positive cocci to MLSB agents result-
ing from active efflux mechanisms or ribosomal target meth-
ylation (Roberts et al., 1999;, Weisblum, 1995; Woosley et al., 
2010). Against 180 S. aureus clinical isolates, solithromycin 
and telithromycin demonstrated similar activities, with 80.6% 
of the isolates inhibited by an MIC ≤ 1 mg/l (for both antibi-
otics), which is the current Clinical and Laboratory Standards 
Institute (CLSI) breakpoint for telithromycin (Putnam et al., 
2011). Solithromycin has more potent activity against meth-
icillin-susceptible S. aureus (MSSA) than against methicillin- 
resistant S. aureus strains (MRSA), which may be in part 
explained by the higher prevalence of ribosomal target meth-
ylation genes in MRSA than in MSSA strains (Farrell et al., 
2010b; Putnam et al., 2011; Schmitz et al., 2000). Solithro-
mycin demonstrated a reduced activity against vancomycin- 
intermediate S. aureus (VISA, including heterogeneous VISA) 
and vancomycin-resistant S. aureus strains (VRSA) (n = 21, Figure 66.1. Chemical structure of solithromycin.
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Table 66.1. In vitro activity of solithromycin against selected Gram-positive pathogens.

Organism
MIC50 
(mg/L)

MIC90 
(mg/L) Range

No. of 
isolates Region Reference

Streptococcus pneumoniae 0.015 0.25 ≤ 0.008–0.5 150 Europe, North America Farrell et al. (2010a)

0.03 0.25 0.002–1 221 b Mcghee et al. (2010)

≤ 0.03 0.12 ≤ 0.03–1 1363 Europe, North America Farrell et al. (2010b)

Streptococcus pneumoniae, 
macrolide resistant

0.06 0.25 ≤ 0.03–0.5 272 North America Farrell et al. (2015)

Streptococcus pneumoniae, 
MDRa serogroup 19A

0.25 0.5 0.06–0.25 18 Europe, North America Farrell et al. (2010a)

Viridans group streptococci ≤ 0.03 0.06 ≤ 0.03–1 310 Europe, North America Farrell et al. (2010b)

≤ 0.008 0.06 ≤ 0.008–0.12 51 Europe, North America Farrell et al. (2010a)

Beta-hemolytic streptococci ≤ 0.03 0.06 ≤ 0.03–0.5 757 Europe, North America Farrell et al. (2010b)

Beta-hemolytic streptococci, 
telithromycin MIC < 2 mg/l

0.015 0.03 ≤ 0.008–0.12 99 Europe, North America Farrell et al. (2010a)

Beta-hemolytic streptococci, 
telithromycin MIC ≥ 2 mg/l

0.12 0.5 ≤ 0.015–1 44 Europe, North America Farrell et al. (2010a)

Streptococcus pyogenes 0.06 0.5 0.008–1 124 b Mcghee et al. (2010)

Streptococcus agalactiae, 
erythromycin resistant

0.03 0.125 ≤ 0.008–1 62 Europe Piccinelli et al. 
(2014)

Streptococcus agalactiae, 
erythromycin susceptible

≤ 0.008 0.15 ≤ 0.008–0.03 10 Europe Piccinelli et al. 
(2014)

Staphylococcus aureus 0.06 > 16 0.06–> 16 150 Europe, North America Putnam et al. (2011)

Staphylococcus aureus, 
methicillin susceptible

0.06 0.12 0.03–> 16 75 Europe, North America Putnam et al. (2011)

0.06 0.06 ≤ 0.03–> 4 2787 Europe, North America Farrell et al. (2010b)

Staphylococcus aureus, 
methicillin resistant 

0.12 > 16 0.03–> 16 75 Europe, North America Farrell et al. (2010b)

0.06 > 4 ≤ 0.03–> 4 1942 Europe, North America Farrell et al. (2010b)

Staphylococcus aureus, 
methicillin resistant, 
community acquired

0.12 0.12 0.06–0.12 30 Europe, North America Farrell et al. (2010b)

Staphylococcus aureus, 
vancomycin intermediate 
susceptibility

> 16 > 16 0.06–> 16 14 Europe, North America Putnam et al. (2011)

Staphylococcus aureus, 
vancomycin resistant

> 16 > 16 0.12–> 16 7 Europe, North America Putnam et al. (2011)

Staphylococcus, Coagulase 
negative 

0.06 > 4 ≤ 0.03–> 4 862 Europe, North America Farrell et al. (2010b)

0.06 > 16 0.03–> 16 100 Europe, North America Putnam et al. (2011)

Enterococcus spp. 1 2 ≤ 0.03–> 4 1609 Europe, North America Farrell et al. (2010b)

0.03 1 0.015–2 20 Europe, North America Putnam et al. (2011)

Enterococcus faecalis 0.06 2 ≤ 0.03–> 4 966 Europe, North America Farrell et al. (2010b)

Enterococcus faecalis, 
vancomycin susceptible

0.03 2 0.015–2 29 Europe, North America Putnam et al. (2011)

Enterococcus faecalis, 
vancomycin resistant

0.25 2 0.015–2 10 Europe, North America Putnam et al. (2011)

Enterococcus faecium 2 4 ≤ 0.03–> 4 581 Europe, North America Farrell et al. (2010b)

Enterococcus faecium, 
vancomycin susceptible

0.25 2 0.03–2 30 Europe, North America Putnam et al. (2011)

Enterococcus faecium, 
vancomycin resistant

2 2 0.25–2 10 Europe, North America Putnam et al. (2011)

Micrococcus spp. 0.015 0.03 ≤ 0.008–0.06 10 Europe, North America Putnam et al. (2010)

Bacillus spp 0.015 0.03 ≤ 0.008–0.03 10 Europe, North America Putnam et al. (2010)

Corynebacterium spp. 0.015 0.5 ≤ 0.008–16 10 Europe, North America Putnam et al. (2010)

Listeria monocytogenes 0.03 0.03 0.03–0.03 10 Europe, North America Putnam et al. (2010)

aMDR Multidrug resistant.
bRegion not disclosed.
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MIC90 >16 mg/l) (Putnam et al., 2011). Solithromycin activ-
ity was also markedly diminished (MIC50 > 16 mg/l) against 
62 S. aureus isolates nonsusceptible to erythromycin, clari-
thromycin, and telithromycin (CLSI breakpoints ≤ 0.5, 0.5, 
and 1 mg/l, respectively) (Putnam et al., 2011).

Solithromycin is active against coagulase-negative staph-
ylococci (CoNS) with potency similar to that of other MLSB–
ketolide agents (Farrell et al., 2010b, Putnam et al., 2011). 
Against 100 CoNS strains, solithromycin inhibited 73% of 
isolates at a concentration of ≤ 1 mg/l (Putnam et al., 2011).

Solithromycin is active against alpha- and beta-hemolytic 
streptococci, and demonstrates similar activity to that of 
telithromycin (Farrell et al., 2010a; Putnam et al., 2010). 
Among 164 erythromycin-susceptible, mixed alpha- and 
beta- hemolytic streptococci strains, solithromycin (MIC50/90 
≤ 0.008/0.015 mg/l, range ≤ 0.008–0.03 mg/l) was 2-fold 

more active than clarithromycin and telithromycin, and 8-fold 
more active than azithromycin (Farrell et al., 2010a). Against 
streptococci nonsusceptible to erythromycin, solithromycin 
is the most active MLSB antibiotic (Farrell et al., 2010a). In a 
study of mixed alpha- and beta-hemolytic streptococci strains 
with variable MLSB–ketolide resistant phenotypes, for 48 
erythromycin-nonsusceptible and clindamycin-susceptible 
strains, the solithromycin MIC distribution was ≤ 0.008– 
0.25 mg/l with MIC90 0.12 mg/l, and for 88 erythromycin- 
nonsusceptible and clindamycin-nonsusceptible strains, the 
solithromycin MIC distribution was ≤ 0.008–0.5 mg/l with 
MIC90 0.25 mg/l (Farrell et al., 2010a).

Solithromycin has potent activity against S. pneumoniae, 
including multidrug resistant (MDR) strains (Farrell et al., 
2010b; Farrell et al., 2010a; Mcghee et al., 2010). Of 1363 
S. pneumoniae clinical isolates collected from European and 

Table 66.2. In vitro activity of solithromycin against selected Gram-negative pathogens.

Organism
MIC50 
(mg/L)

MIC90 
(mg/L) Range

No. of 
isolates Region Reference

Haemophilus influenzae 
beta-lactamase negative

1 2 0.5–4 52 Europe, North America Farrell et al. (2010a)

1 2 0.12–> 16 576 Europe, North America Farrell et al. (2010b)

Haemophilus influenzae 
beta-lactamase positive

1 2 0.12–4 48 Europe, North America Farrell et al. (2010a)

1 2 0.12–> 16 150 Europe, North America Farrell et al. (2010b)

Haemophilus parainfluenzae 2 2   1–2 11 Europe, North America Farrell et al. (2010a)

Moraxella catarrhalis 0.06 0.12 ≤ 0.008–0.25 313 Europe, North America Farrell et al. (2010b)

0.12 0.12 ≤ 0.008–0.5 21 Europe, North America Farrell et al. (2010a)

Neisseria gonorrhoeae 0.06 0.12 0.03–0.25 34 Europe, North America Putnam et al. (2010)

0.125 0.25 0.001–32 246 Worldwide Golparian et al. (2012)

0.064 0.125 ≤ 0.016–0.25 108 Asia Olsen et al. (2013)

0.0625 0.125 ≤ 0.015–8 196 Canada Mallegol et al. (2013)

Neisseria meningitidis ≤ 0.015 ≤ 0.015 ≤ 0.015–0.06 103 Worldwide Biedenbach et al. (2010)

Legionella pneumophila ≤ 0.015 ≤ 0.015 ≤ 0.015–≤ 0.015 30 Europe, North America Farrell et al. (2010a)

Legionella pneumophila 
Serogroup 1

≤ 0.015 0.03 ≤ 0.015–0.0625 196 Canada Mallegol et al. (2014)

Campylobacter jejuni 1 4   1–8 20 Europe, North America Putnam et al. (2010)

Shigella spp. 8 16   1–> 16 40 Europe, North America Putnam et al. (2010)

Salmonella spp. 4 > 16   1–> 16 20 Europe, North America Putnam et al. (2010)

Helicobacter pylori 0.06 0.25 0.03–4 31 Europe, North America Putnam et al. (2010)

Table 66.3. In vitro activity of solithromycin against selected Gram-positive anaerobes.

Organism
MIC50 
(mg/L)

MIC90 
(mg/L)

Range
(mg/L)

No. of 
isolates Region

Bacteroides fragilis 4 64   1–> 64 11 Europe, North America

Bacteroides fragilis group 2 64 0.5–> 64 11 Europe, North America

Prevotella spp. 0.12 4 ≤ 0.03–> 64 10 Europe, North America

Porphyromonas spp. ≤ 0.03 0.06 ≤ 0.03–0.06 10 Europe, North America

Clostridium difficile 0.12 > 64 0.06–> 64 10 Europe, North America

Clostridium spp. 0.06 0.06 ≤ 0.03–> 64 10 Europe, North America

Peptostreptococcus spp. 0.06 0.25 ≤ 0.03–0.25 10 Europe, North America

Source: Data from Putnam et al. (2010).
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American settings in 2009, all isolates were inhibited at an 
MIC of 1 mg/l (Farrell et al., 2010b). In a Belgian clinical study 
of patients with acute exacerbations of chronic obstructive 
airway disease, 101 S. pneumoniae clinical isolates were tested 
for antibiotic susceptibility in vitro, with antibiotic suscepti-
bility patterns evaluated according to CLSI and European 
Committee on Antimicrobial Susceptibility Testing (EUCAST) 
guidelines (Vandevelde et al., 2014). According to CLSI/
EUCAST breakpoints, 26.7/27.7% were resistant to clarithro-
mycin, 28.7/38.6% were resistant to azithromycin, NA/35.7% 
were resistant to clindamycin, 1/3% were resistant to levoflox-
acin, and 0/2% were resistant to telithromycin (Vandevelde 
et al., 2014). The MIC50 and MIC90 values for solithromycin 
and telithromycin were similar, with solithromycin MIC50/90 
0.01/0.06 mg/l and telithromycin MIC50/90 0.016/0.06 mg/l 
(Vandevelde et al., 2014). 

Solithromycin remains active in vitro against macrolide- 
resistant S. pneumoniae (Farrell et al., 2015; Farrell et al., 
2010a; Mcghee et al., 2010: Vandevelde et al., 2014). Against 
a range of macrolide-resistant S. pneumoniae serotypes iso-
lated from patients with CAP, solithromycin demonstrated 
potent activity against all isolates inhibited at concentrations 
of ≤ 0.5 mg/l (Farrell et al., 2015). Against a range of S. pneu-
moniae isolates with known macrolide resistance mechanisms, 
the MIC50/90 values were defined as 0.03/0.5 mg/l for 54 ermB- 
containing isolates, 0.03/0.125 mg/l for 51 mefA-containing 
isolates, 0.125/0.25 mg/l for 31 combined mefA- and ermB- 
containing isolates, and 0.06/0.125 mg/l for 27 isolates with 
L4 mutations (Mcghee et al., 2010). Against 18 MDR S. pneu-
moniae isolates belonging to serogroup 19A, solithromycin 
showed potent activity (MIC50/90 0.25/0.5 mg/l) and was 
2-fold more active than telithromycin (MIC90 1 mg/l) (Farrell 
et al., 2010a). 

Solithromycin is active against beta-hemolytic strepto-
cocci, including macrolide-resistant S. pyogenes and erythro-
mycin-resistant S. agalactiae (Farrell et al., 2010b; Farrell et 
al., 2010a; Mcghee et al., 2010; Piccinelli et al., 2014). Against 
143 beta-hemolytic streptococci with varying telithromycin 
MICs, solithromycin exhibited potent activity against all 
isolates (Farrell et al., 2010a). For isolates with telithromycin 
MICs < 2 mg/l the solithromycin MIC50/90 was 0.015/0.03 
mg/l, and for 44 isolates with telithromycin MICs ≥ 2 mg/l 
the solithromycin MIC50/90 was 0.12/0.5 mg/l, indicating some 
cross-resistance but also enhanced activity of solithromycin 
compared to telithromycin (Farrell et al., 2010a). 

Solithromycin was tested against 124 group A streptococci 
(GAS) isolates with mixed macrolide resistance phenotypes, 
and for macrolide-resistant GAS isolates, telithromycin MICs 
were up to 4-fold higher than solithromycin MICs (Mcghee 
et al., 2010). Seventeen of 19 ermB-positive GAS isolates 
were telithromycin-resistant (CLSI breakpoint ≤ 1 mg/l), 
with MICs distributed between 4 and 16 mg/l (MIC90 16 
mg/l), compared to solithromycin, which had MICs distrib-
uted between 0.03 and 1 mg/L (MIC90 1 mg/l) for the same 
isolates (Mcghee et al., 2010). Solithromycin demonstrated 
MIC90 values for mefA- and ermA-positive GAS isolates (0.25 

mg/l and 0.125 mg/l, respectively) similar to those of teli-
thromycin (1 mg/l and 0.125 mg/l) and clindamycin (0.125 
mg/l and 0.25 mg/l) (Mcghee et al., 2010).

Among a collection of group B streptococci (GBS) clini-
cal isolates, the solithromycin MIC90 (0.015 mg/l) was 3-fold 
lower than that of penicillin for 10 erythromycin-susceptible 
strains (EUCAST breakpoint for erythromycin ≤ 0.25 mg/l), 
whereas for 62 erythromycin-resistant GBS strains (> 0.5 
mg/l), the solithromycin MIC90 (0.125 mg/l) was 2.7-fold 
higher than that for penicillin (Piccinelli et al., 2014). Of the 
erythromycin-resistant GBS strains against ermB- containing 
isolates, the solithromycin MIC50/90 value was 0.03/0.06 mg/l, 
and against mefA/E-containing GBS strains, the solithro-
mycin MIC50/90 was 0.03/0.125 mg/l, in comparison to values 
for azithromycin, clarithromycin, and erythromycin, to which 
all isolates had MIC90s > 256 mg/l (Piccinelli et al., 2014).

Against enterococci, solithromycin has marginal potency, 
though the ketolides are generally more active against 
enterococci than other MLSB agents with the exception of 
the streptogramins (Farrell et al., 2010b; Putnam et al., 2011). 
Solithromycin (MIC90 2 mg/l) was at least 2-fold more potent 
than telithromycin and erythromycin for a range of entero-
cocci, with the solithromycin MIC90 values equal for E. fae-
calis and E. faecium strains, regardless of when stratified by 
vancomycin susceptibility (Putnam et al., 2011). 

Complete synergy between solithromycin and gentamicin 
was described for 2 out of 22 S. aureus, S. pneumoniae, and 
S.  pyogenes isolates tested on checkerboard susceptibility 
panels (Woosley et al., 2010). Partial synergy (7/110) and 
additive synergy (22/110) were observed for ceftriaxone, 
gentamicin, levofloxacin, trimethoprim–sulfamethoxazole, 
and vancomycin, each in combination with solithromycin 
(Woosley et al., 2010). No antagonism was detected between 
solithromycin and any of the other antimicrobials tested 
(Woosley et al., 2010).

GRAM-NEGATIVE ORGANISMS

Solithromycin shows some activity against H. influenzae, 
including beta-lactamase–positive strains (Farrell et al., 
2010b; Farrell et al., 2010a). Among 726 H. influenza strains, 
including 150 beta-lactamase–positive isolates, the activity 
of solithromycin (MIC50/90 1/2 mg/l, range 0.12 – > 16 mg/l) 
was comparable to that of azithromycin and more potent 
than those of telithromycin and clarithromycin (Farrell et al., 
2010b). 

Similar to other MLSB antibiotics, solithromycin is active 
in vitro against M. catarrhalis (Farrell et al., 2010b; Farrell 
et al., 2010a). Of 21 M. catarrhalis strains, the MIC90 values 
for the MLSB antibiotics were: 0.06 mg/l for azithromycin, 
0.12 mg/l for solithromycin and clarithromycin, 0.25 mg/l 
for telithromycin and erythromycin, 0.5 mg/l for quinipristin/ 
dalfopristin, and 2 mg/l for clindamycin (Farrell et al., 
2010a). Among 313 M. cattarrhalis clinical isolates, solithro-
mycin and telithromycin demonstrated similar MIC ranges 
(≤ 0.008 – 0.25 mg/l and ≤ 0.06 – 0.25 mg/l) and MIC90 
values (0.12 mg/l and 0.25 mg/l) (Farrell et al., 2010b).
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Solithromycin was the most active antimicrobial tested 
in vitro against L. pneumophila, with all isolates inhibited at 
concentrations of ≤ 0.015 mg/l, and was superior to azithro-
mycin, clarithromycin, levofloxacin, and rifampicin (Farrell 
et al., 2010a). In a recent study, the in vitro activity of solithro-
mycin was tested against azithromycin for Legionella pneumo-
phila serogroup 1 isolates (Mallegol et al., 2014). The MIC50/90 
for solithromycin was ≤ 0.015/0.03 mg/l (range ≤ 0.015– 
0.06 mg/l) and was 8-fold lower than that of azithromycin 
(MIC50/90 0.12/1 mg/l) (Mallegol et al., 2014). The intracel-
lular activities of solithromycin and azithromycin using 19 
L. pneumophila serogroup 1 isolates were compared by inoc-
ulating NCL-H292 human lung epithelial cells with concen-
trations 1 × and 8 × the MIC of the isolates (Mallegol et al., 
2014). At 1× the MIC, the effects of solithromycin and azith-
romycin were similar at 48 hours (viabilities of 24.7% and 
26.6%), but were significantly different at 8 × the MIC at 48 
hours (viabilities of 11.7% and 23.4%) (Mallegol et al., 2014).

Solithromycin is superior in vitro to many of the antibiot-
ics currently recommended for treatment of N. gonorrhoeae, 
including azithromycin, and is significantly more potent than 
telithromycin in this context (Golparian et al., 2012; Mallegol 
et al., 2013; Putnam et al., 2010). Solithromycin was tested 
against 34 N. gonorrhoeae clinical isolates that had dem-
onstrated high rates of resistance to penicillin (47.1%, beta- 
lactamase positive and chromosomal-mediated), tetracyclines 
(32.4%) and fluoroquinolones (44.1% nonsusceptible), which 
all had ceftriaxone MICs ≤ 0.25 mg/l (Putnam et al., 2010). 
Solithromycin demonstrated potency similar to that of cef-
triaxone (MIC90 0.12 mg/l) and was 4-fold more potent 
than azithromycin (Putnam et al., 2010). Against 108 isolates 
collected from Vietnamese clinical settings in 2011, solithro-
mycin demonstrated potent in vitro activity (MIC50/90 
0.064/0.125 mg/l, range ≤ 0.016 – 0.25 mg/l), with 11% of 
the isolates classified as resistant and 27% as intermediate to 
azithromycin by EUCAST breakpoints (susceptible ≤ 0.25, 
resistant > 0.5 mg/l) (Olsen et al., 2013). Against 196 clinical 
gonococcal isolates, with a range of azithromycin resistance 
phenotypes, solithromycin was at least 4-fold more potent 
than azithromycin (Mallegol et al., 2013). In a study of clin-
ical isolates and international reference strains including 
isolates with multidrug resistance (MDR), extended spec-
trum cephalosporin (ESC) clinical failures, and two exten-
sively drug-resistant strains, H041 and F89, solithromycin 
was significantly more active than the other antimicrobials 
tested (MIC50/90 0.125/0.25 mg/l, range 0.001 – 32 mg/l), 
including current or previously recommended antimicrobi-
als for empirical gonococcal therapy (Golparian et al., 2012). 
Six isolates (2.4%) had solithromycin MICs > 0.5 mg/l, 
whereas 27 (11%), 93 (37.8%), and 232 (94.3%) had MICs 
> 0.5 mg/l for telithromycin, azithromycin, and erythromy-
cin, respectively (Golparian et al., 2012). Solithromycin was 
highly active against strains resistant to ESC (cefixime, n = 16 
(6.5%), and ceftriaxone, n = 3 (1.2%)) with MIC50/90 0.125/ 
0.25 mg/l and a range of 0.064–0.25 mg/l (Golparian et al., 
2012).

In a range of pH-adjusted agar plates (pH range 5.6 to 
7.6), solithromycin MICs did not vary significantly, whereas 
for isolates with azithromycin MICs ≥ 0.5 mg/l (azithro-
mycin nonsusceptible according to EUCAST breakpoints), 
the azithromycin MICs were 2- to 16-fold higher at pHs 
lower than 7.2 (Mallegol et al., 2013). Against S.aureus 
(ATCC 25923), L. monocytogenes (EGD), and L. pneumon-
phila (ATCC 33153) strains, marked decreases in potency for 
solithromycin, telithromycin, clarithromycin, and azithro-
mycin were seen at reduced pH, with azithromycin in par-
ticular demonstrating the greatest loss in potency and 
solithromycin retaining the greatest potency (all strains were 
inhibited by solithromycin below concentrations of 0.5 mg/l 
at varying pHs) (Lemaire et al., 2009).

Solithromycin remained active against a range of intracel-
lular organisms in in vitro intracellular studies (Lemaire et 
al., 2009; Mallegol et al., 2013). Five strains of N. gonorrhoeae 
(1 azithromycin-susceptible and 4 with azithromycin MICs 
≥ 1 mg/l) were tested against varying solithromycin concen-
trations after incubation with HeLa cells expressing the 
CEACAM1 receptor (Mallegol et al., 2013). At 4 × and 1 × 
the MIC, loss of cell viability was demonstrated in 4 out of 
5 isolates at 20 hours (Mallegol et al., 2013). One isolate, with 
azithromycin MIC 1 mg/l and solithromycin MIC 0.0625 
mg/l, did not show any reduction in viability at 24 hours 
when exposed to solithromycin concentrations 4 × the MIC 
(Mallegol et al., 2013). No macrolide-resistant mutations 
were detected, however this isolate demonstrated an elevated 
intracellular fitness in comparison to other strains tested, 
which may explain the viability of the strain after solithromy-
cin exposure in cell culture (Mallegol et al., 2013). Solithro-
mycin was significantly more potent against S. aureus ATCC 
25923 that had been phagocytosed by THP-1 macrophages 
versus telithromycin, clarithromycin, or azithromycin (Mallegol 
et al., 2013). For L. monocytogenes EGD and L. pneumonph-
ila ATCC 33153 strains, solithromycin was 50- and 100-fold 
more potent than azithromycin when the organisms were 
phagocytosed by THP-1 macrophages (Mallegol et al., 2013).

Although no clinical breakpoints for solithromycin have 
been defined by the Food and Drug Administration (FDA), 
CLSI, or EUCAST, a recent study presented agar dilution and 
disc diffusion quality control (QC) ranges for N. gonorrhoeae 
ATCC 49226 strain, which were subsequently approved by 
CLSI in January 2015 (Riedel et al., 2015). The accepted QC 
range for agar dilution is 0.03–0.25 mg/l and for disc diffu-
sion 33–43 mm (Riedel et al., 2015). 

Among 103 N. meningitidis strains, including 3 ciproflox-
acin-nonsusceptible strains, solithromycin was the most active 
macrolide-like compound (MIC50/90 ≤ 0.015 mg/l), compara-
ble to MIC values for telithromycin (MIC50/90 ≤ 0.015/0.03 
mg/l), azithromycin (MIC50/90 0.06/0.12 mg/l), clarithromy-
cin (MIC50/90 0.03/0.12 mg/l), and erythromycin (MIC50/90 
0.12/0.25 mg/l) (Biedenbach et al., 2010).

Solithromycin had in vitro activity similar to that of clar-
ithromycin against 31 H. pylori isolates tested (MIC50/90 0.06/ 
0.25 mg/l, range 0.03–4 mg/l) (Putnam et al., 2010).
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ANAEROBES

Solithromycin was 2- to 8-fold more active than telithromy-
cin, clindamycin, and azithromycin against a collection of 
Gram-positive anaerobes (Putnam et al., 2010). Solithromy-
cin showed potent activity against Prevotella spp. (MIC90 
4 mg/l), Porphyromonas spp. (MIC90 0.06 mg/l), Clostridium 
spp. other than C. difficile (MIC90 0.06 mg/l), and Pepto-
streptococcus spp. (MIC90 0.25 mg/l), and poor activity 
against B. fragilis (MIC90 64 mg/l) and B. fragilis group (MIC90 
> 64 mg/l) (Putnam et al., 2010).

MYCOPLASMA, UREAPLASMA AND CHLAMYDIA

Mycoplasmas, which lack rigid peptidoglycan-containing 
cell walls, are intrinsically resistant to antibiotics that target 
the cell wall, such as beta-lactams; however, macrolides are 
often favored for empirical therapy due to their high potency 
and tolerability (Jensen et al., 2014; Waites et al., 2009). 
Solithromycin has potent activity, similar to that of macro-
lides and quinolones, against a wide range of mycoplasmas, 
including M. pneumoniae, M. genitalium, and M. hominis 
(Jensen et al., 2014; Waites et al., 2009). Against a collection 
of human mycoplasmas, solithromycin demonstrated the 
greatest overall potency in vitro when compared to azithromy-
cin, telithromycin, doxycycline, levofloxacin, and linezolid 
(Waites et al., 2009). With the exception of two macrolide- 
resistant M. pneumoniae strains, all isolates were inhibited at 
concentrations below 0.063 mg/l when a modified micro-
broth dilution method with SP4 broth was used (Waites et 
al., 2009). For the two macrolide-resistant M. pneumoniae 
strains, solithromycin (MICs of 0.5 mg/l) demonstrated sig-
nificantly higher potency than azithromycin (MICs of > 32 
mg/l) and telithromycin (MICs of 4 mg/l) (Waites et al., 
2009). Both isolates had been shown to have an A2063G 
mutation in domain V of the rRNA gene (Waites et al., 2009). 
The minimal bactericidal concentrations (MBCs) for 9 out of 
36 M. pneumoniae strains were ≥ 16-fold higher than their 
MICs, indicating a bacteriostatic effect, similar to those of 
other macrolide and ketolide agents (Waites et al., 2009).

In vitro susceptibility to solithromycin was evaluated 
against 40 M. genitalium clinical isolates, including 15 iso-
lates with high level macrolide resistance and 5 isolates resis-
tant to macrolides and fluoroquinolones, as determined by a 
cell culture method with a defined inoculum of 2500 genome 
equivalents and 2-fold dilutions of antimicrobials (Jensen 
et al., 2014). Overall the MIC range for solithromycin was 
≤ 0.001 mg/l to 16 mg/l (MIC50/90 0.001/2 mg/l) (Jensen et al., 
2014). The median MICs for solithromycin were 2-fold dilu-
tions less than azithromycin for macrolide susceptible iso-
lates, and were 6-fold dilutions less for macrolide-resistant 
isolates (Jensen et al., 2014). For the macrolide-resistant 
isolates, the MIC ranges for solithromycin were 0.25 mg/l to 
16 mg/l (MIC90 4 mg/l) (Jensen et al., 2014).

Solithromycin is highly potent against Ureaplasma spp. 
(Furfaro et al., 2015; Waites et al., 2009). In a recent study 
of 101 Ureaplasma spp. isolates collected in the UK and Aus-
tralia, solithromycin, azithromycin, and solithromycin active 

metabolites, CEM-214 and N-acetyl-CEM-101 (NAc-CEM- 
101), were tested in vitro through a modified microbroth 
dilution method utilizing 10B broth (Melbourne University 
Media Preparation Unit) and incubation in microaerophilic 
atmospheric conditions (Furfaro et al., 2015). Solithromycin 
demonstrated 3-fold greater activity against Ureaplasma 
than azithromycin, with MIC90 0.125 mg/l for solithromycin, 
2 mg/l for azithromycin, and 0.5 mg/l for both CEM-214 and 
NAc-CEM-101 (Furfaro et al., 2015). One isolate was seen 
to have a significantly higher azithromycin MIC (16 mg/l), 
whereas solithromycin (MIC 0.25 mg/l), CEM-214 (MIC 4 
mg/l), and NAc-CEM-101 (MIC 1 mg/l) were significantly 
more potent (Furfaro et al., 2015). For ten isolates each of 
U. parvum and U. urealyticum, solithromycin (MIC90 0.016 
and 0.03 mg/l) demonstrated significantly greater potency in 
vitro than azithromycin (4 and 4 mg/l), telithromycin (0.125 
and 0.25 mg/l), doxycycline (4 and 4 mg/l), and levofloxacin 
(2 and 1 mg/l) using a modified microbroth dilution per-
formed in 10B broth (Waites et al., 2009).

Solithromycin is active against Chlamydia trachomatis 
and Chlamydia pneumophila (Roblin et al., 2010). Among 
ten C. trachomatis clinical isolates, tested by a cell culture 
method with HEp-2 cells and serial 2-fold dilutions, the 
activity of solithromycin (MIC50/90 0.25/0.25 mg/l, range 
0.125–0.5 mg/l) was similar to that of azithromycin, but less 
than that of telithromycin, clarithromycin, and doxycycline 
(Roblin et al., 2010). Among ten C. pneumophila clinical iso-
lates, solithromycin MIC90 (0.25 mg/l) was higher than that 
of telithromycin (0.06 mg/l), azithromycin (0.125 mg/l), doxy-
cycline (0.06 mg/l), and clarithromycin (0.06 mg/l), with a 
range of 0.25–1 mg/l (Roblin et al., 2010).

MALARIA

Solithromycin demonstrated activity against Plasmodium spp. 
similar to those of other prokaryotic protein synthesis inhib-
itors, inducing delayed death with treated asexual blood- stage 
parasites dying in the second generation of drug exposure 
(Wittlin et al., 2012). Solithromycin was active in vitro against 
P. falciparum NF54 and the azithromycin-resistant P. falci-
parum lines Dd2 and 7G8 (Wittlin et al., 2012). In vivo studies 
of solithromycin in laboratory mice infected with P. berghei 
ANKA asexual blood-stage parasites demonstrated signifi-
cantly higher cure rates versus clindamycin and azithro-
mycin, with 9/9 mice cured with four doses (100 mg/kg) of 
solithromycin (Wittlin et al., 2012).

2b.  Emerging resistance and 
cross-resistance

MLSB resistance may occur via three mechanisms: over-
expression of chromosomal or acquired active efflux of the 
drug; ribosomal methylation, mediated by erythromycin 
ribosome methylation (erm) genes such as ermA or ermB; 
or mutations within the critical binding domains of the 23S 
rRNA target (Leclercq, 2002; Mallegol et al., 2013; see Chap-
ter 59, Erythromycin.)
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GRAM-POSITIVES

In vitro experiments of induced resistance were described in 
a study of solithromycin against a variety of Gram-positive 
organisms with varying macrolide susceptibility profiles 
(Woosley et al., 2010). In single-step mutational studies with 
wild-type E. faecium, S. aureus, and S. pneumoniae, and an 
ermB-positive S. pneumoniae isolate, no resistant mutants 
were observed (Woosley et al., 2010). In multi-passaging 
studies of solithromycin, 10 out of 18 strains tested demon-
strated 4- or 8-fold rises in MIC (Woosley et al., 2010). Four-
fold rises in MIC were seen with ermA-positive S. hemolyticus, 
wild type S. pneumoniae, and mefA-positive S. mitis strains, 
while 4- and 8-fold rises in MIC were seen in five USA300-
like S. aureus isolates (3 strains and 2 strains, respectively) 
(Woosley et al., 2010). 

Single-step mutation studies of S. pneumoniae revealed 
low rates of spontaneous mutation, comparable to mutation 
rates of other MLSB compounds, with mutant selection fre-
quencies ranging from < 2.0 × 10–10 to 6.8 × 10–7 at 2 × and 
8  × the MIC (Mcghee et al., 2010; Woosley et al., 2010). 
Multistep resistance studies demonstrated a rise in solithro-
mycin MICs after a period of 14–43 days for all eight S. pneu-
moniae strains tested, including one macrolide-susceptible 
parent strain (Mcghee et al., 2010). There was a minimal 
rise in MIC for 7 strains, 0.004–0.03 mg/l (parents) to 0.06– 
0.5 mg/l (resistant clones), whereas one S. pneumoniae strain, 
containing ermB and mefA, had a rise in MIC from 1 mg/l 
(parent) to 32 mg/l (resistant clone) (Mcghee et al., 2010). 
Sequencing of the parent and resistant clone DNA did not 
reveal any differences within the L4 and L22 proteins as well 
as domains II and V of the 23S rRNA (Mcghee et al., 2010).

In multistep resistance studies of S. pyogenes, solithromy-
cin MICs increased after 18 to 43 days for 3 of 5 isolates 
tested (Mcghee et al., 2010). A rise in MIC from 0.03 mg/l 
to 0.25 mg/l was seen in 2 isolates containing either ermA or 
an L4 mutation (Mcghee et al., 2010). One strain containing 
ermB had a rise in MIC from 1 mg/l to 8 mg/l, with sequenc-
ing of the resistant clone demonstrating no mutation in all 
genes, comparable to the parent strain (Mcghee et al., 2010). 
Single step resistance S. pyogenes demonstrated low rates of 
spontaneous mutation, between < 5.9 × 10–11 and 5.3 × 10–8 
(Mcghee et al., 2010).

Erythromycin-induced solithromycin resistance occurred 
in all Staphylococcus spp. tested (31 isolates), determined 
by a modified D-test method (Woosley et al., 2010). Among 
staphylococci that demonstrated erythromycin-induced 
resistance to clindamycin, telithromycin, and solithromycin, 
all isolates harboured either ermA or ermC, whereas the 
ten  isolates that remained susceptible to clindamycin but 
dem onstrated erythromycin-induced resistance to telithro-
mycin and solithromycin harboured an mrsA gene, responsi-
ble for resistance through active efflux of the drug (Woosley 
et al., 2010). Six of 20 S. pneumoniae isolates demonstrated 
erythromycin-induced resistance to clindamycin, solithro-
mycin, and telithromycin, and harboured ermB (Woosley et 
al., 2010).

GRAM-NEGATIVES

In a study of four N. gonorrhoeae strains with variable resis-
tance to azithromycin, a strain with high level macrolide 
resistance (azithromycin MIC > 2048 mg/l) and elevated 
solithromycin MIC (8 mg/l) was associated with a target 
mutation (A2413G in all 4 copies of the 23S rRNA rrl gene) 
within the N. gonorrhoeae ribosome (Mallegol et al., 2013). 
One N. gonorrhoeae isolate with low level macrolide resis-
tance also had a solithromycin MIC of 0.25 mg/l and was 
found to have a target mutation (C2599T in all 4 copies) in 
the 23S rRNA rrl gene, thought to interfere with the inter-
action of the solithromycin-specific fluorine atom with the 
bacterial ribosome (Mallegol et al., 2013). A riboprotein L22 
mutation (A89D of rplV) in one N. gonorrhoeae strain corre-
sponded to a solithromycin MIC of 0.5 mg/l (Mallegol et al., 
2013).

MYCOPLASMA

Fifteen macrolide-resistant M. genitalium isolates, with known 
mutations in region V of the 23S rRNA gene, demonstrated 
elevated solithromycin MICs comparable to macrolide- 
susceptible isolates via a cell culture method (Jensen et al., 
2014). Two of the isolates, with MICs of 4 mg/l and 16 mg/l, 
were found to have an A2058C 23S rRNA mutation. Five 
isolates demonstrated an A2058G 23S rRNA mutation and 
had solithromycin MICs ranging from 0.5 mg/ l to 4 mg/l 
(Jensen et al., 2014). The remaining eight isolates had 
A2059G 23S rRNA mutations with MICs ranging from 
0.25 mg/l to 1 mg/l (Jensen et al., 2014).

3. MECHANISM OF DRUG ACTION

As with other antibiotics from the MLSB group, solithromycin 
acts by inhibition of the bacterial ribosome. Both macrolides 
and ketolides interact with the peptidyltransferase center 
(PTC) on the 50S ribosomal subunit (proteins L4 and L22), 
and partially block the polypeptide exit tunnel of the ribo-
some (Georgopapadakou, 2014). In comparison to macro-
lides, which have one or two binding sites, solithromycin 
binds to three sites on the bacterial ribosome, leading to 
significantly higher activities against a range of pathogens 
(Llano-Sotelo et al., 2010). Within the bacterial 23S rRNA, 
C5 desosamine residues in macrolides and ketolides interact 
with positions A2058 and A2059 (E. coli nucleotide number-
ing) (Schlunzen et al., 2001). However, the alkyl-aryl side 
chain of the ketolide molecule, attached at the C-11 and C-12 
carbon atoms, also interacts with A752 of domain II and 
U2609 of domain V (E. coli nucleotide numbering) within 
the bacterial 23S rRNA, with solithromycin and telithromy-
cin appearing to bind in similar fashion (Georgopapadakou, 
2014; Mallegol et al., 2013). In what is particular to solithro-
mycin, the fluorine atom linked to C-2 of the lactone, posi-
tioned near the glycosidic bond of C2611 (E. coli nucleotide 
numbering), may also contribute to solithromycin’s binding 
to the bacterial 23S rRNA (Llano-Sotelo et al., 2010). 
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Similar to other MLSB agents, solithromycin is bacterio-
static at lower concentrations, but like other ketolides it also 
demonstrates bacteriocidal activity at concentrations 2 to 
8 times its MIC for some pathogens, indicating a concen-
tration-dependant killing effect (Woosley et al., 2010; Zhanel 
et al., 2002). In particular, solithromycin was bacteriocidal 
for S. pneumoniae, S. pyogenes, S. aureus, and S. epider-
midis strains at concentrations > 2 × the MIC (Woosley et al., 
2010).

Solithromycin and other ketolides, similar to the macro-
lides, inhibit the proinflammatory cytokines, with noted 
anti-infammatory/immunomodulatory properties (Georgo- 
papadakou, 2014).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Solithromycin is currently under clinical investigation and 
as of February 1 2017 has not been approved by the FDA or 
EMA. 

4a.  Adults

Solithromycin can be administered as a single daily dose 
via intravenous and oral routes, with oral doses efficiently 
absorbed (Cempra, 2015; Oldach et al., 2013). Dosing was 
determined for phase II and phase III clinical trials based 
on the results of 3 combined phase I trials (Okusanya et al., 
2010; Oldach et al., 2015; Oldach et al., 2013; Still et al., 
2011). Solithromycin exhibits nonlinear pharmacokinetics, 
and due to autoinhibition, which leads to moderate accumu-
lation of the drug concentration over multiple dosing regi-
mens, an oral loading dose of 800 mg followed by 400 mg 
daily was chosen for clinical trials (Still et al., 2011). 

4b.  Newborn infants and children

There are no data on dosing in newborn infants or young 
children to date. In a phase I trial of 13 adolescents with CAP 
(median age 16, range 12–17) who received initial loading 
doses of 12 mg/kg on day 1 (up to 800 mg maximum) and 
6 mg/kg on days 2 to 5 (up to 400 mg max), the Cmax, AUC0–24 
and AE events were similar to those seen in previously 
reported phase I and II trials in adults (Gonzalez et al., 2015).

4c.  Pregnant and lactating mothers

There are no data concerning pregnant and lactating mothers. 
See section 5b for an extensive discussion on penetration to 
the placenta and fetus. 

4d.  Those requiring altered dosages

There are no data on dose adjustment for patients with 
impaired hepatic or renal function, premature neonates, or 
the elderly.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The oral bioavailability of solithromycin is approximately 
70% (Still et al., 2011). The mean percentage of serum pro-
tein–bound solithromycin in a study of healthy volunteers 
and patients with hepatic impairment was 71% for healthy 
volunteers, reduced to 62% in patients with severe hepatic 
impairment (Jamieson et al., 2015). A slight increase in the 
free fraction of solithromycin was observed with increased 
degrees of hepatic impairment (Jamieson et al., 2015). In 
healthy volunteers, the mean half-life after a single oral dose 
of 400 mg was 4.82 hours, and on day 7 after daily 400 mg 
doses the mean half-life was 7.47 hours (Still et al., 2011). 
Food does not appear to have a significant effect on the bio-
availability of solithromycin (Still et al., 2011). 

5b.  Drug distribution

SERUM LEVELS IN RELATION TO DOSAGE

Consecutive daily oral doses of 400 mg in healthy volunteers 
on day 7 achieved a mean peak plasma concentration (mean 
Cmax ± SD) of 1.09 ± 0.52 mg/l and a mean time to maximum 
concentration (Tmax) of 4.00 hours, which was similar to 
results seen with initial oral doses of 800 mg on day 1 (mean 
Cmax 1.32 mg/l and Tmax 3.50 hours) (Still et al., 2011). Similar 
results were found in a study of 31 healthy volunteers who 
received 400 mg oral solithromycin for 5 days with C max 0.90 
± 0.46 mg/l and Tmax 3.55 hours (Rodvold et al., 2012). Both 
studies reported similar trough plasma concentrations (Cmin) 
(0.19 ± 0.10 mg/l and 0.09 ± 0.07 mg/l) and similar areas 
under the plasma concentration–time curves over 24 hours 
(AUC0–24) (7.47 ± 1.60 mg·h/liter and 7.92 ± 4.39 mg·h/liter) 
(Rodvold et al., 2012, Still et al., 2011). In patients with severe 
hepatic impairment, the area under the plasma concentra-
tion time curve (AUC0-tau) was decreased by approximately 
41% in comparison to healthy volunteers (Jamieson et al., 
2015).

DISTRIBUTION OF THE DRUG IN THE BODY

The mean volume of distribution of solithromycin at steady 
state (Vss/F) in healthy volunteers receiving 400 mg daily was 
542 liters and was increased in patients with mild (778 liters), 
moderate (832 liters), and severe (1749 liters) hepatic im - 
pairment (Jamieson et al., 2015). Solithromycin was heavily 
concentrated in epithelial lining fluid (ELF) and alveolar 
macrophages (AM) in accordance with intrapulmonary 
samples obtained during bronchoalveolar lavage in healthy 
volunteers following daily 400 mg doses of solithromycin 
(Rodvold et al., 2012). The ranges of mean concentration 
(± SD) for ELF (1.02 ± 0.83 to 7.58 ± 6.69 mg/l) and AM 
(25.9 ± 20.3 to 101.7 ± 52.6 mg/l) were significantly higher 
than what was seen in samples obtained concurrently from 
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plasma steady state concentrations (0.086 ± 0.070 to 0.730 ± 
0.692 mg/l) (Rodvold et al., 2012).

Solithromycin demonstrates high placental perfusion in 
human ex vivo placental perfusion models and in sheep 
models (Furfaro et al., 2015; Keelan et al., 2014; Keelan and 
Pugazhenthi, 2014). In a pregnant sheep model, a single dose 
of intravenous solithromycin (10 mg/kg) resulted in effec-
tive concentrations (> 30 ng/ml) in maternal plasma, fetal 
plasma, and amniotic fluid, with concentrations sustained 
for longer than 12 hours (Keelan et al., 2014). Solithromycin 
concentrations peaked 1 to 2 hours post infusion with a pla-
cental transfer efficiency of 34%, and remained above thera-
peutic concentrations for at least 12 hours (Keelan et al., 
2014). The lowest maximum concentration of solithromycin 
was found in amniotic fluid; however, due to a slower rate 
of clearance (half-life of 21.5 hours for amniotic fluid, com-
pared to 6 hours and 6.2 hours for maternal plasma and fetal 
plasma), therapeutic levels were sustained for > 48 hours 
(Keelan et al., 2014). When single dose intravenous solithro-
mycin was combined with a single intra-amniotic injection 
(1.4 mg/kg fetal weight), the peak amniotic fluid concentra-
tion was 25% higher than expected, with concentrations 
remaining 2-fold higher than expected between 12 and 
28 hours post administration (Keelan et al., 2014). Single 
intra-amniotic injections resulted in therapeutic concentra-
tions in amniotic fluid throughout the 72-hour study period; 
however, transfer to the fetal compartment was poor, with 
fetal plasma levels peaking at 1.5% of amniotic plasma levels 
(Keelan et al., 2014).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Currently, no breakpoints for solithromycin have been de- 
fined by the Food and Drug Administration (FDA), CLSI, 
USCAST, or EUCAST. In some published articles, solithro-
mycin breakpoints were extrapolated from CLSI breakpoints 
for telithromycin (susceptible ≤ 1 mg/l, resistant ≥ 4 mg/l for 
streptococci and staphylococci, and susceptible ≤ 4 mg/l, 
resistant ≥ 16 mg/l for H. influenzae and H. parainfluenzae), 
or from EUCAST (susceptible ≤ 0.25 mg/l, resistant > 0.5 
mg/l for beta-hemolytic streptococci and S. pneumoniae, and 
susceptible ≤ 0.12 mg/l, resistant > 8 mg/l for H. influenzae) 
(EUCAST, 2015; Oldach et al., 2013), but there is no justifi-
cation for this.

Similar to macrolide pharmacodynamics, the pharmaco-
dynamics for ketolides are driven by the AUC0–24 to MIC 
ratios (AUC0–24/MIC) (Rodvold et al., 2012; Still et al., 2011). 
The current dose of 400 mg daily (with a loading dose of 
800 mg for oral therapy) is supported by a study comparing 
plasma, ELF, and AM levels in healthy adult volunteers 
(Rodvold et al., 2012). In a neutropenic mouse lung infection 
model with S. pneumoniae, it was suggested that the ELF and 
unbound plasma AUC0–24/MIC ratios were the most predic-
tive parameters of efficacy (Andes et al., 2010). ELF AUC0–24/
MIC ratios were reported as 1.26, 15.1, and 59.8 for net 

bacterial stasis, 1-log and 2-log CFU reductions, respectively 
(Andes et al., 2010). Using ELF AUC0–24 values and a mean 
value of 80.3 mg·h/L for healthy adult volunteers would 
equate to AUC0–24/MIC ratios in ELF of 320 and 160 for 
S. pneumoniae isolates, previously reported by Farrell et al. 
(Farrell et al., 2010a; Rodvold et al., 2012).

As part of solithromycin metabolism, solithromycin pro-
duces 2 bioactive metabolites, CEM-214 and N-acetyl-
CEM-101 (NAc-CEM-101) (Furfaro et al., 2015). Degrees 
of metabolite production vary according to species, however, 
and significant amounts of both metabolites are produced 
in sheep as compared to humans (Furfaro et al., 2015). In 
patients with hepatic impairment, NAc-CEM-101 Cmax and 
AUC values were increased by at least 40% and 30%, respec-
tively, in comparison to the values observed in healthy vol-
unteers (with 5–10% solithromycin exposure), whereas 
CEM-214 exposure (AUCtau) remained low (< 5%) (Jamieson 
et al., 2015).

An in vitro post antibiotic effect (PAE) was seen for iso-
lates tested at 4 × the MIC, and PAEs were between 2.3 and 
6.1 hours for S. aureus ATCC 29213, S. pneumoniae ATCC 
49619, and S. pyogenes 1612A (Woosley et al., 2010). The 
PAE for H. influenzae ATCC 49247 was 3.2 hours and for 
M. cattarhalis 10142A 6.3 hours (Woosley et al., 2010). The 
PAE of solithromycin was similar to telithromycin’s for S. 
aureus, but the PAE for solithromycin was extended by a 
period of 1 to 3 hours for solithromycin compared to teli-
thromycin for other isolates tested, including S. pneumoniae, 
S. pyogenes, H. influenzae, and M. catarrhalis ATCC strains

 (Woosley et al., 2010). However, the clinical importance 
of the in vitro PAE is unclear.

5d.  Excretion

Solithromycin is metabolized by CYP3A4 and inhibits its 
own metabolism via the inhibition of CYP3a isozymes (Still 
et al., 2011). In humans, the majority of excretion occurs in 
feces, whereas in animal models biliary excretion is extensive 
(Jamieson et al., 2015). In a study of healthy volunteers and 
patients with hepatic impairment, in both groups approxi-
mately 5% of the dose was excreted as solithromycin in the 
urine after day 1 and 10% was excreted after day 5 (Jamieson 
et al., 2015). For both groups minimal amounts of the active 
metabolites, NAc-CEM-101 and CEM-214, were found in 
urine on days 1 and 5 (< 1% on day 1 and < 2% on day 5) 
(Jamieson et al., 2015).

5e.  Drug interactions

Similar to other macrolide antibiotics, solithromycin is 
both a substrate and an inhibitor of P-glycoprotein (Ciric et 
al., 2015). In a study of 14 healthy adults co-administered 
digoxin and solithromycin, the serum concentrations of 
digoxin co-administered with solithromycin were higher 
than for digoxin administered alone (digoxin Cmax 46% 
increase; AUCtau 38% increase) (Ciric et al., 2015). Trough 
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levels for digoxin were similar to those of digoxin monother-
apy for the digoxin and solithromycin combination group, 
and no digoxin toxicity was observed in the study group 
(Ciric et al., 2015). In published literature to date, no signifi-
cant drug interactions have been reported.

6. ADVERSE REACTIONS AND TOXICITY

Ketolides (similar to the macrolides) produce mild gastro-
intestinal side effects, such as nausea, vomiting, and diarrhea 
(Georgopapadakou, 2014). Telithromycin and cethromycin 
have been shown to cause QT interval prolongation, with 
studies to date showing no effect on QTc due to solithro-
mycin (Oldach et al., 2013). Telithromycin (see Chapter 64, 
Telithromycin) in particular had FDA restrictions applied to 
it (in 2007 and 2010), after approval for CAP in 2004, due to 
rare but irreversible (in some cases fatal) idiosyncratic liver 
damage, as well as other unusual adverse events (AE) such as 
visual disturbance, exacerbation of myasthenia gravis, and 
sudden loss of consciousness (Golparian et al., 2012; Oldach 
et al., 2013; Ross, 2007). In clinical trials to date, no severe 
adverse events similar to those seen with telithromycin use 
have been reported for solithromycin, and this may be 
explained by the lack of a pyridine moiety in the aryl-alkyl 
side chain of solithromycin: some studies have suggested that 
the adverse events related to telithromycin use are due to 
interactions of pyridine analogues with nicotinc aceteylcho-
line (nACh) receptors, leading to inhibition of their activity 
(Bertrand et al., 2010; Oldach et al., 2013). Further data from 
future clinical trials and observational studies related to soli-
thromycin use are needed to exclude rare AEs such as those 
seen with telithromycin.

Solithromycin was well tolerated in phase I trials in healthy 
volunteers, with the most frequent drug-related adverse 
events reported as headache, diarrhea, and nausea (Rodvold 
et al., 2012; Still et al., 2011). Among healthy volunteers and 
patients with mild, moderate, and severe hepatic impair-
ment, solithromycin was well tolerated with no patients in 
the hepatic impairment groups developing an increase in 
hepatic enzymes or blood creatine phosphokinase (Jamieson 
et al., 2015).

In an initial phase II study of solithromycin in community 
acquired pneumonia (CAP), out of 64 patients receiving soli-
thromycin, no patients died or discontinued therapy due to 
a drug-related AE (Oldach et al., 2013). Thirty-one patients 
(45.6%) reported an AE, with the most frequent being gas-
trointestinal side effects (7.8% diarrhea and 1.6% nausea) 
(Oldach et al., 2013). One patient developed an elevation 
in alanine aminotransferase (ALT), from grade 2 to grade 3, 
in the presence of underlying hepatitis C virus infection 
(Oldach et al., 2013). Two patients developed grade 3 eleva-
tions in aspartate aminotransferase (AST), with levels return-
ing to baseline at follow up (Oldach et al., 2013). One patient 
was observed to have a grade 3 elevation of bilirubin, 
attributed to Gilbert’s syndrome (Oldach et al., 2013). 

In the initial combined, double blind, phase III trials 
of CAP, SOLITAIRE-ORAL, and SOLITAIRE-IV, solithro-
mycin demonstrated a safety and tolerability profile similar 
to that of moxifloxacin, with the exception of higher rates 
of infusion reactions for IV solithromycin compared to 
moxifloxacin (Cempra, 2015; Oldach et al., 2015). In the 
SOLITAIRE-ORAL study, similar discontinuation rates were 
seen for solithromycin and moxifloxacin (3.8% and 3.0%) 
(Oldach et al., 2015). Of the AEs reported for solithromy-
cin, headache (4.5%), diarrhea (4.2%), nausea (3.5%), vomit-
ing (2.4%), and dizziness (2.1%) were the most commonly 
reported, and were similar to AE rates for moxifloxacin 
(Oldach et al., 2015). In the SOLITAIRE-IV study, more 
treatment-related AEs were observed with solithromycin 
(34.3%) than with moxifloxacin (13.1%), with 2.1% of patients 
in the solithromycin arm discontinuing due to infusion site 
reactions (Cempra, 2015). The rates of AEs for solithromy-
cin were reported as follows: for diarrhea (4.4%), headache 
(3.5%), nausea (3.3%), hypokalaemia (2.5%), dizziness (2.5%), 
insomnia (2.0%), and hypertension (1.2%), similar to moxi-
floxacin’s (Cempra, 2015).

In SOLITAIRE-ORAL, a higher rate for grade 3 elevation 
for ALT was reported with solithromycin than with moxi-
floxacin (4.6 versus 2.1%), whereas a lower rate was reported 
for grade 4 elevation (0.5 versus 1.2%) (Oldach et al., 2015). 
A similar finding was found in SOLITAIRE-IV, with grade 3 
elevations reported as 8.2% for solithromycin versus 3.4% for 
moxifloxacin, and grade 4 elevations reported as 0.7% and 
0.5% (Cempra, 2015). 

The most common treatment-related AEs in the phase II 
trial of uncomplicated gonorrhea were gastrointestinal in 
nature, with loose stools occurring in 17 out of 28 patients 
treated with a single dose of 1200 mg, and 13 out of 31 in 
those receiving 1000 mg (Hook et al., 2015). Nausea and 
vomiting also occurred more frequently with the 1200 mg 
oral dose (32% and 14%) compared to the 1000 mg oral dose 
(26% and 3%) (Hook et al., 2015).

Solithromycin does not appear to have any demonstrated 
prolonging of cardiac repolarization as measured by the QTc 
that has been noted with other ketolides, quinolones, and 
macrolides (Cempra, 2015; Darpo et al., 2015; Oldach et al., 
2013). No cardiac electrophysiologic abnormalities were 
detected with electrocardiographic monitoring during an 
initial phase II study of CAP or in 48 health volunteers 
(Darpo et al., 2015; Oldach et al., 2013). In a phase III study 
of CAP comparing intravenous solithromycin to moxifloxa-
cin, no QT associated arrhythmias were noted in either arm, 
with mean QTcF lower among the solithromycin arm versus 
the moxifloxacin arm (Cempra, 2015).

LABORATORY ABNORMALITIES

In phase II and III trials of CAP, no significant differences 
between solithromycin and levofloxacin or moxifloxacin were 
observed for clinical chemistry, hematology, or coagulation 
studies (Cempra, 2015; Oldach et al., 2015; Oldach et al., 2013).
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7. CLINICAL USES OF THE DRUG

7a. Community-acquired pneumonia

Solithromycin has been granted Federal Drug Adminis- 
tration Fast Track designation for intravenous and capsule 
administration for treatment of community acquired pneu-
monia (CAP) (Cempra, 2015). 

A phase II, multicenter, double-blinded, randomized con-
trolled study (n = 132) compared oral solithromycin, 800 mg 
on day 1 followed by 400 mg on days 2 to 5, to oral levoflox-
acin, 750 mg on days 1 to 5, for patients with moderate CAP 
(Oldach et al., 2013). Patients were randomized based on age 
(< 50 or ≥ 50) and Pneumonia Patient Outcomes Research 
Team (PORT) scores. For the primary end point of the 
study, clinical success at test of cure visit between day 4 and 
day 11 after the last dose, solithromycin and levofloxacin 
were similar in the intent-to-treat (ITT) population (84.6% 
and 86.6%) (Oldach et al., 2013). A similar finding was found 
in the microbiological-ITT population with cure rates of 
77.8% for solithromycin and 71.4% for levofloxacin (Oldach 
et al., 2013). The most common baseline pathogen isolated 
was S. pneumoniae (10 patients), followed by H. influenzae 
(7 patients) and S. aureus (4 patients) (Oldach et al., 2013). 
All isolates were susceptible to both levofloxacin and soli-
thromycin, with breakpoints for solithromycin extrapolated 
from CLSI breakpoints for telithromycin (susceptible ≤ 1 
mg/l for S. aureus and S. pneumoniae and ≤ 4 mg/l for H. 
influenzae) (Oldach et al., 2013). Three multidrug-resistant 
S. pneumoniae (MDRSP) strains were found (azithromycin 
MIC > 128 mg/l for 2 strains and 16 mg/l for 1 strain), with 
all 3 isolates susceptible to solithromycin and levofloxacin 
(Oldach et al., 2013). All baseline pathogens were susceptible 
to both study drugs with the exception of 2 K. pneumoniae 
isolates that were susceptible only to levofloxacin (Oldach et 
al., 2013).

Combined phase III clinical trials of CAP have been 
completed, with results of SOLITAIRE-IV and SOLITAIRE-
ORAL presented in a poster format and by press release 
(Cempra, 2015; Oldach et al., 2015). In SOLITAIRE-ORAL, 
860 patients were randomized to either 5 days of solithromy-
cin (800 mg loading dose on day 1 followed by 400 mg on 
days 2 to 5 and placebo on days 6 and 7) or moxifloxacin 
(400 mg on days 1 to 7) (Oldach et al., 2015). For the primary 
endpoint for the FDA, non-inferiority in early clinical 
response (ECR) rates in the ITT population, solithromycin 
was comparable to moxifloxacin (78.2% and 77.9% success 
rates) (Oldach et al., 2015). A nonsignificant trend to higher 
success rates with solithromycin was seen in the age > 75 
group (success rates 83.9% and 69.8%, 95% confidence inter-
val –2.1 – 30.2) (Oldach et al., 2015). For the European 
Medicines Agency (EMA) endpoint, non-inferiority in suc-
cess rates of the ITT population at the short term follow-up 
(SFU) visit between 5 and 10 days post therapy, solithromy-
cin was comparable to moxifloxacin (84.5% and 86.6%) with 

comparable cure rates seen in the age > 75 group (85.5% and 
84.1%) (Oldach et al., 2015).

In SOLITAIRE-IV, 863 patients were randomized to ini-
tially receive intravenous solithromycin (400 mg daily) or 
moxifloxacin (400 mg daily), with patients able to switch to 
oral dosing of their assigned drug at the discretion of the 
investigator (Cempra, 2015). Solithromycin met the FDA 
primary objective, non-inferiority at ECR in the ITT popula-
tion, with the success rate for solithromycin (79.3%) similar 
to moxifloxacin’s (79.7%) (Cempra, 2015). For the EMA end-
point, success rates at the SFU visit for PORT III/IV CAP, 
solithromycin was non-inferior to moxifloxacin in the ITT 
population (Cempra, 2015). Solithromycin was also non- 
inferior in the clinically evaluable (CE) population after the 
censoring of 5 patients who discontinued in the solithromy-
cin arm due to drug supply shortage (Cempra, 2015). From 
pooled data of SOLITAIRE-IV and SOLITAIRE-ORAL, 
solithromycin demonstrated non-inferiority to moxifloxacin 
(77.2% and 78.9%) at the ECR for the microbiological intent-
to-treat (mITT) population (Cempra, 2015). 

7b. Sexually transmitted infections

Solithromycin administered with a single oral dose (1000 mg 
or 1200 mg) in a phase II trial demonstrated high efficacy in 
the treatment of male and female patients with uncomplicated 
bacterial urethritis (Hook et al., 2015). One week following 
treatment with solithromycin, cultures of N. gonorrhoeae 
from all 54 sites of proven infection were negative, including 
8 patients with pharyngeal gonorrhea and 4 patients with 
rectal gonorrhea (Hook et al., 2015). In addition, at 1 week 
post treatment, 9 out of 11 patients who tested positive for 
C.  trachomatis by nucleic acid amplification tests (NAAT), 
tested negative on repeat testing, and 7 of 10 patients treated 
for M. genitalium tested negative on repeat testing (Hook et 
al., 2015).

A phase III trial, SOLITAIRE-U, is currently ongoing in the 
United States and Australia, with plans to enroll 300 patients 
in a two arm study of patients with uncomplicated gonorrhea 
and chlamydia infection, with single doses of 1000 mg oral 
solithromycin being given versus combination therapy of 
500 mg ceftriaxone and 1000 mg azithromycin (Cempra, 
2015).

7c. Intrauterine infection

Solithromycin is a potential option in the treatment of intra-
uterine infection or for prophylaxis against infection arising 
from preterm prelabor rupture of the membranes (PPROM) 
(Keelan et al., 2014; Miura et al., 2014). So far, no human 
data have been reported in relation to solithromycin as treat-
ment or as prophylaxis for intrauterine infection, however, 
solithromycin has been considered as a potential option for 
treatment against a wide range of pathogens, as it has activ-
ity against those pathogens, including Mycoplasma spp. and 
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Ureaplasma spp. It appears to have a reasonable safety pro-
file in pregnancy and has demonstrated maternal to fetal 
transfer in utero (Miura et al., 2014). In a pregnant sheep 
model, following intra-amniotic injection with U. parvum, 
solithromycin (IV and intra-amniotic) and azithromycin (IV) 
were both equally effective at eradicating U. parvun from 
amniotic fluid (Miura et al., 2014). 
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Damon P. Eisen

1. DESCRIPTION

Tetracycline was first described in 1953 and was derived 
from chlortetracycline at Lederle Laboratories (Duggar et 
al.,  1948), and from oxytetracycline at Pfizer Laboratories. 
Tetracycline is a bacteriostatic antibiotic, and shares a four 
benzene ring structure with the other tetracyclines (tetra
cycline derivatives). The chemical name of tetracycline is 
(2Z)2(aminohydroxymethylidene)4dimethylamino6,10, 
11,12atetrahydroxy6methyl4,4a,5,5atetrahydrotetracene 
1,3,12trione and the empirical formula C22H24N2O8, with a 
molecular weight of 444.43; the chemical structure is shown 
in Figure 67.1.

Tetracycline has broadspectrum activity against bacteria, 
including cell wall–deficient organisms and parasites, such 
as Plasmodia. The tetracyclines doxycycline and minocy
cline are used much more widely in clinical practice because 
of their increased bioavailability and lipophilicity, which 
increases their spectrum and degree of activity. Tetracycline 
acts on ribosomal targets to reduce protein synthesis. Intro
duced soon after peni cillin G and the sulfonamides, the tet
racyclines were once widely used. Owing to the prevalence of 
tetracyclineresistant organisms and the availability of alter
native antibiotics with greater efficacies, tetracycline is the 
preferred drug for a relatively small number of diseases.

Numerous older tetracycline compounds with similar 
molecular structures and with about the same spectrum of 
activity were developed and subsequently either withdrawn 
from clinical practice or restricted to specific indications. 
Demethylchlortetracycline or demeclocycline was obtained 

from a mutant of Duggar’s original strain of Streptomyces 
aureofaciens (Duggar et al., 1948) and reported on in 1957. 
Its main current use is for the treatment of the rare patient 
with the syndrome of inappropriate antidiuretic hormone 
secretion that is unresponsive to other measures. The major 
side effect of this agent is nephrogenic diabetes insipidus. 

Considering tetracycline compounds as a group: they are 
marketed as, and are effective as orally administered drugs, but 
preparations of doxycycline and minocycline for i.v. administra
tion are available. Two other compounds have been available 
specifically for parenteral use: rolitetracycline (pyrrolidino 
methyltetracycline) (Dimmling, 1960), and rolitetracycline 
nitrate (pyrrolidinomethyltetracycline nitrate) (Kaplan et 
al., 1960).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

As doxycycline is more widely used in clinical practice, and 
as most organisms that are susceptible to doxycycline are 
also susceptible to tetracycline, a broader discussion of micro
organism susceptibility is found in Chapter 68, Doxycycline. 
Tetracycline remains an important agent in the therapy 
of  severe diarrhea due to Vibrio cholerae and in salvage 
eradication regimens for Helicobacter pylori. Topical tetra
cycline is used for Chlamydia trachomatis infection causing 
trachoma.

2b.  Emerging resistance and 
cross-resistance

Tetracycline resistance was first described in Shigella dysente-
riae in 1953. Before the widespread use of tetracyclines, 
resistance was infrequent, with 2% resistance documented in 
Enterobacteriaceae collected before 1954 (Hughes and Datta, 
1983). Subsequent to that time, substantial and predictable 
increases in resistance in Enterobacteriaceae, staphylococci, 
streptococci, Neisseria gonorrhoeae, and anaerobes have 
restricted their general utility (Roberts, 2003).Figure 67.1. Chemical structure of tetracycline. 
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Tetracycline resistance is due predominantly to the pres
ence of mobile genetic element–encoded efflux pumps or 
ribosomal protection proteins (Roberts, 2003). The majority 
of the 33 characterized tetracycline resistance genes encode 
efflux pumps, with the greatest diversity of these genes being 
found in Gramnegative organisms. All the efflux pumps 
confer tetracycline and doxycycline resistance with one gene, 
tet(B), which is present in a wide range of Gramnegative 
organisms, also conferring resistance to minocycline. Ribo
somal protection proteins confer resistance to tetracycline, 
doxycycline, and minocycline through a GTPdependent 
binding of the proteins to the drug, displacing the drug from 
the ribosomal binding sites. Tetracycline resistance due to 
mutations in the 16S rRNA gene and due to membrane per
meability change is less commonly seen in organisms such as 
H. pylori (Wu et al., 2005).

Tetracycline resistance in H. pylori was first reported from 
Australia in 1996 (Midolo et al., 1996). Tetracycline resis
tance in H. pylori is now identified in Japan and Korea, with 
resistance present in pretreatment isolates in Japan (Kwon et 
al., 2000). Very high rates of tetracycline resistance (55.8%) 
have been documented in Shanghai, China, in a study that 
showed multidrug resistance to tetracycline, metronidazole, 
and amoxicillin in 39.2% of 153 clinical H. pylori isolates 
(Wu et al., 2000). Patient treatment outcome status was not 
specified in this report. Tetracycline resistance was always 
associated with metronidazole resistance and was transfer
able (along with metronidazole resistance) to susceptible  
H. pylori isolates experimentally (Kwon et al., 2000). No 
 tetracyclineresistant H. pylori strains have been found in 
recent surveys of clinical isolates in Alaska (Bruce et al., 
2006), London (Elviss et al., 2005), Mexico (GarzaGonzalez 
et al., 2002), Israel (Samra et al., 2002), and Alberta, Canada 
(Taylor et al., 1998). Very low rates (< 2%) of tetracycline 
resistance have been shown in north Wales (Elviss et al., 
2004) and Kenya (LwaiLume et al., 2005). The available evi
dence on tetracycline resistance in H. pylori isolates in the 
United States shows that it is vanishingly rare, with an inci
dence of < 0.0005% (Osato et al., 2001). No doxycycline 
resistance was found in posttreatment isolates of H. pylori 
taken from European patients who failed eradication therapy 
(Heep et al., 2000).

Tetracycline resistance in V. cholerae has emerged in the 
last three decades, but tends to fluctuate significantly under 
the selective pressure of antibiotic usage (Sack et al., 2004). 
This is well illustrated by temporal trends in tetracycline 
resistance in V. cholerae serogroup O1 biotype El Tor isolated 
in Zambia (Mwansa et al., 2007). High rates of tetracycline 
resistance were seen during a period when V. cholerae organ
isms carried a conjugative plasmid encoding resistance to 
tetracycline and cotrimoxazole. When tetracycline was 
replaced by erythromycin in the national formulary for the 
treatment of cholera, both tetracycline resistance and V. chol-
erae plasmid carriage disappeared. Plasmid encoded antibi
otic resistance also presumably accounted for perhaps 85% 
rates of the tetracycline resistance seen in V. cholerae biotype 
El Tor isolates from Bangladesh reported in 1993, as there 

was no resistance seen in the same organism in India (Yama
moto et al., 1995).

3. MECHANISM OF DRUG ACTION

Tetracyclines inhibit bacterial protein synthesis. They bind 
principally to the 30S subunits of bacterial ribosomes and 
specifically inhibit the enzyme binding of aminoacyltRNA 
to the adjacent ribosomal acceptor site (Cundliffe and 
McQuillen, 1967; Rasmussen et al., 1991), blocking the elon
gation phase of protein synthesis. The binding of tetracy
clines to the target is reversible, in part explaining their 
bacteriostatic properties. 

The following “second order” processes contribute to the 
actions of the tetracyclines. Tetracyclines cause alterations 
in  the cytoplasmic membrane, thereby allowing leakage of 
nucleo tides and other compounds from the cell. This action 
explains the rapid inhibition of DNA replication that ensues 
when cells are exposed to concentrations of tetracycline in 
excess of that needed for protein inhibition (Pato, 1977). 
Counterintuitively, high tetracycline concentrations do not 
appreciably alter the synthesis of ribonucleic acid. Tetra cy
clines appear to inhibit adhesion of bacteria to human cells, 
reducing bacterial pathogenicity. Tetracycline probably inhib
its the synthesis of a specific protein that occurs frequently 
in bacterial cell surfaces (Chopra and Hacker, 1986; Schifferli 
and Beachey, 1988).

In higher concentrations, tetracyclines also inhibit mam
malian protein synthesis (Beard et al., 1969). This antianabolic 
effect may have clinical significance as it can aggravate pre 
existing renal functional impairment. 

The absence of contemporary studies in all these areas 
belies the current restricted uses of this class of drugs, aside 
from doxycycline.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The adult oral dosage is 250 mg every 6 hours or 500 mg 
every 6 hours for more serious infections. Dosages larger 
than 0.5 g every 6 hours are usually of no additional benefit 
because higher serum levels are not obtained and the excess 
tetracycline is excreted in feces.

Intravenous preparations of tetracycline are no longer 
marketed nor routinely available because of fatal hepatoxic
ity reactions that have accompanied their use. However it 
may be necessary to use them for the treatment of some 
severe infections, such as severe rickettsial disease, severe 
ehrlichiosis, or overwhelming Chlamydophila psittaci infec
tions. The usual daily i.v. dosage of rolitetracycline for adults 
is 275 mg. The manufacturers recommended that this daily 
dose be given as one direct i.v. injection over a period of at 
least 1 minute, but the dose can probably be added to an i.v. 
flask for a slow infusion, provided there are no incompatible 
additives. The usual adult i.m. dosage of rolitetracycline nitrate 
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is a single daily injection of 350 mg, but this dosage can be 
doubled for short periods in the treatment of severe infec
tions. These parenteral preparations are now rarely used, and 
their availability is limited.

Topical tetracycline hydrochloride 1% is used for the treat
ment of trachoma.

4b.  Newborn infants and children

Tetracycline is not recommended for use in children.

4c.  Pregnant and lactating mothers

Tetracycline is not recommended for use in pregnant women. 
Shortterm use of tetracycline for less than 3 weeks during 
breastfeeding is approved by the American Academy of 
Pediatrics with a theoretical infant dose of 0.2 mg/kg/day and 
breast milk to plasma ratio of 0.58/1.28 (British Columbia’s 
Children’s and Women’s Pharmacy, 2003).

4d.  Those requiring altered dosages

PATIENTS WITH RENAL IMPAIRMENT

Tetracycline should be avoided in patients with renal failure 
as it may cause further deterioration of renal function (East
wood et al., 1970). If treatment is required in patients with 
renal failure, tetracycline is slowly removed by hemodialysis. 
The addition of tetracyclines to peritoneal dialysis fluids is 
not recommended because they are efficiently absorbed from 
the peritoneal cavity (Kunin, 1967).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Liver damage may occur as a complication of highdosage tetra
cycline therapy. The incidence of liver damage when normal 
doses are used is among the lowest recorded among antibiotics. 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability 

Tetracycline’s oral bioavailability is 77–88%, and Cmax values 
of 2–5 µg/ml are reached 2 to 4 after doses of 250–500 mg are 
given. Further increase of the dosage to 1 g or more orally 
every 6 hours does not produce significantly higher serum 
levels. The serum halflife of tetracycline after oral adminis
tration is 7 hours (Wood et al., 1975). Tetracycline is 24–65% 
protein bound as determined by the measuring methodol
ogy (Kunin, 1967). Serum levels obtained when tetracycline 
is administered with a meal are reduced by approximately 
50%, relative to levels obtained during the fasting state 
(Welling et al., 1977). Calcium, magnesium, iron, and alumi
num also reduce absorption of this drug (Neuvonen, 1976). 

There are insufficient data to assess the impact of liver 
 disease, sepsis, or other comorbidities on tetracycline phar 
macokinetics.

5b.  Drug distribution 

Tetracycline penetrates into pleural, ascitic, and synovial flu
ids, and placental cord serum. Its penetration into tears and 
saliva is poor. After an oral dose of 250 mg tetracycline three 
times daily, sputum levels are in the range of 0.4–2.6 µg/ml 
(Ruhen and Tandon, 1976). Tetracycline concentrations in 
normal cerebrospinal fluid (CSF) are about onetenth of the 
simultaneous serum concentration. 

Tetracycline penetrates well into breast milk, but its bio
availability is low because of chelation of tetracycline (Chow 
and Jewesson, 1985). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are few data on the pharmacokinetics and pharma
codynamics of tetracyclines in general and tetracycline in 
particular. Tetracycline can be assumed to demonstrate con
centrationdependent killing and some post antibiotic effect 
(similar to doxycycline), but this has not been defined. There 
are no AUC/MIC data for tetracycline. An early study sug
gested in vivo antagonism between chlortetracycline and 
penicillin in the treatment of pneumococcal meningitis, but 
this has not been authenticated by subsequent research. This 
is discussed in more detail in Chapter 68, Doxycycline.

5d.  Excretion

Urinary excretion accounts for about 30% of tetracycline 
doses. High concentrations of tetracycline (about 300 µg/ml) 
appear in the urine during the first 2 hours after an oral dose, 
persisting for 6–12 hours. Urinary concentrations attained 
after parenteral administration of the rolitetracyclines are 
much higher than those attained with any of the oral drugs. 
Tetracycline accumulates in the presence of renal failure.

Tetracycline is incompletely absorbed in the gastrointesti
nal tract and the unabsorbed percentage rises with increased 
dosage. Tetracyclines are concentrated and excreted in bile, 
with concentrations in bile reaching levels five times those 
found in serum (Klein and Cunha, 1995). A large proportion 
of tetracycline excreted in bile is reabsorbed in the intestine. 
Overall, fecal elimination accounts for 20–60% of tetracy
cline doses. A small proportion of tetracycline, on the order 
of 5%, is metabolized to 4epitetracycline.

5e.  Drug interactions

Formal studies of pharmacokinetic interactions between tet
racycline and both mefloquine (Karbwang et al., 1992) and 
halofantrine (Bassi et al., 2004) have been conducted with 
the aim of maximizing the antimalarial effect of these agents 
in combination. In these studies, coadministered tetracy
cline increased the Cmax and AUC of halofantrine and meflo
quine. The effect may have been via the competition for 
biliary elimination or metabolism via the CYP3A4 pathway. 
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Reports of oral contraceptive failure due to tetracycline 
(Bacon and Shenfield, 1980) are not a result of specific phar
macokinetic interaction between tetracycline and ethinyl
estradiol (Archer and Archer, 2002). One patient developed 
lithium toxicity associated with elevated serum lithium levels 
when taking tetracycline longacting capsules and lithium 
(McGennis, 1978). In a minority of patients, gastrointestinal 
bacteria inactivate digoxin, and this is reduced by a course of 
tetracycline or erythromycin. Theoretically, tetracycline ad  
min istration to patients receiving digoxin may cause a sub
stantial rise in serum digoxin levels (Lindenbaum et al., 1981).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Gastrointestinal side effects

The side effects nausea, heartburn, epigastric pain, vomiting, 
and diarrhea are more common with tetracyclines than with 
most other orally administered antibiotics. Diarrhea is prob
ably mainly a result of direct chemical irritation of the 
bowel by unabsorbed tetracyclines, but nonspecific antibiotic 
associated diarrhea may also be contributory. Transient stea
torrhea occurred in 22% of patients after single 2 g doses of 
tetracycline (Mitchell et al., 1982). Tetracycline can cause pill 
esophagitis (see Chapter 68, Doxycycline).

6b.  Teeth and other tissue pigmentation 
and effect on bones

Tetracycline is deposited in calcifying areas of bones and teeth, 
causing yellow discoloration. This side effect was first noted 
during an assessment of longterm tetracycline therapy in 
children with cystic fibrosis (Schuster and Shwachman, 1956). 
The frequency of tetracycline staining may be particularly high 
during the first year of life because immature kidneys are 
unable to excrete these drugs efficiently (Medical News, 1977).

Fetal or neonatal bone deposition of tetracycline is a more 
significant issue, as it can cause apparently reversible growth 
inhibition. The period of mineralization of the anterior decid
uous teeth extends from 14 weeks in utero until two to three 
months after birth. However, it appears that deciduous teeth 
staining in offspring is more likely if the mother is adminis
tered tetracycline after the 25th week of gestation (Toaff and 
Ravid, 1966). 

The degree of teeth discoloration depends on the amount 
of tetracycline administered, and discoloration is usually obvi
ous only in children who have received several courses of tet
racycline. In one study, no more than a very mild, cosmetically 
trivial darkening of permanent incisor teeth occurred in chil
dren who had been given up to five 6day courses of tetra
cycline in the first five years of life (Grossman et al., 1971). 
Nevertheless, the degree of discoloration increases with 
increasing numbers of deposits of tetracycline in teeth. 
According to Baker (1975), if there are more than seven tet
racycline lines per tooth, severe discoloration is unavoidable. 
Initial yellow dental discoloration changes to brown after a 
period of some months of sunlight exposure (Sanchez et al., 

2004). As tetracyclineinduced dental staining is intrinsic 
and permanent, there is no effective treatment other than 
cosmetic approaches, such as porcelain capping. Bleaching 
of stained teeth is only partially effective and leaves a trans
lucent appearance.

Whether or not tetracyclines produce defective teeth 
and enamel hypoplasia has been a matter of debate. The role 
of tetracyclines in causing enamel hypoplasia is difficult to 
assess, because several factors predispose to this condition 
(McIntosh and Storey, 1970). Enamel hypoplasia associated 
with tetracycline administration has been most commonly 
described in premature infants (Wallman and Hilton, 1962), 
but such hypoplasia is known to occur in association with 
prematurity, neonatal jaundice, and febrile illnesses. Similar 
hypoplasia has also been described in older children in asso
ciation with tetracycline therapy, but these children had also 
suffered from diseases that are known to cause this defect 
(Witkop and Wolf, 1963). Animal experiments have shown 
that the tetracyclines per se can cause enamel hypoplasia 
(McIntosh and Storey, 1970).

The deposition of tetracycline in the bones of infants 
causes temporary inhibition of bone growth. Administration 
of tetracycline to premature infants produces a 40% depres
sion of normal skeletal growth, as measured by the inhibition 
of fibula growth (Cohlan et al., 1963). This effect was rapidly 
reversed after cessation of tetracycline therapy, and perma
nent effects on the human skeleton have not been observed 
(Demers et al., 1968). Between 3% and 11% of administered 
tetracycline becomes incorporated into the inorganic phase 
of bone. After use of the drug for a period of years, such as 
with acne sufferers, bones may be visibly colored yellow and 
fluorescent (observed radiographically). A small series of 
patients treated with tetracycline for acne had bone levels of 
156–290 µg/g, with no obvious deleterious effect (Oklund et 
al., 1981). However, a single case study of a patient who died 
of acute fatty liver of pregnancy has suggested that tetracy
cline may have caused this rare complication of pregnancy. 
The patient had been using tetracycline previously for acne, 
but not during her pregnancy, and was found to have very 
high tetracycline levels (60 mg/g) in her bone (Bhagavan et 
al., 1982). It was postulated that the release of the drug asso
ciated with increased bone metabolism during pregnancy may 
have precipitated her liver disease.

In view of these side effects and others, which may affect 
children, it is not appropriate to prescribe tetracycline to chil
dren aged less than eight years and to pregnant women.

6c.  Hepatotoxicity

High dose, particularly intravenous, tetracycline therapy in 
pregnant women was associated in the 1960s with a high risk 
of severe liver disease. By 1972, 44 cases of liver failure and 
37 deaths had been reported (Thiim and Friedman, 2003). 
Tetracycline use has been associated with fatty liver, cholestatic 
hepatitis, fulminant hepatic failure, and vanishing bile duct  
syndrome. Ultimately, intravenous tetracycline was withdrawn 
from the U.S. market in 1991. Rarely, a hepatitislike illness 
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may develop when tetracycline is given orally for 10 days in 
the usual doses. The hepatitis that has arisen in this setting 
has occasionally been severe, but it usually resolved after the 
drug was stopped. The excess risk per million cases for the 
development of acute symptomatic liver disease resulting in 
hospitalization after exposure to a 10day course of tetracy
cline has been estimated to be only 1.56 cases (Carson et al., 
1993). Additionally, the rate of  tetracyclineinduced hepa
toxicity has been calculated as 1 in 18 million defined daily 
doses (Bjornsson et al., 1997).

6d.  Nephrotoxicity

In patients with impaired renal function, tetracycline may 
cause further rises in the blood urea and serum creatinine 
values (Lew and French, 1966). As tetracycline interferes with 
human protein synthesis and the incorporation of amino acid 
into protein, the kidneys need to excrete an additional amino 
acid load. Some authors have considered that this was the only 
mechanism by which tetracycline aggravated renal impair
ment (Van Ypersele de Strihou, 1970), whereas others main
tained that tetracycline also had a direct toxic effect on the 
kidneys (Roth et al., 1967; Eastwood et al., 1970). Nephro
toxicity has also been associated with  tetracyclineinduced 
acute fatty liver. Features of liver failure usually dominate in 
this syndrome, but renal and electrolyte abnormalities are 
also often severe (Lew and French, 1966). Nonoliguric renal 
failure may develop. In contrast, the acute renal failure which 
occurs in “idiopathic fatty liver of pregnancy” in the absence 
of administration of tetracyclines is usually oliguric.

6e.  Hypersensitivity reactions

Hypersensitivity reactions related to administration of tetra
cyclines are uncommon and usually take the form of urti
caria, asthma, or facial edema (Shelley and Heaton, 1973). Rare 
cases of acute anaphylaxis have occurred (Fellner and Baer, 
1965; Furey and Tan, 1969). Copperman (1967) reported two 
patients who developed hypothermia, apparently resulting 
from tetracycline hypersensitivity.

6f.  Photosensitivity

An erythematous phototoxic reaction, which, if severe, may 
be associated with edema, papules, vesiculation, and ony
cholysis, may occur with all the tetracyclines (Bethell, 1977) 
(see Chapter 68, Doxycycline).

6g.  Teratogenicity

Animal studies performed in the 1960s indicated that tetra
cyclines are teratogenic, leading to hypoplasia of limb buds. 
Although this effect may not have been proven to occur in 
humans, the additional concerns having to do with dental 
enamel hypoplasia and reduced bone growth rule out tetra
cycline’s use in pregnancy (Carter and Wilson, 1963; Schwarz, 
1981).

6h.  Hematologic side effects

Tetracycline rarely causes thrombocytopenia (Kounis, 1975). 
Tetracyclines administered in high doses intravenously may 
modify some coagulation factors and cause impaired blood 
clotting (Searcy et al., 1965). There have been several reports 
of hemolytic anemia attributed to tetracycline. One patient 
developed disseminated intravascular coagulation on two 
occasions, after taking oral tetracycline. His serum contained 
tetracyclinedependent red cell antibodies (Simpson et al., 
1985).

6i.  Neurotoxicity

Benign intracranial hypertension, an uncommon complica
tion, was first recognized in infants receiving recommended 
doses of tetracycline, and was characterized by irritability, 
vomiting, and a tense or bulging fontanelle. CSF pressure in 
benign intracranial hypertension is raised, but the fluid is 
otherwise normal (Mull, 1966). All of these signs resolve rap
idly when the drug is discontinued. Tetracycline can cause 
benign intracranial hypertension in adults and children 
(KochWeser and Gilmore, 1967; Maroon and Mealy, 1971; 
Pearson et al., 1981; Walters and Gubbay, 1981). This syn
drome presents in adults with severe headache and blurring 
of vision during therapy. Papilledema is present and may  
be accompanied by cranial nerve VI palsies. Most cases of 
papille dema have occurred in young adults, together with a 
few in children, and the majority of patients had been taking 
tetracyclines for acne for periods of time varying from days 
to months.

Tetracycline can produce weak neuromuscular blockade 
(Snavely and Hodges, 1984). Tetracycline potentiates the 
neuro muscular blockade produced by Dtubocurarine. This 
is not consistently reversed by calcium or anticholinesterases. 
There are only two reports of prolongation of neuromuscular 
blockade caused by tetracycline (Snavely and Hodges, 1984; 
Sinclair and Phillips, 1982). 

6j.  Other side effects

Tetracycline has been reported to cause pulmonary infil
trates and eosinophilia (Schatz et al., 1981).

7. CLINICAL USES OF THE DRUG

In the past, tetracyclines were used widely as “broad spec
trum” antibiotics for a wide variety of common infections. 
Tetracycline resistance is now common among many bacte
rial species, and tetracycline is presently the drug of choice 
for a diminishing list of infections.

7a.  Cholera

Antibiotics play a secondary role in the rehydration effort 
that is the main part of treatment for severe cholera. The  
use of antibiotics in cholera epidemics is recommended by  
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the World Health Organization (Sack et al., 2001). Choice  
of antibiotic is determined by the susceptibilities of the  
causative Vibrio cholerae strain. In epidemics, antibiotics are 
likely to be lifesaving, providing better treatment to more  
patients. 

Controlled studies have demonstrated that oral tetracy
cline is effective in eradicating vibrios from stools and in 
diminishing the volume and duration of diarrhea (Carpenter 
et al., 1965). Tetracycline or other antibiotics are not recom
mended for prophylactic use during cholera epidemics. A 
single 300 mg dose of doxycycline has been shown to be 
equivalent to tetracycline therapy for cholera (De et al., 1976). 
Doxycycline is preferred to tetracycline for this reason. Preg
nant women or children with cholera who are unable to be 
treated with tetracyclines can usually be successfully treated 
with a single dose of azithromycin.

7b.  Helicobacter pylori infection

The first reliable treatment regimen for H. pylori consisted of 
tetracycline, bismuth, and metronidazole, which was effec
tive but had a high incidence of side effects and poor com
pliance, because of the complicated nature of the regimen 
(Borody et al., 1989). Subsequently, triple regimens of proton 
pump inhibitor (PPI), amoxicillin, and clarithromycin (or 
metronidazole plus tinidazole) for 7–14 days have been 
established as firstline therapy for H. pylori infection (see 
Chapter 99, Metronidazole). Lower rates of eradication of  
H. pylori have been found in clinical practice (60–80%) than 
in clinical trials of these firstline triple regimens (90%), 
necessitating secondline therapy. 

Resistance to antimicrobials arises rapidly in H. pylori.  
It is not possible therefore to provide definitive treatment 
recommendations. A number of studies have investigated 
whether a quadruple, tetracyclinecontaining regimen should 
be used as firstline therapy. A metaanalysis that combined 
these studies showed that triple and quadruple regimens have 
equal eradicative efficacies when used as firstline therapy 
(Gene et al., 2003). The quadruple, tetracycline containing 
regimen is more costeffective, and some national guidelines 
have recommended the quadruple therapy as alternative 
firstline therapy (Hunt et al., 2004). If H. pylori eradication 
is strongly indicated yet not achieved by triple or quadruple 
therapies, as defined above, a number of options remain. 
Therapies guided by H. pylori antimicrobial susceptibility 
testing may be beneficial, but trial results from small studies 
are inferior to results of empiric regimens (Gomollon et al., 
2000). Doxycycline has a role to play in H. pylori therapy 
based on contemporary metaanalyses (Niv, 2016). Other 
antibiotics (fluoroquinolones, rifamycins, and furazolidone) 
and adjuvant therapies (lactoferrin) are also being studied 
for salvage therapy (Calvet, 2006). There is also a close asso
ciation between gastric mucosa–associated lymphoid tissue 
(MALT) lymphoma and H. pylori. Eradication of H. pylori by 
antibiotics is associated with a high rate (83%) of regression 
of the lymphoma (Lee et al., 2004).

7c.  Trachoma

The ocular C. trachomatis serotypes A, B, Ba, and C cause 
trachoma, this blinding disease that remains one of the three 
most common worldwide causes of loss of vision. Hyper
endemic trachoma is transmitted from eye to eye and responds 
to topical treatment with tetracycline eye ointment given for 
6 weeks (Mabey, FraserHurt et al. 2005). A Cochrane system
atic review of antibiotic treatment for trachoma found sub
stantial heterogeneity in the available studies that confounded 
analysis (Evans and Solomon, 2011). The estimated effect 
size of antibiotics in reducing trachoma rates is 20%. There 
doesn’t appear to be a difference in  efficacy/results between 
topical and various orally administered antibiotics. (Evans 
and Solomon, 2011).

7d.  Yaws and other endemic  
treponemal infections

Penicillin G is the preferred drug for endemic treponema
toses (yaws, bejel, pinta), and erythromycin can be used  
in penicillinallergic patients of all ages. Tetracycline 2 g 
daily for 5 days can also be used in penicillinallergic adult 
patients for treponemal infections, a therapy based on a 
small series of treatments of yaws in the 1950s (Farnsworth 
and Rosen, 2006). The efficacy of doxycycline for these dis
eases has not been evaluated (Brown, 1985; Farnsworth and 
Rosen, 2006).

7e.  Tropical sprue

It has been postulated that tropical sprue begins with an 
acute intestinal infection (of unknown type), which leads to 
small intestinal stasis. Tetracycline is commonly used in this 
disease to treat the resulting bacterial overgrowth (Cook, 
1984). Longterm tetracycline administration for three to six 
months is beneficial in some patients suffering from the dis
ease (Ramakrishna et al., 2006).

7f.  Other uses

Seal finger is an uncommon skin and soft tissue disease that 
sometimes occurs in those who have contact with seals, pre
dominantly seal hunters (Hartley and Pitcher, 2002). The dis
ease is apparently due to infection with Mycoplasma spp., 
such as M. phocacerebrale and M. phocidae, found in seal 
mouths and transmitted by bites. The infection is intensely 
painful, with afflicted individuals in the past often seeking 
finger amputation or performing amputation themselves. 
Tetracycline is an effective treatment for this condition and, 
with adequate analgesia, obviates the need for surgery (Hart
ley and Pitcher, 2002).

Tetracycline is one of the chemical sclerosants that have 
been used for the treatment of malignant pleural effusions. Two 
recent systematic reviews have agreed that talc is a superior 
agent for this purpose, being associated with fewer recurrent 
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effusions than tetracycline (Shaw and Agarwal, 2004; Tan et 
al., 2006).

Tetracycline may play a role in the therapy of primary 
amoebic meningoencephalitis (PAM), a condition with > 
95% mortality, as in vitro tetracycline synergy with ampho
tericin B against Naegleria fowleri has been reported (Lee et 
al., 1979). The efficacy of amphotericin B against PAM was 
also potentiated by tetracycline in a mouse model of the dis
ease (Thong et al., 1978). There are no reports of success 
ful treatment of human PAM with regimens that include 
tetracycline.
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1. DESCRIPTION

Doxycycline (alpha-6-deoxytetracycline) has the empirical for-
mulas C22H24N2O8·HCl and ½ [C2H5OH·H2O] and molecular 
weight 512.9. Doxycycline is a second-generation tetracy-
cline with increased oral bioavailability and tissue penetra-
tion as a result of its improved lipophilicity compared with 
earlier tetracyclines. Its mechanism of action is inhibition of 
microbial protein synthesis through interaction with 30S 
ribosomal subunits. It is almost universally administered 
orally and has a prolonged serum half-life. It is available as 
both doxycycline monohydrate and doxycycline hyclate. 
Tradenames include Vibramycin, Doryx, Doxy-100, Doxsig, 
Zadorin, Doxylag, Periostat, and Doxycin (Figure 68.1).

As with the other tetracyclines, doxycycline has a wide 
spectrum of activity but the development of widespread bac-
terial resistance and the development of other bactericidal 
antibiotics has restricted its major uses to the treatment of 
atypical, often intracellular, bacterial pathogens as well as 
malaria. Doxycycline is a crucial agent in the therapy of Q 
fever, brucellosis, melioidosis, “atypical” pneumonia, lepto-
spirosis, and rickettsial infections. It is also an important 
agent for prophylaxis against many of the agents of biowarfare, 
such as anthrax.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Doxycycline has a wide range of activity. In discussions that 
follow particular emphasis will be placed on organisms against 
which doxycycline is an important therapeutic agent cur-
rently (Table 68.1).

GRAM-POSITIVE BACTERIA

Doxycycline has activity against most Gram-positive bacteria, 
but other drugs are used in preference to doxycycline for 
serious Gram-positive infections because the activity of 
doxy cycline is primarily bacteriostatic. The activity of doxy-
cycline against Gram-positive bacteria may be of value in 

treating skin and soft tissue infections (Cenizal et al., 2007; 
Ruhe and Menon, 2007) caused by community-associated 
methicillin-resistant Staphylococcus aureus (CA-MRSA) (Tsuji 
et al., 2007). When resistance profiles for multiple antibiotics 
were determined in 535 CA-MRSA bloodstream isolates in 
Quebec, Canada, all were sensitive to doxycycline. This study 
gives no data on treatment outcomes where doxycycline was 
used (Levesque et al., 2015). Generally the high rates of resis-
tance in S. aureus to doxycycline preclude the use of the 
drug. There is increasing resistance in Streptococcus pneumo-
niae to multiple antimicrobials, including tetracyclines. 
Recent doxycycline resistance rates in S. pneumoniae vary 
geographically, between 2% (Zhanel et al., 2003) and > 15% 
(Koeth et al., 2004), such that doxycycline is no longer used 
for severe pneumococcal infections. There is in vitro evi-
dence of synergy between doxycycline and quinupristin– 
dalfopristin against vancomycin-resistant E.faecium, which 
may be of relevance in the treatment of this highly resistant 
pathogen (Eliopoulos and Wennersten, 2002; Matsumura et 
al., 1999). Listeria monocytogenes (Vitas et al., 2007) and 
Actinomyces israelii are sensitive to doxycycline (Holmberg 
et al., 1977). Whereas doxycycline has activity against the 
Nocardia asteroides complex (Dewsnup and Wright, 1984; 
Gutmann et al., 1983; Brown et al., 1996), minocycline has 
greater activity against these organisms and against a larger 
number of N. farcinica isolates (Brown et al., 1996). Bacillus 
anthracis is sensitive to doxycycline (Frean et al., 2003; Moham-
med et al., 2002).

Figure 68.1. Chemical structure of doxycycline.
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GRAM-NEGATIVE BACTERIA

While tetracyclines are active against Enterobacteriaceae, 
they are seldom used for severe intra-abdominal or urinary 
infections. Yersinia pestis, against which doxycycline is the 
mainstay of antimicrobial therapy, is a notable exception 
among the Enterobacteriaceae (CDC, 1994; Hernandez et 
al., 2003). Y. pestis is more sensitive to doxycycline than to 
tetracycline (Smith et al., 1995). The broad-spectrum activity 
against gut organisms makes doxycycline a useful agent for 
the prevention of traveler’s diarrhea. Tetracyclines, mostly 
tetracycline itself, are used for treatment of Vibrio cholerae. 
The halophilic vibrios V. parahaemolyticus and V. alginolyti-
cus, which cause foodborne gastroenteritis, are nearly always 
sensitive to doxycycline (Joseph et al., 1978; Morris et al., 1985; 

Abbott and Janda, 1994). Vibrio vulnificus, which causes septi-
cemia and marine-associated necrotizing skin and soft tissue 
infection, is also sensitive (Morris et al., 1985; French et al., 
1989; Midani and Rathore, 1994). Doxycycline has useful 
activity against Campylobacter jejuni and C. fetus, although 
in the presence of ciprofloxacin resistance, the likelihood  
of cross-resistance to doxycycline increases significantly 
(Schonberg-Norio et al., 2006). Helicobacter cinaedi (Burman 
et al., 1995) and Aeromonas hydrophila (Janda et al., 1994) 
are doxycycline-sensitive.

Brucella spp. are still uniformly doxycycline-sensitive 
(Bay kam et al., 2004), with synergy shown for the combination 
of doxycycline and streptomycin (Orhan et al., 2005). Burk-
holderia pseudomallei is susceptible to doxycycline (Jenney et 

Table 68.1. Doxycycline susceptibility of selected organisms.

 
MIC50 

mg/l
MIC90 

mg/l
Range 
mg/l

Number 
of Isolates Region Reference

Gram-positive bacteria

Staphylococcus aureus 0.12 0.12 4,966 Worldwide Jones et al. (2013)

Staphylococcus aureus MRSA 0.12 1 4,046 Worldwide Jones et al. (2013)

Streptococcus pyogenes 0.12 8 693 Worldwide Koeth et al. (2004)

Streptococcus pneumoniae 1 8 0.06–16 101 USA Dallas et al. (2013)

Enterococcus faecalis— 
vancomycin-resistant

16 32 0.12–64 50 USA Eliopoulos and Wennersten 
(2002)

Enterococcus faecium— 
vancomycin-resistant

32 32 1.0–64 10 USA Eliopoulos and Wennersten 
(2002)

Bacillus anthracis 0.063 0.063 0.031–0.125 26 Africa Frean et al. (2003)

Bacillus anthracis 0.03 40 Asia Esel et al. (2003)

Listeria monocytogenes 0.25 0.25 0.125–1 15 EU Martinez-Martinez et al. (2001)

Listeria monocytogenes 0.5 0.5 0.5–16 440 EU Vitas et al. (2007)

Gram-negative bacteria and other pathogens

Acinetobacter baumanii 2 > 8 5,478 Worldwide Castanheira et al. (2014)

Burkhoderia pseudomallei 1 2 0.25–8 170 Asia Ahmad et al. (2013)

Burkhoderia pseudomallei 1.5 0.19–4 50 Asia Sivalingam et al. (2006)

Burkhoderia mallei 0.125 0.25 0.125–0.5 15 EU Kenny et al. (1999)

Stenotrophomonas maltophilia 1 2 0.5–4 70 SA Nicodemo et al. (2004)

Leptosira interrogans 1.56 0.1–12.5 26 USA Murray et al. (2004)

Yersinia pestis 0.5 1 0.125–2 90 EU Hernandez et al. (2003)

Yersinia pestis 0.25 1 < 0.03–4 100 Africa Frean et al. (1996)

Neisseria meningitidis 0.5 1 0.12–2 442 Worldwide Jorgensen et al. (2005)

Brucella spp. 0.032 0.064 0.0156–0.094 42 ASIA Baykam et al. (2004)

Brucella melitensis 0.047 0.094 0.023–0.19 75 ASIA Parlak et al. (2013)

Mycoplasma pneumoniae 0.12 0.25 0.06–0.25 99 EU Bebear et al. (2000)

Legionella pneumophila 1.5 2 0.32–8 100 EU De Giglio et al. (2015)

Chlamydia pneumoniae 0.12 0.25 0.25–0.25 10 USA Critchley et al. (2002)

Chlamydia psittaci 0.1 0.05–0.2 14 EU Butaye et al. (1997)

Rickettsiae 0.06–0.125 27 EU Rolain et al. (1998)

Coxiella burnetti   1–2 8 EU Spyridaki et al. (2009)

Bartonella spp. 0.03 0.12 < 0.016–0.12 31 EU Dorbecker et al. (2006)

Plasmodium falciparuma 11.6 9.5–14.2 76 Africa Fall et al. (2011)

Mycobacterium marinum 2 6 0.5–12 37 USA Rhomberg and Jones (2002)

a IC50 microM.
Abbreviations: EU: Europe; MRSA: methicillin-resistant S. aureus; SA: South America; USA: United States of America.
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al., 2001; Sivalingam et al., 2006; Thibault et al., 2004), with 
low rates of resistance in primary and relapse isolates. The 
susceptibility of B. pseudomallei to doxycycline in the 
Northern Territory, Australia, is only slightly lower than its 
susceptibility to sulphamethoxazole–trimethoprim (Crowe 
et al., 2014). However, where B. pseudomallei has persisted 
microbiologically and clinically, for patients receiving doxy-
cycline therapy it is predictable that resistance will have devel-
oped (Jenney et al., 2001). Stenotrophomonas maltophilia is 
sensitive to doxycycline (Nicodemo et al., 2004). Doxycy-
cline’s activity against multiresistant strains of Acine tobacter 
baumannii (Vila et al., 1993) can no longer be relied on. 
Fewer isolates of A. baumanii are susceptible to doxycycline 
(59.6%) than to minocycline (79.1%) (Cas tanheira et al., 
2014; Rodriguez-Hernandez et al., 2000). Legionella pneu-
mophila is sensitive in vitro to doxycycline (De Giglio et al., 
2015), but this sensitivity is dependent on inoculum size 
(Schulin et al., 1998). The anti-Legionella activity of doxycy-
cline is confirmed in cellular model systems (Havlichek et al., 
1987). Doxycycline therapy reduces mortality in guinea pigs 
infected with L. micdadei (Pasculle et al., 1985). Bartonella 
spp. such as B. henselae, B. bacilliformis, and B. quintana are 
sensitive to doxycycline (Schwartzman, 1992; Regnery and 
Tappero, 1995). Their doxycycline MICs are usually ≤ 0.12 
mg/l (Maurin et al., 1995). 

Gastrointestinal anaerobes such as the Bacteroides fragilis 
group and Clostridium spp. are doxycycline-sensitive, although 
their MIC90 values are at the breakpoints for the drug 
(Schaumann et al., 2000). Fusobacterium spp. (Schaumann et 
al., 2000) and Prevotella spp. are also sensitive to doxycycline 
(Chow et al., 1975; Sutter and Finegold, 1976). 

MYCOPLASMAS

Mycoplasma pneumoniae is highly sensitive to doxycycline. 
In a Japanese outbreak of childhood mycoplasma pneumo-
nia, the frequency of macrolide resistance as shown by phe-
notypic and genotypic analyses was 87%. Doxyxycline was 
more effective in treating symptoms of mycoplasma pneu-
monia and in promoting clearance of the pathogen (Okada et 
al., 2012). M. hominis is also usually susceptible, but strains 
with tetracycline-resistance have been cropping up in recent 
years (Bebear et al., 2000). M. genitalium is commonly  
doxycycline-resistant; treatment of urethritis caused by this 
organism with doxycycline has a high failure rate (Bjornelius 
et al., 2008; Wikstrom and Jensen, 2006). Doxycycline-
resistant Ureaplasma urealyticum have been recognized for 
some time (Evans and Taylor-Robinson, 1978; Magalhães 
and Veras, 1984; Bebear et al., 2000).

CHLAMYDIAE 

Stable doxycycline resistance in clinical isolates of Chlamydia 
trachomatis (Samra et al., 2001) has not been reported, 
although susceptibility testing methodologies for Chlamydia 
spp. are not standardized (Wang et al., 2005). C. pneumoniae 
is sensitive to the tetracyclines (Critchley et al., 2002; Roblin 
and Hammerschlag, 2000), as is C. psittaci (Khatib et al., 
1995; Butaye et al., 1997).

SPIROCHETES

Doxycycline is one of the major therapeutic choices for the 
treatment of spirochetal infections, such as leptospirosis (Mur-
ray et al., 2004) and Lyme disease (Wormser et al., 2000). 
Tetracycline is active against Treponema pallidum, with doxy-
cycline not formally tested, but the tetracycline MIC against 
T. pallidum (0.2 mg/l) is much higher than that of penicillin 
G (0.0005 mg/l) (Norris and Edmondson, 1988). In rare cir-
cumstances doxycycline is used for the treatment of primary 
and secondary syphilis. 

RICKETTSIAE AND COXIELLA

Doxycycline is active against the rickettsiae and is the agent 
of choice for adult infections due to pathogens such as the 
spotted fever group rickettsiae (R. rickettsii, R. conorii, R. aus-
tralis, and R. honei), the scrub typhus rickettsia (R. tsutsu-
gamushi), and the rickettsia that causes epidemic typhus 
(R. prowazekii). Doxycycline is not only the most active of 
the tetracyclines against rickettsiae (Raoult et al., 1987; 
Raoult and Drancourt, 1991), but in a comparison with other 
anti-rickettsial antibiotics, it was clearly the most active over-
all agent, with MICs of 0.06–0.25 mg/l. These data come 
from the testing of antimicrobial susceptibilities of almost all 
rickettsiae in cell culture systems (Rolain et al., 1998). Thir-
teen strains of Coxiella burnetii were shown to be sensitive to 
doxycycline in shell vial cell culture, with no growth detected 
in any strain in the presence of 4 mg/l of the antibiotic, which 
represents the lower range of agreed upon susceptibility 
(Raoult et al., 1991). In vitro models of chronic C. burnetii 
infection indicate that the organism is less sensitive to doxycy-
cline in vitro than in acute infection (Yeoman et al., 1989; Raoult 
et al., 1991). The benefit of adding hydroxychloroquine to 
enhance the cidal activity of doxycycline by alkalinizing the 
phagolysosome is shown in these cell culture models of 
chronic C. burnetii infection (Maurin et al., 1992).

MALARIA AND OTHER PARASITES

The tetracyclines block protein expression of genes that are 
part of the apicoplast organelle of plasmodia, blocking repli-
cation of these essential organelles. Thus the antiparasitic 
effect is only observed in the “next” generation of the para-
sites (Dahl et al., 2006). This is observed clinically as slow but 
complete killing of the parasite. The in vitro activity of doxy-
cycline against P. falciparum has been studied in Senegalese 
and Thai isolates in which the geometric mean IC50 values were 
5.43 mg/l and 4.86 mg/l, respectively (Pradines et al., 2000; 
Newton et al., 2005). Doxycycline levels above these were 
found in only a minority of a small sample of Thai patients 
with severe P. falciparum, calling into question the adequacy 
of current doxycycline dosing recommendations (Newton et 
al., 2005). No difference in IC50 between  chloroquine-sensitive 
and chloroquine-resistant isolates was shown, indicating the 
absence of cross-resistance with other antimalarials (Pradines 
et al., 2000). Doxycycline breakpoints for P. falciparum have 
not been determined, so it is not possible to determine rates 
of resistance. In two malaria-endemic African sites with high 
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rates of chloroquine resistance, doxycycline IC50 values for  
P. falciparum ranged between 1.2 mg/l (Menard et al., 2005) 
and 4.2 mg/l (Pradines et al., 2006). Using a doxycycline 
cutoff value of 37 µM, 10.3% of P. falciparum isolates were 
shown to be resistant in Dakar (Fall et al., 2013). Likewise, in 
vitro study of IC50 for 620 isolates obtained in northwest 
Thailand indicated that sensitivity was distributed into two 
populations, with mean IC50 values of 13.15 μM and 31.60 
μM (Gaillard et al., 2015b). The genetic basis of doxycycline 
resistance is being investigated. To date, the number of pfmdt 
and pftetQ genes have not been established as sufficient to 
explain the decreased susceptibility of P. falciparum to doxy-
cycline in vitro (Gaillard et al., 2015b), nor has polymorphism 
of the apicoplastic gene pfssrRNA been identified as a cause 
(Gaillard et al., 2015a). No doxycycline resistance was found 
in the Kenyan study (Achieng et al., 2014). Synergy between 
doxycycline and artemisinin can be demonstrated in vitro 
(Sponer et al., 2002).

Doxycycline shows some activity against Toxoplasma gon-
dii in vitro and in animals in vivo (Chang et al., 1990), along 
with in vitro activity against Giardia lamblia (Edlind, 1989). 

BARTONELLA

Doxycycline has good activity against Bartonella henselae,  
B. quintana, B. elizabethae, and B. vinsonii, with MICs < 0.12 
mg/l and complete agreement between agar dilution and 
E-test methodologies (Dorbecker et al., 2006). Doxycycline 
is bacteriostatic for B. quintana, though with MBCs > 4 mg/l, 
shown both in axenic media and systems utilizing red blood 
cells (Rolain et al., 2003). By contrast, rifampicin and to a 
lesser extent gentamicin were bactericidal.

MYCOBACTERIA

Doxycycline is an important agent in the treatment of rapidly 
growing mycobacteria, as it has activity against Myco bac-
terium fortuitum and M. marinum (both on the order of 50% 
of isolates being susceptible), and lesser activity against  
M. chelonae (20%) (De Groote and Huitt, 2006). M. fortu-
itum may acquire tetracycline-resistance determinants, sim-
ilar to those found in Gram-positive bacteria, and become 
doxycycline-resistant (Pang et al., 1994; Rhomberg and Jones, 
2002). M. kansasii is resistant to doxycycline (Da Silva Telles 
et al., 2005).

In the era of advancing multidrug and extensive drug 
resistance in M. tuberculosis, second line agents need to be 
investigated for activity. Doxycycline has previously been 
regarded as having no clinically significant activity against 
M. tuberculosis, but a single recent study suggests it may 
be worthwhile to test for doxycycline sensitivity, as 63/68 Rus-
sian multidrug-resistant tuberculosis (MDRTB) isolates were 
doxycycline-sensitive (Balabanova et al., 2005). No further 
data from TB organism susceptibility studies or TB clinical 
studies are available to date. A novel anti-disease approach 
that utilizes the antagonism of neutrophil-derived matrix 
metalloproteinases (MMPs) may offer new hope for doxycy-
cline in TB treatment (Ugarte-Gil et al., 2013; Walker et al., 
2012).

ANTI-INFLAMMATORY ACTIONS

While doxycycline appears to have numerous actions on 
immune effector mechanisms (Pasquale and Tan, 2005), its 
ability to inhibit matrix metalloproteinases (MMPs) is being 
actively investigated in various anti-inflammatory and anti- 
tumor settings (Weinberg, 2005). MMPs are proteolytic 
enzymes produced by inflammatory cells, often in response 
to bacterial infection. Their role in lung tissue destruction in 
tuberculosis has been investigated. Neutrophil-derived MMP-8 
was increased in the sputum of TB patients. Doxycycline 
treatment not only decreased the sputum MMP-8 but also 
abolished collagen destruction in TB-infected human cell 
lines (Walker et al., 2012).

The role of MMPs in periodontitis was shown to be medi-
ated by degradation of collagen, and they are inhibited by 
sub-antimicrobial concentrations of doxycycline (Golub et 
al., 1998). Different effects of MMPs are involved in the 
pathogenesis of bone metastases, and the bone tropism of 
doxycycline makes it a useful agent for the study of potential 
inhibitory effects on metastatic cancer (Saikali and Singh, 
2003).

2b.  Emerging resistance and 
cross-resistance

The mechanisms of resistance to tetracyclin and doxycycline 
are largely similar (see Chapter 67, Tetracycline). Doxycycline 
resistance is becoming more common in S. pneumoniae, 
particularly in isolates with reduced penicillin susceptibility. 
While the overall frequency of doxycycline resistance in  
S. pneumoniae in 2004 was 24%, rates of doxycycline resis-
tance of up to 63% were seen in penicillin-resistant isolates 
in Spain and Australia (Koeth et al., 2004). This same inter-
national study identified a high rate of doxycycline resistance 
(15%) in S. pyogenes. 

Propionibacterium acnes resistance to doxycycline is now 
being increasingly identified with levels of resistance of up 
to 16% reported (Luk et al., 2013; Mendoza et al., 2013). In 
some countries however there is no resistance to doxycycline 
(Schafer et al., 2013). Resistance to doxycycline is associated 
with prolonged antimicrobial treatment for acne.

Tetracycline resistance is widespread in many aerobic and 
anaerobic Gram-negative species. Mobile genetic elements 
(MGEs) encode proteins that are responsible for resistance 
mechanisms, commonly conferring multiresistance to tetra-
cyclines and other chemotherapeutic agents. No doxycycline 
resistance has been found in Chlamydia or Rickettsia species, 
although susceptibility testing is not standardized for these 
obligate intracellular pathogens (Wang et al., 2005).The 
potential for development of Chlamydia resistance is shown 
by the discovery of tetracycline-resistant C. suis in pigs 
(Lenart et al., 2001). This organism is sufficiently similar to 
C. trachomatis such that inclusion bodies of both species can 
be experimentally induced to occupy the same intracellular 
vacuole, a situation that could lead to doxycycline resistance 
in C. trachomatis (Roberts, 2003).
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3. MECHANISM OF DRUG ACTION

Tetracyclines, including doxycycline, inhibit bacterial pro-
tein synthesis through reversible binding to the ribosomal 
complex, preventing the association of aminoacyl-tRNA 
molecules with the bacterial ribosome and interfering with 
protein synthesis. Access to Gram-negative bacterial ribo-
somal binding targets on the 30S subunit is through porins, 
and via an energy-dependent process. Additional inhibition 
of protein synthesis occurs in mitochondria through binding 
of the doxycycline molecule to the 70S ribosomes. While 
some doxycycline-susceptible parasites have mitochondria 
that are inhibited by this drug, these are not the only para-
sitic targets. Apicoplast ribosomal subunits in P. falciparum 
appear to be inhibited by doxycycline (Dahl et al., 2006). 
Doxycycline inhibition of protein synthesis in these organelles 
prevents their replication, which results in an antiparasitic 
effect in daughter parasites that lack these organelles, thus 
explaining the slow antimalarial effect of doxycycline (Batty 
et al., 2007). The apicoplast houses enzymes involved in fatty 
acid synthesis and heme biosynthesis pathways. 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Doxycycline is almost always administered orally, and only 
rare situations, such as rickettsial infection, ehrlichiosis, or 
severe psittacosis, would require i.v. usage. The adult dosage 
is 100 mg every 12 hours on day 1, then 100 mg every 12 
hours for severe infection, and 100 mg daily for less severe 
disease. Acne is treated with 50 mg of doxycycline daily. The 
adult dosage of doxycycline chemoprophylaxis against malaria 
is 100 mg orally daily. 

PARENTERAL 

An i.v. preparation of doxycycline is available. The adult dos-
age is 200 mg initially, followed by 100 mg every 12 hours. 
Each dose should be dissolved in 500 or 1000 ml of glucose/
saline fluid for slow i.v. infusion over a period of 0.5 to 1.0 
hour.

4b.  Newborn infants and children

Doxycycline may need to be given to children, particularly 
for rickettsial, Y. pestis, Ehrlichia, or B. pseudomallei infec-
tion, in whom the benefits of its use may outweigh the side 
effects, such as staining of teeth (Shetty, 2002). The pediatric 
dosage is 2.2mg/kg two times daily.

4c.  Pregnant and lactating mothers

Tetracyclines are safe for use during the first 18 weeks of 
pregnancy, after which they cause discoloration of the baby’s 
teeth. Doxycycline should be avoided during the latter half of 
pregnancy. There are no adequate and well controlled-studies 

on the use of doxycycline in pregnant women. The vast 
majority of reported experience with doxycycline during 
human pregnancy is in relation to short term, first trimester 
exposure. An expert review of published data on experiences 
with doxycycline used during pregnancy concluded that 
therapeutic doses given during pregnancy are unlikely to pose 
a substantial teratogenic risk. However, the quantity and 
quality of the data were assessed as limited to fair (Friedman 
and Polifka, 2000). As free doxycycline penetrates well into 
breast milk it should not be used by lactating mothers, as 
there is the potential for toxicity in the breast-fed infant.

4d.  Those requiring altered dosages

PATIENTS WITH RENAL FAILURE

Doxycycline is safe in patients with renal impairment 
(Whelton et al., 1974). Unlike other tetracyclines, it doesn’t 
further impair renal function in patients with renal disease 
(Little and Bailey, 1970; George and Evans, 1971; Alestig, 
1973; Stenbaek et al., 1973; Mahony and Lloyd-Jones, 1975). 
Its half life is mildly increased in patients with renal disease 
but its Cmax is unchanged. Although there is reduced urinary 
excretion in renal impairment, doxycycline does not accu-
mulate in the serum because its gastrointestinal elimination 
is increased (Heaney and Eknoyan, 1978). Another factor 
that mitigates against doxycycline accumulation in patients 
having renal impairment is reduced protein binding (Houin et 
al., 1983). Negligible amounts of doxycycline (~ 10%) have been 
shown to be removed by hemodialysis (Whelton et al., 1974).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION 

There are no data on the pharmacokinetics of doxycycline 
in hepatic failure. In contrast to minocycline and tetracy-
cline, doxycycline rarely if ever causes hepatitis (Thiim and 
Friedman 2003; Kaye et al., 2014). Although tetracyclines are 
excreted in bile, this is not a major pathway in their excre-
tion, and patients with pre-existing liver damage do not 
appear to be more prone to the toxic effects of tetracyclines 
(Alestig, 1974).

OLDER ADULTS

Doxycycline pharmacokinetics has been studied in the 
elderly, revealing longer half-lives, greater AUC values, and 
smaller volumes of distribution, as was shown in a group of 
patients with a mean age of 76 (Bocker et al., 1986).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Doxycycline is almost completely absorbed in the duodenum 
after oral administration, and it has a prolonged serum half-
life (12–16 hours). Eighty-two to 93% of doxycycline doses is 
protein bound in circulating blood (Agwuh and Macgowan, 
2006). Co-administration with food has minimal impact on 
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doxycycline levels, being reduced by only 20%. All tetracy-
clines form complexes with metal ions in food, but the doxy-
cycline complexes are unstable in the acid contents of the 
stomach, so that the drug enters the duodenum in a free state 
where it is absorbed. However, doxycycline–metal complexes 
formed in the alkaline contents of the small bowel, into which 
doxycycline diffuses as part of its mode of excretion, are stable 
and not absorbed. The net effect is that the total absorption of 
doxycycline is partially impaired by the presence in the GI 
tract of multivalent cations such as ferrous sulphate (Neuvonen 
et al., 1970). Iron reduces the AUC0–24 by 10% (Newton et al., 
2005). The effects of alcohol consumption on doxycycline 
absorption have been studied. Whisky did not modify absorp-
tion while cheap red wine did (Mattila et al., 1982).

Proton pump inhibitors do not reduce the bioavailability 
of doxycycline, but serum levels are lowered and bioavailability 
reduced by 85% if the drug is taken together with aluminium 
magnesium hydroxide (for example Maalox) (Deppermann 
et al., 1989). Aluminium hydroxide taken orally also lowers 
the serum levels of doxycycline after i.v. doxycycline admin-
istration. This interaction may be due in part to interference 
of aluminium ions with the enteric reabsorption of doxycy-
cline (Nguyen et al., 1989). Co-administration of doxycycline 
and cytochrome P450 3A4 inducers, including phenytoin, 
carbamazepine, and rifampicin, reduce serum doxycycline 
levels, presumably due to the increased hepatic metabolism 
of the drug (Colmenero et al., 1994).

5b.  Drug distribution 

A summary of doxycycline pharmacokinetics is displayed in 
Table 68.2. After oral administration the peak serum level is 
usually attained 2–3 hours later. After a 200 mg oral dose of 
doxycycline, peak serum levels of 5.0–5.4 mg/l at 3–4 hours 
were found in fasted subjects, with subsequent levels of 
2.9–4.0 and 1.3–2.2 mg/l after 8 and 24 hours, respectively 
(Welling et al., 1977). There are few data on dose linearity in 
relation to doxycycline. When a single oral dose of 500 mg 
doxycycline was administered after food ingestion, a mean 
peak serum level of 15.29 mg/l was obtained at 4 hours, and 
this fell to levels of 6.60, 3.42, 1.24, and 1.0 mg/l after 24, 48, 
72, and 96 hours, respectively (Adadevoh et al., 1976). After 
a 200 mg i.v. infusion of doxycycline, a peak serum level of 
5–10 mg/l is usually attained (Alestig, 1973), which falls 
slowly, and levels ranging between 1 and 2 mg/l persist for 
24 hours (Klastersky et al., 1972). After a 100 mg single oral 
dose the AUC is 37–40 mg∙hr/l (Malmborg, 1984), and after 
a 200 mg single dose, 90 ± 16 mg∙hr/l (Welling et al., 1977). 

Doxycycline is more highly lipid-soluble than earlier tet-
racyclines and thus it has better tissue penetration. In dogs, 
the lipophilicity of the tetracyclines has been correlated with 
many of their transport characteristics: greater lipophilicity 
facilitates their transport across lipid-rich cell membranes 
and, therefore, doxycycline penetrates more readily than 
tetracycline into the brain, eyes, and intestinal epithelium. 
Doxycycline also penetrates more readily into bacterial cells 
(Nikaido and Thanassi, 1993).

Interstitial fluid concentrations of doxycycline are 54% of 
simultaneous serum levels as shown by a blister fluid model 
study of healthy volunteers (Schreiner and Digranes, 1985). 
Doxycycline is concentrated in bile with levels 10 to 25 times 
that of serum levels (Alestig, 1973). Doxycycline concentra-
tions in thoracic duct lymph and peritoneal fluid are main-
tained at about 75% of simultaneous serum levels (Andersson 
et al., 1976), and those in colonic tissue and particularly ileal 
tissue are equivalent to or exceed serum levels (Höjer and 
Wetterfors, 1976). Prostatic concentrations are up to 60% of 
serum levels (Oosterlinck et al., 1976). Pleural fluid penetra-
tion was determined after 200 mg i.v. doxycycline was given 
to patients with pleurisy, with levels of up to 25% of serum 
levels detected at 2 hours (Lode, 1979). Salivary concentra-
tion of doxycycline is poor, and after an oral dose of 600 mg 
doxycycline was given, peak salivary concentrations occurred 
at 8 hours and were only 8% of the simultaneous mean serum 
levels (Marlin and Cheng, 1979). After oral doses of 100 mg 
daily were given, mean salivary levels were 0.1–0.5 mg/l 
(Heimdahl and Nord, 1983), and such concentrations were 
unaffected by parotitis (Eneroth et al., 1978). Penetration into 
sputum is poor, having been shown to be 8–28% of serum 
concentrations over multiple time points (Marlin et al., 1981). 
This corresponds to the non-protein bound fraction. Doxy-
cycline penetrates well into breast milk (Chow and Jewesson, 
1985), with levels of up to 40% of plasma levels (British 
Columbia’s Children’s and Women’s Pharmacy, 2003). As it is 
less bound to calcium than other tetracyclines, there is the 
potential for toxicity in the breast-fed infant. Low concentra-
tions of doxycycline are achieved in bone (Dorn busch, 1976), 
skin, subcutaneous fat, and tendon tissue, but levels in skele-
tal muscle are higher (Gnarpe et al., 1976). Therapeutic con-
centrations of doxycycline may occur in the aqueous humor, 

Table 68.2. Summary of doxycycline pharmacokinetics.

Doxycycline Oral Intravenous

Bioavailability

Adults after 200 mg: 

Terminal T1/2 13 ± 5 hours 14

Cmax  5.2 ± 1.5 mg/l 9.3 mg/l

AUC 90 ± 16 hours mg∙hr/l 112 mg∙hr/l

Drug distribution

Blister fluid 54%

Lymphatics 75%

Saliva  8%

Sputum  8–28%

CSF 15%

Peritoneal fluid 75%

Biliary fluid 10–25 times serum

Urine 30–65%

Faeces 77%

Bone Poor

Prostate 60%

Breast milk 40%
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but CSF concentrations do not exceed 1  mg/l in subjects 
with non-inflamed meninges (Andersson and Alestig, 1976). 
Effective concentrations of doxycycline may be achieved in 
the CSF, as the ranges of CSF penetration in patients with 
CNS disease are broad. In patients with Lyme disease treated 
with doxycycline 200 mg orally every 12 hours, CSF penetra-
tion 2–3 hours after dose administration was 15%, with a 
concentration of 1.1 mg/l. With a doxy cycline dose of 100 
mg every 12 hours, the CSF concentration at that time was 
only 0.6 mg/l (Dotevall and Hagberg, 1989). Yim et al. (1985) 
detected a mean CSF doxycycline level of XX mg/l (range 
0.8–2.0 mg/l) in five patients with latent or active neuro-
syphilis, receiving 200 mg twice daily for 7 days. Doxycycline 
is concentrated both in gingival fluids and gingival tissues. 
(Lavda et al., 2004)

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The pharmacodynamics of doxycycline are poorly studied 
but the available data indicate that there is concentration- 
dependent killing of S. aureus, S. pneumoniae, and E. coli 
(Cunha et al., 2000). Doxycycline has a postantibiotic effect 
(PAE) in vitro in relation to these same bacteria (Cunha et al., 
2000). A study of relatively small numbers of infections, includ-
ing urinary tract infection, pneumonia, wound infection, 
and sepsis due to S. pneumonia, S. aureus, S. pyogenes, and 
coliforms, showed high success rates in patients having infec-
tions caused by pathogens with doxycycline MIC50 values of 
0.3 mg/l. (Klastersky et al., 1972). A serum to MIC ratio of 
≥ 1 was associated with more rapid declines in Cox iella bur-
netii phase I antibodies during treatment of Q fever endocar-
ditis (Rolain et al., 2005). There are no AUC/MIC static effect 
 targets published currently to aid in determining clinical 
breakpoints.

5d.  Excretion

URINE

Renal excretion of doxycycline occurs solely by glomerular 
filtration. Urinary excretion accounts for 30–65% of an orally 
administered dose of doxycycline (Steigbigel et al., 1968; 
Ales tig, 1973; Alestig,1974; Mahon et al., 1976). In renal 
impairment this is reduced, but increased fecal excretion 
prevents accumulation of the drug.

BILE

High concentrations of doxycycline, up to 14 mg/l, are attained 
in bile, but this route of elimination normally only accounts 
for a small percentage of an administered dose (Mahon et al., 
1970; Alestig, 1974). A large proportion of doxycycline excreted 
in bile is reabsorbed from the intestine.

FECES

With doxycycline, that part of an administered dose that is 
not excreted in urine is excreted in feces. Doxycycline diffuses 
from blood vessels ins the small bowel wall into the small 

bowel lumen, where cationic chelation of doxycycline occurs, 
preventing absorption (Whelton et al., 1974). The contents of 
the small bowel, being constantly added to by substances 
coming from the stomach and via secretions, easily copes 
with the binding of accumulating amounts of doxycycline. 
Biliary excretion contributes only a small amount to the fecal 
excretion of doxycycline. In the presence of renal impair-
ment, increased amounts of doxycycline are excreted in the 
feces, thereby preventing accumulation of the drug in the 
serum (Alestig, 1974; Whelton et al., 1974; Mahon et al., 
1976). For instance, Whelton et al. (1974) found that 77% of 
an orally administered dose given to end stage renal failure 
patients was excreted in the feces.

INACTIVATION IN BODY

Doxycycline is not substantially metabolized or inactivated 
by enzymatic means in vivo, with no human biometabolites 
identified. However, concomitant administration of barbitu-
rates, phenytoin, or carbamazepine (Penttilä et al., 1974), as 
well as rifampicin (Colmenero et al., 1994), shorten the serum 
half-life of doxycycline, suggesting that these drugs increase 
the metabolism of doxycycline, potentially via liver metabo-
lism. It is also possible that these drugs interfere with the 
serum protein binding of doxycycline, thereby encouraging 
its excretion. 

5e.  Drug interactions

Doxycycline is a substrate of CYP3A4 enzymes and a moder-
ate inhibitor of the same cytochrome P450 drug metaboliz-
ing system. Therefore its levels may be decreased by CYP3A4 
inducers. Phenytoin, carbamazepine (Penttilä et al., 1974), 
and barbiturates apparently induce the metabolism of and 
reduce the serum concentration of doxycycline (Neuvonen 
and Penttilä, 1974). Other drugs that can reduce doxycycline 
levels by this mechanism include nafcillin, nevirapine, and 
rifampicin. Cholestyramine binds doxycycline. Doxycycline 
was shown to increase methotrexate levels in one patient, 
precipitating neutropenia and gut toxicity (Tortajada-Ituren 
et al., 1999). In patients treated for acne with doxycycline 
and retinoic acid derivatives, the risk of benign intracranial 
hypertension is increased. Failure of the oral contraceptive 
pill (OCP) and increased risk of pregnancy have been theo-
rized to be consequences of doxycycline therapy. A pharma-
cokinetic study of women taking oral contraceptives showed 
no reduction of serum ethinylestradiol levels with concomi-
tant doxycycline useage. Furthermore, no progesterone rise 
was found, showing that breakthrough ovulation did not occur 
(Neely et al., 1991). Reported failure of the OCP for women tak-
ing doxycycline may be due to antibiotic-associated diarrhea 
or reduced compliance, consequent on nausea and vomiting, 
all of which may reduce serum ethinylestradiol levels.

A hypothesis suggesting clinically relevant antagonism 
between penicillin and an early tetracycline, chlortetracy-
cline, arose from an analysis of the clinical outcomes of 
pneumococcal meningitis. The 79% mortality seen in patients 
treated with the penicillin–tetracycline combination was sig-
nificantly higher than in patients treated with penicillin mono- 
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therapy. More patients had negative prognostic features in the 
penicillin group, and although the study involved only 57 
patients, it was adequately powered to provide a statistically 
valid result (Lepper and Dowling, 1951). Doxy cy cline has more 
recently been shown to have synergistic or additive effects 
with beta-lactams against clinical Stenotrophomonas malto-
philia (San Gabriel et al., 2004) and Chlamydia trachomatis 
(How et al., 1985) isolates. On balance, the concerns related 
to antagonism between penicillin and tetracyclines, raised in 
1951, have not been borne out by subsequent in vitro data 
and clinical experience.

6. ADVERSE REACTIONS AND TOXICITY

As described in randomized controlled trials, side effects 
due to doxycycline occur in roughly 10% of patients. A sys-
tematic review of such side effects, reported postmarketing, 
calculated an incidence of 13 patients with confirmed side 
effects per million prescriptions of this drug (Smith and 
Leyden, 2005). A large survey of patients with rheumato-
logical conditions examined 726 patients taking doxycycline. 
Side effects were mild to moderate and lead to discontinua-
tion in 38% of those under study (Smith et al., 2011).

6a. Gastrointestinal side effects

Among the reported doxycycline-related adverse effects, gas-
trointestinal side effects were most common (Smith and Leyden, 
2005). Doxycycline is a leading culprit among causes of pill- 
associated esophagitis and may even cause esophageal rupture 
(Smith and Leyden, 2005). Along with tetracycline and clinda-
mycin, doxycycline accounts for half of all pill- associated 
esophagitis. Doxycycline typically induces mid-esophageal 
ulceration at the site of extrinsic compression of the esopha-
gus by the left atrium and aortic arch (Kadayifci et al., 2004). 
It is postulated that the drug either lodges in the esophagus 
or is refluxed from the stomach, and the high acidity of dox-
ycycline in solution causes esophageal ulceration. Patients 
are required to take doxycycline with ample water (at least 
100 ml of water) while standing and well prior to going to 
bed (Hey et al., 1982). It is also recommended that doxycy-
cline not be given to patients with esophageal obstruction or 
compression. Doxycycline may cause pseudomembranous 
colitis (Gorbach and Bartlett, 1974), but its use was associ-
ated with a reduced risk of C. difficile–associated diarrhea in 
comparison with other agents such as imipenem and clinda-
mycin (Baxter et al., 2008). Furthermore, where patients 
were admitted for community acquired pneumonia and treated 
with ceftriaxone, doxycycline use protected against C. difficile–
associated diarrhea (Doernberg et al., 2012).

6b. Photosensitivity

Photosensitivity is the second most frequent side effect (after 
esophageal irritation) related to doxycycline therapy. The 
photosensitive rash associated with doxycycline therapy con-
sists of erythema in sun-exposed areas, which, if severe, may 
be associated with edema, papules, vesiculation, and ony- 

cholysis (Bethell, 1977; Glette and Sandberg, 1986). Doxycycline 
is one of the strongest photosensitizing drugs. This reaction 
is due to ultraviolet light’s action on the compound lumi-
doxycycline (Shea et al., 1993). Further in vitro work shows 
increased melanin biosynthesis and alterations of antioxi-
dant defense systems in melanocytes exposed to doxycycline 
and ultraviolet light (Rok et al., 2015). Photo-onycholysis 
(separation of nails from nail beds due to sunlight) related 
to administration of tetracycline therapy may rarely occur 
without an associated skin rash (Lasser and Steiner, 1978; Rabar 
et al., 2004). 

TEETH AND OTHER TISSUE PIGMENTATION,  
AND EFFECT ON BONES

Doxycycline has a lesser potential for staining of teeth and 
bone than other tetracyclines that have greater avidity for 
calcium. Teeth staining is due to the formation of tetracycline–
calcium orthophosphate complexes that darken on exposure 
to sunlight. Awareness of this complication in nonperma-
nent dentition is the major reason tetracyclines are infre-
quently prescribed to children. Recent data indicate that 
teeth staining does not occur after short courses of doxycy-
cline. Children treated with an average of 1.8 courses of dox-
ycycline had no more teeth staining than those who had not 
been treated (Todd et al., 2015). Teeth staining is a lesser 
problem with doxycycline than tetracycline because it binds 
less avidly to calcium. Discoloration of permanent adult den-
tition following doxycycline administration may occur, espe-
cially in the presence of poor dental hygiene and with marked 
sunlight exposure (Ayaslioglu et al., 2005). 

Black pigmentation of the thyroid was observed at thyroid-
ectomy in one patient who had been taking doxycycline for a 
short time preoperatively (Miller et al., 2006). This is more 
commonly observed with minocycline.

6c. Teratogenicity

Doxycycline readily crosses the placenta. In a large survey of 
18,515 pregnancies, doxycycline was associated with a small 
increase in major fetal abnormalities (odds ratio 1.6, 95% 
confidence interval 1.1–2.3). There was no significant increase 
in fetal abnormalities if doxycycline was taken by the mother 
during fetal organogenesis (Czeizel and Rockenbauer, 1997). 
Another study of 1795 doxycycline-exposed pregnancies 
concluded that there was no increase in the risk of fetal mal-
formations (Rosa, 2002). Animal studies involving mice, 
monkeys, and rabbits have shown no teratogenic effects of 
doxycycline (Nahum et al., 2006). On balance, although dox-
ycycline is regarded as nonteratogenic, it is classed as an FDA 
category D drug and its use in pregnancy is restricted. This is 
primarily based on the potential for dental staining (Nahum 
et al., 2006).

6d. Hypersensitivity reactions

Hypersensitivity reactions are uncommon, and usually take the 
form of urticaria, asthma, or facial edema. Rare cases of acute 
anaphylaxis due to tetracyclines other than doxycycline have 
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occurred (Fellner and Baer, 1965; Furey and Tan, 1969). Two 
cases of Stevens–Johnson syndrome due to doxycycline have 
been reported in the English language medical literature (Cac 
et al., 2007). Jarisch–Herxheimer reactions may occur when 
doxycycline is used to treat spirochetal infections, such as 
leptospirosis and Borrelia recurrentis. 

6e. Idiopathic intracranial hypertension 

Idiopathic intracranial hypertension, an extremely uncom-
mon complication, also known as benign intracranial hyper-
tension, is due to doxycycline’s interference with cyclic adenosine 
monophosphate metabolism inside arachnoid granulations. 
Despite its very low incidence (10 cases reported in the liter-
ature) (Friedman, 2005), this side effect comes up frequently 
in discussions of doxycycline use. 

Doxycycline-induced intracranial hypertension occurs 
at any age, without any sex predilection or association with 
obesity, unlike the non–drug induced idiopathic intracranial 
hypertension that occurs in obese women. Symptoms of raised 
intracranial pressure may become apparent between 2 weeks 
and 1 year after the start of doxycycline therapy (Chiu et al., 
1998). Management consists of cessation of doxycycline ther-
apy and institution of medical therapy with acetazolamide or 
other diuretic agent, if intracranial hypertension is persistent. 
Visual loss may result from this condition, therefore optic 
nerve fenestration or CSF shunting may be required (Digre, 
2003).

6f. Effects on immune response

In various experimental systems, doxycycline can be shown 
to alter the two separate arms of the immune system. Doxycy -
cline can depress leukocyte migration (Forsgren and Schmeling, 
1977; Belsheim et al., 1979), but supra-pharmacological con-
centrations of the drug are usually necessary to achieve this 
effect (Bäck and Norberg, 1984; Glette et al., 1984). With high 
concentrations of doxycycline, chemiluminescence and glu-
cose oxidation of polymorphonuclear leukocytes are impaired. 
These in vitro effects on polymorph functions are due to doxy-
cycline’s chelation of divalent cations (Glette et al., 1984). The 
abilities of various human leukocytes to phagocytose yeasts 
and bacteria are decreased by doxycycline; this effect may be 
related to an altered surface morphology of polymorphs incu-
bated with tetracyclines (Forsgren and Gnarpe, 1982). Doxy-
cycline can suppress phytohemagglutinin-induced lymphocyte 
trans formation in vitro (Hauser and Remington, 1982), at the 
top of or just above the drug’s pharmacological range (Potts et 
al., 1983). Proinflammatory cytokine release is decreased by 
tetracycline in lipopolysaccharide-challenged mice, protect-
ing against shock in that experimental model (Shapira et al., 
1996). Doxycycline has been shown to have variable effects 
on different vaccines given to experimental mice (Woo et al., 
1999). While some of these same effects could potentially be 
deleterious in immunosuppressed patients, this has not been 
apparent in clinical environments to date. Conversely, bene-
ficial immunomodulatory effects are being explored in novel 
applications that rely on these diverse effects of doxycycline. 

6g. Hepatotoxicity

Doxycycline does not cause the severe hepatitis associated 
with tetracycline and minocycline usage, as far as presently 
known.

7. CLINICAL USES OF THE DRUG

Doxycycline is now used for a select group of indications 
wherein its specific mode of action is necessary to the suc-
cessful treatment of some atypical pathogens. This section 
will concentrate on these specific indications (Table 68.3).

7a. Nosocomial infections 

Doxycycline may be required for therapy of multiresistant 
organisms such as Acinetobacter baumanii. Although data 
are limited, retrospective, and tend to focus on microbiolog-
ical outcomes, when doxycycline is combined with another 
antibiotic agent such as colistin, tigecycline, or a beta-lactam 
(or beta-lactamase inhibitor combination drugs), there are 
response rates of 40–80%, particularly for respiratory tract 
infections (Falagas et al., 2015). However, minocycline and 
tigecyclin are usually preferred (see Chapter 69, Minocycline, 
and Chapter 70, Tigecycline).

7b. Respiratory tract infections

Doxycycline in combination with a beta-lactam antibiotic is 
recommended as an alternative to macrolide/beta-lactam 
therapy in the outpatient treatment of community acquired 
pneumonia (CAP) (Mandell et al., 2007; Niederman et al., 
2001). Level III evidence also supports using doxycycline 
alone as outpatient treatment of CAP in previously healthy 
patients with no risk factors for drug-resistant S. pneumoniae 
(DRSP) infection (Mandell et al., 2007).

The routine use of doxycycline for CAP reflects its activity 
against atypical respiratory pathogens. Doxycycline, along 
with macrolides and quinolones, is concentrated within alve-
olar macrophages, potentiating its anti-Legionella activity 
(Cunha, 1991). Use of a loading dose regimen of high dose 
doxycycline (200 mg twice daily for 72 hours before revert-
ing to 100 mg twice daily) has been suggested for moderate 
to severe legionellosis (Cunha, 2006; Klein and Cunha, 1998). 
Azithromycin or respiratory quinolones are now widely used 
as Legionella treatment because of their superior in vitro activity 
and long intracellular half-lives. Nonetheless, a combination 
of penicillin and doxycycline (100 mg twice daily) is appro-
priate therapy for inpatient treatment of moderately severe 
community acquired pneumonia with empiric anti-Legionella 
cover (Mandell et al., 2007). 

Doxycycline is as effective as erythromycin in the treat-
ment of macrolide-susceptible M. pneumoniae pneumonia 
(Shames et al., 1970). During a recent outbreak of M. pneu-
moniae with genotypic macrolide resistance, doxycycline 
therapy yielded earlier clinical improvement than macrolide 
therapy (Okada et al., 2012). Persistent symptoms of bron-
chitis may occur in some patients, associated with cultures 
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positive for C. pneumoniae for several months, despite an 
adequate course of doxycycline for the acute illness (Ham-
merschlag et al., 1992). Doxycycline is the most effective 
drug against psittacosis caused by C. psittaci (Jawetz, 1969; 
Yung and Grayson, 1988) and may need to be given intra-
venously (Khatib et al., 1995). Atypical pneumonia due to 
Coxiella burnetii is responsive to doxycycline. Strain differ-
ences in C. burnetii are such that whereas the most common 
presentation of acute Q fever in some countries, including 

Canada and Spain, is atypical pneumonia, in others such as 
France and Australia this organism does not frequently cause 
pneumonia (Marrie, 2004).

Doxycycline, along with erythromycin and co-trimoxazole, 
has been shown to be of benefit in treating acute bronchitis 
in otherwise well adults. However the benefits of treatment, 
including reductions in cough duration and sputum produc-
tion duration of half a day are inconsequential and do not 
warrant antibiotic therapy (Bent et al., 1999).

Table 68.3. Clinical uses of doxycycline.

Indication Outcomes Reference

Randomized controlled trials

Non-gonococcal urthethritis Doxy for 1 week equivalent to 1 dose azithromycin, cure 
C. trachomatis 97% vs. 98% 

Lau and Qureshi (2002)

Pelvic inflammatory disease Doxy plus 1 shot i.m. cefoxitin equivalent to inpatient doxy 
plus cefoxitin

Ness et al. (2002)

Brucellosis Doxy/gentamicin equivalent to doxy/streptomycin Hasanjani Roushan et al. (2006)

Lyme disease Prevention; 200 mg doxy effective prevention after Ixodes 
tick bite

Nadelman et al. (2001)

Leptospirosis Doxy equivalent to penicillin G and cefotaxime for severe 
leptospirosis

Suputtamongkol et al. (2004)

Q-fever endocarditis Doxy/hydroxychloroquine superior to doxy/ofloxacin with 
reduced relapse

Raoult et al. (1999)

Malaria prophylaxis Protective efficacy 93–100% for P. falciparum Andersen et al. (1998); Sonmez et 
al. (2005)

Equivalent protective efficacy to mefloquine Ohrt et al. (1997); Sonmez et al. 
(2005)

Protective efficacy 99–100% for P. vivax Ohrt et al. (1997); Taylor et al. 
(1999)

Rickettsia Mediterranean spotted fever (MSF); 2 days doxy equivalent 
to 2 days ciprofloxacin

Gudiol et al. (1989)

Mild scrub typhus; 1 week doxy equivalent to 1 dose 
azithromycin 

Kim et al. (2004)

Onchocerciasis (Wolbachia) 6 weeks of doxy 100 mg interrupts O. volvulus embryo-
genesis for 18 months 

Hoerauf et al. (2001); Hoerauf et al. 
(2003)

Melioidosis Doxy combined with chloramphenicol and cotrimoxazole 
used for 20 weeks continuation treatment

Rajchanuvong et al. (1995)

Plague Doxy equivalent to gentamicin (and streptomcyin historical 
controls)

Mwengee et al. (2006)

Bartonella quintana Doxy/gentamicin reduces the risk of relapsed bacteremia 
compared with placebo

Foucault et al. (2003)

Recommended therapy 

Community acquired pneumonia In combination with beta lactam for mild to moderate CAP Niederman et al. (2001)

Lyme disease Wormser et al. (2000)

Ehrlichiosis Dumler et al. (2007)

Rickettsia 5–15 days for infections other than mild epidemic typhus, 
MSF and scrub typhus 

Raoult and Drancourt (1991)

Cholera

Prophylaxis biowarfare exposure Active against; B. anthracis, B. melitensis, Y. pestis, F. 
tularensis, B. pseudomallei 

Water-associated cellulitis Active against; marine vibrios, A. hydrophila
Lymphogranuloma venereum

Syphilis Use only for primary and secondary syphilis in patients with 
major hypersensitivity to penicillin

Abbreviation: Doxy: Doxycycline.
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6c.  Sexually transmitted infections and 
pelvic inflammatory disease

NONGONOCCOCAL URETHRITIS

Nongonococcal urethritis is mostly polymicrobial and due to 
C. trachomatis, U. urealitycum, M. genitalium, and Trichomonas 
vaginalis (Schwebke and Weiss, 2002). Cure rates for this con- 
dition are decreasing. Doxycycline and azithromycin previ-
ously had microbial cure rates of 97 and 98%, respectively 
(Lau and Qureshi, 2002). More recently, doxycycline cure 
rates of 86% for C. trachomatis, 40% for M. genitalium, and 
75% for U. urealyticum were shown in a randomized con-
trolled trial of doxycycline versus azithromycin. As previ-
ously, there were no differences in clinical or microbiological 
cure for these drugs (Manhart et al., 2013). C. trachomatis is 
a common cause of infections involving the lower and upper 
genital tract. Uncomplicated genital chlamydial infection is 
the most commonly diagnosed infection in many developed 
countries (e.g. the USA and Australia) (McNabb et al., 2007). 
Doxycycline 100 mg twice daily for seven days or azithromy-
cin 1 gm as a single dose are recommended for treatment of 
uncomplicated genital chlamydial infection in nonpregnant 
patients (Lau and Qureshi, 2002). Doxycycline is cheaper but 
compliance is inferior to that seen with azithromycin. Even 
so, where partial compliance with doxycycline regimens 
has been documented, high cure rates have still been found 
(Bachmann et al., 1999). A retrospective cohort study of men 
with rectal chlamydia showed that treatment with doxycy-
cline produced significantly higher clearance of rectal car-
riage of C. trachomatis than azithromycin (Khosropour et al., 
2014). While this result is encouraging, it is still imperative 
that sexual partners are treated to prevent reinfection of the 
index case and infection of other partners. 

Ureaplasma urealyticum is another major cause of non-
gonococcal urethritis. The activity of doxycycline against  
U. urealyticum has been shown to be less consistent than its 
activity against C. trachomatis, as resistant strains of U. urea-
lyticum are increasingly common (Oriel and Ridgway, 1983). 
Despite microbiological persistence of this pathogen, pa- 
tients with urethritis did not have symptoms after a standard 
seven day course of doxycycline (Khosropour et al., 2015). 
This result raises the consideration that U. urealyticum does 
not always cause urethritis, and, secondly, that persistent, 
asymptomatic shedding may lead to reinfection of sexual 
partners.

Ureaplasma, like Chlamydia spp., have been implicated in 
an expanding list of infections, including chorioamnionitis, 
infant pneumonia (Stagno et al., 1981), septicemia, pelvic 
infection in women (Plummer et al., 1987), septic arthritis in 
patients with hypogammaglobulinemia (Forgacs et al., 1993), 
and chronic prostatitis (Brunner et al., 1983). 

Mycoplasma genitalium is a common cause of nongono-
coccal urethritis, particularly in men. In vitro testing indicates 
that doxycycline is active against many strains of M. geni-
talium (Jensen et al., 2014). However, M. genitalium urethri-
tis responds very poorly to doxycycline, with low clearance 

rates (Wikstrom and Jensen, 2006; Bjornelius et al., 2008).  
M. hominis is also a cause of urogenital infection (Schlicht et 
al., 2004), and can cause septic arthritis (Luttrell et al., 1994), 
neonatal central nervous system infections, salpingitis, post-
partum fever, septicemia (Bøe et al., 1983; Plummer et al., 1987), 
and post operative wound infections (Sielaff et al., 1996), all of 
which are responsive to therapy with doxycycline.

PELVIC INFLAMMATORY DISEASE 

Pelvic inflammatory disease (PID), a polymicrobial infec-
tion in which C. trachomatis is likely to play a role, is also 
extremely common. Doxycycline is combined with broad 
spectrum antimicrobials in a number of the recommended 
treatment regimens for this condition. 

There is considerable debate as to the necessity for paren-
teral therapy in patients with severe PID, such as those with 
tubo-ovarian abscesses. A randomized controlled trial has 
shown that in mild to moderate PID, a single i.m. dose of 
cefoxitin along with a single oral dose of probenicid, com-
bined with doxycycline 100 mg twice daily for 14 days was 
equivalent to a minimum of 2 days i.v. cefoxitin combined 
with 14 days of oral doxycycline (Ness et al., 2002). However, 
these study groups contained few patients with tubo-ovarian 
abscess in relation to whom conclusions of the efficacy of 
oral therapy for this disease at the severe end of the PID spec-
trum might be based. Long term follow-up of participants in 
this study for a median of 84 months showed that there were 
no differences in pregnancy rates or rates of recurrence of 
PID between these two regimen groups (Ness et al., 2002; 
Ness et al., 2005). A concern as to whether only a minority of 
patients studied had verified PID is addressed in a substudy 
of microbiologically proven cases that also showed equiva-
lence in these outcomes (Haggerty et al., 2003). Intravenous 
cefotetan (or more commonly cefoxitin in combination with 
oral doxycycline) is one recommended parenteral regimen for 
severe PID with tubo-ovarian abscess (Walker and Wiesen-
feld, 2007). Alternatively, doxycycline may be combined with 
ampicillin–sulbactam. Other recommended regimens are 
clindamycin plus gentamicin or clindamycin plus ofloxacin/
levofloxacin (Walker and Wiesenfeld, 2007). 

LYMPHOGRANULOMA VENEREUM 

Lymphogranuloma venereum (LGV) is a sexually transmit-
ted infection that causes inguinal lymphadenopathy and 
proctitis with late sinus tract and scar formation at both sites 
in untreated disease. It is caused by C. trachomatis serovars 
L1, L2, and L3, and responds to treatment with the tetracy-
clines (Greaves et al., 1957). Prolonged treatment is required 
because of the invasive nature of the disease. The recom-
mended treatment for LGV is doxycycline 100 mg twice daily, 
given for 3 weeks. The only recommended alternative regimen 
for pregnant patients or patients intolerant of doxycycline is 
erythromycin (Workowski and Berman, 2006; McLean et al., 
2007). Although azithromycin and the fluoroquinolones 
have excellent activity against non–LGV Chlamydiae, there 
are few reliable data on the use of these drugs to treat LGV 
and they are not currently recommended (McLean et al., 2007). 
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Sexual contacts of LGV patients should be screened for 
chlamydial infection within a window of 60 days and treated 
with a standard chlamydia regimen of doxycycline or azith-
romycin (Workowski and Berman, 2006).

CHLAMYDIA AND UREAPLASMA PROSTATITIS

Chronic chlamydial prostatitis proven by detection of C. tra-
chomatis in expressed prostatic secretions was treated in a 
randomized controlled trial with doxycycline or azithromy-
cin. There was no difference in clinical response (69.8% vs. 
68.3%) or bacteriological cure (76.7% vs. 79.3%) with doxycy-
cline 100 mg twice daily for four weeks and azithromycin 1 gm 
weekly for four weeks (Skerk et al., 2004). Equivalence between 
doxycycline and azithromycin efficacies was also shown for 
chronic prostatitis due to U. urealyticum (Skerk et al., 2006).

GONORRHEA, CHANCROID, AND DONOVANOSIS 
(GRANULOMA INGUINALE)

Doxycycline was used extensively for the treatment of gonor-
rhoea and chancroid but is no longer recommended for these 
diseases because of the widespread resistance of Neisseria 
gonorrhoeae (Newman et al., 2007) and Haemophilus ducreyi 
(Workowski and Berman, 2006). Donovanosis is a genital 
ulcerative disease due to Klebsiella (formerly Calymmato bac-
terium) granulomatis infection. Donovanosis occurs in Papua, 
New Guinea, South Africa, and among Australian Aboriginals, 
presenting as beefy, nontender, ulcerative lesions of the 
genitalia or inguinal region. Azithromycin appears to be the 
drug of choice (O’Farrell, 2002), but doxycycline 100 mg 
twice daily for 3 weeks is also effective and is the CDC-
recommended regimen (Workowski and Berman, 2006). 

SYPHILIS AND OTHER TREPONEMAL INFECTIONS

In patients who are highly allergic to beta-lactam antibiotics 
or who refuse parenteral therapy, doxycycline 200 mg daily 
for 14–28 days (Zenker and Rolfs, 1990) appears to be an 
appropriate alternative for primary and secondary syphilis. 
A case-controlled study of patients treated with doxycycline 
100 mg twice daily for 14 days for early syphilis showed no 
increase in serological failure after 400 days of follow up. In 
fact there were fewer failures of treatment and faster declines 
in numbers of reaginic antibodies with doxycycline (Ghanem 
et al., 2006). A Taiwanese observational study of 394 HIV-
infected men with early syphilis showed no difference in 
serological response (≥ fourfold reductions in reaginic titers) 
when doxycycline was compared with benzathine penicillin 
(Tsai et al., 2014). The reason why doxycycline was used to 
treat the 123 patients studied was not stated. 

Neurosyphilis cannot be treated with doxycycline (Wor-
kow ski et al., 2010), although doxycycline penetrates well 
into the CSF (Yim et al., 1985). Clinical data are limited to 
five patients with latent and active neurosyphilis treated with 
doxycycline 200 mg twice daily for 21 days. Even among this 
small series, one penicillin-allergic woman with early latent 
syphilis treated with two courses of doxycycline had no sero-
logical response ten months later (Zenilman et al., 1993; Ali 
and Roos 2002). Doxycycline 100 mg twice daily for 15 days 

is a satisfactory alternative for treating yaws due to Treponema 
pallidum pertenue in penicillin-allergic patients.

7d. Brucellosis

The current WHO guidelines for brucellosis treatment are a 
six-week course of doxycycline 100 mg orally every 12 hours 
plus streptomycin 15mg/kg i.m. daily for the first 2 to 3 weeks, 
or rifampicin 600 mg daily for 6 weeks. These regimens were 
both endorsed as first line brucella treatment as part of an 
International Society of Chemotherapy Consensus Meeting 
(Ariza et al., 2007). Both these combinations have been shown 
to be synergistic in vitro (Orhan et al., 2005). The  doxycycline/
streptomycin regimen is clearly superior for the treatment of 
osteoarticular, particularly spinal, manifestations of brucello-
sis; it is associated with a reduced relapse rate and a reduced 
rate of these disease presentations (Solera et al., 1994; Solera et 
al., 1997). A recent meta-analysis indicates that brucella spon-
dylitis requires 3 months therapy (Pappas et al., 2004). 

Despite these data and consensus recommendations, an 
international survey of treating physicians from nations where 
brucellosis rates are high has shown that the  doxycycline/
rifampicin combination is given far more frequently for its 
convenience, despite its inferior efficacy (Pappas et al., 2007). 
Doxycycline regimens shorter than the 6-week WHO-
recommended course have been shown to be associated with 
increased early post-treatment relapse (Solera et al., 2004). 

Other regimens are being investigated. A six-week course 
of doxycycline 100 mg twice daily and gentamicin 5 mg/kg 
daily for 7 days was shown to be equivalent to doxycycline 
and streptomycin in a single randomized, controlled trial 
(Solera et al., 1997). Among the treatment failures was a large 
proportion of patients with focal disease (3/6 had arthritis 
or orchitis) (Hasanjani Roushan et al., 2006). This regimen 
comprised of doxycycline and only seven days of gentamicin 
is recommended as the preferred regimen to the gold stan-
dard regimen comprised of six-weeks of doxycycline and 2 to 
3weeks of streptomycin (Ariza et al., 2007). A shorter 30-day 
course of ofloxacin and rifampicin was compared with the 
standard 42-day course of doxycycline and rifampicin in a 
small, randomized, open- label study that showed no differ-
ences in outcomes. The authors advised against the use of the 
more expensive ofloxacin and rifampicin regimen (Karabay 
et al., 2004).

Patients with Brucella meningitis or neurobrucellosis have 
been treated successfully with combined therapy consisting of 
doxycycline together with both rifampicin and co-trimoxazole. 
Some may respond to 6 weeks of treatment, but others may 
need treatment for up to 8 months. For the first 2 to 3 weeks 
i.m. streptomycin can also be added to the regimen (Al-Orainey 
et al., 1987; Bouza et al., 1987; McLean et al., 1992; Al-Eissa, 
1995). Combined medical and surgical therapy has been 
shown to be effective in a small case series of Brucella endo-
carditis (Keles et al., 2001; Ozsoyler et al., 2005). Doxycycline 
combined with rifampicin plus ceftriaxone (or rifampicin 
plus streptomycin) was given preoperatively, and then doxy-
cycline and rifampicin were continued post–valve replacement 
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with or without co-trimoxazole. In one case of aortic valve 
endocarditis, prolonged medical treatment alone with doxycy-
cline plus rifampicin was successful (Cisneros et al., 1989).

7e. Rickettsial infections

Doxycycline is the drug of choice for the treatment of epi-
demic louse-borne typhus, murine typhus, scrub typhus, tick 
typhus, Rocky Mountain spotted fever, and Mediterranean 
spotted fever (Ming-Yuan et al., 1987; Gudiol et al., 1989; Perine 
et al., 1992). Chloramphenicol is also effective as treatment for 
these diseases, and has been sometimes the preferred agent 
for very severe infections. The difficulty in sourcing either par-
enteral or oral chloramphenicol in many countries and the 
availability of safe alternatives makes this therapeutic agent 
less relevant currently. Chloramphenicol remains the treat-
ment of choice for pregnant women with rickettsial infection. 
In children with rickettsial infection, on balance, the risks of 
doxycycline therapy are less than those of chloramphenicol, 
and pediatric authorities recommend doxycycline (2.2 mg/kg 
up to 45 kg, adult dosage if > 45 kg) (Walker, 1995).

Short courses of doxycycline are sufficient for some spe-
cific rickettsial infections. Louse-borne typhus can be cured 
by a single dose of doxycycline, 100–200 mg for adults and 
50 mg for children (WHO Working Group on Rickettsial 
Diseases, 1982), but normally 7–15 days of doxycycline is 
recommended for this disease (Raoult and Drancourt, 1991). 
Mediterranean spotted fever has also been cured by an 
abbreviated course of doxycycline. In one trial doxycycline 
was only continued for 24 hours after the patients were afe-
brile; this form of therapy compared favorably to a standard 
7-day doxycycline course (Yagupsky et al., 1987). In another 
trial, 200 mg of doxycycline given every 12 hours for 1 day 
was as effective as a classic 10-day course with oral tetracy-
cline for this disease (Bella-Cueto et al., 1987; Kim et al., 
2004). In the treatment of complicated scrub typhus, oral 
doxycycline given for one week has been shown to be equiv-
alent to intravenous azithromycin given for a median of five 
days (Jang et al., 2014). As spotted fever can have high mor-
bidity and even cause rapid death, empiric doxycycline ther-
apy should be administered promptly when the disease is 
suspected (Yagupsky and Wolach, 1993). There is a signifi-
cant increase in mortality for patients treated greater than 5 
days after the onset of symptoms of Rocky Mountain spotted 
fever (CDC, 2000). The other Rickettsiae require tetracycline 
treatment for 5–15 days (Raoult and Drancourt, 1991). 

Trials in Taiwan indicated that doxycycline 200 mg orally 
once a week was effective for prevention of scrub typhus (Olson 
et al., 1980). This was confirmed in volunteers exposed to this 
infection. 

7f.  Wolbachia endosymbiont infection 
treatment

Wolbachia are in the Rickettsiae family and are symbiotic bac-
teria important in the life cycle and fertility of helminths that 

cause filarial infections such as onchocerciasis and Wucherian 
filariasis. These organisms, found in the hypodermis or cell 
walls of all lifecycle stages of filaria, represent a new therapeu-
tic target in the treatment of these diseases, as anti- helminthic 
treatments such as ivermectin have a reversible and therefore 
relatively short-lived effect in suppressing the fertility of the 
adult worms (Hoerauf et al., 2003). A 6-week course of doxy-
cycline 100 mg daily was shown to deplete Wolbachia in 
Onchocerca volvulus worms and interrupt worm embryogen-
esis for 18 months (Hoerauf et al., 2001; Hoerauf et al., 2003): 
an effect lasting considerably longer than the positive effects 
obtained with ivermectin alone. A randomized, placebo- 
controlled trial has now shown that 20 months after doxy-
cycline had been given for 6 weeks, there was a dramatically 
reduced Wolbachia carriage by female worms and presence 
of microfilaria in the skin nodules of patients with filariasis 
(Debrah et al., 2015). In a small study of lymphatic filariasis, 
occurrence of adult W. bancrofti worms and microfilariae were 
both diminished by a 6 week course of doxycycline, with the 
effect persisting over 14 months of follow-up (Taylor et al., 
2005). A randomized controlled trial confirmed these results 
and further showed that clearance of microfilaria was great-
est where albendazole was also used (Gayen et al., 2013). The 
inability to give doxycycline to children under 8 years of age 
or pregnant women, and the present requirements for pro-
longed courses of the agent, are major current obstacles for 
this therapeutic approach, as population-based treatments are 
required to substantially control the carriage of filaria. Other 
antimicrobials are being investigated for their anti-Wolbachia 
activity.

7g. Gastrointestinal tract infections

CHOLERA

In cholera antibacterial therapy reduces the volume of diar-
rhea and its duration as well as the secretion of Vibrio cholerae. 
Randomized controlled trials comparing doxycycline with 
tetracycline show that tetracycline is superior to doxycycline 
in reducing diarrhea volume and duration of shedding of the 
organism (Leibovici-Weissman et al., 2014). Furthermore, in 
current cholera epidemics, patients have often been treated 
with doxycycline to the exclusion of tetracycline. Fifty-eight 
percent of cholera patients treated in Sierra Leone in 2012 
received doxycycline, 10.5% in combination with erythro-
mycin (Blacklock et al., 2015).

TRAVELERS’ DIARRHEA 

In one controlled trial a 100-mg daily dose of doxycycline, 
given for 3 weeks, was effective in reducing the frequency of 
travelers’ diarrhea among Peace Corp volunteers in Kenya 
(Sack et al., 1978). At the time of this trial enterotoxigenic 
strains of E. coli (ETEC) in the area were nearly all sensitive 
to the drug. Subsequently, doxycycline resistance in ETEC 
organisms has become widespread throughout the devel-
oping world, reducing, but not abolishing, its prophylactic 
efficacy against travelers’ diarrhea (Ericsson, 2003). This is 
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illustrated by the results of other trials conducted in areas 
where doxycycline-resistant ETEC organisms were com-
mon, showing that doxycycline remained beneficial in reduc-
ing the severity of travelers’ diarrhea because of its action on 
other organisms (Echeverria et al., 1984; Sack et al., 1984). 

7h.  Malaria treatment and 
chemoprophylaxis

Plasmodium falciparum and P. vivax are both susceptible to 
doxycycline, but it is used only in combination with other 
antimalarial drugs for malaria treatment. In 2005 it was 
shown that artesunate in combination with an oral antima-
larial such as doxycycline, when tolerated, was superior to 
quinine and doxycycline (Dondorp et al., 2005). Thus, the 
treatment recommended in the 2017 WHO guidelines for 
severe P. falciparum infection is an artemisinin-containing 
regimen (WHO, 2015). A 2012 Cochrane review showed that 
parenteral artesunate and doxycycline treatment of severe 
malaria resulted in 39% and 24% reductions in death rates 
for adults and children, when compared with quinine 
(Griffith et al., 2007; Lalloo et al., 2007; Sinclair et al., 2012). 
As with the treatment of severe P. falciparum, the treatment 
of uncomplicated malaria is now with the use of an artemis-
inin combination therapy, such as artemether/lumefantrine 
(Riamet) (Alecrim et al., 2006; Dondorp et al., 2005). 
Although doxycycline has been shown to have activity 
against P. vivax, it is rarely used to treat this infection, as 
it  has slower rates of parasite clearance when used alone 
versus the use of other antimalarials (Pukrit taya kamee et 
al., 2001).

Doxycycline is an extremely effective prophylactic agent 
for protecting against both P. falciparum and P. vivax. Doxy-
cy cline is as effective as atovaquone/proguanil (Malarone) 
and mefloquine against these organisms, and is better tolerated 
than the latter (Jacquerioz and Croft, 2009). The protective 
efficacy of doxycycline is between 92 and 96% for P. falci-
parum prophylaxis (Tan et al., 2011; Ohrt et al., 1997; Sonmez 
et al., 2005; Taylor et al., 1999; Andersen et al., 1998). It also 
has an overall prophylactic efficacy of 98% against P. vivax 
infection (Tan et al., 2011). As doxycycline has no causal 
 prophylactic effect, having no impact on organisms at pre- 
erythrocytic liver stages of malaria, it must be taken for 4 
weeks after leaving a malaria- endemic area (Shmuklarsky et 
al., 1994; Ohrt et al., 1997; Taylor et al., 1999).

Doxycycline is well tolerated for short-term malaria prophy-
laxis, with rates of side effects, including cutaneous reactions, 
lower than those of comparative antimalarials (Schlagen hauf et 
al., 2003). Only 60% compliance was shown in U.S. troops 
prescribed long-term doxycycline antimalarial prophylaxis 
during a 12-month deployment. Thirty percent of troops had 
side effects due to doxycycline (Tan et al., 2011; Knobloch, 
2004). Of Peace Corps workers who took doxycycline for 19 
months, 20% changed their antimalarial agent due to a range 
of symptoms, including photosensitive skin rash (Maurin et 
al., 1992; Knobloch, 2004; Korhonen et al., 2007).

7i. Melioidosis

Melioidosis, caused by Burkholderia pseudomallei, has a 
spectrum of manifestations, from septic shock with a mor-
tality rate of > 60%, to other signs and symptoms with lesser 
degrees of mortality, such as pneumonia (White et al., 1989; 
Sookpranee et al., 1992; Simpson et al., 1999; White, 2003). 
Treatment courses consist of at least 10 days of intravenous 
therapy, prior to the eradication phase, with ceftazidime or 
a carbapenem, followed by a long eradication phase of oral 
antimicrobials. Co-trimoxazole is first-line eradication treat-
ment, with amoxicillin–clavulanate as an alternative. Doxy-
cy cline is an alternative eradication agent used in Northern 
Australian melioidosis-treatment protocols (Dawson and 
Schachter, 1985; Rajchanuvong et al., 1995; Chaowagul et 
al., 1999; Chetchotisakd et al., 2001; Mabey and Solomon, 
2003; Mabey et al., 2005; Chaowagul et al., 2005; Pitman et 
al., 2015).

7j. Lyme disease

Doxycycline plays an important role in the prevention and 
treatment of Lyme disease. A randomized, placebo-controlled 
study showed the benefit of doxycycline as prophylaxis 
against Lyme disease. A single 200 mg dose of doxy cycline 
prevented Lyme disease and asymptomatic Lyme disease 
seroconversion in patients who had experienced an Ixodes 
scapularis tick bite (Nadelman et al., 2001). This approach to 
Lyme disease prophylaxis is only recommended in cases in 
which a reliably identified I. scapularis tick bite has occurred 
and in a geographical area with a > 20% prevalence of Borrelia 
burgdorferi in ticks. Administration of doxycycline should be 
within 72 hours of the bite (Wormser et al., 2006). Doxy-
cycline in a dose of 100 mg twice daily for 1 to 21 days is a 
preferred regimen, along with oral amoxicillin (and in some 
countries cefuroxime axetil), for treatment of early Lyme dis-
ease manifestations, such as erythema migrans (Wormser et 
al., 2000; Wormser et al., 2006). The oral doxycycline regi-
men is preferable in regions where ehrlichiosis is prevalent, 
as it is also effective against this disease. 

A 14-day course of doxycycline is one of the recom-
mended treatments of cranial nerve palsies. Cardiac involve-
ment manifesting as atrioventricular block or myopericarditis 
can also be treated with this oral regimen. Longer courses of 
oral doxycycline (1 month) are used to treat Lyme arthritis 
(Steere, 1995). While parenteral penicillin or ceftriaxone/
cefotaxime are the preferred regimens for severe neurologi-
cal or cardiac Lyme disease, high dose doxycycline (200 mg 
twice daily) may be required in some patients who are intol-
erant of beta-lactams. 

A first-time debate arose when the Infectious Diseases 
Society of America (IDSA) stated that there was no evidence 
to support the authenticity of entities referred to as post–
Lyme disease syndrome, post-treatment chronic Lyme dis-
ease, and chronic Lyme disease, that are purported to occur 
after the completion of treatment for Lyme disease (Johnson 
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and Stricker, 2009; 2010). Therefore the IDSA guidelines rec-
ommend against the use of antibiotics for any of these “syn-
dromes” (Klempner et al., 2001; Wormser et al., 2006; Lantos 
et al., 2010). Indeed, a randomized, placebo-controlled trial 
involving patients with persistent symptoms attributed to Lyme 
disease showed no improvement in a health-related quality of 
life score after prolonged antibiotic therapy. Both trial groups 
were treated with a two week course of ceftriaxone. The inter-
vention group then received 12 weeks of doxycycline and clar-
ithromycin plus hydroxychloroquine (Berende et al., 2016).

7k. Relapsing fever and Leptospirosis

Single-dose oral doxycycline 100 mg is one of the effective 
regimens for louse-borne relapsing fever, an epidemic spiro-
chetal infection due to Borrelia recurrentis (Perine and Teklu, 
1983). 

Severe leptospirosis requires antimicrobial therapy as, 
untreated, it has a mortality rate that may be as high as 22%. 
A randomized open label study of patients with suspected 
severe leptospirosis in northern Thailand showed that doxy-
cycline treatment was equivalent to treatment with penicillin 
G and cefotaxime with regard to mortality, time to deferves-
cence, and hospital stay. These results pertained to patients 
with proven leptospirosis. The overall mortality in the study 
was 5% (Suputtamongkol et al., 2004). Additionally, data 
from a single, non-randomized controlled trial showed that 
doxycycline prevented infection with and disease due to Lep-
to spira (Chusri et al., 2014).

7l. Q fever

Acute Q fever, including Q fever pneumonia, may be a self- 
limited febrile illness, such that in some cases, the value of 
any anti biotic therapy can be hard to assess—although treat-
ment is usually warranted for patients with overt clinical 
disease. A non-randomized comparison between treatment 
regimens for acute Q fever showed that doxycycline reduced 
the duration of fever more than tetracycline, but the effect 
was not profound (mean number of days of duration of fever: 
untreated, 3.3; treated with tetracycline, 2; treated with doxy-
cycline, 1.7) (Spelman, 1982). It appears, based on a random-
ized study of tetracycline, that treatment with doxycycline 
must be commenced within three days of the onset of symp-
toms to be effective (Powell et al., 1962). Many clinicians treat 
patients with moderately severe disease with doxycycline 100 
mg twice daily for 14 days (Sawyer et al., 1987; Lieberman 
et al., 1995; Maurin and Raoult, 1999). Some patients may 
develop Q fever meningitis or meningo-encephalitis, as part 
of acute Q fever. These generally respond to a 3-week course 
of doxycycline (Ferrante and Dolan, 1993). 

Antibiotic therapy for acute Q fever may prevent the devel-
opment of endocarditis in patients with cardiac valvulopathy. It 
appears that 14 days of treatment with doxycycline alone is not 
effective (Kampschreur et al., 2014). A 12 month course of treat-
ment with a combination of doxycycline and hydroxychloro-
quine was studied in a cohort of patients with acute Q-fever, 

treated at the French National Referral Centre for Q fever. The 
cohort had a median age of 48 years, a very high frequency of 
valuvulopathy, at 43% (31/72), and members of the cohort were 
followed up for a median of 671 days (Fenollar et al., 2001). 
None of the 18 patients with significant valvulopathy who com-
pleted treatment with doxycycline and hydroxychloroquine 
progressed to endocarditis, whereas the 13 patients who 
were noncompliant or were not treated all developed endo-
carditis (hazard ratio 0.002, p=0.04) (Million et al., 2013). As 
is often stated in the assessment of such observational data, ran-
domized controlled trials are required to confirm the benefit of 
a long course of doxycycline and hydroxychloroquine in the 
prevention of Q-fever endocarditis. 

Implicit in the recommendation for prolonged doxycy-
cline and hydroxychloroquine treatment of patients with 
acute Q fever is the need to rule out valvulopathy with echo-
cardiography (Million et al., 2013). Authors of a Dutch study, 
particularly owing to their experience of the low frequency 
of Q fever endocarditis in Dutch patients, have questioned 
the need for echocardiographic screening of patients with 
acute Q fever in deciding on duration of treatment (Kamp-
schreur et al., 2014). CDC guidelines for the management 
of acute Q fever state that assessment for valvulopathy may 
require investigations other than clinical assessment, as guided 
by the clinician’s judgement (Anderson et al., 2013). Use of 
anti-cardiolipin antibodies has also been investigated as a 
potential tool in predicting progression to Q fever endocar-
ditis (Million et al., 2013). An algorithim incorporating age 
and anticardiolipin antibody status has been proposed as a 
guide to performing echocardiography and utilization of pro-
phylactic doxycycline and hydroxychloroquine therapy (Million 
et al., 2013). While some clinicians may follow such an algo-
rithm, it has not been tested with prospective and controlled 
methodology. Therapeutic regimens for Q fever endocarditis 
have always included tetracyclines, due to the resistance of  
C. burnetii to beta-lactams and aminoglycosides. Before the 
introduction of a doxycycline– hydroxychloroquine regimen, 
there was an unacceptably high failure rate, despite pro-
longed therapeutic courses. The addition of hydroxychloro-
quine is necessary to alkalinize phagolysosomes and increase 
the efficiency of the antibiotic killing of intracellular C. bur-
netii (Maurin et al., 1992). The optimal phagolysosome pH 
for C. burnetii killing is 6.6, and chloroquine 1 mg/ml was 
able to increase the pH, from 4.8 to 5.7, in an in vitro cellular 
model (De Duve et al., 1974). Hydroxychloroquine is used in 
favour of chloroquine for its improved long term tolerance. 
The doxycycline 100 mg twice daily plus hydroxychloroquine 
200 mg three times daily combination has been studied 
in a retrospective comparison with doxycycline–ofloxacin 
(Raoult et al., 1999). Of 35 patients studied, 21 received the 
doxycycline–hydroxychloroquine combination. Fewer patients 
relapsed in the doxycycline–hydroxychloroquine group, and 
those who did received only 12 months of therapy. Members 
of the doxycycline–hydroxychloroquine group had resolved 
infection after shorter treatment duration (31 months, in 
contrast to 55 months of doxycycline–ofloxacin). The high 
dose of hydroxychloroquine used in this study is often 
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poorly tolerated. These remain the only case-controlled data 
that compare doxycycline–hydroxychloroquine with other 
doxycycline-containing regimens. While the doxycycline–
hydroxychloroquine regimen is now the standard of care for 
Q fever endocarditis (Anderson et al., 2013), there are only 
limited additional case reports of its successful use. Some 
of these reports encompass different regimens (e.g. doxycy-
cline–chloroquine for 2 years) (Calza et al., 2002), and this 
report and others (Healy et al., 2006; Madariaga et al., 2004) 
do not include information on follow up after cessation of 
antibiotic treatment. 

It is recommended that doxycycline and hydroxychloro-
quine drug levels be monitored in patients with Q-fever 
endocarditis and whose phase I antibodies are falling slowly, 
to allow increases in drug doses (Levy et al., 1991; Raoult, 
1993; Lecaillet et al., 2009; Anderson et al., 2013).

7m.  Plague (Yersinia pestis infection)  
and tularaemia (Francisella  
tularensis infection)

Streptomycin has historically been the preferred drug for 
plague. In vitro susceptibility testing showed that doxycycline 
was effective against Y. pestis with MICs at the same level as 
comparator drug MICs (Hernandez et al., 2003). A random-
ized open-label trial in adults and children with plague 
showed that doxycycline and gentamicin both have high effi-
cacy, equivalent to that previously reported for streptomycin 
(Mwengee et al., 2006). It is recommend that patients with 
meningitis be treated with chloramphenicol (Bossi et al., 
2004a), but this would be difficult given the drug’s inaccessi-
bility in many countries. Doxycycline is to be used for pro-
phylaxis in environments where Y. pestis may be used as a 
bioterrorism agent (Bossi et al., 2004a).

Whereas gentamicin is the drug of choice for severe pneu-
monia due to tularemia (Enderlin et al., 1994), with milder 
forms of tularemia, such as ulceroglandular disease, the alter-
native drugs doxycycline and chloramphenicol can be safely 
used (Eliasson et al., 2006). Although doxycycline use is 
associated with infrequent relapse, this does not predispose 
to poor outcomes with milder forms of tularemia (Eliasson 
and Back, 2007).

7n. Ehrlichiosis

This is a tick-borne infection caused by small obligate intracel-
lular bacteria of the genus Ehrlichia. These organisms prolifer-
ate within white blood cells, with Anaplasma phago cy tophilum 
and Ehrlichia ewingii organisms invading neutrophils, and with 
Ehrlichia chaffensis organisms infecting human monocytes. 
Severe infection and mortality are associated with delays in 
diagnosis and treatment. The treatment of choice is doxycy-
cline, administered for 5 to 14 days (Dumler et al., 2007). 
Hemophagocytic lymphohistiocytosis (HLH) is sometimes 
related to ehrlichiosis (Otrock et al., 2015). This severe clini-
cal syndrome responds to doxycycline. It parallels the HLH 

that arises from other infections and generally resolves with 
treatment of the underlying disease. The absence of proven 
alternative antimicrobial regimens and the necessity for 
prompt empirical therapy mandate doxycycline treatment 
in all patients with suspected ehrlichiosis, including children 
< 8 years of age (Dumler et al., 2007). Con comi tant Ixodes-
borne pathogens including those that cause Lyme disease 
and tick-borne encephalitis require diagnostic and manage-
ment considerations.

7o. Mycobacterial infections

M. abscessus, M. chelonae, and M. fortuitum are environmen-
tal, rapidly growing mycobacteria that often cause cutaneous 
infections following nosocomial or accidental inoculation 
and, uncommonly, lung disease. These mycobacteria, par-
ticularly M. fortuitum, may be sensitive to doxycycline (De 
Groote and Huitt, 2006). There are no randomized studies to 
definitively guide therapy for these infections. Antimicrobial 
susceptibility testing is helpful in the assessment of treatment 
options (Wallace et al., 1985). Limited skin infections due to 
M. chelonae and M. fortuitum may be treated with prolonged 
courses of oral antibiotics, of which doxycycline is one key 
option. More severe skin infections require surgical debride-
ment and initial treatment with cefoxitin. Pulmonary infec-
tion due to M. abscessus is progressive and mostly refractory 
to treatment. While it is true that no regimen that has proven 
ability to cure M. abscessus lung infection (Griffith et al., 
2007), multidrug combinations that include doxycycline have 
been shown in observational case series to have high rates of 
microbiological response (Jeon et al., 2009). These regimens 
are complex. One of these consists of doxycycline, clarithro-
mycin, ciprofloxacin, and four weeks of amikacin/cefoxitin. 
Predictably, there are high rates of serious side effects (Jeon 
et al., 2009). Surgical treatment may be curative. M. fortuitum 
should be treated with surgical debridement and cefoxitin 
and amikacin initially. Doxy cy cline may have a role to play in 
continuation therapy, following surgical debridement. Infec-
tions due to M. marinum may be treated with doxycycline in 
doses of 100 –200 mg daily for 3 months (Anonymous, 1997; 
Enderlin et al., 1997; Her nan dez et al., 2003; Mwengee et 
al., 2006; Eliasson et al., 2006; De Grotte and Huitt, 2006; 
Eliasson and Back 2007).

7p.  Vibrio and Aeromonas spp. infections, 
including water-associated cellulitis 

Cellulitis occurring in wounds exposed to salt water may be 
due to Vibrio spp. such as V. vulnificus or V. parahaemolyti-
cus, while Aeromonas hydrophila can cause skin and soft tis-
sue infection related to injuries contaminated by fresh water. 
Vibrio skin infections can cause overwhelming sepsis in 
patients with cirrhosis or iron-overload states. For severe 
water-associated cellulitis, a combination of doxycycline plus 
a broad spectrum agent such as a beta-lactam/beta- lactamase 
inhibitor drug administered parenterally, or imipenem is 
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required as empiric therapy. A. hydrophila, A. caviae, A. veronii, 
A. jandaei, and other Aeromonas spp. can cause septicemia 
in patients with comorbidities such as cancer. Most strains 
are sensitive to doxycycline, which can be administered 
orally for milder cases. Aeromonas spp. can also cause gastro-
enteritis, which is usually self-limiting, and chemotherapy is 
not necessary (Jones and Wilcox, 1995). 

7q.  Prophylaxis for exposure to 
bioterrorism agents 

Doxycycline is often recommended for prophylaxis of indi-
viduals exposed to bacterial organisms that are potential 
agents of bioterrorism. Bacillus anthracis (Frean et al., 2003; 
Mohammed et al., 2002) is routinely susceptible to doxycy-
cline, as are Yersinia pestis (Hernandez et al., 2003), Brucella 
spp., F. tularensis, and Coxiella burnetti (Bossi et al., 2004b). 
Doxycycline has in vitro efficacy against these organisms 
equivalent to that of the fluoroquinolones and is considerably 
cheaper, making it the preferred prophylactic agent for bio-
terrorism threats in some regions (Brouillard et al., 2006). 
Burkholderia pseudomallei is another potential bioterrorism 
weapon, against which doxycycline may be used as prophy-
laxis (on the basis of susceptibility data). (Sivalingam et al., 
2006; Thibault et al., 2004).

7r. Bartonella infections

Many diseases are caused by infections with these bacteria, 
ranging from cat scratch disease (B. henselae and, rarely,  
B. clarridgeiae or Afipia felis) to bacillary angiomatosis and 
peliosis hepatis in AIDS patients (B. henselae), to bacterae-
mia, particularly in the homeless (B. quintana), and endemic 
bartonellosis or Carrion’s disease (B. bacilliformis). While 
macrolides are the mainstay of treatment for these infections, 
doxycycline can also be used. Indeed, when a series of patients 
with B. quintana bacteremia was analyzed, a combination of 
doxycycline with gentamicin was more likely to prevent 
relapse than either doxycycline or beta-lactam monotherapy 
(Foucault et al., 2002). Further exploration of the role of anti-
microbial therapy for B. quintana bacteremia was under-
taken with a randomized, placebo-controlled trial showing 
that doxycycline and gentamicin reduced the risk of recur-
rent bacteremia (Foucault et al., 2003). The rare neuroretini-
tis manifestation of cat-scratch disease (acute visual loss from 
optic nerve edema associated with macular exudates) appears 
to respond best to doxycycline and rifampicin (Reed et al., 
1998).

7s. Acne and rosacea

Acne vulgaris is a common disease of adolescence and results 
from increased sebum production and inflammation of the 
sebaceous follicles consequent on infection of follicles with 
Propionibacterium acnes. For mild disease topical keratoly-
tics may suffice, but for more severe facial acne and truncal 
disease, antibiotics are of value. Doxycycline is used for both 

its antibiotic and anti-inflammatory effects, as it penetrates 
well into the pilosebaceous unit (Tan, 2003). Numbers of  
P. acnes organisms can be shown to become reduced by 90% 
with doxycycline treatment. Sub-inhibitory concentrations 
of tetracyclines (e.g. 20 mg dose) have been shown to reduce 
P. acnes lipase formation, lessening follicular inflammation 
through reduced production of sebaceous free fatty acids 
(Tan, 2003). Inhibition of neutrophil chemotaxis and other 
anti-inflammatory effects are also present. The beneficial effect 
of doxycycline takes weeks to become obvious, and treat-
ment is prolonged for at least 6 months. Treatment is initi-
ated at 100 mg twice daily and continued usually for 6 weeks, 
until there is clear improvement, usually with eradication of 
at least 50% of the lesions. Maintenance therapy is then con-
tinued with 100 mg daily. A number of factors may account 
for treatment failure, including poor compliance, profuse 
sebum formation, and the development of doxycycline resis-
tance in P. acnes. Such resistance tends to occur in patients 
treated repeatedly with sequential antibiotics and patients 
with intrinsically resistant disease. 

Rosacea is another common inflammatory skin condition 
that causes prominent flushing, facial pustulosis, and a papu-
lar eruption. While doxycycline is commonly used to attempt 
to control rosacea, there are few high quality studies support-
ing this practice (Van Zuuren et al., 2004). Current evidence 
supports the use of topical metronidazole or topical azelaic 
acid. 

7t. Periodontal disease

As doxycycline is concentrated in gingival fluid it is an excel-
lent choice for treatment of periodontal disease (Lavda et al., 
2004). Doxycycline in combination with surgical treatment 
(scaling and root planning) was probably as effective as the 
use of other antibiotics in the treatment of periodontal dis-
ease (Keestra et al., 2015). 

7u. Nocardiosis and actinomycosis

Doxycycline is less active against Nocardia than minocycline, 
although some patients, intolerant of co-trimoxazole and 
minocycline, may require maintenance therapy with doxycy-
cline. Similarly, doxycycline can be used as an alternative to 
penicillin G for the treatment of actinomycosis in penicillin- 
allergic patients.

7v. Tropical sprue

Doxycycline may be used as an alternative to long-term tet-
racycline administration for patients suffering from tropical 
sprue, as it is better tolerated. A prolonged course of 3 to 6 
months is used (Ramakrishna et al., 2006).

7w. Whipple’s disease

Doxycycline is active against Tropheryma whipplei and syn-
ergy with hydroxychloroquine has been shown (Boulos et  
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al., 2004). Thus, doxycycline may be useful for treatment of 
this disease in patients with severe allergy to co-trimoxazole 
(Knaapen and Barrera, 2007). Doxycycline and hydroxy chloro-
quine are used to treat endocarditis (Boulos et al., 2004; 
Fenollar et al., 2013).

7x.  Anti-inflammatory effects and  
Anti-tumour effects

Sub-antimicrobial doses of doxycycline are a useful adjunct 
to local dental therapies for management of periodontitis, as 
they have been shown to downgrade the action of destructive 
gum destructive matrix metalloproteinases (MMPs) (Preshaw 
et al., 2004). Through its ability to inhibit bone MMP’s, dox-
ycycline has a salutary effect on some tumors, particularly 
metastases to bone (Saikali and Singh, 2003). Doxy cycline 
may have a role to play in the medical therapy of abdominal 
aortic aneurysms, through local inhibition of arterial wall 
MMPs (Rentschler and Baxter, 2007). This is supported by a 
number of animal studies (Petrinec et al., 1996), and preop-
erative doxycycline has been shown to reduce aneurysmal 
aortic wall MMPs in humans (Curci et al., 2000). A single, 
small randomized clinical trial showed that  doxycycline- 
treated patients had less expansion of aortic aneurysms after 
a 3 month treatment course (Mosorin et al., 2001). Inflam-
matory arthropathies have been studied in relation to doxy-
cycline, to see whether doxycycline may have a therapeutic 
role. One placebo-controlled randomized study of doxy-
cycline plus methotrexate administered for 2 years in small 
numbers of  rheumatoid arthritis patients showed superior 
treatment responses in those treated with doxycycline irre-
spective of whether high or sub-antimicrobial doses were 
used (O’Dell et al., 2006). Alternately, seronegative arthropa-
thies treated for 3 months were unresponsive to doxycycline 
(Smieja et al., 2001). Chlamydia psittaci DNA is found in the 
majority of ocular adnexal lymphomas, and three weeks of 
doxycycline therapy has been shown in a number of small 
case series to promote resolution or substantial reductions in 
tumor growth in a substantial proportion of such patients 
(Ferreri et al., 2005; Ferreri et al., 2006). Further information 
on the association between C. psiattaci and this nongastro-
intestinal MALT lymphoma has accumulated (Kiesewetter 
and Raderer, 2013). A phase II study of doxycycline treat-
ment in ocular adnexal lymphoma has shown that the response 
rate was significantly higher in patients in whom C. psittaci 
was eradicated (Ferreri et al., 2012).
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Minocycline

M. Lindsay Grayson

1. DESCRIPTION

Minocycline is a semisynthetic member of the tetracycline class 
and was discovered in 1972. The chemical name for minocy-
cline is (2Z,4S,4aS,5aR,12aS)-2-(amino-hydroxymethylidene)-
4,7-bis(dimethylamino)-10,11,12a-trihydroxy-4a,5,5a,6-
tetrahydro-4H-tetracene-1,3,12-trione. The empirical formula 
is C23H27N3O7 and the molecular weight is 457.5 (Redin, 
1966). Its distinguishing characteristic is an additional dime-
thylamino group at position 7; the chemical structure is shown 
in Figure 69.1. Minocycline has an antimicrobial spectrum 
that is largely similar to those of tetracycline and doxycy-
cline, although there are some differences in activity against 
key pathogens such as methicillin-resistant Staphylococcus 
aureus (MRSA) and Acinetobacter baumannii (Carris et al., 
2015; Falagas et al., 2015; Cunha, 2013). The substitution of 
the dimethylamino group changes the molecule’s pharmaco-
kinetic properties to a greater extent than it changes its anti-
bacterial spectrum features.

Similar to other members of the tetracycline family, mino-
cycline inhibits bacterial protein synthesis through its binding 
action on the bacterial 30S ribosomal subunits. Mino cycline 
is mainly marketed for oral administration, but a more solu-
ble formulation of minocycline is available in some countries 
for intravenous administration. Minocycline is manufac-
tured by several companies (under a variety of brand names, 
including Dynacin, Minocin, Minocin PAC, Solodyn, Vec- 
trin, and Myrac). Although minocycline was previously used 

for a diminishing list of infections (mainly due to its toxic-
ity), the emergence of multiresistant Gram-negative patho-
gens and the need for an oral treatment option for MRSA, 
have led to a resurgence of interest in the drug over the past 
5 to 10 years (Neonakis et al., 2014; Carris et al., 2015; Falagas 
et al., 2015; Cunha, 2013).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Minocycline has a spectrum of activity that is largely similar 
to that of the tetracyclines (Chapter 67, Tetracycline) and 
doxycycline (Chapter 68, Doxycycline). There is usually 
cross-resistance among various tetracyclines, but there are 
small but potentially important differences between the tet-
racyclines and minocycline. Therefore, specific testing for 
resistance to minocycline could be warranted for certain 
pathogens (Chopra and Roberts, 2001). Resistance now occurs 
in increasing numbers of bacteria, which limits the use of 
antimicrobial agents. Table 69.1 shows the activity of mino-
cycline against selected bacteria. The values are condensed 
from studies in which the majority of organisms tested were 
isolated from patients, and therefore include strains with 
acquired tetracycline resistance.

GRAM-POSITIVE BACTERIA

Minocycline is active against some strains of methicillin- 
resistant Staphylococcus aureus, methicillin-resistant coagulase- 
negative staphylococci, and penicillin-resistant Streptococcus 
pneumoniae (Petersen et al., 1999; Milatovic et al., 2003; 
Zhang et al., 2004; Bouchillon et al., 2005; Waites et al., 2006; 
Reinert et al., 2007; Cunha, 2013). However, there are regional 
differences in minocycline activity, especially against MRSA 
isolates. In a recent large Japanese study of 830 MRSA bacte-
remia isolates collected in the years 2008–2011, resistance to 
minocycline was observed in 56.6% (Hanaki et al., 2014). A 
recent study of 45 vancomycin-resistant enterococci (VRE) 
isolates in Shanghai found that most (84.4%) were suscepti-
ble to minocycline (Chen et al., 2016).Figure 69.1. Chemical structure of minocycline.
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Table 69.1. Overview of the susceptibility of various pathogens that are clinically relevant for minocycline use.

Organism MIC90 (μg/ml) Range (μg/ml) ECOFF (μg/ml)

Gram-positive bacteria
Staphylococcus aureus 0.25 0.016–16 0.25
S. aureus–MRSA 0.25–8 ≤ 0.03–16 0.5
S. aureus–MSSA 0.12–0.5 0.03–≥ 8 0.5
S. epidermidis 0.5 0.06–2 ND
S. epidermidis–MRSE 0.5–1 ≤ 0.06–32 ND
S. epidermidis–MSSE 0.25–0.5 ≤ 0.06–8 ND
S. haemolyticus 2 0.06–16 ND
Enterococcus faecalis vanco-S   8–32 0.03–≥ 32 0.5
E. faecium vanco-S   4–32 0.03–32 0.5
E. faecium vanco-R   4–≥ 16 0.06–≥ 16 0.5
Streptococcus pyogenes 0.12–64 0.03–64 0.5
Streptococcus group G 32 0.03–32 0.5
S. agalactiae 0.5–32 0.03–32 0.5
S. pneumoniae 0.5–16 0.016–32 0.5
Streptococcus, viridans group 16 0.03–64 0.5
S. anginosus 0.5 0.06–16 0.5
S. oralis 8 0.03–32 0.5
Nocardia spp. 2 ≤ 0.06–2 ND

Gram-negative bacteria
Acinetobacter spp. 2 0.06–8 ND
Acinetobacter baumannii 8 0.5–16 ND
Burholderia pseudomallei 2 0.12–2 ND
Citrobacter spp. 4 0.25–32 8.0
Enterobacter spp. 4 0.25–8 ND
E. aerogenes 4 0.25–64 16.0
E. agglomerans 1 0.25–4 ND
E. cloacae 16 0.5–64 16.0
E. dissolvens 4 0.5–4 ND
Escherichia coli 16 0.125–64 4.0
Fusobacterium spp. 0.12 ≤ 0.015–0.12 ND
Haemophilus influenzae 0.25–1 0.03–8 1.0
Helicobacter pylori 2 0.12–2 ND
Klebsiella spp. 4 0.125–64 ND
K. oxytoca 4 0.5–32 8.0
K. pneumoniae 16 0.125–64 8.0
Moraxella catarrhalis 0.06–0.25 ≤ 0.03–1 0.25
Morganella morganii 32   2–64 ND
Neisseria meningitidis 0.5 0.06–1 1.0
Proteus mirabilis 32 0.5–64 ND
Serratia spp. 4 0.06–16 ND
S. liquefaciens 2 0.25–4 64.0
Stenotrophomonas maltophilia 0.25–32 0.06–32 1.0
Yersinia enterocolitica 2 0.25–4 4.0

Other bacteria
Chlamydophila pneumoniae 0.06 0.03–0.06 ND
Chlamydophila psittaci 0.06 0.03–0.06 ND
Chlamydia trachomatis 0.03 0.015–0.06 ND
Mycobacterium marinum 4   2–8 ND
Mycoplasma pneumoniae   1–2 0.06–8 ND
Ureaplasma urealyticum 0.25 0.06–0.5 ND

Abbreviations: ECOFF: the epidemiological cut-off value that separates microorganisms without (wild type) and with acquired resistance mechanisms (non-wild 
type); MRSA: methicillin-resistant S. aureus; MSSA: methicillin-susceptible S. aureus; MRSE: methicillin-resistant S. epidermidis; MSSE: methicillin-susceptible 
S. epidermidis; ND: not determined; vanc-R: vancomycin-resistant; vanco-S: vancomycin-susceptible.

Source: Data compiled from Irie et al. (1997); Donati et al. (1999); Petersen et al. (1999); Goldstein et al. (2000); Ikejima et al. (2000); Kenny and Cartwright (2001); 
Betriu et al. (2002); Milatovic et al. (2003); Zhang et al. (2004); Bouchillon et al. (2005); Hoban et al. (2005); Waites et al. (2006); Cercenado et al. (2007); Reinert 
et al. (2007); and EUCAST (2016).
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GRAM-NEGATIVE BACTERIA

Activity against enteric Gram-negative rods is generally poor, 
but there are exceptions. Recent studies suggest reasonable in 
vitro activity against some strains of Acinetobacter baumannii, 
and clinical studies using minocycline in combination with 
other agents (especially carbapenems) have shown efficacy of 
the combined therapies against Gram-negative rods in some 
cases (see section 7, Clinical uses of the drug) (Tan et al., 
2007; Liang et al., 2011; Akers et al., 2009; Neonakis et al., 2014; 
Ritchie and Garavaglia-Wilson, 2014; Falagas et al., 2015; 
Colton et al., 2016). Some strains of Stenotrophomonas 
maltophilia and Aeromonas hydrophila are inhibited by clini-
cally attainable concentrations of minocycline (Petersen et 
al., 1999; Ko et al., 2001; Betriu et al., 2002; Milatovic et al., 
2003; Zhang et al., 2004). MIC90 values of minocycline for the 
respiratory pathogens Haemophilus influenzae and Moraxella 
catharralis are low, at ≤ 1 μg/ml (Petersen et al., 1999; Mila-
tovic et al., 2003; Zhang et al., 2004). Against a number of 
specific clinical pathogens, including Burkholderia pseudo
mallei (Thibault et al., 2004), and Helicobacter pylori (Irie et 
al., 1997; Cheng et al., 2015), minocycline has an excellent 
activity. In vitro, a synergistic inhibitory effect on Vibrio chol
erae has been noted with cefazoline or cefotaxime in combi-
nation with minocycline, although the clinical relevance of 
this observation is uncertain (Su et al., 2005).

INTRACELLULAR PATHOGENS

Minocycline is active against a variety of intracellular micro-
organisms, including Mycoplasma pneumoniae (Ikejima et 
al., 2000; Kenny and Cartwright, 2001), Ureaplasma urealy
ticum (Kenny and Cartwright, 2001), Chlamydia trachoma
tis, Chlamydophila psittaci, and C. pneumoniae (Donati et al., 
1999). A recent review suggested that this in vitro activity is 
supported by reasonable clinical activity against these patho-
gens when minocycline has been used instead of doxycycline 
(Carris et al., 2015).

PARASITES

Minocycline shows some activity against various protozoan 
parasites, such as Toxoplasma gondii, Giardia lamblia, Tricho
monas vaginalis, Leismania major, and Entamoeba histolytica 
(Edlind, 1989; Chang et al., 1991; Chopra et al., 1992). Mino-
cycline is more lipophilic than tetracycline and this may improve 
its penetration into the cells of these parasites (Katiyar and 
Edlind, 1991). 

In a recent study assessing the pharmacokinetics and 
anti-Wolbachia efficacy in a murine Brugia malayi model of 
minocycline versus doxycycline, minocycline was thought to 
deplete Wolbachia more effectively than doxycycline (99.51% 
vs. 90.35%) after a 28 day, 25 mg/kg twice daily regimen. This 
may have relevance to the treatment of lymphatic filariasis 
and onchocerciasis (both parasitic helminth diseases which 
cause severe morbidities such as elephantiasis, skin disease, 
and blindness), since targeting the endosymbiotic bacte-
rium, Wolbachia, may deliver macrofilaricidal activity and a 
block in microfilarial production (Sharma et al., 2016).

OTHER MICROORGANISMS

Minocycline shows activity against Mycobacterium marinum 
(Brown et al., 1996; Wallace et al., 2002; Bonamonte et al., 
2013), Mycobacterium massiliense (Nakanaga et al., 2011), 
and M. leprae (Legendre et al., 2012; Setia et al., 2011). It is 
also active against Nocardia species, although some in vitro 
testing variability has been noted, depending on the species, 
and some studies have reported reasonable (~30%) rates of 
intermediate susceptibility of Nocardia species to minocy-
cline (MIC values at or near 2 µg/ml) (Cercenado et al., 2007; 
Minero et al., 2009; Conville et al., 2012). Additionally, MIC90 
values of minocycline against 28 different aerobic and anaer-
obic animal and human bite wound pathogens were all ≤ 1 
μg/ml, except for enterococci (16 μg/ml), Prevotella hepari
nolytica (8 μg/ml), Prevotella spp. (8 μg/ml), and Pepto strep
toccus spp. (8 μg/ml) (Goldstein et al., 2000).

Minocycline also inhibits Candida albicans and C. tropi
calis in vitro (Waterworth, 1974). At present, there is no con-
clusive molecular explanation for these findings.

Although minocycline has been noted to have some in 
vitro antiviral activity against various viruses in some animal 
models, this has little clinical relevance (Nagarakanti and Bish-
burg, 2016). Similar to corticosteroids, minocycline should not 
be given to patients with suspected rabies due to concerns about 
aggravating the disease (Appolinario and Jackson, 2015).

2b.  Emerging resistance and 
cross-resistance

Tetracycline resistance (Chopra and Roberts, 2001) is often a 
result of the microorganism’s acquisition of new genes, and 
to a lesser extent of mutations. A variety of tet genes and otr 
genes have been characterized. These genes code either for 
efflux pump proteins or ribosomal protection proteins. Efflux 
genes are found in both Gram-negative and Gram-positive 
microorganisms. Most of the efflux proteins confer resistance 
to tetracycline, but not to minocycline, with the exception of 
the protein coded by the Gram-negative tet(B) gene, which 
confers resistance to both, as do the ribosomal protection 
proteins. Ribosomal protection genes have now been identi-
fied in Gram-positive and Gram-negative pathogens (Bea-
bout et al., 2015). Susceptibility patterns of clinical isolates 
vary from region to region (Hoban et al., 2005). Although 
minocycline is a commonly used agent for acne (see section 
7, Clinical uses of the drug), resistance rates as high as 25% 
have been reported for propionibacteria. These resistance 
rates are owing to mutations rather than the acquisition of tet 
genes (Ross et al., 1998). Resistance to tetracyclines in general is 
discussed more extensively in the tetracycline and doxycycline 
chapters (Chapter 57, Tetracycline; Chapter 68, Doxycycline).

3. MECHANISM OF DRUG ACTION

Minocycline passes directly through the lipid bilayer or pas-
sively diffuses through porin channels in the bacterial mem-
brane, but uptake across the cytoplasmic membrane is energy 
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and pH dependent. Tetracyclines, like minocycline, bind 
principally to the 30S ribosomal subunits and specifically 
inhibit the enzyme binding of the aminoacyl tRNA molecule 
to the adjacent ribosomal acceptor site (A site), interfering 
with protein synthesis (Cundliffe and McQuillen, 1967; Ras-
mussen et al., 1991; Chopra and Roberts, 2001). The binding 
is reversible, providing an explanation of the bacteriostatic 
effect of the tetracyclines (Chopra et al., 1992). Additionally, 
tetracyclines inhibit protein synthesis in mitochondria 
through their binding to 70S ribosomes, which explains their 
antiparasitic activity in protozoa-containing mitochondria. 
A number of protozoa lacking mitochondria, nevertheless, 
are susceptible to tetracyclines (Endlind, 1991). Tetracyclines 
may also cause alterations in the cytoplasmic membrane, 
thereby allowing leakage of nucleotides and other com-
pounds from the cell. This action would explain the rapid 
inhibition of DNA replication occurring at cell membrane 
sites that ensues when cells are exposed to concentrations of 
tetracycline in excess of that needed for protein inhibition (Pato, 
1977). In addition, tetracyclines appear to inhibit adhesion of 
bacteria to human cell surfaces and so render the bacteria 
less pathogenic. These drugs probably inhibit the syn thesis 
of a specific protein that becomes embedded in the bacterial 
cell surface (Chopra and Hacker, 1986; Schifferli and Beachey, 
1988).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Minocycline is mainly marketed for oral administration, 
however, an intravenous formulation is also available. The 
oral formulation is available as a capsule, a coated tablet 
(containing 50 or 100 mg), and as powder for suspension. 
For periodontal disease and acne, respectively, microspheres 
and extended-release capsules have been developed (Song et 
al., 2014; Bland et al., 2010). Formulations for parenteral use 
are also available. The availability of the different formulati-
ons varies from country to country.

4a.  Adults

The oral dosage for adults consists of an initial loading dose 
of 200 mg followed by a maintenance dose of 100 mg every 
12 hours.

Preparations of the drug suitable for i.v. administration 
are available in some countries. The adult dosage of the drug 
is 200 mg initially, followed by 100 mg every 12 hours. Each 
dose has to be dissolved in 500 or 1000 ml of glucose or 
saline fluid for slow i.v. infusion over a period of 0.5–1.0 hour 
(Ritchie and Garavaglia-Wilson, 2014; Colton et al., 2016).

4b.  Newborn infants and children

Minocycline should generally not be given to children under 
nine years of age because of the risk of permanent tooth dis-
coloration. When the drug is administered to a child, the 

loading dose is 4 mg/kg orally at the first day of treatment, 
followed by 2 mg/kg every 12 hours.

4c.  Pregnant and lactating mothers

As with other tetracyclines, minocycline should be avoided 
in pregnancy. It has been assigned to pregnancy category D 
by the FDA, with animal studies showing evidence of embryo 
toxicity and fetotoxicity, including toxic effects on skeletal 
formation. There are no controlled data in human pregnancy. 
Minocycline crosses the placenta and may cause fetal harm 
(FDA, 2016c).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Because only a small amount of the drug is excreted in urine, 
it could be expected that only minor dosage adjustments are 
required in patients having impaired renal function. Some 
investigators found that minocycline excretion was not sig-
nificantly reduced in patients with renal failure and that 
minocycline did not accumulate in the serum (Carney et al., 
1974; Welling et al., 1975; Sklenar et al., 1977). Welling et al. 
(1975) have further studied the pharmacokinetics of mino-
cycline in patients with renal failure. After a single i.v. infusion 
of 100 mg minocycline given over 30 minutes, the resultant 
serum levels in patients with normal renal function and 
those with various grades of renal functional impairment, 
including two who were essentially anephric, were similar. 
In contrast, Bernard et al. (1971) showed that there was a 
prolongation of the serum half-life of the drug, from 18 to 
68 hours, which was in direct relationship to the severity of 
the patient’s renal failure. George et al. (1973) demonstrated 
that minocycline administration caused exacerbation of pre- 
existing renal insufficiency. Although these results suggested 
that minocycline may be used safely in the presence of mild 
renal failure, the drug should be used cautiously. An increase 
of catabolic activity has been reported in patients with end-
stage renal disease and in healthy subjects after the adminis-
tration of large doses (Devulder et al., 1974; Jonas and Cunha, 
1982). The normal recommended dose per day should not be 
exceeded, because the protein catabolic effect of the drug is 
dose-dependent. In patients with renal impairment, a resul-
tant small increase in urea production may be sufficient to 
aggravate uremia (Carney et al., 1974).

Minocycline pharmacokinetics are not modified by hemo-
dialysis, forced diuresis, or peritoneal dialysis (Carney et al., 
1974; Jonas and Cunha, 1982). Addition of minocycline to 
peritoneal dialysis fluids is not recommended because they 
are well absorbed from the peritoneal cavity (Kunin, 1967).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

No changes in relation to minocycline pharmacokinetics were 
observed in patients with liver cirrhosis (Jonas and Cunha, 
1982). Some animal studies suggest a possible mild neuro-
protective effect by minocycline in hepatic encephalopathy. 
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This is possibly because minocycline is a potent inhibitor of 
microglial activation and therefore likely to attenuate the 
encephalopathy grade and prevent brain edema in experi-
mental acute liver failure (Butterworth, 2011; Gamal et al., 
2014). However, the clinical relevance of this in humans is 
uncertain. The FDA suggests caution when using minocy-
cline in patients with liver disease (FDA, 2016a).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Minocycline is essentially completely absorbed from the stom-
ach, the duodenum, and the jejunum after oral administra-
tion. The absorption does not seem to be significantly impaired 
by administration with food or milk (Smith et al., 1984). The 
serum half-life of minocycline is approximately 16 hours after 
single dose administration (Bernard et al., 1971; MacDonald 
et al., 1973; Devulder et al., 1974; Cart wright et al., 1975; 
Heaney and Eknoyan, 1978; Jonas and Cunha, 1982; Saivin 
and Houin, 1988), and increases up to 21 hours after repeated 
administration (Sklenar et al., 1977). Plasma protein binding 
of minocycline ranges from 70% to 80%. 

Newer formulations of minocycline appear to have bio-
equivalence to older products. In a crossover, randomized, 
single-blinded study in 12 fasting healthy adult male and 
female volunteers, the bioequivalence of two capsule formu-
lations containing 100 mg minocycline was assessed, with no 
differences found between the new formulation and the ref-
erence compound (Setiawati et al., 2009).

5b.  Drug distribution

The drug is highly lipophilic and has an excellent distribu-
tion in tissues (Saivin and Houin, 1988). The volume of dis-
tribution estimates vary from 80 to 115 liters (MacDonald et 
al., 1973; Hensle et al., 1977; Poirier and Ellison, 1979; Jonas 
and Cunha, 1982; Saivin and Houin, 1988).

After a 150 mg oral dose is given to adults, an average 
peak serum level of 2.19 μg/ml is reached in 2 hours, which 
progressively falls to 1.85 μg/ml at 4 hours, 1.40 μg/ml at 8 
hours, and 0.53 μg/ml at 24 hours. The drug may be detected 
in serum for up to 48 hours after this single oral dose 
(Steigbigel et al., 1968). After an oral loading dose of 200 mg 
minocycline, peak serum levels occur after 2–4 hours and are 
usually in the range of 2–4 μg/ml (Cartwright et al., 1975; 
Wood et al., 1975; Saivin and Houin, 1988). After this dose, a 
serum level of about 1 μg/ml is still detectable after 24 hours 
(Cartwright et al., 1975). If after an initial oral dose of 200 mg 
a dose of 100 mg every 12 hours is continued, serum levels 
are maintained in the range of 2.3–3.5 μg/ml (MacDonald et 
al., 1973; Carney et al., 1974; Jonas and Cunha, 1982). When 
an oral dose of 100 mg minocycline was given twice daily, 
peak serum levels were reached after 5 days, and these were 
significantly higher in women (mean 3.4 μg/ml) than in men 
(mean 2.45 μg/ml) (Fanning et al., 1977). This is probably 

related to the smaller size of women. A significant inverse 
correlation has been demonstrated between body surface 
area and serum concentrations (Bernard et al., 1971; Fan-
ning et al., 1977), but, in another study, this was not always 
demonstrable (Gump et al., 1977).

Extended-release minocycline tablets have been shown to 
yield a delayed tmax (3.5–4 hours versus 2.25–3 hours) and a 
lower Cmax (90%) in the blood after the first dose versus a 
nonmodified release minocycline formulation. At steady state 
day 6, the AUC0–24 and Cmax were 33.3 μg·h/ml and 2.6 μg/ml, 
respectively (nonmodified formulation 46.3 μg·h/ml and 2.9 
μg/ml, respectively) (Plott and Wortzman, 2006).

When a 100 mg dose of minocycline dissolved in 200 ml 
of 5% dextrose in water is infused over 30 minutes, a mean 
peak serum level of 8.75 μg/ml is attained immediately after 
infusion, and levels of 3.37, 1.96, 1.32, and 0.81 μg/ml are 
detected 4, 12, 24, and 36 hours later, respectively (Welling et 
al., 1975). If a dose of 200 mg dissolved in 500 ml is infused 
daily over a period of 1 hour, serum levels of 1–4 μg/ml are 
maintained (MacDonald et al., 1973; Saivin and Houin, 
1988). Similar results were obtained when the same dose was 
infused over 6 hours, but a mean serum level of 6.2 μg/ml 
was reached immediately on cessation of the infusion (Car-
ney et al., 1974).

The lipophilic property of minocyclin facilitates the trans-
port of minocycline across lipid-rich cell membranes, and 
therefore the drug penetrates more readily into tissues and 
into bacterial cells than all other tetracyclines, and in most 
instances its tissue levels exceed simultaneous serum levels 
(Nikaido and Thanassi, 1993). Highest concentrations are 
found in thyroid, lung, gastrointestinal tract, liver, gallblad-
der, and in bile. Concentrations exceeding those in the serum 
are also obtained in the prostate, uterus, ovaries, fallopian 
tubes, breast, skin, tonsils and maxillary sinuses, eyes, pul-
monary tissue, and intestinal epithelium, but lower concen-
trations are found in sweat, sebum, saliva, and seminal fluid 
(MacDonald et al., 1973; Bergogne-Berezin et al., 1977; Four-
tillan and Saux, 1977; Hensle et al., 1977; Jonas and Cunha, 
1982). Aubin et al. (1989) found no concentrations of mino-
cycline in sebum, and bioavailability in breast milk is low 
because of chelation of the antibiotic in milk (Chow and 
Jewes son, 1985; Hunt et al., 1996). The penetration into breast 
milk of various agents used to treat MRSA infections has 
been reviewed (Mitrano et al., 2009).

Naline et al. (1991) measured minocycline concentrations 
in mucus and lung tissue removed from lung cancer patients. 
The patients had received oral minocycline 100 mg daily for 
a 3 day period just prior to surgery. The minocycline bron-
chial mucus–plasma concentration ratios were much higher 
than what had been found in ordinary sputum samples 
reported in other studies (MacCulloch et al., 1974; Ruhen 
and Tandon, 1975; Brogan et al., 1977; Clauzel et al., 1978; 
Jonas and Cunha, 1982; Maesen et al., 1989), with mucus 
concentrations exceedingthe plasma concentrations by a fac-
tor 1.5 to 4. Mean concentrations in healthy lung paren-
chyma were 3.02 ± 1.44 μg/g with a mean tissue–plasma ratio 
of 3.78 ± 1.10. Approximately similar concentrations were 



6. Adverse reactions and toxicity 1235

detected in bronchial wall and arterial wall tissues. Similar 
data were obtained by Watanabe et al. (2001).

Concentrations of minocycline were measured by Goto et 
al. (1998) in prostatic tissue obtained from patients with 
benign prostatic hypertrophy undergoing resection of the 
prostate, after receiving 200 mg of the drug 3 hours before 
resection; the mean tissue–serum ratio was 0.94 ± 0.39; but 
the prostatic fluid–serum ratio was lower.

Although minocycline penetrated into the cerebrospinal 
fluid (CSF) of subjects independently of inflammatory dis-
ease and better than doxycycline and other tetracyclines, the 
levels achieved were low (MacDonald et al., 1973; Carney 
et  al., 1974; Jonas and Cuna, 1982). Minocycline tear and 
corresponding plasma levels were measured by Tabbara and 
Cooper (1989): the mean trough tear level 24 hours after a 
single oral dose of 100 mg monocycline was 189 ± 58 ng/ml, 
and the mean corresponding plasma level was 578 ± 290 ng/
ml. Minocycline achieved higher concentrations in saliva 
than other tetracyclines (Hoeprich and Warshauer, 1974). This 
probably explains why minocycline is effective for the treat-
ment of meningococcal carriers, whereas other tetracyclines 
are not. Minocycline also diffuses into skeletal muscle, bone, 
skin, lymph nodes, fatty tissues, and aqueous and vitreous 
humors (Fourtillan and Saux, 1977; Hensle et al., 1977; Poirier 
and Ellison, 1979; Jonas and Cunha, 1982).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Minocycline’s pharmacodynamic profile was studied in an in 
vitro pharmacokinetic model. By simulating human concentra-
tion profiles against S. aureus, it was shown that the AUC/MIC 
ratio was related to efficacy (Bowker et al., 2008). At higher con-
centrations, minocycline appeared to be bactericidal.

5d.  Excretion

High concentrations of minocycline have been detected in 
bile, and a proportion of bile released into the intestine is 
reabsorbed from the intestine. Between 8% and 13%, and 
20% and 30%, of an administered dose of minocycline is 
excreted unchanged in the urine and feces, respectively 
(MacDonald et al., 1973; Welling et al., 1975; Wood et al., 
1975; Jonas and Cunha, 1982; Saivin and Houin, 1988). The 
rest is subject to hydroxylation and demethylation in the 
liver and eliminated in modified form either in the urine or 
feces (Jonas and Cunha, 1982; Nelis and DeLeenheer, 1982; 
Saivin and Houin, 1988). Protracted use of minocycline did 
not lead to accumulation of the drug, and there was no evi-
dence of renal toxicity in normal or uremic subjects (Carney 
et al., 1974; Saivin and Houin, 1988).

5e.  Drug interactions

Co-administration of atazanavir and minocycline may lead 
to significant decreases in atazanavir plasma concentrations 

(DiCenzo et al., 2008). Co-administration of minocycline 
and digoxin can result in increased digoxin levels (Roos and 
Merk, 2000). An increased incidence of pseudotumor cerebri 
has been reported in patients receiving isotretinoin or vita-
min A in combination with minocycline (Moskowitz et al., 
1993; Fraunfelder and Fraunfelder, 2004).

6. ADVERSE REACTIONS AND TOXICITY

In a systemic review, Smith and Leyden (2005) summarized 
the adverse events of doxycyline and minocycline as reported 
in the literature from 1966 to 2003. In case reports they 
found 333 adverse reactions, and in 11 clinical trials there 
were 788 patients with adverse events associated with mino-
cycline. Central nervous system and gastrointestinal side 
effects were most common in the clinical trials, with rates 
ranging from 3% to 67% and 1% to 50%, respectively. The 
predominant adverse events found in the case reports were 
hyperpigmentation, hypersensitivity reactions, and auto-
immune effects. Based on recorded adverse events and pre-
scriptions of minocycline dispensed in the United States 
between January 1998 and August 2003, the overall inci-
dence of adverse events of the drug was calculated to be 13 
per million prescriptions per year. Based on U.S. Food and 
Drug Administration (FDA) data, minocycline had a five 
times higher rate of adverse reactions than doxycycline (Smith 
and Leyden, 2005).

In an earlier study assessing patients receiving minocy-
cline at various doses solely for the treatment of acne, Goul-
den et al. (1996) reviewed 700 patients (398 males, 302 
females) and found broadly similar results. The mean age 
was 21.6 years (the range 13–48 years) and the mean dura-
tion of treatment was 10.5 months (the range 2 weeks to four 
years). Side effects were reported in 13.6%. Vestibular dys-
function and gastrointestinal symptoms were most common, 
followed by hyperpigmentation, other central nervous sys-
tem effects, and skin symptoms. An increase in the incidence 
and severity of side effects with increasing dose was observed, 
but was not statistically significant, except for pigmentation. 
No significant change in hematologic and biochemical blood 
parameters was recorded. Patients over the age of 35 years 
had statistically more side effects than younger patients. 

A recent French study assessed the quantitative and qual-
itative differences among adverse drug reactions (ADRs) 
associated with different tetracyclines, but especially minocy-
cline and doxycycline, using data collected from the French 
Pharmacovigilance Database (FPD), marketing authorization 
holders, sales data, and the literature. Among the tetracy-
clines available in France, doxycycline and minocycline were 
the most frequently used. However, sales of these drugs 
decreased between 1995 and 2007, more sharply for minocy-
cline than doxycycline. According to the FPD, minocycline- 
associated ADRs were more serious than those of other 
 tetracyclines and were reported more frequently than for the 
other tetracyclines. Minocycline and doxycycline ADR patterns 
differed: gastrointestinal disorders (especially esophageal 
lesions) predominated with doxycycline, while intracranial 
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hypertension and hepatic disorders were primarily reported 
with minocycline. Autoimmune disorders, drug reactions with 
eosinophilia and systemic symptoms (DRESS), and other 
hypersensitivity reactions were also more frequent with 
minocycline. The authors of the French study concluded that 
in the absence of markedly better efficacies in relation to the 
various indications for tetracyclines, the minocycline bene-
fit/risk ratio was clearly lower than that of doxycycline, and 
that minocycline should no longer be considered first-line 
therapy for inflammatory skin disorders, especially acne 
(Lebrun-Vignes et al., 2012)

6a.  Central nervous system effects

Minocycline can cause reversible dizziness, lack of concen-
tration, ataxia, vertigo, tinnitus associated with weakness, 
nausea, and vomiting. Before 1974, symptoms of vestibular 
dysfunction attributed to minocycline were reported at an 
average rate of 4.5–7.2% (Allen, 1976). Williams et al. (1974) 
reported that 17 (80%) of 19 patients receiving minocycline 
developed vestibular side effects. Subsequently, a number of 
small studies in the United States confirmed a high frequency 
(86–96%) of vestibular symptoms, in which 12–52% of cases 
were so severe that treatment with the drug had to be aban-
doned (Jacobson and Daniel, 1975). Side effects due to mino-
cycline have been studied in controlled trials using volunteers 
(Fanning et al., 1977; Gump et al., 1977). All toxic effects 
(including vestibular symptoms) were more common in 
women, with vestibular side effects occurring in 70.4%. This 
may be related to more extensive use, but also to higher 
serum concentrations in females. Most side effects occurred 
on the third day of therapy, at times that coincided with peak 
minocycline serum levels (Fanning et al., 1977). A second 
trial showed that there was no significant difference in ves-
tibular symptoms between participants who received a daily 
dose of 150 mg and those who received one dose of 200 mg 
minocycline, the symptoms occurring at rates of 53.3% and 
66.7%, respectively (Gump et al., 1977). Two additional 
symptoms were observed in this trial, lightheadedness in 
53.3%, and feelings of dissociation in about 50% of volun-
teers. The majority of these were mild and transient. Also in 
this study, the overall incidence of toxicity was higher in 
women than in men. Masterton and Schofield (1974) reported 
a very low frequency of side effects (1.5%) in men receiving a 
single dose of 300 or 400 mg minocycline in the treatment of 
gonnorhea. A study performed in 20 healthy young women 
before and after the intake of 100 mg minocycline seven 
times over three days revealed that the drug provokes a pon-
tomedullary liberation of the central vestibular regulating 
mechanisms. Participants in this study increasingly com-
plained about vertigo, instability, malaise, and wretching (Claus-
sen et al., 1987).

In a 12 week acne treatment protocol, a once daily dose 
of 1 mg/kg of an extended-release minocycline formulation 
demonstrated a safety profile similar to that of placebo. 
Higher doses (2 and 3 mg/kg) did not provide greater efficacy, 
but demonstrated increased rates of adverse events, especially 

vestibular adverse events (Stewart et al., 2006). Extended-
release formulations show delayed times to maximum con-
centration and also lower maximum concentrations in the 
blood, compared with nonmodified release formulations. 
The potential for vestibular side effects is probably linked to 
a greater spike rise of minocycline in the serum (Fleischer et 
al., 2006).

Pseudotumor cerebri or idiopathic intracranial hyperten-
sion (IIH) is characterized by optic disk edema and a high 
opening pressure on lumbar puncture examination, with 
normal CSF and brain imaging. In young infants, it is  
also known as the “bulging fontanelle syndrome.” Several 
 minocycline-related cases of IIH have been reported, in both 
adults and children (Koch-Weser and Gilmore, 1967; Maroon 
and Mealy, 1971; Pearson et al., 1981; Walters and Gubbay, 
1981; Lander, 1989; Donnet et al., 1992; Shiri and Amichai, 
1997; Chiu et al., 1998; Oswald et al., 2001; Weese-Mayer et 
al., 2001; Ang et al., 2002; Mochizuki et al., 2002; Kesler et al., 
2004; Bandini, 2005). The mechanism is likely related to low 
CSF absorption at the level of the arachnoid villi. Most 
patients developed the syndrome within 4–8 weeks of start-
ing minocycline, but cases arising after one year of minocy-
cline use have been reported. The prevalence may be as high 
as 1.0–1.4% among persons taking minocycline. The patients 
complained of severe headache accompanied by dizziness, 
nausea, blurring of vision, and, rarely, palsy of the 6th cranial 
nerve (nervus abducens). A serious complication is visual 
loss, which can be sudden or gradual and can occur at any time 
during the disease. Withdrawal of minocycline and treat-
ment for increased intracranial pressure lead to resolution of 
the pseudotumor cerebri syndrome, but visual field loss may 
persist.

6b.  Gastrointestinal side effects

Nausea is the most common gastrointestinal symptom which 
occurs with minocycline, and this occurred in 40–50% of 
female volunteers, but vomiting and diarrhea were much less 
common (Fanning et al., 1977; Gump et al., 1977; Smith and 
Leyden, 2005). Other rare gastrointestinal symptoms are epi-
gastric pain, flatulence, and esophageal erosion (see Chapter 
68, Doxycycline) (Oriel and Ridgway, 1983; Smith and Ley-
den, 2005).

6c.  Hypersensitivity reactions

Hypersensitivity reactions having a wide range of symptoms 
induced by minocycline have been described. Although these 
side effect are uncommon, they can be severe and, in some 
cases, life-threatening. Most patients recover fully after with-
drawal of minocycline, but may need supportive treatment 
and the administration of steroids. Rechallenge with mino-
cycline is currently not recommended for patients with seri-
ous reactions.

Various minocycline-induced hypersensitivity reactions 
with eosinophilia and systemic involvement have been charac-
terized by rash, cutaneous eruption, fever, lymphadenopathy, 
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eosinophilia, hepatitis, and involvement of the kidneys, lung, 
and heart (Walker et al., 1979; Wilkinson et al., 1989; Sitbon 
et al., 1994; Fletcher and Sellars, 1996; Christe et al., 2000; 
Kiessling et al., 2001). Severe side effects such as anaphylaxis, 
Stevens–Johnson Syndrome, DRESS, and persistent myocar-
ditis have all been reported (Talsania and O’Toole, 2009; Eshki 
et al., 2009; Shaughnessy et al., 2010; Yoon et al., 2010; Jang 
et al., 2010; Kanno et al., 2014). Minocycline-induced hemo-
lytic anemia and thrombocytopenia can occur, but these 
are rare (Kudoh et al., 1994; D’Addario et al., 2003). Mino-
cycline was also identified as the causal agent of Sweet’s syn-
drome (acute febrile neutrophilic dermatosis) (Mensing and 
Kowalzick, 1991; Thibault et al., 1992; Kalai et al., 2012). Severe 
acute myopathy with elevated muscle enzyme levels have 
been observed in patients receiving minocycline (Narvaez 
and Vilaseca-Momplet, 2004).

6d.  Autoimmune disease

There have now been numerous reports regarding mino-
cycline- induced autoimmune syndromes and hypersensitiv-
ity reactions, with most cases seen in young patients treated 
for acne with prolonged courses of therapy (Elkayam et al., 
1999; Piette et al., 1999; Smith and Leyden, 2005; Brown et 
al., 2009). These autoimmune disorders include, in order of 
decreasing prevalence, drug-induced lupus, drug-induced 
autoimmune hepatitis, drug-induced serum sickness, and 
drug-induced vasculitis. Lupus is the most reported minocy-
cline-related autoimmune adverse event, and, in general, the 
patients are young females who have received the drug for 
over two years (Knowles et al., 1996; Elkayam et al., 1999; 
Nietsch et al., 2000; Oddo et al., 2003). Eight of 13 patients 
with minocycline-induced lupus, described by Dunphy et al. 
(2000), possessed human leukocyte antigens DR3 and/or 
DR4. Minocycline-induced hepatitis is more common in 
young males and also after protracted use of the drug (Elka-
yam et al., 1999). Vasculitis has also been described after pro-
tracted treatment (Elkayam et al., 1999), whereas serum 
sickness–like reactions develop within weeks after the start 
of treatment (Levenson et al., 1996; Elkayam et al., 1999). At 
least eight cases of biopsy-proven, minocycline-induced 
polyarteritis nodosa have been described, with the vasculitis 
generally resolving after discontinuation of the minocycline, 
without need for corticosteroids (Tehrani et al., 2007). Schaffer 
et al. (2001) described two females with  minocycline-induced 
anti-neutrophil cytoplasmic antibody (ANCA)–positive poly-
arteritis nodosa who had received minocycline for more 
than three years. A minocycline ANCA-associated glomeru-
lonephritis was reported by Sethi et al. (2003). Lenert et al. 
(2013) described an interesting case of biopsy-proven sys-
temic vasculitis presenting as an antinuclear antibody (ANA)– 
positive, ANCA-positive polyarteritis nodosa–like syndrome 
in a male patient who had been taking minocycline for acne 
for about two years. The patient initially presented with con-
stitutional symptoms, including profound weight loss and 
fatigue, myalgias, oligoarticular arthritis, and livedo reticu-
laris; but later developed severe left testicular pain, which on 

biopsy showed vasculitis complicated with testicular infarction. 
Angiography revealed microaneurysms in the renal and splenic 
circulation. The patient improved with cessation of minocycline 
and a short course of prednisone and hydroxychloroquine.

6e.  Discoloration and pigmentation

Tetracyclines cause teeth discoloration by them becoming 
chelated with free calcium during teeth development up to 
the age of seven years. Minocycline causes discoloration and 
pigmentation by some other mechanism, in that it complexes 
poorly with calcium, but does chelate with iron-containing 
substances or melanin, to form insoluble complexes (Fenske 
et al., 1980; Simons and Morales, 1980; Poliak et al., 1985; 
Argenyi et al., 1987; Okada et al., 1993; Hunt et al., 1996). In 
a controlled study in children younger than eight years of 
age, dental staining and defects were found in 34% of chil-
dren exposed to minocycline (duration of treatment was < 3 
weeks, for brucellosis) and in 37% of matched controls. 
Discolorations were found in two patients in each group 
(Cascio et al., 2004). Based on their data, these authors sug-
gested that minocycline can be used, if indicated, for < 3 weeks 
in pediatric patients. Poliak et al. (1985) and also Rosen and 
Hoffmann (1989) reported patients with discoloration of 
permanent teeth after receiving the drug for acne for periods 
of more than one year, but for only 4 weeks in one patient. 
There is a difference between minocycline and doxycycline 
in tooth discoloration effect (Poliak et al., 1985).

Minocycline-induced pigmentation of the skin has been 
frequently described (Smith and Leyden, 2005; Geria et al., 
2009; Hu et al., 2012; Gauer and Michelena, 2015). Other tis-
sues or organs showing pigmentation associated with minocy-
cline usage include nails (Mooney and Bennett, 1988; Ali et  
al., 2015); sclerae and conjunctivae (Sabroe et al., 1996; Kovach 
and Kovach, 2013); lips, gingivae, oral cavity, teeth, tympanic 
membrane and pinna (Chu et al., 1994; Siller et al., 1994; Reese 
and Grundfast, 2015); thyroid (Kandil et al., 2010); cardiac 
valvular tissue and aorta (Butler et al., 1985; Cohen et al., 
2016); breast milk (Hunt et al., 1996); and bones (including 
healing fractures) (Poliak et al., 1985; Cale et al., 1988; Rumbak 
et al., 1991; Kerbleski et al., 2013; Chauhan and McDougall, 
2014; Thiam et al., 2016).

Three types of minocycline-induced cutaneous pigmenta-
tion have been described: a localized blue-black macular pig-
mentation at sites of inflammation or scarring, usually on the 
face, chest, or legs; a purplish, blue-black, or grey localized 
and circumscribed macular pigmentation of normal skin 
of the arms; and a generalized muddy-brown pigmentation, 
with accentuation in sun-exposed areas (Fenske et al., 1980; 
Simons and Morales, 1980; Argenyi et al., 1987; Okada et al., 
1993). The localized forms of pigmentation tend to resolve 
slowly when the drug is stopped, but diffuse pigmentation 
persists. In the study by Goulden et al. (1996), localized and 
generalized pigmentation occurred in 2.4% of patients with 
acne, after a minimum period of eight months of treatment 
and a minimum total cumulative dose of 70 g of minocy-
cline. Other studies reported a prevalence of pigmentation in 
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patients with acne ranging from 3.7% to 5.6% (Dwyer et al., 
1993; Layton and Cunliffe, 1993). Localized pigmentation had 
also been described in patients after a brief course of therapy 
(Fenske et al., 1980; Layton and Cunliffe, 1989), whereas gen-
eralized pigmentation had been rarely reported in patients 
receiving less than a cumulative dose of 50 g of minocycline 
(Pepine et al., 1993). Other minocycline-induced cutaneous 
symptoms are urticaria, pruritis, and photosensitive rash 
(Sabroe et al., 1996). Pigmentation of the sclerae is seen only 
in patients with generalized cutaneous pigmentation and is 
characterized as the most severe of the drug-induced cutane-
ous changes (Sabroe et al., 1996). Single case reports of blue-
black pigmentation of the substantia nigra and of sclerotic 
nervous system plaques have been described as occurring 
after minocycline therapy (Landas et al., 1986). Black pig-
mentation of the thyroid has been observed at autopsy in five 
patients who had been taking minocycline for prolonged 
periods (Attwood and Dennett, 1976; Attwood, 1983; Landas 
et al., 1986).

Geria et al. (2009) described the three distinct types of 
pigmentation as follows: type I, blue-black/grey pigmentation 
appearing on the face in areas of scarring or inflammation 
associated with acne; type II, blue-grey pigmententation appear-
ing on normal skin of the shins and forearms; type III, diffuse 
muddy-brown discoloration in areas of sun exposure. Types I 
and II specimens reportedly stain for iron and melanin 
extracellularly, and within macrophages in the dermis; they 
tend to resolve slowly over time. Type III specimens gener-
ally show nonspecific increased melanin in basal keratino-
cytes and dermal melanophages, staining for melanin only; 
this type persists indefinitely. 

6f.  Hepatic and renal effects

Using a worldwide pharmacovigilance database (VigiBase), 
Ferrajolo et al. (2010) conducted a case/noncase study of sus-
pected adverse drug reactions (ADRs) occurring in children/
adolescents (aged < 18 years). Cases were the patient records 
with hepatic ADRs, and noncases were the other ADR records. 
Overall, 6595 (1%) of 624,673 ADR records were related to 
hepatic injury, with most of these occurring in children 12 to 
17 years of age. Drugs that were most frequently reported as 
suspected of causing hepatic injury included acetaminophen, 
valproic acid, carbamazepine, methotrexate, and minocycline.

Since minocycline therapy has been noted to attenuate 
kidney injury in animal models of acute kidney injury (AKI), 
the drug has been assessed for its potential protective effect 
against AKI in patients undergoing coronary artery bypass 
graft surgery (CABG). In a randomized, double-blinded, 
placebo-controlled, multicenter study of high-risk patients 
undergoing CABG (2008–2011), minocycline prophylaxis or 
placebo (19 patients per arm) was given twice daily, with 
patients receiving at least four doses pre-CABG. No difference 
in outcomes was observed between the two groups, with 
minocycline deemed as not protective against AKI post-CABG 
(Golestaneh et al., 2015).

7. CLINICAL USES OF THE DRUG

Minocycline has been used for a diminishing list of infec-
tions because of the similar efficacy but better tolerability 
of  doxycycline, and the availability of other more effective 
and/or safer drugs (Chopra and Roberts, 2001). For instance, 
minocycline has been used in mycoplasma and chlamydial 
infections, but doxycycline is preferred (Bernier and Dreno, 
2001); and minocycline is as effective as tetracycline for the 
treatment of cholera, but it does not clear the feces of Vibrio 
bacteria as rapidly as tetracycline (Mazumder et al., 1974). In 
addition, the emergence of multidrug resistance has led to a 
reassessment of the therapeutic role of minocycline (Neona-
kis et al., 2014; Carris et al., 2015; Falagas et al., 2015; Cunha, 
2013; VanEperen and Segreti, 2016). 

The use of minocycline as an alternative to doxycycline in 
select conditions has been recently reviewed, with 19 studies 
identified (13 prospective, 1 randomized). The various authors 
suggested that minocycline was a reasonable substitute for 
doxycycline, if doxycycline was unavailable, for some cases 
of skin and soft tissue infections, for outpatient treatment of 
community-acquired pneumonia in young, otherwise healthy 
patients (or patients with macrolide-resistant M. pneumo
niae), as well as for Lyme disease prophylaxis and selected 
rickettsial diseases (Carris et al.,2015).

Increasingly, minocycline is used for its non-antimicrobial 
effects, especially those associated with neuropsychiatric dis-
ease. Nevertheless, there are some infections for which mino - 
cycline should be considered.

7a.  Multiresistant Gram-negative infections, 
including Acinetobacter baumannii

The emergence of multidrug resistance (MDR) among Gram- 
negative pathogens, especially Acinetobacter baumannii and 
Klebsiella spp., has led to a reassessment of the potential ther-
apeutic role of minocycline, given that a reasonable propor-
tion of isolates appear to be susceptible in vitro. In some 
studies of A. baumannii infections, minocycline is the sec-
ond most active agent against the bacterial species in vitro, 
and anecdotal clinical experience suggests that minocycline, 
either alone or more commonly in combination with other 
agents, is effective against the species in some cases. However, 
owing to minocycline’s limited solubility in urine, it should 
generally be avoided in the treatment of urinary sepsis (Neo-
nakis et al., 2014; Colton et al., 2016).

Two reviews have summarized the available evidence 
for  minocycline therapy against A. baumannii infections, 
with some reports potentially featuring in both publications 
(Ritchie and Garavaglia-Wilson, 2014; Falagas et al., 2015). 
Ten retrospective studies of doxycycline or minocycline for 
the treatment of 185 A. baumannii infections (65.4% respi-
ratory infections [n = 121], 13% bacteremia [n = 24]) in 156 
patients were reviewed. In 86.4% cases, the drug under study 
was given in combination with another agent, with the usual 
minocycline dose being 200 mg loading, followed by 100 mg 
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twice daily, i.v. or orally. Clinical success was achieved in 
76.9% of the 156 patients (in 71.9% of patients with respiratory 
infections; in 87.5% of patients with bacteremias). Micro bio-
logical eradication was achieved in 66–71% cases, but treatment 
regimens were heterogeneous (Falagas et al., 2015).

Intravenous minocycline is licensed by the FDA for the 
treatment of susceptible Gram-negative infections, including 
E. coli, Enterobacter aerogenes, Shigella spp., and Acinetobacter 
spp. (FDA, 2016b). In 2015, the FDA also granted Qualified 
Infectious Disease Product (QIDP) designation for the new 
formulation of minocycline (MINOCIN for Injection), 
under the Generating Antibiotic Incentives Now Act (GAIN 
Act) (MINOCIN, 2016). Ritchie and Garavaglia-Wilson 
(2014) reviewed the use of i.v. minocycline (monotherapy 
and in combination with other agents) for serious MDR 
Acinetobacter infections, including 23 cases of pneumonia, as 
well as a number of other conditions, including bacteremia, 
skin and soft tissue infection, and osteomyelitis. Most of 
these reports were retrospective case series and the treatment 
regimens were heterogeneous. Nevertheless, i.v. minocycline 
appeared to have reasonable efficacy in these difficult to treat 
infections. Further studies are needed to clarify the future 
role of minocycline in such conditions.

7b.  Methicillin-resistant S. aureus and 
vancomycin-resistant enterococcal 
infections

Minocycline (oral and intravenous) has been used to treat mild 
methicillin-resistant S. aureus (MRSA) infections, although 
it is often combined with rifampicin for this purpose and 
clinical data are generally limited. In vitro pharmacodynamic 
data indicate that the addition of rifampicin may offer ben-
efit in MRSA killing (Bowker et al., 2008). Darouiche et al. 
(1991) used a combination of oral minocycline plus rifampi-
cin, plus topical mupirocin to successfully eradicate the nasal 
MRSA carrier state from patients. Lawlor et al. (1990) used 
oral minocycline 100 mg every 12 hours for 52 days to cure a 
patient of MRSA prosthetic valve endocarditis. Of 17 patients 
with MRSA or methicillin-resistant S. epidermidis infections, 
such as osteomyelitis or soft tissue infections, 15 were cured 
with minocycline (Yuk et al.,1991). In a study of experimen-
tal MRSA endocarditis, minocycline appeared as effective as 
vancomycin (Nicolau et al., 1994). Minocycline and doxycy-
cline have been shown to be an oral treatment option for 
patients with community-onset MRSA soft skin and soft tis-
sue infections where the pathogen is susceptible (Ruhe and 
Menon, 2007).

The oral availability of minocycline is an attractive feature 
for outpatient therapy of MRSA infections, such that a num-
ber of authors have considered or reviewed its use (Nathwani 
et al., 2010; Cunha, 2013; Cunha, 2014a; Cunha, 2014b; Gel-
fand et al., 2014; Anstead et al., 2014; VanEperen and Segreti, 
2016). Further clinical trial data are needed.

Chloramphenicol and quinupristin–dalfopristin, both  
in combination with minocycline, have been used for the 

treatment of VRE infections (Raad et al., 2001; Safdar et al., 
2002).

7c.  Catheter-related colonization  
and infections

Slime-producing staphylococci frequently colonize catheters, 
and when these bacteria are embedded in biofilm, they can 
often become resistant to various antibiotics. Using an in 
vitro model, Raad et al. (1995) showed that when catheters 
were coated with minocycline plus rifampicin, colonization 
by S. epidermidis or S. aureus was more effectively prevented 
than when they were coated with other antibiotics, such as 
vancomycin. An in vitro model demonstrated that minocy-
cline and rifampicin coated prosthetic heart valve sewing 
cuffs provide broad-spectrum activity against pathogens that 
can potentially cause prosthetic valve endocarditis (Darouiche 
et al., 2002). Parallel findings were also reported for coated 
urinary catheters (Darouiche et al., 1997). Clinical trials have 
shown that central venous catheters coated with minocycline 
and rifampicin are efficacious in reducing the risks of cathe-
ter-related colonization and bloodstream infections (Raad et 
al., 1997; Hanna et al., 2004; Leon et al., 2004; Lorente, 2016). 
Adverse events and antimicrobial resistance related to the 
coated catheters were low in all these studies. A triple combi-
nation of minocycline, EDTA, and 25% ethanol completely 
eradicated in vitro S. aureus and Candida parapsilosis embed-
ded in biofilm adhering to catheter segments (Raad et al., 
2007). Minocycline–rifampicin impregnation of catheters 
appears to maintain effectiveness against MRSA,  methicillin- 
resistant Staphylococcus epidermidis, and VRE, as demon-
strated by stable zones of inhibition after 21 days of patients’ 
exposure to these catheters (Aslam and Darouiche, 2007).

One retrospective human study and a subsequent detailed 
in vitro study by the same authors suggest that using a mino-
cycline–rifampicin coated central venous catheter (CVC) 
when exchanging a CVC over a guide wire in the presence of 
bacteremia may be associated with a reduced risk of cross- 
contamination by a number of common pathogens (Jamal et 
al., 2014; Chaftari et al., 2014).

7d.  Helicobacter pylori infection

The eradication rates of H. pylori achieved by the first-line 
standard triple regimens have decreased to 70–80%, in part 
because of increasing clarithromycin resistance (Chey and 
Wong, 2007). Recommended treatments and emerging ther-
apies for the eradication of H. pylori infections were summa-
rized by Jodlowski et al. (2008). Levofloxacin, rifabutin, and 
tinidazole are agents being evaluated for salvage therapies for 
H. pylori infection. Tetracycline is one of the most used sec-
ond-line agents for the treatment of H. pylori infection, and 
it is uncertain whether this agent will be replaced by doxycy-
cline or minocycline. For first-line therapy, a regimen with 
rabeprazole 20 mg, amoxicillin 750 mg, and minocycline 100 
mg, all given twice daily for 7 days was inferior to a regimen 
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with clarithromycin instead of minocycline (eradication rates 
38.5% and 82.5%, respectively, p < 0.01). For second-line 
therapy, a high eradication rate of 85% against metronida-
zole-sensitive strains was obtained with rabeprazole 20 mg, 
minocycline 100 mg, and metronidazole 250 mg, all given 
twice daily for 7 days (Chey and Wong, 2007). Minocycline 
resistance was not observed in this study; the minocycline 
MIC90 against clinical isolates of H. pylori was 0.39 μg/ml—a 
clinically achievable concentration.

A combination of rabeprazole 10 mg plus minocycline 
100 mg plus amoxicillin 1000 mg plus bismuth potassium 
citrate 220 mg twice daily for 14 days was effective as first- or 
second-line therapy in one study, but treatment failures were 
closely linked to poor compliance and minocycline resis-
tance (Song et al., 2016a). Similarly, poor compliance was a 
key factor associated with treatment failure with the combi-
nation of esomeprazole plus minocycline plus metronidazole 
plus bismuth (Song et al. 2016b). One small study suggested 
that combinations that include minocycline with rifabutin 
may be superior to rabeprazole plus minocycline plus bis-
muth subcitrate regimens with tinidazole instead of rifabutin 
(Ierardi et al., 2014)

7e.  Nocardiosis

Nocardia spp. are ubiquitous and can cause local and dissem-
inated infection in normal and immunocompromised hosts. 
A sulphonamide, co-trimoxazole, a third-generation cepha-
losporin or imipenem, whether or not in combination with 
amikacin, is usually preferred for these infections. Other 
agents include linezolid, minocycline, tigecycline, and moxi-
floxacin (Outhred et al., 2011). Among species, the suscepti-
bilities to antimicrobials vary, therefore identification and 
susceptibility testing should be performed so that an appro-
priate treatment can be prescribed. In particular, Nocardia 
farcinica may be a growing problem because of its high inci-
dence in immunocompromised patients and its resistance to 
antimicrobial agents. The outcomes of nocardial infections 
are dependent on the site of infection and host factors, as 
well as early diagnosis, selected interventions, and appropri-
ate antimicrobial therapy (Kilincer et al., 2006). Minocycline 
has been reported to have a favorable response in vitro against 
different Nocardia species (Brown et al., 1996; Gomez-Flores 
et al., 2004; Cercenado et al., 2007; Al Akhrass et al., 2011). 
Minocycline has been used with success to treat pulmonary 
infection in five patients who were cardiac allograft recipi-
ents (Petersen et al., 1983). Drug combinations, such as 
minocycline–imipenem or minocycline–ceftriaxone, have 
been employed for the treatment of nocardiosis in patients 
with AIDS, because many such patients are allergic to sulfon-
amides (Kim et al., 1991; Jones et al., 2000). Nine out of ten 
transplant recipients treated for disseminated nocardiosis 
recovered after daily doses of minocycline, varying from 200 
to 600 mg, given for 1–14 months (Leitersdorf et al., 1997). 
Weber et al. (2002) reported two patients with pulmonary 
nocardiosis who received minocycline 100 mg orally twice 

daily as a second-line drug. The pulmonary lesions resolved, 
but both developed central nervous system lesions six 
months after initiation of treatment. A patient having dis-
seminated N. farcinica infection, including cerebral involve-
ment, after a road traffic accident was treated with linezolid 
and minocycline, but cessation of antimicrobial therapy after 
one month was associated with a recrudescence of infec-
tion. The combination was reinstituted. Linezolid was stopped 
because of adverse events after four months, minocycline was 
given for a total of 12 months (Lewis et al., 2003).

Nocardia bacteremia can be associated with central venous 
catheters, especially in oncology patients. Nocardia can pro-
mote heavy biofilm formation on the surface of the central 
venous catheter. Trimethoprim- and minocycline-based 
lock solutions appear to have potent in vitro activity against 
biofilm growth, but most patients with such infections 
require catheter removal and antimicrobial drug therapy (Al 
Akhrass et al., 2011). Ogawa et al. (2011) described an inter-
esting renal transplant recipient with pulmonary infection 
caused by Nocardia beijingensis, who was successfully treated  
with imipenem/cilastatin, followed by ceftriaxone and oral 
minocycline.

In a large 12 year Spanish study (1995–2006), the details 
of all patients with Nocardia isolates were reviewed, includ-
ing the susceptibilities of isolates to cotrimoxazole, minocy-
cline, imipenem, linezolid, and amikacin. The incidence of 
nocardia infections did not increase significantly during the 
study period (0.39/100,000 inhabitants in 1995–1998 and 
0.55/100,000 inhabitants in 2003–2006). Invasive nocardio-
sis was diagnosed in 37 patients (86.5% men), with the most 
common underlying conditions being HIV infection (27%), 
chronic obstructive pulmonary disease (21.6%), autoimmune 
diseases (21.6%), solid organ transplantation (18.9%), and 
cancer (10.8%); the most important risk factor was cortico-
steroid therapy (62.2%). Identified species included N. cyria
cigeorgica (32.4%), N. farcinica (24.3%), N. otitidiscaviarum 
(10.8%), N. veterana (8.1%), N. nova (5.4%), N. abscessus 
(5.4%), N. asiatica (2.7%), N. beijingensis (2.7%), N. brasilien
sis (2.7%) and N. carnea (2.7%). Linezolid and amikacin were 
uniformly active against all the isolates, whereas 29.7% of 
isolates showed intermediate susceptibility to minocycline 
(MIC 2 µg/ml); 10.8% were resistant to cotrimoxazole, and 
5.4% were resistant to imipenem. Notably, nocardiosis occurred 
despite cotrimoxazole prophylaxis in 8 cases (21.6%) (Minero 
et al., 2009).

7f.  Leprosy

Leprosy, caused by Mycobacterium leprae, affects skin and 
peripheral nerves, and acute inflammatory reactions can 
cause neurologic impairment and disabilities. Single skin 
lesion paucibacillary leprosy patients may be treated with a 
single dose of rifampicin 600 mg plus ofloxacin 400 mg plus 
minocycline 100 mg, but this regimen remains very contro-
versial (Scollard et al., 2006). A follow up for three years 
revealed a poor outcome in 15% of patients (Sousa et al., 2007). 
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The treatment of leprosy, including the use of minocycline 
regimens, has been reviewed (Legendre et al., 2012). 

A combination of rifampicin plus ofloxacin plus minocy-
cline (ROM) is one of the newer recommendations for the 
treatment of leprosy. The efficacy of ROM therapy in the 
treatment of paucibacillary and multibacillary leprosy was 
recently reviewed in a meta-analysis of six studies comparing 
ROM therapy to multidrug therapy, and eight studies that 
evaluated the effect of ROM therapy alone (no comparison 
group). The combined estimate for single dose ROM vs. 
multi drug therapy in paucibacillary leprosy patients sug-
gested that ROM was less effective than multidrug therapy 
in these patients (relative risk: 0.91; 95% CI: 0.86–0.97). 
How ever, the combined estimate for multiple doses of ROM 
vs. multidrug therapy in multibacillary leprosy patients 
suggested that ROM was as effective as multidrug therapy 
in reducing bacillary indices in these patients (proportion 
change: –4%; 95% CI: –31% to 23%). No major side effects 
were reported in either the ROM or the multidrug treatment 
groups. The authors concluded that although single-dose 
ROM therapy was less effective than multidrug therapy in 
the paucibacillary patient, there are insufficient data to come 
to a valid conclusion on the efficacy of multidose ROM ther-
apy in multibacillary leprosy (Setia et al., 2011).

The potential efficacy of minocycline against M. leprae 
was highlighted by an interesting case of a 19 year-old 
Angolan woman, resident in Portugal for the previous 10 
years, who was diagnosed with Hansen’s disease at the age 
of 12, but had received inadequate therapy and was lost to 
follow up. She presented with painful nodules and pustules 
on the upper limbs, and diffuse facial infiltration with pus-
tules and fever, after initiating minocycline for the treatment 
of acne. The diagnosis of erythema nodosum leprosum was 
confirmed by the presence of acid-fast bacilli in the skin 
smear and also in skin biopsy. Minocycline was suspended 
and the patient was treated with systemic steroids, with 
prompt clinical improvement. The case highlights the un in-
tended consequences of using minocycline for other pur-
poses, when it is in fact effective in treating (partially in this 
case) Hansen’s disease (Travassos et al., 2012).

Erythema nodosum leprosum (ENL) is an immune- 
mediated complication of leprosy that has an overall preva-
lence of 24–50% in leprosy sufferers. The role of minocycline 
in recurrent and/or chronic ENL has been evaluated in a 
small study of 10 patients with multibacillary leprosy, and 
in ENL patients who were steroid-dependent and had not 
responded to steroid-sparing agents. Minocycline 100 mg 
daily (for up to 3 months) in association with a steroid taper 
to discontinuation was instituted. After commencing mino-
cycline, the steroid regimen was able to be tapered, without 
relapse, in 3 patients after 4 weeks and in 5 patients after 
8  weeks. Prednisolone was ceased in these 8 patients after 
16–18 weeks. At a 1 year follow up, only 2 patients had ENL 
recurrence, which was mild and responded to acetamino-
phen and rest. Side effects included pigmentation, gastric 
pain (n = 2), vomiting (n = 1), and mild increase in hepatic 

transaminase levels (n = 1). The authors suggested that the 
anti-inflammatory and anti-apoptotic properties of minocy-
cline were responsible for the apparent benefit observed in 
these ENL cases (Narang et al., 2015).

7g.  Acne

For mild disease, topical keratolytics may suffice, but for 
more severe acne, antibiotics are of value. Because the topical 
use of antibiotics may predispose to the selection of resistant 
bacteria, this form of treatment should not be used in most 
cases of acne, and topical dermatologic preparations other 
than antibiotics are preferred. Minocycline is widely used 
for the treatment of acne vulgaris in short and prolonged 
courses. There is an ongoing discussion concerning the use 
of minocycline as the first-line drug in acne, because of the 
side effects of the drug (Gottlieb, 1997; McManus and Ihea-
nacho, 2007). In an open study, a satisfactory clinical response 
was observed in patients treated with azithromycin (75.8% of 
patients), compared with those treated with minocycline 
(70.5%). Azithromycin was administered 500 mg once daily 
for 4 days every 10 days for four courses, and minocycline 
100 mg daily for 6 weeks. Only mild side effects were reported 
(Gruber et al., 1998). In a prospective, randomized, double- 
blind, and placebo-controlled study, 1 mg/kg minocycline 
daily over 12 weeks significantly reduced the number of 
inflam matory lesions compared with placebo (p < 0.001). 
Higher doses of 2 and 3 mg/kg daily did not provide greater 
efficacy (Fleischer et al., 2006; Stewart et al., 2006).

The management of acne, including the use of minocy-
cline, has recently been reviewed by a number of authors 
(Aslam et al., 2015; Ochsendorf, 2010; Garner et al., 2012, 
Purdy and de Berker, 2011; Kircik, 2010). Overall, a common 
view is that, based on clinical efficacy, adverse effect profiles, 
rates of resistance among P. acnes isolates, price, and avail-
ability of suitable alternatives such as topical treatments and 
oral doxycycline, minocycline should no longer be consid-
ered a first-line antibacterial in the treatment of acne 
(Ochsendorf, 2010; Kircik, 2010; Garner et al., 2012).

A Cochrane review update of minocycline for acne vulgaris 
assessed 12 new randomized controlled trials (RCTs), resulting 
in a total analysis of 39 RCTs (6013 participants). Although 
minocycline was shown to be an effective treatment for mod-
erate to moderately severe acne vulgaris, there was no evi-
dence that it was better than any of the other commonly used 
acne treatments. No trials have been conducted using mino-
cycline in patients whose acne was resistant to other thera-
pies. The evidence suggested that minocycline was associated 
with more severe adverse effects than doxycycline; and that 
minocycline, but not other tetracyclines, was associated with 
lupus erythematosus—but the risk was small: 8.8 cases per 
100,000 person-years, although the risk increased with dura-
tion of use. Evidence did not support the conclusion that the 
more expensive extended-release preparation was any safer 
than standard minocycline preparations. Overall, the authors 
concluded that minocycline is an effective treatment for 
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moderate to moderately severe inflammatory acne vulgaris, 
but there was still no evidence that it is superior to other 
commonly used therapies, and that there was no reliable evi-
dence to justify the reinstatement of its first-line use, even 
though the price differential is less than it was 10 years ago; 
especially since concerns remain about its safety compared 
to other tetracyclines (Garner et al., 2012).

7h.  Prevention of meningococcal infections

A recent Cochrane review assessed the effectiveness, adverse 
events, and development of drug resistance of different anti-
biotics, including minocycline, as prophylactic treatment 
regimens for meningococcal infection. Randomized con-
trolled trials (RCTs) or quasi-RCTs addressing the effective-
ness of different antibiotics for either prophylaxis against 
meningococcal disease or eradication of N. meningitidis 
were included for analysis. Among the 24 studies, 19 studies 
(2531 participants) were randomized and 5 studies (4354 par-
ticipants) were cluster-randomized. There were no cases of 
men ingococcal disease during follow up in the trials, thus 
effectiveness regarding prevention of future disease could not 
be directly assessed. Effectiveness was as follows (in order of 
decreasing effectiveness): ciprofloxacin (relative risk 0.04; 
95% CI 0.01 to 0.12), rifampicin (relative risk 0.17; 95% CI 
0.13 to 0.24), minocycline (relative risk 0.28; 95% CI 0.21 to 
0.37), and penicillin (relative risk 0.47; 95% CI 0.24 to 0.94), 
all of which proved effective at eradicating N. meningitidis one 
week after start of treatment when compared with placebo. 
Ciprofloxacin (relative risk 0.03; 95% CI 0.00 to 0.42), rifam-
picin (relative risk 0.20; 95% CI 0.14 to 0.29), and penicillin 
(relative risk 0.63; 95% CI 0.51 to 0.79) still proved effective at 
one to two weeks. Rifampin was effective compared to placebo 
for up to four weeks after start of treatment, but resistant isolates 
were seen following prophylactic treatment. Although mino-
cycline appeared effective, the authors recommended either 
rifam picin, ciprofloxacin, ceftriaxone, or penicillin for this 
indication (Zalmanovici Trestioreanu et al., 2013).

7i.  Brucellosis

A number of studies summarized by Cascio et al. (2003) have 
investigated the use of minocycline, instead of doxycycline, 
in combination with rifampicin in the treatment of brucello-
sis. Duration of treatment was 3 weeks, and 6 weeks for focal 
disease, and both drugs were administered twice daily in the 
standard schedule. All of the studies reported relapse rates 
lower than 2%. Mild adverse events were seen in 30% of patients. 
However, these data should be interpreted cautiously because 
the studies were retrospective and not comparative. Minocy-
cline monotherapy may be suitable for mild disease, but gen-
erally doxycycline is preferred in such situations (Solera, 2010).

7j.  Syphilis

Long-acting tetracyclines are used in patients with primary 
or secondary syphilis who are allergic to penicillin. Three 

patients with neurosyphilis were treated with minocycline at 
a dose of 100 mg twice daily for 14 consecutive days per month 
for nine months (De Maria et al., 1997). Clinical symptoms and 
signs improved after only one month. There were no drug- 
related side effects. Currently, however, there is no role for mino-
cycline in the treatment of syphilis (Work ow ski et al., 2015).

7k.  Miscellaneous infections

Minocycline may have efficacy against Mycobacterium mari
num. In a report of 15 cases of M. marinum fish tank–related 
infections (all upper limb), treatment for 2 to 3 months with 
minocycline was reportedly effective in 13 patients, while 
another case was treated with a rifampicin plus isoniazid 
combination, and one case resolved spontaneously (Bona-
monte et al., 2013).

A retrospective review of 89 patients having necrotizing 
fasciitis caused by V. vulnificus between 2003 and 2010 com-
pared the effectiveness of surgery plus either a third-generation 
cephalosporin alone (n = 18), a third-generation cephalo-
sporin plus minocycline (n = 49), or a fluoroquinolone with 
or without minocycline (n = 22). Minocycline-containing 
regimens had a significantly lower case fatality rate than the 
third-generation cephalosporin alone group (14% vs. 61%) 
(Chen et al., 2012).

Minocycline microspheres were used as an adjunct to sur-
gery in patients with periodontitis, and the spheres demon-
strated a significant improvement in probing depths versus 
surgery alone (Renvert et al., 2006; Hellstrom et al., 2008).

The use of both oral doxycycline and minocycline as anti- 
inflammatory agents has been reported to improve meibo-
mian gland dysfunction over a few months of use (Doughty, 
2016).

7l.  Neurologic diseases and rheumatoid 
arthritis

Minocycline can exert a variety of biological actions that are 
independent of its antimicrobial activity, including anti- 
inflammatory and anti-apoptotic effects, and inhibition of 
proteolysis, free radical production, angiogenesis, and tumor 
metastasis. In experimental models these features appear to 
be useful for a variety of diseases with an inflammatory basis, 
including dermatitis, periodontitis, atherosclerosis, and auto-
immune disorders such as rheumatoid arthritis and inflam-
matory bowel disease. In particular, minocycline displays a 
neuroprotective effect in experimental models of ischemia, 
traumatic brain injury, and neuropathic pain; and in some 
neurodegenerative conditions such as Parkinson’s disease, 
Huntington’s disease, amyotrophic lateral sclerosis, Alzheimer’s 
disease, multiple sclerosis, and spinal cord injury (Yong et al., 
2004; Jackson et al., 2007; Plane et al., 2010; Garrido-Mesa et 
al., 2013; Karachitos et al., 2013; Witiw and Fehlings, 2015).

Minocycline is being increasingly used in psychiatry, 
although most of these trials have been small and not placebo- 
controlled. Case reports of individuals with schizophrenia, 
psychotic symptoms, and bipolar depression have shown 
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serendipitous benefits related to minocycline treatment for 
psychiatric symptoms. However, there have been some open- 
label or small, randomized controlled trials. Results vary, 
with findings supporting the drug’s use in schizophrenia, but 
showing less benefit in relation to its being given for nicotine 
dependence and obsessive-compulsive disorder (Dean et al., 
2012). In schizophrenia, minocycline appears to be associ-
ated with a reduction in negative symptoms (Oya et al., 
2014). Preclinical and preliminary clinical evidence sug-
gests that minocycline may possess some antidepressant 
properties (Soczynska et al., 2012). However, no benefit was 
observed in a small trial of minocycline in children with 
autism and regressive features (Pardo et al., 2013). Further 
research is required.

Minocycline has also been shown to be an effective dis-
ease-modifying, anti-rheumatic drug in rheumatoid arthritis 
and Takayasu arteritis (Tilley et al., 1995; O’Dell et al., 1999; 
Suresh et al., 2004; Matsuyama et al., 2005). Minocycline was 
shown to suppress selectively TNF-α and IFN-γ production 
by T-cells, and to increase TNF-α and IL-6 production in 
monocytes (Kloppenburg et al., 1996).
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1. DESCRIPTION

Tigecycline is the first glycylcycline that became available for 
clinical use and is a member of the tetracycline family. The 
chemical name for tigecycline is (4S,4aS,5aR,12aS)-9-[2-
(tert-butylamino)acetamido]-4,7-bis(dimethylamino)- 
1,4,4a,5,5a,6,11,12a-octahydro-3,10,12,12a-tet-rahydroxy- 
1,11-dioxo-2-naphthacenecarboxamide. The empirical for-
mula is C29H39N5O8 and the molecular weight is 585.65. 
Tigecycline is a semisynthetic derivative of minocycline; it 
has a glycylamido moiety attached to the C-9 position of 
minocycline (Sum et al., 1994; Hunter and Castaner, 2001). 
The molecular structure is shown in Figure 70.1. Tigecycline 
is produced by Wyeth under the trade name Tygacil®.

The modification of the tetracycline nucleus led to a 
reduction in tetracycline-specific efflux and ribosomal pro-
tection in microorganisms (Chopra, 2001). Similar to other 
members of the tetracycline class, tigecycline inhibits bacte-
rial protein synthesis through its binding action on the bac-
terial 30S ribosomal subunits. Tigecycline is only available 
for parenteral administration.

Tigecycline has a spectrum of activity that is similar  
to that of the tetracyclines, but with more potent in vitro 
activity against several Gram-positive (e.g. methicillin-resis-
tant Staphylococcus aureus, vancomycin-intermediate and 
 vancomycin-resistant enterococci, and penicillin-resistant 
Streptococcus pneumoniae) (Kitzis et al., 2004; Noskin, 2005) 

and some Gram-negative bacteria [e.g. extended spectrum 
beta-lactamase (ESBL)–producing Enterobacteriaceae]. Fur- 
thermore, it is also active against many anaerobic bacteria, 
as well as many atypical pathogens, including rapidly grow-
ing nontuberculous mycobacteria (Stein and Craig, 2006). 
However, tigecycline has no activity against Pseudomonas 
aeruginosa (Noskin, 2005; Sader et al., 2005b), and decreased 
activity against some members of the Enterobacteriaceae, in 
particular Proteus spp., Providencia spp., and Morganella spp. 
(Fritsche et al., 2005c; Noskin, 2005).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Tigecycline exhibits antibacterial activity against a wide 
spectrum of aerobic and anaerobic bacteria. Table 70.1 pro-
vides an overview of the MIC50 and MIC90 ranges, and the 
wild type cut-off values for various species that are clinically 
relevant. The Clinical and Laboratory Standards Institute 
(CLSI) breakpoints for Enterobacteriaceae are: sensitive (S) 
≤ 2 mg/l, intermediate (I) = 4 mg/l, resistant (R) ≥ 8 mg/l 
(Tygacil, FDA prescribing information, side effects and uses, 
June 2016). The European Committee on Antimicrobial 
Susceptibility Testing (EUCAST) recently published revised 
breakpoints of S ≤ 0.5 mg/l, and R > 0.5 mg/l for Entero-
bacteriaceae (EUCAST, 2016). These breakpoints are in 

Figure 70.1. Molecular structure of tigecycline.Minocycline9-t-butylglycylamido group 
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relation to the approved dosages only. Because of tigecycline’s 
reduced activity against Proteus spp., Morganella spp., Provi
dencia spp., and Serratia spp., these organisms are excluded. 
These revised breakpoints may have an impact on resistance 
rates in the future. It should be noted that susceptibility test- 

ing of tigecycline should be performed in freshly prepared 
media (< 12 hours old), or should be supplemented with the 
biocatalytic oxygen-reducing reagent Oxyrase to reduce the 
oxygen content in aged media, as tigecycline is inhibited by 
oxygen (Bradford et al., 2005a; Petersen and Bradford, 2005). 

Table 70.1. Overview of the MIC50 and MIC90, ranges, and the wild-type cut-off values (ECOFF) for various species that are clinically 
relevant for tigecycline use.

MIC50 (mg/l) MIC90 (mg/l) Range (mg/l) EUCAST ECOFF mg/l

Gram-positive bacteriaa

Staphylococcus aureus, methicillin-resistant 0.12–0.25 0.25–0.5 ≤ 0.008–1 0.25

Staphylococcus aureus, methicillin-sensitive 0.12 0.12–0.5 ≤ 0.008–1 0.25

Staphylococcus epidermidis, methicillin-resistant 0.12–0.25 0.25–0.5 ≤ 0.06–2 0.5

Staphylococcus epidermidis, methicillin-sensitive 0.12–0.25 0.25–0.5 0.06–2 0.5

Enterococcus faecalis, vancomycin susceptible ≤ 0.06–0.12 0.12–0.25 ≤ 0.008–1 0.25

Enterococcus faecium, vancomycin-susceptible ≤ 0.06 ≤ 0.06–0.25 ≤ 0.008–4 0.25

Enterococcus faecium, vancomycin-resistant ≤ 0.06 0.12 ≤ 0.008–4 0.25

Streptococcus pyogenes 0.06 0.06–0.12 0.06–0.5 0.125

Streptococcus agalactiae 0.03–0.06 0.25 ≤ 0.008–2 0.25

Streptococcus pneumoniae ≤ 0.03–0.12 0.06–0.5 ≤ 0.008–1 0.125

Gram-negative bacteriab

Enterobacteriaceae 0.5 1 ≤ 0.008–≥ 32 —

Enterobacter spp. 0.5   1–2 ≤ 0.008–≥ 32 —

Enterobacter cloacae 0.5–1   1–2 ≤ 0.008–≥ 32 1

Enterobacter aerogenes 0.5–1   1–2 0.06–16 1

Escherichia coli 0.12–0.25 0.25–0.5 ≤ 0.008–≥ 32 0.5

Haemophilus influenzae 0.12–0.5 0.25–1 ≤ 0.008–4 1

Klebsiella spp. 0.5   1–2 ≤ 0.008–≥ 32 1 (K. pneumoniae)

Moraxella catarrhalis 0.06–0.12 0.12–0.25 ≤ 0.03–0.5 0.125

Morganella morganii 2   1–8 2

Proteus spp. 4   4–8   1–16        4–8

Serratia spp.   1–2   1–4 ≤ 0.008–≥ 32 4

Serratia marcescens 2

Stenotrophomonas maltophilia 0.38–1 1.5–4 0.25–8 4

Pseudomonas aeruginosa   8–16  16–≥ 32 ≤ 0.008–≥ 32 64

Acinetobacter spp. 0.5–3   1–6 ≤ 0.008–≥ 32 —

Anaerobic bacteriac

Bacteroides fragilis group 0.5–1 0.5–8 0.06–32 —

Clostridium difficile 0.06–0.12 0.06–0.25 ≤ 0.06–2 —

Clostridium perfringens 0.12–0.25 1.0–2 0.06–2 —

Fusobacterium spp. 0.03–0.12 0.06–0.12 ≤ 0.015–0.25 —

Peptostreptococcus spp. 0.06 0.06–0.125 ≤ 0.06–1 —

*Tigecycline had reduced activity against Proteus spp, Morganella spp, Providencia spp., and Serratia spp., so these organisms are excluded. Breakpoints relate 
to the approved dosage only.

aCompiled from Goldstein et al. (2000); Betriu et al. (2002); Milatovic et al. (2003); Zhanel et al. (2003); Kitzis et al. (2004); Postier et al. (2004); Zhang et al. (2004); 
Babinchak et al. (2005); Bouchillon et al. (2005); Bradford et al. (2005b); Breedt et al. (2005); Ellis-Grosse et al. (2005); Fritsche et al. (2005a); Hoban et al. 
(2005); Sacchidanand et al. (2005); Sader et al. (2005b); Waites et al. (2006); Reinert et al. (2007); Zhanel et al. (2008); Dowzicky 2009); Garrison et al. (2009); 
Darabi et al. (2010); Namdari et al. (2012); Brandon et al. (2013); Stefani et al. (2013); Cattoir et al. (2014); Kanj et al. (2014); Renteria et al. (2014); Hoban et 
al. (2015); and Morfin-Otero et al. (2015).

bCompiled from Goldstein et al. (2000); Milatovic et al. (2003); Postier et al. (2004); Zhang et al. (2004); Babinchak et al. (2005); Bouchillon et al. (2005); Bradford 
et al. (2005b); Breedt et al. (2005); Ellis-Grosse et al. (2005); Fritsche et al. (2005a, 2005b); Hoban et al. (2005); Sacchidanand et al. (2005); Sader et al. (2005a); 
Sader et al. (2005b); Waites et al. (2006); Insa et al. (2007); Reinert et al. (2007); Zhanel et al. (2008); Garrison et al. (2009); Darabi et al. (2010); Andrasevic et 
al. (2012); Bertrand et al. (2012); Fernandez-Canigia et al. (2012); Mayne et al. (2012); Namdari et al. (2012); Denys et al. (2013); Stefani et al. (2013); Cattoir 
et al. (2014); Kanj et al. (2014); Renteria et al. (2014); Hoban et al. (2015); and Morfin-Otero et al. (2015).

cCompiled from Petersen et al. (1999); Goldstein et al. (2000); Betriu et al. (2002); Babinchak et al. (2005); Bradford et al. (2005b); Ellis-Grosse et al. (2005); 
Goldstein et al. (2006); Hecht et al. (2007); and Snydman et al. (2007).

Abbreviation: EUCAST: European Committee on Antimicrobial Susceptibility Testing.
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The activity of tigecycline was shown to be dependent on the 
amount of oxygen dissolved in the medium, and aged media 
resulted in MICs that were higher by up to three twofold 
dilutions (Bradford et al., 2005a; Hope et al., 2005; Petersen 
and Bradford, 2005). Since this was not generally known in 
earlier years, studies published before 2005 may state falsely 
elevated MIC values. Variable results have been reported 
regarding the reproducibility of Etests. For most Entero bac-
teriaceae, Etests are in good agreement with broth dilution 
data (Bolmstrom et al., 2007; Zarkotou et al., 2012) and 
agar dilution data (Hope et al., 2007). However, Etests can 
underestimate MICs by at least one dilution step (Torrico 
et  al., 2010; Ozkok et al., 2014). On the other hand, with 
Acinetobacter spp. (Casal et al., 2009; Zarkotou et al., 2012) 
and Enterobacter spp. (Cohen Stuart et al., 2010), Etests tend 
to overestimate MICs by more than one dilution step. How-
ever, with MIC test strips (liofilchem), lower MICs and mar-
ginally elevated very major errors (VMEs) with EUCAST 
breakpoints have been found, in comparison with results 
obtained from broth dilution for Acinetobacter spp. and 
Enterobacteriaceae (Zarkotou et al., 2012). The cause of 
these discrepancies is unknown, but it may be the cause of 
the critical impact of testing conditions on the MIC 
(Marchaim et al., 2014). MIC results also vary with media 
brands (Fernandez-Mazarrasa et al., 2009; Casal et al., 2009; 
Torrico et al., 2010). Although it has been shown that tigecy-
cline MICs are dependent on the amounts of manganese in 
the media being used (Fernandez-Mazarrasa et al., 2007 and 
2009), with both broth micro dilution and Etests, this depen-
dency was neglibible for physiological concentrations of 
manganese, but MICs increase (by as much as a factor of 40) 
when manganese concentrations exceed 8 mg/l. Therefore, 
susceptibility testing should be performed on media with 
standardized low manganese content (< 8 mg/l) (Veenemans 
et al., 2012). Several authors state that Etest results should 
be confirmed by broth microdilution when they are close to 
breakpoint values (Torrico et al., 2010; Cohen Stuart et al., 
2010; Zarkotou et al., 2012). Zarkotou et al. (2012) have 
found that tigecycline susceptibility testing with the VITEK 
2 system have resulted in false resistance findings in Entero-
bacteriaceae and Acinetobacter spp. This effect was more pro-
nounced in relation to MDR pathogens. 

GRAM-POSITIVE BACTERIA

Tigecycline is active against S. aureus spp. (Low et al., 2002; 
Goff and Dowzicky, 2007; Gales et al., 2008; see Table 
70.1).  Both CLSI and EUCAST breakpoints for S. aureus 
(including methicillin-resistant isolates) include S ≤ 0.5 mg/l 
(Tygacil, FDA prescribing information, 2016; EUCAST, 
2016). Additionally, community-acquired methicillin- 
resistant S. aureus (CA-MRSA) strains (Fritsche and Jones, 
2004) showed good overall susceptibility to tigecycline, with 
MIC50 ≤ 0.5 mg/l (McAleese et al., 2005a). Mendes et al. 
(2008) found 98.2% of CA-MRSA strains to be susceptible 
to  tigecycline—70.8% of these strains were SCCmec type IV 
and 94.7% were PVL-positive. Staphylococcus epidermidis is 
also susceptible to tigecycline, including strains resistant to 
erythromycin (Borbone et al., 2008). The tigecycline MIC of 

S. epidermidis growing in an in vitro adherent-cell biofilm 
model ranged between 1 and 8 mg/l, compared with 0.12 to 
> 32 mg/l for freely growing cells, which is at least fourfold 
better than vancomycin and daptomycin MICs (Labthavikul 
et al., 2003).

Tigecycline is also active against Enterococcaceae, inde-
pendent of the presence of VanA, VanB, or VanC genes (see 
Table 70.1) (Cercenado et al., 2003; Hoban et al., 2005). Both 
CLSI and EUCAST breakpoints for E.faecalis (vancomycine- 
susceptible isolates) include S ≤ 0.25 mg/l (Tygacil, FDA pre-
scribing information 2016; EUCAST, 2016). However, in one 
Korean study (Lee do et al., 2007), four isolates of vancomy-
cin-resistant enterococci (VRE) obtained in 2005 exhibited 
elevated MICs against tigecycline (MIC > 12.5 mg/l). Strep-
tococci, including beta-hemolytic streptococci, are highly 
susceptible to tigecycline in vitro (Fritsche et al., 2005b; Sader 
et al., 2005a), with both MIC50 and MIC90 values ≤ 0.12 mg/l. 
In clinical phase III studies, the MIC50 and MIC90 values for 
streptococci tested (S. pyogenes, S. dysgalactiae, S. anginosus, 
S. constellatus, S. equisimilis, S. intermedius, S. mitis, S. oralis, 
and S. salivarius) were approximately 0.06 and 0.12–0.25 mg/l, 
respectively (Babinchak et al., 2005; Bradford et al., 2005b; 
Ellis-Grosse et al., 2005). Furthermore, tigecycline was active 
against bacteremic isolates of viridans group streptococci 
(VGS), including S. gallolyticus, with an overall MIC90 ≤ 0.06 
mg/l; the highest MIC was 0.25 mg/l (Moet et al., 2007).

Listeria monocytogenes strains were inhibited by tigecy-
cline at 0.5 mg/l, with an MIC90 = 0.125 mg/l (Salas et al., 
2008). The same value was reported by Brown and Traczewski 
(2007). Good in vitro activity was also found against coryne-
form bacteria (Salas et al., 2008).

GRAM-NEGATIVE BACTERIA

Tigecycline shows good activity against most Entero bac-
teria ceae, with the notable exception of most strains of 
Proteus spp. and Providencia spp., and many strains of Mor
ganella spp. (Milatovic et al., 2003; Fritsche et al., 2005b; 
Noskin, 2005). This lower activity is due to overexpression of 
the multidrug efflux pump (e.g. AcrAB), of which tigecycline 
is a substrate (Visalli et al., 2003; Ruzin et al., 2005a; Stein 
and Craig, 2006). Hoban et al. (2015) reported an overall 
non-susceptibility rate of < 10%, including ESBL-producing 
Enterobacteriaceae and carbapenem-resistant K. pneu
moniae, and a rate of < 20% for multidrug-resistant and 
 carbapenem-resistant Enterobacteriaceae and S. marcescens. 
However, worldwide measurements of tigecycline resistance 
in Klebsiella spp. vary from 0 %–60%, depending on the sus-
ceptibility measurement method applied and the susceptibil-
ity breakpoints used (Pournaras et al, 2016). Intracellular 
killing has been demonstrated for non-typhoidal Salmonella 
spp. (Tang et al., 2011). 

Tetracycline-resistant Enterobacteriaceae show a modest 
reduction in susceptibility to tigecycline, with a reported 
maximum MIC90 of 4 mg/l. This appears to be species- 
related: up to twofold reductions for E. coli, Salmonella spp., 
Shigella spp., and Pantoea agglomerans, and up to fourfold 
reductions for Klebsiella spp., Enterobacter spp., and Citrobac
ter spp. (Fritsche et al., 2005c). Other resistance mechanisms 
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have no influence on the MIC values, including the resis-
tance mechanisms for E. coli, Klebsiella spp., Enterobacter spp., 
and Serratia marcescens with and without ESBLs (Bouchillon 
et al., 2005; Fritsche et al., 2005c), AmpC hyperproducers 
(Bouchillon et al., 2005), carbapenemase-producing Entero- 
bac teriaceae, serine- and metallo-beta-lactamase (MbetaL)–
producing strains (KPC-2 or -3, VIM-1, IMP-1, SME-2, 
and NMC-A) (Castanheira et al., 2008), fluoroquinolone 
resistance, fluoroquinolone/ampi cillin resistance phenotype, 
fluoroquinolone/trimethoprim– sulfamethoxazole resistance 
phenotype, and for isolates with multidrug-resistant (MDR) 
phenotypes (Zhanel et al., 2006). 

Of the non-fermentative Gram-negative bacilli, tigecycline 
shows good activity against Acinetobacter spp. (Milatovic et 
al., 2003; Noskin, 2005; Pankey, 2005; Sader et al., 2005b; 
Hoban et al., 2007; Garrison et al., 2009; Bertrand and 
Dowzicky, 2012), although it is bacteriostatic rather than 
bactericidal. However, Navon-Venezia et al. (2007) reported 
high rates of resistance to tigecycline in multiple clones of 
MDR Acinetobacter baumannii (n = 82): 66% resistant (MIC 
≥ 8 mg/l), 12% intermediate (MIC > 2 and < 8 mg/l), and 
22% susceptible (≤ 2 mg/l). During clinical studies, tige-
cycline resistance was found in Acinetobacter spp. as well 
(Navon-Venezia et al., 2007; Peleg et al., 2007b). Reid et al. 
(2007) described a 53-year-old woman from whom A. bau
mannii isolates were obtained and in relation to whom tige-
cycline MICs (for the isolates) increased during therapy with 
tigecycline. This increase in MIC during treatment was also 
observed in other patients for Klebsiella pneumoniae and other 
Enterobacteriaceae. Therefore, persistent isolates should be 
monitored for evidence of resistance during therapy (Sun et 
al., 2012).

Stenotrophomonas maltophilia is generally susceptible (Insa 
et al., 2007; Tekse et al., 2012) and P. aeruginosa is resistant 
(tigecycline MIC90 > 16 mg/l) (Noskin, 2005; Sader et al., 
2005b). A reduced activity is found against Burkholderia 
cepacia, with MIC50 = 4 mg/l and MIC90 = 32 mg/l (Zhanel 
et al., 2004). Burkholderia pseudomallei and B. thailandensis 
had MIC90 values of 2 and 1.5 mg/l, respectively (Thamlikitkul 
and Trakulsomboon, 2006). These strains were isolated from 
126 different infected patients. 

There are few data on other nonfermenting Gram-
negative bacilli. In a single hospital survey by Almuzara et al. 
(2011), MIC90 values vary between 2 and 8 for the more com-
monly encountered species (e.g. Achromobacter spp., Alcali
genes faecalis, Chryseobacterium spp.). 

The drug is also highly active against Neisseria gonor
rhoeae, with MIC50 = 0.06–0.5 mg/l and MIC90 = 0.13–1.0 
mg/l, respectively (Noskin, 2005).

Three in vitro studies (Dizbay et al., 2007; Turan et al., 
2007, Ozhak-Baysan et al., 2010) and one study using blood 
and bone marrow cultures of adult patients with acute bru-
cellosis (Pappas et al., 2006) showed tigecycline activity. 
Reports on the comparison with doxycycline are conflicting. 
Turan et al. (2007) found MIC50 and MIC90 values for strains 
of Brucella melitensis at 0.064 and 0.125mg/l, respectively, 
and tigecycline was more effective than ciprofloxacin and 

rifampicin, but it was not as effective as doxycycline. Ozhak- 
Basan et al. (2010) found MIC50 and MIC90 values of 0.047 
and 0.125, and 0.064 and 0.094, for doxycycline and tige-
cyline, respectively, the two drugs showing no obvious dif-
ferences. Dizbay et al. (2007) found lower MIC values for 
tigecycline compared to those for doxycycline. 

ANAEROBIC BACTERIA

Tigecycline is active against most Gram-positive and  
Gram-negative anaerobes, showing in vitro activity against 
Clostridium difficile, Fusobacterium spp., Prevotella spp., 
Porphymymonas spp., Lactobacillus spp., Actinomyces spp., 
Veil lo nella spp., and the Peptostreptococcus spp. (Petersen 
et  al., 1999; Goldstein et al., 2000; Betriu et al., 2002; Brad- 
ford et al., 2005b; Noskin, 2005; Goldstein et al., 2006; Stein 
and Craig, 2006; Nagy and Dowzicky, 2010). In addition, a 
Greek study demonstrated good activity against Gram-
negative anaerobic bacteria, including metronidazole- and 
 tetracycline-resistant isolates (MIC90 values 0.5 and 8 mg/l, 
respectively), with no high-level resistance (MIC = 32 mg/l) 
(Katsandri et al., 2006). Because a clear relationship between 
MIC values and clinical efficacy has not been demonstrated, 
EUCAST did not provide clinical breakpoints for anaerobes 
(EUCAST, 2016). However, tigecycline did show efficacy 
during clinical trials, indicating that a wild type cut-off could 
be used to indicate clinical susceptibility. The 4 mg/l break-
point given by the Food and Drug Administration (FDA) fits 
the MIC distributions of anaerobic organisms found in the 
clinical trials (Stein and Craig, 2006). However, in a recent 
study in Belgium, the MIC50 and MIC90 values for tigecycline 
were 0.5 and 8 mg/l, respectively (Wybo et al., 2007). If the 
FDA breakpoint (4 mg/l) had been used in that study, sus-
ceptibility to tigecycline would have been 81% for the 
Bacteroides fragilis group and 98% for Clostridium spp. All 
other isolates were susceptible. Similarly, Goldstein et al. 
(2006) found that almost all anaerobes had tigecycline MICs 
of ≤ 1 mg/l, with the exception of Prevotella species, which 
had tigecycline MICs > 1 mg/l. It is therefore likely that tige-
cycline therapy in relation to the B. fragilis group could be a 
problem. However, this may be limited to specific Bacteroides 
organisms only, as the reported MIC range is wide, in par-
ticular for B. fragilis (0.25–16 mg/l) (Frampton and Curran, 
2005; Snydman et al., 2007). This increase in MIC during 
treatment was also observed in B. fragilis. Again, persistent 
isolates should be monitored for evidence of resistance 
during therapy (Sun et al., 2012).

ATYPICAL BACTERIA

There are few data available on the activity of tigecycline 
against atypical bacteria. Tigecycline is active against Myco
plasma hominis (MIC50/MIC90 0.25/0.5 mg/l; range 0.125– 
0.5 mg/l), Mycoplasma pneumoniae (MIC50/MIC90 0.12/0.25 
mg/l; range 0.06–0.25 mg/l) (Kenny and Cartwright, 2001), 
Chlamydophyla pneumoniae (MIC50/MIC90 0.125/0.125 mg/l; 
range 0.125–0.25 mg/l), and Chlamydia trachomatis (MIC 
range 0.03–0.125 mg/l) (Roblin and Hammerschlag, 2000). It 
is less active against Ureaplasma urealyticum (MIC50/MIC90 
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4.0/8.0 mg/l; range 1.0–16.0 mg/l). The MIC values for 
Legionella species are high (MIC90 4–8 mg/l), but the drug is 
partially inactivated by the test medium, so additional stud-
ies are needed with appropriate media (Edelstein et al., 2003). 
Interestingly, intracellular activity of tigecycline against 
Legionella spp. was significantly stronger compared to extra-
cellular activity against the same organisms (Bopp et al., 
2011). Spyridaki et al. (2009) investigated the susceptibillity 
of Coxiella burnetti by shell vial assay. MIC values ranged 
between 0.25 and 0.5 mg/l.

MYCOBACTERIA AND OTHER BACTERIA

All slowly growing nontuberculous mycobacteria (Myco bac
terium avium complex, M. lentiflavum, M. marinum, M. kan
sasii) are resistant to tigecycline (MICs 16 to > 32 mg/l) 
(Wallace et al., 2002). However, tigecycline has activity 
against the rapidly growing mycobacteria—M. fortuitum 
group, M. abscessus, M. chelonae, M. immunogenum, and  
M. smegmatis—with a reported MIC90 range of 0.06–0.5 mg/l 
(Wallace et al., 2002; Petrini, 2006, Fernandez-Roblas et al., 
2008). Unfortunately, no data are available for M. tuberculosis.

Tigecycline shows some activity against Nocardia spp. 
(Cercenado et al., 2007), with MIC90 values in the neighbor-
hood of 4 mg/l against several Nocardia spp., including  
N. asteroides, N. farcinia, N. otitidiscavarium, and N. nova.

For Borrelia burgdorferi, Yang et al. (2009) found lower 
MIC values for tigecycline compared to those of doxycycline. 

2b.  Emerging resistance and 
cross-resistance

The efficacy of tigecycline is not reduced by many bacterial 
resistance mechanisms, such as beta-lactamases (including 
ESBLs), target site modifications, macrolide efflux pumps, 
and enzyme target changes (e.g. changes to gyrase/ 
topoisomerase) (Biedenbach et al., 2001; Betriu et al., 2004; 
LaPlante and Rybak, 2004; Bratu et al., 2005; Frampton and 
Curran, 2005; Bogaerts et al., 2006; Jones et al., 2006; Liver-
more and Woodford, 2006; Morosini et al., 2006; Izdebski et 
al., 2007). The widespread use of tetracyclines has resulted in 
many tetracycline-resistant organisms, and this has limited 
the use of tetracyclines in daily clinical practice. Tetracycline 
resistance occurs primarily through the acquisition of tetra-
cycline-resistant genes on plasmids, conjugative transpos-
ons, and integrons. These allow the Tet genes to move from 
species/genera to species/genera via conjugation (Sum et al., 
1998; Chopra, 2001; Zhanel et al., 2004). Different Tet genes 
code for either efflux pump proteins (e.g. TetA in Gram-
negative bacteria and TetK in Gram-positive bacteria) or 
ribosomal protection proteins (e.g. TetM, TetO, TetS) (Sum 
et al., 1998; Chopra and Roberts, 2001; Moore et al., 2005; 
Zhanel et al., 2006). Occasionally, some isolated strains of 
bacteria express both efflux and ribosomal protection genes 
(Projan, 2000; Zhanel et al., 2006).

Bacteria displaying efflux-mediated tetracycline  resistance 
are susceptible to tigecycline (Tuckman et al., 2007). This 

enhanced activity results either from the inability of tigecycline 
to induce efflux protein synthesis or simply because the efflux 
pump is ineffective in transporting tigecycline out of the  
cell (Rasmussen et al., 1994; Someya et al., 1995; Projan, 
2000; Rubinstein and Vaughan, 2005). Unfortunately, some 
investigations have shown that overexpression of mepA, 
yielding a compound of the multi-antimicrobial extrusion 
(MATE) family of multidrug transporters, may contribute to 
decreased susceptibility to tigecycline in S. aureus (McAleese 
et al., 2005b). Furthermore, tigecycline’s activity may be 
compromised in certain Gram-negative organisms, specially 
those with genes coding for multidrug efflux pumps, e.g. 
AcrAB, AcrEF, or AdeABC (Dean et al., 2003; Visalli et al., 
2003; Hirata et al., 2004; Fritsche et al., 2005b; Ruzin et al., 
2005a; Ruzin et al., 2005b; Keeney et al., 2007; Peleg et  
al., 2007a; Peleg et al., 2007b; Ruzin et al., 2007; Damier-
Piolle et al., 2008; Keeney et al., 2008). 

Overexpression of genes that code for these pumps is 
associated with reduced susceptibility to tigecycline in the 
following organisms: K. pneumoniae (AcrAB) (Ruzin et al., 
2005b; Ruzin et al., 2008), Morganella morganni (AcrAB) 
(Ruzin et al., 2005a), E. coli (AcrAB, AcrEF) (Keeney et al., 
2008; Hirata et al., 2004), Proteus spp. (AcrAB) (Visalli et al., 
2003), Providencia spp. (Fritsche et al., 2005b), Acinetobacter 
baumannii (AdeABC, AdeIJK) (Peleg et al., 2007a; Peleg et 
al., 2007b; Damier-Pirolle et al., 2008), A. Calcoaceticus– 
A. baumannii complex (AdeABC) (Ruzin et al., 2007), E. clo
acae (AcrAB) (Keeney et al., 2007; Pournaras, 2016), Serratia 
marcescens (SdeXY-HasF efflux system) (Pournaras et al., 
2016), and Salmonella spp. (Horiyama et al., 2011). P. aerugi
nosa is intrinsically resistant to tigecyline, due to the MexXY 
multidrug efflux pump (Dean et al., 2003). Finally, in vitro 
studies have found mutations in the interdomain loop region 
of the tetA(B) tetracycline resistance gene, which increases 
the efflux of tigecycline and may play a role in tigecycline 
resistance in the future. Until now, no clinical strains with 
tetA(B) have been identified (Tuckman et al., 2000).

A specific enzymatic mechanism of resistance to tigecy-
cline was identified by Moore et al. (2005). Tigecycline is a 
substrate for TetX, and bacterial strains containing the TetX 
gene are resistant to tigecycline. The resistance is due to the 
modification of tigecycline by TetX to form 11α-hydroxytige-
cycline, which has a weakened ability to inhibit protein 
translation, compared with tigecycline. Although TetX has 
not been isolated from any clinically resistant strains (Sun et 
al., 2013), it highlights the importance of ongoing surveil-
lance for resistant strains that may contain TetX.

During therapy, an increase in tigecycline MIC was 
observed in Klebsiella pneumoniae and other Entero bac-
teriaceae, Acinetobacter baumannii, and Bacteroides fragilis. 
Therefore, persistent isolates should be monitored for evi-
dence of resistance during therapy (Sun et al., 2012).

3. MECHANISM OF DRUG ACTION

Tigecycline inhibits protein translation in bacteria by bind-
ing to the 30S ribosomal subunit and blocking entry of 
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aminoacyl tRNA molecules to the ribosome’s site A. This 
prevents incorporation of amino acid residues into elongat-
ing peptide chains, thereby inhibiting protein synthesis 
(Hunter and Castaner, 2001; Zhanel et al., 2006; Fluit et al., 
2005; Olson et al., 2006). This inhibition of protein synthesis 
may occur in wild type ribosomes and in TetM- and TetO-
protected,  tetracycline-resistant ribosomes (Rasmussen et 
al., 1994; Bergeron et al., 1996). It is thought that the product 
of TetM is unable to disrupt the tight tigecycline–ribosome 
bond or to interact with the ribosome, allowing protein 
synthesis to occur (Projan, 2000; Oteo et al., 2004). An acco-
ciation between tigecycline resistance and the presence of 
Tet(M) in S. aureus organisms has not been found (Fluit et 
al., 2005). Additional inhibition of protein synthesis occurs 
in mitochondria via the binding of tigecycline to the 70S 
ribosomes (Riesbeck et al., 1990). This would explain tigecy-
cline’s antiparasitic activity, as most parasites contain mito-
chondria (Chopra and Roberts, 2001). It has been shown that 
the glycylcyclines bind 5 times more strongly to the ribo-
some (Bergeron et al., 1996) than do tetracycline or minocy-
cline, and it is likely that this enhanced binding is responsible 
for glycylcyclines’ overcoming the ribosomal protection 
mechanism of tetracycline resistance (Zhanel et al., 2004; 
Zhang et al., 2006). Moreover, tigecycline appears to interact 
with both the 30S ribosomal binding site and the A site, in a 
manner distinct from that of tetracyclines (Bauer et al., 
2004). The interactions between the tetracyclines and ribo-
somes are reversible, providing an explanation of the bacte-
riostatic effect (Chopra and Roberts, 2001).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Tigecycline is available for i.v. use only. An oral formulation 
is not available because of poor oral absorption. Compatible 
intravenous solutions include 0.9% sodium chloride injec-
tion, USP, and 5% dextrose injection, USP. The following 
drugs should not be administered simultaneously with 
 tigecycline through the same Y-Set: amphotericin B, ampho-
tericin B lipid complex, diazepam, esomeprazole, and ome-
prazole (Tygacil, FDA prescribing information, side effects 
and uses, June 2016).

4a.  Adults

The recommended dosage for the treatment of compli- 
cated intra-abdominal, skin/skin structure infections, and 
 community-acquired pneumonia is 100 mg as a starting 
dose, followed by 50 mg every 12 hours for 5–14 days. The 
infusion time is 30–60 minutes. As part of earlier studies, 
dosing regimes of 200 mg followed by 100 mg have been 
used succesfully for critically ill patients (De Pascale, 2014), 
patients with hospital-acquired pneumonia (HAP) and 
 ventilator-associated pneumonia (VAP) (Ramirez, 2013), 
and urinary tract infections with MDR pathogens (Cunha, 
2009). An increased burden of tigecycline-related side effects 

has not been reported in those studies, however the patients 
involved were small in number, and evaluation for adverse 
events in an ICU setting is hampered by many things, includ-
ing the use of sedatives (De Pascale, 2014). However, the 
EUCAST guidelines of 2016 stated that there should be no 
intermediate category as there is no higher dose (and use of 
elevated dosing regimens would increase the risk of adverse 
events/toxicity), and tigecycline is not physiologically concen-
trated at infection sides (EUCAST, 2016). 

4b.  Newborn infants and children

Tigecycline should not be given to children, because there 
are no data on safety and efficacy in relation to children < 18 
years of age. As a member of the tetracycline class, side effects 
such as staining of teeth (Finch and Mandragos, 1992; 
Ayaslioglu et al., 2005) and inhibition of bone growth (Joshi 
and Miller, 1997) are to be expected and make this drug less 
much useful in younger children.

4c.  Pregnant and lactating mothers

As a member of the tetracycline class, tigecycline should not 
be administered to pregnant women and lactating mothers.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Tigecycline has been shown to be safe in patients with renal 
impairment and in patients undergoing hemodialysis. In 
patients with end stage renal disease, the mean tigecycline 
Cmax (0.96 mg/l) was 60% higher than in age-matched control 
subjects (0.60 mg/l). However, the mean AUC was only 20% 
higher in the end stage renal disease group (4.04 mg·h/l) 
than in patients with normal renal function (3.33 mg·h/l) 
(Troy et al., 2003). Tigecycline is not significantly removed 
from the circulation by hemodialysis—pharmacokinetic 
profiles observed in patients receiving tigecycline before 
and after hemodialysis have been similar (Troy et al., 2003; 
Zhanel et al., 2006). In conclusion, no dose adjustment is 
necessary in patients with renal failure.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

The single-dose pharmacokinetic disposition of tigecycline 
was not changed in patients with mild liver dysfunction 
(Child–Pugh class A). However, in patients with moderate to 
severe liver dysfunction (Child–Pugh class B or C), the sys-
temic clearance of tigecycline was decreased by 25% and 
55%, respectively, and the half-lives were increased by 23% 
and 43%, respectively (Frampton and Curran, 2005). There-
fore, no dose adjustments for tigecycline are necessary in 
patients with mild to moderate liver dysfunction. In patients 
with severe hepatic dysfunction (Child Pugh class C), the 
maintenance dose of tigecycline should be reduced to 25 mg 
every 12 hours—these patients with severe liver dysfunc- 
tion should receive rigorous care and be monitored for treat- 
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ment response and liver function. Furthermore, a number of 
clinical studies have reported liver function abnormalities 
more commonly in the post-therapy period, with a 4.3% 
increase in aspartate transaminase and a 5.6% increase in 
alanine transaminase (Babinchak et al., 2005; Breedt et al., 
2005; Ellis-Grosse et al., 2005; Fomin et al., 2005).

OLDER AND OBESE ADULTS AND  
GENDER DIFFERENCES

No major differences in pharmacokinetic profiles between 
healthy elderly patients and younger patients were found 
(Muralidharan et al., 2005a). Furthermore, no clinically 
 relevant differences in clearance rates were found between 
persons of different races or between men and women. The 
AUC values in women were about 20% higher than in men, 
but these differences were not statistically significant. The 
volume of distribution was somewhat higher in men (6.2  
l/kg) than in women (5.8 l/kg), but dose adjustments in 
 relation to sex of the patient are considered unnecessary 
(Muralidharan et al., 2005a). Finally, clearance rates, weight- 
corrected clearance rates, and AUC values were not different 
among patients with very different body weights, including 
obese patients (although data in relation to patients weigh-
ing ≥ 140 kg are lacking). In conclusion, no dose adjust-
ments are considered necessary based on the age, race, sex, 
or weight of patients.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Tigecycline is available as an intravenous formulation only, 
because of limited oral bioavailability. Approximately 80% 
of tigecycline is protein bound. The in vitro plasma protein 
binding of tigecycline is 71–89%, at tigecycline concentra-
tions observed in clinical studies (0.1–1.0 mg/l) (Muralid-
haran et al., 2005b). With an increase in the total tigecycline 
concentration (up to 15 mg/ml), the unbound fraction 
decreases, irrespective of the laboratory methods used to 
determine the free fraction (Mukker et al. 2014). The clini-
cal significance of this observation is not known, but 
Bhavnani et al. (2012) analyzed the importance of albumin 
as a determinant of clinical success. For patients with HAP, 
the odds of clinical success correlated with rising albumin 
ratios; clinical success rates were 13 times higher for every 
one gram/deciliter increase in albumin (p < 0.001). When 
the AUC/MIC ratio was ≥ 0.90 the probability of success 
with an albumin concentration of 2 g/dl was 0.5, whereas 
the probability of success with an albumin concentration of 
4 g/dl was almost 1. When the AUC/MIC ratio was < 0.90, 
probabilities were respectively 0.1 and close to 1. These data 
seem to indicate that protein binding does play an impor-
tant role in tigecycline efficacy in patients, but how exactly is 
unclear.

Co-administration of tigecycline with food has no statis-
tically significant effect on its pharmacokinetics, although 

food appears to improve the tolerability of tigecycline (less 
nausea and vomiting) (Muralidharan et al., 2005b).

5b.  Drug distribution

The mean pharmacokinetic parameters of tigecycline after 
single and multiple intravenous doses based on pooled data 
from clinical pharmacology studies are summarized in Table 
70.2. In a drug dose escalation study in healthy males (18–50 
years), a single 1-hour intravenous infusion with increasing 
doses of 12.5–300 mg resulted in mean Cmax (mean tigecy-
cline maximum concentration) values ranging from 0.11 to 
2.82 mg/l, and AUC0–24 values ranging from 0.8 to 2.82 mg·h/l 
(Muralidharan et al., 2005b). Both Cmax and AUC0–24 saw 
increases proportional to dose, indicating that tigecycline 
has a dose-proportional pharmacokinetic profile.

Radiolabeling experiments in rats have shown that elimi-
nation of tigecycline was slower from tissue than from plasma, 
yielding high tissue to plasma concentrations, especially in 
relation to bone tissue (Tombs, 1999). In bone tigecycline is 
bound, but there is no evidence for increased local efficacy. 
The half-life of tigecycline is between 37 and 66 hours 
(Meagher et al., 2005a). The AUC in the steady state is 3–6 
mg·h/l after a dose of 50 mg is given every 12 hours (Meagher 
et al., 2005b; Muralidharan et al., 2005b; Sun et al., 2005). In 
skin blister fluid studies, the AUC0–12 of tigecycline was 1.61 
mg·h/l, which corresponds to 74% of the serum concentra-
tions, in ten healthy subjects (Sun et al., 2005).

The pharmacokinetics of tigecycline have been studied in 
various tissues and body fluids. Following the administration 
of tigecycline 100 mg followed by 50 mg every 12 hours to 33 
healthy volunteers, the tigecycline AUC0–12 h in alveolar cells 
(134 mg·h/l) was approximately 78-fold higher than the 
AUC0–12 in the serum, and the AUC0–12 in epithelial lining 
fluid (2.28 mg·h/l) was approximately 32 percent higher than 
the AUC0–12 in serum (Wyeth, 2008). In a single-dose study, 

Table 70.2. Mean (CV%) pharmacokinetic parameters of 
tigecycline.

Single dose, 
100 mg 

(n = 224)

Multiple dose, 
50 mg every 12h 

(n = 103)a

Cmax (mg/l)b 1.45 (22%) 0.87 (27%)

Cmax (mg/l)c 0.90 (30%) 0.63 (15%)

AUC (mg/l h) 5.19 (36%) —

AUC0–24h (mg/l h) — 4.70 (36%)

Cmin (mg/l) — 0.13 (59%)

t1/2 (h) 27.1 (53%) 42.4 (83%)

CL (l/h) 21.8 (40%) 23.8 (33%)

CLr (ml/min) 38.0 (82%) 51.0 (58%)

Vss (l) 568 (43%) 639 (48%)

Data pooled from various clinical pharmacology studies.
a100 mg initially, followed by 50 mg every 12 hours.
b30-minute infusion.
c60-minute infusion.
Abbreviations: CL, clearance; CLR, renal clearance.
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tigecycline 100 mg was administered to subjects prior to 
undergoing elective surgery or medical procedure for tis- 
sue extraction. Concentrations at 4 hours after tigecycline 
adminis tration were higher in gallbladder (38-fold higher, 
n  = 6), lung (8.6-fold higher, n = 1), and colon (2.1-fold 
higher, n = 5), and lower in synovial fluid (0.58-fold lower, n 
= 5) and bone (0.35-fold lower, n = 6), relative to serum 
(Godfried et al., 2004). Concentrations were also determined 
in tissue. Mean tissue concentrations for skin and soft tissue 
were 3.8, 5.2 and 2.8 mg/l, after 3, 7, and 9 hours, respectively 
(Stein et al., 2011). Although these studies show higher con-
centrations in tissue, it is unclear what this means for the 
activity and/or efficacy of the drug (Mouton et al., 2008).

Cerebrospinal fluid penetration is low (Palloto et al., 
2014). Penetration into the urinary tract is probably suffi-
cient to defeat susceptible organisms (Nix and Matthias 2010). 
With an excretion rate of 15–22% unchanged in urine, an 
average of 7.5–11 mg/l is expected with standard dose.

The drug partition of tigecycline between the blood and 
plasma compartments may be affected by the anticoagulant 
ethylenediamine tetra-acetic acid (EDTA). This agent may 
compete with tigecycline for chelating metal ions, thereby 
leading to inaccurate measurements of pharmacokinetic 
parameters in plasma (Chen et al., 2008).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The steady-state volume of distribution of tigecycline aver-
ages 7–10 l/kg (Muralidharan et al., 2005a; Muralidharan et 
al., 2005b; Sun et al., 2005), resulting in relatively low serum 
concentrations. As a consequence, exposure of pathogens to 
tigecycline, both in serum and at the sites of infection, is not 
very high. Additionally, the protein binding is at about 80% 
in humans, resulting in a free fraction available for activity 
that is even lower (Muralidharan et al., 2005b). However, as 
for any drug, the efficacy of tigecycline depends on both 
exposure and the MIC values relative to the pathogen(s). 

Patients with VAP might have relatively low levels of tige-
cycline in epithelial lining fluid (ELF). It is questionable 
whether appropriate drug levels for pathogen eradication 
will be achieved, especially when MICs are elevated (Burk-
hardt et al., 2009). In patients who have these pneumonias, 
lower AUC/MIC levels compared to those of patients with 
other bacterial diseases have been reported as well (Freire et 
al., 2010). Ramirez et al. (2013) found better cure rates for a 
high dose scheme in patients with HAP compared to a lower 
dose scheme (150 mg followed by 75 mg twice daily versus 
200 mg followed 100 mg twice daily). 

For MDR pathogens with increased tigecycline MICs 
Cunha (2009) reports clinical success with high doses of  
tigecycline in urinary tract infections or urosepsis, on the 
assump tion that urine concentrations would be elevated at 
higher doses. 

The pharmacodynamic profile of tigecycline was studied 
in mice initially (van Ogtrop et al., 2000), but the results were 

somewhat ambiguous. The AUC/MIC values seemed to 
show the best correlation with efficacy. The clinical trials 
were analyzed bearing this relationship in mind. For skin 
and skin structure infections, complicated intra-abdominal 
infections, and community-acquired pneumonia, there was 
a correlation between AUC/MIC and probability of cure 
(Meagher et al., 2007; Passarell et al., 2008; Rubino et al., 
2012). This relationship was used to determine clinical 
break points for tigecycline initially (EUCAST, 2006; Mouton, 
2003). The pharmacodynamic profile of tigecycline was 
recently evaluated in an in vitro model of infection by Tsala 
and collegues. From the results they concluded that a stan-
dard dose would be marginally effective at best, and that with 
serious infections caused by K. pneumoniae higher doses 
would be beneficial (Tsala et al., 2016).

Combinations of tigecycline with other agents have been 
studied in checkerboard and time-kill kinetic studies. 
Synergy was shown for different bug/drug combinations 
(Feterl et al., 2006; Petersen et al., 2006; Moland et al., 2008; 
Entenza and Moreillon, 2009). Unfortunately, some indiffer-
ent or even antagonistic effects in relation to drug combina-
tions have also been found: an antagonistic effect between 
tigecycline and colistin used against Acinetobacter spp. 
(Scheetz et al., 2007; Cheng et al., 2015; Cikman et al., 2015), 
Serratia marcescens (Betts et al., 2014), and carbapenem- 
producing Enterobacteriaceae (Michail et al., 2013) has been 
demonstrated. Also noted: an antagonistic effect between 
tigecycline and rifampicin used against MRSA and glycopep-
tide-intermediate Staphylococcus aureus (GISA) (Mercier et 
al., 2002; Yin et al., 2005) and daptomycin-resistant Entero
coccus faecium (Hindler et al., 2015); an antagonistic effect 
between imipenem and tigecycline used against Serratia 
marcescens (Vouillamos et al., 2008); an antagonistic effect 
between tigecycline and cefepime used against MRSA 
(Huang and Rybak 2005); and finally an antagonistic effect 
for the combination of meropenem and tigecycline used 
against carbapenemase-producing Enterobacteriaceae (Michail 
et al., 2013). Combination regimens that include tigecycline 
need to be evaluated as options in the treatment of more 
severe infections.

5d.  Excretion

Studies with radiolabeled 14C-tigecycline have shown that 
tigecycline is eliminated primarily by the liver (59%), via bil-
iary excretion of the unchanged drug in feces (Muralidharan 
et al., 2005b; Hoffmann et al., 2007). Glucuronidation and 
excretion of unchanged tigecycline (the inactive epimer of 
N-acetyl-9-aminominocycline) are secondary elimination 
routes (Zhanel et al., 2006; Hoffmann et al., 2007). Thirty-
three percent of a tigecycline dose is eliminated in the urine. 
Renal clearance accounts for 10–15% of the total systemic 
clearance (Hoffmann et al., 2007; Wyeth, 2008). The major 
metabolites of radiolabeled tigecycline detected in human 
serum, urine, and feces are conjugated metabolites (account-
ing for 5–20% of serum radioactivity, 4% of urine radio-
activity, and 5% of feces radioactivity) and its epimer, 
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N-acetyl-9-aminominocycline (Hoffmann et al., 2007). Con-
current use of antibacterial drugs with oral contraceptives 
may render oral contraceptives less effective (Tygacil, FDA 
prescribing information, 2016).

5e.  Drug interactions

Tigecycline is not a substrate, inhibitor, or inducer of com-
mon cytochrome P450 enzymes (Stein and Craig, 2006), 
therefore interactions with drugs that are substrates of the 
relevant enzymes are unlikely. However, concomitant use 
with warfarin can decrease the clearance rates of R-warfarin 
and S-warfarin, by 40% and 25%, respectively, and increase 
the AUC values, by 68% and 29%, respectively. Significant 
changes in international normalized ratio (INR) values have 
not been shown, but since tigecycline may extend both pro-
thrombin times (PTs) and activated partial thromboplastin 
times (aPTTs), coagulation tests are necessary when tige-
cycline is administered together with an anticoagulation 
agent. Furthermore, no significant effect of tigecycline on digo-
xin pharmacokinetics and pharmacodynamics was reported 
(Zim merman et al., 2007). Therefore, no dose adjustments 
are necessary when tigecycline is given together with digoxin. 
Tigecycline is a substrate of P-glycoprotein (P-gp); coadmin-
istration of tigecycline and P-gp inhibitiors (e.g. ketoconazole 
or cyclosporine), or P-gp inducers (e.g. rifampicin), could 
affect the pharmacokinetics of tigecycline (Tygacil, FDA pre-
scribing information, 2016).

6. ADVERSE REACTIONS AND TOXICITY

The safety and tolerability of tigecycline was assessed in 
phase I–III trials involving 1415 patients. The most impor-
tant reported side effects were gastrointestinal complaints 
(Murray et al., 2003; Postier et al., 2004; Babinchak et al., 
2005; Breedt et al., 2005; Ellis-Grosse et al., 2005; Fomin et 
al., 2005; Muralidharan et al., 2005b). Since tigecycline 
belongs to the tetracycline class of antibiotics, it is expected 
to have the side effects that are associated with this class of 
antibiotics.

Several studies report a trend of increased risk of mortal-
ity for those who have received tigecycline, compared to 
other antibiotics. This has been described for both approved 
use and off label use (and especially for patients with HAP/
VAP). Cai et al. (2011) and Tasina et al. (2011) found a non-
significant overall increase in mortality. Yahav et al. (2011) 
and Prasad et al. (2012) state that differences in mortality 
between tigecycline users and controls are statistically signif-
icant. However, death has not been attributed to direct toxic 
effects of tigecycline. The definitive cause of increased mor-
tality is unknown (Dixit et al., 2014). Progressive infection 
and the intrinsic weak activity of tigeycline are proposed as 
causes (FDA, 2010). Inadequate AUC/MIC ratios (especially 
in the treatment of HAP/VAP) may also be factors (Freire et 
al., 2010; De Rosa et al., 2015). AUC/MIC ratios might be 
optimized by higher dosing regimes. Others point to under-
lying risk factors as confounders of mortality data (Verde 

and Curcio, 2011). Nevertheless, a safety alert was issued by 
the FDA in 2010 and renewed as a boxed warning in 2013, 
stating tigecycline should only be used “in situations when 
alternative treatments are not suitable.” (FDA, 2010; FDA, 
2013). 

6a.  Gastrointestinal side effects

The frequency of reported side effects was highest in the 
phase I trial (Muralidharan et al., 2005b), the most frequently 
reported being mainly nausea (48.5%) and vomiting (29.4%). 
Side effects were dose related, and 100 mg was the maximum 
tolerated dose in healthy subjects during the fasting state, 
and 200 mg was the maximum tolerated dose under fed con-
ditions (Muralidharan et al., 2005b). The multiple-dose study 
showed that these side effects were not related to the dura-
tion or volume of the intravenous infusion (Muralidharan et 
al., 2005b). Similar results were found in the phase II trials 
(Murray et al., 2003; Postier et al., 2004; Zhanel et al., 2006). 
In the four phase III studies, nausea (29.5%) and vomiting 
(19.6%) were the most reported side effects (Babinchak et al., 
2005; Breedt et al., 2005; Ellis-Grosse et al., 2005; Fomin et 
al., 2005). Of these, 95% were of mild to moderate severity, 
typically occurring after 1–2 days of tigecycline therapy. In 
the two phase III studies of CAP (Bergallo, 2009; Tanaseanu, 
2009), nausea (16.3% and 29.6% respectively) and vomiting 
(12.0 and 16.7%) were the most frequently observed side 
effects. These adverse advents were confirmed in a meta- 
analysis of 14 randomized trials , comprised of about 7400 
patients, with more reports of nausea and vomiting in the 
tigecycline group (Tasini et al., 2011). The gastrointestinal 
complaints can be reduced by administering the drug with 
food and/or metoclopramide. Other infrequent gastrointes-
tinal side effects are anorexia, dry mouth, taste perversion, 
and abnormal stool.

6b.  Teeth and bone

Tetracyclines are deposited in teeth and bone during calcifi-
cation processes, which can lead to dental staining and inhi-
bition of bone growth in children. However, no children or 
pregnant women were included in the clinical trials, so very 
little information on tigecycline’s effect on teeth and bone is 
available. Furthermore, no data are available on long-term 
tigecycline use, which could result in permanent tooth dis-
coloration, as has been reported for minocycline (Brearley 
and Storey, 1968; Parkins et al., 1992; Dodd et al., 1998).

6c.  Hepatic effects

Transient elevations in alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), and alkaline phosphatase 
(ALP) levels occurred in some patients receiving tigecycline 
in phase II studies (Postier et al., 2004), whereas in the skin/
skin structure phase III trials, the incidence of increased liver 
parameters was significantly lower than for the compara-
tor drugs (serum AST increase 1.8% vs. 5.1%, respectively, 



1258 Tigecycline

p = 0.003; serum ALT increase 1.4% vs. 4.0%, respectively, 
p  < 0.001) (Ellis-Grosse et al., 2005). In the complicated 
abdominal infection phase III trial, no differences in liver 
function were reported (Babinchak et al., 2005). Patients 
with elevated bilirubin (2.3%) and jaundice (0.2% to < 2%) 
have been reported (Babinchak et al., 2005). Excretion 
through bile is around 50% of the total excretion of tigecy-
cline, therefore patients with cholestasis should be moni-
tored more frequently. Hepatic dysfunction may occur after 
the drug has been discontinued (Tygacil, FDA prescribing 
information, 2016).

6d.  Skin reactions and rash

In general, skin reactions to tetracyclines are not common, 
although they do occur. Known side effects of tetracyclines 
are photosensibility, vertigo, lupus-like syndrome, and hyper-
pigmentation. There has been one case report describing two 
patients who were treated with tigecycline and polymyxin B 
and developed diffuse hyperpigmentation, predominantly 
affecting the face (Knueppel and Rahimian, 2007). In the 
complicated intra-abdominal infection phase III trials 
(Babinchak et al., 2005; Ellis-Grosse et al., 2005), skin prob-
lems were not reported, whereas in the skin/skin structure 
phase III, 10.6% of the patients reported skin problems: 4.2% 
pruritus and 1.9% rash. Cross-sensitization occurs among 
tetracyclines—thus patients reporting an allergy to one of 
these agents should be considered hypersensitive to tige-
cycline. This is infrequent, however. Side effects at the injec-
tion site (inflammation, pain, edema, phlebitis) have been 
described in the various trials, but did not occur more fre-
quently (incidence 11%) than for comparators.

6e.  Other side effects

Tigecycline causes no prolongation of the QTc time (Bergallo 
et al., 2009; Tanaseanu et al., 2009). In a phase III trial (Ellis-
Grosse et al., 2005), the incidence of cardiovascular events 
was lower than for the comparator drugs (9% vs. 11%, 
respectively). In the same study, 3.5% of patients had a pro-
longed aPTT, and 3.2% a prolonged PT. Infrequent (0.2% to 
< 2%) hematologic side effects included increased INR and 
thrombocytopenia. There are some case reports that tigycy-
cline induces acute pancreatitis (Tasina et al., 2011; Hung et 
al., 2009; Gilson et al., 2008; Prot-labarthe et al., 2010; Okon 
et al., 2013), especially in women (Okon et al., 2013). Further 
investigations are warranting, and clinicians should be aware 
of signs and symptoms of pancreatitis. 

Other infrequent side effects include headache, dizziness, 
somnolence, bradycardia, tachycardia, increased creatinine, 
hypocalcemia, hypoglycemia, hyponatremia, vaginal monili-
asis, vaginitis, and leukorrhea. The following conditions are 
yet to be reported in relation to tigecycline use and are there-
fore likely to be extremely rare (if present at all): pseudo-
tumor cerebri, azotemia, acidosis, hypophosphatemia, and 
hypoproteinemia. 

7. CLINICAL USES OF THE DRUG

The present approved indications for tigecycline include 
complicated skin and skin structure infections, complicated 
intra-abdominal infections, and community acquired pneu-
monia (Tygacil prescribing information, 2016).

7a.  Skin and skin structure infections

Complicated skin and skin structure infections (cSSSIs) are 
often caused by multiresistant pathogens and occur in high 
risk patients, such as those with poor vascular perfusion, 
pressure sores, and immune suppression (Raghavan and 
Linden, 2004; Zhanel et al., 2006). The efficacy of tigecycline 
(100 mg initial dose then 50 mg twice daily for 14 days) was 
compared with that of vancomycin/aztreonam (1 g i.v. twice 
daily/2 g i.v. twice daily for 14 days) in hospitalized patients; 
833 patients were clinically evaluable (Breedt et al., 2005; 
Ellis-Grosse et al., 2005). The most prevalent pathogens were 
S. aureus (MSSA and MRSA), S. pyogenes, and E. coli. Overall 
clinical cure rates were similar—86.5% for tigecycline, 88.6% 
for vancomycin/aztreonam (p < 0.01, for noninferiority)—
as were the microbiological responses (86% vs. 88%, respec-
tively). There were no differences in clinical cure rates 
between patients who were and were not bacteremic (82.6% 
vs. 87.5%). Tigecycline was equally effective in patients who 
had monomicrobial and polymicrobial infections (86.3% 
and 86.4%, respectively). There were no differences in MIC50/
MIC90 values between methicillin-sensitive and methicillin- 
resistant S. aureus (MSSA and MRSA) (0.12/0.25 mg/l for 
both). Only cases with vancomycin-susceptible enterococci 
strains were included; thus, additional clinical studies of  
vancomycin-resistant enterococci are needed. No isolates 
acquired reduced susceptibility to tigecycline in this study. 
The authors concluded that tigecycline is noninferior, and is 
effective monotherapy for the treatment of cSSSIs.

In patients with diabetic foot infections (DFIs), tigecy-
cline may play a therapeutic role, although some frequently 
isolated pathogens are not susceptible in vitro to tigecycline. 
In particular, P. aeruginosa is not susceptible, yet this patho-
gen is often isolated from polymicrobial DFIs—although the 
clinical importance of and need to treat P. aeruginosa is not 
always clear (Lipsky, 2004). Moreover, tigecycline is not 
active against Proteus spp, which were isolated in 28.8% of 
cases in one study of DFIs (Sotto et al., 2007). Lauf et al. per-
formed a multicenter, randomized, double-blind study of 
hospitalized patients with diabetic foot infections, compar-
ing tigecycline 150 mg once daily with ertapenem plus van-
comycine. For the clinically evaluable populations, 77.5% of 
the tigecycline receiving group and 82.5% of the ertapemen 
plus vancomycin receiving group were cured. Although 
patient groups were relatively balanced with regard to patient 
characteristics, tigecycline did not meet the primairy end-
point of noninferiority with a 10% noninferiority margin. 
The high dose of tigecycline was relatively well tolerated, and 
adverse events were similar to those previously reported 
(Lauf et al., 2014). 
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7b.  Intra-abdominal infection

Complicated intra-abdominal infections (cIAI) are typically 
caused by simultaneous infection with multiple microorgan-
isms present in the gastrointestinal flora. The efficacy of tige-
cycline (100 mg initial dose, then 50 mg i.v. twice daily) was 
compared with that of imipenem/cilastin (500/500 mg every 
6 hours) for 5–14 days in 1382 patients in two studies 
(Babinchak et al., 2005; Fomin et al., 2005; Oliva et al., 2005). 
Complicated appendicitis (incidence 50%) followed by com-
plicated cholecystitis (14%) were the most common infec-
tions, and the severity of illness, based on APACHE II scores, 
was comparable in each treatment group. Only a small group 
of patients had APACHE II scores > 15 (3.5% and 2.1%, 
respectively). The most prevalent pathogens were E. coli, and 
organisms of the B. fragilis and S. anginosus groups. Overall, 
clinical cure rates were the same in both treatment groups, 
86% versus 86%, respectively (p < 0.0001 for noninferiority), 
as were the bacterial eradication rates. In both treatment 
arms, there were higher clinical cure rates in patients with 
monomicrobial infections than in patients with polymicro-
bial infections: tigecycline 92.2% versus 82.8%, and imipe-
nem/cilastin 90.2% versus 83.7%, respectively. The clinical 
cure rates in patients with bacteremia were the same (82% 
tigecycline versus 80% imipenem/ cilastin). Eradication rates 
were similar between treatment groups in relation to ESBL-
producing strains, anaerobes, and staphylococci (MSSA). 
Unfortunately, only vancomycin- susceptible strains were 
included in these studies. However, in a mouse peritonitis 
model, tigecycline showed good activity against enterococci 
(including Tet(M)-, VanA, and VanB-containing tetracy-
cline-resistant strains) (Nannini et al., 2003). Finally, two 
patients experienced clinical failure, and the isolates  
(K. pneumoniae and M. morganii) were resistant to tigecy-
cline (MIC 8 mg/l). The authors concluded that tigecycline 
monotherapy was efficacious and statistically equivalent to 
imipenem/cilastatin in the treatment of complicated intra- 
abdominal infections. Furthermore, tigecycline was regarded 
as similar to imipenem/cilastatin in terms of health resource 
utilization (Mallick et al., 2007). Clinical cure rates and over-
all safety profile for tigecycline from a study of Chinese 
patients were consistent with the abovementioned global cIAI 
studies (Chen 2010). 

7c.  Clostridium difficile infection

Although there are no clinical studies that have reported on 
the use of tigecycline to treat C. difficile infections, preclinical 
studies and anecdotal evidence indicates that tigecycline 
might be useful for this indication. Antibiotic concentrations 
in the large bowel during treatment far exceed the tigecycline 
MIC for C. difficile—although C. difficile spores could persist 
despite treatment. Tigecycline has a marked effect on the 
microflora, yielding reductions in Bacteroides spp., bifido-
bacteria, facultative anaerobes, enterococci, and E. coli (Baines 
et al., 2006; Nord et al., 2006), and relative increases in 
Entero bacteriaceae and yeasts (Nord et al., 2006). Despite 

this, studies by Baines et al. (2006) showed that C. difficile 
remained in the intestine as spores, with no evidence of pro-
liferation or cytotoxin production. Similar findings were 
noted by Wilcox (2007). While there was opportunity for late 
toxin production to occur following the decline of tige cycline 
levels to subinhibitory levels, this did not happen. In phase 
III clinical trials, diarrhea was reported in 13% of patients, 
but none of the tigecycline-treated patients tested positive for 
C. difficile toxin or developed C. difficile- associated diarrhea. 
Two patients with severe end-stage C. difficile infection were 
cured by tigecycline (E. Kuiper, personal communication). 
However, C. difficile–associated diarrhea has been associated 
with almost all antibiotic therapies—including at least one 
case in a phase II trial of patients with complicated intra- 
abdominal infections treated with tigecycline (Stein, 2005). 
Thus, tigecycline may also be associated with C. difficile- 
associated diarrhea.

7d.  Pneumonia and empyema

In April 2009, Wyeth withdrew its application for FDA 
approval of Tygacil for the treatment of CAP because the 
clinical trials did not include enough severely ill patients 
with CAP to alleviate reviewer concerns regarding efficacy 
(EMEA, 2008). The available data for serious CAP infection 
remained scarce, and there were concerns regarding the pos-
sible development of resistance to tigecycline (Daly et al., 
2007). Later tigecycline did receive FDA approval for the 
treatment CAP (Tygacil prescribing information, 2013). The 
efficacy of tigecycline was compared with that of levofloxa-
cine in phase III trials (Tanaseanu et al., 2008). Patients ran-
domly received tigecycline 100 mg initially followed by 50 
mg twice daily or levofloxacin 500 mg i.v. every 24 h or twice 
daily. Patients with known or suspected Pseudomonas aeru
ginosa or Legionella infections and patients in need of ICU 
care were excluded. 574 patients were clinically evaluable 
and 345 were microbiologically evaluable. There was no sig-
nificant difference in the rate of cure, with 253 out of 282 
patients (89.7%) cured in the tigecycline group, and 252 out 
of 292 patients (86.3%) in the levofloxacin group, meeting 
the non-inferiority criterion. The microbiological cure rates 
did not differ significantly (data not shown). Common patho -
gens involved were S. pneumoniae, Mycoplasma spp. (serol-
ogy), Chlamydia spp. (serology), and Haemophilus influenzae.

However, there are significant concerns with the use of 
tigecycline in the treatment of HAP. Treatment failures, 
probably due to a combination of pathogens with higher 
MICs and a less favorable distribution of tigecycline in ELF, 
have been reported (Burkhardt, 2009; Freire et al., 2010). The 
limited experience with high dose tigecycline in this context 
points to a potential therapeutic role for this specific indica-
tion nonetheless (Ramirez, 2013). 

There is experience with tigecycline in the treatment of 
HAP, mostly because the drug has been used as salvage ther-
apy in some cases, particularly for A. baumannii infections 
(Anthony et al., 2008; Karageorgopoulos et al., 2008). In addi-
tion to the scarcity of data on the subject of serious infection, 



1260 Tigecycline

there are concerns regarding the possible development of 
resistance (Daly et al., 2007).

7e.  Other indications

Trials of tigecycline use in urinary tract infections were 
abandoned on precompletion review. The excretion of tige-
cycline is 59% biliary and < 22% in urine (Muralidharan et 
al., 2005b). Consequently, the levels of active drug in the 
urine are relatively low (Livermore, 2005). However, Nix and 
Matthias (2010) calculated a urinary concentration of 7.5–11 
mg/l, which could prove to be effective, particularly if alter-
native antibiotics are not available. Krueger et al. (2008) 
reported a patient with recurrent urinary sepsis caused by 
ESBL-producing E. coli, who recovered completely after 
tigecycline treatment. Cunha (2009) reports clinical success 
against MDR pathogens with higher tigecycline MICs when 
tigecycline is dosed maximally. Additional studies are needed 
to determine the definitive role of tigecycline in the treat-
ment of urosepsis. 

Data for efficacy in bacteremia are scarce. Gardiner et al. 
(2010) retrospectively analyzed the clinical efficacy and 
safety of the drug given to patients presenting with second-
ary bacteremia, treated as part of 8 phase III clinical trials. 
The infections treated were cSSSI, cIAI, and CAP. Compara- 
tor agents were vancomycin–aztreonam, imipenem–cilastin, 
levo  floxacin, vancomycin, and linezolid. The most commonly 
represented pathogens were S. aureus, S. pneumoniae, and 
Enterobacteriaceae. Ninety-one patients having a mean 
APACHE score of 7.29 were treated with tigecycline. The 
comparator group consisted of 79 patients and had a compa-
rable mean APACHE score of 6.56. Clinical cure rates were 
similar, respectively 81.3% and 78.5%. Tigecycline was con-
sidered a safe and effective treatment for bacteremia second-
ary to cSSSI, cIAI, and CAP. However, caution is warranted 
in relation to primary bacteremia as controlled trials that 
have centered on this condition are lacking, resistance may 
be present in the relevant organisms, and serum concentra-
tions of tigecycline are relatively low. It is also important to 
acknowledge that the APACHE scores in the studied groups 
were relatively low.

Severely ill patients were excluded from the initial clini- 
cal trials of tigecycline (Babinchak et al., 2005) and still are 
under-represented (Zimmermann et al., 2013). A study 
involving patients with severe sepsis and septic shock (mean 
APACHE score 27) admitted to intensive care units con-
cluded that the mortality rate of patients treated with tigecy-
cline was remarkably low (Swoboda et al., 2008). However, in 
the phase III trials, tigecycline recipients had a higher inci-
dence of infection-related serious adverse events (6.7% vs. 
4.6% in comparator treatment groups; p-value not reported) 
and a significantly higher incidence of sepsis/septic shock 
(1.5% vs. 0.5%; p-value not reported). A causal relationship 
between treatment and sepsis/septic shock could not be 
found (Frampton and Curran, 2005). High dose tigecycline 
might result in a more favorable course of illness (De Pascale 

et al., 2014). Additional studies for high dosing tigecycline in 
critically ill patients are needed (Falagas et al., 2014). 

One case report demonstrates the possible use of tige-
cycline for endocarditis (Jenkins, 2007). A patient with 
linezolid- and vancomycin-resistant Enterococcus faecium 
endo carditis was successfully treated with the combination 
of tigecycline and daptomycin. However, as monotherapy, 
tigecycline is not considered suitable for this indication 
(Presterl et al., 2007).

In catheter-related bloodstream infections, intraluminal 
antibiotic lock therapy could be useful for the salvage of vas-
cular catheters. Unfortunately, this has had limited success 
in the clinical setting (Rijnders et al., 2005), although two 
in vitro studies have shown that tigecycline in combination 
with another antimicrobial agent may be beneficial for this 
indication (Aslam et al., 2007; Raad et al., 2007). Raad et al. 
(2007) performed an in vitro study of MRSA organisms 
embedded in biofilm. Daptomycin, minocycline, and tigecy-
cline each inhibited MRSA in the biofilm at day 1 and day 3. 
When rifampicin was added to these antibiotics, the combi-
nation was notably effective in eliminating MRSA coloniza-
tion in biofilm. Aslam et al. (2007) used N-acetylcysteine in 
combination with tigecycline as a catheter lock therapy for 
the treatment of catheter-associated bacteremia arising from 
tunneled hemodialysis catheters. This combination consis-
tently reduced viable biofilm-associated bacteria levels rela-
tive to the control therapies (Aslam et al., 2007).

Since tigecycline accumulates in bone, it may be useful  
to treat osteomyelitis. There are no human clinical studies 
available, but in a rabbit model of MRSA osteomyelitis, tige-
cycline in combination with oral rifampicin cleared the infec-
tion in 100% of cases, compared with 90% for tigecycline 
alone, 82% for vancomycin alone, and 26% for untreated con-
trols (Yin et al., 2005). The concentration of tigecycline in the 
infected bone was noted to be higher than in the noninfected 
bone.

Kratzer et al. (2007) reported good results with tigecy-
cline in bone marrow transplant patients with symptomatic 
bacteremia due to multiresistant coagulase-negative staphy-
lococci, with MIC50 and MIC90 values of 0.25 mg/l and 0.5 
mg/l, respectively, noted for these pathogens (Kratzer et al., 
2007). Successful salvage therapy with tigecycline after line-
zolid failure in a liver transplant recipient with MRSA pneu-
monia was described by Saner et al. (2006).

Wallace et al. (2014) reported clinical successes with tige-
cyline as salvage therapy for M. abscessus and M. chelonae 
infections.
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1. DESCRIPTION

Omadacycline (PTK0796, BAY 73-6944, MK-2764) belongs 
to the aminomethylcyclines, a new subclass of the tetracy-
clines, and was designed to overcome resistance to that class 
(Honeyman et al. 2015). The chemical name for omadacy-
cline is 7-dimethylamino, 9-(2,2-dimethyl-propyl)-amino-
methylcycline. The empirical formula is C29H40N4O7 and the 
molecular weight is 556.7. The molecular structure of omad-
acycline is depicted in Figure 71.1. Its mechanism of action is 
similar to that of other tetracyclines, i.e., it binds to the bac-
terial ribosome, resulting in the inhibition of protein synthe-
sis. There are intravenous as well as oral formulations.

It is currently under development for the treatment of 
community-acquired pneumonia, complicated urinary tract 
infections, and acute bacterial skin and skin structure infec-
tions. The FDA has granted Paratek Pharmaceuticals fast track 
designation. Omdacycline has activity against both Gram-
positive and Gram-negative bacteria as well as atypical bacteria. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The in vitro susceptibility profiles of common pathogens to 
omadacycline are shown in Table 71.1. In general, it is equally 
or somewhat more active than doxycycline or tetracycline 
against susceptible strains, but significantly more active against 
doxycycline-resistant or tetracyclin-resistant strains, render-
ing many of these susceptible.

GRAM-POSITIVE BACTERIA

Omadacycline exhibits potent activity against pneumococci, 
with MIC90 values in the neighborhood of 0.06 mg/l (Table 
71.1). No difference in activity was observed between Euro-
pean and North American isolates, in surveillance studies 
conducted in 2014 and in 2010 (Flamm et al., 2015a; Pfaller 
et al., 2017). It remained active against tetracycline-resistant 
strains. Other strep tococci are equally susceptible. Of note, 
omadacycline displays significant activity against both van- 

comycin- susceptible as well as vancomycin-resistant Entero- 
coccus faecium. The drug is active against staphylococci, both 
S. aureus and coagulase-negative staphylococci (CoNS), and 
its activity appears to be independent of whether the strains 
are methicillin-susceptible or methicillin-resistant. 

Omadacycline shows good activity against C. difficile. Its 
efficacy against 27 clinical isolates was tested using both broth 
microdilution and agar dilution methods, according to CLSI 
guidelines. The MIC90 was 0.06 mg/l by broth dilution and 0.12 
mg/l by agar dilution, and omadacyclin was more active than 
doxycycline (MIC90 = 0.5 mg/l by broth and 1 mg/l by agar 
efficacy) (Kim et al., 2016). In vivo activity was confirmed by 
these authors in a hamster model of C. difficile infection.

GRAM-NEGATIVE BACTERIA

Omadacycline displays moderate activity against Escherichia 
coli and Klebsiella spp., with MIC ranges from 1 to 8 mg/l. 
Proteus mirabilis appears to be resistant. It is active against 
M. catarrhalis, with MICs of 0.12 mg/l or lower, but H. influ-
enzae MICs extend up to 8 mg/l. Omadacycline shows activ-
ity against Acinetobacter baumannii, which may warrant 
further investigation.

OTHER ORGANISMS

Omadacyclin is active against various atypical microorgan-
isms, including Legionella pneumophila. In a study that eval-
uated 90 clinical Legionella pneumophila serogroup 1 (Lp1) 
isolates collected in Canada from 1995 to 2014, Dubois and 
colleagues found an MIC50 and an MIC90 of 0.25 mg/l using 

Figure 71.1. Molecular structure of omadacycline.
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a  microdilution assay (range: 0.06–0.5 mg/l). It was 4-fold 
more active than doxycycline (Dubois et al., 2016). Omada-
cycline also appears to be active against against the two 
 biothreat pathogens Bacillus anthracis and Yersinia pestis 
(Steenbergen et al., 2017).

2b.  Emerging resistance and 
cross-resistance

As omadacycline is a new drug, there are few data on the 
emergence of resistance. In P. aeruginosa, the inducible 
MexXY efflux pump appears to be the major pump contrib-
uting to the organism’s intrinsic decreased susceptibility to 
omadacycline (similar to the organism’s handling of tige-
cycline), with a smaller potential contribution by MexAB-
OprM. Similarly, the MexXY pump was shown to be the 
primary determinant of acquired reduced susceptibility in 
K. pneumoniae (Ruzin et al., 2011).

3. MECHANISM OF DRUG ACTION

Omadacycline specifically inhibits protein synthesis, consis-
tent with the known mechanism of action implemented by 
the typical tetracyclines. It binds to 70S ribosomes with an 
affinity comparable to that of minocycline (Draper et al., 2014), 

which is known to have an affinity for the binding site greater 
than that of tetracycline (Weir et al., 2003; Olson et al. 2006). 
The two major mechanisms of bacterial resistance described 
in relation to the tetracyclines, efflux and ribosomal protec-
tion, are overcome by omadacycline in the majority of strains. 
But although omadacycline was shown to be active against 
tetracycline-resistant microorganisms, including those with 
the resistance determinants tet(K), tet(M) and tet(O), the 
mechanism by which omadacycline avoids efflux by the bac-
terial cell is not known, nor is the mechanism of ribosomal 
protection. It is likely that interactions between omadacy-
cline and the ribosome contribute to its ability to resist pro-
tection by Tet(M) (Draper et al., 2014).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Omadacycline is not (yet) available for clinical use and is 
currently being evaluated in phase III clinical trials for the 
treatment of complicated skin and skin structure infections 
and community-acquired pneumonia. Formulations used in 
phase III clinical trials include 100 mg i.v. once daily, and 200 
and 300 mg orally once daily. 

Table 71.1. In vitro susceptibility of key bacterial pathogens to omadacycline.

Organism
MIC50 
(mg/l)

MIC90 
(mg/l)

Range 
(mg/l)

No. of 
Isolates Reference

Gram-positive bacteria

Staphylococcus aureus incl. MRSA 0.125 0.5 ≤ 0.06–1 55 Macone et al. (2014)

0.12 0.12 ≤ 0.015–2 1,572 Sader et al. (2012)

Staphylococcus aureus tetracycline R 0.5 0.5 0.25–0.5 10 Macone et al. (2014)

Coagulase-negative staphylococci (CoNS) 0.12 1 ≤ 0.015–2 344 Sader et al. (2012)

BHS 0.06 0.12 0.03–0.5 245 Sader et al. (2012)

Streptococcus pyogenes 0.125 0.25 ≤ 0.06–0.5 30 Macone et al. (2014)

Streptococcus agalactiae 0.125 0.125 ≤ 0.06–0.25 18 Macone et al. (2014)

Streptococcus pneumoniae ≤ 0.06 0.125 ≤ 0.06–0.25 41 Macone et al. (2014)

0.06 0.06 ≤ 0.015–0.25 600 Flamm et al. (2012)

0.06 0.06 0.015–0.12 304 Flamm et al. (2015a)

Viridans strp 0.06 0.12 ≤ 0.015–1 132 Sader et al. (2012)

Enterococcus faecalis 0.125 0.5 0.25–0.5 31 Macone et al. (2014)

0.12 0.25 ≤ 0.015–1 270 Sader et al. (2012)

Enterococcus faecium 0.06 0.12 ≤ 0.015–0.25 156 Sader et al. (2012)

0.25 0.5 0.125–0.5 24 Macone et al. (2014)

Gram-negative bacteria

Moraxella catarrhalis 0.12 0.12 ≤ 0.06–0.5 65 Flamm et al. (2012)

Haemophilus influenzae 1 2 0.5–8 53 Macone et al. (2014)

0.5 1 0.25–8 359 Flamm et al. (2012)

Escherichia coli 1 2 0.5–2 23 Macone et al. (2014)

1 2 0.25–8 138 Flamm et al. (2015b)

Klebsiella pneumoniae 2 4   1–8 14 Macone et al. (2014)

Klebsiella spp. 2 4 0.5–8 60 Flamm et al. (2015b)

Proteus mirabilis 16 32   1–≥ 16 410 Flamm et al. (2016)

Acinetobacter baumannii 2 4 0.06–≥ 16 502 Flamm et al. (2016)
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4b.  Newborn infants and children

There are no data for omadacycline use in newborn infants 
and children. As a member of the tetracycline class, it should 
not be administered to infants and children (see Chapter 68, 
Doxycycline).

4c.  Pregnant and lactating mothers

There are no data in relation to pregnant and lactating 
mothers. 

4d.  Those requiring altered dosages

No dose adjustments are required for age and gender (Tanaka 
et al., 2016).

PATIENTS WITH RENAL IMPAIRMENT

Studies of patients with renal impairment are not available. It 
is to be expected that, since there is a correlation between 
renal clearance of omadacycline and creatinine clearance, 
some dose modification will be required in patients with 
severe renal impairment. 

PATIENTS WITH HEPATIC IMPAIRMENT

The pharmacokinetics of omadacycline were investigated in 
18 subjects with varying degrees of hepatic impairment using 
Child–Pugh scores (A, B, and C), and results were compared 
to those of 12 healthy subjects. In period 1, the mild hepatic 
impairment group was given a single dose of omadacycline 
100 mg i.v.; moderate and severe hepatic impairment groups 
were given 50 mg i.v. In period 2, mild and moderate hepatic 
impairment groups were given a single oral dose of 300 mg 
and 150 mg omadacycline, respectively. Plasma PK samples 
were collected up to 90 hours post-dose, and Child–Pugh 
score was used to correlate liver function with dose-normal-
ized PK exposure. Exposures were similar between subjects 
with hepatic impairment and matching healthy subjects. 
Pooled analysis of dose-normalized PK parameters across all 
study groups after i.v. dosing showed no clear relationship 
between exposure and degree of hepatic impairment, and the 
authors concluded that dose adjustment is not warranted in 
patients with hepatic impairment (Ting et al., 2012). In the 
population pharmacokinetic study by Van Wart et al. (2016) 
(see section 5a), cirrhosis was found to have no impact on 
total drug clearance, although the volume of the central com-
partment was 74.4% lower, relative to healthy subjects.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The pharmacokinetics of orally administered omadacycline 
were evaluated in healthy subjects in several studies. In a 
phase I study, the bioavailability of two oral formulations (tab- 
lets) relative to the intravenous formulation was investigated 
in an open-label, randomized, four-period, complete cross- 

over study in healthy subjects with four treatment options 
(PTK0796 100 mg i.v. infusion, two 300-mg tablet formula-
tions with different dissolution profiles, and a 300 mg oral 
solution for comparison to the tablets). Bioavailability of the 
two tablet formulations was 34%, and this increased by 19% 
for the oral solution. The intersubject variabilities were con-
sistent among the oral formulation groups (~ 20–25%) (Sun 
et al., 2012a; Sun et al., 2016). Two phase I studies in healthy 
volunteers examined the pharmacokinetic profile and tolera-
bility of omadacycline after single ascending doses (25–600 
mg as a 30- or 60-minute i.v. infusion)—and a multiple-dose 
administration (200 mg once daily as a 30-minute i.v. infu-
sion for 7  days). After a single i.v. dose, a dose-dependent 
increase in bioavailability was exhibited with mean AUC0–24 
values of 0.9 to 24.9 mg·h/l. Mean Cmax values were 0.3 to 2.6 
mg/l for 25 to 200 mg doses infused over 30 minutes, and 2.6 
to 4.5 mcg/ml for doses infused over 60 minutes, respec-
tively. For the majority of administered doses, the mean half-
life ranged from 17 to 21 hours. In the multiple dose study, 
the mean Cmax values on day 1 were 2.9 and 2.7 mg/l, and on 
day 7 were 3.5 and 3.3 mg/l, and the mean AUC0–24 values on 
day 1 were 12.1 and 11.0 mg·h/l, and on day 7 were 17.8 and 
17.2 mg·h/l. The AUC0–24 values on day 7 were approximately 
1.5–1.6 fold higher than on day 1. Thus, after i.v. administra-
tion, omadacycline demonstrated a well-tolerated, dose- 
proportional, and linear pharmacokinetic profile over a 
dosage range of 25 to 600 mg (Tanaka et al., 2016b). 

A population pharmacokinetic model was subsequently 
developed by Van Wart et al. (2016), using data from all 
pharmacokinetic studies in 319 subjects. In the final model, 
drug disposition could be best described by a three-compart-
ment model with zero-order i.v. input, or first-order oral 
absorption with two transit compartments to provide delayed 
absorption. The nonrenal clearance was 5.72 l/h, while renal 
clearance was linearly related to creatinine clearance (4.62 
l/h at the median of 109 ml/min/1.73 m2) for the range of 
renal function studied. Body size was not predictive of the 
central volume of distribution (Vc) (24.3 l), but the steady-
state volume of distribution (225 l) indicated extensive tissue 
distribution. Bioavailability was determined using absolute 
time of food consumption relative to dosing. Consistent with 
the results of Sun et al., bioavailability was 27–30%, but only 
when meals were restricted to 2–4 hours post-dose. This was 
confirmed in a recent study, showing that the bioavailability 
was decreased more than 50% when taken with food (Tzanis 
et al., 2017). The authors concluded that oral omadacycline 
should be taken in a fasted state.

Protein binding of omadacycline is low, in contrast to 
that of other tetracyclines. Equilibrium dialysis showed 
80–100% free drug in mice, rats, and monkeys (Chaturvedi 
et al., 2003).

5b.  Drug distribution

Omadacycline distributes extensively in the body, as verified 
by the large volume of distribution. Concentrations in epi-
thelial lining fluid (ELF) in mice were slightly higher than in 
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plasma, indicating a good penetration in the lungs (Tessier et 
al., 2006).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

In in vitro studies omadacycline showed bactericidal activity 
against streptococci (including M. catarrhalis and H. influen-
zae), but bacteriostatic activity against enterococci, S. aureus, 
and E. coli. PK studies generally confirmed the minimum 
bactericidal concentration (MBC) data, with omadacycline 
being rapidly bactericidal against H. influenzae and S. pneu-
moniae (Hawser et al., 2016). 

The murine thigh infection model in neutropenic mice 
was used to determine the PK/PD index, describing the in 
vivo efficacies of four strains, and its magnitude in regard to 
21 bacterial strains (3 MSSA, 2 CA-MRSA, 12 S. pneumo-
niae, 3 E. coli, and 1 K. pneumoniae). The in vitro MICs ranged 
from 0.03 to 2 mg/l. The 24-hour AUC/MIC ratio was the 
PK/PD index that best correlated with efficacy for all 4 strains 
(R2 = 81–85%). The mean AUC/MIC resulting in a static 
effect was 33.5 for all strains, but appeared somewhat higher 
for S. aureus than for the other species (Craig et al., 2006). 
The AUC/MIC ratio was also found to be the parameter that 
best correlates with efficacy in a lung model of infection 
(Tessier et al., 2006). The efficacy of omadacycline against one 
MRSA strain was also shown in an endocarditis rat model 
(Yu et al., 2010).

5d.  Excretion

The metabolism of omadacycline was investigated using 14C 
radiolabeled drug (Sun et al., 2012b; Flakaros et al., 2016). 
Recovery of the radioactive dose was complete after 7 days 
(mean recovery 95.5%) and no metabolites were detected. 
The main route of omadacycline elimination was the fecal 
route; feces accounted for 81.1 ± 2.34% of the radioactive 
dose, while 14.4 ± 2.33% of the radioactive dose was recov-
ered in urine. Based on prior estimates of 30% oral bioavail-
ability, these data suggest that > 40% of the absorbed dosed is 
eliminated in the urine. In plasma, omadacycline and its C-4 
epimer accounted for 100% of the radioactivity exposure.

5e.  Drug interactions

The in vitro interaction of omadacycline with human drug 
transporter proteins was thought to establish the potential 
for drug–drug interactions based on the mechanism of drug 
uptake and efflux, but drug–drug interactions appear to be 
minimal (Hanna et al., 2012a). The same author also looked 
at the in vitro stability and interaction of omadacyclin with 
human cytochrome P450 isozymes, to assess the potential 
for in vivo modification of omadacyclin, or whether there 
was a significant potential for drug–drug interactions. The 
results indicate that omadacycline is unlikely to undergo sig-
nificant metabolism in humans. Further, there was no induc- 

tion or inhibition of CYP enzymes, indicating little potential 
for drug–drug interactions on the basis of the mechanisms 
studied (Hanna et al., 2012b).

6. ADVERSE REACTIONS AND TOXICITY

As a class, tetracyclines share a number of properties, and it 
is to be expected that many of the adverse and toxic effects 
described for tetracyclines in general hold true for omadacy-
cline as well, including discoloration of the teeth in children 
(see Chapter 68, Doxycycline). Because omadacycline is a 
relatively new drug, specific adverse effects (AEs) have not all 
been described (yet) for this drug. Nevertheless, the overall 
profile appears to signify safety. In phase I pharmacokinetic 
studies, no gastrointestinal adverse events were recorded 
after administration of a single dose. After multiple doses 
were given over 7 days, five episodes (12.2%) of mild or 
moderate nausea and one episode (2.4%) of vomiting were 
reported, but there were no discontinuations due to any 
adverse event. No unexpected safety issues were reported 
(Tanaka et al., 2016b).

6a.  Cardiotoxicity

A series of nonclinical studies were undertaken to assess car-
diovascular risk potential, including studies of mammalian 
pharmacologic receptor binding studies; human ether-à-
go-go related gene (hERG) channel binding studies; effects 
on ex vivo sinoatrial (SA) node activity; and in vivo effects on 
cardiovascular function in the cynomolgus monkey (Tanaka 
and Villano, 2016). Omadacycline was found to bind almost 
exclusively to muscarinic-2 (M2) acetylcholine receptors, 
and in the SA node model it antagonized the effect of a pan- 
muscarinic agonist (carbamylcholine) in a concentration- 
dependent manner. Omadacycline exhibited no effect on 
hERG channel activity at 100 mg/l, or on QTc intervals in 
conscious monkeys up to 40 mg/kg. The authors concluded 
that overall, omadacycline appeared to attenuate the para-
sympathetic influence on heart rate but has a low potential 
for causation of cardiac arrhythmia or clinically significant 
cardiovascular toxicity (Tanaka and Villano, 2016).

The effect of single therapeutic and supratherapeutic i.v. 
doses of omadacycline on ventricular repolarization and the 
relationship between plasma concentrations of omadacy-
cline and QTc intervals were evaluated in a single dose, double- 
dummy, randomized, crossover study (Villano and Tanaka, 
2016). A total of 64 healthy adult volunteers (mean age 28 
years, 63% male) were randomized to one of four treatment 
sequences: omadacycline 100 mg i.v., omadacycline 300 mg 
i.v., moxifloxacin 400 mg oral, or placebo. Omadacycline did 
not increase QTcF, as demonstrated by one-sided 95% upper 
confidence limits on ddQTcF < 10 msec at all post-dose time 
points—the largest value was 1.53 msec for omadacycline 
100 mg (6 hours post-dose), and 0.83 msec for 300 mg (2 
hours post-dose). There was no relationship between omad-
acycline plasma concentrations and ddQTcF, and the authors 
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concluded that omadacycline at doses of between 100 mg 
and 300 mg i.v. did not increase QTcF (Villano and Tanaka, 
2016).

7. CLINICAL USES OF THE DRUG

Two phase III trials are assessing oral and i.v. formulations of 
omadacycline. Enrollment of patients with acute bacterial 
skin and skin structure infections to evaluate the safety and 
efficacy of omadacycline compared with linezolid has con-
cluded. A second study to assess the safety and efficacy of 
omadacycline in community-acquired pneumonia is ongoing. 

7a.  Complicated skin and skin  
structure infections

A phase II study has evaluated the safety and efficacy of oma-
dacycline compared to those of linezolid (with or without 
aztreonam) in a randomized, investigator-blind, multicenter 
phase II trial involving patients with complicated skin and 
skin structure infections (cSSSIs) (Noel et al., 2012). The data 
from this study were pooled with those of a truncated phase 
III study of adults with cSSSI (Tanaka et al., 2016). The phase 
III study was truncated because of changes in FDA regula-
tory guidance pertaining to the primary end point for seri-
ous skin infections during the conduct of the study. Patients 
with cSSSIs were given either 100 mg i.v. omadacycline once 
daily, or 600 mg i.v. linezolid twice daily. In both arms step-
down therapy to the oral formulation was allowed, with a 200 
mg or 300 mg oral daily dose for omadacycline and a twice 
daily oral dose of 600 mg for linezolid. If Gram-negative 
infections were suspected, aztreonam 2 g i.v. every 12 hours 
could be added to the regimens in the phase II study, and 
moxifloxacin 400 mg i.v. or oral could be added in the phase 
III study. Treatment lasted between 7 and 14 days, and the 
clinical success of each treatment was evaluated at the test-
of-cure visit (TOC). In the pooled analysis 377 patients were 
randomly assigned 1:1 to omadacycline or linezolid. In the 
intent-to-treat population (n = 359), 87.2% of patients receiv-
ing omadacycline had clinical success compared with 81.1% 
of those receiving linezolid (difference: 6%; [95% CI: –1.8 to 
13.9]). In the clinically evaluable population (n = 315), clini-
cal success was reported in 97.5% of patients assigned to 
omadacycline versus 94.2% in those assigned to linezolid 
(difference: 3.3%; [95% CI: –1.4 to 8]). Adverse events rates 
were comparable between the two study arms (58% for 
omadacycline and 62.8% for linezolid), with gastrointesti-
nal conditions being the most common (28.5% and 26.1%, 
respectively).

Summary results of the global pivotal phase III registra-
tion study, known as OASIS (Omadacycline in Acute Skin 
and Skin Structure Infections Study), were presented recently 
(Paratek, 2016). The efficacy and safety of an i.v. to oral once 
daily omadacycline versus twice daily linezolid over a 7- to 
14-day course of therapy in 645 treated patients was eval- 

uated. In the modified intention-to-treat (mITT) analysis 
population, omadacycline achieved the primary efficacy 
endpoint of statistical noninferiority (10% margin) com-
pared to linezolid. The early clinical responses (ECRs) for 
the omadacycline and linezolid treatment arms were 84.8% 
compared to 85.5%, respectively. It thereby met the FDA’s pri-
mary efficacy end point: ECR at 48 to 72 hours after the first 
dose of study drug in patients without a potentially caus-
ative mono-microbial Gram-negative infection. In the mITT 
population at the post-treatment evaluation (PTE), clinical 
success rates for the omadacycline and linezolid treatment 
arms were 86.1% and 83.6%, respectively. In the clinically 
evaluable population at PTE, clinical success rates for the 
omadacycline and linezolid treatment arms were 96.3% and 
93.5%, respectively. Omadacycline demonstrated compara-
ble clinical success rates to linezolid against infections caused 
by the most common acute bacterial skin and skin structure 
infection (ABSSSI) pathogens, including methicillin-resis-
tant Staphylococcus aureus. Omadacycline was generally safe 
and well tolerated. Among treatment-emergent adverse events 
(TEAEs), gastrointestinal events were common in both treat-
ment groups (18.0% for omadacycline and 15.8% for 
linezolid): the most common individual TEAEs (≥ 3% in 
either group) included nausea (12.4% vs. 9.9%), vomiting 
(5.3% vs. 5.0%), and diarrhea (2.2% vs. 3.1%), for omada-
cycline and linezolid, respectively.

Discontinuation of the drug owing to gastrointestinal 
TEAEs was uncommon, occurring in only one omadacycline 
patient (with vomiting) and one linezolid patient (with nau-
sea and constipation). Infusion site reactions associated with 
i.v. study drug therapy occurred in 9.6% of omadacycline 
patients and 8.4% of linezolid patients, none of which led to 
study drug discontinuation. Of these events, phlebitis was 
2.5% in both treatment arms. Serious TEAEs occurred in 
3.4% of omadacycline patients and 2.5% of linezolid patients, 
none of which were considered related to the study drug. 
Two deaths occurred during the study, both in the linezolid 
group (cardiac arrest and cardiac failure).

7b.  Community-acquired pneumonia

In a phase III randomized, double-blind, multicenter study, 
the safety and efficacy of omadacycline p.o. and moxifloxacin 
i.v./p.o. are compared with respect to the treatment of adult 
subjects with community-acquired bacterial pneumonia 
(clinical trial NCT02531438). The primary outcome mea-
sures include the number of subjects with clinical success at 
the early clinical response assessment visit, as defined by sur-
vival with improvement on two of four symptoms (cough, 
sputum production, pleuritic chest pain, and dyspnea) of 
community-acquired bacterial pneumonia (CABP) at 72–120 
hours after the first dose of study drug, and the number of 
subjects with clinical success at the PTE visit, defined as sur-
vival after test completion and symptom resolution 5–10 days 
after the last day of therapy. This trial is ongoing. 
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Eravacycline

Keith A. Rodvold

1. DESCRIPTION 

Eravacycline (also known as TP-434) is a novel fluorocycline 
antibiotic developed via a totally synthetic methodology, 
initially reported by Charest et al. (2005) and subsequently 
expanded by Tetraphase Pharmaceuticals (Xiao et al., 2012; 
Clark et al., 2012; Ronin et al., 2013). The term fluorocycline 
has been used to represent the broader class of 7-fluoro-6- 
demethyl-6-deoxytetracyclines. Eravacycline is a synthetic 
analog of the molecules of this class, made via modifications 
on the D-ring of the core tetracycline scaffold (four benzene 
rings), including incorporation of a fluorine atom at position 
C-7 and a pyrrolidinoacetamido group at C-9. Consequently, 
eravacycline has a chemical formula of 7-fluoro-9-pyrroli-
dinoacetamido-6-demethyl-6-deoxytetracycline, a molecular 
formula of C27H31FN4O8, and a molecular weight of 558.6. The 
chemical structure of eravacycline is shown in Figure 72.1.

Eravacycline is currently in clinical development for the 
treatment of serious community- and hospital-acquired 
infections. In vitro microbiological studies of eravacycline have 
demonstrated potent broad spectrum activity against Gram-
positive, Gram-negative, and anaerobic bacteria (Sutcliffe, 
2011; Zhanel et al., 2016). In addition, eravacycline displays 
antibacterial activity against multidrug resistant Gram-positive 
and Gram-negative pathogens, including  tetracycline-resistant 
strains containing bacterial ribosomal protection proteins or 
tetracycline-specific efflux pumps. Dosage regimens are being 
evaluated for both intravenous and oral routes of administra-
tion. Current information for eravacycline is mainly restricted 
to research abstracts and a limited number of manuscripts. 

Results from a phase II clinical trial for the treatment of com-
munity-acquired complicated intra-abdominal infections 
have been published (Solom kin et al., 2014). Preliminary 
data are available for two completed phase III clinical trials 
for the treatment of complicated urinary tract infections 
and complicated intra-abdominal infections (Solomkin et 
al., 2015; Tsai et al., 2015; Tetraphase, 2015).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Susceptibility standards using either the Clinical and Labo-
ratory Standard Institute (CLSI) susceptibility testing criteria 
or the European Committee on Antimicrobial Susceptibility 
Testing (EUCAST) methodology are not yet available for 
eravacycline. Nevertheless, susceptibility data for eravacy-
cline are shown in Table 72.1, Table 72.2, and Table 72.3.

Several studies have evaluated different features of in vitro 
susceptibility testing of eravacycline (DuBois et al., 2010; 
Pillar et al., 2011; Hackel et al., 2013; Sahm et al., 2013; 
Gross man et al., 2015a). The in vitro antibacterial activity of 
eravacycline in relation to aerobic bacteria was not affected 
by the age of the test medium (in contrast to results for tige-
cycline), the use of media additives, and the use of nonstandard 
growth conditions (Pillar et al., 2011; Grossman et al., 2015a). 
Buffered yeast extract (BYE) agar containing buffered char-
coal yeast extract growth supplement has been shown to arti-
ficially elevate MIC values of eravacycline 16- to 64-fold in 
relation to Staphylococcus aureus (ATCC29213), Escherichia 

Figure 72.1. Chemical structure of eravacycline.
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Table 72.1. In vitro susceptibility of selected Gram-positive organisms to eravacycline using microdilution.

Organism
MIC50 
(mg/l)

MIC90 
(mg/l) Range (mg/l)

No. of 
Isolates Reference

Staphylococcus aureus 0.06 0.25 ≤ 0.016–4 408 Sutcliffe et al. (2013)

Staphylococcus aureus, MRSA 0.06 0.13 0.016–4 284 Sutcliffe et al. (2013)

0.06 0.12 0.015–1 493 Morrissey et al. (2015a)

0.06 0.25 ≤ 0.015–1 157 Zhanel et al. (2015)

Staphylococcus aureus, MRSA, GI 0.06 0.5 0.03–1 56 Morrissey et al. (2015b)

Staphylococcus aureus, MRSA PVL+ 0.03 0.03 ≤ 0.016–0.03 30 Sutcliffe et al. (2013)

Staphylococcus aureus, MRSA, CA 0.06 0.12 ≤ 0.015–0.12 58 Zhanel et al. (2015)

Staphylococcus aureus, MRSA, HA 0.12 0.5 ≤ 0.015–1 88 Zhanel et al. (2015)

Staphylococcus aureus, MRSA, MDR 0.12 1 0.06–1 37 Morrissey et al. (2015a)

Staphylococcus aureus, MACRO-R 0.06 0.25 ≤ 0.016–4 132 Sutcliffe et al. (2013)

Staphylococcus aureus, FQ-R 0.06 0.13 ≤ 0.016–2 178 Sutcliffe et al. (2013)

Staphylococcus aureus, MACRO-R, FQ-R 0.06 0.25 ≤ 0.016–2 83 Sutcliffe et al. (2013)

Staphylococcus aureus, MSSA 0.13 0.25 0.03–0.25 124 Sutcliffe et al. (2013)

0.06 0.12 0.015–0.5 487 Morrissey et al. (2015a)

0.06 0.12 ≤ 0.015–0.5 618 Zhanel et al. (2015)

Staphylococcus aureus, MSSA, GU 0.06 0.12 0.015–0.12 26 Morrissey et al. (2015b)

Staphylococcus aureus, MSSA, GI 0.06 0.12 0.03–0.25 43 Morrissey et al. (2015b)

Staphylococcus epidermidis 0.25 0.5 0.015–1 277 Morrissey et al. (2015a)

0.06 0.25 ≤ 0.015–0.5 51 Zhanel et al. (2015)

Staphylococcus epidermidis, GU 0.25 0.5 0.015–1 46 Morrissey et al. (2015a)

Staphylococcus epidermidis, GI 0.12 0.5 0.03–1 39 Morrissey et al. (2015a)

Coagulase-negative staphylococci 0.06 0.5 ≤ 0.016–4 165 Sutcliffe et al. (2013)

Coagulase-negative staphylococci, MS 0.06 0.5 ≤ 0.016–1 89 Sutcliffe et al. (2013)

Coagulase-negative staphylococci, MR 0.06 0.5 0.03–2 76 Sutcliffe et al. (2013)

Streptococcus spp. 0.016 0.13 ≤ 0.008–0.25 62 Sutcliffe et al. (2013)

Streptococcus pneumoniae 0.016 0.016 ≤ 0.008–0.03 182 Sutcliffe et al. (2013)

0.008 0.015 ≤ 0.001–0.03 491 Morrissey et al. (2015a)

0.015 0.015 ≤ 0.0004–0.03 148 Zhanel et al. (2015)

Streptococcus pneumoniae, PCN-R 0.016 0.016 ≤ 0.008–0.03 60 Sutcliffe et al. (2013)

0.008 0.015 0.008–0.015 7 Zhanel et al. (2015)

Streptococcus pneumoniae, MACRO-R ≤ 0.008 0.016 ≤ 0.008–0.016 53 Sutcliffe et al. (2013)

Streptococcus pneumoniae, PCN-R, MACRO-R ≤ 0.008 0.016 ≤ 0.008–0.016 29 Sutcliffe et al. (2013)

Streptococcus pneumoniae, TET-R ≤ 0.008 0.016 ≤ 0.008–0.016 34 Sutcliffe et al. (2013)

Streptococcus pneumoniae, MDR 0.008 0.015 0.002–0.015 46 Morrissey et al. (2015a)

Streptococcus pyogenes 0.03 0.03 0.015–0.13 74 Sutcliffe et al. (2013)

0.015 0.015 0.004–0.06 323 Morrissey et al. (2015a)

0.03 0.03 ≤ 0.0004–0.03 36 Zhanel et al. (2015)

Streptococcus haemolyticus 0.12 0.5 0.015–1 157 Morrissey et al. (2015a)

Streptococcus haemolyticus, GU 0.12 0.5 0.015–1 79 Morrissey et al. (2015b)

Streptococcus agalactiae 0.03 0.06 0.016–0.06 123 Sutcliffe et al. (2013)

0.015 0.03 0.008–0.06 199 Morrissey et al. (2015a)

0.03 0.06 0.008–0.06 61 Zhanel et al. (2015)

Streptococcus agalactiae, GU 0.03 0.03 0.008–0.06 72 Morrissey et al. (2015a)

Streptococcus anginosus 0.016 0.031 ≤ 0.008–0.13 47 Sutcliffe et al. (2013)

0.008 0.03 ≤ 0.001–0.06 80 Morrissey et al. (2015a)

Streptococcus anginosus, GI 0.008 0.03 0.001–0.06 25 Morrissey et al. (2015a)

Streptococcus intermedius 0.016 0.06 ≤ 0.008–0.06 31 Sutcliffe et al. (2013)

Streptococcus mitis 0.016 0.06 ≤ 0.008–0.06 32 Sutcliffe et al. (2013)

Enterococcus spp. 0.03 0.06 ≤ 0.016–0.13 29 Sutcliffe et al. (2013)

Enterococcus spp., GU 0.06 0.06 0.008–0.5 337 Morrissey et al. (2015b)

Enterococcus spp., GI 0.06 0.12 0.015–1 166 Morrissey et al. (2015b)
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coli (ATCC25922), and Legionella pneumophila, compared to 
results obtained using cation-adjusted Mueller Hinton Broth 
or modified BYE (lacking ferric pyrophosphate) (DuBois et 
al., 2010). Results from microtiter broth susceptibility and 
disk diffusion testing (20 µg disks from two different manu-
facturers) showed good correlation among the aerobic species 
evaluated (Hackel et al., 2013). A multicenter, tier 2, quality 
control study provided support for the suggested susceptibil-
ity ranges of eravacycline as tested by broth microdilution 
and disk diffusion, according to CLSI M23-A3 guidance (Sahm 
et al., 2013).

GRAM-POSITIVE BACTERIA

The in vitro activities of eravacycline against clinically rele-
vant Gram-positive aerobes are summarized in Table 72.1 
(Sutcliffe et al., 2010; Sutcliffe et al., 2013; Morrissey et al., 
2015a; Morrissey et al., 2015b; Zhanel et al., 2015). Erava-
cycline is more active than tigecycline and other tetracyclines 
against Staphylococcus aureus and Staphylococcus epidermi
dis (including methicillin-susceptible and -resistant isolates), 
with an MIC50 value of 0.06 mg/l and MIC90 values of 0.12–
0.5 mg/l (Zhanel et al., 2016). Eravacycline displays potent 
activity (MIC50 values ≤ 0.015 mg/l; MIC90 values ≤ 0.06 
mg/l) against most Streptococcus spp., including penicillin-, 
macrolide-, and tetracycline-resistant strains of Streptococcus 
pneumoniae. The MIC50 and MIC90 values for eravacycline 
against Streptococcus haemolyticus were 0.12 and 0.5 mg/l, 
respectively. Against Enterococcus faecalis and Enterococcus 
faecium, MIC90 values for eravacycline ranged from 0.06 to 
0.12 mg/l. 

Eravacycline has demonstrated potent in vitro activity 
(MIC90 values at or near 0.016 mg/l) against 35 isolates of 
Bacillus anthracis (Hershfield et al., 2013). The MIC for 
eravacycline against Bacillus anthracis Ames was 0.008 mg/l 
and in vivo efficacy has been demonstrated in the New 
Zealand white rabbit infection model (Sutcliffe et al., 2014b).

GRAM-NEGATIVE BACTERIA

The activity of eravacycline against Gram-negative aerobes is 
displayed in Table 72.2 (Sutcliffe et al., 2010; Fyfe et al., 2011; 
Sutcliffe et al., 2013; Kerstein et al., 2013; Fyfe et al., 2014; 
Grossman et al., 2014; Abdallah et al., 2015; Morrissey et al., 
2015b; Morrissey et al., 2015c; Morrissey et al., 2015d; Mor-
ris sey et al., 2015e; Zhanel et al., 2015). Eravacycline exhibited 
excellent in vitro potency (MIC50 ≤ 0.13 mg/l; MIC90 = 
0.25 mg/l) against single- and multidrug-resistant strains of 
Neisseria gonorrhoeae, Haemophilus influenza, and Moraxella 
catarrhalis. Escherichia coli exhibited MIC50 and MIC90 values 
of 0.25 and 0.5 mg/l, respectively, including isolates resistant to 
tetra cyclines, aminoglycosides, fluoroquinolones and/or beta- 
lactam agents. Similar MIC50/MIC90 values are reported for 
Citrobacter spp., Klebsiella oxytoca, and Shigella spp. In addi-
tion, eravacycline demonstrated in vitro activity against an 
Escherichia coli biofilm, with eradication occurring at the 
biofilm MIC value of 0.5 mg/l (Grossman et al., 2015b).

For most other species of Gram-negative aerobic bacteria 
(e.g. Acinetobacter baumannii, Enterobacter spp., Klebsiella 
pneumoniae, Morganella morganii, Proteus spp., Providencia 
stuartii, Serratia marcescens, Stenotrophomonas maltophilia), 
MIC50 and MIC90 values ranged from 0.5 to 1 and 1 to 2 mg/l, 

Organism
MIC50 
(mg/l)

MIC90 
(mg/l) Range (mg/l)

No. of 
Isolates Reference

Enterococcus faecalis 0.06 0.13 ≤ 0.016–0.13 194 Sutcliffe et al. (2013)

0.06 0.06 0.008–0.5 501 Morrissey et al. (2015a)

0.06 0.12 ≤ 0.015–0.12 111 Zhanel et al. (2015)

Enterococcus faecalis, GU 0.06 0.06 0.008–0.12 209 Morrissey et al. (2015b)

Enterococcus faecalis, GI 0.06 0.12 0.015–0.5 68 Morrissey et al. (2015b)

Enterococcus faecalis, VSE 0.06 0.13 ≤ 0.016–0.13 121 Sutcliffe et al. (2013)

Enterococcus faecalis, VRE 0.06 0.13 ≤ 0.016–0.13 73 Sutcliffe et al. (2013)

0.06 0.12 ≤ 0.015–0.12 11 Zhanel et al. (2015)

Enterococcus faecalis, FQ-R 0.06 0.13 ≤ 0.016–0.13 111 Sutcliffe et al. (2013)

Enterococcus faecium 0.06 0.06 ≤ 0.016–0.5 153 Sutcliffe et al. (2013)

0.06 0.06 0.008–1 459 Morrissey et al. (2015a)

0.06 0.12 ≤ 0.015–0.12 42 Zhanel et al. (2015)

Enterococcus faecium, GU 0.06 0.06 0.008–0.5 128 Morrissey et al. (2015b)

Enterococcus faecium, GI 0.06 0.06 0.015–1 98 Morrissey et al. (2015b)

Enterococcus faecium, VSE 0.06 0.13 0.03–0.5 84 Sutcliffe et al. (2013)

Enterococcus faecium, VRE 0.06 0.06 ≤ 0.016–0.25 69 Sutcliffe et al. (2013)

Enterococcus faecium, FQ-R 0.06 0.06 ≤ 0.016–0.5 127 Sutcliffe et al. (2013)

Enterococcus faecium, DAP-NS 0.06 0.06 ≤ 0.016–0.5 44 Sutcliffe et al. (2013)

Enterococcus faecium, MDR 0.06 0.06 0.008–1 305 Morrissey et al. (2015a)

Abbreviations: MRSA: methicillin-resistant Staphylococcus aureus; PVL+: Panton-Valentine leukocidin positive; CA: community-acquired; HA: hospital-acquired; 
MACRO-R: macrolide-resistant; FQ-R: fluoroquinolone-resistant; MSSA: methicillin-susceptible Staphylococcus aureus; MS: methicillin-susceptible; MR: 
methicillin- resistant; PCN-R: penicillin-resistant; TET-R: tetracycline-resistant; VSE: vancomycin-susceptible Enterococcus; VRE: vancomycin-resistant Entero
coccus; DAP-N: daptomycin-nonsusceptible; MDR: multidrug resistant; GU: genitourinary clinical isolates; GI: gastrointestinal clinical isolates.
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Table 72.2. In vitro susceptibility of selected Gram-negative organisms to eravacycline using microdilution.

Organism
MIC50 
(mg/l)

MIC90 
(mg/l)

Range 
(mg/l)

No. of 
Isolates Reference

Acinetobacter baumannii 0.5 1 0.03–4 499 Morrissey et al. (2015d)

Acinetobacter baumannii, CARB-I/R, FQ-R, AG-R 0.5 2 ≤ 0.016–4 52 Sutcliffe et al. (2013)

Acinetobacter baumannii, CARB-R 0.5 2 ≤ 0.0156–4 76 Grossman et al. (2014)

Acinetobacter baumannii, TET-R 0.5 2 0.06–2 69 Sutcliffe et al. (2013)

Acinetobacter baumannii, MDR 0.5 1 ≤ 0.015–8 158 Abdallah et al. (2015)

Burkholderia cenocepacia 8 32 0.13–32 10 Sutcliffe et al. (2013)

Citrobacter freundii 0.25 1 0.06–2 115 Sutcliffe et al. (2013)

Citrobacter freundii, 3rd-GC-I/R 0.5 1 0.13–2 42 Sutcliffe et al. (2013)

Citrobacter freundii, NA 0.25 0.5 0.06–4 137 Morrissey et al. (2015e)

Citrobacter freundii, Eur 0.25 0.5 0.12–1 149 Morrissey et al. (2015e)

Citrobacter koseri, NA 0.25 0.25 0.12–0.5 69 Morrissey et al. (2015e)

Citrobacter koseri, Eur 0.12 0.25 0.12–1 149 Morrissey et al. (2015e)

Enterobacteriaceae 0.5 2 0.06–16 2,723 Morrissey et al. (2015c)

Enterobacteriaceae, GU 0.5 2 0.06–16 1,113 Morrissey et al. (2015b)

Enterobacteriaceae, GI 0.25 2 0.06–8 1,094 Morrissey et al. (2015b)

Enterobacteriaceae, NA 0.5 2 0.06–8 2,723 Morrissey et al. (2015e)

Enterobacteriaceae, Eur 0.5 2 0.06–16 1,739 Morrissey et al. (2015e)

Enterobacteriaceae, MDR, NA 1 4 0.06–8 285 Morrissey et al. (2015e)

Enterobacteriaceae, MDR, Eur 0.5 2 0.06–16 269 Morrissey et al. (2015e)

Enterobacter cloacae 0.5 2 0.03–4 270 Sutcliffe et al. (2013)

Enterobacter cloacae, 3rd-GC-I/R 0.5 2 0.03–4 122 Sutcliffe et al. (2013)

Enterobacter cloacae, CARB-I/R 0.5 2 0.25–4 32 Sutcliffe et al. (2013)

Enterobacter cloacae, FQ-R 2 4 0.25–4 36 Sutcliffe et al. (2013)

Enterobacter cloacae, TET-R 2 4 0.25–4 25 Sutcliffe et al. (2013)

Enterobacter cloacae, GU 0.5 1 0.12–8 154 Morrissey et al. (2015b)

Enterobacter cloacae, GI 0.5 1 0.12–8 112 Morrissey et al. (2015b)

Enterobacter cloacae, MDR, NA 0.5 4 0.25–8 45 Morrissey et al. (2015e)

Enterobacter cloacae, MDR, Eur 1 4 0.25–8 29 Morrissey et al. (2015e)

Enterobacter aerogenes 0.25 1 0.13–2 77 Sutcliffe et al. (2013)

Enterobacter aerogenes, 3rd-GC-I/R 0.25 1 0.13–2 27 Sutcliffe et al. (2013)

Enterobacter aerogenes, MDR 0.25 1 0.12–2 90 Abdallah et al. (2015)

Enterobacter aerogenes, NA 0.5 1 0.12–8 349 Morrissey et al. (2015e)

Enterobacter aerogenes, Eur 0.5 0.5 0.12–2 150 Morrissey et al. (2015e)

Escherichia coli 0.25 0.5 ≤ 0.016–4 445 Sutcliffe et al. (2013)

0.25 0.5 0.06–1 618 Zhanel et al. (2015)

Escherichia coli, ESBL 0.25 0.5 0.06–1 72 Zhanel et al. (2015)

Escherichia coli, 3rd-GC-I/R 0.25 0.5 ≤ 0.016–1 127 Sutcliffe et al. (2013)

Escherichia coli, 3rd-GC-R 0.25 0.5 ≤ 0.0156–1 133 Grossman et al. (2014)

Escherichia coli, FQ-R 0.25 0.5 0.03–1 238 Johnson et al. (2016)

Escherichia coli, AG-R 0.25 0.5 ≤ 0.016–1 79 Sutcliffe et al. (2013)

Escherichia coli, FQ-R, AG-R, 3rd-GC-I/R 0.25 0.5 ≤ 0.016–1 40 Sutcliffe et al. (2013)

Escherichia coli, TET-R 0.25 0.5 ≤ 0.016–2 157 Sutcliffe et al. (2013)

Escherichia coli, GI 0.12 0.25 0.06–2 241 Morrissey et al. (2015b)

Escherichia coli, NA 0.12 0.25 0.06–2 349 Morrissey et al. (2015e)

Escherichia coli, Eur 0.12 0.25 0.06–2 153 Morrissey et al. (2015e)

Escherichia coli, MDR 0.12 0.5 ≤ 0.015–4 2,866 Abdallah et al. (2015)

Haemophilus influenzae 0.13 0.25 ≤ 0.016–0.5 114 Sutcliffe et al. (2013)



2. Antimicrobial activity 1277

Organism
MIC50 
(mg/l)

MIC90 
(mg/l)

Range 
(mg/l)

No. of 
Isolates Reference

Klebsiella pneumoniae 0.5 2 0.03–16 394 Sutcliffe et al. (2013)

Klebsiella pneumoniae, 3rd-GC-I/R 0.5 2 0.03–16 210 Sutcliffe et al. (2013)

Klebsiella pneumoniae, CARB-I/R 0.5 2 0.13–16 90 Sutcliffe et al. (2013)

Klebsiella pneumoniae, FQ-R 0.5 2 0.13–16 156 Sutcliffe et al. (2013)

Klebsiella pneumoniae, AG-R 0.5 2 0.06–16 119 Sutcliffe et al. (2013)

Klebsiella pneumoniae, FQ-R, AG-R, 3rd-GC-I/R 0.5 2 0.13–16 74 Sutcliffe et al. (2013)

Klebsiella pneumoniae, FQ-R, AG-R, CARB-I/R 0.5 2 0.13–16 37 Sutcliffe et al. (2013)

Klebsiella pneumoniae, GI 0.5 2 0.12–8 252 Morrissey et al. (2015b)

Klebsiella pneumoniae, MDR 0.25 1 0.06–4 944 Abdallah et al. (2015)

Klebsiella oxytoca 0.5 1 0.03–2 48 Sutcliffe et al. (2013)

Klebsiella oxytoca, 3rd-GC-I/R 0.5 1 0.03–1 11 Sutcliffe et al. (2013)

Klebsiella oxytoca, NA 0.25 0.5 0.06–8 347 Morrissey et al. (2015e)

Klebsiella oxytoca, Eur 0.25 0.25 0.12–2 150 Morrissey et al. (2015e)

Legionella pneumophilia 1 2 0.016–2 70 Sutcliffe et al. (2013)

Moraxella catarrhalis 0.03 0.06 ≤ 0.016–0.06 92 Sutcliffe et al. (2013)

Morganella morganii 1 2 0.5–4 43 Sutcliffe et al. (2013)

Morganella morganii, NA 2 4 0.25–8 67 Morrissey et al. (2015e)

Morganella morganii, Eur 1 2 0.25–8 149 Morrissey et al. (2015e)

Neisseria gonorrhoeae 0.13 0.25 0.063–0.5 21 Kerstein et al. (2013)

Proteus mirabilis 1 2 0.25–16 166 Sutcliffe et al. (2013)

Proteus mirabilis, 3rd-GC-R 1 4 0.5–8 20 Grossman et al. (2014)

Proteus mirabilis, CARB-R 2 4 0.5–16 68 Grossman et al. (2014)

Proteus mirabilis, FQ-R 2 4 0.5–16 43 Sutcliffe et al. (2013)

Proteus mirabilis, AG-R 2 4 0.5–8 24 Sutcliffe et al. (2013)

Proteus mirabilis, TET-R 1 2 0.25–16 109 Sutcliffe et al. (2013)

Proteus mirabilis, NA 1 2 0.25–8 258 Morrissey et al. (2015e)

Proteus mirabilis, Eur 2 2 0.25–4 150 Morrissey et al. (2015e)

Proteus mirabilis, MDR, NA 2 4 0.25–4 43 Morrissey et al. (2015e)

Proteus mirabilis, MDR, Eur 2 2 0.5–4 31 Morrissey et al. (2015e)

Proteus vulgaris 0.5 1 0.25–2 55 Sutcliffe et al. (2013)

Proteus vulgaris, GU 1 1 0.25–2 83 Morrissey et al. (2015b)

Providencia stuartii, NA 1 4 0.5–8 27 Morrissey et al. (2015e)

Providencia stuartii, Eur 1 4 0.5–16 57 Morrissey et al. (2015e)

Pseudomonas aeruginosa 8 32   1–> 32 145 Sutcliffe et al. (2013)

8 16 0.5–32 499 Morrissey et al. (2015d)

8 16 0.06–> 16 343 Zhanel et al. (2015)

Salmonella spp. 0.25 0.25 0.13–0.5 30 Sutcliffe et al. (2013)

Serratia marcescens 1 1 0.25–8 112 Sutcliffe et al. (2013)

Serratia marcescens, NA 1 2 0.5–8 347 Morrissey et al. (2015e)

Serratia marcescens, Eur 1 2 0.5–8 150 Morrissey et al. (2015e)

Shigella spp. 0.13 0.5 0.06–1 30 Sutcliffe et al. (2013)

Stenotrophomonas maltophilia 0.5 2 ≤ 0.016–8 105 Sutcliffe et al. (2013)

0.5 1 0.03–8 130 Morrissey et al. (2015d)

1 4 0.25–16 49 Zhanel et al. (2015)

Abbreviations: CARB: carbapenem (imipenem, meropenem or ertapenem); I/R: intermediate/resistant; FQ-R: fluoroquinolone-resistant (levofloxacin or ciproflox-
acin); AG-R: aminoglycoside-resistant (gentamicin or tobramycin); TET-R: tetracycline-resistant; MDR: multidrug resistant; GU: genitourinary clinical isolates; 
GI: gastrointestinal clinical isolates; NA: North America clinical isolates; Eur: Europe clinical isolates; ESBL: extended-spectrum beta-lactamase producing 
isolates; 3rd-GC: third-generation cephalosporin (ceftazidime, cefotaxime or ceftriaxone); FQ-S: fluoroquinolone-sensitive (levofloxacin or ciprofloxacin).
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Table 72.3. In vitro susceptibility of selected anaerobic organisms to eravacycline using agar dilution.

Organism
MIC50 
(mg/l)

MIC90 
(mg/l)

Range 
(mg/l)

No. of 
Isolates Reference

Actinomyces spp. ND ND 0.25–0.25 5 Sutcliffe et al. (2013)

Anaerococcus spp. 0.13 0.13 0.03–0.25 10 Sutcliffe et al. (2013)

Bacteroides spp. 0.25 2 0.015–8 366 Morrissey et al. (2015f )

Bacteroides spp., CLI-R 0.5 2 0.03–8 125 Morrissey et al. (2015f )

Bacteroides spp., TET-R 0.5 2 0.03–8 274 Morrissey et al. (2015f )

Bacteroides fragilis 0.5 1 0.06–2 36 Sutcliffe et al. (2013)

0.25 1 0.03–4 110 McDermott et al. (2015)

0.25 2 0.06–8 198 Morrissey et al. (2015f )

Bacteroides fragilis Group 0.25 1 0.03–4 286 McDermott et al. (2015)

Non-Bacteroides fragilis Group 0.25 1 0.06–4 176 McDermott et al. (2015)

Bacteroides fragilis, cefinase positive 0.5 1 0.13–2 20 Sutcliffe et al. (2013)

Bacteroides caccae 0.5 0.5 0.12–0.5 10 McDermott et al. (2015)

Bacteroides ovatus 1 4 0.016–8 11 Sutcliffe et al. (2013)

0.25 1 0.06–1 30 McDermott et al. (2015)

0.25 1 0.03–2 35 Morrissey et al. (2015f )

Bacteroides thetaiotaomicron 1 4 0.13–4 11 Sutcliffe et al. (2013)

0.25 1 0.06–4 69 McDermott et al. (2015)

0.5 2 0.03–8 62 Morrissey et al. (2015f )

Bacteroides uniforms 0.25 1 0.06–1 15 McDermott et al. (2015)

Bacteroides vulgatus 0.25 0.25 0.13–1 12 Sutcliffe et al. (2013)

0.12 0.5 0.06–0.5 18 McDermott et al. (2015)

0.25 1 0.03–2 34 Morrissey et al. (2015f )

Bifidobacterium spp. ND ND 0.13–0.5 7 Sutcliffe et al. (2013)

ND ND 0.12–0.5 6 McDermott et al. (2015)

Clostridium spp. 0.03 0.12 < 0.015–0.5 22 McDermott et al. (2015)

0.03 0.25 0.004–2 280 Morrissey et al. (2015f )

Clostridium spp., CLI-R 0.03 0.25 0.008–1 88 Morrissey et al. (2015f )

Clostridium spp., TET-R 0.25 0.5 0.008–2 72 Morrissey et al. (2015f )

Clostridium difficile 0.06 0.13 0.03–0.25 11 Sutcliffe et al. (2013)

0.06 0.12 ≤ 0.015–0.25 76 McDermott et al. (2015)

0.03 0.06 0.004–0.5 117 Morrissey et al. (2015f )

Clostridium perfringens 1 2 0.06–4 11 Sutcliffe et al. (2013)

0.5 1 0.03–1 15 McDermott et al. (2015)

0.06 0.5 0.015–2 76 Morrissey et al. (2015f )

Clostridium innocuum 0.03 0.06 0.008–0.12 22 Morrissey et al. (2015f )

Eggerthella lenta 0.25 0.25 0.25–0.25 12 Sutcliffe et al. (2013)

ND ND 0.03–0.12 6 McDermott et al. (2015)

Finegoldia magna 0.25 0.5 0.23–0.5 10 Sutcliffe et al. (2013)

0.06 0.12 0.015–0.25 84 Morrissey et al. (2015f )

Fusobacterium spp. 0.13 0.25 0.03–0.25 21 Sutcliffe et al. (2013)

Lactobacillus spp. 0.25 0.5 0.25–1 7 Sutcliffe et al. (2013)

ND ND 0.06–0.05 5 McDermott et al. (2015)

Parabacteroides distasonis 0.5 1 0.25–1 10 Sutcliffe et al. (2013)

0.25 1 0.12–4 27 McDermott et al. (2015)

Parvimonas micra 0.008 0.03 0.008–0.12 56 Morrissey et al. (2015f )

Peptoniphilus asaccharolyticus 0.06 0.13 0.03–0.13 10 Sutcliffe et al. (2013)

Peptoniphilus harei 0.03 0.06 0.004–0.12 31 Morrissey et al. (2015f )

Peptostreptococcus spp. 0.12 0.25 0.03–.025 53 McDermott et al. (2015)

Peptostreptococcus anaerobius 0.06 0.25 0.016–0.25 10 Sutcliffe et al. (2013)

0.03 0.06 0.015–0.5 51 Morrissey et al. (2015f )

Peptostreptococcus micros 0.016 0.25 0.016–0.5 10 Sutcliffe et al. (2013)

Porphyromonas asaccharolytica 0.03 0.06 0.016–0.13 10 Sutcliffe et al. (2013)
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respectively. Minimal increases in MIC values (no more  
than twofold increases) of eravacycline were observed for 
 extended-spectrum beta-lactamase (ESBL)–producing and 
 carbapenemase-producing Enterobacteriaceae, and multi-
drug-resistant Acinetobacter baumannii (Fyfe et al., 2011; Sut-
cliffe et al., 2013; Abdallah et al., 2015; Livermore et al., 2015).

Eravacycline does not have significant activity against Burk
holderia cenocepacia (MIC50/MIC90 = 8/32 mg/l) and Pseu do
monas aeruginosa (MIC50/MIC90 = 8/16 mg/l), similar to 
other tetracyclines and tigecycline (Sufcliffe et al., 2013).

ANAEROBIC BACTERIA

Table 72.3 displays the in vitro activity of eravacycline against 
anaerobic bacteria (Sutcliffe et al., 2010; Sutcliffe et al., 2013; 
Morrissey et al., 2015f; McDermott et al., 2015; Fyfe et al., 
2011). In addition, in vitro susceptibility testing results for 
baseline Gram-positive and Gram-negative anaerobic patho-
gens (n = 17) are available for the microbiologically evaluable 
patient population enrolled in the phase II clinical trial for 
the treatment of community-acquired complicated intra- 
abdominal infections (Solomkin et al., 2014). Eravacycline 
has MIC90 values ≤ 1 mg/l against most anaerobic pathogens. 
Higher MIC90 values of 2 and 4 mg/l have occasionally been 
reported for Bacteroides spp. (e.g. Bacteroides ovatus, Bac
teroides thetaiotaomicron, Bacteroides fragilis) and Clostri
dium perfringens. The eravacycline MIC50 and MIC90 values 
against most anaerobic species tend to show that eravacy-
cline is two- to eightfold more potent against these species 
than tigecycline, and two- to fourfold more potent against 
these species than ertapenem (Zhanel et al., 2016; Solomkin 
et al., 2014). 

OTHER BACTERIA

Limited susceptibility data are available for eravacycline 
activity against atypical pathogens. Eravacycline displayed 
improved in vitro activity against 70 isolates of Legionella 

pneumophilia serogroups 1–6 compared to tetracycline, with 
MIC50 and MIC90 values of 1 and 2 mg/l (range: 0.016–2 
mg/l) versus 4 and 8 mg/l (range: 0.5–8 mg/l), respectively 
(DuBois et al., 2010). Although tetracyclines are active 
against other atypical pathogens (e.g. Chlamydophila pneu
moniae, Mycoplasma pneumoniae, Rickettsia spp., Borrelia 
spp., Leptospira spp., and Treponema spp.), no in vitro data 
for eravacycline are currently available.

Eravacycline has demonstrated potent in vitro activity 
against several Category A and B biothreat pathogens, includ-
ing Francisella tularensis (MIC90 = 0.5 mg/l; n = 33), Yersinia 
pestis (MIC90 = 0.125 mg/l; n = 34), Burkholderia mallei 
(MIC90 = 0.25 mg/l; n = 30), and Burkholderia pseudomallei 
(MIC90 = 2.0 mg/l n = 35) (Hershfield et al., 2013; Sutcliffe 
et al., 2014a). 

Eravacycline has demonstrated in vitro synergistic activity 
with amphotericin B, fluconazole, and caspofungin against 
Candida spp. (O’Brien et al., 2011).

2b.  Emerging resistance and 
cross-resistance

There are at least four major mechanisms via which bacteria 
can acquire resistance to tetracyclines: efflux, ribosomal pro-
tection, drug degradation, and rRNA mutation (Chopra and 
Roberts, 2001; Nguyen et al., 2014). The two most common 
tetracycline-specific resistance mechanisms are efflux pumps 
(involving 28 different tetracycline resistance [tet] genes) and 
bacterial ribosomal protection proteins (involving 12 differ-
ent tet genes). The other mechanisms conferring resistance 
to tetracyclines involve five mutations in genes encoding ribo-
somal proteins and two distinct genes that encode mono-
oxygenases, capable of inactivating tetracyclines through drug 
modification and degradation.

Similar to tigecycline, eravacycline was developed to have 
improved activity against bacterial species that have both 

Organism
MIC50 
(mg/l)

MIC90 
(mg/l)

Range 
(mg/l)

No. of 
Isolates Reference

Prevotella spp. ND ND 0.03–1 7 Sutcliffe et al. (2013)

0.12 0.5 0.008–4 179 Morrissey et al. (2015f )

Prevotella spp., CLI-R 0.12 0.5 0.008–1 55 Morrissey et al. (2015f )

Prevotella spp., TET-R 0.25 1 0.03–4 81 Morrissey et al. (2015f )

Prevotella bivia 1 1 0.13–1 13 Sutcliffe et al. (2013)

0.25 1 0.06–4 62 Morrissey et al. (2015f )

Prevotella buccae 0.06 0.13 0.03–0.13 10 Sutcliffe et al. (2013)

0.06 0.12 0.008–0.25 31 Morrissey et al. (2015f )

Prevotella disiens 0.13 0.25 0.06–0.25 12 Sutcliffe et al. (2013)

Prevotella intermedia 0.06 0.13 0.03–0.13 10 Sutcliffe et al. (2013)

Prevotella melaninogenica 0.13 1 0.06–1 13 Sutcliffe et al. (2013)

0.12 0.12 0.03–0.5 20 Morrissey et al. (2015f )

Propionibacterium spp. 0.06 0.25 0.015–1 13 McDermott et al. (2015)

Propionibacterium acnes ND ND 0.13–0.13 5 Sutcliffe et al. (2013)

Abbreviations: CLI-R: clindamycin-resistant; TET-R: tetracycline-resistant; ND: not determined.
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tetracycline-specific efflux pumps and ribosomal protection 
proteins. The presence of a pyrrolidine acetamido group at 
the C-9 side chain of eravacycline was critical to increased 
antibacterial activity and potent ribosomal inhibition (Xiao 
et al., 2011; Zhanel et al., 2016). The antibacterial activity of 
eravacycline has been minimally affected or unaffected by the 
two most common resistance mechanisms of tetracyclines: 
efflux pumps [tet(A), tet(B), and tet(K)] and ribosome protec-
tion mechanisms [in vitro (TnT) and in vivo (Escherichia coli 
tet(M) strains] (Xiao et al., 2011; Grossman et al., 2012).

The MIC value of eravacycline (0.063 mg/l) was unaf-
fected in relation to isogenic Escherichia coli strains contain-
ing recombinant tetracycline resistance genes tet(B), tet(K), 
or tet(M) (Grossman et al., 2012). A 4-fold increase in the 
MIC value (0.25 mg/l) of eravacycline was observed when 
the strain manifested tet(A) expression and suggests that 
eravacycline is recognized by the tet(A) pump. This increase 
was considerably less than the 16-fold increase in MIC value 
(an increase from 0.063 to 1.0 mg/l) observed with tigecy-
cline, which has been commonly demonstrated by Escherichia 
coli having a tetracycline efflux pump, Tn1721-associated 
tet(A). Finally, the overexpression of tet(X) substantially 
increased the MIC values of all tetracycline agents evaluated, 
including eravacycline (4 mg/l), tigecycline (16 mg/l), and 
tetracycline (128 mg/l).

The in vitro activity of eravacycline against Gram-negative 
bacteria (Table 72.1) such as Acinetobacter baumannii, Citro
bacter freundii, Enterobacter cloacae, Escherichia coli, Klebsiella 
pneumoniae, and Proteus mirabilis was minimally correlated 
with resistance to other classes of antibacterial agents, includ-
ing cephalosporins, carbapenems, aminoglycosides, macro-
lides and/or fluoroquinolones (Sutcliffe et al., 2013). MIC 
values of eravacycline against clinical isolates of Escherichia 
coli obtained by broth microdilution were approximately 
2-fold higher among fluoroquinolone-, gentamicin-, and 
multidrug-resistant isolates, and sequence type 131 subsets 
(the ST131 H30 and H30Rx genotypes) (Johnson et al., 2016). 

Minimal impact to no impact on eravacycline activity  
was observed for Gram-positive (Table 72.2) and anaerobic 
patho gens having various resistance phenotypes, including 
penicillin- and macrolide-resistant streptococci; daptomycin- 
nonsusceptible Staphylococcus aureus and methicillin-,  
macrolide- and/or fluoroquinolone-resistant Staphylococcus 
aureus; daptomycin-nonsusceptible enterococci and vanco-
mycin-, levofloxacin-, and linezolid-resistant enterococci; 
and vancomycin- and/or metronidazole-resistant anaerobic 
strains (Sutcliffe et al., 2013).

Similar to other tetracyclines and tigecycline, eravacy-
cline does not have significant activity against Pseudomonas 
aeruginosa (MIC50/MIC90 = 8/16 mg/l) and is considered 
intrinsically resistant (Sufcliffe et al., 2013).

3. MECHANISM OF DRUG ACTION

Eravacycline, like other tetracyclines, binds reversibly to the 
30S subunits of bacterial ribosomes and inhibits bacterial 
protein synthesis. Tetracyclines prevent the attachment of 

aminoacyl tRNA molecules to acceptor (A) sites of mRNA–
ribosome complexes. Binding of tetracyclines to ribosomes 
is reversible and therefore contributes to why these agents are 
usually bacteriostatic antibiotics. Tetracyclines gain access to 
the ribosomes of Gram-negative bacteria by passive diffu-
sion through outer membrane porins and penetrate through 
the inner cytoplasmic membrane by energy-dependent active 
transport systems. Although less understood, entry into 
Gram-positive bacteria by tetracyclines likely requires meta-
bolic energy.

Several target- and resistance-based studies lend support 
for the proposed mechanism of action of eravacycline (Gross-
man et al., 2012). The [3H]-tetracycline competition assay 
was used to assess the binding of eravacycline, tigecycline, 
doxycycline, and erythromycin (as a control) to purified 70S 
ribosomes. The 50% inhibitory concentrations (IC50) required 
of antimicrobial agents, if they were to compete with labeled 
tetracycline with regard to binding to purified 70S ribosomes, 
were similar in value (IC50 of 0.22 µM) for eravacycline and 
tigecycline. In comparison, the IC50 for tetracycline was 3.00 
µM (indicating that tetracycline is 14-fold less potent), and 
erythromycin (which binds to 50S ribosomal subunits) did 
not compete with labeled tetracycline with respect to bind-
ing to 70S ribosomes. These results lend support to the thesis 
that eravacycline, tigecycline, and tetracycline have overlap-
ping binding sites on the ribosome. In addition, eravacycline 
and tigecycline demonstrate superior binding affinity for tar-
get ribosomes, compared to tetracycline. 

The abilities of eravacycline, tigecycline, tetracycline, and 
linezolid (as a control) to inhibit translation was evaluated 
with the Escherichia coli–coupled in vitro transcription/
translation assays, with and without the addition of purified 
tet(M) (Grossman et al., 2012). The average concentrations 
of eravacycline and tigecycline displaying 50% inhibition 
(IC50) were 0.29 and 0.08 mg/l, respectively. The IC50 values 
for these two agents (0.27 and 0.09 mg/l, respectively) were 
unaffected by the addition of tet(M). In comparison, the IC50 
for tetracycline was 1.26 mg/l (indicating tetracycline is 4.5-
fold less potent) without tet(M), and 6.50 mg/l (a 5-fold 
increase) in the presence of tet(M). The IC50 for linezolid (not 
related to the tetracycline class) had similar IC50 values (1.08 
and 1.30 mg/l) with and without tet(M). Using the same 
assays, Xiao et al. (2011) had previously demonstrated a 
7-fold difference in ribosomal inhibition (IC50 values of 0.39 
mg/l and 2.2 mg/l) between eravacycline and tetracycline. 
These results support the proposition that eravacycline, com-
pared to tetracycline, has greater potency in the inhibition 
oft transcription/translation activity, in the presence or absence 
of a major ribosomal protective mechanism such as tet(M).

The antibacterial activities of eravacycline, tigecycline, 
tetracycline, doxycycline, erythromycin, and penicillin (as 
a control) were evaluated against Propionibacterium acnes, 
including two strains containing the G1058C mutation that 
impacts tetracycline’s 16S rRNA ribosomal binding region 
(and confers tetracycline resistance) and two strains con-
taining no mutations (Grossman et al., 2012). The MIC val-
ues of all tetracycline agents were increased in the strains 



4. Mode of drug administration and dosage 1281

containing mutations and suggest that these agents are likely 
to have partial overlap in their respective ribosome binding 
mechanisms of action at the 30S ribosomal subunit. 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

To date, two phase III clinical trials have been completed and 
only preliminary results have been reported. In the efficacy 
and safety study for the treatment of complicated intra- 
abdominal infections, adult patients received a 60-minute 
intravenous infusion of eravacycline at 1.0 mg/kg of body 
weight every 12 hours for a duration of therapy of between 4 
and 14 days (Solomkin et al., 2015). This dosing regimen was 
based, in part, on the published results of a single phase II 
clinical trial for the treatment of community-acquired, com-
plicated intra-abdominal infections (Solomkin et al., 2014).

In the second randomized, noninferiority, phase III clini-
cal trial, adult patients were treated for complicated urinary 
tract infections and received 60-minute intravenous infu-
sions of eravacycline at 1.5 mg/kg every 24 hours, with an 
optional switch to oral eravacycline therapy at 200 mg every 
12 hours after at least three days of intravenous study drug 
(Tsai et al., 2015). Duration of therapy was a total of seven 
days. However, eravacycline did not achieve the primary out-
come endpoint of statistical noninferiority (by a 10% mar-
gin) compared to levofloxacin, and further analyses of the 
trial results are ongoing (Tetraphase, 2015).

4b.  Newborn infants and children

No information is currently available on the safety, efficacy, 
and dosing of eravacycline in infants and children < 18 years 
of age. As eravacycline is a member of the tetracycline class, 
adverse events such as staining of teeth and inhibition of 
bone growth are to be expected and make this drug less use-
ful in younger children.

4c.  Pregnant and lactating mothers

As a member of the tetracycline class, eravacycline should 
not be administered to pregnant women and lactating 
mothers. 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

A phase I, open-label study has been conducted to assess 
the pharmacokinetics, safety, and tolerability of eravacycline 
after intravenous administration of single dose 1.5 mg/kg 
eravacycline as a 60-minute infusion to adult subjects with 
end stage renal disease compared with healthy adult subjects 
(clinical trial NCT02135276). Results from this study have 
not been reported at this time.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

A phase I, open-label study has been conducted to assess 
the pharmacokinetics, safety, and tolerability of eravacy-
cline after intravenous administration of single dose 1.5 
mg/kg eravacycline as a 60-minute infusion to adult sub-
jects with mild, moderate, or severe impaired hepatic func-
tion, compared with healthy adult subjects (clinical trial 
NCT02135302). Results from this study have also not been 
reported at this time.

OLDER ADULTS

No information is currently available on the administration 
and dosing of eravacycline in the elderly. 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Oral and intravenous formulations of eravacycline are cur-
rently being evaluated. Oral bioavailability was investigated 
in a single ascending, oral dose study of 24 healthy subjects 
(Leighton et al., 2011). The bioavailability was determined 
using the AUC0–∞ values of each oral dose and a mean AUC0–∞ 
value of 8.98 μg·h/ml for a single intravenous dose of 1.5 
mg/kg. The median values for oral bioavailability (based on 
an average body weight of 78 kg) following a single dose of 
eravacycline given as an oral solution containing 50, 100, 
200, and 300 mg, were reported as 32%, 29%, 25%, and 26%, 
respectively (overall average of 28%). The observed mean 
elimination half-life (t½) values for the four doses were 16.47, 
17.16, 24.06, and 26.93 hours, respectively.

The bioavailability of eravacycline administered orally is 
affected by food (Horn et al., 2011). The AUC0–∞ values of 
eravacycline administered in a single dose of 100 mg as a gel-
atin capsule following an 8-hour fast, a standardized high-fat 
breakfast, or a light breakfast were 1.924, 0.724, and 0.496 
μg·h/ml, respectively. The mean t½ (± SD) following multiple 
oral dose administration (7 days) of 100 mg eravacycline 
every 12 hours and 300 mg eravacycline once daily as a gela-
tin capsule were 18 ± 3 and 36 ± 8 hours, respectively (Horn 
et al., 2011). 

Single and multiple ascending intravenous dose escala-
tion studies have been conducted using 56 and 32 healthy 
subjects, respectively (Sutcliffe et al., 2010). Mean t½ values 
ranged between 12 and 24 hours, with the lowest and highest 
estimates occurring at doses of 0.10 mg/kg and 3.0 mg/kg, 
respectively. The mean (range) t½ values following multiple 
intravenous dose administrations of eravacycline: 0.5 mg/kg 
every 24 hours (30-minute infusions), 1.5 mg every 24 hours 
(30-minute infusions), 1.5 mg every 24 hours (60-minute 
infusions), and 1.0 mg every 12 hours (60-minute infusions), 
were 35.3 (27.6–53.4), 32.3 (29.8–38.0), 40.2 (27.9–108.9), 
and 59.3 (35.0–107.4) hours, respectively. The mean and 
median t½ values for all multiple dose cohorts studied were 
47.7 and 35.3 hours, respectively. The differences in t½ values 
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may be due, in part, to the longer sample collection periods 
with multiple dose studies (Yue et al., 2010).

When in vitro protein binding of eravacycline was deter-
mined by ultrafiltration, an unbound (free) fraction of 11.5 ± 
0.4% was observed at ~ 0.5 mg/l eravacycline in plasma, col-
lected with EDTA from humans (Christ and Sutcliffe, 2010). 
When the unbound fraction was determined by equilibrium 
dialysis using plasma collected with heparin, concentration- 
dependent protein binding was observed. The unbound frac-
tion decreased from 61.7% to 34.5% as the eravacycline 
concentration increased from 0.1 to 2.5 mg/l (Christ and 
Sutcliffe, 2010). Protein binding of eravacycline has also been 
determined in pooled plasma samples from humans and var-
ious animal species using a microdialysis technique at 37°C 
(Singh et al., 2013). Eravacycline exhibited a nonlinear, con-
centration-dependent protein binding in all tested species, 
where the unbound fraction of eravacycline decreased as 
total concentrations increased. For humans, the unbound 
fractions of eravacycline were 20.7 ± 3.7% and 10.5 ± 2.0%, 
at 0.1 and 10 mg/l, respectively. 

5b.  Drug distribution

The observed mean maximum plasma concentrations (Cmax) 
following a single dose of eravacycline as an oral solution 
containing 50, 100, 200, and 300 mg were 0.0996, 0.175, 
0.227, and 0.333 mg/l, respectively, and median time to Cmax 
(tmax) ranged from 2.0 to 2.5 hours (Leighton et al., 2011). 
The AUC0–∞ values for single doses of eravacycline 1.5 mg/kg 
intravenous and 200 and 300 mg oral solution were 8.98, 
3.34, and 5.65 μg·h/ml, respectively.

Following multiple dose administration of eravacycline 
as a gelatin capsule, a 7-day oral regimen of 100 mg every 12 
hours resulted in mean (± SD) Cmax and AUC0–∞ values of 

0.100 ± 0.022 mg/l and 3.15 ± 0.98 μg·h/ml, respectively, 
compared to 0.164 ± 0.039 mg/l and 9.51 ± 2.45 μg·h/ml after 
a 7-day oral regimen of 300 mg once daily (Horn et al., 2011).

The plasma pharmacokinetics appeared linear and dose- 
proportional consistent with Cmax and AUC0–∞ values follow-
ing single intravenous doses of between 0.10 to 3.0 mg/kg 
eravacycline (Sutcliffe et al., 2010). The mean (± SD) Cmax 
and AUC0–∞ values following a single intravenous dose of 1.0 
mg/kg eravacycline were 1.889 ± 0.526 mg/l and 5.61 ± 1.19 
μg·h/ml, respectively, compared to 3.233 ± 0.731 mg/l and 
8.98 ± 1.61 μg·h/ml after a 1.5 mg/kg intravenous dose. 
Pharmacokinetic parameters after 10 days of intravenous 
dosing of eravacycline are listed in Table 72.4 (Sutcliffe et al., 
2010). The mean (± SD) steady-state Cmax and AUC0-tau values 
following multiple intravenous doses of eravacycline 1.5 mg/
kg every 24 hours (60-minute infusions) were 1.892 ± 0.193 
mg/l and 8.67 ± 1.39 μg·h/ml, respectively, compared to 
1.825 ± 0.283 mg/l and 6.67 ± 0.67 μg·h/ml for a dosage reg-
imen of 1.0 mg/kg every 12 hours (60-minute infusions). 

The mean apparent volume of distribution (V/F) of erava-
cycline in healthy adults ranged from 1093 to 1999 liters fol-
lowing single ascending oral dose administration (Leighton 
et al., 2011). In comparison, population pharmacokinetic 
parameter estimates for single and multiple ascending intra-
venous dose administration of eravacycline reported a mean 
apparent volume of distribution at steady-state (Vss) of 
approximately 262 liters (3.3 l/kg) and 320 liters (4.2 l/kg), 
respectively (Yue et al., 2010). In vitro studies suggest that 
eravacycline was not sequestered in red blood cells and has a 
potential to distribute into the central nervous system (Christ 
and Sutcliffe, 2010). 

Information about anti-infective drug concentrations in 
the extracellular and intracellular compartments of the lung 
is essential for development of an effective drug for lower 

Table 72.4. Pharmacokinetic parameters of eravacycline after multiple intravenous doses.a

1.5 mg/kg q 24h
(30-minute infusion)

1.5 mg/kg q 24h
(60-minute infusion)

1.0 mg/kg q 12h
(60-minute infusion)

AUC0-tau(ss) (μg⋅h/ml) 7.80 ± 0.93 8.67 ± 1.39 6.67 ± 0.67

Cmax (mg/l) 3.403 ± 0.316 1.892 ± 0.193 1.825 ± 0.283

Cmin (mg/l) 0.140 ± 0.044 0.130 ± 0.027 0.287 ± 0.059

CL (l/h) 16.5 ± 1.7 13.9 ± 2.6 11.7 ± 1.1

Vss (liters) 322.4 ± 21.3 319.6 ± 28.1 321.1 ± 20.3

Urine concentrationsb (mg/l)

Pre-infusion 5.93 ± 4.65 9.19 ± 4.97 26.28 ± 8.72

0 to 8 hours 8.63 ± 8.28 13.32 ± 3.42 25.06 ± 5.29

8 to 24 hours 4.85 ± 5.06 5.57 ± 2.18 9.23 ± 2.41

24 to 48 hours 1.68 ± 1.78 2.29 ± 0.99 4.30 ± 1.08

48 to 72 hours 0.94 ± 0.92 1.16 ± 0.56 1.93 ± 0.45

72 to 96 hours 0.50 ± 0.49 0.58 ± 0.32 1.01 ± 0.49

a Data expressed as mean ± standard deviation. Summary of selected pharmacokinetic parameter values derived from population pharmacoki-
netic modeling (Sutcliffe et al., 2010; Yue et al., 2010; Sutcliffe et al., 2011).

bReported urine concentrations were before (preinfusion) and after the last dose administered on day 10.
Abbreviations: AUC0-tau(ss): area under the plasma concentration-time curve during the dosing interval at steady-state; Cmax: minimum plasma 

concentration on day 10 of dosing; Cmin: minimum plasma concentration on day 10 of dosing; CL: apparent total body clearance; Vss: apparent 
volume of distribution at steady-state.
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respiratory tract infections (Rodvold et al., 2011). Connors et 
al. (2014) measured epithelial lining fluid (ELF) concentra-
tions and alveolar macrophage (AM) concentrations in 20 
healthy adult subjects after receiving seven doses of eravacy-
cline 1 mg/kg intravenously every 12 hours. Eravacycline 
was very concentrated in ELF (range of mean [± SD] concen-
trations, 0.25 ± 0.13 to 0.70 ± 0.30 mg/l) and AM cell popu-
lations in the lung (1.42 ± 1.45 to 8.25 ± 4.55 mg/l), in 
comparison with simultaneous estimated unbound plasma 
concentrations (0.037 ± 0.009 to 0.083 ± 0.012 mg/l). The 
intrapulmonary penetration ratios of eravacycline in ELF 
and AM were 6.44 and 51.63, respectively, based on AUC0–12 
values for ELF, AM, and unbound plasma concentrations. It 
is worth noting that among the four sampling times (e.g. 2, 4, 
6, and 12 hours) for bronchoalveolar lavage fluid, eravacy-
cline concentrations were less than 5 ng/ml (the lower limit 
of assay quantification) in two of five and three of five sub-
jects at the 6 and 12 hour sampling times, respectively. Fur-
ther studies are needed to determine the clinical significance 
of high intrapulmonary concentrations and clinical out-
comes of eravacycline in the treatment of lower respiratory 
tract infections.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

A pharmacodynamics study using the neutropenic mouse-
thigh infection model was conducted to identify and character-
ize the pharmacokinetic–pharmacodynamic indices required 
for optimal in vivo activity and efficacy of eravacycline (Weiss 
et al., 2010). The in vivo antibacterial activity of eravacycline 
was evaluated against a methicillin-resistant Staphylococcus 
aureus (MRSA) USA300 strain (MIC = 0.13 mg/l for erava-
cycline and 32 mg/l for tigecycline). An initial dosing-range 
study (0.25 to 60 mg/kg) was conducted to determine the 
plasma pharmacokinetics of the drug in mice after subcuta-
neous administration of eravacycline. Subsequently, a dose 
fractionation study was conducted using eight total daily 
doses (covering no-effect to maximal-effect level: 1 to 90 mg/
kg total dose) divided among three dosing intervals (every 6, 
12 or 24 hours). Dose-proportional pharmacokinetics were 
observed for eravacycline, with high correlations between 
AUC0–∞ and dose (R2 = 0.994), and Cmax and dose (R2 = 0.964), 
observed. The Cmax values ranged from 0.0762 to 0.909 mg/l 
and the AUC0–∞ values ranged from 0.470 to 20.74 µg·h/ml, 
over a dosage range of 1 mg/kg to 60 mg/kg, respectively. 
Protein binding of eravacycline was determined by two meth-
ods (ultrafilter and rapid equilibrium dialysis) and ranged 
from 67.9% to 84.72% (mean: 75%), over a range of plasma 
concentrations of 0.1 to 10 mg/l. The dose ranging study 
demonstrated that the static dose (the dose resulting in no 
change in the thigh bacterial burden of MRSA) for eravacy-
cline was 11.9 mg/kg. The total efficacy ratios for a static 
effect and a 1-log reduction in colony forming units (CFUs) 
were 38.4 and 46.9 for AUC/MIC, and 1.64 and 2.00 for Cmax/
MIC, respectively. The dose fractionation study revealed 

correlations (R2 values) of 82%, 80%, and 58% between AUC 
and MIC, between Cmax and MIC, and between percent time 
over 24 hours > MIC and log-10 colony forming units in the 
mouse thigh model, respectively. The 24-hour AUC/MIC ratio 
was considered the best pharmacokinetic–pharmacodynamic 
index that predicted the in vivo activity of eravacycline against 
MRSA. Extrapolation of these observations to humans would 
suggest predicted 24-hour total AUC/MIC ratios of 69.4 and 
106.7 following multiple intravenous doses of eravacycline 
1.5 mg/kg every 24 hours and 1.0 mg/kg every 12 hours, 
based on the reported steady-state AUC0–24 values (8.67 and 
13.34 µg·h/ml, respectively) in healthy subjects, and an MIC 
value of 0.13 mg/l for the MRSA strain in the animal study.

Population pharmacokinetic analysis (Yue et al., 2010) 
was conducted using 578 plasma samples and 209 urine sam-
ples collected from one single and one multiple ascending 
dose pharmacokinetic study (Sutcliffe et al., 2010). A 4- 
compartment model with linear elimination and a mixed 
additive and proportional error model were selected to 
describe the pharmacokinetic parameters (Table 72.5). Several 
simulated multiple-dose regimens were put into effect with 
the final pharmacokinetic model determined from the sin-
gle ascending dosing data. The predicted pharmacokinetic–
pharmacodynamic parameters for Klebsiella pneumoniae 
(MIC50 = 0.5 mg/l) included an AUC/MIC50 ratio of 15.1, a 
Cmax/MIC ratio of 4, and a T > MIC50 of 11.1%, for a dosing 
regimen of eravacycline 1.5 mg/kg intravenously infused 
over 60 minutes every 24 hours for 10 days. For a dosing reg-
imen of 1.0 mg/kg intravenously infused over 30 minutes 
every 12 hours, the predicted parameters were an AUC/
MIC50 ratio of 20.1, a Cmax/MIC ratio of 4.3, and a T > MIC50 
of 15.0%. This simulation study suggested that intravenous 
dosage regimens ≥1.5 mg/kg/day should provide sufficient 
eravacycline systemic exposure to be effective against organ-
isms with MIC values ≤ 2 mg/l.

Eravacycline has been shown to be efficacious in a variety 
of murine models of infection (Grossman et al., 2015; Xiao 
et al., 2012), including septicemia, a neutropenic thigh and 
lung infection model, and pyelonephritis. Efficacy of erava-
cycline has been demonstrated against Gram-positive and 
Gram-negative pathogens, including tetracycline-susceptible 
and tetracycline-resistant isolates of Staphylococcus aureus, 
MRSA, and Streptococcus pyogenes in septicemia and mouse 
high infection models; tetracycline-resistant Streptococcus 
pneumonia and MRSA in a mouse lung infection model; 
Escherichia coli, including tetracycline-susceptible and tetra-
cycline-resistant strains, in septicemia; and uropathogenic 
tetracycline-resistant strains in the pyelonephritis model. 
Pharmacokinetic studies of eravacycline have also been 
conducted using various animals, including mouse, rat, dog, 
monkey, and chimpanzee (Ronn et al., 2010).

Eravacycline has demonstrated potent in vitro activity 
against several biothreat pathogens, including Bacillus 
anthracis, Francisella tularensis, Yersinia pestis, Burkholderia 
mallei, and Burkholderia pseudomallei (Hershfield et al., 
2013). In addition, in vivo efficacy of eravacycline has been 
shown against Francisella tularensis in a cynomolgus monkey 
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infection model (Sutcliffe et al., 2014a), and Bacillus anthracis 
in a New Zealand white rabbit infection model (Sutcliffe et 
al., 2014b).

5d.  Excretion

The primary route of elimination for eravacycline is biliary 
excretion (Sutcliffe et al., 2010). Less than 15% of quantities 
of eravacycline were metabolized during metabolic stability 
studies in cryopreserved metabolically-competent human 
hepatocytes (Christ and Sutcliffe, 2010). Following intrave-
nous administration of eravacycline to patients, the mean 
population pharmacokinetic estimates for total body clear-
ance (CL) were 13.9 and 13.5 l/h for single- and multiple- 
dose studies, respectively (Yue et al., 2010). Concentrations 
in urine assessed at between 0 and 96 hours after 10 days of 
intravenous dosing of eravacycline are listed in Table 72.4 
(Sutcliffe et al., 2011). The renal route of elimination ac - 
counted for approximately 16 to 17% of CL (Table 72.5). 

In comparison, the reported mean values of clearance 
(CL/F) and renal clearance (CLR) after the administration to 
adults of single oral doses of between 50 to 300 mg ranged 
from 47.1 to 55.9 l/hr and 3.0 to 3.5 l/h, respectively (Leighton 
et al., 2011). The respective mean (± SD) urine concentra-
tions at between 0 to 8 hours, and 8 to 24 hours, following a 
single oral dose of 200 mg were 5.48 ± 1.85 and 5.92 ± 0.961 
mg/l, and 9.47 ± 5.37 and 9.35 ± 1.61 mg/l, following a single 
oral dose of 300 mg (Sutcliffe et al., 2011). 

5e.  Drug interactions

Little information is currently available on eravacycline’s 
drug–drug interactions. In vitro studies with human liver 
microsomes indicate that eravacycline does not inhibit the 
activities of common hepatic cytochrome P450 enzymes 

(CYPs): CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19, 
CYP2D6, and CYP3A4/5 (Christ and Sutcliffe, 2010). In 
addition, eravacycline was unlikely to interact strongly with 
P-glycoprotein (P-gp) in MDR1-MDCK cells. These in vitro 
results suggest that the probabilities of clinically relevant 
drug interactions related to the inhibition of CYPs and P-gp 
(MDR1) transport are likely to be low, at therapeutic con-
centrations of eravacycline (Christ and Sutcliffe, 2010). Since 
tetracyclines are well known to be associated with drug–drug 
interactions that impair their oral absorption (e.g. including 
chelation of tetracyclines by divalent and trivalent cations) 
(Susla, 2010), further information is needed on which agents 
interfere with eravacycline absorption as well as on the 
potential for interaction with respect to both oral and intra-
venous formulations of eravacycline. 

6. ADVERSE REACTIONS AND TOXICITY

Limited information on the safety, tolerability, and adverse 
reaction profile of eravacycline is currently available. The 
reporting of adverse reactions thus far has mainly come from 
phase I clinical pharmacokinetic studies of eravacycline given 
to healthy subjects, and one published phase II trial of patients 
being treated for complicated intra-abdominal infections.

Sutcliffe et al. (2010) reported the safety and tolerability of 
eravacycline administered for 10 days to four groups of six 
healthy subjects receiving 0.5 mg/kg or 1.5 mg/kg every 24 
hours as a 30-minute intravenous infusion, and 1.5 mg/kg 
every 24 hours or 1.0 mg/kg every 12 hours as a 60-minute 
intravenous infusion. One subject in each group reported 
headache and superficial phlebitis at the 0.5 mg/kg dosing 
level. Among the 18 subjects in the three other dosing groups, 
superficial phlebitis (13 subjects) and nausea (11 subjects) 
were the most commonly reported adverse events. Superfi-
cial phlebitis occurred in 5 of 6 (83.3%) subjects receiving 

Table 72.5. Population pharmacokinetic parameter estimates for eravacycline following intravenous administration.

Parameters

Single-Dose Administration Multiple-Dose Administration

Population Mean

Magnitude of 
Interindividual 

Variability (% CV) Population Mean

Magnitude of 
Interindividual 

Variability (% CV)

Final
estimate % SEM

Final
estimate % SEM

Final
estimate % SEM

Final
estimate % SEM

Vc (l) 10.8 12.1 20.6 41.2 12.2 19.4 10.9 186

CLNR (l/h) 11.5 6.74 19.5 29.1 11.5 12.4 23.0 52.2

CLR (l/h) 2.34 6.41 18.4 37.2 2.05 10.9 15.7 62.6

Vp1 (l) 16.1 16.9 23.8 68.1 16.6 36.8 2.28 902

CLd1 (l/h) 44.3 11.1 8.69 181 29.9 69.0 21.2 300

Vp2 (l) 132 9.96 20.2 49.1 188 10.2 15.4 81.4

CLd2 (l/h) 6.95 20.9 40.8 51.4 4.90 49.2 46.7 61.1

Vp3 (l) 103 13.2 25.1 46.1 103 17.1 9.56 356

CLd3 (l/h) 26.9 14.2 30.8 49.7 21.2 39.0 29.4 81.8

Abbreviations: Vc: volume of distribution of central compartment; CLNR and CLR: clearance parameters for nonrenal and renal elimination, respectively; Vp1, Vp2, 
and Vp3: volumes of distribution of the peripheral compartments; CLd1, CLd2, and CLd3: distributional clearances; SEM: standard error of the mean; CV: coeffi-
cient of variation.

Source: Adapted from Yue et al. (2010). 
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eravacycline 1.5 mg/kg every 24 hours as a 30-minute infu-
sion, 2 of 6 (33.3%) subjects receiving 1.5 mg/kg every 24 
hours as a 60-minute infusion, and 6 of 6 (100%) subjects 
receiving 1.0 mg/kg every 12 hours as a 60-minute infu- 
sion. Whereas nausea more commonly occurred in subjects 
receiving eravacycline 1.5 mg/kg as 60-minute infusions 
every 24 hours (5 of 6; 83.3%), and 1.0 mg/kg as 60-minute 
infusions every 12 hours (4 of 6; 66.7%). Superficial phlebitis 
was the most common adverse event that resulted in erava-
cycline being discontinued, an event which came to pass in 
four of five subjects (three subjects at 1.5 mg/kg every 24 
hours as 30-minute infusions and one subject at 1.0 mg/kg 
every 12 hours as 60-minute infusions). Eravacycline (1.0 
mg/kg every 12 hours, 60-minute infusions) was discontin-
ued in one participant because of adverse events decreased 
appetite, nausea, and vomiting. 

Leighton et al. (2011) conducted a single ascending dose 
study with oral solutions of eravacycline given to six healthy 
subjects per dosing levels of 50, 100, 200, and 300 mg. No 
adverse events were reported for the 50 and 100 mg dosing 
groups. One participant reported nausea and one reported 
dizziness, at doses of 200 mg. Adverse events reported by 
participants receiving doses of 300 mg included increases  
in partial thromboplastin time (PTT) in five subjects, and 
nausea, vomiting, increased alanine aminotransferase, and 
increased unconjugated bilirubin were each reported by one 
subject. All adverse events resolved spontaneously. Horn et 
al. (2011) reported the safety and tolerability of eravacycline 
in relation to three groups of six healthy subjects receiving 
multiple ascending oral doses of eravacycline as gelatin cap-
sule for seven consecutive days. Adverse events were reported 
for at least two subjects in each dosing group. For the oral 
dosage regimen of 100 mg every 12 hours, one subject 
reported nausea. For the 300 mg every 24 hours dosing regi-
men, three subjects experienced nausea and two subjects had 
vomiting. Eravacycline administration was discontinued on 
day five of the oral dosing regimen of 400 mg every 24 hours 
because of tolerability issues (e.g. nausea and vomiting). The 
numbers of subjects reporting adverse events included five 
for upper abdominal pain, five for vomiting, four for nausea, 
three for abdominal pain, and three for headache. No serious 
adverse events (SAEs) were observed in any of the phase I 
clinical studies.

In the intrapulmonary penetration study of eravacycline 1 
mg/kg administered intravenously every 12 hours for a total 
of seven doses, 19 of 20 healthy subjects experienced 78 
adverse drug events, with 64 (82.1%) of the events being con-
sidered drug-related (Connors et al., 2014). The severities of 
the adverse events were considered mild (55/78; 70.5%) or 
moderate (23/78; 29.5%). No SAEs were reported and no dis-
continuations occurred due to adverse events. The most com-
mon adverse events included nausea (18 of 20 subjects; 90%), 
infusion-related irritation (13 of 20 subjects; 65%), vomiting 
(7 of 20 subjects; 35%), and headache (6 of 20 subjects; 30%). 
Eleven different medications were received concomitantly 
by subjects during this study, including ondansetron for con-
trol of nausea in 30% of the subjects. 

In the phase II study for the treatment of community- 
acquired complicated intra-abdominal infections, safety and 
tolerability were evaluated in all randomized patients who 
received: intravenous eravacycline 1.5 mg/kg every 24 hours, 
or 1.0 m/kg every 12 hours, or intravenous ertapenem 1 gm 
once daily (Solomkin et al., 2014). Treatment-emergent 
adverse events (TEAEs) occurred in 35.8% of participants 
(19 of 53) receiving eravacycline 1.5 mg/kg once daily, in 
28.6% (16 of 56) receiving eravacycline 1.0 mg/kg twice daily, 
and in 26.7% (8 of 30) receiving ertapenem. The TEAEs 
occurring in more than one patient in any of the three treat-
ment groups (eravacycline 1.5 mg/kg vs. eravacycline 1.0 
mg/kg vs. ertapenem) were: nausea (1.9% vs. 10.7% vs. 6.7%), 
vomiting (5.7% vs. 1.8% vs. 0%), increased blood amylase 
(5.7% vs. 3.6% vs. 3.3%), increased lipase (5.7% vs. 7.1% vs. 
6.7%), thrombophlebitis (1.9% vs. 3.6% vs. 0%), abdominal 
pain (3.8% vs. 0% vs. 0%), and ileus (3.8% vs. 0% vs. 0%). The 
majority of TEAEs were considered mild in severity and not 
related to the study drug. A total of four patients discontin-
ued their respective study drug regimens (2 patients in the 
eravacycline 1.5 mg/kg group and 2 patients in the ertape-
nem group). Eight patients had SAEs (6 in the eravacycline 
1.5 mg/kg group; 1 in the eravacycline 1 mg/kg group; 1 in 
the ertapenem group) and none was considered related to 
the study drug. No safety signals were detected in the study 
from laboratory tests, physical examinations, vital sign mea-
surements, or electrocardiograms.

In the two phase III clinical trials, no SAEs considered 
drug related have been reported (Solomkin et al., 2015; Tsai 
et al., 2015). Nausea, vomiting, and reactions at injection 
sites were the most common TEAEs observed in the lead-in 
portion of the complicated urinary tract infection study (Tsai 
et al., 2015). The numbers of patients reporting TEAEs in 
this study were 22 (46.8%) for eravacycline 1.5 mg/kg intra-
venously every 24 hours followed by 200 mg orally every 12 
hours; and 18 (40.0%) for eravacycline 1.5 mg/kg intrave-
nously every 24 hours followed by eravacycline 250 mg orally 
every 12 hours. For the intra-abdominal study, a larger num-
ber of patients experienced a TEAE in the eravacycline treat-
ment group (113 of 270) compared to the ertapenem treatment 
group (75 of 268). Nausea (22 [8.1%] vs. 2 [0.7%] patients) 
and phlebitis (8 [3.0%] vs. 1 [0.4%] patients) occurred more 
often with eravacycline than with ertapenem. In both treat-
ment groups, a similar number of patients experienced TEAEs 
of vomiting, anemia, pyrexia, and diarrhea. The number of 
patients with severe TEAEs (including life- threatening and 
fatal events) were similar for the eravacycline (n = 15; 5.6%) 
and ertapenem (n = 16; 6.0%) treatment groups.

A thorough study of QT and QTc intervals evaluating the 
effects of intravenous single dose eravacycline, 1.5 mg/kg as 
a 60-minute infusion, on cardiac repolarization in healthy 
male and female subjects has been completed (Horn et al., 
2015; clinical trial NCT01941446). Sixty subjects were ran-
domized to all three treatments (eravacycline, placebo, 
and oral moxifloxacin 400 mg [positive control arm]) in a 
randomized, crossover fashion. Fifty-three subjects com-
pleted all three study arms and no clinically significant QTc 
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prolongation or changes in electrocardiogram were observed 
for eravacycline. The most frequent adverse events for erava-
cycline in this study were nausea (22.2%), vomiting (11.1%), 
and headache (11.1%).

7. CLINICAL USES OF THE DRUG

Eravacycline is currently being investigated for clinical use 
against community-acquired infections in adults. The results 
of one phase II clinical trial evaluating the safety and efficacy 
of eravacycline for the treatment of community-acquired 
complicated intra-abdominal infections have been published. 
The phase III clinical development program known as 
IGNITE (Investigating Gram-negative Infections Treated 
with Era va cycline) has consisted of two clinical trials investi-
gating the safety and efficacy of eravacycline, for the treat-
ment of complicated intra-abdominal infections (IGNITE 1) 
and complicated urinary tract infections (IGNITE 2). At this 
time, the results from these two trials have not been formally 
published and only preliminary results from abstracts and 
corporate announcements are available.

7a.  Intra-abdominal infections

Complicated intra-abdominal infections are caused by aerobic 
and anaerobic Gram-negative and Gram-positive bacteria. 
The management of these infections involves surgical removal 
and/or percutaneous drainage of the infection source along 
with the use of antibiotic therapy that provides broad- 
spectrum activity (Solomkin et al., 2010). Several new anti-
biotics have recently been approved or are being investigated 
in clinical development programs for the treatment of com-
plicated intra-abdominal infections (Lin et al., 2016). Potent 
antibacterial activity against a broad spectrum of susceptible 
and multidrug resistant bacteria, in vivo efficacy in various 
animal models, availability of intravenous and oral formula-
tions, and convenient dosing regimens are characteristics that 
favor the potential clinical use of eravacycline as monotherapy 
for the treatment of complicated intra- abdominal infections 
(Bassetti and Righi, 2014; Zhanel et al., 2016).

Solomkin et al. (2014) reported the results of a phase II, 
randomized, double-blind, double-dummy clinical study 
evaluating two dosage regimens of eravacycline and one of 
ertapenem for the treatment of community-acquired com-
plicated intra-abdominal infections. One hundred forty 
three adult hospitalized patients with the diagnosis of com-
plicated intra-abdominal infection requiring percutaneous 
drainage and/or surgery were randomized (2:2:1) to one of 
three antibiotic study regimens: (1) eravacycline 1.5 mg/kg 
intravenously infused over 60 minutes every 24 hours (56 
patients), (2) eravacycline 1.0 mg/kg intravenously infused 
over 60 minutes every 12 hours (57 patients), and (3) ertape-
nem 1 g intravenously infused over 30 minutes every 24 
hours (30 patients). The duration of antibiotic therapy was 
between 4 and 14 days. The primary efficacy end point for 
this study was positive clinical response at the test-of-cure 
(TOC) visit (at 10 to 14 days after the last dose of the study 

drug) in the microbiologically evaluable (ME) population. 
Overall, patients were predominantly male (72.0%), Cau casian 
(68.5%), had a mean age of 41.8 years, a mean APACHE II 
score of 6.9, and 54% of the modified intent-to-treat (MITT) 
population had complicated appendicitis as their primary 
intra-abdominal infection. Clinical success rates in the ME 
population at the TOC visit were 92.9% in 42 patients receiv-
ing eravacycline 1.5 mg/kg every 24 hours, 100% in 41 
patients receiving eravacycline 1.0 mg/kg every 12 hours, 
and 92.3% in 26 patients receiving ertapenem. The respective 
microbiological response rates in the ME population at the 
end-of-therapy (EOT) were: 95.2%, 100%, and 96.2%; at the 
TOC visit: 92.9%, 100%, and 92.3%; and at the follow-up 
visit, at 28 to 42 days after the last dose of the study drug: 
88.1%, 97.6%, and 88.5%. The median times to clinical 
response and percentages of patients in the MITT popula-
tion who achieved defervescence of body temperature were 
15.7 hours and 96.4%, for patients receiving eravacycline 1.0 
mg/kg every 12 hours; 31.3 hours and 100%, for patients 
receiving ertapenem; and 60.0 hours and 88.9%, for patients 
receiving eravacycline 1.5 mg/kg every 24 hours. The most 
common TEAEs were nausea (1.9% for eravacycline 1.5 mg/
kg every 24 hours; 10.7% for eravacycline 1.0 mg/kg every 
12 hours; and 6.7% for ertapenem) and vomiting (5.7% for 
eravacycline 1.5 mg/kg every 24 hours; 1.8% for eravacycline 
1.0 mg/kg every 12 hours; and 0% for ertapenem). This study 
is lending clinical support and study procedures to the piv-
otal phase III trial (IGNITE 1) of eravacycline for the treat-
ment of complicated intra-abdominal infections.

A phase III, randomized, double-blind, double-dummy, 
multicenter, prospective study has been conducted to assess 
the safety and efficacy of eravacycline compared to ertape-
nem for the treatment of complicated intra-abdominal infec-
tions in adults (Solomkin et al., 2017). A total of 541 adult 
patients with the diagnosis of complicated intra-abdominal 
infection (approximately 30% with complicated appendicitis) 
requiring surgical or percutaneous intervention were ran-
domized (1:1) to either eravacycline 1.0 mg/kg intravenously 
every 12 hours or ertapenem 1 g intravenously every 24 
hours, for treatment durations of up to 14 days (Solomkin et 
al., 2017). Baseline cultures were obtained from 446 patients 
and the isolated pathogens in the micro-ITT population 
(with ≥10 patients/isolate) included Escherichia coli (n = 
259), Bacteroides spp. (n = 168), Streptococcus spp. (n = 
129), enterococci (n = 95), Klebsiella pneumoniae (n = 41), 
Pseudomonas aeruginosa (n = 38), and Acinetobacter spp.  
(n = 14). The primary efficacy end point was positive clinical 
outcome at the test-of-cure visit (TOC; 25–31 days after the 
first dose of study drug). For the microbiological intent-to-
treat population (micro-ITT; randomized patients with at 
least one baseline pathogen), clinical success rates at the 
TOC visit were 86.8% for eravacycline (n = 220), and 87.6% 
for ertapenem (n = 226) (% difference: –0.80; 95% confi-
dence interval: –7.1, 5.5). For the modified ITT population 
(MITT; patients who received the study drug), clinical suc-
cess rates were 87.0% (n = 270) for the eravacycline, and 
88.8% (n = 268) for the ertapenem treatment arms (–1.80; 
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95% CI: –7.4, 3.8). Clinical response rates at the TOC visit 
for the clinically evaluable population (CE, no major proto-
col deviations) were 92.9% for eravacycline (n = 239) and 
94.5% for ertapenem (n = 238) (–1.70; 95% CI: –6.3, 2.8). 
In  patients who had Enterobacteriaceae isolates that were 
potential extended-spectrum beta- lactamase (ESBL) produc-
ers (defined as confirmed ESBL or resistant to third-/fourth- 
generation cephalosporins), microbiological cure rates were 
90.2% (n = 42) in the group treated with eravacycline, and 
82.5% (n = 40) for the ertapenem treated group. The most 
common adverse events in both study arms were gastrointes-
tinal disorders. Primary reasons for treatment failures in rela-
tion to eravacycline versus ertapenem included persistence 
of clinical symptoms (5 vs. 4), unplanned surgical procedure 
(10 vs. 9), wound infection (5 vs. 2), and use of rescue anti-
biotics (6 vs. 4). This study concluded that eravacycline is 
noninferior to ertapenem, and is a safe, effective monother-
apy for the treatment of complicated intra- abdominal infec-
tions. In order to support a New Drug Application with the 
regulatory agencies, a second pivotal phase III clinical trial is 
being planned to evaluate the efficacy and safety of twice 
daily intravenous era va cycline in patients with complicated 
intra-abdominal infections (Tetraphase, 2016). 

7b.  Urinary tract infections

A phase III, randomized, double-blind, double-dummy, 
mul ti center, prospective study has been conducted to assess 
the safety and efficacy of eravacycline compared to levoflox-
acin for the treatment of complicated urinary tract infec-
tions in adults (clinical trial NCT01978938). The lead-in 
phase of this study consisted of subjects randomized (1:1:1) 
into one of three study drug regimens: (1) eravacycline 1.5 
mg/kg intravenously every 24 hours followed by eravacycline 
200 mg orally every 12 hours, (2) eravacycline 1.5 mg/kg 
intravenously every 24 hours followed by eravacycline 250 
mg orally every 12 hours, and (3) levofloxacin 750 mg intra-
venously every 24 hours followed by levofloxacin 750 mg 
orally every 24 hours (Tsai et al., 2015). Duration of therapy 
was a total of 7 days and all subjects received at least 3 days of 
intravenous study drug before being eligible for transition to 
oral antibiotic therapy. A total of 143 subjects (44.8% [n = 64] 
having pyelonephritis) were randomized to the three treat-
ment regimens. In the primary analysis of the microbiolog-
ical intent to treat population (micro-ITT, n = 75), the 
respective successful microbiological outcome and responder 
rates (defined as having both clinical cure and successful 
microbiological outcome ~ 7 days after completion of therapy) 
were 75.0% and 70.8% (n = 24) for intravenous eravacycline 
followed by eravacycline 200 mg orally every 12 hours; 64.3% 
and 64.3% (n = 28) for intravenous eravacycline followed by 
eravacycline 250 mg orally every 12 hours; and 56.5% and 
52.2% (n = 23) for intravenous and oral levofloxacin 750 mg 
once daily. For the microbiologically evaluable population 
(ME, n = 62), the respective successful microbiological out-
come and responder rates were 83.3% and 83.3% (n = 18) for 
intravenous eravacycline followed by eravacycline 200 mg 

orally every 12 hours; 78.2% and 78.2% (n = 23) for intrave-
nous eravacycline followed by oral eravacycline 250 mg orally 
every 12 hours; and 61.9% and 57.1% (n = 21) for intrave-
nous and oral levofloxacin 750 mg once daily. Measured 
plasma and urine concentrations of eravacycline for both 
oral dosing regimens were similar to those observed with 
intravenous eravacycline. No serious drug-related adverse 
events were reported and the most common TEAEs were 
nausea, vomiting, and injection site reactions. These results 
from this lead-in phase were used to support the proof-of-
concept for treating complicated urinary tract infections with 
eravacyline, and to determine the oral dose of eravacycline 
to be used in the pivotal portion of IGNITE 2.

Although the final results of IGNITE 2 have not been 
published, press releases by the corporate sponsor suggest 
that eravacycline did not achieve the primary endpoint of 
statistical noninferiority (by a 10% margin) compared to 
levofloxacin (Tetraphase, 2015). A total of 908 patients with 
complicated urinary tract infections were enrolled and ran-
domized (1:1) to either eravacycline 1.5 mg/kg intravenously 
every 24 hours followed by eravacycline 200 mg orally every 
12 hours, or levofloxacin 750 mg intravenously every 24 
hours followed by levofloxacin 750 mg orally every 24 hours. 
Similar to the lead-in phase, the duration of therapy was a 
total of seven days, and all subjects were eligible for transi-
tion to oral antibiotic therapy after the completion of at least 
three days of intravenous therapy with either agent. Era va-
cycline did not achieve the primary endpoint imposed by 
the US Food and Drug Administration (responder outcome 
[a combination of clinical cure rate and microbiological 
response] in the microbiological modified intent-to-treat 
[micro-MITT] population at the post-treatment visit [defined 
as 6–8 days after the completion of therapy]), or by the 
European Medicines Agency (microbiological response in 
the micro-MITT population and microbiologically evalu-
able [ME] populations at the post-treatment visit). Further 
analyses of the trial results are ongoing to uncover the expla-
nations for these outcomes. Contingent on these findings 
and response from the US Food and Drug Administration, 
the pharmaceutical sponsor plans to conduct a phase III 
clinical trial evaluating the efficacy and safety of once daily 
intravenous eravacycline in patients with complicated uri-
nary tract infections (Tetraphase, 2016). Results from this 
trial will be used, in part, to support a supplemental New 
Drug Appli cation for intravenous eravacycline as a treatment 
of patients with complicated urinary tract infections.
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Linezolid

Sarah J. Sparham and Benjamin P. Howden

1. DESCRIPTION

Linezolid (previously U-100766) was the first in a new class 
of completely synthetic antimicrobial agents, the oxazolidi-
nones. It was approved for clinical use in the USA in April 
2000 after a priority review by the US Food and Drug Ad- 
ministration (FDA). Initial indications for therapy included 
vancomycin-resistant Enterococcus faecium infection, noso-
comial pneumonia, and complicated skin and skin structure 
infection (Meka and Gold, 2004). The E I du Pont de Nemours 
company developed the early oxazolidinones in the late 1980s; 
however, toxicity prevented further development (Slee et al., 
1987). Linezolid, an (S)-5-acetamidomethyl-2 derivative, 
was later developed by Upjohn (later Pharmacia and Upjohn) 
and was released for clinical use after phase I clinical trials 
demonstrated no major toxic effects (Brickner et al., 1996; 
Diekema and Jones, 2001). The full name of linezolid is 
(S)-N-((3-(3-fluoro-4-morpholinophenyl)-2-oxooxazolidin-
5-yl)methyl)acetamide; its empirical formula is C16H20FN3O4, 
it has a molecular weight of 337.35, and the chemical struc-
ture is shown in Figure 73.1. Pfizer now markets linezolid 
under the trade name Zyvox. It is available as an intravenous 
(IV) suspension for injection, and as tablets and a liquid sus-
pension for oral administration.

The oxazolidinones have a unique mechanism of action to 
inhibit bacterial protein synthesis by binding to the 50S ribo-
somal subunit, thereby minimizing cross-resistance with 
other currently available antimicrobial agents. Linezolid has 
activity against all major Gram-positive pathogens of humans 
(including staphylococci, enterococci, streptococci, Bacillus 
species, Corynebacterium, and Listeria monocytogenes), good 
activity against many Gram-positive anaerobes, and activity 
against a number of mycobacteria and Nocardia species. 
Linezolid has no useful clinical activity against Gram-
negative bacteria. Linezolid has been used primarily for 
treatment of resistant Gram-positive infections; however, 
hematologic and neurologic toxicity related to inhibition of 
mitochondrial protein synthesis has become an issue, partic-
ularly with prolonged therapy.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Early studies demonstrated that linezolid is active against a 
wide range of clinically important human pathogens, in par-
ticular Gram-positive aerobic species, including multiresis-
tant staphylococci and streptococci/enterococci, and some 
mycobacteria. Linezolid is not active against Entero bacteria-
ceae, Pseudomonas species, Acinetobacter species, Haemophi
lus species, Moraxella species, or Neisseria species, but it has 
some activity against Gram-negative anaerobes (Jones et al., 
1996; Kaatz and Seo, 1996; Zurenko et al., 1996; Jones et al., 
2006).

The Clinical Laboratory Standards Institute (CLSI) has 
established breakpoint criteria for linezolid against staphylo-
cocci (susceptible ≤ 4 mg/l, resistant ≥ 8 mg/l), and strep- 
tococci and enterococci (susceptible ≤ 2 mg/l); intermediate 
susceptibility and resistance are defined for enterococci at 
minimum inhibitory concentration (MIC) = 4 mg/l and MIC 
≥ 8 mg/l, respectively (CLSI, 2010). The European Commit- 
tee on Antimicrobial Susceptibility Testing (EUCAST) has   

Figure 73.1. Chemical structure of linezolid.
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defined breakpoint criteria for linezolid against staphylo-
cocci (susceptible ≤ 4 mg/l, resistant > 4 mg/l), enterococci 
(susceptible ≤ 4 mg/l, resistant > 4 mg/l), Streptococcus pneu
moniae, and beta-hemolytic streptococci groups A, B, C, and 
G (susceptible ≤ 2 mg//; resistant > 4 mg/l). For non-species- 
related breakpoints, EUCAST has defined susceptible as 
MIC ≤ 2 mg/l, and resistant as > 4 mg/l (EUCAST, 2009).

A number of large linezolid postmarketing resistance- 
monitoring studies have been performed (Zyvox Annual 
Appraisal of Potency and Spectrum [ZAAPS] program, Line - 
zolid Experience and Accurate Determination of Resistance 
[LEADER] program, SENTRY Antimicrobial Surveillance 
Program) which have detected low rates of resistance to 
linezolid in some important species, including staphylococci, 
enterococci, and some viridans group streptococci (Flamm 
et al., 2015; Mendes et al., 2014; Jones et al., 2011).

A summary of the in vitro susceptibility of key pathogens 
to linezolid is shown in Table 73.1.

GRAM-POSITIVE BACTERIA

Linezolid has potent antibacterial activity against a wide range 
of Gram-positive bacteria (Mouton and Jansz, 2001), includ-
ing resistant variants such as methicillin-resistant Staphy  
lo coccus aureus (MRSA), vancomycin-resistant entero cocci 
(VRE) and penicillin-resistant S. pneumoniae. Methicillin-
susceptible Staphylococcus aureus (MSSA) and MRSA have 
the same susceptibility profile and MIC distribution to 
linezolid (Kaatz and Seo, 1996; Mutnick et al., 2002; Draghi 
et al., 2005; Goldstein et al., 2006; Kuli et al., 2009; Mendes et 
al., 2011); both vancomycin-intermediate Staphylococcus aureus 
(VISA) and vancomycin-resistant Staphylococcus aureus 
(VRSA) are also susceptible, with MIC90 of 4 mg/l and 2 mg/l, 
respectively (Saravolatz et al., 2012). Similarly, MIC distribu-
tions of E. faecium and Enterococcus faecalis to linezolid do 
not vary depending on the vancomycin susceptibility of the 
strains (Miyazaki et al., 2002; Mutnick et al., 2002; Draghi et 
al., 2005, Bourdon et al., 2011). The study by Bourdon et al. 
found no linezolid resistance among 632 French VRE iso-
lates (E. faecium, n = 602; E. faecalis, n = 30), with the same 
finding subsequently by Lu et al. in Taiwan (2012) and 
Maraki et al. in Greece (2014). There is also no difference 
between methicillin-susceptible and methicillin-resistant 
coagulase-negative staphylococci (CoNS) (Mutnick et al., 
2002; Kuli et al., 2009), and CoNS with reduced glycopep-
tide susceptibility retain susceptibility to linezolid, with no 
change in MIC90 (Jevitt et al., 2003; Natoli et al., 2009). Line-
zolid appears to have similar activity under either aerobic or 
anaerobic conditions against MRSA and vancomycin- resistant 
E. faecium (Gunderson et al., 2003). A study assessing linezolid 
susceptibility in high-level fluoroquinolone-resistant MRSA 
found no linezolid resistance (Munoz Bellido et al., 2002). 

In general, CoNS have a lower MIC90 to linezolid than  
S. aureus (Draghi et al., 2005), with some variation among 
species (Stuart et al., 2011). 

Linezolid has good activity against the majority of S. pneu
moniae isolates with macrolide resistance due to ribo somal 

mutations. In a study by Farrell et al. (2004) of 86 macrolide- 
resistant S. pneumoniae isolates with 23 different mutational 
combinations in the 23S ribosomal RNA (rRNA) gene and 
genes encoding riboprotein L4 or L22, only two isolates had a 
linezolid MIC of 4 mg/l, with all other isolates having MIC ≤ 2 
mg/l. Similarly, against 94 loxacin- intermediate and loxacin- 
resistant strains of S. pneumoniae, linezolid remained active 
(MIC90 2 mg/l; MIC range 0.06–2 mg/l) (Fredenucci et al., 
2002). The MIC90 for penicillin- and ceftriaxone-susceptible 
and penicillin- and ceftriaxone-resistant strains of S. pneumo
niae is unchanged (MIC90 1 mg/l) (Mason et al., 1996; Spangler 
et al., 1996; Zhanel et al., 2003). Similarly, a study assessing 
linezolid susceptibility in antibiotic-susceptible and antibiotic- 
resistant isolates of S. pneumoniae demonstrated no difference 
in MICs (MIC90 2 mg/l, range 0.25–2 mg/l) (Baum et al., 
2002), and a study of 22 multiresistant S. pneumoniae respi-
ratory isolates found all were susceptible to linezolid (MIC 
0.5–0.75 mg/l) (Rodríguez-Cerrato et al., 2010), as were all 
pneumococci tested in 2011 under the US SENTRY Anti-
microbial Surveillance Program (Jones et al., 2013).

Linezolid retains good in vitro activity against less com-
monly encountered Gram-positive organisms, including non- 
group A or B beta-hemolytic streptococci, viridans group 
streptococci, corynebacteria, Bacillus spp., and L. monocyto
genes (Jones et al., 2007c). In the study by Jones et al. (2007c), 
only one isolate of the 3251 isolates tested was found to be 
linezolid-resistant. This was a linezolid-resistant Streptococcus 
oralis isolate containing the G2576T mutation (see later un- 
der 2b. Emerging resistance and cross-resistance). For entero- 
cocci other than E. faecalis and E. faecium, the MIC90 is 
higher (at 2 mg/l); however, it is still susceptible (Jones et al., 
2007c; Lu et al., 2012). For most viridans group streptococci 
the MIC90 is 1–2 mg/l (see Table 73.1); however, higher MIC90 
results were found for some viridans group streptococci  
(S. bovis and S. anginosus; MIC90 4 mg/l, MIC range 1–4 mg/l) 
in a study of a smaller number of isolates (Kosowska-Shick et 
al., 2006). A study of group B streptococci (S. agalactiae) 
using Etest susceptibility found an MIC90 of 1.5 mg/l and an 
MIC range of 0.25–1.5 mg/l (Fluegge et al., 2004). Against a 
large number of neonatal invasive isolates of S. agalactiae, 
linezolid demonstrated good activity when tested by Etest 
(MIC90 1.5 mg/l, range 0.25–1.5 mg/l) (Fluegge et al., 2004), 
whereas 106 maternal anovaginal screening isolates were all 
susceptible, including macrolide- and clindamycin-resistant 
isolates (Panda et al., 2009). Erythromycin-resistant strains 
of Streptococcus pyogenes and S. agalactiae had identical MIC 
patterns to erythromycin-susceptible strains (MIC90 2 mg/l) 
(Betriu et al., 2000). Helcococcus kunzii has been reported to 
be linezolid-susceptible (MIC90 2 mg/l, range 1–2 mg/l) (Vergne 
et al., 2015). Aerococcus urinae also appears generally suscep-
tible, with only 2 of 95 tested isolates proving resistant in  
a recent study (modal MIC 1 mg/l, range ≤ 0.5–8 mg/l) 
(Humphries and Hindler, 2014). Linezolid is also active 
against the oral commensal Stomatococcus mucilaginosus (MIC 
range 1–2 mg/l) (Rolston et al., 2013) and the skin commensal 
Kytococcus schroeteri (MIC 0.19–1 mg/l) (Blennow et al., 2012).
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Linezolid has good activity against a wide range of cory-
nebacteria, including antibiotic-resistant strains and clinical 
isolates (Fernandez-Roblas et al., 2009; Nhan et al., 2012; 
Cacopardo et al., 2013), Corynebacterium diphtheriae (non-
toxigenic isolates tested) (Zasada et al., 2010), and other 
coryneforms such as Arthrobacter spp., Brevibacterium spp., 
Dermabacter hominis, Microbacterium spp., and Turicella 
otitidis; it is also active against Rhodococcus equi (Jones et al., 
1996; Bowersock et al., 2000; Goldstein et al., 2003a, 2003b; 
Funke and Nietznik, 2005; Jones et al., 2007c).

Bacillus anthracis is susceptible to linezolid. An early study 
found an MIC of 2 mg/l for two strains, the Sterne strain and 
the vaccine strain ST-1 (Athamna et al., 2004). More recently, 
Ortatatli et al. (2012) tested 55 B. anthracis isolates by agar 
dilution and found all had an MIC ≤ 1 mg/l. A Turkish study 
tested 251 isolates (93 of human origin, 155 animal) and 
found all were susceptible to linezolid (Durmaz et al., 2012). 
In vivo, linezolid has effectively cured rabbits with B. anthracis 
bacteremia (Weiss et al., 2015).

Linezolid activity has been tested against lactic acid bacte-
ria, including Weissella confusa (Lee et al., 2011), Lactobacillus 
spp., Pediococcus spp., and Lactococcus spp. obtained from 
humans, but also from cultures that are intended for nutri-
tional or probiotic use (Klare et al., 2007). Pediococcus spp. 
(MIC range 0.5–1 mg/l; MIC90 1–2 mg/l), many Lactobacillus 
spp. (MIC range 0.5–2 mg/l; MIC90 1–2 mg/l), and Lactococcus 
lactis (MIC range 0.5–1 mg/l [eight isolates only]) all have 
relatively low MICs. Lactobacillus acidophilus (MIC range 
0.5–4 mg/l; MIC90 4 mg/l) had slightly higher MICs than 
other Lactobacillus spp. (Klare et al., 2007). In a study by 
Goldstein et al. (2005), Lactobacillus spp. were found to have 
higher MICs (MIC90 8 mg/l; MIC range 1–8 mg/l). Linezolid 
has variable activity against Leuconostoc spp. (MIC range 1–8 
mg/l) (Rolston et al., 2013).

Linezolid provides consistent antimicrobial activity against 
all Nocardia spp. tested. A study of N. brasiliensis isolates found 
that all were susceptible to linezolid (MIC90 2 mg/l) (Vera-
Cabrera et al., 2001). Brown-Elliott et al. (2003) tested 140 
clinical isolates of Nocardia spp. and found the MIC90 to 
range from 1–4 mg/l (MIC range ≤ 0.25–8 mg/l). Cercenado 
et al. (2007) determined the MIC90 to be 1 mg/l for 51 
Nocardia isolates, with the highest MIC being 2 mg/l. This 
study included strains resistant to many antimicrobials such 
as N. farcinica. Larruskain et al. (2011) tested 186 isolates 
from 14 species with very similar results (MIC90 range 1-4 mg/l, 
MIC range ≤ 0.5–4 mg/l). As molecular methods rapidly 
expand Nocardia taxonomy and identify new species, these 
findings of consistently low linezolid MIC levels remain true. 
In the largest study to date, 1299 Nocardia isolates from over 
35 species underwent antimicrobial susceptibility testing; all 
were susceptible to linezolid (Schlaberg et al., 2014). Another 
recent study of 149 isolates from 27 species found the same 
result (McTaggart et al., 2015). Although the majority of 
studies over time have described low MICs for all tested iso-
lates (Maraki et al., 2009; Al Tawfiq et al., 2013; Ishihara et 
al., 2014; Taj-Aldeen et al., 2014; Wang et al., 2014), two 

studies assessing isolates from Taiwan found N. brasiliensis 
to have an MIC90 of 8 mg/l (range 0.5–16 mg/l), higher than 
that reported for this species elsewhere (Huang et al., 2007; 
Lai et al., 2009); Lai et al. (2011) subsequently reported on 
two resistant isolates (see later under 2b. Emerging resistance 
and cross-resistance).

MYCOBACTERIA

Linezolid has activity against Mycobacterium tuberculosis, 
including clinical isolates, as well as some rapidly growing 
and slow-growing nontuberculous mycobacteria. 

The earliest in vitro study of linezolid (named U-100766 
at time of study publication) activity against M. tuberculosis 
found an MIC90 of 0.5 mg/l for five isolates susceptible to first-
line agents, and MIC90 of 2 mg/l (range 0.5–2 mg/l) for five 
multidrug-resistant (MDR) isolates (1 mg/l concentration 
not tested) (Zurenko et al., 1996). A subsequent study of 117 
isolates established an MIC90 of 1 mg/l (range ≤ 0.125–1 mg/l) 
and found no significant differences related to susceptibility 
to first-line drugs (Alcala et al., 2003). Later studies reported 
similar results for susceptible isolates (Huang et al., 2008; 
Schön et al., 2011). In the absence of established breakpoints, 
Schön et al. (2011) suggested a wild-type epidemiological 
cut-off (ECOFF) of 0.5 mg/l and concurred with Sharma et 
al. (2011) on a critical concentration of 1 mg/l. 

Against rapidly growing nontuberculous mycobacteria, 
linezolid demonstrates moderate activity. In a study by Wal- 
lace et al. (2001), broth microdilution was used to test the 
following rapidly growing mycobacteria: M. fortuitum group 
(MIC90 16 mg/l, range 1–32 mg/l), M. fortuitum third biovar-
iant complex (MIC90 8 mg/l; range 2–8 mg/l), M. abscessus 
(MIC90 64 mg/l; range 0.5–128 mg/l), M. chelonae (MIC90 16 
mg/l; range 1–64 mg/l), and M. mucogenicum (MIC90 4 mg/l; 
range 0.5–8 mg/l) (Wallace et al., 2001). In this study, 
linezolid was most active against isolates of M. mucogenicum 
and the M. fortuitum group (Wallace et al., 2001). Based on 
the in vitro data and information on linezolid serum levels, 
the authors proposed the following breakpoint criteria for 
rapidly growing mycobacteria: susceptible ≤ 8 mg/l, moder-
ately susceptible 16 mg/l, resistant ≥ 32 mg/l. Subsequently, 
Yang et al. (2003), using the same interpretive criteria, found 
moderate rates of resistance to linezolid in rapidly growing 
mycobacteria (M. fortuitum group: intermediate 7%, resis-
tant 25%; M. abscessus: intermediate 26%, resistant, 42%;  
M. chelonae: intermediate 13%, resistant 5%). Studies of sus-
ceptibilities of the subspecies making up the M. abscessus 
complex vary somewhat in their findings. Reported MIC90 
for M. abscessus subsp. abscessus ranges from 8–32 mg/l, 
subsp. bolletii 8–16 mg/l, and subsp. massiliense 8 mg/l 
(Yoshida et al., 2013; Nie et al., 2014; Singh et al. 2014). A 
single isolate of M. alvei showed an MIC of 0.25 mg/l (Lee et 
al., 2011). The use of linezolid to treat rapidly growing myco-
bacterial infections depends on the MIC and the species of 
the clinical isolate.

Linezolid has good activity against a range of slowly grow-
ing nontuberculous mycobacteria, including M. marinum 
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Table 73.1. In vitro antimicrobial activity of linezolid

Organism
Linezolid MIC90 

(mg/l)
Linezolid MIC range 

(mg/l) Emerging resistance

Gram-positive bacteria

Staphylococcus aureus     2–4 0.12–4 Yes

Methicillin-susceptible Staphylococcus aureus (MSSA)     2–4 0.5–8

Methicillin-resistant Staphylococcus aureus (MRSA)     2–4      1–16 Yes

Vancomycin-intermediate Staphylococcus aureus (VISA) 4

Vancomycin-resistant Staphylococcus aureus (VRSA) 2

Coagulase-negative staphylococci     1–2 0.06–> 8 Yes

Methicillin-susceptible Staphylococcus epidermidis (MSSE)     1–4 0.25–4

Methicillin-resistant Staphylococcus epidermidis (MRSE)     1–4 0.5–4

Streptococcus pneumoniae (including penicillin-resistant strains)     1–2 ≤ 0.06–2

Beta-hemolytic streptococci 1 ≤ 0.06–2

Streptococcus pyogenes     2–4      1–4

Streptococcus agalactiae 2 0.5–2

Beta-hemolytic streptococci (groups C, F, G)     1–2 0.12–4

Viridans group streptococcia     1–2 ≤ 0.06–2 Yes

Enterococcal spp. 2 0.06–8 Yes

Enterococcus faecalis     1–4 0.25–64 Yes

Enterococcus faecium     2–4 0.25–32 Yes

Enterococcus avium     2–4      2–4

Enterococcus casseliflavus     2–4      2–4

Enterococcus gallinarum 2      2–4

Enterococcus hirae 2

Enterococcus raffinosus     2–4 4

Corynebacterium spp. 0.25–1 0.125–1

Corynebacterium amycolatum 0.25–0.5 0.25–1

Corynebacterium jeikeium 0.5–2 0.25–2

Corynebacterium pseudodiphtheriticum 0.5–1 0.12–1

Corynebacterium striatum 0.5 0.25–1

Rhodococcus equi 2 0.5–2

Listeria monocytogenes 2      1–4

Aerococcus spp. 2

Bacillus spp. 1 0.25–2

Bacillus cereus 1 0.5–1

Micrococcus luteus 1 0.5–2

Rothia mucilaginosa 1

Aerococcus urinae 1 < 0.25–8

Helcococcus kunzii 2      1–2

Gram-negative bacteria

Eikenella corrodens 16      4–16

Haemophilus influenzae 32      2–64

Moraxella spp.b 8      4–32

Neisseria spp. 16      4–32

Pasteurella multocida 2      1–2

Pasteurella spp. 32      1–> 32

Weeksella zoohelcum 2 0.25–2

Helicobacter pylori 32 0.125–64

Mycobacteria and Nocardia

Mycobacterium tuberculosis 0.5–2 < 0.125–4

Mycobacterium kansasii     1–2 < 0.25–2

Mycobacterium avium complex 64    < 2–> 32

Mycobacterium avium 32 0.0625–64
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(MIC90 2 mg/l; range 0.5–4 mg/l), M. szulgai (MIC90 4 mg/l; 
range ≤ 2–4 mg/l), M. gordonae (MIC90 4 mg/l; range ≤ 0.5–
16 mg/l), M. kansasii (MIC90 ≤ 2 mg/l; range ≤ 0.5–2 mg/l), 
and M. triplex (MIC90 8 mg/l; range 2–16 mg/l) (Braback et 
al., 2002; Brown-Elliott et al., 2003; Alcaide et al., 2004; Guna 
et al., 2005; Wu et al., 2012). In contrast, Mycobacterium 
avium complex (MAC) (MIC90 64 mg/l; range ≤ 2–> 32 mg/l), 
M. terrae complex (MIC90 32 mg/l, range ≤ 2–> 32 mg/l), and 
M. simae complex (MIC90 > 32 mg/l, range 8–> 32 mg/l) are 
less susceptible to linezolid (Brown-Elliott et al., 2003). 
Zhang et al. (2015b) tested M. avium and M. intracellulare 
separately and found the former had an MIC90 of 32 mg/l 
(range 0.0625–64 mg/l), whereas the latter was slightly more 

sensitive (MIC90 16 mg/l; range 0.5–32 mg/l). Linezolid is 
also active against M. ulcerans (Ji et al., 2006).

AEROBIC GRAM-NEGATIVE BACTERIA

Linezolid is not active against aerobic Gram-negative bacilli 
and does not have a role in the treatment of infections caused 
by these organisms. In early studies, Haemophilus influenzae 
and Neisseria gonorrhoeae were found to have an MIC90 of 16 
mg/l (Jones et al., 1996) and an MIC range of 8–16 mg/l 
(Zurenko et al., 1996), whereas other aerobic Gram-negative 
species had an MIC90 of 64 mg/l (Jones et al., 1996). Sub- 
sequent studies also demonstrated that linezolid has no 
activity against H. influenzae (Biedenbach and Jones, 2001).

Organism
Linezolid MIC90 

(mg/l)
Linezolid MIC range 

(mg/l) Emerging resistance

Mycobacterium intracellulare 16 0.5–32

Mycobacterium marinum 2 0.5–4

Mycobacterium ulcerans 2 < 0.25–4

Mycobacterium fortuitum group    16–32 0.12–64

Mycobacterium chelonae 16      1–64

Mycobacterium abscessus complex    32–64 0.5–128

Mycobacterium abscessus subsp. abscessus     8–32

Mycobacterium abscessus subsp. bolletii     8–16

Mycobacterium abscessus subsp. massiliense 8

Mycobacterium alvei 1

Nocardia spp.     1–4 < 0.006–8

Gram-positive anaerobes

Actinomyces spp. 0.5–1 0.25–8

Actinomyces israelii 16 0.125–16

Anaerococcus prevotii 1 0.5–2

Bifidobacterium spp. 1 0.25–2

Clostridium spp.     2–8 0.25–8

Clostridium difficile     2–16 0.03–16

Eubacterium spp.     4–8 0.06–8

Finegoldia magna 2 0.5–2

Peptoniphilus asaccharolyticus 1 0.5–2

Peptostreptococcus spp.     1–2 0.5–16

Propionibacterium spp. 1 0.25–1

Propionibacterium acnes 1 0.25–2

Gram-negative anaerobes

Prevotella spp.     1–4 0.06–8

Fusobacterium spp. 0.5–1 0.016–2

Porphyromonas spp. 2 0.06–2

Bacteroides spp.     4–8      1–16

Bacteroides fragilis and fragilis group     2–4 0.5–8
aSpecies included Streptococcus anginosus, Streptococcus bovis, Streptococcus constellatus, Streptococcus gordonii, Streptococcus intermedius, Streptococcus 

mitis, Streptococcus mutans, Streptococcus oralis, Streptococcus parasanguis, Streptococcus salivarius, Streptococcus sanguinis, and Streptococcus vestibularis.
bIncludes Moraxella catarrhalis.
Compiled from the following references: Eliopoulos et al., 1996; Jones et al., 1996; Spangler et al., 1996; Zurenko et al., 1996; Jorgensen et al., 1997; Rybak et 

al, 1998; Goldstein et al., 1999; Betriu et al., 2000; Bowersock et al, 2000; Hirschl et al, 2000; Rybak et al., 2000; Biedenbach and Jones, 2001; Brown-Elliott 
et al, 2001b; Wallace et al., 2001; Zaoutis et al., 2001; Braback et al., 2002; Karlowsky et al., 2002; Mutnick et al, 2002; Pelaez et al, 2002; Alcala et al., 2003; 
Behra-Miellet et al., 2003; Brown-Elliott et al., 2003; Citron et al., 2003; Goldstein et al., 2003a, 2003b; Yang et al., 2003; Zhanel et al., 2003; Alcaide et al., 
2004; Anderegg et al., 2005; Draghi et al., 2005; Funke and Nietznik, 2005; Goldstein et al., 2005; Guna et al, 2005; Mory et al., 2005; Moubareck et al, 2005; 
Oprica and Nord, 2005; Daeschlein et al., 2006; Goldstein et al., 2006; Ji et al, 2006; Cercenado et al., 2007; Jones et al, 2007a; Jones et al., 2007b; Huang 
et al., 2008; Saravolatz et al., 2012; Vergne et al., 2015; Yoshida et al., 2013; Nie et al., 2014; Singh et al. 2014; Lee et al., 2011; Boyanova et al., 2015.
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Moraxella catarrhalis has been found to have an MIC90 of 
4–8 mg/l (range 4–32 mg/l) (Zurenko et al., 1996; Goldstein 
et al., 1999).

Linezolid has been tested against Legionella spp. at differ-
ent inoculums. At a smaller inoculum (104 colony forming 
units [CFU]) the MIC90 was 4 mg/l; however, with use of a 
larger inoculum (105 CFU) the MIC90 was 8 mg/l, suggesting 
that linezolid would not be useful for treatment of Legionella 
spp. (Schulin et al., 1998).

Linezolid was previously thought to have no useful activ-
ity against Helicobacter pylori (Hirschl et al., 2000). Although 
it remains true that the MIC is frequently elevated, the range 
can be wide such that some isolates, including those resistant 
to first-line agents, could be considered susceptible (0.125–
64 mg/l). Therefore linezolid may find a role as a last-line 
agent in cases of resistant disease, if susceptibility testing is 
favorable. Clinical evidence in this area remains lacking 
(Boyanova et al., 2015).

ANAEROBIC BACTERIA

Linezolid has activity against a number of anaerobic bacterial 
species, in particular anaerobic Gram-positive cocci and non-
spore forming rods (MIC90 2 mg/l; MIC range 0.25–8 mg/l) 
(Jones et al., 1996; Molitoris et al., 2006), but also against a 
number of Gram-negative anaerobes (Citron et al., 2003).

Linezolid is active against a range of Actinomyces species; 
however, strains with high linezolid MICs have been de-
tected. In particular, strains of A. israelii tend to have higher 
linezolid MICs. In a study that included 13 A. israelii strains, 
the MIC90 was 16 mg/l (range 0.25–16 mg/l) (Goldstein et al., 
2005). In contrast, Smith et al. (2005) tested linezolid suscep-
tibility using Etest, and included 25 A. israelii isolates. The 
MIC90 was only 0.19 mg/l. In general, the MIC90 is low for 
non–A. israelii species of Actinomyces (Goldstein et al., 
2003a, 2005; Smith et al., 2005; Hansen et al., 2009); however, 
non–A. israelii strains with a linezolid MIC of 8 mg/l have 
been reported (Citron et al., 2003). 

Against Clostridium difficile, linezolid has generally dem- 
onstrated good in vitro activity, with a number of early stud-
ies demonstrating that the MICs of tested isolates were ≤ 4 
mg/l (Wise et al., 1998; Leroi et al., 2002; Pelaez et al., 2002; 
Phillips et al., 2003). Using Etest susceptibility testing, one 
study found that C. difficile was in general susceptible to 
linezolid (MIC90 3 mg/l; range 0.125–6 mg/l), but a small num-
ber of isolates with MICs of 3–6 mg/l were detected (Ackermann 
et al., 2003). In this study, isolates with higher linezolid MICs 
demonstrated high-level resistance to macrolide–lincosamide– 
streptogramin B (MLSB) antimicrobials. Another study used 
agar incorporation to assess the linezolid susceptibility of 
91 C. difficile isolates and found that most were susceptible 
(MIC50/90 1/2 mg/l); however, two isolates were resistant, with 
an MIC of 8 mg/l (Baines et al., 2011). A large Swedish study of 
205 isolates from 1993–2007 found the same MIC50/90 (1/2 mg/l) 
but a wider MIC range (0.125–16 mg/l) (Norén et al., 2010). 
Other studies, using a small number of isolates, found higher 
linezolid MICs against C. difficile (MIC90 8–16 mg/l; range 1–16 
mg/l) (Citron et al., 2003; Goldstein et al., 2003a, 2003b).

Bifidobacterium species are usually susceptible to linezolid 
(Moubareck et al., 2005; Mayrhofer et al., 2011).

Propionibacterium species, including clinical isolates of  
P. acnes from central nervous system infections, orthopedic 
implant infections, and prostate tissue, are susceptible to 
linezolid (Citron et al., 2003; Goldstein et al., 2003a, 2003b, 
2005; Mory et al., 2005; Khassebaf et al., 2015; Olsson et al., 
2012). In a study of 304 P. acnes isolates, all were susceptible 
to linezolid (Oprica and Nord, 2005).

In addition, linezolid has activity against some Gram-
negative anaerobic bacteria, such as Bacteroides and Prevo
tella species (Behra-Miellet et al., 2003; Citron et al., 2003; 
Molitoris et al., 2006). In general, B. fragilis has an MIC90 of 
4 mg/l; however, strains with an MIC of 8 mg/l have been 
detected (Zurenko et al., 1996; Molitoris et al., 2006). Species 
of Prevotella, Fusobacterium, and Porphyromonas have also 
been shown to have low MICs to linezolid (Behra-Miellet et 
al., 2003; Citron et al., 2003); in particular, the MIC90 of a 
number of Fusobacterium species is low against linezolid 
(MIC90 0.5 mg/l; range 0.016–1 mg/l) (Daeschlein et al., 2006).

Other species that have been tested include Actinobaculum 
schaalii (48 isolates; MIC90 1 mg/l, range 0.12–1 mg/l) (Cat-
toir et al., 2010), Bilophila wadsworthia (16 isolates, MIC90 32 
mg/l), Campylobacter gracilis (11 isolates, MIC90 32 mg/l), 
Sutterella wadsworthensis (11 isolates, MIC90 > 128 mg/l), Fin 
egoldia magna (11 isolates, MIC90 2 mg/l, range 0.5–2 mg/l), 
Peptoniphilus asaccharolyticus (10 isolates, MIC90 1 mg/l, range 
0.5–1 mg/l), Micromonas micros (11 isolates; MIC90 0.5 mg/l, 
range 0.05–1 mg/l), Anaerococcus prevotii (11 isolates; MIC90 
1  mg/l, range < 0.03–2 mg/l) (Molitoris et al., 2006), and 
Clostridium butyricum from premature neonates (a species 
implicated in the pathogenesis of necrotizing enterocolitis) (39 
isolates; MIC90 1 mg/l, range 0.5– mg/l) (Ferraris et al., 2010).

In a recent Belgian study of 403 clinical anaerobic isolates 
using Etest susceptibility testing, linezolid was found to have 
activity against a range of anaerobic bacteria (Bacteroides/
Parabacteroides spp., n = 180, MIC90 4 mg/l; Fusobacterium 
spp., n = 21, MIC90 1 mg/l; Prevotella spp. and other anaero-
bic Gram-negative bacilli, n = 52, MIC90 2 mg/l; Clostridium 
spp., n = 38, MIC90 4 mg/l; nonspore-forming Gram-positive 
bacilli, n = 40, MIC90 1 mg/l; anaerobic cocci, n = 72, MIC90 
1 mg/l). Overall, 97% of the anaerobic bacteria tested had a 
linezolid MIC ≤ 4 mg/l (Wybo et al., 2014). In this study by 
Wybo et al. (2014) of anaerobic species, strains with an MIC  
> 4 mg/l were found in the following: Bacteroides spp., 
Fusobacterium spp., Prevotella spp., Clostridium spp., and non-
spore-forming Gram-positive bacilli. Of note, the only genus 
with a rise in linezolid MIC from the authors’ previous study 
(Wybo et al., 2007) was Fusobacterium (MIC90 from 0.25–1).

OTHER BACTERIA

Linezolid demonstrates a bacteriostatic action against Cox
iella burnetii, with inhibition of growth obtained with con cen- 
trations of 2–4 mg/l in Vero cell cultures (Gikas et al., 2001; 
Spyridaki et al., 2009).

Mycoplasma pneumoniae and Ureaplasma urealyticum  
are resistant to linezolid (MIC90 > 64 mg/l for both), whereas 
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testing using agar dilution suggests that linezolid has modest 
activity against Mycoplasma hominis (MIC90 8 mg/l, range 
2–8 mg/l) (Kenny and Cartwright, 2001). More recently, 
Mycoplasma genitalium and Ureaplasma parvum have also 
been shown to be resistant to linezolid, whereas Mycoplasma 
fermentans is relatively susceptible with an MIC90 of 4 mg/l 
(range 0.5–4 mg/l) (Waites et al., 2009).

A study of the antimicrobial susceptibilities of 39 Turkish 
isolates of Francisella tularensis subsp. holarctica found all 
were susceptible (MIC90 1.5 mg/l; range 0.5–2 mg/l) (Yeşilyurt 
et al., 2011). This differed from the findings of a study of 29 
Hungarian isolates (MIC90 32 mg/l; range 14–48 mg/l) (Krei- 
zinger et al., 2013) and a study of 24 North American isolates 
(MIC range 2–16 mg/l; included F. tularensis subsp. holarc
tica and subsp. tularensis) (Johansson et al., 2002). Sutera et 
al. (2014), who established an MIC of 8 mg/l for their two 
Francisella isolates by broth microdilution (1 mg/l using an 
intracellular activity assay), observed that the aforementioned 
studies used Etests with different methods, which may ac- 
count for the variability of results.

FUNGI AND FUNGUS-LIKE PATHOGENS

Linezolid is not known to have antifungal activity, although 
it possibly offers some synergy with amphotericin against 
Cryptococcus neoformans (see later, section 2c, In vitro syn-
ergy and antagonism).

Pythium insidiosum, the main human pathogen of the 
fungus-like oomycetes, has proven difficult to treat with anti-
fungal therapy because it does not produce ergosterol, the 
main target of these drugs. Loreto et al. (2014) therefore 
tested the activity of a number of antibacterial drugs against 
Pythium in vitro and found linezolid to be active with an 
MIC90 of 4 mg/l (range 1–8 mg/l) using Etest, and 32 mg/l 
(4–32 mg/l) at 48 hours. Further work is required to resolve 
this discrepancy between methods.

PARASITES

Linezolid demonstrated minimal in vitro activity against 
Naegleria fowleri (MIC > 10 mg/l), and demonstrated minimal 
benefit in a mouse model of infection (Goswick and Brenner, 
2003). Against Leishmania tropica promastigotes, linezolid 
was ineffective in vitro (IC50 896 mg/l) (Limoncu et al., 2013). 
A case of acute granulomatous Acanthamoeba en ceph alitis in 
an immunocompetent patient was cured after treatment with 
high-dose meropenem, moxifloxacin, linezolid, fluconazole, 
and ampicillin, followed by oral co-trimoxazole, fluconazole, 
and rifampicin. The specific contribution of linezolid, origi-
nally added to the regimen because of suspected enterococcal 
infection, is unclear (Lackner et al., 2010).

ACTIVITY IN BIOFILMS

Linezolid activity in biofilms is variable and dependent on 
dose, pathogen strain, and biofilm maturity. Differences in 
methodology, strain, inoculum, and so on make comparison 
of biofilm studies difficult; however, in general, linezolid 
offers little activity in biofilms when at or below the MIC.

Linezolid activity against MRSA imbedded in biofilm was 
assessed by Raad et al. (2007) and compared with other anti-
bacterial agents. Linezolid demonstrated no activity against 
the MRSA strains embedded in biofilms. 

Against Staphylococcus lugdunensis, linezolid demon-
strated no activity in biofilms (Frank et al., 2007). Similar 
results were found against enterococcal biofilms (Sandoe et 
al., 2006).

Linezolid appears to offer synergy against MRSA biofilm 
with rifampicin (Tang et al., 2013a; Wu et al., 2013b; de Matos 
et al., 2014), minocycline (Wu et al., 2013a), and daptomycin 
(Parra-Ruiz et al., 2012); against VRE biofilm, there is evi-
dence for synergy with fosfomycin (Tang et al., 2013b) and 
rifampicin (Holmberg and Rasmussen, 2014).

2b.  Emerging resistance and 
cross-resistance

The development of resistance to linezolid was considered 
unlikely during the preclinical phase of research, in part 
because of the multiple copy numbers of genes encoding the 
ribosomal target, but also because of the synthetic nature of 
the compound (Meka and Gold, 2004). Four copies of the 
ribosomal DNA genes are present in E. faecalis, and five to 
six copies are present in S. aureus and E. faecium (Meka and 
Gold, 2004). In vitro selection of resistant mutants of various 
species, including S. aureus and enterococci, was initially 
found to be difficult (Zurenko et al., 1996). Despite this, 
linezolid-resistant clinical isolates of S. aureus and E. faecalis 
were reported soon after release of the drug, with the first 
report of a linezolid-resistant isolate of S. aureus in 2001 
(Tsiodras et al., 2001). Resistance to linezolid has now been 
reported in a number of Gram-positive species, including S. 
aureus, coagulase negative staphylococci, E. faecalis, E. fae
cium, and viridans streptococci (Mutnick et al., 2003; Potoski 
et al., 2006; Cieloszyk et al., 2007; Mendes et al., 2014), with 
reduced susceptibility also detected in a small number of M. 
tuberculosis and S. pneumoniae isolates (Wolter et al., 2005; 
Richter et al., 2007).

Linezolid in vitro activity has been closely monitored 
since the release of the drug for clinical use (Draghi et al., 
2005; Flamm et al., 2015; Mendes et al., 2014). Although 
resistance has been detected in a number of important clini-
cal pathogens, overall resistance rates remain low. For exam-
ple, a survey of over 300,000 skin and soft tissue infection 
isolates from the United States from 2005–2007 demon-
strated that linezolid resistance remains rare in S. aureus 
(Tillotson et al., 2008). The analysis of 52,082 Gram-positive 
strains isolated from 2004–2012 from 33 countries around 
the world demonstrated that linezolid remained active 
against 99.97% of isolates tested (Mendes et al., 2014). This 
included strains of S. aureus, CoNS, enterococci, pneumo-
cocci, viridans group streptococci, and beta-hemolytic strep-
tococci. Possible exceptions are linezolid resistance in VRE 
and CoNS, with some centers now reporting linezolid resis-
tance in a number of patients, with nosocomial spread of 
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linezolid-resistant strains of VRE and Staphylococcus epider
midis (Dobbs et al., 2006; Kelly et al., 2008).

Resistance to linezolid in Gram-positive bacteria has 
primarily been related to target site mutations in domain V 
of 23S rRNA (Meka and Gold, 2004; Wolter et al., 2005). 
Resistance related to target site mutations develops slowly, 
after many days of failed therapy in patients with serious 
infections, and is not transferable. In some clinical isolates 
that demonstrate linezolid resistance, all copies of the 23S 
rRNA gene contain the mutation, whereas in others the 
mutation is not present in all copies. It appears that a gene 
dosage effect exists in which the linezolid MIC is higher with 
more resistance mutations present in more copies of the 23S 
rRNA gene (Meka et al., 2004a; Besier et al., 2008). In S. aureus, 
the accumulation of mutations is associated with a step-wise 
loss of biological fitness, and cross-resistance to other antibi-
otics (quinupristin–dalfopristin and chloramphenicol) (Besier 
et al., 2008). It appears that in enterococci the critical step in 
development of linezolid resistance is initial mutation of a 
single copy of the 23S rRNA gene, with subsequent mutation 
of additional copies of the gene occurring more easily by 
recombination (Lobritz et al., 2003; Boumghar-Bourtchaï et 
al., 2009).

Early studies of laboratory-induced resistance demon-
strated that resistance rarely occurred through spontaneous 
mutation. In S. aureus, for example, the mutation frequency 
was < 1 resistant mutant per 8 × 1011 CFU in one strain, and 
resistant mutants could not be generated in other strains. 
Similar results were found in enterococci (Zurenko et al., 
1996), although there is now some evidence that E. faecalis  
is more likely to express a hypermutable phenotype than  
S. aureus, and hence may have an increased likelihood of 
developing resistance (Ba et al., 2010). The first reports of 
the mechanism of linezolid resistance demonstrated that 
 laboratory-derived resistant mutants of staphylococci and 
enterococci had mutations in the domain V of 23S rRNA at a 
number of locations, including G2447U, G2576U, C2512U, 
G2513U, C2610G, and G2505A (Prystowsky et al., 2001; 
Meka and Gold, 2004; Long and Vester, 2012). In clinical iso-
lates of MRSA in which resistance to linezolid was induced 
in vitro, a number of mutations in domain V of 23S rRNA 
were found, including G2576T, G2447U, and C2192Y (Meka 
and Gold, 2004). In S. aureus isolates from patients in whom 
resistance to linezolid has been detected during therapy, 
the  predominant mutation detected is G2576T; other sites 
reported include T2500A (Meka et al., 2004b; Ikeda-Dantsuji 
et al., 2011) and C2461T (Endimiani et al., 2011). Resistant 
clinical isolates of CoNS appear to demonstrate more vari-
ability in mutation sites, including G2576T, G2603T 
(Lincopan et al., 2009; Sorlozano et al., 2010), T2504A (Lia- 
kopoulos et al., 2009), C2534T (Zhu et al., 2007), C2190T, 
G2603T, G2474T (Sorlozano et al., 2010), G2215A (Kosowska-
Shick et al., 2010), C2161T, C2532T, and T2502A (Bender et 
al., 2015). Some of these nucleotides are in direct contact 
with linezolid in its binding site; some, including G2576T, 
are located more distantly and form part of the outer shells of 
the site, alterations to which affect the morphology and/or 

interactions of the binding site itself (Long and Vester, 2012; 
Fulle et al., 2015).

Reduced linezolid susceptibility has been linked to muta-
tions in the rplC and rplD genes encoding the ribosomal pro-
teins L3 and L4, respectively (Locke et al., 2009a; Kosowska-Shick 
et al., 2010; Mendes et al., 2010; Endimiani et al., 2011; 
Román et al., 2013; Bender et al., 2015); rplC mutations had 
previously been linked to pleuromutilin resistance (Locke et 
al., 2009b). These proteins are closely associated with the line - 
zolid binding site in the peptidyl transferase center (PTC). A 
number of mutations have been described; some seem to 
have a direct impact on linezolid susceptibility, some may act 
synergistically with other resistance mutations, and some are 
found in susceptible isolates. Often they occur with other 
mutations, making their specific contribution to resistance 
difficult to ascertain (Bonilla et al., 2010; Locke et al., 2010; 
Long and Vester, 2012; de Almeida et al., 2013). These muta-
tions have been reported in S. aureus (Locke et al., 2009b; 
Endimiani et al., 2011; Román et al., 2013), Staphylococcus 
capitis (Zhou et al., 2015), S. epidermidis and Staphylococcus 
cohnii (Mendes et al., 2010), and in mycobacteria (Beckert et 
al., 2012). The effect of mutations in rplV, which encodes 
L22, is less clear.

Using an in vitro model to investigate pharmacokinetic 
and pharmacodynamic factors associated with emergence of 
resistance, it has been demonstrated that use of dosing regi-
mens that lead to constant serum concentrations in the vicin-
ity of the MIC are likely to promote resistance (Boak et al., 
2007; Allen and Bierman, 2009). Similar findings were re- 
ported after an in vivo examination of resistance emergence in 
mice (Bourgeois-Nicolaos et al., 2007). It has been demostrated 
that a single mutated copy of the 23S rRNA gene can persist in 
an S. aureus isolate, despite up to 40 passages in antibiotic- 
free media, with rapid re-emergence of multiple mutated cop-
ies after re-exposure to linezolid (Tsakris et al., 2007). 

More recently, transferable resistance determinants have 
been reported including the resistance genes cfr and optrA. 
The multiresistance gene cfr encodes Cfr methyltransferase, 
which leads to modification of adenosine at position 2503 in 
23S rRNA, leading to alteration of the ribosomal binding site 
and resulting in resistance to phenicols, lincosamides, oxaz-
olidinones, pleuromutilins, and streptogramin A antibiotics 
(PhLOPSA phenotype). Although a chromosomal location of 
cfr was initially described, it was closely associated with 
insertion sequences suggesting transferability (Locke et al., 
2014); it has thereafter been found most often within a plas-
mid (Arias et al., 2008; Shen et al., 2013; Bender et al., 2015; 
Brenciani et al., 2016; Li et al., 2015), and most commonly is 
associated with S. epidermidis among the clinically relevant 
staphylococci. Of concern, transfer of plasmids between spe-
cies of CoNS and S. aureus has been documented. Outbreaks 
of linezolid-resistant CoNS associated with these plasmids 
therefore have implications for the possibility of dissemina-
tion of linezolid-resistant S. aureus.

In addition, with use of laboratory-derived linezolid- 
resistant mutants of S. pneumoniae, mutations in a hypotheti-
cal protein predicted to encode a ribosomal methyltransferase 
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(spr033) were found to increase linezolid resistance (Feng et 
al., 2009). A deletion in an S. aureus homolog of this gene 
(SAV1444) has also been found in a clinical linezolid- 
resistant isolate (in addition to a G2576T ribosomal muta-
tion) (Feng et al., 2009).

As stated earlier, linezolid resistance in S. aureus was first 
reported in 2001 (Tsiodras et al., 2001). The most frequent 
reports of clinical cases have described the cause as sporadic 
mutations affecting the target site, typically in complex cases 
in which patients had received prolonged or recurrent 
courses of linezolid (Kola et al., 2007; An et al., 2011). This 
has often been associated with deep-seated infection or pros-
thetic material (Kola et al., 2007) or risk factors for long-term 
colonization, in particular cystic fibrosis patients with MRSA 
(including one child who became persistently colonized with 
linezolid-resistant MRSA) (Hayes et al., 2010; Hill et al., 
2010; Endimiani et al., 2011), although non-outbreak cases 
without linezolid exposure have been reported (Quiles-
Melero et al., 2012). Linezolid resistance has now been de- 
scribed in S. aureus in North America, Europe, Asia, and South 
America, extensively reviewed by Gu et al. in 2012, and con-
tinues to be reported (Feßler et al., 2014; Locke et al., 2014; 
McNeil et al., 2014; Rosenthal et al., 2014; Cuny et al., 2015; 
Gales et al., 2015; Li et al., 2015; Yu et al., 2015a). Mutations 
altering domain V 23s rRNA have predominated, in partic-
ular G2576T, with reported linezolid MICs of the resistant 
isolates ranging from 8–64 mg/l (Kola et al., 2007). Other 
mutations affecting this site are described earlier in this sec-
tion. Reduced linezolid susceptibility in both laboratory- 
derived and clinical isolates of S. aureus has also been linked to 
mutations affecting the ribosomal proteins L3 and L4 (Locke 
et al., 2009a; Endimiani et al., 2011; Román et al., 2013).

In addition, mutations affecting ribosomal methylation 
have been described, including a mutation in SACOL1230, 
encoding RlmN, a chromosomally located methyltransferase 
that methylates the adenine nucleotide of 23S rRNA at posi-
tion 2503 (A2503) (Gao et al., 2010). The acquired methyl-
transferase gene cfr acts at this same site, similarly increasing 
methylation (see earlier), and both cause a moderate rise in 
MIC. Multiple resistance mechanisms may coexist in the 
same isolate (Locke et al., 2010; Román et al., 2013). Efflux 
pumps have also been demonstrated to decrease linezolid 
susceptibility in S. aureus; however, the contribution of this 
mechanism to clinical resistance has not yet been established 
(Floyd et al., 2010). There is one report of linezolid-dependent 
S. aureus from a cystic fibrosis patient (López-Hernández et 
al., 2015).

The first report of cfr in a clinical isolate of S. aureus was 
described in a single isolate from Columbia (Toh et al., 2007). 
This linezolid-resistant strain was isolated from a patient 
after only two doses of linezolid, and the cfr gene on the 
chromosome was associated with mobile genetic elements 
(Toh et al., 2007; Locke et al., 2012). The gene was subse-
quently detected in S. aureus of animal origin and clinical 
isolates of cfr-mediated linezolid resistant S. aureus from 
human infection cases in the United States (Mendes et al., 
2008). In contrast to the first reported occurrence, cfr is 

usually located on a plasmid, allowing horizontal transmis-
sion of resistance both within and between bacterial species. 
Cfr carriage has now been reported sporadically around the 
globe (Gales et al., 2015; Li et al., 2015), and outbreaks of 
linezolid-resistant S. aureus have been attributed to cfr in 
Spain and the United States (Morales et al. 2010; Sánchez-
García et al., 2010; Mendes et al., 2013b). Of concern, it has 
also been noted in the epidemic USA300 clone (Locke et al., 
2014).

Linezolid resistance in clinical isolates of S. aureus, espe-
cially when mediated by cfr and other methyltransferase 
genes, can prove difficult to detect phenotypically, particu-
larly by Etest or disk diffusion. Prolonged incubation and 
enriched media may improve results by these methods, or 
alternatively agar or broth dilution testing appears signifi-
cantly more sensitive (Arias et al., 2008; Ikeda-Dantsuji et al., 
2011).

Linezolid resistance in CoNS is also recognized. The first 
reports were of scattered mutations of the 23s rRNA. The 
G2576T mutation, as well as other mutations in the 23S 
rRNA gene, has been detected in linezolid-resistant isolates 
of S. epidermidis, S. capitis, S. cohnii, Staphylococcus haemoly
ticus, Staphylococcus pettenkoferi, Staphylococcus hominis, and 
Staphylococcus simulans (Zhu et al., 2007; Liakopoulos et al., 
2009; Petinaki et al., 2009; Bongiorno et al., 2010; Mendes et 
al., 2010; Sorlozano et al., 2010; Mazzariol et al., 2012; Mihaila 
et al., 2012; de Almeida et al., 2013; Takaya et al., 2015; Zhou 
et al., 2015). Later, reports of alterations to ribosomal pro-
teins L3 and L4 began to emerge (Bonilla et al., 2010; 
Kosowska-Shick et al., 2010; de Almeida et al., 2013; LaMarre 
et al., 2013; Tewhey et al., 2014), as well as acquisition of cfr, 
the latter increasingly associated with outbreaks and endemic 
linezolid resistance (Campanile et al., 2013; Yang et al., 2013; 
Tewhey et al., 2014; Zhou et al., 2015; Decousser et al., 2015). 
Multiple different mechanisms also seem to coexist in the 
same isolate more frequently in CoNS than in the other 
Gram-positive pathogens (Sorlozano et al., 2010; Kosowska-
Shick et al., 2010; LaMarre et al., 2013; Tewhey et al., 2014; 
O’Connor et al., 2015; Takaya et al., 2015), and can be addi-
tive regarding effect on MIC. It has also been suggested that 
combined resistance factors may help offset fitness cost, par-
ticularly of mutations of multiple 23s rRNA alleles (Mendes 
et al., 2012). Multiple reports have now been published of 
clonal dissemination of linezolid-resistant CoNS (Potoski et 
al., 2006; Kelly et al., 2008; Treviño et al., 2009; Bonilla et al., 
2010; de Almeida et al., 2012; Mendes et al., 2012; Mihaila et 
al., 2012; O’Connor et al., 2015). MICs as high as > 256 have 
been reported, and increasing linezolid use in the relevant 
institutions is suggested as a risk factor (Kelly et al., 2008; 
Treviño et al., 2009; Mulanovich et al., 2010). Additional 
cases have been reported (Kelly et al., 2006; Cieloszyk et al., 
2007). Two analyses of linezolid-resistant S. aureus and S. 
epidermidis demonstrated that resistant strains had emerged 
independently in multiple clones of these organisms (Wong 
et al., 2010, Quiles-Melero et al., 2013). A widely dissemi-
nated linezolid- resistant clone of S. epidermidis in Greece is 
unusual in that most tested isolates demonstrate linezolid 
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dependence (Kokkori et al., 2014; Karavasilis et al., 2015). 
This group of organisms is likely to become more important, 
both as agents of resistant infection in their own right given 
increasing device use, but also as a reservoir for cfr, which 
may be transmitted to S. aureus.

A number of studies have reported linezolid resistance in 
E. faecium and E. faecalis (Gonzales et al., 2001; Auckland et 
al., 2002; Herrero et al., 2002; Ruggero et al., 2003; Raad et 
al., 2004a; Bonora et al., 2006; Dobbs et al., 2006; Kainer et al.,  
2007; López-Salas et al., 2013; Ochoa et al., 2013; Patel et  
al., 2013; de Almeida et al., 2014; Wang et al., 2015a). In fact, 
during the compassionate use program in 1999, two of the 
169 patients with vancomycin-resistant E. faecium infection 
treated with linezolid developed resistance (Meka and Gold, 
2004). Mutations involving 23S rRNA are most commonly 
reported; however, mutations of L3 and L4 are rarely noted 
(Chen et al., 2013). As with S. aureus, a gene dose effect 
appears to exist, with increasing linezolid resistance associ-
ated with an increasing proportion of the 23S rRNA genes 
that contain mutations (Marshall et al., 2002; Ruggero et al., 
2003; Bourgeois-Nicolaos et al., 2007; Spiliopoulou et al., 
2011). There are some data to suggest loss of bacterial fitness 
in linezolid-resistant E. faecalis when all six copies of the 23S 
rRNA gene contain a resistance mutation, but not when only 
four copies contain the mutations (Meka and Gold, 2004). 
Linezolid-resistance does not appear to change organism 
virulence, including outbreak strains (McLaughlin et al., 
2013). Acquisition of the transferable cfr gene more com-
monly found in staphylococci has been reported in E. faecalis 
of human and animal origin (Díaz et al., 2012); cfr has also 
been detected in E. faecium (Patel et al., 2013). A second cfr-
like gene, designated cfr(B), has been found within a trans-
poson in E. faecium and appears the same as that recently 
identified in C. difficile (Deshpande et al., 2015). Most 
recently, the novel resistance gene optrA has been identified 
in E. faecium and E. faecalis of human and, more commonly, 
animal origin (Cai et al., 2015; Wang et al., 2015b). In many 
cases linezolid-resistant enterococci emerge from susceptible 
strains during failed therapy or from colonizing strains after 
protracted empiric or directed therapy for other pathogens 
(Schulte et al., 2009; Fossati et al., 2010; An et al., 2011; 
Thilesen et al., 2014; Bourgeois-Nicolaos et al., 2014). Noso- 
comial spread of linezolid-resistant enterococci has also 
been reported, however (Herrero et al., 2002; Dobbs et al., 
2006; Gómez-Gil et al., 2009; Fossati et al., 2010; Spiliopoulou 
et al., 2011; Wang et al., 2014), and is a significant issue in 
some centers. Cases of linezolid-resistant enterococcal infec-
tions occurring in patients without prior linezolid exposure, 
predominately related to nosocomial acquisition, have been 
reported (Jones et al., 2002a; Rahim et al., 2003; Dobbs et al., 
2006; Cian et al., 2009; Souli et al., 2009; Mutschler et al., 
2013; Hegstad et al., 2014). Although prolonged therapy is 
often required to induce linezolid resistance, cases of resistance 
emerging after less than 2 weeks of therapy have been reported 
(Seedat et al., 2006; de Almeida et al., 2014; Bourgeois-Nicolaos 
et al., 2014). Linezolid-resistant enterococci may also cause 
prolonged host colonization in some cases (Thilesen et al., 

2014; Yu et al., 2015b) A retrospective case–control study  
suggested that longer courses of linezolid and linezolid ex- 
posure before hospitalization were associated with a higher 
risk of linezolid resistance in enterococcal infections (Pai et  
al., 2002), but other researchers found no association with 
line zolid use, and named peripheral vascular disease, the 
receipt of a solid organ transplant, total parenteral nutri- 
tion, piperacillin–tazobactam, and/or cefepime therapy as 
risk factors for linezolid-resistant enterococci, which ac- 
counted for 20% of clinical VRE isolates at their establish-
ments (Pogue et al., 2007; Jia et al., 2015). Other research has 
added previous hospitalization, admission to a medical ser-
vice, prior surgery, beta-lactam antibiotics, sulfonamide 
therapy, and immunosuppressive status as potential risk fac-
tors (Mc Gregor et al., 2012; Hayakawa et al., 2012). Not sur-
prisingly, increasing linezolid use has also been linked to 
increasing resistance in enterococci (Scheetz et al., 2008). Of 
note, phenotypic testing for linezolid resistance in VRE, par-
ticularly by automated systems, can be unreliable (Wang and 
Hsueh, 2009).

Linezolid-resistant Streptococcus sanguinis was isolated 
from a patient who had received prolonged linezolid ther-
apy; the isolate was also resistant to other agents targeting the 
ribosome. Testing revealed multiple mutations in the 23s 
rRNA and a substitution in L22 (Mendes et al., 2013a). 

A variant of the resistance gene cfr has been detected in  
C. difficile isolates with elevated linezolid MICs (Marín et al., 
2015). This variant was subsequently seen in E. faecium and 
designated cfr(B) (Deshpande et al., 2015). Of 133 C. difficile 
isolates tested in a study assessing the activity of cadazolid, 3 
were resistant to linezolid. The mechanism was not investi-
gated (Rashid et al., 2013). One isolate of Clostridium per
fringens was reported resistant to linezolid, and harbored a 
mutation in rplD encoding the L4 ribosomal protein (Hölzel 
et al., 2010).

Two reports of linezolid-resistant Nocardia have been 
published. The first was from Taiwan, which has described 
higher Nocardia MICs than elsewhere (see section 2a, Routine 
susceptibility). Of 765 isolates tested, 2 were resistant: one  
N. brasiliensis and one Nocardia cyriacigeorgica (Lai et al., 
2011). The most recent report was of refractory Nocardia 
keratitis, which was found to be due to a resistant strain (Gon- 
zalez et al., 2014).

Linezolid-resistant strains of M. tuberculosis have been re- 
ported. Richter et al. (2007) investigated 210 MDR M. tubercu
losis strains and detected four linezolid-resistant strains. The 
resistant isolates had MICs of 4–8 mg/l, whereas parent iso-
lates previously isolated from the same patients before expo-
sure to linezolid therapy had MICs of 0.5–1 mg/l. The 
mechanism of resistance could not be determined, and no 
target site mutations were found. In a subsequent study, the 
same group generated 10 linezolid-resistant M. tuberculosis 
isolates from 6 parental strains. On sequencing, they identi-
fied 23s rRNA mutations in 5 of the isolates: the G2576T 
mutation well described in Gram-positive bacteria was found 
in 4 isolates, and a novel G2061T mutation in the fifth. Beckert 
et al. (2012) identified a mutation in the L3-encoding gene, 
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rplC, in a linezolid-resistant strain of M. tuberculosis in vitro— 
a mutation previously seen in linezolid-resistant S. aureus. 
They went on to discover the same mutation in 8 further 
resistant isolates (3 laboratory induced, 5 clinical), but not in 
any susceptible isolate (n = 84). The degree of resistance 
imparted seemed to be less than previously described 23s 
rRNA mutations, a finding similar to that seen in staphylo-
cocci in which this mutation confers low-level resistance. 
One linezolid-resistant strain was recorded in a 15-year ret-
rospective review of MDR tuberculosis cases seen in a 
Belgian hospital (van Heurck et al., 2013). Of greater con-
cern, of 158 resistant tuberculosis isolates from China, 10.8% 
overall were linezolid resistant: 5.6% of MDR isolates, 12.2% 
of pre–extensively drug-resistant (XDR) isolates, and 60% of 
XDR isolates (Zhang et al., 2014a). Linezolid resistance was 
significantly associated with the Beijing-strain type. Muta-
tions in the 23S rRNA and rplC gene were found in 29.4% of 
resistant isolates, but no resistance mechanism could be 
identified in the remainder.

In Mycobacterium smegmatis two types of linezolid resis-
tance have been induced in vitro (Sander et al., 2002). One 
type of resistance is associated with mutation of the ribo-
somal binding site and high linezolid MICs (≥ 64 mg/l), 
whereas another resistance mechanism was associated with 
lower MICs (4–8 mg/l) and no target site mutations. In a 
study of susceptibility profiles of rapidly growing mycobacte-
ria in Singapore between 2006 and 2011, linezolid was active 
against 85% of M. fortuitum isolates, 42% of M. abscessus, 
and 35% of M. chelonae (Tang et al., 2015b). M. abscessus was 
noted to be increasingly resistant to linezolid over the period, 
with the proportion of susceptible strains decreasing by an 
average 8.8% per year.

Few instances of linezolid resistance occurring clinically 
in S. pneumoniae have been reported. Two S. pneumoniae iso-
lates with linezolid MICs of 4 mg/l were described by Wolter et 
al. (2005). Both isolates were also resistant to macrolides and 
chloramphenicol. Six base pair deletions in the rplD gene 
encoding riboprotein L4 were found in both strains. This was 
confirmed in a 2014 study, which also sequenced a third 
resistant isolate and found two novel mutations in the same 
gene. No mutations were found in the rplV gene encoding 
L3, nor in any copies of the 23s rRNA alleles. The cfr gene was 
not found in any isolate (Dong et al., 2014b). One linezolid- 
resistant isolate was noted in a surveillance study of invasive 
S. pneumoniae in Thailand; however, the MIC and resistance 
mechanism were not reported (Sri feung fung et al., 2014). In 
vitro induction of linezolid resistance in S. pneumoniae was 
found to be difficult (Carsenti-Dellamonica et al., 2005). In 
this study, resistant mutants were found to have mutations  
in the 23S rRNA gene, predominately G2576U mutations. 
Additional mutations have been found in other laboratory- 
derived linezolid resistant strains of S. pneumoniae (Feng et 
al., 2009; Billal et al., 2011).

In general, acquired linezolid resistance is rare. Clinical 
scenarios in which there is a higher risk of in vitro resistance 
development can be predicted, and mainly include patients 
with severe underlying diseases, bacterial infections associated 

with prosthetic material, and prolonged courses of therapy. 
These clinical scenarios should be avoided whenever possi-
ble. Nosocomial spread of linezolid-resistant Gram-positive 
pathogens has been reported. Clinical laboratories should be 
aware of the possibility of linezolid resistance and test sus-
ceptibility appropriately. Preliminary in vitro data suggest 
that combination therapy (especially linezolid in combina-
tion with rifampicin or fusidic acid) could delay or prevent 
emergence of linezolid resistance in S. aureus (Miller et al., 
2008).

2c.  In vitro synergy and antagonism

In general, linezolid in combination with other antimicrobi-
als produces an indifferent response, with infrequent occur-
rences of synergism or antagonism (Sweeney and Zurenko, 
2003). In a study by Allen et al. (2002), linezolid was tested 
in combination with a number of antimicrobials against a 
number of species, using an in vitro pharmacodynamic model 
at therapeutic drug concentrations. The combination of 
quinupristin–dalfopristin (Q–D) and linezolid was synergis-
tic against MRSA, and also improved killing of vancomycin- 
resistant E. faecium (Allen et al., 2002). The combination of 
cefepime and linezolid, or vancomycin and linezolid, also 
enhanced killing of staphylococcal strains. In a large study by 
Sweeney and Zurenko (2003), linezolid activity was tested 
alone and in combination with 35 antibacterial agents against 
staphylococci, enterococci, pneumococci, Escherichia coli, 
and Klebsiella pneumoniae. The majority of combinations 
demonstrated an indifferent response. Synergy was demon-
strated for the combination of linezolid plus amoxicillin 
against three MRSA strains, and for linezolid plus imipenem 
for one MSSA strain. The combination of linezolid plus imi-
penem was also synergistic against a vancomycin-resistant  
E. faecium strain. Linezolid in combination with tetracycline 
was also synergistic against a vancomycin-resistant E. faecium 
strain. Linezolid plus teicoplanin was synergistic against a 
vancomycin-susceptible E. faecalis strain; however, the com-
bination of linezolid and of loxacin was antagonistic against 
a vancomycin-susceptible E. faecalis, whereas linezolid plus 
sparfloxacin was antagonistic against a vancomycin-resistant 
E. faecalis strain. Linezolid plus erythromycin was synergistic 
against a penicillin-intermediate S. pneumoniae strain, and 
linezolid plus sparfloxacin was synergistic against a K. pneu
moniae strain.

A number of studies have assessed in vitro combination 
therapy with linezolid for staphylococcal infections. Jacque-
line et al. (2003) tested linezolid in combination with genta-
micin, rifampicin, or vancomycin against MRSA and found 
that the addition of linezolid reduced the antibacterial activ-
ity of gentamicin and vancomycin, whereas the combination 
of linezolid and rifampicin demonstrated an additive action. 
Similarly, Grohs et al. (2003) tested linezolid in combination 
with a number of antimicrobials against 10 strains of S. aureus 
and demonstrated slight antagonism with the combination 
of linezolid and vancomycin or linezolid and ciprofloxacin. 
Combinations of linezolid with rifampicin, fusidic acid, or 
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gentamicin showed no synergy, but linezolid prevented 
selection of resistant mutants. An in vitro study of linezolid 
and vancomycin against five MRSA isolates found the com-
bination was antagonistic against three strains and indiffer-
ent against the remaining two (Singh et al., 2009). Dailey et 
al. (2003) demonstrated neither synergy nor antagonism 
with the combination of linezolid and rifampicin for rabbit 
endocarditis due to MSSA. In contrast, linezolid was shown 
to be synergistic with rifampicin (although not vancomycin) 
against one MRSA strain in a time-kill curve assay, and syn-
ergistic with both drugs against a glycopeptide-intermediate 
strain (Cabellos et al., 2014). Kelesidis et al. (2010) reported 
synergy between linezolid and rifampicin against MRSA 
using a checkerboard assay; time-kill assay showed synergy 
at 0.5× MIC, but indifference at the MIC. Linezolid plus dap-
tomycin was antagonistic (time-kill) or indifferent (checker-
board) in the same study; however, the triple combination of 
linezolid, daptomycin, and rifampicin was synergistic with 
the fastest kill-time of any combination used. An in vitro 
model of MRSA biofilm found combining linezolid with 
daptomycin enhanced the activity compared with either agent 
alone, although only three strains were used (Parra-Ruiz et 
al., 2012). Luther and LaPlante (2015) similarly used an in 
vitro biodynamic model of MRSA biofilm, and documented 
antagonism between linezolid and daptomycin (and with 
vancomycin) against their two strains. Varying results sug-
gest that the effects may be strain-dependent.

Linezolid was synergistic with oritavancin against 10 
strains of MRSA (5 heterogeneous vancomycin-intermediate 
Staphylococcus aureus [hVISA], 5 VISA) (Lin et al., 2014). 
The combination of fosfomycin and linezolid tested against 
104 MRSA strains using a checkerboard assay found synergy 
against 98%, indifference in 2%, and no antagonism (Xu- 
Hong et al., 2014), supporting an earlier study showing syn-
ergy between the two agents against hVISA using time-kill 
curves (Pachón-Ibáñez et al., 2011), which also fund the com- 
bination effective in a mouse peritonitis model. Tang et al. 
(2012) reported enhanced activity of linezolid and fosfomy-
cin against biofilm-embedded MRSA in vitro compared with 
linezolid alone. An in vitro dynamic model suggested syn-
ergy between linezolid and doxycycline against MRSA, as 
well as suppression of selection of doxycycline-resistant 
mutants (Smirnova et al., 2011), a result that differed from an 
earlier checkerboard study that found predominant indiffer-
ence with this combination (Sahuquillo Arce et al., 2006). 
Linezolid was tested in combination with a new des-F(6)-
quinolone (DX-619) but did not show any synergy against  
S. aureus, including glycopeptide-resistant strains (Credito et 
al., 2007).

In vitro and in vivo synergy of linezolid in combination 
with the carbapenems imipenem or ertapenem has been 
demonstrated against MRSA (Jacqueline et al., 2005, 2006). 
Despite the bacteriostatic action of linezolid against staphy-
lococci, and no activity of the carbapenems against MRSA, 
bactericidal activity was demonstrated with the combination 
of the carbapenem plus linezolid in a rabbit endocarditis 
model (Jacqueline et al., 2005, 2006). Conversely, the combi- 

nation of linezolid and meropenem against MSSA was unfa-
vorable, with the linezolid fully antagonizing the bactericidal 
action of the meropenem (Wicha et al., 2015). 

Thirty-seven isolates of CoNS of various species were sub-
jected to synergy testing by Etest of several antibiotic combina-
tions, including linezolid with rifampicin, clindamycin, fusidic 
acid, ciprofloxacin, and trimethoprim–sulfamethoxazole. The 
predominant finding was indifference, with a few cases of syn- 
ergy (fusidic acid 3%, clindamycin 5%) and antagonism (rifam - 
picin 1%, clindamycin 8%, trimethoprim–sulfamethoxazole 
11%) (Hellmark et al., 2010). 

Linezolid was either additive or synergistic in combina-
tion with fosfomycin against VRE (E. faecium) (Descourouez 
et al., 2013). Tang et al. (2013b) had similar positive findings 
with this combination in broth for both VR E. faecium and  
E. faecalis, but no enhancement of activity was seen in a bio-
film model. In an in vitro pharmacodynamic infection model 
with simulated endocardial vegetations, the addition of gen-
tamicin to linezolid improved activity somewhat against 
VRE (E. faecium) at 72 hours but did not alter activity against 
biofilm-forming E. faecalis. The addition of rifampicin to 
linezolid did not significantly change activity against E. fae
calis and was antagonistic against VRE (Luther et al., 2014). 
A single study looked at the combination of linezolid and 
minocycline against 30 enterococcal strains (22 E. faecium; 
20 VRE) and found synergy against 27%; the remainder 
showed indifference. Selection of mutants resistant to either 
agent was reduced (Wu et al., 2013a).

Against H. pylori, linezolid, in combination with amoxi-
cillin, clarithromycin, or metronidazole, showed either par-
tial synergy or indifference for the majority of strains (Hirschl 
et al., 2000).

In a mouse model of N. brasiliensis infection the combi-
nation of linezolid and amoxicillin–clavulanic acid was syn-
ergistic in the majority of mice tested (Gomez-Flores et al., 
2004). An in vitro study of drug combinations against nine 
clinical Nocardia isolates (various species) demonstrated 
antagonism between linezolid and amikacin (eight cases), 
imipenem (two cases), and piperacillin–tazobactam (one 
case); the remainder showed indifference (Tripodi et al., 2011).

The addition of linezolid did not affect the activity of mox - 
ifloxacin against M. tuberculosis when tested in one mouse 
model of infection (Fattorini et al., 2003), but in another was 
seen to increase the activity of various multidrug regimens 
over 2 months of therapy, most significantly the combination 
of levofloxacin, amikacin, paraaminosalicylic acid, pyrazin-
amide, and clofazimine (Zhao et al., 2014). In vitro, linezolid 
demonstrated synergy with clarithromycin against M. tuber
culosis (85% of 40 isolates tested), ethambutol (63%), clofaz-
imine (30%), amikacin (45%), and moxifloxacin. Little synergy 
was seen with levofloxacin (2.5%; 43% antagonism). The 
effect was seen with MDR and XDR strains, to a lesser extent 
than with more susceptible isolates (Zou et al., 2015). Synergy 
between linezolid and clarithromycin had been previously 
demonstrated by Bolhuis et al. (2014). In a human macro-
phage model, linezolid appeared to be antagonistic in combi-
nations also containing levofloxacin (Rey-Jurado et al., 2013a), 
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a result at odds with a previous study by the same group 
demonstrating indifference between the two agents in an in 
vitro checkerboard assay (Rey-Jurado et al., 2013b).

Linezolid may interact with antibiotics against Gram-
negative pathogens in variable ways—possibly significant, 
given the evidence that outcomes in Gram-negative sepsis 
may be worse with administration of linezolid (see later in 
section 7, Clinical uses of the drug). LaPlante and Sakoulas 
(2009) found that linezolid may attenuate the action of 
cefepime and aztreonam against E. coli, a result more marked 
in their in vitro pharmacodynamic model than initial testing 
with checkerboard and time-kill curve techniques, which 
showed indifference. Marra et al. (2012) found linezolid had 
no deleterious effect on the activity of ciprofloxacin against 
K. pneumoniae in a murine model of acute septicemia. 
Further work is needed to clarify the interactions of linezolid 
with Gram-negative agents, because they are often used in 
combination clinically.

The addition of linezolid to amphotericin B was synergis-
tic against C. neoformans serovar grubii (87% synergy follow-
ing capsule induction) in spite of no independent activity 
against the fungus. Similar results were seen for other anti-
microbial agents acting on protein synthesis (Rossato et al., 
2015). 

3. MECHANISM OF DRUG ACTION

The oxazolidinones, including linezolid, bind to the 50S 
ribosomal subunit and are inhibitors of bacterial ribosomal 
protein synthesis (Slee et al., 1987; Shinabarger et al., 1997; 
Shinabarger, 1999); however, unlike other antimicrobials that 
inhibit protein synthesis, the oxazolidinones appear to have a 
unique mechanism of action. The key pharmacophore of 
linezolid is the substituted oxazolidinones ring (Leach et al., 
2007). Initial studies were conflicting regarding the exact 
binding site for oxazolidinones and the exact step in protein 
synthesis that is inhibited by oxazolidinones. Some studies 
suggested that oxazolidinones bound to the large (50S) ribo-
somal subunit, whereas others implicated binding to the 
small ribosomal subunit (Lin et al., 1997; Swaney et al., 1998; 
Matassova et al., 1999). A number of studies have implicated 
the oxazolidinones in binding to the 50S ribosomal subunit 
at the 23S PTC (Swaney et al., 1998; Kloss et al., 1999; 
Prystowsky et al., 2001; Tsiodras et al., 2001; Marshall et al., 
2002; Colca et al., 2003), and this was supported by studies in 
which oxazolidinone resistance mutations were mapped to 
this region. Early studies implicated oxazolidinones in inhi-
bition of a range of ribosomal functions, including formation 
of the initiation complex, synthesis of the first peptide bond, 
and EF-G dependent translocation (Shinabarger et al., 1997; 
Burghardt et al., 1998; Swaney et al., 1998; Matassova et al., 
1999; Aoki et al., 2002).

An in vivo model clearly demonstrated that linezolid binds 
to the A site of the PTC of the bacterial ribosome (Leach et 
al., 2007). This suggested that linezolid interferes with proper 
binding of aminoacyl-tRNA in the peptidyl transferase active 
site; however, it remained unclear if oxazolidinones should 

be classified as initiation or elongation inhibitors (Wilson 
and Nierhaus, 2007). Subsequently, observations of the crys-
talline structure of bound linezolid have supported this  
proposed binding site (Wilson et al., 2008; Ippolito et al., 
2008). Further detail on linezolid binding has been more 
recently summarized by Wilson (2011). In addition, increas-
ing knowledge of mechanisms of linezolid resistance have 
assisted in more precise understanding of its binding site and 
actions (see earlier in section 2b, Emerging resistance and 
cross-resistance).

In addition to binding to the bacterial ribosome, it has 
been demonstrated that oxazolidinones bind to rRNA in the 
PTC of human mitochondrial, but not cytoplasmic, ribo-
somes at the same location as in the bacterial chromosome 
(Leach et al., 2007). Oxazolidinones have been shown to 
inhibit mammalian mitochondrial protein synthesis (McKee 
et al., 2006), and this is associated with an inhibitory effect 
on proliferation of mammalian cells (Nagiec et al., 2005). 
This is significant given the association of known side effects 
of oxazolidinones with inhibition of mitochondrial protein 
synthesis. Patients receiving prolonged courses of linezolid 
associated with hyperlactatemia have been shown to have 
decreased mitochondrial enzyme activity related to linezolid- 
induced inhibition of mitochondrial protein synthesis, 
which is reversible on cessation of the drug (Garrabou et al., 
2007). 

Linezolid also appears to have immunomodulatory effects 
and has been shown to reduce inflammatory cytokine pro-
duction from human mononuclear cells (Garcia-Roca et al., 
2006). Specifically, the production of tumor necrosis factor 
and interleukins in response to lipopolysaccharide and 
staphylococcal toxins is decreased in the presence of linezolid 
in vitro (Pichereau et al., 2011; Diep et al., 2012). In vivo 
mouse pneumonia models support these findings, demon-
strating a combination of, and interplay between, decreased 
levels of bacterial toxins and a moderation in immunologic 
response resulting in improved outcomes (Karau et al., 2012; 
Yoshizawa et al., 2012; Chen et al., 2013; Jacqueline et al., 
2014), particularly in staphylococcal infection after influenza 
(Breslow-Deckman et al., 2013; Liu et al., 2013; Bhan et  
al., 2015). It is interesting to note that linezolid also appeared 
to decrease excessive mucous protein production result- 
ing from overexpression of MUC5AC by respiratory epithe-
lial cells in response to S. aureus supernatant (Kaku et al.,  
2014).

A number of studies have demonstrated that linezolid 
reduces bacterial exotoxin secretion (Diep et al., 2012). 
Subinhibitory concentrations of linezolid reduce virulence 
factor production by S. aureus, including staphylococcal 
enterotoxins A and B, alpha- and beta-hemolysins, protein 
A, and coagulase (Gemmell and Ford, 2002; Bernardo et al., 
2004; Otto et al., 2013; Yamaki et al., 2013; Cardot Martin et 
al., 2015), in some cases in spite of an increase in gene expres-
sion; the mechanism is presumably blockade of RNA tran-
scription (Pichereau et al., 2012). In addition, linezolid has 
been shown to reduce production of the toxin Panton-
Valentine leukocidin (PVL) (Dumitrescu et al., 2007; Stevens 
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et al., 2007; Pichereau et al., 2012; Otto et al., 2013; Cardot 
Martin et al., 2015), although in the case of the USA300 
strain of MRSA, data are conflicting: one in vitro study 
showed no suppression (Cardot Martin et al., 2015) whereas 
an in vivo rabbit pneumonia study demonstrated decreased 
PVL production and improved mortality outcomes (Diep et 
al., 2013). Conversely, subinhibitory concentrations of line- 
zolid increased S. aureus expression of fibronectin-binding 
protein, leading to a hyperadhesive phenotype in vitro, but 
this translated into neither increased cell adhesion nor inva-
sion in vivo (Rasigade et al. 2011). Linezolid also increased 
production of phenol-soluble modulins in some strains of 
MRSA, although to a lesser extent than clindamycin, whereas 
production was inhibited in others (Yamaki et al., 2013). This 
highlights a finding shared by many studies: that the effect of 
linezolid (and other antimicrobials) on toxin production can 
be heterogeneous and strain specific, which should be borne 
in mind when considering the generalizability of results to 
other strains and clinical situations. Linezolid alone, or in 
combination with penicillin, led to reduced streptococcal 
pyrogenic exotoxin A (SPE A) from group A streptococci in 
an in vitro model (Coyle, 2003), and linezolid alone at subin-
hibitory concentrations reduced streptolysin O and DNAase 
production from S. pyogenes (Gemmell and Ford, 2002). 
Linezolid has also been shown to fully suppress in vitro toxin 
production by the toxigenic Sterne strain of B. anthracis. This 
is in spite of most bacteria remaining in the toxin-producing 
vegetative stage, because linezolid also prevented spore for-
mation (Louie et al., 2012a, 2012b). A gene microarray study 
of the response of M. tuberculosis to linezolid exposure found 
up- or down-regulation of a range of genes involved in differ-
ent pathways; the implications of these alterations remain to 
be clarified (Liang et al., 2012).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Linezolid is available as an IV injection for infusion (in single- 
use infusion bags, at a concentration of 2 mg/ml), in tablets 
(400 or 600 mg), and in an oral suspension (granules res-
uspended in 123 ml of water to give a concentration of 20 
mg/ml).

4a.  Adults

Patients who commence treatment with IV linezolid can switch 
early to oral linezolid at the same dose because of the 100% 
oral bioavailability. The IV injection is given over 30–120 
minutes, whereas the oral formulations can be taken with or 
without food. For adults and for children 12 years and older, 
the recommended dose is typically 600 mg every 12 hours. 
For patients with uncomplicated skin and skin structure 
infections, a dose of 400 mg every 12 hours is officially rec-
ommended (Moellering, 2003). However, EUCAST break-
points are based on the 600-mg dose (EUCAST, 2010). The 
maximum recommended duration of therapy is 28 days.

Linezolid for infusion should be given separately from 
other IV medications. Physical incompatibility of linezolid 
has been reported with the following drugs: amphotericin B, 
chlorpromazine, diazepam, pentamidine, erythromycin, pheny - 
toin, and co-trimoxazole (Perry and Jarvis, 2001).

In selected patient populations (such as critically ill pa- 
tients, obese patients, burn patients, and those with cystic 
fibrosis), concerns have been raised about the adequacy of 
linezolid serum levels at standard doses of 600 mg every 12 
hours, especially against pathogens with a linezolid MIC of 
4 mg/l (see section 5b, Drug distribution). The clinical use-
fulness of continuous-infusion linezolid has been assessed in 
a small number of patients. The recommended daily dosage 
remains 600 mg every 12 hours for essentially all patients; 
however, further understanding of the pharmacokinetics of 
linezolid in selected patient groups could lead to alterations 
in optimal dosing strategies.

Alternate methods of linezolid administration have been 
documented. Reports of two small case series described suc-
cessful use of 0.2% linezolid solution (i.e. equivalent to the IV 
formulation) topically for Gram-positive coccal bacterial ker-
atitis. In each case, patients found linezolid to be far more tol-
erable than topical vancomycin in terms of ocular discomfort, 
and it appeared less toxic to the ocular surface (Tu and Jain, 
2013; Avoka Budak et al., 2016). Intravitreal linezolid has also 
been shown to be effective and nontoxic in the treatment of 
experimental staphylococcal endophthalmitis in rabbits; hu- 
man data are lacking (Saleh et al., 2012). A single case report 
describes successful eradication of a VRE catheter-associated 
urinary tract infection in an anuric patient with continuous 
urinary bladder irrigation by linezolid, as an adjunct to IV 
linezolid, without apparent adverse effects (Hill et al., 2015). 

4b.  Newborn infants and children

Linezolid is available for IV or oral administration (tablets or 
suspension) to infants and children. A correlation exists 
between age and total clearance of linezolid (Gostelow et al., 
2014); although clearance at birth is similar to that seen in 
adults, clearance rate rapidly rises to twofold to threefold 
higher than in adults by the end of the first postnatal week, 
and returns to the adult rate by adolescence (Dryden, 2011). 
The half-life of linezolid is therefore shorter in children, and 
the volume of distribution is higher, especially in children 
younger than 20 months (Kearns et al., 2000). For infants 
and children from 1 week to 12 years of age, the recom-
mended dose is 10 mg/kg every 8 hours. There is some evi-
dence that this regimen may underdose a proportion of chil- 
dren, particularly young children and when the bacterial 
MIC ≥ 2 mg/l; when available, therapeutic drug monitoring 
may therefore be useful, especially in severe infection (Castag-
nola et al., 2016; Cojutti et al., 2015b; Matsumoto et al., 
2015). The maximum recommended duration of therapy is 
28 days. A reduced dose is recommended for premature neo-
nates and those younger than 7 days (see section 4d, Those 
requiring altered dosages).
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4c.  Pregnant and lactating mothers

In general, linezolid should be avoided in pregnancy. Line- 
zolid passes into breast milk, and breastfeeding should be 
stopped while lactating females are receiving linezolid (Pfizer, 
2007). A single case report of linezolid levels in the milk of a 
lactating mother, discarding expressed milk while on linezolid 
for mastitis, found that the relative infant dose exceeded the 
usual safety cut-off of 10% maternal dose, but that the overall 
dose (mg/kg/day) the infant would receive was substantially 
less (3–6%) than treatment doses given to infants receiving 
linezolid therapy (Rowe et al., 2014).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

No linezolid dosage adjustment is recommended for patients 
with impaired renal function, because total clearance is inde-
pendent of creatinine clearance. The clearance of a single 
dose of linezolid was not altered in patients with varying 
degrees of renal function (Clemett and Markham, 2000; 
Brier et al., 2003). However, postmarketing reports have 
emerged suggesting an association between renal impairment 
and increased rates of hematologic side effects, although the 
mechanism for this has not been determined (Sasaki et al., 
2011; Nukui et al., 2013; Cossu et al., 2014; Hirano et al., 
2014; Natsumoto et al., 2014). A number of recent studies 
have found elevated linezolid trough levels in patients with 
renal impairment after multiple doses (of note, several of 
these are from Japan, where, as some authors state, the rela-
tively low body weight of patients is likely a contributing fac-
tor); some patients demonstrate myelosuppression, which 
generally resolves after dose adjustment to decrease trough 
levels to the normal range (Nukui et al., 2013; Matsumoto et 
al., 2014; Tsuji et al., 2015). Because there is significant vari-
ation in pharmacokinetics among patients, there may be a 
risk of underdosing, particularly given that some studies do 
not show an association between linezolid levels and creati-
nine clearance (Pea et al., 2010; Zoller et al., 2014). It would 
be prudent, however, to monitor full blood count closely in 
this group and, where available, use therapeutic drug moni-
toring to guide dosage if concerns arise (Cossu et al., 2014; 
Dong et al., 2014a; Matsumoto et al., 2014; Tsuji et al., 2015). 
The two primary metabolites of linezolid (see section 5d, 
Excretion) appear to accumulate in patients with a creatinine 
clearance < 30 ml/min; however, no data regarding the safety 
of this accumulation are available. 

During hemodialysis, over 3–4 hours, approximately 30– 
50% of a linezolid dose is removed (Fiaccadori et al., 2004; 
Hiraki et al., 2013; El-Assal and Helmy, 2014). Therefore, 
linezolid should be given after dialysis on dialysis days. 
Similarly, linezolid is removed during sustained low-efficiency 
dialysis (approximately 30%) (Fiaccadori et al., 2004; Swo-
boda et al., 2010). Reported percentage of linezolid removed 
during continuous venovenous hemofiltration (CVVH) var-
ies. The percentage linezolid dose clearance over 12 hours of 

CVVH reported in various papers is as follows: 17.5% (Fiac-
cadori et al., 2004); 3–46% (Meyer et al., 2005); 8–47% (Car-
celero et al., 2012); 26–44% (Villa et al., 2015). This variation is 
likely due to differing effluent rates and potentially confounded 
by the complex pharmacokinetics in the critically ill patient 
population in which this modality of dialysis is typically used. 
Despite this variability, the recommended dose of linezolid in 
patients undergoing continuous hemofiltration is still 600 mg 
every 12 hours (Trotman et al., 2005), which would provide a 
favorable pharmacokinetic and pharmacodynamic profile in 
most patients for pathogens with a linezolid MIC ≤ 2 mg/l 
(Meyer et al., 2005; Carcelero et al., 2012). The levels of linezolid 
metabolites are also reduced with hemodialysis. 

Linezolid remains stable in peritoneal dialysis solution for 
at least 7 days at both 4°C and 25°C and for at least 24 hours 
at 37° (Manley et al., 2002); however, clinical information on 
intraperitoneal administration of linezolid is not available. 
The In ternational Society for Peritoneal Dialysis guideline 
lists different systemic doses of linezolid in peritoneal dialy-
sis patients—400–600 mg twice daily or 200–300 mg daily—but 
the rationale for selecting each dose is not clear (Li et al., 2010). 
A recent case series found elevated trough levels of linezolid in 
peritoneal dialysis patients on standard 600 mg twice-daily dos-
ing and suggested that this may have been the cause of hema-
tologic toxicity, which resolved after dose reduction (Gervasoni 
et al., 2015a). Further study in this area is needed.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Linezolid levels are not altered in patients with mild to mod-
erate liver disease when tested in a small number of individ-
uals, and dosing is therefore unchanged (Hendershot et al., 
1999). Severe liver dysfunction would not be expected to 
affect metabolism of linezolid because linezolid is metabo-
lized by nonenzymatic processes. However, elevated trough 
levels and prolonged half-life have been noted in patients 
with cirrhosis and after liver transplantation (Pea et al., 2006; 
Cremaschi et al., 2010; Sasaki et al., 2011; Sousa et al., 2011b; 
Zoller et al., 2014). There is high inter-patient pharmacoki-
netic variability in this group; thus, empiric dose adjustment 
is inappropriate. Close monitoring for toxicity, particularly 
thrombocytopenia and lactic acidosis, is advised.

OLDER ADULTS

The pharmacokinetic mechanisms of linezolid are not suffi-
ciently altered in patients older than 65 years to recommend 
dosage reduction. In a study that compared pharmacokinetic 
data from young adults (mean age 30 ± 7 years) and older indi-
viduals (mean age 70 ± 3 years), there was no difference in 
pharmacokinetic parameters for linezolid (MacGowan, 2003). 
A more recent population pharmacokinetic study showed a 
gradual decline in linezolid clearance beginning at age 58; the 
clinical significance of this is not clear (Abe et al., 2009).

PREMATURE NEONATES

Preterm neonates (gestational age less than 34 weeks), and term 
infants younger than 7 days demonstrate reduced linezolid 
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clearance compared with children over a week old, with rates 
similar to those seen in adults and in adolescents older than 
12 years. A dosage of 10 mg/kg every 12 hours is therefore 
recommended. The dose should be increased to 10 mg/kg 
every 8 hours after 7 days of age (Kocher et al., 2010). This 
increased dose may also be considered in younger infants if 
response to twice-daily administration is inadequate.

OBESITY

Linezolid pharmacokinetics are altered in the obese, with de- 
creased serum concentrations likely reflecting both increased 
clearance and volume of distribution (Dryden, 2011; Tsuji et 
al., 2012; Corcione et al., 2015). This is particularly the case 
in extreme obesity (body weight > 150 kg, body mass index 
[BMI] > 50 kg/m2) and it is in this group, as well as when 
treating less susceptible pathogens, that increased doses may 
be required to maintain efficacy (Bhalodi et al., 2013; Muz-
evich and Lee, 2013). In a single morbidly obese patient (286 
kg), linezolid pharmacokinetics were measured at steady state 
after administration of 600 mg every 12 hours (Mersfelder 
and Smith, 2005). The calculated volume of distribution was 
much higher than previously reported, with a lower Cmax. In 
an additional seven obese patients, the mean Cmax was 12.3 
mg/l (Stein et al., 2005). Increased frequency of administra-
tion and continuous infusion have been trialed (Corcione et 
al., 2015; De Pascale et al., 2015; Lopez-Garcia et al., 2015), 
but there are insufficient data to provide a standard dose 
increase by weight (Pea et al., 2010; Mimoz et al., 2015). 

Obese patients in several studies were also critically un - 
well, an independent risk for underdosage and for variable 
pharmacokinetics, making it more difficult to ascertain the 
changes specific to increased body weight. A trial of linezolid 
bioavailability in obese patients before and after Roux-en-Y 
bariatric surgery removed some of these confounders and 
demonstrated not only that the surgery did not affect absorp-
tion, but also that individual patients had increased linezolid 
area under the plasma concentration-time curve (AUC) as- 
sociated with their average 25% loss of body weight (Hamil- 
ton et al., 2013).

CRITICAL ILLNESS

Linezolid pharmacokinetics has been studied in critically ill 
patients. At steady state, using a dose of 600 mg every 12 hours, 
the AUC/MIC was 92.4 in 28 intensive care patients (White -
house et al., 2005). No dosage adjustment was required in 
this patient group. Other studies have raised concerns about 
the adequacy of serum levels of linezolid in critically ill patients 
(Morata et al., 2013); continuous infusion of the same total 
daily dose of linezolid (1200 mg) was shown to improve the t > 
MIC and the AUC/MIC values, parameters that have been 
linked to linezolid efficacy (Adembri et al., 2008). 

A consistent finding has been that there are high levels of 
pharmacokinetic variability in the critically ill, both among 
patients and day to day in the same patient, meaning that this 
group is at risk of both overdosage and underdosage and would 
benefit from individualized dosing according to measured 

levels (Swoboda et al., 2010; Dong et al., 2011; Yagi et al., 
2013; Zoller et al., 2014). At present, frequent monitoring of 
line zolid concentrations is difficult owing to lack of access to 
prompt local testing; therefore, close monitoring of both 
clinical response and potential toxicity is vital.

A study of three patients undergoing extracorporeal mem- 
 brane oxygenation (ECMO) found that they did not meet 
pharmacokinetic targets when pathogen MIC exceeded 1 mg/l 
(De Rosa et al., 2013).

PATIENTS WITH MISCELLANEOUS CONDITIONS

Pharmacokinetic parameters of linezolid have been studied 
in cystic fibrosis patients after a single dose of 600 mg (Bosso 
et al., 2004). The mean Cmax was 21.4 mg/l, with an elimina-
tion half-life of 4.4 hours. Children with cystic fibrosis were 
shown to have universally sub-therapeutic linezolid concen-
trations with standard dosing of 10 mg/kg every 8 hours 
(Santos et al., 2009). A more recently study using population 
pharmacokinetics found that initial linezolid levels were low, 
but at steady state were sufficient for pathogens with an MIC 
< 2 mg/l. These researchers also noted decreased oral bio-
availability in cystic fibrosis patients (Keel et al., 2011).

A study of eight patients with major burns demonstrated 
a significantly reduced half-life of linezolid (2.1 h) compared 
with that seen in healthy volunteers (4.8 h), apparently due to 
an increase in nonrenal clearance. The resultant decrease 
AUC would put these patients at risk of treatment failure 
with standard dosing; however, there are insufficient data to 
broadly guide dosage adjustment in this group, and individ-
ualized dosing based on therapeutic drug monitoring is sug-
gested when available (Lovering et al., 2009).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Linezolid is rapidly and completely absorbed after oral ad- 
ministration, with an oral bioavailability of approximately 
100% (Diekema and Jones, 2001; Perry and Jarvis, 2001; 
Welsh man et al., 2001; Stalker et al., 2003). The maximum 
plasma concentration (Cmax) is achieved within 0.5–2 hours 
after oral administration (Sisson et al., 1999; Gee et al., 2001; 
Hendershot et al., 2001; Slatter et al., 2001), with steady-state 
concentrations achieved after 2–3 days. Absorption of tablets 
and oral suspension are similar. Concomitant administration 
of high-fat food has been shown to reduce the Cmax of orally 
administered linezolid by up to 18–23% and slightly prolong 
the time to Cmax; however, other parameters such as the AUC, 
and bioavailability based on AUC, are not affected (Clemett 
and Markham, 2000; Perry and Jarvis, 2001; Welshman et 
al., 2001; Stalker and Jungbluth, 2003; Islinger et al., 2006). 
Therefore linezolid can be taken orally with or without food, 
and oral doses are equivalent to IV doses. Linezolid solution  
can also be administered enterally in hospitalized patients with-
out compromise of the bioavailability (Beringer et al., 2005). 



5. Pharmacokinetics and pharmacodynamics 1309

Co-administration of oral linezolid with antacids (containing 
magnesium hydroxide and aluminum hydroxide) does not 
affect absorption of linezolid (Grunder et al., 2006). Oral bio- 
availability was also not affected after Roux-en-Y gastric by- 
pass surgery (Hamilton et al., 2013). The protein binding of 
linezolid is about 31%, which is not concentration dependent 
(Clemett and Markham, 2000). The elimination half-life of 
linezolid has been shown to be 4.5–5.5 hours after a single 
dose and under steady-state conditions (Clemett and Mark-
ham, 2000).

During the linezolid compassionate use program, popu-
lation pharmacokinetics were monitored in 318 patients 
(Meag her et al., 2003). All patients received linezolid 600 mg 
every 12 hours. There was significant variability in the phar-
macokinetic patterns in different patients, with higher clear-
ance and rates of metabolism than previously documented 
in healthy volunteers. In addition, the AUC values varied 
widely, from 57 to 871 (median 191) mg/l per 24 hours.

Cystic fibrosis patients in particular can display pharma-
cokinetics that are different from those observed in the gen-
eral population. A study of eight adults with cystic fibrosis 
found oral bioavailability of linezolid relative to the IV for-
mulation was approximately 85%, with a range of 47–137%. 
Initially this lead to a lower AUC; however, after multiple 
doses, the clearance rate decreased such that standard dosing 
was considered sufficient (Keel et al., 2011). In children with 
cystic fibrosis, particularly with the higher clearance seen in 
those younger than 12 years, achieving adequate AUC/MIC 
appears more challenging, although further study is required 
as numbers were too small to differentiate the effects of cystic 

fibrosis gene homozygosity or heterozygosity and age on 
linezolid pharmacokinetics (Santos et al., 2009).

5b.  Drug distribution

The serum levels of linezolid in relation to dose are summa-
rized in Table 73.2. Some studies to assess the pharmacoki-
netic features of linezolid used doses of 375 and 625 mg; 
therefore the data have been normalized for doses of 400 or 
600 mg.

The distribution of linezolid approximates the volume of 
total body water, with a steady-state volume of distribution 
of 30–50 l, or 0.5–0.6 l/kg (MacGowan, 2003; Stalker and 
Jungbluth, 2003; Stalker et al., 2003). Linezolid concentra-
tions have been determined in a number of fluids both in 
healthy volunteers and in patients with clinical infections. 
The ratios of linezolid in saliva and sweat relative to plasma 
have been shown to be 1.2:1 and 0.55:1, respectively (Stalker 
and Jungbluth, 2003). The distribution of linezolid into skin 
blister fluid indicates good tissue penetration of linezolid, 
with penetration into blister fluid of 104 ± 21% compared 
with serum (Gee et al., 2001).

The concentrations of linezolid at steady state have also 
been determined in interstitial fluid of critically ill patients 
(Buerger et al., 2006). Linezolid showed good penetration 
into the interstitial fluid; however, significant variability was 
noted. A more recent study found no significant difference in 
the pharmacokinetic profile of linezolid in plasma and inter - 
stitium based on the severity of sepsis (Thallinger et al., 2008). 
The mathematically extrapolated AUC ranged from 100–146 

Table 73.2. Serum levels of linezolid in relation to dose in adults and children.

Population Cmax mg/l Cmin mg/l AUC mg/l 24 h t1/2 (h)

Adults

600 mg intravenous, single dose 12.9 80.2 4.4

600 mg intravenous, every 12 hours 15.1 3.7 89.7 4.8

600 mg tablet, single dose 12.7–14.5 91.4–140.5 4.3–6.2

600 mg tablet, every 12 hours 21.2–24.0 6.2 138.0–220.0 5.4

600 mg oral suspension, single dose 11.0 80.8 4.6

400 g tablet, single dose 8.1 55.1 5.2

400 g tablet, every 12 hours 11.0 3.1 73.4 4.7

Pediatric patientsa

Preterm neonate < 7 days old 12.7 108 5.6

Full-term neonate < 7 days old 11.5 55 3.0

Full term neonate 7–28 days old 12.9 34 1.5

Infants > 28 days to < 3 months old 11.0 33 1.8

3 months to 11 years old 15.1 58 2.9

12–17 years old 16.7 95 4.1

Note. Data are normalized from 625 mg injections and 375 mg tablets.
AUC, area under the plasma concentration–time curve; Cmax, maximum plasma concentration; Cmin, minimum plasma concentration; t1/2, elimination 

half-life.
aAll pediatric patients received a single dose of linezolid 10 mg/kg (up to 600 mg) intravenous infusion.
Compiled from the following references: Burkhardt et al., 2002; Moellering, 2003; Wagenlehner et al., 2003; Pfizer, 2007.
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mg/l/h for administration every 12 hours for the 24 patients 
in this study.

Linezolid concentrations have been determined in the 
pancreatic fluid of two patients with pancreatic abscess (Rao 
et al., 2001). Linezolid was detectable in drain fluid; in one 
patient the postdose level was 11 mg/l, and in the other 
patient it was 31.6 mg/l. Penetration of linezolid into bile was 
assessed in two studies of liver transplant patients with bili-
ary T-tubes in situ. The first assessed trough concentrations 
in the bile of six patients and found that levels were high, 
with a median concentration of 21.8 mg/l and median pene-
tration of 193% (range 131–483%) (Pea et al., 2009). The sec-
ond drew multiple samples from two patients to allow AUC 
determination, and found ratio of AUCbile to AUCplasma was 
1.3 with biliary trough levels of 7.42 mg/l and 37.53 mg/l 
(Pea et al., 2014a). A single patient with cholecystostomy also 
had linezolid measured in bile: her lowest biliary trough level 
was 5.86 mg/l, and AUCbile to AUCplasma was 1.3, although her 
results may be confounded by the fact that she was on con-
tinuous renal replacement therapy (Cremaschi et al., 2010). 

In a patient with peritoneal dialysis–associated peritoni-
tis, oral linezolid penetrated well into the peritoneal dialysis 
fluid, with mean levels of 7.6 mg/l (DePestel et al., 2003). A 
critically unwell patient with an intraabdominal drain had 
linezolid levels measured in peritoneal drain fluid on day 7 of 
therapy with a concentration of 15.4 g/ml and penetration of 
66.2% reported (Yagi et al., 2013).

Based on limited data, in obese patients linezolid concen-
trations appear to be lower, associated with a higher volume of 
distribution (see section 4d, Those requiring altered dosages). 

Conte et al. (2002) studied the intrapulmonary pharma-
cokinetics of linezolid in 25 healthy volunteers. At steady 
state, after oral administration of linezolid 600 mg twice 
daily for five doses, linezolid achieved high levels in epithe-
lial lining fluid, which was above the breakpoint for an 
organism with a linezolid MIC of 4 mg/l for the whole dosing 
period. Four hours after the last dose, concentrations in 
plasma were 15.5 ± 24.2 mg/l, and in epithelial lining fluid 
were 64.3 ± 33.1 mg/l. Twelve hours after the last dose, con-
centrations in plasma were 10.2 ± 2.3 mg/l, and in epithelial 
lining fluid were 24.3 ± 13.3 mg/l. The concentrations in 
alveolar cell fluid were much lower. The ratio of epithelial lin-
ing fluid and alveolar cell concentrations of linezolid com-
pared with serum levels when measured at steady state were 
calculated as 4.5:1 and 0.15:1, respectively. In 10 patients un-
dergoing bronchoscopy for diagnostic procedures, linezolid 
levels were measured after 600 mg every 12 hours for six 
doses (Honeybourne et al., 2003). Linezolid penetrated well 
into lungs, with concentrations in serum of 13.4 mg/l; mu - 
cosa, 10.7 mg/l; macrophages, 8.1 mg/l; and epithelial lining 
fluid, 25.1 mg/l. In another study of patients with ventilator- 
associated pneumonia, linezolid concentrations in epithelial 
lining fluid demonstrated a mean linezolid penetration of 
100% (Boselli et al., 2005). 

Two studies assessed the penetration of linezolid into the 
epithelial lining fluid of critically unwell patients receiving 
continuous antibiotic infusion. In the first, 12 patients with 

ventilator-associated pneumonia received 600 mg of linezolid 
as a loading dose followed by 1200 mg/day by continuous 
infusion. At steady state, the median serum and epithelial 
lining fluid linezolid concentrations were 7.1 mg/l (interquar-
tile range 6.1–9.8 mg/l) and 6.9 mg/l (range 5.8–8.6 mg/l), 
respectively. The ratio of AUCELF/AUCplasma corresponded to 
a median linezolid alveolar diffusion of 97% (interquartile 
range 80–108%) (Boselli et al., 2012). The second study 
assessed the intrapulmonary linezolid concentrations of 14 
critically ill obese patients (BMI 32.6–37.5 kg/m2), 7 of whom 
received linezolid via intermittent dosing, 7 by continuous 
infusion. Epithelial lining fluid/plasma penetration ratio was 
slightly higher in the continuous infusion group (106% vs. 
80% for intermittent dosing), although this did not reach 
statistical significance (De Pascale et al., 2015). Overall, the 
penetration was similar to that reported in the previous stud-
ies described.

Sputum penetration of linezolid has also been determined 
in cystic fibrosis patients and was found to be good, with a 
mean sputum concentration of 17.4 mg/l 2 hours postdose 
(Saralaya et al., 2004).

Penetration of linezolid into the pleural and mediastinal 
spaces was measured in two patients undergoing coronary 
artery bypass graft surgery, who had postoperative drains in 
situ. The ratio of mediastinal/serum AUC was 1.32 and pleural/ 
serum AUC, 1.64 (Tsuji et al., 2013).

In a study of five patients in a neurologic intensive care 
unit who had external ventricular drainage complicated by 
staphylococcal ventriculitis, linezolid levels were monitored 
in serum and cerebrospinal fluid (CSF) (Beer et al., 2007). 
Patients received IV linezolid 600 mg twice daily. The mean 
CSF/plasma ratio was 0.8 ± 0.3. For isolates with a linezolid 
MIC of 2 mg/l, the time above MIC in CSF was 99.8%, but for 
an isolate with an MIC of 4 mg/l the time above MIC in CSF 
was 57.2%. In patients with shunts but noninflamed menin-
ges, the CSF/plasma ratio of linezolid at Cmax was 0.7:1 (Mac-
Gowan, 2003). In 14 neurosurgical patients being treated 
with 600 mg intravenously every 12 hours, mean Cmax and 
Cmin linezolid levels in serum were 18.6 ± 9.6, and 5.6 ± 5.0 
mg/l; and in CSF were 10.8 ± 5.7 and 6.1 ± 4.2 mg/l (My rianthefs 
et al., 2006). Other studies have also reported good penetra-
tion of linezolid into CSF (Villani et al., 2002; Boak et al., 
2006). The mean penetration ratio for the AUC for CSF to 
the AUC for serum was 0.66. In 18 patients undergoing neu-
rosurgery who received 600 mg of prophylactic linezolid at 
induction of anesthesia, CSF/serum and brain tissue/serum 
concentration ratios of linezolid were 69.6% ± 22.1% and 
44.7% ± 9.5%, respectively (Tsona et al., 2010). A study of 
hydrocephalic children and adolescents with external ven-
tricular drains had variable results, possibly related to variation 
in dosing and age range, but found AUC values in ventricular 
fluid to be 83% of plasma values (range, 44–130%) after the 
first dose and 98% (range, 64–122%) after the last dose, with 
no discernible effect of meningeal inflammation (Yogev et 
al., 2010). In a case report of a patient with postoperative 
bacterial meningitis, the trough concentration of line zolid in 
CSF closely approximated the free fraction in serum (Tsuji et 
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al., 2011). A more recent study of the pharmacokinetics of 
linezolid in the CSF of critically unwell patients with Gram-
positive meningitis found that linezolid has reasonable pen-
etration (median AUC CSF/AUC plasma ratio of 0.77) but 
wide variability (range 0.37–1.26). With the addition of the 
variable and generally lower plasma concentrations often 
seen in the critically unwell, achievement of target AUC/MIC 
in CSF was difficult for pathogen MIC ≥ 1 mg/l (Luque et al., 
2014). Mean penetration into CSF in rabbit meningitis models 
was 18–38% (Cottagnoud et al., 2000; MacGowan, 2003).

Linezolid levels were measured in the aqueous humor 60– 
270 minutes after a single IV infusion of 600 mg (Vazquez et 
al., 2004). The mean ratio of linezolid concentration in aque-
ous humor to that in serum was 0.43 (mean linezolid con-
centration in aqueous humor 1 h after administration of 
linezolid was 4.9 mg/l). In patients undergoing vitrectomy, 
mean aqueous, vitreous, and serum levels were 6.6, 5.7, and 
10.3 mg/l, respectively, after two 600-mg doses 12 hours 
apart (Fiscella et al., 2004). In another study of patients 
undergoing vitrectomy, surgery was timed to allow vitreous 
sampling at precise time points after administration of a sin-
gle 600-mg IV dose of linezolid (n = 24) or after two oral 
doses 12 hours apart (n = 4). Among the cohort who received 
IV linezolid, peak vitreous concentration occurred at the 4- 
and 8-hour measurements (3.4 and 3.7 mg/l, respectively). 
This was exceeded by the vitreous concentration, measured 
12 hours after two oral doses (4.5 mg/l). The ratio of vitreous/
serum concentration increased over time, from an average 
0.07 at 1 hour after IV administration to a maximum of 2.4 
8  hours afterward (and 1.15 12 hours after administration 
of  the second of two oral doses), suggesting that linezolid 
achieves good steady state in the vitreous and likely accumu-
lates to some degree (Horcajada et al., 2009). In a rabbit study 
of the ocular penetration of linezolid applied topically in the 
form of drops, concentration in the aqueous humor reached 
a mean peak of 0.87 mg/l 45 minutes after administration of 
a single drop containing 100 μg of linezolid. In rabbits that 
received multiple doses (100 μg every 15 minutes for a total 
of four doses), mean peak aqueous concentration was 2.18 
mg/l 45 minutes after the final dose. In a third set of rabbits 
that received the multi-dose protocol and then had eye tissue 
harvested, the mean concentration at 1 hour was 4.79 ± 2.93 
μg/g in the cornea and 3.05 ± 0.21 μg/g in the conjunctiva, 
with minimal penetration into the vitreous and undetectable 
linezolid in plasma (Saleh et al., 2010). This favorable result 
is supported by human case reports of successful treatment 
of keratitis with topical linezolid (see section 4, Mode of drug 
administration and dosage—Adults).

Linezolid concentrations were measured in interstitial 
space fluid of healthy volunteers at steady state (Dehghanyar 
et al., 2005). Penetration into interstitial space fluid com-
pared with plasma was 0.9 and 1.0 for subcutaneous adipose 
and muscle tissue, respectively.

Linezolid concentrations were measured in 12 patients 
undergoing total hip replacement after a single infusion of 
linezolid 600 mg (Lovering et al., 2002). High concentrations 
of linezolid were found in bone within 10 minutes (mean 

concentration 9.1 mg/l) and persisted above 4 mg/l after 12 
hours in 11 of the 12 patients. Linezolid concentrations in 
hematoma fluid were an average of 5.6 mg/l 10–12 hours 
after infusion. Overall, there was 37% penetration into fat 
and 95% penetration into muscle. Linezolid concentrations 
have been shown to be high in infected tissues around joint 
prostheses (Kutscha-Lissberg et al., 2003). In 10 patients 
undergoing total knee replacement, linezolid was adminis-
tered for 48 hours preoperatively at 600 mg every 12 hours. 
An IV dose of 600 mg was also given 1 hour before the pro-
cedure (Rana et al., 2002). Linezolid concentrations for 
serum were 23 ± 6.5 mg/l; for synovial fluid, 20.1 ± 3.4 mg/l; 
for muscle, 18.5 ± 6.6 mg/l; and for bone, 8.5 ± 3.9 mg/l. 
Patients undergoing coronary artery bypass graft surgery 
with left internal mammary artery (LIMA) harvesting had 
microdialysis probes inserted into sternal cancellous bone 
bilaterally at the time of theatre (Andreas et al., 2015); 600 
mg of linezolid was administered intravenously 60 minutes 
before skin incision, and again 12 hours later. Linezolid 
achieved good penetration, with peak tissue concentrations 
of 13.4 ± 6.9 mg/l on the left (side of LIMA harvest) and 14.0 
± 4.8 mg/l on the right, 2 hours after the second dose. The 
mean tissue/plasma AUC ratios were 0.82 ± 0.28 (left) and 1.02 
± 0.47 (right) (differences between sides were nonsignificant; 
therefore there was no detected effect of LIMA har vesting). 

Several studies have assessed the penetration into the poten-
tially poorly perfused bone and tissue involved in diabetic 
foot infections, with some variability in results. Three patients 
with severe diabetic foot infections involving bone had 
plasma and interstitial space fluid serially sampled from 0–8 
hours after a 600-mg IV infusion of linezolid, having already 
reached steady state. Mean peak concentrations of free line-
zolid in plasma, healthy subcutis, inflamed subcutis, and can - 
cellous bone (metatarsal) were 16.6 ± 3.0 mg/l, 15.5 ± 2.5 
mg/l, 15.8 ± 2.8 mg/l, and 15.1 ± 4.1 mg/l, respectively. The 
ratios of the AUC in tissue to the AUC in plasma were 1.32 
±  0.09, 1.12 ± 0.22, and 1.09 ± 0.11 for healthy subcutis, 
inflamed subcutis, and bone, respectively, indicating good 
penetration with AUC/MIC targets met for pathogens with 
MIC < 4 mg/l in all tissues (Traunmüller et al., 2010). A 
larger study by Wiskirchen et al. (2011) found similar results 
by sampling free linezolid concentrations postdose at steady 
state in healthy thigh adipose tissue and infected wound tis-
sue, with penetration ratios (tissue AUC to plasma AUC) of 
1.42 (range 1.08–2.23) in the healthy tissue and 1.27 (range 
0.86–2.26) in wound tissue. Significant intersubject variabil-
ity was noted (Wiskirchen et al., 2011). In the study by Eslam 
et al. (2014), diabetic patients also had linezolid concentra-
tions measured in plasma, healthy thigh adipose tissue, and 
tissue at the border of their soft tissue infection. After a single 
IV dose of 600 mg of linezolid, mean tissue to plasma AUC 
ratios of 0.59 ± 0.25 and 0.63 ± 0.24 for healthy and inflamed 
tissue, respectively, were obtained. The same ratios were cal-
culated at steady state with an increase to 0.98 ± 0.41 (healthy 
tissue) and 0.78 ± 0.23 (inflamed tissue). Therefore, eventual 
penetration of linezolid into inflamed diabetic foot infection 
tissue does not seem significantly impaired, but time to tissue 
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equilibration with plasma may be delayed (Eslam et al., 
2014). Six patients with mild diabetic foot infections received 
treatment with oral linezolid 600 mg twice daily. After multi-
ple doses, serum and foot tissue linezolid concentrations 
were measured; tissue concentrations ranged from 15.2 mg/l 
(at 2 h after administration) to 3.5 mg/l (10 h after adminis-
tration). The mean tissue to serum concentration ratio was 
0.46 (range, 0.18–0.71) (Stein et al., 2013). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

It has been demonstrated that linezolid exhibits linear phar-
macokinetics with AUC values proportional to the dose. 
With standard dosing of linezolid, serum concentrations are, 
in general, above the target MIC90 for susceptible pathogens 
for the majority of the 12-hour dosing interval (Dresser and 
Rybak, 1998; Stalker et al., 2003). Some variability in linezolid 
levels has been demonstrated. For example, after oral admin-
istration of linezolid 600 mg, at steady state mean Cmax has 
ranged from 16.3 mg/l to 21 mg/l, and the mean AUC values 
have varied between 107 and 138 (MacGowan, 2003). More 
pronounced variability was observed in the population phar-
macokinetic monitoring of the linezolid compassionate use 
program (Meagher et al., 2003). Other clinical scenarios have 
also raised concern about the adequacy of linezolid serum 
concentrations, such as critically ill patients in the intensive 
care unit and morbidly obese patients (Adembri et al., 2008). 
Sperber et al. (2003) reported a patient who had persistent 
MRSA bacteremia associated with very low linezolid levels, 
despite appropriate doses.

Linezolid is essentially bacteriostatic, demonstrating less 
than a 2 log10 reduction in CFU of staphylococci and entero-
cocci when tested at 2–10 times the MIC (concentrations 
achievable in serum at standard doses) in in vitro experi-
ments (Rybak et al., 1998; Wise et al., 1998; Livermore, 2003; 
MacGowan, 2003). Even higher concentrations (up to 100 
mg/l) have been shown to be bacteriostatic against staphylo-
cocci and enterococci (Bowker et al., 2002). In an in vivo 
model of S. aureus endocarditis, switching from intermittent 
dosing of linezolid to continuous infusion of the same total 
daily dose resulted in a change from bacteriostatic to in vivo 
bactericidal activity (Jacqueline et al., 2002). The results of 
assessments of bactericidal activity against streptococci have 
varied, with some studies demonstrating a modest bacteri-
cidal effect (Zurenko et al., 1996; Wise et al., 1998; Jones et 
al., 2002b; Cha et al., 2003). These results are supported by 
results of animal studies; linezolid was shown to be bacterio-
static in a rabbit endocarditis model of S. aureus infection, and 
no improvement in killing was demonstrated with increasing 
doses in a mouse thigh model using S. aureus and S. pneumo
niae (MacGowan, 2003). A study looking at the effect of anti-
biotics on intra-osteoblastic S. aureus found line zolid to be 
bactericidal at concentrations typically reached in bone in this 
intracellular context (Valour et al., 2015). 

Linezolid has a short in vitro postantibiotic effect (PAE) 
against staphylococci (1.8–3 h), enterococci, and pneumo- 

cocci (Zurenko et al., 1996; Rybak et al., 1998; Munckhof et 
al., 2001). The PAE is dependent on the concentration of ex- 
posure with a longer PAE in vitro associated with increased 
concentration of linezolid (Rybak et al., 1998). The clinical 
relevance of these in vitro findings is uncertain, given that at 
standard doses the serum levels of linezolid are above the MIC 
of these pathogens for the majority of the dosing interval and 
the effect of linezolid is primarily AUC/MIC dependent.

In a rat model of pneumococcal pneumonia, pharmaco-
dynamic indices predictive of outcome with linezolid were 
> 39% for the percentage of time during which the linezolid 
concentration exceeded the MIC (t > MIC), and a value of 
> 147 for the ratio of the AUC/MIC (Gentry-Nielsen et al., 
2002). In a mouse model of infection, the pharmacodynam-
ics of linezolid was tested against S. aureus and pneumococci 
(Andes et al., 2002). The main pharmacodynamic indices pre-
dicting success in pneumococcal infection was the 24-hour 
AUC/MIC ratio. The ratio required for a bacteriostatic effect 
with linezolid against pneumococci varied from 22 to 97. The 
most relevant pharmacokinetic/pharmacodynamic index for 
S. aureus was less clear; however, the outcomes correlated 
slightly better with the 24-hour AUC/MIC ratio (39–167) than 
with the other parameters. Subsequent mouse models of 
staphylococcal pneumonia have suggested lower AUC/MIC 
targets are required than for infections at other sites. One 
study found that linezolid was bactericidal for S. aureus (6–7 
log10 CFU/g reduction compared with controls) in the mouse 
lung with t > MIC of 45.3% and AUC/MIC ratio of 36.2 
(Docobo-Pérez et al., 2012), whereas another study in the 
same year found that the mean plasma AUC/MIC ratio asso-
ciated with bacterial stasis was 27.2 for total concentrations of 
linezolid and 19 for free linezolid fractions. The mean plasma 
AUC/MIC associated with 1-log-unit kill reduction was about 
double this, at 46.1. These targets were not significantly differ-
ent in MSSA and MRSA isolates (Lepak et al., 2012). 

In an assessment of pharmacodynamic predictors of 
success during treatment of 288 patients in the linezolid 
compassionate use program, it was shown that t > MIC and 
the AUC/MIC ratio both predicted outcome (Rayner et al., 
2003). For bacteremic patients, t > MIC of 100% may be opti-
mal, whereas an AUC/MIC ratio of 80–120 predicted success 
in patients with bacteremia, lower respiratory tract infection, 
and skin and soft tissue infections.

A study assessing the inoculum effects of multiple agents 
with S. aureus and S. pneumoniae using a neutropenic mouse 
thigh model found that the mean ratio of static dose with a high 
inoculum (107 CFU/thigh) compared with a low inoculum (105 

CFU/thigh) for linezolid was 4.6 (1.7–7.1) for S. aureus and 
1.5 (0.8–3.2) for S. pneumoniae (Lee et al., 2013). For S. aureus, 
this was comparable to daptomycin, but substantially less than 
the effect seen with vancomycin.

5d.  Excretion

Two main inactive metabolites of linezolid are generated by 
slow oxidation mediated by reactive oxygen species, result-
ing in open-ring carboxylic acid derivatives with minimal 



5. Pharmacokinetics and pharmacodynamics 1313

antibacterial activity (Clemett and Markham, 2000). The main 
human metabolite, which is formed by a nonenzymatic pro-
cess, is the hydroxyethylglycine metabolite (PNU-142586). An 
amino ethoxy acetic acid metabolite is less abundant (PNU-
142300), and other minor active metabolites have been 
detected. Formation of PNU-142586 is the rate-limiting step in 
the clearance of linezolid (Slatter et al., 2001). Un changed drug 
accounts for 90% of the circulating dose of linezolid, whereas 
the major metabolite accounts for less than 6% (Clemett and 
Markham, 2000). Linezolid is not metabolized by the cyto-
chrome P-450 enzymes and does not induce or inhibit the 
activity of these enzymes (Moellering, 2003).

Linezolid is predominately excreted via the urine. At 
steady state, 30% of the dose appears in the urine as linezolid, 
whereas PNU-142586 accounts for 40% and PNU-142300 
accounts for 10% (MacGowan, 2003). Nonrenal clearance 
accounts for 65% of total clearance of linezolid, with a plasma 
half-life of 3.5–6 hours (Sisson et al., 1999; Gee et al., 2001; 
Slatter et al., 2001). No linezolid is directly excreted in the 
feces; however, about 9% of the dose appears in feces as the 
two major metabolites. After a single oral dose in healthy 
volunteers, urine recovery was 80–85%, ande fecal recovery 
was 7–12% over 7 days (Clemett and Markham, 2000). Total 
clearance and renal clearance of linezolid were 120 and 50 
ml/min, respectively, after IV or oral administration.

The clearance of linezolid varies with age. Clearance is 
highest in neonates (> 7 days old) and children up to 11 years 
of age. The clearance gradually decreases with age. Therefore, 
pediatric patients between 1 week and 11 years of age should 
receive linezolid using a three-times-daily regimen (see sec-
tion 4b, Newborn infants and children).

Approximately one third to one half of a dose of linezolid 
is removed during dialysis, and a variable amount is removed 
during continuous hemofiltration. Linezolid clearance ap- 
pears to be impaired in patients with advanced liver disease. 
(see section 4d, Those requiring altered dosages—Patients 
with impaired renal function and Patients with impaired 
hepatic function).

5e.  Drug interactions

Linezolid is not directly metabolized by cytochrome P-450, 
nor does it induce or inhibit the activity of clinically import-
ant human cytochrome P-450 isoforms (Moellering, 2003). 
Therefore no cytochrome P-450–related drug interactions 
were expected with linezolid. It is possible, however, that 
P-450 enzymes play a very minor role in linezolid metabolism, 
which only becomes significant in the presence of a potent 
inducer, such as rifampicin, which induces cytochrome 
P450-3A (CYP3A) (Gandelman et al., 2011). After reports of 
decreased linezolid levels in patients also receiving rifampi-
cin, the effect was studied in healthy volunteers. 

Co-administration of rifampin with linezolid led to a 
reduction of the AUC by 32% and peak concentration by 
21%. The authors went on to demonstrate that hepatocytes 
exposed to rifampicin metabolized linezolid 1.3–1.6 times 
faster, an effect that was partially inhibited by ketoconazole 

(Gandelman et al., 2011). This interaction has been shown to 
have a clinical effect, with two patients on combination ther-
apy with linezolid and rifampicin for bone infections re ported 
to have low linezolid trough concentrations associated with 
poor clinical progress, which improved after the withdrawal 
of rifampicin (Hoyo et al., 2012). The interaction may also 
underlie the observation that rifampicin may have a protec-
tive effect on the occurrence of myelosuppression in patients 
on long-term linezolid (see section 6b, Myelo sup pression). 
The effect can also be prolonged, as one patient was found to 
have decreased linezolid trough levels up to 2–3 weeks after 
cessation of rifampicin (Gervasoni et al., 2015b). An alterna-
tive explanation for the effect of rifampicin is inhibition of 
the P-glycoprotein transporter protein. It has been reported 
that linezolid is not a substrate for this protein (Gandelman 
et al., 2011); however, two publications have reported in- 
creased linezolid levels with co-administration of clarithro-
mycin, an inducer of P-glycoprotein (Bolhuis et al., 2010 and 
2013), and others have described cases of decreased levels with 
levothyroxine (Pea et al., 2014b) and venlafaxine (Cojutti et 
al., 2015a), both inhibitors of this transport protein. The pic-
ture is complicated by the fact that rifampicin also inhibits 
P-glycoprotein, whereas clarithromycin induces CYP3A. Fur - 
ther work is needed to clarify the mechanisms underlying 
these interactions.

Linezolid has also been reported to increase international 
normalized ratio (INR) in a patient on warfarin. Given that 
linezolid does not appear to induce or inhibit cytochrome 
P-450 enzymes, this interaction may be better explained by 
an effect on gut flora and hence vitamin K levels (Sakai et al., 
2015).

Linezolid is a weak, reversible, nonselective monoamine 
oxidase inhibitor (Antal et al., 2001; Huang and Gortney, 2006). 
Therefore it can potentially interact with serotonergic and adre-
nergic agents. No reports of serotonin syndrome emerged from 
a phase III trial in which linezolid was used in combination 
with vasopressors, selective serotonin reuptake inhibitors, 
analgesics, and beta-agonists (Huang and Gortney, 2006). In 
a phase I study of normotensive human volunteers, linezolid 
in combination with pseudoephedrine or phenylpropanol-
amine produced a mild increase in blood pressure, which 
was not thought to be clinically significant (Hendershot et 
al., 2001). In the same study, the co-administration of line- 
zolid and dextromethorphan did not lead to any significant 
clinical effects. The combination of linezolid with paroxetine 
in healthy volunteers was not associated with any adverse 
events (Huang and Gortney, 2006). In a study to assess  
the pressor response to oral tyramine in healthy volunteers 
on linezolid, an increase in blood pressure was noted when 
doses of 100 mg or more of tyramine were given (Antal et al., 
2001). The authors concluded that restrictions to dietary 
intake of tyramine are not required when linezolid is taken. 

Despite the lack of drug interactions documented during 
phase III trials with linezolid, a number of reports of sero-
tonin syndrome in patients receiving linezolid have appeared 
in the literature. Many of these cases, one prospective trial, 
and a number of retrospective trials were reviewed by Ramsey 
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et al. in 2010. In summary, the incidence of serotonin syn-
drome with concomitant linezolid and serotonergic agents 
ranged from 0.24–4%. Agents involved were predominantly 
selective serotonin reuptake inhibitors and included citalo-
pram, duloxetine, escitalopram, fluoxetine, meperidine, par-
oxetine, sertraline, and venlafaxine. Amitriptyline, bupropion, 
carbidopa-levodopa, dextromethorphan, lithium, metoclo-
pramide, mirtazapine, risperidone, tramadol, and trazodone 
were also implicated, although the evidence was less compel-
ling. Likelihood of developing toxicity was not reported to 
correlate with the dose of the serotonergic agent. Onset of 
serotonin syndrome after co-administration of drugs ranged 
from less than 1 to 20 days, and symptoms resolved within 1–5 
days after cessation of one or both agents (Ramsey et al., 2013). 

Woytowish and Maynor (2013) published a similar review. 
A number of additional reports of interactions between line-
zolid and various serotonergic agents have also been pub-
lished: citalopram and amiodarone (which can increase 
citalopram levels) (Ma et al., 2013); linezolid, amitriptyline, 
and fentanyl (Samartzis et al., 2013); illicit drugs (Gupta et 
al., 2013); and atomoxetine (Aggarwal et al., 2012).

The review by Ramsay et al. (2013) also looked at the liter-
ature describing interactions between linezolid and adrenergic 
agents. Case reports implicated bupropion, diphen hydramine, 
and hydroxyzine; only bupropion was associated with severe 
hypertension. 

Because of the ability of linezolid to inhibit monoamine 
oxidase, the manufacturers recommend that patients who 
are given linezolid and serotonergic agents together should 
be monitored closely for signs and symptoms of serotonin 
syndrome (Gillman, 2003; Huang and Gortney, 2006), with 
cessation of one or both drugs if symptoms occur. The man-
ufacturers also recommend reducing the starting doses of 
potent vasopressors, such as dopamine and adrenaline, in 
patients receiving linezolid, and avoiding excessive intake of 
foods and beverages with high tyramine content. Other 
authors have recommended not using linezolid until 2 weeks 
after patients have discontinued selective serotonin reuptake 
inhibitors (Wigen and Goetz, 2002); however, this may be dif-
ficult in reality when treating patients with acute infections.

Co-administration of oral linezolid with antacids (con-
taining magnesium hydroxide and aluminum hydroxide) 
does not affect absorption of linezolid (Grunder et al., 2006).

6. ADVERSE REACTIONS AND TOXICITY

The rate of adverse events caused by linezolid has been mon-
itored in a number of large postmarketing studies in adults 
(Rubinstein et al., 2003; Jauregui et al., 2005; Weigelt et al., 
2005; Jaksic et al., 2006) and in children (Kaplan et al., 2003; 
Wimble et al., 2003), with a number of reviews having been 
published (Metaxas and Falagas, 2009; Vinh and Rubenstein, 
2009; Bounthavong and Hsu, 2010; Gould, 2011; Douros et 
al., 2015). In general, in adults the rate of adverse events  
in these studies has been similar between linezolid and  
comparator drugs, which include vancomycin, dalbavancin, 

cephalo sporins, oxacillin or dicloxacillin, and clarithromy-
cin (Table 73.3). Among all these comparator-controlled 
trails, linezolid was used for a maximum of 28 days, but often 
for shorter durations. The most common adverse events 
include headache, diarrhea, nausea, vomiting, taste perver-
sion, abnormal liver function test results, and candidiasis. 
Antibiotic-associated pseudomembranous colitis has also 
been reported with linezolid use.

Linezolid has been associated with a number of serious 
adverse effects, especially in patients treated for more than 
the recommended 28 days. In particular, myelosuppression 
and peripheral and optic neuropathy have been of significant 
concern (Beekmann et al., 2008). The linezolid product 
information states that the safety and efficacy of linezolid for 
use for longer than 28 days have not been established (Pfizer, 
2007).

Concern has been raised about the use of linezolid in 
more complex patients, especially when prolonged therapy 
could be required (Bishop et al., 2006). In these patients, 
higher rates of adverse events have been reported. Linezolid 
should be used for longer than the recommended 28 days 
only if no other treatment alternatives exist. In these cases, 
close monitoring for toxicity is required. Clinical monitoring 
algorithms have been proposed to monitor these complex 
patients requiring prolonged therapy (Bishop et al., 2006), 
and include close attention to co-administered drugs to 
avoid interactions, and regular monitoring for myelosup-
pression and neurotoxicity, including peripheral neuropathy 
and optic neuropathy.

Table 73.3. Summary of toxicity data for adult patients treated 
with linezolid in comparator controlled phase III trials.

Adverse event
Linezolid 

(% of patients)
Comparator 

(% of patients)

Gastrointestinal

 Nausea 3.6 2.3

 Vomiting 1.3 0.9

 Diarrhea 4.3 2.8

 Abnormal liver function tests 1.0 0.6

Taste disturbance 1.2 0.7

Headache 2.0 1.3

Rashb 1.2 2.5

Hematologic disturbance

 Anemia 4.5 4.1

 Thrombocytopenia 2.6 1.0

 Neutropenia 0.8 0.9

Vaginal candidiasis 1.2 0.7

Serious adverse eventc 8.9 9.3

aIncludes 3224 linezolid-treated patients and 3460 in comparator groups.
bBased on data from 1178 linezolid-treated patients and 1459 comparator- 

treated patients.
cBased on data from 2941 linezolid-treated patients and 2889 comparator- 

treated patients.
Compiled from the following references: Rubinstein et al., 2003; Jauregui 

et al., 2005; Weigelt et al., 2005; Jaksic et al., 2006; Pfizer, 2007.
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6a.  Hypersensitivity reactions

Rarely, serious hypersensitivity reactions, including rash, 
angioedema, and anaphylaxis, have been reported (Bishop et 
al., 2006, Yang and Xu, 2012). The Zyvox product informa-
tion describes very rare reports of bullous skin reactions 
such as Stevens-Johnson syndrome associated with linezolid 
therapy (Pfizer, 2007), and one case of purpuric rash histo-
logically consistent with non-leukocytoclastic drug-induced 
vasculitis has also been described (Kim et al., 2009). Cases of 
interstitial nephritis have been reported, one in conjunction 
with drug reaction with eosinophilia and systemic symptoms 
(DRESS) syndrome, although of note, the duration of line- 
zolid treatment in each case was relatively short (Savard et 
al., 2009, Nayak et al., 2012).

Desensitization to linezolid has been documented; one 
patient with multiple drug allergies and probable immediate 
hypersensitivity reaction to IV linezolid was successfully de-
sensitized and subsequently able to complete the full 2-week 
course of therapy (Bagwell et al., 2013).

6b.  Myelosuppression

In adults, dose- and time-dependent, reversible myelosuppres-
sion occurs in patients receiving linezolid treatment (Gerson 
et al., 2002). Although a number of clinical studies have 
demonstrated no difference in rates of myelosuppression in 
linezolid-treated patients compared with comparator-treated 
patients, other reports have demonstrated increased risk of 
myelosuppression with linezolid, particularly thrombocyto-
penia, and to a lesser extent anemia. In a 2008 meta-analysis, 
which included over 6000 patients from randomized con-
trolled trials of linezolid compared with glycopeptides or 
beta-lactams, thrombocytopenia was far more common in 
linezolid-treated patients (odds ratio [OR]: 11.72 [3.66–
37.57]) (Falagas et al., 2008). A more recent meta-analysis of 
over 5000 patients from randomized controlled trials of 
linezolid compared with vancomycin for treatment of MRSA 
found no significant difference in rates of anemia or throm-
bocytopenia between the two groups (An et al., 2013), a find-
ing supported by smaller studies (Meissner et al., 2003, Patel 
et al., 2012). Certain high-risk groups appear more likely to 
have myelosuppression related to linezolid, especially com-
plex patients, the elderly (Zhang et al., 2014b), and patients 
with renal impairment. 

In a retrospective assessment of linezolid safety from seven 
comparator-controlled phase III clinical trials with linezolid 
(in which linezolid was used for 7–28 days), the occurrence 
of hematologic toxicity was not statistically different from that 
with comparator drugs, although the incidence of throm bocy-
topenia approached statistical significance (Rubinstein et al., 
2003). In a subsequent study comparing linezolid (mean 11.8 
days’ treatment) with vancomycin for complicated skin and 
soft tissue infections, thrombocytopenia was statistically 
more common in the linezolid arm (Weigelt et al., 2005), and 
a high rate of linezolid-induced thrombocytopenia has been 

reported by a number of authors, including the need for 
platelet transfusion in some patients (Attassi et al., 2002). In 
patients treated for orthopedic infections, higher rates of 
thrombocytopenia in linezolid-treated patients who had 
prior vancomycin exposure were found, and this was revers-
ible on cessation of treatment (Rao et al., 2004b). In contrast, 
in a comparison of vancomycin with linezolid for febrile 
neutropenic patients with cancer, the mean platelet counts 
were no different between treatment groups (Jaksic et al., 
2006). In a retrospective comparison of hematopoietic stem 
cell transplant recipients treated with either linezolid (n = 
33) or vancomycin (n = 33), time to achieve ANC500 (abso-
lute neutrophil count > 500/mm3 for 3 consecutive days), 
ANC1000, and platelet counts of 20 and 50 were similar in 
the two groups, with all linezolid-treated patients achieving 
successful engraftment (Cohen et al., 2009). A retrospective 
assessment of data from two trials of linezolid treatment for 
nosocomial pneumonia in patients who received at least 5 
days’ therapy with linezolid or vancomycin detected no dif-
ference in rates of thrombocytopenia (Nasraway et al., 2003).

Higher rates of thrombocytopenia occur in patients with 
renal impairment, especially those with end-stage renal dis-
ease, as explored by Cossu et al. in 2014. Their review of the 
literature identified 11 studies describing the association, 
and also noted evidence for accumulation of linezolid and/or 
its metabolites in those with decreased renal function, espe-
cially those on hemodialysis, suggesting caution in such 
patients and consideration of dosage adjustment, although 
guidelines for such an adjustment are lacking (see section 4d, 
Those requiring altered dosages). In addition, Kato et al. (2015) 
demonstrated that dialysis patients had decreased time to 
platelet nadir as well as slower recovery to baseline counts, 
and thus advised increased vigilance in monitoring of plate-
let count and extension of this for 2 weeks beyond linezolid 
cessation.

Although higher rates of thrombocytopenia occur with 
prolonged linezolid administration, many patients can be 
treated for longer than 28 days without significant myelosup-
pression (Garazzino et al., 2007).

Reports of anemia appear to be less common than throm-
bocytopenia. A case–control study determined risk factors 
for linezolid-associated anemia in patients receiving long-
term treatment for chronic osteomyelitis, and found that 
older age and lower pretreatment hemoglobin were associ-
ated with a higher rate of anemia (which occurred in 28.9% 
of patients in this study) (Senneville et al., 2004). Legout et 
al. (2010) also found an association between older age and 
rates of anemia in their cohort of patients with bone and 
joint infection, and noted that concurrent rifampicin therapy 
was protective against anemia, but not significantly protec-
tive against thrombocytopenia; the converse had been re- 
ported by Soriano et al. (2007). The latter postulated that 
the previously demonstrated lower serum levels of linezolid 
in patients receiving rifampicin might explain this effect 
(although they did not measure levels themselves) and noted 
no difference in treatment outcomes between patients who 
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did and did not receive rifampicin. Linezolid-induced sidero-
blastic anemia also has been described (Ebeling et al., 2090, 
Saini et al., 2012, Willekens et al., 2013).

The exact mechanism of linezolid-induced myelosuppres-
sion remains unclear. Preliminary reports based on bone  
marrow findings in three patients with myelosuppression 
demonstrated findings similar to chloramphenicol-related, 
reversible myelosuppression (Green et al., 2001), and this has 
been supported by subsequent cases (Bernstein et al., 2003). 
Cases of pure red cell aplasia ascribed to linezolid have also been 
reported (Monson et al., 2002, Waki et al., 2012). In contrast  
to the more common delayed myelosuppression, early-onset 
immune-mediated thrombocytopenia is another potential 
complication of linezolid therapy (Pascoalinho et al., 2011).

Limited data suggest that the administration of vitamin 
B6 to patients with linezolid-induced cytopenias may reverse 
the cytopenias. Two patients with prolonged linezolid ther-
apy for mycobacterial infection developed cytopenias. Both 
cases were reversed with the administration of vitamin B6  
50 mg daily (Spellberg et al., 2004). In a more recent report, 
pyridoxine did not prevent myelosuppression in patients 
treated with prolonged linezolid for bone and joint infections. 
In 24 patients, despite the administration of pyridoxine, 11 
patients developed thrombocytopenia, and 6 developed ane-
mia (Plachouras et al., 2006). Additional studies also found 
no benefit from co-administration of pyridoxine (Soriano et 
al., 2007).

A case of a child requiring long-term linezolid therapy for 
tuberculosis has been described in which linezolid-induced 
neutropenia was partially reversed by off-label use of fil-
grastim, such that linezolid could be continued (Hernández 
Segurado et al., 2013).

6c.  Neurologic toxicity

Long-term use of linezolid (usually many months of treat-
ment) may be associated with the development of severe 
peripheral and optic neuropathy, at times leading to loss of 
vision (Bressler et al., 2004; Thai and Bruno-Murtha, 2006; 
Gil Villar et al., 2012). In some cases the peripheral and optic 
neuropathies occur together. Multiple cases of such toxicity 
have now been reported, including several pediatric cases 
(Nambiar et al., 2011). In many cases the peripheral neurop-
athy is painful and associated with predominantly a sensory 
component (Corallo and Paull, 2002; Legout et al., 2004; Gil 
Villar et al., 2012), and nerve conduction studies in some 
patients suggest an axonal neuropathy (Bressler et al., 2004). 
In another patient with normal nerve conduction studies, 
skin biopsy demonstrated small-fiber sensory nerve degen-
eration, which reversed 8 months after cessation of linezolid 
with near-complete resolution of symptoms (Chao et al., 
2008). The painful neuropathy has required treatment with 
agents such as gabapentin or amitriptyline in some patients 
(Thai and Bruno-Murtha, 2006). The peripheral neuropathy 
has resolved in some patients, but it may take many months. 
In others it is not reversible (Bressler et al., 2004; Rucker et 
al., 2006; Thai and Bruno-Murtha, 2006).

Optic toxicity (neuropathy with loss of color perception 
and vision) has been reported in patients treated with pro-
longed courses of linezolid, usually after 4 to 10 months of 
treatment, for a range of conditions (Lee et al., 2003; Frippiat 
et al., 2004; Kulkarni and Del Priore, 2005; Saijo et al., 2005; 
Rucker et al., 2006; Thai and Bruno-Murtha, 2006; Kiuchi 
et al., 2009), although several cases have been reported in 
pa tients who had received linezolid for 4 weeks or less, the 
shortest described duration of therapy being 16 days (Azam-
firei et al., 2007; Joshi et al., 2009; Agrawal et al., 2015). A 
systematic review of patients on linezolid-containing regi-
mens for resistant tuberculosis found that 13.2% experienced 
optic neuritis (Sotgiu et al., 2012). The optic neuropathy may 
be associated with significant visual impairment but appears 
to resolve more commonly than the peripheral neuropathy 
(Rucker et al., 2006; Javaheri et al., 2007). Reported outcomes 
of corticosteroid use are conflicting; some patients with optic 
neuropathy caused by linezolid have been treated with corti-
costeroids (Javaheri et al., 2007), whereas other authors give 
anecdotal evidence for a decline in visual acuity with pulsed 
corticosteroid use (Kiuchi et al., 2009). It has been suggested 
that linezolid-induced optic neuropathy is related to a mito-
chondrial disorder (Javaheri et al., 2007).

A case of Bell’s palsy probably related to linezolid has been 
reported after short-duration therapy (Thai and Bruno-
Murtha, 2006).

Rarely, convulsions have been reported in patients receiv-
ing linezolid. In most cases a history of seizure disorder was 
present (Pfizer, 2007; Cholongitas et al., 2009), although a 
case of first seizure while on linezolid has been reported (Bal - 
kan et al., 2015.

A case of encephalopathy with akinetic mutism that oc- 
curred after linezolid therapy and resolved after its cessation 
has been described (Fletcher et al., 2010).

6d.  Lactic acidosis

Linezolid therapy has been associated with hyperlactatemia, 
usually after prolonged treatment, which usually resolves 
after withdrawal of linezolid (Apodaca and Rakita, 2003; 
Kopterides et al., 2005; Palenzuela et al., 2005; Bishop et al., 
2006; Garrabou et al., 2007; Esnault et al., 2013); however, 
fatalities have been reported (Boutoille et al., 2009; Djibré et 
al., 2015). A retrospective study of 72 adults on linezolid 
therapy reported that 6.8% developed lactic acidosis, with 
duration of treatment exceeding 6 weeks being the only iden-
tifiable risk factor. A prospective review of 50 children treated 
with linezolid found a third developed lactic acidemia—half 
of these with accompanying acidosis, although all were able 
to continue linezolid therapy. Median time to development 
of acidosis was 2 days, suggesting that lactic acidosis occurs 
earlier, as well as more frequently, in pediatric populations 
(Ozkaya-Parlakay et al., 2014). Lactic acidosis in linezolid- 
treated children had previously been reported by Su et al. in 
2011.

Renal replacement therapy has been used in severe cases 
to aid in correction of acidosis and to facilitate linezolid 
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removal (Miyawaki et al., 2013; Sawyer et al., 2014; Hsu et al., 
2015). In one case, resolution of the acidemia was followed 
by severe hypophosphatemia (Miyawaki et al., 2013). Renal 
and hepatic impairment may be risk factors for development 
of early and/or severe linezolid-associated lactic acidosis 
(Velez and Janech, 2010; Hsu et al., 2015).

Occasional adult cases of early hyperlactatemia, which 
occurred in the first week of therapy and resolved rapidly 
with cessation of therapy, have been reported (Pea et al., 
2006; Contou et al., 2011; Esnault et al., 2013), and most were 
thought to be linked to high linezolid levels caused by im- 
paired clearance; the case described by Contou et al. (2011) 
occurred only hours after a single IV dose. Reversible inhi-
bition of mitochondrial protein synthesis, which leads to 
reduced mitochon drial enzymatic activity and subsequently 
causes linezolid-related hyperlactatemia, has been demon-
strated (Garra bou et al., 2007; see section 3, Mechanism of 
drug action). It is possible that certain mitochondrial DNA 
polymorphisms are associated with higher risk and increased 
severity of linezolid-induced hyperlactatemia (Carson et al., 
2007; Del Pozo et al., 2014). A patient with MELAS (mito-
chondrial encephalomyopathy, lactic acidosis, and stroke-
like episodes) syndrome notably developed lactic acidosis 
after only three doses of linezolid; avoidance of linezolid in 
patients with known or suspected mitochondrial disease 
may be prudent (Cope et al. 2011).

A case of linezolid-induced lactic acidosis with concurrent 
hypoglycemia and pancreatitis occurring twice with repeated 
exposures to linezolid has been reported (Johnson et al., 2015).

6e.  Risk in pregnancy and lactation

There are inadequate data to assess the safety of linezolid in 
pregnant women. The potential risk of fetal effects in humans 
is unknown. In animal studies, reproductive effects have been 
demonstrated; however, teratogenicity has not been demon-
strated. In general, linezolid should be avoided in pregnant 
patients.

Animal data and a single human case report (Rowe et al., 
2014) suggest that linezolid passes into breast milk, and the 
manufacturer recommends that breastfeeding be discontin-
ued during linezolid treatment (Pfizer, 2007). 

6f.  Safety in children

In children, based on data from two randomized trials, 
linezolid had no statistically significant increase in adverse 
events compared with comparator drugs (vancomycin or 
cefadroxil) (Kaplan et al., 2003; Wimble et al., 2003) (Table 
73.4). In these two trials, children aged 5–11 years were given 
linezolid or cefadroxil for 10–21 days (Wimble et al., 2003), 
or children aged birth to 12 years were given linezolid or 
vancomycin for 10–28 days (Kaplan et al., 2003) (see Table 
73.4). Saiman et al (2003) performed a review of linezolid 
tolerability in pediatric patients that included data from two 
studies with no comparator drugs (Kaplan et al., 2001), and 
the two aforementioned controlled studies (Kaplan et al., 2003; 

Wimble et al., 2003). The most common side effects of line-
zolid therapy in 958 pediatric patients treated with linezolid 
were fever (14.1%), diarrhea (10.8%), and vomiting (9.4%). 
The rate of serious adverse events was low, and no adverse 
event was more common in the linezolid group than in the 
comparator group. In particular, rates of hematologic com-
plications are the same in children treated with linezolid or 
vancomycin (Meissner et al., 2003). A more recent meta- 
analysis again found that overall rates of adverse effects with 
linezolid, in particular gastrointestinal upset, were similar to 
those in comparator agents, although the authors note sub-
stantial disparity of reported adverse events between reviewed 
studies (Ioannidou et al., 2014).

Two case reports have been published regarding myelo-
suppression in children receiving linezolid: a case of pure red 
cell precursor toxicity after 14 days of therapy, which resolved 
after treatment cessation (Taketani et al., 2009), and a child who 
became neutropenic after several months of linezolid for 
tuberculosis. The latter received an off-label dose of filgrastim, 
with sufficient count recovery to continue linezolid treat-
ment (Hernández Segurado et al., 2013).

Most neurotoxicity related to linezolid has been reported 
in adult patients; however, a number of cases of peripheral 
and optic neuropathy have now been reported in children 
and adolescents. A review of the FDA Adverse Events Re- 
porting System from April 2000–2009 identified eight reports 
of linezolid-associated neuropathy in patients aged 0–16  
years. Treatment duration ranged from 4 weeks to 1 year. 
Five patients were reported to have peripheral neuropathy 
alone, one had optic neuropathy (also published separately 
[Javaheri et al., 2007]), and two children had both. Where 
outcomes were reported, symptoms had resolved or were 
improving by 6 months (Nambiar et al., 2011). A further 
published case of peripheral neuropathy in a 12-year-old  

Table 73.4. Summary of toxicity data for pediatric patients 
treated with linezolid in comparator controlled phase III trials.

Adverse eventa

Linezolid 
(% of patients)

Comparator 
(% of patients)

Gastrointestinal

Nausea 2.6 2.3

Vomiting 2.4 4.9

Diarrhea 5.8 7.4

Hematologic disturbance

Anemia 1.4 1.0

Thrombocytopenia 1.9 0.0

Neutropenia 3.3 1.7

Other

Headacheb 6.5 4.0

Rash 1.7 2.0

aBased on data from 461 linezolid treated patients and 350 comparator- 
treated patients.

bBased on data from Wimble et al., 2003 only.
Compiled from the following references: Kaplan et al., 2003; Wimble et al., 

2003; Pfizer, 2007.
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had not been reported to the FDA. The authors of this report 
recommend screening children who require prolonged courses 
of linezolid with baseline and serial neurological examina-
tions, given that children are less likely to self-report symp-
toms (Linam et al., 2009). In addition, a case of auditory 
neuropathy has been reported in a neonate who received 14 
days of linezolid therapy. At time of publication, the infant 
had hearing aids and was being considered for cochlear 
implantation. Of note, he had also received vancomycin and 
gentamicin, although the authors felt that the pattern of 
hearing loss was less consistent with aminoglycoside effect 
(Brennan et al., 2009). 

Lactic acidosis or acidemia has been reported in children 
receiving linezolid (Su et al., 2011; Ozkaya-Parlakay et al., 
2014). When it occurs, it appears to develop more rapidly than 
in adults, with a median time to onset of lactate elevation of 1.5 
days (range 1–72) and acidosis of 2 days (range 1–13 days) in 
one prospective review (Ozkaya-Parlakay et al., 2014).

Tooth discoloration has been reported in a few children 
who received linezolid, both intravenously and orally; when 
reported, this has been reversible with dental cleaning (Ma, 
2009; Petropoulou et al., 2013; Almeida Santos et al., 2015).

6g.  Hypoglycemia

In 2011 a report was published of a patient with type 2 diabe-
tes mellitus who developed hypoglycemia while on linezolid, 
which persisted in spite of decreased insulin dose and 
increased caloric intake and resolved without recurrence 
after linezolid cessation (Bodnar et al., 2011). As a result, a 
warning regarding the potential for hypoglycemia was added 
to the linezolid package insert in 2012. A review of the FDA 
Adverse Event Reporting System was conducted, and 15 cases 
of possible, probable, or highly probable linezolid-induced 
hypoglycemia were identified, with all but one patient older 
than 60 years and the majority diabetic on oral hypoglycemic 
medication and/or insulin (Viswanathan et al., 2014). Median 
time to onset of symptoms after commencement of linezolid 
was 7 days. The proposed mechanism is related to the mono-
amine oxidase inhibitor activity of linezolid, because hypo-
glycemia has previously been ascribed to this class of 
medications. An alternative mechanism, that of mitochondrial 
toxicity, has been proposed by the authors of a case report 
describing a patient who experienced hypoglycemia, pancre-
atitis, and lactic acidosis while receiving linezolid (Johnson 
et al., 2015). Clinicians are advised to counsel patients, in par-
ticular older patients with diabetes, regarding the risk of hypo-
glycemia before commencement of linezolid (Pfizer, 2015). 

6h.  Miscellaneous toxicity

A double-blind, placebo-controlled, four-way crossover study 
in healthy volunteers found no prolongation of the QT inter-
val after IV linezolid at a dose of either 600 mg or 1200 mg 
(Damle et al., 2011).

In phase III trials, abnormities of liver function test 
results were reported more commonly in the linezolid than 

the  comparator arm (Pfizer, 2015). Two cases of hepatotoxic-
ity related to linezolid have been published: the first a case of 
severe liver failure with lactic acidosis in a patient 50 days into 
therapy with linezolid (De Bus et al., 2010), and the second a 
case of hyperbilirubinemia after 5 days of linezolid in a 
patient with underlying cirrhosis (Cholongitas et al., 2010).

Two case reports have been published demonstrating ele-
vation in creatine kinase levels in patients receiving line zolid 
(Allison et al., 2009; Carroll et al., 2012), the latter also show-
ing recurrence on rechallenge. The mechanism for this is 
unclear.

The unusual effect of tooth discoloration during linezolid 
therapy has been described in children (see section 6f, Safety 
in children). In adults, tongue discoloration appears more 
common. Some of these cases are consistent with black hairy 
tongue (Khasawneh et al., 2013), whereas others show pig-
mentation without hyperplastic papillae (Marina and Kas-
mani, 2012).

7. CLINICAL USES OF THE DRUG

Linezolid has been used for the treatment of a range of infec-
tions. A number of randomized controlled trials comparing 
linezolid with comparator drugs (usually vancomycin or 
beta-lactams) have been performed in adults and children 
for a number of clinical syndromes; these are summarized in 
Table 73.5. Linezolid has no activity against aerobic Gram-
negative bacteria, and treatment trials have usually included 
antimicrobials with activity against Gram-negative bacteria 
if these organisms could be involved in the clinical infection. 
Similarly, when using linezolid empirically to treat patients 
with clinical infections for which Gram-negative bacteria 
could play a role, the addition of antimicrobials with activity 
against Gram-negative bacteria is required.

In 2007, Pfizer released a safety warning regarding the use 
of linezolid for treatment of catheter-related bloodstream infec-
tions. Increased mortality had been observed in the linezolid 
arm of a comparative trial for catheter-related bloodstream 
infections, with a recommendation that linezolid not be used 
for this indication. The increased mortality was observed in 
the patient group that had Gram-negative infections, or 
mixed Gram-positive and Gram-negative infections (FDA, 
2007). Subsequent studies have suggested that treatment 
with linezolid is no more likely to result in Gram-negative 
colonization or infection than glycopeptide treatment, and 
empiric therapy with linezolid does not increase 30-day 
mortality from Gram-negative bacteremia compared with 
glycopeptides (Ternavasio-de la Vega et al., 2014).

A meta-analysis of 12 published randomized controlled 
trials of linezolid therapy demonstrated that linezolid was 
more effective than comparator antibiotics (glycopeptides 
or beta-lactams) for treatment of Gram-positive infections; 
however, there was no difference in all-cause mortality 
(Falagas et al., 2008). When data from nonblind randomized 
controlled trials were excluded, there was no difference in 
outcome between linezolid and comparator drugs. When 
microbiologic success was investigated in the meta-analysis, 
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linezolid was superior to vancomycin and all antibiotics com- 
bined for achieving microbiologic success; however, there 
was no difference when compared with beta-lactams.

The results of randomized trials support the use of line-
zolid mainly for the treatment of pneumonia and skin and 
skin structure infections caused by Gram-positive organ-
isms. In particular, linezolid has a role in the treatment of 
infections caused by multiresistant Gram-positive organisms, 
such as VRE and MRSA. Owing to concerns regarding 
potential toxicity of linezolid when used for prolonged ther-
apy, and emerging resistance, especially in enterococci, line-
zolid should probably be reserved for treatment of infections 
in which other agents with equivalent efficacy are not avail-
able, or have failed.

7a.  Gram-positive infections, including 
bacteremia

In an early in vivo study of linezolid efficacy in a mouse intra-
peritoneal model of infection, linezolid was more effective 
than vancomycin against MSSA, and displayed similar activ-
ity against MRSA (Ford et al., 1996). In addition, linezolid 
demonstrated efficacy against S. pyogenes, S. pneumoniae,  
E. faecium, and E. faecalis, (Ford et al., 1996).

A number of studies have assessed outcomes for linezolid 
compared with glycopeptides for a number of infections 
caused by Gram-positive organisms in adults and children. 
Most of these studies enrolled patients with a range of infec-
tions, including skin and skin structure infections, pneumo-
nia, bacteremia, and urinary tract infections. In many patients 
in these trials, MRSA was the primary pathogen isolated.

In a double-blind, randomized controlled study, linezolid 
was compared with teicoplanin for the treatment of Gram-
positive infections in the critically ill (Cepeda et al., 2004). The 
study included 202 patients and demonstrated equivalent 
outcomes with the two regimens. Wilcox et al. (2004) also 
compared teicoplanin to linezolid for the treatment of sus-
pected or proven Gram-positive infections in a randomized 
controlled trial involving 430 patients (Wilcox et al., 2004). 
Treatment outcomes were the same for most infection types, 
but were superior for linezolid in all patients combined, with 
the majority of the therapeutic benefit seen in patients with 
Gram-positive bacteremia (cure 88.5% vs. 56.7% in the bac-
teremic group).

An open-label, randomized controlled trial enrolled pa-
tients ≤ 12 years of age who had a range of Gram-positive 
nosocomial infections and compared linezolid with van-
comycin for treatment (Kaplan et al., 2003). A total of 316 
patients were included, and outcomes in the intention-to-
treat population and the clinically and microbiologically 
assessable groups were the same. Two smaller subset analyses 
from the same trial have also been reported (Deville et al., 
2003; Jantausch et al., 2003). Deville et al. (2003) demon-
strated similar outcomes between treatment groups in 63 
neonates with a range of Gram-positive infections including 
bacteremia. Jantausch et al. (2003) studied 39 patients with 

hospital-acquired pneumonia and 113 patients with bacte-
remia. Again, no differences in outcome between linezolid- 
and vancomycin-treated patients were observed.

An open-label, randomized noninferiority trial compared 
linezolid with trimethoprim–sulfamethoxazole plus rifampi-
cin therapy for 150 patients with various MRSA infections 
including bacteremia (Harbarth et al., 2015). No significant 
differences in outcomes were found, although the authors 
note they did not reach target enrollment and results may 
not be generalizable, because this was a study from a single 
center with an endemic MRSA clone.

Two studies compared the efficacy of salvage therapy for 
persistent MRSA bacteremia with linezolid with or without 
carbapenem or addition of an adjuvant drug to continuing  
vancomycin therapy. In the first trial, the additional drug could  
be either a gentamicin or rifampicin; the early microbiologic 
response (75% vs. 17%) and mortality rate (13% vs. 53%) were 
superior in the linezolid group (Jang et al., 2009). The more 
recent study allowed addition of rifampicin or  trimethoprim–
sulfamethoxazole to vancomycin, and no statistically signifi-
cant difference was found between this strategy and a switch 
to linezolid (Park et al., 2012). It would therefore seem that 
linezolid is a reasonable option in this clinical scenario.

The efficacy of linezolid for treatment of S. aureus infec-
tions was assessed in a case series from the compassionate 
use program (Moise et al., 2002). The study included 183 
patients who received linezolid for 191 infections, predomi-
nately because of intolerance to vancomycin, but also because 
of vancomycin treatment failure; 20% of the patients had 
bacteremia. The clinical success in the clinically evaluable 
population was 83.9%.

A retrospective cohort study of 20,107 patients with 
MRSA infection treated with either linezolid (637) or vanco-
mycin (19,470) in US veterans’ hospitals found that linezolid 
was noninferior with respect to in-hospital mortality and 
readmission rate and was associated with a shorter length of 
stay (Caffrey et al., 2010).

A small, prospective noncomparator phase III trial of 
linezolid for treatment of enterococcal infection in children 
enrolled 13 critically ill patients, 12 of whom had a vancomycin- 
resistant or vancomycin-intermediate isolate, and 7 of whom 
were bacteremic. Microbiologic eradication in evaluable pa- 
tients was 71.4%, and the clinical cure rate was 66.7% (Deville 
et al., 2010). 

A number of meta-analyses have been published regarding 
the optimal therapy for VRE bacteremia: linezolid or dap-
tomycin. Although two of these found a small survival benefit 
with linezolid therapy (Balli et al., 2014; Chuang et al., 2014), 
two others, including the most recent, found no significant 
difference (Whang et al., 2013; Patel and Gallagher, 2015), 
and all pointed out the difficulty with addressing this ques-
tion given the lack of randomized controlled trials, substan-
tial heterogeneity among studies, and the generally low dose 
of daptomycin used (< 6 mg/kg). A recent, large retrospec-
tive cohort study comparing outcomes of VRE bacteremia 
with linezolid and daptomycin therapy in 644 patients found 
linezolid was associated with higher treatment failure, 30-day 
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mortality, and microbiologic failure (Britt et al., 2015). Al- 
though patients in the linezolid arm may have been more 
unwell, linezolid treatment remained an independent risk 
factor for treatment failure after controlling for confounders. 
This was in spite of use of a daptomycin dose of 6 mg/kg 
(McKinnel and Arias, 2015).

A retrospective analysis of patients with Gram-positive 
infections treated with either linezolid (n = 169) or teico-
planin (n = 91) found linezolid was associated with a higher 
rate of response to therapy and shorter length of stay overall 
(Tascini et al., 2009). For individual pathogens, numbers 
were too small to draw conclusions regarding significance, 
although numerically, linezolid performed better. No mor-
tality difference between the two groups was seen, and line- 
zolid was associated with more adverse effects.

In a pooled analysis of five randomized studies that in- 
cluded patients with S. aureus bacteremia, an analysis of out-
come for linezolid- and vancomycin-treated patients was  
performed (Shorr et al., 2005); 99 patients were evaluable. There 
was no difference in cure rates between treatment regimens.

In the meta-analysis of linezolid therapy performed by 
Falagas et al. (2008), linezolid demonstrated a statistically sig - 
nificant improved outcome compared with comparator drugs 
in patients with Gram-positive bacteremia. The treatment 
success rate with linezolid was 81.3%, and 66.4% with com-
parator drugs. 

7b.  Respiratory tract infections

Studies in mice have demonstrated superiority of linezolid 
compared with glycopeptides for treatment of hematogenous 
pneumonia caused by S. aureus (Yanagihara et al., 2002). 
Two multicenter, double-blind, randomized controlled trials 
have been performed to study the efficacy of linezolid in the 
treatment of Gram-positive nosocomial pneumonia (Rubin- 
stein et al., 2001; Wunderink et al., 2003a). The second study 
by Wunderink et al. (2003a) was essentially a continuation of 
the first study and was performed to satisfy regulatory 
requirements. The same authors performed both studies; a 
total of 1019 patients were included. The treatment regimens 
were identical in the two studies (linezolid vs. vancomycin), 
with aztreonam added to both arms of the studies as the sec-
ond agent to cover Gram-negative organisms (see Table 
73.5). S. aureus was the most frequently identified pathogen. 
In both studies, clinical success in the intention-to-treat and 
clinically assessed population was the same for linezolid and 
vancomycin. In addition, there were no differences in eradi-
cation rates of Gram-positive cocci, or in mortality rates. A 
retrospective analysis of data from these two trials was per-
formed to assess the efficacy of linezolid in treatment of 
 ventilator-associated pneumonia (Kollef et al., 2004). Data 
from 544 patients were included. Although there was no sta-
tistically significant difference in cure rates for all patients, 
cure rates were better in linezolid-treated patients with 
Gram-positive ventilator-associated pneumonia or MRSA 
ventilator-associated pneumonia. Logistic regression analysis 

suggested that linezolid was an independent predictor of sur-
vival for all patients with ventilator-associated pneumonia.

A somewhat controversial post hoc analysis of both stud-
ies by the original authors was performed to investigate 
linezolid efficacy in treatment of S. aureus pneumonia (Wun-
derink et al., 2003b). There were 339 with S. aureus nosoco-
mial pneumonia, and 160 of them had MRSA. Linezolid was 
found to be equivalent to vancomycin for treatment of all 
patients with S. aureus pneumonia, but was statistically supe-
rior to vancomycin for patients with MRSA pneumonia (treat-
ment success 59% vs. 35.5%). A number of authors have 
questioned the validity of these results because this was a 
post hoc analysis and detailed assessment to detect vancomy-
cin heteroresistance in the MRSA strains was not performed 
(Kalil et al., 2004; Powers et al., 2004; Howden et al., 2005). A 
further issue with these and other studies comparing line- 
zolid with vancomycin is the vancomycin dosing used. In 
many studies, vancomycin is routinely dosed at 1 g twice 
daily; however, recent trends are to aim for higher vancomy-
cin trough levels that often require higher doses than this.

A study using bronchial alveolar lavage (BAL) fluid cul-
tures at baseline and repeated after 72–96 hours attempted to 
compare the microbiologic cure rates in patients with MRSA 
ventilator-associated pneumonia (VAP) treated with either 
linezolid 600 mg every 12 hours (n = 23 with follow-up BAL) 
or vancomycin 1 g every 12 hours (n = 19) (Wunderink et al., 
2008). The patients in the linezolid arm had a higher rate of 
microbiologic cure, although this did not reach statistical 
significance; the authors note that the target enrollment fig-
ures had not been met.

In an attempt to address questions regarding the earlier 
studies, a further industry-sponsored, double-blind random-
ized controlled trial was conducted by Wunderink et al. in 
2012, specifically looking at linezolid versus vancomycin in 
the treatment of MRSA nosocomial pneumonia. In this study, 
vancomycin dosing was weight-based, and adjusted depending 
on trough concentrations according to local targets. Vancomycin 
MICs were also recorded. The results demonstrated that 
linezolid therapy resulted in a statistically significant rate of 
clinical cure at the end of the study for the per-protocol pop-
ulation. The trial was not powered to detect mortality differ-
ence; however, 60-day mortality was similar (as were rates 
of adverse events) (Wunderink et al., 2012). Of note, only 
348 (29%) of the original 1184 randomized patients were 
included in the per-protocol population. This fact has drawn 
criticism, as comorbidities were not equal between treatment 
arms (Lahey, 2012). In addition, in spite of the increased atten-
tion to vancomycin dosing, most patients did not achieve a 
trough level of 15–20 mg/l at day 3 or day 6 (Masuta et al., 
2012; Wolff and Mourvillier, 2012). 

To specifically address the question of linezolid versus van-
comycin in the treatment of MRSA ventilator-associated pneu-
monia, a retrospective review of 188 patients with VAP (101 
treated with linezolid, 87 with vancomycin) was conducted, and 
found that patients in the linezolid arm were 24% more likely to 
achieve clinical success by day 14 than vancomycin-treated 
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patients (p = 0.018) (Peyrani et al., 2014). However, there were 
no differences detected in days on ventilation, hospital length of 
stay, or mortality. In addition, as the authors noted, the majority 
of the vancomycin-treated patients had MRSA isolates with a 
vancomycin MIC >1 mg/l, and vancomycin concentrations 
reached a mean trough level of 13 ± 8 mg/l at day 3. 

The results of several meta-analyses (Walkey et al., 2011; 
Jiang et al., 2013; Kalil et al., 2013; Wang et al., 2015c) have 
consistently shown no significant difference in outcomes of 
nosocomial pneumonia treated with linezolid or a glyco-
peptide. However, there are cohort studies of patients with 
 community-acquired and healthcare-associated (e.g. nursing 
home) pneumonia that do suggest a benefit of linezolid over 
glycopeptides (Caffrey et al., 2014a, 2014b; Reveles et al., 
2015). In spite of the persisting controversy, what can be 
stated is that linezolid is noninferior to the glycopeptides for 
treatment of staphylococcal pneumonia, and it provides a 
valuable alternative when the latter are failing or contraindi-
cated. As an agent that acts on protein-synthesis, it may be 
that linezolid will come into its own in the treatment of 
staphylococcal pneumonia caused by strains producing tox-
ins such as PVL. As it was traditionally community-acquired 
MRSA that was associated with PVL production, studies that 
focused on nosocomial pneumonia may have been less likely 
to detect this effect as a difference in treatment outcome, 
although this may change as these strains are increasingly 
detected in the healthcare setting. There is theoretical sup-
port for this in animal models, which have demonstrated 
improved outcomes with linezolid therapy in PVL-positive 
MRSA pneumonia in both mice (Yanagihara et al., 2009) and 
rabbits (Diep et al., 2013). The underlying mechanism seems 
to be suppression of toxin production, with modulation of 
the host immune response (see section 3, Mechanism of 
drug action). A study of MRSA pneumonia in piglets found 
that those treated with linezolid had improved survival and 
decreased lung pathology score at autopsy compared with 
glycopeptides or control (Luna et al., 2009). Even in toxin- 
negative strains, linezolid appears to have benefits indepen-
dent of bacterial clearance, which may relate to these as-yet 
undefined immunomodulatory properties.

In an open label, multicenter, randomized trial involving 
747 patients that compared linezolid with a cephalosporin 
regimen for patients with pneumonia predominately caused 
by S. pneumoniae, linezolid was found to have a higher clini-
cal cure rate (83% vs. 76.4%) (San Pedro et al., 2002). In addi-
tion, an improved cure rate was found in patients with 
pneumococcal bacteremia (93.1% vs. 68.2%). A retrospec-
tive analysis of pooled data from seven phase II and III clin-
ical trials assessing the efficacy of linezolid in pneumonia 
found it had good clinical and microbiologic efficacy against 
S. pneumoniae, unaffected by resistance to other antimicro-
bials (Ijzerman et al., 2010).

An open-label, phase II study of linezolid treatment for pe- 
diatric patients (12 months–17 years old) with community- 
acquired pneumonia requiring hospitalization has been   
performed (Kaplan et al., 2001); 78 patients were included, with 

an etiologic diagnosis in only 8 patients. In general, linezolid 
was well tolerated and over 90% of patients were cured.

Septic pulmonary emboli caused by S. aureus has been 
successfully treated with linezolid after failure of other agents 
in a few published cases (Hagiya et al., 2013; Horai et al., 
2014; Yasuda et al., 2015).

A number of additional studies have included patients 
with pneumonia in the study population (Stevens et al., 2002; 
Kaplan et al., 2003; Cepeda et al., 2004; Wilcox et al., 2004). 
In the meta-analysis by Falagas et al. (2008), there was no 
difference between linezolid and comparator drugs for treat-
ment of patients with Gram-positive pneumonia, nor in 
patients with nosocomial pneumonia.

7c.  Bacterial endocarditis

In a rabbit model of MRSA endocarditis, linezolid was effec-
tive if trough serum levels were maintained at approximately 
the MIC of the organism (Oramas-Shirey et al., 2001). This 
was also demonstrated by Dailey et al. (2001), who found 
linezolid to be equivalent to vancomycin in a rabbit endo-
carditis model of MRSA infection; however, for efficacy, 
linezolid concentrations in serum had to remain above the 
MIC of the infecting pathogen (Dailey et al., 2001). Similarly, 
in a rat endocarditis model of vancomycin-resistant E. fae
cium infection, linezolid demonstrated modest activity (Patel 
et al., 2001). Vancomycin was superior to linezolid for treat-
ment of rabbit MRSA endocarditis in a study by Chiang  
and Climo (2003). Linezolid appeared less effective than 
amoxicillin for prophylaxis against enterococcal endocardi-
tis in a rat endocarditis model (Moreillon et al., 2007). 
However, Athanassopoulos et al. (2006) demonstrated that 
linezolid was superior to ampicillin for prevention of endo-
carditis due to S. oralis and E. faecalis in a rabbit endocarditis  
model).

Minimal clinical data are available to assess the efficacy of 
linezolid for treatment of bacterial endocarditis in humans. 
No randomized controlled trials are available. Falagas et al. 
(2006) performed a systematic review of linezolid for treatment 
of patients with bacterial endocarditis (Falagas et al., 2006). 
Fifty-six patients had been reported in the literature at that 
time, and data were examined on 33 patients. In most cases, 
patients had endocarditis caused by MRSA, or strains of  
S. aureus with reduced vancomycin susceptibility. Whereas 
66.7% of patients received linezolid alone, in others it was 
used in combination with agents such as rifampicin, fusidic 
acid, or aminoglycosides. A total of 63.6% of patients with 
bacterial endocarditis were cured with linezolid therapy. In 
some cases at least, linezolid was used after vancomycin 
treatment had failed, and strains of MRSA with reduced van-
comycin susceptibility had emerged (Howden et al., 2004). 
Clinical cures were achieved with linezolid in these cases 
also. Subsequently, an additional 9 cases were reported 
(Munoz et al., 2007). The patients had infections caused by  
a range of Gram-positive organisms, and all were cured. A 
 single-center series of 14 cases of native and prosthetic valve 
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endocarditis was published, 12 of which had a successful  
outcome (Tascini et al., 2011). Two patients died with inop-
erable deep foci of infection (intracerebral abscess, and un re-
moved pacemaker). In patients with S. epidermidis–infected 
permanent pacemakers, those with device removal went on 
to be cured; however, the pacemaker and wires were still cul-
ture positive at the time of removal, suggesting that device 
retention may not be an option when considering use of 
linezolid for such infections. A retrospective review of 550 
patients with left-sided infective endocarditis, 38 of whom 
received linezolid, found no major differences in cure rate, 
in-hospital mortality, or out-of-hospital mortality after up to 
12 months of follow-up between patients who were treated 
with a minimum of 7 days of linezolid and those who re- 
ceived alternate agents (Lauridsen et al., 2012). Of note, in 
the majority of these cases, linezolid was administered with 
another agent. Linezolid has also been used successfully to 
treat L. monocytogenes endocarditis (Munoz et al., 2006) and 
endocarditis due to VISA (Balkhair et al., 2010). 

Despite the apparent success of linezolid in treatment of 
multi-resistant Gram-positive endocarditis, treatment fail-
ures have also been reported (Ruiz et al., 2002; Howden et al., 
2004; Corne et al., 2005; Tsigrelis et al., 2007).

7d.  Skin and skin structure infections

An open-label randomized controlled trial involving 1200 
patients compared linezolid versus vancomycin for treat-
ment of suspected or proven MRSA-complicated skin and 
skin structure infections (Weigelt et al., 2005). Vancomycin-
treated patients were changed to an antistaphylococcal peni-
cillin if a susceptible isolate was identified. One third of study 
participants also received an antibiotic with Gram-negative 
activity. Linezolid was found to be more effective than van-
comycin at the test-of-cure visit for the modified intention-
to-treat population (patients with a confirmed Gram-positive 
pathogen at baseline), the clinically evaluable population, and 
the microbiologically evaluable population. In addition, line-
zolid was more effective for patients with major abscesses, 
but not cellulitis or infected surgical wounds, and was supe-
rior to vancomycin for the treatment of MRSA infections. A 
subgroup analysis of this study investigated efficacy in pa- 
tients with surgical wound infections and demonstrated equal 
efficacy of linezolid compared with vancomycin, but im- 
proved outcomes in patients with MRSA surgical wound 
infections (Weigelt et al., 2004). Another large open-label 
randomized controlled trial comparing linezolid versus van-
comycin for the treatment of complicated skin and skin 
structure infection was carried out by the same group in 2010 
(Itani et al., 2010). In this study, all patients had  culture-proven 
MRSA, and vancomycin was dosed by weight. Linezolid was 
shown to be noninferior to linezolid, and the patients in the 
linezolid arm had a significantly shorter inpatient length-of-
stay and time on IV antibiotics. A subsequent analysis of the 
same data compared patients who had received oral linezolid 
with matched patients who received IV vancomycin and 
found patients in the oral linezolid arm were more likely to 

achieve clinical and microbiologic success (Itani et al., 2012). 
Given that there was no significant different found between 
combined IV and oral linezolid and vancomycin recipients 
in the original trial, it is possible that the patients prescribed 
oral rather than IV linezolid were less unwell at the outset. 
Nonetheless, this provides support for the use of the oral 
route as the initial mode of linezolid delivery for this indica-
tion. A subgroup analysis of the trial by Itani et al. looking at 
patients who required surgical intervention found that line-
zolid achieved greater cure rates than vancomycin in this 
group, and was significantly associated with a lower number 
of procedures per patient (Duane et al., 2013).

In a multicenter, double-blind, randomized controlled 
study by Jauregui et al. (2005), once-weekly dalbavancin was 
compared with linezolid (600 mg intravenously or orally 
every 12 h) for the treatment of complicated skin and skin 
structure infections. The study included 854 patients, and 
MRSA was the major pathogen identified. There was no dif-
ference in outcome between regimens. In a double-blind, 
randomized controlled trial that excluded patients with 
MRSA infection, linezolid was compared with an antistaph-
ylococcal penicillin for the treatment of complicated skin 
and skin structure infections (Stevens et al., 2000). Over 800 
patients were enrolled in the study, and S. aureus was the 
most commonly identified pathogen. Linezolid and the anti-
staphylococcal penicillins were equivalent in the clinically 
evaluable and microbiologically evaluable populations.

Linezolid was the comparator drug for two large, double- 
blind, randomized controlled trials of the novel oxazolidinone 
tedizolid in the treatment of acute skin and skin structure 
infections. In the first (ESTABLISH-1; Prokocimer et al., 2013), 
both agents were administered orally (200 mg daily tedizolid 
for 6 days vs. 600 mg twice-daily linezolid for 10 days), 
whereas in the second (ESTABLISH-2; Moran et al., 2014) 
both therapies were commenced intravenously for a mini-
mum of two doses, after which they could be stepped down 
to oral therapy if appropriate. Outcomes were similar in  
both arms of both trials, with clinical response rate to linezolid 
of 85% (ESTABLISH-1) and 88% (ESTABLISH-2) at post- 
treatment follow up 7–14 days after treatment cessation.

An open-label, randomized controlled trial compared 
oral linezolid with vancomycin for the treatment of MRSA 
skin and skin structure infections that required surgical drain-
age (Sharpe et al., 2005). A total of 117 patients were enrolled, 
but almost 50% were excluded from analysis. Linezolid was 
found to be statistically more effective, and linezolid-treated 
patients required fewer amputations.

Linezolid was compared with vancomycin for the treat-
ment of complicated skin and skin structure infections in 120 
children (Yogev et al., 2003). This was a subset analysis from 
a previous study (Kaplan et al., 2003). Clinical cure rates 
were the same between treatment groups.

In the meta-analysis by Falagas et al. (2008), in patients 
with skin and skin structure infections, linezolid was suc-
cessful in 90.3% of infections, whereas comparator drugs 
were successful in 85.7% of patients. The improvement in 
outcome with linezolid compared with comparator drugs 
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was statistically significant. Several meta-analyses including 
linezolid for treatment of skin and skin structure infections 
have been conducted subsequently (Dodds and Hawke, 
2009; Bounthavong and Hsu, 2010; Logman et al., 2010; Yue 
et al., 2014), and are summarized in a review by Tsoulas and 
Nathwali (2015), with all meta-analyses finding linezolid at 
least noninferior to comparators. The largest and most recent 
of these was the Cochrane review by Yue et al., which 
included nine randomized clinical trials and a total of 3144 
patients. This analysis found linezolid was significantly more 
likely to achieve clinical and microbiologic cure than vanco-
mycin in analysis of all adults with skin and skin structure 
infections, as well as the subgroup with MRSA. When the 
subgroup of pediatric patients was reviewed, outcomes were 
not significantly different between the two drugs (Yue et al., 
2014). 

7e.  Diabetic foot infections

The trials of linezolid therapy for complicated skin and skin 
structure infections included patients with diabetic foot 
infections; however, the effectiveness of therapy with line-
zolid was not specifically assessed in this patient population. 
Linezolid has been demonstrated to have generally good 
penetration into the tissues involved in these infections (see 
section 5b, Drug distribution). In an open-label, randomized 
controlled trial, linezolid was compared with ampicillin– 
sulbactam followed by amoxicillin–clavulanate for the treat-
ment of diabetic foot infections, including patients with 
osteomyelitis (Lipsky et al., 2004). Patients in both groups 
could also receive aztreonam, and patients in the ampicillin–
sulbactam group could also receive vancomycin. The trial 
enrolled 371 patients. For all patients combined there was no 
statistical difference in outcome, although linezolid was 81% 
effective, whereas the comparator treatment was 71% effec-
tive. There was a statistically significant improvement in out-
come with linezolid therapy for patients with infected ulcers 
or without underlying osteomyelitis.

7f.  Hematology and oncology patients, 
including febrile neutropenia

One double-blind, randomized controlled trial has been per-
formed to assess the efficacy of linezolid versus vancomycin 
in febrile neutropenic patients with cancer (Jaksic et al., 
2006). A total of 611 patients were enrolled. Clinical success 
was equivalent between the two groups in all groups ana-
lyzed. A retrospective study of febrile hematology patients 
colonized with VRE found no difference in the in-hospital 
mortality between patients who received empiric linezolid 
and those who did not (Lisboa et al., 2015).

A retrospective study of bone marrow transplant recipi-
ents who had received ≥ 3 days of linezolid therapy and 
matched controls was carried out (Hogan et al., 2010). The 
authors found no significant difference in duration of neu-
tropenia or thrombocytopenia, although patients were noted 

to have more bleeding episodes and platelet transfusions, 
and a nonsignificant delay to engraftment that appeared to 
increase with duration of linezolid therapy > 10 days, before 
which any differences between groups were minimal. Two ret-
rospective studies examined adult patients with enterococcal 
bacteremia treated with either linezolid or daptomycin— 
one in hematology and bone marrow transplant patients and 
one in oncology patients; no significant differences were 
found in outcomes (Kraft et al., 2011; Patel et al., 2014). 

7g.  Infections caused by multiresistant 
pathogens

A number of studies have assessed the efficacy of linezolid 
for treatment of MRSA and VRE infections. In a compas-
sionate use program linezolid was provided for the treatment 
of MDR Gram-positive infections (Birmingham et al., 2003). 
This noncomparative study reported experience from the 
treatment of 796 patients. The most commonly isolated or - 
ganisms were VRE (66.3%) and methicillin-resistant staphy-
lococci (22.1%). Many different infection types were treated, 
including bacteremia in 46% of patients and endocarditis in 
10.6%. Overall, the cure rate in the intention-to-treat popu-
lation was 73.3%, with a microbiologic cure rate of 82.4%.

In a study by Stevens et al. (2002), linezolid was compared 
with vancomycin in an open-label, randomized controlled 
design. Infections were most commonly skin and skin- structure 
related; however, the study also included patients with pneu-
monia, urinary tract infections, and bacteremia. There were 460 
patients included in the study; however, there were ultimately 
only 116 evaluable patients with MRSA infections. A total of 
85 patients with bacteremia were included. There was no dif-
ference in outcome between treatment regimens.

An open-label, randomized controlled trial compared 
linezolid (100 patients) versus vancomycin (51 patients) for 
treatment of nosocomial pneumonia, complicated skin and 
soft tissue infections, or sepsis caused by MRSA (Kohno et 
al., 2007). There was no difference in clinical success; how-
ever, there was improved microbiologic eradication in the 
linezolid-treated patients.

In a small randomized controlled trial of 40 patients with 
cancer, linezolid was compared with quinupristin–dalfopristin 
for the treatment of vancomycin-resistant E. faecium infections 
(Raad et al., 2004b). Almost all patients had bacteremia. 
Although linezolid was more effective than quinupristin– 
dalfopristin, the differences were not statistically significant. 
A similar result was found in a retrospective comparison of 
linezolid and daptomycin for treatment of 98 patients with 
VRE bacteremia (Mave et al., 2009).

Two reports of the use of linezolid to treat multidrug- 
resistant B. fragilis bacteremia exist: in the first, linezolid was 
successful after failure of piperacillin–tazobactam (Wareham 
et al., 2005), and in the other linezolid was used in combina-
tion with moxifloxacin after failure of carbapenem and met-
ronidazole to manage infected traumatic leg injury with 
complicating bacteremia (Sherwood et al., 2011).
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More recently, linezolid is proving increasingly useful in 
the management of MDR and XDR tuberculosis (see section 
7j, Mycobacterial and Nocardia infections).

7h.  Bone and joint infections

In a rat model of osteomyelitis due to MSSA, linezolid was no 
better than placebo (Patel et al., 2000). A number of human 
case series have described the use of linezolid for treatment 
of osteomyelitis caused by a range of pathogens, including 
MRSA and VISA (Bassetti et al., 2001; Howden et al., 2004; 
Rao et al., 2004a; Razonable et al., 2004; Aneziokoro et al., 
2005). These reports are summarized in a review by Falagas et 
al. (2007). In many cases prolonged courses of linezolid were 
used, and treatment outcomes were successful in 55–100% of 
patients. In a larger case series of patients with osteomyelitis 
treated in the linezolid compassionate use program, 55 were 
included in a report by Rayner et al. (2004). Sites of osteomy-
elitis included long bones, sternal infection, vertebrae, and 
diabetic foot-related osteomyelitis. In 22 evaluable cases, a 
cure rate of 81.8% was reported. 

A number of studies of the use of linezolid (often in com-
bination with rifampicin) for orthopedic device–related in- 
fections have been performed (Papadopoulos et al., 2009; 
Nguyen et al., 2009; Gómez et al., 2011). These and earlier 
studies were reviewed by Morata et al. (2014b). Overall, the 
success rate of linezolid therapy was 79.9%, with the best 
likelihood of cure seen in acute infection and with implant 
removal. The combination of linezolid with rifampicin 
appeared to perform slightly better than linezolid alone. The 
same author published a retrospective review of prosthetic 
joint infections treated with débridement, implant retention, 
and linezolid with or without rifampicin (Morata et al., 2014a). 
Cure rate was 82% in the monotherapy group and 64% with 
combination therapy, although this difference was not statis-
tically significant. A retrospective study of 22 patients with 
MRSA bone and joints infections, including post-traumatic 
and post-arthroplasty infections, reported a cure rate of 77.3%. 
Three patients received combination therapy with rifampi-
cin; the remainder were treated with linezolid monotherapy 
(Joel et al., 2014). A review of the literature by Moenster et al. 
(2013) reports similar clinical outcomes of linezolid in the 
treatment of Gram-positive osteomyelitis, but also compares 
it with several other agents and summarizes data on the bone 
penetration of these antibiotics.

Several case reports of the successful use of linezolid in the 
treatment of bone and joint infections caused by less com-
mon pathogens have been published, including S. lugdunen
sis (Merino et al., 2010); R. equi (Rallis et al., 2012); and as part 
of combination therapy for A. israelii (Wu et al., 2011) and 
Pasteurella multocida (Ferguson et al., 2014), although the con-
tribution of linezolid to the cure of the last two is not certain. An 
infant with S. aureus bacteremia and thoracic spondylodiscitis 
was successfully treated with linezolid after clinical relapse 
during vancomycin treatment (Krzysztofiak et al., 2010a).

Based on the available data, it appears that linezolid may 
be effective for the treatment of selected cases of osteo myeli- 

tis, particularly those caused by multiresistant Gram-positive 
pathogens. Close monitoring for complications of therapy, 
including myelosuppression and neuropathies, is required 
when using linezolid for the treatment of such cases.

7i.  Central nervous system infections

In a rabbit meningitis model of pneumococcal infection, line- 
zolid was less effective than ceftriaxone against penicillin- 
susceptible and penicillin-resistant strains (Cottagnoud et al., 
2000). The penetration of linezolid into rabbit CSF was good 
(mean 38%); however, linezolid demonstrated only marginal 
bactericidal activity against the pneumococcus at concen-
trations 5–10 times above the MIC. In humans, line zolid 
achieves good penetration into CSF (see section 5b, Drug 
distribution).

The use of linezolid for treatment of central nervous sys-
tem infections has been reported in a number of case reports 
and small case series. In many cases linezolid therapy was 
combined with additional antimicrobial agents, and in some 
cases was used after failure of standard therapy, such as van-
comycin. In one study, 17 patients treated with linezolid for 
meningitis, ventriculitis, and/or brain abscess caused by a 
range of Gram-positive organisms including staphylococci, 
enterococci, and P. acnes were reviewed retrospectively 
(Sousa et al., 2011a). Sixteen were cured; one case of S. hae
molyticus meningitis recurred in the presence of a ventricu-
loperitoneal shunt. Linezolid has been successfully used to 
treat postneurosurgical and post-traumatic S. epidermidis 
meningitis (Krueger et al., 2004; Kruse et al., 2006; Kawaguchi 
et al., 2010), as well as S. epidermidis–related ventriculoperi-
toneal shunt infections (Gill et al., 2002; Castro et al., 2005) 
including two pediatric patients in whom the shunt was not 
removed (Yilmaz et al., 2010). Extraventricular drain infec-
tions in term and premature neonates caused by S. epider
midis, E. faecium and S. haemolyticus were also effectively 
treated with linezolid (Langgartner et al., 2009; Watanabe et 
al., 2013). VRE meningitis and ventriculitis associated with a 
shunt have been successfully treated with linezolid (Zeana et 
al., 2001; Graham et al., 2002), as has a case of Enterococcus 
gallinarum meningitis (Khan and Elshafi, 2011). A case series 
and literature review of patients with vancomycin-resistant 
E. faecium meningitis included several patients successfully 
treated with linezolid, alone or in combination, but also 
describes one case of linezolid-intermediate E. faecium men-
ingitis treated with quinupristin–dalfopristin and daptomy-
cin (Knoll et al., 2013). Successful treatment of pneumococcal 
meningitis with linezolid has been reported, including the 
use of linezolid after vancomycin failure (Faella et al., 2006; 
Ramirez et al., 2007). A case of post-surgical E. faecium men-
ingitis has been reported in which treatment with linezolid 
failed in spite of the isolate having a susceptible MIC (Webster 
et al., 2009).

Linezolid has been demonstrated to have good activity 
against S. aureus in CSF in vitro (Schwameis et al., 2012). 
MRSA infections of the central nervous system have been 
treated with linezolid, with case series (Naesens et al., 2009; 
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Sipahi et al., 2011) and individual case studies (Al Kandari et 
al., 2010; Fernández-Ruiz et al., 2010) showing it to be effec-
tive for this indication. Of note, in several cases linezolid was 
part of combination therapy with drugs including rifampicin 
and levofloxacin. 

Two cases of Streptococcus constellatus subdural empyema 
that had recurred on first-line therapy were successfully 
cured with linezolid (Lefebvre et al., 2009); the authors pos-
tulated this may have occurred because of its good penetra-
tion into both CSF and bone, because skull osteomyelitis is a 
common complication of this condition. Linezolid has also 
been used to treat a brain abscess caused by Peptostreptococcus 
spp. (Salin et al., 2006) and alone or in combination in the 
successful treatment of seven children with brain abscesses, 
two with confirmed microbiology (S. constellatus and Strep
tococcus intermedia) and three in whom surgical drainage 
was not performed (Krzysztofiak et al., 2010b). An elderly 
patient with postoperative subdural empyema and brain 
abscess caused by VISA had a good clinical response to 
linezolid, before treatment change to moxifloxacin at 28 days 
owing to progressive anemia (Kino et al., 2014).

A case of pseudomeningocele infected with Corynebac
terium minutissimum after resection of a meningioma has 
been successfully cured with linezolid (Eshwara et al., 2014).

Data from in vitro and animal models of L. monocytogenes 
systemic and intracerebral infections have demonstrated that 
linezolid is inferior to ampicillin; however, it does exhibit 
activity that could be potentially useful in patients unable to 
tolerate other routine therapy (Callapina et al., 2001). The 
combination of linezolid and rifampicin has been used to suc-
cessfully treat a patient with L. monocytogenes brain abscess 
(Leiti et al., 2005).

Linezolid has also been successful in the treatment of cen-
tral nervous system infections with Nocardia species and 
tuberculosis (see section, 7j, Mycobacterial and Nocardia 
infections).

7j.  Mycobacterial and Nocardia infections

Linezolid has in vitro activity against a number of mycobac-
terial species and Nocardia species (see section 2a, Routine 
susceptibility). 

A number of reports have described the successful treat-
ment of difficult Nocardia species infections with linezolid 
(Lewis et al., 2003; Moylett et al., 2003; Jodlowski et al., 2007; 
Shen et al., 2011; Leitner et al., 2013; Shahapur et al., 2014). 
Several cases with central nervous system involvement have 
been reported (Vigano et al., 2005; Kaswan et al., 2011; 
Kobayashi et al., 2012; Pea et al., 2012; Al Tawfiq et al., 2013), 
as have cases of ocular nocardiosis (Vossmerbaeumer et al., 
2010; Scott et al., 2013). Prolonged treatment of these types 
of infections is often associated with linezolid toxicity. A ret-
rospective review of the use of empiric linezolid to treat  
no car diosis in organ transplant recipients has been pub-
lished. Although linezolid appeared effective, in a majority of 
patients it was discontinued because of side effects; the 
authors noted that myelosuppression was common in all 

patients, whether or not treated with linezolid (De La Cruz et 
al., 2015).

Linezolid has activity against select non-tuberculous 
mycobacteria; a number of reports have described the suc-
cessful treatment of disseminated and refractory cases of 
MAC, M. fortuitum, and M. chelonae infections with linezolid 
(Brown-Elliott et al., 2001a; Nannini et al., 2002; Kyle and 
Porter, 2004; Lin and Liu, 2012; Thomas et al., 2013; Parize  
et al., 2016). One case of successful treatment of refractory 
M. chelonae keratitis with topical linezolid has been reported 
(Dolz-Marco et al., 2012). In a retrospective review of 
patients with MAC treated with drugs of unclear efficacy, 
linezolid performed poorly (Jo et al., 2014). The authors 
noted that many patients were treated with a dose of 600 mg 
or 300 mg daily, as is sometimes used in tuberculosis; how-
ever, this reduced dose has not been demonstrated to be 
effective against other mycobacteria. Adverse events occur 
commonly in this group of patients requiring prolonged 
therapy, as reviewed by Winthrop et al. (2015).

In a murine model of M. tuberculosis infection, linezolid 
significantly reduced bacterial counts after 4 weeks’ treatment 
(Cynamon et al., 1999). Early attempts with the use of linezolid 
to treat multiresistant M. tuberculosis infections in a small 
number of patients found some success (Fortun et al., 2005; 
von der Lippe et al., 2006). The prolonged use of linezolid was 
associated with serious adverse events in these patients. In an 
attempt to reduce the rate of adverse events, Park et al. (2006) 
assessed the use of half-dose linezolid in eight patients with 
MDR tuberculosis. Although the regimen appeared to retain 
efficacy, the rate of serious adverse events remained high. A 
US report described the use of linezolid 600 mg daily as part of 
combination for treatment of MDR tuberculosis in 30 patients 
(Schecter et al., 2010). Although it is not possible to draw firm 
conclusions specifically about linezolid efficacy, culture con-
version occurred in all patients at a median of 7 weeks. Side 
effects occurred in 9 patients (including optical and peripheral 
neuropathy), but only 3 patients ceased linezolid therapy 
because of toxicity. In an attempt to reduce the complication 
rate further, linezolid 300 mg daily was used in 24 patients 
with intractable drug- resistant tuberculosis for up to 405 
days (Koh et al., 2009). This dose of linezolid was reasonably 
well tolerated and appeared to provide therapeutic benefit. 
However, a population pharmacokinetic analysis of linezolid 
600 mg twice daily versus 600 mg daily in patients with 
tuberculosis demonstrated that the once-daily dosing pro-
duced lower values for AUC/MIC and time above MIC 
(McGee et al., 2009). The implications of this in the treat-
ment of patients with tuberculosis are currently unclear.

A prospective study assessing the early bactericidal activ-
ity of linezolid in pulmonary tuberculosis using doses of  
600 mg daily or twice daily with isoniazid as a comparator  
in volved 29 patients with smear-positive disease (Dietze et 
al., 2008). Although less active than isoniazid, linezolid was 
found to have moderate early bactericidal activity (first 2 
days) at both dosages. Both linezolid regimens also achieved 
an AUC/MIC of >100. At twice-daily dosing, linezolid con-
centration remained above the MIC for the entire dosing 
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interval, whereas daily dosing achieved this 62.8% of the 
time.

A randomized, prospective phase IIa trial of linezolid 
therapy for XDR tuberculosis assigned 38 patients to receive 
600 mg of linezolid per day in addition to their existing regi-
men, either immediately or after a 2-month delay (Lee et al., 
2012). After sputum conversion or 4 months of therapy, 
patients underwent a second randomization to either continue 
600 mg daily linezolid, or drop to 300 mg/day, and therapy 
was continued for a further 18 months as tolerated. After 4 
months, 79% of patients in the immediate-start group and 
35% in the delayed-start group had conversion to negative 
sputum cultures on solid medium (p = 0.001). With use of 
liquid medium, 63% of the immediate-start group and 55% 
of the delayed-start group had culture conversion (p = 0.07); 
89% of all patients had culture conversion on solid medium 
by 6 months; and 82% of patients suffered an adverse event—
most transient and resolving with drug holiday and dose 
reduction to 300 mg. Three patients had to cease therapy. 
Patients receiving 600 mg per day were 2.7 times more likely 
to experience an adverse event than those randomized to 300 
mg. Of concern, 4 patients developed linezolid resistance 
associated with treatment failure or relapse during the trial; 
3 of these were randomized to the lower dose. Sequencing 
revealed mutations in 23s rRNA or the L3 ribosomal protein. 
At the time of the subsequently published final results (Lee et 
al., 2015), no further resistance occurred, and 71% of patients 
were considered cured 1 year after the end of treatment. 
Median duration of linezolid was 781 days.

A prospective, randomized controlled trial assessing the 
efficacy and safety of linezolid in treating XDR tuberculosis 
patients in China assigned 65 patients with cavitatory disease 
to linezolid therapy or a control group (Tang et al., 2015a). 
Linezolid was dosed at 600 mg twice daily for 4–6 weeks, and 
then reduced to 300–600 mg daily depending on weight and 
tolerance, with a planned treatment duration of 2 years. At 
24 months, 78.8% of patients in the linezolid therapy group 
had sputum culture conversion, significantly higher than the 
control group (37.6%; p < 0.001). The treatment success rate 
in the linezolid therapy group was 69.7%, significantly higher 
than that in the control group (34.4%; p = 0.004). In the 
linezolid group, 81.8% of patients had clinically significant 
adverse events; 93% of these adverse events were possibly or 
probably related to linezolid. Most resolved after reduction 
of the dosage or temporary discontinuation of linezolid. 
Patients in the linezolid arm were also more likely to achieve 
early cavity closure and sputum conversion, an important 
potential factor in reduction of transmission.

A few small prospective studies have been carried out 
assessing linezolid efficacy and safety in MDR and XDR 
tuberculosis. Udwadia et al. (2010) report that of 18 patients 
with XDR and MDR tuberculosis treated with linezolid at 
their center, 11 were cured (61%), treatment failed in 4, and 
3 were lost to follow-up. This report states that they observed 
no difference in treatment outcome compared with patients 
who did not receive linezolid, but further data on this were 

not provided. Villar et al. (2011) collected data on 16 patients 
treated with linezolid (12 with XDR disease, 6 human im - 
munodeficiency virus (HIV) seropositive, and 4 with extra- 
pulmonary disease). At the time of review, 8 patients had 
been cured, 1 died, 1 withdrew, and 6 were still on therapy. 
Comparisons were drawn with other cohort studies because 
there were no control patients used, and outcomes were 
reported as similar (success rate 89% in patients who had 
completed therapy). A prospective study of 29 patients  
with drug-resistant tuberculosis treated with linezolid in 
addition to a regimen containing an injectable agent, one  
fluoroquinolone and two or more second- or third-line drugs, 
reported favorable outcome (cure or sputum negativity for  
> 12 months while still completing therapy) in 73%; how- 
ever, the individual contribution of linezolid is impos sible to 
gauge (Singla et al., 2012). More recently, a prospective co- 
hort study assessed the benefits of intermittent linezolid  
dosing in the treatment of drug-resistant tuberculosis (Chang 
et al., 2013). Ten patients initially received 800 mg daily; 
 after culture conversion, this was changed to 1200 mg three 
times a week. All patients were reportedly cured, and ad- 
verse reactions were less common in the intermittent dos- 
ing period. Pharmacokinetics of both regimens were also  
described.

Further evidence both for the efficacy of linezolid in 
tuberculosis and for the high rate of adverse reaction with 
prolonged courses has been provided by a number of retro-
spective studies (Migliori et al., 2009; Schecter et al., 2010; 
Anger et al., 2010; Xu et al., 2012; Abbate et al., 2012; De 
Lorenzo et al., 2012; Koh et al., 2012), summarized in the 
review by Zhang et al. (2015a) along with the prospective 
studies previously mentioned. Of the 239 pooled clinically 
evaluable patients, 83% had a favorable outcome (cure or 
treatment completion). There was no difference in favorable 
outcome between those receiving a dose of ≤ 600 mg or 
>  600 mg daily; however, mortality and failure rates were 
higher in the > 600 mg daily group, as were hematologic 
adverse effects. Patients receiving a lower dose had a higher 
rate of neurologic toxicity, possibly related to the longer 
duration of treatment seen in the group. In all, nearly half of 
the 367 patients for whom safety data were available experi-
enced an adverse event attributable to linezolid; 35% required 
discontinuation of the drug. A small retrospective study of 
linezolid for drug-resistant tuberculosis in 7 children has 
been published; 4 were cured, and 3 had converted sputum 
but remained on treatment at the close of the study (Rose et 
al., 2012). Adverse events were noted in 3 children; however, 
only one had to cease linezolid after a life-threatening epi-
sode of pancreatitis with lactic acidosis. Linezolid has also 
been found effective in the treatment of tuberculous menin-
gitis (Sun et al., 2014), including a case of XDR tuberculous 
meningitis in a 4-year-old child (Alsleben et al., 2015).

Ultimately, although linezolid provides additional benefit 
in treatment regimens for MDR Nocardia and mycobacterial 
infections, toxicity associated with prolonged therapy may 
limit use for these indications.
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1. DESCRIPTION

Cadazolid (formerly ACT-179811) is a nonabsorbable, fluoro-
quinolone-oxazolidinone class antibiotic that inhibits bacterial 
protein synthesis. The substance is moderately lipo philic (log 
D = 1.2), acidic ( pKa = 6.0), and poorly soluble in aqueous 
solution (150 ng/ml). Its chemical structure is formally [(R)-1-
cyclopropyl-6-fluoro-7-{4-[2-fluoro-4-(5-hydroxymethyl-2-
oxo-oxazolidin-3-yl)-phenoxymethyl]-4-hydroxy-piperidin-
1-yl}-4-oxo-1,4-dihydro-quinoline-3-carboxylic acid], and the  
molecular formula is C29H29N3O8F2 (Baldoni et al, 2014) 
(Figure 74.1).

It is being studied as a narrow spectrum oral therapy for 
Clostridium difficile infection (CDI) or C. difficile-associated 
diarrhea (CDAD). The drug remains in the gut with negligi-
ble systemic absorption and is excreted almost entirely un- 
changed in the feces (Chilton et al., 2014). Cadazolid inhibits 
formation of toxins A and B of C. difficile, and prevents in 
vitro spore formation at sub-growth-inhibitory concentra-
tions. In a human gut model, it was a very narrow spectrum 
agent against C. difficile with little disruption of normal gut 
flora (Chilton et al., 2014; Baldoni et al., 2014).

To summarize the development of the drug thus far, the 
first use of cadazolid in humans occurred in 2009, with phase 
II development finished by 2012. Cadazolid is currently 
being evaluated in phase III clinical trials to determine if it is 

noninferior to vancomycin therapy for CDAD (Clinicaltrials.
gov, 2016).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The spectrum of cadazolid is limited to Gram-positive bac-
teria in general (Locher et al., 2014b) and primarily active 
against C. difficile. Despite being a fluoroquinolone-oxazo-
lidinone class drug, cadazolid does not demonstrate an addi-
tive spectrum of activity against organisms that would be 
expected from fluoroquinolone and oxazolidinone proper-
ties,  suggesting other factors at play, such as theoretical steric 
hindrance at the sites of action, that give it a uniquely narrow 
spectrum despite the constituent fluoroquinolone side chain 
(Chilton et al., 2014).

CLOSTRIDIUM DIFFICILE

Cadazolid was shown to be active against 100 clinically rele-
vant strains of C. difficile including ribotypes with increased 
resistance to metronidazole as well as strains resistant to 
moxifloxacin and linezolid. The mean minimum inhibitory 
concentration (MIC) of cadazolid was sevenfold lower than 
vancomycin and ninefold lower than metronidazole (Chilton 
et al., 2014); the MIC90 was 0.125 mg/l (range 0.03–0.25 mg/l). 

Figure 74.1. Chemical structure of cadazolid. [(R)-1-
cyclopropyl-6-fluoro-7-{4-[2-fluoro-4-(5-hydroxymethyl-
2-oxo-oxazolidin-3-yl) phenoxymethyl]-4-hydroxy- 
piperidin-1-yl}-4-oxo-1,4-dihydro-quinoline-3-carboxylic 
acid] (Locher et al., 2014b).
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In a gut model of C. difficile infection, levels of cadazolid 
remained fifty- to one hundredfold above MIC even 14 days 
after dosing (Chilton et al., 2014). Results of another study 
demonstrated that the MIC for cadazolid ranged between 
twofold to eightfold lower than the MICs for metronidazole 
or vancomycin in 133 strains of C. difficile isolated in Sweden 
(Rashid et al., 2013) (Table 74.1).

C. difficile ribotype 001, known to have reduced suscepti-
bility to metronidazole, had a geometric mean MIC for cada-
zolid of 0.07 mg/l versus 5.28mg/l for metronidazole. For 
ribotypes 027 and 106 isolates, the geometric mean MICs 
were 0.06–0.125 mg/l for cadazolid versus metronidazole’s 
range of 2–4 mg/l. Two C. difficile isolates with mutations in 
gyrA/gyrB nonetheless were highly susceptible to cadazolid 
with MICs 0.06 and 0.03 mg/l, respectively (Chilton et al., 2014).

Given its ability to potently inhibit protein synthesis, 
cadaz olid interferes with C. difficile toxin and spore forma-
tion (Locher et al., 2014a). Because this drug not only inhibits 
the organism but also blocks toxin production in toxigenic 
strains of C. difficile, it is superior to vancomycin and metro-
nidazole in terms of this additional property (Rashid et al., 
2013). Toxin production (the main virulence factor of C. dif-
ficile) is strongly inhibited even at 1 times and 4 times the 
MIC, a concentration at which the viable colony forming 
unit (CFU) count was not affected, and even at 0.25 times 
MIC, toxin production is still substantially inhibited (Locher 
et al., 2014a; Louie et al., 2015).

OTHER GRAM-POSITIVE BACTERIA 

Other than targeting C. difficile and to a lesser extent other 
Clostridia species, the disruption to normal gut flora from 
cadazolid is restricted to bifidobacteria for the most part, as 
determined by a gut model. Bifidobacteria were reduced by 
both the lowest and highest dosing regimens of cadazolid to 
below the limit of detection and remained at such levels for the 
duration of the 14-day monitoring period in this model. There 
was also some impact on enterococci, which was modest 
though a significant viable population remained. Notably, the 
drug does not diminish Bacteroides fragilis populations, unlike 
its comparator drug vancomycin, which is commonly used 

against C. difficile. This is one theoretical advantage of this 
agent, but it is unclear if this translates into a benefit of reduc-
ing recurrences of the infection. Cadazolid also did not affect 
Lactobacillus species in the gut model (Chilton et al., 2014).

2b.  Emerging resistance and 
cross-resistance

In an investigation into cadazolid’s mechanism of action and 
development of resistance in C. difficile strains, spontaneous 
resistance to cadazolid occurred in low frequencies in all 
strains of C. difficile tested (< 10–10 at two to four times MIC). 
In multiple-passage experiments cadazolid MICs did not sig-
nificantly increase (Locher et al., 2014a). The use of cadazolid 
was not associated with emergence or selection of cadazol-
id-resistant strains of C. difficile in vitro (Chilton et al., 2014). 
In addition, it did not select for linezolid or quinolone re - 
sistance, though it contains structural similarities to these  
molecules (Chilton et al., 2014).

Cadazolid MICs for C. difficile remain low and within a 
narrow range even after treatment and exposure to the drug 
(noting that the cadazolid doses used in a phase II trial result 
in fecal concentrations that are several thousandfold in 
excess of the MIC90). Patients who experience clinical recur-
rences or treatment failures in phase II studies continue to 
have strains with normal susceptibility to cadazolid, how-
ever, and MICs are similar to those of patients who are clini-
cally cured (Gerding et al., 2016).

In unpublished data, there is also a suggestion that cadazolid 
does not promote intestinal colonization with vancomycin- 
resistant enterococci (VRE) in mice who receive the drug. This 
issue is of concern in the treatment of C. difficile given that 
vancomycin and metronidazole have both been associated 
with promotion of VRE, and VRE may also develop resis-
tance to fidaxomicin during therapy (Seiler et al., 2015). As 
noted previously, there is modest disruption in enterococci 
from cadazolid’s effect on the gut flora, though these popula-
tions are not heavily affected (Chilton et al., 2014). VRE col-
onization is not promoted by cadazolid potentially because 
the drug has good activity against it and low propensity for 
resistance developing, but this requires further study. There 
is a suggestion that VRE colonization is reduced in a dose- 
dependent manner by cadazolid treatment, with cadazolid 
MICs remaining low at 0.5 ng/ml without changing after 
treatment, whereas fidaxomicin had no effect on reducing VRE 
colonization despite theoretical activity against it. Fidaxo mi-
cin MICs increased over the course of treatment from 1 ng/ml 
to 64 ng/ml, indicating development of resistance to fidaxo-
micin (Seiler et al., 2015).

3. MECHANISM OF DRUG ACTION

Cadazolid inhibits bacterial protein synthesis. In addition, at 
high concentrations it demonstrates weak inhibition of DNA 
synthesis as well, though this is not its primary mechanism 
of action, and to observe half-maximal inhibition of DNA 

Table 74.1. Minimum inhibitory concentrations of nine antibiotics 
against 114 C. difficile isolates

Antimicrobial 
agents MIC50 mg/l MIC90 mg/l Range mg/l

Cadazolid 0.125 0.5 0.008–0.5

Fidaxomicin 0.064 0.125 0.008–0.125

Vancomycin 0.5 0.5 0.125–1

Metronidazole 0.5 1 0.125–2

Tigecycline 0.064 0.125 0.032–0.25

Ciprofloxacin 8 32 1–256

Moxifloxacin 2 16 0.25–32

Linezolid 2 4 0.125–8

Clindamycin 8 32 1–256

Abbreviations: MIC: minimum inhibitory concentration
Source: Rashid et al. (2013).
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synthesis, concentrations need to be at least sixtyfold higher 
than the concentrations needed for protein synthesis inhibi-
tion (Baldoni et al., 2014; Locher et al., 2014a).

Macromolecular labeling studies have been performed to 
study the incorporation of L-leucine as an indicator of pro-
tein synthesis, adenine indicating nucleic acid synthesis, and 
N-acetyl-D-glucosamine regarding cell wall synthesis, in four 
strains of C. difficile. These experiments showed that cada-
zolid was acting as an inhibitor of protein synthesis. In vitro 
transcription/translation assays showed it was interfering 
with translation machinery rather than transcription reac-
tion. There is no inhibition of peptidoglycan synthesis 
(Locher et al., 2014a).

Because cadazolid has a fluoroquinolone moiety, it was 
studied as to whether it acts as a DNA topoisomerase inhibi-
tor. Cadazolid did not inhibit C. difficile DNA gyrase even at 
maximum solubility in the assay buffer (2–5% DMSO, 50 nm). 
C. difficile does not have a topoisomerase IV enzyme; how-
ever, with E. coli DNA gyrase and topoisomerase-IV, cada-
zolid had measurable inhibition (Locher et al., 2014a).

Spore formation is also significantly affected by cadazolid 
in cultures of C. difficile after selective killing of vegetative 
cells with ethanol. In control conditions, ethanol-resistant 
spores increased over the course of 5 days until they repre-
sented the majority of viable counts. When cadazolid is added 
at subgrowth-inhibitory concentrations, ethanol- resistant 
spore formation was impaired over this 5-day monitoring 
period. At 1  times the MIC, no new spore growth was 
observed. At 0.5 times the MIC, spore formation was still 
strongly inhibited. In contrast, vancomycin did not delay 
spore formation at these concentrations with respect to MIC 
(Locher, et al., 2014a; Locher, et al., 2014b). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Cadazolid is not available for clinical use and is currently 
being evaluated in phase III clinical trials. Cadazolid 250 mg 
orally twice daily for 10 days was chosen as the dosing regi-
men to study in phase III given that among dosing regimens 
including 250 mg, 500 mg, and 1000 mg twice daily for 10 
days, there was no dose-dependent improvement in response 
with escalated doses, and fecal concentrations of cadazolid 
remain thousands of times above the MIC even at the lower 
dose of 250 mg. In phase II studies, there was no observed 
safety concern and all previously studied doses are well toler-
ated (Louie et al., 2015; Chilton et al., 2014).

Cadazolid exists as a powder, reconstituted before admin-
istration into an oral suspension. In a study of its use within 
a mechanical gut model, the cadazolid was given as a solu-
tion prepared in dimethylsulfoxide (DMSO) because it had 
relatively poor water solubility in vitro (Chilton et al., 2014). In 
contrast, comparator drugs were diluted in deionized water. 
The downside of using DMSO was that the solution could not 
be sterilized via a filter, as DMSO caused the filter to break 
down. Of note, 10% DMSO agar itself was inhibitory to C. dif-
ficile and B. fragilis species, so it was diluted to 1% DMSO in 

this study, which proved to not inhibit bacterial growth at that 
concentration on agar (Chilton et al., 2014).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Cadazolid has very poor bioavailability after oral administra-
tion. Cadazolid doses studied in the first human trials ranged 
from 30 mg to 3000 mg. This included 30 mg as the predicted 
safe first-in-human dose in phase I, with multiple ascending 
doses tested in phase I, including 300 mg twice daily for 10 
days, 1000 mg twice daily for 10 days, and 3000 mg twice daily 
for 10 days (Baldoni et al., 2014). After a single oral dose of 
3000 mg of cadazolid in six patients with severe CDAD in a 
phase I study, the maximum observed plasma concentration 
over the course of monitoring for 144 hours was extremely 
low at 7.3 ng/ml. The first peak in plasma levels tended to 
occur within 1–4 hours of the dose (median 3 hours), Cmax 
2.2 ng/ml, and a second peak was observed in four of six sub-
jects between 48 and 144 hours, with a Cmax of 2.1 ng/ml 
(Gehin et al., 2015). This is within a similar range to plasma 
levels previously reported in healthy subjects who took 
cadazolid, suggesting no difference in absorption if the gut 
was inflamed (Baldoni et al., 2014).

Even in cases of severe CDAD, when the lining of the gas-
trointestinal tract was assumed to be the most inflamed and 
disrupted compared to milder disease, systemic absorption 
of cadazolid was still minimal. In these cases of severe dis-
ease, even administering a dose five to six times higher than 
the lower bound of doses given in other studies (3000 mg vs. 
250 mg), the peak plasma level was of a similar magnitude 
after a single oral dose, suggesting a nonlinear systemic ab - 
sorption, even when the gut barrier is more permissive, 
though the epithelium was not directly biopsied to assess the 
degree of disruption and severity of disease was assessed on 
clinical grounds (Gehin et al., 2015). 

The Phase II study including multiple doses (250 mg twice 
daily up to 1000 mg twice daily for 10 days) also demon-
strated low plasma levels of cadazolid. The maximum con-
centration was 0.0189 mg/l in a patient on 1000 mg twice 
daily. Plasma levels on day 5 or 6 of treatment were similar to 
those at the end of the course. Levels were generally lower 
than these after only the first dose of drug, however. A num-
ber of patients had no detectable plasma level of cadazolid on 
days 5 and 6 (3/20, 0/22, and 1/19 patients in the dosing 
groups of 250 mg, 500 mg, and 1000 mg, respectively). A two-
fold increase in dosage resulted in only a 1.2-fold to 1.8-fold 
plasma concentration increase, suggesting that plasma cada-
zolid concentrations do not increase in a dose- proportional 
fashion (Louie et al., 2015).

5b.  Drug distribution

In the in vitro gut model, cadazolid concentrations within 
the simulated gut lumen remained above the MIC (> 0.06 
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mg/l) for the postinstillation period of 14 days. There was a 
10- to 100-fold difference in amount of drug in soluble ver-
sus total concentrations as measured by high-performance 
liquid chromatography. At least within the model, a signifi-
cant proportion of the drug remained insoluble. Higher doses 
of cadazolid administered did not result in higher concentra-
tions of soluble drug (Chilton et al., 2014).

Peak fecal concentrations of cadazolid in human subjects 
who received a one-time dose of 3000 mg had a geometric 
mean of 11.18 mg/g. In subjects receiving two daily doses, 
when measured at days 6 and 10, geometric mean fecal con-
centrations increased proportionally based on dose, ranging 
between 2.4 mg/g (300-mg dosing) and 27.7 mg/g (3000 mg 
dosing). One percent of cadazolid could be extracted in its 
unbound form in feces, as measured by two subjects who 
received a 3000 mg dose. (After ultracentrifugation and ultra-
filtration of the fecal samples, 1% of the total concentration 
was measurable within the supernatant.) Mean peak levels in 
feces after such a dose were 0.112 mg/g, which is 400-fold 
higher than the MIC90 for C. difficile. Concentrated distribu-
tion of cadazolid in the colon is an important property of the 
drug, as it achieves extremely high concentrations only at 
the site of action, well in excess of the MIC for C. difficile, and 
with minimal absorption or distribution to other body sites 
where it is not needed, avoiding potential toxicities and max-
imizing efficacy (Baldoni et al., 2014).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features 

Plasma concentrations of cadazolid are low, and it remains 
largely within the gut. No plasma concentrations exceeded 
3.3 ng/l after single doses of the compound, and after 10 days 
of two daily doses, the levels observed were 6.9 ng/l or lower. 
Between days 3 and 10 after dosing in all dose groups of 
twice daily regimens, there is no difference between trough 
concentrations in the plasma, suggesting steady state is 
achieved between days 3 and 4 (Baldoni et al., 2014).

There is an increase in absorption and serum levels when 
the compound is taken with food (2.6-fold). The mean Cmax 
increases from 0.73– to 1.87 ng/ml and mean AUC0 – t from 
3.13 to 15.69 ng-h/ml after a one-time 300-mg dose. In- 
creasing doses did not proportionally increase systemic expo- 
sure, however. Gut transit and thus absorption is delayed by 
food by approximately 2 hours (Baldoni et al., 2014).

In time-kill experiments, cadazolid demonstrates time- 
dependent, bactericidal activity against C. difficile. Within 24 
hours, it results in a 3-log or greater reduction in CFU at all 
concentrations tested, ranging from 1–16 times the MIC. 
This was true of the ATCC 9689 strain as well as a virulent 
fluoroquinolone-resistant ribotype 027 strain NCTC 13366. 
The initial kill rate for this hypervirulent strain was slower; 
however, by 24 hours the magnitude of cidality was similar to 
that of the other strain. Vancomycin at 2–8 times the MIC 
did not reach the same magnitude of 3 log10 CFU killing after 
24 hours when tested in parallel (Locher et al., 2014a).

In vitro studies include a simulated gut model. The gut 
model consisted of three pH-maintained fermentation ves-
sels containing a fecal emulsion from five healthy elderly vol-
unteers who were C. difficile negative and had not received 
antibiotics in the past three months. The gut model was inoc-
ulated with C. difficile spores and then induced to simulated 
CDI by administration of clindamycin for 7 days at physio-
logically meaningful concentrations. Once there was ade-
quate evidence of high toxin titers from C. difficile, cadazolid 
was administered at 250 mg/l or 750 mg/l for 7 days (the low-
est and highest regimens used in phase II clinical trials). 
Cytotoxin titers were then measured for the next two weeks, 
along with assessments of the other gut flora populations 
(Chilton et al., 2014). Cadazolid had a marked effect in 
diminishing C. difficile in the gut model. Viable counts were 
reduced 5 log10 CFU/ml by the end of the instillation period, 
to below the limit of detection. In addition to inhibiting 
viable C. difficile counts, cadazolid also acted on vegetative 
forms of the organism and decreased spore counts. On occa-
sion C. difficile was isolated at the limits of detection after the 
instillation period; however, there was no evidence at these 
times of any spore germination or increase in toxin produc-
tion (Chilton et al., 2014).

In the phase II study, increasing cadazolid dosage beyond 
250 mg did not seem to enhance the rate of initial successful 
treatment or result in increased sustained response rates 
(Louie et al., 2015).

5d.  Excretion

Most of the drug remains within the gut without significant 
metabolites or breakdown products. After 10 days of either 
300 mg or 3000 mg taken twice daily, there is no evidence of 
metabolites in plasma samples. Unchanged compound can 
be detected in the urine at < 0.015% of the administered 
dose. Fecal recovery is 81– 93.5% (Baldoni et al., 2014).

After a single dose of 3000 mg of cadazolid, the drug 
could be detected in plasma in 50% of subjects 24 hours after 
dosing, and one subject maintained detectable levels 120 hours 
after dose (0.29 ng/ml). A terminal half-life could not be 
determined for one-time doses lower than 300 mg because of 
low plasma concentrations (Baldoni et al., 2014).

5e.  Drug interactions

Cadazolid has not been studied specifically regarding inter-
actions with other drugs. 

6. ADVERSE REACTIONS AND TOXICITY

Cadazolid is well tolerated even up to 3000 mg when admin-
istered twice daily for 10 days, which is higher than the dose 
being studied in phase III (250 mg twice daily) (Baldoni et 
al., 2014). Headache is the most common adverse event (AE) 
reported, occurring in 10% or less of treatment groups in the 
phase II study. Most adverse effects are of mild to moderate 
intensity (Louie et al., 2015). 
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In a phase I study of single ascending doses (a one-time 
dose ranging between 30 mg and 000 mg) in healthy volun-
teers, cadazolid was associated with the AE of diarrhea in 4 
of 40 subjects (one in the 30-mg group, one in the 1000-mg 
group, one in the 3000-mg group, and one in the placebo 
group). Headache was the most commonly reported AE in 
this study, however, occurring in two subjects within each of 
the 100 mg, 1000 mg, and placebo groups. Headache occurred 
5 hours after dosing in one subject and within 8–22 hours 
after dosing in the others (Baldoni et al., 2014).

In the phase I multiple ascending dose study (a 10-day 
course of twice daily dosing of either 300 mg, 1000 mg, or 
3000 mg), 8 of 24 subjects reported AEs. Again headache was 
common, reported by two subjects in 300-mg group, three in 
the 1000-mg group, and one in the placebo group; some 
occurred within 3 hours of the dose and the rest 6–10 hours 
later. One subject in the 300-mg dosing regimen reported 
decreased appetite. There were no reports of diarrhea as an 
AE by any of the 24 subjects within this multiple-dose study 
(Baldoni et al., 2014).

In a phase II study randomizing 84 patients to one of 
three cadazolid doses versus vancomycin, there was no evi-
dence of perturbation in hematology or chemistry values 
among cadazolid-treated patients. Vital signs monitoring 
showed no adverse effect on blood pressure or heart rate, and 
there were no effects on electrocardiogram (ECG) parame-
ters. The AEs that occurred were not dose dependent. Serious 
AEs were rare (a total of eight subjects across all treatment 
groups), including two deaths, but investigators judged the 
deaths were not related to the drug itself. Overall, 23–30% 
of patients in cadazolid treatment groups experienced some 

kind of treatment emergent AE, though this was a lower fre-
quency than patients in the vancomycin group (45.5%) and 
the AEs were mild to moderate in severity (Louie et al., 2015).

7. CLINICAL USES OF THE DRUG

C. DIFFICILE INFECTION

Phase III studies are ongoing to determine if cadazolid is 
noninferior to vancomycin therapy for CDAD (Clinicaltrials.
gov, 2016).

A randomized double-blind controlled phase II trial re- 
cruited patients with first occurrence or first recurrence of 
CDI. They were randomized to 250, 500, or 1000 mg cada-
zolid orally twice daily or oral 125 mg vancomycin four times 
daily as the comparator, for 10 days. The primary endpoint 
was clinical cure at test of cure after the end of treatment 
(defined as resolution of diarrhea with no further need for 
treatment for C. difficile). Eighty-one patients (91.4%) com-
pleted the study. The proportion of clinical cure was similar 
between cadazolid groups and the vancomycin treatment 
group, without any suggestion of dose response within the 
cadazolid groups. There was a higher sustained response rate 
in cadazolid-treated patients, however. Each dosage of cada-
zolid had a lower recurrence rate than the vancomycin group, 
18.2–25% recurrence in cadazolid vs. 50% recurrence rate  
in the vancomycin group (Louie et al., 2015; Table 74.2). 
Whether the features of low resistance potential and the narrow 
spectrum of cadazolid will play a role in reducing recurrences 
of CDAD as compared to vancomycin requires further study 
(Locher et al., 2014a; Chilton et al., 2014; Gerding et al., 2016).

Table 74.2. Clinical efficacy of cadezolid at various doses compared to vancomycin for CDI—based on a modified intent to treat analysis 
(all randomized patients receiving at least one dose of study drug and confirmed diagnosis of CDI).

Parameter

Cadazolid Vancomycin

250 mg BID 500 mg BID 1000 mg BID 125 mg QID

Clinical cure rate (n [%]) 13 (76.5) 16 (80.0) 13 (68.4) 15 (68.2)

80% CI 58.4, 89.3 63.9, 91.0 51.1, 82.5 52.3, 81.3

Treatment group p value (right-sided)
(Clinical cure rate vs. prespecified 75% cure rate 

tested with a one-sided 10% exact binomial test)

0.57 0.41 0.83

Number studied 17 20 19 22

Recurrence rate [n(%)] 2 (18.2) 3 (25.0) 2 (22.2) 7 (50.0)

80% CI 4.9, 41.5 9.6, 47.5 6.1, 49.0 30.5, 69.5

Number studied 11 12 9 14

Sustained clinical response rate [hourly(%)] 9 (60.0) 9 (56.3) 7 (46.7) 8 (33.3)

80% CI 40.4, 77.4 37.5, 73.7 28.2, 65.8 19.6, 49.7

Number studied 15 16 15 21

Median time to resolution of diarrhea (hourly) 141.2 173.6 135.5 133.7

80% CI 107.3, 180.7 86.7, 212.1 110.8, 286.3 90.7, 190.9

Number studied 17 20 19 22

Abbreviations: BID: twice daily; CI: confidence interval; CDI: C. difficile infection; QID: four times daily 
Source: Louie et al., 2015.

http://Clinicaltrials.gov
http://Clinicaltrials.gov
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Cadazolid is currently being evaluated in two phase III stud-
ies (IMPACT, International Multi-center Program Assessing 
Cadazolid Treatment) in patients with CDAD. The studies com-
pare safety and efficacy of a 250-mg twice daily dose of cadazolid 
for 10 days, which is the lowest dose studied in the phase II 
study. The trials compare cadazolid to oral vancomycin 125 mg 
four times daily for 10 days in a noninferiority study. In addi-
tion, the trial aimed to determine whether sustained response 
in cadazolid-treated patients was superior, that is, whether it 
was associated with reduced recurrence rates relative to the cur-
rent standard of care. The enrollment target is 1280 subjects, and 
recruitment began in 2013. The studies are ongoing (Actelion 
Pharmaceuticals Ltd., 2016a; Clinicaltrials.gov, 2016). In 
2014 the U.S. Food and Drug Administration (FDA) cleared 
the compound for Fast Track designation for development in 
treating CDAD (Acte lion Pharmaceuticals Ltd., 2016b).
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Radezolid

Francis Magro and Helen W. Boucher

1. DESCRIPTION

Expanding on the oxazolidinone class of antibiotics is radezolid, 
also known as Rx-01_667 and RX-1741, which is currently 
undergoing study. The molecular formula is C22H23FN6O3. Its 
molecular weight is 438.4 g/mol, and its chemical name is 
N-{[(5S)-3-(2-Fluoro-4′-{[(1H-1,2,3-triazol-5-ylmethyl)
amino]methyl}biphenyl-4-yl)-2-oxo-1,3-oxazolidin-5-yl]
methyl}acetamide. The structure is shown in Figure 75.1. 

Oral and intravenous formulations are being developed. 
It was designed based on knowledge about its progenitor 
compound, linezolid, the first approved oxazolidinone (see 
Chapter 73, Linezolid). Radezolid was tailored to have an 
expanded spectrum that includes the fastidious Gram-
negative organisms Haemophilus influenzae and Moraxella 
catarrhalis with an aim to increasing its usefulness as a pneu-
monia treatment agent, as well as maintaining activity against 
Gram-positive organisms including those demonstrating 

linezolid resistance, particularly enterococci. This drug has 
progressed to phase II clinical trials (Lawrence et al., 2008). 

2. KEY FEATURES

Radezolid has static and cidal properties that are similar to 
those of linezolid. It is bacteriostatic against enterococci and 
methicillin-resistant Staphylococcus aureus (MRSA), but bac- 
teriocidal against Streptococcus pneumoniae, and also dem- 
onstrates cidality toward H. influenzae 54A1100 (though it is 
static against another strain—H. influenzae A1950) (Law rence 
et al., 2008). Its mechanism of action, as with other oxazolidi-
nones, is to bind to the 50S ribosomal subunit and inhibit the 
initiation phase of translation (Shaw and Barbachyn, 2011).

The bioavailability of radezolid is lower than that of line-
zolid, at 40% (Shaw and Barbachyn, 2011). The drug shows 
2-fold to 4-fold more activity against methicillin-susceptible 
Staphylococcus aureus (MSSA) and coagulase negative staph-
ylococci (CoNS) than linezolid, and 4-fold to 16-fold more 
activity against enterococci. Minimum inhibitory concentra-
tion (MIC) MIC90 values against MRSA were 4 μg/ml; the 
MIC50 and overall distribution of MICs was superior for rade - 
zolid compared with linezolid, with values equally distributed 
over 0.5-, 1-, 2-, and 4-mg/l values, whereas the MIC distri-
bution for linezolid was heavily weighted at 2 mg/L (n = 21), 
followed by 4 mg/L (n = 8). Against Enterococcus faecalis and 
E. faecium isolates, radezolid had MIC90 values of 0.5–1 mg/L 
(includes vancomycin-resistant and vancomycin-susceptible 
isolates) (Lawrence et al., 2008).

Two phase II studies of radezolid have been completed, 
one in uncomplicated skin and skin structure infections and 
the other in community-acquired bacterial pneumonia. Phase 
III trials have not been initiated (Shaw and Barbachyn, 2011). 

The first study was a multicenter, randomized, open-label, 
comparative study on the safety and efficacy of radezolid in 
skin and skin structure infections (ClinicalTrials.gov, 2014). 
The study arms used oral radezolid 450 mg daily, radezolid 
450 mg twice daily, or linezolid 600 mg twice daily as a com-
parator; the duration of therapy was 5–10 days. The primary 
outcome was clinical evidence of cure within 5–20 days. No 

Figure 75.1. Chemical structure of radezolid. (Shaw and 
Barbachyn, 2011)
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statistical analysis was provided for the primary outcome. 
Numerically, 38 patients (of 39 analyzed) in the daily 
radezolid arm achieved clinical cure, 34 (of 36 analyzed) had 
clinical cure in the twice-daily radezolid arm, and 37 (of 38 
analyzed) had clinical cure in the linezolid arm. There were 
no serious adverse events reported in any participants. Other 
adverse events occurred at a total frequency of 41%, 34%, 
and 21% in the once daily radezolid arm, the twice-daily 
radezolid arm, and the linezolid arm, respectively (Clinical 
Trials.gov, 2014; Shaw and Barbachyn, 2011).

The second study, involving community-acquired bacte-
rial pneumonia (ClinicalTrials.gov, 2015), was a phase II, 
multicenter, randomized, double-blind trial aimed to study 
safety and efficacy in treating community-acquired pneumo-
nia of mild to moderate severity (defined as a CURB-65 score 
of 0 or 1). The primary outcome was clinical cure at study 
days 14–38. There were three experimental arms in this 
study: radezolid 300 mg daily, radezolid 450 mg daily, and 
radezolid 450 mg twice daily, all for a course of 7–10 days. No 
statistical analysis was provided in the preliminary data, but 
in the first arm, 34 of 37 analyzed participants achieved cure; 
in the second arm, 37 of 44 achieved cure; and in the third 
arm, 32 of 41 achieved cure. There were several serious 

adverse events affecting diverse organ systems, reported in 3 
of 53 patients in the first arm, 2 of 52 patients in the second 
arm, and 5 of 53 patients in the third arm. Each type of ad- 
verse event was unique with one occurrence each in most 
cases, including confusional state, dehydration, elevated 
hepatic enzymes, acute renal failure, atrial fibrillation, peptic 
ulcer perforation, pneumonia, tuberculosis, diabetes, adeno-
carcinoma of the lung, and pulmonary embolism in one 
patient each; pleural effusion occurred as a serious adverse 
event in two patients (ClinicalTrials.gov, 2015; Shaw and 
Barbachyn, 2011).
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Tedizolid

Monique R. Bidell, George L. Drusano, Thomas P. Lodise

1. DESCRIPTION

Tedizolid (TR-700, DA-7157; formerly torezolid), the active 
moiety of the prodrug tedizolid phosphate (TR-701, DA-7218; 
formerly torezolid phosphate), is a member of the oxazolidi-
none antibiotic class (Michalska et al., 2013; Locke et al., 
2014b). In June 2014, tedizolid phosphate (Sivextro) was ap - 
proved in the USA and became the second commercially 
available oxazolidinone after linezolid (Zyvox; approved 2000). 
It received expedited review as a Qualified Infectious Disease 
Product (QIDP) under the Generating Antibiotic Incentives 
Now (GAIN) Act. Currently, tedizolid is approved for treat-
ment of acute bacterial skin and skin structure infections 
(ABSSSIs) at 200 mg orally or intravenously once daily for 6 
days. It is administered as the inactive prodrug tedizolid 
phosphate, which is rapidly converted to the active moiety by 
phosphatases in vivo (Locke et al., 2014b; Vera-Cabrera et al., 
2006b). Antibacterial activity is conferred by the R-enantiomer 
(Michalska et al., 2016). The chemical name of tedizolid 
phosphate is [(5R)-3-{3-Fluoro-4-[6-(2-methyl-2H-tetrazol- 
5-yl) pyridin-3-yl]phenyl}-2-oxooxazolidin-5-yl]methyl hydro-
gen phosphate. Its molecular formula is C17H16FN6O6P 
and its molecular weight is 450.32 (Merck, 2014). The struc-
tural formula is shown in Figure 76.1. 

Tedizolid, like other oxazolidinones, binds to the large 
50S ribosomal subunit to inhibit bacterial protein synthesis 
(Leach et al., 2007; Locke et al., 2009, 2010; Zhanel et al., 
2015; Shaw et al., 2008). It demonstrates potent antibacterial 
activity against a range of aerobic and anaerobic Gram-
positive organisms, including resistant strains, as well as 
myco bacteria. Several studies have demonstrated that tedizolid 
is at least fourfold more potent than linezolid against key 
Gram-positive pathogens (Lee et al., 2015; Shaw et al., 2008; 
Sahm et al., 2015; Brown et al., 2010). Although additional 
research is needed, initial studies suggest that tedizolid may 
exhibit less neurologic and hematologic toxicity than line-
zolid (Flanagan et al., 2015). Its favorable pharmacokinetic 
and initial safety profiles have led to study of tedizolid for 
potential treatment of hospital-associated bacterial pneu monia 

(HABP) due to Gram-positive bacteria (clinical trial NCT0-
2019420, ClinicalTrials.gov).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Tedizolid exhibits in vitro microbiologic activity against a range 
of clinically relevant Gram-positive organisms, including resis-
tant strains such as methicillin-resistant staphylococci, vanco-
mycin-resistant enterococci, and penicillin-resistant streptococci 
(Lee et al., 2015; Yum et al., 2010; Bien et al., 2014; Sahm et al., 
2015; Choi et al., 2012; Brown et al., 2010; Baek et al., 2016). It 
is also active against other Gram-positive organisms, including 

Figure 76.1. Chemical structure of tedizolid phosphate. 
(Adapted with permission from U.S. National Library of 
Medicine, National Center for Biotechnology Information, 
PubChem Open Chemistry Database. Compound Summary 
for CID 11234049. Tedizolid. pubchem.ncbi.nlm.nih.gov/
compound/11234049. Accessed 30 June 2016.) 
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anaerobes, and some mycobacteria (Brown et al., 2010; Lee et 
al., 2015; Yum et al., 2010; Vera-Cabrera et al., 2006b; Brown-
Elliott et al., 2016a). In vitro studies against a wide range of 
clinical pathogens have consistently demonstrated that tedi-
zo lid is several-fold (e.g. fourfold to eightfold) more active 
than linezolid (Lee et al., 2015; Shaw et al., 2008; Sahm et al., 
2015; Brown et al., 2010). Tedizolid has limited to no activity 
against clinically relevant Gram-negative aerobes, but does 
exhibit some activity against Gram-negative anaerobes (Yum 
et al., 2010; Brown et al., 2010). Tedizolid does not have an 
appreciable in vitro antibiotic effect (Locke et al., 2014b).

Tedizolid susceptibility breakpoints have been established 
for a limited number of Gram-positive pathogens by the 
Clinical and Laboratory Standards Institute (CLSI) and Euro-
pean Committee on Antimicrobial Susceptibility Testing 
(EUCAST). Breakpoints were established using minimum 
inhibitory concentration (MIC) population distribution data, 
pharmacokinetics and pharmacodynamics, Monte Carlo sim-
ulations, and clinical and microbiologic outcome findings from 
clinical studies (Zurenko et al., 2014). CLSI MIC interpretive 
criteria for tedizolid are provided for Staphylococcus aureus 
(susceptible ≤ 0.5 mg/l, intermediate 1 mg/l, resistant ≥ 2 mg/l), 
Enterococcus faecalis (susceptible ≤ 0.5 mg/l), beta-hemolytic 
streptococci S. pyogenes and S. agalactiae (susceptible ≤ 0.5 
mg/l), and S. anginosus group viridans streptococci (S. angi
nosus, S. intermedius, S. constellatus) (susceptible ≤ 0.25 
mg/l) (CLSI, 2016). At this time, CLSI recommendations 
mirror those of the Food and Drug Administration (FDA) 
(Merck, 2014). EUCAST provides susceptibility criteria for 
Staphylococcus species (≤ 0.5 mg/l) and Streptococcus groups 
A, B, C, and G (≤ 0.5 mg/l) (EUCAST, 2016). MIC interpre-
tive criteria and susceptibility breakpoints have not been 
established by any organization for Streptococcus pneumo
niae and Enterococcus faecium. In vitro epidemiologic cutoff 
values may be useful to distinguish wild-type versus non–
wild-type organisms in the absence of established suscepti-
bility breakpoints (CLSI, 2016). Susceptibility and resistance 
trends are monitored as part of the Surveillance of Tedizolid 
Activity Resistance (STAR) program (Sahm et al., 2015). The 
Can adian Antimicrobial Resistance Alliance (CARA) has 
also per formed tedizolid susceptibility surveillance (Golden 
et al., 2016). A summary of the in vitro activity of tedizolid 
against key pathogens is shown in Table 76.1.

Given that susceptibility testing for tedizolid is not rou-
tinely performed, linezolid susceptibility appears to be a suit-
able surrogate in many cases, although exceptions apply (see 
section 2b, Emerging resistance and cross-resistance). In a 
2011–2012 study conducted by the STAR program, 99.9% 
(4488/4492) of linezolid-susceptible S. aureus were also sus-
ceptible to tedizolid (MIC ≤ 0.5 mg/l). (Sahm et al., 2015) 
Currently, EUCAST indicates that linezolid-susceptible or- 
ganisms can be considered susceptible to tedizolid; however, 
isolates resistant to linezolid should be tested for tedizolid 
susceptibility (EUCAST, 2016). One commercial broth 
mi crodilution device (Sensititre; Thermo Fisher Scientific) 
capable of tedizolid susceptibility testing demonstrated 100% 
quantitative and qualitative agreement with FDA susceptibility 

breakpoints for 285 key wild-type Gram-positive pathogens 
(Jones et al., 2015). 

GRAM-POSITIVE BACTERIA

In vitro studies have indicated that tedizolid demonstrates 
potent activity against a range of Gram-positive pathogens. 
For S. aureus, MIC distributions are equivalent for both meth-
icillin-susceptible (MSSA) and methicillin-resistant (MRSA) 
strains (Prokocimer et al., 2012; Yum et al., 2010; Bien et al., 
2014; Lee et al., 2015; Sahm et al., 2015). Clinical S. aureus 
(MSSA and MRSA) isolates from the USA, Europe, and 
Korea have consistently demonstrated MIC90 of 0.25–0.5 
mg/l (Prokocimer et al., 2012; Bien et al., 2014; Lee et al., 
2015; Yum et al., 2010). S. aureus strains with MIC values ≥ 1 
for S. aureus have been reported infrequently (Bien et al., 
2014; Yum et al., 2010., Sahm et al., 2015). Susceptibility to 
tedizolid is maintained in the setting of MRSA resistance to 
clindamycin, tetracycline, gentamicin, erythromycin, and 
levo floxacin (Yum et al., 2010). Tedizolid also maintains sus-
ceptibility (MIC range 0.12–0.5 mg/l) against MRSA with 
reduced susceptibility to daptomycin and tigecycline, as 
shown in one study involving 111 epidemiologically diverse 
isolates (Thomson and Goering, 2013). Tedizolid also ap - 
pears to exhibit potent in vitro activity against vancomycin- 
intermediate S. aureus isolates (MIC 0.25 mg/l; n = 3) (Lee et 
al., 2015). Tedizolid activity against vancomycin-nonsuscep-
tible S. aureus appears to vary, with one study of 32 isolates 
describing MIC values ranging from 0.12–1 mg/l (MIC90 of 
1 mg/l) (Brown et al., 2010). 

The MIC90 distribution for coagulase-negative staphylo-
cocci ranges from ≤ 0.125–0.5 mg/l. The MIC trends for 
coagulase-negative staphylococci appear to be comparable 
or slightly lower than those seen with S. aureus (MIC90 range 
≤ 0.125–0.5 mg/l) (Bien et al., 2014; Lee et al., 2015; Sahm et 
al., 2015). Methicillin susceptibility does not affect tedizolid 
MIC distribution for coagulase-negative staphylococci (Yum 
et al., 2010; Brown et al., 2010; Sahm et al., 2015). 

Tedizolid MIC distributions for enterococci are comparable 
to those of staphylococci and do not differ between E. faecalis 
and E. faecium (MIC90 range 0.25–5 mg/l) (Bien et al., 2014; Lee 
et al., 2015; Yum et al., 2010; Golden et al., 2016). Tedizolid sus-
ceptibility ranges are consistent between vancomycin- susceptible 
and vancomycin-resistant enterococci (Bien et al., 2014; 
Sahm et al., 2015; Lee et al., 2015). Tedizolid MICs ≥ 1 mg/l 
appear to be uncommon, but may be more likely in E. fae
cium than in E. faecalis. In a large study of patients with skin 
and skin structure infections in the USA and Europe (includ-
ing Turkey and Israel) from 2014–2015, MICs ≥ 1 mg/l were 
observed in 6/436 (1.4%) E. faecalis and 10/171 (5.8%) E. fae
cium isolates (Farrell et al., 2016).

For S. pneumoniae, tedizolid exhibits MIC90 of 0.12–0.5 
mg/l (Baek et al., 2016; Brown et al., 2010; Choi et al., 2012;  
Lee et al., 2015; Yum et al., 2010). In general, MIC ranges do  
not differ between penicillin-susceptible and penicillin- resistant 
strains regardless of penicillin interpretative susceptibility 
breakpoint (meningitis and nonmeningitis) (Choi et al., 2012). 
In one study, Brown et al. (2010) found the MIC90 for both 
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Table 76.1. In vitro antimicrobial activity of tedizolid.

Organism Tedizolid MIC90 (mg/l) Tedizolid MIC range (mg/l) Emerging resistance

Gram-positive bacteria

Staphylococcus aureus 0.25–0.5 ≤ 0.015–16 Yes

Methicillin-susceptible S. aureus (MSSA) 0.25–0.5 ≤ 0.015–8

Methicillin-resistant S. aureus (MRSA) 0.25–1 ≤ 0.015–16 Yes 

Coagulase-negative staphylococci 0.25–0.5 ≤ 0.015–8 Yes 

S. epidermidis 0.5–8 ≤ 0.06–> 64 Yes 

Methicillin-susceptible S. epidermidis (MSSE) 0.5 0.12-1

Methicillin-resistant S. epidermidis (MRSE) 0.5 0.12-1

S. pneumoniae (including penicillin-resistant strains) 0.25–0.5 0.03-1

Beta-hemolytic streptococci 0.25 0.12–0.5

S. pyogenes 0.25 ≤ 0.015–0.25

S. agalactiae 0.25–0.5 ≤ 0.015–0.5

Groups C, F, G streptococci 0.25 0.03–0.5

Viridans group streptococci 0.25 0.06–0.5

Enterococcus species 0.5 0.03–2 Yes 

E. faecalis 0.5 ≤ 0.015–1

E. faecium 0.25–0.5 0.06–2 Yes 

Corynebacterium jeikeium 0.5 0.25–0.5

Listeria monocytogenes 0.25 0.25–0.5

Nocardia species       1–2 0.12–2

N. brasiliensis 1 0.5–2

Gram-negative bacteria

Haemophilus influenzae       4–32         2–32

Moraxella catarrhalis       1–4 0.5–4

Mycobacteria

M. tuberculosis 0.25–0.5 0.125–0.5

M. abscessus       4–8 0.5–> 32

M. chelonae       2–4 0.25–4

M. fortuitum group (M. fortuitum, M. peregrinum)       2–4 0.25–64

Other rapid-growing mycobacteriaa 0.06–4

M. avium complex       8–> 32         1–> 32

M. kansasii ≤ 0.25–1

Other slow-growing mycobacteriab 0.12–> 32

Gram-positive anaerobic bacteria

Peptostreptococcus speciesc 0.25–1 0.03–4

Finegoldia magna 0.5 ≤ 0.06–1

Clostridium speciesd 0.25 ≤ 0.06–0.5

Other Gram-positive anaerobese 0.5 0.06–0.5

Gram-negative anaerobic bacteria

Bacteroides speciesf 2         1–4

B. fragilis 2         1–4

Other Gram-negative anaerobesg 2 0.03–4

aM. immunogenum, M. mucogenicum, M. houstonense, M. obuense, M. porcinum, M. goodii, M. senegalense, M. septicum, M. smegmatis
bM. arupense, M. simiae, M. kansasii, M. marinum, M. algericum/terrae, M. lentiflavum, M. nebraskense, M. paraffinicum, M. interjectum, M. shimoidei, M. xenopi
cFinegoldia magna, Peptoniphilus asaccharolyticus, Peptostreptococcus anaerobius, Peptostreptococcus micros, Anaerococcus prevotii
dC. perfringens, C. clostridiiforme, C. sordellii, C. innocuum, C. tertium, C. ramosum, C. sporogenes, C. bifermentans
eBifidobacterium adolescentis, Propionibacterium acnes, Eubacterium lentum, Lactobacillus acidophilus, Actinomyces species
fB. thetaiotaomicron, B. distasonis, B. vugatus, B. ovatus
gPrevotella bivia, P. buccae, P. intermedia, P. oralis, Fusobacterium mortiferum, F. necrophorum, F. varium, Fusobacterium species
Compiled from the following references: Bien et al., 2014; Brown et al., 2010; Brown-Elliott et al., 2016a, 2016b; EUCAST, 2016; Farrell et al., 2015, 2016; Golden 

et al., 2016; Lee et al., 2015; Prokocimer et al., 2012; Sahm et al., 2015; Shaw et al., 2008; Taramona-Espinoza et al., 2015; Thomson and Goering, 2013; Vera-
Cabrera et al., 2006a, 2006b; Yum et al., 2010
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susceptible and resistant strains to be 0.25 mg/l. For penicillin- 
resistant S. pneumoniae, tedizolid has demonstrated fourfold 
to eightfold greater activity than linezolid (Choi et al., 2012). 
Among cefotaxime-nonsusceptible S. pneumoniae strains, 
tedizolid exhibited an MIC90 of 0.5 mg/l (Lee et al., 2015). 
Tedizolid has also been shown to retain potent activity against 
multidrug-resistant (MDR) S. pneumoniae. One study from 
the Asian Network for Surveillance of Resistant Pathogens 
(ANSORP) evaluated the in vitro activity of tedizolid and 
other agents against 104 MDR and extensively drug-resistant 
(XDR) strains of S. pneumoniae from 2008–2009 across  
eight Asian countries. Multidrug resistance was defined  
as nonsusceptibility to three or more antibiotic classes, 
whereas extensive drug resistance indicated nonsuscepti-
bility to at least one drug from each reported class excluding 
linezolid and vancomycin. Very high resistance rates were 
observed for tetracycline (92.4%), erythromycin (89.4%), 
clarithromycin (87.5%), azithromycin (86.5%), clindamycin 
(74.0%), trimethoprim–sulfamethoxazole (71.2%), levoflox-
acin (71.2%), and cefuroxime (67.6%). Tedizolid exhibited 
MICs ≤ 0.25 mg/l (lowest MIC ≤ 0.03 mg/l) against all pneu-
mococci, including the 12 (11.5%) XDR isolates, with an 
MIC90 of 0.12 mg/l. The MIC90 for linezolid was 1 mg/l. 
Compared with linezolid, tedizolid demonstrated eightfold 
greater activity against levofloxacin-nonsusceptible isolates 
and fourfold more activity against XDR isolates (Baek et al., 
2016). 

Tedizolid consistently inhibits viridans Streptococcus and 
beta-hemolytic Streptococcus species at MICs of ≤ 0.5 mg/l 
(range 0.06–0.5 mg/l) (Lee et al., 2015; Brown et al., 2010; Yum 
et al., 2010). Viridans streptococci exhibit an MIC90 of 0.25 
mg/l for tedizolid (Brown et al., 2010). For the beta- hemolytic 
strains S. pyogenes and S. dysgalactiae, MIC90 values are also 
0.25 mg/l (Brown et al., 2010; Sahm et al., 2015; Yum et al., 
2010; Farrell et al., 2016). S. agalactiae MIC90 values are com-
parable at 0.25–0.5 mg/l (Brown et al., 2010; Sahm et al., 
2015; Yum et al., 2010). For S. agalactiae, tedizolid MICs 
were unaffected by clindamycin (24.7%) and erythromycin 
(38.5%) resistance (Sahm et al., 2015). Group C, F, and G 
beta-hemolytic streptococci also demonstrate a tedizolid 
MIC90 of 0.25 mg/l (Sahm et al., 2015). 

Tedizolid provides good activity against less common 
Gram-positive organisms, exhibiting MIC90 values of 0.5 mg/l 
for both Corynebacterium jeikeium (range 0.25–0.5 mg/l, n = 
12) and Listeria monocytogenes (MIC 0.25–0.5 mg/l, n = 33) 
(Brown et al., 2010). In a study including 101 Nocardia isolates 
collected from 2014–2015, tedizolid MIC90 values ranged from 
1–2 mg/l among species (MIC range 0.12–2 mg/l). Linezolid 
MIC90 values were 2–4 mg/l (range 0.25–4 mg/l) (Brown-
Elliott et al., 2016b). Similar findings for tedizolid were 
described by Vera-Cabrera et al. (2006b) for Nocardia brasil
iensis, in which an MIC90 of 1 mg/l (MIC range 0.5–2 mg/l) 
was observed for 31 isolates. 

GRAM-NEGATIVE BACTERIA

Tedizolid exhibits some activity against Moraxella catarrhalis 
and Haemophilus influenzae, although MICs are generally ele - 

vated and vary by study. Tedizolid appears to be substantially 
less active than the comparators cefotaxime and levofloxacin. 
For M. catarrhalis, Yum et al. (2010) described a tedizolid 
MIC90 of 1 mg/l (range 0.5–2 mg/l), whereas Brown et al. 
(2010) identified an MIC90 of 4 mg/l (range 2–4 mg/l). In the 
same respective studies, MIC90 values for H. influenzae were 
4 mg/l (range 2–16 mg/l) (Yum et al., 2010) and 16 mg/l 
(range 2–32 mg/l) (Brown et al., 2010). In the latter study by 
Brown et al., (2010) the MIC90 for beta-lactamase-producing 
H. influenzae was lower (16 mg/l) than that of non-beta- 
lactamase producers (32 mg/l). 

ANAEROBIC BACTERIA

Tedizolid demonstrates generally good activity against Gram-
positive anaerobic bacteria. In one study by Yum et al. (2010), 
Peptostreptococcus species (Finegoldia magna, Pepto niphilus 
asaccharolyticus, Peptostreptococcus anaerobius, Peptostrepto
coccus micros, Anaerococcus prevotii) exhibited a tedizolid 
MIC range of 0.03–0.25 mg/l with an MIC90 of 0.25 mg/l. Lee 
et al. (2015) described tedizolid MIC ranges of 0.06–1 mg/l 
for F. magna and ≤ 0.06–0.25 mg/l for other Peptostreptococcus 
species; MIC90 values for each were 0.5 and 0.25 mg/l, respec-
tively. It is interesting to note that EUCAST epidemiologic 
data report higher tedizolid MICs (range 0.016–4 mg/l, 
MIC90 1 mg/l) for Peptostreptococcus species than the afore-
mentioned studies (EUCAST.org). Clostridium species dem-
onstrate MICs ≤ 0.05 mg/l (Lee et al., 2015; Yum et al., 2010). 
C. perfringens and less common Clostridium species (C. clos
tridiiforme, C. sordellii, C. innocuum, C. tertium, C. ramosum, 
C. sporogenes, C. bifermentans) exhibit MIC90 values of 0.25 
mg/l (Yum et al., 2010). Tedizolid also demonstrates potent 
activity against other anaerobic Gram-positive bacilli includ-
ing Bifidobacterium adolescentis, Propionibacterium acnes, Eu  
bacterium lentum, Lactobacillus acidophilus, and Actinomyces 
species (MIC90 values 0.5 mg/l, range 0.06–0.5 mg/l). Tedizolid 
MIC90 values for peptostreptococci and other anaerobic 
Gram-positive bacilli are 4-fold to 16-fold lower than those 
reported for linezolid (Yum et al., 2010). 

Tedizolid exhibits some activity against Gram-negative 
anaerobes, with MIC90 values of 2 mg/l. Tedizolid MIC90 val-
ues are one dilution lower than those for linezolid. MICs for 
B. fragilis and other Bacteroides species (B. thetaiotaomicron, 
B. distasonis, B. vugatus, B. ovatus) range from 1–4 mg/l. 
MICs for other anaerobic Gram-negative rods (Prevotella 
bivia, Prevotella buccae, Prevotella intermedia, Prevotella ora
lis, Fusobacterium mortiferum, Fusobacterium necrophorum, 
Fusobacterium varium, other Fusobacterium species) range 
from 0.03–4 mg/l. (Yum et al., 2010)

MYCOBACTERIA 

In general, tedizolid has shown to be 2- to 16-fold more active 
against mycobacteria than linezolid (Vera-Cabrera et al., 
2006a; Brown-Elliott et al., 2016a). Tedizolid demonstrates 
good activity against Mycobacterium tuberculosis. In one study 
of 95 M. tuberculosis isolates, including 25 MDR strains, all 
MICs were ≤ 0.5 mg/l (MIC 90 0.5 mg/l) (Vera-Cabrera et 
al., 2006b). 

http://www.EUCAST.org
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Tedizolid appears to exhibit some activity against rapidly 
growing nontuberculosis mycobacteria (NTM). For Myco
bacterium abscessus, one study reported an MIC ≤ 2 mg/l for 
most isolates (27/34) (Taramona-Espinoza et al., 2015); how-
ever, other studies have described elevated MIC90 values of 
4 mg/l (MIC range 0.5–4 mg/l, n = 14) (Vera-Cabrera et al., 
2006a) and 8 mg/l (range 0.12–> 32 mg/l, n = 81) (Brown-
Elliott et al., 2016a). In these studies, tedizolid MIC90 values 
were 4-fold to 16-fold lower than linezolid MIC90 values 
(Taramona-Espinoza et al., 2015; Vera-Cabrera et al., 2006a; 
Brown-Elliott et al., 2016a). In the study by Taramona-
Espinoza et al. (2015), 7 of 10 linezolid-nonsusceptible (MIC 
> 8 mg/l) M. abscessus isolates had a tedizolid MIC of 2–4 
mg/l. MIC90 values of 2–4 mg/l have also been reported for 
Mycobacterium chelonae complex (range ≤ 0.25–4 mg/l) 
(Brown-Elliott et al., 2016a; Vera-Cabrera et al., 2006a) and 
Mycobacterium fortuitum group NTM (M. fortuitum, M. per
egrinum; range ≤ 0.25–64) (Brown-Elliott et al., 2016a; Vera-
Cabrera et al., 2006a). For other rapidly growing myco - 
bacteria, reported MICs are ≤ 0.25–4 mg/l (Vera-Cabrera et 
al., 2006a). 

Tedizolid exhibits variable activity against slow-growing 
NTM. For Mycobacterium avium complex, studies have 
found elevated MIC90 values of 8 mg/l (MIC range 1–8 mg/l, 
n = 12) (Vera-Cabrera et al., 2006a) and > 32 mg/l (MIC 
range 1–> 32 mg/l, n = 100) (Brown-Elliott et al., 2016a). For 
eight isolates of Mycobacterium kansasii, tedizolid MICs 
ranged from ≤ 0.25–0.5 mg/l. For other slow-growing myco-
bacteria, reported MICs range from ≤ 0.25–8 mg/l (Vera-
Cabrera et al., 2006a) (see Table 76.1).

ACTIVITY IN BIOFILMS

Tedizolid demonstrates some, though overall unappreciable, 
activity against bacteria in biofilms. In a rat foreign body 
chronic osteomyelitis model using MRSA from clinical pros-
thetic join infections (tedizolid MIC 0.5 mg/l), the tedizolid 
minimum biofilm inhibitory concentration (MBIC) and 
minimum biofilm bactericidal concentration (MBBC) were 
0.5 and > 32 mg/l, respectively. The same MBIC was observed 
for vancomycin, with a higher MBBC of > 128 mg/l. This was 
in contrast to the rifampin MBIC and MBBC of 0.002 and 
2 mg/l, respectively (Greenwood-Quaintance et al., 2016). 

Tedizolid activity against biofilms was also studied in vitro 
using clinical S. aureus (n = 97) and S. epidermidis (n = 74) 
isolates from patients with prosthetic joint infections. Tedi-
zolid MIC90 values for all isolates was 0.5 mg/l. After approx-
imately 20 hours of incubation, the MBIC90 was 2 mg/l 
(MBBC90 of > 32 mg/l) for MRSA and 4 mg/l (MBBC90 > 32 
mg/l) for MSSA and methicillin-susceptible and methicillin- 
resistant S. epidermidis (Schmidt-Malan et al., 2016). 

2b.  Emerging resistance and 
cross-resistance 

Tedizolid resistance has been infrequently reported for Gram-
positive pathogens with established MIC interpretive criteria 

(i.e. staphylococci, E. faecalis, beta-hemolytic streptococci, 
viridans group streptococci). Incidence of resistance to tedi- 
zolid cannot be characterized for S. pneumoniae and E. fae
cium, given that susceptibility breakpoints have not been 
established. However, elevated MICs occur infrequently 
among collective Gram-positive clinical isolates. In an analy-
sis of Gram-positive isolates (staphylococci, enterococci, and 
beta-hemolytic streptococci) from the USA and Europe in 
2011 and 2012 as part of the STAR surveillance program, 
only 13 strains, or 0.2%, exhibited MICs ≥ 1 mg/l. (Sahm et al., 
2015) Of the 13 strains with MICs ≥ 1 mg/l, 4 were S. aureus, 4 
were Enterococcus spp., and 5 were coagulase-negative staph-
ylococci. In the 2014 STAR program, no resistant Gram-
positive isolates were noted among 5999 tested (Farrell et al., 
2015). In the 2015 STAR program, resistance (MIC ≥ 1 mg/l) 
was noted only among Enterococcus spp. (n = 16) (Farrell et 
al., 2016). 

The primary mechanism of resistance to tedizolid and 
other oxazolidinones involves mutations in domain V of the 
23S ribosomal RNA (rRNA) target site (Locke et al., 2009, 
2010; Sahm et al., 2015; Shaw et al., 2008). Although not all 
identified mutations involve direct oxazolidinone contact 
points, these proximal changes appear to compromise the 
structural integrity of the peptidyl transferase center (PTC) 
(Shaw et al., 2008). Given that key Gram-positive pathogens 
contain multiple copies of 23S rRNA (S. aureus and S. epider
midis, 5–6 to six copies; E. faecalis, 6 copies; E. faecium, 
4 copies), frank resistance occurs infrequently (Shaw et al., 
2008). An in vitro model of S. aureus found that spontaneous 
23S rRNA mutations conferring reduced susceptibility to 
tedizolid occurred at a frequency rate of approximately 1.1–
1.9 × 10−10 (Locke et al., 2009). This rate was 16-fold lower 
than that seen with linezolid when isolates were exposed to 
twice the oxazolidinone MIC. For MSSA (ATCC 29213), the 
tedizolid MIC remained constant at 0.5 mg/l following 30 
serial passages. For MRSA (ATCC 33591), tedizolid MICs 
increased 8-fold (0.25 to 2 mg/l). 

Although emergence of resistance is uncommon, a gene- 
dosage effect is apparent in that oxazolidinone susceptibility 
decreases with increasing number of copy mutations in 23S 
rRNA. In the aforementioned study by Locke et al. (2009), 
multiple 23S rRNA mutations were required for the initial 
stepwise tedizolid MIC increase. This has been observed in 
other studies, in which linezolid-resistant S. aureus isolates 
harboring multiple copies of the G2576T mutation (n = 2) 
and concurrent G2576T and G2405A mutants (n = 1) exhib-
ited tedizolid MICs of 2 mg/l. (Sahm et al., 2015) The G2576T 
mutation has commonly been associated with concurrent 
tedizolid (MIC range 1–8 mg/l) and linezolid resistance 
(MIC range 8–64 mg/l) in S. aureus, S. epidermidis, and  
E. faecium (Silva-Del Torro et al., 2016; Shaw et al., 2008). 
Notably, the G2576T mutation has been shown to impair 
bacterial fitness in S. aureus (Besier et al., 2008). Other muta-
tions conferring tedizolid resistance (MICs 2–16 mg/l), 
several of which have also been associated with linezolid 
resistance, include G2576U, T2500A (Locke et al., 2009), 
C2354T, G447U, G2576U, and U2500A (Shaw et al., 2008).
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Resistance to oxazolidinones may also be conferred by 
mutations in rplC and rplD, which encode proteins L3 and 
L4, respectively (Sahm et al., 2015; Locke et al., 2009, 2010; 
Silva-Del Torro et al., 2016). These proteins interact with the 
23S rRNA, and therefore mutations can alter normal struc-
tural interactions (Locke et al., 2009). L3 protein mutations 
have been observed in S. epidermidis and S. aureus; L4 muta-
tions have been associated with reduced oxazolidinone sus-
ceptibility in S. epidermidis (Silva-del Torro et al., 2016) and 
streptococci (Wolter et al., 2005). The L3 mutation G152D 
has been associated with tedizolid resistance in S. aureus 
(Silva-Del Torro et al., 2016). Similar to the gene-dose rela-
tionship seen with 23S rRNA mutations, presence of multi-
ple L3 mutations has been shown to confer greater loss of 
susceptibility compared with a single mutation (Locke et al., 
2009). In tedizolid-resistant S. epidermidis isolates, multiple 
L3 mutations (V154L, H146R, M156T, H146Q, A157R, 
F147S) were observed in all strains; two strains also pos-
sessed the L4 protein mutation 71G72 (Sahm et al., 2015).

Tedizolid demonstrates minimal cross-resistance with 
non-oxazolidinone antibiotics owing to its unique mecha-
nism of action. Cross-resistance with chloramphenicol has 
been demonstrated in the presence of select 23S rRNA 
mutants, including G2576T (Locke et al., 2009). The hori-
zontally transferable plasmid-borne cfr (chloramphenicol- 
florfenicol resistance) methyltransferase gene associated with 
linezolid resistance does not confer resistance to tedizolid 
(Locke et al., 2010, 2014a; Shaw et al., 2008; Sahm et al., 
2015). Acquisition of cfr methyltransferase results in methyl-
ation of C8 of the A2503 base of 23S rRNA, which creates 
steric hindrance with the A-ring C5 acetamide substituent of 
linezolid. Tedizolid possesses a less “bulky” hydroxymethyl 
substitution at C5, which does not result in steric hindrance 
(Locke et al., 2010, 2014a). For linezolid-resistant S. aureus 
strains harboring solely cfr without concurrent mutations, 
tedizolid exhibits MICs of 0.5–1 mg/l; these are 16-fold lower 
than MICs observed with linezolid (Shaw et al., 2008; Sahm 
et al., 2015). In addition to S. aureus (Shaw et al., 2008; Sahm 
et al., 2015; Locke et al., 2014a), cfr has also been identified in 
S. epidermidis (Mendes et al., 2008) and enterococci (Sahm et 
al., 2015). Whereas tedizolid appears to retain activity against 
linezolid-resistant strains with cfr, surveillance studies suggest 
that isolates that possesses the cfr gene often harbor other oxaz-
olidinone resistance determinants (Silva-Del Torro et al., 2016; 
Flamm et al., 2016). For these reasons, tedizolid susceptibility 
testing should be performed for linezolid-resistant strains. 

3. MECHANISM OF DRUG ACTION

As a member of the oxazolidinone class, tedizolid binds to 
the 50S subunit of the bacterial ribosome. The target site is the 
central loop V domain of the 23S rRNA in the PTC (Leach et 
al., 2007, Locke et al., 2009, 2010; Zhanel et al., 2015; Shaw et 
al., 2008). In the PTC, tedizolid interacts with 23S rRNA res-
idues to form hydrogen bonds (Michalska et al., 2013; Shaw 
et al., 2008). Oxazolidinone binding interferes with attachment 
of aminoacyl transfer RNA (tRNA) to the A site, inhibiting 

the initiation phase of protein synthesis (Leach et al., 2007; 
Locke et al., 2010). 

Structural activity relationships exist for oxazolidinones. 
Although all oxazolidinones possess A, B, and C rings, the 
A-ring C5 substituent, optimized C rings, and added D rings 
appear to be most associated with improved antibacterial 
activity (Michalska et al., 2013). Tedizolid possesses a hy dro- 
xymethyl group at the A-ring C5 position, in contrast to the 
acetamide substituent of linezolid (Michalska et al., 2013). 
As mentioned previously, this substitution is believed to  
preserve tedizolid activity against cfr-mediated linezolid- 
resistant bacteria. In addition, tedizolid possesses a pyridine 
C ring, as well as a tetrazole D ring that is absent in linezolid 
(Locke et al., 2010; Michalska et al., 2013). The C and D rings 
of tedizolid are believed to confer increased potency by cre-
ating two additional hydrogen bonds to 23S rRNA residues 
A2451 and U2584, which may stabilize the drug–PTC inter-
action (Shaw et al., 2008). In contrast, hydrophobic interac-
tions between these residues and the oxazolidinone B ring 
may occur with linezolid. Owing to additional contact with 
the PTC, tedizolid binding appears less reliant on the resi-
dues involved in linezolid binding (Shaw et al., 2008). 

Although data are limited, tedizolid has been shown to 
reduce bacterial toxin production. Survival outcomes and in 
vivo toxin production were studied for tedizolid, linezolid, 
and vancomycin in a rabbit model of necrotizing pneumonia 
using MRSA clone USA300. Both tedizolid and linezolid 
decreased bacterial toxin production, given that rabbits did 
not develop lung necrosis and hemorrhage, as observed in 
the vancomycin treatment group (Le et al., 2016). Although 
none of the treatments studied appeared superior to the 
other for decreasing lung bacterial counts, survival rates for 
rabbits treated with tedizolid and linezolid were 83%, com-
pared with 17% with vancomycin treatment. 

Limited data also suggest that tedizolid may exhibit 
 im munomodulatory effects. In a murine model of MRSA-
associated hematogenous pulmonary infection, tedizolid sig- 
ni ficantly decreased plasma inflammatory cytokines tumor 
necrosis factor alpha (TNF-α), interleukin 6 (IL-6), and mac-
rophage inflammatory protein 2 (MIP-2) 2 hours after treat-
ment (Kaku et al., 2016). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Tedizolid phosphate is available as 200-mg oral tablets and lyo-
philized powder (200-mg single-use vials) for intravenous (IV) 
injection. Powder for injection is reconstituted with sterile 
water and subsequently diluted in 250 ml of 0.9% sodium chlo-
ride (Merck, 2014). Although not included in package labeling, 
tedizolid has been shown to be stable for at least 4 hours after 
crushing and dispersion in water (Kennedy et al., 2015).

4a.  Adults

Tedizolid is approved for treatment of ABSSSI in adults (≥ 18 
years) administered at 200 mg daily for 6 days. No dose 
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adjustment is needed when converting between oral and IV 
formulations. Oral tablets may be taken with or without 
food. The IV solution should be administered over 1 hour 
and should not be infused simultaneously with other medi-
cations. Tedizolid IV is incompatible with solutions contain-
ing divalent cations (e.g. Ca, Mg), including lactated Ringer’s 
and Hartmann’s solutions (Merck, 2014).

4b.  Newborn infants and children

No data are available in neonates and young children. One 
multicenter, open-label single-dose study evaluated tedizolid 
pharmacokinetics in adolescent ages 11–17 years (Bradley 
et al., 2016). Pharmacokinetic profiles were similar between 
routes of administration (200 mg oral vs. IV; n = 10 in each 
group). Exposure profiles (area under the concentration-time 
curve [AUC]) for both formulations were within 15% of 
those previously reported for adults, although Cmax values 
after IV administration were 43% higher than those observed 
in adults. Tedizolid elimination half-life was noted to be 
shorter in adolescents (6.6–8.3 hr) compared with estab-
lished values for adults (11.1–11.4 hr). High observed bio-
availability (88.8%) suggested that oral step-down therapy 
could be used effectively in this population (Bradley et  
al., 2016). Phase III clinical trials studying tedizolid use in 
adolescent and younger pediatric populations are ongoing 
(NCT02276482, ClinicalTrials.gov). 

4c.  Pregnant and lactating mothers

Given the lack of clinical data, tedizolid should generally be 
avoided in pregnancy. It is unknown if tedizolid is excreted 
into human breast milk. Therefore, tedizolid should be used 
with caution in nursing mothers (Merck, 2014). For more 
details, see section 6d. 

4d.  Those requiring altered dosages

PATIENTS WITH RENAL IMPAIRMENT

No dose adjustment is recommended for patients with renal 
impairment or those requiring hemodialysis (Merck, 2014). 
Tedizolid pharmacokinetics appear largely unchanged in the 
setting of renal dysfunction. In one small single-dose study 
including 23 subjects, mean AUC values for those receiving 
chronic hemodialysis were approximately 25% lower than 
exposure profiles of subjects with severe renal impairment 
(glomerular filtration rate [GFR] < 30 ml/min/1.73 m2). In 
the same study, tedizolid was not effectively removed (< 10%) 
by 4 hours of high-flux hemodialysis. (Flanagan et al., 
2014c) An in vitro study evaluating tedizolid transmembrane 
clearance and adsorption in continuous venovenous hemofil-
tration (CVVH) and continuous veno venous hemodialysis 
(CVVHD) suggested that dose adjustments are likely unnec-
essary at conventional renal replace ment rates (Lewis et al., 
2015). However, these findings require further clinical study. 

PATIENTS WITH HEPATIC IMPAIRMENT

No dose adjustment is recommended for patients with hepa- 
 tic impairment (Merck, 2014). Few pharmacokinetic differ-
ences have been observed between subjects with hepatic dys-
function and healthy controls. In one single-dose study of oral 
tedizolid, exposure (AUC) was 22% and 34% higher in subjects 
with moderate (n = 8) and severe (n = 8) hepatic impairment, 
respectively, compared with controls. Other pharmacokinetic 
parameters were similar between groups, and the subtle differ-
ences in AUCs across hepatic groups was not sufficient to war-
rant a dose adjustment (Flanagan et al., 2014c; Merck, 2014).

OLDER ADULTS

Tedizolid pharmacokinetic differences are not expected to 
occur in elderly populations. No clinically meaningful differ-
ences in tedizolid AUC and Cmax were observed in adults age 
≥ 65 years (n = 14) compared with younger subjects in a 
small phase I study (Merck, 2014). 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability 

Tedizolid is administered as the inactive prodrug tedizolid 
phosphate, which is rapidly converted to the active moiety by 
phosphatases in vivo (Locke et al., 2014b; Vera-Cabrera et al., 
2006b). Tedizolid 200 mg was administered orally and intra-
venously (as tedizolid phosphate) to ascertain the absolute 
bioavailability of tedizolid in a crossover manner to eight 
normal volunteers (Flanagan et al., 2014b). The estimate of 
oral bioavailability was 91.5% and the time to maximum 
plasma concentration (Cmax) was, on average, 1.9 ± 0.4 hours. 
In an evaluation of the effect of food on the pharmacokinet-
ics of an orally administered dose, a standard high-fat, high- 
calorie meal slowed absorption (time to maximum plasma 
concentration was 8.0 hr fed vs. 2.0 hr fasting) and somewhat 
blunted the Cmax (fed state was 73.7% of fasted), but had no 
impact on the AUC0-∞ (fed state was 102.4% of fasted) (Flan-
agan et al., 2014a). Therefore no dose adjustment is neces-
sary when changing from IV to oral tedizolid, and oral 
tedizolid can be taken with or without food. Protein binding 
of tedizolid to human plasma proteins is approximately 
70–90% (Merck, 2014) and the mean (standard deviation) 
elimination half-life is 11.1 (2.1) hours (Flanagan et al., 2014b). 

5b.  Drug distribution

The pharmacokinetics of tedizolid have been extensively 
delineated (Table 76.2). In a single dose-escalation study in 
volunteers, tedizolid phosphate was rapidly converted to tedi- 
 zolid and the Cmax and AUC were linear over the range of doses 
examined. The mean steady-state volume of distribution of 
tedizolid in healthy adults after a single IV dose of tedizolid 
phosphate 200 mg ranged from 67 to 80 l (approximately 

http://ClinicalTrials.gov
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twice total body water). In a multiple oral dose ascending-dose 
study, tedizolid doses examined were dose linear as judged 
by AUC or Cmax and accumulation ratios ranged from 1.18–
1.31 (Flanagan et al., 2014a). 

There have been two published population pharmacoki-
netic analyses from patient data. The first (Prokocimer et al., 
2011) was an analysis of the tedizolid phase II data in which 
200-, 300-, and 400-mg oral doses were studied. The second 
(Flanagan et al., 2014d) analyzed data from phase I, II, and 
III and included patients who received oral and IV tedizolid. 
Although the volumes of distribution for the central and 
peripheral compartments were concordant across analyses, 
the intercompartmental clearances identified were substan-
tially different, especially when one considers the standard 
error of the mean for each estimate. Most notably, the point 
estimates of clearance for the two studies were quite different 
(8.28 l/h vs. 6.69 l/h). Differences likely occurred because of 
the patient populations, given that the phase II study was all 
oral therapy and the phase I–III analysis had both oral and 
IV data for analysis, which allowed estimation of bioavail-
ability (85.9%). When corrected for bioavailability, the clear-
ance for the oral administration would be 7.88 l/h, which is 
reasonably concordant with the phase II data. 

SPECIAL POPULATIONS 

Patients with renal dysfunction
Two pharmacokinetic studies have been conducted in 
patients with renal dysfunction (Flanagan et al., 2014c). The 
first examined a single 200-mg dose of tedizolid adminis-
tered intravenously in patients with severe renal dysfunction 
(estimated GFR < 30 ml/min) not on hemodialysis. The sec-
ond cohort included patients on hemodialysis. For this study, 
200 mg of tedizolid was administered intravenously on two 
occasions, once off hemodialysis and once during hemo dialysis. 
Pharmacokinetic parameters are displayed in Table 76.2 for 
all renal dysfunction groups. In the group not on hemo dialy - 

sis, the effect of renal dysfunction was minimal when com-
pared with a matched control group (Flanagan et al., 2014c). 
In the hemodialysis groups, the AUC0-∞ was 71% of control 
in the predialysis group and 65% for the postdialysis group. 
Cmax values were mildly depressed at 81% and 92% in the 
respective groups. It was reported that < 10% of tedizolid was 
removed by a 4-hour hemodialysis session and there were no 
meaningful differences in the geometric mean values for Cmax 
or AUC when postdialysis and predialysis infusion data were 
compared. In summary, patients with renal dysfunction do 
not require a dose adjustment.

Patients with hepatic dysfunction
Patients with moderate and severe hepatic dysfunction were 
evaluated after administration of a single dose of oral tedi-
zolid (Flanagan et al., 2014c). There were mild increases in 
the AUC of tedizolid in patients with moderate hepatic 
impairment (22% increase) and severe hepatic impairment 
(34% increase) relative to matched control subjects. It should 
be noted that although the point estimates of the mean val-
ues for AUC are quite close, the variability is much greater in 
the hepatic impairment groups (i.e. 3.1-fold greater in the 
moderate hepatic impairment group and 2.6-fold greater in 
the severe impairment group). This raises questions regard-
ing outliers and the possibility of underdosing for therapy  
for infections and overexposure resulting in concentration- 
driven toxicities. To address this, Drusano and colleagues 
performed Monte Carlo simulations for the severe hepatic 
impairment group and their matched controls (unpublished 
data). The results are displayed in Table 76.3. It is clear by 
inspection that there was adequate achievement of exposures 
associated with bacterial stasis in animal infection model stud-
ies (see section 5c). However, starting after the 50th percentile of 
exposure, the severely impaired group had substantially higher 
tedizolid exposures. This could put these types of patients at 
risk for exposure-driven toxicities. These patients may require 

Table 76.2. Concentration time profile of tedizolid in adults and adolescents.

Population Cmax (mg/l) AUC0–24 (mg × h/l) AUC0–∞ (mg × h/l) T ½ (hr)

Adults

Single dose, 200 mg IV 2.5–2.6 (0.4–0.6) 23.5 (4.2) 29.0–32.6 (6.1–8.3) 11.0–11.4 (0.8–2.0)

Single dose, 200 mg oral 1.9 (0.4) 20.4 (4.0) 26.7 (6.0) 11.1 (2.1)

Severe renal impairment 3.12 (0.85) 29.99 (8.97) 12.85 (2.28)

Predialysis infusion 2.53 (0.95) 23.15 (8.10) 11.41 (1.78)

Postdialysis infusion 2.86 (1.01) 21.01 (4.71) 11.73 (2.33)

Moderate hepatic impairment 2.08 (0.74) 30.47 (17.50) 14.94 (3.49)

Severe hepatic impairment 2.20 (1.07) 35.23 (21.13) 14.19 (2.92)

Adolescents

Single dose, 200mg IV 3.85 (1.51) 27.8 (7.3)  6.64 (0.69)

Single dose, 200mg oral 2.23 (0.55) 25.2 (9.2)  8.26 (1.99)

AUC = area under the concentration-time curve (over specified time interval); Cmax = maximum observed concentration; IV=intravenous; T ½ = terminal elimina-
tion half-life

Data are mean (standard deviation)
Compiled from Bradley et al., 2016; Flanagan et al., 2013, 2014b, 2014c
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closer safety monitoring (e.g. hematological indices), with 
consideration for limiting duration of exposure to tedizolid.

Penetration into specialized sites
A single-dose microdialysis study of tedizolid at 600 mg 
orally was conducted in 12 normal volunteers (Sahre et al., 
2012). Microdialysis probes were inserted into muscle and 
subcutaneous adipose tissue. Penetration into both subcuta-
neous tissue and muscle exceeded 100%. The penetration 
ratios were calculated for all matrices between hours 0 and 
24. The parameter values identified in plasma were consis-
tent with earlier estimates derived from normal volunteers 
when scaled for dose. The mean (± standard deviation) esti-
mate of protein binding was 87.3 ± 1.3%. Penetration 
 (fAUCtissue/fAUCplasma) into muscle was 1.2 ± 0.2 and for adi-
pose tissue was 1.1 ± 0.2.

The epithelial lining fluid (ELF) penetration and alveolar 
macrophage (AM) penetration has been determined in 
healthy volunteers. Tedizolid was administered once daily for 
3 days at a dose of 200 mg to 20 subjects. Free drug concentra-
tion and total drug concentration in plasma were determined. 
Penetration into ELF and AM were determined as the ratio of 
the AUCELF or AUCAM to the free drug AUCplasma. Penetration 
into ELF averaged about 40, and the penetration into AM 
averaged about 20. Results of the population pharmacokinetic 
modeling, followed by Monte Carlo simulation, are presented 
in Table 76.4 and highlight the projected ability of tedizolid to 
penetrate the ELF. Of interest, the AM penetration averaged 
approximately 20. These findings are consistent with a macro-
phage uptake study by Lemaire et al. (2009) who examined pen - 
etration of tedizolid into THP-1 macrophages in vitro. In this 
evaluation tedizolid was rapidly taken up into THP-1 macro-
phages, averaging 11-fold to 14-fold penetration over time. 

5c.  Clinically important pharmacokinetic 
and pharmacodynamics features

PHARMACODYNAMICS FOR  
ANTIBACTERIAL EFFECT

Tedizolid has undergone a number of pharmacodynamic 
evaluations for antibacterial effect. These will be divided into 

two groups: murine thigh infection models as a surrogate for 
ABSSSI and murine pneumonia models as a surrogate for 
HABP.

Murine thigh infection models
The first pharmacodynamic evaluation of tedizolid was in a 
neutropenic murine thigh infection model (Louie et al., 2011). 
Here, a dose range/dose fractionation study was performed. 
The exposure to a range of tedizolid doses was fractionated 
into 1, 2, or 4 doses assessed over 24 hours. An extensive 
murine pharmacokinetic evaluation was also performed, which 
allowed transformation of the mg/kg/day doses into their 
pharmacodynamic counterparts (fPeak Concentration/MIC 
ratio; fAUC/MIC ratio; fTime > MIC). The fAUC/MIC ratio 
explains substantially more of the variance in effect than the 
other two pharmacodynamic indices. Consequently, even in 
the murine system, tedizolid can be administered once daily. 
It has been demonstrated that for ABSSSI, achieving a static 
exposure is adequate for a good clinical outcome (Ambrose 
et al., 2007). Against ATCC 33591, a MRSA isolate, stasis was 
achieved with an fAUC/MIC ratio of approximately 40. In 
another experiment, it was demonstrated that maximal anti-
bacterial effect was not achieved at 24 hours, but continued 
for at least another 24 hours (hour 48 was the experimental 
duration). For the other organisms (community-acquired 
MRSA and an MSSA isolate), stasis was achieved with an 
fAUC/MIC ratio of 47 and 52 at hours 24 and 48 for the com-
munity-acquired MRSA strain and 49 and 46 for the MSSA 
isolate, respectively. 

The results indicate that a very large tedizolid dose would 
be required to have a favorable pharmacokinetic and phar-
macodynamic profile. Consequently, a study was performed 

Table 76.3. Percentiles of tedizolid AUC0–∞ for patients with 
severe hepatic impairment and their matched controls (n = 5000 
subject Monte Carlo simulation iterates).

Percentiles Severe Impairment Matched Controls

2.5 10.16 12.45

5 12.01 13.72

10 14.96 15.57

25 21.15 19.00

50 30.32 24.56

75 44.44 29.15

90 61.41 35.12

95 74.99 39.41

97.5 87.37 49.32

Table 76.4. Monte Carlo simulation values for ELF penetration 
(9999 iterates). Plasma concentrations were corrected for mean 
protein binding (89.44%). After (E).

AUC0–24

Calculation
Penetration 

ratio
Free 

plasmaa ELF

Mean 39.7 2.67 106.0

Median 36.3 2.59  93.9

SD 82.3 0.68  55.9

Percent of the distribution

 5th 23.9 1.71  40.9

 10th 26.3 1.87  49.3

 25th 30.6 2.19  66.9

 50th 36.3 2.59  93.9

 75th 42.8 3.07 131.4

 90th 49.7 3.57 177.7

 95th 54.6 3.90 213.0

aVc, volume of central compartment; CL, total clearance; KC-ELF, transfer rate 
constant between central and ELF compartments; KELF-C, transfer rate 
constant between ELF and central compartment; VELF, volume of ELF 
compartment (an estimate used as a scaler to correct the observed con-
centration to an amount during the population modeling); Ka, absorption 
rate constant; Tlag, lag time. 

Source: Reproduced with permission from Housman et al., 2012.
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in granulocyte-replete mice and compared with a granulocy-
topenic cohort over 72 hours (Drusano et al., 2011). The 
results of the neutropenic/non-neutropenic contrast are dis-
played in Figure 76.2. One notable observation is that, as pre-
viously described, the antibacterial effect does not maximize 
at 24 hours. In the case of the granulocyte-replete mice, effect 
continues to increase from 24 hours through 48 and 72 
hours. Second, there is a major impact of granulocytes, with 
a 16-fold decrement of dose required for stasis relative to the 
neutropenic cohort at hour 24 with greater decrements seen 
at 48 and 72 hours. Keel et al. (2012b) also examined tedizolid 
in a granulocyte-replete murine thigh infection model. This 
recapitulated the other murine thigh infection model stud-
ies, in which there was a time-dependent increase in bacte-
rial kill over 72 hours and substantial kill was noted at an 
exposure that mimicked human exposures with a 200-mg 
daily dose.

To put these findings in proper perspective, a Monte 
Carlo simulation study was conducted to determine the abil-
ity of tedizolid 200 mg once daily to achieve the fAUC/MIC 
targets associated with stasis across neutropenic/non-neu-
tropenic animal studies. Conservatively, the fAUC/MIC tar-
get of 20 associated with stasis in the study by Lepak et al. 
(2012) was employed as the neutropenic pharmacokinetic/
phar macodynamic target, whereas the non-neutropenic target 

was fAUC/MIC of 3 (Drusano et al., 2011). Using the MIC 
distribution from the phase II trial, the estimated probability 
of target for tedizolid 200 once daily approached 100% for 
the non-neutropenic target, and it was less than 10% for the 
neutropenic target. In the phase II trial (Prokocimer et al., 
2011), the modified intention to treat (mITT) successful out-
come was 88.9%, the clinically evaluable (CE) successful out-
come was 98.2%, and the microbiologically evaluable (ME) 
outcome was 100%. Based on these data, the non-neutropenic 
probability of target attainment correlates much more closely 
to the clinical outcomes than the neutropenic probability of 
target attainment data, providing clarity that the tedizolid 
interaction with granulocytes is a real phenomenon.

It still remains unclear how many granulocytes are required 
for effect and if disease processes that affect granulocytes (e.g. 
severe diabetes mellitus) have an impact on outcome. Before 
the use of tedizolid is expanded to other indications (e.g. 
Gram-positive infections in neutropenic cancer patients), 
data would need to be developed. 

Murine lung infection models
Lepak et al. (2012) published the first evaluation of tedizol-
id’s microbiologic activity in a neutropenic murine infection 
model. These authors examined 11 isolates of S. aureus in this 
model. The overall stasis exposure was fAUC/MIC of 20.0 

Figure 76.2. Monte Carlo simulation from reference 
(G) with target attainment for neutropenic (M) and 
non-neutropenic (G) murine models.
(a) Colony counts over 72 hours of S. aureus in the 
thighs of granulocytopenic mice. (b) Colony counts 
over 72 hours of S. aureus in the thighs of granulo-
cyte-replete mice. (Adapted with permission from 
Drusano et al., 2011.)
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(mean); 17.4 (median); standard deviation, 12.9. Tessier et al. 
(2012) examined tedizolid in an immunocompetent murine 
pneumonia model and contrasted its effect with both line-
zolid and vancomycin. For each agent, the drug dosages in 
the mouse generated exposures seen in humans with FDA-
approved dosing regimens. Three isolates of MRSA were 
examined (two CA-MRSA and one HA-MRSA). There were 
no statistically significant differences noted in the bacterial 
cell kill generated by either tedizolid or linezolid, but both 
were significantly better than the effect of vancomycin (one 
isolate for tedizolid and all three isolates for linezolid). In addi-
tion, survivorship differed across treatment groups (61.1% vs. 
94.7% vs. 89.5% for vancomycin, tedizolid, and linezolid, 
respectively).

This same group also examined tedizolid ELF penetration 
in different conditions, contrasting the effects of infection 
versus noninfection and looking at immunocompetence ver-
sus neutropenia (Keel et al., 2012a). The ELF AUC/fPlasma 
AUC ratios for immunocompetent, neutropenic, and unin-
fected mice were 9.34, 10.63, and 6.14, respectively. Minor 
differences in plasma pharmacokinetics were also noted, but 
not of the magnitude seen for ELF penetration. Of interest, 
the lack of infection had a major impact on ELF penetration. 
Clearly, the pharmacokinetic profile needs to be ascertained 
in the same physiologic state in which the antibacterial effect 
is studied.

PHARMACODYNAMICS OF TOXICITY

For tedizolid concentration-driven toxicity, hematologic 
toxicity has the most available data. In preclinical testing, 
tedi zolid was compared with linezolid for inhibition of 
mitochondrial protein synthesis (MPS) ex vivo. In this sys-
tem, tedizolid is a much more potent inhibitor of MPS than 
linezolid. However, in a prolonged therapy (9 months) rat 
model with tedizolid, this was not demonstrated (Flanagan et 
al., 2015). To clarify this apparent discrepancy, J774 macro-
phages were exposed to tedizolid. Centrifugation allowed 
identification of the amount of tedizolid recovered in cell free 
supernatant as well as in important subfractions. The result 
indicates that association of tedizolid with the target of MPS 
inhibition is transient (short mean residence time), possibly 
explaining the discordance between these test systems.

To bridge these findings to humans, these authors exam-
ined the time during which tedizolid concentrations remained 
above the half-maximal inhibitory concentration (IC50) for 
MPS inhibition. This is displayed in Figure 76.3. It should be 
noted that these data, although interesting, represent free 
drug plasma/serum concentrations, not concentrations at 
the effect site. Monte Carlo simulation was then performed 
to identify the time in excess of the IC50 for a population of 
patients. The underlying concept is that “healing time” may 
help provide an explanation for the discordance. This is dis-
played in Table 76.5. Over the course of the simulated popu-
lation, tedizolid has a larger population for which the con - 
centrations are always less than the IC50 and also has a longer 
“healing time” for patients with concentrations above the 
IC50. It should also be noted that some patients will be at 

increased risk for MPS inhibition–driven toxicity because 
genetic polymorphisms also account for some patients being 
at increased risk (Cohen and Saneto, 2012; Pacheu-Grau et 
al., 2013). It is important to validate this hypothesis in the 
clinical trial arena and, particularly, in patients with longer 
duration of oxazolidinone exposure.

SYNERGY STUDIES

Few studies have evaluated synergistic or antagonistic poten-
tial with tedizolid and other antibiotics. Antagonism between 
tedizolid and other antimicrobials has not been observed 
(Merck, 2014), and synergy is unlikely. In a rat model simu-
lating chronic foreign body MRSA osteomyelitis, tedizolid 
plus rifampin did not produce additional decrease in bac-
terial counts compared with tedizolid alone. (Greenwood-
Quaintance et al., 2016). Similar findings were observed 
when tedizolid was studied alone and in combination with 
trimethoprim–sulfamethoxazole against N. brasiliensis in 
an experimental actinomycetoma murine model. Although 
both treatment groups effectively decreased lesions, combi-
nation therapy did not confer any additional benefits com-
pared with tedizolid monotherapy (Espinoza-González et al., 
2010). Tedizolid did appear to provide some synergistic ac-
tivity in one study when added to bedaquiline plus pretomanid 
in an M. tuberculosis mouse infection model. The three-drug 

Figure 76.3. Mean free (unbound) drug plasma exposure 
concentrations at steady state for therapeutic-dose 
tedizolid (200 mg once daily; circles) and linezolid (600 mg 
twice daily; triangles) over the course of the dosing interval 
in relation to the MPS IC50 of each agent.
Concentration-response effects of tedizolid and linezolid 
on MPS. Highly coupled rat heart mitochondria were 
incubated with [35S]methionine in the presence of increas-
ing concentrations of tedizolid (open circles) or linezolid 
(closed circles). Data are the means (± standard errors of 
the means) from six independent experiments. IC50 is 
defined as the concentration of drug causing a 50% 
reduction of the value for the control (vehicle only), with its 
value calculated using best-fit hyperbolic decay regression. 
(Adapted with permission from Flanagan et al., 2015.) 
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regimen demonstrated significantly improved bactericidal 
activity 2 months after initiation compared with bedaquiline 
plus pretomanid alone, although these findings were not 
observed at 1 month (Tasneen et al., 2016).

5d.  Excretion 

Tedizolid is extensively metabolized to a microbiologically 
inactive sulfate conjugate. There are no other significant meta-
bolites. Elimination primarily occurs in the liver (~82%), with 
most of the dose being excreted in feces (< 2% unchanged 
tedizolid) (Merck, 2014; Flanagan et al., 2014c). Approxi-
mately 18% of tedizolid is excreted in the urine (< 1% unchanged 
tedizolid) (Merck, 2014; Flanagan et al., 2014c). Most elimina-
tion (> 85%) occurs within 96 hours of administration. With 
oral administration, median tedizolid clearance is 6.9 l/hr after 
a single dose and 8.4 l/hr at steady state. With IV administra-
tion, clearance is comparable after a single dose and steady 
state (6.4 l/hr and 5.9 l/hr, respectively) (Merck, 2014). 

5e.  Drug interactions

Given that tedizolid does not interact with the cytochrome 
P-450 isoenzyme system (i.e. it not a substrate, inhibitor,  
or inducer), no CYP-associated drug interactions are ex - 
pected. Similarly, tedizolid does not interact with clinically 
relevant membrane transporters (i.e. OAT1, OAT3, OATP1B1, 
OATP1B3, OCT1, OCT2) or efflux transporters (i.e. P-gp, 
BCRP) at maximum plasma concentrations (Merck, 2014). 

Tedizolid has been observed to weakly and reversibly in- 
hibit monoamine oxidase in vitro (Flanagan et al., 2013; 
Merck, 2014). When this interaction was assessed in a mouse 
head twitch model, no increased head twitch response occurred 
at tedizolid doses equivalent to approximately 25-fold human 
therapeutic dose concentrations. In contrast, head twitch 
response increased significantly in mice administered fluoxe - 
tine and human-equivalent linezolid dose concentrations 
(Flanagan et al., 2013). Similarly, lack of clinical adrenergic 
findings with tedizolid was described in a placebo-controlled 

crossover study of healthy individuals. No meaningful in- 
creases in blood pressure or heart rate were seen on tedizolid 
co-administration with pseudoephedrine (Flanagan et al., 
2013). When tedizolid was co-administered with tyramine, a 
≥ 30-mmHg increase in systolic blood pressure was achiev-
able, but only at an elevated median tyramine dose of 325 mg 
(compared with 425 mg placebo). On tyramine challenge, 
palpitations were reported in 72.4% (21/29) and 46.4% 
(13/28) of patients receiving tedizolid and placebo, respec-
tively (Merck, 2014).

Although adrenergic interactions have not, in general, 
been observed with tedizolid in animals and healthy volun-
teers, studies in patients are lacking. Monoamine oxidase 
inhibitors (MAOIs), selective serotonin reuptake inhibitors 
(SSRIs), tricyclic antidepressants, serotonin 5-hydroxytrypt-
amine (5-HT1) receptor agonists, meperidine, and buspirone 
were all excluded from use in clinical trials (Merck, 2014).

6. ADVERSE REACTIONS AND TOXICITY

There are limited available clinical data on rates of adverse 
events caused by tedizolid among patients with infections. 
Best data are available from the pooled analysis of the two 
phase III clinical trials that evaluated tedizolid 200 mg daily 
for 6 days versus linezolid 600 mg twice daily for 10 days 
(Shorr et al., 2015). Overall, tedizolid was well tolerated by 
patients. The most commonly reported treatment-emergent 
adverse events among patients were nausea (8%), headache 
(6%), diarrhea (4%), vomiting (3%), and dizziness (2%). The 
median onset of adverse reactions was 5 days. Nausea and 
vomiting were reported less frequently in the tedizolid group 
than in the linezolid group (8.2% vs. 12.2%, respectively, and 
2.9% vs. 5.6%; p value < 0.05 for both comparisons). Mean 
chemistry parameter values were largely stable over the 
course of the studies, and abnormalities in liver function test 
results were infrequent with tedizolid. For blood glucose, 
increases of two toxicity grades or more (National Institutes 
of Health, 2007) from baseline to the worst postbaseline 
result occurred in 4.3% of tedizolid patients and 6.7% of 
line zolid patients. Low platelet counts were reported less 
frequently with tedizolid than with linezolid (findings are 
summarized in section 6b). Additional safety considerations 
with tedizolid, as with other antimicrobials, include risk of 
hypersensitivity and development of Clostridium difficile– 
associated diarrhea (Merck, 2014).

Although current data suggest that tedizolid has a favor-
able safety profile, it should be noted that patients in the 
phase III ABSSSI clinical trials received only 6 days of tedi- 
zolid therapy. A phase I study of healthy adult volunteers sug- 
gested that tedizolid 200 mg once daily for 21 days is well 
tolerated and not associated with any meaningful effects on 
hematologic cell lines. However, studies evaluating treatment 
courses longer than 6 days in patients are needed before defin-
itive conclusions regarding long-term safety can be made. 
Safety of a single tedizolid dose was studied in adolescents 
(age 11–17 years), although sample sizes were limited (n = 
20) (Bradley et al., 2016). Six patients experienced seven mild 

Table 76.5. Population pharmacokinetic simulations with 
tedizolid and linezolid. After (R).

Value

Parametera Tedizolidb Linezolidc

Mean (SE) MPS IC50 (μM)  0.31 (0.02)  6.4 (1.2)

Time below MPS IC50 (h)

 Mean (SD)  7.62 (5.49)  3.17 (5.29)

 Median  7.94  0

 25th–75th percentiles  2.48–11.92  0–4.93

% of patients wIth all free drug 
concentrations above the IC50

16 62

aIC50, 50% inhibitory concentration; MPS, mitochondrial protein synthesis.
bAdministered as 200 mg once daily; protein binding of 80% was assumed.
cAdministered as 600 mg twice daily; protein binding of 31% was assumed.
Source: Reproduced with permission from from Flanagan et al., 2015.
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adverse drug events, and no serious adverse events or study 
discontinuations were reported. Ultimately, safety in adoles-
cent and pediatric patients younger than 18 still needs to be 
established.

It is well established that prolonged treatment with the 
oxazolidinone linezolid is associated with myelosuppression, 
lactic acidosis, and neuropathies. It is postulated that these 
toxicities are likely caused by impairment of MPS (Garrabou 
et al., 2007). In vitro and animal studies indicate that there 
may be differences in these toxicities between tedizolid and 
linezolid owing to their differential potential to inhibit MPS 
over the course of the dosing interval (Garrabou et al., 2007; 
Flanagan et al., 2015). As stated in 5c, although tedizolid is a 
much more potent inhibitor of MPS than linezolid, it has free 
drug levels below the mitochondrial IC50 for a longer period 
of time with concentrations never exceeding two to three 
times the IC50. In contrast, for linezolid, the free drug levels 
of linezolid are predicted to exceed the mitochondrial IC50 
for the entire 24-hour dosing period, never falling below two 
to three times the IC50 (Flanagan et al., 2015). This degree of 
intracellular exposure to linezolid may not allow adequate 
mitochondrial inhibition recovery and could contribute to 
resultant differences in toxicities associated with MPS be- 
tween tedizolid and linezolid. These in vitro and in vivo find-
ings need to be validated in the clinical arena before definitive 
conclusions can be made. 

6a.  Myelosuppression

Data, albeit limited, suggest that a dose- and time-dependent 
reversible myelosuppression, particularly thrombocytopenia, 
occurs in patients receiving tedizolid. Lodise et al. (2014) 

examined the outcomes of the ESTABLISH-1 and ESTABLISH-2 
phase III trials comparing tedizolid with linezolid for ABSSI. 
It should be noted that therapy duration for tedizolid was 6 
days, whereas it was 10 days for linezolid. Overall, little dif-
ference was seen between therapies (Table 76.6). The greatest 
difference was seen at the day 11–13 evaluation, at which 
time tedizolid therapy had ceased but linezolid was still being 
administered. Although differences between tedizolid and 
linezolid treatment groups were statistically significant, dif-
ferences were somewhat modest from a clinical standpoint. 
This can likely be explained by the relatively short therapy 
duration for both groups (6 days for tedizolid vs. 10 days for 
linezolid). Studies of longer therapy durations should pro-
vide more insight into the relative platelet toxicity differences 
between these two agents.

To characterize the potential impact of longer treatment 
durations on hematologic outcomes, Lodise et al. (2016) 
published an analysis of a randomized phase I trial of five 
arms (200, 300, and 400 mg daily of tedizolid; 600 mg every 
12 hours of linezolid; placebo) in which both agents were 
administered for 21 days. Adverse hematologic outcomes for 
platelets were prespecified as any parameter below the stan-
dard lower limits of normal (LLNs) or substantially abnor-
mal (< 75% LLN or ≥ 50% below baseline). Over the 21-day 
trial period, two subjects in the linezolid group experienced 
a prespecified hematologic outcome; one and three patients 
in the tedizolid 300-mg and 400-mg cohorts, respectively, 
experienced outcomes. No predefined events were seen in 
either the placebo group or the tedizolid 200-mg group. One 
linezolid subject and two subjects in the 400-mg tedizolid 
cohort who attained a predefined adverse event end point 
were discontinued from the study. Although the duration was  

Table 76.6. Platelet parameters at end-of-therapy visit on study days 11–13, safety analysis population from ESTABLISH-1 and 
ESTABLISH-2.a

Patient group
Platelet count 
(cells/mm3), outcome

Data (no. [%]) for patients taking:

Relative risk 
(95% CI)

200 mg 
tedizolid QD

600 mg 
linezolid BID

Received ≥1 dose of study drugb <150,000, <LLN 27 (4.9) 58 (10.8) 0.45 (0.29–0.71)

<112,500, <75% LLN 7 (1.3) 20 (3.7) 0.34 (0.15–0.80)

<100,000 4 (0.7) 14 (2.6) 0.28 (0.09–0.84)

 <50,000 1 (0.2) 0 (0.0) NA

 <20,000 0 (0.0) 0 (0.0) NA

Received ≥1 dose of study drug 
and had baseline platelet count 
of >150,000 cells/mm3c

 150,000, <LLN 16 (3.4) 31 (6.8) 0.50 (0.28–0.90)

<112,500, <75% LLN 4 (0.9) 8 (1.8) 0.49 (0.15–1.60)

<100,000 2 (0.4) 3 (0.7) 0.65 (0.11–3.85)

 <50,000 1 (0.2) 0 (0.0) NA

 <20,000 0 (0.0) 0 (0.0) NA

 ≥50% decrease from 
baseline

4 (0.9) 7 (1.5) 0.55 (0.16–1.88)

aPatients were randomly assigned to receive once-daily (QD) dosing of tedizolid for 6 days or twice-daily (BID) dosing of linezolid for 10 days.
bn = 552 tedizolid and 538 inezolid.
cn = 467 tedizolid and 453 linezolid.
CI, confidence interval; NA, not applicable.
Source: Reproduced with permission from Lodise et al., 2014.
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considerably longer than the 6 days of the ABSSSI trials, it 
was shorter than that indicated for more serious infections 
such as osteomyelitis and M. tuberculosis. Furthermore, sam-
ple size was very limited (eight healthy subjects per group). 
Nonetheless, the 200-mg tedizolid dose may be somewhat 
less platelet toxic than linezolid when administered for lon-
ger durations, but more data are needed.

6b.  Peripheral and optic neuropathy

Limited clinical data are available on the ability of tedizolid 
to cause peripheral and optic neuropathy. Peripheral and optic 
neuropathy have been described in patients treated with line-
zolid with treatments for longer than 28 days (Garrabou et 
al., 2007). In phase III trials, reported adverse reactions for 
peripheral neuropathy and optic nerve disorders were simi-
lar between patients who received tedizolid and those who 
received linezolid (peripheral neuropathy 1.2% vs. 0.6% for 
tedizolid phosphate and linezolid, respectively; optic nerve 
disorders 0.3% vs. 0.2%, respectively) (Shorr et al., 2015). No 
data are available for patients exposed to tedizolid for longer 
than 6 days.

A rigorous neuropathologic evaluation was performed in 
rats given tedizolid for 1, 3, 6, and 9 months. Tedizolid showed 
no evidence of adverse neurobehavioral effects or histo-
pathologic changes in the central or peripheral nervous sys-
tems, including the optic nerve at plasma exposures that were 
eightfold greater than the human therapeutic plasma dose 
(Schlosser et al., 2015). 

6c.  Lactic acidosis

There are currently no published reports of tedizolid result-
ing in lactic acidosis, and a warning or precaution regarding 
lactic acidosis is not included in the agent’s FDA-approved 
package insert (Merck, 2014). Prolonged treatment with the 
oxazolidinone linezolid is associated with lactic acidosis (Gar-
rabou et al., 2007).

6d.  Risk in pregnancy and lactation

There are no adequate and well-controlled studies of tedizolid 
in pregnant women. Tedizolid should be used during preg-
nancy only if the potential benefit justifies the potential risk 
to the fetus (pregnancy category C). In embryo-fetal studies, 
tedizolid was shown to produce fetal developmental toxici-
ties in mice, rats, and rabbits at doses producing fourfold to 
sixfold the estimated human exposure level based on AUCs. 
The no observed adverse effect levels (NOAELs) for fetal tox-
icity in mice and maternal and fetal toxicity in rats and rabbits 
were associated with tedizolid plasma AUC values approxi-
mately equivalent to the AUCs associated with the oral human 
therapeutic dose (Merck, 2014).

It is not known whether tedizolid is excreted in human 
milk. Tedizolid is excreted in the breast milk of rats. Caution 
should be exercised when tedizolid is administered to a nurs-
ing woman (Merck, 2014). 

7. CLINICAL USES OF THE DRUG

Tedizolid is indicated for the treatment of adults with 
ABSSSIs caused by Gram-positive pathogens. To date, tedi-
zolid once daily has been evaluated for the treatment of 
patients with skin infections in one randomized, double- 
blind phase II complicated skin and skin structure infection 
(cSSSI) clinical trial (Prokocimer et al., 2012) and two phase 
III randomized, double-blind clinical trials of patients with 
ABSSSI (Prokocimer et al., 2013; Moran et al., 2014) (Table 
76.7). A randomized, single-blind, multicenter, phase III 
study of IV and/or oral tedizolid phosphate 200 mg once per 
day for 6 days compared with IV and/or oral comparator 
(vancomycin, linezolid, clindamycin, flucloxacillin, cefazo- 
lin, cephalexin) for 10 days for the treatment of cSSTI in par-
ticipants 12 to < 18 years is currently ongoing. The study  
is anticipated to be completed in 2018 (NCT02276482, 
ClinicalTrials.gov). 

Tedizolid is currently being evaluated relative to linezolid 
to the treatment of patients with nosocomial pneumonia. This 
is a randomized, double-blind, double-dummy, multicenter, 
global phase III study of tedizolid 200 mg intravenously once 
daily for 7 days versus linezolid 600 mg intravenously every 12 
hours for 10 days for the treatment of ventilated participants 
with presumed Gram-positive HABP or ventilator-associated 
bacterial pneumonia (VABP) (NCT02019420, ClinicalTrials.
gov). The primary end point for this study is all-cause mor-
tality within 28 days after randomization. Secondary end 
points include clinical response at end of treatment (EOT), 
clinical response at test of cure (TOC), microbiologic response 
at EOT, and microbiologic response at TOC. Prespecified 
analyses are design to examine patients with HABP or VABP 
due to S. aureus. 

The safety and efficacy of tedizolid in patients with neu-
tropenia (neutrophil counts < 1000 cells/mm3) have not been 
adequately studied. Animal models suggest reduced antibac-
terial activity of tedizolid in the absence of granulocytes. 
Until clinical data are available, alternative treatment options 
should be considered for patients with neutropenia (Merck, 
2014). 

7a.  Acute bacterial skin and  
skin structure infections

In the randomized, double-blind phase II clinical trial, three 
oral doses of tedizolid phosphate—200 mg, 300 mg, and 
400 mg—once daily for 5 to 7 days were evaluated for treat-
ment of patients with cSSSI (Prokocimer et al., 2012). Major 
findings from this trial are displayed in Table 76.7. Among 
154 treated patients in whom a Gram-positive pathogen was 
identified at baseline (microbiological modified intent-to-
treat (mMITT) population), 139 cases (90.3%) involved 
S. aureus, of which 112 (80.6%) were MRSA. Microbiologic 
eradication rates at the TOC visit were similar in all tedizo lid 
dose groups, with overall eradication rates of 97.7%, 97.9%, 
and 95.7% for all pathogens, MRSA, and MSSA, respectively. 
There were no statistically significant differences seen between 

http://ClinicalTrials.gov
http://ClinicalTrials.gov
http://ClinicalTrials.gov
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any of the tested doses regardless of lesion type, lesion size, and 
severity of infection. This result was true in both the mITT 
and the clinically evaluable populations, and it was seen at 
both the EOT and TOC visits (7–14 days after treatment).

Based on findings from the phase II cSSSI clinical trial, 
oral tedizolid phosphate 200 mg once daily for 6 days was 
compared with linezolid 600 mg twice daily for 10 days in a 
phase III randomized, double-blind clinical trial of patients 
with ABSSSI (Prokocimer et al., 2013). The primary efficacy 
outcome was early clinical response at the 48- to 72-hour 
assessment (no increase in lesion surface area from baseline 
and oral temperature of ≤ 37.6°C, confirmed by a second 
temperature measurement within 24 hr). Results of this trial 
indicated that 6 days of tedizolid phosphate 200 mg daily  
followed by 4 days of placebo is noninferior to 10 days of 
linezolid 600 mg twice daily at the FDA-specified 48- to 
72-hour efficacy end point. In the ITT analysis, the early 
clinical treatment response rates were 79.5% (95% confi-
dence interval [CI]: 74.8–83.7%) in the tedizolid phosphate 
group and 79.4% (95% CI: 74.7–83.6%) in the linezolid 
group (a treatment difference of 0.1% [95% CI: −6.1% to 
−6.2%]). Similar clinical response rates were found between 
tedizolid and linezolid at the EOT visit (day 11 relative to the 
first dose of either study drug on day 1), and at the post-ther-
apy evaluation (PTE; 7–14 days after the EOT visit). Clinical 
response rates were also similar for the 178 patients with 
MRSA recovered from the primary lesion.

In the second phase III trial, patients with ABSSSI were 
randomized to receive once-daily tedizolid intravenously (200 
mg for 6 days) or twice-daily linezolid intravenously (600 mg 
for 10 days), with optional oral step-down (Moran et al., 
2014). The primary end point was early clinical response 
(≥ 20% reduction in lesion area at 48–72 hr compared with 
baseline), with a noninferiority margin of −10%. In total, 666 
patients were randomly assigned to receive tedizolid (n = 
332) or linezolid (n = 334). Consistent with the first registra-
tion ABSSSI trial, IV to oral once-daily tedizolid 200 mg for 
6 days was noninferior to twice-daily linezolid 600 mg for 10 
days for treatment of patients with ABSSSIs. In the ITT pop-
ulation, noninferiority was met; 283 (85%) patients in the 
tedizolid group and 276 (83%) in the linezolid group achieved 
early clinical response (difference 2.6%, 95% CI −3.0 to 8.2). 
Clinical response rates were comparable between tedizolid and 
linezolid at the EOT and PTE, including those with MRSA 
recovered from the primary lesion. These results, and those 
of the other ABSSSI clinical trials, led to the approval of tedi- 
zolid once daily for 6 days for the treatment of patients with 
ABSSSIs. 

Because of the similarity in overall study design, data from 
both trials were pooled to further evaluate treatment efficacy 
in a larger and more diverse patient population (Shorr et al., 
2015). In the pooled ITT population, 81.6% of patients who 
received tedizolid and 79.4% of linezolid patients exhibited 
early clinical response (48 to 72 hr) with a difference of 2.2% 
(95% CI: −2.0 to 6.5). Treatment outcomes were also similar 
for the key secondary end points of programmatic clinical 
response at EOT (tedizolid 87.0%, linezolid 87.9%; difference 

–0.8%; 95% CI: −4.4 to 2.7) and investigator-assessed clinical 
response at PTE (tedizolid 86.7%, linezolid 86.8%; difference 
–0.1%; 95% CI: –3.8 to 3.6). Early clinical response and late 
clinical response at PTE were similar between treatment groups 
across all prespecified subgroups. Among patients with bac-
teremia at baseline, early clinical response (ITT population) 
was achieved in 11 (100%) of 11 tedizolid- and 11 (69%) of 
16 linezolid-treated patients.

7b.  Respiratory tract infections

Currently, no clinical data are available for use of tedizolid 
for treatment of patients with VABP or HABP due to a Gram-
positive pathogen. To date, tedizolid has been evaluated in 
four murine models of pneumonia (Lepak et al., 2012, Choi 
et al., 2012, Tessier et al., 2012, Kaku et al., 2016). At doses 
equivalent to 200 mg once daily in humans, tedizolid phos-
phate administered to mice orally or intravenously was effec-
tive in vivo against systemic infection with penicillin-resistant 
and penicillin-sensitive S. pneumoniae isolates (Choi et al., 
2012). Two studies (see section 5c) have also demonstrated 
the efficacy of tedizolid in neutropenic and immunocompe-
tent murine MRSA pneumonia models in reducing the bac-
terial burden and improving survivorship (Lepak et al., 2012; 
Tessier et al., 2012). In a murine model of hematogenous pul-
monary infection caused by MRSA, tedizolid significantly 
improved survival rates and reduced bacterial counts in the 
lungs as compared with low- and high-vancomycin treatment 
groups (similar results were observed between tedizolid- and 
linezolid-treated mice). It has also been suggested that tedi zolid 
may demonstrate a positive immunomodulatory effect (Kaku 
et al., 2016). Collectively, the results from these four murine 
models of pneumonia support the clinical trial examination of 
tedizolid in MSSA and MRSA HABP, including VABP.

7c.  Other infections

Data on use of tedizolid in patients with other types of infec-
tions were nonexistent at time of book publication. In a 
high-inoculum rabbit model of MRSA endocarditis, tedizolid 
phosphate (2 mg/kg) (equivalent to 60% of the area under 
the concentration-time curve from 0 to 24 hr [AUC0–24] for the 
human 200-mg dose) was not efficacious. Tedizolid phos-
phate at 4 mg/kg (equivalent to 75% of the AUC0–24 for the 
human 400-mg dose) and 8 mg/kg produced lower vegeta-
tion titers than the control, but neither was as efficacious as 
vancomycin. The burdens of organisms in the spleen and 
kidneys were significantly lower in vancomycin-treated rab-
bits relative to tedizolid (Chan et al., 2015). 
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Quinupristin–Dalfopristin

Denis Frasca, Olivier Mimoz, William Couet

1. DESCRIPTION

Streptogramins belong to the macrolide–lincosamide– 
streptogramin group of antibiotics. They constitute a family 
of compounds including pristinamycins, oestreomycins, and 
mikamycins, all isolated from Streptomyces pristinaespiralis, and 
virginiamycins, isolated from Streptomyces virginae (Vas
quez, 1967). Streptogramins are divided into two groups (group 
A and group B) based on their molecular structure. Quinu
pristin (derived from pristinamycin IA) is a group B strepto
gramin, whereas dalfopristin (derived from pristinamycin 
IIA) is a semisynthetic derivative of a group A streptogramin. 
These two watersoluble streptogramins have been combined 
in the first parenteral streptogramin preparation commercially 
available at a 30:70 weighttoweight ratio (Synercid, Aventis 
Pharmaceutical Products Inc., Parsippany, NJ). Quin upristin 
is a combination of three peptide macrolactones. Its main 
component (> 88%) has an empirical formula of C53H67N9O10S 
and a molecular weight of 1022.24 g/mol and its structural 
formula is shown in Figure 77.1. Dalfopristin has an empirical 
formula of C34H50N4O9S, a molecular weight of 690.85 g/mol 
(Figure 77.1). 

Quinupristin–dalfopristin is active against a range of 
Gram positive bacteria that are usually resistant to other 
agents including penicillinresistant Streptococcus pneumo
niae, methicillinresistant Staphylococcus aureus, glycopeptides 
intermediate S. aureus, and vancomycinresistant Enterococ cus 
faecium (Aventis, 1999; NCCLS, 2002; Barrett and Jones, 1996). 

The commercially available formulation for intravenous 
injection (Synercid 500 mg) is a sterile lyophilized formula
tion of quinupristin mesylate (150 mg), dalfopristin mesylate 
(350 mg), and two excipients (methane sulfonic acid and 
sodium hydroxide) (Aventis, 1999).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility 

The Clinical Laboratory Standards Institute (CLSI) has 
 determined the minimum inhibitory concentration (MIC) 

susceptibility breakpoints for quinupristin–dalfopristin 
against the Grampositive organisms E. faecium, Staphylo
coccus spp. and Streptococcus spp. as follows: ≤ 1 mg/l, sus
ceptible; 2 mg/l, intermediate susceptible; ≥ 4 mg/l, resistant 
(NCCLS, 2002). However, the effectiveness of quinupristin 
and dalfopristin in treating clinical infections due to these 
microorganisms has not been established in adequate and 
wellcontrolled clinical trials.

GRAM-POSITIVE BACTERIA

Quinupristin–dalfopristin’s spectrum of activity extends to 
many multidrugresistant Grampositive aerobic bacteria (Bar
rett and Jones, 1996). Quinupristin–dalfopristin is commonly 
active on aerobic and anaerobic Grampositive bacteria 
including S. aureus (methicillinsusceptible and methicillin 
resistant strains), coagulasenegative staphylococci (includ
ing methicillinresistant strains), S. pneumoniae (whatever 
the susceptibility to betalactams or macrolides), streptococ
cal species other than S. pneumoniae, Clostridium species, 
and Corynebacterium jeikeium (Table 77.1). Quinupristin–
dalfopristin is almost always inactive against Enterococcus 
faecalis, whereas most strains of E. faecium are susceptible, 
including strains that are resistant to erythromycin, gentami
cin, and vancomycin. An efflux pump conferring resistance 
to dalfopristin appears to be intrinsic in these species (Nadler 
et al., 1999). In contrast, most isolates of E. faecium (includ
ing vancomycinresistant strains) are susceptible to this agent. 
Differentiation of enterococcal species is thus important. 
Other organisms that commonly cause upper respiratory 
tract infections against which quinupristin–dalfopristin has 
demonstrated in vitro activity include Haemophilus influen
zae, Legionella spp., Mycoplasma spp., and Chlamydophila 
pneumoniae (Nadler et al., 1999; Yu et al., 2014; Maraki et al., 
2014; Kullar et al., 2015; Jones et al., 1998; Mathai et al., 2001; 
Sambatakou et al., 1998; Mouton et al., 1997). 

GRAM-NEGATIVE BACTERIA

Aerobic Gramnegative enteric bacilli and nonfermenting 
Gramnegative bacteria such as Pseudomonas aeruginosa and 
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Acinetobacter species are commonly resistant to quinupristin–
dalfopristin because of cell wall impermeability (Maraki et 
al., 2014; Bouanchaud, 1996, 1997; Von Eiff et al., 2000).

2b.  Emerging resistance and  
cross-resistance

The mechanisms of resistance in staphylococci and Entero
coccus faecium to quinupristin–dalfopristin are summarized 
in Table 77.2. Two genes, vat(D) and vat(E), confer resistance 
to group A streptogramins, and another two (vgb and erm) 
confer resistance to group B streptogramins. These genes have 
been found in Enterococcus species. Quinupristin–dalfopristin 
re sistance, which was caused by a combination of erm and 
vat genes, was first found among S. aureus clinical isolates in 
China (Yu et al., 2014). Resistance to streptogramins is medi
ated by three possible mechanisms: drug inactivation by 
enzymes, efflux or active transport of the antibiotic out of the 
cell, and plasmidcoded conformational alterations in ribo
somal target binding site (Nadler et al., 1999). The third is the 
most common expression of bacterial resistance to strepto
gramins. Constitutive or induced expression of macrolide–
lincosamide–streptogramin B resistance occurs in some 
staph ylococcal species (Eliopoulos et al., 1998; Luh et al., 
2000). Drug inactivation can occur in some staphylococcal 
and enterococcal species by production of a quinupristin 

 inactivating hydrolase or a dalfopristininactivating acetyl
trans ferase. Some species of coagulasenegative staphylo
cocci and E. faecium become resistant by active efflux of 
dalfopristin (Cocito et al., 1997; Johnson and Livermore, 
1999). Emerging resistance during the treatment of infections 
caused by vancomycinresistant E. faecium has generally 
been to both components of the formulation (Linden et al., 
1997). The anti biotic susceptibility of glycopeptideresistant 
enterococci was investigated in a Tertiary Greek Hospital. 
Seventy consecutive glycopeptideresistant enterococci were 
tested. Sixtytwo isolates were identified as E. faecium 
(88.6%), and 8 (11.4%) as E. faecalis. All strains were suscep
tible to line zolid and daptomycin, whereas 17.1% (12/70) 
and 11.4% (8/70) were resistant to quinupristin–dalfopristin 
and tige cycline, respectively. All E. faecalis isolates were 
resistant to quinupristin–dalfopristin, and 4 of 62 (6.5%) E. 
faecium isolates were resistant to quinupristin–dalfopristin 
(Samba takou et al., 1998).

There is no reported crossresistance between quinupristin–
dalfopristin and these agents when tested by the MIC method. 
This is probably due to the mechanism of action of quin
upristin–dalfopristin, which differs from that of other classes 
of antibacterial agents such as betalactams, aminoglycosides, 
glycopeptides, quinolones, macrolides, lincosamides, and te tra
cyclines (Sambatakou et al., 1998; Finch, 1996, Schmitz et al., 
1999).

Figure 77.1. Chemical structure of quinupristin and 
dalfopristin. 
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3. MECHANISM OF DRUG ACTION 

Quinupristin–dalfopristin exerts antibacterial activity via 
inhibition of bacterial protein synthesis. Each compound 
binds to sequential sites located on the 50S subunit of the 
bacterial ribosome (Finch, 1996; Nadler et al., 1999). It is 
thought that dalfopristin blocks attachment of the substrate 
to both the acceptor site and the donor site of the peptidyl 
transferase catalytic center, thereby inhibiting the elongation 
phase of ribosomal replication of Grampositive organisms. 
It has further been speculated that quinupristin blocks pep
tide bond synthesis, which prevents the extension of poly
peptide chains and promotes the detachment of incomplete 
protein chains. Dalfopristin exerts effects in the early stages 
of protein synthesis, whereas quinupristin is active in the 
later stages. In addition, dalfopristin binding causes a confor
mational change in the ribosome that subsequently increases 
the binding of quinupristin. The combined action of the two 
agents is synergistic and creates a stable drug– ribosome com
plex that causes inhibition of protein synthesis by several 
mechanisms, including prevention of peptidechain forma
tion, blockade of extrusion of newly formed peptide chains, 

and, in many instances, bacterial cell death (Cocito et al.; 1997; 
Le febvre et al., 1997a). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Quinupristin–dalfopristin is available as an intravenous for
mulation only. Each singleuse vial provides a total of 500 mg 
of sterile pyrogenfree lyophilized formulation of active drug 
(quinupristin, 150 mg; dalfopristin, 350 mg). The formula
tion should be reconstituted by slowly adding 5 ml of water 
with or without 5% dextrose. The vial should be then gently 
swirled by manual rotation without shaking to ensure disso
lution of contents while limiting foam formation, and the 
solution should be allowed to sit for a few minutes until all 
the foam has disappeared. The resulting solution should be 
clear. The reconstituted solution should be added to 250 ml 
of 5% dextrose solution (approximately 2 mg/ml). An infu
sion volume of 100 ml may be used for central line infusions 
only. The desired dose should be administered by intrave
nous infusion (preferably via a central venous catheter) over 
60 minutes. If moderate to severe venous irritation occurs 

Table 77.1. In vitro spectrum of quinupristin–dalfopristin activity.

Aerobic Gram-positive strains Aerobic Gram-negative strains Anaerobic strains

Susceptible Enterococcus faecium
Staphylococcus aureus 
Coagulase-negative staphylococci
Streptococcus agalactiae
Streptococcus pneumoniae
Streptococcus pyogenes

Intermediate Group C streptococcus 
Group G streptococcus 

Haemophilus influenzae
Legionella spp.
Mycoplasma pneumoniae

Clostridium perfringens
Peptostreptococcus spp.

Resistant Enterococcus avium
Enterococcus casseliflavus
Enterococcus durans
Enterococcus faecalis
Enterococcus gallinarum
Pediococcus spp. 
Streptococcus bovis

Enterobacteriaceae
Haemophilus parainfluenzae
Neisseria spp.
Moraxella catarrhalis
Pseudomonas spp.
Acinetobacter spp.
Stenotrophomonas spp.

Bacteroides spp.
Clostridium spp.
Fusobacterium spp.
Prevotella spp.
Veillonella spp.

Table 77.2. Mechanisms of resistance in staphylococci and Enterococcus faecium to antimicrobial activity of quinupristin–dalfopristin

Mechanism of resistance Genotype Representative pathogens

Ribosome modification

 Constitutive MLSB erm A Staphylococci (resistant to quinupristin only)

Drug inactivation

 Dalfopristin acetyltransferase vat B or vat; sat A Staphylococcus aureus principally CoNS, Enterococcus faecium 

 Quinupristin hydrolase vgb or vgb-like E. faecium or S. aureus
Active transport

 Dalfopristin efflux vga or vga-like CoNS principally, E. faecium

Abbreviations: MSLB: macrolide–lincomycin–streptogramin B; erm: erythromycin-resistant methylase; vat: virginiamycin acetyltransferase; sat: streptogramin 
acetyltransferase; CoNS: coagulase-negative staphylococci; vgb: virginiamycin B; vga: virginiamycin A. 

Source: Mathai et al., 2001.
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after peripheral administration of quinupristin–dalfopristin, 
increasing the infusion volume to 500 or 750 ml should be 
considered. Concomitant administration of hydrocortisone or 
diphenhydramine does not appear to alleviate venous pain 
or inflammation. The formulation should not be diluted with 
saline solutions or heparin because quinupristin–dalfopristin 
is not compatible with these agents. Quinupristin–dalfopristin 
should not be mixed with or physically added to other drugs 
except for the drugs listed in Table 77.3, in which compatibil
ity by Ysite injection has been established. With intermittent 
infusion of quinupristin–dalfopristin and other drugs through 
a common intravenous line, the line should be flushed before 
and after administration with 5% dextrose in water solution. 
Because quinupristin–dalfopristin contains no antibacterial 
preservative, it should be reconstituted under strict aseptic 
con ditions. Vials are for single use. The storage time of the 
diluted solution should be as short as possible to minimize 
the risk of microbial contamination. Stability of the diluted 
solution before the infusion is established as 4 hour at room 
temperature or 54 hours if stored under refrigeration at 
2–8°C. The solution should not be frozen. A 500mg vial of 
quinupristin–dalfopristin costs approximately $85; the total 
daily cost of therapy with this agent would be $340 to $510; 
although prices may vary between regions (Lefebvre et al., 
1997b). 

4a.  Adults

In adults the recommended intravenous dosage of quinupristin– 
dalfopristin is 7.5 mg/kg every 8 hours for the treatment of 
vancomycinresistant E. faecium infections and 7.5 mg/kg 
every 12 hours for complicated skin and skin structure infec
tions. The minimum recommended treatment duration for 
complicated skin and skin structure infections is 7 days. For 
vancomycinresistant E. faecium infection, the treatment dur  
ation should be determined based on the site and severity of 
the infection (Lefebvre et al., 1997c).

4b.  Newborn infants and children

The safety and efficacy of quinupristin–dalfopristin has not 
been well established in children. Based on a limited number 
of pediatric patients treated under emergencyuse conditions, 
no dosage adjustment of quinupristin–dalfopristin seems 
required. 

4c.  Pregnant and lactating mothers

No evidence of teratogenicity was found when quinupristin–
dalfopristin was administered to pregnant rats. No studies have 
been performed in pregnant women. Because animal reproduc
tion studies are not always predictive of the human response, 
quinupristin–dalfopristin should be used in pregnancy only 
if the physician considers that the benefits outweigh the 
potential risk. Quinupristin is excreted in the milk of lactat
ing rats (Rubinstein et al., 1999). No data are available in human 
milk.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION 

In patients with renal impairment (creatinine clearance 6 to 
28 ml/min), the areas under the concentrationtime curve 
(AUCs) of quinupristin and dalfopristin were shown to in 
crease around 40% and 30%, respectively. In patients under
going continuous ambulatory peritoneal dialysis, dialysis 
clearances for quinupristin, dalfopristin, and their major 
meta bolites are negligible. The high molecular weight of both 
components suggests that it is unlikely to be removed by 
hemodialysis. Accordingly, no dosage adjustment of quin
upristin and dalfopristin seems required for use in patients 
with renal impairment or patients undergoing peritoneal 
dialysis (Chevalier et al., 2000; Johnson et al., 1999).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Data from clinical trials of quinupristin–dalfopristin suggest 
that the incidence of adverse effects in patients with chronic 
liver insufficiency or cirrhosis was comparable to that in 
patients with normal hepatic function. In patients with hepa
tic cirrhosis (ChildPugh A or B), the termination halflife of 
quinupristin and dalfopristin was not changed. However, the 
AUCs of quinupristin and dalfopristin increased 180% and 
50%, respectively, suggesting that dosage reduction may be 
necessary, but appropriate recommendations cannot be made 
at this time (Chevalier et al., 1997). 

OLDER ADULTS 

The pharmacokinetics and safety profiles of quinupristin–
dalfopristin were studied in a population of elderly individu
als (range 69–74 years). The pharmacokinetics of the drug 
were not altered in these subjects. Accordingly, no dosage 
adjustment of quinupristin–dalfopristin is required for use 
in the elderly (Lefebvre et al., 1997a). 

OTHER PATIENTS

The pharmacokinetics of quinupristin–dalfopristin are not 
modified by gender (Lefebvre et al. 1997b). In obese patients 
(body mass index ≥ 30 kg/m2) the maximum drug plasma 
concentration (Cmax) and AUC of quinupristin and dalfopris
tin increased by about 30% and 40%, respectively, suggesting 
that antibiotic dosage should be based on ideal body weight 
rather than actual body weight (Lefebvre et al., 1997c).

Table 77.3. Y-site injection compatibility of quinupristin–
dalfopristin at 2 mg/ml concentration admixture and 
concentration intravenous infusion solutions for admixture

Aztreonam 20 mg/ml D5W

Ciprofloxacin 1 mg/ml D5W

Fluconazole 2 mg/ml Used as the undiluted solution

Haloperidol 0.2 mg/ml D5W

Metoclopramide 5 mg/ml D5W

Potassium chloride 40 mEq/l D5W

D5W: 5% dextrose injection.
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5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS 

Pharmacokinetic studies have been conducted using high 
performance liquid chromatography (HPLC) or bioassays 
(Bearden, 2004). Quinupristin and dalfopristin are converted 
via nonenzymatic reactions to metabolites that contribute 
to the antimicrobial activity, but are essentially present as the 
unchanged form in plasma. The major metabolites are two 
conjugated metabolites for quinupristin (one with glutathione 
and one with cysteine) and one nonconjugated metabolite for 
dalfopristin (formed by drug hydrolysis) corresponding to the 
natural compound pristinamycin IIA. Because of rapid ex 
vivo degradation, plasma samples are usually acidified to pre
vent quinupristin and dalfopristin breakdown. HPLC allows 
quantification of the parent compounds and their metabolites. 
However, although pristinamycin IIA concentrations have 
commonly been reported from studies using HPLC, cysteine– 
quinupristin and glutathione–quinupristin concentrations 
are not documented. Although bioassay is not recommended 
for these compounds, studies that have simultaneously per
formed HPLC and bioassay have obtained comparable 
results. The summation of HPLCmeasured concentrations 
of the parent compounds and known active metabolites mir
rored the combined concen trations obtained from bioassay 
(Chevalier et al., 2001).

5a.  Bioavailability 

Bioavailability is negligible because oral absorption of quin
upristin–dalfopristin is minimal. Therefore the quinupristin–
dalfopristin combination is available as an intravenous infusion 
only (Bergeron and Montay, 1997). Quinupristin and dalfo
pristin protein binding was determined by ultrafiltration and 
re ported to be 55–78% and 11–26%, respectively. 

5b.  Drug distribution

Quinupristin and dalfopristin extravascular distribution is 
relatively limited as assessed from the relatively low volumes 

of distribution at steady state (Vdss), respectively 0.54 ± 0.17 
l/kg and 0.29 ± 0.06 l/kg. No changes in Vdss were observed 
after repeated administrations. The apparent volume of dis 
tribution (Vd) is about twice Vdss (Table 77.4) (Chevalier et 
al., 2001).

Quinupristin and dalfopristin concentrations have been 
determined in wholetissue homogenates including liver, kid 
ney, spleen, blood, bone marrow, salivary glands, adrenals, 
and the intestinal contents (Bergeron et al., 1997; Etienne et 
al., 1992; Bernard et al., 1994). However, wholetissue con
centrations are difficult to interpret, making such studies of 
limited interest (Mouton et al., 2008). In monkeys, concen
trations of radiolabeled drug in tissue exceeded those in blood 
in the kidney, liver, spleen, and salivary glands. Extravascular 
fluid penetration was investigated in two human studies of 
suction blister fluid concen trations (Bergeron et al., 1997; 
Bernard et al., 1994). In the first study, concentrations were 
determined using a bioassay technique after a 12mg/kg dose 
of quinupristin–dalfopristin and measured a single com
bined con centration of all drug components. The AUC from 
0 to 6 hours (AUC0–6) in blister fluid was 82% of that in 
plasma. In the second study, the AUCblister/AUCplasma ratio for 
quinupristin and dalfopristin over the first 8 hours after a sin
gle 7.5mg/kg drug administration was approximately 40%. 

In animal models, quinupristin–dalfopristin penetration 
into the spinal cord and central nervous system was poor. 
Cerebrospinal fluid (CSF) concentrations have been reported 
using a bioassay after 1mg and 2mg intrathecal doses in a 
clinical case of meningi tis. Quinupristin concentrations were 
2.75 mg/l at 1.7 hours after the 1mg dose and 10 times this 
concentration 1 hour after the 2mg dose. Dalfopristin con
centra tions were much lower (0.63 and 22.0 mg/l) 1 hour 
after the 1 and 2mg doses, respectively. These data are rather 
inconsistent and therefore questionable (Trostdorf et al., 1999).

Concentrations of quinupristin, dalfopristin, and their 
metabolites in the lung were determined in a human study with 
four healthy volunteers after bronchoalveolar lavage (BAL). 
After a single 7.5mg/kg dose of quinupristin–dalfopristin, low 
concentrations of pristinamycin IIA were recovered in the 
BAL fluid. The low pulmonary concentrations may have been 

Table 77.4. Pharmacokinetic parameters of quinupristin, dalfopristin in 10 young healthy male volunteers after multiple doses of 
quinupristin–dalfopristin 7.5 mg/kg infused intravenously over 60 minutes every 12 hours for 4–5 days. Concentrations determined by 
HPLC. Values are means ± SD 

Compound Day
Cmax

(mg/l)
AUC0–∞

(mg.h/l)
t1/2

(h)
CL  

(l/h/kg)
Vd 
(l/kg)

Vdss 
(l/kg)

Quinupristin 1 2.31 ± 0.52 2.53 ± 0.50 0.82 ± 0.20 0.93 ± 0.21 1.10 ± 0.41 0.54 ±0.17

5 2.53 ± 0.41 3.01 ± 0.24 0.87 ± 0.20 0.77 ± 0.06 0.95 ± 0.20 0.48 ± 0.09

Dalfopristin 1 5.92 ± 1.51 6.24 ± 1.54 0.61 ± 0.30 0.89 ± 0.24 0.78 ± 0.38 0.29 ± 0.06

5 6.81 ± 1.75 7.78 ± 2.22 1.28 ± 0.30 NR NR NR

Abbreviations: HPLC, high-performance liquid chromatography; SD: standard deviation; Cmax: maximum drug plasma concentration; AUC0–∞: area under the 
concentration-time curve from time 0 to infinity; t1/2β: elimination half-life; Cl: plasma clearance; Vdβ: volume of distribution; Vdss: volume of distribution at 
steady state; NR: not reported. 

Source: Chevalier et al., 2001.
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due to experimental artifacts, because radiolabeled drug was 
recovered from the lung in animal models and efficacy has 
been report ed in clinical trials of pneumonia (Nix, 1998).

Quinupristin–dalfopristin accumulates in white blood 
cells. Incubation of murine macrophages with quinupristin– 
dalfopristin produced a rapid uptake of both quinupristin 
and dalfopristin, with a maximal cellular/extracellular up  
take ratio in excess of 30–50 (Desnottes and Diallo, 1992). 
In human volunteers receiving quinupristin–dalfopristin 7.5 
mg/kg every 8 hours, the AUC in polynuclear leukocytes 
exceeded that in the plasma by 11fold for quinupristin and 
3fold for dalfopristin and its major metabolite (Ballow et al., 
1998). Penetration of antibiotics into white blood cells has 
been suggested as a potential reservoir for targeted drug 
delivery to infected sites (Gladue et al., 1989).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The main target of quinupristin and dalfopristin is the bac
terial 50S ribosome. Each compound inhibits bacterial cell 
growth and is classified as a bacteriostatic agent. When com
bined, the two agents provide a synergistic effect that is often 
bactericidal, is more potent, and may be active even when 
there is resistance to one component. Synergism is thought 
to occur as a result of conformational changes in the 50S 
ribosomal subunit created when dalfopristin attaches. The 
metabolites of quinupristin and dalfopristin also contribute 
to the antimicrobial activity of the drug. The two quinupris
tin metabolites have approximately twofold less activity 
when compared with the parent drug, whereas the dalfopris
tin metabolite has approximately twofold more activity than 
the parent compound. Finally, in vitro synergism of the major 
metabolites with the complementary parent compound has 
been demonstrated (Finch, 1996; Barrett and Jones, 1996). 

Quinupristin–dalfopristin is bacteriostatic against E. fae
cium and bactericidal against strains of streptococci and 
staph ylococci. The combination demonstrates a prolonged 
postantibiotic effect, which is the phenomenon of continued 
suppression of bacterial growth after serum levels have fallen 
below the MIC. The duration of this effect may be up to 10 
hours for S. aureus and 9 hours for S. pneumoniae (Finch, 
1996; Delgado et al., 2000) and is one of the reasons for 
administration at 8 to 12hour intervals. 

The combination of quinupristin–dalfopristin with aztre
onam, cefotaxime, ciprofloxacin, and gentamicin against 
Entero bacteriaceae and P. aeruginosa or with cefepime, ampi 
cillin, amoxicillin, doxycycline, chloramphenicol, and genta
micin against enterococci and staphylococci did not show 
antagonism.

5d.  Excretion

The transformation of the parent drugs into active metabo
lites occurs in the liver by nonenzymatic reactions and is not 
mediated by cytochrome P450 or glutathione transferase. 

Quinupristin–dalfopristin and its metabolites are excreted 
through the biliary tract. Fecal excretion constitutes the main 
elimination route for both parent drugs and their metabolites 
(75–78% of dose with < 15% appearing as unchanged drug; 
Moellering et al., 1999). Urinary excretion accounts for 
ap proximately 15% of the quinupristin and 19% of the dalfo
pristin dose. 

Quinupristin and dalfopristin clearances are similar (0.7–
0.9 l/h/kg). After singledose administration in healthy vol
unteers, the elimination halflives (t1/2) of both parent com 
pounds are virtually similar at 0.9–1.3 hours for quinupristin 
and 0.7–1.2 hours for dalfopristin (Lefebvre et al., 1997c). 
The t1/2β of the dalfopristin metabolite pristinamycin IIA after 
a single dose of quinupristin–dalfopristin is slightly longer 
than that of dalfopristin at 1.2–1.4 hours. The t1/2β values of the 
quinupristin metabolites are slightly longer than that of the 
parent compound at 1.8 and 1.4 hours for the glutathione 
and cysteine conjugates, respectively (Bergeron et al., 1997).

A linear relationship between dose and AUC0–∞ as mea
sured by bioassay was observed with single 60minute intra
venous infusions of quinupristin–dalfopristin 1.4–29.4 mg/kg 
in healthy volunteers. Dalfopristin AUC0–∞ increases linearly 
with administered dose, ex cept with the highest doses (Etienne 
et al., 1992). 

Pharmacokinetic parameters observed in young healthy vol
unteers after a single 7.5mg/kg infusion over 60 minutes are 
consistent with those after a multipledose study (quinupristin–
dalfopristin 7.5 mg/kg every 8 hours or every 12 hours for 4 
to 5 days) (see Table 77.4). Steady state was achieved by day 2 
with both regimens, consistent with low elimination halflives. 
A 21–26% increase in AUC (relative to the first dose) was 
observed for quinupristin and dalfopristin with administra
tion every 12 hours. Administration every 8 hours produced 
similar increases in AUC (22–24%) of both parent com
pounds (data not shown), suggesting a slight (25%) decrease 
of clearance with time.

After administration of multiple doses (every 12 hours), 
quinupristin and dalfopristin clearances have been reported 
to decrease by ap proximately 20% (see Table 77.4), leading  
to a slight increase in t1/2β (Chevalier et al., 2001). Increases 
in t1/2β of the three active metabolites are also observed with 
multiple doses, although these increases are still mostly 
unexplained. 

5e.  Drug interactions

Although not metabolized by cytochrome P450, quinupristin–
dalfopristin significantly inhibits the cytochrome P4503A4 
enzyme system. It is reasonable to expect that the concomi
tant administration of quinupristin–dalfopristin and other 
drugs primarily metabolized by cytochrome P4503A4 will 
likely result in increased plasma concentrations of these drugs. 
This could increase or prolong their therapeutic effect and/or 
increase adverse reactions. Selected drugs whose plasma 
 concentrations are predicted to increase after  quinupristin– 
dalfopristin administration are listed in Table 77.5. The effect 
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of steadystate quinupristin–dalfopristin on the pharma
cokinetics of a single dose of cyclosporine was investigated  
in a ran domized, openlabel, crossover study of 25 male 
 volunteers (Ballow et al., 1997). When coadministered  
with quinupristin–dalfopristin, mean cyclosporine clearance 
decreased by 34%, with an increase in AUC of 63% (range 
5–222%). The investigators suggested an empiric 40% reduc
tion in cyclosporine dosage with concomitant quinupristin– 
dalfopristin administration. Administration of quinupristin– 
dalfopristin and cyclosporine has demonstrated a twofold 
increase in cyclosporine levels within 2 to 5 days of concomitant 
use. Coadministration of quinupristin–dalfopristin in creased 
the Cmax of nifedipine and midazolam by 18% and 14%, and 
their respective AUCs by 44% and 33%. The manufacturer sug
gested no dosage adjustments; nevertheless, coadministration 
of quinupristin–dalfopristin with drugs that are cytochrome 
P4503A4 substrates and possess a narrow therapeutic window 

(wide variability in the AUC changes) requires caution and 
monitoring of efficacy and toxicity of these drugs.

6. ADVERSE REACTIONS AND TOXICITY

The safety of quinupristin–dalfopristin was evaluated in 
1099 patients enrolled in five comparative clinical trials. In 
addition, four noncomparative clinical trials (three prospec
tive and one retrospective in design) were conducted involv
ing 1199 patients receiving quinupristin–dalfopristin for 
infections due to Grampositive pathogens for which no 
other treatment option was available. Adverse effects reported 
in clinical trials with comparator regimens (e.g. oxacillin– 
vancomycin or cefazolin–vancomycin) are collected in Table 
77.6 (clinical manifestations) and Table 77.7 (biologic abnor
malities). Possibly to alleviate problems associated with 
venous irritation, the manufacturer’s package insert (Aventis, 
1999) suggests to increase the volume of the diluent. A cen
tral venous catheter is suggested as an alternative. 

In noncomparative trials, patients were severely ill, often 
with multiple comorbidities or physiologic impairments, and 
may have been intolerant to other antibacterial therapies. 
The most common side effects of quinupristin–dalfopristin 
in these trials were arthralgias (9%) and myalgias (6%), 
which led to the discontinuation of quinupristin–dalfopristin 
in one third to one half of affected patients. In those patients 
available for followup, treatment discontinuation was fol
lowed by resolution of symptoms. Other common systemic 
adverse events were nausea (4.6%), diarrhea (2.7%), vomiting 
(2.7%), rash (2.5%), headache (1.6%), pruritus (1.5%), and 
pain (1.5%) (Rubinstein et al., 1999; Moellering et al., 1999; 
Olsen et al., 2001). Pain and inflammation at the infusion site 
were common but required discontinuation of treatment in 
fewer than 10% of patients. 

The most frequently observed abnormalities in laboratory 
studies were abnormal total and conjugated bilirubin, with 

Table 77.5. Selected drugs predicted to have increased plasma 
levels after quinupristin–dalfopristin administration.

Drug class Examples

Anti-HIV drugs Delavirdine, indinavir, nevirapine, 
ritonavir 

Antineoplastic drugs Docetaxel, paclitaxel, vinca 
alkaloids (e.g. vinblastine)

Benzodiazepines Diazepam, midazolam

Calcium channel blockers Diltiazem , nifedipine, verapamil

Statins Lovastatin 

Immunosuppressive drugs Cyclosporine, tacrolimus

Corticosteroids Methylprednisolone

Others Carbamazepine, disopyramide, 
lidocaine, quinidine, cisapride

Abbreviation: HIV: human immunodeficiency virus.

Table 77.6. Clinical adverse events (% of patients) reported in clinical trials comparing 
quinupristin–dalfopristin with a comparator (e.g. oxacillin–vancomycin or cefazolin– 
vancomycin) 

Adverse reaction
Quinupristin–dalfopristin

n = 1099
Comparator 

n = 1095

Inflammation at infusion site 42.0 25.0

Pain at infusion site 40.0 23.7

Edema at infusion site 17.3  9.5

Infusion site reaction 13.4 10.1

Nausea  4.6  7.2

Thrombophlebitis  2.4  0.3

Diarrhea  2.7  3.2

Vomiting  2.7  3.8

Rash  2.5  1.4

Headache  1.6  0.9

Pruritus  1.5  1.1

Pain  1.5  0.1

Only adverse events with an incidence > 1% are listed.
Source: Rubinstein et al., 1999.
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increases greater than five times the upper limit of normal 
irrespective of relationship to the dose of quinupristin– 
dalfopristin and reported in 25.0% and 34.6% of patients, 
respectively. The percentages of patients who discontinued 
treatment because of increased total and conjugated biliru
bin were 2.7% and 2.3%, respectively. Of note, 46.5% and 
59.0% of patients had high baseline total and conjugated bil
irubin levels before study entry. Liver function abnormalities 
have occurred in approximately 1% of patients who received 
quinupristin–dalfopristin. However, these effects have usu
ally been mild and transient. No significant effects on renal 
function have been reported, and bone marrow toxicity has 
been rare (Moellering et al., 1999; Olsen et al., 2001). 

Pseudomembranous colitis has been reported with nearly 
all antibacterial agents, including quinupristin–dalfopristin, 
and may range in severity from mild to lifethreatening. 
Therefore it is important to consider this diagnosis in patients 
with diarrhea subsequent to the administration of antibacte
rial agents.

There are four reports of patients receiving quinupristin–
dalfopristin doses at up to three times the recommended 
dose (7.5 mg/kg). No adverse events were considered possi
bly or probably related to these high doses. Signs of acute over  
dosage may include dyspnea, emesis, tremors, and ataxia, as 
seen in animals given extremely high doses (50 mg/kg) of 
quinupristin–dalfopristin. Patients who receive an overdose 
should be carefully observed and given supportive treatment. 
Quinupristin–dalfopristin is not removed by peritoneal dial
ysis or by hemodialysis (Johnson et al., 1999).

Longterm carcinogenicity studies in animals have not 
been conducted with quinupristin–dalfopristin. Five genetic 
toxicity tests have been performed. Quinupristin–dalfopristin, 
dalfopristin, and quinupristin were tested with the bacterial 
reverse mutation assay, the Chinese hamster ovary cell 
HGPRT gene mutation assay, the unscheduled DNA synthe
sis assay in rat hepatocytes, the Chinese hamster ovary cell 
chromosome aberration assay, and the mouse micronucleus 
assay in bone marrow. Dalfopristin was associated with the 
production of structural chromosome aberrations when 
tested with the Chinese hamster ovary cell chromosome aber
ration assay. Quinupristin–dalfopristin and quinupristin were 
negative in this assay. Quinupristin–dalfopristin, dalfopristin, 

and quinupristin were all negative in the other four genetic 
toxicity assays. No impairment of fertility or perinatal or 
postnatal development was observed in rats at doses up to 
12–18 mg/kg (approximately 0.3–0.4 times the human dose 
based on body surface area) (Moellering et al., 1999; Olsen et 
al., 2001). 

Reproductive studies have been performed in mice at 
doses up to 40 mg/kg/day (approximately half the human 
dose based on body surface area), in rats at doses up to 120 
mg/kg/day (approximately 2.5 times the human dose based 
on body surface area), and in rabbits at doses up to 12 mg/
kg/day (approximately half the human dose based on body 
surface area) and have revealed no evidence of impaired fer
tility or harm to the fetus due to quinupristin–dalfopristin. 
There are, however, no adequate and wellcontrolled studies 
with quinupristin–dalfopristin in pregnant women. Because 
animal reproduction studies are not always predictive of the 
human response, this drug should be used during pregnancy 
only if clearly needed (Moellering et al., 1999). 

The use of quinupristin and dalfopristin is contraindi
cated in patients with known hypersensitivity to these com
pounds, or with prior hypersensitivity to other streptogramins 
(e.g. pristinamycin or virginiamycin).

7. CLINICAL USES OF THE DRUG

Quinupristin–dalfopristin has been shown to be effective in 
the management of documented severe infections caused by 
vancomycinresistant E. faecium, complicated skin and skin 
structure infections, nosocomial pneumonia, and intravas
cular catheterrelated bacteremia (Nix, 1998; Winston et al., 
2000; Nichols et al., 1999). In September 1999, the US Food 
and Drug Administration labeled quinupristin–dalfopristin 
for use in the treatment of serious or lifethreatening infec
tions associated with vancomycinresistant E. faecium bactere
mia and complicated skin and skin structure infections caused 
by methicillinsusceptible S. aureus and S. pyogenes (group A 
Streptococcus), under accelerated approval regulations that 
allow marketing of products for use in lifethreatening con
ditions when other therapies are not available. These regula
tions are based on a demonstrated effect on a surrogate  
end point that is likely to predict clinical benefit. In this case, 

Table 77.7. Number (%) of patients exhibiting laboratory values above or below the clinically relevant “critical” 
values in clinical trials comparing quinupristin–dalfopristin with a comparator (e.g. oxacillin–vancomycin or 
cefazolin–vancomycin).

Parameter Critically high or low Quinupristin–dalfopristin Comparator

Conjugated bilirubin > 5 × ULN 29 (3.1) 12 (1.3)

LDH > 5 × ULN 10 (2.6) 8 (2.1)

Gamma-GT > 10 × ULN 19 (1.9) 10 (1.0)

CPK > 10 × ULN 6 (1.6) 5 (1.4)

Blood glucose > 22.2 mmol/l 11 (1.3) 11(1.3)

< 2.2 mmol/l 1 (0.1) 1 (0.1)

Hemoglobin < 8 g/dl 25 (2.6) 16 (1.6)

Abbreviations: ULN: upper limit of normal; LDH: lactate dehydrogenase; gamma-GT: gamma glutamyl transferase; CPK: creatine 
phosphokinase. 
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it was based on quinupristin–dalfopristin’s ability to clear 
 vancomycinresistant E. faecium from the bloodstream, with 
clearance of bacteremia considered to be a surrogate end
point. There are no results from wellcontrolled clinical stud
ies that confirm the validity of this surrogate marker, and a 
study to verify the clinical benefit of therapy with quinupristin– 
dalfopristin on traditional clinical end points (such as cure of 
the underlying infection) is needed.

7a.  Vancomycin-resistant Enterococcus 
faecium infections 

Three multicenter observational studies assessed the clinical 
efficacy and safety of quinupristin–dalfopristin in the treat
ment of vancomycinresistant E. faecium infections. In these 
studies, patients were included if they had signs and symp
toms of active infection caused by a vancomycinresistant  
E. faecium presumably susceptible to quinupristin– dalfopristin, 
with no appropriate antibacterial alternative. In addition, 
patients were required to have documented intolerance to 
other agents or treatment failure with other agents. Patients 
were not excluded because of severity of illness, infection 
site, or impending death.

The first study was the combination of two studies per
formed simultaneously (Moellering et al., 1999). One enrolled 
only patients with vancomycinresistant E. faecium infec
tions. The second study included patients with infections 
caused by other Grampositive bacterial pathogens in addi
tion to vancomycinresistant E. faecium; overall 396 patients 
were enrolled. The recommended regimen of quinupristin–
dalfopristin was 7.5 mg/kg administered intravenously every 
8 hours for a duration judged appropriate by the investigator. 
The most frequent indications for treatment were intraab
dominal infection, bacteremia of unknown origin, bone and 
joint infection, urinary tract infection, catheterrelated bac
teremia, or skin structure infection. The mean duration of treat
ment was 15 ± 11 days (range: 1–108). The clinical success rate 
was 74% (95% confidence interval [CI]: 67–80%) and the bac
teriologic success rate was 71% (95% CI: 64–78%). The worst 
outcomes occurred in patients who had  vancomycinresistant  
E. faecium bacteremia at study entry, who were on mechanical 
ventilation, or who had undergone laparotomy. Arthralgias 
(9% of treated patients) and myalgias (7%) were the most 
common adverse events related to treatment. Local periph
eral vein inflammation was common but rarely led to the dis
continuation of therapy. Related laboratory abnormalities were 
infrequent. Superinfection by Grampositive organisms was 
documented in 22% of patients, and resistance to  quinupristin–
dalfopristin developed in 6 of 156 bacteriologically evaluable 
patients (4%), as reflected by fourfold to eightfold increases in 
the baseline MIC to a value of 4 mg/l or, in one case, 8 mg/l. 
Of the six strain pairs in these patients, five had the same 
molecular typing results and one exhibited differing types. 
Four of the patients with isolates showing emerging resistance 
were treated for intraabdominal infection; four had clinical 
and/or bacteriologic evidence of treatment failure.

The second study included 24 hospitalized patients with 
documented infections (19 bacteremias, 5 localized infections) 
caused by vancomycinresistant E. faecium that was suscepti
ble to quinupristin–dalfopristin in vitro (Winston et al., 2000). 
Patients received intravenous quinupristin– dalfopristin at a 
dose of either 7.5 mg/kg every 8 hours or 5 mg/kg every 
8 hours. A favorable clinical response (cure or improvement) 
occurred in 19 (83%) of 23 evaluable patients; bacteriologic 
eradication occurred in 17 (74%) of 23 evaluable patients. A 
favorable clinical response was observed in 12 (80%) of 15 
patients who were treated with 7.5 mg/kg of quinupristin–
dalfopristin every 8 hours and in 7 (88%) of 8 patients treated 
with 5 mg/kg of quinupristin–dalfopristin every 8 hours. Two 
of 4 treatment failures were associated with a decrease in the in 
vitro susceptibility of vancomycinresistant E. faecium to quin
upristin–dalfopristin. Superinfections developed in 6 patients 
(26%), but only one was caused by E. faecalis that was resistant 
to quinupristin–dalfopristin. Myalgias and arthralgias were 
the only adverse events related to  quinupristin– dalfopristin. 
These conditions occurred in 8 (33%) of 24 patients and were 
dose related (8 cases in 16 patients treated with 7.5 mg/kg 
of quinupristin–dalfopristin every 8 h, no case in 8 patients 
treated with 5 mg/kg every 8 h).

The third study was a multicenter, prospective, noncom
parative, emergencyuse study that included 396 patients with 
signs and symptoms of active infection, including bactere
mia of unknown origin, intraabdominal infection, and skin 
and skin structure infection, with no alternative anti biotic 
therapy available (Linden et al., 2001). The treatment regi
men was quinupristin–dalfopristin in a dosage of 7.5 mg/kg 
administered intravenously every 8 hours for a mean duration 
of 20 days (range: 4–40 days). The clinical response rate was 
66% in the evaluable population. Arthralgias and myalgias 
were the most frequently reported related adverse events lead
ing to discontinuation of treatment. These symptoms were 
reversible after cessation of therapy. Laboratory adverse events 
leading to discontinuation of study participation were infre
quent (7 patients; 1.8%). The most common laboratory adverse 
event leading to treatment discontinuation was an elevation 
in the level of liver enzymes. Emerging in vitro resistance of 
vancomycinresistant E. faecium to quinupristin–dalfopristin 
was observed in 5 patients. In each case, the quinupristin–
dalfopristin MIC rose to 4.0 mg/ml, from a baseline value of 
0.5 mg/ml (3 patients) or 1.0 mg/ml (2 patients). Four cases 
were clinical failures, with persistence of vancomycinresis
tant E. faecium; however, one case was evaluated as a cure 
with presumed vancomycinresistant E. faecium eradication. 
Molecular typing of the paired (susceptible and resistant) 
vancomycinresistant E. faecium strains was not performed.

Only one randomized controlled trial compared quinu
pris tin–dalfopristin and a comparator in the treatment of 
vancomycinresistant E. faecium infections (Raad et al., 
2004). Forty cancer patients with vancomycinresistant E. 
faecium infection were randomized to receive quinupristin– 
dalfopristin 7.5 mg/kg every 8 hours or linezolid 600 mg 
every 12 hours. All patients received treatment up to 30 days 
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if necessary. Followup was continued for 30 days after dis
continuation of the study drug. The patients’ characteristics, 
including duration of treatment, in the two study groups 
were for the most part comparable. However, patients who 
received quinupristin–dalfopristin were more frequently 
critically ill ( p < 0.05) or had concurrent pneumonia ( p < 
0.05). Quinupristin–dalfopristin and linezolid had compara
ble clinical responses (43% and 58%, respectively; p = 0.6). 
The relapse rate of vancomycinresistant E. faecium infec
tion was almost twofold greater in patients who received 
linezolid compared with those who received quinupristin–
dalfopristin (21% vs. 10%, respectively), but the difference 
was not significant. Myalgias and/or arthralgias occurred at 
a  frequency of 33% in patients who received quinupristin– 
dalfopristin, leading to the discontinuation of the treatment 
in one patient, but were not observed in the linezolid group 
( p = 0.03). In contrast, drugrelated thrombocytopenia 
occurred in 11% of patients who received linezolid, but was 
not observed in the quinupristin–dalfopristin group (p = 0.2).

7b.  Catheter-related infections 
(staphylococcal bacteremia)

A prospective, multicenter, openlabel, phase II pilot study 
compared quinupristin–dalfopristin versus vancomycin in the 
treatment of 39 episodes of suspected or definite  catheterrelated 
bacteremia caused by S. aureus or coagulase negative staph
ylococci (Raad et al., 1999). Adult patients aged > 18 years 
received intravenous quinupristin–dalfopristin at a dose of 
5 or 7.5 mg/kg every 8 hours or intravenous vancomycin 1 g 
every 12 hours for a mean of 10 days. Most patients were 
critically ill with cancer (62%), and other concomitant condi
tions included cholecystitis, osteomyelitis, AIDS, esophageal 
rupture, cystic fibrosis, sarcoidosis, and renal failure. The 
three treatment groups did not significantly differ in age, sex, 
underlying diseases, or type of catheterrelated infection. 
The clinical and microbiologic response rates were compara
ble, with a 50% rate for the quinupristin–dalfopristin 5mg/
kg and vancomycin groups, and a 57.1% rate for the quin
upristin–dalfopristin 7.5mg/kg group. Similar dropout rates 
due to adverse events were noted in all treatment groups. 
Discontinuation of the antibiotic for an adverse clinical event 
occurred in 12% of patients receiving quinupristin– dalfopristin 
and in 15% of those receiving vancomycin. This study sug
gests than quinupristin–dalfopristin may have the potential 
to serve as an alternative agent in the treatment of catheter 
related staphylococcal bacteremia. However, larger prospective 
randomized trials are required to confirm these interesting 
results.

7c.  Skin and skin structure infections

Two randomized, openlabel clinical trials compared quin
upristin and dalfopristin (7.5 mg/kg every 12 h intrave
nously) to oxacillin (2 g every 6 h intravenously) or cefazolin 
(1 g every 8 h intravenously) in patients with complicated 

skin and skin structure infections (Nichols et al., 1999). 
However, in both studies vancomycin (1 g every 12 h intrave
nously) could be substituted for the specified comparator if the 
causative pathogen was suspected or confirmed methicillin 
resistant Staphylococcus or if the patient was allergic to beta 
lactam agents. A total of 893 patients were enrolled in these 
studies, with 450 patients receiving quinupristin and dal
fopristin and 443 patients receiving the comparator. The 
majority of patients had erysipelas (cellulitis), traumatic 
wound infection, or clean surgical wound infection. S. aureus 
was the most frequently isolated pathogen. The duration of 
antibiotic use ranged from 3 to 14 days. Nearly two third 
of the patients randomized were clinically evaluable. For the 
patients found to be clinically evaluable, the success rates 
were 68% in the quinupristin–dalfopristin group and 71% in 
the comparator group. In contrast to these clinical success 
rates, the overall bacteriologic cure rates were significantly 
lower in the quinupristin–dalfopristin group compared with 
the comparatortherapy group (67% and 78%, respectively;  
p = 0.004). The authors attributed most of the observed differ
ence to decreased eradication rates of methicillinsusceptible 
S. aureus and polymicrobial infections in the quinupristin–
dalfopristin group. Polymicrobial infections were documented 
in 127 of 450 patients who received quinupristin–dalfopristin 
but in only 12 of the patients who received aztreonam com
bined with quinupristin–dalfopristin. Because polymicrobial 
infections often yield Gramnegative organisms, in vitro data 
for quinupristin–dalfopristin would be expected to predict 
less favorable outcomes. Two other potential confounders 
may have contributed to the differences in response rates 
between quinupristin–dalfopristin and comparator therapy 
in these studies. The investigator’s option of selecting com
parator agents may have favored use of the broaderspectrum 
comparator cefazolin, which provides some Gramnegative 
coverage, rather than vancomycin in polymicrobial infec
tions. In addition, lack of familiarity with quinupristin– 
dalfopristin may have led some investigators to discontinue 
the drug prematurely in some patients. Finally, it should be 
noted that except for the limited use of aztreonam allowed in 
both treatment groups, use of concomitant antibiotic therapy 
directed specifically against Gramnegative infections was 
prohibited in these studies, and therefore response rates may 
not reflect common clinical practice. 

The systemic tolerability of both treatment regimens was 
qualitatively similar. A higher rate of drugrelated venous 
adverse events was reported for quinupristin–dalfopristin 
(66%) than for the comparator regimen (28%). Premature dis
continuation of study drug was primarily due to adverse clini
cal events for quinupristin–dalfopristin (19%), whereas the 
most common reason for discontinuation among those receiv
ing the comparator regimens was treatment failure (12%).

7d.  Nosocomial respiratory tract infections 

A phase III prospective, multicenter, randomized study 
compared quinupristin–dalfopristin and vancomycin for the 
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treatment of 304 nosocomial pneumonias (Fagon et al., 
2000). The diagnosis of pneumonia was based on usual crite
ria and required a positive bacterial culture from the lung. 
Gram staining was used to ensure that Grampositive organ
isms were present in the cultured specimen. Exclusion crite
ria included patients younger than 18 years, pneumonia 
caused exclusively by pathogens other than Grampositive 
organisms, neutropenia (< 500 cells/mm3) or immunocom
promising disease, and concurrent use of immunosuppres
sive therapy or effective systemic antimicrobial therapy for > 
24 hours within the week before enrollment. The final study 
groups included 150 patients who received intravenous quinupristin– 
dalfopristin 7.5 mg/kg every 8 hours (87 were bacteriologi
cally assessable), and 148 who received intravenous vancomy
cin 1 g every 12 hours (84 were bacteriologically assessable). 
Patients in both treatment groups also received intravenous 
aztreonam 2 g every 8 hours for coverage of Gramnegative 
organisms. Imipenem 500 mg given intravenously every 6 
hours was allowed if aztreonamresistant Gramnegative 
organisms were identified, and tobramycin 1.5 mg/kg intra
venously every 8 hours was allowed for mixed infections 
caused by P. aeruginosa. Bacteremic pneumonia occurred 
significantly less often in the quinupristin–dalfopristin group 
(9/112; 8.0%) than in the vancomycin group (22/107; 20.6%; 
p = 0.01), but comparable rates of Grampositive, Gram
negative, and mixed Grampositive and Gramnegative pneu
monia were observed. The mean (± standard deviation [SD]) 
durations of treatment were identical in both groups (10 ± 
4 days).

Demographic and prognostic risk factors were similar in 
the two treatment groups. Among the bacteriologically eval
uable patients, the clinical success rate was 56% (49/87) in 
the quinupristin–dalfopristin group and 58% (49/84) in the 
vancomycin group (difference −2; 95% CI: −16.8 to 12.81). 
Comparable clinical response rates were also observed between 
treatment subgroups based on patient demographic charac
teristics and presenting conditions, including chronic lung 
conditions, diabetes mellitus, intubation status, multilobar 
pneu monia, and bacteremic pneumonia. However, the num
ber of patients with methicillinresistant S. aureus pneumo
nia was relatively small (20 in the quinupristin– dalfopristin 
group and 18 in the vancomycin group). Venous adverse effects 
occurred more frequently in the quinupristin– dalfopristin 
group (28/150; 18.7%) than in the vancomycin group (16/148; 
10.8%). No difference was observed among other adverse 
clinical events, and each group had comparable discontin
uation rates due to adverse laboratory or clinical events, or 
death.
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Pristinamycin
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1. DESCRIPTION

Pristinamycin is a mixture of water-insoluble pristinamycin 
IA (PIA, 90–97%) and pristinamycin IIA (PIIA, 3–10%), 
derived from Streptomyces pristinaespiralis. The former is a 
group B streptogramin (a peptidic macrolactone or depsi-
peptide), whereas the latter is a group A streptogramin (a 
macrolide: polyunsaturated macrolactone). Structurally sim-
ilar to pristinamycin, virginiamycin is derived from Strepto
myces virginiae and is composed of virginiamycin S and 
virginiamycin M—respectively, a peptidic macrolactone and 
a macrolide. Group A and group B streptogramins are bacte-
riostatic by reversible binding of the 50S subunit of 70S bac-
terial ribosomes (Pechere, 1997). The molecular structure of 
the two pristinamycin components is shown in Figure 78.1.

Pristinamycin has been available in Europe for over 30 
years. The commercially available oral formulation is marketed 

by Sanofi-Aventis under the trade names Pyostacine (in two 
tablet doses: 250 mg and 500 mg of pristinamycin) and Pristam 
(in 500-mg tablets). Its applicability was recently reassessed in 
France (Cooper et al., 2014). Oral pristinamycin is currently 
not available in the United States.

2. ANTIMICROBIAL ACTIVITY 

2a.  Routine susceptibility

The in vitro susceptibility spectrum of pristinamycin is summa-
rized in Table 78.1. Pristinamycin is active mainly against Gram-
positive bacteria, specifically staphylococci and streptococci. 
However, Neisseria, Mycoplasma, Ureaplasma, and Chlamy
dia species are also susceptible. Haemophilus influenzae is 
intermediately susceptible to pristinamycin. Entero cocci are 
typically resistant to group A streptogramins and consequently 

Figure 78.1. Chemical structure of pristinamycins.
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have reduced susceptibility to streptogramin combinations such 
as oral pristinamycin (Pechere, 1997; Vannuffel and Cocito, 
1996; Moellering et al., 1999). The in vitro susceptibility spec-
trum of pristinamycin activity is summarized in Table 78.1.

2b.  Emerging resistance and 
cross-resistance

Despite the macrolide component, pristinamycin is effective 
against strains showing either type of resistance to erythro-
mycin (constitutive or inducible), because only the type B 
component (in this case, pristinamycin I) is affected, and 
synergy is maintained. Resistance to pristinamycin is rare 
even in countries where the antibiotic is in use. Two genes, 
vat(D) and vat(E), confer resistance to group A streptogram-
ins, and another two (vgb and erm) confer resistance to group B 
streptogramins. These genes have been found in Enterococcus 
spp. However, in vitro studies of pristinamycin have demon-
strated bactericidal activity against erm-positive isolates, sug-
gesting that the drug is effective against isolates that express 
these resistance genes (Jensen et al., 2000). Pristinamycin is 
active against a wide range of MRSA, a distinction shared 
among clinically available systemic antibiotics only by vanco-
mycin and teicoplanin. Against methicillin-resistant Staphy lo
coccus aureus (MRSA), vancomycin and pristinamycin had the 
highest rates of susceptible strains, greater than 93% for the 
latter antibiotic. More than 92% of strains of coagulase-negative 
staphylococci that were susceptible or resistant to oxacillin were 
sensitive to pristinamycin (Leclercq et al., 2003).

3. MECHANISM OF DRUG ACTION

Separately, group A and group B streptogramins are bacte-
riostatic. Together, however, streptogramins from each group 
are synergic and bactericidal (Canu and Leclercq, 2001). The 
conformational change induced by the binding of group A 
streptogramins to 50S produces an increased affinity for group 
B streptogramins, which consequently bind irreversibly. In the 

resulting complex, the group A streptogramin prevents pep-
tide bond formation during the chain elongation step of pro-
tein synthesis, whereas the group B streptogramin causes the 
incomplete peptide chain to dissociate from the 50S ribo-
somal subunit (Pechere, 1997; Canu and Leclercq, 2001).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Tablets are available in two doses: 250 mg and 500 mg of pris-
tinamycin (8000 IU/mg). 

4a.  Adults

In adults the recommended oral dosage is 2–4 g two or three 
times a day.

4b.  Newborn infants and children

In children the recommended dosage is 50 mg/kg three times 
a day. 

4c.  Pregnant and lactating mothers

There are no reliable data regarding use during pregnancy 
and lactation.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

The use of pristinamycin must be monitored to avoid con-
comitant drug accumulation and inappropriate high drug 
exposure.

OLDER ADULTS 

The pharmacokinetics of the drug are not altered in older 
adults. Accordingly, no dosage adjustment of pristinamycin 
is required for use in the elderly.

Table 78.1. In vitro spectrum of pristinamycin

Aerobic Gram-positive strains Aerobic Gram-negative strains Anaerobic strains

Susceptible Enterococcus faecium
Staphylococcus aureus 
Coagulase negative staphylococci
Streptococcus spp.
Streptococcus pneumoniae 
Bacillus anthracis
Bordetella pertussis
Corynebacterium spp.

Legionella spp.
Neisseria spp.
Mycoplasma pneumoniae
Coxiella
Chlamydia

Bacteroides fragilis
Actinomyces spp.
Clostridium perfringens
Eubacterium
Fusobacterium spp.
Prevotella spp.
Veillonella spp.
Propionibacterium acnes

Intermediate  Haemophilus influenzae
Resistant Enterococcus faecalis

Rhodococcus equi 
Enterobacteriaceae 
Pasteurella spp.
Pseudomonas spp.
Acinetobacter spp.
Stenotrophomonas spp.

Source: Jensen et al., 2000.
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5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

A pharmacokinetic study was conducted after a single oral 
administration of 2 g of pristinamycin to six patients with 
normal renal and hepatic function (Koechlin et al., 1990). 
Plasma samples were withdrawn and assayed with high- 
performance liquid chromatography (HPLC). PIA and PIIA 
plasma levels evolved in parallel in each subject, and their 
pharmacokinetic parameters were comparable (Tmax of 3.25 
± 1.80 h and 3.08 ± 1.98 h; Cmax of 0.76 ± 0.43 mg/l and  
0.58 ± 0.29 mg/l; elimination half-life of 4.03 ± 2.77 /h and 
2.83 ± 0.75 /h, respectively; values are means ± standard 
deviation [SD]). 

Another study (Chevalier et al., 1995) determined the 
phar macokinetic profiles of the two pristinamycin compo-
nents in healthy volunteers after repeated oral administra-
tion for 7 days. The daily dosing regimen was 2 tablets in the 
morning and 500 mg twice daily. Two analytical methods 
were used—radioimmunoassays (RIAs) and HPLC—leading 
to comparable results. When administered with food, PIA 
and PIIA are rapidly absorbed. Pharmacokinetic profiles for 
the pristinamycin PI group, determined by RIA, and for pris-
tinamycin PIA, determined by HPLC, were comparable with 
respect to absorption rate, bioavailability, and elimination 
rate. For the pristinamycin PII group, a great difference 
between the two techniques (Cmax and AUC0–t PII mean val-
ues found by RIA being about 4.1 times and 7.5 times greater) 
was probably due to the determination of both PIIA and PII 
metabolites by RIA. The pharmacokinetic parameters, calcu-
lated from the data obtained on day 1 and day 8 and deter-
mined using either method, were similar, indicating no effect 
of repeated dosing on absorption rate or bioavailability of the 
pristinamycins. 

5b.  Drug distribution

Derived pharmacokinetics parameters at day 1 (HPLC method) 
are depicted in Table 78.2. Concentration versus time curves 
are represented in Figure 78.2. Pristinamycin distribution was 
investigated in the liver, kidney, muscles, lung, skin, spleen, 
and bones (Pechere, 1997).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Separately, group A and group B streptogramins are bac-
teriostatic. Together, however, streptogramins from each 
group are synergistic and bactericidal (Pechere, 1997). The 
sum of the plasma concentrations of PIA and PIIA, which 
can be considered to be equivalent to the concentration of 
total pristinamycin, was superior to the minimum inhibi-
tory concentrations (MICs) for the most susceptible staphy-
lococcal strains in a pharmacokinetic study (Chevalier et al., 
1995).

5d.  Excretion

Pristinamycin is hepatically cleared and excreted through 
the biliary tract. Fecal excretion constitutes the main elimi-
nation route (Pechere, 1997). 

Table 78.2. Pharmacokinetics parameters after a 1-day oral dose of 2 g of pristinamycin administered to 
16 young healthy volunteers with normal renal and hepatic function

Cmax

(µg/ml)
Tmax  
(h)

t1/2

(h)
AUC0–12h 
(µg/h/ml)

Pristinamycin IA 0.9 ± 0.4 1 (0.5–2) 1.9 ± 0.7 271 ± 188

Pristinamycin IIA 0.4 ± 0.1 0.75 (0.5–2.0) 1.3 ± 0.7 69 ± 34

Values are means ± SD (except for Tmax: median [extreme])
Abbreviations: Cmax = Maximal plasmatic concentration; Tmax = time to achieve maximal plasmatic concentration; t1/2β = 

elimination half-life ; AUC0–12h = Area under curve from 0–12 h.
Source: Koechlin et al., 1990.

Figure 78.2. Mean concentration versus time pharmaco-
kinetic profiles of pristinamycin IA (PIA) and pristinamycin 
IIB (PIIB) after a 1-day oral dose of 2 g of pristinamycin 
administered to 16 young healthy volunteers with normal 
renal and hepatic function (Adapted with permission from 
Koechlin et al., 1990).
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5e.  Drug interactions

The concomitant administration of pristinamycin and other 
drugs primarily metabolized by cytochrome P450-3A4 may 
likely result in increased plasma concentrations of these 
drugs that could increase or prolong their therapeutic effect 
and/or increase adverse reactions. Several cases of increase in 
the activity of oral anticoagulants have been reported (Rubin-
stein et al., 1999).

6. ADVERSE REACTIONS AND TOXICITY 

One comparative study (Bernard et al., 2002) evaluated the 
adverse effects of pristinamycin administered orally. Adverse 
effects reported with a comparator regimen (penicillin G) 
are collected in Table 78.3. A more recent study (Trémolières 
et al., 2005) found the same adverse events proportion with 
pristinamycin (20.5 %) and comparator (amoxicillin, 15.7% ; 
p = 0.21). Most of adverse events involved the digestive tract, 
with essentially gastrointestinal disturbances—vomiting and 
diarrhea of light or moderate intensity. 

In noncomparative trials, pristinamycin was generally 
well tolerated and its most common side effects were gastro-
intestinal disturbances (anorexia, nausea, vomiting, epigas-
tric discomfort, and diarrhea), glossitis, and rash (Moeller- 
ing et al., 1999; Dancer et al., 2003; Bernard et al., 1996). 
Pseudomembranous colitis has been reported with nearly  
all antibacterial agents, including pristinamycin, and may 
range in severity from mild to life-threatening. Therefore 
it  is important to consider this diagnosis in patients with 
 diarrhea subsequent to the administration of antibacterial  
agents.

The use of pristinamycin is contraindicated in patients with 
known hypersensitivity to these compounds, or with prior 
hypersensitivity to other streptogramins (e.g. virginiamycin).

7. CLINICAL USES OF THE DRUG

Clinical indications include skin and soft tissue infections, 
erysipelas, skin abscess, acute maxillary sinusitis, exacerba-
tions of chronic bronchitis, community-acquired pneumonia 
of mild to moderate severity, and infections caused by sus-
ceptible Gram-positive bacteria. Pristinamycin is an antibiotic 
used primarily in the treatment of staphylococcal infec tions 
(Leclercq et al., 2003), and to a lesser extent streptococcal 
infections. 

7a.  Skin and soft tissue infections

Pristinamycin is active against MRSA, as reported in six 
studies (Vannuffel and Cocito, 1996; Bernard et al., 2002; 
Dancer et al., 2003; Bernard et al., 1996; Ng and Gosbell, 
2005; Gehanno et al., 2004). The earliest study (Bernard et 
al., 1996) evaluated the effectiveness of pristinamycin in 
non-necrotizing bacterial dermohypodermitis in adults. This 
prospective open study included immunocompetent patients 
with bacterial dermohypodermitis without signs of toxicity 
or local manifestations suggesting necrotizing fasciitis. Bac-
teriology tests included direct immunofluorescence for Strep
tococcus (groups A, C, G) on skin biopsy samples of the 
lesion before treatment. Patients were treated with pristina-
mycin 3 g a day until 10 days after apyrexia and were evalu-
ated clinically on days 0, 2, 6, 8, and 15. Overall treatment 
effect was assessed on day 15. The study group included 
42 adults (23 women and 19 men; mean age: 64 ± 3.5 years). 
In 39 patients (93%), the bacterial dermohypodermitis was 
localized on the lower limb. The inflammatory lesion was 
well delimited, a characteristic feature of erysipelas, in 32 
cases (76%). Sample culture, direct immunofluorescence, or 
serology findings demonstrated presence of streptococci in 
33 cases (79%). A single treatment with pristinamycin was 
successful in 36 patients, giving an overall rate of 86%. Drain-
age of a localized abscess was successful in 5 of 6 patients 
after initial failure of antibiotic treatment. This prospective 
study demonstrated the effectiveness of pristinamycin in 
non- necrotizing bacterial dermohypodermitis in adults, 
especially in erysipelas. Overall effectiveness was comparable 
with that reported elsewhere for penicillin G or macrolides 
in erysipelas.

The second study (Vannuffel and Cocito, 1996) was retro-
spectively conducted in Australia, although oral pristinamy-
cin is not commercially available there. Twenty-seven patients 
were identified with osteoarticular infections. Twenty-four 
cases involved S. aureus (multiresistant MRSA in 21 cases). 
Nineteen patients received pristinamycin oral monotherapy; 
the others received various combinations (fusidic acid in 5; 
other antibiotics in 3). Treatment outcome was evaluated in 
23 patients; cure was effective in 16 cases, 5 were successfully 
suppressed, and 2 failed. The third trial (Dancer et al., 2003) 
included debilitated patients with chronic MRSA infections. 
Patients were admitted consecutively receiving pristinamy-
cin, usually with doxycycline, for 7–21 days. Fifty-six patients 

Table 78.3. Adverse events observed according to pristinamycin 
versus comparator (penicillin G) treatment

Drug-related event  
in ≥ 2 patients

Pristinamycin 
(n = 139)

Penicillin G 
(n = 150)

Patients with ≥ 1 event 75 83

Abdominal pain 2 2

Gastrointestinal disorder 2 0

Dyspepsia 3 0

Nausea 4 0

Vomiting 7 0

Diarrhea 14 4

Liver function test abnormality 4 6

Allergic reaction 0 2

Rash 4 4

Sweats 2 0

Moniliasis 1 1

Urticaria 1 1

Source: Rubinstein et al., 1999
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from hospital and community were treated for skin, soft tis-
sue, chest, and other infections. The overall clinical response 
rate was 39 of 53 patients (74% [60–85%]) cured or substan-
tially improved, from 53 of 56 (95%) patients clinically and 
49 of 56 (87.5%) patients bacteriologically evaluable. Toxic 
effects included gastrointestinal disturbances in 8 patients 
(14%) and 1 (2%) possible skin rash. The findings of this 
study suggest that oral streptogramins may be useful in the 
management of debilitated patients with MRSA infections.

A multicenter, randomized trial (Bernard et al., 2002) 
compared the efficacy and safety of oral pristinamycin with 
those of initially intravenous and then oral penicillin G in 
patients with erysipelas. The study included 289 adults with 

erysipelas admitted to 22 French hospitals. Patients were 
randomly assigned to 14  days’ treatment with either oral 
pristinamycin (1  g three times a day) or benzylpenicillin 

(18 million units per day in six infusions) until their tem-
perature was back to normal and then oral phenoxymethyl-
penicillin (2  MU three times a day). To assess the local 
severity of the infection, a clinical score describing the 
edema, erythema, and pain of cutaneous plaque was calcu-
lated. The cure rate was 81% at follow-up with pristinamycin 
and 67% with penicillin. These results suggested that pris-
tinamycin could be an alternative to intravenous or oral pen-
icillin to treat uncomplicated erysipelas in adult patients, 
with the advantage of oral first-line treatment.

7b.  Respiratory tract infections

In a multicentric, randomized, double blind study, Gehanno 
et al. (2004) undertook to demonstrate that a 4-day treat-
ment with pristinamycin 1 g was as efficient as a 5-day treat-
ment with a third-generation cephalosporin (cefuroxime 
axetil 250 mg) in adults with acute maxillary sinusitis. The 
clinical diagnosis was based on the association of suborbital 
pain, purulent rhinorrhea, and purulent discharge on the 
middle nasal meatus, and was confirmed radiologically. A 
rhinoscopic bacteriologic sampling was made on the middle 
nasal meatus. For patients included in the study, cultures 
were positive in 199 of 434 patients (46%), mainly Strepto
coccus pneumoniae (34.2%), H. influenzae (21.5%), S. aureus 
(15.4%), and Moraxella catarrhalis (7.9%). The clinical cure 
rates at day 12–19 were 91.4% (201/220) and 91.1% (195/214), 
respectively, in the pristinamycin and cefuroxime axetil 
groups. The efficacies at follow-up after treatment (day 26–31) 
were 88.6% and 85.8%, respectively, confirming the noninferi-
ority. The bacteriologic cure rates at days 12–19 were 87% 
(87/100) and 87.9% (87/99), respectively. Both treatments 
were well tolerated. A 4-day course with pristinamycin 1 g is 
as effective as a 5-day course of cefuroxime axetil 250 mg in 
the treatment of acute maxillary sinusitis in adults. 

In 2005, a multinational, randomized, double-blind clini-
cal noninferiority trial (Trémolières et al., 2005) was con-
ducted in 399 patients with community-acquired pneumonia. 
In this study, pristinamycin 3 g daily was clinically well toler-
ated and as effective as amoxicillin 3 g daily, for 7–10 days in 

the treatment of bacterial community-acquired pneumonia. 
The bacterial cause was documented in 34.8% of patients: 
S. pneumoniae (48.1%), Mycoplasma pneumoniae (18.6%), 
H. influenzae (14.7%), Chlamydia pneumoniae (13.2%), 
Le gionella pneumophila (9.3%). The clinical success rate was 
87.6% in each group. 

A study conducted in Australian hospitals between April 
2007 and July 2009 showed interesting results of efficacy of 
pristinamycin even in resistant strains. Thirty-six patients 
were treated with pristinamycin for 46 different micro-
biologic isolates. Pathogens included 9 MRSA isolates, 13 
 methicillin-resistant coagulase-negative staphylococci, and 
9  vancomycin-resistant enterococci. Sites of infections 
included 12 osteomyelitis cases, 10 prosthetic joints, 4 other 
prostheses, and 1 epidural abscess. Five patients ceased treat-
ment because of side effects. Ten patients were cured of their 
infections, and 21 patients had infections successfully sup-
pressed (Reid et al., 2010).

In 2011, the negative results obtained with pristinamycin 
in a clinical study (PRIST-L-01683 study, unpublished) con-
ducted in adults and children in the treatment of angina 
(throat pain; pharyngitis) led to a revision of marketing 
authorizations for pristinamycin specialties in France. In this 
clinical study comparing pristinamycin (2 g/day in adults 
and 50 mg/kg/day in children for 4 days) and amoxicillin 
(2 g/day in adults and 50 mg/kg/day in children for 6 days), 
the percentages of bacterial eradication of beta-hemolytic 
Streptococcus A were unfavorable to pristinamycin compared 
with amoxicillin (41.8% [84/201] vs. 90.3% [102/113]; dif-
ference of 48.5% [40.4%; 56.5%]). These unexpected and 
unfavorable efficacy results presented by the company (Sanofi- 
Aventis) led the French National Agency for Medicines 
and  Health Products Safety to reassess the benefit versus 
risk of this antibiotic in all its indications. Benefit versus 
risk was reassessed as unfavorable in the treatment of angina, 
taking into account the results of the PRIST-L-01683 study 
(unpublished), and unfavorable in the curative treatment of 
odontostomatologic infections, genital infections (including 
prostatitis), and osteoarticular infections (even though a 
review of published evidence with limited data suggests that 
pristinamycin is a well-tolerated effective alternative for the 
treatment of osteoarticular infections due to Gram-positive 
organisms) and in the prophylactic treatment of endocarditis, 
to the extent that the drug does not provide therapeutic out-
comes. Benefit versus risk was reassessed as favorable in the 
treatment of acute sinusitis, chronic obstructive bronchitis 
exacerbations, pneumonia of mild to moderate severity, and 
skin and soft tissue infections (Cooper et al., 2014). 
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Fosfomycin

Niels Frimodt-Møller

1. DESCRIPTION

Fosfomycin is a phosphoenolpyruvate analog produced by 
Streptomyces fradiae and by some Pseudomonas species but 
is now mostly obtained synthetically. It is a broad-spectrum 
antibiotic with bactericidal properties (Hendlin et al., 1969). 
It is a rather small molecule compared with other classic anti- 
biotics, with a molecular weight of 138; its molecular struc-
ture is shown in Figure 79.1.

Fosfomycin’s mechanism of action is bacterial cell wall 
inhibition by binding to and inactivating the enzyme enolpy-
ruvate transferase. This leads to an irreversible blockage of 
the condensation of uridine diphosphate-N-acetylglucosamine 
with p-enolpyruvate, which is one of the first steps of bac-
terial cell wall synthesis, thereby eventually causing cell lysis 
and bacterial cell death.

Fosfomycin can be administered intravenously as diso-
dium fosfomycin and is also available as a calcium or trom-
etamol (synonym: tromethamine) salt that can (both) be 
administered orally.

Fosfomycin has a broad spectrum of activity against 
 aero bic bacteria including those commonly responsible for 
urinary tract infection (UTI) (except most strains of Pseu do
monas aeruginosa) and is mostly used for that indication. It 
is the only representative of its drug class; its target site of 
action is unaffected by other antibiotics, so there is conse-
quently no cross-resistance with other antibiotics.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Susceptibility testing of fosfomycin depends on several fac-
tors, including the culture medium and the incubation atmo-
sphere. Some bacteria have an entry system that involves the 
inducible enzyme responsible for hexose phosphate trans-
port; this enzyme is induced by the presence of glucose- 
6-phosphate (G-6-P). Therefore fosfomycin has greater 
activity in vitro against some organisms (e.g. Escherichia coli) 
when the medium is supplemented with G-6-P; 25 mg of 

G-6-P per liter is sufficient to achieve this effect (Barry and 
Fuchs, 1991; Horii et al., 2000). Horii et al. (2000) have also 
shown that incubation of the agar dilution plates in anaero-
bic atmosphere decreases the minimum inhibitory concen-
tration (MIC) levels by about twofold, but aerobic incubation 
atmosphere is still preferred. It is now generally recom-
mended to perform agar or broth dilution testing using 
Mueller–Hinton agar or broth, respectively, supplemented 
with 25 mg of G-6-P per liter in aerobic atmosphere at 
35–37°C. The MIC levels reported in Table 79.1 and Table 
79.2 have been compiled from studies that have complied 
with these recommendations, except for the data from 
EUCAST (www.eucast.org), where test methodology is not 
reported. However, these data sets are large and the results 
are comparable with published studies. To estimate the clini-
cal effect of fosfomycin, the breakpoint for susceptibility has 
been set to ≤ 32 mg/l by EUCAST (www.eucast.org). This 
breakpoint counts for Enterobacteriaceae and staphylococci. 
For the Clinical and Laboratory Standards Institute (CLSI) 
a breakpoint of susceptibility < 64 mg/l has been proposed, 
covering only E. coli. This difference between breakpoints 
should be kept in mind when evaluating susceptibility prev-
alences in the published literature. 

GRAM-POSITIVE BACTERIA

Fosfomycin shows reasonable activity against Enterococcus 
species (MIC 32–64 mg/l; see Table 79.1) and somewhat less 
activity against Staphylococcus saprophyticus. Urinary con-
centrations of fosfomycin after a 3-g dose reach high levels 
within the first 12 hours (i.e. above 1000 mg/l; Table 79.3) 
and are still above 1–200 mg/l after 48 hours. It might there-
fore be contemplated that fosfomycin will have an effect 

Figure 79.1. Molecular structure of fosfomycin trometamol.
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against the Gram-positive pathogens in spite of MIC levels 
up to 256–512 mg/l. Fosfomycin shows excellent activity 
against Staphylococcus aureus, irrespective of whether or not 
these strains are methicillin resistant. However, for S. aureus 
strains with reduced susceptibility to vancomycin or teico-
planin (glycopeptide intermediate-resistant Staphylococcus 
aureus (GISA) [or VISA]), a high degree of cross-resistance 
to fosfomycin has been reported (Cartolano et al., 2004).

The activity of fosfomycin against beta-hemolytic strepto-
cocci varies. Forsgren and Walder (1983) reported group A 
and B streptococci to be susceptible, being inhibited by 64 
mg of fosfomycin per liter, as did Takahashi et al. (1998) for 
17 Streptococcus pyogenes strains isolated from patients on 
a dermatology ward during 1994 and 1995, for all of which 
the fosfomycin MIC was 16 mg/l (Takahashi et al., 1998). In 
comparison, Traub and Lennhard (1997a) reported 61 of 63 
strains of S. pyogenes to be resistant to fosfomycin, whereas 

69% of Streptococcus agalactiae strains were susceptible. Of 
278 alpha-hemolytic and nonhemolytic streptococcal isolates 
from patients and healthy adults, only 2.2% were susceptible 
to fosfomycin (Traub and Leonhard, 1997b).

GRAM-NEGATIVE BACTERIA

Fosfomycin is primarily active against Gram-negative uri-
nary pathogens such as E. coli, Citrobacter species, and 
Proteus mirabilis, with MIC values in the range of 1–4 mg/l 
(Tables 79.1 and 79.2). Pathogens such as Enterobacter spe-
cies, Proteus vulgaris, Providencia species, and Serratia mar
cescens are less susceptible with MIC values of 8–32 mg/l. 
Relatively high MIC values of > 128 mg/l are observed for 
Morganella morganii, Pseudomonas species, and Acinetobac 
ter species. These pathogens would all be considered resis-
tant to fosfomycin. As shown in Table 79.1, fosfomycin is 
active against both susceptible and multiresistant strains of 

Table 79.2. MICs of fosfomycin against common pathogens as measured by agar dilution with supplementation of G-6-P

Microorganism (number tested) Reference

MIC (mg/l)

50% 90% Range

Escherichia coli (51) Barry and Fuchs (1991) 1 4 < 0.5–32

Citrobacter spp. (30) Barry and Fuchs (1991) 2 4 2–8

Klebsiella spp. (30) Barry and Fuchs (1991) 16 32 2–128

Enterobacter spp. (45) Barry and Fuchs (1991) 16 32 1–> 256

Serratia marcescens (20) Barry and Fuchs (1991) 8 16 4–32

Morganella morganii (25) Barry and Fuchs (1991) 128 > 256 32–> 256

Providencia spp. (25) Barry and Fuchs (1991) 16 128 ≤ 1–512

Proteus mirabilis (42) Alhambra et al. (2004) 4 > 128 ≤ 1–> 128

Proteus vulgaris (10) Alhambra et al. (2004) 16 > 128 ≤ 1–> 128

Pseudomonas spp. (35) Barry and Fuchs (1991) 128 256 ≤ 0.5–512

Acinetobacter calcoaceticus (10) Barry and Fuchs (1991) 128 128 64–128

Enterococcus spp. (41) Barry and Fuchs (1991) 32 64 16–> 256

Enterococcus faecium, vancomycin resistant (75) Shrestha et al. (2003) 32 48 ND

Staphylococcus saprophyticus (30) Barry and Fuchs (1991) 128 512 64–> 256

Staphylococcus aureus, methicillin resistant (50) Guenthner and Wenzel (1984) 1.2 5 0.25–32

S. aureus, methicillin resistant (148) Alvarez et al. (1985) 2 4 < 0.5–64

Streptococcus pneumoniae, penicillin resistant (56)a Totsuka et al. (1997) 8 32 4–64

aMueller–Hinton agar without G-6-P.
Abbreviations: G-6-P: glucose 6-phosphate; MIC: minimum inhibitory concentration; ND: not described.

Table 79.3. Pharmacokinetic parameters of fosfomycin after oral (as trometamol or calcium) or intravenous administration

Drug Reference

Dose 
(mg/kg) 
(~total)

Route of 
administration

Peak conc.,  
mean (mg/l) 

(range)

AUC0–∞,  
mean (range) 

(mg/h/l)

Serum elimination 
half-life, t1/2, 

mean (range) (h)

Fosfomycin Borsa et al. (1988) 25 (~2 g) Oral

trometamol

Young subjects  18 (8–28) 103 (60–144)  5.4 (2.8–8)

Elderly subjects  22 (13–30) 221 (130–320)  8.3 (2.7–13.8)

Fosfomycin calcium Borsa et al. (1988) 40 (~3 g) Oral

Young subjects   7.4 (3.1–11.7)  50 (30.5–70.4)  4.8 (2.7–6.7)

Elderly subjects   5.9 (4.3–7.6) 116 (50–182.3) 11.8 (5–18.6)

Fosfomycin Joukhadar et al. (2003)  8 g Intravenous 354 (243–498) 673 (459–1108a)  3.8 (1.6–7.9)

aAUC0–4h.
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E. coli and Klebsiella species, including strains producing 
 extended-spectrum betalactamases (ESBLs) or metallo-beta- 
lactamases (MBLs), because it demonstrates no cross-resistance 
with other antibiotics.

ANAEROBES

Fosfomycin shows no activity against anaerobes such as 
Bacteroides spp. (García et al., 1977).

2b.  Emerging resistance and 
cross-resistance

For a detailed insight into fosfomycin resistance mechanisms, 
the interested reader is referred to the excellent review by 

Castañeda-García et al. (2013). Several mechanisms confer-
ring resistance to fosfomycin have been described. They can 
be broadly divided into three types: one type is usually based 
on chromosomal mutations and is related to the transport of 
fosfomycin into the bacterial cell; the second mechanism 
involves modification of the target site; and the third is related 
to inactivation of fosfomycin, and usually plasmid borne 
(Table 79.4). Spontaneous mutations conferring resistance 
in E. coli and other Enterobacteriaceae in vitro have usually 
been found in the genes for transport of fosfomycin into the 
cell, the glpT or uhpT gene, or in the some of the bacterial 
regulatory genes (uhpA, uhpB, and uhpC) (Nilsson et al., 
2003). Mutations conferring resistance can also arise in the 
cyA gene and probably cause a decrease in the levels of cyclic 

Table 79.4. Main fosfomycin resistance mechanisms 

Main type Mechanism Genes involved
Chromosomal (C) 
or plasmid (P) Found in bacterial spp.

Reduced 
permeability

Two main nutrient transport systems are 
responsible for fosfomycin uptake: the 
glycerol-3-phosphate transporter (GlpT) 
and a hexose phosphate transporter, the 
G-6-P transporter (UhpT). The expression 
of the GlpT and UhpT transporters is 
induced by their substrates, glycerol-3-P 
and G-6-P, respectively, and requires the 
presence of cAMP-CRP. Mutations in any 
of the structural genes of those pathways 
produce a decrease in antibiotic uptake, 
conferring different levels of fosfomycin 
resistance.

GlpT, UhpT C Gram-negatives and 
Gram-positives

Mutants commonly occur 
during treatment, but 
probably disappear owing to 
high fitness cost

Modification of the 
antibiotic target 
MurA

MurA is an essential enzyme, the target of 
the antibiotic fosfomycin, that inactivates 
the enzyme by irreversibly binding to the 
protein. In Escherichia coli mutation of the 
fosfomycin-binding site in MurA, Cys115, 
results in resistance to this antibiotic.

MurA C Escherichia coli, Mycobacterium 
tuberculosis, Chlamydia 
trachomatis, Borrelia 
burgdorferi

Has only rarely been reported 
in clinical strains

Modification of 
fosfomycin

(1) Metallo-enzymes

Metallo-enzymes—that is, divalent metal-ion 
dependent enzymes.

FosA is an Mn2+-dependent glutathione 
S-transferase that inactivates fosfomycin 
by the addition of glutathione to the 
oxirane ring of fosfomycin.

FosB is a thiol-S-transferase related to FosA.
FosX hydrolases are a subfamily of enzymes 

related to FosA and FosB

FosA, FosB, 
FosX

P, C
FosA: Enterobacteriaceae, 

Pseudomonas spp.
FosB: Bacillus subtilis, Bacillus 

anthracis, Bacillus cereus, 
Staphylococcus aureus, 
Staphylococcus epidermidis, 
and E. faecium 

FosX: Listeria monocytogenes, 
Clostridium botulinum, and 
Brucella melitensis

(2) Kinases Kinases unrelated to Fos metallo-enzymes 
that modify and detoxify the antibiotic 
inside the cells

FomA converts fosfomycin to fosfomycin 
monophosphate

FomB coverts fosfomycin to a diphosphate 
using the monophosphate form as a 
substrate

FomA, FomB C Streptomyces and 
Pseudomonas syringae

Several subtypes of each of these mechanisms have been described.
Abbreviations: cAMP: cyclic adenosine monophosphate; CRP: receptor protein complex; G-6-P, glucose-6-phosphate.
Source: Castañeda-García et al., 2013.
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adenosine monophosphate (cAMP), which is needed for the 
activity of the transport mechanisms.

Fosfomycin-resistant E. coli mutants isolated in vivo with 
mutations in genes not carried by plasmids have been con-
nected with mutations in the uhpT gene (Nilsson et al., 
2003). Nilsson et al. (2003) demonstrated that most of these 
resistance mutations reduced the fitness of the strains; this 
could explain why the frequency of resistance to fosfomycin 
is relatively low in spite of its heavy use in some countries.

Target site modifications involve MurA and are caused by 
mutations in this gene. MurA shows an enzymatic activity 
susceptible to be blocked by fosfomycin in a dose-dependent 
manner. The impact of these types of mutations in the acqui-
sition of fosfomycin resistance is reflected by the presence of 
an Asp residue in the catalytic site of MurA proteins encoded 
by pathogenic bacteria with intrinsic resistance to fosfo-
mycin, such as Mycobacterium tuberculosis, Chlamydia tra
chomatis, and Borrelia burgdorferi. MurA mutation–derived 
resistance to fosfomycin has been only scarcely reported.

Inactivation of fosfomycin can be conferred by two mech-
anisms: metallo-enzymes or kinases. Plasmid-borne genes 
conferring resistance against fosfomycin were first detected 
in S. marcescens (Mendoza et al., 1980), but have since been 
found in both Gram-negative and Gram-positive organisms. 
These genes encode for metallo-enzymes that can inactivate 
the antibiotic molecule and have been described as having 
six main types: FosA, FosB, FosC, FosD, FosK, FosX, and their 
subtypes. Genes fosA, fosA2 (chromosomally located), fosA3, 
fosA4, fosA5, and fosC2 have been reported in fosfomycin- 
resistant Enterobacteriaceae. There is 25–80% homology 
among these genes (Kitanaka et al., 2014; Ma et al., 2014). 
The fosA gene found in Gram-negative bacteria mediates 
resistance through a 141-amino-acid polypeptide, a glutathi-
one transferase, which catalyzes the formation of a covalent 
bond between the sulfhydryl residue of the cysteine in gluta-
thione and the C-1 of fosfomycin (Arca et al., 1988; García  
et al., 1995; Navas et al., 1990). The reaction results in the 
opening of the epoxide ring of the fosfomycin molecule to 
form an inactive adduct. The reaction depends on glutathi-
one, because mutants defective in glutathione biosynthesis 
are susceptible to the drug (Arca et al., 1990). A similar reac-
tion is mediated by fosB encoding for an Mg-dependent 
l-cysteine thiol transferase that has been found in Gram-
positive bacteria such as Staphylococcus epidermidis (Zilhao 
and Courvalin, 1990). FosX is an Mn-dependent fosfomy-
cin-specific epoxide hydrolase that has been found in Listeria 
monocytogenes and other bacteria (Rigsby et al., 2005; Fill-
grove et al., 2007). Fosfomycin-producing bacteria produce 
fosfomycin-kinases that degrade fosfomycin—that is, FomA 
and FomB in Streptomyces species and FosC in Pseudomonas 
syringae (Garcia et al., 1995). FomA and FosC both catalyze 
the phosphorylation of fosfomycin to fosfomycin monophos-
phate, and FomB catalyzes the phosphorylation of the latter 
product to fosfomycin diphosphate (Kobayashi et al., 2000). 

In general, the frequency of fosfomycin resistance is low 
(< 10%) in most countries reporting such data. In a large 

international survey, including 16 European countries and 
Canada, assessing the antibiotic susceptibility of pathogens 
from uncomplicated UTIs in 1999 and 2000, the fosfomycin 
resistance rate in approximately 2500 E. coli isolates was 
0–1.5%, and in 192 P. mirabilis isolates (Kahlmeter, 2003) 
was 3.1%. In the same study, co-resistance between fosfomy-
cin and ampicillin or sulfonamide was found in up to 30% of 
the few fosfomycin-resistant isolates and to trimethoprim 
in 15%, but was negligible for other antibiotics (Kahlmeter et 
al., 2003).

Susceptibility to fosfomycin in common urinary tract 
path ogens has been reported from the following countries at 
the following rates: Spain, 95–99% E. coli (Daza et al., 2001; 
Garcia et al., 2007); France, 99.1–99.7% E. coli, 90.9% P. mira
bilis, 94.9% “all” Gram-negative bacteria (Goldstein, 2000; 
Quentin et al., 2004); Poland, 96–97% E. coli from both 
complicated and uncomplicated UTIs (Hryniewicz et al., 2001); 
Central African Republic, 98% E. coli from community- 
acquired UTIs (Hima-Lerible et al., 2003); United States, 
100% E. coli from outpatients with UTIs (Fuchs et al., 1999).

Fosfomycin resistance levels are quite low, even in coun-
tries with relatively heavy use of the drug. During a survey of 
antibiotic users from 1999 to 2002 in Italy, oral fosfomycin 
(trometamol) changed from being infrequently used to being 
the most commonly used treatment for uncomplicated, com-
plicated, and recurrent UTI (used by about 30% of antibiotic 
users) (Galatti et al., 2006). However, surveys of antibiotic sus-
ceptibility of UTI pathogens in Italy in 2003–2004 demonstrated 
that fosfomycin activity remained excellent, with 99% of E. coli 
and ≥ 90% of all pathogens combined being susceptible 
(Mar chese et al., 2003; Fadda et al., 2005).

Thus, overall, resistance rates for common urinary patho-
gens such as E coli, P. mirabilis, and Citrobacter species against 
fosfomycin are low (i.e. < 5–10%), even in countries where 
the drug is commonly used to treat UTIs.

2c.  In vitro assessments of synergy

Fosfomycin has been studied relatively intensively regarding 
synergistic–antagonistic activity with a range of other antibi-
otics against S. aureus, enterococci, E. coli, P. aeruginosa, and 
other species. In general, fosfomycin shows some synergy 
(10% and up to 60% of strains tested) but more commonly  
an additive effect, and seldom direct antagonism, against 
 methicillin-resistant Staphylococcus aureus (MRSA) together 
with methicillin, nafcillin, oxacillin, cefamandole, cefotaxime, 
cefuzonam, cefmetazole, trimethoprim, minocycline, pefloxa-
cin, sparfloxacin, fusidic acid, vancomycin, and gentamicin 
(Alvarez et al., 1985; Utsui et al., 1986; Chin et al., 1986; 
Rodríguez et al., 1997; Thauvin et al., 1988; Gatermann et al., 
1989; Matsumoto et al., 1993; Drugeon et al., 1994; Ferrara et 
al., 1997). Synergy has been noted in 10–60% of P. aerugi
nosa strains with ticarcillin, piperacillin, azlocillin, ceftazi-
dime, aztreonam, imipenem, ciprofloxacin, pefloxacin, and 
amikacin (Chin et al., 1986; Bugnon et al., 1997; Tessier and 
Quentin, 1997). Combinations of fosfomycin with amikacin 
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(ratio 2:5; Montgomery et al., 2014) or with tobramycin 
(ratio 1:4; MacLeod et al, 2009), respectively, applied as bron- 
chial nebulization for treatment of lung infections have been 
tested in vitro and in an experimental rat pneumonia model. 
Both combinations were bactericidal and more active than 
the individual compounds against various pulmonary patho-
gens including P. aeruginosa.

Fosfomycin was synergistic with ampicillin against vari-
ous Enterobacteriaceae, even reducing MICs for P. vulgaris 
and Providencia rettgeri to within achievable clinical ranges 
(Chin et al., 1986). A number of studies have tested fosfomy-
cin in combination with meropenem, colistin, aztreonam, and 
various aminoglycosides against carbapenemase-producing 
Enterobacteriaceae (Albur et al., 2015; Rodríguez-Avial et 
al., 2015; Souli et al., 2011; Tängdén et al., 2014). Synergy 
with fosfomycin and meropenem, colistin, gentamicin, or 
plazomicin was demonstrated against some but not all tested 
New Delhi metallo-beta-lactamase 1 (NDM-1)–producing 
E. coli and VIM or NDM-producing Klebsiella pneumoniae. 
Prevention of mutational resistance has also been demon-
strated for combinations with fosfomycin (Albur et al., 2015; 
Tängdén et al., 2014; Souli et al., 2011). 

March and Bratos (2015) performed a meta-analysis of in 
vitro synergy studies including various antibiotic combina-
tions against Acinetobacter baumannii. One of their findings 
was that in studies in which the two methods were both 
employed, time-kill studies significantly more often found 
synergy in vitro than the checkerboard method, but also that 
in vitro synergy methods seriously lack standardization 
(March and Bratos, 2015). With these caveats in mind, fosfo-
mycin most often showed synergy against A. baumannii in 
combination with aminoglycosides.

Synergy or partial synergy against 70–90% of penicillin- 
resistant Streptococcus pneumoniae was demonstrated for 
fosfomycin in combination with beta-lactams such as ben- 
zyl penicillin, cefepime, cefotaxime, cefminox, cefotiam, cefa- 
zo lin, and imipenem by Totsuka et al. (1997). The clinical 
relevance of these in vitro synergy studies, however, remains 
uncertain.

3. MECHANISM OF DRUG ACTION

Fosfomycin is a cell wall inhibitor. Growth and survival of 
bacteria rely on the functionality of the enzyme MurA (UDP
N-acetylglucosamine enolpyruvyl transferase). This enzyme 
catalyzes the first step in the biosynthesis of the bacterial cell 
wall (Eschenburg et al., 2005). MurA is the target of fosfomy-
cin, which covalently attaches to the thiol group of a cysteine 
in the active site of E. coli MurA and thus irreversibly inhibits 
the enzymatic function (Kahan et al., 1974; Marquardt et al., 
1994; Skarzynski et al., 1996). Mutation of the cysteine to 
asparagine renders Chlamydia species, among others, resis-
tant to fosfomycin.

At least in E. coli, fosfomycin uses two uptake systems as a 
means of entry: the l-alpha-glycerophosphate and the hexose-
6-phosphate transport system (GlpT and UhpT transport- 

ers). Expression of these genes requires the presence of the 
cAMP–cAMP receptor protein complex. Defects in one or both 
of the transport systems, either structural genes or regulator 
genes, will result in resistance to fosfomycin. G-6-P induces 
the hexose phosphate transport system. Maximal enhance-
ment of fosfomycin activity is found with 25 mg of l G-6-P 
per liter, which is now usually recommended for susceptibil-
ity testing of fosfomycin (Barry and Fuchs, 1991; Kurabayashi 
et al., 2015; see section 2a, Routine susceptibility).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Fosfomycin is available as both an oral and an intravenous 
formulation.

4a.  Adults

For oral administration, fosfomycin is available as the cal-
cium or the trometamol (tromethamine) salt. The absorption 
of the formulation containing trometamol is considerably 
better than the one containing calcium, which is why the 
trometamol preparation is preferred. For treatment of 
uncomplicated UTIs a single dose of 3 g is recommended. 
For treatment of complicated UTIs, when longer duration of 
treatment is needed, the 3-g dose can be repeated every  
3 days. Fosfomycin trometamol is usually provided as a pow-
der, which must be mixed with water before intake. The pow-
der should not be taken alone.

For parenteral administration, fosfomycin can be given 
intravenously as a dose of 8 g every 12 hours. The dose is 
diluted in 100 ml of saline and should be administered as a 
slow infusion. Up to 15 g of fosfomycin sodium has been 
administered daily for 7 days in some patients with meningi-
tis. Doses of 2–4 g every 6 hours have also been used (see 
section 7b, Other infections).

4b.  Newborn infants and children

There are no data regarding the administration of fosfomycin 
to neonates. Fosfomycin can be given orally to children in 
single doses of 2 g.

Intravenous infusion is given by slow infusion in a dose of 
100–150 mg/kg.

4c.  Pregnant and lactating mothers

Fosfomycin is considered to be relatively safe to administer 
during pregnancy, although there are no published studies 
concerning teratogenic properties (Keating, 2013; Bookstaver 
et al., 2015). It has been used to treat both asymptomatic and 
symptomatic UTI in hundreds of pregnant women and it is 
one of the recommended antibiotics for treatment of UTI 
during pregnancy—for example, in the German guidelines 
for handling UTI (Wagenlehner et al., 2011). There are no 
data on the use of fosfomycin in lactating women.
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4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Fosfomycin is excreted renally. If the creatinine clearance is 
above 50 ml/min, there is no need for dose reduction (Borsa 
et al., 1988), but below these values the dose should be 
reduced by 50%. Fosfomycin is 10–80% removed by hemodi-
alysis, hence in such conditions the dose of fosfomycin does 
not need to be altered (Revert et al., 1977). Similarly, because 
fosfomycin is 76% removed by venovenous hemofiltration, 
no dose reduction is needed (Gattringer et al., 2006). In 
patients undergoing continuous ambulatory peritoneal dialy-
sis (CAPD), 1 g of fosfomycin can be given intraperitoneally 
every 48 hours for anephric patients, and every 36 hours for 
patients with residual renal function (Bouchet et al., 1988).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

No data are available regarding the influence of hepatic impair-
ment on fosfomycin pharmacokinetics or dosing.

PREMATURE NEONATES

No data are available.

OLDER ADULTS

Fosfomycin can be administered to the elderly in similar 
doses as for younger adults. Dosage adjustment is required 
only if renal impairment is present (creatinine clearance 
< 50 ml/min); in such circumstances a 50% dose reduction 
is necessary.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Fosfomycin tromethamine is readily absorbed after oral 
administration and converted to the free acid fosfomycin. 
The absolute oral bioavailability of the tromethamine salt 
under fasting conditions is 37–42%, compared with 12% for 
the calcium salt of fosfomycin (Bergan, 1990; Bergan et al., 
1993). Absorption is somewhat impeded by food adminis-
tration. The basic pharmacokinetic parameters after oral and 
intravenous administration are shown in Table 79.3. Fos-
fomycin is virtually unbound to serum protein (Zeitlinger et 
al., 2004).

5b.  Drug distribution

The distribution volume of fosfomycin ranges from 15 to 301 
in a 70-kg adult. The cerebrospinal fluid (CSF) penetration 
was excellent (approximately 50% CSF/plasma) in a rabbit 
model of meningitis with S. pneumoniae (Ribes et al., 2006). 
In humans, however, penetration is relatively low; after infu-
sion of a 5-g dose to patients with intact blood–brain barrier, 
concentrations of fosfomycin plateaued at 8.6–9.9 mg/l after 
3–6 hours. Such concentrations could be considered thera-

peutic for E. coli and S. aureus in some circumstances (Pfeifer 
et al., 1985). Fosfomycin penetrates well into muscle and 
interstitial fluid; levels were measured by the microdialysis 
technique by Joukhadar et al. (2003) in patients with sepsis. 
After a single 8-g intravenous dose of fosfomycin, they found 
a median area under the fosfomycin concentrationtime 
curve (AUC) profile for plasma of 673 and 477 µg/l/h for 
skeletal muscle. Median fosfomycin concentrations in the 
interstitium and plasma exceeded 70 mg/l throughout the 
4-hour observation period, which is greater than the MICs 
for S. pyogenes, S. aureus, and P. aeruginosa (Joukhadar et al., 
2003). In another study also using the microdialysis assay 
method, Frossard et al. (2000) measured fosfomycin concen-
trations in skeletal muscle and subcutis after single intrave-
nous doses of 4 and 8 g in human volunteers. The ratios 
AUCmuscle or AUCsubcutis to AUCplasma were 0.48 and 0.74, 
respectively, after the 4-g dose; and 0.53 and 0.71, respec-
tively, after the 8-g dose (Frossard et al., 2000). Microdialysis 
was used to measure fosfomycin penetration into interstitial 
fluid of lung tissue in healthy volunteers and patients with 
pneumonia (Matzi et al., 2010). AUClung/AUCplasma ratios 
were 0.63 for healthy lung and 0.53 for infected lung, respec-
tively. With these values, lung interstitial fluid concentrations 
were above 32 mg/l for 44% of a 12-hour interval.

Fosfomycin penetration into subcutaneous tissue of patients 
with cellulitis or patients with diabetic foot infections was 
measured by the microdialysis technique (Legat et al., 2003). 
The ratio of AUC0–8h for tissue fluid to plasma was found to 
be 0.7 for inflamed (cellulitis) and noninflamed tissue, and 
0.6–0.7 in subcutaneous tissue in patients with diabetic foot 
infection (Legat et al., 2003). Schintler and co-workers also 
used microdialysis to study the penetration of fosfomycin 
into bone and subcutaneous tissue of patients with diabetic 
foot infections. AUCtissue/AUCplasma ratios were 0.43 for bone 
and 0.76 for subcutaneous tissue, respectively, which after 
intravenous doses of 100 mg/kg would indicate good activity 
against most common pathogens in this type of infection 
(Schintler et al., 2009).

Penetration into fibrin clots in rabbits showed higher 
AUCs in the clots than in plasma—that is, a mean of 202 
mg/l/h in fibrin clot and 180 mg/l/h in plasma after a dose of 
50 mg/kg (Chavanet et al., 1996). In contrast, penetration of 
fosfomycin into abscesses in humans was shown to be highly 
variable and not related to concomitant plasma concentra-
tions (Sauermann et al., 2005). The Cmax of fosfomycin inside 
abscesses after a single intravenous dose of 8 g ranged from 
12 to 171 mg/l, and the ratio AUC0–12,abscess was about 0.5 
(Sauermann et al., 2005). However, in most individuals the 
abscess concentrations of fosfomycin surpassed the MICs of 
relevant pathogens (Sauermann et al., 2005). Fosfomycin pen-
etrates reasonably well into prostatic tissue; after a 3-g oral 
dose of fosfomycin trometamol to patients undergoing trans-
urethral resection of prostatic hyperplasia, samples of plasma, 
urine, and prostatic tissue were processed for fosfomycin 
concentrations (Gardiner et al., 2013). Mean prostatic tissue 
concentrations ranged between 0.7 and 22.1 mg/l, mean 
6.5 mg/l, and the mean prostate/plasma ratio was 0.67. These 
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concentrations were considered sufficient to treat prostatitis 
caused by E. coli and other Gram-negative bacteria.

Ocular penetration of fosfomycin has been studied in 
patients who were to undergo cataract surgery (Forestier et 
al., 1996). After an intravenous 1-hour infusion of 4 g in 21 
patients, the mean aqueous humor concentration was 11.5 
mg/l, and it remained high until 6 hours later. The authors 
suggested that fosfomycin may be appropriate to treat intra-
ocular infections when given at doses of 4 or 8 g every 8 
hours (Forestier et al., 1996).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Mazzei et al. (2006) studied time-kill activity of fosfomycin 
against E. coli and P. mirabilis and found concentration- 
dependent killing with sterilization of the culture at 6–8 
hours at concentrations of ≥ 4 mg/l. The same investigators 
studied the postantibiotic effect against the same organisms 
and reported values of 3.2–4.7 hours for both organisms. In 
another study, simulation of the concentration profiles in an 
in vitro kinetic model revealed that, for selected microor-
ganisms such as S. aureus, Enterobacter cloacae, and S. marc
escens with MICs up to 16 mg/l, the bacteria were undetectable 
after a single dosing interval (Frossard et al., 2000). Fos-
fomycin was shown to be bactericidal against S. aureus with 
reduction in bacterial counts of 103–4 at concentrations two 
times the MIC over 24 hours in vitro (Utsui et al., 1986).

The pharmacokinetic-pharmacodynamic (PK-PD) prop-
erties of fosfomycin were studied by two groups in vitro by 
time-kill method and in vitro with a kinetic model (Docobo-
Pérez et al., 2015; VanScoy et al., 2015). Both studies found 
that relatively high daily doses of 24–32 g three times a day 
or twice a day were needed for effective kill and prevention 
of development of mutational resistance. In the study by 
VanScoy and co-workers (2015), the optimal PK-PD index 
was Time > MIC, whereas Docobo-Perez et al. (2015) found 
the AUC/MIC index best correlated with effect. More studies 
are needed to ascertain the optimal PK-PD indices for fosfo-
mycin. Because of this, it is not clear whether the currently 
recommended doses are optimal. 

5d.  Excretion

Fosfomycin is excreted unchanged in both urine and feces. 
After oral administration of fosfomycin tromethamine, the 
mean total body clearance was 16.9 l/h and the mean renal 
clearance was 6.3 l/h. Urinary elimination amounts to 30–60% 
after fosfomycin tromethamine, compared with only 9–18% 
after the calcium salt. The lower values are from elderly sub-
jects. After oral administration of 3 g of fosfomycin trometh-
amine salt, high urinary concentrations (1000–4000 mg/l) 
are achieved and remain at 100 mg/l for at least 30–40 hours 
(Mazzei et al., 2006). After intravenous fosfomycin adminis-
tration, the mean total body clearance was 6.1 l/h, and the 
mean renal clearance was 5.5 l/h. Broadly similar results 

were reported by others (Bergan, 1990; Bergan et al., 1993). 
After a 3-g oral dose of fosfomycin trometamol, 18% is 
recovered unchanged in feces. There are no data available 
on fosfomycin concentrations in bile.

5e.  Drug interactions

The serum concentration and urinary excretion of fosfomycin 
are lowered by co-administration of metoclopramide. Other 
drugs that increase gastrointestinal motility may produce 
similar effects. Cimetidine does not affect the pharmacoki-
netics of fosfomycin.

Experimentally, fosfomycin appears to have a beneficial 
role in reducing or preventing harmful side effects from drugs 
with potential ototoxicity and nephrotoxicity. It has been 
shown in different experimental animal models that fosfo-
mycin reduced the nephrotoxic potential of cisplatin (Tandy 
et al., 2000), aminoglycosides (Inouye et al., 1982), and 
amphotericin B (Kreft et al., 1991), and similarly reduced the 
ototoxic potential of polymyxin B (Leach et al., 1990), cispla-
tin (Ohtani et al., 1985a), and aminoglycosides (Ohtani et al., 
1985b). The protective effect of fosfomycin against cisplatin 
nephrotoxicity has also been shown in a clinical study of 
gynecologic cancer patients (Hayashi et al., 1997). The rea-
son for this protective effect of fosfomycin is not clear, but it 
has been proposed that fosfomycin in some way prevents the 
tissue accumulation that precedes the toxic action of amino-
glycosides. It may also stabilize the lysosomal membranes 
(Inouye et al., 1982). 

6. ADVERSE REACTIONS AND TOXICITY

The toxicity of both intravenous and oral fosfomycin is low. 
In clinical studies, drug-related adverse events, which were 
reported in > 1% of the fosfomycin-treated study population, 
were diarrhea 9%, vaginitis 5–6%, nausea 4%, headache 4%, 
dizziness 1–2%, asthenia 1–2%, and dyspepsia 1–2% (Mayama 
et al., 1993). Of other side effects monitored in clinical studies, 
the most frequently reported (occurring in > 1% of the study 
population) regardless of drug relationship were headache 
10.3%, rhinitis 4.5%, back pain 3.0%, dysmenorrhea 2.6%, 
pharyngitis 2.5%, abdominal pain 2.2%, pain 2.2%, and rash 
1.4%. Rarely observed adverse events (< 1%, regardless of drug 
relationship) included abnormal stools, anorexia, constipa-
tion, dry mouth, dysuria, ear disorder, fever, flatulence, flu 
syndrome, hematuria, infection, insomnia, lymphadenopathy, 
menstrual disorder, migraine, myalgia, nervousness, paresthe-
sia, pruritus, serum glutamic pyruvic transaminase (SGPT) 
increase, skin disorder, somnolence, and vomiting (Mayama 
et al., 1993). 

The allergic potential of fosfomycin appears to be low. 
There is a single case report of anaphylactic shock after a first 
dose of fosfomycin for treatment of UTI. The patient had 
no recollection of previous fosfomycin treatment. Skin tests 
revealed sensitivity to fosfomycin, but no other drugs tested 
(Rosales and Vega, 1998).
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Candida vaginitis as a side effect to antibiotic treatment 
seems to be less prevalent with fosfomycin than with other 
antibiotics (Wilton et al., 2003).

Fosfomycin-induced liver toxicity was described in a 
female patient with cystic fibrosis who received imipenem 
(3 g daily) and fosfomycin (12 g daily intravenously), as well 
as parenteral nutrition including lipids (Durupt et al., 2001). 
Four days after beginning treatment she developed hepatic 
pain, liver enlargement, and biochemical evidence of liver 
toxicity, although the eosinophil count was normal. Two 
weeks after discontinuation of parenteral nutrition and 
antibiotics, the patient’s liver function returned to normal. 
However, 2 years later the patient was again treated with 
intravenous fosfomycin (8 g daily), but without parenteral 
nutrition, and she again developed painful hepatomegaly 
and moderate increases in liver enzymes (Durupt et al., 2001). 
No changes in prevalences of adverse effects were noted in a 
recent study from an FDA database (Iarikov et al., 2015).

7. CLINICAL USES OF THE DRUG

Fosfomycin has been used for a limited number of indica-
tions. The main clinical use of fosfomycin is for the treatment 
of uncomplicated UTI, but it also appears to be effective for 
recurrent and complicated UTI. Fosfomycin can also be tried 
for prostatitis, for gonorrhea, and, in combination with other 
antibiotics, for staphylococcal infections. There are also 
reports of smaller trials of fosfomycin alone or in combina-
tion with other antibiotics for the treatment of surgical infec-
tions and for use in surgical prophylaxis.

7a.  Urinary tract infections

Fosfomycin trometamol has proven to be an effective drug 
for the treatment of uncomplicated UTIs in adults, even 
given in a single 3-g dose. It has also reasonable cure rates in 
pyelonephritis and recurrent UTI and has been effective in 
treating UTI in children, pregnant women, and the elderly. 
The excellent efficacy of fosfomycin in UTI has been 
attributed to the high urinary drug concentrations such that 
they remain above the MIC for the most important urinary 
pathogens for at least 40 hours after a single 3-g dose. The 
vast majority of published studies describe the use of fosfo-
mycin trometamol or tromethamine as the oral formulation. 
For treatment of uncomplicated UTI (mostly in women) a 
3-g dose of fosfomycin trometamol has been compared with 
cephalexin (0.5 g once daily for 5 days; Elhanan et al., 1994), 
amoxicillin–clavulanic acid (0.5 g three times a day for 5 
days; Cooper et al., 1990), pipemidic acid (0.4 g twice a day 
for 5 days; Jardin, 1990), co-trimoxazole (0.48 g twice a day 
for 3 days; Crocchiolo, 1990), trimethoprim (0.1 g twice a day 
for 5 days; Davis et al., 1990; Minassian et al., 1998), nitrofu-
rantoin (0.1 g twice a day for 7 days; Stein, 1999; or 0.05 g four 
times a day for 7 days; Van Pienbroek et al., 1993), and nor-
floxacin (0.4 g twice a day for 5 days; de Jong et al., 1991; or 
0.4 g twice a day for 7 days; Boerema and Willems, 1990). In 
all studies both the microbiologic and clinical efficacy of the 

two drugs tested were similar, with microbiologic eradica-
tion rates of 75–95% after 5–7 days of fosfomycin trometamol 
treatment, and similar rates for clinical efficacy. After 4–6 
weeks’ observation, rates were still similar for all drugs at lev-
els of 60–85% efficacy, at least in those studies that reported 
a follow-up. A meta-analysis from 2010 summarized com-
parative studies of fosfomycin trometamol as compared with 
other antibiotics for treatment of UTI and found fosfomycin 
equal in both microbiologic and clinical effect overall, except 
for asymptomatic UTIs in pregnant women, in whom fosfo-
mycin showed significantly fewer adverse effects than com-
parators (Falagas et al., 2010).

Fosfomycin calcium 1 g three times a day for 2 days was 
tested for treatment of uncomplicated UTI in 48 women in a 
study from Japan (Matsumoto et al., 2011). They reported 95% 
clinical and microbiologic effect after 5–9 days and 86% clin-
ical and 76% microbiologic effect after 4–6 weeks, respectively. 

Low rates of mild adverse effects were generally noted 
after fosfomycin trometamol treatment, except in one study 
comparing fosfomycin trometamol with nitrofurantoin 
(Van Pienbroek et al., 1993). In this study, side effects were 
reported at day 4 by 43% of the women receiving single-dose 
fosfomycin trometamol, compared with 25% of the women 
in the 7-day treatment group—a significant difference. Such 
high frequencies of side-effects have not been recorded in 
any other published study, and rates of adverse effects of less 
than 10% are more usual (see section 6, Adverse reactions 
and toxicity).

In one study comparing fosfomycin with nitrofurantoin 
(0.4 g daily for 7 days), the efficacy of these agents against 
resistant pathogens was assessed because treatment was ini-
tiated before susceptibility test results were reported (Stein, 
1999). Resistance to fosfomycin trometamol was found in 12 
strains of E. coli, P. mirabilis, K. pneumoniae, or S. saprophy
ticus. Eight patients were cured, but treatment with a single 
3-g dose failed in four patients. In the nitrofurantoin group, 
26 resistant isolates were noted; 17 patients were cured and 
treatment with nitrofurantoin failed in 9. Similarly, fosfomy-
cin trometamol appeared effective in treating UTI caused by 
ESBL-producing E. coli in a study in which male and female 
patients received 3 g once daily every other night for three doses 
(Pullukcu et al., 2007). Overall clinical success was observed 
in 49 of 52 (94%) patients after 7–9 days, and microbiological 
success was recorded in 41 of 52 (79%) patients.

For treatment of acute pyelonephritis in adults, Ode et al. 
(1988) compared intravenous fosfomycin 8 g twice a day with 
intravenous ampicillin 2 g three times a day, both for 1 week, 
in a total of 38 patients. The success rate was 44% in the fos-
fomycin group and 28% in the ampicillin group. All patho-
gens were susceptible to fosfomycin, but 17% were resistant 
to ampicillin.

Fosfomycin was investigated for the treatment of so-called 
“lower UTI” in children (based on fever < 38°C, erythrocyte 
sedimentation rate [ESR] < 25 mm/h, and C-reactive protein 
< 20 mg/l) using a single oral dose of 2 g fosfomycin trom-
etamol in 71 children, compared with a single intramuscular 
dose of 64.5 mg/kg netilmicin in 64 children. Cure rates (sterile 
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urine for 30 days after treatment) were similar: 80% fosfomy-
cin trometamol versus 81% netilmicin (Principi et al., 1990).

Chronic treatment or prevention of lower UTI in patients 
with recurrent UTIs has also been studied with fosfomycin 
trometamol in comparison with other antibiotics or placebo. 
Rudenko and Dorofeyev (2005) randomized 317 nonpreg-
nant women with recurrent lower UTI (i.e. at least three epi-
sodes of UTI within the previous 12 months) into two 
groups: 166 patients received fosfomycin and 151 patients 
received placebo. The treatment regimen was one sachet of 
3  g fosfomycin trometamol or placebo every 10 days for 6 
months with another 6 months of follow-up. The result was 
measured as number of infections per patient-year and was 
0.14 in the fosfomycin group compared with 2.97 in the pla-
cebo group—a highly significant difference (p < 0.01). Only 
one adverse event was reported in each group (Rudenko and 
Dorofeyev, 2005).

In a study of recurrent lower UTI in postmenopausal, 
type 2 diabetic female patients, Mozdzan et al. (2007) com-
pared fosfomycin trometamol (3 g every 30 days for 12 months) 
versus nitrofurantoin (administered every 12 hours before 
meals for 7 days and then every evening for 12 months), with 
50 patients in each group. Signs of UTI were absent in 89% 
and 91% after 3 months, 90% and 92% after 6 months, and 
88% and 88% after 12 months in the fosfomycin and the 
nitrofurantoin group, respectively (Mozdzan et al., 2007). A 
regimen of three doses of fosfomycin trometamol 3 g given 
on days 1, 3, and 5 of treatment for UTI was tested in a study 
from China (Qiao et al., 2013). The rates for micro biologic 
and clinical effect were stratified according to the infections—
acute uncomplicated UTI, 91% and 96%; recurrent lower 
UTI, 75% and 78%; and complicated lower UTI, 74% and 
65%, respectively. Because fosfomycin, belonging to a group 
of its own, does not show cross-resistance toward other anti-
biotics, it can be used to treat infections caused by multdrug- 
resistant bacteria. Thus fosfomycin has been reported effective 
in UTI caused by ESBL-producing (Pullukcu et al., 2007) and 
carbapenemase-producing Enterobacteriaceae (Michalopou- 
los et al., 2010), as well as against various infections caused  
by carbapenemase-producing A. baumannii (Sir ijatuphat and 
Thamlikitkul, 2014). 

Overall, a single 3-g oral dose of fosfomycin trometamol 
is highly effective in uncomplicated UTI, with low frequen-
cies of adverse effects and apparently low propensity to select 
for fosfomycin resistance. 

7b.  Other infections

Fosfomycin has shown good effect in long-time treatment of 
chronic prostatitis in line with its reasonably good penetra-
tion into prostatic tissue (Gardiner et al., 2013). Los-Arcos 
and coworkers (2015) reported good response of fosfomycin 
trometamol for treatment of chronic difficult-to-treat prosta-
tis in 15 patients. Seven patients had clinical response and 8 
persistent microbiologic eradication after 3 g administered 
every 48 or 72 hours for 6 weeks. Four of 5 patients with 
 multidrug-resistant Enterobacteriaceae achieved eradication 

(Los-Arcos et al., 2015). Furthermore, 2 patients with multi-
drug-resistant prostatitis were cured after 6 months of daily 
3-g fosfomycin trometamol treatment (Grayson et al., 2015). 
Concentrations of around 5 mg/l were measured in these 
patients, who received 3 g once daily, which was tolerated in 
both patients. In contrast, a trial of 3 g twice daily resulted 
in intolerable gastrointestinal side effects (Grayson et al., 
2015). Fos fomycin trometamol for this complicated infection 
deserves more study.

Treatment of gonorrhea can be accomplished with fosfo-
mycin, but dosing schedule is important: 0.5-g doses three 
times a day for 2 days had no effect, 4 g as single dose was 
effective in 80%, and 1 or 2 g three times a day for 1 or 2 days 
resulted in the best cure (Tesh et al. 2015).

Fosfomycin alone or in combination with other antibiot-
ics was used in a nonrandomized study of intravenous treat-
ment of acute hematogenous osteomyelitis, generally caused 
by S. aureus (Corti et al., 2003). Fosfomycin alone was admin-
istered to 23 patients, fosfomycin in combination with another 
antibiotic was used in 47 patients, and 33 patients received 
antibiotic treatment without fosfomycin. Response rates were 
similar for all three groups after 2–4 weeks, with normaliza-
tion of C-reactive protein levels and ESRs. The mean duration 
of fosfomycin intravenous treatment was 2.5 weeks (Corti et 
al., 2003).

Intravenous fosfomycin in combination with cefotaxime 
was investigated in the treatment of 19 patients with severe 
staphylococcal infections (9 meningitis, 10 bone and joint 
infections). All patients recovered satisfactorily without 
relapses, but in 2 patients, superinfections with either 
Candida or P. aeruginosa occurred (Portier et al., 1984).

Salvage treatment of MRSA endocarditis was successfully 
accomplished with intravenous fosfomycin 2 g every 6 hours 
in combination with daptomycin 10 mg/kg/day (2 of 2 patients 
cured; Miro et al., 2012) or with imipenem 1 mg every 6 hours 
(12 of 16 patients cured; del Rio et al., 2014). In vitro syner-
gism was demonstrated for daptomycin in combination with 
fosfomycin (Miro et al., 2012). Fosfomycin administered 
intravenously in doses of 2–4 g every 6 hours in combination 
with meropenem, colistin, or tigecycline has shown relatively 
good to excellent effect in treatment of serious infections 
(bacteremia, pneumonia) caused by pan- resistant or exten-
sively-resistant K. pneumoniae or P. aeruginosa. In a series of 
48 intensive care unit cases, Pontikis et al. (2014) found clin-
ical effect in 54% and bacteriologic eradication in 56% of the 
patients, respectively. In another study from Greece, good 
effect was reported in all 11 patients treated with fosfomy-
cin in combination with other antibiotics against infections 
caused by carbapenemase-resistant K. pneumoniae (Michal-
opoulos et al., 2010).

In a Japanese study, fosfomycin or other antibiotics were 
used for the prevention of hemolytic-uremic syndrome (HUS) 
in children with E. coli O157 infections (Ikeda et al., 1999). 
In 130 patients who received fosfomycin within the first 3 
days of infection or who received no antibiotic, a multivari-
ate analysis showed that patients who received fosfomycin 
within the first 2 days of infection developed HUS significantly 
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less often than those who did not take antibiotics (odds ratio 
[OR], 0.15) (Ikeda et al., 1999).

7c.  Surgical prophylaxis

Owing to its antibacterial spectrum, including activity 
against both staphylococci and Gram-negative pathogens, as 
well as its pharmacokinetic properties with a long serum 
elimination half-life and good penetration into tissues and 
fluids, fosfomycin is a relevant choice for use in surgical pro-
phylaxis (Table 79.5). Two key areas have been assessed: pro-
phylaxis for colorectal surgery and urologic procedures such 
as transurethral resection of the prostate (TURP). In both 
categories fosfomycin administered either orally (TURP) or 
intravenously together with metronidazole (colorectal sur-
gery) demonstrated good efficacy with low rates of postoper-
ative infections. Because fosfomycin belongs to a separate 
antibiotic class without cross-resistance to other groups of 
antibiotics and is associated with few side effects, it may be a 
future option for use as surgical prophylaxis for some surgi-
cal procedures.

Fosfomycin was tested for prophylaxis in transrectal 
ultrasound-guided biopsy of the prostate in comparison with 

ciprofloxacin. Three hundred patients were randomized to 
either 3 g of fosfomycin trometamol the night before surgery 
or oral ciprofloxacin 500 mg administered 60 minutes before 
surgery, 150 patients in each group (Sen et al., 2015). Afebrile 
UTI occurred in 2 versus 9 patients in the fosfomycin and the 
ciprofloxacin groups, respectively (p = 0.032). Febrile UTI 
occurred in 1 and 2 patients in the two groups (Sen et al., 
2015). Fosfomycin may be an obvious choice as prophylaxis 
for prostatic biopsy instead of the widely used ciprofloxacin, 
which has been associated with increasing resistance in sev-
eral studies.
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1. DESCRIPTION 

Fusidic acid was developed by Leo Laboratories in Copen
hagen and obtained from the fungus Fusidium coccineum. It 
has a steroid structure but is chemically also related to ceph
alosporin P, which is one of the antibiotics formed by the 
mold Cephalosporium acremonium. Owing to its resemblance 
to prednisolone, fusidic acid is said to belong to its own class 
of antibiotics, the steroid antibiotics. The molecular formula 
for fusidic acid is 2(16acetyloxy3,11dihydroxy4,8,10,14 
tetramethyl2,3,4, 5,6,7, 9,11,12, 13,15,16 dodecahydro1H 
cyclopenta [a]phenanthren17ylidene)6methylhept5enoic 
acid, and the molecular structure is shown in Figure 80.1. Its 
molecular weight is 516.7. A number of derivatives of fusidic 
acid have been prepared, but their antibacterial activity is low 
compared with sodium fusidate (Godtfredsen et al., 1966).

The sodium salt of fusidic acid (sodium fusidate) is used 
clinically and can be administered orally as filmcoated tab
lets or intravenously as a 1 to 2hour infusion. The drug is 
also available in topical preparations—that is, as an ointment, 
cream, lotion, or gel for treatment of skin infections. It has 
also been applied in various impregnated products such as 
gauze, tulle, or wicks. Furthermore, sodium fusidate is sold 

as a gel for application in the conjunctival sac for treatment 
of conjunctivitis and other ocular infections. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The most significant feature of fusidate sodium is its high 
degree of activity against Staphylococcus aureus, including 
beta lactamaseproducing and methicillinresistant strains. 
Usually Staphylococcus epidermidis, including methicillin 
resistant strains, is also susceptible to fusidate sodium. Gram
negative bacteria are usually resistant.

GRAM-POSITIVE BACTERIA

The antibacterial activity of fusidic acid is illustrated in Table 
80.1, Table 80.2, and Table 80.3. Table 80.1 shows the mini
mum inhibitory concentration (MIC) distribution of isolates 
of some important Grampositive organisms. The suscepti
ble populations of S. aureus and various coagulasenegative 
staphylococci are in the range of 0.016–0.5 mg/l. The cor
responding values for Streptococcus pyogenes are somewhat 
higher—that is, 1–16 mg/l. The MIC50, MIC90, and MIC ranges 
for fusidic acid for various relevant human pathogens are 
depicted in Table 80.2 (aerobes) and Table 80.3 (anaerobes). 
Compared with staphylococci, all other aerobic Grampositive 
cocci are much less susceptible to fusidate sodium. 

Enterococcal strains studied by Traub et al. (1986) were 
inhibited, but the drug was not bactericidal. Streptococcus 
pneu moniae are only partially resistant (MIC 2 mg/l) to 
fusidate sodium (CDC, 1977). Grampositive anaerobic cocci 
such as Peptococcus and Peptostreptococcus species are sensi
tive. The same is true for Grampositive bacteria, aerobic and 
anaerobic, such as Corynebacterium diphtheriae, other cory
nebacteria, Clostridium tetani, Clostridium perfringens, and 
other Clostridium species, including Clostridium difficile (Ver
bist, 1990). However, Aronsson et al. (1994) found that C. diffi
cile was not always susceptible, with MICs ranging from 0.5 
to 64 mg/l.Figure 80.1. Chemical structure of fusidic acid. 
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Table 80.1. Distribution of fusidic acid MIC values for various Gram-positive bacteria showing the wild-type distribution of susceptible 
isolates as well as resistant isolates (EUCAST, methods of susceptibility testing not disclosed).

Bacteria N

MIC, mg/l

0.016 0.032 0.064 0.125 0.25 0.5 1 2 4 8 16 32 64 128 256 ≥ 512

Staphylococcus 
aureus

15,998 98 1186 4200 6090 2234 528 232 309 589 292 96 26 67 23 17 11

S. aureus, MSSA 205 0 0 1 44 138 8 0 0 1 4 4 0 0 0 0 5

S. aureus, MRSA 282 0 0 2 47 199 8 0 1 2 9 7 5 1 0 0 1

Staphylococcus 
epidermidis

627 0 1 4 124 52 29 0 0 10 39 82 72 79 2 0 133

Staphylococcus 
lugdunensis

94 0 0 32 52 3 0 0 0 0 6 1 0 0 0 0 0

Streptococcus 
pneumoniae

751 0 0 3 19 248 427 21 10 4 8 4 2 5 0 0 0

Streptococcus 
pyogenes

2771 0 2 0 0 1 1 4 9 223 1580 897 46 8 0 0 0

Clostridium 
difficile

836 0 0 2 11 96 215 301 170 36 0 0 0 0 0 0 5

Abbreviations: MIC: minimum inhibitory concentration; MRSA: methicillin-resistant S. aureus; MSSA: methicillin-susceptible S. aureus.

Table 80.2. In vitro inhibitory activity of fusidic acid against aerobic bacteria.

Organism—Species
 MIC50 
mg/l

MIC90 
mg/l

 MIC range 
mg/l

Comments
MIC, mg/l or %R Reference

Staphylococcus aureus, MSSA 0.06 0.06 0.06–0.12 Verbist, 1990

0.06 0.125 ≤ 0.015–125 Drugeon et al., 1994

S. aureus, MRSA 0.06 0.06 0.03–8 Verbist, 1990

0.125 4 0.03–8 Huebner et al., 1992

Staphylococcus epidermidis 0.12 0.25 0.03–8 Verbist, 1990

0.25 0.5 ≤ 0.12–4 Toma and Barriault, 1995

Staphylococcus saprophyticus 4 4   2–8 Coutant et al., 1996 

Streptococcus pyogenes 8 8   4–8 Barber and Waterworth, 1962 

2 4 ND Barry et al., 1986

Streptococcus pneumoniae 8 8   2–8 Barber and Waterworth, 1962 

2 4 ND Barry et al., 1986

Streptococcus agalactiae 8 8 ND Barry et al., 1986

Enterococcus faecalis 25 25 3.12–25 Barber and Waterworth, 1962 

4 8   1–32 Toma and Barriault, 1995

E. faecalis, VRE 4 4   2–16 Freeman et al., 1995

Corynebacterium diphtheriae 12% of 25 strains Kobayashi et al., 1971

Corynebacterium jeikeium 0.03 0.06 ND Barry et al., 1986

Erysipelothrix rhusiopathiae MIC 0.03 for one strain Hart et al., 1989

Listeria monocytogenes MIC 4 for one strain Hart et al., 1989

Nocardia asteroides 3.12 6.25 0.78–6.25 Black et al., 1985

Bordetella pertussis 0.1 0.2 0.03–0.5 Bannatyne and Cheung, 1982

Moraxella catarrhalis 0.12 0.12 0.06–0.12 Barber and Watersworth, 1962

Neisseria gonorrhoeae 0.6 2 0.25–2 Reyn and Bentzon, 1968

Neisseria meningitidis 0.03 0.12 0.015–0.5 Miles and Moyes, 1978

Enterobacteriaceae,  
 Pseudomonas

> 100 Verbist, 1990

Mycobacterium tuberculosis 8 16   4–32 Van Caekenberghe, 1990
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GRAM-NEGATIVE BACTERIA

Gramnegative aerobic bacteria, with the exception of Neis
seria species, Moraxella species, and Legionella pneumophila, 
are sodium fusidateresistant, but Bacteroides fragilis, other 
members of the B. fragilis group, and Prevotella melaninogen
ica are usually susceptible. The Fusobacteria are resistant 
(Stirling and Goodwin, 1977; Verbist, 1990).

OTHER BACTERIA

Fusidate sodium has some action against Mycobacterium tuber
culosis, but this is of no clinical importance (Verbist, 1990). 
However, the drug is highly active against extracellular and 
intracellular Mycobacterium leprae (Franzblau et al., 1992). 
Fusidate sodium has some activity against Coxiella bur netii 
(Torres and Raoult, 1993). The drug inhibited 80–90% of 
growth of Plasmodium falciparum strains in an in vitro cul
ture system at levels of 50 mg/l (Black et al., 1985).

2b.  Emerging resistance and 
cross-resistance

There are several mechanisms recognized that cause resistance 
to fusidic acid. One class, FusA, is associated with mutations 
in fusA that reduce the affinity of fusidic acid for its target 
elongation factor G (EFG) on the ribosome (Hansson et al., 
2005; Besier et al., 2007). Mutations in fusA causing fusidic 
acid resistance in S. aureus or in S. epidermidis were shown to 
result in considerable loss of fitness in such strains (Besier et 
al., 2005; Gustafsson et al., 2003). In S. aureus, however, fit
nesscompensating mutations readily occurred (Besier et al., 
2005). Mutations in fusA can also cause resistance to fusidic 
acid in Salmonella spp. (Macvanin et al., 2004). The second 
class, FusB, until now the most prevalent, is associated with a 

21kB plasmid that carries the fusB gene (O’Brien et al., 
2002). This gene encodes an inducible protein that somehow 
protects EFG against fusidic acid. FusB has been found to be 
prevalent in epidemic fusidic acid–resistant S. aureus caus
ing impetigo (O’Neill et al., 2004). In addition, fusC and 
fusD are two homologs of fusB that have been found on the 
chromosome of S. aureus and Staphylococcus saprophyticus 
(O’Neill et al., 2007b). So far, fusB and fusC appear to be the 
most common fusidic acid resistance determinants in both 
methicillinresistant Staphylococcus aureus (MRSA) in Europe 
and in coagulasenegative staphylococci in China, in both 
cases indicative of wide horizontal spread of these genes 
among most staphylococcal species (McLaws et al., 2011; 
Hung et al., 2015). FusE refers to a fusidic acid–resistance 
mechanism in S. aureus that phenotypically results in the 
appearance of small colony variants. It is due to mutations in 
rplF encoding for ribosomal protein L6. These can be auxo
trophic for either hemin or menandione and may also be 
selected by aminoglycosides, showing that other antibiotics 
can select for fusidic acid resistance (Norström et al., 2007). 
Another fusidic acid–resistance mechanism, FusF, was added 
to the list in 2015 (Chen et al., 2015). It was found in Staphy
lococcus cohnii subsp. cohnii and subsp. urealyticus, which 
have MICs of 0.125–4 mg/l and 4–16 mg/l for the two sub
species, respectively. Each of the two subspecies already con
tains the fusA gene, whereas the fusF element showed 50–71% 
nucleotide sequence similarity to fusB, and its fusidic acid 
interaction was proven by cloning experiments (Chen et al., 
2015). It is therefore thought to interact with the FusBfamily 
proteins and EFG (Chen et al., 2015).

Other mechanisms include binding and sequestering of 
fusidic acid by the type 1 chloramphenicol acyltransferase found 
in Enterobacteriaceae, deacetylation by an esterase produced in 

Table 80.3. In vitro inhibitory activity of fusidic acid against anaerobic bacteria.

Organism or species
MIC50

mg/l
MIC90

mg/l
MIC range

mg/l Reference

Bacteroides fragilis 2 2 0.5–4 Robbins et al., 1987

Bacteroides thetaiotaomicron 2 16 0.5–32 Steinkraus and McCarthy, 1979

Prevotella bivia 0.5 0.5 ≤ 0.25–0.5 Robbins et al., 1987

Bacteroides melaninogenicus ≤ 0.25 0.5 ≤ 0.25–0.5 Robbins et al., 1987

Fusobacterium necrophorum 16 32  16–32 Steinkraus and McCarthy, 1979

Veillonella parvula 2 4 0.5–8 Steinkraus and McCarthy, 1979

Actinomyces israelii 6.3 12.5 6.3–25 Spiekermann, 1970

Clostridium difficile 2 2 0.5–64 Nord at al., 1987

Clostridium perfringens 0.12 0.5 ≤ 0.06–1 Steinkraus and McCarthy, 1979

Eubacterium lentum 0.12 0.5 ≤ 0.06–1 Steinkraus and McCarthy, 1979

Peptococcus asaccharolyticus 0.25 0.5 ≤ 0.06–0.5 Steinkraus and McCarthy, 1979

Peptococcus magnus 0.25 0.5 ≤ 0.06–0.5 Steinkraus and McCarthy, 1979

Peptococcus prevotii 0.12 0.25 ≤ 0.06–0.25 Steinkraus and McCarthy, 1979

Peptostreptococcus anaerobius 0.25 0.5 ≤ 0.06–2 Steinkraus and McCarthy, 1979

Propionibacterium acnes 0.25 1 ≤ 0.06–2 Steinkraus and McCarthy, 1979

Abbreviations: MIC: minimum inhibitory concentration; MRSA: methicillin-resistant S. aureus; MSSA: methicillin-susceptible S. aureus; VRE: vancomycin- resistant 
E. faecium.
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Streptomyces species, and efflux by the AcrAB efflux system 
in Escherichia coli (O’Neill et al., 2002).

Resistant strains of S. aureus can easily be obtained by 
growing the organism in the presence of increasing concen
trations of fusidate sodium (Godtfredsen et al., 1962; Hilson, 
1962). Resistance to fusidic acid has increased in prevalence 
in recent years in countries where the drug is used. An epi
demic clone causing bullous impetigo, with fusB located in the 
chromosome and designated the epidemic European fusidic 
acid–resistant impetigo clone (EEFIC), has spread widely in 
Northern Europe in recent years (Tveten et al., 2002; O’Neill 
et al., 2004; Rijnders et al., 2012). A thorough analysis of this 
clone with sequencing of its 39.3Kb plasmid revealed the 
presence on the plasmid of genes encoding for the toxins A 
and B and EDINC, which have all been implicated in impe
tigo (O’Neill et al., 2007a). In particular, high rates of resis
tance have been reported in S. aureus strains associated with 
skin or soft tissue infections such as impetigo or infected 
atopic dermatitis. This development is often related to the use 
of topical sodium fusidate (Shah and Mohanraj, 2003; Mason 
et al., 2003; Sule et al., 2007; Tveten et al., 2002; Rørtvelt and 
Rortveit, 2007). In systemic fusidic acid treatment there was 
a clear tendency toward resistance development when fusidic 
acid was used as monotherapy, whereas combination therapy 
reduced the selection of resistant strains (Howden and 
Grayson, 2006). Clinically important fusidic acid resistance 
has also been reported in C. difficile (Noren et al., 2006).

The conclusions of these findings seem to be that topical 
treatment with fusidic acid should be used with caution in 
order to save an effective drug for use in multiresistant and 
methicillinresistant staphylococcal infections. When used 
systemically it should be given as combination treatment—
for example, together with an isoxazolyl penicillins, vanco
mycin, or rifampicin.

3. MECHANISM OF DRUG ACTION

Fusidate sodium is related chemically to cephalosporin P, but 
the cephalosporin antibiotics are derived from cephalospo
rin C. In contrast to the cephalosporins, which inhibit bacte
rial cell wall synthesis, fusidate sodium inhibits bacterial 
protein synthesis (Harvey et al., 1966) by binding to and 
thereby preventing the translocation of EFG from the ribo
some, and possibly by other mechanisms (Tanaka et al., 1968). 
The binding to EFG blocks the effective translocation of 
peptidyl tRNA, which inhibits its linking to the grown pep
tide, thus inhibiting protein synthesis. The fusA gene encodes 
for EFG, and mutations in fusA cause resistance to fusidic 
acid by changing the configuration of EFG (Tanaka et al., 
1971). The different mode of action between fusidic acid and 
the cephalosporins explains the lack of crossresistance between 
fusidate sodium and the penicillinaseresistant penicillins and 
cephalosporins. For this reason, methicillinresistant staphy
lococci are usually susceptible to fusidate sodium. Inhibition 
of protein synthesis results in less protein A on the surface of 
S. aureus, rendering the organism more susceptible to phago
cytosis (Gemmell and O’Dowd, 1983). 

Gramnegative bacilli have always been thought to be 
fusidate sodium–resistant, probably because the drug could 
not penetrate their cell walls; fusidate sodium inhibits the 
protein synthesis of E. coli in cell free systems. Bennett and 
Shaw (1983) showed that one type of plasmidassociated 
fusidate sodium resistance in E. coli involves binding of the 
drug to type I chloramphenicol acetyltransferase with conse
quent “sequestering” of the drug and prevention of its attach
ment to the translational EFG (see earlier) (Proctor et al., 
1983). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

ORAL ADMINISTRATION

Fusidate sodium is usually administered by the oral route. The 
usual adult dosage is 0.5 g every 8–12 hours, but for severe 
infections this dose can be doubled. With socalled front
loading, the initial dose is 1.5 g followed by 0.75 g twice day. 
To reduce dyspepsia it may be taken with meals. Initially, 
sodium fusidate for adults was available in entericcoated tab
lets, but now new filmcoated tablets are available. Absorption 
of the drug from the new filmcoated tablets is nearly com
plete, and the serum levels attained are similar to those 
attained after intravenous administration (MacGowan et al., 
1989; Taburet et al., 1990).

PARENTERAL ADMINISTRATION 

Previously a special preparation, diethanolamine fusidate, was 
available for intravenous administration. This preparation 
often caused venospasm and thrombosis (Webb et al., 1968). 
Now an intravenous preparation of sodium fusidate is avail
able, which also often causes thrombophlebitis, but apparently 
this problem is not so severe as with the earlier preparation 
(Portier, 1990). The adult dose of sodium fusidate is 500 mg 
given intravenously every 8 hours. Each dose should be dis
solved in 50 ml of sterile buffer, then diluted further in 200–250 
ml of normal saline, and this should be infused intravenously 
over 2 hours or even longer.

OTHER MODES OF ADMINISTRATION

Fusidate sodium is available as a 2% topical ointment, 2% 
topical cream, and a 2% topical gel. It is also available in 
sodium fusidate–impregnated sterile gauze. Furthermore, it 
is available as a specially designed ophthalmic preparation 
for instillation into the conjunctival sac. In some European 
countries, combined fusidic acid–corticosteroid preparations 
for topical use are available.

4b.  Newborn infants and children

ORAL ADMINISTRATION

The recommended dosages for children are as follows: up to 
1 year of age, 50 mg/kg body weight per day, given in three 
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divided doses; 1–5 years, 250 mg three times daily; 6–12 
years, 0.5 g three times daily. 

PARENTERAL ADMINISTRATION 

The dosage for children is 20 mg/kg body weight daily, admin
istered in three divided doses. Each dose should be infused 
slowly (Eykyn, 1990; Portier, 1990; Taburet et al., 1990).

OTHER MODES OF ADMINISTRATION

See earlier section on administration in adults. There are no 
specific topical formulations for children.

PREMATURE NEONATES

There are no data in this age group.

4c.  Pregnant and lactating mothers

There are insufficient data with regard to safety in pregnant 
and lactating mothers for the systemic formulations. Fusidate 
does penetrate in breast milk.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Fusidate sodium can be administrated in usual doses to patients 
with a decreased renal clearance. 

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Patients with intrahepatic cholestasis usually have a lower 
serum albumin level. This results in higher serum levels of 
free unbound fusidate sodium, and consequently there is an 
increased distribution of the drug in tissues and increased 
hepatic metabolism. However, the higher bilirubinemia in 
these patients results in competition with sodium fusidate 
for the limited glucuronidation mechanism. This compen
sates for the increased elimination of the drug because of low 
serum albumin. It therefore appears that sodium fusidate can 
be administered in the usual doses even to patients with high 
bilirubinemia. This may not apply to patients with acute liver 
disease and severe hepatic impairment (Peter et al., 1993).

OLDER ADULTS

Sodium fusidate can be administered to elderly patients in 
the same dosages used for both oral and intravenous admin
istration in adults (see earlier).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

After oral administration, the bioavailability of sodium fusi
date is 69% for a capsule formulation and 46% for a fusidic 
acid suspension (Wise et al., 1977). Data on effect of food on 
absorption have shown variable results. Food was shown not 
to affect total drug absorption, although it did significantly 

reduce the maximum serum level (MacGowan et al., 1989; 
Taburet et al., 1990). Later studies (Bulitta et al., 2013) have 
reported 23% lower Cmax as well as 17% reduced areaunder
the con centrationtime curve (AUCdose) when fusidic acid was 
taken with food as compared with intake in fasting subjects. 

In vitro studies have suggested that fusidate sodium is 
very highly protein bound; one study showed that the bind
ing was as high as 97.2% (Rolinson and Sutherland, 1965). 
The in vitro activity of the drug is reduced 64fold in the 
presence of 50% serum (Barber and Waterworth, 1962). 
Despite this very high degree of serum protein binding, the 
drug is quite effective clinically. This can be partly explained 
by the wide margin between its MIC for staphylococci and 
the serum levels achieved after usual doses. 

Recent studies on fusidic acid pharmacokinetics have given 
new insights into the complex relationship between dose and 
clearance of the drug (Bulitta et al., 2013). Accumulation of 
fusidic acid after multiple doses is higher than that predicted 
based on singledose data.

The pharmacokinetics of fusidic acid is best described as 
a timedependent mixedorder absorption process, two dis
position compartments, and a turnover process to describe 
the socalled autoinhibition of clearance. The mean total 
clearance (% coefficient of variation) was found to be 1.28 l/h 
(33%) and the maximum extent of autoinhibition was 71.0%, 
with a 50% inhibitory concentration (IC50) of 46.3 mg/l 
(36%). As a result of the autoinhibition of clearance, steady 
state can be achieved earlier with dosing regimens that con
tain higher doses (after 8 days for 750 mg every 12 h, or after 
1 day for 1500 mg every 12 h on day 1 followed by 600 mg 
every 12 h, respectively, vs. 3 weeks for 500 mg every 12 h). 
Because large initial doses autoinhibit the clearance of fusidic 
acid, this characteristic provides a basis for the administration 
of frontloaded dosing regimens of sodium fusidate, which 
allows for effective concentrations to be achieved early in ther
apy (Bulitta et al., 2013).

5b.  Drug distribution

After a single oral dose of 0.5 g of the old entericcoated tab
lets, the peak serum level was usually achieved within 2 
hours and at around 27 mg/l (Table 80.4). Concentrations 
then gradually fell, and detectable amounts were still present 
after 24 hours (Godtfredsen et al., 1962). The serum elimina
tion halflife ranges from 10 to 16 hours after oral or intrave
nous administration of 500 mg of sodium fusidate (see Table 
80.4). With a dosage of 0.5 g every 8 hours, the drug steadily 
accumulated in the body. After 96 hours of such a regimen, 
a mean serum level of 71 mg/l was obtained, but some indi
viduals showed serum levels just over 100 mg/l (Godtfredsen 
et al., 1962). With a lower dosage of 0.5 g every 12 hours, 
there was usually no accumulation, and the serum concen
tration soon stabilized at about 20 mg/l. After a single intra
venous infusion of 500 mg of sodium fusidate over 2 hours, 
the peak serum level just after the infusion was 52 mg/l; if 
this dose is given intravenously every 8 hours for 3 days, the 
peak serum level after the last infusion is approximately 123 
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mg/l. Thus there is some accumulation of the drug in body 
with repeated infusions (Taburet et al., 1990). This was con
firmed in the detailed pharmacokinetic study by Bulitta et al. 
(2013), which showed that for dosing regimens of 400 mg or 
lower given every 12 hours, the accumulation ratio was low 
owing to a lack of clearance inhibition at steady state. At dos
ages of 750 mg or higher every 12 hours, inhibition of clear
ance was evident both after single doses and at steady state. 
At these higher doses, significant accumulation of fusidic 
acid therefore occurs irrespective of schedule or administra
tion regimen (Bulitta et al., 2013). Cmax (mg/l) was shown to 
be as follows after first and 11th doses, respectively: 550 mg 
dose, approximately 31 and 105 mg/l; 1100 mg dose, 72–83 
and 276 mg/l; 1650 mg dose, 90–100 and 316 mg/l; 2200 mg 
dose, after first dose 126 mg/l. Serum elimination halflife 
generally ranged between 14 and 29 hours, with the longer 
halflives after the 11th doses (Bulitta et al., 2013).

Fusidate sodium is well distributed throughout the body. 
It has been demonstrated in samples of subcutaneous fat, 
kid ney, muscle, and prostate taken from patients undergoing 
surgery a few hours after its administration. Bergeron et al. 
(1985) found levels in atrial appendages of approximately 11 
μg/g of tissue 1 hour after a 2hour intravenous infusion of 
580 mg of diethanolamine fusidate with a resultant mean tis
sue/serum ratio of 0.33. It also passes through the placenta 
and was found in fetal tissue. Very little of the drug is detect
able in the cerebrospinal fluid (CSF) of patients with normal 
meninges. Fusidic acid was shown to penetrate into the CSF 
of inflamed meninges in an experimental S. aureus menin
gitis model in rabbits (Østergaard et al., 2003). Few data 
regarding CSF penetration in humans are available, but in a 
patient with inflamed meninges Hedberg et al. (2004) mea
sured CSF concentrations of 0.2–0.3 mg/l after intravenous 
doses of 500 mg three times a day, which would be above or 
near the MIC for most coagulasenegative and S. aureus 
strains. Fusidate sodium is effective even in the presence of 
large collections of pus, possibly because of its ability to pen
etrate well into purulent collections (Crosbie, 1963). It also 
penetrates well into pus of a cerebral abscess (De Louvois et 
al., 1977) and into the synovial fluid of inflamed joints (Sattar 
et al., 1983; Somekh et al., 1999).

Fusidic acid penetration in skin blister fluid was studied 
in healthy humans after intake of 250 mg or 500 mg twice a 
day for 6 days, by Vaillant et al. (1992). As measured by the 
ratio of AUC for skin blister fluid–plasma, a fusidic acid pen
etration of 69–75% was seen irrespective of dose. The mea
sured mean levels between 2 and 12 hours at intake of 21–79 
mg/l would easily surpass the MIC levels of susceptible 
staphylococci. It must be noted, however, that these are total 
concentrations and not free, unbound concentrations.

The penetration of topical fusidic acid through intact skin 
from cadavers has been measured to be around 2% (Vickers, 
1969). High concentrations of fusidic acid have been mea
sured in the conjunctival fluid of rabbit eyes after topical 
application of 1% sodium fusidate eye drops in the lower eye
lid (i.e. 50 mg/l) (Doughty et al., 2006), and fusidic acid con
centrations up to 20 mg/l were measured after 6 hours. The 
penetration of a 1% fusidic acid suspension through the cor
nea before cataract surgery resulted in aqueous humor con
centrations of 0.22 mg/l after 1 hour and 0.86 mg/l after 5 
hours (van Bijsterveld et al., 1987). 

High fusidic acid concentrations were found in synovial 
fluid in patients with rheumatologic disorders (Somekh et 
al., 1999). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Some investigators have reported that this drug is mainly 
bacteriostatic (Hilson, 1962), whereas others have found it to 
be bactericidal (Newman et al., 1962). These differing results 
seem to depend on such factors as the concentration of the 
drug used, the inoculum size, and the bacterial species stud
ied; for example, in one study fusidic acid was more bacteri
cidal against an S. pyogenes strain than against a MRSA strain 
(Okusanya et al., 2011). Furthermore, resistance developed 
faster and to a higher degree in the MRSA strain than in the 
S. pyogenes strain (Okusanya et al., 2011). With use of the 
hollowfiber model, delay in development of resistance was 
used as the effect parameter by the same investigators in the 
study of optimal dosing regimens (Okusanya et al., 2011). The 
MRSA strain displayed rapid development of resistant sub 

Table 80.4. Pharmacokinetic data for fusidic acid after various types of tablets (oral) or intravenous dosing in adults.

Drug
Dose

(~total)
Route of 
administration

Peak 
conc., 
mean, 
mg/l

Tmax,

h

AUC0–∞,

mean 
(duration),

mg/l/h

Serum 
elimination 
half-life, t1/2

Mean, h
Clearance
(ml/min)

Vd, 
l/kg Reference

Film-coated 
tablets

500 mg Oral (fasting) 33 2.1 368
(0–∞)

16 — — Taburet et al., 1990

Film-coated 
tablets

500 mg Oral 25 2 238
(0–24 h)

— 43 0.42 Schepky et al., 1990

Tablets 500 mg Oral (fasting) 30 2 315
(0–∞)

11 33 0–52 Munkholm et al., 1994

Sodium salt 500 mg Intravenous 
infusion, 2 h

52 2 411
(0–?)

10 21 0.30 Singlas et al., 1988

Sodium salt 500 mg Intravenous 
infusion, 2 h

24 2 204
(0–?)

15 42 0.46 Schepky et al., 1990
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populations with simulated human doses of 600 mg every 12 
hours, and some delay in resistance with 1200 mg every 12 
hours, but a 72hour delay in resistance development with 1500 
mg every 12 hours during 24 hours followed by 600 mg every 
12 hours. This socalled frontloading regimen appears to be 
the optimal dosing regimen. The standard pharmacodynamic/
pharmacokinetic relationship studies of fusidic acid in experi
mental rodent models have been cumbersome because fusidic 
acid concentrations are rather low in rodents such as mice. 

The free, non–proteinbound fusidic acid concentrations 
achieved in serum are around 1–2 mg/l at the Cmax level, 
which is far above the MIC levels for all susceptible staphylo
cocci, but in the range and perhaps even lower then for 
betahemolytic streptococci (see Table 80.4). Still, there are 
solid clinical data on the effect of sodium fusidate adminis
tered orally even in doses of 250 mg twice a day against beta 
hemolytic streptococci causing tissue or soft tissue infections 
(Table 80.5). 

Postantibiotic effects (PAEs) of fusidic acid have been shown 
to be modest against S. aureus and S. epidermidis, with maxi
mum durations of 2–3 hours (Munckhof and Turnidge, 1997). 

5d.  Excretion

A major proportion of the drug is converted to metabolites in 
the liver, some of which have weak antibiotic activity (Reeves, 
1987). The total amount of detectable drug excreted in the 

urine, feces, and bile does not account for all of the adminis
tered dose. Very little active fusidate sodium is excreted by 
the kidneys, and only about 1% of the administered dose can 
be recovered from the urine. After 4 days of treatment with 
standard doses, the urine contains only 0.8 mg/l or less of the 
active drug (Godtfredsen et al., 1962). Some fusidate sodium 
is excreted and concentrated in bile.

A fraction of the administered dose can be recovered in 
active form from the feces; some of this may be nonabsorbed 
drug, and some presumably a result of biliary excretion. Fecal 
excretion of fusidic acid is minimal (Reeves, 1987), but oral 
sodium fusidate is effective as treatment for C. difficile diar
rhea, which indicates that the antibacterial activity in the gut 
is sufficient to inhibit these bacteria.

5e.  Drug interactions

Fusidic acid was reported to cause symptoms of levometha
done withdrawal in 4 of 44 HIVinfected drug addicts (Brock
meyer et al., 1991). This may have occurred as a result of either 
competition for metabolism in the liver or displacement 
because of the high serum proteinbinding of fusidic acid. 
Three case reports of rhabdomyolysis secondary to concom
itant treatment with simvastatin and fusidic acid suggested that 
fusidic acid somehow competes for metabolism with the cyto
chrome P3A4 enzyme system, which is known to take part in 
the metabolism of simvastatin (Yuen and McGarity, 2003). 

Table 80.5. Treatment outcome of fusidic acid or comparator antibiotics for treatment of skin and soft tissue infections in adults according 
to etiology or total clinical cure/improvement (Number of patients cured/Number of patients or infections treated).

Clinical or bacteriologic 
parameter

Fusidic acid 
250 mg 

twice a day (%)

Fusidic acid 
500 mg 

twice a day (%)

Fusidin
500 mg three 

times a day (%) Comparator antibiotic Reference

Staphylococcus aureus
Beta-hemolytic streptococci
Clinical cure/improvement

 78/81a (96b)
 12/16 (75)
 87/89 (98)

 80/83 (96)
  7/7 (100)
 82/83 (99)

61/67 (91)
10/10 (100)
66/67 (99)

NA Carr et al., 1994

S. aureus
Beta-hemolytic streptococci
Clinical cure/improvement

 42/44 (96)
  6/7 (86)
165/177 (93)

 40/41 (98)
  2/2 (100)
163/179 (91)

NA Flucloxacillin, 500 mg 
three times a day

47/47 (100)
5/7 (71)
159/175 (91)

Nordin and 
Mobacken, 
1994

S. aureus
Beta-hemolytic streptococci

 50/54 (93)
  6/8 (75)

 54/54 (100)
 11/11 (100)

NA Pristinamycin, 2 g/day
51/53 (96)
10/10 (100)

Machet et al., 
1994

S. aureus
Clinical cure/improvement

 50/52 (96)
151/159 (95)

NA NA Erythromycin, 1 g twice 
a day

56/58 (97)
172/177 (97)

Wall and 
Menday, 2000

Bacteriologic response
Clinical cure/improvement

 32/37 (87)
 82/94 (87)

NA NA Ciprofloxacin, 250 mg 
twice a day

40/44 (91)
84/92 (91)

Newby, 1999

S. aureus
Clinical cure/improvement

 45/56 (80)
138/147 (94)

NA NA Flucloxacillin, 250 mg QID
30/44 (68)
139/153 (91)

Morris and 
Talbot, 2000

aNumber of patients cured/Number of patients or infections treated; bPercentage cured; NA, not applicable.
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6. ADVERSE REACTIONS AND TOXICITY

In general, fusidate sodium can be regarded as a nontoxic 
anti biotic. When administered orally, only mild upper gastroin
testinal discomfort and diarrhea have been noted. Investigations 
have failed to show any evidence of renal or hemopoietic tox
icity. There is a risk of thrombophlebitis after intravenous 
administration into a peripheral vein for more than 24 hours 
(Iwarson et al., 1981), but this appears to be lower with the 
newer sodium fusidate intravenous formulation. No severe 
allergic reactions have been observed, but occasional mild 
rashes have been reported. The drug appears to be safe in 
penicillinallergic patients. Allergic contact dermatitis has 
been reported after topical fusidate sodium use. In one case 
this was attributed to formaldehyde in the ointment (Ander
sen et al., 1983). In chronic infections, fusidate sodium has 
been given for several months without obvious toxic effects 
(Crosbie, 1963; Dodson, 1963). 

It is not known whether fusidate sodium accumulates in 
the presence of liver disease, and therefore it should be used 
cautiously in patients with impaired liver function. It seems 
safe in patients with cholestasis. Used intravenously, the drug 
does appear to impair liver function. In a group of patients 
with staphylococcal septicemia treated with intravenous fusi
date sodium or other antibiotics, the rates of development of 
jaundice in these two groups were 34% and 2%, respectively. 
Of the jaundiced patients, 48% received the old fusidate 
sodium intravenously compared with 13% by mouth; jaun
dice appeared within 48 hours of commencing this drug in 
93%; it was associated with deepening of jaundice in 68% of 
those with preexisting jaundice (Humble et al., 1980). When 
fusidate sodium was stopped, serum bilirubin values fell to 
normal within 4 days in those who were anicteric before 
treatment. In 6 of 32 patients receiving the drug intrave
nously, liver function test results suggested a cholestatic pic
ture; in the remainder, the mechanism of production of 
jaundice was unknown (Humble et al., 1980; McAreavey and 
Redding, 1983). The new intravenous sodium fusidate prepa
ration can also cause jaundice; whether it does so less fre
quently is not yet clear. Some 6% of patients receiving the 
new filmcoated sodium fusidate tablets also have developed 
jaundice (Eykyn, 1990; Portier, 1990).

Because of the steroid structure of fusidate sodium, it was 
thought that this drug may possibly have some metabolic 
effects unrelated to its antibacterial activity. Wynn (1965) 
showed that no significant metabolic changes were associ
ated with fusidate sodium administration. It had a mild pro
tein catabolic effect, it lowered urinary calcium excretion, and it 
also caused mild temporary impairment of bromsulphthalein 
excretion by the liver. It is conceivable that the latter finding may 
have some relation to the ability of the drug to impair liver func
tion. Human leukocytes incubated with fusidate sodium show 
markedly depressed migration (Forsgren and Schmeling, 1977). 
The clinical significance of this observation is unknown. 

The drug is strongly bound to human albumin and com
petes with bilirubin for binding sites. It should therefore be 

administered with caution to newborn infants, particularly if 
premature, icteric, or acidotic, to avoid the risk of bilirubin 
encephalopathy induced by displacement of bilirubin from 
the carrier protein (Brodersen, 1985).

7. CLINICAL USES OF THE DRUG

Fusidate sodium is primarily used to treat staphylococcal infec
tion. Although effective, it is not recommended for initial 
monotherapy of severe staphylococcal infections owing to its 
bacteriostatic activity and the high risk of development of 
resistance. Other drugs such as the penicillinaseresistant 
penicillins are preferred. Oral fusidate sodium may be useful 
for continuation oral therapy after the acute phase of the ill
ness has responded, but it is mainly a reserve drug for the 
treatment of infections caused by methicillinresistant strains. 
Resistant S. aureus strains emerge very easily in vitro and 
have appeared in vivo during the treatment of burns (Low
bury et al., 1962), and during treatment of MRSA nasopha
ryngeal carriers (Chang et al., 2000). 

It is recommended that fusidate sodium be combined with 
another antistaphylococcal agent, particularly for treatment of 
infections caused by methicillinresistant staphylococci (Jen
sen, 1968; Jensen and Lasen, 1969). Such combinations do 
not act synergistically, but may prevent the emergence of fur
ther drug resistance (Drugeon et al., 1994). This applies to 
combinations of rifampicin–fusidate sodium and novobiocin–
fusidate sodium (O’Neill et al., 2001). 

7a.  Sepsis and endocarditis 

Most clinical studies, all retrospective, show that the results 
of treatment of sepsis and endocarditis with sodium fusidate 
mostly in combination with other antibiotics have been 
good (Crosbie, 1963; Jensen and Lassen, 1964; Coombs and 
Menday, 1985). Fusidate sodium given intra venously has 
been used successfully to treat severe staphy lococcal infec
tions (Eykyn, 1990; Portier, 1990). Gos den et al. (1997) 
reviewed the outcome of more than 300 S. aureus bacteremia 
cases with focus on effect of fusidic acid, which was always 
given in combination with flucloxacillin (Gosden et al., 
1997). Factors predictive for survival were treatment with 
flucloxacillin, increasing duration of treatment, and presence 
of intravenous device or skin lesion. Prevention of relapse 
was associated with combination of flucloxacillin and fusidic 
acid (Gosden et al., 1997). Antagonism between fusidate 
sodium and penicillin G (or one of the semisynthetic penicil
lins such as methicillin) can be readily demonstrated in vitro 
with many staphylococcal strains (O’Grady and Green wood, 
1973; Østergaard, 2003). Hudson (1985) reported a child 
with staphylococcal endocarditis who failed to improve after 
treatment with a combination of fusidate sodium and flu
cloxacillin, when reasonable bactericidal serum titers were 
achieved. Clinical improvement occurred only when fusi
date sodium was ceased and flucloxacillin was continued 
alone. One animal study with induced MRSA endocarditis 
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showed that vancomycin alone was effective and that vanco
mycin plus sodium fusidate was no better. Fusidate sodium 
alone was not effective, and resistant strains to this drug 
emerged during therapy (Fantin et al., 1993). 

In serious infections caused by MRSA with reduced van
comycin susceptibility, sodium fusidate was used in combi
nation with rifampicin with good and similar effect as for 
linezolid (Howden et al., 2004).

7b. Meningitis

Jensen et al. (1993), in a retrospective consecutive series of  
S. aureus meningitis, found better outcome in patients treated 
with intravenous sodium fusidate in combination with a pen
icillin or isoxazolyl penicillin than in patients treated with a 
penicillin alone. These results could, however, not be con
firmed in a study of experimental S. aureus meningitis in 
rabbits, wherein antagonism between methicillin and fusidic 
acid was demonstrated both in vitro and in vivo in CSF (i.e. 
bactericidal activity of methicillin was ameliorated by addi
tion of fusidic acid) (Østergaard et al., 2003).

7c.  Bone and joint infections 

Four infants with staphylococcal neonatal osteomyelitis did 
not improve with cloxacillin, surgery, and gentamicin treat
ment; control was achieved only when fusidate sodium was 
added to the regimen (Bergdahl et al., 1981). Fortyfive 
patients with acute hematogenous osteomyelitis were treated 
with intravenous cloxacillin and fusidate sodium intrave
nously for 3 weeks and then orally for another 6 weeks. Only 
7 patients required operation in addition to this antibiotic 
therapy (O’Brien et al., 1982). The experience of Coombs 
(1990), who used fusidate sodium plus flucloxacillin for the 
treatment of staphylococcal osteomyelitis, was similar. Later, 
sodium fusidate was used successfully to treat acute osteo
myelitis, when S. aureus was implicated, together with eryth
romycin, cloxacillin, and erythromycin or together with 
other antibiotics (Coombs, 1990). Sodium fusidate together 
with an isoxazolyl penicillin antibiotic in combination has 
been used to treat chronic osteomyelitis with reported suc
cess rates of 68% to 100% (Chater, 1963; Ernst, 1969; Rowling, 
1970). Aboltins et al. (2007) reported excellent efficacy of 
sodium fusidate in combination with rifampicin together 
with débridement in treatment of staphylococcal prosthetic 
joint infections in 20 patients, in whom treatment failed in 
only 2. The same good effect of a rifampicin–fusidic acid 
combination was reported in a literature review by Wang et 
al. (2012) concerning treatment of osteomyelitis and joint 
infections caused by MRSA. In contrast, failure of treatment 
with rifampicin with fusidic acid and development of resis
tance to both antibiotics was seen in several cases of MRSA 
prosthetic joint infection (Peel et al., 2013).

In most cases of osteomyelitis, sodium fusidate has been 
used initially as the intravenous drug with oral followup 
treatment. 

7d.  Cystic fibrosis

Fusidate sodium has been used alone or in combination with 
another antistaphylococcal drug such as cloxacillin for the 
prolonged treatment of staphylococcal pulmonary infections 
complicating cystic fibrosis without the emergence of drug 
resistance (Norman, 1967; Jensen et al., 1990). Combinations 
of fusidate sodium and oxacillin or dicloxacillin have also 
been used with success to treat S. aureus infections in cystic 
fibrosis patients (Szaff and Høiby, 1982 ). The combination of 
rifampicin and fusidic acid has also been used successfully 
for treatment of both methicillinsusceptible S. aureus and 
MRSA lung infections in cystic fibrosis patients (Hall et al., 
2015). 

7e.  Skin and soft tissue infection including 
impetigo 

Good clinical and antistaphylococcal effects in tissue and 
soft tissue infections have been demonstrated in several 
studies with oral fusidate sodium alone in dosages of 250 mg 
twice a day or 500 mg twice a day or three times a day, as 
compared with flucloxacillin, erythromycin, ciprofloxacin, 
and pristinamycin. These studies are summarized in Table 
80.5. In those studies in which the etiology was stratified to 
cover betahemolytic streptococci, sodium fusidate showed 
similar antibacterial effects as comparator drugs (see Table 
80.5). Fusidic acid was compared with oral linezolid for 
treatment of acute bacterial skin and skin structure infec
tions using the aforementioned frontloading dosing regi
men (i.e. 1500 mg twice a day on day 1, followed by 600 mg 
twice a day) (Craft et al., 2011). Infections were caused by 
MRSA or methicillinsusceptible S. aureus, or hemolytic 
streptococci. Both clinical and bacteriologic effects of fusidic 
acid were equal to those of linezolid (Craft et al., 2011).

Topical fusidate sodium has been used to treat super  
ficial staphylococcal soft tissue infections (Pakrooh, 1978). 
MackechnieJarvis (1985) successfully treated a number of 
patients with S. aureus infections surrounding intramedul
lary nails with fusidate sodium irrigations; he found this 
technique enabled him to leave the nail in situ until the frac
ture had healed. 

Fusidic acid cream and ointment have been used success
fully to treat impetigo. In a doubleblind randomized placebo 
controlled trial, it was used in 78 patients with an 87% clini
cal cure/improvement rate versus 59% cure/improvement in 
the 82 patients in the placebo group (p < 0.001) (Koning et 
al., 2005). Topical 2% sodium fusidate showed similar anti
bacterial and clinical effect as 2% mupirocin in treating skin 
infections (Gilbert et al., 1989). Oral sodium fusidate admin
istered either twice a day or three times a day to children 
with impetigo was highly effective in a recent study by Török 
et al. (2004). Similarly, topical sodium fusidate ointment, 2%, 
was as effective as topical retapamulin ointment, 1%, in both 
adult and pediatric patients with impetigo (Oranje et al., 
2007). However, the recent increase in fusidic acid–resistant 
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S. aureus impetigo strains in Northern Europe means that a 
cautionary note must be applied to the broadscale empiric 
use of topical sodium fusidate. The same caution relates also 
to mupirocin, which is heavily relied on for decontamination 
of MRSA from the nasopharynx of MRSA carriers. 

7f.  Decolonization of staphylococcal 
carriers

In an early study, oral sodium fusidate was effective in eradi
cating the staphylococcal nasal carrier state (Newman et al., 
1962). Later studies have not unequivocally been able to sup
port these findings. Studies with oral sodium fusidate alone 
or topical sodium fusidate alone in the nose have not shown 
sufficient efficacy or even selection of resistant S. aureus strains 
(Sesso et al., 1994; Chang et al., 2000). However, the combi
nation of oral sodium fusidate and oral rifampicin is very 
effective in decolonizing carriers, even with MRSA (Mac Far
lane et al., 2007; Garske et al., 2004).

7g.  Clostridium difficile diarrhea

Cronberg et al. (1984) were the first to show that 0.5 g of 
fusidate sodium daily appeared to be as effective as vancomy
cin or metronidazole for the treatment of C. difficile–induced 
colitis. Fusidic acid, 500 mg three times a day, was later com
pared with vancomycin, teicoplanin, and metronidazole, all 
given orally, for C. difficile diarrhea (Wenisch et al., 1996). 
Clinical cure was seen in 94–96% of patients in all groups; 
how ever, recurrence occurred in 28% of patients treated with 
fusidic acid as compared with 7–16% in the three other 
groups. Wullt and Odenholt (2004) compared fusidic acid 
with metronidazole for treatment of C. difficile diarrhea in 
a doubleblind randomized prospective study. Fusidic acid 
failed in 17% versus 7% in the metronidazole group, and the 
recurrence rates were 27% and 29%, respectively. It was con
cluded that fusidic acid was as effective as metronidazole 
(Wullt and Odenholt, 2004).The C. difficile isolates from this 
study were investigated in detail in a later study (Noren et al., 
2006). The strains isolated from recurrences in the fusidic 
acid group were resistant to fusidic acid in 11 of 20 cases 
(55%). Ribotyping showed that pretreatment and posttreat
ment isolates belonged to the same ribotypes (Noren et al., 
2006). No resistance to metronidazole occurred. These results 
indicate that fusidic acid may be considered as a possible 
treatment option for C. difficile diarrhea, but resistance develop
ment during treatment prevents its general use. Fusidic acid 
in combination with another C. difficile–active drug could be 
an interesting option, but this remains to be tested in a pro
spective study. 

7h.  Other infections

A combination of rifampicin and fusidate sodium was used 
to eradicate multiresistant strains of S. pneumoniae in South 
Africa. Oral fusidate sodium in a high dose of 15 mg/kg (up 

to a maximum of 1.0 g) every 8 hours was used to treat five 
patients successfully with B. fragilis infections (Stirling and 
Goodwin, 1977). A renal transplant patient with a lung abscess 
from which L. pneumophila was grown did not respond to 
erythromycin therapy but was cured when fusidate sodium 
was added to the regimen; the MIC of sodium fusidate for 
the organism was 0.5 mg/l (FriisMøller et al., 1985). Sodium 
fusidate as a single drug was assessed in nine lepromatous 
leprosy patients. All patients showed clinical improvement; it 
appeared to be a weakly bactericidal antileprosy agent and 
may have a role in multidrug treatment of leprosy (Franzblau 
et al., 1994).

Topical fusidic acid use in ophthalmology has been spurned 
by a vast number of studies showing similar effect as that of 
comparators such as chloramphenicol, gentamicin, tobramy
cin, fluoroquinolones, and others (see review by Doughty and 
Dutton, 2006). Sodium fusidate eye drops can be applied twice 
a day and do not cause any irritation to the conjunctiva, which 
increases patient compliance (Doughty and Dutton, 2006). 
However, in a recent study by Rietveld et al. (2005), fusidic 
acid was compared with placebo in topical treatment of con
junctivitis, and the cure rates were similar in the two treat
ment groups, which raises questions regarding the broad use 
of antibiotics for treatment of uncomplicated conjunctivitis.
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Polymyxins

Roger L. Nation and Jian Li

1. DESCRIPTION

The polymyxins are a group of antibiotics, named A, B, C, D, 
E, and so on, which were first isolated in 1947 from a spore- 
bearing soil bacillus (Paenibacillus polymyxa). Although sev-
eral polymyxins exist, only polymyxin B and E (the latter also 
known as colistin) are used clinically. The polymyxins, like 
bacitracin (see Chapter 83, Bacitracin and gramicidin), have 
a polypeptide structure. The structures of polymyxin B and 
colistin are shown in Figure 81.1a. Given that both polymyxins 
are produced by fermentation, it is not surprising that they are 
a mixture of several components, with two major components 
for each of polymyxin B and colistin (see Figure 81.1a). Because 
of the multicomponent nature and the absent or wide limits 
on the allowed content of the components as specified in 
the United States and European Pharmacopoeias (European 
Phar macopoeia, 2014b, 2015; Nation et al., 2015; US Phar-
macopeial Convention, 2016a, 2016b), there is no accurate 
molecular weight for either polymyxin B or colistin. However, 
the molecular weights for polymyxin B1, polymyxin B2, colis-
tin A (polymyxin E1), and colistin B (polymyxin E2) are 1202, 

1188 (Orwa et al., 2001b), 1170, and 1156 (Li et al., 2001a; 
Orwa et al., 2001a), respectively. Clinically, polymyxin B is 
administered parenterally as its sulfate salt. Although colis-
tin sulfate also exists commercially, this is not the form for 
parenteral administration. Instead, colistin is administered 
parenterally in the form of the sodium salt of colistin meth-
anesulfonate (CMS) (also known as colistimethate). It is impor-
tant to note that the methanesulfonate of colistin is not a salt as 
such; it is a chemical derivative in which methanesulfonate 
moieties are attached through covalent bonds to the primary 
amines in colistin (Figure 81.1b). The structure shown in the 
figure has one methanesulfonate moiety attached to each of 
the five primary amines of colistin; this has been the perceived 
structure of CMS for decades. How ever, recent studies have 
revealed greater chemical complexity. Some primary amines 
may not be derivatized, whereas others may have two meth-
anesulfonate groups attached (Kenyon, 2015). The United 
States and European Pharma copoeias do not specify limits 
for the numerous possible components of CMS (European 
Pharmacopoeia, 2014a; Nation et al., 2015; US Pharmacopeial 
Convention, 2016b). Polymyxin B and colistin are cationic 

Figure 81.1. (a) Structures of 
colistin A and B and polymyxin 
B1 and B2. In polymyxin B, d-Phe 
(phenylalanine) replaces the d-Leu 
(leucine) marked with the asterisk; 
(b) structures of colistin methane-
sulfonate A and B. Fatty acid: 
6-methyloctanoic acid for colistin A 
and 6-methylheptanoic acid for 
colistin B. Thr: threonine; Leu: 
leucine; Dab: α,γ-diaminobutyric 
acid. α and γ indicate the –NH2 
involved in the peptide linkage. 
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(by virtue of the primary amines that are ionized [i.e. carry 
positive charges] at physiologic pH). In contrast, CMS is 
anionic [by virtue of the methanesulfonate groups which are 
ionized (i.e. carry negative charges) at physiological pH]. As 
discussed later and in section 2, Antimicrobial activity, and 
section 5, Pharma co kinetics and pharmacodynamics, CMS 
is an inactive pro drug of colistin (Bergen et al., 2006).

The derivative CMS (sodium salt) was developed because 
of early concerns about the toxicity of colistin (sulfate). Sub- 
sequently, it was demonstrated in animal studies that the 
derivative was indeed less toxic (Nord and Hoeprich, 1964); 
however, CMS was also shown in early studies to have less 
antibacterial activity than colistin sulfate (Eickhoff and Fin-
land, 1965). Other studies around that time suggested that 
CMS was converted to colistin, and that the latter was likely 
responsible for the antibacterial and toxic effects after admin-
istration of the methanesulfonate derivatives (Barnett et al., 
1964). More recently, with a specific assay available for colis-
tin (Li et al., 2001a), it was demonstrated that colistin was 
formed from CMS (i.e. by loss of methanesulfonate groups) 
during incubation in microbiologic broth and that CMS is an 
inactive prodrug of colistin (Bergen et al., 2006). After its 
administration, CMS is converted to colistin in vivo (Couet et 
al., 2011; Garonzik et al., 2011; Li et al., 2003a, 2005b; Mohamed 
et al., 2012; Plachouras et al., 2009). The fact that colistin is 
administered to patients in the form of its inactive prodrug 
(CMS) while polymyxin B is administered directly as the 
active form has a major impact on the clinical pharmacology 
of the respective polymyxins (Nation et al., 2014), as discussed 
in section 5, Pharmacokinetics and pharmacodynamics.

Several brands of parenteral products of polymyxin B (sul-
fate) and of CMS (sodium) are used in various parts of the 
world. All of these products are presented as powders requir-
ing reconstitution before administration. The polymyxin B 
products are labeled in terms of number of units. Unfor-
tunately, the CMS parenteral products are labeled using two 
different and confusing conventions (see section 4, Mode of 
drug administration and dosage, for details).

The polymyxins have antibacterial activity against Gram-
negative organisms and are not active against Gram-positive 
bacteria. Since the mid-1990s, there has been a rapid increase 
in multidrug resistance in Gram-negative bacteria, in particular 
Pseudomonas aeruginosa, Acinetobacter baumannii, and Kleb
siella pneumoniae, to all other currently available antibiotics 
(Boucher et al., 2013, 2009; Talbot et al., 2006). Polymyxin B 
and colistin (as its prodrug) are increasingly used as a last-line 
therapy against isolates that are resistant to virtually all other 
antibiotics (Evans et al., 1999; Falagas and Kasiakou, 2005; 
Gales et al., 2012; Landman et al., 2008; Li et al., 2005a, 2006a; 
Nation et al., 2015; Sader et al., 2014; Zavascki et al., 2007).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Broth microdilution method is regarded as the best for mea-
suring susceptibility of organisms to polymyxin B and colistin 

(Dafopoulou et al., 2015; European Committee on Anti micro-
bial Susceptibility Testing, 2016b). Specific comments on the 
testing conditions are provided subsequently.

Both polymyxins have similar antibacterial spectra, but 
there are sometimes relatively small quantitative differences 
in their minimum inhibitory concentrations (MICs). There 
is cross-resistance between polymyxin B and colistin (Li et 
al., 2005a). The MICs of polymyxin B sulfate and colistin sul-
fate against several clinically important bacterial species are 
shown in Table 81.1. The Clinical and Laboratory Standards 
Institute (CLSI) and the European Committee on Anti micro-
bial Susceptibility Testing (EUCAST) susceptibility break-
point against Acinetobacter species is ≤ 2 mg/l, whereas for 
Pseu domonas species the CLSI breakpoint is ≤ 2 mg/l and 
that of EUCAST is currently ≤ 4 mg/l (Clinical and Labora-
tory Standards Institute, 2016; European Committee on Anti-
microbial Susceptibility Testing, 2016a). These breakpoints 
may change as the result of a joint review being undertaken 
by CLSI and EUCAST (Nation et al., 2015). 

It should be noted that the MIC measurement of poly-
myxins is prone to errors and highly dependent on the method 
and experimental circumstances used. Recently, the afore-
mentioned joint CLSI and EUCAST working group issued a 
document describing the exact conditions under which MICs 
should be determined (European Committee on Antimicro-
bial Susceptibility Testing, 2016b). It is important to note 
that testing is to be by the International Organi zation for 
Standardization (ISO) standard broth micro dilution method 
(20776-1) using cation-adjusted Mueller-Hinton broth. Because 
CMS is the inactive prodrug of colistin (Bergen et al., 2006), 
it is essential that colistin sulfate be employed in MIC mea-
surements; this avoids ongoing conversion of the prodrug to 
colistin during incubation, which leads to errors in MIC esti-
mations. Trays for polymyxin MIC measurements should be 
made of plain polystyrene and not treated in any way before 
use. No additives (in particular polysorbate 80 or other sur-
factants) are to be included in any part of the testing process. 
It was also stated that gradient tests (e.g. agar dilution, disk 
diffusion, gradient diffusion) could not be recommended until 
further validation had taken place (Euro pean Committee on 
Antimicrobial Susceptibility Testing, 2016b). The conclusion 
from this document is that historical MIC data cannot always 
be relied on unless it is clear which method has been applied. 

GRAM-POSITIVE BACTERIA

Gram-positive bacteria are resistant to the polymyxins.

GRAM-NEGATIVE BACTERIA

P. aeruginosa and Acinetobacter species are generally suscep-
tible to polymyxins according to in vitro MIC data (Gales et 
al., 2012, 2011; Li et al., 2005a; Sader et al., 2015). Escherichia 
coli, Enterobacter species, and Klebsiella species are also sus-
ceptible to polymyxins. In 15,377 bacterial isolates collected 
worldwide through the SENTRY Antimicrobial Surveillance 
Program (January–December 2013), the percentages of strains 
with colistin/polymyxin B MICs ≤ 2 mg/l were 99.8/99.8% for 
P. aeruginosa, 97.2/97.9% for Acinetobacter spp., 95.8/95.9% 
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for Klebsiella spp., and 99.6/99.6% for E. coli (Sader et al., 
2015). However, as discussed later in section 2b, Emerging 
resistance and cross-resistance, many clinical isolates of  
A. baumannii with MICs lower than the breakpoint harbor 
polymyxin-resistant subpopulations. Thus, MIC values need 
to be interpreted with some care, especially when consider-
ing the choice of monotherapy versus combination therapy. 
Polymyxins are also active against Haemophilus influenzae and 
Bordetella pertussis. The pathogenic Neisseria spp. (mening o - 

cocci and gonococci) (Tzeng et al., 2005) and the Brucella 
spp. are resistant (Jensen and Halling, 2010). Classic Vibrio 
cholerae 01 is susceptible to the polymyxins, but the El Tor 
biotype is resistant. The V. cholerae 0139 Bengal strain, simi-
lar to El Tor vibrios, is resistant to polymyxin B. Susceptibility 
to polymyxin is one of the laboratory tests that can be used to 
distinguish these V. cholerae strains (Mukerjee, 1964; Samanta 
et al., 2015; Yamamoto et al., 1995). Burkholderia cepacia is 
often polymyxin-resistant (Jacquier et al., 2012).

Table 81.1. Susceptibility of common clinical Gram-negative bacteria to colistin (COL) and polymyxin B (PMB)

Year Test medium Species
No. of 
isolates

MIC50 
(mg/l)

MIC90 
(mg/l)

Range 
(mg/l) Reference

Colistin (sulfate)
2001 Mueller-Hinton broth Acinetobacter spp. 60 ≤ 1 2   ≤ 1–32 Gales et al., 2001

Burkholderia cepacia 12 > 128 > 128 > 128
Klebsiella pneumoniae 9 ≤ 1 ≤ 1   ≤ 1–2
Pseudomonas aeruginosa 80 ≤ 1 ≤ 1   ≤ 1–2
Stenotrophomonas 

maltophilia
23 ≤ 1 32   ≤ 1–64

2002 Mueller-Hinton agar P. aeruginosa nonmucoid 229 1 16 ≤ 0.12–> 128 Schulin, 2002
P. aeruginosa mucoid 156 0.5 2 ≤ 0.12–> 128

Polymyxin B (sulfate)
2006 Cation-adjusted 

Mueller-Hinton broth
Acinetobacter spp. 2,621 ≤ 1 2   ≤ 1–> 8 Gales et al., 2006
P. aeruginosa 8,705 ≤ 1 2   ≤ 1–> 8
Pseudomonas spp. 

(non-aeruginosa)
282 ≤ 1 4   ≤ 1–> 8

Aeromonas spp. 368 ≤ 1 > 8   ≤ 1–> 8
S. maltophilia 1,256 1 8 ≤ 0.12–> 8
B. cepacia 153 > 8 > 8 0.5–> 8
Alcaligenes app 121 2 > 8   ≤ 1–> 8
Other non-enteric Gram-

negative bacilli
302 ≤ 1 4   < 1–> 8

Klebsiella spp. 8,188 ≤ 1 ≤ 1   ≤ 1–> 8
Escherichia coli 18,325 ≤ 1 ≤ 1   ≤ 1–> 8
Salmonella spp. 2,909 ≤ 1 4   ≤ 1–> 8
Shigella spp. 828 ≤ 1 ≤ 1   ≤ 1–> 8
Indole-positive Proteus spp. 895 > 8 > 8   ≤ 1–> 8
Proteus mirabilis 1,931 > 8 > 8   ≤ 1–> 8
Citrobacter spp. 895 ≤ 1 ≤ 1   ≤ 1–> 8
Enterobacter spp. 4,693 ≤ 1 > 8   ≤ 1–> 8
Serratia spp. 1,919 > 8 > 8 0.25–> 8
Other enteric Gram-

negative bacilli
340 ≤ 1 > 8   ≤ 1–> 8

2006 Cation-adjusted 
Mueller-Hinton broth

P. aeruginosa 6,351 ≤ 1 2   ≤ 1–> 8 Kirby et al., 2006
S. maltophilia 997 2 8   ≤ 1–> 8

Colistin (sulfate) and polymyxin B (sulfate) Susceptibility 
(%)

2006–2009 Cation-adjusted 
Mueller-Hinton broth

Acinetobacter spp. 4,686 ≤ 0.5   1 (COL)
≤ 0.5 (PMB)

98.6 (COL)
99.2 (PMB)

Gales et al., 2011

P. aeruginosa 9,130 1 1 99.6 (COL)
99.8 (PMB)

Klebsiella spp. 9,774 ≤ 0.5 ≤0.5 98.5 (COL)
98.6 (PMB)

E. coli 17,035 ≤ 0.5 ≤0.5 99.8 (COL)
99.9 (PMB)

Abbreviations: COL: colistin; MIC: minimum inhibitory concentration; PMB: polymyxin B.
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Polymyxins are active against most of the important Gram-
negative bacteria that are normally inhabitants of the human 
bowel. Salmonellae and shigellae are susceptible, but Proteus 
species are usually resistant (Gales et al., 2006; Gebre-Sealsssie, 
2007; Li et al., 2005a; Taylor and Allison, 1962). Serratia mar
cescens is also usually resistant (Gales et al., 2006; Greenfield 
and Feingold, 1970), and Bacteroides fragilis is invariably 
resistant (Kislak, 1972). The susceptibility of Prevotella and 
Fusobacterium spp. to colistin is variable (Hamilton-Miller, 
1975; Tanaka et al., 2006).

2b.  Emerging resistance and 
cross-resistance

Fortunately, resistance to polymyxins is not very common, 
although polymyxin-resistant P. aeruginosa, A. baumannii, and 
K. pneumoniae have been reported (Gales et al., 2012, 2006, 
2011; Liu et al., 2016). Very recently, the emergence of plasmid- 
mediated colistin resistance in Asia, Europe, Africa, and South 
America has raised great concern around the world (Liu et 
al., 2016; McGann et al., 2016). It is worrisome that hetero-
resistance to colistin in clinical isolates of A. baumannii and 
K. pneumoniae that were apparently susceptible to colistin on 
the basis of MICs has been reported (Li et al., 2006b; Poudyal 
et al., 2008). Some A. baumannii and P. aeruginosa strains, 
although developing resistance to polymyxins, had increased 
susceptibility to antibiotics, such as chloramphenicol and 
tetra cycline, to which these organisms are normally resistant 
(Brown et al., 1972; Li et al., 2007). Interesting to note, it was 
reported that paired colistin- resistant and colistin-susceptible 
A. baumannii strains from colistin-heteroresistant isolates 
have very different antibiograms; the colistin-resistant strains 
showed substantially increased susceptibility, in the absence of 
colistin, to most antibiotics that are usually effective against 
Gram-positive bacteria but are inactive against Gram-
negative bacteria (e.g. rifampicin, teicoplanin, quinupristin- 
dalfopristin, erythromycin, and fusidic acid) (Li et al., 2007). 
Substantial increases in susceptibility were also observed in the 
colistin-resistant A. baumannii strains, compared with their 
paired colistin-susceptible strains, to amoxicillin–clavulanic 
acid, ticarcillin–clavulanic acid, piperacillin–tazobactam, 
cefoxitin, ceftazidime, ceftriaxone, cefepime, ciprofloxacin, 
norfloxacin, tobramycin, gentamicin, amikacin, meropenem, 
and imipenem (Li et al., 2007). This phenomenon has been 
confirmed in other clinical isolates (Mendes et al., 2008). 
This finding highlights the potential importance of rationally 
selected polymyxin combination therapy, especially for heter-
oresistant isolates in immunocompromised patients.

3. MECHANISM OF DRUG ACTION

The polymyxins are rapidly bactericidal against susceptible 
organisms, with the initial interaction occurring with lipid A 
of lipopolysaccharide (LPS) in the outer membrane. The poly-
myxins are cationic peptides with fatty acyl tails (see Figure 
81.1a). Both of these chemical characteristics are crucial for 
the antibacterial effect on Gram-negative bacteria (Velkov et 
al., 2013, 2010). The detailed mechanism of polymyxin activity 

is not clear. However, it is known that the initial interaction of 
the polymyxins with the outer membrane is crucial, involving 
(1) electrostatic interaction between the positively charged 
diaminobutyric (Dab) groups on the polymyxin and the neg-
atively charged phosphate groups of lipid A; and (2) interac-
tion of the polymyxin fatty acyl tail with the lipid components 
of the outer membrane (Velkov et al., 2010). The result of this 
interaction is a change in the permeability of the outer mem-
brane. This is a key component of the “self-promoted uptake” 
model that has been proposed (Han cock and Chapple, 1999), 
whereby the polymyxin then gains access to the cytoplasmic 
membrane. As a result of the effect on the outer and cytoplas-
mic membranes, which serve as permeability barriers, leakage 
of intracellular contents and cell death occur. The electrostatic 
interaction with the outer membrane involves competitive 
displacement of divalent cations (calcium and magnesium 
ions) from the negatively charged phosphate groups of mem-
brane lipids and lipid A (Dixon and Chopra, 1986; Velkov et 
al., 2010). Therefore these inorganic cations can decrease the 
bactericidal effect of the polymyxins (D’Amato et al., 1975). 
In addition, polymyxin B inhibits the activity of alternative 
NADH dehydrogenase and malate:quinone oxidoreductase 
in Mycobacterium smegmatis (Mogi et al., 2009), K. pneumo
niae, and A. baumannii (Deris et al., 2014).

Resistance to polymyxins most commonly occurs by mod-
ifications of lipid A of the LPS in the outer membrane of the 
bacterium (Arroyo et al., 2011; Beceiro et al., 2011; Pelletier 
et al., 2013; Wright et al., 2015). In P. aeruginosa, A. bauman
nii, K. pneumoniae, E. coli, and Salmonella enterica serovar 
Typhimurium, modifications of lipid A with 4-amino-4- 
deoxy-l-arabinose (L-Ara4N), phosphoethanolamine (PEtn) 
and/or galactosamine reduce net LPS negative charge, thereby 
increasing resistance to polymyxins (Arroyo et al., 2011; 
Beceiro et al., 2011; Liu et al., 2016; Pelletier et al., 2013; Wright 
et al., 2015). In A. baumannii, polymyxin resistance can also 
be caused by loss of LPS production due to mutations in the key 
genes of the lipid A biosynthesis pathway (Moffatt et al., 2010). 

In addition to the aforementioned antibacterial effect, the 
polymyxins have anti-endotoxin activity (Harm et al., 2016; 
Uriu et al., 2002). In early animal studies, polymyxin B 
appeared to moderate experimental shock when animals were 
injected with endotoxins from Gram-negative bacteria such 
as E. coli, whereas no effect was observed when endotoxins 
from meningococci were used. Polymyxin B nonapeptide (i.e. 
polymyxin B but lacking the fatty acyl diaminobutyric acid 
tail) has also been shown to possess anti-endotoxin effect, 
while being largely devoid of the antibacterial effect of poly-
myxin B (Baldwin et al., 1991; Danner et al., 1989; Flynn et 
al., 1987). It is interesting to note that direct hemoperfusion 
with an adsorbent column using polymyxin B–immobilized 
fiber has been shown to improve the clinical state in patients 
with septic shock (Iwagami et al., 2016; Uriu et al., 2002).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

It is important to understand the parenteral products of 
polymyxins available for use, and this is especially the case 
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for CMS. As outlined later, for CMS there are two conven-
tions used in different parts of the world to label parenteral 
vials and express doses. Unfortunately, there have been (Li et 
al., 2006a; Nation et al., 2015; Theuretzbacher, 2014) and con-
tinue to be (European Medicines Agency, 2014b; US Food 
and Drug Administration, 2013; Nation et al., 2016) differ-
ences in the recommended daily doses of intravenous CMS 
for the products that are used in various parts of the world. 

POLYMYXIN B SULFATE PARENTERAL PRODUCTS

The various parenteral products of polymyxin B contain dry 
powder (as the sulfate salt) for reconstitution before admin-
istration. Typically, each vial contains 500,000 units, which is 
equivalent to ~ 50 mg (i.e. 10,000 units per mg).

COLISTIN METHANESULFONATE  
PARENTERAL PRODUCTS

CMS is administered parenterally because it is less toxic than 
colistin (sulfate) (Barnett et al., 1964). There are two different 
conventions used in different parts of the world to label vials 
of parenteral CMS and to express doses for patients (Li et al., 
2006a; Nation et al., 2015). Both conventions rely on micro-
biologic assessment. The parenteral products of CMS avail-
able throughout Europe and a few other parts of the world 
are labeled in terms of international units (IU)—that is, a 
microbiologic expression of the content of the vial. Most typ-
ically, two strengths of vials are available (1 million IU and 
2  million IU, corresponding respectively to approximately 
80 mg and 160 mg of the chemical CMS) (Sweetman, 2005); 
in some regions it may be possible to obtain vials containing a 
different number of units of CMS. In contrast, the vials of CMS 
available in North and South America and many other parts of 
the world are labeled in terms of “colistin base activity” (CBA; 
i.e. a microbiologic expression of the content of the vial). There 
is only one size of vial available, and it contains 150 mg CBA, 
which corresponds to approximately 360 mg of the chemical 
CMS (European Medicines Agency, 2014a; Li et al., 2006a). 

One million IU corresponds to approximately 33 mg CBA 
and approximately 80 mg of the chemical CMS (European 
Medicines Agency, 2014a; Li et al., 2006a). That is, there is an 
approximate 2.5-fold difference between the two milligram 
amounts. The potential for confusion and error in the dosing 
of patients becomes obvious immediately because there are 
two entities whose amounts are expressed in milligrams. This 
source of confusion has already resulted in clinical misadven-
ture with a patient being prescribed a dose of CMS that was 
~ 2.5 times higher than intended; unfortunately, the patient died 
(Institute for Safe Medication Practices, 2011). To avoid con-
fusion and potential errors, doses should not be prescribed in 
terms of milligrams of the chemical CMS (Nation et al., 2015). 

Because of the use of two conventions internationally, it is 
essential that clinicians be aware of the relationship between 
the two conventions—that is, 1 million IU corresponds to 
approximately 33 mg CBA. Doses should be prescribed in 
terms of either number of international units or milligrams 
of CBA, depending on the labeling convention used in the 
country in question. Because of the international status and 

use of this book, doses in the following sections are expressed 
in the approximate equivalents of both conventions. 

PREAMBLE ON CURRENTLY RECOMMENDED 
DOSAGE REGIMENS

The polymyxins are not absorbed from the gastrointestinal 
tract, and they are therefore not administered orally for the 
treatment of systemic infections. However, there are reports 
of their use for selective decontamination of the digestive 
tract (SDD) (de Smet et al., 2009; Halaby et al., 2013). This 
approach results in exposure of gut flora to very high local 
concentrations of the polymyxins (as they are poorly absorbed 
from the gastrointestinal tract), and rapid emergence of resis-
tance to these important agents has been reported (Halaby et 
al., 2013). It has been suggested that because of the last-line 
status of the polymyxins, alternative antibiotics should be 
used if SDD is undertaken (Nation et al., 2015). 

Most commonly, the polymyxins are administered paren-
terally, most typically by the intravenous route; administration 
by the intramuscular route is rarely used in contemporary 
medical practice. They are also administered by the intrathecal 
or intraventricular route for the treatment of central nervous 
system infections and in aerosolized form into the lungs for the 
treatment of respiratory infections; see section 7, Clinical uses 
of the drugs. It is important to note that administration by all of 
these routes may not be approved by relevant regulatory agen-
cies for each of polymyxin B and CMS. For example, product 
information for parenteral CMS recently approved by the 
European Medicines Agency (EMA) provides dosage and other 
information for administration by the intrathecal and intraven-
tricular routes (European Medicines Agency, 2014b, 2014c), 
but product information recently approved by the US Food and 
Drug Administration (FDA) for parenteral CMS does not (US 
Food and Drug Administration, 2013). However, product 
information for parenteral polymyxin B approved by the FDA 
contains dosage information for administration by the intra-
thecal route (US Food and Drug Administration, 2015).

There is a plethora of generic brands of both CMS and 
polymyxin B parenteral products available in countries 
around the world, and these have been approved by a range 
of regulatory agencies. There have been variations in the 
product information provided in different countries, even 
across geopolitical regions such as Europe (Li et al., 2006a; 
Nation et al., 2015; Theuretzbacher, 2014). For CMS paren-
teral products across Europe, this situation has improved 
recently because the European Commission has accepted 
EMA recommendations, based on an extensive review of 
the modern pharmacologic and clinical literature, to update  
and make uniform the product information across all mem- 
ber countries of the European Union (European Medicines 
Agency, 2014b). The FDA also recently approved changes to 
the intravenous dosage guidelines for the CMS products avail-
able in the United States (US Food and Drug Administration, 
2013), but those changes do not appear to have been informed 
by recent pharmacologic and clinical research findings (Nation 
et al., 2016). Unfortunately, dosage guidelines for intrave-
nous CMS differ between the recently updated EMA- and 
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FDA-approved product information. Overall, based on an 
analysis informed by understanding of the population phar-
macokinetics (PK) in critically ill patients (Garonzik et al., 
2011) and pharmacokinetic-pharmacodynamic (PK-PD) data 
translated from infection models (Cheah et al., 2015), the 
dosage guidelines for intravenous CMS approved by the EMA 
appear to be superior to those approved by the FDA (Nation 
et al., 2016). Consequently, the dosing guidelines provided 
hereafter for CMS administered by the intravenous and other 
routes are those recently approved by the EMA. Dosages pro-
vided for polymyxin B are generally those contained in prod-
uct information and/or informed by current clinical practice 
and recent advances in pharmacologic understanding. 

Finally, it is important to be aware that the polymyxins are 
antibiotics with a very narrow therapeutic window. Recent 
toxicodynamic analyses with colistin indicate that the risk of 
nephrotoxicity in critically ill patients receiving intravenous 
CMS is related to the plasma concentration of colistin; the 
risk increases substantially as the average steady-state plasma 
concentration (Css,avg) of colistin exceeds ~ 2.5 mg/l (Forrest 
et al., 2014; Sorli et al., 2013). Based on the relationship 
between bacterial killing and plasma concentration exposure 
(Cheah et al., 2015), and keeping in mind that the MIC of the 
causative organism may not be known at initiation of ther-
apy, it has been suggested that a plasma colistin Css,avg of 2 mg/l is 
a reasonable target for antibacterial effect (Nation et al., 2016). 
Clearly, there is substantial overlap of the plasma concentrations 
desired for antibacterial effect and those associated with 
increased risk of nephrotoxicity. Measurement of plasma 
polymyxin concentration to help guide dosing in individual 
patients (“therapeutic drug monitoring”) should be strongly 
considered if this service is available (Nation et al., 2015). 

4a.  Adults

POLYMYXIN B SULFATE

The usual approved intravenous dosage in product informa-
tion for adults is 15,000–25,000 units per kg body weight per 
day—that is, 1.5–2.5 mg/kg/day. However, for patients infected 
with an organism having an MIC of 2 mg/l or higher, this upper 
limit dose may provide suboptimal plasma concentration 
exposure (Sandri et al., 2013a; Zavascki, 2014). It has been 
suggested that in such cases or for severe infections, especially 
in immunocompromised patients, a dose of 30,000 units/kg/
day (3 mg/kg/day) should be considered (Zavascki, 2014), 
although this may increase the risk of nephrotoxicity (Rigatto 
et al., 2015). For these difficult-to-treat cases, strong consider-
ation should be given to combination therapy with polymyxin 
B (Sandri et al., 2013a). As discussed in section 4d, advice in 
product information and elsewhere to decrease the daily dose 
of intravenous polymyxin B in patients with impaired renal 
function should be interpreted with great care. The clearance 
of polymyxin B is not affected by kidney function, and there-
fore a reduction in daily dose will result in a decrease in 
plasma concentration exposure, which may compromise the 
antibacterial effect (Nation et al., 2014; Sandri et al., 2013a). 

After reconstitution of the dry powder, the dose is typi-
cally infused over a period of ~ 60 minutes; rapid intrave-
nous injection is not recommended because of the potential 
for nephrotoxicity or neurotoxicity. Commonly, short-term 
infusions, each containing half the daily dose, are adminis-
tered every 12 hours. Commencement of an intravenous 
regimen of polymyxin B with a loading dose is substantially 
less important than it is with CMS (Nation et al., 2014). 
Nevertheless, for the treatment of a severe infection, espe-
cially by an organism with a high MIC, consideration should 
be given to a polymyxin B loading dose (Sandri et al., 2013a; 
Zavascki, 2014). A loading dose of 20,000 units/kg (2 mg/kg) 
as a 2-hour infusion, followed 12 hours later by the first 
maintenance dose, could be contemplated based on current 
knowledge (Sandri et al., 2013a). 

In contemporary clinical practice polymyxin B is rarely 
ad ministered by intramuscular injection, not the least reason 
being the severe pain often associated with this route of delivery. 
Product information documents usually indicate that a dos-
age of 25,000–30,000 units/kg/day (2.5–3 mg/kg/day) may be 
divided and administered intramuscularly at either 4- or 6-hour 
intervals. Administration by this route is not recommended.

For the treatment of meningitis, polymyxin B adminis-
tered solely by the intravenous route is unlikely to provide 
adequate concentrations in cerebrospinal fluid (CSF) owing 
to poor penetration to this site, based on studies with colis- 
tin (Antachopoulos et al., 2010; Markantonis et al., 2009). 
Administration of polymyxin B by the intrathecal (US Food and 
Drug Administration, 2015) or intraventricular (Tunkel et al., 
2004) route in a dose of 50,000 units (5 mg) per day can be 
undertaken, with or without concomitant intravenous therapy.

Polymyxin B has been used off-label as inhalation therapy. 
In a small clinical study, twice-daily inhalation of 500,000 
units (50 mg) polymyxin B with concomitant intravenous 
therapy showed promising results for treatment of pneu-
monia caused by multidrug-resistant (MDR) Gram-negative 
bacteria (Pereira et al., 2007). Polymyxin B was inhaled after 
aerosolized beta-2 agonist to minimize bronchoconstriction. 
This effect occurs more commonly with inhaled polymyxin 
B than it does with the prodrug of colistin, CMS. 

COLISTIN METHANESULFONATE 

Because the conversion of CMS to colistin commonly occurs 
quite slowly, it may take many hours to achieve plasma colis-
tin concentrations that are efficacious (Garonzik et al., 2011; 
Mohamed et al., 2012; Plachouras et al., 2009). Therefore it 
is advisable to initiate therapy with a loading dose of CMS, 
especially in critically ill patients or those with severe infec-
tions. In adults and adolescents, a loading dose of 9 million 
IU (~ 300 mg CBA) should be administered (European 
Medicines Agency, 2014c). Unlike polymyxin B, the PK of 
CMS are affected by kidney function, and this influences the 
fraction of each dose of CMS that is converted to colistin and 
consequently the Css,avg of colistin when CMS is administered 
repetitively over time (Garonzik et al., 2011; Nation et al., 
2014). For an adult or adolescent with creatinine clearance 
> 50 ml/min, a CMS daily maintenance dose of 9 million IU  
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(~ 300 mg CBA), or possibly up to 12 million IU (~ 400 mg 
CBA) in those with creatinine clearance > 80 ml/min, admin-
istered in 2–3 divided doses, has been suggested (European 
Medicines Agency, 2014c) (Table 81.2). The first maintenance 
dose is commonly administered 12 hours after the loading 
dose. Such a maintenance dosage schedule is expected to 
achieve a plasma colistin Css,avg of at least 2 mg/l in ~ 90% of 
patients with creatinine clearance of 50–80 ml/min, but in 
only ~ 35% of patients with creatinine clearance > 80 ml/min 
(Nation et al., 2016). Thus in the latter group of patients, 
combination therapy should certainly be considered. 

After reconstitution of the dry powder and its dilution 
according to the instructions of the manufacturer, loading 
and daily maintenance doses are administered as a short-term 
infusion (e.g. over 30–60 min). The reconstitution and dilu-
tion should occur as close to the time of administration as 
possible to avoid conversion of CMS to colistin before admin-
istration to the patient (Wallace et al., 2008). 

As with polymyxin B, administration of CMS by intra-
muscular injection is not recommended.

For treatment of meningitis or ventriculitis, administra-
tion of CMS solely by the intravenous route is highly unlikely 
to achieve CSF concentrations of colistin expected to be asso-
ciated with antibacterial effect (Antachopoulos et al., 2010; 
Jimenez-Mejias et al., 2002; Markantonis et al., 2009). There-
fore, intraventricular or intrathecal administration of CMS 
in a dose of 125,000 IU (~ 4.5 mg CBA) per day has been 
suggested (European Medicines Agency, 2014c) and would 
generate concentrations of colistin in CSF that could never be 
safely achieved with intravenous administration alone (Imberti 
et al., 2012). Concomitant administration of CMS by the intra-
venous route should be considered because the aforementioned 
daily dose via the intraventricular or intrathecal route would 
lead to very low plasma colistin concentrations that would con- 

tribute little to the risk of nephrotoxicity. Indeed, colistin- 
associated nephrotoxicity is a very rare occurrence after intra-
ventricular or intrathecal administration of CMS, and this 
mode of administration is generally regarded as effective and 
safe with only a low rate of reversible chemical meningitis or 
ventriculitis (Bargiacchi et al., 2014; Karaiskos et al., 2013).

Aerosolized CMS has been used for many years to prevent 
pulmonary exacerbation and lung deterioration in patients 
with cystic fibrosis colonized with P. aeruginosa, and its role 
in these conditions is generally well established (European 
Medicines Agency, 2014a). In this setting, the recommended 
dose for inhaled CMS is 1–2 million IU (~ 33–66 mg CBA) 
two to three times per day, to a maximum of 6 million IU  
(~ 200 mg CBA) per day (European Medicines Agency, 2014c). 
When aerosolized CMS is used for treatment of pneumonia, 
it is usually administered in doses similar to those used in 
patients with cystic fibrosis—that is, 3–6 million IU (~ 100–200 
mg CBA) per day divided into two or three doses, together 
with intravenous CMS or other antimicrobials (Naesens et 
al., 2011; Rattanaumpawan et al., 2010; Tumbarello et al., 
2013). Aerosol administration should be via a nebulizer sys-
tem that affords efficient and reliable delivery of CMS to the 
lungs (Nation et al., 2015). 

4b.  Newborn infants and children

There remains a very significant dearth of information on the 
PK and pharmacodynamics (PD) of the polymyxins in new-
borns, infants, and children. The dosage regimens described 
later for polymyxin B are derived from product information 
(US Food and Drug Administration, 2015) that is based on 
studies from several decades ago; for CMS, the suggestions 
are largely garnered from the updated EMA dosing guide-
lines (European Medicines Agency, 2014c).

POLYMYXIN B SULFATE

The intravenous dosage for children older than 2 years 
(15,000–25,000 units per kg body weight per day, equivalent 
to 1.5–2.5 mg/kg/day) that is recommended in the product 
information is the same as that for adults (US Food and Drug 
Administration, 2015). In general, children require higher 
drug doses normalized to body weight because of their larger 
body surface area–to–body weight ratio compared with adults. 
Therefore it would seem likely that the aforementioned pro-
posed polymyxin B daily dose for children would generate 
plasma concentrations lower than those seen in adults. An 
intravenous dosage of up to 40,000 units/kg/day (i.e. up to 
4 mg/kg/day) has been recommended for infants (US Food 
and Drug Administration, 2015). For treatment of meningi-
tis in children younger than 2 years, intrathecal administra-
tion of 20,000 units (2 mg) once daily has been suggested 
(US Food and Drug Administration, 2015).

COLISTIN METHANESULFONATE

For children with a body weight less than 40 kg, an intra-
venous dose of CMS of 75,000–150,000 IU/kg (~ 2.5–5 mg 
CBA/kg) per day divided into three doses has been proposed, 
based on lean body weight (European Medicines Agency, 

Table 81.2. Daily maintenance doses of colistin methanesulfonate 
(CMS) for patients with various degrees of kidney function, as 
assessed by creatinine clearance, approved by the European 
Medicines Agency (EMA)

Creatinine Clearance (ml/min) EMA-approved daily dosea

≥ 50 9 million IUb

(~ 300 mg CBA)

30–< 50 5.5–7.5 million IU
(~ 183–250 mg CBA)

10–< 30 4.5–5.5 million IU
(~ 150–183 mg CBA)

< 10 3.5 million IU
(~ 117 mg CBA)

A loading dose of 9 million IU (~ 300 mg CBA) is recommended irrespective 
of renal function.

aEMA expresses doses in terms of number of international units (IU). The 
EMA doses have been converted to approximately equivalent doses 
expressed as milligrams of colistin base activity (CBA), and these are 
shown in parentheses. Conversion factor: 1 million IU corresponds to 
approximately 33 mg CBA (European Medicines Agency, 2014a).

bThe EMA-approved product label indicates that daily doses up to 12 mil-
lion IU (~ 400 mg CBA) may be required in patients with good renal 
function in some cases.

Source: European Medicines Agency, 2014c.



4. Mode of drug administration and dosage 1427

2014c). It is likely that this range of suggested daily doses 
would yield plasma colistin Css,avg less than 2 mg/l in many 
patients, especially young patients and those with normal 
renal function (Anta chopoulos et al., 2010; Nakwan et al., 
2016). Safe use of intravenous CMS in doses up to 225,000 
IU/kg (~ 7.5 mg CBA/kg) per day has been reported (Anta-
chopoulos et al., 2010; European Medicines Agency, 2014a). 
For children with body weight greater than 40 kg, the intra-
venous dosing recommendations for adults as outlined in 
Table 81.2 have been proposed (European Medicines Agency, 
2014c). Renal function should be considered when adminis-
tering CMS to children in both of the aforementioned body 
weight clusters. Although there are no PK data to provide 
guidance, it is likely that a loading dose would increase the 
rate of appearance of formed colistin in plasma after initia-
tion of an intravenous regimen of CMS.

Based on an extensive review of the literature, it was con-
cluded that no specific dosing recommendation for CMS in 
children can be made for intrathecal and intraventricular 
routes of administration (European Medicines Agency, 2014c). 
For aerosol delivery of CMS in children younger than 2 years, 
0.5–1 million IU (~ 16–33 mg CBA) twice daily has been sug-
gested (European Medicines Agency, 2014c). The proposed 
dose for inhalation of CMS in children older than 2 years is 
as for adults (European Medicines Agency, 2014c). 

4c.  Pregnant and lactating mothers

There are no reliable pharmacologic data to inform dosage 
recommendations for polymyxin B and CMS in pregnant 
and lactating mothers. See also section 6c.

4d.  Those requiring altered dosages

POLYMYXIN B SULFATE

Recent clinical PK data indicate that the total body clear-
ance of polymyxin B is independent of creatinine clearance 
(Sandri et al., 2013a). This is consistent with the fact that 
there is only a small fraction of a dose of polymyxin B that 
is  excreted in urine (Figure 81.2, see also section 5). The 
long-held view, still expressed in product information (US 
Food and Drug Administration, 2015), has been that the poly-
myxin B daily dose should be based on renal function. It is 
important to recognize that reduction in the daily dose in 
patients with diminished kidney function will decrease the 
plasma polymyxin B Css,avg, and potentially compromise the 
antibacterial effects of the drug. Thus, based on recent evi-
dence, the current recommendation is that the daily dose of 
polymyxin B should not be decreased in patients with impaired 
renal function (Sandri et al., 2013a; Zavascki, 2014). 

Based on PK data from two patients receiving continuous 
venovenous hemodialysis (CVVHD), the daily dose of poly-
myxin B should not be reduced in patients being supported 
with this renal replacement modality (Sandri et al., 2013a, 
2013b). There is currently no information relating to other 
forms of continuous renal replacement therapy (CRRT) or 
intermittent forms of dialysis. However, it is suggested at this 

time that the daily dose should not be reduced in patients 
receiving these forms of renal replacement because of the 
lack of effect of renal function on total body clearance of 
polymyxin B and considering the amount of drug removed 
by the renal replacement cartridge (Sandri et al., 2013b). 

COLISTIN METHANESULFONATE

In marked contrast with polymyxin B, renally based dosing is 
appropriate for CMS. This is the case because in patients with 
normal kidney function the inactive prodrug CMS is predom-
inantly cleared by renal excretion and only a relatively small 
fraction of each CMS dose is converted to the active drug, 
colistin (see Figure 81.2; see also section 5, Pharmaco kinetics 
and pharmacodynamics) (Couet et al., 2011; Li et al., 2006a; 
Nation et al., 2014). In patients with reduced renal function, 
the renal excretion of CMS is reduced and a greater fraction 
of the prodrug circulating in the body is available for conver-
sion to colistin (Nation et al., 2014). Thus the apparent clear-
ance of colistin is influenced by kidney function (Garon zik et 
al., 2011). Recognizing this behavior, the EMA has recently 
promulgated the renally based daily dose suggestions outlined 
in Table 81.2, with the daily dose divided into two adminis-
tration times (European Medicines Agency, 2014c). Applying 
these proposed daily doses for patients with creatinine clear-
ances of up to 80 ml/min is expected to result in approxi-
mately 90% of patients achieving a plasma colistin Css,avg of 
at least 2 mg/l (Nation et al., 2016). As noted earlier, this tar-
get plasma colistin Css,avg would be achieved in only ~ 35% of 
patients with creatinine clearance > 80 ml/min, and combi-
nation therapy should be considered. It is advisable to initiate 
therapy with a loading dose of 9 million IU (~ 300 mg CBA).

Intermittent forms of hemodialysis and CRRT such as 
continuous venovenous hemofiltration (CVVH) and contin-
uous venovenous hemodiafiltration (CVVHDF) efficiently 
remove CMS (especially) and colistin (Garonzik et al., 2011; 
Karvanen et al., 2013; Leporati et al., 2014; Li et al., 2005b; 
Luque et al., 2014; Marchand et al., 2010; Markou et al., 2012; 
Strunk et al., 2014). This extracorporeal clearance must be 
recognized when administering CMS to patients receiving 
these forms of supportive care. For patients receiving inter-
mittent hemodialysis, it has been suggested, based on popu-
lation PK modeling, that on a nondialysis day patients should 
be dosed as for an anuric patient and that a supplemental 
dose should be administered on a dialysis day to account for 
the colistin (and CMS) removed by dialysis (Garonzik et al., 
2011). Accordingly, the EMA-approved dose recommenda-
tion for patients receiving intermittent hemodialysis is for a 
daily dose of 2.25 million IU (~ 75 mg CBA) on a nondialysis 
day and 3 million IU (~ 100 mg CBA) on a dialysis day, with 
the daily dose divided for two administration times (Euro-
pean Medicines Agency, 2014c). Even with the supplemental 
dosing on a dialysis day, it is important to conduct the dialy-
sis session toward the end of a CMS dosage interval to mini-
mize the amount of CMS and colistin removed by the 
cartridge (Garonzik et al., 2011). For patients receiving 
CRRT, a daily dose of CMS as for patients with normal renal 
function has been proposed (European Medicines Agency, 
2014c; Garonzik et al., 2011). 



1428 Polymyxins

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

It is important to recognize that polymyxin B and CMS (the 
inactive prodrug of colistin) came into clinical use almost 60 
years ago. They have remained available for clinical use over 
the intervening period, but have been relatively rarely used 
until the last 10–15 years. The increased recent use is a result 
of increasing resistance of important Gram-negative bacteria 
to other antibiotics and few new drugs being approved for 
clinical use (Li et al., 2006a; Nation et al., 2015; Zavascki, 
2014). When polymyxin B and CMS came into use in the 1950s, 
the preclinical and clinical drug development and regulatory 
approval procedures that are now mandated for modern 
pharmaceuticals were not in existence.

Before approximately 2000, virtually all of the PK studies 
conducted after administration of polymyxin B or CMS used 
microbiologic assays for quantification in biologic fluids (Li 
et al., 2005a; Li et al., 2006a). Such assays are usually less 
accurate and precise and often lack specificity with regard 
to co-administered antibiotics, in comparison with modern 
bioanalytical methods (e.g. high-performance liquid chro-
matography [HPLC], liquid chromatography–tandem mass 
spectrometry [LC–MS/MS]). Microbiologic assays are par-
ticularly problematic for PK studies with CMS. The “colistin” 
concentrations obtained with these assays are not reliable 
owing to the ongoing conversion of CMS to colistin (the 
active antibacterial entity) during the conduct of microbio-
logic assays (Bergen et al., 2006). Thus the assay results are 
misleading and will overestimate the actual colistin concen-
tration present in biologic samples at the time of their collec-
tion from patients. It is important to be aware that the PK 
information available in product information in some parts 
of the world may have been generated using a microbiologic 
assay for quantification of concentrations in biologic fluids.

In relatively recent years, HPLC and LC-MS/MS assays 
have been developed for quantification in biologic fluids of 
polymyxin B, colistin, and CMS (the inactive prodrug of 
colistin) (Cao et al., 2008; Chepyala et al., 2015; Gikas et al., 

2013; Gobin et al., 2010; He et al., 2013; Jansson et al., 2009; 
Leporati et al., 2014; Li et al., 2001a, 2002; Thomas et al., 
2012). Use of such assays has allowed new insights into the 
PK of polymyxin B and of CMS and generated colistin. It is 
data from such studies that are reviewed later. 

5a.  Bioavailability

Neither polymyxin B nor CMS (colistin) is well absorbed 
after oral administration (Evans et al., 1999), and therefore 
they are not administered orally for treatment of systemic 
infections. As noted earlier, both polymyxins are most com-
monly administered by the intravenous route.

POLYMYXIN B

The first reports on the PK of polymyxin B after intravenous 
administration in patients and involving use of modern chro-
matographic assays for quantification of drug in biologic fluids 
were published in 2008 (Kwa et al., 2008; Zavascki et al., 2008). 

Kwa et al. (2008) studied nine adult patients (one female; 
age range 16–70 years; body weight 46–80 kg) with normal 
kidney function. A total of 19 blood samples were collected 
across all patients, and serum was analyzed for the concen-
tration of polymyxin B1. The resultant serum concentration 
versus time data were subjected to population PK analysis. 
This analysis provided an estimate of the typical half-life 
(13.1 h) and clearance (2.2 l/h). The clearance may have been 
overestimated because only one polymyxin B component pres-
ent in the material administered to the patients was quantified 
in serum. 

Zavascki et al. (2008) studied polymyxin B PK in eight crit-
ically ill patients with a very wide range of creatinine clearance 
(<10–246 ml/min). The patients (four female; age range 42–86 
years; body weight 50–80 kg) received physician-selected 
polymyxin B dosing regimens ranging from 0.5 mg/kg (~ 5000 
units/kg) every 48 hours to 1.25 mg/kg (~ 12,500 units/kg) 
every 12 hours. When the study was conducted it was the 
usual practice at the clinical site to decrease the daily dose in 
patients with poor renal function. Three patients with 

Figure 81.2. Diagrammatic repre- 
sentation of the pharmacokinetic 
pathways for CMS (colistimethate) 
and colistin (left panel) and poly-
myxin B (right panel). The thickness 
of the arrows indicates the relative 
magnitude of the respective 
clearance pathways when kidney 
function is normal. CMS includes 
fully and all partially methanesul-
fonated derivatives of colistin. 
After administration of CMS, 
extensive renal excretion of the 
prodrug occurs, with some of the 
excreted CMS converting to colistin 
within the urinary tract. (Adapted 
from Nation and Velkov, 2014.)
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creatinine clearance below 30 ml/min were administered 
polymyxin B (short-term infusion over 60 minutes) every 48 
hours while all other patients received the drug every 12 
hours. The two patients with creatinine clearance below 10 
ml/min were receiving intermittent hemodialysis; the PK of 
polymyxin B in these patients was examined on a nondialysis 
day. In all patients the PK of polymyxin B was studied at least 
2 days after initiation of the therapy. At the end of the short-
term infusion, plasma polymyxin B concentration ranged 
from 2.38 to 13.9 mg/l. The inter-patient variability in the 
total body clearance of polymyxin B (range, 0.27–0.81 ml/
min/kg) and in its volume of distribution (71–194 mL/kg) 
were modest. The small degree of variability in clearance 
was especially notable, particularly given the wide range of 
creatinine clearance values across the patients. In each of the 
four patients in whom it was possible to collect urine quanti-
tatively, less than 1% of the administered dose was excreted 
as polymyxin B in urine. Analysis of the renal clearance data 
revealed that polymyxin B must have been undergoing very 
extensive renal tubular reabsorption, similar to the renal 
handling of colistin in rats (Li et al., 2003b). The very small 
degree of inter-individual variability (approximately a three-
fold range) in the total body clearance of polymyxin B across 
patients with creatinine clearance ranging from < 10 ml/min 
to ~ 250 ml/min (as mentioned earlier) arose because renal 
clearance was only a very small component of the total body 
clearance. This was the first study to suggest that renally based 
dose adjustment for polymyxin B (as proposed in product 
information [US Food and Drug Administration, 2015]) is 
not required, on PK grounds (Zavascki et al., 2008). 

This group of investigators went on to perform a clinical 
population PK study in 24 critically ill patients, including 2 
receiving CVVHD (Sandri et al., 2013a, 2013b). The charac-
teristics of the 24 patients were as follows: 11 female; age range 
21–87 years; total body weight 41–250 kg; lean body weight 
29–99 kg; creatinine clearance in the 22 non-CVVHD 
patients, 10–143 ml/min. The physician-selected dose of poly -
myxin B was 0.45–3.38 mg/kg/day; 23 patients received the 
drug every 12 hours, and the patient receiving the lowest daily 
dose was on a 24-hour schedule. The plasma polymyxin B 
concentration versus time profiles across a dosage interval at 
steady state are shown in Figure 81.3. The median unbound 
fraction in plasma was 0.42. Quantitative urine collections were 
possible in 17 of the non-CVVHD patients, and only a small 
percentage of the administered dose (median 4.04%, range 
0.98–17.4%) was excreted in urine as polymyxin B. Therefore, 
renal clearance was only a small component of the total body 
clearance, as had been observed in the earlier study (Zavascki 
et al., 2008). Detailed analysis of the renal clearance data re- 
vealed extensive renal tubular reabsorption, again consistent 
with previous findings for polymyxin B in critically ill patients 
(Zavascki et al., 2008). In the 2 patients receiving CVVHD, 
only a small amount of the dose (12.2% and 5.62% for the 2 
patients) was removed by this extracorporeal modality. It was 
not surprising, given the small contribution of renal clearance 
to total clearance of polymyxin B, that the total body clear-
ance of polymyxin B was not related to renal function across 

the very wide range of creatinine clearance values, as reported 
previously (Zavascki et al., 2008). Although there was a very 
wide range of total body weights and creatinine clearance 
values across the patients in the study, there was less than a 
threefold variation in the total body weight scaled clearance 
values of polymyxin B (Sandri et al., 2013a). 

Collectively, the clinical PK data available thus far (Kwa et 
al., 2011; Sandri et al., 2013a; Zavascki et al., 2008; Tham-
likitkul et al., 2016) indicate that the total body clearance of 
polymyxin B is not influenced by renal function, consistent 
with only a minor role of renal excretion in the overall clear-
ance of polymyxin B (see Figure 81.2). In keeping with this 
disposition profile, the clearance of polymyxin B is subject to 
a very small degree of inter- patient variability across the wide 
range of creatinine clearance values examined. Therefore, 
based on current evidence the daily dose of polymyxin B 
should not be modified according to renal function. This 
contrasts with guidance provided in product information for 
polymyxin B (US Food and Drug Administration, 2015). If the 
daily intravenous dose is reduced in a patient with impaired 
renal function, it will potentially have a detrimental effect on 
microbiologic and clinical responses (Sandri et al., 2013a).

COLISTIN METHANESULFONATE AND  
GENERATED COLISTIN

Using separate HPLC or LC-MS/MS assays for CMS and 
colistin, it has been demonstrated that colistin is formed in 
vivo after intravenous administration of CMS to humans 
(Couet et al., 2011; Garonzik et al., 2011; Gregoire et al., 2014; 
Li et al., 2003a, 2005b; Mohamed et al., 2012; Plachouras et 
al., 2009; Nation et al., 2016). The rate of formation of colis-
tin has been reported to be somewhat variable, with a rela-
tively slow formation rate observed in most patients. Colistin 
is also formed in rats after intravenous administration of the 
prodrug (Li et al., 2004). The fraction of the dose of CMS 

Figure 81.3. Plasma concentration versus time profiles of 
polymyxin B in 24 critically ill patients. Concentrations from 
two patients receiving continuous venovenous hemodialy-
sis are shown by filled symbols. (Adapted from Sandri et 
al., 2013a.)
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converted systemically to colistin in rats was shown to be low 
(~ 7%). This fraction has not been determined accurately in 
humans because it requires comparison of area under the 
plasma concentration versus time curve for colistin after sep-
arate administration of CMS and colistin sulfate. However, 
the fraction converted is probably no more than ~ 20–25% in 
patients with good renal function; the fraction is low because 
the renal clearance of CMS is much more rapid than the con-
version clearance to form colistin (see Figure 81.2) (Nation et 
al., 2014). Clearly, the conversion step is crucial to generate 
the antibacterially active entity colistin.

The first study to demonstrate the in vivo conversion of 
CMS to colistin in humans was conducted in 12 cystic fibro-
sis patients (6 female; age 21.7 ± 6.9 y [mean ± standard devi-
ation (SD)]; body weight 56 ± 9 kg), none of whom had renal 
impairment (Li et al., 2003a). The PK of CMS and formed 
colistin were determined across a dosage interval at steady 
state. Patients of body weight > 50 kg received 2 million IU  
of CMS (~ 66 mg CBA), whereas those weighing < 50 kg 
received 1 million IU (~ 33 mg CBA) intravenously every 8 
hours, as short-term infusions over 15–60 minutes. The total 
body clearance, volume of distribution, and half-life of CMS 
were 2.01 ± 0.46 ml/min/kg, 340 ± 95 ml/kg, and 124 ± 52 
minutes, respectively. The half-life of formed colistin (251 ± 
79 minutes) was longer than that of CMS; the apparent clear-
ance of colistin was not reported. With the CMS dose regi-
mens employed, plasma colistin concentrations across a dosage 
interval (maximum and minimum concentration ranges of 
1.2–3.1 mg/l and 0.14–1.3 mg/l, respectively) were noted to 
be low based on emerging pharmacodynamic data at the time. 
For patients without renal impairment, the dose regimens 
used in this study (3–6 million IU/day, equivalent to ~ 100–
200 mg CBA per day) are now regarded as low (European 
Medicines Agency, 2014c). 

In a more recent study, the PK of CMS and colistin were 
determined in six male cystic fibrosis patients (age range 
20–35 years; body weight 56–85 kg; creatinine clearance 103–
148 ml/min/1.73 m2) (Yapa et al., 2014). Patients were admin-
istered a single intravenous dose of CMS (150 mg CBA, 
equivalent to ~ 4.5 million IU) infused over 45 min. The mean 
± SD values for clearance, volume of distribution, and termi-
nal half-life of CMS were 5.96 ± 1.07 l/h, 16.9 ± 4.68 l, and 
2.66 ± 0.60 hours, respectively. The CMS half-life values 
reported are in good agreement with those reported in the 
earlier study (Li et al., 2003a); the clearance and volume of 
distribution estimates from the more recent study, when 
 normalized for body weight, also agreed well with the values 
reported several years earlier. After reaching maximal con-
centrations in plasma by ~ 5 hours, colistin concentrations 
declined with a half-life of 7.34 ± 1.41 hours. Negligible con-
centrations of colistin were measured in sputum samples 
 collected across the 12-hour sampling period after the intra-
venous dose (Yapa et al., 2014). In contrast, after nebuliza-
tion of CMS doses of 2 and 4 million IU (~ 66 and 130 mg 
CBA, respectively) into the lungs of each of the same patients 
on different occasions, substantially higher concentrations 
of CMS and colistin were observed in sputum.

The first report of pharmacokinetic data for critically ill 
patients, from use of chromatographic assays for CMS and 
colistin, was a single case study involving an adult patient 
receiving CRRT who required intravenous CMS for treat-
ment of an infection resistant to other available antibiotics 
(Li et al., 2005b). The CMS dosing regimen chosen for this 
patient was 150 mg CBA (~ 4.5 million IU) every 48 hours, 
resulting in plasma colistin concentrations substantially 
lower than 1 mg/l for the vast majority of the dosing interval. 
Furthermore, both the prodrug and the generated colistin 
were recovered in dialysis fluid. This report highlighted the 
urgent need to understand the PK of CMS and generated colis-
tin in critically ill patients. 

Subsequently, reports relating to PK findings in 14 (Mar-
kou et al., 2008) and 13 (Imberti et al., 2010) critically ill 
patients (creatinine clearance ranges of 46–200 ml/min and 
96–215 ml/min for the respective studies) were published. 
The patients were receiving CMS dosing regimens of 3 mil-
lion IU of CMS (~ 100 mg CBA) (Markou et al., 2008) or 
2 million IU of CMS (~ 66 mg CBA) (Imberti et al., 2010) 
every 8 hours. In both studies, plasma samples were collected 
across a dosing interval at least 2 days after initiation of CMS, 
and the mean half-life of formed colistin was reported to be 
~ 6–7 h. All patients across these two studies had creatinine 
clearance greater than ~ 50 ml/min, and the authors of these 
reports commented on the relatively low plasma colistin con-
centrations achieved, with many patients having plasma colis-
tin concentrations < 1 mg/l. These studies involved only 
relatively small numbers of patients, and therefore it was not 
possible to identify patient factors influencing the plasma con-
centrations of colistin across a dosing interval at steady state. 

A study in which plasma samples were collected after 
administration of the first dose of CMS regimens (either 3 
million IU [~ 100 mg CBA] or 2 million IU [~ 66 mg CBA] 
every 8 h) to 18 critically ill patients (creatinine clearance 
41–126 ml/min) revealed a slow increase in plasma colistin 
concentrations across the first several hours of therapy 
(Plachouras et al., 2009) (see Figure 81.4). The population 
estimate of the terminal half-life of formed colistin was ~ 14 
hours, suggesting that without a loading dose of CMS, plasma 
concentrations of colistin would not reach steady state before 
~ 2 days of therapy, raising concern about the possible nega-
tive effect on microbiologic and clinical response. Subse-
quently, the same group of investigators evaluated a loading 
dose of 6 million IU (~ 200 mg CBA) at the start of CMS 
therapy in 10  critically ill patients (creatinine clearance 
25–192 ml/min) (Mohamed et al., 2012). Not surprisingly, 
the plasma concentrations of colistin over the first 8 hours 
after this loading dose (Figure 81.5) were higher than 
observed in the earlier study when a lower first dose had 
been administered (see Figure 81.4). However, even with 
the loading dose of 6 million IU, 7 of the 10 patients had not 
achieved a plasma colistin concentration of 2 mg/l by 8 hours 
(see Figure 81.5). A subsequent study in 19 critically ill 
patients by the same investigators revealed a more satisfac-
tory increase in plasma concentrations of formed colistin 
when therapy commenced with a 9 million IU (~ 300 mg 
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CBA) loading dose (Karaiskos et al., 2015). On the basis of 
these (Karaiskos et al., 2015; Mohamed et al., 2012; Plachouras 
et al., 2009) and other (Garon zik et al., 2011; Gregoire et al., 
2014) studies, a loading dose of CMS of 9 million IU (~ 300 mg 
CBA) is now recommended (European Medicines Agency, 
2014c). 

The three aforementioned studies reported by the same 
group (Karaiskos et al., 2015; Mohamed et al., 2012; Plachouras 
et al., 2009) also involved collection of plasma samples at 
steady state, several days after initiation of the CMS regimen. 
The data from the 47 patients across the three studies were 
combined and subjected to population PK analysis (Karaiskos 
et al., 2015; Mohamed et al., 2012). For a typical patient,  
the half-life for colistin was 11.2 hours. Creatinine clearance 
was found to be a covariate for the clearance of CMS, but not 
for the apparent clearance of formed colistin. This was most 
likely because of the small number of patients across the 
three studies having a creatinine clearance < 50 ml/min.

A clinical population PK study involving 105 patients (37 
female, age range 19–92 years; body weight 30–106 kg) with 

a wide range of renal function (creatinine clearance range 
3–169 ml/min/1.73 m2 for the 89 patients not receiving renal 
replacement) has provided greater insight on the patient fac-
tors that influence the PK of CMS and colistin (Garonzik et 
al., 2011). Of the 105 patients, 12 were receiving intermittent 
hemodialysis and 4 CRRT (3 CVVHD, 1 CVVH). The CMS 
dosage regimen for each patient was decided by the treating 
physician (range of maintenance doses 75–410 mg CBA per 
day, equivalent to ~ 2.5–13.7 million IU/day). Plasma sam-
ples for measurement of CMS and colistin concentrations 
were collected across a dosing interval on the third or fourth 
day of the CMS regimen. The plasma concentrations of CMS 
and colistin varied greatly across the patients (Figure 81.6). 
Graphical analysis of the data suggested that kidney function 
was an important contributor to the wide range of plasma 
colistin concentrations (Figure 81.7). This figure clearly demon-
strates that even administration of CMS at 300 mg CBA per 
day was not able to reliably achieve an average steady-state 
plasma colistin concentration of 2 mg/l in patients with good 
renal function. As discussed earlier, in patients with rela-
tively good renal function, combination therapy should be 
considered, especially if the MIC for the infecting pathogen 
is toward the upper end of the current breakpoint range 
(Garonzik et al., 2011). Population PK analysis confirmed 
the effect of kidney function on the disposition of CMS and 
colistin. Creatinine clearance was shown to be an important 
patient factor influencing the clearance of CMS and the 
apparent clearance of colistin. CMS is mainly cleared by the 
kidneys (see Figure 81.2) (Couet et al., 2011; Li et al., 2004) 
and therefore the relationship between clearance of the prodrug 

Figure 81.4. Observed plasma concentrations of colisti-
methate (CMS) (a) and colistin (b) in individual patients 
after the administration of the first dose of CMS. The dose 
of CMS was 3 million IU (~ 100 mg CBA) in 13 patients and 
2 million IU (~ 66 mg CBA) in 1 patient. (Adapted from 
Plachouras et al., 2009.)
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Figure 81.5. Observed plasma concentrations of formed 
colistin in individual patients after the administration of a 
loading dose of CMS (6 million IU, i.e. ~ 200 mg CBA). 
(Adapted from Mohamed et al., 2012.)
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and creatinine clearance is easily understood. More difficult 
to appreciate is why the apparent clearance of colistin is 
influenced by kidney function, because colistin when admin-
istered to animals (Li et al., 2003b) and polymyxin B admin-
istered to patients (Sandri et al., 2013a) undergo very little 
excretion in urine. The relationship between apparent clear-
ance of colistin and creatinine clearance occurs because as renal 
function declines, the renal clearance of CMS also decreases 
and a greater fraction of each dose of the prodrug is con-
verted to colistin (see Figure 81.2). 

Creatinine clearance was the patient factor incorporated 
into an algorithm developed to calculate the CMS daily 
maintenance dose needed to generate a desired target plasma 

concentration of colistin in a patient not receiving renal 
replacement therapy (Garonzik et al., 2011). This algorithm 
informed the renally based dosing recommendations pro-
mulgated by the EMA (European Medicines Agency, 2014c), 
presented in section 4. It is important to recognize, however, 
that even at a given creatinine clearance, a very large degree 
of inter-patient variability (up to ~ 10-fold) occurred in the 
apparent clearance of colistin and as a result in the CMS dos-
age requirements to achieve a desired steady-state plasma 
colistin concentration; this can be appreciated from the data 
in Figure 81.7. The inter-patient variability in the average steady- 
state plasma colistin concentration achieved at a given creat-
inine clearance and daily dose of CMS confounds the use of 

Figure 81.6. Steady-state plasma concentration versus time profiles of the prodrug colistimethate (CMS) (a) and formed 
colistin (b) in 105 critically ill patients (89 not on renal replacement, 12 on intermittent hemodialysis, and 4 on continuous 
renal replacement therapy). Physician-selected CMS dosage intervals ranged from 8 to 24 hours, and hence the inter-dosing 
blood sampling interval spanned the same range. (Adapted from Garonzik et al., 2011.)
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CMS, especially because colistin has a narrow therapeutic 
window. Therapeutic drug monitoring of plasma colistin 
concentrations should be strongly considered if this service 
is available (Nation et al., 2015).

The study described earlier (Garonzik et al., 2011) included 
16 critically ill patients who were receiving renal replacement 
therapy (12 intermittent hemodialysis and 4 continuous renal 
replacement). Results from these patients (Garonzik et al., 
2011) and a number of case studies and case series (Karvanen 
et al., 2013; Leporati et al., 2014; Li et al., 2005b; Luque et al., 
2014; Marchand et al., 2010; Markou et al., 2012; Strunk et al., 
2014) have shown that CMS and colistin are effi ciently cleared 
by these renal support modalities. Con sequently, dosing regi-
mens of CMS for such patients must be modified. From the 
population PK analysis described earlier (Garonzik et al., 2011), 
dosing suggestions for patients on intermittent and continu-
ous forms of renal replacement therapy have been proposed. 
These have informed the dosing recom mendations approved 
by the EMA (European Medicines Agency, 2014c) discussed 
in section 4, Mode of drug administration and dosage.

The population PK of colistin has been studied in 50 patients 
who had burns to 4–85% of total body surface area; CMS 
concentrations were not measured (Lee et al., 2013). The 
patients (39 male; age 26–80 years; body weight 50–98 kg; 
18 patients with edema; creatinine clearance 23–309 ml/min, 
with 17 patients receiving CRRT) received 150 mg of CBA  
(~ 4.5 million IU) every 12 hours infused over 30 min. The 
half-life of colistin for the typical burn patient was 6.6 hours, 
which is shorter than observed in critically ill patients 
(Garonzik et al., 2011; Karaiskos et al., 2015; Plachouras et 
al., 2009). The population PK modelling identified creatinine 
clearance, as in critically ill patients (Garonzik et al., 2011), 
and the presence of edema as covariates influencing the dis-
position of colistin. Based on simulations, a dosage regimen 
of 150 mg CBA (~ 4.5 million IU) as a 30-minute infusion 
every 12 hours would achieve an average steady-state plasma 
colistin concentration of ~ 1.5 mg/l in a typical burn patient 
with a creatinine clearance < 70 ml/min; a typical patient with 
a creatinine clearance of ≥ 70 ml/min would achieve a plasma 
colistin concentration of only ~ 1 mg/l. It was suggested that 
it may be necessary to consider increasing doses above the 
currently approved dose that was used in this study (Lee et 
al., 2013). The use of CMS in combination therapy should also 
be considered.

There is only a small amount of information on the PK of 
CMS and colistin in pediatric patients (Antachopoulos et al., 
2010). The report described three patients aged 1.5 months, 
5.5 years, and 14 years (the patient aged 1.5 months was also 
studied during two other courses of CMS at 2.5 and 5.5 
months of age); two of the patients were male and the body 
weight range was 6.2–40 kg. The CMS dosage regimens 
across the five courses were 0.06, 0.13, 0.2, 0.2, and 0.225 mil-
lion IU/kg/day, corresponding to ~ 2.0, 4.3, 6.5, 6.5, and 7.4 
mg/kg/day of CBA, which was divided and administered 
every 8 hours as 20-minute infusions. Although the CMS 
daily doses were similar to those currently recommended, or 
higher, the serum colistin concentrations exceeded 2 mg/l in 
only the 14-year-old patient. A recent report on the PK of 

colistin following intravenous administration of CMS to crit-
ically ill neonates supports the likely need for relatively high 
body weight normalized daily doses of CMS in young patients 
(Nakwan et al., 2016). Obviously, more information on the 
PK of CMS and colistin in pediatric patients is required. 

5b.  Drug distribution

With regard to the distribution of the polymyxins into extra-
vascular sites where infection may exist, there is a relatively 
small amount of data available. There is no information on 
the concentrations of polymyxin B achieved in CSF or pul-
monary epithelial lining fluid (ELF) after intravenous admin-
istration. After administration of CMS via the intravenous 
route, concentrations of colistin in CSF are only ~ 5% of 
simultaneously occurring plasma concentrations (Antacho-
poulos et al., 2010; Markantonis et al., 2009; Ziaka et al., 
2013). There is a small amount of information that suggests 
that penetration of colistin from plasma into CSF may be 
increased in the presence of meningitis (Antachopoulos et al., 
2010). Substantially higher colistin concentrations are achieved 
in CSF after intraventricular administration of CMS (Imberti 
et al., 2012). After intravenous administration of CMS, con-
centrations of colistin in sputum of patients with cystic fibro-
sis (Yapa et al., 2014) and in bronchoalveolar lavage (BAL) 
fluid from critically ill patients (Boisson et al., 2014; Imberti 
et al., 2010) are substantially lower than those that can be 
achieved with aerosol delivery of CMS. 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

In vitro time-kill studies with colistin (sulfate) or polymyxin 
B (sulfate) showed potent, concentration-dependent killing 
against MDR P. aeruginosa (Bergen et al., 2010, 2011a, 2008, 
2006; Gunderson et al., 2003; Li et al., 2001b; Mohamed et 
al., 2014; Tam et al., 2005), A. baumannii (Li et al., 2006b; Owen 
et al., 2007; Tan et al., 2007), and K. pneumoniae (Abdul Rahim 
et al., 2015; Poudyal et al., 2008). Negligible postantibiotic 
effect (PAE) was observed against P. aeruginosa (Li et al., 
2001b), A. baumannii (Owen et al., 2007), and K. pneumoniae 
(Poudyal et al., 2008), and is unlikely to be clinically relevant.

Notwithstanding the rapid initial killing noted earlier, 
regrowth has often been seen with P. aeruginosa (Bergen et 
al., 2011b; Ly et al., 2015; Tam et al., 2005), A. baumannii (Li 
et al., 2006b; Owen et al., 2007; Tan et al., 2007), and K. pneu
moniae (Deris et al., 2012; Poudyal et al., 2008), even at 
polymyxin concentrations that are substantially higher than 
MICs. This observation is almost certainly the result, at least 
in part, of polymyxin heteroresistance, a phenomenon whereby 
a very small proportion of the population is highly polymyxin- 
resistant (Li et al., 2006b).

An in vitro PK-PD model was used to investigate different 
dosage regimens of polymyxin B against P. aeruginosa (Tam 
et al., 2005). Altering the dosing schedule (with identical 
daily dose) did not appear to influence the killing, suggesting 
that the PD effects of polymyxin B were closely linked to the 
ratio of area under the curve (AUC) to MIC (Tam et al., 
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2005). Similar observations were made for colistin when dif-
ferent dosage regimens were studied in an in vitro PK-PD 
infection model (Bergen et al., 2008). In both studies, devel-
opment of resistance to polymyxin B and colistin with the 
simulated human dosage regimens was observed. Less devel-
opment of resistance was apparent when the daily dose was 
subdivided and administered every 8 hours as compared 
with administration every 12 or 24 hours (Bergen et al., 2008; 
Tam et al., 2005); it should be noted that the half-life of colis-
tin and polymyxin B simulated in these respective studies 
was relatively short. In contrast, in the same in vitro PK-PD 
model, very rapid development of resistance in A. bauman
nii, resulting from amplification of highly colistin-resistant 
subpopulations, was independent of the simulated human 
dosage regimen (Tan et al., 2007).

Colistin dose-fractionation studies conducted in an in 
vitro PK-PD model against P. aeruginosa confirmed that the 
ratio of the area under the unbound concentration-time curve 
to the MIC ( fAUC/MIC) is the PK-PD index that best predicts 
bacterial killing (Bergen et al., 2010). In a similar manner, 
dose-fractionation studies of colistin against P. aeruginosa 
and A. baumannii in mouse thigh and lung infection models 
have revealed that AUC/MIC (i.e. for total drug in plasma) 
(Dudhani et al., 2010a, 2010b; Hengzhuang et al., 2012) and 
fAUC/MIC (i.e. for unbound drug in plasma) (Cheah et al., 
2015) correlate most closely with bacterial killing in vivo. 
Lung infection in mice was substantially less responsive than 
thigh infection to systemically administered colistin, sug-
gesting a potentially important role for inhaled CMS in the 
treatment of such infections in patients (Cheah et al., 2015; 
Gu et al., 2014). There have not been any reports of the rele-
vant PK-PD index for colistin in patients; this is not surpris-
ing in view of the many factors that may confound attempts 
to establish such relationships in a clinical setting (Ambrose 
et al., 2007). However, PK-PD data on bacterial killing in 
murine infection models and on differences between mice 
and patients in plasma protein binding of colistin (Cheah et 
al., 2015), together with information on the link between 
nephrotoxicity risk and plasma colistin concentration in 
patients (Forrest et al., 2014; Sorli et al., 2013), suggest that 
an average steady-state plasma concentration (Css,avg) of colis-
tin of 2 mg/l is a reasonable target concentration, especially 
at the initiation of therapy when the MIC of the infecting 
organism is not known (Nation et al., 2016). However, a 
colistin Css,avg of 2 mg/l is attainable in only a small percent-
age of patients who have a creatinine clearance of 80 ml/min 
or greater, even when administered maximal recommended 
daily doses of CMS (Nation et al., 2016). For such patients, 
colistin combination therapy should be considered, espe-
cially if the patient is being treated for pneumonia and if the 
infecting pathogen has an MIC ≥ 1 mg/l (Nation et al., 2016).

It is important to recognize that even though polymyxin  
B and colistin possess very similar antibacterial activities as 
measured in MIC testing, they differ substantially in their 
clinical pharmacologic behavior. This arises because of the 
different forms used for parenteral administration to patients. 
Whereas polymyxin B is administered directly (i.e. in its 
active form), colistin is administered as an inactive prodrug 

(CMS) that must undergo conversion in vivo to form colistin 
(see Figure 81.2). This results in several important differ-
ences in their respective clinical pharmacologic profiles, as 
reviewed in detail elsewhere (Nation et al., 2014) and dis-
cussed briefly here as follows. (1) Because of the relatively 
slow increase in plasma concentration of colistin after initiat-
ing therapy with CMS, it is generally accepted that regimens 
should commence with a loading dose of CMS, but even 
then some delay in attainment of colistin concentrations 
likely to be effective will probably occur (see Figure 81.5); a 
loading dose is less critical for polymyxin B. (2) The apparent 
clearance of colistin and hence the daily CMS dose require-
ments for a desired plasma colistin Css,avg vary with kidney func-
tion and therefore renally adjusted dosing is appropriate; this 
is not the case for polymyxin B. (3) The complexity in the 
chemistry of CMS (see Figure 81.1) and in the competing PK 
processes that determine its fractional conversion to colistin 
(see Figure 81.2) result in substantial variability in the daily 
dose of CMS required to achieve a desired plasma colistin 
Css,avg (up to ~ 10-fold variability, even at a given creatinine 
clearance); in contrast, there is only ~ 4-fold variability for 
polymyxin B over a very wide range of renal function. (4) In 
patients with creatinine clearance greater than ~ 80 ml/min, 
it is not possible to reliably attain a plasma colistin Css,avg of 
2 mg/l, even with daily doses of CMS at the upper limit of rec-
ommended doses; this is not the case for polymyxin B. (5) As 
discussed in section 6, both polymyxin B and CMS (colistin) 
are potentially nephrotoxic, but there is emerging evidence 
that CMS has a greater propensity to precipitate this adverse 
effect. Clearly, both polymyxins have a narrow therapeutic 
window, and the characteristics outlined in points 2–5 earlier 
in this paragraph mean that it is easier to “hit” the window 
for polymyxin B than for CMS. Thus, polymyxin B appears to 
possess superior clinical pharmacologic properties for treat-
ment of infections in which it is highly desirable to rapidly 
and reliably attain and then maintain plasma polymyxin 
concentrations at a desired level. However, CMS may be pre-
ferred in other circumstances, such as for treatment of uri-
nary tract infections because of the extensive excretion of 
CMS into urine and the formation of colistin within the uri-
nary tract (see Figure 81.2). It is possible that CMS may also 
have advantages with regard to nebulization into the lungs 
for pulmonary infections and for intraventricular injection 
for treatment of meningitis. It may be less likely to precipitate 
bronchoconstriction and chemical meningitis, respectively, and 
the administered CMS may act as a reservoir within these 
regions for ongoing conversion to colistin. Thus in those 
countries where both polymyxin B and CMS are available, 
they should not be regarded as “generics”; each may have its 
own as yet unproven advantages in certain circumstances 
(Nation et al., 2014). 

5d.  Excretion

As shown diagrammatically in Figure 81.2, colistin (formed 
from CMS) and polymyxin B are cleared almost exclusively by 
pathways other than renal excretion (Abdelraouf et al., 2012; 
Li et al., 2003b; Sandri et al., 2013a; Zavascki et al., 2008). 
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The very minor renal excretion that does occur is the result 
of extensive reabsorption of polymyxin from tubular urine, a 
process that serves to expose the tubule cells to a large amount 
of these antibiotics (Li et al., 2003b; Sandri et al., 2013a) and 
predispose to polymyxin-associated nephrotoxicity. In con-
trast, CMS is extensively renally cleared (Couet et al., 2011; 
Li et al., 2004) (see Figure 81.2). Most of the relatively large 
amount of colistin found in urine after administration of the 
prodrug is formed within the urinary tract from spontaneous 
hydrolysis of CMS (Couet et al., 2011; Li et al., 2004).

5e.  Drug interactions

Concomitant intravenous administration of polymyxin B or 
CMS with other medicines that are potentially nephrotoxic 
or neurotoxic should be undertaken with care (European 
Medicines Agency, 2014c). If co-administration is deemed nec-
essary, appropriate monitoring for impending toxicity should 
be undertaken (e.g. monitoring of renal function before ini-
tiation of the polymyxin and regularly during treatment). CMS 
and colistin have been reported to not induce the activity 
of a number of therapeutically important cytochrome P-450 
enzymes in vitro, but no in vivo interaction studies appear to 
have been conducted (European Medicines Agency, 2014c). 
Because of the effect of polymyxins on the neuromuscular 
junction (McQuillen and Engbaek, 1975; Wright and Collier, 
1976), nondepolarizing muscle relaxants should be used with 
great caution in patients receiving polymyxins, because the 
effects of the muscle relaxants could be prolonged (European 
Medicines Agency, 2014c). Similarly, in patients with myas-
thenia gravis, parenteral polymyxins should be used with cau-
tion in combination with other drugs that may exacerbate 
the condition (European Medicines Agency, 2014c). 

6. ADVERSE REACTIONS AND TOXICITY

Clinical experience before the 1970s showed that nephrotox-
icity and neurotoxicity were the most common potential 
adverse effects with parenteral administration of polymyxin 
B (sulfate) and CMS (sodium) (Koch-Weser et al., 1970; Per- 
kins, 1964; Ryan et al., 1969; Wolinsky and Hines, 1962). With 
the currently recommended dosage regimens of intravenous 
polymyxin B and CMS in critically ill patients, nephrotoxicity 
is most commonly observed in patients (Cheng et al., 2010; 
Conway et al., 2003, 2000, 1997; Falagas et al., 2005a, 2006, 
2005b; Garonzik et al., 2011; Kwon et al., 2015; Ledson et al., 
1998; Littlewood et al., 2000; Rigatto et al., 2016; Shahbazi and 
Dashti-Khavidaki, 2015; Yilmaz et al., 2013). 

6a.  Nephrotoxicity

Significant progress has been made over the last two decades 
on understanding the nephrotoxicity caused by intravenous 
CMS and polymyxin B in patients. The RIFLE criteria (i.e. risk, 
injury, failure, loss, and end-stage kidney disease) have most 
commonly been used in recent clinical studies for the evalua- 
tion of polymyxin-associated nephrotoxicity (Hartzell et al., 
2009; Pogue et al., 2011; Rigatto et al., 2016). In general, 

polymyxin-associated acute kidney injury appears to be mild 
to moderate in severity and reversible (Pike and Saltiel, 2014). 

COLISTIN METHANESULFONATE

Up to ~ 60% of patients can develop very minor to moderate 
nephrotoxicity after intravenous CMS with the currently rec-
ommended dosage regimens (Hartzell et al., 2009; Phe et al., 
2014). A recent study examined the nephrotoxicity associated 
with intravenous CMS (a maintenance dose of maximum 
300 mg CBA [i.e. ~ 9 million IU] per day) in 87 critically ill 
patients not on renal replacement, and a > 50% rise in serum 
creatinine from the baseline was observed in 48% of the 
patients (Garonzik et al., 2011). In the follow-up clinical tox-
icodynamic analysis involving 162 patients not on renal 
replacement therapy, two independent risk factors were iden-
tified for a colistin-associated decline in kidney function: 
(1) a creatinine clearance > 80 ml/min, and (2) an average 
steady-state plasma colistin concentration > 1.9–2.3 mg/l. It 
is interesting to note that the presence of both independent 
risk factors was at least additive (Forrest et al., 2014), which 
is very likely related to the significant accumulation of poly-
myxins in renal tubular cells (Azad et al., 2015b). A pro-
spective observational cohort study conducted in a tertiary 
university hospital in Spain showed that in 102 patients, acute 
kidney injury associated with CMS treatment was observed 
in 26 (25.5%) patients on day 7 (Sorli et al., 2013). Trough 
plasma concentration of formed colistin was the only inde-
pendent risk  factor for colistin-associated nephrotoxicity, and 
the breakpoint to predict acute kidney injury was 3.33 mg/l 
on day 7 and 2.42 mg/l at end of treatment (Sorli et al., 2013). 

A recent retrospective study examined the incidence of 
nephrotoxicity and outcomes in 120 patients receiving intra-
venous CMS for ≥ 72 hours for treatment of pneumonia 
caused by carbapenem-resistant A. baumannii (Kwon et al., 
2015). It appears that colistin-associated nephrotoxicity did 
not have an impact on mortality. There is still a paucity of 
data on the incidence and predictors of colistin-associated 
nephrotoxicity in overweight patients. A retrospective nested 
case-control study examined 42 patients with a body mass 
index (BMI) of 26.4–87.7 kg/m2 who received intravenous 
CMS for ≥ 72 hours (Gauthier et al., 2012). Four predictors 
were identified for colistin-associated nephrotoxicity using a 
logistic regression model, including a BMI of > 31.5 kg/m2, 
diabetes, the length (in days) of hospitalization before CMS 
therapy, and the patient’s age (Gauthier et al., 2012). Based 
on the very limited literature, intravenous CMS generally 
appears safe in pediatric patients (Falagas et al., 2009; Karbuz 
et al., 2014; Shahbazi and Dashti-Khavidaki, 2015; Tamma  
et al., 2013). Prospective randomized controlled studies are 
needed to optimize the dosing regimens and examine nephro-
toxicity predictors in different populations of patients, includ-
ing obese and pediatric patients. 

Investigations in cystic fibrosis patients have revealed that 
CMS is not as nephrotoxic as previously reported; indeed, 
it  compared more than favorably with the aminoglycosides 
(Al-Aloul et al., 2005; Beringer, 2001; Etherington et al., 2004). 
Although urinary excretion of N-acetyl-β-d-glucosaminidase 
(NAG; an early sign of nephrotoxicity) increased in patients 
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receiving intravenous CMS, the magnitude of the increase 
was less than in patients receiving tobramycin and occurred 
in the absence of changes in renal function (Etherington et 
al., 2004).

There is very limited information on the safety of long-
term intravenous CMS in critically ill patients. Falagas et al. 
(2005b) investigated the adverse effects from 19 courses of 
prolonged intravenous therapy (mean duration of adminis-
tration 43.4 ± 14.6 days) with clinically chosen dosage regi-
mens that were adjusted for renal function. The median serum 
creatinine concentration increased significantly from the 
baseline by 0.25 mg/dL during the treatment but returned  
to the baseline at the end of treatment. In another study, 
intravenous CMS was considered to be effective and safe 
even when administered over 3–6 months, for infections asso-
ciated with orthopedic devices caused by MDR P. aeruginosa 
susceptible to colistin only (Stein and Raoult, 2002).

POLYMYXIN B

The incidence of nephrotoxicity associated with intravenous 
polymyxin B in patients is up to 45% according to several 
recent studies (Dubrovskaya et al., 2015; Rigatto et al., 2015). 
A multicenter prospective cohort study evaluated risk factors 
for acute kidney injury in 410 patients treated with intrave-
nous polymyxin B (mean daily dose 2.4 ± 0.69 mg/kg) (Rigatto 
et al., 2015). Acute kidney injury occurred in 46.1% (189) of 
the patients, including 92 as Risk, 45 as Injury, and 52 as 
Failure. The median time to develop acute kidney injury was 
6 days since the start of the therapy. Based upon the median 
average daily dose (150 mg), the incidences of acute kidney 
injury were 32.0% (33/103), 54.0% (109/202) and 44.8% 
(47/105) in patients receiving < 150 mg/day, 150–199 mg/
day, and ≥ 200 mg/day, respectively (p = 0.001). It is interest-
ing to note that the incidence of acute kidney injury did not 
significantly differ among different categories of doses by 
milligrams per kilogram. With multivariate analysis, poly-
myxin B dose of ≥ 150 mg/day, age, and body weight were 
identified as independent risk factors for acute kidney injury, 
and higher risk of developing any degree of acute kidney 
injury was observed with a polymyxin B dose of ≥ 150 mg/
day, irrespective of patient weight (Rigatto et al., 2015).

COLISTIN METHANESULFONATE  
VERSUS POLYMYXIN B

Several studies compared the nephrotoxicity rates associated 
with CMS and polymyxin B after intravenous administration 
in patients (Akajagbor et al., 2013; Oliveira et al., 2009; Phe et 
al., 2014; Rigatto et al., 2016; Tuon et al., 2014). Overall, the 
results reveal a strong trend for higher risk of nephrotoxicity 
with CMS compared with polymyxin B, as supported by a 
recent meta-analysis (Vardakas and Falagas, 2016). A multi-
center prospective cohort study enrolled 491 patients, includ-
ing 81 in the CMS group and 410 in the polymyxin B group, 
with the mean daily doses of 4.2 ± 1.3 mg CBA per kilogram 
CMS and 2.4 ± 0.73 mg polymyxin B per kilogram (Rigatto 
et al., 2016). RIFLE criteria (F class) were employed to define 
renal failure (i.e. a threefold increase in baseline creatinine, 
or a 75% decrease in estimated baseline serum creatinine 

clearance using the Cockcroft-Gault formula, or serum cre-
atinine of ≥ 4 mg/dL with an acute rise of 0.5 mg/dL over 48 
h during treatment with polymyxins). The overall incidence 
of renal failure in all patients was 16.9% (83 patients): 38.3% 
with CMS versus 12.7% with polymyxin B (p < 0.001). In 
addition to ICU admission, body weight, age, and blood-
stream and intra-abdominal infections, CMS therapy was 
identified as an independent risk factor for renal failure. 
Irrespective of the patient baseline creatinine clearance, the 
incidence of renal failure was higher in the CMS group than 
in the polymyxin B group. Further studies are warranted 
to investigate the nephrotoxicity associated with intravenous 
CMS and polymyxin B in other patient populations.

The mechanism of polymyxin-induced nephrotoxicity is 
not fully understood yet, but is believed to involve significant 
accumulation, oxidative stress, apoptosis, and cell cycle arrest 
in renal tubular cells (Azad et al., 2015a; Eadon et al., 2013). 
Typically, nephrotoxicity manifests clinically as a decrease in 
creatinine clearance (increase in serum creatinine), but may 
also involve hematuria, proteinuria, presence of casts in 
urine, or oliguria. The co-administration of other potentially 
nephrotoxic drugs may increase the risk of kidney damage 
(Tuon et al., 2014). If renal impairment does occur, consider-
ation should be given to decreasing the dose or ceasing poly-
myxin treatment. Because of the influence of renal function 
on the overall PK of CMS and colistin as discussed earlier, 
the daily dose of CMS may be decreased to maintain the pre-
existing plasma colistin Css,avg. However, a decrease in the daily 
dose of polymyxin B would lead to a decrease in its Css,avg 
because the clearance of this drug is not influenced by renal 
function. Clearly, a decrease in plasma polymyxin concen-
tration would be expected to compromise its effectiveness. 
These factors need consideration and judgments of the ben-
efit versus the risk. It is also important to provide thorough 
supportive care with close monitoring of fluid balance and 
electrolyte status (Falagas and Kasiakou, 2006).

6b.  Neurotoxicity

As with nephrotoxicity, the experience from recent studies is 
that the incidence of neurotoxicity is substantially lower than 
was reported in the 1960s and 1970s (Falagas and Kasiakou, 
2006; Trifi et al., 2016). It should be noted, however, that 
polymyxins are now used more widely in critically ill patients, 
a group in which it may be difficult to detect neurotoxicity. 
There has been a small number of clinical case reports on neu-
rotoxicity potentially associated with polymyxin use over the 
last two decades (Falagas and Kasiakou, 2006; Honore et al., 
2013; Nigam et al., 2015; Wadia and Tran, 2014).

Neurologic toxicity may manifest as dizziness, muscle weak-
ness, paresthesias, headache, partial deafness, visual distur-
bances, vertigo, confusion, hallucinations, seizures, and ataxia 
(Falagas and Kasiakou, 2006). Both old literature and several 
recent case studies indicate the potential for neuromuscular 
blockade, a myasthenia-like clinical syndrome resulting in 
respiratory failure or apnea (Nigam et al., 2015; Wadia and 
Tran, 2014); however, the symptoms disappear rapidly after 
discontinuation of the intravenous administration. If neuro- 
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toxicity occurs, it will most likely do so in the first few days of 
therapy and may be dose dependent (Falagas and Kasiakou, 
2006); it is also possibly related to the duration over which 
short-term infusions are administered (Li et al., 2003a). 
Renal impairment, preexisting neurologic problems, or co- 
administration of neurotoxic drugs may also increase the risk 
of developing neurotoxicity. Mild neurologic manifestations 
are usually benign and are reversed on discontinuation of 
polymyxin therapy (Falagas et al., 2005b; Reed et al., 2001). 

6c.  Other adverse reactions

Allergic reactions to polymyxins, such as rashes, pruritus, and 
drug fever, have been reported in the older literature (Hoeprich, 
1970; Koch-Weser et al., 1970), but apparently are not com-
mon in more recent reports. One patient with aplastic anemia 
and polymyxin allergy lacking T-cell activity was reported by 
Lakin et al. (1975). In addition, skin hyperpigmentation has 
been recently reported in patients with polymyxin B therapy 
(Gothwal et al., 2016; Knueppel and Rahimian, 2007; Mattos 
et al., 2016; Zavascki et al., 2015).

CMS (sodium) is preferred over polymyxin B (sulfate) for 
inhalational administration because the former results in less 
chest tightness and bronchospasm (Alothman et al., 2005; 
Dodd et al., 1997; Maddison et al., 1994; Westerman et al., 
2004). Pre-administration or co-administration of an inhaled 
bronchodilator may decrease the potential for bronchospasm 
(Alothman et al., 2005). A small retrospective study indi-
cated that a substantial risk of congenital abnormalities is 
unlikely in the children of women treated with parenteral 
polymyxin B (0.5–1 million IU/day for 3–12 days) during 
pregnancy (Kazy et al., 2005).

7. CLINICAL USES OF THE DRUGS

7a.  Intravenous administration of 
polymyxins

CMS has been used in patients with cystic fibrosis since the 
1990s (Bosso et al., 1991; Conway et al., 2000, 1997; Ledson et 
al., 1998; Littlewood et al., 2000). The polymyxins are increas-
ingly used as a last-line therapy for a range of infections (e.g. 
pneumonia, bacteremia, urinary tract infections, catheter- 
related infections, meningitis, surgical site infections) caused 
by organisms such as P. aeruginosa, A. baumannii, Klebsiella 
species, and E. coli, which are resistant to commonly used 
antibiotics. Often the patients with these infections are criti-
cally ill and require intensive care.

In recent years, there have been a number of reports on 
the clinical effectiveness of intravenously administered poly-
myxins in patients with or without cystic fibrosis (Table 81.3 
and Table 81.4). In relation to the studies with CMS (see 
Table 81.3), it should be noted that in some cases insufficient 
detail was included in the original reports to indicate defini-
tively whether the dose was expressed in terms of CMS or 
CBA (see earlier in section 4, Mode of drug administration 
and dosage). Some of the studies summarized in the tables 
involved a comparator group of patients receiving one or 

more other antibiotics. It is important to note that most 
reported studies are not from controlled clinical trials and 
there is substantial heterogeneity in study designs; this occurs 
for a number of reasons including the “last line of therapy” 
status of the polymyxins in many patients with infections 
caused by MDR Gram-negative bacteria. In addition, most 
studies have been limited by small sample sizes and lack of stan-
dardized definitions of outcomes. Moreover, in many studies, 
other antibiotics were co-administered. Thus, although some 
studies may suggest that intravenous polymyxins are effec-
tive for the treatment of infections caused by MDR Gram-
negative bacteria, such a conclusion must be taken with 
caution. In almost all reports there is no information on the 
time between onset of infection and beginning of therapy, for 
the patients receiving the polymyxin or indeed the patients 
receiving a comparator antibiotic. This is a very important 
factor because timely initiation of appropriate antibiotic ther-
apy is well known to be a critical determinant of prognosis 
(Kumar et al., 2006). Given the last-line status of polymyxins, 
it seems likely that in the many nonrandomized, uncon-
trolled, and retrospective studies, there may have been a lon-
ger time to initiation of polymyxin therapy, relative to the 
comparator antibiotics included in the same study. Such an 
occurrence would favor the comparator. It should also be 
noted that in many studies, the dosing of the polymyxin con-
cerned was not optimized. Three examples will suffice. First, 
the most commonly used dose of CMS in patients with good 
renal function in Europe used to be 6 MU (~ 200 mg CBA) 
per day; this daily dose would now be regarded as low for 
such patients (European Medicines Agency, 2014c; Nation et 
al., 2016). Second, until recently the daily dose of polymyxin 
B was most often reduced in patients with renal impairment. 
This would have served to decrease the apparent effective-
ness of polymyxin B, because it is now recognized that a 
reduction in the daily dose of this polymyxin will lead to 
lower plasma exposure (Sandri et al., 2013a). Third, many of 
the studies with CMS did not include a loading dose as part 
of the regimen; it is now recognized that failure to use a load-
ing dose may result in a substantial delay in attainment of 
plasma colistin concentrations associated with the desired 
antibacterial effect (Karaiskos et al., 2015; Plachouras et al., 
2009). In comparison with CMS, limited clinical experience 
exists for polymyxin B in the literature, and well-designed 
clinical trials evaluating the relative clinical efficacy of these 
two polymyxins are needed.

Pneumonia was the most common type of infection 
involved in the clinical studies; less information is available 
for other infections such as meningitis (Antachopoulos et al., 
2010; De Bonis et al., 2016). In a recent case study, concen-
trations of formed colistin in the serum and CSF were deter-
mined in three patients (ages 1.5 months, 5.5 years, and 14 
years) receiving intravenous CMS (60,000–225,000 IU/kg of 
body weigh per day) (Antachopoulos et al., 2010). Serum 
concentrations of formed colistin immediately before and 30 
minutes after the end of CMS infusion exceeded 2 mg/l in 
only one of five courses studied (a 14-year-old receiving 225,000 
IU/kg/day) (Antachopoulos et al., 2010). Unfortunately, con-
centrations of formed colistin in CSF appear to be minimal 
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(generally < 0.2 mg/l) in the absence of meningeal inflam-
mation, whereas in the presence of meningitis they increased 
to ~ 0.5 mg/l (Antachopoulos et al., 2010). A few early case 
studies using a microbiologic assay reported CSF penetra-
tion (~ 25% of serum concentrations) of “colistin” after intra-
venous administration in patients (Jimenez-Mejias et al., 
2000, 2002). However, as mentioned earlier in section 5a, 
Bioavailability, such assays are unable to differentiate between 
colistin present in the sample at the time of its collection and 
that formed from ongoing conversion from CMS during 
incubation. Therefore caution is required when interpreting 
the PK data obtained with microbiologic assays. Although 
some reports have suggested the efficacy of intravenous CMS 
against meningitis caused by MDR A. baumannii (Jimenez-
Mejias et al., 2000, 2002; Levin et al., 1999), more clinical 
evidence is required to come to any safe conclusions. Strong 
consideration should be given to administration by the intra-
thecal or intraventricular route to achieve CSF concentra-
tions that are likely to be efficacious.

In view of the potential difficulty of attaining adequate 
exposure at some infection sites (e.g. lungs) after intravenous 
administration, polymyxin monotherapy may be subopti-
mal and alternative dosing strategies have to be considered. 
Recent PK-PD data strongly suggest that rational combina-
tions of polymyxins with other antibiotics need to be consid-
ered, in particular for treatment of infections caused by 
pathogens with MICs near the current breakpoint (Cheah et 
al., 2015; Garonzik et al., 2011; Nation et al., 2015; Plachouras 
et al., 2009). The majority of polymyxin combination studies 
were conducted in vitro, and the most common second anti-
biotics include carbapenems, rifampicin, aminoglycosides, 
tigecycline, and glycopeptides (Bergen et al., 2015). Polymyxin 
combinations have been empirically used in hospitals; how-
ever, their effectiveness is difficult to evaluate owing to a 
number of factors, including an absence of appropriate con-
trols, retrospective nature of studies, small sample sizes, and 
often co-administration of more than the polymyxin plus the 
index other antibiotic. In a recent multicenter, randomized 
study, a significantly higher rate of microbiologic eradication 
was observed in 105 patients treated with colistin plus rifam-
picin, than the colistin group (n = 105), against infections 
caused by MDR A. baumannii (Durante-Mangoni et al., 2013). 
It should be noted, however, that around two thirds of pa- 
tients in each group were administered antibiotics other than 
those examined. For example, > 70% of the colistin-alone 
group received other antibiotics (e.g. 16% on meropenem) 
(Durante-Mangoni et al., 2013). Well-designed, randomized 
controlled clinical studies are required to evaluate the effec-
tiveness of synergistic polymyxin combinations in patients, 
and the PK-PD of each antibiotic and the combination 
should be considered. Currently, there are two multicenter 
open-label RCTs underway examining the efficacy of colistin 
in combination with a carbapenem, compared with colistin 
monotherapy (NCT01732250 in Europe and NCT01597973 
in the United States).

To achieve optimal antibiotic exposure at the infection 
site, the following two subsections summarize some relevant 

experience in the administration of the polymyxins via alter-
native routes.

7b.  CNS infections: Intrathecal/
intraventricular administration

There have been a number of recent reports of successful use 
of intrathecal or intraventricular CMS, sometimes together 
with intravenously administered CMS, for the treatment  
of infections in the central nervous system (Berlana et al., 
2005; Bukhary et al., 2005; De Bonis et al., 2016; Fernandez-
Viladrich et al., 1999; Fotakopoulos et al., 2016; Gump and 
Walsh, 2005; Inamasu et al., 2016; Kasiakou et al., 2005; 
Quinn et al., 2005; Vasen et al., 2000). An intraventricular 
daily dose of CMS of 4.5–9 mg CBA (i.e. ~ 125,000–250,000 
IU) has been commonly used in the recent clinical studies 
(Antachopoulos et al., 2010; De Bonis et al., 2016; Fota-
kopoulos et al., 2016). Most of these studies are case reports 
and also involve many of the limitations mentioned earlier. 
Nevertheless, intraventricular administration of CMS appears 
more effective than intravenous therapy alone for the treat-
ment of meningitis, and, important to note, is relatively safe. 
Clearly, systematic clinical studies are required to optimize 
the intraventricular administration of CMS for treatment of 
meningitis. In the meantime, based on an extensive review 
of the literature, intraventricular (or intrathecal) administra-
tion of CMS at a dose of 125,000 IU (~ 4.5 mg CBA) per day 
has been suggested (European Medicines Agency, 2014c). 

7c.  Pulmonary infections: inhalation 
administration

Over the last three decades there has been extensive clinical 
experience with the inhalation of CMS in patients with cystic 
fibrosis (Conway et al., 2003; Frederiksen et al., 1997; Hoiby 
et al., 2005; Jensen et al., 1987; Littlewood et al., 1985; Mar-
chetti et al., 2004; Mordasini et al., 1997; Westerman et al., 
2004). Inhalation has been shown to reduce the number of 
lower respiratory P. aeruginosa colonized in patients with 
and without cystic fibrosis (Berlana et al., 2011; Hansen et al., 
2008; Hoiby et al., 2005; Littlewood et al., 1985). In contrast, 
there has been relatively little experience in critically ill 
patients with nosocomial pulmonary infection caused by MDR 
A. baumannii, K. pneumoniae, or P. aeruginosa (Berlana et 
al., 2005; Boisson et al., 2014; Green et al., 1992; Hamer, 2000; 
Kwa et al., 2005; Michalopoulos et al., 2008, 2005a, 2005b; 
Polat et al., 2015). In these patients, aerosolized CMS or 
polymyxin B is usually administered as an adjunct to intrave-
nous antimicrobial therapy. A recent meta-analysis of aero-
solized plus intravenous CMS versus intravenous CMS alone 
in patients with nosocomial pneumonia caused by MDR 
Gram-negative bacteria found that patients treated with 
combined inhaled and intravenous CMS had a higher rate of 
pathogen eradication and lower all-cause mortality, with no 
difference in nephrotoxicity rates, compared with patients 
receiving intravenous CMS alone (Liu et al., 2015). Another 
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meta-analysis also suggested a beneficial effect of aerosolized 
CMS for treatment of ventilator-associated pneumonia (Vala-
chis et al., 2015). In this analysis, the combination of inhaled 
and intravenous CMS compared with intravenous CMS 
alone provided an improvement in clinical response, micro-
biologic eradication, and infection-related mortality, while 
not affecting the rate of nephrotoxicity. However, the level of 
evidence was assessed as low, indicating the need for addi-
tional studies. Recent clinical studies examined the PK of CMS 
in patients after inhalation and revealed significantly higher 
exposure of formed colistin in ELF or sputum after inhala-
tion than could be achieved after intravenous administration 
(Boisson et al., 2014; Yapa et al., 2014). Thus, the current 
clinical PK data support the use of inhaled CMS for the treat-
ment of respiratory tract infections in critically-ill patients.
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1. DESCRIPTION

Novobiocin (Albamycin, Cathamycin, Spheromycin) is an 
amin o coumarin antibiotic originally isolated from Strepto
myces niveus (now recognized as a synonym for Streptomyces 
spheroides) in the Upjohn Research Laboratories and ini-
tially was given the generic name of streptonivicin (Smith et 
al., 1956). It was also isolated almost simultaneously in 
other laboratories (Pfizer, Merck, and Lepetit) and was given 
several other names. The chemical name of novobiocin 
sodium is 7-([2R,3R,4S,5R]-4-carbamoyloxy-3-hydroxy-5-
methoxy-6, 6-dimethyloxan-2-yl)oxy-3-([4-hydroxy-3-{3-
m e t hy l but - 2 - e ny l } b e n z oy l ] a m i n o ) - 8 - m e t hy l - 2 - 
oxochromen-4-olate: the sugar novobiose, a coumarin resi-
due, and a benzoic acid residue (Novobiocin sodium, 2008) 
(Figure 82.1). The empiric formula of the sodium formu-
lation is C31H36N2NaO11 and the molecular weight is 634.2. 
Novobiocin inhibits the GyrB subunit of DNA gyrase and 
is primarily active against Gram-positive microorganisms. 
Its latest use included eradication of methicillin-resistant 
Staphylococcus aureus (MRSA) and other resistant microor-
ganisms. In addition, it has been applied in cancer therapy 
(Eder et al., 1991; Ellis et al., 1991). The U.S. Food and Drug 
Administration (FDA) has determined that albamycin (novo-
biocin sodium) 250-mg capsules were withdrawn from sale 
for reasons of safety or effectiveness and will not accept or 

approve abbreviated new drug applications for albamycin 
(novobiocin sodium) 250-mg capsules (Department of 
Health and Human Services, 2011).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Novobiocin is primarily active against Gram-positive micro-
organisms. Usual minimum inhibitory concentrations (MICs) 
of novobiocin against some selected bacteria are shown in 
Table 82.1.

GRAM-POSITIVE BACTERIA 

Novobiocin is active against some of these bacteria, such as  
S. aureus (including beta-lactamase-producing strains) and 
the pneumococci. Its MIC against strains of MRSA is < 0.25 
mg/l (Walsh et al., 1985), and against such strains when com-
bined with rifampicin it shows neither synergy nor antago-
nism, but emergence of resistance to either agent seems to be 
prevented (Walsh et al., 1986). Streptococcus pyogenes is much 
less susceptible and Streptococcus viridans strains vary in 
their sensitivity. Enterococcus faecalis is usually moderately 
resistant, but Enterococcus faecium, including multiresistant 
strains, is susceptible (French et al., 1993).

Gram-positive bacilli, such as Bacillus anthracis, Clostri
dium tetani, Clostridium perfringens, and Corynebacterium 
diphtheriae, are novobiocin-susceptible. Staphylococcus sap
rophyticus is intrinsically resistant owing to alteration in the 
GyrB gene (Vickers et al., 2007).

GRAM-NEGATIVE BACTERIA

Some Gram-negative bacteria, such as Haemophilus influen
zae and the pathogenic Neisseria species, are susceptible. 
Proteus vulgaris may be susceptible to moderate novobiocin 
concentrations, but other Proteus species are resistant. Other 
Gram-negative bacilli, such as Escherichia coli, Enterobacter, 
Klebsiella species, salmonellae, shigellae, and Pseudomonas 
aeruginosa, are novobiocin-resistant. Novobiocin alone may 
inhibit Burkholderia (Pseudomonas) pseudomallei, but only in Figure 82.1. Chemical structure of novobiocin. 
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concentrations that can be attained with very high systemic 
doses. However, in vitro, concentrations as low as 0.2 mg/l, if 
combined with tetracycline, exert a bactericidal synergistic 
effect against this organism (Calabi, 1973).

2b.  Emerging resistance and 
cross-resistance

S. aureus and many other bacteria usually susceptible to this 
drug readily acquire resistance after repeated subculturing in 
vitro in the presence of the antibiotic (Finland and Nichols, 
1957). 

In a clinical trial aimed at eradication of MRSA by oral 
administration, resistance to novobiocin was stated to 
develop in some strains (Walsh et al., 1993). High-level resis-
tance among S. aureus strains has been shown to be caused 
by accumulated mutations in both the GyrB and ParE genes 
(Fujimoto-Nakamura et al., 2005).

3. MECHANISM OF DRUG ACTION

Novobiocin inhibits DNA and bacterial protein synthesis by 
binding to the GyrB subunit of DNA topoisomerase II 
(gyrase), an enzyme that is associated with the supercoiling 
of DNA. Although quinolones also target DNA gyrase, the 
binding site for quinolones is different. Like other aminocou-
marin antibiotics, novobiocin acts as a competitive inhibitor 
of the ATPase reaction catalyzed by GyrB (Maxwell, 1999; 
Maxwell and Lawson, 2003). There is also activity against 
topoisomerase IV (Flatman et al., 2006).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Novobiocin is most commonly administered by the oral route.

4a.  Adults

The usual adult dosage is 2 g/day orally administered in four 
divided doses. It may also be given by intramuscular injec-
tion, and the usual adult dose is 0.5 g every 8 hours. These 

injections are painful, and solutions of novobiocin are incom-
patible with local anesthetic agents such as procaine.

The drug can also be given intravenously, but if it is to be 
administered by continuous intravenous infusion, a 0.5-g 
dose should be dissolved in 5 ml of diluent, and then added 
to 500 ml of isotonic saline for infusion in 6–8 hours. Novo-
biocin is incompatible with 5% dextrose. Novobiocin can also 
be administered by intermittent intravenous injections; for 
this purpose, a 0.5-g dose should be diluted in at least 30 ml, 
before injection slowly over a period of 5–10 min.

The dose of novobiocin may be varied. Smaller doses have 
been used to treat mild infections, and larger doses of up to 
4 g/day have been used for serious infections (Finland and 
Nichols, 1957).

4b.  Newborn infants and children

The dose for children is 30 mg/kg body weight per day, in 
four divided doses. The drug should not be administered to 
infants younger than 1 month old, because it may cause 
hyperbilirubinemia. Up to 100 mg/kg/day has been given to 
children (Finland and Nichols, 1957).

4c.  Pregnant and lactating mothers

Novobiocin should not be given during pregnancy and lacta-
tion during the first weeks of life because of the potential to 
cause hyperbilirubinemia. 

4d.  Those requiring altered dosages

Dosage modification is not necessary for patients with renal 
failure (Kunin, 1967). Novobiocin is best avoided in patients 
with liver disease but, if it is used, serum level monitoring 
and dose reduction may be necessary because novobiocin is 
mainly excreted in bile.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Novobiocin is well absorbed from the alimentary tract. After 
a single oral dose of 0.5 g to adults, a peak serum level of 
10–20 mg/l may persist for 24 hours or longer (Wright et al., 
1956). Doubling the dose doubles the serum concentrations. 
If a dose of 0.5 g is administered orally every 6 hours, there is 
often some accumulation, and after four doses the peak 
serum level may reach 100 mg/l (Martin et al., 1955). When 
an oral dose of 0.5 g of novobiocin was given orally twice 
daily to adult volunteers for 27 doses, the mean serum con-
centration before dose 27 was 21.6 mg/l; this rose to a mean 
peak serum level 2 hours after the dose of 55.5 mg/l. When 
oral rifampicin (300 mg every 12 hours) was given concomi-
tantly, the comparative values before and after the last dose 
were 6.9 and 49.2 mg/l, respectively. Similarly, novobiocin 
levels were lower when rifampicin was co-administered than 

Table 82.1. Susceptibility of common pathogens to novobiocin

Organism MIC (range, mg/l)

Staphylococcus aureus 0.12–1.0

Streptococcus pyogenes 0.5–4.0

Streptococcus pneumoniae 0.5

Enterococcus faecalis 8.0–16.0

Enterococcus faecium 0.5–1.0

Clostridium perfringens 1.0

Neisseria gonorrhoeae 1.0–4.0

Haemophilus influenzae 1.0

Abbreviation: MIC: minimum inhibitory concentration.
Source: Compiled from data published by Today’s Drugs (1963) and French 

et al. (1993).
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when novobiocin was given alone at 8 hours (7.9 vs. 21.6 
mg/l) and at 12 hours after the 27th dose (3.0 vs. 16.0 mg/l). 
The half-life of novobiocin (5.85 h) was reduced to 2.66 
hours when administered in combination with rifampicin. 
These changes were due to a change in novobiocin clearance 
rather than a change in its absorption (Drusano et al., 1986).

Novobiocin is very highly bound to serum proteins. Over 
90% of the drug is reversibly bound to serum albumin, and 
some investigators have estimated its serum binding to be as 
high as 99.2% (Rolinson and Sutherland, 1965). In vitro, its 
antibacterial activity is markedly decreased in the presence 
of 10% serum. Nevertheless, the drug is therapeutically effec-
tive. This may be partly because the serum levels of novobio-
cin are usually quite high in relation to the MICs of highly 
susceptible organisms. The peak serum level of unbound 
novobiocin after an oral dose of 0.5 g is 0.28 mg/l (the total 
level being 35 mg/l), which still exceeds the MIC (0.20 mg/l) 
of a highly susceptible S. aureus strain (Rolinson, 1967).

5b.  Drug distribution

Novobiocin slowly diffuses into most body tissues, but only 
small amounts penetrate into the cerebrospinal fluid (CSF) 
when the meninges are uninflamed, and concentrations in 
pleural and ascitic fluids are usually lower than simultaneous 
serum levels. Of the tissues studied, the liver and large intes-
tine had the highest novobiocin content (Taylor et al., 1956). 
Urine concentrations are low (Martin et al., 1955).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Little is known about the pharmacodynamics of novobiocin. 
However, because it is a member of the aminocoumarin 
class, efficacy is most probably related to total exposure of 
free drug related to the MIC. Thus the ratio of free area under 
the concentration-time curve (fAUC) to MIC and the ratio 
of dose to MIC are likely to be the important pharmacody-
namic indices that predict efficacy.

5d.  Excretion

Novobiocin is mainly excreted in the bile, in which its con-
centration is usually high. The effect of rifampicin on serum 
levels of novobiocin (see earlier, in section 5a, Bioavailability) 
suggests that rifampicin may induce hepatic metabolism of 
novobiocin or, alternatively, compete with the same protein 
binding site (Drusano et al., 1986). Only approximately 3% 
of administered novobiocin is excreted via the kidney, and 
urine concentrations of the active drug are usually lower 
than serum concentrations (Martin et al., 1955).

5e.  Drug interactions

Novobiocin is known to interact with rifampicin (see earlier, 
in section 5a, Bioavailability); otherwise there is little infor-
mation known regarding potential drug interactions.

6. ADVERSE REACTIONS AND TOXICITY

Novobiocin was withdrawn from the market in the United 
States because of side effects, primarily hypersensitivity reac-
tions (FDA, 2015). 

6a.  Gastrointestinal side effects

Symptoms such as nausea, abdominal pain, and diarrhea are 
fairly common with oral novobiocin therapy but are usually 
not severe enough to necessitate cessation of treatment.

6b.  Hypersensitivity reactions

Erythematous or urticarial rashes are quite common and 
may occur in 10–15% of patients if treatment is continued for 
1 week or longer. Drug fever may also occur. More serious 
allergic manifestations, such as Stevens-Johnson syndrome, 
have also been encountered (Martin and Wellman, 1967). 
Hemorrhagic cutaneous lesions have been described, possi-
bly due to a coumarin-like effect of the drug. Rarely, allergic 
pneumonitis or myocarditis may occur (Riley, 1970).

6c.  Hematologic changes

Eosinophilia is common and usually occurs in association with 
hypersensitivity reactions. Rarely, anemia, leukopenia, agran-
ulo cytosis, thrombocytopenia, and pancytopenia have been 
reported (Martin and Wellman, 1967). Montgomery (1963) 
reported hemolytic anemia with positive direct and indirect 
Coombs test results in a 6-year-old girl in association with 
novobiocin administration.

6d.  Interference with liver function

Yellow discoloration of sclerae, commonly seen in patients 
treated with novobiocin, is usually due to transient deposi-
tion of a harmless pigment derivative of the drug. However, 
in young children novobiocin may interfere with bilirubin 
conjugation, resulting in hyperbilirubinemia. This is particu-
larly likely in newborns, in whom the enzyme systems for 
bilirubin conjugation are immature (Sutherland and Keller, 
1961). For this reason, novobiocin is contraindicated in infants 
younger than 1 month.

The serum bilirubin should be estimated if scleral discol-
oration appears in older children or adults. A normal biliru-
bin level indicates that the yellow color is due to novobiocin 
metabolites, and the drug need not be discontinued (Martin 
and Wellman, 1967).

7. CLINICAL USES OF THE DRUG

Novobiocin formerly had a role in the treatment of staphylococ-
cal infections. With the advent of the penicillinase-resistant 
penicillins and other antistaphylococcal agents, novobiocin is 
no longer used for this indication, except perhaps as an adjunct 
to other drugs for the treatment of methicillin-resistant 
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staphylococcal infections. For instance, novobiocin–sodium 
fusidate and novobiocin–rifampicin combinations have been 
used successfully to treat staphylococcal infections of this 
nature (Jensen, 1968). These combinations have been used 
only to prevent the emergence of further drug resistance 
among such strains, and there is no evidence that they act 
synergistically. With the emergence of more resistant staphy-
lococci, there is an increased interest in the drug. It has been 
used as a prophylactic agent in the prevention of catheter 
infections in cancer patients (Raad et al., 1998).

In an animal study, Quale et al. (1994) found the combi-
nation of novobiocin plus ciprofloxacin effective treatment 
for endocarditis caused by strains of E. faecium resistant to 
ampicillin, vancomycin, and aminoglycosides. Based on its 
good in vitro activity against E. faecium (French et al., 1993), 
an effort was made to treat and/or eradicate E. faecium 
(Montecalvo et al., 1995). Ten patients, including four bacte-
remic patients, were treated with novobiocin in combination 
with a tetracycline or rifampicin. The results were disap-
pointing, in that eradication was achieved in a minority of 
patients and novobiocin had to be stopped prematurely in six 
patients. Nevertheless, the authors concluded that further 
studies were warranted.
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Bacitracin and Gramicidin

Jean-Luc Murk and Jan Kluytmans

1. DESCRIPTION

1a.  Bacitracin

Bacitracin was first isolated in 1943 from a strain of Bacillus 
spp. that was originally classified as Bacillus subtilis (Johnson 
et al., 1945) but is now known as Bacillus licheniformis (Katz 
and Demain, 1977). The molecular formula is C66H103N17O16S 
(Figure 83.1), and it has a molecular weight of 1422.7. Bac
itracin consists of a mixture of related nonribosomally syn
thesized cyclic metallopolypeptides (bacitracin A, B, and C 
and several minor components), and variations in molecular 
weight have been described. Bacitracin A is the main compo
nent of bacitracin preparations (Stone and Strominger, 1971). 
It has a bactericidal effect on most Grampositive bacteria 
owing to its interference with bacterial cell wall formation. In 
humans, bacitracin’s toxicity mainly restricts its application 
to topical use. Bacitracin was (and sometimes still is) used as 
growth promoter in animal husbandry.

Trade names for bacitracin include AKTracin, Altracin, 
Ayfivin, Baciguent, Bacijel, Baciliquin, Baciim, Baciject, 
Bacirx, Fortracin, Parentracin, Penitracin, Zibarx, and 
Zutracin.

1b.  Gramicidin

The first clinically tested antibiotic was isolated from Bacillus 
brevis by Dubos in 1939 and named tyrothricin (Hotchkiss 
and Dubos, 1940; Dubos and Hotchkiss, 1941). Later it was 
shown that tyrothricin consisted of two antibiotics, gramici
din and tyrocidine. Gramicidin was the more active drug of 
the two and consists of a group of nonribosomally synthesized 
peptide antibiotics (gramicidin A, B, C, D, and S). Gramicidin 
S is the most active component; its molecular formula is 
C60H92N12O10 and its molecular weight is 1141.4 (Figure 83.2). 
It acts on the bacterial cell wall but is thought to exhibit 
multiple antimicrobial activities. Gramicidin is active against 
Grampositive cocci, but also appears to be active against Gram
negative bacilli and fungi. Its therapeutic use is limited to topical 
application because it induces hemolysis.

Trade names for gramicidin include Neosporin, AKSpore, 
Neocidin, Neocin PG, Neoptic, and Optimyxin Plus.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

BACITRACIN

Only limited recent susceptibility information is available for 
bacitracin and gramicidin.

Bacitracin is highly active against most Grampositive 
bacteria, particularly Staphylococcus aureus and Streptococcus 
pyogenes. Group C and G betahemolytic streptococci are gen
erally less susceptible, and group B streptococci are usually 
resistant (Baker et al., 1976; Finland et al., 1976). Susceptibility 
of Enterococcus species is variable, and high minimum inhib
itory concentrations (MICs) are frequently found (Mondy et 
al., 2001; Tran et al., 2015). Corynebacterium diphtheriae is 
susceptible. Clostridium difficile is commonly susceptible and 
the majority of strains are synergistically inhibited by the 
combination of bacitracin and rifampicin (Bacon et al., 1991). 
However, recent surveys show very high MICs in the major
ity of clinical isolates in some regions of the world (Citron et 
al., 2003; Mackin et al., 2015). Susceptibility of anaerobic 
bacteria is also variable (see Citron et al., 2003).

Pathogenic Neisseria (meningococci and gonococci) and 
Treponema pallidum are susceptible. Haemophilus influenzae 
is also susceptible, but other Gramnegative bacilli are resis
tant (Schalock and Zug, 2005). Acinetobacter species are typi
cally resistant to bacitracin, which is used by some laboratories 
for determination purposes. In addition, some archaea such 
as Methanobacterium, Methanococcus, Halococcus, and Per
kin sus marinus are susceptible. Unlike the penicillins, baci
tracin is also active against protoplasts.

The Clinical and Laboratory Standards Institute (CLSI) 
has not determined organismspecific MICs or disk diffusion 
standards for bacitracin because it is no longer used for the 
treatment of systemic infections or routinely tested in micro
biologic laboratories. However, for rapidly growing bacteria 
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Figure 83.1. Structure of bacitracin. 
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in general, the CLSI has established critical disk zone diame
ters: for a bacitracin tablet containing 40 units and a bacterial 
inoculum of 0.5 McFarland, a zone > 20 mm is susceptible; 
intermediate is between 19 and 17 mm; and resistant is < 16 
mm. The last reported wildtype distribution cutoff for 
Entero coccus faecalis and Enterococcus faecium was 32.0 mg/l 
(EUCAST, 2016).

In vitro studies have suggested that bacitracin also has 
some antiviral properties against HIV by inhibiting HIV fusion 
and by acting as virucidal agent (Ryser et al., 1994; Lara et al., 
2011).

GRAMICIDIN

Gramicidin is highly active against many Grampositive bac
teria including Staphylococcus, Streptococcus, and Entero coc cus 
species. Neisseria species are relatively resistant. Gram
negative bacilli including Pseudomonas aeruginosa are sus
ceptible, although conflicting data exist about the degree of 
susceptibility (Kondejewski et al., 1996; Zhang et al., 2000). 
Gramicidin has a bactericidal activity against Mycoplasma 
species and is known to be active against several Myco bac
terium species and several pathogenic fungi, including Candida 
albicans. Interesting to note, it also appears to have antiviral 
activity against HIV and herpes simplex viruses (HSV1, 
HSV2) (Bourinbaiar et al., 1994; Bourinbaiar and LeeHuang, 
1994; Bourinbaiar and Lee, 1996; Bourinbaiar and Coleman, 
1997).

2b.  Emerging resistance and 
cross-resistance

BACITRACIN

Recent systematic surveys of bacterial resistance of clinical 
isolates to bacitracin are not available. This is partially because 
of the uncertainty and debate on the right breakpoints for 
definitions of resistant and susceptible. EUCAST has pub
lished a guidance document on topical agents that could be 
used in the future (EUCAST, 2016). Resistance among staphy
lococci and streptococci is thought to be very low, but is 
occasionally reported (Schalock and Zug, 2005; Neely et al., 
2008; Pires et al., 2009). Several studies have shown frequent 
occurrence of high MICs in enterococci and C. difficile (Citron 
et al., 2003; Mondy et al., 2001; Tran et al., 2015; Mackin et 
al., 2015). Resistance is often related to the activity of ATP
binding cassette (ABC) transporters that may mediate active 
efflux of bacitracin (Charlebois et al., 2012; Geb hard et al., 
2003; Hiron et al., 2011; Pires et al., 2009).

GRAMICIDIN

Recent surveys of bacterial resistance to gramicidin are not 
available, but development of resistance is still thought to be 
very low despite its wide use in overthecounter products. 
One of the postulated explanations for this is that gramicidin 
targets multiple crucial pathways in the cell (Marr et al., 2006). 
Resistance of S. aureus to gramicidin S has been reported 
(Orlova et al., 2003).

3. MECHANISM OF DRUG ACTION

BACITRACIN

Bacitracin interferes with bacterial cell wall formation by 
inhibiting peptidoglycan synthesis, the major cell wall com
ponent in Grampositive bacteria. The lipid C55isoprenyl 
pyrophosphate (IPP) normally carries peptidoglycan units 
across the bacterial cell membrane. On delivery, the IPP is 
dephosphorylated by a membraneassociated pyrophospha
tase to C55isoprenyl phosphate (IP). This enables the lipid 
to bind new cargo. Mediated by a metal ion, bacitracin forms 
a complex with IPP that inhibits its dephosphorylation to  
IP. Consequently, the amount of IP decreases, whereby the 
formation of the bacterial cell wall is hindered (Stone and 
Strominger, 1971; Strominger, 1973). Bacitracin is also thought 
to damage the bacterial cytoplasmic membrane. It may be either 
bactericidal or bacteriostatic, depending on the susceptibil
ity of the infecting organism and local drug concentration. In 
addition, bacitracin has the ability to degrade nucleic acids 
and is particularly active against RNA (Ciesiołka et al., 2014).

GRAMICIDIN

The mechanisms of gramicidin’s bactericidal activity have 
not been fully elucidated. Gramicidin is known to alter the 
function of the bacterial cytoplasmic membrane by forming 
channels that destroy the ion gradient and make it permeable 
for inorganic cations (Carter and McCarty, 1966; Andersen 
et al., 2005; Pal et al., 2015). It may also be a potent and spe
cific inhibitor of the transcription reaction and inhibit the 
binding of DNAdependent RNA polymerase (transcriptase) 
to DNA (Dancer, 1977). Combination of gramicidin with 
polymyxin B has a synergistic bactericidal effect on P. aerugi
nosa (Berditsch et al., 2015). 

Gramicidin appears to have antiviral activity against HIV, 
HSV1, and HSV2 viruses (Bourinbaiar et al., 1994; Bourin
baiar and LeeHuang, 1994; Bourinbaiar and Coleman, 1997) 
and is also used as a contraceptive due to its spermostatic 
properties (Bourinbaiar and Lee, 1996).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Bacitracin is typically used topically and can be found in many 
overthecounter products that are used for wound care. It is 
available as cream, ointment, antibiotic spray, and powder 
and is frequently used in combination with neomycin and 
polymyxin B (triple antibiotic ointments) or with corticoste
roids. It is also present in many surgical irrigation solutions.

Bacitracin should not be administered intravenously 
because it causes severe thrombophlebitis. It can be injected 
intramuscularly or taken orally. If administered intramuscu
larly, the patient should be kept well hydrated and have an 
adequate urine production to avoid renal toxicity. In addi
tion, the pH of the urine should be kept at 6 or higher to 
decrease renal irritation. One unit is equivalent to 0.026 mg. 
Bacitracin should not be used orally or intramuscularly for 
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more than 12 days, although oral formulations have been 
used to treat C. difficile colitis for longer periods (Nelson, 2007).

Formulations for topical use typically contain 400–500 
units/g and should be applied several times per day in both 
adults and children. The ophthalmic ointment should be 
applied every 3–4 hours into the conjunctival sac for acute 
infections or two or three times per day for mild to moderate 
infections for 7–10 days. Irrigation solution containing 50– 
100 units/ml should be applied one to five times per day.

Like bacitracin, gramicidin appears in many overthe
counter preparations in combination with neomycin and 
polymyxin B (triple antibiotic ointments) or with corticoste
roids. Its use is restricted to topical applications on wounds 
(ointments, lotions) or as ear and eye drops. The dosage is 
usually 0.025 mg/g or 0.02–0.05 mg/ml—these are similar 
for adults and children.

4a.  Adults

The dosing regimen of bacitracin for C. difficile–associated 
colitis is 25,000 units four times per day for 7–10 days orally. 
Similar doses and doses up to 75,000 units four times per day 
have been used for attempted clearance of gut colonization 
with vancomycinresistant enterococci (VRE)—although such 
use is offlabel. If administered intramuscularly, doses of 
10,000–25,000 units may be given every 6 hours; the maxi
mum dose is 100,000 units/day.

4b.  Newborn infants and children

The dosing regimen of bacitracin in children is 800–1200 
units/kg/day divided into three doses; for infants < 2.5 kg, 
900 units/kg/day is given in two or three divided doses.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

Because of their toxicity and the availability of other more active 
antibiotics, bacitracin and gramicidin are mainly used topically. 
Thus, pharmacokinetics and pharmacodynamic features of 
bacitracin and gramicidin have little clinical relevance.

5a.  Bioavailability

Absorption of bacitracin is poor from skin, skin wounds, pleura, 
synovia, and mucous membranes, including the gut. It is not 
absorbed by bladder irrigation, but absorption can occur during 
peritoneal or mediastinal lavage, leading to serum levels com
parable with those obtained after parenteral administration 
(Wes terman, 1983).

5b.  Drug distribution

Bacitracin absorption rapidly follows intramuscular admin
istration. Doses of 200–300 units per kg body weight admin  
istered every 6 hours produce plasma concentrations of up to 
2 units/ml (Martindale, 1982).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

With intramuscular injection, bacitracin reaches its peak con
centration in the blood after 1 to 2 hours. Plasma protein 
binding is minimal. Bacitracin readily diffuses into the pleu
ral and ascitic fluids but does not penetrate into the cerebro
spinal fluid (CSF), even if the meninges are inflamed.

5d.  Excretion

Within 24 hours, 10–40% of serum bacitracin is excreted in 
the urine. A considerable proportion of any bacitracin dose 
cannot be accounted for and is thought to be either destroyed 
or retained in the body (McEvoy, 1993).

5e.  Drug interactions

Because of bacitracin’s nephrotoxicity, extra caution is needed 
for combinations with other nephrotoxic drugs. Bacitracin can 
increase the action of neuromuscular blocking agents and 
anesthetics.

6. ADVERSE REACTIONS AND TOXICITY

While bacitracin is associated with numerous toxicities, top
ical gramicidin is associated with virtually no side effects, 
apart from some incidental reports of allergic reactions. 
However, nontopical formulations of gramicidin are toxic to 
blood (especially erythrocytes and platelets), liver, kidneys, 
meninges, and the olfactory apparatus. The following sum
mary therefore refers to bacitracin only.

6a.  Nephrotoxicity and thrombophlebitis

Nephrotoxicity (tubular and glomerular necrosis) and throm  
bophlebitis are the main toxic effects of bacitracin if it is 
administered systemically or intramuscularly. The renal tox
icity of this drug may be largely a result of the fact that it 
causes renal vasoconstriction (Drapeau et al., 1992). Nephro 
toxicity usually does not occur in infants. Because the neph
rotoxic effects may be additive, the concurrent or sequential 
use of systemic bacitracin with other nephrotoxic drugs should 
be avoided.

6b. Hypersensitivity reactions

Because of its wide use in overthecounter preparations, bac 
itracin was proclaimed contact allergen of the year in 2003 
(Sood and Taylor, 2003). The North American Contact Der
ma titis Group identified it as the ninth most common aller
gen in 1998–2000. It caused 9.2% of positive reactions and 
was especially important in patients with longstanding 
venous ulcers and eczema. It is important to note that adverse 
hypersensitivity reactions to bacitracin are often overlooked, 
because their presentation can closely resemble cellulitis 
or  the initial infected wound (Schalock and Zug, 2005). 
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Lifethreatening anaphylaxis has been reported with topical 
use (Saryan et al., 1998). In the formulations in which baci
tracin is combined with corticosteroids, the clinical signs of 
infection or hypersensitivity may be suppressed. Because of 
the toxicity risks and development of hypersensitivity, baci
tracin should be used only for a short period when no alter
natives that are less toxic are available.

6c. Other common side effects

Other adverse reactions include anaphylaxis, hypotension, 
facial edema, urticaria, rash, diaphoresis, and blood dyscra
sias, such as eosinophilia. When it is taken orally, it can 
induce anorexia, nausea, vomiting, and diarrhea. Cases of 
bacitracinassociated paresthesias, fever, and bone marrow 
toxicity have also been described. Respiratory paralysis may 
occur in patients with a neuromuscular disease, such as myas
thenia gravis. The use of bacitracin can result in overgrowth 
of nonsusceptible organisms, such as Candida species.

6d. Effects in pregnancy

Bacitracin is classified as a Food and Drug Administration 
(FDA) pregnancy risk category C agent, which means that 
studies in animals have revealed adverse effects on the fetus 
(teratogenic, embryocidal, or other), that there have been no 
controlled studies in women, or that studies in women and 
animals are not available. Drugs should be given only if the 
potential benefit justifies the potential risk to the fetus.

7. CLINICAL USES OF THE DRUG

The key clinical indications for these agents relates to baci
tracin. Gramicidin use is restricted to topical applications on 
wounds or as ear and eye drops. Although there is research 
into developing less toxic analogs that still exhibit the same 
wide range of bactericidal activity, no new gramicidinlike 
polypeptides are currently available. However, gramicidin is 
used in some countries as a topical contraceptive because it 
has spermostatic activity (Bourinbaiar et al., 1994). Thus, the 
following clinical uses relate solely to bacitracin.

7a. Topical use

Bacitracin is mainly used topically for the treatment of skin, 
eye, and ear infections, and the prevention of wound infec
tions. It is especially used for minor skin injuries, such as 
cuts, scrapes, or burns. Although it has been in use for almost 
half a century, it has only quite recently been recognized as a 
potent sensitizer, with occasional anaphylaxis. Thus, bacitra
cin should be used with caution.

The value of bacitracin in the prevention of wound infec
tions after clean surgical procedures is doubtful. A random
ized, doubleblind study that evaluated approximately 1200 
surgical wounds and compared bacitracin with white petro
latum for postoperative dressings demonstrated petrolatum 
to be equally as effective for postoperative wound care as 

bacitracin. The important advantage of white petrolatum over 
bacitracin was that its application led to a significantly lower 
rate of contact allergy. Other studies that have compared top
ical antimicrobial agents for use on clean surgical wounds 
have confirmed that such protocols do not improve healing 
or reduce the infection rate (Smack et al., 1996; Bigby, 2007).

7b.  Clostridium difficile–associated 
diarrhea

Bacitracin can be orally administered to treat C. difficile coli
tis (25,000 units four times daily), although it is not the ther
apy of choice (Chang et al., 1980; Tedesco, 1980; Young et al., 
1985; Nelson, 2007). Some strains of C. difficile are highly 
resistant to bacitracin (Bartlett, 1992; Citron et al., 2003; Mackin 
et al., 2015). In the treatment of C. difficile colitis, bacitracin 
has the advantage that it is cheap. However, in terms of bac
teriologic resolution, bacitracin is not very effective—thereby 
potentially increasing the risk that C. difficile may be spread 
to other patients (Young et al., 1985).

6c. Other uses

Similar oral doses of bacitracin to those used for C. difficile 
colitis and doses up to 75,000 units four times per day have 
been used in attempts to clear gut colonization with VRE—
but such therapy appears to ineffective, perhaps because of 
frequent resistance of enterococci to bacitracin (Kauffman, 
2003; Mondy et al., 2001; Tran et al., 2015).

Solutions with bacitracin have been administered intra
thecally, intraperitoneally, intrapleurally, and synovially for 
the respective treatment of meningitis, peritonitis, pleuritis, 
and osteomyelitis. There is, however, a lack of evidence and 
research on the effectiveness of these uses (McEvoy, 1993).

In veterinary practice, bacitracin has been widely used as 
a growth stimulant.
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Mupirocin

Nelianne J. Verkaik and Margreet C. Vos

1. DESCRIPTION

Mupirocin, formerly called pseudomonic acid A, is a natu-
rally occurring antibiotic that was originally isolated as a fer-
mentation product from Pseudomonas fluorescens. It binds 
reversibly to the bacterial isoleucyl transfer-RNA synthetase 
and thereby inhibits bacterial protein and RNA synthesis, 
ultimately leading to bacterial death (Poovelikunnel et al., 
2015). This mechanism of action is unique among antibiotics 
and thus circumvents the development of antibiotic cross- 
resistance, but not resistance. The structural formula is 
C26H44O9 and the molecular weight is 500.622 g/mol. The 
chemical structure of mupirocin is shown in Figure 84.1.

Mupirocin is exclusively used topically because it is rap-
idly inactivated in plasma. It is registered for treatment of 
superficial infections, particularly caused by staphylococci 
and streptococci, and to eliminate nasal carriage of Staphy
lococcus aureus. It is available as cream or ointment. Trade 
names for mupirocin include Bactroban, Centany, Pseudo-
monic acid A, and Turixin.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Mupirocin is active against a wide range of Gram-positive 
and some Gram-negative bacteria (Sutherland et al., 1985). 

The drug is more active in acid medium, has bacteriostatic 
properties at minimum inhibitory concentrations (MICs), 
and is bactericidal at higher concentrations. 

GRAM-POSITIVE BACTERIA

Mupirocin is active against S. aureus including beta- 
lactamase-producing, methicillin-resistant strains (Casewell 
and Hill, 1985, Ward and Campoli-Richards, 1986). The 
minimal bactericidal concentration (MBC) against S. aureus 
is 8- to 32-fold higher than its MIC (Sutherland et al., 1985; 
Casewell and Hill, 1987; Aldridge, 1992; Maple et al., 1992). 
Mupirocin is equally active against coagulase-negative staph-
ylococci, such as Staphylococcus epidermidis, Staphylococcus 
saprophy ticus, Staphylococcus hominis, and Staphylococcus 
hae moly ticus. Micrococcus species are naturally resistant to 
mupirocin. Beta-hemolytic streptococci of groups A, B, C, 
and G; viridans streptococci; and Streptococcus pneumoniae 
are susceptible to 0.12–0.5 mg of mupirocin per liter, but the 
group D enterococci, Enterococcus faecalis and Enterococcus 
faecium, and the nonenterococcal Streptococcus bovis are 
relatively insensitive, with MICs of 32–64 mg/l. For Gram-
positive rods such as Erysipelothrix rhusiopathiae and Lis
teria monocytogenes, the MIC is 8.0 mg/L. Corynebacterium 
spp. and the anaerobic Gram-positive bacteria, such as 
Peptococcus, Pepto strepto coc cus, and Clostridium spp., and 
Propionibac terium acnes are resistant (Ward and Campoli-
Richards, 1986).

Figure 84.1. Chemical structure of 
mupirocin.
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GRAM-NEGATIVE BACTERIA

Gram-negative bacteria are resistant to mupirocin, with the 
exception of Haemophilus influenzae, Neisseria gonorrhoeae, 
Neisseria meningitidis, Moraxella catarrhalis, Bordetella per
tussis, and Pasteurella multocida (Ward and Campoli-Richards, 
1986). 

2b.  Emerging resistance and 
cross-resistance

Resistance to mupirocin is acquired by changes in the 
 isoleucyl–tRNA synthetase that result in restricted access of 
mupirocin to its binding site (Capobianco et al., 1989; Hurdle 
et al., 2004). Resistance has been detected in methicillin-sen-
sitive Staphylococcus aureus (MSSA) and borderline-resistant 
and methicillin-resistant Staphylococcus aureus (MRSA) 
(Layton and Patterson, 1994). The prevalence of mupirocin 
resistance in S. aureus ranges between 1% and 81%, depend-
ing on the setting in which this has been measured (Miller 
et al., 1996; Netto dos Santos et al., 1996; Deshpande et al., 
2002; Jones, 2003; Mulvey et al., 2005; Poovelikunnel et al., 
2015).

In staphylococci, mupirocin resistance can be either low 
level or high level. Frequency differs by country and setting 
(Poovelikunnel et al., 2015). The MIC breakpoints of low- 
and high-level resistance are not universally accepted. MIC 
values between 8 and 256 mg/l are commonly interpreted as 
indicating low-level resistance, whereas MICs > 512 mg/l 
indicate high-level resistance (Cookson et al., 1990; Gilbart 
et al., 1993; Janssen et al., 1993; Hodgson et al., 1994; Morton 
et al., 1995; Eltringham, 1997; Cookson, 1998; Patel et al., 2009). 
There is no consensus about the methods and criteria that 
differentiate the two levels of resistance by disk diffusion 
(Fuchs et al., 1990; Finlay et al., 1997; Creagh and Lucey, 
2007; de Oliveira et al., 2007).

Low-level resistance is the result of point mutations in  
the chromosomally located ileS gene, which codes for the 
isoleucyl–tRNA synthetase. Many clinical isolates carry the 
V588F point mutation (Cookson, 1998; Antonio et al., 2002; 
Fujimura et al., 2003). The clinical significance of low-level 
resistance is unclear—for example, the association between 
low-level mupirocin resistance and the outcome of mupiro-
cin decolonization (Patel et al., 2009). 

High-level mupirocin resistance in S. aureus is mediated 
by acquisition of a plasmid containing the mupA gene, which 
encodes an alternative isoleucyl–tRNA synthetase (ileS2) (Far-
mer et al., 1992). These mobile elements can be transferred 
from coagulase-negative staphylococci to S. aureus (Hodgson 
et al., 1994; Hurdle et al., 2005) Molecular studies indicate 
that nearly all S. aureus isolates with high-level mupirocin 
resistance possess the mupA gene; low expression of the ileS2 
gene has been described among low-level resistant isolates. 
High-level resistance can also be mediated by the relatively 
new mupB gene (Seah et al., 2012). The mupB gene shares 
66% sequence identity with mupA and 46% with ileS 

(Poove likunnel et al., 2015). High-level mupirocin resistance 
is associated with failure of nasal decolonization with mupi-
rocin (Walker et al, 2003). Among MRSA isolates, the pres-
ence of the qacA and/or qacB gene, encoding resistance to 
chlorhexidine, ranges from 65–91%, which, along with low-
level mupirocin resistance, is associated with failed nasal 
decolonization (Lee et al., 2011).

Mupirocin resistance more likely arises if mupirocin is 
used for prolonged periods (Miller et al., 1996; Netto dos 
Santos et al., 1996; Vasquez et al., 2000; Poovelikunnel et al., 
2015). Higher rates of resistance also develop if it is used in 
patients with indwelling foreign bodies, such as nasal feeding 
tubes, tracheostomies, and nasotracheal tubes. In large decu-
bitus ulcers, staphylococci may not be eradicated and mupi-
rocin-resistant strains are likely to develop (Neu, 1990). 
Resistance development is less likely if the drug is used short 
term in outbreak situations (Kauffman et al., 1993), although 
recently acquisition of high-level mupir o cin resistance among 
coagulase-negative staphylococci after nasal decolonization 
with mupirocin has been described (Hetem et al., 2015). In 
addition, a second study showed emergence of high-level 
mupirocin resistance in coagulase-negative staphylococci 
associated with short-term mupirocin use (Bathoorn et al., 
2012).

There is no cross-resistance between mupirocin and any 
of the major groups of antibiotics. However, the presence of 
ileS2-carrying plasmids has been associated with resistance 
to other antibiotics such as clindamycin, tetracycline, and 
levofloxacin (Han et al., 2007). 

3. MECHANISM OF DRUG ACTION

Antibacterial activity of P. fluorescens was first recorded in 
1887 by Baader and Garre (quoted by Casewell and Hill, 
1985), but it was not until 1971 that Fuller et al. isolated 
mupirocin, the major metabolite that accounted for most 
of this activity (Fuller et al., 1971; Casewell and Hill, 1985; 
Baader and Garre, 1887). Mupirocin contains the biogeneti-
cally unique 9-hydroxy-nonanoic acid moiety, a molecule 
that has some resemblance to isoleucyl and binds reversibly 
to the class I isoleucyl–tRNA synthetase from several eubac-
teria (Chain and Mellows, 1977; Alexander et al., 1978; Hughes 
and Mel lows, 1980). The synthetase is responsible for the for-
mation of isoleucyl–tRNA by means of the aminoacylation 
of isoleucine to the cognate tRNA.

Isoleucyl–tRNA synthesis occurs in two steps. First, the 
intermediate isoleucyl-adenylate (isoleucyl–adenosine mono - 
phosphate [AMP]) is generated from isoleucine and adenos-
ine triphosphate (ATP). The second step involves the transfer 
of this intermediate to the 3′-terminus of the correspond-
ing tRNA. This isoleucyl–tRNA complex subsequently deliv-
ers the isoleucines to ribosomes during protein synthesis. 
Mupirocin acts as an analog of isoleucyl-AMP by binding to 
the catalytic cleft of the tRNA synthetase, called the Rossman 
fold domain. Competitive inhibition of this enzyme arrests 
protein synthesis (Hughes and Mellows, 1978). 
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4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Mupirocin is exclusively used topically as cream or ointment. 
It is well absorbed after oral and parenteral administration, 
but its serum concentrations are short-lived owing to exten-
sive degradation to monic acid, an inactive metabolite 
(Suther land et al., 1985).

For treatment of skin infections such as impetigo, mupi-
rocin is available as 2% ointment in polyethylene glycol base. 
This base is, however, an irritant to mucous membranes, 
open wounds, or burns. For treatment of these areas, another 
formulation of the agent, 2% calcium mupirocin in a white 
soft-paraffin base, has been developed. This is suitable for 
application to the nasal mucosa (Casewell and Hill, 1987; 
Doebbeling et al., 1993).

The dose is similar for all patients, regardless of age. The 
ointment or cream is applied locally to lesions two or three 
times daily for up to 10 days, depending on the clinical indi-
cation and response (see section 7, Clinical uses of the drug).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

Mupirocin is poorly absorbed through the intact human skin 
(less than 0.24%). If it enters the circulation (e.g. through 
wounds), 97% binds to serum proteins (plasma binding). 
Mupirocin is rapidly metabolized in the liver, with a half-life 
of 20–40 minutes, and is converted to the microbiologically 
inactive and nontoxic metabolite monic acid (Sutherland et 
al., 1985). Excretion is mainly by the kidney (90%). The rapid 
inactivation in plasma and high plasma binding make mupi-
rocin unsuitable for systemic use. 

6. ADVERSE REACTIONS AND TOXICITY

Mupirocin is well tolerated. Less than 2% of users of topical 
treatment report burning, stinging, pain, or headache; 1% 
complain about itching. Less than 1% report rash, erythema, 
dry skin, tenderness, swelling, increased exudate, contact 
der matitis, or nausea. Mupirocin formulations containing 
polyethylene glycol should be used with caution in patients 
with moderate or severe renal impairment. The excretion of 
polyethylene glycol may be impaired and could lead to neph-
rotoxicity and severe metabolic disturbances.

6a.  Hypersensitivity reactions

Cutaneous sensitization reactions to mupirocin or the oint-
ment base and systemic allergic reactions have been reported, 
although these reactions are very rare.

6b.  Risks in pregnancy and lactation

The safety of mupirocin in pregnancy and lactation has not 
been established. Mupirocin is considered a low risk to the 

nursing infant because less than 1% is absorbed after topical 
application (Leachman and Reed, 2006). It is Food and Drug 
Administration (FDA) pregnancy risk category B, which 
means that animal reproduction studies have not demon-
strated a fetal risk but there are no controlled studies in preg-
nant women, or that animal reproduction studies have shown 
an adverse effect (other than a decrease in fertility) that was 
not confirmed in controlled studies in women in the first tri-
mester (and there is no evidence of a risk in later trimesters).

7. CLINICAL USES OF THE DRUG

Mupirocin is indicated for the topical treatment of localized 
primary and secondary bacterial skin infections caused by 
S. aureus, S. pyogenes, and other susceptible organisms. It is 
furthermore used to eradicate S. aureus carriage, including 
MRSA, and to prevent nosocomial S. aureus infections (for 
an overview of important clinical trials, see Table 84.1). 

7a.  Skin infections

PRIMARY SKIN INFECTIONS (IMPETIGO, 
FOLLICULITIS, FURUNCULOSIS, AND ECTHYMA)

Primary skin infections are typically caused by a single 
organ ism, which most often is S. aureus or S. pyogenes. These 
organisms are generally sensitive to mupirocin. For the treat-
ment of localized impetigo without systemic symptoms, 
mupirocin can be used. It should be applied three times per 
day for 3–5 days (Cole and Gazewood, 2007).

S. aureus is often the causative agent of recurrent folliculi-
tis and furunculosis. When associated with nasal colonization, 
treatment should be directed at eradicating staphylococcal 
carriage (see section 7b). In a placebo-controlled study that 
involved 34 immunocompromised patients, mupirocin oint-
ment twice daily in the anterior nares for the first 5 days each 
month reduced the number of recurrences within 1 year by 
~  50% (26 infections in 10/17 treated patients versus 62 
infections in the placebo group in 15/17 patients) (Raz et al., 
1996; Stevens et al., 2005). Recently, for recurrent furuncu-
losis the efficacy and safety of a regimen consisting of skin 
disinfection with chlorhexidine for 21 days, nasal mupirocin 
for 5 days, and clindamycin for 21 days was reported, with 
87% remission beyond 9 months (Davido et al., 2013).

SECONDARY SKIN INFECTIONS  
(INFECTED DERMATOSES)

Secondary skin infections include infected eczema, infected 
intertrigo, and infected traumatic lesions such as insect bites, 
minor wounds, and burn wounds. In these conditions more 
than one organism may be isolated, although S. aureus or  
S. pyogenes is often the causative pathogen, with less patho-
genic bacteria such as Gram-negatives occasionally present 
(Dux et al., 1986; Gratton, 1987; Welsh and Saenz, 1987; 
Breneman, 1990). Mupirocin is effective for the treatment of 
staphylococci and streptococci, but if Gram-negative patho- 
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gens require treatment, combination preparations of topical 
antimicrobials to achieve broader spectrum may be used (e.g. 
polymyxin B, neomycin, and bacitracin).

Recently, it was shown that although S. aureus carriage is 
a significant risk factor for development of burn wound col-
onization, the routine use of nasal mupirocin did not 

contribute to a reduction in burn wound colonization 
(Jaspers et al., 2014). However, a different study showed that 
topical administration of mupirocin did reduce the bacterial 
colonization rate at central venous catheter (CVC) tips and 
the incidence of central line–associated bloodstream infec-
tions in patients with major burns (Tao et al., 2015).

Table 84.1. Major clinical studies and reviews evaluating the effect of mupirocin treatment.

Clinical use Type of study Outcome References

Impetigo A Cochrane review evaluating 12 
studies and a meta-analysis that 
assessed 16 studies on the 
treatment of impetigo

Topical antibiotics are more 
effective than placebo. Localized 
disease should be treated with 
mupirocin or fusidic acid (equally 
effective). Oral antibiotics should 
be given for extensive or systemic 
disease and if intolerance to 
mupirocin exists.

George and Rubin, 2003; Koning et 
al., 2004; Cole and Gazewood, 
2007

Wound infection 
prophylaxis on 
clean surgical 
wounds

A blinded randomized clinical trial 
that assessed the effect of 
mupirocin ointment on clean 
surgical wounds before applica-
tion of occlusive dressing in 
comparison with no ointment or 
sterile paraffin; 1801 clean 
surgical wounds from 778 patients 
were included in the trial; 510 
wounds were left without 
ointment, 729 received paraffin 
ointment, and 562 wounds 
received mupirocin ointment.

No significant differences in 
outcome for all end points 
evaluated. There was no 
difference in infection rate, 
postoperative pain, degree of 
inconvenience, and overall level 
of satisfaction with treatment. 
Conclusion: Immediate mupirocin 
ointment on clean surgical 
wounds does not benefit the 
patient

Dixon et al., 2006; Bigby, 2007

Eradication of 
nasal carrier 
state of 
Staphylococcus 
aureus/MRSA

Multiple trials have been performed 
to evaluate the effectiveness of 
mupirocin therapy for (1) the 
elimination of S. aureus carriage; 
(2) the elimination of MRSA 
carriage (either in the community 
or nosocomial); (3) the prevention 
of postsurgical infections; and (4) 
the prevention of S. aureus 
infections in other high-risk 
groups such as dialysis patients.

The effectiveness of mupirocin 
therapy has long been debated.

 (1, 2) Mupirocin application in the 
anterior nares should be com- 
bined with antiseptic washes or 
additional oral antibiotics for an 
optimal eradication.

 (3) Most clinical trials failed to 
show a significant effect of 
mupirocin prophylaxis, although 
they consistently showed a lower 
infection rate in S. aureus carriers. 
After pooling of the data from 
four large randomized clinical 
trials, a significant decrease in 
postsurgical S. aureus infections 
was seen in carriers who had 
undergone eradication therapy.

 (4) Eradication also decreases 
infection rates in dialysis patients, 
but this is complicated by 
development of mupirocin 
resistance and is therefore not 
recommended

Original research papers of clinical 
trials:

 (1) Wertheim et al., 2005b;
 (2) Harbarth et al., 1999; Muller et 

al., 2005; Ellis et al., 2007; Hansen 
et al., 2007; Simor et al., 2007; 
Bode et al., 2010

 (3) Kluytmans et al., 1996b; 
Gernaat-van der Sluis et al., 1998; 
Cimochowski et al., 2001; Kalmeijer 
et al., 2002; Perl et al., 2002; 
Garcia et al., 2003; Perl, 2003; 
Wertheim et al., 2004; Konvalinka 
et al., 2006; Bode et al, 2010 (4) 
Boelaert et al., 1989; Kluytmans et 
al., 1996a; Mupirocin Study Group, 
1996; Laupland and Conly, 2003; 
Loeb et al., 2003 

 Reviews: Kluytmans and Wertheim, 
2005; Wertheim et al., 2005a; 
Trautmann et al., 2008; van Rijen et 
al., 2008 

Abbreviation: MRSA: methicillin-resistant Staphylococcus aureus.
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7b.  Eradication of methicillin-susceptible or 
methicillin-resistant Staphylococcus 
aureus carriage

S. aureus carriage is a well-known risk factor for the devel-
opment of various infections including recurrent superficial 
skin infections, S. aureus bacteremia, and postsurgical wound 
infections. Hemodialysis patients, intensive care unit (ICU) 
patients, HIV-infected patients, patients with liver cirrhosis, 
and liver transplant patients are especially at risk for these 
infections (Kluytmans and Wertheim, 2005; Wertheim et al., 
2005a). The application of mupirocin in the anterior nares in 
combination with antiseptic washes is now a common eradi-
cation therapy.

Many different strategies to eradicate S. aureus in carriers 
have been tried, including vaccination, bacterial interfer-
ence, antibiotic monotherapy, combination therapy, topical 
therapy, and systemic therapy—all with or without antisep-
tics (Casewell and Hill, 1986; Hill et al., 1988; Cederna et al., 
1990; Darouiche et al., 1991; Reagan et al., 1991; Doebbeling 
et al., 1993; Kauffman et al., 1993; Leigh and Joy, 1993; Doeb-
beling et al., 1994; Fernandez et al., 1995; Parras et al., 1995; 
Loeb et al., 2003; Perl, 2003; Kluytmans and Wertheim, 2005; 
Falagas et al., 2007; van Rijen et al., 2008; Bode et al., 2010). 
Intranasal application of mupirocin has been widely used 
and studied. It is an attractive method because it has few side 
effects, can be easily applied, is effective only topically, 
induces no cross-resistance to other antibiotics, and does not 
belong to the same class of drugs as many important paren-
teral antibiotics.

A 5-day treatment with nasal mupirocin, applied to the 
anterior nares twice per day, eliminates S. aureus in about 
80% of carriers when the eradication rate is measured shortly 
after completion of therapy (Reagan et al., 1991; Laupland 
and Conly, 2003; van Rijen et al., 2008). Nasal carriage is 
usually eliminated within the first 48 hours of treatment 
(Casewell and Hill, 1986; Hill et al., 1988; Reagan et al., 1991). 
However, re-colonization with S. aureus from untreated 
body parts or the environment can occur frequently. A study 
that assessed the long-term effect of a single 5-day applica-
tion of intranasal mupirocin in 68 healthy volunteers with 
stable S. aureus carriage found that at 6 months, nasal car-
riage was present in 48% of the treatment group versus 72% 
of placebo-treated controls. After 1 year, nasal carriage was 
53% in the treated group versus 76% in controls. About half 
of the treated subjects who were positive for S. aureus were 
re-colonized with a new strain; the other half had retained 
the original strain (Doebbeling et al., 1994).

Mupirocin has been the subject of several trials evaluating 
its usefulness for the eradication of nasal MRSA carriage (Hill 
et al., 1988; Cederna et al., 1990; Darouiche et al., 1991; Kauff-
man et al., 1993; Parras et al., 1995; Buehlmann et al, 2008; 
Mollema et al., 2010; Ammerlaan et al, 2009; Ammer laan 
et  al, 2011). In the ICU, intranasal mupirocin application 
appears to be an effective measure to prevent ICU-related 
MRSA infections (Muller et al., 2005). However, this was not 

a well-designed clinical trial (Wertheim and Vos, 2005). The 
outcomes of most trials suggest that mupirocin alone is not 
sufficient for long-term MRSA eradication and should be 
combined with antiseptics or other antibiotics (Simor et al., 
2007). In settings where MRSA is endemic, nasal mupirocin 
eradication has limited value (Harbarth et al., 1999). A recent 
large-cluster randomized, double-blind, placebo-controlled 
trial analyzing the value of mupirocin for the eradication 
of community-acquired MRSA indicated that a 5-day treat-
ment of nasal carriers with mupirocin does not lead to MRSA 
eradication and reduction of infection (Ellis et al., 2007).

An example of a strategy to eliminate MRSA carriage is as 
follows: the carrier should apply mupirocin ointment in the 
anterior nares twice a day for 5 days and wash the hair and 
skin daily with an antiseptic lotion containing chlorhexidine. 
Application of mupirocin alone has been shown to reduce 
the S. aureus carriage rate in carriers to about 40–50% up to 
1 year after treatment (Bulanda et al., 1989; Doebbeling et al., 
1994). If eradication fails, combination therapy of oral clin-
damycin and rifampicin for 7 days plus nasal mupirocin and 
antiseptic washes can be tried. This regimen should be accom-
panied by proper hygienic measures, such as daily changing 
of towels, clothes, underwear, and pajamas and regular chang-
ing of bed linen, and treatment of other S. aureus carriers in 
the household, including animals. 

7c.  Intranasal mupirocin to prevent 
nosocomial S. aureus infections

Several large clinical trials have been performed to assess the 
effect of nasal S. aureus eradication by mupirocin on the nos-
ocomial infection rate (see Table 84.1). Perl et al. included 
3864 surgical patients in a randomized trial that compared 
the postsurgical wound infection rate in patients who had 
received placebo or nasal S. aureus eradication by mupirocin. 
Among the 891 S. aureus carriers that were included, 4.0% 
of the mupirocin-treated group had nosocomial S. aureus 
infections compared with 7.7% in the placebo group—a sig-
nificant difference. Thus, prophylactic mupirocin treatment 
significantly decreased the rate of nosocomial S. aureus 
infections among S. aureus carriers (Perl et al., 2002, 2003).

Several other studies yielded comparable results, with 
no significant differences in overall S. aureus infection rate, 
despite a positive trend toward a beneficial effect with mupi-
rocin (Kalmeijer et al., 2002; Garcia et al., 2003; Wertheim et 
al., 2004; Konvalinka et al., 2006). A meta-analysis of four 
randomized controlled studies focusing specifically on the  
S. aureus infection rate in nasal carriers showed that mupiro-
cin prophylaxis led to a significant reduction in the number 
of postoperative S. aureus infections among carriers (van 
Rijen et al., 2008). These results have been confirmed by a 
randomized, double-blind placebo-controlled multicenter 
trial in the Netherlands (Bode et al., 2010). The prophylactic 
eradication of S. aureus carriage in patients groups at risk 
for endogenous infections is therefore recommended. These 
patient groups generally include surgical patients. 
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The beneficial effect of prophylactic mupirocin eradica-
tion therapy in dialysis patients remains controversial (Boe-
laert et al., 1993; Kluytmans et al., 1996a; Mupirocin Study 
Group, 1996; Laupland and Conly, 2003). Dialysis patients 
are frequently re-colonized with S. aureus and are at risk for 
the development of mupirocin-resistant strains as a result of 
the frequent use.

7d.  Prophylaxis of wound infections

Local mupirocin application is not indicated for the prophy-
laxis of clean surgical wounds. One double-blind random-
ized clinical trial involving 1801 wounds compared 510 clean 
surgical wounds left without ointment, with 729 wounds 
treated with paraffin ointment and 562 wounds treated with 
mupirocin; no significant differences in the frequency of 
infections, wound healing, or postoperative pain were noted 
(see Table 84.1). Thus, routine topical application of mupiro-
cin or other antibiotics to surgical wounds is not indicated 
and may lead to the emergence of antibiotic resistance 
(Smack et al., 1996; Dixon et al., 2006).
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Clindamycin and Lincomycin
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1. DESCRIPTION

The lincosamides were discovered in the late 1950s (DeBoer 
et al., 1955). Lincomycin was isolated in 1962 via fermenta
tion from a strain of Streptomyces lincolnensis obtained from 
a soil sample near Lincoln, Nebraska (Lewis et al., 1962). 
Although many synthetic and semisynthetic derivatives of 
the lincosamides exist, only two of them—lincomycin (Lin
cocin, Lincorex, LMycin) and clindamycin (Cleocin, Cleo cin 
Phosphate, Dalacin, Sobelin, Evoclin, Clindesse, Clindagel, 
Cleocin T)—were developed for clinical practice. Clinda my cin, 
a derivative of lincomycin, is 7chloro7chlorodeoxylin
comyin and differs from lincomycin by the presence of a 
methoxy group as a replacement for a hydroxyl group at 
position 7 on the molecule. Pirlimycin hydrochloride (Pir
sue), the 4-cisethyllpipecolic derivative of clindamycin, is 
another lincosamide and is currently used in veterinary 
medicine. The lincosamides are composed of an amino acid 
unit connected to a sugar via an amide bond. The molecular 
weights of lincomycin and clindamycin are 406.54 g/mol and 
424.98 g/mol, respectively. The chemical formula for linco
mycin is C18H34N2O6S and for clindamycin is C18H33CIN2O5S. 
Their chemical structures are shown in Figure 85.1. 

Because clindamycin has superior microbiologic activity 
and bioavailability, lincomycin is infrequently used clinically 
today. Lincomycin is still available in some countries, pri
marily for topical use. Therefore the information discussed 
in this chapter applies primarily to clindamycin. 

The lincosamides share certain biologic characteristics with 
the macrolides and streptogramins, depending on which 
bacterial species is being evaluated. The lincosamides inhibit 
protein synthesis by binding to the 50S subunit of the ribo
some, having a bacteriostatic effect at inhibitory concentra 
tions. Clin damycin is active against most Grampositive aero
bic bacteria, many anaerobes, and protozoa. Aerobic Gram
negative bacteria are usually not susceptible. Clin da mycin is 
available parenterally as clindamycin phosphate, and orally 
as clindamycin palmitate and clindamycin hydrochloride. 
Clindamycin can be given intramuscularly, intravenously, or 

orally, and is also available as a vaginal ovule or for topical 
administration as a wipe, solution, gel, lotion, foam, or cream. 

2. ANTIMICROBIAL ACTIVITY 

2a.  Routine susceptibility

Although distinctly different classes of antimicrobials, the 
antibacterial spectrum of clindamycin is similar to that of  
the macrolides, the streptogramins, and chloramphenicol. 
There are, however, some important differences between the 
lincosamide and macrolide antibiotics. Whereas erythromy
cin has moderate activity against Enterococcus species and 
Haemophilus influenzae, clindamycin is basically considered 

Figure 85.1. Molecular structure of (a) lincomycin and 
(b) clindamycin.
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inactive against these microorganisms. Clindamycin is active 
against most aerobic Grampositive bacteria such as the 
staphylococci (including some methicillinresistant isolates), 
most pneumococci (including penicillinresistant Strepto-
coccus pneumoniae), and other streptococcal microorgan
isms, but it is does not have activity against either Enterococcus 
faecalis or Enterococcus faecium. Gramnegative bacteria are 
generally resistant to the lincosamides. The in vitro activity 
of clindamycin against Bacteroides fragilis is not diminished 
when the pH is lowered, during incubation, by the addition 
of carbon dioxide (Kislak, 1972). In addition, the in vitro 
activity of clindamycin is not affected by variations in inocu
lum size (Meyers et al., 1969). 

GRAM-POSITIVE AEROBIC BACTERIA

Clindamycin is active against most of the following Gram
positive bacteria (Table 85.1). Staphylococcus aureus (including 
many betalactamaseproducing strains); coagulasenegative 
staphylococci (CoNS); group B, C, and G streptococci; 
Streptococcus pyogenes; S. pneumoniae; Streptococcus viri-
dans; and Streptococcus bovis are usually susceptible (Keusch 
and Present, 1976). However, clindamycin resistance among 
S. aureus isolates has increased dramatically and varies geo
graphically (Stein et al., 2016). Clindamycin is not active 
against E. faecalis or E. faecium, but it does usually retain 
activity against Enterococcus durans (Karchmer et al., 1975; 

Devriese et al., 2002). Bacillus anthracis and Corynebacterium 
diphtheriae are susceptible to clindamycin (Athamna et al., 
2004b; Gigantelli et al., 1991; Luna et al., 2007; May et al., 
2014a). However, recently, 65.5 % of Bacillus cereus isolates 
recovered from patients with bloodstream infections were 
found to be resistant to clindamycin (Ikeda et al., 2015). 
Although generally thought to be active against most Nocardia 
species, variable susceptibility has been recently reported 
against Nocardia brasiliensis (Lerner and Baum, 1973; Chen 
et al., 2013). Clindamycin is highly active against C. diphthe-
riae (Zamiri and McEntegart, 1972), but resistance to Cory-
ne bacterium ulcerans has been noted (Tiwari et al., 2008). 

GRAM-POSITIVE ANAEROBIC BACTERIA

Although Clostridium difficile susceptibility to clindamycin 
ranges from 10% to as high as 90% in various studies, this 
organism is basically considered resistant to clindamycin 
(Levett, 1988; Buchler et al., 2014). During outbreaks of 
 diarrhea linked with C. difficile, the isolates are typically clin
damycinresistant. Clostridium tetani and Clostridium per-
fringens are susceptible, as is Clostridium septicum (Gabay et 
al., 1981; MarchandAustin et al., 2014). But some strains of 
C. perfringens as well as Clostridium sporogenes, Clostridium 
tertium, Clostridium bifermentans, Clostridium novyi, Clostri-
dium ramosum, and Clostridium sordelli may be clindamycin 
resistant (Dornbusch, 1977; Staneck and Washington, 1974; 

Table 85.1. Wild-type distribution and susceptibility of selected microorganisms for clindamycin.

Species Range

MIC mg/l

S ≤ R > ECOFFs

Bacteroides fragilis 0.016–512 4.0 4.0 4.0

B. fragilis group 0.008–512 4.0 4.0 ND

Bacteroides thetaiotaomicron 0.032–512 4.0 4.0 ND

Bacteroides vulgatus 0.016–512 4.0 4.0 ND

Clostridium perfringens 0.032–256 4.0 4.0 ND

Clostridium difficile 0.016–512 16

Staphylococcus aureus 0.008–512 0.25 0.5 0.25

S. aureus, methicillin-resistant 0.032–256 0.25 0.5 0.25

S. aureus, methicillin-susceptible 0.032–256 0.25 0.5 0.25

Staphylococcus, coagulase negative 0.016–256 0.25 0.5 0.25

Staphylococcus, coagulase-negative MRSE 0.032–256 0.25 0.5 0.25

Staphylococcus epidermidis 0.032–256 0.25 0.5 0.25

Staphylococcus haemolyticus 0.032–256 0.25 0.5 0.25

Streptococcus pneumoniae 0.008–256 0.25 0.5 0.25

Streptococcus agalactiae 0.016–256 0.5

Streptococcus dysgalactiae 0.064–16 0.5

Streptococcus group G 0.032–256 0.5 0.5 0.25

Streptococcus mitis 0.064–16 0.5

Streptococcus pneumoniae 0.008–256 0.5 0.5 0.25

Streptococcus pyogenes 0.008–256 0.25

Streptococcus viridians group 0.008–256 0.5 0.5 0.25

Lactobacillus acidophilus 0.0125–512 ND

Abbreviations: ECOFFs: epidemiological cut-offs; MRSE: methicillin-resistant Staphylococcus epidermidis; ND: not done.
Source: EUCAST, 2016.
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Sutter and Finegold, 1976; Wilkins and Thiel, 1973). Other 
anaerobic Grampositive organisms, such as Peptococcus, 
Pep to streptococcus, Propionibacterium, and Lactobacillus 
species, are typically susceptible (Denys et al., 1983; Sutter 
and Finegold, 1976). Peptostreptococcus spp. strains resistant 
to clindamycin have been reported (Reig et al., 1992). Bayer 
et al. (1978) reported that although 39 of 40 isolates of 
Lactobacillus spp. were inhibited by 5 mg of clindamycin or 
less per liter, these concentrations were bactericidal for less 
than 20% of the isolates tested. Mayrhofer et al. (2010) 
reported a wide range of clindamycin minimum inhibitory 
concentration (MIC) values (concentrations generally ranged 
from ≤ 0.12 to 8 mg/l) against the Lactobacillus spp. with no 
clear observed pattern. Debate surrounding the clinical sig
nificance of Lactobacillus is ongoing (Cannon et al., 2005). 
Clindamycin is usually active against most isolates of Actino-
myces israelii or Bifidobacterium and Eubacterium spp. (Brook 
and Frazier, 1993; Holmberg et al., 1977; Sutter and Fine
gold, 1976). 

GRAM-NEGATIVE AEROBIC BACTERIA

In general, all the aerobic Gramnegative bacteria are consid
ered resistant to clindamycin. Pseudomonas species, Acineto-
bacter species, and Enterobacteriaceae are all intrinsically 
resistant to the lincosamides owing to their inability to pen
etrate the outer cellular envelope of these organisms. Some 
reports have noted that clindamycin is more active than lin
comycin against H. influenzae in vitro (Geddes et al., 1970), 
but clinical results have been disappointing (Feigin et al., 1973). 
In one study evaluating patients with otitis media, of the 25 
patients identified as having H. influenzae as their infecting 
pathogen 56% were considered resistant (Feigin et al., 1973).

A differentiation between clindamycin and erythromycin 
is that bacteria such as Neisseria meningitidis, Neisseria gon-
orrhoeae, and H. influenzae, which are generally considered 
susceptible to erythromycin, are often found to be resistant 
or moderately susceptible to clindamycin (Guay, 2007; 
Klainer, 1987; McGehee et al., 1968a). Campylobacter jejuni 
is susceptible (at 8 mg/l) to clindamycin (Michel et al., 1983), 
but Campylobacter coli is more resistant, with 90% of strains 
requiring 128 mg/l for inhibition (Elharrif et al., 1985). The 
facultative anaerobic Gramnegative rod Campylobacter rec-
tus is usually susceptible, but resistant isolates have been 
reported (Eick et al., 1999). The slow growing Gramnegative 
bacillus Capnocytophaga canimorsus, associated with dog bites 
or other animal exposures, may cause a bacteremic illness, 
particularly in immunocompromised patients, and is con
sidered clindamycin sensitive (Findling et al., 1980; Jolivet
Gougeon et al., 2007). Flavobacterium species are resistant to 
most antimicrobial agents but may be clindamycinsusceptible 
(Bruun, 1983; Sheridan et al., 1993).

GRAM-NEGATIVE ANAEROBIC BACTERIA

Historically, clindamycin has had good activity against the  
B. fragilis group of anaerobic bacteria. Early reports noted 
that most isolates of these organisms were inhibited by 2 
mg/l or less of clindamycin (Bodner et al., 1972; Kislak, 1972; 

Sutter et al., 1973; Zabransky et al., 1973). However, the 
number of clindamycinresistant isolates has been increasing 
and is geographically variable. Rates of resistance for the  
B. fragilis group to clindamycin are now reported to range from 
20% to 60% (Oteo et al., 2000; Snydman et al., 2010). Overall, 
B. fragilis remains more susceptible to clindamycin than 
other bacteria of the B. fragilis group, such as Bacteroides the-
taiotaomicron, Bacteroides ovatus, Bacteroides vulgatus, and 
Bac teroides distasonis (Appleman et al., 1991; Betriu et al., 
1990; Fox and Phillips, 1987; Snydman et al., 2010; Tanaka
Bandoh et al., 1995). Rates of resistance are usually minimal 
among oral bacterial pathogens; however, Bacteroides gracilis 
(now named Campylobacter gracilis), which normally resides 
in the oral cavity, may be clindamycinresistant (Lee et al., 
1993; Vandamme et al., 1995). Johnson et al. (1985) reported 
that only 68% of the B. gracilis isolates evaluated were sus
ceptible to clindamycin (Johnson and Finegold, 1987).

Clindamycin is very active against other Gramnegative 
anaerobes such as Prevotella disiens, Porphyromonas gingiva-
lis, Prevotella melaninogenica, Fusobacterium spp., Veillonella 
spp., and Por phyromonas spp. (Eick et al., 1999; Leigh, 1981; 
Sutter, 1977; Sutter and Finegold, 1976). In addition, the 
Gramnegative anaerobic bacilli belonging to genera such 
as Butyrivibrio, Succinimonas, Anaerovibrio, and others may 
be sensitive to clindamycin (Johnson and Finegold, 1987). 

Aggregatibacter actinomycetemcomitans (previously Actino-
bacillus actinomycetemcomitans) and Eikenella corrodens 
are intrinsically resistant to clindamycin (Eick et al., 1999). 
Lastly, of 21 different antimicrobial agents tested, clinda
mycin and erythromycin had the greatest inhibitory effect  
on Gardnerella vaginalis, a microaerophilic Gramnegative 
to Gramvariable staining facultative anaerobic organism 
(McCarthy et al., 1979). 

OTHER MICROORGANISMS

Clindamycin has minimal activity against Chlamydia tracho-
matis (MICs 0.25–2.0 mg/l) (Rice et al., 1995); however, 
when used in combination with gentamicin, it has been 
 documented to have synergistic activity (Pearlman et al., 
1990). One small study evaluating patients with antenatal 
chlamydia infections suggested that clindamycin was as 
effective as multipledose erythromycin in resolving these 
infections (Alger and Lovchik, 1991). Coxiella burnetii, an 
obligate Gram-negative intracellular pathogen (causative patho-
gen of Q fever) is susceptible to clindamycin (Geddes, 1983). 
There is one report in the literature of a patient with C. bur-
netii endocarditis being treated successfully with clindamy
cin and doxycycline and aortic valve replacement (Wilson et 
al., 1992). Ureaplasma urealyticum and the Mycoplasma spe
cies and are considered clindamycinresistant (McGehee et al., 
1968a; Redelinghuys et al., 2014). Erythromycin or penicillin 
G is much more active than clindamycin in the treatment of 
established syphilitic lesions in rabbits (Brause et al., 1976). Of 
note, there is a case report of congenital syphilis occurring in 
a  newborn after the mother (with secondary syphilis) was 
treated with clindamycin during her pregnancy secondary to 
a history of a penicillin allergy (Woznicova et al., 2007). 
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Although Leptospira species are considered to be clinda
mycinsusceptible (MIC90 = 0.2 mg/l) by some researchers, 
there is at present no established standard method for assess
ing the in vitro activity of any antimicrobial agent against these 
organisms (Murray et al., 2004; Wuthiekanun et al., 2015). 

Clindamycin has been documented to have some activity 
against Mycobacterium leprae, but Mycobacterium tuberculo-
sis is clindamycinresistant (Franzblau, 1991; Shepard, 1971; 
Smilack et al., 1974). The combination of primaquine and 
clindamycin has been shown to be effective in both in vitro 
and in vivo models of Pneumocystis jiroveci (previously named 
Pneumocystis carinii) infection (Benson et al., 2004; Queener 
et al., 1988; Smego et al., 2001; Smith, 1991). Specifically, the 
combination of primaquine and clindamycin is an effective al 
ternative regimen for patients with P. jiroveci pneumonia (PJP) 
who have been unresponsive to or intolerant of standard anti 
Pneumocystis regimens (Crisp et al., 2009; Smego et al., 2001). 

PARASITES

One report mentions effective treatment in an acquired 
immuno deficiency syndrome (AIDS) patient diagnosed with 
a nodular skin disease and underlying osteomyelitis caused 
by the microsporidium Encephalitozoon intestinalis (Kester 
et al., 2000). However, a more recent case report showed 
equivocal results in a patient with E. intestinalis–related diar
rhea treated with clindamycin for 15 days (Vela squez et al., 
2012). No susceptibility data for clindamycin are available 
for this microorganism.

Clindamycin and its three major metabolites demonstrate 
dramatic inhibitory effects on Plasmodium falciparum by 
inhibiting protein synthesis in the apicoplast organelle (Sea
berg et al., 1984). Its relatively slow activity against malaria is 
due to the fact that the apicoplast organelle is depleted only 
in daughter parasites when the cidal activity begins. This 
may explain its slow although excellent anti malarial activity. 
Clindamycin has been shown to be effective in animal mod
els of both chloroquineresistant and chloroquine susceptible 
P. falciparum (Powers and Jacobs, 1972). Clinical trials per
formed in the 1970s and 1980s showed the efficacy, safety, 
and usefulness of clindamycin in the treatment of P. falciparum 
malaria (Clyde et al., 1975; Lell and Kremsner, 2002). In 
addition, the Centers for Disease Control and Prevention 
(CDC) recommends 7 days of clindamycin added to quinine 
sulfate in pregnant women diagnosed with uncomplicated or 
complicated malaria caused by chloroquineresistant P. falci-
parum infection (Coates et al., 2002; CDC, 2013; World 
Health Organization [WHO], 2010). Clindamycin likewise is 
thought to have activity against Plasmodium vivax. However, 
clinical trials suggest that its addition to quinine sulfate treat
ment does not improve the outcome against P. vivax malaria 
(Kremsner et al., 1989; Pukrittayakamee et al., 2001). Clin
damycin is not effective against parasites in the exoerythro
cytic stage in the liver; therefore it does not have activity as a 
causal prophylactic agent. (Keusch and Present, 1976). 

Human babesiosis is an emerging tickborne malarialike 
infection. Babesia organisms are intraerythrocytic protozoan 
parasites, and disease may be caused by either Babesia 

divergens or Babesia microti. Infection with B. divergens is 
regarded as a medical emergency, and patients require timely 
medical treatment. Patients have been successfully treated 
with clindamycincontaining regimens (Homer et al., 2000; 
Kjemtrup and Conrad, 2000; Morch et al., 2015; Vannier and 
Krause, 2009). A 7 to 10day regimen of intravenous clinda
mycin and quinine is considered the treatment of choice for 
severe babesiosis (Vannier and Krause, 2012). 

It is estimated that roughly one third of the world’s popu
lation is infected by Toxoplasma gondii but it rarely causes 
significant disease (Montoya and Liesenfeld, 2004). However, 
some individuals are at high risk for lifethreatening toxo
plasmosis. Clindamycin was shown to be effective in an 
experi mental mouse model of toxoplasmosis infection (Araujo 
and Remington, 1974). Clindamycin reduces the level of rep
lication of T. gondii in cultured mammalian cells. It affects 
the protein synthesis of free parasites and also interferes with 
the parasites’ ability to infect host cells. In general, clindamycin 
resistant mutant isolates of T. gondii are also usually cross 
resistant to spiramycin and azithromycin (Blais et al., 1993; 
Fichera et al., 1995; Pfefferkorn and Borotz, 1994; Pfefferkorn 
et al., 1992). Clindamycin has been reported to be useful 
clinically against certain toxoplasmosis infections (Fung and 
Kirschenbaum, 1996). Sobrin et al. (2007) reported the use 
of intravitreal clindamycin in the treatment of toxoplasmic 
chorioretinitis in six patients. The report indicated that the 
use of intravitreal clindamycin injection, alone or in combi
nation with pars plana vitrectomy, was linked to the resolu
tion of toxoplasmic chorioretinitis in all six patients. Another 
report documented the efficacy of intravitreal clindamycin 
injection in toxoplasma chorioretinitis that was resistant to 
standard treatments (Hosseini et al., 2014). Additional reports 
have described the successful treatment of cerebral toxoplas
mosis with clindamycin in patients with underlying human 
immunodeficiency virus (HIV) infection (Goswami et al., 
2015; Madi et al., 2012).

2b.  Emerging resistance and 
cross-resistance

Increased reports of resistance to the lincosamides over the 
last 10–15 years are an area of major concern. Several mech
anisms of resistance to clindamycin have been recognized, 
including target site modification, production of drug 
inactivating enzymes, and increased efflux of the drug. Clin
damycin inhibits protein synthesis by binding to the 50S unit 
of the ribosome. Although structurally unrelated to the 
linco samides, the macrolides, streptogramins, ketolides, and 
oxa zolidinones bind to a site on the 50S ribosome nearly 
identical to the binding site for the lincosamides. As a result, 
resistance to one of these antimicrobials can be accompanied 
by crossresistance to the others. This crossresistance phe
notype is commonly referred to as macrolide–lincosamide–
streptogramin (MLS or MLSB), macrolide–lincosamide– 
streptogramin–ketolide (MLSK), or macrolide–lincosamide– 
streptogramin–ketolide–oxazolidinone (MLSKO) resistance 
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(see also Chapter 59, Erythromycin). Crossresistance is, 
however, not absolute, and its development depends on the 
mechanism of resistance. Ribosomal target modification 
confers MLS crossresistance, but inactivating enzymes and 
efflux pumps are more antimicrobial specific (Leclercq, 2002; 
Roberts, 2004). 

Clindamycinresistant bacteria usually have the MLS resis
tance phenotype. This type of resistance is associated with 
genes encoding for the ribosomal methyltransferases leading 
to modification of the common target site for macrolides and 
lincosamides. The common target site is the 23S ribosomal 
RNA. This makes the ribosome insensitive to the actions of 
clindamycin. The rRNA methylases are encoded by erm (ery
thromycin ribosome methylase) genes, known as erm(A) or 
erm(C) genes (Spizek and Rezanka, 2004). These genes can 
be acquired through mobile elements and can be found on 
the bacterial chromosome or on plasmids. These erm genes 
can be transferred among species and confer a much more 
pronounced MLStype resistance than those of spontaneous 
mutations (Clabots et al., 1988; Hachler et al., 1987; Halula 
and Macrina, 1990; Privitera et al., 1981, 1979; Tally and 
Malamy, 1986). Over 30 classes of erm genes have been iden
tified (Roberts, 2004). The incidence of each class of erm 
genes differs among bacterial species and geographic loca
tion. For example, in staphylococci the erm(A) and erm(C) 
genes predominate, but in streptococci the erm(B) gene is 
most common.

The expression of the MLS type of resistance may be 
inducible or constitutive. When expression is inducible, the 
organisms may be resistant to just the macrolides whereas 
the lincosamides remain active (Weisblum, 1995). This dis
connected type of resistance is due to the variability in the 
inducing abilities of the various types of MLS antimicrobials. 
However, this type of resistance varies by the type of micro
organism. This type of resistance is easily detected in the lab
oratory by placing a lincomycin or clindamycin disk near 
an erythromycin disk in a typical disk diffusion assay (called 
the D-test). An obvious, clear Dshaped zone of inhibition 
around the clindamycin disk is designated as the D pheno-
type. This inducible MLS phenotype shows a flattening of the 
clindamycin zone of inhibition on the erythromycin side 
(Bar ber and Waterworth, 1964; Waites et al., 2000). Therefore 
the reporting of S. aureus as susceptible to clindamycin with
out looking for the presence of inducible resistance may 
result in the use of inappropriate clindamycin therapy (Levin 
et al., 2005). 

Other mechanisms of clindamycin resistance, in some 
Grampositive cocci involve the active efflux of the anti
microbial from the periplasmic space as well as enzymatic inac
tivation (Roberts, 2004). Inactivation of clindamycin is based 
on transformation by nucleotidyltransferases encoded by 
linA genes (Spizek et al., 2004). The gene msrA has been iden
tified as being responsible for encoding the protein responsi
ble for the efflux mechanisms (Spizek et al., 2004).This type 
of efflux primarily occurs in Gramnegative bacteria (Arthur 
et al., 1987; Courvalin et al., 1985; Jenssen et al., 1987; Leclercq 
and Courvalin, 1991a, 1991b; Quiros et al., 1988). 

It is important to point out that countries in which linco
mycin is still in clinical use need to address the differences 
noted for the susceptibilities for some staphylococci and 
streptococci for lincomycin and clindamycin and their clini
cal implications (Leclercq et al., 1987, Porter et al., 2014). 
Previous reports indicated that staphylococci resistant to lin
comycin may appear susceptible to clindamycin. In this 
instance, even though the organisms appear to be susceptible 
to clindamycin, it has been shown to have impaired bacteri
cidal activity against these organisms, calling into question 
whether it would have any clinical usefulness (Leclercq et 
al., 1987). Lastly, it is important to note that there are no 
approved European Committee on Antimicrobial Suscep ti
bility Testing (EUCAST) or Clinical and Laboratory Standards 
Institute (CLSI) breakpoints for lincomycin (Porter et al., 
2014).

The identification of the various resistance mechanisms is 
important regarding the use of clindamycin and the macro
lides. Clindamycin resistance frequently is associated with 
macrolide resistance as part of the MLS phenotype. Because 
there are several nonMLS resistance mechanisms for mac
rolides, the degree of overlap is unpredictable. Resistance to 
clindamycin in staphylococci and streptococci is also linked 
to the resistance to methicillin or penicillin, respectively 
(Schmitz et al., 1999). 

STAPHYLOCOCCI

Increased reports of resistance to antimicrobial agents among 
staphylococci have resulted in renewed interest in the use 
of clindamycin to treat S. aureus infections. Not surprisingly, 
clinical failure has been reported in patients treated with 
clindamycin for staphylococcal infections. 

As discussed earlier, the expression of MLS phenotype of 
resistance in staphylococci may be inducible or constitutive. 
If the reported expression of resistance is inducible, the iso
lates are considered resistant to only the macrolides (Weis
blum, 1995). However, in a mouse thigh model of infection, 
therapy with clindamycin failed at higher inocula (Laplante 
et al., 2008), and clindamycin could be considered only 
for  shortterm therapy of less serious infections (EUCAST, 
2016). When the expression is constitutive, the isolates are 
resistant to all macrolides, streptogramins, and all lincos
amides. Although clindamycin and lincomycin may appear 
active, their use must be avoided because this could select for 
constitutive mutants (Duncan, 1967; Leclercq, 2002; McGehee 
et al., 1968). 

Lincosamide resistance has been found in 20–94% of 
methicillinresistant Staphylococcus aureus (MRSA) isolates 
(Flamm et al., 2016; Pai et al., 2010; Reeves et al., 1991; 
Schmitz et al., 1999; Tsuji et al., 2007) and in up to 50% of 
erythromycinresistant isolates of S. aureus (Desmyter and 
Reybrouck, 1964). Clindamycin resistance to hospital acquired 
methicillinresistant Staphylococcus aureus (HAMRSA) iso
lates is now frequently encountered (Coombs et al., 2013; 
Seal et al., 2003). A European surveillance program (SENTRY) 
investigating the incidence of resistance to MLS antimicro
bial agents in 20 university hospitals for the years 1997 and 
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1998 reported that 27% of all S. aureus isolates were determined 
to be resistant to clindamycin (Schmitz et al., 1999). There was 
a strong association with resistance to methicillin. Clindamycin 
resistance was reported in 9.7% of the  methicillinsusceptible 
Staphylococcus aureus (MSSA) isolates and in 94% of the 
MRSA isolates. Of the clindamycinresistant MRSA isolates, 
93% were reported to have the constitutive MLS resistance 
phenotype, compared with just 44% of MSSA isolates (Schmitz 
et al., 1999). In another study researchers evaluated isolates 
associated with infections caused by Staphylococcus species 
(Diekema et al., 2001). Isolates were collected in the United 
States, Canada, Latin America, Europe, and the Western Pacific 
for the SENTRY surveillance program, from 1997 through 
1999. These researchers noted high levels of resistance to clin 
damycin (79.2%), among MRSA isolates in all regions stud
ied (Diekema et al., 2001). Researchers in India evaluated 
a total of 237 isolates of S. aureus collected from June 2007 
through June 2008 (Pai et al., 2010). They reported that 
29.1% of the S. aureus isolates were found to be methicil
linresistant. Inducible clindamycin resistance was reported 
to be 3.5% in the MSSA isolates versus 18.8% in the MRSA 
isolates. Flamm et al. (2016) just reported their most recent 
results from the U.S. LEADER surveillance program. They 
collected staphylococcal isolates from 60 medical centers 
in  36 states. They noted clindamycin resistance in 5.2% of 
MSSA isolates and in 26.8% of the MRSA isolates. 

It is also important to note there are differences in the 
prevalence of clindamycin resistance between HAMRSA 
and communityacquired methicillinresistant Staphylo coc-
cus aureus (CAMRSA) isolates. A group of investigators 
from Detroit evaluated 250 MRSA isolates and reported that 
92% of the CAMRSA isolates were susceptible to clindamy
cin, whereas only 38% of the HAMRSA isolates were sus
ceptible to clindamycin (Tsuji et al., 2007). Researchers from 
Korea compared the antimicrobial resistance relationships 
between CAMRSA and HAMRSA isolated from blood cul
tures in a university hospital over a 4year period (Jung et al., 
2006). A total of 131 MRSA isolates, including 28 CAMRSA 
and 103 HAMRSA strains, were identified. Susceptibility 
testing indicated that the CAMRSA isolates were more sus
ceptible than the HAMRSA isolates to clindamycin—46% 
versus 12% (p = 0.01), respectively (Jung et al., 2006). 

CoNS are important nosocomial pathogens that are typi
cally resistant to many antibiotics. Regarding CoNS, the pre
viously mentioned European surveillance study reported 
that 63% of the CoNS isolates were clindamycinresistant 
(Schmitz et al., 1999). The relationship with methicillin resis
tance was, however, less dramatic than was reported for  
S. aureus. Another group of researchers evaluated national 
resistance data for a period of 13 years (1999–2012) from the 
Surveillance Network to evaluate the incidence of resistance 
for CoNS. Over the course of the period studied, CoNS resis
tance to clindamycin slightly increased from 43.4% to 48.5% 
(May et al., 2014a). Flamm et al. (2106) reported their recent 
results from the LEADER surveillance program and noted 
clindamycin resistance in 9.7% of MSSA CoNS isolates and 
in 39.6% of MRSA CoNS isolates.

STREPTOCOCCI

Clindamycinresistant streptococci have been reported with 
variable frequency all over the world, and these isolates are 
often also resistant to erythromycin. Expression of the MLS 
resistance phenotype in streptococci may also be inducible 
or constitutive, as in staphylococci. In streptococci and 
enterococci, the inducible MLS resistance phenotype is trig
gered by both the macrolides and lincosamides, whereas in 
staphylococci it is triggered only by the macrolides.

Clindamycin resistance to S. pneumoniae occurs with 
variable frequency across different countries and geographic 
regions (Biedenbach et al., 2003; Richter et al., 2005) and 
often corresponds to the susceptibility of pneumococci to 
penicillin (Schmitz et al., 1999). In 1999, researchers from 
Europe presented data from an antimicrobial surveillance 
program (SENTRY) examining isolates from 1997–1998. 
They reported that an average of 4.3% of S. pneumoniae iso
lates were clindamycinresistant. France was reported to 
have the highest resistance rate at 22%, followed by Italy with 
19% and then Spain with a 15% rate of resistance (Schmitz et 
al., 1999). In 2003 the average rate of resistance for clindamy
cin in North America was reported to be 11.6%, in European 
it was 19%, and in Latin America it was 4.5% (Johnson et al., 
2006). In contrast, studies from 2005 and 2014 reported rates 
of clindamycin resistance of clinical isolates in the United 
States ranging from 17.2% to 18.6% (Flamm et al., 2016; 
Sahm et al., 2007). More recent reports coming from Israel 
documented rates of resistance of S. pneumoniae to erythro
mycin and clindamycin to be increasing, reaching as high as 
30% and 22%, respectively (Greenberg et al., 2008; Megged 
et al., 2013). The most frequent resistance mechanism iden
tified in Israel for streptococci was the constitutive MLSB 
phenotype. The inducible MLSB resistance phenotype was 
identified in 3% of all isolates and was the cause of 25% of all 
resistance mechanisms (Megged et al., 2013). 

Increasing rates of resistance among the group B strepto
cocci have also been reported. Clindamycin resistance was 
reported in 5.3% of the 2248 betahemolytic streptococci 
from an international SENTRY antimicrobial surveillance 
program over the years 1997–2000 (Gordon et al., 2002). The 
isolates were gathered from hospitals from around the world 
and were mostly Streptococcus agalactiae and S. pyogenes iso
lates. In the AsiaPacific area and in Europe, 4.7% of the iso
lates were clindamycinresistant, and in Latin America 0.9% 
were resistant. In North America the incidence of clindamy
cin resistance was 6.8% (Gordon et al., 2002). Results of the 
SENTRY antimicrobial surveillance program in North America 
in 2001 indicated that roughly 12% of the beta hemolytic strep
tococci group B (S. agalactiae) isolates were clindamycin 
resistant (Biedenbach et al., 2003). In more recent reports, 
clindamycin resistance was found in 33–38% of group B 
strep tococcal isolates that were obtained from patients under
going routine prenatal screening (Back et al., 2012; Capraro 
et al., 2013). More recently, Flamm et al. (2016) reported 
clindamycin resistance in 20.5% of 874 betahemolytic strep
tococcal isolates collected in the United States as part of the 
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2014 LEADER surveillance program. Resistance to clinda
mycin has also been documented for other serogroups of 
betahemolytic streptococci (Phillips et al., 1976). 

In one study, 1885 clinical isolates of S. pyogenes were col
lected from 45 medical centers in the United States to evalu
ate clindamycin resistance (Richter et al., 2005). The isolates 
were collected from 2002–2003, mostly from pharyngeal 
samples. Fiftysix percent of these isolates had the MLS resis
tance phenotype. Approximately 84% of these isolates had 
the inducible phenotype, whereas 16% were documented to 
have a constitutive expression of rRNA methylases (Richter 
et al., 2005). In another study, Capraro et al. (2013) reported 
that clindamycin resistance was inducible in 70% of isolates, 
and in 30% of isolates it was documented to be the constitu
tive resistance phenotype. 

Infections due to antimicrobialresistant viridans group 
streptococci are reported to also be increasing. The global 
prevalence of clindamycin resistance among viridans group 
streptococci was reported to be 9.7 % (Gordon et al., 2002). 
In the AsiaPacific region 16% of viridans group streptococci 
were clindamycinresistant, in Europe 10.7%, in North America 
7.8%, and in Latin America 7.1% (Gordon et al., 2002). More 
recently, Flamm et al. (2016) reported clindamycin resis
tance in 10.9% of 359 viridans group streptococcal isolates 
collected in the United States as part of the 2014 LEADER 
surveillance program. Lastly, in a recent report of 38 patients 
with osteomyelitis of the jaw, the viridans group streptococci 
were the most commonly isolated pathogen (Pigrau et al., 
2009). Of concern, among 26 of these viridans group strep
tococci tested, only 11.5% were susceptible to clindamycin. 
Overall, these authors reported that 92.1% (35/38) patients 
had at least 1 clindamycinresistant isolate.

CORYNEBACTERIUM DIPHTHERIAE

The Corynebacteria species are usually resistant to the lin
cosamides (GomezGarces et al., 2007; Olender, 2013). How
ever, susceptibility may vary, so susceptibility testing is 
recommended. Five cases of diphtheria were identified in 
Italy between January 1990 and June 2001; these isolates 
underwent evaluation of for both microbiologic and molec
ular characteristics. Two of the isolates were identified as  
C. diphtheriae, and one isolate was identified as C. ulcerans. 
These isolate were all reported to be clindamycinsusceptible 
(Von Hunolstein et al., 2003). Another study evaluated the 
susceptibilities of 47 isolates of C. diphtheriae collected in 
Brazil from 1981 to 2002 (Pereira et al., 2008). Of the 47  
C. diphtheriae isolated tested, 17% were documented to be 
resistant to clindamycin. Although C. ulcerans is a consid
ered a commensal in animals, it has been reported to cause 
cutaneous lesions in humans. C. ulcerans may cause a severe 
diphtherialike illness. In 2008, the first case of clindamycin 
resistant C. ulcerans was described in a 75yearold patient 
with a respiratory illness (Tiwari et al., 2008). This isolate was 
also resistant to erythromycin but susceptible to penicillin, 
ciprofloxacin, and vancomycin. Unfortunately, the patient 
ultimately died from his illness. Resistance to erythromycin 

and clindamycin has been reported in India in up to 50% of 
isolates of the nondiphtherial Corynebacterium (Reddy et al., 
2012). 

PROPIONIBACTERIUM ACNES

P. acnes, the causative agent of acne, has now been reported 
to have developed resistance to clindamycin. P. acnes resis
tance is mostly mediated by chromosomal mutations (Ross 
et al., 1997). Expression of the MLS resistance phenotype 
in propionibacteria may be inducible or constitutive. When 
expres sion is inducible, the strains are resistant to macro
lides, although clindamycin may still be effective against these 
isolates. One group of researchers investigated the preva
lence of skin colonization by antibioticresistant propioni
bacteria in 4274 acne patients at the Leeds General Infirmary 
over a 10year period from 1991 to 2001 (Coates et al., 2002). 
The percentage of patients identified with isolates resistant  
to one or more commonly used antibiotics rose steadily  
from 34.5% in 1991 to a peak of 64% in 1997. Resistance to 
erythromycin was very common, and the majority of  erythro 
mycinresistant strains were also crossresistant to clindamy
cin. Another study from six European centers determined 
the prevalence of antibioticresistant propionibacteria among 
622 acne patients and their contacts. 

The incidence of clindamycin resistance in Spain was 
about 90%, in Greece it was roughly 75%, and in Sweden, 
Italy, Britain, and Hungary it varied between 45% and 60% 
(Ross et al., 2003). Selection of ribosomal mutations leading 
to resistance to the MLS antimicrobials was documented in 
patients at all the centers evaluated. Clindamycin should be 
used cautiously in this situation because this may select for 
constitutive mutants. Recently the prevalence of clindamycin 
resistance in P. acnes in Columbia has been reported to be 
only 15%, much lower than the resistance rates reported in 
Europe (Mendoza et al., 2013). In addition, 12% of the iso
lates demonstrated crossresistance with erythromycin.

BACTEROIDES SPECIES

The decrease in effectiveness of clindamycin against the B. fra-
gilis group is now a recognized worldwide problem. Resistance 
to clindamycin has dramatically increased over the last 
20–30 years. Resistance to clindamycin is caused by an MLS
type 23S methylase, normally encoded by one of many erm 
genes (erm[B], erm[F], and erm[G]) (Brook et al., 2013). 

In 1999, a 6year survey from Canada evaluated 911 clin
ical strains of the B. fragilis group and documented a signifi
cant increase in clindamycin resistance from 8.2% in 1992 to 
19.7% in 1997 (Labbe et al., 1999). In 2012, the CANWARD 
surveillance group reported the results for 387 clinical iso
lates of the B. fragilis group from nine Canadian hospitals 
in 2010–2011, using the CLSI broth microdilution method 
(Karlowsky et al., 2012). The organisms tested included  
B. fragilis (59.9%), B. ovatus (16.3%), and B. thetaiotaomicron 
(12.7%), accounting for approximately 90% of isolates (Kar
lowsky et al., 2012). The percent of isolates susceptible to 
clindamycin for the B. fragilis group was 34.1%, for B. fragilis 
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was 27.6%, for B. thetaiotaomicron was 51%, and for B. ova-
tus was 44.4%. Among multidrugresistant isolates identified, 
93.6% (88/94) were resistant to clindamycin. Since the last 
published surveillance study describing Canadian isolates of 
B. fragilis group 20 years ago (Bourgault et al., 1992), rates 
of resistance have increased for clindamycin, changing from 
9% in 1992 to 34.1% in 2011 (Karlowsky et al., 2012).

In a multicenter U.S. survey, for the years 1997–2007, 
6574 isolates from 13 medical centers were analyzed for 
resistance to frequently used antianaerobic antimicrobials 
(Snydman et al., 2010). The MICs of the antimicrobials stud
ied were determined via agar dilution in accordance with 
CLSI recommendations. For the most recent 3 years of the 
survey (2005–2007), resistance to non–B. fragilis Bacteroides 
species for clindamycin was reported at > 40%. Specifically, 
clindamycin resistance for B. fragilis was 23.9%, for B. the-
taiotaomicron was 39.8%, for B. vulgatus was 42.6%, for  
B. ovatus was 45.4%, and for Bacteroides nordii was 25.9%. 

In one European survey that biochemically characterized 
B. fragilis group isolates from 37 centers in 19 countries, resis
tance to clindamycin ranged from 0–40%, with the average 
rate of resistance reported to be 15% (Hedberg et al., 2003). 
In 2011, a European study involving 13 countries evaluated 
the susceptibilities of 824 B. fragilis group isolates. Resistance 
was determined via CLSI and EUCAST methodologies (Nagy 
et al., 2011). A rate of resistance for clindamycin of 32.4% 
was reported. Rates of resistance to clindamycin were highest 
in Mediterranean countries (41.8%) and lowest in Scan dina
vian countries (22.5%). 

One report from a hospital in Taiwan examining 344 clin
ical isolates of anaerobic bacteria noted that 33% of B. fragilis 
isolates were resistant to clindamycin. In addition, these 
researchers reported that 65% of the other B. fragilis group 
isolates, 70% of B. thetaiotaomicron, and 50% of B. vulgatus 
were resistant to clindamycin (Teng et al., 2002). Lastly, high 
rates of resistance to clindamycin (50–80%) for the B. fragilis 
group have also been reported in Korea (Lee et al., 2015).

3. MECHANISM OF DRUG ACTION

The lincosamides inhibit bacterial protein synthesis by bind
ing, reversibly, to the 23S rRNA nucleotides from the 50S 
subunit of the bacterial ribosome. They specifically interact 
with substrate binding at the A and P sites in the peptidyl 
transferase cavity. Protein synthesis is suppressed primarily 
in the early chain elongation by interfering with the trans
peptidation reaction (Schlunzen et al., 2001). The macrolides 
(such as erythromycin and clarithromycin), chlorampheni
col, and the streptogramins also bind to this site and may 
competitively antagonize the activity of clindamycin (Spizek 
and Rezanka, 2004). 

In protozoa, clindamycin appears to target protein syn
thesis in the apicoplast, a parasitespecific organelle, and influ
ences its mitochondria, effecting organism survival (Beckers 
et al., 1995; Fichera et al., 1995; Fichera and Roos, 1997; 
Pfefferkorn and Borotz, 1994). 

Over the last two decades it has become appreciated that 
certain antibiotics, in addition to their antibacterial actions, 
also have unique immunomodulatory properties (Garey et 
al., 2003; Tauber and Nau, 2008). Clindamycin has been 
shown to have certain immunomodulating effects (Van Vlem 
et al., 1996; Viora et al., 1996). Clindamycin enhances che
motaxis and increases antibody production, complement fix
ation, and phagocytosis by polymorphonuclear leukocytes 
(Bassaris et al., 1984, 1987; Eick et al., 2000; Gemmell, 1984; 
Howard and Soucy, 1983; Milatovic et al., 1983; Van Vlem 
et al., 1996). Clindamycin may also potentiate opsonization 
and phagocytosis of Bacteroides spp. at subinhibitory con
centrations (Gemmell et al., 1981; Veringa et al., 1989). The 
beneficial effect of these immunomodulatory properties in 
the treatment of infectious diseases remains controversial. 
However, it has been theorized that the immunomodulatory 
actions of clindamycin may be one of the reasons for the 
enhanced efficacy of clindamycin used in combination with 
penicillins in the treatment of infections due to S. pyogenes, 
compared with the efficacy of penicillins used alone (Pasquale 
and Tan, 2005).

Clindamycin has also been shown to enhance intracellu
lar killing by neutrophils. Jacobs and Wilson (1983) docu
mented the increased uptake by neutrophils of clindamycin 
compared with other antibiotics. Anderson et al. (1986) 
investigated the intracellular bioactivity of clindamycin. 
They reported a beneficial bacteriostatic effect of clindamy
cin against intracellular S. aureus. Other researchers evalu
ated the intracellular killing of clindamycinresistant strains 
of S. aureus in 13 normal subjects (Faden et al., 1983). These 
subjects received 300 mg of clindamycin orally four times 
daily for 48 hours. Intracellular killing of this clindamy
cinresistant isolate of S. aureus was significantly increased 
from 38% to 45% (Faden et al., 1983). It has been reported 
that clindamycin exhibits poor intracellular killing of isolates 
of A. actinomycetemcomitans, E. corrodens, and Capnocyto-
phaga ochracea, three bacterial species that cause periodontal 
disease (Baker and Wilson, 1988). However, other research
ers evaluated the effect of clindamycin on the phagocytosing 
properties and intracellular killing of gingival crevicular 
polymorphonuclear leukocytes. These authors noted that 
the addition of clindamycin increased the percentage of 
phagocytosing polymorphonuclear leukocytes in patients 
with periodontitis. An enhancement of the intracellular kill
ing of P. gingivalis and A. actinomycetemcomitans in granulo
cytes was also observed with the addition of clindamycin 
(Eick et al., 2000). Lastly, another group of researchers com
pared the effects of clindamycin in healthy donors and septic 
patients without and with multiple organ dysfunction syn
drome and its impact on various neutrophil parameters in an 
in vitro study (Wittmann et al., 2004). It is interesting to note  
that these researchers documented a significant suppres 
sion of phagocytosis in Escherichia coli and S. aureus in  
the serum of patients with sepsis and multiple organ dys 
function syndrome when incubated with higher clindamycin  
concentrations. 
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4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Clindamycin products are available in three salt forms— 
clindamycin hydrochloride, hydrochloride salt of the ester of 
clindamycin and palmitic acid (clindamycin palmitate 
hydrochloride), and clindamycin phosphate. The hydrochlo
ride and palmitate forms of clindamycin are used orally. The 
ester clindamycin palmitate hydrochloride form (a suspen
sion) is used for oral administration in children and elderly 
patients who have difficulty swallowing capsules. This ester is 
a watersoluble form that is hydrolyzed in vivo to the active 
base. The esters of clindamycin palmitate and clindamycin 
phosphate are rapidly hydrolyzed in the blood to the active 
clindamycin base. Because clindamycin is extremely irritat
ing for parenteral use and is poorly soluble in solutions at 
neutral pH, the ester clindamycin phosphate (clindamycin 
2phosphate) is used for intravenous, intramuscular, and topi
cal administration. Orally, clindamycin is available as a capsule 
and granules for solution. Clindamycin is also available as a 
vaginal suppository and in the following topical dosage forms; 
gel or jelly, cream, pad or wipe, solution, foam, and lotion. 

4a.  Adults

ORAL ADMINISTRATION

The hydrochloride salt of clindamycin and clindamycin pal
mitate hydrochloride are used orally. Clindamycin hydro
chloride is available in 75mg, 150mg, or 300mg capsules. A  
dose of 150 mg every 6 hours is recommended for adults, but 
this may be increased to 300 or 450 mg every 6 hours as 
deemed necessary for the treatment of serious infections 
(Kasten, 1999). Clindamycin is also used in doses of 600 mg 
every 8 hours for patients with osteomyelitis or foreign body 
infections. The dose might need to be increased to 900 mg 
every 8 hours for heavier patients (Bouazza et al., 2012). 

PARENTERAL ADMINISTRATION

Clindamycin phosphate is used for intravenous and intra
muscular administration. The intramuscular dose for adults 
is 600 mg–2.4 g per day, depending on the type and severity 
of the infection, administered in two to four divided doses. 
Single intramuscular injections of greater than 600 mg are 
not recommended. 

For intravenous administration of clindamycin phos
phate, the concentration of clindamycin in the fluid for infu
sion should not exceed 18 mg/ml and infusion rates should 
not exceed 30 mg/min. For example, a 600mg dose diluted 
to 50 ml can be infused over a minimum period of 20 min
utes. The administration of more than 1.2 g intravenously in 
a singlehour infusion should be avoided. The adult dose for 
the parenteral formulation (intravenous or intramuscular) 
for the treatment of serious infections (due to aerobic Gram
positive cocci and susceptible anaerobes) is 600–1200 mg/
day given in two to four divided doses. Buchwald et al. (1989) 

compared a clindamycin dose of 600 mg every 6 hours with 
600 mg every 8 hours, in adults with serious infections. They 
found that both regimens were equally efficacious, but that 
the patients who received clindamycin every 6 hours had 
more side effects—12% with the every6hours regimen ver
sus 5% when clindamycin was given every 8 hours. These 
authors concluded that 600 mg administered every 8 hours 
was the optimal dose for patients with serious infections. 
Rovers et al. (1995) performed a metaanalysis of 23 clinical 
trials comparing clinical cure and success rates for parenteral 
clindamycin 600 mg every 8 hours or 900 mg every 8 hours 
in the treatment of women with pelvic infections or adults 
with intraabdominal infections. Positive outcomes were doc
umented in 89.8% and 92.5% of patients with intraabdom
inal infections for clindamycin 600 mg every 8 hours and 
900 mg every 8 hours, respectively. Positive outcomes were 
also documented in 87.2% and 89.9% of patients with pelvic 
infections for clindamycin 600 mg every 8 hours and 900 mg 
every 8 hours, respectively. These researchers suggested 
using a clindamycin dose of 900 mg every 8 hours in patients 
with intraabdominal infections because of their documented 
better outcomes with the higher dosage regimen. 

Other intravenous administration techniques of clinda
mycin phosphate have been investigated (Plaisance et al., 
1989; Zeller et al., 2010). Plaisance et al. (1989) evaluated the 
administration of intravenous clindamycin phosphate dose 
of 1.2 g administered every 12 hours in healthy volunteers. 
Using this dosage regimen, these authors reported that clin
damycin trough concentrations (via highperformance  liquid 
chromatography procedures) exceeded the MIC for 90% 
of strains tested for B. fragilis group organisms (2 mg/l) for 
7 hours. These authors stated that the pharmacokinetic and 
pharmacodynamic data presented suggest the potential use
fulness of a regimen of 1.2 g of clindamycin given every 12 
hours. However, they did state that further pharmacokinetic 
studies should be completed before clinical use in patients. 
Flaherty et al. (1988) also thought that such a dosage regi
men would in all probability be acceptable as an alternative 
dosing strategy for clindamycin. Although an interesting dos
ing alternative, it should be used cautiously because of the 
limited clinical data available.

Intravenously administered clindamycin has also been 
administered as a continuous infusion (Zeller et al., 2010). 
These authors retrospectively investigated the safety and effi
cacy of continuous intravenous clindamycin therapy in 70 
patients treated for bone and joint infections. Clindamycin 
was administered as a 600mg loading dose infused over 60 
minutes, followed immediately by the continuous infusion 
of 30–40 mg/kg of body weight per day. For the continuous 
infusion, clindamycin was dissolved in 50 ml of 5% dextrose 
and was administered over a 12hour period twice daily via 
an infusion pump. All but one patient received two antibiot
ics. The authors concluded that patients treated with clinda
mycin administered as a prolonged continuous intravenous 
infusion was convenient, well tolerated, and a safe approach 
for treating patients with bone and joints infections. 
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TOPICAL ADMINISTRATION

Clindamycin is prescribed for use in a variety of dermato
logic conditions. Topical clindamycin is available in various 
dosage forms, including wipes (pledgets), creams, gels, 
lotions, solutions, and foams. Product choice is usually based 
on patient preference, tolerability, and application site. 
Topical clindamycin phosphate solution and topical clinda
mycin phosphate lotion contain clindamycin phosphate, USP, 
at a concentration of 10 mg clindamycin per ml. Clindamycin 
topical phosphate gel contains clindamycin phosphate, USP, 
at a concentration of 10 mg clindamycin per gram. Each 
clindamycin phosphate topical solution wipe (pledget) con
tains approximately 1 ml of topical solution (i.e. 10 mg of 
clindamycin per application). The topical formulations are 
usually applied once or twice a day to the affected areas, 
according to the instructions of the manufacturer. Clinda
mycin foam contains clindamycin phosphate 1% in a stable, 
triphasic (organic, aqueous, and lipid) foam vehicle (Shalita 
et al., 2005).

Clindamycin is also available as a vaginal cream. Clinda
mycin phosphate vaginal cream 2%, is a semisolid white cream 
that contains 2% clindamycin phosphate, USP, at a con cen
tration equivalent to 20 mg clindamycin per gram. Clinda
mycin intravaginal ovules are semisolid, white to offwhite 
suppositories. Each 2.5g suppository contains clindamycin 
phosphate equivalent to 100 mg of clindamycin. 

4b.  Newborn infants and children

ORAL ADMINISTRATION

Clindamycin has been used for decades in the treatment of 
pediatric infections. Clindamycin palmitate hydrochloride 
for oral solution is used in children who may not be able to 
swallow the capsules. When reconstituted with water, each 5 
ml of solution contains clindamycin palmitate hydrochloride 
equivalent to 75 mg of clindamycin. Dosing recommenda
tions in children are as follows: serious infections, 8–12 mg/
kg/day (4–6 mg/lb/day) divided into three or four equal 
doses; severe infections, 13–16 mg/kg/day (6.5–8 mg/lb/day) 
divided into three or four equal doses. Higher doses may be 
used for children considered to have more severe infections: 
17–25 mg/kg/day (8.5–12.5 mg/lb/day) divided into three 
or four equal doses (Cleocin prescribing information, 2016). 
For pediatric patients weighing 10 kg or less, 2.5 mL (37.5 
mg) three times a day should be considered the minimum 
recommended dose (Cleocin prescribing information, 2016). 
Although clindamycin has been used in premature infants, 
the U.S. Food and Drug Administration (FDA) label does 
not adequately address dosing in premature infants and 
infants younger than 1 month (Pineda and Watt, 2015). 

PARENTERAL ADMINISTRATION

For children between 1 month and 16 years of age, a clinda
mycin phosphate dose of 20–40 mg/kg body weight per day, 
depending on the severity of the infection, is given every 6  

or 8 hours (Gonzalez et al., 2016). Reports in the literature 
indicate that the halflife of clindamycin is longer in neonates 
than in adults: approximately 4 hours in term neonates and 
up to 8–9 hours in preterm neonates (Taketomo, 2007).

Bell et al. (1984) evaluated the pharmacokinetics of intra
venously administered clindamycin (15–20 mg/kg/day) in 
40 preterm and term infants. These researchers reported 
increases in clearance (0.29 l/h for preterm and 4 weeks of 
age) and volume of distribution in the preterm infants. These 
authors recommended that in infants older than 4 weeks or 
heavier than 3.5 kg, the intravenous dose of clindamycin 
should be 5 mg/kg every 6 hours. In premature neonates 
younger than 4 weeks, the dose should be reduced to 5 mg/
kg every 8 hours. Lastly, they suggested that term infants 
older than 1 week may also be given 5 mg/kg every 6 hours 
(Bell et al., 1984). Koren et al. (1986) evaluated 12 newborn 
infants (postnatal age 1–24 days) who received clindamy 
cin phosphate for suspected or proven infections in doses  
of 3.2–11 mg/kg every 6 hours These researchers observed a 
prolongation of halflife and lower clearances. As a result,  
they suggested that the intravenous dose of clindamycin in 
newborn infants should be reduced to 3.75–5 mg/kg every  
6 hours. 

More recently, Gonzalez et al. (2106) evaluated 21 infants 
with a median gestational and postnatal age of 26 weeks 
(range: 23–29 weeks) and 23 days (range: 5–65 weeks), 
respectively. They analyzed data using a population pharma
cokinetics analysis approach and included samples from two 
additional pediatric trials. They noted that clearance values 
increased with age, whereas volume decreased with age. 
They thought this to be due in part to increasing plasma pro
tein concentrations. The estimates of clearance and volume 
in this analysis were in agreement with values observed in 
the previously mentioned two studies (Bell et al., 1984; Koren 
et al., 1986), wherein preterm infants had the lowest clear
ance and highest volume estimates. 

TOPICAL ADMINISTRATION

The topical products of clindamycin used for pediatric 
patients are the phosphate ester, typically 1–2%, and are 
usually applied once or twice daily to the affected areas, fol
lowing the instructions of the manufacturer.

4c.  Pregnant and lactating mothers

Clindamycin is cited as FDA pregnancy risk factor category B.
Current recommendations by the American Academy of 

Pediatrics allow women to continue breastfeeding while receiv
ing clindamycin therapy (American Academy of Pediatrics 
Committee on Drugs, 2001). Clindamycin does penetrate 
into breast milk (see section 5b), and although breastfeeding 
may be continued, clindamycin may potentially cause adverse 
effects on the breastfed infant’s gastrointestinal flora. An 
alternate drug may be preferred. 

Vaginal application is unlikely to cause infant side effects.
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4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Clindamycin undergoes minimal urinary excretion. Approxi
mately 10% is excreted in the urine within 24 hours 
(Campbell et al., 1973; Keusch and Present, 1976). Its main 
excretion pathway is thought to be via hepatic metabolism. 
For patients with mild to moderate renal failure, dosage 
adjustments for clindamycin are not necessary (Eastwood 
and Gower, 1974; Keusch and Present, 1976; Peddie et al., 
1975). Some investigators, however, have suggested a dosage 
adjustment for patients with severe renal failure. In func
tionally anephric patients, Malacoff et al. (1975) found that 
the peak serum levels were about twofold greater than those 
seen in patients with normal renal function, after the same 
parenteral dose. Therefore they suggested that only 50% of 
the  normal dose should be used in functionally anephric 
patients. Peddie et al. (1975) evaluated the pharmacokinetics 
of clindamycin given to three healthy volunteers and seven 
patients with varying degrees of renal impairment (Peddie et 
al., 1975). The mean peak serum concentrations were approx
imately 2.5 mg/l and 3.4 mg/l in healthy volunteers and 
patients with renal impairment, respectively. They determined 
that in patients with mild to moderate renal impairment, no 
dosage adjustment for clindamycin is necessary. These authors 
suggested that patients with severe renal failure might require 
some dosage modification. 

Clindamycin is not significantly removed by hemodialysis 
(Eastwood and Gower, 1974; Peddie et al., 1975). Minimal 
data exist regarding the impact of continuous renal replace
ment therapy (CRRT) on the lincosamides. CRRT is often 
used in the treatment of critically ill patients with acute renal 
failure or chronic renal failure and is as effective as a single 
session of conventional hemodialysis (Joy et al., 1998). Trot
man et al. (2005) and Cotterill (1995) recommended no clin
damycin dosage adjustment for patients undergoing CRRT. 
Trotman et al. (2005) based their recommendations on a 
review of the literature regarding antimicrobial therapy and 
CRRT. They stated that their recommendations were based 
on minimal clinical data and derived from extrapolation of 
clinical experience and relevant pharmacokinetic and phar
macodynamic parameters. Their dosing recommendations 
were aimed toward maintaining concentrations above a spe
cific target MIC, for the appropriate dosing interval, of the 
antibiotic of concern. Lastly, peritoneal clearance of clinda
mycin via peritoneal dialysis has been documented to be basi
cally zero, indicating that peritoneal dialysis does not alter 
clindamycin elimination (Golper, 1979; Malacoff et al., 1975).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Clindamycin is metabolized and excreted by the liver; there
fore dosage adjustments are recommended for hepatic dys
function. In the presence of liver disease the halflife of 
clindamycin is increased from 2–4 hours in normal patients 
to approximately 8–12 hours. Some studies have reported 
that the halflife of clindamycin might be prolonged up to 
five times in patients with severe liver disease (Brandl et al.,  

1972; Keusch and Present, 1976). While investigating patients 
with moderate to severe hepatic dysfunction, Wil liams et 
al. (1975) reported serum concentrations that were roughly 
threefold greater than those seen in patients with normal 
liver function. Serum concentrations after a 600mg paren
teral dose of clindamycin in patients with moderate to severe 
hepatic dysfunction and normal liver function were 24.3 
mg/l and 8.3 mg/l, respectively. There was also an association 
between the clindamycin serum concentrations after 5 hours 
and the degree of elevation of the aspartate aminotransferase 
(AST) (reported in this trial as serum glutamic oxaloacetic 
transaminase [SGOT]). Eng et al. (1981) evaluated 15 patients 
with liver disease and were unable to confirm a relationship 
between clindamycin serum concentrations and SGOT con
centrations. They did, however, find a direct relationship 
between the serum halflife and indirect bilirubin concen
trations. Alternatively, Hinthorn et al. (1976) and Avant et  
al. (1975) found only a 34–39% increase in the halflife of 
clindamycin in patients with cirrhosis. With severe hepatic 
failure, accumulation of clindamycin may occur and dosage 
adjustments might be required, but not in all cir cumstances 
(Avant et al., 1975). In the case of severe hepatic dysfunction, 
some investigators have suggested a dosage reduction of 
50%. These results would seem to indicate a consideration 
for monitoring clindamycin serum concentration in patients 
with significant liver disease.

OBESE PATIENTS

The incidence of obesity continues to increase worldwide 
and has now become a major issue of concern in the treat
ment of infectious diseases. Unfortunately, there is a dearth 
of information about dosing of antibiotics in the obese 
patient. Halilovic et al. (2012) evaluated treatment outcomes 
of hospitalized patients being treated for cellulitis or cutane
ous abscess. They noted that patients whose weight was 100 
kg or higher or whose body mass index (BMI) was 40 or 
greater, and whose clindamycin dose was at the lower end 
of the recommended antibiotic dose per Infectious Diseases 
Society of America (IDSA) skin and skin structure treatment 
guidelines, were at significant risk for clinical failure. The 
authors suggested that obese patients may be at risk for clin
ical failure as a result of inadequate dosing of antimicrobials. 
Another group of researchers also noted increased failures in 
obese patients treated with clindamycin (Curis et al., 2015).

PATIENTS WITH PANCREATITIS 

Fanning et al. (2011) investigated how pancreatitis affected 
the distribution of various antibiotics in a rat pancreatitis 
model. They examined the distribution of clindamycin and 
three other antibiotics in control animals and animals with 
pancreatitis. In this model, meropenem and piperacillin dis
tributed well into the extracellular space unaffected by 
 pancreatitis, whereas clindamycin showed a reduced distri
bution. These data are at odds with those from a previous 
investigation in dogs, which reported no significant change 
in the pancreas or plasma concentrations of clindamycin in 
severe acute pancreatitis (Trudel et al., 1994). 
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OLDER ADULTS

Only minimal data exist regarding clindamycin pharmaco
kinetics in the elderly. The only published study describing 
the pharmacokinetics of clindamycin studied 24 nonfasting 
elderly patients (mean age 77.4 years) administered either 
150mg or 300mg single doses of clindamycin palmitate 
(Campbell et al., 1973). Peak serum concentrations ranged 
from 1.12 mg/l to 7.0 mg/l (mean 2.98 mg/l) and 0.92 mg/l to 
3.80 mg/l (mean 1.93 mg/l) for the high and low dosing regi
mens, respectively. The serum halflife was reported to range 
from 4.5 hours to 4.7 hours for the high and low dosing reg
imens, respectively. These authors noted that the halflife in 
these patients was longer than previously reported (Dehaan 
et al., 1972; Wagner et al., 1968). 

Scientists from the Upjohn Company reported that after 
intravenous administration of 300 mg of clindamycin phos
phate to elderly volunteers (61–79 years) and younger adults 
(18–39 years), age did not affect the pharmacokinetics of 
clindamycin regarding clearance, elimination halflife, volume 
of distribution, or the area under the serum concentration 
time curve (AUC) (Smith and Phillips, 1982). The elimi
nation halflife of clindamycin was reported to be slightly 
prolonged, but not significantly, to approximately 4.0 hours 
(range 3.4–5.1 h) in the elderly subjects compared with 3.2 
hours (range 2.1–4.2 h) in younger adult subjects after oral 
administration of 300 mg of clindamycin hydrochloride. 
The extent of absorption was not different between the age 
groups—0.92% in young subjects versus 0.85% in elderly 
subjects (Bryskier, 2005; Smith and Phillips, 1982). Therefore, 
based on the available data, no dosage adjustments are neces
sary in the elderly (RodriguezJulbe et al., 2004).

GENDER STUDIES

Gender has been documented to influence the pharmacoki
netics of drugs metabolized in the liver; however, only minimal 
information comparing the pharmacokinetics of clindamy
cin in men and women exists. One group of researchers eval
uated the pharmacokinetics of clindamycin in 24 fasting 
subjects (13 women and 11 men) after receiving an oral 600
mg dose of clindamycin (del Carmen CarrascoPortugal et 
al., 2008). Increased serum concentrations were observed 
in women (5.94 mg/l vs. 5.15 mg/l), but after the dose was 
normalized by the body weight, these differences were not 
apparent. However, clearance and the volume of distribution 
of clindamycin were slightly higher in men than women, but 
this did not reach statistical significance.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Clindamycin palmitate hydrochloride and clindamycin phos
phate are inactive against bacteria in vitro but are rapidly 
activated in the serum by hydrolysis to clindamycin within 
1–2 hours after intravenous administration (Dehaan et al., 

1973; Forist et al., 1973). Active clindamycin peak concentra
tions are seen in the serum at the end of the intravenous infu
sion. After intramuscular administration, it generally takes 
2–3 hours for active peak clindamycin concentrations to 
occur in serum (Dehaan et al., 1973). Clindamycin is metab
olized in the liver, mostly to the bioactive metabolite clinda
mycin sulfoxide and to Ndemethylclindamycin, and excreted 
into the bile (Wynalda et al., 2003). Both metabolites are 
considered to be biologically active, but less than clindamy
cin. The metabolic conversion is thought to be mediated by 
the cytochrome P450 system, specifically the isozyme CYP3A4 
and to a lesser extent the isozyme CYP3A5.

The proteinbound fraction of clindamycin has been 
reported to be between 60% and 94% (Eastwood and Gower, 
1974; Gordon et al., 1973). The serum halflife of clindamy
cin ranges between 1.5 and 5 hours (average 2–4 h) in chil
dren and adults with normal renal function (Dehaan et  
al., 1973; Leigh, 1981). In patients with severely reduced 
renal or hepatic function, the serum halflife is somewhat 
prolonged (Avant et al., 1975; Brandl et al., 1972; Malacoff 
et al., 1975). Clindamycin’s average serum halflife of is 8.7 
hours in premature babies, 3.6 hours in fullterm neonates 
younger than 4 weeks of age, and approximately 3 hours in 
infants 4 weeks to 1 year in age (Bell et al., 1984). In neonates, 
the serum halflife is dependent on gestational age, body 
weight, and chronologic age. The serum halflife is prolonged 
in infants weighing less than 3.5 kg than in heavier infants. 

Clindamycin absorption after topical administration is 
negligible (Algra et al., 1977; Van Hoogdalem et al., 1998). 
The serum halflife after topical administration of clindamy
cin is primarily influenced by the cutaneous absorption rate. 
The elimination halflife of clindamycin vaginal ovules and 
vaginal cream had an average of about 11 and 14 hours, 
respectively (Borin et al., 1999). These authors reported low 
systemic absorption of clindamycin from the vaginal cream 
(about 4%), but systemic absorption averaged 30% with the 
clindamycin phosphate ovule. 

ORAL ADMINISTRATION

Clindamycin hydrochloride is rapidly absorbed from the 
gastrointestinal tract (90%), and peak serum levels occur 1–2 
hours after administration with a serum halflife of approxi
mately 2–3 hours (Kasten, 1999; Rimmer and Sales, 1978). A 
single 150mg oral dose of clindamycin hydrochloride in 
adults results in peak serum concentrations in the range of 
2.5–3.0 mg/l (Peddie et al., 1975). Peak serum concentra
tions after administration of a single 300mg dose of clinda
mycin hydrochloride results in 3 mg/l, and 450 mg produces 
about 4.5 mg/l (Campbell et al., 1973). The ester clindamycin 
palmitate hydrochloride is also well absorbed from the gas
trointestinal tract (Campbell et al., 1973). The average serum 
concentration after administration of 150 mg of clindamycin 
palmitate ester produces slightly lower concentrations com
pared with concentrations after administration of clinda 
mycin capsules (Dhawan and Thadepalli, 1982; Keusch and 
Present, 1976). Orally administered clindamycin palmitate 
ester is more slowly absorbed in adults than in children 
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(Dehaan and Schellenberg, 1972). The presence of food in 
the stomach somewhat delays but does not does significantly 
affect the absorption of both clindamycin hydrochloride and 
clindamycin palmitate (Dehaan et al., 1972, McGehee et al., 
1968; Wagner et al., 1968). 

After oral administration of clindamycin, patients with 
celiac disease, jejunal diverticulosis, and Crohn’s disease are 
reported to have higher clindamycin serum concentrations 
than normal subjects (Keusch and Present, 1976; Parsons et 
al., 1976). Gatti et al. (1993) evaluated the absolute oral  bio 
availability and pharmacokinetics of clindamycin in 16 healthy 
volunteers and 16 patients with advanced HIV infection. The 
bioavailability of clindamycin in those patients with advanced 
HIV infection was reported to be approximately 1.5 times that 
found in healthy volunteers (Gatti et al., 1993).

PARENTERAL ADMINISTRATION

Adequate serum concentrations of clindamycin phosphate 
are attained with either intravenous or intramuscular admin
istration. Clindamycin phosphate, the bioinactive ester, is 
rapidly hydrolyzed to the active form in the serum. The aver
age elimination halflife of the inactive phosphate ester is 6 
minutes. After a 300mg intramuscular dose of clindamycin 
phosphate, the mean peak serum concentration ranges of 
4.9–6.0 mg of active clindamycin per liter are achieved at 
approximately 2–3 hours; these levels decline to 2.8 mg/l 
8 hours after administration (Dehaan et al., 1973). Fass and 
Saslaw (1972) also reported that diabetic patients tended to 
have lower serum clindamycin concentrations after intra
muscular administration.

Clindamycin phosphate 300 mg given as a 30minute 
intravenous infusion resulted in a mean peak serum level of 
14.7 mg/l, which fell to 4.9 mg/l at 2–4 hours and to 3.9 mg/l 
8 hours after the infusion (Fass and Saslaw, 1972). Others 
reported serum concentrations varied from 2.6 mg/l to 26.0 
mg/l after a 300mg dose and from 6 mg/l to 29.0 mg/l after 
a 600mg dose, both given by infusions over a period of 
30–40 minutes (Hugo et al., 1977). After intravenous admin
istration of higher doses—900 mg every 8 hours and 1200 mg 
every 12 hours—clindamycin mean peak serum concentra
tions have been reported to range between 12.1–16.3 mg/l 
and 13.8–16.8 mg/l, respectively (Dehaan et al., 1973; Flaherty 
et al., 1988). 

Bell et al. (1984) reported that the administration of clin
damycin 5 mg/kg given three or four times daily as a 30  
minute intravenous infusions to neonates (premature and 
term) younger than 28 days resulted in mean peak serum 
concentrations of 10.9 mg/l and 10.5 mg/l, respectively. 
Sim ilar doses of clindamycin administered to infants 4 
weeks–1 year of age resulted in a mean peak serum concen
tration of 12.7 mg/l (Bell et al., 1984). 

TOPICAL (DERMAL OR VAGINAL) ADMINISTRATION

Clindamycin phosphate appears to result in less systemic 
absorption than (~ 2%) clindamycin hydrochloride (5–8%) 
and is therefore the preferred salt for topical therapy in both 

healthy volunteers and patients with acne (Van Hoogdalem, 
1998;, Van Hoogdalem et al., 1998). 

The absorption of 1% clindamycin hydrochloride from 
the skin is roughly 4–5%, although larger amounts may be 
absorbed in some individuals. Barza et al. (1982) evaluated 
absorption and urinary excretion of clindamycin phosphate 
in 13 patients with acne applying 1% clindamycin hydro
chloride facially two times daily for 4 weeks. Clindamycin 
was not detected in the serum of these patients. Clindamycin 
was, however, recovered in the urine of 10 of 13 patients, 
and the amount ranged from less than 10 µg to 500 µg/day 
(Barza et al., 1982). Of concern, diarrhea associated with topi 
cal clin damycin has been reported in 3 patients—1 noted  
to have an inflamed mucosa on proctoscopy (Voron, 1978). 
More concerning are the multiple reports of C. difficile 
toxin–positive pseudomembranous colitis associated with 
the use of topical therapy of 1% clindamycin phosphate 
(Milstone et al., 1981; Parry and Rha, 1986). This would 
seem to indicate that clinically significant amounts of clin
damycin may be absorbed in some patients after topical 
administration. 

Topical clindamycin is widely used in the vagina in women 
with lower genital tract infections. Approximately 4–5% of 
clindamycin phosphate (2% cream) is absorbed after intra
vaginal application, with a range between 0.6% and 14% 
(Borin, 1990; Borin et al., 1995). It is interesting to note that 
systemic absorption of clindamycin appears to be slower 
in women with bacterial vaginosis than in healthy women. 
Systemic bioavailability of clindamycin after daily adminis
tration of 100 mg of clindamycin (2% vaginal cream) is low, 
ranging from 1.6% to 14.5% (mean of 4%) (Borin et al., 1999). 
The average peak serum concentration in these patients on 
day 3 was reported to be 0.024 mg/l. A clindamycin phos
phate 2% singledose vaginal cream formulation has been 
developed and provides release of clindamycin equivalent to 
seven daily doses of clindamycin phosphate 2% vaginal 
cream (Levinson et al., 2005). Peak concentrations of clinda
mycin were significantly lower with the singledose formula
tion compared with the conventional vaginal clindamycin 
formulation, and the overall bioavailability of clindamycin 
with the singledose formulation was approximately 12% of 
that with the conventional vaginal clindamycin formulation, 
as measured by AUC. 

The absorption from clindamycin phosphate ovules was 
documented to be 30% (range 6.5–70%), with an average 
peak serum concentration on day 3 of 0.27 mg/l (Borin et al., 
1999). After intravaginal administration of clindamycin phos
phate ovules, systemic absorption was noted to be approxi
mately sevenfold greater than after administration with the 
2% clindamycin phosphate vaginal cream. Multiple case 
reports of toxinpositive C. difficile–induced colitis after use 
of clindamycin phosphate vaginal cream have been described 
in the literature (Meadowcroft et al., 1998; Trexler et al., 
1997; Vikenes et al., 1999). A temporal relationship between 
vaginal clindamycin therapy and C. difficile toxin–positive 
disease was documented in all patients.
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OTHER ROUTES OF ADMINISTRATION

The pharmacokinetics of various antibiotics has been evalu
ated after instillation into the peritoneal cavity via dialysates. 
The first mention of intraperitoneal administration of clin
damycin occurred in 1984 (Cohen and Bailey, 1984). Some 
of the initial investigations stated that the activation of clin
damycin phosphate to the biologically active form was mini
mal in peritoneal fluid, and therefore recommendations were 
that clindamycin should not be administered intraperitone
ally (Eng et al., 1990; Golper et al., 1984). Other researchers 
found the opposite and reported significant activation when 
the clindamycin phosphate was admixed with the dialysate 
fluid and administered intraperitoneally (Chang et al., 2012; 
Schwartz et al., 1986). Chang et al. (2012) evaluated 12 
patients (6 men and 6 women), who received 600 mg of clin
damycin phosphate added to the first 2 l of dialysate (1.5% 
dextrose). They reported that the clindamycin concentration 
in the dialysate was 6.87 mg/l for at least 6 hours. They also 
reported that the clindamycin phosphate was not fully acti
vated to clindamycin in the dialysate. O’Brien and Mason 
(1992), reported significant systemic absorption of clindamy
cin after intraperitoneal administration. After five exchanges 
with 2 l of fluid containing 300 mg of clindamycin phosphate 
per liter, they reported a serum concentration of 5.8 mg/l 
(O’Brien and Mason, 1992). For years the use of this route of 
administration was controversial. However, the International 
Society for Peritoneal Dialysis has recommended the use of 
clindamycin in cases of intraperitoneal MRSA infections in 
children (Warady et al., 2012).

The addition of antibiotics to bone cement has been 
widely used in revision surgery of infected arthroplasties and 
in the treatment of other joint infection or noninfected revi
sions (Hinarejos et al., 2015; Jiranek et al., 2006). Clindamycin 
has been suggested as a possible antibiotic to be used in such 
instances because it has been reported to have release char
acteristics from bone cement that are superior to gentamicin 
(Hill et al., 1977). Neut et al. (2006) investigated the addi 
tion of clindamycin to gentamicinloaded bone cement in  
an in vitro model. They evaluated the antimicrobial effect  
of gentamicin plus clindamycin against a collection of 38 
clinical isolates, including 16 gentamicinresistant isolates. 
Gentamicinloaded bone cement alone had an antimicrobial 
efficacy against 58% of the 38 bacterial isolates, whereas 68% 
of the isolates were affected by bone cement loaded with a 
combination of clindamycin and gentamicin. Lastly, Adams 
et al. (1992) compared elution properties of clindamycin to 
those of vancomycin and other antibiotics, in an in vivo 
model (mongrel dogs). Clindamycin was documented to have 
the best elution profile, with the highest granulation tissue, 
bone, and seroma, concentrations. 

Ocular implants have been developed to improve the 
 ocular pharmacokinetic of the drugs. FernandesCunha et 
al. (2015) developed a clindamycinloaded poly(lactide co 
glycolide) (PLGA) implant. They compared the pharmacoki
netics of clindamycin administered by intravitreal injection 
versus clindamycinloaded PLGA implants, in rabbits’ eyes. 

The PLGA implants released clindamycin for 6 weeks, 
whereas clindamycin administrated by intravitreal injections 
persisted for only 2 weeks in the vitreous cavity. The PLGA 
implants had higher maximum clindamycin vitreous con
centrations (Cmax) (8.7 vs. 13.83 ng/mL−1) and a greater AUC 
(39.2 vs. 716.7 ng/week/mL−1) compared with intravitreal 
clindamycin injections. The PLGA implants extended and 
increased the delivery of clindamycin within the ocular 
tissues. 

Unfortunately, most antibiotics, when applied topically in 
burn patients, do not penetrate burn eschar in therapeuti
cally relevant concentrations. In an attempt to overcome this 
deficiency, Ghaffari et al. (2015) evaluated the penetrance 
of clindamycin phosphate incorporated into normal nanoli
posomes and ultradeformable nanoliposomes, through fully 
hydrated excised human burn eschar, compared with clinda
mycin solutions alone. These authors reported that increas
ing clindamycin phosphate liposomal lipid concentration 
from 20 to 100 mM resulted in decreased penetration by 
approximately two times. The authors speculated that these 
data demonstrated that increasing the lipid concentration 
decreased the penetrance of clindamycin through burn 
eschar, as well as resulting in an increase in its permeation 
lag time. In addition, these authors speculated that deposi
tion of nanoliposomes formulations in the burn eschar 
increases clindamycin deposition in the burn eschar.

5b.  Drug distribution

Clindamycin is generally well distributed throughout the 
body (Table 85.2). Clindamycin penetration into the central 
nervous system is considered erratic (less than 3%) (Picardi 
et al., 1975). Even when the meninges are inflamed, cerebral 
spinal fluid concentrations are low, ranging from 0.091 mg/l 
to 0.429 mg/l after intravenous administration of 1200 mg 
of clindamycin (Gatti et al., 1998). These low concentrations 
in the cerebral spinal fluid are, however, adequate for the 
treatment of Toxoplasma encephalitis (Gatti et al., 1998; Madi 
et al., 2012). 

Clindamycin has been reported to concentrate well in 
ocular tissues. Tabbara and O’Conner (1975) reported that 
clindamycin was highly concentrated in the choroid and iris 
after a single 75mg/kg intramuscular injection in rabbits. 
Six hours after the injection, the average concentrations of 
clindamycin were 110.77 μg/g in the choroid and 156.03 µg/g 
in the iris, compared with 4.67 mg/l in the serum. Mikuni et 
al. (1973) reported that after oral administration of 100 mg/
kg of clindamycin palmitate to rabbits, the concentrations 
in the aqueous humor peaked after 3 hours (1.6 mg/l) and 
remained above 1 mg/l for up to 6 hours. These authors also 
reported their experience treating pediatric patients with 
suppurative ocular infections. They reported positive out
comes in 11 of 13 patients treated with 10 mg of clindamycin 
palmitate per kilogram per day. They also reported concen
trations of clindamycin in the human eyelid ranging from 0.6 
μg/g to 13 μg/g 2 hours after oral administration of the drug 
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(Mikuni et al., 1973). Another group of Japanese investiga
tors described their experience in treating 22 patients (12 
men and 10 women) with clindamycin (Oishi et al., 1977). 
Patients were treated with doses of 300–800 mg of clindamy
cin2phosphate per day intramuscularly for various ocular 
infections. Fifteen of the patients responded well to therapy 
with only minimal side effects (Oishi et al., 1977)—two cases 
of diarrhea and bitter taste after the injection. Shamsuddin  

et al. (1982) reported successful treatment of B. cereus pan
ophthalmitis with clindamycin in three intravenous heroin 
abusers.

Concentrations of clindamycin in the saliva are similar to 
those found in serum (Keusch and Present, 1976). Peak con
centrations in crevicular fluid are also reported to be similar 
to that found in serum, 2.0 ± 0.3 mg/l in crevicular fluid ver
sus 1.9 ± 0.3 mg/l in serum. Crevicular fluid concentrations 

Table 85.2. Clindamycin distribution in the body.

Body site Local concentration Reference

Saliva Similar to serum concentration Keusch and Present, 1976

Sputum 0.91–4.7 mg/l 2 h after a 300-mg oral dose Mitchell, 1970; Raeburn and Devine, 
1971

Pleural fluid 3.9–9.3 mg/l l–2 h after a 150-mg oral and 2 h after a 600-mg dose 
intravenously, respectively

Fass and Saslaw, 1972; Panzer et al., 
1972

Eyelid tissue 0.6–133 µg/g 2 h after 10 mg/kg/day Mikuni et al., 1975

Tonsillar surface fluid 0.39-1.8 µg/g after 10 mg/kg/orally twice daily measured 2 days 
after 10-day regimen

Gastric juice l.5–2 times the serum concentration after a single dose of 300 mg 
clindamycin intravenously

Hextall et al., 1994

Bile 2–3 times the serum concentration after 600 mg clindamycin 
intravenously in nonobstructed biliary ducts (see 5b, Drug 
distribution).

Brown et al., 1976

Gastric and intestinal 
mucosa, appendix

Gastric mucosa: similar to gastric juice Malmborg, 1985; Nagar et al., 1989; 
Thadepalli et al., 1990Intestinal mucosa: 9.69 µg/g or 1.2 times the serum concentration 

after a 600-mg dose intravenously

Appendix: 7.2 µg/g in children after a single dose of clindamycin 
10 µg/kg intravenously

Gall bladder wall 5–44 µg/gm obtained during surgery after 600 mg intravenous dose Brown et al., 1976

Peritoneal or ascetic 
fluid

7.7 mg/l in children after a single dose of clindamycin 10 µg/kg 
intravenously

Gerding et al., 1977; Nagar et al., 1989

Pelvic fluid 4.3 mg/l at 1 h after 600 mg clindamycin intravenously; serum: 
9.4 mg/l

Berger et al., 1990

Fallopian tubes 1.4 mg/l 1.5–5 h after 300 mg clindamycin intramuscularly Elder et al., 1977

0.4 mg/l 2 h after 150 mg oral clindamycin

Prostate 1.7 µg/mg 1–2 h after 150 mg oral clindamycin Panzer et al., 1972

Semen 2.6 µg/mg 1–2 h after 150 mg oral clindamycin Panzer et al., 1972

Uterusa 1.5 mg/l 3 h after 300 mg clindamycin intramuscularly or 0.4 mg/l 
2 h after 150 mg oral clindamycin

Elder et al., 1977; Creatsas et al., 1981

Drug levels after 600 mg clindamycin intramuscularly are sufficient 
for in vitro inhibition of the majority of anaerobic bacteria

Wound exudate 4.5 mg/l nearly constant 1–5.5 h after 300 mg clindamycin intra-
venously every 6 h

Bagley et al., 1978; Stoehr et al., 1988

Bone and synovial fluid 0.40 ± 0.30 times the serum concentration 1 h after 300 mg 
clindamycin intramuscularly

Feigin et al., 1975; Nicholas et al., 1975; 
Smilack et al., 1976; Geddes et al., 
1977; Baird et al., 1978; Dornbusch 
et al., 1977; Boselli and Allaouchiche, 
1999

0.74 times the serum concentration 1 h after 600 mg clindamycin 
intramuscularly (average of 8.3 mg/l)

0.6–0.85 times the serum concentration after clindamycin orally and 
intravenously

A French study described only 15–30% penetration into bone tissue

Cerebrospinal fluid Poor penetration, even with inflamed meninges Ball et al., 1981; Gatti et al., 1998; Madi 
et al., 2012In AIDS patients, CSF clindamycin concentrations of 0.091–0.429 

mg/l were reached after a single dose of 1200 mg clindamycin 
intravenously; levels are sufficient to treat cerebral toxoplasmosis

aMyometrial tissues. 
Abbreviation: CSF: cerebrospinal fluid.
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of 1.0 mg/l or greater were present for up to 6 hours (Walker 
et al., 1981). Clindamycin concentrations were higher in the 
tonsils and adenoids than in serum 1–2 hours after 75 mg of 
oral clindamycin hydrochloride (Orrling et al., 2005; Panzer 
et al., 1972). Concentrations of clindamycin in tonsillar sur
face fluid were reported in patients with acute pharyngoton
sillitis treated with clindamycin hydrochloride 12.5 mg/kg 
body weight twice daily for 10 days. Two days after treatment 
ended, the tonsillar surface fluid concentrations ranged from 
0.39 mg/l to 1.8 mg/l (Orrling et al., 2005). 

The concentration of clindamycin was evaluated in serum 
and gastric tissues in 12 patients undergoing upper gastroin
testinal endoscopy (Hextall et al., 1994). After administration 
of a single intravenous infusion of clindamycin phosphate 
300 mg, concentrations in gastric fundal mucosa and gastric 
fluid were 1.5 to 2fold higher than the serum concentra
tions. The accumulation in the gastric fundal mucosa and 
gastric fluids of clindamycin occurred against a concentration 
gradient, suggesting that some active process was involved. 
Westblom et al. (1990) reported similar findings in a guinea 
pig model.

High biliary concentrations of clindamycin were reported 
in 14 patients undergoing biliary tract surgery (Brown et al., 
1975). Patients received a single dose of clindamycin phos
phate, 600 mg, intravenously. Concentrations were two to 
three times higher in bile and in the liver than in serum. In 
patients with patent bile ducts, clindamycin concentrations 
ranged from 14 mg/l to 168 mg/l (mean of 41.7 mg/l), and 
concentrations in the gallbladder wall ranged from 5 μg/g to 
44 μg/g (mean of 12 μg/g). However, in patients with obstruc
tion of the common bile duct, no drug could be detected in 
the bile, and there were reduced clindamycin concentrations 
in the gallbladder wall. Clindamycin has been reported to 
penetrate well into the ascitic fluid of patients with bacterial 
peritonitis (Gerding et al., 1977). Clindamycin concentra
tions in the ascitic fluid ranged from 2.3 mg/l to 2.9 mg/l and 
were about 50% of the simultaneous serum concentration. 
Nagar et al. (1989) reported clindamycin peritoneal fluid 
concentrations of 7.72 mg/l in children with acute appendi
citis. These samples were obtained approximately 2 hours 
after a single dose of intravenous clindamycin (10 mg/kg) 
(Nagar et al., 1989). In adults, 2 hours after a single 600mg 
dose of clindamycin (given intravenously), peritoneal fluid 
concentrations of 11.2 mg/l were observed (Thadepalli et al., 
1990).

Following the administration of 600 mg of clindamycin 
every 8 hours intravenously (six doses) to patients undergo
ing colorectal surgery, the concentrations of clindamycin in 
colonic wall tissue samples ranged from 1.8 μg/g to 13.0 μg/g 
(Kager et al., 1981). The mean colonic intestinal mucosal tis
sue concentration was 10.3 μg/g at less than 1 hour (Kager et 
al., 1981; Malmborg, 1985). Clindamycin concentrations in 
the fecal samples varied between 2.1 and 460 μg/g. Clin
damycin also penetrates well into appendicular tissues (Ber
ger et al., 1978; Nagar et al., 1989). Thadepalli et al. (1990) 
investigated clindamycin penetration into intestinal tissue 
and fluid in 73 abdominal trauma patients. After a single 

600mg dose of clindamycin (given intravenously) a mean 
intestinal tissue concentration of 9.6 μg/g was reported.

Berger et al. (1990) reported that after a single intrave
nous dose of 600 mg of clindamycin phosphate, pelvic fluid 
concentrations averaged around 4.3 mg/l. In another study 
17 women who were having an abdominal hysterectomy were 
given clindamycin, either 150 mg orally or 300 mg intramus
cularly, for prophylaxis (Elder et al., 1977). Clindamycin 
concentrations in serum, myometrium or cervix, and fallo
pian tube tissue were determined. In 6 patients administered 
oral clindamycin, concentrations in uterine tissue ranged 
from 0.2 μg/g to 0.9 μg/g and from 0.4 μg/g to 0.6 μg/g in 
fallopian tube tissue. In the 11 patients administered intra
muscular clindamycin, concentrations in uterine tissue ranged 
from 0.6 μg/g to 2.3 μg/g and from 0.3 μg/g to 2.4 μg/g in 
fallopian tube tissue. Creatsas et al. (1981) reported uterine 
blood concentrations ranging from 0.9 mg/l to 4.3 mg/l in 
6 women treated with 600 mg of clindamycin intramuscu
larly for endometritis. Clinically significant concentrations 
of clindamycin have been reported in semen (range 0.7–7.2 
mg/l) and prostate tissue (range 0.6 –3.9 μg/g) in surgical 
patients after receiving 150 mg of clindamycin orally for 1–3 
days (Panzer et al., 1972). 

The concentrations of clindamycin in human lung tissues 
were investigated in 11 patients with lung tumor adminis
tered clindamycin, either 600 mg or 1200 mg, via a 1hour 
infusion (Ikeda et al., 1985). Concentrations of clindamycin 
in lung tissues were 24 μg/g and 23 μg/g 2 and 3 hours after 
the start of the infusion, respectively. After administration 
of clindamycin 1200 mg, tissue concentrations were 47 μg/g 
2 hours after and 39 μg/gm 3 hours after the start of the infu
sion. Clinically relevant concentrations of clindamycin were 
reported in the sputum of cystic fibrosis patients with puru
lent respiratory tract infections (Raeburn and Devine, 1971; 
Shapera et al., 1981). Zinnemann and Frazer (1970) reported 
clindamycin sputum concentrations in five patients with 
chronic bronchitis. Clindamycin concentrations measured 
2 hours after an oral 300mg dose ranged from 0.91 mg/l to 
4.02 mg/l. In another study, clindamycin concentrations in 
pleural fluid were reported to range from 1.3 mg/l to 22.1 
mg/l in three patients who had received clindamycin 150 mg 
orally four times daily for 14 days (Panzer et al., 1972). 

There is a marked uptake of clindamycin by the alveolar 
macrophages (Hand et al., 1985; Hand and KingThompson, 
1982). In addition, there is also a dramatic uptake of clinda
mycin by the alveolar macrophages of smokers (compared 
with nonsmokers), with an antibiotic concentration of more 
than 50 times that of the extracellular fluid (Hand et al., 1985). 

In general, clindamycin is thought to penetrate well into 
bone (Baird et al., 1978; Dornbusch et al., 1977; Feigin et al., 
1975; Nicholas et al., 1975; Smilack et al., 1976). Gisby et al. 
(1994) evaluated bone penetration of clindamycin in an osteo
myelitis rat model. Clindamycin (50 mg/kg) was injected 
subcutaneously three times daily for 28 days. Peak serum 
and bone concentrations were 7.6 mg/l and 10.7 μg/g, respec
tively. Bystedt et al. (1977) reported clindamycin concentra
tions in mandibular bone in 24 patients undergoing dental 
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surgery who had been given a single oral dose of 300 mg of 
clindamycin. The concentration in mandibular bone for clin
damycin was 0.6 µg/g ± 0.4 µg/g. However, a French study 
that evaluated the penetration of various antibiotics into 
bone concluded that the bone penetrance of clindamycin 
was moderate, at best (only 15–30% of the serum concentra
tions) (Boselli and Allaouchiche, 1999). 

Clindamycin has been reported to penetrate well into the 
base of decubitus ulcers, with 80% of tissue samples having 
concentrations greater than 2.5 µg/g after administration of 
600 mg of clindamycin intravenously over 10 minutes (Ber
ger et al., 1978). Tissue concentrations of clindamycin were 
evaluated in 16 patients with peripheral arterial disease and 
ischemic ulcers. They were given 1200 mg of clindamycin 
intravenously, and tissue concentrations of clindamycin were 
reported as 19.4 µg/g and 11.9 µg/g 1 and 3 hours after the 
infusion, respectively (Burgmann et al., 1996).

Clindamycin also penetrates well into infected tissue in 
patients with diabetic foot infections. Four patients who 
underwent débridement or amputation were administered 
either 600 mg or 900 mg of clindamycin intravenously 
(Duckworth et al., 1993). Clindamycin tissue concentrations 
ranged from 0.04 µg/g to 2.8 µg/g. Bagley et al. (1978) mea
sured wound fluid concentrations of various betalactam 
antibiotics and clindamycin in patients who had undergone 
a regional lymph node dissection. Eight patients received 300 
mg of clindamycin intravenously every 6 hours. Wound fluid 
was collected on the first postoperative day. Clindamycin 
concentrations were generally constant in the wound fluid 
over a period of 1–5.5 hours. This was in contrast to the beta 
lactam antibiotics, which showed a steady decline in wound 
fluid concentration over time. In another study the penetra
tion of clindamycin into muscle was measured in 10 patients 
undergoing radical head and neck surgery (Stoehr et al., 
1988). Patients were administered one preoperative and three 
postoperative doses of clindamycin 600 mg intravenously. 
Anywhere from 3 to 6 hours after the first dose of 600 mg of 
clindamycin, the concentrations of clindamycin in muscle 
were reported to range from 0.6 µg/g to 5.1 µg/g. The ratio of 
tissue to plasma concentrations ranged from 0.24 µg/g to 
0.82 µg/g. The highest clindamycin concentration in wound 
drainage was reported to be 4.9 mg/l after the fourth dose, 
roughly 90% of the concurrent plasma concentrations. 

Peak serum concentrations in 39 pregnant women during 
early or mid pregnancy who were given a single oral dose 
of 450 mg of clindamycin hydrochloride were determined. 
Peak serum concentrations ranged from 3.4 to 9.0 mg/l, sim
ilar to what has been reported in nonpregnant women 
(Philipson et al., 1976). The pharmacokinetics of clindamy
cin has also been studied in women before cesarean section. 
Maternal clindamycin concentrations and cord  concentrations 
were reported to be similar to typical serum concentrations 
(Weinstein et al., 1976). Philipson et al. (1973) reported that 
clindamycin crosses the placental barrier, with cord serum 
concentrations of up to 50% of the maternal serum concen
tration (Philipson et al., 1973). Clindamycin has been reported 
to concentrate in the fetal liver tissue (Stockton and Paller, 

1990). However, another study evaluating the pharmaco
kinetics of intravenously administered clindamycin in 7 
pregnant women who needed antibiotic treatment reported 
con flicting results (Muller et al., 2010). Patients received 
either clindamycin 600 mg every 6 hours or 900 mg every 
8  hours. These researchers reported lower clindamycin 
concentrations in umbilical venous blood than in maternal 
blood. Arterial umbilical blood concentrations ranged from 
0.1 to 4.0 mg/l, and the simultaneous maternal blood con
centrations ranged from 0.19 to 6.0 mg/l. These authors sug
gested that based on these data, clindamycin concentrations 
reported with these dosing regimens in pregnant women 
may be too low for clinical efficacy.

Clindamycin is secreted into breast milk in varying 
amounts (Matsuda, 1984; Smith et al., 1975; Steen and Rane, 
1982). Smith et al. (1975) reported clindamycin concentra
tions in the breast milk of two nursing mothers who were 
receiving treatment with clindamycin. Maximal breast milk 
concentrations after 600 mg of clindamycin given intrave
nously every 6 hours ranged from 2.13 mg/l to 3.8 mg/l. 
Steen and Rane (1982) reported clindamycin concentrations 
in breast milk in five women who received clindamycin 150 
mg three times daily for a minimum of 7 days, beginning on 
the day of childbirth. Attempts were made to obtain all milk 
excreted over a 6hour dosage interval. Overall, highly vari
able clindamycin concentrations were observed in breast 
milk, ranging from approximately 0.5 mg/l to 3.1 mg/l, mea
sured 6 hours after the dose. These concentrations were one 
tenth to severalfold higher than the concurrent maternal 
serum concentrations. Lastly, Matsuda (1984) reported breast 
milk concentrations in two women after a single oral dose of 
150 mg of clindamycin. Breast milk concentrations averaged 
from 0.3 mg/l to 1.2 mg/l between 1 and 6 hours after the 
dose (Matsuda, 1984). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features 

There is a lack of data in humans evaluating antibiotic con
centrations in abscesses. Clindamycin has notable penetra
tion and activity in abscesses in animals (Galandiuk et al., 
1995; Joiner et al., 1981). The average peak concentrations of 
clindamycin in sterile and infected abscesses in a mouse 
model were reported to be 6.6 mg/l after a single 85mg/kg 
dose (Joiner et al., 1982). The peak abscess concentrations 
were between 43% and 63% of the peak serum concentra
tions. Peak abscess concentrations of the other tested anti
microbials evaluated in this model reached only 13–27% of 
the peak serum concentrations. Galandiuk et al. (1995) eval
uated the penetration of clindamycin into intraabdominal 
abscess in a murine model. The animals received 200 mg of 
clindamycin per kilogram and were reported to have peak 
abscess concentrations of 13 mg/l (Galandiuk et al., 1995). 
The combination of clindamycin’s immunomodulating prop
erties, accumulation into polymorphonuclear leukocytes, and 
lack of a significant inoculum effect might make clindamycin 
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a possible choice for the treatment of abscesses. However, the 
application of these data to humans remains uncertain.

Clindamycin is known to have certain immunomodula
tory properties (Van Vlem et al., 1996; Viora et al., 1996). 
Clin damycin enhances chemotaxis and phagocytosis by poly  
morphonuclear leukocytes (Bassaris et al., 1984, 1987; Eick 
et al., 2000; Gemmell, 1984; Howard and Soucy, 1983; Mila 
tovic et al., 1983; Van Vlem et al., 1996). Clindamycin has also 
been shown to reduce bacterial adhesion to infected bones 
and mucosal surfaces and to also reduce glycocalyx forma
tion by S. aureus (MayberryCarson et al., 1986).

Clindamycin is bactericidal against some isolates of staph
ylococci, streptococci, and B. fragilis (Klepser et al., 1997; 
Zabransky et al., 1973). The bactericidal activity of clindamycin 
varies with concentration, bacterial species, and inoculum. 
In clinical practice, clindamycin concentrations are generally 
too low for the bactericidal effect. The antibacterial effect of 
clindamycin combined with other antibiotics has been stud
ied, and conflicting results have been reported. Leng et al. 
(1975) reported synergy between gentamicin and clindamycin 
against E. coli, whereas Sabath and Toftegaard (1974) reported 
no such synergy. Zinner et al. (1976) actually reported that 
clindamycin interfered with gentamicin antibacterial activity 
against E. coli.

Clindamycin has a postantibiotic effect in vitro, and its 
duration varies among species. The postantibiotic effect may 
be due to the persistence of the drug at the ribosomal bind
ing site. The postantibiotic in vitro effect for S. aureus has been 
reported to be 4.4–6.7 hours, and for B. anthracis 2 hours 
(Athamna et al., 2004a; Xue et al., 1996). The clinical rele
vance of this is unclear.

5d.  Excretion

The elimination halflife of clindamycin is approximately 
2–3 hours. Approximately 5–28% of clindamycin is excreted 
in urine (Brown et al., 1975; Fass and Saslaw, 1972). After 
parenteral administration of clindamycin every 8 hours in 
adults, 8% of the intramuscular dose and 28% of the intrave
nous dose is recovered from the urine (Fass and Saslaw, 
1972). After a single oral dose (administered either after fast
ing or after food), 13% of the dose can be recovered in the 
urine within 24 hours (McGehee et al., 1968). In patients with 
normal renal function, high urinary concentrations of clinda
mycin are found with normal dosing (Fass and Saslaw, 1972). 
The activity of clindamycin in the urine is most likely due to 
the combination of the unchanged drug and the presence of 
active metabolites. In premature and term infants younger 
than 4 weeks, 14–16% of an intravenously administered dose 
was recovered in the urine, and this increased to 23% for 
infants 1–12 months of age (Bell et al., 1984). In patients with 
severe renal disease, less than 1% of the active drug may be 
detected in the urine in 24 hours (Peddie et al., 1975). 

Clindamycin is extensively hepatically metabolized to active 
and inactive metabolites. Williams et al. (1975) reported an 
increased urinary excretion of clindamycin after intravenous 
administration in patients with severe hepatic dysfunction 

(Williams et al., 1975). Five hours after intravenous adminis
tration of 600 mg of clindamycin, the mean serum concentra
tion in patients with moderate to severe hepatic dysfunction 
was 24.3 mg/l versus 8.3 mg/l in patients with normal liver 
function. This suggests that the kidneys may have some com
pensatory excretory role in patients with liver disease. Clin
damycin biliary concentrations of 48 mg/l and 55 mg/l were 
reported for two patients who received 600 mg intravenously 
every 6 hours (Williams et al., 1975). After a single oral dose 
of clindamycin, less than 5% of the active drug is excreted in 
the feces (Keusch and Present, 1976). The enterohepatic cir
culation of clindamycin and its metabolites has been reported 
to cause changes in the gastrointestinal tract flora for up to 2 
weeks after discontinuation of the drug (Kager et al., 1981). 
These alterations in the flora of the gastrointestinal tract were 
reported to occur within 24 hours after the first dose of clin
damycin (Kager et al., 1981). 

The excretion of clindamycin in urine and bile does not 
account for the entire administered dose, and in vitro find
ings suggest that a substantial proportion of the drug is inac
tivated in the body to various active and inactive metabolites 
through the CYP3A4 system in the liver (Wynalda et al., 
2003). The parent compound, active metabolites (clindamycin 
sulfoxide and Ndemethylclindamycin), and inactive metab
olites are excreted in urine and feces (Gatti et al., 1998; Wag
ner et al., 1968). The metabolites and the parent compound 
are metabolized at an increased rate in children (Rane and 
Wilson, 1976).

5e.  Drug interactions

Clindamycin has no effect on most of the P450 isoenzymes. 
Although clindamycin has been documented to have a slight 
inhibitory (26% reduction in activity) effect on the activities 
of CYP3A4, it does not substantially alter the metabolism of 
concomitantly administered drugs that are metabolized in 
the liver by this enzyme (Wynalda et al., 2003). It is interest
ing to note that Thurnheer et al. (1999) reported a suspected 
drug–drug interaction between clindamycin and cyclospo
rin A in two patients. Both patients were lung transplant 
recipients receiving oral clindamycin 600 mg three times 
daily for S. aureus respiratory tract infections. The use of 
clindamycin in both patients resulted in marked declines in 
the serum concentrations of cyclosporin A. On discontinua
tion of clindamycin, the serum concentrations of cyclosporin 
A returned to their pre–clindamycin treatment concentra
tions. The authors postulated that this interaction was caused 
by reduced oral bioavailability of cyclosporin A, enhanced 
metabolism, or both. Cyclosporin A is extensively meta
bolized by the liver, predominantly the cytochrome P450 
system, and its oral bioavailability depends on intestinal 
Pglycoprotein (mdr1). However, there are no reports in the 
literature of an effect of clindamycin on either the P-450 
pathway or Pglycoprotein. 

Investigators have reported lower clindamycin trough 
con centrations with the concomitant administration of clin
damycin and rifampin, a known potent hepatic cytochrome 
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P450 inducer (Bernard et al., 2015; Curis et al., 2015; Zeller 
et al., 2010). Zeller et al. (2010) reported that patients receiv
ing clindamycin via continuous infusion (mean daily dose of 
2400 mg) had median serum clindamycin concentrations 
when treated with rifampin of 5.3 mg/l versus 8.9 mg/l for 
those patients not treated with rifampin. Curis et al. (2015) 
reported the results from an observational study in patients 
hospitalized for a bone and joint infection receiving clinda
mycin as part of their treatment regimen. They reported that 
patients with concomitant treatment of clindamycin and 
rifampicin (also known as rifampin) resulted in significantly 
decreased clindamycin trough concentrations. The median 
trough concentration was significantly lower for patients 
taking both rifampicin and clindamycin—0.46 mg/l versus 
1.52 mg/l for those patients being treated only with clinda
mycin. Bernard et al. (2015) reported that four patients 
receiving oral clindamycin for severe staphylococcal osteoar
ticular infections had mean peak and trough serum concen
trations of clindamycin that were below the recommended 
therapeutic concentrations when administered with rifam
picin (Bernard et al., 2015). One recent study evaluated anti
biotic therapy for patients with prosthetic joint infections 
secondary to Grampositive organisms (Tornero et al., 2016). 
These researchers reported that when rifampicin was admin
istered in combination with clindamycin, a higher failure 
rate (27.8%) was noted compared with patients receiving a 
combination of rifampicin with levofloxacin, ciprofloxacin, 
or amoxicillin (8.3%). These authors felt that the treatment 
failures associated with clindamycin were secondary to a 
drug–drug interaction with rifampin. 

A study of paclitaxel and clindamycin was undertaken in 
16 patients with advanced ovarian cancer (Fruscio et al., 2006). 
Clindamycin 600 mg or 1200 mg (given intravenously) was 
administered with paclitaxel 175 mg/m2 given as a 3hour 
infusion. Mean peak serum paclitaxel concentrations and the 
mean AUC significantly decreased (12% and 11%, respec
tively) with the clindamycin 1200mg regimen. Although this 
was a statistically significant interaction, the authors felt that 
the changes noted were of questionable clinical relevance.

Because the macrolides, streptogramins, ketolides, oxazo
lidinone (linezolid), and chloramphenicol bind to the same 
subunit of the ribosome, these drugs should not be com
bined with clindamycin. The possible interactions between 
clindamycin and these drugs are based on in vitro studies 
with minimal supportive clinical literature. In vitro studies 
have shown that clindamycin has neuromuscular blocking 
properties (Rubbo et al., 1977). Therefore clindamycin should 
be used cautiously in patients receiving neuromuscular 
blocking agents (Table 85.3). The effect of these agents can  
be enhanced by clindamycin and may lead to respiratory 
depression (Avery and Finn, 1977). 

Butkus et al. (1976) described three patients in whom the 
concomitant administration of gentamicin and clindamycin 
was thought to be associated with acute renal failure. All 
three patients had normal renal function before the concom
itant administration of these two drugs. The evidence for this 
drug–drug interaction consisted of the temporal relationship 

between administration of the antibiotics and the develop
ment of acute renal failure. Complete or partial improvement 
of renal function occurred in all three patients on the termi
nation of therapy. However, determining whether this adverse 
event was caused by the gentamicin alone rather than the 
combination of both drugs was not adequately addressed by 
these authors. 

The effect of the concomitant administration of kaolin 
pectin suspension on the bioavailability of orally administered 
clindamycin was evaluated (Albert et al., 1978). Each subject 
received a 150mg oral dose of clindamycin with and without 
the kaolinpectin suspension. These investigators found that 
kaolinpectin had no effect on the extent of clindamycin 
absorp tion, but it dramatically decreased its absorption rate. 

Being a highly proteinbound drug (80–95%), clindamy
cin may influence the serum free fraction of other drugs. In 
one report, acute verapamil toxicity was associated with cef
triaxone and clindamycin administration (Kishore et al., 1993). 
The patient developed a complete heart block necessitating 
cardiopulmonary resuscitation and the placement of a tem
porary pacemaker after administration of both antibiotics. 
The authors speculated that the administration of ceftriax
one, clindamycin, or both drugs might have caused the acute 
verapamil toxicity by displacing verapamil from protein 
binding sites. In clinical practice the aforementioned drugs 
are often combined without clinically significant problems. 

6. ADVERSE REACTIONS AND TOXICITY

The CDC recently reported its findings regarding drug 
related adverse events associated with systemic antibiotic use. 
Of the more commonly prescribed antibiotics, clindamycin 
was associated with one of the highest rates of adverse events 
associated with emergency department visits (Shehab et al., 
2008). When evaluating emergency department visits for anti
bioticassociated adverse events in 2004–2006, those attributed 
to clindamycin were 18.9 visits per 10,000 outpatient prescrip
tion visits for clindamycin, second only to the penicillins. 

The majority of side effects of systemic clindamycin ther
apy are gastrointestinal in nature (nausea, vomiting, diarrhea, 
and anorexia) or allergic reactions (Hugo et al., 1977; Kasten, 
1999; Swartzberg et al., 1977). The use of clindamycin (as 
with any antibiotic) may give rise to overgrowth of nonsus
ceptible organisms, particularly fungi. Some patients have 
reported a bitter taste after intravenous administration of 
clindamycin (Fass et al., 1973). Irritation at the site of intra
muscular injection or intravenous infusion is a rare event after 
clindamycin use (Fass and Saslaw, 1972). Topical administra
tion of clindamycin on the skin has been associated with 
contact dermatitis, with symptoms such as burning, itching, 
or peeling skin (Thomsen et al., 1980). Although rare, after 
intravaginal application of clindamycin vulvar irritation and 
symptomatic vaginitis have been reported (Stein et al., 1993). 
Clindamycin is absorbed after topical application and may 
cause systemic side effects (Voron, 1978). 

Intravenously administered clindamycin can cause local 
thrombophlebitis (Ball, 1981). Intramuscular clindamycin is 
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usually well tolerated but has caused induration, sterile 
abscesses, and reversible increases in serum creatine kinase 
concentrations (Fass and Saslaw, 1972; Fass et al., 1973). 

6a.  Hypersensitivity reactions

Rashes have been reported with clindamycin therapy (Levi
son et al., 1974), with studies reporting drug rash occurring 
as often as 10–15% of the time (Geddes et al., 1970; Stillerman 
et al., 1973). However, Mazur et al. (1999) evaluated 3896 
administrations of clindamycin from over a 2year period 
(1995–1997) and reported the incidence of rash as less than 
1%. In general, these rashes mostly appeared as dry skin or a 
generalized mild to moderate morbilliform rash. Less fre
quently, maculopapular rashes, erythema, urticaria, pruritus, 
skin peeling, and contact dermatitis have been described 
(Dehaan et al., 1973; Fass et al., 1973; Herstoff, 1978), as 
well as, occasionally, facial edema (Vidal et al., 1991). HIV
infected patients are thought to be more prone to develop 
skin reactions to clindamycin (Wijsman et al., 2005). 

One case report described a patient who developed ery
throderma with intense malaise, pruritus, and chills 7 days 
after treatment with parenteral clindamycin (GonzaloGarijo  
and de Argila, 2006). Sweet syndrome (a type of inflamma
tory neutrophilic dermatoses) has been associated with clin
damycin use in two patients (Clark et al., 2007; Kandula et 

al., 2010). StevensJohnson syndrome and acute generalized 
exanthematous pustulosis have also been attributed to clin
damycin use (Fulghum and Catalano, 1973; Schwab et al., 
2000). Drug reaction with eosinophilia and systemic symp
toms (DRESS) syndrome has been reported in two patients 
(Miller Quidley et al., 2012; Tian et al., 2010). DRESS was 
associated with clindamycin use in a 25yearold patient 
previously diagnosed with infectious mononucleosis and 
strep throat with peritonsillar abscesses (Tian et al., 2010). 
The patient recovered with supportive care. The second case 
report described a 63yearold woman with nausea, vomit
ing, generalized rash, and acute kidney injury associated 
with clindamycin treatment. During her hospitalization the 
rash progressed, leading to desquamation of over 90% of her 
body surface area. Her renal function progressively declined 
and she also developed hepatic failure, pancreatitis, coagu
lopathy, and respiratory failure. Sixteen days after admis
sion, the patient died (Miller Quidley et al., 2012). Lastly, 
anaphylaxis has been reported but rarely occurs with clinda
mycin treatment, having been reported in only two patients 
to date (Chiou et al., 2006, Lochmann et al., 1977). 

6b.  Gastrointestinal side effects

Clindamycin administered either orally or parenterally may 
cause nausea, vomiting, anorexia, abdominal distention and 

Table 85.3. Drug interactions with clindamycin.

Type of drug Generic name Interaction effect References

Neuromuscular blocking 
agents

Atracurium, cisatracurium, doxacu-
rium, metocurine, mivacurium, 
pipecuromium, rapacuronium, 
rocuronium, gallamine

Enhanced and prolonged neuromuscular 
blockade

al Ahdal and Bevan, 1995; 
Sloan and Rasul, 2002 

Neuromuscular blocking 
agents

Pancuronium, tubocurarine, 
vecuronium

Respiratory depression due to enhanced 
and prolonged neuromuscular 
blockade

Rubbo et al., 1977; 
Ostergaard et al., 1989 

Adsorbent antidiarrheal 
agents

Kaolin, attapulgite Decreased clindamycin effect due to 
diminished absorption

Albert et al., 1978 

Antibiotics Macrolides, streptogramins, 
ketolides, oxazolidone (linezolid), 
chloramphenicol

Antagonistic antimicrobial effect 
(competition for the same binding 
site); possible additive effect of 
cardiotoxicity for erythromycin

Garrett et al., 1970

Rifampin Decreased clindamycin serum 
concentrations

Zeller et al., 2010; Curis et 
al., 2015; Bernard et al., 
2015 

Immunosuppressants Cyclosporine Two cases with decreased cyclosporine 
bioavailability after clindamycin; 
possibly the result of interaction

Thurnheer et al., 1999

Antineoplastic Paclitaxel Mean peak serum paclitaxel concentra-
tions and the mean AUC significantly 
decreased (12% and 11%, 
respectively)

Fruscio et al.,2006

Cardiac agents Verapamil Patient developed a complete heart 
block necessitating cardiopulmonary 
resuscitation after administration of 
clindamycin and ceftriaxone 

Kishore et al., 1993

Abbreviation: AUC: area-under-the-concentration-time curve. 
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cramps, tenesmus, flatulence, bloating, constipation, and diar
rhea (Hugo et al., 1977, Swartzberg et al., 1976). A bitter 
metallic taste has been reported after both intravenous and 
topical administration of clindamycin (Fass et al., 1973; Hugo 
et al., 1977; Slazinski and Flowers, 1980). Hypopharyngeal 
swelling has been described as a result of oral clindamycin 
use, although it is thought to be a capsuletype mediated 
injury and not a drugrelated injury (Johnson et al., 2008). 

Occasionally, capsules or tablets may get lodged within 
the esophagus and dissolve locally, causing direct mucosal 
damage. Esophageal ulceration has been reported secondary 
to lodgment of clindamycin capsules in the lower esophagus 
(Rivera Vaquerizo et al., 2004; Sutton and Gosnold, 1977; 
Wagen voort et al., 2011). It has been speculated that delayed 
passage of the clindamycin capsule through the esophagus 
may have allowed prolonged mucosal contact and the resul
tant ulceration. The mechanism of mucosal damage is prob
ably similar to that seen with the tetracyclines (Carlborg et 
al., 1983). 

Antibiotics have an impact on the bacteria that normally 
exist throughout the gastrointestinal tract, affecting both the 
pathogenic and normal colonic flora. Clindamycin adminis
tration results in changes in the intestinal microbial ecology 
(Heimdahl and Nord, 1982; Kager et al., 1981; Nord and 
Heimdahl, 1986). The numbers of Enterococcus species and 
all anaerobic species have been reported to decrease after 
clindamycin administration (Kager et al., 1981). In addition, 
the enterohepatic circulation of clindamycin and its metabo
lites is also a contributing factor of the sustained changes 
seen in the intestinal flora, even after discontinuation of the 
drug (Kager et al., 1981). Recently, clindamycin was docu
mented to have an impact on the anaerobic colonic flora, 
resulting in a longterm effect (1–2 years) leading to the 
development and persistence of antibioticresistant anaerobes 
in the gastrointestinal tract (Jernberg et al., 2007, Rashid et 
al., 2015). 

Antibiotic therapy is a wellknown cause of diarrhea as 
well as C. difficile–associated diarrhea (CDAD) (Gorbach and 
Bartlett, 1977; Goulston and Mcgovern, 1980; Tedesco and 
Alpers, 1974). C. difficile was first recognized as a major infec
tious cause of antibioticrelated diarrhea in 1978 (Bartlett et 
al., 1978). CDAD occurs because of the impact of the anti
biotic on the intestinal flora, allowing the overgrowth of  
C. difficile within the gastrointestinal tract. The occurrence 
of  C. difficile pseudomembranous colitis is caused by the 
toxins secreted by C. difficile. The antibiotics most often 
associated with CDAD and colitis are clindamycin, amoxi
cillin, the quinolones, and the cephalosporins (Collier et al., 
2014; Nel son et al., 1994; Thamlikitkul et al., 1996). Multiple 
courses of antibiotic therapy increases the risk of CDAD. 
CDAD has been associated with both parenteral and oral 
antibiotic therapy. 

Diarrhea and pseudomembranous colitis have been 
reported to occur in association with parenteral, topical, oral, 
or vaginal clindamycin administration (Beavis et al., 1976; 
Cohen et al., 1973; Dallos, 1975; Friedman et al., 1976; Gibson 
et al., 1975; Gurwith et al., 1977; Le Frock et al., 1975; Lemos 

et al., 1976; Lusk et al., 1977; Neu et al., 1977; Robertson et 
al., 1977; Swartzberg et al., 1977; Tedesco et al., 1974). Initial 
reports from the manufacturer suggested that 3.5% of patients 
develop diarrhea and only 1 in 100,000 patient developed 
severe colitis (RamirezRonda, 1974). However, the reported 
incidence of clindamycinassociated diarrhea in the litera
ture varies from 0.3% to 21% and pseudomembranous colitis 
(C. difficile related) from 1% to 10%; the frequency is quite 
variable (Brause et al., 1980; Gurwith et al., 1977; Neu et al., 
1977; Tedesco, 1977). The variable incidence of diarrhea and 
C. difficile pseudomembranous colitis associated with clinda
mycin use reported in the literature is probably the result of 
the use of different definitions for diarrhea and the use of 
various diagnostics tests for identification of C. difficile–
related disease (CDAD) (Dhawan and Thadepalli, 1982; 
Gerd ing, 2009; Knoop et al., 1993; Marra and Ng, 2015). 
Clindamycinassociated colitis occurs more often in women 
(RamirezRonda, 1974). In many of the early reports there 
appeared to be a geographic clustering of cases (Kabins and 
Spira, 1975). Risk factors associated with CDAD include 
older patients, debilitated patients, proton pump inhibitor 
use, prolonged hospitalization, previous antibiotic use, and 
recent abdominal surgery (Asha et al., 2006; Clark et al., 1976; 
Garey et al., 2008; Kappas et al., 1978; Owens et al., 2008). 

CDAD is the most dreaded adverse effect of patients 
receiving clindamycin therapy. CDAD is characterized by 
diarrhea (three to five loose stools per day), occasionally 
bloody, with cramps and fever, and the presence of yellow
ishwhitish plaques on the colonic mucosa documented via 
proctoscopic examination. The toxin of C. difficile may be 
detected in the stool of almost all patients with CDAD. 
Recovery from diarrhea generally occurs within 3 weeks of 
stopping the clindamycin, but protracted diarrhea and relapses 
have also been reported (Lambert, 1975; Swartzberg et al., 
1977). If treatment is necessary, depending on the severity of 
the disease metronidazole, vancomycin, and fidaxomicin are 
effective treatments (Bagdasarian et al., 2015). 

The epidemiology of C. difficile infection has changed 
recently with the appearance of highly virulenttype organ
isms associated with more severe infections, higher rates 
of recurrences, and increased mortality (Pepin et al., 2005). 
Whereas clindamycin therapy was driving the historical 
endemic in the 1970s, through the 1980s the second and 
thirdgeneration cephalosporins were the antibiotics most 
often associated with CDAD (Guay, 2007). Now, in the 
 twentyfirst century, it seems that the fluoroquinolones are 
trending toward becoming the new highrisk antibiotic ther
apy associated with CDAD (Gerding, 2004).

6c.  Genitourinary side effects

Both topically and vaginally administered clindamycin have 
been associated with the disruption of the normal vaginal 
microbial flora and overgrowth of nonsusceptible micro
organism (Austin et al., 2005; Sobel et al., 2001). The emer
gence of clindamycinresistant anaerobic bacteria from the 
endometrium after treatment with vaginal administration of 
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clindamycin has been reported (Austin et al., 2005; Ohm
Smith et al., 1986). Of concern is that over the past two 
decades the frequency of clindamycin resistance has dramat
ically increased with this route of administration (Austin et 
al., 2005). The use of clindamycin has been associated with a 
wide range of adverse effects including vaginitis, vulvovagini
tis, vaginal candidiasis, Trichomonas vaginalis infection, vag
inal pain, vaginal discharge, and vulvar laceration (Dhar et 
al., 1994; Sobel et al., 2001; Vermeulen et al., 2001). Symp
tomatic vaginal Candida infections have been reported in 
roughly 10% of women treated with intravaginal clindamy
cin. The incidence of adverse effects is even higher in preg
nant women.

Dysuria, azotemia, oliguria, proteinuria, urinary tract 
infections, and pyelonephritis have all been associated with 
clindamycin therapy. Although these side effects are rarely 
seen, they seem to be more frequently encountered in China 
(Xie et al., 2013). One report associated renal failure with the 
combination of clindamycin and gentamicin in three patients 
(Butkus et al., 1976). More recently, a group of 24 patients 
treated with clindamycin alone were reported to have biopsy 
proven kidney injury (Xie et al., 2013). The renal pathologic 
diagnosis indicated either acute tubular necrosis or acute 
interstitial nephritis. Clinically, nephrotoxicity was charac
terized by transient gross hematuria and oliguric acute kid
ney injury. The total dose of clindamycin in these patients 
was 1.0–1.5 g/day. After clindamycin was discontinued and 
patients were treated with prednisone and supportive care, 
renal function returned to normal in all patients within 2 
months. These authors speculated that perhaps increased 
impurities in the clindamycin preparation manufactured in 
China (<8%) versus that produced in the United States (<6%) 
might play some role in the development of acute kidney 
injury.

6d.  Hepatotoxicity

Minor abnormalities in the results of liver function tests, 
such as AST, alanine aminotransferase (ALT), alkaline phos
phatase, and serum bilirubin level, have been frequently 
observed in patients treated with clindamycin (Aygun et al., 
2007; Fass and Saslaw, 1972; Levison et al., 1974; Williams et 
al., 1975). Elevations of AST levels associated with intramus
cular injections of clindamycin may be due not to hepatotox
icity but to injectioninduced muscle damage (Fass and 
Saslaw, 1972). McGehee et al. (1968a) reported that the ele
vated AST levels observed in some patients after receiving 
clindamycin were false positives due to interference from the 
clindamycin or its metabolites with the colorimetric method 
of estimating AST (McGehee et al., 1968a). When AST was 
measured by a specific enzymatic method, no elevations 
could be detected. A few cases of jaundice and acute choles
tatic hepatitis have been associated with clindamycin therapy 
(Aygun et al., 2007; Elmore et al., 1974; Levison et al., 1974; 
Moole et al., 2015). Clindamycin has been associated with 
acute idiosyncratic liver injury (Moole et al., 2015). Typically 
the injury occurs 1–3 weeks after therapy is begun (Moole et 

al., 2015). It is interesting to note that clindamycin has been 
given (parenterally) to some patients with liver disease with
out negative consequences (Hinthorn et al., 1976; Williams 
et al., 1975).

6e.  Neurologic side effects

Neurologic side effects of clindamycin are rare. One report 
described a patient with Parkinson’s disease who experi
enced a temporary improvement of his tremor during clin
damycin treatment (Schulze et al., 1999). On three separate 
occasions, this patient’s Parkinsonianrelated tremors almost 
completely disappeared within 4–12 hours after clindamycin 
administration. Another report described a 14yearold boy 
who developed reproducible tinnitus and hearing loss in his 
right ear while receiving topical clindamycin pledgets (wipes) 
and clindamycin gel (Scissors and Shwayder, 2006). Initially 
the patient was treated for acne with the pledgets and com
plained of mild, periodic ringing in his right ear lasting for a 
few seconds associated with clindamycin pledget use. The 
topical clindamycin was stopped at that time. Two months 
later, the patient reported complete hearing loss in his right 
ear. Sometime later, treatment of the patient’s acne was 
started again, but this time consisting of 1% clindamycin and 
5% benzoyl peroxide gel. After 2–3 months of this treatment, 
the patient developed a severe and persistent buzzing in his 
right ear. Treatment was then discontinued and the patient 
noted an improvement in the tinnitus within 1–2 days but 
with no improvement in the hearing deficit. 

A recent case report described a 38yearold woman 
treated with oral clindamycin, 300 mg/day, for acne vulgaris 
who developed transient restless legs syndrome (Lo Coco 
and Cannizzaro, 2008). Three days after the initiation of 
therapy the patient reported an objectionable sensation in 
her legs at night, which worsened with rest. The symptoms 
of restless leg syndrome disappeared 3 days after discontin
uation of clindamycin. Choreiform movements have been 
associated with intravenous clindamycin in one patient 
(Hugo et al., 1977).

Clindamycin is also known to block neuromuscular trans
mission and enhance the effect of nondepolarizing muscle 
relaxants (al Ahdal and Bevan, 1995; Becker and Miller, 
1976; Sokoll and Gergis, 1981). Clindamycin seems to cause 
muscle relaxation mainly by direct action on contractility 
rather than by inhibition of neuromuscular transmission 
(Becker and Miller, 1976; Wu et al., 2015). In a mouse phrenic 
nerve model, clindamycin phosphate is one tenth as potent 
as clindamycin hydrochloride with regard to neuromuscular 
blockade (Singh et al., 1978). An initial case report described 
the prolongation of pancuronium neuromuscular blockade 
(for 20 h) after intravenous clindamycin administration (600 
mg) in a 54yearold woman (Fogdall and Miller, 1974). 
Another case report described a 44yearold woman who 
received fentanyl, propofol, and succinylcholine as part of 
her general anesthesia. A nondepolarizing agent was not 
administered to this patient. These authors reported that the 
patient experienced temporary paralysis after intravenous 
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administration of 600 mg of clindamycin (Best et al., 1999). 
al Ahdal and Bevan (1995) reported prolonged neuromus
cular block after a 2400mg dose of clindamycin in a 58year
old women (al Ahdal and Bevan, 1995). Lastly, a fatal case  
of clindamycinrelated neuromuscular blockade has been 
described (Wu et al., 2015). A 47yearold woman with endo  
metrial carcinoma underwent a laparoscopic vaginal hyster
ectomy under general anesthesia. The patient’s anesthesia 
was successfully reversed, and postoperatively she received 
patientcontrolled analgesia (PCA) with fentanyl and trama
dol. Postoperatively the patient was doing well and was 
transferred to the general ward. Within 10 minutes of admin
istration of intravenous clindamycin (1.2 g over 30 minutes) 
in the general ward, the patient became cyanotic with a pro
found respiratory depression followed by a fatal cardiac 
arrest. The authors theorized that the patient developed neu
romuscular blockade related to the combination of clinda
mycin and fentanyl, which led to her respiratory depres sion 
and death. 

6f.  Other side effects

Both monoarthritis and polyarthritis have been noted as rare 
side effects of oral clindamycin therapy (Alikhani and Sale
hifar, 2012; Rollins and Moeller, 1976). Another report men
tioned the association between clindamycin administration 
and lymphadenitis (Southern, 1997). Cardiovascular side 
effects associated with clindamycin administration are quite 
rare. Rapid administration of large doses of clindamycin has 
resulted in hypotension, dysrhythmias, and cardiac arrest 
(Aucoin et al., 1982; Chiou et al., 2006; Gabel et al., 1999). 
Prolongation of the QT interval has been described with the 
administration of oral clindamycin, 300 mg three times daily 
(Gabel et al., 1999). Blood dyscrasias have occasionally been 
noted in patients receiving clindamycin or lincomycin, such 
as neutropenia, thrombocytopenia, agranulocytosis, and 
pan cytopenia (Bubalo et al., 2003; Fleming and Crowe, 1976; 
Morales et al., 2014; Raff, 1973). Clindamycin may give rise 
to drug fever and leukocytosis (Fass et al., 1973). Clindamy 
cin has also been reported to cause hallucinations (Hugo  
et al., 1977). A single case of colonic vasculitis has been 
reported after oral administration of clindamycin (Sweeney 
and Sheehan, 1979).

6g.  Risks in pregnancy, fetal toxicity,  
and breastfeeding

Clindamycin has been reported to cross the placental barrier 
and to concentrate in fetal liver tissues (Philipson et al., 1973; 
Stockton and Paller, 1990). As with most other antibiotics, 
clindamycin carries the FDA pregnancy risk factor category 
B. However, some investigators studied the impact of clin
damycin therapy on the occurrence of congenital abnor
malities, using retrospective data sets (McCormack et al., 
1987). They reported that of 104 pregnant women receiving 
clindamycin (or erythromycin) treatment during the second 
or third trimesters, the incidence of congenital abnormalities 

was not higher than expected. Hungarian investigators pre
sented data on patients with congenital abnormalities and 
their matched controls born to mothers treated with either 
clindamycin or lincomycin, during pregnancy between the 
years 1980 and 1996 (Czeizel et al., 2000). In their analysis 
they identified 8 cases of congenital abnormalities and 11 
controls born to mothers who had received lincosamide 
treatment during pregnancy and reported that a detectable 
teratogenic risk to the fetus was not found to be associated 
with lincosamide therapy. Of note, the Infectious Diseases 
Committee of the Society of Obstetricians and Gynaecologists 
of Canada has recommended the use of clindamycin as pro
phylaxis in obstetric procedures in penicillinallergic patients 
(van Schalkwyk and Van Eyk, 2010).

Clindamycin is secreted into breast milk (Chow and 
Jewes son, 1985; Matsuda, 1984; Steen and Rane, 1982). One 
case of bloody stools in a breastfeeding infant has been 
reported (Mann, 1980). After delivery a women was treated 
with intravenous gentamicin and clindamycin for presumed 
endometrial infection. On day 5 of antibiotic treatment the 
infant had two grossly bloody stools. Breastfeeding was 
stopped and the infant was given electrolyte formula. The 
bloody stools resolved rapidly, becoming guaiac negative 
within 24 hours. The relationship between clindamycin and 
the bloody diarrhea in this infant remains unclear. 

7. CLINICAL USES OF THE DRUG

Clindamycin is used to treat a wide range of infections of 
bacterial and parasitic origin (Table 85.4). Although clinda
mycin has proven to be effective for the treatment of severe 
bacterial infections, for several reasons it is currently not 
generally regarded as the drug of first choice. First, the high 
prevalence of clindamycinresistant staphylococci, strepto
cocci, and anaerobes in some geographic locales limits the 
clinical usefulness of this agent. Second, newer antianaerobic 
agents (e.g. metronidazole, penicillin–betalactamase inhibi
tor combinations, carbapenems) with excellent antianaerobic 
activity are available. Finally, as a bacteriostatic drug, clin
damycin is not considered to be suitable to treat severe 
infections as monotherapy, especially in immunocompro
mised hosts. 

Nevertheless, particularly useful indications for clinda
mycin include (1) use as an alternative to betalactams for 
the penicillinallergic patient; (2) treatment of infections 
caused by susceptible CAMRSA; and (3) use in toxic shock 
syndromes, to suppress toxin production by toxinproducing 
strains of S. pyogenes (group A streptococci), C. perfringens, 
and S. aureus. Clindamycincontaining regimens are consid
ered necessary for human babesiosis and in pregnant women 
diagnosed with uncomplicated or complicated malaria 
caused by chloroquineresistant P. falciparum infection.

7a.  Skin and connective tissue infections

Staphylococci and streptococci are the primary pathogens 
associated with many skin and soft tissue infections (SSTIs). 
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Table 85.4. Clinical uses of clindamycin.

Organism Infection Comments

Streptococcus pyogenes (group A 
streptococci)

Pharyngotonsillitis, chronic 
carriage, rheumatic fever

Alternative to penicillin or amoxicillin; treat pharyngotonsillitis 
or chronic carriage for 10 days

Cellulitis, erysipelas Alternative to amoxicillin or penicillin, or first-generation 
cephalosporin

Necrotizing fasciitis, toxic 
shock syndrome

Use clindamycin in combination with penicillin (clindamycin is 
used to suppress toxin production)

Streptococcus agalactiae (group B 
streptococci)

Intrapartum prophylaxis Alternative to penicillin or ampicillin or cefazolin; and only if 
susceptibility testing has been done, including testing for 
inducible-clindamycin resistance

Streptococcus pneumoniae Pneumonia, otitis media, 
sinusitis 

Alternative to amoxicillin or penicillin; regional variations in 
clindamycin resistance

Methicillin-susceptible Staphylococcus 
aureus

Abscess, carbuncle, furuncle 
bone and joint infection

Alternative to penicillinase-resistant penicillins, or first- 
generation cephalosporins

Community-acquired methicillin- 
resistant S. aureus (CA-MRSA)

Abscess, carbuncle, furuncle 
bone and joint infection

Regional variation in clindamycin resistance 

Panton–Valentine leukocidin–producing 
S. aureus

Necrotizing pneumonia, 
furunculosis, abscesses, 
septic arthritis, 
osteomyelitis

If suspected, addition of clindamycin (or linezolid) to suppress 
toxin production is recommended by some experts

Bacteroides fragilis
Bacteroides species

Intra-abdominal Use clindamycin in combination with antimicrobials to cover 
aerobic Gram-negative bacilli; however, this combination 
is not routinely recommended because of the risk for 
clindamycin-resistant Bacteroides species and greater toxicity 
from aminoglycoside

Peptostreptococci Chronic sinusitis, aspiration 
pneumonia, lung abscess

Porphyromonas species Chronic sinusitis

Prevotella species Chronic sinusitis, aspiration 
pneumonia, lung abscess

Fusobacterium species Aspiration pneumonia

Clostridium perfringens Gas gangrene Use clindamycin in combination with a specific anti-anaerobic 
agent—e.g. metronidazole

Bacillus anthracis Anthrax Bioterrorism infection 
For systemic anthrax, use one or two bactericidal agents (cipro- 

floxacin or doxycycline) plus a protein synthesis inhibitor 
(clindamycin or linezolid) to suppress toxin production; for 
meningeal anthrax, use linezolid (instead of clindamycin) for 
better penetration into the central nervous system

Corynebacterium diphtheriae Diphtheria Plus antitoxin; penicillin and erythromycin are the preferred 
treatments

Actinomyces israelii Actinomycosis Alternative to penicillin

Babesia species Babesiosis Alternative for mild to moderate disease, use clindamycin in 
combination with quinine; the preferred regimen is atova-
quone plus azithromycin, which is better tolerated; for severe 
disease, clindamycin plus quinine is the preferred regimen

Plasmodium falciparum Malaria Clindamycin plus quinine is the preferred regimen during the 
first trimester of pregnancy; artemisinin-based combination 
therapies are preferred during the second and third tri- 
mesters; clindamycin plus quinine is safe during all trimestersa

Pneumocystis jiroveci (carinii) Pneumonia Use clindamycin in combination with primaquine; if possible, 
check for glucose-6-phosphate dehydrogenase deficiency 
deficiency before starting primaquine Preferred regimen is 
trimethoprim–sulfamethoxazole 

Toxoplasma gondii Toxoplasma encephalitis Use clindamycin in combination with pyrimethamine and 
leucovorin; preferred regimen is pyrimethamine plus 
sulfadiazine plus leucovorin 

aWorld Health Organization, 2010.
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For most of these infections, betalactams remain the drugs 
of choice, but clindamycin is frequently an alternative, espe
cially for the penicillinallergic patient. However, during the 
mid1990s when CAMRSA strains were increasingly identi
fied as major causes of SSTIs, betalactams were no longer 
reliable empiric choices (Griffith and Ellis, 2013). Fortunately, 
most CAMRSA strains remained susceptible to clindamy
cin, as well as trimethoprim–sulfamethoxazole (TMP–SMX) 
and doxycycline (or minocycline). Clindamycin had the 
advantage of known efficacy for the treatment of streptococ
cal infections, whereas the clinical efficacy of TMP–SMX and 
doxycycline against streptococci was unknown (Stevens et 
al., 2014).

For the role of clindamycin in the treatment of necrotizing 
fasciitis and toxic shock syndrome, see section 7b, Invasive 
Streptococcus pyogenes infections: necrotizing fasciitis and 
toxic shock syndrome; for infections with Panton–Valentine 
leukocidin (PVL)–producing S. aureus, see section 7e, Panton– 
Valentine leukocidin–producing staphylococcal infections 
and necrotizing pneumonia; and for gas gangrene, see sec
tion 7k, Gas gangrene (clostridial myonecrosis).

PURULENT SKIN AND SOFT TISSUE INFECTIONS: 
CUTANEOUS ABSCESS, FURUNCLES 
AND CARBUNCLES

Purulent SSTIs include cutaneous abscesses, furuncles, and 
carbuncles, which are most commonly caused by S. aureus, 
especially CAMRSA. Incision and drainage of abscesses is 
key to the management of purulent SSTIs. For mild infection 
without evidence of systemic infection, only incision and 
drainage is necessary; antimicrobial therapy offers no further 
benefit (Stevens et al., 2014).

Moderate infection with systemic signs of infection 
should be managed with incision and drainage plus oral anti
microbials to cover for CAMRSA. Empiric therapy with 
TMP–SMX or doxycycline is recommended. The usual adult 
clindamycin dose is 300–450 mg orally four times per day or 
600 mg every 8 hours. The usual clindamycin dose for chil
dren is 25–30 mg/kg/day orally in three divided doses or 
25–40 mg/kg/day in three divided doses (Mistry, 2013; Stevens 
et al., 2014). Depending on the susceptibility of the isolate, 
treatment can be completed with oral antiMRSA therapy 
(e.g. TMP–SMX, doxycycline, or clindamycin) or, if suscep
tible, oral antiMSSA therapy (e.g. dicloxacillin, cephalexin, 
or clindamycin) (Stevens et al., 2014).

For severe infection—that is, patients in whom treatment 
with incision and drainage plus oral antimicrobials has 
failed—empiric antimicrobial therapy should include paren
teral antiMRSA therapies (e.g. vancomycin, linezolid, dap
tomycin, telavancin, or ceftaroline); clindamycin can be used 
if institutional resistance is < 10–15% (Stevens et al., 2014).

PREVENTION OF RECURRENT FURUNCULOSIS

Prevention of recurrent attacks of staphylococcal furuncu
losis entails good hygiene, including not sharing personal 
items that have come into contact with infected skin (Ibler 
and Kromann, 2014). In addition, because nasal colonization 

with PVLproducing MRSA is a strong risk factor for recur
rent furunculosis, topical decolonization of the nares with 
mupirocin and of other colonized body sites with chlorhexi
dine body washes can reduce the incidence of recurrent 
infections (Demos et al., 2012; Ibler and Kromann, 2014). 
Oral antimicrobials are not routinely recommended for 
decolonization (Liu et al., 2011) but may be considered if 
optimal hygiene measures are not effective (Stevens et al., 
2014). Various combinations of oral rifampin, doxycycline, 
or TMP–SMX have been tried (Ibler and Kromann, 2014, 
Liu et al., 2011); limited data on the use of clindamycin are 
available.

In a small doubleblind controlled trial of patients with 
recurrent staphylococcal skin infections, most patients (9 
[82%]) randomized to placebo relapsed within 3 months, 
whereas those taking clindamycin 150 mg orally once a day 
for 3 months had a prolonged time until relapse of infec 
tion (5 patients [45%] relapsed within 1 year). Whether the 
increase in clindamycin resistance today might render this 
lowdose regimen ineffective is unknown (Guay, 2007; Klemp
ner and Styrt, 1988). Another retrospective trial adminis
tered an extensive 21day decolonization regimen including 
daily chlorhexidine soap shower, 5 days of nasal mupirocin, 
and 21 days of oral clindamycin (1800–2400 mg/day if weight 
was > 80 kg in three or four divided doses), with close  con 
tacts of some patients undergoing the same or a modified 
decolonization program. Fourteen patients (87.5%) with 
relapsing furunculosis (baseline time to relapse ~ 52 days) 
were considered healed beyond 9 months. The decoloniza
tion regimen was well tolerated, with 1 participant reporting 
a mild urticarial rash and 2 patients reporting clindamycin 
related diarrhea (Davido et al., 2013). 

NONPURULENT SKIN AND SOFT TISSUE INFECTION 
(ERYSIPELAS, CELLULITIS)

Nonpurulent SSTIs such as erysipelas and cellulitis are usu
ally caused by betahemolytic streptococci, most commonly 
S. pyogenes. S. aureus is a less common cause of nonpurulent 
cellulitis, and with a few exceptions, empiric monotherapy 
with a betalactam targeting betahemolytic streptococci is 
recommended (Stevens et al., 2014). Even in regions where 
CAMRSA is endemic, cephalexin proved to be effective 
therapy for cellulitis without abscess in adult outpatients 
(Chambers, 2013; Pallin et al., 2013). Coverage for MRSA is 
recommended, however, when cellulitis occurs in associa
tion with penetrating trauma, an open wound, or illicit drug 
use or if MRSA is identified from another body site (Stevens 
et al., 2014). 

Mild, nonpurulent cellulitis without evidence of systemic 
infection can be treated with oral betalactams (penicillin 
or amoxicillin; or a penicillinaseresistant penicillin such as 
dicloxacillin; a firstgeneration cephalosporin such as cepha
lexin; or clindamycin). For coverage of both MSSA and 
betahemolytic streptococci, monotherapy options include 
clindamycin, a penicillinaseresistant penicillin, or a first 
generation cephalosporin (Esposito et al., 2011; Stevens et 
al., 2014). The usual clindamycin dose for adults with mild 
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cellulitis without systemic signs of infection is 300–450 mg 
four times per day. The usual dose for children (excluding 
neonates) is 20–30 mg/kg/day in three divided doses. The 
recommended duration of treatment for uncomplicated SSTIs 
is 5 days, but this should be extended if the infection has not 
improved within that time period (Stevens et al., 2014).

Moderate nonpurulent cellulitis with systemic signs of 
infection is managed with intravenous antimicrobials (peni
cillin, ceftriaxone, cefazolin, or clindamycin); coverage for 
MSSA could also be included. Coverage for MRSA is recom
mended when cellulitis occurs in association with penetrat
ing trauma, nasal colonization with MRSA, illicit drug use, 
evidence of MRSA from elsewhere, or systemic inflammatory 
response syndrome (i.e. severe infection). Surgical evaluation 
is recommended to rule out a necrotizing process (Stevens et 
al., 2014).

ANIMAL AND HUMAN BITE WOUNDS

Infections caused by animal and human bites are polymicro
bial and contain an average of five different aerobic and 
anaerobic bacteria. Clindamycin is not the antibiotic of 
choice because of its poor activity against Pasteurella multo-
cida, which is associated with animal bites, and E. corrodens, 
which is associated with human bites. However, in cases of 
penicillin allergy, clindamycin can be combined with another 
antibiotic such as TMP–SMX or a fluoroquinolone. The rec
ommended dose of clindamycin is 300 mg orally three times 
daily or 600 mg every 6–8 hours (Stevens et al., 2014).

HIDRADENITIS SUPPURATIVA

Hidradenitis suppurativa (HS) is a chronic and recurring 
inflammatory disease of hair follicles, most commonly affect
ing the axillae and the inguinal and anogenital areas 
(Zouboulis et al., 2015). The pathogenesis of HS is not fully 
understood, although the literature increasingly implicates 
a  dysfunction of the immune system; the role of bacteria 
remains controversial (Deckers and Prens, 2016; Ring and 
Emtestam, 2016). Indepth guidelines for the medical and 
surgical treatment of HS are available (Zouboulis et al., 2015). 

Mild HS can be treated with topical clindamycin 1% 
lotion twice daily for 3 months or longer if clinically indicated; 
a 4.5fold improvement in patients with localized Hurley 
stage I or mild stage II disease has been reported (Deckers 
and Prens, 2016; Zouboulis et al., 2015). Compared with pla
cebo, topical clindamycin is most effective for superficial 
lesions (e.g. folliculitis, papules, pustules) but not deeper 
lesions (e.g. nodules or abscesses). Side effects include sting
ing and skin irritation (Clemmensen, 1983).

More severe or widespread disease (e.g. Hurley stage I or 
mild stage II disease) is managed with systemic antimicro
bials. Firstline therapy is oral tetracycline, followed by oral 
clindamycin (300 mg twice daily) plus rifampin (600 mg 
daily in one dose or two divided doses) for 10 weeks (Deckers 
and Prens, 2016; Gulliver et al., 2016; Zouboulis et al., 2015). 
Retrospective studies of patients using clindamycin 300 mg 
twice daily plus rifampin 600 mg once daily (or 300 mg twice 
daily) for 10 weeks reported complete remission in 25 (28.4%) 

patients and partial remission in 57 (64.8%) patients. Side 
effects, mostly diarrhea and nausea, prevented 21 patients 
from completing therapy (Deckers and Prens, 2016). A 
smaller noncomparative study treating patients with clinda
mycin plus rifampin reported that 17 (85%) patients had a 
25% reduction in the Sartorius score (Bettoli et al., 2014).

ACNE

Topical clindamycin and erythromycin are commonly used 
for the treatment of mild to moderate acne. These antimicro
bials target P. acnes, capable of secreting proinflammatory 
substances that contribute to the chronic inflammation char
acteristic of this skin condition (Leccia et al., 2015). Unfor
tunately, the widespread use of topical antimicrobials is a 
major reason for increasing antimicrobial resistance to  
P. acnes, a scenario associated with poor clinical response. In 
addition, antimicrobialresistant P. acnes can be transmitted 
to close contacts (Sardana et al., 2015; Tzellos et al., 2011). 
Consequently, experts are discouraging the use of topical 
antimicrobials for the treatment of acne, instead promoting 
greater use of nonantimicrobial options such as topical reti
noids and azelaic acid, as well as benzoyl peroxide, which 
does not induce antimicrobial resistance (Leccia et al., 2015). 
If indicated, topical antimicrobials should be used in com
bination with benzoyl peroxide, which not only improves 
 efficacy, but also reduces the risk for the emergence of anti
microbial resistance (Gamble et al., 2012). 

ACTINOMYCOSIS

Actinomycosis has been successfully treated with prolonged 
clindamycin therapy. It may be the most satisfactory alterna
tive to penicillin G for penicillinallergic patients. The dos
age is 600 mg of clindamycin three times daily for 2–6 weeks, 
then 300 mg of clindamycin orally four times daily for 6–12 
months (Rose and Rytel, 1972; Valour et al., 2014).

7b.  Invasive Streptococcus pyogenes 
infections: necrotizing fasciitis and  
toxic shock syndrome

Necrotizing fasciitis and toxic shock syndrome caused by  
S. pyogenes should be treated with clindamycin, along with 
penicillin. In vitro, clindamycin, in contrast to betalactams, 
rapidly and completely arrests toxin production in S. pyo-
genes and S. aureus (Coyle et al., 2003; Mascini et al., 2001; 
Van Langevelde et al., 1997).

In experimental streptococcal myositis, clindamycin 
demonstrated superior efficacy to penicillin G (Stevens et al., 
1988). Mice that received intramuscular injections of S. pyo-
genes showed no significant effect of penicillin therapy com
pared with controls that did not receive antibiotics if the 
treatment was initiated 2 hours or more after infection. The 
mice that received clindamycin after 2 hours, however, all 
survived. Even if the treatment was delayed for 16.5 hours, 
70% of the mice survived, compared with about 20% of  
the mice that had received penicillin. The better outcome of 
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clindamycin therapy with or without a betalactam antibiotic 
compared with a betalactam alone was demonstrated in a 
retrospective review of 56 cases of invasive S. pyogenes infec
tions (Zimbelman et al., 1999).

In an in vitro study, clindamycin proved to be more effec
tive in blocking the production of toxic shock syndrome 
toxin 1 (TSST1) than the combination of flucloxacillin and 
gentamicin (Van Langevelde et al., 1997). The antimicrobial 
effect depended on the growth phase of the bacteria. Under 
the logarithmic phase the combination of flucloxacillin 
and gentamicin completely inhibited TSST1 production by  
S. aureus. In the stationary phase gentamicin could not abol
ish toxin production even in concentrations of 10 times the 
MIC. The arrest of TSST1 production by clindamycin was 
complete and independent of the growth phase. It is interest
ing to note that toxin production could also be inhibited in 
an S. aureus strain that was quite resistant to clindamycin 
(Schlievert and Kelly, 1984). A clinical case of the success
ful  treatment of staphylococcal toxic shock syndrome with 
linezolid followed by clindamycin has been reported. In vitro 
studies using the organism isolated from this patient demon
strated that both linezolid and clindamycin completely sup
pressed the synthesis of TSST1 production (Stevens et al., 
2006).

7c.  Bone and joint infections

Clindamycin’s good penetration into bone and synovial fluid 
and ability to inhibit biofilm formation and bacterial adher
ence make it an ideal agent for the treatment of bone and 
joint infections (Czekaj et al., 2011; Zeller et al., 2010). Clin
damycin’s role in the treatment of bone and joint infection 
infections includes the following: (1) for the penicillin allergic 
patient, an alternative to the frequently preferred betalact
ams (e.g. nafcillin, oxacillin, or cefazolin); (2) an option for 
the treatment of CAMRSA infection; and (3) stepdown 
therapy from intravenous to oral treatment.

The recommended regimen for treatment of children 
with osteomyelitis or septic arthritis is 10–13 mg/kg/dose 
every 6–8 hours (goal is to administer 40 mg/kg/day); and 
for adults, 600 mg every 8 hours. The total duration of ther
apy may range from 4–6 weeks to more than 8 weeks, in part 
depending on the complexity of the infection and the organ
ism(s) being treated (Liu et al., 2011). Shorter treatment 
durations using clindamycin have been successful in chil
dren with MSSA bone and joint infections (Peltola et al., 
2009, 2010).

Caveats to use of clindamycin for the treatment of osteo
articular infections include the following. First, empiric clin
damycin should be considered only if local resistance to 
staphylococci is low (e.g. < 10%) (Liu et al., 2011)—although 
some experts recommend empiric clindamycin when local 
resistance is < 25% (Harik and Smeltzer, 2010). Second, clin
damycin’s lack of activity against aerobic Gramnegative bacilli 
may require the addition of antimicrobials active against 
these organisms for some osteoarticular infections (e.g. acute 
open fractures, hospitalacquired infection) (Lima et al., 2014) 

and diabetic foot infection (Lipsky et al., 2012; Peltola et al., 
2009). 

Since the 1970s, clindamycin has been successfully used 
for the treatment of a variety of osteoarticular infections 
(Feigin et al., 1975; Geddes et al., 1977; Kaplan et al., 1982; 
Kim et al., 2014). National guidelines include clindamycin as 
an option for selected osteoarticular infections caused by 
susceptible staphylococci, streptococci, and anaerobic bacte
ria (2014, Al, 2014; Esposito et al., 2009; Gemmell et al., 2006; 
Liu et al., 2011; Mathews et al., 2010). Some of the more 
recent trials are briefly reviewed.

BONE AND JOINT INFECTIONS IN CHILDREN

In two prospective trials conducted in children with osteoar
ticular infections primarily caused by MSSA, clindamycin 
achieved cure rates similar to the comparative firstgeneration 
cephalosporin; specifically, at the 3month followup, ≥ 95% 
of children were fully recovered. These trials randomized 
children with osteomyelitis (n = 131) or septic arthritis (n = 
130) to treatment with clindamycin or a firstgeneration 
cephalosporin. In addition, within each antibiotic treatment 
arm, children were randomized to receive a short versus a 
long treatment course—for osteomyelitis, 20 days versus 30 
days, respectively (Peltola et al., 2010), and for septic arthri
tis, 10 days versus 30 days, respectively (Peltola et al., 2009). 
There was no difference in clinical outcome between chil
dren treated with either treatment duration. 

Dosage regimens used in both trials were clindamycin 40 
mg/kg/day every 6 hours, or a firstgeneration cephalosporin 
150 mg/kg/day every 6 hours. Both antimicrobial regimens 
were administered intravenously for 2–4 days, then orally 
(same dosage as the intravenous regimens) until completion 
of therapy, which appeared to be well tolerated (Peltola et al., 
2010, 2009). 

Important caveats to consider when using shortened treat
ment durations include the following: (1) These data cannot 
be extrapolated to infections caused by MRSA; 2) if Creactive 
protein values did not quickly normalize, treatment dura
tions were extended, as was the case for five children with 
osteomyelitis and nine children with septic arthritis; and 
3) the success of the shortened 10day course for septic arthri 
tis was in the setting of good patient compliance and close 
 followup (Bradley, 2009; Peltola et al., 2010, 2009).

BONE AND JOINT INFECTIONS IN ADULTS

Several retrospective studies using clindamycin (frequently 
in combination with other antimicrobials) reported clinical 
cure rates ranging from 70% to 92% in adults with osteo
articular infections, mostly due to S. aureus or CoNS. The 
median followup was > 17 months for the largest studies, 
evaluating 61–70 patients (Bernard et al., 2015; Curis et al., 
2015; Czekaj et al., 2011; Zeller et al., 2010). 

Despite the retrospective study designs, because of the 
inclusion of subjects with a variety of bone and joint infec
tion (e.g. osteomyelitis, septic arthritis, or implantrelated 
infection), these publications contribute to the body of liter
ature supporting the use of clindamycin for the treatment of 
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bone and joint infections. Of interest, several studies applied 
pharmacokinetic and pharmacodynamic concepts to evalu
ate dosing strategies to optimize clindamycin plasma con
centrations, including dose adjustments based on measured 
concentrations, and investigated the extent and significance 
of reduced clindamycin concentrations when concurrently 
administered with rifampin. Because of rifampin’s ability 
to  diffuse well into bacterial biofilms and its bactericidal 
activity against staphylococci, to improve clinical out
comes  rifam  pin is often paired with a companion drug—
commonly a fluoroquinolone, but also clindamycin and 
linezolid (Coiffier et al., 2013; Liu et al., 2011).

The largest retrospective study reported clinical cure in 49 
(92%) patients administered clindamycin as a continuous 
infusion to take advantage of its timedependent antibacte
rial properties. Via a portable electronic infusion pump, a 
600mg loading dose of clindamycin was infused over 60 
minutes, followed by a continuous infusion of clindamycin 
dosed at 30–40 mg/kg of body weight per day. Clindamycin 
doses were modified in 33 patients to maintain plasma con
centrations between 5 and 8 mg/l. The infusions were well 
tolerated; 3 patients reported side effects including rash, 
non–C. difficile–related diarrhea, and hepatitis, all of which 
resolved on discontinuation of clindamycin. Therapeutic 
drug monitoring of clindamycin revealed that clindamycin 
concentrations were about twofold lower in patients who 
were concurrently receiving rifampin; however, there was no 
evidence that these patients were at increased risk for failure 
or relapse (Zeller et al., 2010).

The clinical relevance of the drug–drug interaction 
between rifampin and clindamycin is unclear; three of four 
studies (including Zeller et al., 2010) found no evidence of a 
deleterious impact on patients’ outcomes despite lower clin
damycin concentrations (Bernard et al., 2015; Curis et al., 
2015; Zeller et al., 2010). A fourth study, however, reported 
an association of a higher risk for treatment failure when 
rifampin was paired with antibiotics whose concentrations 
are known to be reduced when taken with rifampin (clin
damycin, line zolid, and TMP–SMX) compared with when 
rifampin was paired with levofloxacin, whose concentrations 
are not reduced when the drug is taken with rifampin 
(Tornero et al., 2016). Consequently, some experts do not 
recommend pairing clindamycin with rifampin unless clin
damycin concentrations are monitored (Bernard et al., 2015). 

It is interesting to note that, applying pharmacokinetic 
and pharmacodynamic concepts including the usual MIC 
for staphylococci, bone penetration of clindamycin, and 
the timedependent antibacterial properties of clindamycin, 
separate investigators suggested different target concentra
tions for clindamycin for the treatment of bone and joint 
infections. Zeller et al. (2010) aimed for steadystate clinda
mycin concentrations between 5 and 8 mg/l during continu
ous infusion of the drug. Bouazza et al. (2012) aimed for a 
trough concentration of 2 mg/l and recommended the fol
lowing weightbased dosing scheme: clindamycin 600 mg 
three times daily for weights up to 75 kg, and 900 mg three 
times a day for weights > 75 kg. Currently, it is not known 

what the optimal target clindamycin concentration is, with 
or without the concurrent use of other antibiotics. However, 
evidence suggesting an increased rate of relapse of osteoartic
ular infections in patients with a higher body weight supports 
the idea of monitoring clindamycin plasma concentrations 
to achieve optimal clinical outcomes (Curis et al., 2015).

MISCELLANEOUS BONE AND JOINT INFECTIONS

Antimicrobial recommendations for the treatment of native 
vertebral osteomyelitis and prosthetic joint infection are 
available, and recommendations for using clindamycin are 
summarized here (Berbari et al., 2015; Esposito et al., 2009; 
Osmon et al., 2013).

For native vertebral osteomyelitis caused by susceptible 
staphylococci, clindamycin 600–900 mg every 8 hours for 
6 weeks is an alternative to betalactams (oxacillin, nafcillin, 
cefazolin, or ceftriaxone). For oxacillinsusceptible staphylo
cocci, therapy can be followed by stepdown oral therapy with 
clindamycin 300–450 mg four times a day to complete therapy 
(Berbari et al., 2015). For native vertebral osteomyelitis caused 
by P. acnes, clindamycin 600–900 mg every 8 hours for 6 weeks 
is an alternative to penicillin (Berbari et al., 2015). 

For prosthetic joint infection caused by P. acnes, clinda
mycin 600–900 mg every 8 hours or clindamycin 300–450 
mg orally four times per day for 6 weeks is an alternative to 
penicillin. For the chronic suppression of MSSA in pros
thetic joint infection, oral clindamycin 300 mg four times a 
day is an alternative to firstgeneration oral cephalosporins 
(Osmon et al., 2013). 

Septic arthritis caused by B. fragilis or Capnocytophaga 
spp. has been successfully treated with clindamycin; how
ever, infection with clindamycinresistant B. fragilis in one 
patient warranted a change to chloramphenicol (Jolivet
Gougeon et al., 2007; Rosenkranz et al., 1990).

7d.  Respiratory tract infections

Clindamycin can be used to treat infections of the respira
tory tract such as pharyngotonsillitis, sinusitis, otitis media, 
pneumonia, and chronic suppurative ear infections and chronic 
sinusitis.

ACUTE PHARYNGOTONSILLITIS

Clindamycin is one of several alternatives to the firstline 
agents penicillin V and amoxicillin for the treatment of acute 
pharyngotonsillitis. The recommended regimen is clinda
mycin 7 mg/kg/dose three times per day (maximum, 300 
mg/dose) for 10 days (Shulman et al., 2012). Incidence of 
 clindamycinresistant S. pyogenes from throat cultures is < 1% 
in northern Israel (Chazan et al., 2015), ~ 1% in the United 
States (Shulman et al., 2012), and 3–4% in Finland (Pesola et 
al., 2015).

Clindamycin usually cures streptococcal pharyngitis if 
there has been a clinical or bacteriologic failure after 10 days 
of penicillin V treatment. Explanations for the failure of 
 penicillin to eradicate S. pyogenes leading to recurrent tonsil
litis include the possibilities that treatment selects for beta 



1496 Clindamycin and Lincomycin

 lactamaseproducing bacterial species in the throat, leading 
to the inactivation of penicillin V and subsequent treatment 
failure; that the eradication of normal oropharyngeal flora 
that act to interfere with S. pyogenes colonization; and that an 
episode of recurrent tonsillitis actually represents an intercur
rent viral pharyngitis in a chronic carrier (Barzilai et al., 2001).

CHRONIC PHARYNGEAL CARRIAGE

Treatment of most S. pyogenes carriers is not indicated, 
although eradication of carriage may be desirable during 
outbreaks of acute rheumatic fever, acute poststreptococcal 
glomerulonephritis, or invasive S. pyogenes infection (Shul
man et al., 2012). The recommended clindamycin regimen 
for children is 20–30 mg/kg/day in three doses (maximum 
300 mg/dose) for 10 days. The recommended clindamycin 
regimen for adults is 600 mg orally two or three times per 
day for 10 days. Other options for children and adults are 
amoxicillin–clavulanic acid or benzathine penicillin G plus 
rifampin (Barzilai et al., 2001; Shulman et al., 2012).

Two comparative studies reported that eradication of 
chronic pharyngeal carriage was achieved more often after 
treatment with clindamycin (92–100%) than after intramus
cular benzathine penicillin (plus 4 days of rifampin) or oral 
penicillin (55–64%). The specific 10day clindamycin regi
mens used in children were 20 mg/kg/day in three divided 
doses (Tanz et al., 1991) or 6.5 mg/kg/body weight twice daily; 
and in adults, 300 mg three times daily (Orrling et al., 1994).

ACUTE SINUSITIS

Clindamycin plus selected oral cephalosporins to cover for 
H. influenzae and Moraxella catarrhalis can be used to treat 
acute sinusitis, especially for penicillinallergic persons. The 
clindamycin regimen for children is 30–40 mg/kg/day orally 
in three divided doses. Firstline therapies include amoxi
cillin (Kaplan, 2014) or amoxicillinclavulanate (Chow et al., 
2012). A treatment duration of 10–14 days is recommended 
for children, and for adults, 5–7 days (Chow et al., 2012; 
Rosen feld et al., 2015).

CHRONIC SINUSITIS

Antimicrobial regimens should be active against enteric Gram 
negative organisms, S. aureus (including MRSA), and anaer
obes, as well as S. pneumoniae, H. influenzae, and M. catarrh-
alis (Brook, 2012; Kaplan, 2013). Ideally, therapy should be 
guided by bacteria identified from properly collected speci
mens and local resistance patterns (Puglisi et al., 2011), and 
patients should be treated for at least 21 days (Brook, 2012). 
Clindamycin resistance to relevant anaerobes (e.g. Pepto-
streptococcus, Porphyromonas species, Prevotella species, and 
Porphyromonas species) has been reported to range from 10% 
to 13% (Puglisi et al., 2011). Clindamycinresistant S. pneu-
moniae and S. aureus have also been cultured from patients 
with chronic sinusitis (Puglisi et al., 2011; Hsin et al., 2010).

ACUTE COMMUNITY-ACQUIRED PNEUMONIA

S. pneumoniae is the most frequent bacterial cause of acute 
communityacquired pneumonia, and clindamycin has been 

successfully used to treat this common infection. National 
guidelines for the management of communityacquired 
pneumonia include clindamycin as an alternative to the pre
ferred choices—amoxicillin and penicillin—although in some 
instances the use of clindamycin against S. pneumoniae is 
based on the penicillin MIC of the isolate (Bradley et al., 
2011; Mandell et al., 2007; Tapiainen et al., 2016). Depending 
on geographic location, clindamycin provides in vitro activ
ity against 60–85% of S. pneumoniae (Bradley et al., 2011); 
in South Korea, however, only 32.9% of S. pneumoniae are 
 clindamycinsusceptible (Torumkuney et al., 2016). Group A 
streptococci and S. aureus including CAMRSA are other 
Grampositive pathogens that can cause community acquired 
pneumonia. 

Once susceptibilities to S. pneumoniae are known, for chil
dren infected with this organism, the recommended clinda
mycin regimen is 40 mg/kg/day every 6–8 hours (Bradley et 
al., 2011). In adults, clindamycin can be used to treat S. pneu-
moniae with a penicillin MIC < 2 mg/l (Mandell et al., 2007). 

For pneumonia in children caused by other Grampositive 
bacteria, the following clindamycin regimens can be used. 
For susceptible group A streptococci or S. aureus, the recom
mended clindamycin regimen is 40 mg/kg/day every 6–8 
hours; treatment may be completed with oral clindamycin 
40 mg/kg/day in three doses (for group A streptococcus) or 
30–40 mg/kg/day in three or four divided doses (for S. aureus). 
For suspected CAMRSA pneumonia, the addition of clinda
mycin (or vancomycin) to a betalactam (ampicillin or peni
cillin G) is recommended (Bradley et al., 2011).

ASPIRATION PNEUMONIA

The bacteriology of aspiration pneumonia includes anaer
obes such as Bacteroides melaninogenicus (now referred to as 
Prevotella melaninogenica), other Bacteroides species, Fuso-
bacterium nucleatum, and Peptostreptococcus (Bartlett, 2013; 
Allewelt, 2007); aerobic Grampositive cocci (S. aureus and 
S. pneumoniae); and aerobic Gramnegative bacilli (H. influ-
enzae and Enterobacteriaceae) (Allewelt et al., 2004). 

Clindamycin has been successfully used for the treatment 
for aspiration pneumonia. Clinical trial results published in 
2005 and 2008 indicated similar clinical success rates for 
patients treated with clindamycin alone compared with clin
damycin plus a cephalosporin, or ampicillin–sulbactam 
(Waybright et al., 2013). However, if reports of relevant clin
damycinresistant anaerobes such as Grampositive anaero
bic cocci (up to 20% in some areas) and Prevotella species 
(7.7%) become more widespread, clindamycin may no lon
ger be a reliable empiric choice for the treatment of aspira
tion pneumonia (Allewelt, 2007).

7e.  Panton–Valentine leukocidin–producing 
staphylococcal infections and 
necrotizing pneumonia

PVL is a potent toxin that destroys leukocytes and causes 
extensive tissue necrosis. This toxin is produced by as many 



7. Clinical uses of the drug 1497

as 79% of S. aureus isolates and is associated with severe 
furunculosis, skin abscesses, septic arthritis, osteomyelitis, and 
lifethreatening necrotizing pneumonia, which is associated 
with a prior influenzalike illness (Karli et al., 2016; Kreien
buehl et al., 2011). Laboratory studies demonstrate S. aureus’s 
tropism for binding to damaged respiratory epithelium as 
result of the viral illness (Gillet et al., 2002).

In vitro, subinhibitory concentrations of betalactams have 
been shown to increase PVL production. In contrast, clinda
mycin, rifampicin, and to a lesser degree linezolid and fusidic 
acid inhibited PVL production, even in the presence of sub
inhibitory concentrations of oxacillin (Dumitrescu et al., 
2008). These in vitro studies provide a theoretical argument 
to treat severe PVLpositive staphylococcal pneumonia with 
regimens that include protein synthesis inhibitors in combi
nation with other antistaphylococcal agents.

The optimal treatment of severe pneumonia due to PVL
producing S. aureus has not been determined (Elisabeth et 
al., 2014; Liu et al., 2011), although anecdotal experience is 
available. Good clinical results after treatment with clinda
mycin (600 mg every 6 h or 900 mg every 8 h), linezolid, or a 
combination of both agents have been reported in cases of 
severe pneumonia caused by PVLproducing S. aureus (Elisa
beth et al., 2014; Kreienbuehl et al., 2011; Micek et al., 2005). 
However, experts warn that clindamycin should not be used 
for the treatment of isolates that are erythromycinresistant 
because of the potential emergence of clindamycin resistance 
during therapy (Mandell et al., 2007). Communityacquired 
necrotizing pneumonia caused by a clindamycinresistant 
strain of PVLproducing MRSA was successfully treated with 
linezolid, fosfomycin, and teicoplanin (Chen et al., 2014). 

Guidelines from the British Thoracic Society recommend 
that if necrotizing pneumonia due to PVLproducing S. aureus 
is strongly suspected, in addition to the selected initial empiric 
therapy, the following agents administered intravenously 
should also be used: clindamycin (1200 mg four times a day), 
linezolid (600 mg twice a day), and rifampin (600 mg twice a 
day), modifying therapy as guided by microbiologic results 
(Lim et al., 2009). Other experts recommend that the use of 
linezolid or addition of clindamycin may be warranted (Man
dell et al., 2007).

7f.  Anthrax

Anthrax is a bacterial infection caused by B. anthracis that 
can lead to serious systemic infection. Antimicrobial therapy 
is in part dictated by the clinical presentation of the illness. 
Systemic anthrax is treated with a combination of one or two 
bactericidal agents administered intravenously, plus a pro
tein synthesis inhibitor (clindamycin or linezolid) to inhibit 
toxin production (Hendricks et al., 2014).

SYSTEMIC ANTHRAX WITH POSSIBLE OR 
CONFIRMED MENINGITIS

The preferred antimicrobial regimen is the use of agents with 
good penetration through the blood–brain barrier, specifi
cally two intravenously administered bactericidal agents 

(cipro floxacin 400 mg every 8 h plus meropenem 2 g every 
8 h), plus the protein synthesis inhibitor linezolid (600 mg 
every 12 h). Linezolid is preferred over clindamycin because 
of its better penetration through the blood–brain barrier. 
Alternatively, intravenous fluoroquinolones and betalactams 
can also be used (Hendricks et al., 2014).

SYSTEMIC ANTHRAX WHEN MENINGITIS  
HAS BEEN EXCLUDED

The preferred regimen is the use of one bactericidal agent 
administered intravenously (ciprofloxacin 400 mg every 8 h) 
plus one protein synthesis inhibitor (either linezolid or clin
damycin 900 mg every 8 h). In the setting of a nonmeningeal 
infection, the poor penetration of clindamycin through the 
blood–brain barrier is not of concern (Hendricks et al., 
2014). Specific, alternative intravenous fluoroquinolones and 
betalactams can also be used (Hendricks et al., 2014).

CUTANEOUS ANTHRAX WITHOUT  
SYSTEMIC INVOLVEMENT

The preferred oral regimens are 7–10 days of ciprofloxacin, 
doxycycline, levofloxacin, or moxifloxacin. Clindamycin 600 
mg orally every 8 hours is an alternative choice; however this 
recommendation is based on in vitro susceptibility and not 
on clinical data (Hendricks et al., 2014). 

7g.  Diphtheria

Diphtheria is an acute, toxinmediated infection caused by 
C. diphtheriae, for which 14 days of penicillin or erythromy
cin is the recommended treatment. In addition, for close 
contacts and asymptomatic carriers who may transmit the 
organism to others, a 7 to 10day course of erythromycin is 
recommended. If adherence is a concern, intramuscular 
benzathine penicillin G may be used (CDC, 2015; Farizo et 
al., 1993; Moore et al., 2015); however, benzyl penicillin was 
less likely to eradicate nasopharyngeal carriage compared 
with erythromycin, or clindamycin 150 mg orally four times 
per day for 7 days, (≥ 92% vs. 84%) (McCloskey et al., 1974; 
Wilson, 1995).

Clindamycin (600 mg three times per day for 14 days) has 
cured a case of cutaneous diphtheria due to clindamycin 
susceptible and nontoxigenic C. diphtheriae biovar gravis that 
had not responded to 10 days of amoxicillin–clavulanate 875 
mg three times a day. Clindamycin was selected because of 
its activity against all organisms identified from the wound, 
including S. aureus and S. pyogenes (Depypere et al., 2013). 
Tiwari et al. (2008) reported a fatal respiratory illness caused 
by C. ulcerans that was initially treated with intravenous clin
damycin and that was later was found to be resistant to clin
damycin (and erythromycin), but sensitive to penicillin.

Of concern is the identification of C. diphtheriae strains  
(n = 47) from Brazil between 1981 and 2002 that were resis
tant to firstline therapies with penicillin (14.8%) and eryth
romycin (4.2%) and also resistant to clindamycin (17%) 
(Pereira et al., 2008).



1498 Clindamycin and Lincomycin

7h.  Endocarditis

Clindamycin is not recommended for the treatment of staph
ylococcal endocarditis because of the association of relapse 
when used for this indication (Baddour et al., 2015). It is 
interesting to note that investigators from France reported 
lower mortality (8%) in a series of 31 patients with S. aureus 
endocarditis treated with the combination of TMP–SMX plus 
clindamycin (to prevent septic shock), compared with previ
ous patients not treated with this combination (15%) (Casalta 
et al., 2013). Clindamycin (600 mg orally or intravenously) is 
an alternative to oral amoxicillin (or parenteral ampicillin) 
for endocarditis prophylaxis in highrisk  penicillinallergic 
individuals undergoing dental procedures (Wilson et al., 2007).

7i.  Abscesses

Clindamycin has good penetration into abscesses and good 
antimicrobial activity in abscess fluid. Because a large frac
tion of the bacteria in abscesses are in the stationary phase, 
this diminishes the effectiveness of antibiotics that interfere 
with cell wall formation. Clindamycin also has a favorable 
influence on the immune system. As a rule of thumb, abscesses 
smaller than 5 cm can be treated by antibiotics without sur
gical intervention (Bamberger, 1996). Clindamycin has been 
successfully used for the treatment of abscesses caused by 
susceptible anaerobes from various parts of the body such as 
the lung, peritoneum, and skin. However, for geographic 
locales with high rates clindamycinresistant anaerobes, clin
damycin will be an unreliable empiric choice to target anaer
obic bacteria (Allewelt, 2007, Hecht, 2006).

Lung abscesses can result after aspiration of oral secre
tions that include the predominant bacteria colonizing the 
oral cavity, such as anaerobes (e.g. Peptococcus species,  
P. melaninogenica, and Fusobacterium species); aerobes such 
S. aureus and streptococci may also be present (Allewelt, 
2007; Nagy, 2010). In the past, penicillin G was considered 
the drug of choice for these infections, but many of the Gram
negative anaerobes causing these infections now produce 
betalactamases that inactivate penicillin G, resulting in 
treatment failure (Allewelt et al., 2004; Brook, 2004). Clin
damycin (600 mg three times per day or 300 mg orally three 
times per day) can be used to treat anaerobic lung infections 
due to susceptible organisms. If coverage for aerobic Gram
negative bacilli is needed, a second or thirdgeneration 
cephalosporin can be prescribed, along with clindamycin. 
Effective monotherapy antimicrobial regimens that resist 
inactivation by betalactamases include a penicillin plus a 
betalactamase inhibitor, carbapenems, and moxifloxacin 
(Allewelt, 2007).

Intraabdominal abscesses are often polymicrobial, and 
the pathogens involved are B. fragilis, other members of the 
B. fragilis group, and Gramnegative aerobes such as the 
Enterobacteriaceae. B. fragilis and its capsular polysaccharide 
complex are an important promoter of abscess formation 
(Tzianabos et al., 1993). Although the combination of clinda
mycin plus an aminoglycoside has been previously effective 

and widely used to treat intraabdominal infections, because 
of the high prevalence of clindamycinresistant B. fragilis (up 
to 40% in some areas) and other relevant anaerobes, and the 
availability of safer treatment regimens with excellent anaer
obic and aerobic activity, clindamycin (plus an aminoglyco
side) is no longer recommended for the empiric treatment of 
intraabdominal infections (Akhi et al., 2015; Brook et al., 
2013; Eckmann et al., 2011; Solomkin et al., 2010).

Clindamycin is not frequently indicated for retroperito
neal abscesses, which often develop secondary to infections 
of the kidney and pelvis and are caused by Gramnegative 
microorganisms (Capitan Manjon et al., 2003). Clindamycin 
is also not indicated for brain abscesses because it has poor 
penetration into the central nervous system.

7j.  Infections with toxin-producing bacteria

Clindamycin is a potent suppressor of ribosomal protein 
synthesis and has been shown to rapidly (within 15 minutes) 
inhibit toxin production at antibiotic concentrations below the 
MIC (Mascini et al., 2001; Schlievert and Kelly, 1984; Stevens 
et al., 1987b). In severe infections with toxin producing strains 
of S. aureus, S. pyogenes, and C. perfringens, clindamycin 
therapy is often combined with betalactams. There is some 
experimental evidence of increased bacterial clearance with 
combination therapy (Coyle et al., 2003; Patel et al., 2000).

7k.  Gas gangrene (clostridial myonecrosis) 

Gas gangrene is a rapidly progressive infection of the skin and 
underlying tissues, most commonly caused by C. perfringens, 
but also by C. bifermentans, C. septicum, C. histolyticum, C. 
sordellii, or C. novyi (Stevens et al., 2012). Studies in experi
mental animals have shown that clindamycin, with its ability 
to inhibit protein synthesis, is superior to penicillin for the 
treatment of C. perfringens infections (Stevens et al., 1987a, 
1987b). Because 5% of C. perfringens strains are resistant to 
clindamycin, it is recommended that clindamycin be com
bined with penicillin for the treatment of this severe infec
tion (Stevens et al., 2014).

7l.  Female genital tract infections

Clindamycin can be used for the treatment of female genital 
tract infections, such as pelvic inflammatory disease (PID), 
amnionitis, endometritis, tuboovarian abscess, septic abor
tion, and bacterial vaginosis. Clindamycin can also be used 
for the prevention of perinatal infection due to group B 
streptococci (S. agalactiae). However, clindamycin resistance 
to relevant anaerobes including B. fragilis and group B 
strepto cocci will dictate the usefulness of clindamycin for the 
treatment of these infections.

PID includes a wide range of inflammatory disorders of 
the upper female genital tract. Clindamycin (900 mg every 
8 h) plus gentamicin (2 mg/kg loading dose × 1, then 1.5 mg/
kg every 8 h; or 3–5 mg/kg as a single daily dose; see Chapter 
52, Gentamicin) is one of three parenteral options that can 
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be used for the treatment of PID. After initial therapy, a 
14day course of therapy may be completed with oral clinda
mycin (450 mg four times per day); oral doxycycline can also 
be used, but in the setting of a tuboovarian abscess, if doxy
cycline is chosen, it should be combined with either clinda
mycin or metronidazole for better anaerobic coverage (Ross 
et al., 2014, Workowski and Bolan, 2015). 

Prevention of earlyonset group B streptococcal disease 
can be achieved by the administration of intrapartum anti
microbial prophylaxis to pregnant women colonized with 
group B streptococci. The agents of choice are penicillin and 
ampicillin, or cefazolin can be given to penicillinallergic 
women without a history of anaphylaxis. Clindamycin can be 
used in penicillinallergic women at high risk for anaphylaxis, 
but only if susceptibility testing has been done, including 
testing for inducibleclindamycin resistance. The clindamy
cin dose is 900 mg every 8 hours until delivery. If clinda
mycin susceptibility is not available, vancomycin can be used 
(Verani et al., 2010). However, Muller et al. (2010) found rel
atively low concentrations in cord blood (see section 5b).

7m.  Prevention of preterm delivery

Bacterial vaginosis during pregnancy is associated with pre
term birth and poor perinatal outcome, but the effects of 
antibiotic treatment remain inconclusive (McDonald et al., 
2007). There might be some effect for specific groups of women, 
such as women with bacterial vaginosis who have a history of 
spontaneous preterm delivery or midtrimester miscarriage. 
Treatment of bacterial vaginosis is recommended for all symp
tomatic pregnant women, with either the oral or the vaginal 
regimen recommended for nonpregnant women (Wor kow
ski and Bolan, 2015).

7n.  Perioperative prophylaxis

Clindamycin can be used as perioperative prophylaxis in 
surgical procedures for which staphylococci and strepto
cocci are likely, when the patient is allergic to betalactams. 
For procedures in which pathogens other than staphylococci 
and streptococci are also likely (e.g. aerobic Gramnegative 
bacteria), then coverage for these organisms would require 
addition of an agent active against them (Bratzler et al., 2013).

7o.  Eradication of Staphylococcus  
aureus carriage

Eradication of S. aureus carriage has two potential benefits: 
(1) prevention of transmission, and (2) prevention of staphy
lococcal infection, although the optimal strategy to achieve 
this is unknown. Efforts to eradicate carriage or to prevent 
recurrent SSTIs have used a variety of decolonization regi
mens with variable success. In general, these regimens include 
nasal mupirocin, antimicrobial body washes, and good hygiene 
(e.g. daily clean underwear, clothing, washcloths and towels, 
and change of bed clothes every other day during treatment) 
(Ammerlaan et al., 2011; Creech et al., 2015).

Although systemic antimicrobials are not routinely rec
ommended or part of decolonization regimens (Creech et 
al., 2015, Liu et al., 2011), limited data including the use of 
clindamycin are available. Lipsky et al., using clindamycin 
300 mg orally four times daily for 3–27 days, reported eradi
cation of S. aureus nasal colonization in 13 (100%) patients 
for up to 33 days, although beyond 34 days only 50% of 
patients remained decolonized. Clindamycin achieves good 
levels in most tissues and fluids and is actively transported 
into phagocytic cells—properties that may explain why it has 
been shown to be effective in preventing recurrence of nasal 
staphylococcal colonization (Lipsky et al., 1992). 

A national guideline for the eradication of MRSA carriage 
from the Netherlands included systemic antimicrobials, along 
with nasal mupirocin, disinfecting soap, and good hygiene 
for patients with complicated carriage (Ammerlaan et al., 
2011). Unfortunately, the efficacy of clindamycin could not 
be assessed because clindamycin was one of several alterna
tive choices to the preferred systemic agents (rifampin plus 
trimethoprim or doxycycline), and success rates among 
these alternative agents were not reported separately. The 
protocol called for using clindamycin in the following way: 
clindamycin 600 mg orally three times a day plus fusidic acid 
500 mg three times a day, both agents for 7 days (Ammerlaan 
et al., 2011).

7p.  Babesiosis

Human babesiosis is a malarialike infection caused by pro
tozoa of the genus Babesia; B. microti predominates in North 
America, whereas B. divergens predominates in Europe 
(RozejBielicka et al., 2015). In humans, infection is most 
commonly spread by various species of Ixodes ticks but can 
be transmitted via infected blood products or transplanta
tion of infected organs (Parija et al., 2015; RozejBielicka et 
al., 2015). 

For mild to moderate babesiosis, the preferred regimen is 
7–10 days of atovaquone plus azithromycin because it is 
much better tolerated than the alternative, quinine plus clin
damycin. In a prospective randomized study comparing 7 
days of clindamycin (600 mg orally every 8 h) plus quinine 
(650 mg orally every 8 h) versus atovaquone plus azithromy
cin, no parasites were seen on microscopy, and no B. microti 
DNA was detected from blood samples at 3 months after 
completion of therapy. Adverse effects were more frequently 
reported by subjects in the clindamycin–quinine group (13 
[72%] patients, 6 of whom discontinued therapy or had their 
dosages reduced) compared with patients treated with atova
quone plus azithromycin (6 [15%] patients, only 1 of whom 
did not complete therapy). Side effects most commonly 
reported in the patients treated with clindamycin–quinine 
were tinnitus (39%), diarrhea (33%), and decreased hearing 
(28%), all of which resolved within 6 months (Krause et al., 
2000).

Severe babesiosis is treated with clindamycin plus quinine 
(if necessary, quinidine may replace oral quinine); a longer 
duration of therapy may be required in highly and persistently 



1500 Clindamycin and Lincomycin

symptomatic patients until parasitemia is cleared. The adult 
dose is clindamycin 300–600 mg intravenously every 6 hours 
or 600 mg orally every 8 hours, plus quinine 650 mg orally 
every 6–8 hours. The pediatric dose is clindamycin 7–10 mg/
kg intravenously or orally every 6–8 hours (maximum dose is 
600 mg per dose) plus quinine 8 mg/kg orally every 8 hours 
(maximum dose is 650 mg per dose) (Vannier et al., 2015). If 
quinidine is used, patients need to be monitored in a hospital 
setting for possible cardiac toxicities including prolonged 
QT interval (Van nier et al., 2015; Wormser et al., 2006).

Persistent or relapsing babesiosis infection after a stan
dard course of therapy may require ≥ 6 weeks of therapy to 
achieve clinical cure (Krause et al., 2008). 

7q.  Malaria

Treatment options for P. falciparum malaria are influenced in 
part by the regional prevalence of resistance to antimalarial 
agents, severity of infection, and patient circumstances such 
as pregnancy (WHO, 2010). The principal use of clindamy
cin is as a partner drug to a fasteracting antimalarial such 
as an artemisinin or quinine. The faster partner drug results 
in rapid reduction in parasite biomass, with clindamycin 
representing one of several options as a sloweracting part
ner drug to clear remaining parasites. It has specific use in 
malaria in pregnancy owing to its better safety profile in 
pregnancy compared with other antimalarials, especially  
in the first trimester. However, its use in many malaria 
endemic regions is limited by its lack of wide availability.

UNCOMPLICATED PLASMODIUM  
FALCIPARUM MALARIA

Artemisininbased combination therapy (ACT) is the anti 
malarial regimen recommended by WHO and the 2016 
United Kingdom Guidelines for the treatment of uncompli
cated P. falciparum malaria (Lalloo et al., 2016). Regimens of 
clindamycin added to quinine or artesunate, given for 7 days, 
represent two of several secondline options recommended 
for treatment of malaria (Askling et al., 2012; WHO, 2010). 
In the United States, no preference is given to the use of ACT 
therapies versus the other treatment options—clindamycin 
plus quinine, or atovaquone–proguanil (CDC, 2013; WHO, 
2010).

Clindamycin dosing recommendations vary slightly 
among the guidelines. For adults, clindamycin may be given 
as 450 mg orally every 8 hours for 7 days (Lalloo et al., 2016), 
or 10 mg/kg twice daily for 7 days (Lalloo et al., 2016), or 20 
mg/kg/base per day in three divided doses for 7 days (CDC, 
2013). For pediatric patients, clindamycin may be dosed as 
10 mg/kg twice daily (Lalloo et al., 2016), or 20 mg/kg/base 
per day in three divided doses (CDC, 2013), or 7–13 mg/kg/
dose every 8 hours for 7 days (Lalloo et al., 2016). As noted 
earlier, clindamycin should always be administered with a 
fasteracting drug such as quinine or an artemisinin. For qui
nine, to ensure that patients receive the proper dose, dose 
calculation should take into consideration the specific salt of 
quinine being used (WHO, 2010).

SEVERE PLASMODIUM FALCIPARUM MALARIA

Parenteral antimalarial therapy should be initiated with 
whatever agent is readily available. Intravenous or intramus
cular artesunate is preferred by WHO, although other options 
include intravenous quinine or intravenous quinidine gluco
nate (CDC, 2013; WHO, 2010; Lalloo et al., 2016). A second, 
sloweracting drug should be added once the patient’s con
dition begins to improve. Options include clindamycin (10 
mg/kg intravenous loading dose, then 5 mg/kg every 8 h), or 
doxycycline or tetracycline (CDC, 2013). Parenteral therapy 
should be switched to oral medications as soon patients are 
able to tolerate oral medicines.

MALARIA DURING PREGNANCY

For the first trimester, clindamycin (450 mg orally every 8 h 
for 7 days) plus quinine for 7 days is recommended. For the 
second and third trimesters, ACTs known to be effective in 
the region or artesunate plus clindamycin for 7 days, or qui
nine plus clindamycin for 7 days are recommended (WHO, 
2010). Clindamycin plus quinine can be used throughout 
pregnancy (Askling et al., 2012; CDC, 2013).

A new compound undergoing clinical investigation, fos
midomycin in combination with clindamycin has shown 
efficacy in the treatment of P. falciparum in adults and chil
dren older than 3 years, but was not adequately effective in 
Mozambican children younger than 3 years (Lanaspa et al., 
2012; Faisca Phillips et al., 2015).

7r.  Pneumocystis jiroveci (carinii) 
pneumonia

P. jiroveci (carinii) is the cause of PJP, which is an opportunis
tic infection commonly occurring in immunosuppressed 
populations including AID patients and recipients of organ 
transplantation or immunosuppressive therapy (Roux et al., 
2014). Although the treatment and prevention of PJP in the 
HIVinfected population are supported by the Guidelines for 
the Prevention and Treatment of Opportunistic Infections in 
Adults and Adolescents (Panel on Opportunistic Infections 
in HIVInfected Adults and Adolescents, 2015), the manage
ment of PJP in the nonHIV population is generally based on 
the experience with AIDS patients (Roux et al., 2014).

HIV INFECTION

The drug regimen of choice for the treatment of PJP is a 
21day course of TMP–SMX (see Chapter 92, Trimethoprim 
and Trimethoprim–Sulfamethoxazole [Cotrimoxazole]). The 
concurrent use of a tapering prednisone regimen is also rec
ommended for patients with moderate to severe pneumonia 
as defined by a room air PO2 arterial oxygenation ≤ 70 mm Hg 
or alveolararterial gradient ≥ 35 mm Hg. For patients unable 
to tolerate TMP–SMX, clindamycin plus primaquine or 
pentamidine can be used, with some prescribers preferring 
clindamycin plus primaquine because of its greater efficacy 
and better tolerability. Other treatment options for mild to 
moderate PJP are dapsone plus trimethoprim or atovaquone. 
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TMP–SMX is also the preferred agent for the prevention of 
PJP. Alternatives to TMP–SMX for the prevention of PJP are 
dapsone, atovaquone, or inhaled pentamidine; clindamycin 
plus primaquine is not recommended for the prophylaxis of 
PJP (Panel on Opportunistic Infections in HIVInfected 
Adults and Adolescents, 2015).

The recommended 21day course of therapy for the treat
ment of PJP with the alternative regimen clindamycin plus 
primaquine regimen is as follows: primaquine (30 mg base) 
orally once daily plus clindamycin 450 mg orally every 6 
hours; clindamycin may also be administered parenterally 
(600–900 mg every 8 h, or 600 mg every 6 h). Corticosteroids 
should also be prescribed with clindamycin and primaquine 
for patients with moderate to severe disease as defined earlier 
(Panel on Opportunistic Infections in HIVInfected Adults 
and Adolescents, 2015).

Two randomized, multicenter doubleblind studies enroll
ing HIVinfected patients with mild to moderate PJP found 
clindamycin plus primaquine to be as effective as TMP–
SMX. Toma et al. (1998) reported clinical success in 34 (76%) 
patients treated with clindamycin (450 mg orally four times 
daily) plus primaquine (15 mg base) versus 33 (79%) patients 
treated with TMP–SMX. Even in the subset of patients with 
more severe pneumonia (PaO2 ≤ 70 mm Hg), clinical success 
was similar between treatment groups. Likewise, Safrin et al. 
(1996) reported similar clinical outcomes in patients treated 
with clindamycin (600 mg three times daily) plus primaquine 
(30 mg base per day) compared with patients treated with 
TMP–SMX or trimethoprim–dapsone. 

Rash was the most common doselimiting toxicity occurring 
in a similar proportion of patients treated with clindamycin plus 
primaquine (21%), TMP–SMX (19%), or trimethoprim plus 
dapsone (10%) (Safrin et al., 1996). Some experts speculate 
that primaquinerelated rashes may be due to a metabolite 
of primaquine and that the severity of the rash is likely a dose 
related issue (Toma et al., 1998). Methe mo globinemia (levels 
≥ 15%) was more common in patients treated with pri
maquine plus clindamycin (28%) compared with TMP–SMX 
(11%) or dapsone plus trimethoprim (12%); patients with  
glucose6phosphate dehydrogenase deficiency were excluded 
from the study (Safrin et al., 1996). 

NON-HIV IMMUNOSUPPRESSED HOSTS

The recommended duration of treatment for PJP in the non
HIV population is 14 days, in contrast to 21 days for HIV
infected patients. The longer duration of therapy in the 
HIVinfected population is based on the higher fungal load 
and slower clinical response, which may pose a higher risk 
for relapse if treatment was administered for only 14 days. 
However, an extended treatment duration should be consid
ered for individuals with a higher fungal load and slower 
clinical response, and thus who are at risk for relapse (Roux 
et al., 2014).

In the nonHIV population there is a lack of data to rou
tinely recommend clindamycin plus primaquine as an alter
native to TMP–SMX for the treatment of PJP (Stern et al., 
2014). In renal transplant patients, clindamycin plus prima 

quine appears to be an acceptable alternative for patients 
unable to tolerate TMP–SMX. In a retrospective review of 57 
consecutive renal transplant patients with confirmed PJP, 
compared with patients treated with standard doses of TMP–
SMX, a higher clinical failure rate (although not significant) 
was observed in patients treated with clindamycin (600 mg 
three or four times per day) plus primaquine (15–30 mg) 
once a day (30.4% vs. 20.6%; p = 0.545). This difference was 
even greater in patients with severe infection (60% vs. 37.5%; 
p = 0.611) (Nickel et al., 2014).

7s.  Toxoplasmosis 

Toxoplasmosis is an opportunistic infection occurring in 
patients with AIDS and other immunosuppressed popula
tions. Treatment of toxoplasmosis in AIDS is guided by the 
regularly updated Guidelines for the Prevention and Treat
ment of Opportunistic Infections in Adults and Adolescents 
(Panel on Opportunistic Infections in HIVInfected Adults 
and Adolescents, 2015).

TOXOPLASMA ENCEPHALITIS IN AIDS PATIENTS

Treatment

Pyrimethamine plus sulfadiazine plus folinic acid is the pre
ferred treatment for Toxoplasma encephalitis in HIVinfected 
adults and adolescents AIDS patients (Panel on Opportunistic 
Infections in HIVInfected Adults and Adolescents, 2015). 
Unfortunately, as many as 40% of AIDs patients are unable to 
complete this regimen because of side effects from sulfon
amides (Dannemann et al., 1992).

For persons who are intolerant to or do not respond to 
sulfadiazine plus pyrimethamine, the preferred alternative 
regimen is pyrimethamine plus clindamycin plus folinic 
acid. Specific doses for these agents are clindamycin (600 mg 
intravenously or orally every 6 h) plus pyrimethamine (200 
mg orally once, followed by a weightbased daily dose—if 
< 60 kg, then 50 mg once a day, or if > 60 kg, 75 mg once a 
day) plus folinic acid (10–25 mg daily; may increase to 50 mg 
daily to twice daily). Treatment duration is for at least 6 weeks 
or longer if the response is incomplete at 6 weeks, or if clini
cal or radiologic disease is extensive (Panel on Opportunistic 
Infections in HIVInfected Adults and Adolescents, 2015).

Two multicenter, randomized, unblinded studies reported 
similar clinical responses (partial or complete) in patients 
treated with pyrimethamine plus clindamycin (65–68%) or 
pyrimethamine plus sulfadiazine (70–76%); folinic acid was 
used in both studies (Dannemann et al., 1992; Katlama et al., 
1996). 

In AIDS patients with Toxoplasma encephalitis, a less well 
studied combination of oral clindamycin 600 mg three times 
daily plus TMP–SMX (20 mg of the trimethoprim component 
per kilogram per day) resulted in higher complete responses, 
compared with treatment with pyrimethamine plus sulfadia
zine (80% vs. 31.25%, respectively; relative risk 2.56; 95% 
confidence interval: 1.21–5.43). These retrospective data are 
from a resourcepoor setting where pyrimethamine is not 
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always available and sulfadiazine is expensive. It was postu
lated that the different mechanisms of action of clindamycin 
and TMP–SMX against T. gondii may be the reason for the 
better clinical outcome with this regimen. Further prospec
tive randomized trials are needed to assess the efficacy of this 
alternate therapy for Toxoplasma encephalitis (Goswami et 
al., 2015).

Prophylaxis
Of AIDS patients treated for Toxoplasma encephalitis, 30–50% 
relapse after completion treatment; thus, chronic suppressive 
therapy is needed until immune reconstitution occurs in 
response to antiretroviral therapy (Dannemann et al., 1992). 
TMP–SMX is the drug of choice for the prevention of Toxo-
plasma encephalitis because relapse is lowest with this regimen 
(Katlama et al., 1996; Wei et al., 2015; AIDSinfo, 2016). The 
preferred alternative to TMP–SMX is clindamycin 600 mg 
orally every 8 hours plus pyrimethamine 25–50 mg daily plus 
folinic acid 10 mg daily. Lower doses of clindamycin (300 
mg four times daily) when used with pyrimethamine (25 mg 
daily) are associated with a higher relapse rate (Katlama et 
al., 1996). When using clindamycin plus pyrimethamine for 
the treatment of Toxoplasma encephalitis, additional cover
age for PJP is needed (Panel on Opportunistic Infections in 
HIVInfected Adults and Adolescents, 2015).

Skin rash and fever are more common and severe in patients 
treated with the sulfadiazinecontaining regimen compared 
with the clindamycincontaining regimen (39% vs. 29%, respec
tively), whereas diarrhea is more common in patients treated 
with the clindamycincontaining regimen (19% vs. 5%, p = 
0.0007) (Katlama et al., 1996).

TOXOPLASMOSIS IN PATIENTS WITHOUT AIDS

Case reports in organ transplant patients with toxoplasmosis 
of the central nervous system have used varying clindamy
cincontaining regimens with variable results. A heart trans
plant patient with Toxoplasma encephalitis associated with 
meningitis achieved a favorable clinical response with clin
damycin 600 mg every 6 hours plus pyrimethamine (loading 
dose of 200 mg, followed by 75 mg/day for 6 weeks (Baliu et 
al., 2014). Five allogeneic hematopoietic stem cell transplan
tation patients were treated with TMP–SMX 10 mg/kg plus 
clindamycin 600 mg four times daily for cerebral toxoplas
mosis; three died (two from toxoplasmosis infection, one 
from underlying disease) and the remaining two patients 
were still being treated (Hakko et al., 2013).

OCULAR TOXOPLASMOSIS

Classic therapy for ocular toxoplasmosis is systemic 
 pyri methamine–sulfadiazine plus systemic corticosteroids 
(Soheil  ian et al., 2011; Rothova et al., 1993). A prospective, 
nonrandomized multicenter study published nearly 30 years 
ago comparing three regimens (pyrimethamine, sulfadia
zine, prednisone; vs. oral clindamycin 300 mg four times per 
day, sulfadiazine, folinic acid, prednisone; vs. TMP–SMX) 
reported no significant difference among treatments (Rot
hova et al., 1993). Intravitreal clindamycin (1 mg) plus dexa 

methasone (0.4 mg) repeated every 2 weeks based on clinical 
response was as effective as 6 weeks of classic therapy with 
systemic antiparasitic agents. Specifically, the reduction in 
lesion size, improvement in visual acuity, resolution of the 
vitreous inflammation, and rates of recurrence at 2 years were 
similar (Soheilian et al., 2011). One criticism of this study 
was that patients were treated with only half the usually rec
ommended doses of pyrimethamine–sulfadiazine compared 
with doses commonly used in the United States (Soheil ian 
et al., 2011). A report documented a rapid clinical response 
after an intravitreal clindamycin–dexamethasone injection 
in a 23yearold woman unresponsive to 2 weeks of systemic 
antiparasitic agents and prednisone (Hosseini et al., 2014).
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1. DESCRIPTION

1a.   Chloramphenicol

Chloramphenicol was the first broad-spectrum antibiotic 
to be discovered and has been in clinical use since 1949. 
Although justifiably described as “no longer the drug of 
choice for any specific infection” (Balbi, 2004), chloram-
phenicol remains an inexpensive drug effective against a 
wide range of bacteria, including Gram-positive, Gram-
negative, aerobic, and anaerobic bacteria, as well as chlamy-
diae, coxiellae, leptospirae, mycoplasmae, rickettsiae, and 
treponemae. It is recommended by the World Health 
Organization (WHO) as an option for the treatment of men-
ingitis, meningococcal sepsis, osteoarthritis, and pyomyo-
sitis in children in low-income countries, and is included  
on their model list of essential medicines (World Health 
Organization, 2014).

Chloramphenicol was originally isolated from Strepto
myces venezuelae but subsequently has been found in other 
bacteria (Ehrlich et al., 1947; Aouiche et al., 2012). It has the 
chemical formula C11H12Cl2N2O5 (Figure 86.1) and a molecular 

weight of 323.1. It competes with transfer RNA at the pepti-
dyl transferase cavity of the 50S subunit of the bacterial 70S 
ribosome and thus inhibits protein synthesis (Schlunzen et 
al., 2001). Chloramphenicol is available in parenteral, oral, 
and topical formulations.

1b.  Thiamphenicol

Thiamphenicol is a chloramphenicol analog in which the 
p-nitro group on the benzene ring is replaced by a methyl-
sulfonyl group (see Figure 86.1). It is more soluble and also 
more stable in solution than chloramphenicol. Because of its 
limited use it is only briefly discussed in this section. Unlike 
chloramphenicol, thiamphenicol is not conjugated with glu-
curonic acid in the liver to any extent, and in patients with 
normal renal function most of an administered dose is 
excreted in the urine in an active unchanged form (Tacquet 
et al., 1974; Furman et al., 1976). In patients with renal fail-
ure, thiamphenicol dosage, unlike that of chloramphenicol, 
should be reduced appropriately (Dettli and Spring, 1974). 
The daily dose of thiamphenicol for patients with advanced 
renal failure is approximately 0.75 g, instead of the usual one 
of 3.0 g (Tacquet et al., 1974).

The antimicrobial spectrum of thiamphenicol is similar to 
that of chloramphenicol. Overall, chloramphenicol appears 
to be more active against many Enterobacteriaceae and 
Entero coccus faecalis (Neu and Fu, 1980; Glupczynski et  
al., 1983; Marca et al., 1984). Chloramphenicol and thiam-
phenicol are comparable in efficacy against Neisseria gonor
rhoeae, Staphy lo coccus aureus, and Streptococcus pneumoniae 
(Duck et al., 1978; Marchese et al., 2002). In therapeutic 
doses thiam phenicol, like chloramphenicol, causes dose- 
dependent, reversible hemopoietic toxicity. Early bone mar-
row suppression, mainly involving erythropoiesis, is more 
severe with thiamphenicol than with chloramphenicol. 
However, thiam phenicol does not cause the potentially fatal 

Figure 86.1. Structure of chloramphenicol and 
thiamphenicol.
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idiosyncratic aplastic anemia that is associated with chlor-
amphenicol use.

Thiamphenicol has been widely used in Europe and Japan, 
especially for the treatment of respiratory infections (Lom-
bardi et al., 2001; Grassi and De Benedetto, 2002; Todisco et 
al., 2002; Macchi et al., 2006). The drug has also been used 
successfully to treat gonorrhea (single oral dose of 2.5 g) and 
chancroid (single oral dose of 2.5 g followed by 1.25 g in a 
week if the lesion is not healed) (Latif, 1982; Belda et al., 
1984; Latif et al., 1986). In a study from Brazil, a single dose 
of oral thiamphenicol (5.0 g) cured 99.1% of 1171 men with 
chancroid (Belda Junior et al., 2000). This regimen is less 
effective if the patient is co-infected with human immuno-
deficiency virus (HIV) (Belda et al., 2009).

Thiamphenicol is not available in many parts of the world. 
Other chloramphenicol derivatives, such as florfenicol, are 
used only in veterinary medicine.

The following data apply solely to chloramphenicol.

2. ANTIMICROBIAL ACTIVITY

Chloramphenicol has a broad spectrum of antimicrobial activ-
ity and is easily available without prescription in many low- 
and middle-income countries, where it is also used in animals 
(Schwarz et al., 2004). In recent years, topical chloramphen-
icol for ophthalmic application has become available as an 
over-the-counter medication in some high-income countries. 
Consequently, chloramphenicol resistance varies considerably 
from region to region, and it is difficult to make generalizations 
about resistance patterns that are applicable worldwide.

2a.  Routine susceptibility

GRAM-POSITIVE AEROBIC BACTERIA

S. aureus, Staphylococcus epidermidis, Streptococcus pyogenes, 
S. pneumoniae, alpha-hemolytic streptococci, and E. faecalis, 
are naturally susceptible. Group B streptococci are nearly 
always susceptible to chloramphenicol; some authors have 
found 1–2% of isolates to be resistant (Anthony and 
Concepcion, 1975; Baker et al., 1976; Wareham and Wilson, 
2002). Resistant strains of S. aureus, S. epidermidis, and 
Staph ylococcus haemolyticus occur, but resistance to chloram-
phenicol is less common than resistance to the tetracyclines 
(Sabath, 1969; Bentley et al., 1970; Schwarz and Cardoso, 
1991). Methicillin-resistant Staphylococcus aureus (MRSA) 
was previously commonly resistant to chloramphenicol, but 
some strains are now susceptible in many countries. For 
example, of 244 MRSA isolates from Trinidad and Tobago 
(Akpaka et al., 2006) and 105 isolates from Greece (Kantza-
nou et al., 1999), all were susceptible to chloramphenicol. 
Conversely, in reports from South Africa and Italy, 16.4% 
of 61 (Shittu and Lin, 2006) and 34% of 50 MRSA isolates, 
respectively, were resistant (Marchese et al., 2002). In Paki-
stan, 22% of 174 isolates were resistant (Fayyaz et al., 2013). 
In a North American study of 760 S. aureus isolates, 43.8% of 
which were MRSA, 18.4% were resistant to chloramphenicol 

(Hoban et al., 2003). Susceptibility to chloramphenicol has 
been found in vancomycin-intermediate and vancomycin- 
resistant S. aureus (Marchese et al., 2002; Weigel et al., 2007). 

Chloramphenicol-resistant S. pyogenes strains are com-
mon in Japan (Nakae et al., 1977), but they appear to be very 
rare elsewhere (Bourbeau and Campos, 1982; Szczypa et al., 
2006; Imohl and van der Linden, 2015; Nitzan et al., 2015). 
Chloramphenicol-resistant S. pneumoniae is still generally 
rare, accounting for less than 5% of isolates in surveillance 
studies from Brazil, Canada, Greece, Italy, and Portugal 
(Zhanel et al., 2003; Castanheira et al., 2006; Dias et al., 2006; 
Maraki and Papadakis, 2014; Montagnani et al., 2006), 
although resistance is becoming more common and may be 
as high as 40% in some areas (Manning et al., 2011; Korona-
Glowniak and Malm, 2012). Chloramphenicol resistance is 
more common among penicillin-resistant pneumococci 
(Gosbell et al., 2006), and sporadic outbreaks of infections 
caused by chloramphenicol-resistant pneumococci are well 
described. For example, in a study from Columbia between 
1994 and 1996, 88% of 43 pneumococcal isolates in infected 
children were resistant (Tamayo et al., 1999). 

Chloramphenicol-resistant enterococci are not uncom-
mon, and most of these variants show resistance to two or 
more other antimicrobial agents. In one study in the United 
States, where chloramphenicol has been rarely used in hos-
pitals in recent years, 14 strains of Enterococcus faecium 
that were resistant to penicillin G and vancomycin were all 
 chloramphenicol-susceptible (Norris et al., 1995). Chloram-
pheni col has been used successfully for the treatment of 
infec tions with vancomycin-resistant enterococci (VRE) 
(Papani  colaou et al., 1996; Lautenbach et al., 1998; Perez 
Mato et al., 1999; Ricaurte et al., 2001; Safdar et al., 2002; 
Scapel lato et al., 2005). However, the prevalence of 
 chloramphenicol-resistant VRE appears to be increasing, 
and both chloramphenicol and fluoroquinolone use have 
been identified as risk factors (Gould et al., 2004; Lautenbach 
et al., 2004). A study conducted in 2003 of 886 VRE isolates 
reported that, of the E. faecalis isolates, 28.6% of 56 from 
North America were chloramphenicol-resistant, compared 
with 7.1% of 14 from Europe. Conversely, 15% of 40 E. fae
cium isolates from Europe were resistant, compared with 
0.5% of 776 from North America (Deshpande et al., 2007).

Corynebacterium diphtheriae, Listeria monocytogenes, and 
Bacillus anthracis are nearly always susceptible. Rhodo coc 
cus equi is often susceptible (Harvey and Sunstrum, 1991; 
McGowan and Mangano, 1991; Sirera et al., 1991) and Cory
nebacterium jeikeium is usually resistant to chloramphenicol 
(Gill et al., 1981). Nocardia species are chloramphenicol- 
resistant (Gutmann et al., 1983).

GRAM-POSITIVE ANAEROBIC BACTERIA

Anaerobic Gram-positive cocci, such as Peptococcus and 
Peptostreptococcus species, and the anaerobic streptococci, 
are all susceptible to chloramphenicol (Sutter and Finegold, 
1976; Ohm-Smith et al., 1982; Kasten, 1999). Among the 
anaerobic Gram-positive bacilli, Clostridium tetani, C. per
fringens, most other Clostridium species, and Actinomyces, 
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Lactobacillus, Eubacterium, Bifidobacterium, and Propioni
bacterium are chloramphenicol-susceptible (Sutter and Fine-
gold, 1976; Schwartzman et al., 1977; Rood et al., 1978; 
Denys et al., 1983; Pollock et al., 1983; Kasten, 1999; Wareham 
and Wilson, 2002; Wybo et al., 2007), although chloram-
phenicol-resistant strains of C. perfringens have been isolated 
(Rood et al., 1989; Bannam and Rood, 1991). Clostridium 
difficile may be chloramphenicol-susceptible (Barbut et al., 
1999), but many strains, particularly those of serogroup C, 
are resistant (Delmee and Avesani, 1988; Wren et al., 1988).

GRAM-NEGATIVE AEROBIC BACTERIA

The prevalence of chloramphenicol-resistant variants of 
these organisms has slowly increased over the years. The 
clinical use of chloramphenicol was clearly a major factor in 
selecting chloramphenicol-resistant strains. For example, the 
routine use of chloramphenicol for treating neonatal sepsis 
resulted in the emergence of chloramphenicol resistance in 
up to 50% of enterobacteria (Escherichia coli or Klebsiella) in 
one neonatal intensive care unit (Prober et al., 1983).

The susceptibility of E. coli to chloramphenicol is extremely 
variable worldwide. A survey in Vietnam found that 77.2% of 
isolates in Hanoi were resistant (Nguyen et al., 2005), whereas 
in the United Kingdom, resistance rates in London declined 
from 20.2% in 1991 to 7.9% in 2004 (Bean et al., 2005). A 
study of 200 community-acquired isolates in Nepal found 
that 17% were chloramphenicol-resistant (Ansari et al., 
2015). Similarly, a surveillance study of healthy volunteers 
from Ghana, Kenya, Mexico, Netherlands Antilles, Peru, the 
Philippines, Venezuela, and Zimbabwe showed a wide varia-
tion in chloramphenicol-resistant E. coli isolates, ranging 
from 8% in the Netherlands Antilles to 82% in Ghana (Nys et 
al., 2004). Other Enterobacteriaceae, including Enterobacter, 
Klebsiella, Proteus, Citrobacter, Providencia, Hafnia, Edward
siella, and Arizona species, may be susceptible but are 
 frequently resistant in sub-Saharan Africa (Fontana et al., 
2001; Le Doare et al., 2015; Leopold et al., 2014; Stock and 
Wiedemann, 2001; Stock et al., 2001; Stock, 2002). One study 
of carbapenem-resistant Enterobacteriaceae showed that 
fewer than 25% were susceptible to chloramphenicol (Liver-
more et al., 2011). Serratia spp. are more resistant (Fontana 
et al., 2001; Stock et al., 2003). Yersinia pestis (Butler et al., 
1974; Smith et al., 1995) and Yersinia enterocolitica (Preston 
et al., 1994; Stolk-Engelaar et al., 1995) are also usually chlor-
amphenicol-susceptible, although the prevalence of resistant 
Y. enterocolitica appears to be increasing substantially in 
some areas (Prats et al., 2000). Shigellae and salmonellae are 
generally susceptible, but resistance is changing over time 
(see section 2b, Emerging resistance and cross-resistance).

Neisseria species (meningococci and gonococci) are very 
susceptible. Strains of meningococci resistant to chloram-
phenicol have been reported but are extremely rare (Jorgensen 
et al., 2005). Gonococci, including beta- lactamase-producing 
strains, are usually chloramphenicol-susceptible (Meless and 
Abegaze, 1997; Lesmana et al., 2001a; Mavroidi et al., 2001).

Haemophilus influenzae and Haemophilus parainfluenzae 
are naturally very susceptible to chloramphenicol (Williams 

and Andrews, 1974; Mayo and McCarthy, 1977). Chlora m-
phenicol-resistant Haemophilus species strains are uncom-
mon, at least in high-income countries. One exception is 
Spain. In the period 1981–1983, of 225 H. influenzae strains 
isolated from pediatric patients, 52.2% were resistant to 
chloramphenicol; this resistance was often associated with 
resistance to ampicillin, tetracycline, and co-trimoxazole 
(Campos et al., 1984, 1987). Between 2000 and 2003, 12.5% 
of 76 isolates were resistant in Brazil (de Almeida et al., 
2006). In Lebanon and Turkey, resistance rates remain less 
than 10% (Daoud et al., 2006; Sener et al., 2007). In low- 
income countries, chloramphenicol resistance is more com-
mon. In a study from Papua New Guinea, 19.4% of 36 isolates 
from children with meningitis were resistant (Duke et al., 
2003), and this had increased to 100% in a more recent study 
(Manning et al., 2011). Comparable rates have been found in 
Thailand (Srifuengfung et al., 2007). In India, 41.9% of 1001 
isolates from healthy school children were chloramphenicol- 
resistant (Jain et al., 2006). In one large study of 14,870  
H. influenzae isolates from 38 countries, 12,645 were beta- 
lactamase negative, of which 99.8% were susceptible to 
chloram  phenicol. Of the 2085 isolates that carried the beta- 
lactamase TEM1 gene, 82.5% were susceptible (Farrell et al., 
2005).

Haemophilus ducreyi is usually susceptible to chloram-
phenicol (Hammond et al., 1978; Rutanarugsa et al., 1990), 
but resistant strains have been isolated in Southeast Asia, the 
United States, and France (Sanson-Le Pors et al., 1983; Rob-
erts et al., 1985). The Brucella species, Bordetella pertussis, 
and Pasteurella multocida are chloramphenicol-susceptible. 
The same is true for Vibrio parahaemolyticus (Joseph et al., 
1978; Lesmana et al., 2001b). V. cholerae is usually suscepti-
ble. Although resistant strains have become very common in 
parts of Africa since the mid-1990s (Materu et al., 1997), 
chloramphenicol resistance markedly diminished in Zambia 
following a national policy to use erythromycin for treat-
ment instead of tetracycline (Mwansa et al., 2007).

The Moraxella species are susceptible to chloramphenicol 
(Doern et al., 1996; Hoban and Felmingham, 2002). Burk
holderia pseudomallei is generally susceptible (Eickhoff et al., 
1970; Howe et al., 1971; Calabi, 1973; Heng et al., 1998), 
although the bactericidal action of ceftazidime against this 
organism appears to be antagonized by chloramphenicol in 
vitro (Dance et al., 1989). Burkholderia cepacia is usually 
resistant (Burns et al., 1989; Pitt et al., 1996). Pseudomonas 
aeruginosa is always completely resistant, principally because 
of an active efflux pump that removes chloramphenicol from 
the bacterial cell (Li et al., 1994). A recently synthesized 
novel chloramphenicol dimer showed some efficacy against 
Pseudomonas in the laboratory setting (Kostopoulou et al., 
2015).

Campylobacter jejuni is usually susceptible to chloram-
phenicol, but a few resistant strains have been reported (Howe 
et al., 1971; Vanhoof et al., 1978; Ringertz et al., 1981; Michel 
et al., 1983; Unicomb et al., 2006; Ruiz et al., 2007). Helico
bacter pylori is also susceptible (Goodwin et al., 1986). Many 
strains of Aeromonas species are susceptible (Gray, 1984; 
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Janda et al., 1994; Vila et al., 2003). Flavobacteria are resis-
tant (Aber et al., 1978).

Legionella pneumophila is susceptible to chloramphenicol 
in vitro (Thornsberry et al., 1978; Saravolatz et al., 1980). 
Other Legionellaceae, such as Legionella micdadei, Legionella 
bozemanii, Legionella gormanii, and Legionella dumoffii, are 
also susceptible to chloramphenicol in vitro (Pasculle et al., 
1981). However, chloramphenicol is not as active as many 
other agents, in particular the macrolides and fluoroquino-
lones, against L. pneumophila in vivo.

GRAM-NEGATIVE ANAEROBIC BACTERIA

Chloramphenicol is one of the most active chemotherapeutic 
agents against Gram-negative anaerobic bacteria (Kasten, 
1999). Most Bacteroides species are susceptible, in particular 
the Bacteroides fragilis group (Snydman et al., 1999; Yim et 
al., 2015). For example, in one study from the United States 
of 5225 isolates from the B. fragilis group, all were susceptible 
to chloramphenicol (Snydman et al., 2007). Plasmids that 
code for chloramphenicol resistance have been detected in 
strains of Bacteroides ochraceus (Guiney and Davis, 1978) and 
Bacteroides uniformis (Martinez-Suarez et al., 1985; Wexler 
and Finegold, 1987).

The Prevotella, Fusobacterium, and Veillonella species  
are usually susceptible (Sutter and Finegold, 1976; George et  
al., 1981). The uncommonly encountered, motile, anaerobic 
Gram-negative bacilli such as Butyrivibrio, Succinivibrio, 
Anaerovibrio, Wolinella, Desulfovibrio, Selenomonas, and 
Anaero biospirillum are nearly always susceptible to chloram-
phenicol (Johnson and Finegold, 1987).

OTHER ORGANISMS

Treponema pallidum, leptospirae, chlamydiae, and myco-
plasmae are susceptible to chloramphenicol. Chloramphenicol 
is active against rickettsiae, which cause the various typhus 
fevers and Rocky Mountain spotted fever. The action of 
chloramphenicol is static against Rickettsia rickettsii, so treat-
ment for at least 6 days is necessary until an effective immune 
response is mounted in Rocky Mountain spotted fever 
(Wisseman and Ordonez, 1986). Coxiella burnetii is also sus-
ceptible. Mycobacteria and protozoa are resistant.

Prolonged immersion in a chloramphenicol solution can 
cure chytridiomycosis in frogs, a fatal skin disease caused by 
the fungus Batrachochytrium dendrobatidis (Holden et al., 
2014; Young et al., 2012). This surprising discovery suggests 
that chloramphenicol could have activity against other fungi.

2b.  Emerging resistance and 
cross-resistance

There are several mechanisms by which otherwise suscep-
tible organisms can acquire chloramphenicol resistance, 
including exporting the drug by means of transmembrane 
efflux pumps or preventing its entry by decreasing mem-
brane permeability (Foster, 1983; Burns et al., 1985; McMurry 
et al., 1994; Butaye et al., 2003). However, the most important 

mechanism is enzymatic acetylation and inactivation by 
chloramphenicol acetyltransferases (CATs). These molecules 
have been found in many different bacteria and are classified 
into three groups, types I–III (Biswas et al., 2012; Murray 
and Shaw, 1997; Schwarz et al., 2004). Some of these enzymes 
are produced constitutively; others are inducible (Foster, 
1983; Neu, 1984). Most CAT genes are located on mobile 
genetic elements and can thus be readily distributed to other 
bacteria (Crump et al., 2015).

SHIGELLAE AND SALMONELLAE

Shigellae and salmonellae are susceptible to chlorampheni-
col, but over the years substantial changes in the sensitivities 
of these organisms have occurred. Chloramphenicol-
resistant shigellae were first observed in Japan in the early 
1950s (Farrar and Eidson, 1971), and it was soon established 
that this resistance may be transferred from E. coli to shigel-
lae. Such transfer was demonstrated in vitro, in laboratory 
animals, and in human volunteers. For many years,  plasmid- 
mediated chloramphenicol-resistant shigellae were common 
in Japan and later appeared in other countries. During three 
large early surveys of Shigella spp. isolated from patients 
in North America, chloramphenicol-resistant variants were 
either not detected or were very rare (Farrar and Eidson, 
1971; Ross et al., 1972; Neu et al., 1975). Major epidemics of 
bacillary dysentery due to Shigella dysenteriae type 1 (Shiga 
bacillus) occurred in Central America in 1959 and 1970, 
and the latter spread to Mexico in 1971. The Shigella strain 
involved possessed plasmid-mediated resistance to chloram-
phenicol, tetracycline, streptomycin, and sulfonamides (Thorne 
and Farrar, 1973; Balows, 1977). This pattern of resistance 
was similar to that found in the strain of Salmonella enterica 
serotype Typhi that caused an extensive outbreak of typhoid 
fever in Mexico during 1972. Surprising to note, the plas-
mids from the epidemic strains of S. dysenteriae type 1 and 
those from S. typhi belonged to different compatibility 
groups, demonstrating that although these two epidemic 
organisms had similar antibiotic resistance patterns, their 
resistance was mediated by two unrelated plasmids (Thorne 
and Farrar, 1974). During this dysentery epidemic, a small 
number of strains of S. dysenteriae type 1 were isolated from 
patients that were additionally resistant to ampicillin. This 
ampicillin resistance was due to a separate plasmid. These 
strains with dual-plasmid resistance did not become wide-
spread in Central America.

In the UK, the proportion of Shigella spp. strains isolated 
that were resistant to chloramphenicol rose from 2.6% in 1974 
to 52.1% in 1983 (Gross et al., 1984). In Bangladesh and India, 
most strains of S. dysenteriae became resistant to chloram-
phenicol, streptomycin, tetracycline, and co- trimoxazole (Far-
rar, 1985; Panigrahi et al., 1987). In parts of Africa and South 
America, S. dysenteriae type 1 strains became resistant to 
chloramphenicol, ampicillin, nalidixic acid, tetracycline, and 
co-trimoxazole (Bro-Alayon et al., 1994; Ries et al., 1994). In 
Brazil during the period 1988–1993, most Shigella spp. strains 
were multiply resistant to ampicillin, co-trimoxazole, strepto-
mycin, tetracycline, and chloramphenicol (Lima et al., 1995).
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Rates of resistance to chloramphenicol among shigellae 
remain high. In one Spanish study between 1995 and 1998, 
95% of 19 Shigella flexneri strains were chloramphenicol- 
resistant, compared with 7% of 27 between 1985 and 1987, 
although Shigella sonnei remained relatively susceptible, with 
3.3% of 30 strains resistant between 1995 and 1998 compared 
with 1% of 95 a decade earlier (Prats et al., 2000). In Eritrea, 
90% of 20 S. dysenteriae and 67% of 54 S. flexneri isolates 
were resistant (Naik, 2006). In a report from Palestine, 46% 
of 28 shigellae isolates were resistant, of which the majority 
were S. flexneri (Elamreen et al., 2008). In Asia and South 
America, 42% of 99 S. flexneri isolates in China, 53.6% of 
28 shigellae strains in Vietnam, 73–95% of 1203 isolates in 
Indonesia, 70% of 30 S. flexneri isolates in Brazil, and 49% 
of  178 isolates in Chile were resistant to chloramphenicol 
(Agtini et al., 2005; Fulla et al., 2005; Nguyen et al., 2005; 
Penatti et al., 2007; Zhang et al., 2015).

Emergence of chloramphenicol-resistant S. typhi during 
treatment was first detected in Britain (Colquhoun and 
Weetch, 1950). Although such strains remained relatively 
rare for the next 20 years (Winshell et al., 1969), an epidemic 
of typhoid fever involving over 10,000 cases in Mexico 
occurred from February 1972 until June 1973. The S. typhi 
strain concerned possessed resistance to chloramphenicol, 
tetracycline, streptomycin, and the sulfonamides (Vazquez 
et al., 1972; Olarte and Galindo, 1973), mediated by a single 
plasmid (Balows, 1977). During this epidemic, a few S. typhi 
strains were isolated that were also resistant to ampicillin. 
Ampicillin resistance was mediated by a separate plasmid 
(Balows, 1977). Fortunately, strains with this dual resis- 
tance did not spread widely, and the vast majority of 
 chloramphenicol-resistant organisms remained susceptible 
to ampicillin (Overturf et al., 1973; Datta and Olarte, 1974). 
After the epidemic in Mexico abated in 1973, typhoid 
remained endemic in the area, although the previously 
resistant S. typhi strains were replaced by chloramphenicol- 
susceptible ones (Balows, 1977).

During the typhoid fever epidemic in Mexico, eight cases 
of typhoid fever due to the Mexican epidemic strain were 
reported in the United States. Most of the patients concerned 
had recently traveled in Mexico. Associated with the Mexi-
can epidemic, a smaller number of imported cases of typhoid 
were detected in other countries, such as the United 
Kingdom, Switzerland, and Canada (Anderson and Smith, 
1972; Balows, 1977). In the early 1970s, plasmid-mediated 
chloramphenicol-resistant S. typhi strains were also detected 
in countries such as Vietnam (Butler et al., 1973; Brown et 
al., 1975), Thailand (Lampe and Mansuwan, 1973), Indonesia 
(Sanborn et al., 1975; Ling and Chau, 1984), and Bangladesh 
(Huq and Samadi, 1982). Although precise data were not 
available, it appeared likely that typhoid fever due to chlor-
amphenicol-resistant S. typhi strains was already prevalent in 
Southeast Asia (Anderson, 1975). In India, occasional strains 
of S. typhi resistant to chloramphenicol and ampicillin were 
isolated from 1962, but after 1972 strains of S. typhi and 
other salmonellae resistant to multiple antibiotics became 
increasingly common. The S. typhi strains were uniformly 

resistant to chloramphenicol, streptomycin, sulfonamides, 
and tetracycline, whereas the nontyphi salmonellae were 
commonly resistant to ampicillin as well. Transmissible plas-
mids were demonstrated in all of these strains (Sharma et 
al., 1979). Multiresistant S. typhi has also been reported in 
Bangladesh (Albert et al., 1991) and Pakistan (Bhutta et al., 
1991). A chloramphenicol-resistant S. typhi strain has been 
reported from Chile that carried no plasmid and had no CAT 
activity. This isolate lacked the main porin that usually facil-
itates the passage of chloramphenicol through the bacterial 
cell wall (Toro et al., 1990).

In 1997, there was a major outbreak in Tajikistan of 8901 
documented cases of typhoid fever. Ninety-three percent of 
29 isolates were resistant to chloramphenicol (Mermin et al., 
1999). Elsewhere in Central Asia and the Middle East, resis-
tance rates appear to be lower (Elamreen et al., 2008; Srikantiah 
et al., 2007), but current patterns of  chloramphenicol-resistant 
Salmonella are highly variable worldwide. Studies from 
Africa, China, and the United Kingdom have reported high 
levels of resistance (Dave, et al., 2015; Mahende et al., 2015; 
Zhang et al., 2015). Chloramphenicol resistance is common 
among nontyphoid salmonellae as well (De Vito et al., 2015; 
Prats et al., 2000). In one study from Spain, 14.2% of 5777 
salmonella isolates were resistant, including 56.4% of S. enter
ica serotype Typhimurium (Soler et al., 2006). In Taiwan, resis-
tance rates as high as 96% have been described in S. enterica 
serotype Choleraesuis isolates (Chiu et al., 2004, 2006). 
However, chloramphenicol resistance in this group of organ-
isms remains relatively low in the United States, at 11.1% of 
1050 isolates in one study (Crump et al., 2011).

Chloramphenicol-susceptible S. typhi is re-emerging in 
areas that were previously dominated by multidrug-resistant 
S. typhi (Singhal et al., 2014). This may be due to improve-
ments in local laws restricting public access to chloramphen-
icol without prescription, but it is more likely to be due to a 
marked reduction in the use of chloramphenicol because it 
had become ineffective. In 1991 in Kolkata, chloramphenicol 
resistance was seen in 100% of S. typhi isolates. This figure 
gradually decreased throughout the 1990s, so that in 2001 all 
isolates were susceptible in one study, and in 2003–2004 87% 
were susceptible in another study (Mandal et al., 2004; Dutta 
et al., 2005). More recent data from Kolkata showed 18.2% 
chloramphenicol resistance in S. typhi and no resistance in  
S. paratyphi A (Dutta et al., 2014). Similar reports have come 
from central and north India (Sood et al., 1999; Chande et  
al., 2002; Gupta et al., 2013) and Pakistan (Zaidi et al.,  
2003). In Vietnam in 1997, 92.6% of S. typhi isolates were 
 chloramphenicol-resistant in one study, decreasing to 0% by 
2002 (Weill et al., 2007). Similarly in Egypt, 100% resistance in 
1993 had fallen to 5% in 2000 (Wasfy et al., 2002). Recent data 
from Nepal showed low levels of chloramphenicol resistance 
(Chand et al., 2014; Karki et al., 2013). Although widespread 
reintroduction of chloramphenicol as first-line treat ment for 
typhoid fever would probably fail because of rapid reacquisi-
tion of resistance (Wain et al., 2015), it may still be used as an 
inexpensive treatment in some settings, particularly when 
more effective alternative agents are not available. 
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3. MECHANISM OF DRUG ACTION

Chloramphenicol is a potent inhibitor of bacterial protein 
synthesis (Goldberg, 1965; Sills and Boenning, 1999). This 
action of chloramphenicol is dependent on its ability to 
interact with nucleotides at the peptidyl transferase cavity in 
the 50S subunit of the 70S bacterial ribosome (Vince et al., 
1975; Harvey and Koch, 1980; Schlunzen et al., 2001). In 
bacterial cells that have been exposed to chloramphenicol for 
a short time, protein synthesis may resume when the drug is 
withdrawn. Peptide chains whose synthesis was interrupted 
by chloramphenicol can be completed when the drug is 
removed. This explains the bacteriostatic rather than bacteri-
cidal action that this drug has against certain bacteria (Green 
et al., 1975). With more prolonged exposure, chlorampheni-
col has additional effects on bacteria, including excretion of 
cellular macromolecules, lysis of cells, and degradation of 
ribosomes; these effects eventually lead to cell death. This 
bactericidal effect is dependent on the growth phase of the 
bacterial cells. Actively dividing cells rapidly lose viability, 
but resting or slowly dividing cells remain viable for long 
periods (Bacchus and Javor, 1975; Guota, 1975).

It has been suggested that the hemopoietic toxicity of 
chloramphenicol occurs because the drug inhibits human cell 
protein synthesis (Weisberger et al., 1969). Immature or pro-
liferating erythrocytes are much more susceptible to chlor-
amphenicol than other mammalian cells. Furthermore, the 
anamnestic antibody response to tetanus toxoid can be sup-
pressed by chloramphenicol, suggesting that it may inhibit 
protein synthesis (Daniel et al., 1965). This inhibitory effect 
has been shown experimentally in tissue cultures of lymph 
node fragments (Ambrose and Coons, 1963). The mecha-
nism by which chloramphenicol inhibits protein synthesis in 
mammalian cells is probably different from that operating in 
bacteria. It is generally accepted that chloramphenicol does 
not inhibit ribosomal protein synthesis in mammals (Beard 
and Weisberger, 1972; Yunis et al., 1974). Mammalian cells 
contain 80S ribosomes, and the protein synthesis in these, 
unlike that in bacterial 70S ribosomes, appears to be unaf-
fected by chloramphenicol. In human and other mammalian 
cells, the mitochondria (which contain 70S particles) are also 
capable of independent protein synthesis. Therapeutic con-
centrations of chloramphenicol may inhibit protein synthesis 
in human and rabbit bone marrow mitochondria (Martelo et 
al., 1969). Mitochondrial damage has been observed by elec-
tron microscopy in bone marrow cells obtained from patients 
treated with chloramphenicol (Yunis et al., 1970). The effect 
of chloramphenicol on mitochondria may provide an expla-
nation of the dose-related hemopoietic toxicity of the drug 
(Manyan et al., 1972; see section 6a, Bone marrow depression 
and other hemopoietic effects—Hemopoeitic toxicity).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Chloramphenicol can be administered orally, intramuscu-
larly, intravenously, or topically. Oral administration is satis - 

factory for many conditions, but for severely ill patients ini-
tial administration by one of the parenteral routes is prefera-
ble because absorption of the oral drug may be poor.

There are no generally accepted optimal therapeutic non-
toxic serum levels; peak levels ranging from 15 to 25 mg/l 
(Kauffman et al., 1981a; Yogev et al., 1981, Mulhall et al., 
1983a; Mulhall et al., 1983b), or 35 mg/l (Smith and Weber, 
1983) have been suggested for children. Erratic peak serum 
levels occur following intravenous administration of the suc-
cinate formulation to infants and children, and it has been 
suggested that the dosage could be adjusted to achieve reason-
able trough serum levels; these should be kept as high as the 
mean inhibitory concentration of the offending organism (at 
least 5 mg/l if this is unknown) and below 10 mg/l (Liet-
man, 1981). In most patients this would result in peak serum 
values below 20 mg/l, and transient bone marrow suppres-
sion would be avoided. The WHO recommends maintaining 
plasma levels of 5–20 mg/l (World Health Organization, 2001).

4a.  Adults and children older than  
three months

ORAL ADMINISTRATION

The recommended dosage for adults and children is 50 mg/
kg body weight per day, given in equally divided doses every 
6 hours. The manufacturers have stated that a daily dose of 
100 mg/kg can be used for short periods if there is need to 
produce high serum levels. The dosage for adults should not 
exceed 4 g/day.

The oral administration of unaltered chloramphenicol is 
difficult in young children who cannot swallow capsules. 
Chloramphenicol is poorly soluble in water, is difficult to 
maintain in suspension, and has an exceedingly bitter taste 
mediated through agonism of up to six different human taste 
receptors, including hTAS2R41 (Meyerhof et al., 2010; Thal-
mann et al., 2013). Insensitivity to this bitter taste is inherited 
as an autosomal recessive trait and was found in less than 
10% of the population in one study (Sugino et al., 2002). The 
tasteless compound chloramphenicol palmitate is used for 
oral administration in children because of these issues. This 
substance has no antibacterial activity and must be hydro-
lyzed by enzymes in the gut before absorption of liberated 
active chloramphenicol can occur. Initial preparations of this 
compound did not produce adequate serum levels after oral 
administration, but subsequently particle size was controlled 
to produce satisfactory blood levels.

Pharmacologic studies have shown that the palmitate sus-
pension produces good serum levels in children older than 
3  months. Some authorities have recommended a starting 
dose of 75 mg/kg/day for most infants beyond the newborn 
period; subsequent dosage should be adjusted according to 
serum levels obtained (Kauffman et al., 1981a). A dose of 
75 mg of the palmitate per kilogram per day is effective for 
children with chloramphenicol-susceptible H. influenzae 
meningitis and is less likely than higher doses to cause neu-
tropenia (Tuomanen et al., 1981).
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PARENTERAL ADMINISTRATION

The chloramphenicol sodium succinate ester is used for par-
enteral administration. It is a highly water-soluble preparation 
that can be easily administered by either the intramuscular 
or the intravenous route. This ester has no antibacterial 
activity, but after administration it is converted to active 
chloramphenicol. For intramuscular administration, the 
contents of a 1.2-g vial may be dissolved in as little as 2.0 ml 
of water for injection, resulting in a 40% solution. For inter-
mittent intravenous injections, it is recommended that a 
more dilute 10% solution be used, and that the dose be slowly 
injected intravenously over 1 minute. Rapid intravenous 
injection of a more concentrated solution is not dangerous, 
but the patient may experience an intensely bitter taste last-
ing a few minutes, and concentrated solutions may also cause 
thrombophlebitis. The duration of the infusion is an import-
ant factor in determining the percentage of the succinate that 
is excreted in the urine before it has been converted to active 
chloramphenicol. To make valid comparisons of chloram-
phenicol serum levels, the rate of infusion from the burette 
should be standardized. For adults, the contents of the 
burette are commonly infused over a period of 30 minutes.

Chloramphenicol succinate ester is stable in all commonly 
used intravenous fluids, so it can be added to standard intra-
venous solutions for continuous infusion, but incompatibility 
may occur in the presence of other intravenous additives. It 
is recommended that the dose of intravenous or intramus-
cular chloramphenicol sodium succinate be identical to the 
oral chloramphenicol dose. Nevertheless, resultant serum 
levels after administration of the succinate intravenously to 
infants and children are highly variable, so regular serum 
level monitoring, particularly of infants, is warranted. This is 
particularly important if the more aggressive dosing regi-
mens recommended by some authorities are used—for 
example, a loading dose of 40 mg/kg followed by 25 mg/kg 
every 8 hours for 3–4 days, and then every 6 hours (Coakley 
et al., 1992; Kokwaro et al., 2006).

TOPICAL

Chloramphenicol has high lipid solubility and penetrates 
into the aqueous humor after topical application to the eye 
(Hodgman, 1961; George and Hanna, 1977; Hanna et al., 
1978; Cagini et al., 2013). It is available as a 0.5% solution 
and a 1% ointment (Wareham and Wilson, 2002). Topical 
preparations of chloramphenicol with propylene glycol for 
aural use are also available.

4b.  Newborn infants and children younger 
than three months

A dosage of 25 mg/kg/day given in four divided doses at 
6-hour intervals is recommended for newborn infants and 
for those in whom immature renal and/or hepatic function is 
suspected. Full-term infants older than 2 weeks can receive 
50 mg/kg/day given in four divided doses at 6-hour intervals, 
but pharmacokinetic studies have shown that the absorption 

of the palmitate suspension is erratic in children younger 
than 3 months (Weber et al., 1999). Serum levels after the 
intravenous administration of chloramphenicol succinate to 
neonates are variable and not predictable, so serum level 
monitoring every 48 hours to enable suitable dosage adjust-
ment is recommended. Chloramphenicol should be infused 
over 15–30 minutes in neonates. A therapeutic nontoxic 
serum level range of 10–25 mg/l has been recommended. It 
is important to review the dose of chloramphenicol regularly 
in young infants; the dose may need to be increased as the 
child ages (Black et al., 1978).

4c.  Pregnant and lactating mothers

Chloramphenicol has been assigned pregnancy category C by 
the FDA. Oral chloramphenicol crosses the placenta. Birth 
defects due to the use of chloramphenicol have not been 
reported, but use late in pregnancy has been associated with the 
gray baby syndrome and other adverse events (see section 6b). 

Chloramphenicol is excreted into human milk and should 
be given only if the benefits clearly outweigh the risks.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Active chloramphenicol does not accumulate in patients with 
impaired renal function, and the drug may be administered 
in the usual recommended doses (Kunin, 1967). The drug 
may be more toxic to the bone marrow of uremic patients, 
possibly because of preexisting bone marrow depression 
often associated with renal failure. Inactive chloramphenicol 
metabolites accumulate in the serum of patients with renal 
failure, but these have not been associated with toxicity 
(Smith and Weber, 1983). In using chloramphenicol to treat 
a severe infection in such patients, this increased risk of tox-
icity cannot be avoided, because dosage reduction results in 
inadequate serum levels of the active drug. Peritoneal dialy-
sis does not alter the serum half-life of active chlorampheni-
col (Greenberg and Sanford, 1967). Increased clearance of 
chloramphenicol has been described during hemodialysis 
(Slaughter et al., 1980); the normal maintenance dose of  
the drug should be administered after dialysis to compensate 
for the increased clearance. There are no reliable data on 
chloramphenicol pharmacokinetics during continuous renal 
replacement therapy in critically ill patients.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

In patients with liver dysfunction, the total body clearance of 
chloramphenicol is reduced (Koup et al., 1979a). This is to be 
expected because the drug is metabolized in the liver. If chlor-
amphenicol is used in patients with liver disease, serum levels 
should be monitored and dosage reduced as appropriate.

PREMATURE NEONATES

Chloramphenicol should be used with caution in premature 
neonates, if at all, and serum levels measured frequently. These 
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patients should receive an initial loading dose of 20 mg/kg 
(Rajchgot et al., 1982). The use of chloramphenicol in neonates 
younger than 1 week and in premature infants is considered 
contraindicated by the WHO (World Health Organi zation, 
2001).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

When chloramphenicol is administered orally in capsules, it 
is rapidly absorbed from the intestinal tract and has greater 
bioavailability (approximately 80%) than orally administered 
palmitate (Smith and Weber, 1983; Ambrose, 1984). The 
peak serum level occurs about 2 hours after administration; 
after a 1-g dose in adults, it is approximately 10–13 mg/l 
(DuPont et al., 1970). Doubling the usual oral dose doubles 
the serum concentrations attained. The half-life of active 
chloramphenicol in serum is 1.6–3.3 hours, and therapeutic 
levels may still be detected 6–8 hours after administration 
(Kunin et al., 1959). Serum protein binding of chloramphen-
icol is approximately 44–60% in healthy adults (Koup et al., 
1979a, 1979b; Ambrose, 1984).

The biologically inactive palmitate ester is absorbed only 
after being hydrolyzed in the upper intestinal tract by pan-
creatic lipase to free chloramphenicol, which is well absorbed. 
Incomplete metabolism before it reaches the systemic circu-
lation may explain the lower bioavailability of the palmitate 
compared with free chloramphenicol, especially in patients 
with impaired pancreatic lipase excretion—for example, due 
to malnutrition or cystic fibrosis (Smith and Weber, 1983)—
although the impaired absorption may be offset by reduced 
clearance in malnutrition (Dickinson et al, 1988). Never-
theless, in one study in well-nourished children aged 2 
months to 14 years, chloramphenicol palmitate given enter-
ally had higher bioavailability than chloramphenicol succi-
nate given intravenously (Kauffman et al., 1981a; Yogev et 
al., 1981). A mean peak serum level of 19.3 mg/l was 
reached 2–3 hours after ingestion of an oral dose of 25 mg 
of palmitate per kilogram in children aged up to 12 years 
(Pickering et al., 1980). This was slightly lower than the mean 
peak level of 28.2 mg/l which occurred 2–3 hours after infu-
sion of the same dose of the succinate ester; thereafter serum 
levels resulting from oral and intravenous administration 
were similar, and at 6 hours many levels were still in excess of 
12 mg/l. In one study, the same dose was given orally (palmi-
tate) and intravenously (succinate infused over 30 minutes) 
to infants aged 5–23 months with H. influenzae meningitis 
(Yogev et al., 1981). Mean peak serum levels were 18.5 (after 
2–3 h) and 15.0 mg/l (after 45 minutes) following oral and 
intravenous administration, respectively. The mean serum 
half-life of the drug was longer after oral (6–5 h) than after 
intravenous (4.0 h) administration. In addition, with repeated 
oral doses, there was an increase in the drug’s half-life so that 
it sometimes accumulated, producing peak serum levels in 
excess of 30 mg/l. In another study, chloramphenicol palmitate 

was given to children aged 2 months to 14 years; a dose of 
60–75 mg/kg/day (given in divided doses every 6 h) usually 
resulted in serum levels of 15–25 mg/l, whereas higher doses 
resulted in concentrations greater than 25 mg/l in more than 
half the patients (Kauffman et al., 1981a).

Serum levels resulting from oral administration of chlor-
amphenicol palmitate are not as predictable in neonates. The 
variable serum levels after palmitate in neonates may be 
related to prolonged and erratic absorption due to delayed 
gastric emptying or decreased hydrolysis of the palmitate 
ester (Shankaran and Kauffman, 1984). In a larger study 
involving 90 infants (younger than 1 year), including 64 neo-
nates, oral administration in neonates resulted in lower 
steady-state serum levels than those following intravenous 
administration (Mulhall et al., 1983c). In another report of 
infants younger than 3 months, in only half of the 20 chil-
dren receiving oral chloramphenicol palmitate were thera-
peutic concentrations reached at any time in the first 3 days 
of treatment (Weber et al., 1999).

5b.  Drug distribution

INTRAVENOUS ADMINISTRATION

The results of pharmacologic studies using the prodrug 
chlor amphenicol succinate intravenous have been variable. 
Data from many early studies are not relevant because the 
methods used for drug quantitation measured total aromatic 
nitro-compounds (conjugated and unconjugated chloram-
phenicol and metabolites) and were not specific for free 
chloramphenicol or its succinate. It was therefore some time 
before it was recognized that there was appreciable urinary 
excretion of chloramphenicol succinate, which reduced the 
bioavailability of active chloramphenicol. Chloramphenicol 
succinate has no antibacterial activity, and after parenteral 
administration it is hydrolyzed in the liver to produce free 
active chloramphenicol. The rate of hydrolysis is highly vari-
able, and unhydrolyzed succinate can be excreted unchanged 
in the urine at a rate that varies among individuals. The phar-
macokinetics is further complicated by the metabolism of 
free chloramphenicol to chloramphenicol glucuronide in  
the liver. Therefore, serum levels of chloramphenicol after 
intravenous administration of succinate depend on the rate 
of hydrolysis of chloramphenicol succinate, the rate of  
excretion of chloramphenicol succinate, and the rate of glu-
curonidation of chloramphenicol to biologically inactive 
chloram phenicol glucuronide (Lietman, 1981). The renal 
excretion of chloramphenicol succinate and consequent loss 
of available chloramphenicol explains why the orally admin-
istered chloramphenicol base and chloramphenicol palmitate 
have greater bioavailability than chloramphenicol suc cinate 
given intravenously in some individuals. Variable metabo-
lism and variable excretion of the succinate are the reasons 
for the lack of correlation between the dose of intravenous 
succinate and resultant serum levels, and the variable results 
obtained in different studies, a number of which are now 
summarized.
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Chloramphenicol succinate was given to 54 infants and 
children (aged 1 day to 11 years) in dosages of 12.5–100 mg/
kg/day, usually in four divided doses by intravenous infu-
sions over periods varying from 5 minutes to 2 hours; the 
half-life of the drug at all ages had a wide range (0.87–17.8 h) 
(Friedman et al., 1979). Similar intravenous dosages of the 
succinate were given in four divided doses to 17 children 
(aged 1 month to 6 years) by 60-minutes infusions (Sack et 
al., 1980). This study also found wide variability in serum 
half-lives (range, 2.1–8.3 h) and in body clearances of the 
drug not accounted for by renal or liver disease; serum chlor-
amphenicol succinate concentrations 1 hour after infusion 
were low (mean, 2.8 mg/l). In a different report, the use of 
various chloramphenicol preparations in 52 children aged 
3 months to 14 years was studied (Ekblad et al., 1985). When 
the succinate was given in a dosage of 150 mg/kg/day in four 
divided doses (infusion time, 30 minutes), the mean peak 
serum level was 33.5 mg/l; when it was given in a dosage 
of 100 mg/kg/day, the mean peak serum level was 24.7 mg/l; 
and almost identical levels were obtained when the same 
dose was given as oral chloramphenicol in capsules or as 
chloramphenicol palmitate.

In low birth weight infants, chloramphenicol serum levels 
are highly variable and not predictable (Glazer et al., 1980). 
Doses of 15–50 mg/kg/day were given in one to three divided 
doses by 15-minute infusion. Peak serum levels (measured in 
blood samples taken 0.5–2.0 h after infusion) were 11.2–36.2 
and 10.0–36.2 mg/l for infants aged 1–8 days and 11 days to 
8 weeks, respectively. The serum half-life in the group of 
older infants was 5.5–15.7 hours, whereas for the younger 
group it was 10.0–36.0 hours, and in some infants there was 
no decline in serum levels over the dosing period and pos-
sibly accumulation with serial dosing. In another study, the 
serum half-lives of chloramphenicol were inversely related to 
age, and the succinate persisted in serum up to 6 hours after 
a dose and constituted a larger fraction of total chloram-
phenicol in infants under 1 month of age than in older infants 
and children (Kauffman et al., 1981b). In a report studying 
the pharmacokinetics of chloramphenicol administered 
intravenous and orally to 90 infants (younger than 1 year, 
including 64 neonates), after intravenous administration 
serum concentrations were related to dosage in neonates, but 
not in infants (Mulhall et al., 1983c). Dosages used were 25 
mg/kg/day for premature infants and term infants younger 
than 7 days; 37.5–50.0 mg/kg/day for neonates aged 7–28 
days; and for infants, 50–100 mg/kg/day. Clearance of chlor-
amphenicol was related to postnatal age in infants and gesta-
tional age in neonates; concomitant penicillin therapy also 
reduced clearance. In some infants, peak serum levels greater 
than 25 mg/l occurred, whereas in others they were less than 
10 mg/l. Erratic chloramphenicol serum levels in these 
infants were ascribed to possible defective liver metabolism 
of the drug and immature renal function. The authors rec-
ommended that whenever chloramphenicol is administered 
to infants, serum levels should be monitored every 48 hours, 
and dosage should be adjusted to keep peak serum levels  
at 20–30 mg/l and trough serum levels below 15 mg/l. In 

another study, 39 courses of intravenous chloramphenicol 
succinate over a 30-minute period were given by infusion 
pump to 35 neonates; 13 premature neonates received an ini-
tial dose of 12.5 mg/kg and 26 received a loading dose of 20 
mg/kg (Rajchgot et al., 1982). Neonates receiving the former 
dose did not achieve serum concentrations > 10 mg/l (mean 
peak level 8.8 mg/l), whereas after a 20-mg/kg dose all neo-
nates had concentrations > 10 mg/l (mean peak level, 15.9 
mg/l). Chloramphenicol levels peaked at 4 hours in neonates 
≥ 2 days postnatal age, and peaked at 2 hours in neonates 
3–55 days postnatal age. Chloramphenicol succinate serum 
levels were higher in younger than in older neonates at both 
2 and 4 hours after the dose, possibly because of slower 
hydrolysis in the liver or a prolonged distribution phase.

There are a limited number of pharmacokinetic studies of 
the use of chloramphenicol succinate given intravenously to 
adults. The serum half-life in adults is about 1.2 hours, with 
an elimination half-life of approximately 4 hours; renal clear-
ance of the succinate is less in adults than in children (Smith 
and Weber, 1983; Ambrose, 1984). In one study in typhoid 
fever patients, with equivalent doses of chloramphenicol, the 
serum concentrations of patients treated intravenously were 
significantly lower than those of patients on oral therapy (Ti 
et al., 1990).

INTRAMUSCULAR ADMINISTRATION

There are conflicting reports on the pharmacokinetics of 
intra muscular chloramphenicol. Consequently, some authori-
ties do not recommend this route of administration (Balbi, 
2004). One study in adults with enteric fever found that peak 
plasma levels of chloramphenicol were on average 50% lower 
after an intramuscular dose than after the same dose admin-
istered intravenously, but the area under the concentration–
time curve was higher after intramuscular administration 
(Acharya et al., 1997). Another report showed that after 
intramuscular administration, serum levels of active chlor-
amphenicol were about 50% lower than those achieved after 
identical oral doses; approximately one third of the intra-
muscularly administered drug was present in serum in the 
form of antimicrobially inactive unhydrolyzed ester, and  
the serum concentration of active chloramphenicol did not 
rise with continued intramuscular administration (DuPont 
et al., 1970). This report also showed that patients with 
induced typhoid fever responded more rapidly to oral chlor-
amphenicol in a dosage of 1 g every 8 hours than to an identical 
intramuscular dosage of chloramphenicol succinate. However, 
this study did not give intravenous chloramphenicol, so it did 
not provide evidence that intravenous administration is 
superior to intramuscular (Shann et al., 1985). Intramuscular 
chloramphenicol sodium succinate, administered in the usu-
ally recommended doses, gives good results in severe infec-
tions, such as H. influenzae meningitis (Barrett et al., 1972).

One study, in which chloramphenicol succinate was given 
to 57 children by the intramuscular route and to 13 others by 
the intravenous route, showed that intramuscular and intra-
venous administration were comparable (Shann et al., 1985). 
Patient ages ranged from 28 days to less than 6 years. The 
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same dosage of 25 mg/kg every 6 hours was used by both 
routes. After intramuscular administration the peak serum 
level (specimen taken 1 h after administration) was 19.5 mg/l 
after the first dose and 31.4 mg/l after two or more doses; the 
lowest peak level after intramuscular administration was 13 
mg/l. After the drug was given intravenously (bolus injection 
over about 1 minute), the mean peak serum level (specimen 
taken 1 h later) was 19.4 mg/l after the first dose and 28.2 
mg/l after two or more doses. Six hours after the first intramus-
cular or intravenous dose, mean serum levels were in excess of 
10 mg/l; and with repeated doses mean serum levels at 5 hours 
were greater than 15 mg/l after administration of the drug by 
either route. The area under the curve was not significantly 
different after intramuscular or intravenous administration.

DISTRIBUTION OF THE DRUG IN BODY

Chloramphenicol has high lipid solubility and it diffuses into 
many body tissues, readily penetrates into pleural and ascitic 
fluids, and also crosses the placenta and into breast milk. 
Concentrations of the drug in the ascitic fluid of patients 
with bacterial peritonitis usually exceed half the serum level 
at the time (Gerding et al., 1977). Unlike many other anti-
biotics, it penetrates well into all parts of the eye (Mayers et 
al., 1991) and into the cerebrospinal fluid (CSF) even in the 
absence of meningitis.

The CSF concentration may be 50% or more of that found 
in the serum of patients with normal meninges, a higher pro-
portion than that attained with most other antibiotics (Balbi, 
2004). There have been many reports confirming that CSF 
levels on the order of 65% of the simultaneous serum level 
are obtained in patients with meningitis (Dunkle, 1978; Fried-
man et al., 1979; Pickering et al., 1980; Yogev et al., 1981; 
Mulhall et al., 1983c; Kokwaro et al., 2006). Salivary levels 
of chloramphenicol are related to serum levels, but there is 
considerable variability (Koup et al., 1979b). One population 
pharmacokinetic analysis of 30 children receiving oral chlor-
amphenicol concluded that weight, serum albumin, and 
leukocyte count were the most important determinants of 
volume of distribution (Lugo Goytia et al., 2000). In vitro, 
chloramphenicol is concentrated in polymorphonuclear leu-
kocytes (Prokesch and Hand, 1982; Jacobs and Wilson, 1983), 
in nucleated human polymorphonuclear leukocytes (Hand 
and King-Thompson, 1990), and in the alveolar macrophages 
obtained from smokers (Hand et al., 1985). The concentra-
tion of active chloramphenicol may not be adequate in urine 
or bile.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Chloramphenicol is given enterally to young children as 
chloramphenicol palmitate because it is tasteless and can be 
given as syrup. The palmitate has to be hydrolyzed by pancre-
atic lipase before it can be absorbed, so bioavailability is poor 
in children with low levels of this enzyme (such as very young 
infants and children with malnutrition or cystic fibrosis). In 

older children and adults, chloramphenicol is given enterally 
as capsules of active chloramphenicol, and bioavailability is 
approximately 80%.

Chloramphenicol is given parenterally as chlorampheni-
col succinate because it is soluble in water. However, the suc-
cinate has no antibacterial activity, and the concentration of 
active chloramphenicol depends on the rate of hydrolysis of 
the succinate, the rate of renal excretion of the succinate, and 
the rate of metabolism of chloramphenicol to the inactive 
glucuronide in the liver. Consequently, the bioavailability of 
chloramphenicol after oral administration of capsules of active 
chloramphenicol is often as good as or better than the bio-
availability after intravenous or intramuscular administra-
tion of the succinate.

Chloramphenicol is usually classified as a “bacteriostatic” 
agent, because in vitro it usually arrests the multiplication of 
bacteria, but it does not reduce the number of living organ-
isms. However, chloramphenicol in clinically achievable con-
centrations may be bactericidal to some organisms, including 
H. influenzae, S. pneumoniae, and Neisseria meningitidis 
(Rahal and Simberkoff, 1979). Chloramphenicol at similar 
con centrations is bacteriostatic only for Entero bacteriaceae, 
which may be why it is not so effective in meningitis caused by 
these pathogens. The distinction between “bactericidal” and 
“bacteriostatic” agents is only relative, and many other factors 
influence the action of antibiotics on bacteria in vivo.

From a practical point of view, it is incorrect to assume 
that a bactericidal drug will always be clinically superior to 
a bacteriostatic one. For example, chloramphenicol is more 
effective than some other drugs with a bactericidal action in 
the treatment of typhoid fever. However, in some in vitro 
tests, chloramphenicol is bactericidal against S. typhi (Pre-
blud et al., 1984).

5d.  Excretion

URINE

About 90% of administered chloramphenicol is excreted in 
urine, but only 5–10% is in the unchanged active form. 
Chloramphenicol is rapidly conjugated with glucuronic acid 
in the healthy human liver, and the conjugates are antibacte-
rially inactive. Active chloramphenicol is excreted by glom-
eruli and the inactive derivatives by the tubules (Weiss et al., 
1960). Although most administered chloramphenicol is 
excreted in the form of inactive metabolites, urine concen-
trations of the active drug are still sufficiently high to be 
effective for treatment of urinary infections. However, 
much less active chloramphenicol is excreted in the urine of 
patients with renal failure, and in some of these patients 
there may be no antibacterial effect in the urine (Lindberg et 
al., 1966). One study has shown age, white blood cell count, 
and serum creatinine to be the most significant determinants 
of clearance of oral chloramphenicol in children (Lugo Goy-
tia et al., 2000).

Because most active chloramphenicol disappears from 
the body primarily by conversion in the liver, the active drug 
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does not accumulate in the serum of anuric patients (Kunin 
et al., 1959; Greenberg and Sanford, 1967). Inactive chloram-
phenicol metabolites, which are probably not toxic, accumu-
late in the serum of such patients.

After intravenous administration of chloramphenicol 
succinate, a variable amount (6–73%) of the unchanged ester 
is excreted by the kidneys (Lietman, 1981). Immaturity of 
renal excretory mechanisms is probably one factor causing 
the unpredictability of serum levels in neonates after the oral 
administration of chloramphenicol palmitate and after the 
intravenous administration of chloramphenicol succinate.

BILE

Only small amounts of chloramphenicol (2–3% of the 
administered dose) are excreted in bile, mostly in the inac-
tive form. The concentration of active chloramphenicol in 
bile is usually lower than that in the serum at the time.

FECES

About 1% of an orally administered dose of chloramphenicol 
is excreted in the feces, mainly in the inactive form. It prob-
ably reaches the intestinal tract via the bile.

INACTIVATION IN BODY

Chloramphenicol is metabolized in the liver, and the major 
metabolite is chloramphenicol glucuronide. Minor metabo-
lites, some of which have little antibacterial activity, have 
been detected in humans (Smith and Weber, 1983). Chloram-
phenicol is metabolized by a number of pathways to produce 
oxidized, reduced, and conjugated metabolites that can be 
detected in the serum by appropriate assays. These metabo-
lites are probably not involved in the drug’s toxicity (Holt et 
al., 1995). Immaturity of hepatic metabolism is probably a 
factor in causing the unpredictable pharmacokinetics in neo-
nates. Interference with metabolism is also the probable rea-
son for the accumulation of chloramphenicol in patients 
with liver dysfunction.

5e.  Drug interactions

Chloramphenicol inhibits the activity of several liver enzymes, 
including CYP2C9 and 3A4, and interferes with the bio-
transformation of tolbutamide, phenytoin, and warfarin. 
Toxicity due to these three drugs may occur if they are 
administered in usual doses to a patient who is also receiving 
chloramphenicol (Christensen and Skovsted, 1969; Rose et 
al., 1977). Moreover, concurrent administration of phenyt-
oin and chloramphenicol succinate may result in elevation of 
serum chloramphenicol levels into the potentially toxic 
range. In 17 children treated by intravenous chlorampheni-
col succinate alone (25 mg/kg per dose given over 10–15 
minutes), mean peak and trough serum chloramphenicol 
levels were 25.3 and 13.4 mg/l, respectively; in 6 others 
receiving phenytoin as well, the mean peak serum level was 
41.7 mg/l. Phenytoin may interact with chloramphenicol, 
causing phenytoin toxicity and elevated chloramphenicol 
serum levels by competing for binding sites, rather than by 

induction of hepatic enzymes (Krasinski et al., 1982). One 
study in adults indicated that paracetamol (acetaminophen) 
decreased chloramphenicol clearance from the body (Bucha-
nan and Moodley, 1979), but a study in children failed to 
confirm this (Kearns et al., 1985). A subsequent study in 
African children failed to show any significant interaction 
among chloramphenicol, paracetamol, or phenytoin (Kokwaro 
et al., 2006). Another study, again in African children receiv-
ing chloramphenicol, found that a single intramuscular dose 
of fosphenytoin lengthened the mean terminal elimination 
half-life for chloramphenicol but had no effect on any other 
pharmacologic or clinical parameter (Ogutu et al., 2002). 
Concomitant administration of rifampicin may lower chlor-
amphenicol serum levels.

Although technically not a drug interaction, chloram-
phenicol antagonizes the activity of a number of antibiotics 
against various pathogens in vitro. Chloramphenicol antago-
nizes the effects of fluoroquinolones against E. faecalis in 
vitro (Gradelski et al., 2001). The combination of chloram-
phenicol and gentamicin may exhibit some antagonism 
against Enterobacteriaceae, such as E. coli and Klebsiella spp. 
(D’Alessandri et al., 1976). Chloramphenicol appears to 
suppress the rapid bactericidal activity of gentamicin against 
these organisms (Klastersky and Husson, 1977). Other in 
vitro studies showed that chloramphenicol antagonizes the 
bactericidal effect of gentamicin and of ampicillin plus gen-
tamicin against E. coli (Paisley and Washington, 1979). It has 
been suggested that chloramphenicol should not be used 
with gentamicin to treat neonatal meningitis because of the 
in vivo and in vitro evidence of antagonism (Sanderson, 
1978). The drug also shows antagonism in vitro to cefotax-
ime and ceftriaxone, and to a lesser extent to aztreonam and 
imipenem (Brown and Alfford, 1984; Asmar et al., 1988). In 
tests of bactericidal action against H. influenzae type b 
strains, chloramphenicol is more rapidly effective than ampi-
cillin (Turk, 1977). There are conflicting findings regarding 
whether chloramphenicol and ampicillin act synergistically 
against H. influenzae strains, or whether chloramphenicol 
inhibits the bactericidal activity of ampicillin against this 
organism (Feldman, 1978; Rocco and Overturf, 1982). 
Neither synergy nor antagonism was detected using chlor-
amphenicol plus rifampicin against H. influenzae (Jadavji et 
al., 1984). The clinical relevance of these various in vitro 
studies is unclear.

6. ADVERSE REACTIONS AND TOXICITY

6a.  Bone marrow depression and other 
hemopoietic effects

This is the most important toxic effect of chloramphenicol. 
Two forms of bone marrow depression occur.

APLASTIC ANEMIA

This is a rare but often fatal complication. It is the principal rea-
son why chloramphenicol has fallen out of favor as a systemic 
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antibiotic. Initially, its frequency was variously estimated as 1 
in 500 to 1 in 100,000 treated patients (Willcox, 1967). A sur-
vey in California showed that the calculated risk of dying 
from aplastic anemia was 1 in 21,671 after an average adult 
course of 7.5 g of the drug. Fatal aplastic anemia was esti-
mated to occur with a frequency of 1 in 24,500 to 1 in 40,800 
courses of treatment with chloramphenicol (Wallerstein et 
al., 1969). Between 1965 and 1971, 31 cases of aplastic ane-
mia after exposure to chloramphenicol were observed in 
Hamburg and the surrounding districts. The frequency was 
estimated at 1 in 11,500 and the death rate as 1 in 18,500 
(Hausmann and Skrandies, 1974). In Sweden between 1966 
and 1971, 7 patients developed chloramphenicol-induced 
aplastic anemia, 6 of whom died. In this study, the risk of 
developing aplastic anemia after a course of chloramphenicol 
was calculated to be 1 in 19,000 (Bottiger, 1974). It is appar-
ent that the estimated risks of aplastic anemia from chloram-
phenicol in these surveys from different countries are in 
accord: systemic chloramphenicol appears to increase the 
risk of developing aplastic anemia by 10–13 times that seen 
in a population not treated with chloramphenicol (Wallerstein 
et al., 1969; Firkin and Campbell, 1997).

Bone marrow aplasia due to chloramphenicol usually 
results in aplastic anemia with pancytopenia. Other forms, 
such as erythroid hypoplasia, selective leukopenia, or throm-
bocytopenia, are less common. The mortality from aplastic 
anemia has been in excess of 50% (Davis and Rubin, 1972), 
with some recoveries occurring after prolonged periods of 
bone marrow aplasia. However, in more recent times the 
death of many of these patients might have been prevented 
by bone marrow transplantation (Ahn et al., 2003; Yagasaki 
et al., 2007). Most cases occur after cessation of the drug, and 
only about 20% occur during a treatment course (Balbi, 
2004). It has been difficult to correlate the total dose of the 
drug administered and the frequency of aplastic anemia.

The view that aplastic anemia was virtually exclusively 
associated with the oral administration of chloramphenicol 
was held for some time (Gleckman, 1975). However, from 
the late 1970s onward, several reports were published of 
patients developing aplastic anemia attributable to paren-
teral administration of chloramphenicol (Daum et al., 1979; 
Pickering et al., 1980; Feder et al., 1981; Plaut and Best, 1982; 
Alavi, 1983; West et al., 1988). A possible role of parenterally 
administered chloramphenicol as a cause of aplastic anemia 
has been difficult to establish statistically; more patients have 
received the drug orally than parenterally, the number of 
patients who have received the drug parenterally is unknown, 
and aplastic anemia is rare (Lietman, 1981; Yogev et al., 1981).

The mechanism by which chloramphenicol causes aplas-
tic anemia is unknown, but is most likely to be due to metab-
olism of chloramphenicol to toxic nitro derivatives, which 
subsequently damage the DNA of hemopoietic stem cells 
(Murray et al., 1982; Jimenez et al., 1987; Yunis et al., 1987; 
Yunis, 1988). Thiamphenicol does not possess a p-NO2 group 
and there are no reports of aplastic anemia with thiamphen-
icol use. Aplastic anemia after administration of chloram-
phenicol has been described in identical twins, and there 

appears to be a genetic predisposition to this condition 
(Nagao and Mauer, 1969). However, it is unclear in what way 
genetically susceptible individuals are vulnerable to chlor-
amphenicol nitro derivatives and to what extent intestinal 
bacteria facilitate toxicity. Vulnerable patients may produce 
higher concentrations of nitro derivatives or may have more 
susceptible DNA. Experimental work suggests that chloram-
phenicol succinate is metabolized by succinate dehydroge-
nase in the bone marrow. In most individuals, this produces 
chloramphenicol, which inhibits succinate dehydrogenase 
and may be responsible for causing dose-dependent, revers-
ible marrow toxicity. However, in other genetically suscep-
tible individuals, this process produces other metabolites 
including nitrosochloramphenicol, which may be responsi-
ble for causing aplastic anemia in patients given parenteral 
chloramphenicol (Ambekar et al., 2000, 2004).

There has been considerable debate as to whether chlor-
amphenicol administered topically to the eye can cause aplas-
tic anemia (Doona and Walsh, 1995; McGhee and Anastas, 
1996; Smith et al., 1997; Doona and Walsh, 1998; Lam et al., 
2002). Since 1965, several reports of an association of topical 
chloramphenicol and the development of aplastic anemia 
have been published (Rosenthal and Blackman, 1965; David-
son, 1974; Carpenter, 1975; Abrams et al., 1980; Fraunfelder 
et al., 1982; Fraunfelder and Bagby, 1983; Brodsky et al., 
1989; Fernandez de Sevilla et al., 1990; McWhae et al., 1992). 
There are several possible routes by which chloramphenicol 
might enter the body after topical application to the eye: by 
absorption through the nasal mucosa after passing through 
the nasolacrimal ducts; by absorption into the aqueous 
humor; or by absorption from the gut after swallowing tears 
that contain the drug (Carpenter, 1975; Fraunfelder et al., 
1982). However, a study of 40 patients given ophthalmic 
chloramphenicol failed to detect the drug with high- 
performance liquid chromatography in serum after 2 weeks 
of treatment (Walker et al., 1998). In many of the cases 
ascribed to ophthalmic administration, topical administra-
tion was continued for many months, but this, like bone 
marrow aplasia after parenteral administration of chloram-
phenicol, is not a prerequisite because this complication is 
idiosyncratic. Although some consider it “proven” that the 
ophthalmic preparation of chloramphenicol is a cause of 
aplastic anemia, this is not the case because the occurrences 
may be coincidental or other drugs known or unknown may 
have been the causative agents (Wiholm et al., 1998; Issara-
grisil et al., 2006). Establishing clear causation in instances 
of suspected drug toxicity can be difficult. Given the rarity of 
aplastic anemia when chloramphenicol is administered sys-
temically, the confirmation of a definite relationship between 
ophthalmic chloramphenicol and aplastic anemia would 
require a very large number of patient observations (Fraun-
felder and Bagby, 1983). Several epidemiologic studies have 
failed to show a connection between topical chlorampheni-
col and aplastic anemia (Besamusca and Bastiaensen, 1986; 
Lancaster et al., 1998; Laporte et al., 1998; Maluf et al., 2002; 
Issaragrisil et al., 2006). Although there are no convincing 
data proving or disproving this connection, it seems most 
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likely that the risk is either absent or less than one per million 
treatment courses (Laporte et al., 1998). When selecting top-
ical ophthalmic antibiotic therapy, topical chloramphenicol 
should be avoided in patients with a previous history or fam-
ily history of drug-related hemopoietic toxicity.

There is some confusion over the association of liver dis-
ease, aplastic anemia, and chloramphenicol administration. 
A case series in the early 1970s described five patients who 
developed aplastic anemia after receiving chloramphenicol 
during the preicteric phase of hepatitis, presumably of viral 
etiology (Hodgkinson, 1973). There are numerous reports  
of an association of liver damage with aplastic anemia and 
chlor am phenicol administration (oral and intravenous); 
usually chloramphenicol administration precedes the hepa-
titis and pancytopenia (Bennett and Lucas, 1979; Casale et 
al., 1982). The etiology of this syndrome, which is usually 
fatal, is not clear, and there is no evidence to indicate that the 
liver damage is caused by a hepatitis virus or, for that matter, 
by chloramphenicol. If abnormalities of liver function appear 
during chloramphenicol administration, the drug should be 
discontinued because in patients with this syndrome, liver 
function test results became abnormal before or concomitant 
with hemopoietic toxicity (Casale et al., 1982).

HEMOPOIETIC TOXICITY

Side effects grouped under this heading are much more com-
mon than aplastic anemia and appear to be dose related and 
reversible. The exact mechanism is unknown but is most 
likely to be due to direct inhibition of mitochondrial protein 
synthesis (Yunis, 1988). In addition, there is evidence that 
chloramphenicol suppresses the activity of ferrochelatase, an 
enzyme that normally catalyzes hemoglobin synthesis in the 
mitochondria of bone marrow erythroid cells (Manyan et al., 
1972). Chloramphenicol in concentrations that are achieved 
in serum during therapy also inhibit bone marrow colony 
formation in vitro (Howell et al., 1975; Ambekar et al., 2004). 
The administration of large doses of chloramphenicol for 
several weeks is associated with reduced iron utilization for 
hemoglobin synthesis, vacuolization of erythroblasts, a low 
reticulocyte count, and thrombocytopenia and leukopenia 
with vacuolization of marrow granulocyte precursors (Scott et 
al., 1965; Hughes, 1968). In one study, these changes occurred 
regularly when the serum levels of chloramphenicol were  
≥ 25 mg/l (Scott et al., 1965). Similar changes occurred more 
rapidly in patients with hepatic disease who developed high 
chloramphenicol serum levels more rapidly. Such side effects 
are reversible after cessation of the drug; the serum iron falls 
abruptly, reticulocytosis appears, and the bone marrow and 
the peripheral blood return to normal within a few days. In 
some cases, erythropoietic recovery may occur even if chlor-
amphenicol is continued. In one study of children with septic 
arthritis receiving 6 weeks of chloramphenicol, there was a 
steady increase in serum hemoglobin concentrations after 
initiation of treatment (Peek et al., 2006).

Chloramphenicol prevents the expected reticulocyte 
response in patients with pernicious anemia treated with 
vitamin B12 and the expected response to iron in patients 

with iron deficiency anemia. These phenomena are probably 
explicable in terms of the known mode of action of chlor-
amphenicol on rapidly multiplying cells (Weisberger et al., 
1969). Hemolytic anemia has been described in patients with 
glucose-6-phosphate dehydrogenase deficiency who are 
treated with chloramphenicol (McCaffrey et al., 1971). Para-
doxically, a patient with chronic neutropenia has been treated 
with chloramphenicol to stimulate neutrophil maturation 
and release; the drug was used for this purpose for more than 
12 months (Adams and Pearson, 1983). In vitro, chloram-
phenicol in therapeutic concentrations markedly depresses 
leukocyte migration (Forsgren and Schmeling, 1977) and 
may suppress antigen-induced lymphocyte blastogenesis 
(DaMert and Sohnle, 1979); in high concentrations, such as 
200 mg/l, it also impairs phagocytosis (Melby and Midtvedt, 
1977). The clinical significance of these observations is not 
clear.

There have been conflicting epidemiologic studies regard-
ing chloramphenicol and leukemia. A Chinese population- 
based case–control interview study of 309 children with 
 leukemia and 618 age- and sex-matched control subjects 
showed a significant relationship between previous use of 
chloramphenicol and risk of acute leukemia (Shu et al., 
1987). However, a subsequent study in the same area failed to 
show a similar association (Zheng et al., 1993) and another 
report from the United States found that chloramphenicol 
use was protective against leukemia (Doody et al., 1996).

6b.  Gray (baby) syndrome

This is a type of circulatory collapse that can occur in prema-
ture and newborn infants and is associated with excessively 
high serum levels of chloramphenicol (Sutherland, 1959).  
In one study, chloramphenicol was given to 61 premature 
infants in high doses ranging from 100 to 165 mg/kg daily 
(Burns et al., 1959). Approximately 60% of these infants  
died. Gray baby syndrome is characterized by hypotonia, 
lethargy, ashen-gray color, tachypnea or apnea, unrespon-
siveness, distention, peripheral hypoperfusion, hypotension, 
hypothermia, and acidosis, usually starting 2–9 days after 
treatment is begun. Historically, mortality was often over 
50% and surviving infants gradually recovered 24–36 hours 
after chloramphenicol was ceased. Whether the mortality 
would be as high with modern intensive care and extracor-
poreal support is unknown. The term “gray” syndrome was 
coined from the appearance of these infants. A potentially 
reversible alteration of myocardial function accounts for 
some, if not all, of the syndrome (Biancaniello et al., 1981; 
Fripp et al., 1983) and may be due to a direct action of chlor-
amphenicol on myocardial function rather than to inhibition 
of mitochondrial function (Werner et al., 1985); this also 
accounts for cardiovascular collapse, which has occurred 
within hours of a single large dose of chloramphenicol 
(Sutherland, 1959). This syndrome probably occurs mainly 
in neonates because they have impaired glucuronidation of 
chloramphenicol in the liver and reduced renal excretion 
of both free chloramphenicol and its succinate ester.
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A similar syndrome can occur in older children (gray tod-
dler syndrome) and adults who have received an overdose of 
chloramphenicol. An early report described three patients. 
One, a 70-year-old woman who received one 20-g dose, died 
11 hours later. The second patient was a 26-year-old woman 
who received an initial 1.0-g dose followed in 7 and 12 hours 
by two 10-g doses. She developed severe shock, cyanosis, and 
coma 5 hours after the last dose, but made a full recovery. 
The serum active chloramphenicol level 5.5 hours after her 
last dose was 201 mg/l. The third patient was a 4.5-month-
old infant, who after chloramphenicol overdosage became 
unresponsive with hypothermia and abdominal distention. 
The serum chloramphenicol level was 174 mg/l. The infant 
recovered after an exchange transfusion and supportive care 
(Thompson et al., 1975).

In more recent times, the gray syndrome in infants has 
usually has been due to accidental overdosage with chloram-
phenicol (Kessler et al., 1980; Mauer et al., 1980; Stevens et 
al., 1981; Freundlich et al., 1983). In these reports of infants 
with toxicity, serum chloramphenicol levels ranged from 98 
to 180 mg/l; but the gray syndrome has been reported with a 
serum level as low as 40 mg/l (Glazer et al., 1980). Even when 
a reduced dosage of intravenous chloramphenicol succinate 
is used in infants, resultant serum levels are erratic and dos-
age should be monitored according to serum levels to avoid 
toxicity (see section 5b, Drug distribution—Intravenous 
administration). 

Surprisingly, high serum concentrations of chloramphen-
icol sometimes occur without signs of toxicity. For instance, 
a 10-week-old boy received an accidental overdosage of 
chloramphenicol. The serum level reached 130 mg/l and 
then declined to 0 over the next 40 hours without clinical 
evidence of toxicity (Stevens et al., 1981). In a review of 64 
neonates given chloramphenicol, 10 exhibited clinical fea-
tures attributed to toxicity (Mulhall et al., 1983a). Of these 
10, 1 received an accidental overdose and 9 received the pre-
scribed dose, although in 6 this was greater than recom-
mended. Peak serum concentrations in these 10 infants 
ranged from 28 to 180 mg/l and trough levels from 19 to 47 
mg/l. In 27 other neonates, serum chloramphenicol levels 
above the therapeutic range were observed (2 had received a 
10-fold overdose) without signs of toxicity; in seven of these 
it was in excess of 50 mg/l. Toxicity was not related to the dura-
tion of the high serum level, but seemed to be more common 
in infants younger than 9 days. The authors observed no tox-
icity in infants with serum concentrations in the range of 
15–25 mg/l.

Infants with high serum chloramphenicol levels and no 
clinical abnormalities can be safely observed after discontin-
uation of the drug. Associated liver dysfunction may be an 
increased risk factor in such children (Stevens et al., 1981). 
Chloramphenicol intoxication in infants with the features of 
the gray syndrome has been treated by exchange transfusion 
with variable results (Kessler et al., 1980; Stevens et al., 1981) 
and more successfully by using charcoal hemoperfusion 
(Mauer et al., 1980; Freundlich et al., 1983).

6c.  Optic neuritis

This complication has been described in a small number of 
patients treated with chloramphenicol, resulting in optic 
atrophy and blindness (Cocke et al., 1966; Harley et al., 1970; 
Snavely and Hodges, 1984). Most of these patients were chil-
dren with cystic fibrosis receiving prolonged chlorampheni-
col treatment for pulmonary infection. Blindness may occur 
without recognizable fundal changes. Vision may partly return 
after cessation of the drug, but this is variable. Large doses of 
B group vitamins have been used to treat the condition. This 
complication is an additional reason to avoid prolonged courses 
of chloramphenicol. Peripheral neuritis has been described 
in association with optic neuritis (Ramilo et al., 1988). Other 
neurotoxic symptoms, such as headache, depression, oph-
thalmoplegia, mental confusion, and delirium, have been 
occasionally attributed to chloramphenicol.

6d.  Gastrointestinal side effects

Nausea, vomiting, and diarrhea occasionally occur, but these 
are much less common than with other agents, such as the 
tetracyclines (Eliakim-Raz et al., 2015). Pseudomembranous 
colitis may occur, but this complication is rare. Glossitis and 
stomatitis, sometimes associated with candidiasis, may also 
be encountered.

6e.  Hypersensitivity reactions

These are very rare in comparison with other antibiotics, but 
contact dermatitis, rashes, drug fever, and instances of ana-
phylaxis and angioneurotic edema have been reported. Jarisch–
Herxheimer reactions have been described in patients treated 
for syphilis, relapsing fever, brucellosis, and typhoid fever. 
There is one case of a patient who developed a severe hemor-
rhagic reaction associated with chloramphenicol (Cahill, 
1962). There was no evidence of bone marrow depression or 
coagulation defects, and bleeding appeared to be due to 
hypersensitivity angiitis.

6f.  Bleeding due to increase of 
prothrombin time

This may occur during prolonged oral administration of the 
drug. Decreased vitamin K synthesis results from a reduc-
tion in intestinal bacteria. The problem can be rapidly cor-
rected by the administration of parenteral vitamin K (Cahill, 
1962).

6g.  Ototoxicity

Hearing loss has been noted in several children with H. influ
enzae meningitis who have been treated with chloram-
phenicol. However, this was almost certainly a sequel to their 
meningitis and not drug toxicity (Svenungsson et al., 1976). 
Studies in animals have shown that chloramphenicol ear drops 



7. Clinical uses of the drug 1529

can cause deafness, especially if the drops have a higher con-
centration than 5% and they are instilled into the middle ear 
cavity (Morizono and Johnstone, 1975).

6h.  Cutaneous reactions

Skin necrosis at the injection site has been reported in 
patients receiving intramuscular chloramphenicol, but this is 
very uncommon (Hussein and Abdel Rahman, 2002).

6i.  Risks in pregnancy

Because chloramphenicol readily crosses the placenta, it should 
be avoided in late pregnancy or during labor, because of the 
risks (albeit low) of toxic effects in the fetus. The use of chlor-
amphenicol should also be avoided during lactation, as the 
drug is excreted in human milk and thus carries theoretical 
risks of gray baby syndrome or bone marrow depression in 
the infant. Chloramphenicol has little, if any, teratogenicity 
(Czeizel et al., 2000; Nahum et al., 2006; Thomseth et al., 
2015).

7. CLINICAL USES OF THE DRUG

Chloramphenicol is not a first-line antibiotic for any infectious 
condition, with the possible exception of bacterial conjunctivi-
tis, and often several more attractive therapeutic alternatives 
exist for most of the infectious diseases listed hereafter.

7a.  Salmonella infection

Chloramphenicol is an important agent for the treatment of 
typhoid and paratyphoid fever (van den Bergh et al., 1999). 
Typhoid fever is usually treated with chloramphenicol for a 
period of 2 weeks (Hoffman et al., 1975; Snyder et al., 1976). 
Chloramphenicol has a low clinical failure rate in compari-
son with many other antibiotics, estimated at 4.8%, although 
fluoroquinolones may have even lower failure rates (Eliakim-
Raz et al, 2015). Chloramphenicol has a significant relapse 
rate of approximately 5.6% (Parry et al., 2002). A random-
ized trial of gatifloxacin versus chloramphenicol for uncom-
plicated enteric fever conducted in Nepal found that the 
treatment failure rates, the time to fever defervescence, and 
the relapse rates were comparable, but there was higher fecal 
carriage (2% vs. 0%) and more adverse events in the chlor-
amphenicol group (24% vs. 14%). Moreover, the gatifloxa-
cin regimen was shorter (7 days vs. 14 days) (Ariyal et al., 
2011).

The principal advantages of using chloramphenicol for 
typhoid include low cost, high efficacy, and ease of oral ad- 
 ministration. Moreover, chloramphenicol-susceptible S. typhi 
is reappearing in areas that were previously endemic with 
multi resistant typhoid. Fluoroquinolones have been shown 
to be superior in some studies (Liberti and Loiacono, 2000; 
Parry et al., 2002; Gasem et al., 2003; Phongmany et al., 
2005), but are expensive, and resistance is becoming prob- 

lematic in many areas (Chau et al., 2007). Ceftriaxone 
remains the drug of choice for multiresistant S. typhi, but 
it  is costly and requires parenteral administration (Tatli et 
al., 2003). Cefixime and azithromycin are reasonable, orally 
administered alternatives (Bhutta et al., 1994; Rabbani et al., 
1998; Butler et al., 1999; Parry et al., 2007).

Chloramphenicol is not indicated in uncomplicated 
Salmonella gastroenteritis (Sirinavin and Garner, 2000). In 
Salmonella aortitis, chloramphenicol has not been very effec-
tive, and ceftriaxone is more satisfactory (Ljungberg and 
Braconier, 1986; Hsu et al., 2005). Chloramphenicol, however, 
may still have a role in salmonella meningitis, in situations 
where ceftriaxone is unavailable (Davis, 1981). Bacteremia 
due to salmonellae such as S. enterica serotype Cholerasuis 
and S. enterica serotype Typhimurium do not respond as 
well and as predictably as typhoid fever, but chloramphenicol 
is still effective against susceptible isolates. Chloramphenicol 
is of no value for the eradication of the salmonella carrier 
state; this applies both to persistent typhoid carriers and to 
the usually short-lived carrier state due to other Salmonella 
species. In addition, treatment of patients with acute Sal
monella gastroenteritis with chloramphenicol usually pro-
longs the period of excretion of salmonellae after clinical 
recovery (Aserkoff and Bennett, 1969).

7b.  Shigella infections

Many cases of Shigella dysentery do not require treatment, 
although most authorities recommend antibiotic therapy as 
a public health measure to decrease the risk of transmission. 
Chloramphenicol may be useful for rare cases with extensive 
tissue involvement or associated septicemia, if other anti-
biotics are unavailable (Duncan et al., 1981).

7c.  Bacterial meningitis

The third-generation cephalosporins, such as ceftriaxone 
and cefotaxime, are the standard of care in the empiric treat-
ment of suspected bacterial meningitis, with or without van-
comycin (van de Beek et al. 2012). Chloramphenicol remains 
a useful drug for the treatment of meningitis in countries 
that cannot afford to provide third-generation cephalospo-
rins (Lewis et al., 1998; Akpede et al., 1999; Hussein and 
Abdel Rahman, 2002). However, short-duration intramus-
cular ceftriaxone may be of comparable cost and efficacy. 
In a study performed during a meningococcal epidemic in 
Africa, single-dose intramuscular ceftriaxone led to similar 
clinical outcomes at 72 hours as single-dose intramuscular 
oily chloramphenicol, and was cheaper (Nathan et al., 2005). 
Similar results were found comparing 14 days of intravenous 
penicillin and chloramphenicol with 7 days of intramuscular 
ceftriaxone in a smaller study from Nepal (Sharma et al., 1996). 
One meta-analysis concluded that there were no clinically 
important differences in outcomes seen with third- generation 
cephalosporins compared with chloramphenicol (Prasad et 
al., 2007). However, chloramphenicol has been found to give 
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suboptimal results in children with penicillin-resistant pneu-
mococcal meningitis. Eighty percent of 25 children with 
chloramphenicol-susceptible, penicillin-resistant pneumococ-
cus had a poor outcome in one study, compared with 33% of 
43 children treated with benzylpenicillin for fully susceptible 
pneumococcus (Friedland and Klugman, 1992). Chloram-
phenicol may be used in penicillin-allergic patients with 
penicillin-susceptible pneumococcal or meningococcal men-
ingitis (Gleckman, 1975; Bradley and Scheld, 1997).

Chloramphenicol is adequate therapy for meningitis caused 
by H. influenzae type b (Feigin et al., 1976), and orally 
administered chloramphenicol palmitate appears just as 
effective as intravenous-administered succinate (Shann and 
Germer, 1981; Tuomanen et al., 1981). However, using empiric 
chloramphenicol in areas where resistant Haemophilus is 
prevalent is not recommended. For example, in a study from 
Papua New Guinea, where approximately 20% of H. influen
zae type b isolates were subsequently found to be resistant, 
the empiric use of chloramphenicol for children with menin-
gitis led to very poor outcomes. Using empiric ceftriaxone 
then switching to chloramphenicol once sensitivity was con-
firmed led to significantly better results. This approach was 
cheaper than administering the conventional 10–14 days of 
intravenous ceftriaxone therapy to all patients in the study 
(Duke et al., 2003).

Reasonably good results have been reported using chlor-
amphenicol for the treatment of neonatal meningitis, usually 
in combination with other antibiotics (Mulhall et al., 1983c). 
However, others have found this approach disappointing, 
especially in neonates with Gram-negative bacterial menin-
gitis (Cherubin et al., 1982). This is possibly due to the lack 
of bactericidal action against Enterobacteriaceae at the con-
centrations achieved in CSF; the third-generation cephalo-
sporins remain considerably more effective. For B. fragilis 
meningitis, metronidazole is preferable to chloramphenicol 
(Feder, 1987). Chloramphenicol may be effective in other, 
rarer types of meningitis. Several cases of campy lobacter 
meningitis have been successfully treated with chloram-
phenicol (Norrby et al., 1980; Thomas et al., 1980; McNulty, 
1987). Chloramphenicol plus an aminoglycoside has been 
curative in a few patients with L. monocytogenes meningitis 
(Bouvet et al., 1982). In one patient with Whip ple’s disease 
in whom meningoencephalitis developed when penicillin G 
treatment was withdrawn, the infection was controlled by 
long-term chloramphenicol therapy (Feld man et al., 1980).

7d.  Cerebral abscess

Penicillin G combined with chloramphenicol can be used 
for cerebral abscesses that have spread from adjacent sinuses 
(Schliamser et al., 1988), but metronidazole combined with 
penicillin G or a third-generation cephalosporin is more 
commonly used. In post-traumatic abscesses and in spinal 
extradural abscesses, S. aureus is the predominant organ-
ism. Chloramphenicol can be used for these as well, but if 
the bacterial cause is known, a specific anti-staphylococcal 

agent, such as cloxacillin or flucloxacillin, should be used 
instead.

7e.  Haemophilus influenzae infections

Apart from meningitis, H. influenzae type b may cause other 
severe infections, particularly in children, such as epiglotti-
tis, osteomyelitis, cellulitis, and pneumonia. Chloramphenicol 
is very effective for these diseases and may be used if the 
strain involved is resistant to ampicillin (Faden, 1979; Gins-
burg et al., 1979; Hirschmann and Everett, 1979; Ginsburg, 
1981). However, one of the third-generation cephalosporins 
is more commonly used for these indications when avail-
able. Third-generation cephalosporins also reliably eradicate 
nasopharyngeal carriage of H. influenzae (Goldwater, 1995), 
whereas chloramphenicol does not (Alpert et al., 1985).

7f.  Bacterial eye infections

Topical chloramphenicol can be used for bacterial conjuncti-
vitis. It is effective against the pathogens that usually cause 
conjunctivitis and has excellent intraorbital penetration 
(Maha jan, 1983; Subramania and Reddy, 1996; Lam et al., 
2002). Alternatively, topical fluoroquinolones or fusidic acid 
can be used (Boberg-Ans and Nissen, 1998; Normann et al., 
2002; Hwang et al., 2003), but the former are expensive and 
should be reserved for sight-threatening infections, and the 
latter has a narrower spectrum of antimicrobial activity and 
may promote rapid bacterial resistance when used as a single 
agent (McGhee and Anastas, 1996; Howden and Grayson, 
2006). Topical chloramphenicol appears superior to topical 
povidone–iodine in neonates in preventing chlamydial con-
junctivits (Ramirez-Ortiz et al., 2007). However, the role of 
topical antibiotics for conjunctivitis has been called into 
question, at least in the primary care setting. In one study in 
which 307 patients were randomized to immediate therapy 
with topical chloramphenicol, delayed therapy, or no antibi-
otics, delaying antibiotic therapy led to comparable symptom 
resolution while reducing both antibiotic use and rates of 
reattendance compared with immediate treatment (Everitt et 
al., 2006). In another trial in 326 children with infective con-
junctivitis randomized either to topical chloramphenicol or 
placebo, 250 of whom had bacterial infection, there was no 
difference in clinical cure rates, side effects, or recurrence 
of symptoms (Rose et al., 2005). Chloramphenicol slowed 
down the healing of iatrogenic corneal erosions in a rabbit 
model, compared with placebo (Barequet et al., 2014).

Systemically administered chloramphenicol penetrates 
into both the aqueous and vitreous humors and therefore can 
be useful for the treatment of intraocular infections. Both 
clindamycin and chloramphenicol, each of which has good 
intraocular penetration, have been used to treat Bacillus 
cereus panophthalmitis, which occurs particularly in intrave-
nous drug users; eye enucleation, however, is usually neces-
sary because of the fulminating nature of this infection 
(Shamsuddin et al., 1982).
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7g.  Enterococcal infections

Chloramphenicol retains a very minor role in the manage-
ment of enterococcal infections. Newer drugs with activity 
against VRE, such as quinupristin–dalfopristin or linezolid, 
are generally used, although there is one report of a patient 
with VRE endocarditis who, after quinupristin–dalfopristin 
therapy failed, was successfully cured with 8 weeks of mino-
cycline and chloramphenicol (Safdar et al., 2002). Chloram-
phenicol has been used successfully in the treatment of VRE 
meningitis (Perez Mato et al., 1999; Scapellato et al., 2005) 
and VRE peritonitis in a liver transplant recipient (Kam a-
rulzaman et al., 1995).

7h.  Staphylococcal infections

Chloramphenicol is effective for many S. aureus infections, 
but its use has been supplanted by the penicillinase-resistant 
penicillins, glycopeptides, and oxazolidinones. Chloram-
pheni col susceptibility has been reported in vancomycin- 
resistant S. aureus, but other agents, such as linezolid, are 
preferable (see Chapter 73, Linezolid) (Weigel et al., 2007).

7i.  Sexually transmitted diseases

Chloramphenicol can be used in the treatment of susceptible 
gonorrhea and chancroid, although thiamphenicol is more 
commonly used for these infections (Panikabutra et al., 1984; 
Bogaerts et al., 1987; Meless and Abegaze, 1997; Belda Junior 
et al., 2000). Chloramphenicol has been used successfully in 
the treatment of neurosyphilis in a patient who was penicil-
lin allergic (Romanowski et al., 1983). Although penicillin G 
is the usual recommended treatment for this disease, tetra-
cyclines are generally preferred in patients with penicillin 
allergy.

7j.  Other infections

Injectable chloramphenicol was inferior to a combination of 
ampicillin and gentamicin in young children with severe 
pneumonia from low resource settings across several conti-
nents. There were fewer treatment failures and lower mortal-
ity in the ampicillin and gentamicin group (Asghar et al., 
2008).

Chloramphenicol is suitable to treat R. equi infections in 
patients with and without HIV infection, in combination 
with other antibiotics, although alternatives such as erythro-
mycin (see Chapter 59, Erythromycin) plus rifampicin (see 
Chapter 113, Rifampicin [Rifampin]), ciprofloxacin (see 
Chap ter 93, Ciprofloxacin), and vancomycin (see Chapter 
45, Vancomycin) are also available (Harvey and Sunstrum, 
1991; Sirera et al., 1991).

Chloramphenicol is effective for treatment of epidemic 
typhus fever, scrub typhus, murine typhus, Rocky Mountain 
spotted fever, and Mediterranean spotted fever (Snyder and 
Woodward, 1970; Breitschwerdt et al., 1991; Raoult and 

Dran court, 1991; Cascio et al., 1998; Cascio and Iaria, 2006). 
The tetracyclines are at least as effective and have lower toxic-
ity. Chloramphenicol appears inferior to doxycycline for the 
treatment of Rocky Mountain spotted fever (Helmick et al., 
1984; Holman et al., 2001). However, chloramphenicol is the 
drug of choice in pregnant women and in other patients who 
cannot take tetracyclines (Walker, 1995). Chloram phenicol, 
doxycycline, and roxithromycin (Lee et al., 2003) or azithro-
mycin (Chanta and Phloenchaiwanit, 2015) were all equally 
effective in one study of children with Orientia tsutsugamushi 
infection. However, resistance to both tetracyclines and chlor-
amphenicol with this organism has been described (Watt et 
al., 1996). Chloramphenicol provides reasonable empiric 
treatment for patients with fever and rash in those parts of 
the world where Rickettsia prowazekii is common, because 
it will also effectively treat meningococcal infection.

Louse-borne relapsing fever, caused by Borrelia recurren
tis, responds to single-dose oral treatment with chloram-
phenicol (Perine and Teklu, 1983), although many alternative 
agents are available.

Melioidosis, caused by B. pseudomallei, is treated acutely 
with high-dose ceftazidime or meropenem (White et al., 1989; 
Cheng et al., 2004). Subsequent eradication therapy is usually 
commenced with trimethoprim–sulfamethoxazole, doxy-
cycline, and chloramphenicol. Omitting the trimethoprim–
sulfamethoxazole and chloramphenicol leads to higher 
relapse rates (Chaowagul et al., 1999). In one randomized 
study, omitting the chloramphenicol from this four-drug 
regimen had similar results at 1 year and fewer side-effects 
(Chaowagul et al., 2005). Accordingly, many experts no lon-
ger use chloramphenicol in melioidosis.

Chloramphenicol has excellent activity against both 
Gram-positive and Gram-negative anaerobic bacteria; how-
ever, many alternatives are available (Rasmussen et al., 1997; 
Kasten, 1999; Wybo et al., 2007).
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1. DESCRIPTION

Spectinomycin is an aminocyclitol compound that has some 
structural similarities to streptomycin, but it differs by not 
being an aminoglycoside. Spectinomycin was isolated in 
1960 from Streptomyces spectabilis in the Upjohn Research 
Laboratories (Mason et al., 1961). It was originally known as 
actinospectacin and was manufactured as the sulfate salt. 
Later, it was manufactured as the more soluble dihydro-
chloride salt. The empiric formula is C14H36Cl2N2O12 and the 
molecular weight is 495.3. The chemical structure of specti-
nomycin is shown in Figure 87.1. The clinical use of this drug 
has been restricted to the treatment of gonorrhea.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Spectinomycin has a wide range of in vitro activity against 
Gram-positive and Gram-negative bacteria.

GRAM-POSITIVE BACTERIA

Spectinomycin displays some activity against Gram-positive 
bacteria, such as Streptococcus pyogenes, Streptococcus pneu
moniae, and Staphylococcus epidermidis. Only a small per-
centage of Staphylococcus aureus and Streptococcus viridans 
strains are susceptible to concentrations easily obtainable 
in serum (McCormack and Finland, 1976; Fass and Prior, 
1977); reported susceptibility of S. aureus is 6.2–25 mg/l and 
of S. pneumoniae is 12.5–25 mg/l (Lewis and Clapp, 1961; 
Ison, 1996). However, the epidemiological cut-off (ECOFF) 
for S. aureus is now set at 128 mg/l, and this species should 
therefore be considered non-susceptible (EUCAST, 2016).

GRAM-NEGATIVE BACTERIA

Spectinomycin has a wide range of activity against Gram-
negative bacteria (Mason et al., 1961; Washington and Yu, 
1972; McCormack and Finland, 1976; Fass and Prior, 1977). 
The wild-type (WT) distribution of most Enterobacteria- 
ceae extends to 64 or 128 mg/l, concentrations that are not 

attainable in plasma but easily attainable in the urine with 
normal spectinomycin doses (Fass and Prior, 1977). Escherichia 
coli (minimum inhibitory concentration [MIC] 12.5–50 mg/l), 
Klebsiella pneumoniae, and the Enterobacter, Sal monella, and 
Shigella species could therefore be considered susceptible for 
urinary tract infections. Proteus mirabilis and, to a lesser extent, 
other Proteus species are often susceptible. Serratia and Citro
bacter species are sometimes susceptible, whereas Providencia 
species and Pseudomonas aeruginosa are always resistant. 

The greatest activity of spectinomycin is shown against 
Neisseria gonorrhoeae (Levy et al., 1973; McCormack and 
Finland, 1976). Nearly all strains of N. gonorrhoeae in the 
United States were inhibited by a concentration of 6.3 mg/l 
or less in early studies (McCormack and Finland, 1976). 
Some studies indicated that gonococcal strains relatively 
resistant to penicillin G showed no increased resistance to 
spectinomycin (Maness and Sparling, 1973), but others found 
that there was a weak correlation between their sensitivities 
(Report of a WHO Scientific Group, 1978). Gonococcal strains 
completely resistant to penicillin G without beta-lactamase 
production were usually susceptible to spectinomycin.

Reports on the degree of susceptibility of beta-lactamase- 
producing gonococcal strains have varied. Such strains of  
N. gonorrhoeae isolated in East Asia were susceptible to 12 
mg or less of spectinomycin per liter (Report of a WHO 
Scientific Group, 1978). In Japan, beta-lactamase-producing 
gonococci were equally susceptible to spectinomycin as non– 
beta-lactamase producers (Yoshida et al., 1982). Antibiotic 
susceptibility of beta-lactamase-producing and non–beta- 
lactamase-producing strains isolated in various Southeast 

Figure 87.1. Chemical structure of spectinomycin. 
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Asian localities were tested by Ng et al. (1983). All isolates 
were susceptible to spectinomycin (MIC ≤ 32 mg/l). In con-
trast, Herzog et al. (1983) found that beta-lactamase-produc-
ing gonococcal isolates in London were less susceptible to 
spectinomycin than those not producing this enzyme. Cohen 
et al. (1983) examined gonococcal isolates collected from 
patients in the United States. Beta-lactamase-producing and 
intrinsically penicillin G–resistant strains were slightly more 
resistant to spectinomycin than penicillin G–susceptible 
ones. More recent data show a WT distribution that extends 
from 4 to 64 mg/l, with some strains having MICs of 128 
mg/l (EUCAST, 2016).

OTHER MICROORGANISMS

Spectinomycin is inactive against Chlamydia trachomatis, but 
Ureaplasma urealyticum is considered susceptible in older 
reports (Bowie et al., 1976; McCormack and Finland, 1976; 
Oriel et al., 1977; Report of a WHO Scientific Group, 1978). 
Spectinomycin has no curative effect on syphilis (Report of a 
WHO Scientific Group, 1978) and when used in a single dose 
it will not abort incubating syphilis, but it may prolong the 
incubation period (McCormack and Finland, 1976).

2b.  Emerging resistance and 
cross-resistance

In general, emergence of resistance in gonococci occurs as a 
single-step mutation, and MICs for gonococci increase from 
8–32 mg/l to ≥ 512 mg/l (Maness and Sparling, 1973; Maness 
et al., 1974). Gonococci with increased resistance to specti-
nomycin can be produced in vitro by serial passage of the 
organisms in media containing increasing amounts of the 
drug (Pedersen et al., 1972). Total resistance to spectino-
mycin results from a chromosomal mutation that affects 
the ribosomal structure of N. gonorrhoeae (WHO Scientific 
Group, 1978), thereby preventing spectinomycin from inhib-
iting protein synthesis by its action on the ribosome. 
Spectinomycin-resistant strains usually remained susceptible 
to the aminoglycosides, streptomycin, kanamycin, amikacin, 
gentamicin, tobramycin, and sisomicin (Thornsberry et al., 
1977). A novel resistance mechanism in the ribosomal pro-
tein S5 conferring high-level resistance was described in 2013 
in Norway, but is extremely rare (Unemo et al., 2013).

During the late 1970s and early 1980s, spectinomycin- 
resistant N. gonorrhoeae strains were reported from several 
countries, but overall the prevalence of resistant strains was 
low; they were reported from the Netherlands (Stolz et al., 
1975), the United Kingdom (Easmon et al., 1982; Ison et al., 
1983; Easmon et al., 1984), the United States (Thornsberry et 
al., 1977; Ashford et al., 1981; Pon et al., 1986), and Australia 
(Gollow et al., 1986). Later in the 1980s, gonococcal strains 
highly resistant to spectinomycin became more prevalent 
among American military personnel stationed in the Republic 
of Korea (Boslego et al., 1987) and also in the United States, 
where initially most spectinomycin-resistant gonococcal iso-
lates were linked to overseas sources (Zenilman et al., 1987). 

Spectinomycin therapy failed in patients infected by the 
resistant strains. Further reports described an increased 
frequency of spectinomycin-resistant gonococcal strains in 
Mexico City (Conde-Glez et al., 1988), the Philippines (Clen-
dennen et al., 1992a), and Thailand (Clendennen et al., 
1992b). These resistant strains were usually also resistant to 
penicillin G and tetracyclines but susceptible to cefotaxime 
and ceftriaxone. The first spectinomycin-resistant strain 
in  India was described in 1995 (Bala et al., 2005), but in a 
recent survey resistance was not found (Bala et al., 2015). 
Penicillinase-producing spectinomycin-resistant strains were 
also observed in Quebec (CMAJ, 1989). In a survey in the 
United States over 16 years from 1988 until 2003, spectino-
mycin resistance was not observed after 1995 (Wang et al., 
2007); and in a survey in Europe in 2013 involving 1994 iso-
lates from 21 countries, no resistance was found (Cole et al., 
2015). Likewise, resistance is still rare or absent in China 
(Zheng et al., 2003; Chen et al., 2016), Belarus (Lebedzeu et 
al., 2015), New Zealand (Heffernan et al., 2004), Korea (Lee 
et al., 2015), and Australia (Lahra et al., 2015). 

Salmonella strains resistant to spectinomycin appear to be 
increasing in some regions (Casin et al., 1999; Cabrera et al., 
2006) and were up to 76.5% in Thailand (Sinwat et al., 2015).

In staphylococci of veterinary origin, four different resis-
tance mechanisms have been identified in recent years, some 
of them on plasmids, and resistance seems to be on the rise 
(Wendlandt et al., 2015).

3. MECHANISM OF DRUG ACTION

Similar to streptomycin (see Chapter 130, Streptomycin), 
spectinomycin acts at the 30S ribosomal subunit, thereby 
inhibiting protein synthesis. In E. coli, it was shown to block 
the swiveling of the head domain of the ribosomal subunit, 
thereby disrupting the translocation cycle (Borovinskaya 
et al., 2007). At high concentrations it is not bactericidal to  
E. coli (Davies et al., 1965). In studies using N. gonorrhoeae, 
Ward (1977) showed that spectinomycin was more bacteri-
cidal than penicillin G, tetracycline, and kanamycin. Specti-
nomycin also produces alterations in the surface morphology 
of gonococci, leading to their lysis. This possibly results from 
the action of spectinomycin on the ribosomes resulting in 
inhibition of the cytoplasmic membrane proteins and inter-
ference with the osmotic integrity of the cell (Ward, 1977).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The usual dose of spectinomycin is 2 g given intramuscularly 
as a single dose for the treatment of gonococcal infections. 
Spectinomycin (Trobicin; Pfizer) powder is reconstituted in 
a volume of 5 ml, and injections should therefore be made 
deep into the upper outer quadrant of the gluteal muscle. In 
some cases 4 g is given, in particular in areas where antibiotic 
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resistance is known to be prevalent. If applied, the volume of 
10 ml may be divided between two injection sites.

4b.  Newborn infants and children

Spectinomycin has been given in prepubertal children with 
good results (Rettig et al. 1980). The dose used was 40 mg/kg.

4c.  Pregnant and lactating mothers

There are no specific data indicating that spectinomycin is 
either safe or harmful during pregnancy. It appears to be as 
effective as cefixime or ceftriaxone in pregnancy (Brockle-
hurst, 2002) and was as safe as ceftriaxone in a comparative 
study (Cavenee et al., 1993). It may be used as an alternative 
in case of allergy to penicillin and cephalosporins. It should 
be used only if the benefits outweigh the risk to the unborn 
fetus. 

4d.  Those requiring altered dosages

Because the drug is given as a single dose, dose adjustments 
are not deemed necessary.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Spectinomycin is poorly absorbed after oral administration, 
but it is well absorbed from intramuscular injection sites. A 
peak serum level of about 100 mg/l is attained about 1 hour 
after a 2-g intramuscular dose (Wagner et al., 1968). Doubling 
the dose nearly doubles the serum concentration. A detectable 
serum level persists for about 8 hours after a dose. A mean 
serum level of 64.3 mg/l was detected at 1 hour in children 
given an intramuscular dose of 40 mg/kg (Rettig et al., 1980). 
The drug is little bound to serum proteins (Wagner et al., 1968).

5b.  Drug distribution

Spectinomycin distributes mainly over the extracellular com - 
partment. The serum half-life in volunteers is 1.5–2.0 hours. 
Serum half-lives in the volunteers with renal insufficiency 
ranged from 4.7 to 29.3 hours and increased as creatinine 
clearance decreased (Kusumi et al., 1981).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Detailed studies correlating the clinical activity of spectino-
mycin with its pharmacokinetic and pharmacodynamic fea-
tures have not been undertaken.

5d.  Excretion

Most of the injected drug (70–80%) is excreted in the urine 
within 48 hours in a microbiologically active form. Urinary 

concentrations of the active drug may reach 1000 mg/l. 
Probenecid does not delay the excretion of spectinomycin.

6. ADVERSE REACTIONS AND TOXICITY

Spectinomycin given as a single dose once only appears to 
be of low toxicity. Willcox (1962) treated 101 patients and 
observed no side effects. Its low toxicity has been confirmed 
by others (Platts, 1970; Duncan et al., 1972). Occasionally, 
patients have noted transient dizziness after the injection 
(Labowitz et al., 1970). A few patients have developed tran-
sient fever, nausea, headache, or moderate discomfort at the 
injection site. Ototoxicity and nephrotoxicity have not been 
reported (Savage, 1973). Rarely, an erythematous rash has 
been noted (Pedersen et al., 1972). When spectinomycin 
was given in a dose of 2 g four times daily for 21 days to vol-
unteers, no evidence of ototoxicity or nephrotoxicity was 
detected (Novak et al., 1974). Spectinomycin is not cross- 
allergenic with the penicillins.

7. CLINICAL USES OF THE DRUG

Uncomplicated gonorrhea has been the only clinical indi-
cation for the use of spectinomycin; it was given as single- 
injection therapy in a dose of 2 g (Tiedemann et al., 1965). 
Early results of spectinomycin treatment of uncomplicated 
gonorrhea caused by non–beta-lactamase-producing strains 
in both sexes were good and similar to those obtained with 
single-injection treatment with penicillin G (Willcox, 1962; 
Duncan et al., 1972; Pedersen et al., 1972; Judson et al., 1974; 
Porter and Rutherford, 1977). In an evaluation of single- 
dose treatment of male patients with gonococcal urethritis, 
96.7% of patients responded to therapy (Kojima et al., 2008). 
At least one of the failures appeared to be due to a resistant 
strain with an MIC of 128 mg/l. Anorectal gonorrhea also 
responded to single-injection treatment with spectinomycin, 
and the drug was used to successfully treat gonococcal proc-
titis in male homosexual patients (Fiumara, 1978; Fluker et 
al., 1980; Sands, 1980), but gonococcal infections of the 
pharynx did not respond to single-dose spectinomycin 
(McCormack and Finland, 1976; WHO Scientific Group, 
1978).

Spectinomycin was mainly restricted for the treatment of 
patients infected with penicillin G–resistant gonococcal strains 
and for patients allergic to penicillin G. Beta-lactamase-
producing N. gonorrhoeae strains have become very preva-
lent in some parts of the world since about 1975 (see section 
2b, Emerging resistance and cross-resistance), and this neces-
sitated routine treatment with spectinomycin. The Centers 
for Disease Control and Prevention (CDC, 1980), therefore, 
recommended spectinomycin 2 g intramuscularly for the 
initial treatment of uncomplicated anogenital gonorrhea in 
patients who had recently returned from countries such as 
the Philippines, Singapore, and Thailand. Similarly, other 
non-US sites replaced penicillin G as routine first-line treat-
ment with spectinomycin in the early 1980s once the preva-
lence of beta-lactamase-producing gonococci rose above 5% 
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(Easmon et al., 1984). In the United States, spectinomycin 
2 g given intramuscularly was also recommended for gonor-
rhea caused by chromosomally mediated penicillin-resistant 
strains.

In the initial years of fluoroquinolone availability when 
resistance to these drugs was rarely observed, they were often 
the first choice (Hawley, 1993). However, since resistance to 
fluoroquinolones has become more common (Wang et al., 
2007), they are no longer recommended as first-line treat-
ment in many parts of the world, including the United States 
(Mann et al., 2004; CDC, 2015).

In an early study comparing spectinomycin with ceftriax-
one and amoxicillin with probenecid in pregnancy involving 
250 women with gonorrhea, the authors concluded that 
spectinomycin was as efficacious and as safe as ceftriaxone 
and slightly better than amoxicillin (Cavenee et al., 1993). 
However, ceftriaxone (see Chapter 27, Ceftriaxone) in com-
bination with azithromycin is currently considered the treat-
ment of choice for gonorrhea by the CDC (2015). In a 
meta-analysis, the cure rate of cephalosporins such as ceftri-
axone cannot be given (e.g. because of allergy); spectinomy-
cin remains one of the main alternatives (Moran and Levine, 
1995; Mann et al., 2004; CDC, 2015).

A disadvantage of spectinomycin is that it is ineffective 
against infections due to syphilis and C. trachomatis, although 
infections due to U. urealyticum may respond (Bowie et al., 
1976; McCormack and Finland, 1976; Peterman et al., 1994). 
It is also not effective against pharyngeal infections.
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1. DESCRIPTION

Fidaxomicin (Dificlir) is a naturally occurring 18-membered 
macrocycle (tiacumicin B) that is derived from the fermen-
tation of Dactylosporangium aurantiacum (Drugs in R&D, 
2010). Fidaxomicin is bactericidal and acts via inhibition of 
RNA synthesis by bacterial RNA polymerase at a distinct site 
from that of rifamycins (Scott, 2013; Zhanel et al., 2015). The 
drug product is poorly absorbed and exerts its activity in the 
gastrointestinal (GI) tract. It is an unsaturated, 18- membered 
macrocyclic lactone ring with a 7-carbon sugar constituent 
at carbon 12 and a 6-deoxy sugar at carbon 21 (Figure 88.1). 
It is structurally related to lipiarmycin, which is thought to 
act at the early stages of transcription (Sonenshein and 
Alexander, 1979). It belongs to the class of glycosides with 
C52H74Cl2O18 as chemical structure and a molecular weight of 
1056 g/mol. In vivo, fidaxomicin is primarily hydrolyzed at 
the fourth position isobutyryl ester by an unknown esterase 
to produce its main active metabolite, OP-1118. OP-1118 is a 
major metabolite of fidaxomicin that also exhibits a narrow 
spectrum of activity. Par Pharmaceuticals entered into a joint 
development agreement with Optimer for fidaxomicin (as 
PAR 101) in May 2005. However, in February 2007, Par 
returned all marketing rights for the product to Optimer. 

Optimer was acquired by Cubist Pharmaceuticals in 2013, 
which was itself acquired by Merck in December 2014. Fida-
xomicin was formerly known under various names, including 
OPT-80 and PAR 101 (Drugs in R&D, 2010). 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine Susceptibility

Fidaxomicin is a narrow-spectrum agent that has been 
demonstrated to be selectively active against Gram-positive 
anaerobes (Table 88.1), including Clostridium species (par-
ticularly Clostridium difficile and Clostridium perfringens) 
(Zhanel et al., 2015). It is less active against anaerobic Gram-
positive, non–spore-forming bacilli (e.g. Propionibacterium 
and Lactobacillus) and Peptostreptococcus, and is poorly 
active against anaerobic Gram-negative bacilli (Goldstein et 
al., 2012). Fidaxomicin minimum inhibitory concentrations 
(MICs) for most aerobic and anaerobic Gram-negative bacilli 
(e.g. Enterobacteriaceae, Pseudomonas, Campylobacter, Helico
bacter, Haemophilus, Bacteroides, Fusobacterium, Porphyro
monas, Prevotella, and Veillonella) exceed 32 mg/l to 64 mg/l 
(Goldstein et al., 2012). Fidaxomicin is inactive (MIC > 64 
mg/l) against Candida species (Goldstein et al., 2012). Finegold 

Figure 88.1. Chemical structure of 
fidaxomicin.  
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et al. (2004) performed a more extensive study of OPT-80 
involving 453 intestinal bacteria and reported that strepto-
cocci, aerobic and facultative Gram-negative rods, anaerobic 
Gram-negative rods, and Clostridium ramosum were resis-
tant. It is interesting to note that of various Clostridium spe-
cies tested, Clostridium bolteae (7), Clostridium clostridioforme 
(4), Clostridium innocuum (9), and C. ramosum (10) were 
found to be fidaxomicin-resistant, although the mechanism 
is not known. Consequently, fidaxomicin has a low ecologic 
impact on the intestinal microbiome (Tannock et al., 2010; 
Louis et al., 2012). 

Table 88.1 summarizes the in vitro activities of fidaxomi-
cin against aerobic and anaerobic Gram-positive bacteria 
tested using the currently published Clinical and Laboratory 

Standards Institute (CLSI) method. Unfortunately, fidaxomi-
cin is not mentioned and therefore breakpoints are not pro-
vided. EUCAST does not actually specify a testing method 
for anaerobes. The EUCAST Clinical Breakpoint Recom-
men dations do not provide any recommendation for clinical 
breakpoints and epidemiological cut-off (ECOFF) values of 
fidaxomicin, because it was concluded that the available data 
showed major variations in MIC distribution between stud-
ies. Based on wild-type distributions and MIC data on fidax-
omicin and C. difficile presented in Table 88.1, an ECOFF 
value of 1.0 mg/l seems appropriate.

MICs required to inhibit growth of 50% of C. difficile 
(MIC50) range from 0.06 mg/l to 0.25 mg/l, and MICs required 
to inhibit growth of 90% of organisms (MIC90) range from 

Table 88.1. In vitro susceptibility of selected Gram-positive organisms to fidaxomicin.

Organism
MIC50 

(mg/l)
MIC90 

(mg/l)
Range 
(mg/l)

No. of 
isolates Region Reference 

Gram-positive anaerobes

Clostridium difficile 0.25 0.5 0.03–0.5 50 NA Citron et al., 2012 

0.125 0.25 ≤ 0.06–0.5 398 EU Debast et al., 2013

0.06 0.125 0.004–0.125 107 EU Freeman et al., 2015a

0.06 0.125 ≤ 0.002–0.25 954 EU Freeman et al., 2015b

0.125 0.125 0.015–0.25 101 NA Hecht et al., 2007

0.25 0.5 0.06–1 208 Canada Karlowsky et al., 2008

0.25 0.5 ≤ 0.04–1 925 NA Snydman et al., 2015

0.03 0.125 ≤ 0.008–0.5 440 Australia Knight et al., 2015

0.064 0.125 0.008–0.125 114 Sweden Rashid et al., 2014

0.125 0.25 0.008–1.0 78 Canada, EU. and NA Gerding et al., 2016

Clostridium. perfringens ≤ 0.015 ≤ 0.015 0.015–0.03 20 NA Citron et al., 2012

Clostridium innocuum > 32 > 32 > 32 20 NA Citron et al., 2012

Clostridium ramosum > 32 > 32 > 32 20 NA Citron et al,, 2012

Lactobacillus species 8 32 ≤ 0.015–> 32 24 NA Citron et al., 2012

Bifidobacterium species 0.06 0.125 ≤ 0.015–0.25 22 NA Citron et al., 2012

Eggerthella lenta < 0.015 0.125 ≤ 0.015–0.25 20 NA Citron et al., 2012

Eubacterium species 2 > 32 0.125–> 32 28 Citron et al., 2012

Finegoldia magna 1 2 0.5–2 20 Citron et al., 2012

Parvimonas micra 0.06 0.06 ≤ 0.015–2 20 Citron et al., 2012

Peptostreptococcus 
anaerobius group

< 0.015 < 0.015 ≤ 0.015–0.03 20 Citron et al., 2012

Gram-positive aerobes

Aerococcus species 2 2 0.5–16 10 Citron et al., 2012

Enterococcus faecalis 2 4 0.5–4 22 Citron et al., 2012

2 2    1–8 40 EU, LA, and NA Biedenbach et al., 2010

Enterococcus faecium 4 4    2–8 20 Citron et al., 2012

4 4    1–8 40 Biedenbach, 2010

Streptococcus pyogenes 8 8    4–16 21 Citron et al., 2012

Streptococcus anginosus 32 > 32    4–> 32 21 Citron et al., 2012

Streptococcus constellatus/
intermedius

32 > 32    4–> 32 26 Citron et al., 2012

Staphylococcus aureus 8 8    4–8 20 Citron et al., 2012

4 8    2–16 75 EU, LA, and NA Biedenbach et al., 2010 

Staphylococcus epidermidis 2 4 ≤ 0.5–8 60 EU, LA, and NA Biedenbach et al., 2010

Abbreviations: EU, Europe; LA, Latin America; MIC50, minimum inhibitory concentration required to inhibit growth of 50% of organisms; MIC90, minimum inhibi-
tory concentration required to inhibit growth of 90% of organisms; NA, North America; US, United States of America.
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0.125 mg/l to 0.5 mg/l. In the study of Debast et al. (2013), 
398 C. difficile isolates from various polymerase chain reac-
tion (PCR) ribotypes were used to identify antimicrobial 
susceptibility patterns of common C. difficile PCR ribo-
types collected from European hospitals. The MICs of three 
approved therapeutic agents (vancomycin, metronidazole, 
and fidaxomicin) and LFF571 (a novel semisynthetic thio-
peptide antibiotic) were tested by agar dilution. Isolates 
belonging to clade 2 (n = 26), including the hypervirulent 
ribotype 027, had MIC50 and MIC90 values for fidaxomicin 
and metronidazole that were one dilution higher, whereas 
similar MIC values were observed for vancomycin for other 
PCR ribotypes. Isolates belonging to C. difficile PCR ribotype 
001 (n = 40) were more susceptible to fidaxomicin than other 
frequently found PCR ribotypes 014/020 and 078. Similar 
observations were made by Freeman et al. (2015a) when 
antimicrobial susceptibility testing was performed on 107 
European C. difficile isolates, demonstrating a lower suscep-
tibility of type 027 to fidaxomicin. In a large pan-European 
study, more than 900 isolates submitted by 39 sites across 
22 European countries showed a diverse array of 99 PCR 
ribotypes across Europe. There was no evidence of reduced 
susceptibility to fidaxomicin, consistent with other studies 
(Freeman et al., 2015b; Snydman et al., 2015). Results from 
fidaxomicin clinical trials have not shown a clear correlation 
between MIC and clinical outcome (Goldstein et al., 2011). 
The MIC90 of the clinical isolates was 0.25 mg/l, with highest 
reported MIC for wild-type isolates of 1 mg/l. Fine gold et 
al. (2004) reported a single isolate with a fidaxomicin MIC 
of 2 mg/l.

Not included in the table is the report of Ackermann et al. 
(2004), who tested 207 C. difficile isolates to OPT-80 from 
Germany and found an MIC50 of 0.0019 and an MIC90 of 
0.0078. The observed difference with other published studies 
may be related to differences in the solubility of OPT-80 in 
the diluent used in each study; Ackermann et al. dissolved 
and diluted fidaxomicin in dimethyl sulfoxide (DMSO), 
whereas other studies dissolved OPT-80 in DMSO and 
diluted in water. It has been suggested by Goldstein et al. (2012) 
that, in addition to the use of DMSO diluent, the low MICs 
could be due to use of an anaerobic environment with a higher 
carbon dioxide concentration (15% vs. the CLSI-recommended 
4–7%), because carbon dioxide can acidify media and lead to 
reduced cell viability. Third, Ackermann applied “Deutsches 
Institut fuer Normung (DIN) broth micro dilution using 
Wilkins-Chalgren broth” instead of CLSI methods. 

A large study in Australia among 440 C. difficile isolates 
from four states revealed low MIC50 (0.03) and low MIC90 
(0.12) using CLSI methods (Knight et al., 2015). The isolates 
belonged to 37 different ribotypes, but no differences were 
found among ribotypes, although type 027 was not present. 
It is interesting to note that resistance to moxifloxacin was 
very low (3.4%), suggesting a different population of C. diffi
cile than elsewhere. 

The activity of fidaxomicin against aerobic Gram-positive 
bacteria varies. Fidaxomicin MIC results for Staphylococcus 
aureus were within four doubling dilutions that ranged from 

2 to 16 mg/l. The presence of resistance mechanisms directed 
against oxacillin, mupirocin, linezolid, or vancomycin had 
no effect on fidaxomicin MIC values (Citron et al., 2012). For 
enterococci, the fidaxomicin MIC distribution ranged from 
1 to 8 mg/l, whereas fidaxomicin was twofold more active 
against Enterococcus faecalis when compared with Entero
coccus faecium, but no difference was observed for vancomy-
cin-resistant or vancomycin-susceptible isolates (Citron et 
al., 2012; Biedenbach et al., 2010).

OP-1118 demonstrated activity against only some Gram-
positive organisms, with MICs 4-fold to 16-fold greater than 
those of fidaxomicin. Goldstein et al. (2012) reported on 135 
clinical isolates of C. difficile; MIC50 and MIC90 for OP-1118 
were 4 and 8 mg/L, compared with 0.125 and 0.25 mg/l, 
respectively, for fidaxomicin.

2b.  Emerging resistance and 
cross-resistance

C. difficile mutants with reduced susceptibility to fidaxomi-
cin have been selected in vitro by single and multistep meth-
ods. In vitro studies indicate a low frequency of spontaneous 
resistance to fidaxomicin in C. difficile (ranging from < 1.4 × 
109 to 12.8 × 109) (Babakhani et al., 2014). The resistant iso-
lates revealed reduced susceptibility (MICs of 2 mg/l or 4 
mg/l) accompanied by mutations in either rpoB (Gln1074Lys 
or Val1143Phe) or rpoC (Asp237Tyr) genes, which cluster 
around the fidaxomicin binding site on RNA polymerase 
(Babakhani et al., 2014). No cross-resistance with rifamycins 
was observed. Another in vitro study using site-directed 
mutagenesis revealed that an isolate of C. difficile with a 
Val1143Asp mutation had impaired fitness and delayed 
growth (Kuehne et al., 2013). Other reported laboratory- 
generated mutations included β′ Arg89Gly, β Gln1074His, 
β Val1143Gln, and β Val1143Asp (Seddon et al., 2012). When 
C. difficile strain ATCC 43255 and three clinical isolates were 
subjected to 10 passages on medium containing a range of 
concentrations of fidaxomicin, clones exhibiting decreased 
susceptibility to fidaxomicin harbored mutations in rpoB 
and CD22120 (marR homolog) (Leeds et al., 2014). 

The only clinical isolate with reduced susceptibility to 
fidaxomicin was obtained from a patient with recurrence of 
diarrhea 6 days after cure with fidaxomicin (Goldstein et al., 
2012). The isolate at day 1 and the end of treatment had an 
MIC of 0.06 mg/l, but the isolate from the recurrent episode 
had reduced susceptibility with an MIC of 16 mg/l, which 
is still less than gut-level concentrations of the drug (mean 
fidaxomicin and OP-1118 concentrations were reported 
as 1433 and 760 μg/g, respectively) (Louis et al., 2009a). The 
clin ical significance of the association of resistance with drug 
exposure is unclear. The strain with reduced susceptibility 
had a specific mutation (Val-ll43-Gly) in the beta subunit of 
RNA polymerase (unpublished). Similar mutations in the 
homologous positions in other bacterial species that demon-
strate reduced susceptibility to lipiarmycin, a related macro-
cycle compound, have been reported (Gultieri et al., 2009). 



1550 Fidaxomicin

3. MECHANISM OF DRUG ACTION

Fidaxomicin is active against Gram-positive strains only, in 
particular C. difficile. The mode of action is time-dependent 
bactericidal, and both the parent compound and the major 
metabolite, OP-1118, have antimicrobial activity. Fidaxo mi-
cin is an inhibitor of the enzyme RNA polymerase at tran-
scription initiation (Artsimovitch et al., 2012). Fidaxomicin 
and rifamycins are both inhibitors of bacterial transcription, 
but fidaxomicin acts at an earlier step in the transcription 
initiation pathway (Babakhani et al., 2014). The unique tar-
get site of fidaxomicin may explain its limited spectrum of 
antimicrobial activity, because σ subunits differ among bac-
terial species (Wostem, 1998). However, it has not been 
tested or proven that the differential spectrum of fidaxomi-
cin or lipiarmycin between bacterial species is due to differ-
ences between σ subunits. Isolates of C. difficile that reveal 
resistance to rifamycins are not cross-resistant to fidaxomi-
cin (Artsimovitch et al., 2012; Babakhani et al., 2014). 

Fidaxomicin and OP-1118 have been demonstrated to 
inhibit toxin A and B production in C. difficile in vitro and in 
a mouse ileum model (Babakhani et al., 2013; Koon et al., 
2014). It is interesting to note that fidaxomicin and OP-1118 
inhibited spore production in both non–type 027 (BI) 
strains and in a type 027 (BI) strain (Babakhani et al., 2012). 
Sub sequently, fecal spore counts (colony forming unit 
[CFU] count/g) for patients who had received fidaxomicin 
were 2.3 log10 lower at 21 to 28 days after therapy than  
in patients who had received vancomycin (Louis et al., 
2009b). Inhibition of sporulation explains how fidaxomicin 
improves sustained response and lowers the rate of recur-
rent infection, although the weaker effect on type 027 (BI) 
remains difficult to understand. Fidaxomicin and OP-1118 
inhibit outgrowth of vegetative cells from germinated spores 
(Allen et al., 2013).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Fidaxomicin 400 mg/day (200 mg every 12 hours) for 10 
days by the oral route has been considered the most appro-
priate dose for the treatment of Clostridium difficile infection 
(CDI) in adults (Scott, 2013; Zhanel et al., 2015). 

4b.  Newborn infants and children

The dose, safety, and efficacy of fidaxomicin in children have 
not been established, but studies are underway (ClinicalTrials 
.gov study numbers NCT01591863 and NCT02218372). 

4c.  Pregnant and lactating mothers

No prenatal or postnatal development studies have been per-
formed. No adverse effects have been reported on fertility or 
early embryonic development and embryo-fetal development, 

owing to the limited systemic exposure of fidaxomicin and 
OP-1118. 

4d.  Those requiring altered dosages

PATIENTS WITH RENAL OR HEPATIC IMPAIRMENT

The numbers of patients with hepatic or renal impairment in 
the two randomized controlled trials (RCTs) are too limited 
for conclusions to be drawn regarding a safety profile in these 
populations (Cornely et al., 2012a; Louis et al., 2011). These 
populations will have to be closely monitored during postmar-
keting experience. Given the limited data and the difficulty 
in drawing conclusions regarding different stages of hepatic 
impairment, caution should be advised also in patients with 
moderate hepatic impairment. Limited data suggest increased 
exposure in patients with chronic hepatitis cirrhosis, approxi-
mately a twofold increase with fidaxomicin and a threefold 
increase with OP-1118. There are no signal toward renal func-
tion influencing the elimination of fidaxomicin or OP-1118. 
Sears et al. (2012) demonstrated that fidaxomicin serum con-
centration levels did not increase compared with controls for 
patients with mild, moderate, or severe renal impairment.

PATIENTS WITH SEVERELY AFFECTED 
GASTROINTESTINAL TRACTS

There are uncertainties regarding exposure levels in CDI 
patients and especially patients with a more severely affected 
GI tract as compared with patients included in the phase III 
studies in which patients with severe CDI were excluded. In 
fidaxomicin-treated patients from controlled trials, plasma 
concentrations of fidaxomicin and OP-1118 obtained within 
the Tmax window (1–5 h) were approximately twofold to four-
fold higher than Cmax values in healthy adults (Food and 
Drug Administration [FDA]), although this has not been 
reported in the scientific literature (Sears et al., 2012). A 
study was completed in May 2016 regarding the safety and 
pharmacokinetics (PK) of fidaxomicin in patients with in- 
flammatory bowel disease (IBD) (Clinical Trials.gov number 
NCT02437591), but no study results have been reported yet. 
The Euro pean Medi cines Agency (EMA) concluded that fidax-
omicin should be used with caution in patients with pseudo-
membranous colitis or fulminant or life-threatening CDI. 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The product is intended only for local action. When adminis-
tered orally, fidaxomicin is minimally absorbed and is excreted 
almost entirely through the feces. Associated with its phys-
iochemical properties (poor solubility, poor permeability, and 
high molecular weight), fidaxomicin and its main metabolite, 
OP-1118, reach plasma concentrations in the 30- and 100-ng/
ml range after oral administration in humans. Pharmacokinetic 
parameters are summarized in Table 88.2.

http://ClinicalTrials.gov
http://ClinicalTrials.gov
http://ClinicalTrials.gov
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Mean fecal concentration levels (on day 10 of dosing) of 
fidaxomicin and OP-1118 for patients with CDI who were 
treated for 10 days with 200 mg or 400 mg per day of fidaxo-
micin were 442 µg/g and 430 µg/g, and 1433 µg/g and 760 
µg/g, respectively (Louis et al. 2009a). A phase I study with 
150, 300, and 450 mg of fidaxomicin per day revealed maxi-
mal plasma concentrations near or below the limit of quan-
tification (5 ng/ml) after 10 days of treatment (Shue et al., 
2008). If the MIC90 for fidaxomicin versus C. difficile is 0.5 
mg/l (see Table 88.1) and the mean fecal fidaxomicin con-
centration is approximately 1400 µg/g using the advised dose 
of 400 mg/day, the mean fecal fidaxomicin concentrations 
are approximately 2800 times greater than the MIC90 of  
C. difficile (Louis et al., 2009a). In this same study, plasma 
concentration levels of fidaxomicin and OP-1118 were below 
the limit of quantification (5 ng/ml) for 22 of 46 patients, and 
> 90% of patients had plasma concentration levels < 20 ng/
ml (Louis et al., 2009a). 

A single-center, open-label, randomized, two-period, cross-
over study was performed to determine the pharmacokinet-
ics and the effect of food on the bioavailability of fidaxomicin 
in six healthy subjects (Lewis and Sears, 2011). Fidaxomicin 
and OP-1118 Cmax values were 22% and 33% lower in the fed 
state compared with the fasted state. Inter-individual vari-
ability in systemic exposure to fidaxomicin was generally  
> 25% in healthy volunteers. No specific food recommenda-
tions were given in the subsequent clinical phase III studies, 
resulting in the recommendation to take the product regard-
less of meals. 

5b.  Drug distribution

The systemic availability is minimal. In a preclinical study, 
the volume of distribution at steady state was found to be less 
than or equal to body water, suggesting that fidaxomicin does 
not extensively distribute away from body water (Kor gaonkar 
et al., 2010).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The PK/pharmacodynamic (PD) index predictive of clinical 
success is suggested to be time over MIC value, and the effect 

not to be concentration dependent. Duration of a specific 
antibiotic concentration in the GI tract may be very variable 
owing to the character of diarrheal diseases, in which rapid 
intestinal transit may hasten fecal excretion of drug. Fida-
xomicin demonstrates a postantibiotic effect on C. difficile 
of 6–10 hours, longer than that of the standard comparator, 
vancomycin (Babakhani et al., 2011). This indicates that the 
anti-clostridial activity of fidaxomicin persists also after its 
removal, which would be beneficial in CDI. 

5d.  Excretion

Fidaxomicin is primarily transformed by hydrolysis at the 
isobutyryl ester to form its main and microbiologically active 
metabolite, OP-1118. Most of a 200- to 300-mg oral dose 
(93% ± 42%) is excreted as drug-related compounds in feces, 
with approximately 26% recovered as unchanged drug in 
feces, and over 66% of the dose is found as OP-1118. Peak 
concentrations in the feces are generally observed 24 hours 
after single oral doses, and concentrations remain detectable 
in the feces for up to 5 days. Less than 1% of the dose is 
excreted in the urine. The main components of the elimi-
nation of systemically available fidaxomicin have not been 
identified. Fidaxomicin’s systemic half life is approximately 
8–10 hours.

Plasma levels also appear to be elevated in the elderly (age 
above 65 years). When phase III data are stratified for  
age over and under 65 years, fidaxomicin and OP-1118 levels 
are approximately two times higher for patients older than 65 
years compared with patients younger than 65 years (Sears et 
al., 2012).

5e.  Drug interactions

Fidaxomicin and its main metabolite, OP-1118, are sub-
strates of the efflux transporter, P-glycoprotein (P-gp), which 
is expressed in the GI tract. Co-administration with a single 
dose of cyclosporine resulted in 4.2- and 1.9-fold increases 
in fidaxomicin Cmax and area under the concentration-time 
curve (AUC) and 9.5- and 4.1-fold increases in OP-1118 Cmax 
and AUC. In phase III trials there was a trend toward lower 
efficacy and higher incidence of adverse events with P-gp 
inhibitor use; however, results for the comparator vancomycin 
arm were similar. According to the FDA, fidaxomicin may be 

Table 88.2. Pharmacokinetic parameters of fidaxomicin and OP-1118.

Parameter

Fidaxomicin OP-1118

Number Value Number Value

Cmax (ng/ml) 14  5.20 ± 2.81 14  12.0 ± 6.06

Tmax (h) 14  2.00 (1.00–5.00) 14   1.02 (1.00–5.00)

AUC0–t (ng-h/ml) 14 48.3 ± 18.4 14 103 ± 39.4

AUC0–∞ (ng-h/ml)  9 62.9 ± 19.5 10 118 ± 43.3

t1/2(h)  9 11.7 ± 4.80 10  11.2 ± 3.01

Abbreviations: AUC0–∞, area under the concentration-time curve from time 0 to infinity; AUC0–t, area under the concentration-time curve 
from time 0 to the last measured concentration; Cmax, maximum observed concentration; Tmax, time to maximum observed concen-
tration reported as median (range); t1/2, elimination half-life.
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co-administered with a P-gp inhibitor (FDA, 2013). In con-
trast, the EMA concluded that co-administration of potent 
P-gp inhibitors is not recommended (Committee for Medic-
inal Products for Human Use, 2011). Fida xomicin and its 
main metabolite, OP-1118, do not exhibit any antagonistic 
interaction with other classes of antibacterial drugs. 

6. ADVERSE REACTIONS AND TOXICITY

Because the intestinal absorption of fidaxomicin and its 
main metabolite, OP-1118, is negligible, systemic toxicity is 
rare (Weiss et al., 2012). Preclinical studies have not shown 
any toxicity from oral fidaxomicin other than mild GI symp-
toms at doses around 1000 mg/kg body weight per day in 
dogs, which made up 5–7% of their daily food intake. 
Fidaxomicin did not cause any adverse effects after multiple 
dosing when administered orally to rats, monkeys, or dogs. 
In rats and monkeys the toxicity of fidaxomicin was evalu-
ated at oral doses up to 90 mg/kg for 28 days, and in dogs at 
oral doses up to 9600 mg/day for 3 months. Fidaxomicin has 
a low bioavailability, and several different vehicles have there-
fore been explored in order to increase the systemic expo-
sure. No treatment-related effects were seen in rats, rabbits, 
and dogs when the drug was administered as a single dose 
of up to 200 mg/kg intravenously. The only deaths reported 
were after intravenous administration of 200 mg/kg to rats; 
these deaths might have been due to a precipitation of fida-
xomicin in the vasculature (Korgaonkar et al., 2010).

In two double-blind placebo-controlled phase I studies 
and one open-label dose-finding clinical study, none of the 
adverse events were considered to be drug related (Shue et 
al., 2008; Louis et al., 2009a). In two large phase III double- 
blind randomized clinical trials comparing fidaxomicin with 
oral vancomycin, the frequency of adverse events possibly 
related to study medication, mainly nausea and mild GI symp-
toms, was similar in both groups (25.0% vs. 22.3%) (Cornely 
et al., 2012a; Louis et al., 2011). In one of these studies, more 
laboratory abnormalities were observed in the fidaxomicin 
arm, mostly not attributed to study medication, except for 
one subject who developed elevated aminotransferases up to 
6.6 times the upper limit of normal, which returned to nor-
mal after the end of treatment (Cornely et al., 2012a). Because 
macrolides may prolong the QT interval, special attention was 
paid to cardiac safety. Changes in QT interval did not differ 
between fidaxomicin and oral vancomycin (Weiss et al., 2012). 

Hypersensitivity reactions to fidaxomicin have been 
described. The FDA reported 12 cases of angioedema and 
rash associated with the use of fidaxomicin (Iarikow et al., 
2014). Two of these patients were rechallenged and experi-
enced the same reactions. Three of these patients reported a 
macrolide allergy, suggesting that there may be cross-reactivity 
between fidaxomicin and other macrolides, even though the 
central ring of fidaxomicin differs from that of the other 
macrolides. 

Fidaxomicin has been registered only as a treatment for 
CDI. The major determinant of acquisition of this infection 
and its propensity to relapse after initially successful treatment 

are the diversity and quantity of the microorganisms that 
make up the host’s intestinal microbiota. A healthy intestinal 
microbiota may protect against colonization by C. difficile 
through metabolizing primary bile acids, which trigger ger-
mination of C. difficile spores, competing for nutrients and 
mucosal adherence surface, producing bacteriocins and 
influencing the host immune system (Britton and Young, 
2012). It is interesting to note that Clostridium scindens, a 
bile acid 7α-dehydroxylating intestinal bacterium, is associ-
ated with resistance to CDI in a mouse model (Buffie et al., 
2015). An important adverse effect of all antibiotics that 
reach the intestinal lumen is damage to the intestinal micro-
biota. Because C. difficile spores are resistant to antibiotics, 
these will survive antibiotic treatment, and after germination 
of the spores the vegetative bacteria will encounter a reduced 
colonization resistance. Fidaxomicin has been shown to be 
less damaging to the intestinal microbiota than oral vanco-
mycin, the main other antibiotic used to treat moderate to 
severe CDI. Using quantitative culture, the count of Bac
teroides group bacteria, a major constituent of the intestinal 
microbiota, in stool was shown to decrease significantly during 
treatment with vancomycin, whereas it did not change 
during treatment with fidaxomicin (Louis et al., 2009b). The 
microbiota of 10 patients receiving vancomycin and 10 
patients receiving fidaxomicin in a large phase III RCT were 
compared by quantitative real-time PCR targeting the 16S 
ribosomal RNA genes of major representatives of the bacte-
rial phyla that make up the intestinal microbiota (Louis et al., 
2012). The quantitative PCR signal for Bacteroides/Prevotella 
group bacteria was significantly and persistently reduced 
during treatment with vancomycin, whereas it did not change 
during fidaxomicin treatment. This was also true for Clostri
dium coccoides group and Clostridium leptum group bacteria, 
although the difference did not persist after the end of treat-
ment. Another argument for the sparing of the colonization 
resistance by fidaxomicin as opposed to vancomycin was 
made in a substudy of the same trial, which showed that col-
onization by vancomycin-resistant enterococci and Candida 
species occurred less frequently with fidaxomicin treatment 
(Nerandzic et al., 2012).

7. CLINICAL USES OF THE DRUG

Fidaxomicin was developed as a treatment for CDI because 
of its good activity against this bacterium in combination 
with its narrow spectrum. The main clinical problem in this 
infection is its propensity to recur after remission of symp-
toms. As stated in the previous chapter, an important factor 
in relapse is that C. difficile spores survive treatment with 
antibiotics, whereas the intestinal microbiota are damaged 
by antibiotics, which itself is a risk factor for relapse. The tra-
ditional antibiotics with which CDI was treated before fidax-
omicin came to market were oral metronidazole and oral 
vancomycin. Treatment with these antibiotics usually results in 
remission of symptoms. Metronidazole leads to a later remis-
sion of symptoms than vancomycin, so metronidazole is often 
reserved for less severe infections. However, in approximately 
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20% of cases, remission is followed by relapse, and this per-
centage increases if other risk factors for relapse, such as a 
previous relapse, are present. The efficacy of fidaxomicin in 
inducing remission of symptoms has been demonstrated in 
two double-blind RCTs in North America and Europe, which 
proved it to be noninferior to oral vancomycin (Cornely et 
al., 2012a; Louis et al., 2011) (Table 88.3). In a pooled modi-
fied intention-to-treat analysis of both trials, fidaxomicin led 
to remission of symptoms in 88% of cases, versus vancomy-
cin in 86% of cases (Crook et al., 2012). Of note, patients 
with toxic megacolon, septic shock, and other fulminant 
presentations of CDI were excluded from both trials. More 
important, fidaxomicin led to significantly fewer relapses 
than did vancomycin. In the same pooled analysis, 14% of 
subjects in the fidaxomicin group experienced a relapse, ver-
sus 26% in the vancomycin group (Crook et al., 2012). The 
study population was limited to patients with a first episode 
or first relapse of CDI; fidaxomicin has not been investigated 
in randomized trials in those at greatest risk of relapse—
patients with one or more previous relapses. On the basis of 
data from these two trials, a prediction score was developed, 
with which the risk of relapse after treatment with vancomy-
cin and fidaxomicin could be calculated, which might enable 
a treating physician to better weigh the higher cost of fidaxo-
micin against its reduction of the risk of relapse (D’Agostino 
et al., 2014). It is unclear whether the microbiota-sparing 
quality of fidaxomicin is still of added value over vancomycin 
in patients with multiple relapses, who may have already sus-
tained too much damage to their intestinal microbiota. Post 
hoc subgroup analyses of both trials were done for patients 
with markers of severe disease, older age, first episode versus 
first relapse, cancer, renal failure, use of concomitant anti-
biotics, and infection with the epidemic strain of C. difficile, 
PCR ribotype 027, also known as BI or NAP1 (Crook et al., 
2012; Cornely et al., 2012b, 2013; Louis et al., 2013; Mullane 
et al., 2011, 2013). These subgroup analyses all pointed in the 

same direction as the results of the whole study population, 
except for the subgroup analysis of the patients infected by 
PCR ribotype 027. In this subgroup, the percentage of 
relapses was not significantly different between those treated 
with fidaxomicin and those treated with vancomycin (Cornely 
et al., 2012a; Louis et al., 2011; Crook et al., 2012). Moreover, 
in one of these trials, more relapses occurred with fidaxomi-
cin than with vancomycin (Louie et al., 2011). It is therefore 
unclear whether fidaxomicin is of added value over vanco-
mycin in patients infected by this strain. This might have 
implications during an outbreak with this strain, when the 
strain type can be anticipated to be PCR ribotype 027. 
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1. DESCRIPTION

Lefamulin (previously BC-3781) is a semisynthetic anti-
microbial agent from the pleuromutilin class. Pleuromutilin 
is a natural product first identified in 1951 (Kavanagh et al., 
1951). It was isolated from two Basidiomycetes species, Pleuro
tus mutilus (or Clitopilus scyphoides) and Pleurotus passec
keranius. Pleuromutilin was shown to have activity against 
Gram-positive cocci and fastidious Gram-negative organism 
such as Haemophilus influenzae and Moraxella catarrhalis 
(Szybalski, 1954). The chemical structure of pleuromutilin 
was identified in the 1960s (Arigoni, 1962; Birch et al., 1966). 
Knauseder and Brandl (1976) re-isolated pleuromutilin from 
Clitopilus passeckeranius and showed activity not only against 
penicillin- and streptomycin-resistant staphylococci, but, 
more important, against Mycoplasma spp. Synthetic deriva-
tives of pleuromutilin, with focus on the C(14) side chain, 
were generated in an attempt to improve antimicrobial activ-
ity. Lefamulin, a thioether, was subsequently synthesized  
in late 2006 (Novak, 2011). The full name of lefamulin is  
acetic acid, 2-([{1R,2R,4R}-4-amino-2-hydroxycyclohexyl]
thio)-, (3aS,4R,5S,6S,8R,9R,9aR,10R)-6-ethenyldecahydro-
5-hydroxy-4,6,9,10-tetramethyl-1-oxo-3a, 9-propano-3ah- 
cyclopentacycloocten-8-yl ester; its empiric formula is 
C28H45NO5S, it has a molecular weight of 507.73, and the 
chemical structure is shown in Figure 89.1. 

Lefamulin is the first systemically administered pleuro-
mutilin and is available in intravenous and oral formulations. 
It inhibits bacterial protein synthesis via a specific interaction 

with the 23S rRNA of the 50S ribosomal subunit. Lefamulin 
selectively binds to the peptidyl transferase center of the ribo-
some, to prevent the correct positioning of the CCA ends of 
tRNAs for peptide transfer (Long et al., 2006). Lefamulin has 
activity against principally Gram-positive bacteria; it is also 
active against H. influenzae, M. catarrhalis, Legionella pneu
mophila, Chlamydophila pneumoniae, and Mycoplasma pneu
moniae (Sader et al., 2012a, 2012b). It is currently undergoing 
clinical trials, conducted by Nabriva Therapeutics. A phase II 
clinical trial of lefamulin for the treatment of acute bacte-
rial skin and skin structure infections (ABSSSIs) has been 
completed. A phase III trial of lefamulin for the treatment 
of community-acquired pneumonia is currently recruiting 
(clinicaltrials.gov/ct2/show/NCT02813694). 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Studies have demonstrated that lefamulin is active against a 
range of clinically important human pathogens—in particu-
lar, Gram-positive species including multiresistant staphy-
lococci and streptococci. Lefamulin shows activity against 
specific Gram-negative pathogens including H. influenzae, 
M. catarrhalis, L. pneumophila, C. pneumoniae, and M. pneu
moniae, but not the Enterobacteriaceae or Pseudomonas 
aeruginosa (Paukner et al., 2013b; Sader et al., 2012a, 2012b; 
Paukner et al. 2013a). Neither the Clinical Laboratory Stan-
dards Institute (CLSI) nor EUCAST has established break-
point criteria for lefamulin as yet.

A summary of the in vitro susceptibility of key pathogens 
to lefamulin is shown in Table 89.1. 

GRAM-POSITIVE BACTERIA

Lefamulin has antimicrobial activity against a wide range  
of Gram-positive bacteria. It is active against Staphylococ 
cus aureus, with a similar susceptibility profile and mini- 
mum inhibitory concentration (MIC) distribution among 
 methicillin-susceptible Staphylococcus aureus (MSSA) and 
methicillin-resistant Staphylococcus aureus (MRSA) strains 

Figure 89.1. Chemical structure of lefamulin (contributed 
by Nabriva Therapeutics through personal communication).
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(Paukner et al., 2013b, 2013a). Lefamulin has good activity 
against coagulase-negative staphylococci. Both vancomycin- 
susceptible and vancomycin-resistant strains of Enterococcus 
faecium are susceptible to lefamulin. This is in contrast to 
Enterococcus faecalis, which exhibits only limited susceptibil-
ity to lefamulin. Beta-hemolytic and viridans group strepto-
cocci were highly susceptible to lefamulin. Lefamulin is active 
against strains of Streptococcus pneumoniae, and this activity 
is not affected by resistance to penicillin (Sader et al., 2012b). 

AEROBIC GRAM-NEGATIVE BACTERIA

Lefamulin is active against H. influenzae and M. catarrhalis 
with MIC90 values of 2 and 0.25 mg/l, respectively. For both H. 
influenzae and M. catarrhalis, the MIC value was shown to be 
independent of beta-lactamase production. L. pneumophila has 
been found to have an MIC90 of 0.5 mg/l (Sader et al., 2012b).

OTHER BACTERIA

Lefamulin demonstrates potent activity against M. pneumo
niae, with an MIC90 of 0.006 mg/l. 

2b.  Emerging resistance and 
cross-resistance

Selective inhibition of bacterial protein synthesis by lefamulin 
significantly reduces the potential for target-specific cross- 

resistance with other bacterial classes. However the Cfr gene, 
isolated from S. aureus and Escherichia coli strains of animal 
origin, encodes for methyltransferase, which modifies 23S 
rRNA by addition of a methyl group at position A2503 (Long 
et al., 2006). This modification occurs close to the binding 
site for a number of antimicrobial agents, including pleu-
romutilins and oxazolidinones, conferring resistance. The 
Cfr gene is rarely identified in human bacterial isolates. Only 
four bacterial strains were found in the recent 2009 LEADER 
study looking at linezolid resistance in the United States 
(Farrell et al., 2011). The adenosine triphosphate (ATP)–
binding cassette transporters VgaA and VgaAv, identified on 
strains of S. aureus, are drug efflux pumps that are associated 
with reduced susceptibility to pleuromutilins (Gentry et al., 
2008). VgaA and VgaAv transporters were identified in only 
6 of 5676 clinical S. aureus isolates in a pool analysis of eight 
preclinical studies (Scangarella et al. 2007). 

Serial passage of S. aureus, Streptococcus pyogenes, and  
S. pneumoniae at sub-MIC levels of lefamulin shows a very 
low spontaneous mutational frequency (Paukner et al., 2012). 
No stable nonsusceptible clones of S. pyogenes or S. pneumo
niae could be isolated. Serial passage (up to 42 passages) of 
S. aureus resulted in up to a 16-fold increase in MIC. Less 
susceptible clones displayed mutations in the ribosomal pro-
tein L3 and L4 encoding genes rplC (D159G, deletion 153S, 
G152V, S158L) and rplD (G69R).

Table 89.1. In vitro antimicrobial activity of lefamulin.

Organism
MIC90 
(mg/l)

MIC range 
(mg/l) Emerging resistance

Gram-positive bacteria

Staphylococcus aureus 0.12 0.015–> 16 Yes

Methicillin-susceptible Staphylococcus aureus (MSSA) 0.12 0.015–> 16

Methicillin-resistant Staphylococcus aureus (MRSA) 0.25 0.015–4

Coagulase-negative staphylococci 0.12 ≤ 0.008–> 16

Methicillin-susceptible coagulase-negative staphylococci 0.06 ≤ 0.008–4

Methicillin-resistant coagulase-negative staphylococci 0.12 ≤ 0.008–> 16

Streptococcus pneumoniae 4 0.015–> 16

Beta-hemolytic streptococci 0.03 ≤ 0.008–16

Streptococcus pyogenes 0.03 ≤ 0.008–0.06

Streptococcus agalactiae 0.03 ≤ 0.008–16

Beta-hemolytic streptococci (groups C, F, G) 0.03 ≤ 0.008–16

Viridans group streptococcia 0.5 ≤ 0.008–2

Enterococcus faecium 4 0.015–> 16

Gram-negative bacteria

Haemophilus influenzae 2 0.015–8

Moraxella catarrhalis 0.25 ≤ 0.008–0.5

Legionella pneumophila 0.5 0.06–1

Mycoplasma pneumoniae 0.006 ≤ 0.003–0.024

Chlamydophila pneumoniae 0.04 0.02–0.08
aSpecies included Streptococcus anginosus, Streptococcus bovis, Streptococcus canis, Streptococcus constellatus, Streptococcus gallolyticus, Streptococcus 

gordonii, Streptococcus intermedius, Streptococcus milleri, Streptococcus mitis, Streptococcus mutans, Streptococcus oralis, Streptococcus parasanguinis, 
Streptococcus salivarius, Streptococcus sanguinis and Streptococcus vestibularis.

Abbreviations: MIC: minimum inhibitory concentration.
Source: Compiled from Paukner et al., 2013b.
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3. MECHANISM OF DRUG ACTION

Lefamulin inhibits bacterial protein synthesis by preventing 
the peptidyl transferase reaction through its binding at the 
peptidyl transferase center overlapping both the acceptor 
and donor (A- and P-) sites. Crystallography data demon-
strated that the tricyclic pleuromutilin core reactions are 
formed mainly by nucleotides U2506, U2585, and U2584 
of  domain V of 23S rRNA via hydrophobic interactions 
and  hydrogen bonds (Davidovich et al., 2007; Hodgin and 
Högenauer, 1974). Nucleotides U2506 and U2585 undergo 
conformational changes on binding of pleuromutilins with 
an induce-fit mechanism as U2506 closes the binding pocket 
at the tricyclic core. U2585, which then takes on a nonpro-
ductive orientation, hinders the 3′ end tRNA A to P site rotary 
motion, affecting translation initiation (Bashan et al., 2003; 
Schmeing et al., 2002). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

There are no dose recommendations at present. Lefamulin 
is currently being investigated in phase III clinical trials for 
both intravenous and oral formulations in adults. Pediatric 
indications are still in preclinical development. 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

There are no available data on the bioavailability of lefamulin. 

5b.  Drug distribution

The serum levels of lefamulin in relation to dose are summa-
rized in Table 89.2. Data from lefamulin doses of 100 mg and 
150 mg are shown. These doses are currently being investi-
gated in phase III clinical trials. 

A steady-state volume of distribution of lefamulin is 134–
376 l (Zeitlinger et al., 2016). Lefamulin concentrations are 
similar in healthy volunteers and patients with skin and soft 
tissue infections (Zeitlinger et al., 2016). No significant age 

or gender differences in pharmacokinetic parameters were 
found in a study conducted in healthy volunteers. 

Tissue distribution of lefamulin has been studied in male 
patients after administration of a single intravenous dose of 
lefamulin 150 mg over 1 hour (Zeitlinger et al., 2016). An 
area under the concentration-time curve from 0 to 24 hours 
(AUC0–24) of 1264.2 ng ∙ h/ml and a peak lefamulin concen-
tration of 38.1 ng/ml were observed in skeletal muscle tissue. 
In subcutaneous adipose tissue the lefamulin AUC0–24 was 
1456.6 ng ∙ h/ml with a peak concentration of 145.1 ng/ml. 
The penetration ratios of skeletal muscle tissue and subcuta-
neous adipose tissue, compared with free plasma AUC, were 
shown to be 0.84 and 0.97. Lefamulin penetrates epithelial 
lining fluid (ELF) with a 5.7-fold higher exposure in ELF 
compared with plasma. An AUC0–24 8978 ng ∙ h/ml and peak 
lefamulin concentration 7.6 ng/ml were observed in ELF.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Lefamulin exhibits time-dependent killing with a moderated 
postantibiotic effect in vivo against S. pneumoniae in the 
thighs of neutropenic mice (Craig et al., 2010). Lefamulin 
demonstrated threefold to sixfold higher potency in mouse 
lungs compared with the thigh (Wicha et al., 2013). A 
24-hour free lefamulin AUC/MIC ratio of 11.5 was identified 
to be bacteriostatic for both S. aureus and S. pneumoniae. 
In  another neutropenic S. pneumoniae pneumonia murine 
model, plasma AUC/MIC ratios of 1.37 and 2.15 resulted in 
1- and 2-log10 colony forming unit (CFU) reductions, respec-
tively (Wicha et al., 2015). This corresponded to ELF AUC/
MIC ratios of 14.0 and 22.0. For S. aureus in a neutropenic 
pneumonia murine model, plasma AUC/MIC ratios of 2.13 
and 6.24 resulted in 1- and 2-log10 CFU reductions (Wicha et 
al. 2015). This corresponded to ELF AUC/MIC ratios of 21.7 
and 63.9. 

Target attainment analysis has been conducted using a 
population pharmacokinetics model of lefamulin using 
phase I and II data and a pharmacokinetic-pharmacody-
namic (PK-PD) target identified in a neutropenic murine 
lung infection model. The PK-PD target used was associated 
with a 1-log10 CFU reduction (Bhavnani et al. 2015). Sim- 
ulation was performed for lefamulin 150 mg administered 

Table 89.2. Serum levels of lefamulin in relation to dose in adults.

Population Cmax mg/l AUC mg/l 24 h t1/2 (h)

Adults

150 mg intravenous, single dose (males) 2.5 11.6  6.9

100 mg intravenous, multiple dose 1.6 10.9 11.0

150 mg intravenous, multiple dose 1.9 14.1 13.2

150 mg intravenous, single dose (aged 18–55) 2.7  7.9  8.9

150 mg intravenous, single dose (aged > 65) 2.5  7.9 10.5

Abbreviations: AUC, area under the plasma concentration-time curve; Cmax, maximum plasma concentration; t1/2, elimination 
half-life.

Sources: Compiled from the following references: Zeitlinger et al., 2016; Rubino et al., 2015; Wicha et al., 2010a.
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intravenously every 12 hours. At lefamulin MIC90 values for 
S. aureus and S. pneumoniae, the cumulative probability of tar-
get attainment over the MIC distribution used was ≥ 99.9%.

Comparison of lefamulin 100 mg and 150 mg adminis-
tered intravenously every 12 hours to patients with skin and 
skin structure infection in a phase II clinical trial showed 
similar rates of resolution in the area of erythema. 

5d.  Excretion

Lefamulin is predominately excreted in feces (Wicha et al., 
2010b). After administration of carbon 14 (14C)–labeled lefa-
mulin to rats, 80% was recovered from the feces. A further 
13% appeared in the urine. The plasma half-life in patients 
with skin and skin structure infection was 11.0–13.2 l/h. 
Linear lefamulin clearance was demonstrated in a single 
dose-escalation study of lefamulin 25 mg to 400 mg clear-
ance with clearance of 18–25 l/h. 

5e.  Drug interactions

Lefamulin is metabolized by CYP450 enzymes. In vitro 
lefamulin was shown to act as both a substrate and an inhib-
itor for CYP3A (Schmidt et al., 2011). Induction experiments 
using human hepatocytes did not reveal any induction of 
CYP1A2 or CYP3A4 by lefamulin. Human pharmacokinetic 

studies of lefamulin co-administered with ketoconazole 
showed only a mild effect on lefamulin pharmacokinetics. 
Co-administration of lefamulin and midazolam demon-
strated no effect on midazolam pharmacokinetics. Currently, 
no dose adjustment is recommended when administering 
lefamulin with either CYP3A4 substrates or inhibitors. 

6. ADVERSE REACTIONS AND TOXICITY

In phase I and II clinical trials, lefamulin has been generally 
well tolerated. Headache (8%) and nausea (7%) are the most 
commonly reported side effects (Table 89.3). Infusion site 
reactions and pain were commonly reported (5–10%) after 
administration of both lefamulin and placebo. Isolated 
increases in alanine aminotransferase and aspartate amino-
transferase levels were comparable between lefamulin and 
vancomycin. No serious adverse events or hypersensitivity 
reactions have been reported. 

7. CLINICAL USES OF THE DRUG

Lefamulin is currently not licensed for clinical use. In a phase 
II study in patients with ABSSSIs, lefamulin was shown to be 
comparable to vancomycin (Prince et al., 2013). A phase III 
randomized, double-blind, double-dummy study to com-
pare the efficacy and safety of lefamulin versus moxifloxacin 

Table 89.3. Summary of toxicity data for adult patients treated with lefamulin.

Adverse event Lefamulina,b (% of patients)

Comparator (% of patients)

Placeboa Vancomycinb

Creatine phosphokinase increased 1.7%

Dermatitis 1.1%

Gastrointestinal

Abdominal pain 1.7%

Alanine aminotransferase increased 2.2%  4.5%

Aspartate aminotransferase increased 1.1%  3.0%

Constipation 0.6%  4.5%

Diarrhea 3.9%  6.1%

Nausea 6.7% 15.2%

Vomiting 2.8%  4.5%

Headache 7.8% 15.2%

Infusion site

Infusion site pain 4.5%  7.7%

Infusion site phlebitis 3.4%  5.1%

Infusion site reaction 1.7% 10.3%

Insomnia 0.0%  3.0%

Phlebitis 1.1%

Pruritus 2.8% 12.1%

Sacral pain 0.6%  2.6%

Tinnitus 1.1%

Transient hypertension 0.6%

Vulvovaginal mycotic infection 1.1%

aBased on data from 38 lefamulin-treated patients and 39 placebo-treated patients.
bBased on data from 141 lefamulin-treated patients and 66 vancomycin-treated patients.
Sources: Compiled from the following references: Prince et al., 2013; Wicha et al., 2010a.
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in adults with community-acquired bacterial pneumonia is 
currently being conducted. 
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Retapamulin

Christabelle Min Chen and Timothy W. Felton

1. DESCRIPTION

Retapamulin (previously SB-275833) is the first topical anti-
biotic developed from the new class of semisynthetic pleu-
romutilin class of antimicrobial agents. It was approved by 
the United States Food and Drug Administration (FDA) in 
2007 for the topical treatment of impetigo in patients 9 
months old and above under the name brand Altabax and 
obtained European marketing authorization in 2007, as 
Altargo 10 mg/g ointment, for the short-term treatment of 
impetigo and infected small lacerations, abrasions, or sutured 
wounds for adults and children above the age of 9 months 
(GlaxoSmithKline, 2015). 

Retapamulin is a semisynthetic pleuromutilin derivative 
of Clitopilus scyphoides (Yan et al. , 2006). Pleuromutilin is a 
natural product initially identified from two Basidiomycota 
species, Pleurotus mutilus (or C. scyphoides) and Pleurotus pas
seckeranius (Kavanagh et al., 1951). Pleuromutilin was shown 
to have activity against Gram-positive cocci and fastidious 
Gram-negative organism such as Haemophilus influenzae 
and Moraxella catarrhalis (Szybalski, 1954). Synthetic deriv-
atives of pleuromutilin, with focus on the C(14) side chain, 
were generated in an attempt to improve antimicrobial activ-
ity. Retapamulin was developed by GlaxoSmithKline and has 
the full chemical name (1S,2R,3S,4S,6R,7R,8R,14R)-4-ethenyl-
3-hydroxy-2,4,7,14tetramethyl-9-oxotricyclo[5.4.3.01,8]tet-
radec-6-yl([{3-exo}-8-methyl-8 azabicyclo{3.2.1}oct-3yl]thio) 
acetate (EMA, 2007); its empiric molecular formula is 
C30H47NO4S, its molecular weight is 517.7703, and the chem-
ical structure is shown in Figure 90.1. Retapamulin has a 
unique mode of action that involves interaction with ribo-
somal protein L3 at a binding site in the regions of the ribo-
somal P site. Binding results in partial blocking of the P site 
and inhibition of peptidyl transfer, which prevents normal for-
mation of the active 50S ribosomal subunit and thereby selec-
tive inhibition of bacterial protein synthesis (Yan et al., 2006). 

Retapamulin demonstrates a bacteriostatic spectrum of 
activity against Staphylococcus aureus and Streptococcus pyo
genes. It is active against methicillin-resistant Staphylococcus 

aureus (MRSA) in vitro but has not been shown to be clini-
cally effective against MRSA in vivo in phase III clinical trials 
(Free et al., 2006). In vitro studies have also shown limited 
retapamulin susceptibility in enterococci species and Gram-
negative bacteria (Yang and Keam, 2008). 

Retapamulin is formulated as a smooth, off-white 1% w/w 
ointment (1 g of ointment contains 10 mg of retapamulin). 
Each gram of ointment is composed of white soft paraffin 
and 20 µg of butylated hydroxytoluene (E321) (Glaxo Smith-
Kline, 2015).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

In vitro studies have demonstrated that retapamulin is active 
against a clinically relevant range of Gram-positive aerobic 
bacteria that are commonly associated with uncomplicated 
bacteria skin infections. Retapamulin is active against many 
staphylococci and streptococci stains including multiresistant 
staphylococci (Traczewski and Brown, 2008). Reta pa mulin is 
also active against both Gram-positive and Gram-negative 
anaerobic bacteria including Clostridium perfringens, Pro
pioni bacterium species, and Bacteroides fragilis (Goldstein  
et al., 2006; Odou et al., 2007). Retapamulin is not active 
against enterococci. The Clinical Laboratory Standards 
Institute (CLSI) has not established breakpoint criteria for 
retapamulin. For staphylococcal species, minimum inhibitory 

Figure 90.1. Chemical structure of retapamulin.
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concentration (MIC) cut-off values of ≤ 0.5 mg/l, 1 mg/l, and 
≥ 2 mg/l for susceptible, intermediate, and resistant species, 
respectively, have been proposed (Traczewski and Brown, 
2008); for beta-hemolytic streptococci a susceptibility MIC 
cut-off value of ≤ 0.25 mg/l has been suggested (Traczewski 
and Brown, 2008). In a separate analysis Yang and Keam 
(2008) reported tentative retapamulin breakpoints in all 
species as ≤ 2 mg/l for susceptible, 4 mg/l for intermediate, 
and ≥ 8 mg/l for resistant pathogens. The European Commit- 
tee on Antimicrobial Susceptibility Testing (EUCAST) has  
set epidemiological cut-off values for S. aureus, Streptococcus 
agalactiae, and S. pyogenes of 0.5 mg/l, 0.125 mg/l, and 
0.125 mg/l, respectively (EUCAST, 2014). 

A summary of the in vitro susceptibility of key pathogens 
to retapamulin is shown in Table 90.1. 

GRAM-POSITIVE BACTERIA

Retapamulin has excellent in vitro antimicrobial activity 
against S. aureus including strains that are resistant to other 
antimicrobial agents, such as fusidic acid or mupirocin. Reta-
pamulin susceptibility is maintained in S. aureus strains that 
are resistant to oxacillin, erythromycin, or mupirocin (Jones 
et al., 2006). Retapamulin also has demonstrated good in vitro 
activity against community-acquired MRSA of staphylococcal 
cassette chromosome mec (SCCmec) types II, III, IIIa, or IV, 
including isolates that are Panton-Valentine leucocidin (PVL) 
positive or negative (Yang and Keam, 2008). Reta pa mulin is 
also active against vancomycin-intermediate Staphylococcus 
aureus (VISA), vancomycin-resistant Staphy lo coccus aureus 
(VRSA), linezolid-nonsusceptible S. aureus, and daptomycin- 
nonsusceptible S. aureus (Saravolatz et al., 2013). In a murine 

Table 90.1. In vitro antimicrobial activity of retapamulin.

Organism MIC90 (mg/l) MIC range (mg/l)

Gram-positive aerobic bacteria

All staphylococcal strains 0.12 0.03–128

All coagulase-negative staphylococcal strains 0.12 0.03–16

Methicillin resistant coagulase-negative staphylococci 0.12 0.03–1

Methicillin sensitive coagulase-negative staphylococci 4 0.03–16

All Staphylococcus aureus strains combined 0.12 0.03–128

Methicillin-resistant Staphylococcus aureus (MRSA) 0.12 0.06–4

Methicillin-sensitive Staphylococcus aureus (MSSA) 0.12 0.06–128

Vancomycin intermediate Staphylococcus aureus (VISA) 0.12 0.03–1

All streptococcal strains combined 0.06 0.16–8

Group C beta-hemolytic streptococci 0.03 0.016–0.06

Group G beta-hemolytic streptococci 0.06 0.016–0.06

Streptococcus agalactiae 0.03 0.016–0.25

Streptococcus pyogenes 0.03 0.016–0.06

Viridans group streptococci 0.25 0.016–8

All enterococcal strains combined 128 0.03–256

Gram-positive anaerobic bacteria

Clostridium perfringens 1 0.03–1

Other Clostridium speciesa 64 ≤ 0.015–> 64

Propionibacterium acnes 0.25 ≤ 0.015–2

Propionibacterium avidum ≤ 0.015 ≤ 0.015

Propionibacterium granulosum ≤ 0.015 ≤ 0.015–0.03

Finegoldia magna 0.125 ≤ 0.015–0.125

Micromonas micros 1 ≤ 0.015–2

Other Gram-positive cocci 1 ≤ 0.015–2

Gram-negative anaerobic bacteria

Bacteroides fragilis 64 0.03–64

Bacteroides thetaiotaomicron > 64 ≤ 0.015–> 64

Other Bacteroides spp. of the B. fragilis group 32 ≤ 0.015–> 64

Prevotella spp. 0.03 ≤ 0.015–0.125

Porphyromonas spp. ≤ 0.015 ≤ 0.015–0.25

Fusobacterium spp. 2 ≤ 0.015–8

aSpecies included C. innocuum, C. difficile, C. paraputrificum, C. sporogenes, C. tertium, and C. clostridioforme.
Abbreviations: MIC, minimum inhibitory concentration.
Sources: Compiled from Traczewski et al., 2008; Odou et al., 2007; Goldstein et al., 2006.
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model of surgical wound infection, retapamulin administered 
topically twice a day for 4 or 5 days demonstrated significant 
antimicrobial activity against S. aureus (Rittenhouse et al., 2006).

Retapamulin is active against coagulase-negative staphy-
lococci, including Staphylococcus epidermidis (Draghi et al., 
2005). Retapamulin susceptibility is maintained in coagulase- 
negative staphylococcal strains that are resistant to oxacillin, 
erythromycin, or mupirocin (Jones et al., 2006).

S. pyogenes, S. agalactiae, and the viridans group strepto-
cocci have exhibited high susceptibility to retapamulin (Draghi 
et al., 2005; Traczewski and Brown, 2008). Susceptibility  
to retapamulin is seen in S. pyogenes, S. agalactiae, and the 
viridans group streptococcal strains that are resistant to eryth-
romycin (Jones et al., 2006; Traczewski and Brown, 2008). In 
a  separate in vitro study, retapamulin was demonstrated in  
S. pyogenes isolates that were nonsusceptible to erythromycin, 
tetracycline, ciprofloxacin, and bacitracin (Pérez-Trallero et 
al., 2011). In a murine model of surgical wound infection, 
retapamulin administered topically twice a day for 4 or 5 days 
demonstrated significant antimicrobial activity against S. 
pyogenes (Rittenhouse et al., 2006). Both group C and group 
G beta-hemolytic streptococci have been shown to be sus-
ceptible to retapamulin (Traczewski and Brown, 2008). 

The majority of enterococcal strains are resistant to reta-
pamulin (Traczewski and Brown, 2008).

ANAEROBIC BACTERIA

Retapamulin demonstrated excellent potency against  
Gram-positive anaerobic bacteria (Odou et al., 2007). Propioni
bacterium acnes, Propionibacterium avidum, and Pro pioni  bac
terium granulosum, which is commonly associated with acne 
vulgaris, show excellent in vitro susceptibility to retapamulin 
(Traczewski and Brown, 2008). Retapamulin inhibits growth 
of C. perfringens at 1 mg/l, with three strains showing reduced 
susceptibility to retapamulin (Odou et al., 2007). Other Clostri
dium species (including Clostridium innocuum, Clostridium 
difficile, Clostridium paraputrificum, Clostridium sporogenes, 
Clostridium tertium, and Clostridium clostridioforme) are resis-
tant to retapamulin with an MIC90 of 64 mg/L. 

Commonly isolated anaerobic bacteria isolated from skin 
infections include Prevotella species, and Porphyromonas 
species demonstrated susceptibility of retapamulin (Moli-
toris et al., 2005; Odou et al., 2007). Anaerobic strains in the  
B. fragilis group and Fusobacterium species are resistant to 
retapamulin (Odou et al., 2007).

GRAM-NEGATIVE BACTERIA

All tested Gram-negative aerobic bacilli (MIC90 > 512 mg/l) 
are inherently resistant to retapamulin (Brown and Traczew-
ski, 2005).

2b.  Emerging resistance and 
cross-resistance

Two potential mechanisms for emergence of retapamulin 
resistance have been identified. The first is step-wise point 
mutations in the ribosomal protein L3 region encoded by the 

rplC gene. Mutation of the rplC gene leads to reduction of 
retapamulin binding at the peptidyl transferase center. The 
second mechanism of retapamulin resistance is through a 
nonspecific bacterial efflux mechanism. Reduced suscep-
tibility, resulting from retapamulin efflux, is due to the 
presence of the vgaAv gene, which encodes the adenosine 
triphosphate–binding cassette (EMA, 2007). 

Cross-resistance to retapamulin in pathogens resistant  
to other commonly used antimicrobial agents, such as eryth-
romycin and mupirocin, has not been reported (Jones et  
al., 2006). However, an association between retapamulin  
and linezolid resistance has been demonstrated in S. aureus 
isolates causing skin and soft tissue infections in children 
(McNeil et al., 2014). Using single-step and multistep pas-
sage testing using selected strains of S. aureus or S. pyogenes, 
the development of resistance to retapamulin was shown 
to be low (Kosowska-Shick et al., 2006; Rittenhouse et al., 
2006). Emergence of retapamulin resistance was not observed 
during a phase III clinical trial of 5 days of retapamulin treat-
ment for children and adults with impetigo (Oranje et al., 
2007). More recently, emergence of retapamulin resistance 
was observed in 38 of 382 (9.95%) of children with S. aureus 
isolates causing skin and soft tissue infections (McNeil et al., 
2014). Multivariant analysis demonstrated that emergence of 
retapamulin resistance was associated with multiple previous 
skin and skin structure infections and with previous anti-
biotic exposure (McNeil et al., 2014). 

3. MECHANISM OF DRUG ACTION

Retapamulin is a selective bacterial protein synthesis inhibi-
tor with a novel mechanism of action that is different from 
other inhibitors of bacterial protein synthesis. Retapamulin 
binds with high affinity to ribosomal protein L3 of the 50S 
subunit of the bacterial ribosome. Once bound, retapamu-
lin appears to have two mechanisms of inhibiting protein 
synthesis. First, retapamulin inhibits ribosomal peptidyl 
transferase activity preventing peptide bond formation and 
preventing protein synthesis. Second, retapamulin partially 
inhibits the binding of the initiator transfer RNA substrate to 
the ribosomal P site, again preventing protein synthesis (Yan 
et al., 2006; Champney and Rodgers, 2007). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Retapamulin is formulated as a 1% w/w off-white ointment 
(10 mg retapamulin for 1 g excipients). Excipients are white 
soft paraffin and butylated hydroxytoluene (E321). 

4b.  Newborn infants and children

For children from the age of 9 months old onward, a thin 
layer of ointment can be applied to the affected area twice daily 
for 5 days. Sterile bandage or gauze dressings can be used to 
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cover the treated area (GlaxoSmithKline, 2015). The treated 
area should not include more than 10 impetiginous lesions 
and should not exceed 100 cm2 in total surface area; in the 
case of infection lesions, it should not exceed 10 cm in length 
or a total surface area of 100 cm2. In patients younger than 18 
years, the total surface area treated should not be more than 
2% of the body surface area (GlaxoSmithKline, 2015). 

4c.  Pregnant and lactating mothers

Preclinical animal studies have shown reproductive toxicity 
after oral administration, but data are insufficient in terms of 
fetal and postnatal development. Reproduction toxicity was 
only observed in an embryotoxicity study in rats showing 
low fetal weights and delay in ossification off the skull with 
maternal toxicity (EMA, 2007). Retapamulin is, however, 
administered as a topical drug, and systemic absorption is 
minimal (EMA, 2007). In addition, there are no clinical data 
on exposed pregnancies available (GlaxoSmithKline, 2015).

Due to the minimal systemic absorption of retapamulin 
when used topically, the exposure a breastfeeding infant to 
the drug is likely to be negligible. No data are available as 
to whether retapamulin is excreted into breast milk (Glaxo-
SmithKline, 2015). 

4d.  Those requiring altered dosages

Dose adjustments are not necessary in any special popula-
tion groups (GlaxoSmithKline, 2015).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

In healthy adult subjects, the mean peak plasma retapamulin 
concentrations after topical application to 200 cm2 of abraded 
skin were 9.75 mg/l on day 1 and 8.79 mg/l on day 7. The 
highest recorded peak plasma retapamulin concentration was 
22.1 mg/l (GlaxoSmithKline, 2015). The majority of plasma 
samples taken from pediatric and adult patients, ages 9 
months or older, had nonsignificant levels of the retapamulin. 

5b.  Drug distribution

Drug distribution into tissue has not been studied in humans. 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Absorption of retapamulin through the skin is related to the 
surface area of skin exposed to the drug and not related to 
dose or exposure time (EMA, 2007). Application of retapam-
ulin with semi-occlusive and occlusive dressings is associ-
ated with enhanced absorption and results in a higher peak 
plasma retapamulin concentration compared with when no 
dressings are applied (EMA, 2007). One study involving 516 

patients with secondarily infected traumatic lesions had 89% 
of patients achieve a maximum plasma concentration (Cmax) 
below the level of quantification (EMA, 2007). The pharma-
cokinetic parameters are summarized in Table 90.2. Reta pa-
mulin is highly protein bound (94%) (Yang and Keam, 2008; 
GlaxoSmithKline, 2015; EMA, 2007). Human liver microsome 
studies have demonstrated that retapamulin is extensively 
metabolized by cytochrome P-450 (CYP3A4) (EMA, 2007). 
Pharmacokinetics have not been studied in specific patient 
population groups such as those younger than 2 years or 
those with renal or hepatic impairment, but the clinically 
insignificant systemic plasma levels in topical use mean that 
there is little cause for concern with regard to safety in these 
patient groups (GlaxoSmithKline, 2015).

5d.  Excretion

Excretion of retapamulin following systemic administration 
has not been investigated in humans.

5e.  Drug interactions

Studies in healthy adult subjects demonstrate an increased 
plasma retapamulin concentration in patients co-administered 
the CYP3A4 inhibitor ketoconazole. Interactions with other 
agents that induce or inhibit P-450 CYP3A4 may be possible 
but have not been demonstrated. Topical use of retapamulin 
with negligible systemic effects is unlikely to result in clini-
cally significant interactions with other drugs.

6. ADVERSE REACTIONS AND TOXICITY

The product specification listed application site irritation as a 
common adverse reaction (≥ 1 in 100 to < 1 in 10); contact 
dermatitis and application site pain, pruritus, and erythema 
are classed as uncommon (≥ 1 in 1000 to < 1 in 100), with 
application site burning sensation, angioedema, and hyper-
sensitivity classed as unknown because they cannot be esti-
mated from available data (GlaxoSmithKline, 2015). See 
Table 90.3 for summary of toxicity data.

In four phase III studies, tolerability was assessed in a 
total of 2115 patients. Retapamulin was reported to be well 
tolerated in all four trials, with most reported adverse events 
to be of mild to moderate severity; incidences of the majority 
of adverse events were ≤ 1% (EMA, 2007). See Table 90.3 for 
summary combined data of adverse events from the trials. 

Table 90.2. Serum levels of retapamulin after topical 
administration of retapamulin 1% ointment once a day for 
< 7 days.

Population Cmax ng/ml Tmax (h) AUC ng/ml per 24 h

Intact skin 3.65 22.4  49.6

Abraded skin 9.0 22.5 134.9

Abbreviations: AUC: area under the plasma concentration–time curve; Cmax: 
maximum plasma concentration; Tmax: median time to Cmax. 

Source: Yang and Keam, 2008.
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There were no serious adverse events that were considered to 
be treatment related in any of the trials.

The most commonly reported adverse events in the reta-
pamulin group were headache (2%), diarrhea (1%), applica-
tion site irritation (1%), and nasopharyngitis (1%) (Yang and 
Keam, 2008). Pooled data showed that the most commonly 
reported treatment-related adverse event in retapamulin was 
application site irritation (1.4%). This is comparable to the 
most frequently reported treatment-related adverse events of 
diarrhea (1.7%) with cephalexin and application site pruritus 
(1.4%) and paresthesia (1.4%) with placebo ointment (Yang 
and Keam, 2008). 

7. CLINICAL USES OF THE DRUG

The clinical efficacy of topical retapamulin 1% ointment had 
been evaluated using phase III randomized controlled trials 
for impetigo, secondarily infected dermatitis, and second-
arily infected traumatic lesions, but the drug is not licensed 
for infected dermatitis or secondarily infected traumatic 
lesions with abscesses (Free et al., 2006; Parish et al., 2006; 
Oranje et al., 2007; Koning et al., 2008). The clinical trials of 
retapamulin are summarized in Table 90.4. 

As with all antibacterials, the appropriate choice accord-
ing to sensitivities and resistance patterns, dose, and route 
of administration is paramount to ensure maximum clinical 
efficacy without the risk of toxicity or resistance develop-
ment. The clinical presentation will help determine a diag-
nosis, which helps direct the need for an empiric treatment; 
this should cover the most likely pathogens, such as S. aureus 
and S. pyogenes in the case of skin infections (Yang and 
Keam, 2008). It is recommended that skin swabs be taken 
as appropriate to help target treatment, especially if empiric 
treatment fails (Ladhani and Garbash, 2005). The known 
advantages of a topical route of administration include hav-
ing high targeted concentration of the drug at the site of 
infection, greater adherence to treatment, and few adverse 
events because of the limited systemic exposure from topi-
cal administration (Koning et al., 2012). With the limited 
choice of topical antibacterial agents available, such as fusidic 
acid and mupirocin, the development and availability of 
retapamulin give the drug an important place in therapy. To 
prevent resistance, it has been recommended that topical 
antibacterials such as retapamulin, fusidic acid, or mupiro-
cin should not be used for prolonged periods of more than 
2 weeks (Ravenscroft et al., 2003; Sule et al., 2007). As per 
the clinical trials, retapamulin is recommended for effective 
use only in impetigo and infected traumatic skin lesions 
without abscesses. Despite in vitro activity of retapamulin 
against MRSA, the trials involving patients with secondarily 
infected traumatic lesions demonstrated reduced efficacy 

Table 90.3. Summary of toxicity data for adult patients treated 
with retapamulin and a comparator.

Adverse event
Retapamulin 

(% of patients)
Comparator 

(% of patients)

Any related event+ 10.8 2.8

Application site pruritusa 2.27 0.41

Application site paresthesiaa 0.83 0.41

Application site irritationa 1.65 0

Application site painb 1.4 0

Pruritusa 0.62 0

Dry skinb 0.7 0

Paraesthesiab 0.7 0

Skin irritationb 0.7 0

Diarrhoeac < 1 0

Eosinophiliac < 1 0

Eye irritationc < 1 0

Headachec < 1 0

Hypersensitivityc 0 0

aIncludes 484 retapamulin-treated patients and 243 in comparator groups.
bBased on data from 139 retapamulin-treated patients and 71 comparator- 

treated patients.
cBased on data from 345 retapamulin-treated patients and 172 comparator- 

treated patients.
Sources: Compiled from the following references: Koning et al., 2008 and 

Oranje et al., 2007.

Table 90.4. Randomized controlled trials (RCTs) of retapamulin therapy.

Clinical condition Design Trial features Treatment regimens Outcome Reference

Impetigo RCT Adult and pediatric 
patients aged 9 months 
and older

Retapamulin 1% ointment, 
twice daily for 5 days

vs.
Placebo

Superiority Koning et al., 2008 

RCT Adult and pediatric 
patients aged 9 months 
and older

Retapamulin 1% ointment, 
twice daily for 5 days

vs.
Fusidic acid 2% ointment, 

twice daily for 5 days

Equivalent Oranje et al., 2007

Secondary infected 
traumatic lesions

RCT Retapamulin
vs.
Cephalexin

Equivalent Yang and Keam, 2008

RCT Retapamulin
vs.
Cephalexin

Equivalent Yang and Keam, 2008
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with retapamulin in patients who had MRSA (Yang and Keam, 
2008).

7a.  Impetigo

Two clinical trials of retapamulin in patients with impetigo 
have been conducted. Both trials used retapamulin 1% oint-
ment applied topically twice daily for 5 days (Oranje et al. 
2007, Koning et al. 2008).

Retapamulin demonstrated superiority over placebo in a 
randomized double-blind multicenter phase III trial. In this 
superiority study, 213 were randomized, with 139 patients 
randomized to retapamulin and 71 to placebo (Koning et al., 
2008). Patients above the age of 9 months were included. A 
successful clinical response was achieved in 85.6% of patients 
in the retapamulin group and 52.1% of patients in the pla-
cebo group (p < 0.0001). Results showed retapamulin to be 
superior to placebo in clinical response at end of therapy and 
follow-up.

The second study was a randomized, observer-blinded, 
noninferiority phase III trial comparing 1% topical retapam-
ulin ointment with 2% sodium fusidate ointment (Oranje et 
al., 2007). In total, 519 adult and pediatric patients older than 
9 months were randomized. Noninferiority was achieved if 
the lower limit of the 95% confidence interval (CI) for treat-
ment difference in the per-protocol clinical population was  
≥ −10%. This trial demonstrated comparable clinical effica-
cies between retapamulin ointment and sodium fusidate 
ointment with response rates of 94.8% and 90.1%, respectively. 
For clinical success rates, the comparison in the per-protocol 
clinical group, the lower limit of the 95% CI was more than 
−1%. 

In both trials, the majority of participants were children 
or adolescents, with 61.5% being younger than 13 years old 
in one trial (Oranje et al., 2007) and 83.3% aged 17 years old 
or younger in the other study (Koning et al., 2008). Overall 
failure rates at follow-up in both trials were lower in the reta-
pamulin group compared with the placebo or fusidic acid 
groups, but failure due to clinical recurrence was low in both 
the retapamulin and fusidic acid group of the comparative 
trial (3% vs. 5%) (EMA, 2007). 

7b.  Secondarily infected traumatic lesions 

Two identical noninferiority trials comparing topical 1% 
reta pamulin with oral cephalexin used a single randomiza-
tion protocol in patients with secondarily infected traumatic 
lesions (Free et al., 2006). The primary end point was clinical 
response at follow-up in the per-protocol population. Non-
inferiority was to be concluded if the lower limit of the 95% 
CI for treatment difference in the per-protocol population 
was ≥ −10%. 

Study A, which enrolled 996 patients, of whom 988 were 
treated, had a per-protocol population of 826 patients (83.6%) 
of the intention-to-treat population. Over 85% of patients in 
both the retapamulin and cephalexin groups had secondarily 

infected open wounds; the others had abscesses. The clinical 
success rate at follow-up with retapamulin was 88.7% versus 
91.9% with oral cephalexin. The between-groups difference 
was −3.2% with a 95% CI of −7.4 to 0.9, hence meeting the 
criterion for noninferiority (EMA, 2007; Yang and Keam, 
2008). 

The second study (study B) treated 916 patients of 922 
enrolled, with 766 (83.6%) making the per-protocol popula-
tion out of the intention-to-treat population. Again, around 
85% of the patients had infected open wounds, whereas the 
rest had simple abscesses. At follow-up, the clinical success 
rate with retapamulin was 90.4% versus 92.0% with cepha-
lexin in the per-protocol population. The between-groups 
difference was −1.6% (95% CI, −5.8 to 2.6), again meeting 
the criterion for noninferiority (EMA, 2007). 

These two identical noninferiority trials individually showed 
that topical retapamulin was noninferior to oral cepha lexin 
treatment for secondarily infected traumatic lesions without 
abscesses, as with the combined results. Retro  spective sub-
group analysis did, however, show that non inferiority was 
not achieved in patients with abscesses (between- groups dif-
ference of −4.2%; 95% CI, −12.8 to 4.4) (Yang and Keam, 
2008). It is, however, worth noting that the study was not 
powered for these subgroup analyses. Retapa mulin is there-
fore currently not indicated for lesions with abscesses. In 
addition, the analysis for clinical success taking into account 
the baseline pathogen showed that success rate in the 
retapamulin group was only 68.8% versus 88.5% in the ceph-
alexin group in MRSA infections. These results were consis-
tent within the individual studies as well as in the combined 
data, leading to the nonapproval for use in uncomplicated 
superficial MRSA skin infections (Yang and Keam, 2008).

7c.  Place in therapy

As with all antibacterials, the appropriate choice according 
to  sensitivities and resistance patterns, dose, and route of 
administration is paramount to ensure maximum clinical 
efficacy without the risk of toxicity or resistance develop-
ment. The clinical presentation will help determine a diagno-
sis, which helps direct the need for an empiric treatment; this 
should cover the most likely pathogens, such as S. aureus and 
S. pyogenes in the case of skin infections (Yang and Keam, 
2008). It is recommended that skin swabs be taken as 
appropriate to help target treatment, especially if empiric 
treatment fails (Ladhani and Garbash, 2005). The known 
advantages of a topical route of administration include hav-
ing high targeted concentration of the drug at the site of 
infection, greater adherence to treatment, and few adverse 
events because of the limited systemic exposure from topical 
administration (Koning et al., 2012). With the limited choice 
of topical antibacterial agents available, such as fusidic acid 
and mupirocin, the development and availability of retapam-
ulin give the drug an important place in therapy. To prevent 
resistance, it has been recommended that topical antibacteri-
als such as retapamulin, fusidic acid, or mupirocin should 
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not be used for prolonged periods of more than 2 weeks 
(Ravenscroft et al., 2003; Sule et al., 2007). As per the clini- 
cal trials, retapamulin is recommended for effective use only 
in impetigo and infected traumatic skin lesions without 
abscesses. Despite in vitro activity of retapamulin against 
MRSA, the trials involving patients with secondarily infected 
traumatic lesions demonstrated reduced efficacy with retapa-
mulin in patients who had MRSA (Yang and Keam, 2008). 
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Sulfonamides

Natasha E. Holmes and M. Lindsay Grayson

1. DESCRIPTION

The first sulfonamide (sulphonamide) compound of clinical 
importance, prontosil rubrum, was synthesized in Germany 
in 1932 and first used as a chemotherapeutic agent in 1935, 
initiating a new era in the treatment of infections. It was soon 
shown that the therapeutic action of this compound depended 
on its breakdown in the body into an inactive dye and an anti-
bacterial substance called sulfanilamide (p-amino- benzene 
sul fonamide), which had been synthesized in 1908. Sub- 
sequently, by manipulating chemical side chains, several 
thousand sulfonamides were synthesized, and some of these 
have clinical uses other than for chemotherapy, such as the 
oral hypoglycemic agent tolbutamide. It was observed that 
sulfanilamide could cause metabolic acidosis and act as a 
diuretic, and this was later shown to be due to its sulfamoyl 
group. Subsequent chemical manipulations of sulfanilamide 
led to the development of the sulfamoyl diuretics, such as the 
carbonic anhydrase inhibitors (e.g. acetazolamide), the thia-
zides, and frusemide (Feit, 1975). The history of the sulfon-
amides has been reviewed by Lerner (1991).

The therapeutic role of sulfonamides alone is steadily 
diminishing. However, a number of sulfonamides remain clin-
ically relevant in combination with other agents such as tri-
methoprim or pyrimethamine. The uses of sulfonamides in 
such combinations are mostly discussed in the chapter dedi-
cated to the combination agent (see Chapter 92, Trimethoprim 
and trimethoprim–sulfamethoxazole [cotrimoxazole]).

A classification of clinically useful sulfonamides based on 
their absorption and excretion patterns is shown in Table 
91.1, along with a brief outline of their availability. They may 
be divided into several groups:

• Short-acting sulfonamides: These compounds are readily 
absorbed from the gastrointestinal tract and are rapidly 
excreted.

• Medium-acting sulfonamides: These are well absorbed from 
the gastrointestinal tract but more slowly excreted so that 
administration every 12 hours is adequate. The structure 
of sulfamethoxazole is shown in Figure 91.1.

• Long-acting sulfonamides: Rapidly absorbed from the gas-
trointestinal tract but excreted slowly, these can be admin-
istered in a once-daily dose.

• Ultra–long-acting sulfonamides: Therapeutic serum and 
urine levels persist for up to 7 days after a single oral dose 
of 1–2 g of these drugs.

• Poorly absorbed sulfonamides: Most of the orally admin-
istered dose of these drugs is excreted unchanged in the 
feces, and their action is confined to the gut. These drugs 
are now rarely used.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The sulfonamides originally had a broad spectrum of activ-
ity, but the emergence of resistance has now significantly 
restricted their range. Usually only one sulfonamide is used for 
antimicrobial susceptibility testing, with the results obtained 
generally applicable to others in this drug class. Relative anti-
bacterial activity of various sulfonamides against “suscepti-
ble bacteria” varies to some extent. Of the commonly used 
short- acting sulfonamides, sulfadiazine appears to have the 
highest activity against most bacteria. Long-acting sulfon-
amides are said to have higher in vitro activity against Gram-
positive cocci than older compounds. Garrod et al. (1973) 
tested the in vitro activity of the sulfonamides under standard 
conditions and concluded, “There is very little indeed to choose 
between the antibacterial activities of the more potent sulfon-
amides.” The relative activity of sulfamethoxazole compared 
with trimethoprim is shown in Chapter 92, Trimethoprim 
and trimethoprim–sulfamethoxazole (cotrimoxazole).

GRAM-POSITIVE BACTERIA

Cocci such as Staphylococcus aureus, S. saprophyticus, Strep
tococcus pyogenes, S. pneumoniae, and viridans streptococci 
are susceptible, but enterococci are resistant. Topical silver 
sulfadiazine (SSD) has activity against mupirocin-resistant  
S. aureus (Schuenck et al., 2004) but may also stimulate exotoxin 
production (Edwards-Jones and Foster, 2002). Sulfasalazine 
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may block the toxic effects of staphylococcal enterotoxin B 
(Krakauer, 2015). Silvazine (SSD and chlorhexidine) is active 
in vitro against S. aureus (including methicillin-resistant 
strains) and coagulase-negative staphylococci (George et al., 
1997). Topical SSD also retains activity against multidrug- 
resistant (MDR) staphylococci, streptococci, and enterococci 
(Neely et al., 2009).

Stomatococcus mucilaginosus is variably susceptible (Mitchell 
et al., 1990). Gram-positive bacilli, such as Bacillus anthracis, 
Clostridium tetani, and C. perfringens (welchii), are also suscep-
tible. Most strains of B. cereus are inhibited by sulfonamides 
(Leading article, 1983a). The activity of sulfamethoxazole 
against Listeria monocytogenes is variable, some strains being 
highly susceptible and others being highly resistant (Winslow 
and Pankey, 1982). Strains of L. monocytogenes obtained 
from sheep with meningoencephalitis have demonstrated 
100% susceptibility to sulfisoxazole (Vela et al., 2001). There 
has been little change in antimicrobial susceptibility of L. mono
cytogenes to trimethoprim–sulfamethoxazole over a 38-year 
period from sterile-site clinical isolates in Brazil (Reis et al., 
2011).

Actinomycetes are commonly sulfonamide susceptible 
(Brown-Elliott et al., 2006). The Nocardia spp., including 
Nocar dia cyriacigeorgica, N. asteroides, N. farcinica, N. otiti
discaviarum, and N. brasiliensis, are usually susceptible, but 
some strains are resistant to very high sulfonamide concen-
trations (Bach et al., 1973; Berd, 1973; Dewsnup and Wright, 
1984; Wallace et al., 1988; Gombert et al., 1990; Lee et al., 
2001; Brown-Elliott et al., 2006). If small inocula are used in 
testing, however, most Nocardia isolates are susceptible to sul-
fonamides (Wallace et al., 1977). Lalitha et al. (2007) examined 
antibiotic susceptibilities and treatment outcomes of Nocardia 
keratitis. N. cyriacigeorgica, N. asteroides, N. farcinica, and  
N. otitidiscaviarum were all susceptible to sulfamethoxazole 
and trimethoprim–sulfamethoxazole. The susceptibility of 
various sulfonamides against N. asteroides was evaluated by 
Lee et al. (2001). Trimethoprim–sulfamethoxazole had the 
most activity, followed by sulfacetamide–trimethoprim in 
1:20 and 1:5 concentrations, and sulfacetamide alone. Other 
chemotherapeutic agents, such as ampicillin (Orfanakis et 
al., 1972), trimethoprim (see Chapter 92, Trimethoprim and 
trimethoprim–sulfamethoxazole [cotrimoxazole]), and pos-
sibly ciprofloxacin (Gombert et al., 1990), may potentiate the 
action of sulfonamides against Nocardia species. Topical sodium 
sulfacetamide combined with oral penicillin and surgical 
curettage has cured Actinomyces canaliculitis (Briscoe et al., 

2004) and endogenous Actinomyces endophthalmitis (Graffi 
et al., 2012).

GRAM-NEGATIVE BACTERIA

Enterobacteriaceae, such as Escherichia coli, Enterobacter, 
Klebsiella, Proteus, Yersinia, Salmonella, and Shigella spp., are 
sulfonamide susceptible although resistance is increasing. 
However, Providencia spp. are often resistant (Hawkey, 1984). 
The pathogenic Neisseriae (gonococci and meningococci) were 
initially susceptible; however, sulfadiazine-resistant strains 
of N. meningitidis emerged in the USA in the 1960s in the 
context of mass treatment of military recruit camp outbreaks 
(Brundage et al., 2002). Haemophilus influenzae type b, includ-
ing ampicillin-resistant strains, is susceptible; this organism 
can be inhibited by concentrations achievable in saliva (Ban-
natyne and Cheung, 1978). Often H. ducreyi is susceptible to 
sulfonamides, but the rates of susceptibility vary according to 
geographical location (Kraus et al., 1982; Dangor et al., 1990).

Most strains of Burkholderia pseudomallei are susceptible 
(Eickhoff et al., 1970). Some strains of Pseudomonas aerugi
nosa are susceptible. The effect of single and dual vs. triple 
combination therapy with trimethoprim, sulfadiazine, or 
sulfamethoxazole and ciprofloxacin on the development of 
resistance in strains of P. aeruginosa and B. cepacia has been 
studied (Richards et al., 1998). Triple therapy was associated 
with enhanced activity against all organisms, and the devel-
opment of resistance was repressed by this regimen com-
pared with single or dual therapy. At concentrations easily 
attainable by topical application, SSD is active against P. aeru
ginosa (Rosenkranz and Carr, 1972; George et al., 1997), 
although resistance is increasing. Topical SSD also retains 
activity against MDR Gram-negative organisms including Pseu
domonas and Acintetobacter spp. (Neely et al., 2009).

Legionella pneumophila is inhibited by sulfadiazine (Lewis 
et al., 1978). The fastidious, nonoxidative, Gram-negative 
organisms (termed Centers for Disease Control and Prevention 
[CDC] group NO-1), which are frequently associated with 
dog and cat bites and appear similar to nonacid-producing 
Acinetobacter spp., are susceptible to sulfonamides (Hollis et 
al., 1993). There has been increasing resistance to multiple 
sulfonamides in Pasteurella multocida subsp. multocida iso-
lated from Spanish pigs (Lizarazo et al., 2006). Trimethoprim–
sulfamethoxazole has reported activity against Brucella species, 
usually in combination with other antimicrobials (Roushan 
et al., 2004; Pappas et al., 2005; Ariza et al., 2007); however, 
there have also been reports of increasing resistance (Kinsara 
et al., 1999; Memish et al., 2000).

Trimethoprim–sulfamethoxazole has been used in the 
treatment of Whipple disease (Knaapen and Barrera, 2007). 
Tropheryma whipplei is intrinsically resistant to trimetho-
prim, so only the sulfonamide component is active against 
this organism (Lagier et al., 2014). Sulfadiazine susceptibility 
was evaluated in vitro for T. whipplei by Bakkali et al. (2008) 
with a sulfadiazine minimum inhibitory concentration (MIC) 
of 0.5–1.0 μg/ml against two strains of T. whipplei, and a sul-
famethoxazole MIC of 0.5 μg/ml. However, owing to clinical 

Figure 91.1. Structure of sulfamethoxazole—a key medium-  
acting sulfonamide. 
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Table 91.1. Classification of sulfonamide antibiotics.

Antibiotic Advantages/disadvantages and uses Availability

Short-acting sulfonamides Good gastrointestinal absorption, but rapid excretion

1. Sulfanilamide Historic interest, rarely used owing to low antibacterial 
activity

USA: 15% vaginal cream

Sulfacetamide High solubility; used in eye drops (rarely): low anti-
bacterial activity

AUS: 10% eye drops; USA: 
10% eye drops, 10% 
lotion

Sulfapyridine Used to treat dermatitis herpetiformis N/A

Sulfathiazole Historic interest, rarely used N/A

2. Sulfadiazine/sulfapyrimidine group:

Sulfadiazine (sulfapyrimidine) Potent; excellent CSF penetration; previously drug of 
choice for meningococcal meningitis; low solubility in 
urine

USA, UK: tablets

Sulfamerazine (sulfamethylpyrimidine) No special advantages; rarely used because relatively 
toxic

N/A

Sulfadimidine (sulfamezathine, sulfamethazine, 
sulfadimethylpyrimidine)

Effective and soluble in urine N/A

Silver sulfadiazine Nonabsorbable, topical agent for burns and wounds AUS, USA, UK: 1% cream

3. Sulfasomidine (sulfadimethine) Soluble in urine; low toxicity; rapidly excreted; useful 
treatment of UTI

N/A

Sulfafurazole (sulfisoxazole) Similar to sulfasomidine N/A

Sulfamethizole (sulfamethylthiodiazole) Similar to sulfasomidine, but too rapidly excreted for 
treatment of systemic infections

N/A

4. Sulfasalazine (Salazopyrin) 5-aminosalicyclic acid/sulfapyridine conjugate AUS: tablets
USA: tablets, suspension
UK: tablets, suspension, 

suppository

5. Mafenide (marfanil, Sulfamylon) Not inactivated by para-aminobenzoic acid
Mafenide acetate cream used in treatment of burns

USA: 5% solution

Medium-acting sulfonamides

Sulfamethoxazole Well absorbed; slowly excreted; twice-daily dosing.
Used in combination with trimethoprim as cotrimoxazole

AUS, USA, UK: tablets, 
suspension and injection

Long-acting sulfonamides Rapidly absorbed; slowly excreted; once-daily dosing

1. Sulfamethoxypyridazine First of the long-acting sulfonamides; serum half-life 40 h N/A

2. Sulfadimethoxine, sulfaphenazole, 
 sulfamethoxydiazine (Kirocid)

Similar to sulfamethoxypyridazine; sulfamethoxydiazine 
is less protein bound than other agents in this group 
(75% vs. 90–95%)

N/A

3. Sulfasymazine Serum half-life 26 h; used once or twice daily for UTI N/A

Ultra–long-acting sulfonamides Single dose results in therapeutic serum and urine levels 
for 7 days

1. Sulfadoxine Used in combination with pyrimethamine (Fansidar) for 
treatment and prophylaxis of malaria

AUS, USA, UK: tablets

2. Sulfametopyrazine (sulfalene) Used as single-dose treatment for UTI N/A

Poorly absorbed sulfonamides Excreted unchanged in feces; action confined to gut; 
rarely used

Sulfaguanadine N/A

Succinylsulfathiazole N/A

Phthalylsulfathiazole (Thalazole) N/A

Abbreviations: USA: United States of America; AUS: Australia; N/A: not available in USA, Australia, or UK, but may be available in other regions; UK: United 
Kingdom; UTI: urinary tract infection.
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failures reported with trimethoprim–sulfamethoxazole (Lagier 
et al., 2014), a more recent study has shown T. whipplei to be 
resistant to sulfadiazine in 16 of 17 isolates tested (Fenollar et 
al., 2014).

Most Bacteroides fragilis strains and some other anaer-
obes may be susceptible to sulfonamides, but the degree of 
susceptibility depends on the laboratory technique used 
(Phil lips and Warren, 1976). Gardnerella vaginalis and Bac
teroides organisms (other than B. fragilis) associated with 
nonspecific vaginitis are resistant to sulfonamides, although 
they may be inhibited by high concentrations of sulfon-
amides released by topical vaginal sulfonamide preparations 
(Jones et al., 1982).

CHLAMYDIA

Sulfonamides are active against the serotypes of Chlamydia 
trachomatis that cause lymphogranuloma venereum, tra-
choma, inclusion body conjunctivitis, and nonspecific (chla-
mydial) urethritis (Toomey and Barnes, 1990). C. psittaci 
and C. pneumoniae (C. psittaci strain TWAR) are resistant to 
sulfonamides (Kuo and Grayston, 1988).

MYCOBACTERIA

Long-acting sulfonamides such as sulfanilamide and sulfa-
methoxypyridine are bacteriostatic against Mycobacterium 
leprae (MIC 30 μg/ml), and strains that are resistant to the 
sul fone dapsone are also sulfonamide resistant (Faget et al., 
1942; Report of a WHO Study Group, 1982). Trimethoprim–
sulfamethoxazole, sulfamethoxazole, and sulfadiazine have 
activity against M. avium complex subspecies including  
M. avium subsp. avium and subsp. paratuberculosis, M. intra
cellulare, and M. chimaera (Muhammed Ameen and Dran-
court, 2013). Trimethoprim–sulfamethoxazole has also been 
used for M. marinum (AlKhodair and Al-Khenaizan, 2010), 
and isolates have demonstrated > 90% susceptibility to sulfa-
methoxazole (Wu et al., 2012). Sulfapyridine has minimal 
activity against M. avium subsp. paratuberculosis (Shin and 
Collins, 2008) but shows activity against M. avium subsp. 
avium (Greenstein et al., 2007). Experimental dihalogenated 
sulfanilanilides have demonstrated activity against M. avium 
(Chio et al., 1996).

So-called atypical mycobacteria are very variable in their 
antibiotic susceptibility patterns. Sulfamethizole, sulfisoxa-
zole, sulfamethoxazole, and sulfadimethoxine appear to be 
effective against many strains of M. kansasii and some strains 
of M. aviumintracellulare and M. fortuitum (Hejný, 1982). 
Ahn et al. (1987) found that 26 of 28 strains of M. kansasii 
(both wild and treatment failure isolates) were highly suscep-
tible to sulfamethoxazole (MIC ≤ 4 μg/ml) in vitro and that 
treatment combinations that included this sulfa had a high 
cure rate in humans. A number of authors have found the 
majority of M. fortuitum strains to be susceptible to sulfame-
thoxazole and sulfisoxazole but M. chelonae to be resistant 
(Wallace et al., 1981; Rodloff, 1982; Swenson et al., 1985). Fur- 
ther investigation into novel compounds with anti my co bac-
terial activity such as galactofuranose-based sulfona mides is 
under way (Owen et al., 2007). 

Topical SSD was used in combination with clarithromycin 
and hyperthermia in the treatment of cutaneous M. ulcerans 
ssp. shinshuense infection (Kondo et al., 2009). M. abscessus is 
generally resistant to sulfamethoxazole (Huang et al., 2010; 
Nessar et al., 2012; Nunes Lde et al., 2014). The rapidly grow-
ing M. septicum demonstrated susceptibility to sulfamethox-
azole in a case of pulmonary infection from China (Lian et 
al., 2013), and sulfamethoxazole was used in combination 
with clarithromycin to cure a case of M. terrae complex 
native knee joint infection (Lembo et al., 2012). M. massil
iense isolates during an outbreak of postsurgical infections in 
Brazil were resistant to sulfamethoxazole (Monego et al., 2011).

More recent studies have re-established activity of sulfon-
amides against M. tuberculosis complex. Forgacs et al. (2009) 
reported that 98% of M. tuberculosis isolates were susceptible 
to trimethoprim–sulfamethoxazole at concentrations of ≤ 1/19 
μg/ml, similar to concentrations for M. kansasii, M. marinum, 
and some rapidly growing mycobacteria. Sulfamethoxazole 
demonstrated activity against clinical M. tuberculosis isolates 
from Australia at concentrations of 4.75–38 μg/ml (Ong et 
al., 2010) and was also active against MDR and extensively 
drug-resistant (XDR) M. tuberculosis isolates in Taiwan with 
an MIC90 of 9.5 μg/ml (Huang et al., 2012). Clinical as well as 
laboratory-derived XDR M. tuberculosis isolates demonstrated 
MIC90 of 10 μg/ml for both trimethoprim–sulfamethoxazole 
and sulfadiazine (Ameen and Drancourt, 2013). Novel nitro-
triazole- and imidazole-based sulfonamides have also shown 
in vitro antituberculosis activity (Papadopoulou et al., 2014). 
Sulfamethoxazole has higher activity against extracellular 
rather than intracellular M. tuberculosis, with an intracellular 
MIC90 of 76 μg/ml among drug-susceptible MDR and XDR 
isolates (Davies Forsman et al., 2014); this suggests that sul-
famethoxazole should be used within the first few months of 
therapy for maximum potential therapeutic benefit.

OTHER MICROORGANISMS AND VIRUSES

Mycoplasma, Ureaplasma urealyticum (Toomey and Barnes, 
1990), Treponema, Leptospira (Murray et al., 2004; Miraglia 
et al., 2013), Rickettsia, and Coxiella burnetii are sulfonamide 
resistant.

At a concentration of 10 μg/ml, SSD inhibits herpes sim-
plex virus types 1 and 2 in vitro (Chang and Weinstein, 1975b) 
and prevents acute herpetic keratoconjunctivitis in rabbits 
(Chang and Weinstein, 1975c). SSD also has activity against 
Treponema pallidum (Chang and Weinstein, 1975a), but this 
has little clinical relevance.

PROTOZOA

Sulfonamides and other related drugs (dapsone, sulfamoxole, 
sulfamethoxazole, sulfadoxine, sulfadiazine) inhibit Plasmo
dium falciparum and P. vivax in vitro, and infected erythro-
cytes have been shown to take up more sulfamethoxazole 
than uninfected erythrocytes, suggesting that the intrapara-
sitic concentrations of these drugs could be much higher 
than the extracellular concentrations (Zhang and Meshnick, 
1991). Sulfamethoxypyrazine has also been incorporated into 
fixed-dose artesunate combination therapies (ACTs) with 
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pyrimethamine for treatment of malaria (Ayede et al., 2010; 
Jansen, 2011; Sagara et al., 2009), and sulfalene has been  
used with amodiaquine and pyrimethamine (Okafor et al., 
2010). However, malarial parasites have become sulfonamide 
resistant in many regions (see section 7, Clinical uses of the  
drug).

Sulfadiazine, sulfamethoxazole, and sulfisoxazole are ac- 
tive against Toxoplasma gondii both in vitro and in vivo 
(Mene ceur et al., 2008)—with a synergistic effect observed 
between sulfadiazine combined with pyrimethamine, 
 trimetrexate–glycuronate, azithromycin (Bosch-Driessen et 
al., 2002), piritrexim, and novel quinuclidine inhibitor com-
pounds (Martins-Duarte et al., 2006), as well as sulfisoxazole–
pyrimethamine and trimethoprim–sulfamethoxazole (Derouin 
and Chastang, 1988; Harris et al., 1988; Derouin and Chas-
tang, 1989; van der Ven et al., 1996). In vivo studies in mice 
suggest that a combination of sulfadiazine and pyrimeth-
amine results in greater toxoplasma parasite clearance and 
lower relapse rates than sulfadiazine, pyrimethamine, or 
clindamycin given alone (Piketty et al., 1990). However, nat-
ural resistance to sulfadiazine in T. gondii has been observed, 
and the mechanisms have not been fully elucidated (Doliwa 
et al., 2013). Experimental dihalogenated sulfanilanilides 
have demonstrated activity against T. gondii and Pneumocystis 
carinii (Chio et al., 1996). These compounds demonstrated 
inhibitor concentration in which the binding is reduced by 
half (IC50) results 7- to 30-fold lower than sulfadiazine for  
T. gondii as well as 33–95% growth inhibition compared with 
9% for sulfamethoxazole against P. carinii.

Sulfamoxole, sulfaquinoxaline, and dapsone are inhibi-
tory in vitro to Leishmania major promastigotes (the insect 
stage), but the mode of activity may not be by the classic 
route of inhibition of de novo folate synthesis, and the clinical 
efficacy of sulfa drugs in leishmaniasis has been questioned 
(Peixoto and Beverley, 1987). Nevertheless, sulfamethoxy-
pyrazine combined with artesunate and pyrimethamine has 
recently been used for treatment of cutaneous leishmaniasis 
(Adam and Hagelnur, 2009).

Pneumocystis jirovecii (formerly carinii) contains dihy-
dropteroate synthetase activity that is inhibited by sulfon-
amides including sulfamethoxazole, sulfadoxine, dapsone, 
and least by sulfadiazine and sulfanilamide in vitro (Merali et 
al., 1990). AntiPneumocystis sulfonamide activity has been 
confirmed in experimental models of P. carinii pneumonia in 
rats, in which sulfonamides and sulfones appear to be most 
active (Walzer et al., 1992b; Hughes and Killmar, 1996). 
Improved efficacy was not demonstrated by the addition of a 
dihydrofolate reductase inhibitor such as trimethoprim or 
pyrimethamine in this model (Walzer et al., 1992a; Walzer  
et al., 1992b; Hughes and Killmar, 1996). In this murine  
P. carinii model sulfamethoxypyridazine was more efficacious 
than sulfamethoxazole (Bartlett et al., 1998). Concurrent 
treatment of T. gondii and P. jirovecii with sulfonamide- 
containing regimens also occurs, especially in HIV-positive 
patients (Tsai et al., 2002) (see Chapter 92, Trimethoprim 
and trimethoprim–sulfamethoxazole [cotrimoxazole], and 
Chapter 93, Pyrimethamine).

A study demonstrated antischistosomal activity with the 
antimalarial combination artesunate–sulfamethoxypyrazine–
pyrimethamine (Adam et al., 2008); however, it was the 
activity of the artemisinin derivatives that conferred this 
benefit, not the sulfamethoxypyrazine–pyrimethamine. In 
addition this combination has less efficacy for treatment of 
schistosomiasis compared with praziquantel (Mohamed et 
al., 2009; Obonyo et al., 2010; Sissoko et al., 2009). 

Sulfonamides may also play a role in the treatment of 
diarrhea caused by Cyclospora cayetanensis (trimethoprim–
sulfamethoxazole) (Herwaldt, 2000; Kansouzidou et al., 
2004; Türk et al., 2004; Sancak et al., 2006) and Isospora belli 
(sulfadiazine–pyrimethamine) (Ebrahimzadeh and Bottone, 
1996; Verdier et al., 2000) (see Chapter 92, Trimethoprim 
and trimethoprim–sulfamethoxazole [cotrimoxazole], and 
Chapter 93, Pyrimethamine).

FUNGI

Paracoccidioides brasiliensis (causative agent of South Ameri - 
can blastomycosis) is usually susceptible to sulfonamides, 
but resistant strains occur naturally, and strains with acquired 
resistance may emerge during treatment (Restrepo and 
Arango, 1980; Hahn et al., 2003). Sulfadiazine has been used 
most widely, and some authors recommend the combination 
of trimethoprim and sulfadiazine (cotrimazine) for patients 
with sulfadiazine-resistant strains (Brummer et al., 1993). 
Sulfadiazine was equally as effective as itraconazole or keto-
conazole in the treatment of moderately severe paracoc-
cidioidomycosis (Shikanai-Yasuda et al., 2002) (see Chapter 
152, Ketoconazole, and Chapter 154, Itraconazole).

Sulfonamides have an effect on infections due to His to
plasma capsulatum (Goodwin et al., 1980) and have been 
used in combination with trimethoprim to treat H. capsulatum 
var. duboisii (Loyd et al., 1990). Sulfadiazine has no activity 
against Exophiala spinifera when used alone but demon-
strates synergy with itraconazole (Vitale et al., 2003).

Sulfonamides have demonstrated antifungal activity in 
vitro against Aspergillus species and are synergistic with other 
agents for Paracoccidioides brasiliensis, Candida albicans, and 
Exophiala spinifera (Afeltra et al., 2001; Afeltra and Verweij, 
2003; Hanafy et al., 2007). For A. fumigatus, MIC values were 
64 μg/ml for sulfamonomethoxine, sulfadiazine, sulfame-
thoxazole, and sulfaphenazole and 128 μg/ml for sulfadime-
thoxine and sulfisoxazole. No activity was observed with 
MIC values of ≥ 256 μg/ml for sulfisomidine, sulfamethizole, 
and sulfamethoxypyridazine. Sulfamethoxazole, alone or in 
combination with trimethoprim, sulfadiazine, and sulfame-
thoxypyridazine, demonstrated activity against A. fumigatus, 
A. niger, A. flavus, A. oryzae, and A. nidulans (Afeltra et  
al., 2002; Hida et al., 2005). Trimethoprim alone had no 
activity. None of the sulfonamides had significant activity 
against A. ustus or A. terrus. Prophylactic doses of trimetho-
prim–sulfamethoxazole at 160–800 mg daily should achieve 
peak sulfamethoxazole blood levels between 40 and 60 μg/
ml, equal to or above the MIC of 19 of 20 A. fumigatus  
isolates (Afeltra et al., 2001). Metal-based complexes with 
sulfacetamide derivatives have also shown in vitro activity 
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comparable to ketoconazole against Aspergillus and Candida 
spp. (Mastrolorenzo and Supuran, 2000). The clinical rele-
vance of these in vitro observations is uncertain.

Various sulfonamides have moderate to high activity 
against Cryptococcus neoformans var. grubii (Hanafy et al., 
2007), with MIC values of 4–8 μg/ml observed for sulfa-
phenazole, 32 μg/ml for sulfamethoxazole, and 64–128 μg/ml 
for sulfisoxazole. No activity (MIC ≥ 256 μg/ml) was seen 
with sulfamonomethoxine, sulfadimethoxine, sulfadiazine, 
sulfisomidine, sulfamethizole, or sulfamethoxypyridazine.

SSD is active against a number of dermatophytes such as 
the Microsporum and Trichophyton spp. and Epidermophyton 
floccosum (Speck and Rosenkranz, 1974). SSD demonstrated 
efficacy against fungal keratitis when compared with a range 
of different topical agents including itraconazole, miconazole, 
and chlorhexidine in a small number of small studies evalu-
ated in a Cochrane review by FlorCruz et al. (2012) and sub-
sequently updated by FlorCruz and Evans (2015).

Novel sulfonamide derivatives and analogues have shown 
promising broad antimicrobial activity in vitro against Gram-
positive and Gram-negative bacteria and fungi (Aday et al., 
2015; Konda et al., 2015; Ozbek et al., 2007), although these 
compounds have not yet been studied further.

FREE-LIVING AMEBAE

In vitro susceptibility testing of Acanthamoeba has demon-
strated efficacy with a variety of antimicrobial compounds 
including trimethoprim–sulfamethoxazole and sulfadiazine 
(Carter et al., 1981; Singhal et al., 2001; Schuster and Vis ves-
vara, 2004). Sulfadiazine has demonstrated amebicidal activ-
ity in vitro with Balamuthia spp. (Deetz et al., 2003; Jung et 
al., 2004; Tavares et al., 2006).

2b.  Emerging resistance and 
cross-resistance

Resistance is now common among many of the bacterial 
 species previously described as “classically” sulfonamide sus-
ceptible. Various mechanisms have been implicated for resis-
tance to sulfonamides (Hamilton-Miller, 1979; Huovinen, 
2001). Acquired resistance to sulfonamides occurs as a result 
of chromosomal mutations in the target genes that encode 
dihydropteroate synthetase (DHPS) and dihydrofolate reduc-
tase (DHFR) (Knaapen and Barrera, 2007), as well as plas-
mid-mediated resistance (Rådström et al., 1991; Huo vi nen et 
al., 1995).

GRAM-POSITIVE BACTERIA

Some strains of all the Gram-positive bacteria are sulfon-
amide resistant, and resistant strains may also emerge in vivo 
during treatment. Although resistance of group A beta- 
hemolytic streptococci to sulfadiazine appeared and spread 
rapidly among military recruits at the end of World War II, 
this does not appear to be a continuing problem (Your as-
sowsky et al., 1974; Finland et al., 1976). Sulfonamide resis-
tance in S. pyogenes is conferred by mutations in DHPS that 

have been introduced by gene transformation rather than by 
the acquisition of point mutations (Swedberg et al., 1998). 
Two amino acid duplications or insertions within the sulA 
gene of DHPS conferred sulfonamide resistance in pneumo-
cocci (Maskell et al., 1997; Triglia et al., 1997). Removal of a 
six–base pair duplication in S. pneumoniae led to 35-fold 
reduction in Ki (inhibition constant) for sulfathiazole (Haasum 
et al., 2001). Carriage of trimethoprim– sulfamethoxazole-
resistant pneumococci is prevalent in African children treated 
with sulfadoxine–pyrimethamine for malaria (Feikin et al., 
2000). Single amino acid mutations in DHPS confer resis-
tance in staphylococci (S. aureus, S. haemolyticus).

GRAM-NEGATIVE BACTERIA

Resistance of Gram-negative organisms to sulfonamides is 
commonly mediated by plasmids. There are at least two 
genes (sul I and sul II) encoding plasmid-borne sulfonamide 
resistance. Both encode a drug-resistant DHPS enzyme. 
Among Enterobacteriaceae isolated from several sources 
around the world, plasmid-mediated resistance to sulfon-
amides has been shown to be encoded by sul I, sul II, or both 
(Rådström et al., 1991; Huovinen, 2001). These genes become 
stably integrated into transposons and plasmids that are 
widely disseminated among Gram-negative bacteria. Sul I is 
almost exclusively found on large conjugative plasmids and 
harbors a site-specific recombination system for the integration 
of various antibiotic resistance genes (Sundström et al., 1988). 
Most known trimethoprim resistance genes are associated 
with sul I–containing integrons (Sundström and Sköld, 1990; 
Råd ström et al., 1991). Sul II is frequently observed on small 
nonconjugative plasmids, where it is genetically linked to 
a  streptomycin resistance gene (Rådström and Swedberg, 
1988). The few strains that carry neither sul I nor sul II often 
show low-level resistance to sulfonamides, which is probably 
chromosomally mediated (Rådström et al., 1991). Mutations 
contributing to sulfathiazole resistance in E. coli were mapped 
to a folP mutation in the DHPS gene (Vedantam et al., 1998). 
Transfer of the mutant folP allele to the wild-type resulted in 
only low-level resistance, and other resistance determinants 
were detected, for example sur and sux.

Trends in resistance to trimethoprim–sulfamethoxazole 
for various organisms (including S. aureus and Entero bac-
teria ceae) in San Francisco (Martin et al., 1999) have paralleled 
the use of trimethoprim–sulfamethoxazole as prophylaxis in 
HIV-positive individuals. Resistance was higher in the HIV-
positive population (6.3% of isolates in 1988, increasing to 
53% in 1995); however, small increases in resistance were 
noted in HIV-negative individuals.

Sulfonamide-resistant E. coli and all other Entero bac teria-
ceae are now common, especially in hospitals (Gundogdu et 
al., 2011). Community isolates with sulfonamide resistance are 
now occurring in symptomatic and asymptomatic patients. 
In the UK, hospital-acquired infections due to Entero bac-
teria ceae during the late 1970s to early 1980s had a 50–60% 
incidence of sulfonamide resistance (Hamilton-Miller, 1979; 
Gross et al., 1982). In a review of antimicrobial resistance in 
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E. coli in the USA from 1950 and 2002, sulfonamide resis-
tance increased to 50% in humans and 73% in food animals 
(Tadesse et al., 2012). In Oslo, Norway, 35% of all Enter o-
bacteriaceae isolated from hospital-drawn blood cultures 
in 1989 were resistant to sulfonamides (Scheel and Iversen, 
1991). Among community isolates of E. coli in Denmark, 
22–47% of isolates were resistant to sulfamethizole, which is 
used as first-line treatment for uncomplicated urinary tract 
infections. Of these isolates, 97% contained sul I, sul II, or 
both (Kerrn et al., 2002). Sulfonamide resistance is also com-
mon in developing countries. In a study that examined fecal 
E. coli isolates from travelers who took no antibiotics prior 
to, during, or after travel to Mexico, the incidence of sulfon-
amide-resistant fecal carriage of isolates rose from 55% pre-
travel to 100% 6 weeks later (Murray et al., 1990). Fecal 
samples from healthy volunteers in Minnesota also demon-
strated sulfonamide resistance (Sannes et al., 2004). Shiga 
toxin–producing E. coli strains from humans, cattle, sheep, 
and food during 1992–1999 were evaluated in Spain (Mora et 
al., 2005); 36% of isolates demonstrated resistance to sulfisox-
azole and 8% to trimethoprim–sulfamethoxazole. Sulfo na-
mide resistance in E. coli persists unchanged despite the 
decline in use of the antibiotic in empirical treatment of uri-
nary tract infections in the UK (Enne et al., 2001; Bean et al., 
2005).

The majority of Shigella spp. strains are now resistant to 
sulfonamides. In North America and the UK in the 1960s 
and 1970s, about 60–80% of clinical isolates were sulfon-
amide resistant (Haltalin and Nelson, 1965; Davies et al., 1970; 
Gordon et al., 1975), whereas in Sweden during the period 
1977–1980, 64% of isolates were resistant (Hansson et al., 
1981). These high rates of resistance have persisted through-
out the world, with 70–80% resistance (frequently MDR) in 
Bulgaria in 1983–1987 (Bratoeva and John, 1989), 76–80% 
resistance in China (Zhang et al., 2014a), 90% resistance in 
Kenya (Njuguna et al., 2013), and 95% resistance among 
Nairobi AIDS patients in 1990–1991 (Kruse et al., 1992).

Resistance to sulfonamides among Salmonella spp. is now 
reasonably common. During the early 1970s in California, 
40% of Salmonella enterica serotype Typhimurium and 16.5% 
of S. typhi were sulfonamide resistant (Bissett et al., 1974), but 
this rate has steadily increased along with MDR, including 
resistance to cotrimoxazole (Ryder et al., 1980; Pilantanapak 
et al., 1990; Dowd et al., 2008) (see Chapter 92, Trimethoprim 
and trimethoprim–sulfamethoxazole [cotrimoxazole]). Human 
and animal isolates of Salmonella enterica serotype Typhi
murium have continued to demonstrate sulfonamide resistance 
in the USA (Wedel et al., 2005; Keelara et al., 2014), Denmark 
(Emborg et al., 2008), and Canada (Farzan et al., 2008; Zhang 
et al., 2014b). There are higher rates of resistance among 
Taiwanese Salmonella clinical isolates compared with those 
from Denmark (Torpdahl et al., 2013). Uniform resistance to 
sulfisoxazole as well as a variety of other antimicrobials was 
detected in human, animal, and environmental isolates of 
this organism during an outbreak in the USA associated with 
pet rodents (Swanson et al., 2007). Clinical outcomes are worse 

in patients with antimicrobial-resistant nontyphoidal Sal
monella infections (Krueger et al., 2014). Open reading frame 
1 (ORF1) from Salmonella enterica serovar Choleraesuis demon-
strates similarity to the DHPS encoded by the sul II gene 
from plasmids in certain Enterobacteriaceae (Haneda et al., 
2004). Salmonella and E. coli strains carrying ORF1 conferred 
sulfathiazole resistance. Plasmid-mediated AmpC-type CMY 
(Folster et al., 2011) and CTX-M–type beta-lactamases 
(Sjolund-Karlsson et al., 2011) have been detected in resis-
tant Salmonella spp.

O’Grady et al. (1976) found sulfonamide resistance to be 
relatively uncommon among Vibrio cholerae isolates (4 of 
1156 strains), but subsequently multiple antibiotic-resistant 
O-group 1 V. cholerae strains have been responsible for out-
breaks of disease in Tanzania and Bangladesh. Plasmid-
mediated resistance was noted to tetracycline, ampicillin, 
kanamycin, streptomycin, and cotrimoxazole (WHO, 1980). 
MDR V. cholerae in the 1994 outbreak in Albania and Italy 
demonstrated 100% resistance to sulfathiazole (Falbo et al., 
1999). Resistance genes were transferable by a conjugative 
plasmid. Sulfisoxazole-resistant cholera was present during a 
recent outbreak in Haiti (CDC, 2010), and sulfamethoxazole 
resistance was present during an outbreak in southwestern 
India (Jain et al., 2011).

Sulfonamide resistance among H. influenzae has been rel-
atively uncommon with 5.3% resistance in the UK in 1981–
1982 and 2.6% resistance in Ireland in 1988 (Mehtar and 
Aminiafshar, 1983; Howard and Williams, 1989). Wide regional 
differences exist, however, with up to 64% of isolates in Spain 
being resistant to cotrimoxazole (Campos et al., 1984; Jor- 
gensen, 1992) and up to 68% resistance to sulfamethoxazole 
in children younger than 5 years of age in Beijing (Zhu et  
al., 2015). Sulfonamide resistance in H. influenzae is medi-
ated by a number of mutations, including sul II gene, and 
insertions and missense mutations in the folP gene (Enne  
et al., 2002). There was coexisting streptomycin resistance  
in highly sulfonamide-resistant, sul II–containing strains of 
H. influenzae.

Resistance of H. ducreyi to both sulfonamides and tetracy-
clines is now common throughout the world but particularly 
in Africa, Singapore, and Thailand (Sng et al., 1982; Dangor et 
al., 1990). This resistance is mediated by a nonconjugative 
plasmid closely related to plasmids found in the Entero bac-
teriaceae (Albritton et al., 1982; Fast et al., 1983).

Sulfonamide-resistant gonococci became common among 
troops during World War II, when these drugs were exten-
sively used for treatment of gonorrhea. Subsequently, in many 
parts of the world, such as Southeast Asia, a high percentage 
of gonococcal strains have become resistant to sulfonamides 
(Report of a WHO Scientific Group, 1978).

Sulfonamide-resistant meningococci are common in many 
parts of the world. Sulfadiazine-resistant N. meningitidis is 
highly prevalent in the African meningitis belt (Hedberg 
et al., 2009). Although sulfonamide-resistant meningococci 
were once thought to release more endotoxin than suscep-
tible strains, this has now been disproven, and there is no 
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relationship between sulfonamide resistance and mortality 
from meningococcal disease during outbreaks (Andersen et 
al., 1987). Such resistance is generally plasmid mediated 
(Facinelli and Varaldo, 1987) but may also be chromosom-
ally mediated (Kristiansen et al., 1990). Polymorphisms in 
the folP gene encoding DHPS confer sulfonamide resistance 
in meningococci (Triglia et al., 1997; Jorgensen et al., 2005), 
particularly insertions. Qvarström and Swedberg (2000) 
demonstrated two patterns of resistance: type 1 resistance 
has a low sequence divergence and is similar to wild-type 
genes; type 2 resistance has sequence divergence up to 10% at 
a large number of positions from the wild-type DHPS. A 
mutation at position 68 with an insertion of six base pairs 
leading to a Ser-Gly insertion is associated with higher levels 
of sulfonamide resistance than other mutations. Alterations 
in codon 228 also confer sulfonamide resistance in meningo-
cocci (Bennett and Cafferkey, 2003).

Increased resistance in meningococci to sulfonamides 
was observed during epidemics in World War II, and spo-
radic cases occurred in the 1950s (Peltola, 1983). Resistant 
meningococci then became prevalent in both military (Mil-
lar et al., 1963) and civilian populations in the USA in the 
early 1960s (Feldman, 1986). In the USA and Canada, rates 
of sulfonamide resistance among meningococci have fluctu-
ated over the past four decades, as have the predominant 
serotypes associated with disease, with rates of resistance of 
30–77% observed (Leedom et al., 1967; Jacobson et al., 1975; 
CDC, 1976; Marks et al., 1979; Counts and Petersdorf, 1980; 
Band et al., 1983; Pinner et al., 1991). In Norway, since 1974, 
approximately 90% of clinical pathogenic strains have been 
sulfonamide resistant (Kristiansen et al., 1988, Kristiansen et 
al., 1990); similarly, other countries have also noted increased 
rates of resistance (Wright and Plorde, 1970; WHO, 1971; 
Abbott and Graves, 1972; Holmgren and Tunevall, 1973; De 
Morais et al., 1974; Leading article, 1974a; WHO, 1974; Salmi 
et al., 1976; WHO, 1979; Peltola et al., 1982; Fallon, 1983; 
Grigor, 1983; Peltola, 1983; Abadi et al., 1999; Ferreira et al., 
2006) with clonality observed between geographically distant 
outbreaks (Salih et al., 1990). Meningococcal isolates recov-
ered between 1917 and 2004 from 15 countries were evalu-
ated for resistance by Jorgensen et al. (2005) and demonstrated 
more than 20% resistance to sulfisoxazole and trimethoprim–
sulfamethoxazole. N. meningitidis serogroup W135 sequence 
type 11 isolates were all resistant to sulfamethoxazole in a 
recent regional outbreak in China (Hu et al., 2014). 

The presence of the C682A mutation in the folP gene of  
N. meningitidis from a variety of clinical isolates and sero-
types worldwide was associated with significant sulfisoxazole 
resistance (Fiebelkorn et al., 2005). Sulfonamide resistance 
remains common today despite the discontinuation of the use 
of these agents in meningococcal disease. Sulfonamide resis-
tance has been associated with increased mortality, even 
when these agents were not used in therapy (Fiebelkorn et 
al., 2005). Sulfonamide-resistant strains of oral commensal 
Neisseria species have been isolated from patients not exposed 
to sulfonamides (Qvarström and Swedberg, 2002). Resistant 
isolates were found in mixed populations with susceptible 

strains. Sulfonamide-resistant commensal Neisseria is proba-
bly not the origin of sulfonamide resistance in N. meningiti
dis due to sequence divergence (Qvarström and Swedberg, 
2000).

Other Gram-negative organisms displaying sulfonamide 
resistance include MDR Acinetobacter baumannii (Yin et al., 
2008) as well as C. jejuni (Gibreel and Sköld, 1999) and Heli
cobacter pylori (Huovinen, 2001). In a study of P. aeruginosa 
colonization in a burn wound center in Belgium, one of two 
genotypes responsible for recurrent outbreaks and coloni-
zation of patients (particularly cutaneous strains) developed 
resistance to SSD (Pirnay et al., 2003). There has also been a 
significant increase in sulfonamide resistance in avian and 
porcine strains of Pasteurella multocida (Shivachandra et al., 
2004; Lizarazo et al., 2006). There is a recent case report of 
sulfamethoxazole resistance in Aeromonas caviae causing 
spontaneous bacterial peritonitis (Huang et al., 2015).

PROTOZOA

Malaria

Resistance to sulfadoxine–pyrimethamine in the treatment 
of Plasmodium falciparum malaria emerged in Asia in the 
1960s and in Africa in the late 1980s (Certain et al., 2008). 
Although there is resistance in the Amazon basin and emerg-
ing resistance in Central America, the drug retains efficacy 
on the Pacific coast of South America (Samudio et al., 2005; 
McCollum et al., 2007). Mutations in the DHPS gene can 
result in resistance and cross-resistance to sulfonamides 
and sulfones when treating P. falciparum (Triglia et al., 1997). 
Pyri methamine resistance occurs with mutations in the 
DHFR gene. Point mutations in DHFR codons 50, 51, 59, 108, 
and 164 confer pyrimethamine resistance, and point muta-
tions in DHFS codons 436, 437, 540, 581, and 613 confer sul-
fonamide resistance (Gatton and Cheng, 2006; McCollum et 
al., 2007; Certain et al., 2008). Multiple mutations act syner-
gistically to increase the resistance by the addition of steric 
constraints to the drug-binding site (Schellenberg et al., 
2001). The sequence of mutations probably occurs in a step-
wise fashion, with mutations in DHFR occurring first and 
subsequently in DHPS (Talisuna et al., 2004). Using a math-
ematical model simulating the transmission potential of 
various DHFR/DHPS mutations, Gatton and Cheng (2006) 
demonstrated that highly mutated parasites (three mutations 
in both genes) caused the highest clinical failure rate but the 
lowest transmission potential, probably as a result of early 
recrudescence and rescue treatment. Moderately mutated 
parasites (three mutations in DHFR and one mutation in 
DHPS) led to asymptomatic parasitological failure leading to 
higher transmission potential. Gene mutations in P. falci
parum affect parasite fitness by rendering the parasite more 
susceptible to immune clearance than the wild-type variants 
(A-Elbasit et al., 2007). Infections with DHFR mutations had 
a 10-fold higher probability of infecting mosquitoes than 
infections with no DHFR mutations (Méndez et al., 2007). 
DHFR and DHPS mutations associated with sulfadoxine–
pyrimethamine resistance were the most important drivers 
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of increased gametocytemia (Barnes et al., 2008). Adequate 
clinical and parasitological response in P. falciparum malaria 
was achieved in 99.6% for fewer than three mutations in 
DHFR/DHPS genotypes. More recently mutations in P. falci
parum MDR protein 1 (PfMRP1) have been associated with 
sulfadoxine–pyrimethamine resistance (Dahlstrom et al., 2009).

The emergence of DHFR/DHPS mutations correlates with 
the introduction of sulfadoxine–pyrimethamine as first-line 
treatment for malaria in many countries. There is geograph-
ical variability in the prevalence of DHFR/DHPS mutants. 
DHFR/DHPS mutations from Kenya shared an Asian micro-
satellite haplotype (Certain et al., 2008) but are different 
from those from Venezuela (Urdaneta et al., 1999; McCollum 
et al., 2007). Isolates from Papua New Guinea shared allelic 
patterns similar to those of India and Sri Lanka rather than 
those of East Africa (Carnevale et al., 2007), and mutations 
were more common in DHFR than in DHPS (Casey et al., 
2004). Triple mutant parasites from Malawi, Tanzania, and 
the Democratic Republic of the Congo share distinct lin-
eages suggesting local origin rather than geographical dis-
semination (Taylor et al., 2014). Global migration of resistant 
parasites has played a significant role in the establishment of 
drug-resistant P. falciparum worldwide (Lumb et al., 2011; 
Mita et al., 2011); however, independent changes have also 
occurred locally to generate sulfadoxine resistance (Vinayak 
et al., 2010). Parasites containing triple DHFR and double 
DHPS mutations together are called quintuple mutants and 
confer high-level drug resistance (Kublin et al., 2002). A sin-
gle mutation in DHFS at codon 437 can lead to a 10-fold 
increase in the Ki and IC50 for sulfadoxine and can confer a 
5-fold increase in sulfadoxine resistance on transfected para-
sites in a folate-free medium (Nzila et al., 2000a). 

The role of different alleles of P. falciparum DHPS on sul-
fonamide resistance was studied by Berglez et al. (2004). All 
strains were resistant to sulfadiazine, but the wild-type allele 
demonstrated susceptibility to other sulfonamide compounds, 
and mutant alleles remained susceptible to sulfachloropyri-
dazine and sulfacetamide. There was a decline in the frequency 
of DHFR/DHPS mutant alleles in the Peruvian Amazon region 
after sulfadoxine–pyrimethamine was replaced with artesu-
nate–mefloquine as first-line treatment for uncomplicated 
falciparum malaria (Zhou et al., 2008). This has not occurred 
in other countries such as Cambodia or Venezuela, where 
occurrence of sulfadoxine–pyrimethamine resistance alleles 
has remained at a high frequency after the replacement of 
sulfadoxine–pyrimethamine. Regional drug pressure on 
DHFR/DHPS mutations can also occur (Raman et al., 2008).

In a study of Kenyan children with uncomplicated falci-
parum malaria, treatment with sulfadoxine–pyrimethamine 
was associated with the acquisition of DHFR and DHPS 
mutations within 42 days of treatment (Nzila et al., 2000a, 
Nzila et al., 2000b). The quintuple mutant was detected in 
55.7% of isolates from children with persistent parasitemia  
at day 7 (Nzila et al., 2000a; Nzila et al., 2000b). Sextuple-
mutant parasites have now been detected in Malawi in the 
context of sulfadoxine–pyrimethamine use during preg-
nancy (Gutman et al., 2015). Sulfadoxine–pyrimethamine 

resistance is of immediate concern in Africa because it is one 
of the last of the available and affordable antimalarial drugs.

There are now high rates of quintuple mutants throughout 
sub-Saharan and Central Africa (Bwijo et al., 2003; Happi et 
al., 2005; Mugittu et al., 2005; A-Elbasit et al., 2006; Cohuet 
et al., 2006; Al Harthi, 2007; Aubouy et al., 2007; Bonnet et 
al., 2007; Djaman et al., 2007; Fernandes et al., 2007; Ndounga 
et al., 2007; Schönfeld et al., 2007; Tahar and Basco, 2007; 
Tinto et al., 2007; A-Elbasit et al., 2008; Eriksen et al., 2008; 
Matondo et al., 2014; Raman et al., 2010; Sridaran et al., 2010; 
Warsame et al., 2015), including up to 90–100% of parasites in 
Malawi (Nkhoma et al., 2007; Bell et al., 2008; Taylor et al., 
2012) as well as in South America (Plowe et al., 1997; Talisuna 
et al., 2004) and Thailand (Biswas et al., 2000). Malarial par-
asites in KwaZulu-Natal in South Africa between 1995 and 
1999 (Roper et al., 2003) demonstrated pre-existing pyri-
methamine resistance but emerging sulfadoxine resistance in 
the context of increased use of sulfadoxine–pyrimethamine 
as first-line treatment. Mutants are also observed more fre-
quently in Congolese women who are exposed to intermit-
tent preventive treatment in pregnancy than in those who 
are not (Koukouikila-Koussounda et al., 2015). Parasites 
carrying up to eight mutations in DHFR/DHPS have been 
reported in pregnant women in Cameroon (Chauvin et al., 
2015). There is regional variability in P. falciparum mutations in 
India (Ahmed et al., 2006a; Ahmed et al., 2006b) and increasing 
resistance despite sulfadoxine–pyrimethamine’s being second- 
line treatment for malaria or as part of  artemisinin-based com-
bination therapy (Ahmed et al., 2004; Kumar et al., 2015; 
Sharma et al., 2015a). Sulfadoxine– pyrimethamine was effi-
cacious in treating uncomplicated falciparum malaria in East 
Timor (Burns et al., 2006); however, 80% of parasites carried 
double DHFR mutations that may limit future use of this 
drug combination.

There are still portions of the Amazon basin where pyri-
methamine–sulfadoxine has efficacy against falciparum 
mala ria. In a study of the Peruvian Amazon region, 92.3% of 
patients achieved adequate clinical and parasitological response 
with sulfadoxine treatment (Durand et al., 2007). In these 
regions, a single S108N mutation was detected in DHFR as 
opposed to multiple DHFR/DHPS mutant alleles. Resistance 
to sulfadoxine–pyrimethamine is also not common in Sri 
Lanka, where it is second-line treatment for falciparum 
malaria (Hapuarachchi et al., 2006). It remains efficacious in 
Laos (Mannoor et al., 2005) but was associated with a higher 
rate of post-treatment gametocytemia in patients with recru-
descence. No antifolate resistance alleles were detected in a 
survey of P. falciparum isolates in 2011 in Nicaragua, where 
chloroquine is still used as first-line therapy (Sridaran et al., 
2014).

The introduction of insecticide-treated nets in Tanzania 
led to a significant increase in wild-type DHFR alleles and a 
marginal increase in the DHPS allele in a community with 
previously high levels of DHFR and DHPS mutants (Ali-
frangis et al., 2003). Laufer et al. (2006) and Bell et al. (2008) 
demonstrated the return of chloroquine sensitivity in Malawi 
after 12 years of sulfadoxine–pyrimethamine use as first-line 
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treatment for uncomplicated falciparum malaria, with no evi- 
dence of re-emergence of the resistance mutation after treat-
ment with chloroquine or amodiaquine. However, resistance 
to sulfadoxine–pyrimethamine has persisted in Malawi despite 
withdrawal of the drug from first-line treatment recommen-
dations, in contrast to the return of chloroquine- susceptible 
malaria (Artimovich et al., 2015). Declining sulfadoxine–
pyrimethamine resistance mutations have been seen in Ethiopia 
after the withdrawal of sulfadoxine– pyrimethamine (Haile-
mes kel et al., 2013; Tessema et al., 2015).

The effect of trimethoprim–sulfamethoxazole prophylaxis 
on the development of P. falciparum antifolate resistance 
among HIV-positive people was evaluated in Kenya (Hamel et 
al., 2008). Very few parasites contained DHFR/DHPS muta-
tions and were not associated with high-level sulfadoxine–
pyrimethamine resistance or poor outcome. Malamba et  
al. (2006) evaluated the hypothesis that  trimethoprim–  
sulfamethoxazole prophylaxis in HIV-infected patients may 
increase the incidence of DHFR/DHPS mutant P. falciparum 
parasites in HIV-uninfected household members. The preva-
lence of DHFR triple mutants, DHPS double mutants, and 
the DHFR/DHPS quintuple mutant did not differ among 
households that were unexposed or exposed to trimethoprim– 
sulfamethoxazole prophylaxis.

Drug resistance in Plasmodium vivax is less well studied. 
A variety of mutations in DHFR and DHPS alleles (71% and 
16%, respectively) were sequenced in Madagascar (Barnadas 
et al., 2008). No significant association between mutations 
and sulfadoxine–pyrimethamine treatment outcome was 
found, but all recrudescent patients had double mutants of  
P. vivax DHFR. The majority of P. vivax isolates along the 
Thai border contained quadruple DHFR and double DHPS 
mutations including novel polymorphisms (Bungsihirunrat 
et al., 2008). Highly mutant alleles were more prevalent along 
the Thai–Myanmar border. P. vivax in subtropical China 
has higher resistance to sulfadoxine–pyrimethamine than in 
temperate climates of China (Huang et al., 2014; Lu et al., 
2012). No quintuple mutants in P. vivax were present in a 
study from urban Kolkata (Ganguly et al., 2014); however, 
quadruple mutants were detected in northeastern and island 
regions of India (Prajapati et al., 2011). There was a high 
prevalence of drug resistance in P. falciparum and P. vivax to 
first- and second-line therapies in southern Papua New Guinea 
including sulfadoxine–pyrimethamine combination therapies 
(Ratcliff et al., 2007). Treatment failure with  sulfadoxine–
pyrimethamine for P. vivax in Papua New Guinea was asso-
ciated with resistance mutations in DHFR (Tjitra et al., 
2002). Triple and quadruple P. vivax DHFR/DHPS mutants 
have also been reported in the Philippines, Bangladesh, and 
Nepal (Thongdee et al., 2015; Thongdee et al., 2013). In 
Indonesia, malaria treatment is often administered without 
microscopic confirmation of P. falciparum or P. vivax. In 
spite of P. vivax DHFR and DHPS mutants being detected in 
surveys, this did not seem to have an impact on the efficacy 
of sulfadoxine–pyrimethamine treatment (Asih et al., 2015). 
Single- and double-mutant P. vivax was detected in East Timor 
(de Almeida et al., 2010).

Toxoplasma

Sequencing of the Toxoplasma gondii DHPS gene from clini-
cal isolates demonstrated that a mutation at nucleotide 407 
conferred high-level sulfadiazine resistance (Aspinall et al., 
2002). IC50 increased the most for sulfadiazine but also for 
other sulfonamides such as sulfamethizole, sulfamethoxaz-
ole, and sulfisoxazole. Accumulated single-base changes within 
these genes can increase drug resistance by several orders of 
magnitude.

FUNGI

Mutations in DHPS also confer resistance to Pneumocystis 
jirovecii. These mutations are associated with prior sulfa use 
(Ma et al., 1999), and the association is stronger in patients 
with multiple isolates, suggesting that multiple courses of 
sulfa prophylaxis increase the chance of developing DHPS 
mutations (Stein et al., 2004). Mutations in DHFR, even with 
prior exposure to sulfa drugs, were not associated with treat-
ment failure (Huang et al., 2004). Two single mutations at 
nucleotides 55 and 57 are uncommon alone in P. jirovecii, but 
up to 50% of isolates can have the double mutant (Beard et 
al., 2000). These mutations also conferred hypersensitivity 
to sulfamethoxazole and dapsone. Double mutations led to 
reduced affinity for para-aminobenzoic acid (PABA) (Iliades 
et al., 2004; Meneau et al., 2004). Wild-type P. jirovecii was 
not associated with better outcomes than strains containing 
DHPS mutations in HIV-positive patients from Atlanta and 
San Francisco given trimethoprim–sulfamethoxazole (Navin 
et al., 2001). More mutant alleles were seen in people previ-
ously exposed to trimethoprim–sulfamethoxazole (treat-
ment or prophylaxis). These results are in contrast to those of 
Helweg-Larsen et al. (1999) and Kazanjian et al. (1998), who 
found that strains with DHPS mutations predicted mortality 
or were associated with a failure of prophylaxis. Mutations  
in the DHPS gene also confer cross-resistance to sulfa drugs 
(Iliades et al., 2005). The frequency of DHPS mutations in  
P. jirovecii from colonized patients and from those with  
P. jirovecii pneumonia was studied in Spain (Friaza et al., 
2010). Mutations were more frequent in those with pneumo-
nia (40%) compared with those colonized (22%); however, 
mutations were also detected in patients without previous 
exposure to sulfa drugs, suggesting local transmission of 
drug-resistant strains from colonized individuals.

3. MECHANISM OF DRUG ACTION

Folic acid derivatives are essential for purine and ultimately 
DNA synthesis in both humans and bacteria. Bacterial cells 
do not generally absorb folic acid and instead synthesize it 
from PABA, whereas humans absorb preformed folic acid 
from their diet. The sulfonamides, being structurally related 
to PABA, act by inhibiting the bacterial enzyme DHPS, 
which catalyzes the conversion of PABA to dihydropteroate 
(Figure 91.2). Not only do the sulfonamides act by compet-
ing with PABA, but they also take part in the reaction with 
the formation of pteroate analogues (Hamilton-Miller, 1979). 
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However, these analogues probably contribute very little  
to the activity of sulfonamide. There is some evidence that 
this is not the only mode of action for sulfonamides 
(Grüneberg, 1979; Lacey, 1979; Peixoto and Beverley, 1987). 
Sulfona mides may also act independently on the enzyme 
dihydrofolate reductase, which is affected by trimetho- 
prim (see Chapter 92, Trimethoprim and trimethoprim– 
sulfamethoxazole [cotrimoxazole]).

Sulfonamides (and sulfones, such as dapsone) also act on 
malarial parasites by blocking the conversion of PABA. 
Resistance of malaria parasites to sulfonamides and other 
antifolate antimalarial drugs has been well studied, and the 
genetic basis for resistance is relatively well characterized (see 
earlier). Malaria parasites predominantly synthesize active 
folate cofactors de novo and utilize exogenous intact folate 
precursors in various forms (Milhous et al., 1985).

Carbonic anhydrase is now being recognized as a new  
target of action for sulfonamides. Acetazolamide and sulfa-
nilamide inhibit CA1, the major isozyme of carbonic anhy-
drase, in Plasmodium falciparum (Reungprapavut et al., 
2004). A novel compound 4-(3,4-dichlorophenyl ureido-ethyl)- 
benzenesulfonamide has the most potent activity against  
P. falciparum in vitro with IC50 of 2 μm (Krungkrai et al., 
2007; Krungkrai and Supuran, 2008). More research into the 
role of these agents as antimalarial agents is in progress. They 
may also play a role in the treatment of drug-resistant  
H. pylori. A variety of sulfonamides (e.g. sulfanilamide) have 
demonstrated inhibitory activity against α-class carbonic 
anhydrase, an enzyme essential for the survival of H. pylori 
in gastric acid (Nishimori et al., 2006).

The immunomodulatory and anti-inflammatory action 
of sulfasalazine has several mechanisms. Sulfasalazine (sulfa-
pyridine + 5-aminosalicylic acid [5-ASA]) inhibits granulo-
cyte activation (Carlin et al., 1989), interleukin 2 production 
of activated T lymphocytes (Sheldon et al., 1988), T lymphocyte 
apoptosis (Doering et al., 2004), and macrophage activation 

(Haskó et al., 2001). It also inhibits cyclo-oxygenase- and 
 lipoxygenase-dependent pathways (Elder et al., 1996). Sulfa-
sala zine, but not its metabolic moieties, also inhibits activation 
of the transcription factor NF-kB, a central mediator of the 
inflammatory response (Wahl et al., 1998). Sulfasalazine and 
sulfapyridine also inhibit endothelial cell chemotaxis and 
proliferation (Volin et al., 1999). Recent data suggest that sul-
faphenazole attenuated cardiac reactive oxygen species levels 
and ischemia-reperfusion injury in rats by eliminating reac-
tive oxygen species and inhibiting cytochrome P450 activity 
(Ishihara et al., 2010); it is also an inhibitor of cytochrome 
2C19 and modulates tissue-type plasminogen activator release 
from endothelial cells in hypertensive patients (Giannarelli 
et al., 2009). Sulfasalazine and its metabolites also inhibit 
platelet function (MacMullan et al., 2016).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

The sulfonamides are usually administered orally. Nearly all 
the sulfonamides are available as 500-mg tablets; some are 
also available as 250-mg or 1-g tablets or as a pediatric prepa-
ration. Parenteral sulfadiazine and sulfisoxazole diolamine 
are available in preparations of 250 and 400 mg/ml, respec-
tively. Sulfadimidine, in a concentration of 100 μg/ml, has 
been administered intraperitoneally during peritoneal dialy-
sis for 4–5 days without adverse effects (Adam et al., 1973).

4a.  Adults

SHORT-ACTING SULFONAMIDES

The usual recommended adult dosage for short-acting sul-
fonamides, such as sulfadiazine, sulfisoxazole, or sulfadimi-
dine, is 2–4 g initially, followed by 4–8 g daily administered 
in four to six equally divided doses. A dosage of 0.5–1.0 g 
daily may be sufficient for long-term suppressive therapy in 
chronic urinary tract infection. However, lower doses of sul-
fadiazine produce effective urinary levels of the drug; this 
has been utilized in sulfadiazine–trimethoprim combinations 
for the treatment of urinary tract infections (see Chapter 92, 
Trimethoprim and trimethoprim– sulfamethoxazole [cotri-
moxazole]). For the treatment of cerebral toxoplasmosis in 
patients with AIDS, generally 4–6 g daily is required in com-
bination with pyrimethamine (Trenque et al., 2004) (see 
Chapter 93, Pyrimethamine). The i.v. sulfadiazine dosage is 
1–1.5 g every 4 hours for adults, and it should be given by 
infusion (concentration no greater than 5% sulfadiazine) over 
at least 10 min.

The adult dosage (including children older than 12 years) 
of sulfamethizole is 1 g three times daily. The recommended 
initial dosage of sulfasalazine (Salazopyrin) is 1–2 g four 
times daily (the interval between doses should not exceed 8 
hours), followed by 2 g daily in four divided doses. An enteric- 
coated tablet is available for patients who develop gastro-
intestinal intolerance. Different doses can be used in certain 
circumstances. Suppositories (500 mg) are generally used in 

Figure 91.2. Comparison of human and bacterial folate 
metabolism.
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a dose of one or two in the morning and evening after defe-
cation, but after 4–5 weeks the dosage may be halved.

Sulfapyridine is usually given 250–1000 mg four times 
daily for dermatitis herpetiformis.

MEDIUM-ACTING SULFONAMIDES
The adult oral dosage of sulfamethoxazole is 2 g initially, fol-
lowed by 1 g two or three times per day. (A total daily dose of 
3 g should not be exceeded.) The dosage of sulfamethoxazole 
used for treatment of MDR M. tuberculosis has been evalu-
ated at 6.1–6.8 mg/kg once daily (Alsaad et al., 2013).

LONG-ACTING SULFONAMIDES
For adults, an initial dose of 1.0–1.5 g of sulfamethoxydia-
zine is recommended, followed by a single daily dose of 0.5 g 
given preferably in the morning, after breakfast.

ULTRA-LONG-ACTING SULFONAMIDES
Sulfadoxine is generally given in combination with pyrimeth-
amine (Fansidar; 500 mg of sulfadoxine + 25 mg of pyrimeth-
amine), with the dose varying depending on the treatment 
indication (see Chapter 93, Pyrimethamine).

POORLY ABSORBED SULFONAMIDES
The adult dosage of phthalylsulfathiazole is 1–12 g daily 
given in divided doses.

4b.  Newborn infants and children

Sulfonamides are contraindicated in neonates (see section 6, 
Adverse reactions and toxicity).

SHORT-ACTING SULFONAMIDES
For the treatment of cerebral toxoplasmosis in children with 
AIDS, i.v. sulfadiazine, 50 mg/kg every 6 hours, is required in 
combination with pyrimethamine (Trenque et al., 2004) (see 
Chapter 93, Pyrimethamine). In children older than 2 months, 
an initial dose of 75 mg/kg of body weight may be followed by a 
daily dosage of 150 mg/kg, given in four to six equally divided 
doses. The total daily dose in children should not exceed 6 g.

The dosage of sulfamethizole for children aged greater 
than 2 months up to 12 years is 5 mg/kg three times daily. 
The elimination half-life in infants aged less than 10 days is 
longer than in adults, but it rapidly decreases during the next 
2 weeks to remain at a lower level until the age of 6–8 years. 
The recommended dosage for children is, therefore, propor-
tionally greater than for adults (Follath, 1979). Sulfafurazole 
is given in a dose of 75 mg/kg initially, followed by 150 mg/
kg daily in divided doses to a maximum of 6 g daily.

The initial dosage of sulfasalazine for children is 40–60 
mg/kg of body weight daily given in three to six divided 
doses, followed by a daily maintenance dosage of 40–60 mg/
kg given in four divided doses.

MEDIUM-ACTING SULFONAMIDES
For children, the initial dose of sulfamethoxazole is 50–60 
mg/kg of body weight and then 25–30 mg/kg twice daily. (A 
maximum daily pediatric dose of 75 mg/kg should not be 
exceeded.)

LONG-ACTING SULFONAMIDES

Suitable dose reduction of sulfamethoxydiazine is required 
for children: for those aged up to 2 years, a quarter of the 
adult dose; for those aged 6–10 years, half the adult dose; and 
for those aged 10–14 years, three quarters of the adult dose. 
For severe infections in children aged up to 6 years of age 
(20 kg of body weight), 40 mg/kg can be given once and then 
20 mg/kg daily.

4c   Pregnant and lactating mothers

There are no controlled data regarding sulfonamides in human 
pregnancy. However, owing to potential concerns about tera-
togenicity (see section 6, Adverse reactions and toxicity) and 
potential toxicity to the neonate, they should generally be 
avoided during pregnancy, but especially near term. The 
United States Food and Drug Administration (FDA) classifies 
sulfonamides as pregnancy category D, whereby they should 
be used during pregnancy only if the benefit outweighs the 
risk. When used, no dosage adjustment is generally consid-
ered necessary (FDA, 2016). However, significantly lower 
plasma area-under-the-concentration-time curve (AUC) val-
ues were observed in some pregnant Papua New Guinean 
women given a dose of sulfadoxine at 1.5 g; thus, Karunajeewa 
et al. (2009) suggested that efficacy at traditional doses may be 
compromised in some pregnant women. Using computer mod-
eling, these authors suggested that giving three daily sulfadox-
ine doses of 1.5 tablets (total of 4.5 tablets) would result in an 
AUC0-∞ value that was 107% of the nonpregnant mean value 
for 3 tablets stat and a Cmax of 125%, with equivalent figures for 
pyrimethamine of 90% and 71%, respectively. Thus, the three-
dose regimen would provide a closer equivalent to the AUC of 
both drugs achieved with conventional dosing in nonpregnant 
women. Clinical studies with this dose have not been per-
formed, and the authors raised concern about patient com-
pliance with this higher dose (see section 5a, Bio availa bility). 
Thus, the need for dosage adjustment remains uncertain.

Sulfonamides are excreted in breast milk; hence caution is 
required, especially if the infant is premature, ill, jaundiced, 
or stressed, owing to the risk of bilirubin displacement and 
kernicterus (see section 5b, Drug distribution, and section 6, 
Adverse reaction and toxicity). Sulfamethoxazole– trimethoprim 
levels in breast milk are about 2–5% of the recommended daily 
dose for infants over 2 months of age (FDA, 2016). However, 
sulfamethoxazole–trimethoprim is considered compatible 
with breastfeeding by the American Academy of Pediatrics  
if the infant is healthy and full term. Sulfamethoxazole– 
trimethoprim has been used without apparent harmful effects 
in the nursing infant (see Chapter 92, Trimethoprim and tri-
methoprim–sulfamethoxazole [cotrimoxazole]).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

It is difficult to formulate dosage schedules for patients with 
renal failure because individual sulfonamides are excreted by 
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different renal mechanisms and at different rates (Gilbert, 
2006). Fischer (1972) observed the sulfadimidine clearance 
in uremic patients to be significantly lower than in patients 
with normal renal function. Adam and Dawborn (1970) and 
Adam et al. (1973), in studies on sulfadiazine, sulfamethizole, 
and sulfadimidine, found that with moderate doses, both the 
free drugs and their conjugated derivatives accumulated in 
the plasma of uremic patients. In some patients, the high 
serum levels appeared to cause side effects. Furthermore, 
urine concentrations of free sulfonamides were low in ure-
mic patients. These authors concluded that sulfonamides are 
unlikely to be useful for treatment of urinary tract infections 
in patients with serum creatinine levels exceeding 5 mg/100 
ml (0.4 mmol/l), and that for patients with lesser degrees of 
renal failure a reduced sulfonamide dose may be required to 
avoid toxicity. Sulfonamides such as sulfafurazole or sulfa-
methoxazole, which have lower inhibitory concentrations for 
common urinary pathogens and are less readily conjugated, 
may be preferable to sulfadimidine for the treatment of  
urinary tract infections in uremic patients (Adam et al., 
1973). Phar macokinetic studies with sulfadiazine indicate 
that about 60% of the drug is excreted unchanged via the 
kidneys and that the remainder is eliminated extrarenally. 
The elimination rate of the drug, which is the sum of the  
rates of these two processes, is linearly related to the patient’s 
creatinine clearance; the elimination half-life for healthy 
patients was 10.4 hours and that for anuric patients 25.7 hours 
(Reutter et al., 1979). 

For sulfadiazine the following dosage adjustments are 
appropriate: glomerular filtration rate (GFR) > 50–90 ml/
min, 0.5–3.0 g twice daily; GFR = 10–50 ml/min, 0.5–3.0 g 
daily; and GFR < 10 ml/min, avoid sulfadiazine use. There 
are no useful data regarding sulfadiazine use in hemodialysis 
or peritoneal dialysis. In anuric patients, therefore, the inter-
vals between doses should be extended. In studies of renal 
transplant recipients, renal elimination of sulfisoxazole was 
decreased and correlated with creatinine clearance (Sher-
man tine et al., 1985).

The AUCs of salazosulfapyridine (sulfasalazine) and its 
metabolite sulfapyridine were higher in patients on hemodi-
alysis compared with healthy volunteers at a dose of 500 mg, 
suggesting a dose reduction for patients receiving hemodial-
ysis to avoid possible toxicity (Inami et al., 2013).

For treatment of systemic infections, sulfonamides can 
probably be safely used in most patients with renal disease, 
but regular estimations of the serum concentrations of both 
free and acetylated sulfonamide seem advisable. The various 
sulfonamides are handled by the kidney in different ways 
(see section 5b, Drug distribution), and the rate of acetyla-
tion of sulfonamides in the body varies in individual patients. 
For these reasons, in some uremic patients it may be impos-
sible to select a dose that will give adequate serum levels of 
the free active drug yet not lead to accumulation of toxic lev-
els of acetylated compounds. The relationship between toxic-
ity and serum levels in the case of the sulfonamides is not 
well defined, but some patients with a total serum level of 
greater than 100 mg/ml often show toxic effects (Adam and 
Dawborn, 1970).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

The sulfonamides should be used with caution in patients 
with hepatic impairment because these drugs are metabo-
lized in the liver via N-acetylation and glucuronidation (see 
subsection, Inactivation in the body).

PREMATURE NEONATES AND OLDER ADULTS

Sulfonamides are contraindicated in premature neonates 
(see section 6, Adverse reactions and toxicity). There is an 
increased risk of adverse drug reactions in the elderly, includ-
ing cutaneous eruptions and bone marrow suppression. This 
is accentuated by the presence of coexisting renal and/or 
hepatic impairment.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

All sulfonamides, except sulfaguanidine and the other two 
compounds of that group (see Table 91.1), are well absorbed 
after oral administration. After absorption, these drugs are 
partly conjugated with acetate in the liver, and the propor-
tion conjugated varies with different sulfonamides. Sulfo na-
mide conjugates are inactive therapeutically, and the serum 
level of the free active (unconjugated) drug is important. 
About 60% of sulfadimidine is present in the serum in an 
active free form after usual therapeutic doses. After a single 
oral dose of 4 g of this drug, a peak free drug serum concen-
tration of 80–100 μg/ml is attained after 2–3 hours. This 
serum level falls rapidly, and the serum half-life is about 2–3 
hours. Therapeutic levels can be maintained by using an oral 
dosage of 1 g every 6 hours. Serum levels after parenteral 
administration are similar, but the peak concentration is 
achieved more rapidly.

Other short-acting sulfonamides are also well absorbed 
after oral administration but differ from sulfadimidine both 
in the serum levels attained and in the proportion of drug 
acetylated. Thus, after a 4-g oral dose of sulfadiazine to adults, 
the peak free drug level is lower (40–60 mg/ml), but about 
90–95% is in the active form (Bullowa and Ratish, 1944). 
When a 400-mg oral dose of sulfadiazine was given to healthy 
adults, a peak serum level of about 15 μg/ml was reached in 
3 hours, and free drug accounted for 80–90% of the total 
serum level. The half-life was 12.6 hours, but this varied 
between individuals; after repeated administration some 65% 
of an oral dose was found in the urine in an unchanged form 
(Reeves et al., 1979). 

Jordan et al. (2004) studied the pharmacokinetics of sulfa-
diazine, 2000 mg twice daily, vs. 1000 mg four times daily in 
HIV-positive adults. There were no statistically significant 
differences between the two regimens in AUC over a 24-hour 
dosing interval at steady state, steady state Cmax and Cmin, and 
volume of distribution. 

Body weight and age influence sulfadoxine plasma phar-
macokinetics in neonates and children and can be unpre-
dictable even when doses are standardized for body weight 
(Weidekamm et al., 1982; Corvaisier et al., 2004). Plasma 
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concentrations of sulfadiazine were measured in a cohort 
of children treated for congenital toxoplasmosis (Schmidt et 
al., 2006). Of the neonates in whom drug levels were mea-
sured, they all achieved plasma sulfadiazine concentrations 
of 44–86 μg/ml, 10 times the concentration necessary to 
inhibit replication of T. gondii tachyzoites (McLeod et al., 
1992). Partum status has a significant effect on sulfadoxine 
half-life (148 hours prepartum vs. 256 hours postpartum) 
and AUC (Green et al., 2007).

Serum sulfapyridine levels in patients whose ulcerative 
colitis is maintained in remission are greater than 20 μg/ml 
(Cowan et al., 1977). This level was achieved in rapid acetyl-
ators with doses of 3–4 g of sulfasalazine daily, whereas slow 
acetylators are likely to suffer side effects at this dosage 
because their serum sulfapyridine concentration will rise to 
over 50 μg/ml. These authors suggested that slow acetylators 
of sulfapyridine should be given only 2.5–3 g of sulfasalazine 
daily. Studies in 15 children suggest that a dose of 40–70 mg/
kg of body weight per day can be safely administered; this 
usually produces serum sulfapyridine levels < 50 μg/ml and a 
therapeutic response (Goldstein et al., 1979).

The pharmacokinetics of sulfasalazine has been reviewed 
by Peppercorn (1984). One quarter to one third of an oral 
dose is absorbed in the upper gastrointestinal tract, and the 
drug is detectable in the blood 1–2 hours later. Steady-state 
serum levels are achieved in 24 hours. Single-nucleotide 
polymorphisms in the ACBG2 gene, which encodes breast 
cancer resistance protein (BCRP), may determine interindi-
vidual variability in drug response. BCRP is an efflux trans-
porter that acts as a barrier to drug entry and plays a role in 
drug absorption. Reduced BCRP activity with the C421A 
single-nucleotide polymorphism was associated with improved 
absorption and increased sulfasalazine AUC and Cmax (Urq u-
hart et al., 2008). The AUC of salazosulfapyridine (sulfasala-
zine) and its metabolite sulfapyridine was higher in patients 
on hemodialysis compared with healthy volunteers at a dose 
of 500 mg (Inami et al., 2013). Thus, a dose reduction may be 
necessary for patients receiving hemodialysis to avoid possi-
ble toxicity (see section 4d, Those requiring altered dosages).

Sulfisoxazole is highly protein bound and, therefore, after 
a given dose, reaches a plasma concentration at least twice 
that of sulfadiazine. After a 2- to 4-g oral dose, peak serum 
concentrations of 110–250 μg/ml are found in 2–4 hours. 
Acetylated sulfisoxazole constitutes about 28–35% of blood 
and 30% of urine sulfisoxazole levels, with about 95% of a dose 
being renally excreted in 24 hours. Sulfamethizole crosses 
the placenta, and fetal blood levels are up to 90% of maternal 
blood levels (Ratanajamit et al., 2003).

The medium-acting sulfonamide sulfamethoxazole is also 
well absorbed. Sulfamethoxazole peak serum concentrations 
occur at 46 μg/ml with urine concentrations ranging from 
400–2000 μg/ml. In patients with creatinine clearances less 
than 50 ml/min, urine concentrations fall to subtherapeutic 
levels (Craig and Kunin, 1973). The serum half-life of sulfa-
methoxazole is 11 hours (Bartlett et al., 1998). Peak serum 
levels are similar to those obtained with an identical dose  
of sulfadimidine, and 75–85% exists in serum in a free non - 

acetylated form. In addition, the serum levels of this drug are 
maintained longer because it is excreted more slowly by the 
kidneys. There was no difference in AUC or disposition of 
sulfamethoxazole in native Han or Tibetan males living at 
high altitude (Li et al., 2012); however, AUC was higher and 
clearance was lower in males with acute exposure to high 
altitude compared with the same males residing at lower alti-
tude (Li et al., 2009).

The long-acting sulfonamides also give high serum levels 
after oral administration. After a single oral dose of 4 g of 
sulfamethoxypyridazine to adults, peak total serum levels of 
110–118 μg/ml are attained at 5 hours and are maintained for 
the next 3 hours. Very little acetylation occurs during the 
first 3 hours after administration, but subsequently about 
5–22% becomes acetylated. Total serum levels of 20–50 μg/ml 
are still detectable 105 hours later (Weinstein et al., 1960). 
The serum half-life is 37 hours (Bartlett et al., 1998).

After administration of a 2-g dose of sulfadimethoxine 
to adults, a total drug level of 50–70 mg/ml is attained in 
2 hours and is maintained for 24 hours. With an initial dose 
of 2 g followed by 1 g daily in adults, serum levels are main-
tained in the range of 50–100 mg/ml.

The ultra–long-acting sulfonamides sulfadoxine and sulfa - 
metopyrazine also result in high serum levels after oral admin - 
istration. The serum half-life of the former is 150–200 hours 
and of the latter about 65 hours. Only a small proportion of 
these drugs is metabolized: about 5% to the acetyl derivative 
and 2–3% to the glucuronide (Report, 1984). Trenque et al. 
(1998) examined maternal and placental concentrations of 
sulfadoxine after maternal treatment during pregnancy for  
T. gondii seroconversion. The fetal/maternal ratio for sulfa-
doxine was 0.65–1.16. Despite the low doses and long dosing 
interval, plasma concentrations of sulfadoxine were always 
detectable in mother and fetus. Plasma levels of sulfadoxine 
greater than 100 μg/ml at day 3 after treatment were associ-
ated with treatment success in Gabonese children with uncom-
plicated falciparum malaria (Aubouy et al., 2003). Significantly 
lower plasma AUCs were observed in pregnant Papua New 
Guinean women given a dose of sulfadoxine of 1.5 g; thus, 
efficacy at traditional doses may be compromised in some 
pregnant women (Karunajeewa et al., 2009).

Sulfadiazine dosing in children is 25–50 mg/kg four times 
daily; however, sulfadiazine is available only in compressed 
tablets. Pathmanathan et al. (2004) examined the stability of 
sulfadiazine in liquid formulation prepared from sulfadia-
zine tablets (500 mg) or powder. Formulations were stored at 
room temperature (22°C) in sunlight as well as at 4°C. Initial 
and final pH values were not statistically different between 
the two groups. Sulfadiazine liquid derived from powder was 
stable for 3 days stored at 4°C; however, the formulation 
derived from tablets lost greater than 10% of the initial sulfa-
diazine concentration during the same time frame. Results 
for sulfadiazine liquid derived from oral sulfadiazine solu-
tion prepared from powder could be used to facilitate dosing 
to young children or infants. Conventional dose vs. double- 
dose sulfadoxine (25 mg/kg vs. 50 mg/kg) was evaluated in a 
randomized controlled trial in Papua New Guinean infants. 
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Using the double-dose regimen, the AUC was higher with a 
32% reduction in bioavailability, there was no evidence of 
dose-dependent metabolism, and there were fewer cases of 
clinical malaria (Salman et al., 2011). Doses of sulfadoxine in 
excess of 25 mg/kg were recommended by authors from 
Malawi because in more than two thirds of children in Malawi 
treated with 25 mg/kg of sulfadoxine, concentrations below 
failure thresholds were identified in their study (Bell et al., 
2011). In a study of Nigerian children, sulfadoxine concen-
trations were not different among children who responded to 
treatment vs. children in whom therapy had failed; however, 
sulfadoxine concentrations were higher in children older 
than 5 years (Gbotosho et al., 2012).

5b.  Drug distribution

After absorption, the sulfonamides, being lipid soluble, 
become widely distributed throughout the body, particularly 
to extracellular fluids (Wilkinson and Reeves, 1979). The 
short-acting sulfonamides, especially sulfadiazine, readily 
penetrate into normal CSF, where this drug may attain a 
concentration of about half that present in the serum at the 
time. Compared with sulfamethoxazole, sulfadiazine has 
better penetration into CSF, longer plasma and CSF half-life, 
and higher plasma concentrations (Bakkali et al., 2008). The 
drugs also penetrate pleural, peritoneal, and synovial fluids 
(50–80% of serum levels); penetrate the aqueous humor of 
the eye; and cross the placenta, with placental serum concen-
tration reaching 50–90% of that found in maternal blood at 
the time. High concentrations also occur in saliva and breast 
milk. Sulfasalazine and its metabolites reach the fetus in con-
centrations not greatly different from those in the maternal 
serum, but concentrations are much less in breast milk (Khan 
and Truelove, 1979).

All sulfonamides are bound to serum albumin, but the 
degree varies. Sulfadiazine is only about 20% protein bound, 
but most other short-acting sulfonamides, such as sulfadim-
idine and sulfafurazole, are 40–80% bound. The medium- 
acting sulfonamide sulfamethoxazole is about 65% protein 
bound. The long-acting sulfonamides are more highly bound, 
sulfamethoxypyridazine and sulfadimethoxine being about 
90% bound, but sulfamethoxydiazine is only about 75% 
bound. The percentage of each sulfonamide bound to serum 
proteins is not constant and, similar to the isoxazolyl penicil-
lins (see Chapter 7, Isoxazolyl penicillins: oxacillin, cloxacil-
lin, dicloxacillin, and flucloxacillin), decreases as the total 
serum concentration of the drug increases.

The degree of sulfonamide protein binding influences the 
rate of renal excretion of these drugs (see section 5d, Excre-
tion). The protein-bound drug does not penetrate into some 
body compartments, such as the subarachnoid space, but 
this may not apply if the meninges are inflamed. Madsen et 
al. (1963) compared the sulfonamide concentration and the 
antibacterial activity in serum of two long-acting sulfon-
amides (sulfadimethoxine and sulfamethoxypyridazine) with 
sulfadiazine. These authors found that these three sulfon-
amides all produced about the same antibacterial activity in 

the serum. There appeared to be a close correlation between 
the total sulfonamide concentration and the antibacterial activ-
ity regardless of the degree of protein binding. The highly 
protein-bound long-acting sulfonamides also penetrated 
well into extravascular fluids and exudates, particularly when 
these were of a high protein content. There are many con-
siderations in assessing the effect of protein binding on anti-
bacterial activity (Rolinson, 1980). A protein-bound drug is 
essentially without antibacterial effect and is nondiffusible, 
but this is only a temporary state, because when a protein- 
bound drug dissociates, the drug is available again in active 
form. The free unbound plasma levels of a drug dictate the 
free levels in extravascular fluids. The level of free drug after 
therapeutic doses and how this relates to the MIC of the 
organism are important factors in determining therapeutic 
efficacy.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are no specific data regarding pharmacokinetic and 
phar macodynamic features; however, given that the serum 
level of the free active (unconjugated) drug is important, the 
time above MIC is likely to be the important parameter in 
sulfonamide activity.

5d.  Excretion

URINE

Free and conjugated sulfonamides are excreted mainly via 
the kidney. About 73–85% of an orally administered dose of 
sulfadimidine can be recovered from the urine, but because 
individuals vary in their ability to acetylate sulfonamides, the 
proportion in a free unconjugated form varies from 15–70% 
(Bullowa and Ratish, 1944; Leone et al., 1987).

Sulfonamides and their acetylated conjugates are excreted 
by both glomerular filtration and tubular secretion. Some of 
the drug secreted by tubules is reabsorbed. Different sulfon-
amides and their conjugates are handled by the kidney in 
different ways. Some compounds, such as sulfafurazole, are 
rapidly excreted in urine, where high concentrations are 
attained. By contrast, the excretion of the long-acting sulfon-
amides is slow, so that their serum levels are maintained for 
long periods and only low concentrations are attained in 
urine. The urinary pharmacokinetics of sulfamethizole was 
evaluated by Kerrn et al. (2004). Two patterns of excretion 
were observed: half the subjects reached peak urinary con-
centrations in 0–3 hours, then had a fall in concentration to 
Cmin at 3–6 hours. The other half achieved a lower Cmax that 
lasted for a longer period of time. This was not related to age 
or gender. Approximately 66% of sulfamethizole was excreted 
by 12 hours. The urinary concentration of sulfamethizole 
exceeded MIC50 for 12 hours post dose but never achieved a 
concentration level of MIC90.

The long-acting sulfonamides are more extensively bound 
to serum proteins, and the bound fraction is not excreted 
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through the glomeruli. This factor, together with their rate of 
metabolism, is responsible for the maintenance of prolonged 
serum levels of the long-acting sulfonamides (Newbould and 
Kilpatrick, 1960; Reeves et al., 1978). Unmetabolized drugs 
retain their lipid solubility and may undergo extensive tubu-
lar reabsorption, whereas metabolism increases the polarity 
of the drug molecules, making them more hydrophilic and 
encouraging renal elimination.

The pH of the urine influences the renal clearance of all 
sulfonamides. Sulfonamide clearance is increased in the 
presence of alkaline urine (Williams et al., 1968), because 
sulfonamides are weak acids and their nonionic tubular 
reabsorption decreases by alkalinization of the urine (Follath, 
1979; Becker et al., 1996). This effect is pronounced with 
the long-acting sulfonamide, sulfasymazine. Furthermore, 
all the sulfonamides and their acetylated conjugates are more 
soluble in alkaline urine with the exception of sulfame-
thizole, which is highly soluble even in acid urine (Peddie 
and Little, 1979). The solubility in urine of the various sul-
fonamides and their conjugates varies considerably. Sulfa-
dimidine and its acetylated form are very soluble compared 
with other sulfonamides, such as sulfadiazine.

BILE

Only small amounts of the sulfonamides are excreted via the 
biliary tract, and they are not concentrated in bile.

INACTIVATION IN THE BODY

A percentage of the absorbed sulfonamide is acetylated in 
the liver by polymorphic N-acetyltransferase 2 (NAT2), pro-
ducing inactive conjugates. Each sulfonamide is acetylated to 
a different extent. Although the products of acetylation have 
no antibacterial activity, they retain the toxic potential of 
the parent sulfonamide. Individuals vary in their capacity 
to acetylate sulfonamides. Active acetylators of sulfadimi-
dine also rapidly inactivate isoniazid and vice versa, because 
a similar acetyltransferase enzyme is involved in the process-
ing of both drugs. Patients who, after a test dose of sulfadi-
midine, have a proportion of acetylated drug less than 25% 
in the serum or less than 70% in the urine may be considered 
to be slow sulfonamide acetylators and will also usually be 
slow isoniazid inactivators (Rao et al., 1970) (see Chapter 
123, Isoniazid). About 10% of the total dose of sulfasalazine 
is excreted unchanged in the urine. The remainder of 
absorbed sulfasalazine is excreted unchanged in the bile and, 
together with the nonabsorbed portion of the drug, reaches 
the distal small intestine and colon. The drug is then split 
into its two components, 5-ASA and sulfapyridine, by intes-
tinal bacteria, mainly in the colon. Most sulfapyridine is 
then absorbed and appears in the blood 3–5 hours after oral 
administration, with the level varying according to the ace ty-
lator status of the patient; it is then excreted in the urine either 
as the free drug or as its metabolites. In contrast, 5-ASA 
tends to remain in the colon and is excreted unchanged in 
the feces. However, some is also found in the acetylated form 
owing to gut wall and systemic acetylation. There are three 
point mutations in the NAT2 gene with wild-type NAT2*4 

and mutant alleles NAT2*5B, NAT2*6A, NAT2*7B. Homo-
zygotes for the wild-type allele are rapid acetylators, com-
pound heterozygotes for the wild-type and mutant alleles are 
intermediate acetylators, and homozygotes for the mutant 
alleles are slow acetylators (Tanigawara et al., 2002). Pro-
longed AUC and Cmax of sulfapyridine have been observed in 
slow acetylators (Ma et al., 2009). Slow acetylator status has 
been associated with increased rates of adverse reactions to 
arylamine antibiotics such as sulfamethoxazole (Wolkenstein 
et al., 1995) and sulfamethazine (Chapron et al., 1980), as 
well as arylamine carcinogen-related cancers (Agundez, 2008).

Some of the sulfonamides are converted to inactive meta-
bolites in the liver by glucuronidation. This process is partic-
ularly marked with sulfadimethoxine, 80% of which is excreted 
as a very soluble glucuronide in the urine (Busch and Lane, 
1967). Sulfamethoxazole undergoes N4-hydroxylation in 
hu mans predominantly via the cytochrome P450-2C9 sub-
family (Cribb et al., 1995). A sequence of reactions forms 
reactive metabolites responsible for mediating hypersensitiv-
ity reactions.

5e.  Drug interactions

Christensen et al. (1963) reported hypoglycemic attacks in 
several diabetic patients who were treated with both tolbuta-
mide and sulfaphenazole. These patients had greatly increased 
serum tolbutamide levels, and it appeared that sulfaphenazole 
interfered with oxidation and excretion of tolbutamide. The 
metabolism by liver microsomal enzymes of other drugs, 
such as diphenylhydantoin (phenytoin) and warfarin (and 
tolbutamide), is inhibited by usual therapeutic doses of sul-
faphenazole, sulfadiazine, and sulfamethizole. Cotrimoxazole 
also increases the diphenylhydantoin half-life in patients  
by decreasing its metabolism (Hansen et al., 1975). In contrast, 
sulfadimethoxine, sulfamethoxypyridazine, and sulfametho-
xy diazine do not affect phenytoin metabolism.

Reduction in warfarin metabolism associated with con-
comitant sulfonamide administration may result in poten-
tiation of warfarin-induced anticoagulation (Barnett and 
Han cock, 1975; Hassall et al., 1975). This often occurs 2–6 
days after commencement of sulfa therapy. Cotrimoxazole 
causes marked augmentation of warfarin-induced hypopro-
thrombinemia by a stereoselective interaction of the combi-
nation with the levorotatory form of warfarin (O’Reilly and 
Motley, 1979; O’Reilly, 1980). This causes an increase in the 
plasma concentration of levorotatory warfarin and a decrease 
in dextrorotatory warfarin. Because levorotatory warfarin is 
intrinsically more potent than dextrorotatory warfarin, there 
is a net increase in warfarin activity. Similar interactions 
occur between warfarin and metronidazole (see Chapter 99, 
Metronidazole). Potentiation of warfarin-induced hypopro-
thrombinemia has also been reported with sulfasalazine 
(Hall and Rindone, 2011). Alcohol can decrease the apparent 
half-life of sulfadimidine by increasing the amount of its ace-
tylated form in blood and urine. This seems to be because 
alcohol increases the rate of sulfonamide acetylation (Olsen 
and Mørland, 1978). Experience with five cardiac transplant 
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recipients suggested that i.v. sulfadimidine can cause a marked 
decrease in serum cyclosporine levels (Wallwork et al., 1983; 
Jones et al., 1986). Furthermore, concomitant administration 
of cotrimoxazole and cyclosporine has been associated with 
an increased incidence of nephrotoxicity, independent of the 
levels of either drug (Sands and Brown, 1989). Sulfapyridine 
may displace methotrexate from protein binding sites and 
increase the risk of methotrexate myelotoxicity.

Folate can aid malarial growth in vitro and can also antag-
onize the antimalarial action of sulfadoxine–pyrimethamine, 
but its role in vivo is not well understood. The role of blood 
folate concentrations and in vivo sulfadoxine– pyrimethamine 
failure was studied in Malawian children with P. falcipa 
rum malaria in a region with high prevalence of the quintu- 
ple mutant conferring sulfadoxine–pyrimethamine resistance 
(Dzin  jalamala et al., 2005). Blood folate concentrations were 
higher in those children with late treatment failure.

Fosamprenavir shares a sulfonylarylamine structure with 
sulfamethoxazole and darunavir (Phillips and Mallal, 2007). 
There is limited information on cross-reactivity between these 
drugs, and patients with sulfa or sulfonamide antibiotic hyper-
sensitivity were not excluded from darunavir clinical trials.

Fluconazole (CYP2C9/19 and CYP3A4 inhibitor) can inhi-
bit the formation of hydroxylamines (Winter and Unadkat, 
2005) and may prove useful in preventing acetylation of sulfa-
diazine, thus limiting potential adverse reactions.

6. ADVERSE REACTIONS AND TOXICITY

6a.  Gastrointestinal side effects

Nausea, vomiting, and diarrhea were common with earlier 
compounds such as sulfapyridine but are uncommon with 
the newer sulfonamides. There are at least two reports of 
toxic megacolon and C. difficile colitis associated with exten-
sive use of topical SSD use: one in a patient with 34% total 
body surface area burns (Jennings and Hanumadass, 1998) 
and the other in a patient with bullous pemphigus vulgaris 
(Tan et al., 2012).

6b.  Neurotoxicity

Headache and dizziness were commonly reported with the 
older sulfonamides but are rare with the newer compounds. 
In the prepenicillin era, toxic psychoses due to sulfonamides 
were well described (Little, 1942). Other disturbances of the 
nervous system such as drowsiness, fatigue, insomnia, night-
mares, confusion, depression, vertigo, ataxia, and peripheral 
neuritis have been reported (Weinstein et al., 1960; Floris-
Moore et al., 2003). Acute encephalopathy and tremulous-
ness, possibly owing to sulfadiazine, have been described in 
a patient with AIDS-related complex who was also being 
treated with pyrimethamine for refractory I. belli infection 
(Young, 1989). Neurotoxicity, manifested by agitation, con-
fusion, hallucinations, and seizures, has also been associated 
with generalized hypersensitivity reactions in a couple of 
cases (Smith et al., 1982).

There are case reports of meningoencephalitis associated 
with sulfonamides, particularly trimethoprim–sulfamethox-
azole (Joffe et al., 1989; Tunkel and Starr, 1990; Auxier, 1990) 
(see Chap ter 92, Trimethoprim and trimethoprim–sulfame-
thoxazole [cotrimoxazole]) but also with sulfamethizole (Bar - 
rett and Thier, 1963) and sulfisoxazole (Blumenfeld et al., 
1996). Hyper cellular pleomorphic CSF with sterile blood and 
CSF cultures was seen, with prompt resolution of symptoms 
on drug cessation. Magnetic resonance imaging demonstrated 
diffuse white matter abnormalities that resolved within 
months. Aseptic meningitis has also been reported with sul-
fasalazine (Houitte et al., 2009; Tay et al., 2012).

There is a case report of extrapyramidal symptoms (spas-
modic torticollis, trismus, and akathisia) after ingestion of 
sulfadoxine–pyrimethamine for uncomplicated falciparum 
malaria (Adam and Elbashir, 2004). Although malaria itself 
can be associated with neurological manifestations, the 
symptoms occurred within 50 minutes of the first dose. Sul-
fasalazine has been associated with a case report of central- 
variant posterior reversible encephalopathy, with resolution 
of symptoms within 5 days of cessation of sulfasalazine and 
normalization of imaging at 30 days (Ocek et al., 2015). 
There is also a case report of facial palsy associated with sul-
fasalazine use (Magnus et al., 1993).

6c.  Drug fever

Drug fever is rare with commonly used short-acting sulfon-
amides, such as sulfadimidine and sulfafurazole, although it 
was frequent with the earlier sulfonamides. Drug fever has 
been occasionally observed with the long-acting sulfonamide, 
sulfamethoxypyridazine (Grieble and Jackson, 1958).

6d.  Hypersensitivity reactions

The mechanisms of idiosyncratic sulfonamide toxicity have 
not been clearly defined, although a number of authors have 
demonstrated an association between sulfonamide toxicity 
and slow acetylator status (with subsequent reduced ability 
to detoxify oxidative metabolites) (Shear et al., 1986; Rieder 
et al., 1989). In an in vitro assay, lymphocytes from 6 patients 
with a history of severe reactions to sulfonamides were 
compared with those of 20 controls. The lymphocytes of the 
sulfa-allergic patients demonstrated increased toxicity from 
sulfonamide metabolites but not from the drugs themselves 
(Shear et al., 1986). Rieder et al. (1989) found that in the case 
of sulfamethoxazole hypersensitivity, the hydroxylamine 
derivative of this agent may be one of the reactive metabo-
lites mediating these reactions. Thus, inherited differences in 
the rate of toxic metabolite production and detoxification, 
and the rate of acetylation of the parent drug, may contribute 
to hypersensitivity.

Allergic rashes are fairly frequent complications of sulfon-
amide therapy. Similar to the penicillins, these usually occur 
after 1–2 weeks of treatment but may appear earlier with 
prior sulfonamide sensitization. The most common types of 
rashes are maculopapular or urticarial, but erythema nodosum, 
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exfoliative dermatitis, or, rarely, Stevens–Johnson syndrome 
may occur (Alkadi, 2007). Photosensitivity can also result; 
these rashes may be accompanied by features of a serum 
sickness–like illness, such as fever and joint pains (Shear et 
al., 1986). The risk of adverse cutaneous reactions to sulfa-
doxine is 40-fold higher when it is taken in regular doses for 
prophylaxis compared with single-dose treatment (Gimnig 
et al., 2006). Adverse reactions reported during long-term 
antibiotic therapy with sulfonamides for recurrent urinary 
tract infections in children occurred in 10.4% of patients and 
were mostly cutaneous (Uhari et al., 1996; Karpman and Kur- 
zrock, 2004). None of these were serious or life- threatening, 
and they were reversible on drug cessation. The rate was 
higher in children younger than 2 years of age, and fewer 
than 10% of antibiotic courses were discontinued in children 
younger than 2 years of age.

Stevens–Johnson syndrome is the most serious form of 
hypersensitivity reaction to sulfonamides. In its most exten-
sive form, this syndrome consists of erythema multiforme 
and ulceration of the mucus membranes of the eyes, mouth, 
and urethra, which can be very severe and sometimes fatal. 
This complication has been described in association with all 
sulfonamides, but the long-acting ones, sulfamethoxypyri-
dazine and sulfadimethoxine, have been particularly impli-
cated (Salvaggio and Gonzalez, 1959; Rallison et al., 1961; 
Claxton, 1963). The FDA collected reports of 116 cases of 
Stevens–Johnson syndrome associated with long-acting sul-
fonamide administration from 1957–1965 from all parts of 
the world. The median time of appearance of this complica-
tion was about the 10th day of treatment (Carroll et al., 
1966). It was estimated that there had been about one or two 
cases reported for every 10 million doses of these drugs that 
had been distributed. The report suggested that this syn-
drome may be more common in children. Nine cases of 
Stevens–Johnson syndrome in children, with three fatalities, 
were reported from one Sydney hospital during the period 
1962–1964 (Beveridge et al., 1964). Fatal Stevens–Johnson syn-
drome occurred in a 26-year-old AIDS patient with cerebral 
toxoplasmosis who was given sulfadiazine–pyrimethamine 
after having experienced a previous cutaneous reaction to 
trimethoprim–sulfamethoxazole (Carrión-Carrión et al., 1999).

The risk of Stevens–Johnson syndrome appears to be the 
main reason why the long-acting sulfonamides did not become 
more popular for general use (Pryles, 1970). Some authors 
used these compounds extensively for the treatment of uri-
nary tract infections and did not encounter this complication 
(Brumfitt, 1970). Drugs other than sulfonamides may also cause 
this syndrome, and the underlying infection for which the 
drugs are given may sometimes be responsible for Stevens–
Johnson syndrome. A variety of infectious agents, such as  
M. pneumoniae and herpes simplex virus, have an etiological 
role in this syndrome. The causative role of the sulfonamides 
is beyond doubt in many cases. Ström (1962) used provoca-
tive tests with suspected drugs (sulfonamides and others) in 
29 patients who had had Stevens–Johnson syndrome and 
obtained positive reactions in 19. Lyell (1982) has also drawn 
attention to other instances in which this syndrome appeared 

to be precipitated by sulfonamides. Cases of agranulocytosis, 
Stevens–Johnson syndrome, erythema multiforme, and toxic 
epidermal necrolysis with some fatalities have been reported 
in association with the use of Fansidar (pyrimethamine and 
sulfadoxine) for malaria (Hornstein and Ruprecht, 1982; 
Olsen et al., 1982; Whitfield, 1982; CDC, 1985a, CDC, 1985b; 
Selby et al., 1985) and for prophylaxis against P. jirovecii 
pneumonia in patients with AIDS (Navin et al., 1985). Other 
adverse reactions associated with Fansidar have included 
serum sickness–type reaction, urticaria, exfoliative dermati-
tis, and hepatitis. As a result, indications for the use of this 
combination were altered, and Fansidar is no longer recom-
mended for prophylaxis against malaria or pneumocystis 
pneumonia (see Chapter 93, Pyrimethamine). Sulfadiazine 
has also been associated with hypersensitivity and the drug 
rash with eosinophilia and systemic symptoms (DRESS) syn-
drome (McLeod et al., 2006b; Yusuf et al., 2013). There are 
now multiple reports of DRESS associated with sulfasalazine 
(Augusto et al., 2009; Cookson et al., 2013; Fathallah et al., 
2015; Rosenbaum et al., 2010; Thacker et al., 2015). The 
HLA-B*13:01 allele is associated with sulfasalazine-induced 
DRESS in a Chinese Han population (Yang et al., 2014). Linear 
IgA dermatosis with DRESS has also been associated with sul-
fasalazine (Hernandez et al., 2013b), as well as a mor billi form 
eruption as part of a hypersensitivity reaction (Tay et al., 2012). 
Hypersensitivity associated with reactivation of human her-
pesvirus 6 and induction of antiphospholipid antibodies has 
been reported with sulfasalazine use (Tung et al., 2011).

Adverse reactions, including rashes, to cotrimoxazole and 
sulfadoxine are more common in patients with AIDS (Hughes 
et al., 1995). Up to 40% of patients with AIDS and toxoplas-
mic encephalitis are unable to complete a course of therapy 
with sulfadiazine–pyrimethamine because of adverse reactions 
to sulfonamides (Leport et al., 1988; Caumes et al., 1995). The 
rate of serious adverse reactions to cotrimoxazole in HIV-
positive infants and children appears to be similar to that 
among adults (Rieder et al., 1997). Early investigations sug-
gested that the slow acetylator phenotype in HIV-positive 
individuals was associated with hypersensitivity reactions to 
cotrimoxazole, regardless of the stage of HIV disease (Carr et 
al., 1994; Kaufmann et al., 1996; Smith et al., 1997). Contrary 
to these data, more recent studies have suggested that there 
may not be an association between slow acetylator genotype 
and hypersensitivity reactions (Pirmohamed et al., 2000; 
O’Neil et al., 2002; Alfirevic et al., 2003). This may be due to 
discordance between methods of phenotype determination 
(O’Neil et al., 2000). Another mechanism for adverse reac-
tions to sulfonamides in HIV-positive individuals is glutathi-
one deficiency. HIV Tat protein expression is associated with 
increased intracellular oxidative stress, decreased glutathione 
biosynthesis, and decreased cellular concentrations of total 
and reduced glutathione. Glutathione is important in pro-
tecting cells from the effects of sulfamethoxazole metabolites 
by preventing the oxidation of the hydroxylamine to the more 
toxic nitroso metabolite (Lin et al., 2006).

Desensitization to sulfonamides has been reported in 
patients both with AIDS and without AIDS, with moderate 
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success (Holdsworth, 1981; Taffet and Das, 1982; Finegold, 
1985; Hughes et al., 1986; Kreuz et al, 1990; Torgovnick and 
Arsura, 1990; Tenant-Flowers et al., 1991), although Sher et 
al. (1986) described a patient who developed anaphylactic 
shock during oral desensitization, so caution needs to exer-
cised. Torgovnick and Arsura (1990) described 13 patients 
with AIDS and sulfonamide-associated cutaneous reactions 
who underwent oral desensitization, 11 successfully. They 
used a solution containing either 4 mg/ml of sulfamethoxaz-
ole or 5 mg/ml of sulfadiazine, of which 1 ml was given every 
6 hours for four doses; then, if no reaction was observed, the 
dose was doubled on the same every-6-hours schedule every 
24 hours until the desired dose was reached (sulfamethoxa-
zole, 1.2 g four times daily, or sulfadiazine, 1.5–2 g four times 
daily). The issue of desensitization has been recently reviewed 
(Scherer et al., 2013).

About 2% of patients receiving sulfasalazine therapy for 
inflammatory bowel disease (see section 7m, Inflammatory 
bowel disease) develop symptoms that appear to be allergic 
(Purdy et al., 1984). This is distinct from the nonallergic tox-
icity of sulfasalazine, which is related to the serum sulfapyri-
dine level. Allergic manifestations usually consist of a skin 
rash (urticaria, macular or diffuse erythema) with or without 
fever and are not associated with the acetylator phenotype 
of the patient. Patients with this allergy can be desensitized 
successfully by starting with a low daily dose of sulfasalazine 
(1  mg) and gradually increasing it up to 2–3 g per day 
(Holds worth, 1981; Taffet and Das, 1982; Purdy et al., 1984). 
Desen sitization should not be attempted in patients with 
serious reactions to sulfasalazine, such as agranulocytosis, 
toxic epidermal necrolysis, or fibrosing alveolitis. A generalized 
hypersensitivity reaction associated with fever, arthralgia, 
lymphadenopathy, and hepatitis can occur with sulfasalazine.

Hypersensitivity manifestations after topical sulfonamide 
therapy are common, and this form of treatment is now used 
only rarely. Topical mafenide has been associated with aller-
gic contact dermatitis (Firoz et al., 2007), and the allergy was 
proven with positive patch testing and recurrence of symp-
toms with drug rechallenge. There have been several case 
reports of mafenide acetate hypersensitivity mimicking acute 
suppurative chondritis (Pickus et al., 2002). The hypersen-
sitivity reaction lacks the fever, fluctuance, and pain usually 
seen in acute suppurative chondritis, and symptoms resolve 
within days after cessation of mafenide with or without con-
comitant corticosteroid therapy. Stevens–Johnson syndrome 
has been described after the use of sulfonamide eye drops 
(Gottschalk and Stone, 1976). Cutaneous side effects of SSD 
also include systemic argyria and localized argyria in a post-
surgical scar (Fisher et al., 2003) and the vagina (Thomas 
et al., 2001). Toxic epidermal necrolysis has been associated 
with the use of topical sulfacetamide eye drops (Byrom et al., 
2013).

There is usually cross-allergy between all the sulfona-
mides, and sulfonamide-allergic patients may potentially be 
allergic to other drugs of similar structure such as furose-
mide, hydrochlorothiazide, and glipizide (and vice versa) 
(Sullivan, 1991). It is unwise to administer any sulfonamide 

to a patient with a previous history of allergy to one of these 
drugs. There is no satisfactory test available for sulfonamide 
allergy. The immunological determinant of type I (immedi-
ate hypersensitivity) responses to sulfonamide antibiotics is 
the N1 heterocyclic ring, which nonantibiotic sulfonamides 
do not contain. Non–type I hypersensitivity responses to  
sulfonamide antibiotics are largely attributable to reactive 
metabolites that may cause direct cytotoxicity or other 
immunological responses. Formation of these metabolites is 
a stereospecific process that occurs at the N4 amino nitrogen 
of the sulfonamide antibiotics, a structure also not found on 
any nonantibiotic sulfonamide drugs. The stereospecificity of 
these reactions implies that cross-reactivity with nonantibi-
otic sulfonamide-containing drugs is highly unlikely (Brackett 
et al., 2004). T cell recognition of unmetabolized, nonhapte-
nated parent sulfonamide antibiotic may occur in a small 
subset of hypersensitive patients. Strom et al. (2003) evalu-
ated patients with prior hypersensitivity to sulfonamide anti-
biotics and their risk of allergic reactions to sulfonamide 
nonantibiotics and penicillins. An association was found 
between hypersensitivity after treatment with sulfonamide 
antibiotics and subsequent sulfonamide nonantibiotic use, but 
there was also an association with subsequent penicillin use. 
This indicates a possible predisposition to allergic reactions 
rather than cross-reactivity between sulfonamide-based drugs. 
Hemstreet and Page (2006) studied potential cross- reactivity 
between sulfonamide antibiotics and nonantibiotics. They 
revealed that 40% of patients receiving sulfonamide nonantibi-
otics reported an allergy to trimethoprim–sulfamethoxazole, 
and 43% of patients with reported sulfonamide antibiotic 
allergy had been taking a sulfonamide nonantibiotic for an 
average of 6.2 years without adverse effects. This was further 
evaluated with controlled oral challenge testing (COCT) to 
investigate fixed drug eruption caused by sulfonamide anti-
biotics as well as sulfonamide nonantibiotics and other 
p-amino compounds (Tornero et al., 2004). Of those patients 
with positive controlled oral challenge and patch testing, 
none developed positive results with sulfonamide nonantibi-
otics. De Barrio et al. (1998) reported positive oral challenge 
testing to indapamide as well as sulfamethoxazole and sulfa-
diazine in a patient with recurrent fixed drug eruption during 
treatment with indapamide. One exception appears to be 
cross-reactivity between sulfasalazine and sulfamethoxazole, 
for which lymphocyte transformation tests from patients 
with known hypersensitivity to sulfasalazine were positive 
for both sulfapyridine and sulfamethoxazole (Zawodniak et 
al., 2010). A more recent review of the literature including 
manufacturer-provided data did not find any convincing 
evidence of broad cross-reactivity between antibacterial 
sulfonamide compounds and nonantibacterial sulfon-
amides (Wulf and Matuszewski, 2013).

6e.  Hematological toxicity

The most common hematological toxicity is acute agranulo-
cytosis, although aplastic anemia, megaloblastic anemia, and 
thrombocytopenia have also been described. Agranulocytosis 
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was reasonably common with the older sulfonamides, such 
as sulfapyridine, but is rare with currently used drugs. It is 
reversible, and recovery usually occurs within 1 week of stop-
ping the drug. In a survey in Sweden between 1973 and 1978, 
sulfonamides were one of the most frequent causes of drug- 
induced leukopenia (Leading article, 1983b). The International 
Agranulocytosis and Aplastic Anemia Study Group (1989) 
estimated the relative risk of developing agranulocytosis when 
cotrimoxazole (sulfamethoxazole– trimethoprim) is used for 
three or more consecutive days to be 12-fold, with the esti-
mated excess risk of agranulocytosis attributable to the use of 
cotrimoxazole in a 2-week period being 1.6 per million. The 
topical use of SSD can cause leukopenia due to the absorption 
of sulfadiazine, although this effect is usually self- limiting 
even with continued use of the agent. Leukopenia usually 
occurs within 2–4 days of commencing sulfadiazine therapy 
with an estimated frequency of 3–5% (Fraser and Beaulieu, 
1979). Usually treatment can be continued if the total leu-
kocyte count is greater than 3000 per cm2. The sulfapyridine 
part of sulfasalazine is absorbed, and acute agranulocytosis 
due to this drug has been reported in two patients, both of 
whom died with septicemia (Thirkettle et al., 1963). The 
average duration between sulfasalazine exposure and onset 
of acute agranulocytosis was 42 days, with normalization 
of  neutrophil count occurring within a mean of 11 days 
(Andersohn et al., 2007). Agranulocytosis attributed to sul-
fasalazine was also reported in a case-control surveillance 
study of drug-induced agranulocytosis (Huber et al., 2014). 
Agranulocytosis associated with the use of dapsone in the 
treatment of dermatitis herpetiformis has been estimated to 
occur with an increased relative risk of 50-fold, or a total risk 
of one case per 3000 patient-years of exposure to dapsone 
(median treatment dose of 100 mg of dapsone daily) (Horn-
sten et al., 1990).

Other hematological complications, such as hemolytic 
anemia, alterations in erythrocyte morphology, erythroid 
hypoplasia, and pancytopenia, have been described with sul-
fasalazine. One patient had agranulocytosis, erythroid hypo-
plasia, and bone marrow plasmacytosis due to sulfasalazine 
(Wheelan et al., 1982). The risk of leukopenia may also have 
a genetic predisposition. A patient treated with sulfasala- 
zine for ulcerative colitis on a background of hemodialysis 
developed diarrhea and leukopenia (Teshima et al., 2003). 
NAT2 polymorphisms were determined by polymerase chain 
reaction, and the patient was found to have NAT2*6A/*7B, 
suggesting that the patient was a slow acetylator. This may 
have led to a rise in sulfapyridine concentration, and coexist-
ing reduction in protein binding due to end-stage renal fail-
ure may have potentiated this effect because sulfasalazine is 
extensively protein bound.

Fatal aplastic anemia has been attributed to sulfonamides, 
but less commonly than to chloramphenicol. Aplastic ane-
mia and two cases of pure red cell aplasia have been described 
in association with sulfasalazine therapy (Dunn and Kerr, 
1981; Anttila et al., 1985). In one case, after recovery from 
red cell aplasia, the patient was treated with 5-ASA without 
complications.

Acute hemolytic anemia is another rare complication 
and is sometimes due to prior sensitization to sulfonamides 
(Weinstein et al., 1960). Hemolytic anemia with antibodies 
to both trimethoprim and sulfamethoxazole, as well as renal 
failure, was reported in a patient exposed to trimethoprim–
sulfamethoxazole (Arndt et al., 2011). These drugs can 
induce hemolysis in patients with glucose-6-phosphate 
dehydrogenase–deficient red cells, producing Heinz body 
anemia with intravascular hemolysis and hemoglobinuria. 
This type of anemia may also occur in fetuses or premature 
infants whose red cells are normally deficient in glucose- 
6-phosphate dehydrogenase. Megaloblastic anemia respond-
ing to therapy with folic acid has been described in patients 
with ulcerative colitis who were being treated with sulfasal-
azine (Schneider and Beeley, 1977; Kane and Boots, 1977). 
Folate deficiency may occur in patients with inflammatory 
bowel disease, and some studies have indicated that sulfasal-
azine therapy further impairs folate absorption (Halsted et 
al., 1981). Other investigations suggest that in patients with 
inactive chronic colitis taking an optimum maintenance 
dose of 2 g or less of sulfasalazine daily, folate deficiency 
would be rare. However, subclinical tissue depletion could 
occur with higher doses, particularly if other factors, such as 
deficient dietary intake, severe bowel inflammation, preg-
nancy, associated hemolysis, and small bowel disease or 
resection, are present, which increase the likelihood of folate 
deficiency (Longstreth and Green, 1983).

Thrombocytopenia alone is a rare complication of sulfon-
amide therapy (Weinstein et al., 1960) and has been reported 
with sulfamethoxazole, sulfasalazine, and sulfisoxazole (George 
et al., 1998; Curtis, 2014).

Cyanosis due to the formation of either methemoglobin 
or sulfhemoglobin was fairly common with the earlier sul-
fonamides but is now rare with the currently used com-
pounds. Sulfanilamide is converted to intermediate forms 
with direct oxidizing potential on hemoglobin. With increas-
ing concentrations of these intermediates, the primary in 
vivo mechanism of methemoglobin reduction, NADH-
dependent cytochrome b5 reductase, is overwhelmed, result-
ing in methemoglobinemia. Individuals with hereditary 
cytochrome b5 reductase deficiencies should be at higher risk 
than normal individuals for the development of clinically 
relevant methemoglobinemia in the presence of sulfon-
amides (Bristol et al., 2005). SSD has also been implicated as 
a cause of acute methemoglobinemia in a 3-year-old boy 
with extensive burns treated with skin débridement and top-
ical SSD application (Tsai et al., 2005). There was also a fam-
ily history of beta-thalassemia trait, which may have impaired 
oxidative stress function. A 27-year-old adult also developed 
methemoglobinemia when treated with topical SSD, cerium 
nitrate, and benzocaine for 70% burns (Poredos et al., 2011).

6f.  Hepatic toxicity

Dujovne et al. (1967) reported a patient who developed 
hepatocellular jaundice after a second course of sulfame-
thoxazole. The serum transaminase was raised, and liver biopsy 
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revealed cell necrosis. Associated eosinophilia suggested 
hypersensitivity. Liver damage reappeared with a test dose 
of sulfonamide, and the authors noted that the phenomenon 
had occurred in two other reported cases. They also reviewed 
106 cases of sulfonamide hepatotoxicity reported during the 
preceding 30 years. The majority of these had occurred 
before 1947, which is probably a reflection of the greater hep-
atotoxicity of older sulfonamides. There have been a number 
of case reports of hepatotoxicity associated with sulfasalazine 
administration (Losek and Werlin, 1981; Smith et al., 1982; 
Lennard and Farndon, 1983). Losek and Werlin (1981) also 
reviewed eight previous reports of this complication. Hepa-
totoxicity appears to be due to sulfapyridine, the major 
absorbed metabolite of sulfasalazine. Associated features com-
monly include fever, rashes, lymphadenopathy, and arthral-
gia, and onset usually after 2–4 weeks’ latency suggests a 
hypersensitivity reaction. Liver function tests indicate hepa-
tocellular damage, and liver biopsy shows focal inflamma-
tion and necrosis. In several patients, features have recurred 
after challenge with sulfasalazine. Sulfasalazine hypersensi-
tivity may also affect the kidneys and cause pancreatitis and 
pneumonitis. Granulomatous hepatitis, cholestatic liver dis-
ease, and acute liver failure have also been associated with 
sulfasalazine use (Khokhar and Lewis, 2010). Sulfadoxine 
has been implicated as a cause of hepatitis due to hypersen-
sitivity (Alkadi et al., 2007). Severe hepatotoxicity and prob-
able hepatorenal syndrome have also been described with 
sulfadiazine (Khalili et al., 2011).

6g.  Renal toxicity

Crystalluria causing renal damage is the classic sulfonamide 
complication that was common with earlier sulfonamides, 
such as sulfapyridine, because these drugs are excreted in 
urine in high concentrations, in which the drugs themselves 
and their acetyl conjugates are relatively insoluble. Uro lithia-
sis is increased in slow acetylators (Russinko et al., 2003). 
Crystalluria may cause pain and hematuria, and anuria can 
occur if the renal pelvis or the ureters become completely 
occluded. A high fluid intake and alkalinization of urine 
minimize this side effect. Currently used short-acting sulfon-
amides, such as sulfadimidine and sulfafurazole and their 
acetyl conjugates, are very soluble in urine. Crystalluria, with 
or without frank urolithiasis, and acute renal failure have 
been particularly described with the use of high-dose sulfa-
diazine (4–8 g per day) for a number of conditions including 
the treatment of toxoplasmic encephalitis in patients with 
AIDS (Craft et al., 1977; Arem et al., 1983; Ventura et al., 
1989; Simon et al., 1990; Molina et al., 1991; Catalano-Pons 
et al., 2004; Allinson et al., 2012; McGettigan et al., 2012). 
Molina et al. (1991) noted an incidence of sulfadiazine- 
induced crystalluria of 5.4% among their AIDS population 
treated for cerebral toxoplasmosis during the period 1986–
1990. This occurred especially during the first few months of 
therapy when higher doses of sulfadiazine were often required. 
Dehydration, with resultant reduced urine output, was an 
important risk factor. The vast majority of patients respond 

to urinary alkalinization (because raising the urinary pH 
from 6.5 to 7.5 allows for a greater than 10-fold increase in 
sulfadiazine solubility) plus fluid administration, without 
necessarily discontinuation of sulfadiazine therapy (Fox et 
al., 1943; Oster et al., 1990). Simon et al. (1990), who reported 
two cases and reviewed the sulfadiazine literature, proposed 
the following guidelines to avoid sulfadiazine-induced renal 
toxicity in patients with AIDS:

• Maintain a fluid intake of > 2–3 l daily.
• Alkalinize the urine with 6–12 g per day of sodium bicar-

bonate to maintain urinary pH > 7.15.
• Monitor urine for crystalluria and/or hematuria.
• Monitor serum sulfadiazine levels in patients with pre- 

existing renal insufficiency.

These guidelines have now become routine in the manage-
ment of renal impairment due to sulfadiazine in HIV-positive 
individuals (Becker et al., 1996; Díaz et al., 1996). Sulfadiazine 
crystals have a typical “sheaves of wheat” appearance under 
microscopy. Díaz et al. (1996) reported that the incidence 
of sulfadiazine-associated renal impairment was 1.9–7.5% 
in AIDS patients compared with 1–4% in HIV-negative con-
trols. There was also a delay in clinical occurrence in AIDS 
patients with a median of approximately 3 weeks’ treatment 
duration compared with 10 days in HIV-negative controls. 
The cumulative median sulfadiazine dose at time of renal 
impairment was 84 g in AIDS patients compared with 40 g in 
controls (Becker et al., 1996; Díaz et al., 1996). The incidence 
of acute renal failure in HIV patients on sulfadiazine treat-
ment ranges from 1.9–7.5%, although crystalluria can occur 
in up to 49% of cases (Crespo et al., 2000). It is also a rare 
cause of acute renal failure after renal transplantation 
(Guitard et al., 2005) and in previously healthy individuals 
(Crespo et al., 2000). Crystalluria-induced anuric renal fail-
ure has also been described with sulfasalazine (DeMichele et 
al., 2012).

The medium- and long-acting sulfonamides, being excreted 
slowly, do not attain high concentrations in the urine and there-
fore rarely cause crystalluria. Buchanan (1978) reported two 
patients who developed crystalluria and oliguric renal fail-
ure following i.v. cotrimoxazole therapy. Both these patients 
were hypoproteinemic, and most of the sulfamethoxazole in 
their serum was in the free form rather than the protein- 
bound form. It was postulated that crystalluria ensued sec-
ondary to the massive renal load of the free drug. The author 
recommended that cotrimoxazole should be used with cau-
tion in hypoalbuminemic patients.

Other forms of renal damage may occur in association 
with cotrimoxazole administration (see Chapter 92, Trim e-
thoprim and trimethoprim–sulfamethoxazole [cotrimoxaz-
ole]). Hypersensitivity reactions due to sulfonamide therapy 
may cause renal damage, as may sulfonamide-induced hem-
o lysis and hemoglobinuria (Appel and Neu, 1977). The nephro-
tic syndrome has been described after topical SSD therapy 
(Owens et al., 1974) and with sulfasalazine (Molnar et al., 
2010). Sulfamethoxazole has also been associated with acute 
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interstitial nephritis and tubulotoxicity in a renal transplant 
recipient (Schwarz and Perez-Canto, 1998).

In addition, sulfasalazine has been associated with granu-
lomatous interstitial nephritis requiring management with 
corticosteroids (Alivanis et al., 2010), delayed acute inter-
stitial nephritis after DRESS syndrome (Augusto et al., 2009), 
and necrotizing glomerulonephritis associated with proteinase 
3-antineutrophil cytoplasmic antibodies (Miura et al., 2009).

6h.  Systemic lupus erythematosus and 
polyarteritis nodosa

Systemic lupus erythematosus has been observed in patients 
receiving sulfonamides, particularly the long-acting drugs 
(Rallison et al., 1961; Alarcon-Segovia, 1969), and was first 
reported in 1945 with sulfadiazine use (Sarzi-Puttini et al., 
2005). A lupus-like syndrome has been reported in patients 
with ulcerative colitis treated with sulfasalazine (Griffiths 
and Kane, 1977). One such patient developed cardiac tam-
ponade due to lupus-associated effusion (Deboever et al., 
1989). The sulfapyridine moiety of sulfasalazine is probably 
responsible for the lupus syndrome. Polyarteritis nodosa has 
been reported in patients who had received sulfonamides, 
but they have a doubtful etiological role in this disease (Rose 
and Spencer, 1957).

6i.  Jaundice and kernicterus in the newborn

Sulfonamides compete with a number of substances, includ-
ing bilirubin, for albumin binding sites. For this reason, infants 
born to mothers treated with sulfonamides could conceiv-
ably develop jaundice with high free serum bilirubin levels or 
even kernicterus, especially if there is increased hemolysis. 
This could also occur in newborn or premature infants 
treated with sulfonamides. Wadsworth and Suh (1988) inves-
tigated 52 antimicrobial agents in vitro for their relative 
 bilirubin-displacing activity in pooled cord serum. All 7 sul-
fo namides examined, except sulfamethoxine, revealed high-
level bilirubin displacement activity. A study of 94 infants 
exposed to sulfadiazine in utero did not show an increased 
incidence of hyperbilirubinemia (Ratanajamit et al., 2003), 
and there was no increased risk of neonatal jaundice among 
1823 neonates exposed to sulfamethizole in the 4 weeks prior 
to delivery (Klarskov et al., 2013). Exposure to antimalarial 
drugs containing sulfonamides or sulfones prior to delivery 
was not associated with kernicterus at delivery (Phillips-
Howard and Wood, 1996).

6j.  Cardiac toxicity

Cardiomyopathy was reported in a 12-year-old African boy, 
apparently due to sulfonamide hypersensitivity (Macsear-
raigh and Patel, 1968). A few other cases of apparent sul-
fonamide-induced “hypersensitivity myocarditis” have been 
previously reported (Weinstein et al., 1960). Necrotizing 

eosinophilic myocarditis, as part of a systemic hypersensitiv-
ity syndrome, was found on autopsy of a 28-year-old patient 
with hereditary periodic fever syndrome treated with sul-
fasalazine (Jere mic et al., 2015). Toxic myocarditis inducing 
an acute myocardial infarction was attributed as the cause 
of death in a patient previously treated with sulfasalazine 
(Daoulah et al., 2012). There were no significant differences 
in mean QTc interval in children with uncomplicated falci-
parum malaria treated with pyrimethamine–sulfadoxine, coar-
temether, or chloroquine. There were QTc changes during the 
early phase of malaria that were independent of the type of 
antimalarial therapy given (Von Seidlein et al., 1997). Cardiac 
side effects are seen less with sulfadoxine–pyrimethamine 
compared with other antimalarial drugs such as amodiaquine  
and halofantrine (Traebert and Dumotier, 2005). In a study 
of the cardiac side effects of amodiaquine and sulfadoxine– 
pyrimethamine in Cameroon (Ngouesse et al., 2001), only 
minor and transient changes in P wave, PQ segment, and 
QRS and QTc intervals were associated with sulfadoxine– 
pyrimethamine compared with amodiaquine. One volunteer 
from a group of 105 healthy Colombians taking sulfadoxine–
pyrimethamine weekly for malaria prophylaxis (Rombo et al., 
1993) stopped therapy because of unilateral hypostatic eczema 
and minor ST depression on electrocardiography.

6k.  Pulmonary toxicity

Pulmonary reactions are associated with the use of a variety 
of drugs, but such reactions due to sulfonamides are rare 
(Leading article, 1969; Tydd and Dyer, 1976). Sulfasalazine 
can cause acute eosinophilic pneumonia, characterized by 
fever, dyspnea, cough, eosinophilia, and patchy radiological 
pulmonary opacities. Symptoms and radiological abnormal-
ities disappear when the drug is stopped. Some patients 
require corticosteroids (Parry et al., 2002). Hypersensitivity 
pneumonitis and acute interstitial pneumonia have also been 
reported with sulfasalazine (Karmakar et al., 2010). In addi-
tion to this acute syndrome, sulfasalazine may produce 
fibrosing alveolitis or a bronchial asthmatic reaction. It is 
important to differentiate this condition from interstitial 
lung disease due to an underlying primary disease. Salicylates 
can also cause pulmonary reactions, and either the salicylic 
acid or the sulfonamide component of sulfasalazine may be 
responsible. The abnormalities again usually disappear when 
sulfasalazine is stopped (Leading article, 1974b). Pulmonary 
toxicity may also mimic sarcoidosis with granulomas on his-
topathologic examination (Mohyuddin et al., 2013).

6l.  Teratogenicity

Several sulfonamides can cause fetal abnormalities in exper-
imental animals (Leading article, 1965), but studies of sulfon-
amide teratogenicity in humans are inconclusive (New man 
and Correy, 1983; Hoo et al., 1988; Czeizel, 1990; Sanford, 
1993). Czeizel et al. (2004) assessed potential teratogenicity 
with a case-control analysis performed on neonates born with 
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congenital abnormalities compared with matched controls 
as well as a retrospective assessment of maternal sulfon-
amide use during pregnancy. There was a possible associa-
tion between sulfamethoxydiazine use in the second or third 
month of pregnancy and ventricular septal defect, and sulfa-
thiourea use during the entire pregnancy and clubfoot. A 
large case-control and cohort study from Denmark (Rata-
najamit et al., 2003) evaluated the possible adverse outcomes 
of sulfamethizole use during pregnancy. There was no asso-
ciation with risk of neonatal jaundice (particularly with sul-
famethizole use late in pregnancy) and no increased risk of 
congenital malformation, stillbirth, or preterm birth. There 
was an association between risk of miscarriage and exposure 
to sulfamethizole within the week prior to miscarriage. This 
result was interpreted with caution owing to potential con-
founding factors, because urinary tract infection in preg-
nancy itself is associated with preterm labor and potential 
miscarriage. Another large Danish cohort study detected 
an association between use of sulfamethizole in the second 
month of pregnancy and increased occurrence of cleft lip 
with or without cleft palate; however, this finding was not 
significant after adjusting for confounders (Molgaard-Nielsen 
and Hviid, 2012). Orofacial clefts were not increased after the 
use of sulfonamides from the preconception period to the end 
of the first trimester in a large case-control study in the USA 
(Crider et al., 2009). However, this study demonstrated an 
association between sulfonamides and increased odds of 
several defects such as anencephaly, left-sided heart defects, 
choanal atresia, transverse limb deficiency, and diaphrag-
matic hernia, although the authors cautioned that a causal 
link was unable to be determined and that further scrutiny 
was warranted. Sulfadoxine–pyrimethamine administered as 
intermittent preventive therapy of malaria during pregnancy 
(IPTp) is not associated with an increased risk of teratogene-
sis. Folic acid supplementation should still occur at standard 
doses (0.4 mg per day) to prevent neural tube defects, but 
higher doses may interfere with the antimalarial efficacy of 
sulfadoxine–pyrimethamine (Peters et al., 2007).

6m.  Infertility

Male infertility is associated with the sulfapyridine compo-
nent of sulfasalazine, which may result in abnormalities in 
sperm density and mobility and abnormal sperm morphol-
ogy (Levi et al., 1979; Toth, 1979). These changes usually 
revert to normal about 2 months after cessation of sulfasala-
zine, and pregnancy then often ensues in previously infertile 
couples. Birnie et al. (1981) found that 16 of 21 patients tak-
ing sulfasalazine for inflammatory bowel disease had abnor-
malities on examination of their sperm. Cann and Holds worth 
(1984) used the other component of sulfasalazine, 5-ASA, 
successfully in one patient with ulcerative colitis without 
impairment of semen. There may be multiple mechanisms 
for this complication: toxicity to developing spermatozoa, 
deficiency in folate, chromium deficiency, or an inhibitory 
effect on prostaglandins E and F (Kirsner and Shorter, 1982).

6n.  Miscellaneous reactions

Other rare side effects have been described after sulfonamide 
administration. Cohen et al. (1980) observed a fall in circu-
lating thyroid hormone concentrations in volunteers given 
cotrimoxazole in a standard dosage for 10 days. They sug-
gested that thyroid tests be interpreted cautiously in patients 
receiving cotrimoxazole and that thyroid function should be 
assessed after long-term treatment. The sulfonamide compo-
nent of the combination is thought to be responsible for this 
effect (Cohen et al., 1981). In a study of children receiving 
continuous low-dose cotrimoxazole for more than a year, 
however, tests for thyroid hormone levels were normal 
(Smellie et al., 1982). High doses of sulfamethazine were 
associated with significant incidences of thyroid tumors in 
mice and rats as a result of its goitrogenic activity, resulting in 
constant stimulation of the thyroid by thyroid-stimulating 
hormone. An FDA review (Poirier et al., 1999) determined 
that humans are insensitive to the sulfamethazine-like inhi-
bition of thyroid function, thus making thyroid malignancies 
unlikely under approved conditions of use for sulfametha-
zine in humans.

Benign intracranial hypertension has also been observed 
to follow sulfamethoxazole administration in two patients 
(Ch’ien, 1970). Lisander (1970) reported a patient who on three 
occasions developed intense myalgia in the arms and legs 
after the administration of sulfamethoxydiazine. Another 
patient developed recurrent fever, meningitis, pancreatitis, 
and leukocytosis in association with administration and 
readministration of sulfamethizole (Barrett and Thier, 1963). 
Photosensitivity has been reported with sulfasalazopyridine 
(Bouyssou-Gauthier et al., 1999).

Sulfonamides decrease the ability of human neutrophils 
to kill certain Candida spp. and some bacteria, but whether 
this is of any significance even in patients susceptible to sys-
temic candidiasis is unknown (Lehrer, 1971). In common 
with other drugs used to treat rheumatoid arthritis, a selec-
tive IgA deficiency has been reported with the use of sulfas-
alazine (Delamere et al., 1983). This has also been noted in 
children with ulcerative colitis who have received the drug 
(Savilahti, 1983), although this does not appear to be clini-
cally relevant because none of these patients had an increased 
incidence of infections. Sulfasalazine is orange-yellow, and 
its use may cause similar coloring of the urine, skin, and such 
items as contact lenses (Riley et al., 1986).

Systemic toxicity such as metabolic acidosis can occur 
with mafenide (Pirnay et al., 2003), so the duration of topical 
treatment should be limited. Sulfonamides can induce an 
idiosyncratic reaction causing acute transient myopia and 
acute angle-closure glaucoma (Panday and Rhee, 2007; Li et 
al., 2008; Araujo et al., 2014). Sulfadiazine has also been 
implicated in drug-induced sialadenitis (Añíbarro and Fontela, 
1997). Swelling of bilateral parotid glands and the floor of  
the mouth occurred with sulfadiazine use, and an oral chal-
lenge test with sulfadiazine was positive with salivary gland 
enlargement. Fairhurst et al. (2003) reported life-threatening 
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hypoglycemic coma in a patient treated with sulfadoxine–
pyrimethamine. Sulfanilamide can cause significant concen-
tration-dependent reductions in glutathione levels in red 
cells deficient in glucose-6-phosphate dehydrogenase com-
pared with normal red cells (Ali et al., 1999).

Yellow-orange discoloration of the skin has been observed 
with topical benzoyl peroxide when combined with topical 
sulfacetamide or topical dapsone (Dubina and Fleischer, 
2009), although the exact chemical reaction is unclear. Dis-
coloration was evident within 30 minutes and persisted for 
up to 12 hours when tested on a cotton napkin (Dubina and 
Fleischer, 2009). Concurrent Sweet syndrome and erythema 
nodosum have been reported in a patient shortly after com-
mencement of sulfasalazine (Yamamoto, 2014). There is a 
single case report of lymphoproliferative disorder occurring 
in a patient receiving sulfasalazine that resolved completely 
after cessation of the drug (Dubey and Adebajo, 2009).

Lactic acidosis has been reported from SSD and its pro-
pylene glycol emulsifier when applied to the skin in a 3-year-
old child with 60% burns (Hernandez et al., 2013b; Tay et al., 
2012; Willis et al., 2013; Wulf and Matuszewski, 2013).

7. CLINICAL USES OF THE DRUG

There are now very few specific indications for sulfonamides 
because of the wide range of available antibiotics. Emergence 
of sulfonamide resistance among many bacterial species has 
made these drugs unsuitable for the treatment of many dis-
eases for which they had been used successfully in the past. 
The combination of sulfonamides with trimethoprim, how-
ever, is used for many diseases (see Chapter 92, Trimethoprim 
and trimethoprim–sulfamethoxazole [cotrimoxazole]), and 
the combination of sulfadiazine and pyrimethamine is often 
used for toxoplasmic encephalitis (see Chapter 93, Pyri me - 
tha mine). This section describes the clinical use of the sul- 
fonamides alone, or their use in combination with drugs 
other than trimethoprim (see Chapter 92, Trimethoprim and 
trimethoprim–sulfamethoxazole [cotrimoxazole]).

7a.  Urinary tract infections

Sulfonamides alone are often successful for the treatment of 
acute uncomplicated urinary tract infections due to suscep-
tible pathogens. However, despite their generally low cost, 
their use for this indication is diminishing owing to increas-
ing antibiotic resistance (see section 2b, Emerging resistance 
and cross-resistance) and the availability of effective agents 
with lower rates of toxicity. Nevertheless, numerous studies 
have demonstrated the clinical efficacy of sulfonamides in the 
past (Brumfitt, 1970; Reeves, 1975; Lidin-Janson, 1977; Ber- 
gan and Skjerven, 1979). Sulfonamides with medium dura-
tion of action (e.g. sulfamethoxazole) are probably preferable 
to short-acting sulfonamides (e.g. sulfamethizole), although 
in at least one trial there was no therapeutic difference 
between these two agents (Bergan and Skjerven, 1979). 
Similar to other antibiotic agents, single-dose sulfonamide 
 regi mens have proved effective for the treatment of acute 

uncomplicated urinary tract infections (Källenius and Win- 
berg, 1979). Four single-dose regimens (sulfisoxazole, 1 g; 
sulfisoxazole, 2 g; trimethoprim, 160 mg plus sulfamethoxa-
zole, 800 mg; or trimethoprim, 320 mg plus sulfamethox-
azole, 1600 mg) were given to 117 women with cystitis and 
resulted in cure rates of 85–95%, with no difference between 
the regimens (Buckwold et al., 1982). In a review of pub-
lished studies, Souney and Polk (1982) concluded that sulfi-
soxazole, trimethoprim–sulfamethoxazole, and amoxicillin 
are all effective as single-dose regimens to treat uncomplicated 
urinary tract infections in women. Norrby (1990), however, 
reviewed 28 trials conducted on women with uncom plicated 
cystitis comparing single-dose and 3-day courses of various 
antibiotic agents, including regimens that contained sul-
famethizole,  trimethoprim–sulfamethoxazole, and sulfadi-
azine. With all antibiotic regimens, a single dose was less 
efficient than a 3-day or > 5-day treatment in eradicating 
bacteriuria—although the difference was more pronounced 
with beta-lactams than with trimethoprim–sulfonamide 
com binations. For these latter combinations, no benefits 
were achieved by increasing the treatment time beyond 5 
days. Furthermore, adverse reactions increased markedly for 
sulfonamide combinations when treatment was given for 
longer than 3 days (Norrby, 1990). Recent data suggest that 
although symptoms cleared less quickly with sulfamethizole 
compared with pivmecillinam during 3-day treatment for 
uncomplicated acute cystitis, there was no difference in clin-
ical or bacteriologic cure rates after 5 days (Bjerrum et al., 
2009). 

Because the combination of nitrofurantoin (see Chapter 
97, Nitrofurans: nitrofurazone, furazidine, and nitrofuran-
toin) and sulfadiazine may be synergistic against some bacte-
ria, it has been used in clinical studies (Reeves et al., 1980). 
Patients with an acute symptomatic urinary infection received 
7 days’ treatment with either 50 mg of nitrofurantoin plus 
150 mg of sulfadiazine three times daily or 100 mg of nitro-
furantoin plus 500 mg of sulfadiazine three times daily. A 
cure rate of about 90% was obtained in both groups. 

Sulfonamides are not usually given for chronic and recur-
rent infections or for hospital-acquired infections. Antibiotic 
prophylaxis after transurethral prostatectomy with 500 mg 
of sulfadiazine plus 160 mg of trimethoprim was inferior to 
250 mg of ciprofloxacin (Lukkarinen et al., 1996). Further-
more, a randomized trial of meatal care with SSD cream 
failed to demonstrate any benefit in preventing the develop-
ment of catheter-associated bacteriuria in short-term cathe-
terized patients (Huth et al., 1992).

7b.  Respiratory tract infections

These drugs have been used for treatment of S. pyogenes 
throat infections (Alban, 1965), but penicillin G is the drug 
of choice for respiratory tract infections, and safe, effective 
alternative antibiotics are available for penicillin-allergic 
patients. Ampicillin (or amoxicillin) is usually the preferred 
treatment for otitis media in children, but combinations of a 
sulfonamide with erythromycin or phenoxymethyl penicillin 
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can be used (Paradise, 1980; Bluestone, 1982). Long-term 
treatment with sulfisoxazole (75 mg/kg/day for 6 months) 
was compared with surgical therapy (bilateral insertion of 
ventilation tubes) for the treatment of chronic otitis media 
with effusion (otherwise known as serous otitis media or 
glue ear) in 125 children (Bernard et al., 1991). Although 
there were treatment failures in the sulfisoxazole group, there 
were significant rates of complications in the surgical group, 
prompting the authors to recommend a 6-month trial of 
sulfisoxazole therapy for children with this condition before 
considering surgical intervention. Sulfisoxazole was also effec-
tive in the prevention of recurrent otitis media in children 
(Perrin et al., 1974; Liston et al., 1983; Varsano et al., 1985).

Sulfonamides have been used for the treatment of pneu-
mococcal pneumonia and other lower respiratory tract bac-
terial infections, but safer and more effective drugs are 
available, and there is increasing sulfonamide resistance in  
S. pneumoniae (see section 2b, Emerging resistance and 
cross-resistance). Sulfonamides may be useful for the treat-
ment of some mycobacterial infections (see section 2a, Routine 
susceptibility), but this is a very uncommon indication.

7c.  Rheumatic fever chemoprophylaxis

Sulfonamides have been used for rheumatic fever chemopro-
phylaxis as alternatives to penicillin for penicillin-allergic 
patients; however, erythromycin (see Chapter 59, Erythro-
mycin) is probably a better alternative. Owing to increasing 
resistance in S. pyogenes, the use of sulfonamides has largely 
been discontinued for primary prevention, although the 
American Heart Association still recommends sulfadiazine 
(500 mg daily for patients with body weight of 27 kg or less, 
or 1 g daily if body weight is above 27 kg) as an alternative 
to penicillin in penicillin-allergic patients for secondary pre-
vention (Gerber et al., 2009).

7d.  Meningococcal infections

Formerly, sulfonamides were extensively and successfully 
used for the treatment of meningococcal meningitis and sep-
ticemia, for prevention of meningococcal disease in contacts, 
and for eradication of the chronic meningococcal carrier 
state. Because sulfonamide-resistant meningococci are now 
common (see section 2b, Emerging resistance and cross- 
resistance), these drugs are usually no longer suitable for 
these clinical situations (Lennon et al., 1989). Ampicillin, 
penicillin, chloramphenicol, and the third-generation ceph-
alosporins, such as cefotaxime or ceftriaxone, are very effec-
tive for these infections. The use of parenteral penicillin G  
is also probably effective for the prevention of meningo-
coccal disease in contacts, but oral phenoxypenicillin may be 
ineffective for this purpose (Holten et al., 1970). In general, 
however, these antibiotics do not achieve sufficiently high 
concentrations in nasopharyngeal secretions to reliably eradi-
cate meningococcal carriage. None of the currently available 
antibiotics, except perhaps rifampicin (see Chapter 126, Rifam-
picin [rifampin]), minocycline (see Chapter 69, Minocycline), 

or ciprofloxacin (see Chapter 101, Ciprofloxacin), is as effec-
tive in eradicating the nasopharyngeal meningococcal car-
rier state as the sulfonamides were in the past (Leedom et al., 
1965, Leedom et al., 1967; Holten et al., 1970). Rifampicin 
is currently recommended as one of the chemoprophylactic 
agents of choice for meningococcal infections in the USA 
(Bilukha et al., 2005) (see Chapter 126, Rifampicin [rifam-
pin]), although it will fail to eradicate meningococcus in 
10–20% of carriers (Guttler et al., 1971; Kaiser et al., 1974). 
Minocycline is often avoided because of its associated high 
incidence of vestibular toxicity and the fact that it is con-
traindicated in children (see Chapter 69, Minocycline). The 
dosage of sulfadiazine for chemoprophylaxis is 1 g twice 
daily for adults, 0.5 g twice daily for children 1–12 years of 
age, and 0.5 g once daily for children less than 1 year of age. 
Treatment is continued for 2 days (CDC, 1981).

7e.  Nonmeningococcal bacterial meningitis

Although the sulfonamides have been combined with chlor-
amphenicol for the treatment of H. influenzae meningi- 
tis, and occasionally with penicillin G for the treatment of 
pneumococcal meningitis, there is no evidence that the 
 sulfonamide contributes to the therapeutic success of such 
treatment. Sulfisoxazole has been used with streptomy- 
cin to treat H. influ enzae meningitis successfully. Although 
erythromycin/sulfonamide combinations are effective in 
otitis media (which is often caused by H. influenzae) (see 
Chapter 59, Ery thromycin), this combination is ineffective in 
eradicating H. influenzae type b from the throats of children 
who are carriers (Horner et al., 1980). Rifampicin (see Chap- 
ter 126, Rifampicin [rifampin]) is the preferred chemopro-
phylaxis for contacts of patients with H. influenzae meningitis 
(Iqbal et al., 2008); however, it is recommended only for chil-
dren younger than 48 months of age with inadequate vacci-
nation history.

7f.  Gastrointestinal infections

Both the nonabsorbed sulfonamides, such as sulfaguanidine, 
and the well-absorbed short-acting sulfonamides (e.g. sulfadi-
azine or sulfadimidine) have been used extensively in the past 
for treatment of shigella dysentery. These drugs are now rarely 
useful alone for this disease as a result of increasing sulfon-
amide resistance. Resistance to cotrimoxazole, one of the ear-
lier drugs of choice in the treatment of shigellosis, is now 
common among Shigella dysenteriae type 1 strains in Africa 
and Asia and is increasing in other Shigella species, includ-
ing S. sonnei, in the USA and elsewhere (Salam and Bennish, 
1991; see Chapter 92, Trimethoprim and trimethoprim– 
sulfamethoxazole [cotrimoxazole]). Sulfonamides have never 
been useful for the treatment of salmonellosis.

The long-acting sulfonamide sulfadoxine in a single oral 
dose of 0.5–2 g (according to the patient’s age) has been 
compared with treatment with oral tetracycline, 0.25–0.5 g 
(according to age) every 12 hours for 3 days, to reduce trans-
mission of cholera infection among contacts of cholera patients 
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(Deb et al., 1976). Tetracycline was effective in significantly 
reducing the number of infections from the second to the 
sixth day, whereas sulfadoxine was effective from the third  
to the sixth day after treatment. However, increasing anti-
biotic resistance among this species is notable (see Chap- 
ter 67, Tetracycline). Sulfadimethoxine appeared to have 
some anticryptosporidial activity in one study using a rat 
model of intestinal cryptosporidiosis; however, the applica-
bility of these data to clinical cryptosporidiosis in humans is 
uncertain (Rehg et al., 1988). Sulfonamides may also play a 
role in the treatment of diarrhea caused by Cyclospora caye
tanensis (trimethoprim–sulfamethoxazole) and Isospora belli 
(sulfadiazine–pyrimethamine) (Ebrahimzadeh and Bottone, 
1996) (see Chapter 92, Trimethoprim and trimethoprim–
sulfamethoxazole [cotrimoxazole]).

7g.  Chlamydial infections

Chlamydia trachomatis and Ureaplasma urealyticum are 
important causes of nonspecific (nongonococcal) urethritis. 
A number of studies have shown eradication of C. trachoma
tis from both the male urethra and the female cervix by a 
variety of sulfonamides, including sulfisoxazole, sulfame-
thoxazole, and sufafurazole (Bowie et al., 1976; Handsfield et 
al., 1976; Johannisson et al., 1980; Bowie et al., 1982; Stamm 
et al., 1984). Notably, however, Bowie et al. (1976) showed that 
nongonococcal urethritis caused by C. trachomatis responds 
better to sulfafurazole than that due to U. urealyticum, for 
which sulfonamides are relatively inactive. Conversely, non-
gonococcal urethritis due to U. urealyticum responds to the 
aminocyclitols, streptomycin (see Chapter 130, Streptomy-
cin), and spectinomycin (see Chapter 87, Spectinomycin), 
which are relatively inactive against C. trachomatis. A dose of 
0.5 g of sulfafurazole (sulfisoxazole) four times daily for 10 
days was effective for nonspecific urethritis in the study by 
Schachter (1978), but other studies of 3- to 5-day regimens 
of cotrimoxazole for the treatment of simultaneous infection 
with C. trachomatis and N. gonorrhoeae have been notably less 
successful (Stamm et al., 1984; Csangó et al., 1984). Doxycycline 
(see Chapter 68, Doxycycline), azithromycin (see Chapter 62, 
Azithromycin), or erythromycin is the recommended drug for 
uncomplicated urethral, endocervical, or rectal C. trachomatis 
infections for adults (CDC, 2006), with sulfisoxazole, 500 mg 
four times daily for 10 days, previously listed as an inferior 
alternative by the CDC (1993b). Both erythromycin and 
sulfisoxazole are effective for the treatment of chlamydial 
pneumonia in infancy (Beem et al., 1979), but erythromy-
cin is recommended for this infection (CDC, 1993b).

Sulfonamides are effective for the treatment of lympho-
granuloma venereum (Willcox, 1977; CDC, 1993b), but dox-
ycycline is preferred (CDC, 2006). Sulfisoxazole, 500 mg four 
times daily for 21 days, is no longer recommended as an 
alternative treatment to doxycycline (CDC, 2006). Psittacosis 
does not respond to sulfonamide therapy. For treatment of 
trachoma, topical tetracycline or rifampicin eye ointment 
three times daily for 5 or 6 weeks is usually preferred to top-
ical sulfonamides.

7h.  Chancroid

Sulfonamide resistance among strains of H. ducreyi is now 
sufficiently common as to argue against the use of these agents 
for chancroid (Dangor et al., 1990; Plourde et al., 1992; CDC, 
1993b). Rates of resistance to cotrimoxazole vary according 
to geographical location but appear to be high in many parts 
of Africa and the USA (Dangor et al., 1990; Plourde et al., 
1992). Plourde et al. (1992) described a 30% rate of culture- 
proven failure with cotrimoxazole vs. 3% failure with flerox-
acin for the treatment of chancroid in Nairobi. The CDC 
(2006) no longer recommends cotrimoxazole for the treat-
ment of chancroid but instead suggests azithromycin, ceftri-
axone, erythromycin, or ciprofloxacin. Cotrimoxazole is an 
alternative agent for granuloma inguinale, but doxycycline is 
recommended (CDC, 2006).

7i.  Nocardiosis

Various drugs have been reported to be effective in vitro 
against the Nocardia spp., but these findings correlate variably 
with clinical results. Sulfonamides remain one of the drugs of 
choice for nocardiosis, but successful therapy generally requires 
prolonged treatment with a combination of sulfonamide plus 
other active agents such as trimethoprim (see Chapter 92, 
Trimethoprim and trimethoprim–sulfamethoxazole [cotri-
moxazole]), a second- or third-generation cephalosporin 
(e.g. cefuroxime or cefotaxime, respectively), imipenem (see 
Chapter 37, Imipenem–cilastatin and imipenem–relebactam), 
amikacin (see Chapter 54, Amikacin), or minocycline (see 
Chapter 69, Minocycline) (Orfanakis et al., 1972; Berd, 1973; 
Idriss et al., 1975; Krick et al., 1975; Kim et al., 1991). Many 
authors now regard cotrimoxazole to be the drug of choice for 
this infection (Gombert, 1982) (see Chapter 92, Trimethoprim 
and trimethoprim–sulfamethoxazole [cotrimoxazole]). 

Prospective studies comparing prolonged treatment peri-
ods of trimethoprim–sulfamethoxazole vs. sulfonamide mono-
therapy for nocardiosis have not been performed (Agterof et 
al., 2007). Topical preparations (sulfacetamide, trimethoprim–
sulfamethoxazole) are preferred as initial regimens for ocu-
lar nocardiosis (Sridhar et al., 1998; Lee et al., 2001), and 
concomitant oral and topical therapy is also used, even in 
HIV-positive individuals (Chaidaroon and Tantayakom, 2004; 
Mizota et al., 2007; Ramos-Esteban et al., 2007). Other che-
motherapeutic agents, such as ampicillin (Orfanakis et al., 
1972), trimethoprim (see Chapter 92, Trimethoprim and 
trimethoprim–sulfamethoxazole [cotrimoxazole]), and pos-
sibly ciprofloxacin (Gombert et al., 1990), may potentiate the 
action of sulfonamides against some Nocardia spp.

7j.  Toxoplasmosis

In the immunocompetent host, systemic toxoplasmosis does 
not generally require treatment (McCabe et al., 1987). In 
such patients, infection is usually asymptomatic, often with 
lymphadenopathy around the head and neck, despite the 
usual wide dissemination of toxoplasma during acute acquired 
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infection. McCabe et al. (1987) reviewed the clinical spec-
trum of 107 cases of toxoplasma lymphadenopathy and 
found that the vast majority had no systemic symptoms 
and no extranodal disease and ran a benign clinical course. 
Occasionally extranodal involvement occurred, including 
myocarditis, pneumonitis, encephalitis, chorioretinitis, and 
maternal–fetal transmission, which required treatment in 
some cases. Central nervous system toxoplasmosis, which 
is commonly due to disease reactivation rather than acute 
acquired infection, is often associated with AIDS and other 
immunocompromising conditions and demands treatment. 
Sulfonamides, especially the short-acting agent sulfadiazine, 
are frequently used in combination with pyrimethamine as 
the treatment of choice for serious toxoplasma disease (Roth 
et al., 1971; Mahmoud and Warren, 1977; Luft et al., 1984) 
(see Chapter 93, Pyrimethamine). In this situation, sulfadia-
zine, 1–1.5 g four times daily, plus pyrimethamine, 100-mg 
loading dose and then 25 mg daily, is generally recommended. 
In a recent systematic review and meta-analysis, there were 
no statistical differences in cure rate for toxoplasmic enceph-
alitis between pyrimethamine–clindamycin, pyrimethamine– 
sulfadiazine, and cotrimoxazole (Wei et al., 2015). A broader 
discussion of therapy for toxoplasmosis is found in Chapter 
93, Pyrimethamine.

A combination of pyrimethamine (25 mg) and sulfadox-
ine (500 mg) in Fansidar tablets has been used in pregnant 
women with serological evidence of toxoplasmosis. The usual 
dose was 2 tablets weekly for periods of 4–24 weeks. No side 
effects were observed, and a satisfactory therapeutic effect 
was considered to be achieved because of a good outcome of 
pregnancy and a reduction in toxoplasma antibody titers in 
the patients (Barbosa and Ferreira, 1978). Pyrimethamine–
sulfadiazine is also used with leucovorin in the treatment of 
congenital toxoplasmosis (Villena et al., 1998a). In infants 
born without significant neurological disease, 12 months of 
therapy resulted in normal cognitive, neurological, and audi-
tory outcomes in a study by McLeod et al. (2006a). Those 
with residual visual impairment had retinal lesions at birth. 
Effective treatment during pregnancy and early infancy was 
safe in a study by Galanakis et al. (2007). Women received 
spiramycin after diagnosis until labor, and infants received 
pyrimethamine–sulfadiazine. Pyrimethamine–sulfadiazine was 
more effective than spiramycin in preventing poor fetal out-
comes (Villena et al., 1998b), but this combination is usually 
employed only when fetal infection has been documented. The 
combination of spiramycin–cotrimoxazole reduced maternal–
fetal transmission of toxoplasmosis when compared with 
pyrimethamine–sulfadiazine or spiramycin alone (Valen tini 
et al., 2015).

Initially, cotrimoxazole was not recommended for the treat-
ment of serious Toxoplasma disease (Emerson et al., 1981). 
However, subsequent studies have assessed trimethoprim– 
sulfamethoxazole vs. pyrimethamine–sulfadiazine for acute 
treatment and maintenance therapy for toxoplasmic encephali-
tis in AIDS patients (Torre et al., 1998; Arens et al., 2007). There 
was no statistically significant difference between the groups 
during acute therapy, and fewer adverse events were recorded 

in the trimethoprim–sulfamethoxazole group. Tri methoprim–
sulfamethoxazole was associated with improved radiological 
recovery, and complete recovery was achieved in 62.1% in the 
trimethoprim–sulfamethoxazole group compared with 39.3% 
in the pyrimethamine–sulfadiazine group (Torre et al., 1998). A 
Cochrane review of three trials reported that  pyrimethamine–
sulfadoxine and trimethoprim– sulfamethoxazole are both 
effective treatments for toxoplasmic encephalitis in HIV-
positive individuals (Dedicoat and Livesley, 2006).

Podzamczer et al. (2000) assessed the efficacy of three times 
weekly vs. daily prophylaxis with sulfadiazine–pyrimethamine 
for maintenance therapy of toxoplasmic encephalitis in HIV-
positive patients. No differences were observed in the sur-
vival rate or incidence of adverse effects between the two 
groups. Antiretroviral therapy was the only factor associated 
with reduced incidence of relapse. Prophylaxis with pyri-
methamine–sulfadoxine twice a week in HIV-positive patients 
with recently treated P. jirovecii pneumonia resulted in effec-
tive prevention of cerebral toxoplasmosis (Schürmann et al., 
2001) and was also successful as primary prophylaxis against 
both P. jirovecii and T. gondii (Schürmann et al., 2002). Prophy-
laxis in solid organ transplant recipients against T. gondii and  
P. jirovecii has commonly included both pyrimethamine–
sulfadiazine and trimethoprim–sulfamethoxazole. Baran et 
al. (2006) compared the risk of toxoplasmosis with or with-
out prophylaxis in two cardiac transplantation centers. There 
were no cases of toxoplasmosis in 14 years of followup at 
both centers. Given that all patients had already received 
trimethoprim–sulfamethoxazole, which also had activity 
against toxoplasmosis, Baran et al. (2006) concluded that 
additional antitoxoplasmosis prophylaxis was unnecessary. 
Ribera et al. (1999) evaluated the efficacy of low- vs. high-
dose  trimethoprim–sulfamethoxazole prophylaxis for toxo-
plasmic encephalitis in HIV-positive individuals (fewer than 
4 double-strength 160–800 mg tablets or equivalent vs. more 
than 4 double-strength tablets). Low-dose prophylaxis was 
associated with a higher risk of developing toxoplasmic 
encephalitis (84.4% vs. 15.6%). Other risk factors included 
concomitant rifampicin therapy and poor compliance with 
trimethoprim–sulfamethoxazole prophylaxis.

Other alternatives for the treatment of cerebral toxoplas-
mosis include atovaquone combined with either sulfadoxine 
or pyrimethamine (Chirgwin et al., 2002). Pyrimethamine 
plus clindamycin was inferior to pyrimethamine plus sulfa-
diazine in HIV-positive patients, with similar rates of adverse 
reactions (Katlama et al., 1996).

There have been concerns about potential fetal toxicity 
of pyrimethamine–sulfadiazine when used for treatment of 
maternal toxoplasmosis as well as fetal and congenital toxo-
plasmosis (Montoya and Liesenfeld, 2004; Phan et al., 2008). 
However, it is still possible to use this therapy during the 
 second and third trimesters of pregnancy (Nogueira et al., 
2002) because untreated severe maternal illness may also 
have adverse effects on the fetus. In a murine model of reac-
tivation of latent toxoplasmosis (Jost et al., 2007), the timing 
of sulfadiazine had a significant impact on the course of 
infection and reactivation. Late treatment (commencing on 
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day 5–7 after infection) was associated with increased mor-
tality and decreased time to death, detection of T. gondii 
DNA in blood, and continued invasion of parasites across the 
blood–brain barrier with detection of tachyzoites in brain 
tissue but not cysts.

Combination therapy for ocular toxoplasmosis during 
pregnancy with intraocular clindamycin and systemic sulfa-
diazine was successful (Martinez et al., 1998–9). Sulfadiazine–
pyrimethamine with clindamycin for toxoplasmosis has also 
been successful in allogeneic hematopoietic stem cell trans-
plant patients (Roemer et al., 2001; Dawis et al., 2002). 
Soheilian et al. (2005) performed a prospective randomized 
trial comparing trimethoprim–sulfamethoxazole and pyri-
metha mine–sulfadiazine in ocular toxoplasmosis. Clinical 
efficacy was similar, overall recurrence rates were similar, 
and the rates of adverse effects were not different between the 
regimens.

7k.  Malaria

Historically, Fairley and his co-workers in Cairns, Australia, 
demonstrated during World War II that sulfonamides have 
an action on malarial parasites, and that these drugs are 
more effective against P. falciparum than against P. vivax 
(Fairley, 1945). It is now known that sulfonamides show syn-
ergistic activity with pyrimethamine against malaria para-
sites. McGregor et al. (1963) reported that this combination 
was effective for the treatment of falciparum malaria, which 
was resistant to pyrimethamine alone. Laing (1964) used the 
ultra–long-acting sulfonamide sulfadoxine (then known as 
sulformethoxine) in field trials in Africa. He found that this 
drug used by itself in a weekly dose of 0.5 g was just as effec-
tive as a schizonticide when given together with 25 mg of 
pyrimethamine weekly. At that time it was suggested that 
this sulfonamide may be mainly useful as a suppressive, 
because its action would be too slow for the treatment of 
falciparum malaria.

TREATMENT

Strains of P. falciparum resistant to chloroquine are now wide-
spread across the world, except in Central America (Report, 
1984; CDC, 1993a; Basul et al., 2015). Treatment recommen-
dations for P. falciparum include artemisinin combination 
therapy, one of which is artesunate given with the long-acting 
sulfonamide (sulfadoxine)–pyrimethamine com bination (Fan- 
sidar). A triple coformulation is available. Fansidar tablets 
each contain sulfadoxine, 0.5 g, and pyrimethamine, 25 mg. 
Ampules (2.5 ml) containing 0.5 g of sulfadoxine and 25 mg 
of pyrimethamine are also available for i.m. administration. 
One previously recommended regimen for the treatment of 
chloroquine-resistant falciparum malaria in adults, particu-
larly presumptive self-treatment, was sulfadoxine (or sul-
falene), 15 g, plus pyrimethamine, 75 mg (3 Fansidar tablets) 
as a single dose (CDC, 1993a). Widespread resistance and 
therapeutic failures of this regimen mean that this regimen 
should not be used without concurrent administration of an 
artemsisin (CDC, 1989). The corresponding children’s doses 

for presumptive treatment with Fansidar were as follows 
(weight in kilograms followed by number of tablets): 5–10 kg: 
0.5 tablet; 11–20 kg: 1 tablet; 21–30 kg: 1.5 tablets; 31–45 kg: 
2 tablets; and > 45 g: 3 tablets (CDC, 1993a). Treatment with 
Fansidar alone does not provide a 100% cure rate, even if the 
parasites are fully susceptible; 10–20% of individuals do not 
respond because of vomiting or diarrhea or because of the 
way in which they metabolize or eliminate sulfonamides 
(Report, 1984). Although Salako et al. (1990) originally sug-
gested that intramuscular Fansidar resulted in a similar rate 
of parasitological cure as the oral preparation when both 
were given alone for malaria acquired in Nigeria, this is no 
longer considered relevant, and parenteral Fansidar should 
not be used.

A combination of sulfadoxine–pyrimethamine–mefloquine 
(Fansimef) was previously studied in many parts of the world, 
but the emergence of resistance and the superior efficacy of 
ACTs have resulted in this triple combination being no lon-
ger recommended despite outdated reports to the contrary 
(Nosten et al., 1987; Anh et al., 1990; Stürchler et al., 1991; 
Salako et al., 1992).

Fansidar-resistant P. falciparum is now widely distributed, 
including in Thailand and surrounding countries, Vietnam, 
Myanmar, Sabah (Malaysia), Papua New Guinea, the Solomon 
Islands, Vanuatu, Indonesia, India, parts of South America, 
and particularly sub-Saharan Africa (Herzog et al., 1983; 
Sabchareon et al., 1985; Noel and Morisset, 1986; Ibrahim et 
al., 1991; Gresty et al., 2014; Basuki et al., 2014; Gresty et al., 
2014; Hernandez et al., 2013a; Mohapatra et al., 2014; Sharma 
et al., 2015b). In Thailand, levels of antifolate resistance 
approach 100% (Brown, 1993). Preferred treatment regimens 
for malaria from these regions may include various ACTs 
(see Chapter 169, Artemisinins): quinine in combination with 
either doxycycline (100 mg twice daily for 7 days) or clinda-
mycin (450 mg four times daily for 3 days); mefloquine alone 
(25 mg/kg) as a single dose or 750 mg immediately followed 
by 500 mg in 6–8 hours; halofantrine alone (500 mg at 0, 6, 
and 12 hours; 25 mg/kg total dose); or atovaquone–proguanil 
(1g to 400 mg) daily for 3 days (CDC, 1990; CDC, 1993a; 
Sanford, 1993; Gilbert et al., 2009).

Previously studied triple combinations have included qui-
nine plus sulphalene–pyrimethamine (metakelfin) (Matteelli 
et al., 2005), Fansidar plus chloroquine (Lederman et al., 
2006), or Fansidar plus quinine (Thriemer et al., 2006). Twelve 
trials of Fansidar with either chloroquine or amodiaquine met 
inclusion criteria for a Cochrane review (McIntosh and Jones, 
2005). However, the spread of mutations conferring resistance 
to antifolates, chloroquine, and amodiaquine means that these 
combinations, contrary to the findings in a number of previ-
ous publications (Zongo et al., 2005; Hwang et al., 2006; Zongo 
et al., 2007; Obua et al., 2006 Genton et al., 2006; Oyak-
hirome et al., 2007), should now no longer be recommended.

The newer ACTs have also included sulfonamides. Fan-
sidar plus artesunate vs. Fansidar plus amodiaquine was eval-
uated in a Cochrane review (Bukirwa and Critchley, 2006) as 
well as by others since then (Dorsey et al., 2007; Faye et al., 
2007; Nahum et al., 2007). ACT had fewer treatment failures 
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and lower gametocyte carriage. Seasonal intermittent pre-
ventive treatment with this combination was also successful 
in reducing clinical malaria in Senegalese children (Cissé et 
al., 2006). Artesunate–sulfamethoxypyrazine–pyrimethamine 
was superior to artemether–lumefantrine in the treatment 
of uncomplicated falciparum malaria in Mali (Sagara et al., 
2006). Chloroquine–Fansidar was inferior to artesunate–
amodiaquine in the treatment of uncomplicated falciparum 
malaria in Nigerian children (Sowunmi et al., 2005); how-
ever, Fansidar was more efficacious than amodiaquine– 
artesunate in Afghanistan (Durrani et al., 2005) and in 
Gabon (Nsimba et al., 2008). Artemether–lumefantrine and 
amodiaquine–sulfalene–pyrimethamine were equally effica-
cious in a study by Sowunmi et al. (2007), but parasite clearance 
was significantly faster in those treated with artemether–
lumefantrine. In areas of high Fansidar resistance, the addi-
tion of artesunate can achieve > 90% clinical efficacy (Rulisa 
et al., 2007). Artesunate–Fansidar had cure rates similar to 
artemether–lumefantrine in Yemen; however, there was higher 
clearance of microscopic gametocytemia with artemether–
lumefantrine (Adeel et al., 2015). The impact of DHFR  
and DHPS mutations has reduced the efficacy of this ACT 
( artesunate–Fansidar) in Sudan (Gadalla et al., 2013). Owing to 
the known frequency of sulfadoxine–pyrimethamine muta-
tions, resistance to artesunate–Fansidar therapy needs to be 
closely monitored (Shah et al., 2011).

Fansidar has been used in the treatment of donated blood 
to prevent transfusion-induced malaria (Ali and Kadaru, 2005). 
Cotrimoxazole is also an effective treatment for uncom plicated 
malaria by reducing fever, improving anemia, and clearing 
parasitemia (Omar et al., 2001). HIV-positive patients with 
CD4 < 200 and anemia with hemoglobin < 100 have a higher 
risk of antimalarial treatment failure (Shah et al., 2006). The 
effect of HIV infection on malaria treatment outcomes was 
studied in Ugandan patients with uncomplicated falciparum 
malaria (Byakika-Kibwika et al., 2007). HIV-positive patients 
receiving cotrimoxazole prophylaxis also had lower failure 
rates than HIV-negative patients without cotrimoxazole. 
Fansidar–amodiaquine has also been successful for seasonal 
malaria chemoprevention in Burkina Faso (Zongo et al., 2015).

Fansidar is as efficacious as chloroquine for the treatment 
of P. vivax in Afghanistan and Pakistan (Leslie et al., 2007), 
although recent studies confirm the existence of resistance 
mutations that may limit the efficacy of Fansidar in these 
countries (Awab et al., 2013; Raza et al., 2013; Zakeri et al., 
2011). This may be useful as unified treatment when species- 
specific diagnosis is unavailable. Fansidar–artesunate was 
compared with chloroquine for the treatment of P. vivax in 
Afghanistan because this combination is being used increas-
ingly for falciparum malaria (Kolaczinski et al., 2007). 
Treatment failure occurred in 24% in the combination arm 
compared with 46% for chloroquine alone. In areas where 
vivax malaria may be misdiagnosed as falciparum, Fansidar–
artesunate was noninferior to chloroquine. There are high 
treatment failure rates in Papua New Guinea for vivax and falci- 
parum malaria with amodiaquine–Fansidar and  chloroquine–
Fansidar (Marfurt et al., 2007).

For the treatment of malaria in pregnancy, Fansidar had 
lower rates of late parasitological failure compared with chlo-
roquine alone or chloroquine–pyrimethamine in a number 
of studies (Coulibaly et al., 2006; Tagbor et al., 2007; Tukur et 
al., 2007).

PROPHYLAXIS

Fansidar has previously been recommended for chemopro-
phylaxis of malaria (Pearlman et al., 1977). However, the wide-
spread distribution of Fansidar-resistant P. falciparum (Herzog 
et al., 1983; Sabchareon et al., 1985; CDC, 1986; Miller et al., 
1986a; Noel and Morisset, 1986; Lobel et al., 1987; Jima et al., 
2005; Mugittu et al., 2005; Grandesso et al., 2006), the inher-
ently lower susceptibility of P. vivax to sulfadoxine, and the 
uncommon but potentially serious toxic effects of sulfa drugs 
(see later) mean that this drug should no longer be used for 
chemoprophylaxis, except in specific circumstances, such as 
intermittent preventative therapy (IPT) (see later). Thus, pre-
vious recommendations regarding Fansidar dosages (Her-
waldt et al., 1988; Report, 1984; Herwaldt et al., 1988) are no 
longer relevant. 

In addition to the evidence of Fansidar failure in some 
regions, the primary issue that has led to Fansidar’s no longer 
being routinely recommended for chemoprophylaxis is its 
association with fatal cutaneous reactions (erythema mul-
tiforme, Stevens–Johnson syndrome, or toxic epidermal 
necrolysis) (Miller et al., 1986b; Pearson and Hewlett, 1987; 
Herwaldt et al., 1988). Twenty-four patients with cutaneous 
reactions (including seven deaths) have been reported among 
US travelers, and data from the CDC suggest that the inci-
dence of fatal cutaneous reactions with prophylactic use of 
Fansidar is 1 in 11,000 to 1 in 25,000 users (Miller et al., 
1986b). Initially, this relatively high rate of fatal reactions was 
considered to be primarily associated with multiple weekly 
doses and/or the simultaneous administration of chloro-
quine. However, nonfatal Stevens–Johnson syndrome has 
been described in at least two patients after single doses of 
Fansidar, and severe cutaneous reactions have occurred 
in the UK and Scandinavia associated with Fansidar alone 
without chloroquine (Rombo et al., 1985; Miller et al., 1986b). 
Severe cutaneous reactions have also been associated with 
the administration of sulfadoxine alone at doses higher than 
those found in Fansidar (Taylor, 1968; Hernborg, 1985). In 
the event of such reactions, the traveler should be advised to 
discontinue Fansidar immediately.

Intermittent preventive treatment in pregnancy
A systematic review concluded that a two-dose regimen of 
IPTp with sulfadoxine–pyrimethamine continues to provide 
benefit (with reduction of placental malaria, low birth weight, 
and anemia) to semi-immune, HIV-negative pregnant women 
in their first or second pregnancy (Kalanda et al., 2006; Ter 
Kuile et al., 2007). This benefit occurred even in areas where 
sulfadoxine–pyrimethamine resistance is well established 
(Tan et al., 2014) and fails to cure one in four malaria infec-
tions in symptomatic children by day 14. Rates of the triple 
DHFR mutation were low in Burkina Faso, indicating that 
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Fansidar is still an efficacious therapy for IPTp there (Tahita 
et al., 2015). However, even 6 years after the withdrawal of 
Fansidar for first-line therapy of malaria in Tanzania, resis-
tance mutations to Fansidar remain highly prevalent and 
could undermine the potential success of IPTp in improving 
pregnancy outcomes (Baraka et al., 2015; Lucchi et al., 2015). 
In a large multinational study in sub-Saharan African HIV-
negative women, IPTp failure rates ranged from 21% in 
high-resistance areas to 1.1% in low-resistance areas; despite 
this resistance, increased maternal hemoglobin and increased 
infant birth weight were still observed (Desai et al., 2016). In 
a meta- analysis of randomized and quasirandomized trials, 
Fansidar did not reduce the incidence of low birth weight in 
regions where the DHPS 540E mutation frequency exceeded 
50% (Muanda et al., 2015). A recent large three-group ran-
domized controlled trial conducted in Kenya, where Fansidar 
resistance is prevalent, compared intermittent screening and 
treatment in pregnancy (ISTp) with dihydroartemisinin–
piperaquine, IPTp with dihydroartemisinin–piperaquine, or 
IPTp with Fansidar (Desai et al., 2015). ISTp rather than 
either IPTp strategy was associated with higher incidence of 
malaria infection and clinical malaria, although use of dihy-
droartemisinin–piperaquine was associated with lower rates 
of malaria infection at delivery compared with Fansidar. 
However, in areas where sulfadoxine–pyrimethamine resis-
tance is low, such as Gambia, Mali, Burkina Faso, and Ghana, 
ISTp was noninferior to IPTp to Fansidar in a different ran-
domized trial (Tagbor et al., 2015).

Notably, there was superiority of three-dose over two-dose 
Fansidar IPTp regimens in a randomized controlled trial in 
Mali. Rates of placental malaria, low birth weight, and pre- 
term births were halved; however, this was in the context of 
highly seasonal malaria transmission and low Fansidar resis-
tance (Diakite et al., 2011).

Similar to HIV-negative women, there is a role for Fan-
sidar in IPTp in HIV-infected women, in whom it is associ-
ated with improved pregnancy and fetal outcomes (Falade et 
al., 2007). IPTp with Fansidar in HIV-infected primigravidae 
and secundigravidae not receiving cotrimoxazole prophy-
laxis reduced the incidence of clinical malaria, peripheral 
malaria, and placental parasitemia (Ter Kuile and Steketee, 
2007). Monthly dosing was not associated with more fre-
quent or more severe adverse reactions (Filler et al., 2006) 
and reduced placental malaria particularly in HIV-positive 
women from Malawi and Kenya (Parise et al., 1998). This 
benefit occurred even in regions where Fansidar is associated 
with reduced efficacy in the treatment of malaria. Hamer et 
al. (2007) evaluated two-dose IPTp and monthly IPTp in 
HIV-positive Zambian women. Provided that there was 100% 
adherence to the two-dose regimen, there was no difference 
in rates of placental parasitemia, maternal anemia, stillbirth, 
preterm delivery, low birth weight, and all-cause infant 
mortality at 6 weeks. Single-dose Fansidar IPTp is inferior 
to multiple-dosing regimens among HIV-positive Zambian 
women (Gill et al., 2007). It was associated with lower mater-
nal hemoglobin levels, peripheral and cord blood parasitemia, 
preterm infants, and low birth weight. Single-dose therapy 
was mostly administered as part of a two-dose regimen when 

the second dose was not completed for various reasons. IPTp 
reduced peripheral parasitemia even up to 6 weeks post par-
tum (Mbaye et al., 2006). 

Management of malaria and HIV during pregnancy is 
problematic (Brentlinger et al., 2006). Adverse reactions to 
single-dose Fansidar can occur as early as 3 days or as late as 
6–7 weeks after administration. Because Fansidar and nevi-
rapine can both cause potentially fatal liver and skin toxicity 
and have long half-lives, this combination should be used 
with caution during pregnancy. Fansidar and zidovudine 
also have bone marrow suppressive effects, and this risk has 
not been quantified. Fansidar should be avoided in women 
receiving concurrent trimethoprim–sulfamethoxazole and 
used with caution with nevirapine or zidovudine.

Intermittent preventive treatment in infants 
and children
Intermittent preventive therapy in infants (IPTi) using Fan - 
si dar was evaluated in a pooled analysis of six randomized  
placebo-controlled trials and demonstrated efficacy in reduc-
ing anemia, clinical malaria, parasitemia requiring hospital 
admission, and all-cause hospital admissions (Aponte et al., 
2009). IPTi was also safe in this pooled analysis. Intermittent 
preventive therapy in children, in addition to insecticide- 
treated bed nets, provided substantial protection against 
malaria in children in Burkina Faso in a randomized double- 
blind placebo-controlled trial, and no serious adverse events 
were recorded (Konate et al., 2011). It is important that inter-
mittent preventive therapy in children did not negatively 
affect the development of protective antibody responses import-
ant for the acquisition of immunity to malaria in infancy 
(Quelhas et al., 2011). A study in Mozambican infants (Mayor 
et al., 2008) examined the clinical efficacy and parasite muta-
tions associated with Fansidar IPTi. Three doses of IPTi were 
not associated with differences in parasite densities or P. fal
ciparum genotypes. The background rate of quintuple mutants 
in children was approximately 50%; despite this, there was 
greater than 70% efficacy in malaria prevention in infants 
receiving IPTi. Other studies have confirmed clinical efficacy 
in areas with highly mutant parasites (Mbugi et al., 2006), 
demonstrating the importance of semi-immunity in protec-
tion against infection and parasite clearance. In a large-scale 
program in Tanzania, the use of IPTi was associated with a 
very low incidence of adverse severe skin reactions (Maokola 
et al., 2011).

Using antimalarial IPTi can reduce the frequency of 
malaria episodes and anemia into the child’s first year of life. 
Extending treatment into the second year of life does not 
confer added benefit, suggesting that protective efficacy is 
age dependent (Grobusch et al., 2007; Kobbe et al., 2007; 
Mockenhaupt et al., 2007). Monthly combination treatment 
of Fansidar with amodiaquine is also effective as seasonal 
IPTi in children (Sokhna et al., 2008).

Other sulfa combinations
The combination of dapsone, 100 mg, and pyrimethamine, 
12.5 mg (Maloprim), has been used for malaria prophylaxis, 
although owing to its lack of efficacy against P. vivax it has 
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been generally given in combination with chloroquine. 
However, because of increasing Maloprim resistance, reports 
of clinical failures, lack of a pediatric preparation, and poten-
tial toxicities including agranulocytosis and methemoglo-
binemia (see section 6, Adverse reactions and toxicity), it is 
no longer recommended (Edstein et al., 1988; Shanks et al., 
1992; Brown, 1993; CDC, 1993a). Maloprim has no role in 
the treatment of malaria. Currently recommended regimens 
for prophylaxis against chloroquine-resistant P. falciparum 
include doxycycline, 100 mg orally daily (2 mg/kg of body 
weight for children over 8 years of age; not for use in chil-
dren aged less than 8 years and pregnant women), or meflo-
quine, 250 mg once per week (Brown, 1993; CDC, 1993a, 
WHO, 1993). For further discussion regarding dapsone 
and pyrimethamine use in malaria prophylaxis, see Chapter 
93, Pyrimethamine.

7l.  Pneumocystis jirovecii (formerly carinii) 
pneumonia

Sulfonamides are active against P. jirovecii in experimental 
disease in rats and clinically in humans. Cotrimoxazole (tri-
methoprim–sulfamethoxazole) is the drug of choice for both 
treatment and prophylaxis of P. jirovecii pneumonia in all 
immunocompromised patients, including those with AIDS (see 
Chapter 92, Trimethoprim and trimethoprim– sulfamethoxazole 
[cotrimoxazole]). Cotrimoxazole is superior to dapsone or 
aerosolized pentamidine (Ioannidis et al., 1996). There is an 
increased incidence of side effects among patients with HIV 
infection who are treated with cotrimoxazole (see Chapter 92, 
Trimethoprim and trimethoprim–sulfamethoxazole [cotri-
moxazole]); however, lower doses (for example, three times 
weekly vs. daily dosing) were associated with fewer side 
effects or discontinuation without a difference in mortality 
(Ioannidis et al., 1996). Sulfadiazine with pyrimethamine is 
effective in the treatment and prophylaxis of P. jirovecii pneu-
monia in both experimental animals and humans. Kirby et 
al. (1971) obtained a satisfactory clinical response when it 
was used in courses lasting 10–28 days to treat three patients 
with P. jirovecii pneumonia. Fansidar was effective in a small 
trial to prevent P. jirovecii infection in an orphanage. Treatment 
at least twice monthly was recommended for all babies 
between the ages of 2 and 6 months who were at risk from 
this infection (Post et al., 1971). Prophylaxis with Fansidar 
has been used in AIDS patients (Gottlieb et al., 1984), but 
generally other regimens are preferred because of concerns 
regarding the long half-life of sulfadoxine and therefore the 
potential for severe complications should cutaneous reactions 
occur (see section 6d, Hypersensitivity reactions). Patients 
who develop side effects to shorter-acting sulfonamides 
should therefore avoid sulfadoxine. Weekly Fansidar was as 
effective and safe as daily cotrimoxazole in the prevention of 
P. jirovecii in liver transplantation patients (Torre-Cisneros 
et al., 1999) with similar rates of adverse effects.

The efficacy of sulfonamides alone as prophylaxis for P. jiro
vecii was evaluated by Hughes and Killmar (1996) following 
their assumption that some adverse reactions to cotrimoxazole 
are due to the trimethoprim component. Eight sulfonamides 

were evaluated in the corticosteroid-immunosuppressed  
rat model of P. jirovecii pneumonitis. This has been highly 
predictive of drug activity in humans with P. jirovecii infec-
tion. Infection was prevented in 100% of animals with doses 
of 1 mg/kg/day of sulfamethoxazole, sulfamethoxypyri-
dazine, and sulfadimethoxine; 10 mg/kg/day of sulfameter, 
sulfachlorpyridazine, and sulfaquinoxaline; and 100 mg/kg/
day of sulfaguianidine and sulfanilamide. Sulfo namides alone 
may be effective prophylaxis against P. jirovecii infection. 
Previous drug studies in rats have shown that the addition of 
trimethoprim to sulfamethoxaole at doses of 250 or 62.5 mg/
kg/day did not cause enhancement of activity; this may be 
because a dose of sulfamethoxazole at 1 mg/kg/day was suffi-
cient to prevent P. jirovecii infection in this study.

7m.  Inflammatory bowel disease

Sulfasalazine was designed and synthesized in the 1930s as a 
means of achieving site-specific drug delivery for the treat-
ment of rheumatoid arthritis. The theory was that the 5-ASA 
component would bind to connective tissue and therefore 
deliver sulfapyridine to the site of disease and eliminate the 
bacteria that were considered to be causing the disease (Svartz, 
1942; Svartz, 1948; Editorial, 1987). However, the drug was 
fortuitously used in a patient with concomitant ulcerative 
colitis and has subsequently become the mainstay of treating 
ulcerative colitis (Baron et al., 1962; Leading article, 1986; 
Editorial, 1987). Because sulfasalazine is poorly absorbed, 
large amounts of active drug (5-ASA) are delivered to the site 
of inflammation. It is better than placebo in the treatment of 
mild to moderate active ulcerative colitis and in maintaining 
remission after an acute attack in adults and children (Gry-
boski and Hillemeier, 1980; Singleton, 1980; Kirsner and 
Shorter, 1982; Peppercorn, 1984; Leading article, 1986). In these 
settings the beneficial effects are dose related. Sulfasalazine 
enemas (3 g per day) are effective in the treatment of active 
distal disease and appear to be as effective as the oral prepa-
ration, although the serum concentration of sulfapyridine is 
not generally greater than 15 μg/ml (Leading article, 1986). 
Sulfasalazine enemas are particularly useful for patients who 
suffer nausea, abdominal discomfort, or headaches when 
taking oral sulfasalazine (Serebro et al., 1977; Palmer et al., 
1981). Paradoxically, there have been reports of patients in 
whom oral sulfasalazine has caused an exacerbation of their 
disease (Schwartz et al., 1982). Sulfasalazine is also better 
than placebo for the treatment of active colonic Crohn dis-
ease, but its role in active ileal disease is less clear (Leading 
article, 1986). Furthermore, it does not appear that sulfasala-
zine maintains remission of inactive Crohn disease (Summers 
et al., 1979; Malchow et al., 1984). Sulfasalazine in combina-
tion with prednisolone is more effective than sulfasalazine 
alone in the treatment of active Crohn disease in terms of 
faster initial improvement, but there appears to be little dif-
ference in disease activity between the two regimens after 16 
weeks’ treatment (Rijk et al., 1991).

The active moiety of sulfasalazine is 5-ASA, and the par-
ent drug acts only as a vehicle for its delivery to distal disease 
sites in the bowel (Azad Khan et al. 1977; van Hees et al., 
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1978; Klotz et al., 1980). Additionally, Campieri et al. (1981) 
showed that treatment with 5-ASA, 4 g daily given by reten-
tion enema, was superior to similar treatment with hydro-
cortisone, 100 mg daily. Resin-coated tablets containing 
5-ASA are now available commercially, which after oral 
administration remain intact until they reach the colon. The 
mechanism by which 5-ASA (generic name mesalazine) is 
beneficial in inflammatory bowel disease remains unclear 
(Peppercorn, 1984). It has been combined with carrier agents 
other than sulfapyridine, including the combination of two 
molecules of mesalazine together (olsalazine). All these 
preparations (e.g. olsalazine, ipsalazide, balsalazide) deliver 
40–60% of available mesalazine to the feces and appear to 
have a similar therapeutic response but without the toxicity, 
including male infertility (Editorial, 1987; Raimundo et al., 
1991).

For adults, a dosage of 4 g daily is the maximum tolerated 
by many patients, but a few will tolerate and respond better 
to dosages of 6 g per day. Similarly, some patients tolerate 
and respond to a higher maintenance dosage than 2 g per day 
(Peppercorn, 1984). The side effects of sulfasalazine include 
those of the sulfonamide and those peculiar to sulfasalazine. 
Apart from the side effects described in preceding sections 
(see section 6, Adverse reactions and toxicity), sulfasalazine 
can also cause an increased heart rate and a bluish skin dis-
coloration; the anionic exchange resin cholestyramine and 
antibiotics may prevent the breakdown in the gut of sulfa-
salazine, whereas sulfasalazine can interfere with the bioavail-
ability of digoxin (Cowan et al., 1977; Peppercorn, 1984). The 
role of sulfasalazine and 5-ASA in inflammatory bowel dis-
ease has recently been reviewed (Dhaneshwar, 2014; Hauso et 
al., 2015).

7n.  Inflammatory arthritis

Sulfasalazine is an effective drug for treatment of rheumatoid 
arthritis (Neumann et al., 1983; Pullar et al., 1983; Nuver-
Zwart et al., 1989; van der Heijde et al., 1989), and in this 
disease sulfapyridine seems to be the active moiety (Pullar et 
al., 1985). In a double-blind randomized trial comparing  
the outcome of treatment with sulfasalazine vs. hydroxy-
chloroquine in patients with rheumatoid arthritis, sulfasal-
azine resulted in a clinical response 8 weeks earlier than in  
the hydroxychloroquine-treated group, although the over-
all effect at 48 weeks was not significantly different (Nuver-
Zwart et al., 1989). Radiographical evidence of erosions was 
significantly less in the sulfasalazine-treated group after both 
24 and 48 weeks of treatment (van der Heijde et al., 1989). It 
has been used with success in radiation bowel disease, sclero-
derma, and dermatitis herpetiformis (Peppercorn, 1984). 
Sulfasalazine also has activity in the management of juvenile 
idiopathic arthritis (Hashkes and Laxer, 2005). In a Cochrane 
review, sulfasalazine was beneficial in ankylosing spondylitis 
with improvement in erythrocyte sedimentation rate and 
symptoms of early-morning stiffness, although there was no 
change in pain, spinal mobility, or enthesitis (Chen and Liu, 
2005).

7o.  Burns

Certain sulfonamides applied topically are of benefit in the 
management of burns. Mafenide (sulfamylon) was used in 
Germany for the topical therapy of war wounds in the 1940s. 
Because this topical therapy was effective in suppressing P. aeru
ginosa infection in burned rats, it was used with similar 
results for the treatment of burns in humans (Lindberg et al., 
1965). Many studies have since confirmed that an 11.2% 
cream of mafenide can significantly reduce sepsis in burned 
patients (Lowbury et al., 1971; Pegg, 1972). These applica-
tions are usually painful, and mafenide is absorbed through 
burned areas. Mafenide and its breakdown products are 
strong acids and also carbonic anhydrase inhibitors, so that if 
large quantities of the drug are used, metabolic acidosis may 
result, but this is usually compensated for by hyperventilation 
(Pegg, 1972). Silver nitrate in a 0.5% solution was another 
popular topical application for burned patients (Lowbury et 
al., 1971). Mafenide 5% was compared with 10% povidone, 
0.25% sodium hypochlorite, 3% hydrogen peroxide, and 0.25% 
acetic acid in the management of contaminated wounds 
(Bennett et al., 2001). Mafenide was superior in maintaining 
an aseptic environment and increasing angiogenesis, fibro-
blast proliferation, and dermal thickness. Topical 5% mafe-
nide also inhibits DNA and protein synthesis in wounds 
(Zhang et al., 2006). Mafenide 2.5% has been used in a pedi-
atric burn hospital without increased rates of bacteremia or 
wound infection compared with mafenide 5% (Ibrahim et al., 
2014).

The topical use of the compound SSD (see section 2a, 
Routine susceptibility) has also been very effective for the pre-
vention and treatment of sepsis in burn wounds (Stanford et 
al., 1969; Lowbury et al., 1971; McDougall, 1972; Clarke, 1975; 
Sawhney et al., 1989; Monafo and West, 1990; Masterton, 
1992). Sawhney et al. (1989) found that whereas S. aureus  
had been the predominant surface organism isolated from 
burn patients treated with 1% SSD cream in the early 1980s, 
Pseudomonas and Klebsiella species became more commonly 
isolated from such patients in the late 1980s. They found that 
the incidence of invasive infection and overall mortality was 
significantly reduced with the use of SSD cream. Controlled 
trials have indicated that 0.5% silver nitrate compresses, 1% 
SSD cream, and a cream containing 0.5% silver nitrate and 
0.2% chlorhexidine digluconate are all about equally effective 
in protecting burns from infection. Silver nitrate was, how-
ever, less active than the other two preparations against less 
common Gram-negative bacilli (Lowbury et al., 1976). In 
one burn unit, sulfonamide-resistant Gram-negative bacilli 
became predominant during a trial of SSD cream, and the 
effectiveness of the preparation was reduced such that it 
became necessary to suspend SSD usage and replace it with 
silver nitrate and chlorhexidine cream (Lowbury et al., 1976; 
Bridges and Lowbury, 1977). In another burn unit, in vitro 
tests suggested that extensive use of parenteral gentamicin and 
replacement of topical mafenide ointments with SSD cream 
favored the emergence of Providencia stuartii over P. aerugi
nosa as the predominant colonizing organism (Wenzel et al., 
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1976). A review of SSD cream in burn wounds was reported 
by Hussain and Ferguson (2006). Although SSD reduced bac-
terial colonization, there was no definite evidence of improved 
healing or reduced infection and sepsis. Mafenide 5% solution 
was superior to 1% SSD cream in complicated contaminated 
war wounds infected with Acinetobacter baumanii (Kucan and 
Heggers, 2005).

Significant quantities of silver can be absorbed through 
severe burns treated with SSD cream, but no detrimental 
effects of high tissue levels have been clearly identified (Wan 
et al., 1991; Coombs et al., 1992). Current recommendations 
for the initial care of uninfected burns include either SSD 
cream (Masterton, 1992), 5% mafenide acetate cream, or 0.5% 
silver nitrate soaks (Sanford, 1993; Gilbert et al., 2009).

7p.  Umbilical cord care

SSD cream has been compared with washing with castile 
soap and triple dye for controlling neonatal bacterial coloni-
zation. Triple dye and SSD inhibited bacterial colonization, 
the former being better for S. aureus, but SSD was superior in 
inhibiting group B streptococci and Gram-negative organ-
isms (Speck et al., 1977).

7q.  Chronic granulomatous disease

Johnston et al. (1975) noted a decrease in the frequency and 
severity of bacterial infections in four of five children with 
chronic granulomatous disease on long-term sulfonamide 
therapy, which was out of proportion to the anticipated 
antibacterial effect of the drug. The killing of sulfisoxazole- 
resistant E. coli and S. aureus by leukocytes from patients with 
this disease was enhanced in the presence of the sulfonamide. 
The explanation for this effect of sulfonamides is unknown. 
Long-term treatment of chronic granulomatous disease with 
sulfisoxazole or particularly cotrimoxazole has given good 
results (van der Meer and van den Broek, 1984; Margolis et 
al., 1990) (see Chapter 92, Trimethoprim and trimethoprim–
sulfamethoxazole [cotrimoxazole]).

7r.  Dermatological conditions

Prolonged administration of sulfapyridine or the long-acting 
sulfonamide sulfamethoxypyridazine may be useful for the 
control of dermatitis herpetiformis (Willsteed et al., 2005). 
Sulfapyridine is generally started at 500 mg four times daily 
and gradually increased to a total of 4–5 g daily. The chemi-
cally related drugs, the sulfones (such as dapsone, 25–50 mg 
daily initially, increasing to 200 mg daily in some patients), 
appear to be more effective. For many years sulfapyridine or 
dapsone was the mainstay of therapy. It is now apparent that 
the strict adherence to a gluten-free diet will often reduce the 
need for such treatment and in some cases allow cessation of 
medication (Katz et al., 1980; Leonard and Fry, 1991).

These drugs may also be useful for bullous pemphigoid and 
chronic bullous dermatosis of childhood (Ahmed and Moy, 
1982). The anti-inflammatory effect of sulfapyridine is thought 

to be due to impairment of neutrophils and monocytes and 
inhibition of cyclo-oxygenase and lipoxygenase-dependent 
pathways (Elder et al., 1996). Sulfametho xy pyri da zine has 
been studied in the treatment of topical steroid-refractory 
mucous membrane pemphigoid (Thornhill et al., 2000). There 
was a significant improvement in objective clinical scores 
and pain scores with a 1-g daily dose. Three of 25 patients 
(12%) were withdrawn because of side effects (allergic reac-
tion, hemolysis). It has also been used in combination for 
steroid-refractory pemphigoid nodularis (500–1500 mg daily) 
without adverse effects (Gach et al., 2005). 

Ocular cicatricial pemphigoid is a severe, sight-threatening 
systemic disease that sometimes requires systemic immuno-
suppression. Sulfapyridine, 50 mg twice daily, has been used 
successfully to reduce moderate to marked inflammation 
without significant adverse effects (Elder et al., 1996). Saw 
et al. (2008) demonstrated that sulfonamides alone were not as 
efficacious as immunosuppressive therapy for ocular pemphi-
goid. However, outcomes were improved if used in combina-
tion with immunosuppressants such as cyclophosphamide or 
mycophenolate. Oral sulfasalazine with pentoxifylline has 
been shown to be an effective treatment in young patients with 
pemphigus (Dogra et al., 2015) and in psoriasis (el-Mofty et 
al., 2011), and topical sulfasalazine has been used for steroid- 
unresponsive oral lichen planus (Jeong et al., 2015; Omidian 
et al., 2010).

Topical sulfacetamide has been used for the treatment of 
mild to moderate inflammatory acne vulgaris and other facial 
dermatoses (Thiboutot, 2000; Feldman et al., 2004; Del Rosso, 
2008; Draelos, 2010). Previously it had frequently been com-
bined with sulfur and alcohol (which can lead to poor tolerance 
and local irritability), but there are preparations of 10% sulfac-
etamide available. It is also efficacious in other dermatologi-
cal conditions such as rosacea (Margolis, 2005; Torok et al., 
2005; Nally and Berson, 2006; Goldgar et al., 2009), sebor-
rheic dermatitis (Tuzun et al., 2014), and dandruff (Gupta 
and Nikol, 2004). There have been several case reports of 
poor tolerance of sulfur-based sunscreen (Torok et al., 2005).

Topical sulfacetamide lotion is also efficacious against 
pityriasis (tinea) versicolor (Hull and Johnson, 2004). Topical 
sulfur–sodium sulfacetamide preparations led to resolution 
of Demodex folliculitis in a child with acute lymphoblastic 
leukemia in whom topical permethrin or topical metronida-
zole failed (Herron et al., 2005).

SSD has also been efficacious in reducing symptoms of 
radiation-induced dermatitis after radiotherapy (Hemati et 
al., 2012; Wong et al., 2013).

7s.  Impregnated central venous catheters 
and other devices

There has been increasing use of central venous catheters 
impregnated with chlorhexidine–SSD (CHSS) for the preven-
tion of catheter-related bloodstream infection (CRBSI) and col-
onization. Early first-generation CHSS catheters were coated 
externally; however, newer second-generation catheters are 
internally and externally coated. Initial studies demonstrated 
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a reduction in colonization with S. aureus and S. epidermidis, 
with eluting activity disappearing after 14 days (Schmitt et 
al., 1996). Adherence of S. aureus, C. albicans, and C. parapsi
losis was reduced with CHSS catheters (Hanna et al., 2006), 
and this effect was lost by day 28 of testing. Effluent from the 
CHSS catheter continued to be active 7 days after placement, 
with adherence of S. aureus and slime-producing S. epider
midis reduced by 91–98% (Yorganci et al., 2002). Organisms 
recovered from CHSS catheters did not show any in vitro resis-
tance to CHSS (Maki et al., 1997; Rupp et al., 2005).

There was no significant change in MIC when S. epidermidis 
was passaged 10–20 times through subinhibitory concentra-
tions of chlorhexidine and SSD (Tambe et al., 2001). Sampath et 
al. (2001) also evaluated repeated in vitro exposure of S. epi
dermidis culture to CHSS, and this led to a 2-fold increase in 
MIC compared with a 15-fold increase in MIC for catheters 
impregnated with rifampicin–minocycline. CHSS catheters 
were active against rifampicin-resistant strains of S. epider
midis (Sampath et al., 2001; Tambe et al., 2001) as well as  
P. aeruginosa and Candida species (Sampath et al., 2001). MICs 
to coagulase-negative staphylococci recovered from CRBSI 
linked to CHSS catheters were not significantly altered com-
pared with isolates prior to CHSS catheter use (Rosato et al., 
2004; Schuerer et al., 2007).

A systematic review by Gilbert and Harden (2008) deter-
mined that CHSS catheters as a group (first-and second- 
generation combined) reduced colonization but not CRBSI 
compared with uncoated catheters. There was no evidence of 
in vivo resistance. Adverse effects were poorly documented, 
but anaphylaxis to the chlorhexidine component is well doc-
umented in Japan and now China. There is a case report of 
chlorhexidine anaphylaxis from the UK, proven with skin 
prick testing to not be associated with the sulfonamide com-
ponent (Stephens et al., 2001). A case report from China of 
anaphylaxis from a CHSS catheter was determined to be due 
to the sulfiadiazine component; although immediate skin prick 
testing was negative, a positive result was determined 4 weeks 
after the episode (Zheng et al., 2014). A systematic review by 
Ramritu et al. (2008) determined that first- generation exter-
nally coated CHSS catheters reduced colonization and also 
CRBSI compared with uncoated catheters. A recent study 
demonstrated that second-generation CHSS catheters and 
those impregnated with rifampicin–minocycline both reduced 
bloodstream infection compared with uncoated catheters 
(Lorente et al., 2016). In other studies, catheters impregnated 
with rifampicin–minocycline were more protective against 
catheter colonization and bloodstream infection than exter-
nally coated CHSS catheters (Darouiche et al., 1999; Bonne 
et al., 2015), including when exchanged over a guidewire (Jamal 
et al., 2014).

Coating of endotracheal tubes with SSD has been evalu-
ated by Berra et al. (2008a, 2008b). Reduction in biofilm for-
mation and in bacterial colonization of the endotracheal 
tube as well as the ventilator circuit and lower respiratory 
tract was shown in an in vitro study. An in vivo study also 
demonstrated a reduction in bacterial colonization.

7t.  Miscellaneous

Vaginal suppositories containing sulfanilamide, aminacrine, 
and allantoin were compared with vaginal clotrimazole tab-
lets and oral metronidazole for the treatment of symptomatic 
trichomoniasis (DuBouchet et al., 1997). All treatment arms 
resulted in symptom relief after a 7-day course; however, 
positive cultures at the end of treatment were lowest in the 
metronidazole group.

Sulfadiazine was equally as effective as itraconazole or 
ketoconazole in the treatment of moderately severe paracoc-
cidioidomycosis with no difference in cure, clinical improve-
ment, serological titer, or adverse reactions (Shikanai-Yasuda 
et al., 2002). This was the only study included in a Cochrane 
review on paracoccidioidomycosis by Menezes et al. (2006).

Effective combination therapy including trimethoprim–
sulfamethoxazole or sulfadiazine has been reported for Acan   
thameba cerebral abscess and meningoencephalitis (Singhal 
et al., 2001; Petry et al., 2006; Zamora et al., 2014), although 
there is no established treatment regimen or duration. Suc-
cessful treatment, in conjunction with surgical excision,  
has also occurred in patients with liver transplantation (Fung 
et al., 2008) or AIDS (Seijo Martinez et al., 2000). Cutane- 
ous acanthamebiasis has been treated with trimethoprim– 
sulfamethoxazole, diaminodiphenyl sulfone, and sulfadiazine 
(Steinberg et al., 2002; Paltiel et al., 2004; Gee et al., 2011). 
Survivors of Balamuthia amebic encephalitis have had treat-
ment combinations including sulfadiazine, which has some 
amebicidal activity in vitro (Deetz et al., 2003; Jung et al., 
2004; Tavares et al., 2006).

Pediatric conjunctivitis can be treated with topical sodium 
sulfacetamide or oral cotrimoxazole with similar results (Fischer 
et al., 2002). Topical chloramphenicol–sulfadimidine has been 
shown to reduce acute endophthalmitis after cataract sur-
gery when administered by the subconjunctival or retrobul-
bar routes (Christy and Lall, 1986; Christy and Sommer, 1979). 
Topical betamethasone–sulfacetamide is effective in improv-
ing symptoms associated with meibomian gland dysfunction 
(Akyol-Salman et al., 2012).

Sulfasalazine has been effective for the management of 
delayed pressure and other forms of refractory chronic idio-
pathic urticaria (Khan, 2013; Orden et al., 2014; Swerlick and 
Puar, 2015) and has been used as a treatment in familial 
Mediterranean fever arthritis (Bakkaloglu et al., 2009).

The use of Fansidar has unexpectedly shown benefit in a 
patient with autoimmune lymphoproliferative syndrome and 
Fas deficiency (van der Werff ten Bosch et al., 1998). There 
was a reduction in lymph node mass and peripheral blood 
lymphocytes and an increase in neutrophils and Fas expres-
sion on leukocytes with its use.

Fansidar, when used as intermittent preventive treatment 
in pregnancy for malaria, did not reduce the rate of group B 
streptococcus colonization in pregnant women (Capan-Melser 
et al., 2015).

The combination of mycophenolate mofetil with Fansidar 
was associated with a good clinical response in the management 
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of autoimmune lymphoproliferative syndrome in one study 
(Arora et al., 2011).
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(Cotrimoxazole)
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1. DESCRIPTION

Trimethoprim (TMP), or 2,4-diamino-5-(3,4,5-trimethoxy-
benzyl)-pyrimidine, was synthesized in 1956 by Hitchings 
at the Wellcome Laboratories in the USA (Roth et al., 1962). 
It has both antibacterial and antimalarial activity, whereas 
another diaminopyrimidine, pyrimethamine, which was 
syn thesized in 1951 (Russell and Hitchings, 1951), is mainly 
active against malaria and Toxoplasma gondii (see Chapter 
93, Pyrimethamine). TMP interrupts the bacterial purine 
synthesis and folate synthesis pathway, acting in the same 
metabolic pathway as the sulfonamides. The combination of 
these two drugs, therefore, has a synergistic effect against cer-
tain bacteria (Bushby and Hitchings, 1968; Darrell et al., 1968).

In the period 1968–1978, TMP was available for general 
clinical use only as a mixture with the medium-acting sul-
fonamide sulfamethoxazole (SMX). SMX was selected for 
commercial formulations because its rate of absorption and 
excretion closely parallels that of TMP. Commercial prepara-
tions contain a mixture of TMP and SMX in a fixed ratio of 
1:5. The generic name of cotrimoxazole (CoT) is used to 
describe this drug combination, although the term TMP-
SMX is more widely used in the USA and some other coun-
tries. The chemical structures of TMP and SMX are shown in 
Figure 92.1. Commonly cited recommendations and guide-
lines are based on the daily TMP component because it is 
recognized that CoT is a fixed combination.

Many of the advantages originally claimed for CoT have 
been challenged, such as that sequential blockage of bacterial 
folate synthesis produces synergism; that such synergism 
occurs in vivo; and that its two component drugs protect 
each other from the development of bacterial resistance. TMP 
became available for use as a single drug in Finland in 1973 

and then in the UK (1979), the USA (1980), and Australia 
(1982). A number of general review articles regarding CoT have 
been written over the past two or three decades (Turnidge, 
1988; Turnidge, 1989; Cockerill and Edson, 1991; Cunha, 
1997; Smilack, 1999; Masters et al., 2003; Brown, 2014; Stern 
et al., 2014; Church et al., 2015). TMP alone is mainly used 
for the treatment and prophylaxis of urinary tract infection 
(UTI). CoT, on the other hand, has both these indications as 
well as a very broad range of other prophylactic and treatment 
uses.

A number of other TMP–sulfonamide combinations have 
been marketed over the years, including TMP–sulfadiazine 
and TMP–sulfamoxazole, but these are no longer available 
(Martindale, 2008). At one time, other diaminopyrimidines 

Figure 92.1. Structure of trimethoprim (a) and sulfame-
thoxazole (b).
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such as tetroxoprim, which was in combination with sulfadi-
azine, and brodimoprim, as a single-ingredient preparation, 
were marketed, but these have subsequently been withdrawn 
(Martindale, 2008). Two other diaminopyrimidines, ormeto-
prim and baquiloprim, are available exclusively for veterinary 
use (Martindale, 2008).

At least one new diaminopyrimidine has been developed, 
iclaprim, which appears to retain activity against some TMP-
resistant Gram-positive bacteria (Schneider et al., 2003; Laue 
et al., 2007), but there are only limited clinical efficacy data 
such that development appears to have stalled (see Chapter 
96, Iclaprim).

2. ANTIMICROBIAL ACTIVITY

TMP has a wide range of antibacterial activity (Bushby, 1969; 
Bach et al., 1973a; Bushby, 1973). Susceptibility data for TMP, 
SMX, and CoT against common Gram-positive and Gram-
negative bacteria, including the recent breakpoints from the 
European Committee on Antimicrobial Susceptibility Testing 
(EUCAST), are shown in Table 92.1. TMP is much more 
active than the sulfonamides against most bacterial species. 
Acquired bacterial resistance to the sulfonamides, and to a 
lesser extent TMP, is common. Therefore strains with higher 
minimum inhibitory concentration (MICs) to sulfonamides 
than those shown in this table will be encountered. 

2a.  Routine susceptibility

GRAM-POSITIVE AEROBIC BACTERIA
TMP and CoT are active against Staphylococcus aureus, includ-
ing penicillin-resistant and some methicillin-resistant strains 
(Seligman, 1973), and the majority of coagulase-negative 
Staph ylococcus species (Jones et al., 1987). TMP is quite active, 
and CoT more so, against S. saprophyticus (Iravani et al., 
1985; Fabre et al., 2013). CoT has shown good activity against 
many fluoroquinolone- and methicillin-resistant strains of  
S. aureus (Aldridge et al., 1992). Studies of worldwide anti-
biotic resistance in methicillin-resistant S. aureus (MRSA) 
have shown that there are geographical variations in the pat-
terns of resistance. Most healthcare-associated strains (some-
times called epidemic strains) from the UK and Australia are 
resistant to TMP and CoT, whereas many strains from Europe 
and the USA are susceptible (Maple et al., 1989; Al-Talib et 
al., 2010). By contrast, community-associated strains of 
MRSA traditionally have almost always been susceptible to 
CoT, although increasing rates of resistance in community- 
derived MRSA (cMRSA) isolates have been noted (Nurjadi 
et al., 2014; Tong et al., 2015). Most S. epidermidis strains can 
evade the in vitro bactericidal activity of CoT in the presence 
of low levels of thymidine. Because strains vary in their utili-
zation of thymidine and body tissues vary in thymidine con-
tent, there may be a disparity between in vitro susceptibility 
of S. epidermidis strains and in vivo bactericidal activity 
(Jones et al., 1987).

TMP has activity against the wild type of Streptococcus 
pyogenes, S. pneumoniae, viridans group streptococci, and 

Strep tococcus species in the “milleri” group (Jarvinen et al., 
1993; Gomez-Garces et al., 1994; Nissinen et al., 1995b; Fuchs 
et al., 1997). Although some authors had previously sug-
gested that some S. pyogenes isolates were resistant to CoT 
and associated with clinical failure (Gelfand et al., 2013), a 
recent re-evaluation suggested that the higher amounts of 
thymidine present in some earlier culture media allowed  
S. pyogenes to avoid sulfur-mediated inhibition and therefore 
falsely elevated the reported in vitro MICs (Bowen et al., 
2012). Resistance in S. pneumoniae is now reported world-
wide, with representative rates of 14% in Canada, 24% in the 
USA, 45% in Indonesia, 68% in Tunisa, 63% in China, 77.6% 
in Thailand, and 98% of Malawi isolates (Cornick et al., 2014; 
Farida et al., 2014; Golden et al., 2015; Phongsamart et al., 
2014; Raddaoui et al., 2015; Valour et al., 2015).

Enterococci are variable in their in vitro susceptibility to 
TMP (and CoT) depending on the concentrations of thy-
mine, thymidine, and folates (folate, folinate, dihydrofolate, 
and tetrahydrofolate) in the test medium (Wisell et al., 2008). 
The presence of small quantities of these compounds, which 
can be taken up by enterococci, allows bypass of the dihydro-
folate reductase (DHFR) inhibition usually induced by TMP 
(Hamilton-Miller, 1988). Despite the addition of thymidine 
phosphorylase to media to convert thymidine to thymine (a 
less potent inhibitor of TMP activity) for susceptibility test-
ing, results can be variable (Bushby, 1973). Crider and Colby 
(1985) noted significant variation in susceptibility to CoT 
when three different brands of Mueller Hinton broth were 
used. Najjar and Murray (1987) also demonstrated inconsis-
tent results when using different batches of the same brand  
of Mueller Hinton medium (presumably owing to minor 
variations in the amount of exogenous folates). The most 
accurate susceptibility results appear to be achieved with 
Oxoid IsoSensitest (Fisher Scientific, Pittsburgh, PA, USA) 
agar, probably because this medium has tightly controlled 
levels of “folates” (Tofte et al., 1984). However, despite the 
apparent in vitro susceptibility of some enterococcal strains 
to TMP and CoT, some clinical reports of serious therapeutic 
failure have raised concerns regarding the in vivo efficacy of 
CoT (Wisell et al., 2008). In particular, Goodhart (1984) 
described two patients with uncomplicated enterococcal uri-
nary infections who were treated with CoT but who subse-
quently developed enterococcal bacteremia despite in vitro 
susceptibility to this antibiotic combination. This apparent 
disparity between in vitro susceptibility and in vivo efficacy 
of CoT against enterococci has also been demonstrated in 
two in vivo animal studies in which CoT therapy failed 
against serious enterococcal infections (Chenoweth et al., 
1990; Grayson et al., 1990). A case of breakthrough septice-
mia with Enterococcus faecalis in a patient on CoT prophy-
laxis has also been recorded (Elsner et al., 1997). Thus CoT 
cannot be considered an acceptable treatment for serious 
enterococcal infections, and its efficacy in UTI remains 
unresolved (see section 7, Clinical uses of the drug).

CoT is active against many Gram-positive bacilli, such as 
Corynebacterium diphtheriae and C. pseudodiphtheriticum 
(Manzella et al., 1995). However, one center reported up to 
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74% CoT resistance in Corynebacterium spp. isolates (Olen-
der, 2013). Rhodococcus equi is usually susceptible, but CoT 
does not appear to be bactericidal against this pathogen 
(Nordmann and Ronco, 1992). Arcanobacterium haemolyti
cum is usually resistant to CoT (Carlson et al., 1994). TMP is 
bactericidal against most strains of Listeria monocytogenes, 
and synergy with SMX has been demonstrated, even when 
isolates are relatively resistant to SMX alone (Winslow and 
Pankey, 1982; MacGowan et al., 1990; Appleman et al., 1991; 
Aarestrup et al., 2007). In recent surveys L. monocytogenes 
continues to retain CoT in vitro susceptibility in the vast 
majority of isolates (Prieto et al., 2016; Reis et al., 2011). 
Bacillus cereus (Leading article, 1983a), B. anthracis (Cavallo 
et al., 2002), and Erysipelothrix rhusiopathiae (Venditti et al., 
1990) are resistant. Gardnerella vaginalis is susceptible in vitro 
to TMP but not to sulfonamides (Kharsany et al., 1993), and 
results of the combination yield borderline results (McCarthy 
et al., 1979).

Some strains of Nocardia species are susceptible to TMP, 
but the MIC, like that of CoT, for this organism varies widely 
(Bach et al., 1973c; Gombert, 1982; Dewsnup and Wright, 
1984). CoT resistance remains rare in most centers (approx-
imately 2%) (Brown-Elliott et al., 2012; Schlaberg et al., 
2014), but there appear to be regional differences, with some 
sites reporting resistance rates of 18–53% (Cercenado et al., 
2007; Larruskain et al., 2011; Torres et al., 2000; Tremblay et 
al., 2011). The genetic basis among various Nocardia spp. for 
CoT resistance has been uncertain, but recent studies have 
identified some resistance determinants commonly found in 
clinically important bacteria that were also detected in sul1, 
sul2, erm(B), and tet(O) Nocardia spp. CoT-resistant strains 
(Valdezate et al., 2015). Studies using CoT usually demon-
strate a synergistic effect of this combination against Nocardia 
(Bushby, 1973; Pavillard, 1973; Maderazo and Quintiliani, 
1974; Wallace et al., 1982a). The demonstration of this 
depends on the isolate, the duration of incubation, and the 
ratio of the component drugs used, however (Bennett and 
Jennings, 1978). Higher doses of TMP than in commercially 
available CoT are required to produce synergism, and this 
is  usually demonstrable with a TMP/SMX ratio of 1:5 or 
greater, but not at the usual serum ratio of 1:20. TMP reaches 
higher concentrations in most tissues than in serum, whereas 
the concentration of SMX in tissue is 20–50% of the serum 
level. Nevertheless, the ratio of the two drugs in lung or other 
body tissues may approximate 1:5 or even less when the usual 
serum ratio of 1:20 is maintained (Wallace et al., 1982a). Khar-
dori et al. (1993) found the MIC90 of CoT against Nocardia 
asteroides to be 4/76 μg/ml (TMP-SMX) and the MIC50 
against N. brasiliensis and N. caviae to be 1/19 and 4/76 μg/ml, 
respectively. Similar results for N. brasiliensis (MIC50 and 
MIC90 of 0.5/9.5 μg/ml) were found by Vera-Cabrera et al. 
(2001), and similar MICs have been found with a range of 
other Nocardia species (Glupczynski et al., 2006).

GRAM-NEGATIVE AEROBIC BACTERIA

Enterobacteriaceae are generally susceptible to TMP, includ-
ing Escherichia, Enterobacter, Klebsiella, Proteus, Salmonella, 

Shigella, Providencia, Citrobacter, Hafnia, Edwardsiella, and 
Serratia species. CoT is active against many enterotoxogenic 
Escherichia coli strains that have been isolated from different 
geographical locations (DuPont et al., 1978), but the inci-
dence of resistance is increasing. Resistance rates among 
community-acquired E. coli urinary isolates now vary from 
25.9–44.4% (Gangcuangco et al., 2015; Teichmann et al., 2014; 
Yayan et al., 2015). In the developing world, risk factors for 
CoT resistance in urinary E. coli isolates include a recent 
(within the past 6 months) UTI and a number of prior UTIs 
(Gang cuangco et al., 2015). Resistance appears greater in 
hospital- acquired versus community-acquired Gram-negative 
isolates (Saperston et al., 2014; Yayan et al., 2015). 

Yersinia enterocolitica is susceptible to TMP (Gutman et 
al., 1973; Preston et al., 1994), whereas Y. pestis is susceptible 
to CoT (Nguyen-Van-Ai,et al., 1973; Wong et al., 2000; Her-
nandez et al., 2003) and probably also to TMP alone; Y. pseudo
tuberculosis is susceptible to CoT (Brodie et al., 1973). Klebsiella 
species, including K. pneumoniae subsp. rhinoscleromatis (Per- 
kins et al., 1992), are usually susceptible, but resistant strains 
were present before TMP became available for clinical use 
(Hamilton-Miller and Grey, 1975). CoT is active against many 
ampicillin-resistant Shigella spp., which may also be multiply 
resistant to tetracyclines, chloramphenicol, and sulfonamides 
(Rodriguez et al., 1978).

Aeromonas species and Plesiomonas shigelloides are usu-
ally susceptible to TMP and CoT (Reinhardt and George, 
1985; Kuijper et al., 1989; Burgos et al., 1990; Koehler and 
Ashdown, 1993; Stock and Wiedermann, 2001; Sader and 
Jones, 2005; Penders and Stobberingh, 2008; Puah et al., 
2013). However, susceptibility to TMP and CoT may be 
over estimated using disk diffusion susceptibility techniques 
compared with agar dilution when assessing Aeromonas 
hydrophila, A. sobria, and A. caviae (Koehler and Ashdown, 
1993). Vibrio cholerae, both classic and El Tor biotypes, is 
generally susceptible (Northrup et al., 1972; Yamamoto et al., 
1995), but resistant strains are well documented. By contrast, 
halophilic Vibrio species, such as V. parahaemolyticus, V. vul
nificus, and related species, are almost always susceptible to 
CoT (Ottaviani et al., 2001; Zanetti et al., 2001).

Campylobacter jejuni, C. coli, and C. uppsaliensis are usu-
ally resistant to CoT (Goossens et al., 1985; Preston et al., 
1990). However, susceptibility testing results are very method 
dependent, and MICs can vary considerably between agar 
dilution and broth dilution methods (Luber et al., 2003; Senok 
et al., 2007). All strains of Helicobacter pylori tested by McNulty 
et al. (1985) were resistant to SMX and TMP.

Haemophilus influenzae, including ampicillin-resistant 
strains, is usually susceptible to TMP, and, when this is com-
bined with SMX, synergy is demonstrable (Kirven and Thorns-
berry, 1974; Sinai et al., 1978; Kanellakopoulou et al., 1988; 
Howard and Williams, 1989; Jorgensen et al., 1990; Collignon 
et al., 1992; Fuchs et al., 1997). Some strains of H. influenzae, 
although having low inhibitory concentrations to TMP (or 
CoT), may require high concentrations of the drug for bacte-
ricidal action. Recent reports of H. influenzae susceptibility 
demonstrated that CoT resistance can range from 9–50% of 
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Table 92.1. In vitro activity (µg/ml) of trimethoprim (TMP), sulfamethoxazole (SMX), and cotrimoxazole (CoT).

Species Agent
No. strains 

tested Range MIC90

EUCAST MIC 

breakpoint 
Resistance 
mechanismS ≤ R ≥

Gram-negative organisms

Acinetobacter spp. TMP 15    2–16 16 2a 4 A

Acinetobacter baumannii CoT 60 0.25–8 1 2 4 A

Aeromonas hydrophila CoT 20 0.25–0.5 0.5 2 4 A

Alkaligenes denitrificans CoT 33 0.5–1024 256 — — A

Bacteroides fragilis TMP 15    4–32 16 — — I

Bordetella bronchiseptica CoT 11    2–≥ 128 128 — — I

Bordetella parapertussis CoT 46    2–4 4 — — A

Bordetella pertussis SMX 32    1–4 4 — — A

CoT 75    1–8 4 A

Burkholderia cepacia CoT 10 0.5–≥ 16 0.5 — — A

Campylobacter jejuni CoT 16    1–64 32 — — I

Citrobacter diversus TMP 18 0.06–0.5 0.25 A

SMX 18    8–32 32 A

CoT 40 0.06–0.25 0.25 2 4 A

Citrobacter freundii TMP 42 0.125–128 1 A

SMX 42    4–512 32 A

CoT 42 0.5–512 2 2 4 A

Enterobacter aerogenes TMP 22 0.125–128 1 2 4 A

SMX 22    8–512 32 A

CoT 30 0.125–1 0.5 2 4 A

Enterobacter cloacae TMP 51 0.125–128 1 2 4 A

SMX 51    1–512 32 A

CoT 30 0.125–≥ 16 ≥ 16 2 4 A

Escherichia coli TMP 98 0.016–128 64 2 4 A

SMX 98 0.5–512 512 A

CoT 98 0.06–512 64 2 4 A

Haemophilus ducreyi TMP 122 ≤ 0.125–16 4 A

SMX 122    4–≥ 128 ≥ 128 A

CoT 122 ≤ 0.25–8 2 — — A

Haemophilus influenzae TMP 32 0.06–32 16 A

CoT 36 0.5–64 2 0.5 1 A

Helicobacter pylori CoT 56   16–≥ 128 128 — — I

Klebsiella oxytoca TMP 51 0.06–128 1 2 4 A

SMX 51    4–512 512 A

CoT 51 0.25–512 8 2 4 A

Klebsiella pneumoniae TMP 94 0.125–128 128 2 4 A

SMX 94    4–512 512 A

CoT 94 0.5–512 512 2 4 A

Legionella pneumophila CoT 31 ≤ 0.008–0.25 0.125 A

Moraxella catarrhalis CoT 58 0.03–0.25 0.25 0.5 1 A

Morganella morganii TMP 48 0.03–128 1 2 4 A

SMX 48 0.5–512 64 A

CoT 48 0.125–512 2 2 4 A

Neisseria gonorrhoeae TMP 78    8–≥ 64 ≥ 64 — — I

SMX 78 0.25–≥ 64 ≥ 64 A

Proteus mirabilis TMP 97 0.125–128 4 A

SMX 98    2–512 512 2 4 A

CoT 98 0.125–512 32 A
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Species Agent
No. strains 

tested Range MIC90

EUCAST MIC 

breakpoint 
Resistance 
mechanismS ≤ R ≥

Proteus vulgaris TMP 49 0.03–128 1 2 4 A

SMX 49    1–512 16 A

CoT 49 0.125–512 1 2 4 A

Providencia rettgeri CoT 30 0.06–≥ 16 8 2 4 A

Providencia stuartii TMP 20    1–≥ 128 ≥ 128 2 4 A

SMX 11    2–512 512 A

CoT 40 0.125–≥ 16 ≥ 16 2 4 A

Pseudomonas aeruginosa CoT 25    4–≥ 128 ≥ 128 — — I

Salmonella spp. TMP 22 0.03–0.25 0.25 A

SMX 22   16–32 32 A

CoT 22 0.5–1 1 2 4 A

Salmonella typhimurium TMP 12 0.125–0.125 0.125 A

SMX 12    8–512 256 A

CoT 12 0.5–2 2 2 4 A

Serratia liquefaciens TMP 15 0.25–128 4 2 4 A

SMX 15    4–512 256 A

Serratia marcescens TMP 28 0.125–128 128 2 4 A

SMX 28    2–512 512 A

CoT 28 0.5–512 2 2 4 A

Shigella spp. TMP 129 0.125–≥ 128 ≥ 128 2 4 A

SMX 129 ≤ 64–≥ 4,096 ≥ 4,096 A

CoT 129    1–128 128 2 4 A

Stenotrophomonas maltophilia CoT NS NS 4.75 4 4b A

Yersinia enterocolitica CoT 20 0.06–0.5 0.125 2 4 A

Gram-positive organisms

Staphylococcus aureus TMP 100 0.03–128 0.5 2c 4c A

SMX 100    2–512 64 A

CoT 100 0.125–512 2 2 4 A

Staphylococcus epidermidis TMP 20 0.125–4 4 2 4 A

CoT 20 0.25–8 4 2 4 A

Staphylococcus saprophyticus TMP 20 0.125–2 0.5 2 4 A

CoT 20    1–16 1 2 4 A

Streptococcus pneumoniae TMP 20 0.5–2 1 A

CoT 91    1–32 16 1 2 A

Streptococcus pyogenes TMP 10 0.5–1 1 A

CoT 50 0.5–8 4 1 2 A

Enterococcus faecalis TMP 98 0.06–128 0.5 A

SMX 97   32–512 512 0.03d 1d A

CoT 98 0.25–512 2 A

Nocardia asteroids SMX 78  ≤ 1–16 8 2 4 A

aFor CoT only, breakpoints provided by the European Committee on Antimicrobial Susceptibility Testing (EUCAST). Single column provided with EUCAST break-
points, eucast.org/clinical-breakpoints, accessed March 2016. Breakpoints are expressed as the trimethoprim concentration.

bBreakpoints are based on high-dose therapy, at least 30 mg of trimethoprim and 1.2 mg of sulfamethoxazole twice daily.
cFor trimethoprim only, listed if uncomplicated urinary tract infection.
dProvided for Enterococcus spp. Activity is uncertain, and therefore the wild-type population is classified as intermediate.
Other EUCAST breakpoints for CoT: Listeria monocytogenes, S: 0.06, R: 0.06; Pasteurella multocida, S: 0.25, R: 0.25.
Abbreviations: MIC: minimum inhibitory concentration; S: susceptible; R: resistant; A: acquired resistance; I: intrinsic resistance; NS: not stated.
Data compiled from Safdar and Rolston (2007) and Wiedemann and Grimm (1996); minimum inhibitory concentration (amount of trimethoprim) performed by 

agar dilution on IsoSensitest agar.

http://www.eucast.org/clinical-breakpoints
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isolates, highest among those exposed to CoT prophylaxis 
(Kärpänoja et al., 2008; Mohd-Zain et al., 2012; Mwenya et 
al., 2010; Puig et al., 2014). Haemophilus ducreyi (including 
strains resistant to sulfonamides, ampicillin, and other anti-
biotics) has been susceptible to TMP and CoT (Kraus et  
al., 1982; McNicol and Ronald, 1984; Dangor et al., 1990a; 
Lagergård et al., 1996). However, more recently H. ducreyi 
strains with increased resistance to TMP have been described 
in some areas of the world, including the USA and some 
parts of Africa (Centers for Disease Control, 1985a; Dangor 
et al., 1990a; Knapp et al., 1993).

Contrary to the findings of early limited studies, most 
strains of Bordetella pertussis are not susceptible to TMP and 
CoT in concentrations that are achievable in vivo (Zackrisson 
et al., 1983; Mortensen and Rodgers, 2000). Nonetheless, 
CoT for 7 days has been suggested in a recent Cochrane 
review to be an alternative eradication therapy for B. pertus
sis (Altunaiji et al., 2005, 2007). The activity of CoT against  
B. parapertussis is lower than against B. pertussis (Mortensen 
and Rodgers, 2000). Pasteurella multocida is quite suscepti-
ble (Mortensen et al., 1998). CoT has modest activity against 
Bartonella quintana, B. henselae, and some other less common 
Bartonella species (Maurin et al., 1995). Brucella spp., includ-
ing B. melitensis, are highly susceptible to CoT (Robertson 
et  al., 1973; Turkmani et al., 2006; Marianelli et al., 2007), 
although much higher MIC values in the resistant range will 
be obtained on some media (López-Merino et al., 2004).

The pathogenic Neisseria species (meningococci and gono-
cocci) are moderately resistant to TMP because the target 
enzyme, DHFR, in this genus is insensitive to TMP. N. men
ingitidis is usually susceptible to systemic concentrations but 
not to CSF concentrations of CoT (Burgess et al., 2007; Jor-
gensen et al., 2005). Moraxella catarrhalis is usually suscepti-
ble to CoT (Slevin et al., 1984; Alvarez et al., 1985; Sweeney 
et al., 1985; Jorgensen et al., 1990; Wallace et al., 1990) but 
resistant to TMP (Then, 1982; Fung et al., 1992; Eliopoulos 
and Wennerstein, 1997).

Pseudomonas aeruginosa is intrinsically resistant to TMP 
and CoT owing to natural efflux, but conditions in the urine 
may be such that TMP may occasionally act synergistically 
with SMX against this organism (Grey and Hamilton-Miller, 
1977). Acquired resistance has also been reported for P. aeru
ginosa and Acinetobacter spp. Pseudomonas stutzeri and P. ory
zihabitans are usually susceptible (Noble and Overman, 1994; 
Sader and Jones, 2005), whereas P. fluorescens and P. putida 
are usually resistant (Sader and Jones, 2005). Among the 
other uncommon nonfermentative Gram-negative bacilli, 
Agrobacterium spp., Alcaligenes spp., Comomonas spp., Ochro
bactrum anthropi, Ralsontia pickettii, and Sphingomonas pau  
cimobilis are usually susceptible, whereas Chryseobacterium 
spp. vary in their susceptibility (Aber et al., 1978; Sader and 
Jones, 2005). Stenotrophomonas maltophilia is usually resis-
tant to TMP (MIC > 32 μg/ml), but the vast majority of 
strains are susceptible to CoT (Moody and Young, 1975; 
Garcia-Rodriguez et al., 1991; Hohl et al., 1991; Vartivarian 
et al., 1994; Safdar and Rolston, 2007; Livermore et al., 2014). 
Despite the majority of studies worldwide demonstrating 

ongoing CoT susceptibility in S. maltophilia (Chung et al., 
2013), resistance generally due to the acquisition of class 1 inte-
grons (sul1 and sul2) has been increasingly reported (Brooke, 
2012). In some centers CoT resistamce can be found in 
16–78.8% of isolates (Abbott and Peleg, 2015; Chang et al., 
2015).

Normally Burkholderia cepacia complex is susceptible to 
TMP and CoT (Hamilton et al., 1973; Moody and Young, 
1975; Sader and Jones, 2005), although isolates from patients 
with cystic fibrosis are more frequently CoT resistant (Isles et 
al., 1984; Burns et al., 1989). Development of TMP resistance 
has been reported in B. cepacia isolates through an efflux 
pump mechanism (RND family efflux transporter) or enzy-
matic modification (dihydrofolate reducatase) (Abbott and 
Peleg, 2015). Although Burkholderia pseudomallei is usually 
TMP resistant, some strains are SMX susceptible, and many 
can be inhibited by therapeutically achievable concentra-
tions of CoT such that this agent is often therapeutically 
useful (Bassett, 1971; Everett and Kishimoto, 1973). Some 
reports suggest only moderate in vitro susceptibility to CoT 
(Dance et al., 1989; Yamamoto et al., 1990), although this 
may be strain dependent as well as susceptibility test method 
dependent (Wuthiekanun et al., 2005; Sivalingam et al., 
2006). Although earlier reports from Thailand (1992–2003) 
suggested resistance rates of 13% for CoT in B. pseudomallei, 
subsequent studies have demonstrated lower rates of CoT 
resistance (e.g. 0.4% in Australia, 0.8% in Laos, and 0% in 
Cambodia and Thailand) (Dance et al., 2014; Saiprom et al., 
2015; Wuthiekanun et al., 2005).

CoT is active in vitro against Legionella pneumophila 
(Thorns berry et al., 1978) and L. micdadei (Myerowitz et al., 
1979) and is also active in vivo for the treatment of guinea 
pigs infected with L. pneumophila (Plouffe et al., 1984) or  
L. micdadei (Pasculle et al., 1985). Although CoT monother-
apy is not recommended for Legionella spp., a case of suc-
cessful CoT/rifampin therapy has been described (Rudin et 
al., 1984).

ANAEROBIC BACTERIA

Results of susceptibility testing of anaerobic bacteria to TMP 
and CoT have previously been conflicting (Bushby, 1973; Oku-
badejo et al., 1973; Rosenblatt and Stewart, 1974). Phillips 
and Warren (1974) showed that Bacteroides fragilis was sus-
ceptible to SMX, and, when used with TMP, synergism could 
be demonstrated if greater amounts of TMP than SMX were 
used—the reverse of the optimal ratio for most bacteria. 
Phillips and Warren (1976) suggested that previous discrep-
ancies were explicable by differences in in vitro techniques. 
They concluded that true resistance of B. fragilis to SMX was 
rare and that synergism against B. fragilis could be demon-
strated if these drugs were combined in the ratio of their 
MICs for this organism, as determined by the particular 
method used. Others have confirmed this (Wüst and Wilkins, 
1978; Then and Angehrn, 1979; Riley, 1981). Bacteroides 
fragilis is resistant to TMP. All of 28 B. fragilis strains investi-
gated by Then and Angehrn (1979) were susceptible to SMX 
but were resistant to TMP. Other Bacteroides spp. are not as 
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frequently susceptible to SMX as B. fragilis. Bacteroides spe-
cies are commonly resistant to TMP as a result of decreased 
susceptibility of their DHFR (Then and Angehrn, 1979). 
Other anaerobes, such as Clostridium spp., are also usually 
resistant to TMP although often susceptible to SMX. Wüst 
and Wilkins (1978) found that despite this, 85% of anaerobes 
were susceptible to TMP/SMX in a ratio of 1:19 and that syn-
ergy was most marked when the ratio of these components 
was near 1:1. Phillips et al. (1981) describe similar findings. 
In general, the current view is that TMP and CoT display 
poor, unreliable, or no activity in vitro against most anaerobes 
(Finegold et al., 2004). This is reflected in modern anaerobe 
studies, including for Bacteroides spp., where CoT is infre-
quently examined for in vitro susceptibility owing to an 
assumption of resistance.

CHLAMYDIA AND MYCOPLASMA

When tested in cell culture, MICs of TMP and SMX for 
Chlamydia trachomatis are > 64 μg/ml and 2–128 μg/ml, 
respectively. There was no synergy when TMP was used with 
SMX, although there was a low degree of potentiation when 
a ratio of 1:20 was used. The activity of CoT against C. tra
chomatis appeared to be primarily that of SMX alone (Ham-
merschlag, 1982). Nevertheless, TMP does cause structural 
changes in C. trachomatis similar to SMX, but, in this respect, 
it is not as potent (Hammerschlag and Vuletin, 1985). Rice et 
al. (1995) noted that the MIC range for CoT against C. tra
chomatis isolates obtained from females with asymptomatic 
genital infection or pelvic inflammatory disease was 0.03–
0.25 μg/ml in vitro. Other molecular-based assays suggest that 
either TMP or sulfonamides have activity against Chlamy
dophila pneumoniae (Khan et al., 1996). Myco plasma and Urea
plasma spp. are generally resistant (Bernard et al., 1993; Tay 
et al., 1997). No further examination in the modern litera-
ture has been undertaken.

MYCOBACTERIA

Mycobacterium tuberculosis (tuberculosis [TB]) and M. hae
mophilum were generally considered resistant, whereas data 
about the in vitro activity of TMP and CoT against M. marinum 
was conflicting (Aubry et al., 2000; Werngren et al., 2001). How-
ever, the increasing incidence of multidrug- resistant (MDR) 
and extensively drug-resistant M. tuberculosis has renewed 
interested in re-evaluating older antimicrobials like CoT for 
potential activity (Huang et al., 2012). Overall, CoT appears 
to be bacteriostatic against M. tuberculosis (Vilcheze and 
Jacobs, 2012) but in certain circumstances may be a potential 
treatment option for susceptible MDR TB and extensively 
drug-resistant TB (Ameen and Drancourt, 2013; Davies 
Forsman et al., 2014). Ogwang et al. (2015) assessed 40 TB 
isolates and found that 95% were susceptible (MIC < 38.4 μg/
ml). CoT has been assessed in a pilot pharmacokinetic/phar-
macokinetic study of MDR TB therapy in 10 patients, although 
there were no clinical endpoints (Alsaad et al., 2013). The 
mechanism of CoT action against TB remains relatively 
unknown, as does the in vivo clinical efficacy. M. abscessus 
and M. chelonae generally test as resistant to CoT, whereas 

Mycobacterium fortuitum usually tests as susceptible (Woods 
et al., 2000).

OTHER ORGANISMS

TMP may have an effect against some fungi such as Histo
plasma capsulatum (Macleod, 1970). One in vitro study indi-
cated a synergistic effect between TMP and SMX against 
Para coccidioides brasiliensis despite resistance to TMP and, 
often, to SMX (Stevens and Vo, 1982). TMP has no in vitro 
activity against Treponema (Burman, 1986), Leptospira, or 
Rickettsia spp. (Rolain et al., 1998).

Although Plasmodium spp. may be susceptible to TMP, 
albeit to a lesser degree than to pyrimethamine, TMP has no 
clinical role in the treatment of malaria (Winstanley et al., 
1995). Recent studies, however, suggest that prophylactic CoT 
may prevent both asymptomatic and symptomatic malaria 
(Davis et al., 2015; Harouna et al., 2015; Kasirye et al., 2015a; 
Kasirye et al., 2015b). A prospective study has shown that 
failure to respond to CoT treatment is linked to the presence 
of resistance in target enzymes in Plasmodium falciparum 
(Khalil et al., 2005).

2b.  Emerging resistance and 
cross-resistance

One of the original postulates for CoT was that the combina-
tion would prevent the development of resistance to either of 
its two component drugs. Serious doubts about this concept 
were raised soon after the introduction of CoT into clinical 
practice (Grüneberg, 1979; Lacey, 1982), and there is now abun-
dant evidence that resistance to CoT is very widespread.

If Gram-negative bacteria are passed in increasing TMP 
concentrations in vitro, drug resistance develops rapidly 
(Reisberg et al., 1966). Under certain laboratory conditions, 
the development of TMP resistance in Enterobacteriaceae in 
this way can be prevented by the incorporation of a sulfon-
amide into the medium (Darrell et al., 1968). It was therefore 
feared that if TMP were used as a single drug, TMP resis-
tance would become prevalent. TMP has been used alone in 
Finland since 1973 and in most other countries since 1979. 
Although the level of TMP resistance has increased since the 
early 1970s, evidence to date does not suggest that the use 
of TMP alone selects resistance at an unexpected high rate 
(Busk and Korner, 1980). Furthermore, because a significant 
percentage of Enterobacteriaceae are sulfonamide resistant, 
treatment with CoT in many instances has been equivalent 
to treatment with TMP alone.

Soon after the introduction of CoT more than 30 years ago, 
resistance was also noted in Gram-positive bacteria. World-
wide, resistance to CoT and TMP appears to be increasing, 
although this rate of increase varies depending on the bacterial 
species, the types of infection being treated, and geography. In 
areas with increased CoT, particularly in the developing world, 
resistance is attributed to frequent use of antifolate com-
pounds, often without prescribing control (Cotton et al., 2008).

CoT resistance is generally plasmid or chromosome medi-
ated. Chromosomally mediated mechanisms of resistance 
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include quantitative and qualitative changes in DHFR (the 
target enzyme of TMP), modifications of the pathway for 
DNA synthesis, and alterations in bacterial cell wall permea-
bility to TMP and SMX. Another chromosomally associated 
mechanism of low-level resistance is the mutational loss of 
the ability of some bacteria to methylate deoxyuridylic acid 
to thymidylic acid, thereby making the bacteria dependent 
on an external supply of thymine. Thus the DHFR of the bac-
teria is not as necessary to regenerate tetrahydrofolate for cell 
duplication and the cell can afford to have a relatively large 
fraction of its DHFR inactivated by TMP without interfering 
in multiplication (Huovinen et al., 1995). Chromosomally 
mediated resistance mechanisms generally result in low- 
level resistance to TMP (MIC 4–512 μg/ml). Plasmid- or 
 transposon-mediated resistance is generally manifest by the 
production of TMP-resistant DHFR, which results in high-
level resistance to TMP (MIC > 1000 μg/ml) (Goldstein et al., 
1986b; Review, 1990). This latter mechanism of resistance is 
particularly concerning because of the ready transferability 
of these resistance determinants. The mechanisms of acquired 
resistance to TMP are summarized in Table 92.2 and have 
been reviewed by Huovinen et al. (1995) and Huovinen (2001).

Low-level resistance (MIC 4–512 μg/ml) usually results 
from spontaneous mutational events, such as decreased per-
meability and quantitative or qualitative changes in DHFR, 
with the result that the bacteria then gain a selective growth 
advantage during therapy. Transferable plasmid-mediated 
low-level resistance was first described in 1971 but is not 
common (Lebek and Wiedmer, 1971; Goldstein et al., 1986b; 
Review, 1990). TMP resistance due to decreased cell wall 
permeability (usually secondary to modification of outer 
wall proteins) is noted by the presence of cross-resistance 
to quinolones, chloramphenicol, beta-lactams, sulfonamides, 
and tetracyclines. This type of mutation has been noted in 

Klebsiella, Enterobacter, and Serratia spp. and may be more 
common than previously assumed (Gutmann et al., 1985).

High-level resistance (MIC > 1000 μg/ml) was first iden-
tified in 1975 (Breeze et al., 1975) and is generally plasmid or 
transposon mediated. Such transferable resistance has spread 
to all enterobacterial species and is identified by the produc-
tion of a variety of new insensitive DHFR enzymes—at least 
17 enzymes (types I–XVII) have been described in Gram-
negative bacteria (Review, 1990; Towner et al., 1992; Huovinen, 
2001; Kim et al., 2007). A number of transposons have been 
particularly associated with high-level TMP resistance. 
Transposon Tn7, which encodes resistance to spectinomy-
cin, streptomycin, and TMP (DHFR Ia), is the most common 
and best-described TMP transposon, being identified in entero-
bacteria and V. cholerae. Transposon Tn4132 encodes TMP 
resistance alone (Young and Amyes, 1985). A third group of 
transposons, Tn402, encodes DHFR type II (Shapiro and 
Sporn, 1977). Several other TMP resistance transposons have 
been identified. Fluctuations in the transferability of high-
level TMP resistance are probably due to variations in the 
transposons jumping from plasmid to plasmid or in and out 
of the bacterial chromosome (Review, 1990).

Strains of Enterobacteriaceae resistant to TMP were found 
before the drug was introduced (Grüneberg and Kolbe, 1969; 
Reeves et al., 1969; Hamilton-Miller and Grey, 1975). Com- 
monly, resistance to CoT is assumed to mean resistance to 
TMP. In Turku City Hospital, Finland, development of TMP 
resistance appeared to be related to total use of TMP, in com-
bination or alone; in 1984, 14 years after the introduction of 
TMP, TMP resistance among E. coli strains was 34–37%, 
which was similar to the level of sulfonamide resistance 
(40%) (Huovinen et al., 1986). More recent data from Finland 
show a disconnect between CoT use and resistance rates  
for H. influenzae and M. catarrhalis, whereas the association 

Table 92.2. Mechanisms of acquired resistance to trimethoprim.

Genetic change Mechanism Resistant organism

Chromosomally encoded resistance

Natural DHFR Natural insensitivity to trimethoprim 
action

Bacteroides spp., Clostridium spp., Neisseria spp., 
Moraxella catarrhalis, Helicobacter pylori

Mutation in gene encoding DHFR Reduced trimethoprim binding Haemophilus influenza, Escherichia coli, 
Streptococcus pneumoniae, Staphylococcus 
aureus

Mutation in gene encoding DHFR promoter Overproduction of DHFR Escherichia coli, Haemophilus influenzae, 
Streptococcus pneumoniae

Mutation in gene encoding enzyme that 
methylates deoxyuridylic acid to 
thymidylate

Dependence on exogenous thymine Enterobacteriaceae, Staphylococcus spp., 
Streptococcus pneumoniae

Plasmid-encoded resistance (in mobile genetic elements)

Acquired gene encoding additional DHFR 
(dfr genes); trimethoprim resistant

Additional DHFR insensitive to 
trimethoprim

Enterobacteriaceae, Vibrio cholera, Acinetobacter 
spp., Burkholderia cepacia, Pseudomonas 
aeruginosa, Staphylococcus aureus

Abbreviation: DHFR = dihydrofolate reductase.
Data compiled from Huovinen et al. (1995) and Huovinen (2001).
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between usage rates and resistance in S. pneumoniae remains 
strong (Käirpänoja et al., 2008). At the Royal Free Hospital 
(London, UK) in 1985, 24% of all urinary isolates were resis-
tant to TMP, which was more than double the rate of resis-
tance in 1981. The incidence of TMP resistance among strains 
of E. coli, P. mirabilis, S. epidermidis, and fecal streptococci 
was significantly greater than in 1981, although the propor-
tion of Gram-negative strains with high-level TMP resis-
tance (81%) was similar to the corresponding rate in 1981. 
Interestingly, resistant isolates were found equally as often in 
community-acquired urinary infections as in those occurring 
in inpatients (Hamilton-Miller and Purves, 1986). In many 
hospitals, 15–20% of E. coli isolated from urine can be expected 
to be resistant to TMP (Huovinen et al., 1995). Among nosoco-
mial pathogens, such as E. coli and B. cepacia, TMP resistance 
appears to be due to the production of TMP-resistant DHFR 
(Burns et al., 1989; Tsakris et al., 1993). Increasing Gram-
negative resistance in Enterobacteriaceae, in particular among 
isolates with extended-spectrum beta-lactamases (ESBLs), is 
likely to be a result of the coexisting nature of sul1 and sul2, dfr 
genes encoded within ESBL and carbapenemase-encoding 
plasmids (Chen et al., 2013; Liver more et al., 2014).

The incidence of TMP-resistant bacteria is especially high 
in developing countries and has been associated with a sig-
nificant increase in the relative percentage of high-level resis-
tant bacteria harboring R plasmids and transposons. In one 
study in India, 57% of all bacterial strains were highly resis-
tant to TMP, but a higher proportion of these strains pos-
sessed transferable TMP resistance plasmids than similar 
isolates from the UK (Young et al., 1986). The resistance rates 
for E. coli are about 44% in Chile and 40% in Thailand, 
whereas 76% and 90% of Salmonella isolates in Brazil and 
China, respectively, are resistant (Murray et al., 1985; Yu et 
al., 2014). In the UK, the proportion of enterobacteria sensi-
tive to TMP has remained high despite increasing use of 
CoT, but the trend is of increasing resistance, particularly 
in  hospitals (Leading article, 1980). CoT resistance among 
Enterobacteriaceae is also becoming more common in the 
USA (Murray et al., 1985; Stamm et al., 1991) and has been 
associated with the use of CoT (Pearson et al., 1979; Murray 
et al., 1982; Stamm et al., 1991). In Finland, the frequency of 
TMP resistance among urinary isolates of E. coli remained 
stable at 40% during the period from 1984–1988, but the 
proportion of isolates with high-level resistance (often due to 
DHFR type I) increased (Heikkila et al., 1990b). Multidrug 
resistance, including to CoT, among Salmonella and Shigella 
species is now common in many countries, such as Spain and 
countries of the developing world including Brazil, China, 
Peru, Madagascar, Burundi, Indonesia, India, and Pakistan 
(Ling and Chau, 1984; Goldstein et al., 1986a; Goldstein et 
al., 1986b; Threlfall et al., 1992; Ries et al., 1994; Ashkenazi et 
al., 1995; Lima et al., 1995; Mirza et al., 1995; Pokharel et al., 
2006; Yu et al., 2014; Zhang et al., 2014). In these regions it 
appears to be commonly plasmid-mediated high-level resis-
tance (Palenque et al., 1983; Centers for Disease Control, 1987; 
Delgado and Otero, 1988; Heikkila et al., 1990a; Bennish et 
al., 1992; Threlfall et al., 1992). 

An epidemic due to V. cholerae El Tor Inaba in Thailand 
was notable for the fact that TMP resistance was due to a 
plasmid coding for type II DHFR, rather than the more typ-
ical pattern in which type I DHFR (encoded by Tn7) is 
responsible for such resistance in vibrios (Young and Amyes, 
1986; Tabtieng et al., 1989). Yamamoto et al. (1995) have 
reported that V. cholerae strains O139, O1 Indian El Tor, and 
Bangladeshi El Tor were highly resistant to multiple agents 
(streptomycin, SMX, and TMP) in 95%, 97%, and 50% of 
strains, respectively. Interestingly, Heikkila et al. (1990a) 
noted a dramatic increase in the incidence of TMP resistance 
among Shigella species isolated from Finnish travelers, in 
whom resistance increased from 3% of isolates in 1975–1982 
to 44% in 1987–1988. The majority of these later isolates 
were highly resistant and had detectable type I DHFR. Others 
have also identified TMP resistance among 54% of Shigella 
isolates causing traveler’s diarrhea (Vila et al., 1994). Ash-
kenazi et al. (1995) noted a major increase in Israel in the rate 
of resistance between 1984 and 1992 among Shigella isolates 
to TMP-SMX, with a shift from 59% to 92% resistance. 
Notably, S. sonnei, which accounted for 90% of Shigella infec-
tions, was most likely to be resistant.

The use of TMP or CoT in cultures can lead to in vitro 
emergence of mutants of some Enterobacteriaceae that do 
not utilize the tetrahydrofolate pathway leading to thymidine 
synthesis (Barker et al., 1972; Pinney and Smith, 1973). These 
strains utilize an exogenous source of thymine or thymidine 
for DNA synthesis and are unaffected by CoT, which acts on 
the folate pathway. There is not sufficient thymine or thymi-
dine in normal mammalian tissues, blood, or urine for the 
survival of these mutants. They have been found in patients 
with urinary, respiratory, and wound infections and in sal-
monellosis (Barker et al., 1972; Maskell et al., 1976; Okuba-
dejo and Maskell, 1977; Lacey, 1982). During a 1-month 
period in 1979, 10% of urine culture isolates of enterococci 
in Rochester, MN, USA, were found to be thymidine depen-
dent; the reason for this was not ascertained, but it may have 
been due to overutilization of CoT (Haltiner et al., 1980). 
Thymidine-requiring strains have been detected among  
S. aureus and H. influenzae as well as the Enterobacteriaceae 
(Platt et al., 1983). In most instances, the isolation of these 
mutants from patients has been associated with the admin-
istration of CoT. It is possible that in these situations the 
breakdown of pus cells and bacteria may act as a source of 
thymine. Special techniques are required to detect thymine- 
requiring bacteria, and, if they are isolated from a patient, 
CoT therapy should be discontinued (Tapsall et al., 1974; 
Maskell et al., 1976). Infections due to these mutants are rare 
because their rate of mutation is low, and, when thymidine is 
removed from the environment, the mutants die. They may 
be less pathogenic than wild strains, and they have not caused 
cross-infection, because thymidine is found in significant 
amounts only in infected human material (Lacey, 1982).

During the 1980s and 1990s, there were increasing num-
bers of reports describing CoT resistance among strains of 
H. influenzae and S. pneumoniae. CoT resistance among 
strains of H. influenzae varied with geographical location, 
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ranging from less than 1% in the USA (Jorgensen et al., 1990; 
George et al., 1991) to 5% in Greece (Kanellakopoulou et al., 
1988), 7% in Sweden and Europe (Kayser et al., 1990; Olsson 
et al., 1992), and 11% in Pakistan (Jorgensen, 1992). CoT 
resistance among S. pneumoniae varied enormously from 
0.6% in the USA (Spika et al., 1991) and 3% in Sweden 
(Olsson et al., 1992) to 26% in Spain (Klugman, 1990) and 
31% in Pakistan (Mastro et al., 1991). In Spain, susceptibil-
ity tests on H. influenzae strains causing invasive infections 
(meningitis and bacteremia) isolated in the period 1981–
1983 revealed that 64% were resistant to CoT, 50% to ampi-
cillin, 52% to chloramphenicol, and 55% to tetracycline, and 
multiple resistance was found in 45% (Campos et al., 1984). 
In some strains, resistance was shown to be due to overpro-
duction of chromosomally mediated DHFR (de Groot et al., 
1988). Since 2000, some countries have reported that up to 
70% of S. pneumoniae isolates are resistant to CoT (Farida et 
al., 2014; Raddaoui et al., 2015). In comparison, however, 
Moraxella catarrhalis has only rarely been noted to develop 
resistance to CoT (Doern, 1995; Nissinen et al., 1995a). 
Haemophilus ducreyi resistance to TMP and CoT has increased 
dramatically in Central and East Africa, such that CoT can 
no longer be recommended for use in the treatment of chan-
croid in this region (Van Dyck et al., 1994).

Among Gram-positive bacteria, the incidence of TMP 
resistance is relatively low. Although CoT resistance among 
S. aureus isolates remains low in regions such as Europe, up 
to 55% of colonizing and 72% of clinical S. aureus isolates 
from Africa are resistant to CoT (Ghebremedhin et al., 2009; 
Olalekan et al., 2012). Resistance has particularly become an 
issue with the appearance of MRSA (Lyon and Skurray, 1987). 
Two genetic mechanisms of TMP resistance in S. aureus are 
considered to be (1) mutation in the DHFR gene (dfrB) 
resulting in changes to the DHFR target enzyme of TMP and 
(2) resistance in DHFR genes, potentially located in exchange-
able genetic elements. Although a single mutation to the dfrB 
gene in S. aureus at position 98 (F98Y) causes intermediate 
resistance (MIC < 256 µg/ml), acquisition of dfr gene vari-
ants mediates high resistance (MIC > 512 µg/ml) (Dale et al., 
1997; Kadlec and Schwarz, 2009; Nurjadi et al., 2014). Such 
variants (dfrA, dfrG, and dfrK), once rare in humans, have been 
found increasingly in isolates resistant to CoT— particularly the 
dfrG gene (Nurjadi et al., 2014). Plasmid-mediated high-level 
TMP resistance was initially identified in 1983 in Australian 
MRSA isolates (Tennent et al., 1983) and has since been 
described elsewhere (Coughter et al., 1987). Chromosomally 
mediated resistance has also been identified in MRSA strains, 
particularly from Australia, the USA, and Europe (Review, 
1990; Turnidge et al., 1996). 

Both low-level chromosomally mediated and high-level 
plasmid-mediated TMP resistance have been identified among 
coagulase-negative staphylococci (Galetto et al., 1987). 

TMP resistance in pneumococci was first reported in 
1972 (Howe and Wilson, 1972). Subsequently, CoT resis-
tance among pneumococci has been found to vary from 
region to region, with resistance rates of 0.6–26% in various 
areas of the USA, rising to 42% and 44% in Australia and 

South Africa, respectively (Henderson et al., 1988; Rauch et 
al., 1990; Koornhof et al., 1992; Breiman et al., 1994; Hof-
mann et al., 1995; Collignon and Bell, 1996). Nelson et  
al. (1994) found that all highly penicillin-resistant isolates 
were also resistant to TMP-SMX. Charpentier et al. (1995) 
have, for the first time, described a TMP-resistant isolate of 
L. monocytogenes.

The past decade has seen the establishment of large trans-
national and multinational surveillance programs, which have 
provided a much broader comparative picture of resistance 
rates and trends, particularly to CoT. Resistance rates from 
various parts of the world for the more common pathogens 
are summarized in Table 92.3. These data demonstrate that 
resistance is prevalent among all programs, with substan-
tially higher rates being found in developing countries, prob-
ably reflecting high rates of CoT use (and misuse) in the 
developing world.

Rates of resistance to CoT in S. pneumoniae appear to be 
slowly declining in the USA, falling from 33.9% in 2000 to 
24.1% in 2004 (Jenkins et al., 2008). In the SENTRY surveil-
lance program, comparative CoT resistance rates in this 
pathogen in 2003 were 31.3% in North America, 49.7% in 
Latin America, and 31.0% in Europe (Johnson et al., 2006). A 
similar downward trend in CoT resistance in H. influenzae 
has been noted in Spain (García-Cobos et al., 2008).

2c.  Trimethoprim synergy with 
sulfonamides and other agents

Although TMP is a potent antibacterial drug in its own right, 
when it was first introduced as a component of CoT it was 
mainly considered to be a sulfonamide potentiator. The rele-
vance of synergy between TMP and SMX in vitro to the clin-
ical use of CoT has previously been questioned for some 
infections (Grüneberg 1979; Lacey, 1982). In UTIs, the activ-
ity of TMP is dominant over the sulfonamide, and potential 
synergy between them does not occur. The levels of TMP are 
as effective as CoT for the treatment of many urinary and 
respiratory infections (Lacey, 1982). Therefore, there is a good 
argument for using TMP alone for many UTIs.

Using accepted criteria, TMP and sulfonamides exert a 
strong synergistic effect against many organisms. When organ-
isms susceptible to both drugs are tested in vitro, the addition 
of a subinhibitory concentration of one agent often reduces 
the MIC of the other by about eightfold or more (Darrell et 
al., 1968). This potentiation of TMP by sulfonamides and 
vice versa varies with bacterial species and also with individ-
ual strains. Darrell et al. (1968) found a high degree of po - 
tentiation with gonococci and also most strains of Proteus 
species, but the sulfonamide potentiated the activity of TMP 
only about four- to eightfold against most strains of staphy-
lococci, streptococci, pneumococci, H. influenzae, and E. coli. 
MacGowan et al. (1990) noted in vitro synergy between TMP 
and SMX against L. monocytogenes. Maximum synergy usu-
ally occurs when TMP and SMX are used together in a ratio 
of their MICs. This ratio is 1:19 for many organisms, and 
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consequently this is the most commonly used ratio in CoT 
susceptibility testing. Darrell et al. (1968) found that some 
organisms, such as gonococci, were more susceptible to sul-
fonamides than to TMP, so that the optimal ratio was the 
reverse. Nevertheless, in the USA most N. gonorrhoeae strains, 
when tested against TMP-SMX in a ratio of 1:19, were inhib-
ited by concentrations of TMP of 2.5 μg/ml or less, and of 
SMX of 47.5 μg/ml or less (Yoshikawa et al., 1975; Prior et al., 
1976). Currently, owing to resistance, CoT is infrequently 
employed for gonorrhea (see section 7, Clinical uses of the 
drug). In a study of Shigella isolated in Michigan, USA, SMX 
alone was effective against only 62% of the isolates tested, but 
a mixture with TMP in a 20:1 ratio was highly active (Gordon 
et al., 1975). For M. fortuitum, the addition of TMP (to which 
it is resistant) does not potentiate sulfonamides against sul-
fonamide-sensitive strains (Wallace et al., 1982b). With some 
bacterial strains, synergy cannot be demonstrated despite 
susceptibility to both TMP and sulfonamides (Lewis et al., 
1974).

With TMP-susceptible but sulfonamide-resistant bacte-
ria, sulfonamides do not usually potentiate the action of 
TMP. With such sulfonamide-resistant bacteria, a synergistic 
effect can usually be demonstrated in vitro, if very high sul-
fonamide concentrations are used that equal or exceed the 
MICs of the organisms to sulfonamides. However, this find-
ing is of no clinical importance because such high sulfon-
amide concentrations cannot be achieved in vivo. Synergy 
with TMP can also be demonstrated against some strains of 
P. aeruginosa that are “moderately resistant” to SMX, and, 
because high concentrations of sulfonamides are attained in 
urine, this may theoretically be of significance in treating 
UTIs. Similarly, synergy may be attained in the urine of 
patients with sulfonamide-resistant E. coli treated with CoT 
(Grüneberg, 1975).

Ideally, the susceptibility of organisms to TMP and sul-
fonamide should be tested separately. If the bacterial species 
is susceptible to both, a synergistic effect is likely, and treat-
ment may be effective. However, in routine laboratory prac-
tice, the combination is usually tested, except for urinary 
tract isolates, which are often tested against TMP alone.

The novel diaminopyrimidine iclaprim (see Chapter 96, 
Iclaprim) has been examined for in vitro synergy against 
common pathogens in combination with two sulfonamides, 
and synergy is often present (Laue et al., 2007). Synergy 
between diaminopyrimidines and sulfonamides has also 
been demonstrated with a number of experimental diamino-
pyrimidines (Wüst and Schwarzenbach, 1983; Locher et al., 
1996).

TMP acts synergistically with rifampicin in vitro against 
a wide range of bacteria, particularly Gram-negative bacilli 
(Giamarellos-Bourboulis et al., 2002; Goldstein et al., 1979). In 
addition, these two drugs are compatible pharmacologically.

TMP can enhance the activity of the polymyxins (see 
Chapter 81, Polymyxins) against certain bacteria, particu-
larly those that are Gram-negative (Simmons, 1970). The 
combination of a polymyxin, SMX, and TMP is more active 
than combinations of any two of these agents against a vari- 

ety of Gram-negative bacilli. Recently, CoT and colistin were 
found to be synergistic in vitro against A. baumannii and 
some K. pneumoniae isolates (Giamarellos-Bourboulis et al., 
2002; Vidaillac et al., 2012). A combination of TMP and ami-
kacin is synergistic against some Gram-negative bacilli (Par-
sley et al., 1977). Synergy was demonstrated against most 
strains of K. pneumoniae, S. marcescens, and E. coli, but TMP 
had no antibacterial effect on strains of P. aeruginosa and did 
not alter the activity of amikacin against them. Gentamicin 
and CoT may be synergistic against CoT-sensitive isolates 
of S. marcescens (Gray et al., 1978). Gentamicin combined 
with TMP or CoT is sometimes synergistic against E. coli and  
K. pneumoniae (Paisley and Washington, 1978). A combina-
tion of rifampicin and TMP may have a beneficial effect in 
experimental Brucella infections; this combination may also 
be synergistic against H. influenzae in vitro. Similarly, in vitro 
MRSA models have demonstrated superior efficacy of CoT 
with daptomycin than daptomycin alone (Steed et al., 2010; 
Steed et al., 2012). It is important that the clinical relevance 
of these various in vitro synergy findings remains uncertain. 

3. MECHANISM OF DRUG ACTION

TMP inhibits the action of DHFR, an enzyme that converts 
dihydrofolic acid to tetrahydrofolic acid—an essential stage 
in bacterial purine and, ultimately, DNA synthesis. This 
enzyme acts at a stage that follows the enzyme conversion 
of para-aminobenzoic acid to dihydrofolic acid by dihydrop-
teroate synthetase, which is competitively blocked by sul-
fonamides (see Chapter 91, Sulfonamides). Tetrahydrofolic 
acid is an essential co-enzyme for a number of biochemical 
reactions, including the synthesis of purine and pyrimidine 
bases. Microorganisms, except notably enterococci, cannot 
utilize exogenous tetrahydrofolate and must manufacture 
their own. 

Originally, it was thought that sulfonamides had only this 
one site of action and that a sequential action of sulfonamides 
and TMP explained the synergistic action of this combina-
tion against bacteria (Darrell et al., 1968). There are theoret-
ical and experimental objections to a sequential blockage 
theory (Lacey, 1979; Lacey, 1982). Harvey (1982) believed 
that synergy between TMP and SMX occurs because of the 
cyclic configuration of the folate pathway; that is, there is not 
just a simple linear pathway after the formation of dihydrofo-
late but a cyclic one. Reaction rates of all enzymes in this cyclic 
pathway would thus become more sensitive to decreases in 
substrate concentrations produced by SMX; the cyclic con-
figuration would ensure that the effect of TMP would result 
in little change in buffering capacity against this decrease, 
and therefore the two drugs would act synergistically. It is, 
however, possible that sulfonamides also act independently 
on the same enzyme, DHFR, which is affected by TMP. This 
would explain why synergy can sometimes be demonstrated 
with TMP-SMX, even when the bacteria are sulfonamide 
resistant. Presumably these bacteria are resistant because the 
sulfonamide was unable to inhibit the conversion of para- 
aminobenzoic acid, but it was still able to act with TMP on 
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Table 92.3. Recent indicative rates of resistance to trimethoprim (TMP) or cotrimoxazole (CoT) in some common pathogens. 

Pathogen Country Year Patient population
No. 

isolates Agent
Resistance 

% Reference

Gram-negative pathogens

Escherichia coli Brazil 2004–2007 All ages, UTI 739 CoT 48 Teichmann et al. (2014)

2004–2014 All ages, pneumonia 135 CoT 26 Yayan et al. (2015)

Ghana 2006 Children 0–4 years 376 CoT 88 Djie-Maletz et al. (2008)

Netherlands 2005 All ages, 14 hospitals 411 TMP 29 Nys et al. (2008)

Netherlands 2005 All ages, 14 hospitals 411 CoT 29 Nys et al. (2008)

Philippines 2010–2011 Adult females, UTI 405 CoT 41 Gangcuangco et al. 
(2015)

Taiwan 2004 Catheter-associated 
UTI

273 CoT 70 Ko et al. (2008)

Taiwan 2004 Other UTI 414 CoT 46 Ko et al. (2008)

UK 2005–2006 Outpatients/inpatients, 
UTI

11,790 TMP 40 Bean et al. (2008)

Russia 1998–2001 Outpatients, UTI 423 TMP, CoT 23, 21 Stratchounski and 
Rafalski (2006)

Turkey 2003–2004 Pediatric inpatients, UTI 144 CoT 563 Yüksel et al. (2006)

Australia 2004 Inpatients and 
outpatients, all 
infections

596 TMP 17 Pearson et al. (2007)

Spain 2002 and 2004 Outpatients, UTI 1988 and  
 2058

CoT 31–34 Garcia-Garcia et al. 
(2007)

USA 1997–2001 Pyelonephritis, adults 416–495 CoT 13–25

Greece 2005 Primary care patients 2,460 CoT 21–26

Israel 2005 Outpatients 4,329 CoT 28

Canada 2005–2006 ICU patients 536 CoT 25 Zhanel et al. (2008)

Germany 2005 Patients hospitalized 
with UTI

164 CoT 23 Wagenlehner et al. (2008)

Salmonella spp. Palestine 1999–2006 Children 65 CoT 35 Abu Elamreen et al. 
(2008)

China 2007–2008 Food samples 62 CoT 87

Shigella spp. Palestine 1999–2006 Children 28 CoT 89 Abu Elamreen et al. 
(2008)

Brazil 1999–2004 All ages 296 CoT 90 Peirano et al. (2006)

Klebsiella 
pneumoniae

Australia 2004 Inpatients and 
outpatients

590 TMP 10 Pearson et al. (2007)

Canada 2005–2006 ICU patients 224 CoT 9 Zhanel et al. (2008)

Enterobacter 
cloacae

Canada 2005–2006 ICU patients 164 CoT 8 Zhanel et al. (2008)

Haemophilus 
influenzae

Canada 2000–2006 Invasive disease 
patients

132 CoT 11 Sill et al. (2007)

Bangladesh 1999–2003 Invasive disease 
patients

73 CoT 44 Rahman et al. (2008)

Brazil 1998–2004 Hospitalized patients, 
lower RTI

718 CoT 44 Castanheira et al. (2006)

Estonia 2000–2003 Community patients, 
lower RTI

66 CoT 24 Altraja et al. (2006)

Malaysia 1995–2007 Community-acquired 
pneumonia patients

35 CoT 27 Mohd-Zain et al. (2012)

Spain 2008–2013 Invasive disease 
patients

82 CoT 27 Puig et al. (2014)

Spain 2007 Inpatients and 
outpatients

109 CoT 35 García-Cobos et al. 
(2008)

Moraxella 
catarrhalis

Estonia 2000–2003 Community patients, 
lower RTI

66 CoT 24 Altraja et al. (2006)
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DHFR. Various biochemical mechanisms are involved in sulfo-
namide resistance, so that it cannot be predicted whether a 
sulfonamide-resistant organism will show synergy. Conversely, 
if bacteria are fully inhibited by TMP, then the addition of 
sulfonamides cannot be expected to be of additional benefit. 
That sulfonamides also bind to DHFR has been disputed 
(Harvey, 1982). More recently, studies have shown that TMP 
causes the accumulation of dihydrofolate catabolites and 
folic acid in E. coli, which after drug removal can be readily 
reconverted to the essential tetrahydrofolic acid (Quinlivan 
et al., 2000).

The inhibitory effect of TMP on the DHFR of malarial 
parasites is about 2000-fold greater than on the human 
enzyme, and TMP can therefore theoretically be used for the 
treatment of human malaria—although it is rarely used clin-
ically. The chemically related antimalarial drug, pyrimeth-
amine, has a similar mode of action against DHFR of the 
malarial parasite, but this action is about 2000-fold greater 
than its effect against either the mammalian or the bacterial 
enzymes (Hitchings, 1969). The sulfonamides potentiate 
the action of both TMP and pyrimethamine against malaria 
parasites.

A variety of biochemical mechanisms are involved in TMP-
resistant bacteria and may differ between bacterial strains 
with naturally occurring resistance and strains in which 
resistance is induced in vitro (Hamilton-Miller, 1979; Lacey, 
1982; Then, 1982). Such mechanisms include poor penetra-
tion through the cell envelope, thymine dependence due to 

altered thymidylate synthetase, excess production of DHFR, 
and production of TMP-resistant DHFR (see section 2b, 
Emerging resistance and cross-resistance).

Although the components of CoT, TMP, and SMX have 
bacteriostatic activity in clinically achievable concentrations, 
this combination is bactericidal in vitro when synergy is 
achieved (Bushby, 1969), but when studies are carried out  
in media incorporating urine, CoT is often bacteriostatic 
(Grüne berg, 1979).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

ORAL ADMINISTRATION

Until about 1980, TMP was available for general use only in 
combination with SMX. The commonly used tablets or cap-
sules of CoT each contain 80 mg of TMP and 400 mg of 
SMX, but tablets or capsules are also available that contain 
twice this dosage, so-called double-strength tablets or cap-
sules (TMP/SMX: 160 mg/800 mg). The usual adult dosage 
is  1 or 2 double-strength tablets or capsules given every 12 
hours after meals. For severe infections, this dosage may be 
increased to a total of 6 to 8 single-strength tablets per day, 
given in two or three divided doses. A dosage of 1 single- 
strength tablet ever 12 hours is sufficient for long-term therapy 

Pathogen Country Year Patient population
No. 

isolates Agent
Resistance 

% Reference

Gram-positive pathogens

S. pneumoniae Canada 2007–2013 All ages 2,129 CoT 14 Golden et al. (2015)

Brazil 1998–2004 Hospitalized patients, 
lower RTI

829 CoT 37 Castanheira et al. (2006)

Estonia 2000–2003 Community patients, 
lower RTI

49 CoT 25 Altraja et al. (2006)

Greece 2004–2006 Infected adults 89 CoT 40 Poulakou et al. (2007)

Indonesia 2013 Adults and children 496 CoT 45 Farida et al. (2014)

Thailand 2009–2012 Patients with sterile site 
isolates

238 CoT 32 Phongsamart et al. (2014)

USA 2004 Community patients, 
RTIs

8,494 CoT 24 Jenkins et al. (2008)

USA 24

Staphylococcus 
aureus

USA 2007 Patients with wound 
infections

95,381 CoT 2 Tillotson et al. (2008)

Nigeria Patients with HIV-
positive nasal swabs

374 CoT 90

S. aureus 
(MSSA)

Canada 2005–2006 ICU patients 687 CoT 0.6 Zhanel et al. (2008)

Australia 2005 Inpatients 1,980 CoT 1

S. aureus 
(MRSA)

Canada 2005–2006 ICU patients 194 CoT 12 Zhanel et al. (2008)

Australia 2005 Inpatients 928 CoT 61

Abbreviations: UTI: urinary tract infection; UK: United Kingdom; USA: United States of America; ICU: intensive care unit; RTI: respiratory tract infection; MSSA: 
methicillin-susceptible S. aureus; MRSA: methicillin-resistant S. aureus.
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of chronic bronchial infections or UTIs. Pneumocystis jirovecii 
(carinii) pneumonia generally requires a dosage of 15–20 mg/
kg/day (TMP component), which equates to approximately 2 
double-strength CoT tablets every 6 hours for a 70-kg adult 
with normal renal function. Similar dosing has also been 
suggested for serious infections caused by S. maltophilia (Abbott 
and Peleg, 2015; Brown, 2014; Zelenitsky et al., 2005). Sug- 
gested dosing recommendations for a variety of conditions 
are listed in Table 92.4.

TMP alone is used primarily for the treatment of lower 
and mild upper urinary tract and related infections. Inter-
nationally, dosage recommendations vary somewhat, from 
100 mg twice daily to 200 mg twice daily, or 300 mg daily. The 
total daily dose that most closely mirrors the doses of TMP that 
would be given in the CoT combination is 300 mg/day; doses 
for UTI prophylaxis are generally half those for treatment.

INTRAVENOUS ADMINISTRATION

A preparation of CoT suitable for i.v. administration was 
introduced for general use in the UK in 1974 and subse-
quently in other countries. It is available in 5-ml ampules, 
each containing 80 mg of TMP and 400 mg of SMX for addi-
tion to an i.v. infusion. This preparation is not suitable for 
i.m. or direct i.v. injection. This formulation has the same 
amounts of the two agents as the single-dose tablet. The con-
tents of ampules should be diluted immediately before use in 
the following volumes: 1 ampule (5 ml) in a 125-ml infusion 
solution, 2 ampules (10 ml) in 250 ml, and 3 ampules (15 ml) 
in a 500-ml infusion solution. Commonly used dextrose 
and/or sodium chloride i.v. solutions and various dextran 
solutions are suitable diluents if other additives are not pres-
ent. Such i.v. administration is useful for patients who are 
seriously ill or unable to take oral medication. The doses rec-
ommended i.v. are the same as those given orally. The stan-
dard recommended total daily dosage is 8 mg of TMP and 
40  mg of SMX per kilogram of body weight, given in two 
divided doses. In general, the dosage is simplified for adults 
(and children over 12 years of age) to 10 ml (2 ampules, 
160/800 mg) twice daily, but this may be increased to 15 ml 
twice daily for severe infections. Very high doses are recom-
mended for severe P. jirovecii (carinii) pneumonia (PJP or 
PCP), namely 15–20 mg/kg/day (TMP component) given 
every 6–8 hours. In this condition, it is usual to adhere to the 
milligram per kilogram dosing rather than to simplify to 
multiples of whole ampules. When possible, the duration of 
the infusion should not exceed 1.5 hours. It has been recom-
mended that the i.v. preparation should not be given for 
more than 3 successive days; however, this preparation has 
been used for periods of 10 days to treat patients with PCP, 
septicemias, and meningitis, and this has been well tolerated 
(Sabel and Brandberg, 1975; Olćen and Eriksson, 1976). 
Crystalluria and acute renal failure have followed the use of 
i.v. CoT in some patients with hypoalbuminemia.

INTRAMUSCULAR ADMINISTRATION

The i.m. preparation of CoT (3 ml containing 160 mg of TMP 
and 800 mg of SMX) is no longer available.

INTRAVITREAL ADMINISTRATION

Intravitreal administration has been used only in a small 
number of cases, generally in conjunction with steroid ther-
apy, as a weekly or biweekly dose until clinical improvement. 
No obvious retinal toxicity has been noted (Choudhury et 
al., 2015). 

4b.  Newborn infants and children

ORAL ADMINISTRATION

The use of CoT is not recommended for infants during the 
first 4 weeks of life. Young babies should generally not be 
breastfed by mothers receiving the drug. However, this com-
bination has been occasionally used for treatment of severe 
infections in 2- to 3-week-old infants without encountering 
serious toxicity. Roy (1971) suggests that a treatment dosage 
of TMP, 8–10 mg/kg/day, and SMX, 40–50 mg/kg/day, may 
be suitable for infants, but this combination should be used 
at this age only when absolutely necessary. CoT dosing regi-
mens for prophylaxis, primarily for PCP, remain controver-
sial in children. In a recent review the authors concluded that 
continuous CoT dosing (TMP, 4–10 mg/kg/day) was equiva-
lent to three-times-per-week dosing (TMP, 150 mg/m2/day 
every 2 or days per week) for prophylaxis (Boast et al., 2015). 
It is notable that some authors have demonstrated that in 
pediatric cancer patients, a single-day or single-week course 
of prophylaxis may be sufficient to prevent PCP.

Sulfonamides may cause kernicterus because the sulfona-
mide is thought to displace bilirubin from its albumin-binding 
sites, leading to an elevation in plasma levels, which can cross 
the blood-brain barrier (see Chapter 91, Sulfonamides). For 
this reason, it is has been considered inadvisable to use CoT 
for premature infants or during the first week of life. Although 
SMX is a weak displacer of bilirubin, Springer et al. (1982) 
found no bilirubin displacement from albumin with SMX 
concentrations of up to 300 μg/ml. Similarly, a recent litera-
ture review found no evidence that CoT causes kernicterus 
in neonates (Thyagarajan and Deshpande, 2014).

A pediatric suspension containing 40 mg of TMP and 200 
mg of SMX per 5 ml is available. The dosages recommended 
for children are as follows: younger than 2 years, 20 mg of 
TMP and 100 mg of SMX (2.5 ml) twice daily; 2–5 years, 
20–40 mg of TMP and 100–200 mg of SMX (2.5–5.0 ml) 
twice daily; and 6–12 years, 40–80 mg of TMP and 200–400 
mg of SMX (5.0–10.0 ml) twice daily. A weight-based dosing 
strategy can also be employed based on a successful regimen 
used in a recent randomized controlled trial of children aged 
3 months to 13 years with impetigo. The dosages are as fol-
lows: 8 mg/kg of TMP and 40 mg/kg of SMX per dose (once 
daily), or 4 mg/kg of TMP and 20 mg/kg of SMX (twice 
daily) (Bowen et al., 2014).

Among children with extrahepatic biliary atresia, there is 
appreciable interpatient variability in the disposition of CoT, 
such that levels of TMP and SMX may need to be monitored 
to identify the optimal dose accurately (Lares-Asseff et al., 
1994).
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INTRAVENOUS ADMINISTRATION

For children, the i.v. dosage is 1.25 ml of the standard i.v. 
solution (5 ml containing 80 mg of TMP and 400 mg of 
SMX) twice daily for those aged 6 weeks to 5 months; 2.5 ml 
twice daily for those aged 6 months to 5 years; and 5.0 ml 
twice daily for those aged 6–12 years.

For neonates, the serum half-lives for SMX and TMP are 
much longer than those of healthy adults (Springer et al., 
1982). These authors calculated that the i.v. doses of these 
drugs in neonates required to be optimal therapeutically and 
to avoid accumulation were as follows: TMP, 3 mg/kg, and 
SMX, 10 mg/kg, of body weight as a loading dose, then 
maintenance doses of TMP, 1 mg/kg, and SMX, 3 mg/kg, 
every 12 hours. The currently available i.v. CoT preparation 
is unsuitable because the ratio of TMP to SMX is 1:5, so that 
the individual drugs would need to be used for neonates.

4c.  Pregnant and lactating mothers

As described in Chapter 91, Sulfonamides, there are no  con- 
trolled data regarding use of sulfonamides in human pregnancy. 
However, owing to potential concerns about teratogenicity 
and potential toxicity to the neonate, sulfonamides (and there-
fore CoT) should generally be avoided during pregnancy, but 
especially near term (see section 6, Toxicity). Some retrospec-
tive epidemiological studies suggest an association between 
first-trimester exposure to CoT and an increased risk of con-
genital malformations (particularly neural tube defects), car-
diovascular abnormalities, urinary tract defects, oral clefts, 
and club foot (FDA, 2016b). The United States Food and Drug 
Administration (FDA) classifies CoT as a pregnancy cate-
gory D drug, whereby it should be used during pregnancy 
only if the benefit outweighs the risk. When used, no dosage 
adjustment is generally considered necessary (FDA, 2016a; 
FDA 2016b). 

In nursing mothers, levels of TMP-SMX in breast milk 
are approximately 2–5% of the recommended daily dose for 
infants over 2 months of age. Caution should be exercised 
when CoT is administered to a nursing woman, especially 
when she is breastfeeding a jaundiced, ill, stressed, or prema-
ture infant, because of the potential risk of bilirubin displace-
ment and kernicterus (FDA, 2016a).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Both TMP and SMX are excreted via the kidney, but in addi-
tion both drugs are removed by nonrenal mechanisms (see 
section 5d, Excretion). Renal function has little influence on 
the serum half-life of active SMX until there is severe impair-
ment, but the excretion of sulfonamide metabolites and 
active TMP is more dependent on renal function (Bergan 
and Brodwall, 1976). The half-life of total SMX increases rap-
idly as the creatinine clearance deteriorates below 30–40 ml/
min, and it increases rapidly at about 20–25 ml/min for TMP. 
The half-life of total SMX becomes more prolonged relative 

to that of TMP (Bergan and Brodwall, 1976), and the half-life 
of TMP is usually less than that of active SMX (Craig and 
Kunin, 1973b; Bergan and Brodwall, 1976). There is consid-
erable variation of these half-lives in individual patients with 
renal failure, being in the range 13.8–46.3 hours for TMP and 
21.8–50.2 hours for active SMX (Craig and Kunin, 1973b).

In patients with mild-to-moderate degrees of renal 
impairment, these drugs do not accumulate, and usual doses 
may be given. A variety of dosage adjustment regimens for 
patients with more serious renal dysfunction (e.g. glomeru-
lar filtration rate < 25 ml/min) have been advocated by vari-
ous authors (see Table 92.4). Patients with a creatinine 
clearance of 10–25 ml/min may be given an initial full load-
ing dose of both drugs (160 mg of TMP and 800 mg of SMX) 
and then half this dose twice daily (Craig and Kunin, 1973b). 
Some guidelines suggest that routine dosing should be 
changed only once creatinine clearance is below 15 ml/min 
(Antibiotic Expert Group, 2014). In patients with anuria or 
severe uremia (creatinine clearance less than 15 ml/min), a 
full loading dose may also be given, followed by half this 
dose once or twice daily. However, in these patients indepen-
dent adjustment of the dosage of each drug may be advisable, 
because the serum half-life of total SMX is greatly increased 
compared with that of TMP. Welling et al. (1973) suggest that 
patients with severe renal failure should receive a normal ini-
tial loading dose and that subsequent every-12-hours doses 
of SMX and TMP should be reduced to one third and one 
half of the usual dose, respectively. Bergan and Brodwall 
(1976) consider that because of the possibility of an accumu-
lation of sulfonamide metabolites, CoT should not be used in 
patients with a creatinine clearance of less than 15 ml/min, 
unless regular determinations of total sulfonamide serum 
levels can be made. 

Both drugs are removed during continuous renal replace-
ment therapy, and patients undergoing this procedure should 
receive a full dose before and after dialysis (Craig and Kunin, 
1973b; Curkovic et al., 2010). In patients receiving hemodial-
ysis or peritoneal dialysis, dosing should be similar to that 
in a patient with a creatinine clearance of < 15 ml/min, with 
recent evidence suggesting that hemodialysis removes some 
but not all CoT (Clajus et al., 2013; Antibiotic Expert Group, 
2014). Limited data suggest that hemodialysis does remove 
both TMP and SMX metabolites (Nissenson et al., 1987). 
However, SMX does not accumulate with dialysis dosing; 
thus the optimal dosing has again been debated (Brown, 
2014). Some authors have suggested full dosing for 48 hours 
then dose reduction based on clinical response (Paap and 
Nahata, 1989).

Even in patients with severe renal failure, urinary levels of 
both drugs usually exceed those required for the eradication 
of most urinary pathogens. In patients with severe renal fail-
ure, TMP accumulates in the serum to a lesser extent than 
SMX (because it is more efficiently removed by nonrenal 
mechanisms), but its excretion via the kidney is reduced to a 
greater extent than that of SMX (Craig and Kunin, 1973b). 
Thus the SMX/TMP ratio in the urine of uremic patients may 
approach 19:1, which appears to be optimal for antibacterial 
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synergy against common urinary pathogens (Bushby, 1969; 
Adam et al., 1973).

Denneberg et al. (1976) used CoT for long-term treat-
ment of acute and chronic pyelonephritis in 15 patients with 
impaired renal function in the following dosage schedules: 
2 standard single-strength tablets twice daily for 6 days, fol-
lowed by 2 tablets daily for patients with a creatinine clear-
ance of 30–75 ml/min; 2 tablets twice daily for 3 days for 
those with a creatinine clearance of 15–30 ml/min and then 
2 tablets daily; and 1 tablet daily for 3 days and then usually 
1 tablet daily according to serum levels for patients with a 
creatinine clearance of < 5.0–15.0 ml/min, some of whom were 
receiving maintenance hemodialysis. Patients were treated 
for periods of up to 2 years; regular serum level monitoring 
showed that active SMX and TMP levels remained accept-
able, and their bacteriologic and clinical response to treat-
ment was good. Bennett and Craven (1976) treated UTIs in 
six patients with severe renal failure (creatinine clearance  
< 30 ml/min) with CoT in a dose of 2 standard tablets daily 
for 14 days. Mean serum levels of TMP (3.1 μg/ml) and SMX 
(65 μg/ml) were higher than normal but unassociated with 
adverse effects. Mean urine TMP levels were 28.6 μg/ml, and, 
although in four patients the urine SMX levels were less than 
10 μg/ml, bacteriologic cure was obtained in all patients.

In studies using i.v. CoT, Siber et al. (1982) found that the 
half-life of TMP correlated with the serum creatinine value. 
SMX had a similar but weaker correlation, probably because 
it is primarily eliminated by hepatic transformation. Never-
theless it appeared that N4-acetyl SMX, the major metabolite 
of SMX, which is excreted by the kidney, may accumulate in 
patients with severe renal failure. Siber et al. (1982) proposed 
that the i.v. doses recommended for maintenance therapy 
should be given to patients with serum creatinine levels 
< 4 mg/dl at intervals (in hours) equal to the serum creati-
nine in mg/dl × 12. For patients with higher levels of serum 
creatinine, the interval should be 36–48 hours.

CoT may cause deterioration in renal function outside the 
known competition for tubular creatinine excretion, poten-
tially owing to high serum concentrations of SMX metabo-
lites. Hence, performing therapeutic drug monitoring may 
be of benefit in patients with a creatinine clearance below 
20–30 ml/min (Denneberg et al., 1976). The manufacturers 
recommend that treatment should be interrupted if the 
serum level of total SMX exceeds 150 μg/ml and that it 
should be recommenced only when this level falls below 
120 μg/ml.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

The pharmacokinetics of CoT are not impaired by any dis-
turbance of liver dysfunction (Brown, 2014; Vree and Hek-
ster, 1987). Siber et al. (1982) used CoT in 23 patients with 
hepatocellular damage and/or cholestasis. Peak levels and 
half-lives of TMP, SMX, and the acetyl metabolite were not 
related to liver damage as measured by standard liver func-
tion tests. Thus, no dosage adjustment is considered necessary 
for patients with impaired hepatic function, and long-term 
oral CoT prophylaxis has been used successfully in patients 

at risk of developing spontaneous bacterial peritonitis (Lontos 
et al., 2014) (see Chapter 102, Norfloxacin).

PATIENTS WITH CYSTIC FIBROSIS

Data obtained from patients with cystic fibrosis receiving 
CoT indicate that the elimination half-life of CoT is shorter 
and the plasma clearance is greater than in normal subjects 
(Reed et al., 1984). The authors suggested that increased 
doses or decreased dosing intervals are required when giving 
CoT to such patients, although specific doses will depend on 
the age and body weight of the patient. No further evidence 
has been provided to support this strategy.

USE IN OLDER ADULTS AND OTHER  
SPECIAL POPULATIONS

Although the pharmacokinetics of CoT appears similar in 
elderly and young adults, the degree of renal clearance of 
TMP is, not unexpectedly, lower in the elderly (Varoquaux et 
al., 1985). The same is not true of SMX. More important, 
however, is clinician awareness of polypharmacy in the set-
ting of CoT use, because concurrent diuretic, antihyperten-
sive, vitamin K antagonist, and sulfonylurea therapies are 
known to accentuate CoT-associated metabolic or electrolyte 
abnormalities (Antoniou et al., 2010; Antoniou et al., 2015; 
Fralick et al., 2014; Hale and Lesar, 2014; Tan et al., 2015).

The kinetics of CoT is not substantially altered in patients 
with HIV infection or established AIDS (Chin et al., 1995; 
Klepser et al., 1996), including in children (Zar et al., 2006). 
Drug–drug interactions should be avoided in the setting of 
antiretroviral therapy (ART) (e.g. lopinavir-ritonavir and CoT) 
(Farhoudi et al., 2015).

In children with biliary atresia, kinetics of both compo-
nents of CoT can vary markedly, and if used in this popula-
tion, levels should be measured (Lares-Asseff et al., 1996).

CoT should not be used in patients with CoT-associated 
blood dyscrasias or those with a history of sulfonamide- 
associated severe delayed hypersensitivity, such as Stevens-
Johnson syndrome (SJS), toxic epidermal necrolysis (TEN), 
drug reaction with eosinophilia and systemic symptoms 
(DRESS), and acute generalized exanthematous pustulosis 
(AGEP). The simultaneous administration of TMP with other 
2,4-diaminopyrimidines, such as pyrimethamine or proguanil, 
should be avoided (Fleming et al., 1974). Because CoT may 
interfere with folate metabolism, regular full blood examina-
tions should be performed on patients receiving long-term 
therapy and those who are predisposed to folate deficiency.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

TMP and SMX have excellent (near 100%) bioavailability 
when given orally, including in HIV-infected patients (Chin 
et al., 1995; Klepser et al., 1996). After an oral dose of 160 mg 
of TMP, a peak serum level of about 2 μg/ml is reached in 1–2 
hours. This is maintained for about 6 hours and then falls 
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progressively. The serum half-life of the drug is about 13 
hours, and detectable serum levels are still present 24 hours 
after a dose of 160 mg (Bushby and Hitchings, 1968). Higher 
serum levels are attained when this dose is increased. When 
TMP was given in a single daily dose of 300 mg orally at 
night to eight healthy volunteers for 3 consecutive days, 
serum concentrations were 3.0, 4.0, 4.7, and 0.96 μg/ml at 12, 
36, 60, and 84 hours, respectively, after the first dose (Ahlmén 
and Brorson, 1982). When administered in the CoT combi-
nation at a dose of 5 mg/kg every 6 hours (i.e. Pneumocystis 
pneumonia treatment doses), TMP peaks on average around 
13–14 μg/ml at steady state (Stevens et al., 1991). TMP has a 
much larger volume of distribution than SMX in healthy vol-
unteers (Patel and Welling, 1980).

SMX is also well absorbed from the gastrointestinal tract. 
After a 1200-mg oral dose, a peak serum level of about 60 μg/
ml of the active drug is attained 2 hours after administration, 
which persists for about 6 hours. The serum half-life of this 
drug is 9–12 hours.

At the usual serum concentrations, TMP is 46–70% bound 
to serum proteins (Schwartz and Ziegler, 1969; Varoquaux et 
al., 1985; Craig and Suh, 1991). SMX is about 66% protein 
bound (Craig and Suh, 1991).

5b.  Drug distribution

TMP and SMX can be administered simultaneously because 
their half-lives are almost identical. The administration of 
these drugs in a 1:5 ratio as CoT results in their serum levels 
being in a ratio of about 1:20 to 1:30 when their peak levels 
are reached at about 2 hours. This is the ratio at which maxi-
mum synergy occurs against many organisms. After peak levels, 

this ratio falls gradually to between 1:10 and 1:20 at the end 
of the dosage interval. In patients with impaired renal func-
tion, the ratio at the time of peak serum levels changes from 
1:20 to 1:10 after 12 hours (Bergan and Brod wall, 1976). 
Compared with many other antibiotics, serum levels of TMP 
and SMX are probably not lower in late pregnancy (Chow 
and Jewesson, 1985). The 1:20 to 1:30 ratio with conventional 
CoT doses also applies when the combination is given in 
high doses frequently, e.g. every 6 hours, as is the standard 
treatment for Pneumocystis pneumonia and other serious 
infections (Stevens et al., 1991; Stevens et al., 1993; Chin et 
al., 1995). Indicative pharmacokinetic studies on CoT are 
summarized in Table 92.5.

When CoT is administered orally as a single dose, TMP 
concentrations peak at around 1.5–2 μg/ml, and SMX at 
around 45–50 μg/ml (Varoquaux et al., 1985). If the individ-
ual dose of CoT is increased, even up to 12 tablets (960 mg of 
TMP and 4800 mg of SMX), peak serum levels of these drugs 
are increased linearly, and their half-lives for elimination 
from the serum are prolonged (Figure 92.2) (Fass et al., 1977). 
Yoshikawa and Guze (1976) gave healthy volunteers 9 tablets 
of CoT (720 mg of TMP and 3600 mg of SMX) as a single 
dose; resultant mean serum levels during the first 8 hours 
were 6.12–8.32 μg/ml for TMP and 98–120 μg/ml for SMX, 
and at 24 hours the average levels of TMP and SMX were 
2.16 and 31.7 μg/ml, respectively. When a 12-tablet dose of 
CoT (960 mg of TMP and 4800 mg of SMX) was given to 
volunteers, mean peak levels of TMP and SMX at 2–4 hours 
were sixfold higher than those that occur after a 2-tablet dose 
(Fass et al., 1977). These mean peak serum levels were 9.2, 
259.4, and 233.7 μg/ml for TMP, total SMX, and free SMX, 
respectively. Their corresponding elimination half-lives were 

Table 92.5. Pharmacokinetics of components when administered as cotrimoxazole.

Reference Dose Schedule Patient group Route
Cmax

(µg/ml)
AUC24

(µg·h/ml)
t1/2

(h)
Clearance 

(ml/min/kg)

Trimethoprim

Varoquaux et al. (1985) 160 mg Single dose Elderly Oral 2.1 34.3 10.8 1.5

Young adult 1.6 23.9 10.5 1.8

Stevens et al. (1991) 5 mg/kg Every 6 hours Healthy adult Oral 13.6 283.6 13.6 1.2

Stevens et al. (1993) 3 mg/kg Every 6 hours Healthy adult Oral 8.3 156.4 14.6 1.4

Chin et al. (1995) 15 mg/kg/day Every 6–8 hours AIDS patients Oral 7.7

I.v. 8.0 11.1 1.8

Ribera et al. (2001) 160 mg Single dose HIV-infected patients Oral 2.0 22.4

Sulfamethoxazole

Varoquaux et al. (1985) 800 mg Single dose Elderly Oral 49 792 9.5 0.30

Young adult Oral 45 862 11.5 0.25

Stevens et al. (1991) 25 mg/kg Every 6 hours Healthy adult Oral 372 2,060 14.0 0.21

Stevens et al. (1993) 15 mg/kg Every 6 hours Healthy adult Oral 296 1,218 14.0 0.27

Chin et al. (1995) 75 mg/kg/day Every 6–8 hours AIDS patients Oral 170

I.v. 176

Ribera et al. (2001) 800 mg Single dose HIV infected patients Oral 42 574

Abbreviations: Cmax: peak serum concentration; AUC: area-under-the-concentration-time curve; t1/2: half-life.
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16.6, 14.6, and 12.9 hours, so that mean serum concentrations 
at 24 hours were approximately 10-fold higher than after a 
2-tablet dose. 

In contrast, Stevens et al. (1991), who examined the phar-
macokinetics of CoT in 12 healthy adults given the conven-
tional dose for treating PJP or PCP of TMP, 20 mg/kg of body 
weight per day, and SMX, 100 mg/kg/day (divided and 
administered every 6 hours) for 3 days, noted somewhat higher 
serum levels of TMP and SMX than previously reported. In the 
seven subjects who completed the study (five withdrew 
because of toxicity), the mean peak serum concentrations 
(± standard deviation) of TMP, SMX, and N4-acetyl SMX after 
the last dose were 13.6 ± 2.0, 372 ± 64, and 50.1 ± 10.9 μg/ml, 
respectively. The mean half-lives (± standard deviation) of 
these agents were 13.6 ± 3.5, 14 ± 2.3, and 18.6 ± 4.3 hours, 
respectively. These authors thus claimed that because these 
levels were at least twofold higher than the proposed therapeu-
tic range for the treatment of PCP and were associated with 
moderate toxicity, consideration of lower dosage regimens of 

CoT may be warranted. Subsequently, Stevens et al. (1993) 
studied the serum concentrations of TMP and SMX in six 
healthy volunteers given CoT at a dose of 12 mg/kg/day 
(TMP component). Wide intersubject variation in the serum 
concentrations was noted within the initial 24 hours of ther-
apy, such that in some patients this dose would not guarantee 
therapeutic concentrations against P. jirovecii. Thus these 
authors advocate a dose of 15–20 mg/kg/day of CoT (TMP 
component) for the first 24 hours, followed by 12 mg/kg/day 
for the remainder of therapy. However, the clinical efficacy of 
this dosage regimen has not been confirmed—thus the routine 
higher dose of 15–20 mg/kg/day of CoT should continue to be 
used until appropriate clinical studies have been undertaken. 
The pharmacokinetics of TMP-SMX is similar in critically ill 
and noncritically ill AIDS patients with P. jirovecii infection 
(Chin et al., 1995). Children given CoT in oral doses of 20 
mg/kg of TMP have peak plasma levels of 6.1–7.8 μg/ml of 
TMP, and concentrations adequate for the treatment of PCP 
can be maintained with 5 mg/kg every 6 hours subsequently 
(Zar et al., 2006). However, among trauma patients with seri-
ous Gram-negative infections, the half-life of SMX, but not of 
TMP, may be significantly shorter than in nontrauma patients 
(Hess et al., 1993).

Bushby and Hitchings (1968) studied serum levels in six 
adult volunteers after an i.v. dose of 100 mg of TMP lactate. 
An average serum level of 1.4 μg/ml was obtained 5 minutes 
after injection, 1.0 μg/ml after 3 hours, and 0.95 μg/ml after 
4.5 hours. The average serum level was 0.3 μg/ml after 24 
hours, and the half-life of TMP after i.v. injection was esti-
mated to be 11–12 hours. This does not differ significantly 
from the half-life of this drug after oral administration. 
Franzén and Brandberg (1976) found that peak serum levels 
of TMP and SMX immediately after an infusion of CoT given 
over a period of 30 minutes were almost identical to the peak 
values obtained at 2 hours when the same dose was given 
orally. Grose et al. (1979) gave i.v. CoT to 11 patients with 
cancer. The administration of 160 mg of TMP and 800 mg of 
SMX i.v. over a period of 1 hour resulted in mean (± standard 
error of the mean) peak serum levels of TMP of 3.4 (± 0.3) 
μg/ml and of SMX of 46.3 (± 2.7) μg/ml. The serum level was 
maintained above 2 μg/ml for 4 hours in 7 of 11 patients and 
that of SMX above 20 μg/ml for 8 hours in 9 of 11 patients. 
The serum half-life of TMP was estimated to be 7.7 hours. 
Serum concentrations of both TMP and SMX were higher 
on day 4 than on day 1 when these doses were repeated every 
8 hours. 

When TMP, 240 mg, with SMX, 1200 mg, was adminis-
tered i.v. in a volume of 200 ml over a period of 45 minutes to 
volunteers every 12 hours for 4 days, mean peak serum levels 
of TMP and SMX were 3.22 and 100 μg/ml, respectively, on 
day 1, and 5.91 and 178 μg/ml, respectively, on day 4, when a 
steady state was achieved. Mean serum trough levels at 12 
hours on days 1 and 4 were 0.8 and 2.6 μg/ml, respectively, 
for TMP and 37.8 and 78.4 μg/ml, respectively, for SMX. The 
mean elimination half-lives for TMP and SMX were 16.5 and 
14.1 hours, respectively (Spicehandler et al., 1982).

Figure 92.2. Mean serum trimethoprim (a) and sulfa-
methoxazole (b) levels after an oral dose of 240 mg of 
trimethoprim and 1200 mg of sulfamethoxazole. (Redrawn 
with permission from Brumfitt et al., 1969.)
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Siber et al. (1982) studied pharmacokinetics of i.v. CoT in 
37 patients aged 0.2–82 years with various infections. With 
an every-8-hours dose of 150 mg of TMP and 750 mg of SMX 
per square meter (about 7 mg of TMP and 35 mg of SMX per 
kilogram for patients aged 1–10 years, and 5 mg of TMP and 
25 mg of SMX per kilogram for patients aged more than 10 
years), on day 2 mean peak levels of 7.02 and 148 μg/ml were 
reached for TMP and SMX, respectively. These peak levels 
were similar in all age groups, although dosages per weight 
were higher in children than in adults. This was because the 
mean half-lives of TMP and SMX increased with age; mean 
values for TMP and SMX were 9.6 and 10.7 hours, respec-
tively. Drug accumulation occurred in all patients, but a 
steady state was reached in 48–72 hours. In 12 patients, peak 
serum levels after oral administration of CoT were com-
pared; those after i.v. administration were higher and more 
reliable. Based on these studies, it was recommended that to 
achieve peak levels of TMP of 5–10 μg/ml for PCP in patients 
aged 1–10 years, a loading dose of 12 mg/kg of TMP followed 
by 7 mg/kg every 8 hours should be employed, and for those 
older than 10 years of age, a loading dose of 8 mg/kg followed 
by a dose of TMP of 5 mg/kg every 12 hours should be main-
tained. Nelson et al. (1982) gave i.v. CoT to 10 children in a 
dose of 3.3 mg of TMP (16.7 mg of SMX) per kilogram by 
infusion over 1 hour; the serum TMP level increased from a 
baseline value of 1 μg/ml (they were having an infusion three 
times daily) to 2.4 μg/ml at the end of the infusion; corre-
sponding values for SMX were 54 and 106 μg/ml. The ratio of 
SMX to TMP remained at about 50:1 for 8 hours after begin-
ning the infusion. Ardati et al. (1979) found a similar serum 
ratio in children after i.v. CoT. This differs from the serum 
ratio of these two drugs of about 12:1 after multiple doses, 
which Grose et al. (1979) found in adults after i.v. CoT.

DISTRIBUTION OF THE DRUG IN THE BODY

After absorption, and because of its lipophilic properties, 
TMP is rapidly distributed in the body. In animals, tissue lev-
els are usually greater than those in serum, except in brain, 
skin, and fat. Particularly high tissue levels have been found 
in the kidney and liver (Craig and Kunin, 1973a).

In humans, the drug is equally distributed between plasma 
and erythrocytes. Concentrations of TMP in most tissues and 
body fluids, including sputum and pleural fluid, appear to be 
higher than corresponding serum levels. Concentrations of 
TMP in nasal secretions are more than double those of simul-
taneous serum levels (Ullmann et al., 1983). Similarly, TMP 
levels in saliva exceed those in the serum, whereas SMX, com-
pared with other sulfonamides such as sulfadiazine, sulfamer-
azine, and sulfamethazine, enters saliva gradually (Kamme et 
al., 1983). TMP (and SMX) penetrates well into the middle 
ear fluid of patients with chronic serous otitis media (Klimek 
et al., 1980; Krause et al., 1982). Dubar et al. (1990) have 
shown that both TMP and SMX penetrate well into broncho-
alveolar lavage fluid. TMP, much more than SMX, is able to 
get into alveolar macrophages.

TMP and, to a lesser extent, SMX produce good concentra-
tions in experimental skin blister fluid in human volunteers 

(Bruun et al., 1981; Klimowicz et al., 1988; Królicki et al., 
2004). After CoT administration, the TMP concentration in 
sputum is about double that in serum, but the SMX concen-
tration is only about half the serum level (Hughes, 1976). 
TMP levels in the kidney can be 20-fold higher than those in 
the serum, but it is not detectable in the kidney for more than 
8 hours after cessation of therapy (Bergeron, 1985). Further-
more, it appears to concentrate in renal cysts in patients with 
polycystic kidney disease (Schwab and Weaver, 1986).

TMP penetrates well into the CSF of patients with nor-
mal meninges after oral and i.v. administration of CoT (Bach 
et al., 1973b; Svedhem and Iwarson, 1979; Goodwin et al., 
1981; Wang and Prober, 1983) and into the CSF of patients 
with Gram-negative bacillary meningitis (Levitz et al., 1984; 
Sullins and Abdel-Rahman, 2013). Dudley et al. (1984) stud-
ied CSF concentrations obtained after i.v. administration of 
CoT to nine patients with normal meninges; a single dose of 
5 mg of TMP plus 25 mg of SMX per kg of body weight was 
infused over approximately 120 minutes. Peak CSF concen-
trations of TMP and SMX were 1 and 13.8 μg/ml, respectively; 
these peaks were reached at 60 and 480 minutes post infusion 
for TMP and SMX, respectively. At 15 hours, there was no 
detectable TMP in the CSF, but 4.7 μg/ml of SMX was still 
present. CSF/serum concentration ratios for TMP were 
0.23:0.53 and for SMX were 0.2:0.36. Peak bactericidal titers 
against L. monocytogenes when CoT is administered in a 
high dose are of the order of 1:8 (Friedrich et al., 1990). Brain 
tissue from a nocardial brain abscess contained TMP and 
SMX concentrations of 5.1 and 36 μg/ml, respectively, 6 hours 
after an oral dose of 160 mg of TMP and 800 of mg SMX 
(Maderazo and Quintiliani, 1974). Pus obtained from a cere-
bral abscess of a patient receiving oral CoT (160 mg of TMP 
and 800 mg of SMX) twice daily had TMP and SMX levels of 
1.6 and 15.47 μg/ml, respectively (Greene et al., 1975).

Salmon et al. (1975) studied aqueous humor levels of 
patients receiving CoT who were undergoing cataract sur-
gery. The mean ratios of aqueous humor/serum concentra-
tions for TMP and free SMX were 0.30 and 0.24, respectively. 
In general, these ratios did not change with time after the 
dose or with prolonged dosing with CoT. Modest penetra-
tion into aqueous humor is also found when TMP is applied 
topically as a 1% solution (Price et al., 2002).

TMP diffuses well into human vaginal fluid, reaching 
concentrations that are sometimes nearly threefold the con-
comitant serum levels. By contrast, levels of SMX in vaginal 
fluid are often undetectable or very low after oral treatment 
with CoT (Stamey and Condy, 1975). High levels of TMP in 
vaginal fluid (and prostate) probably result from nonionic 
diffusion into these more acidic environments.

When oral CoT was given to healthy males, mean levels of 
1.0–1.5 μg/ml of TMP were detected in seminal fluid when 
mean serum levels were 1.8–2.0 μg/ml (Gnarpe and Friberg, 
1976). On theoretical grounds, TMP should diffuse well into 
prostatic tissue (Leading article, 1983b). Only lipid-soluble 
antibiotics are able to cross epithelial membranes, and only 
the unchanged (un-ionized) fraction of the drug is able to pass 
into prostatic fluid, because the ionized or charged fraction is 
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lipid insoluble. The degree of ionization of a molecule of a 
drug is determined by its dissociation constant (pKa), and 
drugs mainly in the un-ionized state have a high pKa. TMP is 
lipid soluble and has a high pKa of 7.3, indicating that more 
than half of it is un-ionized and available for diffusion. 
Therapeutic levels of CoT have been detected in prostatic tis-
sue obtained at prostatectomy of patients given CoT (Leading 
article, 1983b). In some cases, the level of TMP in prostatic 
tissue has been greater than that attained in sera (Meares, 
1982).

Both TMP and sulfonamides are taken up by human leu-
kocytes in vitro (Climax et al., 1986). This is particularly 
notable with TMP, which is concentrated approximately three-
fold in polymorphonuclear leukocytes (Hand et al., 1987; 
Hand and King-Thompson, 1990) and monocytes (Hand 
and King-Thompson, 1989). TMP penetrates equally into 
polymorphonuclear leukocytes of normal subjects and those 
of patients with chronic granulomatous disease; combina-
tions of TMP-SMX and TMP–rifampicin were very effective 
in killing intracellular S. aureus in vitro (Jacobs and Wilson, 
1983).

After a lag time of about 3 hours, TMP levels in synovial 
fluid approach those in the serum and thereafter approxi-
mate to them; SMX does not penetrate as readily into syno-
vial fluid (Sattar et al., 1983). CoT penetrates bacterial bio film 
only slowly but is still able to show some antibacterial activ-
ity, at least against E. coli (Rodríguez-Martínez et al., 2007).

Good tissue penetration into 18 patients with diabetic 
foot infections has been demonstrated with two dosing 
schedules (TMP/SMX, 160/800 mg or 320/1600 mg twice 
daily), similar to healthy volunteer studies (Patel and Welling, 
1980; Stein et al., 2013). The mean tissue/tissue ratio for SMX 
to TMP was 6.7 (range 1.5–13) (Stein et al., 2013). The mean 
tissue/serum ratios were equivalent in the high- and low-dose 
CoT groups: 1.2 and 0.23 for TMP and SMX, respectively 
(Stein et al., 2013).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Compared with other classes of antibacterials, the pharma-
cokinetic/pharmacodynamic properties of DHFR inhibitors 
and combinations are relatively poorly understood. Sulfo-
namides are generally considered to be bacteriostatic agents 
in vitro, but there is some evidence that TMP is occasionally 
bactericidal against some species, such as E. faecalis (Li et al., 
1997), but not E. coli (Lehtinen et al., 2006). CoT is known to 
be bactericidal against S. aureus in vitro, especially MRSA 
(Kaka et al., 2006), including intracellular (phagocytosed) 
cells. These data suggest that the bactericidal effect is concen-
tration dependent (Close et al., 2002). However, in an in vitro 
pharmacodynamic model simulating kinetics with standard 
CoT doses, CoT was initially bactericidal for 8 hours, but 
over 24 hours of regrowth occurred, giving out a bacterio-
static pattern to 72 hours (LaPlante et al., 2008). CoT was 
also bactericidal against E. coli in an animal model of wound 

infection (Jawhara and Mordon, 2004) but bacteriostatic against 
Stenotrophomonas maltophilia only in an in vitro pharmacody-
namic model (Zelenitsky et al., 2005). CoT loses its activity 
against E. coli when present in biofilms, such as those on uri-
nary catheters (Morck et al., 1994).

There is little information regarding the postantibiotic 
effect (PAE) of TMP or the CoT combination. A modest 
in vitro PAE has been found with TMP against E. faecalis 
(Li et al., 1997), although given the clinical treatment fail-
ures observed with CoT in enterococcal infections, this in 
vitro observation probably has little relevance (see section 2a, 
Antimicrobial activity). A PAE of 0.2–2.4 hours has been 
observed when S. aureus is exposed to 2 μg/ml of TMP in 
vitro (Craig and Gudmundsson, 1996). The latter value was 
obtained only after addition of thymidine kinase. The PAE of 
TMP against E. coli is also minimal (0.2 hours) (Craig and 
Gudmundsson, 1996).

Data are currently inadequate to determine which of the 
major pharmacodynamic parameters—time above MIC, area- 
under-the-concentration-time curve/MIC ratio, or peak/MIC 
ratio—is the most important in determining efficacy of TMP 
and CoT. Approximations of the pharmacodynamics have 
been applied to the estimation of CoT breakpoints for N. men
ingitidis (Burgess et al., 2007). In this case, a pharmacodynamic 
target of 50% time above MIC for unbound drug was used.

Urine has a slightly inhibitory effect on CoT activity. Drobot 
et al. (1996) used an in vitro pharmacodynamic model to 
show that the rate of bacterial killing is reduced in urine 
compared with that in Mueller Hinton broth, although the 
extent of killing over a 12-hour period was the same.

5d.  Excretion

URINE

Unchanged TMP is mainly excreted by nonionic renal diffu-
sion, and this is influenced by pH (Sharpstone, 1969; Craig 
and Kunin, 1973b). A considerable proportion of orally 
administered TMP is excreted in the urine unchanged (Bushby 
and Hitchings, 1968; Bach et al., 1973b). Approximately 10% 
of the excreted drug is in the form of metabolites with little 
or no antibacterial activity. Urinary concentrations of about 
100 μg/ml after the usual oral dose are approximately 100-
fold higher than those attained in serum and remain high for 
about 24 hours. About 40–60% of an orally administered 
dose of TMP can be recovered from the urine in the active 
form within 24 hours. There is considerable individual varia-
tion in the amount of TMP that is excreted as the active drug 
(Sigel et al., 1973). The amount of active TMP excreted in urine 
during a 24-hour period after i.v. administration varies from 
42–75% of the administered dose (Bushby and Hitchings, 
1968). After an i.v. dose of 240 mg of TMP and 1200 mg 
of SMX, 24.7% of the TMP was excreted in the urine in 12 
hours; urinary concentrations ranged from 19–130 μg/ml 
(Spicehandler et al., 1982).

SMX is also mainly excreted in the urine, but about 70% 
of this is in the form of its acetylated and other metabolites. 
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After an i.v. dose of 240 mg of TMP and 1200 mg of SMX, 
9.86% of free SMX was excreted in the urine in 12 hours; 
46.1% of combined free and N4-acetylated SMX was excreted 
in the urine in 12 hours; and urinary concentrations of free 
SMX ranged from 40–320 μg/ml (Spicehandler et al., 1982). 
The ratio of SMX to TMP in the urine may vary from 1:1  
to 5:1 (Fass et al., 1977; Grey and Hamilton-Miller, 1977). 
Acidification of the urine results in increased urinary excre-
tion of TMP but has no significant effect on that of active 
SMX. By contrast, alkalinization of the urine decreases uri-
nary excretion of TMP and increases the excretion of SMX. 
In acid urine, the ratio of active SMX to TMP is approxi-
mately 1, whereas in alkaline urine the ratio is usually greater 
than 5 (Craig and Kunin, 1973b).

BILE

A small amount of TMP is eliminated via the bile. In patients 
without biliary obstruction, concentrations of the drug in 
bile are slightly higher than those in the serum 4 hours after 
a dose, but these fall to levels lower than in the serum 24 
hours after a dose (Rieder, 1973). TMP appears to be concen-
trated in the bile of patients with radiologically functioning 
gallbladders (Morran et al., 1978). In patients with acute cho-
lecystitis given 160 mg of TMP twice daily in conjunction 
with sulfadiazine, bile concentrations of TMP were 4.5 ± 5.2 
μg/ml, and gallbladder wall concentrations were 2.3 μg/ml; 
average bile/serum and gallbladder/tissue concentration ratios 
were 2.6 and 1.4, respectively (Mattila et al., 1987).

INACTIVATION IN THE BODY

A significant proportion of administered TMP is converted 
in the liver to antibacterially inactive metabolites. Five such 

metabolites have been identified, all of which are excreted in 
the urine (Sigel et al., 1973).

5e.  Drug interactions

Most of the studies of drug interactions have focused on 
CoT, especially because of its role in the treatment and pro-
phylaxis of P. jirovecii infection. As expected, the drug inter-
actions of CoT reflect the combined interactions of both 
TMP and SMX (see Chapter 91, Sulfonamides). A summary 
of the common and/or important interactions of either CoT 
or TMP is shown in Table 92.6.

TMP is known to inhibit the hepatic metabolism of phe-
nytoin. The serum half-life of phenytoin may be increased in 
the presence of CoT (Wilcox, 1981). A range of sulfonamides 
can also inhibit phenytoin metabolism (Hansen et al., 1975), 
but SMX has only a small effect, such that the mainly inhibi-
tory effect of administering CoT in phenytoin to a patient 
can be attributed to the TMP component (Hansen et al., 
1979). Numerous reports since have documented this trou-
blesome interaction (Wilcox, 1981; Gillman and Sandyk, 
1985). A population-based nested controlled study from an 
elderly population in Ontario, Canada, demonstrated a two-
fold risk (odds ratio [OR]: 2.11; 95% confidence interval [CI]: 
1.24–3.6) of toxicity with concomitant CoT use with pheny-
toin (Antoniou et al., 2011b). 

TMP also inhibits the metabolism of the thiazolidinedi-
one class of oral hypoglycemic agents, such as rosiglitazone 
and pioglitazine (Niemi et al., 2004a), as well as some sulfo-
nylureas (Niemi et al., 2004a; Tan et al., 2015). However, seri-
ous adverse interactions as a result of this inhibition have not 
been reported. In AIDS patients given either dapsone alone, 

Table 92.6. Major drug interactions of trimethoprim, sulfamethoxazole, and cotrimoxazole.

Agent Likely component Interaction on the agent

Warfarin SMX Potentiation of anticoagulant effect

Methotrexate SMX Increase in free methotrexate, reduced renal excretion

TMP and SMX Increased effects of methotrexate (as folate antagonists)

Phenytoin TMP Decreased metabolism and increased levels

Digoxin TMP Decreased elimination and increased levels

Sulfonylureas SMX Mimicking or potentiation of their effect, especially in higher doses, increasing insulin 
output and rarely causing hypoglycemia

Procainamide TMP Decreased excretion and increased levels

Oral contraceptives Uncertain Induced metabolism and decreased effectiveness

Pyrimethamine TMP Potentiates its capacity for bone marrow suppression

Lamivudine Reduced excretion and potential for increased toxicity

Repaglinide TMP Inhibited metabolism, increased concentration, and risk of hypoglycemia

Rosiglitazone TMP Inhibited metabolism, increased concentration, and the risk of adverse effects

Hexamine hippurate SMX Increased risk of sulfonamide crystalluria

Cyclosporine Uncertain Increased nephrotoxicity

Rifampicin CoT concentrations may decrease

Spirolactone TMP and SMX Increase risk of reduced potassium urinary excretion leading to hyperkalemia

ACE inhibitor/ARB TMP and SMX Increase risk of reduced potassium urinary excretion leading to hyperkalemia

Abbreviations: SMX: sulfamethoxazole; TMP: trimethoprim; CoT: cotrimoxazole; ACE: angiotensin-converting enzyme; ARB: angiotensin receptor blocker.
Data compiled from Masters et al. (2003) and Australian Medicines Handbook (2008). 
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TMP–dapsone, or TMP-SMX for the treatment of PJP, Lee et 
al. (1989) noted a bidirectional drug interaction between TMP 
and dapsone, resulting in higher concentrations of each agent 
in the presence of the other. Furthermore, TMP can reduce 
the renal clearance of zidovudine by 58% (Lee et al., 1996). 
TMP may inhibit the renal clearance of procainamide, result-
ing in increased procainamide and N-acetylprocainamide 
plasma concentrations when these agents are administered 
together (Vlasses et al., 1989).

One of the most important interactions of CoT is with 
warfarin (vitamin K antagonist) (Hale and Lesar, 2014; Lane 
et al., 2012). This interaction is attributable to the sulfon-
amide component of the combination. It is a particularly 
common problem and can increase international normalized 
ratios out of the therapeutic range in up to two thirds of 
patients and result in dangerous levels of anticoagulation in 
one third (Glasheen et al., 2005). Lane et al. (2014) demon-
strated that the CoT–warfarin combination was associated 
with a twofold increase in bleeding risk (OR: 2.09; 95% CI: 
1.45–3.02). This was supported by a similar twofold increase 
in bleeding risk (OR: 2.70; 95% CI: 1.46–5.05) noted in a 
case-control study of over 35,000 elderly patients (Baillargeon 
et al., 2012). The reaction has been recognized for many 
years (Barnett and Hancock, 1975; Tilstone et al., 1977) and 
attributed to displacement of warfarin from albumin by SMX 
rather than any effect of warfarin metabolism (O’Reilly and 
Motley, 1979).

When CoT is used in patients receiving methotrexate, 
there is a possibility that the effects of methotrexate will be 
enhanced, particularly in terms of increased blood dyscra-
sias. This is because methotrexate, like TMP, is an inhibitor of 
DHFR, and, although the human DHFR is largely unaffected 
at conventional TMP doses, potentiation can still occur. The 
role of the sulfonamide in this potentiation is unclear, 
although SMX can increase free methotrexate levels and 
therefore inhibit dihydrofolate synthesis (Ferrazzini et al., 
1990). Apart from these effects, there do not appear to be any 
major pharmacokinetic interactions between CoT and meth-
otrexate (Beach et al., 1981), even though renal clearance of 
methotrexate can be reduced (Ferrazzini et al., 1990). Most 
often the enhancement of methotrexate toxicity is noted in 
the context of methotrexate use for rheumatological disease, 
when bone marrow suppression from methotrexate must be 
avoided rather than expected (Thomas and Gutterman, 1986; 
Ng et al., 1987; Groenendal and Rampen, 1990; Steuer and 
Gumpel, 1998). Recent case-control studies have not demon-
strated a relationship between concurrent CoT use and high-
dose methotrexate (> 1 g per square meter) in oncology 
patients (Chan and Rajakumar, 2014). However, in a system-
atic review of patients with rheumatological conditions,  
CoT with methotrexate was associated with higher rates of 
cytopenia (Bourre-Tessier and Haraoui, 2010). Despite this, 
 low-dose CoT is still used in conjunction with about 1% of 
methotrexate chemotherapy visits in the USA, seemingly 
without major problems (Davis et al., 2014).

Sulfonamides are known to interact with sulfonylureas, 
the agents used as oral hypoglycemics (Juurlink et al., 2003). 

CoT administration can lead to the enhancement of the hypo-
glycemic effect of these agents. Significant interactions have 
been recorded with chlorpropamide (Baciewicz and Swafford, 
1984), tolbutamide (Amla et al., 1988), glipizide (Johnson and 
Dobmeier, 1990), and glyburide (Juurlink et al., 2003) and are 
a possibility with all sulfonylureas. In a multivariable analy-
sis, CoT use with sulfonylureas was associated with a higher 
rate of hypoglycemia (OR: 2.56; 95% CI: 2.12–3.10) (Parekh 
et al., 2014). The basis of the interaction can be complex, but 
most important is the inhibition of sulfonylurea hepatic 
metabolism, mostly by SMX, and to a lesser extent by TMP 
(Wing and Miners, 1985). This inhibition may affect all sul-
fonylureas equally (Sjöberg et al., 1987). TMP and SMX are 
known to inhibit the cytochrome P450 enzymes CYP2C8 
and CYP2C9, respectively (Wen et al., 2002; Niemi et al., 2004b).

Co-administration of rifampicin with CoT results in 
reduced plasma concentrations of both TMP (47% reduc-
tion) and SMX (23% reduction) (Ribera et al., 2001). The 
clini cal relevance of this interaction is doubtful, considering 
the noninferiority of this combination (TMP-SMX, 160/800 
mg three times daily, and rifampcin, 600 mg daily) for MRSA 
bacteremia in a randomized open-label single-center con-
trolled trial comparing CoT–rifampin and linezolid therapy 
(Harbarth et al., 2015).

Concomitant administration of CoT and cyclosporine 
has been associated with an increased incidence of reversible 
nephrotoxicity, independent of the levels of cyclosporine or 
TMP-SMX (Sands and Brown, 1989; Campana et al., 1996). 
However, this is not a predictable effect. In a placebo- 
controlled trial of CoT prophylaxis in patients undergoing 
renal transplantation who all received cyclosporine, Maki et 
al. (1992) showed that there was no difference between the 
two groups in the rates of nephrotoxicity. 

A recent study of concurrent CoT and fluconazole in HIV 
patients with PCP and candidiasis demonstrated that fluco-
nazole was protective against hepatotoxicity, potentially via 
inhibition of CYP2C9-driven conversion of SMX into hepa-
totoxic reactive metabolites (hydroxylamine) (Yang et al., 2014).

Recently an interaction between spironolactone and CoT 
has been noted (Antoniou et al., 2015). In a population-based 
nested controlled study, these authors demonstrated that in a 
cohort of Canadian residents over the age of 66 years receiv-
ing spirolactone, there was an increased odds ratio of death 
in those who received concomitant CoT (OR: 2.46; 95%  
CI: 1.55–3.9) or ciprofloxacin (OR: 1.55; 95% CI: 1.02– 
2.38) (Antoniou et al., 2015). In addition, the combination of 
angiotensin-converting enzyme inhibitor or angiotensin recep-
tor block and CoT has been associated with increased rates 
of sudden death (Fralick et al., 2014). Fralick et al. (2014) in 
a matched case-control study in Ontario, Canada, found that 
CoT and ciprofloxacin, when compared with amoxicillin, 
were associated with an increase odds ratio of sudden death 
(CoT OR: 1.38; CI: 1.09–1.76; and ciprofloxacin OR: 1.29; CI: 
1.03–1.62) when combined with an angiotensin- converting 
enzyme inhibitor or angiotensin receptor block. It is postu-
lated that both these findings are the result of unrecognized 
hyperkalemia, an issue previously demonstrated with such 
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combinations (Antoniou et al., 2010; Antoniou et al., 2011a), 
potentially the result of combined reduction in urinary 
potassium excretion (Eiam-Ong et al., 1996; Velázquez et al., 
1993). Hence these combinations should be used with cau-
tion, and potassium levels should be monitored (Hines and 
Murphy, 2011).

6. ADVERSE REACTIONS AND TOXICITY

In many cases, it is very difficult to separate the side effects 
caused by each of the two components of CoT, SMX (see 
Chapter 91, Sulfonamides) and TMP. CoT is a known cause 
of adverse events, with increased incidence noted with 
increased dose (Courjon et al., 2013; Nguyen et al., 2013). 
Variations in CoT dosing between studies also make assess-
ment of toxicity difficult, because toxicity is often dose 
dependent, especially for electrolyte abnormalities such as 
hyperkalemia (Nguyen et al., 2013). For instance, the inci-
dence of adverse drug reactions (ADRs) is significantly higher 
in high-dose therapy (> 4 CoT double-strength tablets) ver-
sus standard-dose CoT (13% vs. 5.09%, respectively), includ-
ing higher rates of rash, renal impairment, hyperkalemia, 
gastrointestinal symptoms, and hypersensitivity (p < 0.05) 
(Nguyen et al., 2013). Overall, however, the risk of serious 
ADRs associated with CoT is small and is similar to that 
noted with many other antibiotics (Jick and Derby, 1995a; 
Jick and Derby, 1995b; Masters et al., 2003). Comparisons of 
CoT with fluoroquinolones in prospective studies suggest 
that the rates of ADRs are two to three times higher (Boye 
and Gaustad, 1991; Grubbs et al., 1992; Heck et al., 1994; Lew 
et al., 1995). In a pediatric study of CoT-associated ADRs 
between 2000–2004 and 2005–2009 among children treated 
especially for skin and soft tissue disorders, the rate of ADRs 
rose 3- to 20-fold, probably reflecting the known increased 
use of CoT (Goldman et al., 2013).

CoT in particular is associated with occasional severe 
adverse reactions in adults, in particular severe cutaneous 
adverse reactions (SCARs), which calls into question its role 
in the treatment of minor infections (Turnidge, 1988). However, 
population-based rates for severe ADRs suggest that these 
are fairly uncommon (Jick and Derby, 1995a; Myers and Jick, 
1997).

6a.  Gastrointestinal side effects

TMP can cause nausea and diarrhea, and these side effects 
were common in early clinical studies when doses as high as 
1 g daily were given. Nausea has also been commonly reported 
when the large doses of CoT required for the treatment of PJP 
are used. The usual maximum recommended daily dose of 
TMP, however, is only 480 mg (6 standard tablets of CoT), 
with which gastrointestinal side effects are uncommon and 
reported to be in the range of 3–8% (Masters et al., 2003). 
Single oral doses of 9 tablets of CoT (720 mg of TMP and 
3600 mg of SMX) are usually well tolerated (Yoshikawa and 
Guze, 1976). However, single oral doses of 12 tablets (960 mg 
of TMP and 4800 mg of SMX) may cause malaise, nausea, 

headache, transient oliguria, and crystalluria (Fass et al., 
1977). Nausea, vomiting, restlessness, and headache have also 
been described in a patient undergoing peritoneal dialysis 
who was receiving intraperitoneal CoT, 80 mg (TMP compo-
nent), in each 2-l exchange four times daily (Stamatakis et al., 
1995). Gastrointestinal symptoms were reported in 5% of 
renal transplant patients treatment with CoT prophylaxis 
(TMP-SMX, 80/400mg daily) in a retrospective cohort (Mit-
sides et al., 2014).

After administration of CoT, the frequency of upper gas-
trointestinal side effects has been estimated to be about 3% 
for nausea, vomiting, and anorexia; about 0.5% for diarrhea; 
and 0.4% for glossitis; in addition, liver toxicity is very rare in 
patients who are not HIV infected (Jick, 1982; Lawson and 
Paice, 1982; Lindgren and Olsson, 1994). Gastrointestinal 
side effects are very infrequent in children (Jick et al., 1984).

Clostridium difficile infection (CDI) has been described in 
association with CoT treatment, similar to most antibacterial 
drugs, including in patients receiving CoT as prophylaxis for 
PCP (Cameron and Thomas, 1977; Pennington, 1980; Rubin 
and Swartz, 1980; Lawson and Paice, 1982; Gordin et al., 
1994; Spencer, 1998) or bone marrow transplantation (Lew 
et al., 1995). Studies of diarrhea in the community suggest 
that CDI may be more frequent than is currently recognized, 
and a proportion of it can be attributed to CoT (Riley et al., 
1991). Recent meta-analyses demonstrated that CoT was 
associated with an increased risk of community-acquired 
CDI (OR: 1.81–1.84), although less than that associated with 
clindamycin, fluoroquinolones, cephalosporins, penicillins, 
and macrolides (Brown et al., 2013; Deshpande et al., 2013).

6b.  Hypersensitivity reactions

Rashes were observed in 1.6–8% of patients during clinical 
trials with CoT (Frisch, 1973; Salter, 1973). Most of these 
were probably caused by the sulfonamide component, but it 
is difficult to separate the side effects of the two individual 
drugs. Nevertheless, occasionally TMP itself has been impli-
cated as a cause of delayed skin rashes, urticaria, and fixed 
drug eruptions (Gibson, 1982; Can et al., 2014; Cribb et al., 
1996). The frequency of allergic skin rashes in CoT-treated 
patients is 1.4% (Jick, 1982; Lawson and Paice, 1982). In a 
Cochrane review, rash appeared more commonly with CoT 
treatments than with comparative therapies for UTIs (e.g. 
beta-lactams, fluoroquinolones) (Zalmanovici Trestioreanu 
et al., 2010). Although rashes are primarily T-cell mediated 
in origin and therefore not dose dependent, an increased 
CoT dose has been associated with an increased risk of exan-
thema (Nguyen et al., 2013). The latter usually take the form 
of delayed hypersensitivity (e.g. maculopapular exanthema), 
whereas urticarial (immediate hypersensitivities) and other 
manifestations (e.g. necrotizing vasculitis) are infrequent. 
Cutaneous manifestations are generally uncommon in chil-
dren treated with CoT (Jick et al., 1984), although Boyce et 
al. (1992) described four children who developed an acute 
febrile reaction with a generalized erythematous rash after 
treatment with CoT, and van der Veen et al. (2007) recorded 
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a case after CoT use for chronic otitis media. Long-acting 
sulfonamides are more prone to causing SCARs such as SJS, 
TEN, DRESS, and AGEP. However SMX, a medium-acting 
sulfonamide with serum half-life of 9–12 hours, has also been 
implicated. Thorpe and Nysenbaum (1978) reported the 
death of a 48-year-old woman who developed a rash, fever, 
vomiting, and abdominal pain 24 hours after taking CoT; 
necropsy revealed diffuse gastric and small intestinal hemor-
rhagic ulceration with diffuse mucosal bullae characteristic 
of SJS. In rural Malawi, where CoT and sulfadoxine– 
pyrimethamine combinations are frequently used, crude 
rates of SJS and TEN have been documented at approxi-
mately 1.5 cases per 100,000 exposures, with significantly 
higher rates in HIV-positive patients of 8.4 per 100,000 
(Gimnig et al., 2006). In Washington, USA, rates of SJS or 
TEN are 2.8 per 100,000 exposures (Myers and Jick, 1997). 
Similar rates have been seen in the UK (Jick and Derby, 
1995a). Lin et al. (2014) recently described a large cohort of 
antibiotic-associated SCAR in Taiwan, with CoT a demon-
strable cause of SJS and TEN yet a less frequent cause of 
DRESS and AGEP.

Both Salter (1973) and Whittington (1989) have described 
a number of cases of fatal TEN (Lyell syndrome) due to CoT. 
Other patients have been described with polymorphous 
rashes and fever in whom microscopic examination of skin 
lesions showed changes compatible with necrotizing vasculi-
tis (Wãhlin and Rosman, 1976); one such patient also devel-
oped reversible renal failure (Ramaiah et al., 1977). One 
patient was described who developed fever, chills, and leuko-
cytosis, simulating sepsis on two occasions after receiving 
CoT (Shalit and Levy, 1984). Others have also reported 
patients in whom CoT toxicity manifested as hypotension 
with or without rash, mimicking sepsis (Marinac and 
Stanford, 1993; Nguyen et al., 1993). This anaphylactic-like 
reaction, with prominent hypotension, is thought to be T-cell 
mediated and has been sporadically reported in the modern 
literature with CoT use (Kelly et al., 1992; Nguyen et al., 
1993; Persichino and Sutjita, 2015). CoT is also one of the 
most common antimicrobial causes of drug fever, with the 
median time to onset usually being about 2 days (range 
1–10.5 days) (Vodovar et al., 2012). In a large case-control 
study to quantify the risk of various drugs being associated 
with SJS or TEN, Roujeau et al. (1995) found that the risk  
of these skin conditions was increased for CoT and other 
 sulfonamide-containing antibiotics, with a crude relative risk 
of 172 (95% CI: 75–396). Fatal TEN has been documented after 
the administration of TMP alone (Mortimer et al., 2005), 
confirming that the reaction is not always attributable to the 
SMX component. Plasmapheresis may have a therapeutic 
role in severe CoT-induced TEN and may reduce mortality, 
although the literature is limited (Egan et al., 1999).

Hypersensitivity and other adverse reactions to both CoT 
and TMP are more common in patients with AIDS, such that 
up to 50–60% of AIDS patients will experience adverse reac-
tions of sufficient severity to require a change in therapy (Lee 
and Safrin, 1992; Gimnig et al., 2006). These include maculo-
papular rashes associated with fever, malaise, often nausea 

and headache, peripheral cytopenias (neutropenia and throm-
bocytopenia), and increased level of hepatic transaminases 
(Jaffe et al., 1983; Mitsuyasu et al., 1983; Gordin et al., 1984; 
Lee and Safrin, 1992). In several patients, folinic acid admin-
istration was ineffective in preventing cytopenias or revers-
ing them once established. The reason for this increased rate 
of hypersensitivity remains unclear, although certain HIV 
proteins (e.g. tat) may be implicated (see section 7, Clinical 
uses of the drug). No clinical or laboratory parameters are 
predictive of cutaneous reactions (Roudier et al., 1994). Various 
associations, including the serum concentrations of TMP 
and SMX and the metabolites of SMX, have been proposed, 
but data are inconclusive (Van der Ven et al., 1991). Carr et 
al. (1993b) noted that AIDS patients with a CD4/CD8 ratio 
of > 0.10 were more likely to develop hypersensitivity, but 
once the CD4+ cell count fell below 25 × 106 per liter, this 
risk declined. They proposed that HIV infection of CD4+ 
lymphocytes or monocytes enhances T-lymphocyte sensitiv-
ity to CoT or their metabolites, allowing hypersensitivity to 
occur; as CD4+ or CD8+ lymphocyte numbers decline fur-
ther, however, there are insufficient lymphocytes to produce 
this response, resulting in a possible reduction in the rate of 
hypersensitivity in advanced HIV disease. Reactions have 
been shown to be more frequent when CoT is administered 
twice daily as opposed to three times weekly, and folinic acid 
did not reduce the adverse reaction rates (Bozzette et al., 1995a). 
In some cases of CoT hypersensitivity in AIDS patients, treat-
ment can be carefully continued without apparent ill effect 
(Kreuz et al., 1990; Putterman et al., 1990), although in the 
majority of patients cessation of CoT may be necessary. The 
concomitant use of corticosteroids with CoT may reduce  
the incidence of hypersensitivity reactions (Aguilar et al., 1991). 
Caumes et al. (1994) noted that among patients with severe 
PJP who were given adjuvant corticosteroids in addition to 
CoT, the incidence of cutaneous side effects was significantly 
less than it was among those patients who were not treated 
with corticosteroids (13% vs. 47%, respectively; p = 0.014); 
no patients in the steroid-treated group required cessation of 
CoT therapy because of side effects. N-acetylcysteine is inef-
fective in reducing the incidence of reactions (Walmsley et 
al., 1998). For reasons that are unclear, the incidence of cuta-
neous reactions to CoT among African, Haitian, and African 
American AIDS patients appears to be less than among white 
AIDS patients (Colebunders et al., 1987). The management 
of adverse reactions to CoT among HIV-infected patients 
has been summarized by Jung and Paauw (1994).

Oral desensitization to TMP-SMX among HIV-infected 
patients has been investigated by a number of authors, with a 
success rate of 60–96%. Although reported less frequently, 
success has also been achieved in non-HIV patients requir-
ing CoT therapy (5-hour to 22-day protocols) (D’Amelio et 
al., 2015; Hughes et al., 1986; Mann et al., 1997; Nucera et al., 
2000; Patriarca et al., 2008; Pyle et al., 2014; Soffritti et al., 
2003). The oral desensitization protocol is often preferred 
(e.g. that described by Gluckstein and Ruskin [1995]). 
Although the mechanism of action is known for immediate 
hypersensitivity (induced or controlled histamine release), 



1650 Trimethoprim and Trimethoprim–Sulfamethoxazole (Cotrimoxazole)

the mechanism in delayed hypersensitivity (T-cell mediated) 
remains unknown. The likelihood of success in desensitiza-
tion does not appear to be related to the level of CD4 lym-
phocyte immunosuppression (Sher et al., 1986; MacLean 
Smith et al., 1987; Bissuel et al., 1995; Nguyen et al., 1995). 
Owing to the relatively small numbers in most published 
reports, it is difficult to strongly recommend any one regi-
men, although protocols starting with low doses with slow 
titration to full doses are preferred (Cortese et al., 1996; 
Koopmans and Burger, 1998). In one double-blind study, 
adverse reaction rates with graded-dose regimens were lower 
than those seen with direct rechallenge at full dose (Leoung 
et al., 2001). The rapid graded-dose protocol used by Gluck - 
stein and Ruskin (1995) appears practical and reasonably 
effective. In this, a freshly prepared 10-fold aqueous dilu-
tion of CoT oral suspension (40 mg of TMP and 200 mg of 
SMX in 5 ml) is administered hourly over 4 hours, starting 
with 0.004 mg of TMP and 0.02 mg of SMX. At hours 0, 1, 
2,  3, and 4, the following doses are administered, respec-
tively: 0.004/0.02 mg, 0.04/0.2 mg, 0.4/2 mg, 4/20 mg, and 
40/200 mg. At hour 5, a single CoT tablet (160/800 mg) is 
given. After each dose the patient consumes about 180 ml 
of water.

In a study of non-HIV patients with non–life-threatening 
CoT allergies, Pyle et al. (2014) demonstrated an 89% overall 
success rate for CoT desensitization using a mixture of 1-day 
and 10-day protocols. There was no significant difference in 
outcomes between the two durations (1 day, 98%; 10 day, 
81%). It is important to note that histamines or corticoste-
roids are not recommended. Most desensitizations can be 
undertaken in the outpatient setting, so long as appropriate 
resuscitation equipment is available in case of severe anaphy-
laxis. Anaphylactic shock, however, has been reported during 
desensitization (Sher et al., 1986). It is interesting that a 
flare-up of previous CoT patch testing sites has also been 
reported during oral desensitization (Kardaun et al., 2009). 
After successful desensitization, Gluckstein and Ruskin (1995) 
prescribed CoT, 160/800 mg (1 double-strength tablet) three 
times weekly as low-dose chemoprophylaxis for PJP. With 
this protocol, 86% completed desensitization and 71% were 
successfully stabilized on long-term CoT. Other protocols in 
which desensitization is carried out over a number of days, 
such as those described by MacLean Smith et al. (1987), 
Piketty et al. (1995), Kalanadhabhatta et al. (1996), Yoshizawa 
et al. (2000), and Leoung et al. (2001), are notable but possi-
bly less convenient. Kreuz et al. (1990) has reported success-
ful CoT desensitization in four children. A different 6-hour 
graded challenge protocol has been described and shown to 
be reasonably successful (Demoly et al., 1998). It is interest-
ing that when an escalating dosage regimen was compared 
with a full-dose regimen in AIDS patients who had had pre-
vious allergic reactions to CoT, no difference was observed 
between the two groups in rates of subsequent allergic reac-
tions (Straatmann et al., 2002).

Despite the low likelihood of cross-reactivity between 
sulfonamide antibiotics (e.g. for CoT vs. dapsone, the cross- 
reactivity is only 9–11%) (Beumont et al., 1996; Carr et al., 

1993a; Carr et al., 1993c; Zawodniak et al., 2010) and the 
absence of cross-reactivity between nonantibiotic sulfon-
amides and antibiotic sulfonamides (e.g. frusemide vs. CoT), 
clinician avoidance of the entire drug class remains high 
(Strom et al., 2003; Wall et al., 2010). This latter observation 
is particularly disappointing, considering that recent evidence 
does not support cross-reactivity between antibacterial and 
non anti bacterial sulfonamides (Brackett, 2007; Figueroa et 
al., 2007; Johnson et al., 2005; Lee et al., 2004; Lehmann, 
2012; Nishijima et al., 2014; Patterson et al., 1999; Strom et 
al., 2003; Wulf and Matuszewski, 2013). Strom et al. (2003) 
demonstrated that although a sulfonamide antibiotic allergy 
increases the likelihood of any subsequent allergic reaction, 
no association was found between an increased rate of cross- 
reactivity and nonantibiotic sulfonamides. The nonantibac-
terial sulfonamides (e.g. acetazolamide, frusemide, celecoxib, 
thiazide diuretics, sumatriptan, sotalol, and probenecid) do  
not contain the structural region known to cause the allergic 
response (i.e. the N1 heterocyclic ring, which is an N-containing 
ring attached to the N1 nitrogen of the sulfonamide group 
and the arylamine group at the N4 position). An exception to 
this rule is sulfasalazine; although technically an antibiotic, it 
is often used for noninfectious conditions, and cross-reactivity 
has been noted between SMX and sulfasalazine owing to 
structural similarities (Zawodniak et al., 2010).

6c.  Hematological side effects

Because of its mode of action, it was anticipated that TMP might 
interfere with human folate metabolism and hence hemo-
poiesis, especially if large doses were given over prolonged 
periods. The in vitro effect of various concentrations of TMP 
has been studied on human bone marrow cultures. A sensi-
tive indicator that detects the effect of TMP on folate metab-
olism in such cultures is interference of folate- dependent 
DNA thymine synthesis by methylation of deoxyuridylate to 
thymidylate (Sive et al., 1972; Koutts et al., 1973). Only slight 
or no effect on folate metabolism was demonstrated by this 
method in normal bone marrow cells if TMP concentrations 
used were similar to those attained in serum with usual 
doses. However, 10-fold greater TMP concentrations pro-
duced abnormalities of folate metabolism, which were only 
partially corrected by folic acid but were completely cor-
rected by folinic acid in vitro. In vitamin B12 or folate- deficient 
marrow cultures, TMP at therapeutic concentrations caused 
further disturbance in folate metabolism, which was not cor-
rected by vitamin B12 or folic acid, but this was again com-
pletely reversed by folinic acid (Koutts et al., 1973). Changes 
in folate metabolism have also been investigated in patients 
receiving CoT by measuring the serum level of tetrahydro-
folate, a specific indicator of DHFR activity. These serum 
levels remain normal in patients with otherwise normal 
hemopoiesis if TMP is used in the usual doses (Davis and 
Jackson, 1973).

Clinical experience with CoT supports these experimen-
tal observations. If patients without a bone marrow disorder 
are treated with usual TMP doses, hematological side effects, 
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although reported, appear to be uncommon (Frisch, 1973; 
Salter, 1973; Hughes, 1975; Lawson and Henry, 1977; Lawson 
and Paice, 1982; Jick and Derby, 1995b; Myers and Jick 1997; 
van der Klauw et al., 1999). Reported abnormalities include 
aplastic anemia (Frisch, 1973), neutropenia (Nielsen et al., 
1970; Frisch, 1973; Hawkins et al., 1993), acute agranulocy-
tosis (Evans and Tell, 1969; Palva and Koivisto, 1971), and 
acute thrombocytopenia (Hammett, 1970; Rickard and Uhr, 
1971; Raik and Vincent, 1973; Böse et al., 1974; Hawkins et 
al., 1993). The International Agranulocytosis and Aplastic 
Anemia Study Group (1989) estimated the relative risk of 
developing agranulocytosis when CoT is used for 3 or more 
consecutive days to be 12 (95% CI: 3.9–40). In this same 
study, the relative risk estimates of aplastic anemia were ele-
vated for CoT (2.1), sulfonamides without TMP (2.9), and 
beta- lactams (1.5), but none of the increases was statistically 
significant. Surprisingly, Asmar et al. (1981) reported that in 
a comparative trial of treatment of children with otitis media 
with oral CoT (50 children) and amoxicillin (20 children), 
the frequencies of neutropenia in the two groups were 34% 
and 5%, respectively; thrombocytopenia developed in 12% 
of children treated with CoT but in none of those treated 
with amoxicillin. However, in a subsequent study of 2622 
children who received CoT, there was no report of neutro-
penia or any other type of blood disorder (Jick et al., 1984). 
Increased myelosuppression has been observed in granulo-
cytopenic patients treated with CoT. Rates of leukopenia in 
solid organ transplant cohorts given CoT prophylaxis are 
approximately 2% (Mitsides et al., 2014). Recent studies have 
suggested that CoT therapy when used as prophylaxis in 
hematological malignancy does not affect either the degree 
or the duration of neutropenia (Fontanet et al., 2011).

Thrombocytopenia due to CoT appears to be more com-
mon in patients receiving long-term treatment with diuretics, 
such as the thiazides or frusemide (Frisch, 1973). Whereas 
Salter (1973) found thrombocytopenia to be more frequent 
in patients over 70 years of age, others have observed this 
complication in patients of all ages (Dickson, 1978). In three 
patients receiving CoT, diminished survival of transfused 
platelets occurred in two, and the third developed thrombo-
cytopenia; antibodies against donor platelets coated with 
CoT were found in the sera of all patients and were directed 
against only the TMP component (Claas et al., 1979). CoT 
was also identified as a drug with a higher probability of 
inducing immune-mediated thrombocytopenia in a recent 
laboratory evaluation (Arnold et al., 2013). 

Pancytopenia has been described in a 7-month-old infant 
receiving oral CoT (Tulloch, 1976). All the aforementioned 
toxic effects, which indicate depression of hemopoiesis, appear 
to be more common after prolonged CoT therapy (Daw born 
et al., 1973). It is possible that some of these reported side 
effects, particularly acute agranulocytosis—a well-known com- 
 plication of sulfonamides—have been caused by SMX and not 
TMP (Palva and Koivisto, 1971). Hemolytic anemia has been 
rarely observed with CoT therapy (Frisch, 1973; Arndt et al., 
2011). A patient with typhoid fever and glucose-6-phophate 
dehydrogenase deficiency developed acute hemolysis when 

treated with CoT (Owusu, 1972), but 10 infants with the 
same defect were treated with CoT for 5 days without hemo-
lysis (Chan and Wong, 1975). Nevertheless, hemolysis is a 
known complication of sulfonamides in such patients (see 
Chapter 91, Sulfonamides).

Jewkes et al. (1970) described a patient who developed 
megaloblastic erythropoiesis after a 6-month course of CoT, 
given in usual doses for chronic bronchitis. Folic acid admin-
istration was of no benefit, but the bone marrow reverted to 
normal within 1 week, despite continued administration of 
TMP, when folinic acid was given in a daily dose of 60 μg by 
injection. This appears to be the only case in which mega-
loblastic changes have followed the administration of stan-
dard doses of CoT (Frisch, 1973), and even then, in this case, 
the causative relationship of TMP has been disputed (Gird-
wood, 1976). In many other patients who have developed 
megaloblastic anemia while receiving this combination, an 
alternative explanation has been found for the blood dyscra-
sia (Girdwood, 1973). Hughes et al. (1975a) administered 
CoT for long periods to 11 patients, 1 for 30 months and the 
remainder for periods of 3–16 months. At most, a few of 
these patients appeared to develop asymptomatic folate deple-
tion as reflected by serial hematological investigations. By 
contrast, pancytopenia attributable to CoT is sometimes asso-
ciated with megaloblastic changes (McKinsey et al., 1989; 
Crosby, 1990; Shami and Crews, 1995; Tapp and Savarirayan, 
1997).

If TMP is used in doses higher than normally recom-
mended, bone marrow toxicity may result more commonly. 
Kahn et al. (1968) administered TMP in a daily oral dose of 
1.0 g for a period of 4 weeks to 10 adult patients. The same 
dose of TMP plus 4 g of sulfisoxazole daily was given to 13 
other adult patients for periods varying from several months 
to over 2 years. Hematological abnormalities, such as leuko-
penia, anemia, and thrombocytopenia, were noted in several 
patients in both groups, but these abnormalities disappeared 
about 2 weeks after the drugs were stopped. In one patient 
thrombocytopenia and leukopenia were reversed by the 
administration of folinic acid, despite continued administra-
tion of TMP. These hematological abnormalities also occur 
more frequently in patients with severe renal failure who are 
treated with the usual doses, possibly because they develop 
high serum levels of both TMP and SMX. McPherson and 
Raik (1970) reported acute thrombocytopenia in 2 uremic 
patients who were treated with the usual CoT doses. Yuill 
(1973) described megaloblastic anemia in a severely uremic 
patient receiving this combination, but other factors such  
as dietary deficiency of folic acid were also contributory. 
Kobrin sky and Ramsay (1981) described a woman who had 
undergone bone marrow transplantation for leukemia and 
who was treated with high doses of i.v. CoT for PJP pneumo-
nia; she developed pancytopenia and megaloblastic changes 
in the bone marrow, which recovered when CoT was discon-
tinued and treatment with folinic acid was initiated. CoT is 
used in high dosages to treat PJP in AIDS patients, and this 
may be a factor in causing an increased frequency of cytope-
nias in such patients.
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The most troublesome hematological reaction to CoT is 
profound neutropenia or agranulocytosis, and deaths have 
been recorded, especially in the elderly (Andrès et al., 2004a; 
Kocak et al., 2006; Curtis, 2014). The reported incidence of 
this varies. Myers and Jick (1977) reported three cases of neu-
tropenia, as opposed to pancytopenia, for an estimated inci-
dence of 2.8 per 100,000 prescriptions of CoT. In contrast, a 
Dutch study recorded eight cases of agranulocytosis among 
1952 CoT prescriptions over 3 years in a large population 
cohort (van der Klauw et al., 1999). The benefits of treating 
this adverse reaction with recombinant colony-stimulating 
factors remain unclear, although they are used frequently 
(Castanheira et al., 1998; Krishnan and Krish na swamy, 1998; 
Andrès et al., 2004b). Neutropenia appears to be a much 
more common complication of CoT prophylaxis after stem 
cell transplantation than is a combination of atovaquone and 
TMP (Colby et al., 1999). A mechanism of action whereby 
neutropenia can be caused by TMP itself and related to the 
formation of a reactive pyrimidine iminoquinone methide 
intermediate has been proposed (Lai et al., 1999).

The value of supplemental folinic acid in preventing or 
reversing such cytopenias has not been established. Indeed, in 
AIDS patients, folinic acid supplementation appears to be inef-
fective in reversing CoT-induced neutropenia and may be asso-
ciated with a higher rate of therapeutic failure of treatment of 
PJP (Jaffe et al., 1983; Bygbjerg et al., 1988; Safrin et al., 1994).

Patients with pre-existing megaloblastic anemia may be 
seriously at risk if treated with CoT (Annotation, 1973). TMP 
aggravates megaloblastic changes and prevents response to 
either vitamin B12 or folic acid (Koutts et al., 1973). High-
dose TMP (20 mg/kg/day) in particular has been shown to 
reduce serum folate concentrations in healthy volunteers by 
about one third (Naderer et al., 1997). In addition, it may 
cause neutropenia and thrombocytopenia in these patients 
(Chanarin and England, 1972). The drug is therefore contra-
indicated in all patients with megaloblastic anemia or in 
those who may possibly have megaloblastic bone marrow 
changes, such as pregnant women, patients receiving anticon-
vulsant drugs, and those with an increased mean red cell vol-
ume. Girdwood (1976) considers that once the folate deficiency 
is corrected, there is no reason why CoT should not be used.

In patients with a predisposition to bone marrow depres-
sion, for example those treated with TMP-related drugs such 
as pyrimethamine and those receiving immunosuppressive 
drugs, CoT should be used cautiously. Ansdell et al. (1976) 
described a woman who developed megaloblastic anemia 
after a 14-day course of CoT while taking pyrimethamine for 
malaria prophylaxis. Hulme and Reeves (1971) reported 4 
renal transplant patients receiving immunosuppressive ther-
apy (prednisolone and azathioprine) who developed marked 
leukopenia in association with a course of CoT given within 
the first 60 days after transplantation. Leukopenia was not 
observed in another 10 patients who received identical ther-
apy at a later stage after transplantation. It was concluded 
that CoT should be used with caution during the first 60  
days after cadaveric renal transplantation when azathioprine 
is used. Bradley et al. (1980) also described neutropenia or 

thrombocytopenia in renal allograft recipients when CoT 
was given for prolonged periods with azathioprine; this 
occurred more frequently than in allograft recipients treated 
with azathioprine alone. In addition, in bone marrow cul-
ture, the antifolate action of CoT enhanced the marrow sup-
pressive effect of 6-mercaptopurine, the active moiety cleaved 
from azathioprine. A large prospective study confirmed that 
the frequency of leukopenia in 94 antibiotic-treated patients 
who were renal transplant recipients was greater in the early 
weeks after transplantation. However, the frequency in a 
control group treated for urinary infections with antibiotics 
other than CoT was not significantly different from that in 
those treated with CoT. In 8 patients leukopenia recovered 
when azathioprine was discontinued but CoT was continued. 
Azathio prine was, therefore, considered to be the cause of 
leukopenia. This drug is partly excreted by the kidney, and 
the patients who developed leukopenia, although receiving a 
similar dose of azathioprine to those who did not, had poorer 
renal function (Hall, 1974). Megaloblastic pancytopenia is 
more likely in patients treated with methotrexate and CoT 
(Govert et al., 1992), probably because of decreased renal 
clearance of free methotrexate associated with competition 
for tubular clearance by CoT (Ferrazzini et al., 1990). Fer-
razzini et al. (1990) identified a mean 66% increase in sys-
temic exposure to methotrexate when these agents were 
co-administered. The immunocompromised state plus the 
high dosage used to treat PCP may be factors causing an 
increase in the frequency of neutropenia and thrombocyto-
penia associated with CoT treatment of patients with AIDS. 
Nevertheless, cytopenias and rashes have not been reported 
in other types of non–AIDS-infected immunocompromised 
patients receiving CoT for PCP (Jaffe et al., 1983).

Despite all these reports, bone marrow toxicity due to 
TMP appears to be uncommon. Most of these side effects can 
probably be avoided if the known contraindications and pre-
cautions are observed. Nevertheless, it would seem advisable 
to perform regular blood examinations during prolonged or 
high-dose TMP administration.

As is to be expected from its sulfonamide component, 
methemoglobinemia has been described with CoT treatment 
(Damergis et al., 1983).

6d.  Nephrotoxicity

A spectrum of renal ADRs, from isolated increased serum 
creatinine levels to acute renal failure, has been observed 
with CoT therapy. The pathogenesis of these effects includes 
competitive creatinine excretion, crystalluria, interstitial 
nephritis, and acute tubular necrosis. During a 4-year period, 
Kalowski et al. (1973) detected 16 patients who developed 
deterioration of renal function in association with CoT treat-
ment; most of these had antecedent renal functional impair-
ment. CoT-associated renal damage was reversible in most 
patients when the drug was discontinued, but 3 developed 
permanent impairment of renal function. Deterioration  
in renal function appeared to be due to an acute tubular 
necrosis, which may have resulted from an accumulation of 
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conjugated SMX metabolites in the presence of renal failure, 
rather than TMP. The authors recommended that CoT 
should not be used in patients with a creatinine clearance less 
than 40 ml/min. A subsequent report from the same unit 
described the simultaneous occurrence of sensitivity rashes 
in 4 patients given CoT, 2 of whom died; all had underlying 
renal functional impairment and received an inappropriately 
high dose of CoT (Richmond et al., 1979). Bailey and Little 
(1976) reported 4 patients whose renal function deteriorated 
in association with CoT therapy; 1 patient had recovering 
acute oliguric renal failure, and the other 3 had chronic renal 
failure at the time of CoT therapy. Two of those with chronic 
disease had further permanent impairment of renal func-
tion. Some of the patients reported by these two groups may 
have received inordinately high doses of CoT for the state of 
their renal function. Other studies have not detected deteri-
oration in renal function after the use of CoT given in suit-
ably reduced dosage to patients with renal disease. Tasker et 
al. (1975) treated urinary or respiratory infections in 20 
patients with chronic renal failure with CoT. Worsening 
renal function, which occurred in only 3 of these patients, 
was not considered to be due to CoT. The drug has also been 
given for periods of up to 2 years to patients with chronic 
renal disease without evidence of deterioration in renal func-
tion (Denneberg et al., 1976). Rosenfeld et al. (1975) gave 
prophylactic CoT to 18 patients with a neurogenic bladder, 
all of whom had a creatinine clearance value above 50 ml/
min. Eighteen patients were treated for 60–80 days, and in  
7 the period was extended to 330–430 days; there were no 
significant differences between the creatinine clearance val-
ues taken before and after this therapy. Guignard et al. (1978) 
gave CoT to 16 children for a period of 6 months after uro-
genital reconstructive surgery. These children had normal 
renal function preoperatively, and this remained so after 
treatment. However, the findings of Shouval et al. (1978) are 
in direct contrast. They administered CoT in a dosage of 2 
standard tablets three times daily for periods of 6–8 days; the 
recipients were 2 patients who had had decreased creatinine 
clearance during CoT therapy 3 months previously, from 
which they had recovered, and 4 healthy volunteers. Signi-
ficant falls in creatinine clearance, rises in serum creatinine 
values, and increases in sodium excretion occurred in all 
subjects, and all these changes returned promptly to normal 
on cessation of the drug. A temporary rise in serum creati-
nine levels after 5 days’ treatment with CoT was noted by 
Lövestad et al. (1976). In 25 patients treated with CoT by 
Trollfors et al. (1980), 2 developed decreased glomerular fil-
tration when given doses too high in relation to renal func-
tion, and in 21 of the 23 others there was a slight rise in 
serum creatinine level even though they received appropriate 
doses for their renal function. Smith and Cohen (1994) 
reported nonoliguric renal failure and hyperkalemia associ-
ated with TMP, 200 mg twice daily, for urinary tract sepsis in 
an adult. Interstitial nephritis possibly due to CoT has also 
been reported (Saltissi et al., 1979). CoT may cause acute renal 
impairment secondary to crystalluria in volume- depleted 
patients (0.5% of patients) (Perazella, 1999). Fraser et al. (2012) 

demonstrated from a single-center experience of predomi-
nantly middle-aged veterans that CoT (160/800 mg twice daily) 
therapy was associated with acute kidney injury in 4.9% of 
patients. Whether the combination of CoT with cyclosporine 
increases the latter’s nephrotoxic potential remains uncertain, 
with conflicting reports (see section 5e, Drug interactions).

CoT has been associated with the development of hyper-
chloremic metabolic acidosis, possibly owing to renal tubu-
lar acidosis, in children being treated for acute lymphoid 
leukemia (Murphy, 1992). Similarly, Domingo et al. (1995) 
have described hyperchloremic metabolic acidosis with a 
normal anion gap as a probable result of renal tubular acido-
sis in an HIV-infected adult receiving CoT therapy for Pneu
mocystis pneumonia.

TMP alone at doses of 10 or 20 mg/kg/day has been shown 
to result in modest increases in serum creatinine level and 
reduction in creatinine clearance (Naderer et al., 1997). These 
effects are not considered clinically significant. TMP may 
also reversibly impair renal excretion of potassium and result 
in hyperkalemia. This phenomenon had been summarized 
by Perazella (2000). Choi et al. (1993) reported this phenom-
enon in an AIDS patient treated with CoT and researched in 
vitro studies to implicate TMP; they reported a similar case 
in an elderly patient treated with conventional doses of CoT 
(Perlmutter et al., 1996). Numerous reports have demon-
strated reduced tubular excretion of creatinine with CoT 
therapy, resulting in serum creatinine increases not associated 
with acute tubular damage or renal impairment (Berglund et 
al., 1975; Fraser et al., 2012; Jick, 1982; Naderer et al., 1997; 
Roy et al., 1982; Trollfors et al., 1980). Dijkmans et al. (1981) 
suggest that a 10–20% rise in serum creatinine level from 
baseline is not suggestive of significant CoT-related renal 
impairment. A greater reliance on tubular creatinine excre-
tion may explain higher rates of increase of creatinine level in 
patients with renal impairment (Delanaye et al., 2011). Some 
authors have suggested that in patients with no pre-existing 
renal impairment, a rise in blood urea (> 10 mg/dl) is also 
required to demonstrate significant CoT-associated renal 
impairment (Fraser et al., 2012). 

Because TMP, amiloride, and triamterene are structurally 
related heterocyclic bases, it is likely that these drugs act in a 
similar manner in the kidney. Velázquez et al. (1993) have 
demonstrated that in rats TMP acts like amiloride in block-
ing apical membrane sodium channels in the distal nephron, 
resulting in a reduction in transepithelial voltage and potas-
sium secretion, with resultant hyperkalemia. Greenberg et  
al. (1993) noted that among HIV-infected patients receiving 
high-dose CoT for treatment of PJP, the serum potassium 
increased by 1.1 mmol/l 9.8 (± 0.5) days after starting CoT 
therapy and in some cases reached life-threatening levels. 
The hyperkalemia could not be attributed to changes in renal 
function and steadily returned to normal with cessation of 
CoT. Others have described a similar problem in an HIV-
positive patient being treated for Pneumocystis pneumonia 
(Ougorets et al., 1996). Serum potassium should be closely 
monitored in these patients, particularly 7–10 days after com-
mencing high-dose CoT therapy. Subsequently, other authors 
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have noted similar problems of hyperkalemia in elderly, non– 
HIV-infected patients who have been treated with lower rou-
tine doses of CoT (Canaday and Johnson, 1994; Modest et 
al., 1994; Pennypacker et al., 1994; Marinella, 1999; Mori et 
al., 2003). Alappan et al. (1996) prospectively monitored the 
impact of standard-dose CoT therapy on serum potassium 
levels in hospitalized patients in a community-based teach-
ing hospital. A peak serum potassium level > 5.0 mmol/l 
developed in 62.5% of patients treated with standard-dose 
CoT for various infections; in 21.2% of patients severe hyper-
kalemia (> 5.5 mmol/l) developed. Recent evidence suggests 
that high-dose outpatient CoT therapy is also independently 
associated with acute renal failure and hyperkalemia, com-
pared with standard-dose therapy (Gentry and Nguyen, 
2013). Hyperkalemia was more likely in those patients with 
pre-existing renal dysfunction. Recent studies in normal 
human subjects have shown that TMP in conventional doses 
increases plasma potassium and decreases serum uric acid 
concentrations (Don, 2001). A 20% incidence of hyperkale-
mia and a 6% incidence of serious hyperkalemia were noted 
in burn patients treated with CoT (Ackerman et al., 2013). 

Deterioration in renal function in association with CoT 
therapy has been noted in several renal transplant recipients 
(Kalowski et al., 1973; Smith et al., 1980; Garvey et al., 2009). 
Garvey et al. (2009) demonstrated that although rare, biopsy- 
proven acute interstitial nephritis presumed secondary to CoT 
therapy occurred in 10% of cases of allograft dysfunction 
within the first month of transplantation. Ringdén et al. (1984) 
reported that increases in serum creatinine values during 
treatment with CoT in renal transplant recipients occurred 
in 30 of 41 (73%) of those receiving cyclosporine compared 
with 6 of 46 (13%) receiving azathioprine. They noted less 
common nephrotoxicity in association with CoT treatment 
of bone marrow recipients receiving cyclosporine. Nyberg et 
al. (1984) also described rises in serum creatinine values of 
renal transplant patients on cyclosporine treatment given 
TMP alone. They found a similar effect of TMP when these 
patients were treated with azathioprine. The situation is fur-
ther confused by the finding that TMP seems to be able to 
cause a temporary rise in the serum creatinine level without 
affecting the glomerular filtration rate (see earlier). This may 
be caused by competitive inhibition of tubular secretion of 
creatinine and should not be misinterpreted as deterioration 
in renal function (Sandberg and Trollfors, 1986). 

It seems, therefore, that CoT can cause renal damage, but 
this is infrequent and appears to be more common in patients 
with pre-existing renal disease and in those in whom inappro-
priately high doses of CoT are used. CoT should therefore be 
used cautiously in patients with significant renal failure.

6e.  Hepatotoxicity

Hepatotoxicity is an uncommon complication of CoT (Law-
son and Paice, 1982; Lindgren and Olsson, 1994), especially 
in children (Abdulhamid and Lehr, 2014; Bell et al., 2010), 
and it is probably caused by the sulfonamide component 
(Mainra and Card, 2003). Reviews of randomized controlled 

trials of CoT therapy for PCP (predominately in Caucasian 
recipients) suggest that the incidence of hepatotoxicity is less 
than 10% (Hughes et al., 1995; Klein et al., 1992; Sattler et al., 
1988; Stevens et al., 1991). Despite its rarity, it was the third 
most common cause of drug-related liver injury reported to 
the Swedish Adverse Drug Reaction Committee—although 
the case fatality rate appears to be significantly lower than with 
some other drug classes (Björnsson et al., 2005). Jaundice, 
although occasionally severe (Hanses et al., 2009), is usually 
mild and cholestatic in type (Stevenson et al., 1978; Nair et 
al., 1980; Kowdley et al., 1992). In one patient, rechallenge 
with CoT caused recurrence of jaundice, which rapidly dis-
appeared when the drug was stopped (Frisch, 1973). Kowdley 
et al. (1992) reported two patients in whom the cholestasis 
lasted between 1 and 2 years. De Vito (1982) described tran-
sient elevation of serum alkaline phosphatase values in two 
young children, which may have been related to CoT treat-
ment. Hepatic necrosis in an 80-year-old man (Colucci and 
Cicero, 1975) as well as fulminant hepatic failure and hemor-
rhagic pancreatitis (Alberti-Flor et al., 1989) has also been 
attributed to CoT. Cases continue to be reported occasionally 
(Ilario et al., 2000; Abusin and Johnson, 2008). In a multi center 
study of Taiwanese HIV patients with PCP, CoT therapy was 
associated with hepatotoxicity in 16.4% of patients. This was 
apparently reduced by co-administration of increased doses 
of fluconazole, possibly because of a drug–drug interaction 
between CoT and fluconazole (Yang et al., 2014). In a similar 
HIV group, CoT administration with nevirapine was also 
associated with increased risk of hepatotoxicity (Tseng et al., 
2014).

6f.  Central nervous system effects, 
including aseptic meningitis and 
encephalitis

A number of central nervous system (CNS) adverse effects 
such as headache, nervousness, tremors, lightheadedness, 
insomnia, and drowsiness have been reported. Aseptic men-
ingitis associated with both CoT and TMP administration 
was first reported by Kremer et al. (1983) and has subsequently 
been described by numerous other authors (Haas, 1984; Biosca 
et al., 1986; Streiffer and Hudson, 1986; Joffe et al., 1989; Tunkel 
and Starr, 1990; Harrison et al., 1994; Pashankar et al., 1995; 
Muller et al., 2001; Redman et al., 2002; Therrien, 2004; 
Wambulwa et al., 2005; Bruner et al., 2014; Mathana senarajah 
and Hoi, 2015). CoT is the most common antibacterial asso-
ciated with this adverse reaction (Jolles et al., 2000). Other 
serious neurologic complications, such as psychosis, seizures, 
and coma, have been reported occasionally (Theodorou et al. 
1995; Hsiao et al., 2013; Lee et al., 2012; Walker et al., 2011). 
Although rare at standard dosing, CNS-related side effects 
are more frequently observed with the high therapeutic doses 
of CoT employed for PCP. 

Joffe et al. (1989) described three patients with probable 
CoT-related meningitis and reviewed the recent literature. 
Capra et al. (2000) did the same in 2000. Harrison et al. (1994) 
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described an HIV-infected adult who developed aseptic men-
ingitis after both the CoT combination and TMP alone. In 
this case, and the others reviewed by the authors, all patients 
had a similar abrupt onset of symptoms and prompt resolu-
tion with cessation of therapy. Encephalitis due to TMP alone 
has also been reported (Hedlund et al., 1990). The mecha-
nism of the aseptic meningitis is uncertain, although previ-
ously most authors had favored a hypersensitivity reaction. A 
recent discovery by Haruki et al. (2013) suggests that sulfon-
amides inhibit tetrahydrobiopterin biosynthesis, a co-factor 
of aromatic hydroxylases involved in dopamine and serotonin 
production pathways. Crystal structures demonstrated SMX 
binding to the relevant enzyme, with in vitro studies demon-
strating inhibiting of neurotransmitter biosynthesis (i.e. cate-
cholamines), potentially explaining the nonaseptic meningitis 
CNS-related side effects (Haruki et al., 2013). 

6g.  Pneumonitis

Pneumonitis has been rarely associated with both CoT (Hold-
croft and Ellison, 1991; Kelly et al., 1992) and TMP alone 
(Higgins and Niklasson, 1990) but probably represents a 
hypersensitivity reaction. In AIDS patients, this may mimic 
PJP (Holdcroft and Ellison, 1991; Kelly et al., 1992). Kelly et 
al. (1992) described three HIV-infected patients who devel-
oped pneumonitis and shock after treatment and rechallenge 
with CoT, and they reviewed the literature regarding this rare 
side effect. Oshitani et al. (1998) have described the same 
phenomenon in a patient with refractory ulcerative colitis 
being treated for PCP. Acute fibrinous organizing pneumo-
nia has also been reported after CoT therapy (Jamous et al., 
2014).

6h.  Miscellaneous side effects

Various other rare reactions have occurred during CoT  
therapy. These include acute rheumatoid arthritis, anaphylaxis, 
angioneurotic edema, glossitis, parotitis, severe vasculitis, hypo-
glycemia, leg paresthesiae, hallucinations, myopia, tremor, ver-
tigo, visual disturbances, headache, depression, and psychosis 
(Hanley, 1969; Frisch, 1973; Borucki et al., 1988; Schattner et al., 
1988; McCue and Zandt, 1991; Johnson et al., 1993; Lewis, 
1995; Sternbach and State, 1997; Slavik et al., 1998; Saidinejad 
et al., 2005; Geber et al., 2013; Kamath et al., 2012; Nunnari 
et al., 2010; Patel and Scheiner, 2011). Polyneuropathy asso-
ciated with CoT therapy has been described in one patient 
(Grossman et al., 1977), but this may have been a complica-
tion of cardiac surgery performed on the patient (Vincent, 
1977). The significance of these anecdotal reports is not clear. 
One study showed that CoT given in standard doses could 
lower thyroid hormone levels, but in another there were no 
clinically significant changes in these hormone levels in 
patients taking continuous low-dose CoT for more than a 
year. CoT may cause hyperphenylalaninemia, but the clinical 
significance of this is not known (Leeming, 1980). There 
seems to be a sufficient number of reports about rhabdomy-
olysis related to CoT use in HIV-positive patients to suggest 

that there is a link with this rare adverse reaction (Singer et 
al., 1998; Jen and Sharma, 2011). TMP has also been reported 
to elevate plasma levels of homocysteine, theoretically increas-
ing thrombotic risk (Smulders et al., 1998), although there 
have been no clinical reports of thrombosis. When used in 
low doses as prophylaxis against Pneumocystis pneumonia 
in HIV-infected individuals, homocysteine levels are not ele-
vated (Smulders et al., 2001).

6i.  Immunosuppressive effect

CoT inhibits DNA synthesis in lymphocytes cultured in the 
presence of phytohemagglutinin. This effect occurs with both 
TMP and SMX separately, but it is more pronounced with 
the drug combination (Gaylarde and Sarkany, 1972). Arvilommi 
et al. (1972) demonstrated that CoT partially suppresses 
antibody response after tetanus vaccination. TMP and SMX, 
individually as well as in combination, inhibit chemilumi-
nescence of human polymorphs in response to phagocytosis 
(Siegel and Remington, 1982). Somewhat contradictory results 
were reported by Oleske et al. (1983). They found that CoT 
and its separate components caused some enhancement in 
chemotaxis and chemiluminescence of normal polymorphs 
and that this effect was more marked with cells from patients 
with leukocyte chemotaxis and chemiluminescence defects. 
These observations suggest that CoT may have some immu-
nosuppressive effects, and reports of a possible role for CoT 
in the treatment of granulomatosis with polyangiitis add 
interest to this concept. Neutrophil phagocytosis, random 
migration, and chemotaxis are not affected by TMP and 
SMX, individually or in combination (Anderson et al., 1980). 
Overall, however, the clinical relevance of these observations 
is unclear.

6j.  Safety in pregnancy

Large doses of TMP are teratogenic in animals. This is to be 
expected because TMP is a folic acid antagonist. The drug 
has been used in a small number of patients during the first 
16 weeks of pregnancy without encountering any fetal mal-
formations. However, folate levels are often marginal in preg-
nant women. A recent study by Yang et al. (2011) found that 
CoT, among other FDA class C and D drugs, had the stron-
gest associations with preterm birth and low birth weight. 
For this reason, it has in the past been recommended that the 
use of CoT or TMP be avoided when possible during preg-
nancy, particularly during the first trimester. The advent of 
HIV infection and AIDS in developing countries, however, 
has changed this perspective, primarily because of the low 
cost and efficacy of CoT in prevent Pneumocystis pneumonia 
in that setting, in which the benefits are perceived to out-
weigh the risks (Ahmad et al., 2001). Forna et al. (2006) con-
ducted a systematic review of the evidence and concluded 
that there was no evidence of hyperbilirubinemia in neonates 
of mothers given CoT prophylaxis, and that the evidence  
for teratogenicity (oral clefts, neural tube defects, and cardio-
vascular and urinary abnormalities) was mixed. A systematic 
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review and meta-analysis by Ford et al. (2014) demonstrated 
that among the 24 assessed studies, the pooled prevalence of 
congenital defects was 3.5% (95% CI: 1.8–5.1%), being high-
est if CoT was used in first trimester; yet this rate was not 
statistically higher than in the general population. However, 
the use of CoT in pregnant HIV-positive women has been 
associated with reduction in preterm labor and neonatal 
mortality. Thus the WHO recommends CoT use in preg-
nancy if the usual indications for its use are present (Walter 
et al., 2006). 

7. CLINICAL USES OF THE DRUGS

7a.  Urinary tract infections

COTRIMOXAZOLE

CoT continues to be recommended for UTIs, although in 
many parts of the world it has been demoted from first-line 
treatment in favor of other agents, including the fluoro-
quinolones (Warren et al., 1999; Naber, 2000; Mehnert-Kay, 
2005; Ramakrishnan and Scheid, 2005; Nicolle et al., 2006; 
Norris and Young, 2008; Stuck et al., 2012). However, in a 
recent Cochrane review, CoT was found to be equivalent to 
fluoroquinolones at achieving symptomatic cure in uncom-
plicated female UTIs (Zalmanovici Trestioreanu et al., 2010). 
In other observational studies, CoT was noted to be inferior 
to fluoroquinolones for a range of UTI phenotypes (Lee et 
al., 2014). 

Before the increase in resistance to CoT among key uri-
nary pathogens, CoT was effective and superior to either a 
sulfadimidine or an ampicillin regimen (Reeves et al., 1969), 
and in other trials it has produced higher cure rates than 
cephalexin (Gower and Tasker, 1976) and nitrofurantoin 
(Lövestad et al., 1976). CoT was equally effective as nalidixic 
acid for the treatment of uncomplicated acute UTIs caused 
by Enterobacteriaceae in young women (Iravani et al., 1981a). 
CoT is active against S. saprophyticus, which, after E. coli, is 
the second most common cause of UTI in sexually active 
young women (Latham et al., 1983; Gangcuangco et al., 
2015). In this respect, CoT has an advantage over nalidixic 
acid, which does not inhibit this organism. CoT, 2 standard 
tablets every 12 hours for 10 days, was compared with nali-
dixic acid, 1 g every 6 hours for 7 days, in acute infections in 
young women; cure rates were the same for both regimens. 
Neither regimen was associated with the emergence of resis-
tant bacterial mutants in the urine (Iravani et al., 1981a). A 
7-day regimen of CoT is superior to high-dose amoxicillin–
clavulanic acid in a single dose for the treatment of uncom-
plicated UTI in women (Masterton and Bochsler, 1995). 
However, a 3-day regimen of CoT is more effective than 
3-day regimens of cefadroxil, amoxicillin, or nitrofurantoin 
for the treatment of such infections in women (Hooton et al., 
1995). CoT may, however, be inferior to the fluoroquinolones 
in the treatment of symptomatic complicated UTIs (Nicolle 
et al., 1994). Warren et al. (1999) reviewed the extensive 
 literature on CoT and other antibacterial agents in acute 

uncomplicated cystitis and acute pyelonephritis. They con-
cluded that 3 days of CoT in a standard dose twice daily was 
adequate and that the bulk of evidence suggested that TMP 
and ofloxacin were equivalent in efficacy in 3-day therapy. It 
is important to note that CoT was less effective when given as 
single-dose therapy for cystitis with lower rates of eradica-
tion, but 3 days was equivalent to 7 or more days. Although 
treatment duration for uncomplicated male UTIs remains a 
source of debate, Drekonja et al. (2013) demonstrated from a 
cohort of male US veterans (in which 26.8% were treated 
with CoT) that shorter treatment duration (< 7 days) was 
noninferior to longer treatment (> 7 days) in terms of recur-
rence rates. 

Because the majority of adverse reactions to CoT are 
believed to be attributable to the SMX component, a number 
of guidelines recommend the use of TMP alone rather than 
the CoT combination for uncomplicated UTI. The long 
period between the introduction of sulfonamides into clini-
cal practice and the appearance of the CoT combination 
meant that for many years, urinary tract pathogens suscepti-
ble to CoT could be assumed to be susceptible to TMP alone 
(Turnidge, 1988). With increasing use of TMP alone for UTI, 
this is now less likely, and if TMP is a standard recommen-
dation for treatment of uncomplicated UTI, then the local 
prevalence of resistance to TMP alone should be known. 
Susceptibility test results and resistance prevalence should 
not be extrapolated from those for CoT. TMP dosage recom-
mendations when used alone do vary and are partly driven 
by the local availability of dosage strengths. For instance, in 
Australia the normal dose for uncomplicated UTI is 300 mg 
once daily (Antibiotic Expert Group, 2014), whereas in the 
USA it is more frequently 100–200 mg every 12 hours 
(Gilbert et al., 2008). The former dosage regimen is designed 
to approximate the total daily dosage of TMP if administered 
in CoT at conventional doses (i.e. 320 mg per day).

Resistance to CoT and TMP is now common among the 
major urinary pathogens, especially E. coli (see section 2b, 
Emerging resistance and cross-resistance) (Grüneberg, 1990; 
Stamm et al., 1991; Gupta et al., 2001). Such resistance in the 
UK has been found to be associated with both increased 
antibiotic costs and increased total costs (Alam et al., 2009). 
The risk of CoT resistance is higher in patients with previous 
UTIs, especially with increased number of UTIs (Gang-
cuangco et al., 2015). CoT exposure also appears to be a 
driver of fluoroquinolone-resistant Gram-negative UTIs in 
the healthcare setting (Rattanaumpawan et al., 2010). Stamm 
et al. (1991) noted a 19% incidence of CoT resistance among 
isolates collected from women with recurrent UTIs in 1983–
1984 compared with 5% in 1977–1978. Tungsanga et al. (1988) 
noted a 29% rate of CoT resistance among E. coli isolates in a 
double-blind trial comparing CoT with norfloxacin for the 
treatment of upper UTIs. This resistance was reflected in a 
significantly higher bacteriologic cure rate and higher (but 
not statistically significant) clinical cure rate for norfloxacin. 
This was one of the early clues to the importance of resis-
tance to CoT in the outcomes of treatment. Resistance rates 
among E. coli from UTIs in the USA and other developed 
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countries were previously as high as 25%, and even higher 
rates are now noted in many developing countries (see Table 
92.3). Abu-Taha and Sweileh (2011) noted a 37% resistance 
rate and Araujo et al. (2011) a 39.8% equivalent rate in com-
munity E. coli urinary isolates. Similarly, a 24% CoT resis-
tance rate was reported in a population-based study of 
bacteremia complicating UTIs (Al-Hasan et al., 2010). In a 
prospective cohort of women with acute cystitis, 41.3% of  
E. coli isolates were resistant to CoT (Gangcuangco et al., 
2015). The CoT resistance rates appear higher in E. coli than 
non–E.coli urinary isolates (Araujo et al., 2011).

Significant increases in failure to eradicate the bacterial 
pathogen from the urinary tract have been noted in a num-
ber of studies (Masterton and Bochsler, 1995; McCarty et al., 
1999; Raz et al., 2002; Abrahamian et al., 2011), supporting 
the proposal by the Infectious Diseases Society of America 
that CoT should no longer be considered first-line therapy 
for uncomplicated UTI when resistance rates rise above 20%, 
based on a decision-tree model (Warren et al., 1999; Le and 
Miller, 2001). Three studies of resistance to and outcomes of 
uncomplicated UTIs in general practice have provided con-
vincing evidence that resistance to TMP when it is used for 
treatment results in longer time to resolution, reduced qual-
ity of life, greater number of reconsultations, more frequent 
subsequent antibiotic treatment, and higher rates of signifi-
cant bacteriuria 1 month after treatment (Butler et al., 2006; 
McNulty et al., 2006; Abrahamian et al., 2011).

Despite these concerns, when local resistance rates to CoT 
and TMP are low or the urinary pathogen is known to be 
susceptible, these agents may be quite appropriate for the 
treatment of UTIs. For susceptible strains, single-dose treat-
ment with CoT is effective for uncomplicated UTIs in women 
(Buckwold et al., 1982; Counts et al., 1982; Souney and Polk, 
1982; Tolkoff-Rubin et al., 1982b; Fihn et al., 1988). Single-
dose regimens vary from 2 to 6 standard tablets, but usually 
at least 4 tablets are recommended. This treatment results in 
fewer side effects than conventional therapy and is more 
effective than single-dose treatment with ampicillin, amoxi-
cillin, or cyclacillin (Souney and Polk, 1982; Gossius and 
Vorland, 1984; Hooton et al., 1985; Fihn et al., 1988). The 
efficacy of a single dose (4 tablets) and a 10-day course of 
CoT was studied in 77 women with cystitis; cure rates were 
not significantly different, but the 10-day course eliminated 
enteric bacilli from urethral and vaginal sites more often. In 
addition, perineal colonization in the 2 weeks after treatment 
was observed more commonly in women who developed 
recurrent infections, which were more common during these 
2 weeks in women who had received single-dose therapy 
than in those who had received 10 days of treatment. There 
were more side effects with the longer treatment regimen 
(Counts et al., 1982). These results were confirmed by Fihn et 
al. (1988), who found that 10 days of treatment resulted in a 
superior cure rate after 2 weeks compared with that achieved 
with single-dose therapy, but at the expense of a significantly 
higher rate of adverse effects (25% vs. 12%, respectively; p = 
0.009). Factors independently associated with lower cure 
rates were a history of UTI within the previous 6 weeks and 

the presence of > 105 bacteria per milliliter in initial mid-
stream urine culture. After controlling for these factors, the 
risk of failure after single-dose treatment was not statistically 
significantly different from 10 days of treatment at 6 weeks  
(p = 0.21). Similarly, Norrby (1990), who reviewed the litera-
ture regarding short-term therapy of uncomplicated lower 
UTIs in females, concluded that although single-dose treat-
ment eradicated bacteriuria less efficiently than treatment for 
3 or more days, the difference was less pronounced with CoT 
than with beta-lactams. Trienekens et al. (1989), meanwhile, 
noted no difference in outcome between treatment with CoT 
for 3 or 7 days in acute UTIs in nonpregnant females, and 
Stamm et al. (1987) found a 2-week treatment regimen to  
be equally as effective as a 6-week regimen in women with 
pyelonephritis.

UTIs in women acquired after short-term catheterization 
often become symptomatic and should be treated. Single-
dose therapy appears to be as effective as 10 days’ therapy in 
this situation, particularly in women younger than 65 years 
(Harding et al., 1991). Men with recurrent UTIs are best 
treated with 6–12 weeks of CoT rather than 1–2 weeks of 
similar dosage (Smith et al., 1979; Gleckman et al., 1982), 
and the presence of prostatitis should be specifically consid-
ered and investigated because its presence is likely to alter 
treatment.

CoT treatment has also been successful in a high propor-
tion of patients with chronic and recurrent UTIs (Nanra et 
al., 1971; Stratford and Dixson, 1971; Bosmans et al., 2014). 
Stamm et al. (1991), who studied the natural history of UTIs 
in 51 infection-prone women in a standardized fashion for a 
median of 9 years, noted that antibiotic prophylaxis was 
highly effective in preventing acute cystitis, asymptomatic 
bacteriuria, and acute pyelonephritis, even when used for as 
long as 5 years. Prophylaxis generally had no long-term 
impact on the natural history of infection, however, with the 
rates of infection after cessation of antibiotics usually return-
ing to the baseline level observed before prophylaxis. TMP 
(100 mg daily), CoT (half a tablet daily), and nitrofurantoin 
(100 mg daily) were equally effective as prophylactic agents. 
Similarly, Nicolle et al. (1988) found the continuous use of 
CoT for 5 years to be effective in the prevention of recurrent 
UTIs. Postcoital CoT prophylaxis (half a tablet) also appears 
very useful in infection-prone young women with a history 
of frequent (two or more annually) UTIs, particularly when 
they appear to be temporally related to sexual intercourse 
(Stapleton et al., 1990). Beerepoot et al. (2014) demonstrated 
in a randomized double-blind noninferiority trial of pre-
menopausal women with recurrent UTIs that CoT (1 double- 
strength tablet daily) was more effective than cranberry capsules 
(500 mg twice daily) at preventing infections, with a signifi-
cant impact, however, on E. coli in regard to CoT resistance 
rates (90.5% vs. 28.1% after 1 month of therapy) (Bosmans et 
al., 2014).

Historically, CoT has been used successfully in a lower 
dosage (1 standard tablet every one or two nights) for pro-
longed treatment of patients with chronic bacteriuria (Cattell 
et al., 1971; Kincaid-Smith et al., 1973; O’Grady et al., 1973; 
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Chinn et al., 1976). A dose of 40 mg of TMP plus 200 mg of 
SMX three times weekly at bedtime was also effective pro-
phylaxis of recurrent UTIs in women (Harding et al., 1979; 
Harding et al., 1982; Nicolle et al., 1988). CoT has compared 
favorably with other chemotherapeutic agents, such as meth-
enamine mandelate (see Chapter 98, Mandelate and meth-
enamine hippurate) and SMX (Harding and Ronald, 1974). 
Low-dose CoT (1 single-strength tablet daily) was more 
effective than methenamine hippurate (Kalowski et al., 1975) 
and nitrofurantoin (see Chapter 98, Methenamine mande-
late and methenamine hippurate) (Stamey et al., 1977) and 
has similar efficacy to TMP (100 mg) alone (Stamm et al., 
1980; Stamm et al., 1991). Among patients with recent spinal 
cord injury undergoing bladder retraining using intermittent 
catheterization, daily low-dose CoT (40/200 mg) is superior 
to placebo in reducing bacteriuria and symptomatic UTI. 
However, CoT-associated adverse effects are relatively com-
mon in this population (Gribble and Puterman, 1993). In 
renal transplant recipients, CoT has been used to prevent 
UTIs (Tolkoff-Rubin et al., 1982a), but the possibility of renal 
toxicity due to CoT and hematological side effects must be 
considered in such patients (see section 6, Toxicity).

The superiority of CoT in the prevention of recurrent uri-
nary infections in females without underlying genitourinary 
diseases has been attributed to its effect of reducing Entero-
bacteriaceae, which colonize the periurethral or vaginal ves-
tibule area and are responsible for reinfections (Harding and 
Ronald, 1974; Stamey and Condy, 1975; Stamey et al., 1977). 
This was thought to be related to the high concentrations of 
TMP attained in vaginal fluid. The importance of periure-
thral colonization in recurrent UTI is controversial (Counts 
et al., 1982; Stapleton et al., 1990). In the study by Stamm et 
al. (1980) in which nitrofurantoin, TMP, and CoT were com-
pared, both CoT and TMP eliminated E. coli from rectal, 
urethral, and vaginal cultures, but nitrofurantoin did not 
affect rectal carriage and did not reduce the urethral and vag-
inal carriage of E. coli to the same extent as the other two 
regimens. Nevertheless, all three drug regimens were equally 
effective, so that the presence of an active drug in the urine 
may be as important as prevention of periurethral coloniza-
tion. These data are further supported by the efficacy of post-
coital antibiotic prophylaxis, which is known to have only a 
limited effect on E. coli colonization of these sites and presum-
ably acts by eradicating any transient bacteriuria that may 
occur after intercourse in some women (Stapleton et al., 1990).

Acute uncomplicated UTIs in children usually respond 
well to CoT (Böse et al., 1974). However, in a cohort of Italian 
children the resistance rate to CoT among urinary E. coli iso-
lates was as high as 22% (Caracciolo et al., 2011); in Taiwan 
the rate was 47% in one study (Chen et al., 2014). Unlike in 
adults, single-dose antibiotic therapy is not appropriate for 
children with acute UTIs. In a study of 132 children with 
acute UTI who were randomized to receive CoT in one dose, 
two doses daily for 3 days, or two doses daily for 7 days, a 
significant difference in recurrence rate was noted between the 
single-dose (21%) and the 3-day (6%) and 7-day (8%) regimens 
(Madrigal et al., 1988). For the prevention of reinfections in 

children, Stansfeld (1975) showed that a 6-month course was 
not superior to a 2-week course of CoT. In a controlled trial, 
Ellerstein et al. (1977) found that the results of treatment of 
acute UTIs in children with ampicillin or CoT were similar. 
In a reduced dosage, CoT is also valuable for long-term sup-
pressive therapy in children with chronic or recurrent UTIs 
(Hobday, 1971; Lirenman and Arnold, 1973). A dose of 2 mg 
of TMP combined with 10 mg of SMX per kilogram of body 
weight daily has proved effective for this purpose in early 
studies (Smellie et al., 1976; Smellie et al., 1978; Smellie et al., 
1982). These authors noted that during such prophylaxis 
the number of rectal coliform bacilli was greatly and rapidly 
reduced, but at least 70% of surviving coliform organisms 
remained sensitive to the two components of CoT. When CoT 
prophylaxis was stopped, rectal organisms rapidly returned 
to normal, and they were again all sensitive to TMP and SMX 
(Grüneberg et al., 1975). The duration of CoT prophylaxis 
(for periods of up to 9 years) had no effect on the frequency 
of TMP-resistant strains of coliform bacteria in the feces of 
these children. Such long-term treatment also had no effects 
on renal or hematological function or somatic growth (Smellie 
et al., 1982). 

Antibiotic prophylaxis is commonly employed in children 
with vesicoureteral reflux (de Bessa et al., 2015; Hoberman et 
al., 2014; Mathews and Mattoo, 2015; Williams and Craig, 
2011). A study involving 30 children with nonobstructive 
vesicoureteric reflux treated with long-term (mean, 17 months) 
daily CoT or nitrofurantoin showed that both drugs were 
effective in preventing recurrent infection (Holland et al., 
1982). A recent randomized controlled trial highlighted that 
the rate of recurrent UTIs in children with vesicoureteral 
reflux (2–17 months of age) in the USA was lower in those 
who received CoT prophylaxis rather than placebo (13% vs. 
24%, respectively) (Hoberman et al., 2014). In Australian 
children with recurrent UTIs, a randomized controlled trial 
of low-dose CoT compared with placebo demonstrated a 
reduction in UTI incidence with CoT at 1-year followup 
(13% vs. 19%, p = 0.02) (Craig et al., 2009). 

In patients with spinal cord injury, there are inconsistent 
data supporting CoT prophylaxis (Gribble and Puterman, 
1993; Sandock et al., 1995); therefore its use should be 
decided on a case-by-case basis. Similarly, CoT for 14 days 
has been used after complicated urological procedures but was 
associated with an increased adverse event rate (p = 0.04) 
(Viers et al., 2014).

TRIMETHOPRIM ALONE

When CoT was first released, the use of TMP as a single drug 
was not advocated. It was thought that without the protective 
effect of sulfonamides, the use of TMP alone would result 
in  an increase in TMP-resistant strains, and that synergy 
between the component drugs was essential for therapeutic 
success. There is little evidence that the use of TMP alone has 
resulted in an increase in the incidence of TMP-resistant 
organisms. Moreover, although the combination of TMP  
and SMX suppresses the appearance of resistant mutants in 
vitro, such studies may not be applicable to events in vivo. 
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TMP-resistant mutants selected in this way are often dif-
ferent from those that are isolated from clinical material. 
Because a high proportion of bacteria are sulfonamide resis-
tant, treatment with CoT has, in fact, been equivalent to 
treatment with TMP alone in many instances. CoT does not 
usually produce synergistic inhibition of organisms highly 
resistant to sulfonamides. It is also doubtful that synergy is a 
requirement for therapeutic efficacy in many infections, such 
as those of the urinary tract. The concentrations of TMP 
reached in the body are sufficient to inhibit most pathogens. 
For these reasons, TMP has been used more widely as a sin-
gle drug in recent years, with good therapeutic effect and 
fewer side effects than CoT.

Early studies using CoT showed that it was superior to 
SMX alone for the treatment of these infections (Grüneberg 
and Kolbe, 1969; Harding and Ronald, 1973; Knudsen et al., 
1973). This occurred because many of the bacteria involved 
were resistant to sulfonamides. TMP alone has been as effec-
tive as CoT for the treatment of UTIs (Brumfitt and Pursell, 
1972; Lacey et al., 1980; Kasanen and Sundquist, 1982; Keenan 
et al., 1983; Fihn et al., 1988). Adult dosage regimens of 200–
300 mg daily for 5 days have been effective. The Trimethoprim 
Study Group (1981) demonstrated that cure rates were the 
same for 7-day regimens of TMP in doses of 50, 100, or 200 
mg twice daily or of CoT in a dose of 2 standard tablets twice 
daily. Asscher and Mackenzie (1982) found that 7-day courses 
of TMP in doses of 300 mg once daily or 200 mg twice daily 
were equally effective in the treatment of acute urinary infec-
tions. Ahlmén and Brorson (1982) gave a single daily dose of 
300 mg of TMP for 3 consecutive days; urinary concentra-
tions of the drug were in excess of the MICs for most urinary 
pathogens for up to 5 days after the start of oral treatment.

The efficacy of TMP alone has been compared with that of 
other drugs for the treatment of acute UTIs in women. Iravani 
et al. (1981a) compared TMP, 400 mg daily for 14 days, and 
TMP, 200 mg daily for 10 days, with sulfisoxazole, 2 g daily 
for 10 or 14 days. Results of treatment and rates of recurrence 
were not significantly different between these drugs, but the 
higher dose of TMP was associated with a maculopapular 
rash in 24% of recipients. TMP (300 mg once daily for 7 days 
or 200 mg once daily for 10 days) was equally as effective as 
nitrofurantoin (100 mg four times daily for 10 days) (Iravani 
et al., 1982). In the treatment of acute UTIs, Kasanen and 
Sundquist (1982) reported that TMP alone is more effective 
than cephalexin. Guerrant et al. (1981) studied patients who 
had had recurrent UTIs and who were given either CoT 
(TMP 160 mg/SMX 800 mg) daily or TMP (200 or 100 mg 
twice daily) for 4 weeks. All regimens left anaerobes intact 
and reduced the total aerobic coliform fecal flora. Resistant 
Enterobacteriaceae did not emerge in the urinary or gastro-
intestinal tract; there was a slight increase in TMP-resistant 
organisms of the Pseudomonas and Acinetobacter spp. in 
patients receiving TMP, 200 mg twice daily, compared with 
those receiving CoT.

The manufacturers recommend the following TMP regi-
mens for UTIs: children > 6 years of age, half a tablet (150 
mg), and adults, 1 tablet (300 mg), both given once daily for 

7 days. For acute UTIs, the Australian Guidelines (Antibiotic 
Expert Group, 2014) recommend the use of TMP, 300 mg 
daily for 3 days, in nonpregnant women; 300 mg daily for 
10–14 days in men; and 6 mg/kg (maximum 300 mg) daily 
for 7–10 days in children. In children with acute UTI, a 
10-day course of TMP alone was equally efficacious as CoT 
and achieved a higher cure rate than either SMX or ampicil-
lin alone (Rajkumar et al., 1988–1989). Nolan et al. (1989) 
found that for uncomplicated UTIs in children, a single dose 
of TMP resulted in a cure rate at 48 hours similar to that 
achieved with a conventional 7-day course of CoT. However, 
similar to other short-course antibiotic regimens in children, 
there was an unacceptably high recurrence rate at followup 
after 10 days.

Long-term low-dose TMP prophylaxis has been effective 
in adult patients with recurrent UTIs (Brumfitt et al., 1985b; 
Kasanen et al., 1974; Iwarson and Lidin-Janson, 1979; Svens-
son et al., 1982; Stamm et al., 1991). A daily dose of 100 mg 
of TMP given at night has been effective and associated with 
few side effects. In a comparative trial, TMP was superior 
to methenamine hippurate and nitrofurantoin in preventing 
recurrences (Kasanen et al., 1982). By contrast, Brumfitt et 
al. (1985b) found nitrofurantoin to be superior to TMP alone 
in preventing recurrent UTI and associated with lower rates 
of resistance selection in fecal flora. Smellie et al. (1982) used 
long-term TMP effectively for prophylaxis in children with 
recurrent UTIs. A dose of 2 mg of TMP per kilogram of body 
weight per day was used for a mean period of 7.9 months per 
child. The effect of TMP prophylaxis on the bowel flora was 
similar to that of CoT prophylaxis. Organisms resistant to 
TMP were found in 16% of rectal swabs from children receiv-
ing TMP prophylaxis.

7b.  Prostatitis

Because TMP diffuses well into prostatic tissue, it theoreti-
cally should be beneficial in chronic bacterial prostatitis. 
Disappointingly, treatment of this infection with CoT has 
been previously successful in only 30% of patients, despite 
adequate dosage for periods as long as 12–16 weeks. Factors 
such as alterations in the prostatic secretory function, which 
could alter the passage of antibiotics into prostatic fluid, and 
the presence of prostatic calculi in chronic prostatitis may 
militate against success with CoT treatment (Meares, 1982). 
A recent Cochrane review suggested that there remained no 
conclusive evidence regarding the effective use of nonfluoro-
quinolone antibiotics in the treatment of chronic bacterial 
prostatitis (Perletti et al., 2013). Nevertheless, CoT is effec-
tive in preventing bacteriuria after prostatectomy (Hills et 
al., 1976). Bannister et al. (1981) demonstrated that a 3-day 
course of either CoT or pivmecillinam was also effective for 
this purpose. Yang et al. (2009) recently performed a meta- 
analysis of antibiotic prophylaxis prior to transrectal prostate 
biopsy, concluding that CoT, along with several other agents, 
reduced bacteriuria postbiopsy in patients with preopera- 
tive sterile urine. However, the generally superior efficacy  
of  fluoroquinolones for prostatic infections has meant that 
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fluoroquinolones have essentially usurped the role of CoT 
and TMP in the treatment of prostatitis (Naber, 2008) (see 
Chapter 101, Ciprofloxacin).

7c.  Serious infections caused by 
Gram-negative bacilli

Although CoT has been shown to be a useful combination for 
the treatment of septicemias due to many Gram-negative bacilli, 
it is infrequently used for these conditions except in specific cir-
cumstances. In most conventional circumstances of bacteremia 
and septicemia, CoT has been superseded by newer beta- 
lactams, aminoglycosides, and fluoroquinolones. Nevertheless, 
many early reports suggested good rates of clinical efficacy.

The parenteral preparation of CoT has been used success-
fully to treat septicemias due to E. coli, Y. enterocolitica, and 
Proteus, Klebsiella, and Enterobacter species (Noall et al., 1962; 
Cooper and Wald, 1964; Darrell et al., 1968; Franzén and 
Brandberg, 1976; Olćen and Eriksson, 1976; Cherchi et al., 
1995) and H. influenzae septicemia in 1 young patient (Franzén 
and Brandberg, 1976). Therapy has generally consisted of 
3–10 days of parenteral CoT, followed by oral CoT. Grose et 
al. (1977) achieved favorable results using oral CoT to treat 
oncology patients with infections, many of whom had previ-
ously not responded to beta-lactam or aminoglycoside ther-
apy. Schmidt et al. (1982) reported the use of i.v. CoT for the 
treatment of 22 adults with serious infections due to Gram-
negative bacteria. These included pneumonia, meningitis, 
pyelonephritis, deep-seated abscesses, and endocarditis. A 
dosage of 4–6 mg of TMP and 20–30-mg of SMX per kilo-
gram per day was used in 19 patients who could be evalu-
ated, of whom 12 were cured. Sattler and Remington (1983) 
described the successful i.v. use of CoT in 7 other patients 
with similar infections. Experience with a few infants sug-
gests that CoT is useful for the treatment and prevention of 
cholangitis after hepatic portoenterostomy for biliary atresia 
(Chaudhary and Turner, 1981). A combination of CoT and 
amikacin has been compared with ceftazidime monotherapy 
in the treatment of febrile neutropenia (Engervall et al., 1996). 
The regimens gave similar results, leading the authors to sug-
gest that in areas where Pseudomonas infections are uncom-
mon, CoT plus amikacin may be suitable empirical therapy 
in these types of patients. 

Stenotrophomonas maltophilia is being found with increas-
ing frequency as a cause of serious infection, especially in cancer 
patients (Safdar and Rolston, 2007). CoT has been considered 
the drug of choice of S. maltophilia infections for many years 
(Marshall et al., 1989). Dosing regimens of CoT similar to those 
used for Pneumocystis pneumonia are generally recommended 
(Safdar and Rolston, 2007; Abbott and Peleg, 2015).

Street and Durack (1988) reviewed the published experi-
ence of 62 patients with CoT in the treatment of infective 
endocarditis. Most cases were due to either Coxiella burnetti 
(19 cases) or Pseudomonas spp. (18 cases comprising 11 
Burkholderia cepacia infections, 4 S. maltophilia infections, 
2 P. aeruginosa infections, and 1 P. alcaligenes infection), with 
a variety of Gram-negative bacilli and other pathogens being 

responsible in the remaining cases. The other treatment reg-
imens for many patients had already failed at the time of 
commencing CoT. Sixty of the 62 patients were treated with 
oral CoT (often in combination with cardiac surgery) in 
doses ranging from 240–960 mg of CoT (TMP component) 
daily for a mean duration of 7 weeks. Success rates against  
C. burnetti, Pseudomonas spp., and other organisms were 58%, 
67%, and 60%, respectively. Surgery was performed in a higher 
proportion of patients with C. burnetti and pseudomonal 
endocarditis (54%) than in patients with endocarditis due 
to other organisms (28%). Of 21 patients treated with CoT 
alone, 11 (52%) were cured, although patients with B. cepacia 
infections were cured more often when CoT was combined 
with another drug (6 of 7 cured) than when it was used alone 
(1 of 4 cured; p > 0.05). Among pathogens for which serum 
bactericidal titers could be measured (i.e. organisms other 
than C. burnetti), a relationship between higher serum bacte-
ricidal titers and successful outcome was noted. The authors 
concluded that CoT has a clear role in the treatment of endo-
carditis secondary to B. cepacia and S. maltophilia. Conditions 
other than endocarditis have also been successfully treated 
with CoT. Darby (1976) reported a case of an infant girl with 
a meningomyelocele who developed B. cepacia meningitis; 
this had failed to respond to a variety of antibiotics and even-
tually responded to oral CoT. Dosing regimens using 15 mg/
kg of the TMP component at 6- to 8-hour intervals are pre-
ferred for B. cepacia infections. 

In vitro synergism between CoT and polymyxin (Rahal et 
al., 1973; Noriega et al., 1975) and between CoT and amino-
glycoside (Speller, 1973) against B. cepacia has been sug-
gested, and these combinations have been used clinically by 
a number of authors with mixed success. In vitro synergism 
between CoT and polymyxin B against S. maltophilia has 
also been reported (Yu et al., 1978). The in vitro synergistic 
effect of CoT and polymyxins against Gram-negative bacilli 
has been used to treat Serratia marcescens, another common 
nosocomial infection. Thomas et al. (1976) used a daily dose 
of 1600 mg of SMX and 320 mg of TMP orally combined 
with 100–300 mg of colistin methane sulfonate parenterally 
to obtain clinical improvement in four of six patients. Pos-
sible renal toxicity occurred in two. This combination should 
be used cautiously because both CoT and polymyxins can 
cause nephrotoxicity (see section 6d, Nephrotoxicity). In vitro 
synergy has also been demonstrated with colistin–CoT and 
colistin–TMP combinations against K. pneumoniae (Vidail lac 
et al., 2012) and CoT–levofloxacin or CoT–moxifloxacin in 
Stenotrophomonas maltophilia infections (Cho et al., 2015).

Limited experience has suggested that CoT may be effec-
tive in the treatment of some B. fragilis infections (Okubadejo, 
1974; Hanson and Woods, 1975; Franzén and Brandberg, 1976), 
but CoT is not regarded as one of the drugs of first choice for 
these infections, or for anaerobic infections generally.

7d.  Otitis media

Because of limited options, particularly in children, CoT is 
still widely used in the treatment of acute otitis media, despite 
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resistance now being prevalent in the two most common 
bacterial pathogens, S. pneumoniae and H. influenzae. For 
instance, in a Romanian study of children with otitis media, 
75% of S. pneumoniae isolates were resistant to CoT (Falup-
Pecurariu et al., 2013). However, most authorities no longer 
recommend its use (Antibiotic Expert Group, 2014; Gilbert et 
al., 2008). Reasons for this include the significant failure rates 
observed when resistance is prevalent (Leiberman et al., 2001). 
Nevertheless, in a beta-lactam–allergic patient, CoT may some-
times need to be used. Furthermore, the pediatric formulation 
of CoT is often better tolerated than beta-lactam formulations.

Early comparative trials indicated that CoT was as effec-
tive as ampicillin, amoxicillin, or cefaclor for the treatment of 
acute otitis media (Marchant and Shurin, 1982; Blumer et al., 
1984), including infection due to ampicillin-resistant strains 
of H. influenzae (Schwartz et al., 1982). In the only controlled 
study of CoT in the prophylaxis of recurrent acute otitis 
media, Gaskins et al. (1982) demonstrated efficacy. In a more 
recent study, CoT and single-dose ceftriaxone were shown to 
be equivalent in clinical efficacy (Barnett et al., 1997). Prior 
to the emergence of CoT resistance, this agent was considered 
to be superior to beta-lactams for acute otitis media because 
of the incidence of beta-lactam resistance among strains of 
H. influenzae and M. catarrhalis (Lewin, 1989). However, the 
emergence of resistance to CoT has been shown to result in 
significantly lower rates of clinical resolution and higher 
rates of bacteriologic failure (54%) when repeat tympanocen-
tesis is used to assess outcomes (Leiberman et al., 2001), and it 
is no longer appropriate to recommend it as a first-line agent.

In a controlled trial examining CoT, prednisolone, and 
ibuprofen in the treatment of chronic otitis media (with effu-
sion), Giebink et al. (1990) found that resolution rates were 
significantly greater in the CoT- and prednisolone-treated 
groups after 2 weeks’ therapy, but that these differences 
diminished with longer duration of therapy. Another pro-
spective study examined the efficacy of prednisolone and 
CoT for 14 days after tympanostomy tube insertion in reduc-
ing morbidity (Daly et al., 1995). No long-term benefit was 
demonstrated.

7e.  Sinusitis

In acute sinusitis, the important pathogens are S. pneumo
niae and H. influenzae. CoT, ampicillin, and amoxicillin were 
shown in one study to be equally effective for the treatment 
of acute maxillary sinusitis (Hamory et al., 1979). In a ran-
domized controlled trial of decongestant plus either 3 or 10 
days of CoT for acute maxillary sinusitis, no difference in 
clinical or radiological improvement or in symptomatic 
relapse or recurrence was noted, suggesting that a 3-day reg-
imen is probably adequate (Williams et al., 1995). However, 
it is questionable whether this study had the statistical power 
to legitimately advocate therapeutic equivalence (Rosborough 
and Rierach, 1995; Sawyer et al., 1995; Shahar, 1995).

Among HIV-infected children, CoT prophylaxis for PJP 
does not reduce the risk of sinusitis, which is most often sub-
acute and recurrent (Mofenson et al., 1995).

7f.  Bronchitis

CoT has been used extensively and successfully in the treat-
ment of acute bronchitis, although the role of any antimicro-
bials in this condition is now recognized to be quite limited. 
A recent meta-analysis of randomized controlled trials 
(Korbila et al., 2009) and numerous comparative trials and 
observation studies has shown that for the treatment of exac-
erbations in chronic bronchitis, CoT has an effect equal to or 
better than tetracycline, doxycycline, ampicillin, amoxicillin, 
cephalexin, and cefaclor (Hughes, 1969; Pines et al., 1969; 
Renmarker, 1976; Anderson et al., 1981; Hughes, 1983). The 
common pathogens in bronchitis are S. pneumoniae and 
H. influenzae, both of which were previously highly suscepti-
ble to CoT. In a study of 74 patients with acute bronchitis, 
7  days’ treatment with TMP, 200 mg twice daily, was equally 
as effective as CoT (160 mg of TMP component) twice daily. 
Neither regimen resulted in the emergence of TMP-resistant 
bacteria in any significant numbers (Amyes et al., 1986). 
Rates of resistance to CoT in both of these species are now 
moderate to high in most parts of the world, and the role of 
CoT has therefore diminished in favor of other antibiotic 
classes (Anzueto, 2000; Dever et al., 2002).

The respiratory tracts of patients with chronic bronchitis 
who have been treated with antibiotics are often colonized  
by Gram-negative bacilli, such as E. coli and Klebsiella spp. 
The presence of such organisms in sputum is usually not 
an indication for specific treatment, but, in some debilitated 
patients, they may cause superinfection evidenced not only 
by a positive sputum culture but also by recurrence of fever, 
worsening of chest signs, and increasing amounts of puru-
lent sputum (Weinstein and Musher, 1969). CoT is effective 
against some bacteria, including Klebsiella spp., that cause 
superinfections in patients with chronic bronchitis. Bac terio-
logic studies in patients with lower respiratory tract infec-
tions due to M. catarrhalis suggest that CoT, erythromycin, 
or tetracycline may be appropriate antibiotics for treatment 
(Slevin et al., 1984).

TMP alone may also be effective for the treatment of 
bronchitis (Brumfitt et al., 1985a; Amyes et al., 1986), although 
clearly its appropriateness in such situations will depend in 
part on the causative pathogen. Prolonged treatment with 
CoT has also been used in patients with chronic bronchitis, 
and resistant strains of H. influenzae did not emerge (Hughes, 
1973; Hughes, 1983). TMP alone has been shown to be 
equally as effective as CoT for respiratory tract infections and 
to be associated with fewer side effects in a number of studies 
(Lacey et al., 1980; Ashford and Downey, 1982). Nevertheless, 
TMP is generally not recommended for moderate to severe 
respiratory tract infections. 

7g.  Bacterial pneumonia

CoT is still widely used in developing countries for the treat-
ment of bacterial pneumonia and is subjected to prospective 
studies. These studies are generally conducted on the basis 
of clinical features of pneumonia at presentation and are not 



1662 Trimethoprim and Trimethoprim–Sulfamethoxazole (Cotrimoxazole)

supported by bacteriologic investigations. Initial prospective 
studies were conducted in 134 Gambian children with severe 
pneumonia; oral CoT for 5 days was equally as effective as a 
single i.m. dose of procaine penicillin plus 5 days of oral 
ampicillin when outcome was assessed after 2 weeks (Camp-
bell et al., 1988). Similarly, Mulholland et al. (1995) found 
comparable efficacy between oral chloramphenicol and CoT 
in the treatment of malnourished Gambian children with 
community-acquired pneumonia. Two more studies from 
Pakistan have shown cure rates of 81% for oral CoT in chil-
dren at a dose of 4/20 mg/kg twice daily, compared with oral 
amoxicillin (Catchup Study Group, 2002); cure rates of 79– 
81% in children given conventional or double doses of CoT 
for nonsevere pneumonia (Rasmussen et al., 2005); and a 
cure rate of 88% with conventional CoT doses when man-
aged at first-level healthcare facilities (Noorani et al., 2006). 
A cure rate of 90% was reported in another more recent 
study of nonsevere pneumonia in children in India (Awasthi 
et al., 2008).

Patients infected with HIV are particularly at risk of 
acquiring bacterial pneumonia, especially when their CD4 
lymphocyte count falls below 200 cells per millimeter.3 Prophy-
laxis with CoT is associated with a 67% reduction in confirmed 
episodes of bacterial pneumonia (p = 0.007) (Hirsch tick et al., 
1995). Overall, the rate of pneumonia due to bacterial patho-
gens resistant to CoT in HIV-infected patients appears to be 
relatively low (< 5%) (Burack et al., 1994). 

Emerging resistance in a range of surveyed pneumococcal 
isolates worldwide raises concerns about the use of CoT as 
empirical first-line therapy (Phongsamart et al., 2014; Rad-
daoui et al., 2015). A systematic review of antimicrobial sus-
ceptibility from children in developing countries identified 
an increased incidence of resistance to CoT among S. pneu
moniae (Jaiswal et al., 2014). A recent report from Africa 
demonstrated that 44% of S. pneumoniae isolates were resis-
tant to CoT, whereas in Asia, 45% were resistant (Bos et al., 
2014; Farida et al., 2014). 

7h.  Staphylococcus aureus infections

Although CoT is quite effective against many staphylococcal 
infections, other drugs have generally been preferred. The 
combination has been used successfully to treat staphylococ-
cal pneumonia (Darrell et al., 1968), staphylococcal osteomy-
elitis (Craven et al., 1970; Avery et al., 2012), and endocarditis 
(Bengtsson et al., 1974). However, it appears that CoT is infe-
rior to vancomycin for the treatment of i.v. drug users with 
serious S. aureus infections (Markowitz et al., 1992). In  
this double-blind randomized trial of 101 i.v. drug users hos-
pitalized with serious S. aureus infections (47% methicillin 
resistant, 65% bacteremic), cure was achieved in 57 of 58 
van comycin recipients versus 37 of 43 CoT recipients (p < 
0.02). The mean duration of bacteremia was 6.7 days in CoT 
recipients and 4.3 days in vancomycin recipients. It is impor-
tant that failure occurred only in patients with methicillin- 
susceptible, CoT-sensitive Staphylococcus aureus strains, and 
mostly in patients with tricuspid valve endocarditis. Thus 

these authors concluded that CoT should be considered an 
alternative to vancomycin in selected cases of MRSA infec-
tion (Markowitz et al., 1992). 

For serious MRSA infections, CoT either alone or in com-
bination has recently been investigated. A retrospective single- 
center matched case-control study of CoT versus vancomycin 
for MRSA bacteremia demonstrated no difference in mor-
tality, relapse, or persistent bacteremia between treatment 
groups (Goldberg et al., 2010). However, in a recent open- 
label multicenter randomized controlled trial in Israel, CoT 
(2 double-strength tablets twice daily) was found to be infe-
rior to vancomycin therapy for MRSA infections, in particu-
lar bacteremia (excluding left-sided endocarditis, meningitis, 
and neutropenic hosts) (Paul et al., 2015). CoT in combina-
tion with rifampicin was compared against linezolid for a 
range of MRSA infections in a randomized noninferiority 
trial and was found to be noninferior. In this study 12% of 
subjects had bacteremia. There was also no difference in out-
comes in this smaller subgroup (Harbarth et al., 2015). The 
use of CoT in combination with daptomycin therapy for 
MRSA infection has also gathered interest, with in vitro 
endocardial vegetation models showing superior activity of 
the CoT–daptomycin therapy over daptomycin alone (Steed 
et al., 2010; Steed et al., 2012). A retrospective multicenter 
case series of patients (n = 28) receiving daptomycin and 
CoT for deep-seated MRSA infections, primarily in the set-
ting of persistent bacteria, demonstrated in vitro synergy and 
microbiological clearance in 24 of 28 patients, although there 
was no comparator group (Claeys et al., 2015). It is impor-
tant, however, that CoT is still considered markedly inferior 
to cloxacillin or glycopeptides (vancomycin or teicoplanin) 
for experimental endocarditis due to methicillin-susceptible 
S. aureus or MRSA, respectively, in rabbits. No sterile vegeta-
tions were observed in CoT-treated animals (de Gorgolas et 
al., 1995). On balance, CoT should generally be avoided as 
first-line therapy for bacteremia or endocarditis and may be 
considered in high dose or combination as second-line or 
salvage therapy.

The emergence of cMRSA has seen a resurgence of interest 
in the use of CoT for the treatment of community-associated 
and nonsevere S. aureus infections. cMRSA tends to be resis-
tant to far fewer drug classes than the traditional hospital- 
associated strains and is usually susceptible to CoT. As a 
consequence, CoT is considered one of the treatment options 
for less severe infections at least (Avdic and Cosgrove, 2008; 
Pallin et al., 2008; Powell and Wenzel, 2008; Stryjewski and 
Chambers, 2008). However, concerns have remained that the 
clinical and experimental evidence supporting its use is mixed 
and that further research is required (Grim et al., 2005; 
Proctor, 2008), especially for invasive disease (Drew, 2007). 
In this context, a number of recent studies have shown a 
benefit for CoT in the ambulatory setting (Al-Shawwa and 
Wegner, 2005; Cenizal et al., 2007; Szumowski et al., 2007). 
CoT has been compared with doxycycline for the treatment 
of outpatients with skin and soft tissue infections in a region 
of the USA with a high prevalence of cMRSA. Similar  efficacy 
was observed between the two treatment regimens (Cenizal 
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et al., 2007), but whether antibiotic therapy is superior to 
simple drainage without antibiotics has been uncertain until 
recently (Rajendran et al., 2007). To address this issue, Talan 
et al. (2016b) recently reported a randomized trial at five US 
emergency departments to determine whether CoT (2 double- 
strength tablets, twice daily, for 7 days) was superior to pla-
cebo in outpatients older than 12 years of age who had an 
uncomplicated abscess that was being treated with drainage. 
The primary outcome was clinical cure of the abscess, assessed 
7–14 days after the end of the treatment period. Among 1247 
participants (median age 35 years; range 14–73), 45.3% had 
wound cultures that were positive for MRSA. In the modified 
intention-to-treat analysis, clinical cure of the abscess occurred 
in 507 of 630 CoT patients (80.5%) versus 454 of 617 placebo 
recipients (73.6%) (difference 6.9 %; 95% CI: 2.1–11.7; p = 
0.005). CoT was superior to placebo with respect to most 
secondary outcomes in the per-protocol population, result-
ing in lower rates of subsequent surgical drainage procedures 
(3.4% vs. 8.6%; difference, −5.2%; 95% CI: −8.2 to −2.2), skin 
infections at new sites (3.1% vs. 10.3%; difference −7.2%; 
95% CI: −10.4 to −4.1), and infections in household mem-
bers (1.7% vs. 4.1%; difference −2.4 %; 95% CI: −4.6 to −0.2) 
7–14 days after the treatment period. Rates of invasive infec-
tions post-treatment were similar between the two groups 
(Talan et al., 2016b).

Because many cMRSA strains are susceptible to both CoT 
and clindamycin, there has been uncertainty as to which 
agent is clinically most effective for skin and soft tissue infec-
tions due to this and other common pathogens. In cases of 
MRSA skin and soft tissue infections, including abscesses 
that were surgically drained, CoT had similar efficacy to clin-
damycin therapy (77% vs. 80%) in one study, with no differ-
ence in the rate of adverse events (Miller et al., 2015). The 
dose of CoT used for skin and soft tissue infection varies 
between studies (generally 1 or 2 double-strength tablets 
twice daily), a recent study demonstrating no difference in 
clinical outcomes with reduced dosing when durations were 
7–15 days (Cadena et al., 2011). In a recent second study, 
Talan et al. (2016a) conducted a randomized double-blind 
superiority trial of 7 days of therapy with oral clindamycin 
(300 mg 4 times daily) versus CoT (2 double-strength tablets 
twice daily) at five US emergency departments in patients  
> 12 years of age with an uncomplicated wound infection. 
Among the 401 participants (median age 40 years; range 
14–76), 40.1% of wound specimens grew MRSA, 25.7% grew 
methicillin-susceptible S. aureus, and 5.0% grew strepto-
cocci. Cure rates at 7–14 days were similar between these two 
treatment options (clindamycin, 187 of 203 [92.1%], vs. CoT, 
182 of 198 [91.9%]; difference 0.2%; 95% CI: −5.8% to 6.2%; 
p = not significant). However, the clindamycin group had a 
significantly lower rate of recurrence at 7–14 days (1.5% vs. 
6.6%; difference −5.1%; 95% CI: −9.4% to −0.8%) and 6–8 
weeks after treatment (2.0% vs 7.1%; difference −5.1%; 95% 
CI: −9.7% to −0.6%). It is somewhat surprising that adverse 
event rates were similar (Talan et al., 2016a).

CoT has also gained favor as a component of some MRSA 
decolonization regimens (Parras et al., 1995; Asensio et al., 

1996; Fung et al., 2002; Horiuchi et al., 2006; Buehlmann et 
al., 2008). CoT has been shown to be effective in preventing 
MRSA colonization and pneumonia in severely burned patients 
(Kimura et al., 1998). Similarly, CoT can be used to clear MRSA, 
if susceptible (such as are many cMRSA strains), from the 
sputum of some patients with bronchiectasis and can lead to 
clinical improvement as a result (Honda et al., 1996).

7i.  Other Gram-positive infections, 
including S. pyogenes

CoT has been used i.v. with success in children with serious 
infections due to a variety of pathogens, including various 
soft tissue or skeletal infections caused by S. pneumoniae,  
S. aureus, or one of the Gram-negative bacteria, including  
H. influenzae and Acinetobacter anitratus. Three children 
with CSF shunt infections due to coagulase-negative staphy-
lococci were treated successfully (Ardati et al., 1979). Street 
and Durack (1988) summarized the published data regarding 
CoT treatment of endocarditis due to a variety of Gram-
positive pathogens, including S. aureus, S. epidermidis, 
streptococci, and micrococci. Nine of 12 cases were treated 
successfully, although in 5 of these cases CoT was combined 
with other antibiotics. Olćen and Eriksson (1976) reported 2 
patients with viridans streptococcal septicemia who responded 
to i.v. and then oral CoT therapy. Seligman et al. (1973) 
treated 3 patients with viridans streptococcal endocarditis 
with oral CoT; 2 treated for 4 weeks were cured, but the other 
patient, who was treated for only 3 weeks, relapsed 3 days 
after cessation of the drug. One study showed that although 
CoT is effective for S. pyogenes pharyngitis and tonsillitis, it 
is inferior to penicillin G (Trickett et al., 1973), which is the 
preferred drug for this disease.

Renewed interest in CoT for skin and soft tissue infec-
tions, in particular impetigo and S. pyogenes infections, has 
occurred in the setting of potential overestimation of the rates 
of S. pyogenes resistance historically (Bowen et al., 2012). In a 
randomized controlled noninferiority trial of indigenous 
Australian children aged 3 months to 13 years with purulent 
or crustered impetigo, CoT (TMP, 4 mg/kg twice daily for 3 
days, or TMP, 8 mg/kg daily for 5 days) was compared with 
i.m. benzathine benzylpenicillin, and CoT was found to be 
noninferior (Bowen et al., 2014). However, the addition of 
CoT to outpatient cephalexin therapy in a cohort of patients 
with cellulitis without abscesses was found to have no addi-
tional benefit (Pallin et al., 2013). CoT can be used as an 
alternative to i.m. penicillin for impetigo; however, combina-
tion therapy with other streptococcal-active agents (e.g. 
cepha lexin) does not appear warranted.

7j.  Meningitis

Generally CoT is not regarded as a first-line agent for the 
treatment of bacterial meningitis, but its good penetration 
through inflamed meninges makes it a reasonable choice  
in certain circumstances. There were early reports of the 
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successful use of CoT to treat a few cases of neonatal menin-
gitis due to E. coli (Morzaria et al., 1969; Roy, 1971). Sabel 
and Brandberg (1975) treated 10 infants aged 8 days to 10 
months with meningitis and/or septicemia due to organisms 
such as M. morganii, E. coli, and H. influenzae. Most of these 
infants had not responded to kanamycin, ampicillin, and sul-
fonamides, but 8 responded rapidly to i.v. CoT. The latter was 
used to treat 4 adults and 1 child with bacterial meningitis 
due to N. meningitidis or S. pneumoniae. Oral treatment was 
commenced on the 4th day and was continued for a total of 
8 days. In all these patients clinical recovery was rapid and 
complete (Farid et al., 1976). Subsequently, the role of CoT in 
the treatment of meningitis has been reviewed (Gates and 
McCall, 1982; Rahal and Simberkoff, 1982; Levitz and Quin-
tiliani, 1984). In cases of MRSA meningitis, the addition of 
CoT to vancomycin has been recommended as an alternative 
to rifampicin owing to the good CNS penetration of CoT 
(Aguilar et al., 2010). The combination of daptomycin and 
CoT has been used for linezolid-resistant S. epidermidis after 
neurosurgical meningitis (Vena et al., 2013).

Gram-negative bacillary meningitis due to organisms other 
than H. influenzae is one of the most difficult forms of men-
ingitis to treat successfully and has a mortality of up to 70%. 
Most cases are related to head trauma, neurosurgery, or 
immuno suppression or occur in the neonatal period, but 
they may also be community acquired, occurring in the 
elderly and in patients with alcohol-induced hepatic cirrho-
sis. Third-generation cephalosporins, such as cefotaxime and 
ceftriaxone, are generally the treatments of choice, whereas 
chloramphenicol and the aminoglycosides have limitations 
in the treatment of Gram-negative bacillary meningitis. CoT 
yields levels effective against many Gram-negative bacilli, 
especially E. coli, S. marcescens, Klebsiella spp., and some 
nonfermentative Gram-negative bacilli such as B. cepacia 
and S. maltophilia. Levitz and Quintiliani (1984) reviewed 33 
patients with Gram-negative bacillary meningitis treated with 
CoT; bacteriologic cure occurred in 26 patients; 1 patient 
had P. aeruginosa infection, which was naturally resistant; 
and in another patient an E. coli strain resistant to CoT devel-
oped during treatment. The other 5 patients in whom treat-
ment failed had sensitive organisms. Because of the high 
activity of cefotaxime and ceftriaxone against E. coli and 
Klebsiella, the key indications for CoT in Gram-negative 
bacillary meningitis seem to be infections due to organisms 
resistant to these cephalosporins, such as Acinetobacter cal
coaceticus, B. cepacia, S. maltophilia, Flavobacterium menin
gosepticum, and some strains of ESBL-producing Serratia  
or Enterobacter spp. (Nguyen and Muder, 1994; Foster and 
Rhoney, 2005).

Levitz and Quintiliani (1984) also reviewed experience 
with CoT in the treatment of other forms of meningitis. The 
success rate for the treatment of pneumococcal and menin-
gococcal meningitis in developed countries was quite high, 
but information on the use of CoT in H. influenzae meningi-
tis was scanty. Nevertheless, because of wider experience with 
penicillin G or chloramphenicol, CoT was not recommended 
as the initial treatment for these forms of meningitis. CoT 

may also be an alternative treatment for Salmonella menin-
gitis, especially if the species is resistant to ampicillin and 
chloramphenicol (Levitz and Quintiliani, 1984). However, 
recent treatment failures and increasing rates of CoT resis-
tance suggest caution in the selection of CoT for this genus 
(Visudhiphan et al., 1998; Yu et al., 2014). CoT is effective 
therapy for Enterobacter meningitis, when doses of 20 mg/
kg/day (TMP component) are used. CoT cured all five patients 
reported by Wolff et al. (1993) and resulted in a superior out-
come to third-generation cephalosporins in this setting.

CoT has been successfully used to treat L. monocytogenes 
meningitis. Although there have been no comparative trials 
of CoT and ampicillin in the treatment of this form of men-
ingitis, success has been reported with sufficient frequency to 
suggest it to be a reasonable treatment alternative, especially 
in the beta-lactam–allergic patient (Scheer and Hirschman, 
1982; Armstrong and Slater, 1986; Spitzer et al., 1986; Gun-
ther and Philipson, 1988). A comparative study in adults of 
ampicillin or amoxicillin plus CoT versus ampicillin plus 
aminoglycoside demonstrated a significantly lower failure 
rate (7% vs. 57%) and mortality rate (7% vs. 24%) with the 
CoT combination (Merle-Melet et al., 1996). The notable effi-
cacy of CoT in Listeria meningitis has resulted in its increased 
use for a variety of infection manifestations, especially men-
ingitis, severe sepsis, and CNS abscesses (Wacker et al., 2000; 
Julián et al., 2001; Rossi et al., 2001; Cone et al., 2003), and 
it is now considered the drug of choice for penicillin-allergic 
patients (Braden, 2003).

The efficacy of CoT in the treatment of other bacterial 
CNS infections, such as brain abscesses, remains less clear 
(Greene et al., 1975). There is a single case report of the effec-
tive use of CoT in combination with rifampicin and keto-
conazole in the treatment of Acanthamoeba meningitis 
(Singhal et al., 2001) and a report of efficacy against L. mono
cytogenes brain abscess (Cone et al., 2003).

7k.  Chemoprophylaxis against infections 
due to N. meningitidis and 
H. influenzae

CoT is unsatisfactory for the eradication of sulfonamide- 
resistant meningococci from chronic nasopharyngeal carri-
ers (Feldman, 1973a), and resistance to sulfonamides appears 
to continue to be common (Hansman et al., 2004; Jorgensen 
et al., 2005). It is also not dependable for the eradication of 
nasopharyngeal carriage of H. influenzae. Yogev et al. (1978) 
reported some success in using CoT in the eradication of 
ampicillin-resistant H. influenzae strains from the nasophar-
ynx of children in a chronic care facility, but Granoff et al. 
(1979) found that the combination was ineffective in elimi-
nating carriage in 73% of 26 treated children. Kirven and 
Thornsberry (1978) performed bacteriologic studies on the 
strains involved in these two trials and provided an explana-
tion for the discrepant results. Although all strains of H. influ
enzae were inhibited by low concentrations of TMP and CoT, 
those strains in which prophylaxis failed had higher mean 
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bactericidal concentrations for TMP and CoT. Rifampicin, 
ciprofloxacin, or ceftriaxone is now recommended for chemo-
prophylaxis of both meningococcal and H. influenzae infec-
tions (see Chapter 126, Rifampicin [rifampin]; Chapter 101, 
Ciprofloxacin; and Chapter 27, Ceftriaxone).

7l.  Sexually transmitted diseases

GONORRHEA

Although CoT has been effective for the treatment of gonor-
rhea (Csonka and Knight, 1967; Schofield et al., 1971; Hatos 
and Tuza, 1972), agents such as penicillin, ceftriaxone, and 
ciprofloxacin are now used more frequently, with ceftriaxone 
currently considered the drug of choice for this indication—
although ceftriaxone-resistant strains have now been reported 
(Kidd and Workowski, 2015; Workowski et al., 2015) (see 
Chapter 27, Ceftriaxone). 

Past treatment regimens have varied from single daily 
doses given for 1–5 days to multiple doses for several days. 
Cure rates are higher (92–100%) when the daily dose con-
sists of 4 to 6 standard-strength tablets rather than 1 to 3 
 tablets (Austin et al., 1973; Lawrence et al., 1973; Svindland, 
1973). Effective regimens have been 4 tablets twice daily for 
2 days (Lawrence et al., 1973; Sattler and Ruskin, 1978), 5 
tablets daily for 4 days (Csonka, 1969), and 6 tablets daily for 
3 days (Austin et al., 1973). Good results have also been 
obtained by using two 5-tablet doses separated by 8 hours 
(Kristensen and From, 1975). This latter regimen also appeared 
to be satisfactory for rectal gonorrhea in women and in ton-
sillar gonorrhea, which is less responsive to treatment. Other 
studies indicate that oral CoT has been satisfactory for the 
treatment of pharyngeal gonorrhea, an infection that does 
not respond to spectinomycin and cefoxitin (Harrison, 1981; 
Brunham et al., 1982; Centers for Disease Control, 1982). 
Single doses of 9 tablets of CoT are feasible for the treatment of 
gonorrhea, but adverse reactions associated with a 12- tablet 
dose preclude its use. Wulf and Bech-Thomsen (1988) noted 
no significant difference in efficacy between a 5-day and a 
2-day regimen of oral CoT for the treatment of pharyngeal 
gonorrhea. The 5-day regimen (10 tablets at once on day 1; 
5  tablets twice daily on day 2; and 3 tablets twice daily on 
days 3–5) resulted in cure in 35 of 36 patients (97%) com-
pared with a cure rate of 44 of 49 patients (90%) for the 2-day 
regimen (10 tablets at once on day 1, and 5 tablets twice daily 
on day 2). A single daily dose of 9 standard tablets for 5 days 
has previously been advocated by the Centers for Disease 
Control and Prevention (CDC) (1985b) for the treatment of 
pharyngeal infections due to penicillinase-producing strains.

Lassus and Renkonen (1979) treated patients with uncom-
plicated gonorrhea with an i.m. dose of 1600 mg of SMX plus 
320 mg of TMP, followed by an oral dose of 2400 mg of SMX 
plus 480 mg of TMP 12 hours later; 49 of 52 male patients 
and 37 of 38 female patients were cured. Two other patients 
with prostatitis due to penicillinase-producing gonococci were 
cured with cefoxitin plus CoT in 1 patient and CoT alone in 
the other (Vandenbroucke-Grauls et al., 1982). However, a 

high proportion of penicillin G–resistant N. gonorrhoeae strains 
that do not produce beta-lactamase are resistant to CoT.

CoT is ineffective in syphilis (Csonka, 1969; Lawrence et 
al., 1973), and its use for gonorrhea will not modify incubat-
ing syphilis (Svindland, 1973). Because CoT is inexpensive,  
it is still sometimes used in developing countries, but even  
in this setting there are now more effective and more cost- 
effective alternative regimens that can be used (Lule et al., 
1994; Crabbé et al., 2000; Rothberg and Wong, 2004; Kidd 
and Workowski, 2015; Workowski et al., 2015).

CHLAMYDIA INFECTIONS

Simultaneous urethral infection with C. trachomatis occurs 
in about 15–20% of heterosexual men with gonococcal ure-
thritis and 25–60% of women with gonorrhea (Stamm et al., 
1984). CoT was initially reported to be ineffective in nonspe-
cific urethritis (Csonka, 1969; Carroll and Nicol, 1970), but 
sulfonamides alone may be effective in this disease when the 
agent is C. trachomatis. A number of early studies suggested 
that various CoT regimens for gonorrhea may cure simulta-
neous C. trachomatis infection (Brunham et al., 1982; Csángó 
et al., 1984). In another study, chlamydial infection was cured 
in 30 of 32 patients given CoT and in 27 of 29 given tetra-
cycline, but in only 10 of 23 given penicillin. Furthermore, 
among the Chlamydia-positive patients, postgonococcal ure-
thritis in men and cervicitis and salpingitis in women occurred 
more often after penicillin treatment than after the other two 
regimens (Stamm et al., 1984). In vitro data, however, raise 
doubts regarding the efficacy of antifolate agents against 
Chlamydia because strains of C. trachomatis and C. psittaci 
have been shown to be capable of de novo folate synthesis. 
Certain C. trachomatis strains appear to be susceptible to 
sulfonamides and TMP in vitro (Mumtaz et al., 1988; Fan et  
al., 1992; Rice et al., 1995). Doxycycline or azithromycin, 
however, is the treatment of choice for chlamydial infections 
(see Chapter 68, Doxycycline, and Chapter 62, Azithromycin) 
(Anonymous, 1993; Centers for Disease Control and Prevention 
et al., 2006; 2015; Workowski et al., 2015).

Csonka (1969) reported rapid clinical response to CoT in 
three patients with lymphogranuloma venereum. Sulfona-
mides, with or without TMP, are effective in this disease 
(Will cox, 1977), but sulfonamides or CoT is no longer rec-
ommended for this infection (Centers for Disease Control 
and Prevention et al., 2006; Workowski et al., 2015).

CHANCROID

Although a variety of antibiotics have previously been used 
successfully to treat chancroid, increasing antibiotic resis-
tance and the association between genital ulcer disease, par-
ticularly chancroid, and heterosexual transmission of HIV 
have resulted in modifications to the recommended treat-
ment regimens. The treatment of chancroid has been well 
reviewed (Centers for Disease Control, 1989b; Dangor et al., 
1990b; Schmid, 1990; Schulte and Schmid, 1995; Centers for 
Disease Control and Prevention et al., 2006), and although 
single-dose therapy using either ceftriaxone, a quinolone (e.g. 
ciprofloxacin), or even potentially spectinomycin may be 
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curative, single-dose therapy with CoT is less effective than 
3- or 5-day courses (Schmid, 1990). In fact, because of 
increasing resistance, CoT in single or multiple doses is no 
longer recommended for the treatment of chancroid (Schulte 
and Schmid, 1995; D’Souza et al., 1998; Centers for Disease 
Control and Prevention et al., 2006; Workowski et al., 2015).

Analysis of the outcome of treatment studies in the late 
1980s of CoT or combination TMP–sulfonamide suggested 
that multiday treatment courses were more effective than 
single-dose therapy, with overall cure rates of 98%, 93%, and 
89% for 5-, 3-, and 1-day treatment courses, respectively 
(Schmid, 1990; Kumar and Dawn, 1995). It is important that 
among the single-dose studies, the best efficacy was achieved 
with a TMP dose of > 640 mg. However, since 1985, there has 
been a loss of single-dose efficacy compared with earlier 
reports from similar regions, for example, Kenya (Schmid, 
1990; Plourde et al., 1992). CoT resistance among clinical  
H. ducreyi isolates is now reported to be 49% in some Afri- 
can states, with rates of clinical treatment failure with CoT of 
19–47.5% (Behets et al., 1995; Bogaerts et al., 1995; Schulte 
and Schmid, 1995). Whether this change is related to an 
increase in resistance of H. ducreyi or to the increasing prev-
alence of co-existent HIV infection is uncertain (Schmid, 
1990). Increasing TMP and CoT resistance has been demon-
strated in a number of countries, although with less certainty 
in Kenya, where this change in single-dose efficacy has been 
well documented (Taylor et al., 1985; Schmid, 1986; Sturm, 
1987; Naamara et al., 1988; Knapp et al., 1993; Van Dyck et 
al., 1994).

Co-existent HIV infection probably has an important 
impact on chancroid. In the USA in the late 1980s, where 
HIV was not as common as in Kenya, 18% of New York City 
patients with chancroid were also HIV infected, a rate simi-
lar to that in Kenya at that time (McLaughlin et al., 1989). 
Infection by H. ducreyi may occur in association with up to 
15% of primary syphilitic chancres (Leading article, 1982), 
and in these circumstances CoT treatment may be advanta-
geous because it does not mask concomitant syphilis.

TMP has been used alone, 200 mg twice daily for 5 days, 
to successfully treat chancroid (Plummer et al., 1983); how-
ever, it is significantly less effective if single-dose therapy is 
used (Dylewski et al., 1985).

The current recommended treatment regimens for chan-
croid include single doses of azithromycin (1 g orally) or 
 ceftriaxone (250 mg i.m.) or multiday courses of either cipro-
floxacin (500 mg twice daily for 3 days) or erythromycin (500 
mg three times a day for 7 days) (Centers for Disease Control 
and Prevention et al., 2006; Workowski et al., 2015).

GRANULOMA VENEREUM (GRANULOMA 
INGUINALE, DONOVANOSIS)

Granuloma venereum, caused by Klebsiella granulomatis (pre-
viously Calymmatobacterium granulomatis), responds to treat-
ment with a number of antibiotics such as tetracyclines, 
chloramphenicol, gentamicin, and streptomycin. Treatment 
with CoT, 2 standard tablets twice daily for 10–15 days, has 
also been reported to be effective in some cases (Garg et al., 

1978; Lal and Garg, 1980). Although doxycycline (100 mg 
twice daily for at least 3 weeks), ciprofloxacin, or erythromy-
cin are recommended treatment options, CoT (1 double- 
strength tablet twice a day for at least 3 weeks) is also one 
of the key alternative treatments to doxycycline for this con-
dition (Centers for Disease Control and Prevention, 2006; 
Workowski et al., 2015). TMP alone may well be ineffective 
(Birthistle et al., 1997).

7m.  Enteric fever and other  
Salmonella infections

It was first reported from Nigeria that CoT is effective for the 
treatment of typhoid fever (Akinkugbe et al., 1968). Subsequent 
reports confirmed this observation (Farid et al., 1970; Kamat, 
1970; Wicks and Stamps, 1970; Geddes et al., 1971; Sardesai 
et al., 1973). Observed increases in the incidence of MDR 
Salmonella (especially S. typhi) now pose a major threat to 
the clinical efficacy of CoT in many regions. Nevertheless, 
the results of some early comparative trials in regions where 
CoT resistance was uncommon suggested that CoT is more 
effective than chloramphenicol in relieving toxemia in 
typhoid (Kamat, 1970; Sardesai et al., 1973; Hassan et al., 
1975), whereas in others both drugs have been equally effec-
tive (Omer, 1975; Uwaydah et al., 1975). A number of authors 
(Scragg and Rubidge, 1971; Snyder et al., 1973; Snyder et al., 
1976; Ramachandran et al., 1978) also examined the efficacy 
of CoT and found it to be effective for enteric fevers, but a 
proportion of patients (9.5% in the study by Ramachandran 
et al. [1978]) failed to respond to treatment. Butler et al. 
(1982) compared CoT and chloramphenicol in the treatment 
of patients with typhoid fever in a trial in Indonesia in 1976–
1977. CoT was more effective in sterilizing the blood, but in 
other respects the results of treatment were the same for both 
drugs. These authors reviewed publications on the use of 
CoT in typhoid fever; in 31 reports involving 1184 patients, 
there were 38 relapses (3.2%) and 13 deaths (1.1%). The time 
for defervescence was 3–9 days (median 5.1 days). In 17 of 
the 31 reports, treatment with CoT was compared with treat-
ment with chloramphenicol: 7 reports found CoT more 
favorable; in 4 they were equally effective; 5 reports found 
more prolonged fever with CoT; and 1 had a higher relapse 
rate and more prolonged bacteremia with CoT. Small early 
studies suggested that the frequency of chronic carriers of  
S. typhi may be less after treatment of typhoid fever with CoT 
than with chloramphenicol (Geddes et al., 1975; Jonsson, 
1976; Ramachandran et al., 1978). On the basis of all these 
observations, one of the fluoroquinolones is the drug of choice 
for the treatment of typhoid fever due to sensitive strains, 
although CoT appears to be an effective alternative with equal 
efficacy for susceptible strains (Secmeer et al., 1997).

CoT is a valuable drug for the treatment of typhoid fever 
due to chloramphenicol-resistant strains. Gilman et al. (1975) 
in Mexico found that orally administered CoT was equally 
effective as oral amoxicillin in the treatment of disease due to 
chloramphenicol-resistant strains, but CoT produced a more 
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rapid lysis of fever than amoxicillin in infections due to 
chloramphenicol-sensitive strains. Resistance to chloram-
phenicol is mediated by an R-plasmid, and this plasmid also 
confers resistance to sulfonamides, tetracyclines, and strep-
tomycin. It was suggested that probably because of this resis-
tance to sulfonamides, CoT could not exert synergism 
against chloramphenicol-resistant strains of S. typhi, and 
therefore TMP alone may be effective for these infections 
(Gilman et al., 1975). The findings in another, smaller clini-
cal trial in Vietnam are at variance to this (Butler et al., 1977). 
CoT was compared with ampicillin for the treatment of 
patients with infections due to either chloramphenicol- 
resistant or -sensitive strains of S. typhi; each drug was given 
i.v. during the first 3–5 days, and when improvement occurred, 
it was given orally. Both drugs were equally effective, but 
treatment failures were more common in patients with chlor-
amphenicol-sensitive than -resistant strains. Butler et al. (1977) 
demonstrated in vitro synergy with CoT in one fourth of 
their chloramphenicol-resistant strains. The differing format 
of these two trials (Gilman et al., 1975; Butler et al., 1977) 
probably explains their contrasting results. CoT is probably 
also effective for the treatment of typhoid fever caused by 
chloramphenicol-resistant strains which, in addition, are 
resistant to ampicillin and amoxicillin.

CoT resistance among S. typhi strains has become so 
common in some countries (e.g. India and Pakistan) that in 
some regions CoT is no longer considered appropriate empir-
ical therapy (Jesudasan and John, 1990; Rowe et al., 1990; 
Wallace and Yousif, 1990; Rao et al., 1993; Rowe et al., 1997). 
Rao et al. (1993) described a 78% incidence of multidrug 
resistance (ampicillin, chloramphenicol, CoT) among 102 
cases of S. typhi bacteremia in southern India. Seventy-six of 
these 80 patients did not show a clinical response to conven-
tional antibiotics but were cured with fluoroquinolones. 
Only 4 of the 80 patients treated with CoT had an adequate 
clinical response and continued CoT therapy. A review of  
S. typhi in the UK revealed that 38% of patients who were 
infected in Pakistan had plasmid-mediated MDR S. typhi 
(Rowe et al., 1990). A recent study of typhoid in five Asian 
countries (China, India, Indonesia, Pakistan, and Vietnam) 
found an overall rate of multidrug (chloramphenicol, ampi-
cillin, and CoT) resistance of 23% (96 of 413 isolates) (Ochiai 
et al., 2008). Numerous authors now suggest that ciprofloxa-
cin is the best empirical therapy in such patients, although 
emerging fluoroquinolone resistance is affecting this approach 
(see Chapter 101, Ciprofloxacin).

CoT appears to be a satisfactory drug for the treatment of 
paratyphoid fever (Franzén et al., 1972) and for septicemias 
due to other Salmonella spp., such as S. typhimurium (Jafary 
and Burke, 1970). In India, unlike S. typhi, most S. paratyphi 
strains are CoT sensitive (Rao et al., 1993). CoT has been used 
with effect to treat a small number of patients with Salmonella 
meningitis (Levitz and Quintiliani, 1984). Although it may 
be useful for cases of meningitis that fail to respond to ampi-
cillin or chloramphenicol (Murphy and Fernald, 1983), the 
newer cephalosporins, cefotaxime and ceftriaxone, are more 
appropriate alternative treatments for Salmonella meningitis. 

There is also some evidence that CoT may eradicate the 
chronic S. typhi and S. paratyphi carrier states (Brodie et al., 
1970). Although Chan et al. (1973) found that a 2-week course 
of treatment was unsatisfactory for this purpose, results 
reported by Pichler et al. (1973) using a 3-month course of 
CoT appeared promising. The efficacy of any antimicrobial 
agents in these carrier states is difficult to assess.

Like other antimicrobials, CoT is probably of little value 
in conventional Salmonella gastroenteritis (Franzén et al., 
1972; Kazemi et al., 1973; Ekwall and Jonsson, 1984; Bassily 
et al., 1994). Sanchez et al. (1993) compared CoT (160/800 
mg) and ciprofloxacin (500 mg) twice daily for 5 days in a 
placebo-controlled double-blind trial of empirical therapy 
of uncomplicated Salmonella enteritis. Duration of diarrhea, 
abdominal pain, or vomiting and time to defervescence were 
not significantly different between the placebo and treatment 
groups, nor was there any difference in the rate of clearance 
of salmonellae from stools.

TMP has been used successfully to treat patients with enteric 
fever (S. typhi, S. paratyphi A and B). An adult dosage of 300 mg 
every 12 hours reduced to 200 mg every 12 hours after 2–3 days 
was used, with appropriate dose reduction for children. Initially 
42 of 71 patients were given the drug i.v. as a bolus injection, and 
after 2–3 days this was followed by oral therapy to complete a 
14-day course of treatment; 63 of the 71 patients were cured 
(McKendrick et al., 1981; Gargalianos et al., 1986).

7n.  Shigella infections

The use of CoT in shigellosis causes a more rapid clinical 
recovery and shortens the period during which shigellae are 
excreted (Franzén et al., 1972; Lexomboon et al., 1972). CoT 
is equally as effective as ampicillin for the treatment of suscep-
tible shigellosis in infants, children, and adults, and it is also 
effective when the disease is caused by ampicillin- resistant 
strains (Marks, 1975; Nelson et al., 1976a; Nelson et al., 
1976b; Chang et al., 1977; Barada and Guerrant, 1980; Nelson 
et al., 1982; Yunus et al., 1982). Nelson et al. (1982) reviewed 
the use of CoT in shigellosis; there were comparative studies 
of 149 cases and noncomparative studies of 147 cases. Bac ter io-
logic and clinical success rates were 90%, and CoT compared 
favorably with alternate treatments (Nelson et al., 1982; Prado 
et al., 1993; Bassily et al., 1994). Shigella dysentery, especially 
that caused by S. sonnei, is usually a self- limiting disease, and 
chemotherapy is not generally indicated, although antimicro-
bials can clear the agent and prevent further transmission of 
infection (Bassily et al., 1994). A recent Cochrane review of 
antibiotic therapy in Shigella dysentery demonstrated that 
antibiotic therapy reduced the episodes of diarrhea at fol-
lowup; however, there was insignificant evidence to conclude 
that any one therapy was superior to the other (Christopher 
et al., 2010). In contrast to its lack of value for Salmonella 
carriers, CoT is useful for the treatment of carriers of shigel-
lae (Ekwall and Jonsson, 1984).

More recently, however, the widespread emergence of CoT-
resistant Shigella species, primarily via plasmid-mediated 
mechanisms (Iqbal et al., 2014), has resulted in a substantial 
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diminution in the value of this therapeutic agent, especially 
among HIV-positive populations of men who have sex with 
men (Bennish and Salam, 1992; Kagalwalla et al., 1992; 
Ashkenazi et al., 1993; Yurdakök et al., 1997; Jain et al., 2005; 
Rosewell et al., 2010; Shiferaw et al., 2012; Hoffmann et al., 
2013). A recent analysis of Shigella spp. isolates in the United 
States demonstrated a 36% rate of CoT resistance (Shiferaw 
et al., 2012). However, multiresistant Shigella species are 
most common (> 65%) in medium- and low-income coun-
tries such as China (Yang et al., 2013), Indonesia (Herwana et 
al., 2010), Kenya (Karambu et al., 2013), Pakistan (Khan et 
al., 2009), Thailand (Taylor et al., 1989; Lolekha et al., 1991; 
Thisyakorn and Rienprayoon, 1992), Bangladesh (Bennish 
et  al., 1992), Bulgaria (Bratoeva and John, 1989), Mexico 
(Parsonnett et al., 1989) and Turkey (Yurdakök et al., 1997), 
as well as Saudi Arabia (Kagalwalla et al., 1992), Israel (Ash-
kenazi et al., 1993; Peleg et al., 2014), and Kuwait (Jamal et 
al., 2010). In these countries, CoT can no longer be presumed 
to be effective, and other agents, such as a fluoroquinolone, 
have been recommended (Salam and Bennish, 1991; Bennish 
and Salam, 1992). Special consideration needs to be given to 
travelers and military personnel who have recently returned 
from these regions because resistance is common in this 
patient group (Parsonnett et al., 1989; Heik kila et al., 1990a; 
Tauxe et al., 1990; Harnett et al., 1991; Hyams et al., 1991; Salam 
and Bennish, 1991; Bennish and Salam, 1992). Nevertheless, 
CoT was considered a treatment option in susceptible cases by 
the Infectious Diseases Society of America for clinical disease 
and to eradicate the carrier state (Guerrant et al., 2001).

7o.  Cholera

Earlier reports suggested that a 4- or 5-day course of CoT 
appears to be as effective as a similar course of tetracycline 
for the eradication of V. cholerae, both classic and El Tor bio-
types, from stools of patients with acute cholera (Gharagozloo 
et al., 1970; Cash et al., 1973; Burans et al., 1989; Grados et 
al., 1996; Kabir et al., 1996). Treatment with CoT was benefi-
cial for children with severe gastroenteritis due to V. cholerae 
or V. parahaemolyticus (Uylangco et al., 1984). Dupont et al. 
(1985) described a patient with a V. cholerae infection who was 
treated with CoT in whom the bacterium persisted in the feces 
after 8 days of treatment; the strain had become resistant 
owing to acquisition of a plasmid that conferred resistance to 
ampicillin, chloramphenicol, sulfonamide, and TMP. V. chol
erae with plasmid-mediated resistance to CoT has also been 
reported in an outbreak in Thailand (Tabtieng et al., 1989). 
Rehydration is the most important measure in the treatment 
of this disease, but chemotherapy is also of proven value. A 
recent Cochrane review, although demonstrating clinical effi-
cacy of CoT, suggested that tetracyclines and azithromycin 
may be superior (Leibovici-Weissman et al., 2014).

7p.  Traveler’s diarrhea

Many pathogens can be involved in traveler’s diarrhea, but 
enterotoxigenic E. coli has been isolated from 40–70% of cases 

(Gorbach, 1982). DuPont et al. (1982a) demonstrated the 
efficacy of CoT (160 mg TMP/800 mg SMX) or TMP, 200 
mg, given twice daily for 5 days in a placebo-controlled trial. 
A reduction in the number of unformed stools and reduced 
abdominal pain and nausea were noted in E. coli diarrhea, 
shigellosis, and diarrhea not associated with an enteropatho-
gen. Subsequently further randomized double-blind trials in 
Mexico have suggested that the most effective treatment reg-
imen is a combination of CoT and loperamide (4-mg loading 
dose, 2 mg after each loose stool to a maximum of 16 mg per 
day) for 3 days, in which the CoT is given as a loading dose 
of 2 double-strength tablets (total 320 mg of TMP) followed 
by 1 double-strength tablet (160 mg of TMP) twice daily for 
five doses (Ericsson et al., 1990; Ericsson et al., 1992). CoT 
has also been effective in the treatment of acute diarrhea in a 
Mexican pediatric population, where cultures later revealed 
only 22% of the cases to be due to enterotoxigenic E. coli 
(Oberhelman et al., 1987). However, various rates of expected 
CoT efficacy in both treatment and prophylaxis are likely to 
depend on regional differences in the susceptibility of E. coli 
to this agent. Hyams et al. (1991), in their study of US mili-
tary personnel with diarrhea in the 1991 Gulf War, dem-
onstrated that 39% of E. coli infections were CoT resistant 
but that all isolates were susceptible to fluoroquinolones. In 
an interesting study, Lester et al. (1990) screened the stools 
of healthy young children (age less than 3 years) in Boston 
(USA), Caracas (Venezuela), and Qin Pu (China) and found 
significantly higher rates of TMP-resistant strains of E. coli 
in Venezuela and China (61–64%) than in Boston (3%). The 
average overall frequency of antibiotic resistance in Caracas 
was 3.6-fold greater than in Boston, and that in Qin Pu was 
5.3-fold greater. Similarly, Murray et al. (1990) have shown 
that travel, in its own right, to countries such as Mexico is 
associated with the acquisition of resistant E. coli even among 
healthy travelers who have not used antibiotics. However, the 
impact of this resistance is less clear. Thornton et al. (1992) 
showed that CoT in conventional doses resulted in 97% res-
olution of symptoms by 5 days in travelers to West Africa and 
South America even though resistance was detected in 27% 
of isolates.

Both CoT and, to a lesser extent, TMP alone have previ-
ously been highly effective for the prevention of traveler’s 
diarrhea. CoT in a dosage of 160 mg of TMP and 800 mg of 
SMX once or twice daily or TMP alone in a dosage of 200 mg 
daily was effective. Infections by enterotoxigenic E. coli and 
Shigella spp. strains were prevented. In CoT-treated subjects, 
rashes occurred in 2% and 14% with the once- or twice-daily 
regimens, respectively, and in 3% of those taking TMP alone 
(DuPont et al., 1982b; DuPont et al., 1983). In the first of 
these trials, fecal flora of the subjects developed multiple 
antibiotic resistances. CoT in a dosage of 160 mg of TMP and 
800 mg of SMX once daily has been advocated for the pre-
vention of traveler’s diarrhea, but the need for prevention 
must be balanced against the risks of rashes and severe reac-
tions to CoT (DuPont et al., 1983). CoT may be inferior to 
ciprofloxacin in preventing traveler’s diarrhea and appears  
to result in more side effects (Heck et al., 1994). Another 
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disadvantage of CoT for the treatment or prevention of trav-
eler’s diarrhea is that it is not active against Campylobacter 
spp. In some studies, TMP alone appears similar in efficacy 
to CoT for the treatment of traveler’s diarrhea but is less 
effective as prophylaxis.

The prevention and treatment of traveler’s diarrhea has 
been reviewed (DuPont and Ericsson, 1993; Scarpignato 
and Rampal, 1995; Juckett, 1999; Castelli et al., 2006). These 
reviews conclude that the current role of CoT in the treat-
ment and prevention of traveler’s diarrhea is limited by high 
rates of resistance in enteric pathogens. Thus geographical 
differences in resistance rates should be taken into account 
when considering the use of CoT for these indications.

7q.  Cyclospora infections

Cyclospora cayetanensis is a coccidian parasite, previously 
referred to as cyanobacteria or coccidian-like body, that 
causes watery diarrhea in both developed and developing 
countries but has become particularly notable as a cause of 
diarrhea in HIV-infected patients. It is presumed to be water-
borne and tends to cause diarrhea that is generally self- 
limiting in immunocompetent hosts predominantly in the 
summer months (Wurtz, 1994; Soave and Johnson, 1995). 
Wurtz et al. (1993) and Madico et al. (1993) first reported 
anecdotal success with CoT therapy. Subsequently, Hoge et 
al. (1995) have demonstrated the efficacy of CoT in a placebo- 
controlled double-blind trial in travelers and foreign resi-
dents with Cyclospora infections in Nepal. A regimen of 
160/800 mg CoT twice daily for 7 days resulted in fecal clear-
ance of Cyclospora in 29% (CoT) versus 0% (placebo) after 
3 days (p = 0.016), whereas after 7 days of therapy, 94% of 
CoT-treated patients had cleared stools versus 12% of pla-
cebo recipients (p < 0.0001). Eradication of the pathogen 
correlated with clinical efficacy, and no relapse among CoT-
treated patients was noted in those followed for an additional 
7 days. Among HIV-infected patients, however, the rate of 
relapse appears to be relatively high. Pape et al. (1994) noted 
a high incidence of Cyclospora infection among HIV-infected 
Haitians with diarrhea. Clinically their symptoms were indis-
tinguishable from those seen in patients with isosporiasis or 
cryptosporidiosis. Because both Cyclospora and Cryptospori
dium are acid-fast staining and Cryptosporidium do not 
respond to CoT (unlike Isospora), care must be taken to dif-
ferentiate these two pathogens (Madico et al., 1993; Soave 
and Johnson, 1995). Among the 43 patients treated with 
CoT, 160/800 mg four times daily for 10 days, diarrhea 
ceased and stool examination was negative within 2.5 days 
after starting therapy. Recurrent symptomatic cyclosporiasis 
developed in 12 of 28 patients (43%) followed for more than 
1 month, but all responded to a further course of CoT. 
Subsequent secondary prophylaxis with CoT, 160/800 mg 
three times per week, was associated with only one recur-
rence after 7 months. Sifuentes-Osornio et al. (1995) have 
also described the clinical efficacy of CoT therapy for cyclo-
sporiasis in HIV- and non–HIV-infected patients in Mexico 
City. They noted two HIV-infected patients with acalculous 

cholecystitis, probably due to Cyclospora, which responded 
to CoT.

CoT appears to be superior to ciprofloxacin in resolving 
symptoms and clearing the pathogen from stools. A 1-week 
course of CoT was highly effective in HIV-infected patients 
with cyclosporiasis (Verdier et al., 2000). However, these 
authors suggested that ciprofloxacin was a suitable alterna-
tive in patients who cannot tolerate CoT. By contrast, TMP 
alone appears to be ineffective and no better than placebo 
(Shlim et al., 1997). More recent studies of outbreaks support 
the use of CoT as the drug of choice for this indication (Soave 
et al., 1998; Herwaldt, 2000). Whether treatment should be 
administered routinely has not been determined, given that 
the disease has a natural symptomatic resolution rate, although 
with persistence of the organism in stool in many cases (Hoge 
et al., 1995).

7r.  Isospora belli infection (coccidiosis)

The biology and treatment of Isospora spp. have been 
reviewed by Lindsay et al. (1997). Infection with the proto-
zoan Isospora belli may cause fever, diarrhea, and colicky 
abdominal pain and is usually self limited in an immuno-
competent host (Lindsay et al., 1997). Enteric infection with 
I. belli is common in patients with AIDS, particularly in 
some parts of the USA, Latin America, and the Caribbean, 
and can cause severe diarrhea (De Hovitz et al., 1986; Sorvillo 
et al., 1990). Treatment with CoT, 1 double-strength tablet 
(160-mg TMP component) four times daily for 10 days, then 
twice daily for 3 weeks, is effective, but recurrences occur in 
50% of cases (Whiteside et al., 1984; De Hovitz et al., 1986). 
Subsequently, Pape et al. (1989) have shown that after a 
10-day treatment course, prophylaxis with 1 double-strength 
tablet three times per week was as effective as prophylaxis 
with sulfadoxine, 500 mg, and pyrimethamine, 25 mg (Fan-
sidar; Roche Laboratories, Basel, Switzerland) weekly. Both 
regimens proved superior to placebo. In an intestinal trans-
plant patient with I. belli infection, CoT was used success-
fully (Gruz et al., 2010). When compared with ciprofloxacin, 
CoT has similar efficacy in HIV-infected patients (Verdier et 
al., 2000).

7s.  Other diarrheal diseases

In general, it is doubtful that antibiotics are necessary for the 
treatment of childhood gastroenteritis in developed coun-
tries. In developing countries, however, where childhood 
gastroenteritis is a major cause of mortality, there may be 
some justification. Yersinia enterocolitica is a cause of gastro-
enteritis, particularly in children, and it is susceptible to 
TMP and CoT. In one small placebo-controlled trial, CoT 
did not show any benefit in shortening the clinical or bacte-
riologic course of Y. enterocolitica gastroenteritis in children 
(Pai et al., 1984). A second prospective study in children 
with uncomplicated enteritis confirmed that CoT treatment 
was not superior to no treatment (Abdel-Haq et al., 2000). 
However, in thalassemic patients, who are prone to invasive 
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disease, treatment is recommended, and i.v. CoT has been 
shown to be very effective in a small series (Cherchi et al., 
1995).

Aeromonas spp. are another cause of gastroenteritis in 
young children. In most cases the disease is mild and of short 
duration, but in some cases the clinical course may be severe 
or protracted. In adults the course tends to be more chronic 
in nature (Holmberg et al., 1986). These organisms are 
 susceptible to TMP (also to tetracycline, chloramphenicol, 
third-generation cephalosporins, nitrofurantoin, and amino-
glycosides), and experience suggests that CoT may be of value 
in severe cases (Gracey et al., 1982; Palfreeman et al., 1983; 
Kipperman et al., 1984; Holmberg et al., 1986). However, 
there have been increasing reports of emerging resistance to 
CoT (Awan et al., 2009; Puah et al., 2013). Other drug classes 
are usually preferred, but for more serious infections TMP 
and CoT have been recommended (Jones and Wilcox, 1995; 
Guerrant et al., 2001) because the species are generally sus-
ceptible (Sader and Jones, 2005). It is interesting that CoT 
has also been employed as prophylaxis in the setting of 
 medical leech therapy, which inherently harbors Aeromonas 
hydrophila.

7t.  Brucellosis

CoT is useful in the treatment of brucellosis (Farid et al., 1970; 
Lal et al., 1970; Hassan et al., 1971; Daikos et al., 1973), par-
ticularly when used in combination with other agents such as 
tetracycline, rifampicin, gentamicin, or streptomycin (Hall, 
1990; McLean et al., 1992; Khuri-Bulos et al., 1993; Montejo 
et al., 1993; Bossi et al., 2004a; Ariza et al., 2007; Fruchtman 
et al., 2015). CoT monotherapy has been associated with an 
unacceptable (30–47%) relapse rate (Ariza et al., 1985; Lubani 
et al., 1989), although Daikos et al. (1973) suggested that the 
use of high doses (480 mg of TMP and 2400 mg of SMX daily) 
for a prolonged period (at least 2 months) produced good 
results. Shorter courses are often ineffective (Sánchez-Tamayo 
et al., 1997). Despite the fact that the optimal treatment regi-
men for brucellosis is undecided, some authors, including 
Hall (1990), who reviewed the treatment of brucellosis, rec-
ommend a combination of CoT with other agents. In gen-
eral, combination regimens containing doxycycline rather than 
CoT are now preferred for adults (Bossi et al., 2004a; Ariza et 
al., 2007).

CoT, in doses containing a 5- to 10-mg TMP component 
per kilogram per day, in combination with rifampicin, 10–15 
mg/kg/day, for 42–45 days is recommended for the treat-
ment of acute brucellosis in children younger than 8 years of 
age in whom doxycycline cannot be used (Hall, 1990; Bossi 
et al., 2004a). Good results were obtained with this combina-
tion in two large studies of pediatric brucellosis (Lubani et 
al., 1989; al-Eissa et al., 1990). Similarly, Khuri-Bulos et al. 
(1993) reported excellent results in childhood brucellosis 
with the combination of CoT plus rifampicin for 6 weeks, but 
they used a CoT dose of 10–12 mg/kg/day (TMP component). 
Relapse after 6 months was noted in only 4 of 113 children, 

all of whom responded to repeat therapy with the same 
agents. Fruchtman et al. (2015) demonstrated efficacy of CoT 
and gentamicin therapy in children under 4 years of age. 
Lubani et al. (1989) noted comparable results between the 
combinations of oral rifampicin plus oxytetracycline, rifam-
picin plus CoT, and oxytetracycline plus CoT, with relapse 
rates of 4–8% in patients treated for 3–5 weeks and no 
relapses after 8 weeks of treatment. Combination with strep-
tomycin or gentamicin was associated with few relapses irre-
spective of duration of treatment. Montejo et al. (1993) found 
little difference in outcome between a variety of treatment 
regimens studied in a prospective open randomized study 
from 1980–1987. However, as a result of the trial design, con-
clusions are difficult to draw, especially because one-to-one 
comparisons between individual treatment groups are com-
plicated by the relatively small number of patients in each 
group. Combining CoT with doxycycline was more effective 
than CoT plus rifampicin (both regimens for 2 months) in a 
large comparative study conducted in Iran, which had a lower 
failure and relapse rate (Roushan et al., 2004). 

Recent studies have suggested that tigecycline may have 
therapeutic potential; in a cohort of 56 B. melitensis isolates, 
the highest MIC observed was 0.25 µg/ml (Bayram et al., 
2011). The use of tigecycline in brucellosis has been described 
in only a small number of case reports, including in a renal 
transplant patient (Ting et al., 2013). The use of ceftriaxone 
(in combination with rifampcin and doxycycline) for 218 
patients with neurobrucellosis was found to be associated with 
increased cure rates when compared with CoT-based regi-
mens (CoT + rifampicin + doxycycline) (Erdem et al., 2012).

CoT (5-mg TMP component per kilogram per day) in 
combination with rifampicin (900 mg per day) with or with-
out doxycycline (100 mg twice daily) for 3 months (with or 
without a short course of corticosteroids) has been used suc-
cessfully for the treatment of Brucella meningoencephalitis, 
particularly because good CSF levels can be achieved with 
oral administration (Hall, 1990; Ceran et al., 2011). Other 
authors have reported good results with CoT plus doxycy-
cline (Al-Orainey et al., 1987; Roldan et al., 1988), but McLean 
et al. (1992), after reviewing 18 cases of neurobrucellosis, 
recommended a four-drug regimen of streptomycin, tetracy-
cline, rifampicin, and CoT.

Brucella endocarditis is a relatively rare complication of 
brucellosis that is associated with high mortality, possibly 
because of its apparent predilection for involvement of the 
aortic valve with common sequelae of myocardial abscess 
formation (Jacobs et al., 1990). A four-drug combination of 
CoT, rifampicin, doxycycline, and streptomycin for 8–12 
weeks is recommended, but concomitant valve replacement 
is generally necessary (in 87%) (Hall, 1990; Jacobs et al., 1990).

Despite the apparent success of CoT in many studies over 
the past 20 years, caution with the choice of CoT is now 
needed because resistant strains are being increasingly docu-
mented (Bannatyne et al., 2001; Turkmani et al., 2006; Ariza 
et al., 2007), as are cases of relapse associated with CoT-
resistant strains (Almuneef et al., 2003).
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7u.  Nocardiosis

Nocardia species that are potential human pathogens include 
N. asteroides, N. farcinica, N. brasiliensis, N. caviae, N. trans
valensis, N. otitidiscaviarum, and N. nova, although the first 
three are the most frequent pathogens (Arduino et al., 1993; 
Schiff et al., 1993; Farina et al., 1995; Brown-Elliott et al., 2006). 
Nocardiosis can be an acute, subacute, or chronic suppurative 
infection that ranges from mild cutaneous or pulmonary dis-
ease to aggressive and often fatal dissemination, with the 
clinical presentation and course depending on the degree 
of host immune suppression. Pulmonary disease and blood-
borne spread to other organs, particularly the CNS, are the 
major clinical manifestations of N. asteroides infection. 
Nocardia farcinica is notable for its propensity to cause seri-
ous systemic infection in both normal and immunocompro-
mised patients and its greater resistance to many antibacterial 
agents (Schiff et al., 1993). Nocardia brasiliensis more fre-
quently causes infections of the skin and soft tissues, such as 
mycetoma. Mycetomas are chronic lesions, often on the lower 
extremities, with draining sinuses exuding sulfur granules 
(Smego and Gallis, 1984; Georghiou and Blacklock, 1992). 
Nocar dia transvalensis, a rare Nocardia species, causes primary 
pulmonary and disseminated disease mainly in immunosup-
pressed patients and generally displays greater antimicrobial 
resistance than other Nocardia species, but successful ther-
apy with CoT has been reported (McNeil et al., 1992; Wein-
berger et al., 1995).

For many years sulfonamides (sometimes combined with 
other drugs) were considered the mainstay of treatment for 
nocardiosis, but the mortality and morbidity of this infection 
remained unacceptably high (Wallace et al., 1982a). There 
have now been numerous reports of successful use of CoT in 
this disease (Baikie et al., 1970; Pavillard, 1973; Wallace et al., 
1982a; Smego et al., 1983; Smego and Gallis, 1984; Berkey and 
Bodey, 1989; Forbes et al., 1990; McNeil et al., 1992; Mamelak 
et al., 1994; Menéndez et al., 1997; Torres et al., 2000; Agterof 
et al., 2007; Martínez Tomás et al., 2007; Tuo et al., 2008). 
Nevertheless, some authors remain skeptical that the CoT 
combination is superior to sulfonamides for treating Nocardia 
infections but recognize that in many countries the CoT 
combination is the only readily accessible formulation con-
taining a sulfonamide (Brown-Elliott et al., 2006). Maderazo 
and Quintiliani (1974) described a patient who developed a 
brain abscess due to N. asteroides during therapy with ampi-
cillin and either sulfadiazine or sulfisoxazole for pulmonary 
nocardiosis. The pulmonary disease responded to this ther-
apy, but the cerebral lesion required surgical excision and 
a  3-month course of CoT. Poor penetration of ampicillin 
and sulfisoxazole into the CSF was demonstrated, but good 
concentrations of both TMP and SMX were found in brain 
tissue. In addition, these drugs acted synergistically in vitro 
against the organism involved. In vitro studies suggest that 
higher doses of TMP than those available in CoT are necessary 
to obtain synergism against this organism, but these higher 
ratios may be attained in the tissues with the usual treatment.

Many authors now consider CoT to be the drug of choice 
for nocardiosis (Wallace et al., 1982a; Smego et al., 1983; Filice 
and Simpson, 1984; Smego and Gallis, 1984; Chapman and 
Wilson, 1990; Schiff et al., 1993). Experience with 119 cases 
treated with CoT was recorded by Smego et al. (1983); of 62 
cases of systemic nocardiosis, improvement was achieved in 
81%, and the overall survival rate for patients with dissemi-
nated nocardiosis, with or without CNS involvement, was 
63%. Relapses were common, and clinical outcome was related 
to the duration of therapy. Clinical experience with myceto-
mas due to N. brasiliensis has been excellent, but treatment 
with CoT for up to 3 years may be required (Wallace et al., 
1982a). It has not been established whether CoT therapy is 
superior to treatment with sulfonamides for this particular 
species. The general opinion is that sulfonamides may still be 
useful for cutaneous and pulmonary disease due to N. brasil
iensis. However, for disseminated and CNS infections, CoT 
should be used, perhaps combined with other antibiotics 
to which the organism is susceptible (Wallace et al., 1982a; 
Smego et al., 1983; Smego and Gallis, 1984). Even though the 
use of CoT has now superseded sulfonamides for this dis-
ease, resistant strains occasionally occur (Cockerill et al., 1984). 
Susceptibility tests should always be performed on isolates, 
plus drug level monitoring in the serum and CSF in serious 
infections (Smego et al., 1983). Forbes et al. (1990) noted a 
good clinical response to CoT in a patient after liver transplan-
tation, despite in vitro evidence of reduced CoT susceptibility. 
CoT produced variable results when used as monotherapy 
for N. transvalensis but probably remains the first-line agent 
for this rare infection (McNeil et al., 1992). Increasing reports 
of CoT resistance have been noted, from 15–42% (Hardak et 
al., 2012b; Uhde et al., 2010).

A number of CoT failures have been described, particu-
larly in immunocompromised patients (Brown-Elliot et al., 
2006). Indeed, the efficacy of CoT never appears to exceed 
60% in these types of patients, who generally have deep-
seated infections (Martínez Tomás et al., 2007). Overkamp et 
al. (1992) reported failure of CoT therapy for the treatment 
of an N. asteroides brain abscess due to a CoT-sensitive strain 
in an immunocompromised patient who was treated with 
CoT (640-mg TMP component) daily for 2 weeks. King et al. 
(1993) reported a case of cerebral nocardiosis in a renal trans-
plant recipient after the patient had received CoT (640-mg 
TMP component) daily for 6 months. The patient responded 
to reintroduction of the same dose of CoT. Arduino et al. 
(1993) described nine cases of nocardiosis among renal trans-
plant recipients receiving cyclosporine and prednisolone, four 
of whom (one cerebral abscess, three pulmonary abscess) 
were treated with CoT alone—although the doses were not 
stated.

Clinical outcome in nocardiosis may be related to both 
CoT dosage and the duration of therapy. Smego et al. (1983) 
recommended treatment for 3–12 months depending on dis-
ease severity and the patient’s immune status, with possible 
indefinite low-dose prophylaxis after completion of success-
ful full-dose therapy, particularly in immunocompromised 



1672 Trimethoprim and Trimethoprim–Sulfamethoxazole (Cotrimoxazole)

patients. There are no definitive guidelines for treatment dos-
age; however, 640 mg (TMP component) daily (i.e. 4 double- 
strength tablets: 1 tablet four times a day or 2 tablets twice 
daily) has been commonly used for serious infections. Some 
authors argue for significantly higher CoT dosages in immu-
nocompromised patients. Wallace et al. (1982a) reported the 
use of 5 mg/kg/day (range 5–10 mg/kg/day for TMP compo-
nent) for cutaneous nocardiosis and 8 mg/kg/day or higher 
(range 4–26 mg/kg/day) for more serious disease, such as 
pulmonary or brain abscesses. Chapman and Wilson (1990) 
summarized the presentation and management of nocardio-
sis in transplant recipients; however, the doses of CoT used 
were not described, although reversible nephrotoxicity asso-
ciated with co-administration of cyclosporine and CoT was 
noted. Gilbert et al. (2008) recommended initial doses of 15 
mg/kg/day (TMP component) divided into two to four doses 
daily for serious N. asteroides disease. Although this is unref-
erenced, this dosage is consistent with many clinical reports.

Nocardia can occasionally invade the cornea after trauma. 
Topical CoT is frequently used to treat this condition and 
generally does so successfully (Lee et al., 2001; Kalavthy et 
al., 2004).

7v.  Plague

Although CoT is generally not considered a first-line agent for 
plague, some studies have suggested that a 5- to 17-day course 
of CoT may be effective for the treatment of bubonic plague 
(Nguyen-Van-Ai et al., 1973; Butler et al., 1974). Sub sequently, 
a small trial was carried out in Vietnam in 1975 in which strep-
tomycin and CoT treatments for Yersinia pestis infections were 
compared. Streptomycin was given i.m. in a dosage of 0.5–1.0 g 
(depending on the patient’s weight) twice daily for 10 days, and 
CoT (160 mg of TMP, 800 of mg SMX; half this dose for chil-
dren) was given i.v. for 3–5 days, then orally in the same dose to 
complete a 10-day course. Patients treated with streptomycin 
had a shorter median duration of fever and fewer complica-
tions than those treated with CoT (Butler et al., 1976).

7w.  Melioidosis

As a result of early case reports suggesting that CoT was 
effective against B. pseudomallei (De Buse et al., 1975; John, 
1976; Fuller et al., 1978; Morrison et al., 1979), multidrug 
combinations that include CoT are now considered to repre-
sent conventional therapy for melioidosis by many authors 
(Shaefer et al., 1983; Leelarasamee and Bovornkitti, 1989; Sook-
pranee et al., 1992; Chaowagul et al., 1993), although cases of 
successful monotherapy with CoT continue to be reported 
(Wor thing ton and McEniry, 1990). Sookpranee et al. (1992) 
compared ceftazidime plus CoT with the conventional ther-
apy of a combination of chloramphenicol, doxycycline, and 
CoT in a prospective randomized trial of 64 patients in north-
eastern Thailand. Results suggested that the ceftazidime–CoT 
combination was more effective in treating severe melioidosis, 
especially in patients presenting with disseminated septice-
mic disease, although both regimens were similar in their 

efficacy in clearing bacteremia within 24 hours (96–97%). All 
patients in both groups who survived after day 7 were treated 
with oral doxycycline and/or CoT for at least 3–6 months, 
with no relapses during the 9- to 22-month followup period.

There has been a considerable expansion of clinical stud-
ies of a variety of regimens for initial treatment of melioido-
sis and subsequent maintenance therapy. As a consequence 
of these studies, multiple agents are used both for the initial 
intensive i.v. treatment of acute melioidosis and for so-called 
eradication, and many of these regimens contain CoT (White, 
2003; Cheng and Currie, 2005; Inglis et al., 2006; Wuthiekanun 
and Peacock, 2006). CoT is often recommended for the most 
severe forms of the disease in combination with a beta- lactam, 
such as ceftazidime, imipenem, or meropenem (Bossi et al., 
2004b; Cheng and Currie, 2005). Doses are high, of the order 
of 8 mg/kg (TMP component) up to a total of 320 mg every 
12 hours, and administered i.v. in the intensive phase of treat-
ment (Antibiotic Expert Group, 2014). 

CoT monotherapy was used successfully in children with 
localized disease, predominantly skin and soft tissue infec-
tions and suppurative parotitis (Lumbiganon et al., 2011). 

Maintenance or eradication phases typically employ CoT 
or CoT–doxycycline combinations (Dance, 2014). Rajchanu-
vong et al. (1995) showed that the conventional combination 
of oral chloramphenicol plus doxycycline plus CoT was 
superior to oral amoxicillin–clavulanate in terms of relapse 
rates (4% vs. 16%). A similar study compared the same con-
ventional combination with doxycycline alone and again 
showed superior efficacy for the combination (Chaowagul 
et al., 1999). Subsequently, Chaowagul et al. (2005) demon-
strated that CoT plus doxycycline was as effective in mainte-
nance therapy as the conventional oral regimen. A recent 
multicenter noninferiority double-blind placebo-controlled 
trial in Thailand that examined CoT versus CoT– doxycycline 
for maintenance therapy (20 weeks) demonstrated that CoT 
was not inferior to combination maintenance therapy (Chetch-
otisakd et al., 2014).

CoT can be combined with either cefoperazone–sulbactam 
or ceftazidime in severe melioidosis with equal efficacy 
(Chetchotisakd et al., 2001). However, a more recent study 
has revealed that the addition of CoT to ceftazidime does  
not reduce acute mortality in severe melioidosis, even that 
occurring more than 48 hours after commencement of treat-
ment (Chierakul et al., 2005). Of even more concern was the 
followup of patients in this study who had only short-term 
survival. Late mortality or relapse was not better and was 
possibly worse in the combination ceftazidime–CoT arm than 
in the ceftazidime-only arm, suggesting that the addition of 
CoT offered neither short- nor long-term benefit (Chierakul 
et al., 2007). A Cochrane review of all clinical trials to 2002 con-
cluded that the key agents influencing survival in the acute 
phase were ceftazidime or imipenem (Samuel and Ti, 2002). 
Hence the only important role for CoT appears to be as part of 
the oral combination therapy in the eradication phase after 
acute treatment. An additional role may well be postexpo- 
sure prophylaxis after accidental laboratory or bioterrorism- 
related exposure (Sivalingam et al., 2008). Not all strains of  
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B. pseudomallei are susceptible in vitro to CoT (Wuthiekanun 
et al., 2005; Sivalingam et al., 2008), highlighting the growing 
need to confirm susceptibility to CoT when considering its use.

7x.  Pertussis

CoT is useful for chemoprophylaxis in infants who have come 
into contact with whooping cough (Arneil and McAllister, 
1977). CoT and erythromycin were equally effective in erad-
icating B. pertussis from the nasopharynges of 22 children 
(Henry et al., 1981), despite in vitro findings of poor activity 
for CoT. CoT has evolved to have a supporting role in the 
treatment of pertussis and pertussis contacts in patients intol-
erant of or allergic to macrolides. However, there are no pro-
spective studies that have proven a clinical benefit, although 
there is evidence that a 7-day course of standard-dose CoT 
does eradicate the organism from the nasopharynx, which is 
the primary objective of antibiotic treatment for this condi-
tion (Hoppe et al., 1989; Kerr and Preston, 2001; Altunaiji et 
al., 2007). Strains of B. pertussis retain susceptibility to CoT 
(Brett et al., 1998), as does B. parapertussis (Mastrantonio et 
al., 1998), making CoT an option for the treatment of the 
occasional case of pertussis caused by this species.

7y.  Whipple disease

Whipple disease is now known to be caused by Tropheryma 
whipplei, which results in chronic infection of the gastroin-
testinal tract and metastatic spread to other organs (Dutly 
and Altwegg, 2001). CoT has previously demonstrated clini-
cal benefit in Whipple disease (Elsborg et al., 1975; Haeney 
and Ross, 1978; Viteri et al., 1981), although it may be inef-
fective when the disease involves the CNS (Cooper et al., 1994). 
By 1997, CoT came to be considered the drug of choice 
(Durand et al., 1997), although some advocated an initial 
2-week treatment with parenteral benzylpenicillin plus strep-
tomycin (Singer, 1998; Dutly and Altwegg, 2001; Bai et al., 
2004). Treatment is usually extended for 1–2 years; because 
of the rarity of this disease, however, there are no clinical trial 
data to support this. Strains of Tropheryma resistant to CoT 
have been reported (Lévy et al., 2000; Knaapen and Barrera, 
2007; Bakkali et al., 2008). 

In 40 patients with Whipple disease, including 14 patients 
with CNS disease, 14 days of i.v. ceftriaxone followed by 3 
months of CoT achieved clinical cure in 36 of 37 surviving 
patients (Feurle et al., 2013). Failure of CoT in patients with 
classic Whipple disease has recently been reported, espe-
cially when treatment is for only 1 year or less (Lagier et al., 
2014; Lagier et al., 2010).

7z.  Cat-scratch disease

CoT has been used with variable efficacy in the treatment of 
cat-scratch disease, an infection caused by B. henselae (Bogue 
et al., 1989; Collipp, 1992; Margileth, 1992). Margileth (1992) 
retrospectively reviewed the management and outcome of 
268 patients with cat-scratch disease and found only four 

drugs to be effective: rifampicin, 87% efficacy; ciprofloxacin, 
84% efficacy; CoT (6–8 mg of TMP component per kilo-
gram, two or three times daily for 7 days), 58% efficacy; and 
gentamicin, 73% efficacy. In most patients with cat-scratch dis-
ease, however, no therapy is required because the localized 
disease is self resolving (Rolain et al., 2004). Antimicrobial 
therapy is recommended for complicated and disseminated 
B. henselae infection, such as bacillary angiomatosis, peliosis 
hepatis, endocarditis, bacteremia, and neuroretinitis, all fea-
tures of the illness in immunocompromised patients. Initially 
there were two reports involving three patients describing the 
CoT efficacy in these types of infections (Cockerell et al., 1990; 
Slater et al., 1990). Relapse occurred in all three patients, 
probably as a result of inadequate duration of treatment (14 
days). Subsequently, there have been further anecdotal reports 
of efficacy in extensive lymphadenopathy, sufficient to make 
CoT a recommended alternative to macrolides and doxycy-
cline for this disease (Margileth, 2000; Florin et al., 2008).

7aa.  Mycobacterial diseases

Mycobacterium marinum may be susceptible to CoT (Aubry 
et al., 2000; Rhomberg and Jones, 2002), and a number of 
authors have reported reasonable clinical efficacy (Barrow and 
Hewitt, 1971; Kelly, 1976; Hugh and Coleman 1981; Iredell et 
al., 1992). Iredell et al. (1992) reviewed the features of 29  
M. marinum infections in Queensland, Australia, and found 
that chemotherapy alone was often adequate, especially with 
deep tissue involvement such as tenosynovitis and arthritis, 
which was a more common presentation (48%) in this series 
than in previous reports. Monotherapy with CoT was effective 
in seven of nine cases, whereas various combinations of rifam-
picin, ethambutol, and tetracyclines were of similar efficacy. Lee 
and Brenan (1998) have shown efficacy in chronic and extensive 
infection with a combination of rifampicin and CoT.

Serious disease with M. fortuitum has been cured with 
CoT. A 16-year-old with M. fortuitum meningitis recovered 
with a combination of CoT and isoniazid therapy and surgical 
removal of an implicated foreign body (Santamaria-Jaúregui 
et al., 1984). Pacht (1990) successfully treated a 37-year-old 
man with M. fortuitum lung abscess with a 1-year course of 
CoT. CoT has subsequently been used in multidrug regimens 
for localized M. fortuitum infections (Kleinpeter and Krane, 
2001; Nagore et al., 2001; Smith et al., 2001; Zainal Muttakin 
and Tan, 2006), but the contribution of CoT in these circum-
stances is difficult to assess.

In a 64-year-old man with myelodysplastic syndrome and 
disseminated infection with M. avium complex, the infection 
was improved by means of therapy with CoT, which was 
commenced for presumptive (but later disproven) nocardial 
infection (Chang and Goetz, 1992).

7bb.  Histoplasmosis

Three case reports have suggested that CoT may have some 
efficacy in histoplasmosis, although it is not the drug of 
choice (Macleod, 1970; Egere et al., 1978; Ajayi et al., 1986).
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7cc.  Q fever

CoT has been used to treat patients with both acute and chronic 
Q fever, with mixed success (Freeman and Hodson, 1972; 
Dathan and Heyworth, 1975; Levy et al., 1991). Although 
there have been reports of successful CoT therapy in Q fever 
when combined with tetracyclines, lincomycin, or rifampicin 
(see Chapter 85, Clindamycin and lincomycin, and Chapter 
126, Rifampicin [rifampin]) (Tobin et al., 1982), there have 
also been failures with the rifampicin–CoT combination. 
Street and Durack (1988) reviewed the efficacy of CoT in the 
treatment of infective endocarditis, including 19 cases due to 
Coxiella burnetti. Eleven of these 19 patients were cured (8 
medically, 3 with medical and surgical therapy): 1 with CoT 
monotherapy, and 10 with a combination of CoT plus other 
agents, such as tetracyclines. In general, tetracyclines have 
remained the usual preferred drugs for this infection.

However, CoT appears to have a role in the treatment of Q 
fever during pregnancy, in which tetracyclines are contra-
indicated. Carcopino et al. (2007) showed a distinct benefit 
from the long-term administration of CoT to pregnant 
patients in terms of preventing chronic Q fever, a significant 
risk in pregnant women, as well as obstetric complications 
and intrauterine fetal death. Long-term CoT can now be 
considered the treatment of choice for Q fever in pregnancy.

7dd.  Malaria

Combination folate antagonists, especially sulfadoxine plus 
pyrimethamine, have an established role in the treatment of 
malaria, particularly that caused by P. falciparum. TMP has 
sometimes been used in place of pyrimethamine in combina-
tion with quinine and a long-acting sulfonamide to provide 
triple-drug treatment for chloroquine-resistant falci parum 
malaria. TMP in combination with a long-acting sulfon-
amide alone has also been used successfully for this purpose 
(Martin and Arnold, 1968). In a comparative trial, Lal (1982) 
showed that oral CoT was as effective as oral chloroquine for 
the treatment of vivax malaria in children, but chloroquine 
cleared parasitemia faster. The use of CoT was reported to 
delay the diagnosis of malaria in two patients (Williams et 
al., 1982). This can also occur with other antibiotics, such as 
tetracyclines or clindamycin, that have an effect on malarial 
parasites.

The importance of CoT in the treatment and prevention 
of Pneumocystis pneumonia and its low cost have been 
responsible for its deployment in the management of condi-
tions such as malaria and pneumonia in sub-Saharan Africa, 
where HIV infection is prevalent. As a result there are now 
numerous trials on the efficacy of CoT and TMP in falci-
parum malaria in that part of the world. A combination of 
CoT with rifampicin and isoniazid was shown to be effec- 
tive in small trials of treatment and prophylaxis in Malawi 
(Freerksen et al., 1995; Freerksen et al., 1996). CoT plus pyri-
methamine was compared with pyrimethamine plus ber-
berine (an isoquinoline alkaloid used in Chinese medicine) 
and pyrimethamine plus tetracycline in chloroquine-resistant 

malaria (Sheng et al., 1997). The CoT combination was less 
effective than the berberine combination. In Kenyan chil-
dren, CoT was compared with the conventional sulfadoxine– 
pyrimethamine combination (Fansidar) in uncomplicated 
malaria (Omar et al., 2001). Both were effective in reducing 
fever and improving anemia, and both had similar parasito-
logic failure rates (11% and 14%, respectively). TMP was 
combined with dihydroartemisinin and naphthoquine and 
compared with the combination of artemether and lumefan-
trine in the treatment of uncomplicated falciparum infection 
in Thailand (Krudsood et al., 2003). The TMP combination 
had a cure rate of 97% without adverse effects. CoT alone 
had similar efficacy as 3- and 5-day courses of chloroquine 
and pyrimethamine–sulfadoxine against uncomplicated fal-
ciparum malaria in Nigerian children (Fehintola et al., 2002; 
Fehintola et al., 2004) and when combined with artesunate 
cleared parasitemia within 2 days (Fehintola et al., 2008). 
When CoT was compared with a combination of Fansidar 
and erythromycin for the treatment of Malawian children who 
had both falciparum malaria and pneumonia, only modest 
responses were observed, with poorer outcomes related to 
severe malnourishment (Hamel et al., 2005).

Khalil et al. (2005) attempted to link the failure of CoT 
therapy in falciparum malaria in adults and adolescents to 
mutations in DHFR and dihydropteroate synthetase (DHPS) 
and showed that a triple mutation in DHFR plus a mutation 
in DHPS was found in all recrudescent infections. In an in 
vitro study, the same investigators had previously shown a 
link between DHFR mutations and CoT resistance, but not 
DHPS mutations (Khalil et al., 2003). CoT failure has also 
been linked to younger age (under 3 years) and fever ≥ 38°C 
2 days after commencing treatment (Sowunmi et al., 2006).

The efficacy of CoT as malaria prophylaxis has also been 
examined. CoT administered to HIV-positive patients in 
Mali was more effective than placebo in preventing infection 
and clinical malaria, and its use did not evidently select for 
resistant mutants (Thera et al., 2005). In another study by 
Malamba et al. (2006) in Uganda, selection for CoT-resistant 
variants by prophylaxis was not demonstrated. When com-
bined with ART and insecticide-treated bed nets, CoT sub-
stantially reduced the rates of malaria in a cohort of Ugandan 
HIV-positive patients (Mermin et al., 2006). Similarly, Kamya 
et al. (2007) showed that CoT plus insecticide-treated bed 
nets without ART was very effective in preventing malaria in 
HIV-infected children. 

In a randomized controlled trial of HIV-positive patients 
in sub-Saharan Africa, CoT was employed for either 96 weeks 
post-ART or ongoing prophylaxis. The study demonstrated  
a reduced incidence of both malaria and infection-related  
hospitalizations using this prophylaxis regimen (Bwakura-
Dangarembizi et al., 2014). In a recent systematic review it 
was concluded that CoT prophylaxis in HIV-positive patients 
potentially reduces symptomatic and asymptomatic malarial 
infections (Davis et al., 2015; Harouna et al., 2015; Kasirye 
et al., 2015a). Similarly, a recent blinded randomized trial of 
HIV-positive patients in Uganda demonstrated a small ben-
efit of CoT prophylaxis in reducing incidence of malaria, but 
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without mortality benefit (Kasirye et al., 2015b). In two 
open-label noninferiority trials in Benin of mefloquine ver-
sus CoT for malaria prophylaxis in HIV-infected pregnant 
women, CoT was found to be noninferior, although the com-
bination of the two provided significantly higher reductions 
in placental parasitemia (Denoeud-Ndam et al., 2014).

7ee.  Toxoplasmosis

Reports on the use of TMP–sulfonamide combination treat-
ment for toxoplasmosis in animals have been conflicting, and 
these results may not be applicable to humans. In mice, TMP 
seems to potentiate the action of sulfonamides (Feld man, 
1973b; Seah, 1975; Grossman et al., 1978; Nguyen et al., 1978). 
Grossman and Remington (1979) demonstrated synergy 
between TMP and SMX against T. gondii in vitro, but results 
of in vivo studies in mice were inferior to those obtained by 
pyrimethamine and sulfadiazine. In squirrel monkeys, sul-
fonamides alone or in combination with pyrimethamine or 
TMP were more effective than spiramycin for toxoplasmosis 
(Harper et al., 1985).

Despite the animal model data, anecdotal reports and 
prospective efficacy studies of CoT for treatment of Toxo
plasma encephalitis have been undertaken. Mossner (1969) 
initially suggested that CoT may be effective in the treatment 
of human toxoplasmosis. This was followed by a number 
of  anecdotal reports of the efficacy of CoT in this disease 
(Norrby et al., 1975; Salter, 1982). Torre et al. (1998) con-
ducted a randomized trial of CoT versus pyrimethamine–
sulfadiazine (the gold standard treatment at that time) for 
Toxoplasma encephalitis in AIDS patients in Italy. Doses of 
CoT were based on 10 mg/kg (TMP component) per day. CoT 
was equally efficacious as acute therapy and had a higher 
likelihood of generating a complete radiological response, 
and it had a lower rate of adverse reactions. By contrast, a 
Thailand trial suggested that pyrimethamine–sulfadiazine 
was superior to CoT, although failure rates were not signifi-
cantly different in the two groups (Kongsaengdao et al., 
2008). Even oral CoT therapy from the outset may be effec-
tive. A small study in South Africa examined the use of oral 
CoT at a dose of 160 mg (TMP component) four times daily 
and reported good responses in 20 patients (Francis et al., 
2004). A Cochrane review of available trial evidence for 
 different treatment regimens suggested that CoT might be 
preferable in resource-poor settings (Dedicoat and Livesley, 
2006). More recently, a systematic review of 14 randomized 
controlled trials examining treatment for toxoplasmosis sug-
gested that CoT is an effective alternative to sulphadiazine 
and pyrimethamine (Rajapakse et al., 2013). 

After a retrospective study, Carr et al. (1992a) suggested 
that low-dose CoT (1 double-strength tablet twice daily 2 days 
per week) given as prophylaxis against Pneumocystis pneumo-
nia in patients with HIV infection was also effective prophy-
laxis against Toxoplasma encephalitis. Sixty patients given 
CoT were compared with 95 patients who received pentami-
dine (78 aerosolized, 17 i.v. sulphadiazine). No patient in the 
CoT-treated group and no patient who was seronegative for 

antibodies to T. gondii developed Toxoplasma encephalitis, 
compared with 12 of 36 seropositive patients in the pentam-
idine group (p = 0.004). Although some authors were ini-
tially cautious in espousing CoT prophylaxis for Toxoplasma 
encephalitis, current recommendations suggest that a regi-
men of either CoT or dapsone–pyrimethamine is worthwhile 
for HIV-infected patients who are seropositive for immuno-
globulin G to T. gondii and have a CD4 lymphocyte count  
< 100–200/mm3 (Beaman et al., 1992; Antinori et al., 1995; 
Richards et al., 1995; Weigel et al., 1997) (see Chapter 93, 
Pyrimethamine). Of interest is the report by Zylberberg et al. 
(1995), in which CoT prophylaxis for P. jirovecii appeared to 
mask the presence of disseminated toxoplasmosis, which was 
identified by polymerase chain reaction testing of blood and 
bronchoalveolar lavage fluid. A meta-analysis of prophylactic 
regimens (CoT, pyrimethamine–dapsone, aerosolized pent-
amidine) failed to identify a superior regimen (Bucher et al., 
1997). A subsequent study suggested that high-dose CoT may 
be superior to low-dose CoT in preventing Toxoplasma enceph-
alitis in HIV-positive patients (Ribera et al., 1999). These 
authors showed a reduced prophylactic effect when patients 
were also receiving rifampicin. With the availability of highly 
active ART, the need for continuing maintenance therapy after 
proven Toxoplasma encephalitis may be obviated, but stable 
adequate immunological recovery would need to be assured 
(Duval et al., 2004). In a meta-analysis of prophylaxis and 
treatment of toxoplasmosis encephalitis in HIV patients, CoT 
was equivalent to dapsone–pyrimethamine for prophylaxis, 
whereas in treatment, only two studies were available for 
comparison, but pyrimethamine–sulfadiazine and CoT did 
not differ in terms of clinical outcomes (Yan et al., 2013).

In an Iranian study of toxoplasma lymphadenitis, 46 
patients (23 per arm) were enrolled in a randomized double- 
blind placebo-controlled trial of CoT (8 mg of TMP per kilo-
gram twice daily for 1 month), in which the diagnosis was 
confirmed by the presence of palpable lymph nodes, anti-
toxoplasma immunoglobulin M > 8 IU, and follicular hyper-
plasia. Cure was achieved in 65.2% of CoT patients versus 
13.1% in the placebo group (p < 0.001) (Alavi and Alavi, 2010). 

CoT is frequently used for the treatment of ocular toxo-
plasmosis (Felix et al., 2014). However, the manifestations 
and progression of the disease vary greatly, and it has been 
difficult to confirm the benefit of CoT treatment (Holland, 
2004). In one prospective study comparing CoT with pyri-
methamine–sulfadiazine, efficacy appeared equivalent in 
acute retinochoroiditis with around 50% reduction in lesion 
size (Soheilian et al., 2005). CoT has also been used success-
fully as secondary prophylaxis in patients with primary toxo-
plasmosis retinochoroiditis (Felix et al., 2014).

7ff.  Pneumocystis jirovecii (carinii) 
pneumonia

Pneumocystis jirovecii (also spelled P. jiroveci, previously  
P. carinii) was first recognized in 1909 and is thought to ini-
tially infect humans in early childhood by the respiratory 
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route (Russell, 1981; Leading article, 1985; Masur, 1992). It was 
initially presumed to be a protozoan, but more recent studies 
have shown it to share nucleic acid and structural features 
with both protozoa and fungi; hence its precise taxonomy 
was somewhat uncertain (Edman et al., 1988; Stringer et al., 
1989; Bartlett and Smith, 1991; Masur, 1992), although the 
most recent evidence suggests that the organism is a member 
of the fungal kingdom (Stringer et al., 1989; Stringer et al., 
2002). Technically, P. jirovecii is now the name of the species 
that is known to infect humans, whereas P. carinii is the species 
that infects rats. Lung infection with P. jirovecii was originally 
identified in premature and debilitated infants and now 
occurs most frequently in the setting of significant immune 
suppression or deficiency. PJP is one of the most common 
opportunistic infections in patients infected with HIV. Untreated 
PJP has a 50% mortality in premature or malnourished 
infants and a 100% mortality in those with impaired immu-
nity (Russell, 1981; Hughes, 1982). PCP and its management 
have been reviewed frequently in recent years (Masur, 1992; 
Held and Goebel, 1996; Ioannidis et al., 1996; Miller et al., 1996; 
Morris-Jones and Easterbrook, 1997; Castro, 1998; Fishman, 
1998; Vilar et al., 1999; Ahmad et al., 2001; Kovacs et al., 
2001; Russian and Levine, 2001; Smego et al., 2001; Patel and 
Koziel, 2004; Forna et al., 2006; Huang et al., 2006; Luks and 
Neff, 2007; Shankar and Nania, 2007; Prasad et al., 2008). In 
particular, Thomas and Limper (2004) reviewed in detail the 
biology, treatment, and prophylaxis of PCP.

The investigation of various drugs with activity against 
Pneumocystis was initially limited by the difficulty of culti-
vating the organism in vitro. In fact, human P. jirovecii had 
never been successfully propagated (Bartlett and Smith, 1991; 
Masur, 1992), although brief axenic culture was achieved 
(Cushion and Ebbets, 1990; Merali et al., 1999; Huang et al., 
2007). Recently, however, P. jirovecii has been cultured in 
human epithelial cells (Schildgen et al., 2014).

TREATMENT

CoT is the preferred first-line therapy for both HIV-
associated and non–HIV-associated PCP (Kaplan et al., 
2009; Mofenson et al., 2009; Miller et al., 2013). The updated 
CDC treatment guidelines for opportunistic infections in 
HIV, including PCP, were published in 2016 (Centers for 
Disease Control and Prevention et al., 2016).

The history of PCP and its treatment is interesting. After 
the reported success of pyrimethamine plus sulfadiazine in a 
few patients with PCP, Hughes et al. (1974) showed that CoT 
was as effective as pentamidine in the treatment of this pneu-
monitis in the cortisone-treated rat model. When given pro-
phylactically, CoT also prevented infection. Hughes et al. 
(1975b) then demonstrated that CoT was effective treatment 
for PCP in children with leukemia. A dose of 20 mg of  
TMP and 100 mg of SMX per kilogram of body weight per 
day was effective and associated with minimal side effects. 
Subsequently, doses of 15–20 mg/kg/day (TMP component) 
given every 6 or 8 hours have become the standard treatment 
regimen for moderate to severe PCP (Gilbert et al. 2008). 
More sophisticated dose adjustments can be made based on 

renal function as well as body weight (see Table 92.4) (Jelliffe 
et al., 1997). This efficacy of CoT for the treatment of PCP was 
confirmed by Lau and Young (1976). Subsequently, Hughes 
and colleagues have further documented the therapeutic and 
prophylactic potential of CoT in both  corticosteroid-treated 
rats and humans (adults and children) outside the setting of 
HIV infection (Hughes, 1976; Hughes et al., 1977; Hughes et 
al., 1978; Hughes, 1982; Hughes et al., 1987). CoT given i.v. is 
recommended for critically ill patients because the absorp-
tion of oral CoT in these circumstances can be unreliable 
(Lau and Young, 1976; Miser et al., 1977). The dose and dura-
tion of CoT treatment was initially chosen rather arbitrarily, 
although Winston et al. (1980) aimed to maintain serum 
TMP levels above 5 μg/ml at 1.5 hours after the i.v. dose. 
Traditionally, most authors recommend 15–20 mg of TMP 
and 75–100 mg of SMX per kilogram per day, some using the 
lower dose if administering CoT i.v. (Winston et al., 1980; 
Sattler and Remington, 1981; Davey and Masur, 1990; Masur, 
1992). Although the monitoring of serum drug levels was 
once emphasized, the pharmacokinetics of CoT is now con-
sidered so predictable that this is no longer common practice 
and is undertaken only in special circumstances, such as in 
the setting of significant gastrointestinal or severe renal dys-
function (see Table 92.4) (Masur, 1992).

Many of the studies of CoT activity have been in AIDS-
associated PCP, but in most instances these results appear to 
also be applicable to non–AIDS-associated PCP, although 
the duration of therapy and likelihood of relapse are gener-
ally greater in AIDS patients. CoT is the treatment of choice 
for all patients with PCP who can tolerate it because it appears 
to be at least as effective as any other agent, irrespective of 
dosing schedule. It has similar efficacy to parenteral pentam-
idine isothionate in the treatment of PCP in patients with 
non-AIDS malignancies, but CoT has a lower incidence of 
serious side effects, making it the treatment of choice in these 
patients (Hughes et al., 1978). Knowledge regarding other 
anti-PCP therapies, however, is based primarily on trials in 
AIDS patients. Evidence suggests that CoT may be superior 
to other treatments for PCP encountered in pregnancy (Ahmad 
et al., 2001).

Similarly, extrapolated from earlier studies of AIDS-
associated PCP, CoT and pentamidine probably have at least 
similar efficacies (Klein et al., 1992), although CoT is prefer-
able to pentamidine. Sattler et al. (1988) emphasized this pref-
erence, suggesting that there was improved survival, without 
mechanical support, in AIDS patients treated with CoT (86%) 
versus those treated with pentamidine. This finding was not 
confirmed by Klein et al. (1992), who found the two treat-
ments equally effective. However, a recent study by Helweg-
Larsen et al. (2009) of HIV-positive patients with PCP showed 
that second-line therapy with pentamidine, but not clinda-
mycin-primaquine, was associated with a greater risk of 
death (HR: 3.3; 95% CI: 2.2–5) when compared with CoT. 
The appropriate duration of treatment with CoT has not 
been conclusively established, but most clinicians treat non-
AIDS PCP for 14 days and AIDS-associated PCP for 21 
days—although there are no formal clinical data to support 
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an improvement in efficacy with the longer therapy (Davey 
and Masur, 1990). Clearly, clinical improvement is a key guide 
to treatment duration.

The overall response rate to either CoT or pentamidine in 
the treatment of initial episodes of AIDS-associated PCP is 
generally 60–80% (Kovacs and Masur, 1988; Masur and 
Kovacs, 1988; Glatt and Chirgwin, 1990). The response rate 
is somewhat variable, however. First episodes of AIDS-
associated PCP, especially in patients with mild disease (initial 
pretreatment A–a gradient < 30 mmHg, or Pao2 > 70 mmHg, 
breathing room air), have a response rate of 80–95%, but the 
response rate is usually 60–80% if the PCP is not HIV related 
(Kovacs et al., 1984; Dummer, 1990). Second and subsequent 
episodes of AIDS-associated PCP have a 60% survival rate 
(Hughes et al., 1978; Kovacs et al., 1984; Leoung et al., 1986; 
Wharton et al., 1986; Sattler et al., 1988; Brenner et al., 1987; 
Garay and Greene, 1989; Dummer, 1990). Although most 
patients improve progressively with CoT therapy, a transient 
clinical and radiological worsening is seen in some patients, 
particularly those with AIDS-associated PCP, during the first 
3–5 days of treatment, regardless of which agent is used 
(Davey and Masur, 1990; Montaner et al., 1990). It is hypoth-
esized that this is due to an inflammatory response to the 
drug-induced death of Pneumocystis organisms. In these 
patients an improvement is generally seen by day 7–10 of 
therapy. Thus, many authors do not consider changing ther-
apeutic agents prior to day 7 of treatment (Fischl, 1988; 
Davey and Masur, 1990). Among patients who fail to respond 
to initial CoT or pentamidine therapy, a change to the alter-
native agent will also be ineffective in 50–90% of cases. 
Consistent with this, a retrospective study of 359 HIV-
infected patients with first-episode PCP treated with CoT 
showed that only 230 of 359 (64%) patients completed treat-
ment, whereas 104 (29%) patients had treatment-limiting 
toxicity and 25 patients (7%) failed CoT treatment. Overall 
mortality was 13.6% (49 of 359); mortality among patients 
who failed CoT was 48% (12 of 25) and, by contrast, mortality 
was 4.8% (5 of 104) among patients with treatment- limiting 
toxicity (Fisk et al., 2009). However, if the change in therapy 
is due to side effects rather than treatment failure, efficacy 
remains about 60–80% (Murray et al., 1984; Wolfsy, 1987; 
Klein et al., 1992). AIDS- and non–AIDS-associated PCP 
have similar 90-day survival rates, but relapses occur more 
frequently (20–40%) in AIDS-associated PCP, and the second 
episode carries a higher mortality than the initial bout (Haver-
kos et al., 1984; Rainer et al., 1987).

Parenteral pentamidine isothionate, as noted earlier, is a 
useful alternative to CoT for the treatment of PCP but is 
associated with frequent and severe adverse reactions in 
patients with and without HIV infection (see Chapter 197, 
Pentamidine) (Hughes et al., 1978; Leading article, 1985; 
Sattler et al., 1988; Conte, 1991). Adverse reactions may be 
severe and include nephrotoxicity (25–64% are cases mild, 
3% severe), pancreatitis, hypotension, hypoglycemia (20% of 
cases), hyperglycemia, and leukopenia (Drake et al., 1985; 
Wharton et al., 1986; Sattler et al., 1988). Hypoglycemia is prob-
ably due to pancreatic beta islet cell cytolysis with subsequent 

hyperinsulinemia (Wharton et al., 1986; Sattler et al., 1988), 
whereas hyperglycemia may occur days to weeks after ther-
apy owing to permanent islet cell destruction (Drake et al., 
1985; Masur, 1992). There appears to be no cross-toxicity for 
neutropenia between pentamidine and CoT. Administration 
of pentamidine i.m. has been abandoned owing to localized 
pain and the development of sterile abscesses. Pentamidine is 
generally given in a dose of 4 mg/kg by slow i.v. infusion in 
100 ml of 5% dextrose over 60–90 minutes (see Chapter 197, 
Pentamidine).

Alternate therapies for the treatment of PCP are listed in 
Table 92.7, with the vast majority of studies being conducted 
in AIDS-associated PCP. Aerosolized pentamidine may be 
effective in mild disease, but its efficacy, which is less than 
that of CoT or parenteral pentamidine, is dependent on the 
use of a nebulizer (AirLife Respirgard II; Becton, Dickinson 
and Company, Franklin Lakes, NJ, USA; or Fisoneb, Fisons, 
PLC, Ipswich, Suffolk, UK) that produces particle sizes of 
2–3 μm, such that there is adequate delivery of drug to the 
lower respiratory tract. Toxicity is less than that of parenteral 
pentamidine, but relapse rates appear to be high (Montgomery 
et al., 1987; Conte et al., 1990; Masur, 1992; Montgomery et 
al., 1995). In a prospective blinded comparison of 600 mg/
day of aerosolized pentamidine versus CoT, 15 mg/kg/day 
(TMP component), for mild-to-moderate PCP, a significantly 
higher (p = 0.002) proportion of patients treated with aero-
solized pentamidine needed to have their therapy changed 
owing to lack of efficacy compared with CoT, and the Pao2 
improved faster in CoT-treated patients. How ever, aerosol-
ized pentamidine was discontinued less often than CoT 
because of side effects (9.4% vs. 40%, p < 0.001) (Montgomery 
et al., 1995). Nevertheless, the safety of aerosolized pentami-
dine has recently been questioned, especially in patients with 
chronic pulmonary diseases (Macesic et al., 2016).

The combination of TMP (15–20 mg/kg/day) and dapsone 
(100 mg/day) is better tolerated and has fewer side effects than 
CoT and is equally effective for mild-to-moderate first epi-
sodes of PCP (Leoung et al., 1986; Medina et al., 1990; Safrin 
et al., 1996). Dapsone (100 mg/day) alone for 21 days, however, 
appears to be less effective than either standard therapy or 
TMP–dapsone (Mills et al., 1988). A clindamycin–primaquine 
combination is effective for mild-to-moderate PCP, but skin 
rashes and nausea are reasonably common and are probably 
due to the clindamycin (Ruf and Pohle, 1989; Toma et al., 
1989; Noskin et al., 1992; Toma et al., 1993; Toma et al., 1998). 
Prim aquine can cause methemoglobinuria and hemolysis. 
Nevertheless, Toma et al. (1993) found no significant difference 
between clindamycin–primaquine and CoT in terms of out-
come, duration of survival, or incidence or severity of adverse 
reactions (although there was a trend toward less toxicity 
with the clindamycin–primaquine combination) in the treat-
ment of AIDS-associated PCP. Black et al. (1994) treated 
mild-to-moderate PCP with clindamycin (900 mg i.v. three 
times daily, 450 mg orally four times daily, or 600 mg three 
times daily) plus primaquine (30 mg daily) for a total of 21 
days. Response was noted in 55 of 60 (92%) patients, with 46 
of 60 (77%) patients completing the full course of therapy. 
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Entirely oral therapy was as effective as initial therapy with 
i.v. clindamycin. In a retrospective review of patients with 
PCP in whom CoT therapy either failed or was not tolerated, 
clindamycin–primaquine (n = 14) was compared with pent-
amidine (n = 9). A higher response rate was noted in the 
 clindamycin–primaquine arm (66% vs. 11%, p = 0.03) (Kim 
et al., 2009). Similarly, in a study of renal transplant patients 
with PCP, CoT was slightly superior to clindamycin– 
primaquine (Nickel et al., 2014). 

Atovaquone, a hydroxynaphthoquinone, is significantly 
less effective than CoT for mild-to-moderate PCP but has 
significantly fewer treatment-limiting side effects (Falloon et 
al., 1991; Hughes et al., 1993; Hughes et al., 1995). The clini-
cal role of atovaquone has been reviewed (Spencer and Goa, 
1995). The role of TMP–dapsone, clindamycin–primaquine, 

and atovaquone remains to be clarified, but currently they 
appear to have a place in the treatment of mild-to-moderate 
PCP, especially as alternatives in patients who are intolerant 
of sulfonamide antimicrobials.

Other agents that have been used in the treatment of 
AIDS-associated PCP include trimetrexate (Allegra et al., 
1987; Short et al., 2009), which is no longer marketed (see 
Chapter 95, Trimetrexate), difluoromethylornithine (eflorni-
thine) (Golden et al., 1984; Paulson et al., 1992), and piritre-
xim (Masur, 1992). Trimetrexate may have a role in “salvage 
therapy” of patients who are intolerant of other agents or in 
whom treatment has failed, but it appears to have a high 
(60%) relapse rate when used alone (Allegra et al., 1987). In 
a double-blind study comparing trimetrexate with CoT for 
moderate-to-severe PCP in patients with AIDS, CoT was more 

Table 92.7. Drug regimens for the treatment and prophylaxis against P. jirovecii (carinii) pneumonia.

Drug
Disease 
severity Adult total daily dose Route Dose interval

Duration of 
therapy (days)

Treatment

Specific agentsa

First line
Trimethoprim–sulfamethoxazoleb All 15–20 mg/kg (expressed 

as trimethoprim 
component)

I.v. or oral 6–8 h 14c–21d

Pentamidine isethionate All 4 mg/kg I.v. 24 h

Second line
Trimethoprim + dapsone Mild/moderate 15–20 mg/kg Oral  8 h 21

100 mg Oral 24 h 21

Clindamycin + primaquine Mild/moderate l.8 g Oral  8 h 21

15–30 mg Oral 24 h 21

Trimetrexate All 45 mg per m2 I.v. 24 h 21

Atovaquone Mild/moderate 2250 mg Oral  8 h 21

Aerosolized pentamidinee Mild 600 mg Aerosol (Respirgard) 24 h 21

Adjunctive agents
Prednisolone Severef 40 mgg Oral 12 h  5

40 mgg Oral 24 h  5

20 mgg Oral 24 h 11

Prophylaxish

Trimethoprim–sulfamethoxazoleb 160/800 mg Oral 24 h —

Pentamidine isethionate 4 mg I.v. Monthly —

300 mg Aerosol (Respirgard II) Monthly —

60 mg Aerosol (Fisoneb) Alternate weekly —

Dapsone 50–100 mg Oral 24 h —

Dapsone + pyrimethamine 200 mg Oral Weekly —

75 mg Oral Weekly —

Dapsone + pyrimethamine 50–100 mg Oral 24 h —

50 mg Oral Once or twice 
weekly

—

Pyrimethamine-sulfadoxine 
(Fansidar)

50/100 mg Oral Alternate weekly —

Atovaquone 1500 mg Oral Daily
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effective: by day 21, failure rates were 20% (CoT) versus 38% 
(trimetrexate) (p = 0.008), but the cumulative incidence of 
serious and treatment-terminating side effects was signifi-
cantly less with trimetrexate (p < 0.001) (Sattler et al., 1994). 
The therapeutic role of trimetrexate has been reviewed by 
Fulton et al. (1995). Trimetrexate is no longer marketed (see 
Chapter 95, Trimetrexate) (Martindale, 2008).

Corticosteroids appear to be useful as early adjunctive 
therapy in AIDS-associated PCP to reduce or prevent the 
early decline in oxygenation commonly seen with the com-
mencement of definitive therapy (Bozzette et al., 1990; Gagnon 
et al., 1990; Montaner et al., 1990; Special Report, 1990; Nielsen 
et al., 1992). A National Institutes of Health–University of 
California Expert Panel (Special Report, 1990) reviewed 
these studies and concluded that corticosteroids were valu-
able in adults or adolescent (age > 13 years) patients with 
moderate or severe PCP (defined as a pretreatment Pao2 < 70 
mmHg or an A–a gradient > 35 mmHg while breathing room 
air) if commenced within 24–72 hours of starting specific 
anti-Pneumocystis therapy. Given in this setting, steroids 
resulted in improved prognosis in terms of both pulmonary 
function and overall survival. The recommended regimen is 
40 mg of oral prednisolone twice daily on days 1–5; 40 mg 
daily on days 6–10; and 20 mg daily on days 11–21 (Centers 
for Disease Control and Prevention et al., 2016). Methyl-
prednisolone can be used i.v. at 75% of these dosages if par-
enteral therapy is necessary. This regimen was associated 
with some oral thrush, perirectal herpes simplex disease, and 
hyperglycemia but no life-threatening complications. Steroids 
do not appear to enhance the risk of developing tuberculosis 
or other AIDS-related diseases in patients with PCP (Mar- 
tos et al., 1995). Although limited studies have examined the 
role of adjunctive corticosteroid therapy in the treatment of 
PCP in pregnant women with AIDS or non–AIDS-associated 
PCP, the panel believed that such treatment would probably 
be reasonable assuming the aforementioned criteria were 
met, although no formal recommendation could be made. 
The role of steroids in mild PCP (Pao2 > 70 mmHg) and in pedi-
atric patients (age < 13 years) remains less uncertain. Lemiale et 
al. (2013), who recently reviewed the use of steroids in non-HIV 
patients (n = 139) with severe PCP (most had hematological 
malignancy or solid organ transplants), reported that high-dose 
steroids (> 1 mg/kg/day of prednisolone equivalent) were asso-
ciated with higher mortality (Lemiale et al., 2013).

A 2006 Cochrane meta-analysis of the role of adjunctive 
corticosteroids in HIV-associated PCP found that they were 
associated with risk ratios for overall mortality of 0.56 (95% 
CI: 0.32–0.98) at 1 month and 0.68 (95% CI: 0.50–0.94) at 3 
to 4 months of followup. To 9 numbers needed to treat, to pre-
vent one death, was in settings without highly active anti-
retroviral therapy (HAART) available and 23 patients with 
HAART available. The evidence strongly supported the ben-
eficial role of adjunctive corticosteroids for patients with 
PCP and initial substantive hypoxemia (Briel et al., 2006). 
A more recent meta-analysis found similar results, strongly 
supporting the use of steroids in HIV-associated PCP (Ewald 
et al., 2015).

Resistance to CoT among P. jirovecii strains has been 
described, although its prevalence is not known. Failures 
of standard high-dose CoT treatment have been observed 
despite “adequate” SMX levels (al-Tawfiq et al., 1999) and 
have been associated with mutations in the DHPS gene (Mei 
et al., 1998; Friaza et al., 2010). Mutations in the DHPS gene, 
but not in the DHFR gene, are a feature of P. jirovecii that has 
been exposed to CoT (Ma et al., 1999). However, mutations 
can be seen in the DHPS gene in the absence of sulfonamide 
exposure (Takahashi et al., 2000). Thus, only two key DHPS 
mutations appear to be associated with sulfonamide resis-
tance (Iliades et al., 2005).

PROPHYLAXIS

Non-HIV-infected patients

Chemoprophylaxis with CoT against PCP is worthwhile in 
all immunosuppressed patients who do not have HIV infec-
tion in whom the risk of developing PCP outweighs the cost 
and small risk of drug toxicity. It has been reviewed extensively 
(Fishman, 1998; Dykewicz et al., 2001; Fishman, 2001; EBPG 
Expert Group on Renal Transplantation, 2002; Rodriguez 
and Fishman, 2004; Sowden and Carmichael, 2004; Yoshida 
and Ohno, 2004; Gilroy and Bennett, 2011; Neumann et al., 
2013; Stern et al., 2014). A meta-analysis of controlled clini-
cal trials identified 12 randomized trials involving 1245 
patients, 50% of whom were children, undergoing autolo-
gous bone marrow transplantation or solid organ transplan-
tation or who had hematological malignancy (Green et al., 
2007a; Green et al., 2007b). CoT prophylaxis resulted in a 
91% reduction in cases of PCP and significant reduction in 
PCP-related mortality, although not in all-cause mortality. 
Adverse reactions were noted in 3.1% of adults and no chil-
dren. Hughes et al. (1977) demonstrated the efficacy of CoT 
as chemoprophylaxis in a placebo-controlled trial of 160 
patients (children and young adults) with either acute lym-
phoblastic leukemia or other forms of malignancy receiving 
cytotoxic agents. CoT was given in a dose of 5 mg of TMP 
and 20 mg of SMX per kilogram per day, in two divided 
doses, for a mean period of about 1 year and significantly 
reduced the incidence of PCP (17 of 80 placebo-treated 
patients developed PCP vs. 0 of 80 CoT-treated patients). 
Bacterial sepsis, other forms of pneumonia, upper respiratory 
tract infection, and cellulitis also occurred less frequently in 
CoT-treated patients, although the incidence of oral candidi-
asis was higher in this group. At one stage CoT enjoyed pop-
ularity more as prophylaxis against bacterial infection than 
against PCP in patients with hematological malignancy, and, 
in certain settings where resistance rates are low, it seems to 
be able to maintain this property in terms of febrile episodes 
or rates of bacteremia (Schrøder et al., 2001). 

Hughes et al. (1987) demonstrated comparable efficacy 
between CoT given on 3 consecutive days per week and daily 
CoT therapy. Other studies have confirmed the efficacy of  
CoT prophylaxis against PCP in the non-AIDS settings (Harris 
et al., 1980; Wilber et al., 1980), although controlled studies  
have not been carried out in other at-risk groups. Nevertheless, 
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numerous uncontrolled retrospective series examining other 
immunocompromised groups suggest that the daily dose 
recommended by Hughes (Hughes et al., 1977; Hughes et al., 
1987) for children and for adults, 1 double-strength tablet 
(160 mg of TMP/800 mg of SMX) once daily or twice daily, is 
very effective. Whether CoT should be taken 2, 3, or 7 days 
per week remains unclear owing to an absence of random-
ized controlled trials (Masur, 1992). However, in one recent 
study in children, CoT given on 2 consecutive days per week 
was effective as prophylaxis in patients undergoing treatment 
for leukemia or lymphoma in a retrospective analysis (Linde-
mulder and Albano, 2007). In a recent retrospective review 
of children with underlying immunosuppression (hemato-
logical malignancy and autoimmune disorders), twice-weekly 
CoT was used successfully (Ohata et al., 2009). Furthermore, 
the meta-analyses of Green et al. (2007a, 2007b) did not 
detect a difference in efficacy between daily and three-times-
weekly regimens. Therefore institutions should determine an 
appropriate CoT schedule that ensures patient compliance. 

The use of CoT for PCP prophylaxis in oncology patients 
once considered outside the traditional risk groups—such as 
those receiving fludarabine, isolated everolimus therapy, or 
rituximab, cyclophosphamide, doxorubicin (hydroxydauno-
mycin), vincristine, and prednisolone (R-CHOP) therapy— 
has increased owing to increasing reports of PCP in those 
not receiving prophylaxis (Obeid et al., 2012; Haeusler et al., 
2013; Hardak et al., 2012a; Kuik et al., 2014; Lingaratnam et 
al., 2015). Hardak et al. (2012a) demonstrated in a retro-
spective review that CoT prophylaxis was highly effective at 
reducing PCP incidence in R-CHOP–treated patients. The 
Australian consensus guidelines for PCP prophylaxis and 
treatment in hematology and oncology patients recommend 
CoT in those considered high risk: (1) heavily pretreated 
patients, (2) those with relapsed disease, (3) those on high-
dose corticosteroid therapy (16–25 mg daily for > 4 weeks of 
a prednisolone equivalent), and (4) those receiving chemo-
therapy (including alemtuzumab; R-CHOP; a combination 
of doxyrubicin, bleomycin, vinblastine, and dacarbazine; gem-
citabine; or high-dose methotrexate) that cause prolonged 
lymphopenia (Cooley et al., 2014).

Dummer (1990) advocates PCP prophylaxis in most 
transplant patients but especially heart–lung recipients, 
who are particularly susceptible. A recent systematic review 
of low-dose (80/400 mg/day), high-dose (160/800 mg/day), 
and no CoT prophylaxis in transplant recipients demon-
strated a PCP incidence of 1%, 0%, and 11%, respectively (Di 
Cocco et al., 2009). In renal transplantation, 1 single-strength 
CoT tablet daily has been effective (Higgins et al., 1989). A 
recent outbreak of PCP in renal transplant recipients who 
were more than 1-year post-transplantation has caused changes 
to both regional and international prophylaxis guidelines 
(Goto and Oka, 2011; Phipps et al., 2011). CoT prophylaxis 
for the first 3–6 months after renal transplantation is routine, 
whereas some authors recommend prophylaxis for the first 
year post-transplant if the patient is older than 55 years. This 
seems to result in a very low incidence of PCP (de Boer et al., 
2011; Goto and Oka, 2011). In contrast, however, Anand et 

al. (2011) reported from their experience within the Uni-
versity of Michigan health system that only 1 month of CoT 
prophylaxis appeared to be sufficient, considering that only 
2  of 1352 renal transplant recipients were diagnosed with 
PCP less than 1 year post-transplant with this strategy. Risk  
factors that might warrant consideration of ongoing CoT 
prophylaxis in renal transplant recipients are likely to be  
cyto megalo virus disease and graft rejection (Borstnar et al., 
2013).

Prophylaxis in the setting of renal transplantation also 
offers the potential benefit of UTI risk reduction (Giullian et 
al., 2010; Lee et al., 2013). In one retrospective study of renal 
transplant patients, atovaquone, 1500 mg daily, was equally 
effective as single-strength CoT and was associated with sim-
ilar rates of leukopenia, but, unlike CoT, atovaquone does 
not have any useful antibacterial action (Gabardi et al., 2012). 

One single-strength CoT tablet has also been used in liver 
transplant recipients, although Dummer (1990) used a daily 
dose of 2 double-strength CoT tablets on an intermittent 
basis for 7 days of each month in heart, heart–lung, and lung 
transplant recipients. Once again, there are no studies to sup-
port the use of this regimen. Daily CoT has been used in 
studies of liver transplantation (Torre-Cisneros et al., 1999) 
and is equivalent to weekly sulfadoxine–pyrimethamine 
(Fansidar), perhaps with fewer adverse reactions. In cardiac 
transplant recipients, CoT prophylaxis (160/800 mg either 
twice daily 3 days per week or daily) is superior to placebo 
when commenced 14 days after transplantation and contin-
ued for 4 months (Olsen et al., 1993). No CoT recipients 
developed PCP compared with seven placebo recipients (p < 
0.005). Both CoT doses were well tolerated, and no patients 
discontinued therapy because of toxicity. Furthermore, no 
difference in total leukocyte count, azathioprine dose, or 
number of transplant rejection episodes was noted between 
CoT and placebo groups. Insufficient data are available to 
specify which of the two CoT regimens is optimal (Olsen et 
al., 1993). Although intermittent inhalation of pentamidine 
is likely to be effective in transplant patients, there are only a 
limited number of studies describing its use in this setting, 
and it is generally considered to be a third-line option behind 
CoT and dapsone, respectively (Altintas et al., 2011; Marras 
et al., 2002; Martin and Fishman, 2013; Saukkonen et al., 
1996; Vasconcelles et al., 2000). 

For stem cell transplantation associated with profound 
immunosuppression, PCP prophylaxis is considered essen-
tial. Colby et al. (1999) compared atovaquone, 1500 mg, with 
CoT, 160/800 mg, daily in patients undergoing peripheral- 
blood autologous stem-cell transplantation, given 5 days 
prior to transplantation. After that, the treatment was ceased 
until engraft ment, then administered until day 100 post- 
transplantation. No PCP occurred in either group, but adverse 
reactions were a notable problem in the CoT group, requir-
ing cessation of use in almost half the recipients. 

The duration of routine CoT prophylaxis in liver, renal, 
and cardiac transplantation recipients is largely institutionally 
based, although a general guide would be as follows: (1) allo-
geneic bone marrow transplantation: 1 year; (2) autologous 
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bone marrow transplantation: 3–6 months; (3) heart–lung 
recipients: lifelong, and (4) other solid organ transplant recip-
ients: 6–12 months (renal transplant: 3–6 months) (Fishman, 
2001; Kostakis et al., 2014; Martin and Fishman, 2009; 
Martin and Fishman 2013).

The usefulness of PCP prophylaxis outside of transplanta-
tion, hematological malignancy, and HIV is less clear, with 
PCP rates potentially lower. For instance, the rate of PCP 
associated with infliximab, adalimumab, or etanercept ther-
apy has been reported to be 0.4%, 0.3%, and 0.18%, respec-
tively (Komano et al., 2009; Tanaka et al., 2012). In these 
patients, prolonged use of these agents and/or concurrent 
prednisolone use should be triggers to consider CoT pro-
phylaxis, given the likely additive risk of developing PCP 
(Komano et al., 2009; Wissmann et al., 2011). 

Intense immunosuppression for some forms of connec-
tive tissue disease suggests that PCP prophylaxis may be war-
ranted. In patients who were receiving more than 40 mg per 
day of prednisolone, a prospective Japanese study compared 
1 tablet of CoT per day, 2 tablets of CoT per day, and no pro-
phylaxis (Okada et al., 1999). Two of 47 patients who did not 
receive CoT developed PCP, whereas none of the CoT patients 
developed the disease. Adverse reactions to CoT were 
observed only in the higher-dose CoT group. Other Japanese 
studies have found similar results. Ogawa et al. (2005) in a 
retrospective analysis showed a significant benefit for CoT in 
patients receiving more than 30 mg/day of prednisolone. 
CoT was superior to aerosolized pentamidine in immuno-
suppressed patients with connective tissue disease (Kimura 
et al., 2008). In patients with interstitial pneumonia treated 
with high-dose glucocorticoids, CoT was effective in pre-
venting PCP (Enomoto et al., 2008). In a review of primary 
CoT prophylaxis in patients with connective tissue diseases 
receiving long-term prednisolone, CoT significantly reduced 
the risk of PCP (p = 0.038) and was associated with only lim-
ited toxicity (5 of 59, all patients with systemic lupus erythe-
matosus) (Vananuvat et al., 2011).

The duration of CoT PCP prophylaxis for nontransplant, 
non-HIV patients is largely based on the degree of immuno-
suppression. As a guide, some suggest the following: Continue 
CoT for 2 months after stopping high-dose corticosteroids 
and for 12 months after therapies equivalent to alemtuzimab, 
fludarabine, or temozolomide. For the latter, inclusion of 
CD4 count recovery to > 200 cells/µl has been recommended 
in some guidelines although is less well validated than in the 
HIV setting.

HIV-infected patients
Because approximately 60% of AIDS patients will redevelop 
PCP within 1 year of their first episode of PJP, PCP prophy-
laxis is an important issue, even in the current era of HAART 
(see later in this section) (Centers for Disease Control, 1989a; 
Anonymous, 1992; Simonds et al., 1995; Gill et al., 2004; 
Grimwade and Swingler, 2006; Green et al., 2007a; Green et 
al., 2007b). Both primary and secondary prophylaxis with CoT 
against AIDS-associated PCP is now the standard against 
which other regimens are compared (Ioannidis et al., 1996; 

Buskin et al., 1999). Nevertheless, the optimal dosage and 
frequency of administration remain somewhat controversial. 
Fischl et al. (1988), in a study of 60 AIDS patients with no 
past history of PCP (primary prophylaxis), demonstrated the 
efficacy of 1 double-strength CoT tablet twice daily over pla-
cebo in preventing PCP. None of 30 CoT-treated patients, 
compared with 16 of 30 placebo-treated patients, developed 
PCP over a 2-year followup period. Side effects were com-
mon (50%) in the CoT-treated group, with 17% requiring 
discontinuation of the drug. These results were supported by 
two large retrospective studies in which 1 double-strength 
tablet was administered every other day for both primary 
and secondary prophylaxis (Ruskin and LaRiviere, 1991; 
Wormser et al., 1991). CoT twice daily three times per week 
is better tolerated than similar therapy every day (El-Sadr et 
al., 1999). The addition of folinic acid does not improve CoT 
tolerance, regardless of the dosage regimen (Bozzette et al., 
1995b), and indeed in at least one study was thought to 
potentially negate the effect of CoT prophylaxis and be asso-
ciated with a higher risk of PCP (see later) (Razavi et al., 
2002). Schneider et al. (1995) noted that primary PCP pro-
phylaxis with CoT, 80/400 mg daily, had similar efficacy to 
CoT, 160/800 mg daily, but that the lower dose was less toxic. 
Whether this study had the statistical power to detect minor 
differences in efficacy remains uncertain. 

By the 1990s, the CDC recommended CoT as the agent of 
choice for both primary and secondary prophylaxis against 
HIV-associated PCP. Lifelong prophylaxis should be consid-
ered the standard for HIV-infected patients in whom the 
CD4+ T-lymphocyte count is < 200 cells per μl; for patients 
with constitutional symptoms, such as unexplained per-
sistent fever (> 37.8°C) or oropharyngeal candidiasis (unre-
lated to antibiotic or corticosteroid therapy), prophylaxis 
should continue for 2 weeks or more, regardless of CD4+ 
count, as it should in patients who have had previous epi-
sodes of PCP (Anonymous, 1992). The current recommen-
dation in adults and adolescents is for 1 double-strength CoT 
tablet daily, 7 days per week (Anonymous, 1992), although 
lower daily doses (single-strength tablets) should be consid-
ered in view of their associated lower rates of adverse reac-
tions (El-Sadr et al., 1999; Centers for Disease Control and 
Prevention et al., 2008b). Low-dose CoT prophylaxis regi-
mens have been studied and look promising (Ruskin and 
LaRiviere, 1991; Stein et al., 1991; MacGregor et al., 1992; 
Martin et al., 1992; Podzamczer et al., 1995; El-Sadr et al., 
1999), although the data are insufficient to recommend the 
administration of CoT on fewer than 7 days per week. CoT 
may also have the advantage of preventing toxoplasmosis 
(Carr et al., 1992a; Anonymous, 1992; Hardy et al., 1992; 
Schneider et al., 1992).

The burgeoning prevalence of HIV infection in sub- 
Saharan Africa and Southeast Asia has generated a number 
of trials of prophylactic CoT, often in the setting of limited or 
no access to cheap and effective ART therapy (Chokephaibulkit 
et al., 2000; Badri et al., 2001; Maynart et al., 2001; Madhi et 
al., 2002; Chintu et al., 2004). These studies usually employed 
more general endpoints, such as survival or incidence of 
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pneumonia, owing to the inability to confidently diagnose 
PCP in these settings. In a cohort of HIV-infected adults in 
Senegal, Maynart et al. (2001) found no difference in survival 
or hospitalization rates between patients administered CoT 
daily at a dose of 80/400 mg and those receiving placebo. In 
South Africa, results in adults infected with HIV and not 
receiving antiretrovirals were reviewed (Badri et al., 2001). 
Those receiving daily CoT (80/400 mg daily or 160/800 mg 
three times weekly) had increased survival, but only if they 
had clinical features of advanced immunosuppression or 
CD4 counts below 200/μl or total lymphocyte counts below 
1250/μl. In a systematic review, Forna et al. (2006) found 
CoT to be safe to use in pregnant and breastfeeding HIV-
infected women, with only a very small risk of adverse effects on 
neonates with routine daily prophylaxis regimens. Improved 
access in resource-limited regions, in particular to free CoT 
therapy, has been shown to improve HIV clinic retention 
rates, reduce PCP incidence, and improve mortality (Bard-
field et al., 2014; Kohler et al., 2011; Lim et al., 2012).

Updated guidelines for the prevention of opportunistic 
infections, including PCP, in HIV-infected adults and ado-
lescents have recently been published (Masur et al., 2014; 
Centers for Disease Control and Prevention et al., 2016). 

CoT has also been suggested as prophylaxis for children 
born to HIV-infected mothers in developing countries. It is 
usually commenced at 1–2 months of age and continued 
beyond 6–12 months of age, when HIV infection in the child 
can be confirmed or disproven. A Thai study showed an 
overall benefit at 6 months of age from administering CoT in 
this manner to children, with the relative risk of developing 
pneumonia reduced to 60% in untreated children (Choke-
phaibulkit et al., 2000). By contrast, Madhi et al. (2002) found 
no convincing benefit in children who had received ade-
quate CoT prophylaxis compared with those who had never 
received it, although deaths were greatly reduced. A prospec-
tive double-blind randomized study in Zambia showed that 
children receiving CoT prophylaxis had a statistically signif-
icant reduction in mortality compared with placebo recipi-
ents after a median of 19 months’ followup (Chintu et al., 
2004). In South Africa, CoT was shown to be effective in 
reducing lower respiratory tract infections in those children 
subsequently shown to have HIV infection but not in those 
who did not acquire HIV (Coutsoudis et al., 2005). In Uganda, 
the combination of CoT and nevirapine appeared to be safe, 
with no increase in serious adverse events through 6 months 
of age (Aizire et al., 2012).

PCP prophylaxis in HIV-infected children has been 
reviewed, and the current recommended regimen for chil-
dren > 4 weeks of age is oral CoT (150 mg of TMP per square 
meter per day, plus 750 mg of SMX per square meter per 
day) in divided doses twice daily, three times per week  
on consecutive days (e.g. Monday, Tuesday, Wednesday) 
(Anonymous, 1991; Anonymous, 1995; Centers for Disease 
Control and Prevention, 2008a). At least one study has sug-
gested that doses given on a weight rather than a body sur-
face area basis can give equal efficacy at lower overall doses 
(Fisher et al., 2001). Other acceptable schedules include this 

same dose administered either every day or on alternate, 
rather than consecutive, days, or this same total daily dose as 
a single dose three times per week on consecutive days. Zar 
et al. (2010) performed a randomized controlled trial of 
intermittent (3 times weekly) compared with daily CoT pro-
phylaxis in HIV-infected children. Although intermittent 
therapy was associated with more frequent bacteremia (inci-
dence rate ratio, 2.36; 95% CI: 1.21–4.86), the rates of PCP 
and adverse events were comparable between groups (Zar et 
al., 2010). 

A randomized controlled trial was recently performed in 
Zimbabwe and Uganda of HIV-infected children and adoles-
cents (> 3 years of age) receiving HAART for > 96 weeks, 
comparing ongoing primary daily CoT prophylaxis versus 
cessation of prophylaxis (Bwakura-Dangarembizi et al., 2014). 
A total of 758 participants were randomly assigned to stop or 
continue CoT (382 and 376 participants, respectively) after 
receiving ART for a median of 2.1 years. The median age was 
7.9 years, and the median CD4 T-cell percentage was 33%. 
Participants who stopped CoT had higher rates of hospital-
ization or death than those who continued (p = 0.007). There 
was no evidence of variation across ages (p = 0.93 for interac-
tion). Most hospitalizations in the prophylaxis-ceased group 
were for malaria (49 events vs. 21 in the prophylaxis-contin-
ued group) or infections other than malaria (53 vs. 25), par-
ticularly pneumonia, sepsis, and meningitis. Rates of adverse 
events of grade 3 or 4 were similar in the two groups (p = 
0.33), but more grade 4 adverse events occurred in the pro-
phylaxis-stopped group (p = 0.05), with anemia accounting 
for the largest number of events (12 events vs. 2 with contin-
ued prophylaxis) (Bwakura-Dangarembizi et al., 2014).

Alternative regimens include oral dapsone, 2 mg/kg (not 
to exceed 100 mg) once daily, or aerosolized pentamidine 
(children > 5 years of age), 300 mg via Respirgard II inhaler 
monthly (Anonymous, 1995). Of concern is the fact that 
there has been no substantial reduction in the incidence of 
PCP among HIV-infected infants, most likely owing to the 
failure to identify HIV infection before PCP occurs and the 
limitations in the ability of CD4 measurements to identify 
children at risk for PCP. Thus, the CDC (Anonymous,1995) 
now recommends commencement of PCP prophylaxis at 
4–6 weeks of age for all children who have been perinatally 
exposed to HIV; continuation of prophylaxis to 12 months of 
age for HIV-infected children; and decision-making regard-
ing prophylaxis for HIV-infected children > 12 months of age 
based on CD4 measurements and prior history of PCP. 

Updated guidelines for the prevention of opportunistic 
infections such as PCP in HIV-infected children have recently 
been published (Siberry et al., 2013).

The advent of HAART has forced a reconsideration of the 
need for PCP prophylaxis in HIV infection. A number of 
studies have examined the role of discontinuation of prophy-
laxis (mostly with CoT) in patients whose CD4 counts have 
been restored to levels above 200/μl while receiving HAART 
(Mussini et al., 2000; Lopez Bernaldo de Quiros et al., 2001; 
Esposito et al., 2005). Mussini et al. (2000) observed no cases 
of PCP or Toxoplasma encephalitis in patients who ceased 
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prophylaxis for a median followup period of 6.4 months, and 
Lopez Bernaldo de Quiros et al. (2001) observed no PCP in 
60 patients who discontinued prophylaxis for a median of 12 
months after cessation. Similar results have been seen in chil-
dren (Esposito et al., 2005). Toxoplasma encephalitis was not 
observed after a median of 30.5 months in 28 patients who 
discontinued prophylaxis in one Spanish study (Miro et al., 
2006). An earlier meta-analysis suggested that discontinua-
tion of prophylaxis was a useful strategy in patients who have 
immune restoration on HAART (Trikalinos and Ioannidis, 
2001). However, what has remained clear is the mortality ben-
efit of any form of PCP prophylaxis, especially CoT, in patients 
without immune restoration (CD4 counts < 200 cells/μL) (Lim 
et al., 2012).

Aerosolized pentamidine is effective for both primary and 
secondary prophylaxis against HIV-associated PCP, although 
various studies have used a range of dosage regimens and 
types of nebulizers (Conte et al., 1986; Girard et al., 1989; 
Leoung et al., 1990; Hirschel et al., 1991; Montaner et al., 1991; 
Murphy et al., 1991; May et al., 1994; Nielsen et al., 1995). A 
comparative trial of aerosolized pentamidine (300 mg monthly, 
Respirgard II nebulizer) and oral CoT (two regimens: 1 double- 
strength tablet daily and 1 single-strength tablet daily) in 
HIV-infected patients who had never had PCP but who had 
significant immunodeficiency (CD+ cell count < 200 cells 
per μl) demonstrated the superiority of CoT, with 6 of 71 
pentamidine-treated patients developing PCP compared with 
none in the CoT-treated group (Schneider et al., 1992). Toxicity 
requiring cessation of study agent was higher in those patients 
receiving CoT, however. Another study that compared CoT 
(1  double-strength tablet daily) with aerosolized pentami-
dine (Respirgard II nebulizer) for secondary prophylaxis also 
demonstrated the superiority of CoT (4% relapses in the CoT 
group vs. 18% in the pentamidine group) although, again, 
severe drug-limiting toxicity was more common (27% vs. 4%) 
in the CoT-treated group (Hardy et al., 1992). These results 
have been supported by studies by Carr et al. (1992b), Martin 
et al. (1992), Nielsen et al. (1995), Warnock and Rimland 
(1996), and Moorman et al. (1998).

Other agents have been used in various dosages and sched-
ules for PCP prophylaxis, including dapsone alone (Hughes et 
al., 1990; Kemper et al., 1990; Blum et al., 1992; Bozzette et al., 
1995a; Warnock and Rimland, 1996), dapsone– pyrimethamine 
combination (Lavelle et al., 1991; Girard et al., 1993; Mallolas et 
al., 1993; Podzamczer et al., 1995), dapsone with TMP, sulfa-
doxine with pyrimethamine (Hardy et al., 1987), atovaquone, 
and oral clindamycin with primaquine (Masur, 1992). In a 
randomized trial, Bozzette et al. (1995a) compared the effi-
cacy of primary PCP prophylaxis with oral CoT (160/800 mg 
daily), oral dapsone (50 mg daily), or aerosolized pentami-
dine (300 mg monthly via Respirgard II nebulizer) in HIV-
infected patients with < 200 CD4 cells per microliter who 
were receiving zidovudine. The 36-month cumulative risks 
of PCP were 18%, 17%, and 21%, respectively (p = 0.22). How- 
ever, among patients entering the study with < 100 CD4 cells 
per microliter, the risk was 33% with aerosolized pentami-
dine versus 19% and 22% for CoT and dapsone, respectively 

(p = 0.04). The lowest failure rates were associated with CoT 
prophylaxis, whereas dapsone, 50 mg per day, did not appear 
to be as effective as 100 mg per day. Thus these authors sug-
gested commencing primary PCP prophylaxis with CoT or 
high-dose dapsone. CoT, 160/800 mg twice daily 3 days per 
week, is superior to dapsone, 100 mg, plus pyrimethamine, 
50 mg twice weekly, in preventing PCP: 6 of 96 patients 
treated with dapsone–pyrimethamine developed PCP (6.9%) 
compared with 0 of 104 CoT-treated patients (p < 0.0001). 
No differences were noted in the incidence of toxoplasmosis, 
and similar rates of adverse reactions and mortality were 
observed between the two treatment groups during followup 
(Podzamczer et al., 1995). Other studies suggest that dapsone 
alone may be inferior to both CoT (Warnock and Rimland, 
1996; Moorman et al., 1998) and pentamidine (Warnock and 
Rimland, 1996).

Adverse reactions in HIV-infected patients
Therapy with either CoT or pentamidine is associated with a 
significantly higher incidence of side effects among patients 
with HIV-associated PCP than in other patients—greater 
than 60% in early series (range 20–85%) (Davey and Masur, 
1990; Glatt and Chirgwin, 1990). These generally occur during 
the 2nd week of treatment or later. The major side effect of 
CoT is a mild to severe rash in approximately 50% of cases 
(Mittmann et al., 2012). Leukopenia (30–66% of cases), which 
is generally not folinic acid responsive; thrombocytopenia; 
nausea; vomiting; and azotemia also occur. Neutropenia can 
be quite frequent with long-term prophylaxis, at least in 
African children with HIV, although it is mostly mild (Toure 
et al., 2006). Toxicity may be related to the hydroxylamine 
metabolite of SMX, but this is controversial (Pozniak et al., 
1991; Van der Ven et al., 1991). The mechanism for this is 
not completely understood, and a major histocompatibility 
complex/human leukocyte antigen association has not been 
found (Alfirevic et al., 2009), although the level of expression 
of HIV-1 transactivator of transcription (HIV-1 Tat) may 
contribute to the sensitivity of Jurkat T cells to the CoT 
metabolite, SMX–hydroxylamine (Adeyanju et al., 2009; Arp 
et al., 2005). Also controversial is whether the incidence of 
side effects is lower if serum TMP levels are maintained at  
< 5–8 μg/ml and serum SMX levels at < 100–150 μg/ml 
(Sattler et al., 1988). Generally, adverse reactions are less 
 frequent when lower doses of CoT are used, such as are given 
for PCP prophylaxis (Masur, 1992). Mild toxicity is not nec-
essarily an indication to stop CoT therapy or avoid CoT pro-
phylaxis, because some patients can be “treated through,” 
although this must be done with caution (Gibbons and 
Lindauer, 1985; Wolfsy, 1987; Sattler et al., 1988; Shafer et  
al., 1989; Hardy et al., 1992). Furthermore, Hardy et al. (1992), 
in a prospective trial of CoT for secondary prophylaxis of 
PCP, found that adverse reactions to CoT were no more severe 
or frequent among patients with a history of mild-to-moderate 
adverse reactions to CoT than among patients with no his-
tory of such events. CoT desensitization has been undertaken 
successfully and was reviewed earlier (see section 6b, Hyper-
sensitivity reactions). 
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In a study of 1705 infants (1–6 months of age) in Botswana 
who were HIV/HAART exposed but HIV uninfected and who 
were receiving CoT prophylaxis, severe anemia and severe 
neutropenia were infrequent. Thus concerns regarding hema-
tological toxicity should not limit the use of prophylactic CoT in 
HIV-exposed uninfected infants (Dryden-Peterson et al., 2013). 

As noted earlier, adjunctive folinic acid therapy with CoT 
does not alter the frequency of dose-limiting toxicity or time 
to the occurrence of toxicity (Safrin et al., 1994; Bozzette et 
al., 1995b). Although the incidence of neutropenia is lower 
in folinic acid–treated patients (p = 0.03), the time to develop 
this was similar to that noted for placebo-treated group. 
Notably, however, folinic acid was associated with a higher 
rate of therapeutic failure (15% vs. 0%; p = 0.01) and death 
(11% vs. 0%; p = 0.06) than placebo. Time to therapeutic 
 failure was shorter (p = 0.005) and the probability of death 
greater (p = 0.02) in patients receiving folinic acid, even when 
adjusted for other relevant variables, such as CD4 count and 
PCP severity (Safrin et al., 1994).

7gg.  Prophylaxis against bacterial infection 
in HIV-infected individuals

Given the antibacterial properties of CoT, the potential for 
CoT to prevent bacterial infections in addition to PCP in 
HIV-infected individuals has been explored. Edge and 
Rimland (1996) demonstrated that in HIV-infected patients 
receiving CoT prophylaxis for PCP (but not with dapsone  
or pentamidine), there was a reduction in the incidence of 
community-acquired bacteremia. Similar observations were 
subsequently made by Wininger and Fass (2002). Murri 
et   al. (2001) examined the efficacy of CoT or dapsone– 
pyrimethamine as primary prophylaxis against bacteremia, 
pneumonia, and sinusitis/otitis in a randomized prospective 
study. They demonstrated no difference in efficacy between 
the two regimens. Subsequently, Dworkin et al. (2001) com-
pared those HIV patients with CD4 counts < 200 cells/µL 
who were receiving or not receiving CoT prophylaxis in the 
USA and showed a significant protective effect for CoT 
against salmonellosis, H. influenzae infection, and invasive 
and noninvasive staphylococcal infection, but not infection 
with Shigella, S. pneumoniae, Streptococcus spp., Klebsiella, or 
Pseudomonas. Similar findings were made by DiRienzo et al. 
(2002) in terms of reducing rates of infectious diarrhea, 
sinusitis/otitis, and pneumonia in US patients with advanced 
HIV infection not receiving HAART. Other regimens, such 
as atovaquone–azithromycin, may be as effective as, or more 
effective than, CoT in preventing bacterial infections in 
HIV-infected children (Hughes et al., 2005). However, the 
benefit of CoT prophylaxis in terms of bacterial infection 
among sub-Saharan African patients is still uncertain, pre-
sumably related to high levels of CoT resistance (Spencer, 
2007). The role of CoT antibacterial prophylaxis was exam-
ined in postpartum HIV-positive mothers in Zambia, with 
no difference noted in serious adverse events or mortality in 
those who received CoT versus those who did not, although 
study followup was poor (Nunn et al., 2011).

7hh.  Prophylaxis in surgery, burns, 
endosocopical procedures, and  
biliary disease

Morran et al. (1978) found that a single i.v. dose of CoT 
(160/800 mg) given by infusion over 60 minutes before oper-
ation in patients undergoing biliary surgery was associated 
with a reduction in the frequency of wound sepsis and 
 pulmonary complications. The study was heavily criticized 
because of high rates of infection in the group who did not 
receive prophylaxis (Watts et al., 1979). However, other agents 
such as first- and second-generation cephalosporins or vari-
ous other extended-spectrum beta-lactams are now often 
preferred. CoT in combination with metronidazole appears 
efficacious in preventing complications as a 7-day postoper-
ative course for perforated appendicitis (Gollin et al., 2002). 
Similarly, Appuzio et al. (1987) found a significant reduction 
in endometritis after cesarean section, from 33–19%, although 
the rate of infection in the group receiving CoT prophylaxis 
was still quite high. In a randomized double-blind controlled 
trial, CoT prophylaxis given via a percutaneous endoscopic 
gastrostomy tube immediately postinsertion was found to be 
noninferior to i.v. cefuroxime administered prior to surgery 
in terms of wound infection rates at 14 days (Blomberg et al., 
2010). In prevention of prostatic infection after transrectal 
prostate biopsy, CoT is thought to be equally as effective as 
fluoroquinolones or aminoglycosides (Atilgan et al., 2015; 
Shivde et al., 2002). However, in surgical patients with sched-
uled bladder drainage for 3–14 days, single-dose CoT (or 
ciprofloxacin) before urinary catheter removal does not pre-
vent UTIs and should therefore not be employed (van Hees 
et al., 2011). For prophylaxis in UTIs see section 7a, Urinary 
tract infections.

Perioperative CoT has sometimes been recommended for 
prevention of neurosurgical shunt infection (Waddell and 
Rotstein 1994). However, perioperative CoT failed to alter the 
incidence of shunt infection or malfunction in a controlled 
trial involving patients undergoing ventriculoperitoneal shunt 
surgery (Wang et al., 1984). CoT has been compared with 
ceftriaxone or cefotaxime, both given as single doses during 
anesthesia, in the prevention of infections after ventriculo-
peritoneal shunt surgery or other neurosurgery (Nejat et al., 
2008). In the first randomized study, no differences in infection 
rates were observed between the two groups (approximately 
7%), with most infections occurring early after surgery and 
outside the CNS. In the Nejat et al. (2008) study, after at least 
1 year of followup, CNS infection occurred in 14.5% of 55 
patients treated with CoT compared with 13.5% of 50 patients 
treated with ceftriaxone.

CoT has been used for perioperative prophylaxis for skin 
and soft tissue infections. For prophylaxis after breast recon-
structive surgery in patients who have received prior radiation 
therapy, CoT prophylaxis, when compared with cephalospo-
rine prophylaxis, significantly reduced infection rates; how-
ever, the duration of prophylaxis was significantly longer in 
the CoT group (30 days vs. 7 days) (Mirzabeigi et al., 2012). 
CoT was found to be equivalent to oxacillin for prevention of 
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skin and soft tissue infections after groin incisions for vascu-
lar surgery (Hasselmann et al., 2015). Orally administered 
CoT was used in elective colorectal surgery as prophylaxis 
(in combination with metronidazole) and was found to be 
inferior to cefuroxime–metronidazole for prevention of skin 
infections, yet equivalent for prevention of organ space infec-
tions (Hjalmarsson et al., 2015).

CoT may have a role in the prevention of recurrent chol-
angitis in patients with persistent biliary disease and biliary 
tract abnormalities (Westphal and Brogard, 1999). Oral CoT 
has been compared with oral neomycin or no prophylaxis in 
preventing recurrent cholangitis in children with biliary atre-
sia who have undergone a Kasai procedure (Bu et al., 2003). 
Recurrence rates were similar between the two prophylactic 
antibiotics but significantly better than no prophylaxis. 

Because of the in vitro effectiveness of CoT against sus-
ceptible genera of bacteria from burn wounds, it was sug-
gested that CoT may have potential as a topical agent in 
burns (Holder, 1981). There are limited clinical data available 
to confirm this suggestion. However, a meta-analysis of sys-
temic CoT in burn patients suggested that CoT may be asso-
ciated with a reduced incidence of pneumonia but not sepsis 
or wound infections in these patients (Barajas-Nava et al., 
2013).

7ii.  Prophylaxis for patients with 
granulocytopenia

Most infections in granulocytopenic patients with hemato-
logical malignancies are caused by bacteria derived from the 
patient’s respiratory tract or endogenous gastrointestinal 
flora. The Gram-negative aerobic bacilli E. coli, K. pneumo
niae, and P. aeruginosa, and the Gram-positive cocci such 
as viridans streptococci, enterococci, S. aureus, and S. epider
midis, are the frequent bacterial pathogens (Henry, 1984; 
Bow and Ronald, 1993; Verhoef, 1993; Trubiano et al., 2015). 
Both absorbable and nonabsorbable antibiotics have been 
used to decrease colonization by new potential pathogens 
and to suppress endogenous microflora (Young, 1983; Henry, 
1984). Nevertheless, such prophylaxis needs to be balanced 
against the potential risk of inducing antibiotic resistance, 
which for many agents has been shown to be a real concern 
(Haeusler and Slavin, 2013; Macesic et al., 2014). Antibiotic 
combinations, such as gentamicin and vancomycin, often 
result in “total decontamination” of the gut, eradicating both 
aerobic and anaerobic organisms, and may be associated with 
gastrointestinal side effects (De Vries-Hospers et al., 1981; 
Hargadon et al., 1981). The impact of this therapy on anti-
microbial resistance continues to be debated (Halaby et al., 
2013; Noteboom et al., 2015; Oostdijk et al., 2014; Price and 
Cuthbertson, 2016).

The potential value of CoT prophylaxis was identified by 
Hughes et al. (1977) when they observed that bacterial infec-
tions were less frequent in patients with acute leukemia 
receiving CoT as prophylaxis after PJP. Since this time there 
have been numerous reports of the successful use of CoT in 
reducing infection in granulocytopenic patients. The efficacy 

of antibiotic prophylaxis is based both on the presence of 
serum antibiotic levels and on the concept of “selective 
decontamination” of the gut flora (i.e. eradication of patho-
genic aerobic flora, particularly Gram-negative bacilli, with-
out disturbing the autochthonous symbiotic flora, which 
consist largely of anaerobic bacteria) (Hargadon et al., 1981; 
Clasener et al., 1987). The presence of normal anaerobic flora 
is responsible for what has been termed colonization resis-
tance (De Vries-Hospers et al., 1981; Young, 1983). In concert 
with host factors, anaerobes limit the growth of aerobes in the 
gut by some unknown mechanism, perhaps by competing 
for nutrients. Selective elimination of Enterobacteriaceae 
and pseudomonads was demonstrated by De Vries-Hospers 
et al. (1981) in granulocytopenic patients who were given 
nalidixic acid, CoT, or polymyxin. Yeasts were also elimi-
nated selectively by amphotericin B or nystatin treatment. 
These antibacterial and antifungal drugs were chosen because 
they could eliminate Gram-negative aerobic rods and yeasts 
without affecting anaerobic gut flora. When these authors 
carried out bacteriologic studies, the selectively decontam-
inated patients had fewer Gram-negative aerobic rods or 
yeasts, or both, in the throat and feces. CoT, compared with 
nonabsorbable drugs, has the advantage of being absorbed 
and producing serum levels of its components, which are 
then available to prevent invasion by any surviving Entero-
bacteriaceae. Despite these findings, the use of these single 
drugs with activity against E. coli and not anaerobes is not 
adequate alone to avert colonization and infection by pseudo-
monads (Young, 1983).

CoT, either alone or in combination with erythromycin, 
nystatin, or amphotericin, has been shown to reduce infec-
tion more than nonabsorbable antibiotics or untreated controls 
in neutropenic patients with acute leukemia or malignancy 
(Enno et al., 1978; Gurwith et al., 1979; Dekker et al., 1981; 
Gualtieri et al., 1983; Kauffman et al., 1983; Pizzo et al., 1983; 
Wade et al., 1983; EORTC International Therapy Project Group, 
1984). In granulocytopenic children with leukemia during 
induction chemotherapy, oral CoT decreased the frequency 
of febrile episodes, including bacteremia, but the frequency 
of oral thrush (without invasive fungal infection) was greater 
in those receiving CoT than in the placebo group (Kovatch et 
al., 1985). Similarly, Rungoe et al. (2010) demonstrated in a 
retrospective review of 171 children with acute lymphoblas-
tic leukemia that those receiving CoT therapy had fewer 
febrile episodes, antibiotic treatment episodes, and bactere-
mias. Some authors have found CoT alone to be as effective 
as CoT in combination with other agents (Starke et al., 1982), 
whereas others disagree. Bow et al. (1984) summarized many 
of the randomized controlled studies using CoT prior to the 
mid-1980s. CoT had been used in over 1000 patients with 
acute leukemia or other bone marrow failure states and was 
usually superior to placebo, neomycin plus colistin plus 
nystatin. It was as effective as oral gentamicin with or with-
out oral vancomycin. CoT alone may be less effective than 
CoT plus framycetin plus colistin; CoT plus vancomycin–
gentamicin appears superior to vancomycin–gentamicin alone; 
CoT plus colistin seems to be superior to CoT alone; and 
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CoT plus colisitin appears to be equivalent to fluoroquinolo-
nes (Mayer et al., 2015).

CoT not only is effective in suppressing the aerobic Gram-
negative enteric microflora but has also been shown to 
reduce the morbidity and mortality of infection due to these 
aerobic Gram-negative bacilli (Riben et al., 1983; Bow et al., 
1987). Bow et al. (1988) advocate that prophylactic  antibiotics 
should be administered for approximately 1 week before the 
patient is at risk of neutropenia-related infection, thus per-
mitting sufficient time to eliminate the potentially pathogenic 
aerobic enteric microflora. Many authors therefore regard CoT 
prophylaxis as the benchmark against which new regimens, 
such as the fluoroquinolones, should be compared, although 
others suggest that fluoroquinolones such as ciprofloxacin 
have now taken over this role (see Chapter 101, Ciprofloxacin). 
Nalidixic acid and TMP alone have proved unsatisfactory 
alternatives to CoT for infection prophylaxis in neutropenia, 
possibly because of their more limited antibacterial spec-
trum (Gurwith et al., 1982; Bow et al., 1984; Bow et al., 1987). 

A number of problems with CoT prophylaxis are now evi-
dent. First, variable compliance with regular administration 
of CoT has emerged as a significant issue in some studies 
(Pizzo, 1989). The European Organization for Research and 
Treatment of Cancer study (EORTC International Anti-
microbial Project Group, 1984) demonstrated a benefit for 
the CoT-treated group only when noncompliant patients 
were excluded from analysis. Toxicity, particularly the sup-
pressive effects on bone marrow and the longer periods of 
neutropenia observed in patients receiving CoT prophylaxis, 
is important (Dekker et al., 1981; Pizzo et al., 1983; Bow et 
al., 1984; Kovatch et al., 1985). This bone marrow suppres-
sive effect has been attributed to the action of the drug on 
folic acid metabolism (see Chapter 91, Sulfonamides), and 
the effect on the duration of granulocytopenia may be related 
to the dosage of CoT used (Kauffman et al., 1983; EORTC 
International Antimicrobial Therapy Project Group, 1984). 
In this regard, ciprofloxacin appears to have less effect on 
leukocyte recovery than CoT (see Chapter 101, Cipro floxa-
cin). Among patients recovering from autologous bone mar-
row transplantation, the time taken to achieve an absolute 
neutrophil count of < 500 × 109 per liter was significantly 
shorter in patients receiving ciprofloxacin than in those 
receiving CoT (16 vs. 22 days; p = 0.006) (Imrie et al., 1995). 
A number of authors have described an increase in fungal 
infections, including Aspergillus flavus, with CoT prophy-
laxis (Wade et al., 1983; Estey et al., 1984), but this finding 
has not been confirmed by others (Gurwith et al., 1979; 
Kauff man et al., 1983). Furthermore, resistant isolates and 
breakthrough infections have been noted in some CoT recip-
ients (Dekker et al., 1981; Lehtonen and Pelliniemi, 1982; 
Wilson and Guiney, 1982; Gualtieri et al., 1983; Pizzo, 1983; 
Pizzo et al., 1983).

Contrary to all these studies, the double-blind placebo- 
controlled trial of CoT prophylaxis by Ward et al. (1993) in 
patients with acute leukemia is of interest. In this study, CoT 
had no detectable effect on the incidence of fever or docu-
mented infection, time to febrile neutropenic episode, use of 

antimicrobial therapy, or outcome of treatment of the under-
lying diseases. However, despite the commendable rigor of 
the trial design, which makes the report noteworthy, its rela-
tively small sample size owing to early termination resulted 
in a loss of power to detect statistical differences in bacte-
remic events between CoT and placebo arms (Bow and 
Ronald, 1993). In an unblinded randomized comparison of 
norfloxacin (400 mg twice daily) and CoT (160/800 mg twice 
daily), norfloxacin therapy was associated with fewer Gram-
negative infections (0 of 31 vs. 4 of 32) but significantly more 
Gram-positive bacteremias (17 vs. 2; p = 0.003) than CoT 
therapy (Bow et al., 1988). Presumably this was related to the 
relative lack of norfloxacin activity against Gram-positive 
pathogens. Infections observed in CoT recipients were due 
to pathogens resistant to this agent. Acquisition of, and infec-
tion by, CoT-resistant Gram-negative bacilli appeared to be a 
problem for CoT recipients. Norfloxacin, meanwhile, elimi-
nated aerobic Gram-negative bacilli from the gut in a mean 
of 5 days but proved superior for preventing both acquisition 
of Gram-negative bacilli and infection by these pathogens. 
Thus, norfloxacin appears to be a safe, well-tolerated, and effec-
tive alternative to CoT in preventing serious Gram-negative 
infections but at a potential cost of more frequent (but gener-
ally less serious) Gram-positive infections. Similarly, Dekker 
et al. (1987) and Verhoef et al. (1989) found ciprofloxacin to 
compare very favorably in terms of tolerability and efficacy 
with CoT plus colistin for prophylaxis. Arning et al. (1990), 
however, found no significant difference in efficacy between 
CoT plus colistin, ofloxacin, and ciprofloxacin for the pre-
vention of infections in patients with acute leukemia but 
noted that both the quinolones were better tolerated. In bone 
marrow transplant recipients, Lew et al. (1995) compared 
CoT with ciprofloxacin for bacterial prophylaxis and showed 
the same outcomes for occurrence of fever during neutro-
penia, time to onset of first fever, bacteremias, and overall 
infection rates. However, CoT recipients had longer duration 
of neutropenia than those receiving ciprofloxacin. Imrie et 
al. (1995) reached a similar conclusion about neutrophil 
recovery in their prospective study of CoT versus ciproflox-
acin prophylaxis. Thus fluoroquinolones are now more pop-
ular than CoT among some authors for prophylaxis in 
neutropenia, although they too are not without some prob-
lems, such as selection for viridans group streptococci (Kerr, 
1999). Nevertheless, in certain settings in which CoT resis-
tance rates are low, CoT remains effective in preventing 
febrile episodes and reducing rates of bacteremia (Schrøder 
et al., 2001). Perhaps notably, CoT prophylaxis in one study 
was associated with reductions in invasive pneumococcal 
disease in hematopoietic stem cell transplant recipients (Torda 
et al., 2014). 

The value of CoT or fluoroquinolone prophylaxis in 
oncology patients has been subjected to meta-analysis, and 
the ability of both drug classes to prevent bacterial infection 
has been confirmed, with trends to greater protection against 
Gram-positive infection for CoT and greater protection against 
Gram-negative infection for quinolones (van de Wetering  
et al., 2005; Gafter-Gvili et al., 2012). In some centers the 
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standard is to recommend no prophylaxis for oncology 
patients in whom neutropenia is expected to last less than 7 
days (Segal and Freifeld, 2007), but opinions vary (Haeusler 
and Slavin, 2013; Macesic et al., 2014; Trubiano et al., 2015).

Autoimmune neutropenia is an uncommon problem of 
infancy. Prophylactic CoT has been advocated while the neu-
tropenia exists (Kobayashi et al., 2003), but there are no pro-
spective trials to confirm its value in this setting.

7jj.  Prophylaxis for renal and solid organ 
transplant recipients

Long-term prophylaxis with oral CoT after renal transplan-
tation was investigated in a double-blind randomized place-
bo-controlled trial and was found to be effective in reducing 
infections and minimizing inpatient hospital days with fever 
(Fox et al., 1990). Prophylaxis was particularly effective in 
the prevention of UTIs (p < 0.005), bacteremia (p < 0.01), and 
infections caused by enteric Gram-negative bacilli (p < 0.001), 
enterococci (p = 0.006), and S. aureus (p = 0.01). Prophylaxis 
did not prevent UTIs associated with urethral catheters in 
the initial post-transplant period but reduced the risk of UTI 
threefold (p < 0.001) after catheter removal. In the early 
post-transplant period, absorption of CoT was subnormal, 
and a dosage of 2 double-strength tablets (320 mg of TMP/ 
1600 mg of SMX) daily was necessary to achieve adequate 
serum levels, although 1 double-strength tablet per day appeared 
to be effective after the initial post-transplant admission. In 
addition, CoT, which provided protection against PCP and 
infection from Listeria spp. and potentially Nocardia spp., 
was well tolerated, had little discernible effect on the patients’ 
microflora, and was cost effective. Some authors believe  
that CoT prophylaxis may be especially important during 
periods of difficult graft rejection, when the monoclonal anti-
body Orthoclone OKT3 (Centocor Ortho Biotech Products, 
LP, Raritan, NJ, USA) is used to limit graft rejection. Because 
many renal transplantation programs have used long-term 
CoT prophylaxis for many years and have identified few  
side effects, Fox et al. (1990) suggest prophylaxis for at least  
1 year post transplantation, and probably indefinitely (see 
earlier).

CoT has subsequently enjoyed popularity for the preven-
tion of UTIs after renal transplantation and has the advantage 
of also preventing PCP, especially in those patients requiring 
high levels of immunosuppression (Alangaden, 2007; Fish-
man, 2007; Giullian et al., 2010; Lee et al., 2013). One study 
supports the use of double-dose prophylaxis (160/800 vs. 
80/400 mg) because of lower rates of UTI (Khosroshahi et al., 
2006). In another prospective double-blind study, prophylac-
tic ciprofloxacin was shown to be as effective as CoT, at least 
for post-transplant UTI, although possibly at the risk of an 
increased rate of PCP (Hibberd et al., 1992).

Among all solid-organ transplant recipients, two multi-
center matched case-control studies demonstrated a reduc-
tion in toxoplasmosis and listerosis, respectively, when CoT 
prophylaxis was employed (Fernandez-Sabe et al., 2012; 

Fernandez-Sabe et al., 2009). However, despite the effective-
ness of CoT in reducing non-PCP infections in solid organ 
transplant recipients, breakthrough infections can still occur, 
particularly those due to Nocardia spp. (McPhee et al., 2009; 
Peleg et al., 2007). 

7kk.  Prophylaxis for spontaneous bacterial 
peritonitis in patients with cirrhosis 
and ascites

In a randomized placebo-controlled trial of patients with 
cirrhosis and ascites, 1 CoT tablet (double-strength, 160/800 
mg) daily, five times per week, significantly reduced the risk 
of developing spontaneous bacterial peritonitis (SBP) from 
27% (placebo) to 3% (CoT) (p = 0.025) in patients followed 
for a median duration of 90 days. However, there was no dif-
ference in the death rate between the two groups (Nishioka, 
1995; Singh et al., 1995). Subsequent studies in the rat model 
of cirrhosis confirmed that CoT prophylaxis delayed the 
development of ascites, prolonged survival, and reduced the 
incidence of bacterial translocation but not the incidence of 
SBP (Guarner et al., 1999). Compared with norfloxacin, CoT 
was equally effective in preventing SBP in three randomized 
trials (Alvarez et al., 2005; Lontos et al., 2008; Lontos et al., 
2014). Preventing SBP with CoT or norfloxacin has also been 
shown to be a cost-effective intervention in cirrhotic patients 
(Inadomi and Sonnenberg, 1997). Lontos et al. (2008) sug-
gested that CoT was likely to be a more cost-effective option 
and reduce the risk of fluoroquinolone resistance in patients 
with cirrhosis. For this reason, some national guidelines now 
recommend CoT as the first-line agent for SBP prophylaxis, 
with norfloxacin reserved for patients who develop SBP 
while receiving CoT (Antibiotic Expert Group, 2014).

7ll.  Chronic granulomatous disease

Chronic granulomatous disease is characterized by recur-
rent, often life-threatening, bacterial and mycotic infections. 
It is caused by the inability of the patient’s phagocytes to kill 
catalase-positive organisms, particularly S. aureus. Long-term 
prophylaxis with CoT has resulted in a reduction in infec-
tious episodes but had no effect on the occurrence of C. albi
cans and Aspergillus infections (Weening et al., 1983; Van der 
Meer and Van den Broek, 1984; Mouy et al., 1989; Margolis 
et al., 1990). This beneficial effect of CoT appears to be due to 
the uptake and concentration of its components in granulo-
cytes (Gmünder and Seger, 1981). Margolis et al. (1990) 
reviewed the National Institutes of Health experience with 
long-term prophylaxis with CoT in patients with chronic 
granulomatous disease. Prophylaxis decreased the incidence 
of nonfungal infections from 7.1–2.4 per 100 patient-months 
in patients with autosomal chronic granulomatous disease 
and from 15.8–6.9 infections per 100 patient-months in 
X-linked chronic granulomatous disease patients (p = 0.06). 
However, there was no significant change in the incidence of 
fungal infections in these patients. Sulfonamides alone may 
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also be effective in this disease. Nevertheless, CoT continues to 
be recommended for prophylaxis in this disease (Seger, 2008).

7mm.  Granulomatosis with polyangiitis

A number of reports and small series suggest a beneficial 
effect of CoT, either alone or as adjunctive therapy to cyto-
toxics, on both acute and chronic phases of granulomatosis 
with polyangiitis, in addition to the drug’s activity in pre-
venting PCP (West et al. 1987; DeRemee, 1988; Israel, 1988; 
Valeriano-Marcet and Spiera, 1991; DeRemee, 1992; McRae 
and Buchanan, 1993; Moosig et al., 2009). Other authors, 
however, have cast doubt on these findings (Hoffman and 
Fauci, 1992; Hoffman et al., 1992). In some patients CoT has 
been supplemented with additional TMP, which Israel (1988) 
believed to be the more important component of the combi-
nation. Although the effects of CoT appear to be suppressive 
rather than curative, the mechanism of this possible efficacy 
remains unclear. Its use has largely been as adjunctive ther-
apy after initial treatment with cyclophosphamide plus corti-
costeroids to induce remission. Large studies of this disease 
are difficult owing to its rarity. However, a Dutch study has 
been able to confirm the value of CoT (160/800 mg twice 
daily) in preventing relapses by comparing it with placebo in 
a randomized manner (Stegeman et al., 1996). Relapses 
occurred within 24 months in 40% of placebo-treated patients 
compared with 18% of those receiving CoT. Subsequently, a 
large German study compared CoT alone with methotrexate 
alone, methotrexate plus prednisone, and CoT plus predni-
sone (de Groot et al., 1996). Methotrexate proved more effec-
tive than CoT in preventing relapses, whereas prednisone 
appeared to add little to either regimen. Severe drug reac-
tions were more common with methotrexate. There are a 
number of reports of CoT being effective in generalized or 
localized disease as initial therapy (Ohtake et al., 2001; Sangle 
et al., 2002). CoT remains an agent to be considered in the 
management of this condition, although perhaps only for 
disease that is limited to the upper airways (White and Lynch, 
2006).

7nn.  Prevention of pneumonia  
after measles

A placebo-controlled trial of CoT to prevent pneumonia and 
other infectious complications after measles has been con-
ducted in Guinea-Bissau, where rates of measles complica-
tions are high (Garly et al., 2006). Although a relatively small 
number of patients were recruited to the study, a statistically 
significant reduction in rates of pneumonia and conjunctivi-
tis in the patients who received CoT in standard doses for 
7 days after diagnosis was demonstrated.

7oo.  Acne

Oral CoT, like tetracycline, erythromycin, and clindamycin, 
has been used successfully in the treatment of acne (Eady et 

al., 1982). It is most often reserved as systemic therapy in 
conjunction with topical treatment for refractory acne vul-
garis (Amin et al., 2007; Bhambri et al., 2007; Turowski and 
James, 2007).

7pp.  Trimethoprim combined with  
other drugs

TMP is no longer available in any other sulfonamide combi-
nations other than with SMX. However, there have been a 
number of combinations available in the past suggesting 
equal efficacy to CoT. Bernstein (1982) reviewed criteria for 
selection of sulfonamides for use with TMP and summarized 
clinical experience with TMP combined with sulfonamides 
other than SMX. Sulfamoxole is not as active as SMX in vitro, 
and there are insufficient data that its combination with TMP 
is as effective as CoT clinically (Bernstein, 1982; Hughes, 
1983; Dylewski et al., 1985). Sulfametrol probably has similar 
pharmacokinetics to SMX and has been used successfully for 
the treatment of respiratory, skin, and urinary infections and 
gonorrhea (Bernstein, 1982). Various TMP–sulfadiazine com- 
binations have been used to treat respiratory tract infections, 
to treat nongonococcal urethritis due to C. trachomatis, and to 
cure a 4-month-old child with Salmonella meningitis (Briggs 
and Robinson, 1975). Pharmacokinetic studies after i.v. 
admin istration of sulfadiazine indicated certain advantages 
for sulfadiazine as a partner for TMP compared with SMX; 
sulfadiazine is less bound to serum proteins, its distribution 
volume is larger, and it results in higher concentrations of 
active sulfonamide in serum and urine (Männistä et al., 1982). 
It seems that TMP–sulfadiazine combinations may have some 
theoretical advantage over CoT, at least for the treatment of 
UTIs (Bernstein, 1982; Reeves, 1982).

There are very few reports on the clinical use of TMP– 
sulfadimidine and TMP–sulfametopyrazine combinations. 
The former has been used for a variety of infections in Eastern 
Europe (Bernstein, 1982) and the latter for lower respiratory 
tract infections (Hughes, 1983), all with reported success. 
TMP has been combined with a variety of sulfonamides, such 
as sulfamoxole, sulfametrole, and sulfametopyrazine, to suc-
cessfully treat chancroid, but these are now only of historical 
interest (see Chapter 91, Sulfonamides) (Dylewski et al., 1986; 
Schmid, 1990).

TMP has previously been used in combination with rif-
ampicin to treat UTIs and chancroid, but the combination is 
not dependable chemoprophylaxis for H. influenzae infec-
tion. A dosage regimen of 900 mg of rifampicin plus 240 mg 
of TMP for 4 months followed by 300 mg of rifampicin plus 
80 mg of TMP has been used effectively to treat chronic bac-
terial prostatitis (Leading article, 1983b).

In comparative trials for the treatment of presumptive 
bacterial conjunctivitis, there was no difference in clinical 
efficacy between treatment with TMP–polymyxin B ophthal-
mic solution and neomycin–polymyxin B–gramicidin oph-
thalmic solution, but TMP–polymyxin ophthalmic solution 
was better than a chloramphenicol solution in reducing signs 
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and symptoms (Gibson, 1983). Combinations of TMP and 
methenamine hippurate have been used in two doses of 
100:500 mg and 200:1000 mg, respectively, twice daily and 
compared with TMP, 200 mg twice daily, and CoT, 2 stan-
dard tablets twice daily, to treat UTIs. All regimens were effec-
tive, but the ones using TMP and methenamine had fewer side 
effects (Seppänen et al., 1983).

7qq.  Combinations of other 
diaminopyrimidines with sulfonamides

Apart from TMP, a number of other diaminopyrimidines have 
been synthesized, which also affect folic acid synthesis by 
inhibiting DHFR (Burchall, 1979). Some newer compounds 
differ from TMP in lipophilicity, S. aureus antibacterial 
spectrum, and degree of activity and pharmacology (Then et 
al., 1982). The ability of the diaminopyrimidines to inhibit 
mam malian or bacterial DHFRs differs. For instance, pyri-
methamine is a poor antibacterial, and its binding to mam-
malian reductases is considerably greater than TMP, but it 
binds tightly to protozoal reductases, making it an effective 
antimalarial drug. Tetroxoprim is another diaminopyrimidine 
that was marketed for antibacterial indications. Compared 
with TMP, tetroxoprim is approximately 8- to 16-fold less 
active against most bacteria, and there is also complete cross- 
resistance between these two compounds and between sulfa-
diazine and SMX (Bywater et al., 1979). Considering these 
factors, tetroxoprim has limited clinical relevance and is 
mostly only of historical interest (Leading article, 1980).
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1. DESCRIPTION

Pyrimethamine was one of the first of many 2,4-diaminopy-
rimidines to be synthesized and tested for antimicrobial 
activity. Its chemical formula is C12H13ClN4, and its structure 
is shown in Figure 93.1. The main value of pyrimethamine 
has been its antiprotozoal activity, especially against malaria 
and Toxoplasma, for which it is used in combination regi-
mens (Falco et al., 1951; Symposium on Daraprim, 1952). 

The key clinical use of pyrimethamine has been in combi-
nation with sulfadoxine as an antimalarial, commonly 
referred to as Fansidar or abbreviated as S/P. However, the 
development of widespread resistance in Plasmodium falci
parum has led to a decline in its use for treatment of falci-
parum malaria. It remains useful for intermittent preventive 
therapy for malaria in pregnancy (IPTp) and intermittent 
preventive therapy for malaria in infancy (IPTi). It also 
remains a key drug for treatment of toxoplasmosis, Pneu
mocystis jiroveci pneumonia, and diarrhea due to Cystoiso
spora belli, often in combination with non-sulfa compounds 
such as clindamycin (see Chapter 85, Clindamycin and 
lincomycin).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

PLASMODIUM SPECIES

In the past, virtually all malaria (Plasmodium) species were 
susceptible to pyrimethamine, and until recently Fansidar 
was an effective regimen for treatment of P. falciparum, espe-
cially against chloroquine-resistant P. falciparum strains. 
Although reliable in vitro susceptibility testing of malaria 
parasites is now available (Noedl et al., 2003), the correlation 
between the inhibitory concentrations of antimalarials iden-
tified in vitro and the subsequent in vivo antimalarial activity 
is less clearly defined than with antibacterials, because host 
immunity is a strong determinant of clinical outcomes. 
Resistance is usually determined on clinical grounds in case 

reports or clinical trials, or by the determination of specific 
mutations in the dihydrofolate reductase (DHFR) gene by 
various molecular methods (Gregson and Plowe, 2005). 
Among P. falciparum isolates, pyrimethamine resistance is 
defined by some authors as IC50 ≥ 100 nM, where the IC50 
represents the inhibitory drug concentration necessary to 
achieve 50% inhibition of the uptake of radiolabeled hypox-
anthine by parasites as compared with controls (Basco et al., 
1994). Lambros et al. (1989) examined P. falciparum isolates 
from Malaysian aborigines with relatively little in vitro drug 
resistance and reported that all isolates were susceptible to 
pyrimethamine with a mean IC50 of 21.4 ng/ml (range 9–52 
ng/ml). There appears to be some cross-resistance between 
pyrimethamine and chlorcycloguanil (Peterson et al., 1990b). 

Pyrimethamine is active against asexual erythrocytic 
forms of P. falciparum but has less activity against the tissue 
forms. It is not gametocidal but arrests the sporogony of  
P. falciparum and Plasmodium vivax in the mosquito. Fur-
ther more, because pyrimethamine acts relatively late in the 
parasite life cycle, allowing development to the mature tro-
phozoite stage, pathologic effects may ensue despite its activ-
ity (White and Krishna, 1989). Because pyrimethamine does 
not kill the hepatic stages of P. vivax or Plasmodium ovale, 
it does not produce radical cure of malaria caused by these 
species.

Figure 93.1. Structure of pyrimethamine.
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TOXOPLASMA GONDII

Both in vitro and in vivo studies in mice have demonstrated 
susceptibility of T. gondii to pyrimethamine and synergistic 
anti-Toxoplasma effect by the combination of pyrimeth-
amine and sulfadiazine (Kovacs et al., 1988; Derouin and 
Chastang, 1989; Israelski et al., 1989; Piketty et al., 1990; 
Derouin et al., 1991, 1992; Schoondermark-van de Ven et al., 
1995). Israelski et al. (1989) identified toxoplasmacidal activ-
ity by pyrimethamine at concentrations of ≥ 0.2 mg/ml in 
an in vitro study using trophozoite-infected human foreskin 
fibro blasts. They also noted marked synergistic activity 
between pyrimethamine and sulfadiazine, and that the addi-
tion of zidovudine interfered with this synergism. Piketty et 
al. (1990) determined the effect of various agents by regularly 
subculturing blood, lung, and brain homogenates from 
infected mice onto fibroblast tissue cultures to determine the 
parasitic load. Pyrimethamine (18.5 mg/kg/day) demon-
strated anti-Toxoplasma activity, and synergism was noted 
with sulfadiazine. Pyrimethamine inhibits folic acid metab-
olism of Toxoplasma tachyzoites but has no effect on Toxo 
plasma cysts (Huskinson-Mark et al., 1991; Mariuz et al., 
1994). The concentrations of pyrimethamine needed to 
inhibit or to kill T. gondii have not been clinically established 
(Luft and Hafner, 1990). Derouin and Chastang (1989) iden-
tified a, IC50 of 0.04 mg/ml pyrimethamine against T. gondii 
grown in fibroblast tissue culture. This compared with 2.3 
μg/ml trimethoprim, 0.16 ng/ml trimetrexate glucuronate, 
and 6.9 ng/ml piritrexin to produce similar activity. Marked 
synergism was noted with sulfadiazine and pyrimethamine, 
trimetrexate glucuronate, and piritrexin, sulfisuxazole and 
pyrimethamine, and trimethoprim and sulfamethoxazole. 
Atovaquone and the macrolides roxithromycin, azithromy-
cin, and clarithromycin appear to markedly potentiate the 
anti- Toxoplasma activity of both pyrimethamine and sulfa-
diazine (Araujo et al., 1991; Derouin et al., 1991; Huskinson-
Mark et al., 1991; Araujo et al., 1992, 1993; Romand et al., 
1995).

More recently, Meneceur et al. (2008) demonstrated IC50 
values of 0.07–0.39 mg/l that did not correlate with strain 
genotypes. Several mutations of the DHFR gene that did not 
predict lower susceptibility were identified.

PNEUMOCYSTIS JIROVECI (CARINII)

P. jiroveci is probably susceptible to pyrimethamine, although 
there are conflicting data, particularly when the rat model is 
used (Frenkel et al., 1966; Hughes and Smith, 1984; Hughes 
et al., 1986; Walzer et al., 1988, 1992). Walzer et al. (1992) 
suggested that the rat model, although a good system for 
studying the anti-Pneumocystis activity of sulfonamides, has 
limited value for study of inhibitors of DHFR. Nevertheless, 
P. jiroveci DHFR is inhibited by pyrimethamine and other 
antifolate agents, such as methotrexate and trimetrexate, in 
vitro (Broughton and Queener, 1991; Queener, 1991). Synergy 
between pyrimethamine and dapsone, and pyrimethamine 
and sulfamethoxazole, was demonstrated in an in vitro assay 
using a human lung epithelial cell line. No synergy was 
demonstrated with atovaquone (Cirioni et al., 1997).

CYSTOISOSPORA BELLI (FORMERLY ISOSPORA BELLI)

The parasite C. belli appears to be susceptible to pyrimeth-
amine in humans when used either alone or in combination 
with sulfadoxine, but there are no in vitro susceptibility data 
available (Trier et al., 1974; Weiss et al., 1988b; Pape et al., 
1989). Recent cultivation in mammalian cell lines may allow 
in vitro examination of drug susceptibility (Oliveira-Silva et 
al., 2006).

2b.  Emerging resistance and 
cross-resistance

MALARIA

By the mid-1990s, resistance to pyrimethamine and sulfa-
doxine–pyrimethamine (Fansidar) combinations in P. falci
parum had become widespread. Resistance was first noted  
in the 1960s in Thailand and subsequently spread to most  
of the malaria-endemic areas of the world where the drug 
had replaced chloroquine (Wongsrichanalai et al., 2002). 
Pyri methamine-resistant isolates were demonstrated in areas 
before the drug was widely used, suggesting a natural spon-
taneous mutation rate (Mberu et al., 2000). 

Resistance to pyrimethamine is due to a set of sequential 
point mutations in the DHFR gene, which encodes DHFR 
thymidylate synthase (Gregson and Plowe, 2005). The serine 
to asparagine at position 108 is essential, with additional 
mutations at positions N51I, C59R, and I164L leading to 
higher resistance levels. Point mutations in the dihydrop-
teroate synthase gene (DHPS) confer resistance to sulfon-
amides and are likely selected after mutations in DHFR are 
already present. Detection of mutations in the DHFR and 
DHPS genes predicts treatment failure, with multiple muta-
tions acting synergistically to increase resistance (Omar et 
al., 2001; Plowe et al., 1997). Mutations in P. falciparum 
multidrug-resistant protein 1 (PfMRP1) have also been asso-
ciated with sulfadoxine–pyrimethamine resistance (Dahl-
strom et al., 2009).

Resistance to Fansidar is widespread throughout much of 
Africa (Naidoo and Roper, 2011), Southeast Asia (Biswas et 
al., 2000; Brown, 1993), and the Amazon Basin (Roper et al., 
2000; Talisuna, 2004). The prevalence of Fansidar resistance 
varies among African regions, with some areas of West Africa 
showing relatively low rates of resistance.

There is some evidence that resistance levels decline once 
drug pressure in a region is removed. Declining prevalence 
of DHFR and DHPS mutant alleles have been noted in Peru 
and Ethiopia after withdrawal of Fansidar as first-line treat-
ment for uncomplicated falciparum malaria (Zhou et al., 
2008; Hailemeskel et al., 2013; Tessema et al., 2015). However, 
resistance to sulfadoxine–pyrimethamine has persisted in 
Malawi despite its withdrawal as first-line treatment, in con-
trast to the return of chloroquine-susceptible malaria in the 
region (Artimovich et al., 2015). 

Cross-resistance between pyrimethamine and trimetho-
prim has been demonstrated in vitro after treatment with 
trimethoprim–sulfamethoxazole (TMP–SMX) (Khalil et al., 
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2003). However, Malamba et al. (2006) found that the use of 
TMP–SMX as prophylaxis in a cohort of patients with HIV in 
Uganda did not select for Fansidar-resistant malaria parasites 
in those individuals or their fellow household members.

A more detailed discussion regarding S/P resistance in 
malaria can be found in Chapter 91, Sulfonamides. 

TOXOPLASMOSIS AND PNEUMOCYSTIS INFECTIONS

Clinical failures have been reported with use of pyrimeth-
amine for prophylaxis and treatment of toxoplasmosis and  
P. jiroveci infections (Weiss et al., 1988a; Girard et al., 1989; 
Lidman et al., 1989; Clotet et al., 1991; Antinori et al., 1992; 
Coker et al., 1992; Girard et al., 1993; Mallolas et al., 1993; Ruf 
et al., 1993; Podzamczer et al., 1993a, 1993b). Mutations in 
the DHFR enzyme of P. jiroveci have now been described in 
strains isolated from patients who developed P. jiroveci pneu-
monia despite prophylaxis with either TMP–SMX or pyri-
methamine (Nahimana et al., 2004). T. gondii was able to be 
stably transfected with a pyrimethamine-resistant DFHR gene 
from P. falciparum (Donald and Roos, 1993). In vitro genera-
tion of single point mutations in T. gondii DHFR have also 
demonstrated in vitro resistance (Reynolds et al., 2001). 
Resistant strains have yet to be identified in vivo.

3. MECHANISM OF DRUG ACTION

Pyrimethamine is a folic acid antagonist with a similar mech-
anism of action as trimethoprim (see Chapter 92, Tri metho-
prim and trimethoprim–sulfamethoxazole [co-trimoxazole]). 
Pyrimethamine, a class II antifolate, binds to DHFR in 
malaria parasites and mammalian cells, but there is a large 
differential in the drug’s affinity for malaria DHFR over 
mammalian DHFR, such that it inhibits DHFR of plasmo-
dia at concentrations significantly below those required to 
produce inhibition of mammalian enzymes (1400-fold in the 
rat) (Ferone et al., 1969; Ferone, 1984). DHFR provides 
reduced folate for the thymidylate cycle vital for the suc-
cessful biosynthesis of purines, pyrimidines, and ultimately 
DNA. Pyrimethamine inhibition of DHFR in malaria para-
sites manifests with failure of nuclear division at the time of 
schizont formation in erythrocytes and liver (Ferone, 1984). 
Similarly, pyrimethamine inhibits DHFR in T. gondii and  
P. jiroveci, although the DHFR enzymes of these two organisms 
have different molecular characteristics (Kovacs et al., 1990).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Pyrimethamine is available as follows: alone as 25 mg pyri-
methamine tablets; in combination with sulfadoxine as 
Fansi dar tablets (25 mg pyrimethamine plus 500 mg sulfa-
doxine) or Fansidar ampules (2.5 ml; containing 25 mg pyri-
methamine plus 500 mg sulfadoxine); in combination with 
dapsone (Maloprim tablets: 12.5 mg pyrimethamine plus 
100 mg dapsone) or as combination Fansidar plus meflo-
quine (Fansimef; each tablet contains 25 mg pyrimethamine, 
500 mg sulfadoxine, and 250 mg mefloquine).

Parenteral Fansidar is no longer generally available, but 
can be administered by deep intramuscular injection, but not 
intravenously. When intramuscular Fansidar has been used, 
it was typically in combination with parenteral quinine for 
severe cases of P. falciparum malaria. In this situation the usual 
curative dose for adults weighing 50–70 kg is 5–7.5 ml (2–3 
ampules); the comparable doses for children are as follows: 
9–14 years, 5 ml; 5–8 years, 2.5 ml; and 4 years, 1–1.5 ml. Unlike 
Fansidar, Maloprim is available only in oral preparation.

4a.  Adults

MALARIA PROPHYLAXIS

The development of widespread resistance to pyrimethamine 
has meant that pyrimethamine, either alone or in combina-
tion with sulfamethoxazole (S/P) is no longer recommended 
for chemoprophylaxis of malaria. In combination with sulfa-
doxine (Fansidar), the usual dose of the oral preparation was 
one Fansidar tablet (500 mg sulfadoxine plus 25 mg pyri-
methamine) once weekly commencing 2 weeks before expo-
sure, weekly during the period of exposure, and for 4–6 
weeks after leaving the at-risk area. An alternative regimen is 
two tablets once every 2 weeks. Chemoprophylaxis with 
Maloprim (pyrimethamine 12.5 mg plus dapsone 100 mg) is 
given in a dose of one tablet once weekly for adults and chil-
dren older than 10 years. There are few safety data regarding 
the use of Maloprim for longer than 12 months (World 
Health Organization [WHO], 2008).

MALARIA TREATMENT

The use of a combination of antimalarials has become the 
standard for the treatment of falciparum malaria. Combinations 
are usually an artemisinin derivative plus another long-acting 
antimalarial chosen to account for local resistance patterns 
(WHO, 2015; see Chapter 169, Artemisinins).

When pyrimethamine is used to treat malaria it is given as 
Fansidar to exploit the synergistic interaction of pyrimeth-
amine and sulfadoxine, although this alone is not regarded as 
true combination therapy as defined by WHO. The currently 
recommended regimen is sulfadoxine–pyrimethamine in a 
fixed combination of 25 mg sulfadoxine and 1.25 mg pyri-
methamine base per kg body weight as a single dose, together 
with artesunate for 3 days. Previously, when Fansidar was 
used alone (now not the preferred treatment regimen), adults 
and children weighing > 45 kg or those who older than 14 
years were treated with three tablets of Fansidar as a single 
dose. Alternatively, the parenteral preparation, which can be 
used intramuscularly (but not intravenously), can be admin-
istered to adults (50–70 kg) in a dose of 5–7.5 ml (50–75 mg 
pyrimethamine). Fansidar can also be used in conjunction 
with quinine sulfate (oral or intravenous administration). 

Maloprim should not be used for the definitive treatment 
of malaria.

TOXOPLASMOSIS

Pyrimethamine is usually combined with either a sulfon-
amide (e.g. sulfadiazine) or clindamycin for the treatment of 
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toxoplasmosis. In immunocompetent patients the optimum 
duration of treatment has not been established, but is usually 
3–4 weeks. A suggested regimen for immunocompetent 
adults with chorioretinitis is a loading dose of 200 mg pyri-
methamine on day 1, then 50–75 mg daily in association 
with 4–6 g daily of sulfadiazine until 1–2 weeks after resolu-
tion of signs—that is, usually a total of 3–4 weeks (Montoya 
and Liesenfield, 2004). HIV-associated cerebral toxoplasmo-
sis frequently relapses if therapy is ceased; hence, treatment 
usually consists of an initial period of relatively high-dose 
pyrimethamine therapy followed by lifelong suppressive ther-
apy (so-called secondary prophylaxis). Some authors have 
suggested 200 mg pyrimethamine on day 1, then 50–75 mg 
daily in association with sulfadiazine 4–8 g daily for 3–6 
weeks, followed by either lifelong suppressive therapy of 
pyrimethamine 50 mg daily and sulfadiazine 2 g daily or ces-
sation once immune restoration has occurred. Folinic acid 
10 mg daily (not folic acid, which counteracts the inhibi-
tory effect of pyrimethamine) should be given concurrently 
(Luft and Hafner, 1990; Luft et al., 1993; Mariuz et al., 1994; 
Montoya and Liesenfield, 2004; Gilbert et al., 2008).

4b.  Newborn infants and children

Pyrimethamine should be given with caution to newborn 
infants if folate deficiency is a consideration. Combination 
antimalarials with sulfa (e.g. Fansidar) and sulfone com-
ponents (e.g. Maloprim) are contraindicated in children 
younger than 4 weeks. 

MALARIA PROPHYLAXIS

The development of widespread resistance to pyrimethamine 
has meant that the drug should not be used alone for malaria 
prophylaxis in children; however, if chosen for this purpose, 
the recommended dose is pyrimethamine 0.5 mg/kg once 
weekly (up to a maximum of 25 mg) for children up to 10 
years of age, after which an adult dose is appropriate. The 
usual once-weekly doses are as follows: 4–10 years of age, 
12.5 mg; < 4 years of age, 6.25 mg. The use of Fansidar for 
chemoprophylaxis is no longer recommended owing to 
uncommon but serious side effects of the sulfa component 
(see Chapter 91, Sulfonamides).

MALARIA TREATMENT

Children’s doses for treatment with combination antimalar-
ials are 3 days of artesunate together with a single dose of 
Fansidar (sulfadoxine–pyrimethamine) dosed according to 
weight: 5 –< 10 kg, 250/12.5 mg (half tablet); 10 –< 25 kg, 
500/25 mg (one tablet); 25–50 kg, 1000/50 mg (two tablets); 
>50 kg 1500/75 mg (three tablets) (WHO, 2015). If parenteral 
(intramuscular) Fansidar is used, the following doses are rec-
ommended: 4 years, 1–1.5 ml; 4–8 years, 2.5 ml; and 9–14 
years, 5 ml (see Table 93.1 for dosing in intermittent preven-
tative therapy in infants [IPTi] and seasonal malaria chemo-
prevention in children [SMC]).

As with adults, Maloprim should not be used to treat 
malaria. Pyrimethamine, when given in conjunction with 

quinine sulfate and sulfadoxine, can be given to children for 
3 days in the following doses: 20–40 kg, 25 mg daily; 10–20 
kg, 12.5 mg daily; and < 10 kg, 6.25 mg daily. Pyrimethamine 
should not be used alone for the treatment of malaria in 
children.

TOXOPLASMOSIS

The most commonly recommended regimen is pyrimeth-
amine 1–2 mg/kg (up to 100 mg) daily, given in two equally 
divided doses, for 1–3 days, followed by 0.5–1 mg/kg (up to 
25 mg) daily, given in two equally divided doses, together 
with sulfadiazine 85–200 mg/kg daily, for 4–6 weeks. The 
duration of therapy may be extended depending on other 
influencing factors such as the presence of HIV infection 
(Montoya and Liesenfield, 2004; NIH, 2015). The manage-
ment of infants with congenital toxoplasmosis is discussed 
later (see section 7, Clinical uses of the drug).

4c.  Pregnant and lactating mothers

Pyrimethamine alone and in combination with sulfonamides 
has been shown to be teratogenic in various animal models, 
probably because of interference in folic acid metabolism. 
Nevertheless, Fansidar appears to be safe and effective in a 
two- or three-dose regimen for IPTp, with large scale studies 
demonstrating great success and little toxicity (Peters et al., 
2007; Menéndez et al., 2007; Ward et al., 2007; Rupérez et al., 
2016). In addition, pyrimethamine alone or in combination 
with sulfonamides has been used with reasonable success 
to  treat toxoplasmosis during pregnancy (see Chapter 91, 
Sulf onamides). Fansidar is contraindicated during late preg-
nancy owing to the potential for sulfadoxine to cross the 
placenta and lead to kernicterus in the neonate (see Chapter 
91, Sulfonamides). Pregnancy appears to alter the disposi-
tion of sulfadoxine but not pyrimethamine (see section 5a, 
Bioavailability).

Pyrimethamine is excreted in breast milk. After the 
maternal ingestion of a single 75-mg dose of pyrimethamine, 
it is estimated that 3–4 mg may be ingested by a nursing 
infant during the subsequent 48 hours (Clyde et al., 1956). 
No human problems have been documented, but caution 
should be exercised, especially if the mother is receiving the 
higher doses of pyrimethamine often associated with therapy 
for toxoplasmosis. Contrary to earlier publications (Clyde, 
1960), ingestion of pyrimethamine in breast milk by the nurs-
ing infant is no longer considered a reliable means of drug 
administration or effective antimalarial chemoprophylaxis for 
these infants (Anderson, 1979; Bennett, 1988). The American 
Academy of Pediatrics considers pyrimethamine to be com-
patible with breastfeeding (Committee on Drugs, 2001).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Pyrimethamine is excreted 16–30% unchanged in urine, but 
metabolites may be excreted for some weeks after adminis- 
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tration owing to tissue deposition (Le Liboux et al., 1991; 
Aronoff, 2007). The serum half-life of pyrimethamine is not 
altered in end-stage renal failure and no dosage reduction is 
necessary, even when the glomerular filtration rate (GFR) is 
< 10 ml/min. In general, no dosage supplementation is con-
sidered necessary after hemodialysis, continuous ambulatory 
peritoneal dialysis (CAPD), or continuous arteriovenous or 
venovenous hemofiltration (Aronoff et al., 2007; Gilbert et 
al., 2008). However, Weiss et al. (1988a) have described one 
patient with AIDS who was treated with 25 mg pyrimeth-
amine daily and intermittent peritoneal dialysis every 4 days 
for renal failure, in whom pyrimethamine concentrations in 
the peritoneal dialysate were 75% of the corresponding serum 
level, and serum concentrations fell from 2.3 to 1.2 µg/ml 
(47% decrease) while the patient was undergoing dialysis.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

There are few data regarding the use of pyrimethamine in the 
setting of hepatic failure. However, pyrimethamine is metab-
olized by the liver, and serum levels may therefore be expected 
to increase in patients with reduced hepatic clearance (Schmidt 
et al., 1953; Kumar et al., 1990; McLeod et al., 1992).

PATIENTS WITH FOLATE DEFICIENCY

Because of its antifolate activity, pyrimethamine should be 
administered with caution to patients with potential folate 
deficiency—such as those with megaloblastic anemia, mal-
absorption syndrome, or alcoholism; pregnant patients; and 
patients receiving other drugs that affect folate levels (e.g. 
phenytoin, methotrexate). In such patients, folinic acid sup-
plementation may be necessary. Folinic acid rather than folic 
acid should be used, especially when treating patients with 
toxoplasmosis, because folic acid can be taken up by T. gondii 
and bypass the pyrimethamine-induced inhibition of DHFR, 
and therefore lessen pyrimethamine efficacy (Montoya et al., 
2015).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Pyrimethamine is typically well absorbed after oral admin-
istration, with peak serum concentrations reached in 2–4 
hours. The half-life of pyrimethamine in serum varies widely 
from 20 to 175 hours, but most authors have reported the 
mean half-life in adults to be approximately 85–90 hours 
(Cavallito et al., 1978; Jones and Ovenell, 1979; Bergqvist 
and Eriksson, 1985; Weiss et al., 1988a; Mansor et al., 1989; 
Leport et al., 1992). There also appears to be high interpa-
tient variability in the peak serum levels of pyrimethamine 
after the same dose schedule (Weiss et al., 1988a; Le Liboux 
et al., 1991; Leport et al., 1992). McLeod et al. (1992) noted 
peak serum pyrimethamine levels in adults, measured 4 
hours after an oral dose of 25 mg pyrimethamine, to be 0.9–
1.7 µg/ml. Le Liboux et al. (1991), however, who studied 12 
healthy volunteers given a single 50-mg oral dose of pyri- 

methamine, found that plasma concentrations peaked at 0.48 ± 
0.13 µg/ml at a median duration of 2.5 hours after adminis-
tration. Plasma pyrimethamine levels subsequently declined 
slowly, being 0.04 µg/ml 14 days after administration.

Variability in serum levels of pyrimethamine has been 
noted in patients with HIV-associated Toxoplasma encepha-
litis. In some such patients, the half-life of pyrimethamine 
was only 23 hours, raising the possibility of variability in the 
rate of pyrimethamine metabolism or altered hepatic func-
tion in these patients. In AIDS patients with acute Toxoplasma 
encephalitis, serum concentrations of pyrimethamine 2–5 
hours after a 25-mg or 50-mg daily dose of pyrimethamine 
ranged from 0.26 to 1.41 µg/ml and from 1.33 to 4.47 µg/ml, 
respectively. In one patient receiving 25 mg pyrimethamine 
daily who was studied in detail, the mean peak serum con-
centration 1 hour after administration was 1.73 µg/ml, and 
mean trough level 23 hours after administration was 0.88 
µg/ml (Weiss et al., 1988a).

Pyrimethamine combinations such as Fansidar (sulfadox-
ine), Maloprim (dapsone) or Fansimef (Fansidar plus meflo-
quine) do not significantly alter the expected pyrimethamine 
levels in serum. Peak serum pyrimethamine levels after a 
single dose of Maloprim (12.5 mg pyrimethamine plus 100 
mg dapsone) in healthy volunteers were 0.04–0.12 µg/ml 
(Jones and Ovenell, 1979). Mansor et al. (1989) noted that 10 
healthy male Caucasian volunteers given two Fansimef tab-
lets (total of 50 mg pyrimethamine) achieved peak serum 
concentrations of pyrimethamine of 0.76 µg/ml 3.3 ± 2 hours 
after administration, and that the serum half-life of pyri-
methamine was 114 ± 42 hours when given in this combina-
tion. Studies of pyrimethamine concentrations after 6 months 
and 2 years of malaria prophylaxis in healthy Caucasian 
adults taking one Fansidar tablet weekly (500 mg sulfadoxine 
plus 25 mg pyrimethamine) demonstrated mean peak sulfa-
doxine and pyrimethamine concentrations of 0.85 and 0.95 
µg/ml, respectively; mean trough concentrations of 0.28 and 
0.36 µg/ml, respectively; and a mean half-life of pyrimeth-
amine of 101 hours (4.2 days) (Hellgren et al., 1990, 1991). 
Such trough concentrations of pyrimethamine are probably 
inhibitory to P. falciparum strains susceptible in vivo to 
Fansidar (Hellgren et al., 1990, 1991). In one study, however, 
there appeared to be significant racial differences in attain-
able serum concentrations of pyrimethamine during malaria 
prophylaxis with Maloprim, whereby Papua New Guineans 
had significantly lower serum levels than Cau casians given 
the same dose (Cook et al., 1986).

Pregnancy appears to alter the disposition of sulfadoxine 
but not pyrimethamine, with the half-life and consequent 
area under the concentration-time curve (AUC) of sulfadox-
ine significantly lower during pregnancy (Green et al., 2007; 
Karunajeewa et al., 2009). A prospective, multicenter study 
of 98 African women found that blood concentrations of 
pyrimethamine were higher, and those of sulfadoxine were 
lower, on day 7 after sulfadoxine–pyrimethamine adminis-
tration during pregnancy than in the postpartum period 
(Nyunt et al., 2010). HIV status has not been shown to affect 
the kinetics of either drug (Green et al., 2007). Pyrimethamine 
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kinetics may, however, change in patients who are acutely ill 
with malaria. One study of children aged 2–6 years with acute 
P. falciparum infection treated with combination Fansidar 
showed that the AUCs were half those of well adults after 
adjustment for dose. This reflected higher clearance rates and 
larger volumes of distribution when compared with adults. 
The authors hypothesized that this may be one reason for 
higher failure rates in children and suggested that higher doses 
be given to patients in this age group (Barnes et al., 2006; Bell 
et al., 2011). Higher levels of plasma pyrimethamine correlated 
with clearance of genotypically resistant P. falciparum infec-
tion in Malawian children (Dzinjalamala et al., 2005).

Serum concentrations of pyrimethamine in children given 
the recommended dosage are similar to those found in adults. 
McLeod et al. (1992) examined the levels of pyrimethamine in 
serum and cerebrospinal fluid (CSF) in 37 infants treated with 
pyrimethamine for suspected or proven congenital toxoplas-
mosis. The half-life of pyrimethamine in serum was 64 ± 12 
hours and did not appear to vary significantly during the first 
year of life. Serum levels 4 hours after administration of a 
1-mg/kg daily dose of pyrimethamine to these infants were 
1.3 ± 0.5 µg/ml. Corvaisier et al. (2004) found that the serum 
levels of pyrimethamine in 32 children treated with combi-
nation sulfadoxine–pyrimethamine (Fan si dar) for congen-
ital toxoplasmosis showed wide variation among individuals, 
even when adjusted for patient weight. In this study, children 
were administered the powdered drugs dissolved in feeding 
bottles. More research on the correlation between pharma-
cokinetic measurements and efficacy in children is needed.

5b.  Drug distribution

Pyrimethamine is 87–94% protein bound, is lipophilic, and 
accumulates in kidneys, lung, liver, and spleen (Goodman 
Gilman et al., 1990). Pyrimethamine penetration into both 
CSF and brain tissue is reasonable. Weiss et al. (1988a) stud-
ied four patients with AIDS and acute toxoplasmic encepha-
litis who were treated with either 25 or 50 mg pyrimethamine 
daily, and found the CSF concentrations of pyrimethamine 
to be 13–27% of the serum concentrations. Similarly, in 
children being treated for congenital toxoplasmosis with 
pyrimethamine, CSF concentrations of pyrimethamine were 
10–25% of concomitant serum concentrations (McLeod et 
al., 1992). In 23 HIV-negative patients given a single 100-mg 
oral dose of pyrimethamine 12, 24, or 48 hours before neuro-
surgery, concentrations of pyrimethamine in brain tissue 
were noted to be 0.97, 1.56, and 1.02 µg/g, respectively. The 
ratio of brain–serum pyrimethamine concentrations 12, 24, 
and 48 hours after administration were 2.5, 5.2, and 4.1, 
respectively. The estimated half-life of pyrimethamine in brain 
tissue in this study was 40 hours (range, 30–193 hours) (Leport 
et al., 1992). In a further four patients who were given 50 mg 
oral pyrimethamine, drug concentrations in brain tissue 24 
hours later were 0.67 ± 0.09 µg/g (Leport et al., 1992).

Studies of the distribution of pyrimethamine into perito-
neal fluid are limited, but in one patient with AIDS who was 
treated with 25 mg pyrimethamine daily and received peri- 

toneal dialysis every 4 days for renal failure, the pyrimeth-
amine concentration in peritoneal dialysate was 75% of the 
corresponding serum concentration. During dialysis the 
serum concentration of pyrimethamine fell by 47%, from 2.3 
to 1.2 µg/ml (Weiss et al., 1988a).

Pyrimethamine is excreted in breast milk (see section 5d, 
Excretion). In patients with a normal hematocrit, the con-
centration of pyrimethamine in red blood cells is approxi-
mately 42% of plasma concentrations, with partitioning of 
pyrimethamine into red blood cells decreasing as plasma 
albumin concentrations increase (Rudy and Poynor, 1990).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Unlike with many newer antibiotics, there have been no recent 
studies to assess the critical pharmacokinetic-pharmacody-
namic (PK-PD) parameters that are linked to pyrimethamine 
efficacy.

5d.  Excretion

Pyrimethamine is highly protein bound and is metabolized 
mostly in the liver and excreted slowly by the kidney, with 
urinary excretion representing approximately 20–40% of the 
dose 7 days after administration (Cavallito et al., 1978; Rudy 
and Poynor, 1990; Le Liboux et al., 1991). Studies of hepatic 
elimination of pyrimethamine in isolated rat livers have sug-
gested marked impairment of pyrimethamine metabolism 
during infection with malaria (Plasmodium berghei); how-
ever, there have been no comparable human studies to con-
firm these findings (Mihaly et al., 1987).

Pyrimethamine is excreted in breast milk (Clyde et al., 
1956; Edstein et al., 1986). After a 50-mg to 75-mg dose of 
pyrimethamine, drug concentrations in breast milk are 3.1–
3.3 µg/ml 6 hours later and may remain detectable for up to 
48 hours (Clyde et al., 1956). Edstein et al. (1986) estimated 
that, based on an expected infant ingestion of 1000 ml of 
breast milk per day, infants probably consume 17–46% of the 
maternally ingested dose of pyrimethamine over a 9-day 
period. The American Academy of Pediatrics considers pyri-
methamine to be compatible with breastfeeding (Committee 
on Drugs, 2001). Previously, concentrations of pyrimeth-
amine in human breast milk were considered to be sufficient 
to provide adequate antimalarial prophylaxis for breastfeed-
ing infants in East Africa (Clyde et al., 1956; Clyde, 1960). 
However, variability of breast milk intake and increasing 
drug resistance among strains of P. falciparum and P. vivax 
(see section 2b, Emerging resistance and cross-resistance) 
now mean that this is an inadequate means of antimalarial 
prophylaxis for breastfeeding infants (Bennett, 1988).

5e.  Drug interactions

Concomitant administration of lorazepam and pyrimeth-
amine has been reported to cause mild hepatic toxicity (Briggs 
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and Briggs, 1974). In vitro studies suggest that pyrimeth-
amine may inhibit tolbutamide metabolism, although the in 
vivo relevance of these data is less clear (Karbwang et al., 
1988). Phenobarbital therapy appears to be associated with a 
shortening of the pyrimethamine half-life and reduction in 
serum pyrimethamine concentrations when the two agents 
are administered concomitantly to children, compared with 
children treated solely with pyrimethamine (McLeod et al., 
1992). Such an effect may be predicted because phenobarbital 
induces hepatic enzymes that degrade pyrimethamine.

In vitro and animal studies suggest that zidovudine may 
reduce the efficacy of pyrimethamine in the treatment of 
Toxoplasma encephalitis, but this has yet to be confirmed in 
clinical studies (Israelski et al., 1989). Co-administration with 
zidovudine enhances hematologic toxicity when used for 
toxoplasmic encephalitis in HIV-infected patients (Freund et 
al., 2002). An in vitro assessment found no interaction between 
nine antiretroviral drugs and the antiToxoplasma effect of 
pyrimethamine and sulfadiazine (Derouin and Santillana-
Hayat, 2000). 

Artesunate does not appear to have any influence on the 
pharmacokinetics of pyrimethamine (Minzi et al., 2007), 
whereas co-administration of artemether with pyrimethamine 
resulted in a significantly increased Cmax and reduced the vol-
ume of distribution of pyrimethamine (Tan-ariya et al., 1998). 

Pyrimethamine inhibits the multidrug and toxin extru-
sion (MATE) transporter, which mediates the renal elimina-
tion of metformin; however, this did not correlate with 
increased hypoglycemia (Oh et al., 2015).

6. ADVERSE REACTIONS AND TOXICITY

Toxicity associated with pyrimethamine alone and pyri-
methamine in combination with dapsone (Maloprim) is dis-
cussed later. Toxicity associated with the combination of 
pyrimethamine and sulfadoxine (Fansidar) is discussed in 
Chapter 91, Sulfonamides.

6a.  Hematologic side effects

Hematological side effects are uncommon with pyrimeth-
amine doses recommended for malaria prophylaxis, although 
administration for prolonged periods may result in depres-
sion of hematopoiesis owing to inhibition of folate metabo-
lism. Use of Maloprim has been associated with significant 
hematologic toxicity. In a review of adverse reactions to anti-
malarials, Phillips-Howard and West (1990) identified the 
rate of serious reactions to Maloprim as 1 per 9100 prescrip-
tions, and for blood dyscrasias as 1 per 20,000 prescriptions 
with a fatality rate of 1 per 75,000. Such toxicity is possibly 
dose related because a higher rate of agranulocytosis has 
been identified in travelers taking twice the usual recom-
mended dose for antimalarial prophylaxis—that is, one 
Malo prim tablet twice weekly instead of one tablet weekly 
(Bruce-Chwatt and Hutchinson, 1984; Hutchinson et al., 1986). 
Hutchinson et al. (1986) speculated that this agranulocytosis 
may be caused by an idiosyncratic reaction to dapsone exacer- 

bated by the concurrent administration of pyrimethamine. In 
addition to agranulocytosis, Phillips-Howard and West (1990) 
also noted that three patients developed cyanosis due to met-
hemoglobinemia secondary to the dapsone component of 
Maloprim.

The higher doses of pyrimethamine administered in the 
treatment of toxoplasmosis are not infrequently associated 
with hematologic toxicity, including leukopenia, thrombocy-
topenia, megaloblastic anemia, and pancytopenia (Kabat et al., 
2014). Such toxicity can be reversed by cessation of pyrimeth-
amine therapy or by co-administration of folinic acid (5–20 
mg daily), with a mean time to bone marrow recovery of 3.89 
days (Kabat et al., 2014). Unlike folinic acid, co-administration 
of folic acid is likely to reduce the efficacy of pyrimethamine 
against T. gondii because it may result in “bypassing” of the 
inhibition of dihydrofolate reductase induced by pyrimeth-
amine (Anonymous, 1988; Chute et al., 1995).

Administration of pyrimethamine together with zidovu-
dine in patients with HIV and toxoplasmic encephalitis has 
been associated with an increased number of deaths, likely 
associated with increased bone marrow toxicity (Freund et 
al., 2002).

6b.  Rashes

Adverse cutaneous reactions associated with pyrimethamine–
sulfadiazine and pyrimethamine–clindamycin can be com-
mon in HIV-infected patients with toxoplasmosis, occurring 
in 75% and 58% cases, respectively (Caumes et al., 1995). 
However, the role played by pyrimethamine in these reactions 
is unclear, given the known association between sulfadiazine 
and clindamycin and cutaneous reactions (see Chapter 85, 
Clindamycin and lincomycin). Skin hyperpigmentation was 
present in 60.7% (71/117) of patients affected by pyrimeth-
amine toxicity in Pakistan (Khan Assir et al., 2014). Hyper-
pigmentation was either diffuse or partial, primarily involving 
the face, hands, feet, abdomen, axillae, and groin. 

6c.  Gastrointestinal effects

High doses of pyrimethamine may be associated with atro-
phic glossitis, anorexia, vomiting, gastritis, abdominal cramps, 
and diarrhea. Administration of pyrimethamine with meals 
may reduce the upper gastrointestinal symptoms.

6d.  Hepatotoxicity

Hepatotoxicity has been mostly associated with Fansidar at 
a rate of 1 per 11,000 Fansidar prescriptions. Serious hepatic 
disorders are less common with Maloprim, occurring at a rate 
of 1 per 75,000 Maloprim prescriptions (Phillips-Howard 
and West, 1990).

6e.  Neurotoxicity

High dosages of pyrimethamine have been associated with 
a  variety of nervous system side effects, including ataxia, 
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tremors, and seizures, and occasionally with less specific 
symp toms such as insomnia, depression, fatigue, malaise, 
headache, lightheadedness, and irritability. Marked mental 
obtundation has been associated with hyperammonemia and 
carnitine deficiency induced by treatment with pyrimeth-
amine and sulfadiazine (see Chapter 91, Sulfonamides).

Seizures have been reported in patients being treated for 
toxoplasmic encephalitis. Severe confusion, asterixis, and 
mental obtundation have been associated with hyperam-
monemia and carnitine deficiency in a patient treated with 
75 mg pyrimethamine plus 6 g sulfadiazine daily for cerebral 
toxoplasmosis. Correction of the carnitine deficiency with 
l-carnitine 300 mg daily resulted in prompt normalization 
of the patient’s serum ammonia and mental state. The agent 
responsible for inducing the carnitine deficiency was not 
definitely identified, but the authors speculated that the defi-
ciency may have been secondary to increased urinary carni-
tine losses induced by pyrimethamine and/or sulfadiazine, or 
that the metabolites of these agents may bind with carnitine, 
similar to some other drugs (Sekas and Paul, 1993).

6f.  Eosinophilia and respiratory toxicity

Marked eosinophilia, including pulmonary eosinophilia, has 
been associated with administration of Maloprim; however, 
in general this is considered to be due to induction of a 
“dapsone syndrome” by the dapsone component (Grayson 
et al., 1988; see Chapter 94, Dapsone). Nevertheless, reports 
of  pulmonary eosinophilia in patients taking Fansidar or 
pyrimethamine plus chloroquine have raised the possibility  
that pyrimethamine is responsible for this adverse reaction 
(David son et al., 1988).

6g.  Nephrotoxicity

Increases in serum creatinine have been noted in some 
patients treated with pyrimethamine and dapsone. Opravil et 
al. (1993) studied six healthy volunteers after a single, com-
bined dose of 100 mg pyrimethamine and 200 mg dapsone 
and noted increases in serum creatinine over a 28-hour 
period after administration from 81 ± 14 to 102 ± 16 µmol/l 
( p = 0.002), with a corresponding reduction in creatinine 
clearance from 125 ± 27 to 91 ± 26 ml/min (p < 0.02), but no 
change in inulin clearance, blood urea nitrogen, or beta-2- 
microglobulin. All changes were reversible within 21 days, 
and subsequent studies of both pyrimethamine alone and 
dapsone alone identified pyrimethamine as the agent 
responsible for the reduction in creatinine clearance. Similar 
studies in nine HIV-infected males before and after prophy-
laxis for 1 month with 75 mg pyrimethamine plus 200 mg 
dapsone weekly (i.e. total of four doses) identified an analo-
gous rise in serum creatinine from 69 ± 17 to 87 ± 32 µmol/l 
(p < 0.05), but both creatinine and inulin clearances were 
unchanged. Thus pyrimethamine appears to reversibly 
inhibit renal tubular secretion of creatinine without affect-
ing the GFR (Opravil et al., 1993). Hematuria has been 

reported rarely with pyrimethamine, although not in the 
past 3 decades.

6h.  Immunosuppression

Subtle forms of immunosuppression may be associated with 
Maloprim administration. Lee and Lau (1988) identified a 
64% higher rate of nonspecific upper respiratory tract infec-
tions in military recruits receiving one Maloprim tablet 
weekly than in those not receiving antimalarial prophylaxis, 
with the largest monthly differences being recorded during 
the periods of harder training. They speculated that Mal o-
prim was associated with some degree of immunosuppres-
sion, with physical stress possibly having a synergistic effect. 
It is likely that this effect is related to the dapsone component 
of Maloprim, because this is a well-known effect of dapsone 
(see Chapter 94, Dapsone). 

6i.  Miscellaneous side effects

Rarely, fever, hyperphenylalaninemia, and dryness of the 
throat have been reported with pyrimethamine therapy 
(McEnvoy, 1994). 

Perinatal exposure to pyrimethamine has been shown to 
delay testicular development in rats; however, this did not 
correlate with reduced fertility (Gutiérrez-Pérez et al., 2014). 
The relevance of this observation to humans is uncertain.

7. CLINICAL USES OF THE DRUG

7a.  Toxoplasmosis

Pyrimethamine is the mainstay, and currently the most effec-
tive therapy, for all forms of toxoplasmosis in adults and chil-
dren, when used in combination with other agents such as 
sulfadiazine or clindamycin (Leport et al., 1988; Cohn et al., 
1989; Luft and Hafner, 1990; Dannemann et al., 1992; Luft 
and Remington, 1992; Luft et al., 1993; Georgiev, 1994; 
Mariuz et al., 1994; Montoya and Liesenfield, 2004; Montoya 
et al., 2015). The concentration of pyrimethamine neces-
sary to inhibit or kill Toxoplasma tachyzoites has not been 
clinically established and, important to note, pyrimethamine  
is inactive against Toxoplasma cysts (Luft and Hafner, 1990; 
Huskinson-Mark et al., 1991; Mariuz et al., 1994). After 
ingestion of Toxoplasma oocytes, the organisms rapidly 
transform into tachyzoites, which multiply in tissue macro-
phages and disseminate via blood and the lymphatic system 
to the brain, heart, and lungs. In the immunocompetent 
host, the development of immunity is associated with the 
transformation of tachyzoites into latent cysts (bradyzoites), 
especially in brain and muscle, which may reactivate at times 
of reduced host immunity. 

In the nonpregnant, immunocompetent host, acute toxo-
plasmosis does not generally require treatment (McCabe et 
al., 1987). In such patients, infection is usually asymptom-
atic, often with lymphadenopathy around the head and neck, 
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despite the usual wide dissemination of Toxoplasma during 
acute acquired infection. McCabe et al. (1987) reviewed the 
clinical spectrum of 107 cases of Toxoplasma lymphade-
nopathy and found that the vast majority of patients had no 
systemic symptoms and no extranodal disease and that the 
disease had a benign clinical course. Occasionally, primary 
infection is associated with chorioretinitis, meningoenceph-
alitis, myocarditis, or pneumonitis as a result of unrestrained 
multiplication of tachyzoites, but such disease may suggest 
some degree of host immunosuppression. Treatment is usu-
ally with pyrimethamine and sulfadiazine, with the duration 
dependent on the clinical situation (NIH, 2015). Outside the 
setting of AIDS, toxoplasmic encephalitis, carditis, and cho-
rioretinitis are generally treated for at least 1 month, or 2 
weeks after cessation of signs and symptoms (Montoya and 
Liesenfield, 2004). A typical dosage regimen is a loading dose 
of 200 mg of pyrimethamine followed by 50–75 mg/day 
thereafter, although higher maintenance doses may be neces-
sary if there is a lack of response. Sulfadiazine is generally 
given as 1–1.5 g/day. 

TOXOPLASMOSIS DURING PREGNANCY AND 
CONGENITAL TOXOPLASMOSIS

Congenital Toxoplasma infection may result in spontaneous 
abortion, fetal death, or severe disease (hydrocephalus, hep-
atosplenomegaly with jaundice, chorioretinitis, mental retar-
dation). When untreated, the risk of fetal infection with  
T. gondii during primary maternal infection in pregnancy 
rises from less than 10% in the first trimester to 30–60% 
if infection occurs in the third trimester (Dunn et al., 1999; 
Stray-Pederson, 1992; Li et al., 2014). Treatment of primary 
toxoplasmosis during pregnancy to reduce vertical transmis-
sion is recommended; however, there are no randomized or 
controlled studies to establish its efficacy. Although contro-
versial, spiramycin 3 g/day is recommended for women with 
suspected or confirmed acute T. gondii infection acquired 
during the first trimester (see Chapter 187, Spiramycin). It 
appears that its maximal efficacy is best achieved when given 
within 8 weeks of seroconversion (Thiébaut et al., 2006). 
After the first trimester, or when fetal infection has been con-
firmed or is highly suspected, it is suggested that treatment be 
changed to pyrimethamine 50 mg/day plus sulfadiazine 100 
mg/kg/day (maximum 4 g/day) together with 5–20 mg of 
folinic acid per day until term (Montoya and Liesenfeld, 2004; 
Montoya and Remington, 2004).

Spiramycin does not readily cross the placenta and thus 
is not reliable for treatment of infection in the fetus. Pyri-
methamine is potentially teratogenic and should not be used 
in the first trimester of pregnancy. A recent study reported 
relatively low rates of overall transmission (4.8%) and clini-
cal manifestations in the newborn (1.6%) (Hotop et al., 
2012). In this cohort, pregnant women with T. gondii infec-
tion acquired during gestation received spiramycin until the 
16th week of gestation, followed by at least 4 weeks of a pyri-
methamine–sulfadiazine–folinic acid combination indepen-
dent of the infection status of the fetus. If fetal infection  

was suspected (hydrocephalus or ventricular extensions on 
ultrasound) or confirmed (positive result of polymerase 
chain reaction [PCR] assay on amniotic fluid), combination 
treatment was continued until delivery. In this cohort, rates 
of transmission for the first, second, and third trimesters 
were 1.3%, 10.6%, and 21.7%, respectively.

The use of spiramycin is based on data from a historical 
cohort study that reported a reduced risk of congenital 
transmission by more than 50% (Desmonts and Couvreur, 
1974). However, this finding has subsequently been disputed 
because the reduced rate of acquisition in the first trimester 
was not taken into account in the calculations of efficacy 
(Thié baut et al., 2006). Subsequent cohort studies have 
demonstrated that prenatal treatment does not appear to 
prevent mother-to-child transmission or reduce the inci-
dence of the disease in the infected infant (Foulon et al., 
1999; Gilbert et al., 2001; Gilbert and Gras, 2003; Binquet et 
al., 2003). A recent observational prospective cohort study 
suggested that prenatal treatment could reduce the risk of 
severe neurologic sequelae in infected fetuses, but these results 
should be interpreted with caution because of the small num-
ber of infected fetuses and uncertainty about the timing of 
maternal infection (Cortina-Borja et al., 2010; Ajzenberg, 
2011). Unfortunately, many studies suffer from a lack of ran-
domization and small sample sizes in the groups of untreated 
women, which has rendered meta-analyses on the efficacy 
of prenatal treatment as inconclusive (Thiébaut et al., 2006; 
Peyron et al., 2008). However, a recent meta-analysis demon-
strated no significant difference in the pooled rates of vertical 
transmission in groups treated with spiramycin only, pyri-
methamine–sulfadiazine–folinic acid, or spiramycin in com-
bination with pyrimethamine–sulfadiazine (Li et al., 2014). A 
retrospective study has suggested a benefit of spiramycin–
co-trimoxazole to reduce maternal-fetal transmission of 
toxoplasmosis compared with spiramycin or pyrimeth-
amine–sulfadiazine alone (Valentini et al., 2015).

Pregnant women with toxoplasmic chorioretinitis as a 
result of reactivation of chronic disease do not have a higher 
risk of congenital transmission than pregnant women who 
were infected before pregnancy and who do not have ocular 
disease (Garweg et al., 2005). Pregnant women with toxoplas-
mic chorioretinitis thought to be a manifestation of recently 
acquired infection should be treated for both the eye disease 
and the risk of transmission of the infection to the fetus.

There have been few studies to determine the optimal treat-
ment regimen for newborn infants with congenital toxo-
plasmosis. In a large national collaborative study to assess 
the efficacy of pyrimethamine, sulfadiazine plus leucovorin 
(folinic acid) during the first year of life in children with con-
genital toxoplasmosis, McAuley et al. (1994) clearly demon-
strated the value of such therapy. Regression of retinal 
lesions, improved intellectual function, reduction in anti-
convulsants, and reduction in auditory effects were associ-
ated with aggressive drug therapy. A recommended regimen 
is  continuous sulfadiazine (50 mg/kg twice daily), pyri-
methamine (2 mg/kg/day for 2 days, then 1 mg/kg/day for 
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2–6 months, then 1 mg/kg/day three times a week) plus 
folinic acid (5 mg three times weekly up to 20 mg/day) for 
a  minimum of 12 months (Moncada and Montoya, 2010; 
Remington et al., 2011; Montoya et al., 2015). Other authors 
have suggested a variety of broadly similar regimens—the 
common theme being long duration of therapy and the use 
of pyrimethamine and sulfadiazine. For instance, based on 
the extensive clinical experience reported by Couvreur et al. 
(1984), Wilson (1990a, 1990b) has recommended pyri-
methamine (1 mg/kg/day), sulfadiazine (100 mg/kg/day) 
plus folinic acid (2 mg/kg/day) for 3 weeks, followed by spi-
ramycin (50–100 mg/kg/day) for 4–5 weeks. Frequently this 
2-month treatment course needs to be repeated; Couvreur et 
al. (1984) suggested that the risk of recurrence of chorioreti-
nitis after a single 2-month course was 26% versus 5–8% after 
2–5 such courses. Thus Wilson (1990a, 1990b) suggested a 
minimum of 4–6 months of therapy, with a longer course for 
severe disease. Other authors (Hengst, 1992; Stray-Pedersen, 
1992) have suggested a variety of regimens. For infants with 
subclinical congenital infection, Stray-Pedersen (1992) rec-
ommended repeated cycles of pyrimethamine plus sulfadia-
zine (4 weeks), then spiramycin (6 weeks), for 1 year. Infants 
with overt congenital infection were treated by Stray-
Pedersen (1992) with pyrimethamine plus sulfadiazine for 6 
months, then alternating 4-week courses of spiramycin, then 
pyrimethamine plus sulfadiazine, until 1–1.5 years of age. 
Montoya and Liesenfeld (2004) recommended pyrimeth-
amine with a loading dose of 2 mg/kg daily for 2 days then 
1 mg/kg for 2–6 months, then thrice weekly to total a year 
of therapy, together with sulfadiazine 100 mg/kg/day in two 
divided doses plus folinic acid 10 mg three times a week. 
Although clindamycin is effective in Toxoplasma chorioretini-
tis in older patients, there are no data regarding its use in con-
genital disease (Lakhanpal et al., 1983; Rajapakse et al., 2013).

TOXOPLASMA CHORIORETINITIS

Toxoplasma chorioretinitis may manifest at any age and may 
be reactivated congenital infection or primary infection. 
Treatment is typically recommended; however, there are no 
randomized controlled trials demonstrating that that anti-
biotic treatment improves long-term visual outcomes (Kim et 
al., 2013; Harrell and Carvounis, 2014). Response to therapy 
is difficult to interpret because there is a wide variation in the 
clinical manifestations of retinal disease, and the disease may 
be self-limited even without treatment. A common treat-
ment regimen is pyrimethamine 200 mg loading dose daily 
for 2 days followed by 50–75 mg daily together with sulfadi-
azine 1–1.5 g daily plus folinic acid 5–20 mg three times a 
week, given until 1–2 weeks after resolution of symptoms 
(Montoya and Liesenfield, 2004; Holland and Lewis, 2002). 

TMP-SMX showed responses similar to pyrimethamine- 
sulfadiazine in a randomized, single-blind trial, although 
the latter regimen was used at lower-than-standard doses 
(Soheilian et al., 2005). A prospective randomized trial of 
pyrimethamine plus azithromycin versus pyrimethamine plus 
sulfadiazine in 60 patients demonstrated similar efficacy, but 

a lower rate of adverse effects in the azithromycin arm 
(Bosch-Driessen et al., 2002). Clindamycin 300 mg orally 
every 6 hours for a minimum of 3 weeks has also been used 
with favorable clinical results (Holland and Lewis, 2002). 
Two recent, open, randomized trials found no differences in 
response rates to intravitreal clindamycin plus dexametha-
sone compared with an oral regimen combining pyrimeth-
amine, sulfadiazine, leucovorin, and prednisone/prednisolone 
(Sohei lian et al., 2011; Baharivand et al., 2013). Intermittent 
use of TMP-SMX (every 2–3 days) after an active episode 
of Toxoplasma chorioretinitis significantly reduced the risk 
of recurrence for at least 1 year (Silveira et al., 2002; Felix et 
al., 2014). Corticosteroids are often added to anti-infective 
therapy for chorioretinitis if sight is threatened (Wilson 
1990a, 1990b); however, there is no evidence from random-
ized controlled studies to support their use (Jasper et al., 2013).

TOXOPLASMA ENCEPHALITIS

With the spread of HIV infection in the 1980s, T. gondii 
encephalitis, once a rare infection, became one of the common 
opportunistic infections associated with severe HIV-related 
immunodeficiency. Patients with a CD4 lymphocyte count 
above 200/µl are unlikely to develop the disease. In the set-
ting of severe immunodeficiency, Toxoplasma encephalitis is 
almost exclusively due to the reactivation of latent infection. 
The absence of detectable serum antibody to T. gondii in an 
HIV-infected patient with an intracerebral space-occupying 
lesion argues very strongly against the diagnosis of toxoplas-
mic encephalitis (Israelski et al., 1990). Among HIV-infected 
patients with serious toxoplasmosis, the treatment regimen 
of pyrimethamine 200 mg loading dose then 25–75 mg daily 
in combination with sulfadiazine 4–8 g/day for 3–6 weeks 
followed by maintenance therapy remains the most com-
monly recommended protocol (Mariuz et al., 1994; Benson 
et al., 2004; Montoya, 2004; NIH, 2015). This results in a clin-
ical response in 68–95% of patients with toxoplasmic enceph-
alitis (Luft and Remington, 1985; Haverkos, 1987; Leport et 
al., 1988; Cohn et al., 1989; Cimino et al., 1991; Dannemann 
et al., 1992; Katlama et al., 1996). However, this high-dose 
regimen is often associated with significant toxicity such that 
up to 40% of patients require a change in therapy (Haverkos, 
1987; Leport et al., 1988; Cohn et al., 1989; Cimino et al., 
1991; Dannemann et al., 1992; Benson et al., 2004). Folinic 
acid (not folic acid) should be added to this regimen because 
it reduces hematologic toxicity and results in a better out-
come (Van Delden and Hirschel, 1996). Pyrimethamine in 
combination with clindamycin appears to be a suitable alter-
native for sulfa-allergic patients (see Chapter 85, Clindamycin 
and lincomycin). However, although clindamycin is well 
absorbed orally and has excellent general tissue penetration, 
brain and CSF concentrations are less predictable (Dan ne-
mann et al., 1992). Nevertheless, a number of studies have 
suggested comparable efficacy between pyrimethamine plus 
clindamycin (oral or intravenous) and pyrimethamine plus 
sulfadiazine in the treatment of HIV-associated toxoplasmic 
encephalitis (Leport et al., 1989; Katlama, 1991; Rolston,  
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1991; Ruf and Pohle, 1991; Dannemann et al., 1992; Luft 
et al., 1993; Katlama et al., 1996). Both Dannemann et al. 
(1992) and Luft et al. (1993) used pyrimethamine 75 mg/day 
orally, but differed in the dose of clindamycin from 1200 mg 
(initially intravenous, then oral) four times daily to 600 mg 
(oral) four times daily, respectively. Most authors now rec-
ommend a clindamycin dose of 600 mg (oral or intrave-
nous) four times daily for 3–6 weeks, depending on disease 
severity, before changing to maintenance therapy (Reming-
ton and Desmonts, 1990; Remington and Vildé, 1991; 
Benson et al., 2004; Montoya, 2004). Side effects to clinda-
mycin are reasonably common (see Chapter 85, Clindamycin 
and lincomycin).

A small randomized trial of 77 patients compared TMP–
SMX (co-trimoxazole [Co-T]) with pyrimethamine–sulfadi-
azine and found comparable efficacy, with fewer adverse 
reactions in the TMP–SMX cohort (Torre et al., 1998). Sub-
sequently, a retrospective study of 83 patients demonstrated 
a similar rate of efficacy (85.5%) in patients treated with 
TMP–SMX (Béraud et al., 2009). Two meta-analyses have 
shown no statistical differences in cure rates for toxoplasmic 
encephalitis among pyrimethamine–clindamycin, pyrimeth-
amine–sulfadiazine, or TMP–SMX (Wei et al., 2015; Dedi-
coat and Livesley, 2006; see Chapter 92, Trimethoprim and 
trimethoprim-sulfamethoxazole [co-trimoxazole]). 

Pyrimethamine has been successfully used in combination 
with the newer macrolides, azithromycin and clarithromycin, 
for acute treatment of toxoplasmic encephalitis; pyrimeth-
amine 50–75 mg/day in combination with azithromycin 
1200–1500 mg/day was effective (Saba et al. 1993; Jacobsen 
et al., 2001). Fernandez-Martin et al. (1991) found that pyri-
methamine 75 mg/day plus clarithromycin 2 g/day resulted in 
comparable efficacy to conventional therapy for acute toxo-
plasmic encephalitis in 13 patients with AIDS, although 
adverse reactions (mostly mild) occurred in 90% of patients. 
Notably, this regimen was associated with a 15% incidence of 
sensorineural hearing loss, probably related to clarithromy-
cin. Clarithromycin doses in excess of 1 g daily are now not 
recommended (Benson et al., 2004).

Atovaquone, a hydroxynaphthoquinone, has excellent in 
vitro and in vivo activity against T. gondii (Araujo et al., 1991; 
see Chapter 182, Atovaquone), but is associated with a greater 
than 50% clinical relapse rate when used alone for acute and 
maintenance therapy (Kovacs, 1992). In a small randomized 
study in 39 patients, atovaquone in combination with pyri-
methamine or sulfadiazine appeared to show similar efficacy 
to that demonstrated in trials of the pyrimethamine– 
sulfadiazine combination (Chirgwin et al., 2002).

Dapsone has also been reported to be successful in com-
bination with pyrimethamine for Toxoplasma encephalitis; 
however, it is now not widely used for this purpose (Derouin 
et al., 1991).

Doxycycline appears to have reasonable in vitro and in vivo 
activity alone and in combination with pyrimethamine against 
T. gondii (Chang et al., 1990). Hagberg et al. (1993) reported 
a case of apparent successful therapy with pyrimethamine 

plus doxycycline for HIV-associated toxoplasmic encephali-
tis. Lacassin et al. (1995) reported success with clarithromy-
cin and minocycline. Further clinical studies are necessary 
before these regimens can be recommended.

EXTRANEURAL, NON-OCULAR TOXOPLASMOSIS

The acute management of extraneural HIV-associated toxo-
plasmosis is less well studied, but the standard pyrimeth-
amine-containing therapeutic regimens used for encephalitis 
appear to be effective. Successful therapy of pulmonary toxo-
plasmosis has been reported in 50–77% of patients, but long-
term maintenance therapy remains important (Men del son  
et al., 1987; Oksenhendler et al., 1988; Pomeroy and Felice, 
1992).

PRIMARY AND SECONDARY PROPHYLAXIS  
FOR TOXOPLASMOSIS

Because pyrimethamine and other currently available agents 
are ineffective against Toxoplasma tissue cysts, cessation of 
therapy in the setting of host immunodeficiency, such as 
with HIV infection, is associated with reactivation of latent 
disease in up to 80% of patients (Hauser et al., 1982; Navia et 
al., 1986; Haverkos, 1987; Luft and Remington, 1988; Tschir-
hart and Klatt 1988; Cohn et al., 1989; Pedrol et al., 1990; 
Remington and Vildé, 1991; Kovacs, 1995). Thus, lifelong 
maintenance of antiToxoplasma therapy is generally recom-
mended should severe immunodeficiency continue unabated. 
Commonly used regimens for secondary prophylaxis are 
pyrimethamine 25–50 mg/day in combination with either 
sulfadiazine 2–4 g/day or clindamycin 1200–1800 mg/day 
in divided doses (Leport et al., 1988; Cohn et al., 1989; Foppa 
et al., 1991; Remington and Vildé, 1991; Mariuz et al., 1994; 
Benson et al., 2004). Both combinations appear to be equally 
effective (Cohn et al., 1989). Pedrol et al. (1990) reported 
success with “low-dose” intermittent maintenance therapy in 
which either pyrimethamine (25 mg/day) plus sulfadiazine 
(75 mg/kg/day) or pyrimethamine (25 mg/day) plus clinda-
mycin (600 mg four times daily) was given 2 days per week, 
although the pyrimethamine plus clindamycin was the less 
effective of these two regimens. Schurmann et al. (2001) sim-
ilarly reported that the fixed combination of pyrimethamine 
25 mg and sulfadoxine 500 mg (Fansidar) given twice weekly 
was effective primary prophylaxis for Toxoplasma encephali-
tis as well as effective secondary prophylaxis for P. jiroveci. 
Podzamczer et al. (1995a), however, demonstrated the supe-
riority of daily over twice weekly suppressive therapy. In a 
randomized, open, multicenter trial, the daily combination 
of pyrimethamine 25 mg plus sulfadiazine 500 mg four times 
daily plus folinic acid 15 mg was associated with an estimated 
cumulative risk of relapse of Toxoplasma encephalitis at 12 
months of 6% versus a 30% rate of relapse (p = 0.029) for the 
same dosage regimen administered twice weekly. Patients 
receiving the twice-weekly regimen had a 1.6-times adjusted 
risk for death compared with patients receiving the daily reg-
imen. No patient developed Pneumocystis pneumonia (PJP) 
during the study period.
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Experience with pyrimethamine monotherapy as a main-
tenance regimen is either anecdotal or retrospective (Navia 
et al., 1986; Dannemann et al., 1988; Leport et al., 1988; Cohn 
et al., 1989; Bhatti and Larson, 1990; de Gans et al., 1992). De 
Gans et al. (1992) retrospectively analyzed the outcome of 38 
AIDS patients given maintenance anti-Toxoplasma therapy 
with pyrimethamine alone (25 vs. 50 mg/day). Although they 
did not find a statistically different rate of relapse between 
the two regimens, they cautiously recommended a dose of  
50 mg/day. Nevertheless, given the wide variation in serum 
pyrimethamine levels both within individuals and between 
individuals and documented failures with this regimen, such 
monotherapy cannot be currently recommended (Weiss et 
al., 1988a; de Gans et al., 1992)

Primary chemoprophylaxis against toxoplasmic enceph-
alitis is an important consideration for HIV-infected 
patients who are significantly immunosuppressed (e.g. CD4 
lym phocyte count < 100/mm3) and are seropositive for anti- 
Toxoplasma antibody (Benson et al., 2004). However, there 
are currently no prospective, randomized trials to deter-
mine the optimal regimen. Oral TMP–SMX (160/800  
mg daily) is effective in the prevention of toxoplasmic 
encephalitis (Carr et al., 1992; Jacobson et al., 1994; see 
Chapter 92, Tri metho prim and Trimethoprim-Sulfa metho-
xazole [Co-trimoxazole]) and combination pyrimethamine 
plus dapsone (generally given for PJP prophylaxis; see later) 
also provides some protection (Clotet et al., 1991, 1992; 
Girard et al., 1993; Mariuz et al., 1994). Girard et al. (1993) 
noted that the combination of dapsone (50 mg/day) plus 
pyrimethamine (50 mg/week) given as primary prophylaxis 
against PJP also significantly prevented first episodes of 
toxoplasmosis (p = 0.018). In this study, patients who were 
seropositive against T. gondii, who had a CD4 lymphocyte 
count of < 100/mm3, and who did not receive dapsone plus 
pyrimethamine had a 40% greater probability of developing 
toxoplasmosis after 18 months than those who received 
pyrimethamine plus dapsone.

Primary prophylaxis with pyrimethamine alone (e.g. 25 
mg thrice weekly) did not appear to be effective in prevent-
ing toxoplasmic encephalitis in HIV-infected patients with 
either a CD4 count of < 200/mm3 or AIDS, when studied  
in a double-blind, placebo-controlled, randomized trial 
(Jacobson et al., 1994). The results of this trial, however, 
were probably confounded by a low rate of toxoplasmic 
encephalitis in the placebo group, possibly because of the 
concomitant administration of TMP–SMX. These authors 
suggested that HIV-infected patients receiving TMP–SMX 
for PJP prophylaxis were unlikely to need additional pro-
phylaxis for toxoplasmic encephalitis. Leport et al. (1996) 
reported that pyrimethamine 50 mg plus folinic acid 15 mg 
given three times per week was associated with a similar 
incidence of Toxoplasma encephalitis at 1 year as with pla-
cebo (12% vs 13%, respectively), and the survival rates 
were similar. However, in the on-treatment analysis, the 
incidence of toxoplasmosis was 4% in the pyrimethamine  
arm versus 12% in the placebo arm (p < 0.006). Thus, 

although pyrimethamine cannot be recommended as first-
line prophylaxis for Toxo plasma encephalitis in HIV-
infected patients, it may be a reasonable alternative among 
those who are TMP–SMX intolerant and at high risk (CD4 
< 100/mm3).

Both primary and secondary prophylaxis can generally be 
ceased after immune reconstitution following commence-
ment of appropriate antiretroviral therapy (Furrer et al., 2000; 
Mussini et al., 2000; Benson et al., 2004; Miro et al., 2006).

7b.  Pneumocystis jiroveci (carinii) 
pneumonia

Various regimens containing pyrimethamine have proven 
effective for prophylaxis against PJP in HIV-infected patients 
(see Chapter 92, Trimethoprim and Trimethoprim-Sulfa-
metho xazole [Co-trimoxazole]). Dapsone (50 mg/day) plus 
pyrimethamine (50 mg/week) is equal in efficacy to aerosol-
ized pentamidine (300 mg/month) as primary prophylaxis 
against PCP. Unlike pentamidine, however, this combination 
also prevents first episodes of toxoplasmosis, albeit at a cost 
of less tolerability than pentamidine (Girard et al., 1993). 
Opravil et al. (1995a) found similar results by using dapsone 
200 mg plus pyrimethamine 75 mg once weekly, but dap-
sone–pyrimethamine was not tolerated by 30% of patients. 
However, the efficacy of so-called “low-dose” intermittent 
therapy with pyrimethamine plus dapsone for PCP prophy-
laxis remains controversial. Mallolas et al. (1993) found that 
a low-dose regimen of pyrimethamine 25 mg plus dapsone 
100 mg weekly was similar in efficacy to TMP–SMX (Co-T; 
160 mg/800 mg) given thrice weekly and once-monthly aero-
solized pentamidine for primary PCP prophylaxis. Similarly, 
use of dapsone 100 mg plus pyrimethamine 25 mg, both 
twice weekly, was effective for primary and secondary PCP 
prophylaxis in a relatively small uncontrolled study by Clotet 
et al. (1991). In contrast, Antinori et al. (1992) (dapsone 
100 mg weekly plus pyrimethamine 25 mg twice weekly), 
Coker et al. (1992) (dapsone 100 mg plus pyrimethamine 25 
mg, thrice weekly), and Podzamczer et al. (1993b) (dapsone 
100 mg plus pyrimethamine 25 mg, once weekly) found that 
low-dose dapsone plus pyrimethamine was less effective for 
primary PCP prophylaxis than Co-T. Podzamczer et al. 
(1995b) also found dapsone 100 mg plus pyrimethamine 50 
mg twice weekly to be inferior to Co-T, with PCP occurring 
in 6 of 96 (6.3%) versus 0 of 104 (0%) patients, respectively 
(p < 0.0001). No differences were observed in the incidence 
of toxoplasmosis. Similarly, secondary prophylaxis with 
pyrimethamine (50–175 mg/week) alone is probably inef-
fective, because rates of PCP relapse are similar to estimated 
recurrence rates without prophylaxis (Lidman et al., 1989). 
Thus, such low-dose pyrimethamine regimens should be 
used with caution based on current data. There are no data 
for the use of dapsone plus pyrimethamine in transplant 
populations, where it is likely that toxicities and drug inter-
actions will outweigh any potential benefits (Rodri guez and 
Fishman, 2004).
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Pyrimethamine plus sulfadoxine (Fansidar) appears to 
be effective for PCP prophylaxis, depending on whether it is 
given once versus twice per week, although a relatively high 
rate of serious adverse reactions, probably associated with 
the sulfadoxine component, has limited its use (see Chapter 
91, Sulfonamides; Gottlieb et al., 1984; Fischl and Dickinson, 
1986; Pearson and Hewlett, 1987; Ruf et al., 1993; Jurado et 
al., 1994; Schurmann et al., 2001). In a randomized con-
trolled trial of 120 liver transplant patients, weekly Fansidar 
was as effective and well tolerated as TMP–SMX (Torre-
Cisneros et al., 1999). 

Patients receiving maintenance therapy for cerebral toxo-
plasmosis with combinations containing pyrimethamine 
(generally 25–50 mg/day) plus sulfadiazine appear to have a 
lower than expected rate of developing PCP, although pro-
phylaxis failures have been reported, particularly with the 
maintenance combination of pyrimethamine plus clindamy-
cin (Haverkos, 1987; Cohn et al., 1989; Girard et al., 1989; 
Heald et al., 1991). In 69 bone marrow transplant recipients 
receiving weekly Fansidar for toxoplasmosis prophylaxis, 
there were no reported cases of PCP over a 21-month period 
(Foot et al., 1994).

In general, both primary and secondary prophylaxis can 
be ceased after immune reconstitution following commence-
ment of appropriate antiretroviral therapy (Ledergerber et 
al., 2001; Mussini et al., 2003).

7c.  Cystoisosporiasis

Cystoisosporiasis, or enteric infection with the protozoan  
C. belli, may cause severe diarrhea, especially in patients with 
AIDS in developing countries. Although the usual treatment 
of choice is TMP–SMX (Co-T), pyrimethamine or ciproflox-
acin may be a useful alternative in sulfa-allergic patients 
(Verdier et al., 2000). Weiss et al. (1988b) reported two 
patients who responded rapidly to acute therapy with pyri-
methamine 50–75 mg/day plus folinic acid 10 mg/day for 
2–4 weeks, followed by long-term maintenance therapy with 
pyrimethamine 25 mg/day plus folinic acid 5 mg/day. Pape et 
al. (1989) studied 32 Haitian patients with AIDS complicated 
by C. belli infection and chronic diarrhea who were treated 
acutely with TMP–SMX (160/800 mg) four times daily for 10 
days, then randomized to receive long-term maintenance 
therapy with pyrimethamine 25 mg plus sulfadoxine 500 mg 
(one Fansidar tablet) once weekly, TMP–SMX (160/800 mg) 
thrice weekly, or placebo. Fansidar and Co-T were equally 
effective in preventing clinical and parasitologic relapse and 
were superior to placebo, which was associated with 50% rate 
of recurrence after less than 2 months. 

7d.  Malaria

Pyrimethamine–sulfadoxine (Fansidar) was used extensively 
for the treatment of chloroquine-resistant P. falciparum malaria 

(see Chapter 91, Sulfonamides). However, owing to wide-
spread antifolate resistance, it is now recommended only  
as first-line treatment for uncomplicated malaria, as part  
of artemisinin combination therapy (see Chapter 169, 
Artemisinins).

For a detailed discussion regarding the role of Fansidar in 
the treatment and prevention of malaria, see Chapter 91, 
Sulfonamides; however, the key uses are summarized in 
Table 93.1. Because of its low cost, safety, and prolonged 
post-treatment prophylactic effects, the main indication for 
Fansidar in malaria is currently as preventative therapy in 
pregnant women (IPTp) and in infants (IPTi) and seasonal 
malaria control in children (SMC) (WHO, 2015; see Table 
93.1). Intermittent preventative therapy (IPT) has been 
widely adopted throughout Africa; however, its protective 
efficacy is diminishing, particularly in East Africa, owing  
to the spread of drug resistance (Naidoo and Roper,  
2011). Surveillance of molecular markers of resistance—the 
Pfdhfr “triple mutant” (mutations at N51I, C59R, and 
S108N), Pfdhfr “quintuple mutant” (additional mutations in 
Pfdhps A437G and K540E), and “sextuple mutant” (addi-
tional mutation in Pfdhps A58G)—can be used to predict 
Fansidar treatment failure in vivo (Picot et al., 2009). 
However, determining a molecular threshold for protective 
efficacy is  challenging, because regions have different Pfdhfr/
Pfdhps haplotypes and the level of resistance predicting poor 
clinical outcomes does not correlate between the IPT target 
populations (Venkatesan et al., 2013). The effect of IPT on 
the selection and spread of drug resistance in the Fansidar-
intervention and general populations is largely unknown 
because its introduction occurred simultaneously with the 
replacement of Fansidar with artemisinin-based combina-
tion therapy (ACT) for the treatment of malaria (Venkatesan 
et al., 2013).

Recent randomized controlled trials of preventative ther-
apy with dihydroartemisinin–piperaquine in pregnant women 
and children have demonstrated similar or superior efficacy 
to Fansidar in areas with high-intensity malaria transmission 
and widespread Fansidar resistance (Zongo et al., 2015; 
Nankabirwa et al., 2014; Kakuru et al., 2016). 

For a more extensive discussion on the use of artemisi-
nin-based combination therapy for the treatment of malaria, 
see Chapter 169, Artemisinins, and for the use of Fansidar in 
malaria, see Chapter 91, Sulphonamides. 

Pyrimethamine plus dapsone (Maloprim) is now not rec-
ommended for treatment or prophylaxis of malaria because 
of resistance and excessive toxicity.

7e. Mycobacteria

Opravil et al. (1995b) noted a lower incidence of mycobacte-
rial diseases among HIV-infected patients receiving dapsone–
pyrimethamine prophylaxis for PCP and toxoplasmosis, than 
among those receiving aerosolized pentamidine. Fur ther 
studies are needed to confirm these observations.
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1. DESCRIPTION

Dapsone (4,4′-diaminodiphenylsulfone; DDS) is a sulfone 
that was the first effective antimicrobial for the treatment of 
leprosy. It has since been found useful in the treatment and 
prevention of malaria, Pneumocystis jiroveci infection, and 
Toxoplasma gondii infection. Its immunomodulatory effects 
have been found beneficial in a number of noninfective der-
matologic and other inflammatory disorders.

Dapsone synthesis from p-nitrothiophenol was first 
described by Fromm and Wittman in 1908; however, its 
antimicrobial properties were not fully appreciated until 
the successful treatment of streptococcal infections in mice 
was reported by Buttle et al. in 1937. Soon after, reports of 
its efficacy against Mycobacterium leprae were published 
(Cowdry and Ruangsiri, 1940). The history of the discovery 
of dapsone has been well described (Doull, 1963; Wozel, 
1989; Barr, 2011). By the end of the 1940s, dapsone had rev-
olutionized the treatment of leprosy, hastening the closure 
of leprosariums around the world.

Dapsone is a sulfone, a folic acid antagonist that, like the 
sulfonamides, inhibits folic acid synthesis. It acts as a com-
petitive inhibitor of dihydropteroate synthase (DHPS), pre-
venting the normal utilization of p-aminobenzoic acid. It was 
initially used as a number of dapsone prodrugs such as ace-
dapsone; however, they soon fell out of use as experience 
with dapsone evolved. It is currently available as an oral and 
topical formulation.

The molecular structure of dapsone is shown in Figure 
94.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Dapsone, like other sulfones and sulfonamides, has a broad 
spectrum of activity against many bacteria and protozoans. 
However, owing to early experience with drug toxicity at the 
doses that were foreseen as necessary against common bac-
teria, development in this direction did not continue. Lowe 
(1950) reported a personal communication by Buttle that a 
therapeutic trial in humans at a dose of 1–2 g/day was aban-
doned early because of the development of acute toxicity 
(Lowe, 1950). The literature has practically been devoid of 
papers describing dapsone’s in vitro activity against common 
bacterial pathogens. One exception describes the activity of 
dapsone alone and in vitro synergy between dapsone and 
trimethoprim against methicillin-resistant Staphylococcus 
aureus (MRSA). Sixty isolates of MRSA were tested by use of 
the broth microdilution method, and all were found to have 
minimum inhibitory concentrations (MICs) ranging from 
16 to 2056 µg/ml—regarded as resistant, because these levels 
are generally unachievable with normal dosing. When tested 
in combination with trimethoprim, 50% of strains were 
found to be susceptible at a 1:19 and 1:1 ratio of trimetho-
prim to dapsone. Given the high level of penetration in the 
skin and its long half-life, it was hypothesized that the com-
bination may have uses in the eradication of the staphylo-
coccal carrier state (Lambertus et al., 1990). No trials have 
subsequently been reported.

MYCOBACTERIUM LEPRAE

M. leprae is exquisitely susceptible to dapsone. Given that the 
organism could not be cultivated in vitro, animal models of 
the disease were first to show a response to dapsone therapy 
(Cowdry and Ruangsiri, 1940), soon after followed by human 
trials. M. leprae has an MIC that is estimated to be on the 
order of 3.0 ng/ml (3.0 µg/l) and at that level is regarded as 
weakly bactericidal (World Health Organization [WHO], 
1982). The method by which susceptibility testing of M. 

Figure 94.1. Molecular structure of dapsone (4-4′ 
diaminodiphenylsulfone).
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leprae is determined is the mouse footpad model (Baohong, 
1987). This was standardized in the 1950s (Shepard, 1960) 
and is determined by dosing mice with varying amounts of 
dapsone in their food and observing whether or not strains 
of M. leprae isolated from patients and inoculated into the 
footpad are inhibited. Strains that are inhibited by concen-
trations up to 0.1 mg of dapsone per 100 g of food are said to 
be susceptible, and strains that are inhibited only by higher 
doses are said to be resistant. Inhibition by concentrations 
greater than 0.1 mg/100 g up to 1 mg/100 g of food is labeled 
low-level resistance, inhibition by concentrations greater 
than 1 mg/100 g up to 10 mg/100 g of food is intermediate 
resistance, and growth in the presence of 10 mg or more per 
100 g of food is considered total resistance. Administration 
of 10 mg of dapsone per 100 g of food to mice yields a plasma 
level of about 1 mg/l, similar to that in adult humans given 
100 mg of dapsone daily (WHO, 1982).

An in vitro method of determining susceptibility using a 
system of cultivated macrophages has also proven to be able 
to determine antimicrobial susceptibility by measuring the 
incorporation of radiolabeled thymidine in the presence of 
varying concentrations of the drug of interest; however, it has 
not been widely introduced into routine M. leprae testing 
(Mittal et al., 1983). Synergy of dapsone with the dihydro-
folate reductase (DHFR) inhibitors brodimoprim and K-130 
has been demonstrated in mice (Dhople et al., 1990; Dhople, 
1999).

OTHER MYCOBACTERIA

The susceptibility of other mycobacterial species to dapsone 
has been investigated by use of a disc elution method con-
firmed by a broth dilution method using the Bactec 460 
radiometric culture system. Mycobacterium avium, Myco
bacterium intracellulare, and Mycobacterium kansasii were 
found to have MIC90 values of 8 µg/ml. Mycobacterium tuber
culosis and Mycobacterium fortuitum exhibited MIC90 values 
of > 32 µg/ml (Gonzalez et al., 1989). When dapsone is com-
bined with the triazole DHFR inhibitor WR99210, in vitro 
activity against M. avium complex organisms is enhanced 
(Shah et al., 1996). In contrast, dapsone had no activity 
against M. avium in a mouse model of disseminated infec-
tion, nor did it add to the effect of clarithromycin. It had only 
a slight prophylactic effect when used alone, but when used 
as prophylaxis in combination with clarithromycin, demon-
strated no additive advantage (Bermudez et al., 1994).

Mycobacterium ulcerans has been found to be susceptible 
to dapsone in vitro (Pattyn and van Ermengem, 1968); more 
recent work also confirmed this and demonstrated synergy 
with the DHFR inhibitor epiroprim (Dhople, 2001).

PLASMODIUM SPECIES

Plasmodium falciparum is, in general, only moderately sus-
ceptible to dapsone. The other Plasmodium species are inher-
ently less susceptible, and a high rate of clinical failures with 
high doses of dapsone was reported in the earliest trials. 
However, the addition of a DHFR inhibitor such as pyri- 

methamine or cycloproguanil markedly potentiates its action 
against P. falciparum, but less so with the other Plasmodium 
species (Nzila, 2006).

PNEUMOCYSTIS JIROVECI 

Dapsone was originally found to be effective in the mouse 
model of P. carinii (jiroveci) infection (Hughes and Smith, 
1984). This was confirmed in vitro in human lung–derived 
tissue culture cell lines that showed that growth of rat- derived 
P. jiroveci was > 75% inhibited by dapsone at 0.1, 1.0, and 10 
µg/ml (Cushion et al., 1985). Synergy with pyrimethamine 
and macrolides was demonstrated in a similar in vitro cell 
line system. In this comparison of various combinations, 
dapsone plus pyrimethamine and trimethoprim combined 
with sulfamethoxazole were found to be the equally strongest 
combinations, achieving maximal effect at concentrations 
readily achievable in plasma (Cirioni et al., 1997).

TOXOPLASMA GONDII

T. gondii DHPS was shown to be highly inhibited by dapsone 
in vitro (Allegra et al., 1990). Dapsone is also active against 
T. gondii in cell culture, but less effective than pyrimethamine. 
It was not effective in immunosuppressed mice when used 
alone, but in combination with pyrimethamine it was highly 
effective (Derouin et al., 1991). In a murine model of dis-
seminated toxoplasmosis, dapsone alone administered at 100 
or 200 mg/kg/day protected about 80% of mice from death 
(Araujo and Remington, 1992). In an immunosuppressed rat 
model of dual infection with P. jiroveci and T. gondii, dapsone 
combined with roxithromycin was effective in preventing 
infection with both organisms (Brun-Pascaud et al., 1998). 
Epiroprim in combination with dapsone in a mouse model 
of acute T. gondii infection was found to be more effective 
than either drug alone and similar in efficacy to the combina-
tion of sulfadiazine and pyrimethamine (Chang et al., 1994).

CRYPTOSPORIDIUM PARVUM

Dapsone alone or in combination with macrolides has min-
imal activity against C. parvum in vitro (Giacometti et al., 
1996).

2b.  Emerging resistance and 
cross-resistance

MYCOBACTERIUM LEPRAE

Dapsone resistance was suspected clinically soon after wide-
spread use of the drug began in the 1950s for leprosy and 
was subsequently confirmed in 1964 when in vivo testing of 
patient isolates in the mouse footpad system became routine 
(Ji, 1985). The prevalence and incidence of secondary resis-
tance to dapsone in a leprosarium in Malaysia were demon-
strated to have risen to 7.5% and 0.8%, respectively, through 
the 1960s (Pearson et al., 1975). By the mid-1970s, dapsone 
resistance rates of up to 40% were being reported in some 
areas (WHO, 1977). Dapsone resistance is divided into low 
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level, intermediate, and total, as outlined earlier. By the early 
1980s, resistance prevalence rates of 10% in many centers 
around the world were common, and WHO convened a 
working group that reviewed the data and recommended the 
cessation of dapsone monotherapy, to be replaced by multi-
drug therapy (MDT) with dapsone, rifampicin, and clofazi-
mine (WHO, 1982). The US Public Health Service (USPHS) 
Hansen’s Disease Program had changed to MDT for similar 
reasons some years earlier (Moschella, 2004).

Dapsone resistance in M. leprae has now been shown to be 
due to mutations in the DHPS gene (folP1). Through use of 
DNA sequencing of folP1 extracted from dapsone-resistant 
and dapsone-susceptible strains grown in mouse footpads, it 
was demonstrated that two mutations present at positions 53 
and 55 were likely to be the cause (Kai et al., 1999; Williams 
et al., 2000; Nakata et al., 2011). Multidrug resistance has 
now been widely reported (Cambau et al., 1997), and molec-
ular-based assays have now been developed to detect multi-
drug resistance in the organism (Williams and Gillis, 2004). 
Assays are now available that simultaneously detect the pres-
ence of the organism and dapsone resistance directly from 
clinical specimens (Williams et al., 2001). DNA microarrays 
that detect multidrug resistance have also now been devel-
oped (Matsuoka et al., 2008). The current incidence of dap-
sone resistance worldwide is unknown; however, it is still 
commonly observed (Roche et al., 2000). The presence of 
mutations in the folP1 gene has now been shown in the field 
to predict dapsone resistance in relapsed cases of M. leprae 
infection (Cambau et al., 2006). A sample of 423 specimens 
from patients in Vietnam showed high rates of dapsone resis-
tance in those with relapse who had been treated with dap-
sone monotherapy in the past; however, resistance in new and 
recent cases of leprosy was low (Kai et al., 2011). Resistance 
incurred by this gene has now been shown to be transmis-
sible (Li et al., 2011).

PLASMODIUM SPECIES

Resistance to dapsone in Plasmodium species is generally 
thought to result from point mutations in the DHPS gene. 
However, the majority of in vitro research on resistance 
development and DHPS mutation has been directed toward 
the modification of the action of sulfonamides, and dapsone 
resistance has been indirectly inferred (Kublin et al., 2002). 
A large number of mutations have been described, and the 
general accumulation of these correlate with in vitro assays of 
resistance. This also correlates with field studies that demon-
strate clinical failures in the presence of these mutations 
(Gregson and Plowe, 2005). Differential resistance to combi-
nations of DHFR and DHPS inhibitors has been observed, and 
resistance in P. falciparum to pyrimethamine–sulfadoxine 
combinations caused by mutations at positions 51, 59, and 
108 of P. falciparum DHFR did not translate to resistance to 
the combination of chlorproguanil and dapsone (LapDap) 
(Roper et al., 2003). In Asia and South America, a fourth 
mutation of P. falciparum DHFR (I164L) has rendered the par-
asite resistant to chlorproguanil, thereby negating the effec-
tiveness of the combination with dapsone (Nair et al., 2003).

It has been widely hypothesized that the long half-lives of 
pyrimethamine and sulfadoxine, resulting in prolonged sub-
inhibitory levels of the drugs in plasma, contributed to wide-
spread resistance development, and that the relatively short 
half-lives of the chlorproguanil–dapsone combination may 
reduce the pressure for resistance development (Watkins and 
Mosobo, 1993).

PNEUMOCYSTIS JIROVECI

Mutations in the P. jiroveci DHPS gene were first observed in 
patients who had received prophylaxis with trimethoprim–
sulfamethoxazole (TMP–SMX) or dapsone (Kazanjian et 
al., 1998), and a later study demonstrated that mutations 
occurred only in the DHPS gene and not the DHFR gene (Ma 
et al., 1999). A further study showed that the likelihood of 
mutations arising in the DHPS gene directly correlated with 
the duration of prophylaxis (Kazanjian et al., 2000). Further 
work has shown that there appears to be a variation in the 
prevalence of resistance mutations, depending on the city of 
origin of specimens taken (Huang et al., 2006). The associa-
tion of failure of therapy with resistance mutations has not 
yet been confirmed, although a nonsignificant trend toward 
an association of DHPS mutations with severity of illness 
was observed in a large cohort of HIV-infected patients 
(Crothers et al., 2005). However, there has been a significant 
association of failure of prophylaxis with pyrimethamine–
sulfadoxine and DHPS mutations (Nahimana et al., 2003). 
The effect of dapsone was not reported.

TOXOPLASMA GONDII

A mutant strain generated in vitro with a 330-fold increase 
in sulfadiazine resistance associated with cross-resistance to 
dapsone and several other sulfonamides was described in 
1992 (Pfefferkorn et al., 1992). This was a result of a mutation 
of the parasite DHPS enzyme. Further evidence of sulfon-
amide resistance in wild strains has emerged, showing that 
the mutant DHPS enzyme was cross-resistant to sulfon-
amides and dapsone, although dapsone maintained the low-
est inhibitory concentration (IC50) of the DHPS inhibitors 
tested (Aspinall et al., 2002). Evidence is, however, scanty 
and has not been related to treatment or prophylaxis failure 
(Menceur et al., 2008).

3. MECHANISM OF DRUG ACTION

Dapsone is a class 1 antifolate that acts on the folic acid syn-
thesis pathway by inhibiting the enzyme DHPS. This enzyme 
catalyzes p-aminobenzoate to form dihydropteroic acid, 
which in turn is transformed into dihydrofolic acid, which is 
the substrate for DHFR, the enzyme blocked by pyrimeth-
amine and other DHFR inhibitors (Brunton and Parker, 
2008). The inhibition of folate synthesis by inhibitors of these 
two enzymes leads to decreased levels of fully reduced tetra-
hydrofolate, an essential cofactor in purine and pyrimidine 
synthesis. This in turn leads to the cessation of DNA syn-
thesis in the organism (Gregson and Plowe, 2005). The 
DHPS enzyme is structurally different when the bacterial 
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and protozoan forms are compared, explaining the differen-
tial effects seen between species. This folate synthesis path-
way does not exist in mammalian cells, hence its attractiveness 
as a target for the selection of novel antimicrobial agents. 
Dapsone competes with p-aminobenzoic acid for binding 
with DHPS (Nzila, 2006). Mammalian cells are able to use 
exogenous folate; however, bacteria are incapable of this, and 
the effects of these drugs that inhibit these bacterial or para-
sitic enzymes cannot, in general, be reversed by the adminis-
tration of folic or folinic acid. Some strains of P. falciparum 
are, on the other hand, able to use exogenous folate, the 
so-called “folate effect,” which is antagonized by pyrimeth-
amine (Gregson and Plowe, 2005). Exogenous preformed 
folate is salvaged by energy-dependent specific transporters 
from the surrounding medium, bypassing the de novo syn-
thesis pathway (Salcedo-Sora et al., 2011).

Dapsone has an anti-inflammatory effect, but the actual 
mode by which this occurs is still poorly understood. Dap-
sone is effective in the treatment of a number of dermatoses 
that all have the common characteristic of abnormal neutro-
phil accumulation in the dermis. It interferes with neutrophil 
chemotactic migration, beta-2-integrin–mediated adherence 
of neutrophils in vitro and activation of the signal trans-
duction cascade that mediates chemotaxis (Harvath et al., 
1986; Booth et al., 1992; Debol et al., 1997). It has also been 
shown to inhibit neutrophil myeloperoxidase- and eosinophil 
peroxidase–mediated cytotoxicity (Bozeman et al., 1992). 
Dapsone has also been shown to inhibit neutrophil lyso-
somal enzymes and leukotriene B4–stimulated inflamma-
tion in mice, and appears to block the adherence of normal 
neutrophils to immunoglobulin A (IgA) and IgG on basement 
membranes of patients with dermatitis herpetiformis and 
bullous pemphigoid. It is a strong inhibitor of interleukin-8 
(IL-8) release, which may explain some of its anti- inflam-
matory effect (Kanoh et al,, 2011). Despite these individual 
experimental findings, the most significant pathway by which 
dapsone exerts its anti-inflammatory effect is yet to be deter-
mined. Dapsone is thought not to be disease modifying, but 
rather purely anti-inflammatory in its effect (Wolf et al., 2000; 
Zhu and Stiller, 2001). Its use as an anti-inflammatory agent 
has been reviewed (Wozel and Blasum, 2014).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Dapsone is available as 25-mg and 100-mg tablets, and as 
a 5% gel formulation (NPS MedicineWise, 2016). Recom-
mended dapsone doses vary according to the condition 
being treated.

Before the initiation of dapsone therapy, all patients should 
be tested for glucose-6-phosphate dehydrogenase (G6PD) 
deficiency (see section 6, Adverse Reactions and Toxicity). 
In general, patients with a history of porphyria should avoid 
the drug. Those with moderate to severe anemia or other 
forms of bone marrow suppression should be administered 

dapsone only with caution. Regular complete blood exam-
inations should be performed—for example, weekly for the 
first month, monthly for 6 months, then every 6 months 
thereafter (NPS MedicineWise, 2016). Concurrent adminis-
tration with other folate inhibitors should be undertaken 
only with caution.

MYCOBACTERIUM LEPRAE

The normal adult dose is 100 mg orally once daily, but dap-
sone should always be combined with one or more other 
drugs active against M. leprae (WHO, 1994). The WHO-
recommended regimen is as follows: in patients who have 
paucibacillary leprosy, dapsone is combined with monthly 
rifampicin 600 mg and continued for 6 months. For multi-
bacillary leprosy, the dose is dapsone 100 mg daily plus 50 mg 
of clofazimine daily plus rifampicin 600 mg monthly plus 
clofazimine 300 mg monthly, with the treatment course last-
ing for a total of 12 months. A single dose of rifampicin, 
ofloxacin, and minocycline is recommended for single- 
lesion (indeterminate) paucibacillary leprosy, but at this stage 
is still regarded as experimental, and long-term follow-up is 
proceeding.

The USPHS National Hansen’s Disease Program (NHDP) 
has continued with a more conservative form of MDT. The 
recommendations are as follows: for paucibacillary disease, 
dapsone 100 mg daily plus rifampicin 600 mg daily for 12 
months; and for multibacillary disease, dapsone 100 mg daily 
plus rifampicin 600 mg daily plus clofazimine 50 mg daily for 
24 months (Moschella, 2004; Health Resources and Services 
Administration [HRSA], 2016).

PLASMODIUM INFECTION

Dapsone alone should not be used as treatment for malaria, 
nor should the combination of dapsone and pyrimethamine 
(Maloprim) because they are only weakly effective (see sec-
tion 7, Clinical uses of the drug). The combination of chlor-
proguanil with dapsone (CD, LapDap) was available in 
some countries in Africa for treatment of uncomplicated 
P. falciparum infection in which P. falciparum is resistant to 
sulfadoxine–pyrimethamine (Fansidar) but still susceptible 
to LapDap. LapDap has now been withdrawn from use by its 
manufacturer (WHO, 2008).

Dapsone alone or in combination with pyrimethamine 
(Maloprim) is now not recommended for prophylaxis of 
malaria (see Chapter 93, Pyrimethamine).

PNEUMOCYSTIS JIROVECI INFECTION

Dapsone is used as an alternative choice for both treatment 
and prophylaxis of P. jiroveci pneumonia (PCP), both in 
HIV infection and in other forms of immunosuppression. 
For treatment, it is used at a dose of 100 mg daily for mild to 
moderate disease only, in combination with trimethoprim 
15 mg/kg/day in three divided doses.

Dapsone is also efficacious for both primary and second-
ary prophylaxis of PCP, but only as a second-line agent after 
combination therapy with TMP–SMX. Regimens that have 
proven to be effective are dapsone 50 mg orally twice daily; 
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dapsone 100 mg orally daily; dapsone 50 mg daily plus pyri-
methamine 50 mg orally weekly plus leucovorin 25 mg orally 
weekly; and dapsone 200 mg orally weekly plus pyrimeth-
amine 75 mg orally weekly plus leucovorin 25 mg orally 
weekly. Secondary prophylaxis can be ceased after the com-
mencement of antiretroviral therapy and the reconstitution 
of the CD4 lymphocyte count to > 200 cells/µl for more than 
3 months. If PCP occurred when the CD4 lymphocyte count 
was higher than 200, the current recommendation is to con-
tinue prophylaxis for life (National Institutes of Health [NIH], 
2015). 

TOXOPLASMA GONDII

Dapsone alone is not recommended as first-line treatment or 
prophylaxis for T. gondii infection in HIV infection. When 
used in combination with pyrimethamine and leucovorin as 
one of the regimens outlined earlier for PCP prophylaxis, it 
is recognized as being effective, but is inferior to TMP–SMX 
or pyrimethamine–sulfadoxine (Fansidar) (NIH, 2015).

ANTI-INFLAMMATORY THERAPY

When dapsone is used for treatment of inflammatory dis-
orders such as dermatitis herpetiformis or epidermolysis 
bullosa, the usual starting dose in adults is 50 mg/day titrated 
upward to as much as 300 mg daily until side effects become 
intolerable. Once the disease has become controlled, the 
dose should be reduced to the minimum necessary to control 
skin lesion development. In the case of dermatitis herpeti-
formis, dapsone acts only on the dermatologic manifesta-
tions of the disease and must be combined with a gluten-free 
diet to control the small intestinal component of the disease 
(Wolf et al., 2000). Cimetidine at 400 mg three times a day in 
adults has been used to ameliorate the side effects of dapsone 
when higher doses are necessary (Coleman et al., 1992).

Topical dapsone gel 5% is recommended to be applied 
twice daily to the affected skin when treating acne vulgaris in 
patients 12 years of age and older. Owing to systemic absorp-
tion, G6PD status must be determined before use (Draelos et 
al., 2007).

4b.  Newborn infants and children

MYCOBACTERIUM LEPRAE

The dose of dapsone in pediatrics is 1–2 mg/kg/day up to a 
maximum of 100 mg/day. A liquid formulation is available 
in some countries; however, a suspension is most frequently 
formulated by crushing tablets and suspending the powder 
in a liquid.

PLASMODIUM INFECTION

Dapsone combinations are now not recommended for ther-
apy or prophylaxis for malaria in children.

PNEUMOCYSTIS JIROVECI AND TOXOPLASMA 
GONDII INFECTION

In HIV-infected children, a daily dose of 2 mg of dapsone per 
kilogram per day was more effective as prophylaxis against 

PCP than 1 mg/kg/day. A weekly dose of 4 mg/kg was less 
effective than a daily dose of 2 mg/kg but had fewer side 
effects (McIntosh et al., 1999).

The dose for T. gondii prophylaxis in children is 2 mg/kg/
day or 15 mg/m2 per day up to 25 mg/day but, as with adults, 
dapsone alone is not recommended as first-line treatment or 
prophylaxis for T gondii infection in HIV infection.

4c.  Pregnant and lactating mothers

Dapsone has been widely used in the treatment of leprosy 
and malaria in pregnant women (all trimesters) and does 
not appear to pose a risk to the fetus or to the newborn (NPS 
MedicineWise, 2016). Dapsone has been assigned to US 
Food and Drug Administration FDA pregnancy category C. 
No dosage adjustment is required during pregnancy. How-
ever, dapsone can cross the placenta and is excreted in breast 
milk together with its acetyl metabolite such that cases of 
mild neonatal hemolytic anemia have been reported (Sanders 
et al., 1982; Edstein et al., 1986; Zuidema et al., 1986) (see 
section 6, Adverse Reactions and Toxicity).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Caution is recommended when using dapsone in patients 
with significant renal impairment, although specific studies 
have not been reported (Brier and Aronoff, 2007). It is rec-
ommended that for patients on hemodialysis the dose be 
reduced to no more than 50 mg twice daily, with a dose given 
after dialysis (Gupta et al., 2005).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

There are few data regarding the use of dapsone in the setting 
of hepatic failure. However, it is metabolized by the liver, and 
serum levels may therefore be expected to increase in patients 
with reduced hepatic clearance.

OBESE PATIENTS

Obesity significantly lowers plasma dapsone trough levels; 
however, body mass index (BMI) has only a weak association 
(Moura et al., 2014).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Dapsone is well absorbed after oral ingestion, with a bio-
availability of more than 86% (Pieters and Zuidema, 1987). 
Peak serum concentrations between 1.1 and 2.33 µg/ml are 
reached after 0.5–4 hours in healthy volunteers, with an 
elimination half-life ranging from 12 to 30 hours (Pieters and 
Zuidema, 1986). Twenty-four hours after oral ingestion of 
100 mg of dapsone, plasma concentrations range from 0.4 
to 1.2 µg/ml. Approximately 70% of the drug is protein 
bound, and a dose of 100 mg/day produces a steady-state 
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concentration of free drug ranging between 2 and 6 µg/ml 
after 8–10 days of therapy (Zuidema et al., 1986). A dose of 
2 mg/kg daily or 4 mg/kg weekly in children achieves con-
centrations similar to those in adults receiving 100 mg daily 
(Mirochnick et al., 1999).

Dapsone’s pharmacokinetic parameters do not appear to 
be appreciably altered in patients with falciparum malaria 
(Simpson et al., 2006), adults with advanced HIV infection 
(Falloon et al., 1994), or children with HIV infection 
(Mirochnick et al., 1999). Acetylator status does not affect 
the half-life or efficacy of the drug (Peters et al., 1975; Crook 
et al., 1983); however, it may be correlated with the develop-
ment of adverse effects (Bluhm et al., 1999).

5b.  Drug distribution

Dapsone is widely distributed throughout all tissues and, in 
particular is concentrated in the skin, muscle, liver, and kid-
ney. It crosses the blood–brain barrier and is also excreted in 
breast milk (Edstein et al., 1986; Pieters and Zuidema, 1986; 
Gatti et al., 1997).

Dapsone penetrates the central nervous system, achieving 
levels between 0.3 and 1.61 µg/ml (Rich and Mirochnick, 
1996).

Dapsone gel 5%, when topically applied twice daily for 
acne, is systemically absorbed and reaches a steady state 
plasma level after 2 weeks. Mean plasma concentrations 
ranged from 7.5 to 11 ng/ml over 12 months. The authors 
estimated that systemic exposure was over 100-fold less than 
that of oral dapsone at a standard dosage (Thiboutot et al., 
2007).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Correlation between the pharmacokinetic and pharmaco-
dynamic parameters of dapsone and its clinical efficacy have 
not been assessed in detail.

5d.  Excretion

Once absorbed, dapsone is rapidly acetylated in the liver 
into the nontoxic monoacetyl and diacetyl forms, and steady 
state equilibrium among the three forms ensues. It is also 
N-hydroxylated by a number of hepatic microsomal cyto-
chrome P-450 enzymes, producing the hydroxylamine 
metabolite, which is the likely cause of the toxic side effect of 
methemoglobinemia (see section 6, Adverse Reactions and 
Toxicity) (Mitra et al., 1995; Winter et al., 2000). The level of 
expression of these enzymes appears to be under genetic 
control and may explain the variability in individual suscep-
tibility to the development of this side-effect (Gill et al., 
1995).

Dapsone is excreted in the bile but undergoes entero-
hepatic circulation, which is substantially interrupted by the 
administration of activated charcoal, markedly decreasing 
the drug’s elimination half-life (Neuvonen et al., 1980). This 

feature is useful in the overdose situation. Ultimately, the 
majority of the drug is excreted by the kidneys after glucu-
ronidation by the glucuronosyl transferases UGT1A4 and 
UGT1A9, with about 10% excreted in the bile (Ellard, 1966; 
Green and Tephly, 1998).

5e.  Drug interactions

Renal excretion of dapsone is blocked by probenecid, result-
ing in a corresponding increase in serum dapsone levels, 
and consequent increase in adverse effects (Goodwin and 
Sparell, 1969). Rifampicin increases the metabolism of dap-
sone, reducing serum levels and potentially affecting its anti-
microbial effects in all but Hansen’s disease (Gelber and Rees, 
1975).

Clofazimine does not appear to have an effect on the 
pharmacokinetics of dapsone, despite there being some ini-
tial suspicion of increased hepatotoxicity (Venkatesan et al., 
1986). Trimethoprim increases levels of dapsone by 40% 
when administered simultaneously in patients with AIDS 
(Lee et al., 1989). Dapsone simultaneously increased tri-
methoprim levels as well, increasing the rate of toxic side 
effects of both drugs.

Disulfiram has been used experimentally to determine 
the relative roles of cytochrome P-450 enzymes in the metab-
olism of dapsone; however, its overall effect has not yet been 
fully elucidated (Frye and Branch, 2002).

Drugs such as erythromycin, omeprazole, and keto-
conazole inhibit cytochrome CYP3A, potentially decreasing 
the production of the hydroxylamine and its consequent 
toxicity. On the other hand, glucocorticoids, carbamazepine, 
and phenytoin induce the P-450 enzymes, with the potential 
of increasing the production of the hydroxylamine and its 
consequent toxicity. Interactions with these drugs are subject 
to such significant inter-individual variation that the interac-
tions may or may not have a strong influence on the efficacy 
and toxicity of dapsone in any particular individual case (Zhu 
and Stiller, 2001).

Cimetidine, a potent inhibitor of cytochrome P-450, has 
been investigated for its potential to reduce the side effects 
and also potentially increase the efficacy of dapsone in inflam-
matory disorders such as dermatitis herpetiformis, in which 
patients often experience dose-limiting toxicity. Cimetidine 
was administered to seven volunteers who also took 100 mg 
of dapsone daily in a crossover study. In the presence of 
cimetidine, the area under the concentration-time curve 
(AUC) of dapsone was increased by almost 30%, and peak 
methemoglobin levels fell by more than half. The percentage 
of dapsone excreted in the urine as dapsone hydroxylamine 
glucuronide was reduced by one third (Coleman et al., 1990). 
In a 6-week study of patients with dermatitis herpetiformis 
who received a wide range of dapsone dosages, methemo-
globin levels fell by 27% after commencement of cimetidine 
400 mg thrice daily. Four of six patients reported a significant 
reduction in side effects (Coleman et al., 1992).

Interactions with a number of antiretroviral drugs have 
been predicted or reported. Amprenavir is metabolized by 
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and inhibits CYP3A4, and consequently has the potential of 
increasing dapsone levels, although it may not increase toxic-
ity. Saquinavir inhibits CYP3A and may also increase dapsone 
levels when administered concurrently. The co-administra-
tion of zidovudine may potentiate bone marrow toxicity, and 
in a study comparing aerosolized pentamidine with oral 
dapsone, an increased mortality rate was seen in the group 
randomized to dapsone. The authors hypothesized that the 
interaction of zidovudine with dapsone decreased the effec-
tiveness of the zidovudine, resulting in lower CD4 counts 
(Salmon-Ceron et al., 1995). When dapsone given concur-
rently with zidovudine was investigated further, no change in 
pharmacokinetic parameters was observed (Lee et al., 1996). 
The mild hyperbilirubinemia associated with atazanavir may 
be exacerbated by co-administration with dapsone, with res-
olution after its cessation (Noda et al., 2012).

6. ADVERSE REACTIONS AND TOXICITY

Patients taking dapsone are subject to both dose-dependent 
toxicity and idiosyncratic reactions. In general, many mil-
lions of patients with leprosy have been successfully treated 
with dapsone with little, if any, problem with adverse effects, 
largely because the dose that is required is lower than the 
dose at which dose-dependent toxicity becomes problematic. 
When plasma levels remain below 5 µg/ml, dose-dependent 
toxicity is unlikely (Zuidema et al., 1986); however, when it 
rises above that level, hematologic problems such as methe-
moglobinemia begin to rise in incidence. The mechanism of 
dose-dependent toxicity is thought to be mediated by the 
hydroxylamine metabolite. Hypersensitivity reactions to dap-
sone have recently been reviewed, with epidemiologic studies 
suggesting a prevalence rate of 1.4% (95% confidence inter-
val [CI]: 1.2–1.7%) (Lorenz et al., 2012).

6a.  Methemoglobinemia

The most common side effect of dapsone therapy is methe-
moglobinemia (Coleman, 1993). In normal subjects, less than 
1% of hemoglobin is in the form of methemoglobin. When 
the concentration in erythrocytes rises above 1%, methemo-
globinemia is present (Ward and McCarthy, 1998). Adminis-
tration of dapsone 100 mg/day for even a short period of 
time in normal patients may result in the development of 
significant methemoglobinemia (Manfredi et al., 1979). This 
is caused by the hydroxylamine metabolite of dapsone, which 
reacts directly with oxyhemoglobin to form methemoglobin 
and the nitrosoarene dapsone, which is then in turn metab-
olized by nicotinamide adenine dinucleotide phosphate 
(NADPH) methemoglobin reductase or glutathione back 
to the hydroxylamine, which can then again react with oxy-
hemoglobin to form methemoglobin, continuing a cycle of 
methemoglobin production. This cycle continues until the 
erythrocyte is depleted of glutathione. There are two eryth-
rocytic electron transport systems that convert methemoglo- 

bin back to hemoglobin. One involves a nicotinamide adenine 
dinucleotide (NADH)–dependent reductase associated with 
cytochrome b5, and the other is a secondary NADPH- 
dependent pathway that can be activated by exogenous 
cofactor molecules such as methylene blue. Glutathione is 
reduced by NADPH and acts by interfering with the intra-
cellular conversion of oxyhemoglobin to methemoglobin by 
intracellular oxidizing agents such as dapsone hydroxyl-
amine. Methemoglobin production occurs in most patients 
receiving dapsone, and levels below 20% are usually asymp-
tomatic, but some patients cannot tolerate even low levels 
(Manfredi et al., 1979). Patients with a deficiency of the 
NADPH-dependent methemoglobin reductase are particu-
larly susceptible to the development of symptomatic and often 
severe methemoglobinemia. Methemoglobin is unable to 
carry oxygen to the tissues, and symptoms are usually leth-
argy, headache, dyspnea, tachycardia, and nausea; in extreme 
cases, deaths have been reported. A characteristic feature is 
cyanosis, which develops when methemoglobin levels reach 
15% and has a characteristic brown hue, labeled “chocolate 
cyanosis.” Blood taken at venesection has a characteristic 
brown discoloration (Ward and McCarthy, 1998). When 
methemoglobinemia is suspected (clinically or because of 
low oxygen saturation meter readings), blood gas determina-
tion, blood methemoglobin concentration, complete blood 
examination, and reticulocyte counts should be performed. 
Mild symptoms can be managed with supplemental oxygen 
and cessation of the drug; however, severe cases require the 
administration of methylene blue intravenously. This rapidly 
reverses the situation and converts most methemoglobin to 
hemoglobin within an hour. There have been a number of 
cases of severe methemoglobinemia reported in the litera-
ture, with some the result of accidental or intentional dap-
sone overdose (Ward and McCarthy, 1998).

The production of the hydroxylamine metabolite is via 
the CYP450 enzyme complex, and the concurrent adminis-
tration of cimetidine, which reduces the production of the 
hydroxylamine metabolite, has been shown to reduce the 
levels of methemoglobin in vitro (Ganesan et al., 2010) and 
in patients with dermatitis herpetiformis treated with dap-
sone (Coleman et al., 1990). Ascorbic acid may also be ben-
eficial, but no trials have been reported—although Park et al. 
(2013) reported a case in which, owing to the unavailability 
of methylene blue, they used intravenous ascorbic acid suc-
cessfully and suggested its use as an alternative therapy in the 
event of dapsone overdose (Park et al., 2013).

Symptomatic methemoglobinemia is an uncommon side 
effect in patients with leprosy (Vieira et al.,, 2010) but appears 
to be more common when dapsone is used in normal doses 
for PCP prophylaxis in transplant patients. This may be due 
to interactions with some of the commonly used medicines 
in transplantation (Malasingam et al., 2014; Mitsides et al., 
2014). It also has a greater impact on those who have hemato-
logic malignancies, presumably because of their already com-
promised hemopoietic systems (Subramaniam et al., 2010).
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6b.  Hemolysis

Acute and chronic hemolysis is common in patients receiv-
ing dapsone. This occurs in patients with normal G6PD 
activity. A majority of patients with leprosy treated with dap-
sone were reported to have hemoglobin reductions between 
20 and 30 g/l (Byrd and Gelber, 1991). In a cohort of 194 
patients receiving MDT for leprosy in Brazil, hemolytic ane-
mia was observed in 48 (24.7%), with the mean fall in hemo-
globin ranging from 12.8 to 10.3 g/l (Deps et al., 2012). A 
high prevalence of hemolysis has been reported in stem cell 
transplant (SCT) patients receiving dapsone as PCP prophy-
laxis. Thirty patients who underwent SCT and received 
dapsone prophylaxis for PCP were compared with 26 SCT 
patients who received TMP–SMX; none had G6PD defi-
ciency. Among those receiving dapsone, 80% showed labora-
tory evidence of hemolysis versus none receiving TMP–SMX 
(Oltenu et al., 2012).

The hemolysis is a result of the oxidative damage sustained 
by erythrocytes from the action of the dapsone hydroxylamine 
metabolite, which shortens erythrocyte lifespan and induces 
premature removal from the circulation (Bordin et al., 2010). 
Signs of hemolysis in the blood film are common with Heinz 
body formation and clinically significant anemia. It has been 
recommended that daily dapsone doses should not exceed 
1.5 mg/kg body weight up to a maximum of 100 mg daily to 
minimize the development of hemolysis (Balakrish nan et al., 
1989). Concurrent administration of vitamin E has been pro-
posed as a prophylactic measure to minimize hemolysis, but 
its use has not been proven to be effective (Smith, 1994).

Hemolysis has been reported in a mother and her breast-
fed child when the mother was being treated with dapsone for 
dermatitis herpetiformis (Sanders et al., 1982).

6c.  Hemolysis and G6PD deficiency

Patients with G6PD deficiency are subject to a far greater 
degree of hemolysis if they take dapsone. G6PD deficiency 
leads to the impairment of NADPH formation in the eryth-
rocyte. This leads to a reduction of the regeneration of the 
hydroxylamine metabolite in the red cell, but a reduced capac-
ity to protect against the oxidative stress because glutathione 
is more extensively depleted. This, in turn, leads to an increase 
in hemolysis. This means that G6PD-deficient patients are 
less prone to methemoglobinemia and more prone to hemo-
lysis (Zhu and Stiller, 2001). It is recommended that all 
patients be tested for G6PD deficiency before they are given 
dapsone and, if it is present, doses should not exceed 50 mg/
day. Alternatively, it has been shown that weekly administra-
tion of 600 mg of dapsone did not lead to excessive hemolysis 
in G6PD-deficient patients and that the leprosy that was 
being treated had an adequate response (Pettit and Chin, 
1964). The degree of hemolysis incurred in patients with 
G6PD deficiency was clearly demonstrated in malaria trials 
of artemisinin-based combination therapy with some combi- 

nations containing artesunate, dapsone, and chlorproguanil. 
Children with malaria and undiagnosed G6PD deficiency 
were shown to develop potentially severe hemolysis (Van 
Malderen et al., 2012; Pamba et al., 2012).

6d.  Agranulocytosis

Agranulocytosis is a major problem with dapsone use, 
although it appears that the patients’ underlying condition 
and the co-administration of other drugs has an impact on 
its incidence. When dapsone is used in patients with leprosy, 
the complication is rare; however, when used in patients with 
dermatitis herpetiformis, the risk has been estimated as being 
between 1:240 and 1:425 (Hornsten et al., 1990). When the 
combination of pyrimethamine and dapsone was used in 
malaria prophylaxis, the observed incidence of 1:2000 was 
far higher than originally expected (Friman et al., 1983; 
Hutchinson et al., 1986). Most cases resolve within a week of 
cessation of the drug; however, fatalities have been reported 
(Firkin and Mariani, 1977; Hutchinson et al., 1986). The 
mechanism of damage to the neutrophils is not known but 
may involve immune-mediated mechanisms. One hypothe-
sis is that hydroxylamine-damaged erythrocytes transport 
the metabolite to the bone marrow, where it is toxic to gran-
ulocyte precursors (Coleman, 2001).

6e.  Aplastic anemia

Aplastic anemia is a far less common idiosyncratic reaction 
to dapsone (Foucauld et al., 1985; Nicholls and Concannon, 
1982; Meyerson and Cohen, 1994; Wiholm and Emanuelsson, 
1996; Goulart et al., 2005). In contrast to agranulocytosis, 
aplastic anemia involves the loss of all cell lines from the 
bone marrow and is generally fatal unless successfully treated 
with bone marrow transplantation. Occasional cases have 
been reported in which patients recovered spontaneously 
after cessation of the drug (Foucauld et al., 1985).

6f.  Dermatologic reactions

There have been many reports of various cutaneous reactions 
to dapsone, including exfoliative dermatitis, erythema mul-
tiforme, urticaria, morbilliform eruptions, and erythema 
nodosum. A case of a photosensitive drug eruption was 
reported in a patient being treated for dermatitis herpeti-
formis that was negative on patch testing for the drug but 
recurred after rechallenge with the oral agent, suggesting that 
the reaction was related to a metabolite (Vandersteen and 
Jordan, 1974). A fatal case of toxic epidermal necrolysis was 
reported in a woman with ovarian cancer who was treated 
with dapsone for a skin eruption (Tring and Church, 1977). 
Rash is a not an infrequent side effect of dapsone use in HIV-
infected patients using dapsone for P. jiroveci prophylaxis. 
It is usually mild and may resolve despite continuing use. 
A proportion of patients will exhibit cross-sensitivity with 
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sulfonamides (Blum et al., 1992; Carr et al., 1993; Jorde et 
al., 1993; Holtzer et al., 1998). Successful desensitization with 
an 18-day oral dose-escalating regimen for a dapsone reac-
tion characterized by rash and fever after a similar reaction 
to TMP–SMX that failed desensitization with that drug has 
been reported (Cook and Kossey, 1998).

6g.  Dapsone (sulfone) syndrome

A severe hypersensitivity reaction to dapsone (dapsone 
hypersensitivity syndrome; DHS) has been widely reported 
but appears to be an uncommon occurrence—although the 
incidence has been estimated to be between 0.5% and 3.6%, 
and the mortality rate up to 9.9% (Zhang et al., 2013). In a 
group of 700 patients with leprosy, there was an incidence of 
dapsone syndrome of 1.3% occurring within 6 weeks of com-
mencement of the drug (Rege et al., 1994). Dapsone syn-
drome manifests with fever, malaise, generalized morbilliform 
or exfoliative rash, hepatitis, generalized lymphadenopathy 
with or without hepatosplenomegaly, methemoglobinemia, 
and hemolytic anemia. On average, the syndrome occurs 
about 4 weeks after commencement of dapsone with a range 
of 2–6 weeks (Prussick and Shear, 1996; Kumar et al., 1998). 
The syndrome may occur even 1–2 weeks after cessation of 
dapsone, explained by hepatic retention and prolonged entero-
hepatic circulation of the drug. The syndrome does not seem 
to be related to the dose being taken, because doses ranging 
from 50 mg to 300 mg daily have been implicated (Lee and 
Nashed, 2003). Eosinophilia is commonly present, liver 
involvement may be hepatitic or cholestatic, and liver biopsy 
usually shows epithelioid granulomas. Liver involvement may 
be mild or may progress to fulminant liver failure. The syn-
drome usually resolves after cessation of the drug. The use 
of prednisolone to hasten the resolution of the syndrome is 
controversial, with some reporting success and others report-
ing no effect (Lee and Nashed, 2003). Hypothyroidism has 
been reported as an occasional late sequela of the syndrome 
(Gupta et al., 1992).

The syndrome is properly classified as a form of DRESS 
(drug reaction with eosinophilia and systemic symptoms) 
and has now been strongly associated with HLA-B*13:1—
suggesting that a screening test could be used before com-
mencement of dapsone, thus reducing the chance of 
development of this severe reaction (Zhang et al., 2013). 

6h.  Hepatotoxicity

Hepatotoxicity is usually reported in association with the 
sulfone syndrome, but reactions ranging from mild distur-
bance of transaminases to fulminant liver failure requiring 
liver transplantation have been infrequently reported (John-
son et al., 1986; Zhu and Stiller, 2001; Garcia et al., 2014). It 
has been reported that co-administration of trimethoprim 
with dapsone in patients with HIV infection markedly 
increases the incidence of liver damage by up to 40% of one 
series (Zimmerman, 1999). A recent report of a rat model of 

dapsone-induced hepatotoxicity found that dapsone-induced 
oxidative stress was present, the antioxidant systems were 
impaired, and the N-hydroxylamine metabolite of dapsone 
was the likely mediator (Veggi et al., 2008).

6i.  Miscellaneous adverse effects

Numerous miscellaneous adverse effects associated with 
dapsone use have been reported. In general, they are rare and 
regarded as idiosyncratic. Neurotoxicity ranging from minor 
complaints to peripheral neuropathy (Hubler and Solomon, 
1972) and acute psychosis (Gawkrodger, 1989; Sheela et al., 
1993) has been reported. Rarely, nephrotoxicity may occur, 
with isolated reports of papillary necrosis (Hoffbrand, 1978) 
and nephrotic syndrome (Belmont, 1967). Acute renal fail-
ure is a well-known sequela of severe acute intravascular 
hemolysis and therefore may be precipitated by dapsone 
use. Isolated cases of hypersensitivity pneumonitis have been 
reported and are regarded as rare idiosyncratic reactions 
(Jaffuel et al., 1998; Tobin-D’Angelo et al., 2004; Adar et al., 
2012). Pancreatitis may also rarely occur (Shivkumar, 2003). 
Dapsone may also cause falsely low levels of hemoglobin A1c 
in diabetic patients (Lai et al., 2012)

6j.  Carcinogenicity

When dapsone was given to animals in doses far in excess of 
those used in humans for prolonged periods of time, there 
was evidence that the drug may be potentially carcinogenic; 
however, this does not appear to be borne out in practice 
(Griciute and Tomatis, 1980). A report described 12 patients 
with leprosy who developed urothelial tumors after many 
years of dapsone ingestion; however, they were also taking 
phenacetin, an alternative carcinogenic explanation for their 
malignancies (Hironaka et al., 1997). A comprehensive review 
of 1678 patients with leprosy treated between 1936 and 1977 
in Carville, Louisiana in the United States found no evidence 
of an excess of cancer mortality in this large cohort, although 
they did note an excess of oral, bladder, and renal malignan-
cies (Brinton et al., 1984). An Australian Government study 
to see if there was an excess of malignancies in soldiers who 
had taken dapsone as malaria prophylaxis during the Viet-
nam War assessed 40,207 army personnel, of whom 23,262 
received dapsone as part of antimalarial measures. No dif-
ference in mortality between the two groups from any cause 
was identified and, in particular, there was no difference in 
rates of malignancy as a cause of death (Wilson et al., 2007).

6k.  Overdosage

Deliberate or accidental overdose of dapsone may induce life- 
threatening toxicity, with the most common reaction being 
acute methemoglobinemia and hemolysis. High levels of 
methemoglobin lead to symptoms similar to severe hypoxia, 
including dyspnea, altered mental state, and ultimately death. 
Acute hemolysis tends to occur some days after ingestion. 
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Treatment involves oxygen, intravenous methylene blue, and 
oral activated charcoal to stop the enterohepatic circulation 
and reabsorption of the drug. Other reported measures have 
included charcoal hemoperfusion, hemodialysis, high-dose 
vitamin C, and hyperbaric oxygen (Ferguson and Lavery, 
1997; Park et al., 2013).

6l.  Safety in pregnancy and breastfeeding

Dapsone was not shown to be teratogenic in rats at doses up 
to 192 mg/kg/day or in rabbits at 200 mg/kg/day (Phillips-
Howard and Wood, 1996). Dapsone has been widely used in 
the treatment of leprosy and malaria in pregnant women and 
does not appear to pose a risk to the fetus or to the newborn. 
In one case series, 26 women being treated for leprosy with 
dapsone had 58 pregnancies analyzed for adverse outcomes. 
Two infants had congenital abnormalities—one a cleft palate, 
and the other a dislocated hip. This occurrence was at the 
expected rate for any group of pregnancies (Maurus, 1978). 
Other series have also found that MDT for leprosy is also 
associated with satisfactory outcomes in the mother and child 
(Bhargava et al., 1996; Lyde, 1997). Dapsone in combination 
with pyrimethamine (Maloprim) has been extensively used 
in the prevention of malaria (Greenwood et al., 1988, 1989); 
however, the drug combination should now not be used 
owing to the high incidence of agranulocytosis. When it was 
used, reports of adverse reactions in pregnancy were uncom-
mon, and it was felt that the risks of the treatment were far 
outweighed by the risks of the disease (Luzzi and Peto, 1993). 
Newer agents that have a better safety profile are now avail-
able. Dapsone in combination with chlorproguanil appears 
to be relatively safe in pregnancy, with few adverse reactions 
reported. An extensive review of the literature on dapsone 
safety in pregnancy and malaria therapy accumulated infor-
mation on 924 pregnancies in which dapsone was given and 
found that there was no indication of maternal and fetal tox-
icity above what would be expected when dapsone was used 
in nonpregnant individuals; more specific trial evidence is still 
required (Brabin et al., 2004).

Dapsone can cross the placenta and is excreted in breast 
milk together with its acetyl metabolite (Edstein et al., 1986; 
Zuidema et al., 1986). In a case of mild neonatal hemolytic 
anemia in a breastfed infant whose mother was taking 50 mg 
of dapsone daily, dapsone levels in breast milk were found 
to be, on average, 0.67 of the plasma levels in the mother 
(Sanders et al., 1982). Infants with G6PD deficiency are at 
particular risk of hemolytic anemia if the breastfeeding 
mother is taking dapsone; otherwise it is generally safe to use 
when breastfeeding. In an investigation of excretion of dap-
sone and pyrimethamine in breast milk, it was found that the 
amount of both drugs present was insufficient to provide ade-
quate malaria prophylaxis for the infant (Edstein et al., 1986). 
The estimate of these researchers, based on the testing of three 
women who were taking 100 mg of dapsone daily, was that 
4.6–14.3% of the oral dose was found in the breast milk. This 
formulation is now not used owing to safety concerns.

7. CLINICAL USES OF THE DRUG

7a.  Mycobacterium leprae infection 
(Hansen’s disease)

Leprosy is a chronic destructive granulomatous infection, 
predominately of skin, nerves, and the eye, caused by M. lep
rae. Known since antiquity, its destructive and deforming 
sequelae have generated great social stigma. Sufferers were 
stigmatized as “lepers,” shunned and driven out from society, 
and forced to live together in leper colonies, also known as 
leprosariums or lazarets. The stigma of the diagnosis of lep-
rosy has led to the widespread use of the term Hansen’s dis
ease as an alternative name for the condition, particularly in 
the United States. Gerhard Armauer Hansen, a Norwegian 
physician and pupil of Robert Koch, discovered that M. lep
rae was the cause of leprosy in Bergen, Norway in the late 
19th century. Since that time, research has led to an in-depth 
understanding of the epidemiology and pathogenesis of the 
disease. This has led to the development of a cure with anti-
microbial agents, of which dapsone was the first of a series of 
effective agents and has remained the principal drug included 
in modern multidrug regimens.

The lack of an in vitro culture system for the organism has 
been a major impediment to research; however, the complete 
sequencing of the organism’s genome reported in 2001 (Cole 
et al., 2001) has led to a surge in the understanding of its biol-
ogy. It is now known that it is closely related to M. tuberculosis 
and that the two are descended from a common ancestral 
organism. It is an obligate intracellular parasite and survives 
within macrophages and Schwann cells. In humans, it prefers 
the cooler temperatures of the skin and peripheries. It can also 
replicate in the mouse footpad, and the nine-banded arma-
dillo has provided a useful animal model of infection.

Leprosy is predominately spread via aerosol from the 
respiratory secretions of patients with the multibacillary or 
lepromatous form of the disease. The incubation period var-
ies considerably, from as little as a few months to more than 
30 years, with the mean incubation period for paucibacillary 
disease being estimated to be 4 years and the mean incuba-
tion period for multibacillary disease estimated at 10 years. 
Subclinical infection is likely to be common in places where 
the disease has not been controlled. Up to 5% of people in 
villages in India and Indonesia where there are untreated 
cases of multibacillary disease have detectable M. leprae DNA 
on nasal swabs (Hatta et al., 1995; Ramaprasad et al., 1997). 
The majority of those who develop subclinical infection do 
not develop the disease. It is thought that approximately 5% 
of those who have subclinical infection develop the early 
clinical form of the disease called indeterminate leprosy. This 
manifests as a single skin lesion that usually spontaneously 
resolves after a period of time. About 25% of those who have 
had indeterminate leprosy go on to develop the progressive 
form of the disease.

The clinical manifestations of the disease depend heavily on 
the host response to the organism (White and Franco-Paredes, 
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2015). A vigorous immune response leads to the paucibacil-
lary or tuberculoid form, in which there are few organisms 
present in a small number of anesthetic skin lesions, usually 
associated with swelling or thickening of a peripheral nerve. 
The spectrum of disease extends through so-called border-
line forms to multibacillary or lepromatous leprosy in which 
there are huge numbers of organisms present in the skin, 
peripheral nerves, and nasal cavity. The commonly used clas-
sification system for clinical disease, which requires both a 
clinical and pathologic assessment, is the Ridley and Jopling 
scale (Ridley and Jopling, 1966). This was simplified into a 
three-part clinical scoring system: a single lesion, paucibac-
illary disease (two to five lesions), and multibacillary disease 
(more than five lesions) (Croft et al., 2000). The presence or 
absence of disease and the form that it takes are dependent 
on the immune response of the host, which in turn is often 
genetically determined. This, together with the proximity to 
active cases, explains the phenomenon that leprosy appears 
to run in families (Britton and Lockwood, 2004).

Throughout history, there appears not to have been any 
effective form of treatment for the disease until the recogni-
tion by Mouat in 1854 that Chaulmoogra oil, from the Asian 
tropical tree Hydnocarpus kurzii, may have had some effect 
on the progress of the infection. This unpleasant oil had 
been fabled in Eastern legend as having miraculous proper-
ties against leprosy. Seeds were collected and transported in 
the late 1800s to Hawaii, where plantations were established. 
Once a reliable supply had been established, it became a 
common treatment in leprosariums around the world in 
the first half of the 20th century. It was either taken orally or 
injected, and appeared to have an inconsistent effect on the 
disease, with relapse being commonly described (Schujman, 
1947). More recently, Chaulmoogra acids were found to be 
active against M. leprae in the mouse footpad system, lend-
ing support to the observations that it appeared to have some 
clinical effect (Levy, 1975).

The first synthetic antimicrobial agents to be successfully 
used for bacterial diseases in humans were the sulfonamides, 
developed initially by the aniline dye industry. Sulfonamides 
were trialed with only modest success in leprosy (Faget et al., 
1942), but were soon overtaken by the sulfones after the rec-
ognition of their high level of activity against M. leprae in rats 
(Cowdry and Ruangsiri, 1940).

The first trial of sulfones in leprosy involved dapsone 
derivatives, because dapsone itself was known to be too toxic 
at the doses thought to be necessary at the time. Glucosulfone 
sodium (promin) was evaluated in Carvill, Louisiana in the 
United States with clearly successful results (Faget et al., 
1943). Unfortunately, promin had to be given intravenously, 
so sulfoxone sodium (Diasone), acetosulfone (Promacetin), 
and acedapsone were developed as oral alternatives to promin. 
It was realized late in the 1940s that the dose of dapsone 
required to inhibit M. leprae was considerably lower than 
initially hypothesized, because the prolonged half-life led to 
rapid accumulation of the drug and severe methemoglobin-
emia and hemolysis when given at 1 g/day. This led to trials 
of less toxic doses being carried out. Lowe (1950) reported a 

trial of “low-dose” dapsone in 50 patients with lepromatous 
leprosy. Dapsone was given initially at 100 mg daily for 2 
weeks, then 200 mg daily for 2 weeks, and then 300 mg daily, 
and the results were assessed after an average of 9 months 
of treatment. Seventy-two percent showed a definite clini-
cal improvement, and 62% showed a definite bacteriologic 
improvement, with none showing any deterioration. Thirty 
percent developed a febrile reaction (erythema nodosum 
leprosum) (Lowe, 1950). Lowe also reported even more 
striking results of dapsone therapy at 100 or 200 mg/day in 
15 patients with the tuberculoid form of the disease. As stud-
ies of dapsone’s use in leprosy continued to demonstrate its 
success, the other sulfone preparations gradually fell into dis-
use. From the time of dapsone’s acceptance as the mainstay 
of treatment in the 1950s, practically all patients diagnosed 
with leprosy were treated with the drug; however, the dose 
and duration were by no means constant, with some using a 
dose as low as 10 mg/day (Gelber et al., 1974). Interruptions 
in treatment were common because of poor compliance, drug 
holidays, and cessation during upgrading reactions. These 
factors were important in the development of secondary 
dapsone resistance, first suspected in the late 1950s, and 
proven in vitro in 1964 (Ji, 1985). Primary dapsone resistance 
was reported in the 1970s (Pearson et al., 1977; Jacobson and 
Hastings, 1978), and because it was by then known that rifam-
picin had a high level of activity against M. leprae, WHO rec-
ommended that all patients should receive MDT for all 
forms of the disease, with the dapsone dose at 100 mg/day 
with no interruptions (WHO, 1982). This change was intro-
duced without formal trials being performed, although com-
bination therapy with dapsone and rifampicin had been used 
widely in the United States for multibacillary leprosy since 
1971 (Jacobson, 1994). Rifampicin (see Chapter 126, Rifam-
picin) is the single most potent drug against leprosy. Four 
days after a single dose of rifampicin 600 mg in a patient with 
untreated multibacillary disease, it is not possible to isolate 
the organism after inoculation of lepromatous material in 
the mouse footpad (Levy et al., 1976). Unfortunately, as with 
most organisms, a single step mutation allows the develop-
ment of rifampicin resistance, so in leprosy, treatment with 
rifampicin alone leads to secondary resistance and subse-
quent relapse in a high proportion of multibacillary cases 
(Jacobson and Hastings, 1976). Since the widespread use of 
MDT, multidrug-resistant M. leprae has not arisen. Relapses 
do occur, however, and the organisms isolated after failure of 
MDT appear to remain susceptible (Soares et al., 1995).

The reported experience with the WHO MDT regimens 
for multibacillary disease has, in general, been very favor-
able. In the 1994 WHO technical report, unpublished WHO 
data from multiple sites were summarized (WHO, 1994). 
Between 1981 and 1993, 20,141 patients with multibacillary 
disease were treated with the WHO regimen. Only 67 were 
reported to have relapsed (0.74%) after a 9-year follow-up 
period. There were 306 relapses (1.09%) in 51,553 patients 
treated for paucibacillary disease. This compares with the 
expected relapse rate of 10–20% in multibacillary disease 
when dapsone monotherapy is used.
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Several individual studies of treatment of paucibacillary 
disease have reported results that concord with the WHO data 
(Pattyn et al., 1987; Reddy and Mihinuddin, 1988; Orege, 
1990; Pattyn et al., 1990; Boerrigter et al., 1991; Ekambaram 
and Rao, 1991; Becx-Bleumink, 1992; Pattyn, 1993). Other 
studies demonstrated satisfactory cure rates with 12 months 
of MDT, and closer analysis of their results showed that there 
was a good response by six months in the majority of cases 
(Chopra et al., 1990; Grugni et al., 1990; Kaur et al., 1992; 
Ramu, 1992; Nadkarni et al., 1993).

Initial results of treatment of multibacillary disease indi-
cated that 2 years of therapy was likely to be satisfactory 
(WHO, 1994). Very short courses were tried with mixed 
results; however, follow-up of 10 years or more was ulti-
mately deemed necessary to ascertain the true relapse rate, 
even when a good response was present (Becx-Bleumink, 
1991; Pattyn et al., 1992).

In 1996, it was reported that the combination of clofazi-
mine and dapsone given daily for 12 weeks to nude mice 
infected with M. leprae was highly bactericidal, killing more 
than 99.99% of organisms. This suggested that it was not 
necessary to treat multibacillary disease for as long as 24 
months, the WHO MDT regimen current at the time (Ji et 
al., 1996a). This observation of the bactericidal nature of the 
combination was confirmed in a clinical trial in patients with 
multibacillary disease. Four of 10 patients treated with dap-
sone and clofazimine for 1 month had no viable organisms 
detectable on inoculation of lepromatous material in the 
mouse footpad (Ji et al., 1996b).

In 1998, after the publication of the aforementioned stud-
ies suggesting that MDT could be shortened, the regimen for 
multibacillary disease was shortened to 12 months (WHO, 
1998). The rationale was that the majority of effective bacte-
ricidal activity was from the use of rifampicin in a single dose 
that results in the killing of more than 99.999% of viable 
organisms, and that the now better understood bactericidal 
effect of the combination of clofazimine and dapsone would 
account for the remainder that were naturally rifampicin- 
resistant (Banerjee et al., 1997).

Retrospective evaluation of cohorts of patients with 
multibacillary disease who did not complete 24 months of 
therapy confirmed the efficacy of 12 months of treatment; 
however, shorter durations appeared to result in higher 
relapse rates. All assessments were performed at relatively 
short post-treatment intervals of 5 years or less (WHO, 
1998).

Field evaluations continue to demonstrate the fact that 
relapse rates for MDT of multibacillary disease remain low. 
In one report of 300 patients with multibacillary disease, 
treated with the WHO MDT regimen between 1986 and 
2002, 163 were evaluable. In that group, there were three 
cases of relapse—one each at 2, 4, and 11 years after cessation 
of therapy. With a mean duration of follow-up of 7.1 years, 
the relapse rate was 0.26 per 100 person-years, indicating 
that relapse rates after MDT remain low. Many of the patients 
in this cohort received 18 months to 2 years of therapy 
(Poojabylaiah et al., 2008).

In 1997, after a successful trial in India, an additional reg-
imen of a single dose of rifampicin 600 mg, ofloxacin 400 mg, 
and minocycline 100 mg was approved as an experimental 
treatment for single-lesion paucibacillary leprosy. Long-term 
follow-up continues, and the incidence rate of suspected 
relapse is currently reported at 3 per 1000 person-years (WHO 
Technical Advisory Group on Leprosy Control, 2006; WHO, 
2013).

WHO is also evaluating a single multidrug regimen for 
all forms of leprosy. This is termed the Uniform Multidrug 
Therapy Regimen. All patients are treated with 6 months 
of dapsone and clofazimine daily, and monthly rifampicin 
and clofazimine bolus. Early reports appeared encouraging 
(Kroger et al., 2008), particularly in the multibacillary patients; 
however, the final report is still pending, and, as with many of 
the WHO short-course MDT regimens, long-term follow-up 
over 10 years is eagerly awaited.

Given that the drive for the use of shorter course therapy 
was based on the need to enhance compliance, rapidly reduce 
infectivity in multibacillary patients, and conserve scarce 
resources in the poorer countries where leprosy is most 
prevalent, many more conservative clinicians have opted for 
prolonged treatment, particularly in multibacillary cases. The 
USPHS National Hansen’s Disease Program (HRSA, 2016) 
has continued with a more conservative approach and, after 
long-term evaluation (10–20 years) of short-course therapy 
in multibacillary patients, may opt to change if relapse rates 
remain low (Moschella, 2004).

The WHO MDT regimens remain the mainstay of treat-
ment of all forms of leprosy with low relapse rates (WHO, 
2012). These regimens have not changed since they were first 
introduced. Despite the WHO declaration of the elimination 
of leprosy as a public health problem in many countries, new 
cases continue to appear in those countries and asymptom-
atic carriers remain prevalent. Many contemporary chal-
lenges remain before this ancient disease can be considered 
to have been finally eradicated (Lockwood and Suneetha, 
2005; Scollard et al., 2006; Kar and Gupta, 2015). 

7b.  Other mycobacterial infections

Dapsone has modest in vitro activity against M. ulcerans; 
however, a trial of dapsone combined with rifampicin in a 
small number of patients showed disappointing results (Espey 
et al., 2002). The DHFR inhibitor epiroprim when combined 
with dapsone appears to have strong bactericidal activity 
(Dhople, 2001), but as yet no trials of treatment have been 
reported.

Dapsone appears to have no clinically apparent prophy-
lactic effect on M. avium complex infection in patients with 
advanced HIV disease (Stein et al., 1998). In the multicenter 
AIDS cohort study of 1035 subjects, of whom 216 used dap-
sone at some time during the study period, there was a non-
significant reduction of 30% in the incidence of MAC disease 
in those who had used dapsone. This confirmed the findings 
of a study that examined the incidence of MAC disease in a 
trial of dapsone prophylaxis for pneumocystis infection. In 
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that study, the relative risk of developing MAC infection was 
0.47 (95% CI: 0.19–1.16), which was not statistically signifi-
cant (Opravil et al., 1995b). There has been no larger study 
reported since then, and both had insufficient power to rule 
out a beta error.

7c.  Malaria

Dapsone is only weakly active against P. falciparum and less 
active against nonfalciparum species. Early trials of dapsone 
alone demonstrated high failure rates (Rieckmann et al., 
1968). Despite this, its use in malaria was pursued in the 
1960s and an interesting insight into its introduction as an 
antimalarial during the Vietnam conflict has been published 
(Barr, 2011). In vitro studies demonstrated considerable syn-
ergy with the DHFR inhibitors pyrimethamine (see Chapter 
93, Pyrimethamine) and cycloproguanil, and it has been in 
combination with these agents that dapsone has been found 
to have a role in the treatment and prophylaxis of P. falci
parum infection. Early studies of pyrimethamine with dap-
sone in varying ratios in children in the Gambia with chronic 
P. falciparum infection showed that the combination demon-
strated efficacy in suppression of parasitemia (Lucas et al., 
1969; Laing, 1970); however, the combination of sulfadoxine 
with pyrimethamine (Fansidar) rather than the combination 
of dapsone with pyrimethamine (Maloprim) was found to be 
more effective (see Chapter 91, Sulfonamides and Chapter 93, 
Pyrimethamine). Another study of patients with P. falciparum 
in Cambodia who were treated with varying dose levels of 
dapsone with pyrimethamine demonstrated a disappointing 
failure rate (Verdrager et al., 1969). The drug combination was 
re-evaluated in a study in Thailand in which 44 patients aged 
15–60 years with symptomatic P. falciparum infection were 
randomized to either a single dose of sulfadoxine 1 g plus pyri-
methamine 50 mg, or a single dose of dapsone 200 mg plus 
pyrimethamine 25 mg. Only 38 patients could be evaluated; 
however, the patients treated with the dapsone–pyrimeth-
amine combination had a significantly higher relapse rate. 
There may be a number of reasons for this, in particular the 
fact that the longer-acting component of the combination 
(pyrimethamine) was given as a dose half that used in the 
other combination; however, this was what was commer-
cially available at the time (Segal et al., 1975). The combina-
tion of dapsone with pyrimethamine then fell into disuse for 
treatment as the more effective sulfadoxine plus pyrimeth-
amine (Fansidar) combination gained favor as preferred treat-
ment for chloroquine-resistant P. falciparum infection.

Trials of Maloprim (dapsone plus pyrimethamine) for pro-
phylaxis in children in endemic areas were markedly success-
ful. In a trial of over 700 children, an age- and size-adjusted 
dose of Maloprim administered by village health workers 
weekly throughout the rainy season over a period of 5 years 
showed a reduction in overall mortality of 35% in treated 
children. This was accompanied by significant improvements 
in hematologic markers and other markers of general health. 
Side effects of the combination therapy were not apparent 

(Greenwood et al., 1988). A similar study in infants in 
Tanzania some years later showed an equally impressive 
result (Lemnge et al., 1997).

Maloprim was widely used as prophylaxis in travelers to 
malaria-endemic areas until a significant number of cases 
of fatal agranulocytosis were reported through the late 1970s 
and early 1980s (Friman et al., 1983; Hutchinson et al., 1986). 
Although twice-weekly administration was more strongly 
associated with the idiosyncratic adverse effect, a signifi-
cant number of cases were also associated with once-weekly 
administration. The estimated rate of agranulocytosis ranged 
from 1:2000 to 1:20,000, a rate far higher than that seen with 
dapsone alone when used for leprosy (Phillips-Howard and 
Bjorkmann, 1990). As the cost–benefit balance had signifi-
cantly changed, recommendations for its use were changed 
in favor of mefloquine or doxycycline, with Maloprim and 
Fansidar reserved for use in situations in which the rate of 
severe malaria far outweighed the rate of potential serious 
complications. These have subsequently changed again on a 
number of occasions (Shanks and Edstein, 2005).

Superimposed over the problem of severe adverse effects 
came that of rapidly developing resistance to DHFRs. Pyri-
methamine resistance became apparent in Africa, Southeast 
Asia, and South America fairly soon after its use became 
widespread, and the long half-life and persisting low plasma 
levels of pyrimethamine when administered on a weekly 
basis were found to be significant factors in the induction of 
DHFR mutations (see Chapter 93, Pyrimethamine). The 
significant discordance between the short half-life of dap-
sone and long half-life of pyrimethamine compared with the 
longer half-life of sulfadoxine accentuated the situation when 
Maloprim was compared with Fansidar (Watkins and Mosobo, 
1993; Nzila et al., 1998; Nair et al., 2003). The shorter half-life 
of chlorproguanil, which matches the half-life of dapsone, 
allowed the combination of the two drugs (LapDap) to be 
successfully trialed as treatment and prophylaxis in heavily 
endemic areas in Africa. The presence of the I164L resistance 
trait in Southeast Asia and South America curtailed its use to 
Africa. The combination has proven effective in a number of 
trials in Africa, and has even proven efficacious in Fansidar-
resistant disease (Mutabingwa, 2001; Bukirwa et al., 2004). 
Unfortunately, side effects associated with hemolysis in 
G6PD-deficient individuals constrained its use significantly, 
particularly as the trait is common in Africa, and field condi-
tions in resource-poor countries mean that G6PD testing is 
often impractical. WHO outlined strict guidelines for its use 
in 2004 (WHO Technical Consultation, 2004).

As the I164L DHFR resistance trait that conferred resis-
tance to chlorproguanil spread gradually in Africa, the WHO 
principle of MDT was addressed by the trial introduction 
of a triple combination agent: chlorproguanil, dapsone, and 
artesunate (Dacart). This combination was investigated in 
Africa in adults with P. falciparum infection and compared in 
a randomized control trial against artemether–lumefantrine 
(see Chapter 169, Artemisinins). The results showed that the 
two combinations appeared to have equivalent efficacy, but 
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there was a significantly higher incidence of hematologic 
toxicity in the dapsone-containing combination. As a result 
of this, in February 2008 the manufacturers withdrew the 
product (Dacart), and LapDap as well, from further devel-
opment and commercial use. This means that dapsone- 
containing combination antimalarial therapies are effectively 
no longer available and are not recommended in any form for 
malaria treatment or prophylaxis (WHO, 2008; Global Malaria 
Programme, 2015). A recent Cochrane review assessed the 
role of various regimens, including dapsone-containing pro-
tocols, in the prevention of malaria in pregnant women in 
endemic areas (Radeva-Petrova et al, 2014).

7d.  Pneumocystis jiroveci (carinii) infection

Dapsone is a well-established alternative to TMP–SMX for 
treatment and prophylaxis of PCP. P. jiroveci has now been 
accepted taxonomically as a fungus; however, it was origi-
nally thought to be a protozoan. P. jiroveci is now the name of 
the species that infects humans, and P. carinii is the species 
that infects rats. Infection is common: seroprevalence studies 
have indicated that about two-thirds of children have evi-
dence of exposure by 4 years of age. Progressive, symptomatic 
pneumonitis is, however, rare in the non-immunocompro-
mised. Although the infection was known and described as a 
rare clinical entity before he global epidemic of HIV infec-
tion, it was this epidemic with its associated severe immuno-
deficiency state (AIDS) that led the expansion of research 
into the biology of the organism and the progress in the dis-
covery of ways to manage the infection. Clinical disease is 
likely to be a result of primary acquisition of the organism 
or, less commonly, reactivation of a latent carrier state. In 
patients with a severe T-cell immunodeficiency state such as 
AIDS, or as a result of immunosuppression as a consequence 
of organ transplantation or chemotherapy for hematologic 
malignancy, the risk of infection is substantial. Both primary 
and secondary chemoprophylaxis has proven to be effective 
in preventing infection in these high-risk groups. There is no 
form of immunization available.

Initially, animal studies demonstrated that dapsone had 
efficacy against P. carinii and that combination with tri-
methoprim showed significant synergy, but that TMP–SMX 
was more effective for treatment (Hughes and Smith, 1984). 
Further studies in corticosteroid-treated rats demonstrated 
that dapsone was highly effective in chemoprophylaxis, even 
when given at monthly intervals (Hughes, 1988). After the 
encouraging reports in animal studies, the first human trials 
of dapsone for Pneumocystis infection were carried out. The 
first study carried out in 15 patients with AIDS and PCP in 
San Francisco was an open-label study of dapsone at 100 mg/
day and trimethoprim at 20 mg/kg/day. All patients improved 
both clinically and radiologically (Leoung et al., 1986). 
Another study evaluated dapsone alone. Eighteen patients 
with AIDS and PCP were given dapsone 100 mg daily for 21 
days. Eleven of the 18 (61%) responded satisfactorily (Mills 
et al., 1988). A further small study was published of seven 

patients with mild PCP treated with dapsone alone at 200 mg 
once daily. All seven patients had a poor outcome, leading 
the authors to conclude that dapsone alone was an inferior 
therapy and should not be part of further comparative trials 
(Safrin et al., 1991).

A randomized, double-blind trial of 60 patients with mild 
PCP and AIDS who were randomized to either oral TMP–
SMX or oral trimethoprim–dapsone found that there was a 
low failure rate of about 10% in each group and that severe 
drug-related toxicity was less common in the dapsone-treated 
group (Medina et al., 1990).

In 1996, a randomized double-blind trial of dapsone plus 
trimethoprim versus TMP–SMX versus clindamycin plus 
primaquine was carried out in 181 patients with AIDS and 
moderate to severe PCP. No difference was seen among the 
three groups in response rates, or dose-limiting toxicity, 
although there were differences in the milder adverse effects 
seen in the groups. Although this is the largest study of the 
efficacy of the dapsone combination for treatment of PCP, 
the sample size was insufficient to demonstrate equivalence 
(Safrin et al., 1996). Since that time, there have been no 
 further large treatment trials of dapsone in PCP reported. 
Dapsone combined with trimethoprim is recommended as 
an alternative to TMP–SMX for the treatment of mild to 
moderate PCP in AIDS (NIH, 2015).

For patients with PCP who have problems with treatment- 
related toxicity, the appropriate response is to switch to one 
of the alternative proven regimens. Treatment failure for 
microbiologic reasons is rare, although possible resistance to 
DHFR inhibitors has been observed, particularly in those who 
have been previously exposed to the drugs (Crothers et al., 
2005; see Chapter 92, Trimethoprim and Trimethoprim–
Sulfamethoxazole [Co-trimoxazole]). One meta-analysis 
(Smego et al., 2001) concluded that the best alternative ther-
apy for TMP–SMX treatment failure is a switch to the combi-
nation of clindamycin plus primaquine. This recommendation 
has not been subjected to validation in a clinical trial.

Primary prophylaxis in the setting of severe immunodefi-
ciency has proven to be effective in patients with HIV infec-
tion, as well as those who are immunosuppressed for reasons 
other than HIV infection. Attack rates for patients with non-
HIV immunodeficiency states have been reported as follows: 
acute lymphoblastic leukemia, 6.5–42.9%; severe combined 
immunodeficiency syndrome, 27–42%; rhabdomyosarcoma, 
4–25%; Wegener’s granulomatosis, 3.5–12%; Hodgkin’s disease, 
1.3%; collagen-vascular diseases, < 2%; and central nervous 
system tumors, 1.3–1.7% (Rodriguez and Fishman, 2004).

Before PCP prophylaxis became standard practice, the 
rate of PCP in patients with AIDS was about 80%. Since the 
introduction of primary prophylaxis and highly active anti-
retroviral therapy, the incidence of the disease in populations 
that can access treatment has markedly declined. It does, 
however, remain prevalent; a significant proportion of indi-
viduals with HIV still have PCP as their first sign of the dis-
ease. By the late 1990s, there had been more than 40 studies of 
PCP prophylaxis that involved the use of dapsone, and these 



1760 Dapsone

have been well summarized in the review by Hughes (1998). 
In these studies, dapsone doses ranged from 50 to 300 mg/
day, with dosing intervals ranging from daily to monthly. In 
some studies dapsone was given alone, and in others with 
pyrimethamine in an effort to give combined prophylaxis 
for both PCP and T. gondii infection. Notable trials included 
the first publication suggesting that dapsone was likely to be 
clinically effective in preventing PCP in patients with AIDS 
(Lucas et al., 1989). In this randomized controlled trial from 
Australia, 16 patients were treated with dapsone at 100 mg 
per week, and 46 had no prophylaxis. The incidence of break-
through disease in the treated group was only 6.3% com-
pared with 34.8% in the controls, a significant difference. 
Hughes (1998) noted that no trial showed the superiority of 
one dosing regimen over another, with breakthrough disease 
occurring in a range from 0% to 21% at dapsone 100 mg 
daily, 2–6% when given as 100 mg weekly, and 0–13% when 
given as 50 mg daily (Hughes, 1998). Similarly, there is no 
evidence that the combination of dapsone with pyrimeth-
amine leads to a lower breakthrough rate of infection than 
with dapsone alone, because only studies with small num-
bers of subjects exist for comparison. In one study, 55 patients 
were randomized to 200 mg of dapsone per week or 200 mg 
of dapsone plus 25 mg of pyrimethamine per week. In both 
groups the breakthrough rate was similar, at 4.3% and 4.5%, 
respectively (Lavelle et al., 1991).

When dapsone is compared either with or without pyri-
methamine against TMP–SMX, the majority of studies have 
indicated that the latter combination is more effective with a 
lower rate of breakthrough (Hughes, 1998). Studies compar-
ing aerosolized pentamidine with dapsone have indicated in 
the majority that both agents have equivalent efficacy. One 
study was terminated early because of excess mortality in the 
dapsone group. In this study, 196 AIDS patients were ran-
domized to 300 mg of aerosolized pentamidine monthly or 
50 mg of dapsone daily. The study was prematurely termi-
nated after a mean follow-up of 13 months when it became 
clear that the mortality rate in the dapsone group at 42% was 
significantly higher than the mortality rate of 21% in the 
group receiving pentamidine (Salmon-Ceron et al., 1995). 
Various reasons for this have been proposed, including the 
fact that the dapsone group had a lower mean CD4+ lym-
phocyte count and that the dapsone preparation contained 
iron protoxylate (Weinberg, 1996). A meta-analysis of dap-
sone versus TMP–SMX versus aerosolized pentamidine as 
prophylaxis in patients with AIDS combined results from 
4832 patients in 22 trials and found that TMP–SMX was 
superior to dapsone with or without pyrimethamine, which 
in turn was superior to aerosolized pentamidine (Bucher et 
al., 1997). This confirmed the findings in a meta-analysis of 
35 trials of PCP prophylaxis that concluded that TMP–SMX 
was superior to dapsone, and that lower-dose dapsone had 
fewer adverse effects, but at the expense of efficacy (Ioannidis 
et al., 1996). An analysis of the long-term effectiveness and 
side-effects of PCP prophylaxis in HIV infection using deci-
sion analysis and Markov modeling concluded that the opti-
mal prophylaxis for PCP when it was prescribed long term 

(>  7 years) was low-dose TMP–SMX, with standard-dose 
dapsone as the alternative for patients intolerant of the pre-
ferred regimen (Wynia et al., 1998). Subsequent to the com-
prehensive review published in 1998 (Hughes, 1998), there 
have been few trials of PCP treatment or prophylaxis in HIV 
given the marked success of highly active antiretroviral ther-
apy in prolonging life and preventing progression to severe 
immunosuppression. Atovaquone (see Chapter 182, Atova-
quone) has been found to have similar efficacy in prophylaxis 
against PCP and when compared with dapsone or aerosol-
ized pentamidine in HIV-infected patients (El-Sadr et al., 
1998; Chan et al., 1999). Current guidelines on treatment and 
prevention of opportunistic infections in HIV recommend 
TMP–SMX as the preferred PCP prophylaxis for patients 
with HIV and a CD4+ count < 200 cells/µl or before PCP or 
a CD4+% < 14% or history of another AIDS-defining illness 
(see Chapter 92, Trimethoprim and Trimethoprim–Sulfa-
methoxazole [Co-trimoxazole]). Dapsone alone at 100 mg 
daily or 50 mg twice daily; dapsone 50 mg daily plus pyri-
methamine 50 mg and leucovorin 50 mg weekly; dapsone 
200 mg plus pyrimethamine 75 mg plus leucovorin 25 mg 
weekly; nebulized pentamidine monthly; and atovaquone 
daily with or without pyrimethamine are listed as alternative 
prophylaxis regimens (NIH, 2015).

Prophylaxis and treatment of PCP infection in non– 
HIV-infected immunosuppressed patients has largely been 
inferred from studies of HIV-infected patients. However, 
there are differences between the two groups. Patients with 
AIDS are 5.4 times more likely to develop adverse reactions 
to TMP–SMX (Kovacs et al., 1984), and the risk of develop-
ing PCP varies depending on the intensity of immunosup-
pression. Guidelines published in 2000 by the US Centers for 
Disease Control and Prevention strongly recommend PCP 
prophylaxis for patients with allogeneic bone marrow trans-
plants, and also suggest that prophylaxis should be consid-
ered during periods of immunosuppression for those with 
autologous transplants and hematologic SCTs. TMP–SMX is 
the agent of choice, with dapsone as the second-line therapy, 
followed by aerosolized pentamidine and atovaquone. These 
recommendations were also published in guidelines for pro-
phylaxis in bone marrow transplant settings (Centers for 
Disease Control [CDC], 2000; Tamblyn et al., 2009). There is 
less certainty about which other immunosuppressed patients 
should receive PCP prophylaxis. Fishman (2001) recom-
mended that all transplant patients receiving T-cell depleting 
therapies or receiving a dose of prednisolone greater than 20 
mg daily should receive PCP prophylaxis. The recommended 
agents were similar to the regimen recommended for prophy-
laxis in HIV. This has been the generally followed guideline 
since that time. Data on the use of dapsone in non–HIV-
infected immunosuppressed patients seem to indicate that 
the troublesome side effects of dapsone are more prevalent in 
transplant patients and those with hematologic malignancy 
(Malasingam et al., 2014; Mitsides et al., 2014; Oltenu et al., 
2012; see section 6, Adverse Reactions and Toxicity). In one 
study of bone marrow transplant recipients, dapsone at 50 mg 
twice daily three times a week was found to be inferior to 
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TMP–SMX, resulting in a PCP rate of 7.2% compared with 
0.37% for TMP–SMX (Souza et al., 1999). There is no evidence 
that the addition of pyrimethamine to dapsone increases its 
prophylactic effect against PCP in this group (Rodriguez and 
Fishman, 2004). A meta-analysis of PCP prophylaxis trials 
in non-HIV immunosuppressed patients in 2008 concluded 
that prophylaxis was effective and that the number needed to 
prevent a single case of PCP when prophylaxis was given for 
a mean of 3 years was 15. It also concluded that prophylaxis 
should be offered to those groups represented in the reported 
trials in which PCP prophylaxis was found to be effective 
and in which the incidence of PCP without prophylaxis was 
greater than 3%. These were, in both children and adults, as 
follows: solid organ transplant recipients in the first 6 months 
after transplantation; patients undergoing allogeneic bone 
marrow transplantation during the first 6 months after trans-
plantation and continuing if immune suppression is contin-
ued beyond that time; patients with Wegener’s granulomatosis 
during the first year after diagnosis; and patients with acute 
lymphoblastic leukemia (Green et al., 2007).

7e.  Toxoplasma gondii infection

Dapsone is active against T. gondii; however, there have been 
limited clinical trials of treatment with dapsone or dapsone- 
containing combinations (Yan et al., 2013). This is because its 
activity in animal models was significantly inferior to that of 
pyrimethamine and other antimicrobials. Isolated case reports 
of its success have been published (Derouin et al., 1991). 
Dapsone is regarded as effective prophylaxis against reactiva-
tion of T. gondii encephalitis in HIV-infected patients with 
significant immunodeficiency. When given in combination 
for PCP prophylaxis with pyrimethamine and leucovorin, 
there is a significant protective effect against the develop-
ment of T. gondii encephalitis (Clotet et al., 1991; Girard et 
al., 1993; Mariuz et al., 1994; Opravil et al., 1995a; Podzamczer 
et al., 1995). Current guidelines recommend pyrimethamine 
plus dapsone plus leucovorin as alternative primary prophy-
laxis for patients with HIV and a CD4+ count of < 200 cells/µl 
who are intolerant of TMP–SMX. Dapsone alone or in com-
bination is not recommended as therapy or for secondary 
prophylaxis (NIH, 2015). Further discussion on the treat-
ment and prophylaxis of T. gondii infection can be found in 
Chapter 93, Pyrimethamine.

7f.  Use as an anti-inflammatory agent

Dapsone has found a role in the therapy of many noninfec-
tious inflammatory disorders—in particular, with a number 
of rare dermatoses (Wozel and Blasum, 2014). It was first 
observed in the late 1940s that dapsone was effective in 
the management of dermatitis herpetiformis (Esteves and 
Brandao, 1950). This has been subsequently confirmed and 
dapsone is now regarded as the treatment of choice for the 
dermatologic manifestations of this rare condition. Derma-
titis herpetiformis is a chronic disorder manifesting with 
a  blistering dermatosis and subtotal villous atrophy with 

con sequent malabsorption. IgA deposits in the dermis are 
pathognomonic, and it appears that the pathogenesis relates 
to autoimmune cross-reactivity of IgA antibodies to a gut 
transglutaminase enzyme that is also present in the dermis in 
a similar form (Karpati, 2004). The disease cannot be cured 
but can be controlled by strict adherence to a gluten-free 
diet. Dapsone is particularly effective in controlling the der-
matologic manifestations of the disease, but does not have 
any effect as a disease-modifying agent or on the gastrointes-
tinal manifestations. Doses as high as 300–400 mg/day have 
been used to maximize the anti-inflammatory effect, but are 
often limited by dose-related toxicity, such as methemoglo-
binemia and hemolysis (see section 6, Adverse Reactions and 
Toxicity). Strategies to minimize these effects, such as the 
co-administration of cimetidine, have been moderately suc-
cessful in improving the drug’s tolerability (Coleman et al., 
1992). Strict adherence to a gluten-free diet allows the dose 
of dapsone to be reduced and, in some cases, ceased alto-
gether (Fry, 1988; Egan et al., 1997).

Subcorneal pustular dermatosis is a rare condition of the 
eye that is associated with the IgA form of pemphigus, a 
blistering skin disease (Huff et al., 1985). Often termed the 
“Sneddon–Wilkinson” syndrome after the clinicians who first 
reported that dapsone was active against this disease of the 
eye (Sneddon and Wilkinson, 1956), the disease responds well 
to dapsone therapy, although other forms of immunosuppres-
sion are sometimes required to control the manifestations 
of the disease outside the eye. The broad spectrum of IgA 
pemphigus disease in general responds well to dapsone and, 
accordingly, it remains the drug of first choice (Ongenae et 
al., 1999; Chaudhari and Marinkovich, 2007). Dapsone has 
been found to be a useful steroid-sparing agent in patients 
with pemphigus vulgaris (Rosenberg et al., 1976), although 
more modern approaches to steroid-sparing immunosup-
pression, such as co-administration with mycophenolate or 
the use of rituximab, are now used in preference to dapsone 
(Piette and Werth, 2012).

Pyoderma gangrenosum, another neutrophilic dermatosis, 
often seen in association with inflammatory bowel disease, is 
usually treated with corticosteroids, although more resistant 
cases may respond to other forms of immune suppression 
such as cyclosporine, methotrexate, or thalidomide. Dapsone 
in combination with prednisolone has been reported as being 
successful in controlling this condition (Galun et al., 1986).

The role of dapsone in the effective treatment of bullous 
systemic lupus erythematosus (SLE) has recently been 
reviewed (Duan et al., 2015).

When dapsone was first used to treat leprosy in the 1940s, 
it was noticed that the patients who also had acne vulgaris 
experienced a significant improvement in their condition. 
Since that time, dapsone has been used to treat the more 
severe forms of acne vulgaris, its anti-inflammatory proper-
ties thought to be the mechanism by which it acts (Ross, 
1961; Prendiville et al., 1988). Doses ranged from 25 mg/day 
to 300 mg/week. Dapsone’s reputation for side effects meant, 
however, that systemic therapy fell out of favor as it was 
replaced by other therapies (Thiboutot et al., 2007). It was 
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therefore hypothesized that topical application of dapsone 
may be effective in acne vulgaris. Two randomized control 
trials of the 5% gel formulation were carried out that demon-
strated statistically significant clinical improvement in inflam-
mation and lesion counts over 12 weeks. The product was 
subsequently licensed by the FDA for treatment of acne vul-
garis in the United States (Draelos et al., 2007). Subsequent 
studies appeared to demonstrate that, although minimal sys-
temic absorption does occur, the development of the com-
mon side effects of dapsone—namely, methemoglobinemia 
and hemolysis—did not occur (Roberts et al., 2005; Thiboutot 
et al., 2007). Subsequent to these reports, a case of methe-
moglobinemia after the use of topical dapsone was published 
(Swartzentruber et al., 2015). The role of dapsone and other 
agents in the treatment of severe acne has recently been 
reviewed (Aslam et al., 2015).

After the demonstration of its efficacy in immune throm-
bocytopenia (ITP), dapsone has been recommended as sec-
ond-line therapy, with response rates of up to 63% reported 
(Provan et al., 2010; Rodrigo and Gooneratne, 2013). Various 
mechanisms for its mode of action in patients with this dis-
order have been proposed, and doses have varied between 50 
mg and 300 mg daily (Hill, 2015). A recent report suggested 
the response rate is considerably lower, and further studies 
are warranted in ITP (Oo and Hill, 2015)

Dapsone has been found to have anticonvulsant activity 
in animals, and an open-label trial in patients with drug- 
resistant complex partial seizures demonstrated a significant 
reduction in seizure activity in 16 of 22 subjects enrolled 
(Lopez-Gomez et al., 2011). A potential explanation for this 
observation was proposed by Kast et al. (2012)—namely, that 
seizures are often associated with elevated levels of IL-8, and 
that because dapsone inhibits IL-8 release and function, the 
seizure threshold is raised, especially when associated with 
glioblastomas (Kast et al., 2012).

Dapsone has been found to have an effect superior to 
placebo and similar to hydroxychloroquine in rheumatoid 
arthritis. It is considered an effective second-line agent for 
the treatment of the disease, but not a disease-modifying 
agent (Chang et al., 1996). 

The understanding of the pathogenesis of asthma has 
evolved to focus on an underlying disorder causing airway 
inflammation. Dapsone has been demonstrated to inhibit 
a  number of parameters of neutrophil activity in airways 
(Kanoh et al., 2011) and has been proposed as a steroid spar-
ing agent in severe steroid-dependent asthma. An open-label 
historical controlled trial was carried out in 10 patients who 
had severe chronic steroid-dependent asthma. Seven of the 
10 patients were able to have their steroids ceased with no 
sign of worsening disease (Berlow et al., 1991). A structured 
Cochrane review in 2002 reported no further evidence about 
dapsone’s use in asthma (Dewy et al., 2002).

A number of case reports have strongly suggested that 
dapsone is effective in reducing the aphthous ulceration in 
patients with Behçet’s disease (Ghate and Jorizzo, 1999; Wolf 
et al., 2000). Larger trials have yet to be reported.
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1. DESCRIPTION

Trimetrexate (as trimetrexate glucuronate) was marketed 
under the brand name Neutrexin. Its molecular weight is 
369.4 (trimetrexate) and 563.6 for trimetrexate glucuronate. 
Its chemical formula is 2,4-diamino-5-methyl-6-([3,4,5- 
trimethoxy-phenyl] aminomethyl) quinazoline, with an 
empiric formula of C19H23N5O3 (trimetrexate glucuronate: 
C19H23N5O3,C6H10O7; see Figure 95.1). 

Trimetrexate is a dihydrofolate reductase (DHFR) inhibi-
tor (similar to methotrexate) that was used primarily as an 
alternative for treatment of the fungus Pneumocystis jiroveci 
(carinii) and has also been used in the treatment of cerebral 
toxoplasmosis (Amsden et al., 1992; Masur et al., 1993; Fulton 
et al., 1995; Warren et al., 1997; Fishman, 1998). Trimetrexate’s 
potential use as an antiparasitic agent in treating malaria 
(Chan and Anderson, 2006; Nduati et al., 2008; Kiara et al., 
2009; Nzila et al., 2010) and protozoan disease such as try-
panosomiasis (Chagas disease) has been investigated (Sen-
kovich et al., 2005; Sienkiewicz et al., 2008; Dawson et al., 
2010). Research into trimetrexate and newer analogs for use 
in dental infections, specifically caused by Streptococcus 
mutans, has been reported (Zhang et al., 2015).

Trimetrexate has been increasingly investigated for use 
in a variety of solid tumors, including colorectal, non–small 
cell lung, and head and neck cancers, demonstrating some 
benefit in advanced disease in multicenter trials (Haller, 
1997; Holen and Saltz, 2001; Punt et al., 2002; Micromedex 
Health Care Series, 2015). 

Trimetrexate should be co-administered with leucovorin 
(5-formyltetrahydrofolate) to ameliorate the risk of myelo-
toxicity when used for infections. MedImmune Incorporated 
announced cessation of production of trimetrexate glucuro-
nate in 2007 (Micromedex Health Care Series, 2015).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Routine susceptibility data are not generally available for 
trimetrexate, given the lack of in vitro growth and suscepti-
bility testing systems for P. jiroveci (carinii) and toxoplasma.

2b.  Emerging resistance and 
cross-resistance

Resistance mechanisms are not clearly defined in the limited 
studies of trimetrexate treatment of infections. However, 
similar to co-trimoxazole (see Chapter 92, Trimethoprim 
and Trimethoprim–Sulfamethoxazole [Co-trimoxazole]) and 
pyrimethamine (see Chapter 93, Pyrimethamine), alterations 
in DHFR are likely to affect the drug’s activity. It has been 
suggested that there is potential cross-resistance between 
trimetrexate and methotrexate; however, this depends on the 
mechanism of the latter and has been studied mainly in can-
cer cell lines (Diddens et al., 1983; Marshall and DeLap, 
1994). Trimetrexate activity is unlikely in cells that express 
the multidrug-resistant phenotype or have elevated levels of 
DHFR (Marshall and DeLap, 1994).

3. MECHANISM OF DRUG ACTION

Trimetrexate is a nonclassic DHFR inhibitor (Deresinski, 
1997; Ganjee et al., 2007). It is 100–1500 times more potent 
than trimethoprim in inhibiting the DHFR of P. jiroveci, but 
is less selective than trimethoprim in its effects on mamma-
lian DHFR, therefore resulting in more toxicity (Marshall 
and DeLap, 1994; Deresinski, 1997). DHFR is an important 
folate coenzyme; by inhibiting DHFR, trimetrexate prevents Figure 95.1. Structure of trimetrexate. 
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the biosynthesis of thymidylate. Trimetrexate also indirectly 
inhibits purine biosynthesis through depletion of reduced 
folates (Jackson et al., 1984). As a consequence, both DNA 
and RNA synthesis are affected. Trimetrexate and leucovo-
rin co-administration results in therapeutic activity against 
P. jiroveci because this organism lacks a folate transport sys-
tem and is dependent on its ability to synthesize folates. In 
comparison, human cells are able to use leucovorin as a pre-
formed folate with resultant reduced toxicity (Rogers et al., 
1988; Deresinski, 1997). Trimetrexate is lipophilic and is 
thought to enter cells generally by passive diffusion, although 
some facilitated transport systems may also be involved 
(Kamen et al., 1984; Marshall and DeLap, 1994).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Trimetrexate is available only as an intravenous prepara-
tion, although this has occasionally been administered orally 
(see later in section 4, Mode of Drug Administration and 
Dosage—Oral).

4a.  Adults

INTRAVENOUS

The recommended dose for moderate to severe P. jiroveci 
(carinii) pneumonia (PJP) is 45 mg/m2 daily with concurrent 
leucovorin (folinic acid) administration (the latter can be 
given orally or intravenously at 20 mg/m2 every 6 hours) 
(Sattler et al., 1990, 1994; Short et al., 2009). Higher trime-
trexate doses (up to 90 mg/m2) were administered in a study 
evaluating trimetrexate dosages in patients with AIDS; dose- 
limiting toxicity without an increase in efficacy was noted 
(Sattler et al., 1990). Leucovorin administration should be 
continued for at least 3 days after the last dose of trimetrex-
ate. Higher doses of leucovorin were administered in other 
studies (Sattler et al., 1990); however, it is unknown whether 
doubling or tripling the leucovorin dose influences the ther-
apeutic effect of trimetrexate (Fulton et al., 1995).

Another approximate dosage recommendation based on 
body weight is as follows:

• 50 kg: trimetrexate 1.5 mg/kg/day plus leucovorin 0.6 mg/
kg four times daily

• 50–80 kg: trimetrexate 1.2 mg/kg/day plus leucovorin 0.5 
mg/kg four times daily

• > 80 kg: trimetrexate 1.0 mg/kg/day plus leucovorin 0.5 
mg/kg four times daily (Medimmune Pharma, 2000).

ORAL

Rogers et al. (1988) suggested that with use of the intrave-
nous formulation, trimetrexate may be given orally at higher 
doses for patients who require long-term prophylaxis. The 
study used 60 mg/m2 (which at the time was double the rec-
ommended intravenous dose for PJP) and evaluated only six 

patients (four with PJP and two with toxoplasmosis). Thera- 
peutic oral administration of the intravenous trimetrexate 
formulation was also used in patients receiving treatment for 
cerebral toxoplasmosis who were able to be managed as out-
patients (Masur et al., 1993).

4b.  Newborn infants and children

The safety of trimetrexate use has not been formally assessed 
in patients < 18 years of age. However, there are several case 
reports of its use in children for PJP without serious unex-
pected side effects (Medimmune Pharma, 2000). It has also 
been used in pediatric oncology; however, the doses were 
lower than those used for treatment of PJP (Balis et al., 1987; 
Hum et al., 1998).

4c.  Pregnant and lactating mothers

Trimetrexate is US Food and Drug Administration (FDA) 
pregnancy category D, with the drug shown to be teratogenic 
in animals at doses 1/20 to 1/2 of normal human doses. Thus, 
the use of trimetrexate is contraindicated during pregnancy 
(FDA, 2005). There are no data on the excretion of trimetrex-
ate into human milk, but owing to the potential for serious 
adverse reactions in nursing infants, breastfeeding should be 
discontinued if the mother is treated with trimetrexate (FDA, 
2005).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Trimetrexate doses should probably be reduced in patients 
with renal impairment because 5–41% of the drug is excreted 
unchanged in the urine (Bertino et al., 1988; Amsden et al., 
1992). However, there have been no formal studies under-
taken to determine the exact adjustment criteria. Allegra et 
al. (1987) found that trimetrexate pharmacokinetics were 
not different in one patient with renal failure (serum creati-
nine 3.3 mg/dl) compared with those who had normal renal 
function when trimetrexate was administered at doses of 30 
mg/m2 for PJP.

In renal failure with serum creatinine levels of > 2.5 mg/dl, 
treatment interruption is recommended if this increase is 
thought to be due to trimetrexate (Medimmune Pharma, 
2000).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Dose reduction should be considered in patients with 
impaired hepatic function based on studies of trimetrexate 
in malignancies, although adjustment criteria have not for-
mally been examined (Rodriguez et al., 1993). Trimetrexate 
therapy interruption is recommended if an increase in 
hepatic transaminases and/or alkaline phosphatase levels to 
five times the upper limit of normal occurs (Medimmune 
Pharma, 2000).
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In a phase I oncology trial, low serum albumin levels, such 
as may be encountered in patients with poor hepatic func-
tion, were correlated with reduced clearance of the drug—
hence, lower doses were recommended for phase II trials in 
which patients received weekly infusions of trimetrexate 
(Fanucchi et al., 1987).

OLDER ADULTS

No specific information is available regarding trimetrexate use 
in the elderly, although many oncology trials have included 
patients of older age.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Trimetrexate is thought to have oral bioavailability of 19–67% 
(mean, 44%) based on a study that evaluated orally admin-
istered intravenous formulation trimetrexate (60 mg/m2) for 
long-term prophylaxis in six patients (Rogers et al., 1988). 
The terminal elimination half-life of trimetrexate is 15–20 
hours (Ho et al., 1987; Lin et al., 1987; Marshall and DeLap, 
1994), although in one study of AIDS patients an elimination 
half-life (t1/2) of 8.29–10.0 hours was observed (Koda et al., 
1999). With co-administration of leucovorin, the trimetrex-
ate half-life was between 6 and 16 hours (Rogers et al., 1988). 
The pharmacokinetics of trimetrexate appears to be biphasic 
or triphasic (Lin et al., 1987).

Protein binding of trimetrexate is high (up to 98%), but 
can be variable (Fanucchi et al., 1987; Medimmune Pharma, 
2000).

5b.  Drug distribution

The volume of distribution of trimetrexate at steady state is 
estimated to be between 0.17 and 0.62 l/kg, or 17–62% of 
body weight, after intravenous administration of between 10 
and 120 mg/m2 (Lin et al., 1987). In pediatric patients, this 
is estimated at 0.46 l/kg (Balis et al., 1987). Distribution into 
the cerebrospinal fluid (CSF) is thought to be low (Allegra et 
al., 1990), with a CSF/plasma ratio of 2%, although trime-
trexate has been used to treat small numbers of patients with 
cerebral toxoplasmosis (Rogers et al., 1988; Masur et al., 1993). 
Despite the drug being lipophilic, lung distribution is good 
(Allegra et al., 1987). There are no data on the excretion of 
trimetrexate into human milk.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Allegra et al. (1987) found no correlation between peak and 
trough drug levels and response or survival in their study 
assessing trimetrexate–leucovorin (at 30 mg/m2) for PJP in 
AIDS patients. No accumulation of the drug was reported 

after daily administration for multiple days (Allegra et al., 
1987; Lin et al., 1987).

5d.  Excretion

URINE

Renal clearance rate is 4–10 ml/min/m2 (Reece et al., 1987). 
The reported percentage of drug excreted unchanged in the 
urine varies from 5% to 41% (Lin et al., 1987; Reece et al., 
1987; Amsden et al., 1992; Marshall and DeLap, 1994). 
Owing to differences in measurements of drug using high- 
performance liquid chromatography (HPLC) and DHFR 
inhibition, it is thought that there are active metabolites that 
are not detected by HPLC. Up to 50% urinary excretion of 
unchanged drug and metabolites was detected by use of 
DHFR inhibition (Lin et al., 1987).

FECES

Up to 8% of the drug is detected in the feces when high intra-
venous doses of 120 mg/m2 are given, whereas < 2% was 
detected with doses less than 120 mg/m2 (Lin et al., 1987).

METABOLISM

Trimetrexate undergoes extensive metabolism in the liver, 
including metabolism via cytochrome P-450 enzymes (Mar-
shall and DeLap, 1994).

5e.  Drug interactions

In vitro data suggest that trimetrexate is extensively metabo-
lized by cytochrome P-450 (3A4), potentially resulting in 
many interactions with other drugs that induce or inhibit 
these enzymes. Antiretroviral agents, such as efavirenz and 
ritonavir, can be inhibitors or inducers of these enzymes 
(see Chapter 236, Efavirenz, and Chapter 258, Ritonavir and 
cobicistat), but no formal recommendation of their safety in 
co-administration is available.

Drugs such as phenytoin, nevirapine, carbamazepine, and 
corticosteroids, which can induce CYP450 (3A4), have the 
potential to decrease plasma concentrations of trimetrexate 
by increasing the metabolism of trimetrexate. Rifampicin and 
rifabutin, in particular, can cause these effects, and avoidance 
of co-administration is recommended by the manufacturers 
(Micromedex Health Care Series, 2015). Notably, these effects 
may be delayed in onset.

Drugs that inhibit CYP450 (3A4), such as amiodarone, 
ata zanavir, fluvoxamine, indinavir, lopinavir, nelfinavir, 
saquinavir, quinupristin–dalfopristin, and verapamil, have the 
potential to increase plasma concentrations of trimetrexate, 
but no formal data are available on dose modification. For 
other drugs that inhibit these enzymes, such as cimetidine, flu-
conazole, itraconazole, and ketoconazole, manufacturers rec-
ommend avoidance of co-administration; if this is not possible, 
then closer monitoring for trimetrexate toxicity is suggested 
(Micromedex Health Care Series, 2015). Similarly, macrolides 
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such as erythromycin and clarithromycin may also increase 
the risk of trimetrexate toxicity by reducing its metabolism.

Other similar drugs that can cause myelotoxicity, such 
as trimethoprim–sulfamethoxazole (co-trimoxazole, Co-T), 
have the potential to result in worsened myelosuppression 
when used in combination with trimetrexate—hence, close 
monitoring is recommended in such situations. Trimetrexate 
is not compatible with chloride-containing solutions, nor 
should it be simultaneously administered in a mixed form 
with leucovorin, because trimetrexate precipitation will result.

No drug interactions were observed when trimetrexate 
and dapsone were co-administered to AIDS patients with 
PJP (Koda et al., 1999).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Hypersensitivity reactions

Although dermatologic side effects are common with trime-
trexate, no hypersensitivity reactions have been reported in 
infection treatment trials (mainly PJP). Trimetrexate should 
be avoided in patients who have had hypersensitivity reac-
tions to methotrexate or leucovorin.

6b.  Hematologic side effects

Leukopenia (mild to severe, grade 4) is the most common 
myelotoxic side effect observed with trimetrexate use; this 
varies considerably among patients and is not entirely dose 
dependent (Fulton et al., 1995). Among 49 patients with AIDS 
and PJP in whom trimetrexate 30 mg/m2/day was adminis-
tered, eight had neutrophil counts < 1000/mm3 at nadir, which 
recovered to > 1000/mm3 within 3 days (Allegra et al., 1987). 
In a study comparing trimethoprim–sulfamethoxazole (Co-T) 
and trimetrexate (45 mg/m2) for PJP in AIDS patients, 4 of 
106 patients in the trimetrexate arm versus 8 of 109 in the 
Co-T arm developed neutropenia of sufficient severity to 
require cessation of the drug (Sattler et al., 1994). Oncology 
patients who have had previous myelosuppressive therapies, 
including radiation therapy, appear to be more susceptible to 
the leukopenic effects of trimetrexate; the extent of these 
effects is influenced by the minimal doses of leucovorin used 
in the oncology setting (Lin et al., 1987; Allegra et al., 1990).

Thrombocytopenia is also common. In one study, 5 of 49 
patients developed thrombocytopenia to a level < 100,000/
mm3, requiring dose reduction of trimetrexate (Allegra et al., 
1987). However, no patients in the study comparing Co-T 
and trimetrexate in AIDS patients with PJP were reported 
to have developed thrombocytopenia of sufficient severity 
to warrant cessation of trimetrexate (Sattler et al., 1994). In 
a  phase I trial in patients with solid tumors, two deaths 
occurred due to thrombocytopenia related to treatment 
among 29 patients (one death was secondary to massive 
gastrointestinal hemorrhage, and another was due to hemor-
rhagic pleural effusion) (Fanucchi et al., 1987).

Mild to moderate anemia has also been reported, requir-
ing transfusion of red blood cells (Short et al., 2009). The 

myelosuppressive effects of trimetrexate appear to be mostly 
reversible (Allegra et al., 1987; Fulton et al., 1995; Deresinski, 
1997).

6c.  Dermatologic side effects

Rashes resulting from trimetrexate are generalized and often 
morbilliform in nature. In an oncology phase I trial, rashes 
due to trimetrexate were reported in 25 of 31 patients who 
were receiving infusions of trimetrexate every 24 hours 
(Allegra et al., 1990). However, such a high rate has not 
been reported when trimetrexate is used for the treatment of 
PJP AIDS patients. In one study, only 1 of 49 developed a 
maculopapular rash after 8 days, requiring trimetrexate to 
be stopped (Allegra et al., 1987); in another study 1 of 106 
patients developed fever and rash, necessitating drug cessa-
tion (Sattler et al., 1994). In a dosage evaluation study, 20% of 
patients developed rashes, which appeared to be more com-
mon with higher trimetrexate doses. None of the patients 
required treatment cessation for the skin eruptions; none pro-
gressed to severe Stevens–Johnson syndrome–like reactions, 
and most improved over time with continued trimetrexate 
administration (Sattler et al., 1990).

6d.  Gastrointestinal side effects

The predominant gastrointestinal side effect is hepatic enzyme 
alteration. Of 49 patients who received 30 mg/m2 trimetrex-
ate, 4 had transaminase elevation 5 times that at baseline, and 
2 had elevation of bilirubin of > 2.5 times (Allegra et al., 
1987). In this study, mucositis was not reported. In a study 
comparing trimetrexate and Co-T, 4 of 106 patients required 
termination of trimetrexate therapy because of abnormal 
liver test results (details not available) (Sattler et al., 1994). It 
should be noted that these effects appear to be reversible 
(Allegra et al., 1987; Deresinski, 1997). Mucositis, nausea, 
and vomiting have been reported in the oncology setting 
(Fanucchi et al., 1987; Lin et al., 1987; Weiss et al., 1992).

6e.  Nephrotoxicity

Transient elevations in serum creatinine levels have been 
reported with trimetrexate; in general, these return to pre-
drug levels within 2 weeks (Allegra et al., 1987; Fanucchi et 
al., 1987).

6f.  Neurotoxicity

Seizures were reported in one patient receiving trimetrexate 
in a comparative study (Sattler et al., 1994) and peripheral 
neuropathy was reported in a different study (Allegra et al., 
1987).

6g.  Risks in pregnancy

Trimetrexate is classified by the FDA as a pregnancy cate-
gory D drug because it is a folate antagonist. Teratogenicity is 
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presumed based on animal data and human studies of other 
folate antagonists (aminopterin, methotrexate). Information 
is unavailable to determine whether trimetrexate crosses the 
placenta or is excreted in breast milk (Medimmune Pharma, 
2000). Women are advised to avoid becoming pregnant 
during treatment with trimetrexate. Although there are no 
case reports of trimetrexate effects on the fetus, it is assumed 
to be potentially teratogenic based on animal studies (FDA, 
2005).

7. CLINICAL USES OF THE DRUG

7a.  Pneumocystis jiroveci (carinii) 
pneumonia

The main use of trimetrexate has been in salvage therapy for 
treatment of PJP in patients with AIDS, or in transplant 
recipients who have failed or are intolerant of first- and 
second- line therapies such as Co-T, dapsone, or pentamidine 
(Allegra et al., 1987; Fulton et al., 1995; Deresinski, 1997; 
Warren et al., 1997; Fishman, 1998; Smego et al., 2001; Short 
et al., 2009). In a head-to-head study of trimetrexate (n = 
106) versus Co-T (n = 109) in AIDS patients with PJP, tri-
metrexate was inferior, with failure rates at 21 days of 38% 
and 20%, respectively, and a significant difference in mortal-
ity at 49 days (31% vs. 16%) (Sattler et al., 1994). Trimetrexate 
was better tolerated, with 8% of patients experiencing adverse 
side effects requiring treatment cessation at 21 days com-
pared with 28% in the Co-T group (p < 0.001) (Sattler et al., 
1994). The role of trimetrexate in the salvage treatment of 
PJP was well reviewed by Fishman (1998).

In a meta-analysis of salvage therapies for the treatment of 
PJP over 25 years (1975–99) in which the majority of patients 
had initially received either Co-T and/or pentamidine, tri-
metrexate had an overall efficacy of approximately 30% (47 
of 159 patients) (Smego et al., 2001).

The role of trimetrexate for primary or secondary prophy-
laxis of PJP is not established. It has been used in four patients 
for long-term prophylaxis with oral administration of the 
intravenous formulation (Rogers et al., 1988).

7b.  Toxoplasma gondii infections

Although the treatment of T. gondii infections is not a listed 
indication, trimetrexate appears effective in limited case series. 
Masur et al. (1993) described nine patients who were intoler-
ant of sulfonamides but were treated with trimetrexate and 
leucovorin for biopsy-proven cerebral toxoplasmosis. The tri-
metrexate doses used varied between 30 and 280 mg/m2/day, 
and some patients completed therapy orally using the intra-
venous formulation (a possibly suboptimal treatment option 
given its absorption). Initial clinical improvement occurred 
in five of nine and radiographic response was noted in eight 
of nine, but this response was transient. Despite continued 
therapy, all patients deteriorated clinically and radiographi-
cally within 13–109 days, such that the authors recommended 

that trimetrexate not be used as monotherapy (Masur et al., 
1993; Fung and Kirschenbaum, 1996).

7c.  Other uses

Trimetrexate has been investigated for use in a variety of solid 
tumors, including colorectal, non–small cell lung, and head 
and neck cancers, demonstrating some benefit in advanced 
disease in some multicenter trials (Haller, 1997; Holen and 
Saltz, 2001; Punt et al., 2002; Micromedex Health Care Series, 
2015).

Trimetrexate’s potential use as an anti-malarial agent, par-
ticularly in an era of increasing artemisinin resistance, has 
been discussed by a number of authors (Chan and Anderson, 
2006; Nduati et al., 2008; Kiara et al., 2009; Nzila et al., 2010). 
Nzila et al. (2010) have argued that the toxicity of anticancer 
agents such as trimetrexate is “just a matter of dose” and that a 
possible therapeutic role should be revisited. Nevertheless, 
there have been no subsequent therapeutic trials of trime-
trexate for this indication.

The role of trimetrexate for protozoan disease such as try-
panosomiasis (Chagas disease) has been investigated in vitro 
(Senkovich et al., 2005; Sienkiewicz et al., 2008; Dawson et 
al., 2010), but not in clinical trials. 
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Iclaprim

Andrew Stewardson and M. Lindsay Grayson

1. DESCRIPTION

Iclaprim (previously known as AR-100 and Ro 48-2622) is a 
new member of the diaminopyrimidine class of antimicro-
bials, to which trimethoprim also belongs. As with trimetho-
prim, iclaprim is an inhibitor of bacterial dihydrofolate 
reductase (DHFR), an enzyme in the folate synthesis path-
way. The two potential advantages of iclaprim compared with 
trimethoprim are an increased affinity for bacterial DHFR, 
particularly in Gram-positive bacteria, and activity against 
trimethoprim-resistant organisms. Iclaprim is therefore a 
potentially interesting new agent for the treatment of multi-
resistant Gram-positive infections.

Initially designed by Roche, iclaprim was licensed to Arpida 
(Reinach, Switzerland) then acquired by Motif BioSciences 
for further development (Motif Bio, 2015). Iclaprim’s 
 chemical name is 5-([2RS]-2-cyclopropyl-7,8-dimethoxy-
2H-chromene-5-ylmethyl)pyrimidine-2,4- diamine. It has a 
molecular weight of 354.4 g/mol and the chemical formula of 
C19H22N4O3 (see Figure 96.1). Iclaprim is a racemic mixture 
of two equally active enantiomers (Oefner et al., 2009b).

Iclaprim is active against Gram-positive bacteria includ-
ing Staphylococcus aureus (including methicillin-resistant, 
vancomycin-intermediate, and vancomycin-resistant strains), 
streptococci, and enterococci. It also has limited in vitro 
activity against Gram-negative pathogens including Entero- 

 bacteriaceae and respiratory pathogens such as Haemophilus 
influenzae, Moraxella catarrhalis, Legionella pneumophila, 
and Chlamydophila pneumoniae.

At the time of writing, iclaprim is not commercially 
available. Two phase III trials for complicated skin and skin 
structure infection (cSSSI) have been performed, but in early 
2009 the US Food and Drug Administration (FDA) and 
European Medicines Agency (EMA) indicated that they 
would not approve the use of iclaprim for this indication 
without further supportive data. Two further phase III trials 
evaluating intravenous iclaprim for acute bacterial skin and 
skin structure infections (ABSSSIs) are currently underway 
(NCT02600611 and NCT02607618). Further development 
may target the use of iclaprim in intravenous form for 
hospital- acquired pneumonia (HAP) and as an oral agent 
for cSSSI.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The susceptibility of common pathogens to iclaprim is sum-
marized in Table 96.1. 

As with trimethoprim, it is important to restrict the con-
centration of thymidine for in vitro susceptibility testing of 
iclaprim (Haldimann et al., 2006). The addition of thymidine 
to a culture medium effectively bypasses the metabolic path-
way targeted by diaminopyrimidines, significantly increasing 
the minimum inhibitory concentration (MIC) and inhibit-
ing the bactericidal activity of iclaprim (Pankuch and 
Appelbaum, 2008). This also has in vivo implications. First, it 
limits the usefulness of a wild-type mouse model for assess-
ing iclaprim activity, because mice have a significantly higher 
serum thymidine concentration than humans (Entenza et 
al., 2009). More significantly, although thymidine levels in 
human tissue are low, S. aureus possesses a nuc-encoded 
thermonuclease able to release thymidine from DNA liber-
ated from dead host cells (Proctor, 2008). This introduces a 
theoretical risk of failure of antifolate agents in the presence 
of significant amounts of pus or injured tissue (Proctor, 2008). Figure 96.1. Chemical structure of iclaprim.
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These issues have required consideration when designing 
and undertaking in vitro and in vivo susceptibility studies for 
iclaprim.

GRAM-POSITIVE AEROBIC BACTERIA

The largest dataset for in vitro testing of iclaprim activity 
against S. aureus includes 4516 clinical isolates collected 
between 2004 and 2006 in the United States (2359 isolates) 
and Europe (2157 isolates) (Sader et al., 2009). Against 1513 
methicillin-susceptible Staphylococcus aureus (MSSA) iso-
lates, iclaprim had more potent activity (MIC90 0.12 μg/ml; 
range 0.008–8 μg/ml) than trimethoprim (MIC90 1 μg/ml; 
range 0.06–> 64 μg/ml) and similar activity to trimethoprim– 
sulfamethoxazole (Co-T; see Chapter 92, Trimethoprim 
and Trimethoprim–Sulfamethoxazole [Cotrimoxazole]) 
(MIC90 0.06 μg/ml; range 0.015–8 μg/ml). Other comparators 
included erythromycin (MIC90 > 4 μg/ml), clindamycin 
(MIC90 ≤ 0.12 μg/ml), tetracycline (MIC90 ≤ 0.5 μg/ml), cip-
rofloxacin (MIC90 1 μg/ml), levofloxacin (MIC90 0.5 μg/ml), 
and vancomycin (MIC90 1 μg/ml) (Sader et al., 2009).

Iclaprim demonstrated similar activity against 3003 
methicillin-resistant Staphylococcus aureus (MRSA) isolates 
(MIC90 0.12 μg/ml; range ≤ 0.004–8 μg/ml), which was 

superior to Co-T (MIC90 0.25 μg/ml; range ≤ 0.015–> 8 μg/
ml) (Sader et al., 2009). Iclaprim appeared to be more active 
against US isolates (MIC90 0.12 μg/ml) than European iso-
lates (MIC90 1 μg/ml), a difference that was more pronounced 
for trimethoprim (MIC90 1 μg/ml and 16 μg/ml for US and 
European isolates, respectively). Of the comparator antibi-
otics, only vancomycin demonstrated good activity (MIC90 
1 μg/ml) (Sader et al., 2009).

The same study also compared iclaprim and vancomycin 
bactericidal activity against MSSA and MRSA (Sader et al., 
2009). Iclaprim had a minimal bactericidal concentration 
(MBC) of ≤ 0.5 μg/ml and an MBC/MIC ratio of ≤ 4 for 18 of 
the 21 MSSA isolates tested, but was bactericidal against all 
20 MRSA isolates tested, with each isolate having an MBC of 
≤ 0.25 μg/ml and an MBC/MIC ratio of ≤ 4. Vancomycin had 
similar results for MSSA, but an MBC/MIC ratio of ≤ 4 for 
only 12 of the 20 MRSA isolates (Sader et al., 2009).

A strain of vancomycin-resistant Staphylococcus aureus 
(VRSA) containing the vanA gene cluster (HMC3) isolated 
at the Milton S Hershey Medical Center was iclaprim-sus-
ceptible (Bozdogan et al., 2003). This isolate also contained 
mecA, erm(A), erm(B), tet(K), and aac(6′)-aph(2″). Iclaprim 
was reported to be bacteriostatic for this strain, whereas 

Table 96.1. In vitro susceptibility of selected organisms to iclaprim.

Organism MIC50 (μg/ml) MIC90 (μg/ml) Range (μg/ml) No. of isolates Region Reference

Gram-positive pathogens

Staphylococcus aureus
MSSA 0.06 0.12 0.008–8 1513 US, EU Sader et al., 2009

MRSA 0.06 0.12 ≤ 0.004–8 3003 US, EU Sader et al., 2009

VISA NA 0.06 NA 4 NA Hawser et al., 2006b

VRSA NA 0.25 NA 1 NA Hawser et al., 2006b

Streptococcus pneumoniae
Penicillin-susceptible NA 0.25 NA 805 US, EU Hawser et al., 2006c

Penicillin-intermediate NA 2 NA 181 US, EU Hawser et al., 2006c

Penicillin-resistant NA 4 NA 344 US, EU Hawser et al., 2006c

Streptococcus pyogenes 0.015 0.03 ≤ 0.004–0.12 604 US, EU Sader et al., 2009

Streptococcus agalactiae 0.12 0.25 0.015–0.5 204 US, EU Sader et al., 2009

Enterococcus faecalis 0.015 4 ≤ 0.004–> 8 310 US, EU Sader et al., 2009

Enterococcus faecium 2 > 8 ≤ 0.004–> 8 303 US, EU Sader et al., 2009

Gram-negative pathogens

Escherichia coli 2 > 8 0.25–> 8 107 US, EU Jones et al., 2007b

Klebsiella pneumoniae 2 > 8    1–> 8 104 US, EU Jones et al., 2007b

Enterobacter spp. 4 > 8    1–> 8 101 US, EU Jones et al., 2007b

Haemophilus influenzae NA 4 NA 836 US, EU Hawser et al., 2006c

Neisseria gonorrhoeae 4 8    2–> 16 156 US Biedenbach et al., 2007

Moraxella catarrhalis NA 8 NA 495 US, EU Hawser et al., 2006c

Legionella pneumophila 0.25 0.25 0.06–0.5 102 US Brown et al., 2007

Oher pathogens

Chlamydia trachomatis NA 1 0.5–1.0 50 NA Donati et al., 2002

Chlamydophila pneumoniae 0.5 0.5 0.5 10 NA Kohlhoff et al., 2004

Abbreviations: EU: European Union; MIC: minimum inhibitory concentration; MRSA: methicillin-resistant Staphylococcus aureus; MSSA: methicillin-susceptible 
Staphylococcus aureus; 

NA: not available; US: United States of America; VISA: vancomycin-intermediate Staphylococcus aureus; VRSA: vancomycin-resistant Staphylococcus aureus.
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 trimethoprim–sulfamethoxazole was bactericidal after 12 
hours at a concentration of four times the MIC of 0.25 μg/ml 
(Bozdogan et al., 2003).

Another report demonstrated an MIC for iclaprim of 
0.06 μg/ml and 0.25 μg/ml for VRSA and vancomycin- 
intermediate Staphylococcus aureus (VISA) strains, respec-
tively (Pankuch and Appelbaum, 2008). Bactericidal activity 
was demonstrated at twice the MIC, with 99.9% killing after 
12 hours. Other studies have also demonstrated the bacteri-
cidal activity of iclaprim against various S. aureus phenotypes, 
including trimethoprim-resistant S. aureus, MRSA, VISA, 
and VRSA (Hawser et al., 2002b; Jones et al., 2007a; Weiss et 
al., 2008).

Mindful of the issues associated with thymidine and 
 iclaprim susceptibility testing, thymidine kinase-deficient 
S. aureus strains have been developed that are unable to uti-
lize exogenous thymidine (Entenza et al., 2009). These strains 
may be of value when testing iclaprim activity in rodent 
models.

Iclaprim has excellent activity against Streptococcus pyo
genes and Streptococcus agalactiae (see Table 96.1) (Sader et 
al., 2009). Iclaprim demonstrated bactericidal activity (with 
an MBC/MIC ratio of ≤ 4) against 9 of 20 S. pyogenes isolates 
and 13 of 20 S. agalactiae isolates tested. The comparator for 
these tests was vancomycin, which demonstrated an MBC/
MIC ratio of ≥ 32 for all isolates (Sader et al., 2009).

Iclaprim demonstrated effective in vitro activity against 
500 S. pyogenes (group A Streptococcus [GAS]) and 44 S. aga
lactiae (group B Streptococcus [GBS]) isolates from Europe 
(Morrissey et al., 2009). The MIC90 and maximal MIC for 
iclaprim against GAS were 0.06 μg/ml and 0.25 μg/ml, 
respectively, which was lower or equal to all comparators 
(clarithromycin, clindamycin, trimethoprim–sulfamethox-
azole, levofloxacin, linezolid, vancomycin), except penicillin 
at 0.015 μg/ml and 0.03 μg/ml, respectively (Morrissey et al., 
2009). The results for GBS were similar, with penicillin being 
the only drug with a lower MIC90 than iclaprim.

Similarly, summary data collated from a number of smaller 
studies of clinical isolates from 2000–2003 and American 
Type Culture Collection (ATCC) strains, demonstrate that 
iclaprim performs well in vitro against Gram-positive bacteria 
when compared with trimethoprim, trimethoprim–sulfame-
thoxazole, vancomycin, linezolid, and quinupristin–dalfo-
pristin (Hawser et al., 2006b). The MIC90 for iclaprim was 
lower for MSSA, MRSA, S. pyogenes (GAS), and S. agalactiae 
(GBS) than for all comparator antibiotics, at 0.06, 0.12, 0.06, 
and 0.5 μg/ml, respectively (Hawser et al., 2006b).

The MIC90 of iclaprim for 801 clinical isolates of 
Streptococcus pneumoniae was 0.5 μg/ml (Zhanel et al., 2003). 
Iclaprim susceptibility, however, varies with penicillin suscep-
tibility (Zhanel et al., 2009). The MIC90 values for penicillin- 
susceptible, penicillin-intermediate, and penicillin-resistant 
S. pneumoniae isolates are 0.25, 2, and 4 μg/ml (Hawser et al., 
2006c).

The MIC90 for iclaprim against Listeria monocytogenes 
(ATCC 7302) varies depending on culture medium from 
0.06 to 8 μg/ml (Fischer et al., 2003). Time-kill studies on 

extracellular L. monocytogenes demonstrate a 3 log unit 
reduction in colony forming units (CFUs) after 48 hours’ 
exposure to iclaprim, whereas an intracellular model (using 
HeLa cells) demonstrated a 5.9 log unit reduction in CFUs 
after 48 hours. The superior bactericidal activity against 
intracellular organisms was interpreted to suggest that icl-
aprim could be an effective agent against intracellular patho-
gens (Fischer et al., 2003).

GRAM-NEGATIVE AEROBIC BACTERIA

One study compared the in vitro activity of iclaprim with 12 
other antimicrobials on 312 strains of Enterobacteriaceae 
(107 Escherichia coli, 104 Klebsiella pneumoniae, and 101 
Enterobacter cloacae isolates) obtained from blood cultures 
taken in Europe and the United States from 2004 to 2006 
(Jones et al., 2007b). The mean MIC50/MIC90 ratio for icla-
prim was 2/> 8 μg/ml compared with 0.5/> 64 for trimetho-
prim, a result that corresponded to 67.9% of isolates being 
susceptible to trimethoprim according to the Clinical and 
Laboratory Standards Institute (CLSI) guidelines. Iclaprim 
was inferior to trimethoprim–sulfamethoxazole (0.12/> 8 
μg/ml), but superior to cefazolin and amoxicillin–clavulanic 
acid (8/> 32 μg/ml) (Jones et al., 2007b).

Iclaprim does not have significant activity against Pseu
domonas aeruginosa (Laue et al., 2007b). Iclaprim compares 
favorably with trimethoprim with regard to Neisseria gonor
rhoeae (MIC90 8 μg/ml vs > 64 μg/ml), but trimethoprim is 
generally not considered appropriate therapy for this patho-
gen (Biedenbach et al., 2007). Iclaprim is active in vitro 
against L. pneumophila (Brown et al., 2007; Morrissey and 
Hawser, 2007).

ANAEROBIC BACTERIA

In vitro testing suggests that iclaprim will not have a signifi-
cant role in treating anaerobic infections (Ednie et al., 2002).

OTHER BACTERIA

In contrast to trimethoprim, iclaprim performs well in vitro 
against Chlamydia trachomatis and C. pneumoniae, with an 
MIC and MBC of 0.5 μg/ml for both organisms (Kohlhoff 
et  al., 2004). Iclaprim has good in vitro activity against 
Pneumocystis spp. (Aliouat et al., 2004). The half maximal 
effective concentration (EC50) value for iclaprim (20.3 μg/ml) 
was superior to that of trimethoprim–sulfamethoxazole 
(51/255 μg/ml). The combination of iclaprim with sulfa-
methoxazole demonstrated potential with an EC50 value of 
13.2/66 μg/ml.

2b.  Emerging resistance and 
cross-resistance

A potentially useful characteristic of iclaprim is its activity 
against trimethoprim-resistant isolates. The rates of sponta-
neous and induced resistance among S. aureus isolates to 
iclaprim and trimethoprim have been examined (Hawser et 
al., 2002a). The frequency of spontaneous resistance to both 
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drugs was approximately 10−10. Induction of resistance studies 
involving passage of trimethoprim-sensitive organisms for 15 
days at subinhibitory antibiotic concentrations led to emer-
gence of trimethoprim resistance (MIC increase from 2 to 
> 128 μg/ml after four passages) associated with the develop-
ment of a single amino acid mutation, F98Y. This increased 
MIC was maintained after passage without trimethoprim. 
In  contrast, the MIC of iclaprim for both trimethoprim- 
sensitive and trimethoprim-resistant organisms increased by 
up to eightfold after 15 passages at subinhibitory concentra-
tions, but returned to baseline on passage without iclaprim 
and was not associated with any amino acid changes (Hawser 
et al., 2002a).

3. MECHANISM OF DRUG ACTION

Iclaprim, like trimethoprim (see Chapter 92, Trimethoprim 
and Trimethoprim–Sulfamethoxazole [Cotrimoxazole]), is a 
diaminopyrimidine. Similar to a number of new diaminopy-
rimidines, iclaprim was designed using molecular modeling 
to enhance avidity with bacterial DHFR and to overcome tri-
methoprim resistance (Schneider et al., 2003). Both antibiot-
ics are competitive inhibitors of bacterial DHFR, the final of 
six enzymes in the pathway for biosynthesis of tetrahydrofo-
lic acid (THF) (Schneider et al., 2003). THF is required as a 
coenzyme for a number of key cellular reactions, including 
the synthesis of amino acids and nucleic acids (Peppard and 
Schuenke, 2008). Thus, diaminopyrimidines block the syn-
thesis of DNA, RNA, and proteins (Hawser et al., 2006a). 
Isothermal titration calorimetry and co-crystallization tech-
niques demonstrate that iclaprim has a larger binding surface 
area and increased hydrophobic interactions with DHFR 
from both trimethoprim-sensitive and trimethoprim-resistant 
S. aureus than trimethoprim, reflected in lower IC50 and Ki 
values (Oefner et al., 2009a, 2009b). The use of diaminopyrim-
idines as antibacterial agents relies on the diversity between 
eukaryotic and prokaryotic DHFR and the inability of most 
bacteria to utilize preformed folate, thus depending on the de 
novo biosynthesis pathway (Hawser et al., 2006a). The IC50 
values of iclaprim for human and S. aureus DHFR are > 300 
and 0.0034 μM, respectively; thus iclaprim has a major dif-
ferential effect (Burri et al., 2005).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The intravenous dosage used in the phase III trials investigat-
ing the efficacy of iclaprim in cSSTI was 0.8 mg/kg, infused 
over 30 minutes, twice daily.

Although a formal oral dosing regimen has not been 
defined, pharmacokinetic studies have used a capsule con-
taining 160 mg (Brandt et al., 2007c).

4b.  Newborn infants and children

Iclaprim has not currently been used in individuals younger 
than 18 years.

4c.  Pregnant and lactating mothers

There are no data regarding the use of iclaprim in pregnancy 
or during breastfeeding.

4d.  Those requiring altered dosages

The pharmacokinetics of iclaprim over 24 hours after a single 
0.8-mg/kg intravenous dose was examined in 68 subjects 
with hepatic insufficiency, renal insufficiency, or obesity, and 
compared with matched controls (Hadváry et al., 2007a). A 
linear relationship was established between body mass index 
(BMI) and area under the curve (AUC), with a doubling of 
AUC in severely obese subjects (BMI > 40 kg/m2) compared 
with controls.

PATIENTS WITH IMPAIRED RENAL FUNCTION

Neither AUC nor maximal concentration (Cmax) is signifi-
cantly affected by impaired renal function, including end-
stage kidney disease (Hadváry et al., 2007a). Thus, no dosage 
adjustment is required.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Moderate hepatic insufficiency resulted in 2.5- and 1.4-fold 
increases in AUC and Cmax, respectively; however, no sub-
jects with severe hepatic insufficiency were enrolled (Hadváry 
et al., 2007a). Hence, until further pharmacokinetic informa-
tion is available for this patient population, iclaprim should 
be used with caution in patients with moderate to severe 
hepatic dysfunction, including potential monitoring of drug 
levels.

PREMATURE NEONATES AND THE ELDERLY

No data are currently available for these patient populations.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Information regarding oral bioavailability in humans is 
derived from a study involving eight healthy men given 160-
mg oral and 60-mg intravenous (30-minute infusion) doses 
of iclaprim (Brandt, 2007c). Median time to maximal plasma 
concentration (Tmax) was 1.5 hours for oral administration. 
The mean half-life (t1/2) was similar for oral and intravenous 
formulations at 3.9 and 4.1 hours, respectively. Drug exposure 
(AUC) was higher for the 160-mg oral dose (2340 ng/h/ml) 
than the 60-mg intravenous dose (2090 ng/h/ml).

As noted earlier (section 4d, Those requiring altered 
dosages), pharmacokinetic studies of iclaprim after a single 
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0.8-mg/kg intravenous dose in 68 subjects with hepatic 
insufficiency, renal insufficiency, or obesity suggested a lin-
ear relationship between BMI and AUC, with a doubling of 
AUC in severely obese subjects (BMI > 40 kg/m2) compared 
with controls (Hadváry et al., 2007a).

Use of pyrimidine-2-14C-labeled iclaprim mesylate sug-
gests that iclaprim administered orally is well absorbed but 
undergoes significant first-pass metabolism (Brandt et al., 
2007a). The mean systemic bioavailability with the oral dose 
was 42% (Brandt et al., 2007a). The drug is 93% protein 
bound in human plasma (Laue et al., 2007a). Despite this 
degree of protein binding, the in vitro activity (MIC/MBC) 
of iclaprim against S. aureus is not reduced by the use of a 
culture medium with 50% human plasma (Laue et al., 2009).

5b.  Drug distribution

Iclaprim demonstrated linear pharmacokinetics when admin-
istered intravenously within the therapeutic dose range of 
0.4–3.2 mg/kg to healthy male and female volunteers (Ull-
mann et al., 2008). The Cmax and AUC increase in a linear 
manner with increasing dosage, and there is no significant 
variation in terminal half-life or total/steady-state volume of 

distribution (Ullmann et al., 2008). Total plasma clearance 
(~ 840 ml/min) also remains stable with increasing dose 
(Brandt et al., 2007d). The pharmacokinetic profile of 
 iclaprim is shown in Table 96.2. At the standard dose used 
for cSSSI (0.8 mg/kg) iclaprim’s half-life is 2.52 hours with 
a maximal concentration of 831 ng/ml and a steady-state vol-
ume of distribution of 1392 ml/kg (Ullmann et al., 2008).

The concentration of iclaprim in plasma and various com-
ponents of the respiratory tree (bronchial mucosa, alveolar 
macrophages, and epithelial lining fluid) after a single intra-
venous dose of 1.6 mg/kg is shown in Table 96.3 (Andrews 
et al., 2007).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

A study examining the use of thymidine kinase–deficient 
S. aureus in a mouse infection model suggested that AUC/
MIC is the primary pharmacokinetic-pharmacodynamic 
(PK-PD) parameter linked to the clinical efficacy of iclaprim 
(Murphy et al., 2008).

Weiss et al. (2008) examined the activity of iclaprim 
against 16 strains of S. aureus of different phenotypes. The 

Table 96.2. Pharmacokinetics of iclaprim after various intravenous doses.

Dose (infusion time) Study population

Pharmacokinetic parameters (mean values)

Cmax (ng/ml) AUC0–1 (ng h/ml) AUC0–∞ (ng h/ml) t1/2 (h) Vss (ml/kg)

0.4 mg/kg (30 min) Male (n = 12) 376.6 982 1003 2.35 1498

Female (n = 10) 388.4 1032 1063 2.29 1296

Total (n = 22) 382.0 1005 1030 2.32 1406

0.8 mg/kg (30 min) Male (n =10) 866.9 2152 2175 2.73 1486

Female (n = 12) 801.3 1980 2004 2.34 1315

Total (n = 22) 831.1 2058 2082 2.52 1392

1.6 mg/kg (30 min) Male (n =11) 1545 4433 4475 3.00 1359

Female (n = 12) 1495 4552 4619 3.61 1310

Total (n = 23) 1519 4495 4550 3.32 1334

1.6 mg/kg (60 min) Male (n =12) 1108 3973 4005 3.00 1676

Female (n = 12) 1169 3963 4029 2.30 1374

Total (n = 24) 1139 3968 4017 2.65 1525

3.2 mg/kg (30 min) Male (n =11) 2921 9466 9572 3.75 1468

Female (n = 12) 2881 8886 8984 3.65 1383

Total (n = 23) 2900 9164 9265 3.70 1424

Abbreviations: AUC: area under the curve; Cmax: maximal concentration; t1/2: half-life; Vss: volume at steady state.
Source: Ullmann et al. (2008).

Table 96.3. Plasma and tissue concentrations of iclaprim after a single intravenous dose of 1.6 mg/kg.

Time after 
administration (h)

Iclaprim concentrations (± standard deviation, mg/l)

Plasma Bronchial mucosa Alveolar macrophages Epithelial lining fluid

1–2 0.59 (0.18) 0.51 (0.17) 24.51 (21.22) 12.61 (7.33)

3–4 0.24 (0.05) 0.35 (0.17) 7.16 (1.91)  6.38 (5.17)

5.5–7 0.14 (0.05) No detectable level 5.28 (2.30)  2.66 (2.08)

Source: Andrews et al. (2007).
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MICs for iclaprim, trimethoprim, and vancomycin were 
determined for all 16 strains, and time-kill assays for  iclaprim 
and vancomycin were performed on nine (eight MRSA, one 
MSSA) strains. Iclaprim had generally lower MICs (range 
0.015–2 μg/ml) than trimethoprim (MIC range 0.25–> 128 
μg/ml) or vancomycin (MIC range 1–2 μg/ml). The MIC for 
iclaprim was lower than for vancomycin for all but three iso-
lates, the three trimethoprim-resistant MRSA strains tested, 
for which the iclaprim MIC (1, 1, and 2 μg/ml) was equiva-
lent to vancomycin (1 μg/ml for all three). The time-kill 
assays showed that iclaprim reduced CFUs by 99.9% within 
4.2 to 6.2 hours for all strains tested (compared with 14.75 to 
> 24 h for vancomycin). Kill curves were similar for iclaprim 
at the MIC and twice the MIC, suggesting concentration- 
independent bactericidal activity (Weiss et al., 2008).

Sulfonamides act on dihydropteroate synthase, an earlier 
enzyme in the folate pathway than DHFR, and have been 
used extensively in conjunction with trimethoprim, exploit-
ing the synergy between these two classes of antibacterials. 
Similarly, synergy has been demonstrated against the ATCC 
and the National Collection of Type Cultures (NCTC) bacte-
rial strains in vitro between iclaprim and two sulfonamides: 
sulfamethoxazole and sulfadiazine (Laue et al., 2007b). The 
combination of iclaprim and sulfamethoxazole was syner-
gistic against S. aureus (including methicillin-resistant 
strains), S. pneumoniae (including penicillin-resistant strains), 
H. influenzae, and M. catarrhalis. Synergy was not observed 
against K. pneumoniae. Results were similar for the combina-
tion of iclaprim with sulfadiazine, except that synergy was 
observed for K. pneumoniae but not for MRSA. The same 
study documented no in vitro antagonism between  iclaprim 
and 28 other antimicrobials, which included penicillins, 
cephalosporins, glycopeptides, aminoglycosides, macrolides, 
lincosamides, tetracyclines, quinolones, chloramphenicol, 
rifampicin, and fusidic acid (Laue et al., 2007b).

There appears to be a lack of synergy between iclaprim 
and gentamicin against L. monocytogenes (Fischer et al., 
2003). 

5d.  Excretion

Whether administered intravenously or orally, over 70% of 
iclaprim is excreted in urine, predominantly as metabolites 
(Brandt et al., 2007a). Approximately 20% is excreted in feces. 
Very little iclaprim is excreted unmetabolized (Brandt et al., 
2007a).

5e.  Drug interactions

Iclaprim is metabolized by the cytochrome P-450 (CYP) 
enzyme system, primarily 2C19 and 3A4/5, with smaller 
contributions from 2C9 and 2D6 (Brandt et al., 2007b). It is 
able to inhibit CYP3A4/5, 2C19, 2C8, and 2C9, but at con-
centrations 10- to 100-fold higher than peak therapeutic 
levels (Brandt et al., 2007b; Zeman et al., 2008). Of the cyto-
chrome enzymes, the IC50 value for inhibition by iclaprim 
is lowest for 3A4/5 at 11.9 μg/ml (Brandt et al., 2007b). In 

young healthy males, iclaprim has been shown to have no 
significant effect on the pharmacokinetics or pharmacody-
namics of warfarin (Zeman et al., 2008), or the pharmaco-
kinetics of digoxin (Hadváry et al., 2008e).

Administration of ketoconazole, an inhibitor of CYP3A4, 
increases both the total exposure (AUC) and maximal con-
centration (Cmax) of iclaprim (Hadváry et al., 2007b). Not 
surprisingly, iclaprim’s clearance is therefore reduced and its 
half-life increased. Ketoconazole increases the AUC by 66% 
overall, with the effect being greater in women (84% increase) 
than in men (49% increase). Cmax increased by 21% overall, 
with a 33% increase in women compared with 11% for men 
(Hadváry et al., 2007b).

6. ADVERSE REACTIONS AND TOXICITY

Adverse effects either “possibly” or “probably” related to 
 iclaprim during the ASSIST-2 clinical trial (250 patients; 
coded according to the Medical Dictionary for Regulatory 
Activities, version 8.0) are summarized in Table 96.4 
(Hadváry et al, 2008c). This phase III study enrolled hospi-
talized adults with cSSTI and excluded patients with severe 
renal or hepatic impairment or morbid obesity (BMI > 40 
kg/m2). The most common side effects were gastrointestinal 

Table 96.4. Adverse effects associated with iclaprim.

System and adverse effect
Number 

affected (%)

Any possibly related adverse effect 64 (25.6%)

Any probably related adverse effect 15 (6.0%)

Blood and lymphatic system disorders 0 (0%)

Gastrointestinal disorders 24 (9.6%)

Constipation 5 (2.0%)

Diarrhea 11 (4.4%)

Dry mouth 1 (0.4%)

Nausea 6 (2.4%)

General disorders and administration site  
 conditions

12 (4.8%)

Infections and infestations 4 (1.6%)

Investigations 31 (12.4%)

ALT increased 20 (8.0%)

AST increased 17 (6.8%

Metabolism and nutrition disorders 3 (1.2%)

Nervous system adverse effects 16 (6.4%)

Dizziness 5 (2.0%)

Dysgeusia 2 (0.8%)

Headache 9 (3.6%)

Somnolence 1 (0.4%)

Psychiatric adverse effects 5 (2.0%)

Respiratory adverse effects 1 (0.4%)

Skin and subcutaneous tissue disorders 13 (5.2%)

Pruritus 7 (2.8%)

Abbreviations: ALT: alanine aminotransferase; AST: aspartate amino- 
transferase.

Source: Adapted from Hadváry, 2008c.
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effects, abnormalities in liver enzymes, and neurologic effects 
(see Table 96.4).

The effect of iclaprim on QTc interval was also assessed 
during the ASSIST trials (Hadváry et al., 2008a). Patients 
taking class IA or class III antiarrhythmics and patients with 
congenital or sporadic QTc prolongation were excluded 
from the study. Compared with the initial pretreatment elec-
trocardiogram (ECG), the mean maximal QTc interval in 
patients receiving iclaprim increased by 7.1 msec (standard 
deviation 13.5) and 4.0 ms (s.d. 17.0) on ECGs taken on day 1 
and day 4 post dose, respectively. There were no cardiac events 
attributable to iclaprim (Hadváry et al., 2008a).

7. CLINICAL USES OF THE DRUG

Most reported studies have focused on the use of iclaprim in 
cSSSIs and pneumonia. In particular, the role of iclaprim as 
an antistaphylococcal agent has been reviewed (Barton and 
MacGowan, 2009; Kollef, 2009; Sincak and Schmidt, 2009; 
Stevens, 2009; Welte and Pletz, 2010; Liapikou and Torres, 
2013).

7a.  Skin and skin structure infections

A multicenter, randomized phase II study demonstrated that 
iclaprim and vancomycin had compatible efficacy and toler-
ability for the treatment of cSSSIs (predominantly caused by 
S. aureus) (Krievins et al., 2009). Patients were randomized 
to receive 0.8 mg of iclaprim per kilogram of body weight, 
1.6 mg of iclaprim per kilogram, or 1 g of vancomycin twice 
daily for 10 days. Clinical cure rates for the 0.8- and 1.6-mg/kg 
iclaprim treatment groups were comparable to that for the 
vancomycin treatment group (26/28 patients [92.9%], 28/31 
patients [90.3%], and 26/28 patients [92.9%], respectively). 
Iclaprim exhibited eradication rates for S. aureus of 80% 
and 72%, versus 59%, respectively. Five MRSA cases were 
observed, 4 in the 0.8-mg/kg iclaprim arm and one in the 
vancomycin arm; all of these patients were both clinically 
and microbiologically cured. The safety profile for iclaprim 
was similar to that of vancomycin (Krievins et al., 2009).

Two randomized, multicenter, double-blind phase III 
studies have been undertaken to compare the efficacy of 
 iclaprim versus linezolid in cSSSI: Arpida’s Skin and Skin 
Structure Infection Study 1 and 2 (ASSIST-1 and ASSIST-2). 
Both studies were designed to demonstrate noninferiority 
to linezolid. Hospitalized patients older than 18 years with 
established cSSSI were randomized to receive either intra-
venous iclaprim (0.8 mg/kg infused over 30 minutes twice 
daily) or intravenous linezolid (600 mg infused over 30 min-
utes twice daily) for 10–14 days of treatment. Concomitant 
use of aztreonam and metronidazole was accepted (Hadváry 
et al., 2008b). Infections included cellulitis (38%), major 
abscess (25%), wound infections (19%), infected ulcers, and 
burns. Exclusion criteria included BMI > 40 kg/m3, uncompli-
cated skin and skin structure infection, recent administration 
of antimicrobial therapy, severe renal or hepatic impairment, 
and infected diabetic foot ulcers or decubitus ulcers. Of the 

991 patients in the intent-to-treat group, 750 had a Gram-
positive pathogen isolated. S. aureus accounted for 69.9% of 
these isolates, of which more than one third were MRSA 
(Jones et al., 2008a). Overall, clinical cure rates 7–14 days 
after completion of treatment were equivalent for the two 
groups using intent-to-treat, per-protocol, and modified 
clinically evaluable populations (82.2%, 92.3%, and 87.0%, 
respectively, for iclaprim; and 85.3%, 97.8%, and 89.7%, 
respectively, for linezolid) (Hadváry et al., 2008d). Of the 750 
patients with a pathogen identified, the secondary end point 
of eradication or presumed eradication was achieved in 76% 
of patients treated with iclaprim and 81% of patients treated 
with linezolid (Jones et al., 2008a). The presence of the 
Panton-Valentine leukocidin (PVL) gene loci did not affect 
the clinical outcome (Jones et al, 2008b).

Sixty patients were enrolled for a phase II, double-blind 
trial comparing 10 days of intravenous vancomycin with 2 
days of intravenous vancomycin followed by 8 days of oral 
iclaprim (Arpida press release, 2008). The results of this study 
have not been published.

In March 2016, Motif Bio announced it had begun admin-
istration in the first patient in one of two phase III clinical 
trials of iclaprim for the treatment of ABSSSIs—the so-called 
REVIVE (Randomized Evaluation IntraVenous Iclaprim 
Vancomycin TrEatment) clinical trials, which aim to assess 
the efficacy and safety of iclaprim compared with a standard 
of care antibiotic, vancomycin, for the treatment of ABSSSIs. 
These two trials, which are global, multicenter, randomized, 
double-blind, phase III studies evaluating a total of 1200 
adult patients, will be reportedly conducted by Covance. The 
intended primary end point for the studies will be at least a 
20% reduction in lesion size at 48–72 hours after treatment, 
with the secondary end point being clinical cure at 1–2 weeks 
after treatment. The company reported that the successful 
completion of these two pivotal phase III trials was expected 
to satisfy both FDA and EMA requirements for regulatory 
approval. Trial completion is expected in late 2017 (Motif 
Bio, 2016).

7b.  Hospital-acquired pneumonia and 
ventilator-associated pneumonia

Arpida announced commencement of a phase II trial com-
paring vancomycin with iclaprim for the treatment of HAP, 
ventilator-associated pneumonia, and healthcare-associated 
pneumonia in 2007 (Arpida press release, 2007). Results are 
yet to be published.
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Nitrofurans: Nitrofurazone, 
Furazidine, and Nitrofurantoin

Angela Huttner and Andrew Stewardson

1. DESCRIPTION

The basic chemical structure of nitroheterocyclic drugs 
consists of a primary nitro group joined to a heterocyclic 
ring, with three groups of these compounds important in 
human therapeutics: the nitrothiazoles, nitroimidazoles, and 
nitrofurans.

• Nitrothiazoles: The best-known nitrothiazole is nirida-
zole, which was previously used to treat schistosomiasis, 
amebiasis, dracontiasis, and strongyloidiasis and is also 
active against a variety of bacteria (Hamilton-Miller and 
Brumfitt, 1976; Hof et al., 1982). 

• Nitroimidazoles: A number of nitroimidazole drugs 
are of clinical use, including metronidazole and tinida-
zole (see Chapter 99, Metronidazole, and Chapter 100, 
Tinidazole). 

• Nitrofurans: Interest was first evoked in the nitrofurans 
as chemotherapeutic agents in the early 1940s, and since 
then thousands of nitrofuran compounds have been syn-
thesized (Chamberlain, 1976). The most widely used 
nitrofurans are furazolidine (see Chapter 189, Furazo-
lidine) and nitrofurantoin. The remainder of this chapter 
will be focused on the nitrofurans.

1a.  Nitrofurans

NITROFURAZONE

Nitrofurazone is now mainly of historical interest, with most 
descriptions of use being in the food and veterinary litera-
ture (Tian et al., 2014). This agent is active in vitro against 
Staphylococcus aureus, Streptococcus pyogenes, Escherichia 
coli, and Clostridia, Salmonella, and Shigella species. It is 
less active against Proteus and Serratia species and virtually 

inactive against Pseudomonas aeruginosa (Chamberlain, 
1976). Nitrofurazone has been mainly used for topical che-
motherapy of wounds, burns, and skin infections, and for 
infection in skin grafts (Norman et al., 2016). However, the 
cream and soluble dressing containing 0.2% nitrofurazone 
are no longer commercially available in most countries. The 
drug is absorbed from the skin, and 1.1% of a daily dose 
applied to intact skin can be recovered in the urine 
(Chamberlain, 1976). Nitrofurazone has also been used as 
a  bladder irrigant. Urinary catheters coated with a matrix 
containing nitrofurazone have been used in an attempt to 
prevent catheter-associated urinary tract infections (UTIs) 
(Johnson et al., 1993; Lam et al., 2014).

FURAZOLIDINE 

The nitrofuran furazolidine has limited availability and is 
used chiefly in bacterial and protozoal infections of the gas-
trointestinal tract; for this reason, the main description of 
its use can be found in the section of this text that dis-
cusses anti-parasitic drugs (see Chapter 189, Furazolidine). 
Furazolidine has in vitro activity against S. aureus, S. pyogenes, 
Enterococcus faecalis, E. coli, Vibrio cholerae, and Clostridium, 
Klebsiella, Enterobacter, Salmonella, Shigella, Campylobacter, 
and Bacteroides species (although most V. cholerae isolates 
are now resistant). It is important to note that furazolidine 
is active against trichomonads and Giardia lamblia (Cham-
berlain, 1976), with metronidazole- resistant strains of 
Trichomonas vaginalis generally being furazolidine-sensitive 
(Narcisi and Secor, 1996). It appears that most of the orally 
administered furazolidine is absorbed from the gastrointesti-
nal tract. However, serum and urinary concentrations of the 
drug are low, probably because most furazolidine is rapidly 
metabolized in tissues (Valadez-Salazar et al., 1989). For fur-
ther information see Chapter 189, Furazolidine.
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FURAZIDINE

Furazidine structure and clinical properties are similar to 
those of nitrofurantoin, although a lower proportion of 
furazidine is excreted unchanged in urine (Männistö and 
Karttunen, 1979). It is used predominantly in Eastern Europe 
for the treatment of cystitis (Czeizel et al., 2000).

NITROFURANTOIN

The sole use of nitrofurantoin is in the treatment of UTIs, 
because after oral or intravenous administration, therapeu-
tically active concentrations are attained only in urine. A 
crystalline (sometimes referred to as microcrystalline) for-
mulation of this drug has been available for clinical use since 
1953 (common trade name: Furadantin). A macrocrystalline 
form that induces fewer gastrointestinal side effects (com-
mon trade name: Macrodantin) was later developed (Hailey 
and Glascock, 1967). Thereafter a modified-release nitrofu-
rantoin, which consists of 25% macrocrystalline nitrofuran-
toin and 75% nitrofurantoin monohydrate, was developed 
(common trade name: Macrobid). This product is suitable 
for a twice-daily dosage regimen (Spencer et al., 1994).

The chemical name of nitrofurantoin is 1-([{5-nitro-2- 
furanyl}methylene]amino)-2,4-imidazolidinedione; its molec-
ular weight is 238.16. The chemical name of nitrofurantoin 
monohydrate is 1-([{5-nitro-2-furanyl}methylene]amino)- 
2,4-imidazolidinedione monohydrate; its molecular weight 
is 256.17. The chemical structures are shown in Figure 97.1. 
The following details apply only to nitrofurantoin.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Bacterial species with a minimum inhibitory concentration 
(MIC) of ≤ 32 µg/ml can generally be regarded as susceptible 

to nitrofurantoin, although urine concentrations of at least 
100 µg/ml are usually attained with routine doses, so some 
strains with higher MICs may also be eradicated, especially 
if  the urine is acidic, because this increases nitrofurantoin 
activity (Table 97.1) (Turck et al., 1967). Brumfitt and Percival 
(1967) demonstrated that the sensitivity of an E. coli strain 
decreased 20-fold when the pH changed from 5.0 to 8.0.

GRAM-NEGATIVE BACTERIA

Nitrofurantoin is active against most Gram-negative bacilli, 
which commonly cause UTIs. Most strains of E. coli, includ-
ing those that are otherwise multidrug-resistant, remain 
susceptible (Sanchez et al., 2012, 2014), but Enterobacter, 
Citrobacter, and Klebsiella species are either less or variably 
susceptible. Strains of Proteus and Providencia species vary 
in their susceptibility, but most are moderately resistant. 
Serratia species., Acinetobacter species, and P. aeruginosa are 
usually resistant (Gales et al., 2002; Farrell et al., 2003; De 
Backer et al., 2008; Kashanian et al., 2008; Nys et al., 2008; 
Samonis et al., 2009). Among extended-spectrum beta- 
lactamase (ESBL)-producing enteric bacteria, nitrofurantoin 
susceptibility appears to be only 71% in the United States 
and Canada (using automated susceptibility testing) and 
possibly worse in Italy and Latin America (Puerto et al., 
2006; Fadda et al., 2005). However, in Hong Kong, > 90% of 
ESBL producers with the CTX-M phenotype have been 

Figure 97.1. Chemical structure of nitrofurantoin.
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Table 97.1. In vitro susceptibility of selected common urinary pathogens to nitrofurantoin. 

Organism MIC50 (µg/ml) MIC90 (µg/ml) Range (µg/ml)
No. of 
isolates Region Reference 

Escherichia coli 32 32 2–256 864 United Kingdom Farrell et al., 2003

Klebsiella pneumoniae 128 256 16–512 71 United Kingdom, 
North America

Farrell et al., 2003

Proteus mirabilis 128 128 64–512 62 United Kingdom, 
North America

Farrell et al., 2003

Pseudomonas aeruginosa > 512 > 512 All > 512 35 United Kingdom Farrell et al., 2003

Enterococcus faecalis 8 8 4–16 77 United Kingdom Farrell et al., 2003

— 8 — 100 North America Zhanel et al., 2001

Enterococcus faecium, 
vancomycin susceptible

— 32 — 100 North America Zhanel et al., 2001

Enterococcus faecium, 
vancomycin resistant (vanA)

— 32 — 40 North America Zhanel et al., 2001

Enterococcus faecium, 
vancomycin resistant (vanB)

— 32 — 10 North America Zhanel et al., 2001



1786 Nitrofurans: Nitrofurazone, Furazidine, and Nitrofurantoin

reported to be susceptible (Ho et al., 2007) and in other 
regions nitrofurantoin may be useful for ESBL-producing 
Gram-negative pathogens (Garau, 2008).

Other Gram-negative bacteria that usually do not cause 
UTIs, including Salmonella, Shigella, and Neisseria species 
and Bacteroides fragilis, are also often susceptible to nitrofu-
rantoin (Hamilton-Miller, 1975). Helicobacter pylori is also 
susceptible (Simor et al., 1989).

GRAM-POSITIVE BACTERIA

Nitrofurantoin is active against those Gram-positive cocci 
that sometimes cause UTIs, such as Enterococcus faecalis, 
Enterococcus faecium, S. aureus, and Staphylococcus epi
dermidis. Vancomycin-resistant Enterococcus faecium (VRE) 
strains are usually nitrofurantoin-susceptible (Norris et al., 
1995; Zhanel et al., 2001; Farrell et al., 2003). Staphylococcus 
saprophyticus, an important cause of UTIs in young women, 
is susceptible to nitrofurantoin (Hovelius and Mårdh, 1984).

Gram-positive bacteria such as S. pyogenes, Streptococcus 
pneumoniae, and Corynebacterium diphtheriae are also sus-
ceptible. However, these organisms rarely, if ever, cause UTIs 
and their susceptibility to nitrofurantoin is of little practical 
importance. Other Corynebacterium species, Rhodococcus 
equi, and Listeria monocytogenes are usually nitrofurantoin- 
resistant (Soriano et al., 1995).

2b.  Emerging resistance and 
cross-resistance

Nitrofurantoin requires reduction by bacterial enzymes for 
antibacterial activity (McOsker and Fitzpatrick, 1994). The 
predominant mechanism of nitrofurantoin resistance in 
E.  coli involves loss-of-function mutations in two chromo-
somal genes encoding oxygen-insensitive nitroreductases: 
nitrofuran sensitivity (nfs) genes A and B (McCalla et al., 
1978). Resistance has also been generated in vitro as a result 
of a mutation in ribE, which encodes lumazine synthase and 
is involved in production of an NfsA/B cofactor (Vervoort et 
al., 2014). 

Plasmid-mediated resistance was reported in the 1980s but 
received little attention until recently (Breeze and Obaseiki-
Ebor, 1983a, 1983b). Ho et al. (2015) demonstrated that the 
plasmid-mediated efflux pump, OqxAB, is more prevalent 
among nitrofurantoin non-susceptible E. coli strains than 
susceptible strains in Hong Kong. They found that oqxAB 
raises the mutant prevention concentration of nitrofuran-
toin, and that the combination of oqxAB and mutant nfsA 
conveys resistance to nitrofurantoin (even in the absence of 
mutant nfsB). 

An important property of nitrofurantoin is that usually 
susceptible microorganisms do not readily become resistant 
to the drug. Nitrofurantoin’s multiple mechanisms of action 
(see section 3, Mechanism of drug action) probably explain 
why emergence of resistance to this agent has been uncom-
mon (McOsker and Fitzpatrick, 1994). Another possibility, 
at least with regard to E. coli strains, is the fitness cost asso- 

ciated with mutant nfsA and nfsB genes. Sandegren et al. 
(2008) observed that, among spontaneously resistant mutants 
generated in vitro from initially susceptible clinical E. coli, 
the mutants showed a reduction in growth rate compared 
with the parent susceptible strain. Average growth rates of 
the resistant mutants were approximately 6% lower than 
the susceptible strains. Overall, nitrofurantoin resistance 
appeared to confer a reduction in fitness in E. coli in the 
absence of nitrofurantoin. In the presence of therapeutic lev-
els of nitrofurantoin, even resistant mutants had altered 
growth (Sandegren et al., 2008). Indeed, although resistance 
can be induced in vitro, there has been only limited change 
in the resistance pattern of bacteria to nitrofurantoin over 
the years. The high genetic diversity among nitrofurantoin- 
resistant E. coli strains is consistent with the hypothesis that 
the biologic cost of nitrofurantoin resistance will tend to 
curtail its dissemination (Poulsen et al., 2013). A further 
characteristic of nitrofurantoin that may slow the emergence 
of resistance is its seemingly minimal impact on commensal 
microbiota of the gastrointestinal tract (Stewardson et al., 
2015; Vervoort et al., 2015).

Nonetheless, nitrofurantoin resistance may soon increase 
given the dramatic rise in the drug’s use after its recent rein-
troduction in international guidelines as first-line therapy 
for uncomplicated UTI (Gupta et al., 2011). Indeed, resis-
tance rates among uropathogens in non-Western countries 
appear to be increasing, with prevalences of 8.3%, 10.1%, 
and 34.3% in South Africa, Senegal, and India, respectively 
(Lewis et al., 2013; Sire et al., 2007; Kothari and Sagar, 2008). 
Cross-resistance can occur among nitrofurans, although there 
is usually no cross-resistance between them and other che-
motherapeutic agents (Alon et al., 1987; London et al., 1993; 
Beunders, 1994; Thomson et al., 1994).

In 1983, Obaseiki-Ebor (1983) reported the isolation of E. 
coli strains in Nigeria that were resistant to aminoglycosides 
and nitrofurans (nitrofurazone and nitrofurantoin). Using 
laboratory mutants of E. coli resistant to aminoglycosides, 
the authors showed that the clinical isolates of nitrofuran- 
resistant E. coli were not cross-resistant with aminoglyco-
sides, reflecting differing methods of acquiring resistance to 
these two groups of antibiotics. Topical use of gentamicin, 
neomycin, and nitrofurazone in Nigeria was probably respon-
sible for the selection of these resistant mutants. Breeze 
and Obaseiki-Ebor (1983a) also studied the nitrofurantoin 
susceptibility of 150 clinical isolates of antibiotic-resistant 
Gram- negative bacteria from patients with UTIs in 
Edinburgh; 70% showed varying degrees of resistance to 
nitrofurantoin; 30% of resistant strains were E. coli, and the 
remainder were Klebsiella or Proteus spp. Some of the E. coli 
strains carried plasmids that conferred resistance to nitrofu-
rantoin and nitrofurazone. In some resistant strains, the 
resistance was apparently due to a combination of chromo-
somal and plasmid-borne genes. A reduction in nitrofuran 
reductase activity was found in nitrofurantoin-resistant strains 
of E. coli, some with chromosomally determined resistance 
and others carrying plasmids (Breeze and Obaseiki-Ebor, 
1983b). 
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3. MECHANISM OF DRUG ACTION

Nitrofurantoin possesses several mechanisms of action, none 
of which are fully understood (McOsker and Fitzpatrick, 
1994). It inhibits a number of bacterial enzymes, attacks 
bacterial ribosomal proteins causing complete inhibition of 
bacterial protein synthesis, and may also damage bacterial 
DNA. Nitrofurantoin’s activity is partially dependent on its 
conversion to many highly reactive intermediates by bacterial 
nitroreductases (Chamberlain, 1976; McCalla, 1977; McOsker 
and Fitzpatrick, 1994).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Nitrofurantoin is usually administered orally and is available 
in at least three preparations: nitrofurantoin (Furadantin) 
tablets, each containing 50 or 100 mg; nitrofurantoin (Fura-
dantin) suspension, containing 25 mg/5 ml; and nitrofuran-
toin macrocrystal (Macrodantin) capsules, each containing 
50 or 100 mg. Dosage is identical for the crystalline and 
the  macrocrystalline preparations: for adults it is 200–400 
mg/day, given in four divided doses. However, a study has 
suggested that 100 mg of the macrocrystalline formulation 
(Macrodantin) given only three times daily provides sufficient 
urinary concentrations for E. coli infections (Amabile-Cuevas 
and Arredondo-Garcia, 2011). The dosage of nitrofurantoin 
MR (Macrobid) for adults is 100 mg every 12 hours (Spencer 
et al., 1994).

Acute uncomplicated UTIs due to E. coli usually respond 
well to the lower dose of 200 mg daily. For more severe, 
chronic, or recurrent infections, the higher dose of 400 mg 
daily is advisable, but this high dosage should not be contin-
ued for more than 2 weeks. For long-term suppressive ther-
apy in adults, a single daily dose of 50–100 mg (usually in the 
evening) is suitable (Brumfitt and Hamilton-Miller, 1995). 

Intravenous nitrofurantoin is no longer available. 

4b.  Newborn infants and children

The usual dose for children is 5–7 mg/kg body weight per 
day, given in four divided doses. Although no longer rou-
tinely recommended (American Academy of Pediatrics, 2011), 
long-term nitrofurantoin prophylaxis in children is given at 
a dose of 1–2 mg/kg body weight daily. The lower dose of 
1  mg/kg body weight per day is advisable if treatment is 
continued for longer than 3 months.

Because newborn and premature infants may develop 
toxic serum nitrofurantoin levels, the drug is contraindicated 
in this age group.

4c.  Pregnant and lactating mothers

Nitrofurantoin is classified as category B by the US Food and 
Drug Administration (FDA), such that it should be used 

during pregnancy only if clearly needed. However, it is con-
traindicated at term (38–42 weeks’ gestation), during labor 
and delivery, and when onset of labor is imminent because 
of the possibility of fetal hemolytic anemia due to immature 
erythrocyte enzyme systems (glutathione instability). When 
used, no dosage adjustment is required (Macrodantin [nitro-
furantoin] Product Information, 2016; Macrobid [nitrofu-
rantoin] Product Information, 2016).

Although nitrofurantoin is excreted into human milk, 
its use is considered compatible with breastfeeding by the 
Ameri can Academy of Pediatrics, although there is a theo-
retical risk of hemolytic anemia in neonates and glucose- 6-
phosphate dehydrogenase (G6PD)–deficient infants (American 
Academy of Pediatrics, 2001).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

No dosage adjustment is necessary in patients with very mild 
renal impairment. Product information leaflets and guide-
lines have traditionally recommended avoidance of nitro-
furantoin in patients with a creatinine clearance of < 60 ml/
min because of concerns regarding serum drug accumula-
tion (Antibiotic Expert Group, 2014). However, the evidence 
for this recommendation has been questioned (Geerts et al., 
2013; Oplinger and Andrews, 2013), with the UK Medicines 
and Healthcare Products Regulatory Agency advising that a 
short course (3–7 days) may be used with caution in patients 
with an estimated glomerular filtration rate (eGFR) of 30–44 
ml/min/1.73 m2, particularly in the setting of cystitis due to 
suspected or proven multidrug-resistant bacteria (Medicines 
and Healthcare Products Regulatory Agency, 2014). Sachs et 
al. (1968) found that while very little nitrofurantoin is recov-
ered in the urine of azotemic patients, peak serum levels in 
these patients do not exceed 5.0–6.0 µg/ml. Yet these low lev-
els may still lead to toxicity (see section 6, Adverse reactions 
and toxicity). It is important to note that nitrofurantoin con-
centrations in urine may be inadequate when creatinine 
clearance is < 50 ml/min (Gilbert, 2006), and patients with 
a clearance < 20 ml/min are likely to have undetectable uri-
nary concentrations.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Crystalline and macrocrystalline nitrofurantoin preparations 
are equally well absorbed from the gastrointestinal tract, 
with absorption occurring primarily in the small intestine 
and being enhanced by food (D’Arcy, 1985). The macrocrys-
talline form dissolves more slowly and is thus absorbed at a 
slower rate (Hailey and Glascock, 1967). Despite good absorp-
tion, therapeutically active serum levels are not obtained after 
the usual doses of oral nitrofurantoin (Richards et al., 1955). 
Its serum half-life in humans with normal renal function is 
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only about 20 minutes; the drug is both rapidly broken down 
in the tissues and rapidly excreted in urine (Table 97.2) 
(Reckendorf et al., 1962). Nitrofurantoin does not accumu-
late in the serum of patients with normal renal function if 
it is continuously administered in the recommended doses. 
Intravenously administered nitrofurantoin sodium in doses 
of up to 720 mg/day in adults does not produce therapeuti-
cally effective serum levels.

A mean serum level of only 1.8 µg/ml was demonstrated 
in 12 patients with normal renal function who were treated 
with oral 300 mg of nitrofurantoin daily. A mean peak serum 
level of 0.72 µg/ml was reached at 2 hours in six healthy vol-
unteers given a single oral dose of 100 mg (see Table 97.2) 
(Männistö and Lamminsivu, 1982).

Nitrofurantoin accumulates in the serum of patients with 
impaired renal function. Loughridge (1962) detected serum 
levels ranging from 5.1 to 6.5 µg/ml in one patient with ure-
mia (blood urea 300 mg% or 50 mmol/l) who was receiving 
300 mg of oral nitrofurantoin daily. The elevated serum level 
of nitrofurantoin in this uremic patient was associated with 
severe toxicity (see section 6, Adverse reactions and toxicity).

5b.  Drug distribution

Therapeutically active concentrations of nitrofurantoin are 
not attained in most body tissues. Tissue levels in the renal 
medulla are usually about the same as those in urine (Stamey 
et al., 1965). About 90% of the drug is bound to serum pro-
teins (Männistö and Lamminsivu, 1982).

Nitrofurantoin is actively transported into human breast 
milk, achieving concentrations in milk greatly exceeding 
those in serum (Gerk et al., 2001). In a study of four healthy 
lactating women 8–26 weeks postpartum who received a 
single oral 100-mg dose of nitrofurantoin, the average breast 
milk concentration was 1.3 µg/ml and the estimated suckling 
infant dosage was 0.2 mg/kg/day (or 6% of the maternal dose 
in milligrams per kilogram). The authors suggested that con-
cern is warranted for breastfeeding infants younger than 1 
month, or for infants with G6PD deficiency or sensitivity to 
nitrofurantoin (Gerk et al., 2001). The use of nitrofurantoin 
is considered compatible with breastfeeding by the American 
Academy of Pediatrics as long as the aforementioned con-
cerns are addressed (American Academy of Pediatrics, 2001).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Recent time-kill studies with E. coli have suggested a  
time- dependent pharmacokinetic/pharmacodynamic index, 
because optimal bacterial killing occurred when the concen-
tration of nitrofurantoin was kept eight times the MIC for 
100% of a 24-hour dosing interval (Komp Lindgren et al., 
2015). Nitrofurantoin presumably exhibits time-dependent 
killing of other uropathogens, but additional studies assess-
ing time-kill curves are currently lacking.

5d.  Excretion

URINE

Nitrofurantoin is rapidly excreted in urine, where about one 
third (27–56%) of an orally or parenterally administered 
dose appears in a therapeutically active form (Reckendorf et 
al., 1962; Gilbert, 2006). With the usual doses, urine levels 
are 50–250 µg/ml, provided renal function is normal (see 
Table 97.2) (Reckendorf et al., 1962; Gilbert, 2006). There 
is no difference between excretion patterns of the crystalline 
and the macrocrystalline forms, except that with the macro-
crystalline form there is a slower rise in urinary concentra-
tions (Hailey and Glascock, 1967).

Woodruff et al. (1961) studied urinary mechanisms of 
nitrofurantoin excretion in dogs. The drug is excreted by glo-
merular filtration, but a small part is also both secreted and 
reabsorbed by the tubules. Tubular reabsorption is enhanced 
by acid urine and depressed by alkalinization of urine, the 
latter yielding higher active nitrofurantoin urine concentra-
tions. Urine acidification therefore increases renal tissue lev-
els of the drug, which may be advantageous when treating 
pyelonephritis. On the other hand, although alkalinization 
of the urine increases urine nitrofurantoin concentrations, 
this is of doubtful value for the treatment of lower UTIs such 
as cystitis, because the antibacterial effect of the drug is 
reduced in alkaline urine (Brumfitt and Percival, 1967).

Uremic patients excrete very little nitrofurantoin in the 
urine; the levels attained are invariably therapeutically inad-
equate (see section 6, Adverse reactions and toxicity) (Sachs 
et al., 1968; Gilbert, 2006).

Table 97.2. Pharmacokinetics of oral nitrofurantoin. 

Parameter Data Reference

Bioavailability 90% Cunha, 2006

Volume of distribution 40 liters Cunha, 2006

Serum half-life 20 minutes Reckendorf et al., 1962

Mean peak serum concentration after a single 100-mg dose 0.72 µg/ml Männistö and Lamminsivu, 1982

Percentage excreted in urine (therapeutically active form) 27–56% Reckendorf et al., 1962

Peak urine level (normal renal function) 50–250 µg/ml Reckendorf et al., 1962
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BILE

Animal studies suggest that nitrofurantoin is eliminated via 
the bile, where concentrations about 200-fold higher than 
those in the serum have been detected. It was noted that 
nitrofurantoin administration resulted in an increased rate 
of bile flow (Conklin and Wagner, 1971).

INACTIVATION IN THE BODY

In patients with normal renal function, a considerable pro-
portion of a nitrofurantoin dose is inactivated in the body. 
For this reason, even in patients with renal failure there is 
only a relatively minor rise in serum levels of the active 
drug, but these serum levels may cause severe toxicity (see 
section  6, Adverse reactions and toxicity) (Kunin, 1968). 
Inactivation of nitrofurantoin apparently takes place in all 
body tissues, but the liver may play a major role. It is not 
known whether the drug accumulates in patients with liver 
disease.

5e.  Drug interactions

A disulfiram (Antabuse) reaction to alcohol may be pro-
duced by nitrofurans and nitroimidazoles (see Chapter 189, 
Furazolidine) through inhibition of the metabolism of acet-
aldehyde (Birkett and Pond, 1975), but nitrofurantoin does 
not cause this reaction (D’Arcy, 1985). One case report sug-
gested that nitrofurantoin caused lowering of the serum 
phenytoin level (D’Arcy, 1985).

6. ADVERSE REACTIONS AND TOXICITY

Adverse reactions to nitrofurantoin have been the subject of 
a number of reviews. Holmberg et al. (1980) analyzed reports 
of side effects in Sweden during the period 1966–1976. Penn 
and Griffin (1982) examined similar reports in the United 
Kingdom and Holland for the periods 1964–1980 and 1975–
1980, respectively. D’Arcy (1985) reviewed published reports 
of reactions and interactions of nitrofurantoin plus informa-
tion submitted from throughout the world to the major man-
ufacturer of nitrofurantoin (at that time), Norwich Eaton 
Pharmaceuticals in the United States. Using the number of 
courses of nitrofurantoin therapy administered in the United 
States since 1953 as a denominator, D’Arcy estimated the fre-
quency of various nitrofurantoin side effects. A recent large 
systematic review of 17 controlled trials concluded that tox-
icity resulting from short-term nitrofurantoin use is infre-
quent (5–16%), mild, and reversible (Huttner et al., 2015). 
According to meta-analysis of these studies, patients receiv-
ing nitrofurantoin were no more likely to experience adverse 
events (AEs) than those receiving comparators (risk ratio 
[RR]: 1.05; 95% confidence interval [CI]: 0.91–1.22).

In some elderly populations, nitrofurantoin use is rather 
common, so awareness regarding potential AEs is particu-
larly important (Hosia-Randell et al., 2008). A review of 18 
years’ experience with long-term (1 year) nitrofurantoin 
prophylaxis among 219 female patients from 1975 to 1992 

suggested that AEs were most frequent when a dosage regi-
men of 50 mg of microcrystalline nitrofurantoin twice daily 
was used; with this dose 26% stopped treatment prematurely 
because of AEs compared with only 13% of patients taking 
100 mg of macrocrystalline nitrofurantoin once daily. Older 
patients (> 65 years) did not report more AEs than younger 
patients. No AEs were life-threatening. On the basis of these 
data and rates of efficacy, these authors suggested the most 
appropriate dosage regimen to be macrocrystalline nitro-
furantoin 50 mg at bedtime for use in long-term (12 months) 
prophylaxis for recurrent UTIs (Brumfitt and Hamilton-
Miller, 1998).

In children AEs are rare but occur at the following rates 
based on a review of the literature published in 2004: gas-
trointestinal disturbance (4.4/100 person-years at risk), 
cutaneous reaction (2–3%), pulmonary toxicity (9 patients), 
hepatotoxicity (12 patients and 3 deaths), hematologic toxic-
ity (12 patients), and neurotoxicity (Karpman and Kurzrock, 
2004).

6a.  Gastrointestinal side effects

Anorexia, nausea, and vomiting are the most frequent side 
effects of nitrofurantoin and are dose related. They can often 
be controlled by reducing the dose, but concomitant admin-
istration of food or milk is less effective. Nausea and vomit-
ing may sometimes be severe enough to necessitate cessation 
of treatment, and they appear to occur more commonly 
in women (Koch-Weser et al., 1971; Brumfitt and Hamilton-
Miller, 1998). Nitrofurantoin-induced nausea may result from 
the action of rapidly absorbed drug on the central nervous 
system, rather than from gastrointestinal irritation. Intra-
venously administered nitrofurantoin also causes this effect, 
but the intravenous formulation is no longer available (Hal-
liday and Jawetz, 1962). By comparison, diarrhea is a rare 
side effect. Antibiotic-associated diarrhea, caused by toxin- 
producing Clostridium difficile, has occurred after nitrofu-
rantoin therapy (Hirschhorn et al., 1994).

Some authors have shown that the macrocrystalline form, 
which is more slowly absorbed, evokes nausea and vomiting 
less frequently than crystalline nitrofurantoin in patients 
with a known history of nitrofurantoin intolerance (Hailey 
and Glascock, 1967). This was also demonstrated by Kalow- 
ski et al. (1974) in a double-blind study of patients whose 
past experience with nitrofurantoin was not known. It is 
possible that these symptoms are related to the rate of 
absorption of the drug, and thus the more slowly absorbed 
macrocrystalline form may be less prone to cause nausea and 
vomiting. Despite its slower rate of absorption, macrocrys-
talline nitrofurantoin appears to be therapeutically equal in 
efficacy to the older crystalline drug (Hailey and Glascock, 
1967; Kalowski et al., 1974). Alternatively, other authors 
have found that administration of the macrocrystalline form 
does not prevent nausea, and consider these symptoms to be 
related more closely to the average serum level than to the 
rate of absorption of the drug (Koch-Weser et al., 1971).
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Nitrofurantoin has been associated with parotitis. Among 
several reports of parotitis and enlargement of other salivary 
glands, symptoms are often associated with fever, leukocyto-
sis, and raised serum amylase values; the onset is often within 
hours of taking nitrofurantoin, and most patients have been 
elderly (Meyboom et al., 1982; Pellinen and Kalske, 1982; 
Penn and Griffin, 1982).

Nelis (1983) described an elderly woman who developed 
acute pancreatitis and associated jaundice after treatment 
with nitrofurantoin; her clinical disease recurred after chal-
lenge with a single dose of the drug. Two further cases of 
acute pancreatitis requiring hospital admission have been 
described; both patients experienced onset of abdominal 
pain on the day of nitrofurantoin initiation and responded 
promptly to drug discontinuation (Christophe, 1994; Mou-
allem, 2003). Similar to the case described by Nelis (1983), 
Christophe (1994) described recurrence, accompanied by 
arthralgia and myalgia, with nitrofurantoin re-challenge.

6b.  Hypersensitivity reactions

Compared with gastrointestinal side effects, hypersensitivity 
reactions are relatively infrequent, and in one large series 
they were observed in 4.1% of treated patients (Koch-Weser 
et al., 1971). Common manifestations included skin rashes, 
eosinophilia, and drug fever, which usually subsided rapidly 
when the drug was stopped. Asthma due to sensitization 
to the drug has been observed. Anaphylaxis, angioneurotic 
edema, and arthropathy can occur. At the severe end of 
the hypersensitivity spectrum, one case of DRESS syndrome 
(drug reaction with eosinophilia and systemic symptoms) 
has been reported (Velema and Voerman, 2009). Stevens-
Johnson syndrome and toxic epidermal necrolysis have 
also  been reported (Chan et al., 1990). Allergic reactions 
accounted for about 40% of all adverse reactions due to 
nitrofurantoin reported in the United Kingdom, Sweden, 
and Holland (Penn and Griffin, 1982).

6c.  Neurotoxicity

A variety of central nervous system reactions have been 
reported and are generally considered dose-dependent. These 
include symptoms such as headache, dizziness, depression, 
confusion, drowsiness, slurred speech, and abnormal vision 
(Penn and Griffin, 1982). Peripheral neuritis is one of the 
most serious side effects of nitrofurantoin therapy but usu-
ally occurs in patients with renal failure who develop toxic 
serum levels of the drug (Loughridge, 1962). Six cases of 
nitrofurantoin neuropathy were reported by Ellis (1962). 
Three patients in whom the drug was continued died as a 
result of progressive polyneuritis, but the other three, in whom 
therapy was stopped soon after the onset of symptoms, made 
a slow partial recovery. A case with a similar clinical course 
was described by Kammire and Donofrio (2007). Symptoms 
of nitrofurantoin peripheral neuritis usually begin within 
45 days of starting treatment, and the clinical course is one 

of ascending motor and sensory polyneuropathy (Toole and 
Parrish, 1973; Kammire and Donofrio, 2007). The degree of 
recovery is usually inversely related to the severity of the 
neuritis. This complication has also been reported in patients 
with normal blood urea levels, but who have had marginal 
renal functional impairment as evidenced by low creatinine 
clearance values (Craven, 1971). Neuritis may also develop 
in patients with normal renal function, especially in the 
elderly, if prolonged courses of nitrofurantoin are used. How-
ever, the development of neuritis does not show a consistent 
relationship to dosage or duration of treatment (Yiannikas et 
al., 1981; Kammire and Donofrio, 2007). Changes in nerve 
conduction have been detected without clinical features of 
neuritis, after a 2-week course of 400 mg of nitrofurantoin 
daily in healthy volunteers (Toole et al., 1968). Peripheral 
neuritis has constituted 2.2–14.1% of all adverse reports 
in  the United Kingdom, Sweden, and Holland (Penn and 
Griffin, 1982). D’Arcy (1985) calculated the incidence pro-
portion to be 0.0007%. Patients receiving nitrofurantoin 
should be warned to report early signs of neuritis such as 
paresthesia, and in this event the drug should be stopped.

6d.  Pulmonary reactions

Pulmonary reactions constituted 2–5% of all adverse reac-
tions reported in the United Kingdom, Sweden, and Holland 
(Penn and Griffin, 1982). D’Arcy (1985) estimated an inci-
dence proportion of 0.001%; Jick et al. (1989) estimated that 
nitrofurantoin may cause acute severe pulmonary disease in 
0.02% of patients receiving their first course, and fibrosis 
requiring hospitalization in 0.1% of long-term users (2 years). 
Nitrofurantoin therapy has been associated with at least four 
types of pulmonary reaction (Ben-Noun, 2000), as follows:

ACUTE PNEUMONITIS

Acute pneumonitis is the most common pulmonary injury 
related to nitrofurantoin exposure. First described in 1962 
(Israel and Diamond, 1962), acute pneumonitis is more 
common in elderly patients and is characterized by a sudden 
onset of cough, fever, and dyspnea and may simulate acute 
respiratory infection or pulmonary edema (Hailey et al., 1969; 
Simonson et al., 1977; Chudnofsky and Otten, 1989; Jick et 
al., 1989; Bryant, 1992; Broes, 2012). Pulmonary infiltrations 
may be present on radiologic examination of the lungs, some-
times with pleural effusions. Symptoms may become evident 
from hours to several weeks after nitrofurantoin therapy is 
begun (Kabbara and Kordahi, 2015). This pneumonitis is 
probably allergic in nature and is often accompanied by 
eosinophilia. Clinical recovery rapidly ensues when the drug 
is discontinued. However, corticosteroid treatment is gener-
ally beneficial and may be necessary in severe cases (Morgan, 
1970). An accelerated and more severe pulmonary reaction 
typically occurs if the patient is re-challenged with the drug 
(Murray and Kronenberg, 1965; Murphy, 1966). Acute 
pneumonitis associated with nitrofurantoin treatment has 
also been described in a 7-year-old girl (Rantala et al., 1979). 
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There has been at least one report of concurrent severe 
interstitial lung disease and severe chronic active hepatitis 
associated with nitrofurantoin (Schattner et al., 1999). Acute 
pulmonary toxicity appears to be rare in pregnancy, although 
at least one case has been reported in a woman at 16 weeks’ 
gestation (Boggess et al., 1996).

SUBACUTE PNEUMONITIS

A subacute reaction was described in a patient with pulmo-
nary symptoms of 1 month duration having taken nitro-
furantoin for 1 year (Sollaccio et al., 1966). This patient 
recovered rapidly when the drug was discontinued and pred-
nisolone was administered. Since that report, many other 
patients with a subacute reaction have been reported (D’Arcy, 
1985).

BRONCHIOLITIS OBLITERANS ORGANIZING 
PNEUMONIA

Nitrofurantoin-induced bronchiolitis obliterans with orga-
nizing pneumonia (BOOP) has been reported rarely and is 
generally associated with poor outcomes (Cohen et al., 1994; 
Cameron et al., 2000; Epler, 2004; Fenton et al., 2008; 
Robinson and Nyi, 2009). However, Fawcett and Ibrahim 
(2001) and Kanji et al. (2011) both reported patients who 
responded to drug withdrawal and corticosteroid therapy.

CHRONIC PULMONARY REACTIONS

Patients with chronic pulmonary reactions characteristically 
have progressive dyspnea, nonproductive cough, and fatigue 
after several months of nitrofurantoin for UTI prophylaxis 
(Robinson, 1983; D’Arcy, 1985; Bryant, 1992; Madani and 
Mann, 2012; Weir and Daly, 2013). The disease has been 
described in children but is most common in middle-aged 
and elderly women, in keeping with the population exposed 
to nitrofurantoin. Chest radiographs usually show bilateral 
patchy basal shadowing or diffuse reticular shadowing, and 
pleural effusions sometimes occur. Chest computed tomog-
raphy typically demonstrates bilateral ground-glass opacifica-
tion, patchy consolidation, and fibrosis. Various immunologic 
abnormalities are commonly detected, such as circulating 
antinuclear antibody and elevated gamma globulin levels. 
Lung histology reveals chronic interstitial inflammation and 
fibrosis. Resolution of the disease usually occurs after ceasing 
nitrofurantoin therapy, and the value of corticosteroids is not 
established. Continuation of nitrofurantoin has led to death, 
but some patients have responded to corticosteroids while 
still receiving nitrofurantoin. This condition is considered to 
be allergic or toxic, with direct lung tissue injury through 
oxidant mechanisms (Boyd et al., 1979; Martin, 1983).

Five patients described by Rosenow et al. (1968) and 
another patient reported by Israel et al. (1973) all gradually 
developed a diffuse interstitial pneumonitis with fibrosis 
in association with long-term nitrofurantoin therapy. These 
changes were only partially reversible when the drug was 
discontinued and corticosteroids were given. In two patients 
reported by Bäck et al. (1974), long-term nitrofurantoin 

administration was associated not only with pulmonary 
fibrosis, but also liver damage and the presence of autoim-
mune antibodies in the serum. Schattner et al. (1999) and 
Koulaouzidis et al. (2007) have subsequently also described 
patients with lung-injury and hepatotoxicity attributed to 
nitrofurantoin. Bone et al. (1976) described another two 
patients who developed diffuse interstitial lung disease after 
long-term nitrofurantoin therapy, and who on open-lung 
biopsy had pathologic changes typical of desquamative inter-
stitial pneumonia. Both patients improved considerably with 
corticosteroid treatment.

Robinson (1983) described four patients and reviewed the 
features of 45 other reported patients. All had received the 
drug for longer than 6 months; common presenting symp-
toms were dyspnea and a nonproductive cough. A few 
patients had a history suggestive of acute pneumonitis after 
starting nitrofurantoin. Mendez et al. (2005) described 18 
patients with chronic nitrofurantoin-induced lung disease 
managed at the Mayo Clinic (1997–2002). Onset of symp-
toms occurred a median of 23 months after starting nitrofu-
rantoin for prevention of recurrent UTIs. All 10 patients who 
had computed tomograms available demonstrated bilateral 
ground-glass opacities, subpleural irregular linear opacities, 
and patchy consolidation. Most improved after drug cessa-
tion, but nine required corticosteroid therapy. Marshall and 
Dempsey (2013) described 13 patients, with symptom onset 
occurring a mean of 14 months after commencement of 
nitrofurantoin. All ceased nitrofurantoin, and 6 received 
steroids. Serial spirometry (available in 9 patients) indicated 
dramatic improvement.

Three cases of giant cell interstitial pneumonia attributed 
to long-term nitrofurantoin use have been reported (Magee 
et al., 1986; Hargett et al., 2006; Lee et al., 2015), one of which 
recurred with nitrofurantoin re-challenge (Lee et al., 2015). 
Although histologically distinct from the “typical” chronic 
pulmonary reaction to nitrofurantoin, this entity is similar 
with regard to both the insidious presentation and the 
favorable prognosis with drug withdrawal and corticosteroid 
administration. 

6e.  Hepatotoxicity

Acute liver injury is a rare complication of nitrofurantoin 
administration. Within days to weeks of drug initiation, 
patients typically develop fever and rash associated with 
deranged liver enzymes and eosinophilia (Sakaan et al., 
2014). The pattern of injury is usually hepatocellular (with or 
without jaundice), but cholestatic jaundice may also occur 
(Bhagwat and Warren, 1969; Westphal et al., 1994; Sakaan 
et al., 2014). Ernaelsteen and Williams (1961) reported a 
patient who developed prodromal fever, rash, and eosino-
philia, followed by an intrahepatic obstructive jaundice (con-
firmed by liver biopsy) similar to chlorpromazine jaundice, 
in association with nitrofurantoin therapy. Subsequently, 
Murphy and Innis (1968) reported a 65-year-old patient 
who developed a severe toxic hepatitis with jaundice and 
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hemorrhagic manifestations after treatment with nitrofuran-
toin for 1 month. This patient recovered but required an 
exchange transfusion to control bleeding. A severe second 
attack of nitrofurantoin-induced hepatitis can occur as late 
as 17 years after the first episode (Paiva et al., 1992). 
Hepatitis caused by this drug occasionally can lead to liver 
failure necessitating liver transplantation (Mollison et al., 
1992; Hebert and Roberts, 1993). Cholestatic hepatitis 
caused by nitrofurantoin can occasionally also be very severe 
and fatal (Mulberg and Bell, 1993).

Nitrofurantoin, particularly after prolonged administra-
tion, may cause chronic active hepatitis (Sharp et al., 1980; 
Westphal et al., 1994; Amit et al., 2002). Patients develop 
progressive fatigue then jaundice (Sakaan et al. 2014). Anti-
nuclear and anti–smooth muscle antibodies are often present 
in conjunction with elevated liver enzymes and gamma glob-
ulin (Sharp et al., 1980; Sakaan et al. 2014). The histologic 
appearance of the liver resembles autoimmune hepatitis. In 
two patients described by Strömberg and Wengle (1976), 
clinical and biochemical recovery occurred on withdrawal of 
nitrofurantoin, without treatment with immunosuppressive 
drugs. Black et al. (1980) reported two other patients with a 
lupoid form of chronic active hepatitis after prolonged ther-
apy with nitrofurantoin, the features of which also abated 
after discontinuation of the drug. Sharp et al. (1980) reported 
another five cases of chronic active hepatitis, including two 
deaths, associated with nitrofurantoin and reviewed 15 other 
published cases. All patients were women who had taken the 
drug for periods of 4 weeks to 11 years. Eighteen patients 
improved when the drug was withdrawn, and cirrhosis 
occurred in four. Amit et al. (2002) described three patients 
with nitrofurantoin-induced chronic active hepatitis in whom 
drug withdrawal did not result in remission of the liver dis-
ease and glucocorticoids had to be administered; one patient 
died. Fulminant hepatitis mimicking autoimmune hepatitis 
has also been described (Peedikayil et al., 2006).

Overall, the incidence of symptomatic nitrofurantoin- 
induced liver injury has been estimated to be approximately 
0.02–0.035%. The mechanism of liver injury is likely to be 
immunologic rather than due to direct toxicity (Westphal et 
al., 1994; Sakaan et al., 2014).

6f.  Hematologic side effects

Three types of blood disorder have been reported in associa-
tion with nitrofurantoin therapy. The calculated occurrence 
rate of these reactions is 0.0004% (D’Arcy, 1985).

HEMOLYTIC ANEMIA

Nitrofurantoin is one of many drugs that can precipitate 
acute hemolysis in patients with G6PD-deficient red blood 
cells (D’Arcy, 1985; van de Mheen et al., 2014). The drug, 
therefore, should be used with caution in patients of African, 
Mediterranean, and Southeast Asian origin; and it should be 
avoided in infants younger than 1 month, whose red cell 
enzyme systems are immature. Hemolytic anemia has been 

reported in a newborn after antenatal maternal adminis-
tration of nitrofurantoin (Bruel et al., 2000). Nitrofurantoin 
apparently can also precipitate hemolytic anemia in patients 
with erythrocytes deficient in other enzymes (D’Arcy, 1985). 
For instance, Stefanini (1972) described a patient with red 
blood cells deficient in the enzyme enolase whose chronic 
hemolytic anemia was exacerbated by nitrofurantoin.

MEGALOBLASTIC ANEMIA

Nitrofurantoin is chemically related to phenytoin, and simi-
larly may cause, albeit rarely, a megaloblastic anemia due to 
folic acid deficiency, particularly when repeated courses are 
used (Bass, 1963).

BONE MARROW DEPRESSION

There have been a few reports of leukopenia, thrombocyto-
penia, agranulocytosis, and aplastic anemia associated with 
nitrofurantoin therapy (D’Arcy, 1985; Roberts and Nee-
lamegam, 2005). In an evaluation of 921 patients, 20 had 
blood dyscrasias, of whom 2 had fatal agranulocytosis due 
to nitrofurantoin (Holmberg et al., 1980).

6g.  Miscellaneous side effects

Nitrofurantoin therapy has rarely been associated with the 
development of systemic lupus erythematosus (SLE) (Chap-
man, 1986). Nitrofurantoin crystalluria was reported in 
three elderly patients by Macdonald and Macdonald (1976). 
All of these had urinary catheters and were receiving long-
term nitrofurantoin prophylaxis for urinary infections. Their 
renal function and urinary output was normal and they were 
receiving the recommended low dosage. Crystalluria, there-
fore, seems to be a rare side effect of the drug.

Benign intracranial hypertension occurred in a 10-month-
old child after nitrofurantoin therapy, suggesting a possible 
causal relationship (Sharma and James, 1974). A case of 
acute interstitial nephritis associated with nitrofurantoin 
was described by Kahn (1996).

Although the nitrofurans, including nitrofurantoin, are 
mutagenic toward mammalian cells by damaging DNA 
(McCalla, 1977), there is no evidence that they are carcino-
genic in humans. Nitrofurantoin crosses the placenta to a 
very small extent, but there is no evidence that it is terato-
genic (D’Arcy, 1985; Christensen, 2000). Nitrofurantoin is 
classified as category B by the FDA—it should be used during 
pregnancy only if clearly needed. However, it is contrain-
dicated at term (38–42 weeks gestation), during labor and 
delivery, and when onset of labor is imminent, owing to the 
possibility of fetal hemolytic anemia. Animal studies have 
failed to reveal evidence of fetotoxicity or teratogenicity 
except when administered in very high doses. Nitrofurantoin-
induced congenital anomalies have not been reported (Hailey 
et al., 1983; Briggs et al., 1998; Macrodantin [nitrofurantoin] 
Product Information, 2016; Macrobid [nitrofurantoin] Prod-
uct Information, 2016).
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7. CLINICAL USES OF THE DRUG

7a.  Urinary tract infections

Because of its rapid elimination from the serum, nitrofuran-
toin is suitable only for the treatment of UTIs, particularly 
those caused by E. coli (Turck et al., 1967; Christiaens et al., 
2002). Given significant increases in bacterial resistance to 
trimethoprim, Co-T, and the quinolones in most countries, 
international guidelines have been revised to recommend 
nitrofurantoin as first-line therapy for acute cystitis (Nicolle 
et al., 2006; Gupta et al., 2011). Consequently, nitrofuran-
toin consumption increased exponentially and a new wave 
of research on this old drug (Pulcini et al., 2012) was set in 
motion.

PYELONEPHRITIS

Although renal medullary and urinary concentrations are 
almost identical (Stamey et al., 1965), the use of nitrofuran-
toin in upper UTIs is generally discouraged, because these 
are more likely to be associated with bacteremia and nitro-
furantoin achieves poor serum levels (Editorial, 1976; 
Naumann, 1978). If renal infection is associated with fea-
tures suggesting possible septicemia, other drugs such as the 
third-generation cephalosporins, aminoglycosides, fluoro-
quinolones, or trimethoprim, which produce therapeutic 
serum levels, are indicated. Nitrofurantoin may also not be 
effective in patients with upper UTIs in whom one kidney 
has poor function. In such patients, even though overall 
renal function may be normal, effective concentrations of 
the drug may not be reached in the urine of a kidney with a 
unilateral creatinine clearance of less than 20 ml/min (see 
section 6, Adverse reactions and toxicity) (Gilbert, 2006). On 
these grounds, nitrofurantoin should be restricted to the treat-
ment of lower UTIs in patients with normal renal function 
(Editorial, 1976; Gilbert, 2006).

LOWER URINARY TRACT INFECTION

Nitrofurantoin was approved in 1953 and did not undergo 
the rigorous process of clinical testing required of new drugs 
today. Yet nitrofurantoin was later evaluated in multiple 
clinical trials beginning in the 1970s, because by then it 
had  become the standard of care for UTIs; it served as 
the  comparator against which the newer trimethoprim, 
trimethoprim– sulfamethoxazole (Co-T), beta-lactam anti-
biotics, and fluoroquinolones were tested. Most trials were 
industry sponsored and at high risk for several types of bias; 
many reflect the practice of the time, providing only data 
from per-protocol analyses. A recent systematic review 
(Huttner et al., 2015) of 27 controlled trials assessing nitrofu-
rantoin’s clinical efficacy and toxicity when given short term 
(≤ 14 days) for acute UTI revealed overall clinical equiva-
lence between nitrofurantoin and Co-T (Ernst et al., 2005; 
Gupta et al., 2005; Gupta et al., 2007; Iravani et al., 1999; 
Lopez-Carmona et al., 2007), ciprofloxacin (Ernst et al., 2005; 
Gupta et al., 2005; Iravani et al., 1999; Lopez-Carmona et al., 

2007), amoxicillin (Hooton et al., 1995), and fosfomycin (Gupta 
et al., 2005; Stein, 1999), with clinical cure rates for nitrofu-
rantoin varying between 79% and 92% in these studies’ final 
follow-up data. Twenty-four of the 27 trials were random-
ized; a meta-analysis of these (802 and 1345 patients receiving 
nitrofurantoin and one of seven comparators, respectively) 
confirmed clinical equivalence (RR: 0.99; 95% CI: 0.96–1.02). 

Although clinical cure rates are similar, nitrofurantoin’s 
microbiologic efficacy may be slightly inferior to that of the 
fluoroquinolones and trimethoprim. In a large randomized, 
double-blind study comparing ciprofloxacin (100 mg twice 
daily for 3 days) with Co-T (one double-strength tablet 
twice daily for 7 days) or nitrofurantoin (100 mg twice daily 
for 7 days) among 571 women with acute uncomplicated 
UTI, ciprofloxacin resulted in significantly higher eradica-
tion rates (91%) after 4–6 weeks than Co-T (79%) or nitro-
furantoin (82%) (Iravani et al., 1999). Indeed, in the recent 
meta-analysis for microbiologic cure (Huttner et al., 2015), 
patients receiving nitrofurantoin had slightly lower rates of 
bacterial eradication after therapy when compared with those 
receiving trimethoprim or a fluoroquinolone (RR: 0.91 [95% 
CI: 0.83–1.01] and 0.89 [95% CI: 0.81–0.98], respectively). 
When comparing all patients taking nitrofurantoin (n = 616) 
versus those taking any comparator (n = 1046), the overall 
relative risk for microbiologic cure among nitrofurantoin 
was 0.93 (95% CI: 0.89–0.97). 

Fortunately there is little epidemiologic evidence that any 
reduced microbiologic efficacy leads directly to the emergence 
of resistance. Only one controlled trial evaluating short-term 
nitrofurantoin for acute cystitis has assessed emergence of 
resistance as a formal outcome (Gupta et al., 2005). No resis-
tance to nitrofurantoin in follow-up cultures was observed, 
but the study was statistically underpowered to detect a 
 significant difference. A large multicenter randomized 
 controlled trial comparing nitrofurantoin versus fosfomy-
cin is  currently underway and will further assess clinical 
and microbiologic cure, as well as emergence of resistance 
(ClinicalTrials.gov identifier NCT01966653).

Nitrofurantoin can be used to treat UTIs caused by Gram-
positive cocci such as E. faecalis, and some strains of S. aureus 
and S. epidermidis (McDonald and Lohr, 1994). However, 
other drugs that produce therapeutic serum levels are usually 
preferred for these infections, particularly for those caused 
by S. aureus, the presence of which in the urine often reflects 
septicemia and disseminated infection.

In an early randomized controlled trial including 49 
female patients aged 18 years or younger with uncomplicated, 
acute lower UTIs, a 3-day course of nitrofurantoin macro-
crystals was as effective as a 10-day course (Lohr et al., 1981). 
But in a larger trial that randomized 180 women to 3 days of 
high-dose nitrofurantoin (100 mg four times daily), Co-T, 
amoxicillin, or cefadroxil, the nitrofurantoin group had a 
clinical response rate of only 61% 4 weeks after therapy 
(Hooton et al., 1995). For this reason, guidelines for adult 
therapy recommend at least a 5-day course (Gupta et al., 
2011). Indeed, the same team of researchers later found that 

http://ClinicalTrials.govidentifierNCT01966653
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a 5-day course of nitrofurantoin (100 mg twice daily) was 
equivalent clinically and microbiologically to a 3-day course 
of Co-T (one double-strength tablet twice daily) in 338 women 
aged 18–45 years with acute uncomplicated cystitis, in whom 
clinical cure was assessed after 30 days. Clinical cure rates 
were 84% and 79% for nitrofurantoin and Co-T, respectively 
(Gupta et al. (2007).

PROPHYLAXIS FOR URINARY TRACT INFECTIONS

The use of nitrofurantoin for suppressive therapy has the 
important advantage that it does not usually induce resis-
tance among bacteria in the urinary or intestinal tracts. The 
dose of this drug for suppressive therapy is 50–100 mg in 
adults and 1–2 mg/kg in children once each evening, and 
this has been successful in reducing recurrences of infection 
(Bailey et al., 1971; Raz and Boger, 1991; Stamm et al., 1991; 
Bailey, 1993; Brumfitt and Hamilton-Miller, 1995; Cunha, 
2006). In a large review of 18 years’ experience with long-
term nitrofurantoin prophylaxis among 219 female patients, 
Brumfitt and Hamilton-Miller (1998) found that the mean 
incidence of symptomatic episodes decreased 5.4-fold during 
prophylaxis. Most of the breakthrough infections were nitro-
furantoin-susceptible strains of E. coli. Fecal flora analyses 
showed neither overgrowth by nitrofurantoin-resistant bac-
teria nor elimination of sensitive coliforms. Based on the 
lower rate of side effects, these authors suggested macrocrys-
talline nitrofurantoin 50 mg at bedtime as the appropriate 
dose for long-term (12 months) prophylaxis. In a study of 
171 postmenopausal women with recurrent UTIs who were 
treated with either estriol-containing vaginal pessaries (0.5 
mg of estriol) twice weekly or nitrofurantoin 100 mg once 
daily over 9 months, estriol-containing pessaries were infe-
rior to nitrofurantoin therapy in preventing UTIs (Raz et al., 
2003). 

Guidelines have discouraged the use of antimicrobial pro-
phylaxis in children 2 years of age or younger, because rele-
vant meta-analyses have failed to reveal a significant reduction 
in symptomatic UTIs from such prophylaxis, regardless of 
whether vesicoureteral reflux was present (American Academy 
of Pediatrics, 2011). 

Nitrofurantoin can be used for both treatment and pro-
phylaxis of UTIs during pregnancy, because it has been 
widely used for over 60 years without being implicated as 
a cause of congenital abnormalities (Sandberg and Brorson, 
1991; Pfau and Sacks, 1992; Bint and Hill, 1994; Reeves, 
1994; Christensen, 2000; Le et al., 2005; see section 6, Adverse 
reactions and toxicity). However, the drug is contraindicated 
for premature babies and infants younger than 1 month (see 
section 4b, Newborn infants and children). Nitrofurantoin 
may be suitable for prophylactic treatment of older children 
with recurrent UTIs and urinary tract abnormalities (Brend-
strup et al., 1990). However, the routine use of nitrofuran-
toin prophylaxis to eradicate bacteriuria in 15 children with 
chronic neurogenic bladder and intermittent catheterization 
was not effective in a double-blind, placebo-controlled 
crossover trial (Schlager et al., 1998). A Cochrane review 
of prophylaxis for recurrent UTIs in children cautioned that 

although long-term antibiotics do appear to reduce the risk 
of repeat symptomatic UTIs in susceptible children, the 
benefit is small and must be considered together with the 
increased risk of microbial resistance and potential toxicity 
(Williams and Craig, 2011).

Nitrofurantoin has been recommended for prophylactic 
purposes during urinary tract catheterization, other instru-
mentation, and prostatectomy (Johnson et al., 1994). How-
ever, such prophylaxis would be unlikely to be effective if 
there was a likelihood of infection due to P. aeruginosa, or 
resistant strains of Proteus or Klebsiella species. In a ran-
domized, double-blind, placebo-controlled study of women 
requiring surgery and suprapubic catheterization for pelvic 
organ prolapse and/or urinary incontinence, nitrofurantoin 
initially appeared beneficial, but there was no decrease in 
symptomatic UTI 6–8 weeks after surgery (Rogers et al., 
2004).

7b.  Helicobacter pylori infections

A number of authors have investigated the role of nitrofuran-
toin as part of quadruple treatment regimens for infection 
with H. pylori, especially strains that are metronidazole- or 
clarithromycin-resistant (Coudron and Stratton, 1998; Jenks 
et al., 2000; Graham et al., 2001; Kim et al., 2001). Graham et 
al. (2001) reported a small study assessing the combination 
of nitrofurantoin (100 mg three times daily) plus omeprazole 
(20 mg twice daily) plus Pepto-Bismol (two tablets three 
times daily) plus tetracycline (500 mg three times daily) for 
14 days, with follow-up assessment ≥ 4 weeks after treat-
ment. The intent-to-treat cure rate was 70%, but the regimen 
performed poorly against metronidazole-resistant strains, 
such that the future usefulness of such nitrofurantoin- 
containing protocols seemed questionable (Graham et al., 
2001). In a meta-analysis of furazolidine- and nitrofurantoin- 
based regimens, Buzás and Józan (2007) found that primary 
quadruple regimens containing furazolidine were superior 
to triple regimens (83.4%; p = 0.01), but that side effects were 
common. They suggested that the duration of treatment, but 
not the furazolidine dose, influenced treatment outcome. 
Overall, however, neither nitrofurantoin nor furazolidine 
has gained much favor in the treatment of H. pylori.
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Methenamine Mandelate and 
Methenamine Hippurate

Matthew A. Murphy and M. Lindsay Grayson

1. DESCRIPTION

1a.  Methenamine (hexamine, 
hexamethylenetetramine, or urotropin)

Methenamine was introduced into clinical practice as a uri-
nary antiseptic as long ago as 1894. The antiseptic action of 
this cyclic hydrocarbon depends on its chemical breakdown 
by hydrolysis to formaldehyde and ammonia. This process 
takes place in the urine, to a significant degree only when 
the urine is acidic. In vitro studies have suggested that an 
effective concentration of formaldehyde with recommended 
doses is likely to be achieved only if the urine pH is less than 
5.7–5.85 (Musher and Griffith, 1974). The drug is thereby 
entirely dependent for its effect on proper acidification of 
the urine (Kass, 1955). Formaldehyde is not released while 
methenamine circulates in the blood.

1b.  Mandelic acid and hippuric acid

Mandelic acid, which was introduced into clinical use by 
Rosenheim (1935), is another urinary antiseptic, but is 
excreted unchanged in the urine. Although promoted as being 
antibacterial and making the urine more acidic, mandelic 
and hippuric acid have only a minimal bacteriostatic effect 
in vitro, and in recommended doses there is no evidence 
that either agent significantly lowers urine pH (Musher and 
Griffith, 1974; Vainrub and Musher, 1977).

1c.  Methenamine mandelate and 
methenamine hippurate

Methenamine mandelate and methenamine hippurate are 
chemical combinations of methenamine with mandelic acid 
and hippuric acid, respectively. It has been claimed that 
methenamine hippurate is effective in lower doses than meth-
enamine mandelate and that additional urinary acidification 
is not necessary (Gibson, 1970); however this assertion has 
been disputed. Although formaldehyde from methenam-
ine  reportedly acts as a bacteriostatic agent (Mayrer and 
Andriole, 1982), it is less certain whether the direct bacterio-
static effect of hippuric acid contributes significantly to the 
combination’s action (Nahata et al., 1982; Wall and Tiselius, 
1990).

Methenamine hippurate has been used for preventing 
catheter-associated urinary tract infection (UTI) for more 
than 30 years, although its efficacy has been questioned 
(Nilsson, 1975; Saint and Lipsky, 1999). Nevertheless, a 
Cochrane review concluded that methenamine hippurate 
was probably effective for preventing UTI in patients without 
renal tract abnormalities, particularly when used for short-
term prophylaxis, but that its efficacy is less certain in patients 
with neuropathic bladder or those with renal tract abnor-
malities (Lee et al., 2012).

Methenamine (hexamine) mandelate and methenamine 
hippurate are available under numerous trade names, includ-
ing Hexamine, Mandelamine, Urex, and Hiprex. 
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The vast majority of recently published literature on these 
agents relates to methenamine hippurate (Lee et al., 2012; Lo 
et al., 2014). Given the current era of emerging antimicrobial 
resistance among many urinary pathogens, there has been a 
renewed interest in methenamine hippurate as an alternative 
to long-term antibiotic prophylaxis for patients with recur-
rent UTIs (Lo et al., 2014). 

The chemical formula of methenamine hippurate is 
C15H21N5O3. Its molecular weight is 319.37. The chemical 
structure is shown in Figure 98.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Because the antibacterial activity produced by these com-
pounds in the urine is due to liberated formaldehyde (to 
which all microorganisms are susceptible), both meth-
enamine mandelate and methenamine hippurate demon-
strate activity against almost all common Gram-positive and 
Gram-negative bacteria, and also against some fungi. UTIs 
due to urea-splitting organisms, such as Proteus species, are 
far less likely to respond to these agents; the urine cannot be 
sufficiently acidified in the presence of these infections, and 
therefore formaldehyde is not liberated. The use of acetohy-
droxamic acid, a urease inhibitor, together with methenam-
ine, has been suggested for the treatment of urinary infections 
caused by Proteus species (Musher et al., 1976), but the clin-
ical relevance of this is uncertain.

2b.  Emerging resistance and 
cross-resistance

Acquired resistance to these compounds has not been 
described because bacteria and fungi do not become resis-
tant to formaldehyde. Furthermore, cross-resistance with 
other drug classes has not been reported.

3. MECHANISM OF DRUG ACTION

Methenamine hippurate is hydrolyzed to hippurate and 
formaldehyde, especially in acidic urine. Formaldehyde 

acts nonspecifically to denature bacterial proteins and 
nucleic acids, acting as a bactericidal agent at sufficient 
concentration. A formaldehyde concentration > 25–28 µg/
ml is thought to be bactericidal. Because formaldehyde is an 
antiseptic and not an antibiotic, bacteria have not been 
shown to be resistant to formaldehyde in an acidic environ-
ment and at adequate concentration (Duca and Scudi, 
1947). To achieve the appropriate level of acidification (pH 
< 6), it may be necessary to give ascorbic acid or ammo-
nium chloride concomitantly (Strom and Jun, 1993; Lo et 
al., 2014).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

These drugs are administered by the oral route, usually as 
tablets. Some formulations are enteric-coated tablets, which 
may help to reduce degradation in the acidic stomach—
however, this may also slow the rate of absorption.

Excessive fluid intake should be avoided when meth-
enamine mandelate or hippurate is used, to prevent dilution 
of methenamine in the urine and to reduce frequency of 
micturition. This is thought to increase the duration of expo-
sure of bacteria in the urine to formaldehyde. For this reason, 
patients who are catheterized and have continuous bladder 
drainage are unlikely to gain sufficient antibacterial effect in 
the bladder.

4a.  Adults

METHENAMINE MANDELATE

The dosage for adults is 1 g four times daily; a total daily dose 
of 6 g should not be exceeded. When methenamine mande-
late is used, the urine pH should be ascertained from time 
to time; if it is higher than 5.5, additional acidifying agents 
are recommended. Ammonium chloride, ascorbic acid, or 
methionine can be used in a dose of 3–6 g daily, but some-
times even higher doses have been recommended. For 
instance, Zangwill et al. (1962) used doses as high as 8–18 g 
of methionine daily, but such doses may cause central ner-
vous system and gastrointestinal disturbance. Some authors 
have therefore preferred ascorbic acid as an acidifying agent 
(Holland and West, 1963). However, Vainrub and Musher 
(1977) could not demonstrate any acidification when ascor-
bic acid was used in a dose of 4 g daily. They considered that 
even if urine acidification were achieved, it would be short-
lived owing to renal buffering mechanisms, and that a lasting 
effect on urine pH would result only from doses that produce 
metabolic acidosis. 

METHENAMINE HIPPURATE

The usual adult dosage is 1 g twice daily. Urinary acidifica-
tion may be less necessary with methenamine hippurate 
compared with other formulations, in order to achieve ade-
quate urinary formaldehyde levels (Lo et al., 2014).

Figure 98.1. Chemical structure of methenamine hippurate.
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4b. Newborn infants and children

Similar to in adults, urinary acidification may be necessary 
in children in some cases. Neither methenamine mandelate 
nor hippurate should generally be used in newborn infants.

METHENAMINE MANDELATE

For children aged 6–12 years, the dosage is 500 mg four times 
daily. 

METHENAMINE HIPPURATE

For children aged 6–12 years, the dose is 500 mg twice daily.

4c.  Pregnant and lactating mothers

There are no adequate controlled human studies of meth-
enamine use in pregnancy. The US Food and Drug Admin-
istration (FDA) package insert states that safe usage of 
methenamine in early pregnancy has not been established, 
whereas in the last trimester, safety is suggested but not 
proven. Australian Therapeutic Goods Administration (TGA) 
classifies the drug as category A—namely, the drug can be 
used during pregnancy only if the benefit outweighs the risk 
to the fetus.

Methenamine is excreted in human milk (see sections 5d, 
Excretion, and 6, Adverse reactions and toxicity). Hence, 
given the potential for serious adverse reactions in nursing 
infants, a decision should be made whether to discontinue 
nursing or to discontinue the drug, taking into account the 
importance of the drug to the mother. For these reasons, use 
during pregnancy and lactation is generally discouraged.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

With impaired renal function, urinary excretion of meth-
enamine salts is also impaired, such that these drugs are 
usually contraindicated. This may cause both reduced form-
aldehyde production and accumulation of unconverted 
methenamine. In mild cases of renal impairment, it may be 
possible to use either of the methenamine salts in reduced 
doses—but with more severe renal failure, toxic serum levels 
and inadequate urine concentrations result. The additional 
acid load due to these drugs may be particularly dangerous 
in patients with uremia (US Public Health Service Cooper-
ative Study, 1968; Lo et al., 2014).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Methenamine mandelate and hippurate are both rapidly 
absorbed from the gastrointestinal tract (Knight et al., 1952; 
Gibson, 1970). Antimicrobial activity is not achieved in the 

blood, as the methenamine moiety does not liberate formal-
dehyde in serum, and mandelic or hippuric acid serum levels 
are too low to exert any antibacterial effect. Methenamine is 
rapidly excreted in urine, in which some antibacterial activ-
ity is demonstrable within 30 minutes of administration (Lo 
et al., 2014).

5b.  Drug distribution

The pharmacokinetics of methenamine hippurate has been 
studied in adult volunteers after a single oral dose of 1 g and 
thereafter twice daily (Klinge et al., 1982). The mean peak 
serum level of 35.2 μg/ml was achieved in about 1 hour, and 
after 12 hours this level had fallen to 4.3 μg/ml; there was no 
accumulation with repeated doses. The elimination half-life 
was about 4.3 hours. After a single dose, approximately 82% 
of the drug is recovered in the urine in 24 hours, and after 
continuous twice-daily administration approximately 88% 
of the dose is excreted within a 12-hour dosage interval. 
Renal clearance is close to creatinine clearance and there is 
little extrarenal clearance. Urinary concentrations of meth-
enamine hippurate remained above 150 μg/ml, but the pH 
was not continuously maintained at a level considered low 
enough to produce sufficient free formaldehyde concen-
trations (Klinge et al., 1982). There is no evidence that 
methenamine produces clinically useful levels in any other 
tissues.

When given to healthy pregnant women around the time 
of delivery, methenamine can be found in the placenta, 
amniotic fluid, and breast milk (Allgen et al., 1979). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There have been no detailed studies on the pharmacokinetic 
or pharmacodynamic features of methenamine that relate to 
its clinical activity, other than the fact that adequate concen-
trations of formaldehyde need to be attained. The kinetics 
of conversion of methenamine to formaldehyde have been 
studied in pooled urine samples at 37°C in the pH range 
4.9–6.5; the rate of formaldehyde formation was first order 
and pH dependent. Bactericidal concentrations of formalde-
hyde (> 28 μg/ml) were achieved in 3 hours in urine of pH 
6.0 containing methenamine 750 μg/ml (Strom and Jun, 
1993). Notably, there was no difference in the in vitro rate of 
conversion of methenamine to formaldehyde between the 
urine collected from normal subjects and the urine from 
subjects given ascorbic acid. The half-life of methenamine 
conversion to formaldehyde increased about 20 times, from 
20 hours at pH 5.0 to about 400 hours at pH 6.5 (Strom and 
Jun, 1993). These authors suggested that unless the urine pH 
is maintained below pH 6, only a small fraction of meth-
enamine is converted to formaldehyde and that this explains 
why relatively large doses of methenamine are required for 
clinical efficacy.
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5d.  Excretion

Overall, about 20% of methenamine excreted in the urine is 
converted to formaldehyde, provided the urine pH is 5.0 or 
less. At urinary pH levels higher than this, the proportion of 
formaldehyde liberated is reduced. Even in an acid medium 
(pH 5–6), it takes 30–90 minutes to generate inhibitory con-
centrations of formaldehyde in vivo; some in vitro studies 
have suggested even longer may be required (Strom and Jun, 
1993).

The mandelic or hippuric acid moieties are also rapidly 
excreted in the urine in active unchanged forms by both glo-
merular filtration and tubular secretion.

5e.  Drug interactions

Drugs which cause alkalinization of the urine (e.g. antacids, 
carbonic anhydrase inhibitors) compromise the conversion 
of methenamine to formaldehyde, thereby reducing the anti-
microbial effect. A similar effect may be observed with foods 
that alkalinize the urine.

Concurrent use of sulfonamides should be avoided 
because the combination results in the formation of an 
insoluble precipitate in the urine (Lo et al., 2014). 

Use of methenamine has been reported to interfere with 
the laboratory measurement of various urinary metabolites 
including porphyrins (Webber et al., 2010) and estradiol 
(Mackay et al., 1967).

6. ADVERSE REACTIONS AND TOXICITY

Both methenamine salts are generally well tolerated, with 
fewer than 4% of patients reporting adverse effects (Lo et al., 
2014). These are most commonly gastrointestinal side effects, 
such as nausea, vomiting, and diarrhea. Less commonly, pru-
ritus and rash can occur (McEvoy, 1999). High doses or pro-
longed administration may lead to urinary tract irritation 
due to liberated formaldehyde. This may result in frequency, 
dysuria, albuminuria, and hematuria. One patient developed 
generalized edema, urticaria, and dyspnea, which appeared to 
be a reaction to methenamine mandelate (US Public Health 
Service Cooperative Study, 1968). Elevations in alanine 
aminotransferase and aspartate aminotransferase have been 
described rarely; these seem to be reversible with drug cessa-
tion. No evidence of bone marrow depression or peripheral 
neuritis has been observed when these drugs have been used 
in the recommended doses (Gibson, 1970). The methenamine 
salts should be avoided in patients with gout, because these 
drugs may precipitate urate crystals in the urine of these 
patients (US Public Health Service Cooperative Study, 1968). 

Similar to methenamine salts in general, the rate of 
adverse reactions with methenamine hippurate is low (Lee 
et al., 2007a, 2012; Lo et al., 2014). Phototoxicity has been 
described (Selvaag and Thune, 1994) and a single case of 
reversible cerebral vasoconstriction syndrome associated with 
methenamine hippurate has been reported (Davies et al., 
2013).

There are no adequate and well-controlled studies of 
methenamine hippurate in pregnant women. Studies in ani-
mals have produced mixed results. Oral administration of 
methenamine to pregnant dogs, at doses equivalent to the 
human dose, has been reported to cause a slight increase in 
the stillborn rate and slight impairment of weight gain and 
survival of live-born offspring. However, studies in pregnant 
rabbits at doses approximately three times the human dose 
revealed no evidence of harm to the fetus. Based on these 
findings, the drug is recommended for use during pregnancy 
only if the potential benefit justifies the potential risk to the 
fetus. The Australian TGA classifies methenamine hippurate 
as class A (namely, “Drugs which have been taken by a large 
number of pregnant women and women of childbearing age 
without any proven increase in the frequency of malforma-
tions or other direct or indirect harmful effects on the fetus 
having been observed”); the U.S. FDA classifies it as class C 
(TGA, 2017; FDA, 2006; FDA, 2017).

Methenamine hippurate has no recognized use during 
labor and delivery, and its effects during these processes are 
unknown. Because methenamine is excreted in human milk, 
a decision should be made whether to discontinue nursing or 
to discontinue the drug, taking into account the importance 
of the drug to the mother (FDA, 2006; FDA, 2017).

7. CLINICAL USES OF THE DRUG

7a.  Urinary tract infections

Because methenamine mandelate and methenamine hippu-
rate produce only urinary levels of formaldehyde, they are 
suitable only for prevention and possibly treatment of UTIs. 
However, for the treatment of uncomplicated UTIs they are 
rarely used because there are many alternate chemothera-
peutic agents available with more reliable activity and phar-
macokinetics (see Chapter 101, Ciprofloxacin; Chapter 97, 
Nitrofurans: nitrofurazone, furazolidine, and nitrofurantoin). 
Because of the time taken to produce antibacterial concen-
trations of formaldehyde in urine, methenamine would not 
be expected to be effective in upper UTIs.

7b.  Prevention of urinary tract infections

Early studies suggested that methenamine mandelate was suc-
cessful as prolonged suppressive therapy for UTIs (Zang will 
et al., 1962; Holland and West, 1963; US Public Health Service 
Cooperative Study, 1968). However, when used as long-term 
therapy for chronic bacteriuria in men, methenamine man-
delate was less successful if concomitant underlying genito-
urinary pathology was present (Freeman et al., 1975).

It is important to note that a 2012 Cochrane review 
assessed the role of methenamine hippurate for preventing 
UTIs in randomized controlled trials (RCTs) and qua-
si-RCTs (Lee et al., 2012). Thirteen studies enrolling a total 
of 2032 patients were assessed, with the overall study quality 
considered to be mixed—such that pooled estimates for 
major outcome measures were not interpretable because of 



7. Clinical uses of the drug 1803

heterogeneity. However, subgroup analysis suggested that 
methenamine hippurate may be beneficial in patients with-
out renal tract abnormalities (symptomatic UTI: relative risk 
(RR), 0.24; 95% confidence interval (CI), 0.07–0.89; bacteri-
uria: RR, 0.56, 95% CI, 0.37–0.83), but not in patients with 
known renal tract abnormalities. For short-term therapy 
(1 week or less), there was a significant reduction in symp-
tomatic UTI in those with normal renal tracts (RR, 0.14, 95% 
CI, 0.05–0.38). However, the authors concluded that meth-
enamine hippurate was probably not effective in patients with 
neuropathic bladder or in patients with renal tract abnor-
malities; and that methenamine has consistently been infe-
rior to antibiotic prophylaxis in these patient groups. (Lee et 
al., 2007b, 2012). Similarly, other authors have reported that 
methenamine hippurate is not as effective as co-trimoxazole 
(Co-T; see Chapter 92, Trimethoprim and trimethoprim- 
sulfamethoxazole [co-trimoxazole]) or trimethoprim in 
preventing recurrent UTIs in patients with underlying 
abnormalities of the urinary tract (Kalowski et al., 1975). The 
recent emergence of multidrug-resistant UTIs, particularly 
in these difficult-to-manage populations, may result in a 
reassessment of the role of methenamine hippurate in 
chronic bacteriuria, particularly if the infection is caused by 
highly resistant Gram-negative bacilli or by yeasts, because 
all such pathogens are susceptible to formaldehyde. 

Among patients with neurogenic bladder dysfunction who 
intermittently catheterize, methenamine is commonly used 
for preventing UTIs; however, evidence of efficacy is gener-
ally lacking. Kevorkian et al. (1984) assessed 39 patients with 
neurogenic bladder dysfunction who intermittently cathe-
terized; these researchers reported significant superiority of 
methenamine mandelate (with acidification) versus placebo 
in preventing UTIs (p < 0.02) (Kevorkian et al., 1984). How-
ever, in a more recent double-blind RCT, Lee et al. (2007b) 
assessed the comparative benefit of methenamine hippurate 
(1 g twice daily), cranberry tablets (800 mg twice daily), and 
placebo in patients with neuropathic bladder after spinal 
cord injury and stable bladder management. Multivariate 
analysis demonstrated that neither methenamine hippurate 
nor cranberry tablets resulted in a longer UTI-free period 
compared with placebo (p = 0.75 and 0.70, respectively). 
Thus, overall, there was no benefit observed in these patients. 
Vainrub and Musher (1977) investigated the effect of meth-
enamine mandelate (and ascorbic acid) on bacteriuria in 
paraplegic and quadriplegic patients. They found it was of no 
value in preventing infection in patients with indwelling 
catheters (to be expected in view of the short duration of the 
drug in the urine) and in those receiving intermittent cathe-
terization (for the same reason). 

Similarly, when either methenamine hippurate or nitrofu-
rantoin was given prophylactically to elderly patients at the 
beginning of long-term catheterization, bacteriuria was only 
delayed (Kostiala et al., 1982). In patients with bladder neck 
obstruction and UTI, treatment before and after transurethral 
prostatectomy with cefazolin followed by oral cephalexin 
proved superior to treatment with methenamine hippurate 
(Schönebeck et al., 1980).

Some authors have suggested that methenamine hippu-
rate may help prevent urinary sepsis in women undergoing 
catheterization associated with gynecologic laparotomy or 
vaginal plastic surgery; however, these studies have generally 
been rather small (Schiøtz and Guttu, 2002; Schiøtz and 
Tanbo, 2006).

The potential role of methenamine, particularly meth-
enamine hippurate, for preventing UTIs in an era of multi-
drug resistance has been reviewed by Lo et al. (2014). They 
suggested that clinicians refamiliarize themselves with this 
“forgotten drug” in light of increasingly resistant Gram-
negative UTI strains for which effective antibiotic options are 
often limited.
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1. DESCRIPTION

Metronidazole is a nitroimidazole drug similar to tinidazole 
(see Chapter 100, Tinidazole). It has the chemical formula 
1-(2-hydroxyethyl)-2-methyl-5-nitroimidazole, the empiri-
cal formula C6H9N3O3, and a fairly low molecular weight, 
171.15 kDa (see Figure 99.1). Following the discovery that 
azomycin, a nitroimidazole drug isolated from a Streptomyces 
species, was weakly active against Trichomonas vaginalis, 
many similar drugs were synthesized at the Rhône-Poulenc 
Research Laboratories in France. One of these, metronida-
zole, was very active against experimental T. vaginalis infec-
tions (Cosar and Julou, 1959), and was soon shown to be 
useful for the systemic treatment of urogenital trichomonia-
sis in humans (Durel et al., 1959). Animal studies suggested 
that it may also be useful in the treatment of amebiasis in 
humans (Cosar et al., 1961), and this was subsequently con-
firmed in human studies (Powell et al., 1966). In addition, it 
was demonstrated to be effective against human Giardia lam
blia infections (Schneider, 1961).

The observation that metronidazole relieved acute ulcer-
ative gingivitis in a patient being treated for trichomonal 
vaginitis led to studies that culminated in its use in the treat-
ment of anaerobic bacterial infections (Shinn, 1962). Sub-
sequently, it was confirmed that the drug was useful for the 
treatment of Vincent’s stomatitis and that it was inhibitory 
toward Fusobacterium necrophorum (Davies et al., 1964). 
Based on studies that included experimental infections of 
mice, Freeman et al. (1968) suggested that metronidazole 
might be useful for the prevention of tetanus and gas gan-
grene. Finally, Tally et al. (1972) showed that metronidazole 
was useful for the treatment of infections due to Bacteroides 

spp., and since that time it has been used to treat a variety of 
anaerobic infections.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

With regard to the anaerobic activity of metronidazole, the 
laboratory methodology used has potentially important impli-
cations. For instance, the Clinical and Laboratory Standards 
Institute (CLSI) has standardized metronidazole susceptibil-
ity testing of anaerobic bacteria: anaerobic bacteria are clas-
sified as susceptible if the metronidazole minimum inhibitory 
concentration (MIC) ≤ 8 µg/ml; intermediate, if the MIC = 
16 µg/ml; or resistant, if the MIC ≥ 32 µg/ml, using agar dilu-
tion methodology (CLSI, 2012; CLSI, 2015a). The broth 
microdilution methodology is only recommended for sus-
ceptibility testing in relation to the B. fragilis group (CLSI, 
2012). In contrast, the European Committee on Antimicrobial 
Susceptibility Testing (EUCAST) breakpoints are signifi-
cantly lower for Gram-negative and Gram-positive anaer-
obes (except C. difficile); organisms are susceptible if the 
MIC ≤ 4 µg/ml and resistant if the MIC > 4 µg/ml (EUCAST, 
2015). The breakpoints used in each study must be taken 
into account in assessing the proportion of isolates that have 
been labelled susceptible or resistant. In addition many stu-
dies have used Etest methodology (bioMerieux) for suscepti-
bility testing. In general, Etest MIC values correlate well with 
the reference procedure, although there may be significant 
discrepancies, including very major errors in relation to 
Clostridium spp. and the Bacteroides fragilis group (Rosenblatt 
and Gustafson, 1995; Rennie et al., 2012).

For Clostridium difficile testing, there are at least three 
different methodologies in widespread use: the CLSI agar 
dilution method, the agar incorporation method used by 
Freeman et al. (2005), and Etest. MIC values are higher with 
the agar incorporation method versus the agar dilution 
method, and the lowest MICs are achieved using Etest 
(Poilane et al., 2000; Moura et al., 2013). In addition, the sus-
ceptibility breakpoints recommended by CLSI and EUCAST Figure 99.1. Structure of metronidazole.
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differ. The EUCAST breakpoints are susceptible to metroni-
dazole, MIC ≤ 2 µg/ml, and resistant to metronidazole, MIC 
> 2 µg/ml (EUCAST, 2015). All of these issues should be 
taken into consideration when comparing data from studies 
that have utilized different susceptibility testing methods.

Metronidazole susceptibility testing in Helicobacter pylori 
is a complex area. There are no CLSI guidelines for this 
organism–drug combination, although there is a specified 
method (agar dilution) and breakpoints for clarithromycin 
deployed against this pathogen. The CLSI guidelines state that 
determination of resistance to metronidazole under these 
testing conditions is not recommended because it does not 
reliably predict treatment failure (CLSI, 2015b). Many stud-
ies have found a dearth of inter- and intra-laboratory repro-
ducibility with respect to metronidazole MICs (Megraud et 
al., 1999; Osato et al., 2001b; Glupczynski et al., 2002). In a 
study in which agar dilution data were compared to Etest 
data, and which used different combinations of inoculum 
and agar, for agar dilution, there were (MIC result) inter- 
laboratory variations of > + two log2 dilutions (Glupczynski 
et al., 2002). There was also poor intra-test reproducibility of 
results that showed MICs varying from 0 to 8 log2 dilutions. 
When agar dilution was compared to Etest, Etest yielded 
higher MICs than the agar dilution method. There was only 
77.5% agreement between the two test methods, with results 
that fell within + two log2 dilutions. Using a breakpoint of 
8 µg/ml, there was categorical agreement in 68.5% of isolates 
and a 32.5% major error rate (Etest resistant, agar dilution 
susceptible). This overestimation of resistance using Etest 
has also been observed by others (Megraud et al., 1999). 
Nonetheless, the European Helicobacter Study Group has 
recommended methods for susceptibility testing using agar 
dilution (which differ from the CLSI agar dilution methods) 
and Etest (Glupczynski et al., 2002; Megraud et al., 2013). 
The EUCAST breakpoints are susceptible, MIC ≤ 8 µg/ml, 
and resistant, MIC > 8 µg/ml (EUCAST, 2015).

Other issues that may affect susceptibility testing of H. 
pylori include anaerobic pre-incubation of the media (which 
decreases metronidazole MICs) (Cederbrant et al., 1992), 
or coinfection in the patient with both resistant and suscep-
tible isolates (Weel et al., 1996; van der Wouden et al., 1999). 
These impediments to reliable determinations of MIC values 
have added to the difficulties of correlating in vitro suscepti-
bility results with the clinical eradication efficacies of metro-
nidazole against H. pylori. It is also possible that temporary 
anaerobic conditions may occur in the ecological niches of 
H. pylori, and this may explain why metronidazole-con-
taining regimens still succeed in some patients who have 
pre-treatment metronidazole-resistant strains of the organ-
ism (Megraud and Lehours, 2007).

GRAM-NEGATIVE ANAEROBIC BACTERIA

Of the anaerobic bacteria, Bacteroides spp. are important 
clinically because they are the organisms most commonly 
isolated from patients with suppurative anaerobic infections 
and they have the broadest spectra of recognized resistances 
to antimicrobial agents (Rasmussen et al., 1997; Aldridge et 

al., 2003). The Bacteroides fragilis group has undergone con-
siderable taxonomic changes, with more than 20 species now 
specified, but includes Bacteroides fragilis, Parabacteroides 
distasonis, B. thethaiotaomicron, B. vulgatus, and B. ovatus 
(Brook et al., 2013). Bacteremia caused by an organism of the 
B. fragilis group of organisms has been shown to be an inde-
pendent risk factor for mortality (Redondo et al., 1995). 

In general, Gram-negative anaerobes are usually metroni-
dazole-susceptible, although resistance is increasingly being 
described, in particular with the B. fragilis group of organisms 
(see section 2b, Emerging resistance and cross-resistance). 
In most recent large-scale surveys, metronidazole-resistant 
strains of these Gram-negative anaerobes were uncommon 
(Snydman et al., 2007; Snydman et al., 2010; Marchand-
Austin et al., 2014; Wang et al., 2014). Metronidazole sus-
ceptibility in Gram-negative anaerobes is summarized in 
Table 99.1.

Metronidazole is also active against other Gram-negative 
anaerobes such as Prevotella spp., including P. intermedia, 
Porphyromonas spp., Fusobacterium spp., and Bilophilia wads
worthia (Lubbe et al., 1999a; Goldstein et al., 2000; Ednie 
et al., 2003; Veloo and van Winkelhoff, 2015). Desulfovibrio 
spp. are always metronidazole-susceptible (Goldstein et al., 
2003; Vasoo et al., 2014). Veillonella spp. are also suscepti-
ble (Goldstein et al., 1993; Lubbe et al., 1999a; Veloo and 
van Winkelhoff, 2015). The facultative anaerobic bacterium 
Aggregatibacter actinomycetemcomitans that can cause destruc-
tive periodontal disease is only moderately sensitive to 
metronidazole, and its sensitivity to this drug is increased if 
it is grown under anaerobic conditions (Pavicic et al., 1992; 
Pavicic et al., 1995).

The microaerophilic organism Helicobacter pylori has vari-
able susceptibility to metronidazole, and this is discussed fur-
ther in section 2b, Emerging resistance and cross-resistance.

Gardnerella vaginalis, a Gram-variable facultative anaer-
obe, is variable in its sensitivity. Its metronidazole MICs 
range from < 0.25 µg/ml to highly resistant, and this appears 
to be relevant to specific bacterial genotypes or clades (Gold-
stein et al., 2002; Schuyler et al., 2015). The susceptibilities of 
Mobiluncus spp. are variable and many strains are resistant 
(Spiegel, 1987; Goldstein et al., 1993; Puapermpoonsiri et al., 
1997).

GRAM-POSITIVE ANAEROBIC BACTERIA

Routine susceptibility for commonly isolated Gram-positive 
anaerobes is summarized in Table 99.2. This group of organ-
isms has undergone significant taxonomic changes, and with 
the advent of Matrix-Assisted Laser Desorption/Ionization 
Time-of-Flight Mass Spectrometry (MALDI-TOF MS), accu-
rate identification of these organisms has become feasible for 
the routine diagnostic laboratory. Strictly anaerobic cocci such 
as Finegoldia magna, Parvimonas micra, and Peptoniphilus 
harei are usually susceptible to metronidazole (Lubbe et al., 
1999a; Goldstein et al., 2000; Aldridge et al., 2001; Veloo and 
van Winkelhoff, 2015). In contrast, microaerophilic Strepto
coccus spp. are resistant to metronidazole. Misclassification 
of microaerophilic streptococci as strictly anaerobic Gram- 
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positive cocci in previous studies may have occurred, leading 
to reports of resistance (Murdoch, 1998). 

The anaerobic Gram-positive sporing bacilli such as 
Clostridium perfringens, C. tetani, C. sordelli, and C. septicum 
are nearly always susceptible to metronidazole. Also, C. diffi
cile is usually susceptible (Burdon et al., 1979; Chow et al., 
1985; Bannatyne and Jackowski, 1987; Peric et al., 2004; 
Snydman et al., 2015; Freeman et al., 2015). In contrast, the 
Gram-positive asporogenous bacilli such as the Actinomyces, 

Propionibacterium, Bifidobacterium, and Lactobacillus spp. 
are usually resistant to metronidazole; however, Eubacterium 
spp. may be susceptible (Denys et al., 1983; Dubreuil et al., 
1984; Goldstein et al., 1993; Brook and Frazier, 1993a; Peric 
et al., 2004; Moubareck et al., 2005). Eggerthella lenta, pre-
viously known as Eubacterium lentum, is metronidazole- 
susceptible (Gardiner et al., 2015).

Atopobium vaginae, a Gram-positive facultative anaerobe, 
is usually resistant to metronidazole (De Backer et al., 2009).

Table 99.1. Recent data on routine susceptibility of commonly isolated Gram-negative anaerobes to metronidazole.

Organism
MIC50 

(µg/ml)
MIC90 

(µg/ml) Range (µg/ml)
No. of 
isolates Region Method Reference 

Bacteroides fragilis 1 2 ≤ 0.06–8 833 Spain Agar dilution Betriu et al. (2008)

0.5 1 0.016–32 600 Europe Agar dilution Nagy et al. (2011)

1 2 0.25–8 232 Canada Broth microdilution Karlowsky et al. (2012)

1 2 0.125–64 107 Worldwide Broth microdilution Armstrong et al. (2015)

B. thetaiotaomicron 1 2 ≤ 0.06–4 182 Spain Agar dilution Betriu et al. (2008)

0.5 2 < 0.125–> 256 83 Europe Agar dilution Nagy et al. (2011)

1 4 ≤ 0.12–32 49 Canada Broth microdilution Karlowsky et al. (2012)

1 2 0.125–64 68 Worldwide Broth microdilution Armstrong et al. (2015)

B. ovatus 1 2 0.125–4 41 Spain Agar dilution Betriu et al. (2008)

0.5 2 0.032–2 49 Europe Agar dilution Nagy et al. (2011)

1 4 ≤ 0.12–8 63 Canada Broth microdilution Karlowsky et al. (2012)

1 2 0.125–8 87 Worldwide Broth microdilution Armstrong et al. (2015)

B. vulgatus 1 2 0.25–4 47 Spain Agar dilution Betriu et al. (2008)

0.5 1 < 0.125–4 42 Europe Agar dilution Nagy et al. (2011)

0.5 1 0.06–2 39 Worldwide Broth microdilution Armstrong et al. (2015)

B. stercoris 2 4 0.5–8 24 Canada Broth microdilution Karlowsky et al. (2012)

1 4 0.5–4 12 Worldwide Broth microdilution Armstrong et al. (2015)

Parabacteroides 
distasonis

1 2 0.5–4 43 Spain Agar dilution Betriu et al. (2008)

0.5 1 0.125–2 14 Europe Agar dilution Nagy et al. (2011)

1 2 0.25–2 27 Worldwide Broth microdilution Armstrong et al. (2015)

B. uniformis 1 2 0.125–4 106 Spain Agar dilution Betriu et al. (2008)

0.5 1 0.016–2 10 Europe Agar dilution Nagy et al. (2011)

0.5 4 0.125–8 15 Worldwide Broth microdilution Armstrong et al. (2015)

Prevotella spp. 1 2 0.016–> 32 141 Greece Etest Papaparaskevas et al. 
(2008)

0.19 0.75 < 0.016–24 123 Netherlands Etest Veloo and van 
Winkelhoff (2015)

Fusobacterium spp. ≤ 0.125 0.25 ≤ 0.125–1 47 USA Agar dilution Peric et al. (2004)

< 0.016 0.094 < 0.016–0.25 39 Netherlands Etest Veloo and van 
Winkelhoff (2015)

Table 99.2. Recent data on routine susceptibility of commonly isolated Gram-positive anaerobes to metronidazole.

Organism
MIC50 

(µg/ml)
MIC90 

(µg/ml)
Range 
(µg/ml)

No. of 
isolates Region Method Reference 

Clostridium spp. 0.25 2 < 0.016–4 38 Belgium Etest Wybo et al. (2014)

0.38 1.5 0.016–4 62 Netherlands Etest Veloo and van Winkelhoff (2015)

C. difficile 1 2 ≤ 0.06–4 925 USA Agar dilution Snydman et al. (2015)

0.25 2 ≤ 0.125–8 916 Europe Agar incorporaton Freeman et al. (2015)

Gram positive 
anaerobic cocci

0.5 4 < 0.064–8 299 Europe Agar dilution Brazier et al. (2008)

0.125 0.5 < 0.016–2 249 Netherlands Etest Veloo and van Winkelhoff (2015)
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PROTOZOA

There are no standard methods for assessing the susceptibil-
ity of nonbacterial pathogens to metronidazole.

Metronidazole is active against most anaerobic protozoa. 
T. vaginalis is usually susceptible, and treatment with metro-
nidazole is effective in 85–95% of cases using oral and intra-
venous regimens (Cudmore et al., 2004). There are no 
CLSI-recognized methods for determination of antimicro-
bial susceptibility to metronidazole for protozoa. However, 
the Centers for Disease Control and Prevention (CDC) have 
a protocol (a modification of the Meingassner method) to 
determine the minimum lethal concentrations (Crowell et 
al., 2003; Bosserman et al., 2011). Aerobic resistance is usu-
ally more clinically relevant (Petrin et al., 1998; Cudmore et 
al., 2004).

Giardia lamblia (synonyms G. duodenalis; G. intestinalis) 
is usually metronidazole-sensitive (Boreham et al., 1984; 
Gordts et al., 1985), and treatment is effective in more than 
90% of cases (Farthing, 1996). Resistance has been described 
(see section 2b, Emerging resistance and cross-resistance). 
Although there are a number of in vitro assays for testing 
nitroimidazole susceptibility among strains of G. lamblia, 
there is no recognized standard—thereby making it difficult 
to compare results and apply in vitro findings to the clinical 
setting (Gardner and Hill, 2001; Upcroft and Upcroft, 2001a). 
In addition, drug susceptibility may vary between clones of 
Giardia assessed.

The trophozoites of Entamoeba histolytica are susceptible 
to metronidazole, and de novo resistant strains have not 
been encountered outside of in vitro induction of resistance 
(Ravdin and Skilogiannis, 1989; Ravdin, 1995; Samara-
wickrema et al., 1997). Dientamoeba fragilis is also suscep-
tible (Chan et al., 1994; Nagata et al., 2012). Blastocystis was 
thought to be metronidazole-susceptible, but a recent study 
of clinical isolates (subtype ST1, ST3, ST4, and ST8) obtained 
from antibiotic-untreated patients with gastrointestinal symp-
toms showed metronidazole MIC values from 64 to 250 μg/
ml (Telalbasic et al., 1991; Haresh et al., 1999; Roberts et al., 
2015). There was no significant difference in metronidazole 
susceptibilities among the different subtypes (Roberts et al., 
2015). In another study, Blastocystis subtype 7 was resistant 
to metronidazole whereas subtype 4 was susceptible (Mirza 
et al., 2011). Metronidazole-resistant strains of Blastocystis 
may have reduced fitness (Wu et al., 2014). 

OTHER ORGANISMS

The microsporidia, such as Enterocytozoon bieneusi and 
Encephalitozoon spp., cause intestinal and other infections in 
patients with acquired immune deficiency syndrome (AIDS) 
(Ruf and Sandfort, 1994; Weber and Bryan, 1994) and occa-
sionally diarrhea in immunocompetent patients (Sandfort et 
al., 1994). Some AIDS patients with microsporidiosis have 
responded temporarily to metronidazole therapy, but in gen-
eral these parasites appear to be resistant to the drug (Molina 
et al., 1993; Asmuth et al., 1994; Franssen et al., 1995; He et 
al., 1996).

Brachyspira spp. are recently recognized anaerobic intesti-
nal spirochetes that colonize the large intestines of pigs, other 
farmed and wild animals, and humans. B. pilosicoli has been 
found to be susceptible to metronidazole (Brooke et al., 2003). 
Carriage of these organisms is associated with diarrhea, 
but  they have also been isolated from healthy individuals. 
Spirochetemia in critically ill patients with multiple organ 
failure has also been reported (Korner and Gebbers, 2003). 

Metronidazole has no activity against the aerobic Gram-
negative bacteria, Pseudomonas aeruginosa. However, met-
ronidazole was shown to provoke the bacterial SOS response 
that is activated usually in response to DNA damage (Hocquet 
and Bertrand, 2014). During the SOS response, error-prone 
DNA polymerases PolIV and PolV are induced, thereby 
increasing the pseudomonal spontaneous mutation fre-
quency, which may bring about an antibiotic resistance 
phenotype. In vitro exposure of P. aeruginosa to metronida-
zole resulted in increased frequencies of strains resistant to 
ciprofloxacin and amikacin (Hocquet and Bertrand, 2014).

ACTIVITY OF METRONIDAZOLE METABOLITES

Ralph and Kirby (1975a) showed that against Clostridium 
spp., the acid and hydroxy metabolites of metronidazole pos-
sess approximately 5% and 30% (respectively) of the activity 
of the parent compound. When tested against isolates of the 
B. fragilis group, the acid and hydroxy metabolites are bac-
tericidal, exhibiting 5% and 65% (respectively) of the inhib-
itory effect of the parent drug (Haller, 1982; Pendland et 
al.,  1994). Similar findings were reported by O’Keefe et al. 
(1982), who showed that the hydroxy metabolite, although 
less active than metronidazole, inhibited selected isolates 
of B. fragilis, Clostridium spp., and anaerobic cocci at levels 
within the range of susceptibility (O’Keefe et al., 1982). The 
hydroxy metabolite is very active in vitro against G. vaginalis, 
its MIC being 6.25–25% of that of metronidazole (Baldsdon 
and Jackson, 1981; Easmon et al., 1982). Some strains of 
G.  vaginalis that were resistant to metronidazole were also 
resistant to its hydroxy metabolite (Jones et al., 1985). These 
authors also reported that most vaginal isolates of Prevotella 
melaninogenica and Prevotella oralis were sensitive to both 
metronidazole and its hydroxy metabolite. Vaginal isolates 
of Mobiluncus spp. are often resistant to metronidazole, but, 
when sensitive, they are also sensitive to its hydroxy metabo-
lite (Jones et al., 1985).

2b.  Emerging resistance and 
cross-resistance

GRAM-NEGATIVE ANAEROBIC BACTERIA

For reasons alluded to earlier in section 2a, Routine suscep-
tibility, more is known about antimicrobial resistance in 
Bacteroides than in any other anaerobic bacteria. In a multi-
center, prospective study of 128 patients with Bacteroides 
bacteremia, the mortality rate of patients who received active 
therapy (to which the organism was susceptible in vitro) was 
16%, compared with a rate of 45% in patients in the inactive- 
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therapy group, who received an antibiotic to which the 
organism was resistant in vitro (Nguyen et al., 2000). Clinical 
failure and microbiological persistence were also higher in 
patients who received inactive therapy. This study established 
the importance of antimicrobial susceptibility testing in seri-
ous infections caused by this group of organisms.

Metronidazole resistance in a B. fragilis strain was first 
described in 1978 (Ingham et al., 1978a). Since then, there 
have been increasing reports of metronidazole resistance 
globally in the B. fragilis group, from Europe (Behra-Miellet 
et al., 2003; Hedberg and Nord, 2003; Nagy et al., 2011), the 
UK (Brazier et al., 1999), Canada (Horn and Robson, 2001; 
Marchand-Austin et al., 2014), Kuwait (Rotimi et al., 1999), 
India (Chaudhry et al., 2001), and the USA (Schapiro et al., 
2004; Snydman et al., 2010). Of the 824 isolates of the B. fra
gilis group (Bacteroides/Parabacteroides spp.) surveyed in 
Europe, there were 22 that had reduced susceptibility to 
metronidazole (MIC 4–256 µg/ml) (Nagy et al., 2011). Ten 
of these resistant isolates also demonstrated concomitant 
resistance to other commonly used anti-anaerobic agents. 
Indeed, the literature is now littered with case reports of 
multidrug-resistant isolates, including strains that are also 
carbapenem-resistant (Brogan et al., 1989; Turner et al., 1995; 
Rotimi et al., 1999; Wareham et al., 2005; Katsandri et al., 
2006b; Sherwood et al., 2011; Hartmeyer et al., 2012; Centers 
for Disease Control and Prevention, 2013; Urban et al., 2015; 
Sadarangani et al., 2015; Ank et al., 2015). Enterotoxigenic 
Bacteroides fragilis isolates may have higher rates of metroni-
dazole resistance (Sarkar et al., 2015).

Metronidazole resistance in the B. fragilis group is often 
associated with the presence of nim genes (Haggoud et al., 
1994; Reysset, 1996; Stubbs et al., 2000; Lofmark et al., 2005; 
BD Vieira et al., 2006; Sherwood et al., 2011; Hartmeyer et 
al., 2012; Brook et al., 2013; Urban et al., 2015; Sadarangani 
et al., 2015). There are up to nine variants, including; nimAH 
and nimJ (Husain et al., 2013). These nim genes may be pres-
ent in the bacterial cell chromosome or mobile plasmids or 
conjugative transposons (Husain et al., 2014). The nim gene 
appears to encode a nitroimidazole reductase, which serves 
to reduce metronidazole to amine derivatives instead of toxic 
nitroso residues that are required for antimicrobial activity 
(Carlier et al., 1997). However, the presence of nim does not 
necessarily confer phenotypic resistance to metronidazole 
(Stubbs et al., 2000; Haggoud et al., 2001; Gal and Brazier, 
2004; Soki et al., 2013). Expression of nim appears to require 
the presence of an insertion sequence located upstream of 
nim (Haggoud et al., 1994). However, a recent study found no 
correlation between nim levels and levels of metronidazole 
resistance (Leitsch et al., 2014b).

Metronidazole resistance in the B. fragilis group has also 
been described in nim-negative isolates (Lofmark et al., 
2005). One mechanism of resistance to metronidazole may 
be the overexpression of Bacteroides multidrug efflux (Bme) 
pumps, that also allow for a multidrug resistance phenotype 
(Pumbwe et al., 2006; Pumbwe et al., 2007). Other mecha-
nisms for metronidazole resistance include increased lactate 
dehydrogenase activity that compensates for the decreased 

pyruvate/ferredoxin oxidoreductase (PFOR) activity (Nari-
kawa et al., 1991); lack of metronidazole activation by an 
altered electron flux due to upregulation of rhamnose catab-
olism (Patel et al., 2009); and overexpression of RecA, a DNA 
repair protein (Steffens et al., 2010). 

Rare, relatively resistant strains of P. melaninogenica (MIC 
32 µg/ml) have been reported (Phillips et al., 1981; Sprott 
and Kearns, 1988; Lubbe et al., 1999a; Alauzet et al., 2010). A 
P. loescheii strain with a metronidazole MIC of 12 µg/ml and 
a novel Prevotella spp. strain with metronidazole resistance 
have also been described (Sandoe et al., 2001; Mory et al., 
2005). Prevotella spp. containing nim have been variably found 
to be metronidazole-resistant (Katsandri et al., 2006a; Alauzet 
et al., 2010), although resistance may be selected for in vitro 
following prolonged exposure to metronidazole. 

The nim genes have also been described in other anaero-
bic or facultative anaerobic bacteria, including Propionibac
terium spp., C. bifermetans, and A. odontolyticus (Lubbe et 
al., 1999b), but mechanisms of resistance in nonBacteroides 
anaerobes are not well understood. A phenotypically metro-
nidazole-susceptible Veillonella spp. strain containing a nimE 
gene has been described (Marchandin et al., 2004). The nimB 
gene was detected in 34% of metronidazole-susceptible and 
-resistant strains of anaerobic Gram-positive cocci (Theron 
et al., 2004).

Anaerobic bacteria may also develop resistance to metro-
nidazole by removing elements in the series of electron 
transport molecules. Pyruvate oxidoreductase (POR) and 
ferredoxin are particularly affected by appropriate compen-
satory modifications of the normal fermentative pathways 
(Edwards, 1993a). This decrease in nitroreductase activity is 
associated with decreased uptake of the drug, because entry 
of the drug into the target cell depends on the rate of reduc-
tion of the nitro group.

GRAM-POSITIVE ANAEROBIC BACTERIA 

Metronidazole-resistant strains of C. perfringens have been 
described in one clinical specimen and have also been induced 
in vitro (Sindar et al., 1982; Faris et al., 1999). C. difficile 
isolates with elevated metronidazole MIC values are also 
uncommon but have been reported in the literature (Wong et 
al., 1999; Barbut et al., 1999; Brazier et al., 2001). Pelaez et al. 
(2002) reported metronidazole resistance (MIC > 16 µg/ml) 
in 6.3% of their C. difficile strains obtained from clinical 
specimens at a single Spanish institution. Subsequent char-
acterization of these isolates demonstrated a significant 
decrease in MICs following passage and freeze- thawing. 
Metronidazole heteroresistance was observed, with resistant 
subpopulations growing within the inhibition zones of a 
metronidazole disc or Etest strip. Passage of these initially 
resistant isolates in the presence of metronidazole selected 
for high-level metronidazole resistance (Pelaez et al., 2008). 
Similar findings of metronidazole heteroresistance have been 
reported elsewhere (Huang et al., 2010). 

Metronidazole resistance may also be related to specific 
genotypes of C. difficile. More recent isolates of C. difficile 
PCR ribotype 001 were found to have higher MICs than 



1812 Metronidazole

earlier isolates (Baines et al., 2008). The epidemic PCR ribo-
type 027 strain has manifested elevated metronidazole and 
vancomycin MICs (Adler et al., 2015; Richardson et al., 
2015). Isolates recovered from patients with recurrent C. dif
ficile infection were also found to have elevated MICs 
(Richardson et al., 2015).

The mechanism of metronidazole resistance in C. difficile 
is complex. Recently, a proteonomic study characterizing a 
stably metronidazole-resistant isolate demonstrated multiple 
changes consistent with altered iron metabolism and/or DNA 
repair (Chong et al., 2014). Another proteonomic study 
demonstrated alterations in the metabolic pathway involving 
the enzyme PFOR, which is involved in the activation of 
metronidazole (Moura et al., 2014).

HELICOBACTER PYLORI

Despite difficulties with the reproducibility of metronidazole 
MICs among H. pylori strains, the trend in terms of resis-
tance prevalence observed among various populations appears 
to indicate increasing resistance to metronidazole (Wuppen-
horst et al., 2014). Risk factors for metronidazole resistance 
include previous exposure to nitoimidazoles and, in some 
series, female gender—presumably related to the use of met-
ronidazole for gynecological disorders (Osato et al., 2001a; 
Meyer et al., 2002; McMahon et al., 2003; McNulty et al., 
2012). In the USA, rates of H. pylori resistance to metronida-
zole range from 21% to 39% (Osato et al., 2001a; Meyer et al., 
2002; Duck et al., 2004). Primary metronidazole resistance of 
H. pylori organisms in Europe is also high (34.9%), although 
there has been no significant rise in rates since the previ-
ous  study (Megraud et al., 2013; Glupczynski et al., 2001). 
Metronidazole resistance was associated with being born 
outside Europe and female gender. H. pylori resistance to 
both metronidazole and clarithromycin was seen in 7.8% of 
isolates. There were significant regional differences in the 
prevalence of resistance to metronidazole in H. pylori organ-
isms. For northern Europe, 28.6% of isolates were resistant, 
whereas in western/central Europe, 43.8% were resistant to 
metronidazole (Megraud et al., 2013). This regional differ-
ence in resistance to metronidazole has also been observed 
elsewhere. For example, in the southeast coastal region of 
China, metronidazole resistance rates were 95.4% (Su et al., 
2013), compared to 63.9% in Beijing (Gao et al., 2010). 

In addition, antibiotic susceptibilities may vary within a 
single patient depending on which section of the stomach 
was sampled. A study of 66 patients found that there was a 
discordant susceptibility result in isolates recovered from 
the corpus and antrum of the stomach of 10 patients to any 
of the four antibiotics tested: clarithromycin, metronidazole, 
levofloxacin, and rifabutin (Selgrad et al., 2014).

The clinical significance of apparent resistance detected 
in vitro in the laboratory is uncertain. When a proton pump 
inhibitor (PPI) plus clarithromycin plus metronidazole reg-
imen was used against clarithromycin-susceptible strains, 
the eradication rate was 97% for metronidazole-susceptible 
strains and 72.6% for metronidazole-resistant strains. When 

a PPI plus amoxicillin plus metronidazole regimen was used, 
the corresponding figures were 89% for metronidazole-sus-
ceptible strains and 64% for metronidazole-resistant strains 
(Megraud and Lehours, 2007). The effects of metronidazole 
resistance on the success rates of different regimens have 
been summarized by Megraud (2004). In contrast to these 
findings, in a recent randomized open-label study, metroni-
dazole resistance did not significantly affect the efficacy of 
the metronidazole-containing regimen, with eradication rates 
in patients with metronidazole-resistant isolates of 91%, ver-
sus rates in patients without metronidazole resistance of 95% 
(p = 0.283) (Malfertheiner et al., 2011).

Goodwin et al. (1998) showed that null mutations in the 
rdxA gene were associated with metronidazole resistance 
and that introduction of rdxA into formerly metronidazole- 
resistant H. pylori rendered the organisms metronidazole- 
sensitive (Goodwin et al., 1998). These mutations may be 
deletions, insertions, frameshift mutations, and missense 
mutations (Debets-Ossenkopp et al., 1999; Tankovic et al., 
2000). Later, it was found that the nicotinamide adenine 
dinucleotide phosphate (NADPH)–flavin oxidoreductase 
encoded by the frxA gene also participates in metronidazole 
reduction, and that inactivation of this gene also confers 
metronidazole resistance, whether alone or in association 
with the rdxA gene (Jeong et al., 2000; Kwon et al., 2000a; 
Kwon et al., 2000b). More recently it was found that muta-
tions in frxA are likely able to enhance H. pylori resistance 
only in the presence of rdxA mutations (Binh et al., 2015). 
Inactivation of another gene that encodes a ferredoxin-like 
protein, fdxB, may also contribute to metronidazole resis-
tance (Kwon et al., 2000a). 

In addition, a TolC efflux pump may also serve as a resis-
tance mechanism in relation to the nitroimidazole group 
of  drugs (van Amsterdam et al., 2005). Kwon et al. (2003) 
described four clinical H. pylori isolates with high level resis-
tance to beta-lactams and low- to moderate-level resistance 
to other structurally and functionally unrelated antibiotics, 
including metronidazole. These isolates had alterations in 
penicillin-binding protein 1A and decreased membrane per-
meability (Kwon et al., 2003). The latter modification likely 
explained the mechanism of resistance to metronidazole and 
other antibiotics, including ciprofloxacin, rifampicin, chlor-
amphenicol, and tetracycline. Another mechanism of resis-
tance includes mutations in the ribosomal gene rpsU, which 
is involved in protein synthesis (Binh et al., 2015). Mutations 
in the H. pylori fur gene, which encodes a regulatory pro-
tein, also resulted in metronidazole resistance (Choi et al., 
2011).

PROTOZOA 

Resistance to metronidazole in Trichomonas vaginalis is clas-
sified as either aerobic or anaerobic, according to the condi-
tions needed for demonstration of resistance by susceptibility 
assays in vitro. Oxygen is a more efficient electron acceptor 
than metronidazole, and increased levels of oxygen in target 
cell cytoplasm result in impaired reduction and activation 
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of metronidazole. Hence, the presence of oxygen generally 
results in higher minimum lethal concentrations (MLCs), 
since the presence of oxygen prevents the reduced nitro group 
from causing cellular damage. Aerobic resistance is impor-
tant clinically since it can develop in vivo in trichomonads 
treated with a therapeutic level of metronidazole and does not 
need the high and prolonged doses of metronidazole expo-
sure used to create anaerobic resistance in vitro (Edwards, 
1993a; Cudmore et al., 2004). Aerobic resistance usually 
occurs early, followed by anaerobic resistance, which is char-
acterized by very high MLCs (Kulda, 1999).

Metronidazole-resistant strains of T. vaginalis are esti-
mated to account for 2.5–10% of all cases of trichomonia-
sis (Petrin et al., 1998; Schmid et al., 2001; Schwebke and 
Barrientes, 2006). Resistance is defined as an aerobic MLC of 
≥ 50 µg/ml. The MLCs do not reflect the drug concentrations 
in serum necessary for cure, but they can provide assistance 
in estimating the dosage of drug likely to be curative (Petrin 
et al., 1998). For example, marginal resistance, defined as 
an aerobic MLC of 50 µg/ml, requires a total treatment dose 
of 10 g, whereas high-level resistance (MLC > 400 µg/ml) 
requires 40 g (Schwebke and Burgess, 2004). However, it 
should be noted that in vitro susceptibility testing does not 
always correlate with clinical outcome (Schwebke and Bar-
rientes, 2006). An alternative agent for treatment failure is 
tinidazole, in relation to which T. vaginalis has lower MLCs 
than to metronidazole (Crowell et al., 2003) (see Chapter 
100, Tinidazole). Cross-resistance between tinidazole and 
metronidazole occurs but is incomplete (Cudmore et al., 
2004; Schwebke and Barrientes, 2006).

A recent study that assessed the prevalence of in vitro aer-
obic metronidazole and tinidazole resistance in T. vaginalis 
isolates in the USA found that 23 out of 538 (4.3%) isolates 
exhibited low-level in vitro metronidazole resistance (MLC 
50–100 μg/ml) (Kirkcaldy et al., 2012). No isolates had inter-
mediate or high level resistance. No tinidazole resistance was 
detected. In another study in which T. vaginalis isolates 
obtained from women who had failed at least two courses 
of  standard therapy were assessed, 115 of the 175 isolates 
demonstrated resistance to metronidazole (aerobic MLC 
≥ 50 μg/ml; 20% were minimally resistant [MLC = 50–100 
μg/ml], 14% were moderately resistant [MLC = 200 μg/ml], 
and 32% were highly resistant [MLC ≥ 400 μg/ml] (Bos-
serman et al., 2011). Sixty-one of 175 isolates demonstrated 
in vitro tinidazole resistance; 16% were minimally resistant 
(MLC = 50–100 μg/ml); 7% were moderately resistant (MLC 
= 200 μg/ml), and 11% were were highly resistant (MLC ≥ 
400 μg/ml). All isolates that were tinidazole resistant were 
also metronidazole-resistant. These results helped guide the 
prescribing of regimens, and clinical and micro biologic cure 
rates were higher for women who were treated in accordance 
with these recommendations.

The mechanism of resistance in T. vaginalis has been best 
studied among the protozoa. Athough phenotypic resis-
tance is described for aerobic and anaerobic conditions, the 
mechanisms that lead to resistance under both conditions 

are likely to have some overlap (Leitsch et al., 2014a). In gen-
eral, in anaerobic resistance, in which the presence of oxygen 
is not a prerequisite for this type of resistance, there is a usu-
ally a defect in the activation of metronidazole. This may be 
mediated by a reduction in activity of the PFOR pathway, 
occurring in the hydrogenosome, a mitochondrion-derived 
organelle (Kulda et al., 1993; Kulda, 1999; Rasoloson et al., 
2002). Reduced metronidazole activation may also occur as a 
result of reduced activity of thioredoxin reductase (Leitsch et 
al., 2009). Recently, reduced flavin reductase 1 activity result-
ing in elevated intracellular oxygen levels and futile cycling 
of metronidazole have been demonstrated in metronidazole- 
resistant T. vaginalis (Leitsch et al., 2012a; Leitsch et al., 
2014a). Another mechanism of resistance may be related to 
stop codons in nitroreductase genes (Paulish-Miller et al., 
2014).

Clinical treatment failure with metronidazole in patients 
with giardiasis has been reported to be as high as 20% 
(Farthing, 1996). Metronidazole resistance is easily inducible 
in Giardia in the laboratory. In addition to in vitro induction, 
metronidazole-resistant Giardia has been isolated in patients 
who have infections that are refractory to metronidazole 
treatment (Butcher et al., 1994; Upcroft and Upcroft, 2001b). 
However, the mechanism of resistance for laboratory-induced 
resistance may be different from that seen in clinical isolates 
of Giardia, and the reported findings may often be conflict-
ing (Leitsch et al., 2011; Leitsch, 2015). Multiple methods 
of in vitro susceptibility testing have been described but there 
is no standard method (Gardner and Hill, 2001). Cross-
resistance among metronidazole and tinidazole and other 
structurally unrelated agents has been demonstrated (Tejman-
Yarden et al., 2011). 

Most of the literature on the subject of metronidazole 
resistance in protozoa is based on work performed on 
laboratory- induced resistant mutants of Giardia. Decreased 
activity of PFOR and decreased levels of ferredoxin have 
been found in laboratory-induced resistant Giardia (Town-
son et al., 1996; Liu et al., 2000). Metronidazole resistance 
may also be mediated by other mechanisms, including 
decreased NADPH/flavin oxidoreductase activity (Leitsch et 
al., 2011). Another mechanism of resistance involved nitro-
reductase 1 and 2. Nitro reductase 1 activates metronidazole 
wherease nitroreductase 2 appears to completely reduce met-
ronidazole to less toxic amines (Nillius et al., 2011; Muller et 
al., 2013). Overex presssion of nitroreductase 2 has resulted 
in metronidazole resistance (Muller et al., 2013). Metroni-
dazole resistance may incur a fitness cost (Tejman-Yarden et 
al., 2011).

In contrast, resistance to metronidazole has been induced 
in vitro only and has not been observed clinically in relation 
to E. histolytica. In this situation, PFOR activity was not 
decreased but there was a marked increase in the activity of 
superoxide dismutase, which is a detoxification enzyme for 
oxygen breakdown products (Samarawickrema et al., 1997). 
Metronidazole resistance has also been associated with 
reduced fitness of the organism (Penuliar et al., 2015).
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3. MECHANISM OF DRUG ACTION

Metronidazole is a prodrug that diffuses into the cell and in 
the low oxidation–reduction (redox) potential environments 
of anaerobic bacteria and protozoa, it is activated by reduc-
tion of (i.e. acceptance of electrons by) its nitro group. This 
process occurs as a single reduction step and involves the 
transfer of one electon. The source of electrons is the pyru-
vate oxidase or POR complex, which decarboxylates pyru-
vate, generating electrons that are passed onto ferredoxin 
and flavodoxin (Edwards, 1993b; Reysset, 1996). This bio-
chemical reaction probably creates a gradient which pro-
motes further uptake of the drug into anaerobic organisms. 
A product of metronidazole reduction is the anionic nitro 
radical, which is toxic. It binds to DNA, producing DNA 
strand breakage and thus cell death (Edwards, 1979; Edwards, 
1993b). Sigeti et al. (1983) showed that metronidazole was 
rapidly bactericidal against B. fragilis by an immediate inhi-
bition of DNA synthesis.

It was thought that the selective uptake of metronidazole 
by anaerobes, and specificity of metronidazole for anaerobes, 
was related to the low redox potentials achieved in such bac-
teria, compared with aerobes. Oxygen is known to alter the 
efficacy of metronidazole. Early investigations, using con-
ventional testing methods, indicated that metronidazole was 
inactive against aerobic and facultatively anaerobic bacteria 
except in concentrations in excess of those attainable thera-
peutically. However, by using strict anaerobic conditions, 
Ingham et al. (1980) demonstrated not only that various 
Gram- negative, facultatively anaerobic bacteria (E. coli, 
Klebsiella, and Proteus spp. strains) could inactivate metroni-
dazole, but that they were sensitive to therapeutically attain-
able concentrations (10 µg/ml). These observations were 
confirmed by Jackson et al. (1984). It is not clear whether this 
in vitro activity of metronidazole against aerobic organisms 
is relevant in the treatment of infections. Obligate anaerobes 
found in certain infections, such as otogenic cerebral abscess, 
may lower the redox potential enough for the drug to act 
against E. coli. This could account in part for the rapidity 
with which both obligate and facultative anaerobes disappear 
from such abscesses in patients receiving metronidazole 
(Ingham et al., 1980). It also may be the reason why metro-
nidazole has sometimes appeared to be effective in the clini-
cal treatment of some mixed aerobic/anaerobic infections 
(Eykyn and Phillips, 1976; Willis et al., 1976). Another factor 
in this activity against mixed infections may be that strict 
anaerobes are able to impede the phagocytosis of aerobes by 
polymorphonuclear cells (Ingham et al., 1977a); metronida-
zole by its action of eliminating anaerobes may reduce this 
effect and allow for the killing of coliforms. The observation 
that metronidazole was more rapidly bactericidal against B. 
fragilis in the presence of E. coli (Chrystal et al., 1980) was 
shown to be due to a reduction of the Po2 of the medium by 
E. coli (Ingham et al., 1981), thereby increasing the activity of 
the drug. Conversely, in the presence of Enterococcus faecalis, 
which inactivates metronidazole, Bacteroides spp. are pro-
tected against this agent (Nagy and Foldes, 1991).

Nonetheless, in the absence of strict anaerobic conditions 
or a polymicrobial infection simulating these conditions, 
aerobes and faculatatively anaerobic bacteria are resistant 
to metronidazole. This may be because oxygen is more elec-
trophilic than metronidazole and hence, in the presence of 
oxygen, the radical anion of the reduced metronidazole is 
reoxidized to the parent compound with the concomitant 
production of superoxide anion (Perez-Reyes et al., 1980). 
This effect has been described as futile cycling. These toxic 
oxygen radicals are neutralized by an active scavenger 
system.

The activity of metronidazole in relation to the monomi-
crobial infection of H. pylori must occur by an alternate path-
way, as the amount of oxygen present in the microaerophilic 
environment (2–17%) interferes with the efficacy of metroni-
dazole reduction. Here, metronidazole is activated instead by 
an oxygen-insensitive NADPH/flavin oxidoreductase RdxA 
protein, encoded by the rdxA gene (Goodwin et al., 1998). 
This activation occurs via a two-electron transfer step and 
produces a toxic metabolite that cannot be retransformed 
into parental metronidazole in the presence of oxygen, thus 
preventing futile cycling and enabling the action of metroni-
dazole in a microaerophilic environment.

In protozoa, the mechanism of action of metronidazole 
is similar to its mechanism of action in anaerobic organisms. 
In T. vaginalis, metronidazole activation occurs within the 
hydrogenosome. Unlike most eukaryotes that use mitochon-
dria, T. vaginalis accomplishes carbohydrate fermentation 
by use of the hydrogenosome, in which pyruvate or malate is 
oxidatively decarboxylated to generate electrons. Similar to 
what happens in anaerobes, pyruvate is decarboxylated by 
a  PFOR enzyme and the released electrons are transferred 
via ferredoxin to hydrogenase, which produces molecular 
hydrogen. Metronidazole enters the hydrogenosomes by dif-
fusion and acts as an electron sump, competing with hydro-
genase for the electrons, and is reduced to its cytotoxic form. 
This PFOR-dependent generation of electrons is considered 
to be the key pathway responsible for metronidazole activa-
tion (Kulda et al., 1993; Kulda, 1999; Cudmore et al., 2004; 
Schwebke and Burgess, 2004). Recently, it was shown that 
a  PFOR-independent pathway, the malate pathway, is also 
capable of metronidazole reduction. Malate is converted to 
pyruvate and carbon dioxide by malic enzyme. The electrons 
released from malate reduce NAD+ to NADH, from which 
they are transferred to ferredoxin by NADH:ferredoxin 
oxidoreductase. Ferredoxin again acts as the electron donor 
for metronidazole activation (Hrdy et al., 2005). Metronida-
zole is also activated by thioredoxin reductase, and activated 
metronidazole forms covalent adducts with target proteins 
that are involved in the thioredoxin-mediated redox system 
in T. vaginalis (Leitsch et al., 2009).

Ferredoxin-independent pathways have also been demon-
strated, including reduction by the flavin enzyme, thioredoxin 
reductase, in E. histolytica (Leitsch et al., 2007). 

In Giardia organisms, metronidazole acts in a similar man-
ner to the way it acts in T. vaginalis. However, thioredoxin 
reductase does not appear to play a role (Leitsch et al., 2011). 
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Other non–pyruvate:ferredoxin mechansims for metronida- 
zole activation in Giardia have been described, including nit-
roreductase 1 activation (Nillius et al., 2011). Metronidazole 
has been found to bind to translation elongation factor EF-1c, 
required for protein synthesis (Leitsch et al., 2012b).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

The availability of metronidazole varies by region as follows:

Tablets: Outside the USA: 200- and 400-mg tablets. In the 
USA: 250- and 500-mg tablets are available, as are 750-mg 
extended-release tablets and 375-mg capsules.

Oral suspension: Metronidazole benzoate (6.4% w/v)—i.e. 10 
ml of suspension contains 640 mg of metronidazole ben-
zoate, which is equivalent to 400 mg of metronidazole.

Rectal suppositories containing 500 mg or 1 g metronidazole.
Intravenous preparation (0.5%): 500 mg in 100-ml bottles and 

100 mg in 20-ml ampoules. 
Vaginal preparations: Metronidazole 0.75% gel in the USA.
Topical preparations: Metronidazole gel 0.5%, metronidazole 

cream 0.5%.

4a. Adults

ORAL ADMINISTRATION

Metronidazole is usually administered by the oral route 
because it has excellent bioavailability (see section 5a, Bio-
availability). The dosage schedule varies according to the 
infection treated (see section 7, Clinical uses of the drug). 
The drug is available as either 200- or 250-mg oral tablets. 
For adults, the recommended dosage for treatment of uro-
genital trichomoniasis is a single dose of 2 g, or 500 mg three 
times daily for 7 days (Workowski and Bolan 2015), and for 
giardiasis 250 mg three times daily for 5–7 days (Gardner 
and Hill, 2001). The adult dosage for treatment of anaerobic 
infections is 400 or 500 mg three times daily. An oral dosage 
of 400 mg every 12 hours has also been described in a single 
pharmacokinetic study (Earl et al., 1989). For severe infec-
tions such as brain abscess, the oral dosage, when tolerated, 
is 500–600 mg every 8 hours (Ingham et al., 1977b; Sjolin 
et al., 1993). The dosage for acute amebic colitis and amebic 
liver abscess is 750 mg (or 800 mg) every 8 hours, usually for 
10 days (Ravdin, 1995).

RECTAL ADMINISTRATION

Rectal suppositories for adults may be used whenever oral 
medication is inappropriate. For treatment of anaerobic infec-
tions, a 1-g suppository should be inserted rectally every 8 
hours (Barker et al., 1983).

INTRAVENOUS ADMINISTRATION

Intravenous administration can be used when the oral or 
rectal routes are not feasible. Metronidazole solution (500 mg 
in 100 ml) should be infused intravenously at a rate of 25 mg 

or 5 ml per minute. When used for surgical prophylaxis in 
adults, a single intravenous dose of 500 mg is given shortly 
before surgery. In a recent study, in which metronidazole 
1500 mg was administered intravenously prior to colorectal 
surgery as prophylaxis, it was found that this single dose 
was adequate for some surgical procedures of short duration 
(Asin-Prieto et al., 2015). For patients with a body weight of 
90 kg, it was necessary to administer a second dose at 4 hours 
to maintain the PK/PD target attainment.

For treatment of serious infections, the usual adult dosage 
is 500 mg intravenously every 8 hours, and each dose is 
infused over 15–30 minutes (Sjolin et al., 1993). For treat-
ment of anaerobic intra-abdominal infections in adults, an 
intravenous metronidazole dosage of 500 mg every 12 hours 
(Earl et al., 1989; Nicolau et al., 1995) or 1 g daily may also 
be satisfactory (Freeman et al., 1994; Wang et al., 2007). 
However, population pharmacokinetic modeling has indi-
cated that, for B. fragilis isolates with an MIC of 4 µg/ml, a 
1-g daily dose of metronidazole would be less likely to 
achieve the target parameter of the area under the plasma 
concentration versus time curve to MIC ratio (AUC/MIC) 
(Sprandel et al., 2006; see section 5, Pharmacokinetics 
and pharmacodynamics). In recent multicenter surveys, the 
MIC90 values of B. fragilis isolates ranged between 1 and 
2  µg/ml (Table 99.1). Thus, the data for serious infections 
suggest that every 6 to 8 hours dosing remains optimal.

INTRAVAGINAL ADMINISTRATION

Intravaginal administration may be used for the treatment 
of bacterial vaginosis, wherein the recommended regimen is 
usually one full applicator of the gel (0.75% metronidazole—
equivalent to approximately 37.5 mg of metronidazole) once 
a day for 5 days (Workowski and Bolan 2015).

TOPICAL ADMINISTRATION

For topical treatment of rosacea, 0.75% metronidazole gel 
is applied as a thin film twice daily, and 1% metronidazole is 
applied once daily.

4b.  Newborn infants and children

The oral dosage for children is 15–50 mg/kg/day, adminis-
tered in three divided doses (Gardner and Hill, 2001; Haque 
et al., 2003; Sjolin et al., 1993). The intravenous dosage for 
children is 7.5 mg/kg body weight, given every 8 hours (Sjolin 
et al., 1993).

Metronidazole clearance increases with gestational age. 
In a study of neonates varying in gestational age from 28 to 
40 weeks, the elimination half-life, or t1/2, was shown to be 
inversely related to gestational age. In an infant at 28 weeks’ 
gestation, t1/2 was 109 hours; in an infant at 30 weeks’ gesta-
tion, t1/2 was approximately 60 hours; in infants between 32 
and 35 weeks the mean t1/2 was approximately 35.4 hours, 
and in infants > 35 weeks the mean t1/2 was approximately 
24.8 hours. These t1/2 values are significantly prolonged com-
pared with mean adult values. Mean clearance rates were 
0.12 ml/min in infants < 32 weeks’ gestation and 0.99 ml/min 
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in infants > 35 weeks’ gestation. The authors recommended 
an initial single intravenous dose of 15 mg/kg—thereby pro-
viding therapeutic serum levels for 48 hours (7.3 µg/ml) in 
preterm infants, and for 24 hours (11.3 µg/ml) in term 
infants. A dose of 7.5 mg/kg every 12 hours has been pro-
posed as continuing treatment (after the initial dose) in the 
first week of life (Jager-Roman et al., 1982). 

In two studies of premature infants ≤ 32 weeks, population 
clearance models of metronidazole following intravenous 
administration were developed (Cohen-Wolkowiez et al., 
2012; Cohen-Wolkowiez et al., 2013). A dosing strategy based 
on postmenstrual age (PMA) of the infant (7.5 mg/kg every 
12 hours in infants with PMA < 34 weeks, 7.5 mg/kg every 8 
hours in infants with PMA 34–40 weeks, 7.5 mg/kg every 
6 hours in infants with PMA > 40 weeks, with a loading dose 
of 15 mg/kg) was developed to take account of develop-
mental changes in metronidazole disposition, as well as for 
simplicity in clinical application. This dosing scheme would 
achieve the surrogate pharmacodynamic target of trough 
concentrations > 8 mg/l in the majority (70–80%) of infants 
< 90 days of age, and exposures comparable to those seen 
in adult patients with intra-abdominal infections receiving 
metronidazole.

The biotransformation of metronidazole is markedly 
impaired in malnourished children and a reduced total daily 
dosage of 12 mg/kg has been suggested for these children 
(Lares-Asseff et al., 1993).

4c.  Pregnant and lactating mothers 

The manufacturers recommend that metronidazole not be 
given to pregnant women during the first trimester of preg-
nancy or to lactating mothers, and advise that the use of the 
drug in the second or third trimesters should be restricted. 
There is no evidence that the drug is teratogenic in experi-
mental animals or in humans, but metronidazole can increase 
the spontaneous mutation rates of certain aerobic bacteria 
grown in vitro (see section 6, Adverse reactions and toxicity). 
In humans, there is no evidence for adverse outcomes with 
the use of metronidazole in pregnancy (Piper et al., 1993; 
Burtin et al. 1995; Koss et al., 2012).

No dosage adjustment is needed in pregnant women who 
have pharamacokinetic values similar to those observed in 
nonpregnant women (Visser and Hundt, 1984; see section 5b, 
Drug distribution). Metronidazole is distributed into breast 
milk in concentrations similar to corresponding plasma 
concentrations. Thus, it has been recommended that breast-
feeding be withheld for 12–24 hours after administration of 
metronidazole, to minimize infant drug exposure (Erickson 
et al., 1981). 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Although the main route of excretion of metronidazole and 
its metabolites is via the kidney, unchanged metronidazole in 
the urine represents 7–12% of the metronidazole dose (Lamp 

et al., 1999). In a study of six patients who were severely ill 
with acute renal failure (creatinine clearance values ranging 
between 1 and 10 ml/min), who were administered intrave-
nous metronidazole either as a single 500 mg dose or mul-
tiple doses of 500 mg twice daily for more than 4 days, the 
volume of distribution was 0.65 l/kg, the elimination half 
life (t1/2) was 9.5 hours, and the total plasma clearance was 
55.5 ml/min. These results were comparable to those found 
in patients without renal failure, leading the authors to con-
clude that there were no overt changes in metronidazole dis-
position in patients with acute renal failure (Somogyi et al., 
1984). In another study, Houghton et al. (1985) examined 
29 patients with varying degrees of renal insufficiency, focus-
ing on their pharmacokinetic profiles in relation to a single 
intravenous dose of 500 mg of metronidazole. These patients 
included a group who were dialysis-dependent, another 
group with severe renal insufficiency (creatinine clearance 
2–10 ml/min) and a third group with moderate renal insuffi-
ciency (creatinine clearance 10–50 ml/min). The investiga-
tors found that none of the pharmacokinetic parameters of 
metronidazole in these patients were different from those of 
a historical control group of healthy volunteers, except for 
an expected reduction in renal clearance. These results are in 
agreement with those of Somogyi et al. (1984) and Kreeft et 
al. (1983), and suggest that, in patients with renal insuffi-
ciency, no further accumulation of metronidazole will occur. 
The t1/2 values and predicted accumulation of the hydroxy and 
acid metabolites of metronidazole were significantly increased, 
but the authors concluded that this would not alter the com-
bined biological activity of metronidazole and its metabo-
lites. Accumulation of the metabolites of metronidazole has 
not been definitively associated with adverse effects.

Metronidazole disposition in patients undergoing hemo-
dialysis has been studied. Hemodialysis removes signifi-
cant amounts of metronidazole and its hydroxy metabolite 
(Gabriel et al., 1980; Lau et al., 1986). The hemodialysis clear-
ance rates of metronidazole range between 46 and 125 ml/
min, depending on the type of dialysis membrane used 
(Lau et al., 1992). Hemodialysis over 4 hours may remove 
24–35% of the total body stores of metronidazole (Lau et al., 
1986). Post-dialysis metronidazole supplementation may 
be required for patients with serious infections undergoing 
dialysis and with high clearance rates (Lamp et al., 1999).

Metronidazole pharmacokinetic profiles of patients under-
going continuous ambulatory peritoneal dialysis (CAPD) 
have been compared with those of hemodialysis patients on 
nondialysis days. The t1/2 values and volumes of distribution 
were not significantly different between the two groups. 
Peritoneal dialysis accounted for only 8.9% of total body 
clearance of metronidazole and had a similarly insignifi-
cant effect on the elimination of its metabolites (Guay et al., 
1984). Both Cassey et al. (1983) and Guay et al. (1984) con-
cluded that there was no need to adjust metronidazole dos-
age in patients undergoing CAPD. In terms of metronidazole 
concentrations achieved in the dialysate, which may be nec-
essary for treatment of anaerobic peritonitis, after a single 
750-mg dose of intravenous metronidazole, dialysate con- 
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centrations in the first 6 hours of exchange ranged between 
7.6 and 11.7 µg/ml (Guay et al., 1984). After 3 days of oral 
metronidazole 400 mg every 8 hours, the mean metronida-
zole dialysate concentration was 13.4 µg/ml (Bush et al., 
1983).

In summary, the pharmacokinetics of metronidazole are 
not significantly altered in patients with renal impairment, 
and dosage adjustment is not usually necessary.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Metronidazole is extensively metabolized by the liver, such 
that hepatic disease leads to decreased clearance of metroni-
dazole and a prolonged t1/2. This has been demonstrated in a 
small study of ten patients with alcoholic liver disease, among 
whom the t1/2 increased to a mean of 19.9 hours compared 
with 7.9 hours in normal healthy control subjects, and the 
clearance of metronidazole in these patients was 17.5 ml/min 
compared with normal clearance of 51.9 ml/min (Farrell 
et al., 1983). Another study of patients with alcoholic liver 
disease demonstrated similar findings; the mean t1/2 was 
18.31 hours and the total body clearance of metronidazole 
was decreased (Lau et al., 1987). The authors recommended 
a reduction in the frequency of dosing of metronidazole 
to an every 12 hours dosing regimen. A more recent study 
examined the pharmacokinetics of metronidazole in rela-
tion to the severity of cirrhosis, as classified by the Child–
Pugh criteria, and found the metabolism of metronidazole 
to be progressively impaired as the severity of liver disease 
increases. The mean t1/2 increased from 7.4 hours in the 
control group to 10.7, 13.5, and 21.5 hours in patients in 
Child–Pugh classes A, B, and C, respectively. Metronidazole 
clearance also decreased as Child–Pugh severity increased 
(Muscara et al., 1995). In general, a dosage reduction with 
serum level monitoring is recommended in patients with 
liver disease.

PATIENTS WITH IMPAIRED ENTERIC FUNCTION

The pharmacokinetics of oral and intravenous metronida-
zole have been evaluated in patients with Crohn’s disease and 
ulcerative colitis. A study of 12 patients demonstrated that 
the pharmacokinetics of metronidazole were not altered in 
this patient population (Shaffer et al., 1986). In another study 
examining a heterogeneous patient group with intestinal dis-
ease who were given oral metronidazole, the serum half-life 
was prolonged and the total body clearance was reduced in 
patients with an ileostomy. The authors recommended that 
metronidazole be administered at two-thirds the normal 
dose in these patients (Bergan et al., 1981). Notably, however, 
other authors have not supported these recommendations 
and the general view is that no dosage adjustment is neces-
sary for patients with inflammatory bowel disease or other 
intestinal disease.

ELDERLY PATIENTS

The pharmacokinetics of metronidazole are unaffected by 
age, and age-related dose adjustments are not necessary (Loft 
et al., 1990).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

The pharmacokinetics and pharmacodynamics of metroni-
dazole have been subject to a number of detailed reviews 
(Lau et al., 1992; Lamp et al., 1999). Early detection methods 
for measuring metronidazole concentrations relied on bio-
assay or gas–liquid chromatography. Bioassay is only able 
to measure total bioactivity of a specimen, without distin-
guishing between metronidazole and its active metabolites. 
Recently, high-performance liquid chromatography (HPLC) 
has been used, and this provides a more accurate result. 

5a.  Bioavailability

ORAL ADMINISTRATION

The oral absorption of metronidazole is excellent, with bio-
availability often reported as > 90% (Houghton et al., 1979a; 
Houghton et al., 1979b). The peak plasma concentration 
(Cmax) after a single oral dose of 500 mg was approximately 
9–16.5 µg/ml, with a corresponding time to Cmax (tmax) of 
0.25–4 hours (Levison, 1974; Ralph et al., 1974; Mattila et al., 
1983). The mean area under the plasma metronidazole con-
centration-versus-time curve (AUC) for this dose was 122–
159 µg·h/ml, and this is comparable to AUC values obtained 
after the same intravenous dose (Houghton et al., 1979b; 
Mattila et al., 1983). The plasma elimination half-life of met-
ronidazole or t1/2 was 8.9 hours (Mattila et al., 1983). A single 
dose of 250 mg resulted in a Cmax of 5.1–6.2 µg/ml (Ralph 
et al., 1974; Amon et al., 1978), and the corresponding value 
for a single dose of 400 mg was approximately 10 µg/ml 
(Houghton et al., 1979a). The metronidazole concentration 
fell to approximately 1 µg/ml after 24 hours. For a single dose 
of 750 mg, a mean Cmax of 12.3 µg/ml was attained after 30–60 
min (Schwartz and Jeunet, 1976). A single 2-g oral dose results 
in a Cmax of 40 µg/ml and a tmax of 1–2 hours. After 24 hours, 
the metronidazole concentration was 5.7 µg/ml (Wood and 
Monro, 1975).

In a study in which multiple dosing was also examined, 
500 mg of metronidazole was administered orally every 4 
hours for a total of 4 doses per day, and 250 mg every 6 hours 
for a total of 3 doses a day, for 7 days. Serum levels of metro-
nidazole with both of these schedules increased progressively 
for the first few doses and then leveled off, with no additional 
accumulation evident between 3 and 7 days. Serum levels 12 
hours after the administration of the last dose were 3.9 and 
13.1 µg/ml for the 250 and 500 mg regimens, respectively. 
Corresponding levels just prior to the administration of the 
last daily dose (the previous dose given 6 and 4 hours previ-
ously) were 5.7 and 21.3 µg/ml, respectively. Peak serum lev-
els were not measured but were estimated to be up to 100% 
higher. Measurable serum levels of 0.41 and 0.54 µg/ml were 
still present in two volunteers 60 and 36 hours after stopping 
the drug, respectively; the former had received the drug in 
a dose of 2 g daily for 6 days, and the latter 750 mg daily for 
6 days (Ralph et al., 1974). When 400 mg of metronidazole 
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was administered every 12 hours, the mean Cmax was 17.4 
µg/ml and mean Cmin was 5.5 µg/ml (Earl et al., 1989).

Oral metronidazole suspension contains benzoylmetro-
nidazole or metronidazole benzoate, which is the benzoyl 
ester of metronidazole and is formulated to hydrolyze in the 
gastrointestinal tract so as to release therapeutic doses of 
metronidazole over a period of several hours. After adminis-
tration of a single dose of 3.2 g benzoylmetronidazole sus-
pension (which is equivalent to 2 g of metronidazole), the 
Cmax was 17 µg/ml and tmax was 5.1 hours. The correspond-
ing Cmax was 4.6 µg/ml and tmax was 3.2 hours after adminis-
tration of a dose of 640 mg of benzoylmetronidazole, which 
is equivalent to 400 mg of metronidazole. Following oral 
administration of 400 mg of metronidazole, the comparable 
values were 8.5 µg/ml at 0.8 hour after dosing. The systemic 
availability of metronidazole derived from benzoylmetroni-
dazole is approximately 80% of that derived from metronida-
zole, and this was independent of dose over the range studied. 
The mean value for minimum plasma metronidazole con-
centration at steady state during once daily administration of 
3.2 g of benzoylmetronidazole was predicted to be 6.2 µg/ml 
(Houghton et al., 1982).

INTRAVENOUS ADMINISTRATION

A single dose of 500 mg of metronidazole infused intrave-
nously over 20 minutes results in a peak plasma concentra-
tion (Cmax) of approximately 9.4–20 µg/ml. The mean plasma 
elimination t1/2 of metronidazole is 7.3–7.9 hours and the 
total clearance is 80.1 ml/min (Houghton et al., 1979b; Mattila 
et al., 1983). At this dose, the AUC is 106.9–151 µg·h/ml. 
Administration of 1 g of oral or intravenous metronidazole 
results in AUCs of 214–257 µg·h/ml, which suggests that 
there is a linear relationship between drug exposure and dose 
(Lamp et al., 1999). The mean Cmax corresponding to a dose 
of 1 gram of intravenous metronidazole is 28.8 µg/ml (Martin 
et al., 1991).

At steady state, a regimen of 500 mg metronidazole admin-
istered intravenously every 8 hours results in a mean Cmax 
value of 27.4 µg/ml (range 11.5–41 µg/ml). The mean trough 
concentration (Cmin) is 15.5 µg/ml (range 6.4–26 µg/ml) 
(Eykyn and Phillips, 1976). When 500 mg metronidazole is 
administered every 12 hours, the mean Cmax is 23.6 µg/ml 
and the mean Cmin is 6.7 µg/ml (Earl et al., 1989).

The hydroxy metabolite has AUC values of 42–50 µg·h/ml 
after an oral 400 mg dose, and 40.8 µg·h/ml after a dose of 
250 mg given intravenously, and up to 239 µg·h/ml after a 
dose of 2 g given intravenously. The t1/2 ranges between 8.5 
and 19.2 hours (Lamp et al., 1999).

RECTAL ADMINISTRATION

Rectal administration of 500 mg metronidazole produces 
Cmax values ranging between 4 and 5.5 µg/ml, with a corre-
sponding tmax of 0.5–1 hour for a retention enema and 4–12 
hours for suppositories (Lamp et al., 1999). A 1-g suppos-
itory produces a mean Cmax of 8.8–10.5 µg/ml with a cor-
responding mean tmax of 2.8–4 hours (Anonymous, 1975; 

Mattila et al., 1983). One hour after administration, the mean 
serum level is 2.3 µg/ml (Anonymous, 1975). The mean AUC 
is 129.8 µg·h/ml and t1/2 is 8.8 hours (Mattila et al., 1983). In 
a multiple dosing regimen of 500 mg metronidazole suppos-
itory administered every 8 hours after serum concentrations 
of metronidazole had reached steady state, the mean Cmax 
was 18.5 µg/ml with a corresponding tmax of 3 hours. Metroni-
dazole concentrations remained above 10 µg/ml for the next 
8 hours. Bioavailability is 78.3% compared with the intrave-
nous route of administration (Ioannides et al., 1981). Com-
pared with oral administration, the average rectal absorption 
of metronidazole is 53% (Mattila et al., 1983).

VAGINAL ADMINISTRATION

Compared with oral dosing, approximately 25% of metroni-
dazole is absorbed after administration of 500 mg metroni-
dazole intravaginally, with a serum Cmax of only 1.9 µg/ml 
reached after 7.7 hours and a mean AUC of 31 µg·h/ml 
(Mattila et al., 1983). Similarly, compared with oral dosing 
using 500 mg metronidazole, the absorption of metronida-
zole was more prolonged, incomplete, and variable: after a 
dose of 37.5 mg metronidazole given as 0.75% gel intravagi-
nally, the Cmax is 0.237 µg/ml with a tmax of 8.37 hours. Serum 
concentrations after intravaginal gel are only 2% of that seen 
after administration of 500 mg oral metronidazole and the 
mean bioavailability is 56% (Cunningham et al., 1994).

TOPICAL ADMINISTRATION

Metronidazole 0.75% gel does not seem to be appreciably 
absorbed after topical application to the skin (Lamp et al., 
1999).

5b.  Drug distribution

The fraction of metronidazole bound to serum protein is 
< 20% (Ralph et al., 1974; Schwartz and Jeunet, 1976). The 
apparent volume of distribution in adults has varied between 
36 and 53.2 liters (Houghton et al., 1979b; Mattila et al., 
1983).

Metronidazole penetrates well into all body tissues and 
fluids, including saliva, breast milk, vaginal secretions, semi-
nal fluid, and bile (Gray et al., 1961; Eliasson and Dornbusch, 
1980; Knight, 1980; Erickson et al., 1981; Davis et al., 1984; 
Veldhuyzen Van Zanten et al., 1996). Bone concentrations 
are approximately 75% of serum concentrations (Lamp et al., 
1999).

Cerebrospinal fluid (CSF) levels of 13.9 and 11.0 µg/ml 
with simultaneous serum levels of 15.4 and 8.34 µg/ml, 
respectively, were detected 2 hours and 8 hours after admin-
istration of a 500 mg oral dose in a patient receiving 500 mg 
twice daily for Fusobacterium meningitis. In this instance, 
a  CSF/serum ratio approaching 1 was achieved (O’Grady 
and Ralph, 1976). In normal volunteers given 2.4 g of met-
ronidazole orally, CSF concentrations 90 minutes later var-
ied between 6 and 22.7 µg/ml, being on  average 43% of 
the observed simultaneous serum level (Jokipii et al., 1977). 
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George and Bint (1976) found a concentration of 42 µg/ml in 
pus aspirated from a brain abscess in a 3-year-old patient 
who had received the drug in a dosage of 8 mg/kg four times 
daily for 1 week. Concentrations of 35.0 and 34.4 µg/ml were 
detected in the abscess cavities of two patients with a brain 
abscess, receiving an oral dose of 400 mg every 8 hours, 
during an interval when concurrent serum levels were 11.5 
and 35.1 µg/ml. Abscess cavity concentrations of 20.7 and 
45 µg/ml were obtained in two other patients receiving 400 
and 600 mg intravenous metronidazole given every 8 hours 
(Ingham et al., 1977b). Concentrations of metronidazole in 
middle ear discharge or mucosa of chronic otitis media reach 
70% of serum levels (Jokipii and Jokipii, 1981).

A recent study that employed intracerebral microdialysis 
techniques to sample the brain extracellular fluid in brain- 
injured patients without central nervous system infections, 
demonstrated extensive distribution of metronidazole in the 
brain, with concentrations of metronidazole always > 4 μg/ml 
(Frasca et al., 2014a). Unbound brain/plasma AUC ratios were 
102% ± 19% (ranging from 87 to 124%). In a companion 
study to this first study, the authors determined CSF concen-
trations of metronidazole in patients with external ventric-
ular drains (Frasca et al., 2014b). Metronidazole was also 
found to be extensively distributed in the CSF. The CSF con-
centration-versus-time profiles were essentially flat, with a 
mean steady-state concentration ≈ 11 μg/ml. In contrast, the 
brain extracellular fluid concentration-versus-time profiles 
demonstrated a peak, albeit one that was delayed compared 
to unbound plasma profiles. The authors concluded that CSF 
distribution studies should not be used to predict the con-
centrations of metronidazole in brain tissue.

In liver abscess pus, metronidazole concentrations varied 
from 0 to 24.0 µg/ml after a total oral dose of 5.8 g given over 
2 days. In two patients with acute necrotizing pancreatitis 
given 500 mg intravenous metronidazole every 8 hours for 7 
days, necrotic pancreatic tissue levels were 4.07 and 6.3 µg/g 
before the first daily dose. The degree of penetration in rela-
tionship to serum levels was 99% (Bassi et al., 1994).

A metronidazole level of 24.2 µg/ml was detected in 
drainage material from a lung empyema of a patient who 
had received oral metronidazole in a dose of 400 mg every 
6  hours for the previous 3.5 days (Smith and Wellingham, 
1976).

Metronidazole penetrates well into inflamed intra-abdom-
inal organs. Among patients undergoing appendectomy, a 
20-minute infusion of 500 mg metronidazole resulted in 
levels of the drug and its hydroxy metabolite, in relation to 
serum levels during the initial 1.25–4.0 hours after the end 
of the infusion, of 60.8% and 103.9%, respectively, for appen-
dix tissue, and 29.0% and 57.0%, respectively, for subcutane-
ous tissue (Holter et al., 1983). When a single 1-g intravenous 
dose of the drug was given for antibiotic prophylaxis of 
 colorectal surgery, the metronidazole concentration in the 
colonic wall tissue was 8.9 µg/g, 2–3 hours after the dose 
(Martin et al., 1991). Metronidazole has good penetration 
into muscle tissue of patients with septic shock, with concen- 

trations of 8.2 µg/ml at 140 minutes after a single 500 mg 
intravenous dose—these levels were comparable to those 
seen in nonseptic patients undergoing elective gynecological 
surgery (Karjagin et al., 2005).

Metronidazole penetrates well into pelvic tissues. After an 
oral dose of 500 mg metronidazole was given every 8 hours 
for 5 days to patients undergoing elective gonadal surgery, 
tissue levels 8 hours after the last dose were 14.3 µg/g for 
prostatic tissue, 15.9 µg/g for vas deferens, 14.0 µg/g for epi-
didymis, and 12.5 µg/g for testis (Viitanen et al., 1985). When 
oral metronidazole 400 mg every 12 hours was given to 
healthy women, the peak cervical mucus concentration after 
4 hours was 5.2 µg/g on the first day and 10.3 µg/g on day 5. 
The corresponding serum concentrations were 8.2 and 13.8 
µg/ml, respectively (Salas-Herrera et al., 1991). At 58 min-
utes following completion of a single intravenous dose of 
500 mg metronidazole, the average concentration of the drug 
in normal pelvic peritoneal fluid in women was 7.2 mg/ml 
and the corresponding serum concentration was 10.7 µg/ml 
(Berger et al., 1990).

As noted earlier (see section 4b, Newborn infants and 
children), metronidazole clearance increases with gestational 
age and dosage adjustment is needed in neonates. Mean 
clearance rates were 0.12 ml/min in infants at < 32 weeks’ 
gestation, and 0.99 ml/min in infants at > 35 weeks’ gesta-
tion. Thus the authors recommended an initial single intra-
venous dose of 15 mg/kg—thereby providing therapeutic 
serum levels for 48 hours (7.3 µg/ml) in preterm infants and 
for 24 hours (11.3 µg/ml) in term infants. A dose of 7.5 mg/
kg every 12 hours has been suggested for continuing treat-
ment in the first week of life (Jager-Roman et al., 1982). In 
this study, a 19-day-old term baby’s plasma and CSF concen-
trations of metronidazole were measured concomitantly, 
and this showed that excellent CSF penetration was achieved. 
In another two patients, plasma and ascitic fluid concentra-
tions of metronidazole were almost equivalent. The hydroxy 
metabolite of metronidazole was detected in babies of > 35 
weeks’ gestation and in infants of 28–35 weeks’ gestation 
who had been exposed in utero to betametasone, suggesting 
induction of hepatic metabolism of metronidazole in the 
preterm neonate.

In another report of an infant of 29 weeks’ gestation who 
developed B. fragilis septicemia and meningitis, and who was 
treated with oral metronidazole, which was commenced 22 
days after birth, microbiological cure was achieved although 
the clinical course was complicated by hydrocephalus and 
developmental delay. The regimen of metronidazole used in 
this setting was 30 mg/kg daily at 8-hour intervals and subse-
quently 35 mg/kg daily at 6-hour intervals. CSF levels mea-
sured 2, 4, and 6 hours after a dose were 23.4, 11.4, and 7.4 
µg/ml, respectively at the higher dosage (Berman et al., 1978).

In a study of 12 infants undergoing abdominal surgery in 
whom metronidazole was administered as a single dose of 
20 mg/kg intravenously, the Cmax was 17.7 µg/ml in infants 
< 8 weeks of age and 25.3 µg/ml in those > 8 weeks old. The 
corresponding t1/2 values were 18.4 and 7 hours, the latter 
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group having t1/2 values similar to those seen in adults (Ruben-
son and Rosetzsky, 1986).

Visser and Hundt (1984) found that the serum levels, t1/2, 
and drug clearance in pregnant patients undergoing cesar-
ean sections administered intravenous metronidazole were 
similar to those reported in nonpregnant patients. There was 
no significant difference in metronidazole concentrations 
in maternal blood and arterial cord blood, indicating rapid 
transfer across the placenta. A study of the pharmacokinetics 
of oral metronidazole administered to pregnant women 
found that the pharmacokinetic profile of metronidazole did 
not change during different stages of pregnancy and that its 
values were within the ranges of reported values for non-
pregnant patients receiving a similar dose (Wang et al., 2011).

Metronidazole is distributed into breast milk in concen-
trations similar to corresponding plasma concentrations. In 
a study of three lactating women treated with a single 2-g 
dose for trichomoniasis, the highest concentrations of met-
ronidazole in breast milk were found 2 and 4 hours after 
administration, and declined over the next 12–24 hours. It 
was estimated that an infant would receive 21.8 mg of metro-
nidazole through breast milk during the first 24 hours after a 
single 2-g dose administered to the mother. The authors rec-
ommended that breastfeeding be withheld for 12–24 hours 
after metronidazole to minimize infant drug exposure (Erick-
son et al., 1981). Another study also demonstrated no adverse 
events in breastfeeding infants whose mothers received met-
ronidazole (Passmore et al., 1988). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Metronidazole is rapidly bactericidal. This was demonstrated 
using isolates of B. fragilis and C. perfringens, and metroni-
dazole was shown to be more rapidly bactericidal than peni-
cillin G, carbenicillin, clindamycin, and cefoxitin (Ralph and 
Kirby, 1975b; Stratton et al., 1991). This has also been shown 
in C. difficile isolates, in relation to which metronidazole was 
compared with vancomycin and clindamycin (Levett, 1991; 
Odenholt et al., 2007).

Metronidazole appears to exhibit concentration-dependent 
killing against B. fragilis, C. difficile, H. pylori, and T. vaginalis 
(Craig and Ebert, 1990; Stratton et al., 1991; Nix et al., 1995; 
Svensson et al., 2002; Odenholt et al., 2007). This is similar 
to aminoglycosides and fluroquinolones (Drusano, 2004). 
The goal of dosing regimens for antibacterial agents with 
concentration-dependent activity is to maximize concentra-
tion of the agent. The ratios of the maximum plasma concen-
tration (peak) to MIC (peak/MIC) and/or the AUC to MIC 
(AUC/MIC) are the pharmacokinetic/pharmacodynamic 
(PK/PD) parameters best correlated with efficacy (Craig, 
1998; Drusano, 2004). This would suggest that in general the 
optimal dosage strategy for metronidazole would be to give 
higher doses less frequently (Lamp et al., 1999). However, it 
should be noted that there are no established PK/PD param-
eters correlated with the efficacy of metronidazole in a clinical 
setting. Sprandel et al. (2006) suggested an AUC/MIC ratio 

of ≥ 70 as an appropriate target for B. fragilis. Metronidazole 
also appears to exhibit an in vitro post-antibiotic effect, of 
1.2–1.7 hours against C. difficile (Odenholt et al., 2007) and 
4–5 hours against B. fragilis (Valdimarsdottir et al., 1997).

The activity of metronidazole in gastric mucosa has been 
investigated in the context of treatment for H. pylori. Given 
that metronidazole is a weak base, un-ionized metronidazole 
easily crosses the mucosa by simple diffusion. In the gastric 
lumen, provided the pH is low, metronidazole will ionize and 
become trapped. Hence, in acidic gastric juice, the concen-
tration of metronidazole is higher than in plasma. At this 
low pH, metronidazole is very stable, with a half-life of > 800 
hours at pH 2. This stability, together with metronidazole’s 
rapid distribution across the gastic mucosa, probably explains 
why, despite the relatively high in vitro MIC in relation to 
H. pylori, it remains effective clinically (Goddard, 1998). 
Administration of omeprazole increases the pH and reduces 
pH-related metronidazole trapping, but this difference is 
small and unlikely to be clinically significant (Goddard et al., 
1996). Unlike other agents used to treat H. pylori, there is no 
change in the MIC in accordance with changing gastric pH 
conditions between 5.5–7.5 (Megraud and Lehours, 2007).

5d.  Excretion

INACTIVATION IN THE BODY

Approximately 90% of metronidazole doses is metabolized 
in the liver to oxidative products. The hydroxy metabolite, 
1-(2-hydroxyethyl)-2-hydroxy methyl-5-nitroimidazole, is 
clinically significant, with antimicrobial activity 30–65% 
that of metronidazole (see section 2a, Routine susceptibil-
ity), while the acid metabolite, 1-acetic acid-2-methyl-5- 
nitroimidazole, has only minimal (5%) activity, and this 
activity is detectable only in patients with renal dysfunction. 
Glucuronide and sulfate conjugates and an oxidation prod-
uct of the hydroxy metabolite have also been detected, but 
these represent only a small proportion of the products of 
metronidazole metabolism (Lamp et al., 1999).

As noted earlier in section 5a, Bioavailability, the mean 
plasma elimination t1/2 of metronidazole is 7.3–7.9 hours and 
total clearance of metronidazole is 80.1 ml/min (Houghton 
et al., 1979b; Mattila et al., 1983). Metronidazole seems to 
demonstrate dose-dependent metabolism in that elimination 
constants and clearance values after 1-g and 2-g intravenous 
doses are 30–45% lower than those after a 20-mg dose. 
However, the magnitude of dose-related pharmacokinetics 
changes is relatively limited for common anti-infective met-
ronidazole dosages (Lau et al., 1992).

Metronidazole was administered to seven patients at a 
dose of 500 mg intravenously every 8 hours for 4 days, before, 
during, and after surgery for perforation of duodenal and 
gastric ulcers, and then changed to oral metronidazole at 
the same dose and dosing interval for a further 4 days. The 
patients were compared to those in a similar group who con-
tinued on the intravenous regimen. This change from intra-
venous to oral metronidazole resulted in an increase in AUC 
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of 51% without a concomitant increase in t1/2, and there was 
an observed increase in trough plasma metronidazole con-
centrations of 75%. The authors suggested that this phenom-
enon represented a reduction of clearance when the drug 
was administered orally (Thiercelin et al., 1984).

The t1/2 of the hydroxy metabolite ranges between 8.5 and 
19.2 hours (Lamp et al., 1999).

URINE

Using 14C-labeled metronidazole, Schwartz et al. (1976) 
demonstrated that the mean radioactivity recovered from 
urine and feces in the first 5 days after administration of a 
750-mg oral dose was 91%, with feces accounting for only 
13.9% and urine approximately 77%—demonstrating that 
the main route of excretion is via the kidney (Schwartz and 
Jeunet, 1976). However, excretion of unchanged metronida-
zole and its two major metabolites (the hydroxy and acid 
metabolites) in the urine accounted for only 33–44% of the 
doses administered (Houghton et al., 1979b; Nilsson-Ehle et 
al., 1981). Thus, the unaccounted for radioactivity probably 
represents metabolites not identified by HPLC techniques 
(Lamp et al., 1999). Unchanged metronidazole in the urine 
accounts for approximately 8% of the total dose, with the 
hydroxy metabolite and the acetic acid metabolite account-
ing for 24% and 12%, respectively (Nilsson-Ehle et al., 1981). 
Most of the administered dose is excreted within 48 hours 
(Houghton et al., 1979b).

FECES

Only a small amount (~ 13.9%) of an orally administered 
dose of metronidazole is excreted in the feces (Schwartz and 
Jeunet, 1976). Fecal metronidazole and hydroxymetronida-
zole concentrations are high enough to be bactericidal to 
intestinal C. difficile when the drug is given orally or intra-
venously to patients with acute C. difficile colitis, but these 
concentrations fall as diarrhea improves, and in some patients 
neither substance can be detected in the feces after full recov-
ery (Bolton and Culshaw, 1986). In watery stool samples, the 
mean metronidazole concentration was 9.3 µg/g, and in semi-
formed stools 3.3 µg/g (Bolton and Culshaw, 1986).

BILE

High levels of the drug have been detected in bile (Knight, 
1980; Teasley et al., 1983).

5e.  Drug interactions

Metronidazole may cause a disulfiram-like reaction in some 
patients who consume alcohol concomitantly with metroni-
dazole. Disulfiram inhibits hepatic aldehyde dehydrogenase, 
causing elevation of blood acetaldehyde concentrations after 
ethanol consumption, and this leads to nausea and vomiting, 
flushing, headache, and palpitations, when used in combina-
tion with ethanol ingestion (Peachey and Sellers, 1981). The 
first account of a metronidazole–ethanol interaction appeared 
in 1964 (Taylor, 1964), and multiple uncontrolled studies have 
since reported this drug interaction, including a case report 

of sudden death attributed to this drug interaction (Alexan-
der, 1985; Harries et al., 1990; Cina et al., 1996). However, 
others have suggested that it is not possible to determine 
whether metronidazole has any disulfiram-like effect when 
combined with ethanol (Lal, 1969; Goodwin and Reinhard, 
1972; Kitson, 1977). Unlike the disulfiram reaction, the 
co-administration of metronidazole and ethanol does not 
lead to an accumulation of acetaldehyde in the blood, but 
intracolonic acetaldehyde concentrations are increased in 
the rat model. This may contribute to the possible adverse 
drug reaction seen with concomitant ingestion of metroni-
dazole and ethanol (Tillonen et al., 2000; Visapaa et al., 
2002). Whatever the exact mechanism of the interaction, 
appropriate general advice is that alcohol and metronidazole 
should not be administered concurrently. Similarly, metroni-
dazole and disulfiram (used for treating alcoholism) should 
also not be administered concurrently, because an acute psy-
chotic or confusional state has been observed (Rothstein and 
Clancy, 1969).

Concomitant administration of metronidazole aug-
ments both the hypoprothrombinemic effect and blood lev-
els produced by sodium warfarin (coumadin sodium). This 
is due to a stereoselective interaction in that metronidazole 
augments the effects of racemic warfarin (a mixture of 
S(–) and R(+)-warfarin) and S(–)-warfarin alone, but not 
R(+)-warfarin alone (O’Reilly, 1976). Therefore, prothrombin 
times and international normalized ratio (INR) levels should 
be monitored carefully in patients taking concomitant 
metronidazole.

Other drug interactions include some evidence that metro-
nidazole may impair the clearance of phenytoin (Blyden et 
al., 1988). One 30-year-old woman who had received metro-
nidazole for 6 days developed an acute dystonic reaction 
after a single dose of chloroquine was co-administered with 
promethazine (Achumba et al., 1988). In general, there are 
no interactions between metronidazole and the quinolones 
(Boeckh et al., 1990), but, in two patients who received met-
ronidazole plus pefloxacin, neurotoxicity was observed, with 
confusion, disorientation, slurred speech, and extrapyramidal 
symptoms (Radandt et al., 1992). An outbreak of Stevens–
Johnson syndrome/toxic epidermal necrolysis (SJS/TEN) was 
associated with concomitant use of metronidazole and meben-
dazole for the prophylactic treatment of intestinal parasites 
in Filipino workers. The risk of SJS/TEN increased with 
increasing doses of metronidazole (Chen et al., 2003).

Metronidazole interacts with busulfan to increase busulfan 
levels. In a study of patients undergoing stem cell transplan-
tation in which metronidazole was used as graft-versus-host 
disease prophylaxis, there was a significant increase in 
busulfan levels, which was associated with an increase in 
treatment- related toxicity, including hepatic veno-occlusive 
disease (Nilsson et al., 2003). The busulfan–metronidazole 
drug interaction has also been reported by others (Gulbis et 
al., 2011). 

Metronidazole may also interact with tacrolimus. A renal 
transplant recipient who was stabilized on tacrolimus and pred-
nisone immunosuppression was treated with metronidazole 
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for C. difficile–associated diarrhea, and the tacrolimus trough 
concentrations and serum creatinine increased after 4 days 
of metronidazole treatment (Page et al., 2005). Another renal 
transplant recipient receiving tacrolimus and mycophenolate 
mofetil also experienced an increase in tacrolimus concen-
trations after 9 days of metronidazole therapy (Herzig and 
Johnson, 1999). It should be noted, however, that diarrhea 
itself has been associated with increased tacrolimus concen-
trations related to decreased gut transit time, resulting in 
reduced gut metabolism of the drug and possibly increased 
absorption (Page et al., 2005). 

Metronidazole has also been reported to increase cyclo-
sporine levels in a renal transplant recipient. Once again, this 
was in the setting of treatment for diarrhea—this time caused 
by Campylobacter coli (Herzig and Johnson, 1999). When a 
single dose of intravenous metronidazole 750 mg/m2 daily 
(equivalent to 1275 mg metronidazole daily) was co-admin-
istered with 5-fluorouracil (5-FU) for the treatment of meta-
static colorectal cancer, clearance of the 5-FU was decreased, 
resulting in increased toxicity—74% of patients developed 
granulocytopenia of < 1500 cells/µl and there was one drug- 
related death. There was no enhanced therapeutic efficacy of 
5-FU noted (Bardakji et al., 1986).

Individual case reports suggest that barbiturates and 
diphenylhydantoin might also induce metronidazole metab-
olism (Wheeler et al., 1978; Ioannides et al., 1981). Other 
studies show that phenobarbital increases the metabolism 
of metronidazole, decreasing its half-life to 3.5 hours and 
potentially resulting in treatment failures (Mead et al., 1982; 
Gupte, 1983). 

Two patients receiving long-term lithium therapy who 
were treated with a one week course of metronidazole devel-
oped lithium toxicity with a rise in their serum lithium and 
creatinine levels. One of these patients developed confusion 
and frank nephrogenic diabetes insipidus, the latter persist-
ing for 6 months (Teicher et al., 1987). 

Metronidazole co-administered with cimetidine in healthy 
volunteers resulted in an increase in the half-life of metroni-
dazole from 6.2 to 7.9 hours and a decrease in total plasma 
clearance. The clinical significance of this interaction is uncer-
tain (Gugler and Jensen, 1983). Omeprazole reduces metro-
nidazole drug trapping in the stomach but this is unlikely to 
be clinically significant (see section 5c, Clinically important 
pharmacokinetic and pharmacodynamic features).

Metronidazole may interact with sulfonylureas to cause 
hypoglycemia because it can interfere with sulfonylurea 
metabolism via inhibition of the CYP2C9 enzyme (Parekh 
et al., 2014). 

6. ADVERSE REACTIONS AND TOXICITY

6a.  Gastrointestinal side effects

Metronidazole has been occasionally associated with an 
unpleasant metallic taste in the mouth, a furred tongue, nau-
sea (rarely vomiting), and abdominal pain. Doses as high 
as 180 mg/kg body weight per day, when used in oncology 

patients as an adjunct to radiotherapy, produced slight nau-
sea; higher doses of up to 300 mg/kg body weight per day 
were progressively less well tolerated and produced severe 
anorexia, nausea, and vomiting, which often persisted for 
24–48 hours after the last dose (Deutsch et al., 1975). Pseu-
domembranous colitis due to C. difficile organisms that were 
susceptible to metronidazole has been described in a patient 
in association with metronidazole administration as the sole 
antimicrobial (Saginur et al., 1980).

6b.  Hematologic effects

A transient and reversible neutropenia has been occasion-
ally observed during metronidazole therapy (Lefebvre and 
Hesseltine, 1965; Tally et al., 1975; Sanders et al., 1979).

A 29-year-old man developed transient factor V antibod-
ies resulting in prolonged prothrombin time and activated 
partial thromboplastin time but no clinical coagulopathy 
following treatment with cefuroxime and metronidazole for 
an appendiceal abscess (Van den Berg et al., 2014).

6c.  Neurotoxicity

Peripheral neuropathy (usually sensorimotor) has been 
described in a number of patients, particularly those who 
have received prolonged treatment with relatively high doses 
of metronidazole (Ursing and Kamme, 1975; Bradley et al., 
1977; Ingham et al., 1978a; Bernstein et al., 1980). However, 
in one patient of Indian ethnicity, the cumulative dose of 
metronidazole was only approximately 3.6 g (Sarma and 
Kamath, 2005). In addition, there has been one case of con-
comitant sensorimotor and autonomic neuropathy in an 
otherwise well 15-year-old girl (Hobson-Webb et al., 2006). 
Peripheral neuropathy is usually relatively mild, and full 
recovery appears to occur when the drug is stopped or the 
dose decreased. In some patients, sensory changes have per-
sisted for months and even years after discontinuation of the 
drug (Hishon and Pilling, 1977; Karlsson and Hamlyn, 1977; 
Rustscheff and Hulten, 2003). Neurotoxicity-related inves-
tigations of a patient receiving metronidazole described by 
Bradley et al. (1977) showed that both demyelination and 
axonal degeneration had occurred. Metronidazole toxicity 
manifesting as both peripheral neuropathy and encepha-
lopathy can occur in the same patient (Tan et al., 2011).

Kusumi et al. (1980) reported on an adult patient who 
developed confusion, cerebellar dysfunction, and sensory 
neuropathy after receiving oral metronidazole 750 mg every 
6 hours for 28 days; she fully recovered after withdrawal 
of  the drug, but features of the neuropathy persisted for 
4 months. Since then, there have been further case reports of 
ataxia and dysarthria related to the use of metronidazole. In 
other patients, toxicity has manifested as seizures, decreased 
consciousness, and coma (Frytak et al., 1978; Wienbren et 
al., 1985; Kim et al., 2004; Groothoff et al., 2010). These 
patients have had abnormalities revealed by magnetic reso-
nance imaging (MRI) in the dentate nucleus of the cere-
bellum (Ahmed et al., 1995; Horlen et al., 2000; Woodruff 
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et al., 2002; Heaney et al., 2003). Reversible inferior collicu-
lus lesions are also characteristic (Lee et al., 2009). Other 
regions affected have included subcortical white matter, the 
anterior commisure, the splenium, the basal ganglia, the 
midbrain, cerebellar white matter, and the inferior olivary 
nuclei (Ahmed et al., 1995; Seok et al., 2003; Kim et al., 2004). 
The cumulative dose of metronidazole has ranged between 
0.25 and 1110 g and the serum concentration of metroni-
dazole was not necessarily above the therapeutic range 
(Kuriyama et al., 2011; Sarna et al., 2013). Upon cessation of 
metronidazole, the symptoms and MRI changes usually 
resolve, but in some patients they have persisted for months 
(Kim et al., 2004). Clinical circumstances in three patients 
receiving high doses of metronidazole (administered as an 
adjunct to radiotherapy for solid organ carcinomas) suggest 
that the drug was responsible for convulsions (Frytak et al., 
1978). Metronidazole has also been reported to have induced 
psychosis (Schreiber and Spernal, 1997; Khandheria et al., 
2014). In a patient with pre-existing chronic liver disease, 
and chorea and ataxia, metronidazole encephalopathy mani-
fested as new-onset myoclonus, dysarthria, and worsening 
chorea and ataxia (Galvez et al., 2009). The mechanism of 
metronidazole neurotoxicity has not been fully elucidated.

There have been two case reports in the literature of death 
attributed to irreversible metronidazole-induced encepha-
lopathy, despite cessation of the drug (Groothoff et al., 2010; 
Hobbs et al., 2015). The total cumulative dose of metronida-
zole received by each patient was 132 g and 33 g. The second 
patient had co-existing hepatic cirrhosis, which may have led 
to an increase in the half-life of metronidazole.

Deafness was reported in association with metronidazole 
administration in one patient (Hibberd et al., 1984), but a 
causal relationship has been disputed (Blake and Butt, 1984). 
Reversible deafness, tinnitus, and ataxia have been described 
in three cases, with cumulative doses of metronidazole rang-
ing from 4.8 to 48 g over 3–14 days (Lawford and Sorrell, 
1994; Iqbal et al., 1999; Rotman et al., 2015). Metronidazole 
has been associated with optic neuritis in a number of 
patients (Putnam et al., 1991; McGrath et al., 2007).

Metronidazole-associated aseptic meningitis has also been 
reported. Small doses have been associated with this compli-
cation, for which a hypersensitivity mechanism is likely a 
cause (Corson and Chretien, 1994; Khan et al., 2007). In addi-
tion, drowsiness, headache, and depression have also been 
reported.

6d.  Hypersensitivity

One Asian woman with a history of recurrent vaginitis had 
previously developed localized erythema while receiving 
intravaginal metronidazole and nystatin. Later, when treated 
with oral metronidazole for bacterial vaginosis, she devel-
oped chills, fever, generalized erythema, rash, and later dys-
pnea and edema of her face and extremities. She improved 
after cessation of metronidazole and treatment with methyl-
prednisolone (Knowles et al., 1994). Pearlman et al. (1996) 
give an account of successful desensitization to metronida- 

zole in two women who required treatment for T. vaginalis 
infection. One patient had previously had an immediate 
hypersensitivity reaction associated with urticaria and fever 
(Pearlman et al., 1996). A more recent study reported a case 
series of women with T. vaginalis infection and suspected 
hypersensitivity to metronidazole (Helms et al., 2008). This 
report also included details on the desensitization protocols 
employed in the series. The most common reactions were 
urticaria (47%) and facial edema (11%). Fifteen of these 
patients underwent an oral or intravenous metronidazole 
desensitization regimen and treatment with metronidazole. 
One woman who received oral metronidazole desensitiza-
tion experienced a pruritic rash on the final day and was 
administered steroids with resolution of the rash. Another 
woman who received intravenous metronidazole desensiti-
zation experienced mild urticaria and pruritus 45 minutes 
following the final 2-g dose and was managed with an anti-
histamine with resolution of symptoms. All 15 patients 
achieved cure of their T. vaginalis infection. An alternative 
desensitization regimen that is more gradual has also been 
described, but only 2 cases were reported in this study 
(Gendelman et al., 2014).

6e.  Acute pancreatitis and hepatitis

There are several case reports of an acute pancreatitis occur-
ring during metronidazole therapy. Symptoms usually sub-
side rapidly on withdrawal of the drug. In some patients this 
complication recurred promptly when metronidazole was 
re-administered (Plotnick et al., 1985; Sanford et al., 1988; 
Celifarco et al., 1989). A recent population based case- 
control study found that metronidazole was associated with 
a threefold increased risk of acute pancreatitis (Norgaard et 
al., 2005).

Fulminant hepatitis has been described in association 
with metronidazole rechallenge in a 24-year-old woman, 
resulting in coma and subsequent death. Two years prior to 
this presentation she had been treated with metronidazole, 
which was also complicated by hepatitis, and following this 
insult, her transaminase levels improved but remained 
abnormal. At autopsy her liver showed fulminant necrosis 
(Bjornsson et al., 2002). Another 36-year-old woman devel-
oped deranged liver function tests following 5 days of metro-
nidazole treatment. A liver biopsy confirmed acute hepatitis. 
This patient was then treated with two further courses of 
ornidazole. After each course of ornidazole, she developed 
biochemical evidence of hepatitis in association with nausea, 
vomiting, and jaundice. Her liver function tests failed to 
return to normal. On each occasion, a liver biopsy was per-
formed that showed chronic hepatitis with piecemeal necro-
sis (Ersoz et al., 2001).

Metronidazole toxicity resulting in acute hepatic failure 
has been described in 8 patients (8%), with three deaths, in 
a  cohort with Cockayne syndrome (Wilson et al., 2015). 
Cockayne syndrome is a rare, autosomal recessive disorder 
characterized by small stature, intellectual disability, and 
accelerated pathologic aging. In this series, the authors noted 
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that none of their patients received metronidazole without 
serious adverse effects.

6f.  Mutagenicity and carcinogenicity

Metronidazole can increase the spontaneous mutation rates 
of certain aerobic bacteria grown in vitro (Voogd et al., 
1974; Lindmark and Muller, 1976), and urinary metabolites 
obtained from patients taking metronidazole are also muta-
genic when assayed in such bacterial test systems (Speck et 
al., 1976). Mitelman et al. (1976) reported a greater fre-
quency of chromosomal aberrations in the circulating lym-
phocytes of patients with Crohn’s disease receiving long-term 
metronidazole than in healthy control subjects or patients 
with Crohn’s disease not treated by the drug (Mitelman et al., 
1976). In a later study of such patients, however, the same 
authors were unable to find evidence of a cytogenetic effect 
of metronidazole after 4 months of treatment—their early 
findings may have been caused by concomitant administra-
tion of sulfasalazine or higher dosage and prolonged treat-
ment with metronidazole (Mitelman et al., 1980). Similarly, 
no chromosome-breaking activity could be detected when 
12 patients with vaginal trichomoniasis were given metroni-
dazole 200 mg three times daily for 7 days (Hartley-Asp, 
1979). 

There have been multiple studies that have concluded that 
the use of metronidazole during pregnancy is not associated 
with an increased teratogenicity risk (Piper et al., 1993; Burtin 
et al., 1995; Caro-Paton et al., 1997; Czeizel and Rockenbauer, 
1998; Diav-Citrin et al., 2001; Koss et al., 2012; Sheehy et al., 
2015).

A carcinogenic effect of very high doses of metronidazole 
in rodents has been reported (Rustia and Shubik, 1972), but 
this effect has not been confirmed in other experimental ani-
mals (Roe, 1977). Moreover, several large retrospective sur-
veys of patients who have been treated with metronidazole 
in the USA have not shown any increased risk of cancer 
(Beard et al., 1979; Friedman, 1980; Danielson et al., 1982; 
Beard et al., 1988; Falagas et al., 1998). Methodological 
problems with some of these studies include lack of data on 
patient compliance with metronidazole and the small num-
bers of patients who had had prolonged exposure to metro-
nidazole. Prenatal exposure to metronidazole and the risk 
of childhood cancer were examined in one study that found 
no increased risks overall. However, there was a statistically 
nonsignificant increase in the incidence of neuroblastomas 
(Thapa et al., 1998).

Despite the absence of evidence that metronidazole is 
carcinogenic or teratogenic in humans, it still seems pru-
dent to avoid its use, if possible, during the first trimester of 
pregnancy.

6g.  Skin rashes

Metronidazole has been reported to instigate fixed drug 
eruptions in a number of case reports, and cross-reactivity 
may occur with tinidazole (Shelley and Shelley, 1987; 

Kanwar et al., 1990; Mishra et al., 1990; Thami and Kanwar, 
1998). A 16-year-old girl developed a sharply demarcated 
V-shaped macular erythematous rash in intertriginous and 
flexural areas following five days of treatment with oral met-
ronidazole. This condition is also known as “drug-related 
baboon syndrome” or symmetrical drug-related intertrigi-
nous and flexural exanthema (SDRIFE) (Sikar Akturk et al., 
2014).

6h.  Other side effects

The urine of patients taking metronidazole may be colored 
deep red–brown due to the presence of an azometabolite of 
the drug.

A 90-year-old woman developed QT prolongation after 
initiation of treatment with ceftriaxone and metronidazole 
for aspiration pneumonia and this resolved upon cessation of 
metronidazole (Cohen et al., 2008). A 14-year-old boy devel-
oped coronary artery spasm with transient 5 mm ST eleva-
tion on electrocardiography (Kounis syndrome) following 
administration of intravenous metronidazole (Terlemez et 
al., 2015).

Powell et al. (1988) reported six children in whom the 
development of hemolytic–uremic syndrome appeared to 
be related to metronidazole therapy.

In one patient with ulcerative colitis and an ileostomy 
who received approximately 1 month of metronidazole at 
a  dose of 250 mg three times daily, gynaecomastia was 
observed, which recurred on rechallenges with a reduced 
dose of 250 mg daily. Metronidazole was shown to cause 
displacement of estradiol from sex hormone binding globu-
lin at concentrations approximately equivalent to 800 µg/ml, 
which would not usually be achieved at the doses at which it 
was administered (Fagan et al., 1985).

6i.  Precautions in interpreting laboratory 
tests

Metronidazole interferes with serum aspartate transaminase 
(AST) or serum glutamic oxaloacetic transaminase (SGOT), 
alanine transaminase (ALT) or serum glutamic pyruvic trans-
aminase (SGPT), lactate dehydrogenase (LDH), triglycerides, 
and hexokinase glucose determinations when enzymatic 
assays are used. These are based on the reductions in ultra-
violet absorbance that occur when NADH is oxidized to NAD. 
Metronidazole has an absorbance peak of 322 nm at pH 7, 
which is close to the 340 nm absorbance peak of NADH. 
Hence, metronidazole in the sample can cause an increase in 
the absorbance peak of NADH, resulting in falsely decreased 
enzyme levels (Sanofi-Aventis, 2007).

7. CLINICAL USES OF THE DRUG

7a.  Treatment of anaerobic infections

Most anaerobic infections are acquired from the host’s own 
microflora in the respiratory, gastrointestinal, or genital tracts, 
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as a result of a breach in the mechanical defense system. They 
have been particularly implicated in nontraumatic brain 
abscesses, lung and intra-abdominal infections, and non-
venereal infections of the female genital tract. Many anaero-
bic infections can be managed by surgery, but others require 
chemotherapy, often in combination with surgery. Frequently, 
B. fragilis, other anaerobes of the B. fragilis group, Prevotella 
and Fusobacterium spp., and other anaerobes, are involved in 
these infections (Bartlett, 1983).

Anaerobic infections are often polymicrobial, being asso-
ciated with both anaerobic and aerobic bacteria. Studies in 
animals and results of some clinical studies in humans sug-
gest that there may be a synergistic effect between aerobic and 
anaerobic bacteria—possibly because anaerobes often pro-
vide protection for aerobes in a mixed infection by inhibiting 
their phagocytosis (McGowan and Gorbach, 1981).

INTRA-ABDOMINAL INFECTIONS

These usually occur as the result of penetrating trauma or 
perforation of the gastrointestinal (GI) tract due to disease 
states or surgery. The normal flora of the proximal GI tract 
is sparse and similar to the oropharyngeal flora—made up of 
small low numbers of viridans streptococci, microaerophilic 
streptococci, Candida spp., Lactobacillus spp., Bacteroides 
spp., and Fusobacterium spp. The B. fragilis group of organ-
isms is rarely encountered. The flora of the distal small bowel 
is composed of progressively increasing numbers of Entero-
bacteriaceae, Enterococcus spp., and anaerobic organisms that 
include the B. fragilis group. The colon has an abundant flora, 
with up to 1012 organisms per gram of feces, with anaerobes 
outnumbering aerobes by 1000:1. Here, the predominant 
organisms are species of the B. fragilis group, Eubacterium 
spp., Bifidobacterium spp., Escherichia coli, Klebsiella spp., 
Proteus spp., and Enterococcus spp. In studies of secondary 
peritonitis, multiple aerobic and anaerobic species are iso-
lated from the majority of patients, members of the B. fragilis 
group being the most common anaerobes and E. coli the 
most common aerobes. However, some severely ill patients 
may have monomicrobial infections, with Candida spp. being 
the most commonly isolated group of organisms (McClean 
et al., 1994).

The treatment of intra-abdominal sepsis entails appropri-
ate surgical intervention and the parenteral administration of 
antibiotics, effective against aerobic and anaerobic bacteria. 
Many other antibiotics, used singly or in combination, are now 
available for the treatment of these infections and they all 
appear roughly equal in efficacy. Other available drugs include 
chloramphenicol/gentamicin, clindamycin/gentamicin and 
cefoxitin, cefotetan, imipenem, meropenem, ticarcillin/clavu-
lanic acid, ampicillin–sulbactam, and piperacillin/tazobactam 
(McClean et al., 1994). In some early studies, metronidazole, 
when used alone, appeared satisfactory in relation to some 
of these infections (Eykyn and Phillips, 1976; George et al., 
1982). However, combination therapy, with agents active 
against aerobic organisms, is now recommended. Two studies 
demonstrated equivalent cure rates for metronidazole plus 
an aminoglycoside versus clindamycin plus an aminoglyco- 

side, for intra-abdominal sepsis (Smith et al., 1980; Harding 
et al., 1984). Satisfactory results are also often obtained if a 
third generation cephalosporin is combined with metronida-
zole (Biron et al., 1984; Luke et al., 1991). Furthermore, a 
fluoroquinolone (e.g. ciprofloxacin) may be combined with 
metronidazole with good results in the treatment of these 
infections (Anonymous, 1990; Yoshioka et al., 1991; Matthaiou 
et al., 2006). Additional therapy against enterococci may be 
obtained by adding intravenous ampicillin to the metronida-
zole plus aminoglycoside regimen, but the role of Enterococcus 
spp. in intra-abdominal sepsis is controversial, with some 
cases of successful treatment achieved by antimicrobial agents 
lacking anti-enterococcal activity. Similarly, additional anti-
fungal treatment of Candida spp. is also controversial. For 
organisms of both these groups, when identified as one of 
multiple organisms contaminating the peritoneum after per-
foration of a viscus and successful repair, or in a polymicro-
bic abscess, specific anti-enterococcal or antifungal treatment 
may not always be required. However, if they are isolated in 
large numbers, as the sole isolate, or if invasive disease is 
demonstrated (e.g. bacteremia), then combination therapy 
active against these organisms is indicated (McClean et al., 
1994; Bartlett, 1995). Pyogenic liver abscesses are usually 
treated by surgical drainage or needle aspiration plus anti-
biotic regimens, similar to those used for intra-abdominal 
infections.

GENITAL INFECTIONS

A variety of organisms have been recovered from the upper 
genital tracts of women with pelvic inflammatory disease 
(PID). These include Neisseria gonorrhoeae, Chlamydia tra
chomatis, a range of aerobes and anaerobes including B. fra
gilis group, Prevotella spp., and the anaerobic Gram-positive 
cocci. The proportion of patients with PID in whom anaer-
obes are found ranges from 13% to 78% (Walker et al., 1999). 
Hence, treatment of PID necessitates broad-spectrum anti-
microbial therapy. If a tubo-ovarian abscess is present, or if 
PID is present with concomitant bacterial vaginosis and HIV 
infection, then additional anerobic therapy with metronida-
zole may be warranted. A wide variety of parenteral options 
are now available (see section 4, Mode of drug administra-
tion and dosage), but these should generally be combined 
with doxycycline to provide treatment against C. trachoma
tis. Recommended total duration of therapy is 14 days. 
Intramuscular/oral regimens for mild to moderately severe 
acute PID include ceftriaxone (or another third generation 
cephalosporin) plus doxycycline, or cefoxitin plus probene-
cid plus doxycycline. Either regimen can be given with or 
without metronidazole (Workowski and Bolan, 2015).

BACTERIAL VAGINOSIS 

Bacterial vaginosis is a complex vaginal syndrome character-
ized by decreased lactobacilli and the overgrowth of facul-
tative and strictly anaerobic bacteria, including G. vaginalis, 
Prevotella spp., Bacteroides spp., Mobiluncus spp., anaerobic 
Gram-positive cocci, genital mycoplasmas, and, more recently 
recognized, Atopobium vaginae (Eschenbach et al., 1989; 
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Thorsen et al., 1998; Ferris et al., 2004; Sobel, 2005). The 
treatment of bacterial vaginosis has been extensively reviewed 
by Koumans et al. (2002). Many studies have shown that oral 
metronidazole is effective for the treatment of bacterial vagi-
nosis (Balsdon et al., 1980; Spiegel, 1987; Koumans et al., 
2002). In randomized studies evaluating the use of oral met-
ronidazole 400 mg two or three times daily for 5–7 days, or 
500 mg two or three times daily for 7–10 days, cure rates 
of 80–92% were achieved (Koumans et al., 2002). The CDC 
recommend an oral regimen of 500 mg twice daily for 7 days, 
or metronidazole gel 0.75%, one full applicator (5 g) intra-
vaginally, once daily for 5 days, or clindamycin cream 2%, 
one full applicator (5 g) intravaginally at bedtime for 7 days 
(Workowski and Bolan, 2015). Alternative regimes include 
oral tinidazole or oral clindamycin or intravaginal clinda-
mycin ovules.

Oral metronidazole has also been compared with oral 
clindamycin, but these studies have been characterized by 
short follow-up periods. There have also been multiple stud-
ies assessing the use of intravaginal metronidazole and clin-
damycin therapy, which have cure rates equivalent to those 
of oral metronidazole. There was no difference in efficacy 
against organisms causing vaginosis between oral metroni-
dazole and oral tinidazole (Schwebke et al., 2011).

Recurrence of bacterial vaginosis is not unusual, with 
58% of women having a recurrence 12 months after treat-
ment (Bradshaw et al., 2006). Recurrence is less likely due 
to antibiotic resistance, but rather due to failure to restore 
normal vaginal flora. Suppressive therapy with twice weekly 
intravaginal 0.75% metronidazole gel reduced the bacterial 
vaginosis recurrence rate during the period that this therapy 
was administered (Sobel et al., 2006).

Treatment of asymptomatic bacterial vaginosis prior to 
gynecological procedures such as termination of pregnancy 
and hysterectomy may reduce the risk of post-procedure 
infection, including endometritis after abortion and cuff 
infection after hysterectomy (Larsson et al., 1992; Larsson 
et al., 2000; Larsson and Carlsson, 2002; Miller et al., 2004).

Bacterial vaginosis is associated with an increased risk of 
preterm delivery (Hillier et al., 1995; Leitich et al., 2003), but 
despite this association many studies have found that treat-
ment of asymptomatic infection is not associated with a 
reduced incidence of preterm delivery (Joesoef et al., 1995; 
Carey et al., 2000; Odendaal et al., 2002). Thus, screening 
and treatment of asymptomatic bacterial vaginosis during 
pregnancy is controversial. A Cochrane review found that 
antibiotic therapy was effective for the treatment of bacterial 
vaginosis during pregnancy (Brocklehurst et al., 2013). Treat-
ment did not reduce the risk of preterm birth before 37 
weeks or the risk of preterm prelabor rupture of membranes 
(Brocklehurst et al., 2013). Treatment with oral clindamycin 
did however reduce late miscarriage (Ugwumadu et al., 2003). 
In one study, oral antibiotics had some advantage over intra-
vaginal antibiotics with respect to admission rates to a neo-
natal unit, prolongation of gestational age, and increased birth 
weight (Darwish et al., 2007). 

RESPIRATORY INFECTIONS

Anaerobic bacteria are important etiological agents in necro-
tizing pneumonia, lung abscess, empyema, and aspiration 
pneumonia. These anaerobes are derived from the oral cavity 
and include Prevotella spp. and Porphyromonas spp. (previ-
ously known as B. melaninogenicus), Gram-positive anaero-
bic cocci, F. nucleatum, and B. fragilis. Most infections are 
polymicrobial and also involve aerobes (Anonymous, 1983). 
Penicillin is no longer the drug of choice for anaerobic lung 
infections due to increased resistance among responsible 
pathogens. Clindamycin, used as a single drug, may be satis-
factory treatment for these infections (Levison et al., 1983; 
Gudiol et al., 1990); however, it must be noted that clindamy-
cin resistance is increasing (Hecht, 2004). Alternative agents 
and combinations include beta-lactam/beta-lactamase inhibi-
tor combinations, or a carbapenem (Mandell et al., 2007; 
Levison, 2001).

MENINGITIS AND BRAIN ABSCESS

Metronidazole has been used to treat B. fragilis meningitis in 
several newborn infants. After the apparent failure of chlor-
amphenicol, Berman et al. (1978) gave metronidazole orally 
in a dose of 30–35 mg/kg/day to a neonate, who then recov-
ered but developed hydrocephalus and a neurologic deficit. 
Law and Marks (1980) reported on a neonate who was 
treated with metronidazole early in the course of B. fragilis 
meningitis and who recovered rapidly without sequelae; the 
drug was given intravenously in a dosage of 30 mg/kg/day 
for 3 weeks. Also B. fragilis meningitis resolved satisfacto-
rily with metronidazole treatment in a 72-year-old woman 
(Soriano et al., 1986).

Anaerobic bacteria are commonly involved in brain 
abscesses. Although some cases of cerebritis and multiple 
brain abscesses have been treated successfully with antibi-
otics alone, drainage by stereotactic needle aspiration or by 
open surgery is usually necessary (Mathisen and Johnson, 
1997). The microbial etiology depends on the source of the 
brain abscess. For example, frontal lobe abscesses are fre-
quently associated with sinusitis and are caused by Strep
tococcus anginosus, which is usually present in pure culture 
(de Louvois, 1978). In contrast, otogenic abscesses, which 
are usually located in the temporal lobe or cerebellum, are 
usually polymicrobial in etiology, including Bacteroides spp., 
Streptococcus spp., Enterobacteriaceae, and Pseudomonas 
aeruginosa (Mathisen and Johnson, 1997). Metronidazole in 
combination with surgical aspiration and other antibiotics 
has been useful in the treatment of adults and children with 
cerebral abscesses (George and Bint, 1976; Ingham et al., 
1977b; Ingham et al., 1978b). Metronidazole is bactericidal 
against anaerobes and penetrates well into the brain (Ingham 
et al., 1977b; see section 5b, Drug distribution). An appropri-
ate empiric regimen for brain abscesses is a third generation 
cephalosporin (e.g. cefotaxime, ceftriaxone) plus metroni-
dazole, plus in some cases penicillin G (Donald, 1990; Sjolin 
et al., 1993; Gomez et al., 1995; Mathisen and Johnson, 1997). 
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If P. aeruginosa is suspected, then an anti-pseudomonal agent 
such as ceftazidime may be included. If cerebral abscesses 
occur as a result of trauma or are metastatic as part of a sep-
ticemia, Staphylococcus aureus is the most common pathogen 
and an effective anti-staphylococcal drug should be included 
in the regimen (Mathisen and Johnson, 1997; Carpenter et 
al., 2007).

OSTEOMYELITIS AND SEPTIC ARTHRITIS

The importance of anaerobes in bone infection is especially 
notable in osteomyelitis related to peripheral vascular dis-
ease, diabetic foot infections, cranial and facial bone infec-
tion, long bone infection after trauma and fracture, prosthetic 
joint implantation, and infection following human and ani-
mal bites (Lewis et al., 1978; Raff and Melo, 1978; Templeton 
et al., 1983; Brook and Frazier, 1993b). Anerobic infection of 
long bones may also present as an acute hematogenous form, 
usually involving normal bones in young patients (Templeton 
et al., 1983). Overall, Gram-positive anaerobic cocci and 
Bacteroides spp. are the most common anaerobic organisms. 
Pigmented Prevotella spp., Porphyromonas spp., and Fuso
bacterium spp. are prevalent in skull and bite infections. The 
B. fragilis group of organisms is associated with vascular dis-
ease or neuropathy. Clostridium spp. are most often found 
in long bones, especially in association with environmental 
wound contamination after trauma (Brook and Frazier, 
1993b). These anaerobic bacteria are often mixed with facul-
tative or aerobic bacteria. Metronidazole is recommended 
for these anaerobic infections, generally in combination with 
agents active against the other pathogens isolated (Templeton 
et al., 1983). Oral metronidazole was used to cure osteomy-
elitis due to B. fragilis in a diabetic man in whom treatment 
with clindamycin was associated with an incomplete and 
temporary response (Zimmerman et al., 1980). Metronidazole 
has been used successfully to treat chronic osteomyelitis due 
to C. difficile (Riley and Karthigasu, 1982).

In contrast to osteomyelitis, septic arthritis due to anaero-
bic bacteria is uncommon and is usually monomicrobial. The 
most commonly isolated anaerobe in the post-antimicrobial 
era is Propionibacterium acnes, which is usually resistant to 
metronidazole. The isolation of this organism is usually asso-
ciated with a prosthetic joint or other previous surgery or 
trauma, especially of the shoulder (Brook and Frazier, 1993b; 
Piggot et al., 2015).

ORAL AND DENTAL INFECTIONS 

The bacterial etiology of periodontitis is complex, with a 
variety of organisms implicated in the initiation and pro-
gression of disease, including Porphyromonas gingivalis, P. 
intermedia, Campylobacter rectus, Bacteroides spp., Selemonas 
spp., A. actinomycetemcomitans, Eikinella corrodens, Capno
cytophaga spp., and oral spirochetes (Nonnenmacher et al., 
2001). The addition of systemic antimicrobials, including oral 
metronidazole at various doses, as an adjunct to the standard 
therapy of scaling and root planning, results in better clinical 
outcomes (Herrera et al., 2002; Haffajee et al., 2003; Rabelo 

et al., 2015). Topical metronidazole did not show benefit 
(Matesanz-Perez et al., 2013).

Organisms recovered from infected root canals with peri-
apical abscesses are also polymicrobial. The most frequently 
isolated anaerobes were Anaerococcus prevotii, Parvimonas 
micra, and Fusobacterium necrophorum (Sousa et al., 2013). 
Most abscesses do not require antibiotic therapy but rather 
mechanical drainage.

ENDOCARDITIS

Oral metronidazole in combination with ampicillin/amoxi-
cillin was successfully used to control Fusobacterium endocar-
ditis in a patient who subsequently required valve replacement 
(Seggie, 1978). Metronidazole was also effective in a 23-year-
old man with C. bifermentans endocarditis who had failed to 
respond to intravenous penicillin G (Kolander et al., 1989). 
A 74-year-old woman with B. fragilis prosthetic aortic valve 
endocarditis was also successfully treated with metronida-
zole, but another woman with B. fragilis rheumatic aortic 
valve endocarditis succumbed to intractable heart and renal 
failure despite metronidazole, even though her isolate was 
susceptible (Bisharat et al., 2001). Metronidazole was also 
effective in the treatment of prosthetic mitral valve endocar-
ditis with Veillonella parvula, although the patient under-
went early valve replacement surgery for acute cardiac failure 
(Boo et al., 2005).

TETANUS

In an open trial in which patients with tetanus in Indonesia 
were given a 7- to 10-day course of either intramuscular pro-
caine penicillin (76 patients) or metronidazole (97 patients) 
rectally or orally, the patients receiving metronidazole had 
a  lower mortality and an improved response to treatment 
(Ahmadsyah and Salim, 1985). The structure of penicillin 
is similar to that of gamma-aminobutyric acid (GABA), the 
principal inhibitory neurotransmitter in the central nervous 
system (CNS). Penicillin therefore acts as a competitive 
antagonist to GABA and can cause CNS hyperexcitability. 
In an unpublished study cited in a review article of over 1000 
patients, there was no significant difference in mortality 
between patients treated with penicillin and those treated 
with metronidazole. However, the patients treated with met-
ronidazole required fewer muscle relaxants and sedatives 
than those treated with penicillin (Farrar et al., 2000). In 
another study comparing a single dose of benzathine penicil-
lin with either 10 days of oral metronidazole or 10 days of 
intravenous benzyl penicillin, no difference in mortality was 
noted. There were also no significant differences in require-
ments for tracheostomy, neuromuscular blockade, or mechan-
ical ventilation, or in the incidence of dysautonomia or 
nosocomial pneumonia among the three groups (Ganesh 
Kumar et al., 2004).

MISCELLANEOUS ANAEROBIC INFECTIONS

Monomicrobial Veillonella spp. strain myositis in an im - 
munocompromised patient responded to debridement and 
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metronidazole therapy (Beumont et al., 1995), and metroni-
dazole may be useful for the treatment of gas gangrene 
(Pashby, 1981). Oral metronidazole was also effective in the 
treatment of a Bacteroides breast abscess (Hale et al., 1976).

Based on the proposition that anaerobic bacteria are 
involved in the pathogenesis of glandular fever, metroni-
dazole has been tried as a therapeutic agent. Although some 
early studies suggested a beneficial effect (Hedstrom, 1980; 
Davidson et al., 1982), this has not been confirmed by others 
(Spelman and Newton-John, 1982). More recently, in a small 
randomized trial (n = 42) in patients with severe infectious 
mononucleosis, treatment with metronidazole resulted in 
decreased length of hospital stay (mean length of stay 3.67 
days) compared to that of the standard care group (mean 
length of stay 4.67 days, p = 0.032) (Lennon et al., 2014). 
However, all patients were also treated with benzylpenicillin.

There have been several reports of the beneficial effect of 
metronidazole in reducing the smell of fungating tumors by 
eliminating anaerobes (Ashford et al., 1980; Dankert et al., 
1981; Ashford et al., 1984). The drug is also useful in reduc-
ing the offensive smell associated with anaerobic infection in 
axillary abscesses (Leach et al., 1979).

In an unblinded prospective study, 134 bone marrow 
transplant recipients were assessed regarding the efficacy of 
intestinal bacterial decontamination using oral metronida-
zole plus ciprofloxacin versus ciprofloxacin alone in the pre-
vention of acute graft-versus-host disease (GVHD). Patients 
in the metronidazole plus ciprofloxacin arm had a significant 
reduction in acute GVHD compared with those receiving 
ciprofloxacin alone, but this effect was seen only in transplant 
recipients with human leukocyte antigen (HLA)–identical 
sibling donors. There was no reduction in overall survival 
(Beelen et al., 1999).

Oral metronidazole with mesalazine and betamethasone 
enemas versus mesalazine and betamethasone without met-
ronidazole has been assessed in an unblinded study for the 
treatment of chronic radiation proctitis. The metronidazole 
group of patients had significant reductions in rectal bleed-
ing, mucosal ulcers, diarrhea, and edema (Cavcic et al., 2000).

7b.  Chemoprophylaxis of anaerobic 
surgical infections

COLORECTAL SURGERY AND APPENDECTOMY

Prophylactic antibiotics should be commenced prior to col-
orectal surgery and appendectomy. Stone et al. (1976) demon-
strated in patients undergoing gastric, biliary, and colonic 
operations that the lowest surgical site infection rates were 
obtained when prophylactic antibiotics were administered 
within 1 hour before incision (Stone et al., 1976). Such pro-
phylaxis should end within 24 hours after the operation. 
Various antimicrobial prophylaxis regimens for colorectal 
surgery have been used, including orally administered 
 antimicrobial bowel preparations such as neomycin plus 
erythromycin or neomycin plus metronidazole, or a pre-
oper ative parenteral antibiotic, or a combination of oral and 

parenteral antibiotics. The combination of cefazolin plus 
metronidazole, or cefotetan, or cefoxitin is recommended by 
some for parenteral prophylaxis (Bratzler and Houck, 2004). 
Cefazolin should be redosed after 3 hours if the operation is 
still ongoing (Scher, 1997). If an established infection is iden-
tified at operation (e.g. peritonitis), then an appropriate 
course of antimicrobials should be given, including both 
metronidazole plus agents active against the patient’s aerobic 
Gram-negative microflora (e.g. gentamicin or third genera-
tion cephalosporin).

OBSTETRIC AND GYNECOLOGICAL SURGERY

A meta-analysis of 25 randomized controlled trials demon-
strated that 21.1% of patients who did not receive antibiotic 
prophylaxis had a serious infection after abdominal hyster-
ectomy, compared with only 9% of women who had received 
prophylaxis (Mittendorf et al., 1993). An early study involv-
ing 239 patients undergoing vaginal and abdominal hyster-
ectomies demonstrated that oral metronidazole was effective 
in reducing the frequency of post-operative non-clostridial 
anaerobic pelvic infection (Anonymous, 1974; Anonymous, 
1975). Short-course intravenous metronidazole was also 
effective in reducing infection following gynecological and 
obstetric surgery (Haverkorn, 1987; Khan et al., 1981). The 
preferred alternative to metronidazole monotherapy is a 
single dose of cefotetan, cefazolin, cefoxitin, or cefuroxime 
(Bratzler and Houck, 2004). As mentioned above, the treat-
ment of asymptomatic bacterial vaginosis prior to gyneco-
logical procedures such as termination of pregnancy and 
hysterectomy may reduce the risk of postprocedure infection.

7c.  Clostridium difficile-associated disease 

Clostridium difficile accounts for 10–25% of antibiotic- 
associated diarrhea, 50–75% of antibiotic-associated colitis, 
and 90–100% of antibiotic-associated pseudomembranous 
colitis (Aslam et al., 2005). Cessation of the offending anti-
biotics may be the only intervention necessary in 15–23% of 
patients (Teasley et al., 1983; Olson et al., 1994). However, 
asymptomatic fecal carriage of C. difficile is usually transient 
and it should not be treated (Johnson et al., 1992).

In the early 2000s, there were geographically dispersed out-
breaks caused by a more virulent and previously un common 
strain of C. difficile, designated PCR ribotype 027 (type 027), 
or North American pulsed-field type 1 (NAP1), restriction 
endonuclease analysis type BI, or toxinotype III (McDonald 
et al., 2005; Warny et al., 2005; Goorhuis et al., 2007). Given 
the diversity of typing methods, this strain is known as the 
“NAP1/BI/027” strain. These outbreaks were characterized 
by high rates of severe disease, an increased recurrence rate 
following treatment, and increased mortality (Loo et al., 2005; 
Pepin et al., 2005). This strain type has been demonstrated 
to be independently associated with severe C. difficile infec-
tion and mortality, and has now become endemic in North 
America and Europe (Walker et al., 2013; Rao et al., 2015).

Metronidazole, vancomycin, teicoplanin, fusidic acid, and 
bacitracin have been used successfully to treat antibiotic-  
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associated colitis. More recently, there have been a number of 
new agents for the treatment of C. difficile, including nitazox-
anide (Chapter 186, Nitazoxanide), fidaxomicin (Chapter 
88, Fidaxomicin), rifaximin (Chapter 128, Rifaximin), and 
tolevamer—although the last has proven inferior to other 
agents (Louie et al., 2006; Johnson et al., 2014; Wilcox, 
2014). However, the greatest amounts of clinical experience 
have centered on vancomycin (Chapter 43, Vancomycin) and 
metronidazole. 

In vitro studies indicate that metronidazole is bactericidal 
against C. difficile whereas vancomycin is bacteriostatic 
(Levett, 1991; Odenholt et al., 2007). Metronidazole and van-
comycin both act to kill C. difficile cells in the exponential 
phase of growth, but not the stationary phase, nor do they 
have any efficacy against C. difficile spores (Bouillaut et al., 
2015). 

Many anecdotal reports first indicated that oral metro-
nidazole was useful against C. diffcile–associated diarrhea 
(Matuchansky et al., 1978; Bolton, 1979; Pashby et al., 1979). 
Then Cherry et al. (1982) reported the successful use of oral 
metronidazole in a dosage of 1.5–2 g per day for 7–14 days 
in 13 consecutive patients with antibiotic-associated pseudo-
membranous colitis. Subsequently, Teasley et al. (1983) 
published the results of a prospective randomized trial of 
metronidazole versus vancomycin for the treatment of C. 
difficile–associated diarrhea and colitis. Both drugs were given 
orally for 10 days, metronidazole 250 mg four times daily 
and vancomycin 500 mg four times daily. Pseudomembranous 
colitis was diagnosed after endoscopy in 33 patients; of the 
remaining patients, 38 had both C. difficile culture and cyto-
toxin, and 23 had only culture evidence of C. difficile. Fifty-
two evaluable patients received vancomycin and 42 received 
metronidazole. There were two treatment failures with met-
ronidazole and none with vancomycin, and two relapses with 
metronidazole versus six with vancomycin. It was concluded 
that both drugs were of equal efficacy in treating this disease. 
Similarly, a single center retrospective study of over 10 years 
in which metronidazole was used in the majority of cases 
showed similar response rates between metronidazole- and 
vancomycin-treated groups (Olson et al., 1994). However, 
in a comparative study of metronidazole- and vancomycin- 
treated patients the response and relapse rates were similar, but 
the mean duration of symptoms was shorter in vancomycin- 
treated patients (3 days compared with 4.6 days) (Wilcox and 
Howe, 1995). 

Vancomycin and metronidazole combination therapy 
for C. difficile infection has been assessed in at least three 
retrospective studies, none of which demonstrated superior 
outcomes for combination therapy according to C. difficile–
specific outcome measures (Bass et al., 2013; Parmar et al., 
2014; Rokas et al., 2015). An in vitro study of the two drug 
combination showed neither synergy nor antagonism (Hames 
et al., 2009).

Recently, vancomycin has become increasingly favored 
over metronidazole (Table 99.3). A randomized, double-blind, 
placebo-controlled study compared patients with C. difficile–
associated diarrhea stratified by disease severity who were 

treated with either 125 mg vancomycin four times a day or 
250 mg metronidazole four times a day, both for 10 days (Zar 
et al., 2007). Among patients with mild disease, there was no 
difference in clinical cure between the two treatment arms. 
However, among patients with severe disease, treatment with 
metronidazole (n = 38) or vancomycin (n = 31) resulted in 
clinical cure in 76% and 97% of patients, respectively (p = 
0.02). There was no difference in recurrence rates. It should 
be noted that the dose of oral metronidazole used in this 
study was lower than that generally recommended. 

The more severe disease caused by NAP1/BI/027 has also 
prompted a re-evaluation of the efficacy of metronidazole 
therapy. Metronidazole was not inferior to vancomycin in the 
treatment of patients with a first recurrence of C. difficile– 
associated diarrhea, but regardless of the choice of therapy, 
the complication rates were higher than previously reported 
for either drug (Pepin et al., 2006). Although isolates associ-
ated with this outbreak are usually susceptible to both metro-
nidazole and vancomycin (Bourgault et al., 2006), some of 
these strains have manifested elevated metronidazole and van-
comycin MICs (Adler et al., 2015; Richardson et al., 2015). 

Further evidence for the increased efficacy of vancomycin 
versus metronidazole in relation to C. difficle–related diar-
rhea comes from two other studies. An observational study 
found that although there was no difference in the resolu-
tion of diarrhea after 10 days of treatment between the two 
antibiotics, vancomycin-treated patients had a more rapid 
response and were more likely to have undetectable levels of 
C. difficile and resolution of diarrhea during the first 5 days of 
treatment (Al-Nassir et al., 2008b). The findings of two iden-
tical phase 3, randomized, double-blind, active-controlled, 
parallel-design studies of the efficacy of tolevamer, a toxin- 
binding polymer, were reported by Johnson et al. (2014). 
Patients in the three treatment arms received tolevamer, 
vancomycin, and metronidazole. Tolevamer was found to 
be inferior to both metronidazole and vancomycin. When 
metronidazole was compared to vancomycin, the clinical 
success rate in patients in the metronidazole arm was 202/278 
[72.7%], versus 210/259 [81.1%] in the vancomycin arm (p = 
0.02). In patients with severe C. difficile infection, the clini-
cal success rate in those who received metronidazole was 
66.3%, compared with the rate in patients who received van-
comycin, which was 78.5%. (p = 0.059). A summary of the 
studies comparing metronidazole with vancomycin is shown 
in Table 99.3.

The underlying reason for this apparent superiority of van-
comycin over metronidazole may be related to pharmacoki-
netic differences between the two agents when administered 
orally. Fecal metronidazole and fecal hydroxymetronidazole 
concentrations are high enough to be bactericidal toward 
C. difficile when the drug is given orally or intravenously to 
patients with acute C. difficile colitis, but these concentra-
tions fall as diarrhea improves, and neither substance can be 
detected in the feces after full recovery (Bolton and Culshaw, 
1986). A recent study provided further empirical evidence 
that metronidazole pharmacokinetics may contribute to its 
level of efficacy. In this study, metronidazole modified with 
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a  tetramic acid motif to obtain nonabsorbed compounds 
demonstrated that these modified compounds were localized 
in the colon, whereas the unmodified metronidazole was 
rapidly absorbed and absent in the cecum (Cherian et al., 
2015). In contrast, oral vancomycin is not absorbed and is 
found at levels in the colonic lumen that are 100 times higher 
than the highest MIC reported (Bartlett, 2006). Presumably 
as a result of these pharmacokinetic differences, vancomycin 
treatment resulted in reduced C. difficile counts to the limit 
of detection, whereas metronidazole was associated with 
higher C. difficile counts (1.5–2 log10 higher) at 10 days of 
treatment, in a study that assessed the killing of C. difficile 
after initiation of treatment (Louie et al., 2015).

In its favor, metronidazole appears to disrupt the gut micro-
biota less significantly than vancomycin. In a mouse model, 

metronidazole treatment resulted in transient microbiota 
disruption, whereas oral vancomycin markedly disrupted 
the microbiota, leading to prolonged loss of colonization 
resistance to C. difficile infection and dense colonization by 
vancomycin-resistant Enterococcus (VRE) species, carbapen-
em-resistant K. pneumoniae, and E. coli (Lewis et al., 2015). 
Of these, only in the VRE-infected group did the vanco-
mycin-treated mice display a “trend” toward recovery of 
 colonization resistance two weeks after antibiotic removal. 
In patients, the use of both vancomycin and metronidazole 
has been associated with an increased incidence of VRE 
(Anonymous, 1995; Tornieporth et al., 1996; Gerding, 1997; 
Lucas et al., 1998; Carmeli et al., 2002; Al-Nassir et al., 2008a). 

Also, metronidazole remains significantly less costly than 
vancomycin (Varier et al., 2014).

Table 99.3. Studies comparing metronidazole versus vancomycin for Clostridium difficile-associated disease.a

Reference Treatment regimen Study Design Outcomes

Teasley et al. (1983) Vancomycin 500 mg qid (n = 52) versus 
metronidazole 250 mg qid (n = 42)

RCT Clinical cure: vancomycin 45/52 versus metroni-
dazole 37/42 

No significant difference in time to resolution of 
diarrhea, failure and relapse rates.

Olson et al. (1994) Vancomycin dose undisclosed (n = 122) 
versus metronidazole dose undis-
closed (n = 632)

Retrospective 
observational

Failure: vancomycin 1/122 versus metronidazole 
14/632

Relapse: vancomycin 12/122 versus metronida-
zole 39/632 

Both outcomes: no statistically significant 
difference

Wilcox and Howe 
(1995)

Vancomycin 125 mg qid (n = 26) versus 
metronidazole 400 mg tid (n = 32)

Retrospective 
observational

All patients responded to treatment 
No difference in relapse rates 
Mean duration of symptoms: vancomycin 3 days 

versus metronidazole 4.65 days

Wenisch et al. (1996) Metronidazole 500 mg tid. (n = 31) 
versus fusidic acid 500 mg tid. (n = 29) 
versus vancomycin 500 mg tid (n = 31) 
versus teicoplanin 400 mg bid (n = 28)

RCT Clinical cure rates no significant difference (range 
93–96%)

Clinical recurrence rates 7–28%. Lowest rates 
obtained with teicoplanin

Zar et al. (2007) Vancomycin 125 mg qid (n = 71; 40 with 
mild disease, 31 with severe disease) 
versus metronidazole 250 mg qid  
(n = 79; 41 with mild disease, 38 with 
severe disease)

RCT Cure: vancomycin 69/71 versus metronidazole 
66/79 

In patients with mild disease, no significant 
difference 

In patients with severe disease, vancomycin cure 
30/31 (97%) versus metronidazole cure 29/38 
(76%); p = 0.02. 

Relapse rates: no difference.

Al-Nassir et al. 
(2008b)

Metronidazole dose undisclosed (n = 34) 
versus vancomycin dose undisclosed 
(n = 18)

Prospective 
observational

Clinical cure rates: no significant difference after 
10 days of treatment 

Clinical recurrence rates: no difference 
Vancomycin-treated patients were more likely 
to develop undetectable levels of C. difficile 
and to have resolution of diarrhea during the 
first 5 days of therapy

Johnson et al. (2014) Tolevamer (n = 563) versus metroni-
dazole 375 mg qid (n = 289) versus 
vancomycin 125 mg qid (n = 266)

RCT Tolevamer was inferior to both metronidazole and 
vancomycin

Clinical success: metronidazole 202/278 (72.7%) 
versus vancomycin 210/259 (81.1%); p = 0.02

Relapse rates: no difference between metronida-
zole versus vancomycin

aNote that different studies used different methods for defining Clostridium difficile infection. 
Abbreviations: qid: four times a day; RCT: randomised controlled trial; tid: three times a day; bid: twice a day. 
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The current European Society of Clinical Microbiology 
and Infection (ESCMID) guidelines for C. difficile infection 
recommend oral metronidazole or oral vancomycin for non-
severe disease (Debast et al., 2014). For severe infection, oral 
vancomycin is recommended. Vancomycin is also preferred 
over metronidazole for recurrent disease. The Australian 
Antibiotic Guidelines are similar (Antibiotic Expert Group, 
2014). The Society for Healthcare Epidemiology of America 
(SHEA) / Infectious Diseases Society of America (IDSA) 
guidelines are currently in the process of being revised but 
the recommendations are similar to the European guidelines 
(Cohen et al., 2010).

For patients who cannot tolerate oral medications, intrave-
nous metronidazole is usually recommended (Kleinfeld et al., 
1988; Friedenberg et al., 2001). Fecal concentrations of met-
ronidazole are similar regardless of whether metronidazole is 
given orally or intravenously in the setting of acute C. difficile 
diarrhea (Bolton and Culshaw, 1986). However, treatment fail-
ures with this regimen have been reported (Guzman et al., 
1988; Oliva et al., 1989). A prospective observational (non-
randomized) study of nonsevere C. difficile infection with three 
treatment arms of oral metronidazole, intravenous metronida-
zole, and oral vancomycin demonstrated that patients treated 
with intravenous metronidazole had a lower cure incidence and 
a higher all-cause 30-day mortality risk (Wenisch et al., 2012).

Metronidazole has also been compared with other agents 
for the treatment of C. difficile–associated diarrhea. In a ran-
domized prospective study of 119 patients comparing van-
comycin (500 mg four times a day; n = 31), teicoplanin (400 
mg twice daily; n = 28), fusidic acid (500 mg four times a day; 
n = 29), and metronidazole (500 mg four times a day; n = 31), 
each for 10 days, treatment resulted in clinical cure rates of 
93–96% in all groups (Wenisch et al., 1996). Clinical symp-
toms recurred in 16%, 7%, 28%, and 16% of participants, 
respectively. The authors concluded that all four regimens 
were similar with respect to rates of clinical cure, but treat-
ment with fusidic acid resulted in higher rates of relapse than 
did treatment with teicoplanin. Metronidazole has also been 
compared with fusidic acid in a double-blind, randomized 
controlled trial which found a clinical cure rate of 83% in the 
fusidic acid group (n = 59) and 93% in the metronidazole 
group (n = 55). This difference was not statistically signifi-
cant. The rates of clinical recurrence were also similar (Wullt 
and Odenholt, 2004). However, resistance frequently emerged 
in patients who remained culture positive after treatment 
with fusidic acid (11/20, 55%) (Noren et al., 2006). In 
another study comparing metronidazole with nitazoxanide, 
both drugs had similar clinical response rates (89.5% versus 
82.4%, respectively) (Musher et al., 2006). 

In summary, metronidazole should be used for routine 
treatment of C. difficile–associated disease, but in patients 
with severe disease vancomycin should be considered.

7d.  Inflammatory bowel disease

The use of metronidazole either as monotherapy or in 
 combination with ciprofloxacin in the primary treatment of 

inflammatory bowel disease has not been well established in 
randomized controlled trials. Studies have been limited by 
small numbers of patients and high dropout rates (Isaacs and 
Sartor, 2004; Perencevich and Burakoff, 2006). 

Overall, antibiotics do not appear to be superior to stan-
dard therapy, such as corticosteroids and sulfasalazine, for 
active Crohn disease. When efficacy with metronidazole 
therapy in the treatment of inflammatory bowel disease 
has been observed, it appears to be influenced by the site 
of disease; colonic Crohn disease appears to respond better 
than ileal disease (Sutherland et al., 1991; Ursing et al., 1982; 
Greenbloom et al., 1998; Steinhart et al., 2002). Ursing and 
Kamme (1975) first reported the successful use of metroni-
dazole in five patients with this disease. Subsequently, a ran-
domized double-blind, crossover study was conducted to 
compare metronidazole (400 mg twice daily) with sulfasal-
azine (Ursing et al., 1982). This study of 78 patients found 
that the treatments were of comparable efficacy in the first 
treatment period, with metronidazole being slightly more 
efficient. Patients initially treated with sulfasalazine then 
metronidazole showed a significant improvement in symp-
toms, but this was not seen in the group that was first 
treated with metronidazole and then sulfasalazine. Thus, the 
findings are somewhat confusing. Another randomized dou-
ble-blind study compared two doses of metronidazole (10 
and 20 mg/kg/day) for 16 weeks with placebo (Sutherland et 
al., 1991). This study found significant symptomatic improve-
ment in the patients treated with metronidazole but there 
was no change in remission rates; 47% of study participants 
dropped out because of worsening symptoms or lack of 
symptom improvement, adverse drug reactions, and/or pro-
tocol violations.

The antibiotic combination of metronidazole plus cipro-
floxacin has also been studied for the treatment of active 
Crohn’s disease. In a trial comparing metronidazole 250 mg 
four times daily plus ciprofloxacin 500 mg twice daily for 12 
weeks vs. methylprednisolone, there was no significant dif-
ference between the treatment arms in the remission rates 
(45.5% versus 63%) (Prantera et al., 1996). In another study 
in which patients were treated with budesonide and either 
metronidazole (500 mg twice daily) plus ciprofloxacin (500 
mg twice daily) or placebo for 8 weeks (Steinhart et al., 2002), 
no difference in remission rates was found, although there 
was a trend toward greater efficacy in the antibiotic-treated 
patients who had colonic disease. Notably, however, there 
was a 20% drop-out rate in the antibiotic-treated arm due to 
adverse drug reactions, compared with none in the budesonide 
plus placebo group. 

Postoperatively, metronidazole at a dose of 20 mg/kg daily 
for 3 months has been compared with placebo in a ran-
domized trial for prevention of recurrent Crohn disease 
(Rut geerts et al., 1995). Clinical recurrence rates were sig-
nificantly reduced in the metronidazole group after 1 year 
(25% vs. 4%), but after the second-and third-year follow-up 
periods, there was no significant difference. In a small ran-
domized study comparing metronidazole to placebo against 
a background of azathioprine for patients following surgical 
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resection for Crohn disease (n = 50), no difference in risk of 
recurrence was found (Manosa et al., 2013).

For perineal Crohn disease, metronidazole use was asso-
ciated with complete healing of unremitting disease in 10 
out of 18 patients in a case series (Bernstein et al., 1980). 
However, a follow-up study showed that cessation of metro-
nidazole resulted in a frequent relapse of disease (Brandt et 
al., 1982). Topical metronidazole was assessed in patients 
with perianal Crohn’s disease in a small randomized study 
(n = 74) (Maeda et al., 2010). Although there was no differ-
ence in the primary outcome measure of the Perianal Crohn 
Disease Acitivity Index, patients treated with topical metro-
nidazole had decreased perianal discharge and pain. 

Metronidazole does not appear to be effective against ulcer-
ative colitis, except for treatment of pouchitis (Perencevich 
and Burakoff, 2006). For patients with pouchitis, metronida-
zole 400 mg three times a day for 7 days compared with pla-
cebo has been shown to reduce stool frequency, although 
there was no reduction in patient symptom scores or inflam-
mation (Madden et al., 1994). Metronidazole 500 mg twice a 
day for 6 weeks has also been compared with budesonide in 
a double-blind study, and no significant difference in efficacy 
between the two treatment arms was found (Sambuelli et al., 
2002). Similarly, there was no difference in efficacy between 
ciprofloxacin and metronidazole for the treatment of pouch-
itis (Shen et al., 2001). In a noncomparative observational 
study, the combination of metronidazole and ciprofloxacin 
was effective in inducing remission of pouchitis (Mimura 
et al., 2002). The treatment and prevention of pouchitis has 
been subjected to a recent Cochrane review (Singh et al., 
2015). The authors concluded that the results of the studies 
analyzed were uncertain due to very low quality evidence.

7e.  Helicobacter pylori infection

There are numerous and varied studies (including meta- 
analyses) on the optimal treatment and eradication of H. 
pylori published every year. Large randomized European 
multicenter studies demonstrated that the clarithromycin- 
based triple therapy [a 7-day regimen containing a proton 
pump inhibitor or PPI plus clarithromycin (500 mg twice 
daily) plus either amoxicillin (1000 mg twice daily) or metro-
nidazole (400 mg twice daily), all given orally] had up to 96% 
success (Lind et al., 1996; Lind et al., 1999; Malfertheiner et 
al., 1999; Zanten et al., 1999). This so-called triple therapy 
was adopted as first line therapy in many juridictions. 
However, success rates in geographically widespread studies 
have declined in recent years (Laine et al., 2000; Katelaris et 
al., 2002; O’Connor et al., 2015). These treatment failures 
have been fueled primarily by the rise in clarithromycin 
resistance (Megraud, 2004) (see Chapter 61, Clarithromycin). 
There may be other factors also at play—for example, a high 
density H. pylori infection and the dose of PPI employed 
may be important issues (Moshkowitz et al., 1995). In con-
trast, although metronidazole resistance rates are also high in 
many regions (see section 2b, Emerging resistance and cross- 
resistance), this may be partially overcome by increasing the 

duration of treatment or by including bismuth in the treat-
ment regimen (Malfertheiner et al., 2011; Malfertheiner et al., 
2012). 

Because of these treatment failures, a number of alterna-
tive treatment regimens have been studied. These include 
prolonging treatment duration from 7 to 14 days, sequential 
therapy, concomitant therapy, and hybrid therapy (O’Connor 
et al., 2015). Sequential therapy consists of 5 to 7 of PPI plus 
amoxicillin, followed by 5 to 7 days of PPI with two antibiot-
ics, usually clarithromycin plus metronidazole. Concomitant 
therapy consists of 10 to 14 days of treatment with a PPI and 
three antibiotics. Hybrid therapy consists of 14 days of PPI 
plus amoxicillin, with two antibiotics (clarithromycin plus 
metronidazole, or other agents) for the final 7 days. The 4th 
Maastricht/Florence Consensus Conference guidelines sum-
marize the use of these alternative agents (Malfertheiner et 
al., 2012). 

In a randomized clinical trial in which sequential therapy 
given for 14 days (lansoprazole 30 mg and amoxicillin 1 g for 
the first 7 days, followed by lansoprazole 30 mg, clarithro-
mycin 500 mg, and metronidazole 500 mg for another 7 days; 
with all drugs given twice daily) was compared to sequential 
therapy given for 10 days (lansoprazole and amoxicillin for 
the first 5 days, followed by lansoprazole, clarithromycin, 
and metronidazole for another 5 days) and triple therapy 
given for 14 days (lansoprazole 30 mg, amoxicillin 1 g, and 
clarithromycin 500 mg; with all drugs given twice daily), the 
H. pylori eradication rate was 90.7% in the 14-day sequential 
therapy group; 87% for the 10-day sequential therapy group; 
and 82.3% for the triple therapy group (Liou et al., 2013). The 
eradication rates in all treatment arms were highly adversely 
affected by the presence of clarithromycin resistance. Metro-
nidazole resistance also decreased efficacy in the sequential 
therapy arms, although this effect was less pronounced than 
the effect of clarithromycin resistance and was ameliorated 
partially by increased duration of treatment. 

A systematic review and meta-analysis of 46 randomized 
controlled trials of sequential therapy found that sequential 
therapy was superior to 7-day triple therapy, marginally 
superior to 10-day triple therapy, but not superior to 14-day 
triple therapy, bismuth based therapy, or non–bismuth based 
therapy (Gatta et al., 2013). The prevalence of resistance to 
each individual agent will dictate the likely efficacy of the dif-
ferent regimens used, and this is the probable explanation for 
observed variation in regimen efficacy. Local antibiotic sus-
ceptibility data are required to inform choice of eradication 
regimen (Malfertheiner et al., 2012). Where treatment failure 
has occurred, susceptibility testing of isolates obtained from 
the individual patients should be performed to guide design 
of salvage treatment regimens (Draeger et al., 2015).

In addition to clarithromycin and metronidazole, other 
antibiotics have been studied for the treatment of H. pylori, 
including bismuth, levofloxacin (Chapter 104, Levofloxacin), 
moxifloxacin (Chapter 105, Moxifloxacin), and furazolidone 
(Chapter 189, Furazolidine). A randomized study of 10 days 
of omeprazole plus a single three-in-one capsule containing 
bismuth subcitrate potassium, metronidazole, and tetracycline 
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(quadruple therapy) versus 7 days of omeprazole, amoxicil-
lin, and clarithromycin (standard therapy) demonstrated an 
eradication rate of 80% in the quadruple therapy arm versus 
55% in the standard therapy arm (Malfertheiner et al., 2011). 
This combination drug (Pylera, Axcan Scandipharm) has 
been licenced by the FDA.

7f.  Trichomoniasis 

Oral administration of metronidazole is effective for the 
treatment of T. vaginalis infection of the genitourinary tract 
in both males and females. A Cochrane review has been per-
formed on the many clinical studies that have assessed treat-
ment regimens for trichomoniasis (Forna and Gulmezoglu, 
2003). The CDC recommended regimens for treatment of 
trichomoniasis are a  single dose of 2 g of oral metronidazole 
or 2 g of tinidazole (Chapter 100, Tinidazole); an alterna-
tive regimen is metronidazole 500 mg twice daily for 7 days 
(Workowski and Bolan, 2015). A single 2-g intravaginal dose 
of metronidazole is much less effective than a 2-g single dose 
of the drug given orally (Tidwell et al., 1994) and should not 
be used. 

For metronidazole-refractory T. vaginalis, the CDC has a 
recommended treatment algorithm that starts with metroni-
dazole 500 mg orally twice daily for 7 days. If this regimen 
fails, clinicians should consider treatment with metronidazole 
or tinidazole at 2 g orally daily for 7 days (Workowski and 
Bolan, 2015). Sexual partners should be treated concurrently. 
If the infection remains refractory, and noncompliance and 
re-infection are unlikely, then (aerobic) susceptibility testing 
is recommended (see section 2a, Routine susceptibility). The 
outcomes from susceptibility testing–directed treatment in 
women with trichomoniasis was reported recently (Bosser-
man et al., 2011). For patients whose isolates were suscepti-
ble to metronidazole, the recommended treatment regimen 
was 3 g of oral metronidazole daily for 14 days. For patients 
with minimally resistant isolates (MLC < 50 μg/ml), the rec-
ommended regimen was 2 g of oral tinidazole daily for 5 to 
7 days. For patients with moderately (MLC 200 μg/ml) and 
highly resistant isolates (MLC ≥ 400 μg/ml), the recom-
mended regimen was 1 g of oral tinidazole 3 times daily 
and 500 mg of tinidazole administered intravaginally twice 
daily for 14 days, or intravaginal furazolidone twice daily 
for 10–14 days alone or in combination with high-dose tini-
dazole. Of the patients who received the recommended 
nitroimidazole dose or higher, 30 of 36 (83%) were cured, 
compared with 8 of 14 women (57%) who received a regimen 
administered at a lower dose than what was recommended. 
Intravaginal furazolidone was only effective in 33% (6/18) 
of patients. Two patients received intravaginal paromomycin 
and both were cured. Note that intravaginal paromomycin 
may cause local vaginal ulcerations (Poppe, 2001).

Sobel et al. (2001) reported a cure rate of 92% with tini-
dazole in a series of 24 patients with refractory trichomoni-
asis previously treated with high doses of oral and vaginal 
metronidazole. Nitazoxanide (Chapter 186, Nitazoxanide) 
has in vitro activity against metronidazole-susceptible and 

metronidazole- resistant strains of T. vaginalis (Adagu et al., 
2002), and most metronidazole-resistant strains of T. vagi
nalis are sensitive to furazolidone (Narcisi and Secor, 1996; 
Chapter 189, Furazolidine).

Trichomonas vaginalis infection in pregnancy is associ-
ated with an increased risk of low birth weight, premature 
rupture of membranes, and preterm delivery (Cotch et al., 
1997). Controversy has developed over the treatment of 
asymptomatic trichomoniasis in pregnancy, with two studies 
suggesting an increase in the risk of preterm birth (Klebanoff 
et al., 2001; Kigozi et al., 2003). However, there are limita-
tions to these studies. Klebanoff et al. (2001) used higher 
doses of metronidazole than would usually be recommended: 
two doses of metronidazole 2 g 48 hours apart. This study 
was terminated prematurely (achieving only 32% of planned 
sample size) because of a trend toward preterm birth 
(Klebanoff et al., 2001). The second study was a subgroup 
analysis of a trial designed to assess human immunodefi-
ciency virus (HIV) prevention and treatment of sexually 
transmitted diseases and was not designed to assess the 
effects against T. vaginalis per se (Kigozi et al., 2003). Thus, 
given toxicity concerns regarding metronidazole use in preg-
nancy, the role of such therapy remains unclear.

There is a high prevalence of T. vaginalis in HIV-1 infected 
women, with apparent high rates of persistent or recurrent 
T.  vaginalis infection (Bachmann et al., 2011). In these 
patients, treatment with metronidazole 500 mg twice daily 
for 7 days was more effective than 2 g as a single dose, with 
lower rates of persistent infection (Kissinger et al., 2010).

7g.  Amebiasis

Metronidazole is a valuable drug for the treatment of all 
forms of amebiasis (Powell et al., 1966). Amebic colitis is 
treated with metronidazole at a recommended adult dosage 
of 750–800 mg orally every 8 hours, or 500 mg i.v. every 
6 hours for 10 days (Ravdin, 1995). Approximately 90% of 
patients who present with mild to moderate amebic dysen-
tery will have a response to such nitroimidazole therapy. 
Since parasites persist in the intestine in up to 40–60% of 
patients who receive nitroimidazoles, such treatment should 
be followed by a course of paromomycin (see Chapter 185, 
Paromomycin) to effect luminal clearance of parasites (Haque 
et al., 2003). Paromomycin is more effective than diloxanide 
furoate (Blessmann and Tannich, 2002; see Chapter 190, 
Diloxanide Furoate). Metronidazole and paromomycin 
should not be administered concurrently because diarrhea is 
a common side effect of paromomycin, and this may make 
assessment of response to therapy difficult.

Amebic liver abscesses are treated with the same metroni-
dazole regimen as amebic colitis. Most of these abscesses 
may be cured by metronidazole alone, although a few reports 
have described failed treatment with metronidazole in liver 
abscess (Pittman, 1973; Fisher et al., 1976; Triger, 1978; 
Koutsaimanis et al., 1979). In some patients, cure was 
obtained by adding emetine and sometimes chloroquine as 
well. Thus it was initially recommended that, for some forms 
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of amebiasis, combination therapy might be needed (Knight, 
1980). However, it is now considered that the rather toxic 
emetine and/or chloroquine agents are rarely, if ever, neces-
sary in addition to metronidazole. An alternative agent to 
metronidazole for treatment of amebiasis is tinidazole (see 
Chapter 100, Tinidazole). Tinidazole is probably more 
effective in reducing clinical failure, but is equivalent to met-
ronidazole in reducing antiparasitic failure (Gonzales et 
al.,  2009). Aspiration of amebic liver abscesses should be 
reserved for patients in whom the diagonosis is uncertain, or 
who have not responded to metronidazole, or who have 
abscesses which are at risk of rupturing (abscess diameter > 5 
cm, or abscess located in the left lobe of the liver, which may 
rupture into the pericardium) (Haque et al., 2003; Stan ley, 
2003). If cysts are still present in feces after apparent cure 
of an amebic liver abscess, then a luminal-acting drug such 
as paromomycin should also be administered (Irusen et al., 
1992).

Similar metronidazole treatment regimens are effective 
for rarer, severe E. histolytica infections, such as a brain 
abscess (Ohnishi et al., 1994), and severe vaginal infection 
with this parasite (Citronberg and Semel, 1995).

7h.  Giardiasis 

The recommended dose of metronidazole for the treatment 
of giardiasis is 250 mg three times per day for 5–7 days. The 
equivalent dose for children is 5 mg/kg three times a day for 
5 days. A recent Cochrane review has summarized the many, 
albeit small randomized clinical trials comparing metroni-
dazole administered for 5 to 10 days to any of the follow-
ing drugs: metronidazole (single dose), tinidazole (Chapter 
100, Tinidazole), albendazole (Chapter 200, Albendazole), 
mebendazole (Chapter 201, Mebendazole), and nitazoxanide 
(Chapter 186, Nitazoxanide) (Granados et al., 2012). The 
studies were found to have poor reporting of methods used, 
with many metronidazole dosing methods used. Most stud-
ies reported parasitological outcomes with short durations 
of follow-up rather than clinical improvement. There were 
10 studies that compared metronidazole (250–500 mg three 
times daily for 5–10 days) with albendazole (400 mg once 
daily for 5–10 days) (Hall and Nahar, 1993; Granados et al., 
2012). Albendazole was probably equivalent to metronidazole 
at achieving parasitological cure. Parasitological cure rates 
for metronidazole ranged between 72.2% and 100%. The 
authors of this meta-analysis determined that they were unable 
to make any conclusions on studies comparing 5–10 days of 
metronidazole versus mebendazole, tinidazole, single- dose 
metronidazole, and nitazoxanide.

Other agents with activity against Giardia include quina-
crine (Chapter 191, Iodoquinol and Quinacrine), furazolidine 
(Chapter 189, Furazolidone), paromomycin (Chapter 185, 
Paromomycin), and bacitracin zinc (Chapter 83, Bacitracin 
and Gramicidin) (Kavousi, 1979; Levi et al., 1977; Gardner 
and Hill, 2001; Upcroft and Upcroft, 2001b; Ortiz et al., 2001; 
Abboud et al., 2001; Adagu et al., 2002).

In a retrospective audit, an increased incidence (40.2%) 
of nitroimidazole-refractory giardiasis was observed over 
the study period, with most of the patients reporting travel to 
India (Nabarro et al., 2015). In the event of clinical treatment 
failure, the duration and/or dose of metronidazole was 
increased. Nash et al. (2001) described a series of six patients 
who had refractory giardiasis with and without underlying 
immunocompromise. All patients had unsuccessful treatment 
with metronidazole, with symptoms of giardiasis persisting 
for 6 months to 4 years. Some of these patients had also been 
unsuccessfully treated with tinidazole, doxycycline, paromo-
mycin, albendazole, and furazolidone. Five of the six patients 
were eventually cured with combination treatment consist-
ing of metronidazole plus quinacrine. 

In a large outbreak of giardiasis in Norway (n = 1268), 
there were 42 patients with persistent showing of Giardia 
cysts following treatment with 1–3 courses of metronida-
zole (Morch et al., 2008). Thirty-eight of these patients with 
refractory giardiasis were treated according to a treatment 
algorithm. They were first initially treated with metronidazole 
and albendazole in combination. Thirty patients responded 
(79%). Of the remaining eight patients, two had resolving 
symptoms, with few cysts seen on microscopy, and subse-
quent specimens demonstrated cure. The six other patients 
were treated with paromomycin and three responded. The 
final three patients were then treated with quinacrine and 
metronidazole in combination and all were cured.

In another retrospective observational study, of the 21 
patients who experienced treatment failure following metro-
nidazole or tinidazole (total number of patients treated = 
95), 19 received a further treatment course; 13 were treated 
with nitroimidazoles, 4 with paromomycin, and 2 with quin-
acrine (Munoz Gutierrez et al., 2013). There were 10 out 
of 12 patients treated again with nitroimidazoles who failed 
to eliminate Giardia. Paromomycin failed in all patients. All 
patients were subsequently treated with quinacrine and this 
was 100% curative.

7i.  Blastocystis, Dientamoeba fragilis, and 
Balantidium coli infections

The pathogenicity of Blastocystis spp. is debated, and whether 
treatment is necessary to achieve relief of symptoms is uncer-
tain (Stensvold et al., 2010). Subtypes 3, 1, and 4 appear to 
be the common subtypes in human infections (Yoshikawa et 
al., 2004). Blastocystis spp. have been associated with diar-
rhea but asymptomatic infections also appear to be common 
(Stenzel and Boreham, 1996; Stensvold et al., 2010; Coyle et 
al., 2012). Treatment failure is not uncommon (Roberts et al., 
2014).

In a randomized, placebo-controlled study of 76 patients 
with diarrhea who harbored Blastocystis in their stool, 88% 
of patients treated with metronidazole 1.5 g daily for 10 days 
had cessation of symptoms, compared with 14% of placebo- 
treated patients, 1 month after treatment. Eighty percent of the 
metronidazole group also had disappearance of Blastocystis 
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from their stools at this time, compared with 3% in the pla-
cebo group. There was a similar improvement in symptoms, 
and microbiological clearance at 6 months after treatment 
(Nigro et al., 2003). 

In a placebo-controlled, double-blinded trial, children 
with D. fragilis with gastrointestinal symptoms were treated 
with metronidazole or placebo (Roser et al., 2014). Although 
eradication of D. fragilis was greater in the the children 
treated with metronidazole, there was no difference in gas-
trointestinal symptoms following treatment with metronida-
zole or placebo.

Metronidazole was effective in patients infected with 
Balantidium coli (Garcia-Laverde and De Bonilla, 1975).

7j.  Rosacea 

Metronidazole was first assessed in the treatment of rosacea 
in a small study (n = 29) comparing oral metronidazole (200 
mg twice daily) for 6 weeks with placebo; metronidazole was 
superior (Pye and Burton, 1976). Oral metronidazole has 
been compared with oxytetracycline, and both drugs pro-
duced similar improvements (Saihan and Burton, 1980). 
Subsequently, topical metronidazole (1% cream) adminis-
tered for 2 months was compared with placebo for treating 
rosacea; once again, metronidazole was superior to placebo 
(Nielsen, 1983a). Many studies have since shown that topical 
metronidazole for 8–9 weeks is more effective than placebo 
for the treatment of rosacea (van Zuuren et al., 2015). Most 
of these studies have used 0.75% metronidazole applied twice 
daily. Improvements were demonstrated in respect of both 
patient self-assessment and physician global evaluation data. 
Topical metronidazole has also been compared with topical 
azalaic acid, and the latter may be more effective than metro-
nidazole, based on physician assessment (van Zuuren et al., 
2015). Topical metronidazole and oral tetracyclines (Chapter 
67, Tetracycline) have similar treatment efficacies (Nielsen, 
1983b; Veien et al., 1986). Topical ivermectin (Chapter 204, 
Ivermectin and moxidectin) was compared with topical 
metronidazole in a randomized controlled study of patients 
with rosacea and was found to be superior to metronidazole 
(Taieb et al., 2015). 

7k.  Mycobacterium tuberculosis

Metronidazole has been found to have activity against non-
replicating and stationary phase M. tuberculosis (Wayne 
and Sramek 1994). In a macaque model, metronidazole was 
as effective as the combination of rifampicin (Chapter 126, 
Rifampicin [rifampin]) and isoniazid (Chapter 123, Isoniazid) 
at preventing reactivation of M. tuberculosis infection (Lin et 
al., 2012). Addition of metronidazole to rifampicin and iso-
niazid given to macaques with active tuberculosis resulted 
in increased culture conversion rates, compared to treatment 
with only rifampicin and isoniazid. In a study of human 
beings with multidrug-resistant tuberculosis, where metro-
nidazole was compared to placebo against a background of 

individualized treatment regimens, patients treated with met-
ronidazole had increased early sputum smear and culture 
conversions, but these differences were lost by 2 months 
(Carroll et al., 2013). This study had to be stopped early due 
to excessive peripheral neuropathy events in the metroni-
dazole arm.

7l.  Other uses

In a small, randomized, placebo-controlled trial (n = 40) on 
the effect of metronidazole on pain experienced by patients 
post-hemorrhoidectomy, patients treated with 7 days of oral 
metronidazole experienced less pain and returned to work 
earlier than the placebo-given patients (Carapeti et al., 1998).

Metronidazole has also been investigated for use as a 
cholesterol-lowering agent. Davis et al. (1983) described 
reductions in both cholesterol and triglyceride levels in six 
patients after a 1-week treatment course with metronidazole 
(Davis et al., 1983). This effect has also been demonstrated 
by Shamkhani et al. (2003), in a group of 30 volunteers with 
reproducible reductions in total cholesterol, LDL cholesterol, 
and triglyceride levels, and associated with an increase in 
HDL cholesterol. Nevertheless, the clinical role of metroni-
dazole for this indication remains unclear.
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1. DESCRIPTION 

Tinidazole, 1-[2-(ethylsulfonyl)ethyl]-2-methyl-5-nitroim-
idazole, is a nitroimidazole drug similar to metronidazole 
(see Chapter 99, Metronidazole). It was synthesized in 1969 
and it has an in vitro activity profile similar to that of metro-
nidazole, including efficacy against Trichomonas vaginalis 
(Miller et al., 1969; Howes et al., 1970). Tinidazole is useful 
for the treatment of protozoal parasitic infections (Giardia 
lamblia [G. intestinalis], Entamoeba histolytica) and against 
anaerobic bacterial infections. 

Tinidazole is a structural analogue of metronidazole. The 
chemical structure is shown in Figure 100.1. It has the molec-
ular formula C8H13N3O4S and a molecular weight of 247.3  
g/mol. Common trade names include Fasigyn and Tindamax.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

PROTOZOA

The minimum inhibitory concentration (MIC) of tinidazole 
against T. vaginalis is similar to that of metronidazole (see 
Chapter 99, Metronidazole), but its minimum trichomoni-
cidal concentration is lower (Howes et al., 1970; Forsgren 
and Wallin, 1974). Metronidazole-resistant strains of this 
parasite are also usually tinidazole-resistant (Sears and O’Hare, 
1988; Narcisi and Secor, 1996; Wright et al., 2010), but a 
number of authors have described T. vaginalis strains that 

are resistant to metronidazole yet susceptible to tinida zole 
(Hamed and Studemeister, 1992; Crowell et al., 2003; 
Bosser man et al., 2011; Kirkcaldy et al., 2012). The hydroxy 
metabolite of tinidazole is 30-fold less active against T. 
vaginalis than the parent drug (Wood et al., 1982).

The drug is also active against Entamoeba histolytica 
(Simjee et al., 1985) and Giardia lamblia (Jokipii and Jokipii, 
1980; Boreham et al., 1984). Bansal et al. (2004) examined 
45 clinical Entamoeba isolates (15 E. histolytica, 30 E. dispar) 
by nitroblue terazolium (NBT) reduction assay and found 
all clinical isolates had higher half-maximal inhibitory con-
centration (IC50) values than the reference strain for all four 
drugs assessed (metronidazole, tinidazole, chloroquine, and 
emetine), suggesting no evidence of resistance. 

Tinidazole manifested activity similar to that of metroni- 
dazole in an in vitro study of antiparasitic agents against four 
representative isolates of Dientamoeba fragilis (minimum 
lethal concentrations [MLCs] for both drugs were 31 µg/ml) 
(Nagata et al., 2012).

ANAEROBIC BACTERIA

Most bacterial species that are susceptible to metronidazole 
(Chapter 99, Metronidazole) are similarly susceptible to 
tinidazole—being inhibited by a concentration of 2–4 μg/ml.

Gram-negative anaerobes
Most strains of Bacteroides fragilis; other members of the 
B. fragilis group; and the Prevotella, Fusobacterium, and Veil- 
lonella spp. are susceptible (Reynolds et al., 1975; Appel baum 
and Chatterton, 1978; Bergan, 1985; Jokipii and Jokipii, 1985; 
Belgian Collaborative Study Group and Glupczynski, 1988; 
Rao and Shivananda, 2000; Citron et al., 2005; Vieira et al., 
2006).

Tinidazole, and particularly its hydroxy metabolite, are 
quite active against Gardnerella vaginalis, although some 
resistance has been recently noted (Shanker and Munro, 
1982; Kharsany et al., 1993; Austin et al., 2006). Mobiluncus 
curtisii is usually tinidazole-resistant, but M. mulieris is usu-
ally susceptible (Spiegel, 1987).Figure 100.1. Structure of tinidazole.
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The hydroxy metabolite is more active than the parent 
drug against G. vaginalis, but it is about one-quarter as potent 
against B. fragilis and 30-fold less active against T. vaginalis 
(Wood et al., 1982).

Gram-positive anaerobes
Peptococcus, Peptostreptococcus, Clostridium, Lactobacillus, 
and Eubacterium spp. are usually susceptible (Appelbaum 
and Chatterton, 1978; Olsson-Liljequist and Nord, 1981). 
Clostridium difficile is usually susceptible (Jokipii and Jokipii, 
1987; Citron et al., 2005; Austin et al., 2006). Lactobacillus, 
Actinomyces, and Propionibacterium spp. are resistant (Tally 
et al., 1981; Nord, 1982; Austin et al., 2006).

Synergy between tinidazole and other antibiotics com-
monly used to treat odontogenic polymicrobial infections 
(e.g. amoxicillin/clavulanic acid, clindamycin, levofloxacin) 
has been demonstrated in vitro under strict anaerobic 
conditions, but the clinical relevance of this observation is 
unclear (Alou et al., 2010).

GRAM-NEGATIVE MICROAEROPHILIC BACTERIA

The microaerophilic organism Helicobacter pylori is usually 
susceptible, but strains resistant to metronidazole are also 
 tinidazole resistant. Patients previously exposed to either of 
these drugs are more likely to harbor resistant strains (Loo et 
al., 1992; Banatvala et al., 1994; Rubinstein et al., 1994; Fung 
and Doan, 2005). A combination of tinidazole and clarithro-
mycin appears to demonstrate some synergy in vitro against 
H. pylori, although this observation appears to be dependent 
on the susceptibility testing method used (Svensson et al., 
2002; see Chapter 99, Metronidazole).

AEROBIC BACTERIA

Streptococci, staphylococci, and enterobacteria are usually 
highly resistant. However, under anaerobic conditions, the 
activity of tinidazole against Escherichia coli, and Klebsiella 
and Proteus spp., similar to that of metronidazole under the 
same conditions, is enhanced (Nord, 1982).

OTHER ORGANISMS

Tinidazole appears to have some in vitro activity against 
Borrelia burgdorferi, with significant reduction in the con-
version of mobile spirochetes to cystic forms during incuba-
tion, although the minimal bactericidal concentration (MBC) 
vis-à-vis mobile spirochetes was > 128 μg/ml at 37°C in 
micro-oxic conditions (Brorson and Brorson, 2004). Another 
in vitro study showed tinidazole reduced both spirochetal 
and cystic round body forms of B. burgdorferi by 80–90%, 
and the detectable spirochete load by 95%, although 3–4% 
of the remaining population was viable (Sapi et al., 2011). In 
terms of the qualitative effects on biofilm forms of B. burg-
dorferi, tinidazole was superior to doxycycline, amoxicillin, 
tigecycline, and metronidazole in reducing viable organisms 
(90% vs. 75–85%) (Sapi et al., 2011). However the clinical 
relevance of these in vitro studies is yet to be determined.

Neither metronidazole nor tinidazole has any useful 
activity against Candida albicans (Cury and Hirschfeld, 1997).

2b.  Emerging resistance and 
cross-resistance

Tinidazole resistance among T. vaginalis strains appears to 
be relatively uncommon (Pérez et al., 2001; Schwebke and 
Barrientes, 2006). Resistance to metronidazole and tinidazole 
was present in 17 of 178 (9.6%) and 1 of 178 (0.56%) strains, 
respectively, in 2003–2005 (Schwebke and Barrientes, 2006). 
Most resistance was low-level (MLCs ≈ 50 µg/ml), including 
the single tinidazole-resistant strain. In vitro resistance did 
not correlate with clinical response (Schwebke and Barrientes, 
2006). In a multicenter study of 548 patients from six US 
cities in 2009–2010, low-level T. vaginalis metronidazole 
resistance was demonstrated in 23 (4.3%) patients (MLCs = 
50–100 µg/ml) (Kirkcaldy et al., 2012). No isolates exhibited 
tinidazole resistance. A low rate of metronidazole resistance 
(2 of 78 isolates; 2.7%) was found in adolescents (Krashin 
et  al., 2010); both isolates were moderately metronidazole 
resistant but were tinidazole susceptible. However, cases of 
clinical treatment failure should be assessed for the presence 
of resistant strains (Lewis et al., 1997; Sobel et al., 2001). In 
a highly selected population of women who had failed ≥ 2 
courses of trichomonal therapy, 115 of 175 isolates 
demonstrated metronidazole resistance. For all these cases 
in vitro tinidazole resistance was similar or lower (Bosserman 
et al., 2011).

Among strains of H. pylori worldwide, resistance rates 
appear to be increasing substantially in some regions. For 
instance, resistance to metronidazole and tinidazole was 
72–81% among 70 isolates collected from a pediatric popu-
lation in Iran (Falsafi et al., 2004), and 57–71% in an adult 
study in Italy (Marzio et al., 2011; see section 7, Clinical uses 
of the drug). 

3. MECHANISM OF DRUG ACTION

Tinidazole is thought to have a mechanism of action similar 
to that of metronidazole—that is, it damages DNA and 
prevents new DNA synthesis in the target organism (Lamp et 
al., 1999; see Chapter 99, Metronidazole). The reduction of 
the nitro group is mediated by a ferredoxin system and low 
reduction–oxidation potential, which is generated only by 
anaerobic bacteria. The reduction process creates reactive 
intermediates and a diffusion gradient, which enhances 
tinidazole uptake; however, the exact mechanism and the 
reduction products have not yet been identified (Nord, 
1982).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Tinidazole is usually administered by the oral route, in the 
form of 250-mg and 500-mg tablets. An extemporaneous oral 
suspension may be compounded by crushing the tablets and 
mixing the fine particles with cherry syrup. The suspension 
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is stable for 7 days at room temperature (20–25°C or 68–77°F) 
(Tindamax, 2004).

The dosage is varied according to the severity of the infec-
tion being treated. The dosage for adults with trichomoniasis 
is a single dose of 2 g. A patient’s sexual partner or partners 
should receive simultaneous treatment to prevent cross- 
infection.

For giardiasis a single dose of 2 g is recommended in 
adults. In amebic dysentery, the adult dosage is 2 g daily for 
2–3 days or 500 mg twice daily for 5–10 days. Similar doses 
are recommended for amebic liver abscess. For prevention of 
postoperative infection in adults, a single dose of 2 g is usu-
ally given about 12 hours before surgery (Lamp et al., 1999).

4b.  Newborn infants and children

For giardiasis in children older than 3 years, a single dose 
of 50 mg/kg body weight is appropriate up to a maximum of 
2 g. In amebic dysentery in children, 50 mg/kg daily (maxi-
mum 2 g) for 3 days is appropriate. Similar doses are 
recommended for amebic liver abscess, but the duration of 
therapy may need to be extended up to 5 days in some cases. 
For H. pylori eradication, doses of 20–30 mg/kg/day have 
been used successfully in children aged 1–3 years (Cucchiara 
et al., 1996; Francavilla et al., 2005; Oderda et al., 1992).

4c.  Pregnant and lactating mothers 

Tinidazole is not recommended during the first trimester of 
pregnancy or for breastfeeding women (see section 6, Adverse 
reactions and toxicity, and Chapter 99, Metronidazole).

Tinidazole is classified as an FDA pregnancy category C 
drug (animal reproduction studies have shown an adverse 
effect on the fetus), and it crosses the placental barrier and 
enters the fetal circulation. Tinidazole is distributed in breast 
milk for up to 72 hours after administration; therefore 
women should not breastfeed during therapy and for 3 days 
after the completion of therapy.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

In patients with renal insufficiency, the drug’s half-life is in 
the same range as in healthy subjects (12.1–19.0 hours), but 
smaller amounts of the unchanged drug (7.7% of a tinida-
zole dose) is recovered in the urine. During hemodialysis, 
approximately 43% of the available drug is removed during 
a 6-hour dialysis session, with the plasma clearance during 
this time averaging at about 3 l/h (50 ml/min) (Klotz, 2000). 
Thus, no dose adjustment is needed in renal failure unless 
the patient is expected to receive multiple doses over time. 
A supplemental dose of 50% of the maintenance dose is 
recommended after dialysis (Robson et al., 1984). There are 
no studies evaluating the pharmacokinetics of tinidazole 
in  patients undergoing continuous ambulatory peritoneal 
dialysis (CAPD).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

There are no studies evaluating the pharmacokinetics of 
tinidazole in patients with hepatic impairment. However, 
tinidazole is significantly metabolized in the liver (approx-
imately 63% of tinidazole doses)—thus, it is not recommended 
for use in patients with severe hepatic impairment (Child–
Pugh class C) (Fung and Doan, 2005).

ELDERLY PATIENTS

There are no studies evaluating the pharmacokinetics of 
tinidazole in the elderly (Lamp et al., 1999).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Similar to metronidazole absorption, tinidazole absorption 
after oral administration is near complete, with bioavailability 
at almost 100%. When a single oral dose of 2 g tinidazole was 
given to female volunteers, a mean serum level of 51 μg/ml 
was attained at 2 hours, and this fell to 19.0 μg/ml after 24 
hours, 4.2 μg/ml after 48 hours, and 1.3 μg/ml at 72 hours 
(Wood and Monro, 1975). These investigators also estimated 
metronidazole levels after a 2-g oral dose in a crossover 
study; according to bioassay results, metronidazole achieved 
a higher peak level of 81 μg/ml, probably because of the 
presence of biologically active metabolites (see Chapter 99, 
Metronidazole), but according to chemical assay results its 
peak level (40 μg/ml) was lower. Metronidazole serum levels 
fell much more rapidly 4 hours after administration, and 
were one-third of the tinidazole level at 24 hours, one-fifth of 
the tinidazole level at 48 hours, and undetectable at 72 hours. 
These differences are due to the longer half-life of tinidazole, 
which has been estimated to be 12.5 hours.

Other pharmacokinetic studies have used high-perfor-
mance liquid chromatography (HPLC) for tinidazole esti-
mation. Volunteers were given an oral dose of 2 g followed 
by  four 1 g doses at 24-hour intervals. Peak serum levels 
occurred at about 2 hours after administration and mean 
concentrations on day 1 were 40.0 and 57.6 μg/ml, and at the 
end of the first 24 hours 11.3 and 16.2 μg/ml, for males and 
females, respectively. Following the 1-g tinidazole dose on 
day 5, about 1 hour later mean peak serum levels of 26.3 and 
36.2 μg/ml were observed in males and females, respectively. 
The serum half-life was 12.14 hours, confirming that once 
daily dosing is appropriate (Wood et al., 1982). Tini dazole 
is 12–21% bound to serum proteins (Taylor et al., 1970; Klotz, 
2000). Total clearance of tinidazole averages approximately 
2.1 l/h (35 ml/min) (Klotz, 2000).

5b.  Drug distribution

Tinidazole, similar to metronidazole, (see Chapter 99, 
Metronidazole) is secreted in saliva, in which concentra-
tions of the drug are likely to approximate those in the serum 
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at the same time, and achieves good levels in gastric fluid and 
vaginal tissue (Von Konow and Nord, 1982; Venkateshwaran 
and Stewart, 1995; Jessa et al., 1996). Cmax levels in blister 
fluid are similar to those in serum (36.2 vs. 29.1 μg/ml), but 
the Tmax is longer (6 vs. 2 hours) (Klimowicz et al., 1992). 
Examination of tissues obtained during surgery demon-
strates that the drug penetrates very well into the female 
reproductive tract, the male genital organs, abdominal mus-
cle, the gastrointestinal tract, the gallbladder, the bowel and 
prostate tissue; but not so well into liver and fat. Concen-
trations of tinidazole in dental alveolar bone are about one-
tenth of those obtained in serum (Von Konow and Nord, 
1982).

Tinidazole is also secreted into breast milk in high 
 concentrations (Wood et al., 1982). Tinidazole crosses the 
blood-brain barrier well, with concentrations of metroni-
dazole and tinidazole in cerebrospinal fluid (CSF) at 42% 
and 80%, respectively, of the simultaneous serum levels. The 
greater penetrability of tinidazole correlates with its greater 
lipid solubility (Jokipii and Jokipii, 1981). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Tinidazole has near linear pharmacokinetics that can be 
described by an open one-compartment model. Key phar-
ma cokinetic parameters have been summarized by Lamp 
et  al. (1999) and Fung and Doan (2005). The most salient 
pharmacokinetic/pharmacodynamic parameter within the 
tinidazole profile is thought to be concentration-dependent 
killing, similar to what is observed with metronidazole (Chap-
ter 99, Metronidazole), although few studies have been done 
(Lamp et al., 1999).

5d.  Excretion

URINE

Following a single oral 250-mg dose, 16–25% of the drug 
was recovered from the urine in unchanged form (Taylor et 
al., 1970; Klotz, 2000). When the drug was given by intrave-
nous infusion, urinary recovery of the unchanged drug was 
25% of the dose. The hydroxymethyl metabolite and its glu-
curonide conjugate excreted in urine accounted for 2% of 
the dose, and another unnamed metabolite found in urine 
accounted for 10% of the dose. After a 1600-mg intravenous 
dose, urinary concentrations of tini dazole were greater than 
10 μg/ml for 3 days (Wood et al., 1982).

BILE

Concentrations in bile are similar to simultaneous concen-
trations in the serum (Wood et al., 1982).

FECES

Following an intravenous infusion given to two human 
subjects, 12% of the dose was excreted in feces (Wood et al., 
1986).

INACTIVATION IN THE BODY

Tinidazole is cleared from the body mainly by metabolism, 
presumably in the liver, producing a hydroxymethyl deriva-
tive, its glucuronide conjugate, and two other water-soluble 
metabolites. Tinidazole is the main compound in the serum, 
whereas only traces of the hydroxymethyl metabolite are 
detected (Wood et al., 1982).

5e.  Drug interactions

Co-administration of drugs that inhibit or induce CYP3A4 
may affect tinidazole levels. In a mixed glucose injection 
solution of cefotaxime and tinidazole, there is marked cefo-
taxime degradation, such that any mixed solutions should be 
administered within 8 hours of mixing to avoid underdosing 
with cefotaxime (Guo et al., 2007). 

Concomitant administration of either metronidazole or 
tinidazole with guar gum-based colon-specific drug deliv-
ery systems may affect the targeting of drugs to the colon 
(Krishnaiah et al., 2001). In a study that determined the in 
vivo availability of guar gum-based colon-targeted tablets 
of tinidazole in comparison with immediate release tablets 
of tinidazole in six human volunteers, the immediate-release 
tablets produced a peak plasma concentration of 3239 ± 428 
ng/ml (Cmax) at 1.04 ± 0.32 hours (Tmax), whereas colon- 
targeted tablets produced a peak plasma concentration of 
2158 ± 78 ng/ml (Cmax) at 14.9 ± 1.6 hours. The authors sug-
gested that the delayed Tmax/Cmax, unaltered bioavailability, 
and elimination half-life of tinidazole from guar gum-based 
colon-targeted tinidazole tablets, in comparison with the 
immediate release tablets, indicated that the drug was not 
released in the stomach and small intestine but delivered to 
the colon. Slow absorption of the drug from the less absorp-
tive colon might result in the better availability of the drug 
for local action in the colon, such as for amebiasis (Krishnaiah 
et al., 2003). 

6. ADVERSE REACTIONS AND TOXICITY

As with metronidazole (see Chapter 99, Metronidazole), 
side effects with tinidazole are usually mild and infrequent 
(Roe, 1985). If the drug is used for more prolonged periods 
than currently advocated, patients should be carefully 
observed for side effects similar to those that have occurred 
with prolonged metronidazole therapy (see Chap ter 99, 
Metronidazole).

Nausea, vomiting, anorexia, and a metallic or bitter taste 
in the mouth are the most common side effects, especially 
when large single doses are administered (e.g., for treatment 
of giardiasis). Patients should be particularly warned about 
the potential for transient taste changes. Malaise, vertigo, 
pruritus, headache, constipation, and skin rashes have all 
been reported. 

The Australian Adverse Drug Reactions Advisory Com-
mittee has received a number of reports of hypersensitivity 
reactions, the majority being severe, with urticaria, laryngeal 
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edema, hypotension, and bronchospasm occurring in 
patients given tinidazole. There was the possibility that 
 tartrazine, used for coloring the tablets, was the cause, and 
tartrazine has now been omitted from tinidazole tablets 
(McEwen, 1983). Dark urine has been observed in some 
patients after a single 2-g oral dose (Jones and Enders, 1977; 
Swami et al., 1977). 

Anaphylaxis, including laryngeal edema, and erythema 
multiforme have been reported rarely (Singbal and Rataboli, 
2005). Episodes of urticaria have been reported among 
patients receiving tinidazole for H. pylori infection (Delpre 
et al., 1997). Thami and Kanwar (1998) described a patient 
who developed a fixed drug eruption to metronidazole and 
later tinidazole, but not to secnidazole, a chemically similar 
drug. Cross-reactivity between metronidazole and tinidazole 
is common—in fact, allergy to metronidazole was confirmed 
in one case by patch-testing using tinidazole (Prieto et al., 
2005).

Tinidazole is not recommended for patients with a past 
history of a blood dyscrasia because, like metronidazole 
(Chapter 99, Metronidazole), tinidazole may cause a 
leukopenia. 

Alcohol should be avoided during tinidazole therapy and 
for 3 days after its completion because the combination may 
cause a disulfiram-like reaction, similar to what is observed 
with metronidazole (Chapter 99, Metronidazole), with marked 
nausea and vomiting.

Tinidazole and metronidazole ameliorate the depressed 
migration of neutrophil granulocytes that occurs in Crohn 
disease, but they have no effect on these cells obtained from 
healthy individuals (Gnarpe et al., 1981). The clinical rele-
vance of this observation is unclear.

7. CLINICAL USES OF THE DRUG

The current clinical uses of tinidazole have been reviewed 
(Manes and Balzano, 2004; Fung and Doan, 2005).

7a.  Trichomoniasis

Tinidazole is an effective drug when given orally for the 
treatment of urogenital trichomoniasis, in both males and 
females. Wherever possible, a patient’s sexual partner or 
partners should be treated simultaneously to prevent reinfec-
tion. A high cure rate was obtained when the drug was given 
in an oral dose of 150 mg twice daily for 7 days, or 150 mg 
three times daily for 5 days. Following the successful use of 
single-dose metronidazole treatment for trichomoniasis (see 
Chapter 99, Metronidazole), tinidazole is now also used in 
this manner. A single oral dose of 2 g tinidazole results in 
cure in > 90% of cases (Wallin and Forsgren, 1974; Hillström 
et al., 1977; Jones and Enders, 1977; Gülmezoglu and Gar-
ner, 1998; Nyirjesy, 1999; Manes and Balzano, 2004; Fung 
and Doan, 2005). Trichomonal infections in men respond 
to drug treatment better than those in women. Kawamura 

(1978) found that 1 g tinidazole and 1.5 g metronidazole 
were equally effective for this purpose. Single-dose therapy 
has the advantages of being more acceptable to patients’ 
sexual partners, and of requiring shorter periods of sexual 
abstinence and alcohol abstinence (see section 6, Adverse 
reactions and toxicity).

Occasionally, metronidazole- and tinidazole-resistant 
strains of T. vaginalis are encountered (see section 2b, 
Emerging resistance and cross-resistance), and infections 
with these organisms often do not respond to treatment by 
either drug. However, some authors have reported success 
with a regimen of tinidazole 2 g twice daily plus ampicillin 
500 mg three time a day, plus clotrimazole 500 mg pessaries 
nightly, all for 7–14 days (Mammen-Tobin and Wilson, 
2005), or regimens of high-dose oral and intravaginal 
tinidazole (Sobel et al., 2001; Hager, 2004). Sobel et al. (2001) 
reported a cure rate of 92% among 24 women with refractory 
trichomoniasis (15 of whom had metronidazole-resistant 
T. vaginalis) when treated with either oral tinidazole 500 mg 
four times a day plus intravaginal tinidazole 500 mg twice 
daily for 14 days, or a regimen of oral tinidazole 1 g three 
times a day and vaginal tinidazole 500 mg three times a day, 
also for 14 days. Overall, both regimens were surprisingly 
well tolerated. The superior in vitro activity and clinical tol-
erability of the high doses of tinidazole used compared with 
metronidazole was considered important in the reported 
suc cess. (Bosserman et al., 2011). 

Success with recommended dose tinidazole or higher 
dose tinidazole was further confirmed in 30 of 36 women 
(83%) who had failed treatment due to metronidazole 
resistance (Bosserman et al., 2011) and in case reports (Fan 
et al., 2014; Subramanian and Sobel, 2011). Bosserman et 
al.  (2011) suggest antimicrobial susceptibility testing, and 
identification of the level of metronidazole resistance may 
play a role in management of women with treatment failure. 
In this cases series patients with either low level (7/10) or 
high level (6/6) metronidazole resistance responded to 
tinidazole therapy, albeit via the use of different dosing 
strategies. These ranged from 2 g daily for 5–7 days, to 1 g 
three times daily together with twice daily intravaginal 
tinidazole, for 14 days. Many of these studies and others 
describe the successful use of vaginal paromomycin in 
selected cases, including in the presence of nitroimidazole 
hypersensitivity (Lewis et al., 1997; see Chapter 185, Paro-
momycin). High-dose oral tinidazole, 1 g three times daily, 
has been used in combination with vaginal paromomycin 
cream, both for 14 days (Nyirjesy et al., 2011). Zinc sulfate 
douches were used successfully, mostly in combination with 
14–28 days of tinidazole 2 g daily, in a series of 8 patients 
brought together after clinical metronidazole failure (Byun 
et al., 2015). 

In women with metronidazole hypersensitivity who 
require nitroimidazole therapy to treat their trichomoniasis, 
tinidazole desensitization has proven effective. When used 
in 15 of 59 women with nitroimidazole hypersensitivity, all 
had eradication of infection (Helms et al., 2008).
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7b.  Bacterial vaginosis

Tinidazole has been used in a single oral dose of 2 g to treat 
bacterial vaginosis, with initially disappointing results (Van 
Der Meijden, 1983), although subsequent reports have sug-
gested satisfactory outcomes in many cases when the 2 g 
dose was used (Mohanty and Deighton, 1987; Milani et al., 
2003; Baylson et al., 2004). In a multicenter, randomized, 
investigator-blinded, controlled trial, 2 g tinidazole in a sin-
gle dose was as effective as 7-day treatment with vaginal clin-
damycin (Milani et al., 2003).

In a randomized, controlled effectiveness trial of 1570 
women presenting with vaginal discharge at primary care 
institutions in West Africa, single-dose oral tinidazole (2 g) 
plus fluconazole (150 mg) was as effective as 7-day therapy 
with metronidazole (500 mg twice daily) plus 3 day treat-
ment with vaginal clotrimazole. Effectiveness was similar 
among subgroups treated for vulvovaginal candidiasis, T. 
vaginalis vaginitis, or bacterial vaginosis. Thus, the authors 
suggested that the single-dose regimen should be consid-
ered first-line treatment for vaginal discharge syndromes in 
resource-poor settings (Pepin et al., 2006).

Single dose tinidazole was combined with two Lacto-
bacillus species (L. rhamnosus and L. reuteri) taken as daily 
capsules for 4 weeks, or with placebo, in 64 Brazilian women 
diagnosed with bacterial vaginosis. At day 28 the probiotic 
group had an 87.5% cure rate compared with 50.0% in the 
tinidazole/placebo group (p = 0.001) (Martinez et al., 2009). 
A randomized study compared single dose oral metronida-
zole (2 g), tinidazole (2 g), secnidazole (2 g), and ornidazole 
(1.5  g) in 344 Indian women with bacterial vaginosis (86 
women in each group) (Thulkar et al., 2012). The cure rate 
for tinidazole was 97.7% at 4 weeks (compared with 77.9% 
for metronidazole).

Nailor and Sobel (2007) reviewed 21 tinidazole efficacy 
studies of vaginal infections. The authors acknowledged the 
limited comparative studies with tinidazole. Cure rates for 
tinidazole were comparable to those of metronidazole, but 
with tinidazole’s potential for enhanced tolerance and 
reduced toxicity. Studies of two or five day regimens sug-
gested some increased efficacy. This was studied prospec-
tively in 10 US centers, with tinidazole administered orally 
at  1 g once daily for 5 days and 2 g once daily for 2 days, 
compared with placebo, in 235 women (Livengood et al., 
2007; Nailor and Sobel, 2007). At 21–30 days after treatment, 
both tinidazole regimens provided comparable treatment 
responses, over and above placebo. A study of 593 women 
assessed 7-day dosing options for metronidazole (500 mg 
twice daily) or tinidazole (500 mg twice daily or 1 g twice 
daily) (Schwebke and Desmond, 2011). There were no signif- 
icant differences between treatment arms, with overall cure 
rates of 76.8% at 14 days and 64.5% at 1 month. Although 
longer courses of treatment appear to be more effective than 
a 2-g oral single dose, the heterogeneity of the studies did not 
allow for definite conclusions to be drawn (Armstrong and 
Wilson, 2010; Livengood, 2009). 

7c.  Giardiasis

Tinidazole is sometimes considered the treatment of choice 
for giardiasis in both adults and children. Infection with 
G. lamblia and its treatments have been reviewed by numer-
ous authors (Zaat et al., 1997; Gardner and Hill, 2001; Mank 
and Zaat, 2001; Ali and Hill, 2003; Wright et al., 2003; Petri, 
2005; Zaat et al., 2007). Multiple- and single-dose tinidazole 
regimens have both been used successfully to treat this 
disease. Andersson et al. (1972) used tinidazole orally 150 mg 
twice daily for 7 days and obtained a high cure rate among 
students in Sweden. This 7-day regimen has been found to be 
slightly more effective than a similar regimen using metro- 
nidazole (Levi et al., 1977). Single-dose therapy using 2-g 
oral tinidazole has also resulted in cure rates of 90–100% 
(Farid et al., 1974; Pettersson, 1975; Levi et al., 1977). Single-
dose treatment with metronidazole (60 mg/kg of body weight 
to a maximum of 2.4 g) is inferior to treatment with a single 
dose of tinidazole (50 mg/kg to a maximum dose of 2 g). 
Moreover, the single-dose treatment with tinidazole was 
equally effective as 3 days of treatment with metronidazole 
(50 mg/kg/day, maximum 2 g dose) (Speelman, 1985). In 
a  Cochrane review of therapy for giardiasis, 34 trials were 
assessed and no differences in cure rates were noted between 
single-dose therapy and longer treatment courses (Zaat et 
al., 2007). Among the single-dose regimens, tinidazole had 
higher rates of clinical cure than other regimens (odds ratio: 
5.33; 95% confidence interval [CI] 2.66–10.67), although this 
difference was less straightforward when rates of parasito-
logical cures were assessed. A more recent Cochrane analysis 
concluded that albendazole and metroni dazole were prob-
ably equivalent in achieving parasitological cure, however 
there were no comparative studies that used tinidazole 
(Granados et al., 2012). 

Pettersson (1975) used a single oral dose of tinidazole 1 g 
to successfully treat children with giardiasis. Gazder and 
Banerjee (1977) compared single oral doses of tinidazole 
50 mg/kg body weight, and metronidazole 50 mg/kg body 
weight, for the treatment of giardiasis in children; clinical 
and parasitological cures were much higher in the children 
treated with tinidazole. Similarly, Welch et al. (1978) found 
that single doses of 1.0–1.5 g (depending on the patient’s 
weight) of tinidazole were as effective as a 5 day course of 
metronidazole for eradicating G. lamblia from children aged 
6–9 years; the same dose of tinidazole given for 3 consecutive 
days was somewhat more effective. Children not cured by an 
initial course of treatment usually respond to a second course 
of tinidazole. 

Tinidazole (50 mg/kg, as a single dose) was as effective as 
chloroquine (10 mg/kg twice daily for 5 days), but superior 
to albendazole (400 mg/day for 5 days) in a randomized trial 
involving 165 Cuban children with confirmed giardiasis 
(Escobedo et al., 2003). The tinidazole cure rate was 91%, 
com pared with 86% and 62% for chloroquine and alben-
dazole, respectively. In a meta-analysis of 5 RCTs that 
reviewed 403 children, tinidazole was significantly more 
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effective than albendazole (relative risk [RR]: 1.61; 95% CI: 
1.40–1.85; p < 0.0001). This effect persisted after the com-
pletion of the analysis of the different albendazole dosage 
subgroups (Escobedo et al. 2016). Tinidazole (50 mg single-
dose) was also found to be significantly (p < 0.05) superior to 
nitazo xanide (7.5 mg/kg twice daily for 3 days) among 137 
Cuban children in an open, randomized trial—tinidazole was 
asso ciated with a 90.5% rate of parasitological cure, compared 
with 78.4% for nitazoxanide (Escobedo et al., 2008). Tini-
dazole is also superior to mebendazole for treating giardiasis 
(Cañete et al., 2006). 

A systematic review of heterogeneous RCTs to 2013, 
assessing the overall efficacy of treatment for giardiasis, 
concluded that the 5-nitroimidazoles have the highest cure 
rates. Considering their reasonable safety profiles they 
remain the treatment of choice for giardiasis (Pasupuleti 
et  al., 2014). Nitroimidazole treatment failure is associated 
with a failure of anti-protozoal drugs of other classes or 
with host immunoglobulin deficiency. In treatment failures, 
limited data suggest quinacrine or combinations of a nitro-
imidazole and albendazole may be most effective therapy 
(Meltzer et al., 2014).

7d.  Amebiasis

Similar to metronidazole (see Chapter 99, Metronidazole), 
tinidazole is effective for the treatment of amebiasis. For 
intestinal infection, a dose for adults of 600 mg twice daily, 
for a period of 5 or 10 days, has been used previously (Misra 
and Laiq, 1974; Joshi and Shah, 1975). Three daily oral doses 
of approximately 60 mg/kg body weight have been used for 
children with intestinal amebiasis. This resulted in a high 
cure rate and was well tolerated (Scragg and Proctor, 1977). 
In two studies, the efficacy of an oral dose of 2 g tinidazole 
given for 3 consecutive days was compared with an identical 
metronidazole regimen, for the treatment of intestinal ame-
biasis. Both studies showed a cure rate in excess of 90% for 
tinidazole, but one study showed a cure rate of < 60% for 
metronidazole (Singh and Kumar, 1977; Swami et al., 1977). 
In another trial, tinidazole at a dose of 1.0–1.5 g given for 
3 consecutive days, or even as a single dose, was somewhat 
more effective than a 5 day course of metronidazole in clear-
ing E. histolytica from the feces of children aged 6–9 years 
(Welch et al., 1978). Powell and Elsdon-Dew (1972) found 
that more patients continued to pass E. histolytica cysts in 
stools after tinidazole therapy than after metronidazole 
therapy. 

A Cochrane review (Gonzales et al., 2009) analyzed 
alternatives to metronidazole for the treatment of amebic 
colitis. The amebiasis studies just described were included 
in  a data set of 8 studies that compared the efficacies of 
tinidazole and metronidazole in 477 patients. The pooled 
results indicated a greater resolution of clinical symptoms 
with tinidazole therapy (RR: 0.28, 95% CI: 0.15–0.51; NNT: 
6.25) assessed 15–60 days after the end of treat ment. The 
parasitological responses for both agents were comparable. 
The incidence of gastrointestinal side effects (nausea, reduced 

appetite, vomiting, and altered taste) was smaller with tini-
dazole, particularly when prescribed as a single dose. The 
same data set was included in a BMJ review of clinical 
evidence, which assessed 6 systematic reviews, RCTs, and 
observational studies that met their inclusion cri teria. The 
authors performed a Grading of Recommenda tions, Assess-
ment, Development, and Evaluations (GRADE) evaluation 
of the quality of evidence for interventions. Their conclu-
sions were that metronidazole may be less effective than 
tinidazole at reducing clinical symptoms in amebic dysentery, 
but may be as effective at clearing parasites; in addition, 
metronidazole may be more likely than tinidazole to cause 
adverse effects such as nausea (Marie and Petri, 2013).

Tinidazole also appears to be effective against amebic 
liver abscess. Hatchuel (1975) used tinidazole in a dose of 
800 mg three times daily for 5 days to obtain a high cure rate 
in the treatment of this condition. Tinidazole was compared 
with metronidazole in one small study in which 19 patients 
with an amebic liver abscess were treated. Both drugs were 
given in doses of 2 g daily for 2 days. The authors claimed 
that complete recovery occurred in all 10 patients given tini-
dazole, and in only 5 of 9 patients given metronidazole 
(Khokhani et al., 1977). Others have also recorded the effec-
tiveness of tinidazole given in a dose of 2 g daily for 3–6 days 
in treating amebic liver abscess (Kundu et al., 1977; Islam 
and Hasan, 1978; Quaderi et al., 1978; Simjee et al., 1985). 
One patient with amebic abscess of the spleen responded 
to  two courses of tinidazole, each 2 g daily for 10 days; 
during the second course, a percutaneous aspiration of the 
abscess was also performed—thus the true efficacy of tini-
dazole in this case is not clear (Lawford and Sorrell, 1994). A 
summary of many of the clinical studies assessing tinidazole 
therapy for amebiasis has been presented by Fung and Doan 
(2005).

Thus, there is a growing positive experience with the use 
of tinidazole for both intestinal amebiasis and amebic liver 
abscess, such that tinidazole may be considered a reasonable 
alternative to metronidazole, especially for less seriously ill 
patients (Manes and Balzano, 2004; Fung and Doan, 2005). 
Similar to metronidazole, tinidazole is not sufficiently effec-
tive in the treatment of asymptomatic cyst carriers/shedders. 
Luminal treatment with agents such as diloxanide furoate is 
usually recommended in addition to nitroimidazole therapy 
(see Chapter 190, Diloxanide Furoate). A study of 170 HIV 
infected Japanese patients with amebic colitis noted simi-
larly high rates of response to metronidazole and tinidazole 
treatment. Recurrence within 1 year was only noted in 2/82 
patients who did not receive luminal therapy (Watanabe et 
al., 2011).

7e.  Treatment of anaerobic infections

Similar to metronidazole (see Chapter 99, Metronidazole), 
tinidazole, because of its in vitro activity against anaerobes 
(see section 2a, Routine susceptibility), has been used for 
anaerobic bacterial infections. Packard (1982) summarized 
the results of uncontrolled trials of the use of the drug, alone 
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or with an agent active against aerobes (usually an aminogly-
coside), for anaerobic bacterial infections in 264 patients. 
Clinical response was good in patients with septicemia, upper 
respiratory infections and sinusitis, bronchopulmonary infec-
tions, osteo myelitis, pelvic infections, septic abortion, 
intra-abdominal sepsis, cellulitis, and postoperative wound 
infection. However, metronidazole, which can be adminis-
tered intravenously or orally, is often preferred for the treat-
ment of these infections (see Chapter 99, Metronidazole). 
Tinidazole in combination with ofloxacin has been used to 
treat some patients with infected diabetic foot ulcers, but the 
efficacy of such regimens in this context depends on the 
pathogens responsible, the degree of avascularity, and the 
presence of underlying osteomyelitis (Joshi et al., 2003).

Tinidazole (15 mg/kg/day) in combination with cipro-
floxacin (1 g/day) given for 4 weeks appeared to be effective 
in treating a small group of patients with chronic refractory 
pouchitis (Shen et al., 2007). However to date there is 
insufficient evidence to determine the efficacy of tinidazole 
monotherapy in the prevention of pouchitis in patients with 
ileal pouch–anal anastomoses (Singh et al., 2015).

7f.  Chemoprophylaxis of anaerobic 
infections

Tinidazole, similar to metronidazole (see Chapter 99, Metro-
nidazole), has been used to prevent anaerobic bacterial 
 infections after surgical and dental procedures (Swedish-
Norwegian Consensus Group, 1998). For this purpose, it has 
usually been given orally 12 hours before surgery and some-
times combined with a drug active against aerobic bacteria 
(Packard, 1982; Dhar et al., 1993a; Dhar et al., 1993b). Tinida-
zole has been useful in preventing infection after colorectal 
surgery (Packard, 1982; University of Melbourne Colorectal 
Group, 1983; Giercksky and Danielsen, 1990; Almqvist et al., 
1995), obstetric and gynecologic surgery (Janssens et al., 1982; 
Packard, 1982; Seligman, 1982; Dhar et al., 1993a; Dhar et al., 
1993b; Mit tendorf et al., 1995), and oral surgery (McGregor 
et al., 1982). In combination with ciprofloxacin, tinidazole 
appeared useful as prophylaxis in men undergoing transrec-
tal biopsy of the prostate (Smart, 1999; Aron et al., 2000).

7g.  Clostridium difficile infections 

Tinidazole has not been formally studied in major clinical 
treatment trials in relation to C. difficile colitis, but, given its 
excellent in vitro activity against most C. difficile strains (see 
section 2a, Routine susceptibility) it is likely to be as effec-
tive as metronidazole, with the convenience of less frequent 
dosing (Jodlowski et al., 2006). Dosing regimens for tinida-
zole given against Clostridium difficile have not been accu-
rately defined, but 500 mg twice daily is likely to be effective. 
Shen et al. (2006) described a case of C. difficile pouchitis 
(ileal pouch–anal anastomosis) that was cured with a 4-week 
course of ciprofloxacin and tinidazole (500 mg three times 
a day).

7h.  Helicobacter pylori infection

Owing to the in vitro susceptibility of H. pylori to nitroimid-
azoles (see section 2a, Routine susceptibility), both metroni-
dazole and tinidazole have been assessed in hundreds of 
clinical studies as components of multidrug regimens for the 
treatment of H. pylori infection and its sequelae of peptic 
ulceration and gastritis. Similar to metronidazole, tinida-
zole has demonstrated efficacy in combination with other 
drugs, such as bismuth subcitrate, tetracycline, amoxicillin, 
and omeprazole, in various regimens for the eradication of 
H. pylori infection (Marshall et al., 1988; Bianchi Porro et al., 
1993; Jaup and Norrby, 1995; Saberi-Firoozi et al., 1995). The 
triple-drug regimen of a proton pump inhibitor (PPI), cla-
rithromycin (generally 250 mg twice daily), and tinidazole 
(500 mg twice daily) is now a standard treatment regimen 
in many countries, although such tinidazole- based regimens 
are not yet, as of early 2016, approved by the US Food and 
Drug Administration (FDA) for the treatment of H. pylori 
infections (Tindamax, 2016). In many developing countries 
such regimens are considered first-line therapy because of 
their efficacy, tolerability, and low cost.

In the treatment of H. pylori infection in clinical practice, 
metronidazole and tinidazole are often used interchangeably 
and probably achieve similar clinical results. The recom-
mended duration of such nitroimidazole-containing regimens 
varies, with many US researchers suggesting 10- to 14-day 
courses, whereas 7-day and shorter courses have been sug-
gested by clinicians in Europe and elsewhere (Howden and 
Hunt, 1998; Malfertheiner et al., 2002; Malfertheiner et al., 
2007). Key studies assessing the role of tinidazole include 
those by Moayyedi et al. (2000) and Goddard et al. (1999). 
Moayyedi et al. (2000) assessed 2324 H. pylori–infected 
patients (as defined by a positive 13C-urea breath test) ran-
domly assigned to receive omeprazole (20 mg twice daily) 
plus clarithromycin (250 mg twice daily) plus tini dazole 
(500 mg twice daily) (omeprazole, clarithromycin, tinidazole 
[OCT]), or matching placebos, all for 7 days. Eradication of 
H. pylori in the OCT group was 73.4%, versus 2.9% among 
the placebo group (p < 0.05). Goddard et al.  (1999) con-
ducted a randomized, double-blind, double- dummy trial 
comparing a metronidazole-based regimen with a tinidazole- 
based regimen (both containing omeprazole + clarithromy-
cin for 7 days) for patients with dyspepsia due to H. pylori. 
Near identical bacterial eradication rates were achieved in 
both groups (96.7% vs. 95%, respectively), and the two regi-
mens were considered equally effective. In a meta-analysis 
of more than 600 studies reported up until the late 1990s, no 
difference in the rate of H. pylori eradication was observed 
between metronidazole- and tinidazole- containing regimens 
(Laheij et al., 1999). Some other studies centering on the use 
of tinidazole as an antiprotozoal agent have been summa-
rized by Fung and Doan (2005).

A key issue that has limited the efficacy of both metroni-
dazole and tinidazole has been the emergence of resistance 
by H. pylori to these drugs—this develops readily and is 
now very widespread in some regions. In the USA, primary 
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resistance ranges from 20% to 50%, and in some developing 
countries rates of > 70%, have been observed. Fortunately, 
in vitro resistance does not always predict resistance or clini-
cal treatment failure in vivo. In a study assessing lansoprazole 
plus clarithromycin plus tinidazole administered once- or 
twice-daily in a blinded, randomized study, eradication rates 
were approximately 90% when infection was due to metroni-
dazole-susceptible strains, and 75% when low-level resistant 
strains (MIC 4–256 μg/ml) were involved. However, when 
high-level resistant strains (MIC ≥ 256 μg/ml) were involved, 
eradication rates were 21–58%, depending on whether high 
doses of tinidazole were used (Manes and Balzano, 2004; 
Wheeldon et al., 2004). These and other studies suggest that 
once daily therapy with clarithromycin plus tinidazole plus 
PPI achieves high eradication rates, unless resistance to one 
of these agents is present. Similar findings have been noted 
in studies of children and adolescents (Moshkowitz et al., 
1998; Oderda et al., 2004; Tindberg et al., 2004; Francavilla 
et al., 2005). 

The ability to assess true resistance rates to tinidazole and 
other H. pylori treatments is complicated by the variation in 
susceptibility patterns based on sampling site. As demon-
strated by Marzio et al. (2011), in 33% of treatment-naive 
and 21% of pre-treated patients, discordant tinidazole sus-
ceptibility results were seen in simultaneous proximal and 
distal gastric biopsy specimens obtained from the same 
patient (Marzio et al., 2011), 

Due to the emergence of resistance to both the nitro-
imidazoles and macrolides, alternative strategies to stan- 
dard triple therapy (STT) have been developed. Sequential 
therapy (SQT), first developed in Italy (Zullo et al., 2003), 
is  now often recommended as first-line therapy in some 
countries, consisting of a course of dual therapy—a 5-day 
regimen of amoxicillin (1 g twice daily) plus PPI (given twice 
daily)—followed by 5 days of triple therapy—a PPI plus 
clarithromycin (500 mg twice daily) plus tinidazole (500 mg 
twice daily). A systematic review in 2014 (Feng et al., 2015) 
that assessed 36 randomized clinical trials, concluded that 
H.  pylori eradication rates after SQT compared with STT 
were superior (84.1% and 75.1% respectively), and that this 
superiority prevailed irrespective of whether tinidazole or 
metronidazole was used: however, the overall eradication 
rate remained below 90%. 

So-called hybrid therapy is another strategy consisting 
of  amoxicillin plus PPI for 14 days with the addition of 
clarithromycin plus tinidazole on day 8. Results from early 
randomized trials do not show a clear benefit with hybrid 
therapy compared to SQT, the hybrid therapies having 
similar or inferior eradication rates and higher pill burden 
and cost (De Francesco et al., 2014; Metanat et al., 2015; 
Sardarian et al., 2013).

7i.  Other uses

Tinidazole has been used to treat the larvae of Toxocara canis 
organisms causing cerebral infection in an experimental 
mouse model. Oral tinidazole therapy resulted in a highly 

significant reduction in the larval population at the lower 
inoculation levels, but a nonsignificant reduction was noted 
at the highest inoculation larval dose, compared with 
untreated controls (Minvielle et al., 1999). The clinical rele-
vance of this observation is uncertain.

In a phase II, randomized, open-label study conducted 
along the Thai-Myanmar border, 2 g tinidazole daily for 5 days 
was ineffective in the prevention of Plasmodium vivax relapse 
(Macareo et al., 2013). 

Although in vitro data suggest activity of tinidazole 
against Dientamoeba fragilis (Nagata et al., 2012), no data are 
available to assess its clinical utility in this regard.

Tinidazole and metronidazole ointments (1–4%) appeared 
to have some anti-inflammatory, immunosuppressive, and 
anti-itching effects when they were examined in an inflam-
matory dermatitis model in mice (Nishimuta and Ito, 2003). 
The clinical relevance of these data is uncertain.

One animal study suggests that topical tinidazole released 
from poly-DL-lactide injectable dental implant was superior 
to gel formulations of tinidazole in the treatment of perio-
dontitis in dogs (Qin et al., 2012).
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1. DESCRIPTION 

Ciprofloxacin is a fluoroquinolone (also called 4-quinolone, 
or quinolone carboxylic acid) that was developed by Bayer 
Pharmaceuticals for both oral and parenteral use. It is one of 
the second generation of quinolones (others include norflox-
acin, ofloxacin, pefloxacin, and enoxacin) that have substan-
tially enhanced antibacterial activity, compared for example 
with nalidixic acid (the first quinolone antibiotic). Ciproflox-
acin, previously known as Bay 09867, is chemically known as 
1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7-(1-piperazinyl) 
3-quinolone carboxylic acid hydrochloride (Wise et al., 1983), 
has the empirical formula C17H18FN3O3 and its molecular 
weight is 331.34. The chemical structure is shown in Fig- 
ure 101.1.

Although developed after norfloxacin, successful wide-
spread clinical experience with ciprofloxacin has resulted in 
it being regarded as the classic fluoroquinolone, against 
which other later generation quinolones are to be compared. 
Similar to most other second-generation quinolones, it has a 
long half-life, allowing twice daily dosing and good penetra-
tion into human cells, thereby providing good activity against 
intracellular pathogens. It has good tissue penetration and 
high potency against most Gram-negative pathogens, with 
lesser activity against staphylococci, and borderline or poor 
activity against streptococci and anaerobes. In general, cipro-
floxacin has 2- to 4-fold greater antimicrobial potency than 
norfloxacin, and considerably greater in vitro activity than 
cephalosporins and aminoglycosides against most Gram- 

negative bacilli (Sanders et al., 1987; Hooper and Wolfson, 
1993a; Moellering, 1993). Neu (1989a) and Mitscher et al. 
(1993) have extensively reviewed the relationship between 
quinolone structure and in vitro activity. 

The generally excellent oral absorption of ciprofloxacin 
means that in higher oral doses, serum levels can be achieved 
with oral therapy similar to those achieved with intravenous 
dosing, such that (assuming normal gastrointestinal absorp-
tion) oral ciprofloxacin provides “IV-equivalent” therapy for 
many non-neurological infections, similar to chlorampheni-
col (see Chapter 86, Chloramphenicol and Thiamphenicol), 
doxycycline (see Chapter 68, Doxycycline) and metronida-
zole (see Chapter 99, Metronidazole). Given the classic status 
of ciprofloxacin, most features that fluoroquinolones have in 
common will be discussed in this chapter.

Oral preparations consist of ciprofloxacin hydrochloride 
tablets in 250, 500, or 750 mg doses; there are 500 and 1000 
mg extended release tablets in some countries. Microcapsules 
are available in concentrations of 250 and 500 mg/5 ml and 
can be used as a suspension for children. Pharmacies will 
frequently be able to prepare a suspension—typically in a 
100 ml bottle with a concentration of 50 mg/ml. Solutions 
and ointments for topical (ophthalmic) use contain a 0.3% 
base; 2 mg in 10 ml ear drops are also available. Parenteral 
preparations for infusion contain 100, 200, or 400 mg; injec-
tion solutions contain 10 mg/ml. Formulations and availabil-
ity will vary between different countries.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

GRAM-NEGATIVE AEROBIC BACTERIA

Ciprofloxacin has excellent activity against the vast majority 
of Enterobacteriaceae (see Table 101.1), such as Escherichia 
coli and the Enterobacter, Klebsiella, Proteus, Morganella, 
Edwardsiella, Providencia, Citrobacter, and Serratia species. 
Although it is more active than most other similar anti-
microbial agents (Auckenthaler et al., 1986; Samonis et al., Figure 101.1. Chemical structure of ciprofloxacin.

N

HO

O O

F

N

NH



Table 101.1. In vitro susceptibility of ciprofloxacin compared with other commonly used fluoroquinolones.

Organism

Typical MIC90 (µg/ml)

Ciprofloxacin Norfloxacin Ofloxacin Levofloxacina Moxifloxacinb

Gram-negative bacteria
Escherichia coli 0.015–0.06 0.06–0.12 0.06–0.125 0.5 0.06-1
Enterobacter aerogenes 0.03–0.12 0.25 0.25 0.5 0.5–2
Enterobacter cloacae 0.03–0.12 0.25 0.25–1 0.5 0. 125-0.25
Klebsiella pneumoniae 0.06–0.125 0.25 0.25–0.5 0.5 0.125-1
Proteus mirabilis 0.03–0.125 0.06 0.125–0.5 0.12 0.5–8
Proteus vulgaris ≤ 0.06 0.06 0.125–0.25 0.12 0.25–0.5
Morganella morganii 0.015–0.06 0.06–0.125 0.25–0.50 0.12 0.25
Providentia rettgeri 0.125–1 0.5    1–2 1 0.5
Providentia stuartii 0.125–1 0.5–4 0.5–2 4 0.5–16
Serratia marcescens 0.25–0.5 0.5–1    1–4 2   1–8
Citrobacter freundii 0.06–0.12 0.25 0.25–1 0.5 1
Salmonella spp. ≤ 0.06 0.06–0.25 0.06–0.125 0.03–0.25 1
Shigella spp. 0.015–0.06 0.015–0.12 0.125 0.016–0.03 0.03
Yersinia enterocolitica 0.03–0.06 0.06–0.25 0.125–0.25 0.03–0.06 0.06
Campylobacter jejuni 0.125–1 0.5–8 0.25–2 0.12–32 0.25
Acinetobacter calcoaceticus   1–16 8 0.5–16 0.05–32 0.06–0.25
Haemophilus influenza 0.008–0.06 0.06–0.125 0.03–0.06 0.015–0.5 0.03-0.06
Moraxella catarrhalis 0.03–0.25 0.125–0.25 0.06–0.125 < 0.03–0.5 0.06–0.12
Neisseria meningitidis ≤ 0.008–0.125 0.015–0.03 0.015–0.06 < 0.008–0.016 0.008-0.015
Neisseria gonorrhoeae 0.004–0.06 0.03–0.06 0.03–0.06 < 0.008–2 0.015–0.5
Pseudomonas aeruginosa 0.25–1   1–2    2–16   2–128   8–32
Burkholderia cepacia   2–> 8  16–32    4–16   4–256 256
Stenotrophomonas maltophilia   4–8 32    4–> 8   2–32 124
Legionella pneumophila 0.015–0.06 0.125–0.25 0.03–0.25 0.016–0.03 0.008-0.03
Bacteroides fragilis   4–16 32    2–16   2–> 16 0.25–4

Gram–positive bacteria
Staphylococcus aureus (MSSA) 0.25–2   1–4 0.5–2 0.25 0.06–0.25
Staphylococcus aureus (MRSA) 0.5–> 16   4–> 16 0.5–≥ 16 16   2–128
Staphylococcus epidermidis (MSSE) 0.5–1   1–2 0.25–1 1 0.12–2
Staphylococcus epidermidis (MRSE) — 0.5–≥ 16 ≥ 16 0.4–16   2–> 8
Streptococcus pneumoniae   1–4   4–16 2 1 0.12–0.25
Streptococcus pyogenes 0.5–2 4 2 1 0.025–0.5
Enterococcus faecalis   1–4   4–8    2–8   2–50 0.25–4
Enterococcus faecium 4   8–≥ 16    8–16   2–64   2–32
Listeria monocytogenes   1–2 8    1–8 1 0.5
Clostridium perfringens 0.5–2 2 0.5–2 0.39 0.5
Clostridium difficile   8–16 128 ≥ 16 6.25–128 2
Peptostreptococcus spp.   4–16 16    4–16 — 0.12–1

Other bacteria
Mycoplasma pneumoniae 2 —    1–2 0.5–2.5 0.06–0.12
Mycoplasma hominis 0.5–2 8    1–2 — 0.06
Chlamydophila pneumoniae 0.5–4 — 1 1 0.03–1
Chlamydia trachomatis   1–3.1 12.5–16 0.5–1 — 0.5–1
Ureaplasma urealyticum 4   8–> 64 2   1–4 0.06
Mycobacterium tuberculosis 0.25–2   2–8 0.5–2.4 0.5–1 0.125–1
Mycobacterium avium complex > 8 ≥ 8 0.5–16   1–8 4

a For Levofloxacin references, see Tables 104.1, 104.2, and 104.3 in Chapter 104, Levofloxacin.
b For Moxifloxacin references, see Table 105.1 in Chapter 105, Moxifloxacin.
Abbreviations: MRSA: methicillin-resistant S. aureus; MRSE: methicillin-resistant Staphylococcus epidermidis; MSSA: methicillin-sensitive S. aureus; MSSE: meth-

icillin-sensitive Staphylococcus epidermidis; —: insufficient or inconsistent data.
Source: Data compiled from Chin et al. (1986b); Bremner et al. (1988); Ernst and van der Auwera (1988); Espinoza et al. (1988); Grüneberg et al. (1988); Norrby 

and Jonsson (1988); Phillips and King (1988); Steele-Mortimer and Meier-Ewert (l988); Wise et al. (1988); Barry and Jones (1989); Gorzynski et al. (1989b); Neu 
et al. (1989), Segreti et al. (1990); Chin et al. (1991); Fuchs et al. (1991); Kenny and Cartwright (1991a); Kenny and Cartwright (1991b); Waites et al. (I99l); Wise 
et al. (1992); Fu et al. (1992); Goldstein and Citron (1992); Imada et al. (1992); Nakata et al. (1992); Neu et al. (1992); Eliopoulos and Eliopoulos (1993); García-
Rodriguez and Gomez Garcia (1993); Gooding and Jones (1993); Murray et al. (1993); Wise et al. (1993a); Wise et al. (1993b); Cherubin and Stratton (l994); 
Kaku et al. (1994); Neu and Chin (1994); Pankuch et al. (1994); Roblin et al. (1994); Soriano et al. (1994); Spangler et al. (1994); Wexler et al. (1994); Yew et al. 
(1994); Baltch et al. (1995); Ji et al. (1995); Pankuch et al. (1995); Prosser and Beskid (1995); Saito and Gaja (1995); Zhang et al. (1995); Duffy et al. (2000); 
Hannan and Woodnutt (2000); Oteo et al., 2002; Karlowsky et al., 2003a; Karlowsky et al., 2003b; Cavallo et al., 2007; Olson et al., 2009; Marco et al. (2000); 
Ruiz-Serrano et al. (2000); Martínez-Martínez et al. (200l); Thauvin-Eliopoulos and Eliopoulos (2003); Pottumarthy et al. (2006); Bébéar et al. (2008).
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1987; Grüneberg et al., 1988; Mitsuhashi, 1988; Phillips 
and King, 1988; Bellido and Pechère, 1989; Forsgren, 1989; 
Inderlied et al., 1989; Eliopoulos et al., 1990a; Hohl et al., 
1990; Mehtar et al., 1990; Barry and Fuchs, 1991a; Fuchs et 
al., 1991; King et al., 1991; Cantón et al., 1992; Bauernfeind, 
1993; Eliopoulos and Eliopoulos, 1993; Prosser and Beskid, 
1995; Thauvin-Eliopoulos and Eliopoulos, 2003; Sader et al., 
2003; Karlowsky et al., 2003b; Oteo et al., 2002; Olson et al., 
2009), increasing use over the last 10–20 years has been asso-
ciated with increasing resistance (see section 2b, Emerging 
resistance and cross-resistance). Acinetobacter species, espe-
cially A. calcoaceticus var. anitratus and A. lwoffi, are generally 
susceptible, although A. baumanii has been noted increas-
ingly to be relatively resistant (Wise et al., 1983; Appelbaum 
et al., 1986; Rolston and Bodey, 1986; Joly-Guillou and 
Bergogne-Bóeróezin, 1992; Seifert et al., 1993; Kuah et al., 
1994; Peleg and Paterson, 2006). Strains of A. calcoaceticus 
var. anitratus that are resistant to gentamicin are more likely 
to have borderline (MIC = 2 μg/ml) susceptibility to cipro-
floxacin (Shalit et al., 1990; Stiver et al., 1986; Chow et al., 
1988a). Klebsiella rhinoscleromatis, the probable etiologic 
agent of rhinoscleroma, is extremely susceptible to ciproflox-
acin in vitro (MIC90 = 0.008 μg/ml) (Perkins et al., 1992; de 
Pontual et al., 2008).

The vast majority of enteric pathogens, including multi-
resistant isolates, are susceptible to ciprofloxacin, including 
Salmonella spp., Shigella spp., Campylobacter spp. (C. jejuni,. 
C. coli, C. fetus, C. cincaedi), Aeromonas spp. (A. hydrophila, 
A. sobria, A. caviae), Plesiomonas shigelloides, Vibrio cholerae, 
V. vulnificus and V. parahaemolyticus, Edwardsiella tarda, and 
Yersinia enterocolitica. However, resistance among Salmonella, 
Shigella, and Campylobacter species has increased signifi-
cantly in some regions (Goodman et al., 1984; Fliegelman et 
al., 1985; Reinhardt and George, 1985; Mikhail et al., 1987; 
Bergan et al., 1988; Ling et al., 1988; Kain and Kelly, 1989; 
Burgos et al., 1990; Clark et al., 1990; Clark et al., 1991; 
Hyams et al., 1991; Pham et al., 1991; Sacks et al., 1991; Alós 
et al., 1992; John et al., 1992; Sjögren et al., 1992; Horiuchi et 
al., 1993; Newton and Kennedy, 1993; Preston et al., 1994; 
Vila et al., 1994; Tang et al., 2002; Thauvin-Eliopoulos and 
Eliopoulos, 2003; Lehtopolku et al., 2005; Biedenbach et 
al., 2006a; Lee et al., 2009; Vrints et al., 2009; Chiou et al., 
2014; Cody et al., 2012; Folster et al., 2011; Garcia et al., 2014; 
Gaudreau et al., 2014; Gaudreau et al., 2015; Karki et al., 
2013; Lee et al., 2009; Wong et al., 2014; Xia et al., 2011; see 
section 2b, Emerging resistance and cross-resistance). 

Ciprofloxacin is active in vitro and in vivo against Pseudo-
monas aeruginosa, with MIC90 values generally < 1 μg/ml 
(Appelbaum et al., 1986; Auckenthaler et al., 1986; Phillips 
and King, 1988; Bellido and Pechère, 1989; Inderlied et al., 
1989; Cooper et al., 1990; Eliopoulos et al., 1990a; Barry 
and  Fuchs, 1991a; Fuchs et al., 1991; Cantóon et al., 1992; 
Karlowsky et al., 2003a; Thauvin-Eliopoulos and Eliopoulos, 
2003; Karlowsky et al., 2005; Cavallo et al., 2007). Eliopoulos 
and Eliopoulos (1993) noted in their review of the literature 
(mostly between 1988 and 1991) that only 6 of 44 studies 
reported MIC90 values > 1 μg/ml. Multiresistant strains of 

P. aeruginosa, including isolates resistant to gentamicin and 
other aminoglycosides, generally remain susceptible to cip-
rofloxacin, although the MIC90 may rise to 1–2 μg/ml in 
this latter situation (Muytjens et al., 1983; Wise et al., 1983; 
Venezio et al., 1986; Chow et al., 1989; Louie et al., 1991; 
Ford et al., 1993). The clinical circumstances of P. aeruginosa 
infection may also affect susceptibility, with biofilm isolates 
of P. aeruginosa exhibiting higher MICs and higher mini-
mum bactericidal concentrations (MBCs) in some studies 
(Pascual et al., 1993; Aaron et al., 2002). Nevertheless, the 
generally excellent activity of ciprofloxacin against most 
P. aeruginosa isolates means that it is frequently one of very 
few orally available agents with activity against this pathogen.

Non-aeruginosa Pseudomonas species are generally also 
susceptible to ciprofloxacin. P. putida and P. fluorescens are 
susceptible to ciprofloxacin, with MIC90 values of 0.25–1 
μg/ml (Appelbaum et al., 1986; Anaissie et al., 1987; Rolston 
et al., 1987; Louie et al., 1991; Bauernfeind, 1993; Fass et al., 
1996), although some resistance has been noted (King et al., 
1991). Pseudomonas acidovorans, P. stutzeri, and P. putrefa-
ciens have been very susceptible, with MIC90 values of < 0.5 
μg/ml (Appelbaum et al., 1986; Cornaglia et al., 1987; King et 
al., 1991; Louie et al., 1991; Bauernfeind, 1993; Ford et al., 
1993; Fass et al., 1996). Methylobacterium spp. (previously 
named P. rhodos, P. rodiora, and P. mesophilica) generally 
have MIC90 values of 1–2 μg/ml (Brown et al., 1992).

Burkholderia cepacia isolates are often resistant, with only 
2 of 14 studies reviewed by Eliopoulos and Eliopoulos (1993) 
reporting MIC90 values of < 4 μg/ml for this species. More 
recent studies have also reported high MIC90 values (Fass et 
al., 1996; Peeters et al., 2009). Lewin et al. (1993), in a study 
of 110 routine B. cepacia isolates, noted an MIC90 of 2 μg/ml, 
but an MIC90 of 8 μg/ml among 20 isolates from patients 
with cystic fibrosis. Ford et al. (1993) noted similar findings. 
Burkholderia pseudomallei isolates are generally resistant to 
fluoroquinolones, with ciprofloxacin MIC90 values of 2–8 
μg/ml (Chau et al., 1986; Ashdown, 1988; Winton et al., 1988; 
Dance et al., 1989; Yamamoto et al., 1990; Sookpranee et al., 
1991; Kenny et al., 1999; Sivalingam et al., 2006).

Similarly, Stenotrophomonas maltophilia is generally resis-
tant to ciprofloxacin, with only 4 of 24 studies reporting 
MIC90 values of < 4 μg/ml (Eliopoulos and Eliopoulos, 1993). 
Other studies have reported similar findings, with ciproflox-
acin MIC90 values of ≥ 8 μg/ml for this pathogen (Bauernfeind, 
1993; Fass, 1993; Ford et al., 1993; Marshall and Jones, 1993; 
Marshall et al., 1993; Pankuch et al., 1994; Vartivarian et al., 
1994; Weiss et al., 2000; Fass et al., 1996; Weiss et al., 2000; 
Woodcock et al., 1997). The clinical relevance of in vitro 
findings of synergy between ciprofloxacin and extended 
spectrum beta-lactams in some S. maltophilia isolates is 
uncertain (Chow et al., 1988b; Poulos et al., 1995; San Gabriel 
et al., 2004).

Flavobacterium spp., and Elizabethkingia meningosepticum 
(F. meningosepticum), are usually susceptible (Husson et al., 
1985; Sheridan et al., 1993), whereas Achromobacter xylosox-
idans (also referred to as Alcaligenes xylosoxidans) isolates are 
often only borderline susceptible or resistant to ciprofloxacin 



1870 Ciprofloxacin

(MIC50 = 2 μg/ml; MIC90 = 4 μg/ml) (Legrand and Anaissie, 
1992); as are Alcaligenes faecalis (Husson et al., 1985). Chromo-
bacterium violaceum isolates are very susceptible to fluoro-
quinolones, including ciprofloxacin (Aldridge et al., 1988).

Legionella spp. (including L. pneumophila, L. micdadei, L. 
longbeachae, L. bozemanii, L. dumoffii, L. hackeliae, L. wads-
worthii) are very susceptible to ciprofloxacin, with MIC90 
values of 0.03–0.5 μg/ml in routine and cell culture assays 
(Greenwood and Laverick, 1983; Pohlod and Saravolatz, 
1986; Moffie and Mouton, 1988; Edelstein et al., 1989; Lie-
bers et al., 1989; Edelstein and Edelstein, 1991; Kitsukawa 
et al., 1991; Gooding et al., 1992; Reda et al., 1994; Thauvin-
Eliopoulos and Eliopoulos, 2003; Bruin et al., 2012). 
Ciprofloxacin, unlike pefloxacin, does not exhibit a postanti-
bacterial effect against L. pneumophila in vitro (Rajagopalan-
Levasseur et al., 1990), but this appears to have no clinical 
relevance. Ciprofloxacin has been effective in animal mod-
els of L. pneumophila infection (Fitzgeorge et al., 1985) and 
in small case series of human L. pneumophila infection 
(Haranaga et al., 2007; Hooper et al., 1988; Unertl et al., 
1989). Most recommendations for clinical use have been 
extrapolated from clinical studies with levofloxacin, such 
that ciprofloxacin is now commonly used to treat Legionella 
infections (see section 7, Clinical uses of the drug). Clinical 
isolates of L. pneumophila with higher MIC values at or near 
2 µg/ml have been recently reported (Bruin et al., 2014).

Haemophilus influenzae, including multiresistant and 
beta-lactamase–producing strains (including those from 
patients with cystic fibrosis), is very susceptible to ciproflox-
acin, with MIC90 values of ≤ 0.06–0.25 μg/ml (Barry and 
Jones, 1984; King et al., 1984; Jorgensen et al., 1988; Akaniro 
et al., 1990; Hardy, 1991; Swanson et al., 1991; Collignon et 
al., 1992; Cherubin et al., 1992; Cooper et al., 1992; Bongaerts 
and Hoogkamp-Korstanje, 1993; Lehtonen and Huovinen, 
1993; Thauvin-Eliopoulos and Eliopoulos, 2003). Similarly, 
Moraxella catarrhalis, including beta-lactamase–producing 
strains, is also very susceptible, with MIC90 values of ≤ 0.03–
0.25 μg/ml (Swanson et al., 1991; Cherubin et al., 1992; 
Bongaerts and Hoogkamp-Korstanje, 1993; Lehtonen and 
Huovinen, 1993). Haemophilus ducreyi, including beta- 
lactamase–producing and tetracycline-resistant strains, is 
susceptible to most fluoroquinolones, with the MIC90 of 
ciprofloxacin being 0.007–0.02 μg/ml (Wall et al., 1985; 
Sturm, 1987; Motley et al., 1992; Aldridge et al., 1993; Knapp 
et al., 1993; Van Dyck et al., 1994).

Most Bordetella spp. (B. pertussis and B. parapertussis) are 
susceptible to fluoroquinolones with ciprofloxacin MIC90 
values of ≤ 0.12 μg/ml, although B. bronchiseptica is less sus-
ceptible, with an MIC90 = 1–4 μg/ml (Appleman et al., 1987; 
Kurzynski et al., 1988; Hoppe and Simon, 1990; Bauwens et 
al., 1992).

Neisseria meningitidis is extremely susceptible to cipro-
floxacin, with an MIC < 0.008–0.12 μg/ml (Eliopoulos and 
Eliopoulos, 1993; Harcourt et al., 2015), including isolates 
collected from the African meningitis belt from 2000 to 
2006 (Hedberg et al., 2009). However, resistance has now 
emerged in a number of diverse regions (Wu et al., 2009; see 

section 2b, Emerging resistance and cross-resistance). Neis-
seria mu cosa is generally susceptible (Anderson and Miller, 
1993).

Neisseria gonorrhoeae, including spectinomycin-resistant, 
beta-lactamase–producing, tetracycline-resistant, and chro-
mosomally mediated penicillin-resistant strains, have tradi-
tionally been susceptible to ciprofloxacin (MIC90 values of 
0.004–0.03 μg/ml), but resistant strains have rapidly spread 
globally, such that ciprofloxacin is no longer recommended 
as empiric treatment for N. gonorrhoeae in many jurisdic-
tions (Easmon et al., 1987; Segreti et al., 1990; Clendennen 
et al., 1992; Glatt et al., 1992; Gorwitz et al., 1993; Zenilman 
et al., 1993; Joesoef et al., 1994; Rice and Knapp, 1994; 
Blondeau and Yaschuk, 1995; Tapsall, 2006; Bala et al., 2007; 
CDC, 2007a; CDC, 2007b; Wang et al., 2007; Carannante et 
al., 2014; Cole et al., 2010; Kirkcaldy et al., 2013a; Kirkcaldy 
et al., 2013b; Lahra et al., 2013; Mehta et al., 2011; Shimuta et 
al., 2013; see section 2b, Emerging resistance and cross-  
resistance).

Brucella spp. are generally susceptible in vitro to the fluo-
roquinolones, with a ciprofloxacin MIC90 against B. melitensis 
of 0.5–1.25 μg/ml, and for B. abortus an MIC90 of 1–2 μg/ml 
(Bosch et al., 1986; Khan et al., 1989; Qadri et al., 1990; 
García-Rodríguez et al., 1991; Rubinstein et al., 1991). In a 
large study of 160 strains of B. melitensis, Trujillano-Martón 
et al. (1999) reported MICs of 1 μg/ml for ciprofloxacin and 
moxifloxacin. However, the fluoroquinolones are often not 
bactericidal, especially against B. abortus, and although cip-
rofloxacin has been clinically efficacious in some situations 
(see section 7, Clinical uses of the drug), this may explain the 
failure of ciprofloxacin in experimental murine brucellosis 
(García-Rodriguez et al., 1991; Shasha et al., 1992; Rolain 
et  al., 2000). It may also explain a number of therapeutic 
failures, including those associated with development of 
resistance to ciprofloxacin (Acocella et al., 1989; Al-Sibai and 
Qadri, 1990).

Francisella tularensis is susceptible to fluoroquinolones, 
with a ciprofloxacin MBC of 0.13 μg/ml (range: 0.01–0.3  
μg/ml) (Syrjälä et al., 1991; Urich and Petersen, 2008), and 
ciprofloxacin MICs ≤ 0.125 µg/ml (Georgi et al., 2012; 
Kreizinger et al., 2013).

Yersinia spp., including Y. enterocolitica and Y. pseudotu-
berculosis, are generally susceptible in vitro to ciprofloxacin 
(Hoogkamp-Korstanje, 1987; Stock et al., 2002; Stock and 
Wiedemann, 2003). Ciprofloxacin has shown activity against 
Y. pestis in in vitro and animal models (Russell et al., 1998; 
Byrne et al., 1998; Galimand et al., 2006; Hernandez et al., 
2003; Louie et al., 2011; Russell et al., 1996; Smith et al., 1995; 
Steward et al., 2004; Wendte et al., 2011), although clinical 
efficacy data are limited to case reports (Kuberski et al., 
2003).

Bartonella (formerly known as Rochalimaea) is a Gram-
negative facultative intracellular bacteria in which heteroge-
neity of susceptibility to fluoroquinolones has been noted, 
with ciprofloxacin (MIC = 0.06 μg/ml) more effective than 
ofloxacin (MICs = 0.5–4 μg/ml) (Angelakis et al., 2008). 
Intrinsic resistance to fluroquinolones due to naturally 
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occurring mutations in gyrA and parC has been noted in 
B.  bacilliformis (del Valle et al., 2010), while resistance in 
B. henselae and B. quintana can be rapidly induced in vitro 
(Angelakis et al., 2009; Biswas et al., 2007).

Helicobacter pylori is usually susceptible (McNulty et al., 
1985; Simor et al., 1989; Loo et al., 1992), but increasing 
resistance has been reported since the 1990s (Boyanova et 
al., 2008; Miendje Deyi et al., 2011). 

Unusual fastidious Gram-negative pathogens, such as 
Eikenella corrodens and Actinobacillus actinomycetemcomi-
tans, are very susceptible to ciprofloxacin (Goldstein et 
al., 1986; Goldstein and Citron, 1988; Pavicic et al., 1992). 
Pasteurella multocida is susceptible to all fluoroquinolones, 
including ciprofloxacin (MIC90 values ≤ 0.03 μg/ml) (Fass, 
1983; Goldstein and Citron, 1988; Goldstein and Citron, 
1993). Gardnerella vaginalis susceptibility may be border-
line, with MIC90 = 2 μg/ml (King et al., 1984; Kharsany et al., 
1993).

GRAM-NEGATIVE ANAEROBIC BACTERIA

Anaerobic Gram-negative pathogens frequently isolated in 
bite wounds, such as Fusobacterium, Veillonella, Prevotella, 
and Porphyromonas spp., have variable susceptibility to cip-
rofloxacin, with MIC90 values ranging from 0.5–16 μg/ml in 
various studies (Goldstein and Citron, 1992; Goldstein and 
Citron, 1993; Fernandes et al., 1986; Aldridge, 1994; Wexler 
et al., 1998). Overall, however, ciprofloxacin has poor activity 
against most anaerobes (Fernandes et al., 1986; Watt and 
Brown, 1986; Goldstein, 1993; Aldridge, 1994). Bacteroides 
spp., including B. fragilis, are resistant to ciprofloxacin (MIC90 
values ranging from 4 to ≥ 16 μg/ml) and other similar gen-
eration fluoroquinolones, although newer fluoroquinolones, 
such as moxifloxacin and gatifloxacin, have significantly 
improved activity against anaerobes (Fox and Phillips, 1987; 
Goldstein and Citron, 1992; Phillips et al., 1992; Wexler et 
al., 1992; Brook, 1993; Goldstein, 1993; Pankuch et al., 1993; 
Aldridge, 1994; Borobio et al., 1994; Wexler et al., 1998; Stein 
and Goldstein, 2006; see Chapter 105, Moxifloxacin, and 
Chapter 115, Gatifloxacin). 

Capnocytophaga spp. are reasonably susceptible to cip-
rofloxacin (MIC90 = 0.25 μg/ml), but less so to other fluoro-
quinolones, and resistant isolates have been reported 
(Rummens et al., 1986; Roscoe et al., 1992; Gomez-Garces 
et al., 1994).

GRAM-POSITIVE AEROBIC BACTERIA

Methicillin-sensitive and -resistant strains of Staphylococcus 
aureus and coagulase-negative staphylococci are usually sus-
ceptible to ciprofloxacin and ofloxacin—more than to the 
other older fluoroquinolones such as norfloxacin or enoxacin. 
Eliopoulos and Eliopoulos (1993) noted in their review that 
most studies reported a ciprofloxacin MIC90 of ≤ 0.5 μg/ml 
(range: 0.25–2 μg/ml) against both S. aureus and S. epider-
midis. Other authors have noted similar findings (Cohen et 
al., 1991; Huband et al., 1993). Other staphylococcal species, 
including S. saprophyticus, S. hominis, S. warneri, and S. hae-
molyticus, are generally similarly susceptible or marginally 

less susceptible to ciprofloxacin (MIC90 values < 0.5–4 μg/ml) 
(Gorzynski et al., 1989a; Huband et al., 1993; Prosser and 
Beskid, 1995; Aldridge et al., 1993; Marshall et al., 1993).

Over the past couple of decades, however, there has been 
an increase in ciprofloxacin resistance among staphylo-
cocci, particularly methicillin-resistant S. aureus (MRSA) 
and methicillin-resistant S. epidermidis (MRSE) (Thauvin-
Eliopoulos and Eliopoulos, 2003; Cuevas et al., 2004; 
Tillotson et al., 2008; see section 2b, Emerging resistance 
and cross-resistance). Numerous studies have now reported 
increases in ciprofloxacin MIC90 values for MRSA and 
coagulase-negative staphyloccal strains, compared with 
methicillin-susceptible strains (Dowzicky et al., 1998; Bassetti 
et al., 2002; Bogdanovich et al., 2005; Gesu et al., 2003; Jacobs 
et al., 2004; May et al., 2014; Otani et al., 2003; Tanaka et al., 
2002; Weller et al., 2002; Wickman et al., 2006; Woodcock et 
al., 1997). 

Most of the older fluoroquinolones, as well as ciprofloxacin, 
have only borderline activity against Streptococcus pneu-
moniae, most other streptococcal species, and enterococci—
the MIC90 values (generally 2–4 μg/ml) are too close to the 
expected serum concentrations to consistently achieve clini-
cal efficacy. These in vitro observations are supported by a 
number of reported clinical failures and “breakthrough” 
infections with S. pneumoniae as ciprofloxacin therapy was 
underway (Körner et al., 1994). Ciprofloxacin has either sim-
ilar or greater activity against S. pneumoniae and other strep-
tococcal species (including S. pyogenes and S. agalactiae) 
than older fluoroquinolones—however it’s activity is inferior 
to that of newer agents such as moxifloxacin (see Chapter 
105, Moxifloxacin). No difference in ciprofloxacin suscepti-
bilities have been noted between penicillin-susceptible and 
-resistant strains of S. pneumoniae (Fass, 1983; Bassey et 
al., 1986; Appelbaum et al., 1989; Neal et al., 1992; Spangler 
et al., 1992; Bongaerts and Hoogkamp-Korstanje, 1993; 
Spangler et al., 1993; Yee et al., 1993; Betriu et al., 1994). A 
number of studies of experimental pneumococcal respira-
tory infections in mice have highlighted the problems of 
ciprofloxacin therapy in this situation (Gisby et al., 1991; 
Azoulay-Dupuis et al., 1991; Azoulay-Dupuis et al., 1992; 
Sullivan et al., 1993). Recent large surveys, particularly in 
Canada, have demonstrated increasing rates of ciprofloxacin 
resistance (MICs ≥ 4 μg/ml) (Patel et al., 2011). In a study of 
2539 sterile site isolates of S. pneumoniae, 2.7% were resistant 
(Powis et al., 2004; see section 2b, Emerging resistance and 
cross-resistance).

Similar findings are noted for other common strepto-
cocci. One subtype of S. pyogenes (emm type 6) has intrinsic 
low level resistance (MIC90 = 4–8 µg/ml) to ciprofloxacin, 
although it remains susceptible to moxifloxacin (MIC90 = 0.5 
µg/ml) (Orscheln et al., 2005; Montes et al., 2010; Pires et al., 
2010; Van Heirstraeten et al., 2012).

Enterococci are usually resistant to ciprofloxacin, with an 
MIC90 against Enterococcus faecalis of generally 2–4 μg/ml, 
whereas E. faecium is often slightly more resistant with an 
MIC90 of 4 μg/ml (Eliopoulos et al., 1984; Pérez et al., 1987; 
Sahm and Koburov, 1989; Eliopoulos and Eliopoulos, 1993; 
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Thauvin-Eliopoulos and Eliopoulos, 2003; Woodcock et al., 
1997). However, some more recent studies have reported sig-
nificantly higher MIC90 values of > 32 μg/ml against both 
pathogens (Gordon et al., 1992; Bongaerts and Hoogkamp-
Korstanje, 1993; Venditti et al., 1993; Bassetti et al., 2002; 
Gesu et al., 2003; Otani et al., 2003; Tanaka et al., 2002; Wel-
ler et al., 2002). Less common enterococcal spp. (E. avium, 
E. casseliflavus, E. raffinosus, E. hirae) generally have MICs 
of 0.5–4 μg/ml, although E. gallinarum tends to be more 
resistant (MICs of 2 to > 8 μg/ml) (Gordon et al., 1992). 
Ciprofloxacin activity is similar against both sensitive and 
multiresistant enterococcal strains, including those resistant 
to penicillin–aminoglycoside synergy (Sahm and Koburov, 
1989).

Corynebacteria spp. (including group D2 and C. jeikeium) 
are only moderately susceptible to ciprofloxacin, with MIC90 
values of 0.5–2 μg/ml, but a wide range of MICs (0.05–128 
μg/ml) have been reported and resistance has emerged 
during therapy (Fernández-Roblas et al., 1987; Murphy and 
Ferguson, 1987; Philippon and Bimet, 1990; Martinez-
Martinez et al., 1994). Martinez-Martinez et al. (1994) exam-
ined 115 coryneform bacterial populations and found that 
C. jeikeium, C. minutissimum, C. striatum, C. xerosis, C. ure-
alyticum, and Corynebacterium group 12 had ciprofloxacin 
and ofloxacin MIC90 values of 8 to > 16 μg/ml, whereas 
Corynebacterium group ANF-1 had an MIC90 of 0.5 μg/ml in 
relation to both agents. Using an in vitro model of C. urealyt-
icum, Soriano et al. (2009) demonstrated that biofilm forms 
were significantly less susceptible to both ciprofloxacin 
(MBCs ≥ 512 µg/ml) and moxifloxacin (MBCs ≥ 256 µg/ml), 
compared with planktonic isolates (MBC = 0.5 µg/ml). 
C.  pseudodiphtheriticum (previously C.  hofmannii) and 
Arcano bacterium haemolyticum (previously C. haemolyti-
cum), an infrequent cause of pharyngitis in children and 
rarely more invasive infections, are generally susceptible to 
≤ 0.5 μg/ml ciprofloxacin (Morris and Guild, 1991; Carlson 
et al., 1994). In relatively small studies, Rho dococcus equi 
appears to be moderately susceptible to ciprofloxacin and 
other fluoroquinolones, such as levofloxacin and moxifloxa-
cin, with MIC90 values at or near 0.5 μg/ml, but is resistant to 
older fluoroquinolones (Nordmann and Ronco, 1992; Nord- 
mann et al., 1992a; Torres-Tortosa et al., 2003; Rolston et al., 
2003). However, studies of disseminated R. equi infection in 
mice demonstrated that ciprofloxacin was ineffective therapy 
and that combinations including vancomycin produced the 
best results (Nordmann et al., 1992b).

Listeria monocytogenes is only borderline susceptible to 
ciprofloxacin (MIC90 = 2 μg/ml; range: 0.5–2 μg/ml) and 
ofloxacin, and is resistant to other fluoroquinolones, except 
for some of the newer agents such as moxifloxacin (Boisivon 
et al., 1990; MacGowan et al., 1990; Carryn et al., 2002; 
Safdar and Armstrong, 2003). However, in experimental 
L. monocytogenes infections in mice, therapy with ciproflox-
acin proved inferior to ampicillin, making ciprofloxacin an 
unlikely clinical choice for listeriosis (van Ogtrop et al., 
1992). Development of a clinical case of Listeria meningitis 

as ciprofloxacin therapy was ongoing has been reported 
(Grumbach et al., 1999). Other Listeria species show similar 
borderline susceptibility (Troxler et al., 2000).

Nocardia spp. (including N. asteroides, N. brasiliensis, N. 
caviae, N. cyriacigeorgica, N. farcinica, and N. nova) are resis-
tant to most fluoroquinolones, including ciprofloxacin, with 
a ciprofloxacin MIC90 of 2–16 μg/ml (Gombert et al., 1987; 
Southern et al., 1987; Berkey et al., 1988; Wallace et al., 
1988b; Lai et al., 2009). Although susceptibilities vary depend-
ing on the Nocardia spp., ciprofloxacin appears to be one of 
the least active fluoroquinolones against this pathogen, with 
moxifloxacin, gemifloxacin, and the nonfluorinated quino-
lone nemonoxacin showing greater activity (MIC90 values of 
0.5–2 µg/ml) (Lai et al., 2009; Lai et al., 2011). Furthermore, 
ciprofloxacin was ineffective therapy against experimental 
pulmonary N. asteroides infection in immunocompromised 
mice (Gombert et al., 1990). 

Erysipelothrix rhusiopathiae appears to be very susceptible 
to ciprofloxacin (MIC90 = 0.06 μg/ml; range ≤ 0.01–0.06 μg/
ml; MBC90 = 0.12 μg/ml), and less so to pefloxacin (MIC90 = 
0.5 μg/ml), although penicillin and imipenem had the great-
est activity in this in vitro study (Venditti et al., 1990). A 
more recent study reported on isolates similarly susceptible 
to ciprofloxacin (Fidalgo et al., 2002).

Bacillus spp. (B. cereus, B. anthracis, and other species) 
are susceptible to ciprofloxacin with MIC90 values of 0.06–1 
μg/ml (Weber et al., 1988; Doganay and Aydin, 1991; Mo- 
hammed et al., 2002). A recent assessment of 65 isolates of 
B.  anthracis found that all had ciprofloxacin MICs of ≤ 1 
μg/ml (Mohammed et al., 2002). Other small studies also 
reported (low) ciprofloxacin MICs of < 0.5 µg/ml with some 
postantibiotic effect (Athamna et al., 2004; Jones et al., 2003). 
Ciprofloxacin has become an important drug in the treat-
ment and prophylaxis of anthrax (see section 7, Clinical uses 
of the drug).

GRAM-POSITIVE ANAEROBIC BACTERIA

Unlike the newer fluoroquinolones such as moxifloxacin 
(see Chapter 105, Moxifloxacin) and gatifloxacin (see Chap-
ter 115, Gatifloxacin), ciprofloxacin, ofloxacin, norfloxacin, 
enoxacin, and pefloxacin have relatively poor activity against 
Gram-positive anaerobes. The ciprofloxacin MIC90 against 
Clostridium spp. is 1–16 μg/ml, although C. perfringens and 
C. tertium may be marginally more susceptible, with MIC90 
values of 0.5–8 μg/ml. Clostridium difficile is resistant (cipro-
floxacin MIC90s of 8–25 μg/ml) (Chow et al., 1985; Delmee 
and Avesani, 1986; Clabots et al., 1987; Speirs et al., 1988; 
Aldridge, 1994; Thauvin-Eliopoulos and Eliopoulos, 2003). 
Other Gram-positive anaerobes, such as Peptococcus and 
Peptostreptococcus spp. (MIC90 values of 2–8 μg/ml), Pro- 
pioni bacterium and Eubacterium spp. (MIC90 values of 1–16 
μg/ml), Mobiluncus spp. (MIC90 values of 1–4 μg/ml), and 
Actinomyces spp. (MIC90 = 8 μg/ml), are resistant (Fernandes 
et al., 1986; Goldstein and Citron, 1992; Wexler et al., 1992; 
Eliopoulos and Eliopoulos, 1993; Goldstein, 1993; Pankuch 
et al., 1993; Aldridge, 1994; Smith et al., 2005).
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MYCOBACTERIA

Ciprofloxacin, in common with other fluoroquinolones, has 
reasonable activity against Mycobacteria species, although 
newer agents such as moxifloxacin have superior activity, 
with wild-type strain MICs ranging from 0.032 to 0.5 μg/ml, 
compared to 0.125–1.0 μg/ml for ciprofloxacin (Angeby et 
al., 2010; Cremades et al., 2011; see Chapter 105, Moxi-
floxacin). Many authors have found ciprofloxacin and oflox-
acin to have similar activity against M. tuberculosis (MIC90 
values ≤ 1–2 μg/ml), regardless of the susceptibility of this 
species to other antituberculous agents (Collins and Uttley, 
1985; Berlin et al., 1987; Davies et al., 1987; Young et al., 
1987; Collins and Uttley, 1988; Uttley and Collins, 1988; 
Chen et al., 1989; Leysen et al., 1989; Van Caekenberghe, 
1990; Piersimoni et al., 1992; García-Rodriguez and Gomez 
Garcia, 1993; Ruiz-Serrano et al., 2000). However, some 
studies have reported the ciprofloxacin MIC90 to be 3.2–4.3 
μg/ml (Marinis and Legakis, 1985; Gorzynski et al., 1989b). 
Fluoroquinolones are bactericidal against M. tuberculosis, 
with MBC values usually being 2- to 4-fold greater than the 
MIC values (Leysen et al., 1989; Heifets and Lindholm- 
Levy, 1990). In a large survey of 1373 isolates obtained from 
the United States and Canada, ciprofloxacin resistance was 
noted in 1.8% of the referral samples (Bozeman et al., 2005). 
Fluoroquinolones nevertheless are used in treating multi-
drug-resistant tuberculosis (MDR-TB), particularly moxiflox-
acin. Uttley and Collins (1988) identified in vitro antagonism 
by checkerboard technique between ciprofloxacin and rifam-
picin, but the clinical relevance of this finding is uncertain, 
especially since this combination was shown to be more 
effective than rifampicin and isoniazid against M. tuberculo-
sis in a mouse model (Chadwick et al., 1989).

M. avium–intracellulare complex (MAC) is relatively 
resistant to ciprofloxacin and similar fluoroquinolones, with 
MIC90 values generally ≥ 4–8 μg/ml; although newer fluoro-
quinolones are more active (Fernandes et al., 1989; Leysen 
et al., 1989; García-Rodriguez and Gomez Garcia, 1993; 
Klopman et al., 1993; Collins and Uttley, 1985; Davies et al., 
1987; LaBombardi and Cataldo-Caputzal, 1993; Pattyn et al., 
1987; Trimble et al., 1987; Vacher et al., 1999). In vitro syner-
gism against MAC has been noted between ethambutol and 
ciprofloxacin, and antagonism between rifabutin and cipro-
floxacin has been observed (Yajko et al., 1988; Hoffner et al., 
1989; Kent et al., 1992), although the clinical implications 
of these interactions are unknown. Interestingly, Majumdar 
et al. (1992) found liposome-encapsulated ciprofloxacin to 
be more than 50-fold more effective against intracellular M. 
avium–intracellulare compared to free drug using a human 
monocyte–macrophage culture system. 

The published susceptibility of M. kansasii to ciprofloxa-
cin varies widely, with MIC90 values ranging from 0.6 to 100 
μg/ml, and with a number of large studies suggesting an 
MIC90 of 4 μg/ml—that is, M. kansasii is resistant to rou-
tinely achievable concentrations of ciprofloxacin (Davies et 
al., 1987; Collins and Uttley, 1988; Leysen et al., 1989; Hjelm 

et  al., 1992; García-Rodriguez and Gomez Garcia, 1993). 
Although there are few susceptibility data available for 
other nontuberculous mycobacteria, including M. gordonae, 
M. haemophilum, and M. genavense, ciprofloxacin appears 
to have activity against most isolates in vitro (Griffith et al., 
2007). More resistant isolates of M. haemophilum have been 
reported (MIC90 = 8 μg/ml) (Bernard et al., 1993). M. mal-
moense is relatively resistant (MIC90 ≥ 2 μg/ml), though may 
be more susceptible to the combination of ciprofloxacin with 
ethambutol (Van Caeken berghe, 1990; Hoffner et al., 1993). 
M. porcinum appears susceptible to ciprofloxacin (Wallace et 
al., 2004). Less common species vary in susceptibility: M. 
marinum and M. xenopi have been considered susceptible 
(MIC90 values ≤ 2 μg/ml) (Collins and Uttley, 1985; Leysen 
et al., 1989; Forsgren, 1993); but Aubry et al. (2000) reported 
resistance among a study of 53 clinical isolates of M. mari-
num and a ciprofloxacin MIC90 of 8 μg/ml against these 
organisms was reported by Bråbäck et al. (2002). Note that 
clinical correlations with in vitro susceptibility are lacking 
or limited for a number of less common nontuberculous 
mycobacteria.

Some rapidly growing mycobacteria such as M. fortuitum 
biovar fortuitum are generally quite susceptible to ciproflox-
acin (MIC90 = 0.125 μg/ml), whereas biovar peregrinum and 
other biovars are often less susceptible (MIC90 = 1 μg/ml). 
Similarly, other rapidly growing mycobacteria, including 
M. smegmatis and M. mucogenicum, generally have a cipro-
floxacin MIC90 of 0.5–1 μg/ml, although susceptibility may 
be variable. M. chelonae, M. abscessus, and M. immunogenum 
are generally resistant to ciprofloxacin and other fluoro-
quinolones, with MIC90 values of > 8 μg/ml (Wallace et al., 
1988a; Burns et al., 1990; Wallace et al., 1990; Wallace et al., 
1992; García-Rodriguez and Gomez Garcia, 1993; Khardori 
et al., 1994; Griffith et al., 2007; Tang et al., 2015). 

In previous studies using either a mouse foot pad model 
or the BACTEC system, ciprofloxacin has shown limited use-
ful activity against M. leprae (Banerjee, 1986; Leysen et al., 
1989; García-Rodriguez and Gomez Garcia, 1993). In com-
parison, ofloxacin and moxifloxacin appear to have good 
activity against this pathogen (see Chapter 99, Moxifloxacin, 
and Chapter 103, Ofloxacin).

Ciprofloxacin is active against M. ulcerans in vitro and has 
been successfully used for treatment of clinical infection 
(O’Brien et al., 2012; Thangaraj et al., 2000).

The susceptibility of M. paratuberculosis, the etiologic 
agent of paratuberculosis in ruminants (Johne disease), and 
organisms isolated from the intestinal tissue of some patients 
with Crohn disease, varies, from an MIC50/MBC50 of 0.12/ 
0.5 μg/ml to an MIC ≤ 5 μg/ml, depending on the study 
examined (Chiodini, 1990; Rastogi et al., 1992). 

MYCOPLASMA AND UREAPLASMA SPP.

Many of the fluoroquinolones, including ciprofloxacin but 
excluding norfloxacin, are moderately active against M. homi-
nis (ciprofloxacin MIC90 values of 0.5–2 μg/ml); whereas spar-
floxacin and clinafloxacin have even better activity (Hoban et 
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al., 1989; Kenny et al., 1989; Waites et al., 1991; Samra et al., 
2002; Krausse and Schubert, 2010). However, M. pneumo-
niae is only borderline susceptible to ciprofloxacin (MIC90 
values of 1–8 μg/ml) (Kenny and Cartwright, 1991a; Waites 
et al., 1991; Arai et al., 1992; Hamamoto et al., 2001). Unlike 
ofloxacin, however, ciprofloxacin is inactive in the experi-
mental M. pneumoniae hamster pneumonia model (Arai et 
al., 1993; Gohara et al., 1993), and moxifloxacin has superior 
activity against the organism in vitro (Hamamoto et al., 
2001). Ureaplasma urealyticum is less susceptible than M. 
hominis to ciprofloxacin and can, for practical purposes, be 
regarded as resistant, with MIC90 values of 1–16 μg/ml (gen-
erally 4 μg/ml; Aznar et al., 1985; Hoban et al., 1989; Kenny 
et al., 1989; Waites et al., 1991; Waites et al., 1992; Matlow et 
al., 1998; Krausse and Schubert, 2010).

CHLAMYDIA SPP.

Ciprofloxacin is moderately active against Chlamydia tracho-
matis, including probable tetracycline-resistant strains (MIC90 
values of 1–3 μg/ml). Chlamydia pneumoniae has a ciproflox-
acin MIC in cell assay of 0.5–4 μg/ml (range 0.25–8 μg/ml), 
and for C. psittaci MIC = 0.5–1 μg/ml. The newer fluoro-
quinolones, including sparfloxacin, are significantly more 
active against Chlamydia spp., with potencies in vitro and 
in vivo approaching those of doxycycline and tetracycline 
(Nagayama et al., 1988; Chirgwin et al., 1989; Hoban et al., 
1989; Jones et al., 1990; Segreti et al, 1990; Cooper et al., 
1991; Hammerschlag et al., 1992; Nakata et al., 1992; Kimura 
et al., 1993; Thauvin-Eliopoulos and Eliopoulos, 2003). 
Possible treatment failures with ciprofloxacin for C. tracho-
matis genital infections have been reported (Van der Willigen 
et al., 1992).

RICKETTSIACEAE AND EHRLICHIAE

Fluoroquinolones, including ciprofloxacin, are active in vitro 
against Rickettsia spp. and Coxiella burnetii, as determined 
by various methods, including plaque inhibition cell culture 
assay, the embryonated egg model, and animal models. 
Ciprofloxacin is active in vitro against the spotted fever group 
of Rickettsia (R. rickettsii MIC = 1 μg/ml; R. conorii MIC = 
0.25 μg/ml), but activity against the typhus group (R. typhi 
and R. prowazekii) and scrub typhus group (R. tsutsugamushi) 
is less known (Raoult et al., 1986a; Raoult and Drancourt, 
1991; Jabarit-Aldighieri et al., 1992; Rolain et al., 1998). 
McClain et al. (1988) found ciprofloxacin to be effective in 
mice infected with R. tsutsugamushi. Eaton et al. (1989), and 
Strand and Stromberg (1990), however, reported successful 
clinical outcomes treating typhus and scrub typhus with cip-
rofloxacin, and although this drug has been used successfully 
in patients with other rickettsial infections, in some studies 
it has been found to be inferior to doxycycline (Gudiol et al., 
1989) and azithromycin (Kim et al., 2006).

Coxiella burnetii is heterogeneously susceptible to fluoro-
quinolones in vitro as measured by the human embryonic 
lung fibroblast shell vial assay technique, in which Raoult et 
al. (1991) found only 5 of 13 strains to be susceptible to 1 μg/
ml ciprofloxacin. Other methodologies have suggested the 

susceptibility of C. burnetii to be somewhat strain-dependent 
(Yeaman et al., 1987; Yeaman and Baca, 1990; Raoult et al., 
1991). Spyridaki et al. (2009) reported the susceptibility 
threshold of C. burnetti isolates to be 4–8 μg/ml—substan-
tially worse than doxycycline’s (an MIC of 0.25–0.5 μg/ml). 
In cell culture models, ciprofloxacin appeared to have rather 
poor activity (Brennan and Samuel, 2003), with ofloxacin 
and trovafloxacin demonstrating more activity (Spyridaki et 
al., 2009). Yeaman et al. (1989), however, suggested that com-
binations of ciprofloxacin plus rifampicin have synergistic 
activity in vitro against C. burnetii, but the clinical relevance 
of this observation is unclear.

Most filarial nematodes contain rickettsia-like bacteria of 
the genus Wolbachia that appear to have significant functions 
in the biology of filarial nematodes and are therefore a po - 
tential means of treating filarial infections. Using an Aedes 
albopictus insect cell line naturally infected with Wolbachia, 
Hermans et al. (2001) showed good activity for doxycycline, 
oxytetracycline, and rifampicin against the Wolbachia organ-
isms, but no activity for penicillin or ciprofloxacin.

Ehrlichia sennetsu, the cause of Sennetsu disease (a mono-
nucleosis-like illness described in Southeast Asia) is very 
susceptible to ciprofloxacin (MIC = 0.125 μg/ml) (Brouqui 
and Raoult, 1990). However, E. chaffensis, the cause of human 
ehrlichiosis (previously thought to be caused by E. canis) 
appears to be resistant in vitro to ciprofloxacin (MIC = 4 μg/
ml), although concentrations of ≥ 2 μg/ml were bacterio-
static. Thus, some discrepancies have been observed in the 
activity of quinolones against Ehrlichia spp. (Brouqui and 
Raoult, 1992).

GIARDIA LAMBLIA

The fluoroquinolones, including ciprofloxacin, have no use-
ful activity against G. lamblia, requiring concentrations of 
100 μg/ml to inhibit trophozoite growth in vitro (Ikerd and 
Koletar, 1993).

SPIROCHETES

Ciprofloxacin appears to be active both in vitro and in an 
animal model against at least one strain of Leptospira interro-
gans serogroup Icterohaemorrhagiae, with an MBC of 0.6 
μg/ml (Shalit et al., 1989a). Determining in vitro susceptibil-
ity for Leptospira spp. has traditionally been difficult. Using a 
broth microdilution method developed by Murray and 
Hospenthal (2004), Ressner et al. (2008) noted that cefotax-
ime, ceftriaxone, imipenem, penicillin G, moxifloxacin, levo-
floxacin, and ciprofloxacin all had MIC90 values in the range 
of 0.03–0.125 μg/ml in relation to 13 Leptospira isolates, but 
that geographical variability was evident. Chakraborty et al. 
(2010) also noted a low ciprofloxacin MIC90 (0.31 µg/ml) 
using this method. More recently, Wuthiekanun et al. (2015) 
reported susceptibility to ciprofloxacin using a solid culture 
medium, facilitating the use of disk diffusion and Etest meth-
ods (Wuthiekanun et al., 2015). Ciprofloxacin, gatifloxacin, 
and levofloxacin all appear active against L. interrogans 
in  a  hamster model (Griffith et al., 2007). Nevertheless, 
 ciprofloxacin is not yet regarded as a suitable therapeutic 
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agent for leptospirosis due to the lack of clinical data in 
humans.

Ciprofloxacin and ofloxacin have relatively poor activity 
against Borrelia burgdorferi in vitro (MIC90 values of 1 and 
2 μg/ml, respectively, and MBC90 values for both at 8 μg/ml) 
(Levin et al., 1993). Among the fluoroquinolones, ciproflox-
acin appeared to be one of the least active in vitro, in a study 
by Kraiczy et al. (2001).

Fluoroquinolones are ineffective in animal models of 
Treponema pallidum infection and have no role in the treat-
ment of clinical syphilis (CDC, 1993a; Peeling and Ronald, 
1993).

TROPHERYMA WHIPPLEI

Tropheryma whipplei is the agent of Whipple’s disease and 
grows fastidiously only in cell cultures without plaque for-
mation; only three strains have been passaged (Fenollar et 
al., 2003; Masselot et al., 2003). It is considered to be natu-
rally relatively resistant to fluoroquinolones, with MICs of 
4 and 8 μg/ml, but susceptibility testing is not standardized. 
Molecular assessment has identified gyrA and parC sequences 
that correlate with resistance to ciprofloxacin (Masselot et al., 
2003).

PLASMODIA

A number of fluoroquinolones have in vitro activity against 
plasmodia, but ciprofloxacin appears to be the most inhibi-
tory against both chloroquine-susceptible and -resistant 
strains of Plasmodium falciparum at clinically achievable 
concentrations (Divo et al., 1988; Krishna et al., 1988). 
Ciprofloxacin is also active against P. yoelii in an experi-
mental mouse model (Salmon et al., 1990). Variable and 
poor clinical responses using norfloxacin and ciprofloxacin 
respectively suggest that fluoroquinolones are unlikely to 
become major therapeutic agents for malaria (Watt et al., 
1991; McLean et al., 1992); although some recently devel-
oped quinolone-derived antimalarial compounds appear 
promising and may warrant further investigation (Beteck et 
al., 2014; Biagini et al., 2012; Nilsen et al., 2013; Saenz et al., 
2013).

FUNGI

Fungi are thought to be intrinsically resistant to quinolo-
nes, possibly because, like other eukaryotes, they contain 
topoisomerase enzymes that are structurally and function-
ally distinct from the DNA gyrases present in prokaryotic 
bacteria. Furthermore, metabolic pathways for degrading 
quinolones have been described in fungi (Wetzstein et al., 
1997), while little is known regarding quinolone permeabil-
ity in fungi (Hooper and Wolfson, 1993a).

Paradoxically, several small studies have suggested en- 
hanced antifungal activity is achieved by combining cipro-
floxacin or other quinolones with antifungal agents in vitro, 
and in animal models against several fungal pathogens, 
including Candida spp., Cryptococcus neoformans, Histo-
plasma capsulatum (particularly yeast forms), Coccidioides 
posadasii, and Aspergillus fumigatus (Brilhante et al., 2013; 

Deren et al., 2010; Nakajima et al., 1995; Sasaki et al., 2000; 
Shen et al., 1992; Sugar et al., 1997). The clinical relevance 
of these interactions is unknown.

2b.  Emerging resistance and 
cross-resistance

OVERVIEW

Since the late 1990s, fluoroquinolone resistance has increased 
substantially in many geographic regions, especially among 
enteric bacteria and P. aeruginosa (Jacoby, 2005). The mech-
anisms of fluoroquinolone resistance have been succinctly 
summarized by Jacoby (2005), Hooper (2003), and more 
recently both, in 2015 (Hooper and Jacoby, 2015). Further-
more, they are also summarized in Table 104.4, in Chapter 
104, Levofloxacin. 

In the laboratory, as with nalidixic acid, the frequency of 
selection of chromosomal mutations depends on the select-
ing quinolone, the quinolone concentration, and the media 
and bacterium used (Wolfson and Hooper, 1989a). By serial 
passage of organisms on media containing increasing con-
centrations of the quinolone in question, one can probably 
select for resistance to all fluoroquinolones (Neu, 1988). 
Resistant mutants of P. aeruginosa, S. aureus, and some 
strains of E. cloacae and S. marcescens can be more readily 
selected than mutants of E. coli (Duckworth and Williams, 
1984; Chantot and Bryskier, 1985; Kumada and Neu, 1985; 
Scribner et al., 1985; Fernandes et al., 1987; Felmingham 
et  al., 1988; Aldridge et al., 1989; Watanabe et al., 1990). 
Resistance due to spontaneous single-step chromosomal 
mutation occurs at the very low frequency of < 10–9 per base 
per generation, and usually results in a 300-fold lower level 
of resistance than similar mutations resulting in resistance 
to nalidixic acid (Neu, 1988). This frequency of mutation 
conferring resistance to ciprofloxacin or norfloxacin is 100- 
to 1000-fold lower than for nalidixic acid (Hooper et al., 
1986). Highly resistant bacteria may contain multiple muta-
tions, thereby contributing in an additive fashion to resis-
tance (Hane and Wood, 1969; Hooper et al., 1986; Hooper 
et al., 1987).

There are currently four major mechanisms of resistance 
to fluoroquinolones: (1) altered target site due to point muta-
tions in DNA gyrase and or topoisomerase IV; (2) upregu-
lation of native efflux pumps with or without decreased 
expression of outer membrane porins; (3) plasmid-mediated 
gyrase inhibitor binding site protection (qnr proteins); and 
(4) enzymatic degradation by the bifunctional aac(6′)-Ib-cr 
enzyme, capable of acetylating both aminoglycosides and flu-
oroquinolones (Hooper and Wolfson, 1993a; Hooper, 2002; 
Jacoby, 2005; Machado et al., 2006; Robicsek et al., 2006a; 
Hooper and Jacoby, 2015; see Table 104.4; see Chapter 104, 
Levofloxacin).

The key targets of quinolones are DNA gyrase and DNA 
topoisomerase IV, which are both large, complex, essential 
bacterial enzymes composed of two subunits. The two com-
ponents of DNA gyrase are GyrA and GyrB (encoded by the 
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gyrA and gyrB genes, respectively), whereas the subunits of 
topoisomerase IV are ParC and ParE (Hooper, 2003; Jacoby, 
2005). The two enzymes work together in the replication, 
transcription, recombination, and repair of DNA (see sec-
tion 3, Mechanism of drug action). Quinolones block the 
actions of these enzymes, inhibiting the resealing of breaks 
in double-stranded DNA that occur during replication 
(Jacoby, 2005; Hooper and Jacoby, 2015). Although some bac-
teria can function with only DNA gyrase, most require both 
enzymes, but to variable degrees. Among Gram-negative 
bacteria, the gyrase is more susceptible than topoisomerase 
IV to quinolone inhibition, whereas among Gram-positive 
bacteria the gyrase is intrinsically less susceptible and 
topoisomerase IV is the key enzyme affected. Thus, in Gram-
negative bacteria, mutations are likely to occur first in gyrA, 
whereas in Gram-positive bacteria the mutations are likely to 
occur first in parC (also known as grlA, especially in staphy-
locci). Resistance results from amino acid substitutions in 
key regions, collectively termed the quinolone resistance–
determining region (QRDR), which is at the DNA-binding 
surfaces of the enzymes (Cabral et al., 1997; Friedman et al., 
2001; Jacoby, 2005). Accumulation of mutations generally 
results in increasing resistance. For instance, in Gram-
negative bacteria, an initial first-step mutation often affects 
the GyrA subunit of DNA gyrase, then additional mutations 
in gyrA or in gyrB or parC result in resistance augmentation. 
Combined, these mutations have a much greater effect than 
each alone, but the most susceptible target within the organ-
ism appears to set the level of susceptibility for that organism 
(Jacoby, 2005; Hooper, 2003). These substitution mutations 
then reduce drug affinity for the enzymes and thereby lessen 
the drug’s action—resulting in bacterial resistance to the rel-
evant fluoroquinolone (Jacoby, 2005). However increasing 
data suggest that fluoroquinolones that target both gyrase 
and topisomerase IV equally have less likelihood of bringing 
about mutational events in one or the other of these two 
enzymes, and would therefore be less likely to become asso-
ciated with emerging fluoroquinolone resistance (Yague et 
al., 2002; Ince et al., 2003; Smith et al., 2004; Jacoby, 2005). 
Thus, older fluoroquinolones such as ciprofloxacin that act 
mainly on gyrase rather than topoisomerase IV may be more 
likely to generate an emergence of resistance in some bacte-
ria (especially Gram-positive bacteria) than newer agents, 
such as moxifloxacin or gemifloxacin, as they appear to affect 
both enzymes and to require multistep mutations for resis-
tance to emerge (Jacoby, 2005; Jumbe et al., 2006; Turner et 
al., 2006).

GyrA mutations have been reported in numerous bac-
terial species, including enteric organisms such as E. coli, 
K. pneumoniae, Enterobacter spp., Citrobacter spp., S. marc-
escens, P. mirabilis, P. stuartii, M. morganii, Y. enterocolitica, 
Salmonella spp., Campylobacter spp., and Shigella spp.; in non-
fermenting Gram-negative organisms such as A. baumanii, 
P. aeruginosa, and B. cepacia; more rarely in the respiratory 
pathogens H. influenzae, M. catarrhalis, and S. pneumoniae; 
frequently in N. gonorrhoeae and emergently in N. menin-
gitidis; in Gram-positive organisms including S. aureus, 

S. epidermidis, E. faecalis, and E. faecium, usually in associa-
tion with other binding site mutations, e.g. grlA/parC; and in 
M. tuberculosis, being associated with poor outcomes in rela-
tion to MDR-TB (Rella and Haas, 1982; Setlow et al., 1985; 
Hirai et al., 1987; Inoue et al., 1987; Aoyama et al., 1988; 
Robillard and Scarpa, 1988; Fujimaki et al., 1989; Masecar et 
al., 1990; Robillard, 1990; Sreedharan et al., 1990; Gootz and 
Martin, 1991; Heisig and Sreedharan et al., 1991; Masecar 
and Robillard, 1991; Nakanishi et al., 1991a; Nakanishi et 
al., 1991b; Okuda et al., 1991; Heisig and Wiedemann, 1991; 
Segreti et al., 1992; Heisig et al., 1994; Brisse et al., 1999; 
Chien et al., 2016; Fasching et al., 1991; Hong et al., 2013; 
Korten et al., 1994; Li et al., 1998; Lister et al., 2009; Peleg et 
al., 2008; Piddock, 1995; Puig et al., 2015; Reyna et al., 1995; 
Rigouts et al., 2016; Sanchez-Cespedes et al., 2003; Shoji et 
al., 2014; Takenouchi et al., 1995; Thompson et al., 2015; 
Tseng et al., 2014; Unemo and Shafer, 2014; Weigel et al., 
2002; Weigel et al., 1998; Yamada and Saito, 2014). Alterations 
associated with fluoroquinolone resistance have also been 
reported as occurring in the relevant enzyme’s subunit B in a 
number of these species, although less frequently (Yamagishi 
et al., 1981; Yamagishi et al., 1986; Stein et al., 1991). Much 
of the original information regarding gyrA mutants has 
come from studies of E. coli in which single changes in amino 
acid sequence at the active site of the GyrA subunit have 
been responsible for the resultant resistance. A commonly 
observed site of alteration is position-83 of the A subunit, 
in which the polar amino acid serine is changed to leucine 
or tryptophan (Heisig et al., 1993). Similar changes at posi-
tion-84 (equivalent to Ser-83 in E. coli) of the GyrA subunit 
have been noted in quinolone-resistant S. aureus and S. epi-
dermidis (Hooper and Wolfson, 1993a).

In addition to these considerations, the fact that most 
bacteria have some flexibility in setting the likely rate of 
mutational events means that drug concentration at the tar-
get site is important. This has raised the concept (in relation 
to fluoroquinolones) of the mutant protective concentration 
(MPC)—the lowest concentration of a drug at which no 
resistant mutants are generated. The range of concentrations 
at which mutant selection occurs lies between the MIC and 
the MPC—the so-called mutant selection window. Thus, the 
optimum fluoroquinolone is the one with the narrowest 
mutant selection window and the most practical dosing reg-
imen that maintains drug concentrations above the MPC for 
a large part of the dosing interval, to lessen opportunities for 
mutation and therefore the emergence of resistance (Zhao 
and Drlica, 2001; Jacoby, 2005).

Fluoroquinolones can be stopped from reaching their 
enzyme targets by their removal from the cell by drug efflux 
pumps or, in the case of Gram-negative bacteria, the alter-
ation of outer membrane porin proteins that form channels 
in the membrane allowing passive diffusion of agents through 
the outer membrane (such outer membrane proteins are 
termed OmpF and OmpC in E. coli) (Celesk and Robillard, 
1989; Cohen et al., 1988; McCaffrey et al., 1992; Li et al., 
1994; Jacoby, 2005). Hydrophilic drugs such as quinolones 
penetrate the outer membrane of Gram-negative bacilli to 
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the periplasmic space through these porin protein channels, 
which are filled with water (Nikaido and Vaara, 1985; Han-
cock, 1987). The characteristics of a cell’s porins are regulated 
in response to environmental factors, such as temperature 
and growth medium (Lugtenberg et al., 1976; Hall and 
Silhavey, 1981; Schnaitman and McDonald, 1984). Studies 
on E. coli, especially those involving alterations in OmpF 
porins, have demonstrated both resistance and reduced 
accumulation of quinolones, and also target cell resistance to 
structurally unrelated drugs, such as tetracycline, chloram-
phenicol, and some beta-lactams (Hooper et al., 1989; Aubert 
et al., 1992). The genetic control of OmpF and other porins 
appears to be complex (Rosner et al., 1991). Thus, Gram-
negative bacteria can block drug entry and increase drug 
efflux; whereas increased efflux is the more prominent mech-
anism of the two in Gram-positive bacteria. As alteration of 
porins may also affect the cell entry of non-fluoroquinolone 
drugs, porin changes can result in cross-class resistance that 
affects a wide range of unrelated antibiotics—thereby result-
ing in multiresistant Gram-negative pathogens (Jacoby, 2005).

The names of the various drug efflux pumps that can 
become upregulated and result in fluoroquinolone removal 
vary with the organism being studied—for instance, in E. coli 
the AcrAB-TolC efflux pump plays a major role and has mul-
tiple controlling genes—acrR, marR, tolC—each in multiple 
ways resulting in increased fluoroquinolone efflux (Cohen 
et al., 1989; Cohen et al., 1993; Alekshun and Levy, 1997; 
Jacoby, 2005). In Staphylococcus aureus, expression and regu-
lation of the efflux pumps NorA, NorB, and NorC have been 
shown to affect quinolone susceptibility (Schindler et al., 
2015; Truong-Bolduc et al., 2006; Ubukata et al., 1989; Yu 
et al., 2002).

Target (DNA gyrase and topoisomerase IV) alterations 
and efflux activation are often found together in resistant 
clinical isolates (Cohen et al., 1989; Masecar et al., 1990; 
Young and Hancock, 1992; Jacoby, 2005).

While plasmid-mediated resistance was initially consid-
ered to be an uncommon cause of ciprofloxacin resistance, it 
is now known that this is not the case for some bacteria, 
especially K. pneumoniae and E. coli. Although plasmid- 
mediated quinolone resistance (PMQR) has spread globally, 
it remains less problematic than either target alteration or 
drug efflux, being generally both less common and resulting 
in a lesser degree of resistance (Courvalin, 1990; Jacoby, 
2005; Robicsek et al., 2005; Paterson, 2006; Hooper and 
Jacoby, 2015; Strahilevitz et al., 2009). A number mecha-
nisms of plasmid-mediated quinolone resistance have been 
described (see Table 104.4, Chapter 104, Levofloxacin). 

The initial plasmid-mediated quinolone resistance gene 
(qnr) was purified and shown to bind to and protect both 
DNA gyrase and topoisomerase IV from inhibition by cipro-
floxacin (Tran and Jacoby, 2002; Tran et al. 2005). A novel 
quinolone gene with 59% amino acid homology with the 
original qnr gene (qnrA1) was later found in a plasmid from 
an outbreak strain of Shigella flexneri in Japan, and was des-
ignated qnrS (Hata et al., 2005). Multiple strains of qnrS- 
containing E. coli have since been noted in Greece (Vasilaki 

et al., 2008). Subsequently, a plasmid-mediated resistance 
gene, qnrB, was identified in a plasmid encoding CTX-M-15 
beta-lactamase from a K. pneumoniae strain isolated in 
South India, with < 40% amino acid homology with qnrA. 
Strains with qnrB demonstrated low-level resistance to all 
the quinolones tested (Jacoby et al., 2006). qnrB has now 
been detected in C. koseri, E. cloacae, and E. coli isolates 
obtained from the USA (Jacoby et al., 2006). A number of 
qnr genes have now been described worldwide in various 
Enterobacteriaceae—qnrA (seven variants), qnrB (78 vari-
ants), qnrS (nine variants), qnrC, qnrD (two variants) and 
qnrVC (seven variants) (Gay et al., 2006; Jacoby et al., 2008; 
Vasilaki et al., 2008; Jacoby et al., 2006; Cavaco et al., 2009b; 
da Fonseca and Vicente, 2011; Hata et al., 2005; Kim et al., 
2010b; Wang et al., 2009). A separate qnr homologue has also 
been found on the chromosome of Stenotrophomonas malto-
philia, designated Smqnr (Shimizu et al., 2008). Concerningly, 
plasmids carrying qnr genes often also encode for extended 
spectrum beta-lactamases (ESBLs), conferring resistance to 
both fluoroquinolones and many beta-lactam agents (Pater-
son et al., 2000; Lautenbach et al., 2001; Jacoby et al., 2006). 
Qnr by itself provides only a level of quinolone resistance 
similar to a first-step mutation in DNA gyrase (e.g. a shift 
in MIC of ciprofloxacin from 0.008 to 0.25 μg/ml), but the 
presence of the plasmid augments other existing resistance 
mechanisms such that qnr widens the mutant selection win-
dow (e.g. 10-fold increase for ciprofloxacin when a gyrA 
mutation is present) (Jacoby, 2005; Briales et al., 2011).

Enzymatic degradation of fluoroquinolones has also been 
described, due to a variant of the aminoglycoside acetyl-
transferase aac(6′)-Ib, which appears to reduce the activity 
of ciprofloxacin by N-acetylation at the amino nitrogen on 
its piperazinyl ring (Robicsek et al., 2006a; Robicsek et al., 
2006c). The two base-pair changes responsible for the amino 
acid substitutions Trp102Arg and Asp179Tyr, and change 
in ciprofloxacin susceptibility are unique to this variant of 
the enzyme, aac(6′)-Ib-cr, which was first described in 2003 
(Machado et al., 2006; Robicsek et al., 2006c). Fluoro-
quinolones lacking a piperazinyl nitrogen, such as levofloxa-
cin, are not affected by the aac(6′)-Ib-cr variant (Ruiz et al., 
2012a). The encoding aac(6 ′)-Ib-cr gene has been found in 
a number of Enterobacteriaceae, usually in an integron on a 
multidrug resistance plasmid, although chromosomal loca-
tions have also been detected (Ruiz et al., 2012b). Although 
initially thought to be uncommon, this fluoroquinolone 
resistance mechanism has since been found on several 
Enterobacteriaceae worldwide, particularly in association 
with the CTX-M-15 extended spectrum beta-lactamase, and 
in some reports, was more common than qnr alleles (Hooper 
and Jacoby, 2015).

Two additional efflux pumps mediated by plasmids have 
been described. In an in vitro model, E. coli transformants 
carrying a novel quinolone resistance gene, qepA, had 32- to 
64-fold higher MICs to norfloxacin, ciprofloxacin and enro-
floxacin compared to their respective parent strains (Yamane 
et al., 2007). However, others have found more variable 
changes in MIC in qepA transconjugants, suggesting a more 
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complex relationship with a gene expression and regulation 
system that is yet to be defined (Liu et al., 2008; Machuca et 
al., 2015).

The Resistance-Nodulation-Division (RND) efflux pump, 
OqxAB, has also been implicated in ciprofloxacin resistance 
(Hansen et al., 2004; Sorensen et al., 2003). Initially found on 
transmissible plasmids from swine manure to confer resis-
tance to olaquindox, a growth promoter used on pig farms, it 
has since been found on plasmids in other food-producing 
animal and clinical isolates of E. coli, K. pneumoniae, and S. 
enterica (Kim et al., 2009; Li et al., 2013; Rodriguez-Martinez 
et al., 2013; Wong and Chen, 2013; Zhao et al., 2010). Co- 
location on the same plasmid with CTX-M beta-lactamases 
has recently been described (Liu et al., 2013). OqxAB has a 
number of substrates, and can confer reduced susceptibility 
to other antimicrobials, including norfloxacin, nalidixic acid, 
chloramphenicol and trimethoprim (Hansen et al., 2007).

Diagnostic laboratory detection of transmissible quino-
lone resistance has previously proved problematic. Cavaco 
and Aarestrup (2009a) assessed various methods for their 
accuracy in detecting quinolone resistance, particularly low-
level fluoroquinolone resistance conferred by the transfer-
able plasmid-mediated genes qnrA, qnrB, and qnrS, as well as 
the aac(6 ′)-Ib-cr gene. Although screening for nalidixic acid 
resistance by MIC testing or disk diffusion was efficient for 
detection of mutants (gyrase, topoisomerase, and efflux), 
direct testing using ciprofloxacin or norfloxacin was required 
for detection of qnr and aac(6 ′)-Ib-cr. (Cavaco and Aarestrup, 
2009a). Furthermore, the complexity of the resistance 
mechanisms may produce substantial variation in suscepti-
bility testing results, particularly if they are in combination 
(Rodriguez-Martinez et al., 2015a; Rodriguez-Martinez et 
al., 2015b). In the current era, these plasmid-mediated resis-
tance genes may be more readily detected through high- 
throughput whole genome sequencing (Guillard et al., 2010; 
Zankari et al., 2012).

A further consideration in emerging resistance is the con-
tribution of ciprofloxacin to stimulating genetic change and 
acquisition of resistance and virulence elements (Morero et 
al., 2011). In an in vitro E. coli model, subtherapeutic doses of 
ciprofloxacin stimulated homologous recombination signifi-
cantly more than other antibiotics, such as gentamicin, tetra-
cycline, trimethoprim and rifampicin (Lopez and Blazquez, 
2009)—demonstrating the possibility for rapid emergence 
and dissemination of resistance mutations with widespread 
use of ciprofloxacin. Another in vitro study demonstrated that 
subinhibitory concentrations of fluoroquinolone increased 
the mutation frequency in selecting for carbapenem resis-
tance in Pseudomonas aeruginosa through increased porin 
loss and increased efflux pump expression (Tanimoto et al., 
2008). These in vitro observations provide one possible 
explanation for correlations between fluoroquinolone usage 
and multidrug resistance in clinical studies—hence some 
authors advocate that restricting quinolone use both in 
humans and in food-producing animals may slow the devel-
opment of antimicrobial resistance (Aldeyab et al., 2012; 

Bergman et al., 2009; Gottesman et al., 2009; Kopterides et 
al., 2007; Lesho et al., 2015).

GRAM-NEGATIVE PATHOGENS

Enterobacteriaceae
Eliopoulos and Eliopoulos (1993), in their review of the liter-
ature from 1988 to 1993, identified no significant change in 
overall susceptibilities of Enterobacteriaceae to fluoro-
quinolones. In Germany, Sweden, Belgium, Holland, and the 
UK during the 1970s, 1980s, and early 1990s, no change in 
resistance to ciprofloxacin among Enterobacteriaceae was 
reported (Kresken and Wiedemann, 1988; Grüneberg, 1990; 
Buirma et al., 1991; Shah et al., 1991; Verbist, 1991; Walder et 
al., 1994). However, numerous reports have now described 
significant absolute increases in the rates of fluoroquinolone 
resistance among Enterobacteriaceae of 10–20% over the last 
two decades in many regions (Aguiar et al., 1992; Pena et al., 
1995; Sader et al., 1999; Fridkin et al., 2002; Friedland et 
al.,  2003; Turner, 2005; Lockhart et al., 2007; Livermore et 
al., 2008; Zhanel et al., 2008; Al-Hasan et al., 2009; Badura 
et al., 2015; Cullen et al., 2012; Lee et al., 2009; Sanchez et al., 
2012).

Development of ciprofloxacin resistance, particularly 
among Gram-negative bacilli, was associated with increasing 
use of fluoroquinolones as early as the late 1980s (Azadian et 
al., 1986; Chin et al., 1989; Parry et al., 1989; Carratala et al., 
1991; Muder et al., 1991; Dostal et al., 1992; Cooper et al., 
1993; Kern et al., 1994; Pena et al., 1995). Pena et al. (1995) 
reported a significant increase in ciprofloxacin-resistant E. coli 
bacteremia in Barcelona, Spain, from 0% in 1988 to 7.5% in 
1992; previous fluoroquinolone use was the only indepen-
dent risk factor for resistance in this study. In a study of 
cirrhotic patients treated with norfloxacin to prevent sponta-
neous bacterial peritonitis, Dupeyron et al. (1994) noted 
fecal colonization with organisms highly resistant to fluoro-
quinolones in more than 50% of patients after 14 days of 
therapy. Such data raise concerns regarding the prophylactic 
use of fluoroquinolones and the potential for selection and 
dissemination of resistant isolates, especially in the hospital 
environment.

In a number of large resistance surveys of clinical isolates 
from patients managed in intensive care units (ICUs) and 
elsewhere, ciprofloxacin resistance appears to be increasing 
dramatically, with 21.1% of E. coli and 23.8–25.5% P. aerugi-
nosa strains resistant in one study (Zhanel et al., 2008); and 
37% of Enterobacteriaceae and 54% of P. aeruginosa resistant 
in another (Pfaller et al., 2006). Similar findings were noted 
in China, with 25–42% of E. coli isolates from ICU patients 
resistant to ciprofloxacin (Wang et al., 2005). Risk factors for 
resistance to ciprofloxacin among ICU patients include dura-
tion of previous treatment with ciprofloxacin (risk ratio [RR]: 
1.15 per day; p < 0.001) or levofloxacin (RR: 1.39 per day; 
p = 0.04) and length of inpatient stay before ICU admission 
(RR: 1.02 per day, p = 0.005) (Levin et al., 2007).

In surveys of E. coli urinary tract isolates, ciprofloxacin 
resistance appears to be increasing in certain regions. In 
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Hong Kong, 22.1% of 1067 isolates were resistant in 2004–
2005; in the USA, rates vary from 9.5% to much higher 
rates—in one study 10.8% were resistant to ciprofloxacin 
alone, but a higher percentage were multidrug resistant 
(Karlowsky et al., 2003b; Karlowsky et al., 2006; Ho et al., 
2007). Other recent surveys have reported ciprofloxacin 
resistance rates of 14% in Dublin, Ireland, 17% in the USA, 
17% in Austria, and 23% in a pooled survey across Belgium, 
Germany, and Spain (Badura et al., 2015; Cullen et al., 2012; 
Sanchez et al., 2012; Kresken et al., 2016).

Among E. coli bacteremia isolates in England during 
1995–2001, the prevalence of ciprofloxacin resistance tre-
bled, from 2.1% to 6.5%, with isolates from men more likely 
to be resistant than those from women (Livermore et al., 
2003). In a selected group of ciprofloxacin- and cefotaxime- 
resistant Enterobacteriaceae blood culture isolates obtained 
in the UK, carriage of the qnrA gene was high (32%)—much 
higher than in previous studies—suggesting that transferable 
quinolone resistance was an emerging problem in this region 
at that time (Corkill et al., 2005).

The association between resistance to fluoroquinolones 
and ESBL production appears to be increasing among 
Enterobacteriaceae (> 70% in some studies), with risk factors 
including recent antibiotic use, residence in a long-term care 
facility, recent hospitalization, age 65 years, and male gender 
(Schwaber et al., 2005; Ben-Ami et al., 2009). However, in 
one study, 34% of ESBL-producing isolates were obtained 
from patients with no recent healthcare contact (Ben-Ami et 
al., 2009).

In a recent detailed study of resistance mechanisms in flu-
oroquinolone-resistant E. coli, Morgan-Linnell et al. (2009) 
found that among their isolates, all had gyrA mutations; 
approximately 85% of gyrA mutants also had parC muta-
tions; about 23% of isolates harbored the enzyme aac(6′)-
Ib-cr, and these had higher ciprofloxacin and norfloxacin 
MICs than those observed for gatifloxacin; no isolates had 
qnrA; and about 33% of isolates had increased AcrA levels. 
However, these known resistance mechanisms accounted for 
the resistance observed in about 70% of isolates—suggesting 
other mechanisms may also be involved (Morgan-Linnell et 
al., 2009). 

The reported prevalence of different resistance mecha-
nisms varies in different studies and different species. In a 
study of 265 clinical Enterobacteriaceae isolates with reduced 
susceptibility to ciprofloxacin recovered from China, 4.8% of 
E. coli carried qnr genes, compared to 46.8% of K. pneumo-
niae and 62.8% of E. cloacae. In the same study, 13.3% of 
E. coli harboured the aac(6’)-Ib-cr variant, compared to 20.8% 
of K. pneumoniae and 9.3% of E. cloacae (Yang et al., 2008). 
Another Chinese study of 307 human E. coli isolates reported 
the prevalence of qnr genes and aac(6’)-Ib-cr to be 2.6% and 
3.6% respectively (Chen et al., 2012), while a Spanish study 
of ESBL-producing E. coli and K. pneumoniae reported prev-
alence rates of 3.7% and 16.2% (Briales et al., 2012). Within a 
clonal population such as the ST131-H30 subclone, Johnson 
et al. (2015) reported that almost all H30 isolates had gyrA 

and parC mutations, while only 29% expressed significant 
efflux pump activity, and 20% carried aac(6 ′)-Ib-cr (Johnson 
et al., 2015).

Emerging resistance among K. pneumoniae isolates has 
now been reported globally. Of 452 episodes of bacteremia 
caused by K. pneumoniae from the United States, Argentina, 
Taiwan, Turkey, Belgium, South Africa, and Australia, 25 
were resistant to ciprofloxacin—all the resistant strains were 
found in the USA, Argentina, Taiwan, or Turkey (Paterson 
et al., 2000). Significant factors predictive of such resistance 
included previous quinolone use and ESBL production. 
ESBL production was noted in 60% of ciprofloxacin-resistant 
strains versus 16% of ciprofloxacin-sensitive strains (p = 
0.0001) (Paterson et al., 2000). Among 72 isolates of K. pneu-
moniae from the USA, 8 (11%) had plasmid-mediated qnr 
genes that were associated with fluoroquinolone resistance. 
Notably, the majority of these were transferable—resulting 
in a 32-fold increase in ciprofloxacin MICs (Wang et al., 
2004).

Concerningly, in recent years, the spread of fluoroquino-
lone resistance has been further propagated worldwide by 
multidrug-resistant high risk clones, such as the H30-Rx 
clone of ST131 E. coli and the KPC-producing clone of ST258 
K. pneumoniae, having become resistant through both plas-
mid and chromosomal resistance elements (Mathers et al., 
2015).

Pseudomonas aeruginosa
Emerging resistance to ciprofloxacin has been particularly 
an issue among P. aeruginosa isolates over the last 15–20 
years (Kresken and Wiedemann, 1988; MacGowan et al., 
1993; Jones et al., 2001; Turnidge et al., 2002; Karlowsky et 
al., 2003a; Obritsch et al., 2004; Reynolds et al., 2004). 
Pseudomonas aeruginosa isolates resistant to ciprofloxacin 
are generally cross-resistant to other quinolones (Rådberg et 
al., 1990). Dissociated resistance between fluoroquinolones, 
whereby increased ciprofloxacin resistance is not associated 
with a similar level of resistance to other fluoroquinolones, 
has only occasionally been described (Barry and Fuchs, 
1991; Thomson et al., 1991; Thomson and Sanders, 1994; 
Chidiac et al., 1995). Fung-Tomc et al. (1993) noted reduced 
susceptibility to the non-quinolone agents imipenem, amik-
acin, and cefepime in P. aeruginosa isolates, which developed 
ciprofloxacin resistance after exposure in vitro to subinhib-
itory levels of ciprofloxacin. Similar cross-resistance to imi-
penem has been noted in clinical P. aeruginosa isolates 
developing resistance to ciprofloxacin (Aubert et al., 1992)—
this is generally due to the presence of multiple mechanisms 
of resistance among these P. aeruginosa isolates (Legakis et 
al., 1989; Diver et al., 1991).

MacGowan et al. (1993) reviewed the susceptibility of 
more than 85,000 clinical isolates collected in the UK 
between 1984 and 1991. Patterns of susceptibility remained 
largely unchanged among Enterobacteriaceae, but there was 
an increase in resistance among Pseudomonas spp. of 9.6–
13% between 1986 and 1991. Other authors in the UK and 
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Sweden also noted an increase in ciprofloxacin resistance 
among isolates of P. aeruginosa during this period (Barry et 
al., 1990; Fredlund et al., 1990; George et al., 1990). Marked 
declines in fluoroquinolone susceptibility rates among 
Gram- negative aerobic bacilli, particularly in ICUs, have 
been identified in the USA. In a 5-year study in an Okla - 
homa VA hospital ICU, Gentry et al. (2002) noted significant 
declines in susceptibility of P. aeruginosa isolates to cipro-
floxacin between 1995 and 1999 in conjunction with in - 
creasing use of this drug. Surveillance involving antibiotic 
susceptibility testing of 35,790 nonduplicate Gram-negative 
aerobic isolates from ICUs in 43 US states (plus the District 
of Columbia) showed a fall in susceptibility to ciprofloxacin, 
from 86% in 1994 to 76% in 2000, again in association with 
increased fluoroquinolone use (Neuhauser et al., 2003). 
Among routine hospitalized patients, Karlowsky et al. (2003a) 
found 70–80% P. aeruginosa isolates from 65 laboratories 
across the USA, collected between 1998 and 2001, to be sus-
ceptible, but susceptibility rates among isolates from ICU 
patients were < 60%. Similar rates of susceptibility (68%) were 
noted in France in 2004 and in other US studies (Karlowsky 
et al., 2005a; Karlowsky et al., 2005b; Cavallo et al., 2007). 
In the UK and Ireland during 2001 to 2006, surveillance of 
1226 P. aeruginosa isolates demonstrated resistance rates of 
16–22% (Livermore et al., 2008).

Among urinary tract P. aeruginosa isolates from the Asia–
western Pacific region in 1998–1999, resistance rates to 
quinolones were 33–37% (Turnidge et al., 2002). In compar-
ison, resistance rates in Latin America were 55%, compared 
with 41–44% and 28–29% in Europe and North America, 
respectively, for urinary P. aeruginosa isolates (Gales et al., 
2000; Jones et al., 2001).

Similar to Levin et al. (2007) and others in the United 
States (Polk et al., 2004), López-Dupla et al. (2009) in Spain 
also noted that recent ciprofloxacin exposure was a signifi-
cant risk factor for fluoroquinolone resistance in clinical 
P. aeruginosa isolates. Among 572 cases of P. aeruginosa bac-
teremia (62% were nosocomial) during 1997–2007, cipro-
floxacin resistance was noted in 23.1% and exposure to 
ciprofloxacin during the previous 30 days was an indepen-
dent predictor of resistance to ceftazidime, imipenem, mero-
penem, piperacillin–tazobactam, and ciprofloxacin (p < 0.001) 
(López-Dupla et al., 2009). Other authors have suggested 
that recent exposure to levofloxacin, rather than ciprofloxa-
cin, is associated with the emergence of quinolone-resistant 
P. aeruginosa (Kaye et al., 2006). A number of other studies 
have also noted associations between fluoroquinolone con-
sumption and resistance and have suggested restrictions on 
use may correlate with reduced rates of resistance (Church 
et al., 2011; Lewis et al., 2012; Liu et al., 2012; Weng et al., 
2011).

Fluoroquinolone resistance in Pseudomonas spp. and 
other nonfermenting Gram-negative bacteria such as Acine-
tobacter spp. can occur due to a number of mechanisms. 
Although these bacteria are susceptible to mutations in 
gyrA and parC, overexpression of efflux pumps amplifies the 
effects of the mutations such that even a single mutation in 

gyrA may be sufficient to confer high-level resistance to fluo-
roquinolones (Potron et al., 2015). Constitutive expression 
of some efflux systems, such as the RND-type MexAB- 
OprM efflux system, can result in low-level intrinsic resis-
tance even without overexpression (Li et al., 1995). Three 
other multidrug efflux pump systems have been identified 
in Pseudomonas aeruginosa—in addition to MexAB-OprM, 
MexCD-OprJ, MexEF-OprN, and MexXY-OprM, which, in 
turn, are regulated by mexR (nalB), nfxB, mexT (nfxC), and 
mexZ, respectively (Jalal et al., 2000; Muller et al., 2011). 
Porin loss has also been proposed as a mechanism of fluoro-
quinolone resistance in vitro (Chamberland et al., 1989; 
Michea-Hamzehpour et al., 1991), although it is usually 
found together with other mechanisms in clinically resistant 
isolates, and the attributable change in susceptibility is sig-
nificantly less than that from gyrA mutations (Cambau et 
al., 1995; Pumbwe et al., 1996). Plasmid-mediated quinolone 
resistance has been reported in other Pseudomonas spp. 
obtained from food produce (Tran et al., 2011), and has 
also been reported in clinical isolates of P. aeruginosa and 
A. Baumannii—although it appears to be rare in comparison 
to rates of resistance observed in Enterobacteriaceae (Jiang 
et al., 2014; Ogbolu et al., 2011).

Campylobacter spp.
A significant increase in the rate of resistance to ciprofloxa-
cin has been noted among fecal strains of C. jejuni isolated 
from pediatric patients in Spain from 1987 (0%) to 1993 
(48.8%; MIC > 4 μg/ml) (Reina et al., 1994). Ciprofloxacin 
resistance increased in the 1990s among clinical isolates 
of C.  jejuni and C. coli, with numerous authors reporting 
both in vitro resistance and clinical treatment failure in the 
USA, UK, Switzerland, Spain, Finland, the Netherlands, 
and Australia (Adler-Mosca et al., 1991; Endtz et al., 1991; 
Rautelin et al., 1991; Segreti et al., 1992; McIntyre and Lyons, 
1993; Sínchez et al., 1994; Tee et al., 1995). Navarro et al. 
(1993) reported a massive increase in ciprofloxacin resis-
tance among C. jejuni and C. coli clinical isolates, from 7.5% 
to 57% and 14% to 43%, respectively, between 1989 and 1992 
in Barcelona. This change occurred at a time of increased 
quinolone consumption. Similar rates of resistance have 
been reported in Madrid (Sanchez et al., 1994). In Finland, 
ciprofloxacin resistance among C. jejuni and C. coli isolates 
increased from 0% in 1980 to 9% in 1990 (Rautelin et al., 
1991). Endtz et al. (1991) associated the increase in resis-
tance in human Campylobacter isolates in the Netherlands to 
the widespread use of quinolones in the poultry industry, 
with associated high rates of quinolone resistance among 
Campylobacter spp. isolated from poultry. Gootz and Martin 
(1991), and Wang et al. (1993) have identified an alteration in 
the A subunit of DNA gyrase as responsible for ciprofloxacin 
resistance in C. jejuni. Further emerging resistance has been 
noted in strains from England and Wales, with 12% being 
fully resistant (MIC = 8 μg/ml) and a further 4% being inter-
mediately resistant (MIC values of 0.5–2 μg/ml) (Thwaites 
and Frost, 1999). Similarly, Dingle et al. (2005) noted that 19% 
of UK Campylobacter isolates were ciprofloxacin resistant, 
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and that 55% of these infections were acquired outside the 
UK These authors speculated that increasing resistance rates 
among locally acquired strains were associated with wide-
spread use of fluoroquinolones in the poultry industry. 
Another UK study found half of their Campylobacter isolates 
displayed fluoroquinolone resistance (Stockdale et al., 2015), 
while of 226 C. jejuni isolates obtained from patients in 
Finland, 59.3% were resistant to ciprofloxacin between 1995 
and 2000 (Lehtopolku et al., 2005). A recent report by the 
European CDC noted that 54.6% of C. jejuni and 66.6% of 
C. coli isolates from clinical samples were resistant to cipro-
floxacin, although rates varied from 23.1 to 91.5% among 
countries (EFSA/ECDC, 2015). In the USA, ciprofloxacin 
resistance increased from 13% in 1997 to nearly 25% in 2011 
(CDC, 2013). In comparison, resistance rates in Australia, 
where fluoroquinolone use in food-producing animals is 
prohibited, were only at 2% (Unicomb et al., 2006; Cheng 
et al., 2012). 

Shigella, Salmonella spp. and other enteric 
pathogens
In the early 1990s, Shigella spp. isolated from travelers with 
diarrhea returning to Spain from a wide range of geographi-
cal origins (including Africa, South and Central America, 
and India) demonstrated no resistance to norfloxacin or cip-
rofloxacin (Vila et al., 1994). Although Ries et al. (1994) 
noted higher MICs of ciprofloxacin against S. dysenteriae 
isolates (MIC values at or near 0.25 μg/ml) than either S. flex-
neri or S. sonnei (MICs < 0.06 μg/ml), Vila et al. (1994) found 
all species to be extremely susceptible (MICs < 0.007 μg/ml). 
Relatively low rates of resistance to ciprofloxacin and other 
newer fluoroquinolones were observed in Belgium, Mozam-
bique, and the USA 10 to 15 years ago, despite resistance 
rates to nalidixic acid rising to 12.8% in some locations 
(Sivapalasingam et al., 2006; Mandomando et al., 2009; 
Vrints et al., 2009). In a large survey of 1598 isolates obtained 
in the USA (80% S. sonnei, 18% S. flexneri, 1% S. boydii, 0.7% 
S. dysenteriae), 1% of S. sonnei were nalidixic acid resistant 
(of which 63% had decreased susuceptibility to ciprofloxa-
cin), whereas only one S. flexneri isolate was ciprofloxacin- 
resistant (Sivapalasingam et al., 2006). However, recent data 
from the US CDC National Antimicrobial Resistance Moni-
toring System (NARMS) indicates ciprofloxacin resistance 
has increased from < 1% to 3.5% in Shigella isolates over the 
past decade (CDC, 2016). In China, one study reported resis-
tance to nalidixic acid at 91.7% among 1635 Shigella clinical 
isolates (569 S. flexneri, 1066 S. sonnei), although only 11.6% 
of the isolates were also ciprofloxacin-resistant (Zhang et al., 
2014). A number of outbreaks of fluoroquinolone-resistant 
Shigella spp. have also been reported around the world 
(Pazhani et al., 2004; Bowen et al., 2015; Kim et al., 2015). 
Travel to India and male-to-male sexual contact have been 
identified as risk factors for ciprofloxacin-resistant Shigella 
(Gaudreau et al., 2011; Hoff mann et al., 2013; Lane et al., 
2015). 

Fluoroquinolone resistance was, until recently, rare in 
Salmonella spp., although treatment failures associated with 

the development of resistance have been noted (Kresken and 
Wiedemann, 1988; Howard et al., 1990; Piddock et al., 1990; 
Gibb et al., 1991; Hof et al., 1991). Emergence of antimicro-
bial resistance among non-typhi Salmonella spp. has been 
associated with increases in bacteremia and hospitalization 
in the USA (Varma et al., 2005). Nalidixic acid resistance 
among Salmonella spp. has been used as a surrogate marker 
of resistance to ciprofloxacin and other fluoroquinolones. In 
a Finnish study of 1010 isolates, nalidixic acid resistance as 
tested by the disk diffusion method was predictive of cipro-
floxacin resistance (MIC values > 0.125 mcg/ml), with a sen-
sitivity of 100% and a specificity of 83.7% (Hakanen et al., 
1999). Furthermore, both typhoidal and non-typhoidal 
Salmonella infections resistant to nalidixic acid have been 
correlated with poorer outcomes with fluoroquinolone treat-
ment, despite in vitro susceptibility to other quinolones such 
as ofloxacin and ciprofloxacin (Crump et al., 2003). However, 
the emergence of Salmonella isolates susceptible to nalidixic 
acid but with reduced susceptibility to ciprofloxacin in many 
countries, especially in Southeast Asia, may threaten the value 
of this nalidixic acid screening test (Hakanen et al., 2005; see 
Chapter 117, Nalidixic acid and other quinolones).

Along with marked increases in nalidixic acid resistance 
among non-typhi Salmonella in many regions, there has been 
a corresponding increase in ciprofloxacin MIC values, 
although not always to the level that would define clinical 
resistance. In the USA, a survey of 12,252 non-typhi S. enter-
ica isolates at the CDC noted a rate of nalidixic acid resis-
tance of only 1.6%, with only 14 isolates (7% of the nalidixic 
acid resistant strains) ciprofloxacin-resistant. The rate of 
nalidixic acid resistance increased from 0.4% in 1996 to 2.3% 
in 2003. All the ciprofloxacin-resistant isolates had at least 
one point mutation in gyrA, and did not harbor qnr or have 
mutations in gyrB, parC, or parE (Stevenson et al., 2007). 
Recent data reported by the CDC National Anti microbial 
Resistance Monitoring System (NARMS) indicate ciproflox-
acin resistance rates have fluctuated between 0.0% and 0.4% 
over the last 20 years, although they have risen to 0.5% in the 
last 2 years (CDC, 2016). In Europe, a surveillance study 
including 27,000 isolates reported ciprofloxacin resistance 
in 0.5% of non-typhoidal Salmonella isolates, although 14% 
were nalidixic acid resistant and displayed reduced suscepti-
bility to ciprofloxacin (MIC values of 0.5–1 µg/ml) (Threlfall 
et al., 2003). However, a 2012 European CDC report indicated 
ciprofloxacin resistance rates had risen to 5.1% of clinical 
Salmonella isolates, with generally higher rates of resistance 
in S. enteritidis than in S. typhimurium (Eurosurveillance 
Editorial Team, 2014). More recently, Le Hello et al. (2013) 
and Westrell et al. (2014) reported ciprofloxacin resistance 
(MICs > 1 µg/ml) in > 70% of S. enterica serotype Kentucky 
isolates in Europe (Le Hello et al., 2013; Westrell et al., 2014). 
In Asia, rates of ciprofloxacin resistance among Salmonella 
isolates have also increased significantly, with 13.5% of clini-
cal isolates demonstrating resistance to ciprofloxacin (MICs 
> 1 µg/ml), and 46–75% of clinical isolates showing reduced 
susceptibility, with MICs of 0.125–1 µg/ml. Notably, a large 
number of S. enterica serotype Choleraesuis and serotype 
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Virchow isolates collected in Asian countries have demon-
strated reduced susceptibility to ciprofloxacin (Chiu et al., 
2004; Ko et al., 2005; Sun et al., 2005; Crump et al., 2015; Lee 
et al., 2009). Concerningly, emergence of Salmonella typh-
imurium with resistance to ciprofloxacin, azithromycin, and 
ceftriaxone has been reported in China, suggesting that all 
commonly used empiric treatment regimens for clinical 
Salmonella infections are likely to be ineffective (Wong et 
al., 2014).

Ciprofloxacin resistance first emerged in S. enterica sero-
type Typhi in 1992, with a number of reports originating 
from the Asian continent (Umasankar et al., 1992; Chitnis 
et al., 1999; Yoo et al., 2004). By 1998, epidemic ciprofloxa-
cin-resistant S. typhi was reported from Tajikistan (Murdoch 
et al., 1998). Endemnicity of resistant typhoid and paraty-
phoid strains was established in India and Pakistan, with up 
to 60% of isolates showing ciprofloxacin resistance (MICs 
≥ 2 µg/ml) in local surveys. Reports of S. enterica serotype 
Typhi from the UK and the USA showing either resistance 
or reduced susceptibility to ciprofloxacin indicated a strong 
association with travel to the Indian subcontinent (Ackers 
et al., 2000; Chitnis et al., 1999; Renuka et al., 2005; Rowe et 
al., 1995; Threlfall et al., 2006; Lewis et al., 2005; Crump et 
al., 2015; Koirala et al., 2012). Recent reviews and reports 
have indicated widespread fluoroquinolone resistance or 
reduced susceptibility in S. Typhi and S. Paratyphi, with 
reports deriving from most countries in Asia and the Middle 
East, Russia, and more recently in Africa (Wain et al., 2015; 
Chiou et al., 2014; Garcia et al., 2014; Kariuki et al., 2010; 
Menezes et al., 2012; Parry et al., 2010; Wong et al., 2014). 
Phylogenetic studies have suggested the spread of fluoro-
quinolone resistance is being driven by the dissemination 
of a multidrug resistant clone, H58, dominant in Asia and 
Africa (Kariuki et al., 2010; Wong et al., 2015). Limited data 
are available from South and Central America, although sur-
veys of returning travelers from those regions suggest resis-
tance is uncommon (Commons et al., 2012; Tatavarthy et al., 
2012).

A confounder in comparisons of susceptibility studies has 
been shifting clinical susceptibility breakpoints for ciproflox-
acin in relation to Salmonella spp. infections—in part this 
is related to the recognition of the multiple mechanisms of 
resistance that have emerged and been identified and the 
correlating clinical data. In 2012, the Clinical Laboratory 
Standards Institue (CLSI) revised their ciprofloxacin guide-
lines to define a susceptible breakpoint of ≤ 0.06 µg/ml, or 
zone measurement of ≥ 31 mm with the use of disk diffusion 
testing, adding that nalidixic acid could be used to screen 
for fluoroquinolone susceptibility—to identify isolates with 
reduced susceptibilities to fluoroquinolones that may fail 
treatment (despite their testing as susceptible to ciprofloxa-
cin) (Humphries et al., 2012). The European Committee on 
Antimicrobial Susceptibility Testing (EUCAST) has also rec-
ommended a breakpoint of ≤ 0.06 µg/ml (EUCAST, 2016). 

Fluoroquinolone resistance in Salmonella spp. infections 
typically occurs due to mutations in the QRDRs of gyrA/
gyrB and parC/parE. As aluded to above, the presence of a 

nalidixic acid–resistant/ciprofloxacin-susceptible phenotype 
is a sensitive indicator of gyrA mutation as a precursor to 
developing reduced ciprofloxacin susceptibility (Crump et 
al., 2015). Classically, ciprofloxacin-resistant isolates are also 
nalidixic acid resistant, because of these gyrA mutations. 
However, the presence of “nonclassical” fluoroquinolone 
resistance, in which isolates show reduced susceptibility to 
ciprofloxacin but are susceptible to nalidixic acid, suggests 
alternative resistance mechanisms are responsible—in par-
ticular, plasmid-mediated quinolone resistance (PMQR) 
mechanisms (Gunell et al., 2009). Many PMQR mechanisms 
have been reported in Salmonella spp., including qnr genes, 
the aminoglycoside acetyltransferase variant aac(6′)-Ib-cr, 
and the QepA efflux pump, each conferring low-level resis-
tance to ciprofloxacin, but carried on a mobile plasmid.

Among enteroaggregative E. coli (EAEC) and enterotoxi-
genic E. coli (ETEC) isolates collected from travelers to North 
Africa and India, significant increases (p < 0.01) in resistance 
were observed in ETEC for cotrimoxazole, nalidixic acid, 
amoxicillin–clavulanic acid, and ciprofloxacin. Mutations 
in the gyrA gene were found in nalidixic acidresistant iso-
lates, whereas mutation(s) in both gyrA and parC genes were 
found in ciprofloxacin-resistant isolates (Mendez Arancibia 
et al., 2009). Among diarrhea-causing E. coli strains, recent 
studies have noted reduced susceptibility and increased 
resistance to ciprofloxacin in a number of countries, includ-
ing Cambodia, Vietnam, China, Nepal, India, Iran, Bolivia, 
and Mexico, although rates are generally lower than those of 
other enteropathogens, such as Campylobacter spp. (Chen et 
al., 2014; Gomi et al., 2001; Gonzales et al., 2013; Haghi et al., 
2014; Meng et al., 2011; Nguyen et al., 2005; Ouyang-Latimer 
et al., 2011; Pandey et al., 2011; Vila et al., 1999). Studies of 
patients treated with ciprofloxacin for a diarrheal illness have 
shown high rates of subsequent fecal carriage of ciprofloxacin- 
resistant E. coli. These rates generally return toward baseline 
at about one month post-therapy, but this was not the case 
for ciprofloxacin, in which rates of resistance of 22.3% were 
still noted at day 28, suggesting a substantial change in fecal 
ecology in relation to ciprofloxacin therapy (Putnam et al., 
2005).

Haemophilus influenzae and other 
Gram-negative respiratory pathogens
Ciprofloxacin resistance among strains of H. influenzae is 
increasing and generally denotes resistance to other fluoro-
quinolones (Pérez-Vázquez et al., 2003). However, among 
1894 isolates collected in the UK and Ireland, only one iso-
late was resistant to ciprofloxacin (Reynolds et al., 2003). 
Similarly, among 845 M. catarrhalis strains collected in the 
same study, more than 99% were susceptible to fluoroquino-
lones (Reynolds et al., 2003). A more recent Spanish study 
reported ciprofloxacin resistance in 28 of 7267 (0.39%) H. 
influenzae isolates collected between 2000 and 2013, despite 
frequent fluoroquinolone use—mutations in gyrA and parC 
were the most common mechanisms (Puig et al., 2015). 
Quinolone resistance has been also noted in a report of 
extensively drug-resistant H. parainfluenzae (Tinguely et al., 
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2013). Although fluoroquinolone resistance in L. pneumoph-
ila has previously been generated in vitro and reported in 
vivo involving mutations in gyrA (Jonas et al., 2003; Bruin et 
al., 2014), resistance is uncommon (Bruin et al., 2012). 

Neisseria spp.
Before 1992, almost all strains of N. gonorrhoeae were sus-
ceptible to fluoroquinolones (ciprofloxacin MIC < 0.06 μg/
ml); however, in the following years, strains with reduced 
susceptibility became increasingly recognized in various US 
states (CDC, 1993b; CDC, 1994; Knapp et al., 1994a; Knapp 
et al., 1994b). In Ohio (1992–1993), 5.6% of isolates had 
ciprofloxacin MICs of 0.13–0.25 μg/ml, whereas in Hawaii 
(1993–1994) a number of strains with ciprofloxacin MICs 
of 2.0 μg/ml were isolated from patients who had potentially 
acquired infection in Southeast Asia. All isolates were sus-
ceptible to ceftriaxone and cefixime (CDC, 1994; Knapp et 
al., 1994a; Knapp et al., 1994b). Fluoroquinolone-resistant 
gonorrhea is now endemic in Hawaii (Newman et al., 2004). 
Strains with similar MICs have been reported from Thai-
land, Northern Taiwan, India, South Africa, Italy, Israel, the 
UK, Greece, western Europe, and Australia (Gransden et 
al., 1990; Jephcott and Turner, 1990; Clen dennen et al., 1992; 
Tapsall et al., 1992; Griffith et al., 1996; Fenton et al., 2003; 
Giles et al., 2004; Hsueh et al., 2005; Moodley and Sturm, 
2005; Dal Conte et al., 2006; Martin et al., 2006; Stathi et al., 
2006; Bala et al., 2007; De Jongh et al., 2008). The Gonococcal 
Isolate Surveillance Project has reported on resistance pat-
terns in the USA for 16 years. In their 2007 report, which 
involved male patients with a total of 82,064 episodes of 
urethral gonorrhea in 37 cities, the incidence of fluoro-
quinolone resistance rose from 0.4% in 1999 to 4.1% in 2003 
(Wang et al., 2007). The proportion of men receiving fluoro-
quinolone treatment for this condition rose from 0% in 1988 
to 42% in 2003 (Wang et al., 2007). In Australia, where 36,000 
gonococcal isolates were assessed between 1997 and 2000, 
approximately half of all strains were penicillin- and/or 
 ciprofloxacin-resistant by 2006 (Tapsall et al., 2008). These 
high rates of resistance arose despite low (penicillin) or absent 
(ciprofloxacin) exposure (Tapsall et al., 2008). 

Fluoroquinolone-resistant gonorrhea is now endemic 
almost worldwide, and ciprofloxacin is no longer recom-
mended as first-line treatment in many countries (Carannante 
et al., 2014; Cole et al., 2010; Kirkcaldy et al., 2013a; Kirkcaldy 
et al., 2013b; Mehta et al., 2011; Shimuta et al., 2013; Allen et 
al., 2011; Unemo and Shafer, 2014; see section 7, Clinical 
uses of the drug). Decreased susceptibility to ciprofloxacin is 
associated with cross-resistance to other fluoroquinolones, 
including ofloxacin, enoxacin, lomefloxacin, and norfloxacin 
(Barry and Jones, 1984). Notably, however, some ciprofloxa-
cin-resistant strains of N. gonorrheae may be nalidixic acid 
susceptible—thereby making routine laboratory identification 
of fluoroquinolone resistance more complicated (Ragunathan 
et al., 2005). Infections due to isolates with ciprofloxacin 
MICs > 2 μg/ml may not respond to routine doses of cipro-
floxacin, although whether lesser degrees of resistance are 
also associated with a higher incidence of clinical treatment 

failure is unclear (Knapp et al., 1994a; Knapp et al., 1994b). 
Strains with chromosomally mediated resistance to penicil-
lin and tetracyclines may be expected to be associated with 
higher levels of resistance to fluoroquinolones (CDC, 1993b; 
Zenilman et al., 1993; Newman et al., 2004; Tapsall et al., 
2008). In an assessment of 42 ciprofloxacin-resistant strains 
from Israel, isolates had mutations in the QRDR of both gyrA 
and parC, and identical mutations were found in 93% of 
these isolates; the outbeak appeared to be clonal (Giles et al., 
2004). NorM efflux pumps have also been shown to slightly 
reduce susceptibility to fluoroquinolones in vitro, although 
QRDR mutations in gyrA and parC are the  predominant 
mechanisms of resistance found in clinical gonorrhea iso-
lates (Golparian et al., 2014; Rouquette-Loughlin et al., 2003; 
Unemo and Shafer, 2014).

Until recently, N. meningitidis was universally considered 
ciprofloxacin-susceptible (Richter et al., 2001). Clinical iso-
lates with reduced susceptibility to ciprofloxacin (MICs > 
0.06 μg/ml), or resistance, have now been reported in France, 
Spain, Argentina, Australia, and the USA (North Dakota, 
Minnesota, and California) (Alcalá et al., 2004; Corso et al., 
2005; Shultz et al., 2005; Enríquez et al., 2008; Wu et al., 
2009), although the majority of isolates remain susceptible 
(Harcourt et al., 2015). The mechanism of resistance is gen-
erally an alteration in the gyrA, with animal models demon-
strating slower bacterial clearance with gyrA alterations (Hong 
et al., 2013); however a number of mutations have been 
described (Shultz et al., 2005). In a detailed study of labora-
tory-derived mutants, single gyrA alterations were the first 
change detected and were accompanied by raised MICs, fol-
lowed by double gyrA changes with even higher MICs. MICs 
increased further as single parC substitutions occurred, but 
these were always accompanied by a single or double gyrA 
change. The nature of the individual QRDR substitution 
appeared to influence the degree of expressed quinolone resis-
tance (Shultz et al., 2005). Thus, these changes in N. menin-
gitidis appear to arise in a manner similar to changes arising 
in N. gonorrhoeae. These findings have been partly confirmed 
by similar findings in clinical isolates—in Spanish isolates, 
single mutations in gyrA appeared to be the mechanism 
involved, although in addition, two isolates also had alter-
ations in the mtrR gene affecting expression of the MtrCDE 
efflux system (Enríquez et al., 2008). US strains also had 
mutations in subunit A of DNA gyrase (gyrA), suggesting 
possible horizontal gene transfer from the commensal N. lac-
tamica (Wu et al., 2009). Because of these resistance changes, 
the CLSI recommended screening for reduced susceptibility 
to ciprofloxacin using a 30 μg nalidixic acid disk diffusion 
method as a surrogate for the presence of gyrA mutations 
(Enríquez et al., 2009)—however reports of ciprofloxacin- 
resistant N. gonorrhoeae isolates that appear nalidixic acid 
susceptible raise concerns about this approach (Ragunathan 
et al., 2005). More recently, epigenetic studies of N. menin-
gitidis have also demonstrated that phase variation may also 
reduce susceptibility to ciprofloxacin through regulation of 
gene expression via changes in DNA methylation, indepen-
dent of gyrA mutations (Jen et al., 2014).
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Less common Gram-negative bacteria and 
anaerobes
Increasing resistance of B. cepacia complex to ciprofloxacin, 
chloramphenicol, piperacillin, meropenem, and tobramycin 
in cystic fibrosis patients has been highlighted recently by 
St. Denis et al. (2007), although their study showed that pul-
monary exacerbations were not caused by acquisition of new 
strains. Emergence of infection with S. maltophilia infection 
in patients treated with oral fluoroquinolones, usually cipro-
floxacin, has been described in patients with cystic fibrosis 
(Graff and Burns, 2002; St. Denis et al., 2007). Although a 
number of fluoroquinolone resistance mechanisms have been 
described, efflux appears to be a key mechanism for both 
B. cepacia and S. maltophilia (Huang et al., 2013a; Huang et 
al., 2013b; McGowan, 2006; Rushton et al., 2013). Resistance 
in Brucella melitensis also appears to be mediated by expres-
sion of the NorM1 efflux pump (Braibant et al., 2002).

GRAM-POSITIVE PATHOGENS

Staphylococcus spp.
Widespread resistance to fluoroquinolones has developed 
among many strains of S. aureus (particularly MRSA) and 
coagulase-negative staphylococci throughout the world since 
the mid to late 1980s with the growing use of these agents 
(Schaefler, 1989; Shalit et al., 1989b; Ball, 1990; Daum et al., 
1990; Dryden et al., 1990; Kotilainen et al., 1990; Raviglione 
et al., 1990; Smith et al., 1990; Harnett et al., 1991; Wadsworth 
et al., 1992; Voss et al., 1994; Turnidge et al., 1996; Cuevas et 
al., 2004; Oteo et al., 2004a; Tillotson et al., 2008). Wadsworth 
et al. (1992) noted a dramatic increase in high-level resis-
tance to ciprofloxacin among MRSA isolates, from 2% in 
1987 to 52% in 1989. Cross-resistance to enoxacin, fleroxa-
cin, norfloxacin, and ofloxacin was also noted. No increase in 
resistance was found among methicillin-sensitive S. aureus 
(MSSA) isolates during the same period. Other authors have 
generally found rates of resistance among MRSA of approxi-
mately 80% (range: 40–100%) after 1987 (Isaacs et al., 1988; 
Shalit et al., 1989b; Daum et al., 1990; Peterson et al., 1990; 
Raviglione et al., 1990; Blumberg et al., 1991; Fung-Tomc et 
al., 1991; Harnett et al., 1991; Hillery and Reiss-Levy, 1993; 
Voss et al., 1994; Coronado et al., 1995). Across Europe, more 
than 80% of MRSA isolates were ciprofloxacin-resistant in 
1990–1991 (Voss et al., 1994), and similar rates were reported 
in Australia (Hillery and Reiss-Levy, 1993). Raviglione et al. 
(1990) reported an 83% rate of resistance (MICs > 2 μg/ml) 
among MRSA during 1989 and 1990, and noted that this was 
associated with previous ciprofloxacin use in approximately 
30% of cases. Similar findings have been noted more recently 
by many authors in the United States, France, and elsewhere 
(Oteo et al., 2004a; Rogues et al., 2007; Tillotson et al., 2008). 
Among MSSA, however, no increase in resistance was noted, 
with 98.4% susceptible. Shalit et al. (1989b) reported similar 
findings. Blumberg et al. (1991) prospectively evaluated the 
emergence of high-level resistance to ciprofloxacin (MIC90 
values ≈ 64 μg/ml) after the introduction of ciprofloxacin use 

in their hospital in 1988, and noted an increase in resistance 
from 0% to 79% among MRSA isolates over a one year 
period. High-level ciprofloxacin resistance also developed in 
MSSA in this study, increasing to 13.6% during the same 
period. About half of the patients had a history of previous 
ciprofloxacin use. Similarly, Weightman and Brass (1993) 
noted a 7% incidence of ciprofloxacin resistance among 
MSSA isolates and Daum et al. (1990) noted a 2.5% inci-
dence. A survey conducted by the Centers for Disease 
Control demonstrated a 123% increase in the likelihood of 
ciprofloxacin resistance from 1989–90 to 1991–92 among 
S. aureus, with isolates of urinary and respiratory tract origin 
and MRSA most affected. Such changes in fluoroquinolone 
resistance rates have been attributed to changes in the preva-
lence of circulating MRSA clones (Karlowsky et al., 2013). 
However, a UK study of healthcare-associated S. aureus iso-
lates showed a switching of circulating clones did not change 
rates of ciprofloxacin resistance in S. aureus. Notably, the 
three dominant MRSA clones (CC22, CC30, and ST239) 
were all resistant to ciprofloxacin, while MSSA isolates 
were generally susceptible (Knight et al., 2012). Even within 
prominent clones, such as USA300 MRSA, increasing fluo-
roquinolone resistance has been noted (Alam et al., 2015; 
McDougal et al., 2010; Tenover and Goering, 2009). In addi-
tion, as with other pathogens, fluoroquinolone resistance 
among staphylococci appears to be directly linked to fluoro-
quinolone usage (Rogues et al., 2007; Charbonneau et al., 
2006; MacDougall et al., 2005a; MacDougall et al., 2005b). 
Antimicrobial stewardship activities aimed at reducing fluoro-
quinolone prescribing have been associated with reductions 
in fluoroquinolone-resistant MRSA, as well as P. aeruginosa 
(Lafaurie et al., 2012).

Nosocomial colonization and disease with ciprofloxacin- 
resistant coagulase-negative staphylococci (S. epidermidis 
and S. haemolyticus) have been reported in various patient 
groups, including those with leukemia and those on contin-
uous ambulatory peritoneal dialysis (CAPD) (Kotilainen et 
al., 1990; Kotilainen et al., 1995). As with S. aureus, signifi-
cant increases in ciprofloxacin resistance among coagulase- 
negative staphylococci (S. epidermidis in particular) have 
been noted in the past two decades in western Europe 
(Andrews et al., 2000; Kresken and Hafner, 1999; Lyytikainen 
et al., 1996). Similar trends were described in a recent US 
study, with resistance increasing from 58.3% in 1999 to 
68.4% in 2012 (May et al., 2014). It was also noted that levo-
floxacin resistance increased initially from 57.1% in 1999 to 
78.6% in 2005, before declining to 68.1% in 2012—trends 
that appeared to correlate with changes in levofloxacin pre-
scribing rates, but not ciprofloxacin prescribing.

Investigations of other fluoroquinolones with superior 
activity against staphylococci, such as sparfloxacin, gatiflox-
acin, and moxifloxacin, have shown improved performance 
against moderately ciprofloxacin-resistant strains of S. aureus 
and coagulase-negative staphylococci, but in general, highly 
ciprofloxacin-resistant strains are cross-resistant to other 
fluoroquinolones (Chaudhry et al., 1990; Barry and Fuchs, 
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1991a; Barry and Fuchs, 1991c; Forstall et al., 1991; Maple et 
al., 1991; Brumfitt and Hamilton-Miller, 1993; see Chapter 
105, Moxifloxacin, and Chap ter 115, Gatifloxacin). 

Multiple resistance mechanisms account for ciprofloxacin 
resistance in both S. aureus and S. epidermidis. Altered GyrA 
and GrlA (known as ParC in E. coli) subunits are found in the 
majority of resistant isolates, with common alterations being 
Ser80Phe in GrlA and Ser84Leu in GyrA (Kwak et al., 2013; 
Linde et al., 2001; Munoz Bellido et al., 1999; Gordon et al., 
2014); although genes encoding efflux pumps have also been 
frequently noted. NorA, NorB and NorC are efflux pumps 
belonging to the major facilitator superfamily (MFS) of 
transporters and overexpression of these pumps has been 
shown to produce 4- to 8-fold increases in ciprofloxacin MIC 
(Hooper and Jacoby, 2015). Hydrophilic quinolones, such as 
ciprofloxacin and norfloxacin, are substrates of NorA, NorB, 
and NorC, while hydrophobic quinolones such as moxiflox-
acin and sparfloxacin are substrates of only NorB and NorC 
(Truong-Bolduc et al., 2005; Truong-Bolduc et al., 2006; Yu 
et al., 2002). Regulation of these efflux pumps is complex, 
with MgrA and NorG being the best and most recently stud-
ied of the regulator proteins (Truong-Bolduc et al., 2011; 
Truong-Bolduc et al., 2005; Truong-Bolduc et al., 2006). 
Overexpression of other transporters has also been shown 
to reduce susceptibility to quinolones, including MdeA (nor-
floxacin, ciprofloxacin), SdrM (norfloxacin), QacB(III) 
(norfloxacin, ciprofloxacin), LmrS (gatifloxacin), and MepA 
(norfloxacin, ciprofloxacin, moxifloxacin, sparfloxacin) (Floyd 
et al., 2010; Huang et al., 2004; Kaatz et al., 2006; Nakaminami 
et al., 2010; Yamada et al., 2006), while plasmid-mediated 
multidrug efflux pumps such QacB have also demonstrated 
effects on fluoroquinolone susceptibility in S. aureus (Naka-
minami et al., 2010).

Enterococci
Schaberg et al. (1992) noted a significant increase in cipro-
floxacin resistance among clinical enterococcal isolates 
(especially E. faecalis demonstrating high-level gentamicin 
resistance), from 0% in 1985–1986 to 24% in 1989–1990 in 
their institution in Michigan. In comparison, however, Gray-
son et al. (1991) noted little change in the susceptibility of 
clinical E. faecium strains isolated during the 22-year period 
from 1969 to 1990 at Massachusetts General Hospital, 
Boston. However, given that ciprofloxacin has only limited 
activity against clinical enterococcal isolates, these differ-
ences have little clinical relevance. Alterations in GyrA and 
ParC appear to be the major cause of high-level fluoroquino-
lone resistance in E. faecalis and E. faecium clinical isolates 
(Nakanishi et al., 1991b; Leavis et al., 2006; Hooper, 2002), 
although a NorA-like efflux pump has also been described 
(Jonas et al., 2001; Oyamada et al., 2006).

Non-pneumococcal streptococci
In a large US survey of beta-hemolytic streptococci collected 
from 1997 to 2004, strains that displayed reduced fluoro-
quinolone susceptibility were rare, but included S. pyogenes 

(nine strains), S. agalactiae (24 strains) and Group C and G 
streptococci (14 strains). The order of potency as determined 
by MIC90 values was as follows: gemifloxacin (0.06 μg/ml) > 
moxifloxacin (0.25 μg/ml) > gatifloxacin (0.5 μg/ml) > levo-
floxacin = ciprofloxacin (1 μg/ml) (Biedenbach et al., 2006b). 
A study of 2793 S. pyogenes isolates collected from 1999 to 
2002 revealed nonsusceptibility to fluoroquinolones (MIC 
values > 2 μg/ml) in 152 (5.4%) isolates. All showed muta-
tions in parC and some in gyrA, but none had antibiotic 
efflux noted (Malhotra-Kumar et al., 2005). Two major 
pulsed field gel electrophoresis (PFGE) types were noted in 
88%—these belonged to serotypes emm6 and emm75; 55% 
of fluoroquinolone-resistant strains were isolated from chil-
dren (Malhotra-Kumar et al., 2005). Clonal spread of both 
low- and high-level ciprofloxacin-resistant S. pyogenes has 
also been reported in Spain (Alonso et al., 2005; Montes et 
al., 2010), Portugal (Pires et al., 2010), and Belgium (Van 
Heirstraeten et al., 2012). Initial mutations in parC, particu-
larly at the Ser79 hotspot, confer low-level resistance (MIC 
values of 2–8 µg/ml), with additional gyrA mutations, most 
commonly at Ser81, conferring high-level resistance (MICs 
≥ 32 µg/ml).

Pneumococci
Among S. pneumoniae strains, regardless of whether they 
are susceptible or resistant (MICs > 2 μg/ml) to penicillin, 
the MIC90 of ciprofloxacin is generally 2 μg/ml (Mason et al., 
1992). Stepwise increases in resistance to ciprofloxacin with 
cross-resistance to other quinolones can be induced in vitro, 
although with greater difficulty than with group B strepto-
cocci (Piddock and Wise, 1988). The borderline activity of 
ciprofloxacin against most clinical S. pneumoniae isolates is 
most likely responsible for the numerous clinical reports 
of  treatment failure and superinfection with this pathogen, 
rather than the development of resistance per se (Cooper and 
Lawlor, 1989; Gordon and Kauffman, 1990; Righter, 1990; 
Lee et al., 1991; Marone and Quadri, 1992).

Fluoroquinolone resistance among pneumococcal strains, 
particularly to older agents such as ciprofloxacin and levo-
floxacin, is increasing in multiple geographic regions (Sahm 
et al., 2000; Doern et al., 2001; Powis et al., 2004; Song et al., 
2004; Doern et al., 2005). In a large survey in Canada of 2539 
sterile site isolates collected in 2002, ciprofloxacin resistance 
(MICs ≥ 4 μg/ml) was 2.7% compared with 1.4% in 2000 
(p  ≤ 0.0025), and was primarily (98.5%) found in adults 
(Powis et al., 2004). The same research group later reported 
an increase in the prevalence of ciprofloxacin resistance 
from 1.7% in 1998–2001 to 2.4% in 2006–2009 in a survey 
of all pneumococcal isolates (Patel et al., 2011). Similar 
findings were noted in the USA by Doern et al. (2005) in 
a  study of 1817 respiratory isolates in which 2.3% were 
 ciprofloxacin-resistant—about 22% were estimated to have 
mutations in parC and/or gyrA. This mutation rate was sub-
stantially higher than the 4.7% rate observed by this group 
in 1997–1998. Notably, the majority of isolates remained sus-
ceptible to the newer fluoroquinolones such as moxifloxacin 
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and gemifloxacin (Doern et al., 2005). Other authors have 
reported similar findings in North America (Brueggemann 
et al., 2002; Low et al., 2002; Richter et al., 2005; Schurek et 
al., 2005), Spain (2.1%) (Oteo et al., 2004b), and Portugal 
(3.5%) (Dias et al., 2006). A key region for emerging fluoro-
quinolone resistance among S. pneumoniae appears to be 
Southeast Asia, where the following rates have been reported: 
Hong Kong (1.6–11.8%), Sri Lanka (9.5%), the Philipines 
(9.1%), and Korea (6.5%) (Song et al., 2004; Ip et al., 2007a).

Brueggemann et al. (2002) noted that isolates with muta-
tions in parC were resistant only to ciprofloxacin (but 
remained susceptible to gatifloxacin and moxifloxacin), 
whereas isolates with mutations in gyrA only or with muta-
tions in both parC and gyrA were resistant to all three. 
Similar findings were noted in the UK, although some iso-
lates also displayed increased ciprofloxacin efflux (Johnson et 
al., 2003). Resistance genes similar to those found in S. pneu-
moniae (especially gyrA and parC) have also been detected in 
viridans streptococci, suggesting possible transfer between 
these species (Ip et al., 2007b).

In Canada from 2003 to 2005, the increase in ciproflox-
acin-resistant S. pneumoniae appeared be related to the 
expansion of existing clonal groups (Nichol et al., 2008). In 
2005, Adam et al. (2007) found ciprofloxacin resistance to be 
at 4.2% in Canadian strains, with the resistant isolates be - 
longing to 35 different serotypes, but 10 serotypes accounted 
for 72% of the isolates. Among 3537 isolates from pediatric 
patients in North America and Latin America, fluoroquino-
lone resistance was rare (Fedler et al., 2006).

In vitro studies suggest that ciprofloxacin is more likely to 
select for fluoroquinolone resistance (a rate of 1 in 108 to 106) 
than levofloxacin or moxifloxacin resistance (a rate of 1 in 
> 1011) when tested at plasma and lung tissue concentrations 
(De Vecchi et al., 2009). Jumbe et al. (2006) noted similar 
findings and suggested that ciprofloxacin should therefore 
not be used to treat community-acquired respiratory infec-
tions. Recent studies suggest that resistance to ciprofloxacin 
in S. pneumoniae primarily occurs through mutations in the 
QRDR of parC and gyrA, although overexpression of the 
ABC transporters PatA and PatB involved in efflux has also 
been implicated in low-level resistance (Garvey et al., 2011; 
Lupien et al., 2013; Patel et al., 2011). 

Mycobacteria
Ciprofloxacin resistance appears to be relatively uncommon 
(1.8%) among clinical isolates of M. tuberculosis in the USA 
and Canada, with most (76%) ciprofloxacin-resistant isolates 
also resistant to isoniazid and rifampicin (Bozeman et al., 
2005). In general, ciprofloxacin has inferior bactericidal 
activity against M. tuberculosis compared to newer fluoro-
quinolones such as moxifloxacin (Cremades et al., 2011). 
However, Gumbo et al. (2005) used an in vitro pharmaco-
dynamic infection model that exposed M. tuberculosis to 
simulated free-drug ciprofloxacin serum concentration–time 
profiles that mimicked those encountered in humans treated 
with oral ciprofloxacin for 2 weeks. This ciprofloxacin regi-
men achieved an AUC:MIC ratio (0 to 24 hours) of 80.4 and 

resulted in a rapid microbial kill (similar to that noted in 
treated humans), but resistance emerged quickly—by the 
end of the first week most of the bacterial population was 
resistant, providing an alternative explanation for the poor 
efficacy of ciprofloxacin in treating tuberculosis in in vitro 
models and clinical trials. These findings add further weight 
to recent clinical data that suggest newer fluoroquinolones 
such as moxifloxacin are preferred over ciprofloxacin for the 
treatment of tuberculosis (see Chapter 105, Moxifloxacin). 
Concordance between M. tuberculosis susceptibility testing 
results for different fluoroquinolones appears to be low—in 
particular, ciprofloxacin resistance should not be used as an 
indicator of moxifloxacin resistance (Farhat et al., 2015).

Spirochetes
Fluoroquinolone-resistant mutants of B. burgdorferi have 
been reported in one study by one group—mutations in 
the parC, which encodes a subunit of topoisomerase IV, were 
associated with loss of susceptibility to sparfloxacin and 
moxifloxacin, but not to ciprofloxacin (Galbraith et al., 
2005). However, the clinical relevance of these findings is 
uncertain, given ciprofloxacin’s limited activity against this 
pathogen.

2c.  In vitro synergy and antagonism

With a few notable exceptions, most authors have found only 
occasional synergy between quinolones such as ciprofloxa-
cin, norfloxacin, and enoxacin, and either aminoglycosides 
or beta-lactams. Most commonly, these combinations have 
shown indifferent or additive effects, and only occasionally 
antagonism. Moody et al. (1987) reported that ciprofloxacin 
combined with azlocillin or ceftizoxime was synergistic in 
vitro against 50% of P. aeruginosa and S. marcescens isolates, 
and that ciprofloxacin combined with amikacin was syner-
gistic against > 50% of S. marcescens and S. aureus isolates. 
Subsequent studies in rabbits confirmed the synergistic effect 
of combining ciprofloxacin and azlocillin against some 
Enterobacteriaceae and P. aeruginosa. Similarly, Orlando et 
al. (1990) noted in vitro synergy between ciprofloxacin and 
azlocillin against some strains of P. aeruginosa, E. coli, and 
K. pneumoniae. However, Haller (1985) found much lower 
rates of synergy. In a few studies the combination of cipro-
floxacin and cefotaxime appears to be synergistic in vitro 
against Salmonella spp. and possibly Vibrio vulnificus (Chang 
et al., 2009; Kim et al., 2010a; Neupane et al., 2010; Kim et al., 
2005; Jang et al., 2014).

Similar to other ciprofloxacin plus beta-lactam combi-
nations, the combination of ciprofloxacin and imipenem 
against P. aeruginosa and other Gram-negative pathogens 
has had mixed results (Bustamante et al., 1987; Chin and 
Neu, 1987a; Kumar et al., 1989). Although combinations of 
ciprofloxacin with aminoglycosides sometimes (< 30%) yield 
synergistic activity against P. aeruginosa, such synergy is rarely 
seen against S. maltophilia (Chow et al., 1988b; Eliopoulos 
and Eliopoulos, 1989; Neu, 1991). One in vitro study that used 
the Etest synergy method and time–kill assays suggested that 
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a combination of ciprofloxacin plus gatifloxacin was syner-
gistic against 13/31 isolates of P. aeruginosa (Pankey and 
Ashcraft, 2005). 

The combination of ciprofloxacin and gentamicin was 
evaluated in a murine model of bubonic plague, but was not 
found to have any advantage over monotherapy (Lemaitre et 
al., 2012). 

The benefit of combination therapy with ciprofloxacin 
and rifampicin against L. pneumophila infection is unclear. 
Ciprofloxacin plus rifampicin results in the suppression of 
resistance to each agent in vitro, but rifampicin has also been 
shown in broth culture to antagonize the bactericidal activity 
of ciprofloxacin (Havlicheck et al., 1987; Barker and Farrell, 
1990).

In general, combinations of ciprofloxacin with amino-
glycosides are additive or indifferent against S. aureus, and 
although synergism between ciprofloxacin and azlocillin 
against up to 40% of S. aureus strains has been shown, this 
has little clinical relevence (Chin et al., 1986a; Chin et al., 
1986b; Moody et al., 1987). Some studies suggest that rifam-
picin antagonizes the bactericidal activities of fluoroquino-
lones against S. aureus in vitro; however, others report 
indifference in terms of bactericidal activity. There are no 
clinical data to suggest that this combination is associated 
with poorer clinical outcomes (Hackbarth et al., 1986; Fass 
and Helsel, 1987; Van der Auwera and Joly, 1987; Kaatz et 
al., 1989; Neu, 1989a; Dworkin et al., 1990)—in fact this 
combination has been used successfully in patients with 
infections involving orthopedic prostheses (Zimmerli et al., 
1998). Indifferent activity against enterococci in vitro and in 
animal models has generally been noted with combinations 
of ciprofloxacin and beta-lactams, such as penicillin or 
ampicillin (Fernandez-Guerrero et al., 1987; Haller, 1987; 
Ingerman et al., 1987). Thus, although ciprofloxacin plus 
aminoglycoside and ciprofloxacin plus beta-lactam synergies 
are sporadic and relatively infrequent, antagonism between 
these pairs of agents appears to be rare (Eliopoulos and 
Eliopoulos, 1993).

Against various enterococcal species, combinations of 
ciprofloxacin with novobiocin produced additive activity 
(French et al., 1993), whereas previously, combining cipro-
floxacin with cell-wall active agents such as ampicillin or 
vancomycin demonstrated neither synergy nor antagonism 
in most cases (Smith and Eng, 1988). A recent in vitro study 
using time–kill curves for the Enterococcus faecalis ATCC 
29212 strain found some synergy using ampicillin in com-
bination with ciprofloxacin (Liao et al., 2014). However, 
experimental endocarditis studies in rabbits that used a com-
bination of ciprofloxacin and penicillin demonstrated effi-
cacy similar to that of penicillin alone (Fernandez-Guerrero 
et al., 1987).

Ciprofloxacin and metronidazole appear to produce addi-
tive or indifferent results in vitro against anaerobes (Whiting 
et al., 1987). Overall, combinations of fluoroquinolones with 
clindamycin, anti-anaerobic penicillins, or cephalosporins 
against anaerobic species such as B. fragilis are only occa-
sionally synergistic and usually indifferent (Esposito et al., 

1987a; Whiting et al., 1987; Eliopoulos and Eliopoulos, 1989; 
Neu, 1989b; Neu, 1991; Wolfson and Hooper, 1989c).

In vitro synergy between ciprofloxacin and amikacin, 
erythromycin, imipenem, rifampicin and/or isoniazid against 
M. tuberculosis has been reported in 7–41% of isolates, but 
there are no clinical data to support the proposed benefit of 
these combinations (Neu, 1991; Casal et al., 1989). Against 
M. avium however, ciprofloxacin and ethambutol demon-
strate bactericidal synergy at clinically achievable concen-
trations, although when ciprofloxacin is combined with 
rifampicin and ethambutol there is no greater activity than 
with rifampicin or ethambutol alone (Yajko et al., 1988; Yajko 
et al., 1990).

Despite all these numerous in vitro studies, there is no 
reliable evidence of clinical synergy, namely improved clini-
cal outcomes as a result of administration of ciprofloxacin 
with these other agents.

3. MECHANISM OF DRUG ACTION

Fluoroquinolones such as ciprofloxacin are similar to nali-
dixic acid and other fluoroquinolones in their mode of 
action. The topic has been recently reviewed by Hooper and 
Jacoby (2015) (also see Chapter 104, Levofloxacin). The 
mechanisms of fluoroquinolone resistance are discussed in 
section 2b, Emerging resistance and cross-resistance.

The key targets of quinolones are DNA gyrase and DNA 
topoisomerase IV, which are both large complex essential 
bacterial enzymes composed of four subunits—DNA gyrase, 
comprised of two GyrA and two GyrB subunits (encoded by 
gyrA and gyrB genes, respectively), and topoisomerase IV, 
comprised of two ParC and two ParE subunits (encoded by 
parC and parE) (Hooper, 2003; Jacoby, 2005; Hooper and 
Jacoby, 2015). The two enzymes work together in the repli-
cation, transcription, recombination, and repair of DNA. 
Ciprofloxacin, like other fluoroquinolones, interacts with 
both DNA–gyrase and DNA–topoisomerase IV complexes, 
blocking the action of these enzymes and resulting in lethal 
(to the target cell) double-stranded DNA breaks (Jacoby, 
2005; Drlica and Hooper, 2003). Drug binding is thought to 
occur in the QRDR domain of the enzymes, which is near 
the active site of enzyme action (Morais Cabral et al., 1997). 
Both enzymes are essential for DNA replication, and interac-
tion of a quinolone with either enzyme–DNA complex traps 
the enzyme at the surface of the DNA molecule and creates 
a cleavable complex, which blocks bacterial DNA replication 
(Chen et al., 1996). Disrupting DNA gyrase function results 
in a decreased introduction of negative supercoils in DNA 
and therefore an increase in subsequent DNA damage 
(Hooper and Wolfson, 1993a). Like DNA gyrase, topoisom-
erase IV is a tetramer consisting of four subunits (two each of 
ParC and ParE) that can remove supercoils, and topoisomer-
ase IV is even better at decatenation than is gyrase, being able 
to remove precatenanes that are formed behind the replica-
tion fork (Drlica and Malik, 2003; Jacoby, 2005). Variations 
in the antibacterial potency of different fluoroquinolones 
have often, but not always, correlated with differences in 
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inhibition of the appropriate DNA gyrase or topoisomerase. 
Other factors such as cell permeability to fluoroquinolones 
affect drug potency, as well as the presence of efflux pumps, 
porin size, and manner of enzymatic degradation (Domagala 
et al., 1986; Wolfson et al., 1987; Hooper and Wolfson, 1993a; 
Hooper, 2002; Jacoby, 2005; Machado et al., 2006; Robicsek 
et al., 2006a; Hooper and Jacoby, 2015).

Quinolones initially kill bacteria rapidly, but with respect 
to some bacteria their activity lessens in vitro when the via-
ble cell count is about 104 less than the initial inoculum 
numbers, or in some circumstances when bacteria are in a 
stationary phase of growth. Thus, quinolone bactericidal 
activity, depending on the bacterial species, is cell cycle spe-
cific, although this appears to be less so for ciprofloxacin and 
ofloxacin, at least against Gram-negative organisms (Eng 
et al., 1991; Hooper and Wolfson, 1993a). Bacterial killing 
tends to increase in rate and magnitude with increasing 
quinolone concentrations; however, above a maximum con-
centration of 30- to 60-fold above the MIC, the so called 
Eagle effect may occur for some fluoroquinolones, with a 
reduction in killing similar to the effect seen in some bacte-
rial strains with excess penicillin concentration. Drugs such 
as chloramphenicol and rifampicin inhibit protein synthesis 
and are known to reduce bacterial killing by some quinolo-
nes, suggesting that some protein synthesis in addition to 
quinolone interference with DNA gyrase activity is neces-
sary for cell death (Deitz et al., 1966; Crumplin et al., 1984). 
Interestingly, protein synthesis inhibitors such as rifampicin 
and chloramphenicol, although abolishing the bactericidal 
activity of nalidixic acid and norfloxacin, have only partial 
effect on fluoroquinolones such as ciprofloxacin, pefloxacin, 
ofloxacin, and lomefloxacin (Smith, 1984; Lewin et al., 1989a; 
Lewin and Amyes, 1990). Thus, these fluoroquinolones pre-
sumably possess other mechanisms of killing. In addition, 
anaerobic conditions inhibit fluoroquinolone killing, whereas 
oxygen reverses this effect (Lewin et al., 1991).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

ORAL ADMINISTRATION

The usual adult oral dose of ciprofloxacin ranges from 250 to 
750 mg twice daily, depending on the type and severity of 
infection. For infections such as mild to moderate lower 
respiratory tract, skin and soft tissue, and bone and joint 
infections, 500 mg twice daily is generally appropriate. A 
similar dose is suitable for the treatment of most forms of 
enteric bacterial infections, except typhoid fever, for which 
higher doses may occasionally be necessary. Higher doses may 
be required to achieve adequate serum levels in severe sepsis. 

The optimum dose for eradication of nasal carriage of 
N. meningitidis is not defined, but regimens include a 500 or 
750 mg single dose, 250 mg twice daily for 2 days, or 500 mg 

twice daily for 5 days (McEnvoy, 1995). An extended release 
formulation is also available in some countries, with recom-
mended doses being 500–1000 mg once daily for the treat-
ment of urinary tract infections (FDA, 2016b).

Concurrent administration of aluminum and magne-
sium antacids or sucralfate may reduce the absorption of 
ciprofloxacin owing to formation of drug–cationic chelate 
complexes, but calcium carbonate given 2 hours before oral 
ciprofloxacin does not appear to alter ciprofloxacin bioavail-
ability (Preheim et al., 1986; Roberts and Williams, 1989; 
Garrelts et al., 1990; Lomaestro and Bailie, 1991; see section 
5e, Drug interactions).

Ciprofloxacin administered via a nasogastric tube as a 
crushed tablet in suspension, either alone or concurrently 
with enteral feeding, is similar in bioavailability to orally 
administered ciprofloxacin given to healthy volunteers (Yuk 
et al., 1989a). Administration of ciprofloxacin via a jejunos-
tomy tube may result in lower, but generally acceptable, 
serum concentrations than orally administered drug (Sahai 
et al., 1991; see section 5a, Bioavailability).

INTRAVENOUS ADMINISTRATION

Previously recommended intravenous doses ranged from 
100 to 400 mg every 12 hours, including 200 mg twice daily 
for moderately severe urinary tract infections (Martindale, 
1993), and 300–400 mg twice daily for severe or complicated 
urinary tract infections, lower respiratory tract infections, 
skin and soft tissue, and bone and joint infections. Among 
critically ill trauma patients there may be significant variabil-
ity in ciprofloxacin clearance, such that ciprofloxacin doses 
of 200 mg i.v. every 12 hours may be inadequate, especially in 
treatment of P. aeruginosa or S. aureus infections (Yuen et al., 
1989). Similarly, Dan et al. (1994), who examined the phar-
macokinetic and serum bactericidal activities of 200, 300, 
and 400 mg i.v. ciprofloxacin, suggested that the 200 mg dose 
was adequate for infections due to Enterobacteriaceae, but 
that 400 mg twice daily or even three times daily may be 
otherwise appropriate. Studies by Catchpole et al. (1994) that 
focused on blister fluid, urine, and serum concentrations in 
healthy volunteers, suggested that ciprofloxacin 400 mg i.v. is 
more equivalent to 750 mg orally than indicated by plasma 
pharmacokinetic data (see section 5a, Bioavailability).

Given emerging resistance and more recent pharmacoki-
netic and pharmacodynamic studies, higher intravenous doses 
may be more appropriate for treating severe systemic infec-
tions. Lipman et al. (1998) suggested that to achieve adequate 
serum ciprofloxacin levels in severe sepsis, 400 mg i.v. every 
8 hours should be used in adults. This dose has also been 
supported by more recent pharmacokinetic–pharmacody-
namic studies (Haeseker et al., 2013; Zelenitsky and Ariano, 
2010). In a study of 80 patients that used target MICs of 0.25 
μg/ml and 0.5 μg/ml, a total daily dose of 800 mg reached a 
target AUC/MIC of > 125 in only 79% and 25% of patients 
(respectively), compared to 99% and 63% of patients (respec-
tively) using a total daily dose of 1200 mg (Haeseker et al., 
2013). Higher doses of ciprofloxacin seem particularly per- 
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tinent for organisms with higher MICs, such as Pseudomonas 
aeruginosa and Acinetobacter baumannii. Based on Monte 
Carlo simulations, some have cautioned against using cipro-
floxacin for treatment of these organisms due to the potential 
for developing resistance (Khachman et al., 2011).

INHALED ADMINISTRATION

Inhaled ciprofloxacin was assigned orphan drug status in 
relation to treatment of cystic fibrosis by the European 
Medicines Agency in 2009 and by the US FDA in 2010. A 
dry powder formulation for inhalation in cystic fibrosis 
patients with bronchiectasis appeared to be reasonably well 
tolerated in early phase I and II trials (Stass et al., 2013; 
Wilson et al., 2013), while improved tolerability and lower 
airway drug delivery with inhaled liposomal formulations 
has been marketed (Serisier et al., 2013). Phase III trials are 
currently in progress. Inhaled liposome-encapsulated cip-
rofloxacin has also been proposed as a prophylactic agent 
against biological warfare threats such as inhalational 
anthrax and tularemia (Hamblin et al., 2014). Dosing is yet 
to be accurately defined.

4b.  Newborn infants and children

Ciprofloxacin is not generally recommended for use in chil-
dren (see section 6, Adverse reactions and toxicity), but if 
treatment is necessary, an oral dose of 7.5–15 mg/kg/day 
or  5–10 mg/kg/day i.v. ciprofloxacin has been previously 
suggested (Martindale, 1993)—although more recent studies 
have recommended higher doses to achieve therapeutic tar-
get levels. Peltola et al. (1992), found the elimination of cip-
rofloxacin to be more rapid in 1- to 5-year-old children than 
in infants, older children, or adults, and that an oral dose of 
10–15 mg/kg given thrice daily (i.e. total daily dose 30–45 
mg/kg) may be more appropriate for this 1- to 5-year-old 
age group. In this study of seven infants aged 5–14 weeks 
and nine children aged 1–5 years, most of whom were Sal-
monella carriers treated with oral ciprofloxacin, the elimina-
tion half-life of ciprofloxacin was significantly longer in 
infants (2.73 ± 0.28 hours) than it was in children (1.28 ± 
0.52 hours) (p < 0.001). No significant differences in the 
maximum serum concentrations, or times to maximum 
concentrations, were noted between the two groups. In one 
seven-month old child, who was treated with two doses of 
ciprofloxacin 15 mg/kg orally, and then after a 48-hour drug 
free period was given a similar dose i.v., the maximum serum 
concentrations were similar: 11–13 and 11–15 μg/ml, respec-
tively. Thus it appears that ciprofloxacin resembles trimetho-
prim in that its elimination is more rapid in children than 
in infants or adults. Another study in severely malnourished 
Kenyan children also supported an oral dose of 10 mg/kg 
thrice daily for the management of associated sepsis, and 
noted that absorption was not significantly affected by con-
current feeding (Thuo et al., 2011).

Assessment of a suspension formulation of ciprofloxa-
cin suggested that a dose of 10 mg/kg three times daily for 

children is appropriate for most indications (Peltola et al., 
1998). 

In infants under three months of age, Monte Carlo simu-
lation studies have predicted that 90% of neonates with a 
postmenstrual age of < 34 weeks receiving an intravenous 
dose of 7.5 mg/kg twice daily, and 84% of infants and neo-
nates with a postmenstrual age of ≥ 34 weeks receiving 12.5 
mg/kg twice daily, would achieve a target AUC/MIC of 125, 
based on a MIC susceptibility breakpoint of 0.5 μg/ml (Zhao 
et al., 2014).

4c.  Pregnant and lactating mothers

In general, ciprofloxacin, similar to other fluoroquinolones, 
should not be used in pregnancy unless there are no suitable 
alternatives. The drug is listed as US FDA pregnancy cate-
gory C—whereby animal reproduction studies have shown 
an adverse effect on the fetus and there are no adequate and 
well-controlled studies in humans (FDA, 2016a; FDA 2016c). 
The Australian Therapeutic Goods Administration (TGA) 
classifies ciprofloxacin as pregnancy category B3 (drugs that 
have been taken by only a limited number of pregnant 
women and women of childbearing age, without an increase 
in the frequency of malformation or other direct or indirect 
harmful effects on the human fetus having been observed) 
(Antibiotic Expert Group, 2014; see section 6, Adverse reac-
tions and toxicity). 

Since ciprofloxacin is excreted in breast milk, a decision 
to discontinue breastfeeding or discontinue the drug has to 
be made, taking into account the importance of the drug to 
the mother. Although the effects in the nursing infant are 
unknown, ciprofloxacin is considered compatible with breast-
feeding by the American Academy of Pediatrics (American 
Academy of Pediatrics, 2001; see section 6, Adverse reactions 
and toxicity).

If ciprofloxacin is used during pregnancy or lactation, no 
dosage adjustment is usually required (FDA, 2016c). How-
ever, it should be noted that in pregnant women receiving 
routine doses of ciprofloxacin (200 mg i.v. every 12 hours), 
serum concentrations of ciprofloxacin are several times 
lower than those in nonpregnant women. This is probably 
because of more rapid renal excretion and other elimination 
mechanisms in pregnant females. To support this view, it is 
notable that pefloxacin, a fluoroquinolone which is primarily 
eliminated by hepatic mechanisms, achieves serum concen-
trations in pregnant women similar to those achieved in 
nonpregnant women (Giamarellou et al., 1989; see Chapter 
118, Pefloxacin). Thus, in the treatment of serious sepsis in 
pregnancy in which the use of ciprofloxacin is unavoidable, 
higher than usual doses may be necessary. Giamarellou et al. 
(1989) studied pregnant women affected by beta-thalassemia 
major who underwent termination at 19–25 weeks gesta-
tion. Mean ciprofloxacin concentrations 2–4 hours after a 
200 mg i.v. dose were 0.28 ± 0.19 μg/ml in serum and 0.12 ± 
0.06 μg/ml in amniotic fluid (i.e. 57% of the serum concen-
tration). Breast milk concentrations of ciprofloxacin were 
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160–214% of serum concentrations between 2–12 hours after 
an oral dose of 750 mg of ciprofloxacin (Giamarellou et al., 
1989).

4d.  Those reqiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

The serum half-life of patients with normal renal function 
is 3–6 hours and extends to 6–9 hours in patients with end-
stage renal function (Boelaert et al., 1985; Drusano et al., 
1987; Bindschedler et al., 1988; Bennett et al., 1994). Peak 
serum levels and times to reach these peaks are not signifi-
cantly higher even in patients with end stage renal failure, 
but AUC values are more than doubled in patients with renal 
failure, compared with patients with good renal function. 
Drusano et al. (1987) recommended a 50% reduction in dose 
when the glomerular filtration rate (GFR) is less than 20–30 
ml/min, but that an every 12 hours dosing schedule should 
be maintained regardless of renal function because of varia-
tions in ciprofloxacin half-life in anephric patients. Similar to 
other fluoroquinolones, ciprofloxacin is primarily (50–75%) 
excreted unchanged by the kidneys in healthy individuals. 
In addition, there is significant proximal tubular secretion of 
ciprofloxacin, resulting in overall renal excretion of cipro-
floxacin exceeding creatinine clearance (Webb et al., 1986; 
Drusano et al., 1987). In the setting of renal impairment, 
tubular secretion decreases and there is reasonable correla-
tion between renal and plasma clearance of ciprofloxacin and 
the creatinine clearance (Richer and LeBel, 1993). Owing to 
the increasing impact of nonrenal (e.g. hepatic) clearance of 
ciprofloxacin in renal failure, however, elimination half-life 
does not continue to parallel creatinine clearance. Further-
more, owing to wide intersubject variation in the nonrenal 
clearance of ciprofloxacin in patients with similar creatinine 
clearances, specification of strict dosage regimens in patients 
having significant renal failure is imprecise. Although the 
manufacturer suggests that dosage adjustments for oral and 
i.v. ciprofloxacin in renal failure should be gauged differently, 
there are few clinical data to support this view.

Renal dysfunction does not alter the volume of distribu-
tion of ciprofloxacin, nor does it affect the bioavailability of 
the drug to any extent (Webb et al., 1986; Plaisance et al., 
1990; see section 5b, Drug distribution).

Urine concentrations of ciprofloxacin for up to 24 hours 
after a 500 or 750 mg single oral dose of ciprofloxacin are 
generally several times the MIC for most urinary pathogens, 
even in patients with significant renal failure, and therefore 
ciprofloxacin remains a potential therapeutic option for uri-
nary tract infections in patients with impaired renal function 
(Gasser et al., 1988). Forrest et al. (1988) recommended that 
patients with severe renal failure (creatinine clearance < 20 
ml/min) receive two-thirds of the normal oral daily dose and 
that the dose interval should not be lengthened. Similarly, 
MacGowan et al. (1994) recommended 200 mg i.v. twice 
daily in patients with severe sepsis, irrespective of renal 

function, and warned that in some patients lower doses may 
result in subtherapeutic serum concentrations. In support of 
these concerns regarding potential underdosing in patients 
with renal failure, Dibble et al. (1987) reported a 29-year-old 
male with acute renal failure requiring hemodialysis who 
had P. aeruginosa septicemia and who failed therapy with 
ciprofloxacin 100 mg twice daily i.v., which was found to 
result in low serum levels. The patient eventually responded 
to ciprofloxacin 300 mg i.v. twice daily. These authors advo-
cated the use of routine doses of i.v. ciprofloxacin (e.g. 300 
mg twice daily) for serious infections in renal failure. Thus, 
in some cases of serious infection in which optimal dosing 
is vital, therapeutic drug monitoring may be warranted, 
especially where there is coexistent renal and hepatic failure. 
In general, most authors recommend that for moderate renal 
failure (GFR 10–50 ml/min), doses occasionally need to be 
decreased to 50–75%, whereas severe renal failure (GFR < 10 
ml/min) requires a 50% dose reduction (Bennett et al., 1994; 
Sanford et al., 1995).

Hemodialysis removes only about 2% of the given dose 
(Boelaert et al., 1985); hence no post-hemodialysis sup-
plementation is necessary. The recommended dosage for 
patients receiving hemodialysis is 250 mg orally twice daily, 
250 mg three times daily in CAPD, and 200 mg i.v. twice 
daily in continuous arteriovenous (CAVH) or continuous 
venovenous (CVVH) hemofiltration (Bennett et al., 1994; 
Sanford et al., 1995; Malone et al., 2001).

In a review of drug dosing in critically ill adult patients 
receiving continuous renal replacement therapy (CRRT), 
Trotman et al. (2005) suggested that i.v. ciprofloxacin should 
be dosed at 200 mg every 12 hours for CVVH, and 200–400 
mg every 12 hours for continuous venovenous hemodialysis 
(CVVHD) and continuous venovenous hemodiafiltration 
(CVVHDF). However, the authors were concerned that these 
doses may not always achieve the target AUC/MIC ratio (see 
section 5c, Clinically important pharmacokinetic and phar-
macodynamic features) in critically ill patients, especially for 
patients receiving CAVH. They suggested that for this popu-
lation, 600–800 mg ciprofloxacin daily may be required to 
achieve the optimal AUC/MIC ratio for pathogens having a 
ciprofloxacin MIC ≥ 1 μg/ml. Other recent observational 
studies have supported intravenous doses of 400 mg every 
12 hours to attain an AUC/MIC ratio >100 (Shotwell et al., 
2015; Spooner et al., 2011).

Chronic ambulatory peritoneal dialysis eliminates only 
0.4–1.6% of a ciprofloxacin dose, and peritoneal dialysate 
levels are inconsistent (Richer and LeBel, 1993). In patients 
with end stage renal failure treated with peritoneal dialysis, 
only 1% of a single oral ciprofloxacin dose is eliminated in 
the urine (Shalit et al., 1986). When given in normal daily 
doses, but as 250 mg four times daily to patients on CAPD, 
Fleming et al. (1987) found the mean plasma concentration 
to be twice that seen in healthy patients, and dialysate con-
centrations to be at effective levels in more than half the 
cases, for most pathogens responsible for peritonitis (Fleming 
et al., 1987). Thus, in patients on CAPD, the altered dose of 
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oral ciprofloxacin is generally 250 mg every 8 hours, with no 
additional dose required after or during peritoneal dialysis 
(Richer and LeBel, 1993; Bennett et al., 1994). When admin-
istered intraperitoneally in dialysate, the recommended dose 
of ciprofloxacin of 25 mg/l will produce dialysate levels after 
a 4 hour cycle of 8.4 ± 4.6 μg/ml, and 3.0 ± 3.2 μg/ml after a 
12 hour cycle; although there is considerable interpatient 
variability in transperitoneal absorption. During this period 
of intraperitoneal administration the mean plasma concen-
tration is approximately 0.5 ± 0.2 μg/ml. The low serum 
concentrations reflect efficient nonrenal elimination and the 
large volume of distribution of the drug (Dharmasena et al., 
1989). Ciprofloxacin at a dose of 25 mg/l is stable in dialy-
sate containing both 1.5% and 4.25% dextrose, with 93.4% 
and 93.7% activity, respectively, when stored at 25°C (Kane 
et al., 1994). Cure of CAPD-associated peritonitis has been 
achieved with oral ciprofloxacin, but relatively high doses 
(1–2 g/day) were necessary (Fleming et al., 1988). The inges-
tion of antacids decreases the absorption of oral ciprofloxa-
cin, resulting in serum and dialysate concentrations that 
were 14–50% and 8–33%, respectively, of concentrations 
observed in subjects not receiving antacids (Golper et al., 
1987; see section 5a, Bioavailability). Thus, discontinuation 
of antacids such as aluminum phosphate–binders, so com-
monly prescribed for patients with end stage renal failure, 
may be necessary to achieve adequate serum and dialysate 
concentrations of ciprofloxacin in patients on CAPD (Golper 
et al., 1987).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Renal and hepatic mechanisms contribute to the elimination 
of fluoroquinolones, although the relative contribution of 
each of these two clearance pathways varies with the fluoro-
quinolone. Ciprofloxacin clearance does not appear to be 
significantly altered in mild to moderate hepatic failure, 
although currently available data are not extensive. Frost et 
al. (1989a) found the pharmacokinetics of multidose cipro-
floxacin to be unaltered in seven patients with cirrhosis, 
compared with seven matched healthy patients. Fraise and 
Smith (1990) suggested no change in ciprofloxacin dosage 
for patients with mild to moderate cirrhosis. Esposito et al. 
(1989) found a moderate increase in serum ciprofloxacin 
concentrations in patients with severe hepatic cirrhosis, with 
an increase in elimination half-life of 35% compared with 
controls. Thus, dosage adjustment is probably necessary in 
severe hepatic failure, but the level of dosage reduction is 
unclear. The monitoring of serum ciprofloxacin concentra-
tions may be helpful in this situation (Montay and Gaillot, 
1990). Nevertheless, caution may need to be exercised and 
dosage reduction instituted in patients with combined hepatic 
and renal failure, as Wenk et al. (1988) reported a substantial 
increase in ciprofloxacin half-life in this setting.

ELDERLY PATIENTS

Although one might expect the absorption of fluoroquinolo-
nes to be impaired in the elderly because of the presence of 

ageing-associated diminished gastric acid secretion, increased 
gastric emptying time, and reduced splanchnic blood flow, 
no differences have been noted between young and elderly 
patients in the times needed after dosing to achieve the max-
imal serum drug concentrations. However, peak serum con-
centrations of ciprofloxacin are higher, and the AUCs are 
larger in the elderly than in healthy young volunteers (Ball et 
al., 1986; Bayer et al., 1987; Hirata et al., 1989; Naber et al., 
1989; Shah et al., 1995). Nevertheless, most authors recom-
mend no dosage adjustment for either i.v. or oral ciprofloxa-
cin in elderly patients with normal renal function, as dose 
reductions for elderly patients with renal failure may result in 
subtherapeutic levels for organisms with MIC values ≥ 1 μg/ml 
(based on Monte Carlo simulations)—potentially leading to 
treatment failure or development of resistance (Leroy et al., 
2012). However, owing to the expected higher serum con-
centrations, patients should be monitored for adverse reac-
tions (Guay et al., 1987; LeBel and Bergeron, 1987; Hirata et 
al., 1989). No differences in concentrations between genders 
have been noted (Shah et al., 1995). In the elderly, the pres-
ence of infection itself does not alter the pharmacokinetics 
of ciprofloxacin (Hirata et al., 1989; Guay et al., 1987). No 
dosage adjustment is necessary with concurrent administra-
tion of routine doses of ciprofloxacin and rifampicin in 
elderly patients, as serum concentrations are similar to what 
is observed when each agent is given alone (Chandler et al., 
1990). 

PATIENTS WITH CYSTIC FIBROSIS

Ciprofloxacin, along with most fluoroquinolones, appears to 
be eliminated faster by patients with cystic fibrosis, probably 
because of increased total body and nonrenal clearance. 
Therefore, ciprofloxacin has a shorter half-life in patients with 
cystic fibrosis than in normal controls (LeBel et al., 1986a; 
Davis et al., 1987; Pedersen et al., 1987; Strandvik et al., 1989; 
Christensson et al., 1992; Cogo et al., 1992). The mechanism 
of this increased clearance is uncertain, but a generalized 
increase in drug metabolism and/or reduced renal tubular 
reabsorption has been proposed (Richer and LeBel, 1993). 
Thus, to achieve the serum concentration of ciprofloxacin 
expected in normal patients, a higher than usual dosage or 
a shorter administration interval is often required in patients 
with cystic fibrosis. Dosages of 750 mg two, three, or four 
times daily are generally required (LeBel et al., 1986a; Reed et 
al., 1988; Richer and LeBel, 1993). In comparison, however, 
other authors have found the pharmacokinetics of ciproflox-
acin in patients with cystic fibrosis to be similar to those of 
normal patients, and have therefore advocated routine doses 
of ciprofloxacin of 750 mg orally twice daily for patients 
greater than 40 kg in body weight (Davis et al., 1987; Stutman 
et al., 1987; Steen et al., 1989; Christensson et al., 1992). 
Bioavailability of ciprofloxacin in patients with cystic fibrosis 
appears to be about 70% (see section 5a, Bioavailability). 
Ciprofloxacin pharmacokinetic parameters in sputum appear 
to be similar to those observed in serum, although the peak 
concentration in sputum occurs 4–5 hours after administration 
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and is about one-third of the serum concentration (Smith et 
al., 1986; Reed et al., 1988).

OBESE PATIENTS

Several authors have suggested higher doses of ciprofloxacin 
may be required in obese patients. Allard et al. (1993) ini-
tially suggested using an adjusted body weight (ABW) based 
on a dosing weight correction factor of 0.45 to normalize 
the volume of distribution. In their study of ciprofloxacin 
pharmacokinetics in 17 obese male volunteers (mean weight 
110.7 ± 20.2 kg; mean body mass index [BMI] 36.4–3.9 kg/
m2) and 11 controls (mean weight 71.8 ± 9.9 kg; mean BMI 
23.3 ± 2.4 kg/m2), ciprofloxacin total clearance was signifi-
cantly increased in the obese subjects compared with control 
subjects after a single intravenous dose of 400 mg ciprofloxa-
cin. The ciprofloxacin steady-state volume of distribution 
was also significantly larger in the obese subjects (269.17 ± 
51.64 l) than in the control subjects (219.03 ± 35.80 l), and 
the authors suggested 45% of excess body weight (total body 
weight minus ideal body weight) should be added to the 
ideal body weight of obese subjects in dosage calculations. 
However, Hollenstein et al. (2001) later suggested that dosing 
based on adjusted body weight might result in subtherapeu-
tic tissue concentrations and recommended dosing based on 
actual body weight.

Clinical use of higher doses of ciprofloxacin for morbidly 
obese patients have been reported rarely. A 250 kg man who 
was administered 800 mg ciprofloxacin i.v. twice daily for 
sepsis from a skin and soft tissue infection, with the dose cal-
culated based upon the dosing weight correction factor of 
0.45 suggested by Allard et al. (1993), achieved adequate 
concentrations and clinical cure (Caldwell and Nilsen, 1994). 
In another report, 800 mg ciprofloxacin i.v. twice daily was 
also used in a 185 kg trauma victim receiving continuous 
venovenous hemodiafiltration, and achieved target therapeu-
tic levels and microbiological cure for Enterobacter aerogenes 
osteomyelitis with a ciprofloxacin MIC ≤ 1 µg/ml, although 
the patient subsequently died from sepsis resulting from an 
occult subdiaphragmatic abscess (Utrup et al., 2010). 

However, given the paucity of data, the optimal dosing of 
ciprofloxacin in obese patients remains uncertain (Falagas 
and Karageorgopoulos, 2010; Janson and Thursky, 2012; Pai 
and Bearden, 2007).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

ORAL ADMINISTRATION

Ciprofloxacin taken orally is generally 60–70% absorbed 
from the gut, mostly from the duodenum and jejunum, but 
with a variability of 51–88% in some reports. Oral bioavail-
ability is also partially dependent on the dose administered, 
with wider variations being associated with higher doses 
(Wingender et al., 1984; Höffken et al., 1985a; Bergan et al., 

1986a; Borner et al., 1986; Drusano et al., 1986a; Bergan et 
al., 1987; Plaisance et al., 1987; Hirata et al., 1989; Plaisance 
et al., 1990; Söorgel et al., 1991; Lettieri et al., 1992). Plaisance 
et al. (1987) noted some variation in the availability of 750 mg 
oral ciprofloxacin given to healthy volunteers, with a range of 
375–700 mg of each dose reaching the systemic circulation. 
The cause of this variability is probably multifactorial, in-
cluding variable disintegration–dissolution rates and poten-
tial variability in the gastrointestinal motility. Administration 
of ciprofloxacin with food delays the time taken to reach 
peak serum concentrations but does not alter bioavailability 
(Ledergerber et al., 1985). Notably, however, ciprofloxacin 
is adequately absorbed in patients with diabetic gastropare-
sis (Marangos et al., 1995). Serum half-life increases with 
increasing dose, suggesting that the elimination of ciproflox-
acin is nonlinear. The elimination half-life for ciprofloxacin 
is approximately 5.4 hours in healthy volunteers (Lubasch et 
al., 2000). Ciprofloxacin is 16–40% protein bound (Wise et 
al., 1983; Chin and Neu, 1984; Höffken et al., 1985a; Joos et al., 
1985; Bennett et al., 1994). Typical serum concentrations of 
ciprofloxacin after single and multiple oral doses are shown 
in Figure 101.2 and Figure 101.4, respectively. 

A number of authors have suggested that patients given 
ciprofloxacin via enteral feeding, gastrostomy, or jejunal 
tubes may encounter a reduction in bioavailability of 27–67% 
under certain circumstances (Healy et al., 1996; Mimoz et al., 
1998; Cohn et al., 1995). Mimoz et al. (1998) demonstrated 
reduced peak plasma levels after administration of ciproflox-
acin via a nasogastric tube versus intravenously in 12 criti-
cally ill patients and recommended that the former route 
should be used only when serial assessments of ciprofloxacin 
levels are routinely available. Enteric absorption of ciproflox-
acin during the immediate postoperative period after major 
abdominal surgery is erratic, and adequate serum concentra-
tions cannot be assumed (Cohn et al., 1995). The bioavail-
ability of oral ciprofloxacin 750 mg given within 24 hours 
of  laporotomy was measured in patients undergoing bowel 
surgery electively (n = 15) or for peritonitis (n = 7), and was 
compared with bioavailability in nine healthy controls in a 
prospective study (Hackam et al., 1998). Bioavailability was 
determined by area under the concentration–time curve, 
maximum concentration, and time to maximum concentra-
tion. Oral bioavailability was reduced postoperatively and, 
for the elective surgery patients, this observation was noted 
particularly if they were obese. The authors suggested that an 
increased oral dose or use of the intravenous route may be 
wise during the immediate postoperative days, particularly 
in obese patients. Contrary to these findings, Lubart et al., 
(2013) noted that among hospitalized geriatric patients, there 
did not appear to be a significant difference in ciprofloxacin 
pharmacokinetic parameters between nasogastric tube and 
oral administration, such that the latter route of administra-
tion was considered suitable for frail elderly patients (Lubart 
et al., 2013).

Pregnant women (at 19–25 weeks’ gestation) given three 
doses of 750 mg oral ciprofloxacin have mean serum concen-
trations of 2.06, 1.06, 0.12, and 0.02 μg/ml, at 2, 4, 12, and 24 
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hours after a dose, respectively (Giamarellou et al., 1989). 
These concentrations are lower than those expected in simi-
lar nonpregnant females—a potentially important consider-
ation when treating nosocomial or other sepsis in pregnancy.

Ball et al. (1986) found higher serum levels in elderly sub-
jects associated with an increase in the AUC; after an oral 
100 mg dose, the peak serum levels in young volunteers and 
elderly patients at 1–2 hours were 0.34 and 0.86 μg/ml, 
respectively. Other authors also found the peak serum con-
centration of ciprofloxacin in elderly patients to be up to 
twice that noted in healthy young volunteers, and the AUC 
values to also be higher in the elderly (Bayer et al., 1987; 
Hirata et al., 1989; Naber et al., 1989). Among pharmacoki-
netic studies of elderly patients given 100, 250, 500, and 750 
mg ciprofloxacin orally, the maximum serum concentrations 
have been 0.83, 1.47–1.7, 3.24, and 5.87–7.6 μg/ml, respec-
tively, 1.1–1.9 hours postdose. The half-life of oral ciproflox-
acin in these patients was 3.5–6.8 hours (Ball et al., 1986; 
LeBel et al., 1986b; Bayer et al., 1987; Guay et al., 1987; Hirata 
et al., 1989; Nilsson-Ehle and Ljungberg, 1989). Hirata et al. 
(1989) found that factors relating to age and decreasing renal 
function were more important in determining alterations in 
the pharmacokinetics of ciprofloxacin in the elderly than the 
infectious disease under therapy. Co-administration of either 
rifampicin or clindamycin with ciprofloxacin does not alter 
the pharmacokinetic parameters of oral ciprofloxacin in 
the elderly compared with ciprofloxacin given alone in this 
group (Chandler et al., 1990; Weinstein et al., 1991; see sec-
tion 5e, Drug interactions). For information regarding dos-
age adjustment in the elderly, see section 4d, Those requiring 
altered dosages. 

Two oral suspensions of ciprofloxacin (500 mg/10 ml and 
500 mg/5 ml) have been studied and found to be bioequiva-
lent to a single 500-mg tablet given to young healthy male 
volunteers (Shah et al., 1999). Pharmacokinetic properties 
in infants aged 5–14 weeks were compared with those of 
children aged 1–5 years, following administration of oral cip-
rofloxacin 15 mg/kg (Peltola et al., 1992). This dose resulted 
in mean maximum serum concentrations of 2.1–3.3 μg/ml. 

The elimination half-life was significantly longer in the 
infants (2.73 ± 0.28 vs. 1.28 ± 0.52 hours) and the AUC was 
greater (16.1 ± 7.4 vs. 5.3 ± 3.3 mg/l hours). The authors sug-
gested that 15 mg/kg three times daily was an appropriate 
dose for children aged 1–5 years but that smaller doses may 
be appropriate for neonates (Peltola et al., 1992). A suspen-
sion of ciprofloxacin (10 mg/kg three times daily) was stud-
ied in 16 non–cystic fibrosis children aged 0.3–7.1 years 
(Peltola et al., 1998). Mean plasma concentrations between 
1.7 and 3.6 mg/l were achieved within one hour for both 
single dose and steady-state dosing. Clearance was slower 
in those < 6 years old.

In patients with cystic fibrosis given oral doses of 500, 
750, or 1000 mg of ciprofloxacin, the peak serum concentra-
tions and times to peak concentrations are similar to those 
in healthy volunteers (e.g. 2.84 μg/ml [500 mg] and 4.0 μg/ml 
[750 mg] after 1.55–1.8 hours) (LeBel et al., 1986a). In 
another study, Rubio et al. (1997) showed a peak serum con-
centration and a time to peak concentration of 3.7 (± 1.4) 
mg/l and 2.5 (± 1.8) hours, respectively, after oral ciprofloxa-
cin 20 mg/kg was given every 12 hours to children aged 5–17 
years with cystic fibrosis. The corresponding figures after 
intravenous ciprofloxacin 10 mg/kg was administered every 
8 hours to these patients were 5.0 ± 1.5 mg/l and 1.0 ± 0.3 
hours, respectively (Rubio et al., 1997). Because ciprofloxacin 
elimination may be faster and therefore its half-life shorter, 
an increase in dosage may be required in some patients 
(Goldfarb et al., 1986; LeBel et al., 1986a; Davis et al., 1987; 
Pedersen et al., 1987; Stutman et al., 1987; Reed et al., 1988; 
Rubio et al., 1997).

Oral administration of a single dose of 500 or 750 mg 
ciprofloxacin in patients with renal failure results in peak 
serum concentrations of 0.81–4.07 (usually 2–2.5) μg/ml 
after 500 mg, and 2.97–4.50 μg/ml after 750 mg, after about 
1.5 hours—the higher concentrations tend to be associated 
with lower levels of renal function (Bindschedler et al., 1988; 
Ebert et al., 1988; Plaisance et al., 1990). Overall bioavailabil-
ity and volume of distribution are essentially unchanged in 
patients with renal failure compared with those with normal 

Figure 101.2. Mean serum ciprofloxacin concen-
trations after single oral doses of 500 mg (*) and 
750 mg (£). (Reprinted from Lettieri et al. (1992).)
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renal function (overall bioavailability 63.4% vs. 69%) (Webb 
et al., 1986; Plaisance et al., 1990). Plaisance et al. (1990) 
studied 21 subjects with a range of renal function, who were 
given ciprofloxacin 200 mg i.v., and 1 week later 750 mg 
orally, and found the bioavailability to be 69% for patients 
with normal renal function and 59.9% in patients with 
renal insufficiency. With worsening renal function the AUC 
approximately doubles, the renal clearance falls to at least 
one-quarter, and elimination half-life is about 1.7 times the 
earlier value (Gasser et al., 1987a; Ebert et al., 1988). Dosage 
adjustments for patients with creatinine clearance < 20  
ml/min are discussed in section 4d, Those requiring altered 
dosages.

Mild and moderate hepatic cirrhosis do not affect cipro-
floxacin kinetics (Montay and Gaillot, 1990). However, 
Esposito et al. (1989) found that, compared with mild cirrho-
sis, severe cirrhosis was associated with a small increase in 
maximum concentration, from 2.03 to 2.74 μg/ml, with a 
prolongation in half-life from 5.18 to 7.0 hours, and an AUC 
change of 10.9 to 17.7 μg/ml per hour after a single 500 mg 
oral dose. Similarly, Frost et al. (1989a) found little difference 
in ciprofloxacin kinetics between patients with biopsy- 
proven cirrhosis and normal controls after administration of 
a single 750-mg oral dose.

INTRAVENOUS ADMINISTRATION

Drusano (1987) studied the pharmacokinetics of ciprofloxa-
cin in patients with various degrees of renal failure who were 
given 200 mg i.v. ciprofloxacin. Serum clearances were 
reduced, from 26.8 ± 5.7 l/h per 1.73 m2 in normal patients to 
15.4 ± 4.3 l/h per 1.73 m2 in anephric patients, with the mean 
half-life increasing from 4.3 ± 0.8 to 8.6 ± 3.3 hours. Despite 
differences in patient renal function, serum concentrations 
at the end of a 200 mg i.v. infusion were similar, varying 
between 4.1 and 6.3 μg/ml. By 12 hours post-infusion, serum 
concentrations varied from 0.11 μg/ml (normal renal func-
tion) to 0.37 μg/ml (severe renal failure). Among the anephric 
patients there was little variation in serum clearance, but there 

was very wide variation in terminal elimination half-life: 3.9 
to 13.5 hours. It is on the basis of these findings that a 50% 
reduction in dosage is recommended when renal function 
declines below 20–30 ml/min.

Typical serum concentrations of ciprofloxacin after single 
and multiple intravenous doses are shown in Figure 101.3 
and Figure 101.4, respectively.

5b.  Drug distribution

Dose-ranging studies for single oral ciprofloxacin doses of 
250, 500, 750, and 1000 mg given to healthy male volunteers 
resulted in maximum serum concentrations of 0.76, 1.60, 2.54, 
and 3.38 μg/ml, respectively, 1.0–1.8 hours (mean 1.5 hours) 
after dosing. The serum half-life was 4.1 hours after 250–500 
mg, and 6.3–6.9 hours after 750–1000 mg (Tartaglione et al., 
1986). Serum concentrations 12 and 24 hours after each dose 
are shown in Figure 101.2. Similar findings were noted in the 
dose-ranging study by Bergan et al. (1987).

Other authors have reported similar results, with maxi-
mum serum concentrations after 500 mg oral ciprofloxacin 
of 1.8–2.8 μg/ml, 40 minutes to 1.3 hours after administra-
tion, and a half-life range of 3.3–5.7 hours (Wise et al., 1986; 
Bergan et al., 1987; Eliopoulos, 1988; Wise et al., 1988; 
Wolfson and Hooper, 1989b; Lode et al., 1990a; Lettieri et al., 
1992; Paradis et al., 1992; Echols et al., 1994). A similar phar-
macokinetic profile has been noted with lower doses in 
healthy volunteers (Drusano et al., 1986a). In a single dose 
crossover study, Lettieri et al. (1992) found that 500 mg oral 
ciprofloxacin yielded an AUC similar to that observed with 
400 mg administered i.v., and that this i.v. dose resulted in a 
maximum serum concentration similar to that achieved by 
the 750 mg dose given orally. Shah et al. (1994) reported sim-
ilar findings in their multidose study with 400 mg i.v. cipro-
floxacin being given three times daily, producing peak serum 
concentrations similar to 750 mg oral ciprofloxacin twice 
daily, and finding that AUC24 values for the two regimens 
were similar. Echols et al. (1994) found that a 500-mg oral 

Figure 101.3. Mean serum ciprofloxacin concen-
trations after single i.v. doses of 300 mg (¢) and 
400 mg (+). The duration of infusion was 1 hour. 
(Reprinted from Lettieri et al. (1992).)
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ciprofloxacin dose resulted in serum bactericidal activity 
nearly equivalent to that of ciprofloxacin 400 mg i.v. against 
a spectrum of Gram-negative and Gram-positive pathogens.

Pharmacokinetic studies of multidose regimens of cipro-
floxacin yield data similar to those of single-dose trials, the 
former regimens exhibiting similar (or clinically unimport-
ant elevations in) terminal half-life and serum clearance 
values (Aronoff et al., 1984; Brumfitt et al., 1984; Gonzalez et 
al., 1984; LeBel et al., 1986b; Israel et al., 1993). Johnson et al. 
(1990) noted a reduction in absorption of oral ciprofloxacin 
in six patients studied after they received chemotherapy for 
hematologic malignancies. Mean maximum serum concen-
tration fell from 3.7 μg/ml prechemotherapy to 2.0 μg/ml 
13 days after chemotherapy, in patients treated with 500 mg 
of oral ciprofloxacin twice daily. Considerable variability in 
serum concentration was noted. Such a reduction in serum 
concentration may have clinical implications when treating 
serious Gram-negative infections in this patient group, and 
dosage adjustment may need to be considered.

Dose-ranging studies from 25 to 200 mg reveal a linear 
increase in the AUC. The terminal elimination half-life is 4–5 
hours in normal subjects with a total serum clearance of 
22.5–25.2 l/h per 1.73 m2, in studies administering doses of 
100–200 mg (Drusano et al., 1986b; Drusano, 1987). Intra-
venous administration of 200 mg ciprofloxacin by constant 
rate infusion over 30 minutes results in peak serum concen-
trations of 3.80 ± 0.62 μg/ml at the end of the infusion, with 
levels of 0.96, 0.48, and 0.13 μg/ml, at 1, 4, and 12 hours after 
infusion, respectively (Drusano et al., 1986b; Drusano, 1987). 
Under the same circumstances a 100 mg dose resulted in 
serum concentrations of 2.28, 0.50, and 0.07 μg/ml at the end 
of the infusion, 1 hour after infusion, and 12 hours after infu-
sion, respectively (Drusano et al., 1986b). Doses of greater 
than 200 mg may be associated with some nonlinearity in 
serum concentration–time profiles (Drusano et al., 1986b).

With doses of 100–200 mg, the serum levels of drug 
achieved over 12 hours exceed the MICs for 90% of E. coli, 
Klebsiella, Enterobacter, Serratia, and Proteus spp., but fall 

below the MICs for P. aeruginosa and S. aureus after 2–4 
hours (Gonzalez et al., 1985). Other authors have found sim-
ilar results in studies of 50 mg, 100 mg, 200 mg, and 250 mg 
doses of i.v. ciprofloxacin (Wise et al., 1984; Gonzalez et al., 
1985; Höffken et al., 1985a; Dudley et al., 1987; Ljungberg 
and Nilsson-Ehle, 1988; Lode et al., 1988). The serum con-
centrations of ciprofloxacin after administration of 300 and 
400 mg i.v. are shown in Figure 101.3.

A number of authors have examined the pharmacokinet-
ics of 400 mg ciprofloxacin i.v., and found that 400 mg i.v. 
three times daily produces a serum AUC similar to what is 
seen with 750 mg given orally twice daily (Shah et al., 1994). 
Peak serum concentrations after 400 mg i.v. are similar to 
those obtained after 750 mg oral ciprofloxacin, after both 
single and multiple dosing. At steady-state, ciprofloxacin 400 
mg i.v. three times daily may be considered therapeutically 
equivalent to 750 mg orally twice daily (Echols, 1993; Shah et 
al., 1994; see Figure 101.4). The peak serum concentration of 
ciprofloxacin immediately after a one hour infusion of 400 
mg is 3.42 ± 0.80 μg/ml, and 4.07 ± 0.88 μg/ml, on day 1 and 
day 4, respectively, with a total serum clearance of 862 ± 
188, and 649 ± 166 ml/min, respectively (Shah et al., 1994). 
Absolute bioavailability is 80% and is not affected by renal 
insufficiency (Plaisance et al., 1990; Shah et al., 1994). Based 
on similar findings in patients with severe sepsis, Lipman et 
al. (1998) suggested that to achieve adequate serum ciproflox-
acin levels in severe sepsis, 400 mg i.v. every 8 hours should 
be used.

Lettieri et al. (1992) described similar results in terms of 
maximum serum concentrations after 400 mg i.v. was admin-
istered over one hour versus 750 mg orally, but found that 
400 mg given i.v. was more equivalent to 500 mg given orally 
with respect to AUC. After a 1-hour infusion of 300 or 400 
mg ciprofloxacin, Lettieri et al. (1992) found the maximum 
serum concentrations to be 3.2 ± 0.7 and 4.0 ± 0.6 μg/ml, 
respectively; with the half life of ciprofloxacin to be approxi-
mately 4.5 hours. Nix et al. (1992) compared pharmacoki-
netic parameters for 200, 300, and 400 mg single intravenous 

Figure 101.4. Mean serum concentrations 
of ciprofloxacin following 400 mg i.v. three 
times daily (after first dose, [�]; after last 
dose [¢]) or 750 mg po twice-daily (after 
first dose [�]; after last dose [£]), for 4 
days. (Reprinted from Shah et al. (1994).)
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doses in healthy male volunteers. The mean AUC values dis-
played linearity, and there were no statistically significant 
differences in total body clearance, steady state volume of 
distribution, or elimination half-life with respect to the doses 
administered. The mean total body clearance, steady state 
volume of distribution, and elimination half-life values ranged 
from 36 to 41 l/hour, 146 to 169l liters, and 3.5 to 3.7 hours, 
respectively, for the three doses studied (Nix et al., 1992).

Catchpole et al. (1994) found results that differed from 
those of Shah et al. (1994) in that (per the Catchpole study) 
400 mg i.v. ciprofloxacin compared with 750 mg oral cipro-
floxacin produced higher serum concentrations (6.7 vs. 3.9 
μg/ml) but lower AUC values (14.2 vs. 19.2 μg·h/ml). How-
ever, pharmacokinetic data from inflammatory blister fluid 
suggests equivalence between these two dosing regimens. 
Regardless of these differences of opinion, the finding by 
Echols et al. (1994) that ciprofloxacin 500 mg orally and 400 
mg i.v. have nearly equivalent serum bactericidal activity 
against E. coli, K. pneumoniae, E. aerogenes, P. aeruginosa, 
A. anitratus, H. influenzae, S. aureus, and S. pneumoniae is of 
interest. However, both regimens have only modest serum 
bactericidal activity against P. aeruginosa, A. anitratus, and 
S. aureus at peak concentrations, and no activity at 8 and 12 
hours after dosing. Neither regimen exhibits serum bacteri-
cidal activity against S. pneumoniae. Other authors have sim-
ilar concerns regarding the levels achieved with 200 mg i.v. 
ciprofloxacin in relation to the treatment of anything other 
than infections caused by Enterobacteriaceae; with much 
higher doses, such as 400 mg i.v. twice daily or three times 
daily, being potentially required for the treatment of P. aeru-
ginosa infections (Dudley et al., 1987; Standiford et al., 1987; 
Dan et al., 1994). Dan et al. (1994) found the serum concen-
trations achieved with even 400 mg i.v. to result in poor 
activity against A. calcoaceticus var. anitratus and S. aureus. 
Using population pharmacodynamics and Monte Carlo sim-
ulation models, Montgomery et al. (2001), who conducted a 
study of 1213 adults with cystic fibrosis, suggested that cur-
rent dosing using 400 mg every 8 or every 12 hours may be 
inadequate in the treatment of pulmonary infections.

DISTRIBUTION OF THE DRUG IN THE BODY

Similar to other fluoroquinolones, ciprofloxacin penetrates 
well into tissues, with large volumes of distribution that far 
exceed the extracellular volumes (Wise et al., 1984; Hoffken 
et al., 1985a; Karabalut and Drusano, 1993). Penetration into 
experimental blister fluid, both inflammatory and nonin-
flammatory, yields drug concentrations similar to or greater 
than serum concentrations (Crump et al., 1983; Wise et al., 
1984; LeBel et al., 1986c). In the noninflammatory suction 
blister model, LeBel et al. (1986c) compared penetration of 
the drug after a single ciprofloxacin dose of 500 mg, and after 
500 mg three times daily for 13 doses. After single and mul-
tiple doses, ciprofloxacin appeared rapidly in blister fluid 
(although it was delayed compared with serum levels), and 
achieved 88.8% and 84.7% penetration (based on the AUC 
ratio of blister fluid to serum), and 79.5% and 57.3% penetra-
tion (based on the maximum concentration of ciprofloxacin), 

respectively. The mean maximum blister fluid concentrations 
were 1.75–1.87 μg/ml, 2.3–2.5 hours after dosing. Multiple 
dosing resulted in an increase in the steady state concen-
tration of ciprofloxacin in blister fluid of 0.97 ± 0.57 μg/ml, 
8 hours postdose. The half-life in blister fluid was similar to 
that in serum. Lubowski et al. (1992) reported similar pene-
tration for both ciprofloxacin and fleroxacin. Wise and 
Donovan (1987) investigated inflammatory blister fluid under 
similar dosing conditions and found that because of the lon-
ger half-life of ciprofloxacin in inflammatory fluid, ciproflox-
acin penetration was 117% and, after 100 mg i.v., ciprofloxacin 
penetration was 121%.

Ciprofloxacin exhibits excellent penetration into endo-
thelial and epithelial cell layers with good intracellular anti-
bacterial activity in vitro (Chadwick and Mellersh, 1987; 
Darouiche and Hamill, 1994). Similarly, in vitro and in vivo 
studies show high levelconcentrations of ciprofloxacin in 
human neutrophils with good intracellular antibiotic ac - 
tivity (Easmon and Crane, 1985; Van der Auwera et al., 1988; 
Garraffo et al., 1991; Yancey et al., 1991; Garcia et al., 1992; 
Perea et al., 1992). In vivo studies by Garraffo et al. (1991) 
demonstrate marked intracellular penetration of ciprofloxa-
cin into human neutrophils with the ratio of intracellular/
serum drug concentrations of 3.7, 5.7, and 20, after 1.5 (time 
of maximum serum concentration), 12, and 24 hours, respec-
tively, postdose. Intracellular half-life of ciprofloxacin was 
prolonged compared with that in serum (6.2 vs. 3.7 hours, 
respectively) (Garraffo et al., 1991).

A study in 12 adults with severe burns suggests that the 
high burn eschar concentrations and serum levels (the serum 
levels similar to those found in normal volunteers) can be 
achieved after ciprofloxacin 400 mg i.v. is given every 12 
hours in critically ill burn patients (Varela et al., 2000). Sim-
ilarly, tissue inflammation does not appear to alter the pen-
etration of ciprofloxacin. Among non–insulin-dependent 
patients given ciprofloxacin 200 mg i.v. for inflamed foot 
lesions, no difference in drug penetration was noted between 
inflamed and unaffected tissue (Muller et al., 1999).

Penetration into lymphatic fluid, calculated by comparing 
the AUC in lymph to that in serum, was about 70% in two 
studies (Bergan et al., 1986b; Bergan, 1990). Single doses 
of  ciprofloxacin 500 mg orally or 400 mg intravenously in 
healthy volunteers resulted in figures ranging between 38% 
and 68% in a similar study (Brunner et al., 2002).

Concentrations attained in saliva range from 30% to 45% 
of the peak levels in serum (Gonzalez et al., 1984). LeBel et 
al. (1986c) found peak concentrations of ciprofloxacin in 
saliva of 1.42 ± 0.97 μg/ml after an initial 500 mg oral dose, 
and 1.52 ± 0.86 μg/ml after multiple doses. After 750 mg oral 
ciprofloxacin twice daily, steady state salivary and nasal 
secretion concentrations are 1.29 ± 1.0 and (approximately) 
1.84 ± 0.91 μg/ml, respectively (Piercy et al., 1989a). Similarly, 
Darouiche et al. (1990), after giving ciprofloxacin 750 mg 
orally twice daily for 2 days, found ciprofloxacin concen-
trations in saliva and nasal secretions to be 1.27 ± 0.31 and 
0.27 ± 0.04 μg/ml, respectively, 2 hours postdose, and 0.08 
and 0.04 μg/ml, respectively, 8 hours postdose. Ciprofloxacin 
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concentrations in nasal secretions far exceed the MIC90 val-
ues for H. influenzae and meningococci, but were below the 
MIC90 for MRSA. Ciprofloxacin penetrates well into head 
and neck tissues, with peak concentrations of 150–190%, 
100–150%, and 45% of serum concentrations in tonsil tissue, 
sinus mucosa, and saliva, respectively (Barza, 1988). Penetra-
tion into nasal secretions of 73–90%, based on AUC tissue/
AUC serum, can be expected (Ullmann et al., 1986; Barza, 
1991).

Penetration of ciprofloxacin into sputum may be affected 
by a number of unpredictable factors; hence pulmonary 
penetration is better measured by analysis of pulmonary 
components, such as bronchial secretions, bronchial mucosa, 
and alveolar macrophages (Bergogne-Bérézin et al., 1986; 
Winter and Sweeney, 1991). Ciprofloxacin penetrates well 
into bronchial secretions after i.v. administration, with mean 
peak concentrations of 0.84 ± 0.58 and 1.16 ± 0.86 μg/ml, 
1–1.4 hours after single and multiple doses of 1.5 mg/kg of 
ciprofloxacin, respectively. The rate of clearance is similar 
to that in serum (Berré et al., 1988). In an assessment of 
mechanically ventilated patients with nosocomial broncho-
pneumonia treated with 200 mg i.v. ciprofloxacin every 12 
hours for 2 days, Saux et al. (1994) found peak and trough 
concentrations in bronchial secretions to be 0.95 ± 0.51 and 
0.21 ± 0.12 μg/ml, respectively. Penetration into bronchial 
secretions, based on a comparison of peak concentrations 
and AUC values, was 32% and 55–66%, respectively. This 
dose resulted in 12 hour concentrations in bronchial secre-
tions below the MIC90 values for the main pathogens respon-
sible for nosocomially acquired pneumonia. Thus the authors 
recommended doses of greater than 200 mg i.v., or more fre-
quent dosing in this clinical setting. More recently, Kontou 
et al. (2011) performed a similar study using high doses in 
critically ill, mechanically ventilated patients with chronic 
obstructive pulmonary disease. Mean peak and trough con-
centrations in plasma were 5.37 ± 1.57 and 1.0 ± 0.53 μg/ml 
respectively, following treatment with 400 mg i.v. ciprofloxa-
cin every 8 hours. In bronchial secretions, the mean peak 
concentration of 3.08 ± 1.21 μg/ml was achieved at 3.12 ± 
1.01 hours after the start of the ciprofloxacin infusion, with 
a mean trough concentration of 1.34 ± 0.52 μg/ml. Target 
AUC0–24/MIC ratios were achieved in 100% of patients for 
MIC = 0.125 μg/ml, 76% for MIC = 0.25 μg/ml, 16% for 
MIC = 0.5 μg/ml, and 0% for MIC = 1 μg/ml (Kontou et al., 
2011). Bronchial penetration (AUC bronchial secretions/AUC 
serum) of oral ciprofloxacin is 46–79% (Davies et al., 1986; 
Hoogkamp-Korstanje and Klein, 1986; Smith et al., 1986). 
Other authors have found ciprofloxacin concentrations in 
epithelial lining fluid obtained at bronchoscopy of 1.85–2.1 
times the serum concentrations after 250 mg oral ciprofloxa-
cin twice daily (Wise et al., 1991; Baldwin et al., 1993;). Wise 
et al. (1991) found ciprofloxacin concentrations in alveolar 
macrophages to be 14 to 18 times those in serum after 250 mg 
oral ciprofloxacin given twice daily. Gotfried et al. (2001) 
measured plasma, epithelial lining fluid, and alveolar macro-
phage concentrations of levofloxacin and ciprofloxacin in 
healthy adults. Levels of levofloxacin in epithelial lining fluid 

and alveolar macrophages relative to plasma were higher at 
all times measured (4, 12, and 24 hours after the last dose) 
than the ciprofloxacin levels relative to plasma levels. How-
ever, ciprofloxacin levels were satisfactory 4 hours and 12 
hours after nine doses of ciprofloxacin 500 mg orally every 
12 hours: epithelial lining fluid levels were 1.9 ± 0.9 and 0.4 
± 0.1 μg/ml, respectively, and alveolar macrophage concen-
trations were 34.9 ± 23.2 and 6.8 ± 5.9 μg/ml, repectively 
(Gotfried et al., 2001).

Ciprofloxacin penetration into lung tissue appears to be 
good. In a study of 18 patients undergoing lung surgery who 
received a single dose of ciprofloxacin 400 mg i.v. as a 1-hour 
infusion, drug distribution was rapid, with tissue concentra-
tions as follows: 3.84 mg/kg (0–2 hours), 1.92 mg/kg (2–4 
hours), 1.77 mg/kg (4–8 hours) and 0.67 mg/kg (8–12 hours); 
tissue–serum concentration ratios ranged from 1.7 to 7.1 
(Birmingham et al., 1999).

Ciprofloxacin is concentrated in bronchial mucosa, al- 
though concentration appears to vary according to whether 
ciprofloxacin levels are measured by high-performance liquid 
chromatography (HPLC) or microbiologic assay—the reason 
for this difference is not completely understood. Reid et al. 
(1989) found that the bronchial mucosa/serum concentration 
ratios measured by HPLC after single oral doses of ciproflox-
acin 250 and 750 mg and 200 mg i.v. were 4/97, 2/75, and 
6/24, respectively, with mean bronchial tissue concentrations 
of 2.02, 4.86, and 4.05 μg/g, at 3.4, 3.4, and 0.9 hours, respec-
tively, after dosing. Similarly, Fabre et al. (1991) found that 
concentrations of ciprofloxacin in bronchial mucosa (mea-
sured by HPLC) reached 21.6 ± 5.63 μg/g, 2 hours after a 
30 minute infusion of 200 mg ciprofloxacin given twice daily 
for 5 days. The mean tissue/plasma concentration ratio was 
16.9/5.4. Other authors who have measured ciprofloxacin 
concentration by microbiologic assay found similar but less 
dramatic findings. Winter and Sweeney (1991), for example, 
found the penetration of ciprofloxacin into bronchial mucosa 
to be a mean of 162% (range 140–200%). Wise et al. (1991) 
reported similar results. Scaglione et al. (1995) noted mean 
peak concentrations of ciprofloxacin in lung tissue to be 4.2 
μg/g, 2 hours after the second of two doses of ciprofloxacin 
500 mg given 12 hours apart.

Ciprofloxacin penetrates well into uninfected pleural fluid. 
In postoperative patients with continuous pleural drainage 
who were treated with 1.5 mg/kg i.v. ciprofloxacin three 
times daily, the peak concentrations in pleural fluid 1.5 hours 
after the first and third injections were 0.52 and 0.77 μg/ml, 
respectively, and concentrations after 8 hours were 0.19 and 
0.39 μg/ml, respectively. At steady state after three doses, the 
ratio of mean concentration in pleural fluid/serum was 77% 
after 1 hour, and 122% after 8 hours (Jacobs et al., 1990). 
Hopf et al. (1988) found concentrations of ciprofloxacin in 
pleural fluid 12 hours after 200 mg i.v. ciprofloxacin to be 
1.1–1.8 times serum concentrations, depending on the num-
ber of doses given. Joseph et al. (1994) studied both i.v. and 
orally administered ciprofloxacin in patients with sterile 
pleural effusions and empyema. Steady state ciprofloxacin 
concentrations in sterile pleural fluid after treatment with 
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750 mg twice daily for 3 days were 1.1–1.8 μg/ml, with a 
pleural fluid/serum ratio over 4 hours of 30–90%. Similar 
empyemic pleural fluid concentrations were higher (steady 
state concentrations of 1.9–3.4 μg/ml), with pleural fluid/
serum ratios of 1.0–2.0 over 5 hours.

Fluoroquinolones vary considerably in terms of penetra-
tion into cerebrospinal fluid (CSF). Ciprofloxacin achieves 
approximately 6–37% (generally ~ 15%) of peak serum con-
centrations in patients with meningitis, and 5–10% of peak 
serum concentrations in patients without meningitis (Norrby, 
1988; Tunkel and Scheld, 1993). Wolff et al. (1987) studied 23 
patients with bacterial meningitis due to a variety of patho-
gens who, in addition to treatment with routine regimens, 
received 200 mg ciprofloxacin i.v. every 12 hours for 3 doses 
between days 2 and 4 of therapy (i.e. early on, but not in the 
acute stage) and between days 10 and 20 (i.e. at time of cure). 
Mean CSF concentrations measured 1–6 hours after the 
third dose in each time period were 0.35–0.56 μg/ml (range 
0.11–1.20 μg/ml) early in the disease, and 0.15–0.27 μg/ml 
(range 0.11–0.5 μg/ml) at the time of cure (day 10–14). The 
percentages in CSF relative to the peak plasma concentra-
tions were 6.5–16% during the acute stage and 4.5–9.9% 
during the late stage of the disease. Peak ciprofloxacin con-
centrations in ventricular fluid measured in four patients 
occurred between 2 and 4 hours after the third dose. Over-
all, CSF concentrations of ciprofloxacin exceeded the MICs 
for many strains responsible for the purulent meningitis, 
but were insufficient to reliably inhibit S. pneumoniae or 
many unusual pathogens in this setting, such as P. aerugi-
nosa. Gogos et al. (1991) found similar results when treating 
with two doses of 200 mg i.v. ciprofloxacin every 12 hours, 
although their methodology produced less precise data. How-
ever, these authors also studied patients with noninflamed 
meninges in whom this dosing regimen resulted in CSF con-
centrations of 0.038–0.178 μg/ml at various times during the 
10 hours after the second dose. Nau et al. (1990) found simi-
lar results in patients with noninflamed meninges. Lipman 
et al. (2000) assessed the CSF penetration of ciprofloxacin 
400 mg i.v. every 8 hours in a patient with P. aeruginosa men-
ingitis and found that peak plasma levels were 10.3 μg/ml 
(trough level < 1 μg/ml), whereas the CSF level was 0.9 μg/
ml, both initially and after 1 week of therapy. On the basis 
of these findings, the authors suggested that for difficult to 
treat Gram-negative meningitis, ciprofloxacin 400 mg i.v. 
every 8 hours should be used.

Oral ciprofloxacin (500 mg) achieves CSF concentrations 
similar to those of 200 mg i.v. ciprofloxacin in both non-
inflamed (about 10% penetration) and inflamed meninges 
(Valainis et al., 1986; Kitzes-Cohen et al., 1988). In a study 
of 61 patients with tuberculous meningitis, Thwaites et al. 
(2011) found oral ciprofloxacin (750 mg every 12 hours) 
achieved lower levels than oral levofloxacin (500 mg every 12 
hours) or oral gatifloxacin (400 mg once daily), with a 
median steady state CSF: plasma ratio of 0.26 (range 0.11–
0.77) (Thwaites et al., 2011). Overall, therefore, ciprofloxacin 
penetration in patients with inflamed meninges is lower 
than that achieved with some sulfonamides, chloramphenicol, 

and some other fluoroquinolones such as moxifloxacin (and 
probably levofloxacin), but similar or higher than that achieved 
with penicillin, cephalosporins, and aminoglycosides (San-
ford et al., 1995).

Brain tissue penetration of ciprofloxacin appears to be 
reasonable, but higher doses are probably required. Leone et 
al. (2002) assessed ciprofloxacin distribution in 14 patients 
undergoing craniotomy after a single i.v. dose of ciprofloxa-
cin 200 mg. Mean tissue–serum concentration ratios were: 
parietal fat during opening, 1.40; parietal fat during closure, 
1.34; dura mater, 2.26; skull during opening, 0.44; skull 
during closure, 0.97; and brain tissue, 0.88. Mean (± SD) 
ciprofloxacin concentrations in brain tissue were only 0.87 
± 0.08 mg/kg, suggesting doses > 200 mg are likely to be 
required if adequate brain concentrations are to be achieved.

Ciprofloxacin achieves up to 95% penetration into non-
inflamed peritoneal fluid (Wise and Donovan, 1987). In eight 
patients with ascites but normal renal function (four malig-
nant; four associated with cardiac failure), Dan et al. (1992) 
found that a single oral dose of 750 mg ciprofloxacin resulted 
in a mean maximum concentration of 2.6 ± 0.6 μg/ml in 
ascitic fluid, with penetration (based on the ratio of AUC in 
ascites/AUC serum) of 69% ± 18%—i.e. concentrations well 
above the MICs of most Enterobacteriaceae.

In CAPD patients, oral ciprofloxacin achieves reasonable 
dialysate penetration, with peak concentrations of 1.8–4.5 
μg/ml after four doses of 750 mg twice daily. However, in 
patients taking oral phosphate-binding aluminum-based 
antacids, dialysate concentrations were only 8–33% of these 
values. Importantly, long-dwell exchanges (e.g. 8 hours) 
appear to be necessary to achieve these reasonable dialysate 
concentrations. The clearance of ciprofloxacin by CAPD is 
only 2% of the total body clearance (Golper et al., 1987). The 
antibacterial activity of ciprofloxacin may be reduced in 
dialysate compared with Isosensitest (Oxoid) broth; how-
ever, this is not a cause of treatment failure (Ludlam et al., 
1992). In a study of 10 CAPD patients with and without 
active peritonitis given ciprofloxacin 250 mg four times daily 
for 2 days, no differences in ciprofloxacin dialysate kinetics 
were noted between patients with and without peritonitis. 
Between patients, differences in dialysate concentrations of 
ciprofloxacin at the time of bag changes were reasonably 
large, but intrapatient variability was small. The mean peak 
dialysate concentration was 2.17 ± 1.63 μg/ml (range 0.66–
6.17 μg/ml), using four exchanges per day (Fleming et al., 
1987). Although a 50% reduction in dosage is usually rec-
ommended in the setting of CAPD, a dialysate concentration 
of ciprofloxacin above 2 μg/ml may be required for some 
pathogens—in this setting oral doses of greater than 1 g/day 
may be necessary. When mixed in 1.5% and 4.25% dextrose 
peritoneal dialysate, ciprofloxacin 25 mg/l is stable for 7 days 
at 25°C and for 48 hours at 37°C (Kane et al., 1994). Intra-
peritoneal ciprofloxacin (50 mg/l of dialysate) is effective in 
the treatment of CAPD peritonitis (Ludlam et al., 1990a; 
Ludlam et al., 1990b).

There is less penetration of ciprofloxacin into undrained 
intra-abdominal abscesses than into free peritoneal fluid. 
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Zimmerman et al. reported ciprofloxacin concentrations of 
0.51 µg/ml in intra-abdominal abscess fluid, compared with 
corresponding serum levels of 1.9 µg/ml (Zimmerman et al., 
2011).

Ciprofloxacin was previously thought to have sufficient 
penetration into the pancreas, including in patients with 
chronic pancreatitis or pancreatic carcinoma, against most 
likely pathogens (Brattstroöm et al., 1988; Büchler et al., 
1992; Isenmann et al., 1994). However, not all reports have 
shown consistent findings, and higher doses may be needed. 
Büchler et al. (1992) reported a median peak pancreatic tis-
sue concentration of only 0.9 mg/kg (range 0.4–2.1 mg/kg) 
after administration of a single 200 mg i.v. dose of ciproflox-
acin. Similar concentrations are likely to be achievable in acute 
pancreatitis. The mean peak concentration of ciprofloxacin 
in human allograft pancreatic juice 4 hours after a single 500 
mg oral dose of ciprofloxacin is 0.5 μg/ml—representing 36% 
penetration, based on concentration ratios. However, given 
increasing resistance to ciprofloxacin among Enterobac-
teriaceae, the concentrations in pancreatic tissue reported in 
these initial studies may be insufficient. Concerningly, Fan-
ning et al. (2011) found reduced uptake of ciprofloxacin in 
an animal model of pancreatitis compared with healthy ani-
mal controls, although the clinical significance of this to 
human disease is uncertain (Fanning et al., 2011). 

In patients undergoing gastrointestinal surgery, 200 mg 
i.v. ciprofloxacin achieves good concentrations in abdominal 
wall, fat, muscle, peritoneum, and gut wall—namely 1.04, 1.94, 
1.59, and 3.39 mg/kg, respectively (Silverman et al., 1986). 
After administration of 400 mg i.v. ciprofloxacin, concen-
trations in intestinal mucosa are a mean of 11.9 ± 8.9 mg/kg 
(range: 2.7–37.8 mg/kg)—generally exceeding concentrations 
in serum (Brismar et al., 1990).

Biliary concentrations of ciprofloxacin are generally 4- 
to 8-fold greater than simultaneous serum concentrations. 
Parry et al. (1988) examined the biliary excretion and metab-
olism of ciprofloxacin in 19 patients undergoing routine 
cholecystectomy and in 6 with indwelling biliary drainage 
catheters. Ciprofloxacin concentrations in common duct 
bile, gallbladder bile, and the gallbladder wall were 5.69 ± 
4.8 μg/ml, 5.43 ± 3.34 μg/ml, and 2.52 ± 1.30 mg/g, respec-
tively, after a single intravenous dose of 200 mg ciprofloxacin 
given 2.5–3 hours before cholecystectomy. All of these con-
centrations were at least 4-fold greater than the simultaneous 
serum concentrations. There was an 8-fold increase in gall-
bladder bile concentrations in patients with normal serum 
bilirubin who were treated with multiple preoperative doses, 
although only modest increases in serum, common duct bile, 
and gallbladder wall concentrations were noted. In only two 
patients were the common duct bile and gallbladder bile 
concentrations less than the peak serum concentrations 
(0.33–0.68 μg/ml)—both patients had common bile duct 
obstruction with bilirubin levels of 7 and 12 mg/dl. Never-
theless, these lower concentrations still exceeded the MIC90 
values of most Enterobacteriaceae likely to cause problems 
in this situation. Patients with elevated serum bilirubin 
had lower and delayed peak ciprofloxacin concentrations in 

common duct bile. The 24-hour biliary recovery of ciproflox-
acin was only 0.41% of the administered dose. Patients with 
normal bilirubin values achieved concentrations of 1.95–
10.9 and 3.0–16.7 μg/ml in gallbladder bile and common 
duct bile, respectively. Other authors have found similar 
results. In patients given oral ciprofloxacin 500 mg 1 hour 
before surgery, the serum and common bile duct concentra-
tions were 0.5 and 6.1 μg/ml, respectively, and when this 
dose was given 2–4 hours before operation, the values were 
2.5 and 20.2 μg/ml, respectively (Strachan and Thom, 1984). 
Ciprofloxacin concentrations have been estimated in bile 
taken by T-tube drainage from patients who have had a cho-
lecystectomy after receiving a single 500 mg dose. Mean peak 
biliary levels at 4.1 hours were 16.0–21.2 μg/ml, depending 
on the assay method used (Brogard et al., 1985). Similarly, 
Soörgel and Kinzig (1993) have reported biliary concentra-
tions of 16 μg/ml (a bile–plasma ratio of 8) after a single oral 
dose of 500 mg ciprofloxacin.

The concentrations of ciprofloxacin metabolites in com-
mon duct bile and gallbladder bile are 4-fold greater than the 
ciprofloxacin concentrations (total metabolites: 21.0 and 
23.3 μg/ml, respectively). Of these metabolites 83–90% are 
sulfo-ciprofloxacin, the principal fecal metabolite, which has 
less than 5% of the antibacterial activity of ciprofloxacin. 
Thus, ciprofloxacin readily achieves therapeutic levels in bile 
in the presence of a patent or partially obstructed biliary 
tree—characteristics that no doubt contribute to the efficacy 
of the drug in clearing Salmonella carriage.

A substantial amount of ciprofloxacin (11–30%) is pres-
ent in the gut after oral administration; on day 7 after a dos-
age of 500 mg every 12 hours, a mean value of 891 μg/g is 
detected in the feces (Brumfitt et al., 1984; Karabalut and 
Drusano, 1993). Similarly, about 15% of an i.v. dose of cip-
rofloxacin is recovered in the stool (Lode et al., 1990a). 
Rohwedder et al. (1990) administered 200 mg i.v. ciprofloxa-
cin to five healthy volunteers and five patients with severe 
renal failure (creatinine clearance: 8–16 ml/min) and col-
lected feces for the subsequent 7 days. Among normal volun-
teers 11.4% ± 2.6% of the dose was recovered, whereas among 
the renal failure group 37.2% ± 12.5% was recovered. As 
biliary excretion of ciprofloxacin is less than 1% of the 
administered dose, this mechanism contributes little to the 
fecal excretion of ciprofloxacin (Parry et al., 1988). Transfer 
of ciprofloxacin to feces is considered to be by direct trans-
intestinal elimination. This extrarenal elimination is an im-
portant factor in ciprofloxacin excretion, especially in severe 
renal failure. Similarly, Söorgel et al. (1989), using a charcoal 
model for investigation of healthy volunteers, predicted that 
about 11% of intravenously administered ciprofloxacin was 
secreted into the gut lumen. Pecquet et al. (1990) administered 
a single oral dose of 750 mg ciprofloxacin to healthy volun-
teers and found that fecal concentrations exceeded 3 mg/g 
feces and remained generally greater than 0.5 mg/g for at 
least 4 days. Other authors, however, have noted some vari-
ability in fecal concentrations. Brismar et al. (1990) gave 
patients two doses of 750 mg ciprofloxacin orally twice dialy 
before elective colorectal surgery, then a 400 mg i.v. dose at 
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induction of anesthesia and another 400 mg i.v. dose 12 hours 
later. Ciprofloxacin concentrations in the colonic mucosa 
were 2.7–37.8 μg/g of tissue, and in the fecal specimens 
ranged from less than 0.1 to 858 μg/g of feces; although 10 of 
21 specimens had concentrations greater than 90 μg/g. This 
variability is potentially related to the limited fecal sampling 
method used in this study.

Rubinstein et al. (1994, 1995), using a rat model, have 
shown that approximately 7% of ciprofloxacin is eliminated 
by a trans epithelial process in the small intestine (mostly 
the jejunum), whereas in the rabbit about 1% is eliminated, 
mostly in the ileum (Ramon et al., 1994). In rats, ciprofloxa-
cin is neither reabsorbed nor excreted distal to the ileocecal 
valve, hence the usual concentration process occurs in the 
large intestine in which reabsorption of water results in very 
high fecal concentrations of ciprofloxacin (Rubinstein et al., 
1994).

Urine concentrations of ciprofloxacin for up to 24 hours 
after either a 500 or 750 mg single oral dose of ciprofloxacin 
are generally several times the MICs for most urinary patho-
gens, even in patients with significant renal failure, and there-
fore ciprofloxacin remains a potential therapeutic option for 
urinary tract infections in patients with impaired renal func-
tion (Gasser et al., 1988; Wagenlehner et al., 2003; see section 
5d, Excretion). The new 1000 mg extended release formula-
tion of ciprofloxacin appears to be associated with excellent 
urinary bactericidal titers against common uropathogens, 
in a study involving 12 healthy volunteers (Wagenlehner et 
al., 2006). Ciprofloxacin penetrates well into renal cyst fluid 
in patients with end stage or advanced polycystic kidney dis-
ease, with mean ciprofloxacin concentrations of 12.7 μg/ml 
after 750 mg oral ciprofloxacin is given twice daily for 1–14 
days (Elzinga et al., 1988).

Penetration of fluoroquinolones into prostate fluid and 
tissue, and seminal fluid, is excellent, making these agents 
the drugs of choice for treating infections due to susceptible 
pathogens at these difficult sites. Oral ciprofloxacin 500 mg 
given 2–3 hours before prostatectomy resulted in a mean 
prostatic tissue concentration of 3.05 μg/g, at a time when 
the mean serum concentration was about 1.6 μg/ml (Boerema 
et al., 1984; Hoogkamp-Korstanje et al., 1984). Waldron et al. 
(1986) also found that oral ciprofloxacin produced therapeu-
tic intraprostatic drug levels—often 0.93–2.3 times the cor-
responding serum concentrations. After administration of 
750 mg ciprofloxacin, therapeutic prostate tissue concentra-
tions are attainable for up to 9 hours (Dan et al., 1986). With 
200 mg i.v. ciprofloxacin, the median concentrations in pros-
tatic tissue 1–2.5 hours after the dose is given are 1.7–1.87 
mg/kg (1.9–2.6 times the plasma concentrations) (Naber, 
1993). Seminal fluid concentrations 4 and 12 hours after 200 
mg of i.v. ciprofloxacin is given are 2.53 and 0.61–0. 70 μg/ml, 
respectively (i.e. 5.8–9.4 times the corresponding serum con-
centrations) (Naber, 1993).

Irrespective of the route of administration, ciprofloxacin 
concentrations in gynecologic tissues are 2- to 5-fold greater 
than the corresponding serum concentrations (Cho et al., 
1984; Dalhoff and Weuta, 1987). At 12 hours after a 500 mg 

oral dose of ciprofloxacin, mean concentrations in ovary, 
uterus, endometrium, myometrium, and fallopian tube are 
0.28, 0.49, 0.23, 0.34, and 0.36 mg/kg, respectively (Dalhoff 
and Weuta, 1987).

Ciprofloxacin has excellent penetration into human heart 
tissue, including heart valves, myocardium, and mediastinal 
fat. Mertes et al. (1990) examined tissue concentrations in 
patients treated with a single 400 mg i.v. dose of ciprofloxa-
cin and in patients who received 750 mg orally twice daily for 
2 days, followed by a single 400 mg i.v. dose before cardiac 
surgery. Both regimens produced similar tissue concentra-
tions, except that in the latter treatment group higher heart 
valve levels were achieved. After a single 400 mg i.v. dose of 
ciprofloxacin, peak myocardial concentrations of 31.6 ± 
25.0 μg/g were achieved after 1 hour, whereas peak concen-
trations in heart valves of 5.8 ± 3.2 μg/g occurred slightly 
later (1–3 hours postdose). In mediastinal fat, the peak con-
centrations were lower (3.1 ± 3.8 μg/g) and occurred later 
(3–5 hours). In all cases, ciprofloxacin levels remained higher 
than the MICs for the commonly susceptible pathogens, for 
at least 8 hours. Pryka et al. (1993) noted little difference in 
the pharmacokinetics and distribution of i.v. ciprofloxacin 
during cardiopulmonary bypass surgery, compared with these 
parameters before and after surgery.

Excellent bone concentrations of ciprofloxacin are achieved 
after both oral and i.v. administration. After an oral dose of 
750 mg, peak concentrations of 1.4 ± 1 μg/g in bone are 
achieved in patients with osteomyelitis. After 1 g dosing in 
patients without osteomyelitis, ciprofloxacin concentrations 
in bone are 1.6 ± 0.6 μg/g, and muscle concentrations are 
even higher (Fong et al., 1986).

Licitra et al. (1987) noted excellent ciprofloxacin pene-
tration into soft tissue in 22 patients (mean concentration 
1.75-fold greater than that in serum) with soft tissue infec-
tions treated with 750 mg oral ciprofloxacin twice daily. Mean 
concentrations in soft tissue from the margins of the infected 
areas 1 and 11 hours after dosing were 3.3–4.0 and 1.26–
1.89 μg/g, respectively. Aigner and Dalhoff (1986) also noted 
excellent penetration (1.8–3.3 times serum concentrations) 
into skin and muscle. Penetration into skeletal muscle after 
an oral 500 mg dose was 64% of that achieved by a 400 mg 
intravenous dose (Brunner et al., 2002). Similarly, ciproflox-
acin penetrates synovial fluid and tissue well, with Bosseray 
et al. (1992) noting ciprofloxacin concentrations in these 
sites of 0.6–1.2 and 0.6–2.3 times the plasma concentration, 
respectively. Ciprofloxacin tissue penetration is decreased 
in patients with peripheral vascular disease. Joukhadar et al. 
(2001) measured concentrations in plasma and ischemic and 
healthy soft tissue, preoperatively and postoperatively, 
in ten patients undergoing angioplasty for ischemic limbs 
after a single dose of ciprofloxacin 400 mg. Area under the 
concentration–time (AUC) curve values for ciprofloxacin 
were decreased preoperatively, and were at least partially 
reversed following angioplasty.

Studies in rabbits suggest that systemically administered 
ciprofloxacin penetrates the aqueous and vitreous humor 
to similar extents, regardless of the presence or absence of 
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infection, and also reaches good concentrations in ocular 
tissues, such as the cornea, iris, choroid, retina, and sclera 
(Barza, 1993). Vitreal penetration of fluoroquinolones is bet-
ter than that of beta-lactam agents, aminoglycosides, and 
clindamycin given as a single dose, and there appears to be 
no difference in penetration between diabetic and nondia-
betic patients (Barza, 1989; El Baba et al., 1992). Penetration 
of other fluoroquinolones, such as pefloxacin, ofloxacin, and 
norfloxacin, are roughly similar, and the degree of penetra-
tion for all fluoroquinolones increases with repeated dosing 
(Barza, 1993). High doses of ciprofloxacin are required to 
achieve adequate concentrations in aqueous humor. Sweeney 
et al. (1990) noted ciprofloxacin concentrations in aqueous 
humor of 2.8–12.1% of the corresponding serum concentra-
tions in patients treated with a single dose of either 1 or 1.5 g 
ciprofloxacin 1–4 hours before elective cataract removal. 
Aqueous humor concentrations exceeded 0.5 μg/ml 2.5 hours 
postdose in both these treatment groups, but a third group 
treated with a single oral dose of 500 mg ciprofloxacin had 
levels insufficient to reliably inhibit P. aeruginosa. Higher 
aqueous humor concentrations are noted with repeated dos-
ing (Sweeney et al., 1990). Barza (1993) found ciprofloxacin 
achieved peak concentrations in aqueous humor of 6–33% 
(generally 10–20%) relative to serum concentrations, and 
10–20% for vitreous humor.

The pharmacokinetics of ciprofloxacin in the human eye 
have been assessed using a combination of measured levels 
and population pharmacokinetic modeling (Morlet et al., 
2000). Using this approach, the mean half-life of ciproflox-
acin in aqueous and vitreous fluid was 3.5 and 5.3 hours, 
respectively. At steady state, the mean concentration ratios 
compared with serum were 23% and 17%, respectively. In 
a  study of 16 patients who received a single oral dose of 
1000 mg ciprofloxacin six hours prior to vitrectomy, the 
mean aqueous and vitreous humour levels of ciprofloxacin 
were 0.59 ± 0.06 µg/ml and 0.64 ± 0.06 µg/ml (Cekic, 1999). 
However, these concentrations may be lower than the MIC90 
values for some common intraocular bacterial pathogens. 
Because of this, some authors have suggested that oral cipro-
floxacin alone may be inadequate for perioperative prophy-
laxis or for treatment of bacterial endophthalmitis, and 
instead should be used as adjunctive therapy (Morlet et al., 
2000).

Topically applied 0.3% solutions of ciprofloxacin and nor-
floxacin (given as two drops 90 and 30 minutes preopera-
tively) achieved mean concentrations in the aqueous humor 
of 0.057–0.072 μg/ml in one study, although a number of 
patients had undetectable concentrations. Similarly applied 
ofloxacin achieves concentrations of 0.34 μg/ml, suggesting 
it to be superior for this form of administration (Donnen-
feld et al., 1994). Topical ofloxacin achieved higher aqueous 
humor concentrations than ciprofloxacin (both at 0.3%) in 
34 patients undergoing cataract surgery, and ofloxacin levels 
were significantly enhanced by a combination of topical and 
oral drug, whereas this effect was not observed for ciproflox-
acin (Cantor et al., 2001). The penetration of ciprofloxacin 
into vitreous humour is less than that into aqueous humour 

after topical administration, with levels of 0.22 ± 0.04 µg/ml 
vs. 0.44 ± 0.07 µg/ml respectively (Cekic et al., 1999). Topical 
ciprofloxacin achieves reasonable penetration into corneal 
tissue (Price et al., 1995). Concentrations of ciprofloxacin 
and other fluoroquinolones in conjunctival tissue have been 
assessed by Wagner et al. (2005).

Ciprofloxacin is secreted into human breast milk, with 
one study of 10 postpartum women reporting a mean level 
of 3.79 µg/ml 2 hours after receiving three doses of 750 mg 
orally 12 hours apart (Giamarellou et al., 1989). After 24 
hours, 0.02 µg/ml of ciprofloxacin was still detected. Gardner 
et al. (1992) reported undetectable levels of ciprofloxacin in a 
4-month-old infant 2.7 hours after breastfeeding, and 10.7 
hours after the mother had completed a course of 500 mg 
oral ciprofloxacin daily for 10 days. The corresponding breast 
milk level 11 hours after the last dose of ciprofloxacin was 
0.98 µg/ml. No adverse events were reported. The infant was 
estimated to have received a maximum dose of 0.15 mg/kg/
day, equivalent to a relative infant dose (RID) of 2.1%, where 
a RID < 10% of the mother’s weight-adjusted dose is gener-
ally considered acceptable for breastfeeding (Kaplan and 
Koren, 2015). (See sections 4c, Pregnant and lactating mothers, 
and 6n, Toxicity—use in pregnancy and breastfeeding.)

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

From a clinical perspective the most important pharmacoki-
netic features are the drug’s excellent penetration into almost 
all tissues and intercellular compartments, and its high level 
of oral bioavailability. The high levels achieved by this drug 
in bronchial mucosa, alveolar macrophages, prostate fluid 
and tissue, seminal fluid, bone, joints, skin, and soft tissues 
are largely responsible for the success of ciprofloxacin against 
infections at these sites.

The key pharmacokinetic–pharmacodynamic parameter 
of ciprofloxacin that is best correlated with clinical efficacy 
appears to be the drug’s AUC/MIC ratio (Lode et al., 1998). 
Forrest et al. (1993b) analyzed the outcomes of 64 seriously 
ill patients treated with i.v. ciprofloxacin and found that the 
best predictor of a good clinical and microbiologic outcome 
was the ratio of area under the concentration–time curve 
(24 hour) divided by the ciprofloxacin MIC of the pathogen 
being treated (AUC/MIC = AUIC). At an AUIC < 125, the 
probabilities of clinical and microbiologic cure were 42% and 
26%, respectively, whereas an AUIC > 125 was associated 
with probabilities of cure of 80% and 82%, respectively. In 
a  companion article (Forrest et al., 1993a), these authors 
described a dosing algorithm for i.v. ciprofloxacin based on 
MIC, patient creatinine clearance and weight, and the AUIC 
target.

A more recent retrospective review of clinical outcomes 
of 178 patients receiving ciprofloxacin for Gram-negative 
bloodstream infections suggested that a target AUC/MIC 
of ≥ 250 might be more appropriate (Zelenitsky and Ariano, 
2010). Clinical cure was found in 91% of the cases with 
AUC24/MIC values of ≥ 250, based on a CLSI susceptibility 
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breakpoint of ≤ 1 μg/ml, compared with cure in 26% of cases 
with AUC24/MIC values of < 250. Monte Carlo simulations 
undertaken in the study predicted that 88% of patients would 
achieve the target AUC24/MIC of ≥ 250 using a dose of 400 
mg i.v. twice daily, suggesting higher levels of ciprofloxacin 
were attained than in other studies using similar doses.

The AUC/MIC ratio is closely correlated with Cmax/MIC, 
which is also predictive of outcomes with various fluoro-
quinolones, particularly when Cmax/MIC values are < 10 
(Drusano et al., 1993; Forrest et al., 1993b; Scaglione et al., 
2003). Selection of resistance to quinolones has also been 
linked to Cmax/MIC, with < 10 predicting resistance selection 
(Drusano et al., 1993). Similarly, Zelenitsky et al. (2003) 
noted that for patients with P. aeruginosa bacteremia, the 
Cmax/MIC level for ciprofloxacin was independently associ-
ated with treatment outcome (p = 0.017) in logistic regres-
sion, and that the predicted probability of cure was > 90% 
when the Cmax/MIC was at least 8 (Zelenitsky et al., 2003).

Fluoroquinolones are notable for the fact that MBCs 
are, with only occasional exceptions, within two dilutions of 
the MICs for Gram-negative pathogens, and 2 to 4 times the 
MICs for Gram-positive organisms. This killing occurs very 
rapidly for Gram-negative organisms (e.g. a > 3 log10 reduc-
tion in viable counts within 2 hours) and is usually some-
what slower for Gram-positive organisms (e.g. a 3 log10 
reduction in 4–8 hours) (Chin and Neu, 1984; Espinoza et 
al., 1988; Fernandes et al., 1988; Fung-Tome et al., 1989; 
Kaatz and Seo, 1990; Maple et al., 1991; Swanson et al., 
1991; Dalhoff and Schmitz, 2003). Although Eng et al. (1991) 
reported that ciprofloxacin was bactericidal against some 
slow and nongrowing bacteria; this appears to be strain- and 
species-dependent (Zeiler, 1985; Zeiler and Voigt, 1987; 
Lewin et al., 1989b; Cooper et al., 1990).

Ciprofloxacin, similar to other fluoroquinolones, exhibits 
a postantibiotic effect (PAE) against staphylococci, P. mirabi-
lis, K. pneumoniae, S. marcescens, P. aeruginosa, E. coli, some 
B. cepacia strains, and B. cereus, but not E. faecalis (Chin and 
Neu, 1987b; Fuursted, 1987; Davidson et al., 1991; Kumar 
et al., 1992; Meng et al., 1994; Sood et al., 1999; Godic Torkar 
et al., 2016). The PAE is defined as the time between the 
transient exposure of a bacterial culture to an antibiotic and 
the time at which bacterial growth resumes (Fuursted, 1987; 
Guan et al., 1992). Variables that affect PAE include the anti-
biotic type, its concentration, and the duration of antibiotic 
exposure, the strain and bacterial species under investiga-
tion, and the culture media used (Eliopoulos and Eliopoulos, 
1993). Guan et al. (1992) have suggested that a quinolone- 
induced PAE is associated with quinolone inhibition of DNA 
synthesis rather than via other mechanisms. Ciprofloxacin, 
ofloxacin, and lomefloxacin are similar in producing a PAE 
of about 2 hours, in Gram-negative and Gram-positive bac-
teria exposed for 1 hour to antibiotic concentrations 4 times 
greater than the MICs (Debbia et al., 1992). For P. aeruginosa 
the PAE of ciprofloxacin is also about 1.6–2 hours (Sood et 
al., 1999). Interestingly, ciprofloxacin does not prolong the 
PAEs of other PAE–producing drugs—unlike rifampicin, 
which prolongs PAE in a synergistic fashion with other 

PAE–producing agents (Gudmundsson et al., 1990). The 
ability of an antibiotic to exhibit a PAE in relation to a partic-
ular organism is a theoretically attractive attribute, because 
antibiotic concentrations could fall below the MIC of the 
organism without regrowth occurring. Given the above 
caveats regarding in vitro variables related to testing for 
PAE, however, the direct applicability of these data to clini-
cal antibiotic choice and usage remains poorly defined.

Detailed population pharmacokinetic modeling of cipro-
floxacin in pediatric and adolescent patients with acute 
infections has been undertaken, allowing for better dosage 
predictions and the avoidance of potential underdosing of 
this weight-variable group (Payen et al., 2003; see section 4b, 
Newborn infants and children).

Studies of fluoroquinolone dosing that strives to avoid 
selection of resistant strains of E. coli suggest that ciproflox-
acin 750 mg twice daily is the best dose for preventing 
selection of single- and double-resistant mutants in adults 
(Olofsson et al., 2007). Static time–kill studies over 24 hours 
of Pseudomonas aeruginosa suggest pre-existing resistant 
subpopulations are inhibited by high concentrations of cip-
rofloxacin over shorter durations than longer exposures of 
the same AUC/MIC, to minimize emergence of resistance 
(Rees et al., 2015).

5d.  Excretion

Fluoroquinolones vary in their principal clearance pathways 
—ciprofloxacin being cleared by a combination of renal and 
hepatic mechanisms (Karabalut and Drusano, 1993). About 
one-third to one-half of the serum clearance of ciprofloxacin 
is by nonrenal mechanisms (Lode et al., 1990a; Karabalut 
and Drusano, 1993).

Ciprofloxacin is primarily (50–75%) excreted unchanged 
by the kidneys in healthy volunteers. Renal excretion exceeds 
the creatinine clearance owing to significant proximal tubu-
lar secretion (Webb et al., 1986; Drusano et al., 1987). Such 
tubular secretion decreases in the setting of renal failure, in 
which renal clearance correlates better with creatinine clear-
ance (Wise et al., 1984; Richer and LeBel, 1993). The percent-
age of urinary recovery of ciprofloxacin in healthy volunteers 
is slightly higher after i.v. than oral administration (51–57% 
vs. 40–47%, respectively), with more than half of the recov-
ered drug excreted in the first 4 hours (Catchpole et al., 
1994). By 12–24 hours after a single dose of 400 mg i.v. or 
750 mg oral ciprofloxacin, the mean urinary concentration 
is > 26 μg/ml (Catchpole et al., 1994). Parry et al. (1988) 
identified urinary concentrations of ciprofloxacin of 387 ± 
434 μg/ml, 308 ± 197 μg/ml, 52 ± 31 μg/ml, and 20 ± 19  
μg/ml, at 2, 4, 12, and 24 hours, respectively, after a single 
i.v. dose of 200 mg ciprofloxacin was given to six patients. As 
might be expected, urinary concentrations of ciprofloxacin 
calculated at later times after administration are somewhat 
lower. Ciprofloxacin 250 mg orally twice daily is associated 
with urine concentrations 6–12 hours postdose of 45 ± 25 
μg/ml to 69 ± 45 μg/ml (Aronoff et al., 1984), whereas a single 
dose of 500 mg ciprofloxacin results in urine concentrations 
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of 8 μg/ml after 24 hours (Davis et al., 1985). Probenecid 
blocks proximal tubular excretion and is associated with a 
reduction in renal clearance of ciprofloxacin of 46% (Wingen-
der et al., 1984).

The 24-hour biliary recovery of ciprofloxacin is only 
0.41% of the administered dose. Biliary concentrations of 16 
μg/ml ciprofloxacin (bile/plasma ratio of 8) after a single oral 
dose of 500 mg have been reported (Sörgel and Kinzig, 1993), 
whereas the concentrations of ciprofloxacin metabolites in 
common duct bile and gallbladder bile are fourfold greater 
than the ciprofloxacin concentrations. Of these metabolites 
83–90% are sulfociprofloxacin, the principal fecal metabo-
lite that has less than 5% of the antibacterial activity of 
ciprofloxacin.

A substantial amount of ciprofloxacin (11–30%) is pres-
ent in the gut after oral administration (Brumfitt et al., 1984; 
Karabalut and Drusano, 1993). Similarly, about 15% of an 
i.v. dose of ciprofloxacin is recovered in the stool (Lode et 
al., 1990a), with transfer of ciprofloxacin to feces understood 
to be by direct transintestinal elimination. This extrarenal 
elimination is an important factor in ciprofloxacin excretion, 
especially in severe renal failure (see section 5b, Drug 
distribution).

At least four microbiologically active metabolites of cipro-
floxacin have been identified, and about 15% of an adminis-
tered dose can be recovered from urine in the form of these 
metabolites, and 30–45% as intact ciprofloxacin (Gonzalez et 
al., 1984). Three of these metabolites have limited microbio-
logic activity of one-half to one-tenth that of the parent com-
pound (Gonzalez et al., 1985; Karabalut and Drusano, 1993). 
An increased urinary recovery after repeated doses of cipro-
floxacin suggests that there may be some induction of the 
drug’s metabolism with repeated doses (Ledergerber et al., 
1985). Ciprofloxacin is metabolized in the liver by alteration 
of the piperazine side chain of the ciprofloxacin molecule, 
with less than 20% of an i.v. or orally administered dose 
recoverable as ciprofloxacin metabolites from urine and 
feces (Parry et al., 1988; Karabalut and Drusano, 1993). Of 
metabolites found in bile, Parry et al. (1988) found that 83% 
was sulfo-ciprofloxacin (M2), 13% oxociprofloxacin (M3), 
and 2% was desethylene-ciprofloxacin (M1).

Phillips et al. (1990) demonstrated a 20% reduction in 
ciprofloxacin microbiologic activity after patient exposure to 
ultraviolet A (UVA) light, because of photodegradation. Thus, 
minimal natural sunburn due to electromagnetic radiation 
of this waveband (e.g. naturally or from tanning sunbeds) may 
be accompanied by a 20% reduction in cutaneous levels of 
ciprofloxacin. However, given the continuous ciprofloxacin 
turnover via routine circulation in the skin, the clinical impact 
of this mechanism of inactivation is likely to be very small, 
except perhaps in cases in which ciprofloxacin is being used 
to treat skin and soft tissue infections in a sun-exposed area.

In contrast to antibiotics that are highly protein-bound, 
there is no significant loss of ciprofloxacin due to sequestra-
tion in extracorporeal membrane oxygenation (ECMO) cir-
cuits, with 96% of drug recovered from the ECMO circuit at 
24 hours (Shekar et al., 2015).

5e.  Drug interactions

Numerous authors have reviewed the observed drug interac-
tions between fluoroquinolones and various agents, which 
can be broadly classified as either pharmacokinetic or phar-
macodynamic (Davey, 1988; Davies and Maesen, 1989; Polk, 
1989; Janknegt, 1990; Stein, 1991; Radandt et al., 1992). 
Pharmacokinetic interactions are observed when one drug 
interferes with the absorption, distribution, or elimination of 
another drug. However, when one drug increases or decreases 
the potency of another drug, it is referred to as a pharmaco-
dynamic interaction (Davey, 1988). Both forms of inter-
action are observed with fluoroquinolones, as with many 
antibiotics. Some fluoroquinolones, such as ciprofloxacin, 
norfloxacin, and ofloxacin, can inhibit cytochrome P450 and 
therefore result in increased serum concentrations of some 
drugs (e.g. caffeine and theophylline) (Radandt et al., 1992; 
Rodvold and Piscitelli, 1993).

Sucralfate and antacids containing aluminum, calcium, or 
magnesium cause a clinically significant reduction in the 
absorption of ciprofloxacin, as does ferrous sulfate and zinc- 
containing multivitamins (Hoffken et al., 1985b; Fleming et 
al., 1986; Preheim et al., 1986; Höffken et al., 1988; Nix et al., 
1989; Polk et al., 1989; Roberts and Williams, 1989; Yuk et 
al., 1989b; Flor et al., 1990; Garrelts et al., 1990; LePennec 
et al., 1990; Nix et al., 1990; Radandt et al., 1992). Frost et al. 
(1992) found that when ciprofloxacin was given with cal-
cium carbonate, bioavailability was reduced to about 60% of 
control values, whereas given with aluminum hydroxide the 
relative bioavailability was 15%. Preheim et al. (1986) found 
antacids reduced peak and trough serum concentrations 
of  ciprofloxacin to approximately one-third of levels noted 
without antacids in 20 elderly patients, and they affected 
clinical efficacy. Similarly, bismuth subsalicylate appears to 
affect ciprofloxacin bioavailability (Rambout et al., 1994). 
Calcium carbonate administered 2 hours before ciprofloxa-
cin, however, does not alter the relative bioavailability of cip-
rofloxacin, and the H2 antagonists cimetidine and ranitidine 
do not affect ciprofloxacin bioavailability (Lomaestro and 
Bailie, 1991; Radandt et al., 1992; Lomaestro and Bailie, 1993).

Although food does not generally reduce the oral bio-
availability of fluoroquinolones, dairy products (milk and 
yogurt) with high calcium content may interfere with fluoro-
quinolone bioavailability, reducing ciprofloxacin absorp-
tion by 30–36% (Neuvonen et al., 1991; Kivistö et al., 1992; 
Neuvonen and Kivistö 1992; Nix, 1993; Hoogkamer and 
Kleinbloesem, 1995). However, ciprofloxacin bioavailability 
is not altered significantly by a “standard” or high-fat/high- 
calcium breakfast (Frost et al., 1989a). Co-administration of 
ciprofloxacin and ofloxacin with the enteral feeding solution 
Ensure is associated with a reduction in the bioavailability 
of these agents (ciprofloxacin 72% bioavailability; ofloxacin 
90% bioavailability), compared with co-administration of 
these antibiotics with water. This effect may be due to the 
concentrations of calcium and magnesium in Ensure and 
has important implications in the clinical setting (Mueller et 
al., 1994). Notably, however, pancreatic enzyme supplements 
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when co-administered with ciprofloxacin to patients with 
cystic fibrosis do not influence the pharmacokinetics of oral 
ciprofloxacin (Mack et al., 1991). The absorption of cipro-
floxacin may, however, be reduced after cytotoxic chemo-
therapy (Johnson et al., 1990).

Concomitant administration of ciprofloxacin with thy-
roxine may result in significant decreases in the absorption 
and subsequent circulating plasma levels of free thyroxine 
(Cooper et al., 2005; Goldberg et al., 2013). Cooper et al. 
(2005) reported two cases of clinical hypothyroidism result-
ing from the interaction, with resolution of thyroid function 
tests with cessation of ciprofloxacin, or by administering the 
drugs six hours apart.

Two case reports of rhabdomyolysis in patients on long-
term simvastatin noted that rhabdomyolysis developed after 
the initiation of ciprofloxacin (De Schryver et al., 2015; 
Sawant, 2009). As ciprofloxacin is only a weak inhibitor of 
CYP3A4, the authors considered whether other mechanisms 
such as P-glycoprotein inhibition could be responsible—
although it is not certain whether or not ciprofloxacin is a 
substrate of P-glycoprotein.

A single study of 12 healthy Pakistani male volunteers 
suggested that co-administration of oral ciprofloxacin and 
diclofenac may result in increased ciprofloxacin AUC values 
and increased elimination half-life, with decreases in total 
body clearance also noted (Iqbal et al., 2009). The clinical 
significance of this interaction has not been extensively stud-
ied. Reports of seizures induced by co-administration of cip-
rofloxacin and other nonsteroidal anti-inflammatory drugs 
have been noted (see section 6, Adverse reactions and toxic-
ity), but have been hypothesized to be related to the GABA-
antagonist effects of fluoroquinolones. Pharmacokinetic data 
in these reports are lacking. Similarly, a single study reported 
an increase in the bioavailability of zolpidem by 46% in 
healthy volunteers administered a single dose of ciprofloxa-
cin, through inhibition of CYP1A2 and CYP3A4, although 
the clinical significance of this is not known (Vlase et al., 
2011). 

Concurrent administration of ciprofloxacin and cyclo-
sporin A does not appear to alter the pharmacokinetics of 
cyclosporin A, and no dosage adjustment is generally needed 
(Lang et al., 1989; Kröger et al., 1990; Hoey and Lake, 1994). 
Although a number of anecdotal reports have suggested a 
potential interaction between ciprofloxacin and cyclosporin 
A, Hoey and Lake (1994), in their review of the literature, 
concluded that there was no pharmacokinetic or pharmaco-
dynamic interaction on the basis of controlled studies.

Concurrent i.v. administration of azlocillin and ciproflox-
acin results in higher and more prolonged concentrations 
of ciprofloxacin in serum, but no change in azlocillin con-
centrations. Thus, clinicians need to be aware of a possible 
increased risk of ciprofloxacin toxicity in this situation (Bar-
riere et al., 1990). Probenecid inhibits renal tubular secretion 
of ciprofloxacin (including its M1 metabolite) and some 
other fluoroquinolones, thereby reducing renal elimination 
and increasing serum concentrations (Shimada et al., 1983; 
Drusano, 1987; Weidekamm et al., 1987; Wijnands and Vree, 

1988; Davies and Maesen, 1989; Jaehde et al., 1995; Landers-
dorfer et al., 2010). For agents such as ciprofloxacin, pefloxa-
cin, and enoxacin, which have some nonrenal elimination, the 
effect of probenecid on serum concentrations is less signifi-
cant (Radandt et al., 1992).

Coadministration of either rifampicin or clindamycin 
with ciprofloxacin does not alter the pharmacokinetic param-
eters of oral ciprofloxacin in the elderly compared with cip-
rofloxacin given alone in this group (Chandler et al., 1990; 
Weinstein et al., 1991). Similarly, the pharmacokinetics of 
intravenous ciprofloxacin, metronidazole, and clindamycin 
are not altered when ciprofloxacin is given in combination 
with any of these agents (Deppermann et al., 1989; Boeckh et 
al., 1990).

Fluoroquinolones, including ciprofloxacin, may occasion-
ally interact with warfarin to result in prolongation of the 
prothrombin time (Jolson et al., 1991; Linville et al., 1991). 
Jolson et al. (1991) reviewed 18 reports of this possible inter-
action for the FDA and proposed three possible mechanisms. 
The first and most likely explanation is the inhibition of war-
farin elimination. Other possible mechanisms include the 
displacement of warfarin from protein-binding sites, and 
the inhibition by fluoroquinolones of vitamin K–producing 
bowel flora; although these last two explanations appear less 
likely. Overall, however, this interaction appears to be rare 
(Nix, 1993). Schelle man et al. (2008) conducted a nested 
case–control and case–crossover study using US Medicaid 
data to determine whether a potential pharmacokinetic 
interaction occurred between warfarin and orally adminis-
tered anti microbials (including ciprofloxacin, levofloxacin, 
gatifloxacin, co-trimoxazole, cephalexin, and fluconazole). 
All the antimicrobials were associated with elevated odds 
ratios (ORs) of bleeding compared with no drugs. However, 
a drug–drug interaction with warfarin was evident only for 
co-trimoxazole and fluconazole, and not for ciprofloxacin. 
In comparison, a Canadian study assessed 134,637 patients > 
66 years old who commenced taking long term warfarin—of 
these, 2,151 who were hospitalized with upper gastrointesti-
nal hemorrhage were case-matched with controls to assess 
the impact of antibiotic use on bleeding. Concomitant use 
of warfarin and oral cotrimoxazole or ciprofloxacin was 
associated with increased risk for hospitalization with upper 
gastrointestinal hemorrhage, with 1.4% of patients taking 
ciprofloxacin versus 0.6% of controls (OR: 1.94; confidence 
interval [CI]: 1.28–2.95) (Fischer, 2010). Interestingly, ad - 
mis sion for upper GI hemorrhage was not associated with 
the use of nitrofurantoin, amoxicillin or ampicillin, or nor-
floxacin during the 14 days prior to admission. Interactions 
with novel oral anticoagulants, such as dabigatran, rivarox-
aban, and apixaban, have not been extensively investigated 
or reported.

Co-administration of ciprofloxacin and quinidine does 
not alter the pharmacokinetics of or ECG parameters associ-
ated with quinidine, and no dosage adjustment is necessary 
(Bleske et al., 1990). Co-administration of ciprofloxacin and 
procainamide is associated with a reduction in the renal clear-
ance of procainamide and N-acetylprocainamide (NAPA); 
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although this effect appears to be greater for levofloxacin 
(Bauer et al., 2005). Some premedicant agents such as para-
vertum, used before abdominal surgery, reduce peak serum 
ciprofloxacin concentrations after oral administration to less 
than half of the concentrations found in the control groups 
and prolong the ciprofloxacin half-life. Temazepam, how-
ever, does not affect the pharmacokinetics of oral ciprofloxa-
cin (Morran et al., 1989).

Ciprofloxacin greatly elevates plasma concentrations of 
tizanidine, a centrally acting skeletal muscle relaxant, mainly 
by inhibiting its CYP1A2-mediated metabolism (Granfors 
et al., 2004). In a double-blind randomized crossover study 
in 10 healthy volunteers coadministered tizanidine with cip-
rofloxacin or placebo, there was a 10-fold increase in the 
area under the tizanidine plasma concentration–time curve, 
a 7-fold increase in peak concentration of tizanidine, and a 
prolongation in its elimination half-life, in those also receiv-
ing ciprofloxacin, potentiating the hypotensive and sedative 
effects of tizanidine as a result (Granfors et al., 2004). Clini-
cal cases of this interaction have also been reported (Abd-
Elsayed et al., 2015).

Fluoroquinolones such as ciprofloxacin, norfloxacin, and 
enoxacin significantly reduce theophylline clearance (a 30% 
reduction in clearance with ciprofloxacin; 10% reduction 
with norfloxacin), resulting in increased serum concentra-
tions of theophylline, such that careful monitoring of 
 theophylline levels during coadministration is warranted 
(Raoof et al., 1987a; Wijnands et al., 1986; Schwartz et al., 
1988; Wijnands and Vree, 1988; Polk, 1989; Prince et al., 
1989; Robson, 1992; Antoniou et al., 2011). The mechanism 
of this interaction is a result of the competition between the-
ophylline and some quinolones for cytochrome P450-related 
isoenzymes, resulting in a decreased demethylation of the-
ophylline. In contrast, ofloxacin and lomefloxacin do not 
affect theophylline concentrations (Wijnands and Vree, 1988; 
Sarkar et al., 1990; Robson, 1992). Grasela and Dreis (1992) 
reviewed the 48 reports of adverse events in patients recei-
ving concomitant therapy of theophylline with ciprofloxacin 
or norfloxacin reported to the FDA. The mean age of these 
patients was 68 years, whereas the mean percent change in 
theophylline concentration after commencement of a quino-
lone agent was 114% (range: 32–308%). Approximately one-
third of these patients suffered seizures, most likely because 
of the elevated theophylline levels observed.

Ciprofloxacin, similar to other fluoroquinolones that 
reduce theophylline metabolism, also significantly increases 
the half-life of caffeine, by delaying the conversion of caffeine 
to paraxanthine and therefore reducing the total body clear-
ance of caffeine. Thus, symptoms of caffeine toxicity may be 
noted when these two drugs are coadministered (Stille et al., 
1987; Harder et al., 1989; Healy et al., 1989). In addition, caf-
feine may alter the kinetics of ciprofloxacin.

Concomitant administration of ciprofloxacin with either 
metronidazole or clindamycin in humans does not alter the 
concentrations of these agents (Boeckh et al., 1990; Ludwig 
et al., 1990). Although some case reports have suggested 
an  increased incidence of neurotoxicity when either cipro- 

floxacin or pefloxacin are given concomitantly with metroni-
dazole, these observations need further confirmation (Lucet 
et al., 1988; Semel and Allen, 1989).

Cases of co-administration of ciprofloxacin and opiates 
resulting in neurological side effects such as myoclonus have 
also been reported (Kango Gopal et al., 2014). However, 
given that myoclonus has been reported with administration 
of both opiates and fluoroquinolones individually (see sec-
tion 6, Adverse reactions and toxicity), it is postulated that 
the myoclonus may be due to a cumulative lowering of the 
threshold for myoclonic jerks, similar to the combined effects 
of QT interval prolonging agents given with ciprofloxacin, 
rather than a true drug–drug interaction. 

Two case reports have suggested there may be a rare inter-
action between ciprofloxacin and methadone. In each of 
these reports, a patient who had received methadone for at 
least 6 months developed profound sedation and respira-
tory depression after the co-administration of ciprofloxacin. 
The authors suggested that this may have been caused by 
ciprofloxacin inhibition of CYP1A2 and CYP3A4 activity—
two cytochrome P450 isozymes involved in the metabolism 
of methadone (Herrlin et al., 2000; Samoy and Shalansky, 
2010).

Ciprofloxacin-induced retinal phototoxicity may be poten-
tiated by tyrosine kinase inhibitors, such as gefitinib and 
imatinib, through inhibition of ATP-binding cassette trans-
porter ABCG2, which normally has an important role in 
protecting the retina from photoreactive compounds (Mealey 
et al., 2014).

Ciprofloxacin did not appear to interfere with ovarian 
suppression produced by the low-dose oral contraceptive 
Marvelon (30 μg ethinyl estradiol plus 150 μg desogestrel) 
in a double-blind placebo-controlled randomized crossover 
trial involving 24 healthy female volunteers (Scholten et al., 
1998).

Similar to other fluoroquinolones, ciprofloxacin may occa-
sionally induce a false-positive result in a urine screen for 
opiates, with the use of some immunoassay systems. How-
ever, the effect associated with ciprofloxacin is much less than 
that observed for levofloxacin, ofloxacin, and pefloxacin— 
all of which may be associated with a more prominent inter-
action, and therefore require special consideration in this 
context (Baden et al., 2001).

6. ADVERSE REACTIONS AND TOXICITY

Fluoroquinolones appear to be associated with relatively few 
side effects, although a wide range of incidents have been 
reported (Radandt et al., 1992; Matsuno et al., 1995; Owens 
and Ambrose, 2000). Manufacturers’ data suggest that the 
rate of all adverse events is up to 19% for oral and 29% for 
i.v. ciprofloxacin; with 7.1%, 8.6%, and 3.4% of adverse 
events regarded as probable, possible, and remotely related 
reactions, respectively. Only 1.5–3.5% of patients have reac-
tions sufficiently severe to require cessation of therapy (Ball, 
1986; Smith, 1987; Halkin, 1988; Arcieri et al., 1989; Rahm 
and Schacht, 1989; Schacht et al., 1989; McEnvoy, 1995). Some 
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authors have reported little difference in systemic toxicity 
owing to multiple dosing between i.v. and oral ciprofloxacin 
(Thorsteinsson et al., 1989; Thorsteinsson et al., 1990). In 
their review, Hooper and Wolfson (1993b) noted that, among 
most trials comparing fluoroquinolones with non-quinolone 
agents, there were generally no differences in the rates of tox-
icity between the two groups. Although six trials reported 
a lower incidence of toxicity in the fluoroquinolone-treated 
group, seven studies reported a higher incidence of side 
effects in this group. Thus, depending on variables such as 
treatment population, the fluoroquinolone under study, the 
dose used, the condition being treated, other comorbidities, 
and the comparison non-quinolone, some differences in tox-
icity rates may be encountered. Relative to most of the older 
and newer quinolone drugs, ciprofloxacin is associated with 
lower rates of toxicity (Owens and Ambrose, 2000).

Long term ciprofloxacin appears to be relatively safe. In a 
review of all controlled clinical trials that included patients 
treated for > 30 days (636 patients by literature search [aver-
age treatment duration 130 days] and 413 patients in the 
Bayer US database [average treatment duration 80 days]), 
most adverse reactions occurred early during therapy, with 
little increase in frequency over time. Similar to what is seen 
with short term ciprofloxacin therapy, gastrointestinal events 
were more common than neurologic or cutaneous reactions 
(Segev et al., 1999).

There is generally cross-allergy between various quinolo-
nes; hence newer fluoroquinolones are contraindicated 
in  patients with a history of significant hypersensitivity to 
any fluoroquinolone, probably including old analogs such 
as nalidixic acid and cinoxacin. The frequency of adverse 
reactions for both i.v. and oral fluoroquinolones appears to 
increase with dose and duration of treatment, with generally 
no differences detected between single dose regimens 
(Arcieri et al., 1989; Hooper and Wolfson, 1989; Stahlmann, 
1990; Norrby and Pernet, 1991; Bennish et al., 1992; Saginur 
and Nicolle, 1992). In particular, photosensitivity reactions 
appear to be associated with increasing dose (Stahlmann, 
1990). The most common adverse reactions reported to the 
manufacturer are gastrointestinal symptoms, central nervous 
system disturbance, injection site reactions, eosinophilia, 
and abnormal liver function tests, with variable strength 
of  association between these symptoms and ciprofloxacin 
therapy.

For the majority of drugs, toxicity is usually more com-
mon in the elderly. Fluoroquinolone-induced adverse effects 
have not been reported to occur with increased frequency 
in the elderly, but there are no large trials to confirm this 
(Stahlmann and Lode, 2003). Central nervous system toxic-
ity is of particular concern in the elderly (e.g. confusion).

Because fluoroquinolones have been reported to be asso-
ciated with arthropathy in juvenile animals and have been 
associated with musculoskeletal events in children and adults 
(see section 6d, Arthropathy and tendonitis), there has been 
considerable reluctance to use these drugs in children. The 
FDA has licensed ciprofloxacin for use in patients under 

the  age of 18 for complicated urinary tract infections, 
pyelonephritis, and post-exposure treatment of anthrax. In 
spite of this, in the USA in 2002 approximately 520,000 pre-
scriptions of ciprofloxacin were written for patients < 18 
years old, 13,800 for patients 2–6 years old, and 2,500 for 
patients < 3 years old (Committee on Infectious Diseases, 
2006). When prescribing ciprofloxacin for children, a bal-
ance between necessity of the drug and potential for harm 
should be formulated in each situation.

After the episode of intentional anthrax release in the 
USA in 2001, many potentially exposed persons were given 
prophylaxis with oral ciprofloxacin. In this setting, the rates 
of adverse effects appeared to be higher than previously 
reported. For instance, among 3428 postal employess in the 
New Jersey, New York, and District of Columbia regions, 666 
(19%) reported severe nausea, vomiting, diarrhea, or abdom-
inal pain; 484 (14%) reported fainting, light-headedness, or 
dizziness; 250 (7%) reported heartburn or acid reflux; and 
216 (6%) reported rashes, hives, or itchy skin (CDC, 2001).

6a.  Gastrointestinal side effects

Nausea, vomiting, diarrhea, fever, and abdominal discomfort 
have been reported in 2–15% of patients treated with cipro-
floxacin (Ramirez et al., 1985; Scully et al., 1986; Rahm 
and Schacht, 1989; Stahlmann, 1990; McEnvoy, 1995). These 
are generally transient and mild, but are more common with 
higher doses. Nausea and vomiting may be caused by theop-
hylline toxicity associated with concomitant fluoroquino-
lone–theophylline administration. Other symptoms such as 
dry mouth, bad taste, dysphagia, painful oral mucosa, oral 
candidiasis, gastric irritation, ileus, flatulence, gastrointesti-
nal bleeding, pancreatitis, and intestinal perforation have all 
been reported by the manufacturer but are generally thought 
to be rare, occurring in less than 1% of patients (McEnvoy, 
1995). Among a prospective cohort of 227 patients adminis-
tered ciprofloxacin for treatment of infectious colitis, seven 
(3.1%) developed ciprofloxacin-induced pancreatitis (Sung 
et al., 2014). Clostridium difficile infection (CDI) has been 
associated with ciprofloxacin and other fluoroquinolones, 
although it was initially thought to be uncommon in this 
context (Dan and Samra, 1989; Bates et al., 1990; Cain and 
O’Connor, 1990; Hillman et al., 1990; O’Keeffe and Tillot-
son, 1990; Golledge et al., 1992; Manzione, 1992; McFarland 
et al., 1995). In a case–control study, Yip et al. (2001) found 
ciprofloxacin administration to be associated with an 
increased risk of nosocomial CDI [OR between 5.5 (p = 
0.03) and 9.5 (p = 0.05)], and suggested judicious use of the 
drug in centers in which CDI was endemic. However, recent 
meta-analyses have suggested that fluoroquinolones have 
one of the strongest associations with the development of 
community-associated CDI (Brown et al., 2013; Desh pande 
et al., 2013), and in particular, fluoroquinolone use is thought 
to be driving the dissemination of epidemic clones such as 
the hypervirulent PCR ribotype 027 strain (Clements et al., 
2010 ; see also section 6i, Hepatotoxicity).
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6b.  Neurotoxicity

Central nervous system toxicity associated with fluoroquino-
lones, including ciprofloxacin, has been reported in 0.9–7.4% 
of patients receiving fluoroquinolones (Rahm and Schacht, 
1989; Christ, 1990). The neurologic and psychiatric adverse 
reactions of fluoroquinolones including ciprofloxacin were 
reviewed by Tomé and Filipe (2011). In the majority of 
cases, patients recovered without long-term sequelae after 
discontinuation of the drug. Commonly reported symptoms 
included mild headache and dizziness, but insomnia, night-
mares, somnolence, mood alteration (agitation, anxiety, de-
pression), hallucinations, delirium, acute psychosis, unsteady 
gait/ataxia, paresthesiae, impaired driving, and depersonal-
ization have all been reported by the manufacturer and oth-
ers (Altés et al., 1989; McCue and Zandt, 1991; Gray et al., 
1994; AHFS, 1995; Mulhall and Bergmann, 1995). Similar to 
what was seen with nalidixic acid, but probably less frequent 
in incidence, benign intracranial hypertension has been 
reported with ciprofloxacin (Winrow and Supramaniam, 
1990). Worsening myasthenia gravis has been noted in a 
number of patients with infections being treated with cipro-
floxacin, although whether these were truly adverse reactions 
to ciprofloxacin is not clear (Moore et al., 1988; Mumford 
and Ginsberg, 1990; Jones et al., 2011). Aoun et al. (1992) 
reported peripheral neuropathy in a patient with a history of 
vincristine therapy who was treated with a prolonged course 
of pefloxacin. Symptoms improved with cessation of peflox-
acin, but recurred with commencement of ofloxacin. 
Peripheral neuropathy has also been reported after initiation 
of ciprofloxacin therapy (Ali, 2014; Jumma et al., 2013), 
although in many cases, the antecedent infection may have 
been another potential precipitant. Transient acute hemi-
paresis has been reported in one patient with lymphoblas-
tic  leukemia after ciprofloxacin therapy. This recurred with 
rechallenge, but resolved with cessation (Rosolen et al., 
1994). Zehnder et al. (1995) have described two patients who 
developed painful dysesthesia, possibly associated with cip-
rofloxacin. Dyskinesias, including orofacial dyskinesia and 
choreoatheatosis, following fluoroquinolone administration, 
resolving on cessation of the drug, have also been described 
in case reports (Abdalla et al., 2013; Host and Sloan, 2014).

Seizures and myoclonic jerks have been reported both in 
patients with a history of epilepsy and/or structural lesions 
in the central nervous system, and those without such pre-
disposing factors. Nalidixic acid, norfloxacin, ciprofloxacin, 
ofloxacin, enoxacin, and temafloxacin have all been impli-
cated (Islam and Sreedharan, 1965; Davies et al., 1984; Simp-
son and Brodie, 1985; Arcieri et al., 1986; Fass, 1987; Raoof et 
al., 1987b; Anastasio et al., 1988; Wang et al., 1988; Schacht et 
al., 1989; Slavich et al., 1989; Tack and Smith, 1989; Janknegt, 
1990; Norrby and Pernet, 1991; O’Mahony and FitzGerald, 
1991; Jayathissa et al., 2010; Kango Gopal et al., 2014; Striano 
et al., 2007). Concurrent administration of ciprofloxacin (and 
other fluoroquinolones, especially enoxacin) with theophyl-
line results in theophylline accumulation and can predispose 

to seizures (Davies et al., 1984; Arcieri et al., 1986; Ball, 1986; 
Raoof et al., 1987b). Similarly, concurrent administration of 
nonsteroidal anti-inflammatory agents such as fenbufen with 
fluoroquinolones may be associated with an increased inci-
dence of central nervous system adverse reaction such as 
convulsions, but data are limited (Christ, 1990; Janknegt, 
1990). Nonsteroidal anti-inflammatory agents may augment 
the tendency of fluoroquinolones to antagonize the binding 
of the inhibitory neurotransmitter gamma-aminobutyric acid 
(GABA) to central nervous system receptors (making sei-
zures more likely), but it is not clear if there are differences 
between various fluoroquinolones and nonsteroidal anti- 
inflammatory agents in their seizure-inducing potential 
(Christ, 1990; Halliwell et al., 1991; De Salla et al., 1993; 
Davey et al., 1994). Akahane et al. (1989) have proposed 
that the epileptogenic activity of quinolones relates to the 
GABA-like structures of substituents at the C-7 positions, 
which act as GABA receptor antagonists. In mice, quinolones 
with an unsubstituted piperazine moiety at the C-7 position, 
such as enoxacin, norfloxacin, ciprofloxacin, and pipemidic 
acid, were most likely to promote seizures in a dose-depen-
dent manner. Akahane et al. (1994) have also suggested that 
4-biphenyl-acetic acid (BPAA), a metabolite of fenbufen, 
enhances the interaction of quinolones with the GABA 
receptor. Unlike nalidixic acid, ciprofloxacin does not impair 
brain glucose uptake, whereas neither agent alters brain 
blood flow or oxygen metabolism in studies of healthy 
 volunteers, as assessed via positive emission tomography 
(Bednarczyk et al., 1994). Despite these reports, in a recent 
large systematic review, it was noted that there was limited 
evidence for the association between fluoroquinolones and 
seizures, exclusively composed of case reports and case 
series in patients with renal impairment, mental disorders, 
prior seizures, or coadministered theophylline (Sutter et al., 
2015).

Eosinophilic meningitis, presumably as a manifestation of 
allergy, has also been associated with ciprofloxacin therapy 
(Asperilla and Smego, 1989).

6c.  Hypersensitivity reactions and rashes

Mild transient rash occurs in 0.1–4% of patients, and other 
cutaneous reactions, including pruritus, urticaria, erythema 
nodosum, and hyperpigmentation, occur in less than 1% of 
patients receiving ciprofloxacin (Halkin, 1988; Schacht et 
al., 1988; Rahm and Schacht, 1989; Stahlmann, 1990; AHFS, 
1995). In a retrospective study of 166,736 patients focused 
on cutaneous adverse drug reactions associated with fluoro-
quinolone use, the reported rate of adverse reactions was 
0.09%, although rates varied with different fluoroquinolones 
—0.37% for ciprofloxacin, 0.1% for moxifloxacin, 0.07% for 
gatifloxacin, 0.06% for levofloxacin, and 0.04% for both 
ofloxacin and norfloxacin (Kulthanan et al., 2011). Of those 
patients who had received ciprofloxacin, the most commonly 
reported cutaneous reaction was a maculopapular rash, fol-
lowed by urticaria. Twenty-six of the 93 reactions (28%) that 
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followed treatment with ciprofloxacin were type I hypersen-
sitivity reactions, including urticaria, angioedema and/or 
anaphylaxis.

Severe (including fatal) anaphylaxis, anaphylactoid reac-
tions, and glottic angioedema have been reported in both 
HIV–infected and uninfected patients receiving ciprofloxa-
cin therapy (Davis et al., 1989; Peters and Pinching, 1989; 
Wurtz et al., 1989; Miller et al., 1991; Assouad et al., 1995; 
Vidal et al., 1995; Aranda et al., 2011; Kelesidis et al., 2010; 
Kulthanan et al., 2011). Davis et al. (1989) calculated that 
the rate of such reactions was probably about 1.2 per 100,000 
prescriptions. When evaluating IgE-mediated hypersensiti-
vity reactions following fluoroquinolone therapy, Aranda et 
al. (2011) reported lower rates of immediate hypersensitivity 
with ciprofloxacin than with moxifloxacin (Aranda et al., 
2011). Although cross-reactivity between fluoroquinolones 
occurs, some patients who have immediate hypersensitivity 
to other fluoroquinolones may tolerate ciprofloxacin without 
reaction (Chang et al., 2010; Nam et al., 2012). Slama (1990) 
described a man with a serum sickness–like illness associ-
ated with ciprofloxacin, with polyarthralgia, myalgia, fever, 
generalized urticarial eruption, joint effusions, and abnor-
mal liver function tests after commencing oral ciprofloxacin 
500 mg twice daily. Symptoms resolved with cessation of 
ciprofloxacin and commencement of steroid therapy, but 
the patient was not rechallenged. Guharoy (1994) described 
a similar, but less convincing, case of possible ciprofloxacin- 
associated serum sickness.

Erythema multiforme, Stevens–Johnson syndrome, toxic 
epidermal necrolysis, Henoch–Schönlein purpura, lobular 
panniculitis, fixed drug eruptions, and drug reaction with 
eosinophilia and systemic symptoms (DRESS) syndrome 
have all been reported albeit rarely by the manufacturer 
and others (Rodriguez et al., 1990; Tham et al., 1991; AHFS, 
1995; Gamboa et al., 1995; Alkhateeb et al., 2013; Hager et 
al., 2009; Shilpashree and Sarapur, 2012). Cutaneous vascu-
litis associated with ciprofloxacin administration has been 
reported and appears to resolve with cessation of therapy 
(Choe et al., 1989; Stubbings et al., 1992; Maunz et al., 2009). 
An analysis of the French National Pharmacovigilance Data-
base also identified ciprofloxacin as a potential cause of 
drug- induced fever (Vodovar et al., 2012).

Photosensitivity reactions have been reported with most 
fluoroquinolones, although the incidence appears to be 
higher with pefloxacin, lomefloxacin, and fleroxacin (Ball, 
1986; Desplaces et al., 1986; Jensen et al., 1987a; Ferguson et 
al., 1988; Halkin, 1988; Jungst and Mohr, 1988; Bowie et al., 
1989; Gonzalez and Henwood, 1989; Granowitz, 1989; Schacht 
et al., 1989; Stahlmann, 1990; Norrby, 1991; Rizk, 1992; 
Iravani, 1993). Burdge et al. (1995) surveyed adult patients 
with cystic fibrosis who were treated with oral ciprofloxacin 
and noted a 52% incidence of photosensitivity symptoms 
associated with usage of this agent. The vast majority of these 
patients who used an ultraviolet A–blocking sunscreen 
avoided these symptoms. This high incidence of photosensi-
tivity may be related in some way to the underlying cystic 
fibrosis. Other studies have reported much lower rates of 

ciprofloxacin-associated phototoxicity (Ferguson and Dawe, 
1997). The mechanism of ciprofloxacin-associated photo-
sensitivity is uncertain, but possibly relates to differences in 
ultraviolet A–induced photoinstability. Although such reac-
tions appear to be idiosyncratic in most cases, data suggesting 
some association of photosensitivity with higher fluoro-
quinolone doses and longer duration courses raises doubts 
about this concept (Petri and Tronnier, 1986; Bowie et al., 
1989; Ferguson and Johnson, 1990; Stahlmann, 1990; Matsu-
moto et al., 1992). Intravenous ciprofloxacin is associated 
with phlebitis in about 2% of patients (Hooper and Wolfson, 
1993b).

6d.  Arthropathy and tendonitis

As noted in the chapter on nalidixic acid (see Chapter 117, 
Nalidixic Acid and Other Quinolones), studies in rats and 
beagles showing cartilage erosions, noninflammatory joint 
effusions, and inhibition of cartilaginous embryonic limb 
bud growth associated with quinolone administration have 
raised concerns regarding the use of these agents in preg-
nancy and in prepubertal children (Ingham et al., 1977; 
Tatsumi et al., 1978; Corrado et al., 1987; Monk and Campoli-
Richards, 1987; Schlöter, 1987; Christ et al., 1988). Such 
studies suggest that the arthropathy in weight-bearing joints 
is dose-related and varies with the quinolone under investi-
gation and the animal species studied (Schaad and Wedg-
wood, 1992). Supplementation with magnesium and vitamin 
E appears to diminish the risk of joint cartilage lesions in 
immature rats—supporting the view that magnesium may 
be important in the pathologic mechanism of quinolone- 
induced arthropathy (Pfister et al., 2007). In vitro data cen-
tering on the effect of fluoroquinolones on a culture of 
human osteoclast precursor cells has also shown evidence 
of an osteoclastogenic response, augmenting the osteoclasto-
genesis elicited by M-CSF and RANKL proteins (Costa-
Rodrigues et al., 2012). Nevertheless, a number of clinical 
studies have cast doubt on the likelihood of these effects in 
children. Ciprofloxacin appears to be relatively safe in most 
studies, although Raeburn et al. (1987) reported that one of 
30 children with cystic fibrosis who was treated with cipro-
floxacin 1500 mg/day developed arthropathy, which resolved 
with cessation. Other studies of ciprofloxacin use in this set-
ting have not noted significant problems, although pefloxacin 
was reportedly associated with a 14% incidence of arthralgia 
and joint swelling, and a 45% incidence of arthropathy in 15 
to 20 yr. old patients with cystic fibrosis (Black et al., 1990; 
Hooper and Wolfson, 1993b). Thus, there may be some vari-
ability among fluoroquinolones. Schaad et al. (1991) and 
Danisovicová et al. (1994) used magnetic resonance imaging 
to examine for arthropathy in children with cystic fibrosis 
who had been treated with either ciprofloxacin or ofloxacin, 
but found no evidence for arthropathogenicity. Similarly, 
Pradhan et al. (1995) found no MRI evidence of arthropathy 
in 58 children treated with ciprofloxacin 15–25 mg/kg for 
9–16 days. Schaad et al. (1992) found no autopsy evidence 
of arthropathology in two cystic fibrosis patients who had 
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received prolonged treatment with high-dose courses of cip-
rofloxacin premortem. Berkovitch et al. (1994) found no 
increase in risk of malformations or musculoskeletal prob-
lems among children born to women who had been treated 
with either ciprofloxacin or norfloxacin during the first tri-
mester of pregnancy. Overall, the frequency of articular side 
effects with fluoroquinolones has been reported to be 2–3% 
in children (Gendrel et al., 2003). Ciprofloxacin therefore 
appears to be safe in children but, as always, the potential 
benefits of such treatment need to be weighed against the 
possible risks.

In general, other musculoskeletal symptoms such as 
arthralgia, back pain, tenosynovitis, joint stiffness, myalgia, 
and rhabdomyolysis have been reported by the manufac-
turer and others in less than 1% of patients treated with cip-
rofloxacin (McEwan and Davey, 1988; AHFS, 1995; Eisele et 
al., 2009). Achilles tendonitis, including rupture, has been 
reported in patients treated with fluoroquinolones, including 
ciprofloxacin (Rose et al., 1990; Lee and Collins, 1992; Ribard 
et al., 1992; Shortt et al., 2006). Casparian et al. (2000) 
reported one patient with complete Achilles tendon rupture 
6 months after ciprofloxacin use and another with incom-
plete subscapularis rupture. Risk factors for tendonopathy 
include age, renal failure, corticosteroid use, and previous 
fluoroquinolone-induced tendonopathy (Harrell, 1999). In a 
critical review of the literature, Khaliq and Zhanel (2003) 
found the incidence of fluoroquinolone-associated tendon 
injury to be low in healthy populations, but to be a particular 
risk for patients undergoing hemodialysis after renal trans-
plantation—pefloxacin and ciprofloxacin were the most fre-
quently implicated. The median duration of fluoroquinolone 
treatment before the onset of tendon injury was 8 days, 
although symptoms occurred as early as 2 hours after the 
first dose. About half of affected patients experienced tendon 
rupture, and almost one-third had received longterm corti-
costeroid therapy. This association with corticosteroids has 
been supported by in vitro data demonstrating the syner-
gistic effects of combined exposure to ciprofloxacin and 
dexamethasone on human-derived tendon cells (Sendzik et 
al., 2010). A more recent review of the FDA Adverse Event 
Reporting System data found 2495 reports of tendon rupture 
associated with commonly prescribed fluoroquinolones, and 
found it occurred more frequently with levofloxacin, followed 
by ciprofloxacin and moxifloxacin (Arabyat et al., 2015). A 
case control study by Corrao et al. (2006) indicated the usual 
latency period prior to tendon rupture was approximately 
two weeks, although other authors have suggested this may 
vary between a few hours to months following initial expo-
sure (Khaliq and Zhanel, 2003; Arabyat et al., 2015; Corrao 
et al., 2006). It is uncertain whether re-exposure in patients 
with prior fluoroquinolone-induced tendonopathy results 
in recurrent symptoms and sequelae. In their review, Khaliq 
and Zhanel (2003) identified one patient whose symptoms 
improved with dose reduction of norfloxacin, but recurred 
when rechallenged at higher doses. Treatment of another 
patient with ciprofloxacin 2 weeks after pefloxacin-associ-
ated tendon injury was tolerated without further symptoms. 

In contrast, Burkhardt et al. (2004) reported recurrence of 
tendonitis following moxifloxacin exposure, 2 years after 
prior levofloxacin-induced tendonitis, and cautioned against 
using all fluoroquinolones in patients with a prior history 
of fluoroquinolone-induced tendonopathy (Burkhardt et al., 
2004).

Administration of ciprofloxacin to neonates may be asso-
ciated with development of a greenish discoloration of teeth. 
Lumbiganon et al. (1991) noted this possible side effect in 
two of five neonates treated with ciprofloxacin 10–40 mg/
kg/day for Klebsiella sepsis, who were followed up at 12–23 
months of age. In other respects, the teeth appeared to be 
normal.

6e.  Renal side effects

Impaired renal function with elevated serum creatinine, inter-
stitial nephritis, dysuria, polyuria, and albuminuria has been 
reported by the manufacturer and others in < 1% of patients 
receiving ciprofloxacin (Gonski, 1991). Acute renal failure 
has been noted after an overdose of ciprofloxacin in which 
a  29-year-old female ingested 21 g of ciprofloxacin tablets 
(George et al., 1991). Acute interstitial nephritis has been 
reported with ciprofloxacin and norfloxacin therapy, and is 
the most common serious renal adverse reaction of fluoro-
quinolones (Boelaert et al., 1986; Rippelmeyer and Syn-
havsky, 1988; Hootkins et al., 1989; Allon et al., 1990; 
Helmink and Benediktsson, 1990; Simpson et al., 1991; Bailey 
et al., 1992; Ortiz et al., 1992; Rastogi et al., 1992; Connor 
et al., 1994; Rosado et al., 1994). In one single-center study, 
ciprofloxacin was the third most common cause of drug- 
induced biopsy-proven acute interstitial nephritis, after ome-
prazole and amoxicillin (Muriithi et al., 2014). Interstitial 
nephritis may occur alone, or as a component of a general-
ized allergic reaction with lymphocytic and/or eosinophilic 
infiltration of the renal interstitium (Rippelmeyer and Syn-
havsky, 1988; Helmink and Benediktsson, 1990; Rastogl 
et al., 1990; Ortiz et al., 1992). Granulomatous interstitial 
nephritis has also been reported (Lien et al., 1993). 

Lo et al. (1993) described five patients with cancer who 
developed acute renal failure after treatment with ciprofloxa-
cin and reviewed an additional 15 cases from the literature. 
No characteristic clinical or laboratory findings were identi-
fiable, with the diagnosis being made only on renal biopsy. 
In all but one case, the dose of ciprofloxacin ranged from 
200 mg i.v. twice daily to 750 mg orally three times daily. The 
duration of antibiotic therapy before the onset of acute renal 
failure was 3–16 days, except in one case of attempted suicide 
in which anuria and acute renal failure occurred within 24 
hours. Out of 18 patients, the renal failure was nonoliguric in 
13 and oliguric or anuric in five. Urinalysis was of little help 
except when there was significant eosinophiluria; however, 
its absence does not exclude the possibility of interstitial 
nephritis (Lo et al., 1993). Potential predisposing factors 
included age older than 60 years, recent or concomitant 
administration of other potentially nephrotoxic agents, and 
reduced patient hydration (Lucena et al., 1995). Acute tubular 



1910 Ciprofloxacin

necrosis and recurrent hematuria have each been reported 
in one patient (Ball, 1986; Gerritsen et al., 1987; Jungst and 
Mohr, 1988), and Shih et al. (1995) described two patients 
who developed necrotizing renal vasculitis after ciprofloxa-
cin therapy. Myoglobin-associated kidney injury due to 
rhabdomyolysis has also been described (Qian et al., 2012).

Crystalluria, generally associated with high doses and 
alkaline urine (and hence reduced quinolone solubility), has 
been occasionally reported with ciprofloxacin and norfloxa-
cin, but not with other fluoroquinolones (Swanson et al., 
1983; Thorsteinsson et al., 1986; Schaeffer, 1987; Campoli-
Richards et al., 1988; Wang et al., 1988; Schacht et al., 1989; 
Tack and Smith, 1989; Norrby and Pernet, 1991; Rizk, 1992; 
Khan et al., 2015). Thorsteinsson et al. (1986) noted crystal-
luria in five of six healthy volunteers treated with 1000 mg 
of  ciprofloxacin in combination with sodium bicarbonate, 
which alkalinized the urine, but no crystalluria when the 
same dose of ciprofloxacin was given with the urine acidifier 
ammonium chloride. In the setting of renal transplantation, 
the pharmacokinetic parameters of cyclosporin and the risk 
of cyclosporin nephrotoxicity do not appear to be altered by 
concomitant ciprofloxacin therapy, despite occasional case 
reports suggesting the contrary (Avent et al., 1988; Lang et 
al., 1989).

6f.  Hematologic side effects

Hematologic toxicity occurs in 0.4–5.3% of patients treated 
with fluoroquinolones; with norfloxacin more commonly 
implicated. Leukopenia (0.06–3.3%), eosinophilia, anemia 
(0.4–0.6%), thrombocytosis, and thrombocytopenia have 
all been reported by the manufacturer and others, but are 
reversible (Patoia et al., 1987; Halkin, 1988; Hooper and 
Wolfson, 1993b; Teh and McKendrick, 1993; Chaudhry et al., 
2010; Cheah et al., 2009; Johansen et al., 2013). Castaman 
and Rodeghiero (1994) described two cases of severe but 
temporary acquired von Willebrand syndrome associated 
with ciprofloxacin therapy. Ciprofloxacin and norfloxacin 
have rarely been reported to interact with warfarin to increase 
prothrombin time, although the mechanism is unclear 
(Linville and Matanin, 1989; Mott et al., 1989; Jolson et al., 
1991; see section 5e, Drug interactions). Hemolytic anemia 
precipitated by ciprofloxacin in a patient with glucose-6- 
phosphate dehydrogenase deficiency has also been reported 
(Sansone et al., 2010).

6g.  Hemolytic uremic syndrome

Several clinical studies have alluded to a potential association 
between the use of fluoroquinolones and the subsequent 
development of hemolytic uremic syndrome (HUS). This 
follows in vitro data that suggested that various antibiotics, 
but particularly fluoroquinolones, increase stx gene expres-
sion and Shiga toxin production (Bielaszewska et al., 2012; 
McGannon et al., 2010; Walterspiel et al., 1992). However, 
previous studies have suggested the risk of HUS may vary 
depending on the class of antibiotic used, and the numbers 

included in this study were small (Smith et al., 2012). Of 
studies reporting use of antibiotics by antibiotic class, no sig-
nificant association has been found between the use of fluo-
roquinolones and the development of HUS, although the 
size of these studies has generally been small (Dundas et al., 
2001; Freedman et al., 2016; Geerdes-Fenge et al., 2013; 
Ohnishi and Nakamura-Uchiyama, 2012; Smith et al., 2012). 
A recent meta-analysis of all relevant studies found that a 
significant positive association existed between general 
antimicrobial use and HUS, if studies with a high risk of bias 
and those that poorly defined HUS were excluded (Freed-
man et al., 2016), although further high-quality studies are 
required to determine if differences in risk by antibiotic class 
truly exist.

6h.  Endocrine side effects

A number of observational studies and case reports have 
alluded to an association between fluoroquinolones and 
severe dysglycemia (LaPlante et al., 2008; Mohr et al., 2005; 
Park-Wyllie et al., 2006)—although this appears to be more 
prominent with other fluoroquinolones such as gatifloxacin. 
In two recent retrospective cohort studies, the risk of severe 
dysglycemia with ciprofloxacin was negligible to small, 
when compared with macrolides (OR for hyperglycemia: 1.0 
[0.6–1.8] vs. 1.87 [1.20–2.93]; OR for hypoglycemia: 1.1 
[0.6–2.0] vs. 1.46 [1.07–2.00]) (Aspinall et al., 2009; Chou et 
al., 2013). The risks of hypoglycemia are greater for patients 
receiving glyburide and ciprofloxacin, due to drug–drug inter-
actions (Parekh et al., 2014; Schelleman et al., 2010).

Although ciprofloxacin is an inhibitor of the metabolism 
of a number of drugs, no alterations in testosterone or corti-
sol concentrations were noted in healthy male volunteers 
treated with ciprofloxacin 500 mg twice daily for 4 days 
(Waite et al., 1989). Ciprofloxacin can cause a false-positive 
test result for glucose (pseudoglycosuria) when urine is tested 
with the BM-Test-7 (Boehringer–Mannheim), which is based 
on a specific glucose oxidase–peroxidase reaction. This false 
result is thought to be due to a ciprofloxacin metabolite, as 
solutions of ciprofloxacin do not produce an abnormal result 
(Drysdale et al., 1988).

A single case of inappropriate antidiuretic hormone syn-
drome (SIADH) has been reported following ciprofloxacin—
relapse was observed when ciprofloxacin was readministered 
four years later (Babar, 2013). 

6i.  Hepatotoxicity

Loo et al. (1985) noted an 11% incidence of minor abnor-
malities in liver function tests associated with oral ciproflox-
acin; however, manufacturers’ data suggest an incidence 
of  increased aspartate aminotransferase (AST) and alanine 
aminotransferase (ALT) of only 2%, and elevated bilirubin 
and gamma-glutamyltransferase (GGT) in less than 1% of 
patients (AHFS, 1995). Severe hepatic failure, including ful-
minant and, occasionally, fatal hepatic failure, has been asso-
ciated with most fluoroquinolones, including ciprofloxacin, 
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but appears to be rare (< 1 in 2.5 million). The mechanism of 
such hepatitis is unclear, including whether it has an allergic 
or toxic pathogenesis (Grassmick et al., 1992; Fuchs et al., 
1994; Pfeiffer and Reiter, 1994; Villeneuve et al., 1995).

Lépez-Navidad et al. (1990) described a patient with pre-
sumed norfloxacin-associated hepatitis, in whom a liver 
biopsy demonstrated moderate steatosis with small foci of 
centrilobular necrosis with scattered eosinophilic bodies and 
ceroid-laden macrophages. 

More recently, Orman et al. (2011) characterized the clin-
ical and histopathological features of fluoroquinolone- 
induced hepatotoxicity occurring in patients enrolled in 
the prospective Drug-Induced Liver Injury Network study 
between 2004–2010 (Orman et al., 2011). Twelve had fluoro-
quinolone-induced hepatotoxicity, with 6 due to ciprofloxa-
cin, 4 due to moxifloxacin, and 1 each due to levofloxacin 
and gatifloxacin. Biochemically, both hepatocellular and 
cholestatic patterns of liver injury were described. Histology 
was available from 5 patients, including 4 needle biopsy 
specimens and 1 explanted organ. Three of the 5 samples 
were from patients with predominantly hepatocellular bio-
chemical patterns, with severe portal and/or lobular inflam-
mation but little cholestasis or duct injury on histology. The 
other 2 samples were from patients with predominantly 
cholestatic injury, one with both intrahepatic cholestasis 
and portal and lobular inflammation, and the other showing 
evidence of vanishing bile duct syndrome after cholestatic 
injury.

6j.  Ototoxicity

Despite some initial concerns regarding potential ciprofloxa-
cin-associated ototoxicity in animals, a number of detailed 
studies have shown no evidence that ciprofloxacin is asso-
ciated with any ototoxicity (Bagger-Sjöbäck and Spangberg, 
1989; Claes et al., 1991). Ciprofloxacin may rarely be associ-
ated with tinnitus (Paul and Brown, 1995).

6k.  Cardiac toxicity

Prolongation of the QT and QTc intervals on electrocardiog-
raphy can occur with ciprofloxacin, but it seems to be much 
less of a problem than with some other fluoroquinolones 
(Owens and Ambrose, 2000). In a randomized trial Noel 
et al. (2003) studied the effects of single-dose moxifloxacin 
(800 mg), levofloxacin (1000 mg), and ciprofloxacin (1500 
mg) in healthy adults versus placebo. These doses achieved 
approximately 1.5 times the maximum plasma levels that are 
observed after the recommended doses, for each drug. The 
mean change in QTc from baseline was 16.34–17.83 ms for 
moxifloxacin (p < 0.001 vs. placebo), 3.53–4.88 ms for levo-
floxacin (p < 0.05 vs. placebo), and 2.27–4.93 ms for cipro-
floxacin (p < 0.05 vs. placebo). In a similar study, the effects 
of these three drugs in therapeutic doses were studied: moxi-
floxacin 400 mg once daily, levofloxacin 500 mg once daily, 
and ciprofloxacin 500 mg twice daily, each for 7 days 
(Tsikouris et al., 2006). At the end of the 7 days, moxifloxacin 

was associated with a significant prolongation of the QTc 
but no effect was observed in relation to levofloxacin or cip-
rofloxacin. In a prospective evaluation of 38 consecutive 
patients receiving either levofloxacin or ciprofloxacin, 
Makaryus et al. (2006) found small but significant increases 
in the longest QTc intervals over baseline in patients receiv-
ing levofloxacin, but no significant changes in their mean 
QTc intervals. Patients who received ciprofloxacin did not 
demonstrate any significant changes in either the longest or 
the mean QTc intervals. 

Despite the small effect on QT prolongation that may 
occur with ciprofloxacin, serious cardiac arrhythmias, such 
as ventricular tachycardia, appear to be rare. Frothingham 
(2001) noted only two cases of torsades de pointes associ-
ated with ciprofloxacin use reported to the FDA between 
1996 and 2001, from an estimated 66 million prescriptions 
(Frothingham, 2001); and although other isolated cases 
have been reported (Falagas et al., 2007b), these have pre-
dominantly occurred in patients with other pre-existing risk 
factors for torsades de pointes, including receiving other QT 
prolonging medications. Risk comparisons have only been 
assessed in large population studies of retrospective cohorts, 
and although the relative risks for other fluoroquinolones 
varied in different studies, compared with non-arrhythmo-
genic antibiotics such as penicillin and amoxycillin–clavula-
nate, the risk of serious arrhythmia or cardiovascular death 
due to ciprofloxacin was consistently negligible or small 
(Chou et al., 2015; Frothingham, 2001; Inghammar et al., 
2016; Lapi et al., 2012; Mehrzad and Barza, 2015; Ray et al., 
2012). These studies suggest that this form of toxicity is 
unlikely to represent a clinically important issue in patients 
treated with ciprofloxacin.

6l.  Corneal and retinal toxicity

A white corneal deposit has been described in 15% of 624 
patients treated with ciprofloxacin 0.3% topical solution or 
ointment; this did not interfere with the therapeutic effec-
tiveness of the drug but delayed epithelial healing. It was 
more likely to occur in older patients with risk ratios of 2.8 
and 3.7 for patients > 60 years and > 70 years, respectively, 
compared with those > 40 years (Wilhelmus and Abshire, 
2003). This problem had been noted in 17% of patients in an 
earlier study (Leibowitz et al., 1991a). Some topical fluoro-
quinolone solutions, including ciprofloxacin solutions, may 
contain preservatives that have been shown to be toxic to 
human corneal epithelial cells in in vitro studies (Tsai et al., 
2010), but clinical reports of fluoroquinolones delaying cor-
neal ulcer healing remain rare (Walter and Tyler, 2006).

There has been recent conjecture as to whether an associ-
ation exists between systemic fluoroquinolone use, includ-
ing ciprofloxacin use, and retinal tear or detachment due to 
the effect of the drug on collagen and connective tissue. In 
particular, this doubt has arisen since the finding of a 
Canadian case–control study (nested in a retrospective 
cohort) (Etminan et al., 2012). Subsequently, there have been 
a number of other observational studies that have reported 
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conflicting results (Chui et al., 2014; Eftekhari et al., 2014; 
Fife et al., 2014; Kapoor et al., 2014; Kuo et al., 2014; Pasternak 
et al., 2013), and two separate meta-analyses of the studies 
have concluded that the pooled data did not support an asso-
ciation between fluoroquinolone use and retinal detachment 
(Alves et al., 2016; Chui et al., 2015). This topic is discussed 
in Chapter 105, Moxifloxacin.

6m.  Immune modulation

Therapeutic doses of fluoroquinolones do not appear to 
be  associated with clinically significant changes in human 
immune function, although some animal studies have sug-
gested an immunosuppressive effect when very high doses 
were given. In vitro studies suggest no direct effect on phago-
cytic cell function, immunoglobulin production, lympho-
cyte proliferation, bone-marrow proliferation, or secretion 
of interferon gamma, but the in vivo situation is less clear, 
with some authors reporting a depression of bone marrow 
graft uptake in mice treated with high doses of ciprofloxacin 
(Somekh et al., 1989; Shalit, 1991; Rubinstein and Shalit, 
1993; Jimenez-Valera et al., 1995). Riesbeck et al. (1994) 
found that ciclosporin-dependent inhibition of both inter-
leukin 2 and interferon gamma expression in vitro is coun-
teracted by high concentrations of ciprofloxacin. A study on 
human T cells also reported in vitro immunosuppressive 
effects, with ciprofloxacin treatment of preactivated T cells 
resulting in dose-dependent inhibition of reactive oxygen 
species generation and IL-2 and IL-4 expression (Kaminski 
et al., 2010). The clinical relevance of these findings is 
uncertain.

6n.  Use in pregnancy and during 
breastfeeding

Although ciprofloxacin and other fluoroquinolones cross the 
human placenta and can be detected in amniotic fluid at 
low concentrations, the use of fluoroquinolones during preg-
nancy appears to be safe even during the first trimester, 
despite initial concerns stemming from the use of nalidixic 
acid in pregnancy, and the theoretical threats to bone and 
cartilage development in the growing fetus (see section 4, 
Pregnant and lactating mothers). In a study by Loebstein et 
al. (1998), 200 women exposed to fluoroquinolones (nor-
floxacin, ciprofloxacin, ofloxacin) during gestation were 
compared with 200 controls, matched for age and smoking 
and alcohol consumption. Rates of major congenital malfor-
mations did not differ between the groups exposed to fluoro-
quinolones during the first trimester (2.2%) and controls 
(2.6%). Treated women had a nonsignificantly higher rate 
of therapeutic abortions (RR: 4.5; 95% CI: 0.98–20.57), 
resulting in lower live birth rates (p = 0.02). However, the 
rates of spontaneous abortion, fetal distress, and prematurity, 
and the infant birth weights did not differ between groups. 
Sim ilarly, gross motor developmental milestones did not dif-
fer among the children of these mothers. The authors sug-
gested that the higher rate of therapeutic abortions among 

quinolone-exposed women may have been related to a mis-
perceived risk associated with fluoroquinolone use during 
pregnancy. Another smaller case–control study had similar 
findings (Berkovitch et al., 1994). An uncontrolled prospec-
tive cohort study by the European Network of Teratology 
Information Services included 70 pregnancies with ciproflox-
acin exposure, and found malformation rates among neonates 
were consistent with background rates in the general popula-
tion (Schaefer et al., 1996). A recent observational cohort 
study found a lower rate of live births (80.9% vs. 85.9%), 
largely driven by more frequent elective terminations of preg-
nancy (adjusted hazard ratio [HR]: 1.32; 95% CI: 1.03–1.7) 
among 949 women who had received fluoroquinolones 
during pregnancy, compared to a comparison group who 
had not been exposed to fluoroquinolones (Padberg et al., 
2014). However, there was no increased risk of spontaneous 
abortion (adjusted HR: 1.01; 95% CI: 0.8–1.3) or major birth 
defects (adjusted ORL 0.91; 95% CI: 0.6–1.5). Ciprofloxacin 
was the most common fluoroquinolone exposure (n = 407). 

Although ciprofloxacin is excreted into human breast 
milk (see section 5b, Drug distribution), there are few data 
on the safety and adverse outcomes of ciprofloxacin use 
while breastfeeding. A breastfed infant with a history of 
necrotizing enterocolitis developed Clostridium difficile–
associated pseudomembranous colitis after her mother had 
taken ciprofloxacin in the week prior to presentation (Har-
mon et al., 1992). Long-term follow up of three children 
exposed to second-line antituberculous agents (including 
ciprofloxacin), both in utero and through breast milk, at 3.9, 
1.8, and 1.25 years, found no major developmental abnor-
malities, with the exception of the second child who mani-
fested poor weight gain and failure to thrive due to acquisition 
of multidrug-resistant tuberculosis (Drobac et al., 2005).

In neonates, a recent review of ciprofloxacin use included 
5 cohort studies and a number of single case reports or case 
series (Kaguelidou et al., 2011). From the pooled data of 
cohort studies, of 1000 neonates that were included in the 
review, 308 had received ciprofloxacin, with 683 of the 
remaining 692 having received other antibiotics and consid-
ered controls. No serious adverse events were reported in 
any of the neonates, and there were no significant differences 
in  cartilage damage or growth between the ciprofloxacin- 
exposed and control groups, in short and long term follow 
up. A greenish discoloration of teeth reported in one neonate 
in each group was the only adverse event reported. Among 
27 case reports and series reviewed, two additional cases 
of greenish discoloration of teeth were reported, although, as 
with the majority of infants in the studies reviewed, the neo-
nates had received several antibiotics together with cipro-
floxacin for treatment of severe Klebsiella sepsis. Another 
case with Klebsiella pneumoniae infection was noted to man-
ifest an increased hearing threshold after treatment with cip-
rofloxacin. The only other adverse events observed were skin 
reactions, and one case of transient thrombocytopenia, with 
all of the reported events being minor and reversible.

Nevertheless, it should be noted that the majority of data 
on the use of ciprofloxacin in pregnancy and breastfeeding are 
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derived from short-term follow up of small post-marketing 
epidemiologic studies, which are likely to be too underpow-
ered to adequately assess safety.

7. CLINICAL USES OF THE DRUG

Ciprofloxacin has been used alone and in combination for a 
wide range infections in both adults and children, with excel-
lent results (Krumpe et al., 1999; Hooper and Rubinstein, 
2003; Committee on Infectious Diseases, 2006); however, 
the current challenge is the appropriate use of this valuable 
fluoroquinolone so as to minimize inappropriate use, avoid 
collateral effects on gut flora, and limit the emergence of 
resistance (Scheld, 2003; Stewardson et al., 2015).

7a.  Urinary tract infection

The antibacterial spectrum and pharmacologic properties of 
fluoroquinolones, including ciprofloxacin, make these ideal 
agents for the treatment of urinary tract sepsis; almost all 
achieve urinary concentrations of greater than 8 μg/ml for 
at least 24 hours—thus inhibiting the vast majority of uri-
nary pathogens, including P. aeruginosa (Norrby, 1993). Drug 
concentrations in renal tissue and prostate are high, espe-
cially compared with concurrent levels in serum. Although 
some fluoroquinolones do not reliably achieve adequate 
serum concentrations to treat complicated urinary tract 
sepsis in which septicemia is more likely, this is not the case 
for ciprofloxacin. Use of ciprofloxacin in urosepsis can be 
divided into three clinical scenarios: (1) treatment of un - 
complicated lower urinary tract infection (UTI), including 
cystitis, (2) treatment of complicated UTI, including pyelo-
nephritis, and (3) prophylaxis.

TREATMENT OF UNCOMPLICATED LOWER URINARY 
TRACT INFECTION, INCLUDING CYSTITIS

In uncomplicated UTI, Norrby (1993) found no major dif-
ferences in efficacy between various fluoroquinolones when 
given for 3 days or more, with failure rates of only 2.5–8.2%. 
When various fluoroquinolones were used as single dose 
therapy, failure rates ranging from 2.9% to 40% were found, 
depending on the agent and dose (Ode et al., 1987; Preheim 
et al., 1987; Ryan et al., 1987; Backhouse and Matthews, 1989; 
Peterson et al., 1990; von Balen et al., 1990). Optimal results 
are generally obtained with treatment for 3–7 days. In a com-
parison of multiple oral dosage regimens, Iravani et al. (1995) 
found ciprofloxacin 100 mg twice daily for 3 days was the 
minimum effective dose for the treatment of uncomplicated 
UTIs in women, resulting in 93% bacteriologic eradication 
and 93% clinical success at the end of therapy. Single-dose 
oral therapy with either 100 or 250 mg ciprofloxacin results 
in cure in 84–89% of women with uncomplicated UTI 
(Garlando et al., 1987). In a study involving 688 evaluable 
women with uncomplicated symptomatic UTI, ciprofloxa-
cin, at a dose of 100 mg twice daily for 3 days, had efficacy 
similar to a 3 day interval of ofloxacin (200 mg twice daily) or 
trimethoprim–sulfamethoxazole (TMP–SMX) (160/800 mg 

twice daily); eradication rates between 93% and 97%, and 
clinical cure rates at the end of therapy between 93% and 
97%, were achieved (McCarty et al., 1999). Ciprofloxacin 250 
mg twice daily had significantly higher clinical (93% vs. 77%) 
and microbiologic (77% vs. 58%) cure rates than amoxicillin– 
clavulanate (500/125 mg twice daily), in 370 women with 
uncomplicated cystitis aged 18–45 years when each was used 
for 3 days (Hooton et al., 2005). In a study of 183 women 
aged > 65 years with uncomplicated symptomatic UTI, cip-
rofloxacin, at a dose of 250 mg twice daily, showed similar 
bacterial eradication rates 2 days and 6 weeks after comple-
tion of therapy when a 3- or 7-day course was used (Vogel et 
al., 2004). Three days treatment with a once daily extended 
release formulation of ciprofloxacin 500 mg was compared 
with the more standard 250 mg twice daily dosing in 523 
women with a mean age of 39 years who were suffering from 
an uncomplicated UTI. Noninferiority was demonstrated 
between the two groups at the end of treatment, and 4–6 
weeks later, and there was a lower incidence of nausea and 
diarrhea in the once daily group (Fourcroy et al., 2005). In 
a  prospective, randomized double-blind study comparing 
ciprofloxacin (100 mg twice daily for 3 days) to TMP–SMX 
(160/800 mg twice daily for 7 days) or nitrofurantoin (100 
mg twice daily for 7 days) among 521 evaluable women with 
uncomplicated UTIs, clinical resolution rates 4–10 days after 
therapy, and at the 4- to 6-week follow-up, were similar for 
the three regimens, whereas initial bacteriologic eradication 
rates were 88%, 93%, and 86%, respectively, for each of the 
agents. However, at the 4- to 6- week follow-up, ciprofloxacin 
had a significantly higher eradication rate (91%) than TMP–
SMX (79%) and nitrofurantoin (79%) (Iravani et al., 1999). 
Similarly, Arredondo-García et al. (2004) found that a 3 day 
course of ciprofloxacin (250 mg twice daily) was at least as 
clinically and bacteriologically effective as 7-day treatments 
with either TMP–SMX (160/800 mg twice daily) or norflox-
acin (400 mg twice daily) for uncomplicated lower UTI.

A Cochrane review of fluoroquinolone use for uncom-
plicated acute cystitis in women analyzed 11 studies (7535 
women) and found no significant differences in clinical or 
microbiologic efficacy between the various fluoroquinolo-
nes, but lower rates of adverse events for ciprofloxacin than 
for many of the other agents in this class (Rafalsky et al., 
2006).

Ciprofloxacin should therefore be used in this setting at a 
dose of 100 to 250 mg twice daily, or 500 mg of the extended 
release formulation once daily, for 3 days. For most uncom-
plicated UTIs, however, other agents such as trimethoprim 
alone, TMP–SMX, or beta-lactams are preferred, and fluoro-
quinolones are reserved for the treatment of infections due 
to resistant pathogens, recurrent UTIs recalcitrant to treat-
ment with other agents, and complicated UTI. The Infec-
tious Diseases Society of America (IDSA) guidelines suggest 
using fluoroquinolones as first-line treatment in patients with 
UTIs who cannot tolerate other first-line agents (TMP–SMX, 
nitrofurantoin, fosfomycin, pivmecillinam) who live in geo-
graphic areas with known resistance rates of 10–20% against 
TMP–SMX, or who have risk factors for such resistance 
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(Warren et al., 1999; Schaeffer, 2002; Gupta et al., 2011). 
However, other antibiotic guideline groups only advocate the 
use of ciprofloxacin when resistance has been demonstrated 
(Antibiotic Expert Group, 2014).

COMPLICATED UTI, INCLUDING PYELONEPHRITIS

For complicated urinary tract sepsis, including pyelonephri-
tis, therapy for 7–14 days with either ciprofloxacin, enoxacin, 
fleroxacin, lomefloxacin, norfloxacin, or ofloxacin results in 
failure rates (persistent infection or reinfection 5–12 days 
after completion of therapy) of 1.5–22% (generally < 10%). 
Such outcomes are generally better than the failure rates seen 
with other agents, such as TMP–SMX or beta-lactams, 
including ceftazidime (Sabbaj et al., 1985; Gasser et al., 
1987a; Preheim et al., 1987; Allais et al., 1988; Cox, 1989a; 
Cox, 1992; Childs, 1990; Sandberg et al., 1990; Norrby, 1993). 
In 255 premenopausal women aged more than 18 years, oral 
ciprofloxacin (500 mg twice daily for 7 days) was associated 
with significantly better microbiologic (99% vs. 89%) and 
clinical (96% vs. 83%) cure rates than 14 days of TMP–SMX 
(160/800 mg twice daily) (Talan et al., 2000). An extended 
release formulation of ciprofloxacin 1000 mg daily had bac-
teriologic eradication and clinical cure rates similar to those 
of the more conventional 500 mg twice daily tablet in 435 
patients with complicated UTI or acute pyelonephritis; there 
was no difference in the drug-related adverse event rates for 
the two groups (Talan et al., 2004). There was no difference 
between ciprofloxacin given orally (500 mg twice daily) ver-
sus intravenously (200 mg twice daily) in the initial empiric 
management of patients with hospital acquired serious UTIs, 
including bacteremic forms (Mombelli et al., 1999). George 
et al. (1995) described a patient with bilateral emphysema-
tous pyelonephritis who was cured with a combination of 
antibiotics, including ciprofloxacin; however, surgical man-
agement is generally necessary for this serious condition. If 
ciprofloxacin is to be used in complicated UTI, including 
pyelonephritis, the appropriate dosing regimen should be 
500 mg twice daily for 7–14 days. A recent randomized, 
double-blind, placebo-controlled noninferiority trial in 248 
nonpregnant women with acute pyelonephritis found no 
significant difference in clinical and microbiological cure at 
2 weeks after completing treatment with either 7 days or 14 
days of 500 mg twice daily oral ciprofloxacin (Sandberg et al., 
2012).

In a recent study of 403 women seen in 11 US medical 
facility emergency departments with uncomplicated pyelo-
nephritis due to E. coli, 24% of the isolates were resistant to 
TMP–SMX, compared with 1% and 3% for ciprofloxacin and 
levofloxacin, respectively (Talan et al., 2008). Among 207 
patients with complicated pyelonephritis, rates of resistance 
to ciprofloxacin and levofloxacin were 5% and 6%, respec-
tively—suggesting that fluoroquinolones should remain one 
of the preferred empiric treatments for pyelonephritis, but 
that fluoroquinolone resistance should be carefully moni-
tored (Talan et al., 2008).

Until recently, the duration of therapy for acute UTI in 
patients with spinal cord injury had been uncertain. In a 

randomized double-blind, placebo-controlled trial compar-
ing 3- and 14-day regimens of ciprofloxacin 250 mg twice 
daily, Dow et al. (2004) found that 14 days therapy resulted in 
improved clinical and microbiologic outcomes compared 
with short-course therapy.

Ciprofloxacin is also thought to be effective against intra-
cellular organisms causing persistent cystitis, including some 
uropathogenic E. coli (Blango and Mulvey, 2010).

PROPHYLAXIS OF URINARY TRACT INFECTIONS

Fluoroquinolones, including ciprofloxacin, are widely used 
as prophylaxis against UTIs. A Cochrane meta-analysis 
involving 19 randomized control trials and 1120 nonpreg-
nant women demonstrated that, although antibiotic prophy-
laxis for 6–12 months reduced the rate of UTI during 
treatment, there were no differences between antibiotic and 
placebo groups after the prophylaxis was concluded, but 
there were more adverse events in the antibiotic groups 
(Albert et al., 2004, Schooff and Hill, 2005). A wide range 
of  prophylactic agents, including ciprofloxacin, was used 
in  these studies, and there were no significant differences 
between individual drugs. Pfau and Sacks (1994) found post-
coital prophylaxis with a single dose of ofloxacin 100 mg, 
ciprofloxacin 125 mg, or norfloxacin 200 mg to be effective 
in preventing recurrent UTIs in females. Van der Wall et al. 
(1992) found prophylaxis with either ciprofloxacin 250 mg 
daily or ciprofloxacin 500 mg twice daily to be effective in 
preventing catheter-associated urinary tract infections in 
surgical patients requiring 3–14 days of temporary postoper-
ative bladder drainage. At catheter removal, 75% of placebo 
recipients were bacteriuric, compared with 11% of ciproflox-
acin-treated patients. Nevertheless, the relative infrequency 
of symptomatic urinary tract infection in this setting, the 
usual ease of effective therapy for this problem, drug toxicity, 
and concerns regarding the potential development of cipro-
floxacin resistance argue against such prophylaxis. In chron-
ically catheterized patients such as those with paraplegia and 
quadriplegia, short course ciprofloxacin (e.g. 5 days) is effec-
tive in treating urinary tract infections, but does not prevent 
redevelopment of bacteriuria in about two-thirds of patients 
at 14 days post therapy (Stannard et al., 1990). Ciprofloxacin 
500 mg twice daily for 7–10 days produced a clinical response 
similar to that of parenteral aminoglycoside (usually genta-
micin) used for a similar period in chronically catheterized 
patients. Although ciprofloxacin resulted in a superior bacte-
riologic response at 5–9 days post therapy, the responses one 
month later for the two treatment regimens were almost 
identical. Emergence of ciprofloxacin resistance was noted in 
62% of patients who did not show any bacteriologic response 
(Fang et al., 1991; Biering-Sørensen et al., 1994).

Fluoroquinolones, including ciprofloxacin (single dose), 
appear to be useful, given either i.v. or orally, for prophylaxis 
in urologic surgery, such as transurethral prostatectomy 
(Murdoch et al., 1987; Kanaiyalal et al., 1988; Charton et 
al., 1989; Christensen et al., 1989; Cox, 1989b; Gombert et 
al., 1989; Hellsten et al., 1989; Mandell, 1991; Klimberg et al., 
1999).
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Interstitial cystitis is a chronic condition of unknown eti-
ology characterized by bladder pain, urinary urgency, and 
urinary frequency. An infectious etiology has not been 
clearly documented, but various organisms can be cultured 
from urine specimens, and some patients report symptom-
atic improvement in association with antibiotic use. In an 
open pilot study involving 50 women with this condition 
who received sequential therapy with 3 weeks each of doxy-
cycline, erythromycin, metronidazole, clindamycin, amoxi-
cillin, and ciprofloxacin, all in conjunction with rifampicin, 
there was no significant improvement in symptoms in com-
parison with placebo (Warren et al., 2000). Perhaps not sur-
prisingly, there was a significant increase in adverse effects 
among patients receiving active agents. This study suggests 
that antibiotics do not have a role to play in this condition.

7b.  Prostatitis and epididymo-orchitis

Fluoroquinolones such as ciprofloxacin have revolutionized 
the treatment of prostatitis, which previously had been diffi-
cult to cure with agents such as TMP–SMX or beta-lactams. 
Nevertheless, despite many clinical studies of fluoroquino-
lone efficacy in this condition, a comparison of clinical 
results remains difficult because of differences in study meth-
odology, lack of a clear clinical definition of prostatitis, and 
variable use of diagnostic techniques, such as the standard 
four-specimen technique for localizing infection to the pros-
tate (Meares and Stamey, 1968). Furthermore, many studies 
combine the treatment results for acute and chronic prostati-
tis rather than reporting them separately. Naber (1993) ana-
lyzed only those studies that met appropriate criteria and 
suggested that norfloxacin 400 mg twice daily (generally 
2–4 weeks), ciprofloxacin 500 mg twice daily (generally 3–4 
weeks), ofloxacin 200–300 mg twice daily (generally 3–6 
weeks), and other fluoroquinolones, such as enoxacin, tema-
floxacin, and rufloxacin, are effective therapy, with rates of 
bacteriologic cure generally greater than 75%, for both acute 
and chronic infection (Weidner et al., 1987a; Andriole, 1991; 
Naber, 1993).

Low-dose, short-term (e.g. ≤ 2 weeks) therapy appears 
to be associated with a higher rate of relapse. Thus, chronic 
bacterial prostatitis, especially when due to E. coli and other 
Enterobacteriaceae, is best treated for 4–6 weeks with a fluo-
roquinolone such as ciprofloxacin, 500 mg twice daily, or 
norfloxacin, 400 mg twice daily. Other fluoroquinolones may 
have similar efficacy, but good clinical studies are lacking. 
The dosage and duration of therapy for prostatitis due to 
P.  aeruginosa or enterococci is less clear, but considering 
known in vitro susceptibility data regarding these pathogens, 
more prolonged therapy in higher doses would be justifiable. 
A recent Cochrane review of randomized controlled trials 
for chronic bacterial prostatitis found no significant differ-
ences in clinical or microbiological efficacy or rates of adverse 
reactions between different fluoroquinolones (Perletti et al., 
2013). However, no conclusion was drawn on the most 
appropriate duration of treatment with fluoroquinolones 
for chronic prostatitis. The optimal duration of treatment for 

acute prostatitis is also uncertain, with guidelines generally 
recommending 2–4 weeks treatment, although some clini-
cians take a conservative approach due to the possibility of 
acute-on-chronic disease, and treat for 4–6 weeks. Follow-up 
assessment after completion of treatment is recommended.

Chronic prostatitis/chronic pelvic pain syndrome is a 
condition of unknown etiology defined by pelvic pain of 
more than 3 months’ duration. Therapies are empirical and 
mostly untested and, although there has been no clear evi-
dence to support an infective etiology, antibiotics are fre-
quently prescribed. In one study involving 196 men diagnosed 
with this condition and a mean duration of symptoms of 
6.2 years, ciprofloxacin 500 mg twice daily for 6 weeks 
demonstrated no advantage over either tamsulosin or placebo 
(Alexander et al., 2004). Thus, long-term ciprofloxacin should 
not be recommended for this complex pain syndrome.

Few studies have formally examined the efficacy of 
 fluoroquinolones in the treatment of epididymitis and 
epididymo- orchitis, but the known antibacterial spectra and 
pharmacokinetics of fluoroquinolones suggest that they are 
a potentially appropriate therapeutic choice. Ciprofloxacin, 
pefloxacin, and ofloxacin have proven efficacy (Weidner et 
al., 1987b; Costa et al., 1991). Humphreys and Speller (1989) 
reported three patients with acute epididymo-orchitis caused 
by P. aeruginosa who were cured with ciprofloxacin (500–750 
mg twice daily after initial i.v. therapy in two cases) adminis-
tered for 8–14 days. Costa et al. (1991) successfully treated 18 
of 20 men with acute epididymitis with pefloxacin 800 mg 
daily for 21–42 days. The CDC (2007) recommendation for 
treatment of epididymitis is ceftriaxone 250 mg i.m. single 
dose plus doxycycline 100 mg twice daily for 10 days, but 
levofloxacin 500 mg daily or ofloxacin 300 mg orally twice 
daily for 10 days are suitable alternatives; it is likely that cip-
rofloxacin would be equally efficacious as the last two drugs.

7c.  Bacterial gastroenteritis and enteric 
fever

Fluoroquinolones have generally excellent in vitro activity 
against the majority of gastrointestinal bacterial pathogens, 
such as Salmonella spp., Shigella spp., C. jejuni, A. hydrophila, 
Vibrio spp., Y enterocolitica, and E. coli, and are therefore 
logical candidates for use in the setting of bacterial diarrhea. 
Fluoroquinolones, such as ciprofloxacin and norfloxacin, 
achieve concentrations in feces of 185–2220 and 207–2716 
μg/g of stool, respectively, in healthy volunteers after routine 
oral doses (Brumfitt et al., 1984; Cofsky et al., 1984). A 
number of double-blind randomized trials have shown the 
superiority of ciprofloxacin 500 mg twice daily for 5 days 
over either TMP–SMX or placebo as empiric treatment for 
acute diarrhea due to Campylobacter, Shigella, Salmonella, or 
unidentified pathogens (Pichler et al., 1987; Goodman et al., 
1990).

SHIGELLOSIS

Fluoroquinolones, including norfloxacin and ciprofloxacin, 
are superior to placebo, nalidixic acid, and other antibiotics 
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in the treatment of shigellosis. Ericsson et al. (1987) found 
the average duration of diarrhea after the start of ciprofloxa-
cin therapy for shigellosis to be 28 hours, compared with 84 
hours in patients receiving placebo. In a double blind ran-
domized trial comparing a 5-day course of ciprofloxacin 500 
mg twice daily with ampicillin 500 mg four times daily in 121 
adults hospitalized for shigellosis in Bangladesh, Bennish et 
al. (1990) found there was resolution or marked improve-
ment in symptoms in 95% of ciprofloxacin-treated patients 
versus 88% of ampicillin-treated patients having ampicillin- 
sensitive stains, and 43% of ampicillin-treated patients with 
ampicillin-resistant strains. Overall, bacteriologic cure was 
more common in the ciprofloxacin-treated group (p < 0.025), 
and numbers of stools for these patients was a mean 63% of 
numbers of stools for the ampicillin-treated group (p = 0.004). 
Ciprofloxacin and azithromycin were compared in a ran-
domized double blind trial in 70 men in Bangladesh with 
shigellosis. There were no significant differences in clinical 
(89% vs. 82%, respectively) or bacteriologic (100% vs. 94%, 
respectively) success rates between the two drugs (Khan et 
al., 1997). Subsequently, Bennish et al. (1992) have shown 
that a single 1 g dose of ciprofloxacin is effective therapy for 
patients with Shigella species other than S. dysenteriae type 1, 
but is inferior to a 5 day course of ciprofloxacin 500 mg twice 
daily (40% vs. 0% failure rates, respectively) for treating 
patients infected with ciprofloxacin-sensitive S. dysenteriae 
type 1. Similarly, Gotuzzo et al. (1989) found that single-dose 
norfloxacin therapy was equivalent to a 5 day course of 
TMP–SMX in mild disease, but none of these patients had 
S. dysenteriae type 1. Other authors have also advocated the 
use of 1 g single dose ciprofloxacin for shigellosis (Williams 
and Richards, 1990; Bhattacharya et al., 1992). One or two 
dose regimens have particular appeal in the treatment of 
shigellosis in children, when the potential risks associated 
with fluoroquinolone use in this age group are considered by 
some authors to be outweighed by the potential benefits of 
effective therapy (Fontaine, 1989). In a study of 120 children 
with shigellosis, 5 days of ciprofloxacin was associated with a 
significantly superior bacteriologic cure rate than pivmecilli-
nam, but the better clinical cure rate was not statistically sig-
nificant (Salam et al., 1998). In adults, Murphy et al. (1993) 
have shown that the administration of loperamide (4 mg 
immediately, then 2 mg after each loose bowel action to a 
maximum of 16 mg/day) plus ciprofloxacin (500 mg twice 
daily for 3 days) significantly shortened the duration of diar-
rhea, compared with patients treated with ciprofloxacin alone.

SALMONELLOSIS AND ENTERIC FEVER

Previous teaching from the pre-fluoroquinolone era was that 
antibiotic therapy was not considered clinically useful in 
treating intestinal salmonellosis, and might have prolonged 
carrier states. However, ciprofloxacin and other fluoro-
quinolones have been shown by many authors to be bene-
ficial in this context (DuPont et al., 1987a; DuPont et al., 
1987b; Pichler et al., 1987; Léopez-Brea et al., 1989; DuPont 
et al., 1993). Both the duration of diarrheal illness and fecal 
shedding in patients with Salmonella disease may be reduced 

with ciprofloxacin therapy (Hudson et al., 1985; Diridal et 
al., 1986; Pichler et al., 1987). In particular, Pichler et al. 
(1987) noted a reduction in diarrhea duration from 3.4 to 1.9 
days, versus placebo. In comparison, however, Séanchez et al. 
(1993) found little difference in clinical efficacy between a 
5-day treatment course of ciprofloxacin (500 mg twice daily), 
TMP–SMX (160/800 mg twice daily), or placebo in uncom-
plicated non-typhoidal Salmonella enteritis. However, the 
definition of cure in this study was more restrictive than that 
used by Pichler et al. (1987). Furthermore, this study explic-
itly excluded patients with severe disease or who were at risk 
of bacteremia, and deliberately chose patients with short 
clinical histories before study entry. Other studies, although 
not placebo-controlled, have suggested good clinical efficacy 
with ciprofloxacin 500 mg twice daily for 7 days for the treat-
ment of outbreaks of multiresistant nonenteric S. heidelberg, 
and 5–7 days of therapy for S. enteritidis (Barnass et al., 1990; 
Willocks et al., 1990; Leigh, 1992). Management of institu-
tional outbreaks of Salmonella gastroenteritis, including the 
use of ciprofloxacin, has been reviewed by Lightfoot et al. 
(1990). Jacobson et al. (1989) reported success with 750 mg 
twice daily for 1–8 months in the treatment of non-typhoidal 
Salmonella bacteremia in four patients with AIDS. 

However, emerging resistance to fluoroquinolones, includ-
ing ciprofloxacin (see section 2b, Emerging resistance and 
cross-resistance), among Salmonella species now potentially 
threatens the efficacy of these agents, and treatment failures 
are being increasingly reported both for non-typhoid (Col-
lard et al., 2007) and typhoid strains (Bhan et al., 2005; Hasan 
et al., 2005). In a study by Crump et al. (2008) of 71 patients 
with S. enterica serotype Typhi in the USA, patients infected 
with strains that displayed decreased susceptibility to cip-
rofloxacin (DCS) showed longer times to fever clearance 
and more frequent treatment failure. Notably, nalidixic acid 
screening did not detect all these DCS strains (Crump et 
al., 2008).

Ciprofloxacin has also proven effective against nonenteric 
sites of salmonellosis, including empyema and neonatal brain 
abscesses due to S. enteritidis, lung abscesses, recurrent bac-
teremia and neonatal meningitis due to S. typhimurium, and 
meningitis in a neonate due to S. paratyphi A (Zumla et al., 
1988; Ragunathan et al, 1990; Murdoch and Peterson, 1991; 
Albrecht et al., 1992; Bhutta et al., 1992; Wessalowski et al., 
1993). Cheesbrough et al. (1991) reported excellent results 
with the use of ciprofloxacin in 33 children with non- 
typhoidal Salmonella bacteremia in Zaire, with no significant 
short-term adverse effects.

It is estimated that typhoid fever caused approximately 
21.6 million illnesses and 216,000 deaths globally in 2000, 
and that there is one case of paratyphoid fever for every four 
of typhoid (Bhan et al., 2005). Ciprofloxacin is effective 
therapy for susceptible strains of S. typhi bacteremia when 
given as 500 mg twice daily for 14 days (Ramirez et al., 1985), 
resulting in defervescence after 4–5 days. Studies comparing 
ciprofloxacin and TMP–SMX, and ciprofloxacin and ceftri-
axone in the treatment of enteric fever due to S. typhi or 
S. paratyphi have demonstrated superiority for ciprofloxacin 
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(Limson and Littaua, 1989; Wallace et al., 1993). In a ran-
domized, nonblinded study of uncomplicated enteric fever 
infections (28 S. typhi, 9 S. paratyphi A, 3 S. paratyphi B) 
in which all isolates were susceptible to ciprofloxacin and 
TMP–SMX, Limson and Littaua (1989) found all 20 patients 
treated with ciprofloxacin 500 mg twice daily for 10 days 
were clinically and bacteriologically cured, compared with 
18 of 20 patients treated with TMP–SMX (160/800 mg) twice 
daily for 14 days. The two TMP–SMX failures subsequently 
responded to ciprofloxacin. Wallace et al. (1993) compared 
ciprofloxacin 500 mg twice daily for 7 days with ceftriaxone 
3 g i.m./i.v. daily for 7 days in the treatment of S. typhi bacte-
remia, in an open randomized trial in Bahrain. Clinical fail-
ure was noted in none of 20 ciprofloxacin-treated patients 
compared with 6 of 22 (27%) ceftriaxone-treated patients 
(five of these six patients had persistent fevers for > 7 days; 
p = 0.01). The mean duration of fever was 4 days for cipro-
floxacin-treated patients compared with approximately 5 
days for ceftriaxone-treated patients (p = 0.04). All ceftri-
axone failures responded clinically to ciprofloxacin within 48 
hours. All isolates were susceptible to both agents, but seven 
of 12 strains examined in detail were resistant to ampicillin, 
chloramphenicol, and trimethoprim. In a randomized trial 
of 55 adults with enteric fever in Indonesia who underwent 
blood and bone marrow culture after treatment with either 
ciprofloxacin or chloramphenicol (all isolates were suscep-
tible to these agents), ciprofloxacin was associated with a 
higher rate of elimination of S. enterica serovars Typhi and 
Paratyphi A from bone marrow than chloramphenicol (Gasem 
et al., 2003). However, for uncomplicated typhoid fever, oral 
azithromycin (see Chapter 62, Azithromycin) appeared to be 
equally as effective as ciprofloxacin in a randomized trial in 
Egypt in which all isolates were susceptible to both agents 
(Girgis et al., 1999). 

Other authors have described excellent rates of cure in 
open, noncomparative studies of either oral, or combination 
i.v./oral, ciprofloxacin treatment for 10–14 days in enteric 
fever (Eykyn and Williams, 1987; Stanley et al, 1989). Courses 
of ciprofloxacin shorter than 10–14 days may also be effec-
tive. In a randomized, prospective study of S. typhi bactere-
mia, Uwaydah et al. (1992) compared 500 mg or 750 mg oral 
ciprofloxacin twice daily for 7 days, or for 2 days following 
defervescence, whichever was greater. Among the 34 patients 
treated with 500 mg twice daily, fever subsided in 4.9 ± 1.7 
days compared with 5.2 ± 2.2 days in the 28 patients treated 
with 750 mg twice daily (p = 0.54). Treatment for 7–10 days 
was adequate for 57 of the 62 patients (93%), but five patients 
required treatment for more than 10 days—all patients were 
cured. All patients requiring treatment for ≥10 days had pro-
longed fever (≥10 days) before presentation and commence-
ment of therapy. This study suggests that ciprofloxacin 500 
mg twice daily is adequate treatment for typhoid fever, but 
the duration of treatment may need to be individualized 
depending on the duration of pretreatment symptoms and 
time to defervescence. Comparisons of duration of fluoro-
quinolone therapy for typhoid fever were summarized in a 
recent Cochrane Database review (Effa et al., 2011). Statis- 

tically, no significant differences in outcomes or adverse 
events were observed with 2 days vs. 3 days of ofloxacin, 
3 days vs. 5 days of ofloxacin, 5 days vs. 7 days of pefloxacin, 
or 10 days vs. 14 days of ciprofloxacin. Notably, the optimal 
cure rate was achieved with 10–14 days of fluoroquinolone 
treatment for susceptible isolates (Carbon et al., 1987; Chew 
et al., 1992; Alam et al., 1995).

In two recent literature reviews, it was noted that although 
fluoroquinolones are generally effective in the treatment 
of  enteric fever, the increasing prevalence of isolates with 
reduced susceptibilities may need to be considered in empiric 
treatment regimens (Butler, 2011; Effa et al., 2011). Overall, 
fluoroquinolones appeared to be at least as effective as other 
traditional antibiotics, such as chloramphenicol, TMP–SMX, 
third-generation cephalosporins, and ampicillin/amoxycillin. 
In the context of rising resistance, however, azithromycin 
was superior to ofloxacin, with a statistically significant 
decrease in clinical failures (RR: 2.20; 95% CI: 1.23–3.94)—
however, no difference in efficacy was observed between 
azithromycin and either ciprofloxacin or gatifloxacin (Effa et 
al., 2011).

As with non-typhoidal salmonellosis, ciprofloxacin has 
proven effective in the treatment of severe typhoid in chil-
dren (Dawood et al., 1991; Dutta et al., 1993). Dutta et al. 
(1993) treated 18 children (mean age 6.4 years; range 1.5–9.5 
years) who had life-threatening S. typhi bacteremia with 
i.v. ciprofloxacin (10 mg/kg/day), followed by oral ciproflox-
acin for 14 days, or 7 days after the patient became afebrile. 
Children regained consciousness within a mean of 2 days, 
were afebrile within a mean of 3.3 days, and cure was 
achieved in 17 patients (94%). One child who was severely 
malnourished died 24 hours after ciprofloxacin therapy was 
commenced. These results appear promising in comparison 
with the previous standard of chloramphenicol therapy in this 
setting—especially considering the increasing emergence 
of chloramphenicol resistance among S. typhi strains that 
necessitates the use of alternative regimens (Panigrahi et al., 
1991; Rowe et al., 1992).

Ciprofloxacin appears to be safe when given during preg-
nancy for multiresistant S. typhi infection. Koul et al. (1995) 
described seven patients, all in the second or third trimester 
of pregnancy, with multiresistant S. typhi infection who were 
successfully treated with ciprofloxacin. Fever resolved in 4–7 
days. All pregnancies were carried to term and healthy babies 
with no congenital abnormalities were delivered. Manufac-
turer reports of 130 women, mostly with first trimester preg-
nancies, who accidentally received ciprofloxacin noted that 
none of these babies had any congenital abnormalities (Koul 
et al., 1995).

Although other fluoroquinolones, such as pefloxacin and 
ofloxacin, also appear to be effective in typhoid fever (Hajji et 
al., 1988; Wang et al., 1989), ciprofloxacin is now considered 
the drug of choice for the treatment of S. typhi isolates that 
are resistant to older agents, but are fluoroquinolone- suscep- 
tible. However, the emergence of resistance to ciprofloxacin 
and other fluoroquinolones (see section 2b, Emerging resis-
tance and cross-resistance) now poses a major therapeutic 
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concern, such that in these resistant cases, third-generation 
cephalosporins such as ceftriaxone (see Chapter 27, Ceftri-
axone) are now often required for effective treatment of these 
strains (Bhan et al., 2005; Crump et al., 2008).

SALMONELLA CARRIAGE

Among patients infected with S. typhi, approximately 1–5% 
become chronic carriers, compared with less than 1% of 
patients infected with other Salmonella spp. (Buchwald and 
Blaser, 1984; Pithie and Wood, 1990). Ciprofloxacin and 
norfloxacin are effective in eradicating both non-typhoidal 
Salmonella and S. typhi in chronic carriers (Hudson et al., 
1985; Sammalkorpi et al., 1987; Ferreccio et al., 1988; Gotuzzo 
et al., 1988; Damjanovic et al., 1990; Eng et al., 1990). In a 
placebo-controlled trial, norfloxacin 400 mg twice daily for 
4 weeks cleared S. typhi from 78% of carriers, regardless of 
the presence or absence of cholelithiasis (Gotuzzo et al., 
1988). Other authors have found similar results with cipro-
floxacin (Hudson et al., 1985; Ferreccio et al., 1988). Ferreccio 
et al. (1988) cleared carriage of S. typhi in 10 of 12 patients 
treated with 750 mg ciprofloxacin twice daily for 28 days 
and followed for 1 year. In comparison with these positive 
findings, Neill et al. (1991) found less promising results 
in  clearance of S. java carriage. In a randomized placebo- 
controlled double-blind trial of ciprofloxacin 750 mg twice 
daily for 14 days versus placebo, begun on day 9 of infection 
in 15 healthcare workers with S. java diarrhea, these authors 
found that all eight ciprofloxacin recipients showed eradica-
tion of S. java within 7 days of commencing ciprofloxacin, 
versus one of seven placebo recipients. However, four of 
eight ciprofloxacin recipients relapsed with positive stool 
cultures 14–21 days after therapy. The explanation for these 
findings is unclear, including whether the delay in com-
mencing treatment (begun on day 9 of infection) or shorter 
total duration of treatment (i.e. 14 days vs. 28 days) were rel-
evant factors. Nevertheless, this study suggests that the effi-
cacy of ciprofloxacin for treatment of patients with enteric 
fever and the S. typhi carrier state cannot necessarily be 
directly extrapolated to carriage of non-typhoidal salmonel-
lae. The optimal dosage and duration of ciprofloxacin ther-
apy for chronic Salmonella carriage have not been defined, 
with doses ranging from 750 to 1500 mg/day for 2–4 weeks. 
Overall clearance rates vary between 90% and 100%. Most 
authors, however, favor 750 mg twice daily for 2–4 weeks 
(Hudson et al., 1985; Diridal et al., 1986; Sammalkorpi et al., 
1987; Löhdevirta, 1989). Similar to concerns associated with 
the loss of ciprofloxacin efficacy in the treatment of acute sal-
monellosis, the emergence of resistance to fluoroquinolones 
suggests that a reduction in ciprofloxacin efficacy in clearing 
long-term Salmonella carriage is also likely, and careful 
assessment of isolate susceptibilities is now routinely required 
in many geographical regions (Bhan et al., 2005).

TRAVELERS’ DIARRHEA

Fluoroquinolones such as ciprofloxacin, norfloxacin, and 
ofloxacin are effective against travelers’ diarrhea, including 
that due to the most common pathogen, ETEC, and other 

pathogens such as Shigella and Salmonella spp. A 5 day 
treatment course of ciprofloxacin 500 mg twice daily is at 
least as effective as TMP–SMX (160/800 mg twice daily) in 
this setting, reducing the average duration of diarrhea from 
81 hours (placebo) to 30 hours (TMP–SMX) and 27 hours 
(ciprofloxacin) for all pathogens (DuPont et al., 1987b; 
Ericsson et al., 1987). The duration of diarrhea secondary to 
enterotoxigenic E. coli was reduced from 84 hours (placebo) 
to 23 hours (ciprofloxacin). Lower doses (250 mg twice daily 
for 3 days) have also proven effective (Wiström et al., 1992). 
Salam et al. (1994) reported the success of 500 mg single-dose 
ciprofloxacin therapy compared with placebo in reducing 
the duration and severity of diarrhea in travelers. In this 
study the mean duration of diarrhea was reduced from 50–53 
hours (placebo) to 21–25 hours (ciprofloxacin) (p < 0.0001). 
In a study of 399 adult travelers to Mexico, Guatemala, and 
India, ciprofloxacin 500 mg three times daily was superior to 
placebo, as measured by the median time to the last unformed 
stool, and was more effective than rifaximin for invasive bacte-
rial pathogens (Taylor et al., 2006).

In a randomized double-blind placebo-controlled trial 
that studied US military personnel in Egypt receiving cipro-
floxacin alone (500 mg twice daily for 3 days; 50 patients) 
versus ciprofloxacin plus loperamide (4 mg immediately, then 
2 mg after each loose bowel motion to a maximum of 16 mg/
day; 54 patients) for treatment of travelers’ diarrhea, where 
enterotoxigenic E. coli was the most common pathogen iden-
tified (57%), Taylor et al. (1991) found that ciprofloxacin plus 
loperamide was clinically no better than ciprofloxacin alone. 
In a similar study conducted in Thailand comparing a single 
750 mg dose of ciprofloxacin–placebo versus a single 750 mg 
dose of ciprofloxacin plus loperamide, versus 500 mg cipro-
floxacin twice daily for 3 days plus loperamide, in a population 
in which 41% of travelers’ diarrhea was due to Campylobacter 
spp., 18% Salmonella spp., and only 6% secondary to entero-
toxigenic E. coli; total duration of diarrhea did not vary sig-
nificantly between the three treatment groups. However, 
smaller cumulative numbers of loose bowel actions were 
noted at 48 and 72 hours among patients treated with cipro-
floxacin plus loperamide compared with patients in the cip-
rofloxacin alone group (p = 0.01). Together these studies 
suggest that addition of loperamide to ciprofloxacin for trav-
elers’ diarrhea may, at best, provide a small symptomatic 
benefit (Petruccelli et al., 1992).

Similar to ciprofloxacin therapy, therapy with norfloxa-
cin or ofloxacin for 3 days is also effective (Wiström et al., 
1989; DuPont et al., 1992). Thus, fluoroquinolones may be 
considered for the empiric treatment of severe diarrhea in 
adults from regions where resistance to fluoroquinolones 
is  uncommon (Murray, 1986). However, in many regions, 
such as the Indian subcontinent and Southeast Asia, fluoro-
quinolone resistance is now increasingly common, and 
 azithromycin has become the drug of choice for empiric 
therapy in travelers from these countries (see Chapter 62, 
Azithromycin).

Prophylaxis with ciprofloxacin (250–500 mg/day) or nor-
floxacin (400 mg/day) was effective in reducing the incidence 
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of travelers’ diarrhea by up to 88–94% in studies that were 
conducted in Mexico, Morocco, and Nepal (Johnson et al., 
1986; Rademaker et al., 1989; Scott et al., 1990; Wiström and 
Norrby, 1990; Parry et al., 1994). A decision to use prophy-
lactic rather than therapeutic fluoroquinolones should take 
in the potential for adverse events, drug interactions, and 
promotion of resistance. The likelihood of travelers’ diarrhea 
and the impact of such illness also should be considered. 
Travelers with significant comorbidities (e.g. chronic renal 
failure), or who are attending a significant event (e.g. an 
important meeting), may feel justified in using prophylactic 
fluoroquinolones, but other preventive measures, such as 
attention given to the sources of food and water, are also very 
important. Due to increasing resistance, most noticeably 
in Campylobacter isolates (see 2b, Emerging resistance and 
cross-resistance), many clinicians now recommend alterna-
tive agents such as azithromycin as a first-line option for 
prophylaxis against traveler’s diarrhea (i.e. similar to empiric 
therapy for diarrhea), particularly for regions with high rates 
of ciprofloxacin resistance (DuPont, 2009).

CHOLERA

In a randomized double-blind treatment trial of moderate to 
severe cholera in Peruvian adults, ciprofloxacin 250 mg once 
daily for 3 days was similar in clinical and bacteriologic effi-
cacy and in safety to standard therapy with tetracycline 500 
mg four times daily for 3 days. A good or excellent outcome 
was achieved in 84% and 89% of patients, respectively. A sin-
gle 1 g oral dose of ciprofloxacin was compared with a single 
300 mg dose of doxycycline in 130 patients hospitalized with 
cholera in Bangladesh. Clinical and bacteriologic responses 
were similar if the V. cholerae strains were sensitive to both 
drugs, but ciprofloxacin performed better in doxycycline- 
resistant strains (Khan et al., 1996). Ciprofloxacin may there-
fore represent an alternative to tetracyclines in areas where 
multiresistant strains of V. cholerae O1 are common (Gotuzzo 
et al., 1995). A single 250 mg dose of ciprofloxacin did not 
prevent V. cholerae O1 infection or diarrhea among house-
hold contacts of patients with proven cholera in Peru. How-
ever, this study was statistically underpowered to show 
anything more than a major therapeutic effect, because it was 
conducted during a period of low transmissibility. A single 
20 mg/kg dose of ciprofloxacin was associated with better 
clinical success, less frequent vomiting, less frequent stools, 
and smaller stool volumes than erythromycin (12.5 mg/kg 
four times daily for 3 days) in an open label study of 180 
children with cholera in Bangladesh; however, the bacterial 
eradication rate from the stool was lower in the ciprofloxa-
cin group, and differences between the two groups did not 
achieve statistical significance (Saha et al., 2005). A single 
500-mg dose of ciprofloxacin performed very poorly com-
pared with a single 1-g dose of azithromycin in 195 adult men 
with severe cholera in Bangladesh, with clinical and bacteri-
ologic success rates of 27% versus 73%, and 10% versus 78%, 
respectively (Saha et al., 2006). The surprisingly poor per-
formance of ciprofloxacin in this study probably reflected 
diminished activity of ciprofloxacin against V. cholerae O1 in 

Bangladesh at the time (see section 2, Emerging resistance 
and cross-resistance). 

In children, a randomized open label study compared 
single- dose azithromycin 20 mg/kg with single-dose cipro-
floxacin 20 mg/kg for the treatment of cholera in an Indian 
tertiary hospital (Kaushik et al., 2010). Clinical success rates 
for ciprofloxacin were again inferior to azithromycin (70.7% 
vs. 94.5%), as were bacteriologic success rates (95.5% vs. 
100%), although antimicrobial resistance rates and strain 
types were not reported. In a subsequent Cochrane review, a 
pooled analysis of these two randomized trials found single- 
dose azithromycin shortened the duration of diarrhea by 
>  24 hours compared to single-dose ciprofloxacin (mean 
difference: 32.43 hours; 95% CI: –62.90 to –2.95) in the treat-
ment of cholera (Leibovici-Weissman et al., 2014).

Together, these studies emphasize that use of a particu-
lar antibiotic must take into account existing local resis-
tance patterns and the potentials for encouraging resistance 
(Echevarria et al., 1995). Another potential contributing fac-
tor to the efficacy of single- dose azithromycin is the drug’s 
long half-life and duration of activity compared to ciproflox-
acin’s (see Chapter 62, Azithromycin).

DIARRHEA DUE TO CAMPYLOBACTER JEJUNI

Ciprofloxacin is effective in reducing the severity and dura-
tion of diarrhea due to C. jejuni. Pichler et al. (1987) noted a 
reduction in duration of diarrhea, from 2.2 days for 11 place-
bo-treated patients to 1.1 days for 19 ciprofloxacin-treated 
patients (p < 0.01). However, increasing numbers of reports 
of in vitro resistance to ciprofloxacin, including its develop-
ment during therapy and associated clinical treatment failures, 
raise doubts about the long-term usefulness of fluoroquino-
lones for intestinal campylobacteriosis (Rao, 1991; see section 
2b, Emerging resistance and cross-resistance).

Nelson et al. (2004) suggested that ciprofloxacin-resistant 
strains of Campylobacter were associated with a longer dura-
tion of diarrhea than susceptible strains (12 vs. 6 days among 
patients who did not take any antimicrobial or antidiarrheal 
agents, p = 0.04). However, this study has been criticized as 
having methodologic flaws (Cox et al., 2005). Subsequently, 
a large case–comparison study in Wales during 2003–2004 
of campylobacter infection found no evidence of more severe 
or prolonged illness in patients who had quinolone-resistant 
campylobacteriosis, nor was there any evidence of adverse 
medium-term consequence (Evans et al., 2009). Despite these 
doubts about the impact of quinolone resistance on disease 
severity in untreated cases, the effect of rising rates of fluoro-
quinolone resistance in these pathogens has been the reduced 
efficacy of ciprofloxacin for patients requiring treatment, 
such that routine susceptibility testing of isolates is now nec-
essary in many regions.

ACUTE DIARRHEA OF UNKNOWN ETIOLOGY OR 
OTHER ETIOLOGIES

Empiric treatment of adults with acute diarrhea of unknown 
etiology with norfloxacin 400 mg twice daily or three times 
daily for 5 days results in clinical cure in 89–91%, compared 
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with 78% cure with TMP–SMX (DuPont et al., 1987a). 
Similar results have been noted with ciprofloxacin (Goodman 
et al., 1990). The presence of fecal leukocytes is associated 
with a higher cure rate, presumably because they are indica-
tive of the presence of an invasive bacterial pathogen (Harris 
et al., 1972). Anecdotal reports suggest that ciprofloxacin is 
effective therapy for A. hydrophila gastroenteritis (Nathwani 
et al., 1991), whereas norfloxacin (3 day course) is effective in 
clearing intestinal carriage of Aeromonas spp., P. shigelloides, 
and Vibrio spp.; however, the effect on clinical outcome is less 
clear (Lolekha et al., 1988). Ciprofloxacin has proven effective 
in limited studies of Y. enterocolitica infection (Hoogkamp-
Korstanje, 1987; Read and Barry, 1990). Ciprofloxacin 500 
mg twice daily for 7 days was significantly better than pla-
cebo in reducing intestinal symptoms and numbers of stools 
per day in a crossover study of 24 adults with persistent 
enteroaggregative E. coli gastroenteritis associated with HIV 
infection (Wanke et al., 1998).

The treatment of choice for Isospora belli or Cyclospora 
cayetanensis infections in HIV–positive patients is TMP–
SMX (see Chapter 92, Trimethoprim and Trimethoprim–
Sulfamethoxazole (Cotrimoxazole)), but ciprofloxacin was 
shown to be an alternative in patients intolerant of this drug 
in a randomized controlled trial in Haiti (Verdier et al., 
2000).

7d.  Bone and joint infections

The excellent bone penetration of fluoroquinolones (see sec-
tion 5b, Drug distribution), including ciprofloxacin, in asso-
ciation with their antibacterial spectra of activity, make them 
ideal agents for use against osteomyelitis due to Entero-
bacteriaceae and against most P. aeruginosa strains. Some 
caution is generally required, however, when considering their 
use for osteomyelitis secondary to S. aureus (Norrby, 1989; 
Lew and Waldvogel, 1993). Ciprofloxacin, generally in a dose 
of 750 mg twice daily for more than 2 months, results in clin-
ical and bacteriologic success after 6 months of follow-up in 
61–80% of patients with osteomyelitis due to P. aeruginosa or 
S. aureus; although when used alone, the emergence of resis-
tant strains has been noted (Greenberg et al., 1987a; Desplaces 
and Acar, 1988; Swedish Study Group, 1988; Hoogkamp-
Korstanje et al., 1989; Norrby, 1989; Wispelwey and Scheld, 
1990; Rissing, 1997).

A number of studies of ciprofloxacin use in osteomyelitis 
have combined outcome results from patients with both 
Gram-positive and Gram-negative pathogens, and patients 
with and without diabetes. Nix et al. (1987) noted resolution 
or improvement in 84% of patients with osteomyelitis in 
nondiabetics, 79% in patients with diabetes with infections, 
and a good microbiologic outcome in 75%. Greenberg et al. 
(1987b) found that 24 of 26 patients with osteomyelitis with-
out a prosthesis responded initially to ciprofloxacin therapy, 
but after 1 year of follow-up only 14 of 22 were cured (64%), 
whereas the others either failed treatment or relapsed. 
Infection with MRSA was commonly associated with treat-
ment failure or relapse. However, variables such as whether 

the osteomyelitis is acute or chronic, the adequacy of bone 
debridement and vascular supply, the presence of foreign 
bodies such as joint prostheses or fixation devices, presence 
of sensory neuropathy, and the susceptibility profile of the 
infecting pathogen(s) all impact on the success of fluoro-
quinolone therapy in this setting. For instance, in the study 
by Peterson et al. (1989) of 29 patients with lower limb 
osteomyelitis in association with peripheral vascular disease 
and/or diabetes, long-term (about 90 days) oral ciprofloxacin 
750–1000 mg twice daily resulted in a 1-year clinical suc-
cess rate of 65%, with bacteriologic eradication of S. aureus 
at only 57%, but 83% for P. aeruginosa. However, caution is 
required in interpreting these results, as cure of osteomyelitis 
with antibiotics alone and no debridement of infected bone 
is often extremely difficult in patients with diabetes (Grayson 
et al., 1994; Grayson, 1995).

Gentry and Rodriguez (1990) compared oral ciprofloxa-
cin monotherapy with directed parenteral treatment in a 
randomized trial of 59 patients in which all infections were 
surgically debrided, foreign bodies were removed, and bone 
biopsy cultures were taken to optimize choice of antibiotics. 
The two-year success rate was 77% for oral ciprofloxacin and 
79% for conventional parenteral treatment; however, per-
sistent infection was a problem for some ciprofloxacin-treated 
patients when the pathogen was S. aureus. Other authors 
have observed similar efficacy with oral ciprofloxacin, oflox-
acin, and pefloxacin against Gram-negative pathogens, but 
with some limitations in the treatment of staphylococcal 
infections (Greenberg et al., 1987b; Desplaces and Acar, 
1988; Ketterl et al., 1988; Dellamonica et al., 1989; Gentry 
and Rodriguez-Gomez, 1991; Lew and Waldvogel, 1993). 
Sparfloxacin, which has greater activity against S. aureus 
than ciprofloxacin, may provide more reliable activity in 
staphylococcal osteomyelitis, especially if given in combi-
nation with rifampicin (Lew and Waldvogel, 1993).

Studies that have examined the efficacy of ciprofloxacin in 
treatment of osteomyelitis due to Gram-negative pathogens 
such as P. aeruginosa have generally used a dose of 750 mg 
twice daily for 6–24 weeks and resulted in long-term cure 
rates of 61–65%. These studies encompass a combination of 
both acute and chronic osteomyelitis in a variety of anatomic 
sites and are often very small in sample size (Gilbert et al., 
1987; Lesse et al., 1987; Swedish Study Group, 1988; Rissing, 
1997; Greenberg et al., 2000; Graham et al., 2013).

Few authors have studied the efficacy of ciprofloxacin in 
just acute osteomyelitis. In 20 selected patients with acute 
and subacute P. aeruginosa osteomyelitis treated with 750 mg 
twice daily for 4–17 weeks (mean 12 weeks) and followed for 
a mean of 27 months, cure was achieved in 19 of 20 patients 
(95%) (Dan et al., 1990). In a small study of selected patients, 
Brouqui et al. (1995) cured nine of nine patients with P. aeru-
ginosa–infected osteosynthetic material with a combination 
of ceftazidime and ciprofloxacin but without removal of the 
prosthetic material. A variety of therapeutic protocols were 
used, but generally treatment consisted of ceftazidime 3 g 
per day i.v. and ciprofloxacin 750 mg orally twice daily for 
6 weeks, then the same ciprofloxacin dose for a further six 
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months. Widmer et al. (1992) has also reported success with 
a combination of fluoroquinolones plus rifampicin therapy 
in a small study of orthopedic device–related infections due 
to staphylococci or streptococci in which the implant was 
not removed. The same Swiss group carried out a random-
ized placebo-controlled trial comparing ciprofloxacin alone 
or in combination with rifampicin against staphylococcal 
infections associated with stable orthopedic devices (Zim-
merli et al., 1998). The 33 patients in the study had initial 
debridement followed by 2 weeks of intravenous flucloxacil-
lin or vancomycin (depending on sensitivity) with rifampi-
cin or placebo. They then went on to have oral ciprofloxacin 
with rifampicin or placebo for 3–6 months. The cure rate for 
the ciprofloxacin plus rifampicin patients who completed 
the study was 100% (12/12), versus 58% (7/12) for the cipro-
floxacin plus placebo group. More recently, a number of 
observational cohort studies have reported on the efficacy of 
ciprofloxacin against Gram-negative prosthetic joint infec-
tions (Aboltins et al., 2011; Martinez-Pastor et al., 2009; 
Rodriguez-Pardo et al., 2014). A Spanish study that included 
15 patients with hip prostheses and 32 patients with knee 
prostheses infected with Enterobacteriaceae and Pseudomonas 
spp. found that use of a fluoroquinolone was independently 
associated with better outcomes, with a success rate of 74.5% 
when a debridement and implant retention approach was 
adopted (Martinez-Pastor et al., 2009). The median duration 
of treatment was 2 weeks i.v., followed by 9 weeks oral cipro-
floxacin, although treatment was not standardized in the 
study. A similar, but smaller study involving 15 hip and 2 
knee prostheses found cure rates of 94% using ciprofloxacin 
with debridement and implant retention, although notably, 
the median duration of oral antibiotic therapy used in the 
study was 12 months (range 1–55 months) (Aboltins et al., 
2011). Another Spanish study across 16 hospitals found a 
cure rate of 79% success using a debridement and implant 
retention approach, with ciprofloxacin again demonstrating 
an independent beneficial effect (adjusted HR: 0.23; 95% CI: 
0.13–0.40) (Rodriguez-Pardo et al., 2014).

Although these studies are encouraging, the numbers of 
patients have been small, and cure is more easily attained 
with removal of the prosthesis. However, the reasonable cure 
rates with debridement and implant retention approach the 
cure rates with implant retention for Gram-positive pros-
thetic joint infections. Based on these studies, ciprofloxacin 
appears integral to the treatment and cure of Gram-negative 
prosthetic joint infections in which the prosthesis is retained.

No large studies have investigated the efficacy of cipro-
floxacin in the treatment of septic arthritis; however, numer-
ous clinical reports of successful therapy, especially with 
Gram-negative pathogens such as salmonellae, have encour-
aged its use in this setting (Greenberg et al., 1987a; Diaz 
Tejeiro et al., 1989; Praet et al., 1989; Widmer et al., 1990). 
Ciprofloxacin was ineffective in a patient with systemic lupus 
erythematosus and septic arthritis due to M. hominis. How-
ever, cure was achieved with a combination of temafloxacin 
plus doxycycline, arthroscopic drainage, discontinuation of 
corticosteroid therapy and i.v. infusions of immunoglobulin 

(Clough et al., 1992). Oral ciprofloxacin has been success-
fully used following intravenous ceftriaxone to treat a patient 
with Yersinia pseudotuberculosis bacteremia and septic arthri-
tis (Kaasch et al., 2012).

In a systematic review and meta-analysis of antibiotic 
therapy for bone and joint infections, Stengel et al. (2001) 
reviewed 22 trials (927 patients) but noted generally poor 
methodologic quality and such marked heterogeneity among 
patient populations that conclusive evidence-based recom-
mendations regarding antimicrobial therapy was difficult.

Reactive arthritis is frequently preceded by gastrointestinal 
infection, including those caused by Yersinia, Campylobacter, 
or Salmonella species, and antimicrobial therapy has been 
used in an attempt to shorten the duration and lessen the 
severity of arthritis. Two studies have demonstrated that cip-
rofloxacin was of no benefit when given for 3 months (Sieper 
et al., 1999) or 12 months (Wakefield et al., 1999).

7e.  Soft tissue and skin infections

Fluoroquinolones, including ciprofloxacin, are suitable for 
the treatment of skin and soft tissue infections due to Gram-
negative pathogens, including P. aeruginosa, but are generally 
not the optimal choice for Gram-positive pathogens such as 
Staphylococcus or Streptococcus spp. (Wood and Logan, 1986; 
Gentry, 1993). Numerous noncomparative open studies of 
oral ciprofloxacin 500–750 mg twice daily for 5–10 days for 
the treatment of wound infections, abscesses, cellulitis, and 
infected ulcers due to a variety of Gram-positive and/or 
Gram-negative pathogens suggest an overall efficacy of 
77–81% and a superinfection rate of about 8% (Fass, 1986; 
Scully and Neu, 1986; Wood and Logan, 1986; Greenberg et 
al., 1987a; Licitra et al., 1987; Pien and Yamane, 1987; Self 
et al., 1987; Valainis et al., 1987; Gorkiewicz-Petkow et al., 
1988; Peterson et al., 1989; Valtonen et al., 1989; Gentry, 
1993). However, noncomparative study design, lack of ob-
server blinding, and small patient numbers in many of these 
studies make the formulation of specific recommendations 
difficult.

Randomized prospective, and generally double-blind, 
 trials of hospitalized patients with difficult to treat soft tissue/
skin infections comparing sequential i.v. then oral (500–750 
mg twice daily) ciprofloxacin versus cephalosporins such as 
cefotaxime or ceftazidime suggest reasonably similar efficacy 
of approximately 75–85% (Parish and Asper, 1987; Péerez-
Ruvalcaba et al., 1987; Ramirez-Ronda et al., 1987; Domin-
guez et al., 1989; Fass et al., 1989; Gentry and Koshdel, 1989; 
Gentry et al., 1989; Tice et al., 1990). In a number of these 
studies vancomycin and anti-anaerobic antibiotics were given 
in combination with these agents if Gram-positive or anaer-
obic pathogens were identified; in some studies, patients 
with these latter infections were excluded (Gentry and Kosh-
del, 1989; Gentry et al., 1989; Tice et al., 1990). Treatment 
failures were generally associated with the presence of 
chronic infection in both treatment groups. Ciprofloxacin 
has proven effective for infections occurring in the settings of 
peripheral vascular disease, diabetes, oncology populations, 
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and geriatric populations, which are traditionally more dif-
ficult to treat (Parish and Asper, 1987; Haron et al., 1989; 
Peterson et al., 1989; Yangco et al., 1989). Ofloxacin (200–
400 mg twice daily) has shown efficacy similar to that of 
ciprofloxacin in comparable clinical trials. However, the 
predominance of open, nonrandomized, noncomparative 
studies limits the formulation of specific recommendations 
(Fritzen et al., 1986; Gentry et al., 1989; Lentino et al., 1991). 
A recent review of 20 randomized controlled trials involving 
4817 patients demonstrated that fluoroquinolones were 
more effective than beta-lactam drugs as empirical treatment 
for mild to moderate infections. However, in moderate to 
severe infections, there were no differences between the two 
groups, and patients taking fluoroquinolones had a higher 
incidence of adverse events (Falagas et al., 2006). Thus, these 
authors concluded that fluoroquinolones do have advan-
tages versus beta-lactam agents for the empiric treatment of 
patients with skin and soft tissue infections (Falagas et al., 
2006).

Oral ciprofloxacin (generally 750 mg twice daily for 7–14 
days) is effective in the treatment of nail puncture wounds of 
the foot, in which infection with P. aeruginosa is common 
(Raz and Miron, 1995).

Pathogens commonly identified as failing treatment with 
either ciprofloxacin or ofloxacin are S. aureus (especially 
MRSA), coagulase-negative staphylococci, enterococci, and 
some resistant strains of P. aeruginosa (Scully and Neu, 1986; 
Oppenheim et al., 1989; Peterson et al., 1989; Kotilainen et 
al., 1990; Gentry, 1993). Nevertheless, oral fluoroquinolones 
are used in the treatment of soft tissue and skin infections 
(especially those due to Gram-negative pathogens) because 
of convenience and their potential for allowing treatment 
outside hospitals; the extended spectrum fluoroquinolones 
are more widely used in this setting than ciprofloxacin.

7f.  Sexually transmitted infections

For bacterial sexually transmitted infections (STIs), fluoro-
quinolones are no longer the drugs of first choice owing to 
the emergence of resistance (CDC, 2007a; CDC, 2007b; 
Workowski et al., 2015).

CHLAMYDIA INFECTION

Treatment of urethritis and sexually transmitted infections 
due to C. trachomatis is complicated by a number of biologic 
factors. First, the infectious intracellular elementary body 
is metabolically inert, and therefore not susceptible to antibi-
otics that require protein or DNA synthesis for activity. 
Second, in the host cell the reticulate body of the organism 
multiplies inside a membrane-bound inclusion, which must 
be penetrated by the antibiotic if it is to be effective. Third, 
the organism’s long life cycle of 48–72 hours means that ade-
quate drug concentrations must be maintained for a number 
of days. Thus, prolonged treatment courses are generally 
needed to achieve suitable efficacy (Pocidalo, 1990; Peeling 
and Ronald, 1993). An exception to this is azithromycin (see 
Chapter 62, Azithromycin), where a single 1 g dose achieves 

excellent efficacy and is now the drug of choice for this con-
dition in many countries (Stamm, 1991; CDC, 2006; CDC, 
2007a; CDC, 2007b). In vitro susceptibility testing techniques 
for Chlamydia are not standardized; however, fluoroquino-
lones such as sparfloxacin and tosufloxacin may be more 
active than agents such as ciprofloxacin or norfloxacin; 
newer fluoroquinolones such as moxifloxacin (see Chapter 
105, Moxifloxacin) may also be effective (Ehret and Judson, 
1988; Peeling and Ronald, 1993). Ciprofloxacin has been 
associated with cure rates of 45–81% for genital chlamydial 
infections, with some authors claiming that higher doses for 
longer periods (e.g. 750–1000 mg twice daily for 7–14 days) 
were associated with better outcomes (Fong et al., 1987; 
Ahmed-Jushuf et al., 1988; Bishoff and Bishoff, 1989; Hooton 
et al., 1990). In one study alone, ciprofloxacin was similar in 
efficacy to doxycycline (100 mg twice daily for 7 days) when 
there was mixed infection with C. trachomatis and U. urealyt-
icum, but doxycycline was superior in efficacy in patients 
with chlamydial infections alone (Fong et al., 1987). Similarly, 
Hooton et al. (1990) found that the recurrence rate of C. tra-
chomatis was high (38–52%) with ciprofloxacin therapy, and 
they concluded that doses as high as 2 g daily were inade-
quate for the treatment of chlamydial urethritis in men. 
Better cure rates (90–100%) have been achieved with ofloxa-
cin (generally 200–300 mg twice daily for 7 days), whereas 
the efficacy of fleroxacin appears to be between that of cipro-
floxacin and ofloxacin. Single-dose therapy with ciprofloxacin 
or fleroxacin was not effective against C. trachomatis genital 
infections (Avonts et al., 1988; Lassus et al., 1988; Peeling and 
Ronald, 1993). In a randomized comparison of single-dose 
azithromycin vs. combination ciprofloxacin–doxycycline for 
empiric treatment of STIs in a resource-poor setting in South 
Africa, azithromycin appeared to be equally as effective as 
the ciprofloxacin regimen (Rustomjee et al., 2002). 

In view of increasing rates of resistance, most inter-
national and national guidelines for treatment of STIs no 
longer include fluoroquinolones as first-line treatment for 
C. trachomatis infection. (CDC, 2007a; CDC, 2007b; Geisler, 
2015; Antibiotic Expert Group, 2014; Lanjouw et al., 2016; 
Nwokolo et al., 2016; Workowski et al., 2015).

GONORRHEA

Given the excellent in vitro activity of fluoroquinolones 
against N. gonorrhoeae, these agents, including ciprofloxacin, 
have previously been very effective as single-dose therapy 
for gonococcal infections, with cure rates approaching 100% 
(Lassus et al., 1989; Hook et al., 1993; Peeling and Ronald, 
1993). Ciprofloxacin is generally associated with ratios of 
serum concentration to MIC90 of > 100. The past clinical 
experience with fluoroquinolones in relation to gonorrhea 
has been well summarized by Peeling and Ronald (1993). 
The usual recommended regimens have included single-dose 
treatment with oral ciprofloxacin 500 mg, ofloxacin 400 
mg, cefixime 400 mg, or intramuscular ceftriaxone 125 mg, 
which are effective against both penicillinase-producing and 
tetracycline-resistant N. gonorrhoeae. Hook et al. (1993) 
found that oral ciprofloxacin 250 mg cured 100% of women 
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with cervical gonorrhea versus 99% treated with ceftriaxone, 
and that both regimens were 100% effective for difficult to 
treat sites, such as pharyngeal and rectal sites. Coker et al. 
(1989) and Bryan et al. (1990) found similar results, includ-
ing among HIV–infected patients. Fluoroquinolones given 
for longer treatment periods have also been effective against 
disseminated gonococcal infection and gonococcal arthritis 
(Ramirez et al., 1985). Echols et al. (1994) noted in their 
review that 250 mg single dose ciprofloxacin yielded vigor-
ous efficacy, similar to that of 500 mg ciprofloxacin against 
uncomplicated gonorrhea, including at extragenital sites of 
infection. However, resistance to fluoroquinolones among 
N. gonorrhoeae strains, in association with clinical treatment 
failure, has been reported increasingly in many regions, 
including Europe, Southeast Asia, Australia, and the United 
States (see section 2b, Emerging resistance and cross-resis-
tance) (Tapsall, 2006; CDC, 2007a; CDC, 2007b; Wang et al., 
2007). In one study of the Phillipines, 49% of gonococcal 
isolates recovered from sex workers displayed high-level cip-
rofloxacin resistance (MIC values > 4 μg/ml) (Aplasca de los 
Reyes et al., 2001). In this setting, oral cefixime 400 mg was 
significantly more effective than ciprofloxacin 500 mg, with 
only a 3.8% reisolation rate of N. gonorrhoeae within 28 days 
versus 32.3% for ciprofloxacin (p < 0.01) (Aplasca de los 
Reyes et al., 2001). 

Due to widespread resistance, current CDC, US, British, 
and Australian guidelines no longer recommend the empiric 
use of ciprofloxacin for gonorrhea (CDC, 2007a; CDC, 
2007b; Bignell, 2005; Antibiotic Expert Group, 2014; Bignell 
et al., 2011; Kidd and Workowski, 2015; Workowski et al., 
2015).

CHANCROID

Owing to concerns regarding the increasing resistance of 
H. ducreyi to various antibiotics, the CDC (2015) recom-
mends treatment of H. ducreyi infection with either a single 
dose of oral azithromycin 1 g, ceftriaxone 250 mg i.m., cipro-
floxacin 500 mg orally twice daily for 3 days, or a 7-day course 
of erythromycin 500 mg orally three times daily (Workowski 
et al., 2015). Other guidelines have provided similar recom-
mendations (Antibiotic Expert Group, 2014; Lewis, 2014). 
Increasing antibiotic resistance and the fact that cure rates 
are lower in HIV–infected patients make such routine regi-
mens less reliable, especially in regions where HIV infection 
is common (MacDonald et al., 1989; Dangor et al., 1990; 
Schmid, 1990; Peeling and Ronald, 1993; Tyndall et al., 
1993; Bogaerts et al., 1995; Malonza et al., 1999; Schmid, 
1999). Worldwide, several isolates with intermediate resis-
tance to either ciprofloxacin or erythromycin have been 
reported. However, because cultures are not routinely per-
formed, data are limited regarding the current prevalence of 
antimicrobial resistance (Workowski et al., 2015).

Previously, H. ducreyi was very susceptible in vitro to 
fluoroquinolones, such that one or two oral doses of cipro-
floxacin (500 mg, or 1 g single dose) was effective, but more 
reliable results (100%) were achieved with 500 mg twice 
daily for 3 days (Naamara et al., 1987; Bodhidatta et al., 1988; 

Ballard et al., 1989). In a double-blind randomized trial com-
paring single-dose ciprofloxacin (500 mg) and a 3 day cipro-
floxacin regimen (500 mg twice daily) with a 3 day regimen 
of TMF–SMX (160/800 mg twice daily) for the treatment of 
chancroid in Nairobi males in a sexually transmitted disease 
clinic, Naamara et al. (1987) found that the 3 day ciproflox-
acin regimen eradicated H. ducreyi and resulted in rapid 
clinical improvement in all 40 patients, with no treatment 
failures. Bacteriologic and clinical failure were noted in 2 of 
41 patients treated with single-dose ciprofloxacin, and 3 
of  41 patients treated with TMP–SMX. All patients with 
buboes noted resolution. Similarly, Bogaerts et al. (1995) 
noted excellent rates of cure in Rwanda with a single dose of 
ciprofloxacin 500 mg in a setting where HIV infection was 
common. In Thailand, Bodhidatta et al. (1988) found single- 
dose therapy with 500 mg ciprofloxacin yielded efficacy 
(98–100%) similar to that of two doses of 500 mg given 12 
hours apart in culture-positive Thai men. Notably, however, 
this study was undertaken at a time when HIV infection was 
less of a problem than it is currently in Southeast Asia. In 
a Kenyan study of 111 patients with chancroid, single-dose 
ciprofloxacin was compared to a 7-day course of erythromy-
cin. Cure rates were similar: 92% versus 91%, respectively 
(Malonza et al., 1999). In a study of human volunteers artifi-
cially infected by inoculation with H. ducreyi, treatment was 
carried out with single doses of ciprofloxacin (500 mg) or 
azithromycin (1 g), followed by weekly reinoculation and 
clinical observation. Eight of the nine ciprofloxacin-treated 
patients developed papules within 1 week, and the ninth 
developed papules within 2 weeks. The nine azithromycin- 
treated volunteers developed papules within 4 weeks to 10 
weeks (mean 6.8 weeks). The longer infection-free interval 
for participants receving azithromycin correlated with the 
detection of this drug across a period of 3–6 weeks (mean 
4 weeks) in peripheral blood mononuclear cells (Thornton et 
al., 1998). The absence of emergence of resistance to fluoro-
quinolones at that time and the efficacy of single-dose or 
short-course treatment made these agents a useful treatment 
option against chancroid. However, many authors now con-
sider that single-dose therapy with ciprofloxacin 500 mg is 
not as effective as the 3-day regimen (500 mg twice daily), 
especially if the patient is co-infected with HIV or if infected 
males are uncircumcised (Schmid, 1999). In addition, the 
identification of isolates of H. ducreyi with intermediate 
resistance to ciprofloxacin highlights the need to use multi-
dose regimens of ciprofloxacin, if this drug is to be used 
(Workowski et al., 2015).

SYPHILIS

Fluoroquinolones have no useful activity against T pallidum 
and have no role in the clinical treatment of syphilis in 
humans (Tartaglione and Hooton, 1993; Antibiotic Expert 
Group, 2014; Workowski et al., 2015).

PELVIC INFLAMMATORY DISEASE

Pelvic inflammatory disease is frequently polymicrobial, and 
because of this and the variability in clinical presentation, 
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treatment is usually empiric. Vaginal tract organisms, enteric 
flora, and the sexually transmitted organisms N. gonor-
rhoeae, C. trachomatis, and Mycoplasma genitalium have all 
been implicated in pelvic inflammatory disease (Mardh and 
Lowing, 1990; Peeling and Ronald, 1993; Workowski et al., 
2015). 

Ciprofloxacin monotherapy has been prospectively stud-
ied in at least five randomized clinical trials of pelvic in - 
flammatory disease, in which cure rates of 82–100% were 
noted. However, variability in diagnostic criteria and the 
identification of responsible pathogens in these studies, the 
lack of ciprofloxacin activity against anaerobes, and the vari-
able efficacy of ciprofloxacin against C. trachomatis suggest 
that ciprofloxacin monotherapy should be used with caution 
for this condition (Apuzzio et al., 1989; Crombleholme et al., 
1989; Heinonen et al., 1989; Hoyme et al., 1989; Fishbach 
et  al., 1991). Crombleholme et al. (1989) reported clinical 
resolution in 31/33 (94%) patients treated with ciprofloxacin 
monotherapy, compared with 34/35 (97%) treated with a 
combination of clindamycin plus gentamicin. In all cases 
N.  gonorrhoeae was eradicated, but ciprofloxacin failed to 
clear one of seven cases with C. trachomatis and was less 
effective in eradicating bacterial vaginosis-associated organ-
isms. Clinical response was similar in the two treatment 
groups. Ofloxacin was found to be more effective than cipro-
floxacin, achieving cure rates of 97–100%, especially when 
combined with amoxicillin–clavulanic acid to provide ade-
quate anaerobic cover (Verhoest et al., 1989; Judlin et al., 
1991; Wendel et al., 1991). More recent randomized trials of 
pelvic inflammatory disease and the use of various fluoro-
quinolones and other agents have been reviewed (Haggerty 
and Ness, 2007).

As highlighted above, recent trends in fluoroquinolone 
resistance to N. gonorrhoeae suggest that these drugs must 
be used cautiously in pelvic inflammatory disease, and they 
are no longer recommended in cases that are suspected to 
be sexually acquired (Antibiotic Expert Group, 2014; Wor-
kow ski et al., 2015).

PREVENTION OF HIV INFECTION

It has been postulated that reduction in the prevalence of 
STIs in the community may result in a reduction in the inci-
dence of HIV infection. In a prospective study in Uganda, 
over 12,000 HIV–negative patients were enrolled to receive 
either treatment with azithromycin, ciprofloxacin and met-
ronidazole, or placebo. Although there was a reduction in 
the incidence of syphilis and trichomoniasis, there was no 
impact on HIV seroprevalence rates (Wawer et al., 1999). 
Nevertheless, it is now clear that public health and treatment 
interventions that debilitate the various causes of genital 
ulcer disease are associated with reductions in HIV trans-
mission (Workowski et al., 2015).

7g.  Respiratory tract infections

The excellent activity of ciprofloxacin and other fluoro-
quinolones against potential respiratory pathogens such as 

H. influenzae, M. catarrhalis, Legionella spp., K. pneumoniae, 
Enterobacter spp., E. coli, and most strains of P. aeruginosa, 
makes these agents an appropriate choice for the treatment of 
Gram-negative respiratory infections in some cases, includ-
ing nosocomial pneumonia. However, efficacy against B. cepa-
cia and Acinetobacter spp. is variable. Ofloxacin, sparfloxacin, 
and the extended spectrum fluoroquinolones are more active 
against M. pneumoniae, C. pneumoniae, and M. tuberculosis 
than ciprofloxacin. The high penetration of fluoroquinolones 
into sputum, respiratory secretions, and pulmonary tissue 
are an important factor in their effectiveness in respiratory 
tract infections (see section 5b, Drug distribution). However, 
ciprofloxacin and ofloxacin are less active against Gram-
positive respiratory pathogens such as S. pneumoniae, S. pyo-
genes, and S. aureus than sparfloxacin and the extended 
spectrum fluoroquinolones. Pneumococcal bacteremia and 
meningitis have arisen in patients receving ciprofloxacin 
treatment (Cooper and Lawlor, 1989; Lee et al., 1991; Körner 
et al., 1994). Furthermore, recent exposure to fluoroquinolo-
nes has been significantly correlated with pharyngeal colo-
nization by S. pneumoniae with reduced susceptibility to 
ciprofloxacin (MIC values > 4 µg/ml) (Jimenez et al., 2005). 
Risk factors for fluoroquinolone-resistant S. pneumoniae col-
onization or infection include presence of chronic obstruc-
tive pulmonary disease (OR: 10.3), nosocomial infection 
(OR: 16.2), residence in a nursing home (OR: 7.4), and expo-
sure to fluoroquinolones (OR: 10.7) (Ho et al., 2001). Patients 
with co-morbid illnesses and a history of recent fluoroquino-
lone use are more likely to fail the ciprofloxacin or levoflox-
acin treatment of their pneumococcal infection (Fuller and 
Low, 2005).

Numerous comparative and open clinical studies of oral 
ciprofloxacin (500–750 mg twice daily, or 100–200 mg i.v. 
twice daily) followed by oral therapy, have demonstrated 
clinical efficacy rates of 80–98% in acute and chronic bron-
chitis and/or pneumonia (Ernst et al., 1986; Gleadhill et 
al., 1986; Hoogkamp-Korstanje and Klein, 1986; Bantz et al., 
1987; Crysanthopoulos et al., 1987; Fass, 1987; Kobayashi, 
1987; Lode et al., 1987; Wollschlager et al., 1987; Salvati et 
al., 1988; Haddow et al., 1989; Levine et al., 1989; Schmidt 
et al., 1989; Trenholme et al., 1989; Davey, 1991; Thys et al., 
1991; Scully, 1993). In this condition, oral ciprofloxacin 500–
750 mg twice daily has previously been shown to have clini-
cal effectiveness similar to that of TMP–SMX, doxycycline, 
ampicillin, cephalexin, cefamandole, cefaclor, amoxicillin, or 
amoxicillin–clavulanate, with superior efficacy (at 90–100%) 
against most Gram-negative infections (Gleadhill et al., 1986; 
Bantz et al., 1987; Wollschlager et al., 1987; Peterson et al., 
1988; Chodosh et al., 1989; Pedersen, 1989; Schmidt et al., 
1989; Quenzer et al., 1990; Chodosh, 1991). In the treatment 
of acute exacerbations of chronic bronchitis (AECB) and 
chronic obstructive pulmonary disease (COPD), antibiotics 
other than ciprofloxacin are widely used. In a Canadian 1-year 
community-based study, the use of ciprofloxacin tended to 
accelerate clinical resolution and upgrade quality of life 
measurements, and offered health economic advantages rel-
ative to other antibiotics, particularly in illnesses with severe 
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and frequent exacerbations (Grossman et al., 1998). In a 
multicenter, double-blind study of ciprofloxacin versus cefu-
roxime axetil for AECB, both agents yielded similar infec-
tion-free intervals and similar clinical responses, but the 
bacteriologic eradication rate was significantly higher for 
ciprofloxacin (Chodosh et al., 1998). A double-blinded ran-
domized controlled trial conducted in Tunisia found that 
ciprofloxacin 750 mg twice daily was as effective as TMP–
SMX 160/800 mg twice daily in the treatment of 170 patients 
with severe nonpneumonia exacerbations of COPD requiring 
mechanical ventilation, with similar in-hospital mortality fig-
ures (15.3% vs. 16.4%; difference 1.1%; 95% CI –9.8%–12%) 
and similar rates of additional antibiotic prescriptions needed 
(5.9% vs. 8.2%; 2.3% difference; 95% CI –5.4%–10%) (Nouira 
et al., 2010). In patients with P. aeruginosa respiratory infec-
tion persistence, relapse and development of ciprofloxacin 
resistance have been described (Fass, 1987; Jensen et al., 
1987b; Chodosh et al., 1989; Peloquin et al., 1989; Chodosh, 
1991). Nevertheless, ciprofloxacin has proven effectiveness 
in the treatment of respiratory tract infections in most 
patient groups, including smokers, the elderly, and patients 
with chronic hepatitis. Esposito et al. (1987b) reported suc-
cess in 19 of 20 patients with bronchitis treated with oral 
ciprofloxacin 250 mg twice daily who had severe impairment 
of liver function secondary to chronic hepatitis, cirrhosis, 
or neoplasia. Prolonged ciprofloxacin therapy appears to be 
successful for the treatment of P. aeruginosa lung abscess 
(Lubitz, 1990).

In comparison with imipenem or ceftazidime, ciproflox-
acin 100–200 mg i.v. twice daily switched to oral therapy 
when there is clinical improvement, has similar or better 
clinical efficacy (71–100%; generally 91–100%) in seriously 
ill patients with nosocomial or community-acquired pneu-
monia or bronchitis (Lode et al., 1987; Haddow et al., 1989; 
Khan and Basir, 1989; Levine et al., 1989; Menon et al., 1989; 
Trenholme et al., 1989; Lode et al., 1990b). Higher doses, such 
as 400 mg i.v. twice daily, would often now be considered 
more appropriate, but there are no specific data to support 
this. However, persistence of P. aeruginosa and development 
of resistance remains a potential problem with intravenous 
ciprofloxacin—use of higher doses and combinations with 
other agents may help avoid this problem.

Fink et al. (1994) compared monotherapy with ciproflox-
acin (400 mg i.v. every 8 hours) versus imipenem (1000 mg 
i.v. every 8 hours) in a prospective randomized double-blind 
multicenter trial of 312 patients with severe pneumonia. The 
majority of these patients had Gram-negative pathogens, 
required mechanical ventilation (79%), and had nosocomial 
pneumonia (78%). Ciprofloxacin-treated patients had a sig-
nificantly higher clinical response rate than did imipenem- 
treated patients (69% vs. 56%; p = 0.02), and bacteriologic 
eradication was also higher—although this difference was 
not statistically significant (69% vs. 59%; p = 0.07). Eradi-
cation of Enterobacteriaceae was more likely with use of cip-
rofloxacin than with imipenem (93% vs. 65%; p = 0.0009). 
Failure to eradicate P. aeruginosa and the development of resis-
tance during treatment were similar in the two treatment 

groups. Similar rates of eradication were noted for other 
pathogens, such as S. pneumoniae and S. aureus (almost all 
were methicillin-susceptible). Seizures were more common 
in the imipenem-treated group. Although the authors con-
cluded that monotherapy with either ciprofloxacin or imi-
penem was a safe and effective initial strategy in patients 
with severe pneumonia (except when P. aeruginosa was iso-
lated), it should be noted that the trial required that all 
pre-treatment isolates be susceptible to both study agents. 
Similar findings were noted by Heyland et al. (2008), in 
which ciprofloxacin in combination with meropenem yielded 
efficacies similar to those of meropenem monotherapy in a 
randomized trial of ICU patients with ventilator-assoociated 
pneumonia. Thus, depending on the local incidence of vari-
ous nosocomial pathogens (especially P. aeruginosa) and 
their patterns of resistance, combination therapy, including 
drugs with activity against Gram-positive cocci (e.g. vanco-
mycin), may need to be considered, but the routine use of 
ciprofloxacin does not appear to be warranted unless resis-
tant Gram-negative pathogens are likely (Wood, 1994; Hey-
land et al., 2008).

Two reviews have previously cast doubt on the value of 
ciprofloxacin monotherapy in nosocomial pneumonia. If 
empiric monotherapy is being used, Cunha (2001) recom-
mended cefepime, meropenem, or piperacillin, and warned 
against the use of drugs with high resistance development 
potential, including ciprofloxacin (Cunha, 2001). Lynch 
(2001) highlighted that, although P. aeruginosa, S. aureus, 
and Enterobacter spp. are the most common causes of noso-
comial pneumonia, nearly half of cases are polymicrobial, 
and monotherapy is associated with rapid evolution of resis-
tance and a high rate of clinical failure. Increasing rates of 
resistance to ciprofloxacin in Gram-negative bacilli isolates 
from U.S. intensive care unit patients (14% in 1994 to 24% in 
2000) have been correlated with increasing use of this drug, 
suggesting that ciprofloxacin should be used more carefully 
in ICUs (Neuhauser et al., 2003). A meta-analysis of trials 
of fluoroquinolones (four of five involving ciprofloxacin) for 
treatment of nosocomial pneumonia among almost 1200 
patients reached similar conclusions (Shorr et al., 2005). 
There is increasing recognition of the value of minimizing 
the duration of antimicrobial therapy for nosocomial pneu-
monia, and recognition that pulmonary infiltrates in patients 
in ICUs are not always infective in their etiology (Singh et al., 
2000).

In the limited clinical studies available, i.v. ciprofloxa-
cin  appears to be effective against Legionnaire’s disease, 
but  whether the addition of ciprofloxacin to a macrolide 
improves the outcome in severe disease remains uncertain 
(Hooper et al., 1988; Winter et al., 1988; Unertl et al., 1989). 
Unertl et al. (1989) reported successful treatment in 8 out 
of 10 patients with severe Legionnaires’ disease (4 L. pneu-
mophila; 6 other Legionella species; 200 mg i.v. twice daily 
for 7–31 days—the median 12 days). Another small observa-
tional study found 14–15 days of ciprofloxacin to be just as 
effective as erythromycin (given for a mean of 21.4 days) for 
treatment of Legionella pneumonia (Haranaga et al., 2007). A 
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number of antibiotic guidelines now recommend the use of 
ciprofloxacin, or especially other fluoroquinolones such as 
levofloxacin and moxifloxacin, in legionellosis (Lim et al., 
2009; Mandell et al., 2007; Antibiotic Expert Group, 2014; 
Gilbert et al., 2016; see Chapter 104, Levofloxacin, and 
Chapter 105, Moxifloxacin).

Intravenous ciprofloxacin may be effective against Bor-
detella bronchiseptica pneumonia in patients with AIDS, 
although failures have also been reported (Chauncey and 
Schaberg, 1990; Amador et al., 1991; Ng et al., 1992; de la 
Fuente et al., 1994). Ciprofloxacin was also effective in one 
case of pneumonia due to Elizabethkingia meningosepticum 
in a neonate with renal failure (Humphreys et al., 1989). In a 
prospective observational cohort of bacteremic community- 
acquired Acinetobacter pneumonia, oral ciprofloxacin was 
effective as monotherapy for continuation of treatment after 
initial clinical stability had been achieved with initial empiric 
therapy consisting of meropenem or gentamicin (Davis et 
al., 2014). Of 36 cases, mortality was 11% at 28 and 90 days, 
despite > 80% of patients having severe sepsis and requiring 
ICU admission.

Due to the availability of other effective agents, ciproflox-
acin is not generally recommended for empiric treatment of 
community acquired bronchitis/pneumonia, but it may be 
an appropriate choice for the treatment of nosocomial Gram-
negative or multiresistant pneumonia, provided it is not 
used as the sole active agent in initial therapy. Extended 
spectrum fluoroquinolones are more likely to be effective 
against community-acquired respiratory infections (see Chap-
ter 104, Levofloxacin, and Chapter 105, Moxifloxacin).

7h.  Respiratory infections in cystic fibrosis 
and bronchiectasis

Elimination of fluoroquinolones, including ciprofloxacin, is 
increased in patients with cystic fibrosis, and higher doses 
(e.g. ciprofloxacin 500–750 mg three times daily) are gener-
ally recommended (see section 4d, Those requiring altered 
dosages). As in other clinical conditions, oral ciprofloxacin 
provides similar, or better, efficacy than the intravenous prepa-
ration, assuming adequate absorption. Pharmacodynamic and 
Monte Carlo simulation data from a study involving 1213 
adult cystic fibrosis patients suggest that the currently used 
intravenous dosing (400 mg every 8 or every 12 hours) may 
be  insufficient to treat Gram-negative pneumonia in these 
patients (Montgomery et al., 2001). However, malabsorption 
is an important consideration in patients with cystic fibrosis. 
For susceptible pathogens, oral ciprofloxacin (generally 500 
mg three times daily, or 750 mg twice daily or three times 
daily, for 2–3 weeks) provides clinical efficacy (62–100%) 
similar to that of combination intravenous regimens, such as 
azlocillin–tobramycin, but most studies have been relatively 
small and/or open trials (Bosso et al., 1987; Goldfarb et al., 
1987; Rubio, 1987; Scully et al., 1987; Shalit et al., 1987; Bosso 
et al., 1989; Grenier, 1989; Strandvik et al., 1989; LeBel, 
1991). However, as expected with cystic fibrosis, infections 
due to P. aeruginosa and other pseudomonal species such as 

B. cepacia are often difficult to treat successfully, and devel-
opment of resistance has been a problem—especially with 
prolonged treatment courses (e.g. > 3 weeks) (Hodson et al., 
1987; Shalit et al., 1987; Schaad et al., 1989; Strandvik et 
al., 1989). Shalit et al. (1987) noted that 45% of P. aeruginosa 
isolates had developed resistance after 2 weeks of treatment. 
In a study involving 520 patients with cystic fibrosis, oral 
fluoroquinolone use (usually ciprofloxacin) was a strong 
predictor (p = 0.0015; 2.7-fold increased risk) of colonization 
with S. maltophilia (Graff and Burns, 2002). Respiratory col-
onization with P. aeruginosa usually persists despite clinical 
improvement with treatment. Similar outcomes are achieved 
with both 750 mg twice daily and 1000 mg twice daily regi-
mens. Scully (1993) recommended that courses of ciproflox-
acin should be limited to 10–20 days, and that ciprofloxacin 
should not be used to treat consecutive exacerbations.

Valerius et al. (1991) suggested that chronic respiratory 
colonization with P. aeruginosa may be prevented by early 
institution of oral ciprofloxacin and aerosol inhalations of 
colistin twice daily for 3 weeks, once P. aeruginosa is first 
detected in sputum. In this study, 26 patients who had never 
received antipseudomonal antibiotic therapy were random-
ized to receive either no chemotherapy, or oral ciprofloxacin 
(250–750 mg twice daily) and inhalation of colistin 106 IUs 
twice daily for 3 weeks whenever P. aeruginosa was isolated 
from routine sputum cultures. Chronic P. aeruginosa coloni-
zation occurred in significantly fewer treated than untreated 
patients; however, the authors did not comment on whether 
this reduction in colonization translated into fewer and less 
severe pneumonic exacerbations sufficient to warrant the 
widespread use of this regimen. Ofloxacin appears to be sim-
ilar to ciprofloxacin in its overall effects on the patients of 
this patient group, despite its inferior in vitro antipseudomo-
nal activity (Jensen et al., 1987b; Scully et al., 1991). A more 
recent Cochrane review of oral antipseudomonal antibiotics 
used in the treatment of cystic fibrosis to determine their 
benefits and costs to patients with cystic fibrosis colonized 
with P. aeruginosa found no conclusive evidence that an oral 
anitpseudomonal antibiotic regimen was more or less effec-
tive than alternative regimens, for either exacerbations of or 
long-term treatment of chronic infection with this pathogen 
(Remmington et al., 2007; Remmington et al., 2013). Another 
Cochrane review noted that early antibiotic treatment of 
P. aeruginosa with several regimens used in clinical trials, 
including ciprofloxacin in combination with other antibi-
otics, results in short-term microbiological eradication that 
may persist for up to 2 years. However, it remains uncertain 
whether that eradication is associated with clinical benefit to 
patients with cystic fibrosis (Wood and Smyth, 2006; Langton 
Hewer and Smyth, 2014).

As in other clinical situations, the use of ciprofloxacin 
has been largely avoided in children younger than 12 years 
because of concerns regarding potential drug toxicity. How-
ever, Rubio (1990) treated a small number of children with 
cystic fibrosis with ciprofloxacin 20 mg/kg twice daily for 
21–76 days and noted no short-term evidence of arthropathy 
attributable to ciprofloxacin therapy.
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Management of patients with cystic fibrosis who are colo-
nized with B. cepacia complex has become an increasing 
problem in recent years because many of these isolates are 
less susceptible to ciprofloxacin as well as to other antibiotics 
(St. Denis et al., 2007). Antibiotic management of exacer-
bations in such patients must be based on individual sus-
ceptibility patterns, and combination therapy is frequently 
required. Zlosnik et al. (2011) performed a retrospective 
review of 100 patients with cystic fibrosis colonized with 
B. cepacia complex, and found that patients whose B. cepacia 
cultures exhibited a mucoid to nonmucoid switch in pheno-
type experienced a more rapid decline in lung function (4.2% 
increased rate of annual decline in FEV1; p = 0.0078). No 
differences were found between species within the B. cepacia 
complex. Accompanying in vitro data from the same authors 
suggested exposure to ciprofloxacin was capable of inducing 
a permanent mucoid to nonmucoid switch in phenotype 
(Zlosnik et al., 2011).

Patients with bronchiectasis are also frequently colonized 
with P. aeruginosa, and antipseudomonal antibiotics, includ-
ing ciprofloxacin, are frequently used for treatment of acute 
exacerbations. As with cystic fibrosis in general, bacterial 
resistance can develop readily with antibiotic use for longer 
than 3 weeks, and short-term use of ciprofloxacin, avoiding 
ciprofloxacin monotherapy, in the initial treatment is more 
advisable. A double-blind randomized study involving 53 
P. aeruginosa–colonized adults with acute exacerbations of 
bronchiectasis in the the UK and the USA demonstrated 
that addition of inhaled tobramycin to oral ciprofloxacin 
improved microbiologic outcome but did not improve clini-
cal outcome (Bilton et al., 2006). Inhaled formulations of 
ciprofloxacin (see section 4, Mode of drug administration 
and dosage) appear to be relatively well tolerated, although 
they are still being assessed for overall efficacy and effects on 
antibiotic resistance in phase III trials (Antoniu and Azoicai, 
2013; Serisier et al., 2013; Stass et al., 2013; Wilson et al., 
2013).

A recent Cochrane review found insufficient evidence to 
support the use of ciprofloxacin prophylaxis in children with 
cystic fibrosis, with no differences in microbiological clear-
ance of P. aeurginosa, lung function, or weight gain, when 
compared with controls (Onakpoya et al., 2015).

7i.  Prevention of infection in patients with 
malignancy and in intensive care units

NEUTROPENIC PATIENTS

Although selective decontamination of the gastrointestinal 
tract with TMP–SMX or nalidixic acid have produced mixed 
results in terms of potential benefit, fluoroquinolones have 
a number of favorable features that may overcome some of 
the limitations of these earlier agents. Their excellent activity 
against > 90% of Enterobacteriaceae and P. aeruginosa, lack 
of anti-anaerobic activity, high fecal concentrations after oral 
administration, and lack of myelosuppression allow for true 
selective decontamination and potential maintenance of 

“colonization resistance,” with suppression of aerobic Gram-
negative bowel flora and preservation of anaerobes (Bergan 
et al., 1986c; Reeves, 1986; Nord, 1988; van Saene et al., 1988; 
Edlund and Nord, 1989; Meijer-Severs et al., 1990; Imrie et 
al., 1995). In the comprehensive summary of the literature 
in 1993 by Winston (1993a), fluoroquinolones (norfloxacin, 
ciprofloxacin, ofloxacin) were superior to placebo, TMP–
SMX, and vancomycin plus polymyxin in preventing acqui-
sition of Enterobacteriaceae and P. aeruginosa. Exceptions 
were non-aeruginosa Pseudomonas spp. and Acinetobacter 
spp. that colonized in fluoroquinolone-treated patients, but 
few infections were noted. Ciprofloxacin, norfloxacin, oflox-
acin, pefloxacin, and enoxacin have all been studied in 
patients receiving conventional chemotherapy for hemato-
logic malignancy or undergoing bone marrow transplanta-
tion. In the majority of these earlier studies, the patients 
receiving fluoroquinolone prophylaxis had fewer microbio-
logically-proven infections than did control patients, with an 
overall incidence of 40% versus 59%, respectively. Fluoro-
quinolones were most effective in preventing Gram-negative 
bacteremia but had no significant impact on the numbers 
of Gram-positive bacteremias (19% fluoroquinolone-treated 
vs. 35% controls). When Gram-negative bacteremia did 
occur, it was generally caused by fluoroquinolone-resistant 
P.  aeruginosa or other Pseudomonas spp. (Cruciani et al., 
1989; Liang et al., 1990; Archimbaud et al., 1991; Kern and 
Kurrle, 1991). Most Gram-positive bacteremias in this setting 
are due to viridans group streptococci, coagulase-negative 
staphylococci, or MRSA—thus correlating with the poor 
activity of fluoroquinolones against these pathogens. Inter-
estingly, no increase in the incidence of fungal infections 
have been noted, and fluoroquinolones were generally well 
tolerated (Karp et al., 1986; Dekker et al., 1987; Bow et al., 
1988; Winston et al., 1990; Archimbaud et al., 1991; Kern 
and Kurrle, 1991; Talbot et al., 1993; Ford et al., 1998). Jansen 
et al. (1994) found prophylaxis with ciprofloxacin 500 mg 
twice daily to be superior to combination neomycin 250 mg 
four times daily plus polymyxin B 100 mg four times daily 
plus nalidixic acid 1000 mg twice daily in severely neutrope-
nic patients, in terms of the overall incidence of bacteremia; 
however, bacteremias were frequent in both treatment arms. 
Side effects were also similar in both treatment groups, but 
patient compliance with the ciprofloxacin regimen was bet-
ter. Lew et al. (1995) found ciprofloxacin and TMP–SMX to 
be equally safe and effective in prevention of bacterial infec-
tions in bone marrow transplant patients when the overall 
infection rate was used as the primary end point, but TMP–
SMX prophylaxis was associated with a higher incidence of 
C. difficile colitis and infections caused by Gram-negative 
bacilli. Also, Imrie et al. (1995) found that antibiotic prophy-
laxis with ciprofloxacin resulted in more rapid neutrophil 
recovery than prophylaxis with TMP–SMX after autologous 
bone marrow transplantation. Based on these and other 
studies, fluoroquinolones should be used more cautiously as 
prophylaxis where there are high local levels of resistance or 
a high local prevalence of C. difficile infections (Gafter-Gvili 
et al., 2005; Leibovici et al., 2006).
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More recent studies of fluoroquinolone prophylaxis in 
neutropenic patients have produced mixed results (Gafter-
Gvili et al., 2005; Leibovici et al., 2006; Bow, 2011; Chong et 
al., 2011; Eleutherakis-Papaiakovou et al., 2010; Felsenstein 
et al., 2015; Freifeld et al., 2011; Garnica et al., 2013; Gomez 
et al., 2003; Lingaratnam et al., 2011; Ng et al., 2011; Reuter et 
al., 2005; Saito et al., 2008; Vesole et al., 2012; Wolska et al., 
2012; Yeh et al., 2014). A 2012 Cochrane review of 109 trials 
from 1973–2010 concluded that when compared with pla-
cebo or no prophylaxis, quinolone prophylaxis in patients 
with acute leukemia or undergoing hemopoietic stem cell 
transplantation significantly reduced the risk of death from 
all causes (RR: 0.57; 95% CI: 0.40–0.82), with the estimated 
number needed to treat (NNT) to prevent one death being 
33 (95% CI: 16–100) (Gafter-Gvili et al., 2012). A similar 
effect was seen in patients with solid malignancy or lym-
phoma (RR: 0.48; 95% CI: 0.26–0.88; NNT: 50; 95% CI: 
33–1000). This mortality advantage was seen for levofloxacin 
(RR: 0.59; 95% CI: 0.35–0.99) and ciprofloxacin (RR: 0.30; 
95% CI: 0.13–0.69), as well as ofloxacin, pefloxacin, and 
enoxacin (RR: 0.28; 95% CI: 0.12–0.64), but not for norflox-
acin (RR: 1.03; 95% CI: 0.58–1.81). Other studies comparing 
fluoroquinolones not included in the Cochrane mortality 
analysis have also produced mixed results (Karp et al., 1988; 
Maschmeyer et al., 1988; Arning et al., 1990; D’Antonio et 
al., 1991; The GIMENA infection program, 1991; Winston, 
1993b). In the 2012 Cochrane review, there were also sig-
nificant reductions in subsequent infection and infection- 
related mortality with quinolone prophylaxis, but more adverse 
effects (RR: 1.51; 95% CI: 1.12–2.04). When compared to 
prophylaxis with TMP–SMX, there were no significant dif-
ferences in infection or mortality outcomes, but quinolones 
caused fewer adverse effects requiring discontinuation (RR: 
0.37; 95% CI: 0.16–0.87).

However, the potential advantages of fluoroquinolone 
prophylaxis must also be weighed against the risks of devel-
oping resistance. Furthermore, although the above Cochrane 
review concluded that fluoroquinolone prophylaxis resulted 
in a significant mortality benefit, many of the included stud-
ies were small and conducted some years ago, spanning a 
wide review period, from 1973 to 2010. During this time, it is 
likely that antibiotic resistance rates and practices related to 
empiric antibiotic therapy of neutropenic sepsis have changed 
(Lingaratnam et al., 2011). Notably, the review noted that the 
length of follow-up was likely to be too short to detect emer-
gence of resistant bacteria, and resistance data were not 
routinely collected in the studies (Gafter-Gvili et al., 2012). 
A  14-year longitudinal study in a UK cancer center found 
increased ciprofloxacin resistance correlated with increased 
ciprofloxacin use in the treatment of hematology and on- 
 cology patients (Schelenz et al., 2013). In a cohort of 329 
episodes of chemotherapy-induced neutropenia, Garnica et 
al. (2013) noted quinolone prophylaxis was associated with 
approximately twice the rate of subsequent fluoroquinolone 
resistance, and significantly more subsequent use of car-
bapenems (36% vs. 14%; p = 0.0002) (Garnica et al., 2013). 
Ng et al. (2010, 2011) reported an audit of fluoroquinolone 

prophylaxis for febrile neutropenia in a tertiary hospital in 
Singapore where 34.4% of clinical E. coli and 42.5% of K. 
pneumoniae isolates were resistant to ciprofloxacin. In con-
trast to what was seen in previous studies, fluoroquinolone 
prophylaxis was associated with an increased risk of febrile 
neutropenia (OR: 4.80; 95% CI: 2.51–9.81) and bacteremia 
(OR: 4.35; 95% CI: 2.00–9.48), although the study was not 
randomized. The authors noted that similar results had been 
reported in  non-English literature, from China and Latin 
America. Others have suggested that a hospital prevalence of 
> 20% fluoroquinolone resistance in E. coli may be associated 
with loss of prophylaxis efficacy in hematology–oncology 
patients (Lingaratnam et al., 2011).

Consequently, guidelines have mixed recommendations 
regarding use of fluoroquinolones for prophylaxis (Freifeld 
et al., 2011; Slavin et al., 2011; Villafuerte-Gutierrez et al., 
2014). Overall, the most common dose of ciprofloxacin used 
for prophylaxis in neutropenic patients has been 500 mg 
twice daily.

Although combinations of a fluoroquinolone with agents 
with Gram-positive activity (e.g. erythromycin, roxythro-
mycin, penicillin) reduce the incidence of streptococcal bac-
teremia, Gram-positive bacteremia remains a problem unless 
vancomycin is used. However, most clinicians have concerns 
regarding the routine use of i.v. vancomycin as prophylaxis, 
due to the growing emergence of vancomycin-resistant 
nosocomial pathogens, such as vancomycin-resistant entero-
cocci (VRE). Current guidelines have recommended against 
adding a Gram-positive agent to fluoroquinolone prophy-
laxis (Freifeld et al., 2011).

ACUTE GRAFT-VERSUS-HOST DISEASE

It has been postulated that gastrointestinal anerobic bacteria 
may contribute to acute graft-versus-host disease (GVHD). 
In an open-label prospective study involving 68 patients who 
received bone marrow transplants for acute hematologic 
malignancy, the severity of acute GVHD was significantly 
lower in those treated with ciprofloxacin plus metronidazole 
vs. those given ciprofloxacin alone (Beelen et al., 1999). There 
was no impact in this study on chronic GVHD or overall 
mortality. Thus, the role of prophylaxis in this setting is 
uncertain.

INTENSIVE CARE UNIT PATIENTS

Ciprofloxacin has been used as a component of regimens 
aimed at bowel decontamination in the hope of reducing the 
incidence and severity of pulmonary and systemic infections 
in patients in intensive care units. One such study involved 
546 patients and compared i.v. ciprofloxacin with topical 
gentamicin applied to the nostrils, mouth, and stomach for 
4 days versus placebos. There was no improvement in overall 
mortality, but, in patients with midrange Acute Physiology 
and Chronic Health Evaluation II (APACHE–II) scores, 
mortality was significantly better in those who received the 
antibiotics (Krueger et al., 2003). No antibiotic resistance 
was detected in surveillance cultures in this study. In a meta- 
analysis of 11 clinical trials involving 1489 patients, the 
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benefits of selective bowel decontamination were minimal 
(Vandenbrouke-Grauls and Vandenbrouke, 1991). In a review 
of selective bowel decontamination studies, Bonten (2006) 
highlighted that this practice has not gained widespread use 
because of difficulty in demonstrating benefits in mortality 
and length of stay, lack of cost efficacy data, and concerns 
about antimicrobial resistance. 

Subsequently, some recent systematic reviews and meta- 
analyses have concluded that there may be some benefit 
(Price et al., 2014; Roquilly et al., 2015; Silvestri et al., 2008)—
although they highlight similar concerns to those of Bonten 
(2006) about the promotion of selection of resistant organ-
isms, given the majority of studies demonstrating efficacy 
were performed in institutions with a low incidence of 
multi resistant organisms (MROs), such as MRSA and VRE. 
In hospitals with high levels of MRO colonization this mea-
sure is likely to be even less successful (Bonten, 2006).

7j.  Treatment of febrile neutropenic 
patients

Monotherapy with i.v. ciprofloxacin in febrile neutropenic 
patients is effective, but has been associated with a higher 
incidence of Gram-positive superinfections than combina-
tions of anti-pseudomonal penicillin plus an aminoglycoside, 
or ceftazidime monotherapy (Bayston et al., 1989; Lim et al., 
1990; Meunier et al., 1991; Johnson et al., 1992). However, 
when fluoroquinolones are used in combination with agents 
with Gram-positive activity, the outcomes have been good. 
Ciprofloxacin plus azlocillin, piperacillin, or penicillin have 
produced similar outcomes (33–59% response rate to docu-
mented infections) to what was seen with a combination 
of an aminoglycoside plus an antipseudomonal beta-lactam 
(piperacillin, azlocillin, ceftazidime) in a number of studies 
(42–52% response) (Flaherty et al., 1989; Kelsey et al., 1990; 
Philpott-Howard et al., 1990; Hyatt et al., 1991; Samuelsson 
et al., 1992). In one study ciprofloxacin plus netilmicin was as 
effective as piperacillin plus netilmicin, but this fluoro-
quinolone plus aminoglycoside combination would not usu-
ally be expected to elude the potential problem of propensity 
for Gram-positive infections (Chan et al., 1989). Teicoplanin 
plus ciprofloxacin was significantly more effective than gen-
tamicin plus piperacillin in one study in which infection with 
S. epidermidis was common (Kelsey et al., 1992). The better 
toxicity profile of ciprofloxacin over aminoglycosides has led 
some clinicians to view ciprofloxacin as an aminoglycoside 
substitute in this group of patients. A multicenter study in- 
volving 543 febrile episodes in neutropenic patients showed 
no difference in clinical outcomes or toxicity between a com-
bination of piperacillin plus tobramycin versus piperacillin 
plus ciprofloxacin (Peacock et al., 2002). In a prospective 
randomized comparison of ciprofloxacin (400 mg i.v. every 
8 hours for at least 72 hours, followed by oral administration 
of 750 mg twice daily) versus ceftazidime (2 g every 8 hours) 
plus amikacin (500 mg twice daily) as empiric therapy for 
febrile neutropenic patients, both regimens appeared equiv-
alent in terms of bacteremia and outcome (Giamarellou et 

al., 2000). A meta-analysis of the comparative efficacy and 
toxicity of ciprofloxacin versus an aminoglycoside, each in 
combination with a beta-lactam drug, examined eight ran-
domized controlled trials. The ciprofloxacin plus beta-lactam 
combination was significantly better in terms of clinical effi-
cacy, particularly in high-risk patients; there was no differ-
ence in mortality between the two groups, and nephrotoxicity 
was significantly more common in the aminoglycoside groups 
(Bliziotis et al., 2005). This strategy has been used in the 
treatment of children with fever and neutropenia.

Some earlier studies explored the potential of oral cipro-
floxacin to allow outpatient management of febrile neutrope-
nia (Haron et al., 1989; Rubenstein et al., 1990; Gardembas-Pain 
et al., 1991). The European Organization for Research and 
Treatment of Cancer (EORTC) demonstrated in a prospec-
tive open-label multicenter trial in 312 low-risk febrile neu-
tropenic patients with cancer that oral ciprofloxacin (750 mg 
twice daily) plus amoxicillin–clavulanate (625 mg three times 
daily) was as effective as conventional intravenous ceftriax-
one plus amikacin (Kern et al., 1999). A similar study involv-
ing 116 episodes of fever and neutropenia in low-risk cancer 
patients demonstrated similar efficacy of oral ciprofloxacin 
(30 mg/kg/day in three divided doses to a maximum of 750 
mg three times daily) plus amoxicillin–clavulanate versus 
intra venous ceftazidime (Freifeld et al., 1999). In other stud-
ies in children, outpatient use of oral ciprofloxacin versus 
intravenous ceftazidime demonstrated similar clinical effi-
cacy in low-risk children (Mullen et al., 1999), while a single 
intra venous dose of amikacin followed by oral ciprofloxacin 
was shown to yield outcomes similar to those of intravenous 
ceftriaxone (Paganini et al., 2003). The same group had pre-
viously demonstrated the similar efficacy of oral ciprofloxa-
cin to that of intravenous ceftriaxone plus amikacin (Paganini 
et  al., 2001). Other fluoroquinolones may also be effective 
(Cooper et al., 2011).

In recognition of the convenience of outpatient man-
agement, recent guidelines from the Infectious Diseases 
Society of America have recommended ciprofloxacin plus 
amoxycillin– clavulanate for initial oral treatment of low-risk 
patients with febrile neutropenia (Freifeld et al., 2011). Other 
guidelines have included this regimen as an option for an 
early oral switch in patients who achieve clinical stability 
on i.v. piperacillin–tazobactam, but remain severely neu-
tropenic (Tam et al., 2011). Ciprofloxacin has also been used 
as a second-line agent for initial therapy of patients having 
febrile neutropenia with immediate penicillin hypersensitiv-
ity, in combination with vancomycin. All guidelines recom-
mend avoiding the use of ciprofloxacin for empiric treatment 
of febrile neutropenia and neutropenic sepsis in patients 
who had received fluoroquinolone prophylaxis (Villafuerte-
Gutierrez et al., 2014).

7k.  Endocarditis

Despite promising data from animal studies regarding the 
efficacy of ciprofloxacin and other fluoroquinolones in 
endocarditis secondary to P. aeruginosa, E. aerogenes, E. coli, 
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S. epidermidis, and S. aureus, there are relatively few human 
data available (Fernandez-Guerrero et al., 1988; Kaatz et al., 
1989; Rouse et al., 1990; Yeaman and Bayer, 1993). In an 
open nonrandomized study (Dworkin et al., 1989), 10 intra-
venous drug users with S. aureus tricuspid valve endocarditis 
were treated with an oral combination of ciprofloxacin 750 
mg twice daily plus rifampicin 600 mg daily for 3–4 weeks 
after a brief course of intravenous antibiotics. All 10 patients 
were cured at 4 weeks follow-up post-therapy. However, 
right-sided endocarditis is generally more responsive to anti-
biotics than the infection of left-sided valves; the number of 
patients in that trial was small, and therapy with ciprofloxa-
cin alone has been associated with rapid development of 
resistance to S. aureus, especially MRSA. As a result, there 
have been concerns regarding the application of these results 
to the use of ciprofloxacin in endocarditis in general (Gomez-
Jimenez et al., 1989; Trucksis et al., 1991). Thus, ciprofloxacin 
probably does not have a significant role to play in the man-
agement of endocarditis.

Ciprofloxacin is only partially effective in endocarditis 
secondary to P. aeruginosa, but long-term oral suppressive 
therapy has been used successfully (Breuer et al., 1988; 
Daikos et al., 1988; Uzun et al., 1992). There is a single case 
report of combination TMP–SMX plus ciprofloxacin for 
the treatment of enterococcal endocarditis due to a strain 
that displayed high-level gentamicin resistance (Rambaldi et 
al., 1997). However, given the uncertain activity of TMP–
SMX against enterococcal strains in vivo (see Chapter 92, 
Trimethoprim and trimethoprim–sulfamethoxazole (cotri-
moxazole)), such combinations should be considered with 
caution.

Ciprofloxacin may have a role in the treatment of chronic 
Q fever when given in combination with doxycycline and 
rifampicin. Effective long-term suppressive therapy with cip-
rofloxacin alone in this condition has been reported (Yebra 
et al., 1990). Levy et al. (1991) compared various antibiotic 
combinations in the treatment of chronic Q fever endocardi-
tis and found that doxycycline in combination with either 
ofloxacin or pefloxacin resulted in a reduction in mortality. 
However, these combinations did not decrease the need for 
cardiac valve replacement and did not achieve eradication of 
C. burnetii from cardiac tissue despite up to 12 months of 
therapy. Thus, the recommended duration of such antibiotic 
therapy is 24–36 months; valve replacement is frequently 
also required (Levy et al., 1991; Yeaman and Bayer, 1993).

Cases of successful therapy with ciprofloxacin given for 
endocarditis due to E. rhusiopathiae, Serratia spp., vancomycin- 
resistant Corynebacterium spp., and H. aphrophilus have 
been reported (Barnass et al., 1991; Ena et al., 1991; Mac-
Gowan et al., 1991; Dawson and White, 1992). A case of S. 
maltophilia endocarditis involving a prosthetic aortic valve 
that responded to ciprofloxacin and chloramphenicol has 
been described (Mehta et al., 2000).

7l.  Meningitis

Fluoroquinolones generally have reasonable penetration into 
CSF (although there are differences depending on the agent; 

see section 5b, Drug distribution), but very few human stud-
ies have examined their role in the treatment of meningitis. 
Ciprofloxacin has poor activity against pneumococci, staph-
ylococci, and L. monocytogenes and is an inappropriate first-
line choice for empiric therapy in patients with meningitis of 
unknown etiology. In fact, the case of a patient who acquired 
Listeria meningitis while receiving treatment with ciproflox-
acin has been reported (Grumbach et al., 1999). In patients 
with significant hypersensitivity to beta-lactam drugs, cipro-
floxacin may be used in combination with vancomycin as 
empiric therapy or against H. influenzae meningitis (Anti-
biotic Expert Group, 2014). Pneumococcal meningitis has 
been described as developing in a patient who was receiving 
i.v. ciprofloxacin (Righter, 1990). Nevertheless, fluoroquino-
lones have a potentially important role in the treatment of 
meningitis due to multiresistant Gram-negative pathogens 
such as P. aeruginosa, or difficult to treat Gram-negative 
pathogens such as salmonellae. No comparative studies of 
fluoroquinolone activity in meningitis have been under-
taken; however, case reports of ciprofloxacin and pefloxacin 
usage suggest good efficacy (73–90%) in the treatment of 
most Gram-negative meningitis patients (Norrby, 1988; 
Schön wald et al., 1989; Segev et al., 1990; Modai, 1991; 
Tunkel and Scheld, 1993). Schönwald et al. (1989) treated 20 
patients with trauma-related, surgery-related, or pneumonia- 
associated bacterial meningitis, with ciprofloxacin 200 mg i.v. 
twice daily for 10 days. Pathogens included E. coli, P. mira-
bilis, K. pneumoniae, P. aeruginosa, E. cloacae, and A. calco-
aceticus. Two patients received concomitant penicillin and 
cefotaxime. Eighteen patients (90%) were cured. Cipro-
floxacin was also effective in a patient who developed tula-
remic meningitis (Hofinger et al., 2009). After initial therapy 
with i.v. chloramphenicol and i.v. streptomycin, the patient 
completed 14 days of oral ciprofloxacin 750 mg twice daily, 
with complete resolution of symptoms. There are case reports 
of successful ciprofloxacin therapy in the treatment of ven-
triculitis and meningitis due to P. aeruginosa, S. typhimurium, 
E. cloacae, E. coli, and E. meningosepticum (Isaacs et al., 1986; 
Millar et al., 1986; Norrby, 1988; Bannon et al., 1989; Ragu-
nathan et al., 1990; Goepp et al., 1992; Green et al., 1993; 
D’Antuono and Brown, 1998). A 4-week course of oral cipro-
floxacin has been used to successfully treat a brain abscess 
due to H. parainfluenzae following a 2 week course of i.v. cef-
triaxone (Visvanathan and Jones, 1991).

The extended spectrum fluoroquinolones, including moxi-
floxacin, have improved activity against pneumococci com-
pared with ciprofloxacin; they are used in meningitis patients 
with significant beta-lactam hypersensitivity and for multi-
resistant organisms, including penicillin-intermediate S. pneu-
moniae (see Chapter 105, Moxifloxacin).

Ciprofloxacin is 92–96% effective in clearing nasopharyn-
geal carriage of N. meningitidis with single dose 500–750 mg 
stat or 250 mg twice daily (Renkonen et al., 1987; Dworzack 
et al., 1988; Gaunt and Lambert, 1988; Pugsley et al., 1988). 
In a placebo-controlled trial of army recruits in Finland in 
which 56 patients with positive nasopharyngeal cultures 
were treated with ciprofloxacin and 53 were treated with pla-
cebo, nasopharyngeal carriage was reduced by 96% at day 8 
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for patients receiving ciprofloxacin, versus 13% for placebo. 
Similarly, the results of single-dose regimens (500–750 mg) 
are impressive, and given their simplicity are clinically very 
attractive. In a placebo-controlled, randomized double- 
blinded study of single dose ciprofloxacin 750 mg, Dworzack 
et al. (1988) found that 96% of ciprofloxacin-treated patients 
remained culture-negative 21 days postdose, compared with 
9% among placebo recipients. Gaunt and Lambert (1988) 
found similar results with a single 500 mg dose given to 
patients during an outbreak of group C meningococcal men-
ingitis at a military training camp. Cuevas et al. (1995), in a 
large comparative study conducted in Malawi, found eradi-
cation rates to be similar for rifampicin, ciprofloxacin, and 
ceftriaxone. A recent Cochrane review assessed various 
antibiotic regimens for prophylaxis against meningococcal 
carriage and disease (Zalmanovici Trestioreanu et al., 2013). 
As there were no cases of meningococcal disease during 
follow-up in any of the trials reviewed, the prospects for 
preventing future disease could not be directly assessed. 
Ciprofloxacin (RR: 0.04; 95% CI: 0.01–0.12), rifampicin (RR: 
0.17; 95% CI: 0.13–0.24), minocycline (RR: 0.28; 95% CI: 
0.21–0.37), and penicillin (RR: 0.47; 95% CI: 0.24–0.94) all 
proved effective at eradicating N. meningitidis 1 week after 
treatment when compared to placebo. However, only cipro-
floxacin (RR: 0.03; 95% CI: 0.00–0.42), rifampicin (RR: 0.20; 
95% CI: 0.14–0.29), and penicillin (RR: 0.63; 95% CI: 0.51–
0.79) still proved effective at 1–2 weeks. No development of 
resistance in N. meningitidis was reported following treat-
ment with ciprofloxacin. The efficacy of ciprofloxacin pro-
phylaxis against meningococcal carriage beyond 2 weeks 
has not been evaluated. Given these data, single-dose ther-
apy with either 500 or 750 mg oral ciprofloxacin is a reason-
able alternative to rifampicin or ceftriaxone for clearance of 
meningococcal carriage. Oral ciprofloxacin is likely to be 
effective in the elimination of nasopharyngeal carriage of 
H. influenzae, but there are no clinical trials to confirm this.

7m.  Staphylococcal infections

Ciprofloxacin has been used in the treatment of S. aureus 
infections, especially MRSA infection, but unless in com-
bination with another antistaphylococcal antibiotic such as 
rifampicin, this practice should be discouraged because of 
the ready development of fluoroquinolone resistance (see 
section 2b, Emerging resistance and cross-resistance). A 
number of authors who treated patients with MRSA infection 
and/or colonization with ciprofloxacin 750 mg twice daily 
for 5–21 days obtained bacteriologic eradication in 40–79% 
of cases and clinical cure or improvement in up to 91% of 
patients (Mulligan et al., 1987; Piercy et al., 1989b; Smith et 
al., 1989). Ciprofloxacin-resistant strains developed in about 
16–33% of cases and were associated with treatment failure 
(Mulligan et al., 1987; Piercy et al., 1989b). MRSA strains 
are usually more resistant to ciprofloxacin than methicillin- 
sensitive strains (Dowzicky et al., 1998), but ciprofloxacin is 
sometimes used because of the more limited range of thera-
peutic options. Recent exposure to ciprofloxacin (p < 0.005) 
or levofloxacin (p < 0.0001) was significantly associated with 

higher rates of MRSA isolation, but not MSSA isolation, in 
a large study of nosocomially-acquired staphylococcal infec-
tion (Weber et al., 2003).

Eradication of S. aureus occurs in 82–100% of patients 
when rifampicin 600 mg/day is combined with ciprofloxacin 
500–750 mg twice daily, and clinical resolution/improve-
ment may be up to 90% (Smith et al., 1989; Cheong et al., 
1992). In patients with S. aureus osteomyelitis associated 
with stable orthopedic devices that were not removed, cip-
rofloxacin plus rifampicin eradicated infection in 12/12 
patients compared with 7/12 patients treated with ciproflox-
acin alone (Zimmerli et al., 1998).

Righter (1987) found treatment of patients having moder-
ate to severe S. aureus infections requiring hospitalization 
with combination (i.v./oral) ciprofloxacin was associated with 
a 29% clinical and 71% bacteriologic failure rate, although all 
isolates remained susceptible to ciprofloxacin.

Ciprofloxacin is initially effective in suppressing MRSA 
carriage in hemodialysis patients, but after 2 or 3 months, 
the rate of post-treatment nasal carriage is similar to that 
of  control patients (33% vs. 30%, respectively) (Chow and 
Yu, 1992).

7n.  Empiric treatment of bacteremia

Ciprofloxacin (i.v. then oral) has been used as empiric ther-
apy for unspecified bacteremia, with up to 94% clinical effi-
cacy. However, the incidence of Gram-negative infection in 
these studies is an important feature in determining the likely 
outcome with this agent. In an open study of ciprofloxacin- 
susceptible Gram-negative bacteremias, i.v. ciprofloxacin 
200 mg twice daily was equivalent to a combination of 
i.v. and oral ciprofloxacin therapy in terms of bacteriologic 
eradication (94% vs. 96%) and clinical cure (92% vs. 93%, 
respectively) (Gangji et al., 1989). In view of recent trends of 
increasing resistance, higher doses may be required. Cipro-
floxacin use (supported by culture-confirmed diagnosis) has 
been effective in directed treatment of bacteremic infec-
tions, often as oral “step-down” therapy. Further information 
regarding the use of ciprofloxacin in bacteremia associated 
with specific infections can be found in the appropriate sec-
tions in this chapter. Ciprofloxacin monotherapy is generally 
inappropriate for empiric management of septicemia, but 
combination with drugs with more activity against Gram-
positive bacteria may be useful.

7o.  Otitis and sinusitis

Ciprofloxacin and other fluoroquinolones have greatly im - 
proved the management of malignant otitis externa. Pseudo-
monas aeruginosa is the responsible pathogen in more than 
98% of cases, which involves infection of the external ear 
canal, mastoid, and base of skull, generally in elderly patients 
with diabetes mellitus or immunosuppression (Grandis and 
Yu, 1993). Prolonged therapy with aminoglycosides and 
antipseudomonal penicillins is associated with a 15–30% 
mortality and high rates of toxicity, but oral ciprofloxacin 
therapy has been associated with a > 90% rate of success with 
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little toxicity or development of antibiotic resistance (Joa-
chims et al., 1988; Leggett and Prendergast, 1988; Rubin 
and Yu, 1988; Fairley and Glover, 1989; Hickey et al., 1989; 
Osborne et al., 1989; Sade et al., 1989; Lang et al., 1990a; Levy 
et al., 1990; Levenson et al., 1991). Although there have been 
no prospective direct comparative studies that have focused 
on ciprofloxacin and older regimens such as i.v. beta-lactams 
plus aminoglycoside, oral monotherapy with ciprofloxacin 
750 mg twice daily for 6–12 weeks has been recommended 
(Barza, 1991; Grandis and Yu, 1993). Rubin et al. (1989) 
advocate the addition of rifampicin 600 mg twice daily to 
this regimen; however, this has not been confirmed by other 
authors. Clinical efficacy has also been reported with oral 
ciprofloxacin in the treatment of auricular perichondritis due 
to P. aeruginosa (Noel et al., 1989).

Oral ciprofloxacin was reported to have clinical efficacy 
in open noncomparative treatment studies of chronic middle 
ear infections, but the heterogeneous nature of this condition 
and variations in trial methodology and definitions make an 
accurate assessment of the value of ciprofloxacin in these cir-
cumstances difficult (Van de Heyning et al., 1988; Piccirillo 
and Parnes, 1989). Nevertheless, Lang et al. (1992) reported 
an 86% rate of initial clinical cure among 21 children with 
chronic suppurative otitis media without cholesteatoma who 
were treated with oral ciprofloxacin 30 mg/kg/day for a mean 
of about 17 days—although one-third had a recurrence. 
Similarly, Legent et al. (1994) found ciprofloxacin to be supe-
rior to amoxicillin–clavulanate in an open randomized trial 
that studied chronic suppurative otitis media in adults.

Topical fluoroquinolones are widely used in the man-
agement of chronic otitis media. Topical ciprofloxacin (twice 
daily) was at least equally as effective, if not more effective 
than, oral ciprofloxacin (250 mg twice daily for 5–10 days) or 
a combination of oral plus topical ciprofloxacin in 60 patients 
with chronic otitis media (Esposito et al., 1990a). A topical 
ciprofloxacin plus dexamethasone otic suspension (twice daily 
for 7 days) was compared with oral amoxicillin plus clavu-
lanic acid (twice daily for 10 days) in 80 children with acute 
otitis media and tympanostomy tubes. The children who 
received topical ciprofloxacin plus dexamethasone had sig-
nificantly shorter times to cessation of otorrhea, a signifi-
cantly higher cure rate, and a lower rate of adverse events 
(Dohar et al., 2006). In a similar study, topical ciprofloxacin 
plus dexamethasone (twice daily for 7 days) was compared 
with topical ofloxacin (twice daily for 10 days) in children 
with acute otitis media and tympanoplasty tubes. The clinical 
cure rate, microbiologic eradication rate, and time to cessa-
tion of otorrhea were superior in the ciprofloxacin plus dexa-
methasone group (Roland et al., 2004). Topical povidone 
iodine has been compared with topical ciprofloxacin in 40 
patients with chronic suppurative otitis media; clinical 
improvement was the same in each group, and although 
resistance was observed in the ciprofloxacin group, none was 
found in the povidone iodine treated patients (Jaya et al., 
2003). Topical ciprofloxacin was as effective as topical fra-
mycetin plus gramicidin plus dexamethasone in a study of 
147 Australian Aboriginal children with chronic suppurative 

otitis media (Couzos et al., 2003). In a study comparing top-
ical ciprofloxacin, tobramycin, and placebo given for 3 weeks 
in 60 ears in 51 patients having chronic otitis media, the clin-
ical and bacteriologic response rates were similar in the cip-
rofloxacin and tobramycin patients but significantly worse in 
the placebo group (Fradis et al., 1997). Topical ciprofloxacin 
had clinical success, bacteriologic eradication, and recur-
rence or relapse rates similar to those of a combination of 
polymyxin B, neomycin, and hydrocortisone (each for 6–12 
days) (Miro, 2000). A randomized controlled study of 68 
Danish children with tympanostomy tube insertion found 
topical ciprofloxacin drops reduced otorrhea at 1 week 
 follow-up compared to normal saline ear rinsing or oral 
amoxicillin (Heslop et al., 2010). Topical antimicrobial agents, 
including ciprofloxacin, have a significant role to play in the 
management of chronic otitis media, but the value of oral 
drugs in this condition is doubtful. Although development of 
resistance has so far been reported infrequently, this remains 
a potential problem which requires monitoring.

Despite the excellent penetration of fluoroquinolones into 
the nasal and sinus mucosa, their weak activity against the 
Gram-positive pathogens commonly causing acute bacterial 
sinusitis, and the ready availability of other highly active 
agents, argues against their use as first-line therapy for acute 
sinusitis. Ciprofloxacin for 10 days was found to be equally 
effective as clarithromycin for 14 days in a study involving 
560 adults with acute sinusitis (Clifford et al., 1999). Cipro-
floxacin was found to be as effective as cefuroxime axetil 
(both taken for 10 days) in 501 adults with acute sinusitis 
(Johnson et al., 1999). Similarly, there is little rationale for 
using fluoroquinolones in the treatment of acute pharyngot-
onsillitis, despite a number of studies demonstrating reason-
able efficacy of both ciprofloxacin and ofloxacin (Esposito et 
al., 1990b; Grandis and Yu, 1993).

7p.  Ocular infections

A small number of studies have examined the clinical use 
of  ciprofloxacin for the treatment of ocular infections in 
humans. Topical ciprofloxacin (0.3%; 3 mg/ml) for 3 days was 
superior to placebo, and equivalent to tobramycin (0.3%), 
when both were given for 7 days for the treatment of bacteri-
ologically-proven conjunctivitis (Leibowitz, 1991b). Topical 
ciprofloxacin was as effective clinically as topical cefazolin 
plus tobramycin in patients with bacterial corneal ulcers in 
a multicenter study in the USA, Europe, and India (Hyndiuk 
et al., 1996). Topical ciprofloxacin (0.3%) appeared to be as 
effective in the treatment of bacterial keratitis as a fortified 
mixture of cefazolin and an aminoglycoside, in a nonran-
domized comparative study (Leibowitz, 1991a). In this study, 
17% of ciprofloxacin-treated patients developed a white pre-
cipitate on the cornea; this adverse event was reported by 
others: in 15% of 624 patients and was related to advancing 
age (Wilhelmus and Abshire, 2003). The same group demon-
strated that the resistance of patient isolates to ciprofloxacin 
was predictive of a poor response to topical therapy with this 
drug (Wilhelmus et al., 2003). In a study of 104 patients with 
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keratitis, gatifloxacin was superior to ciprofloxacin in terms 
of clinical and bacteriologic cure, predominantly because of 
its superior efficacy against Gram-positive cocci (Parmar et 
al., 2006). A systematic review of randomized controlled 
trials concluded that topical fluoroquinolones, including 
ciprofloxacin, were as effective as other antibiotic treatment 
options for bacterial keratitis (McDonald et al., 2014). There 
are few data on the efficacy of both systemic and intravitreal 
ciprofloxacin in endophthalmitis.

Despite this evidence in favor of ciprofloxacin, there 
seems to be little reason to use this drug unless the causative 
organism is shown to be susceptible. Corneal precipitation 
of the drug seems to be a significant issue. The extended 
spectrum fluoroquinolones such as levofloxacin or moxiflox-
acin may have a more significant role to play due to their 
intraocular penetration and superior spectrum of activity. 
Empiric treatment of bacterial endophthalmitis should con-
tinue to be intravenous, and direct intravitreal injection of 
agents such as vancomycin and an aminoglycoside, as well 
as other extended spectrum fluoroquinolones, have potential 
use as adjunctive treatment (Barza, 1993).

7q.  Peritonitis associated with continuous 
ambulatory peritoneal dialysis

Some older studies have compared oral or intraperitoneal 
ciprofloxacin with other antimicrobial regimens in peritoni-
tis associated with continuous ambulatory peritoneal dialy-
sis. However, the unreliable activity of ciprofloxacin against 
Gram-positive cocci, particularly coagulase-negative staphy-
lococci, suggests that use of this drug as monotherapy for 
this indication is inadvisable, particularly as these bacteria 
are common isolates (Ludlam et al., 1990a; Ludlam et al., 
1990b; Wilcox and Finch, 1990).

Tapson et al. (1990) compared oral ciprofloxacin 500 mg 
at each dialysate exchange (i.e. four doses daily; total 2 g/day) 
with intraperitoneal vancomycin (15 mg/l of dialysate) plus 
netilmicin (15 mg/l in alternate bags) in a prospective, ran-
domized comparison of the treatment of 50 consecutive epi-
sodes of CAPD peritonitis in 35 patients. Cure was achieved 
in 76% and 72%, respectively, with all six failures in the cip-
rofloxacin-treated group being due to Gram-positive cocci 
(five coagulase-negative staphylococci; one diphtheroid). 
Ciprofloxacin levels in dialysate were maintained at > 2 μg/ml 
in the vast majority of cases. Bennett-Jones et al. (1990) and 
Fleming et al. (1990) also found similar, although less impres-
sive, results. Notably, the majority of failures and relapses 
were due to staphylococcal species.

Intraperitoneal ciprofloxacin (50 mg/l of dialysate for 7 
days) was effective in 83% of cases with mean serum and 
dialysate concentrations of 1.1 and 10 μg/ml, respectively 
(Ludlam et al., 1990a). Friedland et al. (1990) found similar 
results when comparing empiric treatment with intraperito-
neal ciprofloxacin 20 mg/l of dialysate to intraperitoneal van-
comycin 12.5 mg/l of dialysate plus gentamicin 4 mg/l of 
dialysate. Dryden et al. (1991) achieved a 79% success rate 
when treating with 25 mg/l of dialysate for 5 days. These and 

other authors argued that the high drug levels achievable 
with intraperitoneal ciprofloxacin improve efficacy against 
Gram-positive cocci and, therefore, warrant the use of the 
intraperitoneal route rather than oral administration (Fried-
land et al., 1990; Ludlam et al., 1990a; Ludlam et al., 1990b; 
Dryden et al., 1991).

7r.  Intra-abdominal and gastrointestinal 
tract infections

Because of their excellent spectraum of activity against ente-
ric Gram-negative bacilli and their favorable biliary, hepatic, 
bowel, and peritoneal penetration, ciprofloxacin and other 
fluoroquinolones have proven effective in the treatment of 
spontaneous bacterial peritonitis, biliary sepsis, and other 
intra-abdominal sepsis (Houwen et al., 1987; Lonka and 
Pedersen, 1987; Smith, 1991; Sung et al., 1995; Solomkin et 
al., 1996; Falagas et al., 2007a; Solomkin et al., 2010; Tazuma 
et al., 2009). However, they should be used in combination 
with agents with anti-anaerobic activity and, depending on 
the clinical situation, anti-enterococcal activity.

Fluoroquinolones also appear to be effective in prevent-
ing infections in selected patients with cirrhotic liver disease, 
where either norfloxacin 400 mg daily or ciprofloxacin 750 
mg once weekly has been shown to provide effective prophy-
laxis against spontaneous bacterial peritonitis compared with 
untreated patients (Soriano et al., 1991; Rolachon et al., 1995; 
Segarra-Newnham and Henneman, 2010). However, a study 
by Dupeyron et al. (1994) demonstrated the emergence of 
fluoroquinolone resistance among fecal organisms isolated 
from 16 of 31 patients given norfloxacin prophylaxis for 
spontaneous bacterial peritonitis. These authors advocated 
that such prophylaxis should therefore not be routinely given 
to cirrhotic patients with ascites. However, using the lower 
dose of ciprofloxacin (750 mg once weekly) for six months, 
Rolachon et al. (1995) noted no development of resistant 
isolates.  

Subsequently, Lontos et al. (2008) have shown that TMP–
SMX is as effective as fluoroquinolones (norfloxacin) for 
spontaneous bacterial peritonitis prophylaxis among pa- 
tients with cirrhosis. In patients undergoing liver transplan-
tation, fluoroquinolone (ciprofloxacin or norfloxacin) use 
for selective intestinal decontamination does not reduce the 
incidence of bacterial infections in the early postoperative 
period, and may merely increase the number of infections 
due to nonfermenting Gram-negative organisms (San-Juan 
et al., 2011).

Intra-abdominal infections are frequently polymicrobial, 
reflecting the mixture of bowel flora. In a study of 282 
patients with complicated intra-abdominal sepsis, patients 
were randomized to receive initial ciprofloxacin plus metro-
nidazole (intravenously for 2 days followed by oral adminis-
tration) versus piperacillin plus tazobactam. The rates of 
clinical resolution and surgical site infection were signifi-
cantly better for the ciprofloxacin plus metronidazole group, 
and the mean length of stay in hospital was shorter (Cohn 
et al., 2000).
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Intravenous ciprofloxacin appears to be as effective as 
third-generation cephalosporins in preoperative antibiotic 
prophylaxis for biliary tract sepsis and colorectal surgery. 
However, except for drug allergy, there are no compelling 
reasons to use fluoroquinolones in preference to current rou-
tine regimens (Kujath, 1989; McArdle, 1994). In one study, 
ciprofloxacin was found to be equivalent to gentamicin, each 
combined with metronidazole, in preventing infection in 
patients with penetrating abdominal trauma (Tyburski et al., 
1998). For patients undergoing orthotopic liver transplanta-
tion, piperacillin–tazobactam was similar in efficacy to cip-
rofloxacin plus amoxicillin plus or minus metronidazole for 
the empiric treatment of infective episodes during the first 
three months post transplant (Philpott-Howard et al., 2003).

Oral ciprofloxacin 500 mg given 1–2 hours preoperatively 
was similar to cefazolin 1 g i.v. on induction as prophylaxis 
for patients undergoing tension-free inguinal hernia repair—
the infection rate in both groups after 1 year was 2% (Terzi et 
al., 2005). However, one could question whether any prophy-
laxis is necessary in such clean elective surgical situations.

The role of antibiotics in acute pancreatitis is controversial 
(see Chapter 38, Meropenem and meropenem–vaborbactam). 
In a study comparing i.v. ciprofloxacin plus metronidazole 
versus placebo in patients with acute pancreatitis, there was 
no difference in development of necrosis, systemic complica-
tions, or mortality (Isenmann et al., 2004). It should be noted 
that pancreatitis has also been reported as an adverse effect 
associated with ciprofloxacin use (see section 6, Adverse reac-
tions and toxicity).

In inflammatory bowel disease (IBD), there is an overly 
active immune response to subsets of commensal enteric 
bacteria and there is an imbalance of aggressive and pro-
tective organisms (Sartor, 2004). Many antibiotics, including 
ciprofloxacin, have been used in the management of IBD in 
uncontrolled studies with variable efficacy (Sartor, 2004). A 
combination of ciprofloxacin plus metronidazole was shown 
to be more effective than placebo in a randomized controlled 
trial in patients with active Crohn disease; however, this 
effect was more apparent in patients with ileal rather than 
colonic disease, and the treatment group had a significantly 
higher rate of adverse events requiring discontinuation of 
therapy (Steinhart et al., 2002). In another small randomized 
double-blinded controlled trial, patients randomized to treat-
ment with ciprofloxacin following ileo-colonic anastomosis 
did not have significantly different rates of endoscopic recur-
rence after 6 months of treatment compared with placebo; 
although a number of patients receiving ciprofloxacin expe-
rienced adverse effects necessitating cessation of the drug 
(Herfarth et al., 2013). Ciprofloxacin was associated with 
a  lower treatment failure rate than placebo when used for 
six months in conjunction with steroids and mesalazine in 
patients with ulcerative colitis who had failed conventional 
medical therapy (Turunen et al., 1998). In the treatment of 
acute pouchitis after ileal pouch–anal anastomosis for ulcer-
ative colitis, a 2010 Cochrane review concluded that cipro-
floxacin was more effective than metronidazole (Holubar et 
al., 2010). However, this was entirely based on the results of 

a single, randomized, but unblinded study with 7/7 patients 
who received ciprofloxacin achieving remission vs. 6/9 
achieving remission who received metronidazole (OR: 14.39; 
95% CI: 2.00–103.76). A number of reviews have examined 
and commented on the efficacy of ciprofloxacin for IBD 
(Gionchetti et al., 2012; Holubar et al., 2010; Khan et al., 
2011), although there have only been a handful of random-
ized controlled trials, each enrolling only a small number of 
patients. Based on these limited data, ciprofloxacin appears 
to be superior to placebo in active IBD (Turunen et al., 1998; 
Arnold et al., 2002), with similar efficacy to that of other 
antimicrobials, such as metronidazole, that have also dem-
onstrated superiority over placebo. Whether ciprofloxacin is 
more effective in IBD than other antibiotics active against en- 
teric organisms, such as amoxicillin–clavulanate, is unknown. 
Local resistance patterns may also influence outcomes. In a 
South Korean study of patients with Crohn disease, 67.8% of 
the recovered Gram-negative aerobic organisms were resis-
tant to ciprofloxacin, including 77.8% of the E. coli isolates 
(Park et al., 2014). This, together with the potential impacts 
on commensal bowel flora and emerging resistance, should 
be considered.

7s.  Anthrax and other potential biowarfare 
agents

Ciprofloxacin has been used successfully in treatment and 
prophylaxis of anthrax for many years, although its impor-
tance in this condition was highlighted by the use of 
B. anthracis as an agent of bioterrorism in the USA in 2001 
(Bartlett et al., 2002; Meyer, 2003). As a result of publicity 
and public concern, there was a large increase in use of cip-
rofloxacin during that episode, particularly among children 
(Committee on Infectious Diseases, 2006). Recommenda- 
tions regarding the use of ciprofloxacin or doxycycline for 
treatment or prophylaxis of anthrax are based on in vitro sus-
ceptibility rather than clinical experience, and when using 
the 2001 bioterrorism episodes as a model, it must be remem-
bered that the isolate involved was an individual one and 
may not necessarily represent the broader range of global 
isolates (Bartlett et al., 2002; Meyerhoff et al., 2004). Cipro-
floxacin or doxycycline are recommended as the drugs of 
first choice for treatment of and prophylaxis against anthrax, 
for a minimum period of 60 days (Bartlett et al., 2002). 
Mathematic modeling suggests that 35 days treatment would 
clear the spore burden in 95% of patients, but that treatment 
durations of even 110 days are unlikely to achieve 99.9% 
eradication (Drusano et al., 2008).

Ciprofloxacin, levofloxacin and moxifloxacin appear to be 
active against Yersinia pestis in vitro and in animal studies 
conducted by the National Institute of Allergy and Infectious 
Diseases (Wendte et al., 2011; NIH, 2016). Given the difficulty 
in performing human clinical trials, the FDA has approved 
all three agents for the treatment of Yersinia pestis pneumo-
nia and septicemic plague. However, given there is greater 
experience with aminoglycosides and tetracyclines, fluoro-
quinolones should be reserved for second-line treatment.
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7t.  Cat scratch disease

Ciprofloxacin appears to be effective in the treatment of cat 
scratch disease, which is caused by B. henselae. Holley (1991) 
described five adults with probable cat scratch disease who 
improved within a few days of commencing ciprofloxacin 
500 mg twice daily; none relapsed. Margileth (1992) also 
found ciprofloxacin to be effective in a retrospective review 
of patients treated for cat scratch disease. Lucey et al. (1992) 
described two immunocompetent patients with B. henselae 
bacteremia in which the isolates were studied in vitro and 
found to be inhibited by 2 μg/ml ciprofloxacin and 4 μg/ml 
norfloxacin, but to be resistant to nalidixic acid. Most cases 
of cat scratch disease in immunocompetent patients resolve 
spontaneously and do not require antimicrobial therapy, 
and macrolides have become the drugs of choice where treat-
ment is indicated (see Chapter 62, Azithromycin).

7u.  Rickettsial diseases

Ciprofloxacin was initially thought to be similar in efficacy to 
doxycycline in the treatment of Mediterranean spotted fever, 
which is caused by Rickettsia conorii. Raoult et al. (1986b) 
initially described cure of five patients with R. conorii infec-
tion treated with ciprofloxacin. Subsequently, Gudiol et al. 
(1989) compared 2-day courses of ciprofloxacin 500 mg twice 
daily (19 patients) with doxycycline 100 mg twice daily (24 
patients) in a prospective randomized double-blind study of 
nonsevere disease. The doxycycline-treated group defervesced 
significantly faster than the ciprofloxacin-treated group (2.5 
vs. 3.8 days; p = 0.037), but all patients were cured. The role 
of ciprofloxacin in severe disease or in patients with severe 
prognostic features is less clear. Case reports also suggest that 
ciprofloxacin 500 mg twice daily is effective in the treatment 
of murine typhus (caused by R. typhi) and scrub typhus 
(caused by R. tsutsugamushi) (Eaton et al., 1989; Strand and 
Stroömberg, 1990). In a small retrospective case series of 
scrub typhus in pregnant women and a literature review, 
ciprofloxacin and cefuroxime were inferior to azithromycin 
(Kim et al., 2006). In a recent retrospective study, fluoro-
quinolone treatment was associated with increased disease 
severity in patients with Mediterranean spotted fever when 
compared to doxycycline treatment, possibly due to up- 
regulation of toxin–antitoxin systems (Botelho-Nevers et al., 
2012; Botelho-Nevers et al., 2011). Consequently, although 
active against rickettsial infections, fluoroquinolones are less 
preferred than doxycycline or the macrolides.

7v.  Mycobacterial infections

TUBERCULOSIS

Ciprofloxacin, ofloxacin, and the extended spectrum fluoro-
quinolones have reasonable in vitro activity against many 
strains of Mycobacterium tuberculosis. However, because of 
its longer half-life, ofloxacin (see Chapter 103, Ofloxacin) and 
now especially moxifloxacin (see Chapter 105, Moxiflox- 
acin) have been most studied clinically. The efficacy of cipro- 

floxacin or ofloxacin as part of combination antituberculous 
regimens is difficult to assess, but overall rates of sputum 
clearance of acid-fast bacilli of 15–90% after 4 months of 
combined therapy have been described (Tsukamura et al., 
1985; Besozzi et al., 1991; Scully, 1993). Kennedy et al. (1993) 
demonstrated that ciprofloxacin alone (750 mg daily) has 
better early bactericidal activity in sputum over 7 days than 
isoniazid (300 mg/day). These authors also compared the 
efficacy of a standard antituberculous regimen (rifampicin + 
isoniazid + pyrazinamide + ethambutol) with a regimen of 
ciprofloxacin 750 mg per day plus rifampicin 600 mg per 
day plus isoniazid 300 mg per day in 20 adults in Tanzania 
with pulmonary tuberculosis, in which all isolates were fully 
susceptible to all study agents. Overall, the ciprofloxacin- 
containing regimen (nine patients) was inferior to the rou-
tine regimen in its sterilizing ability, with a culture conversion 
rate of 67% at 2 months compared with 100% for the rou-
tine regimen. Analysis of these data based on the presence of 
HIV infection, however, revealed that both regimens were 
similar in activity in HIV–negative patients, but that in HIV–
positive patients, the rate of culture conversion at four months 
was significantly worse for the ciprofloxacin-containing 
regimen (0/4) compared with the routine regimen (4/4) (p = 
0.03). The difference in overall response to the two regimens 
was therefore mainly a result of poor response to the cipro-
floxacin-containing regimen in HIV–infected patients. Cip-
rofloxacin (16 mg/kg/day for nine months) in combination 
with cycloserine and kanamycin was effective in curing a 
5-year-old boy with multiresistant extrapulmonary tubercu-
losis in one case report (Hussey et al., 1992).

A 2008 Cochrane review assessed the role of fluoro-
quinolones for treating tuberculosis (Ziganshina and Squire, 
2008). Among the 11 trials (1514 patients) assessed, there 
were no statistically significant differences found in trials sub-
stituting ciprofloxacin, ofloxacin, or moxifloxacin for first-
line drugs in relation to cure, treatment failure, or clinical or 
radiologic improvement. However, substituting ciprofloxacin 
into first-line regimens in the treatment of drug-sensitive 
tuberculosis led to a higher incidence of relapse (RR: 7.17) 
and longer time to sputum culture conversion in patients in- 
fected with HIV. For these reasons, the authors discouraged 
the use of ciprofloxacin for the treatment of tuberculosis—
instead they note the improved activity associated with 
newer fluoroquinolones such as moxifloxacin (Ziganshina 
and Squire, 2008; see Chapter 105, Moxifloxacin). A 2013 
Cochrane review also shared these recommendations (Zigan - 
shina et al., 2013).

Thus, newer fluoroquinolones, but not ciprofloxacin, have 
an important role as the backbone of second-line thera-
peutic regimens in the treatment of tuberculosis and have 
become crucial for treatment of MDR strains (see Chapter 
105, Moxifloxacin).

MYCOBACTERIUM AVIUM COMPLEX

Ciprofloxacin and sparfloxacin are active against M. avium– 
intracellulare, with inhibition of 25–50% of isolates (Young et 
al., 1987; Yajko et al., 1988; Leysen et al., 1989). Ciprofloxacin- 
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containing regimens are effective against M. avium–intracel-
lulare infections in patients with AIDS, with defervescence 
and reduction in other infection-related symptoms, but 
toxicity is significant. The combination of ciprofloxacin plus 
ethambutol plus rifampicin plus amikacin plus clofazamine 
led to a reduction in bacteremia and symptoms after 2 weeks 
therapy, but relapse of infection after discontinuation of 
therapy was common (Chiu et al., 1990; Benson et al., 1991; 
de Lalla et al., 1992; Kemper et al., 1992; Winston, 1993a).

In a randomized placebo-controlled crossover study of 
patients with AIDS and M. avium–intracellulare infection, 
treatment with ciprofloxacin 750 mg/day plus ethambutol 
plus rifampicin for 8 weeks was compared with placebo for 
8 weeks. Patients were then crossed over to the opposite treat-
ment regimen for another 8 weeks. A significant decrease in 
the intensity of bacteremia and a reduction in clinical symp-
toms were noted during treatment, but dose-limiting toxicity 
was significantly worse in the treated group and there was no 
difference in survival overall (Jacobson et al., 1993). Gordon 
et al. (1993) noted a clearance of mycobacteremia in 35% of 
HIV–infected patients with disseminated M. avium–intracel-
lulare infection treated with rifampicin 600 mg/day plus clo-
fazamine 100 mg/day plus ciprofloxacin 750 mg twice daily 
plus ethambutol 800 mg/day, but observed that, although 
serum drug levels were often below those expected, this did 
not correlate with therapeutic failure.

A randomized, multicenter, open-label trial comparing 
ciprofloxacin with clarithromycin as the third agent, with 
rifampicin and ethambutol, for the treatment of pulmonary 
disease caused by M. avium–intracellulare (MAC), M. mal-
moense, and M. xenopi in 371 HIV–negative patients found 
no significant difference in all-cause mortality (ciprofloxacin 
group 43% vs. clarithromycin group 44%; p = 0.99) at the 
end of a 5-year assessment (Jenkins et al., 2008). There was 
also no significant difference in deaths due to mycobacterial 
infection, treatment failure or relapse rate, requirement for 
additional anti-mycobacterial drugs, or clinical progress. The 
overall rates of adverse events resulting in a change in treat-
ment were similar between the two groups (20.5% vs. 
19.9%)—although ciprofloxacin was associated with more 
adverse effects (15.6% vs. 8.6%). In subgroup analyses, mor-
tality was higher in the clarithromycin group among patients 
with MAC (29% vs. 48%), whereas this result was reversed 
for patients with M. malmoense (56% vs. 42%) and M. xenopi 
(47% vs. 29%). However, such subgroup analyses should be 
viewed cautiously.

Given the available evidence, most guidelines do not rec-
ommend fluoroquinolones as first-line treatment or prophy-
laxis of these infections, but instead favor the use of newer 
macrolides, particularly clarithromycin and azithromycin.

OTHER MYCOBACTERIA

Cavitating lung disease due to M. fortuitum has been suc-
cessfully treated with ofloxacin alone (300–600 mg daily), 
and a prolonged course of combination therapy with cipro-
floxacin (750 mg twice daily) plus minocycline (100 mg/ 
day) proved effective in a case of disseminated M. fortuitum 

infection (Ichiyama and Tsukamura, 1987; Burns et al., 1990; 
Yew et al., 1990). A combination of ciprofloxacin and clari-
thromycin was used successfully in the treatment of M. for-
tuitum cervical adenitis in two HIV–positive patients (Butt, 
1998). Similarly, ciprofloxacin is effective in some cases of 
M. chelonae infection, but its use should be based on known 
susceptibility data since Wallace et al. (1992) found that 
fewer than 20% of the isolates had MIC values < 2 μg/ml 
(McWhinney et al., 1992; Singh and Yu, 1992; Zahid et al., 
1994). Ciprofloxacin in combination with doxycycline was 
used in a case report of M. smegmatis catheter-related bacte-
remia (Skiest and Levi, 1998). 

In patients with M. ulcerans infections treated at a sin- 
gle center, fluoroquinolone-containing regimens, including 
rifampicin plus ciprofloxacin 500 mg twice daily, were as 
successful as regimens comprised of rifampicin plus clari-
thromycin (100% success rates), with similar complication 
rates (O’Brien et al., 2012).

7w.  Brucellosis

Ciprofloxacin monotherapy for B. melitensis infection results 
in good initial clinical improvement, but appears to be asso-
ciated with a relatively high rate of relapse compared with 
more widely used therapy with rifampicin plus doxycycline. 
In a small prospective randomized study of 10 patients with 
B. melitensis infection (mostly diagnosed by positive serol-
ogy), in which 6 patients received 750–1000 mg oral cipro-
floxacin twice daily versus 4 patients being treated with 
rifampicin 600 mg/day plus doxycycline 100 mg twice daily 
(all treated for 6 weeks), Lang et al. (1990b) found that 5 
of  the 6 ciprofloxacin-treated patients relapsed after initial 
improvement, compared with no relapses among the pa- 
tients treated with rifampicin plus doxycycline. The relapses 
occurred 1–3 weeks after cessation of ciprofloxacin therapy, 
but all patients responded to rifampicin plus doxycycline. 
Al-Sibai et al. (1992) also examined the efficacy of ciproflox-
acin monotherapy in a prospective, nonrandomized study of 
brucellosis caused by B. melitensis. Serious cases with central 
nervous system involvement, endocarditis, severe renal dys-
function, or disease in pregnant females or children < 16 
years of age were excluded. Sixteen patients (7 with acute sys-
temic disease; 9 with arthritis ± discitis) were treated with 
ciprofloxacin, with doses ranging between 500 mg twice daily 
for 12 weeks (1 patient) and 750 mg three times daily for 6 
weeks (12 patients). In 50% of the patients there was at least 
one positive culture for B. melitensis. A clinical response was 
seen in all patients within 5 days of treatment. One patient 
remained bacteremic after 3 weeks therapy but responded 
to  rifampicin plus tetracycline. However, 4 patients (25%) 
developed recurrence or relapse within 8–32 weeks after 
treatment cessation. Doganay and Aygen (1992) found simi-
lar results in an open study of 14 patients treated with cipro-
floxacin 500 mg three times daily for 3–6 weeks in which 3 
patients relapsed. Although these rates of relapse are similar 
to the rates reported in other trials of treatment for brucello-
sis (10–41%), the regimen of tetracycline or doxycycline plus 
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streptomycin generally yields relapse rates of ≤ 10% (Acocella 
et al., 1989; Hall, 1990). 

Based on these limited data, a 2012 Cochrane review did 
not find any significant difference in treatment failure rates 
between a fluoroquinolone plus rifampicin regimen com-
pared with doxycycline plus rifampicin—although there was 
insufficient evidence to draw conclusions on the effective-
ness of fluoroquinolone plus rifampicin vs. doxycycline plus 
streptomycin (Yousefi-Nooraie et al., 2012). Consequently, 
given the available evidence, experts have not recommended 
ciprofloxacin as a first-line drug for brucellosis, but suggest 
it may be a promising alternative for inclusion in treatment 
combinations in some circumstances (Pappas et al., 2005; 
Pappas et al., 2006).

7x.  Tularemia

There have been a number of case reports and series describ-
ing the effectiveness of ciprofloxacin in patients with tulare-
mia (F. tularensis) (Enderlin et al., 1994; Risi and Pombo, 
1995; Limaye and Hooper, 1999; Hofinger et al., 2009; Perez-
Castrillon et al., 2001; Weber et al., 2012). Although Chocarro 
et al. (2000) reported only 50% efficacy (pertaining to seven 
of 14 cases), there were some methodologic issues in this 
study, including delays in commencing ciprofloxacin therapy, 
that cast some doubt on the value of this report. In compari-
son, Johansson et al. (2001) reported excellent efficacy with 
ciprofloxacin in 41 of 43 cases (24 ulceroglandular, three pul-
monary, and 14 typhoidal tularemia) in which 500–750 mg 
twice daily was used, but the mean interval from disease 
onset to initiation of therapy was only 3.7 days. Following 
initial treatment with 14 days of chloramphenicol and strep-
tomycin, oral ciprofloxacin 750 mg given twice daily for a 
further 2 weeks of treatment was effective against tularemic 
meningitis, with complete resolution of symptoms (Hofinger 
et al., 2009). 

In a mouse model, ciprofloxacin appeared to be slightly 
inferior in its efficacy to gatifloxacin and moxifloxacin, al- 
though the clinical significance of this is unknown (Piercy et 
al., 2005). Murine studies have also suggested that a liposome- 
encapsulated formulation of ciprofloxacin for inhalation (see 
section 4, Mode of drug administration and dosage) may be 
more effective than oral ciprofloxacin for post-exposure pro-
phylaxis (Hamblin et al., 2014).

A number of reviews have summarized the available clin-
ical evidence, comprised of predominantly observational data. 
However, it is important to note that the efficacy of fluoro-
quinolones in the treatment of tularemia has only been 
demonstrated for the less-virulent type B strains (F. tularen-
sis subsp. holarctica) (Ellis et al., 2002; Hepburn and Simpson, 
2008; Maurin and Gyuranecz, 2016; Tarnvik and Chu, 2007). 
Data on the subject of treating more severe disease caused by 
F. tularensis subsp. tularensis are lacking.

Current expert recommendations for treatment vary, but 
most endorse ciprofloxacin as an effective first- or second- 
line agent for type B tularemia. The Working Group on 
Civilian Biodefense (USA) recommends use of ciprofloxacin 

for both treatment and prophylaxis of tularemia if used as a 
bioterrorism agent; alternatives include doxycycline for pro-
phylaxis and streptomycin, gentamicin, or doxycycline for 
treatment (Dennis et al., 2001). In contrast, the IDSA prac-
tice guidelines for management of skin and soft tissue infec-
tions recommend streptomycin or gentamicin as first-line 
therapy for severe infections, with tetracycline or doxycycline 
as an alternative for mild cases (Stevens et al., 2014).

7y.  Impact on polyoma BK virus in stem cell 
transplantation

Polyoma BK virus (BKV) is associated with hemorrhagic 
cystitis arising during hematopoietic stem cell transplanta-
tion (HSCT). In a study of 68 patients undergoing HSCT, 
patients received either ciprofloxacin or a cephalosporin as 
antibiotic prophylaxis and were followed in terms of their 
BKV load and urinary ciprofloxacin excretion (Leung et al., 
2005). Compared with cephalosporin recipients, ciprofloxa-
cin recipients exhibited a significantly smaller peak BKV load 
(median 3 × 105 copies/ml vs. 2.6 × 109 copies/ml; p = 0.021), 
irrespective of concomitant receipt of corticosteroid ther-
apy. Fewer ciprofloxacin recipients developed BKV viruria 
(p = 0.013) during HSCT, which was associated with sig-
nificantly more cases of hemorrhagic cystitis (p < 0.001). 
Ciprofloxacin recipients excreted ciprofloxacin in urine at a 
mean 24-hour rate of 71.7 μg/ml (range: 23.0–152.9 μg/ml), 
which was similar to the in vitro inhibitory concentration 
in relation to some, but not all, of the BKV isolates (Leung 
et al., 2005). Others have also reported similar findings, with 
no significant increases in C. difficile diarrhea (Miller et al., 
2011). In a series of 9 renal transpant recipients with per-
sistent BKV infection (including 7 with biopsy-proven BKV-
associated nephropathy) who received a 30-day course of 
ciprofloxacin, 3 patients had complete resolution of viremia, 
and a further 3 patients had decreases of > 50% of plasma 
viral load at 3 months (Arroyo et al., 2014). A retrospective 
analysis of patients who had undergone renal transplantation 
at a single center found that patients who had received a flu-
oroquinolone (either ciprofloxacin or levofloxacin) for at 
least 1 month had lower rates of BK viremia at 1 year com-
pared to those who had not (1 [4%] vs. 36 [22.5%]; p = 0.03) 
(Gabardi et al., 2010). Given ciprofloxacin’s general lack of 
antiviral activity, the mechanism of ciprofloxacin’s effect in 
this setting is uncertain, although it is postulated that its 
effect on inhibition of DNA topoisomerase and T-antigen 
helicase activity may indirectly result in inhibition of viral 
DNA replication (Gabardi et al., 2010; Jeffers-Francis et al., 
2015). 

However, in a prospective, multicenter, double-blinded, 
placebo-controlled trial, the percentage reductions in BK 
viral load were not significantly different at 1 month (58% vs. 
67.1%; p = 0.47), 3 months (70.3% vs. 69.1%; p = 0.93), and 6 
months (82.1% vs. 90.5%; p = 0.38) follow-up between renal 
transplant recipients randomized to receive levofloxacin or 
placebo (Lee et al., 2014). There was also no difference in 
allograft function between the two groups. In view of these 
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data, the use of ciprofloxacin for this indication should not 
be considered routine, nor necessarily efficacious.

7z.  Miscellaneous infections and other 
conditions

Ciprofloxacin (and some other fluoroquinolones), alone and 
in combination with other agents, such as H2 blockers, have 
proven generally disappointing in the treatment of gastric 
dyspepsia and peptic ulceration associated with H. pylori 
infection, with frequent emergence of fluoroquinolone resis-
tance (Glupczynski et al., 1987; Stone et al., 1988; Mertens et 
al., 1989; Forsmark et al., 1990). In a single-center prospec-
tive study of 34 patients who had failed initial therapy, only 
22 (65%) were cured with twice daily ciprofloxacin 500 mg 
and metronidazole 500 mg in combination with esomepra-
zole, despite an only 8% rate of ciprofloxacin resistance (Dore 
et al., 2012). In contrast, of 310 consecutive patients who had 
failed initial standard treatment, 94–95% of patients were 
cured with ciprofloxacin-based quadruple therapy, including 
ciprofloxacin 500 mg twice daily, rifabutin 150 mg twice 
daily, and either amoxicillin or bismuth subcitrate, in com-
bination with a proton pump inhibitor, with the therapy 
determined by the antimicrobial susceptibilities of cultured 
isolates (Tay et al., 2012).

Ciprofloxacin (250–500 mg twice daily for 4 weeks) 
appears to be effective therapy for rhinoscleroma in which 
K. rhinoscleromatis or K. ozena has been cultured, with bet-
ter outcomes than treatment with rifampicin plus TMP–SMX 
(Borgstein et al., 1993; Avery et al., 1995).

Ciprofloxacin 250 mg twice daily for 5 weeks resulted in 
the cure of a 14-year-old Thai girl with cervical lymphadeni-
tis due to B. pseudomallei, which was susceptible in vitro to 
ciprofloxacin (Lumbiganon and Sookpranee, 1992). In an 
open randomized study in Thailand, 20 weeks of maintenance 
therapy of melioidosis with ciprofloxacin–azithromycin was 
associated with a significantly higher relapse rate than co- 
trimoxazole–doxycycline (Chetchotisakd et al., 2001). 

Ciprofloxacin has been used in the treatment of R. equi 
pulmonary infections in HIV–positive patients; the major 
determinant of successful therapy was improvement in 
immune function by antiretroviral drugs (Torres Tortosa 
et al., 2003).

Ciprofloxacin 750 mg twice daily is ineffective in the 
treatment of chloroquine-resistant falciparum malaria, despite 
achievements of adequate plasma and intraerythrocyte con-
centrations (Watt et al., 1991). Although in vitro studies have 
suggested ciprofloxacin may have some activity against other 
nonbacterial pathogens such as Babesia, Toxoplasma, Histo-
plasma, and Coccidiodes (Aboulaila et al., 2012; Brilhante et 
al., 2013; Martins-Duarte et al., 2015), more data are required 
to evaluate the clinical efficacies for these indications.

Similarly, the antiproliferative effects of ciprofloxacin on 
DNA replication have resulted in interest in adjuvant cipro-
floxacin use for treatment of malignant tumors (Aranha et al., 
2003; Aranha et al., 2000; Kloskowski et al., 2012; Yadav et 
al., 2015); however, no clinical studies have been performed.

Van Furth et al. (1992) reported the cure of two patients 
with malakoplakia (a chronic granulomatous condition 
involving the genitourinary tract and other organs) with 
ciprofloxacin 500 mg twice daily.

Radiolabelling of ciprofloxacin with 99mTc has been stud-
ied as a diagnostic tool for identifying deep-seated bacterial 
infections, including osteomyelitis and infective endocardi-
tis. In one study involving 879 patients, 85.4% sensitivity and 
81.7% specificity were described (Britton et al., 2002). 
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1. DESCRIPTION

Norfloxacin (Noroxin) was synthesized at the Kyorin Central 
Research Laboratory in Japan (Ito et al., 1980). It is a fluori-
nated quinolone carboxylic acid derivative with a molecular 
weight of 319.34 and has the chemical formula 1-ethyl-6- 
fluoro-1,4-dihydro-4-oxo-7-(1-piperazinyl)-3-quinoline 
carboxylic acid. Its empirical formula is C16H18FN3O3. The 
structure of norfloxacin is shown in Figure 102.1.

Norfloxacin is available in 400-mg tablets. Norfloxacin 
inhibits bacterial DNA synthesis and is bactericidal. The 
antibacterial spectrum of norfloxacin is very similar to that 
of enoxacin, but generally the drug is less active than cipro-
floxacin and other newer fluoroquinolones. Since the dis-
tribution of norfloxacin is limited primarily to the gut and 
urinary tract (unlike ciprofloxacin), it is used primarily to 
treat infections associated with the gastrointestinal or genito-
urinary systems.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The minimum inhibitory concentrations (MICs) of norflox-
acin against selected bacterial species compared to other 
commonly used fluoroquinolones are shown in Chapter 101, 
Ciprofloxacin, and Table 101.1.

GRAM-NEGATIVE BACTERIA

The activity of norfloxacin against Gram-negative bacilli is 
similar to or less than that of ciprofloxacin. Most Enterobac-
teriaceae are sensitive, including Escherichia coli, Enterobac- 
ter, Klebsiella, Salmonella, Shigella, Arizona, and Citrobacter 
spp., Proteus mirabilis, P. vulgaris, and Morganella morganii. 
Providencia rettgeri is quite susceptible (MIC90 0.06–0.25 µg/
ml), as are Serratia spp. (MIC90 0.5 µg/ml), while Providencia 
stuartii is less frequently so (MIC90 4 µg/ml) (Downs et al., 
1982; King et al., 1982; Neu and Labthavikul, 1982; Norrby 
and Jonsson, 1983; Newsom, 1984; Auckenthaler et al., 1986; 
Bassey et al., 1986; King and Phillips, 1986; Goldstein, 1987; 
Wolfson and Hooper, 1988; Rao et al., 1993; Goldstein, 2000; 
Bennish, 2003). Campylobacter jejuni and C. coli are suscep-
tible to norfloxacin and other fluoroquinolones, although 
resistance is increasing (Lariviere et al., 1986; Sjogren et al., 
1992; Wretlind et al., 1992; Sanchez et al., 1994; Tjaniadi et 
al., 2003). Helicobacter pylori, however, is only moderately 
susceptible (MIC90 1 µg/ml) (Shungu et al., 1987; Glupczynski 
et al., 1988; Hupertz et al., 1988; Mertens et al., 1989). Aero-
monas spp. (MIC90 0.016 µg/ml) and Plesiomonas shigelloides 
(MIC ≤ 0.1 µg/ml) are quite sensitive (Reinhardt and George, 
1985; Kain and Kelly, 1989; Olsson-Liljequist and Mollby, 
1990). Yersinia enterocolitica and Pasteurella multocida are 
susceptible. Vibrio spp. are very sensitive (V. cholerae, MIC90 
0.016 µg/ml; V. parahaemolyticus, MIC90 0.25 µg/ml; and 
V.  vulnificus, MIC90 0.063 µg/ml), including strains with 
plasmids coding for various patterns of multiresistance to 
tetracycline, ampicillin, chloramphenicol, and cotrimoxazole 
(Morris et al., 1985; Olsson-Liljequist and Mollby, 1990). 
Flavobacterium spp. are usually resistant, as are Acinetobacter 
spp., especially strains which are also resistant to gentamicin 
(Stiver et al., 1986). Gardnerella vaginalis is usually resistant 
(MIC90 16 µg/ml) (King and Phillips, 1986).

Most strains of Pseudomonas aeruginosa, including strains 
resistant to gentamicin, are susceptible to norfloxacin, al- 
though resistance is increasing (Downs et al., 1982; Aucken-
thaler et al., 1986; Bassey et al., 1986; King and Phillips, 1986; 
Goldstein, 1987). Its activity against P. aeruginosa is often Figure 102.1. Structure of norfloxacin.
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superior to that of gentamicin, amikacin, ticarcillin, azlocil-
lin, mezlocillin, cefoperazone, ceftazidime, cefotaxime, cef-
tizoxime, ceftriaxone, and moxalactam, and similar to that 
of tobramycin (Forward et al., 1983; Leigh and Emmanuel, 
1984). Burkholderia (previously Pseudomonas) cepacia may 
be sensitive, but Stenotrophomonas maltophilia is resistant 
(Neu and Labthavikul, 1982; Auckenthaler et al., 1986; 
Bassey et al., 1986). Burkholderia (previously Pseudomonas) 
pseudomallei is also resistant to most fluoroquinolones 
(Winton et al., 1988).

Haemophilus influenzae (including beta-lactamase–pro-
ducing strains), Neisseria meningitidis, and N. gonorrhoeae 
(including beta-lactamase–producing strains) are all very 
susceptible, although resistance in this last species is increas-
ing (Khan et al., 1981; King et al., 1982; Auckenthaler et al., 
1986; Bogaerts et al., 1986; King and Phillips, 1986; Ponticas 
et al., 1989; Slaney et al., 1990; Clendennen et al., 1992a; 
Clendennen et al., 1992b). Norfloxacin, like ciprofloxacin, is 
active against H. ducreyi. Bordetella pertussis is susceptible 
(MIC90 0.25 µg/ml) (Zackrisson et al., 1985; Appleman et al., 
1987; Kurzynski et al., 1988). Legionella spp. are susceptible 
to norfloxacin (L. pneumophila: MIC90 0.125 µg/ml) (Green-
wood and Laverick, 1983; Moffie and Mouton, 1988).

Francisella tularensis is susceptible to clinically achievable 
concentrations of many fluoroquinolones, including nor-
floxacin (mean MIC 0.24 µg/ml) and ciprofloxacin (mean 
MIC 0.13 µg/ml), with associated reports of clinical efficacy 
(Syrjala et al., 1991).

Eikenella corrodens is generally susceptible to < 2 µg/ml 
norfloxacin, ciprofloxacin, ofloxacin, and enoxacin (Gold-
stein et al., 1986). However, norfloxacin has poor activity 
against most anaerobes, including Bacteroides and Fusobac-
terium spp., and is generally inferior to ciprofloxacin (Gold-
stein and Citron, 1985; Edlund and Nord, 1986; Goldstein, 
1993).

GRAM-POSITIVE BACTERIA

Norfloxacin is less active against Staphylococcus aureus, 
S.  epidermidis, and S. saprophyticus (MIC90 2 µg/ml) than 
ciprofloxacin, and Enterococcus faecalis and Streptococcus 
pneumoniae are often resistant (MIC90 4–8 µg/ml) (Neu and 
Labthavikul, 1982; Auckenthaler et al., 1986; Murray et al., 
1993). Methicillin-resistant strains of S. aureus are usually 
sensitive to norfloxacin, but less so than methicillin-sensitive 
strains, and resistance is emerging in many regions (Corrado 
et al., 1983; Harnett et al., 1991; Chang et al., 1994). Viridans 
group streptococci are resistant (Chin and Neu, 1983; Gold-
stein, 1987). Similar to the situation with ciprofloxacin, 
norfloxacin activity in vitro against S. pyogenes and other 
beta-hemolytic streptococci (groups B, C, and G) is border-
line or resistant, with MIC90s of 2–16 µg/ml (King et al., 1982; 
Chin and Neu, 1983; Corrado et al., 1983; Goldstein, 1987). 
Norfloxacin is generally less active than ciprofloxacin against 
both penicillin-sensitive and penicillin-resistant strains of 
S. pneumoniae (MIC90 2–16 µg/ml) (Gombert and Aulicino, 
1984; Auckenthaler et al., 1986; Goldstein, 1987). Listeria 
monocytogenes is generally resistant (MIC90 8 µg/ml), as are 

Nocardia spp. (MIC90 64 µg/ml) (Auckenthaler et al., 1986; 
MacGowan et al., 1990). Ciprofloxacin is more active in 
vitro than norfloxacin against Corynebacterium group D2 
(Fernández-Roblas et al., 1987). Clostridium spp., including 
C. difficile and anaerobic cocci, are resistant (King et al., 
1982; Goldstein and Citron, 1985; Delmee and Avesani, 
1986; Edlund and Nord, 1986).

OTHER ORGANISMS

Ureaplasma urealyticum and Chlamydia trachomatis are 
resistant to norfloxacin (MIC 8 to > 64 µg/ml and 12.5–16 
µg/ml, respectively) (Heessen and Muytjens, 1984; Aznar et 
al., 1985; Nakata et al., 1992). Norfloxacin has some activity 
against Coxiella burnetii in vitro, but ciprofloxacin is signifi-
cantly more active in vitro and in vivo (Yeaman et al., 1989).

Norfloxacin has moderate in vitro activity against Myco-
bacterium tuberculosis (MIC 2–8 µg/ml), but better in vitro 
activity and wider in vivo distribution of ciprofloxacin, oflox-
acin, and moxifloxacin make these the preferred clinical agents 
(Fenlon and Cynamon, 1986; Berlin et al., 1987; Davies et al., 
1987; Young et al., 1987; Garcia-Rodriguez and Gomez Garcia, 
1993; Rustomjee et al., 2008). Mycobacterium fortuitum has 
an MIC90 of 2 µg/ml. However, M. kansasii, M. xenopi, and 
M. chelonae are relatively resistant (MIC90s 4–8 µg/ml), and 
M. avium complex strains are resistant (MIC90 ≥ 16 µg/ml) 
(Gay et al., 1984; Davies et al., 1987; Goldstein, 1987; Young 
et al., 1987). Norfloxacin has poor activity against M. leprae 
(Franzblau and White, 1990).

Similar to ciprofloxacin, norfloxacin has some in vitro 
activity against Plasmodium falciparum, but there is little 
clinical relevence to this observation (Divo et al., 1988; Sarma, 
1989; Wyler, 1989).

2b.  Emerging resistance and 
cross-resistance

Similar to other fluoroquinolones, resistance to norfloxacin 
is mediated by target changes or reduced intracellular accu-
mulation. A number of studies have correlated the increased 
use of fluroquinolones with increasing emergence of nor-
floxacin resistance and cross-resistance with other fluoro-
quinolones among many species (Neu, 1988; Kresken and 
Wiedemann, 1988; Desgrandchamps and Munzinger, 1989; 
Perez-Trallero et al., 1993; Dupeyron et al., 1994). Alterations 
in DNA gyrase or topoisomerase IV, altered outer mem-
brane permeability, and active efflux mechanisms have been 
described as mechanisms of norfloxacin resistance in vari-
ous species (Hooper et al., 1989; Gootz and Martin, 1991; 
Moniot-Ville et al., 1991; Nakanishi et al., 1991a; Nakanishi 
et al., 1991b; Alarcon et al., 1993; Li et al., 1994; Tanaka et al., 
1994a; Yoshida et al., 1994; Canton et al., 2003; Morita et 
al., 2003; Marrer et al., 2006; Oyamada et al., 2006; Singh et 
al., 2006; Azmi et al., 2014, Dang et al., 2014). For a summary 
of the key mechanisms of fluoroquinolone resistance, see 
Chapter 104, Table 104.4.

Increasing rates of norfloxacin resistance have been 
described among strains of Campylobacter spp. (especially 
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C. jejuni), methicillin-resistant S. aureus, P. aeruginosa, N. 
gonorrhoeae, Shigella flexneri, and S. pneumoniae (Smith, 
1986; Yeung and Dillon, 1990; Adler-Mosca et al., 1991; 
Harnett et al., 1991; Rautelin et al., 1991; Wretlind et al., 
1992; Baird, 1993; Chang et al., 1994; Sanchez et al., 1994; 
Tanaka et al., 1994b; Tjaniadi et al., 2003; Marrer et al., 2006; 
Azmi et al., 2014). For a broader discussion regarding emerg-
ing resistance to quinolones and fluoroquinolones in clini-
cally relevant pathogens, see Chapter 101, Ciprofloxacin.

3. MECHANISM OF DRUG ACTION

Similar to other fluoroquinolones, norfloxacillin is a DNA 
gyrase inhibitor; it inhibits bacterial DNA synthesis and is 
bactericidal (see Chapter 101, Ciprofloxacin).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Norfloxacin is available as an oral preparation only. The 
recommended adult dosage is 400 mg twice daily. No intra-
venous preparation is available.

4b.  Newborn infants and children

Safety and efficacy in patients < 18 years of age have not been 
established.

4c.  Pregnancy and lactating mothers

High-dose animal studies with norfloxacin have revealed 
evidence of embryolethality, but there are no controlled data 
in human pregnancy. However, surveillance studies and oth-
ers have not reported an increased risk of major birth defects 
(Berkovitch et al., 1994; Briggs et al., 1998; Ramakrishnan 
and Scheid, 2005). The FDA has listed norfloxacin as preg-
nancy category C. It is not certain whether norfloxacin is 
excreted into human milk, although one study suggested it 
was not (Briggs et al., 1998; Wise, 1984).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

In patients with impaired renal function, the elimination rate 
of norfloxacin is reduced, and the serum half-life increases as 
creatinine clearance or the glomerular filtration rate (GFR) 
decreases (Fillastre et al., 1984; Hughes et al., 1984). The nor-
mal serum half-life of 3.75 h is prolonged to 8–9 h in end-
stage renal disease. However, even in severe renal impairment, 
urinary concentrations of norfloxacin exceed 4 µg/ml, which 
is the MIC90 for the least susceptible urinary pathogens 
(Hughes et al., 1984). Opinions vary with regard to the sever-
ity of renal impairment below which reduction of norfloxacin 
dosage is necessary; however, once the creatinine clearance 

falls below 20–30 ml/min, the dose should be halved to 400 
mg daily (Fillastre et al., 1984; Hughes et al., 1984; Stein, 
1987; Eliopoulos, 1988; Bennett et al., 1994). Since the half-
life of norfloxacin is not influenced by hemodialysis, no post-
dialysis supplementation is necessary (Fillastre et al., 1984; 
Fillastre et al., 1990; Lau et al., 1994). Unlike Fillastre et al. 
(1984), however, Bennett et al. (1994) recommend avoidance 
of norfloxacin in patients with a GFR of < 10 ml/min, and 
therefore in patients on any form of dialysis.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

In a small study of three patients with hepatic dysfunction 
due to acute hepatitis B, the pharmacokinetics of norfloxacin 
was not significantly different to that in healthy volunteers, 
suggesting that no dosage alteration is necessary in this set-
ting (Eandi et al., 1983).

ELDERLY PATIENTS

No dosage adjustment is necessary in elderly patients other 
than that required for renal impairment of GFR < 30 ml/min 
(Kelly et al., 1988; MacGowan et al., 1988; Norrby and Ljung-
berg, 1989; Lepage et al., 1991).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

After oral administration, 30–40% of the norfloxacin dose 
is rapidly absorbed, and peak serum levels occur in 1–2 h 
(Wise, 1984; Stein, 1987). The serum half-life of norfloxacin 
is 3.75 h (Wise et al., 1986). Overall, norfloxacin is absorbed 
slightly more slowly than ciprofloxacin and ofloxacin (Wise 
et al., 1986). Absorption is only slightly delayed if the drug is 
given with food rather than in the fasting state. However, the 
absorption of norfloxacin is significantly reduced when it is 
given with milk or yogurt, with mean peak serum concentra-
tions of 50–60% of those achieved when norfloxacin is given 
with water (Kivistö et al., 1992; Minami et al., 1993).

The presence of acute diarrhea does not significantly alter 
the pharmacokinetics of norfloxacin, except that the time 
to peak serum concentration is delayed. Other parameters, 
such as the peak serum concentration, total area under the 
serum concentration curve (AUC), serum half-life, and rate 
of elimination, are similar to that found when intestinal 
function is normal (Bergan et al., 1988).

5b.  Drug distribution

SERUM LEVELS IN RELATION TO DOSAGE

After single doses of 200, 400, 800, 1200, and 1600 mg, mean 
peak serum levels 1–2 h later are 0.75, 1.58, 2.41, 3.15, and 
3.87 µg/ml, respectively (Shimada et al., 1983; Adhami et al., 
1984; Wise et al., 1986). The reason there is not a proportion-
ate increase in serum levels with doses higher than 800 mg 
is unclear, but less of the drug may be absorbed with higher 
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doses. Absorption of norfloxacin may continue for at least up 
to 4 h. Norfloxacin is only approximately 14% protein bound 
and is highly lipid soluble (Stein, 1987). There is no signifi-
cant accumulation of norfloxacin with repeated oral doses 
of 200 mg three times daily (Wise, 1984).

DISTRIBUTION OF THE DRUG IN THE BODY

Norfloxacin is widely distributed in many tissues (especially 
the gastrointestinal and genitourinary tracts), achieving con-
centrations slightly less than or similar to those obtained 
with ciprofloxacin. Penetration into the exudate of experi-
mental blisters is such that peak concentrations of 1 µg/ml 
are achieved after a 400-mg dose, which is approximately 
67% of the peak serum level. These data suggest that a dose 
of 800 mg or more would be necessary to treat systemic 
infections caused by susceptible pathogens, and infections 
due to less susceptible strains (e.g. MIC 2 µg/ml) may require 
even higher doses. Thus in such circumstances, alternative 
fluoroquinolones such as ciprofloxacin are generally recom-
mended, especially if reliable serum drug concentrations are 
required (Adhami et al., 1984; Wise et al., 1986). Similar to 
ciprofloxacin, norfloxacin achieves excellent penetration into 
the renal tract, prostate, and seminal fluid (Bologna et al., 
1983; Dan et al., 1987a; Netto et al., 1988). The ratio of tissue 
to serum concentration reached in the kidney and prostate 
after oral norfloxacin is approximately 6.6 and 1.7, respec-
tively (Bergeron et al., 1985).

A single 400-mg dose of norfloxacin prior to elective lap-
arotomy results in mean drug concentrations in abdominal 
wall muscle tissue of 0.87 µg/g (range, < 0.1–2.3 µg/g), which 
represents a mean ratio of muscle to serum concentration of 
0.8 (Dan et al., 1989). Norfloxacin concentrations in gall-
bladder bile and gallbladder tissue after a single oral dose 
of 400 mg given prior to elective cholecystectomy for non-
obstructive disorders are 0.6–15.6 µg/ml and 1.8 µg/g, respec-
tively, in healthy patients (Dan et al., 1987a). Norfloxacin 
concentrations are somewhat less in tonsillar and sinus tis-
sues, in which mean levels of 0.5 µg/ml have been reported 
(Stein, 1987). Norfloxacin has been detected in umbilical cord 
blood and amniotic fluid, but not in maternal milk (Wise, 
1984).

Concentrations of 0.3–1.73 µg/g of prostatic tissue have 
been reported after a single 400-mg dose of norfloxacin, with 
a mean peak concentration of 1.63 µg/g (range 0.75–3.30 
µg/g) after two doses (Dan et al., 1987a; Netto et al., 1988). 
In epididymal tissue, mean concentrations of 3.4 ± 2.0 µg/g 
(range 1.4–9.6 µg/g) have been noted after multiple dosing 
(Blondin et al., 1991). These concentrations exceed the MICs 
of most urinary tract pathogens. After doses of 200, 400, 800, 
1200, and 1600 mg, peak urinary concentrations of 200, 478, 
697, 992, and 1045 µg/ml, respectively, are reached. Usually, 
urine concentrations of norfloxacin are 100–300 times the 
simultaneous serum concentration and exceed the MIC of 
most urinary pathogens for 12–24 h (Swanson et al., 1983). 
Wise et al. (1986) found that the mean urine concentration 
12–24 h after a 400-mg dose was 8.5 µg/ml.

Topically applied norfloxacin eye drops (0.3%) achieve a 
mean concentration in aqueous humor of 0.06–0.14 µg/ml, 
which is comparable to that observed with ciprofloxacin, but 
significantly less than that achieved with ofloxacin (Donnen-
feld et al., 1994; Leeming et al., 1994). Among patients with 
uninflamed eyes undergoing cataract surgery and treated 
with either 0.3% ciprofloxacin, 0.3% ofloxacin, or 0.3% nor-
floxacin drops (one drop per hour six times before surgery), 
mean acqueous humor levels were 2.8, 2.95, and 1.5 µg/ml, 
respectively, at the time of surgery—both ciprofloxacin and 
ofloxacin achieved significantly higher levels than norfloxa-
cin (p < 0.001) (Akkan et al., 1997). Bron et al. (1992) noted 
the concentration of norfloxacin in the cornea to be 15.5 ± 
2.1 µg/g after five drops of 0.3% topical solution, while 
Yamada et al. (2006) showed a concentration of 1.3 ± 2.1 
µg/g after three drops. Moxifloxacin and gatifloxacin have 
also been shown to achieve excellent intraocular concen-
trations (see Chapter 105, Moxifloxacin, and Chapter 115, 
Gatifloxacin).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Similar to other fluoroquinolones, the key pharmacokinetic 
and pharmacodynamic parameter associated with drug effi-
cacy appears to be the AUC/MIC ratio for Gram-positive 
and -negative bacteria (see Chapter 101, Ciprofloxacin, and 
Chapter 115, Gatifloxacin).

5d.  Excretion

URINE

The main method of excretion for norfloxacin is via the 
kidneys, and approximately 24–30% of a dose is excreted 
unchanged in the urine (Swanson et al., 1983; Zeiler et al., 
1988). Administration of probenicid greatly reduces the uri-
nary clearance of norfloxacin but has little effect on serum 
concentrations of norfloxacin (Shimada et al., 1983). Urine 
exretion is therefore due to a combination of glomerular fil-
tration and active renal tubular secretion (Stein, 1987). Peak 
urine concentrations occur 1–2 h after oral administration. 
Crystals of the drug have been detected microscopically in 
the urine of volunteers who received the two high doses, but 
only when the urine pH values exceeded 7.0 (Wise, 1984). 
The effect of renal dysfunction on serum norfloxacin con-
centrations and dosing has been discussed previously (see 
Impaired renal function).

BILE

The liver is a major site of norfloxacin metabolism, with some 
metabolites being microbiologically active. Biliary excretion, 
however, is not a major site of norfloxacin elimination (Wise, 
1984; Stein, 1987). The concentration of norfloxacin in gall-
bladder bile after a single oral dose of 400 mg given prior 
to  elective cholecystectomy for nonobstructive disorders is 
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0.6–15.6 µg/ml in healthy patients, with a mean bile/serum 
ratio of 7.0 (Dan et al., 1987b).

FECES

In healthy volunteers, after a single 400-mg oral dose, 8.3–
53.3% of the dose is recovered from the feces in the subse-
quent 48-h period. Peak concentrations in fecal specimens 
are in the range of 207–2715 µg/g, 23–36 h after dosing 
(Cofsky et al., 1984; Edlund et al., 1987).

INACTIVATION IN THE BODY

The drug is metabolized in the liver, and six metabolites have 
been described, some of which are microbiologically active. 
The major urinary metabolite M-1 (3-oxo-1-piperazinyl) 
constitutes less than 20% of the parent compound. Similar to 
cinoxacin, but unlike nalidixic acid and oxolinic acid, nor-
floxacin is not conjugated (Ozaki et al., 1981; Wise, 1984).

5e.  Drug interactions

Norfloxacin has the potential to interact with cations. 
Combined use of norfloxacin with sulcralfate, magnesium/
aluminum antacids, and iron sulfate results in a greater than 
90% reduction in AUC values. Even administration of sul-
cralfate 2 h before norfloxacin results in a 40% reduction in 
exposure (Baxter and Stockley, 2005; Guay, 2005; Hansten and 
Horn, 2005; Tatro, 2006). A 60% reduction in exposure can 
be expected with concomitant calcium carbonate. Manufac-
turers thus recommend at least a 2-h space between admin-
istration of such metal cations or sulcralfate and norfloxacin 
(Noyes and Polk, 1988; Parpia et al., 1989; Nix et al., 1990; 
Campbell et al., 1992; Lehto et al., 1994; Lehto and Kivisto, 
1994).

Norfloxacin inhibits CYP1A2 and, to a lesser extent, 
CYP3A4, and may therefore increase levels of aminophyl-
line, mexiletine, benzodiazepines, calcium channel blockers, 
and HMG-CoA reductase inhibitors. Norfloxacin interferes 
with theophylline metabolism to a much lesser extent than 
other fluoroquinolones such as ciprofloxacin, enoxacin, and 
pefloxacin, so that clinically significant theophylline toxicity 
(which presents with seizures in about one-third of cases) 
is less common than with these other agents (Bowles et al., 
1988; Sano et al., 1988; Davis et al., 1989; Green and Clark, 
1989; Prince et al., 1989; Grasela and Dreis, 1992; Radandt et 
al., 1992). Nevertheless, there have been reports of theophyl-
line toxicity in patients also receiving norfloxacin (Baxter 
and Stockley, 2005; Hansten and Horn, 2005; Tatro, 2006), so 
caution should be exercised when coadmininistering these 
agents. Norfloxacin has little effect on caffeine metabolism 
(Harder et al., 1988).

Despite the case report by Thomson et al. (1988) of an 
increase in cyclosporin levels when norfloxacin and cyclo-
sporin were given together, other authors who have studied 
this combination in a larger number of patients have found 
no alteration in cyclosporin levels or evidence of nephrotox-
icity (Jadoul et al., 1989; Robinson et al., 1990). Naderer et al. 
(2005) assessed the impact on mycophenolate mofetil (MMF) 

levels in healthy volunteers when MMF was coadministered 
with either norfloxacin alone, metronidazole alone, or a com-
bination of norfloxacin + metronidazole. The AUC for both 
MMF products (mycophenolic acid and mycophenolate 
mofetil) was reduced by 10%, 19–27%, and 33–41% for each 
antibiotic regimen, respectively. This was thought to be due 
to a reduction in enterohepatic circulation, especially with 
norfloxacin + metronidazole. Norfloxacin has been reported 
by the US Food and Drug Administration as occasionally 
enhancing the anticoagulant effect of warfarin (similar to 
ciprofloxacin) (Linville and Matanin, 1989; Jolson et al., 
1991), although Rocci et al. (1990) found no such effect in 
their study of ten healthy volunteers.

QTc-prolonging agents may have additive effects with 
norfloxacin so concurrent use of erythromycin, cisapride, 
antipsychotics, and cyclic antidepressants should either be 
avoided or patients should be closely observed. Overall, how-
ever, the risk of cardiac toxicity with norfloxacin is lower 
than with other newer fluoroquinolones (Lode and Rubin-
stein, 2003).

The absorption of norfloxacin is significantly reduced 
when it is given with milk or yogurt, compared with when 
it is given with water (Kivistö et al., 1992; Minami et al., 1993; 
Schmidt and Dalhoff, 2002).

As with many other fluoroquinolones, norfloxacin can 
interfere with the accuracy of urine screening for opiates by 
immunoassay, especially if the Roche OnLine assay is used. 
However, this interaction appears to be less prominant than 
for levofloxacin, ofloxacin, or pefloxacin (Baden et al., 2001).

6. ADVERSE REACTIONS AND TOXICITY

The side effects reported with norfloxacin are similar to or 
fewer than those described for ciprofloxacin and other fluo-
roquinolones (Ball et al., 1999; Bertino and Fish, 2000; Lode 
and Rubinstein, 2003) (Chapter 101, Ciprofloxacin). Overall, 
norfloxacin is relatively safe, with the rate of adverse events 
only about 3%. Nausea, headache, dizziness, rash, elevation 
of liver enzymes, and eosinophilia are the most commonly 
reported adverse effects (Wang et al., 1986; Corrado et al., 
1987a). Among neutropenic patients given norfloxacin pro-
phylaxis, the rate of adverse effects was 5.5%, which is less 
than with other agents used for this purpose (Rubinstein et 
al., 1994).

Fluoroquinolones, although not recommended in preg-
nancy, were not associated with any increased risk of malfor-
mations or musculoskeletal abnormalities in a small study 
of 38 women accidentally treated with either norfloxacin or 
ciprofloxacin in the first trimester, mostly for urinary tract 
infections (UTIs) (Berkovitch et al., 1994). However, more 
pregnancies in the quinolone-treated group were associated 
with cesarean delivery, owing to reported fetal distress with-
out a clear reason, than in the control group.

Norfloxacin is less likely to be associated with phototox-
icity than some other fluoroquinolones, but is occasionally 
associated with photosensitivity (Ferguson and Johnson, 
1993). A possible case of acantholytic bullous eruption has 
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been reported after norfloxacin (Ramsay et al., 1993), and 
cases of Stevens-Johnson syndrome, toxic epidermal necroly-
sis and Sweet’s syndrome following norfloxacin use have also 
been documented (Aguiar-Bujanda et al., 2004; Sahin et al., 
2005; Maciejewska et al. 2014).

Similar to ciprofloxacin, norfloxacin has occasionally 
been associated with the development of hepatitis; in one of 
these reports the patient was a known carrier of hepatitis C 
(Lopez-Navidad et al., 1990; Davoren and Mainstone, 1993; 
Romero-Gómez et al., 1999; Björnsson et al., 2000). In the 
case described by Björnsson et al. (2000), necrotizing granu-
lomatous hepatitis with eosinophilia was noted in adults 
after norfloxacin treatment for a UTI. A number of cases of 
norfloxacin-induced cholestatic jaundice have been reported 
(Lucena et al., 1998; Romero-Gómez et al., 1999), and one 
report of eosinophilia in a cirrhotic patient (Mofredj et al., 
2002). Occasionally C. difficile-associated diarrhea has been 
reported after norfloxacin (Ehrenpreis et al., 1990).

Jeandel et al. (1989) described a patient with acute, self- 
limited arthritis following norfloxacin and, like ciprofloxacin, 
norfloxacin has been associated with tendonitis and tendon 
rupture (Pierfitte and Royer, 1996). In a large study of tendon 
disorders attributed to fluoroquinolones, Van der Linden et 
al. (2001) noted that the median time of onset was 6 days 
after the start of therapy (range 1–510 days) and that 57% 
complained of bilateral tendonitis; in order of report fre-
quency, ofloxacin was > ciprofloxacin > norfloxacin > peflox-
acin. The risk of Achilles tendon rupture appears to be highest 
among elderly patients who are concomitantly treated with 
corticosteroids (Van der Linden et al., 2003).

Neurologic complications include seizures and exacer-
bation of myasthenia gravis (Anastasio et al., 1988; Rauser et 
al., 1990; Jones et al, 2011). Other side effects, such as neu-
tropenia, transient renal failure, nephrotic syndrome, inter-
stitial nephritis, hematuria, and albuminuria, have been 
reported (Boelaert et al., 1986; Patoia et al., 1987; Wolfson 
and Hooper, 1991; Hestin et al., 1995). Allergic nephropathy 
has been reported with norfloxacin and ciprofloxacin when 
acute interstitial nephritis has been noted (Hadimeri et al., 
1997; Nakamura et al., 2000).

7. CLINICAL USES OF THE DRUG

7a.  Urinary tract infections

As with other fluoroquinolones, norfloxacin has excellent 
activity against virtually all common bacterial urinary patho-
gens (Greenwood et al., 1984; Gupta et al., 2003). After a single 
oral dose of 400 mg norfloxacin, high urinary concentrations 
are maintained for at least 24 h (Wise, 1984). For uncompli-
cated urinary infections in women, norfloxacin 400 mg twice 
daily for 3–7 days is generally associated with greater efficacy 
and a lower rate of relapse than single-dose therapy, with 
3-day treatment courses generally preferred (Andriole, 1991; 
Saginur and Nicolle, 1992; Iravani et al., 1995; Pimentel et al., 
1998; Schaeffer, 2002; Gupta et al., 2003). Rates of bacterio-
logic and clinical cure of 93–98% 5–9 days post treatment, 

and 83–90% 4–6 weeks post treatment can be expected 
(Malinverni and Glauser, 1988; Neringer et al., 1992; Nicolle 
et al., 1993; Pummer, 1993; Arav-Boger et al., 1994; Iravani et 
al., 1995). Three-day and single-dose therapy are probably 
equivalent in efficacy against E. coli, but single-dose therapy 
is less effective against other pathogens, especially S. sapro-
phyticus (Saginur and Nicolle, 1992). Three- to 7-day therapy 
with norfloxacin has similar efficacy to other fluoroquino-
lones such as ciprofloxacin, ofloxacin, lomefloxacin, and 
fleroxacin (Goldstein et al., 1987; Stein et al., 1987; Neringer 
et al., 1992; Nicolle et al., 1993; Pfau and Sacks, 1993; Pum-
mer, 1993; Iravani et al., 1995; Gupta et al., 2003; Arredondo-
García et al., 2004), and has similar or superior efficacy to 
trimethoprim–sulfamethoxazole, trimethoprim alone, piv-
mecillinam, or amoxicillin (Panichi et al., 1983; Haase et al., 
1984; Leigh et al., 1984; Vogel et al., 1984; Goldstein et al., 
1985; Sabbaj et al., 1985; Ewer et al., 1988; Wong et al., 1988; 
Chan et al., 1989; Seidmon et al., 1990; Nicolle et al., 2002; 
Arredondo-García et al., 2004). Pimentel et al. (1998), in a 
small study, found that norfloxacin 800 mg once daily was as 
effective and as safe as 400 mg twice daily in the treatment of 
uncomplicated UTI in women. Similarly, single-dose cipro-
floxacin 500 mg was equally effective as 3 days, norfloxacin 
400 mg twice daily in women with an uncomplicated UTI; 
clinical efficacy was 91% and 94%, respectively (Auquer et 
al., 2002). A Cochrane review of 11 studies enrolling 7535 
women with uncomplicated acute cystitis found no signifi-
cant differences in clinical or microbiologic efficacy between 
quinolones, but some differences in their safety profile 
(Rafalsky et al., 2006).

The most recent guidelines from the Infectious Diseases 
Society of America (IDSA) for antimicrobial treatment of 
uncomplicated acute cystitis and pyelonephritis in women 
were updated in 2010. These guidelines recommend nitro-
furantoin, trimethoprim–sulfamethoxazole (TMP-SMX), 
fosfomycin, or pivmecillanam for first-line therapy, with flu-
oroquinolones reserved for more complex cases or when 
resistance to TMP-SMX is demonstrated (Gupta et al., 2011). 
However, a survey of prescribing habits in the United States 
found that although TMP-SMX was used, many physicians 
inappropriately used fluoroquinolones, especially ciprofloxa-
cin (Taur and Smith, 2007). A comparative assessment of 
differing oral antibiotic regimens in the treatment of UTI in 
outpatients in Taiwan found norfloxacin to be superior to 
ciprofloxacin or ofloxacin in terms of treatment failure (Lee 
et al. 2014). IDSA Guidelines have reviewed the role of 
screening and treatment of asymptomatic bacteriuria in 
adults (Nicolle et al., 2005).

Since urinary infections in males are frequently associ-
ated with underlying abnormalities such as prostatitis, nor-
floxacin and other fluoroquinolones are useful therapeutic 
agents in this setting (Sabbaj et al., 1986; Corrado et al., 
1987b; Gupta et al., 2003). For complicated urinary infec-
tions, 7- to 14-day therapy with norfloxacin 400 mg twice 
daily is superior to 200 mg twice daily, TMP-SMX 160/800 
mg twice daily, cefadroxil 1 g twice daily, and some paren-
teral antibiotics, with short-term rates of bacteriologic cure 
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of 90–99%. For acute uncomplicated pyelonephritis in women, 
10-day therapy with norfloxacin 400 mg twice daily was 
more cost-effective than TMP-SMX 160/800 mg twice daily 
(Yen et al., 2003). As might be expected, cure rates with 
norfloxacin are lower among patients with complicated 
infections associated with longstanding structural urinary 
tract abnormalities such as neurogenic bladder (Sheehan et 
al., 1988; Waites et al., 1991; Gupta et al., 2003; Nicolle et al., 
2005).

Postcoital prophylaxis with single doses of 200 mg nor-
floxacin, 100 mg ofloxacin, or 125 mg ciprofloxacin is highly 
effective in women suffering from recurrent urinary infec-
tions and is a cost-effective option to long-term prophylaxis 
in some patients (Pfau and Sacks, 1994). For long-term pro-
phylaxis of women with recurrent urinary infections, nor-
floxacin 200 mg daily is superior to placebo and either 
nitrofurantoin 50 or 100 mg daily (Nicolle et al., 1989; 
Brumfitt et al., 1991; Raz and Boger, 1991). In a study com-
paring norfloxacin 200 mg daily with nitrofurantoin 50 mg 
daily, the 6-month symptom-free rates were 81% versus 65%, 
respectively, and bacteriologic cure rates were 92% versus 
71%, respectively (Raz and Boger, 1991). Nevertheless, the 
additional cost of norfloxacin over nitrofurantoin needs to 
be balanced against any potential clinical benefit. Post-
operative prophylaxis with norfloxacin 200 mg daily is effec-
tive in reducing the rate of catheter-associated bacteriuria 
following reconstructive gynecologic surgery (Verbrugh et 
al., 1988) and may reduce the incidence of bladder neck 
strictures following transurethral resection of the prostate 
(Hammarsten and Lindqvist, 1993).

The main concern regarding fluoroquinolone use for acute 
cystitis is the possibility of promoting emergence of resis-
tance among both uropathogens and other flora. Similarly, 
the usefulness of fluoroquinolones for UTI is being mitigated 
by increasing resistance to this class of antimicrobials.

7b.  Prostatitis

Similar to ciprofloxacin, norfloxacin 400 mg twice daily for 
4–6 weeks is effective therapy for bacterial prostatitis, includ-
ing cases that have failed to respond to other agents such as 
TMP-SMX and carbenicillin (Sabbaj et al., 1986; Schaeffer 
and Darras, 1990; Naber, 1991; Gupta et al., 2003).

Norfloxacin has also been assessed for use as antibiotic 
prophylaxis in prostatic surgery, but it appears to be inferior 
to ciprofloxacin (Tobias-Machado et al., 2003).

7c.  Gonorrhoea and other sexually 
transmitted diseases

Norfloxacin, like ciprofloxacin and some other fluoroquino-
lones, is effective in a variety of dosages against penicillinase- 
producing and nonpenicillinase-producing N. gonorrhoeae 
infections (Crider et al., 1984; Lee and Wong, 1988). In older 
studies in which fluoroquinolone-resistant N. gonorrhoeae 
was rare, a single oral dose of 800 mg cured 99–100% of 
patients with gonococcal urethritis, cervicitis, and anorec-
tal infection, and was as effective as 2 g i.m. spectinomycin 

and superior to 2.5 g oral thiamphenicol for penicillinase- 
producing N. gonorrhoeae cervicitis or urethritis. Similarly, 
this norfloxacin regimen was as effective as 3.5 g ampicillin + 
1 g probenicid for nonpenicillinase-producing N. gonor-
rhoeae infections (Romanowski, 1986; Romanowski et al., 
1986; Bogaerts et al., 1987; Kaplowitz et al., 1987; Lee and 
Wong, 1988). A single oral dose of norfloxacin 1200 mg was 
also found to be as effective for adult gonococcal keratocon-
junctivitis as 1200 mg daily for 3 days (Kestelyn et al., 1989). 
Previously, the Centers for Disease Control (CDC) recom-
mended regimens for gonorrhoea included single-dose treat-
ment with either i.m. ceftriaxone 125 mg, oral cefixime 400 
mg (although this is no longer available in some regions), 
oral ciprofloxacin 500 mg, ofloxacin 400 mg, or oral levoflox-
acin 250 mg for both penicillinase-producing N. gonorrhoeae 
and tetracycline-resistant N. gonorrhoeae infections (CDC, 
2006). However, in 2007, owing to the steady spread of fluo-
roquinolone-resistant N. gonorrhoeae, the CDC updated its 
guidelines to no longer recommend any fluoroquinolones for 
the treatment of gonorrhoea (CDC, 2007). Thus only cepha-
losporins, especially ceftriaxone, are now recommended—
although resistance to this agent has also now been reported 
(Lee et al., 2016; see Chapter 27, Ceftriaxone).

It should be noted that, similar to some Enterobacteria-
ceae, a number of nalidixic acid-susceptible, ciprofloxacin- 
resistant strains of N. gonorrhoeae have been described in the 
UK. These were initially missed in the laboratory owing to 
their discordant nalidixic acid and fluoroquinolone suscepti-
bility patterns (Ragunathan et al., 2005). It was thought likely 
that the original isolate was acquired in India. A subsequent 
review of 80 isolates in the same laboratory failed to identify 
any similar strains. This report is notable in that it highlights 
the problems associated with determining fluoroquinolone 
resistance among N. gonorrhoeae isolates based solely on 
their susceptibility to nalidixic acid.

A single dose of 800 mg norfloxacin appears to be effec-
tive in the treatment of chancroid, but given the findings of 
studies with ciprofloxacin, longer courses of 3 days’ duration 
may be warranted (Ariyarit et al., 1988). Norfloxacin, unlike 
ciprofloxacin, is not currently recommended by the CDC 
for the treatment of chancroid. Current recommendations 
to treat this disease include single-dose oral azithromycin 1 
g, single-dose i.m. ceftriaxone 250 mg, oral ciprofloxacin 500 
mg twice daily for 3 days, or oral erythromycin base 500 mg 
three times daily for 7 days (CDC, 2015).

Norfloxacin 400 mg twice-daily for 10 days is ineffective 
in eradicating C. trachomatis among men with nongono-
coccal urethritis, but is more effective (56%) in those in 
whom U. urealyticum is the responsible pathogen (Bowie et 
al., 1986). Norfloxacin is not considered appropriate therapy 
for C. trachomatis (CDC, 2006). Norfloxacin has no known 
activity against syphilis.

7d.  Bacterial diarrhea and enteric fever

Similar to ciprofloxacin and other fluoroquinolones, norflox-
acin is effective in the prevention and treatment of a wide 
variety of enteric infections.
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In doses of 400 mg twice daily, norfloxacin is comparable 
with, or generally better than, TMP-SMX for the empiric 
treatment of bacterial diarrhea, particularly in regions where 
multidrug resistance is common (Dupont et al., 1987; Lolekha 
et al., 1988; Wistrom et al., 1989; Hyams et al., 1991; Wistrom 
et al., 1992). In a double-blind, placebo-controlled study of 
travelers’ diarrhea in which a 3-day course of norfloxacin 
400 mg twice daily was commenced once specific diagnostic 
criteria had been met, Mattila et al. (1993) found that the 
overall duration of diarrhea was reduced from 3.3 days in the 
placebo group to 1.2 days in the norfloxacin-treated group. 
Similar dramatic reductions in diarrheal duration were 
noted when the causative pathogens were identified to be 
Salmonella, Campylobacter jejuni, or enterotoxigenic E. coli. 
Furthermore, the rate of full clinical recovery was greater 
among norfloxacin recipients (87% vs. 47%, p < 0.001), with 
no significant adverse effects noted. Wistrom et al. (1989) 
found similar impressive results demonstrating the efficacy 
of norfloxacin in the treatment of travelers’ diarrhea.

Norfloxacin (800 mg single-dose or 400 mg twice daily for 
3 days) is similar to or better than TMP-SMX (5-day course) 
or nalidixic acid for the treatment of diarrhea in adults and 
children due to Shigella spp., particularly in areas where 
resistance to these antibiotics is prevalent. Norfloxacin short-
ens the course of diarrhea and reduces shedding of the 
pathogen, thereby potentially preventing the spread of infec-
tion (Rogerie et al., 1986; Gotuzzo et al., 1989; Lolekha et al., 
1991; Bhattacharya et al., 1991; Bhattacharya et al., 1992; 
Bassily et al., 1994; Bhattacharya et al., 1997; Bhattacharya 
and Sur, 2003). However, short-course therapy is not as effec-
tive against S. dysenteriae type 1 infection (Bhattacharya and 
Sur, 2003). The utility of norfloxacin in the treatment of 
Shigella spp. is also decreasing as resistance rates increase 
(Azmi et al., 2014).

Norfloxacin appears to be similar to ciprofloxacin in its 
efficacy against diarrhea due to various Salmonella spp., 
including S. typhi and S. paratyphi, but there are far fewer 
studies of norfloxacin than of ciprofloxacin in the treatment 
of acute salmonellosis (Sarma and Durairaj, 1991). For clear-
ance of fecal carriage of Salmonella, norfloxacin appears to 
be very similar to other fluoroquinolones, such as ciproflox-
acin, although there have been few direct comparative stud-
ies. In a double-blind, placebo-controlled trial of norfloxacin 
400 mg twice daily for 28 days versus placebo in the clear-
ance of S. typhi carriage, 11 of 12 norfloxacin recipients had 
negative stool and bile cultures for S. typhi compared with 
none of 12 placebo recipients. Subsequently, 11 placebo recip-
ients were treated with norfloxacin, of whom seven cleared 
their fecal carriage of S. typhi. Thus overall, 78% of patients 
treated with norfloxacin cleared their fecal Salmonella car-
riage (Gotuzzo et al., 1988). A Cochrane review of fluoro-
quinolones for treating typhoid and paratyphoid noted that 
among adults, fluoroquinolones reduced clinical failure com-
pared with ceftriaxone (OR: 0.08, 0.01–0.45; 120 partici-
pants, three trials), but showed no difference for microbiologic 
failure or relapse. Notably, however, norfloxacin had more 
clinical failures than other fluoroquinolones (417 participants, 
five trials) (Thaver et al., 2005).

Clearance rates of non-Typhi Salmonella spp. such as 
S. typhimurium and S. enteritidis have in some studies, how-
ever, been less impressive (Carlstedt et al., 1990; Nagler et 
al., 1994). Nevertheless, other anecdotal reports suggest 
good efficacy in clearing nontyphoidal carriage (Cherubin 
and Kowalski, 1990). A 30-day course of norfloxacin 400 mg 
twice daily was effective in clearing fecal Salmonella carriage 
among nine AIDS patients with recurrent clinical salmonel-
losis (Heseltine et al., 1988). In endemic countries such as 
Thailand, however, norfloxacin and azithromycin were no 
better than placebo for the treatment of asymptomatic food 
workers who carried nontyphoidal salmonella, since such 
carriers frequently acquired new strains (usually from home 
rather than work), and antibiotic therapy was associated with 
emergence of resistance (Sirinavin et al., 2003).

Norfloxacin was superior to TMP-SMX and placebo in 
the treatment of patients with proven cholera, reducing stool 
output, duration of diarrhea, fluid requirements, and excre-
tion of V. cholerae (Lolekha et al., 1988; Bhattacharya et al., 
1990). More recent studies have shown that azithromycin 
and tetracycline may have improved clinical and microbio-
logical outcomes in the treatment of cholera over norfloxacin 
(Leibovici-Weissman et al., 2014).

Norfloxacin 400 mg daily is also effective in preventing 
diarrhea among travelers visiting a variety of developing 
countries (Dupont et al., 1986; Johnson et al., 1986; Wistrom 
et al., 1987; Scott et al., 1990; Bennish, 2003). In a random-
ized, placebo-controlled, double-blind study of prophylaxis 
with norfloxacin 200 mg twice daily, the incidence of diar-
rhea was much less among norfloxacin recipients (6/56 nor-
floxacin vs. 20/59 placebo recipients, p = 0.0006), and the 
duration of diarrhea was 1 versus 3.6 days for placebo recip-
ients. Similar findings were noted by Scott et al. (1990) 
among US military personnel serving in Egypt. A number of 
studies, particularly with norfloxacin, showed that fluoro-
quinolones had a protective efficacy of 80–100% (Rendi-
Wagner and Kollaritsch, 2002). However, emerging resistance 
among Campylobacter spp. to the quinolones, especially in 
Southeast Asia, raises questions about how long prophylaxis 
with these drugs will continue to be effective (Gaudreau and 
Gilbert, 1998).

7e.  Prevention of infection in neutropenic 
patients

In comparative studies, norfloxacin is more effective than 
placebo and better tolerated than a vancomycin/polymyxin 
combination or other nonabsorbable regimens for preven-
tion of infection in neutropenic patients (Winston et al., 
1986; Karp et al., 1987; Winston et al., 1987; Schmeiser et 
al., 1988; Nemet et al., 1989). Norfloxacin prophylaxis is also 
effective in patients undergoing bone marrow transplanta-
tion, but as in oncology patients, Gram-positive infections 
remain a problem (Bow et al., 1988; Cruciani et al., 1989; 
Giuliano et al., 1989; Menichetti et al., 1989; Classen et al., 
1990; Broun et al., 1994). In one comparison of prophy-
laxis with norfloxacin 400 mg twice daily with ciprofloxacin 
500 mg once daily in neutropenic patients with hematologic 
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malignancies, ciprofloxacin therapy was associated with a 
significantly lower incidence of fever (p = 0.01) and a lower 
rate of microbiologically documented infection, although 
this did not reach statistical significance (p = 0.058). Never-
theless, documented Gram-negative infections were signifi-
cantly less in the ciprofloxacin-treated group (p = 0.03), but 
there were no differences in the rates of fever of unknown 
origin or mortality (The GIMEMA Infection Program, 1991).

A systematic review of quinolone prophylaxis in neutro-
penic patients revealed that patients given prophylaxis with 
quinolones had reduced mortality. They also had a nonsig-
nificant increase in colonization with quinolone-resistant 
bacteria. However, there was no significant difference in the 
number of infections caused by pathogens resistant to quino-
lones (Gafter-Gvili et al., 2005; Gafter-Gvili et al., 2007). A 
meta-analysis of neutropenic patients receiving fluoroquino-
lone prophylaxis found no evidence for the routine addition 
of Gram-positive prophylaxis (Cruciani et al., 2003). Overall, 
it is not recommended that fluoroquinolones be routinely 
used for prophylaxis, although there are selected situations 
in which the increased risk of infection due to the underlying 
disease or the intensity of the chemotherapy may justify the 
use of antibiotic prophylaxis. Examples include the treatment 
of acute leukemia with intensive chemotherapy, patients 
with multiple myeloma undergoing myelosuppressive che-
motherapy, and patients undergoing intensive chemotherapy 
in preparation for hematopoietic cell transplantation.

7f.  Prophylaxis in non-neutropenic patients

INTENSIVE CARE PATIENTS

The value of gastrointestinal decontamination among non- 
neutropenic patients in intensive care units with regimens 
containing norfloxacin remains unclear. Cerra et al. (1992), in 
a prospective, randomized, double-blind, placebo-controlled 
trial of intensive care unit patients with hypermetabolism, 
compared norfloxacin 400 mg suspension three times daily 
+ nystatin 1 million units every 6 h with matching placebo 
solutions administered via nasogastric tube within 48 h of 
admission to the intensive care unit and continued for at 
least 5 days. Patients who underwent selective gut decontam-
ination experienced a significant reduction in the incidence 
of nosocomial infections and a reduced length of stay, but 
there was no associated decrease in progressive organ failure, 
adult respiratory distress syndrome, or mortality. Aerdts et 
al. (1991), in a prospective, randomized trial with blinded 
comparison of patients requiring prolonged mechanical ven-
tilation, studied the effect of norfloxacin + polymyxin E + 
amphotericin applied topically in the oropharynx and stom-
ach plus i.v. cefotaxime during the initial 5 days of inten-
sive care unit admission to two other regimens that did not 
include topical prophylaxis. Although a reduced incidence of 
acquired colonization of oropharynx/stomach and lower 
respiratory tract infection was noted with this prophylaxis 
regimen, there was no difference in mortality. Other studies 
which claim a reduction in morbidity and mortality among 

surgical intensive care unit patients receiving norfloxacin- 
containing decontamination regimens have been either not 
blinded or not randomized (Ulrich et al., 1989; Tetteroo et 
al., 1993). These possible benefits must be balanced against 
the potential to encourage the emergence of fluoroquino-
lone-resistant pathogens in the intensive care unit setting.

In a small study of patients (n = 10) with diarrhea related 
to bacterial overgrowth of the small bowel, norfloxacin and 
amoxicillin–clavulanic acid were equally effective in reducing 
stool frequency and improving hydrogen breath test results 
(Attar et al., 1999).

CIRRHOSIS AND ASCITES

Prophylaxis with norfloxacin 400 mg once or twice daily is 
effective in preventing spontaneous bacterial peritonitis 
(SBP) among patients with cirrhosis and low-protein ascites 
(Gines et al., 1990; Hoefs, 1990; Soriano et al., 1991; Soriano 
et al., 1992; Salmeron et al., 1992; Novella et al., 1997; Grangé 
et al., 1998; Bauer et al., 2002; Alvarez et al., 2005; Runyon, 
2007). This effect is predominantly due to a reduction in the 
rate of infection with aerobic Gram-negative bacilli. Gines et 
al. (1990) found that the overall probability of bacterial peri-
tonitis after prophylaxis with 400 mg daily for 1 year was 20% 
in the norfloxacin-treated group compared with 68% in the 
placebo group (p = 0.006), and that the probability of perito-
nitis due to Gram-negative bacilli was 3% in the norfloxacin- 
treated group compared with 60% in the placebo group 
(p = 0.001). Despite these findings, there was no significant 
reduction in the number of hospitalizations, episodes of 
hepatic encephalopathy, or mortality among the norfloxacin- 
treated group. Other authors using similar norfloxacin- 
containing regimens have found similar or more impressive 
results (Soriano et al., 1991; Salmeron et al., 1992). Soriano et 
al. (1991) also found a general decrease in the incidence of 
extraperitoneal infections and the rate of overall mortality 
among norfloxacin-treated patients; however, these differ-
ences did not reach statistical significance compared with 
placebo. In another study of cirrhotic patients with ascites 
who were treated with 400 mg twice daily or placebo for 7 
days beginning immediately after emergency gastroscopy, 
there was a significantly lower incidence of infections (10% 
vs. 37%, p = 0.001), bacteremia and/or bacterial peritonitis 
(3.3% vs. 16.9%, p < 0.05), and urinary infections (0% vs. 
18.6%, p = 0.001) in the norfloxacin-treated group. Once 
again, however, there was no statistically significant decrease 
in mortality, but the cost of antibiotic treatment was 62% less 
than that incurred in the control group, suggesting that such 
norfloxacin prophylaxis may be cost-effective in some cases 
(Soriano et al., 1991). Younossi et al. (1997) found norfloxa-
cin prophylaxis to be highly cost-effective, with $4632 sav-
ings per patient per year associated with its use. Fernández 
et al. (2007) showed that primary prophylaxis with 400 mg 
norfloxacin once daily delayed hepatorenal syndrome and 
significantly improved survival in patients with cirrhosis. 
Sandhu et al. (2005) found that the combination of norfloxa-
cin (400 mg daily) and cisapride significantly reduced the 
incidence of spontaneous bacterial peritonitis compared with 
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norfloxacin alone among cirrhotic patients. However, a study 
assessing the role of norfloxacin versus ceftriaxone in the 
prophylaxis of infections among patients (n = 111) with 
advanced cirrhosis presenting with gastrointestinal hemor-
rhage found that the probability of developing proven or 
possible infections, spontaneous bacteremia, or SBP was sig-
nificantly higher in patients receiving norfloxacin (p = 0.03 
to 0.003), with most Gram-negative bacilli infections being 
quinolone resistant (Fernández et al., 2006). Thus in this 
acutely ill patient group, ceftriaxone would appear to be more 
appropriate for treatment.

The risk with long-term primary or secondary norfloxa-
cin prophylaxis for SBP is that patients will become fecally 
colonized with Gram-negative bacteria that are fluoroquino-
lone resistant and that subsequent SBP infections may be 
more difficult to treat if fluoroquinolones are ineffective. The 
emergence of such resistant pathogens has been observed in 
clinical studies of cirrhotic patients receiving prophylaxis 
with norfloxacin and other fluorquinolones. Fernández et al. 
(2012) showed that long-term norfloxacin prophylaxis lead 
to an increase in isolation of mutiresistant bacteria (hazard 
ratio 2.69) (Novella et al., 1997; Bauer et al., 2002; Fernandez 
et al., 2012). For this reason, a number of studies have 
assessed the efficacy of prophylaxis with TMP-SMX versus 
norfloxacin with the view that the emergence of resistance to 
TMP-SMX may not have the same subsequent clinical impact 
as fluoroquinolone resistance (Alvarez et al., 2005; Lontos et 
al. 2008; Lontos et al. 2014). In these studies, both drugs were 
equally effective in preventing all-cause infections, SBP, and 
death, and were associated with a similar rate of drug-related 
side effects. Lontos et al. (2008) suggested that TMP-SMX was 
likely to be a more cost-effective option and to reduce the 
risk of fluoroquinolone resistance in patients with cirrhosis. 
For this reason, some national guidelines now recommend 
TMP-SMX as the first-line agent for secondary SBP prophy-
laxis, with norfloxacin reserved for patients who develop SBP 
while receiving TMP-SMX (Antibiotic Expert Group, 2014). 

Other reported benefits of norfloxacin in cirrhotic 
patients include partial reversal of the hyperdynamic circula-
tory state (Rasaratnam et al., 2003). Given the experience 
in neutropenic patients, in whom long-term prophylaxis has 
led to a shift in the spectrum of infecting pathogens to a 
higher incidence of Gram-positive infections, there are con-
cerns that a similar shift may occur with norfloxacin in spon-
taneous bacterial peritonitis, with more infections due to 
S.  pneumoniae, other streptococcal species, and enterococci 
(Schubert et al., 1991).

In cirrhosis, norfloxacin appears to exhibit immunomod-
ulatory activitiy. In cirrhotic patients receiving norfloxacin 
there is an inverse correlation between norfloxacin serum lev-
els and and pro-inflammatory cytokine (TNF-alpha, IL-12, 
and interferon-gamma) concentration (Zapater et al., 2009). 

PREVENTION OF BILIARY STENT OBSTRUCTION

Early reports suggested that a combination of norfloxacin 
and ursodeoxycholic acid could prevent the occlusion of bil-
iary stents inserted to relieve obstructive jaundice (Barrioz et 

al., 1994; Wilcox, 1994). However, a prospective, random-
ized, multicenter trial comparing ursodeoxycholic acid and 
norfloxacin with conservative management found that at 
6  months, cumulative stent patency rate and survival did 
not  differ between the groups. Moreover, ursodeoxycholic 
acid appeared to potentially cause stent obstruction (De 
Lóedinghen et al., 2000).

PREVENTION OF POSTOPERATIVE INFECTION IN 
LIVER TRANSPLANTATION

In a randomized, double-blind, placebo-controlled study to 
assess the efficacy of selective decontamination of the diges-
tive tract (SDD), adults undergoing elective liver transplan-
tation were treated with either norfloxacin 400 mg once daily 
or placebo as soon as they were accepted for transplantation. 
Postoperatively they also received an oral gut decontamina-
tion regimen, including colitistin + tobramycin + amphoter-
icin B. There was no significant difference in the rate of 
postoperative infection between the two study groups, but 
the SDD increased the cost of care, and SDD-treated patients 
had more Gram-postive infections but fewer Gram-negative 
and Candida infections (Zwaveling et al., 2002).

7g.  Ocular infections

Topical 0.3% norfloxacin drops are clinically and microbio-
logically similar in activity to topical chloramphenicol, gen-
tamicin, or tobramycin, and superior to placebo, for acute 
bacterial conjunctivitis and/or blepharitis (Jacobson et al., 
1988; Huber-Spitzy et al., 1991; Miller et al., 1992a; Miller 
et al., 1992b; Miller et al., 1992c). In particular, topical 0.3% 
norfloxacin drops have proven effective in Pseudomonas 
ulcerative keratitis (Vajpayee et al., 1991). In a double-masked 
randomized study, norfloxacin ophthalmic solution 0.3% 
and ciprofloxacin ophthalmic solution 0.3% were found to be 
similar with respect to efficacy and tolerance (Adenis et al., 
1996). Preoperative norfloxacin eyedrops are no better than 
placebo in preventing bacterial contamination of anterior 
chamber aspirates after extracapsular cataract surgery, sug-
gesting that the value of such preoperative treatment may be 
debatable (Chitkara et al., 1994). The role of fluoroquinolones 
in ocular therapy has been reviewed (Smith et al., 2001).

7h.  Malaria

Norfloxacin 400–800 mg twice daily for 3 days has some lim-
ited in vivo activity against P. falciparum. However, in a pro-
spective, randomized, comparative trial of norfloxacin 400 
mg twice daily for 3 days versus standard-course chloroquine 
in semi-immune adults with symptomatic falciparum malaria 
in northwestern Zambia (where chloroquine resistance is 
common), norfloxacin was markedly inferior to chloroquine 
such that the trial was terminated early (cure rates: 100% 
chloroquine; 40% norfloxacin, p < 0.001) (McClean et al., 
1992; Tripathi et al., 1993). Similarly, in Kenyan children 
norfloxacin was not an effective treatment for P. falciparum 
malaria (Havemann et al., 1992). These findings are consistent 
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with those of similar studies using other fluoroquinolones 
(Deloran et al., 1991; Watt et al., 1991).

7i.  Tularemia

Although ciprofloxacin and norfloxacin are not the drugs of 
first choice for the treatment of tularemia, they have proven 
effective in at least six cases (Enderlin et al., 1994).
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1. DESCRIPTION

Ofloxacin is a fluoroquinolone antibiotic first synthesized 
at Daiichi Pharmaceutical Company, Japan, in 1980. It has 
the chemical formula 9-fluoro-3-methyl-10-(4-methyl-1-
piperazinyl)-7-oxo-2,3-dihydro-7H-pyrido-(1,2,3-de)1,4-
benzoxazine-6-carboxylic acid (Sato et al., 1982; Kumazawa 
and Yagisawa, 2002). The chemical structure of the com-
pound is shown in Figure 103.1 (Sato et al., 1982). 

Ofloxacin is a racemic mixture of S-(–)-isomer DR-3355 
and R-(+)-isomer DR-3354 (Une et al., 1988). The S-isomer 
has 8- to 128-fold more antibacterial potency than the 
R-isomer (Une et al., 1988). To take advantage of this 
enhanced activity, the S-isomer has been developed further 
as levofloxacin (see Chapter 104, Levofloxacin) (Tanaka et 
al., 1992). The antibacterial spectrum of ofloxacin is similar 
to that of ciprofloxacin, but there are some differences (Sato 
et al., 1982; Van Caekenberghe and Pattyn, 1984; Chantot 
and Bryskier, 1985; Forsgren, 1985; Goossens et al., 1985; 
Kumada and Neu, 1985).

After initial development and patenting in 1982 in Japan, 
ofloxacin was licensed to Hoechst for the European market. 
It was approved by the United States Food and Drug 
Administration (FDA) in 1990 and was then marketed by 
Johnson & Johnson for the United States market (Sanders, 
1992b; Kumazawa and Yagisawa, 2002). It has since become 
available in most countries including North and South 
America, Europe, Africa, and Asia in many generic and 
non-generic formulations, including 200-, 300- and 400-mg 

tablets, as well as i.v. preparations, ophthalmic drops (3 mg/ml, 
0.3%) and otic solution (3 mg/ml, 0.3%). 

In many countries, newer generation fluoroquinolones 
such as levofloxacin or moxifloxacin have replaced ofloxacin 
due to their generally improved activity. However, where cost 
is a consideration, ofloxacin remains a popular choice for 
many indications. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

In general, ofloxacin has good activity against many Entero-
bacteriaceae, but aerobic Gram-positive bacteria and Pseudo
monas are less susceptible, while obligate anaerobes are 
usually resistant. It has useful activity against atypical or - 
ganisms such as many mycobacteria, Chlamydia, Legionella, 
Mycoplasma, and Ureaplasma. Overall, the in vitro activity 
of ofloxacin is generally comparable with or less than that of 
ciprofloxacin (see Chapter 101, Ciprofloxacin), although a 
number of studies have suggested that in terms of overall 
breadth of activity against a wide variety of pathogens, oflox-
acin may be superior. Against some Gram-negative species 
such as Pseudomonas aeruginosa and many Enterobacteria-
ceae, however, ofloxacin is frequently inferior to ciprofloxa-
cin (Sheng et al., 2002; Sirot et al., 2002). Against common 
Gram-positive and -negative pathogens, ofloxacin is similar 
to or more active than other early-generation fluoroquinolo-
nes such as norfloxacin, fleroxacin, or enoxacin (Auckenthaler 
et al., 1986; Bassey et al., 1986; Grüneberg et al., 1988; Canton 
et al., 1992; Sanders, 1992a; Jones and Hoban, 1994; Prosser 
and Beskid, 1995). The typical MIC90s of ofloxacin against 
selected bacterial species are shown in Table 103.1.

GRAM-POSITIVE AEROBIC BACTERIA

Ofloxacin has broadly similar but slightly inferior activity 
to ciprofloxacin against most Gram-positive pathogens. 
Methicillin-susceptible Staphylococcus aureus (including 
penicillin-resistant strains) are often susceptible, or border-
line-susceptible (Monzon et al., 2002; Nishijima et al., 2002; Figure 103.1. Chemical structure of ofloxacin.
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Saegeman et al., 2007). Methicillin-susceptible coagulase 
negative staphylococci are variably susceptible or resistant 
(Monzon et al., 2002; Saegeman et al., 2007). Most isolates 
of methicillin-resistant S. aureus (MRSA) and methicillin- 
resistant S. epidermidis from hospitalized patients are now 
ofloxacin resistant (Kitao, 2003; Thouverez et al., 2003; Samra 
et al., 2005). 

Streptococcus pneumoniae typically now has an MIC50 of 
2  µg/ml, which is at the upper limits of the Clinical and 
Laboratory Standards Institute (CLSI) and pharmacokinet-
ic-pharmacodynamic (PK/PD) breakpoints for susceptibility 
(Srifuengfung et al., 2007a; Senok et al., 2007; Sener et al., 
2007b; Srifuengfung et al., 2010a). This means that approxi-
mately 50% of strains are now either intermediate (MIC of 

4 µg/ml) or resistant (MIC > 8 µg/ml) (Senok et al., 2007). 
The majority of these strains are intermediate, as in many 
series the MIC90 is 4 µg/ml (Senok et al., 2007; Sener et al., 
2007). International multiresistant clones of ofloxacin- 
resistant S. pneumoniae have emerged (see later under 2b, 
Emerging resistance and cross-resistance) (Broskey et al., 
2000; McGee et al., 2002; Johnson et al., 2003 Montagnani et 
al., 2006; Paraskakis et al., 2006). However, resistance to 
ofloxacin is not uniform worldwide, with one series from 
Africa reporting 100% of pneumococci from respiratory tract 
were ofloxacin susceptible (Ndiaye et al., 2009). Ofloxacin 
has unreliable activity against hemolytic streptococci (Groups 
A, B, C, and G) and viridans streptococci, but regional differ-
ences exist (King et al., 1985; Mazzulli et al., 1990; Spangler 

Table 103.1. In vitro susceptibility of ofloxacin.

Organism
Typical MIC90

(µg/mL)

Gram-positive bacteria

Staphylococcus aureus, methicillin-susceptible 0.5–2

Staphylococcus aureus, methicillin-resistant   2–> 16

Staphylococcus coagulase negative, 
methicillin-susceptible

0.5–16

Staphylococcus coagulase negative, 
methicillin-resistant

  1–> 16

Streptococcus pneumoniae 4

Streptococcus pyogenes   2–4

Enterococcus faecalis   4–8

Enterococcus faecium   4–8

Listeria monocytogenes   4–8

Propionibacterium acnes 1.5–2

Clostridium perfringens 0.5–2

Clostridium difficile  16–32

Peptostreptococcus spp.   8–16

Gram-negative bacteria

Escherichia coli 0.125–> 32

Enterobacter spp.   1–8

Klebsiella spp. 0.5–2

Proteus mirabilis 0.5–2

Proteus vulgaris 0.25–8

Morganella morganii 0.25–8

Providencia spp.   1–8

Serratia marsescens   1–8

Citrobacter freundii 0.25–8

Salmonella typhi 0.38–1

Salmonella paratyphi   1–1.5

Shigella spp. 0.125–1

Yersinia enterocolitica 0.125

Campylobacter jejeuni   2–32

Acinetobacter spp.  16–32

Haemophilus influenzae 0.064–2

Moraxella catarrhalis 0.125–2

Pseudomonas aeruginosa   8–16

Burkholderia cepacia   4–32

Organism
Typical MIC90

(µg/mL)

Stenotrophomonas maltophilia   4–8

Neisseria meninigitidis 0.015–0.06

Neisseria gonorrhoeae   2–32

Bacteroides fragilis   4–16

Other fastidious bacteria*

Helicobacter pylori 0.5–2

Bordetella pertussis 0.125

Brucella melitensis 0.5–2

Yersinia pestis 0.03–0.25

Mycoplasma pneumoniae   1–2

Mycoplasma hominis   2–4

Chlamydia trachomatis 0.5–1

Chlamydophila pneumoniae 0.5–4

Ureaplasma urealyticum   4–25

Mycobacterium tuberculosis 0.25–32

Mycobacterium avium complex 0.5–50

*May not be calibrated for susceptibility testing.
Source: Compiled from Aktas and Ozbek, 2003; Appelbaum, 1999; Baltch 

et al., 1995; Belda Junior et al., 2007;Berron et al., 2000; Bonacorsi et al., 
1994; Borobio et al., 1994; CDC, 2007; Davies et al., 1987b; Delmee and 
Avesani, 1986; Diekema et al., 2000; Dosa et al., 1999; Facinelli et al., 
1997; Frean et al., 1996; Freidank et al., 1999; Fu et al., 1992; Fukouka 
et al., 1993; Goldstein and Citron, 1991; Goldstein, 1993; Gorzynski et 
al., 1989; Hoban et al., 2000; Hoppe et al., 1996; Huang et al., 2005; 
Ishida et al., 1994; Jacobs et al., 2003; Johnson and Roberts, 1987; Kaku 
et al., 1994; Kenny and Cartwright, 1991a; Kenny and Cartwright, 1991b; 
Kitao, 2003; Kocagoz et al., 2002; Koirala et al., 2013; Kurokawa et al., 
1999; Kurzynski et al., 1988; Liang et al., 2008; MacGowan et al., 1990; 
Miyashita et al., 2001; Montagnani et al., 2006; Monzon et al., 2002; 
Moodley et al., 2001; Murray et al., 1993; Ndiaye et al., 2009; Niward et 
al., 2015; Osato et al., 2001; Paraskakis et al., 2006; Parry et al., 2011; 
Parry et al., 2007; Phongmany et al., 2005; Quentin et al., 2004; Rigouts 
et al., 2015; Saito et al., 1995; Sanchez et al., 1994; Sanchez-Romero et 
al., 2007; Sener et al., 2007;Senok et al., 2007; Sheng et al., 2002; Sirot 
et al., 2002; Smith et al., 1995; Spangler et al., 1996; Srifuengfung et al., 
2007a; Srifuengfung et al., 2010b; Stout et al., 1998; Talsma et al., 1999; 
Trujillano-Martin et al., 1999; Valdezate et al., 1999; Vazquez et al., 2003; 
Wain et al., 1997; Xie and Zhang, 2006; Yoo et al., 2004.
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et al., 1992; McWhinney et al., 1993; Pankuch et al., 1995). 
Two Chinese studies found 100% of group A streptococci 
isolates were ofloxacin susceptible (Liang et al., 2008; Liang 
et al., 2012). 

Abiotrophia (previously known as nutritionally variant 
streptococci) have rarely been tested against ofloxacin, but in 
one study of 39 isolates, all were susceptible (Tuohy et al., 
2000). 

Enterococci and Listeria monocytogenes should generally 
be considered resistant (MIC90 4–8 µg/ml) (MacGowan et 
al., 1990; Fu et al., 1992; Murray et al., 1993; Cherubin and 
Stratton, 1994; Facinelli et al., 1997; Soni et al., 2013). 
Corynebacterium and Propionibacterium acnes are generally 
susceptible (Soriano et al., 1987). Bacillus anthracis is gener-
ally susceptible (MICs typically 0.25 µg/ml), although less 
susceptible than newer quinolones such as levofloxacin, 
moxifloxacin, and garenoxacin, and high-level resistance is 
readily obtained by in vitro serial passage through ofloxa-
cin-containing media (Athamna et al., 2004a; Athamna et al., 
2004b; Athamna et al., 2004c; Bast et al., 2004). Ofloxacin is 
an effective therapy for experimental B. anthracis infection 
in gamma-irradiated mice, similar to penicillin G, although 
not as effective as trovafloxacin or gatifloxacin (Elliott et al., 
2002).

GRAM-NEGATIVE AEROBIC BACTERIA

Ofloxacin is generally very active against many Enterobac-
teriaceae, including Klebsiella, Proteus mirabilis, Salmonella, 
and Shigella (Table 103.1). In general, ciprofloxacin (see 
Chapter 101, Ciprofloxacin) is slightly more active than 
ofloxacin against Enterobacteriaceae (Diekema et al., 2000; 
Sheng et al., 2002; Sirot et al., 2002). Escherichia coli is 
becoming increasingly resistant to ofloxacin in some regions, 
with resistance rates of 24% among urinary tract isolates 
in Nigeria and 55.1% among extended-spectrum beta-lact-
amase–producing E. coli in Sudan (Aboderin et al., 2009; 
Ibrahim et al., 2012). In Taiwan, highly resistant strains of 
E. coli have also emerged with MIC90 > 32 µg/ml (Sheng et al., 
2002). 

Compared with other Enterobacteriaceae, Citrobacter, 
Enterobacter, Morganella morganii, and indole-positive strains 
of Proteus are not quite as susceptible (Sheng et al., 2002; 
Quentin et al., 2004). Ofloxacin now has unreliable activity 
against the Serratia spp., Providencia stuartii, and Providencia 
rettgeri (Kolar et al., 2001; Sirot et al., 2002; Quentin et al., 
2004). Interestingly, no ofloxacin resistance was detected in 
Spanish Serratia isolates collected during the late 1940s or in 
recent environmental isolates (Fusté et al., 2012). 

As with other fluoroquinolones, ofloxacin is often active 
against Enterobacteriaceae that are resistant to narrower 
spectrum antibiotics such as nalidixic acid, ampicillin, and 
cephalexin. The exception to this is Salmonella typhi and 
S.  paratyphi strains that have emerged that were typically 
ofloxacin- or ciprofloxacin-susceptible but nalidixic acid–
resistant (Hakanen et al., 1999; Rodrigues et al., 2003). In a 
large study of 1774 isolates of S. typhi from eight Asian coun- 

tries, 5–51% were nalidixic acid-resistant, with the highest 
resistance rates in Vietnam (Chau et al., 2007). These strains 
have been associated with clinical failure of fluoroquinolone 
therapy, especially when short-course therapy has been used 
(Wain et al., 1997). These isolates typically have higher oflox-
acin MICs than nalidixic acid–susceptible strains. In recog-
nition of this, the CLSI lowered Salmonella-specific MIC 
breakpoints for ofloxacin in 2013, with < 0.125 µg/ml suscep-
tible, 0.25–1 µg/ml intermediate, and > 2 µg/ml resistant 
(Sjölund-Karlsson et al., 2014). 

Ofloxacin has variable susceptibility against other aerobic 
Gram-negative bacilli. Alcaligenes spp. and Flavobacterium 
spp. have variable susceptibility and are generally less sus-
ceptible than the Enterobacteriaceae (Fukuoka et al., 1993; 
Spangler et al., 1996; Chang et al., 1997). Acinetobacter spp. 
also have variable ofloxacin susceptibility, with many strains 
now resistant (Fu et al., 1992; Aktas and Ozbek, 2003). Aero
monas, Plesiomonas, Vibrio cholerae, and Yersinia enteroco
litica are generally quite sensitive, although fluoroquinolone 
resistance has been reported in V. cholerae, especially non-01 
non-0139 strains (Burgos et al., 1990; Fu et al., 1992; 
Mukhopadhyay et al., 1998; Overman and Janda, 1999). 
However, resistance rates vary by region. For instance, in a 
study of 243 V. cholerae 01 serotype Inaba isolates from 
Pakistan, all were ofloxacin-susceptible (Jabeen et al., 2008), 
and all 76 isolates of V. cholerae 01 serotypes Inaba and 
Ogawa were ofloxacin-susceptible during the 2007–2010 out-
break in Kenya (Mercy et al., 2014). Nalidixic acid–resistant 
strains of Aeromonas caviae and A. veronii bv sobria can have 
high ofloxacin MICs of up to 8 µg/ml, and these strains have 
gyrA and/or parC DNA gyrase mutations, similar to the 
resistance mechanisms described for S. typhi and S. paratyphi 
(Arias et al., 2010). Ofloxacin-resistant strains of Campylo
bacter jejuni have emerged in many countries (Sanchez et 
al., 1994; Gomez-Garces et al., 1995; Talsma et al., 1999). 
Helicobacter pylori and Gardnerella vaginalis have variable 
ofloxacin susceptibility (Liebowitz et al., 1986; Osato et al., 
2001; Kumala and Rani, 2006).

Pseudomonas aeruginosa is variably susceptible, as ofloxa-
cin is generally not as active in vitro as ciprofloxacin (see 
Chapter 101, Ciprofloxacin), which is often more potent by 
up to three dilutions (Bouza et al., 1999; Sheng et al., 2002). 
In a large study from Spain of 1250 clinical P. aeruginosa iso-
lates, 24% of ofloxacin-resistant strains were ciprofloxacin- 
susceptible, but only 1% of ciprofloxacin-resistant strains 
were ofloxacin-susceptible. In the same study, ofloxacin 
resistance rose from 30% in 1998 to 37% in 2003 (Sanchez-
Romero et al., 2007). Among hospitalized patients in Paki-
stan, the majority of P. aeruginosa strains are now resistant, 
with resistance rates of 60–70% (Khan et al., 2008; Ali et al., 
2015). Despite these variable in vitro findings, clinical efficacy 
with ciprofloxacin is likely to be impaired for ofloxacin- 
resistant P. aeruginosa infections. 

Ofloxacin has poor activity against other Gram-negative 
species such as Burkholderia cepacia, B. pseudomallei, or 
Stenotrophomonas maltophilia, which are generally resistant 
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(Winton et al., 1988; Yamagishi et al., 1993; Pankuch et al., 
1994; Ristow et al., 1995; Spangler et al., 1996; Valdezate et 
al., 1999). Haemophilus influenzae, Moraxella catarrhalis, 
and Neisseria meningitidis remain very susceptible (Jacobs 
et al., 2003; Vazquez et al., 2003; Senok et al., 2007; Sener et 
al., 2007; Srifuengfung et al., 2007b; Ndiaye et al., 2009). 
H.  ducreyi is susceptible (Wall et al., 1985; Knapp et al., 
1993). N. gonorrhoeae, while previously susceptible to oflox-
acin, has developed resistance so that in most countries 
 fluoroquinolones are no longer recommended for empiric 
therapy (Dan et al., 2002; Yoo et al., 2004; CDC, 2007). In 
many countries, the majority of N. gonorrhoeae are fluoro-
quinolone-resistant, with resistance rates of 85% in China 
in 2002, > 50% among many other Asian countries (WHO, 
2001) and > 90% among isolates from HIV-positive patients 
in Thailand during 2005–2009 (Srifuengfung et al., 2009). 

Ofloxacin is one- to twofold less active than ciprofloxacin 
against Bordetella pertussis (MIC90 0.125 µg/ml); B. paraper
tussis tends to be two- to fourfold less susceptible to the 
fluoroquinolones (Kurzynski et al., 1988; Hoppe et al., 1996). 
Ofloxacin is active against Brucella melitensis (MIC90 0.5–2 
µg/ml), B. abortus, and Eikenella corrodens (MIC90 0.03 µg/
ml) (Goldstein et al., 1986; Trujillano-Martin et al., 1999; 
Kocagoz et al., 2002; Barbosa Pauletti et al., 2015; Denk et al., 
2015).

Legionella pneumophila is usually susceptible to ofloxacin 
(MIC range 0.015–1 µg/ml), although it had less intracellular 
activity than levofloxacin or ciprofloxacin when tested in 
a human monocyte cell line (Baltch et al., 1995; Stout et al., 
1998). Ofloxacin is also active against a range of other 
Legionella species (MIC50 0.19 µg/ml, range 0.064–1.5 µg/ml 
(Nielsen et al., 2000). The drug is effective in experimental 
L. pneumophila pneumonia in guinea pigs (Saito et al., 1985).

Ofloxacin is significantly less active than ciprofloxacin or 
pefloxacin against Francisella tularensis (Syrjala et al., 1991). 
Y. pestis is susceptible (MIC90 0.03–0.25 µg/ml) (Bonacorsi 
et al., 1994; Smith et al., 1995; Frean et al., 1996). Mice with 
experimental pneumonic plague due to Y. pestis and treated 
with ofloxacin intraperitoneally had 100% survival if the 
drug was commenced early (at 24 h) and 60% survival if the 
drug was started late (at 42 h), similar rates to ciprofloxacin 
and streptomycin (Byrne et al., 1998). Similar efficacy to 
streptomycin was found also in another murine model 
(Bonacorsi et al., 1994).

ANAEROBES

Ofloxacin has very limited clinical activity against anaerobes 
and in general should not be used to treat anaerobic infec-
tions. It has little useful activity against obligate anaerobes, 
with MIC90s often > 4 µg/ml. Gram-positive anaerobes, such 
as Peptococcus and Peptostreptococcus spp., may be border-
line susceptible (MIC90 ≤ 16 µg/ml), but Actinomyces spp. are 
resistant (Goldstein and Citron, 1991). Clostridium perfrin
gens may sometimes be susceptible to ofloxacin (MIC90 0.5–2 
µg/ml), but other Clostridia spp. are generally resistant (Gold-
stein and Citron, 1992; Goldstein, 1993; Appelbaum, 1995; 

Appelbaum, 1999). In particular, C. difficile is usually resis-
tant to ofloxacin (MIC90 16–32 µg/ml) (Delmee and Avesani, 
1986; Appelbaum, 1999; Cattoir et al., 2008).

Ofloxacin does not have clinically useful activity against 
anaerobic Gram-negative bacteria such as Bacteroides fragilis, 
Fusobacterium, and Prevotella spp., which are frequently 
resistant (MIC90 4–16 µg/ml). Other Bacteroides spp. are usu-
ally resistant (Fernandes et al., 1986; Goldstein and Citron, 
1992; Goldstein, 1993; Borobio et al., 1994; Appelbaum, 
1995; Puapermpoonsiri et al., 1997; Appelbaum, 1999; Yehya 
et al., 2013).

MYCOBACTERIA

Against M. tuberculosis, ofloxacin has similar, or occasionally 
slightly greater, in vitro activity (MIC90 0.25–32 µg/ml; gen-
erally < 1 µg/ml) than ciprofloxacin, but less activity than 
levofloxacin, sparfloxacin, moxifloxacin, and gatifloxacin, 
and if strains are susceptible, has good clinical efficacy in 
combination therapy regimens (Davies et al., 1987b; Gor-
zynski et al., 1989; Yew et al., 1990a; Yew et al., 1994a; Saito et 
al., 1995; Alangaden and Lerner, 1997; Jacobs, 1999; Huang 
et al., 2005; Lourenco et al., 2007; Umubyeyi et al., 2007; 
Sirgel et al., 2012; Niward et al., 2016). Moxifloxacin MICs 
are typically 1–2 doubling dilutions more active than ofloxacin 
when tested against the same strains of multidrug-resistant 
tuberculosis (Sirgel et al., 2012). 

Among the atypical mycobacteria, some strains of Myco
bacterium avium complex may be susceptible, but consider-
able variability has been reported with MIC90 0.5–50 µg/ml 
(Fenlon and Cynamon, 1986; Johnson and Roberts, 1987; 
Jacobs, 1995; Saito et al., 1995). Mycobacterium kansasii and 
M. fortuitum are variably susceptible to ofloxacin (MIC90 
0.5–3 µg/ml) (Casal et al., 1987; Garcia-Rodriguez and 
Gomez Garcia, 1993; Tsui et al., 1993; Witzig and Franzblau, 
1993; Saito et al., 1995; Gayathri et al., 2010), but M. hae
mophilum is relatively resistant to fluoroquinolones, with 
an MIC90 of 8, 8, and 4 µg/ml for ofloxacin, ciprofloxacin, 
and sparfloxacin, respectively (Bernard et al., 1993; Garcia-
Rodriguez and Gomez Garcia, 1993). M. chelonae, M. absces
sus, M. intracellulare, and M. scrofulaceum are generally 
resistant (Texier-Maugein et al., 1987; Saito et al., 1995; 
Gayathri et al., 2010). Using the BACTEC radiometric 
method, MICs to M. ulcerans were in the range 0.25–2 µg/
ml, similar to ciprofloxacin but 2–8 times less than for sita-
floxacin (see Chapter 107, Sitafloxacin) (Dhople and Namba, 
2002). Ofloxacin also inhibits the growth of M. ulcerans in 
mouse footpads, although less so than sitafloxacin, and 
when ofloxacin was added to rifampicin, the bactericidal 
dose of rifampicin was reduced by 50% (Dhople and Namba, 
2003). Using a novel plate culture method, MICs to M. ulcer
ans were 1–2 µg/ml; 2–16 times less than for sparfloxacin 
(Thangaraj et al., 2000). 

Ofloxacin is also active against M. leprae in mouse foot-
pad models and in some small clinical trials of patients with 
lepromatous leprosy (Franzblau, 1989; Gelber et al., 1992; Ji 
et al., 1996; Rao et al., 1994; Fajardo et al., 2004). Detection 
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of ofloxacin resistance using the mouse footpad culture 
method is difficult and cumbersome, but as the most com-
mon M. leprae resistance mutation is in the gyrA gene, resis-
tance can be detected by PCR and direct sequencing (Sekar 
et al., 2011). Nine of 111 (8.1%) relapsed Indian leprosy 
patients had ofloxacin resistance detected by this method 
(Lavania et al., 2014). In comparison, a study of leprosy 
patients from Vietnam (83 new cases, 321 patients receiv-
ing treatment and 19 relapsed patients) noted no ofloxacin- 
resistant M. leprae using gyr A PCR (Kai et al., 2011). 

MYCOPLASMA AND CHLAMYDIA

Although susceptibility testing for this group of organisms 
is not standardized, M. pneumoniae is usually considered 
susceptible to ofloxacin (MIC90 1–2 µg/ml) (Kenny and 
Cartwright, 1991b; Ishida et al., 1994; Kaku et al., 1994). 
M. hominis was often susceptible to ofloxacin (MIC90 1–2 
µg/ml) (Kenny and Cartwright, 1991a; Dosa et al., 1999), 
although high resistance rates have been reported more 
recently in some regions (Karabay et al., 2006; Bayraktar et 
al., 2010; Krausse and Schubert, 2010; Dhawan et al., 2012; 
Ponyai et al., 2013; Song et al., 2014). 

Ureaplasma urealyticum is now usually considered resis-
tant (MIC90 usually 4–25 µg/ml) (Kenny and Cartwright, 
1991b; Dosa et al., 1999; Cakan et al., 2003; Karabay et al., 
2006; Xie and Zhang, 2006; Kechagia et al., 2008; Bayraktar 
et al., 2010; Ye et al., 2014; Song et al., 2014). U. parvum has 
variable susceptibility (Govender et al., 2012; Ye et al., 2014; 
Hunjak et al., 2014). 

Chlamydia trachomatis is often susceptible (MIC 0.5–1 
µg/ml) (Schachter and Moncada, 1989; Nakata et al., 1992; 
Lefevre et al., 1993; Rice et al., 1995; Miyashita et al., 2001; 
Zheng et al., 2015). Ofloxacin was the most bactericidal 
agent against urethral cultures of C. trachomatis from 
untreated patients, equivalent to azithromycin and superior 
to pefloxacin, lomefloxacin, ciprofloxacin, and doxycycline 
(Smelov et al., 2004). C. pneumoniae and C. psittaci appear to 
be less susceptible (MIC range 0.5–4 µg/ml), and ofloxacin 
was less active than sparfloxacin against these bacteria 
(Hammerschlag et al., 1992; Roblin et al., 1994; Freidank et 
al., 1999; Miyashita et al., 2001). In a model of human HEp-2 
cells continuously infected with C. pneumoniae, ofloxacin, 
like azithromycin, reduced organism numbers but could not 
completely eliminate them (Kutlin et al., 1999).

OTHER ORGANISMS

Ofloxacin appears to be active against Coxiella burnetii in 
vitro at clinically achievable concentrations, although it is 
1–2 dilutions less active than ciprofloxacin, pefloxacin, or 
moxifloxacin and, like all fluoroquinolones, is not bacteri-
cidal (Raoult et al., 1989; Yeaman et al., 1989; Raoult et al., 
1991; Maurin and Raoult, 1997; Rolain et al., 1998; Gikas et 
al., 2001; Rolain et al., 2001; Spyridaki et al., 2009). Rickettsia 
rickettsii and R. conorii are susceptible to ofloxacin (MIC 1 
µg/ml) but ciprofloxacin, pefloxacin, and especially spar-
floxacin, appear to be more active (Jabarit-Aldighieri et al., 
1992).

Ofloxacin has limited activity against Borrelia burgdorferi 
(MIC90 2–4 µg/ml; MBC90 8 µg/ml) in vitro (Mursic et al., 
1987; Levin et al., 1993).

Quinolones have some in vitro activity againist Leishmania 
spp., but this has not been studied clinically. Ofloxacin was 
active against intracellular amastigotes of Leishmania (Vianna) 
panamensis in vitro, but was less active than ciprofloxacin or 
enoxacin (Romero et al., 2005). 

2b.  Emerging resistance and 
cross-resistance

Table 103.2 lists bacterial species in which ofloxacin resis-
tance development is of note. Since the introduction of fluo-
roquinolones, the development of resistance to ofloxacin 
among Gram-positive bacteria has predominantly occurred 
in MRSA and in S. pneumoniae. For the Gram-negative bac-
teria, N. gonorrhoeae, Pseudomonas spp., Acinetobacter spp., 
Stenotrophomonas spp., C. jejuni, some Enterobacteriaceae 
such as Providencia, Enterobacter, Citrobacter, Serratia, and 
S. typhi have been the major organisms with resistance issues 
(Cheng et al., 1987; Hoban et al., 1993; Jones et al., 1994; 
Waites et al., 1994; Sheng et al., 2002). In some countries, 
other Enterobacteriaceae such as E. coli and M. morganii are 
commonly also now high-level resistant, typically in patients 
previously treated with fluoroquinolones (Sheng et al., 2002). 
For instance, among patients with leukemia given oral oflox-
acin for prophylaxis against Gram-negative sepsis, a notable 
increase in the incidence of bacteremia due to fluoroquino-
lone-resistant E. coli was reported from < 0.5% in 1988–1989 
and 0.8% in 1990–1991 to 4.5% in 1992–93 (p < 0.01) at one 
institution (Kern et al., 1994). An increase in ofloxacin resis-
tance in E. coli, Proteus vulgaris, and P. rettgeri in a Czech 
hospital was correlated with increasing ofloxacin utilization 
in the hospital (Kolar et al., 2001). Similar trends have been 
noted elsewhere. Con versely, reduction in antimicrobial 
usage, including ofloxacin, can reduce ofloxacin resistance. 
Ofloxacin-resistant Enterobacteriaceae were reduced from 
91.3% to 42.1% of Enterobacteriaceae (p < 0.0001) after an 
antimicrobial stewardship policy was introduced and total 
antibiotic consumption was reduced in a tertiary hospital 
ICU in China (Hou et al., 2014).

Strains of Shigella dysenteriae with MICs to ofloxacin, cip-
rofloxacin, and norfloxacin 16- to 32-fold higher than those 
noted among typical strains have been reported from patients 
with enteritis in India (Pazhani et al., 2004). Strains of S. typhi 
emerged in Asia in the 1980s which have been associated 
with clinical failure of ofloxacin therapy. These strains typi-
cally tested ofloxacin or ciprofloxacin susceptible by stan-
dard disk testing methods but were nalidixic acid–resistant 
(Hakanen et al., 1999; Rodrigues et al., 2003). This observa-
tion resulted in a lowering of the CLSI Salmonella-specific 
MIC breakpoints for ofloxacin in 2013 (Sjölund-Karlsson 
et al., 2014). These strains are a particular problem in Asia 
but are not confined to this continent (Rodrigues et al., 2003; 
Parry, 2004; Parry et al., 2007). Similar to other fluoroquino-
lones (see Chapter 104, Levofloxacin), common ofloxacin 
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resistance mechanisms in the Enterobacteriaceae include 
target alterations in DNA gyrase (gyrA and parC), efflux 
pumps, and decreased cell wall permeability (Ishii et al., 
1991; Piddock, 1995; Martinez et al., 1998; Hakanen et al., 
1999; Kumar and Worobec, 2002; Wagenlehner et al., 2003; 
Turner et al., 2006).

Ofloxacin resistance in C. jejuni has emerged and contin-
ues to increase. In one Dutch region, ofloxacin resistance in 
1315 fecal isolates of C. jejuni increased from 11% to 29% in 
a 4-year period (Talsma et al., 1999). Similarly, reasonably 
high rates of ofloxacin resistance have been noted among 
strains of H. pylori, particularly following treatment with 
oral ofloxacin (Glupczynski et al., 1987; Osato et al., 2001).

As noted for ciprofloxacin (see Chapter 101, Cipro-
floxacin), ofloxacin-resistant isolates of N. gonorrhoeae are 
common, and in many countries the majority of isolates are 
fluoroquinolone-resistant (Kam et al., 1995; Tanaka et al., 
2000b; Moodley et al., 2001; Su and Lind, 2001; WHO, 2001; 
CDC, 2007 Srifuengfung et al., 2009). The most common 
resistance mutations are an initial mutation in gyrA resulting 
in a modest elevation in MIC, with a further two mutations 
in gyrA and a parC mutation resulting in high MICs (Belland 
et al., 1994; Tanaka et al., 2000a; Shultz et al., 2001; Kulkarni 
et al., 2012). As a result, ofloxacin is no longer recommended 
as an empiric therapy for gonorrhoeal infection or pelvic 
inflammatory disease (CDC, 2007).

Similar to the situation with ciprofloxacin (see Chapter 
101, Ciprofloxacin), resistance to ofloxacin has been noted 
mostly in MRSA, rather than methicillin-susceptible S. aureus 
(Shalit et al., 1989). Isolates from hospitalized patients are 
now usually ofloxacin resistant (Thouverez et al., 2003; 
Samra et al., 2005). Among these strains of ofloxacin- or 
ciprofloxacin-resistant S. aureus, cross-resistance with other 
fluoroquinolones is usually complete (Aldridge et al., 1992b). 
Such resistance is generally due to mutations in the gyrA 
gene with alterations in DNA gyrase (Hori et al., 1993). In 
one study, the introduction of ciprofloxacin on an unre-
stricted basis into a large community hospital was followed 
by the rapid emergence during the subsequent 18-month 
period of high-level fluoroquinolone resistance among MRSA 
(Aldridge et al., 1992a). Ofloxacin resistance has also emerged 
in coagulase-negative staphylococci, particularly in oxacillin- 
resistant strains (Pegues et al., 1998). In a study of coagulase- 
negative staphylococci, ofloxacin resistance was 11.5 times 
more common in patients who had received fluoroquinolone 
therapy within the last 30 days (95% confidence interval 
[CI]: 4.15–31.6, p < 0.001) (Pegues et al., 1998). 

Increasing resistance to ofloxacin has been noted among 
strains of group A streptococci in some institutions (Betriu 
et al., 1993). Among Enterococcus faecalis strains resistant to 
fluoroquinolones such as ofloxacin, alterations in the gyrase 
A subunit have been noted to be the major contibutor to flu-
oroquinolone resistance (Nakanishi et al., 1991).

Ofloxacin-resistant S. pneumoniae is emerging world-
wide, most commonly in pandemic multiresistant clones of 
serotypes 9V and 23F (McGee et al., 2002). Strains that are 
resistant to ofloxacin are typically resistant to the other fluo-

roquinolones, with a proportionate rise in MICs when resis- 
tance occurs (Broskey et al., 2000; Hoban et al., 2000). The 
most common ofloxacin resistance mechanisms in these clones 
are alterations in the fluoroquinolone resistance- determining 
regions of DNA gyrase and topoisomerase IV with sequen-
tial mutations in parC (resulting in low-level ofloxacin resis-
tance with MICs of 4–8 µg/ml), with additional mutations in 
gyrA resulting in higher levels of ofloxacin resistance with 
MICs > 16 µg/ml (Broskey et al., 2000; Johnson et al., 2003). 
GyrB and parE mutations can also occur but are less common 
(Srifuengfung et al., 2010b). In 2008, 6.5% of S. pneumoniae 
in a Bangkok university hospital were ofloxacin-resistant and 
these had gyrA or parC mutations, or both (Srifuengfung et 
al., 2010b). Other mechanisms of resistance in these strains 
include ofloxacin efflux pumps, although this usually results 
in only a modest elevation in MIC (Johnson et al., 2003). 
In  Spain, there is considerable genetic diversity amongst 
ofloxacin-resistant isolates, suggesting that in that country 
fluoroquinolone resistance has emerged repeatedly through 
independent mutational events (Alou et al., 2001). In con-
trast, in Hong Kong, the rise in fluroroquinolone resistance 
appears to be due to the dissemination of a single multiresis-
tant clone of serotype 23F (Ho et al., 2001).

Resistance to fluoroquinolones such as ofloxacin and moxi-
floxacin (see Chapter 105, Moxifloxacin) has been increas-
ingly reported among clinical strains of M. tuberculosis, with 
cross-class generally identified (Park et al., 2007; Singh et al., 
2015). Rates of ofloxacin resistance are low (< 3%) in tuber-
culosis (TB) treatment-naïve patients, but rise sharply in 
patients with prior TB treatment and/or known multidrug- 
resistant tuberculosis (MDR-TB), with ofloxacin resistance 
rates of up to 15–30% in reports from India and Bangladesh 
(Paramasivan et al., 2010; Jain et al., 2012; Salvo, 2014; Kamal 
et al., 2015). The most common fluoroquinolone resistance 
mechanisms are mutations in the gyrA and, less commonly, 
gyrB genes of M. tuberculosis DNA and efflux pumps (Siddiqi 
et al., 2004; Sulochana et al., 2007; Sun et al., 2008; Park et al., 
2007; Sun et al., 2014; Singh et al., 2015; Rigouts et al., 2016). 
Some TB strains with ofloxacin MICs of 1–2 μg/ml may con-
tain gyrA mutations despite testing susceptible to ofloxacin 
by the current EUCAST breakpoint of > 2 μg/ml. As a result, 
some authors have suggested a new intermediate breakpoint 
range of 1–2 μg/ml be introduced (Niward et al., 2015).

A summary of key features of emerging ofloxacin resis-
tance is shown in Table 103.2.

3. MECHANISM OF DRUG ACTION

Not surprisingly, given the drugs’ similarities, ofloxacin 
acts in a similar manner to levofloxacin (see Chapter 104, 
Levofloxacin).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

A summary of ofloxacin administration and dosing is shown 
in Table 103.3.
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4a.  Adults

ORAL ADMINISTRATION

The usual recommended dose ranges from 200 mg daily to 
400 mg twice daily, depending on the type and severity of the 
infection (Martindale, 2014; AHFS, 2016).

INTRAVENOUS ADMINISTRATION

Intravenous doses are generally similar to those recom-
mended with the oral preparation, as the formulations show 
near bioequivalence. Thus doses are usually i.v. ofloxacin 
200–400 mg twice daily. Infusions of ofloxacin i.v. should be 
administered slowly to avoid the risk of hypotension with 
more rapid or bolus delivery. The 0.2% solution must be 
infused over at least 30 minutes and the 0.4% solution over at 
least 60 minutes (Todd and Faulds, 1991; Martindale, 2014; 
AHFS, 2016). Various generic i.v. preparations of ofloxacin 
are available worldwide in i.v. infusion bottles (100 mg/50 ml, 
20 mg/100 ml, and 40 mg/20 ml) and i.v. vials for dilution 
(20 mg/10 ml and 40 mg/10 ml).

OPHTHALMIC ADMINISTRATION

The recommended dosage of ofloxacin ophthalmic solution 
for conjunctivitis and corneal ulcers is one or two drops in 
the affected eye every 2–4 hours while awake for 2 days, then 
one or two drops four times daily for up to an additional 
5  days (AHFS, 2015). Ophthalmic solution is available as 
3 mg/ml (0.3%, in a 5-ml bottle).

OTIC ADMINISTRATION

In adults with otitis externa, ten drops [otic solution, 3 mg/
ml (0.3%)] is given once daily for 7 days. For adults with 
chronic suppurative otitis media and perforated eardrum, 
ten drops is given twice daily for 14 days (AHFS, 2015; 
Martindale, 2014).

4b.  Newborn infants and children

ORAL AND INTRAVENOUS ADMINISTRATION

Similar to other fluoroquinolones, oral or i.v. ofloxacin is not 
generally administered to children or adolescents younger 

Table 103.2. Key features of emerging ofloxacin resistance.

Pathogen

Typical 
ofloxacin 
resistance 
MICs

Most common mechanism 
of resistance

Resistance widespread 
or limited to outbreaks 
and case reports

Clinical 
comments References

Streptococcus 
pneumoniae

4–> 16 µg/ml Gyr A and par C mutations 
in DNA gyrase and 
topoisomerase IV (gyr B 
and par E mutations less 
common)

Geographic diversity; 
some countries have 
resistance in only 
serotypes 9V and 23F, 
whereas other 
countries have 
widespread resistance

Dependant on 
local resistance 
patterns, but 
generally 
associated with 
loss of ofloxacin 
efficacy

Broskey et al., 2000; 
Johnson et al., 
2003; Srifuengfung 
et al, 2010a

ESBL-producing 
Escherichia coli

> 32 µg/ml Gyr A and par C mutations 
in DNA gyrase, efflux 
pumps and decreased 
cell wall permeability

Reported mostly from 
Africa and Taiwan; 
previous fluoroquino-
lone usage common

Loss of ofloxacin 
efficacy

Aboderin et al., 2009; 
Ibrahim et al., 2012; 
Sheng et al., 2002

Salmonella typhi 
or paratyphi

0.25–1 µg/ml 
intermediate; 
> 2 resistant

Gyr A and par C mutations 
in DNA gyrase, efflux 
pumps and decreased 
cell wall permeability

Common particularly in 
Asia

Avoid ofloxacin 
usage if MIC > 
0.25 µg/ml

Chau et al., 2007; 
Parry et al., 2011

Neisseria 
gonorrhoeae

> 8 µg/ml Gyr A and par C mutations 
in DNA gyrase

Initially in southeast 
Asia but now 
worldwide

Avoid ofloxacin 
empirically for 
gonorrhoea or 
pelvic inflam-
matory disease

Kulkarni et al., 2012; 
Shultz et al., 2001

Mycobacterium 
tuberculosis

> 2 µg/ml Gyr A and gyr B mutations 
in DNA gyrase

Common particularly in 
Asia

Associated with 
previous TB 
treatment or 
possibly prior 
fluoroquinolone 
usage

Paramasivan et al., 
2010; Jain et al., 
2012; Salvo et al., 
2014; Kamal et al., 
2015

Mycobacterium 
leprae

Unknown 
(resis tance 
detected by 
PCR)

Gyr A mutation in DNA 
gyrase

Relapsed cases 
particularly in India

Resistance 
infrequent at 
present

Kai et al., 2011; 
Lavania et al., 2014

ESBL, extended-spectrum beta-lactamase
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than 18 years (see Chapter 101, Ciprofloxacin). This is 
because fluoroquinolones can cause arthropathy (arthrosis) 
in immature animals of several species. The American 
Academy of Pediatrics states that use of fluoroquinolones in 
children younger than 18 years may be justified off-label in 
certain circumstances after careful assessment of the risks 
and benefits for the individual patient and after these bene-
fits and risks have been explained to caregivers (Todd and 
Faulds, 1991; Jafri and McCracken, 1999; American Academy 
of Pediatrics, 2000; AHFS, 2016).

OPHTHALMIC ADMINISTRATION

Ofloxacin ophthalmic solution is not recommended for top-
ical use in children aged under 12 months (AHFS, 2016). For 
children older than 12 months, recommended dosage is the 
same as for adult patients.

OTIC ADMINISTRATION

Ofloxacin otic solution is not recommended for topical use 
in children with otitis externa aged less than 6 months or 
with acute otitis media and tympanostomy tubes aged less 
than 12 months. In children aged 6 months to 13 years with 
otitis externa, five drops (0.25 ml) are given into the ear canal 
once daily for 7 days. Ofloxacin otic solution is only licensed 
for use with chronic suppurative otitis media and perforated 
eardrum in patients aged 12 years of age or older (AHFS, 

2016). In children aged 1–12 years with acute otitis media 
and tympanostomy tubes, five drops bid is given for 10 days 
(AHFS, 2016).

4c.  Pregnant and lactating mothers

Similar to other fluoroquinolones (see Chapter 101, Cipro-
floxacin), ofloxacin is not generally administered to pregnant 
or lactating women and it is known that ofloxacin crosses the 
blood–placental barrier well (Giamarellou et al., 1989; Todd 
and Faulds, 1991; Zhang et al., 1997). Two doses of ofloxacin 
400 mg i.v. every 12 hours results in maternal serum concen-
trations of between 0.07 and 0.68 µg/ml, with amniotic fluid 
concentrations of 0.13–0.25 µg/ml (Giamarellou et al., 1989). 
There have been few reports of the effect of ofloxacin on the 
fetus in pregnant women accidentally exposed to the drug. 
In a study of 200 women accidentally exposed to fluoro-
quinolones during pregnancy, only two received ofloxacin 
(Loebstein et al., 1998).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Ofloxacin is excreted predominantly via the kidneys, so dosage 
reduction is required when creatinine clearance is < 50 ml/min 

Table 103.3. Summary of ofloxacin administration and dosing.

Ofloxacin Oral Intravenous
Opthalmic solution 
0.3% Otic solution 0.3% 

Routine dosages

Adults 200 mg q12h–400 mg 
q12h (dose depends 
on clinical indication)

200–400 mg q12h 1–2 drops 2–4 hourly for 
2 days then 1–2 drops 
q6h for 4 days

10 drops q12h–q24h for 
7 days

Children > 12 months and 
< 18 y

Not recommended
(see text)

Not recommended
(see text)

1–2 drops 2–4 hourly for 
2 days then 1–2 drops 
q6h for 4 days

5 drops q12h–q24h for 
7 days

Newborn infants and children 
< 12 m

Not recommended Not recommended Not recommended Not recommended

Altered dosages

Impaired renal function

CrCl > 50–90 ml/min 200–400 mg q12h 200–400 mg q12h No dosage modification No dosage modification

CrCl 20–50 ml/min 200–400 mg q24h 200–400 mg q24h No dosage modification No dosage modification

CrCl < 20 ml/min 200 mg q24h 200 mg q24h No dosage modification No dosage modification

Haemodialysis 100–200 mg after 
dialysis

100–200 mg after 
dialysis

No dosage modification No dosage modification

Continuous ambulatory 
peritoneal dialysis (CAPD)

200 mg q24h 200 mg q24h No dosage modification No dosage modification

Continuous renal replace-
ment therapy (CRRT)

300 mg q24h 300 mg q24h No dosage modification No dosage modification

Impaired hepatic function No dosage modification No dosage modification No dosage modification No dosage modification

Pregnancy and lactating 
women

Not recommended Not recommended Not recommended Not recommended

The elderly No dosage modification No dosage modification No dosage modification No dosage modification

Cystic fibrosis No data No data No data No data
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(see Table 103.3). It is recommended that patients with creat-
inine clearance of < 50 ml/min receive the usual recom-
mended dose as the initial dose, and that subsequent dosage 
is modified according to creatinine clearance. For patients 
with a creatinine clearance of 20–50 ml/min, the usual daily 
dose of ofloxacin is halved by reducing the usual dosing 
 frequency from 12- to 24-hourly. Patients with a creatinine 
clearance of < 20 ml/min receive 25% of the the usual daily 
dose by both halving each dose and giving the drug once 
daily. Thus the routine recommended dose of 400 mg 
12-hourly is reduced to 200 mg once daily (Sweetman, 2002; 
AHFS, 2016; see Table 103.3).

In patients with end-stage renal failure, the half-life of 
ofloxacin is greatly prolonged from 5–8 hours with normal 
renal function to 20–40 hours (Fillastre et al., 1987; Lode et 
al., 1987). As only a small percentage of the drug is removed 
by hemodialysis (see Section 5b, Drug distribution), the 
recommended oral or i.v. dose for hemodialysis patients is 
200 mg loading followed by 100 mg once daily (Lameire et 
al., 1991; Thalhammer et al., 1998; AHFS, 2016). Continuous 
venovenous hemofiltration (CVVH) through a modern 
poly sulfone high-flux membrane rapidly removes large 
amounts of ofloxacin and reduces the terminal half-life of 
the drug to 2.8 hours. Thus the recommended dose in criti-
cally ill patients on CVVH is 400 mg i.v. 8-hourly (Fuhrmann 
et al., 2003). As less than 20% of the drug and its active 
metabolite desmethyl ofloxacin are removed by continuous 
ambulatory peritoneal dialysis (CAPD), dosage is similar to 
patients with glomerular filtration rate (GFR) of < 10 ml per 
min (McMullin et al., 1997). Once-daily dosage may have 
advantages in renal patients taking aluminum salts, as it 
assists with avoiding concomitant administration and poten-
tial interaction (McMullin et al., 1997). No dosage reduction 
in patients with impaired renal function is required for otic 
or ophthalmic use of ofloxacin, as systemic absorption is 
negligible.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

In alcoholic cirrhosis and ascites, the elimination half-life of 
ofloxacin is increased (see 5b, Drug distribution). An oral 
dose of ofloxacin 200 mg twice-daily or 400 mg i.v. daily has 
been recommended for such patients with bacterial peritoni-
tis (Silvain et al., 1989; Sambatakou et al., 2001). Although 
one author has recommended no change to ofloxacin dosage 
in patients with hepatic failure, the maximum recommended 
dose in patients with severe hepatic impairment (cirrhosis 
with or without ascites) is 400 mg daily (Hooper, 2000; AHFS, 
2016). No dosage reduction is required for otic or ophthal-
mic use of ofloxacin as systemic absorption is negligible.

ELDERLY PATIENTS

Pharmacokinetic parameters for elderly patients are gener-
ally considered to be similar to those found in younger con-
trols, so that no dosage adjustment is necessary for older age 
unless there is concomitant renal dysfunction, in which case 
the degree of dose reduction is dictated by the severity of the 
renal failure (Flor, 1989; Norrby and Ljungberg, 1989; Lamp 

et al., 1992; Nicolle 1999; Stahlmann and Lode, 2003). How-
ever, Molinaro et al. (1992) found mild prolongation of the 
elimination half-life in geriatric patients (8.5 h vs. 6.2 h in 
younger controls), with area under the curve (AUC) and 
peak plasma concentrations in elderly patients exceeding 
those in young healthy volunteers (peak concentrations: 4.7 
vs. 2.7 µg/ml, respectively) and as a result, recommended a 
possible 50% reduction in ofloxacin dose for patients older 
than 75 years.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

A summary of key pharmacokinetic and pharmacodynaic 
parameters for ofloxacin is shown in Table 103.4.

5a.  Bioavailability

Ofloxacin has excellent oral bioavailability with 95–100% 
absorption (Lode et al., 1987). The serum elimination half-
life is 5–8 hours (generally 7 hours) (Lockley et al., 1984; 
Fillastre et al., 1987; Leroy et al., 1987; Lode et al., 1987; Lode 
et al., 1990; Todd and Faulds, 1991; Hooper, 2000; Marier et 
al., 2006). Mean maximum serum concentrations are reached 
at 0.7–2 hours (generally about 1.2 hours) after oral adminis-
tration (Lockley et al., 1984; Leroy et al., 1987; Flor, 1989; 
Marchbanks et al., 1992; Marier et al., 2006). An extended- 
release formulation oral tablet has been developed and has a 
similar rate and extent of bioavailability as a standard imme-
diate-release tablet (Marier et al., 2006). Co-administration 
of ofloxacin with food prolongs the time to maximum serum 
concentration by about 1 hour and reduces the peak serum 
concentration by 20–25%, but it does not alter the extent of 
absorption or elimination rate of ofloxacin (Leroy et al., 
1987; Höffken et al., 1988; Dudley et al., 1991). Milk and 
yogurt, however, do not impair the rate or extent of ofloxacin 
absorption (Dudley et al., 1991; Neuvonen and Kivisto, 1992). 
Food alters ciprofloxacin absorption more than it does oflox-
acin (Deppermann and Lode, 1993). Co-administration with 
an enteral feeding product (Ensure) reduced bioavailability 
by a mean of 10% in one study and 45% in another study, 
although in both studies this was a significantly less reduc-
tion than for the other fluoroquinolones tested (ciprofloxa-
cin and levofloxacin) (Mueller et al., 1994; Wright et al., 
2000).

Ofloxacin absorption is not significantly impaired by 
the  co-administration of calcium carbonate or aluminum 
phosphate, although it may be delayed and possibly slightly 
reduced by co-administration of magnesium–aluminum 
hydroxide; nevertheless, this effect is somewhat less than 
that observed with other fluoroquinolones (Maesen et al., 
1987; Flor et al., 1990; Akerele and Okhamafe, 1991; Sánchez 
Navarro et al., 1994; Lode, 2001; Sultana et al., 2007). 
Regardless of these findings, separating the administration 
of ofloxacin and antacids or multivalent cation–containing 
preparations by at least 2 hours would seem prudent (Hooper, 
2000). The antiretroviral didanosine (ddI) buffered pediatric 
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Table 103.4. Pharmacokinetic and pharmacodynamic parameters of ofloxacin.

Ofloxacin Oral Intravenous
Ophthalmic and otic 
solutions

Bioavailability

Adults 95–100% (with or without food) 100% No systemic absorption*

Children Not recommended Not recommended No systemic absorption*

Terminal T1/2 (hours) (400-mg dose) 4.6 ± 2.6 10.4 ± 6.4 No systemic absorption*

Cmax mg/l (400-mg dose) 3.2–4.3 8.1 ± 2.1

AUC mg.h/l (400-mg dose) 17.7–28.0 103.1 ± 70

Drug distribution

Serum No data No systemic absorption

Blister fluid 125% serum levels No data No systemic absorption

Intracellular concentrations No data No data No systemic absorption

Lymphatics No data No data No systemic absorption

Saliva 50–60% serum levels No data No systemic absorption

Sputum/bronchial secretions ≥ 100% serum levels ≥ 100% serum levels No systemic absorption

Lung tissue ≥ 100% serum levels ≥ 100% serum levels No systemic absorption

Cerebrospinal fluid Up to 50–60% (inflamed 
meninges)

Up to 50–60%
(inflamed meninges)

No systemic absorption

Brain 10% serum levels (animal data 
only)

10% serum levels (animal data 
only)

No systemic absorption

Peritoneal fluid No data No data No systemic absorption

Dialysate 10% serum levels No data No systemic absorption

Pancreas/liver 90% serum levels 90% serum levels No systemic absorption

Biliary fluid Up to 100% serum levels but 
very variable

Up to 100% serum levels but 
very variable

No systemic absorption

Urine 10 × serum levels 10 times serum levels No systemic absorption

Gynaecologic tissues 1/3–3 × serum levels 1/3–3 × serum levels No systemic absorption

Breast milk 100–150% serum levels No data No systemic absorption

Cardiac muscle 100% serum levels 100% serum levels No systemic absorption

Heart valves 50% serum levels 50% serum levels No systemic absorption

Bone No data Up to 25% serum levels No systemic absorption

Skin and soft tissues No data No data No systemic absorption

Eye—aqueous and vitreous 40–60% serum levels 40–60% serum levels 0.6–0.8 µg/ml 
Aqueous levels (ophthalmic)

Prostate 1/3–2 × serum levels 1/3–2 × serum levels No systemic absorption

Excretion

Urine 70–90% 70–90% No systemic absorption

Bile minimal minimal No systemic absorption

Feces 4–8% 4–8% No systemic absorption

Metabolites (desmethylofloxacin, 
ofloxacin N-oxide)

6–10% 6–10% No systemic absorption

* No systemic absorption of otic solution if tympanic membrane is intact, and low levels (< 10 ng/ml) if tympanic membrane is perforated (Ohyama et al., 1999). 
Source: Compiled from Lockley et al., 1984; Verho et al., 1985; Dagrosa et al., 1986; Wise et al., 1986; Fillastre et al., 1987; Leroy et al., 1987; Lode et al., 1987; 

Monk and Campoli-Richards, 1987; Wise and Lockley, 1988; Bitar et al., 1989; Flor, 1989; Warlich et al., 1990; Yuk et al., 1991; Marchbanks et al., 1992; Hooper, 
2000; Immanuel et al., 2002; Zhu et al., 2002; Marier et al., 2006; Walstad et al., 1995; Konieczna et al., 2004; Hassan et al., 2008; Lode et al., 1988; Horstkotter 
& Blaschke, 2001; Ichihara et al., 1984; Lode et al., 1990; Wong & Flor, 1990; Borner & Lode, 1986; Eliopoulos, 1988; AHFS, 2015; Kalager et al., 1986; Wise 
et al., 1986; Wise & Lockley, 1988; Immanuel et al., 2002; Fisch et al., 1987; Giamerellou et al., 1987; Von Gunten et al., 1994; Donnenfield et al., 1994; Tang-Liu 
et al., 1994; Koch et al., 2005; Puustjarvi et al., 2006; Lai et al., 2007; Daies et al., 1987a; Perea, 1990; Serour et al., 1991; Mertes et al., 1992; Kazmierczak et 
al., 1987; Chin et al., 1990; Gascon et al., 1998; Brattstrom et al., 1988; Pederzoli et , 1987; Stahl et al., 1986; Pioget et al., 1989; Ooie et al., 1997; Meissner 
et al., 1990; Fujita & Munakata, 1988; Goto et al., 1998; Di Silverio et al., 1987; Naber et al., 1993; Flor, 1989; Giamerellou et al., 1989; Weissenbacher et al., 
1984; Tartaglione et al., 1988; Sweetman, 2002.
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oral solution contains antacid, so the same care should be 
exercised, although this drug is now used uncommonly 
(AHFS, 2015). The absorption of ciprofloxacin, norfloxacin, 
and ofloxacin is significantly reduced by the co-administra-
tion of ferrous sulfate, although ofloxacin is less affected than 
the other agents, with a reduction in AUC and peak plasma 
concentrations of 25% and 36%, respectively. Thus ferrous 
sulfate and these fluoroquinolones should not be adminis-
tered together (Lehto et al., 1994a; Sultana et al., 2007). 
Co-administration with the other metal cations chromium, 
manganese, nickel, copper, zinc, and cadmium also slightly 
reduced bioavailability (Sultana et al., 2007). Concurrent 
administration of sucralfate and ofloxacin reduces ofloxacin 
bioavailability by about 61%, but no such reduction occurs if 
the ofloxacin is given 2 hours prior to sucralfate (Kawakami 
et al., 1994; Lehto and Kivisto, 1994b).

Oral ofloxacin absorption was slightly reduced in ten 
patients during the 2–3 days immediately following cyto-
toxic chemotherapy (predominantly i.v. cytotoxics and oral 
prednisolone) for hematological malignancy, resulting in 
reduction in the expected peak serum concentrations; nev-
ertheless, these were generally still therapeutic against most 
common pathogens. The postulated mechanism is cytotoxic 
damage to rapidly dividing gut cells. Rates of absorption 
have generally returned to pre-chemotherapy values by day 
5–7 post-chemotherapy (Brown et al., 1993).

Serum protein binding of ofloxacin is relatively low at 
about 30% and is similar to ciprofloxacin (Chantot and 
Bryskier, 1985; Bergogne-Berezin, 2002).

5b.  Drug distribution

ORAL ADMINISTRATION

Most studies assessing the pharmacokinetic parameters of 
oral ofloxacin have been performed in healthy volunteers. 
Maximum serum concentrations and AUCs are linearly 
related to dose (oral or i.v.) when doses are 100–600 mg, with 
steady-state achieved after two to four doses at 12-hourly 
intervals (Verho et al., 1985; De Bernardis et al., 1988; Flor, 
1989). Females had significantly higher Cmax and AUC and 
lower total body clearance than males in two studies in 
healthy young adult volunteers, and this difference was not 
accounted for by body weight differences (Konieczna et al., 
2006; Hassan et al., 2008).

The extended-release tablet reported on by Marier et al. 
(2006) has a similar mean AUC (21.41) when given at a dose 
of 400 mg once-daily compared with an equivalent dosage of 
200 mg bid of the standard immediate release tablet. Cmax, 
Cmin, and mean half-life are similar for both tablets but Tmax is 
prolonged at 5.0 hours compared with 2.0 for the immedi-
ate-release tablet (Marier et al., 2006). The extended-release 
tablet is not currently manufactured commercially.

INTRAVENOUS ADMINISTRATION

Following i.v. ofloxacin administration, maximum serum 
concentrations are reached at the end of a 30- or 60-minute 

infusion. Compared with oral administration, the maximum 
serum concentrations achieved after i.v. administration may 
be up to 50% higher, but distribution and elimination phar-
macokinetics are similar regardless of the means of adminis-
tration, hence overall plasma concentrations after this initial 
peak are comparable to those reported after oral ofloxacin 
(Lode et al., 1987; Farinotti et al., 1988; Lode et al., 1988; Flor, 
1989; Yuk et al., 1991; Guay et al., 1992; Hooper, 2000). For 
example, peak serum concentrations after a 400-mg once-
daily i.v. dose of ofloxacin are 8.1 ± 2.1 mg/l (Walstad et al., 
1995). Steady state is generally reached within 24–36 hours 
(Farinotti et al., 1988). This bioequivalence between oral and 
i.v. ofloxacin supports the interchangeability of both routes 
of administration (Flor, 1989; Yuk et al., 1991). Total body 
clearance of ofloxacin appears to be lower (> 50%) in patients 
requiring mechanical ventilation, such as in the intensive 
care setting, than in healthy volunteers. The elimination half-
life, peak and trough serum concentrations, and AUC were 
all noted to increase in this setting in one small study; but the 
explanation for these changes remains unclear and is pos-
sibly multifactorial (Martin et al., 1991).

PATIENTS WITH RENAL FAILURE

Because ofloxacin is primarily eliminated by the kidney (see 
Altered dosages: Impaired renal function), reduction in renal 
function is linearly related to increases in the elimination 
half-life of ofloxacin and therefore significant increases in 
ofloxacin levels. In severely uremic patients the terminal 
half-life increases from the normal 5–8 hours to 37 hours 
(approximately a six- to ninefold increase). However, renal 
impairment does not alter the availability of the drug, the 
volume of distribution, or the non-renal clearance, although 
in some cases (especially when GFR is < 20 ml per minute) the 
time to reach peak serum concentrations may be increased 
(Fillastre et al., 1987; Höffler and Koeppe, 1987; Bandai et al., 
1989; Lameire et al., 1991).

Neither hemodialysis nor continuous ambulatory perito-
neal dialysis (CAPD) removes clinically significant amounts 
of ofloxacin. After an initial 200-mg oral dose followed by 
100 mg per day for 10 days, Kampf et al. (1992) found serum 
peak and trough concentrations to be 3.1 and 1.6 µg/ml, 
respectively—levels roughly comparable to those achieved 
with oral doses of 300–400 mg in healthy volunteers. Kampf 
et al. (1990) and Kampf et al. (1992) found that hemodialysis 
achieved a fractional removal of ofloxacin of 21.5%, but this 
was significantly below the 30–50% which is considered the 
lower limit for the definition of drug dialyzability. Newer 
hemodialysis membranes made of polysulfone remove more 
drug than cellulose acetate. Thalhammer et al. (1998) found 
that hemodialysis using these membranes for 3 hours removed 
a mean of 49.6% ± 5.8% of a 100-mg daily oral ofloxacin dose 
in 13 patients. Wide variations in half-life, maximum serum 
concentrations, and time to achieve these peaks are noted in 
patients undergoing hemodialysis (White et al., 1988). In 
addition, hemodialysis removes only slight amounts of the 
metabolite desmethyl ofloxacin (White et al., 1988). Inter-
estingly, CVVH through a modern polysulfone high-flux 
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membrane rapidly removes large amounts of ofloxacin and 
reduces the terminal half-life of the drug to 2.8 hours with 
a  resultant recommendation in increased dosage in these 
patients (Fuhrmann et al., 2003).

Oral ofloxacin has also been used to treat patients with 
CAPD peritonitis. Although it is known that less than 20% 
of the drug and its active metabolite desmethyl ofloxacin is 
removed by CAPD, the optimal dosing of oral ofloxacin to 
achieve good peritoneal concentrations is not precisely 
defined (McMullin et al., 1997). After an oral dose of 300 mg 
ofloxacin in CAPD patients, peak serum concentrations of 
2.44 µg/ml are achieved 3.7 hours later, but peritoneal fluid 
concentrations undergo cyclical changes with each change of 
solutions, reaching > 0.5 µg/ml after 2 hours of equilibration. 
CAPD per exchange removes < 2% of the total ofloxacin dose 
(Chan et al., 1987). Chan et al. (1988b) described two small 
open studies—one in which a single oral dose of 400 mg was 
followed by 200 mg daily for 7 days, and the second in which 
400 mg oral ofloxacin was followed by 300 mg daily for 10 
days. The cure rate was 50% versus 83%, respectively, and 
with the second dosing regimen mean serum trough levels 
plateaued at 6 µg/ml on day 10 and the mean peritoneal efflu-
ent ofloxacin levels all exceeded 3 µg/ml. In another study, an 
oral dose of 400 mg once daily for 7 days in seven patients 
with CAPD peritonitis resulted in mean serum trough levels 
of > 4 µg/ml between days 3 and 9 and mean peritoneal effu-
lent levels of > 2 µg/ml between days 1 and 9. Although the 
authors stated that this regimen was efficacious, cure rates 
were not recorded (McMullin et al., 1997).

Ofloxacin given intraperitoneally in patients undergoing 
CAPD is almost completely absorbed after an 8-hour dwell, 
regardless of the presence or absence of peritonitis. Peritoneal 
clearance accounts for only about one-tenth of total serum 
clearance under these circumstances. A single dose of 200 
mg ofloxacin given intraperitoneally in the first bag of three 
2-liter 8-hour exchanges provides adequate serum and peri-
toneal concentrations for more than 24 hours in patients 
undergoing CAPD (Cheng et al., 1993). Kampf et al. (1991) 
found that the elimination of ofloxacin from dialysate was 
significantly faster in patients with peritonitis than in those 
without peritonitis. Intraperi toneal ofloxacin 20 mg per 2 
liters every 6 hours resulted in mean peritoneal fluid con-
centrations at the end of each exchange of > 3 µg/ml.

PATIENTS WITH HEPATIC DYSFUNCTION AND 
ASCITES

Among patients with alcoholic cirrhosis, ascitic fluid pene-
tration is about 80% after the first oral dose of ofloxacin, and 
concentrations in ascites approach or equal corresponding 
plasma concentrations after 10 hours without significant 
ascitic accumulation of ofloxacin (Silvain et al., 1989; 
Sambatakou et al., 2001). Renal clearance is significantly 
reduced in patients with ascites, probably due to alteration 
in tubular secretion of ofloxacin. This may occur regardless 
of the presence of normal serum creatinine concentrations, 
and is responsible for an increased elimination half-life. Rats 
with experimental hepatic fibrosis had a 50% prolongation 

of  elimination half-life compared with normal rats. Oral 
absorption, distribution, and elimination of the drug were all 
slower (Wang et al., 2006). Three adults with uncompensated 
cirrhosis and ascites given 400 mg i.v. ofloxacin had an oflox-
acin half-life of 9.45 ± 3.14 hours and good penetration of 
the drug into ascitic fluid (Sambatakou et al., 2001). Although 
numbers in this study were small and there was no control 
group, the half-life of the drug appeared moderately pro-
longed compared with normal volunteers (Fillastre et al., 
1987; Lode et al., 1987).

Pharmacokinetic changes in patients with impaired 
hepatic function do not always correlate with changes in 
hepatic function tests. A secondary peak in serum ofloxacin 
concentrations may be seen 4–6 hours after dosing, possibly 
due to either enterohepatic circulation or biphasic gastric 
emptying of ofloxacin (Silvain et al., 1989; Montay and 
Gaillot, 1990; Orlando et al., 1992).

DISTRIBUTION OF THE DRUG IN THE BODY

Similar to other fluoroquinolones, ofloxacin has extensive 
body distribution and penetrates well into many body sites. 
Similar to ciprofloxacin and other fluoroquinolones, ofloxa-
cin penetrates well into blister fluid. After a 600-mg oral 
dose, penetration is up to 125%, with a mean peak level of 
5.2 µg/ml reached in experimental human blister fluid at 5.3 
hours (Lockley et al., 1984; Kalager et al., 1986; Wise et al., 
1986; Wise and Lockley, 1988). After more commonly used 
doses of 200 mg twice-daily for 3.5 days, Warlich et al. (1990) 
noted blister fluid concentrations to be 0.94–1.1 µg/ml 12 
hours after dosing, suggesting good skin penetration.

Ofloxacin penetrates into saliva, with mean saliva AUC 
reaching 60.0% of serum AUC after a 200-mg bid oral dose 
and 48% after a 600- or 800-mg once-daily oral dose (Warlich 
et al., 1990; Immanuel et al., 2002). Although the time to 
achieve peak concentrations in saliva is slightly delayed com-
pared with serum, the overall pharmacokinetic correlations 
are sufficiently similar that some authors advocate the use of 
salivary ofloxacin concentrations as a less invasive alternative 
to measuring serum ofloxacin levels when monitoring oflox-
acin absorption (Warlich et al., 1990; Koizumi et al., 1994; 
Fujita et al., 1995; Immanuel et al., 2002). Ofloxacin also 
penetrates well into nasal secretions and tissues, including 
cartilage and mucosa, and the tonsils (Barza, 1988; Van 
Landuyt et al., 1988; Wise and Lockley, 1988; Tolsdorff, 1993a). 
Similarly, middle ear concentrations after a single 400-mg 
dose 3–7 hours prior to tympanoplasty are good, being 2.2 
µg per g in mucous membrane and bone (Thorn, 1987; Barza, 
1988; Tolsdorff, 1993b). With use of the ofloxacin otic solu-
tion, there is some systemic absorption in the presence of a 
non-patent tympanic membrane. In a study of adults and 
children with chronic suppurative otitis media and perfo-
rated tympanic membrane treated with ofloxacin ear drops, 
11 of 24 patients had detectable serum ofloxacin levels, 
although these were relatively low (< 10 ng/ml) (Ohyama et 
al., 1999).

Peak ofloxacin concentrations in tears after oral dosing 
are about 60% those in serum (Barza, 1988). After a single 
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oral dose of 400 mg ofloxacin, the mean ratios of aqueous 
humor to plasma concentrations are 0.18, 0.35, 0.45, 0.69, 
and 1.43, after a duration post dose of 2, 6, 12, 24, and 48 
hours, respectively (Fisch et al., 1987). Ocular lens concen-
trations, however, are generally low (Fisch et al., 1987). 
Giamarellou et al. (1993) and von Gunten et al. (1994) have 
found similar results with aqueous humor concentrations 
2 hours after an oral dose of 200 mg of 0.38 µg/ml and after 
400 mg of 0.44–2.27 µg/ml. Comparable penetration is noted 
with i.v. ofloxacin. Penetration of oral ofloxacin into the eye 
is superior to that of ciprofloxacin, but less than that of 
pefloxacin (Giamarellou et al., 1993). Topical 0.3% ofloxacin 
eye drops dosed frequently can result in aqueous humor con-
centrations of 0.6–0.8 µg/ml, or lower concentrations with 
less frequent administration (Donnenfeld et al., 1994; Tang-
Liu et al., 1994; von Gunten et al., 1994; Koch et al., 2005; 
Puustjarvi et al., 2006; Lai et al., 2007). Both moxifloxacin 
0.5% and levofloxacin 0.5% eye drops give aqueous humor 
concentrations 2–2.5 times higher than ofloxacin 0.3% eye 
drops (Koch et al., 2005; Puustjarvi et al., 2006; Lai et al., 
2007). Minimal systemic absorption or toxicity occurs after 
administration of ofloxacin eye drops (Borrmann et al., 1992).

Ofloxacin administered either i.v. or orally penetrates 
well into bronchial secretions, lung tissue, and pleural fluid. 
Among patients with purulent exacerbations of chronic respi-
ratory disease, Davies et al. (1987a) noted sputum ofloxacin 
concentrations of 2.7, 6.1, and 6.3 µg/ml after single doses of 
either 400, 600, or 800 mg, respectively. Similar concentra-
tions have been reported in bronchial secretions obtained at 
bronchoscopy (Symonds et al., 1988; Perea, 1990). Among 
patients with tuberculous pleural effusions treated with oral 
ofloxacin 300 mg once daily, pleural fluid concentrations of 
3.82–4.21 µg/ml can be expected 2–4 hours post dose (Yew et 
al., 1991). Mean lung tissue levels after 200 mg oral ofloxacin 
are 2.17 µg/g, representing a mean lung tissue/serum con-
centration ratio of 2.6–3.9, depending on the number of 
doses given and whether the lung is diseased (Perea, 1990; 
Serour et al., 1991). Davey et al. (1991) noted wide variations 
in bronchial mucosa levels after single and multiple dosing 
with 200 mg ofloxacin, with concentrations of 1.3–15.5 and 
1.7–21.0 µg/g, respectively. Similarly, 2 hours after a single 
oral dose of 600 mg, Wijnands et al. (1988) noted mean lung 
tissue concentrations of 17.7 ± 9.2 mg/g. Couraud et al. 
(1987) reported similar results. Good intracellular penetra-
tion can be expected with high ofloxacin concentrations in 
alveolar macrophages, epithelial cells, and fibroblasts (Perea, 
1990; Walstad et al., 1995). 

Penetration of ofloxacin into tooth sockets is relatively 
poor. In a study of patients dosed with 100 mg oral ofloxacin 
prior to tooth extractions, 60/69 patients could not achieve 
dental alveolar blood concentrations of MIC90 or above for 
oral streptococci. This was inferior to the five beta-lactam 
antibiotics tested, although the ofloxacin dose was relatively 
low (Yoshii et al., 2001).

Ofloxacin penetrates well into myocardium, heart valves, 
and sternal bone, but relatively poorly into mediastinal fat. 
One hour after a single i.v. dose of 400 mg ofloxacin, peak 

concentrations in myocardium and heart valves are 8.9 and 
5.0 µg/g, respectively. After multiple 200-mg oral doses of 
ofloxacin twice daily, concentrations 9–10 hours post dose 
in myocardium, heart valve, sternal bone marrow, and medi-
astinal fat are 5.92, 1.57, 2.56, and 0.67 µg/g, respectively 
(Mertes et al., 1992).

Biliary penetration of ofloxacin is good (Kazmierczak et 
al., 1987; Pederzoli et al., 1987; Chin et al., 1990; Gascon 
et  al., 1998, Gascon et al., 2000). After seven oral doses of 
200 mg twice daily, peak common duct bile concentrations 
7.5 hours after the first dose and 14 hours after the seventh 
dose were 6.6 and 12.0 µg/ml, respectively, while mean con-
centrations in gallbladder wall were 5.3 µg/ml 6 hours after 
the seventh dose (Kazmierczak et al., 1987). Chin et al. 
(1990) found similar results after ofloxacin 400 mg i.v. 
12-hourly, with bile and gallbladder concentrations of 6.0 ± 
7.9 µg/ml and 3.1 ± 2.9 µg/g, respectively. After a single 
dose of 400 mg i.v. ofloxacin, levels in gallbladder bile in 17 
patients undergoing elective biliary surgery were higher than 
in plasma but showed great variability. Levels in gallbladder 
wall tissue were also very variable but ranged from 1 to 9 
µg/g when taken up to 10 hours post dose (Gascon et al., 
1998). Penetration of ofloxacin into human allograft pancre-
atic juice is approximately 92% that of serum with concen-
trations of 2.7 µg/ml 3.6 hours post dose (Brattstrom et al., 
1988). Similar penetration was noted by Pederzoli et al. 
(1987) among nontransplant patients who had pancreatic 
fistulae. Fecal concentrations of ofloxacin are 30–65 µg/g 
(average generally 38–44 µg/g) after 200 mg oral ofloxacin 
given 12-hourly (Midtvedt, 1987; AHFS, 2015). Other authors 
have reported fecal concentrations as high as 300 µg/g (AHFS, 
2015).

Similar to other fluoroquinolones, ofloxacin penetrates 
well into bone. During total hip replacement surgery for 
osteoarthritis, tissue concentrations measured approximately 
1.5, 4, and 12 hours after a single 200-mg i.v. dose were 0.64, 
0.86, and 0.59 µg/g, respectively, in cortical bone; 1.70, 1.47, 
and 0.99 µg/g, respectively, in cancellous bone; and 1.38, 
2.19, and 2.18 µg/g, respectively, in cartilage (Meissner et al., 
1990).

Regardless of the presence or absence of meningitis, 
ofloxacin (both oral and i.v.) penetrates sufficiently well into 
cerebrospinal fluid (CSF) to be clinically effective against 
typical Gram-negative pathogens such as N. meningitidis, 
H. influenzae, and E. coli. In general, however, inadequate 
bactericidal titers are obtained against other common patho-
gens including S. pneumoniae, S. aureus, and L. monocyto
genes (Stubner et al., 1986; Bitar et al., 1989). Concentrations 
in CSF may be up to 50–60% of those in serum after 200 mg 
oral ofloxacin twice-daily among patients with meningitis 
(Stahl et al., 1986). Among 22 patients with purulent menin-
gitis treated concurrently with conventional antibiotics and 
ofloxacin, concentrations of ofloxacin in CSF were 0.96– 
1.80 µg/ml, depending on sample time after three successive 
i.v. doses of 200 mg ofloxacin (Pioget et al., 1989). As might 
be expected, studies of patients without purulent meningitis 
have shown lower CSF concentrations of ofloxacin. Among 
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patients with acute lymphoblastic leukemia receiving ofloxa-
cin for bowel decontamination, Anders et al. (1987) reported 
mean CSF ofloxacin concentrations of 0.33 ± 0.12 µg/ml, 
although the timing of these samples in relation to dosing 
was unclear. Owing to concerns about the possibility of 
obtaining subtherapeutic CSF concentrations with doses of 
200 mg ofloxacin, Nau et al. (1994) measured CSF concen-
trations in six patients with occlusive hydrocephalus caused 
by various cerebrovascular diseases, treated with a single 
400-mg i.v. dose of ofloxacin, in whom the CSF was obtained 
from an external ventriculostomy. A mean peak CSF concen-
tration of 2.04 µg/ml was obtained 0.5–4 hours post dose. 
The overall penetration of ofloxacin into CSF, as expressed by 
the ratios of the AUCs, was 0.59–0.81 (mean 0.65). There are 
few data available on the penetration of ofloxacin into the 
brain. A study performed in rats showed that ofloxacin brain 
interstitial fluid concentrations were 50% of the levels 
obtained in the CSF and 10% of the levels found in serum 
(Ooie et al., 1997).

High urine concentrations of ofloxacin are readily achieved. 
After a 600-mg oral dose, mean urine ofloxacin concentra-
tions 0–4, 4–8, 8–12, 12–24, and 24–48 hours later are 141.3, 
46.4, 11.2, 6.7, and 2.2 µg/ml, respectively (Wise et al., 1986; 
Wise and Lockley, 1988). Excellent renal tissue levels are also 
easily obtained. After a single 300-mg ofloxacin dose, renal 
parenchyma concentrations are 19.2–22.1 µg/g (di Silverio 
et al., 1987). After administration of a single oral dose of 200 
mg ofloxacin, only 9.7% is recoverable in peritoneal dialysate 
and 10.1% in hemodialysis dialysate (Flor, 1989). Similar 
to ciprofloxacin (see Chapter 101, Ciprofloxacin), ofloxacin 
penetrates well into prostatic tissue/fluid and ejaculate. After 
a single 200-mg or 400-mg oral dose or two 300-mg oral 
doses 20 hours apart prior to transurethral prostatectomy, 
prostatic tissue concentrations are similar to, or up to twice 
as high as, those in serum (Fujita and Munakata, 1988; Goto 
et al., 1998). Di Silverio et al. (1987) noted prostate concen-
trations of 10.6 µg/g after a single 300-mg dose of ofloxacin. 
Ofloxacin concentrations in ejaculate collected from healthy 
volunteers treated with 400 mg per day for 3.5 days are 
approximately 2.5 µg/ml—notably, sperm motility, appear-
ance, and viability are not affected by ofloxacin concentrations 
up to 4.5 µg/ml (Schramm, 1986; King et al., 1997; Erhart et 
al., 1998). Naber et al. (1993) noted median concentrations 
of ofloxacin in prostatic fluid among healthy volunteers 
treated with 400 mg to be about one-third that in plasma, 
while in ejaculate and seminal fluid the concentrations were 
about twice those of plasma.

Ofloxacin is distributed into breast milk following oral 
administration. In a study of 20 lactating women given oral 
ofloxacin 400 mg twice daily for three doses, breast milk 
levels were 98–166% of serum levels (Giamarellou et al., 
1989). It is also distributed into amniotic fluid. In 20 preg-
nant women given i.v. ofloxacin 400 mg twice daily for two 
doses prior to termination, amniotic fluid levels ranged from 
35% to 257% of serum levels (Giamarellou et al., 1989). In 
uterine muscle after oral ofloxacin, Weissenbacher et al. (1984) 
found concentrations of 0.36–2.6 µg/g, while concentrations 

of 1.6–21.6 µg/ml have been noted in vaginal fluid after oral 
ofloxacin 200 mg twice-daily (Tartaglione et al., 1988).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Ofloxacin is 95–100% bioavailable and as a result is usually 
given orally in a patient able to absorb oral medication (Lode 
et al., 1987). It has excellent absorption into many body flu-
ids and tissues, the most clinically useful of these being urine, 
prostatic tissue, bone, and lung. It has a moderate in vitro 
post-antibiotic effect of 1–4 hours against pneumococci and 
1–2 hours against many other bacteria including S. aureus, 
E. faecalis, P. aeruginosa, E. coli, and M. fortuitum (Tsui et al., 
1993; Houston and Jones, 1994; Spangler et al., 1998). The 
duration of its post-antibiotic effect is similar to that of the 
other fluoroquinolones such as ciprofloxacin and levofloxa-
cin (Houston and Jones, 1994; Spangler et al., 1998). Like 
all fluoroquinolones, ofloxacin demonstrates concentration- 
dependent killing in vitro, and animal models have demon-
strated the 24-hour AUC/MIC ratio to be the best predictor 
of bacterial killing in vitro, with the peak plasma concentra-
tion (Cmax)/MIC ratio being important for some bacteria to 
prevent the emergence of resistance during treatment. For 
most fluoroquinolones, a 24-hour AUC/MIC ratio of about 
100 and a Cmax/MIC ratio of about 10 provides maximum 
clinical and bacteriological efficacy (Forrest et al., 1993; 
Preston et al., 1998; Turnidge, 1999). For most strains of 
E. coli, oral ofloxacin doses of 200 or 400 mg twice daily will 
easily achieve this goal, but for most strains of P. aeruginosa, 
even the higher 400-mg twice-daily dose will only achieve a 
24-hour AUC/MIC ratio of 5 mg/l h. However, most fluoro-
quinolones, including ciprofloxacin, only achieve a 24-hour 
AUC/MIC ratio of 10–15 mg/l h or less against P. aeruginosa. 
For most strains of S. aureus, a 400-mg twice-daily dose will 
achieve this goal, but not the 200-mg twice-daily dose. For 
S. pneumoniae, even the 400-mg twice-daily dose will give a 
24-hour AUC/MIC ratio of at most 50 mg/l h; most fluoro-
quinolones do not achieve the goal 24-hour AUC/MIC ratio 
(Turnidge, 1999). In an in vitro pharmacokinetic model which 
simulates human serum levels, doubling the ofloxacin dose 
to simulate a 400-mg oral dose led to significantly improved 
kill of S. aureus and S. pneumoniae (Dalhoff, 1999). To max-
imize efficacy against P. aeruginosa, S. aureus, and S. pneu
moniae, the minimum ofloxacin dosage used should be 400 
mg twice daily. However, based on pharmacokinetic/phar-
macodynamic (PK/PD) data, a 400-mg twice-daily oral dos-
age will be therapeutic for most susceptible strains of E. coli, 
adequate for most susceptible strains of S. aureus, marginal 
for many strains of S. pneumoniae, and inadequate for most 
strains of P. aeruginosa. Since ofloxacin is renally excreted, 
high urine concentrations are achieved—for instance, 20 mg/l 
is achieved after a 200-mg oral dose, which is up to 10 times 
higher than ofloxacin levels in serum (Horstkotter and 
Blaschke, 2001). For this reason, despite not reaching optimal 
serum PK/PD parameters, ofloxacin is an effective treatment 
for many urinary isolates of P. aeruginosa.
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Recently, the PK/PD parameters of ofloxacin have been 
examined for multidrug-resistant strains of M. tuberculosis 
(MDR-TB). Against South African strains of MDR-TB, oral 
ofloxacin 800 mg daily achieved a target AUC/MIC of 100 or 
more only 45% of the time. Doubling the daily dose to 1600 
mg achieved the target only 77% of the time. However, it 
is questionable whether this dosage would be well tolerated 
gastrointestinally in MDR-TB patients who are routinely 
on  multiple other medications. The authors recommended 
using more potent newer fluoroquinolones to treat MDR-TB, 
particularly if the ofloxacin MIC was > 2 μg/ml (Chigutsa et 
al., 2012) (see Chapter 105, Moxifloxacin). A study using the 
ofloxacin MICs of 197 MDR-TB isolates from South Africa 
and population pharmacokinetic modeling recommended 
lowering the ofloxacin breakpoint for susceptibility for TB 
from 2.0–0.5 μg/ml in order to achieve a target AUC/MIC 
of > 100. The authors recommended using moxifloxacin in 
preference to ofloxacin if possible, as it was much more likely 
to achieve this target AUC/MIC (Zvada et al., 2014). 
Similarly, South African children with drug-resistant TB and 
an ofloxacin dose of 20 mg/kg/day given in crushed tablets 
only reached a target AUC/MIC > 100 in 10.3% of cases if the 
ofloxacin MIC was 2.0 μg/ml, and 20.5% of cases if ofloxacin 
MIC was 1.0 μg/ml (Thee et al., 2014). The PK/PD parameters 
of potentially active fluoroquinolones are likely to be critical 
if adequate efficacy against MDR-TB strains is to be achieved. 

PK/PD parameters also appear to be important in the top-
ical use of ofloxacin. In a study of topical 0.3% ofloxacin eye 
drops given as prophylaxis before vitrectomy, the MIC90 for 
S. aureus and S. epidermidis was exceeded in the mean aque-
ous concentration but not in the mean vitreous concentra-
tion (Lai et al., 2007). 

5d.  Excretion

URINE

Ofloxacin has negligible metabolism and near-exclusive 
renal elimination. Ofloxacin is mainly eliminated unchanged 
in the urine, with 70–90% of a dose recoverable after 24–48 
hour and only minimal amounts (< 4%) as metabolites. The 
S-(–)-enantiomer of ofloxacin has significantly lower renal 
clearance and hence lower urinary elimination than the 
R-(+)-form (Horstkotter and Blaschke, 2001). The renal 
clearance of ofloxacin is linearly related to the creatinine 
clearance, being 10.2–12.0 l/h after oral dosing in healthy 
humans (Lode et al., 1987, Lode et al., 1988, Lode et al., 1990; 
Marchbanks et al., 1992). Very high urinary levels are there-
fore achieved with usual therapeutic doses. In the presence of 
either cimetidine or probenecid, renal clearance and hence 
urinary elimination is reduced, suggesting that ofloxacin is 
secreted by the anionic and cationic transport system in the 
renal tubules (Foote and Halstenson, 1998).

BILE

Small quantities of a metabolite ofloxacin beta-D-glucoronide 
are excreted in bile. This metabolite has negligible clinical 
significance (Horstkotter and Blaschke, 2001).

FECES

Fecal elimination accounts for only about 4% of an ofloxacin 
dose after 48 hours, and about 8% after 7 days (Ichihara et al., 
1984; Lode et al., 1990; Wong and Flor, 1990; AHFS, 2015). 
After an oral dosage of 200 mg bid, fecal concentrations of 
the drug average 38–44 µg/g (AHFS, 2015).

INACTIVATION IN THE BODY

Ofloxacin is not metabolized to any large extent but is 
excreted unchanged in the urine. In fact, ofloxacin under-
goes less biotransformation than other commonly available 
fluoroquinolones. Desmethylofloxacin and ofloxacin N-oxide 
are the two major metabolites, but these account for only 
about 6% of the total dose (Borner and Lode, 1986; Lode et 
al., 1987; Eliopoulos, 1988; Lode et al., 1990). Of the approx-
imately 10% of the ofloxacin dose metabolized, 3–6% is 
metabolized to desmethylofloxacin and 1–5% to ofloxacin 
N-oxide (AHFS, 2015). Desmethylofloxacin has significant 
antimicrobial activity, although slightly less than ofloxacin 
on a weight-for-weight basis and significantly less clinically, 
as concentrations are much lower (White et al., 1987; Price 
et al., 1993). Ofloxacin N-oxide has minimal antibacterial 
activity (Price et al., 1993; AHFS, 2015). Both major metab-
olites are less hydrophobic than the parent compound oflox-
acin, and hence diffuse less readily into the CSF (Nau et al., 
1994). Hemodialysis has a similar effect on desmethylofloxa-
cin elimination as it does on the parent compound (Kampf et 
al., 1992).

5e.  Drug interactions

Potentially important drug interactions associated with oflox-
acin are summarized in Table 103.5.

Ofloxacin does not impair hepatic metabolism of drugs to 
any major extent (Davey, 1988). Gregoire et al. (1987) noted 
that co-administration of ofloxacin with theophylline for 
1  day did not change theophylline clearance, but that co- 
administration for 4 days resulted in a statistically significant 
decrease (12.1%) in clearance; despite this, there was no 
increase in clinical adverse reactions. Oral theophylline 200 
mg bid for 8 days given with ofloxacin 600 mg orally daily 
increased ofloxacin Cmax by 9% and AUC by 11% (Niki et al., 
1992; Niki et al., 1999). Thus although there is statistically an 
interaction between ofloxacin and methylxanthines such as 
theophylline or caffeine, this is not clinically significant and 
no dosage alteration of these latter compounds is necessary 
during co-administration (Fourtillan et al., 1986; Wijnands 
and Vree, 1988; Harder et al., 1989; Tack and Smith, 1989; 
Wijnands et al., 1989; Marchbanks, 1993). In this regard, 
ofloxacin has less propensity for interaction with theophyl-
line or caffeine than enoxacin or ciprofloxacin and appears to 
be roughly comparable to the other fluoroquinolones lome-
floxacin, fleroxacin, levofloxacin, gatifloxacin, and moxiflox-
acin (Parent and LeBel, 1991; Niki et al., 1999; Fish, 2001).

Ofloxacin may occasionally interact with warfarin to sig-
nificantly prolong prothrombin time, so careful monitoring 
of prothrombin time is necessary if these drugs are admin- 
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istered concurrently (Leor and Matetzki, 1988; Baciewicz et 
al., 1993; AHFS, 2015).

The renal clearance of ofloxacin can be decreased in rats 
by drugs such as probenecid, which inhibits the anionic 
transport system in the renal tubules, or drugs such as 
cimetidine, which inhibits the cationic system (Foote and 
Halstenson, 1998). In humans, probenecid decreased the 
renal clearance of ofloxacin by 24% (Nataraj et al., 1998). 
There appears to be little human clinical relevance of the 
decreased renal clearance of ofloxacin caused by cimetidine’s 
renal cationic system inhibition (Fish, 2001; AHFS, 2015). 
Ofloxacin can alter the renal clearance of other drugs. 
Co-administration of ofloxacin with the antiarrhythmic drug 
procainamide decreased renal clearance of procainamide by 
an average of 22% by competitive inhibition of cationic renal 
tubular secretion (Martin et al., 1996).

Ofloxacin has potential interactions with several antiar-
rhythmic agents in addition to procainamide. Cardiac QT 
prolongation has been described as a class effect of fluoro-
quinolones, although there are differences between agents, 
with sparfloxacin and grepafloxacin appearing to have the 
greatest potential for this adverse event (Adamantidis et al., 
1998; Ball, 2000; Milberg et al., 2007). Ofloxacin is composed 
of an R-isomer and an S-isomer, the latter of which is mar-
keted as levofloxacin (see Chapter 104, Levofloxacin). There 
were 11 cases of torsades de pointes and one case of poly-
morphic ventricular tachycardia in three million spontane-
ous reports of adverse events to the FDA in patients taking 
levofloxacin, although many patients had concurrent medi-
cal conditions or were taking other drugs with cardiac effects 
(Ball et al., 1999; Samaha 1999; Kahn, 2000; see Chapter 104, 
Levofloxacin). The risk is most marked in patients taking 

Table 103.5. Potentially important drug interactions associated with ofloxacin.

Drug Class Mechanism Potential Impact

Common 

Magnesium, aluminium, iron, calcium, zinc, 
sucralfate (also contained in antacids, 
vitamins, dairy products)

Cationic binding in the gut Reduced bioavailability of ofloxacin 
(separate doses by at least 2 hours)

Theophylline Possible decreased hepatic clearance of 
theophylline

Monitor theophylline levels

Probenecid Reduced anionic transport in renal tubules 25% reduction in renal clearance of ofloxacin

Procainamide Competitive inhibition of cationic renal 
tubular secretion

22% reduction in renal clearance of 
procainamide

Type 1A and type III antiarrhythmic agents, 
e.g. quinidine, procainamide, 
amiodarone, sotalol

Cardiac QT prolongation Torsades de pointes, ventricular arrhythmias

Nonsteroidal antinflammatory agents NSAIDs can potentiate quinolone GABA 
brain receptors

CNS stimulation with seizures

Insulin, oral hypoglycemics Potentiation of hypoglycemia, unknown 
mechanism

Hypoglycemia or hyperglycemia

Cycloserine Competitive inhibition of GABA brain 
receptors

Insomnia, seizures

False positive urinary porphyrin test Overlap in emission fluorescence spectrum 
of ofloxacin and urinary porphyrins

Clinican awareness

False positive urinary opiate test Unclear Clinican awareness

Less Common 

Warfarin Co-metabolism by hepatic cytochrome 
P450 enzymes

Prolongation of prothrombin time, so 
monitor

Vincristine Inhibition of calcein acetoxy-methyl efflux in 
leukaemia cells

Increased intracellular accumulation of 
vincristine

Cimetidine Competitive inhibition of cationic renal 
tubular secretion

Decreased renal clearance of ofloxacin but 
usually not enough for clinical significance

Cyclosporine Co-metabolism by hepatic cytochrome 
P450 enzymes

Increased cyclosporine levels (may not be 
clinically significant)

Didanosine buffered paediatric oral solution Contains antacid which binds ofloxacin Reduced bioavailability of ofloxacin

Source: Compiled from Sweetman, 2002; Davey, 1988; Gregoire et al., 1987; Niki et al., 1992; Niki et al., 1999; Fourtillan et al., 1986; Wijnands and Vree, 1988; 
Harder et al., 1989; Tack and Smith, 1989; Wijnands et al., 1989; Marchbanks, 1993; Parent and LeBel, 1991; Fish, 2001; Leor and Matetzki, 1988; Baciewicz 
et al., 1993; Foote and Halstenson, 1998; Nataraj et al., 1998; Martin et al., 1996; Adamantidis et al., 1998; Ball, 2000; Milberg et al., 2007; Ball et al., 1999; 
Samaha 1999; Kahn, 2000; Iannini, 2001; Terashi et al., 2000; Yew et al., 1993; Horn et al., 1994; Schoenfeld and Mamet, 1994; Meatherall and Dai, 1997; 
Baden et al., 2001; Maesen et al., 1987; Flor et al., 1990; Akerele and Okhamafe, 1991; Sanchez Navarro et al., 1994; Lode, 2001; Sultana et al., 2007; Hooper, 
2000; Lehto et al., 1994a; Kawakami et al., 1994; Lehto and Kivisto, 1994b; AHFS, 2015. 
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type IA antiarrhythmic agents such as quinidine and pro-
cainamide and type III antiarrhythmic agents such as 
amiodarone or sotalol (Iannini, 2001; AHFS, 2015). Given 
these reports, care should be exercised in concurrently pre-
scribing ofloxacin with these antiarrhythmic agents.

Ofloxacin was the only one of four fluoroquinolones 
(ofloxacin, ciprofloxacin, enoxacin, and tosufloxacin) to 
inhibit calcein acetoxymethyl efflux in human leukemia 
cells, resulting in increased intracellular accumulation of the 
cytotoxic drug vincristine (Terashi et al., 2000). The clinical 
significance of this finding has not been studied.

Ofloxacin can interact with drugs used to treat tuberculo-
sis. Ofloxacin and cycloserine can both inhibit the binding 
of gamma-aminobutyric acid (GABA) to brain receptors, 
resulting in potential central nervous system (CNS) interac-
tions. This was noted in five patients taking both drugs who 
had either insomnia or seizures (Yew et al., 1993). Hence 
caution should be exercised with this combination regimen 
(AHFS, 2015). The combination of ofloxacin with another 
antituberculous drug, pyrazinamide, was also poorly toler-
ated in 16 healthcare workers, primarily due to arthralgias, 
gastrointestinal upset, or hepatitis (Horn et al., 1994). Oflox-
acin does not alter uric acid levels when added to pyrazin-
amide compared with taking pyrazinamide alone (Kumar 
and Gurumurthy, 2004).

Ofloxacin has several other drug interactions that are 
quinolone class effects. Nonsteroidal anti-inflammatory agents 
can potentiate quinolone GABA brain receptors resulting in 
CNS stimulation and seizures. Ofloxacin can also potentiate 
the hypoglycemic action of insulin and oral hypoglycemic 
agents. The mechanism of this is unknown. Ofloxacin has 
less cytochrome P450 enzyme metabolism than some other 
quionolones but could still potentially elevate cyclosporine 
levels due to co-metabolism by hepatic cytochrome P450 
enzymes, although it is uncertain whether this is clinically 
significant. The recommendation is to monitor cyclosporine 
levels during ofloxacin therapy (AHFS, 2015). 

Co-administration of either amoxicillin or the nonsteroi-
dal anti-inflammatory agent ketoprofen does not alter the 
pharmacokinetics of ofloxacin (Fillastre et al., 1993; Paintaud 
et al., 1993). Although not really a drug interaction, clini-
cians should be aware that ofloxacin may result in a false 
positive screen for urinary porphyrins. This interference in 
the screening test is thought to be due to an overlap in the 
emission fluorescence spectra of ofloxacin and urinary por-
phyrins at the wavelength 600 nm. The use of high-perfor-
mance liquid chromatography to separate ofloxacin from 
urinary porphyrins should help avoid the possibility of mak-
ing a false positive diagnosis (Schoenfeld and Mamet, 1994). 
Like some other fluoroquinolones, ofloxacin can also lead 
to a false positive urinary opiate drug screen, although the 
mechanism is unclear (Meatherall and Dai, 1997; Baden et 
al., 2001).

Interaction of ofloxacin with metal cations (e.g. in ant-
acids) by chelation of the drug has been discussed earler (see 
section 5a, Bioavailability).

6. ADVERSE REACTIONS AND TOXICITY

Common and clinically important adverse reactions poten-
tially associated with ofloxacin are summarized in Table 
103.6.

Ofloxacin has now been used for many years in a large 
number of patients and is generally considered a safe drug 
(Carbon, 2001). The overall rate of adverse reactions reported 
for ofloxacin in clinical trials is 2.4–12.3%, which compares 
favorably with other fluoroquinolones such as ciprofloxacin 
(Koverech et al., 1986; Jüngst and Mohr, 1987; Halkin, 1988; 
Jüngst and Mohr, 1988; Tack and Smith, 1989; Rubinstein et 
al., 1994; Berning et al., 1995; Ball et al., 1999). Side effects 
are similar to those reported with other fluoroquinolones, 
including gastrointestinal symptoms (nausea 2.6–3.5%, vom-
iting 3%, diarrhea 1%, abdominal pain 1%), rashes, dizziness 
(1.2%), headache (1.4%), insomnia (1.8%), and general pru-
ritus or rash (0.5–0.9%); they are usually mild to moderate, 
and are generally rapidly reversible (Tack and Smith, 1989; 
Ball et al., 1999; Fish, 2001). The most common toxicity is 
nausea, with rates lower than with many other fluoroquino-
lones and comparable to ciprofloxacin (Fish, 2001). Most 
adverse events occur within the first 7–10 days of therapy 
(Wilton et al., 1996). In only about 0.5–4.0% of patients is 
cessation of therapy necessary due to adverse reaction, a rate 
comparable to ciprofloxacin and levofloxacin (Koverech et al., 
1986; Fostini et al., 1988; Halkin, 1988; Fish, 2001). Labora-
tory abnormalities are uncommon, but include reduced neu-
trophil count (not true neutropenia; 0.98%), hypoglycemia 
(0.91%), eosinophilia (0.88%), relative lymphocytosis (0.74%), 
and elevated liver transaminases (0.69%) (Tack and Smith, 
1989). Postmarketing studies in Germany have noted rare 
reports of hallucinations, psychotic reaction, and shock, which 
were not noted in earlier clinical trials (Jüngst and Mohr, 
1988). Other adverse reactions reported for ofloxacin are 
described below.

6a.  Neurotoxicity

Neurotoxicity of fluoroquinolones is a class effect and is 
related to the good passage of the drugs across the blood–
brain barrier (Tomé and Filipe, 2011). The most common 
neurotoxicity is headache, occurring in around 4% of patients 
(Fish, 2001). Insomnia is a common side effect, occurring in 
up to 4.7%, and has been especially noted in children and 
in  patients treated with a combination of ofloxacin and 
cycloserine for MDR-TB (Yew et al., 1993; Upton, 1994; Fish, 
2001). In rats, ofloxacin stimulated locomotor activity, but 
not as much as did fleroxacin (Thiel et al., 2001). Ofloxacin-
associated psychosis, mania, hallucinations, delirium, and 
encephalopathy have been described rarely in humans, are 
most common in the elderly, and are reversible when the drug 
is stopped (Jüngst and Mohr, 1987; Zaudig and von Bose, 
1987; Zaudig et al., 1989; Fennig and Mauas, 1992; Abouesh 
et al., 2002; Guven et al., 2007; Tomé and Filippe, 2011; 
Chauhan et al., 2013). In one case, delirium progressed to 
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severe encephalopathy with Tourette-like features including 
echolalia and echopraxia followed by loss of consciousness 
after only 3 days of oral ofloxacin 400 mg daily. This enceph-
alopathy resolved 48 hours after ceasing the drug (Guven et 
al., 2007). Another patient had a reversible Tourette-like syn- 

drome after 24 hours of oral ofloxacin 200 mg bid (Thomas 
and Reagan, 1996). The mechanism of the ofloxacin-induced 
Tourette syndrome is intriguing and is likely due to the effect 
of the drug on the inhibitory neuro-transmitter GABA. Be - 
sides their inhibition of DNA gyrase, fluoroquinolones also 

Table 103.6. Adverse reactions and toxicity of ofloxacin.

Drug Class Frequency (%) Mechanism Comments

Common 

Nausea 2–4% Gastrointestinal intolerance Less than many other quinolones and 
comparable to ciprofloxacin

Diarrhea 1% Gastrointestinal intolerance Less than many other quinolones and 
comparable to ciprofloxacin

Headache 1–4% Excellent blood–brain barrier 
penetration contributory.

Rash 0.5–1% Rash often photosensitive Photosensitivity is a quinolone class 
effect

Rate comparable to ciprofloxacin and 
less than sparfloxacin

Dizziness 1% Excellent blood–brain barrier 
penetration contributory

Insomnia 2–5% Excellent blood–brain barrier 
penetration contributory

Neutropenia 1% (usually mild) Unknown

Hypoglycemia 1% Unknown Higher rates if concomitant insulin or oral 
antihypoglycemic agents

Less Common 

Achilles tendonitis ± tendon 
rupture

Approximately 15 cases 
per 100,000 ofloxacin 
exposure days

Unknown
Chelation of magnesium by 

ofloxacin could result in 
weakened tendon formation

Quinolone class effect
Less common than pefloxacin but more 

common than ciprofloxacin
Frequently bilateral; other tendons may 

be involved

Arthropathy 1% Unknown Quinolone class effect
Most patients aged < 30 years
Usually reversible on drug cessation

Corneal deposits and ocular 
toxicity (ofloxacin ocular 
solution)

Uncommon Incidence much lower if benzalkonium 
preservative-free drops used

Unusual interactions but clinically important

Psychosis, mania, delirium, 
encephalopathy, extrapyramidal 
movements

Rare Ofloxacin antagonism of brain 
GABA receptors can trigger

Most common in the elderly and usually 
reversible on cessation of drug

Stevens-Johnson syndrome Rare Unknown Fatal cases reported

Hepatitis Rare Unknown Acute clinical hepatitis rare
Liver function abnormalities 2–3 × normal 

in 0.3% of patients

Source: Compiled from Carbon, 2001;Koverech et al., 1986; Jüngst and Mohr, 1987; Halkin, 1988; Jüngst and Mohr, 1988; Tack and Smith, 1989; Rubinstein et 
al., 1994; Berning et al., 1995; Ball et al., 1999; Fish, 2001; Tome and Filipe, 2011; Yew et al., 1993; Upton, 1994; Fish, 2001; Zaudig and von Bose, 1987; Zaudig 
et al., 1989; Fennig and Mauas, 1992; Abouesh et al., 2002; Guven et al., 2007; Tome and Filippe, 2011; Chauhan et al., 2013; Guven et al., 2007; Thomas and 
Reagan, 1996; Christ et al., 1989; De Blecker et al., 2004; Kushner et al., 2001; Walton et al.; 1997; Traeger et al., 1995; Huminer et al., 1989; Pace and Gatt, 
1989; Scheife et al., 1993; Owen, 1998; Lode, 2001; Yamamoto et al., 2001; Schentag and Scully, 1999; Kawada et al., 1994; Melde 2001; Yoon et al., 2010; 
Naveen et al., 2013; Kato et al., 1995; Shakibaei et al., 2000; Lode, 2001; Pierfitte and Royer, 1996; Wilton et al., 1996; Ribard et al., 1992; Van der Linden et 
al., 2003; Van der Linden et al., 1999; Van der Linden et al., 2001; McGarvey et al., 1996; Shakibaei et al., 2000; Hayem and Carbon, 1995; Arora and 
Tumbanatham, 1998; Stahlmann and Lode, 1999; Stahlmann et al., 1999; Lozo et al., 2002; Jones and Smith, 1997; Blum, 1991; Gonzalez Carro et al., 2000; 
Mah et al., 2006; Mitra et al., 2007; Sweetman, 2002; Thompson, 2007; Bekoe et al., 1999; Leonardi et al., 2006; Dutot et al., 2006; Leonardi et al., 2006; AHFS, 
2015.
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antagonize GABA. Patients with classical Tourette syndrome 
have GABA antagonism in the basal ganglia with enhanced 
dopaminergic neurotransmission. Hence haloperidol pro-
tects aginst quinolone-induced seizures in the mouse model 
of quinolone neurotoxicity (Christ et al., 1989). De Blecker 
et al. (2004) described ofloxacin-induced reversible orofacial 
dyskinesia (extrapyramidal choreoathetotic movements of 
the face) and postulated the same mechanism as the ofloxa-
cin-induced Tourette syndrome. Abouesh et al. (2002) noted 
ten cases of ofloxacin-induced mania on literature review, 
the majority of which improved on ceasing the drug. There 
have also been case reports of ofloxacin being associated 
with exacerbations of myasthenia gravis and Guillain–Barré 
syndrome (Azevedo et al., 1993; Schmidt et al., 1993; Jones 
et al., 2011). Idiopathic intracranial hypertension has been 
associated with ofloxacin therapy in one case report; the 
adverse effect resolved spontaneously with cessation of oflox-
acin (Getenet et al., 1993).

Compared with other fluoroquinolones, the CNS effects 
of ofloxacin are relatively modest (Fish, 2001). A postulated 
mechanism is displacement of GABA from receptors, de- 
creasing GABA-ergic CNS inhibition (Kushner et al., 2001). 
Walton et al. (1997) reported generalized tonic-clonic sei-
zures after 4 days of ofloxacin. Traeger et al. (1995) also 
reported four patients with seizures while taking ofloxacin 
therapy, although three of these patients also had electrolyte 
abnormalities. Using a rat hippocampus slice model, ofloxa-
cin had only mild excitatory effects, comparable to cipro-
floxacin and moxifloxacin and less than trovafloxacin and 
clinafloxacin (Schmuck et al., 1998). Interestingly, it has been 
suggested that ofloxacin causes more CNS toxicity than its 
S-isomer, levofloxacin (4% vs. 1%), although the drugs have 
not been directly compared in trials. It is postulated that 
ofloxacin’s R-isomer may have better CNS absorption than 
the S-isomer, although this remains to be studied (Fish, 
2001).

6b.  Hypersensitivity reactions and rashes

Similar to ciprofloxacin, hypersensitivity vasculitis has been 
reported in association with ofloxacin therapy by the manu-
facturer and a number of authors (Huminer et al., 1989; Pace 
and Gatt, 1989). Compared with the other fluoroquinolones, 
ofloxacin has only a very low potential to cause phototoxic 
reactions in humans and animal models, being comparable 
in risk to norfloxacin and grepafloxacin, and less likely to 
cause photoxicity than the 8-halogenated fluoroquinolones, 
sparfloxacin and lomefloxacin (Scheife et al., 1993; Owen, 
1998; Lode, 2001; Yamamoto et al., 2001). Ofloxacin is less 
likely to photosensitize cultured human cells in vitro than 
ciprofloxacin (Peacock et al., 2014). The risk of phototoxicity 
is greater for ofloxacin than for gatifloxacin and moxifloxa-
cin due to their protective methoxy group at the 8 position 
(Domagala, 1994). In patients with fluoroquinolone-induced 
skin hypersensitivity reactions, there is a high degree of 
cross- reactivity on skin testing, so that Gonzalez et al. (2005) 
recommended against trialing other fluoroquinolones in 

patients with previous known skin reactions. In an analysis 
by the FDA of spontaneous adverse drug reactions, photo-
toxicity occurred with 0.4/100,000 ofloxacin prescriptions, 
compared with 0.1/100,000 for ciprofloxacin and 70/100,000 
for lomefloxacin (Schentag and Scully, 1999). It is reported 
that a dose of more than 300 mg/kg ofloxacin can be given 
without causing phototoxicity (Lode, 2001). Ofloxacin has 
been associated with fixed drug eruptions and also cases of 
Stevens-Johnson syndrome (toxic epidermal necrolysis), at 
least two of which were fatal (Kawada et al., 1994; Melde 
2001; Yoon et al., 2010; Naveen et al., 2013). Ofloxacin has also 
been associated with a case of Sweet’s syndrome (Ozdemir et 
al., 2006). 

6c.  Musculoskeletal toxicity

Ofloxacin therapy has been associated with Achilles tendini-
tis in both rats and humans, with the risk higher in patients 
taking concomitant steroids (Kato et al., 1995; Shakibaei et 
al., 2000; Lode, 2001). Achilles tendinitis and tendon rupture 
is a class effect of fluoroquinolones and appears more likely 
with pefloxacin and ofloxacin, although it has been described 
with most fluoroquinolones (Pierfitte and Royer, 1996; Wilton 
et al., 1996). In one study of seven cases with Achilles tendi-
nitis during therapy with either ofloxacin or pefloxacin, three 
patients ruptured the tendon (Ribard et al., 1992). There is 
a  bimodal peak of age distribution of cases, with peaks in 
the age groups 30–40 years and also 70–80 years, with ten-
don ruptures in the younger age group commonly occurring 
during sporting activity (Van der Linden et al., 2003). For 
this reason, it is recommended that athletes in training do 
not receive fluoroquinolones (Kahn, 1998). The time to onset 
of symptoms ranged from 1 to 152 days after onset of treat-
ment, with some ruptures occurring after drug withdrawal, 
although the most common time to onset of symptoms was 
within the first 2 weeks of therapy (Pierfitte and Royer, 1996; 
Van der Linden et al., 1999). It has been reported that, com-
pared with a reference of 1, the risk ratio of developing 
Achilles tendonitis is 10.1 with ofloxacin and only 2.8 for cip-
rofloxacin, with an excess risk of 15 cases per 100,000 oflox-
acin exposure days (Van der Linden et al., 1999). In a review 
of 42 Dutch patients with fluoroquinolone-induced Achilles 
tendinitis, the majority resolved without functional disabil-
ity, although this was much less likely if tendon rupture 
occurred (Van der Linden et al., 2001). Shoulder joint and 
hand tendinitis have also been reported, and any tendon dis-
ease is commonly bilateral (McGarvey et al., 1996; Van der 
Linden et al., 1999; Van der Linden et al., 2001). It is rec-
ommended that patients who develop tendon pain or inflam-
mation while taking fluoroquinolones discontinue the drug 
and refrain from exercise until they can be adequately 
assessed for tendinitis (Szarfman et al., 1995). The mecha-
nism of quinolone-induced tendinitis is not well understood, 
although it is known that quinolones have a particular affin-
ity for connective tissues. Large doses of ofloxacin in juvenile 
rats resulted in degenerative Achilles tendon changes, which 
were more common in magnesium-deficient animals. It was 
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postulated that the the drug chelated magnesium ions, result-
ing in weakened tendon formation (Shakibaei et al., 2000). 
Recent animal studies have compared the rate of tendon- 
related biomechanical toxicity of ofloxacin, ciprofloxacin, 
norfloxacin, and pefloxacin (Olcay et al., 2011).

Ofloxacin can cause an arthropathy, which is also a fluo-
roquinolone class effect. It occurs in about 1% of patients 
and consists of joint pain, stiffness, and swelling of weight- 
bearing joints, particularly the knees. It most commonly 
occurs within the first few days of therapy in patients under 
30 years and is reversible within days to weeks after dis-
continuing the drug (Hayem and Carbon, 1995; Arora and 
Tumbanatham, 1998).

Based on animal model data, there is concern about the 
pediatric use of ofloxacin with its potential effect on the mus-
culoskeletal system. This is the major reason that ofloxacin 
is not generally recommended for use in children or adoles-
cents aged less than 18 years. If arthropathy occurs while car-
tilage is still forming, cartilage damage can be permanent 
(Burkhardt et al., 1997). Ofloxacin arthropathy is more 
common in magnesium-deficient rats, and immature rats 
dosed with ofloxacin had less chondrotoxicity if magnesium 
was added to their usual diet (Stahlmann and Lode, 1999; 
Stahlmann et al., 1999; Lozo et al., 2002). The postulated 
mechanism of the chondrotoxicity in immature animals is 
chelation of magnesium ions by the fluoroquinolone, result-
ing in formation of cartilage that is magnesium deficient and 
hence weakened (Stahlmann and Lode, 1999). In an indus-
try-sponsored review of 6000 children treated with fluoro-
quinolones in the United States, primarily on a compas- 
sionate use basis, the medical charts of patients who had the 
diagnosis of tendon or joint disorder (TJD) within 60 days of 
fluoroquinolone therapy were reviewed. Ofloxacin was used 
to treat 1902 patients, and 34 reported TJD, which was pre-
dominantly of the lower extremities. The control antibiotic 
was azithromycin, as it is not known to cause TJD. Durations 
of antibiotic therapy were not specified, and specifics or cat-
egories of TJD were not reported. Compared with azithro-
mycin, the relative risk of TJD for ofloxacin was 1.04 (95% 
CI: 0.72–1.51). The authors concluded that there was no 
evidence of significant TJD caused by fluoroquinolones, 
although they noted that the majority of children were older 
than 10 years and hence were likely to have formed mature 
cartilage at the time of the study (Yee et al., 2002).

In a study of 276 French children given fluoroquinolones 
within the previous 5 years, 24 were treated with oral or 
i.v.  ofloxacin. Possible musculoskeletal adverse events as 
reported by retrospective questionnaire occurred in 10/276 
(3.8%) fluoroquinolone-treated patients and were signifi-
cantly more common than in a matched control group (0.4%). 
All ten patients (none of whom received ofloxacin) had tran-
sient myalgias and arthralgias. No long-term follow-up was 
performed in this study (Chalumeau et al., 2003). A large 
number of children have received ofloxacin for short courses 
(usually 5 days or less) in the treatment of multiresistant 
typhoid in Vietnam without reported toxicity, although in 
these studies follow-up either was not performed or the 

period was very short (see later under 7b, Enteric fever and 
bacterial diarrhea). Occasional case reports have noted 
problems—including an 8-year-old child in India who devel-
oped a reversible hip arthropathy on day 7 of ofloxacin treat-
ment for typhoid (Dolui et al., 2007).

6d.  Renal side effects

Renal failure has been only rarely reported in association 
with ofloxacin therapy (Espiritu and Walton, 1995).

6e.  Hepatotoxicity

In general, hepatotoxicity is an uncommon adverse event of 
ofloxacin. It has therefore been used as a substitute for rifam-
picin in tuberculosis patients with underlying chronic liver 
disease (Saigal et al., 2001). Liver function test abnormalities 
2–3 times the upper limits of normal occur in about 0.3% 
of patients (Fish, 2001). Of 640 reports of adverse reactions 
to ofloxacin to the British Committee on Safety of Medicines, 
18 involved the liver (Jones and Smith, 1997). Acute severe 
hepatitis has been reported, which resolved on ceasing the 
drug (Blum, 1991). Another patient developed subfulminant 
hepatic failure after taking a 5-day course of ofloxacin and 
died (Gonzalez Carro et al., 2000).

6f.  Clostridium difficile diarrhea

Ofloxacin-associated C. difficile diarrhea has been reported 
rarely (Jüngst and Mohr, 1988; Dan and Samra, 1989). In 
theory, this complication is less likely with ofloxacin due to 
its poor anti-anaerobic activity, compared with the newer 
fluoroquinolones such as trovafloxacin, moxifloxacin, and 
gatifloxacin.

6g.  Ocular toxicity

While fluoroquinolone eye drops have been reported to 
cause corneal deposits, this is more commonly reported for 
ciprofloxacin and norfloxacin, but it has also been reported 
for ofloxacin (Mah et al., 2006; Mitra et al., 2007; Thompson, 
2007). They most commonly manifest as a white crystalline 
deposit or precipitate on the corneal surface, which resolves 
on cessation of therapy (Thompson, 2007). In a report of six 
clinical cases, five cases resolved on cessation of ofloxacin 
drops (Mitra et al., 2007). In studies in which various con-
centrations of ofloxacin were inoculated into human stromal 
keratocytes or wounded rabbit corneas, ofloxacin showed 
significantly more toxic effects than netilmicin or ciprofloxa-
cin (Bekoe et al., 1999; Leonardi et al., 2006). In another 
study in rabbit corneas, topical ofloxacin caused more cor-
neal toxicity than either topical ciprofloxacin or cefazolin 
(Oguz, 2007). However, there seems to be little clinical sig-
nificance in these experimental findings (Thompson, 2007). 
Cytotoxicity of ofloxacin eye drops seems to be caused pre-
dominantly by the preservative benzalkonium chloride, with 
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cytotoxicity rates much lower in preservative-free ofloxacin 
formulations (Dutot et al., 2006; Leonardi et al., 2006). 

While retinal detachment has been linked to the use of 
some oral fluoroquinolones (mainly ciprofloxacin) in one 
study (Etminan et al., 2012), several other authors have 
found no such association (Pasternak et al. 2013; Chui et al., 
2015; Alves et al. 2016).

6h.  Otic toxicity

In animal models and in humans, there has been no evidence 
of significant systemic absorption or auditory hair-cell 
damage from topical otic ofloxacin (Simpson and Markham, 
1999; Gates, 2001; Wai and Tong, 2003). As assessed by 
audiometric testing, topical otic ofloxacin does not alter 
hearing. Although vestibulotoxicity to topical otic ofloxacin 
has not been well studied, there are no clinical reports of this 
effect (Simpson and Markham, 1999; Wai and Tong, 2003).

6i.  Immune modulation

Ofloxacin therapy (600 mg per day for 10 days) does not 
affect T or B lymphocyte numbers, or the concentration of 
plasma interferon gamma or serum immunoglobulins in 
elderly patients (Munno et al., 1990).

6j.  Ofloxacin overdose

Toxicologic evaluation of ofloxacin demonstrates that it has 
only low toxicologic potential (Davis and McKenzie, 1989). 
Ofloxacin overdose appears, from limited data, to be rela-
tively benign. A patient who accidentally received 3 g ofloxa-
cin i.v. (peak serum ofloxacin level: 39.3 µg/ml) experienced 
only moderate/severe CNS symptoms, which resolved within 
9 hours (Kohler et al., 1991). Another patient with renal fail-
ure who was inadvertently given i.v. 400 mg pefloxacin while 
taking 200 mg oral ofloxacin daily developed CNS toxicity 
with confusion, muscle spasticity, myoclonus, and general-
ized slow-wave dysrhythmia on electroencephalography, all 
of which resolved over 4 days (Bagon, 1999).

7. CLINICAL USES OF THE DRUG

Overall, ofloxacin has clinical activity roughly comparable to 
that of ciprofloxacin, but ofloxacin offers the potential advan-
tage of being less likely to interact with other concomitantly 
administered agents such as theophylline, caffeine, and fen-
bufen (see Chapter 101, Ciprofloxacin). Since there have 
been few head-to-head comparisons, clinicians are left to 
choose between ofloxacin and ciprofloxacin based on their 
clinical experience. Against pathogens susceptible to both 
agents, such as H. influenzae, Gram-negative cocci, and 
many Enterobacteriaceae, both ofloxacin and ciprofloxacin 
appear comparable, although ofloxacin is slightly less active 
than ciprofloxacin against P. aeruginosa. Unlike ciprofloxa-
cin, ofloxacin is effective in genitourinary infections due to 
C. trachomatis. The clinical use of oral and i.v. ofloxacin has 

been reviewed by a number of authors (Monk and Campoli-
Richards, 1987; Regamey and Steinbach-Lebbin, 1990; Todd 
and Faulds, 1991; Eron and Gentry, 1992; Sanders, 1992b; 
Bassaris et al., 1995; Giamarellou, 1995). In many countries, 
levofloxacin, the S-isomer and major active component of 
ofloxacin (which also contains an 8- to 128-fold less active 
R-isomer), is now used instead of ofloxacin—especially 
where cost is less of a concern (see Chapter 104, Levofloxacin). 
Per unit of mass, levofloxacin is twice as active as ofloxacin 
(Une et al., 1988; Davis and Bryson, 1994; Van Bambeke et 
al., 2005; Khan and Khan, 2007). A summary of the impor-
tant uses of ofloxacin by pathogen is shown in Table 103.7; 
notable studies regarding the use of ofloxacin in selected 
clinical conditions are shown in Table 103.8.

7a.  Urinary tract infection and prostatitis

In most countries, ofloxacin remains an effective therapy for 
both complicated and uncomplicated urinary tract infection 
(UTI), especially those due to Gram-negative pathogens. 
Cure rates of ≥ 75% can generally be expected for uncompli-
cated UTI (Cox, 1989, Cox, 1991; Cox et al., 1992; Sanders, 
1992b; Spencer and Cole, 1992; Raz et al., 1994; Henry et al., 
1998; McCarty et al., 1999; Raz et al., 2000). A 3-day regimen 
of oral ofloxacin 200 mg bid had a cure rate of 78.3% in 
women with uncomplicated UTIs and was equivalent to 3 
days of oral sparfloxacin 200 mg once daily (Henry et al., 
1998). In a similar study with the same ofloxacin dosage reg-
imen, the ofloxacin cure rate was 97%, equivalent to 3 days of 
cotrimoxazole 160/800 mg bid or ciprofloxacin 100 mg bid 
(McCarty et al., 1999). Single-dose therapy with ofloxacin is 
generally inferior in efficacy to longer-duration regimens, 
although some authors have reported success (Raz et al., 
1988; Hooton et al., 1989; Hooton et al., 1991).

Ofloxacin resistance is an emerging issue in the treatment 
of UTIs in many countries, so clinicians must now be aware 
of local resistance patterns before prescribing this agent 
empirically. For instance, in a study from Turkey, 25.3% of 
1939 E. coli urine cultures from outpatients were ofloxacin 
resistant, compared with a resistance rate of only 4.1%, 7 
years earlier (Karaca et al., 2005). In a similar study from 
Israel, 8.7% of 1291 outpatient E. coli urine cultures from 
women were ofloxacin resistant, with resistance rates increas-
ing with age to a peak of 19.86% in women aged over 56 years 
(Kahan et al., 2006). Among urine cultures from 200 Nigerian 
patients with UTI, 70% of isolates (predominantly Klebsiella, 
E. coli, and S. aureus) were ofloxacin resistant (Okesola and 
Aroundegbe, 2011), and another Nigerian study showed 
59.4% ofloxacin resistance rates in outpatients with urosepsis 
(Otajevwo, 2013). In comparison, in a study from Bangladesh, 
all 591 urine cultures (predominantly E. coli, Klebsiella, and 
Pseudomonas) from UTI cases were ofloxacin susceptible 
(Ahmad, 2012). In a cohort of 347 French adult females with 
uncomplicated cystitis, 94% of isolates, including 97% of 
E.  coli, were ofloxacin susceptible (Etienne et al., 2014a). 
However, when the same authors studied 158 French women 
hospitalized with acute pyleonephritis in roughly the same 
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time period, 15% of E. coli and 17% of all bacterial cultures 
were ofloxacin resistant (Etienne et al., 2014b). Tansarli et al. 
(2013) performed a review of studies of Enterobacteriaceae 
causing urosepsis in Africa between 2000 and 2012. Ofloxacin 
susceptibility rates in outpatients were 85–95% but were 
much lower among inpatients (sometimes less than 25%) in 
many African countries for most common urinary Entero-
bacteriaceae. In particular, extended-spectrum beta-lactamase 
(ESBL)-producing Enterobacteriaceae were usually ofloxa-
cin resistant. 

The reasons for the apparent marked geographic variation 
in fluoroquinolone resistance in urosepsis patients are un - 
certain. However, usage of fluoroquinolones in complicated 
urosepsis and hospitalization appear to be factors. In a study 
of 150 Israeli patients with quinolone-resistant E. coli com-
munity-acquired UTIs, which were matched with 150 quino-
lone-susceptible E. coli urosepsis cases, the independent risk 
factors for quinolone resistance by multivariate analysis were 
ciprofloxacin usage (odds ratio [OR]: 20.6, CI: 2.3–179.2, p = 
0.006), ofloxacin usage (OR: 7.5, CI: 2.9–19.4, p < 0.0001), 
previous invasive procedure (OR: 6.6, CI: 3.0–14.7, p < 
0.0001), recurrent UTI (OR: 4.7, CI: 2.3–9.3, p < 0.0001), 
and previous hospitalization (OR: 2.9, CI: 1.4–6, p = 0.003) 
(Colodner et al., 2008). In a study of 344 French adult female 
patients with urosepsis, ofloxacin resistance rates were 
17.4%. However, ofloxacin resistance rates in the cohort were 
30.6% if the patient had at least one of the following risk fac-
tors: fluoroquinolone usage in the last 3 months, hospitaliza-
tion in the previous 6 months, or had stayed in a long-term 
care facility. Resistance rates were only 9% if none of the 
three risk factors were present (Bedoin et al., 2014). 

Postcoital prophylaxis with either 100 mg ofloxacin, 200 
mg norfloxacin, or 125 mg ciprofloxacin was highly effective 
for pre- and postmenopausal women with recurrent UTIs 

(Pfau and Sacks, 1994). However, ofloxacin has not been 
recently studied in postcoital prophylaxis. 

Ofloxacin has been used inadvertently as urosepsis pro-
phylaxis in renal transplant patients. In a study in Paris, 50 
renal transplant recipients were given 1 month of ofloxacin 
200 mg orally every second day after Legionella contamina-
tion of nephrology department waterpipes was detected. Com- 
pared to 50 historical controls, there was a 63% reduction in 
the rate of urosepsis in the year following transplantation 
from the period immediately prior to the Legionella contam-
ination (OR: 0.31%, 95% CI: 0.07–0.98, p = 0.045). However, 
there was a 10% increase in ciprofloxacin-resistant E. coli and 
a 15% increase in ciprofloxacin-resistant P. aeruginosa (p = 
0.002) infections in the nephrology department within the 
next 12 months, without a significant resistance change in 
the rest of the hospital (Rafat et al., 2011). 

Similar to other fluoroquinolones, ofloxacin has shown 
excellent activity in the treatment of prostatitis, although 
there are much fewer data available than for ciprofloxacin 
(Sanders, 1992b; see Chapter 101, Ciprofloxacin). In a non-
comparative trial of acute or chronic prostatitis treated for a 
mean duration of 59 days, oral ofloxacin 200 mg twice daily 
cured 22/23 patients (Remy et al., 1988). Ofloxacin is also 
an effective prophylactic agent for prostatic surgery. A single 
dose of oral ofloxacin 600 mg 4–12 hours prior to transure-
thral surgery in males appeared to provide effective prophy-
laxis against urinary sepsis in one small study in which it was 
compared with a single dose of i.m. cefotaxime (Madsen et 
al., 1995). In another study, a single dose of oral ofloxacin 
300 mg 1 hour prior to transrectal prostate biopsy appeared 
an effective prophylaxis, with only 1 of 150 patients develop-
ing post-biopsy UTIs, although there was no comparator or 
control arm in this study (Shandera et al., 1998). In a study 
in Ireland of men undergoing transrectal ultrasound–guided 

Table 103.7. Notable clinical uses of ofloxacin, by pathogen.*

Organism Infection Comments

Salmonella typhi/paratyphi Typhoid or paratyphoid fever In most countries, effective first-line therapy
Ofloxacin resistance occurs particularly in southeast Asia so consider 

resistance if clinical failure noted
Avoid ofloxacin use if isolate MIC > 0.25 µg/ml or local FQ resistance 

rates are high

Brucella spp. Acute or chronic brucellosis Second-line therapy if doxycycline-streptomycin cannot be used

Neisseria gonorrhoeae Gonococcal sexually transmitted 
disease and pelvic inflammatory 
disease

Resistance common—so ofloxacin no longer recommended for 
empiric therapy of gonorrhea, pelvic inflammatory disease or 
sexually-acquired epididymo-orchitis

Multidrug-resistant 
Mycobacterium tuberculosis 

Multidrug-resistant tuberculosis 
(MDR-TB)

Fluoroquinolones are a key component of combination therapy for 
MDR-TB

Later-generation fluoroquinolones such as levofloxacin or moxifloxa-
cin are more active and hence preferred, but are often more 
expensive 

Mycobacterium leprae Hansen disease (leprosy) Ofloxacin used in the treatment of single lesion paucibacillary 
leprosy, in combination with rifampicin and minocycline

Slightly lower cure rates and relapse rates than 6 months’ therapy 
with dapsone and rifampicin 

*For further discussion of each organism, see text.
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prostate biopsy, 558 men in 2008 received ofloxacin 400 mg 
orally immediately prior to biopsy and then 200 mg 12-hourly 
for 2 days. In 2009, 625 men received 200 mg ofloxacin 
12-hourly for 3 days commencing 24 hours prior to biopsy— 
20/558 men (3.6%) had febrile episodes after the first regi-
men and 10/625 (1.6%) after the second (p = 0.03). E. coli was 
the most frequently isolated pathogen, with 7/13 (54%) pos-
itive urine cultures quinolone resistant and 5/9 (56%) cases 
of septicemia quinolone resistant. As a result of their study, 
the authors recommended commencing ofloxacin prophy-
laxis 24 hours prior to biopsy (Manecksha et al., 2012). 
Nevertheless, these studies highlight the clinical problems 
associated with emerging fluoroquinolone resistance among 
common bowel organisms and the potential impact this may 
have on the future efficacy of fluoroquinolone-based prophy-
laxis regimens for prostate surgery.

7b.  Enteric fever and bacterial diarrhea

Similar to ciprofloxacin (see Chapter 101, Ciprofloxacin), 
ofloxacin 200–400 mg twice daily for 5–14 days is generally 
highly effective in the treatment of typhoid fever, provided 
strains are susceptible to nalidixic acid and fluoroquinolones 
(Thaver et al., 2009; Effa et al., 2011). Ofloxacin is often supe-
rior to oral or parenteral cephalosporin therapy and chlor-
amphenicol for typhoid, even when isolates are susceptible to 
both drugs, and is effective at clearing fecal carriage (Loffler 
and Grafvon Westphalen, 1986; Wang et al., 1989; Sabbour 
and Osman, 1990; DuPont, 1993; Khan et al., 1994; Smith 
et al., 1994; Tran et al., 1995; Phuong et al., 1999; Cao et al., 
1999; Phongmany et al., 2005). In an open, randomized com-
parison of short-course treatment of uncomplicated enteric 
fever (mostly S. typhi) in Vietnam of oral ofloxacin 200 mg 
twice daily for 5 days versus i.v. ceftriaxone 3 g once daily 
for 3 days, ofloxacin was superior to ceftriaxone (100% vs. 
72% cure, respectively) (Smith et al., 1994). All isolates in this 
study were ofloxacin and ceftriaxone susceptible, although 
nalidixic acid susceptibility was not reported. In an open- 
label, randomized study of uncomplicated typhoid fever in 
82 Vietnamese children, 5 days ofloxacin 5 mg/kg bid was 
superior to 7 days cefixime 10 mg/kg bid, with only one 
treatment failure in the ofloxacin group compared with 11 in 
the cefixime group. Median fever clearance time was also 
shorter in the ofloxacin group (4.4 days vs. 8.5 days, p < 
0.0001). All isolates in this study were susceptible to both 
study drugs (Phuong et al., 1999). Similarly, Tran et al. (1995) 
also reported excellent results with short-course ofloxacin 
therapy for multi-resistant typhoid in a paired, open, ran-
domized study comparing ofloxacin 15 mg/kg/day for 3 days 
with 10 mg/kg/day for 5 days, in which 65% of subjects were 
≤ 14 years age. Both treatments were completely effective 
except for one treatment failure in a patient who took one 
dose only. Even shorter-course ofloxacin was effective in 
uncomplicated typhoid fever in Vietnamese children—in an 
open-label randomized study, there was no significant differ-
ence between 2 days and 3 days ofloxacin, with 12/92 (13.5%) 
failing a 2-day course at 10 mg/kg/day compared to 8/101 

(7.5%) who received 3 days at 10/mg/kg/day (OR: 1.9, 95% 
CI: 0.7–5.5, p = 0.19); but only 5 patients in this study had 
nalidixic-acid resistant isolates (Vinh et al., 2005). 

Many of the previously described studies predate the 
emergence of Salmonella typhi and S. paratyphi isolates with 
with reduced susceptibility or resistance to fluoroquinolones. 
Such strains first emerged on the Indian subcontinent in 
the early 1990s and were susbsequently reported elsewhere 
(Chandra et al., 1992; Umasankar et al., 1992; Daga et al., 
1994; Biswas 2004). Isolates most commonly associated with 
clinical failure of fluoroquinolone therapy were typically cip-
rofloxacin or ofloxacin susceptible on standard disk testing 
criteria, but were resistant to nalidixic acid, with ofloxacin 
MICs of 2–3 doubling dilutions higher than those observed 
for nalidixic acid–susceptible strains (Hakanen et al., 1999; 
Rodrigues et al., 2003). In recognition of this, in 2013 the 
CLSI subsequently lowered Salmonella-specific MIC break-
points for ofloxacin to < 0.125µg/ml: susceptible, 0.25–1 µg/
ml: intermediate, and >2 µg/ml: resistant (Sjolund-Karlsson 
et al., 2014). Newer fluoroquinolones such as gatifloxacin 
typically have somewhat lower MICs and better time-kill 
activity against S. typhi than ofloxacin. It has therefore been 
postulated that they could be more effective for therapy of 
nalidixic acid strains than ofloxacin (Chau et al., 2007; Butler, 
2011); however, this has yet to be proven clinically. In an 
open-labeled, randomized study, 218 adults and children 
with uncomplicated typhoid or paratyphoid fever in Nepal 
received either oral gatifloxacin 10 mg/kg/day in a single 
daily dose or oral ofloxacin 20 mg/kg/day in two divided 
doses for 7 days. Nalidixic acid–resistant isolates were iden-
tified in 170 of the 218 patients. There was no difference in 
failure rates in patients with nalidixic acid resistance (5/87 
for gatifloxacin and 6/83 for ofloxacin) (Koirala et al., 2013).

In an open, non-randomized study of mild-to-moderate 
severity typhoid fever in Vietnam, 18/150 isolates were nali-
dixic acid–resistant S. typhi (NARST). All patients received 
10–15 mg/kg ofloxacin in two divided doses for 2–3 days. 
Compared with patients with nalidixic acid–susceptible 
strains, patients with NARST had a much longer median 
fever clearance time (156 vs. 84 hours, p < 0.001) and were 
much more likely to require retreatment (33.3 vs. 0.8%, p < 
0.0001) (Wain et al., 1997; see Table 103.8). This study was 
subsequently followed by another from the same group to 
determine the optimal therapy for NARST. In this open, ran-
domized study of 241 NARST patients in Vietnam, the clini-
cal cure rate for ofloxacin (20 mg/kg/day in two divided 
doses for 7 days) was 64% compared with 82% for azithro-
mycin (10 mg/kg/day in a single daily dose for 7 days) (p = 
0.053). However, patients treated with ofloxacin had a longer 
fever clearance time (8.2 vs. 5.8 days, p < 0.001) and a higher 
positive fecal carriage rate immediately post-treatment (19.4% 
vs. 1.6%, p = 0.006). A third arm combining a lower dose of 
ofloxacin with a shorter course of azithromycin had no sig-
nificant advantages over azithromycin alone. Based on this 
large study, the authors’ recommendation for azithromycin- 
susceptible NARST in patients able to tolerate oral therapy 
was azithromycin 10 mg/kg/day for 7 days (Parry et al., 2007). 
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An earlier smaller study by the same group reported similar 
findings (Chinh et al., 2000). Parry et al. (2011) reviewed 
seven Vietnamese studies in which 540 patients were treated 
with ofloxacin and correlated clinical outcome with ofloxa-
cin MIC. They reported treatment success of 96% when 
ofloxacin MIC was < 0.125 µg/ml, 73% when MIC was 0.25–
0.5 ug.ml, and only 53% when MIC was >1 µg/ml. Based on 
this data, they recommended use of an alternative antibiotic 
such as azithromycin when ofloxacin MIC was > 0.25 µg/ml. 
This is consistent with the new CLSI breakpoints for these 
pathogens (Sjölund-Karlsson et al., 2014).

Ofloxacin is a useful agent in the treatment of acute 
 travelers’ diarrhea. In a study of both culture-positive and 
culture- negative travelers’ diarrhea, a 3-day regimen of 
ofloxacin 300 mg twice daily was as effective as a 5-day regi-
men, and superior to placebo (DuPont et al., 1992). Rates of 
clinical cure and microbiologic eradication were generally 
89–95% and 96%, respectively. In a Norwegian study of acute 
bacterial enteritis, a 3-day regimen of ofloxacin 400 mg 
once-daily was effective therapy for acute bacterial enteritis; 
however, the cure rates were lower than those reported for 
travelers’ diarrhea (Halstensen et al., 1995b). In an open ran-
domized study in Vietnamese children with acute fever and 
bloody diarrhea (predominantly Shigella), one day of ofloxa-
cin 7.5 mg/kg twice-daily had a cure rate of 27/30 compared 
with 27/36 children given nalidixic acid 55 mg/kg daily for 
5 days (p = 0.1), although clinical resolution was quicker in 
the ofloxacin arm. Only two patients had nalidixic acid–
resistant isolates, and all isolates were ofloxacin susceptible 
(Vinh et al., 2000). Of the common acute bacterial enteritis 
pathogens, resistance development is mostly of concern in 
S.  typhi and S. paratyphi, some multidrug-resistant isolates 
of  S. dysenteriae and S. flexneri (especially in India), and 
C. jejuni (Ballal et al., 1998; Pazhani et al., 2004). In a Dutch 
study, 29% of C. jejuni fecal isolates were resistant, and in a 
study of chickens in Japan, 32.4% of C. jejuni isolates were 
resistant (Talsma et al., 1999; Chuma et al., 2001).

7c.  Sexually transmitted diseases and pelvic 
inflammatory disease

The role of ofloxacin in the treatment of sexually transmitted 
disease is now largely historical due to recent acquisition of 
resistance in the common sexually transmitted pathogens 
N. gonorrheae, U. urealyticum, and Mycoplasma hominis. 

GONORRHOEA

For many years, ofloxacin was a commonly prescribed effec-
tive therapy for gonorrhoea. However, fluoroquinolone- 
resistant N. gonorrhoeae strains are now so common that 
ofloxacin is no longer recommended for the empiric treat-
ment of gonococcal disease or pelvic inflammatory disease 
in most countries, including the United States (CDC, 2007). 
However, for strains of N. gonorrhoeae that are fluoroquino-
lone susceptible, ofloxacin 400 mg orally in single dose is an 
effective therapy for gonorrhoea, including pharyngeal and 
rectal disease (Black et al., 1989).

CHLAMYDIA AND UREAPLASMA INFECTION

In situations where doxycycline or azithromycin is inappro-
priate for the treatment of chlamydial sexually transmitted 
disease in men and women, ofloxacin 300 mg orally twice 
daily for 7 days has been recommended as a suitable alterna-
tive regimen (Oriel, 1989; CDC, 1993; Weber and Johnson, 
1995). Single-dose therapy with ofloxacin, however, is not 
reliable against chlamydial sexually transmitted diseases, and 
longer courses such as that recommended above have been 
slightly less effective than doxycycline in some reports, but 
not in others (Boslego et al., 1988; Batteiger et al., 1989; 
Kitchen et al., 1990; Mogabgab et al., 1990; Faro et al., 1991; 
Hooton et al., 1992; Sivayathorn, 1995; Smelov et al., 2004). 
Ofloxacin 200–300 mg twice daily for 7 days has been 
reported as an effective treatment for urethritis due to 
Ureaplasma infection (Mogabgab et al., 1990; Moller et al., 
1990). However, the recent emergence of resistance means 
that ofloxacin can no longer be recommended as a treatment 
for Ureaplasma (Xie and Zhang, 2006; Kechagia et al., 2008; 
Bayraktar et al., 2010; Ye et al., 2014; Song et al., 2015). 

EPIDIDYMO-ORCHITIS

The current British Association for Sexual Health and HIV 
guidelines for the treatment of epididymo-orchitis do not rec- 
ommend the use of ofloxacin in likely sexually-transmitted 
epididymo-orchitis due to the resistance issues discussed 
above, particularly in N. gonorrhoae. However, where gonor-
rhea has been excluded and infection with Chlamydia spp. is 
likely, ofloxacin 200 mg oral twice daily for 14 days is listed 
as an alternative if doxycycline cannot be used. This same 
regimen is recommended for epididymo-orchitis probably 
caused by enteric organisms. This would obviously depend 
on the rates of quinolone resistance in urinary pathogens 
locally and would not now be recommended in some coun-
tries (see Urinary tract infections) (Street et al., 2011).

CHANCROID

Fluoroquinolones are highly effective against chancroid, with 
single doses of ofloxacin 400 mg, ciprofloxacin 500 mg, or nor-
floxacin 800 mg all being curative, although longer courses 
may be better (Sivayathorn, 1995).

PELVIC INFLAMMATORY DISEASE

Owing to concerns of resistance emergence in N. gonor
rhoeae, ofloxacin is no longer recommended in the United 
States as an empiric therapy for pelvic inflammatory disease 
(CDC, 2007). However, historically, oral ofloxacin 400 mg 
twice daily with metronidazole 500 mg twice daily for 14 
days has been an effective therapy for pelvic inflammatory 
disease and was recommended by the CDC until 2006 (Ross 
et al., 2006; Haggerty and Ness, 2006; Haggerty and Ness, 
2007). In a recent study in which twice-daily ofloxacin plus 
metronidazole was as efficacious as moxifloxacin in therapy 
of uncomplicated pelvic inflammatory disease, N. gonor
rheae was isolated in less than 10% of patients (Aşicioğlu 
et  al., 2013). Hence these results should probably not be 
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extrapolated to the treatment of pelvic inflammatory disease 
in general.

SYPHILIS

Similar to other fluoroquinolones, ofloxacin has no role in 
the treatment of syphilis.

7d.  Respiratory tract infections

Overall, clinical trials of ofloxacin suggest a response rate of 
about 77–89% in pneumonia and 87–95% in open and com-
parative studies of acute exacerbations of chronic bronchitis 
(AECB). Bacterial eradication of susceptible pathogens such 
as M. catarrhalis or H. influenzae is often 85–94%, but is only 
about 70% for pneumococci. Various studies, many of in - 
sufficient size to statistically confirm equivalence of efficacy, 
have suggested that ofloxacin in doses of 200–400 mg twice 
daily for 7–10 days has clinical efficacy reasonably compa-
rable with ciprofloxacin, amoxicillin, amoxicillin/clavulanate, 
erythromycin, and doxycycline for lower respiratory tract 
infections, including AECB and bronchiectasis (Lam et al., 
1986; Maesen et al., 1986; Stocks et al., 1989; Ball, 1990; 
Khajotia et al., 1990; Punakivi et al., 1990; Rademaker et al., 
1990; Polubiec et al., 1994; Kawahara et al., 1995). In a 
small dose-comparison study, ofloxacin 200 mg twice daily 
appeared to be similar in efficacy to 200 mg thrice daily for 
the treatment of respiratory tract infections (Sawae et al., 
1995). In a multicenter double-blinded placebo-controlled 
randomized study of 798 adults with AECB, oral ofloxacin 
400 mg 12-hourly had 89.3% efficacy, equivalent to oral spar-
floxacin 200 mg once daily. The majority of patients in this 
study had Haemophilus or Moraxella from sputum cultures, 
with only 70 patients having S. pneumoniae (DeAbate et al., 
1998). Owing to concerns about the efficacy of ofloxacin 
against pneumococci, Gaillat et al. (1994) compared peni-
cillin G plus ofloxacin with erythromycin plus amoxicillin/
clavulanate in the treatment of community-acquired pneu-
monia in which S. pneumoniae constituted about half of the 
identifiable pathogens. As might be expected, no difference 
in efficacy was noted. In a randomized multicenter open- 
label study of 298 adult patients with community-acquired 
pneumonia, i.v. or oral ofloxacin 400 mg had a cure rate of 
92%, similar to the 87% cure rate for standard therapy (usu-
ally a beta-lactam with or without a macrolide). Only 24 
patients in this study had pneumococcal infection (Plouffe et 
al., 1996; see Table 103.8). The later generation fluoroquino-
lones (levofloxacin, grepafloxacin, trovafloxacin, gatifloxa-
cin, moxifloxacin) are more active than either ciprofloxacin 
or ofloxacin against S. pneumoniae. Between 1998 and 2000, 
92% of 8882 isolates of S. pneumoniae from sputum or blood 
from 26 countries were ofloxacin susceptible, compared with 
more than 98% for the three newer quinolones levofloxa-
cin, gatifloxacin, and moxifloxacin (Jacobs et al., 2003). In 
another study of 2632 S. pneumoniae isolates, predominantly 
from Europe, 123 (4.7%) were ofloxacin intermediate (MIC 
4µg/ml), but more than 90% of these isolates were suscep-
tible to the newer fluoroquinolones tested (grepafloxacin, 

levofloxacin, trovafloxacin, gemifloxacin). Nine isolates were 
ofloxacin resistant (MIC > 16 µg/ml), but the majority of 
these were also resistant to the newer fluoroquinolones, apart 
from gemifloxacin (Hoban et al., 2000). For infections due to 
P. aeruginosa, ofloxacin doses of 800 mg twice daily have 
been used by some authors (Meek et al., 1989). Among older 
children with cystic fibrosis, ofloxacin has been used to treat 
infective exacerbations of respiratory disease, but more data 
are available regarding ciprofloxacin in this setting (Grenier, 
1989; LeBel, 1991; see Chapter 101, Ciprofloxacin).

Ofloxacin 400 mg twice daily has been effective in the 
treatment of lower respiratory tract infections due to C. pneu
moniae in four patients and may be a suitable alternative 
to standard therapy in some patients (Lipsky et al., 1990). 
Despite in vitro susceptibility, ofloxacin therapy has been 
ineffective in some cases of pneumonia due to L. pneumoph
ila (Salord et al., 1993). Two out of three intensive care 
patients given ofloxacin 400 mg i.v. daily for L. pneumophila 
pneumonia died, although ofloxacin susceptibility test results 
were not reported in this study (Gacouin et al., 2002).

7e.  Otitis and sinusitis

Oral ofloxacin 200 mg twice daily for 12–39 days has proven 
effective in the treatment of malignant otitis externa due to 
P.  aeruginosa (Levy et al., 1990) and in the treatment of 
chronic sinusitis and chronic otitis media (Gehanno and 
Cohen, 1993).

Topical ofloxacin ear drops have good activity against the 
most common pathogens causing otitis externa including 
the most common pathogen, P. aeruginosa (Klein, 2001). In 
a study of 314 adults and 287 children with acute uncompli-
cated otitis externa, ofloxacin 0.3% ear drops bid for 10 days 
(ten drops per dose for adults, five drops per dose for chil-
dren) was equivalent to Cortisporin ear drops (neomycin 
sulfate, polymyxin B sulfate. and hydrocortisone, four drops 
per dose for adults and three drops per dose for children) qid 
for 10 days, with an ofloxacin cure rate of 82% in adults and 
97% in children (Jones et al., 1997). In another study of 278 
children with acute uncomplicated otitis externa, ofloxacin 
0.3%, five drops as a single daily dose for 7–10 days, was 
equivalent to three drops qid of Cortisporin for the same 
duration, with a cure rate of 96.4% versus 97.1%. Eradication 
rates for P. aeruginosa were 98% versus 100% (Schwartz, 
2006). Topical ofloxacin therapy is not recommended if there 
is extension of infection from the external ear canal to adja-
cent tissues (i.e. malignant otitis externa) (Klein, 2001).

Topical ofloxacin has also been used in the treatment of 
ear infections in which the eardrum is not patent, such as 
acute otitis media in patients with tympanostomy tubes and 
patients with chronic suppurative otitis media and a per-
forated eardrum. Topical aminoglycosides have traditionally 
often been used for these infections, but there is concern 
about local eighth cranial nerve toxicity resulting in auditory 
and vestibular toxicity (Gates, 2001). In a study of 599 chil-
dren with acute otitis media and otorrhea through tympa-
nostomy tubes, the clinical cure rate for ofloxacin 0.3% otic 
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solution 5 drops twice daily for 10 days was 78%, but this was 
inferior to ciprofloxacin 0.3%/dexamethasone 0.1% otic sus-
pension 4 drops twice daily for 7 days (cure rate 90%; p = 
0.0025) (Roland et al., 2004). Another study of 286 children 
with acute otitis media and tympanostomy tubes demon-
strated a clinical cure rate of 76% for 10 days’ ofloxacin 
0.3% otic solution 0.25 ml twice daily, equivalent to 69% for 
10 days’ oral amoxicillin/clavulanate 13.3 mg/kg thrice daily 
(p = 0.169). Abes et al. (2003) published a metaanalysis of 
comparative studies in which topical ofloxacin otic solution 
was at least one of the treatment arms for either acute or 
chronic suppurative otitis media with nonpatent eardrum 
(tympanostomy tube or perforated drum). Eleven studies 
with 1484 adults and children were included in the analysis. In 
all studies, ofloxacin 0.3% was given 2–3 times per day for at 
least 7 days. Other interventions included oral amoxicillin/ 
clavulanate (two studies), topical aminoglycoside–cortico-
steroid otic drops (five studies), and “current best practice” 
(two studies). The authors concluded that topical ofloxacin 
was superior to the other interventions in terms of efficacy 
and toxicity, although the quality of many of the evaluated 
studies was poor, particularly due to blinding problems and 
specifics of the control arm (Abes et al., 2003).

Topical ofloxacin ear drops have also been used as pro-
phylaxis against early postoperative tympanostomy tube 
otorrhea in children. Ofloxacin or neomycin-polymyxin- 
hydoocortisone drops (either 3 days if no fluid or 10 days 
if fluid seen operatively) were compared to no prophylaxis. 
Both active arms had equivalent rates of otorrhoea and had 
lower rates of post-operative otorrhoea than the control arm, 
although the study was flawed in that the control arm had 
higher rates of otorrhoea seen at the time of surgery. Oflo-
xacin was better tolerated with less pain than the other active 
arm (Poetker et al., 2006). 

7f.  Tuberculosis

Fluoroquinolones play a key role in the treatment of 
MDR-TB, and ofloxacin is the fluoroquinolone of choice 
in many countries due to its relatively low cost compared 
to later-generation fluoroquinolones such as moxifloxacin or 
levofloxacin. In an early clinical study, ofloxacin was given to 
19 patients with chronic cavitary pulmonary tuberculosis in 
single doses of 300 mg daily for 8 months; all patients had 
MDR-TB. In 17 of the 19 patients other antituberculous 
drugs were also given, but because the strains were resistant 
to most of them, treatment with ofloxacin was virtually 
monotherapy. A decrease in the number of tubercle bacilli 
in the sputum occurred in almost all patients, with complete 
clearance in five. As might be expected, ofloxacin-resistant 
strains of M. tuberculosis appeared in patients who did not 
show negative conversion (Tsukamura et al., 1985). Subse-
quently, a number of studies have demonstrated the clinical 
efficacy of fluoroquinolones, especially ofloxacin, ciprofloxa-
cin, levofloxacin, and moxifloxacin, in the management of 
tuberculosis (see Chapter 101, Ciprofloxacin, and Chapter 
105, Moxifloxacin) (Kohno et al., 1992; Yew et al., 1994b). A 

study in which 2 months’ oral ofloxacin 800 mg daily was 
substituted for ethambutol in the initial treatment phase of 
pansensitive pulmonary tuberculosis treated with four-drug 
standard therapy showed no differences in bacillary elimina-
tion with the ofloxacin regimen, although substituting with 
gatifloxacin or moxifloxacin did show superior and more 
rapid bacillary elimination (Rustomjee et al., 2008).

The major current role of ofloxacin in the treatment of 
tuberculosis is in the management of fluoroquinolone- 
susceptible MDR-TB or as a substitute for first-line drugs 
due to drug adverse events. The newer fluoroquinolones 
levofloxacin, sparfloxacin, gatifloxacin, and moxifloxacin are 
all more active than ofloxacin in vitro against M. tuberculosis, 
but fluoroquinolone resistance is generally a class effect, 
most commonly due to mutations in the gyrA and gyrB genes 
of M. tuberculosis DNA gyrase (Saito et al., 1995; Jacobs, 
1999; Bryskier and Lowther, 2002; Kam et al., 2006; Lourenco 
et al., 2007; Rustomjee et al., 2008; Cui et al., 2011; Dymova 
et al., 2014; Singh et al., 2015). The World Health Organiza-
tion (WHO) does not recommend use of ofloxacin in 
MDR-TB therapy if the MIC is > 2 μg/ml (WHO, 2008). 
WHO guidelines do recommend that drug combinations 
containing moxifloxacin be used to treat XDR-TB patients 
with ofloxacin- resistant isolates, and there are now some 
data suggesting that patients can be cured, even if isolates are 
also moxifloxacin resistant (WHO, 2008; Jo et al., 2014). Jo et 
al. (2014) suggest that this could be due to the reduced ability 
of the bacterium to efflux moxifloxacin across the cell wall, 
compared to ofloxacin. 

Two months’ treatment with either moxifloxacin or gati-
floxacin added to rifampicin, isoniazid, and pyrazinamide 
eliminated tubercle bacilli more quickly from smear-positive 
pulmonary TB patients than did the addition of ofloxacin 
to this regimen (Rustomjee et al., 2008). In an analysis of 40 
patients with MDR-TB, patients receiving levofloxacin in 
combination regimens had a better success rate than those 
who received ofloxacin, although the analysis was flawed 
because the ofloxacin patients predated the use of levofloxa-
cin historically (1990–1999 vs. 1999–2000) (Yew et al., 2003). 
MDR-TB most commonly occurs in countries where the 
newer fluoroquinolones are either not available and/or are 
expensive. Generic ofloxacin is relatively cheap and although 
less active in vitro than newer quinolones such as moxifloxa-
cin or levofloxacin, has frequently been used in the therapy 
of MDR-TB in cost-constrained countries, usually at an oral 
dose of 400–1000 mg daily (in one or two doses per day) 
(Hong Kong Chest Service/British Medical Research Coun-
cil, 1992; Chan et al., 2004; Palmero et al., 2004; Van Deun et 
al., 2004; Escudero et al., 2006; Cox et al., 2007; World Health 
Organisation, 2009). In an economic study of MDR-TB treat-
ment in Kazakhstan, use of ofloxacin was roughly one-third 
cheaper than using moxifloxacin and one-sixth cheaper than 
using levofloxacin (Maimakov et al., 2013). The relative 
contribution of ofloxacin to efficacy in these multiple-drug 
regimens is hard to elucidate, although unlike many other 
second-line drugs, it is both bacteridical against M. tuberculo
sis and generally well tolerated, apart from occasional nausea, 
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which more commonly occurs at higher dosage (Tsukamara 
et al., 1985; Heifets and Lindolm-Levy 1987; Palmero et al., 
2004). In a meta-analysis of the treatment of 9153 MDR-TB 
patients, those in whom ofloxacin was used in combination 
regimens had 2.5 times the treatment success compared to 
those with no fluoroquinolones (95% CI: 1.6–3.9), although 
treatment success rates were not as high as in those patients 
who received later-generation quinolones (Ahuja et al., 2012). 
Notably, fluoroquinolone resistance has been reported as an 
independent predictor of MDR-TB treatment failure and 
death (Yew et al., 2003; Chan et al., 2004). As with other 
tuberculosis drugs, regimens containing ofloxacin therapy 
for MDR-TB must always include several other drugs which 
are active against the isolate, otherwise resistance is likely 
to rapidly emerge (Tsukamura et al., 1985; Hong Kong Chest 
Service/British Medical Research Council, 1992). 

Background usage of quinolones in the community for 
reasons other than treatment of TB has been associated with 
the development of fluoroquinolone-resistant TB. In patients 
with culture-confirmed TB in Tennessee, more than 10 days 
fluoroquinolone exposure given for any reason prior to the 
diagnosis of TB was strongly associated with a high risk of 
fluoroquinolone-resistant TB, compared with no exposure 
to fluorquinolones (20.8%, OR: 17.0, 95% CI: 5.1–56.8, p < 
0.001) (Devasia et al., 2009). Between 2000 and 2010, 
306/3546 (8.6%) of patients hospitalized for TB in a large 
Beijing hospital had ofloxacin-resistant isolates. The inde-
pendent risk factors associated with ofloxacin resistance 
were being single (adjusted odds ratio [aOR]: 1.65), being a 
migrant living in Beijing (aOR: 2.15), being a migrant from 
another area (aOR: 5.07), prior TB treatment (aOR: 2.84), 
exposure to fluoroquinolones (aOR: 2.73), having chronic 
obstructive pulmonary disease (COPD) (aOR: 3.53), having 
COPD with known exposure to fluoroquinolones (aOR: 
2.47), and having MDR-TB (aOR: 1.67) (Liu et al., 2011). In 
a study of 2788 TB patients in Korea, rates of ofloxacin resis-
tance were low in TB treatment-naïve patients and were 
much higher in TB treatment-experienced patients (1.1% 
vs. 8.5%, p < 0.05). The median duration of fluoroquinolone 
exposure was 7 days. There was no difference in fluoroquino-
lone exposure in the 3 months prior to TB diagnosis between 
ofloxacin-resistant TB cases and ofloxacin-susceptible TB 
cases (1/39, 2.6% vs. 93/2749, 3.4%, p = 1.000) (Park et al., 
2007). In the study by Devasia et al. (2009), fluoroquinolone 
usage data was obtained by searching the pharmacy database 
associated with federal Medicaid benefits, whereas the fluo-
roquinolone usage data in the studies by Liu et al. (2011) and 
Park et al. (2007) were obtained by search of hospital medical 
records only and hence is likely to under-report the usage 
data. This could account for some of the differences in results 
between these three studies.

Ofloxacin has been used in the preventive therapy of 
pediatric contacts of ofloxacin-susceptible MDR-TB. 186 
South African children were given chemoprophylaxis with 
ofloxacin 15–20 mg/kg daily, ethambutol and isoniazid for 
6 months. The combination was well tolerated apart from 
four children having grade 3 hallucinations and insomnia. 

Seven TB cases developed within 12 months’ follow-up, and 
no cases were culture-confirmed so no drug susceptibilities 
were available. Five of these children had had poor adher-
ence to the preventive therapy (Seddon et al., 2013). 

7g.  Hansen’s disease (leprosy)

Ofloxacin has demonstrated impressive activity against M. 
leprae in laboratory studies and in clinical trials, in which it 
was found to have better activity than either ciprofloxacin or 
pefloxacin (Ji and Grosset, 1991; Gelber, 1994; Ji et al., 1994). 
Its major role and first-line WHO recommendation is in the 
treatment of paucibacillary leprosy with a single skin lesion. 
The current WHO guidelines recommend rifampicin 600 mg, 
ofloxacin, and minocycline 100 mg (ROM) as a single dose 
(WHO Expert Committee on Leprosy, 1998). In the largest 
study of this topic, treatment-naïve Indian patients with 
paucibacillary disease and a single skin lesion had slightly 
lower cure rates on single-dose ROM compared to 6 months’ 
dapsone 100 mg daily and rifampicin 600 mg monthly. Cure 
rates with single-dose ROM were 327/697 (46.9%) compared 
to 374/684 (54.7%) with multidrug therapy, relative risk 
0.86, 95% CI: 0.77–0.95 (Single Lesion Multicentre Trial 
Group, 1997). 

The same single-dose combination of ROM has been 
studied in paucibacillary disease with 2–5 skin lesions. The 
largest study was of 1526 patients in a randomized, double- 
blind trial in five Indian centers treated with either single- 
dose ROM or standard WHO paucibacillary treatment with 
6 months dapsone 100 mg daily and rifampicin 600 mg 
monthly. Cure rates were the same (72% vs. 72.1%, p = 0.95) 
but the relapse rate after 36 months of follow-up was much 
higher in the single-dose arm with 38 relapses, 28 of which 
were in the first 18 months. Relapse rates per 100 patient-
years were 1.13 in the ROM group and 0.35 in the 6-months 
rifampicin–dapsone group (p = 0.001). The authors recom-
mended single-dose ROM only when careful follow-up for 
relapse was available (Manickam et al., 2012). 

Ofloxacin plays a much smaller role in the treatment of 
multibacillary leprosy, where standard therapy is dapsone, 
rifampicin, and clofazamine for 12–24 months (WHO Expert 
Committee on Leprosy, 1998). Based on ofloxacin’s excellent 
activity against M. leprae in animal models, WHO in 1991 
organized a four-arm trial comparing standard therapy for 
12–24 months versus 1 month of daily rifampicin and oflox-
acin only versus standard therapy for 12 months plus 1 month 
of daily rifampicin and ofloxacin. However, follow-up was 
short, which was a major criticism in multibacillary disease 
where relapse typically begins more than 6 years after mul-
tiple drug therapy (Fajardo et al., 2009). In a sub-study of 
230 Filippino patients treated on the four-arm WHO trial 
followed for 9–12 years, the relapse rates for the 1-month 
rifampicin–ofloxacin combination regimen alone were unac-
ceptably high at 11% at 9 years and 25% at 12 years. This was 
much higher than in the other three arms, which had relapse 
rates of 0–3% (p < 0.05). Relapses occurred late, commenc-
ing at 5 years after initiation of therapy (Fajardo et al., 2009). 
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A similar study found a relapse rate of 13% after 6 weeks 
of  daily rifampicin, clofazimine, and ofloxacin and weekly 
minocycline and follow-up for 10 years (Pattyn and Grillone, 
2002). A meta-analysis was performed examining studies of 
single-dose ROM in paucibacillary and multibacillary lep-
rosy treatment (Setia et al., 2011). Four studies compared 
ROM to controls receiving standard WHO multidrug ther-
apy for paucibacillary disease with dapsone 100 mg daily and 
rifampicin 600 mg monthly for at least 6 months (WHO 
Expert Committee on Leprosy, 1998), and seven studies had 
no comparison arm. Single-dose therapy with ROM was less 
effective than multidrug therapy for paucibacillary disease 
with a relative risk of 0.91 (95% CI: 0.86–0.97). There were 
only three studies in multibacillary disease, so no conclusion 
could be reached for these patients. 

In summary, therefore, the current WHO recommenda-
tion for a single paucibacillary leprosy skin lesion is 400 mg 
ofloxacin plus 600 mg rifampicin plus 100 mg minocycline, 
as a single dose for adults. The cure rate is slightly lower than 
with 6 months combination therapy with dapsone 100 mg 
daily and rifampicin 600 mg monthly, but the single dose has 
advantages of compliance and ease of supervision of therapy, 
particularly in countries such as India with a large number of 
leprosy patients who may be difficult to follow up (WHO 
Expert Committee on Leprosy, 1998). However, current US 
guidelines do not recommend ofloxacin in first-line therapy 
of single-lesion disease, likely due to the lower cure rate and 
smaller numbers of trials. However, they recommend using 
ofloxacin if clozamine cannot be used (U.S. Department of 
Health and Human Services, 2015). The WHO does not rec-
ommend ofloxacin as first-line therapy if there is more than 
one skin lesion in paucibacillary disease and in multibacil-
lary disease. This is likely due to smaller numbers of trials, 
lower cure rates, and higher relapse rates, as described above. 
However, fluoroquinolones such as ofloxacin are considered 
to have a role in cases of drug relapse, especially when rifam-
picin, dapsone, or clofazamine resistance is suspected (WHO 
Expert Committee on Leprosy, 1998).

7h.  Other mycobacterial infections

Ofloxacin in combination with amikacin is effective treat-
ment for sternotomy wound infections due to M. fortuitum if 
strains are ofloxacin susceptible (Yew et al., 1989a, Yew et al., 
1989b, Yew et al., 1990b). Although monotherapy with oflox-
acin was also successful in the treatment of these sternot-
omy infections, it is currently not recommended because of 
the high risk of mutational resistance to fluoroquinolones 
(Wallace et al., 1997). Combination oral ofloxacin plus sys-
temic and intraventricular amikacin has also been used to 
cure a ventriculoatrial shunt infection due to M. fortuitum 
(Chan et al., 1991).

Ofloxacin has been used in the prophylaxis of bacillus 
Calmette-Guerin (BCG)-induced bladder toxicity following 
local instillation of BCG to treat transitional cell carcinoma 
of the bladder. In a randomized, prospective, double-blind 
placebo-controlled study, 115 patients received either placebo 

or oral ofloxacin 200 mg at 6 hours and 18 hours after each 
BCG instillation (weekly for 6 weeks, then a break of 6 weeks, 
then weekly for 3 weeks). Patients who received ofloxacin 
had significantly less moderate and severe adverse events and 
better compliance with the BCG treatment course compared 
to placebo. Moderate adverse events were reduced from 
83.3% to 61.1% (p = 0.017) and severe adverse events were 
reduced from 55.6% to 38.9% (p = 0.019) (Colombel et al., 
2006).

7i.  Osteomyelitis

Similar to other fluoroquinolones, ofloxacin is effective in 
the treatment of acute and chronic osteomyelitis, especially 
when it is due to Gram-negative pathogens (Lew and Wald-
vogel, 1999). The relative role of fluoroquinolones (compared 
with the more conventional beta-lactam therapy) has been 
summarized in a meta-analysis, although all of the included 
studies were open label and many were small and lacked 
specifics regarding adjunctive antibiotic therapy (Karamanis 
et al., 2008). Three of the studies included in this meta- 
analysis had an ofloxacin arm (Lipsky et al., 1997; Gentry 
and Rodriguez-Gomez, 1991; Gomis et al., 1999). The effi-
cacy of ofloxacin against Gram-positive infections such as 
those due to staphylococcal species appears less reliable 
than its efficacy against Gram-negative infections (overall 
cure rate about 67–85%) (Ketterl et al., 1988; Dellamonica et 
al., 1989; Gentry and Rodriguez-Gomez, 1991; Lipsky et al., 
1997). In a relatively small, randomized study comparing 
ofloxacin 400 mg twice daily for 8 weeks with prolonged par-
enteral antibiotic therapy (either cefazolin or ceftazidime for 
an average of 4 weeks) for the treatment of biopsy-confirmed 
non-prosthesis osteomyelitis, the long-term response to 
therapy was 14/19 (74%) for ofloxacin versus 12/14 (86%) for 
parenteral therapy. Infecting pathogens included S. aureus 
(40%), Enterococcus spp. (3%), P. aeruginosa (15%), and other 
Gram-negative pathogens (42%), but of the four relapses 
among the ofloxacin-treated group, three were due to S. 
aureus. Although the authors suggest that these two modes 
of therapy are equivalent in efficacy, there was insufficient 
statistical power in this study to make this claim (Gentry and 
Rodriguez-Gomez, 1991). In an open, non-randomized study 
of three different fluoroquinolones (ofloxacin, ciprofloxacin, 
and pefloxacin) in the treatment of chronic Gram-negative 
osteomyelitis, 21 patients received oral ofloxacin 400 mg 
twice daily for a mean of 163 days. Although numbers were 
small, cure rates for ofloxacin were 17/21 (81%) and were 
comparable to the other two quinolones. Two of the four fail-
ures were in patients with P. aeruginosa infection (Galanakis 
et al., 1997). In a non-comparative study of diabetic patients 
with chronic foot osteomyelitis, 15/17 (88.2%) of patients 
were cured with oral ofloxacin 200 mg thrice daily plus 
rifampicin 600 mg twice daily. Therapy was prolonged, with 
a median duration of 6 months (Senneville et al., 2001). In 
a prospective randomized multicenter trial of 108 patients 
with diabetic foot infections, ofloxacin 400 mg twice daily 
i.v. (then switched to oral) was compared to 1–2 g 
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ampicillin/0.5–1 g sulbactam (Unasyn) i.v. qid followed by 
oral 0.5 g amoxicillin/0.125 g clavulanate thrice daily. One-
quarter of the patients had osteomyelitis (although all 
infected bone had to be surgically removed early in treat-
ment) and mean duration was 3 weeks. Metronidazole could 
be added to ofloxacin to improve the anaerobic cover, and 
gentamicin or cotrimoxazole could be added to the amino-
penicillin arm, although the numbers of patients who received 
additional drugs was not listed. Cure rates were equivalent 
at 85% versus 83%. Eleven ofloxacin patients had bacterio-
logical persistence of pathogens in follow-up cultures (eight 
streptococci, three S. aureus), although isolates remained 
ofloxacin susceptible. Six of the eight patients with persisting 
streptococcal isolates were removed from the study due to 
clinical failure. The authors state that an additional agent 
such as clindamycin could be added to ofloxacin to improve 
Gram-positive activity and anaerobic activity in serious dia-
betic foot infections (Lipsky et al., 1997).

Ofloxacin has also been used in the treatment of infected 
orthopedic implants, in combination with rifampicin. In 
an  interesting study of patients with infected orthopedic 
implants, Drancourt et al. (1993) found that long-term ther-
apy with a combination of rifampicin 900 mg daily plus 
ofloxacin 200 mg thrice daily (600 mg per day) and timely 
removal of the prosthesis may be effective in a reasonable pro-
portion of patients with susceptible Staphylococcus-infected 
orthopedic implants. Patients with hip prosthesis infections 
were treated for 6 months with removal of any unstable pros-
theses after 5 months of treatment; patients with knee pros-
thesis infections were treated for 9 months with removal of 
the prosthesis after 6 months of treatment, and patients with 
infected bone plates were treated for 6 months with removal 
of the plate after 3 months in some cases. The choice of these 
various treatment algorithms appeared to be somewhat arbi-
trary and possibly open to some clinician bias. Among the 
evaluable 51 patients, four had side effects such that they were 
not evaluable for treatment efficacy, while 35 of the remain-
ing 47 patients (74%) were cured 6 months after therapy—
implying an overall success rate based on intention-to-treat 
of 69%. These results are encouraging compared with previ-
ously published data on treatment of these difficult infec-
tions. Other rifampicin–fluoroquinolone combination studies 
for infected orthopedic implants have primarily used cipro-
floxacin as the fluoroquinolone (Widmer et al., 1992; Zim-
merli et al., 1998).

7j.  Soft tissue and skin infections

Similar to ciprofloxacin (see Chapter 101, Ciprofloxacin), 
ofloxacin appears to have reasonable activity against skin and 
soft tissue infections due to Gram-negative pathogens, but 
its activity against Gram-positive infections, such as those 
due to staphylococci and streptococci, is less certain. Most 
skin and soft tissue infections are caused by Gram-positive 
bacteria, and for these another agent would be a more appro-
priate choice than a fluoroquinolone such as ofloxacin (Karch-
mer, 1999; Blondeau, 2002). Ofloxacin has been used in the 

treatment of diabetic foot infections due to its good Gram-
negative activity, but as these infections are often polymicro-
bial, another agent with better Gram-positive and anaerobic 
activity is often added (see earlier under 7i, Osteomyelitis). 
Overall, data regarding the use of ofloxacin for skin and soft 
tissue infection are less comprehensive than those available 
for ciprofloxacin or other newer fluoroquinolones (Gentry 
et al., 1989; Gentry, 1991; Powers et al., 1991; Cruciani and 
Bassetti, 1994; Liu et al., 1995; see Chapter 105, Moxifloxacin).

7k.  Nasal carriage of Neisseria meningitidis

Similar to ciprofloxacin (see Chapter 101, Ciprofloxacin), a 
single dose of ofloxacin 400 mg appears to be highly effective 
(97.2%) in eradicating nasal carriage of N. meningitidis (Gilja 
et al., 1993; Halstensen et al., 1995a; Smith et al., 1999).

7l.  Prevention of infection in neutropenic 
patients

Oral fluoroquinolone prophylaxis for bacterial infections in 
afebrile neutropenic patients following chemotherapy has 
been the subject of many studies. A Cochrane meta-analysis 
summarized the results of the 101 well-conducted studies with 
12,599 patients (Gafter-Gvili et al., 2005). The most common 
fluoroquinolone studied was ciprofloxacin. Sixteen studies 
contained ofloxacin in at least one arm, with the other study 
arm or arms usually containing either placebo, another flu-
oroquinolone, and/or another antibiotic (most commonly 
cotrimoxazole). Most studies were in patients with hemato-
logical malignancies and/or bone marrow transplantation, 
although a few were in patients with solid-organ malignan-
cies. Ofloxacin dosage in the various studies was 400–800 mg 
daily and the drug was generally well tolerated (Hartlapp, 
1987; Bartoloni et al., 1989; Arning et al., 1990; Liang et al., 
1990; Winston et al., 1990; D’Antonio et al., 1991; Gluckman 
et al., 1991; Kern and Kurrle, 1991; Mocikova et al., 1992; 
Schroeder et al., 1992; Tsutani et al., 1992; Maiche and 
Muhonen, 1993; D’Antonio et al., 1994; Kern et al., 1994; 
Bow et al., 1996; Ruiz et al., 2001). The results of the Cochrane 
meta-analysis were that compared with placebo or no inter-
vention, fluoroquinolone prophylaxis decreased the risk of 
death (risk ratio [RR]: 0.66, 95% CI: 0.55–0.79). The authors 
estimated that 50 patients needed to be treated in order to 
prevent one death from all causes. The rates of fluoroquino-
lone resistance in patients who received fluoroquinolones 
were low (compared with placebo, RR: 1.18, 95% CI: 0.81–
1.70), and were lower than predicted in the 2002 Infec- 
tious Disease Society of America Guidelines for the Use of 
Antimicrobial Agents in Neutropenic Patients with Cancer 
(Hughes et al., 2002; Gafter-Gvili et al., 2005).

Concern has been raised regarding potential “break-
through” bacteremia with Gram-positive pathogens among 
patients receiving ofloxacin prophylaxis, given the known 
poor Gram-positive activity of ofloxacin (Hughes et al., 2002). 
The largest ofloxacin prophylaxis study showed that com-
pared with cotrimoxazole, ofloxacin significantly reduced the 
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incidence of Gram-negative infections but not Gram-positive 
infections (Kern and Kurrle, 1991). This led to further stud-
ies in which a Gram-positive agent such as rifampicin or rox-
ithromycin was co-administered with ofloxacin (Kern et al., 
1994; Bow et al., 1996; Munoz et al., 1999). In the study by 
Bow et al. (1996), the addition of rifampicin 300 mg bid to 
ofloxacin 400 mg bid reduced the incidence of Gram-positive 
infections but did not reduce the overall incidence of febrile 
neutropenic episodes. Similarly, in another study, the addi-
tion of roxithromycin to ofloxacin reduced the incidence of 
viridans streptococcal bacteremia but not overall febrile epi-
sodes or overall rates of bacteremia (Kern et al., 1994). There 
have been few head-to-head trials of ofloxacin compared with 
other fluoroquinolones in this area, with only four relatively 
small trials of norfloxacin, ciprofloxacin, and pefloxacin 
(Arning et al., 1990; Maiche and Muhonen, 1993; D’Antonio 
et al., 1994; Bow et al., 1996). In the study by D’Antonio et al. 
(1994), ciprofloxacin was associated with lower rates of colo-
nization with resistant Gram-negative bacilli than ofloxacin, 
or especially pefloxacin. Current recommendations are not 
to add an additional Gram-positive agent, although trials 
with the newer fluoroquinolones which have improved Gram- 
positive activity are notable (see Chapter 1015, Moxifloxacin) 
(Hughes et al., 2002; Gafter-Gvili et al., 2005).

7m.  Treatment of febrile neutropenic 
patients

Oral ofloxacin 400 mg twice daily may be similar in efficacy 
to routine, broad-spectrum combination parenteral anti-
biotic therapy (e.g. amikacin plus a broad-spectrum beta- 
lactam) for the treatment of neutropenic febrile patients. In 
a multicenter, prospective single-arm trial, an 83% response 
was seen among cancer patients with fever and neutropenia 
who self-administered oral ofloxacin at home. Two patients 
died before they could be hospitalized, but among the 15% 
who were admitted, the vast majority responded to paren-
teral therapy (Malik et al., 1994). In a later study, patients 
received ofloxacin 400 mg bid either as a hospital inpatient 
or as an outpatient. About 21% of patients randomized to 
outpatient therapy with oral ofloxacin 400 mg twice daily 
required hospitalization, but mortality rates were compara-
ble between inpatients and outpatients (2% vs. 4%, respec-
tively) (Malik et al., 1995). In a study by Hidalgo et al. (1999), 
oral ofloxacin 400 mg twice daily was equivalent to i.v. cef-
tazidime 2 g thrice daily plus amikacin 500 mg bid in 95 low-
risk solidtumor patients with neutropenic sepsis (cure rate 
89% vs. 91%, p = 1). Children aged 2–15 years with leukemia 
or solid tumors on maintenance chemotherapy with low-risk 
pediatric febrile neutropenia were randomized to receive 
either outpatient oral ofloxacin 7.5 mg/kg twice daily plus 
oral amoxicillin–clavulanate 12.5 mg/kg thrice daily versus 
outpatient i.v. ceftriaxone 75 mg/kg plus i.v. amikacin 15 mg/
kg once-daily; no differences in outcome were noted in 119 
evaluable episodes of sepsis (Gupta et al., 2009). Thus among 
low-risk neutropenic febrile patients (e.g. those who are 
expected to have neutropenia of short duration), outpatient 

management with oral ofloxacin may be a reasonable treat-
ment option provided patients are reliable and are kept under 
close review. Early oral fluoroquinolone therapy for low-risk 
neutropenic sepsis patients who are assessed at least every 
3–5 days has also been endorsed by the Infectious Disease 
Society of America and the German Society for Hematology 
and Oncology, although in general, ciprofloxacin is preferred 
over ofloxacin, as more data are available (see Chapter 101, 
Ciprofloxacin) (Hughes et al., 2002; Link et al., 2003).

7n.  Ocular infections

Topical ofloxacin eye drops are generally safe, effective ther-
apy for superficial eye infections such as conjunctivitis, 
blepharitis, and keratitis. This must be balanced against the 
potential for causing resistance and the fact that the major-
ity of superficial eye infections are caused by Gram-positive 
bacteria, especially S. aureus, so that an agent such as ofloxa-
cin with borderline activity against many staphylococci may 
not necessarily be the best first choice for therapy. Topical 
0.3% ofloxacin eye drops have good intracorneal penetration 
and are less acidic than ciprofloxacin eye drops, and it has 
been postulated that this could cause less pH-related eye irri-
tation, less induction of tear flow, and hence better anterior 
chamber penetration (Von Keyserlingk et al., 1997). Ofloxa-
cin eye drops have good activity against most Gram-negative 
bacteria, with more than 80% of strains from ocular samples 
susceptible, but Gram-positive bacteria such as S. aureus, 
coagulase-negative staphylococci, S. pneumoniae, and entero-
cocci have variable susceptibility ranging from 10% to 95%, 
and ofloxacin eye drops have no useful anaerobic activity 
(Smith et al., 2001; Morrissey et al., 2004; Oliveira et al., 
2007; Melo et al., 2010; Mantadakis et al., 2013). Methicillin-
resistant S. aureus and methicillin-resistant coagulase nega-
tive staphylococci are frequently ofloxacin-resistant (Oliveira 
et al., 2007). In a study from ten European centers, 91.4% 
of clinically significant MRSA ocular isolates were ofloxacin 
resistant, and similar results were found in a study from the 
United States (Morrissey et al., 2004; Kotlus et al., 2006). In a 
study of 79 children in California with ocular and periocular 
MRSA infection, 48.3% of isolates were ofloxacin resistant 
(Amato et al., 2013). As superficial eye infections such as 
conjuncitivitis, blepharitis, and keratitis are usually caused 
by Gram-positive bacteria, it is recommended that a topical 
agent with better Gram-positive activity such as teicoplanin 
or cephazolin is added to ofloxacin for serious cases, known 
Gram-positive infections, or if improvement does not occur 
after 48 hours (Everett et al., 1995; Smith et al., 2001). Topical 
ofloxacin 0.3% appears to have similar efficacy to either top-
ical gentamicin 0.3% or tobramycin 0.3% in the treatment 
of  external ocular infection (Gwon, 1992a, Gwon, 1992b; 
Bower et al., 1996). Topical ofloxacin 0.3% has comparable 
efficacy to a fortified solution of 1.5% tobramycin plus 10% 
cefazolin for the treatment of bacterial keratitis (O’Brien et 
al., 1995). In a study of 229 patients with bacterial keratitis 
comparing cefazolin plus tobramycin drops with moxifloxa-
cin drops or ofloxacin drops, each group had a cure rate of 
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94%. One-third of the ofloxacin-treated group had S. aureus 
infection, but methicillin resistance was rare in this study. 
There were no cases of corneal deposits (see section 6, 
Adverse reactions and toxicity) (Constantinou et al., 2007).

The development of fluoroquinolone resistance following 
usage of ofloxacin eye drops is—not unexpectedly—among 
patients receiving longer-term therapy. In patients receiving 
3 days ofloxacin at the time of ocular surgery, there was no 
development of resistance in coagulase-negative staphylo-
cocci in 70 study patients compared to 89 control patients 
(Ta et al., 2006). However, longterm therapy with ofloxacin 
drops is commonly associated with the development of oflox-
acin resistance in coagulase-negative staphylococci (Kim and 
Toma, 2011; Dave et al., 2011; Milder et al., 2012). 

7o.  Peritonitis associated with CAPD

Compared with ciprofloxacin (see Chapter 101, Ciproflox-
acin), there are fewer data regarding the efficacy of ofloxacin 
in the treatment of CAPD-associated peritonitis. A regimen 
of oral ofloxacin 400 mg initially followed by 300 mg daily for 
10 days resulted in a 1- and 2-month cure rate of 83%, in 
which staphylococcal species constituted the vast majority of 
identified pathogens. Ofloxacin diffused well into dialysate 
and no patients had to discontinue therapy due to side effects 
(Chan et al., 1988a). Chan et al. (1990) found similar results 
in a study in which they compared this ofloxacin regimen 
with intraperitoneal cephalothin plus tobramycin, or oral 
ofloxacin plus rifampicin. Notably, however, other authors 
have found monotherapy with ofloxacin, albeit in doses of 
only 200 mg daily for 10 days, to be inadequate for the 
empiric treatment of peritonitis, with cure rates of only 
67% (Gucek et al., 1994). Owing to the excellent antimyco-
bacterial activity of ofloxacin, concerns have been raised that 
ofloxacin treatment of CAPD-associated peritonitis could 
mask tuberculous peritonitis (Pagniez et al., 1991). Numerous 
other antibiotics are likely to be more appropriate than oflox-
acin for the treatment of CAPD-related peritonitis.

Ofloxacin otic 0.3% solution has also been used as an 
off-label adjuvant therapy with oral antibiotics in two patients 
with persistent peritoneal Tenckhoff catheter exit-site and 
tunnel infections. This resulted in cure despite retention of 
the Tenckhoff catheter (Lew and Gruia, 2013). 

7p.  Intra-abdominal, gastric, and biliary 
tract infections

In a nonblinded trial of 52 patients with acute biliary tract 
infection (cholecystitis or cholangitis), oral ofloxacin was as 
effective as parenteral ceftriaxone, with a cure rate of 89%, 
although the study was poorly described, with neither dos-
ages nor duration of therapy specified (Karachalios et al., 
1996). In another study of patients with biliary plastic stents 
for inoperable malignant disease, the addition of ofloxacin 
200 mg twice daily orally to ursodeoxycholic acid 250 mg 
thrice daily made no difference to the timing of stent occlu-
sion (Halm et al., 2001).

Among patients with cirrhosis and gastrointestinal hem-
orrhage from ruptured esophageal varices, a 10-day prophy-
lactic course of ofloxacin 400 mg per day was associated with 
a significant reduction in infections compared with patients 
receiving no prophylaxis; however, there was no difference in 
2-week survival (Blaise et al., 1994). In a non-blinded study 
of 123 cirrhotic patients with spontaneous bacterial peritoni-
tis, oral ofloxacin 400 mg twice daily had a clinical efficacy 
of 84%, equivalent to i.v. cefotaxime 2 g qid (Navasa et al., 
1996). A similar smaller study with lower dosages in Turkey 
had similar results (Taskiran et al., 2004). Of concern, how-
ever, is the report by Dupeyron et al. (1994), which demon-
strated the rapid emergence of quinolone resistance among 
fecal organisms in cirrhotic patients treated with norfloxacin 
prophylaxis to prevent spontaneous bacterial peritonitis (see 
Chapter 102, Norfloxacin). Clearly, long-term prophylaxis 
with ofloxacin in this setting is likely to carry similar impli-
cations and hence there are no newer studies for this indica-
tion. A survey of French gastroenterologists in 2011–2012 
indicated that quinolones are still frequently used in France 
for antibiotic prophylaxis after gastrointestinal bleeding or for 
prophylaxis of bacterial peritonitis, with norfloxacin much 
more commonly used than ofloxacin (Thevenot et al., 2012).

Ofloxacin has been used to in the second-line rescue 
therapy of gastrointestinal Helicobacter pylori. Two weeks of 
bismuth, omeprazole, ofloxacin, and azithromycin was well- 
tolerated and more efficacious, with a cure rate of 85/110 
(77.3%), compared to 71/110 (64.5%) cured with bismuth, 
omeprazole, amoxicillin, and clarithromycin (p = 0.027) 
(Minakari et al., 2010). In another study, 7 days’ bismuth and 
omeprazole were combined with either ofloxacin, tetracy-
cline, and metronidazole (BOTMO), or amoxicillin, clari-
thromycin, and tinidazole (BOACT). BOTMO cure rates 
were higher at 86.5% versus 75.5% for BOACT (p < 0.05), 
and were better tolerated (Mansour-Ghanaei et al., 2015). 

A 3-week course of oral ofloxacin 400 mg per day was 
effective in curing an HIV-infected patient with spontaneous 
peritonitis due to Y. enterocolitica, although caution needs 
to be exercised with ofloxacin therapy for this organism, as 
an Indian study found that all 41 fecal cultures of Y. enteroco
litica from patients with gastroenteritis were ofloxacin resis-
tant (Flament-Saillour et al., 1994; Lal et al., 2003).

7q.  Brucellosis

Ofloxacin is an effective therapy for acute uncomplicated 
brucellosis when used in combination with rifampicin for at 
least 30–45 days, and appears to have better gastrointestinal 
tolerance than doxycycline and rifampicin. A study of oflox-
acin 400 mg in combination with rifampicin 600 mg, each 
once daily for 6 weeks showed similar efficacy to a 6-week 
course of doxycycline 200 mg plus rifampicin 600 mg once 
daily in the treatment of B. melitensis infection, regardless 
of the presence of complications of the disease. Therapeutic 
failures were reported in only about 3% of patients treated 
with either regimen, but 43% in the doxycycline/rifampicin 
group complained of gastric discomfort compared with 6.5% 
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in the ofloxacin/rifampicin group (Akova et al., 1993). In 
another small prospective randomized Turkish study of pre-
dominantly acute uncomplicated brucellosis, fever resolution 
in the group given 30 days of once-daily ofloxacin 400 mg 
and rifampicin 600 mg was significantly quicker than in the 
other group given 45 days of doxycycline 100 mg twice daily 
plus rifampicin 600 mg daily (74 vs. 106 hours, p = 0.016), 
although the relapse rate (2/14 vs. 2/15 patients) and gastro-
intestinal adverse events (3/14 vs. 4/15) were the same in 
both arms (Karabay et al., 2004; see Table 103.8). Another 
larger Turkish study of 118 patients with acute uncompli-
cated brucellosis used the same dosage regimens as the pre-
vious study in the first two arms, although duration was 
longer, at 6 weeks, with a third arm containing doxycyline 
200 mg daily for weeks plus streptomycin 1 g i.m. for the first 
3 weeks. There was no difference in clinical response or 
relapse rates between the three groups, with a relapse rate of 
5/41 (12.8%) in the ofloxacin-containing arm. Patients in the 
doxycyline plus rifampicin arm had a much higher rate of 
gastrointestinal intolerance (46.7% vs. 19.5% in the ofloxacin/ 
rifampicin arm) than the other two arms (Ersoy et al., 2005; 
Table 103.8). In a prospective randomized open-label study 
of acute uncomplicated brucellosis in Iran, 6 weeks of doxy-
cycline 200 mg daily plus 3 weeks of streptomycin 1 g i.m. 
daily was equivalent to 6 weeks ofloxacin 800 mg daily plus 6 
weeks rifampicin 15 mg/kg daily, with a cure rate of 62/65 
(95.4%) compared to 60/64 (93.8%; p = 0.923) and no differ-
ences in relapse rates. A third arm with 6 weeks of both dox-
ycycline 200 mg daily and rifampicin 15/kg daily was less 
efficacious (83.9%), with a higher relapse rate of 15.3% com-
pared to the other two arms. There were no significant differ-
ences in adverse events between the three arms. This study 
used an ofloxacin dose of double the earlier studies, which 
might explain the better cure rates and lower relapse rates 
of the ofloxacin/rifampicin arm in the later study (Hashemi 
et al., 2012). 

In a Cochrane Database meta-analysis of studies of anti-
biotics for treating human brucellosis, 6 weeks doxycycline 
plus 2–3 weeks streptomycin was considered to be a more 
effective regimen than either doxycycline plus rifampicin (6 
weeks) or doxycycline plus a quinolone (6 weeks), which were 
recommended as second-line therapies (Yousefi-Noorale et 
al., 2012). Four of the five quinolone studies included an 
ofloxacin arm (Akova et al., 1993, Ersoy et al., 2005; Karabay 
et al., 2004; Hashemi et al., 2012). Quinolone plus rifampicin 
was slightly better tolerated than doxycycline plus rifam-
picin, with a nonsignificant higher risk of minor adverse 
reactions with doxycyline plus rifampicin (RR: 1.80, 95% CI: 
0.78–4.18). The authors concluded that the data (considered 
low-quality evidence and low study patient numbers) did not 
show any difference in overall effectiveness between the two 
second-line therapies (Yousefi-Noorale et al., 2012). 

Ofloxacin-based regimens have been trialed in lumbar bru-
cellar spondylitis but based on current limited data, appear 
inferior to standard streptomycin-based regimens. In a pro-
spective randomized Turkish study of five different anti-
microbial combinations in 102 patients with lumbar brucellar 

spondylitis, a 45-day regimen with ofloxacin 200 mg twice 
daily and rifampicin 600–900 mg daily appeared less effec-
tive than either the three streptomycin-based regimens or the 
45-day regimen with doxycycline and rifampicin, although 
there were insufficient numbers to show significant differ-
ences. All regimens were equally well tolerated. The high 
failure rate in the ofloxacin/rifampicin arm with 5/19 (26%) 
failures and a further 5/19 (26%) relapses is of concern, 
although numbers in each arm were small (Bayindir et al., 
2003; Table 103.8).

Combined ofloxacin and rifampicin has also been recom-
mended for the therapy of bioterrorism-related acute brucel-
losis by the Biological and Chemical Agent Threat Guidelines 
of the European Commission (Bossi et al., 2004a).

7r.  Q fever

Ofloxacin has been used to treat 14 patients with Q fever 
endocarditis at an oral dose of 200 mg thrice daily in combi-
nation with oral doxycycline 100 mg twice daily. Treatment 
was required for a median of 55 months. The comparator 
group of 21 patients received the same dose of doxycycline 
with oral hydroxychloroquine 200 mg thrice daily substi-
tuted for ofloxacin, although the study was potentially flawed 
because the ofloxacin-treated patients were historical con-
trols (1987–1991 vs. 1991–1997). The hydroxychloroquine- 
treated patients required a much shorter median treatment 
time of 26 months. The mortality rate in both groups was 5%, 
with no differences between the two regimens in rates of 
valve surgery or tolerance (Raoult et al., 1999).

7s.  Bioterrorism-related anthrax

Ofloxacin has been recommended by the Biological and 
Chemical Agent Threat Guidelines of the European Com-
mission as an alternative second-line therapy to ciprofloxacin 
for the post-exposure prophylaxis of bioterrorism-related 
anthrax at a dose of 400 mg twice daily orally for 60 days. 
It has also been recommended as a second-line treatment 
to  ciprofloxacin for clinical cases of bioterrorism-related 
anthrax at a dose of 400 mg i.v. twice daily followed by 400 
mg twice daily orally for 60 days (Bossi et al., 2004b).

7t.  Other infections

Ofloxacin has been considered as an empirical therapeutic 
agent in the treatment of nonmalarial fever in 1938 patients 
in two hospitals in Laos. However, based on known diagno-
ses, it was predicted to be a useful agent in only 2% of patients 
and was likely to be less clinically useful than azithromycin, 
doxycycline, or ceftriaxone (Mayxay et al., 2013). 

A 5-year prospective nonrandomized study of Greek 
patients with murine typhus treated 73 patients with doxy-
cycline, 11 with ofloxacin, and 6 with both drugs. Cure was 
obtained in all patients, but patients receiving doxycycline 
had earlier resolution of fever, with a median of 3 days com-
pared to 4 days for ofloxacin (p = 0.001). However, this study 
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is difficult to interpret as doses and durations were not spec-
ified (Chaliotis et al., 2012).

Three patients with postoperative sternotomy infections 
due to Nocardia asteroides were successfully treated with sur-
gery and i.v. and oral ofloxacin 400–600 mg daily (Yew et al., 
1991; Verghese et al., 2003). A patient with lymphocutaneous 
N. otitidiscaviarum (formerly N. cavae) infection responded 
to combination oral ofloxacin and doxycycline (Suzuki et al., 
1995).

A patient with an ofloxacin-susceptible Y. enterocolitica 
endocarditis was cured with 21 days of ofloxacin 200 mg 
twice daily i.v. and 14 days of netilmicin 150 mg thrice daily 
i.v. (Karachalios et al., 2002).

A double-blind randomized study of ofloxacin 200 mg 
and roxithroycin 150 mg, both twice daily for 3 months, 
showed no advantage over placebo for patients with recent- 
onset reactive arthritis (Kuuliala et al., 2013). 

Once-monthly single dose rifampicin 600 mg, ofloxacin 
400 mg and minocycline 100 mg for 4–8 months cured six 
Indian patients with biopsy-proven granuloma annulare. It 
was postulated that this could be due to the anti-inflammatory 
action of the medications (Garg and Baveja, 2015). 
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Levofloxacin

David C. Hooper

1. DESCRIPTION

Levofloxacin (Levaquin, Iquix, Quixin) is a fluoroquinolone 
that is the optical S-(–) isomer of ofloxacin. It was originally 
developed by the Daiichi Seiyaku Pharmaceutical Co. Ltd. in 
Japan. Its chemical formula is (–)-(S)-9-fluoro-2,3-dihydro-
3-methyl-10-(4-methyl-1-piperazinyl)-7-oxo-7H-pyrido 
[1,2,3-de] [1,4]benzoxazine-6-carboxylic acid hemihydrate 
(Figure 104.1), and it has a molecular weight of 370 daltons. 
Ofloxacin is a racemic mixture of two optical isomers, but 
the S-isomer has antibacterial activity 32- to 128-fold greater 
than that of the R-isomer, and thus most of the antibacterial 
activity of ofloxacin is due to the S-isomer, which constitutes 
levofloxacin. Levofloxacin, like ofloxacin and other fluoro-
quinolones, is an inhibitor of the bacterial type II topoisom-
erases DNA gyrase and DNA topoisomerase IV. Levofloxacin 
was developed to take advantage of its increased antibacterial 
potency and a potentially improved toxicity profile (Davis 
and Bryson, 1994; Inage et al., 1992; Tanaka et al., 1992; Une 
et al., 1988).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

GRAM-NEGATIVE BACTERIA

Levofloxacin generally has broad Gram-negative activity 
similar to that of ciprofloxacin, but may be less active against 
some strains of Pseudomonas aeruginosa (see Table 104.1). 
Levofloxacin is most potent against enteric Gram-negative 
bacteria (Fu et al., 1992; Neu and Chin, 1989), with lower 
potency (Neu and Chin, 1989) against P. aeruginosa. Sus-
ceptiblity patterns can vary by location and over time, 
accounting for the broad range of MIC90 values for some spe-
cies in Table 104.1. Acquired resistance to levofloxacin and 
other fluoroquinolones is generally highest in P. aeruginosa, 
with fewer that half of isolates susceptible to ciprofloxacin or 
levofloxacin in some areas (Morrissey et al., 1996; Segatore 
et al., 1999; Wolfson et al., 1987). Resistance has also emerged 

in Klebsiella pneumoniae, Escherichia coli, Enterobacter spp. 
and other Enterobacteriaceae, with rates high in some areas 
(Lu et al., 2012) (see section 2.b, Emerging resistance and 
cross resistance). Uncommon strains of Enterobacteriaceae 
that test as susceptible to levofloxacin but resistant to cipro-
floxacin should be considered also resistant to levofloxacin 
(Leclercq et al., 2011). 

Gram-negative community respiratory pathogens, such as 
Haemophilus influenzae (MIC90 = 0.05 μg/ml) and Moraxella 
catarrhalis (MIC90 = 0.09 μg/ml), are uniformly highly sus-
ceptible (Eliopoulos and Eliopoulos, 2003; Sahm et al., 2008b; 
Wang et al., 2011; Zhanel et al., 2008), as is also the case for 
ciprofloxacin (see Chapter 101, Ciprofloxacin). 

Activity against Neisseria spp. was initially excellent, but 
strains of N. gonorrhoeae that are resistant to levofloxacin 
and other quinolones have emerged in sufficient numbers 
to lead to removal of fluoroquinolones as a recommended 
empiric therapy for gonorrhea (Kilmarx et al., 1998; Knapp 
et al., 1997; Wang et al., 2007). A small number of resistant 
strains of N. meningitidis have also been reported (Castan-
heira et al., 2012; Singhal et al., 2007).

GRAM-POSITIVE BACTERIA

Levofloxacin has improved activity over ciprofloxacin against 
many Gram-positive bacteria (see Table 104.2) but is often 

Figure 104.1. Structure of levofloxacin. The arrow points to 
the asymmetric carbon atom that results in two possible 
stereoisomers; ofloxacin is a racemic mixture of both stereo- 
isomers, and levofloxacin is the single S stereoisomer.
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two- to fourfold less active than gatifloxacin and moxifloxa-
cin, which were developed later (Eliopoulos and Eliopoulos, 
2003). Against Gram-positive bacteria, the MIC90 of levo-
floxacin for streptococci, including Streptococcus pneumoniae, 

is usually 1.0–2.0 μg/ml (Sahm et al., 2008a; Thornsberry et 
al., 1997), which is classified as susceptible by the breakpoint 
criteria of the Clinical and Laboratory Standards Institute 
(CLSI) (Clinical and Laboratory Standards Institute, 2005). 
Levofloxacin resistance has occurred in only a relatively 
small percentage of strains of S. pneumoniae over time, as 
discussed below (Poulakou et al., 2007; Wang et al., 2011; 
Zhanel et al., 2008). Activity against staphylococci varies 
because of the now common acquired fluoroquinolone resis-
tance in many strains of methicillin-resistant staphylococci 
such that for methicillin-resistant strains of S. aureus (MRSA) 
and S. epidermidis (MRSE), MIC90 values may be 16 μg/ml 
or higher (Von Eiff and Peters, 1996; Zhanel et al., 2008). 
In  contrast, for methicillin-susceptible strains of S. aureus 
(MSSA) and S. epidermidis (MSSE), MIC90 values of levoflox-
acin are usually 0.5–1.0 μg/ml (Wang et al., 2011; Zhanel et 
al., 2008). Clinical isolates of MRSA now commonly have 
resistance mutations in the genes for subunits of both quino-
lone target enzymes, DNA gyrase and topoisomerase IV 
(Schmitz et al., 1998). Activity of levofloxacin against entero- 

Table 104.1. Potency of Levofloxacin against Gram-negative 
bacteria.

Organism
Representative MIC90* 
values (range) μg/ml

Enteric bacteria

Escherichia coli 0.5 (0.05–> 32)

Klebsiella pneumoniae 0.5 (0.5–16)

Klebsiella oxytoca 0.12 (0.06–0.25)

Enterobacter cloacae 0.5 (0.05–2)

Enterobacter aerogenes 0.5 (0.06–16)

Citrobacter freundii 0.5 (0.6–16)

Citrobacter diversus 0.13 (0.03–0.13)

Serratia marcescens     2 (0.25–8)

Proteus mirabilis 0.12 (0.05–8)

Proteus vulgaris 0.12 (0.06–0.25)

Morganella morganii 0.12 (0.06–1)

Providencia rettgeri     1 (0.1–4)

Providencia stuartii     4 (0.25–> 16)

Non-enteric bacteria

Pseudomonas aeruginosa     2–128

Burkholderia cepacia     4–256

Stenotrophomonas maltophilia     2–32

Acinetobacter spp. 0.05–32

Pasteurella multocida 0.016–0.03

Gastrointestinal pathogens

Salmonella spp. 0.03–0.25

Shigella spp. 0.016–0.03

Campylobacter jejuni 0.12–32

Yersinia enterocolitica 0.03–0.06

Aeromonas spp. ≤ 0.015–0.03

Vibrio cholerae 0.008–0.25

Helicobacter pylori 0.25–0.5

Respiratory pathogens

Haemophilus influenzae 0.015–0.5

Moraxella catarrhalis ≤ 0.03–0.5

Neisseria meningitidis ≤ 0.008–0.016

Genital pathogens

Neisseria gonorrhoeae ≤ 0.008–2

*MIC90, minimal inhibitory concentration for 90% of strains
Source: Data from (Barry et al., 2001; Bauernfeind, 1997; Biedenbach et al., 

1999; Biedenbach and Jones, 1995; Brueggemann et al., 1997; Deguchi 
et al., 1997; Deshpande et al., 1999; Deshpande and Jones, 2000; 
Eliopoulos and Eliopoulos, 2003; Fernández-Roblas et al., 2000; Fung-
Tomc et al., 2000a; García-Garrote et al., 2001; Heinemann et al., 2000; 
Hirose et al., 2001; Jones et al., 1999; Jones et al., 2000b; Kato et al., 
1996; Kitzis et al., 1999; Milatovic et al., 2000; Montanari et al., 2001; 
Muñoz Bellido et al., 2000; Pfaller et al., 2000; Sahm et al., 2001; SENTRY 
Participants Group (Latin America) et al., 2001; Takahata et al., 1999; 
Wang et al., 2011; Wise et al., 1997; Wise and Andrews, 1999; Zhanel et 
al., 2008)

Table 104.2. Potency of levofloxacin against Gram-positive 
bacteria.

Organism

Representative 
MIC90* values 
(range) μg/ml

Staphylococci

S. aureus (methicillin-susceptible) 0.25 (0.25–4)

S. aureus (methicillin-resistant)  16 (8–> 32)

Coagulase-negative (methicillin-susceptible)   1 (0.5–> 32)

Coagulase-negative (methicillin-resistant) (0.4–> 32)

Streptococci and enterococci

S. pneumoniae   1 (1–2)

S. pyogenes   1 (0.5–2)

S. agalactiae 1

Streptococcus spp.   2 (1–2)

E. faecalis  (2–50)

E. faecium  (2–64)

Other

Listeria monocytogenes   1 (1–2)

Corynebacterium spp.  (2–> 16)

Bacillus spp. 0.25 (0.06–2)

*MIC90, minimal inhibitory concentration for 90% of strains.
Source: Data from (Barry et al., 2001; Bauernfeind, 1997; Biedenbach and 

Jones, 1995; Brueggemann et al., 1997; Deshpande et al., 1999; 
Deshpande and Jones, 2000; Diekema et al., 1999; Doern et al., 2001; 
Eliopoulos and Eliopoulos, 2003; Frémaux et al., 1999; Fung-Tomc et al., 
2000b; Garcia-Garrote et al., 2001; Hoogkamp-Korstanje and Roelofs-
Willemse, 2000; Jones et al., 2000a; Jones et al., 2000b; Kerawala et al., 
2001; Marco et al., 2000; Martínez-Martínez et al., 1999; Milatovic et al., 
2000; Montanari et al., 2001; Murdoch and Reller, 2001; Pfaller and 
Jones, 1997; Poulakou et al., 2007; Roychoudhury et al., 2001; Sahm et 
al., 2008a; Sahm et al., 2008b; Saravolatz et al., 2001; SENTRY Participants 
Group (Latin America) et al., 2001; Soussy et al., 1999; Takahata et al., 
1999; Teng et al., 2001; Wang et al., 2011; Wise and Andrews, 1999; 
Zhanel et al., 2008)
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cocci is marginal (MIC90 = 3.1 μg/ml) (Une et al., 1988), and 
vancomycin-resistant strains are often highly resistant (Hay-
den et al., 1995; Zhanel et al., 2008).

OTHER BACTERIA

Activity is also excellent against “atypical” respiratory patho-
gens such as Mycoplasma pneumoniae, Chlamydia pneumo-
niae, and Legionella spp. (Eliopoulos and Eliopoulos, 2003). 
C. trachomatis and M. hominis are also usually susceptible to 
levofloxacin. Against Mycobacterium tuberculosis, levofloxa-
cin generally has good activity, with MICs of 0.5–0.75 μg/ml 
(Disratthakit and Doi, 2010; Rastogi et al., 1996), but quino-
lone-resistant strains have been reported, particularly in 
the presence of multidrug resistance and prior exposure to 
newer fluoroquinolones (see Chapter 105, Moxifloxacin) 
(van der Heijden et al., 2013). Moxifloxacin is often two- to 
fourfold more potent than levofloxacin and has been used 
more extensively in clinical tuberculosis studies. Against 
nontuberculous mycobacteria, levofloxacin has activity against 
Mycobacterium kansasii and M. fortuitum, but M. avium- 
intracellulare, M. chelonae, and M. abscessus are usually resis-
tant (Disratthakit and Doi, 2010). 

The activity of levofloxacin against most anaerobic bacte-
ria is limited, and levofloxacin should not be relied on for 
treatment of anaerobic bacterial infections. See Table 104.3.

2b.  Emerging resistance and 
cross-resistance

Resistance to levofloxacin is usually associated with cross- 
resistance to other clinically available fluoroquinolones, and 
for the occasional exceptions, the activity of the other quino-
lone is generally reduced even if it is not classified as fully 
resistant by CLSI criteria. Resistance to nalidixic acid gener-
ally predicts reduced susceptibility to levofloxacin but not 
necessarily full resistance (Hakanen et al., 1999). Thus resis-
tance to nalidixic acid is generally a useful screening test for 
reduced susceptibility to levofloxacin and other fluoroquino-
lones (see Chapter 117, Nalidixic acid and other quinolones).

A detailed summary of the various known mechanisms of 
resistance to fluoroquinolones is shown in Table 104.4.

The prevalence of resistance can vary by locale, but in 
general, as noted above, resistance is most common for 
MRSA (> 50% and over 90% in some areas) and for P. aeru-
ginosa (≥ 35%), since in these species single mutations in 
parC or gyrA can result in strains with MIC values above the 
clinical breakpoint (Low, 2003). More recently, resistance has 
begun to increase in enteric Gram-negative bacteria as well, 
with quinolone-resistant strains of K. pneumoniae, Entero-
bacter spp., and E. coli emerging associated with multidrug 
resistance plasmids that themselves encode for low-level 
quinolone resistance together with resistance to many beta- 
lactams and aminoglycosides and to trimethoprim–sulfame-
thoxazole (Lu et al., 2012; Neuhauser et al., 2003; Robicsek 
et al., 2006a) (see below). Low-level plasmid-mediated resis-
tance below clinical breakpoint criteria promotes selection 
of higher levels of quinolone resistance that exceed CLSI 

resistance breakpoint criteria for levofloxacin and other 
quinolones (Robicsek et al., 2006b; Tran and Jacoby, 2002).

Levofloxacin resistance in S. pneumoniae has occurred in 
North America (Chen et al., 1999; Davidson et al., 2002), 
Europe (de la Campa et al., 2004), and the Far East (Ho et al., 
2002), but the prevalence varies, with highest rates reported 
from an outbreak in Hong Kong (Ho et al., 2002) and rela-
tively stable low rates (≤ 2%) in the United States and Can - 
ada (Doern, 2001; Sahm et al., 2008a; Zhanel et al., 2008). 
Resistance has also emerged in Campylobacter jejuni, usually 
associated with travel to areas outside the United States or 
Europe (Charlett et al., 2002; Hakanen et al., 2003; Piddock, 
1995), and to a lesser extent in Salmonella spp. Resistance to 
levofloxacin and other quinolones has emerged in N. gonor-
rhoeae particularly in the Far East but has been at a sufficient 
level in the United States that quinolones are no longer rec-
ommended for empiric treatment of gonorrhea (Anonymous, 
2007; Fox et al., 1997; Knapp et al., 1997).

Full resistance to levofloxacin and other quinolones most 
often occurs from mutation in the genes encoding subunits 
of DNA gyrase and topoisomerase IV, with an increasing 
number of these mutations generally associated with higher 
levels of resistance (Hooper, 2003). Mutations tend to cluster 
in certain regions (termed the quinolone resistance-determing 
region [QRDR]) of gyrA (encoding the gyrase A subunit) or 
parC (encoding the topoisomerase IV A subunit) and are 
seen less often than mutations in gyrB (encoding the gyrase 
B subunit) and parE (encoding the topoisomerase IV B sub-
unit). Several common gyrase mutations have been shown to 
result in reduced quinolone binding to the complex of gyrase 

Table 104.3. Potency of levofloxacin against anaerobic bacteria 
and Mycobacteria spp.

Organism
Representative MIC90* 
values (range) μg/ml

Anaerobic bacteria

Bacteroides fragilis       2–> 16

Bacteroides spp.       4–16

Fusobacterium spp. 0.39

Clostridium spp. (0.12–4)

Clostridium perfringens 0.39

Clostridium difficile 6.25–128

Anaerobic Gram-positive cocci 0.39–0.78

Mycobacteria

M. tuberculosis 0.5–1

M. avium complex      (1–8)

M. chelonae      (1–4)

M. fortuitum 0.25

M. kansasii 0.25

*MIC90, minimal inhibitory concentration for 90% of strains.
Source: Data from (Bauernfeind, 1997; Bermudez et al., 1996; Eliopoulos 

and Eliopoulos, 2003) (Fung-Tomc et al., 2000b; Hecht and Wexler, 1996; 
Kato et al., 1996; Milatovic et al., 2000; Pfaller et al., 2000; Ruiz-Serrano 
et al., 2000; Skinner et al., 1995; Takahata et al., 1999; Wise et al., 1997; 
Wise and Andrews, 1999)
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with DNA (Willmott and Maxwell, 1993). Resistance can also 
occur by mutations in genes that regulate the expression of 
endogenous bacterial efflux pumps that can actively remove 
levofloxacin and other quinolones from the cell. Resistance 
of this type seems to be most important in P. aeruginosa. As 
noted above, plasmids that confer low-level quinolone resis-
tance have also been found in enteric Gram-negative bac-
teria. Those that affect susceptibility of levofloxacin include 
qnrA, qnrB, and qnrS, which encode proteins of the penta-
peptide repeat family that protect gyrase from quinolone 
action (Robicsek et al., 2006a), and qepA, which encodes an 
efflux pump affecting a broad range of quinolones (Périchon 
et al., 2007; Yamane et al., 2007). A plasmid-encoded variant 
of an aminoglycoside-modifying acetyl transferase enzyme 
[Aac(6′)-Ib-cr] confers resistance to kanamycin, tobramycin, 
and amikacin as well as to ciprofloxacin and norfloxacin, but 
not to levofloxacin, which has a methyl group blocking its 
secondary piperzinyl amine, which is the acetyl transfer 
acceptor site on ciprofloxacin and norfloxacin (Robicsek et 
al., 2006b).

3. MECHANISM OF DRUG ACTION

Levofloxacin, like other fluoroquinolones, interacts with the 
complexes of both DNA gyrase and DNA topoisomerase IV 
with DNA (Drlica and Hooper, 2003). Drug binding occurs 
in the QRDR domain of the enzymes, which is near the active 
site of enzyme action (Morais Cabral et al., 1997). Based on 
crystallographic structures of enzyme-DNA-drug complexes, 
quinolones, like levofloxacin, are positioned with a magne-
sium ion coordinating direct water interactions with residues 
equivalent to Ser83 and Asp87 in the QRDR region of gyrase 
in E. coli, suggesting bridged contacts between drug and 
these highly conserved amino acids, which are those most 
commonly mutated in resistant strains (Aldred et al., 2013; 
Wohlkonig et al., 2010). Both gyrase and topoisomerase IV 
are essential for DNA replication, and interaction of a quino-
lone with either enzyme-DNA complex blocks resealing 
catalytic DNA strand breaks and traps the enzyme on DNA, 
creating both a block to bacterial DNA replication and the 
substrate for double-strand DNA breaks that are associated 
with quinolone bactericidal activity (Chen et al., 1996; Drlica 
et al., 2009). For E. coli, levofloxacin has greater activity 
against DNA gyrase than against topoisomerase IV (Blanche 
et al., 1996). In contrast, for S. aureus levofloxacin has greater 
activity against topoisomerase IV than against gyrase. Most 
bacterial species have both quinolone target enzymes, but 
some species, such as M. tuberculosis, Helicobacter pylori, and 
Treponema pallidum, have only DNA gyrase as a drug target 
(Drlica and Hooper, 2003).

Levofloxacin has bactericidal activity against susceptible 
organisms (Parte and Smith, 1994a; Parte and Smith, 1994b) 
but the additional factors after interaction of the drug with 
its target enzymes that determine DNA breakage and bacterial 
lethality are not fully understood (Drlica et al., 2009; Drlica 
and Hooper, 2003). Table 104.4 summarizes the known 
mechanisms of fluoroquinolone resistance. 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

For adults, levofloxacin is administered orally in doses of 
250, 500, or 750 mg once daily. The same doses and fre-
quency are used for intravenous administration. Levofloxacin 
can also be administered topically as an ophthalmic (0.5%) 
solution.

4b.  Newborn infants and children

Dosing in children has only been studied in a limited fashion 
(Chien et al., 2005), and levofloxacin has received approval 
in the United States for treatment of pediatric patients over 
6 months of age after exposure to inhalational anthrax. 
Recommended dosing by either the oral or intravenous route 
is 8 mg/kg body weight twice daily for pediatric patients 
weighing less than 50 kg, not to exceed 250 mg, and 500 mg 
once daily for patients weighing 50 kg or more (Li et al., 
2010).

4c.  Pregnant and lactating mothers

Levofloxacin has been assigned to FDA pregnancy category 
C (FDA, 2016). Similar to many other fluoroquinolones, 
studies in animals have revealed no evidence of teratogenic-
ity using high doses, but fetotoxicity has been reported; there 
are no controlled data in human pregnancy. Thus levoflox-
acin should only be given during pregnancy when benefit 
outweighs risk. Although there are no substantive data on 
the excretion of levofloxacin into human milk, ofloxacin is 
excreted into human milk and hence levofloxacin, being the 
S-isomer of this agent, is likely to be excreted also. One case 
report describing breast milk levels in a mother being treated 
with levofloxacin 500 mg/day found that peak levofloxacin 
concentrations in human breast milk were similar to levels 
attained in plasma (Cahill et al., 2005; see section 5b, Drug 
distribution). No dosage adjustment is needed if levofloxacin 
is used in pregnancy (FDA, 2016).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Levofloxacin is largely renally excreted, and dosage reduc-
tions should be made in patients with creatinine clearances 
below 50 ml/min (Table 104.5) (Chien et al., 1997a). It is par-
tially cleared by intermittent hemodialysis (Tsaganos et al., 
2008), and for hemodialysis and chronic peritoneal dialysis 
patients, dosing is the same as for patients with creatinine 
clearance between 10 and 19 ml/min. In a small number of 
patients studied, there is enhanced clearance of levofloxacin 
by continuous venovenous hemofiltration and hemodiafil-
tration, but dosing of 250 mg daily is generally sufficient in 
this setting to maintain adequate serum levels of levofloxacin 
(Guenter et al., 2002; Malone et al., 2001).
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PATIENTS WITH IMPAIRED HEPATIC FUNCTION

No dosage adjustment is needed with hepatic dysfunction 
unless renal function is also altered.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Studied directly by comparison of serum concentrations 
with oral and intravenous adminstration, levofloxacin has 
oral bioavailability of > 95% (Chien et al., 1997b). It has a 
terminal elimination half-life in serum of 6–8 hours (Child et 
al., 1995), and serum protein–binding of levofloxacin is rela-
tively low (24–38%) (Davis and Bryson, 1994). A high fat 
meal relative to fasting produced a significant but slight delay 
in oral absorption of levofloxacin (tmax 2 vs. 1 h) and a Cmax 
value that was reduced slightly (5.1 vs. 5.9 μg/ml), but there 
was no statistical difference in overall bioavailability, as mea-
sured by AUC values (45.6 vs. 50.1 mg·h/l) (Lee et al., 1997). 
Although not studied with levofloxacin, it is likely that 
enteral feedings may reduce the enteral absorption of levo-
floxacin as they do for ciprofloxacin (Healy et al., 1996; 
Wright et al., 2000). Drugs containing high concentrations of 
multivalent cations (e.g. magnesium and aluminum antacids, 
sucralfate, and iron prepartions) may reduce the oral absorp-
tion of levofloxacin when given concurrently (Fish and 
Chow, 1997; Seedher and Agarwal, 2010). Delay in adminis-
tering sucralfate by 2 hours after a dose of levofloxacin, how-
ever, had no effect on levofloxacin absorption (Lee et al., 
1997), and staggering of dosing by 2 hours is recommended 
by the manufacturer.

5b.  Drug distribution

Doses of 250 mg, 500 mg, and 750 mg are all available for 
both oral and intravenous routes with usual administration 

of once daily. Maximum concentrations of drug in serum 
(Cmax) are proportional to dose (Fish and Chow, 1997) and 
in normal volunteers are 2.8 μg/ml (250-mg dose) (Fish 
and Chow, 1997), 5.2–6.4 μg/ml (500-mg dose) (Chien et 
al., 1997b), and 7.1–11.8 μg/ml (750-mg dose) (Chien et al., 
1998). Mean trough concentrations with once-daily dosing 
are 0.6 μg/ml (500-mg dose) and 1.3 μg/ml (750-mg dose) 
(manufacturer’s data). The AUC of levofloxacin in serum is 
45–60 mg·h/l for the 500-mg dose (Lee et al., 1997) and 
82–91 mg·h/l for the 750-mg dose (Chien et al., 1998).

The volume of distribution of levofloxacin is approxi-
mately 100 liters (Chien et al., 1997b), a volume that exceeds 
that of total body water, indicating that levofloxacin, like 
other fluoroquinolones, has broad tissue distribution. The 
OATP-A and SLCO1A2 transporters appear to be able to 
transport levofloxacin across membranes and may facilitate 
uptake in tissues (Maeda et al., 2007). Penetration into 
inflammatory skin blister fluid as a marker for distribution 
in interstitial fluid was 83% to 112% of serum concentrations 
(Child et al., 1995; Trampuz et al., 2000). Levofloxacin, also 
like other fluoroquinolones, can penetrate phagocytes and 
kill susceptible organisms growing intracellularly (Smith et 
al., 2000).

Penetration of levofloxacin into tissue and body fluids 
has been studied to a moderate extent. With daily dosing in 
healthy volunteers, concentrations of levofloxacin in epithe-
lial lining fluid (ELF) of the bronchial tree were high, ranging 
from 9.9 μg/ml (exceeding the peak serum concentrations) 
at 4 hours to 0.7 μg/ml 24 hours after a 500-mg dose, and 22 
μg/ml at 4 hours and 1.5 μg/ml at 24 hours after a 750-mg 
dose (Gotfried et al., 2001). Drug concentrations in alveolar 
macrophages were also high, ranging from 98 μg/ml to 14 
μg/ml at the same time points after a 500-mg dose and 105 
μg/ml to 15 μg/ml after the 750-mg dose. ELF concentrations 
of levofloxacin in patients with infection may be lower than 
those in volunteers (Drusano et al., 2002; Kuti and Nicolau, 
2015), but for patients with community-acquired pneumo-
nia (CAP) given levofloxacin 500 mg daily, ELF concentra-
tions were similar to plasma concentrations (11.9 μg/ml in 
ELF vs. 12.6 μg/ml in plasma) (Boselli et al., 2005). Lung tis-
sue concentrations of levofloxacin have exceeded plasma 
concentrations in some studies (Lee et al., 1998), but in a 
small group of patients undergoing cardiac surgery, the ratio 
for a 500-mg dose of levofloxacin was 0.6 (Hutschala et al., 
2005). The ratio of sinus mucosa to plasma concentrations 
with a 500-mg dose in patients with chronic sinusitis ranged 
from 1.5 to 2.5 (Pea et al., 2007).

The ratio of concentrations of levofloxacin in gallbladder 
tissue relative to serum obtained concurrently 2–5 hours 
after a single intravenous 500-mg dose 2–5 hours before sur-
gery was 1.7 (Swoboda et al., 2003). Concentrations in liver 
tissue exceed those in serum by over threefold (Weinrich et 
al., 2006). A 500-mg intravenous preoperative dose of levo-
floxacin in patients undergoing elective total hip arthroplasty 
resulted in ratios of drug concentrations of tissue/plasma of 
1.0 for cancellous bone, 0.5 for cortical bone, and 1.2 for syno-
vial tissue (Rimmelé et al., 2004). Similar levels of relative 

Table 104.5. Dosage adjustment of levofloxacin in patients with 
impaired renal function.*

Condition Initial dose† Subsequent doses

Creatinine clearance 
≥ 50 ml/min

250 mg
500 mg
750 mg

250 mg every 24 h
500 mg every 24 h
750 mg every 24 h

Creatinine clearance 
20–49 ml/min

250 mg
500 mg
750 mg

250 mg every 24 h
250 mg every 24 h
750 mg every 48 h

Creatinine clearance 
10–19 ml/min

250 mg
500 mg
750 mg

250 mg every 48 h
250 mg every 48 h
500 mg every 48 h

Hemodialysis or continuous 
ambulatory peritoneal 
dialysis

250 mg
500 mg
750 mg

250 mg every 48 h
500 mg every 48 h
500 mg every 48 h

*Manufacturer’s recommendations
†Choice of the 250-mg, 500-mg, or 750-mg dosing regimen is based on the 

clinical indication for treatment.
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penetration into bone and soft tissues were also reported in 
other patients undergoing orthopedic surgery (Baum et al., 
2001; Metallidis et al., 2007). Concentrations in skin and tis-
sue from debrided diabetic foot ulcers appear to exceed those 
in plasma (Chow et al., 2002; Oberdorfer et al., 2004).

Mean penetration of levofloxacin into prostate tissue 
determined at the time of prostatectomy in 20 patients was 
2.96, but there was substantial variability from patient to 
patient, and it was estimated that about 70% of patients 
would have a penetration ratio of 1.0 or greater (Drusano et 
al., 2000). A single 250-mg dose of levofloxacin produced 
high concentrations in urine, exceeding 60 μg/ml for 24 hours 
(North et al., 1998), and urine concentrations ranged from 
85 to over 300 μg/ml in young women with acute pyelone-
phritis after a 750-mg dose (Nicolle et al., 2008).

Penetration into cerebrospinal fluid, assessed in patients 
with external ventriculostomies without meningitis who were 
given 500 mg levofloxacin twice daily, was relatively high, 
with a ratio of Cmax values of 0.47 CSF/plasma and a ratio of 
AUC0–12h values of 0.71 CSF/plasma (Pea et al., 2003). Peak 
concentrations occurred 1 hour later in CSF than in plasma. 
In patients with spontaneous bacterial meningitis, the ratio 
of levofloxacin concentrations at 2 hours after a 500-mg dose 
was 0.34 CSF/plasma (Scotton et al., 2001). In patients with 
tuberculous meningitis, the ratio of CSF/plasma AUC over 
24 hours was 0.74 for levofloxacin and 0.26 for ciprofloxacin 
(Thwaites et al., 2011).

Penetration of levofloxacin into the eye had substantial 
variation among patients undergoing vitrectomy, but overall 
concentrations 1–12 hours after oral dosing were 30–57% of 
serum in the aqueous fluid and 25% of serum in the vitreous 
fluid (George et al., 2010; Pea et al., 2005).

In a study of levofloxacin penetration into human breast 
milk, milk was collected from a lactating woman during a 
23-day period in which she received levofloxacin 500 mg/day 
and for 5 days after discontinuation of levofloxacin. At steady 
state, the peak levofloxacin concentration in breast milk was 
8.2 µg/ml at 5 hours after dosing, with elimination pharma-
cokinetics similar to nonlactating adults. Overall, the peak 
levofloxacin concentration in human breast milk was simi-
lar to was similar to levels attained in plasma (Cahill et al., 
2005).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Although levofloxacin has only a slightly longer half-life than 
ofloxacin (Okazaki et al., 1991), which is dosed twice daily, it 
is given at a somewhat higher dose (with a two-fold greater 
potency) once-daily, based on pharmacodynamic modeling 
that indicates concentration-dependent bacterial killing and 
post-antibiotic effects (Turnidge, 1999), similar to the prop-
erties of aminoglycosides. The pharmacodynamic parameter 
that best predicted antimicrobial effects and efficacy in ani-
mals was Cmax/MIC (Drusano et al., 1993), and in an analysis 
of a number of clinical trials, Cmax/MIC with values of 12 at 
the site of infection was the best predictor of clinical and 

microbiology outcomes (Preston et al., 1998). Pharmaco- 
dynamic parameters, however, were not linked to the occur-
rence of adverse events (Preston et al., 1998). The AUC/MIC 
ratio, which is closely correlated with Cmax/MIC, is also pre-
dictive of outcomes with other quinolones (Forrest et al., 
1993) as well as levofloxacin (Scaglione et al., 2003), and par-
ticularly so when values of Cmax/MIC are < 10 (Drusano et al., 
1993). It has been suggested that concentration-dependent 
protein binding of levofloxacin may account for some of 
these differences (Scaglione et al., 2003).

Organisms may differ in the magnitude of the phar-
macodynamic parameter value that is associated with micro-
biologic or clinical outcomes with quinolone treatment. 
Simulation of the pharmacokinetics of levofloxacin in an in 
vitro model showed that at doses of 500 mg daily, strains of 
S. pneumoniae with MICs of levofloxacin of up to 1.8 μg/ml 
could be eradicated and at doses of 750 mg daily, strains 
with MICs up to 3.2 μg/ml could also be eliminated (Lister, 
2002). Values of AUC/MIC that predict eradication for 
S. pneumoniae are ~ 30–60 (Ambrose et al., 2001; Lister and 
Sanders, 1999), but a much higher value of 125 has been 
reported for P. aeruginosa (MacGowan et al., 1999). In 
patients with nosocomial pneumonia treated with levofloxa-
cin 750 mg daily i.v., AUC/MIC values 87–110 predicted 
good clinical outcomes (Drusano et al., 2004). These targets 
were attained in about 90% of patients with Enterobacter clo-
acae and 70% of patients with P. aeruginosa, but in settings in 
which MIC distributions have become higher, rates of attain-
ment will be lower. A lower dose of 500 mg daily also appears 
to be insufficient to reach these target AUC/MIC values in 
patients with ventilator-associated pneumonia due to P. aeru-
ginosa and other Gram-negative bacteria (Benko et al., 2007).

Selection of resistance to quinolones has also been linked 
to Cmax/MIC with < 10 predicting resistance selection 
(Drusano et al., 1993). This finding can be understood in 
part in relation to the mutant prevention concentration 
(MPC). The MPC is determined by plating a large inoculum 
of bacteria on a series of plates with increasing concentra-
tions of quinolones and identifying the lowest concentration 
at which no colonies, which represent resistant mutants, 
grow (Drlica, 2003). For S. pneumoniae and S. aureus the 
MPC of levofloxacin is generally three- to elevenfold above 
the MIC (Drlica, 2003) and may reflect the fact that single 
first-step resistance mutations for many quinolones often 
confer increases in MIC of tenfold or less. Thus, drug con-
centrations tenfold or more above the MIC will likely inhibit 
or kill the first-step mutants present at a frequency of 1 in 107 
or 1 in 108 in a large bacterial population as well as the sub-
stantially larger numbers of fully susceptible bacteria. AUC/
MIC values for levofloxacin and P. aeruginosa of ≥ 110 have 
been associated with suppression of resistance selection in 
a mouse model of infection (Jumbe et al., 2003).

5d.  Excretion

Levofloxacin, like ofloxacin, is largely excreted by renal routes 
(Wagenlehner et al., 2006), which include both glomerular 
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filtration and tubular secretion, since the renal clearance of 
levofloxacin exceeds the glomerular filtration rate (Fish and 
Chow, 1997). The MATE-1 transporter expressed in renal 
tissues may contribute to tubular secretion of levofloxacin and 
other fluoroquinolones (Ohta et al., 2009). Two metabolites 
of levofloxacin with little antimicrobial activity, desmethyl 
levofloxacin and levofloxacin N-oxide, have been detected 
in small amounts in urine, together accounting for < 5% of 
a dose (North et al., 1998). Glucuronidation of levofloxacin 
has been demonstrated by incubation with human liver mic-
rosomes (Tachibana et al., 2005) but does not appear to be an 
important route of metabolism with clinical use of the drug 
(Dudley, 2003).

5e.  Drug interactions

As noted above, levofloxacin, like other quinolones, forms 
complexes with multivalent cations that impair its oral 
absorption and results in reductions in AUC of 19% to 44% 
for concomitant adminstration of aluminum hydroxide, mag-
nesium hydroxide, and ferrous sulfate (Shiba et al., 1992). 
Lesser effects were reported with co-administration of levo-
floxacin with calcium carbonate and sucralfate, which con-
tains aluminum ions. A 2-hour interval between dosing 
appears to be sufficient to avoid these interactions (Lee et al., 
1997).

H2-receptor antagonists and proton pump inhibitors 
appear not to affect absorption of levofloxacin (Fish and 
Chow, 1997). Cimetidine, however, may prolong the half-life 
of levofloxacin by about 25% by inhibition of its renal trans-
port (Yano et al., 1997). Probenecid produces a similar small 
prolongation of the half-life of levofloxacin, presumably also 
by blocking its secretion from the proximal renal tubule 
(Fish and Chow, 1997). Levofloxacin decreases the renal clear-
ance of procainamide, which is eliminated in part through 
the renal organic cation transport (OCT) system (Bauer et 
al., 2005), and levofloxacin appears to be eliminated by a 
similar OCT system in rats (Dresser et al., 2001).

As suggested by its limited metabolism, levofloxacin 
appears not to have major effects on cytochrome P450 
enzymes (CYPs) or their drug substrates. It does not affect 
the elimination of theophylline or caffeine, which are metab-
olized by CYP1A2 (Gisclon et al., 1997), or that of cyclospo-
rin, which is metabolized by CYP3A4 (Doose et al., 1998). 
Levofloxacin also does not affect warfarin metabolism, includ-
ing the S isomer, which has the largest anticoagulant effect 
and is metabolized by CYP2C9 (Holbrook et al., 2005; Liao et 
al., 1996), but there is a potential for increased anticoagulant 
effects in patients on warfarin who are given levofloxacin 
because of its possible effects on microbial flora that synthe-
size vitamin K in the intestine and changes in patients’ food 
intake related to the infection for which levofloxacin was 
given (Carroll and Carroll, 2008; McCall et al., 2005). Thus, 
patients receiving warfarin who are given levofloxacin should 
have additional monitoring of INR levels.

Levofloxacin does not affect the disposition of digoxin 
(Chien et al., 2002) and although not studied directly, would 

not be predicted to interact with other drugs, the metabolism 
of which is dominantly by CYPs (Fish and Chow, 1997). 

6. ADVERSE REACTIONS AND TOXICITY

The overall adverse effect rates for levofloxacin have ranged 
from 2.0–9.9 %, with a drug discontinuation rate of around 
3–4% in the US population (Lipsky and Baker, 1999; Liu, 
2010; Lode and Rubinstein, 2003; Norrby and Lietman, 1993; 
Stahlmann, 1990). It is known that the rates of adverse effects 
vary in different patient populations, and in most cases 
adverse effects of levofloxacin and other quinolones have 
been studied in various patient populations, thereby not 
often allowing direct comparisons.

6a. Gastrointestinal side effects

Gastrointestinal adverse effects such as nausea, vomiting, 
diarrhea, and abdominal pain generally represent the most 
common category of adverse effects of quinolones, with a 
rate of approximately 5% for patients receiving levofloxacin. 
These adverse effects are usually not of sufficient severity 
to require discontinuation of therapy. Although levofloxacin 
and other fluoroquinolones may trigger germination and 
toxin production in Clostridium difficile in vitro (Saxton et 
al., 2009) and resistance to levofloxacin has been common 
in some outbreaks (McDonald et al., 2005), associations of 
levofloxacin and other fluoroquinolone use with C. difficile 
disease have varied (Deshpande et al., 2008; Novell and 
Morreale, 2010), and in some cases have been less than asso-
ciations with beta-lactam use (Gopal et al., 2003).

6b. Neurological side effects

The next most common category of adverse effects has been 
related to the central nervous system (CNS), with stimulatory 
effects such as insomnia, dizziness, and headache reported 
most often. Rates have been low overall for levofloxacin (0.2–
1.1%) (Norrby, 2003), although, as with other quinolones, 
there have been case reports of rare patients with serious 
CNS adverse events such as seizures, psychosis, or delirium 
occurring while taking levofloxacin (Fernández-Torre, 2006; 
Kushner et al., 2001). The contribution of levofloxacin to 
these reactions is usually difficult to assess, but a prior his-
tory of seizures or electrolyte imbalance may increase the 
risk. The CNS effects of quinolones are thought to relate to 
their ability to displace the inhibitory neurotransmitter gam-
ma-aminobutyric acid (GABA) from its receptors. In in vitro 
and animal models ofloxacin has less eliptogenic potential 
than ciprofloxacin (Tsutomi et al., 1994), and levofloxacin 
less than ofloxacin (Akahane et al., 1994).

Fluoroquinolones can cause neuromuscular blockade in 
animal models, and there have been case reports of levo-
floxacin and other fluoroquinolones associated with exac-
erbations of myasthenia gravis (Jones et al., 2011). Thus, 
levofloxacin should only be used with special caution in 
such patients. Current or any use of levofloxacin or other 
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fluoroquinolones has recently been associated with periph-
eral neuropathy (Etminan et al., 2014). The mechanism is 
uncertain. 

6c. Dysglycemia

A somewhat higher risk (1.5-fold) of hypoglycemia or hy - 
perglycemia was found in older diabetic and nondiabetic 
patients receiving levofloxacin relative to other antimicrobi-
als, but a substantially larger effect was seen with gatifloxacin 
(see Chapter 115, Gatifloxacin), which was subsequently 
removed from the market (Park-Wyllie et al., 2006). Risks 
appear to be most consistent in diabetic patients and have 
ranged from 1.5- to 2-fold for levofloxacin relative to other 
classes of antimicrobials, with an absolute risk of 3.9 per 
1000 persons in one study (Aspinall et al., 2009; Chou et al., 
2013). Thus, this association appears to be consistent but low 
overall.

6d. Photosensitivity and rashes

Photosensitivity reactions and rashes are rare with levofloxa-
cin (Lode and Rubinstein, 2003; Yagawa, 2001), and in ani-
mal studies ofloxacin (and likely levofloxacin) has a lower 
phototoxic index than does ciprofloxacin and substantially 
less than do other fluoroquinolones (e.g. lomefloxacin, spar-
floxacin, and clinafloxacin) that were shown to have clinical 
phototoxicity in humans (Ferguson, 2003). In a placebo- 
controlled, double-blind comparison in healthy volunteers, 
patients receiving levofloxacin had no greater photosensitiv-
ity reactions than those given placebo (Boccumini et al., 
2000) and subtantially less phototoxicity than sparfloxacin 
(Dawe et al., 2003). Light in the UVA range (320–420 nm) 
associated with photosensitivity reactions with other quino-
lones is not blocked by many sunscreens, which often con-
tain only UVB blockers. Products containing UVA blockers 
such as octocrylene or Parsol 1789 may afford some protec-
tion for quinolones with greater phototoxic potential than 
levofloxacin (Lipsky and Baker, 1999).

6e. Cardiac toxicity

Prolongation of the QTc interval on the electrocardiogram 
(ECG) has been reported to varying degrees with different 
quinolones. In a double-blind, placebo-controlled design, 
healthy volunteers were tested sequentially with single high 
oral doses of levofloxacin (1000 mg), ciprofloxacin (1500 mg), 
and moxifloxacin (800 mg) with a 7-day washout period 
between doses (Noel et al., 2003). Peak serum concentrations 
were approximately 1.5-fold higher that those with usual 
therapeutic dosing. Relative to placebo there were significant 
increases in QTc intervals for all three drugs, but the magni-
tude of the effect was lower with levofloxacin (3.53–4.88 ms) 
and ciprofloxacin (2.27–4.93 ms) than with moxifloxacin 
(16.34–17.83 ms). The relative magnitude of these effects was 
consistent with the relative potencies of the three drugs in 
inhibiting the HCNH2 (formerly HERG) rapid potassium 

channel in vitro (Kang et al., 2001). The clinical implications 
of these findings are uncertain, but in the context of torsades 
de point arrhythmias reported in patients treated with spar-
floxacin, which had an even greater effect on QTc than moxi-
floxacin, they suggest that levofloxacin and ciprofloxacin are 
likely to have low risks of adverse effects due to prolongation 
of QTc. In one randomized trial of 401 high-risk elderly 
patients with CAP treated with levofloxacin or moxifloxacin, 
there was a greater QTc prolongation in moxifloxacin arm, 
but there was no significant difference between the two 
therapy arms in ventricular arrythmic events identified by 
Holter monitoring, and no deaths in either arm (Morganroth 
et al., 2005). In other studies that identified increased risks of 
serious arrythmias in patients receiving gatifloxacin or moxi-
floxacin, no increased risk was found for patients on levo-
floxacin (Pugi et al., 2012). For all fluoroquinolones, however, 
caution is required if patients are also receiving antiarrhyth-
mic or other drugs (e.g., macrolides) that also prolong QTc, 
because of the possibility of additive effects and increased 
toxicity.

6f. Tendinopathy and cartilage toxicity

Tendinopathy with tendinitis and tendon rupture (most 
often the Achilles tendon) has been reported with a number 
of quinolones (most often ciprofloxacin and pefloxacin), 
including small numbers of patients given levofloxacin and 
ofloxacin (Khaliq and Zhanel, 2003; Melhus et al., 2003). The 
median duration of treatment was 8 days (3 days in the oflox-
acin or levofloxacin cases), and the risk for all fluoroquino-
lones appears to be associated with patient age greater than 
60 years, renal dysfunction, long-term use of corticosteroids, 
and organ transplantation (Barge-Caballero et al., 2008; 
Donck et al., 1994; Khaliq and Zhanel, 2003; Stahlmann and 
Lode, 2013). The mechanism of this adverse effect is not cer-
tain, but ciprofloxacin has caused increases in expression of 
matrix metalloproteinases and cellular apoptosis in cultured 
tendon cells, and fluoroquinolone magnesium chelation may 
disrupt normal cell–cell signaling by members of the beta-1 
integrin family of proteins (Sendzik et al., 2005; Sendzik et 
al., 2009). 

Fluoroquinolones have generally been avoided in chil-
dren because of concerns about possible cartilage erosions, 
which are seen in weight-bearing joints of immature dogs 
receiving a variety of fluoroquinolones (Burkhardt et al., 
1997), but arthropathy has not emerged in children given 
ciprofloxacin for exacerbations of cystic fibrosis and urinary 
tract infections (UTIs) (Schaad and Wedgwood, 1992). In 
long-term follow-up studies of children enrolled in ran-
domized comparative trials for treatment of respiratory tract 
infections, at 2 and 12 months after therapy there was a 
greater occurrence of arthralgia in levofloxacin-treated 
patients (2.1% vs. 0.9%, and 3.5% vs. 1.8%) than in non- 
quinolone comparator-treated patients (Noel et al., 2007), 
but at 5 years’ follow-up there was no increase in musculo-
skeletal adverse events found in levofloxacin-treated patients 
relative to comparators (Bradley et al., 2014). Thus, there 
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appear to be no major risks of joint toxicities in children 
given levofloxacin or ciprofloxacin. In the United States levo-
floxacin has only received approval in pediatric patients for 
post-exposure prophylaxis for anthrax.

6g. Retinal detachment

One study has linked oral fluoroquinolone use with a 4.5-
fold increase in risk of retinal detachment with an absolute 
increase of 4 per 10,000 person-years, but the fluoroquinolo-
nes used were dominated by ciprofloxacin with 10-fold less 
levofloxacin use in the group studied (Etminan et al., 2012). 
Several other studies, however, have found no such associa-
tion (Pasternak et al. 2013; Chui et al., 2015; Alves et al. 
2016). Thus, the evidence is conflicting, and the risk appears 
very low and possibly nil.

6h. Renal and hepatic toxicity

Abnormalities of laboratory results have only been reported 
uncommonly in patients taking levofloxacin. Renal effects 
are uncommon, and crystalluria has not been reported, pre-
sumably due to the high urine solubility of levofloxacin. Only 
rare cases of allergic interstitial nephritis and nephrotoxicity 
have been reported in association with levofloxacin treat-
ment (Famularo and De Simone, 2002; Ramalakshmi et al., 
2003). 

Although hepatotoxicity has been uncommon (Yagawa, 
2001), a population-based study of patients over 65 years 
without prior liver injury identified a 1.8-fold increased risk 
of hospitalization for acute liver injury within 30 days of 
receipt of levofloxacin relative to receipt of clarithromycin 
(Paterson et al., 2012). In the United States, acute liver failure 
has been associated with levofloxacin use at a rate of 2.1 cases 
per 10 million prescriptions in comparison to rates of 6.6 for 
moxifloxacin and 58 for trovafloxacin, which was removed 
from the market related to liver injury (Van Bambeke and 
Tulkens, 2009). In a prospective study of 12 patients with 
liver injury–associated use of fluoroquinolones, only one case 
was due to levofloxacin (others associated with ciprofloxacin, 
moxifloxacin, and gatifloxacin) (Orman et al., 2011). Rash, 
fever, and eosinophilia were common in these cases, and all 
four cases with liver biopsy showed eosinophilic infiltration, 
suggesting an immunoallergic mechanism.

6i. Hematological toxicity

Effects on blood cells are rare, but cytopenias may be asso-
ciated with allergic reactions. Levofloxacin, like many other 
quinolones, can induce micronuclei in mouse bone marrow 
cells in vitro but the effects were not seen when the drugs 
were administered to live mice (Shimada and Itoh, 1996).

6j. Risk in pregnancy

Levofloxacin, like other quinolones, is rated by the US Food 
and Drug Administration as pregnancy category C (risk 

cannot be ruled out), based on the lack of adequate well- 
controlled human studies. No teratogenicity was seen in rats 
or rabbits given high doses of levofloxacin, but some fetal 
loss occurred in rats given the highest doses (equivalent to 
9.4-fold the maximum human dose) with some retardation 
of fetal ossification and skeletal variations (Watanabe et al., 
1992). Babies born to women exposed to fluoroquinolones, 
including levofloxacin, during the first trimester have not 
had any identifiable increased teratogenic risk (Bar-Oz et al., 
2009; Berkovitch et al., 1994), and in a prospective case- 
control study comparing 200 women exposed largely to cipro-
floxacin or norfloxacin (only two were exposed to ofloxacin) 
and 200 women exposed to known nonembryotoxic antibi-
otics, there were no differences in birth defects, spontaneous 
abortions, prematurity, or fetal distress, but a higher rate of 
therapeutic abortions, suggesting that concerns about tera-
togenic risks may exceed the actual risks (Loebstein et al., 
1998). Because quinolones are excreted in breast milk (see 
5b, Drug distribution), levofloxacin should be avoided if pos-
sible in nursing mothers (Nahum et al., 2006).

7. CLINICAL USES OF THE DRUG

7a.  Urinary tract infections and prostatitis

Concentrations of levofloxacin in the urine are high, reflect-
ing its dominant renal routes of elimination, with 80% of a 
dose recovered in the urine (Dudley, 2003). Levofloxacin has 
been studied in six randomized comparative trials for the 
treatment of patients with UTIs—largely complicated UTI 
and acute pyelonephritis (Table 104.6) (Klausner et al., 2007; 
Klimberg et al., 1998; Peterson et al., 2008; Richard et al., 
1998; Vachhani et al., 2015; Wagenlehner et al., 2015). In 
the earlier studies microbiologic eradication and clinical 
response rates have generally been high and similar to those 
of the comparators, including lomefloxacin, norfloxacin, cip-
rofloxacin, cotrimoxazole. Notable is the recent large multi-
center, randomized, double-blind study of patients with 
dominantly (over 80%) acute pyelonephritis (7–8% with 
bacteremia) in which microbiologic and clinical responses 
were lower with high-dose i.v. levofloxacin than with 
ceftolozane-tazobactam, with the differences in part attribut-
able to a significantly higher rate of resistance to levofloxacin 
(27% vs. 3%) in the Gram-negative uropathogens, which were 
largely E. coli (79%) and K. pneumoniae (7%) (Wagenlehner 
et al., 2015). Although urine concentrations of levofloxacin 
are high, use of 250- and 500-mg doses may be less effective 
in settings in which levofloxacin resistance is high, and in 
patients with systemic infections (Chen et al., 2012). Prev-
alence of levofloxacin resistance in uropathogens can vary by 
country and among institutions. Resistance rates have been 
reported to be particularly high in Southeast Asia and India 
(Chen et al., 2012), and in the United States a resistant strain 
of E. coli has spread widely (Johnson et al., 2013).

Penetration of levofloxacin into prostatic tissue is good 
and exceeds serum concentrations in about 70% of patients 
(Drusano et al., 2000). In a double-blind, randomized trial in 
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377 men with chronic bacterial prostatitis, a 28-day course of 
levofloxacin 500 mg daily was similarly effective as ciproflox-
acin 500 mg twice daily, with resolution of symptoms and 
microbiologic eradication (most often E. faecalis) in about 
75% of patients (Bundrick et al., 2003). A more recent ran-
domized, open-label trial of 408 patients using the same 
comparator and dosing schedule and in which E. coli and 
S. aureus were the dominant pathogens, found levofloxacin 
to be statistically superior to ciprofloxacin in bacterial clear-
ance (86% vs. 60%) and clinical cure and improvement (93% 
vs. 72%) (Zhang et al., 2012). In a smaller study (96 patients), 
4-week courses of levofloxacin (500 mg daily) and prulifloxacin 
(600 mg daily) produced similar bacterial eradication rates 
(71% vs 73%) (Giannarini et al., 2007). A shorter 2- or 
3-week course of higher dose levofloxacin (750 mg daily) was 
compared to levofloxacin 500 mg daily for 4 weeks, in a 
double-blind design (Paglia et al., 2010). Although clinical 
success was similar among the groups in the initial post- 
therapy evaluation, the high-dose, shorter course regimens 
were clinically inferior to the 4-week regimen at the 6-month 
follow-up visit. The high-dose regimens also had a higher 
rate of discontinuation due to adverse events. 

7b.  Sexually transmitted diseases and 
pelvic inflammatory disease

No published comparative data are available on use of levo-
floxacin for treatment of gonococcal infections, but the high 
efficacy of ofloxacin that was similar to the efficacy of ceftri-
axone (Bogaerts et al., 1993; Covino et al., 1990) would suggest 

that levofloxacin would also be effective against susceptible 
strains of Neisseria gonorrheae. The widespread emergence of 
quinolone resistance in N. gonorrheae, however, has resulted 
in the removal of quinolones from the list of recommended 
empiric regimens to treat patients with gonorrhea (Anony-
mous, 2007).

Single doses of fluoroquinolones, including ofloxacin, 
have not been effective for treatment of chlamydial infec-
tions, but a 7-day course of ofloxacin was effective in eradi-
cating genital chlamydia, with similar efficacy to doxycycline 
in nongonococcal urethritis (see Chapter 103, Ofloxacin) 
(Hooton et al., 1992; Kitchen et al., 1990). For levofloxacin, 
treatment of 86 Japanese women with chlamydial cervicitis 
using levofloxacin 300 mg three times daily for 7 or 14 days 
resulted in an eradication rate of 88–89% with no relapses 
(Mikamo et al., 2000). A 5-day course, however, was sub-
stantially less effective (44% eradication), with a relapse rate 
of 50%. In another small study of patients with nongonococ-
cal urethritis (19 with C. trachomatis, 10 with U. urealyticum, 
5 with M. genitalium, 21 with no organism identified), levo-
floxacin 500 mg daily for 7 days resulted in 92% clinical cure 
overall and microbiologic cure in 92% of C. trachomatis, 
100% of U. urealyticum, and 60% of M. genitalium (Takahashi 
et al., 2011). 

For patients with uncomplicated pelvic inflammatory dis-
ease, a condition that can be caused by a mixture of organ-
isms, including C. trachomatis, N. gonorrhoeae, anaerobes, 
and other vaginal organisms, oral levofloxacin 500 mg daily 
in combination with metronidazole 500 mg twice daily for 
14 days resulted in clinical resolution in all 35 evaluable 

Table 104.6. Randomized clinical trials of levofloxacin for urinary tract infections (> 100 patients enrolled).

Reference Treatment regimens
No. of enrolled 
(evaluated) patients

Age 
group Outcomes

Klimberg et al., 
1998

Levofloxacin (250 mg qd PO) 
vs. lomefloxacin (400 mg qd 
PO) × 14d

330 with cUTI Adults Microbiologic eradication 95.5% vs. 91.7%
Clinical success 93% vs. 88.5%

Richard et al., 
1998

Levofloxacin (250 mg qd PO) 
vs. ciprofloxacin (500 mg 
bid PO) vs. lomefloxacin 
(400 mg qd PO) × 7–14 d

186 with APN (89 levofloxacin, 
58 ciprofloxacin, 
39 lomefloxacin)

Adults Microbiologic eradication 95% vs. 94% 
vs 95%

Clinical cure 92% vs. 88% vs. 80%

Klausner et al., 
2007

Levofloxacin (750 mg qd IV or 
PO × 5 d) vs. ciprofloxacin 
(400 mg IV or 500 mg PO 
bid × 10 d) 

192 with APN Adults Microbiologic eradication 92% vs. 93%
Clinical success 86% vs. 81%

Peterson et al., 
2008

Levofloxacin (750 mg qd IV or 
PO × 5 d) vs. ciprofloxacin 
(400 mg IV or 500 mg PO 
bid × 10 d)

782 with cUTI
311 with APN

Adults Microbiologic eradication 79.8% vs. 79.8%
Clinical success cUTI: 78.9% vs. 79.9%; 

APN: 86.2% vs. 80.6%

Vachhani et al., 
2015

Levofloxacin (250 mg qd PO) 
vs. norfloxacin 400 mg bid 
PO) vs. cotrimoxazole (960 
mg bid PO) × 3 d

175 with uUTI (levofloxacin 
60, norfloxacin 57, 
cotrimoxazole 58) 

Adults Microbiologic eradication 83% vs. 88% 
vs. 86% 

Wagenlehner 
et al., 2015

Levofloxacin (750 mg qd IV) 
vs. ceftolozane-tazobactam 
(1.5 gm q8h IV) × 7 d

656 with APN
144 with cUTI

Adults Microbiologic eradication 72.1% vs. 80.4%
Clinical cure 88.6% vs. 92.0%

APN, acute pyelonephritis; cUTI, complicated urinary tract infection, uUTI, uncomplicated urinary tract infection.
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patients at 4–6 weeks after completion of treatment (Judlin 
and Thiebaugeorges, 2009). Cervical cultures on enrollment 
yielded E. coli (12 patients), anaerobes (5), C. trachomatis (5), 
M. hominis (5), and U. urealyticum (3), and repeat cultures 
at end of treatment were all negative. The same levofloxacin–
metronidazole regimen was compared to oral moxifloxacin 
400 mg daily in a randomized, double-blind trial (Judlin et 
al., 2010). Clinical cure 7–14 days after completion of ther-
apy was comparable in the two groups (155/190, 82% vs. 
152/194, 78%). Only 12% of randomized patients were 
microbiologically evaluable at completion of therapy, but of 
those with repeat cultures 22 of 26 (85%) versus 27 of 30 
(90%) were negative. For evaluable patients with C. tracho-
matis, follow-up cultures were negative in 10 of 12 of those 
receiving levofloxacin–metronidazole and 8 of 8 of those 
receiving moxifloxacin; for N. gonorrhoeae, cultures were 
negative in 1 of 2 and 4 of 4, respectively. The prevalence of 
fluoroquinolone resistance in N. gonorrhoeae increases the 
importance of obtaining cervical cultures prior to treatment 
of patients with pelvic inflammatory disease with fluoro-
quinolone regimens.

7c.  Gastroenteritis and other 
gastrointestinal infections

Traveler’s diarrhea is a syndrome caused by various patho-
gens, including enteropathogenic E. coli, Salmonella spp., 
and Campylobacter spp., with the proportions of each patho-
gen depending on the area of travel. Levofloxacin given as 
a single daily oral dose of 500 mg for 3 days has been com-
pared with azithromycin given as a single dose of 1 g or 500 
mg daily for 3 days for treatment of patients with traveler’s 
diarrhea in Thailand, where Campylobacter spp. are the 
dominant pathogens (Tribble et al., 2007). At 72 hours after 
initiation of therapy, the levofloxacin regimen was the least 
effective, with resolution of diarrhea in 71% of patients in 
comparison to 85% of patients given 3 days of azithromycin 
and 96% of those given the single dose of azithromycin. 
Similar differences were seen in microbiologic eradication 
(levofloxacin 36% vs. azithromycin regimens 96–100%), and 
the poorer outcomes correlated with the occurrence of levo-
floxacin resistance, which was present in half of Campylobac-
ter isolates. In contrast, in Turkey, where traveler’s diarrhea 
is most often due to enterotoxigenic E. coli (ETEC), a single 
dose of azithromycin (1 g) or levofloxacin (500 mg), each 
together with loperamide, produced comparable resolution 
of symptoms (Sanders et al., 2007). Eradication of ETEC 
from stool was also similar with the two regimens (85% and 
81%), but Campylobacter spp. were eliminated from stool in 
4 of 6 patients (67%) treated with azithromycin and in 0 of 9 
patients treated with levofloxacin. Susceptibility data on the 
stool pathogens were not reported. Single doses of levofloxa-
cin and azithromycin also had similar clinical efficacy in 
patients with traveler’s diarrhea in Mexico, where ETEC also 
predominated, and Campylobacter spp. were not detected 
(Adachi et al., 2003). Thus the suitability of levofloxacin or 
other fluoroquinolones for treatment of traveler’s diarrhea is 

currently inversely dependent on the likelihood of resistant 
Campylobacter infection at the site of travel.

There are no comparative studies of levofloxacin treat-
ment of patients with Salmonella enteritis, but antimicrobial 
therapy of this condition usually has limited effects on symp-
toms and is generally not indicated except in patients at the 
extremes of age and those who are immunocompromised. 
Fluoroquinolone resistance in non-typhoid strains of Sal-
monella spp. is uncommon but has been seen in human and 
poultry isolates in some areas (Jeong et al., 2011; Kao et al., 
2015; Wang et al., 2015).

Similarly, there are no comparative studies of treatment 
of shigellosis with levofloxacin. Although most strains are 
susceptible to fluoroquinolones, high-level resistance has 
been seen in some strains of Shigella spp. (Kim et al., 2008).

For patients with typhoid or enteric fever due to S. enter-
ica serovar Typhi or serovar Paratyphi A, there are also no 
comparative studies with levofloxacin, but ofloxacin has been 
compared to ceftriaxone and azithromycin in Vietnamese 
patients (Chinh et al., 2000; Parry et al., 2007; Smith et al., 
1994). In adults, ofloxacin (200 mg every 12 h orally for 5 
days) was superior to ceftriaxone (3 g once daily for 3 days) 
in clinical cures and time to defervescence (Smith et al., 
1994). Multidrug resistance, which included ampicillin but 
not nalidixic acid or fluoroquinolones, was present in 63% 
of the S. enterica serovar Typhi isolates. A similar regimen 
of ofloxacin also had comparable overall clinical efficacy to 
that of azithromycin (1 g daily for 5 days), but there was a 
trend to poorer outcomes (lower clinical cure rate and slower 
defervescence) with ofloxacin in the subset of patients 
(46/88, 52%) with nalidixic acid–resistant, fluoroquinolone- 
susceptible pathogens (Chinh et al., 2000). In a later study in 
which children (87% of patients) with nalidixic acid–resistant 
S. enterica serovar Typhi isolates (89–98% of isolates) pre-
dominated, ofloxacin (20 mg/kg/d for 7 days) was clinically 
inferior to azithromycin (10 mg/kg/d for 7 days) and a com-
bination of the two drugs (ofloxacin 15 mg/kg/d × 7 days 
plus azithromycin 10 mg/kg/d × first 3 days) had intermedi-
ate efficacy (Parry et al., 2007). Thus, emerging resistance to 
nalidixic acid in typhoid fever in Vietnam has been associ-
ated with reduced efficacy of ofloxacin, and therefore reduced 
levofloxacin efficacy is also likely. More recent pharmacody-
namic studies with strains with decreased susceptibility to 
fluoroquinolones suggest that target drug exposures for clin-
ical efficacy may not be achievable with either ciprofloxacin 
or levofloxacin, because the doses required may be poorly 
tolerated (Hassing et al., 2013). Some strains with full fluoro-
quinolone resistance have also been reported (Joshi and 
Amarnath, 2007).

Earlier studies did not demonstrate a higher rate of C. 
 difficile–associated diarrhea with use of levofloxacin in com-
parison to use of beta-lactams for treatment of community- 
acquired respiratory tract infections (Rao et al., 2003), but 
with the recent emergence of fluoroquinolone-resistant toxi-
genic strains of C. difficile, use of levofloxacin and particu-
larly other fluoroquinolones with anti-anaerobic activity 
(gatifloxacin and moxifloxacin; see Chapter 115, Gatifloxacin, 
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and Chapter 105, Moxifloxacin) has been linked as a risk fac-
tor for C. difficile disease (McDonald et al., 2005; Muto et al., 
2005).

7d.  Intra-abdominal infections and 
peritonitis

Comparative studies of treatment of surgical intra-abdominal 
infections with quinolones have been published for cipro-
floxacin (in combination with metronidazole) and trovaflox-
acin, but not levofloxacin. Similarly, there are no studies on 
levofloxacin treatment of acute cholecystitis, although concen-
trations in gallbladder tissue are higher than those in serum 
(Swoboda et al., 2003). For uncomplicated appendicitis, 
there has been a recent trial comparing antibiotic therapy 
involving levofloxacin with emergency appendectomy for 
management of these patients (Paajanen et al., 2013; Sal- 
minen et al., 2015). The antibiotic regimen was ertapenem 
(1 g daily) for 3 days followed by levofloxacin (500 mg po 
daily) in combination with metronidazole (500 mg po thrice 
daily) for 7 days. The primary endpoint for the antibiotic 
arm, discharge from hospital without need for surgery and 
no recurrent appendicitis within 1 year, was achieved in 186 
of 256 patients (73%), who did not require surgery. Of the 70 
antibiotic-treated patients who subsequently required appen-
dectomy, 83% had uncomplicated appendicitis and 10% had 
complicated acute appendicitis. Thus, these authors suggested 
that in a majority of their patients, surgery may be able to be 
avoided by use of the antibiotic regimen without important 
complications for those in whom surgery was delayed.

For peritonitis occurring in patients on chronic ambula-
tory peritoneal dialysis (CAPD), oral levofloxacin has been 
compared to an intraperitoneal aminoglycoside, netromy-
cin, with both agents used in combination with intermittent 
intraperitoneal vancomycin (Cheng et al., 1998). The overall 
cure rates were similar with the two regimens (74.5% vs. 
73.6%), as were the rates of cure in patients with negative 
cultures or Gram-positive pathogens. In contrast, the cure 
rate for Gram-negative pathogens was higher in the netro-
mycin arm than the levofloxacin arm (71% vs. 43%), with 
failure in the latter arm being associated with levofloxacin 
resistance and prior use of fluoroquinolones. Small numbers 
of CAPD patients with peritonitis have also been treated with 
oral ofloxacin (400 mg first dose, then 200 mg or 300 mg 
daily for the next 9 days) with cure rates ranging from 50% to 
83% (Chan et al., 1988; Cheng et al., 1991). 

In patients with cirrhosis and spontaneous bacterial peri-
tonitis, ofloxacin (with doses adjusted based on renal func-
tion) was comparable to cefotaxime (with similar dose 
adjustments) with cure rates of 84–85% (Navasa et al., 1996). 
In a small case series, all six patients with spontaneous bacte-
rial peritonitis treated with levofloxacin 500 mg twice daily 
for 10–14 days were cured (Esposito et al., 2006). In another 
case series of alternative therapies in patients who failed 
cefotaxime treatment, levofloxacin (in an unspecified dose) 
given for 5 days was effective in 6 of 8 patients, whereas all 

11 patients treated with meropenem for 5 days were cured 
(Badawy et al., 2013). Levofloxacin failures were attributed to 
resistant pathogens. Other fluoroquinolones have been used 
as prophylaxis for spontaneous bacterial peritonitis in cir-
rhotics, and such extended usage has been associated with the 
rapid emergence of fluoroquinolone resistance (Dupeyron 
et al., 1994). Thus, cirrhotic patients given fluoroquinolone 
prophylaxis should not be treated with ofloxacin, levofloxa-
cin, or other fluoroquinolones if peritonitis develops.

7e.  Respiratory tract infections

In relation to pathogens involved in community-acquired 
respiratory infections, the potency of levofloxacin is excellent 
for pathogens such a Haemophilus influenzae and Moraxella 
catarrhalis, and its potency is also excellent for “atypical” 
pathogens, such as Mycoplasma pneumoniae, Chlamydophila 
pneumoniae, and Legionella spp., with high intracellular 
concentrations of drug possibly augmenting activity in vivo 
against these latter pathogens. Levofloxacin also has activ-
ity against most strains of Streptococcus pneumoniae (MIC90 
1–2 μg/ml) at achievable concentrations in serum, lung, 
and ELF.

ACUTE BACTERIAL EXACERBATIONS OF CHRONIC 
BRONCHITIS

Acute bacterial exacerbations of chronic bronchitis (ABECB) 
are often associated with isolation of H. influenzae or M. 
catarrhalis from sputum, with a lesser occurrence of S. pneu-
moniae and enteric or non-enteric Gram-negative bacteria. 
In pharmacokinetic and pharmacodynamic studies of levo-
floxacin in patients with ABECB, sputum concentrations 
with an oral dose of 500 mg daily reached peak concentra-
tions of 5 μg/ml, and AUC0–24h/MIC ratios > 100 predicted 
microbiologic eradication, although for S. pneumoniae infec-
tion ratios as low as 30–40 may be sufficient (Cazzola et al., 
2005). Concentrations of levofloxacin in epithelial lining 
fluid with doses of 750 mg were 7–8 μg/ml and slightly higher 
than plasma concentrations (Nicolau et al., 2012).

For treatment of patients with ABECB, oral levofloxacin 
has been compared to cefuroxime axetil, azithromycin, 
amoxicillin–clavulanate, gemifloxacin, moxifloxacin, and 
prulifloxacin in randomized trials (Table 104.7). Clinical 
and, where studied, microbiologic outcomes were generally 
high and similar to the comparator in all trials. Two early 
trials used a dose of 250 mg daily, but all later trials used 
doses of 500 or 750 mg daily, with the higher dose being 
used for a shorter course of 5 days. The two most recent trials 
also assessed patients for later recurrences of symptoms, with 
no difference found compared to cefuroxime (Petitpretz et 
al., 2007) or prulifloxacin (Blasi et al., 2013). When tested, 
there was no apparent shift in susceptibility of levofloxacin 
between pretreatment and persisting post-treatment isolates 
of S. pneumoniae and H. influenzae, but some persisting 
post- treatment isolates of P. aeruginosa did develop resis-
tance to levofloxacin (Davies and Maesen, 1999).



7. Clinical uses of the drug 2069

COMMUNITY-ACQUIRED PNEUMONIA

Community-acquired pneumonia (CAP) includes a similar 
array of bacterial pathogens as ABECB, except that S. pneu-
moniae is usually the most frequently identified pathogen, 
and pathogens causing atypical pneumonia must also be 
considered in some patients. The greater severity of illness in 
some patients with pneumonia, and in those with bacteremic 
pneumonia in particular, also provide more stringent tests of 
the efficacy of quinolones than do studies of patients with 
ABECB. Because of the emergence of reduced susceptibility 
and resistance to penicillin and to a varying extent other 
beta-lactams among pneumococci (Doern et al., 1998), levo-
floxacin and other fluoroquinolones with sufficient activity 
against S. pneumoniae have been incorporated in some treat-
ment guidelines for CAP (Mandell et al., 2007).

There have been 14 randomized comparative trials of 
levofloxacin for treatment of patients with CAP (Table 104.8); 
all but one was in adults. As in most other studies of CAP, 
bacterial etiologies were identified in only a minority of 
patients, and thus all relied on clinical responses as the pri-
mary outcome, generally combining cure and improvement 

in definitions of “clinical success” or “clinical response” at a 
test-of-cure visit, which was usually several days after com-
pletion of treatment. Microbiologic evaluations in the sub-
sets of patients with an initially identified pathogen often 
combined post-treatment eradication (supported by a posi-
tive pretreatment and a negative post-treatment sputum or 
blood culture) and presumed eradication in the absence of 
a sputum culture (supported by clinical improvement or 
cure). Clinical responses were generally similar to those of 
comparator agents, which included ceftriaxone, cefuroxime, 
amoxicillin–clavulanate, moxifloxacin, nemonoxacin, clari-
thromycin, solithromycin, and tigecycline. In one early study 
(File et al., 1997), levofloxacin had significantly better overall 
clinical response rates (217/226, 96% vs. 207/230, 90%), but 
it was not possible to determine the relative proportions of 
patients in the ceftriaxone/cefuroxime comparator arm treated 
with ceftriaxone, cefuroxime, or both sequentially. In addi-
tion, although erythromycin was allowed in the ceftriaxone/
cefuroxime arm for suspected atypical pneumonia at the dis-
cretion of the investigator and was used in 22% of patients in 
this treatment arm overall, it was not possible to assess to 

Table 104.7. Randomized clinical trials of levofloxacin for treatment of acute bacterial exacerbations of chronic bronchitis (>100 patients 
enrolled).

Reference Treatment regimens
No. of enrolled 

patients
Age 
group Outcomes

Shah et al., 1999 Levofloxacin (250 mg qd PO) vs. levofloxacin 
(500 mg qd PO) vs. cefuroxime axetil 
(250 mg bid PO) × 7–10d

832 Adults Clinical response 70% vs. 70% vs. 61%

Davies and 
Maesen, 1999

Levofloxacin (250 mg qd PO) vs. levofloxacin 
(500 mg qd PO) vs. cefuroxime axetil 
(250 mg bid PO) × 7d

124 Adults Microbiologic eradication 63% vs. 68% 
vs 48%

Clinical response 100% vs. 93% vs. 86%

Amsden et al., 
2003

Levofloxacin (500 mg qd PO × 7d) vs. 
azithromycin (500 mg PO qd d 1, 250 mg 
PO d 2–5) 

235 Adults Microbiologic eradication 85% vs. 96%
Clinical response 86% vs. 82%

Sethi et al., 2004 Levofloxacin (500 mg qd PO × 7 d) vs. 
gemifloxacin (320 mg PO qd × 5 d)

360 Adults Clinical success 78% vs. 85%

Martinez et al., 
2005

Uncomplicated patients
Levofloxacin (750 mg qd PO × 3d) vs. 

azithromycin (500 mg PO qd d1, 250 mg 
d2–5)

Complicated patients
Levofloxacin (750 mg qd PO × 5d) vs. 

amoxicillin–clavulanate (875–125 mg bid 
× 10d)

763 Adults Uncomplicated patients
Microbiologic eradication 94% vs. 83%
Clinical success 93% vs. 90%

Complicated patients
Microbiologic eradication 81% vs. 80%
Clinical success 79% vs. 82% 

Urueta-Robledo 
et al., 2006

Levofloxacin (500 mg qd PO × 7d) vs. 
moxifloxacin (400 mg qd PO × 5d)

563 Adults Microbiologic eradication 94% vs. 93%
Clinical success 94% vs. 91%

Grossman et al., 
2006

Levofloxacin (750 mg qd PO × 5d) vs. 
amoxicillin–clavulanate (875–125 mg bid 
PO × 10d)

369 Adults Resolution of sputum production 81% vs 80%
Resolution of dyspnea 80% vs. 76%

Petitpretz et al., 
2007

Levofloxacin (500 mg qd PO) vs. cefuroxime 
250 mg bid PO) × 10d

689 Adults Clinical cure 94% vs. 92%
Time to next exacerbation no difference

Blasi et al., 2013 Levofloxacin (500 mg qd PO) vs. prulifoxacin 
(600mg qd PO) × 7d

346 Adults Clinical cure 95% vs. 92%
Persistent resolution at 6 mo 83% vs. 79%
Microbiologic eradication 90% vs. 91%
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Table 104.8. Randomized clinical trials of levofloxacin for treatment of community-acquired pneumonia (> 100 patients enrolled).

Reference Treatment regimens
No. of enrolled 

patients Age group Outcomes

File et al., 1997 Levofloxacin (500 mg IV–PO qd) vs. 
ceftriaxone (1–2 gm IV qd-bid) then ± 
cefuroxime axetil (500 mg PO bid) × 
7–14d

424 Adults Clinical response 96% vs. 90% (95% CI: –10.7 
to –1.3)

Microbiologic eradication 98% vs. 85% (95% 
CI: –21.6 to –4.8)

Fogarty et al., 
2004

Levofloxacin (500 mg IV-PO qd) vs. 
ceftriaxone (1–2 gm IV/IM qd) + 
erythromycin (0.5–1 gm IV q6h), then 
amoxicillin-clavulanate (875 mg PO bid) 
+ clarithromycin (500 mg PO bid) × 
7–14d

269 Adults requiring 
mechanical 
ventilation

Clinical success 90% vs. 83%
Microbiologic eradication 80% vs. 95%

Erard et al., 2004 Levofloxacin (500 mg bid PO) vs. 
ceftriaxone (2 gm IV qd) ± clarithromy-
cin (500 mg IV or PO bid) × 7–10d 

129 Adults Clinical response 91% vs. 92%

Dunbar et al., 
2004

Levofloxacin (750 mg qd PO × 5d) vs. 
levofloxacin (500 mg qd PO × 10d)

123 Adults with 
atypical 
pneumonia* 

Clinical success 96% vs. 96%

Carratalà et al., 
2005

Levofloxacin (500 mg qd PO) vs. 
levofloxacin (500 mg qd IV then PO) 
× 10d

224 Adults in PSI risk 
class II or III

Clinical success 84% vs. 81%

Bradley et al., 
2007

Age 6 mo to 5 yr
Levofloxacin (10 mg/kg bid PO or IV) vs. 

amoxicillin–clavulanate (22.5 mg/kg bid 
PO) or ceftriaxone (25 mg/kg bid IV)

Age >5 yr to 16 yr 
Levofloxacin (10 mg/kg qd PO or IV) vs. 

clarithromycin (7.5 mg/kg bid PO) or 
ceftriaxone (25 mg/kg bid IV) × 10d

728 Children
6 mo–16 yr

Clinical cure 87% vs. 85%†

Torres et al., 
2008

Levofloxacin (500 mg bid IV, then PO) + 
ceftriaxone (2 gm qd IV) vs. moxifloxa-
cin (400 mg qd IV, then PO) × 7–14d

733 Adults with PSI 
III–V

Clinical cure
Intent to treat 84% vs. 80%
S. pneumoniae (+) 84% vs. 84%
Bacteremia (+) 75% vs. 75%

Dartois et al., 
2008

Levofloxacin (500 mg qd IV) vs. tigecy-
cline (100 mg then 50 mg bid IV) 
× 7–14d

358 Adults 
hospitalized

Clinical cure 82% vs. 84%

Bergallo et al., 
2009

Levofloxacin (500 mg qd IV then PO) vs 
tigecycline (100 mg then 50 mg bid IV), 
then levofloxacin 500 mg qd PO) × 14d

425 Adults 
hospitalized

Clinical cure 78% vs. 78%

Tanaseanu et al., 
2009

Levofloxacin (500 mg qd IV then PO) vs 
tigecycline (100 mg then 50 mg bid IV), 
then levofloxacin 500 mg qd PO) × 14d

428 Adults 
hospitalized

Clinical cure 85% vs. 89%
Microbiologic response
S. pneumoniae 92% vs. 90%

van Rensburg 
et al., 2010

Levofloxacin (500 mg qd PO) vs. 
nemonoxacin (500 mg qd PO) vs. 
nemonoxacin (750 mg qd PO) × 7d

265 Adults Clinical cure 91% vs. 87% vs. 90%
Microbiologic success 
92% vs. 85% vs. 90%‡

Ramirez et al., 
2012

Levofloxacin (500 mg qd IV then PO) vs. 
tigecycline (100 mg then 50 mg bid IV), 
then levofloxacin 500 mg qd PO) 
× 7–14d

294 Adults 
hospitalized

Median time to clinical stability 4d vs. 4d
Clinical cure
Meet PO switch criteria 92% vs 96%
Not meet PO switch criteria 77% vs. 80%

Oldach et al., 
2013

Levofloxacin (750 mg qd PO) vs. 
solithromycin (800 mg d1, 400 mg qd 
PO d2–5) × 5d

132 Adults Clinical success 87% vs. 85%

Zhao et al., 2014 Levofloxacin (750 mg qd IV × 5d) vs. 
levofloxacin (500 mg qd IV × 7–14d) 

241 Adults Clinical success 90% vs. 92%
Clinical cure 56% vs. 57%
Microbiologic eradication 100% vs. 100%

PSI, pneumonia severity index.
*Legionella pneumophila 17, Mycoplasma pneumoniae 79, Chlamydia pneumoniae 38
†M. pneumoniae the dominant pathogen identified (n = 166); S. pneumoniae (n = 28); viral causes not assessed
‡M. pneumoniae the dominant pathogen identified (n = 93); H. influenzae (n = 17), S. pneumoniae (n = 14), L. pneumophila (n = 8)
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what extent it was used in those patients found to have atyp-
ical pathogens.

In seven of the randomized comparative studies in Table 
104.8, responses in the subsets of patients with bacteremic 
pneumococcal pneumonia were reported (Bergallo et al., 
2009; Bradley et al., 2007; File et al., 1997; Fogarty et al., 2004; 
Torres et al., 2008; van Rensburg et al., 2010; Zhao et al., 
2014). Such patients constitute a more stringent test of levo-
floxacin’s effectiveness in S. pneumoniae infections because 
they generally represent a greater severity of illness as well as 
a greater certainty of the microbiologic diagnosis (relative to 
sputum cultures, which cannot definitively distinguish coloni-
zation from infection). Clinical responses and microbiologic 
eradication were achieved in 54 of 65 (83%) levofloxacin- 
treated patients and 46 of 55 (84%) patients treated with the 
comparator agents. Cumulative responses in levofloxacin- 
treated patients from several clinical trials of CAP were also 
not different in patients with macrolide-resistant versus 
macrolide-susceptible strains of S. pneumoniae (Kahn et al., 
2004b), and the overall successful clinical response rate for 
patients with pneumococcal bacteremia who were in trials 
was 91% (98/108) (Kahn et al., 2004a).

More recently a high-dose, short-course regimen of levo-
floxacin (750 mg daily × 5 days) was compared to the earlier 
regimen (500 mg daily × 10 days) and found to have similar 
clinical (183/198, 92.4% vs. 175/192, 91.1%) and microbio-
logic (93.2% vs. 92.4%) responses (Dunbar et al., 2004). A 
retrospective subgroup analysis of patients in PSI risk classes 
III and IV also found high and similar clinical success rates 
in both treatment groups (69/76 patients, 91% vs. 71/83 
patients, 86%) but a higher proportion of patients receiving 
the high-dose regimen had resolution of fever and purulent 
sputum by day 3 of therapy (Shorr et al., 2006).

Resistance to levofloxacin in S. pneumoniae has occurred, 
and varies by geographic area (Gant et al., 2012). It has been 
associated with prior exposure to fluoroquinolones and pos-
sible spread in nursing home settings (Davidson et al., 2002; 
Ho et al., 2001). Thus, recent use of fluoroquinolones may be 
a relative contraindication to use of levofloxacin for CAP. 
Information on local susceptibility rates can be helpful in 
assessing the likelihood of resistance, since fluoroquinolone 
resistance in S. pneumoniae has remained low overall, even 
in some areas with substantial fluoroquinolone use (Pletz et 
al., 2011). 

There is less information on the use of quinolones for 
treatment of patients with atypical pneumonias. Based on in 
vitro and animal data, there had been earlier recommenda-
tions for use of quinolones in hospitalized patients with 
Legionella infections (Edelstein, 1998). Small numbers of 
patients with Legionella pneumonia appear to have had good 
clinical responses to levofloxacin (10/10) in the two com-
parative trials of CAP (File et al., 1997; Fogarty et al., 2004). 
An observational study of the use of levofloxacin (n = 143) or 
macrolides (n = 65), either alone or combined with rifampin, 
during an outbreak of Legionella pneumonia in Spain 
reported similar outcomes between levofloxacin and macro-
lide regimens in patients with mild to moderate pneumonia, 

but fewer complications and shorter mean hospital stays in 
levofloxacin-treated patients with severe pneumonia (Bláz-
quez Garrido et al., 2005). In another prospective case series 
of 139 patients with Legionella pneumonia identified by rou-
tine urine antigen testing of patients presenting with pneu-
monia, levofloxacin therapy was associated with a more rapid 
defervescence and clinical stabilization and shorter hospital 
stays than macrolide therapy (Mykietiuk et al., 2005). Two 
more recent reports that included over 300 patients also sup-
port trends for a more rapid attainment of clinical stability 
with levofloxacin in comparison to macrolides (3–4 days vs. 
5 days) and shorter lengths of hospital stay (7–8.9 days vs. 
10–12 days) (Griffin et al., 2010; Viasus et al., 2013). In a sub-
group analysis of a randomized trial of two dosing regimens 
of levofloxacin (750 mg qd × 5 d vs. 500 mg qd × 10 d), clin-
ical success rates were high and similar (12/12 vs. 5/5) 
(Dunbar et al., 2004) 

Data on efficacy of quinolones for treatment of patients 
with atypical pneumonia caused by M. pneumoniae and 
C.  pneumoniae are more difficult to interpret because of 
the substantial response rates in the comparator groups that 
included agents not expected to have any activity against 
these pathogens in vivo. This difficulty is highlighted in the 
initial comparative trial (File et al., 1997). Clinical response 
rates for levofloxacin were high for patients diagnosed by 
serologic criteria with infection with M. pneumoniae (19/19) 
or C. pneumoniae (46/47). Responses, however, were simi-
larly high in the ceftriaxone/cefuroxime arm (22/22 for 
M. pneumoniae and 50/54 for C. pneumoniae) and did not 
differ whether or not these patients also received erythromy-
cin. Thus either inaccuracies in serologic diagnosis of these 
infections, unexpected clinical responses to beta-lactams, or 
(most likely) substantial rates of spontaneous improvement 
in signs and symptoms could have contributed to these dis-
crepancies. In a comparison of two dosing regimens of levo-
floxacin (750 mg qd × 5 d vs. 500 mg qd × 10 d), overall 
clinical success rates were high and similar for both C. pneu-
moniae (20/22 vs. 16/16) and M. pneumoniae (41/43 vs. 
34/36) patients (Dunbar et al., 2004). Notably, defervescence 
by day 3 occurred in a significantly higher proportion of 
patients receiving the high-dose regimen in the overall 
atypical pneumonia group as well as in the M. pneumoniae 
group. Additional studies designed to assess the time to res-
olution of symptoms are needed to establish the clinical ben-
efit of levofloxacin for treatment of these types of atypical 
pneumonias.

NOSOCOMIAL AND VENTILATOR-ASSOCIATED 
PNEUMONIA

In a randomized, open-label study of patients with nosoco-
mial pneumonia, levofloxacin 750 mg daily (i.v. and then 
orally) for a total of 7–15 days had a clinical success rate 
(54/93 patients, 58%) similar to that with imipenem–cilastatin 
(0.5–1 g i.v. every 6–8 h) followed by ciprofloxacin 750 mg 
(orally twice daily) for a total of 7–15 days (57/94 patients, 
61%) (West et al., 2003). Microbiologic eradication of patho-
gens from sputum was also similar (62/93, 67% vs. 57/94, 
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61%). A later analysis of the subgroup of patients with venti-
lator-associated pneumonia also found similar clinical and 
microbiologic outcomes in the two treatment groups (Shorr 
et al., 2005). Notably, the use of additional antimicrobial 
agents was mandated for patients with P. aeruginosa and 
MRSA as part of the study design. Prior exposure to levoflox-
acin has been associated with fluoroquinolone resistance in 
P. aeruginosa in a case-control study, highlighting the impor-
tance of additional antimicrobial coverage if this pathogen 
is known or suspected in seriously ill patients (Paladino et 
al., 2003). Combination regimens of ceftazidime and levo-
floxacin generated clinical success rates of approximately 
80% in another noncomparative study in patients with noso-
comial pneumonia caused predominantly by P. aeruginosa 
or K. pneumoniae (Bassetti et al., 2006). In a small study of 74 
patients with ventilator-associated pneumonia randomized 
to treatment with cefepime alone or in combination with 
either amikacin or levofloxacin, duration of time in ICU and 
of mechanical ventilation did not differ among the groups 
(Damas et al., 2006). Although 28-day mortality was high 
(10% cefepime alone, 21% cefepime with amikacin, 20% with 
cefepime with levofloxacin), in only one patient treated with 
cefepime was death attributed to infection. Thus, it is unclear 
if addition of levofloxacin changes outcomes of treatment 
with a broad-spectrum cephalosporin.

7f.  Mycobacterial infections

Because of resistance to first-line antituberculosis agents, 
quinolones are being used as agents in second- and third-line 
regimens for treatment of mycobacterial infections (Moadebi 
et al., 2007). In patients with multidrug-resistant (MDR) pul-
monary tuberculosis, ofloxacin (300 or 800 mg qd) was used 
in combination with other second-line agents with sputum 
conversions and apparent clinical cures (Yew et al., 1990a), 
but in cases in which ofloxacin was the only active drug, 
there was failure of sputum conversion and development 
of ofloxacin resistance (Tsukamura et al., 1985; Yew et al., 
1990a). Levofloxacin is now being used in second-line regi-
mens for treatment of MDR tuberculosis. For early bacteri-
cidal activity against M. tuberculosis in sputum, levofloxacin 
(1 g qd) was similar to isoniazid (300 mg qd) (Johnson et al., 
2006). In a retrospective multivariate analysis of outcomes of 
similar multidrug regimens that included either levofloxacin 
(600–800 mg qd) or ofloxacin (600–800 mg qd) for MDR 
tuberculosis, significantly better outcomes were found with 
the levofloxacin-containing regimen (Yew et al., 2003). Other 
retrospective analyses have compared levofloxacin- and 
moxifloxacin-containing regimens for MDR tuberculosis 
patients with slightly but nonsignificantly better outcomes 
in the moxifloxacin group (Jiang et al., 2013; Lee et al., 2011); 
however, patients with ofloxacin-resistant isolates had lower 
response rates in both groups. In the only prospective, ran-
domized trial, levofloxacin (750 mg qd) and moxifloxacin 
(400 mg qd) produced conversion to negative sputum cul-
tures at 3 months in 88% (68/77) and 90% (67/74) of patients 
with fluoroquinolone-susceptible isolates, respectively (Koh 

et al., 2013). For adult patients with clinically diagnosed 
tuberculous meningitis in India, an open-label, randomized 
trial found a levofloxacin-containing regimen (10 mg/kg up 
to 500 mg) had better survival at 6 months but no difference 
in neurologic function in survivors relative to a rifampin- 
containing regimen (10 mg/kg up to 450 mg) (Kalita et al., 
2014). No information on drug susceptibility was reported.

Because of widespread quinolone use for respiratory and 
other indications, there have been concerns about masking 
of symptoms in undiagnosed tuberculosis patients, particu-
larly in areas of high endemicity and selection of resistance. 
In a randomized trial of patients in Hong Kong with CAP or 
exacerbations of bronchiectasis, a lower percent of those 
treated with moxifloxacin in comparison to amoxicillin– 
clavulanate were diagnosed with active tuberculosis within 
12 months (Chang et al., 2010), suggesting potential mask-
ing. Prior quinolone exposure for longer than 10 days has 
been associated with a 7-fold increased risk of quinolone 
resistance in M. tuberculosis isolates and a 17-fold increased 
risk if the exposure was > 60 days before the diagnosis of 
tuberculosis (Devasia et al., 2009). In Taiwan, however, resis-
tance to fluoroquinolones was largely limited to MDR iso-
lates of M. tuberculosis, suggesting that treatment of MDR 
infections rather than general fluoroquinolone use may be 
the driver of resistance (Huang et al., 2005). Surprisingly, 
in a meta-analysis of outcomes of patients with extensively 
drug-resistant tuberculosis, use of later-generation fluoro-
quinolones (that included levofloxacin), was associated 
with improved outcomes relative to nonfluoroquinolone- 
containing regimens, despite the potential presence of fluo-
roquinolone resistance (Jacobson et al., 2010). Similar better 
outcomes for patients receiving levofloxacin- or moxifloxa-
cin-containing regimens have been observed in those with 
isoniazid-resistant strains (Lee et al., 2016). Tolerability of 
levofloxacin-containing regimens appeared to similar overall 
to that of standard antituberculosis regimens (Marra et al., 
2005). 

For nontuberculous mycobacteria, M. fortuitum infections 
of sternotomy wounds have been successfully treated with 
ofloxacin (Yew et al., 1990b). Against M. leprae there have 
been reports of clinical improvement in patients with lepro-
matous leprosy given ofloxacin (400 mg qd) and pefloxacin 
(800 mg qd) (Grosset et al., 1990). In a randomized, double- 
blind study of patients with paucibacillary leprosy, at 10 years 
follow-up, ofloxacin (400 mg qd) plus rifampin (600 mg qd) 
given for 28 days produced clinical improvements compara-
ble to dapsone (100 mg qd) plus rifampin (600 mg q month) 
given for 6 months (Balagon et al., 2010).

7g.  Sinusitis

Acute purulent sinusitis acquired in the community is often 
caused by a similar group of pathogens that causes ABECB 
and may be seen as a complication of viral upper respiratory 
infections. Anaerobic bacteria are usually present in only a 
small percentage of patients and are more likely if sinusitis 
is chronic or associated with dental infections. Establishment 
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of drainage of the infected sinus cavity by use of nasal decon-
gestants is an important adjunctive therapy in addition to 
antimicrobial agents. For treatment of patients with acute 
purulent sinusitis, there have been five randomized studies 
(Table 104.9) comparing levofloxacin with clarithromycin, 
amoxicillin–clavulanate, cefdinir, or azithromycin or com-
paring two different dosing regimens of levofloxacin itself. 
Notably, in only two of these studies were microbiologic 
samples obtained from the maxillary sinus to confirm a 
bacterial etiology, and in both studies, although all enrolled 
patients had findings of an air–fluid level or complete opaci-
fication of the sinus, only 40% had positive cultures (Murray 
et al., 2005; Poole et al., 2006). An additional smaller study of 
60 patients also included sinus aspirates with a higher rate of 
positive cultures (77–82%) (Jareoncharsri et al., 2004). Thus, 
clinical outcomes can be complicated by a substantial num-
ber of patients who may not have bacterial sinusitis. Clinical 
success rates were high and similar to those of the compara-
tor in all studies, and most notably there were high rates of 
clinical cure or success for patients with cultures positive for 
S. pneumoniae and H. influenzae in the two studies with 
microbiologic data. In an additional non-comparative study 
that included sinus aspirate cultures, a similar course of levo-
floxacin (500 mg qd orally × 10–14 d) eradicated 93–100% of 
pathogens, which were predominately H. influenzae (n = 36), 
S. pneumoniae (n = 32), S. aureus (n = 33), and M. catarrhalis 
(n = 15) (Sydnor et al., 1998). 

The high-dose, short-course regimen of levofloxacin (750 
mg daily × 5 d) has been compared to the prior regimen 
(500 mg daily × 10 d) for treatment of patients with acute 
bacterial sinusitis with pathogens documented from sinus 
fluid samples (Poole et al., 2006). Clinical success exceeded 
90% in both treatment groups for patients from whom S. 
pneumoniae, H. influenzae, or M. catarrhalis was initially 

isolated from sinus fluid. In a small number of patients with 
acute maxillary sinusitis who had an indwelling sinus cathe-
ters and were treated with levofloxacin 750 mg for 5 days, 
sequential samples of sinus fluid documented eradication of 
H. influenzae (three patients) and M. catarrhalis (one patient) 
within 24 hours and S. pneumoniae (one patient) within 72 
hours (Anon et al., 2007). Thus, levofloxacin appears to be 
effective for treatment of acute bacterial sinusitis and could 
be considered an alternative to beta-lactam or macrolide 
therapy. There has been no comparison of the 750-mg and 
500-mg daily doses both given for 5 days.

7h.  Skin and soft tissue infections

There is only limited information on the use of levofloxacin 
for treatment of patients with skin and soft tissue infections: 
three randomized studies for treatment of uncomplicated 
infections, and one randomized study of complicated infec-
tions. In a randomized, unblinded study, levofloxacin (500 
mg daily) was compared to ciprofloxacin (500 mg orally 
twice daily) for treatment of a group of patients in whom cel-
lulitis (44%), pyodermas (11%), and cellulitis with abscess 
(11%) constituted the majority of infections (Nichols et al., 
1997). The dominant pathogen was S. aureus (174/288 micro-
biologically assessable patients, 60%) and eradication rates 
were significantly higher for levofloxacin (100%) than for 
ciprofloxacin (87%). Eradication of S. pyogenes in the small 
numbers of patients from whom it was isolated was also high 
(14/14 treated with levofloxacin vs. 18/20 for ciprofloxacin). 
Rates of clinical cure were similar overall (151/182, 83% 
levofloxacin vs. 155/193, 80% ciprofloxacin). A double-blind, 
randomized trial also found levofloxacin to have similar 
clinical and microbiologic efficacy to ciprofloxacin in 
uncomplicated skin infections (Nicodemo et al., 1998). 

Table 104.9. Randomized clinical trials of levofloxacin for acute bacterial sinusitis (> 100 patients enrolled).

Reference Treatment regimens
No. of enrolled 
patients

Age 
group Outcomes

Adelglass et al., 
1998

Levofloxacin (500 mg qd PO) vs. clarithromycin 
(500 mg bid PO) × 14d

181 Adults Clinical success 96% vs. 93%

Lasko et al., 
1998

Levofloxacin (500 mg qd PO) vs. clarithromycin 
(500 mg bid PO) × 10–14d 

236 Adults Clinical response 94% vs. 94%
Clinical cure 41% vs. 29%

Adelglass et al., 
1999

Levofloxacin (500 mg qd PO) vs. amoxicillin–
clavulanate (500–125 mg tid) × 10–14d

535 Adults Clinical success 88% vs. 87%

Henry et al., 
2004

Levofloxacin (500 mg qd PO) vs. cefdinir 
(600 mg qd PO) × 10d

271* Adults Clinical cure 86% vs. 83%

Murray et al., 
2005

Levofloxacin (500 mg qd PO × 10d) vs. 
azithromycin (2 gm microspheres PO single 
dose) 

538
213 with (+) 

maxillary 
sinus aspirate

Adults Clinical cure
Overall 89% vs. 91%
Aspirate S. pneumoniae 92% vs. 97%
Aspirate H. influenzae 100% vs. 96%

Poole et al., 
2006

Levofloxacin (750 mg qd PO × 5d) vs. 
levofloxacin (500 mg qd PO × 10d)

780
302 with (+) 

maxillary 
sinus aspirate

Adults Clinical success
All aspirate (+) 91% vs. 89%
Aspirate S. pneumoniae 93% vs. 91%
Aspirate H. influenzae 95% vs. 93%
Aspirate S. aureus 76% vs. 75%

*Presumed bacterial etiology based on symptoms for 7–21 days and compatible radiographic findings.
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Levofloxacin (500 mg orally daily) was similar in clinical effi-
cacy to gatifloxacin (400 mg orally daily) when given for 
7–10 days in patients with abscess (29–22% in the respective 
treatment groups), cellulitis (24–26%), wound infection 
(23–24%), or folliculitis (17–22%) (Tarshis et al., 2001). 
Methicillin-susceptible S. aureus constituted 80% of patho-
gens, and eradication rates for S. aureus were 91% and 93%, 
respectively.

For complicated skin infections in an open-label, ran-
domized study, high-dose levofloxacin (750 mg daily i.v., 
oral, or sequential i.v. to oral) was compared to ticarcillin–
clavulanate (3.1 g i.v. q 4–6 h) followed at the investigators’ 
discretion by amoxicillin–clavulanate (875 mg orally q 12 h), 
with both regimens given for 7–14 days (Graham et al., 
2002). Infections were largely mild to moderate in severity 
(82% vs. 77% in the respective treatment groups) and con-
stituted major abscesses (29% and 32%), wound infection 
(38% in both groups), and infected diabetic ulcers (18% and 
16%). Overall clinical success rates were comparable for the 
two regimens (116/138, 84% vs. 106/132, 80%) without sig-
nificant differences within the infection-type subgroups. 
Methicillin-susceptible S. aureus was the most common 
pathogen (56 vs. 49), and levofloxacin was more effective in 
its eradication than the comparator regimen (50/56, 89% vs. 
35/49, 71%) as well as more effective against the larger group 
of all Gram-positive aerobes (93/108, 86% vs. 75/101, 74%). 
Eradication of Gram-negative aerobes was not significantly 
different between the two treatment groups (37/44, 84% vs. 
31/45, 69%), and the small numbers of anaerobic bacteria 
isolated were uniformly eradicated in both arms. Because the 
number of evaluable diabetic patients with foot infections 
was small (26 for levofloxacin and 28 of the comparator reg-
imen), it is not yet possible to assess the role of levofloxacin 
used alone in treatment of this group of patients. In addition, 
with the increasing frequency of MRSA as a cause of skin 
infections and with the established high level of fluoroquino-
lone resistance in hospital strains and the emergence of resis-
tance in community strains (Blumberg et al., 1991; Diep et 
al., 2008), levofloxacin and other fluoroquinolones should not 
be used as empiric therapy for serious skin infections. Rather, 
their use should be informed by relevant samples obtained 
for pathogen identification and susceptibility testing.

7i.  Bone and joint infections

There have been no randomized controlled trials of levoflox-
acin for treatment of bone and joint infections. In one small 
case series of patients with osteomyelitis, levofloxacin (500 
mg qd) was effective in 9 of 15 patients (60%), with largely 
polymicrobial (S. aureus in 7 and P. aeruginosa in 3; all but 3 
had other organisms as well) infections; in four cases failures 
were thought to be due to inadequate débridement (Green-
berg et al., 2000). A meta-analysis of fluoroquinolone versus 
beta-lactam therapy for osteomyelitis (Karamanis et al., 
2008) included three small randomized controlled trials in 
which ofloxacin (400 mg orally twice daily) was compared to 
imipenem/cilastatin (500 mg i.v. q 6 h) (Gomis et al., 1999), 

ampicillin-sulbactam (1–2 g to 0.5–1 gm i.v. q 6 h) followed 
by amoxicillin–clavulanate (500 mg–125 mg orally q 8 h) 
(Lipsky et al., 1997), and cefazolin (1 g i.v. q 8 h) or ceftazi-
dime (2 g i.v. q 12 h) (Gentry and Rodriguez-Gomez, 1991). 
In two of the three trials (Gomis et al., 1999; Lipsky et al., 
1997), ofloxacin was favored, but in none of the trials was the 
difference between the regimens significant. The importance 
of adequate débridement in treatment of chronic osteomy-
elitis makes comparisons in small trials even more difficult 
to interpret.

Reports of treatment of joint infections with levofloxacin 
have been few and have been largely in management of 
patients with prosthetic joint infections who underwent 
débridement and prosthesis retention together with pro-
longed courses of oral levofloxacin (500 mg daily) together 
with rifampin (600 mg daily) in two studies (Barberán et al., 
2006; Soriano et al., 2006). Infections were principally due 
to staphylococci in both studies. Failure was associated with 
methicillin resistance and a longer duration of symptoms, 
and time to diagnosis in one study (Barberán et al., 2006). 
Higher rates of cure (12/13, 92%) were seen in the second 
study, in which patients received an average of 2.5 months 
of therapy with both drugs (Soriano et al., 2006). Staphylo-
coccal infections of rigid internal fixation devices (plates and 
screws) have also been treated with débridement and hard-
ware retention and the same regimen of levofloxacin and 
rifampin given for a range of 1–18 months in a retrospective 
case series of 25 patients (Barberán et al., 2008). The overall 
cure rate was 72%, with failures being more likely to have had 
a longer prior duration of symptoms before débridement and 
treatment (5.7 ± 6.2 m vs. 1.4 ± 0.6 m) and shorter durations 
of therapy (2.6 ± 0.5 m vs. 5.1 ± 1.4 m). Thus, as with prior 
studies of ofloxacin and rifampin (Drancourt et al., 1993; 
Drancourt et al., 1997), levofloxacin and rifampin is a treat-
ment option in susceptible staphylococcal orthopedic infec-
tions in which prosthesis removal is not an option but 
débridement can be performed.

7j.  Prophylaxis

A number of studies have evaluated levofloxacin and other 
fluoroquinolones as prophylaxis in patients with malignancy 
and neutropenia (Bucaneve et al., 2005; Cattaneo et al., 2008; 
Cullen et al., 2005; Imran et al., 2008; Reuter et al., 2005; 
Timmers et al., 2004; Timmers et al., 2007). In two place-
bo-controlled trials, levofloxacin reduced the occurrence of 
fever and hospitalization in patients receiving chemotherapy 
for solid tumors or lymphoma (Cullen et al., 2005) and also 
reduced documented infections in a similar group of patients 
that included patients with acute leukemia (Bucaneve et al., 
2005). In another study in which sequential periods with 
and without levofloxacin (500 mg orally daily) were employed 
for patients with leukocyte counts below 1000/mm3 of a pre-
dicted duration of over 5 days, overall rates of Gram-negative 
bacteremia were substantially lower during periods of levo-
floxacin prophylaxis, but the number of patients in the 
comparator no-prophylaxis period was small, and quino- 
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lone-resistant E. coli bacteremias occurred only during the 
prophylaxis periods (Reuter et al., 2005). Resistance has 
also emerged among colonizing viridans group strepto-
cocci isolated from patients receiving levofloxacin prophy-
laxis (Timmers et al., 2004), and streptococcal and other 
Gram-positive bacteremias had been reported in patients 
receiving ciprofloxacin, norfloxacin, and ofloxacin prophy-
laxis (Cruciani et al., 2003). Addition of second prophylactic 
agents with additional Gram-positive spectrum to fluoroquino-
lones was effective in reducing Gram-positive bacteremias 
but was less well tolerated (Cruciani et al., 2003; Timmers et 
al., 2007), and bacteremias with fluoroquinolone-resistant 
E. coli continue to be a problem with use of levofloxacin pro-
phylaxis (Cattaneo et al., 2008). Because of possible effects 
on emergence of resistance and risks for C. difficile disease 
(Bow, 2011), guidelines of the Infectious Diseases Society of 
America recommend that use of levofloxacin or ciprofloxa-
cin for prophylaxis be considered only for high-risk patients 
with an expected duration of profound neutropenia (abso-
lute neutrophil count <100/mm3) of > 7 days, with a prefer-
ence for levofloxacin when there is a risk of invasive viridans 
group streptococcal infection due to mucositis (Freifeld et 
al., 2011). The guidelines also suggest developing a system-
atic strategy for monitoring fluoroquinolone resistance in 
Gram-negative bacilli, since rates of resistance exceeding 
20% may reduce the efficacy of prophylaxis (Bow, 2011; 
Lingaratnam et al., 2011).

Although levofloxacin is widely used as prophylaxis for 
transrectal prostate biopsies, it has been studied principally 
in case series or comparisons of different dosing regimens 
with low rates of infection reported (Argyropoulos et al., 
2007; Griffith et al., 2002; Shigemura et al., 2005). In an ear-
lier small placebo-controlled study, ofloxacin as a single 
oral dose was as effective as a single dose of trimethoprim–
sulfamethoxazole, and both were significantly better than 
placebo (Isen et al., 1999). There have been reports of fluoro-
quinolone-resistant E. coli bacteremia occurring in 0.6–1.1% 
of patients receiving levofloxacin prophylaxis (Kamdar et al., 
2008; Miura et al., 2008). One risk factor was prior use of 
fluoroquinolones in these and other studies (Akduman et al., 
2011). Even in the absence of bacteremia, the presence of flu-
oroquinolone-resistant E. coli in stool flora before biopsy was 
significantly associated with infectious complications and hos-
pital readmissions in patients receiving levofloxacin within 
12 hours before the procedure and 3 days after (Sieczkowski 
et al., 2015). Thus, levofloxacin appears to be effective as 
prophylaxis for patients undergoing transrectal prostate 
biopsies, but the occurrence of resistant infections should be 
monitored. It is noteworthy that the rates of fecal coloniza-
tion with fluoroquinolone-resistant E. coli in some countries 
have been reported to be as high as 24% of healthy adults 
(Garau et al., 1999).

Although retrospective cohort studies suggested that 
fluoroquinolone use in renal transplant recipients was asso-
ciated with a reduced risk of BK viruria post-transplant 
(Gabardi et al., 2010), a recent placebo-controlled, random-
ized trial found no reduction in BK viruria in transplant 

recipients receiving levofloxacin 500 mg daily for 3 months 
(Knoll et al., 2014). Patients receiving levofloxacin, how-
ever, did have an increased occurrence of fluoroquinolone- 
resistant bacterial infections. 
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Moxifloxacin

Rhonda L. Stuart

1. DESCRIPTION

Moxifloxacin (Bay 12-8039) is a fourth-generation syn-
thetic fluoroquinolone developed by Bayer Pharmaceuticals 
in the early 1990s. It has a molecular weight of 401.431 and 
is an 8-methoxy quinolone with the chemical formula 
1-cyclopropyl-7-[(1S,6S)-2,8-diazabicyclo[4.3.0]non-8-yl]- 
6-fluoro-8-methoxy-4-oxo-quinoline-3-carboxylic acid. Its 
empirical formula is C21H24FN3O4. The chemical structure 
is shown in Figure 105.1.

Moxifloxacin (as moxifloxacin hydrochloride) is available 
under the brand name Avelox as 400-mg tablets and in par-
enteral form for intravenous infusion. Moxifloxacin is also 
sold in an ophthalmic solution 0.5% (eye drops) under the 
name Vigamox. Moxifloxacin inhibits bacterial topoisomer-
ase II (DNA gyrase) and topoisomerase IV, and is bacteri-
cidal. Moxifloxacin has a broad spectrum of activity and is 
approved for use in acute bacterial sinusitis, acute bacterial 
exacerbations of chronic bronchitis, community-acquired 
pneumonia, and uncomplicated skin and skin structure infec-
tions (Andriole and Andriole, 2001). Moxifloxacin is also 
used for the treatment of complicated intra-abdominal infec-
tions, as a second-line agent in the treatment of tuberculosis, 

and for bacterial conjunctivitis (ophthalmic solution). While 
moxifloxacin has a similar spectrum of antibacterial activity 
to that of gatifloxacin (see Chapter 115, Gatifloaxcin), it does 
not require dose adjustment in patients with renal impair - 
ment and it has a much better safety profile; in particular, it 
is not associated with the same clinical problems of dysglyce-
mia (e.g. hypoglycemia). 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Moxifloxacin is bactericidal at concentrations two- to four-
fold higher than the minimum inhibitory concentration 
(MIC). It is rapidly bactericidal against most common patho-
gen groups at concentrations achieved in serum with a 400-
mg dose that is between 0.5 and 4 µg/ml (MacGowan, 1999). 
Compared with ciprofloxacin, moxifloxacin is characterized 
by improved in vitro activity against Gram-positive bacteria 
and decreased activity against Pseudomonas aeruginosa. The 
susceptibilities of common pathogens to moxifloxacin are 
shown in Table 105.1 and are compared to those of other flu-
oroquinolones in Table 101.1 (Chapter 101, Ciprofloxacin).

GRAM-NEGATIVE BACTERIA

Moxifloxacin has Gram-negative activity similar to ciproflox-
acin. The MIC90 of moxifloxacin is ≤ 0.25 µg/ml for Moraxella 
catarrhalis, Haemophilus influenzae (beta-lactamase positive 
or negative), Legionella pneumophila, most Enterobacteri-
aceae, Shigella spp., Neisseria gonorrhoeae, N. meningitidis, 
Pasteurella spp., Vibrio spp., and Yersinia enterocolitica (Blon-
deau and Felmingham, 1999; MacGowan, 1999; Thauvin- 
Eliopoulos and Eliopoulos, 2003; Fluit et al., 2005). For 
Citrobacter freundii, Provendecia spp., Serratia spp., P. aeru
ginosa, and other non-fermentative Gram-negative species, Figure 105.1. Chemical structure of moxifloxacin.
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MIC90s are in the range 0.5–8 µg/ml, and thus for these 
organisms moxifloxacin is less active than ciprofloxacin.

GRAM-POSITIVE BACTERIA

Moxifloxacin exhibits enhanced activity against Gram-
positive bacteria compared with ciprofloxacin, most notably 
against penicillin-susceptible and penicillin-resistant strains 
of S. pneumoniae (MIC90 0.12–0.25 µg/ml) (Dalhoff, 1999a). 
Although moxifloxacin inhibits both DNA gyrase and topo-
isomerase IV, its mechanism of action is slightly different 
from that of other fluoroquinolones. This is especially im-
portant clinically for S. pneumoniae in which moxifloxacin 
 primarily targets the gyrA subunit of DNA gyrase, while 
ofloxacin and ciprofloxacin target the subunits parC or parE 
of the topoisomerase IV. Thus moxifloxacin may retain activ-
ity against pneumococcal strains resistant to other fluoro-
quinolones (Pestova et al., 2000). Other streptococci also 
susceptible to moxifloxacin include S. pyogenes (MIC90 0.25–
0.5 µg/ml), S. agalactiae (MIC90 0.25–0.5 µg/ml), viridans 
group streptococci (MIC90 0.25–0.05 µg/ml) and S. suis 
(Bauernfeind, 1997; Souli et al., 1998; Thauvin-Eliopoulos 

and Eliopoulos, 2003; Diz Dios et al., 2006; Bojarska et al., 
2016). The activity of moxifloxacin against enterococcal spe-
cies parallels the activity of ciprofloxacin, with MIC90 0.25–4 
µg/ml for Enterococcus faecalis and MIC90 2–32 µg/ml for 
E. faecium (Bauernfeind, 1997; Woodcock et al., 1997).

Moxifloxacin also has enhanced activity against Staphylo
coccus aureus (Woodcock et al., 1997) compared with cipro-
floxacin, but less activity against methicillin-resistant strains 
(MIC90 2–128 µg/ml) (Bauernfeind, 1997; Woodcock et al., 
1997; Souli et al., 1998; Thauvin-Eliopoulos and Eliopoulos, 
2003). Many methicillin-resistant strains of S. aureus have 
acquired high-level resistance to ciprofloxacin that causes 
cross-resistance to the newer fluoroquinolones. Among the 
coagulase-negative staphylococci, moxifloxacin resistance is 
more prevalent among the methicillin-resistant strains, with 
MIC90 0.12–2 µg/ml for methicillin-sensitive and MIC90 2 to 
> 8 µg/ml for methicillin-resistant coagulase-negative staph-
ylococci (Fass, 1997; Woodcock et al., 1997).

Moxifloxacin has improved in vitro activity against Lis
teria monocytogenes (MIC90 0.5 µg/ml) compared with cipro-
floxacin (Bauernfeind, 1997), although Grayo et al. (2008) 

TABLE 105.1. In vitro activity of moxifloxacin.*

Organism
Typical MIC90 

(µg/ml)

Gram-negative bacteria

Escherichia coli 0.06–1

Enterobacter aerogenes 0.5–2

Enterobacter cloacae 0.125–0.25

Klebsiella pneumoniae 0.125–1

Proteus mirabilis 0.5–8

Proteus vulgaris 0.25–0.5

Morganella morganii 0.25

Providentia rettgeri 0.5

Providentia stuartii 0.5–16

Serratia marcescens   1–8

Citrobacter freundii 1.0

Salmonella spp. 1

Shigella spp. 0.03

Yersinia enterocolitica 0.06

Campylobacter jejuni 0.25

Acinetobacter calcoaceticus 0.06–0.25

Haemophilus influenzae 0.03–0.06

Moraxella catarrhalis 0.06–0.12

Neisseria meningitides 0.008–0.015

Neisseria gonorrhoaeae 0.015–0.5

Pseudomonas aeruginosa   8–32

Burkholderia cepacia 256

Stenotrophomonas maltophilia 124

Legionella pneumophila 0.008–0.03

Bacteroides fragilis 0.25–4

Gram-positive bacteria

Methicillin-sensitive Staphylococcus aureus 0.06–0.25

Organism
Typical MIC90 

(µg/ml)

Methicillin-resistant Staphylococcus aureus   2–128

Methicillin-sensitive Staphylococcus epidermidis 0.12–2

Methicillin-resistant Staphylococcus epidermidis   2–> 8

Streptococcus pneumoniae 0.12–0.25

Streptococcus pyogenes 0.025–0.5

Enterococus faecalis 0.25–4

Enterococcus faecium   2–32

Listeria monocytogenes 0.5

Clostridium perfringens 0.5

Clostridum difficile 2

Peptostreptococcus spp. 0.12–1

Other bacteria

Mycoplasma pneumoniae 0.06–0.12

Mycoplasma hominis 0.06

Chlamydia pneumoniae 0.03–1

Chlamydia trachomatis 0.5–1

Ureaplasma urealyticum 0.06

Mycobacterium tuberculosis 0.125–1

Mycobacterium avium complex 4

* See Table 126.1 for a comparison of moxifloxacin activity with other com-
monly used fluoroquinolones.

Source: Compiled from Ackermann et al, 2000; Alonso et al. 2001; 
Bauernfeind, 1997; Dalhoff, 1996; Dalhoff, 1999a,b; Edmiston et al., 2004; 
Ellie et al., 2006; Fass 1997; Gomez-Lus et al. 2001; Hawley et al. 1999; Ji 
et al. 1998; Pereyre et al. 2004; Souli et al. 1998; Woodcock et al. 1997; 
Blondeau, 1999; Blondeau and Felming ham, 1999; Applebaum, 1999; 
Saravolatz et al. 2001; Felmingham et al. 1996; Felmingham et al. 1997; 
Alcala et al. 1997; Georgopoulos et al. 1998; Focht and Klusner, 1998; 
Gross et al. 1997; Manzanares et al. 1998.
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noted an MIC range of 0.064–1 µg/ml in a large collection of 
human and food isolates.

ANAEROBIC BACTERIA

Moxifloxacin is one of the few available quinolones with clin-
ical activity against anaerobic bacteria, demonstrating good 
to excellent activity against over 19 species of anaerobic bac-
teria with MIC90s of moxifloxacin in the range 0.25–4 µg/ml 
(Edminston et al., 2004; Stein et al., 2008). A number of stud-
ies have found moxifloxacin to be highly active against clini-
cal isolates of Bacteroides fragilis, with approximately 87% 
of isolates being susceptible in vitro (MacGowan et al., 1997; 
Behra-Miellet et al., 2002; Edminston et al., 2004; Goldstein 
et al., 2006). However, a number of other studies have sug-
gested higher (up to 30%) rates of resistance (Snydman et 
al., 2002). Similarly, a recent study of B. fragilis, non-fragilis 
Bacteroides spp., and Prevotella spp. in Greece suggested that 
only 51% of 495 isolates were susceptible based on the 
Clinical and Laboratory Standards Institute (CLSI) break-
point criteria, with 32% resistant and 17% intermediate. Non 
fragilis Bacteroides strains (47%) and Prevotella spp. (80–90%) 
were most likely to be resistant (Papaparaskevas et al., 2008). 
Moxifloxacin has variable activity against Clostridium diffi
cile, with the MIC50 and MIC90 values being 1.0 and 16 µg/ml, 
respectively (range 0.5–32 µg/ml) (Hecht et al., 2007) and its 
use has been associated with increased rates C. difficile dis-
ease (see 2b, Emerging resistance and cross-resistance).

MYCOBACTERIA

Moxifloxacin is active in vitro and in animal models of tuber-
culosis (MIC90 0.125–1 µg/ml), and appears unaffected by 
resistance to other agents (Gross et al., 1997; Ji et al., 1998; 
Miyazaki et al., 1999; Shandil et al., 2007). Moxifloxacin has 
early bactericidal activity similar to ethambutol and lower 
than isoniazid in patients with pulmonary tuberculosis (Gil-
lespie et al., 2005; Burman et al., 2006). Moxifloxacin is active 
against Mycobacterium kansasii with MIC90 values of 0.125 
µg/ml (Alcaide et al. 2004; Guna et al., 2005). Activity against 
M. aviumintracellulare is worse than against M. tuberculosis 
with MIC90 4 µg/ml (Gross et al., 1997). 

OTHER ORGANISMS

Moxifloxacin has superior activity against the agents of 
atypical pneumonia, including L. pneumophila, Mycoplasma 
pneumoniae, and Chlamydophila pneumoniae compared 
with ciprofloxacin, and has activity against genital pathogens 
such as Chlamydia trachomatis, Ureaplasma urealyticum, 
M.  genitalium and M. hominis (Blondeau, 1999; Blondeau 
and Felmingham, 1999, Hamasuna et al. 2009). Moxifloxacin 
has in vitro activity against human isolates of Leptospira (Ress-
ner et al., 2008).

2b.  Emerging resistance and 
cross-resistance

Resistance to quinolones can occur through alteration of the 
target sites (DNA gyrase and topoisomerase IV), alteration 

in the cell wall permeability due to a loss of outer membrane 
proteins, and mutations that regulate active antibiotic efflux 
out of the cell. Resistance is primarily chromosomally medi-
ated. The likelihood of developing resistance is related to 
the intensity and duration of therapy. Plasmid-mediated 
resistance has also been reported in enteric bacteria due 
to  expression of plasmid-encoded Qnr proteins that pro-
tect  DNA gyrase from quinolone action (Robicsek et 
al.,  2006). For a summary of the various mechanisms of 
 fluoroquinolone resistance, see Table 104.2 (Chapter 104, 
Levofloxacin).

In vivo and in vitro experiments with moxifloxacin show 
a  low frequency of mutations resulting in the development 
of resistance in S. aureus, S. pneumoniae, and H. influenzae 
(Dalhoff, 1999c; Souli et al., 1999). Evidence suggests that 
moxifloxacin may have a lower potential than other quinolo-
nes to induce bacterial resistance because of its high intrinsic 
activity against the intracellular targets: DNA topoisomerase 
IV (in Gram-positive bacteria) and DNA gyrase (in Gram-
negative organisms) (Dalhoff et al., 1996; Schedletzky et al., 
1999).

The rate of moxifloxacin resistance among 592 isolates of 
invasive S. pneumoniae collected from 20 English hospitals 
in 2003 was 0.8% (Johnson et al., 2005). Resistance to moxi-
floxacin among S. pneumoniae isolates is generally associated 
with mutations in DNA gyrase (generally gyrA) and topo-
isomerase IV (parC and parE), but the likelihood of a two-
step resistance mutation occurring appears to depend on the 
location of the first-step mutation. Such first-step mutations 
appear to occur more frequently with older fluoroquinolones 
such as levofloxacin (Hovde et al., 2008). In addition, other 
studies have suggested a relationship between the free area 
under the concentration–time curve (fAUC) for each drug 
and the likelihood of developing a mutation. A delay in first-
step and second-step mutations has been observed with 
increasingly higher fAUC/MIC ratios and recovery of topoi-
somerase mutations in S. pneumoniae. Clinical doses of moxi-
floxacin (as well as similar agents such as gatifloxacin and 
gemifloxacin) exceed the fAUC/MIC resistance breakpoint 
against wild-type S. pneumoniae, whereas routine doses of levo-
floxacin (500 and 750 mg) appear to be significantly more 
likely to be associated with first- and second-step mutations 
(LaPlante et al., 2007). Thus the development of first-step muta-
tions with the use of older fluoroquinolones may increase the 
risk of subsequent mutations associated with moxifloxacin 
resistance (Hooper, 2003; LaPlante et al., 2007). LaPlante et 
al. (2007) suggest that the order of resistance development 
potential determined from in vitro fAUC/MIC breakpoints is 
levofloxacin > gatifloxacin > moxifloxacin = gemifloxacin.

As with a number of fluoroquinolones, prophylaxis with 
moxifloxacin among neutropenic peripheral stem cell trans-
plant patients has been associated with the development of 
resistance among oropharyngeal viridans group streptococci, 
with 91% isolates susceptible preprophylaxis compared with 
41% after prophylaxis (Prabhu et al., 2005).

Among E. coli strains there appears to be a low rate of in 
vitro selection of topoisomerase mutants by fluoroquinolones, 
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such as ciprofloxacin and moxifloxacin, among strains that 
harbor the plasmid-borne qnr gene, with most mutations 
being in gyrA (Cesaro et al., 2008) (see Chapter 101, Cipro-
floxacin, and Chapter 104, Levofloxacin).

Some increase in moxifloxacin resistance among B. fragi
lis strains was noted in Spain from 1997 to 2006, although 
susceptibility to metronidazole remained unchanged (Betriu 
et al., 2008). Among isolates of C. difficile associated with 
large clinical outbreaks, rates of resistance (MIC > 32 µg/ml) 
to moxifloxacin and other fluoroquinolones are high 
(McDonald et al., 2005; Drudy et al., 2007). Mutations in 
gyrA and gyrB appear to be responsible in most isolates 
(Spigaglia et al., 2008). Although the use of broad-spectrum 
fluoroquinolones such as moxifloxacin has been correlated 
with the emergence of high rates of C. difficile-associated dis-
ease in hospitals by some authors, population-based case–
control studies have raised doubt about this link (Gaynes 
et al., 2004; Biller et al., 2005; Loo et al., 2005; Dhalla et al., 
2006; Baxter et al., 2008). However, a recent study demon-
strated that reducing moxifloxacin use in the hospital setting 
was associated with a reduction in C. difficile disease 
(Wenisch et al. 2014).

Resistance to moxifloxacin and other fluoroquinolones 
appears to be uncommon among strains of M. tuberculosis, 
but when it occurs it is generally associated with multidrug 
resistance to first-line antituberculous agents. In a study of 
420 M. tuberculosis isolates in Taiwan, only 3.3% of clinical 
isolates were resistant to fluoroquinolones. Multidrug resis-
tance was noted in 5%, of which 19% were also resistant to 
fluoroquinolones such as moxifloxacin. Neither the previous 
use of fluoroquinolones nor the duration of fluoroquinolone 
exposure was correlated with fluoroquinolone resistance, 
which was associated with a gyrA mutation in 36% isolates 
(Wang et al., 2007). These rates are lower than those found in 
previous studies in the Philippines (35.3% fluoroquinolone 
resistance) but higher than those reported in the United 
States and Canada (1.8%) (Grimaldo et al., 2001; Bozeman 
et al., 2005). A recent study assessed 46 previous studies 
for the frequency and geographic distribution of gyrA and 
gyrB mutations associated with fluoroquinolone resistance 
in clinical M. tuberculosis. This review covered four conti-
nents and 18 countries and provided mutation data for 3846 
unique clinical isolates with phenotypic resistance profiles to 
fluoroquinolones. The gyrA mutations occur frequently in 
fluoroquinolone-resistant isolates with 87% of all strains 
that were resistant to moxifloxacin and 83% of ofloxacin- 
resistant isolates containing mutations in gyrA (Avalos et 
al., 2015).

Quinolone resistance in C. pneumoniae has been iden-
tified in vitro to be associated with alterations in the  
gyrA gene (a serine-to-asparagine alteration) (Rupp et al., 
2005).

3. MECHANISM OF DRUG ACTION

The quinolones are direct inhibitors of bacterial DNA syn-
thesis. Like the other quinolones, moxifloxacin inhibits two 

bacterial enzymes, topoisomerase II (DNA gyrase) and 
topoisomerase IV, which are important in DNA replication. 
The drug binds to these enzymes, blocks DNA replication, 
and results in bacterial cell death. For a more detailed 
description of the action of fluoroquinolones, see Chapter 
101, Ciprofloxacin.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The dosage is 400 mg daily, either orally or intravenously. 
Intravenous moxifloxacin should be infused over a period 
of not less than 60 minutes. Moxifloxacin as 0.5% eye drops 
can be administered four times a day.

4b.  Newborn infants and children

Potential risk of bone and cartilage toxicity in children has 
limited the use of all fluoroquinolones in children and there-
fore minimal data exists about use in patients under 18 years 
of age. Studies in children aged 7–15 years receiving moxi-
floxacin (10 mg/kg/day) as part of multidrug-resistant 
tuberculosis (MDR-TB) therapy have shown low serum 
concentrations compared to adults receiving 400 mg daily, 
suggesting higher doses may be required. Moxifloxacin was 
well tolerated in these 23 children (Thee et al. 2015a).

4c.  Pregnant and lactating mothers

Moxifloxacin is pregnancy category B3 (C in the United 
States). There are no adequate or well-controlled studies in 
pregnant women, so moxifloxacin should be used during 
pregnancy only if the potential benefit justifies the potential 
risk to the fetus. Moxifloxacin may be excreted in human 
breast milk, and as its safety has not been established in chil-
dren, it is not recommended during lactation.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

The effects of moxifloxacin in patients with renal dysfunc-
tion have been thoroughly investigated (Stass et al., 2002a; 
Fuhrmann et al., 2004). Serum pharmacokinetic variables 
(Cmax, AUC) are minimally affected by renal impairment so 
no adjustment is necessary in those with impaired renal 
function, including patients on hemodialysis or continuous 
ambulatory peritoneal dialysis (CAPD) (Kim and Night-
ingale, 2000; Stass et al., 2002a; Stass et al., 2002b; Stass et al., 
2002c). In adult patients who are critically ill and receiving 
continuous renal replacement therapy or pulsed high-volume 
hemofiltration, no alteration in drug dosage (400 mg daily) is 
required (Trotman et al., 2005; Stass et al., 2007; Zhang et al., 
2013).
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PATIENTS WITH IMPAIRED HEPATIC FUNCTION

No dosage adjustment is required in mild to moderate 
hepatic insufficiency (Child–Pugh classes A and B). The 
pharmacokinetics of moxifloxacin in severe hepatic insuffi-
ciency (Child–Pugh class C) has not been extensively stud-
ied, and therefore moxifloxacin is not recommended in these 
patients (Avelox, 2003). However, in a study of nine patients 
with severe hepatic impairment and ascites (Child–Pugh 
class C), no drug accumulation was noted after multiple daily 
doses of 400 mg i.v. daily (Barth et al., 2008).

ELDERLY PATIENTS

No dose reductions are necessary in the elderly (Wise, 1999; 
Stahlmann and Lode, 2003) since the pharmacokinetics of 
moxifloxacin is not significantly altered by age. This is con-
sistent with moxifloxacin being metabolized mainly by means 
of hepatic reactions, the activity of which is shown not to 
decline with age (Pea et al., 2006).

POST-BARIATRIC SURGERY AND OBESITY

Dosing in patients post-bariatric procedure may require 
adjustment according to the patient’s lean body mass (Colin 
et al., 2014).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The oral bioavailability of moxifloxacin is over 90% (Ballow 
et al., 1999; Stass, 1999a) and there is little presystematic 
biotransformation (first-pass effect). The serum half-life of 
moxifloxacin is approximately 12 (11–15) h. Absorption is 
only slightly delayed if the drug is given with food rather 
than in the fasting state. Moxifloxacin has no clinically rele-
vant interactions with food (including dairy products) and 
changes in gastric pH caused by pretreatment with raniti-
dine have no effect on absorption (MacGowan, 1999; Stass, 
1999a). Enteric feeding does not appear to alter the absorp-
tion or pharmacokinetics of oral moxifloxacin (Burkhardt et 
al., 2005).

Contrary to some previous reports, there appears to be no 
difference in moxifloxacin pharmacokinetics between ethnic 
groups when assessed under strict conditions. In a study 
of healthy male subjects from three East Asian populations 
(Japanese, Chinese, and Koreans) and one Caucasian popu-
lation (control) no significant differences in AUC values 
were detected (Hasunuma et al., 2016).

The bioavailability of both oral and intravenous moxiflox-
acin is significantly decreased when it is co-administered 
with activated charcoal, with both peak levels and drug AUC 
affected. Bioavailability of i.v. moxifloxacin is affected by 
approximately 15.4%, while oral moxifloxacin is affected 
by about 80% in studies involving healthy volunteers (Stass 
et al., 2005). These data are consistent with the fact that 
moxifloxacin undergoes pronounced enteric recycling after 

systemic intake, and hence the administration of activated 
charcoal may be worth considering in early cases of moxi-
floxacin overdose (Stass et al., 2005).

5b.  Drug distribution

Moxifloxacin has pharmacokinetic characteristics indica-
tive of optimal distribution properties: a high distribution 
volume at steady state (Vss ≈ 2l/kg [1.7–2.7 l/kg], low pro-
tein binding [≈ 40–50%] and a rapid early distribution phase 
[t1/2 α ≈ 10–115 min]) (Stass and Kubitza, 1999b; Trotman 
et al., 2005). Moxifloxacin penetration is excellent, and fol-
lowing both oral and intravenous administration it achieves 
significant levels in body tissues and fluids such as saliva, 
nasal and bronchial secretions, sinus mucosa, skin blister 
fluid, subcutaneous and intraocular tissues, bone, and gas-
trointestinal tissues (Muller et al., 1999; Wirtz et al., 2004). 
Drug penetration into human polymorphonuclear leuko-
cytes (PMNs) is excellent, achieving Cmax PMN–plasma 
ratios of 17.3, with Cmax MIC ratios against S. pneumoniae 
and methicillin-susceptible S. aureus isolates of 287 and 718, 
respectively (Garraffo et al., 2005). These values are superior 
to those of levofloxacin.

Moxifloxacin penetrates tissues well. Concentrations of 
moxifloxacin in adults undergoing bronchoscopy have been 
evaluated after an oral dose of 400 mg. At 3, 12, and 24 hours, 
very high concentrations were achieved in alveolar macro-
phages, and these declined little over the time of observation. 
On average, they were 18.6, 44.6, and 70.0 times higher than 
the serum concentrations at 3, 12, and 24 hours, respectively. 
In bronchial mucosa the concentrations were 1.7–2.1 times 
higher than in serum (Stass and Kubitza, 1999b). Moxfloxacin, 
both intravenously and orally, exhibits high penetration in 
lung tissue, with maximal lung concentrations of 12.37 and 
16.21 µg/g for i.v. and oral administration, respectively 
(Breilh et al., 2003). Penetration of moxifloxacin after a sin-
gle 400-mg i.v. dose is excellent in both those with empyema 
and parapneumonic effusions and those with malignant 
effusions (Chatzika et al., 2014). Moxifloxacin achieves good 
penetration into tonsillar tissue. In patients who received 3 
days of moxifloxacin 400 mg prior to surgery, mean concen-
trations within tonsillar tissue were two to three times greater 
than that of plasma 2–24 hours after antibiotic ingestion 
(Esposito et al., 2006).

Following i.v. administration of 400 mg of moxifloxacin 
to ten patients with peritonitis, moxifloxacin penetrated 
peritoneal exudates, achieving mean peritoneal concentra-
tions of 3.3 µg/ml 2 hours post infusion and 0.69 µg/ml 24 
hours post-dose—concentrations that exceed the MICs for 
pathogens commonly isolated in complicated intra-abdomi-
nal infections (Stass et al., 2006). In nine patients with severe 
hepatic impairment with ascites (Child–Pugh class C), Barth 
et al. (2008) found no substantive serum or ascitic fluid accu-
mulation over 3 days. Median ascitic fluid levels were 2.1 
µg/ml (3 h post infusion) and 1.9 µg/ml (6 h post infusion) 
on day 3. Pancreatic penetration also appears to be good; fol-
lowing a single dose of i.v. or oral moxifloxacin in 60 patients 
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undergoing elective pancreatic resection, moxifloxacin was 
seen to penetrate efficiently into pancreatic tissue. Mean 
moxifloxacin concentrations within pancreatic tissue were 
3.1 + 0.9 and 2.7 + 1.4 mg/kg at 3–3.7 hours post-dosing 
(Wacke et al., 2006). Moxifloxacin rapidly penetrates into 
liver tissue where its concentration remains high (> 6 mg/kg 
after 23 h) following intravenous administration (Justinger 
et al. 2012).

Moxifloxacin appears to penetrate well into intra-abdom-
inal abscesses, where it seems to accumulate. In a study of 
eight patients with intra-abdominal abscesses (without peri-
tonitis) requiring drainage, the abscess–plasma concentra-
tion ratios after 2 and 24 hours following a single 400-mg 
i.v. dose of moxifloxacin were 0.08 and 1.66, respectively, 
with concentrations tending to exceed plasma levels after 
12–24 hours. However, high inter-subject variability was 
noted (Rink et al., 2008). Pronounced drug accumulation in 
abscesses has also been reported by some authors (Sauermann 
et al. 2012).

Prostatic tissue penetration following a single intravenous 
or oral dose of moxifloxacin in patients undergoing trans-
urethral resection of the prostate is excellent. Prostatic tissue 
concentrations were approximately twice that of serum and 
well above the MIC of most important prostatic pathogens 
(Wagenlehner et al., 2006; Wagenlehner et al., 2008). Moxi-
floxacin concentrations in prostatic fluid are approximately 
60% higher than in plasma, and concentrations in ejaculate 
are about the same as in plasma (Wagenlehner et al., 2008). 
Similarly, moxifloxacin achieved excellent concentrations in 
uterine tissue after a single 400-mg i.v. dose in 40 women 
undergoing uterine biopsy. Plasma and uterine concentra-
tions were highest 1 hour post-infusion and tissue-to-plasma 
ratios were 1.7–2.1 for 24 hours—concentrations adequate 
to eradicate the majority of pathogens commonly associated 
with pelvic inflammatory disease (Stass et al., 2008).

Penetration into subcutaneous tissue, skeletal muscle 
fluid, and bone is also good. In a study of patients undergo-
ing total knee arthroplasty, group A received moxifloxacin 
400 mg orally 2 hours (range 1.5–2.5) preoperatively, group 
B received moxifloxacin 400 mg orally 4 hours (range 3.5–
4.5) preoperatively, and group C received moxifloxacin 400 
mg orally 14 hours preoperatively, followed by a second dose 
2 hours (range 1.5–2.5) preoperatively. Mean plasma, cancel-
lous bone, and cortical bone concentrations were, respec-
tively, 3.45, 1.89, and 1.43 µg/ml for group A; 3.73, 1.81, and 
1.56 µg/ml for group B; and 6.26, 2.97, and 2.54 µg/ml for 
group C. These data show a good penetration of moxifloxa-
cin into both cancellous and cortical bone, with concentra-
tions after repeat dosing exceeding the MIC90 for most 
pathogens involved in osteomyelitis, including M. tubercu
losis (Malincarne et al., 2006). In another study of patients 
undergoing hip arthroplasty, mean cancellous and cortical 
bone penetration was 53.9% and 41.6%, respectively 
(Metallidis et al., 2006). Metallidis et al. (2006) also found 
good penetration of moxifloxacin into sternal bone in patients 
undergoing routine cardiopulmonary bypass surgery, with 
bone concentrations of approximately 1.6 and 1.4 µg/g, 2 and 

5 hours post dose, respectively. Moxifloxacin has also been 
shown to penetrate well into both inflamed and noninflamed 
subcutaneous adipose tissues in humans (Joukhadar et al., 
2003).

Cerebrospinal fluid (CSF) levels of moxifloxacin were 
34–78% of serum levels in inflamed meninges in animal 
models (Schmidt et al., 1998). In a recent study of 50 patients 
with noninflamed CSF who received a single oral dose of 
400 mg moxifloxacin as antimicrobial prophylaxis prior to 
a short urological procedure, mean CSF concentrations 
were 0.19, 0.87, 3.00, 4.07, and 1.82 µg/ml, 0.5–1, 1–2, 2–4, 
4–6, and 6–8 hours post-dosing, respectively. These levels 
appeared to be sufficient to provide satisfactory bactericidal 
activity in vitro against isolates of penicillin-resistant S. pneu
moniae (Kanellakopoulou et al., 2008). Alffenaar et al. (2008) 
carefully assessed the pharmacokinetics of oral moxifloxacin 
400 and 800 mg in a 31-year-old patient with tuberculous 
meningitis—the Cmax was 0.616 and 1.42 µg/ml in CSF, 
respectively, with a t1/2 of 5.2–5.52 h. In another study, moxi-
floxacin CSF penetration was evaluated by obtaining full 
plasma and CSF time concentration curves for four patients 
with tuberculous meningitis. The mean ratio of the AUCs for 
CSF to plasma were 0.82 (range, 0.70–0.94) at 400 mg daily 
and 0.71 (0.58–0.84) at 800 mg daily, suggesting excellent CSF 
penetration (Alffenaar et al., 2009). In a recent study that 
assessed CSF penetration of moxifloxacin after multiple intra-
venous doses in a patient with an intracerebral shunt, the 
24-hourly CSF:serum AUC ratio was 0.7 (Zhang et al., 2016). 

Oral moxifloxacin achieves better levels in the non- 
inflamed human vitreous than does topical administration. 
In eight patients who received two 400 mg oral doses of 
moxifloxacin before surgery, vitreous samples were 1.55 ± 
0.33 µg/ml. In comparison, in eight patients receiving one 
drop of topical moxifloxacin 0.5% every 15 minutes for the 
hour preceding surgery a level of 0.027 µg/ml was achieved 
(Fuller et al., 2007). Similarly, Hariprasad et al. (2006) found 
mean vitreal and aqueous concentrations of 1.34 and 1.58 
µg/ml moxifloxacin after two oral doses of 400 mg (one the 
evening prior to surgery, the second 3 h prior) in 15 patients 
with non-inflamed eyes undergoing routine vitrectomy—
these results represented 37.6% and 44.3%, respectively, of 
the plasma concentrations. Others have reported similar 
findings (Kampougeris et al., 2005; Vedantham et al., 2006; 
Lott et al., 2008).

Topical moxifloxacin appears to have superior penetration 
into ocular tissues compared to gatifloxacin and other fluo-
roquinolones (Kim et al., 2005; Wagner et al., 2005; Holland 
et al., 2006). This is thought to relate to the unique formula-
tion of the moxifloxacin ophthalmic solution—moxifloxacin 
ophthalmic solution 0.5% has high lipophilicity (moxifloxa-
cin’s distribution coefficient at pH 7.4 is 0.61, whereas gati-
floxacin’s distribution coefficient at pH 7.4 is 0.11) and high 
aqueous solubility at physiological pH (Robertson et al., 
2005). After one drop of ophthalmic solution was adminis-
tered every 10 minutes for four doses beginning 1 hour prior 
to surgery, aqueous humor concentrations were 1.8 µg/ml 
(Kim et al., 2005). Others found similar aqueous humor 
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results (Katz et al., 2005; Ong-Tone, 2007). Costello et al. 
(2006) found vitreal levels of moxifloxacin to be less than 
the MIC90 of most pathogens responsible for acute postoper-
ative endophthalmitis following topical administration of 
moxifloxacin to patients with non-inflamed eyes. However, 
Sharma et al. (2015) found that aqueous levels attained by 
both oral and topical administration exceeded the MIC to 
90% of bacteria strains, thus advocating its use as a potential 
prophylactic drug against ocular infections (Sharma et al., 
2015). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Moxifloxacin demonstrates concentration-dependent killing. 
Studies in animal models and humans have shown that the 
main predictor of bacterial killing by fluoroquinolones is the 
24-hour AUC/MIC ratio (Craig, 1998). Following a single 
dose of 400 mg moxifloxacin, the mean (± standard devia-
tion [s.d.]) Cmax was 3.1 + 1.0 mg/l with an AUC 36.1 ± 9.1 
mg h/l and a half-life of 11.5–15.6 h. The volume of distribu-
tion is generally 2.5–3.5 l/kg. The ratio of the peak concen-
tration (Cmax) to the MIC and of the AUC to the MIC are the 
parameters that best correlate with clinical efficacy (Mac-
Gowan, 1999; Drusano et al., 2001). In a study of 29 patients 
receiving oral moxifloxacin 400 mg daily for the treatment of 
tuberculosis, the median Cmax was 6.1 µg/ml, volume of dis-
tribution was 631, and elimination half-life was 6.5 hours 
after five doses (Peloquin et al., 2008).

The pharmacokinetics of moxifloxacin does not appear to 
be affected by older age (Pea et al., 2006). Moxifloxacin phar-
macokinetics is not altered in patients with renal failure receiv-
ing continuous venovenous hemodialysis, such that no dosage 
adjustment is required. Hemodialysis clears approximately 
9% of the dose as unchanged moxifloxacin (Stass et al., 
2007). Similar findings were reported by Czock et al. (2006).

Moxifloxacin appears to be stable in peritoneal dialysis 
solution bags (both 1.36% and 3.86% glucose). When moxi-
floxacin solution of 2% was injected into bags to achieve an 
overall bag concentration of 25 mg/l, drug levels measured 
by high-performance liquid chromatography (HPLC) were 
found to be ≥ 90% of the starting concentration for 14, 7, and 
3 days, for 1.36% glucose bags stored at 4°C, 25°C, and 37°C, 
respectively; and for 14 days, 3 days, and 12 hours, respec-
tively, for 3.86% glucose bags (Fernández-Varón et al. 2006).

Limited data on plasma pharmacokinetics in intensive 
care patients are available (Pletz et al., 2010; Leone et al., 
2004; Stass et al., 2006; Kees et al., 2013). Generally these 
studies report increased clearance compared with healthy 
volunteers. Kees et al. (2013) reported pharmacodynamic 
evaluation showing good probability for clinical success for 
community-acquired pneumonia, but called for caution in 
the treatment of hospital-acquired pneumonia unless a 
highly susceptible pathogen is proven (Kees et al., 2013).

Pharmacokinetic studies in children aged 7–15 years 
receiving moxifloxacin (10 mg/kg/day) as part of MDR-TB 
therapy have shown low serum concentrations compared 

to adults receiving 400 mg daily. The authors suggested that 
higher moxifloxacin doses may be required in children (Thee 
et al., 2015b).

5d.  Excretion

Moxifloxacin is eliminated primarily by hepatobiliary metab-
olism and excretion (51%), which is achieved via glucuron-
ide and sulfate conjugation (Stass and Kubitza, 1999a). The 
sulfate conjugate accounts for approximately 38% of the dose 
and is eliminated primarily in the feces, while 14% is con-
verted to the glucuronide conjugate and excreted in the 
urine. The cytochrome P450 system is not involved in moxi-
floxacin metabolism and is not affected by moxifloxacin. 
Approximately 45% of moxifloxacin is excreted as unchanged 
drug (20% in urine and 25% in feces) (Stass and Kubitza, 
1999a). In a study assessing the biliary excretion of moxiflox-
acin in ten patients with biliary obstruction and cholangitis 
compared with ten patients without obstruction, Schwab et 
al. (2005) found that the plasma concentrations were similar 
in the two groups after an i.v. dose of 400 mg. However, bili-
ary concentrations of moxifloxacin were significantly lower 
in patients with obstruction (4.6 ± 3.9 vs. 16.9 ± 13.8 µg/ml; 
p = 0.04); nevertheless, drug levels were above the MIC for 
most biliary pathogens (Schwab et al., 2005).

5e.  Drug interactions

Some fluoroquinolones (e.g. enoxacin) are inhibitors of the 
cyp enzyme system and may produce significant drug inter-
actions, but moxifloxacin is free of this effect (Stass and 
Kubitza, 2001a). Like other fluoroquinolones, moxifloxacin 
is sensitive to the presence of multivalent cations—thus 
absorption of moxifloxacin is decreased by 40% with con-
comitant administration of iron supplements (Stass, 1999b), 
and by 60% with antacids containing aluminum or magne-
sium ions. For this reason the manufacturer recommends 
administration 4 hours before or 8 hours after these cation- 
containing compounds. Pharmacokinetic studies have shown 
that moxifloxacin does not interact with food, ranitidine, 
theophylline, itraconazole, morphine, oral contraceptives, 
or calcium (Stass, 1999a; Stass and Kubitza, 1999b; Stass 
and Kubitza, 2001b). The potential for alteration in glucose 
homeostasis exists, but this does not appear to be a major 
clinical issue, unlike with gatifloxacin (Guay, 2005).

Co-administration of moxifloxacin with rifampicin has 
been shown to reduce moxifloxacin levels by 27% (Nijland et 
al., 2007; Weiner et al., 2007). Similar findings have also been 
observed with the addition of rifampicin and isoniazid to 
moxifloxacin, with exposure reduced by 31% (Nijland et al., 
2007). This is most likely a result of induced glucuronidation 
or sulfation by rifampicin, and suggests that an increase in 
dose up to 600 or 800 mg may be beneficial in tuberculosis, 
but more studies are required (Gumbo et al., 2004).

Although it is generally reported that there is no interac-
tion between moxifloxacin and warfarin during concomitant 
administration, a few case reports have raised doubts about 



2092 Moxifloxacin

this claim (Arnold et al., 2005; Elbe and Chang, 2005; Carroll 
and Carroll, 2008).

6. ADVERSE REACTIONS AND TOXICITY

Overall, moxifloxacin has a similar safety profile to other 
commonly used fluoroquinolones except for its slightly 
greater propensity to cause cardiac toxicity in some predis-
posed patients. In a large review of the manufacturer’s data-
base of 14 years clinical use, rates of moxifloxacin-associated 
toxicity were similar to those of comparator agents for com-
monly treated conditions (Tulkens et al. 2012). In particular, 
incidence rates of hepatic disorders, tendon disorders, clinical 
surrogates of QT prolongation, serious cutaneous reactions, 
and C. difficile–associated diarrhea were similar for moxi-
floxacin and comparators. 

Increasing patient age does not appear to be associated 
with an increased risk of side effects compared with other 
comparator agents (Andriole et al., 2005). Even patients 
treated for tuberculosis with prolonged courses of moxiflox-
acin appear to experience relatively low rates of significant 
side effects (Codecasa et al., 2006).

6a.  Gastrointestinal side effects

Moxifloxacin is relatively safe and well tolerated. The most 
common adverse reactions (as with other fluoroquinolones) 
are gastrointestinal symptoms. Analysis of data from 20 
phase II and phase III trials (approximately 5000 patients, 
mostly treated with moxifloxacin 400 mg once daily) revealed 
that nausea occurred in 7.8% of patients, with 0.8% discon-
tinuing treatment because of this adverse effect (Springsklee 
et al., 1999). Diarrhea occurred in 5.2% of patients, an inci-
dence consistent with the class average for fluoroquinolones 
(Iannini et al., 2002). Increases in serum hepatic transami-
nase concentrations > 1.5 times the upper limit of normal 
were observed in 2.5% (aspartate aminotransferase) and 3.8% 
(alanine aminotransferase) of patients receiving moxifloxa-
cin (Ball et al., 2004).

Clostridium difficile colitis has been reported with nearly 
all antibacterial agents and may range in severity from mild 
to life-threatening. Moxifloxacin may increase the risk of 
C. difficile colitis. In a controlled before-and-after observa-
tional study of moxifloxacin prophylaxis in neutropenic 
patients, data were compared with two periods of levofloxa-
cin prophylaxis. A marked increase in diarrhea associated 
with C. difficile toxin A was observed after a formula change 
from levofloxacin to moxifloxacin (attack rate 6% vs. 33%). 
A decrease was attained after changing back to levofloxacin 
and reinforcing hygienic measures (von Baum et al., 2006). 
Similarly, Wenisch et al. (2014) demonstrated that reducing 
moxifloxacin use in the hospital setting was associated with a 
reduction in C. difficile disease.

6b.  Neurotoxicity

Adverse reactions of the central nervous system (CNS) are a 
well-known complication of quinolone therapy and occur at 

an overall incidence of 1–2%. Of these, the most commonly 
reported include dizziness, headache, and somnolence (Lipsky 
and Baker, 1999). Dizziness was reported in 2.8% of patients 
in the phase II and III trials of moxifloxacin, with a discon-
tinuation rate of 0.5% (Springsklee et al., 1999). Headache 
was noted in 1.1% (Ball et al., 2004). Moxifloxacin lacks the 
specific structure–toxicity relationships noted to induce sei-
zures by other quinolones but should still be used with cau-
tion in patients with a history of seizure disorders. Myasthenia 
gravis exacerbation with moxifloxacin has been reported, but 
is uncommon (Jones et al., 2011). 

Higdon et al. (2016) recently described an interesting case 
of a young female who developed visual hallucinations after 
two doses of moxifloxacin. After discontinuation of the drug, 
the patient’s symptoms completely resolved. Unlike previous 
cases, this patient was young with no kidney dysfunction, 
no drug abuse history, absence of polypharmacy, and no 
previous psychological history that would have put her at 
an increased risk of drug-induced psychosis. 

6c.  Hypersensitivity reactions and rashes

The overall risk of anaphylaxis/anaphylactoid reactions to 
moxifloxacin is extremely low, being similar to ciprofloxacin 
and other commonly used fluoroquinolones (Johannes et al., 
2007). The incidence of cutaneous hypersensitivity reactions 
during fluoroquinolone treatment is reported to be less than 
1%. Rash was reported in 0.7% of patients in phase III trials 
of moxifloxacin (Ball et al., 2004).

Phototoxicity has been reported with other quinolones 
but has not been reported in clinical trials with moxifloxacin. 
It is suggested that the absence of phototoxicity with this 
compound is due to the presence of the 8-methoxy group, 
which is also present in gatifloxacin.

Adverse reactions with probable or demonstrated immune 
pathogenesis linked to the use of quinolones include urti-
caria, angioedema, hemolytic–uremic syndrome, hemolytic 
anemia, acute interstitial nephritis, acute hepatitis, acute 
pancreatitis, eosinophilic meningitis, Stevens–Johnson syn-
drome, and cutaneous vasculitis. Of these, acute interstitial 
nephritis has been reported with the use of moxifloxacin 
(Argirov et al., 2005).

6d.  Arthropathy and tendonitis

General musculoskeletal adverse events occur more fre-
quently in association with fluoroquinolones than with other 
systemic antibiotics (incidence 14.7% vs. 0.3%; p < 0.01) 
(Leone et al., 2003). Among the fluoroquinolones, levofloxa-
cin and pefloxacin are associated with more reports than cip-
rofloxacin, enoxacin, moxifloxacin, and rufloxacin (p < 0.01). 
In an analysis of 2,235,000 patients who were treated with 
moxifloxacin, no cases of arthritis or tendonitis were found 
(Iannini and Mandell, 2002). However, although rare, both 
moxifloxacin-induced arthropathy and tendonitis have been 
reported (Burkhardt et al., 2004; Wong et al., 2007). Wong et 
al. (2007) described an elderly patient with tuberculosis who 
developed transient synovitis of the wrist, which appeared to 
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be linked to moxifloxacin rather than his other antitubercu-
lous therapy. Clinically severe acute polyarthritis associated 
with high doses of oral moxifloxacin has been documented 
in a 12-year old child, where investigation revealed massive 
joint effusion as well as moderate ligament and cartilage 
damage. On follow-up, no long-term sequelae were observed 
(Torres et al., 2008b).

6e.  Cardiac toxicity

Preclinical toxicological evaluation of fluoroquinolones in 
animals showed that they could induce cardiovascular effects 
such as hypotension or tachycardia after intravenous injec-
tion. In addition, quinolones have the potential to directly 
alter cardiac rhythm, prolong the QTc interval, and produce 
cardiac arrythmias. Fluoroquinolones prolong the QTc inter-
val by blocking the cardiac voltage-gated potassium chan-
nels. The available evidence from published studies suggests 
that moxifloxacin is associated with the greatest risk of QTc 
prolongation compared with other fluoroquinolones in clin-
ical practice (Demolis et al., 2000; Anderson et al., 2001; 
Tsikouris et al., 2006; Falagas et al., 2007). When moxiflox-
acin was administered at 400 mg daily it prolonged the QT 
interval, while levofloxacin 500 mg daily and ciprofloxacin 
500 mg twice daily had no effect (Tsikouris et al., 2006). 
However, among 6000 patients in phase II–IV trials there 
have been no deaths related to QTc prolongation (Rubenstein 
and Camn, 2002). Given these findings, moxifloxacin should 
be used with caution in patients with predisposing factors 
for torsades de pointes (Falagas et al., 2007).

In a study assessing higher doses of fluoroquinolones, 
800 mg moxifloxacin caused greater QTc prolongation than 
1000 mg levofloxacin and 1500 mg ciprofloxacin (Noel et al., 
2003). In phase II/III studies the incidence of events that may 
be considered surrogates for an arrhythmia was low, with 
oral and intravenous moxifloxacin, and similar to compara-
tors. Tachycardia (0.4%), palpitations (0.2%), and syncope 
(0.2%) were reported in small numbers of patients receiving 
oral moxifloxacin. In the studies of intravenous moxifloxa-
cin, hypotension, tachycardia, and arrhythmias developed in 
2%, 1.5%, and 0.4%, respectively (Ball et al., 2004). Among 
787 patients who received oral moxifloxacin, and for whom 
paired (baseline and day 3) electrocardiograms (ECGs) were 
available, the mean (± s.d.) QTc interval prolongation was 
6 ± 26 ms. Of all the patients, 2.7% had a QTc interval pro-
longation to an extent considered likely to be a drug effect. 
This was similar to all comparators and less than that for 
clarithromycin (Ball et al., 2004). In 290 patients receiving 
intravenous moxifloxacin, paired ECGs (baseline and day 3) 
revealed a mean (s.d.) QTc interval prolongation of 3 ± 29 ms. 
Three patients had an absolute QTc interval prolongation of 
> 500 ms from pretreatment value. However, there was no 
increased frequency of adverse cardiac events (Choudhri et 
al., 2001).

In the Avelox clinical experience study, moxifloxacin at 
a  dose of 400 mg daily was given for 10 days. Exclusions 
included patients taking antiarrhythmic drugs or those with 
a known prolonged QTc interval. Follow-up of the 18,374 

patients revealed 297 “possibly related” cardiovascular events 
that on review did not reveal any ventricular tachyarrhyth-
mias. Two sudden deaths were reported among patients with 
multiple comorbidities. The independent safety committee 
concluded that moxifloxacin did not result in any increased 
morbidity or mortality (Faich et al., 2004).

In a French study of 13,578 patients treated with moxi-
floxacin 400 mg daily for respiratory tract infections, drug- 
related cardiac events occurred in 25 patients. This included 
palpitations, tachycardia, malaise, vertigo, and pallor. All 
events were transient and had a favorable outcome (Veyssier 
et al., 2006). The cardiac safety of moxifloxacin was assessed 
during a study comparing moxifloxacin and levofloxacin 
for treatment of community-acquired pneumonia. The pri-
mary endpoint (ventricular arrhythmia events in Holter 
monitoring) was the same for both groups (8.3% and 5.1% 
for moxifloxacin and levofloxacin, repectively). One moxi-
floxacin-treated patient had sustained monomorphic ven-
tricular tachycardia (> 30 s) and one levofloxacin-treated 
patient had torsades de pointes (Morganroth et al., 2005). A 
single case report describes an 87-year-old woman receiving 
intravenous moxifloxacin 400 mg daily who developed sig-
nificant QTc prolongation 2 hours after administration and 
torsades de pointes 8–10 hours after therapy commenced. 
This returned to normal after cessation of moxifloxacin (Dale 
et al., 2007). A similar case of torsades de pointes was 
described by Altin et al. (2007).

Cardiac safety was assessed by Haverkamp et al. (2012) in 
patients (n = 10,613) receiving moxifloxacin during phase 
II–IV randomized controlled trials. Cardiac adverse events 
were similar for moxifloxacin and comparitors (6.6% vs. 
5.8%). Only one patient receiving moxifloxacin died from a 
cardiac-related event (Haverkamp et al. 2012). Similarly, in 
a recent large assessment of potential cardiac toxicity of oral 
fluoroquinolones in Denmark and Sweden, no association 
was noted. Given the statistical power of the study, even 
small increases in relative and absolute risk could be ruled 
out. However, since ciprofloxacin was the most commonly 
used fluoroquinolone in the study, the authors could not 
exclude that intraclass differences influence the risk of seri-
ous arrhythmia associated with other less frequently used 
fluoroquinolones (Inghammar et al., 2016).

Intravenous moxifloxacin should be infused over a 
period of not less than 60 min; however, it appears that more 
rapid infusion times do not alter the degree of QTc interval 
prolongation (Ball et al., 2004). The risk of QTc interval pro-
longation and arrhythmias is increased with concomitant 
use of other drugs known to prolong the QTc. A variety of 
other drugs can prolong the QTc interval, including anti-
biotics (grepafloxacin, erythromycin, clarithromycin), anti-
arrhythmic agents (amiodarone, sotalol, procainamide, 
quinidine), antidepressants (chlorpromazine, haloperidol, 
thioridazine), and gastrointestinal agents (cisapride, dom-
peridone). In summary, moxifloxacin may be associated 
with QTc prolongation; however, this has not been associ-
ated with an increase in adverse cardiac events. Nevertheless, 
moxifloxacin should be avoided in patients at high risk for 
QTc prolongation.
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6f.  Hepatotoxicity

Analysis of data from 20 phase II and phase III trials (involv-
ing 5000 patients, treated with moxifloxacin 400 mg once 
daily) revealed that increases in serum hepatic transaminase 
concentrations > 1.5 times the upper limit of normal were 
observed in 2.5% (aspartate aminotransferase) and 3.8% (ala-
nine aminotransferase) of patients receiving moxifloxacin 
(Ball et al., 2004).

6g.  Hematologic toxicity

Case reports of probable moxifloxacin-associated neutro-
penia have been described. (Chang et al., 2008; Berk et 
al., 2013, Koul et al., 2013). Moxifloxacin-induced immune- 
mediated thrombocytopenia has also been reported (Mailman 
et al., 2014). However, such reports of hematologic toxicity 
appear to be rare with moxifloxacin.

6h.  Endocrine side effects

As a class, the quinolones have demonstrated the ability to 
close K+-ATP channels in the pancreatic beta cell, resulting 
in the release of insulin and subsequent hypoglycemia 
(Maeda et al., 1996). Moxifloxacin has also been noted to 
raise blood glucose, but the mechanism for hyperglycemia 
remains unknown. Importantly, population-based studies 
have shown that diabetics receiving moxifloxacin have a sig-
nificant risk of some dysglycemia (Chou et al., 2013)—hence 
cautious monitoring is probably wise. Moxifloxacin in com-
bination with glyburide was found to have no effect on insu-
lin concentration, but there was a small but statistically 
significant increase in blood glucose (7% increase in blood 
glucose AUC and 6% increase in peak Cmax). This, however, 
was thought not to be clinically significant (Stass and Kubitza, 
2001b). Data analysis derived from animal, pharmacokinetic, 
phase II/III, and postmarketing studies has found no clini-
cally relevant effects of moxifloxacin on glucose homeostasis 
(Ball et al., 2004; Gavin et al., 2004). The FDA’s Drug Appli-
cations database reveals an incidence of glucose homeostasis- 
related adverse effects of 0.65% (US FDA, 2004).

A single case of hyponatremia in an elderly patient receiv-
ing moxifloxacin has also been reported (Mussig et al. 2009).

6i.  Ophthalmic toxicity

Case reports have suggested that systemic moxifloxacin use 
may lead to uveitis (Hinkle et al., 2012). A 10-year case- 
control study performed by Eadie et al. (2015) showed that 
compared with non-users of fluoroquinolones, current first-
time users of moxifloxacin had a significantly increased risk 
of uveitis (adjusted rate ratio 2.98 (95% confidence interval 
[CI]: 1.80–4.94) (Eadie et al., 2015). Subsequently, how-
ever, a large retrospective cohort study using medical claims 
data from a large national US insurer (n = 4,387,651) was 
undertaken in early 2015. The authors assessed cohorts from 
ambulatory care centers across the United States, which 

included every new user of an oral fluoroquinolone or beta- 
lactam antibiotic prescription with at least 24 months of data 
prior to the date of the prescription from January 1, 2000, to 
January 30, 2013. Exclusion criteria consisted of any previous 
diagnosis of uveitis or a uveitis-associated systemic illness. 
The hazard of a uveitis diagnosis after a fluoroquinolone pre-
scription compared with a beta-lactam prescription was 
assessed using multivariate regression with Cox proportional 
hazards models. After controlling for age, race, and sex, no 
hazard for developing uveitis at the 30-, 60-, or 90-day obser-
vation windows was seen (hazard ratio [HR] range: 0.96; 
95% CI: 0.82–1.13 to 1.05; 95% CI: 0.95–1.16; P > 0.38 for 
all comparisons). The 365-day observation period showed a 
small increase in the HR for the fluoroquinolone cohort 
(1.11; 95% CI: 1.05–1.17; P < 0.001). Moxifloxacin produced 
an increased hazard for uveitis at every time point (HR range: 
1.47–1.75; 95% CI: 1.27–2.37; P < 0.001 for all comparisons). 
Secondary analysis demonstrated a similar hazard at 365 
days for a later diagnosis of a uveitis-associated systemic 
illness after fluoroquinolone use (HR range: 1.46–1.96; 95% 
CI: 1.42–2.07; P < 0.001 for all comparisons). Thus this study 
did not support an association between oral fluoroquinolone 
use and uveitis. Instead, the authors identified an association 
between oral fluoroquinolone use and the risk for uveitis- 
associated systemic illnesses, which is a possible source of bias 
that could explain the findings of previous studies (Sandhu et 
al., 2016). Rarely, topical moxifloxacin can cause severe ker-
atitis (Vignesh et al. 2015).

7. CLINICAL USES OF THE DRUG

Moxifloxacin is approved for the treatment of acute sinusitis, 
chronic bronchitis, and community-acquired pneumonia. 
Other clinical indications in which moxifloxacin may be 
considered for use include diabetic foot infections, intra- 
abdominal sepsis, pelvic inflammatory disease, and tubercu-
losis. Moxifloxacin ophthalmic solution 0.5% is indicated in 
the treatment of bacterial conjunctivitis caused by suscepti-
ble microrganisms.

7a.  Acute bacterial sinusitis

Although it remains difficult to determine which patients 
should receive antimicrobial therapy, antibacterials are con-
sidered to be beneficial for the treatment of known or sus-
pected bacterial episodes of sinusitis. The fluoroquinolones 
have excellent activity against the most common organisms 
causing acute bacterial sinusitis: H. influenza, M. catarrhalis, 
and S. pneumoniae. Although fluoroquinolones should not 
be used as first-line therapy in acute bacterial sinusitis, they 
appear to be highly effective as second-line agents.

Moxifloxacin 400 mg daily was compared with cefuroxime 
axetil 250 mg twice daily in 542 patients with acute bacterial 
sinusitis (radiographic evidence plus signs and symptoms 
for > 7 days and < 4 weeks). After 10 days the response rate 
for moxifloxacin and cefuroxime axetil was 90% and 89%, 
respectively (Burke et al., 1999). In a similar study comparing 
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the same drug regimens, success rates for moxifloxacin were 
significantly higher than for those receiving cefuroxime axetil: 
96.7% (204/211) and 90.7% (204/225), respectively (Siegert 
et al., 2000). Moxifloxacin (400 mg daily) has also been com-
pared with amoxicillin–clavulanate (875 mg bid). Clinical 
cure at the test-of-cure visit (14–21 days after therapy) was 
reported for 85% versus 82% of patients, respectively (Rakkar 
et al., 2001). Similarly, 575 patients with acute bacterial 
sinusitis were randomized to receive oral moxifloxacin (400 
mg for 7 days) or amoxicillin–clavulanate (500/125 mg three 
times daily for 10 days). This study also showed equivalence, 
with clinical success and bacteriological eradication for moxi-
floxacin and amoxicillin–clavulanate of 93.4% versus 92.7% 
and 96.5% versus 96.7%, respectively (Arrieta et al., 2007).

In a pooled analysis of two clinical open-label sinusitis tri-
als, the efficacy of moxifloxacin against penicillin-susceptible 
and penicillin-resistant S. pneumoniae (PRSP) has been eval-
uated. This study found a clinical and bacteriological success 
at test-of-cure visit (21–37 days after therapy completion) of 
93.3% (14/15) for patients with PRSP compared with 88.4% 
(61/69) of all patients regardless of the penicillin sensitivity 
(Johnson et al., 2004). Another study comparing moxifloxa-
cin and trovofloxacin revealed equivalent clinical outcomes; 
however, dizziness was significantly more common in the 
trovofloxacin group (Baz et al., 1999). In a recent large pro-
spective, noncontrolled, multicenter observational cohort 
study of patients with acute sinusitis, moxifloxacin was an 
effective and well-tolerated treatment option (Mosges et al. 
2013).

Thus moxifloxacin is effective for the treatment of acute 
bacterial sinusitis, but clinicians must use this and other 
fluoroquinolones judiciously and appropriately to avoid 
the unnecessary emergence of resistance among common 
pathogens.

7b.  Acute bacterial exacerbations of 
chronic obstructive pulmonary disease

In a multinational, randomized double-blind study involving 
750 patients, the safety and efficacy of a 5-day course of 
moxifloxacin (400 mg daily) was compared with that of a 
7-day course of clarithromycin (500 mg orally twice-daily). 
This study showed clinical equivalence of the two regimens, 
but moxifloxacin was bacteriologically superior to clarithro-
mycin, with bacteriological response rates at 7 days post 
treatment of 77% and 62%, respectively (Wilson et al., 1999). 
Moxifloxacin (400 mg daily for 5 days) has been compared 
with azithromycin (500 mg qd for 1 day, then 250 mg qd 
for 4 days) in a randomized, controlled trial involving 567 
patients. Moxifloxacin was found to be clinically and bacteri-
ologically equivalent to azithromycin, with eradication rates 
at test-of-cure for H. influenzae and H. parainfluenzae of 
97% and 88%, respectively, for moxifloxacin, and 83% and 
62%, respectively, for azithromycin (DeAbate et al., 2000). 
Similar findings were noted by Zervos et al. (2007) in a study 
comparing 3-day azithromycin (500 mg once-daily) with 
5-day moxifloxacin (400 mg daily) among 342 patients with 

acute exacerbation of chronic obstructive pulmonary disease 
(AECOPD). The MOSAIC (Moxifloxacin Oral tablets to 
Stan dard oral antibiotic regimen given as first-line therapy 
in outpatients with Acute Infective exacerbations of Chronic 
bronchitis) trial was a large double-blind study in 730 
patients that compared moxifloxacin to standard therapy 
(amoxicillin, cefuroxime, or clarithromycin). Clinical suc-
cess (resolution and improvement) was equivalent with moxi-
floxacin versus standard therapy (88% and 83%) at 7–10 days 
after the end of therapy. However, moxifloxacin was associ-
ated with a superior rate of clinical cure (resolution of symp-
toms to baseline) compared to standard therapy (71% vs. 
63%; 95% CI: 1.4–14.9) as well as superior bacteriological 
response (91.5% vs. 81%; 95% CI: 0.4–22.1) (Wilson et al., 
2004). An additional study comparing moxifloxacin with 
various comparators (amoxicillin–clavulanic acid, clarithro-
mycin, and cefuroxime) assessed time to recovery in success-
fully treated patients with AECOPD. Mean time to recovery 
with moxifloxacin was 4.6 days and with comparators was 
5.8 days. Furthermore, all subgroup analyses revealed a sta-
tistically significant reduction of 18–25% in time to recovery 
with moxifloxacin compared with comparators (Miravitlles 
et al., 2003). Moxifloxacin (400 mg daily for 5 days) has also 
been compared with levofloxacin (500 mg daily for 7 days) 
in a prospective, randomized, double-blind clinical trial. In 
this study of 563 patients, moxifloxacin was found to be 
clinically and bacteriologically equivalent to levofloxacin 
(clinical success and bacterial eradication of moxifloxacin 
and levofloxacin 91% vs. 94%, and 92.8% vs. 93.8%, respec-
tively) (Urueta-Robledo et al., 2006).

The AVANTI study (avelox in acute exacerbations of 
chronic bronchitis) was a prospective observational study 
in Eastern Europe involving adults > 35 years receiving 
moxifloxacin therapy. Symptom improvement was reported 
in 93.2% patients after 5 days of therapy and 93.5% were 
symptom-free at 10 days (Chuchalin et al. 2013). Similarly, a 
systematic review and meta-analysis of 11 randomized- 
controlled trials on the safety and efficacy of moxifloxacin in 
AECOPD, found moxifloxacin to be clinically equivalent and 
bacteriologically superior to comparitors (Liu et al. 2014).

In a study designed to investigate the efficacy of moxiflox-
acin in the eradication of bacterial colonization of the air-
ways in patients with moderate-to-severe COPD, 119 stable 
patients were included in a randomized, double-blind, pla-
cebo controlled trial with moxifloxacin 400 mg daily for 5 
days. Eradication rates were 75% with moxifloxacin versus 
30% with placebo at 2 weeks (p = 0.01). Bacterial persistence 
at 8 weeks was still higher (not significantly) in the placebo 
arm (5/20 [25%] vs. 1/20 [5%]; p = 0.18). No difference was 
found in the number of patients with exacerbations of COPD 
during the 5-month follow-up (Miravitlles et al., 2009). 

Pulsed moxifloxacin for the prevention of AECOPD has 
also been studied (n = 1157 stable patients with COPD) in a 
randomized controlled trial by Sethi et al. (2010). Patients 
were randomized to moxifloxacin 400mg daily for 5 days or 
placebo, and the treatment was repeated every 8 weeks for a 
total of six courses. Intermittent pulsed therapy reduced the 
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odds of exacerbation in the intention-to-treat population 
by 20%, by 25% in the per-protocol population, and by 45% 
in patients who had mucopurulent sputum at baseline. 
However, as a note of caution, in the moxifloxacin arm, one 
S. pneumoniaea isolate resistant to moxifloxacin (MIC 4 µg/
ml) was isolated from a patient at week 40 (Sethi et al. 2010). 
Brill et al. (2015) found that total bacterial load in the airway 
did not change significantly after 3 months of prophylactic 
antibiotic therapy (study included moxifloxacin 400 mg daily 
for 5 days every 4 weeks; doxycycline 100 mg daily; azithro-
mycin 250 mg three times per week or placebo). Significantly, 
large increases in antibiotic resistance were seen in all treat-
ment groups, and most adverse events were reported in the 
moxifloxacin arm (Brill et al., 2015).

7c.  Community-acquired pneumonia

Moxifloxacin displays excellent activity against the most 
important respiratory pathogens, including Gram-negative 
bacilli, S. aureus, and S. pneumoniae (including multidrug- 
resistant pneumococcal strains). It also displays good activity 
against “atypical pathogens” with a better antibacterial effect 
against L. pneumophila than erythromycin and improved 
activity against anaerobes compared with ciprofloxacin (Bal-
four and Lamb, 2000; Zhanel et al., 2002; Baltch et al., 2005; 
Niederman, 2005).

Early reports demonstrated the value of moxifloxacin in 
outpatient and inpatient treatment of community-acquired 
pneumonia. In an uncontrolled unblinded study, Patel et al. 
(2000) evaluated 254 patients receiving 400 mg moxifloxa-
cin orally for 10 days. Clinical resolution occurred in 94% 
of patients by the end of therapy, with 92 of the patients 
having an atypical pathogen (Patel et al., 2000). Furthermore, 
in more than 18,000 outpatients with community-acquired 
pneu monia treated with oral moxifloxacin in physicians’ 
offices, the success rate was noted to be > 90% (Faich et al., 
2004).

The clinical efficacy of oral and/or intravenous moxiflox-
acin in community-acquired pneumonia has been formally 
evaluated in a number of trials. Most of these are compara-
tive trials of moxifloxacin versus standard therapies including 
beta-lactams (amoxicillin, amoxicillin–clavulanate, ceftriax-
one) alone or in combination with a macrolide (erythromycin, 
roxithromycin, clarithromycin), a macrolide alone (clari-
thromycin), or another fluoroquinolone (trovofloxacin, levo-
floxacin) (Fogarty et al., 1999; Hoeffken et al., 2001; Petitpretz 
et al., 2001; Finch et al., 2002; Jardim et al., 2003; Lode et al., 
2003; Torres et al., 2003; Katz et al., 2004; Portier et al., 2005; 
Welte et al., 2005; Anzueto et al., 2006; Solnick, 2006; Höffken 
et al., 2007). All these trials show that moxifloxacin is at least 
as effective as comparator regimens. For moxifloxacin, the 
overall clinical and bacteriological success rates (83–97% and 
77–97%, respectively) were comparable to those achieved 
with the comparator regimens (80–95% and 62–93%, respec-
tively) (Ferrara, 2007).

A prospective, double-blind trial of community-acquired 
pneumonia in over 350 hospitalized patients compared 

moxi floxacin (400 mg) with trovofloxacin (200 mg) or levo-
floxacin (500 mg). All were commenced as intravenous ther-
apy and later switched to an oral regimen. Clinical response 
rates were the same for all three arms (File et al., 2001). In a 
pooled analysis of six prospective, multicenter trials in 
community-acquired pneumonia due to penicillin-, macro-
lide- and multidrug-resistant S. pneumoniae, moxifloxacin 
was shown to provide excellent clinical and bacteriological 
cure rates. Clinical cure with moxifloxacin was 100% (21/21) 
for penicillin-resistant, 95.7% (22/23) for macrolide-resistant, 
and 96.4% (27/28) for multidrug-resistant pneumococci 
(Fogarty et al., 2005). Similarly, i.v./oral moxifloxacin was 
associated with > 90% cure in all severity and age subgroups 
and with faster clinical recovery than i.v./oral levofloxacin in 
a prospective, double-blind randomized controlled trial of 
394 patients with community-acquired pneumonia (Anzueto 
et al., 2006). A recent prospective, randomized, double-blind 
study of 733 patients with community-acquired pneumonia 
(59% were severe/very severe [PSI class IV/V]) identified 
comparable results (87–90% cure) between i.v./oral moxi-
floxacin monotherapy and combination i.v./ceftriaxone plus 
i.v./oral levofloxacin (Torres et al., 2008a).

In a study that evaluated length of stay, treatment costs, 
and treatment success among hospitalized patients with 
community-acquired pneumonia, comparable outcomes were 
noted for those receiving intravenous moxifloxacin (400 mg 
daily) and levofloxacin (750 mg daily) (Friedman et al., 2009).

In the CAPRIVI study (Community Acquired Pneumonia: 
tReatment with Avelox—a large observational study of com-
munity-acquired pneumonia in Eastern and Central Europe), 
2722 patients were assessed. The incidence of side effects and 
adverse drug effects was low and cure rates were reportedly 
> 93% (Kuzman et al. 2014). In a recent double-blind, multi-
center, randomized, active-controlled, non-inferiority trial, 
oral solithromycin was found to be non-inferior to oral 
moxifloxacin for treatment of patients with moderate–severe 
community-acquired pneumonia (Barrera et al., 2016).

Moxifloxacin appears to be equally as effective (67% 
clinical response) as ampicillin–sulbactam in the treatment 
of aspiration pneumonia and primary lung abscess, with 
similar treatment durations (Ott et al., 2008). Similarly, 
Polenakovik et al. (2005) reported good results for six 
patients with community-acquired lung abscesses who were 
initially treated with a variety of parenteral agents, but then 
completed 4–6 weeks’ oral moxifloxacin.

The treatment of atypical pneumonia with moxifloxacin 
is also promising, although assessment is more difficult, as 
M. pneumoniae and C. pneumoniae infections may improve 
without therapy (Fogarty et al., 1999). Moxifloxacin has also 
been assessed for the treatment of Q fever pneumonia. In 
a retrospective review of the medical records of 77 patients 
treated for Q fever pneumonia that were serologically con-
firmed, the mean time to defervescence for doxycycline, clar-
ithromycin, and moxifloxacin was 2.4, 1.9, and 2.2 days, 
respectively. Outcome was favorable for all patients, with no 
complications or relapses detected (Morovic, 2005). Kuz- 
man et al. (2005) described a case of a patient with Q fever 
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pneumonia who had failed treatment with azithromycin but 
responded to a 10-day course of moxifloxacin. Nevertheless, 
doxycycline remains the drug of choice for Q fever.

7d.  Skin and skin structure infections

S. aureus is among the most common causes of skin and 
soft-tissue infections. Moxifloxacin is a more potent anti-
staphylococcal agent than ciprofloxacin and is five- to ten-
fold more active against S. aureus (Turnidge, 1999). Although 
most methicillin-resistant S. aureus (MRSA) strains will be 
resistant to moxifloxacin, occasionally a susceptible strain 
will be identified. In such cases, if moxifloxacin is used, an 
additional agent should be combined to decrease the devel-
opment of resistance, as in vitro studies have shown that 
resistant mutants develop readily after serial passage on 
media containing moxifloxacin (Roychoudhury et al., 2001; 
Griggs et al., 2003).

For complicated skin and skin structure infections, in-
cluding diabetic foot infections in which a polymicrobial eti-
ology may be expected, moxifloxacin may be an appropriate 
agent given its good bioavailability, excellent tissue pene-
tration, and broad coverage. In a double-blind randomized 
trial of patients with complicated skin and skin structure 
infections (abcesses, cellulitis, and diabetic foot infections), 
moxifloxacin 400 mg daily given sequentially i.v./orally was 
as effective as the standard-of-care regimen of intravenous 
piperacillin–tazobactam 3.0/0.375 g every 6 hours followed by 
amoxicillin–clavulanate 800 mg every 12 hours. The overall 
cure rate was 79% for moxifloxacin and 82% for piperacillin–
tazobactam, with eradication rates for S. aureus being 78% 
and 80%, respectively (Giordano et al., 2005). In the sub-
group of individuals with diabetic foot infections receiving 
the same therapy as outlined above, clinical cure rates and 
overall pathogen eradication rate for moxifloxacin and pip-
eracillin–tazobactam were 68% versus 61% and 69% versus 
66%, respectively, although long-term efficacy was less clear 
(Lipsky et al., 2007). However, in a multicenter trial in the 
United States conducted between 2001 and 2004, which 
aimed to assess treatment of diabetic foot infection, samples 
from 454 pretreatment specimens demonstrated that 24% 
of the anaerobes were resistant to moxifloxacin (Citron et 
al., 2007). The RELIEF study found that i.v./oral moxifloxa-
cin had comparable bacteriological success to intravenous 
piperacillin/tazobactam (followed by oral amoxicillin/clavu-
lanic acid) in the treatment of diabetic foot infection (71.7% 
vs. 71.8%, respectively), with safety profiles similar in both 
arms (Schaper et al., 2013).

Sequential i.v./oral moxifloxacin was compared to i.v./
oral amoxicillin/clavulante for complicated skin and skin 
structure infections in a prospective, randomized trial of 804 
patients. In this study, treatment was comparable in both 
groups, with rates for bacteriological success 81.4% in the 
moxifloxacin arm and 76% in the comparator (Vick-Fragoso 
et al. 2009). In an international prospective, nonrandomized 
observational study of 6594 patients receiving moxifloxacin 
for complicated skin and skin structure infections, 93.2% of 

patients experienced either complete resolution or improve-
ment at follow-up (Bogner et al. 2013). A meta-analysis 
involving 2255 patients in three studies showed no signifi-
cant difference in patients receiving moxifloxacin compared 
to comparitors with respect to clinical success, bacteriologi-
cal cure, or mortality (Chen et al., 2013).

7e.  Intra-abdominal infections

Moxifloxacin has been investigated for the treatment of 
intra- abdominal infections. In a prospective, double-blind 
randomized, phase III trial, patients with complicated intra- 
abdominal infection were stratified to receive either i.v./p.o. 
moxifloxacin (400 mg daily) or comparator (i.v. piperacillin–
tazobactam [3.0/0.375 g every 6 h] ± p.o. amoxicillin–clavu-
lanate [800/114 mg every 12 h]), each for 5–14 days. Clinical 
cure rates at test-of-cure were 80% (146/183) for moxiflox-
acin versus 78% (153/196) for comparator (95% CI: –7.4% 
to 9.3%). Bacterial eradication rates were 78% (117/150) for 
moxifloxacin versus 77% (126/163) in the comparator group 
(95% CI: –9.9% to 8.7%) (Malangoni et al., 2006).

In a randomized, multicenter study of adults with compli-
cated intra-abdominal infections, the safety and efficacy of 
sequential intravenous to oral moxifloxacin (400 mg once-
daily) was compared to intravenous ceftriaxone (2 g once-
daily) plus metronidazole (500 mg three times daily), 
followed by oral amoxicillin–clavulanate (625 mg three times 
daily). Sequential moxifloxacin was non-inferior to the com-
parotor, with cure rates 80.9% and 82.3%, respectively (95% 
CI: –8.9, 4.2%), and adverse events were comparable between 
the regimens (Weiss et al., 2009). Moxifloxacin (400 mg daily) 
was also found to be non-inferior to ceftriaxone (2 g once-
daily) plus metronidazole (500 mg twice-daily) in a multi-
national randomized, double-blind trial of treatment of adults 
with community onset intra-abdominal infections. Clinical 
cure rates for moxifloxacin and the comparator were 90.2% 
and 95.5%, respectively (95% CI of the difference –11.7 to 
–1.7). Bacteriological cure rates for moxifloxacin and the 
comparator were 89.4% and 95.9% respectively (95% CI: 
–13.3 to –0.6). The incidence of adverse events was similar in 
both treatment groups (moxifloxacin 31.7% vs. comparator 
24.3%) (Solomkin et al., 2009). 

The PROMISE study compared clinical and bacteriologi-
cal efficacy and safety of moxifloxacin versus ertapenem for 
the treatment of complicated intra-abdominal infections 
(those associated with localized or generalized peritonitis or 
abcess formation). In this randomized, prospective, double- 
dummy, double-blind trial, 5–14 days of iv moxifloaxin 
(400 mg) was compared to 1g of ertapenem daily. Moxiflox-
acin was non-inferior to ertapenem in clinical success (89.5% 
vs. 93.4%) and bacteriological response was achieved in 
86.5% and 90.2% respectively (De Waele et al. 2013). Thus 
moxifloxacin appears to be comparable in efficacy as stan-
dard treatment for complicated intra-abdominal infection; 
however, as moxifloxacin exhibits poor activity against entero-
cocci, if these organisms are suspected, ampicillin or vanco-
mycin should be included in the treatment regimen.
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7f.  Pelvic inflammatory disease and other 
genital infections

Pelvic inflammatory disease is often polymicrobial in nature 
and requires antibiotics that treat a broad spectrum of bac-
teria. Traditionally, multiple agents are required to include 
activity against C. trachomatis, N. gonorrhoeae, M. genitalium, 
and Gram-negative anaerobes (Haggerty and Ness, 2007). In 
a randomized, double-blind trial, Ross et al. (2006) com-
pared the efficacy and safety of a 14-day course of moxiflox-
acin (400 mg daily for 14 days) with ofloxacin (400 mg 
twice-daily) plus metronidazole (500 mg twice-daily). The 
study found that moxifloxacin was clinically and bacterio-
logically as efficacious as the comparator and that it was asso-
ciated with fewer drug-related adverse events. Specifically, 
the microbiological cure rate for moxifloxacin was 100% for 
N. gonorrhoeae, M. genitalium, M. hominis, E. coli, and other 
Gram-negative anaerobes. The eradication rate for C. tracho
matis was 89% but this was slightly higher than that with the 
comparator regimen (86%) (Ross et al., 2006). 

In a multicenter, prospective, randomized parallel-group 
study of 1156 women with uncomplicated pelvic inflamma-
tory disease, 14 days of moxifloxacin (400 mg) was compared 
to ofloxacin (400 mg twice-daily) plus metronidazole (500 mg 
twice-daily). There were no differences in cure rates between 
both arms but drug-related adverse events were less in the 
moxifloxacin arm, as was cost, and compliance was higher 
with moxifloxacin (Asicioglu et al. 2013). In a recent small 
study of so-called aerobic vaginitis, a single 6-day course of 
moxifloxacin 400 mg daily was effective in most cases (Wang 
et al., 2016).

Early studies of moxifloxacin to treat M. genitalium infec-
tion showed cure rates approaching 100% (Jemburg et al 
2008). However a declining rate of cure has been observed, 
especially in the Asia-Pacific region, with failures reported 
in up to 30% of cases associated with increasing quinolone 
resistance (Couldwell et al. 2013).

7g.  Urinary tract infection

Unlike fluoroquinolones such as ciprofloxacin, moxifloxacin 
does not achieve high urinary concentrations and is not indi-
cated in the treatment of urinary tract infections, especially 
in patients with abnormal renal function (Gilbert, 2006).

7h.  Prophylaxis in neutropenic patients

Recent studies have shown a beneficial impact of fluoro-
quinolones with regard to infection-related morbidity and 
mortality for patients with hematological malignancies during 
neutropenia (Bucaneve et al., 2005; Gafter-Gvili et al., 2005; 
Reuter et al., 2005; Cooper et al. 2011). In a controlled 
before-and-after observational study of moxifloxacin pro-
phylaxis in neutropenic patients, data were compared with 
two comparable periods of levofloxacin prophylaxis. Similar 
survival rates were observed for both moxifloxacin and levo-
floxacin but the rate of Gram-negative bacteremia was higher 

during prophylaxis with moxifloxacin (11%) than during 
prophylaxis with levofloxacin (6%). In addition, a marked 
increase in diarrhea associated with C. difficile toxin A was 
observed after the formula change from levofloxacin to 
moxifloxacin (attack rate 6% vs. 33%). A decrease was 
attained after changing back to levofloxacin and reinforc-
ing  hygienic measures (von Baum et al., 2006). In a small 
open-label study of low-risk, febrile neutopenic oncology 
patients, oral moxifloxacin appeared to be effective as out-
patient therapy in terms of fever defervescence and overall 
outcome (Chamilos et al., 2005). In summary, use of oral 
 single-agent broad-spectrum fluoroquinolones such as 
moxifoxacin for outpatient treatment of febrile neutropenia 
in low-risk patients has shown promising results (Cooper et 
al. 2011).

7i.  Dental infection and prophylaxis

Moxifloxacin has been assessed for use in preventing bacte-
remia following dental extractions. In a carefully performed 
prospective, double-blind, randomized study, Diz Dios et al. 
(2006) evaluated the efficacies of oral prophylactic treatment 
with amoxicillin (2 g) clindamycin (600 mg), and moxiflox-
acin (400 mg). All medication was given 1–2 hours before 
anesthesia induction in a group of 221 patients requiring 
dental extraction. Venous blood samples were taken from 
each patient at baseline, 30 seconds, 15 minutes, and 1 hour 
after dental extractions. The prevalence of bacteremia in the 
control, amoxicillin, clindamycin, and moxifloxacin groups 
was 96%, 46%, 85%, and 57%, respectively, at 30 seconds; 
64%, 11%, 70%, and 24%, respectively, at 15 minutes; and 
20%, 4%, 22%, and 7%, respectively, at 1 hour. Thus moxi-
floxacin prophylaxis was found to be a promising alternative 
for the prevention of bactermia when beta-lactams are con-
traindicated (Diz Dios et al., 2006).

The use of moxifloxacin to treat complicated periodontal 
infection has also been investigated. In this small study, 
patients receiving moxifloxacin had significantly improved 
outcomes and less adverse events than those reciving amoxi-
cillin and metronidazole (Guzeldemir-Akcakanat and Gurgan, 
2015).

7j.  Tuberculosis

The fluoroquinolones have become important drugs for 
treating tuberculosis, particularly multidrug-resistant strains. 
These agents are active against extracellular, rapidly multi-
plying bacteria as well as intracellular, non-multiplying 
organisms. Of the quinolones, moxifloxacin has the highest 
in vitro activity against M. tuberculosis (Rodriguez et al., 
2002) and its antimycobacterial activity has been confirmed 
in animal studies (Yoshimatsu et al., 2002; Veziris et al., 
2003). A 2008 Cochrane review of fluoroquinolone use in the 
treatment of tuberculosis highlighted the need for further 
human studies with newer fluoroquinolones such as moxi-
floxacin (Ziganshina and Squire, 2008). The role of moxiflox-
acin in the treatment of tuberculosis has recently undergone 
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a meta-analysis and been extensively reviewed (Chen et al., 
2015; Gillespie, 2016).

In humans, moxifloxacin has been found to have early 
bactericidal activity that is comparable to that of isoniazid 
(Pletz et al., 2003). In a study designed to assess the effect on 
bacterial growth in patients with active pulmonary tubercu-
losis, Gosling et al. (2003) randomized newly diagnosed 
patients with acid fast bacilli (AFB)-smear–positive pulmo-
nary tuberculosis to receive one of the following for 5 days: 
isoniazid 300 mg daily, rifampicin 600 mg daily, or moxiflox-
acin 400 mg daily for 5 days. Bactericidal activity was esti-
mated by the time to kill 50% of viable bacilli in the sputum, 
and the fall in sputum viability count during the first 2 days 
was designated evidence of early bactericidal activity. The 
50% kill time for moxifloxacin was 0.88 days (95% CI: 0.28–
0.79 days), and for isoniazid and rifampicin it was 0.46 days 
(95% CI: 0.31–0.61 days) and 0.71 days (95% CI: 0.48–0.95 
days), respectively. The early bactericidal activity for moxi-
floxacin was 0.53 (95% CI: 0.43–1.33 days), and for isoniazid 
and rifampicin it was 0.77 (95% CI: 0.54–1.00) and 0.28 
(95% CI: 0.15–0.41), respectively. Overall, the study showed 
that in humans, moxifloxacin has a similar level of activity as 
rifampicin (Gosling et al., 2003). The early bactericidal activ-
ity of moxifloxacin has also been found to be comparable to 
that of isoniazid in other studies on smear-positive tubercu-
losis patients (Gillespie et al., 2005; Johnson et al., 2006). 
Another study evaluated the effect of moxifloxacin versus 
ethambutol (both administered in combination with isonia-
zid, rifampicin, and pyrazinamide) on sputum conversion at 
2 months. The authors found that the 2-month cultures were 
negative in 71% of both the moxifloxacin and the ethambutol 
regimens; however, patients receiving moxifloxacin more 
often had negative cultures after 4 weeks of therapy (Burman, 
2006).

In a study of 38 patients to assess the safety and tolerabil-
ity of long-term moxifloxacin in individuals with resistant 
tuberculosis or those with intolerance to first-line drugs, 31 
(81.6%) reported treatment success (defined as the sum of 
WHO categories cured and treatment completed). The suc-
cess rate was significantly lower in those with MDR-TB 
(8/14, 51.7%) than in patients treated with moxifloxacin for 
other reasons (23/24, 95.8%, p = 0.01). Furthermore, it was 
shown that moxifloxacin was safe for long-term use in these 
patients (Codecasa et al., 2006).

In a randomized, placebo-controlled, double-blind phase 
II trial, the antimicrobial activity and safety of moxifloxacin 
(400 mg), substituted for isoniazid (300 mg), in addition 
to rifampicin, pyrazinamide, and ethambutol, was assessed 
during the first 8 weeks of therapy for pulmonary tuberculo-
sis. Negative cultures at week 8 were observed in 90/164 
(54.9%) participants in the isoniazid arm and 99/164 (60.4%) 
in the moxifloxacin arm (p = 0.37) (Dorman et al., 2009). In 
a reported phase II, double-blind trial from Brazil, the role 
of moxifloxacin was assessed for treatment of smear-positive 
pulmonary tuberculosis. A total of 170 patients were ran-
domized to receive moxifloxacin (400 mg) or ethambutol 
(15–20 mg/kg), in addition to isoniazid, rifampicin and 

pyrazinamide 5 days per week for 8 weeks in directly 
observed therapy. Patients then received 4 months of twice-
weekly isoniazid and rifampicin. After 1 week of treatment, 
significantly more patients in the moxifloxacin group had 
negative sputum cultures. At 8 weeks, 80% (59/74) of the 
moxifloxacin recipients had become sputum culture negative 
versus 63% (45/72) of those receiving ethambutol (p = 0.03) 
(Conde et al., 2009). 

A recent Cochrane review of the use of fluoroquinolones 
for treating drug-sensitive tuberculosis assessed five ran-
domized controlled trials. The conclusion was that there 
was insufficient evidence for the addition or substitution of 
fluoroquinolones (moxifloxacin, gatifloxacin, and ofloxacin) 
into the first-line regimen for the outcomes of reduction in 
death, reduction in relapse, or improved culture conversion 
(Ziganshina et al., 2013). However, fluoroquinolones have 
a role as second-line agents in the treatment of tuberculosis, 
especially when isolates are resistant to first-line drugs. 
Moxifloxacan is recommended in guidelines for the treat-
ment MDR-TB (Falzon et al., 2011; International Union 
Against Tuberculosis and Lung Disease, 2013; WHO, 2014) 
and has been found to have equal efficacy to that of levo-
floxacin (Koh et al., 2013). In a recent study that followed up 
151 patients with MDR-TB who were treated with combina-
tion regimens that included either levofloxacin or moxiflox-
acin, treatment outcomes were not different between the two 
groups, based on 2008 World Health Organization defini-
tions,as well as 2013 definitions. Time to culture conversion 
was also not different between the two groups (27.0 vs. 45.0 
d, p = 0.11 on liquid media; 17.0 vs. 42.0 d, P = 0.14 on solid 
media). However, patients in the levofloxacin group had 
more adverse events than those in the moxifloxacin group 
(79.2% vs. 63.5%, p = 0.03), especially musculoskeletal ones 
(37.7% vs. 14.9%, p = 0.001) (Kang et al., 2016). Whether this 
study was statistically powered to demonstrate a clear effi-
cacy difference is uncertain.

Moxifloxacin has shown the potential to shorten overall 
tuberculosis treatment by 2 months when used as a substi-
tute for isoniazid. In the murine model, treatment with a 
combination of rifampicin, moxifloxacin, and pyrazinamide 
for 2 months followed by rifampicin and moxifloxacin for 
4 months resulted in a shorter time to lung culture conver-
sion than did treatment with the standard regimen of rifam-
picin, isoniazid, and pyrazinamide for 2 months followed by 
rifampicin and isoniazid for 4 months. Mice receiving the 
moxifloxacin regimen were culture negative after 3 months, 
while those receiving the standard therapy were still culture 
positive at 5 months (Nuermberger et al., 2004a). In a second 
study by the same authors, the ability of moxifloxacin to 
reduce therapy duration was studied by assessing for relapse 
after treatment with a combination therapy of either moxi-
floxacin, rifampicin, and pyrazinamide or isoniazid, rifampi-
cin, and pyrazinamide. No relapse was noted in mice that 
received at least 4 months of the moxifloxacin combination 
therapy, but 6 months of treatment were required to prevent 
relapse in those receiving the isoniazid regimen (Nuermberger 
et al., 2004b).
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A prospective randomized trial of thrice-weekly regimens 
of gatifloxacin or moxifloxacin with isoniazid, rifampicin, 
and pyrazinamide showed that 4-month treatment was infe-
rior to standard 6-month therapy in patients with sputum- 
positive tuberculosis (Jawahar et al. 2013). In a randomized, 
double-blind, placebo-controlled trial, two moxifloxacin- 
containing (400 mg daily) regimens (arm 1 = isoniazid, 
rifampicin, pyrazinamide, moxifloxacin for 17 weeks fol-
lowed by 9 weeks placebo; arm 2 = moxifloxacin, rifampicin, 
pyrazinamide, ethambutol for 17 weeks followed by 9 weeks 
placebo) were compared to standard therapy (isoniazid, 
rifampicin, pyrazinamide, ethambutol for 8 weeks followed 
by 18 weeks of isoniazid and rifampicin) in an assessment 
of treatment failure or relapse (for drug-sensitive pulmonary 
tuberculosis) within 18 months of randomization. The two 
moxifloxacin-containing regimens produced a more rapid 
decline in bacterial load initially, with more patients achiev-
ing culture-negative status at 8 weeks, although this was not 
statistically significant. However, relapse after a culture- 
negative status was more common in the moxifloxacin arms 
than in the standard therapy group (arm 1, arm 2, standard = 
9%, 12%, and 2%, respectively) (Gillespie et al., 2014). 

In study conducted in South Africa, Botswana, Zambia, 
and Zimbabwe, Jindani et al. (2014) compared three regi-
mens in 827 patients (28% co-infected with HIV): a control 
regimen that included 2 months of ethambutol, isoniazid, 
rifampicin, and pyrazinamide administered daily followed 
by 4 months of daily isoniazid and rifampicin versus a 
4-month regimen in which the isoniazid in the control regi-
men was replaced by moxifloxacin administered daily for 2 
months followed by moxifloxacin and 900 mg of rifapentine 
administered twice-weekly for 2 months versus a 6-month 
regimen in which isoniazid was replaced by daily moxifloxa-
cin for 2 months followed by one weekly dose of both moxi-
floxacin and 1200 mg of rifapentine for 4 months. Sputum 
specimens were examined on microscopy and after culture 
at regular intervals. The primary endpoint was a composite 
treatment failure and relapse, with non-inferiority based on 
a margin of 6 percentage points and 90% confidence inter-
vals. In the per-protocol analysis, the proportion of patients 
with an unfavorable response was 4.9% in the control group, 
3.2% in the 6-month group (adjusted difference from con-
trol, –1.8 percentage points; 90% CI: –6.1 to 2.4), and 18.2% 
in the 4-month group (adjusted difference from control, 13.6 
percentage points; 90% CI: 8.1–19.1). The 6-month regimen 
that included weekly administration of high-dose rifapen-
tine and moxifloxacin was as effective as the control regimen, 
and the 4-month regimen was not non-inferior to the control 
regimen (Jindani et al., 2014). Further studies are required to 
better define the role of moxifloxacin in shortened tubercu-
losis treatment regimens (Rustomjee et al., 2008).

The most appropriate dose of moxifloxacin when it is 
coadministered with rifampicin is yet to be defined, since 
rifampicin has been shown to reduce moxifloxacin levels by 
27% (Nijland et al., 2007; Weiner et al., 2007). This effect is 
most likely the result of induced glucuronidation or sulfation 
by rifampicin, suggesting that an increase in daily dose to 

600 or 800 mg may be required (Gumbo et al., 2004). Thus 
increasing the dose to 800 mg daily has been proposed by 
some authors as a means to improve efficacy in tuberculosis 
treatment (Alffenaar et al., 2015).

The potential for moxifloxacin to be used as a prophylac-
tic agent in the setting of MDR-TB is also under investiga-
tion (Trieu et al., 2015).

A potentially major risk to the future effective use of moxi-
floxacin for tuberculosis is the emergence of cross-resistance 
due to the use of marginally active fluoroquinolones, such 
as ofloxacin and ciprofloxacin. In addition, widespread inad-
vertent treatment of smear-negative tuberculosis cases as 
nontuberculous community-acquired pneumonia with fluo-
roquinolone monotherapy may result in the rapid emergence 
of resistance, especially in isolates that are already multidrug 
resistant (Drlica et al., 2008).

There is limited data on the efficacy and safety of moxi-
floxacin for the treatment of tuberculosis in children (Thee et 
al., 2015).

Moxifloxacin has also been used as an alternative to eth-
ambutol in the treatment of ocular tuberculosis (Potter et al., 
2016).

7k.  Other mycobacteria

Moxifloxacin has been evaluated for use in M. avium disease 
in combination with clarithromycin or mefloquine and eth-
ambutol. However, more research is required in this area 
(Bermudez et al., 2003; Kohno et al., 2007). Moxifloxacin 
has also been used to successfully treat M. fortuitum infec-
tion of the knee when used in combination with meropenem 
(Cheung and Wilson, 2008). Although moxifloxacin has 
shown in vitro and in vivo activity against M. ulcerans, fur-
ther data are required to better identify its potential role in 
the treatment of this disease (Bentoucha et al., 2001; Ji et al., 
2006). Moxifloxacin may also be of benefit in combination 
therapy to treat disease caused by M. abscessus and M. leprae 
(Miyasaka et al., 2007; Gidoh, 2007). However, a recent 
report from Shanghai, China, describing a multi-clonal out-
break of M. abscessus in 55 patients, found that all were resis-
tant to moxifloxacin (Luo et al., 2016).

Combination therapy with clarithromycin + moxifloxa-
cin + clindamycin, plus antiretroviral therapy, was effective 
in a case of an African HIV-infected adolescent with mul-
tiple abdominal abscesses due to M. sherrisii (Santoro et al., 
2016).

7l.  Ocular infections

Moxifloxacin ophthalmic solution 0.5% is indicated for the 
treatment of bacterial conjunctivitis caused by susceptible 
strains of Gram-positive and Gram-negative organisms as 
well as C. trachomatis. The potency and penetration of moxi-
floxacin ophthalmic solution 0.5% into ocular tissues pro-
vides excellent bactericidal coverage against a broad spectrum 
of the most common ocular pathogens. Lichtenstein et al. 
(2006) used conjunctival bacterial isolates to study the time 
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required for various antibiotic solutions to kill S. pneumoniae. 
They revealed that moxifloxacin ophthalmic solution 0.5% 
killed S. pneumoniae faster in vitro than than any of the other 
topical ophthalmic solutions assessed (tobramycin, gentami-
cin, and polymyxin B–trimethoprim). Similarly, Stroman et 
al. (2005) demonstrated that moxifloxacin ophthalmic solu-
tion 0.5% achieved complete killing of S. pneumoniae within 
45 minutes, while commercial ophthalmic solutions of gen-
tamicin, tobramycin, and polymyxin/trimethoprim showed 
no kill through 24 hours (Stroman et al., 2005).

Moxifloxacin was found to be clinically equivalent to oflox-
acin (0.3%) and fortified tobramycin (1.33%)/cephazolin 
(5%) in a prospective randomized trial of 229 patients with 
bacterial keratitis. No statistically significant differences were 
noted between treatment groups for the healing rate, cure 
rate, or complications associated with any of the ophthalmic 
solutions (Constantinou et al., 2007). Similar findings were 
later reported by Sharma et al. (2013) in a randomized, con-
trolled equivalence trial involving 224 patients with bacterial 
keratitis. Complete resolution of keratitis and associated 
ulcers was seen in 81.8% of those receiving topical moxiflox-
acin (0.5%) versus 81.4% in those receiving combination 
cefazolin (5%) and tobramycin (1.3%) therapy (Sharma et al., 
2013). Burka and colleagues (Burka et al., 2005; Burka et al., 
2006) demonstrated that moxifloxacin and gatifloxacin were 
equivalent when used postoperatively after photorefractive 
keratectomy. In this prospective randomized trial, 35 patients 
undergoing photorefractive keratectomy were randomized 
to either moxifloxacin 0.5% or gatifloxacin 0.3% ophthalmic 
drops four times daily for 1 week. At 6 weeks, eyes treated 
with moxifloxacin healed faster and had smaller defects than 
those treated with gatifloxacin, but there were no significant 
differences in visual outcomes with either antibiotic. 

Kowalski et al. (2004) demonstrated that moxifloxacin 
ophthalmic solution could be of benefit in preventing the 
development of endophthalmitis in a rabbit model in which 
moxifloxacin was used before and after a bacterial challenge 
into the anterior chamber. Others have suggested that moxi-
floxacin may be an attractive first-line choice for topical pro-
phylaxis and may be of use for intracameral administration 
(O’Brien et al., 2007), although reports of moxifloxacin’s 
inability to reach therapeutic levels in the vitreous question 
this proposal (Costello et al., 2006). Some studies have also 
shown that endophthalmitis can still develop despite the use 
of prophylactic moxifloxacin ophthalmic solution and that 
this is most likely due to moxifloxacin-resitant Gram-positive 
organisms (Deramo et al., 2006). 

A systematic review of the role of antibiotics in preven-
tion of post-cataract endopthalmitis found high to moderate 
evidence for a marked reduction in the risk of endopthalmi-
tis with intracameral cefazolin, cefuroxime, or moxifloxacin, 
but no benefit with topical preparations (Kessel et al., 2015).

7m.  Helicobacter pylori infection

Moxifloxacin has been recommended as both first- and 
second- line treatment of H. pylori infection (Cheon et al., 

2006; Sezgin et al., 2007; Ciccaglione et al., 2012). In a study 
of 85 patients with H. pylori in whom the initial proton pump 
inhibitor triple therapy combination had failed, the 7-day 
combination of moxifloxacin 400 mg daily + esomeprazole 
20 mg bd + amoxicillin 1 g bd was associated with a 75.6% 
eradication rate, which was superior to the comparator arm 
and associated with fewer side effects (Cheon et al., 2006). 
Similar results were noted with a 10-day course by Kang et 
al. (2007) in a study of 192 patients. Miehlke et al. (2008) 
assessed the efficacy of a 7-day once-daily course of moxi-
floxacin 400 mg + esomeprazole 40 mg + rifabutin 300 mg in 
103 patients with H. pylori resistant to both metronidazole 
and clarithromycin. Intent-to-treat eradication rates were 
77.7%, although post-treatment resistance to moxifloxacin 
and rifabutin was noted in a small percentage of patients.

A 2-year retrospective review of a moxifloxacin-based tri-
ple regimen (moxifloxacin 400 mg daily, rabeprazole 20 mg 
bd, amoxicillin 100 mg bd) for second-line therapy showed 
improved effectiveness with a 14-day treatment course com-
pared to a 7-day course (90.4% vs. 77.7% p = 0.17) (Hwang et 
al., 2015b).

Bismuth-containing quadruple (BMT) and moxifloxacin- 
based triple regimens (MA) given for 7 and 14 days were 
compared by Lee et al. (2015). Eradication rates for BMT-7d, 
BMT-14d, MA-7d, and MA-14d were 66.4%, 71.1%, 53.1%, 
and 73.5% respectively. In this study, 7-day and 14-day bis-
muth-containing regimens were similar in efficacy to 14-day 
moxifloxacin regimens (Lee et al., 2015) A meta-analysis by 
Wu et al. (2011) comparing moxifloxacin triple therapy to 
bismuth quadruple therapy showed that the moxifloxacin 
regimen had a higher overall eradication rate (74.9% vs. 
61.4%) and also had lower side effect profiles.

Moxifloxacin as first-line therapy has also been studied. 
Fourteen-day moxifloxacin-based therapy was compared 
to  clarithromycin therapy in a randomized study of 161 
patients. Eradication rates by intention-to-treat analysis were 
91.3% in the moxifloxacin arm and 71.6% in the clarithro-
mycin arm (p = 0.04). Adverse events were also less in the 
moxifloxacin arm (12.8% vs. 24.6%; p = 0.38) (Hwang et al., 
2015a). In a randomized study comparing moxifloxacin- 
containing triple therapy (moxifloxacin 400 mg daily, panto-
prazole 20 mg bd, amoxicillin 100 mg bd) versus quadruple 
therapy (moxifloxacin 400 mg daily, pantoprazole 20 mg bd, 
amoxicillin 100 mg bd, bismuth subcitrate 240 mg bd) for 
10 days as first-line treatment, the addition of bismuth was 
found to be beneficial to the baseline triple therapy (Ciccag-
lione et al., 2012).

7n.  Other infections

Other infections in which moxifloxacin therapy has shown 
efficacy include bone and joint infections (Grossi et al., 2007) 
and implant-associated infections (Kalteis et al., 2006). In a 
recent retrospective assessment of prosthetic shoulder infec-
tions due to Propionibacterium acnes, all 24 isolates were 
susceptible to moxifloxacin, although none of the patients 
were treated with this agent (Piggott et al., 2015).
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Moxifloxacin monotherapy appears to have similar effi-
cacy to ampicillin + gentamicin in a rabbit model of L. mono
cytogenes meningitis (Sipahi et al., 2008). In an experimental 
model of endocarditis, the efficacy of moxifloxacin was 
evaluated against a strain of methicillin-resistant S. aureus in 
rabbits with catheter-induced aortic valve vegetations. Rab-
bits were assigned to receive either moxifloxacin (20 mg/kg) 
or vancomycin (30 mg/kg), both given intravenously twice 
daily for 4–5 days. At sacrifice (15 hours after the last dose) 
all animals in the moxifloxacin group had sterile vegetations. 
If treatment was extended to 5 days, the cure rate was 100% 
with no relapses observed (Galani et al., 2009).

Fihman et al. (2006) reported a single case of a renal 
transplant patient with Nocardia farcinica brain abscess who 
was successfully treated with moxifloxacin. Similarly, Kan-
dasamy et al. (2008) described an immunocompetent patient 
with N. farcinica brain abscess and secondary meningitis and 
ventricultis who was successfully treated with moxifloxacin 
after initial limited response to co-trimoxazole.

Moxifloxacin (400 mg i.v. daily) in combination with 
meropenem (1 g i.v. 8-hourly; 278 patients) has been com-
pared to meropenem alone (1g i.v. 8-hourly; 273 patients) 
for 7–14 days in adult patients with septic shock requiring 
admission to ICU (44 ICUs in Germany) to assess the impact 
of combination therapy on the development of sepsis-related 
organ dysfunction. Treatment with combination moxifloxa-
cin + meropenem did not result in less organ failure than 
meropenem alone (Brunkhorst et al., 2012).

7o.  Immune modulation

It has been suggested that moxifloxacin has immune-modu-
lating activity. Moxifloxacin has been shown to enhance the 
production of granulocyte–macrophage colony-stimulating 
factor and interleukin 6 by various organs in cyclophospha-
mide-injected mice (Shalit et al., 2001). Moxifloxacin has 
also been found to inhibit production of interleukin 8 by 
human neutrophils and interleukin 1α and tumor necrosis 
factor alpha in human monocytes (Araujo et al., 2002; Weiss 
et al., 2004). However, the clinical relevance of these observa-
tions is uncertain.

Moxifloxacin has been assessed for use in the treatment of 
ankylosing spondylitis. In an open-label, single-center, 12-week 
pilot study, 76 patients with active ankylosing spondylitis 
received moxifloxacin 400 mg daily. At 12 weeks, patients 
had significantly greater improvement in primary outcome 
measures (duration of morning stiffness, score for noctur-
nal spinal pain, Ankylosing Spondylitis Diseases Activity 
Index), as well as significant improvements in erythrocyte 
sedimentation rate and C-reactive protein (Ogrendik, 2007). 
However, there have been no further studies to confirm these 
findings, so the relevance of this observation is uncertain.
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1. DESCRIPTION

Gemifloxacin, although technically a 6-fluoronaphthyridone, 
is usually considered among the closely related fluoroquino-
lone class of antimicrobial agents. Originally designated 
LB20304 (later also termed SB-265805), gemifloxacin was 
synthesized by LG Chemical Ltd. in Korea (Oh et al., 1996). 
The chemical formula of gemifloxacin is (R,S)-7-[(4Z)-3-
(aminomethyl)-4-(methox-yimino)-1-pyrrolidinyl]-1-
cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-1,8-naphthyridine-
3-carboxylic acid. In 2003, the US Food and Drug 
Administration (FDA) approved the mesylate salt of gemi-
floxacin (Factive; C18H20FN5O4 · CH4O3S, molecular weight 
485.49) as an antibacterial agent for oral administration in 
the form of tablets, each containing the equivalent of 320 mg 
of gemifloxacin (Merus Labs International, 2013). The chem-
ical structure of gemifloxacin mesylate is shown in Figure 
106.1.

Gemifloxacin demonstrates in vitro activity against a 
broad range of Gram-positive and Gram-negative bacteria, 
including some atypical organisms (Saravolatz and Leggett, 
2003; Yoo et al., 2004); the drug is included among the “respi-
ratory fluoroquinolones” in US consensus guidelines for the 
treatment of community-acquired pneumonia (Mandell et al., 
2007). Like other fluoroquinolones, gemifloxacin targets the 
bacterial topoisomerases, DNA gyrase and topoisomerase IV 
(see Chapter 101, Ciprofloxacin). Gemifloxacin interacts with 

both of these targets in studies using purified enzymes; how- 
ever, studies with intact bacteria indicate that one or the 
other enzyme can be the preferred target, depending upon 
the species (Heaton et al., 2000; Ince et al., 2003).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

GRAM-POSITIVE ORGANISMS

There are currently no FDA, Clinical and Laboratory Stan-
dards Institute (CLSI), or European Committee on Anti-
microbial Susceptibility Testing (EUCAST) breakpoints for 
determining susceptibility of staphylococci to gemifloxacin. 
However, gemifloxacin inhibits most isolates of methicillin- 
susceptible Staphylococcus aureus (MSSA) at low concentra-
tions (Table 106.1). Fuchs et al. (2000) found that minimal 
inhibitory concentrations (MICs) of gemifloxacin against 
fluoroquinolone-susceptible isolates of both methicillin- 
resistant S. aureus (MRSA) (MIC90 0.06 mg/ml) and MSSA 
(MIC90 0.03 µg/ml) were similar. Gemifloxacin was mark-
edly less potent in vitro against fluoroquinolone-resistant 
isolates of both MSSA (MIC90 8 µg/ml) and MRSA (MIC90 
16 µg/ml). It can thus be inferred that the greater resistance 
to gemifloxacin among MRSA, shown in Table 106.1, reflects 
significant representation of fluoroquinolone-resistant strains 
in this group.

Concentrations of gemifloxacin required to inhibit growth 
of coagulase-negative staphylococci vary over a wide range. 
Two groups reported identical differences of seven twofold 
dilutions in MIC90 between ciprofloxacin-susceptible and 
-resistant coagulase-negative staphylococci, i.e. 0.03 versus 
4 µg/ml, respectively (Fuchs et al., 2000; King et al., 2000). 
Isolates of S. epidermidis demonstrating reduced susceptibil-
ity to levofloxacin (MICs 4–128 µg/ml) were also less suscep-
tible to gemifloxacin (MIC range 0.5–8 µg/ml) than were 
levofloxacin-susceptible isolates (gemifloxacin MIC range 
0.015–0.06 µg/ml) (Almer et al., 2004). Against S. haemoly - Figure 106.1. Chemical structure of gemifloxacin mesylate.
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ticus MIC90 values of gemifloxacin are generally high (2–4 
µg/ml) for collections with correspondingly elevated MICs 
of ciprofloxacin or levofloxacin, or both (Cormican and 
Jones, 1997; Hardy et al., 2000; Hoban et al., 2001). However, 
a small number of S. haemolyticus isolates susceptible to the 
older fluoroquinolones were inhibited by very low concen-
trations of gemifloxacin (MIC 0.008 µg/ml) (Cormican and 
Jones, 1997). Four studies that included almost 200 isolates 
of S. saprophyticus reported MIC90 values of 0.016–0.03 µg/
ml, with no MIC above 0.06 µg/ml; these isolates were gener-
ally susceptible to other fluoroquinolones tested (Wise and 
Andrews, 1999; King et al., 2000; McCloskey et al., 2000; 
Hoban et al., 2001).

Pneumococci are typically highly susceptible to gemiflox-
acin. Table 106.1 shows results from selected reports based 
on studies using collections of > 1000 isolates each. MIC90s 
are well below the susceptible breakpoint established by CLSI 
for dilution susceptibility testing of this species (≤ 0.12 µg/ml, 

susceptible; 0.25 µg/ml, intermediate; ≥ 0.5 µg/ml, resistant) 
(CLSI, 2015). Draghi et al. (2006) found that 94.6% of multi-
drug-resistant pneumococci and 99.5% of non–multidrug- 
 resistant isolates were susceptible to gemifloxacin, results 
identical to those for levofloxacin and similar to those for 
moxifloxacin (97% and 99.5%, respectively) (see Chapter 
104, Levofloxacin, and Chapter 105, Moxifloxacin). From 
several studies that reported gemifloxacin activities by level 
of penicillin susceptibility, one can conclude that the level 
of penicillin resistance per se has little or no influence on 
MIC50 or MIC90 values of gemifloxacin (Cormican and Jones, 
1997; Davies et al., 2000a; Fuchs et al., 2000; Hardy et al., 
2000; Hoban et al., 2000; Garcia-Garrote et al., 2001; Hoban 
et al., 2001; Lopez et al., 2001; Chen et al., 2003; Zhanel et 
al., 2003; Kosowska-Shick et al., 2006). In contrast, pneu-
mococci chosen for resistance to fluoroquinolones display 
reduced susceptibility to gemifloxacin, which is consistent 
with the known cross-class mechanisms of resistance in this 

Table 106.1. In vitro activity of gemifloxacin against commonly isolated Gram-positive bacteria.

Organism

Representative range of value (μg/ml)

MIC50 MIC90 MIC range

Staphylococcus aureus
Methicillin susceptible 0.016–0.03 0.03–0.12 ≤ 0.004–16

Methicillin resistant 0.016–4 1–8 ≤ 0.008–128

Fluoroquinolone susceptible 0.016–0.03 0.03–0.06 ≤ 0.004–0.5

Fluoroquinolone resistant 0.5–4 8–64 0.06–> 64

Staphylococcus epidermidis 0.06–0.5 1–2 0.008–64

Methicillin susceptible 0.016 0.016–0.12 ≤ 0.004–2

Methicillin resistant 0.008–0.5 0.25–2 ≤ 0.004–2

Streptococcus pneumoniae 0.015 0.03 ≤ 0.004–4

Fluoroquinolone resistant 0.06–0.25 0.06–1 0.03–2

Streptococcus pyogenes 0.015–0.03 0.015–0.25 ≤ 0.004–2

Streptococcus agalactiae 0.015–0.06 0.03–0.125 0.008–1

Streptococci, group C or G 0.008–0.03 0.015–0.06 ≤ 0.004–0.5

Streptococci, viridans group ≤ 0.015–0.06 0.06–0.125 (1)* 0.004–4

Enterococcus faecali 0.06–32 0.25–32 0.008–64

Enterococcus faecium 0.25–64 2–> 128 0.016–> 128

*One study examined isolates with ciprofloxacin MIC ≥ 4 μg/ml, and the gemifloxacin MIC90 was 1 mg/ml; for the other 
reports, highest MIC90 was 0.125 mg/ml. MIC, minimal inhibitory concentration.

Sources: References for S. aureus (Oh et al., 1996; Cormican and Jones, 1997; Wise and Andrews, 1999; Fuchs et al., 2000; 
Hardy et al., 2000; King et al., 2000; McCloskey et al., 2000; Hoban et al., 2001; Lopez et al., 2001; Yun et al., 2002; Almer 
et al., 2004; Christiansen et al., 2004); S. epidermidis (Oh et al., 1996; Cormican and Jones, 1997; Wise and Andrews, 1999; 
Fuchs et al., 2000; Hardy et al., 2000; McCloskey et al., 2000; Hoban et al., 2001; Yun et al., 2002; Christiansen et al., 2004); 
S. pneumoniae (Wise and Andrews, 1999; Davies et al., 2000a; Hoban et al., 2000; Jorgensen et al., 2000; King et al., 2000; 
Low et al., 2002; Perez-Trallero et al., 2002; Jacobs et al., 2003; Zhanel et al., 2003; Almer et al., 2004; Felmingham et al., 
2004; Draghi et al., 2006; Chen et al., 2009); S. pyogenes (Oh et al., 1996; Cormican and Jones, 1997; Wise and Andrews, 
1999; Fuchs et al., 2000; McCloskey et al., 2000; Hoban et al., 2001; Kerawala et al., 2001; Lopez et al., 2001; Yun et al., 
2002; Hsueh et al., 2003; Almer et al., 2004; Christiansen et al., 2004; Biedenbach et al., 2006); S. agalactiae (Cormican and 
Jones, 1997; Wise and Andrews, 1999; Fuchs et al., 2000; King et al., 2000; McCloskey et al., 2000; Hoban et al., 2001; 
Kerawala et al., 2001; Christiansen et al., 2004; Biedenbach et al., 2006); streptococci, group C or G (Cormican and Jones, 
1997; Kerawala et al., 2001; Biedenbach et al., 2006); viridans group streptococci (Johnson et al., 1999; Wise and Andrews, 
1999; Fuchs et al., 2000; McCloskey et al., 2000; Hoban et al., 2001; Kerawala et al., 2001; Gershon et al., 2002); E. faecalis 
(Oh et al., 1996; Fuchs et al., 2000; McCloskey et al., 2000; Hoban et al., 2001; Lopez et al., 2001; Yun et al., 2002; Almer et 
al., 2004; Christiansen et al., 2004); E. faecium (Wise and Andrews, 1999; Fuchs et al., 2000; Hardy et al., 2000; McCloskey 
et al., 2000; Hoban et al., 2001; Yun et al., 2002; Almer et al., 2004; Christiansen et al., 2004).



2112 Gemifloxacin

species (Table 106.1). In several of these studies, the upper 
end of the gemifloxacin MIC range was 2–4 µg/ml; however, 
a maximum value of 8 µg/ml was recorded in one study (Yun 
et al., 2002).

Interpretive criteria are not available for determining sus-
ceptibilities of other streptococci or enterococci. Gemifloxacin 
MIC90s are generally ≤ 0.125 µg/ml against non-pneumo-
coccal streptococci, > 1 µg/ml against Enterococcus faecalis, 
and typically ≥ 16 against E. faecium (Table 106.1). Gemi-
floxacin MIC50/MIC90s against enterococci selected for resis-
tance to older fluoroquinolones are substantially higher than 
those derived from testing fluoroquinolone-susceptible iso-
lates (King et al., 2000; Almer et al., 2004).

MIC90s of gemifloxacin (0.125–0.25 µg/ml) against Listeria 
monocytogenes were 4- to 16-fold lower than corresponding 
results for ciprofloxacin (Marco et al., 2000; Martinez-Mar-
tinez et al., 2001). MIC90s of gemifloxacin against Coryne-
bacterium spp. are substantially higher, typically ≥ 4 µg/ml, 
but vary widely (0.03–32 µg/ml) (Cormican and Jones, 1997; 
Fuchs et al., 2000; Martinez-Martinez et al., 2001). Gemi - 

floxacin inhibited seven isolates of Bacillus cereus at ≤ 0.008 
µg/ml (Cormican and Jones, 1997) and 11 isolates of Borrelia 
burgdorferi at concentrations from 0.03 to 0.25 µg/ml (com-
pared with 0.25–8 µg/ml for ciprofloxacin and 0.5–8 µg/ml 
for levofloxacin) (Kraiczy et al., 2001).

GRAM-NEGATIVE ORGANISMS

Strains of Haemophilus influenzae and H. parainfluenzae 
inhibited by ≤ 0.12 µg/ml of gemifloxacin are considered sus-
ceptible by CLSI and FDA interpretive criteria (CLSI, 2015). 
The vast majority of H. influenzae clinical isolates are suscep-
tible (Table 106.2). Studying several hundred isolates of 
H.  influenzae, Christiansen et al. (2004) found 99% to be 
susceptible to both gemifloxacin and ciprofloxacin (suscep-
tible breakpoint ≤ 1 µg/ml). MIC90s of gemifloxacin against 
H.  parainfluenzae are somewhat higher than those against 
H. influenzae, but remain below the susceptible breakpoint 
(Table 106.2). H. influenzae strains that are not susceptible 
to fluoroquinolones demonstrate higher gemifloxacin MICs. 
For collections of such organisms, gemifloxacin MICs have 

Table 106.2. Comparative in vitro activity of gemifloxacin against commonly isolated Gram-negative bacteria.

Organism

Range of MIC90 values (μg/ml)

Gemifloxacin Ciprofloxacin

Haemophilus influenzae ≤ 0.004–0.03 0.004–0.5

Haemophilus parainfluenzae 0.03–0.06 0.015–0.03

Moraxella catarrhalis ≤ 0.004–0.016 ≤ 0.015–0.25

Citrobacter freundii 0.125–8 0.03–8

Citrobacter koseri 0.03–0.12 0.015–1

Enterobacter aerogenes 0.25–2 0.25–1

Enterobacter cloacae 0.25–2 0.12–> 2

Escherichia coli 0.03–128 0.06–> 128

Hafnia alvei 0.03 ≤ 0.016

Klebsiella oxytoca 0.06–0.5 0.03–1

Klebsiella pneumoniae 0.12–32 0.5–64

Morganella morganii 0.06–4 0.03–> 2

Organism

Range of MIC90 values (μg/ml)

Gemifloxacin Ciprofloxacin

Proteus mirabilis 0.12–> 32 0.03–8

Proteus vulgaris 0.06–0.25 0.015–2

Providencia rettgeri 0.06–8 0.06–8

Providencia stuartii 0.25–> 16 0.5–> 16

Salmonella spp. 0.015–0.5 0.015–0.12

Serratia marcescens 0.25–8 0.12–4

Shigella spp. 0.008–0.016 ≤ 0.015–0.06

Acinetobacter baumanii > 4–> 16  > 2–> 128

Burkholderia cepacia   8–32 > 16–> 128

Pseudomonas aeruginosa   2–> 128 0.5–128

Stenotrophomonas maltophilia   1–8    8–> 128

Sources: References for H. influenzae (Cormican and Jones, 1997; Wise and Andrews, 1999; Davies et al., 2000b; Deshpande and Jones, 2000; File et al., 2000; 
Fuchs et al., 2000; King et al., 2000; McCloskey et al., 2000; Rittenhouse et al., 2000; File et al., 2001; Garcia–Garrote et al., 2001; Hoban et al., 2001; Lopez et 
al., 2001; Biedenbach and Jones, 2002; Yun et al., 2002; Jacobs et al., 2003; Jones and Biedenbach, 2003; Christiansen et al., 2004; Bogdanovich et al., 2006); 
H. parainfluenzae (Fuchs et al., 2000; Hoban et al., 2001; Bogdanovich et al., 2006); M. catarrhalis (Cormican and Jones, 1997; Wise and Andrews, 1999; Davies 
et al., 2000b; Deshpande and Jones, 2000; File et al., 2000; Fuchs et al., 2000; King et al., 2000; McCloskey et al., 2000; Rittenhouse et al., 2000; Garcia–Garrote 
et al., 2001; Hoban et al., 2001; Lopez et al., 2001; Jacobs et al., 2003; Jones and Biedenbach, 2003; Almer et al., 2004; Christiansen et al., 2004); Citrobacter 
spp. (Oh et al., 1996; Cormican and Jones, 1997; Fuchs et al., 2000; King et al., 2000; McCloskey et al., 2000; Hoban et al., 2001; Yun et al., 2002; Almer et al., 
2004; Christiansen et al., 2004); Enterobacter spp. (Oh et al., 1996; Cormican and Jones, 1997; Fuchs et al., 2000; McCloskey et al., 2000; Hoban et al., 2001; 
Yun et al., 2002; Christiansen et al., 2004); E. coli (Oh et al., 1996; Cormican and Jones, 1997; Wise and Andrews, 1999; Fuchs et al., 2000; King et al., 2000; 
McCloskey et al., 2000; Hoban et al., 2001; Lopez et al., 2001; Yun et al., 2002; Almer et al., 2004; Christiansen et al., 2004); H. alvei (Fernandez–Roblas et al., 
2000; King et al., 2000); Klebsiella spp. (Oh et al., 1996; Cormican and Jones, 1997; Fuchs et al., 2000; McCloskey et al., 2000; Hoban et al., 2001; Lopez et al., 
2001; Yun et al., 2002; Almer et al., 2004; Christiansen et al., 2004); Proteeae (Oh et al., 1996; Cormican and Jones, 1997; Wise and Andrews, 1999; Fuchs 
et al., 2000; King et al., 2000; McCloskey et al., 2000; Hoban et al., 2001; Yun et al., 2002; Christiansen et al., 2004); Salmonella spp. (Oh et al., 1996; Cormican 
and Jones, 1997; Fernandez–Roblas et al., 2000; Fuchs et al., 2000; Yun et al., 2002; Almer et al., 2004); Serratia spp. (Oh et al., 1996; Cormican and Jones, 1997; 
Fuchs et al., 2000; Hoban et al., 2001; Yun et al., 2002; Almer et al., 2004; Christiansen et al., 2004); Shigella spp. (Cormican and Jones, 1997; Fernandez–Roblas 
et al., 2000; Fuchs et al., 2000; Yun et al., 2002); A. baumannii (Wise and Andrews, 1999; Fuchs et al., 2000; Higgins et al., 2000; Hoban et al., 2001; Christiansen 
et al., 2004; Fernandez–Cuenca et al., 2004); B. cepacia (Fuchs et al., 2000; Hoban et al., 2001; Almer et al., 2004); P. aeruginosa (Oh et al., 1996; Cormican and 
Jones, 1997; Wise and Andrews, 1999; Fuchs et al., 2000; King et al., 2000; McCloskey et al., 2000; Hoban et al., 2001; Yun et al., 2002; Almer et al., 2004; 
Christiansen et al., 2004); S. maltophilia (Oh et al., 1996; Cormican and Jones, 1997; Wise and Andrews, 1999; Fuchs et al., 2000; King et al., 2000; McCloskey 
et al., 2000; Hoban et al., 2001; Yun et al., 2002; Almer et al., 2004; Christiansen et al., 2004).
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ranged from 0.03 to 1 µg/ml (Davies et al., 2000a; Almer et al., 
2004) or from 0.016 to 2 µg/ml (Biedenbach and Jones, 2002).

Low gemifloxacin MICs are recorded for Moraxella 
catarrhalis (Table 106.2), Bordetella pertussis (102 isolates, 
MIC range 0.008–0.06 µg/ml), and B. parapertussis (nine 
isolates, MIC range 0.03–0.125 µg/ml) (Mortensen and 
Rodgers, 2000). Against a small number of Neisseria menin-
gitidis isolates tested in two studies, gemifloxacin MICs were 
≤ 0.008 µg/ml (Fuchs et al., 2000) and 0.001–0.002 µg/ml 
(Wise and Andrews, 1999). Quinolone-susceptible N. gonor-
rhoeae is inhibited by very low concentrations of gemifloxa-
cin, with MIC90s between 0.002 and 0.016 µg/ml (Berron et 
al., 2000; Jones et al., 2000; King et al., 2000; Tanaka et al., 
2000; Pottumarthy et al., 2006). However, ciprofloxacin- 
resistant isolates are more resistant to gemifloxacin, with 
MIC90s from 0.06 to 2 µg/ml (Jones et al., 2000; Tanaka et 
al., 2000; Pottumarthy et al., 2006). Susceptibility was deter-
mined for the more than 400 isolates of N. gonorrhoeae 
recovered during a treatment study of gonorrhea conducted 
from 2010 to 2012 (Kirkcaldy et al., 2014). Gemifloxacin 
MICs ranged from 0.001 to 8 μg/ml (MIC50 0.004, MIC90 
2 μg/ml). MICs for 17.1% of isolates were ≥ 1 μg/ml. Thus 
resistance to gemifloxacin is emerging in this pathogen, sim-
ilar to other fluoroquinolones (see Chapter 101, Cipro-
floxacin). Small collections suggest that many Pasteurella 
multocida (MIC90 ≤ 0.008 µg/ml) and Aeromonas spp. 
(MIC90s 0.03–0.25 µg/ml) are inhibited by low concentra-
tions of gemifloxacin (Fernandez-Roblas et al., 2000; Fuchs 
et al., 2000; King et al., 2000).

Interpretive criteria for susceptibility to gemifloxacin have 
been established for members of the family Enterobacteri-
aceae as susceptible, ≤ 0.25 µg/ml; intermediate, 0.5 µg/ml; 
and resistant, ≥ 1 µg/ml (CLSI, 2015). However, among 
members of this family, only Klebsiella pneumoniae has an 
FDA-approved indication and applicable breakpoints (the 
same as CLSI). In one study of > 1000 isolates of K. pneumo-
niae collected from 1999 to 2001, the MIC90 was 4 µg/ml; 
nevertheless, 82% were inhibited by gemifloxacin at ≤ 0.25 
µg/ml, so were susceptible (Christiansen et al., 2004). The 
modal gemifloxacin MIC90 against Citrobacter freundii in the 
studies represented in Table 106.2 was 2 µg/ml; gemifloxacin 
was markedly more potent against ciprofloxacin-susceptible 
strains (MIC90 0.125–0.25 µg/ml) (King et al., 2000). MICs 
against Escherichia coli vary over a very broad range. MICs 
against ciprofloxacin-susceptible organisms ranged from 
≤ 0.001 to 4 µg/ml (King et al., 2000; Almer et al., 2004). For 
a collection of E. coli isolates enriched for resistance to flu-
oroquinolones (ciprofloxacin MIC50 32, MIC90 64 μg/ml), 
MIC50 and MIC90 for gemifloxacin were recorded as 16 and 
32 μg/ml, respectively (Kazamori et al., 2014). For several 
studies of Enterobacter spp. and members of the tribe Pro-
teeae, MIC90s fall at or below the susceptible breakpoint for 
gemifloxacin against Enterobacteriaceae, but other collec-
tions consist of substantially more resistant organisms (Table 
106.2). Gemifloxacin appears to be more potent against 
Shigella spp. than Salmonella spp.; however, the collections 

studied did not include fluoroquinolone-resistant isolates. 
Yersinia spp. are inhibited at concentrations from ≤ 0.004 
to  0.12 µg/ml (Oh et al., 1996; Cormican and Jones, 1997; 
Fernandez-Roblas et al., 2000; Fuchs et al., 2000). 

Gemifloxacin breakpoints are not available for Acineto-
bacter spp., Burkholderia spp., Pseudomonas spp., and Steno - 
trophomonas maltophilia (Table 106.2). For both P. aerugi-
nosa and A. baumannii, MIC90s are high at ≥ 4 µg/ml; but 
MIC50s can be as low as 0.25 and 0.03 µg/ml, respectively 
(Christiansen et al., 2004; Hoban et al., 2001). Against A. 
lwoffii, MIC50s/MIC90s of gemifloxacin are lower than those 
of ciprofloxacin (Fuchs et al., 2000; Higgins et al., 2000; 
Hoban et al., 2001). Results for B. cepacia and S. maltophilia 
are shown in Table 106.2. Single studies provide MIC90s 
for  the following Gram-negative bacteria: Bartonella spp., 
0.5 µg/ml (Dorbecker et al., 2006); Brucella spp., 2 µg/ml 
(Kocagoz et al., 2002); Campylobacter jejuni, 128 µg/ml 
(Fernandez-Roblas et al., 2000). Two studies from Taiwan 
report activity of gemifloxacin against Helicobacter pylori. 
Yang et al. (2010) reported MIC50 and MIC90 of 0.06 and 0.12 
μg/ml (highest MIC 4 μg/ml) for 324 isolates collected from 
1998 to 2007. Cheng et al. (2015) recorded MIC50 and MIC90 
of 0.125 and 0.5 μg/ml (highest MIC 8 μg/ml) for 176 isolates 
collected in 2008–2009. It should be noted that for species 
against which gemifloxacin appears to have limited potency, 
there may still be isolates that are inhibited by very low con-
centrations of the drug.

ANAEROBIC ORGANISMS

MIC50s and MIC90s of gemifloxacin against Bacteroides fra-
gilis range from 0.5–1 and from 0.5–16 µg/ml (most ≥ 2  
µg/ml), respectively (Cormican and Jones, 1997; Marco et 
al., 1997; Wise and Andrews, 1999; Goldstein, 2000; King et 
al., 2000; Kleinkauf et al., 2001). MIC90s of ≥ 4 µg/ml have 
been recorded for the following Bacteroides spp.: B. caccae, 
B. distasonis, B. ovatus, B. thetaiotaomicron, B. uniformis, and 
B. vulgatus (Goldstein et al., 1999a). Goldstein et al., (1999a, 
b) reported lower MIC90s for B. gracilis (1 µg/ml), B. stercora-
lis (0.5 µg/ml), B. tectum (0.25 µg/ml), and B. urealyticus 
(2 µg/ml). Prevotella spp. (MIC90s, 0.5–16 µg/ml) and Veillon-
ella spp. (MIC90, 8 µg/ml) are relatively insensitive to gemi-
floxacin (Marco et al., 1997; Goldstein et al., 1999a; Goldstein 
et al., 1999b; King et al., 2000; Kleinkauf et al., 2001). Gemi-
floxacin is more potent against Porphyromonas spp., with 
MIC90s, ≤ 0.25 µg/ml (Goldstein et al., 1999b) or 1 µg/ml 
(King et al., 2000). MIC90s against Fusobacterium spp. are 
generally ≥ 2 µg/ml (Goldstein, 2000), although values of 
0.25–1 µg/ml have also been recorded (Goldstein et al., 
1999a; King et al., 2000; Kleinkauf et al., 2001). Gemifloxacin 
is more potent than ciprofloxacin or levofloxacin against 
Clostridium perfringens with MIC90s of 0.06–0.12 µg/ml 
(Goldstein et al., 1999a; Wise and Andrews, 1999). Gemi-
floxacin MIC90s against C. difficile are elevated (2 to > 16 µg/
ml), but in most studies other Clostridium spp. are more sus-
ceptible, with MIC90 values from 0.5 to 2 µg/ml (Goldstein et 
al., 1999a; Goldstein et al., 1999b; Wise and Andrews, 1999; 
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Goldstein, 2000; King et al., 2000). Most studies indicate that 
Peptostreptococcus spp. are inhibited by gemifloxacin with 
MIC90s ≤ 0.25 µg/ml, although other studies report MIC90s 
of 0.5–4 µg/ml (Cormican and Jones, 1997; Goldstein et al., 
1999a; Goldstein et al., 1999b; Wise and Andrews, 1999; 
King et al., 2000; Kleinkauf et al., 2001).

OTHER ORGANISMS

Gemifloxacin inhibits Mycoplasma pneumoniae (MIC90s, 
0.12–0.25 µg/ml) and M. hominis (MIC90s, ≤ 0.008–0.03  
µg/ml) with greater potency than ciprofloxacin (Duffy et al., 
2000; Hannan and Woodnutt, 2000; Waites et al., 2003; 
Pereyre et al., 2004). Bébéar et al. (2008) reported compara-
ble activity between gemifloxacin and moxifloxacin against 
M. hominis (MIC90 0.06 μg/ml). Fourteen isolates of M. geni-
talium were inhibited by gemifloxacin at 0.12–0.25 μg/ml 
and by moxifloxacin at 0.03–0.12 μg/ml. This group noted 
MIC90s of 1 μg/ml for both gemifloxacin and moxifloxacin 
against Ureaplasma spp. (30 U. parvum and 22 U. urealyti-
cum). Another group found an MIC90 against 100 isolates of 
U. urealyticum as 0.25 µg/ml (Duffy et al., 2000). 

MIC90s against Chlamydophila (Chlamydia) pneumoniae 
are reported as 0.25 µg/ml (Roblin et al., 1999; Hammerschlag, 
2000). In a continuous in vitro infection model, gemifloxa-
cin, like azithromycin, substantially reduced the viability of 
C. pneumoniae over 30 days, but did not eradicate the organ-
isms (Kutlin et al., 2002). Gemifloxacin inhibited Legionella 
pneumophila of various serogroups, as well as isolates of 
other Legionella spp. at concentrations of 0.06 µg/ml or less 
(Dubois and St-Pierre, 2000; Garcia et al., 2000b), but mea-
sured activity is markedly reduced in charcoal-containing 
media (Garcia et al., 2000b). Activities of gemifloxacin against 
intracellular Legionella spp. and in a guinea-pig model of 
L. pneumophila pneumonia have been described (Edelstein 
et al., 2001; Baltch et al., 2005). 

Against 33 isolates of Nocardia spp., the MIC90 was 4 µg/ml 
(MIC range 0.06–4 µg/ml), with only 18% inhibited at a con-
centration of ≤ 0.125 µg/ml (Hansen et al., 2008). Similarly, a 
wide range of MIC values were noted by Lai et al. (2009), 
who assessed 125 isolates of various Nocardia species, with 
the MIC90 values for gemifloxacin against N. asteroides and 
N. braziliensis strains 16 µg/ml and 1 µg/ml, respectively. 
Gemifloxacin was less active than levofloxacin against M. 
tuberculosis (MIC90, ≥ 8 µg/ml) and M. marinum (MIC90, > 
32 µg/ml) (Ruiz-Serrano et al., 2000; Braback et al., 2002; Tan 
et al., 2009).

2b.  Emerging resistance and 
cross-resistance

It is important to consider that most comprehensive studies 
of in vitro gemifloxacin activity are based on microorganisms 
collected several years ago. Adam et al. (2007) have demon-
strated increasing fluoroquinolone resistance among S. pneu-
moniae collected in Canada between 1997 and 2005. From 
1997 to 2005, the prevalence of isolates with ciprofloxacin 
MICs ≥ 4 µg/ml increased from 0.6% to 4.2%. In 1999–2000 

(the earliest period studied for gemifloxacin), 0.4% of S. 
pneumoniae were resistant to gemifloxacin, increasing to 1% 
in 2005. Increasing fluoroquinolone resistance has also been 
documented in Gram-negative organisms. Tanaka et al. (2000) 
documented a 4-fold increase in MIC90 of gemifloxacin 
against N. gonorrhoeae collected in the period 1996–1997 
(100 isolates, MIC90 0.125 µg/ml) compared with results 
from isolates collected in the period 1992–1993 (94 isolates, 
MIC90 0.03 µg/ml); this was associated with an eightfold 
increase in MIC90s of levofloxacin and ciprofloxacin (0.25–2 
µg/ml) over time.

As illustrated in Table 106.1, gemifloxacin MICs of S. 
pneumoniae and S. aureus isolates selected on the basis of 
resistance to a fluoroquinolone tend to be higher than those 
of susceptible organisms. Nevertheless, the impact of fluoro-
quinolone resistance on gemifloxacin susceptibility appears 
to be less than the effect on older agents such as ciprofloxacin 
(see Chapter 101, Ciprofloxacin). For example, Clark et al. 
(2008) reported a gemifloxacin MIC90 of 0.12 µg/ml for 288 
fluoroquinolone-susceptible pneumococci, but an MIC90 of 
1 µg/ml for 28 fluoroquinolone-resistant isolates (ciproflox-
acin MICs ≥ 8 µg/ml). Nevertheless, four of the 28 isolates 
would still be classified as susceptible to gemifloxacin, and 
11 others classified as intermediate, despite the presence of 
two to four mutations affecting the quinolone resistance- 
determining regions of the topoisomerase subunits GyrA, 
ParC, and ParE (Clark et al., 2008). For S. aureus, the pres-
ence of at least one mutation involving both GyrA and GrlA 
led to geometric mean MICs of gemifloxacin ≥ 4 μg/ml 
(Kazamori et al., 2014).

3. MECHANISM OF DRUG ACTION

Fluoroquinolones act on the bacterial cell by interference 
with processes mediated by the two topoisomerase enzymes, 
DNA gyrase and topoisomerase IV (see Chapter 101, Cipro-
floxacin). DNA gyrase mediates negative supercoiling of 
DNA, which is involved in DNA replication and transcrip-
tion; topoisomerase IV allows decatenation of intertwined 
DNA strands after replication (Drlica and Hooper, 2003). 
Fluoroquinolones stabilize the enzyme–DNA cleavage com-
plex formed during activity of these enzymes and block rep-
lication, which is believed to ultimately result in cell death 
(Yague et al., 2002). Mutations affecting one or both subunits 
of these two enzymes, as well as enhanced drug efflux, con-
tribute to fluoroquinolone resistance.

Gemifloxacin inhibited the activities of purified DNA 
gyrase and topoisomerase IV from S. aureus to a generally 
similar degree (Ince et al., 2003). Despite this balanced effect 
on the purified enzymes, first-step S. aureus mutants selected 
on gemifloxacin-containing media had mutations in topo-
isomerase IV genes, indicating that this is likely the preferred 
target for intact cells of this species (Ince et al., 2003). In con-
trast, with pneumococci, first-step mutants occurred in 
gyrA, consistent with DNA gyrase being the primary target 
of gemifloxacin in this species (Heaton et al., 2000). However, 
first-step mutations of topoisomerase IV have also been 
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encountered among S. pneumoniae mutants (Nagai et al., 
2001).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Gemifloxacin is currently available only for oral administra-
tion, although an IV formulation has been studied (Kim et 
al., 2014). In the United States, the recommended dose for 
adults with normal renal function is 320 mg orally once daily. 
The usual duration of therapy is 5 days for acute bacterial 
exacerbations of chronic bronchitis and mild to moderate 
community-acquired pneumonia caused by pneumococci, 
H. influenzae, M. pneumoniae, or C. pneumoniae. The course 
is extended to 7 days for community-acquired pneumonia 
caused by multidrug-resistant pneumococci, K. pneumoniae, 
or M. catarrhalis (Merus Labs International, 2013).

4b.  Newborn infants and children

As with many other fluoroquinolones, gemifloxacin is not 
approved for use in children (i.e. under 18 years of age) 
(Merus Labs International, 2013).

4c.  Pregnant and lactating mothers

Gemifloxacin has been assigned to pregnancy category C by 
the FDA; there are no controlled data available in human 
pregnancies. The manufacturer only recommends use of 
gemifloxacin during pregnancy when benefit outweighs risk 
(FDA, 2016). It is not known if gemifloxacin is excreted into 
human milk, but it is excreted into rat milk. Because of the 
potential for serious adverse effects in nursing infants, a deci-
sion should be made to discontinue nursing or discontinue 
administration of gemifloxacin, taking into account the im-
portance of the drug to the mother (FDA, 2016).

4d.  Those requiring altered dosages

Because renal clearance contributes significantly to the elim-
ination of gemifloxacin, dosage reduction is recommended 
for patients with a creatinine clearance ≤ 40 ml/min. The 
recommended dose in such individuals is 160 mg every 24 
hours (Merus Labs International, 2013). Currently, there 
are no recommendations for dosage adjustment in elderly 
patients or in those with altered hepatic function.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The absolute bioavailability of oral gemifloxacin mesylate is 
approximately 70% (Allen et al., 2000a). In healthy subjects 

given a single dose of 320 mg, peak plasma concentrations 
are attained in approximately 1 hour (Allen et al., 2000a; Pletz 
et al., 2003; Islinger et al., 2004). There is a non-significant 
decrease in gemifloxacin absorption after high-fat meals, so 
the drug can be taken without regard to food (Allen et al., 
2000b).

5b.  Drug distribution

Plasma protein binding is approximately 61% (Islinger et al., 
2004). Gee et al. (2001) found approximately 61% penetra-
tion into blister fluid after a single 320-mg dose to healthy 
volunteers based on a comparison of area under the curve 
(AUC)∞. Islinger et al. (2004) reported ratios of AUC1–10 in 
tissue to AUC1–10 of free gemifloxacin in plasma to be 1.7 
for  skeletal muscle and 2.4 for adipose tissue, respectively. 
Single-dose apparent volume of distribution (V) was 4.97 ± 
0.96 l/kg. Gemifloxacin concentrations exceed plasma con-
centrations in epithelial lining fluid (approximately two 
times plasma), bronchial mucosa, and bronchoalveolar 
macrophages (Merus Labs International, 2013). Gemifloxacin 
accumulated in human polymorphonuclear leukocytes to 
levels seven times the extracellular concentration in which 
cells were incubated in vitro (Garcia et al., 2000a). The drug 
was also shown to accumulate in murine macrophages 
(Vallet et al., 2011).

A new gemifloxacin intravenous formulation has been 
assessed in a single-dose, open-label, randomized-sequence, 
two-period crossover study involving 17 healthy male vol-
unteers. Intravenous 200 mg and oral 320 mg gemifloxacin 
formulations were found to be equivalent in terms of AUC 
values (Kim et al., 2014). Among the 17 subjects enrolled, 15 
subjects completed the study. Both formulations had similar 
pharmacokinetic profiles: for the intravenous formulation, 
the mean (SD) AUClast (time of the last measurable concen-
tration), AUC∞, and maximum plasma concentration (Cmax) 
values were 9.12 (4.03) μg·h/ml, 9.26 (4.07) μg·h/ml, and 
2.90 (1.65) μg/ml, respectively, while these values for the 
oral formulation were 9.44 (3.34) μg·h/ml, 9.60 (3.49) μg·h/
ml, and 2.03 (0.95) μg/ml, respectively. The mean relative 
bioavailability was 68.99%. The intravenous and oral formu-
lations were associated with treatment-related adverse event 
incidences of 63% (10/16) and 13% (2/15), respectively. After 
the intravenous formulation was administered, application 
site pain and paresthesia were the most frequently reported 
adverse events (31 and 25 %, respectively). All adverse events 
resolved spontaneously without treatment (Kim et al., 2014).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Gee et al. (2001), measuring gemifloxacin concentrations 
by microbiologic assay, found the following pharmacoki-
netic indices after administration of a single 320-mg oral 
dose of gemifloxacin to normal subjects: Cmax 2.33 µg/ml, t1/2 
5.94 ± 0.42 h, and AUC∞ 10.98 ± 2.12 µg/h/ml. Other studies 
used alternative analytic methods to assess gemifloxacin 
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pharmacokinetics in healthy subjects following a single 
320-mg oral dose and identified a range of pharmacokinetic 
values, but generally a lower Cmax than Gee et al. (2001). Allen 
et al. (2000a) found a Cmax of 1.48 ± 0.39 µg/ml, t1/2 of 6.65 ± 
1.25 h, and AUC∞ of 9.82 ± 2.70 µg/h/ml. Pletz et al. (2003) 
reported a Cmax of 1.13 µg/ml, a t1/2 of 7.3 ± 2.5 h, and an 
AUC∞ of 6.79 ± 3.13 µg/h/ml. Islinger et al. (2004) reported 
a Cmax of 1.2 ± 0.4 µg/ml and a t1/2 of 5.0 ± 0.8 h.

After daily oral dosing for 7 days of 320 mg in healthy 
men, the Cmax was 1.82 ± 0.44 µg/ml, the t1/2 was 6.16 ± 0.36 
h, and the AUC0–τ was 9.06 ± 2.0 µg/h/ml, with no significant 
drug accumulation over the 7 days (Allen et al., 2001).

A ratio of the [area under the concentration–time curve 
over 24 h for the free fraction of drug] ÷ [MIC] (fAUC0–24/
MIC ratio) of approximately 30 (h) has been cited as an 
index associated with efficacy in pharmacodynamic models 
of pneumococcal infection (Bhavnani and Andes, 2005). 
Using Monte Carlo simulation methods, Noreddin et al. 
(2007) concluded that for pneumococci there was a high 
probability of reaching an fAUC0–24/MIC90 ratio of 30 or 
above in serum and epithelial lining fluid after 320 mg doses 
of gemifloxacin. Monte Carlo simulations using fAUC0–24/
MIC ratio targets of 13 and 25 resulted in 100% attainment 
of both targets against isolates with MICs up to 0.06 µg/ml, 
which encompassed 99.1% of the pneumococcal MIC distri-
bution studied; at the susceptible breakpoint concentration 
of 0.12 µg/ml, the target attainment was 100% for the lower 
target (13) and 64% for the higher target (25) (Owens et al., 
2005). Using an in vitro pharmacodynamic model, LaPlante 
et al. (2007) reported that fAUC/MIC ratios of approximately 
50 prevented emergence of gemifloxacin resistance due to 
topoisomerase mutations based on studies with two strains 
of S. pneumoniae. Credito et al. (2010), who assessed 100 
clinical strains of S. pneumoniae (some of which harbored 
mutations in type-II topoisomerases) found that moxiflox-
acin was less likely to select for proliferation of resistant 
mutants than gemifloxacin.

5d.  Excretion

Approximately 60% of the drug is excreted into the feces 
(Merus Labs International, 2013). Gemifloxacin is metabo-
lized to a limited extent by hepatic mechanisms, forming 
minor metabolites (Yoo et al., 2004). In normal volunteers 
receiving a 320-mg oral dose, the urinary recovery of gemi-
floxacin is approximately 20–30%, but varies over a wide 
range (Allen et al., 2000a; Naber et al., 2000; Pletz et al., 
2003). Allen et al. (2000a) administered a 320-mg single dose 
to normal subjects and found the mean 48-hour urinary 
excretion of unchanged drug to be 27.5%; the renal clearance 
of 151 ml/min suggested a component of tubular secretion. 
Urinary excretion of unchanged drug after 7 days of daily 
dosage was 22% ± 6%, the same as on day 1 (Allen et al., 
2001). In a multiple-dose study in healthy males, urine 
 concentrations between 12 and 24 h were approximately 10 
mg/ml (Allen et al., 2001). 

5e.  Drug interactions

Similar to other fluoroquinolones (see Chapter 101, Cipro-
floxacin), co-administration of oral antacid preparations 
(Maalox was studied) (Allen et al., 1999a), sucralfate (Allen 
et al., 2000c), calcium carbonate (Pletz et al., 2003), and fer-
rous sulfate (Allen et al., 2000c) can reduce the absorption of 
gemifloxacin substantially, but adequate concentrations are 
achieved if the antimicrobial is administered 2 hours before 
any of these, 2 hours after calcium carbonate, or 3 hours after 
ferrous sulfate. Administration of omeprazole results in a 
slight increase in exposure to gemifloxacin, which was not 
considered to be clinically important (Allen et al., 1999b). 
Gemifloxacin is not considered to significantly affect cyto-
chrome P450 enzymes (Merus Labs International, 2013; Yoo 
et al., 2004). Gemifloxacin did not alter the pharmacokinetics 
of digoxin (Vousden et al., 1999a) or theophylline (Davy et 
al., 1999a). Gemifloxacin did not demonstrate a pharmaco-
dynamic interaction with warfarin in normal subjects (Davy 
et al., 1999b); nevertheless, it would be prudent to monitor 
the international normalized ratio closely in patients receiv-
ing warfarin and gemifloxacin.

Probenecid inhibits the renal tubular secretion of gemi-
floxacin and is associated with increased plasma gemiflox-
acin concentrations. This is most likely by a competitive 
mechanism and slightly decreased non-renal clearance of 
gemifloxacin (Landersdorfer et al., 2009).

6. ADVERSE REACTIONS AND TOXICITY

Gemifloxacin is generally well tolerated, including in the 
elderly. In clinical studies, similar to other fluoroquinolones, 
diarrhea, rash, nausea/vomiting, headache, abdominal pain, 
or dizziness were all reported in a small proportion of 
patients receiving gemifloxacin (Merus Labs International, 
2013). In a 7-day multiple-dose study of 160–640 mg gemi-
floxacin per day, headache, nausea, and abdominal pain 
were noted. Rash was seen in one subject in both the low- 
and high-dose groups. Transient elevations of hepatic trans-
aminases were noted in the high-dose group. No changes in 
corrected QT interval were seen on the electrocardiogram 
(ECG) (Allen et al., 2001). Nevertheless, gemifloxacin should 
be avoided in patients receiving medications that prolong the 
QTC or with underlying conditions that predispose to car-
diac complications of QTC prolongation (Merus Labs Inter-
national, 2013; Falagas et al., 2007).

Rash developed in 2.8% of patients in clinical trials, with 
the rash being described as maculopapular in 80% of indi-
viduals (Iannini et al., 2006). A detailed analysis of rash asso-
ciated with gemifloxacin treatment was provided by Iannini 
et al. (2006). Rash was more common with 7 days than with 
5 days of gemifloxacin administration. This event was noted 
in only 1.2% of patients treated for ≤ 5 days, occurred less 
frequently in older people, and was more common in females 
(e.g. rash occurred in approximately 5% of all females treated 
for 7 days and in approximately 9% of women ≤ 40 years of 
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age who received 7 days of treatment). Neither previous expo-
sure to gemifloxacin nor another fluoroquinolone specifi-
cally appeared to predict the occurrence of rash (Iannini et 
al., 2006). Under controlled laboratory conditions using 
healthy subjects, the phototoxic potential of gemifloxacin 
was comparable to that of ciprofloxacin (Vousden et al., 
1999b). This adverse effect was noted in 0.039% of patients 
treated in clinical trials (Merus Labs International, 2013). 
Product labeling advises precautions to avoid excessive 
exposure to sunlight or UV light to reduce the risk of 
phototoxicity.

Clinicians using any fluoroquinolone should be aware of 
adverse effects observed with these antimicrobials as a class 
(see Chapter 101, Ciprofloxacin). Adverse events include, 
but are not limited to, anaphylaxis, serious hypersensitivity 
reactions, tendon rupture, central nervous system effects, 
peripheral neuropathy, C. difficile-associated diarrhea, and 
teratogenic effects in animals (Merus Labs International, 
2013). The US FDA has issued black box warnings calling 
attention to risks of tendinitis and tendon rupture (increased 
in those > 60 years old, in those taking corticosteroids, and 
in transplant recipients), and exacerbation of weakness in 
persons with myasthenia gravis (FDA, 2016). Gemifloxacin-
associated neurotoxicity presenting as encephalopathy has 
been reported in one patient (Barrett and Login, 2009). A 
presumptive case of dystonia occurring on the third day of 
gemifloxacin treatment has been reported (Sharma et al., 
2009). Gemifloxacin is an FDA pregnancy category C listed 
product since its safety is not established in pregnancy.

7. CLINICAL USES OF THE DRUG

Gemifloxacin has been approved in the United States, Korea, 
and several other countries. In the United States, gemifloxa-
cin mesylate is approved for the treatment of acute bacterial 
exacerbations of chronic bronchitis (ABECB) caused by 
Streptococcus pneumoniae, Haemophilus influenza, or Morax-
ella catarrhalis and community-acquired pneumonia of mild 
to moderate severity, proven or suspected to be caused by 
S. pneumoniae, H. influenzae, M. catarrhalis, K. pneumoniae, 
M. pneumoniae, or C. pneumoniae (Merus Labs International, 
2013; FDA, 2016).

7a.  Acute bacterial exacerbations of chronic 
bronchitis 

The effectiveness of gemifloxacin for treatment of adults 
with ABECB was evaluated in a randomized, double-blind 
trial comparing gemifloxacin 320 mg daily for 5 days with 
amoxicillin–clavulanate (500 mg/125 mg) three times daily 
for 7 days (File et al., 2000). Clinical success rates were virtu-
ally identical at 93.6% and 93.2%, respectively, in the per- 
protocol populations. Comparable efficacy was noted by Seto 
et al. (2004) for gemifloxacin (320 mg daily for 5 days) versus 
levofloxacin (500 mg daily for 7 days) in a study of 335 
patients, although there were fewer treatment withdrawals 

with gemifloxacin. Similarly, another double-blind study of 
ABECB compared gemifloxacin 320 mg once-daily for 5 days 
with trovafloxacin 200 mg once-daily for 5 days (Ball et al., 
2001). Clinical success rates in the per-protocol populations 
were 91.5% and 87.6%, respectively. Another clinical trial, 
using an open-label design, supports the effectiveness of 
gemifloxacin compared with ceftriaxone/cefuoxime axetil 
for hospitalized patients with acute exacerbations of chronic 
bronchitis (Wilson et al., 2003). Chatterjee et al. (2011) ran-
domized outpatients with Anthonisen II acute exacerbations 
of chronic bronchitis, comparing 7 days of treatment with 
gemifloxacin (26 patients) versus cefpodoxime 200 mg twice 
daily (24 patients) and found the regimens equivalent in 
clinical success rates and safety. 

7b.  Community-acquired pneumonia

Gemifloxacin 320 mg orally was compared with trovafloxacin 
200 mg orally for treatment of community-acquired pneu-
monia (File et al., 2001). Treatment was given for 7 days 
(two-thirds of cases), but could be extended to 14 days for 
severe infections. Only a minority of patients (26.6%) were 
initially hospitalized. Clinical response rates at follow-up 
were 95.8% and 93.6%, respectively, in the per-protocol pop-
ulations, and 87.6% versus 81.1% in the intention-to-treat 
populations; the latter difference was statistically significant. 
Both regimens led to high rates of eradication or presumed 
eradication of initial pathogens (File et al., 2001). For gemi-
floxacin, this included 41/44 (93%) M. pneumoniae, 18/18 
S. pneumoniae, 14/14 C. pneumoniae, and 5/5 L. pneumophila, 
among others. Consistent with previous reports (see section 
6, Toxicity), rash occurred in 5.2% of patients who received 
gemifloxacin. However, limitations of serologic methods to 
classify infection due to atypical organisms and to evaluate 
the subsequent response to therapy have been discussed else-
where (Hammerschlag, 2001; Hammerschlag, 2007).

A randomized, open-label study of community-acquired 
pneumonia demonstrated comparable clinical success rates 
for treatment with gemifloxacin 320 mg once daily and a reg-
imen of ceftriaxone/cefuroxime axetil (with optional macro-
lide therapy) (Lode et al., 2002). Another study compared 
gemifloxacin 320 mg daily for 5 days or for 7 days in the 
treatment of community-acquired pneumonia (File et al., 
2007). This double-blind, randomized, multinational study 
demonstrated non-inferiority of clinical response to the 5- 
versus the 7-day regimen in both the per-protocol (95.0% vs. 
92.1% response) and the intention-to-treat (92.6% vs. 
87.0%, p = 0.04) populations. Approximately 90% of patients 
in both arms had pneumonia severity scores (Fine criteria) 
of I or II. Rash was observed in 7/254 (2.8%) patients in the 
7-day group and 1/256 (0.4%) in the 5-day group. Among the 
510 enrolled patients, elevated transaminases were observed 
in 5–6%, diarrhea in 3%, headache or dizziness in approxi-
mately 1.5%, and nausea, hyperglycemia, or upper abdomi-
nal pain each in ≤ 1% (File et al., 2007). Gemifloxacin (320 
mg daily for 7 days) was comparable to oral amoxicillin/



2118 Gemifloxacin

clavulanate (1 g/125 mg three times a day for 10 days) in a 
randomized, double-blind study of community-acquired 
pneumonia in a large multicenter study in Europe and South 
Africa. Clinical resolution at the end of treatment was 95.3% 
and 90.1%, respectively, and at follow-up was 88.7% and 
87.6%, respectively (Léophonte et al., 2004).

7c.  Gonococcal infections

Kirkcaldy et al. (2014) conducted a randomized trial of azi-
thromycin 2 grams orally plus gemifloxacin 320 mg orally 
versus azithromycin 2 grams orally plus gentamicin 240 mg 
intramuscularly for treatment for uncomplicated urogenital 
gonorrhea; there were approximately 300 individuals in each 
arm. Microbiological cure was achieved in 100% of those 
receiving gentamicin and 99.5% of those receiving gemiflox-
acin. Twenty-five participants in the study had concomitant 
pharyngeal infections and six had rectal infections, and all 
were cured. Nausea and diarrhea were frequently seen in 
both groups: 40% and 22%, respectively, in the gemifloxacin 
group. On the basis of these results, treatment with either 
regimen is considered a possible alternative for treatment of 
gonorrhea in patients with cephalosporin allergy in recent 
CDC guidelines for sexually transmitted diseases (Centers 
for Disease Control and Prevention, 2015).
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1. DESCRIPTION

Sitafloxacin (DU-6859a) is a new-generation broad-spectrum 
oral fluoroquinolone. It has a molecular weight of 409.81 and 
has the chemical formula of {(–)-7-[(7S)-amino-5-azaspiro 
(2,4)heptan-5-yl]-8-chloro-6-fluoro-1-[(1R,2S)-cis-2-fluoro- 
1-cyclopropyl]-1,4-dihydro-4-oxo-3-quinolinecarboxylic acid 
sesquihydrate}. Its empirical formula is C19H18ClF2N3O3. 
The chemical structure is shown in Figure 107.1.

Sitafloxacin (as sitafloxacin hydrate) is available as 50-mg 
tablets under the name Gracevit, and as a 10% fine granular 
preparation. Sitafloxacin inhibits bacterial topoisomerase II 
(DNA gyrase) and topoisomerase IV and is bactericidal. 
Sitafloxacin has a broad spectrum of activity and is currently 
licensed for clinical use and marketed in Japan and Thailand 
for a broad range of infections, including respiratory tract, 
urinary tract, odontogenic, and otorhinolaryngological infec-
tions and as a component of salvage combination therapies 
for Helicobacter pylori. Sitafloxacin’s potential market outside 
of Asia is limited due to the risk of cutaneous phototoxicity 
in Caucasian patients (Ghebremedhin, 2012; MIMS, n.d.).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine Susceptibility

Compared to ciprofloxacin, sitafloxacin is characterized by 
improved in vitro activity against Gram-positive bacteria, 
anaerobes and some Gram-negative nonfermenters (Cor-
mican et al. 1995; Thauvin-Eliopolous and Eliopoulos, 
2003). Sitafoxacin is also effective against methicillin-resistant 
Staphylococcus aureus and vancomycin-resistant enterococci. 
The susceptibilities of common pathogens to sitafloxacin are 
shown in Table 107.1.

GRAM-NEGATIVE BACTERIA

Sitafloxacin is very active against enterobacterial species, 
inhibiting 96.9% of 3129 strains at a concentration of 1 μg/ml 
(Milatovic et al., 2000). Similar to ciprofloxacin, the MIC90 of 
sitafloxacin is ≤ 0.12 μg/ml for Klebsiella oxytoca, Proteus 

vulgaris, Salmonella spp., Shigella spp., Serratia liquefaciens, 
Brucella melitensis, and Yersinia enterocoloitica. Sitafloxacin 
is four times more active than ciprofloxacin against Citro
bacter freundii, Klebsiella pneumoniae, Morganella morganii, 
and Serratia marcescens and at least eight times more active 
against Enterobacter aerogenes, E. cloacae, Escherichia coli, 
and Proteus mirabilus (Nakane et al., 1995; Milatovic et al., 
2000; Thauvin-Eliopoulos and Eliopoulos, 2003; Trujillano-
Martin et al., 1999). Against quinolone-resistant strains of 
Klebsiella pneumoniae and Enterobacter cloacae, sitafloxacin 
exhibits 16- to 256-fold greater activity than other available 
fluoroquinolones (Deguchi et al., 1997). Similarly, in the 
case of ciprofloxacin-resistant strains of Salmonella, sitaflox-
acin has promising in vitro activity (MIC90 0.125 μg/ml) 
(Kotilainen et al., 2005). Among fluoroquinolone-susceptible 
strains of Vibrio cholerae, the sitafloxacin MIC90 is 2- to 
4-fold lower than that of other fluoroquinolones and in fluo-
roquinolone-resistant strains it is 4- to 16-fold more effective 
than other fluoroquinolones (Okuda et al., 2007). Against 
Campylobacter jejuni strains (60% resistant to ciprofloxacin), 
sitafloxacin was highly effective against both ciprofloxacin- 
resistant and -sensitive strains (MIC90 0.064 and 1 μg/ml, 
respectively) (Lehtopolku et al., 2005).

Sitafloxacin is highly active against H. pylori (MIC90 ≤ 0.008 
μg/ml) and in many studies is the most active of all the flu-
oroquinolones against this pathogen (Sánchez et al., 2000). 
Furthermore, acceptable activity is retained even at low pH 

Figure 107.1. Chemical structure of sitafloxacin.
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(pH 5.4) (Hirata et al., 2012; Sánchez et al., 2000). Against 
strains that are relatively resistant to other fluoroquinolones 
due to GyrA mutations, sitafloxacin retains activity, but its 
MIC90 values are 0.25–0.5 μg/ml (Murakami et al., 2009; 
Suzuki et al., 2009).

Sitafloxacin is at least eight times more active than cipro-
floxacin against Acinetobacter spp., Burkholderia cepacia, and 
Stenotrophomonas maltophilia. Sitafloxacin has good activity 
against Pseudomonas aeruginosa and is one titration more 
active than ciprofloxacin against this organism (Nakane et al., 
1995; Milatovic et al., 2000; Thauvin-Eliopoulos and Eliop-
oulos, 2003; Jones et al., 1994). In a study of 16 levofloxacin- 
resistant clinical isolates of P. aeruginosa (MIC90 > 32 μg/ml) 
there was cross-resistance to other quinolones (MIC90 > 32 
μg/ml), but sitafloxacin retained some activity (MIC90 2–16 
μg/ml) (Muramatsu et al., 2005). A recent comparative 
study of fluoroquinolones against P. aeruginosa isolated from 
patients with suppurative otitis media showed that sitafloxa-
cin had the most potent bactericidal effect (MIC90 4 µg/ml) 
compared with ciprofloxacin (MIC90 16 µg/ml), levofloxacin, 
and garenoxacin (MIC90 ≥ 32 µg/ml) (Ikeda et al., 2015). Sita-
floxacin has acceptable in vitro activity against carbapenem- 

resistant Acinetobacter baumannii, even against isolates 
resistant to other fluoroquinolones, with up to 91.7% of 
extensively drug-resistant strains suscepitible (Huang et al., 
2015: Dong et al., 2015).

Against strains of Neisseria gonorrhoeae sitafloxacin is one 
of the most potent fluoroquinolones, with MIC90 for isolates 
containing both GyrA and ParC substitutions of 0.063 and 
0.25 μg/ml, respectively (Tanaka et al., 2000).

GRAM-POSITIVE BACTERIA

Sitafloxacin exhibits enhanced activity against Gram-positive 
bacteria compared to ciprofloxacin. Against S. aureus, sita-
floxacin is one of the most potent quinolones with MIC90 for 
methicillin-sensitive and methicillin-resistant strains of 0.03– 
0.12 μg/ml and 0.25–1 μg/ml, respectively (Milatovic et al., 
2000; Thauvin-Eliopoulos and Eliopoulos, 2003). In a study 
by Schmitz et al. (2000), sitafloxacin was more active than 
moxifloxacin against a panel of 70 ciprofloxacin-resistant and 
46 ciprofloxacin-sensitive clinical strains of S. aureus, with 
all strains being inhibited at concentrations of 1 μg/ml. Sita-
floxacin also has activity against heterogenous vancomycin- 
intermediate S. aureus (hVISA) (Schmitz et al., 2000). In a 

Table 107.1. In vitro susceptibility of sitafloxacin.

Organism
Typical MIC90 

mg/ml

Gram-negative bacteria

Escherichia coli   1–2

Enterobacter aerogenes 1

Enterobacter cloacae 0.25

Klebsiella pneumoniae 0.12–0.25

Proteus mirabilis 0.5–1

Proteus vulgaris 0.12

Morganella morganii 0.12–0.5

Providentia rettgeri 2

Providentia stuartii 2

Serratia marcescens 0.25–1

Citrobacter freundii 0.5

Salmonella spp. 0.015

Shigella spp. 0.015

Yersinia enterocolitica 0.015

Campylobacter jejuni 1

Acinetobacter calcoaceticus 2

Haemophilus influenzae ≤ 0.008

Moraxella catarrhalis 0.008–0.015

Neisseria meningitidis ≤ 0.008

Neisseria gonorrhoaea ≤ 0.008

Pseudomonas aeruginosa   1–8

Burkholderia cepacia 4

Stenotrophomonas maltophilia 0.25

Legionella pneumophila 0.008

Bacteroides fragilis 0.25–1

Gram-positive bacteria

Stapylococcus aureus (MSSA) 0.025–0.06

Organism
Typical MIC90 

mg/ml

Staphylococcus aureus (MRSA)   8–16

Staphylococcus epidermidis (MSSE) 0.03–0.25

Staphylococcus epidermidis (MRSE) 0.25–0.5

Streptococcus pneumoniae 0.06

Streptococcus pyogenes 0.03–0.06

Enterococus faecalis 0.25–2

Enterococcus faecium   4–8

Listeria monocytogenes —

Clostridium perfringens 0.05–0.125

Clostridum difficile 0.12–0.25

Peptostreptococcus spp. 0.008–0.12

Other bacteria

Mycoplasma pneumoniae 0.03

Mycoplasma hominis —
Chlamydia pneumoniae 0.06

Chlamydia trachomatis 0.06

Ureaplasma urealyticum —
Mycobacterium tuberculosis 0.2

Mycobacterium avium complex 6.25

— denotes insufficient or inconsistent data.
MSSA, methicillin-sensitive Staphylococcus aureus; MRSA, methicillin- 

resistant S. aureus; MSSE, methicillin-sensitive S. epidermidis; MRSE, 
methicillin-resistant S. epidermidis.

Source: Compiled from Milatovic et al. (2000); Munos Bellido et al. (2000); 
Deshpande and Jones (2000); Doern et al. (2001); Kato et al. (1996); Nord 
(1996); Thauvin-Eliopoulos and Eliopoulos (2003); Miyashita et al. (2001); 
Lehtopolku et al. (2005); Dalhoff and Schmitz (2003); Jacobs (1999); 
Tomioka et al. (1999); Yamaguchi et al. (2009); Amano et al. (2010).
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study of 14 methicillin-resistant Staphylococcus aureus (MRSA) 
strains, resistant to both ciprofloxacin and rifampicin, sita-
floxacin had a post-antibiotic effect greater than that of tro-
vofloxacin and was rapidly bactericidal against most isolates 
(Giamarellou-Bourboulis et al., 1999).

Sitafloxacin is very active against penicillin-sensitive and 
penicillin-resistant strains of Streptococcus pneumoniae with 
MIC90 0.06 μg/ml—one or two dilution steps more active 
than moxifloxacin (Jolley et al., 1993; Dalhoff and Schmitz, 
2003; Milatovic et al., 2000; Visalli et al., 1996). Against 
strains with high-level resistance to ciprofloxacin (due to 
high-level efflux conditions—MIC 64 μg/ml) sitafloxacin 
activity remains virtually unaffected (Daporta et al., 2004). 
Similarly, sitafloxacin remains potent against levofloxacin- 
resistant strains of S. pneumoniae with multiple mutations in 
DNA gyrase and topoisomerase IV (Touyama et al., 2006).

Against Streptococcus anginosus and S. constellatus (S. 
milleri group), sitafloxacin has the lowest MIC90 (0.06 μg/
ml) observed of the fluoroquinolones (Yamamoto et al., 
2006). Against S. pyogenes sitafloxacin was more active than 
moxifloxacin, levofloxacin, and ciprofloxacin (Hsueh et al., 
2003).

Sitafloxacin has lower in vitro activity against enterococci 
than other Gram-positive cocci; however, it is the most active 
of the quinolones against these organisms. Sitafloxacin 
shows improved activity compared to ciprofloxacin, with 
MIC90 values as low as 1 μg/ml when ciprofloxacin resistance 
reaches MIC90 values ≥ 32 μg/ml. Sitafloxacin produces rapid 
in vitro killing against most enterococci that lack resistance 
to ciprofloxacin, but it is not bactericidal against strains with 
MICs to ciprofloxacin of ≥ 8 μg/ml (Korten et al., 1996). 
Against E. faecium, sitafloxacin inhibits 90% of strains at con-
centrations between 0.78 and 2 μg/ml (Nakane et al., 1995, 
Milatovic et al., 2000; Eliopoulos, 1999; Brisse et al., 1999). 
Against E. faecalis, sitafloxacin was as potent as trovafloxacin 
when combined with gentamicin (Giamarellou-Bourboulis 
et al., 1998).

ANAEROBIC BACTERIA

Sitafloxacin has good clinical activity against anaerobic bac-
teria, with activity that is comparable to imipenem and met-
ronidazole (Nord, 1996; Wexler et al., 1994). Of 406 strains 
of anaerobic bacteria tested by Milatovic et al. (2000), 96.3% 
were inhibited by sitafloxacin at a concentration of 1 μg/ml, 
with MIC90 ranging from 0.06–0.25 μg/ml. The exception 
was Bacteroides species with MIC90 1 μg/ml (Milatovic et al., 
2000). Sitafloxacin also has high in vitro activity against 
both fluoroquinolone-sensitive and fluoroquinolone-resistant 
Clostridium difficile (MIC90 < 0.125–2 μg/ml) (Ackermann 
et al., 2001). Sitafloxacin was also active against all clinical 
bacterial isolates from bite wounds, which includes many 
anaerobes (Goldstein et al., 1997).

MYCOBACTERIA

Sitafloxacin is active in vitro against Mycobacterium tubercu
losis (MIC90 0.1 μg/ml), including multidrug-resistant 

isolates (MIC90 1.56 μg/ml), and is more active than levoflox-
acin in a cell culture system of human marophages (Sato et 
al., 2003). Activity against M. kansasii and M. fortuitum is 
also good with MIC90 0.8 and 0.4 μg/ml, respectively (Jacobs, 
1999). Against M. leprae, sitafloxacin is bactericidal and more 
potent than ofloxacin and levofloxacin, with MIC90 0.1875 
μg/ml, and is also synergistic in vitro with rifabutin but not 
with rifampin (Dhople and Namba, 2003a). The MIC90 
against M. ulcerans is 125–0.5 μg/ml, with the activity being 
synergistic in vitro with that of rifampin (Dhople and 
Namba, 2002; Dhople and Namba, 2003b). Against M. avium 
complex, sitafloxacin has been reported to be less active, with 
MIC90 values of 6–12 ug/ml (Jacobs, 1999; Tomioka et al., 
1999); however, others have shown sitafloxacin to have greater 
therapeutic efficacy than moxifloxacin based on intrapul-
monary bacterial elimination (Sano et al., 2011).

OTHER ORGANISMS

Sitafloxacin has superior activity against Chlamydia tracho
matis, C. psittaci, and Chlamydophilia pneumoniae, compared 
to ciprofloxacin (Thauvin-Eliopoulos and Eliopoulos, 2003). 
Against Borrelia bergdorferi, sitafloxacin was more active 
than ciprofloxacin with MIC90 0.5 and 2 μg/ml, respectively 
(Kraiczy et al., 2001).

Although sitafloxacin has no antifungal activity by itself, 
it has been shown to potentiate the antifungal effects of 
amphotericin B and fluconazole in mice infected with Can
dida albicans—although the clinical relevance of this is 
uncertain (Nakajima et al., 1995).

2b.  Emerging resistance and 
cross-resistance

Resistance to quinolones can occur by mutation in chromo-
somal genes that encode DNA gyrase or topoisomerase IV 
(altered target) or regulate the expression of cytoplasmic 
membrane efflux pumps (altered permeation). The likeli-
hood of developing resistance is related to the intensity and 
duration of therapy. Plasmid-mediated resistance has also 
been reported in enteric bacteria due to expression of plas-
mid-encoded protein Qnr proteins that protect DNA gyrase 
from quinolone action (see Chapter 104, Levofloxacin).

Resistance to quinolones among S. pneumoniae isolates 
is generally associated with mutations in DNA gyrase (gen-
erally gyrA) and topoisomerase IV (parC and parE), but 
the likelihood of a two-step resistance mutation occurring 
appears to depend on the location of the first-step mutation. 
Such first-step mutations appear to occur more frequently 
with older fluoroquinolones such as levofloxacin (Hovde et 
al., 2008). In addition, recent studies have suggested a rela-
tionship between the free area-under-the-concentration- 
time curve (fAUC) for each drug and the likelihood of 
developing a mutation. A delay in first-step and second-step 
mutations has been observed with increasingly higher fAUC/
MIC ratios and recovery of topoisomerase mutations in 
S. pneumoniae. In the case of levofloxacin-resistant strains of 
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S. pneumoniae due to DNA gyrase and topoisomerase IV 
mutations, sitafloxacin remains potent and may be clinically 
useful (Onodera et al. 1999; Touyama et al., 2006; Okumura 
et al., 2008). Similarly, in the case of pneumococcal resis-
tance conferred by high-level efflux–mediated mechanisms, 
sitafloxacin retains useful activity (Daporta et al. 2004; Kanda 
et al., 2013).

Resistance to sitafloxacin and other fluoroquinolones 
appears to be uncommon among strains of Mycobacterium 
tuberculosis, but when it occurs it is generally associated with 
multidrug resistance to first-line antituberculous agents. In a 
study of 420 M. tuberculosis isolates in Taiwan, only 3.3% of 
clinical isolates were resistant to fluoroquinolones. Multidrug 
resistance was noted in 5%, of which 19% were also resistant 
to fluoroquinolones such as sitafloxacin. Neither the previous 
use of fluoroquinolones nor the duration of fluoroquinolone 
exposure was correlated with fluoroquinolone resistance, 
which was associated with a gyrA mutation in 36% isolates 
(Wang et al., 2007). These rates are lower than those found in 
previous studies in the Phillipines (35.3% fluoroquinolone 
resistance) but higher than those reported in the United 
States and Canada (1.8%) (Grimaldo et al., 2001; Bozeman et 
al., 2005).

Emergence of resistance among strains of H. pylori appears 
to be mainly associated with GyrA mutations—against these 
strains sitafloxacin retains activity but MIC90 values are 0.25–
0.5 μg/ml (Murakami et al., 2009; Suzuki et al., 2009).

Quinolone resistance in Chlamydophilia pneumoniae has 
been identified in vitro to be associated with alterations in 
the GyrA gene (a serine-to-asparagine substitution) (Rupp et 
al., 2005).

3. MECHANISM OF DRUG ACTION

The quinolones are direct inhibitors of bacterial synthesis. 
Like the other fluoroquinolones, sitafloxacin inhibits two bac-
terial enzymes, topoisomerase II (DNA gyrase) and topoiso-
merase IV, which are important in DNA replication. The drug 
binds to these enzymes, blocks DNA repli cation, and results 
in bacterial cell death (see Chapter 104, Levofloxacin).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Sitafloxacin is marketed as a 50-mg tablet and a 10% fine 
granular preparation (Anderson, 2008). The usual adult dos-
ing is 50 mg orally twice daily (MIMS, n.d.). It can also be 
administered as 100 mg once daily for community acquired 
pneumonia (Kohno et al., 2013). In the treatmet of Helico
bacter pylori infection and nongonococcal urethritis, a dose 
of 100 mg twice daily is recommended (Takahashi et al., 
2013; Ito et al., 2012; Matsuzaki et al., 2012; Sugimoto et 
al., 2015). Intravenous sitafloxacin should be infused over a 
period of not less than 60 minutes.

4b.  Newborn infants and children

The safety of sitafloxacin in infants, children, and adolescents 
has not been established and is therefore not recommended 
for use in these populations.

4c.  Pregnant and lactating mothers

The safety of sitafloxacin in pregnant and lactating women 
has not been established and therefore it is not recommended 
for use in this population.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

The manufacturer recommends dose reduction in adult 
patients with reduced creatinine clearance: 50 mg once daily 
(30 ≤ Cr Cl < 50 ml/minute) and 50 mg at a minimum inter-
val of 48-hourly (10 ≤ Cr Cl < 30 ml/minute) (MIMS, n.d.).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

In normal individuals there is no evidence of retention of 
sitafloxacin in the liver, with levels falling below the limit of 
detection after 24 hours (Payne et al., 2004). However, infor-
mation on use in hepatic impairment is not available.

ELDERLY PATIENTS

There is insufficient data about sitafloxacin use in the elderly 
to guide recommendations regarding dose changes (Ghe-
bremedhin, 2012).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The oral bioavailability of sitafloxacin is 70–94% (Nakashima 
et al., 1995; O’Grady et al., 2001) and there is little pre- 
systematic biotransformation (first-pass effect). The serum 
half-life of sitafloxacin is about 7 hours. Absorption is only 
slightly delayed if the drug is given with food rather than in 
the fasting state (Nakashima et al., 1995). Sitafloxacin has a 
protein binding of 45–55% (Nakashima et al., 1995).

5b.  Drug distribution

The mean maximum serum concentration (Cmax) of sitaflox-
acin after 50 or 100 mg oral dosing was 0.51 and 1 µg/ml 
respectively, achieved 1.2 hours (tmax) after administration 
(Nakashima et al., 1995). Sitafloxacin has an apparent vol-
ume of distribution at steady state exceeding 1 l/kg, sug-
gesting good tissue penetration (Nakashima et al., 1995). 
Approximately 70% of an oral dose of sitafloxacin is recov-
ered in urine as unchanged drug up to 48 hours after a single 
dose (Grady et al., 2001). High penetration into tissues and 
body fluids, including oral cavity wounds, middle ear, and 
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maxillary sinus mucous membranes, has been demonstrated 
(Ghebremedhin, 2012).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Sitafloxacin demonstrates concentration-dependent killing. 
Studies in animal models and humans have shown that the 
main predicter of bacterial killing by fluoroquinolones is the 
24-hour AUC/MIC ratio (Craig, 1998). The peak concentra-
tion and AUC are roughly proportional to the dose of sita-
floxacin. Following a single oral dose of 500 mg sitafloxacin 
the mean Cmax was 4.65 μg/ml, with an AUC 28.1 μg.h/ml 
and a half-life of 7 hours. Following a single intravenous dose 
of 400 mg sitafloxacin the mean Cmax was 5.53 μg/ml at the 
end of a 1-hour infusion, with a mean AUC 25.4 μg.h/ml 
and a half-life of 6.6 hours. For oral and intravenous formu-
lations, the mean total plasma clearance is 296 and 263  
ml/min, respectively, with the volume of distribution 180 
and 150 liters, respectively (O’Grady et al., 2001). The post- 
antibiotic effect of sitafloxacin lasts more than 6 hours 
(Giamarellou-Bourboulis et al., 1999).

5d.  Excretion

By 48 hours, about 61% of sitafloxacin is excreted unchanged 
in the urine after oral administration and about 75% after 
intravenous administration. For both routes, the high renal 
clearance (means of 181 and 198 ml/min for oral and intra-
venous administration) of sitafloxacin implies active tubular 
excretion (O’Grady et al., 2001). Non-renal clearance accounts 
for about one-third of the total clearance, with fecal excre-
tion of sitafloxacin accounting for about 3% of the dose. 
Metabolism is only a minor pathway of elimination of the 
drug, and although urinary and plasma metabolites of sita-
floxacin have been identified, they probably contribute lit-
tle  if any to the overall systemic antibacterial properties of 
sitafloxacin itself (O’Grady et al., 2001).

5e.  Drug interactions

Like other fluoroquinolones, sitafloxacin is sensitive to the 
presence of multivalent cations—thus absorption may be 
decreased with concomitant administration of iron supple-
ments and by antacids containing aluminium or magnesium 
ions (Ghebremedhin, 2012).

In vitro and in vivo studies of sitafloxacin and theophylline 
show that sitafloxacin has a weak inhibitory effect on theoph-
ylline metaboism, but this only leads to a slight increase in 
blood theophylline levels and a decrease in urinary metabo-
lites (Niki et al., 1998).

6. ADVERSE REACTIONS AND TOXICITY

Overall, sitafloxacin has a similar safety profile to other com-
monly used fluoroquinolones, except for its slightly greater 
propensity to cause phototoxicity in some predisposed 

patients. In randomized trails, the safety of sitafloxacin has 
been found to be similar to those of imipenem in the treat-
ment of community-acquired pneumonia (69 patients), and 
to those of ciprofloxacin and metronidazole in the treatment 
of intra-abdominal infections (121 patients) (Feldman et al., 
2001; Shetty and Wilson, 2000).

6a. Gastrointestinal side effects

Sitafloxacin is relatively safe and well tolerated. The most 
common adverse reactions (as with other fluoroquinolones) 
are gastrointestinal symptoms, especially diarrhea (Naka-
shima et al., 1995; Feldman et al., 2001, Anderson, 2008, 
Keating, 2011).

6b. Neurotoxicity

Adverse reactions of the CNS are a well-known complication 
of quinolone therapy and occur at an overall incidence of 
1–2%. Of these, the most commonly reported include diz-
ziness, headache, and somnolence (Lipsky and Baker, 1999). 
One of 18 patients experienced a seizure while receiving sita-
floxacin for the treatment of systemic infection with MRSA, 
but it is unclear if this was directly related to the study drug 
(Shetty and Wilson, 2000). Studies in mice suggest that sita-
floxacin has weak convulsant activity (Hori, 2009). Headache 
has also been reported as an adverse event related to sitaflox-
acin (Anderson, 2008).

6c.  Phototoxicity, hypersensitivity 
reactions, and rashes

Adverse reactions with probable or demonstrated immune 
pathogenesis linked to the use of quinolones include urti-
caria, angioedema, hemolytic–uremic syndrome, hemolytic 
anemia, acute interstitial nephritis, acute hepatitis, acute pan-
creatitis, eosinophilic meningitis, Stevens–Johnson syndrome, 
and cutaneous vasculitis.

Phototoxicity has been reported with sitafloxacin and 
other quinolones (Shetty and Wilson, 2000). Data obtained 
in albino mice suggest that the phototoxic potential of sita-
floxacin is milder than that of lomefloxacin or sparfloxacin 
(Shimoda et al. 2000). Nevertheless, the phototoxicity associ-
ated with sitafloxacin appears to be the major limiting toxic-
ity, especially in non-Asian subjects. Sitafloxacin contains a 
chlorine substituent at position eight of the quinolone nucleus, 
and a halogen at this position has been associated with 
increased phototoxicity (Owens and Ambrose, 2005). In a 
randomized controlled trial involving Caucasian subjects, 
sitafloxacin (100 mg twice daily) produced mild ultraviolet 
phototoxicity that normalized by 24 hours post drug cessa-
tion. In a similar study by the same authors, Asian subjects 
receiving up to 200 mg sitafloxacin twice daily failed to 
demonstrate a clinically significant phototoxic effect (Dawe 
et al. 2003). It is likely that the cutaneous phototoxic effect 
of sitafloxacin will restrict its regulatory approval in regions 
outside of Asia.
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6d. Arthropathy and tendonitis

Generally, musculoskeletal adverse events occur more fre-
quently in association with fluoroquinolones than with other 
systemic antibiotics (incidence 14.7% vs. 0.3%; P < 0.01) 
(Leone et al., 2003). Among the fluoroquinolones, levofloxa-
cin and pefloxacin are associated with more reports than 
ciprofloxacin, enoxacin, moxifloxacin, and rufloxacin. Data 
on Sitafloxacin are not available.

6e. Cardiac toxicity

Preclinical toxicological evaluation of fluoroquinolones in 
animals showed that they could induce cardiovascular effects 
such as hypotension or tachycardia after intravenous injec-
tion. In addition, quinolones have the potential to directly 
alter cardiac rhythm, prolong the QTc interval, and produce 
cardiac arrythmias. Fluoroquinolones prolong the QTc 
interval by blocking the cardiac voltage-gated potassium 
channels (Anderson et al., 2001; Falagas et al., 2007). In a 
phase II, open, multicenter, randomized study, sitafloxacin 
(400 mg daily) was administered to 35 patients. One patient 
was noted to have sinoatrial block on day three that was con-
sidered to be possibly related to the study drug (Feldman et 
al., 2001). In 84 subjects treated with high-dose sitafloxacin 
(400, 600, or 800 mg twice daily), there were no subjects whose 
QT interval was prolonged more than 60 msec (Anderson, 
2008).

The risk of QTc interval prolongation and arrhthmias is 
increased with concomitant use of other drugs known to pro-
long the QTc. Other drugs that can prolong the QTc interval 
include antibiotics (grepafloxacin, erythromycin, clarithro-
mycin), antiarrhythmic agents (amiodarone, sotalol, pro-
cainamide, quinidine), antidepressants (chlorpromazine, 
haloperidol, thioridazine) and gastrointestinal agents (cisap-
ride, domperidone). In summary, sitfloxacin may be asso-
ciated with QTc prolongation; however, this has not been 
associated with an increase in adverse cardiac events. Never-
theless, sitafloxacin should be avoided in patients at high risk 
for QTc prolongation.

6f. Hepatotoxicity

In a phase II, open, multicenter, randomized study, sitafloxa-
cin (400 mg daily) caused mild transient increases in alanine 
transaminase and alkaline phosphatase in patients receiving 
sitafloxacin, but no effects on other enzymes. The incidence 
(9%) was, however, less than that of the comparitor drug 
imipenem/cilastatin (18%) (Feldman et al., 2001).

6g. Endocrine side effects

As a class, the quinolones have demonstrated the ability to 
close K+-ATP channels in the pancreatic beta cell, resulting 
in release of insulin and subsequent hypoglycemia (Maeda 
et al., 1996); however, there are minimal data regarding 
sitafloxacin.

6h. Local reactions

In a phase II, open, multicenter, randomized study compar-
ing intravenous sitafloxacin (400 mg daily) and imipenem/
cilastin treatment in hospitalized patients with pneumonia, 
the most commonly reported event was that of application 
site reaction reported on four occasions by three patients 
receiving sitafloxacin (Feldman et al., 2001).

7. CLINICAL USES OF THE DRUG

Sitafloxacin was licensed in Japan in 2008 and was approved 
for the treatment of urinary sepsis, lower respiratory tract 
infections, and odontogenic and otorhinolaryngological 
infections (Anderson, 2008, Keating 2011). In addition, sita-
floxacin has been used in combination with other agents for 
salvage treatment of H. pylori infection. Information about 
the design and clinical efficacy of the phase III trials of sita-
floxacin performed in Japan is not available in the English 
literature.

7a.  Community-acquired pneumonia

Sitafloxacin displays excellent activity against the most 
important respiratory pathogens, including Gram-negative 
bacilli, S. aureus, and S. pneumoniae (including multidrug- 
resistant pneumococcal strains). It also displays good activity 
against atypical pathogens with a better antibacterial effect 
against Chlamydia spp. compared to erythromycin and im - 
proved activity against anaerobes compared to ciprofloxacin 
(Milatovic et al., 2000; Thauvin-Eliopoulos and Eliopoulos, 
2003; Jolley et al., 1993; Dalhoff and Schmitz, 2003; Visalli et 
al., 1996). 

In a phase II, open-label, randomized multicenter study 
comparing intravenous sitafloxacin (400 mg once-daily) and 
imipenem/cilastin (500 mg three times daily) in the treat-
ment of 69 hospitalized patients with pneumonia, sitafloxa-
cin was considered as safe and as tolerable as the comparitor. 
The clinical response was 94–97% in the clinically evaluable 
population, while 91% in the intent-to-treat population were 
classified as cured for both treatment groups. Bacteriological 
response was classified as 100% for imipenem and 90–95% 
for sitafloxacin in the bacteriologically evaluable population 
(Feldman et al., 2001). 

Keating (2011) summarized two randomized, double- 
blind, multicenter, non-inferiority trials in adult Japanese 
patients with mild to moderate community-acquired pneu-
monia or infectious exacerbation of chronic respiratory 
disease (Kobayashi et al., 2008) or mild to moderate com-
munity-acquired pneumonia alone (Saito et al., 2008) pub-
lished in the Japanese literature. These studies compared 7 
days of sitafloxacin (50 mg orally twice daily) with levofloxa-
cin (100 mg orally total dissolved solids [tds]) in the former 
study or tosufloxacin (150 mg orally tds) in the latter study. 
These studies demonstrated that sitafloxacin was non-inferior 
to the comparator agents where the primary endpoint was 
clinical efficacy rate at completion of therapy. In addition, 
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high microbiological eradication rates were noted in the sita-
floxacin arms for common respiratory pathogens including 
S. pneumoniae (100%), H. influenzae (100%), and M. pneu
moniae (100%) in these studies. 

The clinical and bacteriological efficacy of sitafloxacin in 
the treatment of community-acquired S. pneumoniae was 
assessed in another Japanese study (Fujita et al., 2013). In this 
nested cohort from a larger prospective, multicenter clinical 
trial, 72 patients diagnosed with S. pneumoniae pneumonia 
were treated with sitafloxacin (50 mg twice daily or 100 mg 
once daily) for 7 days. “Clinical improvement of pneumonia” 
was observed in 65/69 (94.2%) patients (three were lost to 
follow-up). Of the 65 sputum specimens in which S. pneu
moniae was isolated from culture, the microbiological clear-
ance rate post-treatment was 62/65 (95.4%). Sitafloxacin was 
well tolerated and was shown also to have the lowest MIC 
distribution (≤ 0.03–0.5 µg/ml) among the S. pneumoniae 
isolates compared with levofloxacin (0.5–16 µg/ml), moxi-
floxacin (0.06–4 µg/ml), and penicillin G (≤ 0.03–2 µg/ml). 

7b.  Infections due to vancomycin-resistant 
enterococci and MRSA

A concentration of 1 μg/ml of sitafloxacin is sufficient to 
inhibit 90% of isolates of MRSA and 50% of isolates of 
 vancomycin-resistant enterococci (VRE) (Milatovic et al., 
2000). Sitafloxacin (400 mg i.v. once daily for 7–14 days) has 
been evaluated in a noncomparative phase II trial for the 
treatment of serious systemic infections with MRSA or VRE. 
In this study, patients had bacteremia with MRSA or VRE or 
a positive culture at a site with other markers of systemic 
infection (temperature > 38°C, respiratory rate > 30/min, 
platelet count < 100 × 109/l or white cell count > 15 × 109/l). 
Patients with MRSA were recruited if treatment with a glyco-
peptide had failed. Of the eleven patients with MRSA in the 
study, four were cured, six failed treatment, and one had 
an indeterminate result. Of the nine patients with VRE, five 
were cured and four failed treatment (Shetty and Wilson, 
2000).

7c.  Urinary tract infections

Keating (2011) summarized two randomized, double-blind, 
multicenter Japanese trials studying the use of sitafloxacin 
for complicated urinary tract infections (excluding indwell-
ing catheters). The first assessed the efficacy of oral sitafloxa-
cin 50 mg twice daily versus 100 mg twice daily for 7 days 
(Kawada et al., 2008b), and the second was a non-inferiority 
study comparing oral sitafloxacin 50 mg twice daily versus 
levofloxacin 100 mg tds for 7 days (Kawada et al., 2008a). 
Sitafloxacin 50 mg twice daily had a similar clinical efficacy 
and pathogen eradication rate as the higher dose at the end 
of treatment (91.0% vs 96.9%; 93.5% vs. 96.6%, respectively). 
Sitafloxacin 50 mg twice daily was also found to be non- 
inferior to oral levofloxacin 100 mg tds in terms of clinical 
efficacy, and further analysis showed that the clinical efficacy 
rate significantly favored sitafloxcin (96.1% vs. 82.7%, p = 

0.002). Furthermore, sitafloxacin was shown to have signifi-
cantly higher bacterial eradication rates than levofloxacin 
(96.4% vs. 86.0%, p = 0.002).

7d.  Helicobacter pylori infections

The potential use of sitafloxacin as part of rescue H. pylori 
eradication regimes has drawn recent attention given the 
rising resistance rates to antibiotics commonly used in tradi-
tional first- and second-line treatments (e.g. clarithromycin, 
metronidazole) (Ghebremedhin, 2012). The mechanism for 
fluoroquinolone resistance among H. pylori strains is gener-
ally mediated by mutations to the gyrA gene. However, sita-
floxacin has been shown to have reasonable in vitro activity 
amongst H. pylori isolates, including among strains with gyrA 
mutations (Suzuki et al., 2009). 

Matsuzaki et al. (2012) enrolled Japanese patients who 
had failed clarithromycin-based first-line treatment and 
metronidazole-based second-line treatment to receive a 
7-day course of a sitafloxacin-based regime (sitafloxacin 
100 mg twice daily + rabeprazole 10 mg qid + amoxicillin 
500 mg qid). Eradication of H. pylori was confirmed primar-
ily by 13C urea breath test 12 weeks post-cessation of therapy, 
although participants (n = 2) with a borderline result also 
underwent an H. pylori stool antigen test. Of the 78 enrolled 
patients, five were lost to follow-up. Eradication rates accord-
ing to per-protocol (PP) and intention-to-treat (ITT) analyses 
were 83.6% (61/73) and 78.2% (61/78), respectively. Notably, 
among patients with H. pylori isolates carrying the gyrA 
mutation, PP and ITT eradication rates were 74.4% (32/43) 
and 68.1% (32/47), respectively. 

A Japanese study assessed the efficacy of a sitafloxacin- 
based regime in 180 H. pylori–positive Japanese patients as 
first-line treatment (n = 45), second-line (n = 41), and third-
line therapy (n = 94) (Sugimoto et al., 2015). The regimen 
was sitafloxacin 100 mg twice daily + rabeprazole 10 mg qid 
+ metronidazole 250 mg twice daily for 7 days. Eradication 
was assessed by 13C urea breath test 8 weeks post-treatment. 
The overall efficacy of treatment was 92.2% (166/180) in ITT 
analyses, with rate of eradication varying by order of therapy: 
first-line 100% (45/45), second-line 92.7% (38/41), and third- 
line therapy 88.3% (83/94). Rates of eradication did not vary 
by metronidazole resistance pattern (susceptible 96.6% 
[28/29] vs. resistant 96.3% [77/80], p = 0.94). The authors 
concluded that sitafloxacin-based treatment, regardless of 
eradication history or metronidazole resistance status, was 
effective. Similarly, others have found sitafloxacin to be an 
effective third-line treatment option when used as part of a 
triple-therapy–based regimen (Murakami et al., 2013; Furuta 
et al., 2014; Mori et al., 2016).

7e.  Other infections

Small non-comparator studies in Japanese populations have 
shown the clinical efficacy of oral sitafloxacin for ear, nose, 
and throat infections, nongonococcal urethritis in men, 
Chlamydia trachomatis–associated cervicitis in women, and 
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peridontal infections (Keating, 2011; Takahashi et al., 2013; 
Ito et al., 2012; Nakajima et al., 2012; Matsuda et al., 2008).
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1. DESCRIPTION

Delafloxacin (ABT-492, RX-3341, WQ-3034) is a novel fluo-
roquinolone developed initially by Wakunaga Pharmaceu-
tical Co. (Osaka & Hiroshima, Japan), licensed initially 
in  1999 to Abbott Park (IL), then in 2006 to Rib-X Phar-
maceuticals (now Melinta Therapeutics, New Haven, CT), 
where it has been developed under the brand name Baxdela. 
It has a molecular weight of 440.76 g/mol and is an anionic 
fluoroquinolone with the chemical formula 1-(6-amino 
3,5-difluoropyridin-2-yl)-8-chloro-6-fluoro-7-(3-hydroxy- 
azetidin-l-yl)-4-oxo-l,4-dihydroquinoline-3-carboxylic acid. 
Its empirical formula is C18H12ClF3N4O4. The chemical struc-
ture is shown in Figure 108.1.

Compared to many other fluoroquinolones, delafloxacin 
has improved in vitro activity against Gram-positive bacte-
ria, particularly methicillin-resistant Staphylococcus aureus 
(MRSA). Unlike most fluoroquinolones, which are zwitter-
ionic, delafloxacin has an anionic character, which the com-
pany claims results in a tenfold increase in delafloxacin 
accumulation in both bacteria and cells at acidic pH. This 
feature may be an advantage for bacterial eradication in 
acidic environments, including intracellular and biofilm 
infections (Lemaire et al., 2011; UKMi, 2016).

Delafloxacin (Baxdela) is currently undergoing phase III 
clinical trials for treatment of complicated acute bacterial 
skin and skin structure infections (ABSSSI) and phase II 
trials for treatment of hospital-treated community-acquired 
bacterial pneumonia (hCABP). It is currently available to 
registered users in both intravenous (i.v.) and oral (tablet) 
formulations. It has been designated as a qualified infectious 
diseases product (QIDP) by the US FDA.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Compared with ciprofloxacin, delafloxacin is characterized 
by improved in vitro activity against Gram-positive bacteria, 
including methicillin-resistant Staphylococcus aureus, Gram-
negative bacteria including fluoroquinolone-sensitive Pseu
domonas aeruginosa, anaerobes, and intracellular respiratory 
pathogens (Almer et al., 2004; Goldstein et al., 2003; Van 
Bambeke, 2015, Nilius et al., 2003; Bassetti et al., 2016). 
Delafloxacin is rendered a weak acid due to the absence of 
a  protonatable substituent increasing its potency in acidic 
environments when compared to norfloxacin, ciprofloxacin, 
and moxifloxacin (Lemaire et al., 2011). The susceptibilities 
of common pathogens to delafloxacin are shown in Table 
108.1.

GRAM-NEGATIVE BACTERIA

The in vitro MIC90s for most strains of Enterobacteriaceae 
are less than or equal to those for ciprofloxacin, including 
improved in vitro activity against certain populations of flu-
oroquinolone-resistant Gram-negative organisms such as 
Escherichia coli and Klebsiella pneumoniae (So et al., 2015), 
and potent activity against quinolone-susceptible strains of 
Salmonella spp., Serratia marcescens, and Citrobacter freundii 
(Gunderson et al., 2004; Goldstein et al, 2003; Andrews et al., 
2003; Harnett et al., 2004; Nilius et al., 2003; Zhanel et al., 
2003b; Flamm et al., 2016). However, ciprofloxacin MICs were 
lower for Proteus vulgaris, P. mirabilis, Morganella morganii, Figure 108.1. Chemical structure of delafloxacin. 
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and Providencia rettgeri. Compared to ciprofloxacin, dela-
floxacin also has slightly inferior activity against Pseudomonas 
aeruginosa, with similar activity against other quinolone- 
susceptible non-fermenting Gram-negative bacilli such as 
Acinetobacter spp., S. maltophilia, and Burkholderia cepacia 
(Almer et al., 2004; Harnett et al., 2004; Nilius et al., 2003; 
Van Bambeke, 2015; Flamm et al., 2016). However, poor 
activity was observed against quinolone-resistant P. aerugi
nosa, Acinetobacter spp., and B. cepacia (Almer et al., 2004). 
Delafloxacin has potent activity against quinolone-suscepti-
ble strains of Haemophilus influenzae, Moraxella catarrhalis, 
and Legionella spp.

Delafloxacin also has improved activity against multi-
resistant strains of Neisseria gonorrhoeae, including cipro-
floxacin-resistant strains (Soge et al., 2016). Yersinia pestis is 
highly susceptible, with MIC90 values of 0.016 μg/ml (range: 

0.008–0.016 μg/ml) (Frean et al., 2003). Delafloxacin was 
two- to fourfold more potent than trovaloxacin, levofloxacin, 
and ciprofloxacin against Helicobacter pylori, including against 
macrolide-resistant strains (Nilius et al., 2003).

GRAM-POSITIVE BACTERIA

Delafloxacin has potent Gram-positive activity in vitro against 
quinolone-susceptible S. aureus, S. pneumoniae, S. pyogenes, 
S. epidermidis, Enterococcus faecalis, and E. faecium (Almer 
et al., 2004; Gunderson et al., 2004; Goldstein et al, 2003; 
Andrews et al., 2003; Firsov et al., 2004; Firsov et al., 2005; 
Harnett et al., 2004; Nilius et al., 2003; Zhanel et al., 2003a; 
Flamm et al., 2016; see Table 108.1). Delafloxacin MIC90s 
of 0.5 to 1 μg/ml were reported against quinolone-resistant 
S. pneumoniae, S. aureus (including MRSA), and S. epider
midis. In recent studies, delafloxacin displayed superior 

Table 108.1. In vitro activity of delafloxacin.

Organism
Typical MIC90 

(µg/ml)
MIC Range 

(µg/ml)

Gram-negative bacteria

Escherichia coli
Fluoroquinolone susceptible 0.06 0.004–0.25

Fluoroquinolone resistant 8   1–32

Enterobacter spp.
Ciprofloxacin susceptible 0.03 ≤ 0.004–0.25

Klebsiella pneumoniae
Fluoroquinolone resistant 8   2–8

Klebsiella spp.
Fluoroquinolone susceptible 0.12 ≤ 0.002–0.25

Proteus mirabilis 0.12 0.008–0.25

Proteus spp.
Ciprofloxacin susceptible 0.12 0.03–0.12

Providentia spp. 0.25 0.015–0.25

Serratia marcescens 2 0.5–2

Citrobacter freundii 2 0.03–> 2

Salmonella spp. 0.06 0.004–8

Shigella spp. 0.002–0.008

Yersinia pestis 0.016 0.008–0.016

Acinetobacter spp.
Ciprofloxacin susceptible 0.25 ≤ 0.001–0.5

Pseudomonas aeruginosa
Fluoroquinolone susceptible 0.25 0.03–0.5

Fluoroquinolone resistant 128   8–> 128

Burkholderia cepacia > 8

Stenotrophomonas maltophilia ≤ 0.008–2

Haemophilus influenzae  

Fluoroquinolone susceptible 0.002 ≤ 0.00025–0.004

Fluoroquinolone resistant 0.004–0.5

Moraxella catarrhalis ≤ 0.002 ≤ 0.002–0.004

Helicobacter pylori 0.12 0.015–0.12

Neisseria gonorrhoaeae ≤ 0.004 ≤ 0.001–0.25

Legionella pneumophila 0.12 0.12

Organism
Typical MIC90 

(µg/ml)
MIC Range 

(µg/ml)

Gram-positive bacteria

Staphylococcus aureus
Fluoroquinolone susceptible 0.008 ≤ 0.002–0.008

Fluoroquinolone resistant 0.5 0.06–0.5

Methicillin-resistant S. aureus 
(MRSA)

0.5 0.004–16

Staphylococcus epidermidis 0.008 0.002–1

Streptococcus pneumoniae
Levofloxacin susceptible 0.015 0.004–0.015

Levofloxacin resistant 0.5 0.015–0.5

Streptococcus pyogenes
Levofloxacin susceptible 0.015 0.001–0.03

Enterococus faecalis 0.06 0.03–0.12

Enterococcus faecium 1 0.06–2

Anaerobes

Prevotella and Porphyromonas 
spp.

0.25 0.008–0.5

Fusobacterium nucleatum 0.064 0.008–0.125

Clostridium perfringens ≤ 0.015 ≤ 0.015

Clostridum difficile ≤ 0.015 ≤ 0.015

Propionibacterium acnes 0.125 0.032–0.125

Peptostreptococcus spp. 0.032 0.008–0.25

Bacteroides fragilis 0.12 0.03–0.12

Other bacteria

Mycoplasma pneumoniae 0.5 0.25–0.5

Mycoplasma hominis 0.016 0.008–0.016

Chlamydia pneumoniae 0.125 0.06–0.125

Chlamydia trachomatis 0.03–0.06

Ureaplasma urealyticum 0.25 ≤ 0.008–1

Mycobacterium avium complex 16   2–16

Source: Compiled from Almer et al 2004; Andrews et al., 2003; Bassetti et al 
2015; Frean et al 2003; Goldstein et al, 2003; Gunderson et al., 2004; Nilius 
et al 2003; Sillerström et al 2004; Soge et al 2016; Waites et al 2003.



2134 Delafloxacin

activity to levofloxacin against MRSA strains that harbored 
up to four mutations in the quinolone-resistance–determin-
ing region (QRDR) if used in concentrations of 16–32 times 
the MIC, but both daptomycin and vancomycin were even 
more effective, requiring concentrations of approximately 
eight times the MIC (Remy et al., 2016). However, no sig-
nificant activity was observed against quinolone-resistant 
strains of E. faecalis or E. faecium (Almer et al., 2004; Remy 
et al., 2012)

ANAEROBIC BACTERIA

In vitro delafloxacin activity is considerably greater than 
those of many other quinolones against anaerobic bacteria, 
including against peptostreptococci, Propionibacterium acnes, 
Clostridium perfringens, C. difficile, Bacteroides fragilis, Fuso
bacterium spp., and Prevotella spp. (Andrews et al., 2003; 
Sillerström et al., 2004).

OTHER ORGANISMS

Delafloxacin is fourfold more potent than levofloxacin and 
ciprofloxacin against M. pneumoniae, and comparable to 
trovafloxacin in activity against C. trachomatis (Nilius et al., 
2003). The drug also has good activity against Chlamydia 
pneumoniae, Mycoplasma fermentans, M. hominis, and Urea
plasma spp. (Hammerschlag and Roblin, 2004; Waites et al., 
2003). The in vitro activity of delafloxacin against M. tuber
culosis and M. avium complex isolates is greater than that 
of  ciprofloxacin, and comparable to that of levofloxacin 
(Tomioka et al., 2000).

2b.  Emerging resistance and 
cross-resistance

There are currently few data regarding emerging resistance 
against delafloxacin. Due to its enhanced intrinsic activity 
against some organisms compared with other fluoroquino-
lones, isolates with resistance mutations that cause minor 
elevations in MIC remain susceptible to delafloxacin, despite 
being affected by target modifications/mutations (Van Bam-
beke, 2015). However, for many pathogens that exhibit high-
level ciprofloxacin resistance, there is cross-class resistance 
to delafloxacin, as with other fluoroquinolones (see Chapter 
101, Ciprofloxacin).

3. MECHANISM OF DRUG ACTION

Similar to other newer generation fluoroquinolones, dela-
floxacin inhibits both topoisomerase II (DNA gyrase) and 
topoisomerase IV, which are critical to DNA replication. In 
addition, it has been suggested that the improved activity of 
delafloxacin is in part related to the presence of a hetero-
aromatic substituent at position 1, a weak polarity associated 
with the presence of a chlorine in position 8, and a lack of 
basic group in position 7 (Duffy et al., 2010). The absence 
of a protonatable substituent in position 7 gives delafloxacin 
an anionic character at neutral pH, which is unusual for a 
fluoroquinolone. Thus delafloxacin is predominantly found 

as an anion at physiological pH (~ 7–7.4), and mostly 
uncharged at more acidic pH (≤ 5.5), whereas moxifloxacin 
is present mainly as a cation at pH lower than 5.5 and as a 
zwitterion at higher pH (Van Bambeke, 2015). This specific 
characteristic may explain why delafloxacin appears to 
accumulate in bacteria at acidic pH, since the non-ionized 
form of a drug is more diffusible though biological mem-
branes (Lemaire et al., 2011). For a more detailed description 
of the action of fluoroquinolones, see Chapter 101, Cipro-
floxacin and Chapter 104, Levofloxacin.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Delafloxacin has been used in both oral and intravenous 
preparations in clinical trials, but the details regarding pro-
posed marketed formulations are not yet available. However, 
delafloxacin is generally administered twice daily, or once 
daily in some specific situations, with equivalence in expo-
sure obtained for 300 mg intravenously and 450 mg orally 
(Van Bambeke, 2015). 

The doses used in various clinical trials, particularly for 
ABSSSI, were 300 mg i.v. (infused over 1 hour) and 450-mg 
oral tablets twice daily for 5–14 days (O’Riordan et al., 2015; 
Kingsley et al., 2016) (see section 7, Clinical uses of the 
drug). 

4b.  Newborn infants and children

There are no data regarding appropriate doses for newborn 
infants and children.

4c.  Pregnant and lactating mothers

There are no data regarding appropriate doses for pregnant 
women. However, fluoroquinolone use is generally discour-
aged in this population (see Chapter 101, Ciprofloxacin).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Approximately 66% of intravenously administered delafloxa-
cin is excreted in the urine, with the majority unchanged 
(Hoover et al., 2016b). Systemic exposure to delafloxacin and 
the drug’s AUC increases with decreased creatinine clear-
ance, particularly in moderate to severe renal impairment 
(Hoover et al., 2016b). A dose of 200 mg i.v. twice daily has 
been proposed in severe renal impairment (eGFR 15–29) or 
for patients undergoing dialysis (Hoover et al., 2013; Hoover 
et al., 2016a; Hoover et al., 2016b).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

There are no data available regarding dosage changes in 
patients with impaired hepatic function.
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ELDERLY PATIENTS

Increased systemic exposure to delafloxacin is observed in 
the elderly, but this could be explained in part by age-related 
reductions in creatinine clearance; further information is 
needed (see section 5b, Drug distribution) (Hoover et al., 
2016a).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Delafloxacin is rapidly absorbed after oral administration, 
with peak concentrations occurring within 1 hour (Hoover 
et al., 2016a). The mean absolute bioavailability of delaflox-
acin is 58.8% (Hoover et al., 2016b). Protein binding is 
estimated to be 16% (Rubino et al., 2010).

After an oral dose, the delafloxacin Cmax and AUC increase 
linearly over the dose range of 50–1600 mg, with the AUC0–∞ 
dose-proportional at doses ≥ 200 mg and steady state reached 
by day 3, with minimal accumulation (Hoover et al., 2016a). 
There are no gender-based differences in delafloxacin absorp-
tion, but the co-administration of food slightly decreases the 
delafloxacin Cmax (Hoover et al., 2016a).

After a single 300-mg i.v. delafloxacin dose in healthy 
males, the Cmax, AUC0–∞, Tmax, and t1/2 values were 8.98 µg/ml, 
21.31 µg h/ml, 1 hour, and 2.35 hours, respectively (McEwen 
et al., 2015).

Delafloxacin was assessed in a randomized, double-blind 
placebo-controlled, single- and ascending-dose study of i.v. 
delafloxacin (300, 450, 600, 750, 900, 1200 mg) in 62 healthy 
adults. Delafloxacin Cmax values increased proportionally 
with increasing single i.v. dose, but the AUC values increased 
more than proportionally to dose for the same dose range 
(Hoover et al., 2016b). The mean terminal half-life was 
approximately 12 hours (range: 8–17 hours). The volume 
of  distribution at steady state was approximately 35 liters 
(i.e. similar to total body water). Delafloxacin 300 mg i.v. 
twice daily resulted in minimal accumulation (Hoover et al., 
2016b). Overall, 300 mg i.v. and 450 mg oral delafloxacin 
resulted in similar total systemic exposure, suggesting that 
these doses would be equivalent if considering an i.v./oral 
switch (Hoover et al., 2016b).

5b.  Drug distribution

Pharmacokinetic studies demonstrate peak serum concen-
trations after single i.v. doses of 300 mg and 450 mg, of 10.4 
μg/ml, and 16.1 μg/ml, respectively. After an oral 400-mg 
dose, the peak concentration is 7.22 μg/ml. Serum half-life 
is  6.2–12.5 hours, although it is prolonged in more severe 
forms of renal impairment. The half-life of delafloxacin 
increases with multiple doses (Hoover et al., 2016a).

In the elderly, both the Cmax and AUC0–∞ are 35% higher 
than in young adults, but this may be due to differences in 
renal function (Hoover et al., 2016a).

So et al. (2015) assessed the effects of urine matrix and 
its varying pH on the potency of various fluoroquinolones, 
including delafloxacin and ciprofloxacin, against 16 urogenic 
Enterobacteriaceae in the urine of patients with suspected 
urinary tract infection (most of which had a pH of 6.5 or 
less). Delafloxacin MICs were two- to fivefold doubling dilu-
tions lower than those of ciprofloxacin. Furthermore, in con-
trast to ciprofloxacin, the potency of delafloxacin appeared 
to be enhanced in the acidic environment commonly ob-
served in the setting of urinary tract infection. Whether this 
characteristic translates into improved clinical efficacy in 
patients with urinary tract infections is currently uncertain.

Detailed tissue penetration studies regarding delafloxacin 
are yet to be reported. However, in vitro studies assessing 
biofilms associated with various ATCC strains of MRSA and 
methicillin-susceptible S. aureus isolates, including biofilm 
mass and bacterial viability, suggest that delafloxacin (and 
daptomycin) were most potent among the drugs tested in 
reducing viability by > 50% at clinically achievable concen-
trations, although no drugs tested destroyed mature biofilm 
matrix (Siala et al., 2013; Bauer et al., 2013). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Similar to other fluoroquinolones the key pharmacokinetic 
parameter associated with clinical efficacy for delafloxacin is 
thought to be the AUC/MIC (see Chapter 101, Ciprofloxacin). 
In addition, the selection of resistance to delafloxacin is 
considered to be infrequent (10–9 to 10–11) (Remy et al., 2012) 
and the concentrations preventing the selection of mutations 
(mutant prevention concentrations [MPC]) are also thought 
to be low, with values ranging from one to four times the 
initial MIC. Such values are about 8- to 32-fold lower than 
for many other fluoroquinolones (Hermsen et al., 2005; Drlica 
and Zhao, 2007; Van Bambeke, 2015). 

Early studies using in vitro pharmacodynamic simula-
tion models to assess delafloxacin appear to have not con-
sidered the possible role of protein binding. These simulations 
included assessments of delafloxacin activity against S. aureus, 
S. pneumoniae, E. coli, and P. aeruginosa, with comparisons 
to ciprofloxacin and levofloxacin (Firsov et al., 2004; Firsov 
et al., 2005; Zinner et al. 2004; Van Bambeke, 2015). In a 
recent study utilizing a murine neutropenic lung infection 
model assessing delafloxacin activity against S. aureus, S. 
pneumoniae, and K. pneumoniae, median free drug AUC/
MIC targets associated with net stasis were very low for all 
pathogen groups (0.04, 0.4, 9.68, respectively), while 1-log 
kill targets were two- to fivefold higher (Lepak and Andes, 
2016).

5d.  Excretion

After intravenous administration of delafloxacin, approxi-
mately 66% is excreted in urine, most of which (30–40%) is 
unchanged. The predominant clearance pathway for excretion 



2136 Delafloxacin

of delafloxacin is renal excretion with contribution from 
additional clearance pathways. The main circulating compo-
nents of the drug are delafloxacin and a direct glucuronide 
conjugate of delafloxacin (McEwen et al., 2015). Approx-
imately 29% is excreted in feces, most likely due to biliary 
excretion and/or transintestinal elimination (McEwen et al., 
2015; Hoover et al., 2016b). Hoover et al. (2016b) suggest 
that delafloxacin undergoes minimal oxidative metabolism, 
and excretion of acyl glucuronides in urine represent ≤ 20% 
of the i.v. dose.

5e.  Drug interactions

The absorption of delafloxacin is affected by concomitant 
administration with food, although total exposure (AUC0–∞) 
is not affected (see section 5a, Bioavailabilty). 

A study to assess if delafloxacin has any impact on midaz-
olam pharmacokinetics was recently reported (NIH, 2016a; 
Lawrence et al., 2016). In a phase I, open-label study involv-
ing 22 human subjects, a single 5-mg oral dose of midazolam 
was given to fasted subjects on days 1 and 8, while subjects 
also received oral delafloxacin 450 mg twice daily on days 
3–8. Delafloxacin did not affect the Cmax or AUC0–∞ of midaz-
olam, suggesting delafloxacin does not have any clinically 
significant interaction with CYP3A substrate of midazolam 
(Lawrence et al., 2016). No other data regarding potential 
drug interactions are currently available for delafloxacin.

6. ADVERSE REACTIONS AND TOXICITY

Adverse reactions are uncommon and consist mainly of gas-
trointestinal upset (nausea, vomiting) and diarrhea and 
headache (Hoover et al., 2016a; Hoover et al., 2016b). Most 
adverse events reported in phase I and II studies occurred 
at doses above 300 mg i.v. twice daily (Bassetti et al., 2015; 
Hoover et al., 2016b). In general, treatment-emergent adverse 
events (TEAEs) appear to be dose related, being more com-
mon when doses of 1200 mg or 1600 mg were used in the 
dose-ranging studies (Hoover et al., 2016a). While rash has 
been reported, it is uncommon.

Unlike some other fluoroquinolones, delafloxacin has not 
been associated with any significant QTc interval prolonga-
tion (Litwin et al., 2015; Hoover et al., 2016a). 

In the multiple ascending-dose portion of the oral delaf-
loxacin studies, 7 of 40 delafloxacin-treated participants had 
elevated alanine aminotransferase (ALT) levels (although 
one had an abnormal ALT at baseline)—elevations of ALT 
were observed after day 5; two had levels > 2 times the upper 
limit of normal. No concomitant elevations of alkaline 
phosphatase were observed (Hoover et al., 2016a). Notably, 
however, no clinically relevant treatment-related ALT eleva-
tions were observed in the two phase II studies of delafloxa-
cin for complicated skin and skin structure infections and 
ABSSSIs (O’Riordan et al., 2015; Langcor et al., 2012).

Unlike gatifloxacin (see Chapter 115, Gatifloxacin), dela-
floxacin is not associated with any dysglycemia (Bassetti et 

al., 2015; Kingsley et al., 2016; Hoover et al., 2016a; Hoover 
et al., 2016b).

7. CLINICAL USES OF THE DRUG

Although delafloxacin is a broad-spectrum quinolone with 
activity against a wide range of organisms, the key focus of 
recent clinical studies has been in conditions where Gram-
positive pathogens, particularly staphylococci, including 
MRSA, are likely (Anstead et al., 2014; O’Riordan et al., 
2015). Delafloxacin has also been considered as a potential 
treatment option for multiresistant gonorrhea, although clini-
cal data are lacking (Soge et al., 2016).

7a.  Acute and complicated bacterial skin 
and skin structure infections

A randomized, double blind, phase II study evaluated the 
efficacy of delafloxacin (300 mg i.v. twice daily) in the treat-
ment of acute bacterial skin and skin structure infections 
(cellulitis/erysipelas, wound infection, major cutaneous 
abscess or burn infection, ABSSSIs) compared to linezolid 
(600 mg i.v. twice daily) and vancomycin (15 mg/kg i.v. twice 
daily, actual body weight) for 5–14 days. The primary end-
point was cure (defined as complete resolution of baseline 
signs and symptoms at follow-up), while secondary end-
points included reductions in the total areas of erythema and 
induration, and assessments of bacterial eradication. Cure 
rates were significantly greater with delafloxacin versus van-
comycin (mean difference: –16.3%; 95% confidence inter-
val [CI]: –30.3% to –2.3%; p  =  0.031); differences were 
significant for obese patients (body mass index [BMI] ≥ 30 
kg/m2; mean difference: –30.0%; 95% CI: –50.7% to –9.3%; 
P  =  0.009), but not for non-obese patients. Cure rates with 
delafloxacin versus linezolid were similar. There were no dif-
ferences in bacterial eradication among the treatment groups. 
Overall, therapy was well tolerated, with the most frequently 
reported delafloxacin-associated adverse events being nausea, 
diarrhea, and vomiting (Kingsley et al., 2016). 

Another phase II study compared two dosing regimens of 
delafloxacin (300 mg i.v. twice daily and 450 mg i.v. twice 
daily) with tigecycline (100 mg i.v. once, followed by 50 mg 
i.v. 12-hourly) for complicated skin and skin structure infec-
tions (infected post-surgical or post-traumatic wounds, ani-
mal or insect bite wounds, abscess, or cellulitis) in a total of 
150 patients; duration of therapy was 5–14 days. Among the 
clinically evaluable patients (n = 109), clinical cure rates at 
the test-of-cure visit were similar in the delafloxacin (300 mg 
vs. 450 mg) and tigecycline arms (94.3%, 92.5%, vs. 91.2%, 
respectively). The most frequent adverse events were nausea, 
vomiting, and diarrhea. Notably, the 300 mg i.v. twice-daily 
delafloxacin dose appeared to be associated with fewer adverse 
effects (O’Riordan et al., 2015). 

Delafloxacin has been studied in a double-blind, phase 
III, multicenter study (RX-3341-302, NCT01811732) of 660 
patients with ABSSSIs (wounds, burns, major abscesses, or 
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cellulitis with lesions ≥ 75 cm2 in size), who were random-
ized to receive either i.v. delafloxacin or vancomycin plus 
aztreonam for 5–14 days. In unpublished findings cited by 
the manufacturer, S. aureus (52% MRSA) was the most fre-
quently identified pathogen. Delafloxacin reportedly met the 
study’s primary efficacy endpoint (reduction in lesion size by 
at least 20% at 48–72 hours) in the intent-to-treat popula-
tion, with a comparable response to the control arm (vanco-
mycin + aztreonam). The full results of this study are yet to 
be published (Melinta, 2016).

7b.  Community acquired bacterial 
pneumonia

Delafloxacin has greater in vitro activity against multidrug- 
resistant S. pneumoniae (including penicillin- and macro-
lide-resistant strains) than trovafloxacin, levofloxacin, or 
ciprofloxacin (Bassetti et al., 2015; see section 2, Antimicro- 
bial activity and Table 108.1). The drug also has excellent 
activity against many other respiratory pathogens, including 
Moraxella catarrhalis, H. influenzae, Legionella spp., and 
Chlamydia spp. (Nilius et al., 2003; Bassetti et al., 2015; 
Zhanel et al., 2003a; Zhanel et al., 2003b; Hammerschlag 
and Roblin, 2004; Table 108.1). For this reason, a number of 
authors have suggested a potential role for delafloxacin in 
the treatment of community-acquired pneumonia (Bassetti 
et al., 2015; Bassetti et al., 2016). A phase III study of dela-
floxacin therapy for hCABP is currently underway (NIH, 
2016b).

7c.  Other uses

The good activity of delafloxacin against resistant Gram-
negative organisms such as E. coli and K. pneumoniae and its 
enhanced potency in the acidic environment compared to 
other fluoroquinolones may make it a useful agent in the 
treatment of urinary tract infections (So et al., 2015). 

Delafloxacin shows potent in vitro activity against many 
strains of multiresistant Neisseria gonorrhoeae and has there-
fore been considered a potential new treatment option (Soge 
et al., 2016). The clinical efficacy of delafloxacin for gonor-
rhea is currently being studied (NIH, 2016c), although un-
confirmed reports suggest clinical results may be suboptimal 
(Allphase, 2015).
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1. DESCRIPTION

Finafloxacin (Xtoro—topical otic formulation) is a fluoro-
quinolone being developed for systemic use by MerLion 
Pharmaceuticals in Germany and Singapore and for the top-
ical otic formulation by Alcon, a Division of Novartis. Its 
chemical formula is 7-[(4aS)-3,4,4a, 5,7,7a-hexahydro-2H- 
pyrrolo[3,4-b]oxazin-6-yl]-8-cyano-1-cyclopropyl-6-fluoro- 
4-oxoquinoline-3-carboxylic acid (Figure 109.1) (Lemaire et 
al., 2011), and it has a molecular weight of 398 daltons. It is 
distinctive for the presence of an 8-cyano substitutent, and 
it contains a 1-cyclopropyl, which is also present in cipro-
floxacin, moxifloxacin, gatifloxacin, and gemifloxacin, and a 
7-bicyclo substituent related to that of moxifloxacin, with 
an additional oxygen in the second ring. It is also distinctive 
from most other fluoroquinolones in exhibiting greater 
activity at acid pH than at neutral pH. Finafloxacin, like 
other fluoroquinolones, targets the bacterial type II topoiso-
merases DNA gyrase and DNA topoisomerase IV. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

In the absence of established clinical susceptibility break-
points for finafloxacin, susceptibility data are limited to MIC 
values, which if lower than achievable drug concentrations 
at the site of infection for a specific set of pathogens would 

suggest there is likely sufficient potency for clinical response. 
Further complicating assessment is the need to determine 
the most relevant pH for susceptibility testing of finafloxacin 
because of its increased potency at pH 5.8 relative to pH 7.2 
in most species (Table 109.1) and the presence of low pH at 
some sites of infection, such as urine, abscess environment, 
stomach, and vagina (Higgins et al., 2010). Activity also 
increased under anaerobic growth conditions, an effect that 
was most pronounced at neutral pH (Goh et al., 2010a). 
Finafloxacin, like other fluoroquinolones, is bactericidal at 
concentrations above the MIC (Schubert et al., 2008) and 
exhibits a post-antibiotic effect, which is enhanced at low 
pH (Goh et al., 2012).

GRAM-NEGATIVE BACTERIA

Against many species of Gram-negative bacteria, finafloxa-
cin has generally four- to eightfold greater potency at pH 5.8 
than at neutral pH (Table 109.1) (Emrich et al., 2010; Goh et 
al., 2010a; Kresken et al., 2008; Stubbings et al., 2011). In 
addition, where data are available, there is lower potency in 
strains with resistance to ciprofloxacin and in strains with 
mutations in GyrA or GyrA plus ParC (Dalhoff et al., 2011; 
Emrich et al., 2010; Higgins et al., 2010; Stubbings et al., 
2011). Finafloxacin has greatest potency against Haemo
philus influenzae, Moraxella catarrhalis, and Neisseria gonor
rhoeae, as is also the case with ciprofloxacin, and is also 
highly potent against zoonotic pathogens, Yersinia pestis and 
Franciscella tularensis (Genzel et al., 2012; Genzel et al., 
2013). For common enteric bacteria, finafloxacin also has 
substantial potency (MIC90 < 1 μg/ml) against ciprofloxacin- 
susceptible Escherichia coli, Klebsiella spp., and Enterobacter 
spp. (Stubbings et al., 2011). For other enteric bacteria, which 
included a mixture of ciprofloxacin-resistant and -susceptible 
strains, MIC90 values were higher, ranging from 2–16 μg/ml. 
At the low end of the range of MICs for these species (Proteus 
mirabilis, Providencia spp., Morganella morganii, Salmonella 
spp., and Serratia marcescens), presumably reflecting the 
ciprofloxacin-susceptible strains in the mixture, finafloxacin 
had MIC values of 0.06–0.5 μg/ml, which were at neutral 
pH still higher than those of ciprofloxacin (Stubbings et al., Figure 109.1. Structure of finafloxacin.
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2011). In contrast, at pH 5.8–6.2, the MIC90 values for fina-
floxacin for all enteric species were 2- to 16-fold lower than 
those for ciprofloxacin regardless of ciprofloxacin suscepti-
bility, reflecting a combined effect of increased finafloxacin 
potency and decreased ciprofloxacin potency at low pH. For 
ciprofloxacin-susceptible, non-enteric Gram-negative bac-
teria, finafloxacin had greatest potency against Acinetobacter 
baumannii, followed by Stenotrophomonas maltophilia and 
Pseudomonas aeruginosa (Higgins et al., 2010; Stubbings et 
al., 2011), with MIC90 values of 1, 4, and 16 μg/ml, respec-
tively, at neutral pH and 0.12, 1, and 2 μg/ml at pH 5.8–6.2. 
Activity of finafloxacin against ciprofloxacin-susceptible 
strains of Helicobacter pylori appears to be high, although 
there is only twofold improvement in MIC values between 
neutral and low pH, and in some areas there is a high preva-
lence of quinolone resistance in H. pylori with only 38% of 
strains with finafloxacin MIC < 1 μg/ml (Buissonniere et al., 
2008; Lee et al., 2015). 

GRAM-POSITIVE BACTERIA

As with Gram-negative bacteria, finafloxacin has greater 
potency for Gram-positive bacteria at low pH than neutral 

pH, but the differences (two- to fourfold) are somewhat 
less, and potency is less in ciprofloxacin-resistant strains 
than in ciprofloxacin-susceptible strains (Table 109.1). For 
ciprofloxacin-susceptible strains of Staphylococcus aureus 
and coagulase-negative staphylococci, finafloxacin has MIC90 
values of 0.25 and 0.5 μg/ml, respectively, with substantial 
increases in MIC90 values in ciprofloxacin- and methicillin- 
resistant strains, which are commonly ciprofloxacin-resistant 
(Morrissey et al., 2014; Stubbings et al., 2011). Potency of 
finafloxacin was similar to that of moxifloxacin at neutral pH 
but was four- to eightfold greater at low pH. Finafloxacin also 
maintained potency against small colony variants of S. aureus 
and coagulase-negative staphylococci similar to that against 
their normal growth counterparts (Idelevich et al., 2011). 
Among streptococci, finafloxacin had similar (within two-
fold) potency to moxifloxacin against Streptococcus pyogenes 
and Streptococcus pneumoniae. Against Streptococcus agalac
tiae, potency was the same as ciprofloxacin (moxifloxacin 
was not tested) at neutral pH, and fourfold greater at pH 
5.8–6.2 (Stubbings et al., 2011). MIC90 values of finafloxacin 
were high (16–32 μg/ml) for Enterococcus faecalis strains 
with mixed susceptibility to ciprofloxacin, with the most 

Table 109.1. In vitro activity of finafloxacin. 

Species

MIC90* (μg/ml)

pH 7.4 pH 5.8

Gram-positive

Staphylococcus aureus 8 4

Ciprofloxacin-susceptible 0.25 0.125

Ciprofloxacin-resistant 16 4

Methicillin-resistant 8 4

Coagulase-negative staphylococcus > 32 16

Ciprofloxacin-susceptible 0.5 0.125

Ciprofloxacin-resistant 16 16

Methicillin-resistant 8 2

Streptococcus pneumoniae 1 0.5

Streptococcus pyogenes 0.5 0.12

Streptococcus agalactiae 1 0.25

Viridans streptococci 4 1

Enterococcus faecalis > 32 32

Enterococcus faecium > 32 > 32

Gram-negative

Escherichia coli > 32 16

Ciprofloxacin-susceptible 0.25 0.03

Ciprofloxacin-resistant 256 32

Klebsiella spp. > 32 16

Ciprofloxacin-susceptible 2 0.5

Ciprofloxacin-resistant

Enterobacter spp. 0.125 ≤ 0.03

Citrobacter freundii > 32 8

Proteus mirabilis 16 4

Providencia spp. 16 8

Morganella morganii 16 4

Species

MIC90* (μg/ml)

pH 7.4 pH 5.8

Serratia marcescens 8 2

Stenotrophomonas maltophilia 4 1

Pseudomonas aeruginosa > 32 32

Ciprofloxacin-susceptible 16 2

Ciprofloxacin-resistant > 32 > 32

Acinetobacter baumannii
Wildtype GyrA + ParC 1 0.12

With GyrA mutation 16 2

With GyrA + ParC mutation 64 8

Haemophilus influenzae 0.03 0.008

Moraxella catarrhalis 0.03 ≤ 0.015

Neisseria gonorrhoeae 0.125 0.06

Yersinia pestis (n = 2) (0.50) (0.25)

Yersinia spp. 0.016 

Franciscella tularensis 0.016 ≤ 0.008

Helicobacter pylori
Fluoroquinolone-susceptible 0.5 0.25

Fluoroquinolone-resistant 16 4

Anaerobes

Bacteroides fragilis 4 4

Other Gram-negative bacilli† 0.25

Clostridium difficile 16

*MIC90, minimal inhibitory concentration for 90% of strains
†Providencia spp. (9), Fusobacterium (1)
Source: Data from Barnes et al., 2014; Buissonniere et al., 2008; Genzel et 

al., 2012; Genzel et al., 2013; Genzel et al., 2014; Hawser et al., 2011; 
Higgins et al., 2010; Morrissey et al., 2014; Stubbings et al., 2011.
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susceptible strains in the range having an MIC of 0.5 μg/ml. 
Similarly, Enterococcus faecium strains had a broad range of 
MIC values from 1 to 128 μg/ml (Stubbings et al., 2011).

ANAEROBIC BACTERIA

Finafloxacin has activity against the Bacteroides fragilis group 
of anaerobes, Prevotella spp., and Peptostreptococcus spp., 
with MIC90 values of 2–4, 0.25, and 0.25 μg/ml, respectively. 
These values were similar to or twofold better than those 
for moxifloxacin (Genzel et al., 2014; Hawser et al., 2011; 
Schaumann et al., 2009). Strains of Clostridium difficile 
appear to be less susceptible, with MIC90 values of 8–16 μg/ml, 
but C. perfringens had a MIC90 of 0.12 μg/ml (Hawser et al., 
2011).

2b.  Emerging resistance and 
cross-resistance

Resistance to finafloxacin is usually associated with cross- 
resistance to other clinically available fluoroquinolones, 
because most mechanisms of resistance established for other 
fluoroquinolones also affect the activity of finafloxacin. 
Resis tance to nalidixic acid or other fluoroquinolones, which 
is commonly caused by mutations in the GyrA subunit of 
DNA gyrase, are likely to predict reduced susceptibility or 
full resistance to finafloxacin.

The prevalence of quinolone resistance can vary by locale, 
but in general, as noted above, resistance is most common 
for MRSA (> 50% and over 90% in some areas) and for 
P. aeruginosa (≥ 35%), since in these species single muta-
tions in parC or gyrA can result in strains with MIC values 
above the clinical breakpoint (Low, 2003). More recently, 
resistance has increased in enteric Gram-negative bacteria 
as well, with quinolone-resistant strains of K. pneumoniae, 
Enterobacter spp., and Escherichia coli emerging associated 
with multidrug resistance plasmids that themselves encode 
for low-level quinolone resistance together with resistance to 
many beta-lactams and aminoglycosides and to trimetho-
prim–sulfamethoxazole (Lu et al., 2012; Neuhauser et al., 
2003; Robicsek et al., 2006a) (see below). Low-level plasmid- 
mediated resistance that is below clinical breakpoint criteria 
promotes selection of higher levels of quinolone resistance 
that exceed Centers for Laboratory Standards Institute (CLSI) 
resistance breakpoint criteria for many quinolones (Robicsek 
et al., 2006a; Tran and Jacoby, 2002), but such breakpoints 
have not yet been established for finafloxacin. In addition, in 
the case of finafloxacin, it is possible that its increased 
potency at low pH could result in MIC values below achiev-
able drug concentrations at low-pH sites of infection that 
would not be the case at neutral-pH sites of infection, thereby 
complicating establishment of clinically relevant breakpoints 
for susceptibility.

Full resistance to finafloxacin and other fluoroquinolones 
can occur from mutation in the GyrA subunit of DNA gyrase 
and ParC subunit of topoisomerase IV, with an increasing 
number of these mutations associated with higher levels of 

resistance (Emrich et al., 2009; Leow et al., 2008). Mutations 
tend to cluster in certain regions (termed the quinolone 
resistance-determing region [QRDR]) of GyrA or ParC. For 
finafloxacin in E. coli, a QRDR Ser83Leu mutation in GyrA 
causes an 8- to 16-fold increase in MIC; a similar increase is 
also seen with a comparable mutation in P. aeruginosa (Goh 
et al., 2010b). For E. coli, additional mutations in either GyrA 
or ParC can cause a further increase in MIC of 8- to 128-fold. 
In S. aureus (Dalhoff et al., 2011) and in clinical isolates of 
A.  baumannii (Higgins et al., 2010) there are progressive 
increases in MIC associated with the presence of mutations 
in GyrA and in GyrA together with ParC. Clinical isolates 
of H. pylori with GyrA mutations also had overall higher 
MICs than those without such mutations (Lee et al., 2015). 
Resistance can also occur by mutations in genes that regulate 
the expression of endogenous bacterial efflux pumps that can 
actively remove some quinolones from the cell. For finaflox-
acin in E. coli, marR mutations, which cause both increased 
expression of the AcrAB-TolC efflux pump and decreases 
in  outer membrane diffusion channel OmpF, can cause an 
eightfold increase in MIC (Emrich et al., 2009). In P. aerugi
nosa, regulatory mutations that cause an increased expres-
sion of the MexAB-OprM and MexEF-OprN efflux pumps 
cause increases in finafloxacin MIC of eight- and fourfold, 
respectively. Increased expression of the MexCD-OpM pump, 
however, appears not to affect susceptibility to finafloxacin 
(Goh et al., 2010b). As noted above, plasmids that confer 
low-level quinolone resistance have also been found in enteric 
Gram-negative bacteria. Those plasmid-encoded genes that 
reduce susceptibility to finafloxacin include qnrA (16-fold), 
qnrB (32-fold), and qnrS (eightfold), which encode proteins 
of the pentapeptide repeat family that protect gyrase from 
quinolone action (Emrich et al., 2010; Robicsek et al., 2006a). 
Two other plasmid-encoded resistance determinants, qepA, 
which encodes an efflux pump affecting susceptibility to a 
broad range of quinolones (Périchon et al., 2007; Yamane et 
al., 2007), and aac(6ʹ)Ibcr, which encodes a variant of an 
aminoglycoside-modifying acetyl transferase enzyme that 
can modify some quinolones such as ciprofloxacin (Robicsek 
et al., 2006b), do not reduce the activity of finafloxacin (Emrich 
et al., 2010).

3. MECHANISM OF DRUG ACTION

Finafloxacin, like other fluoroquinolones, interacts with the 
complexes of both DNA gyrase and DNA topoisomerase IV 
with DNA (Drlica and Hooper, 2003). Drug binding occurs 
in the QRDR domain of the enzymes, which is near the active 
site of enzyme action (Morais Cabral et al., 1997). Based on 
crystallographic structures of enzyme-DNA-drug complexes, 
quinolones, like levofloxacin, are positioned with a magne-
sium ion coordinating direct water interactions with residues 
equivalent to Ser83 and Asp87 in the QRDR region of gyrase 
in E. coli, suggesting bridged contacts between drug and 
these highly conserved amino acids, which are those most 
commonly mutated in resistant strains (Aldred et al., 2013; 
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Wohlkonig et al., 2010). Both gyrase and topoisomerase IV 
are essential for DNA replication, and interaction of a quino-
lone with either enzyme-DNA complex blocks resealing of 
catalytic DNA strand breaks and traps the enzyme on DNA, 
creating both a block to bacterial DNA replication and the 
substrate for double-strand DNA breaks that are associated 
with quinolone bactericidal activity (Chen et al., 1996; Drlica 
et al., 2009). Finafloxacin exhibited greater activity against 
purified E. coli topoisomerase IV than against purified DNA 
gyrase, with values of 50% maximal DNA cleavage of 8 ng/ml 
and 25 ng/ml, respectively (Muller et al., 2008). Single-step 
E. coli mutants selected with finafloxacin, however, had 
mutations in the GyrA subunit of DNA gyrase that conferred 
a 16- to 32-fold increase in MIC, suggesting that the primary 
target of finafloxacin in bacterial cells is gyrase (Emrich et al., 
2009; Emrich et al., 2010; Leow et al., 2008). Mutations in the 
ParC subunit of topoisomerase IV when combined with a 
GyrA mutation conferred a further 128- to 256-fold increase 
in MIC, indicating that topoisomerase IV is a secondary 
target of finafloxacin. In P. aeruginosa, like in E. coli, a single 
mutation in GyrA confers a 32-fold increase in MIC (Goh et 
al., 2010b).

The effect of pH on MIC of finafloxacin in vitro may 
reflect in part increased bacterial cellular accumulation at 
low pH as shown with S. aureus. In addition, in the human 
THP-1 myelomonocytic cell line, which has macrophage 
activity, there is an increased intracellular concentration of 
finafloxacin when the medium is at pH 5.5 versus 7.4 (with 
the opposite effect seen for ciprofloxacin) that is reflected 
in  increased finafloxacin intracellular killing (but reduced 
ciprofloxacin intracellular killing) of phagocytized S. aureus, 
which resides in the acidic phagolysosome. Notably, addition 
of NH4Cl, which may reverse phagolysosomal acidification, 
reduces cellular accumulation of finafloxacin, suggesting that 
finafloxacin may have differential subcellular localization 
in the phagolysosome, perhaps explaining its lack of advan-
tage over ciprofloxacin against intracellular Legionella pneu
mophila, which resides in the cytosol (Lemaire et al., 2011).

Finafloxacin has bactericidal activity against susceptible 
organisms (Dalhoff et al., 2011; Schubert et al., 2008), but the 
additional factors after interaction of quinolones with their 
target enzymes that determine DNA breakage and bacterial 
lethality are not fully understood (Drlica et al., 2009; Drlica 
and Hooper, 2003).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

For adults, finafloxacin dosing with either oral or intrave-
nous formulations has not been finalized. Finafloxacin 0.3% 
otic suspension can be administered topically in the ear canal 
as four drops twice daily for 7 days. For patients requiring 
use of an otowick, the initial dose can be doubled (to eight 
drops), followed by four drops instilled into the affected ear 
twice daily for 7 days.

4b.  Newborn infants and children

Information on dosing of finafloxacin in children is not 
available.

4c.  Pregnant and lactating mothers

No information is yet available.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

No information is yet available.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

No information is yet available.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

By comparison of the area under the curve of drug con-
centrations in plasma over time (AUC) with oral and intra-
venous administration, finafloxacin has oral bioavailability 
of 62–100% (Lückermann et al., 2012; Patel et al., 2011). 
Maximum serum concentrations are reached within 1 hour. 
Finafloxacin has a terminal elimination half-life in serum of 
approximately 10 hours (Patel et al., 2011). Serum protein–
binding and factors affecting oral absorption of finafloxacin 
have not yet been reported.

5b.  Drug distribution

Doses up to 800 mg (p.o.) and 1000 mg (i.v.) once daily have 
been studied (Table 109.2) (Lückermann et al., 2012; Patel et 
al., 2011). Maximum concentrations of drug in serum (Cmax) 
were generally proportional to dose, but values of dose- 
adjusted AUC were somewhat higher at doses above 400 mg, 
possibly due to a saturation of renal elimination at higher 
doses (Patel et al., 2011). Cmax values at the 400-mg dose of 
finafloxacin are similar to those for levofloxacin and moxi-
floxacin at their usual doses. 

The volume of distribution of finafloxacin is approxi-
mately 350–450 liters (Patel et al., 2011), a volume that sub-
stantially exceeds that of total body water, indicating that 
finafloxacin, like other fluoroquinolones, has broad tissue 
distribution. 

Urinary concentrations of finafloxacin are high with peaks 
between 2 and 8 hours after an oral dose and range from 
44  mg/liter (200 mg dose) to 138 mg/liter (800-mg dose) 
(Patel et al., 2011). After an 800-mg dose, urinary bacteri-
cidal titers reached values ranging from 30 to > 1000 for a 
number of common urinary pathogens but dropped to ≤ 10 
for fluoroquinolone-resistant E. coli strains (Wagenlehner et 
al., 2011).
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No information has yet been reported on finafloxacin dis-
tribution into other body sites and fluids. 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

In a murine neutropenic thigh infection model with dose 
fractionation, bacterial killing was best predicted by ratio 
AUC/MIC followed by Cmax/MIC (Weiss et al., 2010). For 
S. aureus infection, the AUC/MIC values that produced sta-
sis, 1-log, and 2-log reduction in bacteria were 132, 235, and 
581, respectively. For E. coli infection, the comparable values 
were 88, 134, and 312. The AUC/MIC ratio, which is also 
closely correlated with Cmax/MIC values, is predictive of out-
comes with other quinolones (Forrest et al., 1993; Scaglione 
et al., 2003), and particularly so when values of Cmax/MIC are 
< 10, which predict selection of resistance (Drusano et al., 
1993). In comparison in a similar model, the AUC/MIC val-
ues for gatifloxacin producing static and 1- and 2-log reduc-
tions were somehat lower (36, 77, and 197 for S. aureus and 
54, 86, and 133 for E. coli) (Andes and Craig, 2002).

5d.  Excretion

About 30% of a finafloxacin dose is recovered as unchanged 
drug in urine, and at the 800-mg dose, renal clearance (9.6 
liters/h) is approximately 30% of total clearance (32 liters/h) 
(Lückermann et al., 2012; Patel et al., 2011). Renal clearance 
is higher at doses of 100 and 200 mg than at doses of 400 and 
800 mg, suggesting a saturable renal excretion mechanism 
that was also suggested by a dose-related increase in dose- 
adjusted AUC. In healthy volunteers, urinary excretion of 
finafloxacin was significantly lower in elderly versus young 
individuals, but there were no differences between males and 
females (Mooney et al., 2010). The increased hydrophilicity of 
finafloxacin at low pH is predicted to decrease renal tubular 
reabsorption with acidic urine (Bartoletti et al., 2015).

The nature of the non-renal excretion of finafloxacin is 
not yet known.

5e.  Drug interactions

Because other quinolones form complexes with multivalent 
cations that impair their oral absorption and result in reduc-
tions in AUC of 19–44%, concomitant adminstration of alu-
minum hydroxide, magnesium hydroxide, and ferrous sulfate 
(Shiba et al., 1992) should be avoided. No specific data on 
interactions of finafloxacin with other drugs, however, are 
yet available.

6. ADVERSE REACTIONS AND TOXICITY

6a.  In vitro toxicology studies

In in vitro toxicological studies finafloxacin had low cytotox-
icity in a mouse macrophage cell line (EC50 100 μg/ml), was 
non-phototoxic to mouse fibroblasts (EC50 >100 μg/ml), and 
was not toxic to rat hepatocytes and primary human and dog 
chondrocytes up to 100 μg/ml (Schmuck et al., 2008). With 
regard to cardiac arrhythmic potential and prolongation of 
QTc interval on electrocardiogram seen with some other 
fluoroquinolones, there was no effect on hERG currents 
from hERG-expressing HEK293 cells up to concentrations of 
120 μg/ml. The neurostimulatory effects seen with some other 
quinolones are not evident with finafloxacin, as no effect on 
GABA-A receptor stimulation in guinea pig ileum was seen 
below 40 μg/ml. 

6b.  Adverse effects in humans 

In a randomized double-blind, placebo-controlled trial, 
healthy volunteers received ascending single and multiple 
daily oral doses of finafloxacin (Patel et al., 2011). Single doses 
ranged from 25–800 mg, and multiple doses ranged from 

Table 109.2. Pharmacokinetics of finafloxacin. 

Dose
(mg) Route

Cmax

(μg/ml)
Tmax

(h)
t1/2

(h)
AUC

(h * mg/liter)
CL/F

(liters/h)
CLR

(liters/h)

Urine 
recovery

(% of dose)
V/F

(liters)

100 p.o. 1.3 0.5 7.2 2.8 37 13.3 36 389

200 1.9 0.75 4.6 4.1 52 15.8 32 348

400 5.1 1 10 14.2 31  8.6 28 487

800 11 0.88 11 29.2 29  9.6 34 435

200 i.v. 2.6 12 6.6

400 6.1 12 14.3

600 8.1 10 21

800 14 20 31

1000 21 21 47

Abbreviations: Cmax, maximum serum concentration; Tmax, time to maximum serum concentration; t1/2, half-life of drug in serum; AUC, area under the curve of drug 
concentration vs. time; CL/F, total clearance; CLR, renal clearance; V/F, volume of distribution.

Source: Data from Lückermann et al., 2012; Mooney et al., 2010; Patel et al., 2011.
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150–800 mg given for 7 days. Gastrointestinal events, includ-
ing diarrhea, loose stools, nausea, and flatulence were most 
frequent overall and occurred more often in finafloxacin- 
treated than in placebo-treated volunteers (23/77 [30%] vs. 
1/18 [6%]). These symptoms were particularly prominent 
in  the 20 volunteers with positive tests for H. pylori who 
received 600 mg daily for 7 days, with flatulence accounting 
for over half of the events. No difference in nervous system 
events (predominantly headache) was seen between different 
dose levels, or relative to placebo. Laboratory abnormalities 
were limited to occasional slight increases in alanine amino-
transferase (ALT) serum levels, but occurred more often 
in  the 20 H. pylori-positive volunteers (two with a 1.5-fold 
increase above upper limit of normal and five with a 3-fold 
increase). No prolongation of QTc interval was detected on 
electrocardiograms.

In a second randomized double-blind, placebo-controlled 
trial, healthy volunteers received intravenous doses of fina-
floxacin ranging from 200–1000 mg, either as single or mul-
tiple daily doses over 7 days, with 50 receiving finafloxacin 
and 23 receiving placebo (Lückermann et al., 2012). Treat-
ment emergent adverse events did not differ overall between 
the placebo and finafloxacin groups, including the categories 
of gastrointestestinal and central nervous system symptoms. 
No prolongation of QTc interval or other electrocardio-
graphic abnormalities were seen.

In a double-blind phase II trial comparing finafloxacin 
and ciprofloxacin in patients with complicated urinary tract 
infections (cUTI), similar proportions of patients were with-
drawn for adverse events (7/149 [4.7%] finafloxacin-treated 
patients and 5/72 [6.9%] of ciprofloxacin-treated patients) 
(Wagenlehner et al., 2015). Overall, gastrointestinal disor-
ders were the most common adverse event in the finafloxacin 
group and were slightly higher than in the ciprofloxacin 
group (8/149 [5.3%] vs. 2/72 [2.8%]).

7. CLINICAL USES OF THE DRUG

7a.  Urinary tract infections

Concentrations of finafloxacin in the urine are high, and 
urine pH is often below 7, supporting its use for treatment of 
urinary tract infections (Wagenlehner et al., 2011). There has 
been a double-blind, double-dummy phase II clinical trial 
for treatment of patients with cUTI and pyelonephritis with 
a three-arm comparison of finafloxacin 800 mg i.v. or p.o. 
daily for 5 days, finafloxacin 800 mg i.v. or p.o. daily for 10 
days, and ciprofloxacin 400 mg i.v. or 500 mg p.o. twice daily 
for 10 days (Wagenlehner et al., 2015). Of the 225 patients in 
the intent-to-treat population, 30% had cUTI and 70% had 
acute pyelonephritis. The dominant urinary pathogen was 
E. coli (80%), and 20% of pathogens were resistant to cipro-
floxacin. In the microbiological intent-to-treat population 
with positive urine cultures at entry (n = 64 given finaflox-
acin, 61 given ciprofloxacin), at the test-of-cure visit on day 
17, clinical responses occurred in 80% of patients given fina-
floxacin for 5 days, 84% given finafloxacin for 10 days, and 

72% given ciprofloxacin for 10 days. Microbiologic responses 
were 72%, 71%, and 59% in the respective groups. Notably, 
microbiologic responses to finafloxacin were similar in 
patients with urine pH ≥ 7 and < 7 (92% vs. 88%), but micro-
biologic responses to ciprofloxacin were lower at urine pH 
< 7 (92% vs. 73%). For patients with ciprofloxacin-resistant 
urinary isolates, microbiologic eradication was achieved in 
16 of 23 (70%) of finafloxacin-treated patients and 5 of 14 
(36%) of ciprofloxacin-treated patients (Vente et al., 2015).

7b.  Otitis externa

There have been two multicenter phase III trials of topical 
finafloxacin 0.3% suspension (4 drops twice-daily given for 
7  days) compared with its vehicle for treatment of otitis 
externa (McKeage, 2015). In the intent-to-treat groups in 
both studies (n = 686 and 548), resolution of tenderness, 
erythema, and edema at day 11 was significantly better with 
finafloxacin than vehicle, with overall cure (71.2 % and 70.8% 
in the finafloxacin groups and 50.6% and 48.9% in the vehi-
cle groups) and median time to resolution of symptoms (3.5 
days vs. 5.3 days). In patients with ear canal cultures positive 
for S. aureus and/or P. aeruginosa (n = 283 and 277), clinical 
cures were also significantly higher in the finafloxacin group 
in both studies (71.7% and 68.7% vs. 33.3% and 40.0%). 
Microbiological eradication of initial pathogens occurred 
in 67% of finafloxacin-treated patients and 13% of vehicle- 
treated patients.

7c.  Ongoing clinical trials

There are currently two ongoing phase II clinical trials of 
finafloxacin (McKeage, 2015). One compares 3-day courses 
of oral finafloxacin 300 mg twice daily with oral ciprofloxa-
cin 250 mg twice daily for treatment of uncomplicated uri-
nary tract infections in a randomized, double-blind design. 
Another randomized but open-label trial compares finaflox-
acin (400 mg p.o. twice-daily) plus either amoxicillin (1 gm 
twice daily) or esomeprazole (40 mg twice daily) for treat-
ment of H. pylori infection. Results are pending.
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Prulifloxacin/Ulifloxacin
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1. DESCRIPTION

Prulifloxacin (Quisnon [Japan], Sword [Japan], Unidrox 
[Italy], Prixina [Greece], Glimbax [Greece], Pruvel [United 
States], Pruquin [generic]) is an oral antibiotic of the fluro-
quinolone class. It was synthesized in 1987 in Japan by 
Nippon Shinyakyu Co., Ltd (Nippon) and subsequently 
patented in 1989 (Kise et al., 1989). It is licensed in a number 
of countries in Asia and Europe; however, it is not currently 
available in the United States or Australia. 

Prulifloxacin is the lipophilic prodrug of ulifloxacin. Its 
chemical formula is 6-fluoro-1-methyl-7-[4-(5-methyl-2- 
oxo-1,3-dioxolen-4-yl)methyl-1-piperazinyl]-4-oxo-4H- 
[1,3]thiazeto[3,2-a]quinoline-3-carboxylic acid. Following 
oral administration, it is rapidly hydrolyzed into the active 
metabolite 6-fluoro-1-methyl-7-(1-piperazinyl)-4-oxo-4H- 
[1,3] thiazeto[3,2-a]quinoline-3-carboxylic acid: Ulifloxacin 

(Ozaki et al., 1991a; Ozaki et al., 1991b). It is available as a 
250 mg, 450 mg, and 600 mg tablet. 

The chemical structure of prulifloxacin contains an oxo-
dioxolenylmethyl group in the 7-piperazine ring, which acts 
to improve bioavailability. It also contains a four-member 
ring in the 1,2-position including a sulfur atom, to increase 
antibacterial activity (Figure 110.1) (Giannarini et al., 2009). 
It has a broad spectrum of activity against Gram-negative 
and Gram-positive bacteria. Prulifloxacin/ulifloxacin, like 
other fluroquinolones, acts on the bacterial DNA gyrase and 
DNA topoisomerase IV to prevent bacterial DNA transcrip-
tion, replication, recombination, and repair. With its broad 
spectrum of activity, good tissue penetration, and once-daily 
dosing, the focus of recent studies has been on the use of 
prulifloxacin/ulifloxacin in the treatment of acute exacer-
bation of chronic bronchitis, urinary tract infections (UTIs), 
and infectious diarrhea (Giannarini et al., 2009; Keam and 
Perry, 2004; Prats et al., 2002; Rafailidis et al. 2011).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The in vitro susceptibility of prulifloxacin/ulifloxacin has 
been evaluated against a range of isolates in a number of geo-
graphic settings, including Japan (Kawai et al., 2010; Yoshida 
and Mitsuhashi, 1993; Ozaki et al., 1991a), Spain (Prats et al., 
2002), Italy (Montanari et al., 2005; Montanari et al., 2001; 
Gemignani et al., 2007), Greece (Karageorgopoulos et al., 
2013), and a combination of North America/Europe/Latin 
America (Fritsche et al., 2009). Laboratory methods varied 
across these publications and only susceptibility data from 
studies using standardized methology (European Committee 
on Antimicrobial Suscebtibility Testing [EUCAST], Centers 
for Laboratory Standards Institute [CLSI], E-test) was included 
in Table 110.1. 

Based on early pharmacokinetic and pharmacodynamic 
data, the following breakpoints have been proposed by the 
manufacturer: susceptible: ≤1 μg/ml; intermediate: 2 μg/ml; 

Figure 110.1. Chemical structures of prulifloxacin and 
ulifloxacin.
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resistant ≥ 4 μg/ml (Angelini, 2004). However, neither CLSI 
or EUCAST have not published breakpoints for ulifloxacin. 
Utilizing these criteria, Montanari et al. (2005) have pro-
posed the following zone diameter breakpoints for inter-
pretation of disk diffusion susceptibility testing (5 µg disc): 
15 mm and 19 mm for Enterobacteriaceae, 16 mm and 20 
mm for non-fermenters, and 14 mm and 18 mm for Gram-
positive bacteria.

GRAM-NEGATIVE BACTERIA

The in vitro activity of prulifloxacin/ulifloxacin against most 
enterobacteriaceae is generally greater than that of ciproflox-
acin and other fluroquinolones (Prats et al., 2002; Montanari 
et al., 2001; Karageorgopoulos et al., 2013; Fritsche et al., 
2009; Gualco et al., 2007). For common enteric bacteria, pru-
lifloxacin/ulifloxacin has substantial potency against nali-
dixic acid susceptible isolates of Escherichia coli and Klebsiella 
spp. (MIC90 < 0.12 μg/ml) (Prats et al., 2002). Nalidixic acid 
resistant isolates demonstrate higher MIC90 values, although 
susceptibility is retained in some cases (Prats et al., 2002). 

When tested against a worldwide collection of gastro-
intestinal pathogens derived from global surveillance studies, 

ulifloxacin was the most active of all oral agents evaluated 
(compared with ciprofloxacin, rifaximin, ampicillin, eryth-
romycin, doxycycline, and sulfamethoxazole/trimethoprim). 
In this cohort, occasional strains of Aeromonas spp., 
Campylobacter spp., and Escherichia coli demonstrated ele-
vated MIC results (> 4 μg/ml) to ulifloxacin (Fritsche et al., 
2009). 

Regarding activity against isolates of P. aeruginosa, uli-
floxacin displayed similar efficacy to that of ciprofloxacin in 
initial studies (Prats et al., 2002; Montanari et al., 2001); 
however, a detailed analysis of 300 isolates of P. aeruginosa 
in Italy found that prulifloxacin/ulifloxacin was more potent 
than ciprofloxacin, levofloxacin, and moxifloxacin in vitro 
(Roveta et al., 2005). This cohort included a large number of 
isolates with resistance to more than three antipseudomonal 
agents; however, whether this translates into clinical benefit 
when taking into consideration pharmacokinetic and phar-
macodynamic parameters, remains to be seen. Similar results 
have been demonstrated with P. aeruginosa biofilm isolates 
disrupted by sonication (Ceccarini et al., 2008). 

The potential application of prulifloxacin as a synergis-
tic agent with piperacillin/tazobactam in the treatment of 

Table 110.1. In vitro activity of prulifloxacin/ulifloxacin.

Species MIC90 (μg/ml)

Gram-positive organisms

Staphylococcus aureus 0.5

Methicillin-susceptible 0.25–0.5

Methicillin-resistant > 4–64

Coagulase-negative staphylococcus 1

Methicillin-susceptible 8

Methicillin-resistant 64

Streptococcus pneumoniae 0.75–2

Penicillin-susceptible 0.03

Penicillin-resistant 4

Streptococcus pyogenes 0.190*–1

Streptococcus agalactiae 1

Viridans streptococci ND

Enterococcus faecalis   2–4

Vancomycin-resistant > 4

Enterococcus faecium   2–16

Vancomycin-resistant > 4

Listeria monocytogenes 1

Gram-negative organisms

Escherichia coli 0.008–4*

Nalidixic acid-susceptible 0.015

Nalidixic acid-resistant 1

Klebsiella spp. 0.12–2

Nalidixic acid-susceptible 0.12

Nalidixic acid-resistant 0.25

Enterobacter spp. 0.03–8

Citrobacter spp. 0.25–4

Citrobacter freundii 0.25

Proteus spp. 1

Species MIC90 (μg/ml)

Proteus mirabilis 0.380*

Nalidixic acid-susceptible 0.015

Nalidixic acid-resistant > 4

Providencia spp. 64

Morganella spp. 8

Morganella morganii 0.03

Serratia spp. 0.5–1

Serratia marcescens 0.5

Stenotrophomonas maltophilia 4

Pseudomonas aeruginosa  16–64

Ciprofloxacin-susceptible 1

Ciprofloxacin-resistant > 4

Acinetobacter spp. 32

Haemophilus spp. < 0.015

Haemophilus influenzae 0.015–0.047*

Moraxella catarrhalis 0.03–0.064*

Yersinia spp. 0.016

Legionella pneumophila 1

Campylobacter jejuni 0.5–> 2

Salmonella spp. 0.03

Shigella spp. 0.008

Aeromonas spp. 0.06

Anaerobes

Bacteroides fragilis ND

Clostridium difficile ND

*E-test methodology utilized 
ND, not defined.
Source: 
Data from Fritsche et al., 2009; Karageorgopoulos et al., 2013*; Montanari 

et al., 2005; Montanari et al., 2001; Pallecchi et al., 2011; Prats et al., 2002.
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extended-spectrum beta-lactamase (ESBL)–producing Entero-
bacteriaceae was evaluated in vitro against 10 isolates from 
patients unsuccessfully treated with a beta-lactam or a fluro-
quinolone (Tascini et al., 2010). Synergy was demonstrated 
against some but not all isolates. 

GRAM-POSITIVE BACTERIA

The activity of prulifloxacin/ulifloxacin against Gram-positive 
bacterial isolates is comparable to that of ciprofloxacin and 
levofloxacin but inferior to moxifloxacin and trovafloxacin 
(Montanari et al., 2001; Prats et al., 2002). As with other 
evaluated fluroquinolones, MICs to methicillin-susceptible 
Staphylococcus aureus remain in the susceptible range 
(0.25–0.5 μg/ml). Activity against S. pneumoniae is variable 
(0.03 μg/ml against penicillin-susceptible isolates vs. 4 μg/ml 
against penicillin-resistant isolates) and less than that of moxi-
floxacin. Prurifloxacin/ulifloxacin activity against Entero
coccus faecalis and E. faecium is also variable, although MIC90 
values are generally higher (≥ 2 μg/ml) (Montanari et al., 
2001; Prats et al., 2002; Pallecchi et al., 2011).

ANAEROBES

Activity against anaerobic bacteria is reported as being poor; 
however, no specific MIC data are provided by these authors 
(Keam and Perry, 2004). 

2b.  Emerging resistance and 
cross-resistance

There are few data regarding emerging resistance to pruli-
floxacin/ulifloxacin; however, cross-resistance to other 
clinically available fluroquinolones has been demonstrated. 
Resistance to nalidixic acid or ciprofloxacin, which is com-
monly caused by mutations in the GyrA subunit of DNA 
gyrase, is likely to predict reduced susceptibility or resistance 
to prulifloxacin/ulifloxacin (see Chapter 101, Ciprofloxacin 
and Chapter 104, Levofloxacin). In an in vitro study on E. coli 
isolates, prulifloxacin-resistant mutants were progressively 
selected and then evaluated for virulence traits (Gualco et al., 
2007). They demonstrated a strong relationship between the 
acquisiton of resistance and loss of biological “fitness.” 

3. MECHANISM OF DRUG ACTION

Prulifloxacin/ulifloxacin, as with other similar fluroquinolo-
nes, interacts with the complexes of DNA gyrase and DNA 
topoisomerase IV with DNA (Drlica and Hooper, 2003; see 
Chapter 104, Levofloxacin). 

4.  MODE OF DRUG ADMINSTRATION 
AND DOSAGE

4a.  Adults

Prulifloxacin/ulifloxacin has an extended half-life allowing 
for once-daily oral dosing. The adult dose is 600 mg once 
daily (Angelini, 2004). 

4b.  Newborn infants and children

Information regarding dosing of prulifloxacin/ulifloxacin in 
children is not available.

4c.  Pregnant and lactating mothers

Prulifloxacin does not yet have an official FDA category list-
ing in pregnancy, but it can be expected to be at least com-
parable to other similar fluoroquinolones (see Chapter 105, 
Moxifloxacin). Teratogenicity has not been demonstrated in 
animal models, but there is no information yet available 
in humans (Morinaga et al., 1996a; Morinaga et al., 1996b). 
In rats, prulifloxacin is noted to pass into maternal milk in 
quantities that exceed plasma concentration (Okuyama et al., 
1997b).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Based on altered pharmacokinetics in patients with mild 
(CrCl 41–60 ml/min) or moderate (20–40 ml/min) renal 
impairment, dose adjustment in patients with any degree 
of  renal impairment is likely to be necessary (Angelini, 
2004; Keam and Perry, 2004). However, there are currently 
insufficient published data to guide the dose modifications 
required.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

No information yet available.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Following oral administration, prulifloxacin is absorbed in 
the upper small intestine and rapidly and extensively metab-
olized to ulifloxacin by esterases, predominantly paraoxo-
nase, in the portal circulation and the liver (Tougou et al., 
1998). Hence the pharmacokinetic profile of prulifloxacin 
has been studied by evaluating ulifloxacin concentrations 
after oral prulifloxacin administration (prulifloxacin levels 
are not detectable in plasma after oral administration) (Keam 
and Perry, 2004). The oral bioavailability of prulifloxacin/ 
ulifloxacin is somewhat uncertain. Original patent material 
states that ulifloxacin “has low water solubility and low bio-
availability,” but that in the “form of thiabutyldine quinoline 
carboxylate, the solubility is improved, the bioavailability is 
improved and treatment effect is enhanced” (Patents, 2011). 
A similar statement is made for ulifloxacin mesylate (Patents, 
2010).

In vitro, in a concentration range of 0.1–10 μg/ml, uliflox-
acin is 41–59% bound to serum proteins (Okuyama et al., 
1997a). In vivo studies have found similar results (Angelini, 
2004; Nakashima et al., 1994). 
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The absorption of prulifloxacin is reduced when adminis-
tered with cimetidine, antacids, or metals ions such as iron, 
aluminium, calcium, and magnesium administered up to 3 
hours prior to, and 2 hours after, dosing (Shiba et al., 1996). 
Administration with food prolongs the time to maximum 
concentrations (Tmax; 2.1 vs. 0.7 hours), but not the maxi-
mum concentration (Cmax), area under the curve (AUC) or 
urinary excretion rates (Nakashima et al., 1994). Absorption 
is also reduced when prulifloxacin is administered with milk, 
with a reduction in Cmax and AUC of about 30% (Saito and 
Tarao, 1996). 

5b.  Drug distribution

Following administration of a single oral dose of 600 mg 
prulifloxacin in healthy volunteers, the Cmax of ulifloxacin is 
1.6 μg/ml and is achieved in a median time of 1 hour (tmax). 
The AUC is 7.3 μg hours/ml and plasma levels appear to be 
slightly lower than those observed with newer-generation 
fluroquinolones (Picollo et al., 2003). The elimination half-
life is not dose dependent, but differed between populations 
and ranged from 7.7–12.1 hours (Nakashima et al., 1994; 
Picollo et al., 2003).

The volume of distribution after a single 600 mg dose of 
oral prulifloxacin is 1231 l (Angelini, 2004; Keam and Perry, 
2004). Tissue penetration of ulifloxacin is generally good 
into a range of body tissues, with the exception of the central 
nervous system, where levels are low to undetectable after 
single- or multidose administration (Angelini, 2004; Keam 
and Perry, 2004; Goto et al., 1996).

After administration of a single 600 mg dose of pruliflox-
acin to patients 2–24 hours prior to lobectomy for lung can-
cer, ulifloxacin concentrations in lung tissue exceeded plasma 
concentration at every time point. The mean corrected lung/
plasma ratio was 6.9 over the 24-hour period (Concia et al., 
2005). Similarly, ulifloxacin has demonstrated good pene-
tration into gynecological tissues, with tissue/plasma ratios 
ranging from 1.5–3 when administered prior to hysterec-
tomy (Gorlero et al., 2007; Mikamo et al., 1995). When 
administered prior to transurethral resection of the prostate, 
the ratio of concentrations found in prostatic tissue to con-
centrations in plasma ranged from 3.8–9.5 (Giberti et al., 
2009). In addition, good penetration has been demonstrated 
into sinus mucosa (De Benedetto et al., 2012), middle ear 
mucosa, and tonsillar tissue (Shinkawa et al., 1996). Drug 
levels in aqueous humor following oral administration were 
modest (0.0382 ± 0.022 μg/ml following single dose), indi-
cating that efficacy is likely to be limited in the treatment of 
endophthalmitis (Cagini et al., 2012).

Ulifloxacin concentrations in bile have been demonstrated 
to exceed 42 μg/ml, significantly exceeding the MIC values 
for common pathogens at this site (Murakami et al., 1996; 
Tanimura et al., 1995). Mean salivary concentrations are 
approximately 20% of the plasma concentrations (Nakashima 
et al., 1994). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The pharmacokinetic and pharmacodynamic (PK/PD) 
parameters for prulifloxacin/ulifloxacin have not been pub-
lished, but are expected to be similar to those of other fluoro-
quinolones, namely the AUC/MIC ratio (see Chapter 101, 
Ciprofloxacin). 

Similar to other fluroquinolones, ulifloxacin has been 
demonstrated to actively penetrate into phagocytic cells 
in vitro and demonstrates bactericidal activity in the intracel-
lular compartment (Ozaki et al., 1996; Shimizu et al., 2002; 
Tullio et al., 1999). In an in vitro model, the maximum intra-
cellular to extracellular concentration ratio for ulifloxacin 
was 12.3 (at the extracellular concentration of 20 μg/ml)—
slightly exceeding that for ciprofloxacin at 8.6 and highlight-
ing the potential for use in intracellular infection (Ozaki et 
al., 1996). 

5d.  Excretion

Unaltered ulifloxacin is predominantly eliminated by glo-
merular filtration and active tubular secretion in the kidneys 
with urinary concentrations of > 3 μg/ml at 48 hours after 
a single 6000 mg dose (Nakashima et al., 1994; Picollo et al., 
2003). Renal clearance of ulifloxacin (approximately 170 ml/
min) is not dose dependent (Picollo et al., 2003).

Ulifloxacin is also detected in the feces in significant 
quantities following oral administration. The fecal excretion 
rate of ulifloxacin was 52.9% within 72 hours after dosing 
(4.2% for unaltered prulifloxacin), although this may result 
from a combination of biliary excretion and the detection of 
unabsorbed prulifloxacin that has decomposed in the large 
intestine (Nakashima et al., 1994; Tomizawa et al., 1996).

5e.  Drug interactions

Administration of prulifloxacin with theophylline in healthy 
volunteers resulted in a minor increase in theophylline AUC 
levels (of about 15%) and a prolongation of half-life (Fattore 
et al., 1998). Although this level of interaction was consid-
ered to be relatively minor when compared with other fluro-
quinolones such as ciprofloxacin, monitoring of theophylline 
drug levels is nonetheless recommended when coadminis-
tered with prulifloxacin. Concomitant adminstration of 
prulifloxacin with probenecid resulted in increased AUC 
and half-life of ulifloxacin with decreased urinary excretion 
(Totsuka et al., 1996). This again suggests that renal excretion 
of ulifloxacin is related to active renal tubular secretion in 
addition to glomerular filtration. As noted earlier (see sec-
tion 5a, Bioavailability), the absorption of prulifloxacin is re- 
duced when administered with cimetidine, antacids, or met-
als ions such as iron, aluminium, calcium, and magnesium 
administered up to 3 hours prior to, and 2 hours after, dosing 
(Shiba et al., 1996).
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6. ADVERSE REACTIONS AND TOXICITY

Similar to other fluoroquinolones (see Chapter 101, Cipro-
floxacin), prulifloxacin has generally been well tolerated in 
clinical trials with a favorable side-effect profile. There were 
no significant differences in treatment-associated adverse 
events when compared to ciprofloxacin (Angelini, 2004; 
Grassi et al., 2002; Carmignani et al., 2005), perflox acin (Cer-
vigni et al., 2003), or amoxicillin/clavulanic acid (Angelini, 
2004). The most frequently reported adverse events were 
gastric pain, diarrhea, nausea, and rash. These findings were 
confirmed when adverse drug reaction (ADR) reporting 
data in four Italian regions in 2005–2006 was reviewed (Lapi 
et al., 2010). The safety profile of prulifoxacin was found to 
be similar to that of ciprofloxacin in 2005; however, report-
ing of ADRs attributable to prulifloxacin decreased sharply 
in 2006 despite an increase in consumption, which seems 
difficult to explain. 

In a mouse model, oral administration of prulifloxacin 
or ciprofloxacin was only noted to induce convulsions when 
co-administered with nonsteroidal anti-inflammatory drugs 
(Ukai et al., 1996). Similarly, no major gastrointestinal, cen-
tral nervous system, respiratory, cardiac, or renal toxicities 
were identified when evaluated in early animal models (Kura 
et al., 1996a; Kura et al., 1996b). 

6a.  Cardiac effects

Unlike some fluoroquinolones, results from both in vitro and 
in vivo studies suggest that QTc prolongation is unlikely to be 
a concern with prulifloxacin therapy. Ulifloxacin, similar to 
ciprofloxacin, had minimal effect on the human ether-à-  
go-go-related gene (hERG) K+ channel in stable transfected 
human embryonic kidney (HEK293) cells. In contrast, 
moxifloxacin, which is known to cause QTc prolongation in 
humans, resulted in significant hERG current blockade in 
this model (Lacroix et al., 2003). In other animal models, 
repeated administration or intravenous infusion did not pro-
long the QTc or induce cardiac arrythmia (Akita et al., 2004; 
Lacroix et al., 2003). 

Consistent with the in vitro and animal studies, at steady-
state levels after therapeutic doses in healthy volunteers, 
prulifloxacin does not appear to have an effect on the QTc 
interval (Rosignoli et al., 2010). There have been no reported 
cases of ventricular tachycardia or other cardiac arrythmia 
that have been attributable to prulifloxacin.

6b.  Phototoxicity

The phototoxic poteintial of prulifloxacin appears to be low. 
In a small, unpublished series in which healthy volunteers 
were exposed to ultraviolet A irradiation after adminstra-
tion or oral prulifloxacin or ciprofloxacin, no phototoxicity 
was observed in 7 of 10 subjects in each treatment group 
(Angelini, 2004; Keam and Perry, 2004).

6c.  Other side effects

There have been single case reports where prulifloxacin has 
been identified as the possible cause of acute renal failure 
(Gallelli et al., 2006), and as a trigger of myasthenia gravis 
(Rossi et al., 2009). However, the exact association in these 
cases remains unclear. 

There have been no reports in the published literature of 
hepatotoxicity or chondrotoxicity that have been attributable 
to prulifloxacin. 

7. CLINICAL USES OF THE DRUG

The focus of recent studies on prulifloxacin/ulifloxacin has 
been once-daily therapy for the treatment of UTIs (both 
uncomplicated and complicated) and respiratory tract infec-
tions, for which there appear to be promising results (Gian-
narini et al., 2009; Keam and Perry, 2004; Prats et al., 2002; 
Rafailidis et al. 2011). For a summary of published clinical 
trials evaluating prulifloxacin see Table 110.2. 

7a.  Uncomplicated urinary tract infections

Prulifloxacin 600 mg daily was compared to perfloxacin 800 
mg daily single dose in a multicenter randomized open-label 
trial conducted in Italy on 231 women with simple cystitis 
(Cervigni et al., 2003). Five to seven days after treatment, the 
microbiological eradication rate was 97.4% in the prulifloxacin 
group and 92.2% in the pefloxacin groups. Similarly, the clin-
ical success rates were 92.2% in the prulifloxacin group and 
84.3% in the pefloxacin group. These results were sustained at 
4 weeks post-treatment. The manufacturer has reported sim-
ilar findings in an unpublished, double-blind, controlled study 
of prulifloxacin compared with ciprofloxacin in uncompli-
cated lower UTIs in women. The findings have been described 
by Keam and Perry (2004). Clinical success rates were over 
95% in both arms after 30 days follow-up, with similar rates 
of bacteriological eradication (Keam and Perry, 2004).

In an open-label pilot trial, 51 young women with symp-
toms of cystitis, a history of recurrent UTI, and positive 
urine cultures were given a 14-day course of prulifloxacin 
(Cai et al., 2009). Clinical and microbiogical outcomes were 
evaluated, as well as quality of life (QOL) and the impact on 
Lactobacillus vaginal flora over a 6-month follow-up period. 
After 6 months, 36 (70.6%) patients remained recurrence- 
free. They also reported an improvement in QOL, and there 
was a preservation of Lactobacillus vaginal flora. The finding 
of preservation of Lactobacillus vaginal flora was confirmed 
in an open, randomized, parallel-group study evaluating the 
effect of prulifloxacin compared to amoxicillin/clavulanate 
in healthy volunteers (Tempera et al., 2009). 

In a multicenter, double-blind, randomized controlled trial 
(RCT) conducted on patients in China, a heterogenous cohort 
of 267 patients with either acute respiratory infections or 
UTIs were randomized to prulifloxacin 264 mg twice-daily or 
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levofloxacin 200 mg twice daily for 5–14 days, according to 
clinical response (Chen et al., 2012). There were no signifi-
cant outcome differences between the groups in this study, 
with a similar rate of adverse events. 

A further phase III RCT has recently been completed 
comparing single-dose prulifloxacin 600 mg daily with levo-
floxacin 250 mg daily for 3 days in patients with uncompli-
cated UTI in China (Lee’s Pharmaceutical Limited, 2015). 
Results are pending.

7b.  Prophylaxis against urinary tract 
infection

In a multicenter, randomized, non-blinded, parallel group 
study, a 3-month prophylactic schedule with prulifloxacin 
was found to be equally as effective as fosfomycin in the pre-
vention of recurrent UTI (Costantini et al., 2014). However, 
as is often the case with antimicrobial prophylaxis, the over-
all efficacy was moderate and short-lived in both groups, with 
a disease-free probability of 37% for prulifloxacin and 50% 
for fosfomycin at 3 months follow-up. 

Prulifloxacin has also been evaluated as a prophylactic 
agent to prevent catheter-associated UTI following tension- 
free vaginal tape (TVT) surgery (Ghezzi et al., 2007). Patients 
undergoing TVT surgery (n = 54) received a single dose of 
prulifloxacin 10 hours prior to catheter removal and were 
compared to 60 historical controls who received no prophy-
laxis. No patients in the prulifloxacin group had a positive 
urine culture at catheter removal compared with 14 (23.3%) 
in the control group, of whom 10/14 were reported as being 
symptomatic. However there was no difference in bacteriuria 
between the groups 7 days after surgery. 

7c.  Complicated urinary tract infections

For the treatment of complicated UTI, prulifloxacin 600 mg 
for 10 days has been compared with ciprofloxacin 500 mg 
twice daily (Carmignani et al., 2005), and in an unpublished 
manufacturer’s reported trial, amoxicillin/clavulanic acid 1g 
twice daily. 

In the study comparing prulifoxacin and ciprofloxacin, 
treatment success was defined as microbiological eradication 
in the intention-to-treat population measured at 5–7 days 
after treatment—success was 90.8% in the prulifloxacin group 
and 77.8% in the ciprofloxacin group (p = 0.008). In the 
study comparing prulifloxacin with amoxicillin/clavulanic, 
the results were described only in a review by Keam and 
Perry (2004). Clinical success rates were similar between the 
prulifloxacillin and amoxicillin/clavulanic acid groups (96.1% 
vs. 97.1% respectively); notably, the groups were not blinded 
(Keam and Perry, 2004).

7d.  Chronic bacterial prostatitis

A number of clinical trials have been conducted of pruli-
floxacin in the treatment of chronic bacterial prostatitis 
(CPB) in men. The microbiological and clinical efficacy of 

prulifloxacin in CBP is generally comparable to the other 
oral fluroquinolones (Perletti et al., 2013). In an early study, 
96 patients with CBP were randomized to receive a 4-week 
course of prulifloxacin 600 mg daily or levofloxacin 500 mg 
daily (Giannarini et al., 2007). The microbiological eradica-
tion rate was 72.7% for prulifloxacin and 71.1% for levoflox-
acin (p = 0.86), with no significant difference between the 
groups in rates of relapse at 6 months follow-up. An RCT was 
conducted evaluating a 2-week course or prulifloxacin com-
pared with a 3-week course of oral doxycycline in the treat-
ment of CBP due to Chlamydia trachomatis (Cai et al., 2010). 
Clinical efficacy rates at the end of therapy were equivalent 
between the two groups: 82.5% for prulifloxacin and 79.9% 
for doxycyline (p = 0.08). In addition, there was no signifi-
cant difference in rates of microbiological eradication at the 
end of treatment; however, the follow-up period in this study 
was limited to only 30 days. 

In an RCT involving 210 patients with CPB, participants 
were randomized to prulifloxacin or prulifloxacin plus a 
nutritional supplement (Serenoa repens, Lactobacillus sporo
gens, and arbutin) (Busetto et al., 2014). The rate of biological 
recurrence at 2 months was 27.6% in the group receiving 
prulifloxacin alone and 7.8% in the group who also received 
the supplements. However, in this study, prulifloxacin was 
considered the standard of care rather than the agent under-
going investigation. 

To evaluate the potential role and optimal dosing of pru-
lifloxacin in preventing prostate infections, an RCT was 
performed to assess the effectiveness of different dosing reg-
imens in patients undergoing transrectal prostate biopsy 
(Mari, 2007). A total of 432 men were randomized to receive 
either a single dose of prulifloxacin immediately prior to the 
procedure or a 5-day course commencing just prior to proce-
dure. The primary outcome was clinical evidence of infection 
(e.g. fever), which occurred infrequently in both groups (fever 
occurred in 0.95% of the single-dose group and in 0.90% of 
the 5-day treatment group). 

7e.  Respiratory tract infections

Prulifloxacin 600 mg once daily has been compared to a 
number of agents in the treatment of acute exacerbation of 
chronic bronchitis (AECB). Studies include prulifloxacin 
versus ciprofloxacin 500 mg twice-daily (Grassi et al., 2002), 
prulifloxacin versus amoxicillin/clavulanic acid 1g twice-
daily for 10 days (unpublished trial, reported in Keam and 
Perry, 2004), and prulifloxacin versus levofloxacin 500 mg 
daily (Blasi et al., 2013). The rates of therapeutic success for 
prulifloxacin were similar to those of ciprofloxacin (84.7% 
prulifloxacin vs. 85% ciprofloxacin, at the end-of-treatment 
visit) (Grassi et al., 2002). Success rates were reportedly also 
similar for amoxicillin/clavulanic acid (92.5% vs. 93.4%, 
respectively, at the end-of-treatment assessment), although 
these unpublished findings have only been described in the 
review article by Keam and Perry (2004). 

A recent multicenter, parallel, double-blind RCT was 
conducted comparing prulifloxacin 600 mg daily with 
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levofloxacin 500 mg daily for 7 days in patients with acute 
exacerbations of severe chronic obstructive pulmonary dis-
ease (COPD) (Blasi et al., 2013). In the intention-to-treat 
analysis, 92.5% of patients who received prulifloxacin and 
96.5% of patients who received levofloxacin were considered 
cured 10 days after completion of treatment. At 6 months 
follow-up, the rate of relapse was < 5% in both groups. 

Given prulifloxacin’s in vitro spectrum of activity, includ-
ing against some resistant respiratory pathogens (Roveta et 
al., 2005), the potential use of prulifloxacin as a second-line 
agent in the treatment of exacerbation of COPD was evalu-
ated in a recent randomized, single-blind, non-inferiority 
study comparing prulifloxacin 600 mg daily with levofloxa-
cin 500 mg daily for 10 days (Giusti et al., 2016). Patients 
(n = 258) were enrolled who had received previous antibi-
otic treatment with any non-fluroquinolone antibiotic, who 
had subsequently deteroriated and required hospitalization. 
Therapeutic success at day 10 was very high in both groups: 
96.7% in the prulifloxacin group versus 93.0% in the levo-
floxacin group, in the intention-to-treat analysis (p = 0.62). 
Unfortunately, there was limited culture and drug suscepti-
bility data captured in this study and hence conclusions 
regarding microbiological efficacy cannot be drawn. Pruli- 
floxacin has also been studied in a small study of smokers 
with COPD (Pasqua et al., 2008).

There is an ongoing phase III clinical trial comparing pru-
lifloxacin 600 mg once daily to levofloxacin 500 mg once-
daily in patients with mild to moderate exacerbations of 
chronic bronchitis in China (Lee’s Pharmaceutical Limited, 
2014). Results are pending. 

7f.  Gastrointestinal infections

Given the favorable in vitro profile of prulifloxacin against 
many common pathogenic gastrointestinal bacteria (Fritsche 
et al., 2009), and early clinical data on bacteriological efficacy 
from Japan (Tomizawa et al., 1996), two RCTs have been 
conducted on the potential role of prulifloxacin in the treat-
ment of traveler’s diarrhea—these have been published in 
abstract form (DuPont et al., 2008; Steffen et al., 2009). 

In an initial study, adult travelers in Mexico and Peru were 
randomized in a 2:1 ratio to receive prulifloxacin (n = 187) or 
placebo (n = 95) once daily for 3 days (DuPont et al., 2008). 
Patients recorded symptoms in daily diaries up to the test-of-
cure (TOC) visit 24–72 hours after the last dose of antibiotic. 
Stool samples were collected before and after treatment for 
microbiological evaluation. Median time to clinical resolu-
tion was 24.2 hours in the prulifloxacin group and could not 
be calculated in the control group as more than half of the 
subjects had persistent symptoms at the TOC visit or had 
failed clinically. Microbiological eradication was achieved in 
80.9% of treated cases and 52.7% of placebo cases (p < 0.01). 
These findings were confirmed in a further study where 268 
adult travellers were randomized to prulifloxacin (n = 133) 
or placebo (n = 135) for 3 days (Steffen et al., 2009). Similarly, 
symptom duration was shorter in the prulifloxacin group, 

and bacterial eradication was 67% in the prulifloxacin group 
versus 27.2% in the placebo group (p < 0.01).

7g.  Other indications 

Prulifloxacin has been investigated for the treatment of dia-
betic foot infections. In a cohort study assessing the safety 
and effectiveness of prulifloxacin as outpatient therapy in 
60 patients with mild or moderate diabetic foot infections, 
cure was achieved in 100% of the 30 patients with soft tissue 
infection and 86.7% of the 30 patients with osteomyelitis. 
However in this cohort, based on culture findings, pruliflox-
acin was combined with intramuscular teicoplanin and met-
ronidazole as required (Cavani, 2007). Thus the true efficacy 
of prulifloxacin for this indication remains uncertain.

An Italian RCT sought to compare the efficacy of differ-
ent dosing regimens of prulifloxacin in the prevention of pel-
vic inflammatory disease (PID) following surgical abortion 
(Caruso et al., 2008). The rates of PID ranged from 2.5–
10.5%, and the most effective regimen appeared to be when 
prulifloxacin was administered for 1 day before and 2 days 
after surgery. 

Prulifloxacin has been evaluated as a prophylactic agent 
to improve tolerance to intravesical bacille Calmette-Guérin 
(BCG) treatment in patients with bladder cancer. In two 
small open-label RCTs, prulifloxacin was compared with 
placebo in the prevention of adverse events following intra-
vesical BCG therapy. In the initial trial, patients who received 
three doses of prulifloxacin 600 mg had a significantly lower 
need for antituberculosis therapy compared those who 
received BCG alone (3% vs. 11%, p = 0.02) (Damiano et al., 
2009). In a subsequent trial, 43 patients were randomized to 
receive BCG plus single-dose prulifloxacin compared with 
BCG alone. While there was a reduction in local symptoms, 
there was no difference in systemic toxicity, with only one 
patient overall requiring antituberculosis therapy (Serretta 
et al., 2010).
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Avarofloxacin, Nemonoxacin, 
and Zabofloxacin

Tony Allworth and M. Lindsay Grayson

INTRODUCTION

Avarofloxacin and zabofloxacin are conventional fluoro-
quinolones with a fluorine atom inserted at position 6 in 
the quinolone ring, while nemonoxacin is a non-fluorinated 
quinolone (Karpiuk and Tyski, 2013). It has been suggested 
but not proven that removal of the fluorine atom may 
improve the adverse event profile of these agents (Barry et 
al., 2001). All three agents are under various stages of clinical 
evaluation, with their mechanism of activity similar to other 
agents in this class (Jacoby, 2005; Redgrave et al., 2014; Van 
Bambeke, 2014; see Chapter 101, Ciprofloxacin).

1. AVAROFLOXACIN

Avarofloxacin (JNJ-Q2) is currently under development by 
Allergan (previously Actavis, which acquired Furiex). It has 
a  zwitterion structure and its chemical formula is 7-[(3E)- 
3-(2-amino-1-fluoroethylidene)piperidin-1-yl]-1-cyclo- 
propyl-6-fluoro-8-methoxy-4-oxoquinoline-3-carboxylic 
acid, molecular formula C21H23F2N3O4; the molecular weight 
is 419.421826 g/mol (Kocsis et al., 2016). The chemical struc-
ture is shown in Figure 111.1. Avarofloxacin is available as 
both an oral or intravenous formulation and is active against 
a broad range of Gram-positive and Gram-negative bacteria. 

A key focus in the development of avarofloxacin has 
been its use in the treatment of acute bacterial skin and 
skin-structure (ABSSSI) infections, particularly those due to 
methicillin-resistant Staphylococcus aureus (MRSA), as well 
as community-acquired pneumonia (CAP), since it displays 
activity against multidrug-resistant strains of S. pneumoniae. 
The availability of i.v. and oral formulations for avarofloxacin 
is thought to differentiate it from a number of other agents 
for MRSA infections, which are usually only available intra-
venously. In 2013 the manufacturer announced that the FDA 
has granted Qualified Infectious Disease Product (QIDP) 
and Fast Track designation for avarofloxacin (JNJ-Q2) 
(Furiex, 2013).

1a.  Antimicrobial activity and key 
pharmacokinetic-pharmacodynamic 
features

The antimicrobial activity of avarofloxacin against common 
Gram-positive and Gram-negative organisms is summarized 
in Table 111.1 and Table 111.2, respectively. Notable is the 
enhanced in vitro activity of avarofloxacin (including time–
kill studies) against multi-resistant strains of Streptococcus 
pneumoniae and Staphylococcus aureus, including MRSA 
(Morrow et al., 2010). Among 2137 isolates of S. pneumo
niae, the avarofloxacin MIC90 was 0.015 µg/ml with all but 
one strain being inhibited by ≤ 0.25 µg/ml. Similarly, among 
511 S. aureus isolates collected as part of the SENTRY 
Antimicrobial Surveillance Program during 2008–2009, 
avarofloxacin demonstrated potent activity (MIC90 0.5 µg/ml; 
range ≤ 0.008–4 µg/ml), with this activity being several-fold 
greater than comparators (Farrell et al., 2011a). Against the 
308 fluoroquinolone-resistant MRSA isolates, avarofloxacin 
demonstrated an MIC90 of 1 µg/ml, suggesting that despite 
improved activity, there was clear upward MIC drift in 
these fluoroquinolone-resistant isolates of S. aureus. Other Figure 111.1. Chemical structure of avarofloxacin.
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international studies have found similar results, as have stud-
ies assessing isolates from avarofloxacin trials in the treat-
ment of acute bacterial skin and skin and skin structure 
infections (ABSSI) (Farrell et al., 2011b; Farrell et al., 2012; 
see Table 111.1). Some in vitro studies suggest that avaro-
floxacin remains active against quinolone-resistant strains of 
MRSA and that it is less likely to induce resistant mutants 
than ciprofloxacin (Morrow et al., 2011). Whether this is 
borne out in clinical studies remains to be confirmed.

In a mouse septicemia model involving various strains of 
MRSA and S. pneumoniae, avarofloxacin displayed activity 
that was equivalent to moxifloxacin (and superior to cipro-
floxacin) for the MSSA septicemia model, superior to van-
comycin for the MRSA septicemia model, and superior to 
moxifloxacin in the S. pneumoniae lower respiratory tract 
infection model, while in the skin infection models, the 
activity of avarofloxacin exceeded that of comparators (cip-
rofloxacin, moxifloxacin, linezolid, and vancomycin) (Fernan-
dez et al., 2011). 

Avarofloxacin has in vitro activity equivalent to moxiflox-
acin against most Gram-negative pathogens (Morrow et al., 
2010; Biedenbach et al., 2012a), but against ciprofloxacin- 
resistant Escherichia coli and Providentia stuartii, MIC90 values 
for avarofloxacin are high (16 µg/ml and 4 µg/ml, respec-
tively). Avarofloxacin has limited activity against Citrobacter 
freundii, and against Pseudomonas aeruginosa activity is 
equivalent to levofloxacin but less than ciprofloxacin. Avaro-
floxacin appears to have reasonable activity against Neisseria 
gonorrhoeae, including strains that are ciprofloxacin non- 
susceptible but ceftriaxone-susceptible, with MIC values of 
0.004–0.25 μg/ml (Biedenbach et al., 2012b).

Similar to other fluoroquinolones, avarofloxacin acts on 
DNA gyrase and topoisomerase IV (Redgrave et al., 2014; 
see Chapter 101, Ciprofloxacin), although it is asserted that 
avarofloxacin demonstrates balanced activity against DNA 
gyrase and topoisomerase IV and that this contributes to its 
potency compared to previous generations of fluoroquino-
lones (Morrow et al., 2010).

Avarofloxacin appears to be well absorbed orally with an 
absolute bioavailability of 0.65, half-life of 13–20 hours, 
and plasma protein binding of 63–70% (Eichenbaum et al., 
2012; Davenport et al., 2012). Initial pharmacokinetic data 
was derived from a detailed cardiovascular safety study 
involving 58 human volunteers: after a 250 mg twice-daily or 
500 mg once-daily oral dose, the Cmax values were 2.87 ± 0.6 
µg/ml and 3.63 ± 0.69 µg/ml, and the Tmax was 2 hours (range 
1–4 hours) and 3 hours (range 1–6 hours), respectively 
(Eichenbaum et al., 2012).

In subsequent clinical studies of oral and i.v. avarofloxa-
cin, good oral bioavailability (65%) was confirmed, and Cmax 
values of 2.18 μg/ml and 1.65 μg/ml for the 250-mg oral dose 
and 150-mg i.v. dose, respectively, were observed. Avaro-
floxacin area under the curve (AUC) values increased pro-
portionately with dose, but the Cmax increased in a less than 
dose-proportional manner. Following a single oral dose of 
250 mg, AUC0–∞ and Cmax were 35.8 μg.h/ml and 2.18 μg/ml, 
respectively. Median Tmax for the 250-mg oral dose was 1.77 

hours (range 0.75–3 hours). Total clearance was 4.41–6.22 
l/h, volume of distribution 86–148 l, renal clearance 0.58 l/h, 
and the fraction excreted in urine was 12%. The accumu-
lation ratio was 1.63 over the 5-day study. Lung penetration 
on day 4 after seven doses of 250 mg twice daily was good, 
with substantial concentrations of avarofloxacin detected in 
epithelial lining fluid and alveolar macrophages, with ratios 
to free plasma of 50.6 and 156.9, respectively, at 6 hours 
following the dose (Davenport et al., 2012). 

Unpublished data presented only in abstract form (Van 
Wart et al., 2012) suggest avarofloxacin is similar to other 
fluoroquinolones whereby the AUC/MIC ratio is the key 
pharmacokinetic-pharmacodynamic (PK/PD) parameter. A 
free AUC/MIC of 14 h–1 results in a static effect on S. aureus 
in animal models, and hence it has been calculated that a 
target attainment rate of 0.966 would be achieved for an iso-
late with avarofloxacin MIC ≤ 0.5 µg/ml when an oral dose 
of 250 mg twice-daily or an i.v. dose of 150 mg twice-daily is 
used (Van Wart et al., 2012).

1b.  Clinical features

Avarofloxacin is administered orally at a dose of 250 mg 
twice daily, or intravenously at a dose of 150 mg twice daily. 
In the pharmacokinetic studies of i.v. avarofloxacin, the drug 
was administered as a 90-minute infusion. 

There is no information regarding the use of avaroflox-
acin in special populations or any data regarding dosage 
adjustments in renal or hepatic dysfunction.

Although safety data are limited, avarofloxacin appears to 
have a similar safety profile to other fluoroquinolones (see 
Chapter 105, Moxifloxacin and Chapter 101, Ciprofloxacin). 
Unlike some other fluoroquinolones, avarofloxacin was not 
phototoxic in either in vitro or in vivo studies, and among 
healthy human volunteers the rate of nonspecific rash was 
<  4%, although there was one reported case of reversible 
hypersensitive rash. Alterations in liver enzymes were also 
noted, but at low rates, with asymptomatic reversible isolated 
increases in alanine aminotransferase (ALT) noted in < 5% 
of healthy volunteers (the vast majority of increases were < 5 
times the upper limit of normal). However, there was one 
case reported of reversible isolated increase in ALT to 11.8 
times the normal values in a healthy subject participating in 
a cardiac toxicity study (Covington et al., 2011). No sig-
nificant CNS or dysglycemic effects have been reported with 
oral therapy (Covington et al., 2011; Covington et al., 2013).

Intravenous avarofloxacin has been associated with nausea, 
vomiting, diarrhea, flatulence, headache, dysgeusia, phlebitis, 
and chills in seven patients, but these symptoms were mostly 
mild. Notably, however, one subject had two episodes of 
asymptomatic hypoglycemia, although analysis of the whole 
study group did not indicate any effect on glucose homeo-
stasis. One patient receiving 150 mg i.v. avarofloxacin devel-
oped a grade 3 phlebitis that responded to slowing the 
infusion (Van Bambeke, 2014).

QT prolongation and episodes of torsades de pointes have 
been identified as limiting the safety of a number of drugs, 
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including some fluoroquinolones (see Chapter 101, Ciproflo-
xacin). A comprehensive study evaluated the potential for 
cardiovascular adverse events utilizing an ex vivo and in 
vivo experimental animal study, and a human electrocar-
diographic study evaluated avarofloxacin in comparison to 
moxifloxacin, sparfloxacin, and ofloxacin (Eichenbaum et 
al., 2012). This study demonstrated that the effects of avaro-
floxacin on transmural dispersion of polarization (Tp-Te), 
QT interval, QRS complex, and PR intervals were consistent 
with mitigating effects on ion channels, and a less pro-
nounced effect on QT corrected (QTc) by avarofloxacin than 
the comparators. The human study of 58 subjects was under-
taken in a blinded crossover fashion utilizing oral avaro-
floxacin 250 mg twice daily and 500 mg once daily versus 
moxifloxacin and placebo. Avarofloxacin did result in pro-
longation of QTc compared to placebo, but had an effect that 
was comparable to that of moxifloxacin.

The primary focus for clinical studies for avarofloxacin 
have been in CAP in situations where other agents are either 
contraindicated or are likely to be ineffective due to back-
ground levels of resistance, and the treatment of ABSSSI, 
including those due to MRSA.

A multicenter, double-blind, randomized, non-inferiority 
study compared avarofloxacin (150 mg i.v. twice daily fol-
lowed by 250 mg twice daily orally) to moxifloxacin (400 mg 
once daily orally or intravenously) in 120 hospitalized subjects 
with community-acquired bacterial pneumonia. Diag nosis 
was based on clinical features, radiological evidence of 
pulmonary infiltrates, and a positive sputum Gram stain. The 
study was planned to recruit from 60 sites across the United 
States, Eastern Europe, and Latin America; however, the 
study was terminated due to slow enrolment after 32 subjects 
were enrolled (Covington et al., 2013). In the avarofloxacin 
group, 9 of 16 subjects met the criteria for early response at 
day 4, compared to 7 of 16 in the moxifloxacin arm; low 
patient numbers preclude statistical comparisons. 

A phase II, randomized, double-blind, double-dummy 
trial to compare the clinical efficacy, safety, and tolerability 
of oral avarofloxacin (250 mg, twice daily) versus linezolid 
(600 mg twice daily) in patients with ABSSSI was conducted 
in 19 centers in the United States (Covington et al., 2011). 
ABSSSIs included wound infections, deep cellulitis, or severe 
abscess, with a minimum lesion size of 75 cm2 and systemic 
features (either temperature ≥ 38°C, hypothermia [temp 
<  36.0°C], leucocytosis ≥ 10,000/µl, ≥ 15% band forms, 
leukopenia, lymphangitis/lymphadenopathy relative to the 
area of the infection). Of 161 participants, 121 (75%) had a 
pathogen identified at baseline, of which 104 grew S. aureus 
(63% of which were MRSA); 83 patients received avaro-
floxacin (66 completed study) and 78 received linezolid (71 
completed study). The primary efficacy analysis revealed an 
early clinical response rate for avarofloxacin of 74.7% versus 
79.5% for linezolid, but did not demonstrate non-inferiority 
for avarofloxacin according to the specified study criteria 
(assumed 70% early clinical response for linezolid; 75% early 
clinical response rate for avarofloxacin; delta = minus 15%). 
However, when analyzed utilizing FDA endpoint criteria, 

non-inferiority was demonstrated (FDA treatment respon-
ders for avarofloxacin 61.4% and for linezolid 57.7%). Fur-
thermore, predefined secondary endpoints demonstrated 
non-inferiority for avarofloxacin.

Based on in vitro activity, avarofloxacin may have a poten-
tial role in the treatment of gonorrhea due to isolates resis-
tant to other fluoroquinolones; however, clinical studies for 
this indication remain to be undertaken.

2. NEMONOXACIN

Nemonoxacin (TG-873870, current trade name Taigexyn) is 
a non-fluorinated quinolone currently under development 
by TaiGen Biotechnology Co Ltd (Karpiuk and Tyski, 2013). 
Recently TaiGen announced a licensing agreement with 
the Mexican pharmaceutical company, Productos Científicos 
S.A. de C.V. to develop and commercialize nemonoxacin 
in Latin America (TaiGen Biotechnology, 2016a). The chem-
ical formula is 7-[(3S,5S)-3-amino-5-methylpiperidin-1-yl]-
1-cyclopropyl-8-methoxy-4-oxoquinoline-3-carboxylic 
acid, molecular formula C20H25N3O4, and molecular weight 
371.4302 g/mol; the chemical structure is shown in Figure 
111.2.

There are two formulations, the oral capsule form of 
nemonoxacin malate (TG-875649) and the intravenous 
formulation, nemonoxacin malate sodium chloride. The 
nemonoxacin capsule form (500 mg) was approved by the 
Taiwan Food and Drug Administration in March 2014 
(TaiGen Biotechnology, 2016b). 

A key focus of clinical trials given its oral and intravenous 
preparations has been for the treatment of CAP and the oral 
treatment of diabetic foot ulcer infections and skin and soft 
tissue infections.

2a.  Antimicrobial activity and key 
pharmacokinetic-pharmacodynamic 
features

The antimicrobial activity of nemonoxacin against common 
Gram-positive and Gram-negative organisms is summarized 
in Table 111.1 and Table 111.2, respectively. 

Nemonoxacin demonstrates potent activity against 
Gram-positive organisms, particularly streptococci and 

Figure 111.2. Chemical structure of nemonoxacin.
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staphylococci, with greater activity than comparator quino-
lones against both methicillin-susceptible S. aureus (MSSA) 
and methicillin-resistant strains (MRSA) (Adam et al., 2009; 
Lauderdale et al., 2010; Li et al., 2014; Wu et al., 2015). In 
one study, nemonoxacin was more active against Staphylo
coccus epidermidis (MSSE or MRSE) than licensed compara-
tors and was highly active against community-acquired MRSA 
(CA-MRSA) (Adam et al., 2009). Nemonoxacin was also 
active against penicillin-susceptible and penicillin-resistant 
S. pneumoniae isolates and is active against Enterococcus fae
calis but not E. faecium (MIC90 128 µg/ml) (Adam et al., 
2009). Similar findings were observed in two large Taiwanese 
studies that found nemonoxacin was more active than cipro-
floxacin and levofloxacin, and had comparable activity to 
moxifloxacin against a number of Gram-positive species 
including staphylococci, streptococci, and enterococci (Lauder-
dale et al., 2010; Chen et al., 2009). However, ciprofloxacin- 
resistant MRSA strains were cross-resistant to nemonoxacin, 
and activity against vancomycin-intermediate strains of S. 
aureus (VISA) and daptomycin non-susceptible MRSA was 
poor. In a more recent Taiwanese study of MRSA, however, 
the nemonoxacin MIC90 was 1.0 µg/ml, with only 1.5% of 
isolates displaying high MICs to nemonoxacin (Chen et al., 
2014). Recent studies have suggested that in S. pneumoniae 
isolates, nemonoxacin is less frequently associated with resis-
tance mutations in Par C than either garenoxacin, ciproflox-
acin, or gatifloxacin; although mutations were still selected 
with nemonoxacin in GyrA, GyrB, and ParE (Roy choudhury 
et al., 2016).

In vivo activity of nemonoxacin in a mouse systemic 
infection model using intraperitoneal inoculation of S. aureus, 
S. capitis, S. pneumoniae, or E. faecalis, and a mouse pul-
monary infection model using S. pneumoniae demonstrated 
good activity compared to levofloxacin (Li et al., 2010). 

Similar to other quinolones, nemonoxacin demonstrates 
reasonable activity against Enterobacteriaceae but, similar to 
moxifloxacin, does not have clinically relevant activity against 
P. aeruginosa or Stenotrophomonas maltophilia (Adam et al., 
2009). However, cross-class resistance is a concern in some 
regions, with poor nemonoxacin (and ciprofloxacin) activity 
reported in Taiwan among Enterobacteriaceae strains that 
were also ertapenem-resistant (Hsu et al., 2011). Against 
H. influenzae and N. gonorrhoeae isolates, nemonoxacin has 
better activity than ciprofloxacin and levofloxacin, but is 
comparable to moxifloxacin (Lauderdale et al., 2010). In a 
Taiwanese study of Helicobacter pylori, including clarith-
romycin- and metronidazole-resistant isolates, nemonoxacin 
had activity one- to twofold better than ciprofloxacin, levo-
floxacin, and moxifloxacin, using an agar dilution method 
(Yang et al., 2010). 

In an in vivo mouse systemic infection model using 
intraperitoneal inoculation of Escherichia coli, a mouse 
pulmonary infection model using Klebesiella pneumoniae, 
and a mouse urinary tract infection model using E. coli, 
nemonoxacin activity was less than that of levofloxacin (Li 
et al., 2010). 

Nemonoxacin has been compared to levofloxacin, doxy-
cycline, and azithromycin for activity against Chlamydia 
trachomatis and Chlamydophila pneumoniae—MIC90 and 
MBC90 values for nemonoxacin were both 0.06 µg/ml, 
whereas MIC90s for levofloxacin, doxycycline, and azithro-
mycin were 0.25, 0.125, and 0.015 µg/ml, respectively 
(Chotikanatis et al., 2014). Nemonoxacin also appears to 
have good activity against C. pneumoniae, with MIC90 of 
0.06 µg/ml and comparable activity to azithromycin against 
C. trachomatis (Chotikanatis et al., 2014).

Nemonoxacin has some activity against Clostridium diffi
cile, with MIC90 values of 8 µg/ml (range: 0.25 to > 32 µg/ml), 
but isolates with reduced susceptibility to moxifloxacin had 
variable nemonoxacin MICs, ranging from 0.5 to > 32 µg/ml 
(Liao et al., 2012). Lin et al. (2011) found similar results. 
Against Gram-positive, non-spore-forming, obligate anaero-
bic bacilli such as Eubacterium spp., Eggerthella spp., and 
Paraeggerthella spp., nemonoxacin displays variable activity, 
with MIC values of 0.12 to > 32 µg/ml, although all except 
one isolate were in the range of 0.12–2 µg/ml (Lee et al., 
2012).

Nemonoxacin has activity equivalent or superior to gema-
floxacin and moxifloxacin against Nocardia spp., with greater 
activity against N. brasiliensis than N. asteroides complex 
isolates (Lai et al., 2009; Lai et al., 2011). Nemonoxacin 
has limited activity against both susceptible and multidrug-
resistant (MDR) strains of M. tuberculosis isolates (Tan et al., 
2009).

Nemonoxacin is rapidly absorbed orally with peak levels 
occurring within 1–2 hours of dosing. Absolute bioavailabil-
ity is claimed to be nearly 100%, although this is unpublished 
(Cao et al., 2014). Plasma protein binding is 16% (Lin et al., 
2007). In a randomized, double-blind, placebo-controlled, 
dose-escalating study of nemonoxacin to ascertain safety, 
tolerability, and pharmacokinetics, 46 healthy volunteers 
were given a once-daily oral-dosing range of 75–1000 mg 
for 10 days. AUC0–24 and Cmax values were dose-proportional 
when using the clinically relevant daily doses of 500–1000 
mg (Chung et al., 2010). The elimination half-life was 
approximately 7.5 hours and 19.7 hours on days 1 and 10, 
respectively. Plasma concentrations were similar on days 1 
and 10, suggesting little accumulation over a 10-day dosing 
period. Food affects the pharmacokinetics, with decreases 
in the maximum plasma concentration and area under the 
plasma concentration-time curve of 46% and 27%, respec-
tively (Chung et al., 2010). Approximately 37–58% of the 
drug is excreted in the urine. Guo et al. (2012) found similar 
results.

Intravenous nemonoxacin has been evaluated in both 
dose-ranging and single dose studies of Chinese subjects 
utilizing 250-, 500-, and 750-mg doses (Cao et al., 2014). 
Cmax values were 4.82, 7.15, and 11.03 µg/ml, respectively, 
while AUC0–24 values were 15.65, 36.37, and 58.31 µg.h/ml, 
respectively, for each of the three doses. The drug’s half-life 
was approximately 11 hours, with about 70% of the dose 
recovered unchanged in the urine. There may be some eth - 
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nic differences in pharmacokinetics between Chinese and 
Western subjects, with AUC0–24 being 21.6% higher and 
urinary excretion rate being 12.1% lower in the Chinese 
population (Cao et al., 2014). However, when body surface 
area was used rather than body mass to dose-normalize the 
results, there were no differences in Cmax or AUC0–24 between 
Western and Chinese subjects.

After intravenous administration, the volume of distribu-
tion for nemonoxacin is > 3l/kg, indicating wide distribution 
in tissues. However, there have not been studies published 
on specific tissue distribution of nemonoxacin.

Similar to other quinolones, the key pharmacodynamic 
parameter of nemonoxacin is the fAUC/MIC90 ratio (Wright 
et al., 2000; Drusano, 2007; see Chapter 101, Ciprofloxacin). 
Modeling studies suggest that a 750 mg nemonoxacin dose 
will display the following activity against key pathogens: 
MSSA (fAUC/MIC ≥ 1533), CA-MRSA (fAUC/MIC = 766.7), 
and ciprofloxacin-susceptible MRSA (fAUC/MIC ≥ 1533), 
as well as levofloxacin non-susceptible S. pneumoniae 
(fAUC/MIC = 46) (Chen et al., 2009; Lin et al., 2010). An in 
vitro study of nemonoxacin activity against S. pneumoniae 
(with various resistance phenotypes) that simulated a two-
compartment pharmacokinetic model found that the MIC 
of S. pneumoniae to penicillin did not impact the activity 
of  nemonoxacin, but that as the MIC of the isolates to 
nemonoxacin rose, the bactericidal activity of nemonoxacin 
diminished (Liang et al., 2013). In this model the calculated 
target values for f % T > MIC, fAUC0–24/MIC, and fCmax/
MIC that would result in a 3 log10-unit reduction in viable 
organisms were 53.4%, 47.05, and 5.07, respectively. Based 
on previous reports that successful quinolone therapy against 
Gram-positive organisms (particularly S. pneumoniae) 
requires a fAUC/MIC of > 25–40 (Wright et al., 2000), 
some  authors have suggested that the pharmacodynamic 
MIC breakpoint of ~ 0.5 µg/ml for nemonoxacin would 
be  appropriate for such pathogens (Van Bambeke, 2014). 
Subsequently, utilizing this data it has been calculated that 
all dosing regimens (500, 650, and 750 mg daily) would have 
a high probability of clinical and microbiological success 
against S. pneumoniae as well as a number of other common 
pathogens, but that activity against vancomycin-intermediate 
S. aureus and E. faecium is likely to be ineffective (Wu et al., 
2015; Qin and Huang, 2014).

Nemonoxacin is predominantly excreted unchanged in 
the urine (37–58%), with the proportion of the dose excreted 
over 24 hours being independent of dose administered 
(Chung et al., 2010); other authors have reported 50–70% 
renal excretion (He et al., 2015). After an oral or intravenous 
dose, 6.12% and 5.03%, respectively, of the parent drug is 
excreted in the feces (He et al., 2015). The major metabolite 
of nemonoxacin is nemonoxacin acyl-beta-D-glucuronide, 
but only small amounts of this are recovered in the urine 
and minimal if any in feces (He et al., 2015).

Administration of nemonoxacin concomitant with or 4 
hours after aluminum- and magnesium-containing antacids 
or ferrous sulfate significantly impairs absorption of nemon- 

oxacin, whereas calcium carbonate has less effect (Zhang 
et al., 2014). Administration of nemonoxacin 2 hours prior 
to the administration of these agents had no effect on the 
nemonoxacin pharmacokinetics. A more recent study has 
demonstrated that ingestion of nemonoxacin with probene-
cid increased the AUC0–∞ by 26.2% and reduces the renal 
clearance by 22.6%. Administration of cimetidine with 
nemonoxacin increases the AUC0–∞ of the latter by 9.4% 
and  decreases its renal clearance by 13.3%. The effect of 
probenecid is potentially clinically significant, but that of 
cimetidine is unlikely to be so. Co-administration of nemon-
oxacin with either agent did not affect Cmax or the percentage 
of the dose recovered in the urine (Zhang et al., 2016). 
Preclinical studies have demonstrated that nemonoxacin 
neither induces nor inhibits human hepatic CYP3A4 activity 
(Chow et al., 2007). 

2b.  Clinical features

The recommended oral nemonoxacin dose is 500 mg or 750 
mg once daily, which should be administered in a fasting 
state, since the AUC and Cmax are reduced by food (although 
the trough concentrations are not substantially affected by 
food). Nemonoxacin should be administered at least 2 hours 
prior to aluminum- and magnesium-containing antacids or 
ferrous sulfate (Zhang et al., 2014). Intravenous nemonox-
acin is administered in doses of 500–750 mg daily, but it is 
recommended that the administration rate should be ≤ 5.56 
mg/min. 

There is no information regarding the use of nemonox-
acin in special populations and no data regarding dosage 
adjustments in renal or hepatic dysfunction.

The toxicity profile of nemonoxacin is comparable to 
other agents in its class (see Chapter 101, Ciprofloxacin). 
However, in the initial CAP study of nemonoxacin (750 mg 
daily vs. 500 mg daily vs. levofloxacin 500 mg daily) treat-
ment-emergent adverse events were reported in 55.8%, 
44.9%, and 48.9%, respectively—although diarrhea, head-
ache, and dizziness were more common in the nemonoxacin 
groups (van Rensburg et al., 2010). No differences in labo-
ratory results, vital signs, or ECG findings were observed 
between groups. However, subjects with a history/evidence 
of a prolonged QTc interval, a significant abnormality of 
screening ECG, or requirement for concomitant medication 
associated with increased QTc interval were excluded from 
the study. Other authors have reported that nemonoxacin 
demonstrates little effect on QT interval and limited poten-
tial for phototoxicity (Lin et al., 2010). 

Based on the drug’s in vitro activity and PK/PD features, 
the key focus of nemonoxacin development has been for the 
treatment of CAP, skin and soft tissue infections, and dia-
betic foot infections.

A randomized, double-blind, multicenter study compared 
the safety and efficacy of nemonoxacin 500 mg daily vs. 
750 mg daily (administered in a fasting state) versus levo-
floxacin 500 mg daily, each for 7 days, in 265 adults with 
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radiologically-confirmed, clinically diagnosed CAP in South 
Africa and Taiwan; 237 patients completed the study (van 
Rensburg et al., 2010). Subjects with known or suspected 
severe bronchiectasis, cystic fibrosis, active tuberculosis, bron-
chial obstruction, post-obstructive pneumonia, pulmonary 
malignancies, lung abscess, or empyema were excluded, as 
were subjects with other significant comorbidities. Non-
inferiority was defined as a difference of < 15%. In the intent-
to-treat (ITT) population, the clinical cure rates were 82.6% 
(nemonoxacin 750 mg), 75.3% (nemonoxacin 500 mg), and 
80.0% (levofloxacin 500 mg), and were 83.5% (nemonoxacin 
750 mg), 78.0% (nemonoxacin 500 mg), and 82.3% (levo-
floxacin 500 mg) in the clinical per-protocol (PPc) population. 
In the clinically evaluable subpopulations, clinical cure rates 
were 89.9%, 87.0%, and 91.1%, respectively. Non-inferiority 
was demonstrated for both nemonoxacin dosing groups 
compared to levofloxacin in both the evaluable populations 
but only for the 750-mg nemonoxacin dosing group com-
pared to levofloxacin in the total population analyses. H. 
influenzae and S. pneumoniae were the most frequently 
isolated pathogens. Bacteriological success rates were 
90.2%, 84.8%, and 92.0% in the bacteriologically evaluable 
ITT population, and 91.9%, 84.1%, and 93.6% in the 
bacteriologically-evaluable PPc populations, respectively. 
The bacteriologically evaluable populations demonstrated 
non-inferiority for the 750-mg nemonoxacin dose but not 
the 500-mg nemonoxacin dose compared to levofloxacin. 
Non-inferiority was not demonstrated for either dosing 
group in the total ITT or PPc groups, although numbers 
in  these analyses were small. Bacteriological response rates 
for atypical pathogens (M. pneumoniae, C. pneumoniae, and 
Legionella pneumophila) were equivalent (~ 80–100%).

A recent study of 192 patients in China with radiologically-
confirmed CAP evaluated nemonoxacin 500 mg versus 750 
mg daily (administered fasting) vs. levofloxacin 500 mg daily 
for 7–10 days. Of these, 168 were evaluable (full analysis 
set  [FAS]—essentially the ITT population) and 152 were 
included in the per-protocol analysis (PPS). Clinical cure 
rates were 93.3%, 87.3%, and 88.5%; and 93.0%, 93.9%, and 
88.9% in the FAS and PPS populations, respectively. Both 
doses of nemonoxacin were reported as non-inferior to 
levofloxacin (Liu et al., 2015).

In a currently unpublished study, TaiGen Biotechnology 
has announced that intravenous nemonoxacin has achieved 
a primary endpoint in a phase III study of CAP (TG- 
873870-C-6), citing non-inferiority in clinical success rate 
at  visit 4 in the evaluable mITT population (TaiGen Bio-
technology, 2015). A peer-reviewed, detailed analysis of 
these results is awaited.

A multicenter, randomized, double-blind, parallel com-
parative phase III study to evaluate the efficacy and safety of 
intravenous infusion with nemonoxacin versus moxifloxacin 
in adult patients with CAP is currently ongoing (NIH, 
2016a).

TaiGen Biotechnology have announced promising results 
from an open label, non-comparative phase II study of dia-
betic foot infections (NIH, 2016b; TaiGen Biotechnology, 

2010), but these have not been published other than in 
abstract form (Lipsky et al., 2010).

3. ZABOFLOXACIN

Zabofloxacin (DW-224a) is currently under development by 
Dongwha Pharmaceuticals Co., Ltd (Chungju City, Seoul, 
Korea); the Taiwanese trade name is Zabolante. Its chemical 
formula is 1-cyclopropyl-6-fluoro-7-[(8E)-8-methoxyimino- 
2,6-diazaspiro[3.4]octan-6-yl]-4-oxo-1,8-naphthyridine-3-
carboxylic acid, molecular formula C19H20FN5O4, and molec-
ular weight is 401.391603 g/mol or 534.49 g/M (aspartic 
acid) (Han et al., 2013). It is claimed that the presence of a 
cyclopropyl substituent in position 1 and a bulky, pyrrolidine-
based substituent in position 7 improves zabofloxacin activity 
against Gram-positive bacteria (Van Bambeke, 2014). The 
chemical structure is shown in Figure 111.3. 

Zabofloxacin has been formulated as zabofloxacin hydro-
chloride 400-mg capsule (containing 366.7 mg of zabofloxa-
cin) and as zabofloxacin aspartate 488-mg tablet (containing 
366.5 mg of zabofloxacin). These two formulations have been 
shown to be bioequivalent (Han et al., 2013). The key focus 
of zabofloxacin development has been for the treatment of 
CAP and other pulmonary infections.

3a.  Antimicrobial activity and key 
pharmacokinetic-pharmacodynamic 
features

Table 111.1 and Table 111.2 summarize the in vitro activity of 
zabofloxacin against a variety of Gram-positive and Gram-
negative organisms, respectively.

Zabofloxacin demonstrates generally superior in vitro 
activity to ciprofloxacin against Gram-positive organisms 
such as quinolone-susceptible strains of S. aureus, S. epider
midis, S. pyogenes, and S. pneumoniae, although its activity 
against quinolone-resistant strains remains limited (Kwon 
et al., 2006). Compared to ciprofloxacin, moxifloxacin, and 
gemifloxacin, zabofloxacin displayed superior activity to cip-
rofloxacin and moxifloxacin against methicillin-sensitive 
S. aureus, S. pneumoniae, S. pyogenes, and S. epidermidis, and 
was also more active than ciprofloxacin and moxifloxacin 
against MRSA, E. faecalis, and E. faecium—although MIC 
values were elevated (MIC90 of 4 µg/ml, 2 µg/ml, and 16 µg/

Figure 111.3. Chemical structure of zabofloxacin.
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ml, respectively) (Park et al., 2006). In a study that assessed 
382 isolates of S. pneumoniae, including penicillin-resistant 
strains and those resistant to quinolones, zabofloxacin 
retained good activity (MIC90 values for penicillin-resistant 
[N = 100] and quinolone-resistant strains [N = 29] were 
0.03  µg/ml and 0.25 µg/ml, respectively) (Kosowska-Shick 
et  al., 2006). Studies in a murine intraperitoneal infection 
model utilizing S. aureus, S. pyogenes, and S. pneumoniae 
found similar results (Kwon et al., 2006; Park et al., 2006). 
The postantibiotic effect (PAE) of zabofloxacin varies between 
Gram-positive cocci and Gram-negative bacilli. Against S. 
aureus and S. pneumoniae it exhibits a PAE of 35–40 minutes, 
but against E. coli the PAE was 15 minutes, compared to 27 
minutes for ciprofloxacin (Kim et al., 2006).

Zabofloxacin demonstrates activity that is generally infe-
rior to ciprofloxacin, but equivalent to moxifloxacin, against 
Enterobacteriacieae, P. aeruginosa, S. maltophilia, and 
Acinetobacter spp. Its activity against H. influenzae and M. 
catarrhalis is equivalent to ciprofloxacin, but it has superior 
activity to ciprofloxacin against N. gonorrhoeae (Kwon et al., 
2006). Similar findings were noted in in vivo studies using a 
murine intraperitoneal infection model involving E. coli and 
K. pneumoniae (Kwon et al., 2006; Park et al., 2006).

Zabofloxacin demonstrates significant activity against 
N.  gonorrhoeae, including quinolone-resistant strains, with 
MIC90 values of 0.5 µg/ml, compared to 4 µg/ml for cipro-
floxacin (Jones et al., 2008).

The bioavailability of zabofloxacin has not been formally 
reported. However, the drug has been studied in a ran-
domized, open-label, single-dose, two-treatment, two-period, 
two-sequence, two-way crossover study in healthy Korean 
volunteers aged 20–45 years (Han et al., 2013)—the pri-
mary aim being to demonstrate bioequivalence between 
the initially-developed formulation of zabofloxacin hydro-
chloride with the subsequent formulation of zabofloxacin 
aspartate (N = 32 enrolled, 29 completed study). Both 
formulations contained essentially the same amount of 
zabofloxacin (366.7 mg and 366.5 mg, respectively). Peak 
zabofloxacin concentrations of 1.89 and 2.00 µg/ml, respec-
tively, were obtained 1–2 hours after a 400- or 488-mg dose, 
respectively (Han et al., 2013). The AUC0-∞ was 11.72 ± 
2.51  µg.h/ml for the zabofloxacin aspartate formulation, 
which is the product that is progressing to further clinical 
development. The half-life was 8.24–8.32 hours. Total clear-
ance of zabofloxacin following the 400- or 488-mg oral for-
mulations was 33.5 and 32.1 l/h, respectively. The 90% 
confidence intervals for Cmax, AUC0–last, and AUC0–∞ demon-
strated bioequivalence of the two formulations.

Tissue penetration studies for zabofloxacin are currently 
limited, as are studies assessing potential drug interactions.

3b.  Clinical features

Oral zabofloxacin is administered as zabofloxacin aspartate 
(488-mg tablet containing 367 mg zabofloxacin) once daily. 
There is no information regarding the use of zabofloxacin 
in special populations.

Toxicology and pharmacokinetics for zabofloxacin have 
been undertaken in dogs (5.5-month-old beagles), raising 
some concerns regarding QTc prolongation compared to 
controls, with an inhibitory effect on the human ether-a-
go-go gene (hERG)-mediated potassium currents (Han et 
al., 2003; Kim et al., 2004). In one human pharmacokinetic 
study there were two cases of nausea and a single case each of 
somnolence, hypotension, presyncope, and increased blood 
creatine phosphokinase (the latter being identified prior to 
dosing) (Han et al., 2013). However, in the phase III clin-
ical  trials assessing the treatment of patients with COPD 
and pulmonary infection, there were no differences in tol-
erability/adverse events between zabofloxacin and moxiflox-
acin (9.7% vs. 9.6%) (Rhee et al., 2015). Overall, adverse 
events were uncommon, with diarrhea, dizziness, and chest 
discomfort being more common in the zabofloxacin group. 
Notably, however, patients with a history of prolonged QTc 
interval or who were receiving medications that were known 
to prolong the QTc interval were excluded from enrolment, 
and ECG findings in the study were not reported.

Zabofloxacin has been evaluated in a phase III study of 
the management of acute exacerbations of chronic obstruc-
tive pulmonary disease (COPD), without pneumonia (Rhee 
et al., 2015). This was a prospective, multicenter, double- 
blind, double-dummy, randomized, controlled, parallel- 
group, non-inferiority clinical trial undertaken in Korea at 
31 university hospitals. A total of 345 subjects were enrolled, 
with 342 able to be analyzed in the intention-to-treat popu-
lation and 274 in the per-protocol population. Only non-
hospitalized patients with moderate exacerbations were 
included. Once-daily oral zabofloxacin aspartate (488 mg, 
containing 367 mg of zabofloxacin) for 5 days was compared 
to oral moxifloxacin 400 mg once daily for 7 days. Clinical 
cure rates in the per-protocol group were 86.7% versus 
86.3%, respectively, while in the intention-to-treat analysis 
the clinical cure rates were 77.1% versus 77.3%, respectively. 
Evaluation of clinical symptom scores suggested that the 
response at each time point from day 2–3 was significantly 
better for zabofloxacin. The reason for this is unclear. 
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1. DESCRIPTION

Enoxacin is a second-generation fluoroquinolone. It has 
the  chemical formula l-ethyl-6-fluoro-I, 4-dihydro-4-oxo-7 
piperazinyl)-I, 8-naphthyridine-3-carboxylic acid (see Figure 
112.1). Overall, the in vitro activity of enoxacin is compa-
rable with that of norfloxacin or lomefloxacin (see Chapter 
102, Norfloxacin, and Chapter 116, Lomefloxacin) but infe-
rior to those of other fluoroquinolones, such as ciproflox acin 
(see Chapter 101, Ciprofloxacin) and moxifloxacin (Bauern-
feind and Ullmann, 1984; Chin and Neu, 1983; Guimaraes 
and Noone, 1986; Henwood and Monk, 1988; Ismaeel and 
Tayeb, 1993; Reeves et al., 1984; Siporin and Towse, 1984; 
Weinstein, 1988; see Chapter 105, Moxifloxacin). 

Enoxacin is now rarely used in most regions of the world, 
but remains available as 200- and 400-mg tablets (Penetrex; 
Aventis, Guildford, UK) in parts of Europe and Asia. 
Increasing rates of environmental pollution from enoxacin 
and other fluoroquinolones have been reported in relation 
to its use in agriculture and seafood production (and hence 
increasing amounts of subsequent river and ocean pollu-
tion), or directly associated with the waste from its pharma-
ceutical manufacture (Adachi et al., 2013; Zhang et al., 2012; 
Fick et al., 2009).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The MICs of enoxacin against selected bacterial species are 
shown in Table 112.1, although the included data are, for the 
most part, from before 2000 because the drug is now so 
rarely used. 

GRAM-NEGATIVE BACTERIA

Against Gram-negative organisms enoxacin has greater activ-
ity than nalidixic acid, cephalexin, ampicillin, and carbeni-
cillin, but its activity is comparable to those of gentamicin, 
amikacin, tobramycin, and cefotaxime (Vanhoof et al., 1986). 

As with resistance to other fluoroquinolones (see Chapter 
101, Ciprofloxacin), levels of resistance to enoxacin are 
increasing for many Gram-negative isolates.

In general, enoxacin is active against Enterobacteriaceae, 
but Citrobacter freundii and Serratia marcescens are less sus-
ceptible (Bauernfeind and Ullmann, 1984; Fernandes et al., 
1986; Henwood and Monk, 1988; Kouno et al., 1983; Reeves 
et al., 1984; Siporin and Towse, 1984). Shigella isolates resis-
tant to ampicillin or chloramphenicol may be sensitive to 
enoxacin, although enoxacin is less active against Shigella 
sonnei than ciprofloxacin, sparfloxacin, or temafloxacin 
(Chartrand et al., 1983; John et al., 1992). Proteus vulgaris 
and Morganella morganii are more susceptible than Proteus 
mirabilis, Providencia rettgeri, or Providencia stuartii (Hawkey 
and Hawkey, 1984). Many members of the Enterobacteriaceae 
that are multiply-resistant to other antibiotics, such as the 
aminoglycosides, extended-spectrum penicillins (e.g. ticar-
cillin, piperacillin), and third-generation cephalosporins (e.g. 
cefotaxime, ceftriaxone,ceftazidime), may be susceptible to 
enoxacin and other fluoroquinolones, although resistance to 
this class is increasing in many geographic areas (Chartrand 
et al., 1983; Chin and Neu, 1983; Corkill et al., 2005; Rudrik 
et al., 1984). Some studies suggest ongoing susceptibility 
among Salmonella isolates in countries such as Pakistan 
(Abdullah et al., 2012), but similar to ciprofloxacin resis-
tance, many other studies highlight the emerging resistance 
of enteric fever isolates to fluoroquinolones (see Chapter 
101, Ciprofloxacin).

Figure 112.1. Chemical structure of enoxacin.
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Yersinia enterocolitica, Pasteurella multocida, Vibrio para
haemolyticus, Aeromonas hydrophila, and Plesiomonas shigel
loides are usually susceptible to enoxacin (Bauernfeind and 
Ullmann, 1984; Chin and Neu, 1983; Reinhardt and George, 
1985). Enoxacin has variable activity against Campylobacter 
spp., although Campylobacter jejuni is generally susceptible 
(Chartrand et al., 1983; Chin and Neu, 1983; Nakamura et 
al., 1983; Taylor et al., 1985). Gardnerella vaginalis is usually 
enoxacin-resistant (Wise et al., 1984). Enoxacin has moder-
ate to good activity against Legionella spp. (Fallon and Brown, 
1985).

Although some strains of Pseudomonas aeruginosa and 
Acinetobacter spp. are susceptible to enoxacin, the superior 
activity of ciprofloxacin against these species argues for its 
preferential use in the treatment of these pathogens (see 
Chapter 101, Ciprofloxacin). Furthermore, recent studies now 
suggest high rates of enoxacin resistance in Acinetobacter 
calcoaceticus–baumannii complex and Acinetobacter pittii in 
some regions (Gu et al., 2015). The susceptibilities of Pseu
domonas putida, Burkholderia cepacia, and Stenotrophomonas 
maltophilia to enoxacin are poor, while Flavobacterium 
spp. are only borderline susceptible (Chartrand et al., 1983; 
Kouno et al., 1983).

Haemophilus influenzae (including beta-lactamase–pro-
ducing strains), Haemophilus parainfluenzae, and Haemo
philusducreyi are usually susceptible to enoxacin. Although 
Bordetella pertussis is also usually susceptible, the MIC levels 
for enoxacin are higher then for many other fluoroquinolo-
nes (Appleman et al., 1987; Chartrand et al., 1983; Chin 
and Neu, 1983; Hoban, 1989; Machka et al., 1988). Activity 
against Neisseria gonorrhoeae is variable, with increasingly 
high resistance rates in many parts of the world (Kulkarni et 
al., 2015). Neisseria meningitidis and Moraxella catarrhalis 
are susceptible (Aznar et al., 1985; Chin and Neu, 1983; 
Jephcott and Gough, 1988; Shapiro et al., 1987; Tapsall et al., 
2008; Wise et al., 1984).

Similar to norfloxacin, enoxacin has poor in vitro activity 
against anaerobes such as Bacteroides and Fusobacterium 
spp. (Goldstein, 1993; Goldstein and Citron, 1985). Eikenella 
corrodens is susceptible to enoxacin (MIC < 2  μg/ml) 
(Goldstein et al., 1986).

GRAM-POSITIVE BACTERIA

Enoxacin has some activity against methicillin-susceptible 
strains of Staphylococcus aureus and Staphylococcus epider
midis, but its activity is inferior to that of ciprofloxacin and 

Table 112.1. Enoxacin in vitro activity against common pathogens.

Organism
Typical MIC90

(mg/ml)
Emerging 
resistance

Gram-negative bacteria

Escherichia coli 0.125–0.25 Yes

Enterobacter aerogenes 0.25 Yes

Enterobacter cloacae 0.5 Yes

Klebsiella pneumoniae 0.25–1 Yes

Proteus mirabilis 0.5 Yes

Proteus vulgaris 0.5 Yes

Morganella morganii 0.25–0.5 Yes

Providencia rettgeri 1 Yes

Providencia stuartii 0.5–2 Yes

Serratia marcescens 0.5–8 Yes

Citrobacter freundii 0.5–4 Yes

Salmonella spp. 0.125–0.25 Yes

Shigella spp. 0.125–0.25 Yes

Yersinia enterocolitica 0.125–0.5

Campylobacter jejuni 0.5–8 Yes

Acinetobacter calcoaceticus 4 Yes

Haemophilus influenzae 0.06–0.25

Moraxella catarrhalis 0.25

Neisseria meningitidis 0.03

Neisseria gonorrhoeae > 8 Yes

Pseudomonas aeruginosa   4–32 Yes

Burkholderia cepacia   4–8 Yes

Stenotrophomonas maltophilia  16–32 Yes

Bacteroides fragilis 32

Gram-positive bacteria

Staphylococcus aureus (MSSA)   2–8 Yes

Staphylococcus aureus (MRSA)   2–> 8 Yes

Staphylococcus epidermidis (MSSE) 0.5–2 Yes

Organism
Typical MIC90

(mg/ml)
Emerging 
resistance

Staphylococcus epidermidis (MRSE) — Yes

Streptococcus pneumoniae   8–16 Yes

Streptococcus pyogenes 4

Enterococcus faecalis 8 Yes

Enterococcus faecium   8–32 Yes

Listeria monocytogenes   8–16

Clostridium perfringens   1–2

Clostridium difficile 64

Peptostreptococcus spp. 16

Other bacteria

Legionella pneumophila 0.125

Mycoplasma pneumoniae —

Mycoplasma hominis 8

Chlamydophila pneumoniae —

Chlamydophila trachomatis 6.25

Ureaplasma urealyticum 16

Mycobacterium tuberculosis   4–8 Yes

Mycobacterium avium complex —

Abbreviations: MSSA: methicillin-susceptible S. aureus; MRSA: methicillin- 
resistant S. aureus; MSSE: methicillin-susceptible S. epidermidis; MRSE: 
methicillin-resistant S. epidermidis.

Source: Data compiled from Auckenthaler et al. (1986); Aznar et al. (1985); 
Barry and Fuchs (1991); Barry and Jones (1989); Bauernfeind and Ullmann 
(1984); Chartrand et al. (1983); Chin and Neu (1983); Davies et al. (1987); 
Edlund and Nord (1986); Fallon and Brown (1985); Fernandes et al. 
(1986); Goldstein (1993); Gold stein and Citron (1985); Gu et al. (2015); 
Hawkey and Hawkey (1984); Henry et al. (1985); Hoban (1989); Kenny et 
al. (1989); Kouno et al. (1983); Kulkarni et al. (2015); Macgowan et al. 
(1990); Machka et al. (1988); Murray et al. (1993); Reeves et al. (1984); 
Siporin and Towse (1984); Ullah et al. (2009); Wise et al. (1984); and Young 
et al. (1987).
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ofloxacin. Activity against methicillin-resistant strains is fre-
quently poor (Barry and Fuchs, 1991; Barry and Jones, 1989; 
Noguchi et al., 2005). Streptococci (Groups A, B, C and G), 
Streptococcus pneumoniae, and viridans group streptococci 
are usually resistant (Bauernfeind and Ullmann, 1984; Char-
trand et al., 1983; Chin and Neu, 1983; Henry et al., 1985; 
Reeves et al., 1984; Wise et al., 1984). Among staphylococcal 
strains resistant to enoxacin, cross-resistance with other 
fluoroquinolones is usual (Chang et al., 1994). Enoxacin is 
the least active of the fluoroquinolones against enterococci 
(Muranaka and Greenwood, 1988; Murray et al., 1993). 
Nocardia spp., Listeria monocytogenes, and other Listeria spp. 
are also enoxacin-resistant (Auckenthaler et al., 1986; Chin 
and Neu, 1983; Macgowan et al., 1990). Bacillus anthracis has 
an enoxacin MIC of 0.39 µg/ml (Bryskier, 2002).

Enoxacin has poor in vitro activity against Gram-positive 
anaerobes such as Clostridium spp., including Clostridium 
difficile (Edlund and Nord, 1986; Goldstein, 1993; Goldstein 
and Citron, 1985; Reeves et al., 1984).

OTHER ORGANISMS

Mycoplasma pneumoniae, Mycoplasma hominis, Chlamydo
phila trachomatis, and Ureaplasma urealyticum are resistant 
(Aznar et al., 1985; Fallon and Brown, 1985; Kenny et al., 
1989). 

Enoxacin and norfloxacin are similar in their weak activ-
ity, compared with ciprofloxacin, against most mycobacteria, 
including Mycobacterium tuberculosis and Mycobacterium 
avium complex (Davies et al., 1987; Young et al., 1987; Pantel 
et al., 2011). Enoxacin and norfloxacin are inactive against 
Mycobacterium leprae (Franzblau and White, 1990).

Similar to ciprofloxacin and norfloxacin, enoxacin has 
some in vitro activity against Plasmodium falciparum; how-
ever, this has no clinical relevance (Divo et al., 1988).

2b.  Emerging resistance and 
cross-resistance

Issues regarding resistance are similar to or worse (for enox-
acin) than those encountered with other early fluoroquino-
lones (see Chapter 101, Ciprofloxacin, and Chapter 104, 
Levofloxacin), and cross-resistance is usually complete 
(Barry and Fuchs, 1991). For this reason, enoxacin should 
now only be used if susceptibility has been proven.

3. MECHANISM OF DRUG ACTION

The mechanism of action is similar to that of other fluoro-
quinolones (see Chapter 101, Ciprofloxacin).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

ORAL ADMINISTRATION

The usual oral regimen of enoxacin is either a single daily 
dose of 400 mg, or 200 mg twice daily. For uncomplicated 

cystitis a single dose of 400 mg or 200 mg twice daily for 3 
days is generally recommended. Complicated urinary infec-
tions and respiratory infections generally require 400  mg 
twice daily for 7–14 days.

4b.  Newborn infants and children

As with other fluoroquinolones, enoxacin is generally not 
recommended for use in children or neonates.

4c.  Pregnant and lactating mothers

Enoxacin should not be used during pregnancy or lactation.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

The elimination half-life of enoxacin increases with worsen-
ing renal function. The average steady state plasma concen-
tration in uremic patients treated with oral enoxacin 200 mg 
twice daily for 7 days is 4.07 μg/ml (Bury et al., 1987). With 
severe renal impairment the half-life of enoxacin doubles 
compared with normal volunteers (Nix et al., 1988). Thus, 
when the creatinine clearance falls below 20–30 ml per min-
ute, the dosage interval for enoxacin should be doubled, or 
the dose halved, in a manner similar to recommendations 
for ciprofloxacin and norfloxacin (Fillastre et al., 1990; Nix et 
al., 1988; Van Der Auwera et al., 1990). Hemodialysis does 
not remove significant amounts of enoxacin or its major 
metabolite oxoenoxacin (Nix et al., 1988). 

ELDERLY PATIENTS

Oral bioavailability of enoxacin in the elderly is similar to 
that in younger adults (Marchbanks et al., 1990). The plasma 
half-life of enoxacin and its oxo-metabolite are also simi-
lar  to those in younger patients, being 6.1 and 6.7  hours, 
respectively. However, older age is associated with smaller 
volumes of distribution and higher peak serum concentra-
tions (Marchbanks et al., 1990). No alteration in enoxacin 
dosing is necessary for the elderly except when there is renal 
impairment (Dobbs et al., 1987; Wise et al., 1987).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Enoxacin is rapidly absorbed after oral administration, but 
there is individual variation. Absolute oral bioavailability is 
about 80–90% and is independent of the dose administered 
(Chang et al., 1988; Marchbanks et al., 1990). The serum 
elimination half-life is 3.4–6.8 hours, and protein binding is 
35–43% (Chang et al., 1988; Hamel et al., 2000; Nakamura et 
al., 1983; Somogyi and Bochner, 1988; Wise et al., 1986; Wolf 
et al., 1984).

Gastric acidity is important for maximal enoxacin absorp-
tion. Reduction of gastric acidity by agents such as raniti-
dine reduces the oral bioavailability of enoxacin by about 
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26% (Lahner et al., 2009). Furthermore, antacids such as 
magnesium–aluminum hydroxide reduce bioavailability by 
50 and 73%, when given 2  hours and 30  minutes before 
enoxacin, respectively (Grasela et al., 1989; Lebsack et al., 
1992; Toothaker, 1989). The extent of enoxacin absorption 
and rate of elimination is not altered by coadministration 
with food; however, a carbohydrate meal delays the time to 
peak serum concentration by about 0.9 hour (Somogyi et al., 
1987). Other foods, including dairy products, do not alter 
the oral absorption of enoxacin (Lehto and Kivisto, 1995). 

5b.  Drug distribution

In adult volunteers, peak serum levels are reached in 0.5–
3.0 hours and are about 1.2, 2.1, 4.0, 4.6, 3.8, and 8.2 μg/ml 
after single doses of 200, 400, 800, 1000, 1200 and 1600 mg, 
respectively. Some enoxacin is still present in serum 12 hours 
following a dose, so that with repeated drug administration, 
serum concentrations increase; a steady state is achieved by 
the 3rd day. With increasing dose, due to a dose-dependent 
decrease in enoxacin renal clearance, total body clearance 
decreases and elimination half-life increases (Chang et al., 
1988). When 400 mg twice daily was given to volunteers, a 
steady state was reached within 4 days, with an average min-
imum serum concentration (at 12 hours) of 1.25 ± 0.59 μg/
ml, and an average peak concentration (1.5 hours after the 
dose) of 3.53 ± 0.92 μg/ml (Tsuei et al., 1984). Thus, enoxacin 
pharmacokinetics are characterized by first order elimina-
tion, large volume of distribution, and dose-dependent 
increase of half-life (Chang et al., 1988). Davies et al. (1984) 
gave 600 mg enoxacin orally to patients with chronic bron-
chitis; a peak serum level occurred at about 2.3 hours after 
dosing and averaged 3.7 μg/ml. Similar results were obtained 
by Wise et al. (1984) using this dosage in volunteers.

Enoxacin penetrates well into experimental blister fluid 
in humans (Wise et al., 1986; Wise et al., 1984). After oral 
administration, good levels are found in saliva, tonsillar tis-
sue, sinus mucosa, and nasal secretion and middle ear effu-
sions (Sundberg and Eden, 1990). Sputum penetration is 
good, with concentrations ranging from mean trough levels 
of 1.75  μg/ml to mean peak concentrations of 7.12  μg/ml 
after administration of 200 mg orally twice daily for 7 days 
(Dobbs et al., 1988; Wijnands et al., 1988). Other authors 
have found lower mean peak concentrations of 2.2 to 4.0 
μg/ml after 400- to 600-mg dose schedules (Fong et al., 1987). 
Lung penetration is also good, with concentrations of 3.2–
13.1 μg/ml after two oral doses of 400 mg enoxacin, repre-
senting a mean lung/serum ratio of 4.2 (Newsom et al., 1989).

Enoxacin achieves mean concentrations of 4.1 ± 1.2 μg/g 
in the prostate after oral doses of 200 mg twice daily for 3 
days prior to prostatectomy—these are more than twice the 
comparable serum concentrations (Rannikko and Malm-
borg, 1986). Bergeron et al. (1988) found the mean ratios of 
enoxacin concentration in prostatic tissue to concentration 
in serum to be 1.4 ± 0.2, while Hamel et al. (2000) found that 
the ratio of prostatic tissue to plasma was 2.2, with levels 

35–320% higher in prostate then in plasma. After oral doses 
of 400 mg twice daily, the mean concentrations in the kid-
neys 3 and 12 hours after dosing are 13.9 μg/g and 9.7–14.4 
μg/g, respectively (Charton and Timbal, 1990). Similarly, 
Malmborg and Rannikko (1988) found renal enoxacin con-
centrations to be about 3.2–3.8 times the serum concentra-
tions. Concentration in epididymal tissue is 1.2–2.5 times 
higher than plasma levels (Hamel et al., 2000).

Enoxacin penetrates well into pelvic tissues, achieving 
mean concentrations of 1.8–3.0  μg/g in myometrium, fal-
lopian tubes, and cervix after 600 mg given either as a single 
oral dose or as three 200 mg oral doses 12 hours apart (Bates 
and Elder, 1988).

Enoxacin, like other fluoroquinolones, penetrates well 
into both normal and infected bone, achieving mean con-
centrations of 1.0–1.3 μg/g. Penetration into cancellous bone 
is significantly better than into cortical bone, with penetra-
tion rates of 82% versus 40%, respectively (Fong et al., 1988). 
Concentrations in skeletal muscle, fat, and skin are 3.5 ± 0.6 
μg/g, 0.9 ± 0.5 μg/g, and 2.2 ± 0.5 μg/g, respectively, after 
three days of 200 mg twice daily dosing. These represent 
tissue to serum ratios of 1.4, 0.2, and 0.8, respectively (Malm-
borg and Rannikko, 1988).

Penetration into CSF is low to moderate with noninflam-
matory CSF levels of enoxacin of only 0.11 μg/ml (Bryskier, 
2005).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Unlike the newer fluoroquinolones, such as levofloxacin, 
moxi floxacin, and gatifloxacin (see Chapter 104, Levofloxacin, 
Chapter 105, Moxifloxacin, and Chapter 115, Gatifloxacin), 
there have been few detailed pharmacokinetic or pharmaco-
dynamic studies undertaken on enoxacin. 

5d.  Excretion

The kidneys are the main route of excretion for enoxacin, 
and 54–63% of an administered dose is excreted over a 
72 hour period; urinary concentrations are 10- to 100-fold 
higher than serum levels and remain high for 24  hours 
(Malmborg and Rannikko, 1988; Naber et al., 1985; Well et 
al., 1998; Wolf et al., 1984). Enoxacin is eliminated predomi-
nantly as unchanged drug by the kidney, with peak urine 
concentrations of 460–690  μg/ml and 1200–1300  μg/ml 
after 200 mg and 800 mg doses (either oral or i.v.), respec-
tively. Urine concentrations remain above 20  μg/ml for 
24 hours after administration of a 200 mg dose (Chang et al., 
1988). Renal clearance of enoxacin is by glomerular filtration 
(17 ± 8%) and tubular secretion (83 ± 8%) (Somogyi and 
Bochner, 1988). However, it is notable that enoxacin, like 
some other fluoroquinolones, including ciprofloxacin, oflox-
acin, and pefloxacin, is less active in urine, with urinary MICs 
increased 8- to 64-fold compared to MIC values as gauged 
on standard culture media, possibly due to the presence of 
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higher concentrations of magnesium ions or to the lower pH 
values found in urine (Bryskier, 2005).

Enoxacin does undergo biliary excretion, and levels in 
bile after a single dose of 400 mg are 17.7 μg/ml (Bryskier, 
2005).

After 7 days of enoxacin administration, concentration in 
feces was 100–500 μg/g (Edlund et al., 1987).

Enoxacin is metabolized at the piperazinyl ring to form 
oxo-, amino-, formyl- and acetyl-compounds. The major 
metabolite is the oxo-form, which is found in the serum in 
concentrations about one-tenth that of the parent com-
pound. In the urine it accounts for about 15% of the amount 
of parent enoxacin recovered. The oxo-form has microbio-
logical activity of about one-tenth that of the parent com-
pound. The other metabolites are not found in serum and 
only as traces in urine (Wise et al., 1984).

5e.  Drug interactions

Among the fluoroquinolones, enoxacin is the strongest 
inhibitor of theophylline and caffeine metabolism (due to 
inhibition of cytochrome P450 CYP1A2), followed by 
 tosufloxacin, ciprofloxacin, and pefloxacin; while flerox-
acin, ofloxacin, rufloxacin, and sparfloxacin have little 
effect (Beckmann et al., 1987; Kinzig-Schippers et al., 1999; 
Robson, 1992; Sorgel and Kinzig, 1993; Staib et al., 1987; 
Stille et al., 1987; Wijnands et al., 1984). A 50% reduction in 
the theophylline dose during co-administration with enoxa-
cin results in the maintenance of stable serum theophylline 
concentrations (Koup et al., 1990). Theophylline does not, 
however, alter fluoroquinolone pharmacokinetics (Wijnands 
et al., 1987). Enoxacin does not appear to affect the hypopro-
thrombinemic response produced by warfarin (Toon et al., 
1987). There is concern about the co-administration of 
enoxacin with some anti-inflammatory medications, such 
as ketoprofen, flurbiprofen, and biphenylacetic acid, which 
have been shown to lower the seizure threshold in animal 
studies (Hori et al., 2003; Kasuya et al., 2011). Inhibition of 
CYP1A2 may also potentially lead to elevated levels of other 
drugs that are metabolized by this isozyme (Kinzig-Schippers 
et al., 1999).

6. ADVERSE REACTIONS AND TOXICITY

Enoxacin-associated side effects are similar to those en - 
countered with other fluoroquinolones and include rashes, 
photosensitivity reactions, headache, dizziness, convulsions, 
hallucinations, depression, nausea, anorexia, hypoglycemia, 
eosinophilia, and leukopenia (Davies et al., 1984; Dawe et al., 
2003; Owens and Ambrose, 2005; Petri and Tronnier, 1986; 
Thomas and Ellis-Pegler, 1985; Tsuei et al., 1984; Wolf et al., 
1984). Among the fluoroquinolones, enoxacin appears to 
be particularly associated with a higher risk of convulsions 
(Kim et al., 2009). Recent studies in rats suggest that enoxa-
cin-induced disturbance of both fatty acid metabolism and 
glucose levels might be associated with this increased risk 

(Kasuya et al., 2011). Possible acute cholestatic or hepatitic 
injury associated with enoxacin has also been reported 
(Amitrano et al., 1992, 1993).

7. CLINICAL USES OF THE DRUG

Since enoxacin has activity similar to or inferior to that of 
other fluoroquinolones, such as ciprofloxacin or norfloxacin, 
and has a relatively high incidence of side effects (especially 
if used in higher doses), there is little to recommend its use 
in preference to newer agents. Indeed, there have been no 
formal comparative studies of enoxacin efficacy in at least 
the past decade. Nevertheless, given its reasonable clinical 
activity against some infections and potentially lower cost in 
some geographical regions, enoxacin may be a suitable treat-
ment choice in certain circumstances.

7a.  Urinary tract infection

Enoxacin is effective therapy for uncomplicated urinary 
infections—in comparative trials enoxacin achieved clinical 
improvement or cure in 67–96% of cases (Backhouse and 
Matthews, 1989; Bailey and Peddie, 1985; Childs, 1989; 
Donabedian et al., 1995; Thomas and Ellis-Pegler, 1985). 
Single dose 400  mg enoxacin is equivalent to single dose 
600 mg trimethoprim in women with bacterial cystitis, but 
enoxacin has disappointing efficacy against infections due to 
Staphylococcus saprophyticus (Bailey et al., 1987). Similarly, 
enoxacin 200 mg twice daily for 3 days results in clinical and 
bacteriological rates of cure similar to those of cefuroxime 
axetil 125 mg twice daily for 7 days (Brumfitt et al., 1993). 
Enoxacin 400  mg twice daily for 14 days is comparable in 
clinical efficacy, and superior in bacteriological efficacy, to 
co-trimoxazole (160/800 mg twice daily for 14 days) for the 
treatment of complicated urinary tract infections (Cox et al., 
1989). Other open, noncomparative studies have demon-
strated good enoxacin efficacy against complicated urinary 
infections, in both young and elderly patients (Foot et al., 
1988; Huttunen et al., 1988).

Enoxacin is probably effective therapy for bacterial pros-
tatitis, but limitations in the design of reported trials make 
conclusions difficult (Andriole, 1991; Naber, 1991).

7b.  Sexually transmitted diseases

Older studies of enoxacin for the treatment of gonorrhea 
have revealed high levels of cures, although increases in rates 
of fluoroquinolone-resistant isolates have led to this class of 
drugs being no longer suitable for this indication in many 
locations (Albrecht et al., 1989; Covino et al., 1993; Kulkarni 
et al., 2015; CDC, 2007; Tapsall et al., 2008; Kulkarni et al., 
2015).

Enoxacin 400 mg twice daily for three doses is as effective 
as a single dose of 640/3200 mg trimethoprim/sulfamethox-
azole in the treatment of chancroid in Kenya. Both regi-
mens resulted in improvement or cure in 91–94% of cases 
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(Naamara et al., 1988). However, other agents such as 
 azithromycin or ceftriaxone are generally preferred for this 
indication.

7c.  Bacterial diarrhea

Similar to other fluoroquinolones, enoxacin is effective treat-
ment for fluoroquinolone-susceptible typhoid fever, as well 
as dysentery due to Shigella spp. (Ahmed et al., 1992; 
Ruanguan et al., 1994).

7d.  Respiratory tract infection

Enoxacin, like other fluoroquinolones, is effective against 
Gram-negative respiratory infections, but has unreliable 
activity against Gram-positive pathogens and is therefore 
an inappropriate choice for the treatment of routine commu-
nity-acquired pneumonia, in which these latter pathogens 
generally predominate (Thys et al., 1991). In limited studies 
in which S. pneumoniae infection was not common, the suc-
cess rate of enoxacin (usually 400  mg twice daily for 7–14 
days) for the treatment of lower respiratory tract infections 
was about 85% (Philip-Joet et al., 1988; Thys et al., 1989). 
Enoxacin is similar in efficacy to amoxicillin for the treat-
ment of acute exacerbations of chronic bronchitis due to sus-
ceptible Gram-negative pathogens (Prigogine et al., 1988); 
however its clinical efficacy against infections due to P. aeru
ginosa is often suboptimal, despite the use of doses of 600 mg 
twice daily (Wijnands et al., 1986). Enoxacin has been used 
successfully in combination with co-trimoxazole to cure a 
case of pneumonia due to M. fortuitum (Sears et al., 1991).

7e.  Other infections

Similar to other fluoroquinolones (see Chapter 101, Cipro-
floxacin), enoxacin markedly reduces colonic colonization 
with Enterobacteriaceae, and may be effective prophylaxis 
against colonic infections in immunocompromised patients 
(Edlund et al., 1987; Maschmeyer, 1993; Talbot et al., 1993). 
In a double-blind, placebo-controlled trial of oral enoxacin 
in adult patients with acute nonlymphocytic leukemia, sig-
nificantly fewer patients receiving enoxacin developed Gram- 
negative bacteremia or infection at any site, compared to 
those receiving placebo (Talbot et al., 1993). 
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1. DESCRIPTION

Fleroxacin (Ro 23-6240, AM 833) is different from other flu-
oroquinolones such as ciprofloxacin or ofloxacin, since it is a 
trifluorinated quinolone, having three fluorine atoms, rather 
than one, attached to the quinolone ring system. It is a 
6,8-difluoro-1-(2-fluorethyl)-1,4-dihydro-7-(4-methyl-1-
piperazinyl)-4-oxo-3-quinolonine carboxylic acid (Figure 
113.1). A major advantage of fleroxacin is its long half-life, 
allowing once daily dosing. However, the extra fluorine 
atoms have led to a higher rate of dose-related adverse side 
effects, such as photosensitivity, compared to other fluoro-
quinolones (Domagala, 1994), leading to the withdrawal of 
the drug in many countries.

The drug was designed by Kyorin Pharmaceuticals 
(Megalocin) in 1990 (Japan) and developed by Hoffmann–
La Roche (Stuck et al., 1992; Rubenstein, 2001). Oral and 
intravenous formulations (Quinidis) were launched by Roche 
in Europe in 1993, but were subsequently withdrawn from 
the market by Roche owing to phototoxicity and CNS–
related adverse events (Rubenstein, 2001). The Kyorin for-
mulation Megalocin was withdrawn in Japan in 2005 and the 
generic Japanese formulation was withdrawn in 2009. The 
drug is now no longer available in Europe or Japan and has 
never been marketed in the United States or Australia (Sweet-
man, 2002). Because of this there have been few studies 
assessing the in vitro activity or clinical efficacy of fleroxacin 
in recent years. Fleroxacin is currently manufactured only in 

China, as100 mg, 150 mg, 200 mg, and 400 mg generic and 
branded tablets for humans. There are also several veterinary 
formulations of fleroxacin manufactured in China. Pre-
sumably associated with (mis)use of fleroxacin in food pro-
duction, there have been increasing reports of environmental 
contamination by fleroxacin in waterways, waste water, soil, 
and manure in some regions (Gao et al., 2015; He et al., 2015; 
Jiang et al., 2011; Zhao et al., 2010).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Similar to other fluoroquinolones, fleroxacin has a broad 
spectrum of in vitro activity, although it is generally less 
than that of ciprofloxacin and roughly comparable to that 
of ofloxacin (Chin et al., 1986; Hirai et al., 1986; Fass and 
Helsel, 1987; Machka and Braveny, 1987; Aoyama et al., 1988; 
Bremner et al., 1988; Georgopoulos et al., 1988; Paganoni 
et al., 1988; Verschraegen et al., 1988; Barry and Fuchs, 1991; 
Beskid and Prosser, 1993; Prosser and Beskid, 1995; Gargallo-
Viola et al., 2001). Typical minimum inhibitory concentra-
tions (MICs) for a range of organisms are shown in Table 
113.1. Notably, however, there have been no fleroxacin anti-
microbial susceptibility studies published since 2005, hence 
the data summarized in Table 113.1 may not be truly repre-
sentative of current resistance patterns. 

GRAM-NEGATIVE BACTERIA

Enterobacteriaceae are generally very susceptible, with mean 
MIC90 values of less than 2 µg/ml for the majority of species. 
Providencia stuartii is less susceptible than other Enterobac-
teriaceae, with mean MIC90 than 4 µg/ml. Serratia marcescens 
may be relatively resistant, with a mean MIC90 of 2 µg/ml 
noted (Chin et al., 1986; Hirai et al., 1986; Manek et al., 1986; 
Bremner et al., 1988; Georgopoulos et al., 1988; Paganoni et 
al., 1988; Barry and Fuchs, 1991; Arman et al., 1994; Prosser 
and Beskid, 1995; Gargallo-Viola et al., 2001). Fleroxacin 
may have useful activity against Entero bacteriaceae resistant 
to aminoglycosides or extended- spectrum cephalosporins Figure 113.1. Structure of fleroxacin.
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(Araque and Velazco, 1998). Other Gram-negative bacteria, 
such as Haemophilus, Moraxella, Neisseria, Aeromonas, 
Bordetella, Acinetobacter, Vibrio, and Legionella spp., Brucella 
melitensis, and Plesiomonas shigelloides, are usually suscepti-
ble (Bremner et al., 1988; Georgo poulos et al., 1988; Paganoni 
et al., 1988; Pohlod et al., 1988a; Yourassowsky et al., 1988; 
Prosser and Beskid, 1995; Carbone et al., 1999; Gargallo-
Viola et al., 2001). Quinolone-resistant strains of Neisseria 
gonorrhoeae with mutations in the gyrA and parC genes are 
fleroxacin-resistant, with MIC90 values > 2 µg/ml (Deguchi et 
al., 1997). Campylobacter spp. are less susceptible (MIC90 = 
1–2 µg/ml), while Alcaligenes spp. are resistant (MIC90 = 4–8 
µg/ml). Helicobacter pylori is resistant (MIC90 = 4 µg/ml) 
(Hupertz et al., 1988; Simor et al., 1989). Compared with 
ciprofloxacin, fleroxacin has relatively poor activity against 
Pseudomonas aeruginosa, with many reports of MIC90 values 
> 8 µg/ml. Similarly, most other Pseudomonas spp. and 
Xanthomonas maltophilia are often resistant (Hohl et al., 
1987; Le Saux et al., 1987; Abeck et al., 1988; Aoyama et al., 
1988; Paganoni et al., 1988; Hoppe and Simon, 1990; Barry 

and Fuchs, 1991; Bongaerts and Hoogkamp-Korstanje, 1993; 
Rice and Knapp, 1994; Prosser and Beskid, 1995; Gargallo-
Viola et al., 2001).

Similar to many other fluoroquinolones, fleroxacin has 
poor activity against Gram-negative anaerobes such as 
Bacteroides fragilis, other members of the B. fragilis group, 
and Fusobacterium spp., with activity comparable to that of 
lomefloxacin, pefloxacin, and enoxacin (Chin et al., 1986; 
Georgopoulos et al., 1988; Griggs et al., 1989; Balfour et al., 
1995; Appelbaum, 1999).

In vitro studies of combinations of fleroxacin with either 
aminoglycosides, beta-lactams, rifampicin, metronidazole, 
or clindamycin demonstrate indifference to Enterobac teria-
ceae or P. aeruginosa (Zhang and Neu, 1991; Neu and Chin, 
1993). In a rabbit model of experimental left-sided P. aerugi-
nosa endocarditis, fleroxacin was the least bactericidal of 
all the antimicrobial agents tested (ciprofloxacin, enoxacin, 
peflo xacin, ofloxacin, amikacin, and fleroxacin), even though 
the P. aeruginosa strain was highly susceptible to fleroxacin, 
with an MIC90 of < 0.05 µg/ml (Papadakis et al., 2000).

Table 113.1. In vitro fleroxacin susceptibility among common pathogens.a

Organism
Typical MIC90 
(µg/ml)

Gram-positive bacteria

Staphylococcus aureus (methicillin-susceptible) 1

Staphylococcus aureus (methicillin-resistant)b > 16

Staphylococcus epidermidis  
 (methicillin-susceptible)

   1–4

Staphylococcus epidermidis  
 (methicillin-resistant)

> 16

Streptococcus pneumoniaeb    8–64

Streptococcus pyogenes 8

Enterococcus faecalis    4–> 8

Enterococcus faecium > 8

Listeria monocytogenes > 4

Clostridium perfringens    1–4

Clostridium difficile 16

Peptostreptococcus spp. > 32

Gram-negative bacteria

Escherichia coli 0.125–1

Enterobacter aerogenes 0.12–2

Enterobacter cloacae 0.5–4

Klebsiella pneumoniae 0.5–2

Proteus mirabilis 0.25–1

Proteus vulgaris 0.125–1

Morganella morganii 0.125–1

Providencia rettgeri    1–2

Providencia stuartiib > 4

Serratia marcescens 2

Citrobacter freundii 0.5–2

Salmonella spp. 0.125–0.25

Shigella spp. 0.125

Yersinia enterocolitica 0.125–0.25

Organism
Typical MIC90 
(µg/ml)

Campylobacter jejuni    1–2

Acinetobacter spp.    2–16

Haemophilus influenza 0.06–0.125

Moraxella catarrhalis 0.125–0.25

Neisseria meningitides 0.03

Neisseria gonorrhoeae 0.015–1

Pseudomonas aeruginosa    4–8

Burkholderia cepacia    2–> 8

Stenotrophomonas maltophilia < 0.06

Legionella pneumophila 0.08–0.5

Bacteroides fragilis   16–32

Other fastidious bacteria (many not calibrated for 
susceptibility testing)

Mycoplasma pneumonia 4

Mycoplasma hominis    2–4

Chlamydophila pneumoniae    2–4

Chlamydia trachomatis 1.5–4

Ureaplasma urealyticum    2–4

Mycobacterium tuberculosis    2–6.25

Mycobacterium avium complex 8

a The last published fleroxacin antimicrobial susceptibility results were re- 
leased in 2005, so the MIC90 values listed here may not be current.

b Indicates emerging resistance issues.
Sources: Data compiled from: Hohl et al. (1987); Le Saux et al. (1987); 

Abeck et al. (1988); Aoyama et al. (1988); Bremner et al. (1988); Dubois 
et al. (1988); Georgo poulos et al. (1988); Paganoni et al. (1988); Pohlod 
et al. (1988); Salfinger et al. (1988); Steele-Mortimer and Meier-Ewert 
(1988); Yourassowsky et al. (1988); Hoppe and Simon (1990); Barry and 
Fuchs (1991); Bongaerts and Hoogkamp-Korstanje (1993); Rice and 
Knapp (1994); Prosser and Beskid (1995); Araque and Velazco (1998); 
Appelbaum (1999); Ullmann et al. (1999); Gargallo-Viola et al. (2001); and 
Noguchi et al. (2005).
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GRAM-POSITIVE BACTERIA

In general, fleroxacin has antistaphylococcal activity roughly 
comparable to, or slightly less than, that of ciprofloxacin. 
Methicillin-susceptible Staphylococcus aureus and coagulase- 
negative staphylococci are generally susceptible, while 
methicillin-resistant staphylococci are often resistant. Gen-
erally Staphylococcus saprophyticus is resistant (mean MIC90 
= 3.7 µg/ml) compared with ciprofloxacin (mean MIC90 = 0.7 
µg/ml) (Paganoni et al., 1988; Pohlod et al., 1988b; Banner-
man et al., 1991; Prosser and Beskid, 1995; Ramon et al., 1999; 
Gargallo-Viola et al., 2001; Noguchi et al., 2005). Fleroxacin 
has poor activity against streptococcal species, including 
Streptococcus pneumoniae and S. pyogenes, compared to that 
of ciprofloxacin. Enterococci are generally resistant, as is 
Listeria monocytogenes (MIC90 values of 4 to > 16 µg/ml). 
Corynebacterium diphtheriae and C. jeikeium are often sus-
ceptible (MIC90 values of 1–2 µg/ml). Nocardia asteroides is 
resistant (MIC90 = 64 µg/ml) (Chin et al., 1986; Manek et al., 
1986; Aoyama et al., 1988; Digranes et al., 1988; Georgopoulos 
et al., 1988; Paganoni et al., 1988; Barry and Jones, 1989; 
Barry and Fuchs, 1991; Bongaerts and Hoogkamp-Korstanje, 
1993).

Anaerobic Gram-positive bacteria, such as Clostridium 
spp., Propionibacterium acnes, Peptostreptococcus spp., and 
Peptococcus spp. are resistant to fleroxacin, which has activity 
similar to that of lomefloxacin, pefloxacin, and enoxacin 
(Chin et al., 1986; Aoyama et al., 1988; Paganoni et al., 1988; 
Balfour et al., 1995; Appelbaum, 1999).

MYCOBACTERIA

Fleroxacin activity against Mycobacteria spp. is roughly 
comparable to that of norfloxacin or enoxacin, but is less 
than that of ciprofloxacin, ofloxacin, or any of the newer 
fluoroquinolones, such as moxifloxacin (Young et al., 1987; 
Khardori et al., 1989; see Chapter 97, Moxi floxacin). The 
MIC90 of fleroxacin is 2–6.25 µg/ml against Mycobacterium 
tuberculosis, M. bovis, and M. fortuitum, and 3–4 µg/ml 
against M. kansasii. Other mycobacterial species such as 
M. avium complex, M. chelonae, M. marinum, M. scrofula-
ceum, and M. xenopi are generally resistant in vitro, although 
the last three species were susceptible in one study (Ernst 
and van der Auwera, 1988; Salfinger et al., 1988; Tomioka et 
al., 1991).

OTHER ORGANISMS

Fleroxacin has only borderline activity against Mycoplasma 
hominis, Ureaplasma urealyticum, and Chlamydophila pneu-
moniae (mean MIC = 2–4 µg/ml), being less active than 
ciprofloxacin, ofloxacin, levofloxacin, and especially tetracy-
clines (Krausse and Ullmann, 1988; Steele-Mortimer and 
Meier-Ewert, 1988; Ullmann et al., 1999). Activity against 
Chlamydia trachomatis is also borderline, with an MIC90 of 
4 µg/ml, and the drug is much less active than either tetra-
cycline or erythromycin (Steele-Mortimer and Meier-Ewert, 
1988). M. pneumoniae is relatively resistant, with an MIC90 of 
4 µg/ml in vitro (Kenny and Cartwright, 1991). Fleroxacin 
concentrations of 1 µg/ml are 100% inhibitory toward 

Coxiella burnetii in vitro (Keren et al., 1994). The activity of 
fleroxacin against Borrelia burgdorferi is poor, with an MIC90 
of > 16 µg/ml, and is inferior to that of ofloxacin, ciprofloxa-
cin, gatifloxacin, and moxifloxacin (Kraiczy et al., 2001).

2b.  Emerging resistance and 
cross-resistance

Similar to resistance to other fluoroquinolones (see Chapter 
101, Ciprofloxacin), resistance to fleroxacin is increasing 
among some species, especially P. aeruginosa, methicillin- 
resistant S. aureus, and S. pneumoniae (Waites et al., 1994; 
Balfour et al., 1995; Appelbaum and Hunter, 2000; Gargallo-
Viola et al., 2001; Takei et al., 2001; Noguchi et al., 2005). As 
expected, cross-resistance between fleroxacin and other 
fluoroquinolones is generally complete. Resistance to flerox-
acin in vitro emerges at a frequency of 10–7 to 10–11 per colony 
forming unit plated, depending on the organism, the flerox-
acin concentrations, and the in vitro conditions (Chin et al., 
1986; Stobberingh et al., 1987; Aoyama et al., 1988; Chap- 
man et al., 1989). In one study of experimental methicillin- 
susceptible S. aureus endocarditis in rabbits, resistance to 
fleroxacin at concentrations 5 and 10 times the MIC devel-
oped in the test strain of S. aureus in 73% and 27% of cases, 
respectively, with resistant isolates found mainly in the vegeta-
tions (Kaatz et al., 1991). These data reinforce the contention 
that fleroxacin should not be used as a first-line therapeutic 
agent for serious S. aureus infections.

3. MECHANISM OF DRUG ACTION

Fleroxacin acts in a manner similar to that of other fluoro-
quinolones, such as ciprofloxacin (Chapter 101, Cipro-
floxacin) and levofloxacin (Chapter 104, Levofloxacin). It 
inhibits bacterial DNA gyrase and topoisomerase i.v. and 
hence interferes with bacterial DNA replication. 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

ORAL ADMINISTRATION

The usual recommended dose of oral fleroxacin for mild to 
moderate infections, such as uncomplicated urinary tract 
infections, is 200 mg once daily. For more severe infections 
such as typhoid, gonorrhea, complicated urinary tract infec-
tions, or lower respiratory tract infections, a dose of 300 or 
400 mg once daily is recommended (Sweetman, 2002; 
Drugdex, 2008). Fleroxacin can be taken with or without food.

INTRAVENOUS ADMINISTRATION

Intravenous fleroxacin is administered in doses similar to 
those used with oral fleroxacin, with 200 mg given over 
30  minutes and 400 mg administered over 1 hour in 5% 
dextrose.
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4b.  Newborn infants and children

Pediatric use of the drug is not licensed or recommended.

4c.  Pregnant and lactating mothers

In general, fleroxacin is not recommended for use in preg-
nancy or during lactation. Fleroxacin crosses the placenta 
and can be detected in amniotic fluid (Giamerellou et al., 
1989). Fleroxacin’s penetration into breast milk is about 62%. 
Among breastfed children who consume breast milk at an 
average of 150 ml/kg of body weight per day, the maximum 
daily ingested dose of fleroxacin has been estimated as ≤ 10 
mg (Dan et al., 1993).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Reduction in fleroxacin dosage from the usual dose of 400 
mg once daily to 400 mg every 36 hours is recommended for 
patients with moderate renal impairment (glomerular filtra-
tion rate [GFR] 10–30 ml/min). In patients with severe renal 
failure (GFR < 10 ml/min), a dose of fleroxacin 400 mg 
every 48 hours is considered appropriate (Singlas et al., 
1990). Alternatively, however, Weidekamm (1993) recom-
mends that patients with a GFR of < 40 ml/min should be 
given a normal loading dose (i.e. 400 mg), but should then 
receive maintenance doses that are 50% reduced (i.e. 200 mg 
per day). Stuck et al. (1989) argued for a dosage adjustment 
similar to Weidekamm’s (1993), but only after the GFR had 
declined to 20–30 ml/min. For patients undergoing hemo-
dialysis, a 400 mg dose should be given at the end of dialysis 
if the patient is being dialyzed every 2 days (Singlas et al., 
1990). Uehlinger et al. (1996) recommended a 400 mg load-
ing dose followed by 200 mg daily in hemodialysis patients. 
Continuous ambulatory peritoneal dialysis (CAPD) is respon-
sible for only about 8% of total fleroxacin clearance (see sec-
tion 4d, Those requiring altered dosages). Thus, the dosage 
adjustment for patients receiving CAPD should be the same 
as for an undialyzed patient with a GFR < 10 ml/min—
namely a loading dose of 400 mg followed by maintenance 
therapy of 200 mg/day (Stuck et al., 1989).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Although no change in fleroxacin loading dose is necessary 
in patients with impaired liver function, a 50% reduction in 
the fleroxacin maintenance dose (i.e. 200 mg/day instead of 
400 mg/day) is recommended for those patients with hepatic 
failure and associated ascites (Blouin et al., 1992).

ELDERLY PATIENTS

Taburet et al. (1990) found that age alone does not signifi-
cantly alter the pharmacokinetics of fleroxacin, and they 
therefore advised that no dosage adjustment is necessary in 
elderly patients. However, if there is associated renal impair-
ment, dose reduction is advisable when the patient’s creati- 

nine clearance is < 30 ml/min (Taburet et al., 1990). Some 
authors have noted that the half-life was 20–60% longer and 
the area under the curve (AUC) higher in the elderly patients 
studied by Taburet et al. (1990) and have recommended 
that dose reduction may be necessary in some elderly pa- 
tients, especially for patients with low body weight or pos-
sibly chronic heart failure (Stuck et al., 1992; Balfour et al., 
1995).

PATIENTS WITH CYSTIC FIBROSIS

In patients with cystic fibrosis, fleroxacin is absorbed more 
slowly and renal clearance is higher than in healthy subjects. 
Although the plasma half-life is reduced, this reduction is 
insufficient to warrant dosage adjustment in these patients 
(Mimeault et al., 1989; Mimeault et al., 1990).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Oral absorption of fleroxacin is at 95–100% of the dose in 
healthy volunteers, substantially better than that of many 
other early fluoroquinolones (Weidekamm et al., 1987; Wise 
et al., 1987; De Lepeleire et al., 1988; Nakashima et al., 1988; 
Sörgel et al., 1988a; Nightingale, 1993). Owing to this excel-
lent bioavailability, serum fleroxacin concentrations after oral 
and i.v. dosing are nearly identical. Fleroxacin is 32% protein 
bound (Nakashima et al., 1988).

The oral bioavailability of fleroxacin is not substantially 
affected by the intake of a light meal or a fat- or calcium-rich 
breakfast (Nakashima et al., 1988; Stuck et al., 1992; Ber- 
tino et al., 1994). Although co-administration of calcium- 
containing antacids does not alter fleroxacin bioavailability, 
aluminum- and magnesium-containing antacids and sucral-
fate result in approximately 25% reductions in maximum 
serum fleroxacin concentrations and AUC values—less than 
the reductions seen with other fluoroquinolones (Lubowski 
et al., 1992b; Balfour et al., 1995).

5b.  Drug distribution

Fleroxacin is characterized by a long elimination half-life, 
allowing once daily oral administration. The serum protein 
binding of fleroxacin is 32% (Nakashima et al., 1988). Max-
imum serum concentrations and AUC values increase in a 
linear manner with increasing dose (up to 800 mg per day). 
After administration of single oral doses of 100, 200, 400, or 
800 mg fleroxacin, maximum serum concentrations of 1.6, 
2.3–2.9, 4.4–6.8, and 7.0 µg/ml, respectively, are generally 
attained within 0.7–2.2 hours (Weidekamm et al., 1987; Wise 
et al., 1987; De Lepeleire et al., 1988; Nakashima et al., 1988; 
Sörgel et al., 1988a; Heim-Duthoy et al., 1990; Balfour et 
al., 1995). Maximum serum concentrations and AUC values 
were three to four times lower in Nigerian volunteers, sug-
gesting racial differences in pharmacokinetics of the drug 
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(Chukwuani et al., 1998; Chukwuani et al., 2000). Owing to 
the presence of microbiologically active metabolites, bioas-
say will generally overestimate the fleroxacin concentrations 
in serum compared with those measured by high perfor-
mance liquid chromotography (HPLC) or other methods 
(Griggs et al., 1988). Consistent with a mean plasma elimi-
nation half-life of 9–15 hours (generally between 9 and 10 
hours), steady state plasma fleroxacin concentrations are 
reached by the third day of repeated once daily dosing, with 
peak and trough concentrations of 6.7–7.0 and 1.4–1.6 µg/
ml, respectively, expected after once daily doses of 400 mg 
(Panneton et al., 1988; Balfour et al., 1995). Following multi-
ple dosing of 800 or 1200 mg fleroxacin across 10 consecu-
tive days, the mean steady state trough levels are 2.4 and 4.2 
µg/ml, respectively, while peak concentrations increase from 
9.35 µg/ml on day 1 to 11.2 µg/ml on day 10 after 800 mg/
day, and increase from 11.9 to 13.5 µg/ml after 1200 mg/day. 
Thus, a 1.3 mean rate of accumulation (AUCss[0–τ]/AUC1[0–τ]) 
occurs at these high doses (800–1200 mg/day), presumably 
due to saturation of elimination pathways. Contrary to earlier 
reports, probenecid appears to affect the renal elimination of 
fleroxacin, but not in such a way that there is any substantial 
increase in serum fleroxacin concentrations (Weidekamm 
et al., 1987; Panneton et al., 1988; Weidekamm et al., 1988; 
Shiba et al., 1990). Single-dose fleroxacin pharmacokinetics 
in bacteremic patients are similar to those in healthy controls 
(Schrenzel et al., 1994). Similarly, steady state fleroxacin 
pharmacokinetics in patients with skin and soft tissue infec-
tions are also similar to those in healthy volunteers (Heim-
Duthoy et al., 1990).

Peak serum fleroxacin concentrations of 2.9 ± 1.2 µg/ml 
are achieved immediately after a single 100 mg i.v. infusion 
(Weidekamm et al., 1987). In comparison, single i.v. and oral 
doses of 400 mg fleroxacin produce peak serum concen-
trations of 5.75 and 4.31 µg/ml, respectively (Nightingale, 
1993). Similarly, i.v. and oral doses of 400 mg fleroxacin daily 
for 5 days yield similar steady state serum concentrations: 
peak levels of 8.1 versus 7.0 µg/ml, respectively, while trough 
levels are 1.2 versus 1.2 µg/ml (Nightingale, 1993; Balfour et 
al., 1995).

Renal impairment has no impact on the complete (100 
percent) gastrointestinal absorption of fleroxacin. However, 
total clearance of fleroxacin and its metabolites falls in paral-
lel with decreasing GFR, since fleroxacin is primarily elimi-
nated by the kidney (Stuck et al., 1989; Singlas et al., 1990; 
Weidekamm, 1993). Regardless of the degree of renal impair-
ment, the bioavailability and therefore the peak serum con-
centration of fleroxacin, and the time after the dose is given at 
which this is attained (generally 1.5–2 hours), do not change 
significantly. Extrarenal clearance of fleroxacin remains rea-
sonably constant regardless of the severity of renal dysfunc-
tion. In uremic patients, there is accumulation of fleroxacin 
metabolites N-demethylfleroxacin and N-oxide-fleroxacin 
due to reduced urinary elimination, and the AUC for flerox-
acin increases (Fillastre et al., 1990; Singlas et al., 1990).

In patients with end-stage renal failure, the peak serum 
fleroxacin concentration after a 400 mg dose is given is about 

6.8 µg/ml, but this is attained 3.3 hours post-dose and the 
half-life of the drug lengthens to 25 ± 3 hours. Hemodialysis 
clears fleroxacin and its metabolites readily; in fact fleroxacin 
clearance by hemodialysis is similar to the usual plasma 
clearance found in healthy controls, with a serum half-life of 
10.4 hours. Thus, patients undergoing hemodialysis are best 
given a dose at the end of dialysis (Singlas et al., 1990).

CAPD is responsible for only about 8% of total fleroxacin 
clearance, since penetration of unchanged fleroxacin into 
peritoneal dialysate is low. Thus, the dosage adjustment for 
fleroxacin for the patient receiving CAPD should be the 
same as for an undialyzed patient with a GFR < 10 ml/min. 
Importantly, the duration of dialysis dwell time influences 
fleroxacin penetration, the dialysate–serum ratio increasing 
from 0.52 to 0.71 with increasing dwell time. Therapeutic 
concentrations of fleroxacin are therefore achievable in peri-
toneal dialysate (Stuck et al., 1989).

In a study comparing the pharmacokinetics of i.v. and 
oral fleroxacin 400 mg in healthy volunteers with those in 
cirrhotic patients with and without ascites, Blouin et al. 
(1992) found that fleroxacin was completely absorbed and 
achieved similar peak serum concentrations in all three study 
groups. Liver impairment alone did not significantly affect 
fleroxacin pharmacokinetics, but patients with liver impair-
ment and concomitant ascites demonstrated reduced sys-
temic and renal clearance of fleroxacin, such that fleroxacin’s 
half-life was approximately doubled. Thus, a normal com-
mencement dose of fleroxacin is given to patients with com-
promised liver function, but a 50% reduction in the fleroxacin 
maintenance dose is recommended for those patients with 
associated ascites. These findings are consistent with the pre-
dominantly renal excretion of fleroxacin.

Fleroxacin, like other fluoroquinolones, is not generally 
administered to pregnant or lactating women, owing to 
concerns about the effects of quinolones on the development 
of immature cartilage. Fleroxacin crosses the placenta and 
can be detected in amniotic fluid (Giamerellou et al., 1989). 
Fleroxacin’s penetration into breast milk is about 62%. 
Compared to what is observed in healthy male volunteers, 
the time to reach maximum serum fleroxacin concentrations 
in breastfeeding women given a single oral 400 mg dose is 
doubled (mean 2.4 ± 1.9 hours), and the total clearance 
is reduced by about 25%. The mean maximum serum con-
centration is 5.6 µg/ml. In breast milk, the mean maximum 
concentration is 3.5 µg/ml, achieved 2.6 hours after dose 
administration (Dan et al., 1993).

DISTRIBUTION OF THE DRUG IN THE BODY

Fleroxacin penetrates readily into suction-induced blister 
fluid, with concentrations increasing significantly with 
repeated doses. Mean peak blister fluid concentrations after 
single doses of 400 and 800 mg are 3.7 and 7.7 µg/ml, respec-
tively, while concentrations after similar once daily therapy 
for 5 days are 5.7 and 12.3 µg/ml, respectively. Panneton et al. 
(1988) found fleroxacin penetration into blister fluid to be 
greater than 100%, based on comparison of the AUC of 
fleroxacin in blister fluid with that of the drug in plasma. 
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Lubowski et al. (1992a), however, calculated the penetration 
into interstitial fluid to be 74–92%, based on the ratio of peak 
drug concentrations or AUC values in blister fluid to those 
in serum.

Fleroxacin concentrations in saliva are about 40% of total 
serum concentrations (60% of free serum fleroxacin), sug-
gesting rapid secretion into saliva (Nakashima et al., 1988). 
Fleroxacin penetrates well into nasal secretions, tears (69%), 
and sweat (43%) (Sörgel et al., 1988a). Following a single 
400 mg dose of fleroxacin, the mean maximum concen-
tration in breast milk is 3.5 µg/ml, which occurs at about 
2.6  hours after administration. Based on a comparison of 
AUCmilk versus AUCplasma fleroxacin penetration into breast 
milk is 62%. Among breastfed children who take in breast 
milk at an average of 150 ml/kg of body weight per day, the 
maximum daily ingested dose of fleroxacin is ≤ 10 mg (Dan 
et al., 1993).

Fleroxacin penetrates well into bronchial mucosa, with 
the mean percentage penetration at 158% in one study of 20 
patients undergoing bronchoscopy after receiving 400 mg 
fleroxacin daily for 4 days (Wise et al., 1988). Concentrations 
of fleroxacin in bronchial mucosa collected from patients 
with acute infective exacerbations of bronchitis or bron-
chiectasis were similar to simultaneous plasma levels (Begg 
et al., 2000). Lung concentrations 8 hours after administra-
tion of a 400 mg dose were 8.9 ± 7.7 µg/g (Portmann and 
Weidekamm, 1992). Following a 200-mg dose of fleroxacin 
given 1–2 hours before surgery, mean drug concentrations 
in maxillary sinus mucosa and tonsillar tissue are 2.6 and 3.3 
µg/g, respectively, being similar to the simultaneous serum 
levels (Baba et al., 1988).

Fleroxacin concentrations in T-tube bile collected from 
cholecystectomized patients treated with 800 mg once daily 
for 5 days were high, with a median peak concentration 
of 22.1 µg/ml in one study. These concentrations were two 
to three times greater than those in plasma, and the ratio 
AUCbile/plasma was 1.3–9.9 (Hayton et al., 1990).

Fleroxacin concentrations in seminal and prostatic fluids 
are reasonably high, with prostatic fluid concentrations at 
about 30% of plasma levels 2–4 hours postdose. Con-
centrations of fleroxacin in seminal fluid are a median of 1.7 
times the plasma levels, but levels in prostatic adenoma tis-
sue are similar to concomitant plasma concentrations (Kees 
et al., 1988; Naber et al., 1988). Six hours after administration 
of a 600-mg dose, concentrations in the fallopian tubes and 
ovaries are 6.3 and 9.6 µg/ml, and levels in the myometrium 
are similar (Portmann et al., 1989; Portmann and Weide-
kamm, 1992).

Fleroxacin penetrates well into muscle, but not fat 
(Cakmakci et al., 1992; Portmann and Weidekamm, 1992). 
Following a 400 mg dose of fleroxacin, bone concentrations 
are somewhat variable, but achieve mean values of 3.68, 
4.22, 2.36, 2.47, and 1.91 µg/g after 2, 4, 8, 12, and 24 hours, 
respectively. These concentrations are generally similar to, 
or slightly higher than, those measured concomitantly in 
serum (Weidekamm and Portmann, 1993). Penetration into 
ischemic lower limb tissues is comparable to that into 

nonischemic limb tissues (Miglioli et al., 2001). Synovial 
fluid concentrations are 2.97, 4.50, and 2.24 µg/ml, at 2, 4, 
and 12 hours, respectively, after a single 400 mg oral dose of 
fleroxacin (Weidekamm and Portmann, 1993). Fleroxacin 
potentiated the in vitro phagocytosis of Escherischia coli by 
neutrophils (Azuma et al., 1999).

Penetration into aqueous humor and ocular lens tissue is 
relatively poor, with tissue/plasma concentration ratios of 
0.1–0.4 (Weidekamm and Portmann, 1993).

Penetration into the brain and cerebrospinal fluid has not 
been well studied in humans, but in rats concentrations in 
both the brain and cerebrospinal fluid (CSF) are about 20% 
of simultaneous serum concentrations (Ooie et al., 1997). 
As measured by positron emission tomography (PET), levels 
of radiolabeled fleroxacin in the brain are 35% of levels in 
serum (Fischman et al., 1993).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Like other fluoroquinolones, fleroxacin demonstrates in 
vitro and in vivo concentration-dependent killing and long- 
lasting postantibiotic effects (Minguez et al., 1991; Fuentes et 
al., 1996). AUC0–24/MIC is the major PK/PD predictor of effi-
cacy in animal models (Zhou et al., 2015). Against S. aureus 
and E. coli, in vitro postantibiotic effects were 1.9–3.1 hours 
(Fuentes et al., 1996). There are no published data for 
humans, but it can be expected that fleroxacin will exhibit 
PK/PD properties similar to those of other fluoroquino- 
lones (see Chapter 101, Ciprofloxacin, and Chapter 104, 
Levofloxacin).

5d.  Excretion

Elimination of fleroxacin is by both renal (60–87%) and non-
renal (13–40%) mechanisms (Nakashima et al., 1988; Stuck 
et al., 1992).

URINE

Urinary excretion of unchanged fleroxacin accounts for the 
major part of renal elimination. After a single oral 400-mg 
dose of fleroxacin, 50–77% is excreted unchanged in the 
urine over a 3-day period, with 5–7% in the form of 
N-demethyl-fleroxacin, and 4–6% in the form of N-oxide-
fleroxacin (Griggs et al., 1988; Nakashima et al., 1988; 
Panneton et al., 1988; Sörgel et al., 1988b; Stuck et al., 1989; 
Naber et al., 1998). Renal clearance of fleroxacin includes 
glomerular filtration and some tubular secretion and reab-
sorption, and the clearance of fleroxacin metabolites is by 
glomerular filtration and tubular secretion (Weidekamm et al., 
1987; Stuck et al., 1992). Urine concentrations of unchanged 
fleroxacin are roughly 100-fold greater than the concomitant 
serum concentrations. After the administration of doses of 
100, 200, and 400 mg, the mean urine concentrations sus-
tained over 24 hours are approximately 50, 100, and 150 µg/
ml, respectively. Steady state (day 3 and after) urine concen-
trations after repeated dosing of 200 or 400 mg twice daily 
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are about 200 and 300 µg/ml, respectively (Nakashima et al., 
1988). Compared with pefloxacin, urinary concentrations of 
fleroxacin are two to three times higher for at least 48 hours 
postdose (De Lepeleire et al., 1988). Probenecid decreases 
the renal clearance and urinary recovery of fleroxacin and 
results in increases in serum elimination half-life and AUC 
(Shiba et al., 1990).

BILE

The extent of biliary excretion of fleroxacin has not been 
extensively investigated. However, in a study of bile obtained 
from T-tube drainage following cholecystectomy in patients 
receiving 800 mg fleroxacin once daily for 5 days, the per-
centage of unchanged drug was < 1% in six of nine patients; 
while in three patients up to 16.5% was recovered in bile 
(Hayton et al., 1990). How these data relate to biliary concen-
trations in healthy subjects is uncertain.

INACTIVATION IN THE BODY

Fleroxacin is metabolized in the liver via N-demethylation 
to N-demethyl-fleroxacin, which is microbiologically active, 
and via N-oxidation to N-oxide-fleroxacin, which is inactive 
(Griggs et al., 1988; Sörgel et al., 1988b). The extent of metab-
olism of fleroxacin appears to be similar to that of ciproflox-
acin (see Chapter 101, Ciprofloxacin), but is greater than 
that of ofloxacin (see Chapter 103, Ofloxacin) and less than 
that of pefloxacin (see Chapter 118, Pefloxacin) and enoxacin 
(Sörgel et al., 1988b; see Chap ter 112, Enoxacin).

FECES

Following a single 200-mg dose of fleroxacin given after a 
meal, 3% is recovered in the feces over 3 days. The peak fecal 
concentration after a single 200 mg dose is on day 2, when it 
is about 27 µg/g. The total of all fecal and urinary recovery is 
about 96% of the dose. Repeated doses of 400 mg fleroxacin 
twice daily result in fecal drug concentrations of 100–160 
µg/g (Nakashima et al., 1988).

5e.  Drug interactions

Unlike some other fluoroquinolones, fleroxacin has little 
effect on the pharmacokinetics of theophylline or caffeine 
(Seelmann et al., 1989; Soejima et al., 1989; Parent et al., 
1990; Parent and LeBel, 1991; Sörgel and Kinzig, 1993b; Niki 
et al., 1999; Kim et al., 2003), nor does fleroxacin signifi-
cantly alter the anticoagulant effect of warfarin (Cullmann et 
al., 1993; Sörgel and Kinzig, 1993a). Concomitant adminis-
tration of cimetidine with fleroxacin reduces total systemic 
clearance of fleroxacin by about 25%, due to interaction of 
cimetidine with cytochrome P450 and the effect on metabo-
lism (Cullmann et al., 1993; Portmann, 1993), but ranitidine 
has no significant effect on the absorption or clearance of 
fleroxacin (Sörgel and Kinzig, 1993a). Since the renal elimi-
nation of fleroxacin is mostly by filtration rather than active 
secretion, the coadministration of probenecid (an agent that 
competes with antibiotics for active secretion) has no sig-
nificant clinical effect on the fleroxacin pharmacokinetics 

(Nightingale, 1993). Rifampicin increases the metabolic clear-
ance of fleroxacin by about 28% when doses of 600 mg rifam-
picin and 400 mg fleroxacin are given, but this effect on the 
half-life and AUC of fleroxacin is generally not clinically sig-
nificant (Schrenzel et al., 1993).

Compared to the effects of antacids on other fluoroquino-
lones, aluminum- or magnesium-containing antacids and 
sucralfate have a less marked effect on the absorption of 
fleroxacin, with a reduction in absorption of approximately 
25%. Calcium-containing antacids do not significantly affect 
the absorption of fleroxacin (Shiba et al., 1989; Lubowski et 
al., 1992; Nightingale, 1993; Balfour et al., 1995).

Fleroxacin can also induce convulsions in the presence 
of nonsteroidal inflammatory agents due to potentiation of 
gamma-aminobutyric acid (GABA) receptors in the brain. 
However, in a study of 12 quinolones performed in rats, 
fleroxacin and pazufloxacin were the least likely of all the 
quinolones to induce convulsions (Kim et al., 2009).

6. ADVERSE REACTIONS AND TOXICITY

Fleroxacin was withdrawn from the market in Europe by 
Roche in the late 1990s due to two significant dose-related 
adverse events: phototoxicity and central nervous system 
toxicity (Rubenstein, 2001). These adverse events were noted 
in premarketing trials, but increasing reports in the post-
marketing period led to withdrawal of the drug in Europe 
(Bowie et al., 1989a; Rubenstein, 2001).

6a.  General adverse events

In a large review of the safety of fleroxacin in clinical trials, 
the overall rates of adverse effects among patients treated 
with 200 or 400 mg daily oral fleroxacin were 20% and 21%, 
respectively, and the rate with i.v. administration of fleroxa-
cin was also about 20% (Geddes, 1993). However, among 
patients treated with a single 200 mg dose, adverse reactions 
occurred in 7.5%, compared with 26% among patients treated 
with multiple doses. The most frequent side effects were gas-
trointestinal (11%), especially nausea, and neurological (9%), 
mainly insomnia, headache, and dizziness. In this review, 
there were no side effects not previously reported with other 
fluoroquinolones. However, the rates of adverse reactions 
increased markedly among patients receiving fleroxacin doses 
greater than 400 mg daily: 44% with 600 mg daily, and 67% 
with 800 mg daily. At doses of 400 mg daily, the incidence of 
side effects with fleroxacin appeared to be generally similar 
to those of ciprofloxacin, norfloxacin, or ofloxacin, although 
two studies found norfloxacin to have fewer side effects than 
other fluoroquinolones. Importantly, all so-called serious 
adverse reactions were reversible and mostly consisted of 
insomnia, headache, dizziness, and nausea (Geddes, 1993). 
Other authors, however, have noted lower rates of adverse 
reactions with ciprofloxacin than with fleroxacin in com-
parative studies (Balfour et al., 1995). Because of the dose- 
related nature of fleroxacin toxicity, the usual recommended 
doses of fleroxacin are limited to 200 or 400 mg daily.
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6b.  Neurotoxicity

In an early double-blind, dose-ranging study of oral flerox-
acin using 400, 600, or 800 mg once daily for 7 days in the 
treatment of 85 patients with uncomplicated genital infec-
tions, Bowie et al. (1989a) noted an overall rate of adverse 
reactions of 84%, and severe reactions in 48% of patients. 
Fifty-five patients (70%) reported adverse events related to 
the central nervous system (CNS), with 32 patients (41%) 
reporting severe CNS-related adverse events. The most com-
mon CNS-related events were insomnia (39 patients), light-
headedness (18), headache (8), bad dreams or hallucinations 
(7), lethargy (6), and anxiety (6). CNS adverse events were 
dose- related, occurring in 42% of patients at the 400 mg daily 
dose, 74% at a 600 mg daily dose, and 92% at an 800 mg 
daily dose. In some cases, effects were severe and patients 
were unable to work due to sleep disturbance. CNS effects 
were reversible on cessation of treatment and only three 
patients spontaneously stopped treatment, although the spe-
cific toxicity that led to cessation of the drug was not reported. 
In other studies, insomnia and restlessness were noted in 
5/22 (23%) patients receiving 400–800 mg daily for 7–10 
days, and in 5/8 (63%) patients receiving 800 mg daily for 7 
days (Pust et al., 1988; Shah et al., 1988).

Since short-term fleroxacin does not appear to alter 
cerebral blood flow or glucose or oxygen metabolism, these 
factors are unlikely to provide explanation for fleroxacin- 
associated neurological adverse effects (Gardner et al., 1991). 
In rats, fleroxacin stimulated the locomotor systems of juve-
nile rats significantly more than the two other fluoroquino-
lones tested, ofloxacin and trovafloxacin (Thiel et al., 2001). 
It has been postulated that quinolone-induced neurotoxicity 
is due to competitive binding at receptors for the inhibitory 
neurotransmitter GABA (Thiel et al., 2001). Hallucinations, 
seizures, psychosis, and increased intracranial pressure occur 
rarely (Balfour et al., 1995). The rates of neuropsychiatric 
adverse effects of fluoroquinolones have recently been 
reviewed (Tomé and Filipe, 2011).

6c.  Photosensitivity

In the study by Bowie et al. (1989a), drug-related photosen-
sitivity was reported in 8/84 (10%) patients. All photosensi-
tized patients had some desquamation and some required 
treatment with silver sulfadiazine. Three patients were taking 
600 mg daily and five were taking 800 mg daily; no cases 
of photosensitivity occurred in patients receiving the lowest 
(400 mg) daily dose. Four patients had outdoor occupations. 
Photosensitivity is typically characterized by transient acute 
sunburn and is dependent on the extent and intensity of 
ultraviolet light exposure, the dosage regimen, and skin type 
(Balfour et al., 1995).

In an early study of 27 healthy volunteers, Scheife et al. 
(1993) found the hierarchy of phototoxic risk among older 
fluoroquinolones to be (in order of decreasing risk): fleroxa-
cin > lomefloxacin, pefloxacin > ciprofloxacin > enoxacin, 
norfloxacin, ofloxacin. An in vitro study assessing production 

of hydrogen peroxide after drug exposure to ultraviolet light 
reported similar findings (Kawada et al., 1999). Phototoxicity 
of fluoroquinolones is strongly correlated with the presence 
of a fluorine atom at position 8 of the quinolone nucleus, 
instead of a chlorine or nitrogen atom (Domagala, 1994; 
Rubenstein, 2001). Other fluoroquinolones with an 8-fluoro 
group, such as lomefloxacin or sparfloxacin, have also had 
their use restricted because of phototoxicity (Appelbaum 
and Hunter, 2000). Skin patch testing and lymphocyte subset 
analysis suggest that the potential for phototoxicity is usually 
cross-reactive between quinolones (Kimura and Kawada, 
1998; Tokura et al., 1999). Quinolone-induced phototoxicity 
appears to be due to covalent binding of the drug to protein 
molecules and cells in tissues on their exposure to ultraviolet 
light (Tokura et al., 1999).

6d.  Musculoskeletal adverse events

Achilles tendonitis has been reported in 0.08% of fleroxacin- 
treated patients (Balfour et al., 1995). Some adult rats treated 
with fleroxacin developed Achilles tendonopathy even after 
a single low dose of the drug, although changes were more 
severe after higher doses (Shakibaei and Stahlmann, 2001). 
This is an adverse event that is associated with all members 
of the fluoroquinolone antibacterial class (see Chapter 101, 
Ciprofloxacin, and Chapter 103, Ofloxacin, for more detailed 
discussion of this adverse event).

6e.  Nephrotoxicity

Among healthy volunteers, fleroxacin 800 mg daily for 3 
consecutive days is not associated with any nephrotoxic side 
effects (Mondorf et al., 1988). Fleroxacin may even protect 
against nephrotoxicity caused by other drugs. In rats, 
fleroxacin protected against nephrotoxicity induced by the 
aminoglycosides gentamicin and isepamicin (Beauchamp et 
al., 1997; Yazaki et al., 2002), although this finding has not 
been confirmed in humans.

7. CLINICAL USES OF THE DRUG

Fleroxacin has been used in a variety of clinical conditions, 
but there have been few studies in recent years, owing to the 
availability of other fluoroquinolones with improved toxicity 
profiles. Nevertheless, in regions where fleroxacin remains 
available and adverse reactions can be readily monitored, 
fleroxacin is used to treat a number of conditions. Currently, 
the drug is commercially manufactured only in China.

7a.  Urinary tract infections

Fleroxacin in doses of either 200 or 400 mg once daily is 
effective therapy against uncomplicated urinary tract infec-
tions, with bacteriological and clinical cure rates of 86–100% 
(generally about 90%) and 75–100% (generally about 85%), 
respectively. For difficult to treat pathogens such as P. aerugi-
nosa, or for complicated urinary tract infections, the higher 
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dose of 400 mg daily is preferred. The 400 mg daily dose is 
also more likely to achieve bactericidal urinary titers against 
common uropathogens (Naber et al., 1998).

For uncomplicated urinary tract infections, 3- or 7-day 
treatment regimens result in higher bacteriological cure rates, 
with lower rates of relapse than single-dose regimens. Single-
dose fleroxacin 400 mg is significantly more effective than a 
single dose of amoxicillin 3 g, with bacteriological and clin-
ical cure rates of 97% versus 56%, and 94% versus 49%, 
respectively. Fleroxacin 400 mg/day for 7 days is similar in 
efficacy to ciprofloxacin 250 mg twice daily for the same 
treatment duration, and in another study fleroxacin 200 mg 
daily was equivalent to ciprofloxacin 250 mg twice daily for 
7–14 days. However, the lower doses of fleroxacin (200 mg 
daily) and ciprofloxacin (250 mg twice daily) had relatively 
poor cure rates against P. aeruginosa (52% versus 67%, respec-
tively). A phase II study by the same authors reported better 
P aeruginosa cure rates with the use of a higher doses (flerox-
acin 400 mg daily or ciprofloxacin 500 mg twice daily for 
7–14 days, with cure rates of 77.8% and 100%, respectively) 
(Frankenschmidt et al., 1997). A 10-day fleroxacin course 
produces results similar to those of norfloxacin 400 mg twice 
daily for 10 days. However, in this latter comparative study, 
the rate of fleroxacin-associated adverse reactions was sig-
nificantly higher than what was encountered with norfloxa-
cin (Moller et al., 1988; Iravani, 1993; Pummer, 1993; Whitby 
et al., 1993; Balfour et al., 1995).

For complicated urinary tract infections, including pyelo-
nephritis, a 7- to 14-day course of 200 or 400 mg fleroxacin is 
bacteriologically effective in about 90% of patients, although 
at least one study suggested that the 400 mg regimen may 
result in a lower rate of relapse. Seven to 10 days of therapy 
with fleroxacin 200 mg/day or 400 mg/day is similar in effi-
cacy to norfloxacin 400 mg twice daily or ofloxacin 200 mg 
twice daily (Bernstein-Hahn et al., 1989; Wolfhagen et al., 
1990; Childs, 1993; Gelfand et al., 1993; Naber and Sigl, 1993; 
Pittman et al., 1993; Pummer, 1993; Balfour et al., 1995). 
Similarly, i.v. fleroxacin 400 mg once daily and ceftazidime 
(0.5–2 g thrice daily, or 1–2 g twice daily) appear to have 
similar efficacies against complicated urinary infections with 
susceptible pathogens (Cox, 1993).

Fleroxacin has also been used to prevent urosepsis follow-
ing transurethral surgery. In a study by Hall et al. (1996), 
three fleroxacin regimens (a single oral dose of 400 mg, a 
single intravenous dose of 400 mg, or a dosing schedule of 
i.v. 400 mg followed by 400 mg orally daily for up to 5 days) 
were equally efficacious in patients undergoing transurethral 
prostatectomy, as there were no postoperative cases of uro-
sepsis. In a randomized double-blinded study of patients 
undergoing transurethral surgery (mostly prostatectomy) 
with sterile urine preoperatively, only 1 of 30 patients (3%) 
who received a single oral dose of fleroxacin 400 mg prior 
to surgery developed urosepsis, significantly better than the 
7 of 31 patients (23%) who received placebo (p = 0.0244) 
(Gasser et al., 1996). Based on these studies, the optimal pro-
phylactic fleroxacin dose is a single oral or intravenous dose 
of 400 mg prior to surgery. In a study of 95 patients with 

preoperative bacteriuria undergoing transurethral prostatec-
tomy, fleroxacin 400 mg daily for 7 days resulted in sterile 
urine at 2 weeks in 62% of patients, compared with in only 
37% of patients who received cephalexin 500 mg three times 
daily for the same duration (p = 0.047) (Viitanen et al., 1998).

7b.  Gastrointestinal infections

In a double-blind, randomized, placebo-controlled trial of 
fleroxacin 400 mg once daily for either 1 or 2 days in patients 
with travelers’ diarrhea, fleroxacin was superior to placebo, 
but there was no difference in outcomes between patients 
receiving treatment for 1 day and receiving treatment for 
2 days. Adverse reactions (mostly headache and insomnia) 
were more common in the fleroxacin-treated patients (Stef-
fen et al., 1993). Butler et al. (1993) found similar results in a 
large placebo-controlled trial in Thailand that compared a 
400 mg fleroxacin single-dose regimen to 400 mg daily for 
3 days. Patients with shigellosis, cholera, or Vibrio parahae-
molyticus infection showed clinical and bacteriological 
response, but patients with salmonellosis showed only a 
bacteriological response. Thus, a single dose of 400 mg 
fleroxacin appears to be effective empiric self-treatment for 
travelers’ diarrhea.

In the treatment of typhoid fever, a 7 day course of flerox-
acin 400 mg daily was similar to a 14-day treatment regimen 
in bacteriological (96–97%) and clinical (83–100%) efficacy, 
and both were similar to a 14-day course of chloramphenicol 
50 mg/kg/day (85% bacteriological, 82% clinical efficacy). 
However, the time to defervescence was shorter for fleroxacin- 
treated patients. Relapse occurred in 17% of patients treated 
with fleroxacin for 7 days, in 6% who received chloram-
phenicol, and in none who received 10–14 days of fleroxacin 
therapy—suggesting that fleroxacin should be given for at 
least 10 days to prevent relapse (Arnold et al., 1993). Since 
this study, typhoid strains have emerged with reduced sus-
ceptibility to fluoroquinolones—such that these results may 
now be less relevant in many regions, especially Asia. Flerox-
acin (400mg once daily for 7 days) was similar in efficacy to 
ciprofloxacin (500mg twice daily for 14 days) for typhoid 
fever in a Nigerian study, although adverse events were 
more common in the fleroxacin-treated group (Chukwuani 
et al., 1998). However, fleroxacin should not be used to treat 
typhoid organisms, which are intermediate in response to or 
resistant to fleroxacin or to other fluoroquinolones.

In a Taiwanese study of the treatment of pyogenic liver 
abscess, oral fleroxacin 400 mg daily for 3 weeks resulted in 
clinical cure in 12/20 (60%) patients, compared with 18/22 
(81.8%) patients receiving conventional therapy (i.v. cefazolin 
1 g every 8 hours plus i.v. gentamicin 1 mg/kg every 8 hours 
for 2 weeks, followed by oral cephalexin 1 g every 6 hours for 
another 1–2 weeks). Although the trend was toward better 
cure with the conventional therapy, the differences were not 
statistically significant given the small numbers (p = 0.29). 
Klebsiella pneumoniae was the pathogen in 34/42 patients, 
as Taiwan is an endemic region for this clinical syndrome 
(Chen et al., 2002).
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7c.  Sexually transmitted diseases

Historically, single-dose therapy with 400 mg fleroxacin is 
99–100% effective against uncomplicated susceptible gono-
coccal urethritis and anorectal and pharyngeal gonorrhea, 
being similar in efficacy to ceftriaxone. However, fleroxacin 
is associated with a significantly higher incidence of side 
effects than ceftriaxone and is now rarely used (Lassus et al., 
1988; Lassus et al., 1992; Smith and Nichols, 1993; Moran 
and Levine, 1995). There have not been additional published 
studies of fleroxacin in the treatment of gonorrhea since the 
worldwide emergence of fluoroquinolone-resistant gonorrhea 
(CDC, 2007). Given the known cross-resistance between flu-
oroquinolones, such as ciprofloxacin, ofloxacin, and fleroxa-
cin, against this pathogen (Deguchi et al., 1997), fleroxacin is 
no longer recommended as empiric therapy for gonorrhea.

Some studies and manufacturer’s data suggest that flerox-
acin, especially in doses of ≥ 400 mg/day, may be effective 
against C. trachomatis infections, although the report by 
Bowie et al. (1989) was less convincing and highlighted the 
problem of fleroxacin-associated side effects at these high 
doses (Pust et al., 1988; Bowie et al., 1989b; Balfour et al., 
1995). Thus, fleroxacin cannot be relied upon to treat chla-
mydial sexually transmitted diseases.

In East Africa, single-dose therapy with 400 mg fler-
oxacin was superior to a 3-day course of trimethoprim– 
sulfamethoxazole 160/800 mg twice dailyy for culture-proven 
chancroid (Haemophilus ducreyi) in HIV-negative patients, 
with cure rates of 97% versus 70%, respectively (MacDonald 
et al., 1989; Plourde et al., 1992). Notably in this region, how-
ever, resistance to trimethoprim–sulfamethoxazole is known 
to be high (see Chapter 92, Trimethoprim and trimethoprim- 
sulfamethoxazole [cotrimoxazole]). Owing to the added dif-
ficulty of curing chancroid in HIV-infected patients, Tyndall 
et al. (1993) conducted an open study that compared a single 
dose of fleroxacin 400 mg for HIV-negative patients with 
chancroid with a regimen of 400 mg/day for 5 days for HIV-
infected patients with chancroid. Among the HIV-negative 
men, 55/58 were clinically and microbiologically cured, while 
among the HIV-positive men the 5-day treatment regimen 
resulted in 20/22 evaluable patients being cured; both regi-
mens were well tolerated. Despite these findings, fleroxacin is 
not currently recommended as first-line therapy for chan-
croid (Schulte and Schmid, 1995). A recent Cochrane review 
(Mutua et al., 2012) was unable to ascertain whether treat-
ment of genital ulcer disease (predominantly chancroid or 
syphilis) reduced the risk of HIV transmission, largely due 
to low patient recruitment. The two chancroid trials included 
in the Cochrane review were MacDonald et al. (1989) and 
Plourde et al. (1992). 

7d.  Bone and joint infections

Small, open-label, noncomparative studies of fleroxacin 400 
mg daily for 2–12 weeks suggest clinical efficacy rates of 
54–77% for osteomyelitis and generally lower rates for sep-
tic arthritis. Notably, only 26% of patients enrolled in these 

studies were subsequently evaluable. Drug-related adverse 
reactions occurred in 28% of patients, with 8% requiring ces-
sation of therapy in one study (Liu et al., 1992; Green, 1993; 
Putz, 1993). Thus, clinical experience with fleroxacin for the 
treatment of such infections is limited. Given the toxicity 
profile of fleroxacin and the fact that it has only borderline 
activity against S. aureus, the most common pathogen in 
these infections, other antimicrobial agents with appropriate 
activity are likely to represent a better therapeutic choice.

7e.  Respiratory tract infections

Multiple once daily doses of either oral or i.v. fleroxacin 400 
mg are bacteriologically effective in 84–96% of selected 
patients with acute-on-chronic bronchitis and 84–100% 
with nonpneumococcal pneumonia or tracheobronchitis 
(Chodosh, 1993; Farkas, 1993; Ulmer, 1993; Balfour et al., 
1995). However, these promising results are somewhat mis-
leading as they do not necessarily reflect the likely outcome 
if fleroxacin is used as empiric therapy in these situations, 
since most studies excluded cases with fleroxacin-resistant 
pathogens (e.g. S. pneumoniae) or in which no pathogen was 
isolated. In fact, only 27–46% of enrolled patients were sub-
sequently analyzed for antibiotic efficacy in these studies. 
Nevertheless, fleroxacin compared favorably with amoxicil-
lin for exacerbations of chronic bronchitis, with clinical cure 
rates of 90–95% versus 76–82%, respectively (Chodosh, 1993; 
Ulmer, 1993). For nonpneumococcal lower respiratory tract 
infections, i.v. fleroxacin 400 mg daily resulted in clinical 
cure in 88% of patients versus 82% for ceftazidime, although 
there was insufficient statistical power to allow the statement 
that the two treatment regimens were equivalent (Farkas, 
1993). Thus, in certain clinical situations, especially in which 
the pathogen is known to be sensitive to fluoroquinolones, 
fleroxacin may be a convenient and effective antibiotic choice. 
If pneumococcal infection is considered likely, an alternative 
agent with better activity against this pathogen should be 
chosen.

7f.  Skin and soft tissue infections

Fleroxacin has been previously used to treat skin and soft 
tissue infections, but there are now many other more appro-
priate agents for these indications. Nevertheless, oral flerox-
acin 400 mg daily appears to be similar in its clinical and 
bacteriological efficacies (72–90%) to amoxicillin–clavulanate 
potassium 500 mg/125 mg three times daily for skin and soft 
tissue infections, in a number of relatively small, random-
ized, generally open-label, multicenter trials. However, the 
statistical power in these studies was insufficient to confirm 
equivalence (Powers, 1993; Smith and Nichols, 1993; Tassler, 
1993). Fleroxacin 400 mg i.v. daily appeared to be similar to 
i.v. ceftazidime (variable doses), with clinical cure rates of 
82% and 73%, respectively; however, less than half of the 
patients enrolled in this unblinded study were included in the 
analysis of efficacy—thus weakening the conclusions that can 
be drawn. Notably, fleroxacin-treated patients experienced 
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approximately twice the rate of adverse reactions reported by 
the ceftazidime-treated group (Parish and Jungkind, 1993). 
In a randomized double-blinded study involving 636 patients 
with skin and soft tissue infections comparing oral 400 mg 
daily fleroxacin with oral ofloxacin 400 mg twice daily for 
10 days, clinical cure rates were not significantly different 
between the two groups (78% vs. 83%), but bacteriological 
cure rates were significantly better for ofloxacin (97% vs. 
89% for fleroxacin, p < 0.05), primarily because of ofloxacin’s 
better cure rates against S. aureus (98% vs. 88% for fleroxa-
cin). Although there were no significant overall differences 
between rates of adverse events, photosensitivity was more 
common in the fleroxacin group, occurring in 5% of patients, 
compared with 1% of patients in the ofloxacin group (Dre-
hobl et al., 1997).

7g.  Staphylococcal bacteremia

In a study of 130 patients by Schrenzel et al. (2004), oral or 
intravenous fleroxacin 400 mg plus rifampicin 600 mg once 
daily was compared with conventional therapy (i.v. flucloxa-
cillin 2 g every 6 hours, or i.v. vancomycin 1 g every 12 hours) 
for the treatment of S. aureus bacteremia or deep-seated 
infection. Cases of left-sided endocarditis and foreign body 
infection (other than intravascular catheter infection) were 
excluded. Isolates of S. aureus were susceptible to fleroxacin, 
rifampicin, and flucloxacillin or vancomycin. Duration of 
therapy was 14–42 days, depending on the clinical syndrome. 
The most common diagnoses were catheter-related bac-
teremia (55 patients) and acute bone or joint infection (35 
patients), with no significant differences in diagnoses between 
groups. Clinical cure rates were equivalent (82% versus 
80%, respectively, p = 0.79), as were bacteriological cure 
rates. There were significantly more adverse events in the 
fleroxacin– rifampicin group (15/68 vs. 5/59, p = 0.05), with 
two cases of photosensitivity, four withdrawals for insomnia/
hallucinations, and two cases of hepatitis (one presumed to 
be due to rifampicin). The authors concluded that although 
the combination therapy appeared efficacious and patients 
were able to be discharged from the hospital much earlier, 
the toxicity profile of the combination was unacceptably 
high, and that consideration should be given to the use of 
other newer fluoroquinolones with good antistaphylococcal 
activity and less neurotoxicity and phototoxicity. Currently, 
fleroxacin is not a recommended therapy for significant 
staphylococcal infections as more efficacious safer alterna-
tives are readily available.
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Garenoxacin

James Owen Robinson and Keryn Christiansen

1. DESCRIPTION 

Garenoxacin is a des-fluoro(6) quinolone that, as such, lacks 
a fluorine at the C-6 position in comparison with other fluo-
roquinolones such as ciprofloxacin, moxifloxacin, and levo-
floxacin, and has a difluoromethoxy substitution at position 
C-8 (Fung-Tomc et al., 2000). The molecular formula is 
1-cyclopropyl-8-(difluoromethoxy)-7-[(1R)-(1-methyl-2, 
3-dihydro-1H-5-isoindolyl)-4-oxo-1, 4-dihydro-3-quinoline-
carboxylic acid methanesulfonate monohydrate (Takahata et 
al., 1999) (see Figure 114.1). 

Like other members of this class, garenoxacin has activity 
against many Gram-positive and Gram-negative bacteria and 
many intracellular respiratory pathogens. In particular it has 
activity against penicillin-susceptible and -resistant Strep
tococcus pneumoniae, methicillin-susceptible Staphylococcus 
aureus (MSSA), and some anaerobes. Unlike ciprofloxacin 
(see Chapter 101, Ciprofloxacin) it lacks significant activity 
against Pseudomonas aeruginosa. 

Garenoxacin was discovered by Toyama Chemical Co., 
Ltd. of Tokyo, Japan, and is currently being marketed in 
Japan under the tradename Geninax. Schering-Plough holds 
worldwide rights for garenoxacin, with the exception of 
Japan, South Korea, and China. Although Schering-Plough 
announced in 2006 that the US FDA had accepted its New 
Drug Application (NDA), the company has since withdrawn 
its FDA application and has notified the European Medicines 
Agency (EMEA) that it no longer plans to apply for a cen- 

tralized marketing authorization for garenoxacin. Currently 
garenoxacin has been registered for use in Japan (July 2007) 
and India (June 2013).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Garenoxacin has not been registered in the USA or Europe, 
therefore FDA or CLSI breakpoints have not been estab-
lished. Early authors (Fung-Tomc et al., 2000) suggested a 
breakpoint of ≤ 4 μg/ml for Enterobacteriaceae. CLSI MIC 
correlations with disk zone diameters and Etest methodology 
have been suggested (Fix et al., 2001). More recently some 
authors have used a breakpoint for garenoxacin similar to 
the CLSI breakpoint for levofloxacin (≤ 2 μg/ml) (see Chap-
ter 104, Levofloxacin). Against Streptococcus pneumoniae, 
Haemophilus influenzae, and Moraxella catarrhalis an inter-
pretative criterion of ≤ 1 μg/ml has also been applied (Jones 
et al., 2007b). A summary of the in vitro activity of garenox-
acin is shown in Table 114.1.

GRAM-NEGATIVE AEROBIC BACTERIA

Garenoxacin is two to four times less active against Entero-
bacteriaceae than ciprofloxacin, gatifloxacin, and levoflox-
acin. Between 80% and 90% of E. coli, Enterobacter spp., 
Klebsiella spp., and Citrobacter spp. isolates were susceptible 
to garenoxacin in large multicenter surveillance studies, but 
there was lesser activity against Proteus spp., Serratia marsce
sens, and Morganella morganii (60–80% were susceptible) 
(Christiansen et al., 2004; Gordon et al., 2002; Gordon and 
Jones, 2003; Sader et al., 2007). Studies on small numbers 
of organisms have demonstrated activity against Providentia 
stuartii and Providentia rettgeri (MIC90 values of 0.5–2 μg/ml) 
(Fung-Tomc et al., 2000; Weller et al., 2002). For Salmonella 
spp., the MIC values were raised in those isolates that were 
nalidixic acid–resistant (Biedenbach et al., 2006; see section 
2b, Emerging resistance and cross-resistance), although the 
MIC90 values were below the nominal breakpoint of 2 μg/ml. Figure 114.1. Chemical structure of garenoxacin.
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Table 114.1. In vitro susceptibility of Gram-negative, Gram-positive, and other bacteria to garenoxacin.a 

Organism/antimicrobial agent  
(no. tested)

MIC (µg/ml) Category

References50% 90% Range % Susceptibleb

Gram-negative bacteria

Escherichia coli (26,002) ≤ 0.03 0.12–> 4 ≤ 0.03–> 4      84–96 1,2,4,5

Enterobacter spp. (437) 0.12 4 N/A 88 2

 Enterobacter aerogenes (1,319) 0.12   1–> 4 N/A      86–94 1,4

 Enterobacter cloacae (4,251) 0.12 > 4 N/A      80–87 1,4

Klebsiella spp. (9,852) 0.12   1–> 4 ≤ 0.03–> 4      84–97 1,2,4,5

Proteus mirabilis (2,526) 0.5 > 4 N/A      77–84 1,4

Proteus (indole positive) (1,041) 0.5 > 4 N/A 74 4

Morganella morganii (86) 1 > 4 N/A 66 1

Serratia marcescens (2,706) 1 > 4 N/A      58–80 1,2,4

Citrobacter spp. (1,159) 0.12 4 N/A 88 4

Salmonella spp. (2,315) 0.06 0.25 N/A 99.7 4

 Salmonella spp. nalidixic acid S (697) 0.06 0.12 ≤ 0.03–4 N/A 6

 Salmonella spp. nalidixic acid R (89) 0.5 1 0.12–> 4 N/A 6

Acinetobacter spp. (630) 0.06 0.12–> 4 N/A      48–100 1,2,3

Haemophilus influenzae (25,381) ≤ 0.03 ≤ 0.03 ≤ 0.03–2      99–100 1,9,10,12,13

Moraxella catarrhalis (10,188) ≤ 0.03 ≤ 0.03 ≤ 0.03–1 100 1,9,10,12,13

Pseudomonas aeruginosa (1,898)   2–4 > 4 0.25–> 4      62–69 1,2,5

Stenotrophomonas maltophilia (172) 2 > 4      65–75 1,3

Legionella pneumophila/spp. (314) ≤ 0.004–016 0.03 ≤ 0.004–0.25 N/A 20,21

Bacteroides fragilis group (1,771) 0.03–2 0.12–8 0.06–64 N/A 26,27,28,29,30

Gram-positive bacteria

Staphylococcus aureus (MSSA) (7,221) ≤ 0.03 0.03–0.06 N/A      94–99 1,2,22,23

Staphylococcus aureus (MRSA) (4,100)   1–2 4 N/A      70–84 1,2,22,23

Coagulase negative staphylococci (MS) 
(482)

≤ 0.03–0.03 0.06–0.12 N/A      92–96 2,22,23

Coagulase negative staphylococci (MR) 
(1,559)

1 4 N/A      41–84 2,22,23

Streptococcus pneumoniae (5,356) 0.06 0.06 ≤ 0.03–0.5 > 99.9 1,9,12

Streptococcus pneumoniae pen S (13,749) 0.03–0.06 0.03–0.06 ≤ 0.015–4 > 99.9 2,8,11,13

Streptococcus pneumoniae pen I (3,024) 0.03–0.06 0.06 ≤ 0.015–4 > 99.9 2,8,11,13

Streptococcus pneumoniae pen R (2,812) 0.03–0.06 0.06–0.12 ≤ 0.015–> 4 > 99.9 2,8,11,13

Streptococcus pneumoniae reduced 
cipro/levofloxacin susceptibility (171)

1 1 N/A 90.6a 13

Streptococcus pyogenes (749) 0.06 0.12 N/A 100 1,25

Beta-hemolytic streptococci (8,115) 0.06 0.12 N/A 99 1,2,22

Viridans streptococci (164) 0.06 0.12 N/A 100 2

Enterococcus faecalis (560) 0.25 4 0.06–8 86 1,7

 Vancomycin susceptible (36) 0.25 > 4 0.12–> 4 24

 Vancomycin resistant (11) 2 4   2–4 24

Enterococcus faecium (198) > 4 > 4 0.03–128 16 1,7

 Vancomycin susceptible (12) 4 > 4 0.5–> 4 24

 Vancomycin resistant (15) > 4 > 4   4–> 4 24

Clostridium perfringens (86) 0.25–0.5 0.25–2 0.03–4.0 N/A 27, 29, 30

Peptostreptococcus spp. (160) 0.06–0.5 0.125–8 ≤ 0.03–8 N/A 27,29,30

Other bacteria

Mycoplasma pneumoniae (124) 0.016–0.031 0.031–0.06 0.008–0.12 N/A 17,18,19

Mycoplasma hominis (56) ≤ 0.008–0.03 ≤ 0.008–0.03 ≤ 0.008–0.25 N/A 17,19

Chlamydia pneumoniae (70) 0.015 0.015–0.06 0.015–0.06 N/A 14,15,16



2. Antimicrobial activity 2197

Eighteen isolates of Shigella spp. were all susceptible (MIC90 
0.03 μg/ml) (Fung-Tomc et al., 2000).

Activity against nonfermentative Gram-negative bacteria 
is variable. In comparison with ciprofloxacin, garenoxacin 
has reduced activity against Pseudomonas aeruginosa, with 
MIC90 values of > 4 μg/ml (Christiansen et al., 2004; Gordon 
et al., 2002; Gordon and Jones, 2003; Howard et al., 2002). 
The MIC90 values for 15 isolates of Pseudomonas fluorescens 
and 15 of P. stutzeri were 8 μg/ml and 1 μg/ml, respectively 
(Fung-Tomc et al., 2000). Garenoxacin also has limited 
activity against Acinetobacter spp., with wide differences in 
MIC values of individual isolates (Christiansen et al., 2004; 
Gordon et al., 2002; Rolston et al., 2005; Howard et al., 2002). 
Similarly, activity against Stenotrophomonas maltophilia is 
only moderate. (Fung-Tomc et al., 2000; Christiansen et al., 
2004; Rolston et al., 2002; Hoshino et al., 2008). Garenoxacin 
lacks activity against Burkolderia cepacia (MIC90 16 μg/ml) 
(Fung-Tomc et al., 2000). Testing of small numbers of organ-
isms shows activity against Chryseobacterium menigosepticum 
(MIC90 1 μg/ml), Chryseobacterium indologenes (MIC90 0.25–2 
μg/ml), Aeromonas hydrophila (MIC90 1 μg/ml), Yersinia 
enterocolitica (MIC90 0.06 μg/ml), Vibrio cholerae (MIC90 
0.008 μg/ml), Campylobacter jejuni (MIC90 0.12 μg/ml), and 
a lack of activity against Alcaligenes xylosoxidans (MIC90 32 
μg/ml) (Fung-Tomc et al., 2000; Rolston et al., 2005; Rolston 
et al., 2002; Kirby et al., 2004). Garenoxacin was more active 
than levofloxacin and moxifloxacin against nine Pasteurella 
spp. (170 isolates) with an MIC90 range of 0.008 μg/ml to 
0.06 μg/ml (Goldstein et al., 2002b), and had comparable 
activity against 151 isolates of Eikenella corrodens (MIC90 
0.125 μg/ml) (Goldstein et al., 2002a).

Garenoxacin is very active against Haemophilus influen
zae and Moraxella catarrhalis (MIC90 values ≤ 0.03 μg/ml), 
with activity unaffected by beta-lactamase production (Jones 
et al., 2007b; Jones and Biedenbach, 2003; Christiansen et al., 

2004; Bell et al., 2002; Zhanel et al., 2003b; Otani et al., 2003). 
Garenoxacin showed potent bactericidal activity in a biofilm 
model, the biofilm formed by nontypeable H. influenzae 
(Takahata et al., 2013).

Testing for garenoxacin activity against both intra- and 
extracellular Legionella spp. shows activity comparable to 
that of ciprofloxacin and levofloxacin. Broth microdilution 
studies report an MIC90 of 0.03 μg/ml, with some species 
having greater susceptibility—MIC90 values of 0.008 μg/ml for 
some serogroups of L. pneumophila and L. micdadei (Dubois 
and St-Pierre, 2001; Higa et al., 2005; Otani et al., 2003). 
Intracellular inhibition and effective treatment in an infected 
guinea pig model have also been demonstrated (Edelstein et 
al., 2001; Higa et al., 2005).

Garenoxacin has low MIC90 values against wild type 
Neisseria spp., with an MIC90 of 0.008 μg/ml for both N. gon
orrhoea and N. meningiditis (Weller et al., 2002). Higher 
MICs are reported for organisms displaying ofloxacin resis-
tance (MIC90 values at around 4 μg/ml) (Otani et al., 2003).

GRAM-NEGATIVE ANAEROBES

Activity against Bacteroides fragilis, other Bacteroides spp., 
Prevetella spp., Porphyromonas spp., and Fusobacterium spp. 
have been studied in vitro by a number of authors (Hoellman 
et al., 2001; Snydman et al., 2005; Hecht and Osmolski, 2003; 
Snydman et al., 2002; Edmiston et al., 2005; Goldstein et 
al., 2011). There is a wide range of MIC90 values across stud-
ies and wide variation between the species comprising the 
Bacteroides fragilis group. However all studies show garenox-
acin having lower MICs vis-à-vis Bacteroides fragilis organ-
isms than moxifloxacin. In a time–kill analysis of 12 strains 
of Bacteroides fragilis, garenoxacin was the most active agent 
and had the lower MIC, compared to levofloxacin, gatifloxa-
cin, and moxifloxacin (Schaumann et al., 2013). MIC distri-
bution data (Liebetrau et al., 2003) showed that 82% of the 

Organism/antimicrobial agent  
(no. tested)

MIC (µg/ml) Category

References50% 90% Range % Susceptibleb

Ureaplasma urealyticum (79) 0.063–0.12 0.25 0.016–1 N/A 17,19

Mycobacterium tuberculosis (77) 2   2–4 0.03–16 N/A 19,31

Mycobacterium avium/intracellulare 
complex (6)

2
(modal MIC)

N/A 0.5–8 N/A 19

Mycobacterium fortuitum (10) 0.13 0.25 0.06–0.5 N/A 32

Mycobacterium chelonae (11) 4 16 0.5–> 16 N/A 32

a Studies have been chosen for inclusion by number of isolates, differing geographical regions, and different clinical source. 
b Because no CLSI breakpoint has been established, the authors have used different breakpoint values to determine percent susceptibility. In general ≤ 2 μg/ml 

has been used for Enterobacteriacae; ≤ 1 μg/ml for S. pneumoniae, H. influenzae, and M. catarrhalis; and 0.5–1 μg/ml for Staphylococcus aureus.
Abbreviation: N/A data not available.
Sources: 1. Christiansen et al. (2004); 2. Gordon et al. (2002); 3. Rolston et al. (2005); 4. Sader et al. (2007); 5. Gordon and Jones (2003); 6. Biedenbach et al. 

(2006); 7. Hoshino et al. (2008); 8. Pankuch et al. (2002); 9. Bell et al. (2002); 10. Zhanel et al. (2003b); 11. Zhanel et al. (2003a); 12. Jones and Biedenbach 
(2003); 13. Jones et al. (2007b); 14. Roblin et al. (2003); 15. Malay et al. (2002); 16. Smith et al. (2004); 17. Waites et al. (2003); 18. Takahata et al. (2001); 19. 
Fung-Tomc et al. (2000); 20. Dubois and St-Pierre (2001); 21. Higa et al. (2005); 22. Fritsche et al. (2007); 23. Kirby et al. (2002); 24. Pfaller et al. (2002); 25. 
Biedenbach et al. (2003); 26. Snydman et al. (2005); 27. Hecht and Osmolski (2003); 28. Snydman et al. (2002); 29. Hoellman et al. (2001); 30. Edmiston et al. 
(2005); 31. Vera-Cabrera et al. (2005); 32. Valera et al. (2002). 
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Bacteroides fragilis group had MIC values ≤ 1 μg/ml, and 
90% MIC values ≤ 2 μg/ml. For Prevotella spp., Fusobacterium 
spp., and Porphyromonas spp., at MICs of ≤ 1 μg/ml, the sus-
ceptibilities were 84%, 98%, and 100%, respectively.

GRAM-POSITIVE AEROBIC BACTERIA

Garenoxacin has enhanced activity against Gram-positive 
organisms in comparison to ciprofloxacin (see Chapter 101, 
Ciprofloxacin). In particular it has good activity against 
streptococci and staphylococci. Three in vitro susceptibil-
ity studies totalling 5,356 Streptococcus pneumoniae isolates 
undefined for penicillin susceptibility (Jones and Biedenbach, 
2003; Christiansen et al., 2004; Bell et al., 2002) and 13,749 
isolates that were penicillin-susceptible (Jones et al., 2007b; 
Gordon et al., 2002; Zhanel et al., 2003a) exhibited garenox-
acin MIC90 values of ≤ 0.06 μg/ml. For S. pneumoniae isolates 
with penicillin MICs in the intermediate or resistant range 
(n = 3,024), garenoxacin MIC90 values were unchanged (Jones 
et al., 2007b; Gordon et al., 2002; Zhanel et al., 2003a). MIC90 
values for beta-hemolytic streptococci, including Streptococcus 
pyogenes, and Streptococcus agalactiae, and the Streptococcus 
milleri group, and other viridans streptococci are similarly 
low (0.06–1 μg/ml) (Christiansen et al., 2004; Biedenbach et 
al., 2003; Fritsche et al., 2007; Gordon et al., 2002; Edmiston 
et al., 2005; Fung-Tomc et al., 2000; Rolston et al., 2002). 
Garenoxacin showed superior activity in vitro and in a mouse 
model against Streptococcus dysgalactiae subsp. equisimilis 
compared to levofloxacin and moxifloxacin (Takahata et al., 
2011).

Methicillin-susceptible Staphylococcus aureus (MSSA) 
has low MIC90 values, on the order of 0.03–0.06 μg/ml. 
Methicillin-resistant Staphylococcus aureus (MRSA), how-
ever, cannot be considered reliably susceptible, with an 
MIC90 value of 4 μg/ml (see section 2b, Emerging resistance 
and cross-resistance)—although in comparison with moxi-
floxacin and gatifloxacin, garenoxacin has a lower MIC90 
value. Similar results are seen with garenoxacin and the 
coagulase-negative staphylococci: garenoxacin MIC90 values 
for methicillin-susceptible isolates are 0.06–0.12 μg/ml, 
but for methicillin-resistant organisms the MIC90 is 4 μg/ml 
(Christiansen et al., 2004; Gordon et al., 2002; Fritsche et al., 
2007; Kirby et al., 2002).

Enterococcus faecalis has lower MICs for garenoxacin than 
E. faecium, although with MIC90 values of ≥ 4 μg/ml, garen-
oxacin cannot be said to have reliable activity against entero-
cocci (Christiansen et al., 2004; Pfaller et al., 2002; Hoshino 
et al., 2008).

In vitro activity of garenoxacin has been demonstrated 
against Listeria monocytogenes (n = 27; MIC90 0.5–1 μg/ml), 
Rhodococcus equi (n = 25; MIC90 0.5 μg/ml), and Stoma
tococcus mucilaginous (n = 10; MIC90 0.5 μg/ml) (Rolston et 
al., 2002; Fung-Tomc et al., 2000).

Activity against the agents of mycetoma, Actinomadura 
madurae and Nocardia brasiliensis, has been reported. For 
24 isolates of A. madurae the MIC90 was 0.25 μg/ml, with an 
MIC range of 0.003–0.5 μg/ml (Vera-Cabrera et al., 2004b), 
and for 30 isolates of N. brasiliensis the MIC90 was 0.5 μg/ml, 

with a range of 0.12–1 μg/ml (Vera-Cabrera et al., 2004a). 
Valera et al. (2002) found similar results for 6 isolates of 
N. brasiliensis, whereas 10 isolates of Nocardia asteroides had 
an MIC range of 0.06–8 μg/ml. 

GRAM-POSITIVE ANAEROBIC BACTERIA

Peptostreptococcus spp. in most studies have been susceptible, 
with garenoxacin MIC90 values between 0.125 μg/ml and 0.5 
μg/ml (Hoellman et al., 2001; Edmiston et al., 2005; Hecht 
and Osmolski, 2003). One study, however, found an MIC90 
value of 8 μg/ml for P. anaerobius (Hecht and Osmolski, 
2003). MIC distribution data for 86 anaerobic Gram-positive 
cocci, most of which were peptostreptococci, showed that 
98% of the isolates had MIC values ≤ 1 μg/ml (Liebetrau et 
al., 2003). Garenoxacin has activity against Clostridium per
fringens (MIC90 values of 0.25–2 μg/ml) and Propionibac
terium spp. (MIC90 0.5 μg/ml) (Hecht and Osmolski, 2003; 
Hoellman et al., 2001; Edmiston et al., 2005). Clostridium dif
ficile shows a bimodal susceptibility profile (Liebetrau et al., 
2003). Garenoxacin is predominantly active against other 
Clostridium species, with MIC90 values ranging between 0.125 
and 1 μg/ml in C. cadaveris, C. tertium, C. butrycum, C. ramo
sum, and the C. clostridioforme group. The MIC90 was, how-
ever, 4 μg/ml in C. inocuum. The activity against Actinomyces 
spp. is variable, with a low MIC90 in A odontolyticus and A 
viscosus (MIC90 1 μg/ml), and an elevated MIC90 in A isralii 
and A meyerii (MIC90 4 μg/ml). Lactobacillus spp. had an 
MIC90 of 0.5 μg/ml (Goldstein et al., 2011).

MYCOPLASMA AND CHLAMYDIA

With the use of a broth microdilution method, garenoxacin 
appears to have potent activity against clinical isolates of 
Mycoplasma pneumoniae. The MIC90 values for garenoxacin 
were 4–8 times less than those of moxifloxacin and gatiflox-
acin, and 16–32 times lower than those of ciprofloxacin and 
levofloxacin. Activity was greater than that of clindamycin 
but less than that of clarithromycin and azithromycin (Waites 
et al., 2003; Takahata et al., 2001; Nakatani et al., 2012). In 
addition, in an experimental hampster pneumonia model, 
garenoxacin therapy yielded significantly greater reductions 
in M. pneumonia viable counts in bronchoalveolar lavage 
fluid than ciprofloxacin, trovafloxacin, and clarithromycin 
(p < 0.05) (Takahata et al., 2001). Garenoxacin also has shown 
good activity against M. hominis, with activity 4 times greater 
than that of moxifloxacin and clindamycin, and 64 times 
greater than that of ciprofloxacin and levofloxacin. M. fer
mentans and Ureaplasma spp. were also susceptible (Waites 
et al., 2003).

Susceptibility testing of clinical Chlamydia pneumoniae 
isolates in cell culture using human epithelial type 2 (HEp-2) 
cells has been reported in several studies with results sug-
gesting that garenoxacin has potent activity in vitro against 
this organism. Initially, 20 isolates were found to display a 
garenoxacin MIC90 of 0.015 μg/ml (Malay et al., 2002). Fur-
ther testing of another 30 clinical C. pneumoniae isolates by 
the same investigators also indicated that garenoxacin (MIC90 
0.03 μg/ml) had greater activity against these isolates than 
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levofloxacin (MIC90 0.5 μg/ml) and moxifloxacin (MIC90 1.0 
μg/ml), and was slightly more active than clarithromycin 
(MIC90 0.06 μg/ml) (Roblin et al., 2003). Others have con-
firmed low MIC90 values for garenoxacin (Smith et al., 2004; 
Donati et al., 2002). In addition DNA gyrase inhibition stud-
ies of a number of the newer fluoroquinolones showed that 
garenoxacin had the most potent inhibitory action, correlat-
ing with the in vitro studies (Ameyama et al., 2003).

The MIC values for Chlamydia trachomatis, determined 
as the lowest concentrations that inhibited the development 
of inclusions after 72 hours of incubation on HeLa 229 cells, 
were the lowest for garenoxacin (MIC 0.016 μg/ml), com-
pared to moxifloxacin (MIC 0.063 μg/ml), levofloxacin (MIC  
0.5 μg/ml), and azithromycin (MIC 0.125 μg/ml) (Futakuchi 
et al., 2012). In an in vitro time–kill experiment, garenoxacin 
compared favorably to other quinolones and was comparable 
to azithromycin (Futakuchi et al., 2012).

OTHER BACTERIA

Garenoxacin was active against clinical isolates of Gardnerella 
vaginalis, with 97% of 108 isolates having MIC values of 
≤ 2 μg/ml (Goldstein et al., 2002c).

Resistance to first line agents such as amoxicillin, metro-
nidazole, and clarithromycin in Helicobacter pylori is in - 
creasing worldwide and thus treatment failure is common. 
Fluoroquinolones have demonstrated inhibition of growth 
of H. pylori in vitro and levofloxacin- or moxifloxacin-based 
triple therapy regimens are effective against this species. 
However resistance to quinolones linked to mutation of 
gyrA is increasing. Garenoxacin remains active (MIC values 
of 0.5–4 μg/ml) against strains with high MICs in relation to 
levofloxacin or moxifloxacin (MICs of 2–32 μg/ml) (Hung et 
al., 2009; Suzuki et al., 2009). 

Garenoxacin is less potent (MIC90 values at or near 2 μg/
ml) against Mycobacterium tuberculosis than moxifloxacin 
(MIC90 values at or near 0.12 μg/ml) (Fung-Tomc et al., 
2000), and in another in vitro study of 67 M. tuberculosis iso-
lates, the MIC90 was 4 μg/ml (a range of 0.125–16 μg/ml) 
(Vera-Cabrera et al., 2005). Of the rapidly growing myco-
bacteria, garenoxacin has activity against M. fortuitum and 
M. smegmatis, but not against M. chelonae or M. abscessus 
(Valera et al., 2002).

2b.  Emerging resistance and 
cross-resistance

There are at least four known mechanisms of resistance to 
fluoroquinolones—altered target site due to point mutations 
in DNA gyrase and/or topoisomerase IV, up-regulation of 
native efflux pumps with or without decreased expression of 
outer membrane porins, plasmid-mediated gyrase inhibitor 
binding site protection (qnr proteins), and enzymatic degra-
dation (Hooper, 2002). For a detailed discussion regarding 
the mechanisms of fluoroquinolone resistance, see Chapter 
104, Levofloxacin, and Chapter 101, Ciprofloxacin.

For S. pneumoniae, increasing rates of resistance to a 
range of antimicrobials have been observed (Davidson et al., 

2007; Adam et al., 2007; CDC, 2001). Penicillin-intermediate 
and -resistant S. pneumoniae remain susceptible to garen-
oxacin (Jones et al., 2007b; Gordon et al., 2002; Zhanel et al., 
2003a); and although levofloxacin-resistant isolates have in- 
creased garenoxacin MICs (Jones et al., 2007b), they remain 
in the potentially susceptible range, with markedly lower 
MIC values compared to all other quinolones tested (Yokota 
et al., 2009). The mechanism for the increased MICs is muta-
tion(s) in the quinolone resistance–determining region 
(QRDR) of the bacterial genome. In vitro multistep resis-
tance selection studies in S. pneumoniae show mutations in 
parC or gyrA, and substantiate that garenoxacin appears to 
select for resistant clones at a slower rate than other fluoro-
quinolones (Clark et al., 2002; Hartman-Neumann et al., 
2001; Schmitz et al., 2001; Schmitz et al., 2002b). Mutations 
in one topoisomerase allele (first-step mutants) in general 
do not confer resistance to garenoxacin. Mutations in both 
DNA gyrase and topoisomerase IV result in garenoxacin 
MIC increases to 1–2 μg/ml (Korzheva et al., 2005; Schmitz 
et al., 2002c; Anderegg and Jones, 2004; Morosini et al., 2003; 
Pankuch et al., 2002; Jones et al., 2007a; Grohs et al., 2003; 
Christiansen et al., 2004; Hoshino et al., 2008; Araki et al., 
2013), which has led to treatment failure in an animal model 
(Azoulay-Dupuis et al., 2004). Pharmacodynamic studies 
using S. pneumoniae that have mutations in parC or gyrA, or 
both, show that garenoxacin is bactericidal against one-step 
mutants, with an AUC/MIC ratio of > 48, but bacteriostatic 
for two-step mutants (parC plus gyrA), in respect of which 
the AUC/MIC ratio was ≤ 24 (Zhanel et al., 2006). The 
remaining bacteriostatic activity in two-step mutants (parC 
plus gyrA) was sufficient to prevent the emergence of further 
mutations in an in vitro pharmacokinetic model, whereas 
treatment with levofloxacin or moxifloxacin in the same 
model generated additional mutations resulting in further 
increases in MIC values (Fukuda et al., 2014). The low 
mutant prevention concentration (MPC) and the narrow 
mutant selection window (defined as the concentration 
range between the MIC and the MPC) exhibited by S. pneu
moniae suggest that it is more difficult to acquire resistance 
to garen oxacin than to other quinolones (Yamamoto et al., 
2009). 

An efflux pump, PmrA, has been described in S. pneumo
niae, with strains that express the efflux pump showing up to 
eight-fold increases in MIC values for norfloxacin (Piddock 
and Johnson, 2002; Piddock et al., 2002), and more recently 
the patA/B ABC transporter has been reported (Marrer 
et al., 2006). Garenoxacin does not appear to be a substrate 
for either efflux pump (Boswell et al., 2001; Avrain et al., 
2007).

Garenoxacin also retains activity (MIC90 values < 0.125 
μg/ml) against viridans streptococci (Streptococcus mitis and 
S. sanguis), with ciprofloxacin MICs ≥ 4 μg/ml (Schmitz et 
al., 2002c; Jones et al., 2001). Strains of beta-hemolytic Strep
tococcus spp. (n = 47) with levofloxacin MICs ≥ 2 μg/ml had 
garenoxacin MICs ranging from 0.12–4 μg/ml. Resistance 
was due to mutations in parC (low-level resistance) or gyrA 
(high-level resistance) (Biedenbach et al., 2003).
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Methicillin-resistant S. aureus has elevated garenoxacin 
MIC90 values (4 μg/ml) compared to methicillin-susceptible 
strains (0.03–0.06 μg/ml) (Christiansen et al., 2004; Gordon 
et al., 2002; Fritsche et al., 2007; Kirby et al., 2002; Pfaller et 
al., 2002; Bassetti et al., 2002), suggesting that garenoxacin 
will lack clinical efficacy against MRSA. Also, for 602 S. 
aureus isolates from geographically and genetically diverse 
sources, garenoxacin MIC values were elevated against 
 ciprofloxacin-resistant S. aureus—41% of the ciprofloxacin- 
resistant isolates had a garenoxacin MIC > 2 μg/ml, while all 
ciprofloxacin-susceptible isolates had an MIC < 0.12 μg/ml. 
The elevations in garenoxacin MICs were associated with 
mutations in the QRDR. The highest MIC values occurred 
when target cells had mutations in both gyrR and grlA. The 
highest garenoxacin MIC (64 μg/ml) was exhibited by an 
isolate with double mutations in both gyrA and grlA. MIC 
changes did not occur with single mutations in grlA (Low et 
al., 2002). These findings have been confirmed in clinically- 
derived and laboratory-derived isolates with defined muta-
tions in the grl and gyr loci. MIC elevations were higher for 
moxifloxacin and gatifloxacin in these studies (Lawrence et al., 
2002; Schmitz et al., 2002a). Garenoxacin does not appear to 
be a substrate for the NorA efflux pump (Schmitz et al., 2002a).

Low levels of fluoroquinolone resistance have been docu-
mented for Haemophilus influenzae in the SENTRY surveil-
lance program. Using a ciprofloxacin breakpoint of ≥ 0.12 
μg/ml, an overall rate of resistance to garenoxacin of 0.15% 
was found, with rates remaining relatively constant between 
1997 and 2001. Resistance was shown to be associated with a 
number of QRDR mutations in both gyrA and parC (Bieden-
bach et al., 2003). In laboratory-generated mutants double 
mutations in gyrA were associated with the highest MICs. 
In  relation to resistant mutants, garenoxacin MICs were 
in  general higher or equivalent to those for ciprofloxacin 
(Perez-Vazquez et al., 2003). In a Japanese surveillance study 
of pediatric patients, the MIC to garenoxacin remained at 
< 0.06 μg/ml in all Haemophilus influenza cultures collected 
between 2000 and 2012 (Shiro et al., 2015).

A recent clinical isolate of Moraxella catarrhalis has been 
identified with reduced susceptibility to garenoxacin, with 
an MIC of 1 μg/ml. The gyrA of that strain carried a nucleo-
tide sequence coding for the replacement of cytosine by thy-
mine at position 239 (C239T) and the gyrB had an adenine 
substituted by a guanine at position 1481 (A1481G). Stains 
without the gyrB but the same gyrA mutation have been iso-
lated and their MICs were not increased, suggesting that the 
gyrB mutation is critical for resistance to garenoxacin in 
this species (Iwata et al., 2015).

Fluoroquinolone resistance in Enterobacteriaceae is in- 
creasing (Rhomberg et al., 2006), and this is particularly the 
case in those genera that produce extended-spectrum beta- 
lactamases (ESBL). ESBL–producing Klebsiella pneumoniae 
collected in Taiwan, demonstrating high-level resistance to 
ciprofloxacin (MIC ≥ 16 μg/ml), were also cross-resistant to 
the newer fluoroquinolones, including garenoxacin (Yu et al., 
2002). The association between fluoroquinolone resistance 

and ESBL–producing organisms has previously been described 
(Brisse et al., 2000; Paterson et al., 2000). 

In Salmonella spp., including S. typhi, resistance to fluoro-
quinolones is high, particularly in parts of Asia where rates 
of nalidixic acid resistance are up as high as 50% (Chau et al., 
2007). In a study of 786 strains of a variety of Salmonella spp., 
all were susceptible to ciprofloxacin (MIC values ≤ 1 μg/ml), 
including 89 strains that were resistant to nalidixic acid. 
Garenoxacin, however, had a lower potency, with an MIC90 
of 1 μg/ml against the nalidixic acid–resistant strains and an 
MIC range of 0.12 to > 4 μg/ml. Mutations in QRDR were 
detected in the nalidixic acid–resistant strains. (Biedenbach 
et al., 2006).

3. MECHANISM OF DRUG ACTION

The quinolone antibacterials act by inhibition of bacterial 
topoisomerases. During DNA replication, DNA gyrase (a 
tetramer composed of four subunits, two GyrA and two 
GyrB) catalyzes ATP-dependent DNA supercoiling. In the 
contact region of the tetramer, double-stranded DNA (the 
G-segment) is cleaved, while a second region of DNA 
(the T-segment) is captured and passed through the cleaved 
DNA gate using ATP as a source of energy. The G-segment is 
then rejoined and the T-segment exits the tetramer. The 
DNA gyrase can remain attached to the G-segment with 
repeated capture of T-segments after each round of ATP 
hydrolysis. Like DNA gyrase, topoisomerase IV is a tetramer 
consisting of 4 subunits, two of ParC and two of ParE, that 
can remove supercoils. Unlike DNA gyrase, however, topo-
isomerase IV can also remove precatenanes that are formed 
behind the replication fork (Drlica and Malik, 2003). Fluoro-
quinolones act by the formation of drug–enzyme–DNA 
complexes that trap the gyrase and topoisomerase IV on the 
DNA strand resulting in inhibition of DNA synthesis. A sec-
ond process, fragmentation of the chromosome, results in 
rapid cell death. Garenoxacin inhibits both DNA gyrase 
(topoisomerase II) and topoisomerase IV (Ince et al., 2002; 
Lawrence et al., 2001; Discotto et al., 2001; Wu et al., 2001) 
(see Chapter 104, Levofloxacin).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

As garenoxacin has not been formally approved for clinical 
use in the USA, Europe, or Australia, the preparations given 
below are as they were presented to the regulatory authorities 
(EMEA, 2007).

ORAL ADMINISTRATION

For oral administration, film coated tablets containing 400 
mg and 600 mg given once daily were used in clinical trials, 
the duration of therapy being dependent on the indication 
(5–14 days).
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PARENTERAL ADMINISTRATION

The solution for infusion (as garenoxacin mesylate, final 
concentration 2 mg/ml presented in 5% glucose) in 200 ml 
and 300 ml bags provides 400-mg and 600-mg doses given 
once daily.

4b.  Newborn infants and children

No data are available for administration to newborn infants 
and children.

4c.  Pregnant and lactating mothers

When administered to lactating women garenoxacin can be 
found in breast milk with breast milk/plasma ratios of 0.35–
0.44 (up to 24 hours postdose), and with a mean peak breast 
milk concentration of 3.0 mg/l. After a single 600-mg dose, 
only 0.07% of the dose was recovered from breast milk after 
120 hours, suggesting infant exposure would be low (Amsden 
et al., 2004). However, as with all fluoroquinolones, the use 
of these agents in pregnant and lactating women should be 
carefully considered and, if possible, avoided.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Impaired renal function increases the area under the con-
centration–time curve (AUC), in part depending on gender 
and obesity classification, from 30%–45% for moderate renal 
dysfunction (creatinine clearance 30–50ml/min) down to 
16%–22% for mild impairment (51–80 ml/min) (Van Wart 
et al., 2004). For patients with severe renal impairment 
(< 30 ml/min) the AUC was increased by 51% and the Cmax 
decreased by 20%. The terminal half-life was increased 
compared to what it was in healthy controls (26.5 ± 7 hours 
versus 14.4 ± 3 hours, respectively). Systemic exposure in 
patients undergoing hemodialysis or peritoneal dialysis is 
somewhat higher than in healthy controls but is not likely 
to be of clinical significance. As dialysis of garenoxacin is 
relatively inefficient, it is not necessary to give a supplemen-
tal dose. The increases in pharmacokinetic parameters for 
patients with impaired renal function are not thought to be 
of therapeutic significance, with regard to either efficacy or 
toxicity, hence dose modifications are not recommended 
(Krishna et al., 2007a).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

No data are available for administration to patients with 
impaired hepatic function.

PREMATURE NEONATES

No data are available for administration to premature neonates.

ELDERLY PATIENTS

Pharmacokinetic data in elderly patients treated for pneu-
monia suggest that the recommended dose of 400 mg given 

once daily is appropriate, except in patients whose body 
weight is < 40 kg (Ohsaki et al., 2010).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

For oral garenoxacin the bioavailability is 92% (Bello, 2002). 
The degree of protein binding is 80–90% (Nicolau et al., 2003; 
Tam et al., 2007).

The intake of a high-fat meal reduced the maximum 
plasma concentration and the AUC by 19% and 11%, respec-
tively. However, these reductions were within the 90% confi-
dence intervals (95% CI) for the ratios of the mean values, 
indicating that food intake should not affect the efficacy of 
garenoxacin. The Tmax was 1.0 hour longer in subjects fed a 
high-fat meal versus in those in the fasted state (Gajjar et al., 
2002). In a population pharmacokinetic study of 721 patients 
with community acquired pneumonia the relative drug 
availability for doses given with food was 98.2% (Van Wart et 
al., 2004). Aluminium- and magnesium-containing antacid 
agents significantly reduce absorption if given with or if 
given 2 or 4 hours before garenoxacin, most likely due to 
chelation of the antibiotic by polyvalent cations. For con-
comitant administration the AUC was reduced by 58%, and 
when given 2 or 4 hours before garenoxacin the reductions 
were 22% and 16%, respectively. No effect or a clinically non-
relevant reduction (12%) occurred if the antacid was admin-
istered 2 or 4 hours after garenoxacin (Krishna et al., 2007c). 
Concomitant enteral nutrition and crushed garen oxacin tab-
let administration via a nasogastric tube, studied in healthy 
male volunteers, did not result in a significant difference in 
bioavailability (Krishna et al., 2007e). Similarly, concomitant 
administration of omeprazole did not affect garenoxacin bio-
availability in healthy subjects (Krishna et al., 2007d).

A summary of key pharmacokinetic features of garenoxa-
cin is shown in Table 114.2.

5b.  Drug distribution

The pharmacokinetics of garenoxacin are dose proportional 
and time independent in the recommended dose range 
(400–600 mg once daily orally) (Gajjar et al., 2003). In a 
population study (patients with CAP) the pharmacokinetics 
were shown to be consistent with a one-compartment model 
with first order absorption and elimination. Clearance 
depended on creatinine clearance, ideal body weight, age, 
obesity, and concomitant administration of pseudoephed-
rine. The clearance rate for females was 18 ml/min lower 
than that for males of similar renal function and of the same 
body weight group (Van Wart et al., 2004). After oral doses 
the Tmax in adults ranged from 1.0 to 2.0 hours, the mean half- 
life was 9.8–15 hours, and the AUC for total drug exposure 
after a 600-mg dose was 96.7–136 mg·h/l (Wise et al., 2002; 
Krishna et al., 2007a; Krishna et al., 2007c; Grasela, 2001). 
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The volume of distribution calculated on a population phar-
macokinetic model was influenced by weight and gender. 
The population mean volume of distribution was estimated 
to be 67.1 liters (Van Wart et al., 2004). 

DISTRIBUTION OF DRUG IN THE BODY

Garenoxacin is widely distributed throughout the body and 
concentrations in selected tissues and body fluids have been 
studied. The mean penetration into cantharidin-induced 
inflammatory fluid in healthy male volunteers was 82% 
(range: 65.2–107%) (Wise et al., 2002) and in bone 56% 
(Krishna et al., 2007b). Lung penetration was measured by 
assay of epithelial lining fluid (ELF), alveolar macrophages 
(AMs), and bronchial mucosa (BM) after a single 600 mg 
oral dose given to 24 healthy subjects. At 3, 11, and 24 hours 
the mean site/plasma ratios were 0.9, 0.75, and 2 for ELF; 11, 
12.7, and 14.5 for AMs; and 0.7, 0.65, and 0.8 for BM, respec-
tively (Andrews et al., 2003). In a second study, lung paren-
chyma and bronchial mucosa were obtained during lung 
resection or biopsy after a 600-mg garenoxacin dose. Tissue/
plasma ratios at 2–4 hours and 10–12 hours were 1.3 and 2.8 
for lung parenchyma, and 0.8 and 0.99 for bronchial mucosa 
(Krishna et al., 2007b). Drug concentrations in the upper 
respiratory tract following 400-mg garenoxacin orally were 
measured in surgical patients enrolled in a clinical trial. 
Concentrations (tissue/plasma ratios) were 6.01 μg/ml (1.03) 
in sinus mucosa, 5.89 μg/ml (1.04) in middle ear mucosa, and 
9.44 μg/ml (1.61) in tonsillar tissue (Baba and Fujimaki, 2007).

Plasma-to-fluid/tissue ratios have been obtained for a 
range of specimens after administration of a single 600 mg 
dose of garenoxacin to patients 3–5 hours prior to elective 
surgery. These include 1.3 for bile, 0.16 for adipose tissue, 
0.68 for striated muscle, 0.3 for liver, 2.0 for gallbladder, 2.15 
for large intestine, and 2.74 for small intestine (Edmiston et 
al., 2007). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

In vitro studies and in vivo murine thigh infection models 
have confirmed dose-dependent killing, and that the AUC24/

MIC ratio is the pharmacodynamic parameter that best pre-
dicts the efficacy of garenoxacin against Gram-positive and 
Gram-negative bacteria. The magnitude of the AUC/MIC 
value required for efficacy was not altered by the presence of 
bacterial resistance to methicillin, penicillin, or ciprofloxacin 
(Andes and Craig, 2003).

For Streptococcus pneumoniae an AUC24/MIC ratio of 
> 30–40 in both in vitro pharmacodynamic models and the 
mouse thigh infection model has been shown to be sufficient 
for eradication of the organism (Andes and Craig, 2003; 
Nicolau et al., 2003; Lister, 2003). Correlation of clinical and 
microbiological responses with the AUC/MIC ratios was not 
possible in a study of 721 patients with community acquired 
pneumonia (CAP), as all patients infected with S. pneumonia 
had AUC/MIC values > 30 and there were few clinical fail-
ures, indicating that the observed ratios were in the upper, 
flat portion of the exposure–response curve (Van Wart et 
al., 2004). Also for S. pneumoniae, Monte Carlo simulation 
showed that garenoxacin 400 mg once daily was associated 
with a > 95% probability of achieving free AUC0–24/MIC90 
ratios of 100 and 120 in both serum and ELF (Noreddin 
et al., 2007). The mutant prevention concentration (MPC) is 
reported to be 0.5 μg/ml (Zhao et al., 2003), which is signifi-
cantly lower than the Cmax obtained after a dose of 400 mg, 
suggesting a low risk of emergence of resistance during treat-
ment (Tanigawara et al., 2012). 

For Staphylococcus aureus an AUC/MIC ratio of > 80 was 
associated with in vivo efficacy (Andes and Craig, 2003). This 
target was achieved with a single dose of 400 mg (Tanigawara 
et al., 2012). Using MIC90 values and published pharmacoki-
netic data, investigators have made quantitative comparisons 
of achievable AUC/MIC ratios for various fluoroquinolones. 
Garenoxacin compares favorably with other fluoroquino-
lones, such as moxifloxacin, clinafloxacin, levofloxacin, and 
ciprofloxacin (Ryan et al., 2002; Turnidge, 1999).

Attainable AUC/MIC ratios for Pseudomonas aeruginosa 
are low and do not support the clinical use of garenoxacin 
drug against this organism (Turnidge, 1999). Against Entero-
bacteriaceae the accepted target AUC/MIC ratio is > 100–125 
for fluoroquinolones, however there are no data to confirm 
this for garenoxacin.

Table 114.2. Summary of pharmacokinetics for garenoxacin.

Population Dose schedule
Tmax after 
oral dose Cmaxmg/l T½ (h)

AUC24

(mgh/l) Reference

Healthy males 600 mg daily oral 1.2 10.4  9.8 96.7 Wise et al. (2002)

Healthy male and female 600 mg single dose oral 1.0 12.6 14.4 136.4 Krishna et al. (2007a)

Healthy adults 400 mg daily oral 14 days 1.5 5.65 13.3 59.6 Grasela (2001)

Healthy adults 800 mg daily oral 14 days 2.5 15.3 15.5 197.3 Grasela (2001)

Healthy males and females 600 mg single oral dose 2.0 9.3 12.1 136 Krishna et al. (2007c)

Severe renal impairment 
CrCl < 30 ml/min

600 mg single oral dose 1.5 10.1 26.5 205 Krishna et al. (2007a)

Hemodialysis 600 mg single oral dose 1.5 6.0 32.7 138 Krishna et al. (2007a)

CAPD 600 mg single oral dose 2.0 7.1 28.5 165 Krishna et al. (2007a)

Abbreviations: CrCl: creatinine clearance; CAPD: continuous ambulatory peritoneal dialysis.
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The postantibiotic effect (PAE) is defined as the length 
of  time that bacterial growth is suppressed following brief 
exposure of the bacteria to an antibiotic. Two other effects of 
bacterial exposure to an antibiotic have been described. The 
effect of sub–MIC concentrations on bacterial growth during 
the postantibiotic effect period is termed the postantibiotic 
sub–MIC effect (PA-SME). This is the summation of the PAE 
and additional time during which the sub–MIC concentra-
tions suppress growth. Effects of an antibiotic at sub–MIC 
concentrations on cells that have had no prior drug expo-
sure, and hence are independent of the PAE, are termed the 
sub–MIC effect (SME). The SME may be related to inter-
ference with virulence and adherence determinants (Dal 
Sasso et al., 2002). For garenoxacin these three effects have 
been measured for Streptococcus pneumoniae (penicillin- 
susceptible, -intermediate, and -resistant), Staphylococcus 
aureus (methicillin-susceptible and -resistant, and methicil-
lin + ciprofloxacin–resistant), E. faecalis, E. coli, and Pseudo
monas aeruginosa. The mean PAEs (at 10 times MICs) for 
pneumococci, staphylococci, and enterococci were 0.3–2.2 
hours. For E. coli and P. aeruginosa the PAEs were 0.9 to 1.6 
hours. The PA-SMEs (at 0.4 times the MICs) for pneumo-
cocci, staphylococci, and enterococci were 3.0 to >10 hours, 
1.8 to > 10.7 hours, and 5.8 hours, respectively. For E.coli and 
P. aeruginosa the PA-SMEs were 7.6 and 4.4 hours, respec-
tively (Pankuch et al., 2003). For MSSA and MRSA, slightly 
greater in vitro PAE values (1.6 and 1.9 hours, respectively) 
have also been reported (Ryan et al., 2002). In vivo PAEs have 
been determined for S. pneumoniae, S. aureus, and Klebsiella 
pneumoniae, and were 1.4–8.2 hours, 7.6 to >12.4 hours, and 
“not observed,” respectively (Andes and Craig, 2003).

5d.  Excretion

Garenoxacin undergoes both hepatic metabolism and renal 
elimination, with 40% of the drug being excreted unchanged 
in the urine (Steward, 2001). Renal elimination is by a com-
bination of filtration and active tubular secretion. Clearance 
is dose dependent (range 27–56 ml/min), with less drug 
being recovered as the dose increases (Bello, 2002). There are 
two major metabolites, the sulfate of garenoxacin (M1) and 
the glucuronide (M6), both of which are excreted in bile. 
In  experimental animals the extrarenal clearance has been 
larger than the renal clearance (Hayakawa et al., 2003). 

5e.  Drug interactions

Inhibition or induction of P450 isoforms in human and rat 
systems could not be demonstrated with a range of garenox-
acin concentrations, indicating cytochrome P450–mediated 
drug interactions are unlikely. As evidence for this, coad-
ministration of garenoxacin and warfarin in rats did not 
increase prothrombin time or activated partial prothrom-
bin time compared to what was observed with warfarin given 
alone. However, in vitro studies have demonstrated inhibi-
tion of CYP–mediated metabolism of theophylline, although 
at higher liver concentrations of garenoxacin than would be 

achieved with therapeutic doses. Garenoxacin was less potent 
than enoxacin and ciprofloxacin, whose interactions with 
theophylline have been reported, but garenoxacin was more 
potent than ofloxacin, in respect of which there have been no 
reports of any interaction (EMEA, 2007). Studies in rats have 
shown reduced renal clearance of garenoxacin when admin-
istered with cimetidine, due to inhibition of tubular secretion. 
Conversely probenecid increases renal clearance of garen-
oxacin, possibly by inhibiting tubular reabsorption (EMEA, 
2007).

6. ADVERSE REACTIONS AND TOXICITY

A summary of adverse events associated with garenoxacin 
reported in clinical trials is shown in Table 114.3.

6a. Hypersensitivity

Serious hypersensitivity reactions to fluoroquinolones are 
rare. The only reports of hypersensitivity to garenoxacin 
are  from clinical trials. Among 987 trial patients receiving 
garenoxacin, two cases of allergic reactions were put into the 
severe or very severe drug-related adverse drug reaction cat-
egory (EMEA, 2007). Cross-reactivity between garenoxacin 
and other quinolones may not occur, and garenoxacin has 
been given safely after confirmed anaphylaxis associated 
with levofloxacin (Fukushima et al., 2012). A single case of 
fixed drug eruption has been reported (Miyake et al., 2013).

6b. Phototoxicity 

Phototoxicity can be severe and results from the free radicals 
that are sometimes generated when certain quinolones in 
skin cells are exposed to UV light. The presence of chlorine 
or fluorine at position C-8 is associated with an increased 
risk of phototoxicity, whereas the presence of an 8-methoxy 
group in that same position, such as in moxifloxacin, seem to 
confer protection against this side effect. In oral garenoxacin 
studies, 1.7% of patients experienced an adverse event poten-
tially associated with phototoxicity, but none was severe 
(EMEA, 2007). In the intravenous trials, rash was reported in 
3.5% of patients and erythema in 2.6%—but these did not 
seem to be related to phototoxicity (EMEA, 2007). In a review 
by Takagi et al. (2008) of 702 patients enrolled in clinical tri-
als, no cases of phototoxicity were reported in the trials.

6c. Osteoarticular toxicity

In the immature dog model, quinolones have been docu-
mented as causing blisters and erosions in the articular 
 cartilage, producing a distinct histopathological picture (Stahl-
mann et al., 2000). However, garenoxacin was associated 
with significantly weaker articular toxicity when compared 
to ciprofloxacin and ofloxacin activity in this dog model 
(Nagai et al., 2002). This apparent lower cartilage toxicity 
could not be explained by the pharmacokinetic behavior of 
this drug, as garenoxacin has been shown to be well absorbed 
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and drug concentrations in cartilage tended to be higher 
than in plasma (Kastner et al., 2004). However, the lower 
articular toxicity could be related to the absence of fluorine at 
the C-6 position or the drug’s lower affinity for magnesium, 
when compared to other quinolones (Nagai et al., 2002). 
Nevertheless, there are no current clinical data to suggest 
that garenoxacin can be administered safely to children. 
Clinical experience has revealed joint-related adverse events 
for patients receiving garenoxacin similar to what has been 
observed in participants in comparator trials (EMEA, 2007). 
No cases of arthropathy were reported in a review of 702 
patients (Takagi et al., 2008).

6d. Cardiac toxicity—QT prolongation

As QT prolongation has been described in association with 
the therapeutic use of other fluoroquinolones, a retrospec-
tive analysis of data from 224 healthy volunteers who received 
oral or intravenous garenoxacin (50–1200 mg per day) was 
conducted (Wang et al., 2007). No significant changes in the 
QT or PR intervals were observed, irrespective of the dose, 
the route of administration, and the plasma concentration. 
Moreover, data from 800 subjects from the phase III trials 
failed to show garenoxacin as having any concentration- or 
time-dependent effect on QT intervals (Krishna and Waskin, 
2007). In the phase II/III trials, 11 patients suffered possible 
ventricular tachycardia, two of whom were described as hav-
ing torsade de pointe. However, both patient conditions were 
deemed unrelated to garenoxacin by the investigators (EMEA, 
2007). A further review of 504 patients showed mild QTc 
prolongation in 3 patients, with a maximum prolongation of 

509 milliseconds and changes in QTc of 61–93 milliseconds. 
All three patients had underlying heart conditions and no 
abnormal waves were identified on their ECGs (Takagi et al., 
2008). One patient suffered multiple syncopal attacks with 
marked QTc prolongation, which showed improvement after 
cessation of garenoxacin. This patient was shown to have a 
mutation in the KCNH2 gene, associated with long QT syn-
drome (Tagawa et al., 2015). 

6e. Tendonopathy

Quinolones have been associated with tendonitis, affecting 
mainly the Achilles tendon and occasionally associated with 
its rupture, especially in elderly patients receiving steroids 
(van der Linden et al., 2003). In a case–control study, the risk 
of Achilles tendonitis or rupture associated with quinolone 
use was 3.2 cases/1000 patient treatment years (van der 
Linden et al., 2002). In animal studies, similar ultrastructural 
changes typical with quinolone antibiotic use were seen on 
electron microscopy in rats given ciprofloxacin, garenoxacin, 
or ofloxacin. In phase II/III trials, similar rates of tendonitis 
were reported for garenoxacin and comparator antibiotics 
(not associated with this side effect) (EMEA, 2007).

6f.  Dysglycemia—Glucose homeostasis 
abnormalities 

As a class, quinolones have the capability of increasing the 
secretion of insulin by blocking the K+–ATP channels in the 
beta-cells of the pancreas (Maeda et al., 1996). However, 
the mechanism underlying the hyperglycemic episodes con- 

Table 114.3. Adverse events associated with garenoxacin reported in clinical trials.

Adverse event % patients Reference

Gastrointestinal

Nausea   1–8 De Salvo et al. (2005); Dowell et al. (2006); EMEA (2007); Takagi et al. (2008)

Diarrhea   3–8 De Salvo et al. (2005); Lopez Sisniega et al. (2005); Nguyen et al. (2005); Dowell et al. 
(2006); Kobayashi and Fujimaki (2007); Takagi et al. (2008)

Vomiting 1 Freire et al. (2005)

Dyspepsia 1 Freire et al. (2005)

Taste perversion 1 Freire et al. (2005)

ALT increase 16 Kobayashi and Fujimaki (2007)

AST increase 14 Kobayashi and Fujimaki (2007)

Neurological

Headaches   1–23 De Salvo et al. (2005); EMEA (2007); Kobayashi and Fujimaki (2007); Gajjar et al. (2003); 
Takagi et al. (2008)

Dizziness 0.4–13 Gajjar et al. (2003); Takagi et al. (2008)

Insomnia 0.3 Takagi et al. (2008)

Somnolence 0.6 Takagi et al. (2008)

Other

Pharyngitis 17 Gajjar et al. (2003)

Injection site intolerance 22.6 EMEA (2007)

Abbreviations: ALT: alanine aminotransferase; AST: aspartate aminotransferase.
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tinues to be only partially understood. It has been suggested 
that prolonged stimulation of the K+–ATP channels decreases 
insulin production or increases insulin disintegration in 
the long term (Tomita et al., 2007). The severity of this reac-
tion depends on the particular quinolone. In an analysis of 
US Food and Drug Administration databases, 568 dysglyce- 
mic episodes were reported, 24% of which were associated 
with gatifloxacin, compared to 1.3% for ciprofloxacin, 1.6% 
for levo floxacin, and 1.3% for moxifloxacin (p < 0.001) 
(Frothingham, 2005). In patients treated orally with garenox-
acin, hypoglycemia was reported in 6.8%, compared to 3.8% 
for the comparator drug; and hyperglycemia was reported 
in 23.9% of patients compared to 18.8% (EMEA, 2007). 
Among 702 patients evaluated in clinical trials, asymptom-
atic decreases in blood glucose were observed in 0.6% of 
patients, and increases in blood glucose in 0.6% (Takagi et 
al., 2008).

6g. Hypotension

Garenoxacin-associated hypotension has been documented 
during the phase III trials, mainly with the intravenous for-
mulation. Hypotension was reported in 6.4% of patients 
treated with garenoxacin, while in pooled comparator studies, 
hypotension was reported in 3.2% (EMEA, 2007). Hypo-
tension was reported more frequently in patients with < 90 
mmHg baseline systolic pressure, below normal BMI, age 
> 65 years, PSI Fine class IV/V (in patients with community- 
acquired pneumonia), or APACHE score > 10. Moreover, the 
risk of a hypotensive episode was higher if diuretic agents, 
digoxin, nitrates, inotropic agents, or beta-blockers were 
given concomitantly. It was postulated that garenoxacin trig-
gered histamine release that caused the hypotensive events. 
In addition, garenoxacin was associated with a slightly higher 
rate of bradycardia (1.4%) than the comparator drug (0.9%), 
and this decrease in heart rate was greater in those experi-
encing a hypotensive event than in those who did not (EMEA, 
2007).

6h. CNS—seizures, confusion/delirium 

Dizziness, headaches, and somnolence are the most fre-
quently reported CNS-related side effects after quinolone 
administration, with an overall incidence of 1–2% (Owens 
and Ambrose, 2005). More severe adverse events such as 
agitation, delirium, psychosis, and seizures have also been 
reported. The incidence of these side effects varies substan-
tially depending on the quinolone used. These effects are 
thought to be related to the capacity of the quinolone mole-
cules to displace gamma-aminobutyric acid from its recep-
tors in neurons, resulting in a general stimulating effect. The 
effects seem to be potentiated by the concomitant adminis-
tration of anti-inflammatory drugs, for example fenbufen 
(Lipsky and Baker, 1999). The CNS effects of garenoxacin, 
because of its different chemical structure, were weaker rela-
tive to CNS effects of other quinolones in a mouse model 

(Nakamura et al., 2003). CNS toxicity events reported in the 
phase II/III trials were headaches, dizziness, insomnia, anxi-
ety, confusion, and agitation (De Salvo et al., 2005; Kobayashi 
and Fujimaki, 2007; Nguyen et al., 2005; Gajjar et al., 2003; 
EMEA, 2007; Takagi et al., 2008). However, their incidences 
were similar to those of CNS toxicity events observed with 
the comparator drug (17.5% vs. 19.7%, respectively) (EMEA, 
2007). In a postmarketing study in India conducted with 
12,498 patients, CNS side effects were reported in 0.06% of 
cases (Hajare et al., 2015).

6i. Renal failure

In patients treated orally, elevations in creatinine were more 
common in the garenoxacin group (5.8%) than in the com-
parator group (3.3%). Furthermore, worsening of abnormal 
baseline creatinine and urea were observed more commonly 
in patients treated with intravenous garenoxacin (14.5% vs. 
6.3% and 6.7% vs. 1.2%, respectively) (EMEA, 2007). No 
data have been published that would identify the causative 
mechanism of the elevations in creatinine.

7. CLINICAL USES OF THE DRUG

A summary of the various studies assessing the efficacy of 
garenoxacin in clinical, randomized, double-blind controlled 
trials is given in Table 114.4.

7a.  Respiratory tract infection

As garenoxacin has shown increased activity against Gram-
positive organisms while remaining active against Gram-
negative and intracellular organisms, it is a potential first-line 
agent for the treatment of respiratory tract infections, such as 
community-acquired pneumonia (CAP), acute exacerbation 
of chronic bronchitis (AECB), and acute bacterial sinusitis 
(ABS).

COMMUNITY-ACQUIRED PNEUMONIA

Seven randomized, double-blind phase III studies on the use 
of garenoxacin for the treatment of CAP have been pub-
lished. In all of these trials garenoxacin has shown noninferi-
ority versus the comparator drug. However, noninferiority 
was demonstrated only for mild to moderate CAP (i.e. PSI 
Fine scores I and II), as the trial that aimed to enroll severe 
CAP cases in fact consisted of less severe CAP cases (PSI 
Fine I or II in > 50% patients) (Dowell et al., 2006; Kobayashi 
and Fujimaki, 2007). In a postmarketing surveillance study 
conducted with 739 patients having mild to moderate pneu-
monia in Japan, garenoxacin was deemed effective in 92.8% 
of cases, with a slightly lower rate in patients with comor-
bidities (88.9%) or complications (89.3%) (Izumikawa et al., 
2014a). Similar results were reported in another postmarket-
ing study of patients thought to have “atypical” pneumonia 
(Izumikawa et al., 2014b). Higher eradication rates for S. pneu
moniae, H. influenzae, and Haemophilus spp. were reported 
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Table 114.4. Summary of randomised double-blind phase III controlled trials of garenoxacin.

Infection Garenoxacin Comparator
No. patients 

in trial Clinical cure rate
Microbiological 
cure rate Reference

Community acquired pneumonia (Mild–Moderate)

400 mg orally 
daily 5 days

Clarithromycin 500 mg twice 
daily 7–10 days

248 95% vs. 90%
(95% CI: –2.2, 12.3)

96% vs. 89% Tellier et al. (2005)

400 mg orally 
daily 5 days

Amoxycillin/clavulanate 500 mg 
three times daily 7–10 days

297 95% vs. 93%
(95% CI: –4.0, 7.9)

NA De Salvo et al. 
(2005)

400 mg orally 
daily 5 days

Amoxicillin 1 g three times 
daily 10 days

308 91% vs. 87% 88% vs. 91% Mogulkoc et al. 
(2006)

400 mg orally 
daily 7–10 days

Levofloxacin 500 mg once daily 226 90% vs. 92%
(95% CI: –9.5, 6.3)

92% vs. 91% Freire et al. (2005)

400 mg orally 
daily 7–10 days

Clarithromycin 500 mg twice  
daily 7–10 days

243 93% vs. 91%
(95% CI: –4.9, 9.8)

96% vs. 83% Nguyen et al. 
(2005)

400 mg IV once 
daily ± oral 
7–10 days

Ceftriaxone 1–2g i.v. once daily 
7–10 days ± erythromycin 
0.5–1 g i.v. four times daily ± 
clarithromycin 500 mg orally 
twice daily 7–10 days

328 88% vs. 88% 86% vs. 89% Dowell et al. 
(2006)

400 mg IV once 
daily ± oral 
7–10 days

Levofloxacin 500 mg once daily 
i.v. ± 500 mg orally twice  
daily

199 99.1% vs. 94.3%
(95% CI: –0.3, 10)

100% vs. 87.8% Kobayashi and 
Fujimaki (2007)

Acute exacerbations of chronic bronchitis (AECB)

400 mg once 
daily orally 
5 days

Azithromycin 500 mg day 1, 
then 250 mg daily 5 days

786 84% vs. 87%
(95% CI: –7.6, 2.5)

92% vs. 88% Free et al. (2005)

400 mg once 
daily orally 
7 days

Amoxycillin-clavulanate 
500/125 mg three times daily 
7–10 days 

445 87% vs. 89%
(95% CI: –8.7, 5.3)

87% vs. 88% Mayrinck et al. 
(2005)

Sinusitis

400 mg once 
daily orally 
5 days

Amoxycillin-clavulanate 
500/125 mg three times daily 
10 days

722 91% vs. 84%
(95% CI: –0.2, 15.8)

NA Lopez Sisniega et 
al. (2005)

400 mg once 
daily orally 
10 days

88 vs. 84%
(–4.1, 12.9)

NA Lopez Sisniega et 
al. (2005)

Complicated skin and soft tissue infections (cSSTI)

600 mg i.v. ± 
600 mg orally 
once daily 
7–14 days

Piperacillin-tazobactam 3/0.375 
g i.v. four times daily ± 
amoxicillin-clavulanate 
500/125 mg three times daily 
7–14 days

389 83% vs. 82%
(95% CI: –5.5, 10.8)

NA Krievins et al. 
(2005)

600 mg orally 
once daily 
7–14 days

Ciprofloxacin 500 mg orally 
twice daily + metronidazole 
500 mg orally three times 
daily 7–14 days

466 85% vs. 81%
(95% CI: –2.9,10.3)

NA Le Devehat et al. 
(2006)

Intra-abdominal infections 

600 mg i.v. once 
daily ± 600 mg 
orally 5–14 
days

Piperacillin-tazobactam 3/0.375 
g i.v. four times daily ± 
amoxicillin-clavulanate 
500/125 mg three times daily 
5–14 days

452 86% vs. 84%
(95% CI: –3.1,10.1)

NA EMEA (2007)

Pelvic infections

600 mg i.v. once 
daily ± 600 mg 
orally 5–10 
days

Ampicillin-sulbactam 3g i.v. 
four times daily ± amoxicillin- 
clavulanate 500/125 mg 
three times daily 5–10 days 

261 94% vs. 96%
(95% CI: –14.8,11.4)

NA EMEA (2007)

Abbreviations: CI: confidence interval; NA: not available.
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when compared to those for amoxicillin (100% vs. 94%, 82% 
vs. 76%, and 71% vs. 100%, respectively) (Mogulkoc et al., 
2006). Similarly, garenoxacin’s eradication rates for S. pneu
moniae (94% vs. 82%), H. influenzae (100% vs. 89%), M. 
catarrhalis (83% vs. 60%), and S. aureus (100% vs. 77%) were 
all superior versus those of clarithromycin (Nguyen et al., 
2005). Furthermore, garenoxacin eradicated 88% of penicillin- 
nonsusceptible S. pneumoniae, compared to 64% for ceftri-
axone (Dowell et al., 2006).

ACUTE EXACERBATIONS OF CHRONIC BRONCHITIS

In a randomized, double-blind phase II trial, a 5 day course 
of garenoxacin 400 mg once daily was compared to a 10-day 
course. The clinical response rates were 88% and 94%, respec-
tively (95% CI: –6.9–4.8) (EMEA, 2007). Similar efficacy 
was reported in an open label study in Japan after a 10 day 
course of garenoxacin in which clinical efficacy was 91.3% 
and the bacterial eradication rate for Gram-positive patho-
gens 90.9% (Kobayashi et al., 2007). Garenoxacin 400 mg 
once daily for 5 days was compared to azithromycin 500 mg 
on day 1 followed by azithromycin 250 mg on days 2–5 in a 
multicenter, double-blind phase III trial. In this study, cure 
rates were 84% and 87%, respectively (95% CI: –7.6–2.5), 
and bacterial eradication rates were 92% and 88% (Free et al., 
2005). In a study of virtually identical design, garenoxacin 
was compared to amoxicillin/clavulanate. Cure rates were 
87% and 89%, respectively (95% CI: –8.7–5.3) and bacterial 
eradication rates were 87% and 88% (Mayrinck et al., 2005).

ACUTE BACTERIAL SINUSITIS 

In an open-label phase II trial, a 5 day course of garenoxacin 
400 mg once daily was compared to a 10 day course in 543 
patients with acute maxillary sinusitis confirmed by sinus 
needle aspiration. Clinical response rates were 93% and 91%, 
respectively (95% CI: –4.0–3.0). The microbiological eradi-
cation rate was 94% in both groups, with similar efficacy 
against sinusitis caused by S. pneumoniae, H. influenzae, or 
S. aureus (Lopez Sisniega et al., 2007). Garenoxacin 400 mg 
once daily for 5 days was compared to garenoxacin 400 mg 
once daily for 10 days, and amoxicillin/clavulanate 500/125 
mg three times a day for 10 days, in a multicenter, double- 
blind phase III trial. In this study, cure rates were 91% (95% 
CI: –0.2–15.8), 88% (95% CI: –4.1–12.9), and 84% respec-
tively (Lopez Sisniega et al., 2005). This study was mainly of 
maxillary sinusitis but sinus puncture was not required for 
establishing the diagnosis.

OTHER OTORHINOLARYNGOLOGICAL INFECTIONS

Only few data are available on the clinical efficacy of garenox-
acin for the treatment of otorhinolaryngological infections. 
In a small Japanese study, efficacies of 95.2% for tonsillitis, 
85% for laryngo laryngitis, and 87.2% for otitis media were 
reported. Although there was no comparator drug, the main 
interest of this study was the demonstration of good garenox-
acin levels in the middle ear mucosa and in tonsillar tissue 
(Baba and Fujimaki, 2007).

7b.  Skin and soft tissue infections

Garenoxacin 400 mg once daily for 5 days was compared to 
amoxicillin/clavulanate 500/125 mg twice daily for 7–10 days 
in the treatment of uncomplicated skin and soft tissue in - 
fection (wound infection [28%], cellulitis [24%], or abscess 
[16%]) in a randomized double-blind study. Garenoxacin 
noninferiority was established with a success rate of 85% vs. 
87% for the comparator drug (95% CI: –9.8 – 5.1). There was 
however a “trend” toward lesser success in the cellulitis 
patients (74% vs. 85% respectively) (EMEA, 2007). Two 
randomized double-blind phase III trials were conducted for 
the study of complicated skin and soft tissue infections. The 
first compared garenoxacin 600 mg IV (± oral step-down) to 
piperacillin/tazobactam with an oral step-down to amoxi-
cillin/clavulanate. Clinical success was 83% vs. 82%, respec-
tively (95% CI: –5.5 – 10.8)—thereby meeting the predefined 
criteria for noninferiority (Krievins et al., 2005). However, 
more than half of the patients had received prior antibiotics 
and more than a quarter had received them for durations of 
> 24 hours. The second trial compared oral garenoxacin 600 
mg once daily to ciprofloxacin 500 mg twice daily plus met-
ronidazole 500 mg three times daily. Clinical responses were 
85% and 81%, respectively (95% CI: –2.9–10.3), and micro-
biological responses were 83% and 81% (95% CI: –7.7–7.8) 
(Le Devehat et al., 2006). In an analysis of both phase III 
trials for complicated skin and soft tissue infections, the 
microbial eradication rate for garenoxacin against S. aureus 
was 88%, and 74% for the comparator (Krievins et al., 2006). 
Similarly, eradication rates for garenoxacin and the compar-
ator against methicillin-resistant S. aureus were 72% and 
60%, and against quinolone-resistant S. aureus 73% and 
50%, although the differences were too small to conclude 
any superiority of garenoxacin.

7c.  Intra-abdominal Infection

Garenoxacin 600 mg i.v. once daily ± 600 mg oral step-down 
was compared to piperacillin/tazobactam 3/0.375 g four 
times daily ± step-down to oral amoxicillin/clavulanate in a 
randomized double-blind study of intra-abdominal infec-
tion. Noninferiority was demonstrated, with clinical cure 
rates of 86% and 84%, respectively (95% CI: –3.1–10.1) and 
microbiological eradication rates of 86% and 83%, respec-
tively (95% CI: –3.0–12.3). However 45% of cases consisted 
of acute appendicitis, 87% had APACHE II scores < 16, and 
78% had received systemic antimicrobials within 7 days of 
study entry. While differences were too small to produce a 
definitive conclusion, the cure rate trends were consistently 
lower in the garenoxacin group composed of older patients 
or patients with APACHE II scores >15 (EMEA, 2007).

A randomized double-blind study was conducted on 270 
patients with acute pelvic infection (other than acute pelvic 
inflammatory disease or sexually transmitted infection). In 
this study, garenoxacin 600 mg i.v. once daily ± 600 mg oral 
step-down was compared to ampicillin/sulbactam i.v. ± oral 
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amoxicillin–clavulanate. Clinical cure rates were 94% and 
96%, respectively (95% CI: –14.8–11.4) and microbiological 
eradication rates were similar between groups (Ariza et al., 
2005).

7d.  Other infections

In a single center retrospective observational study, garen-
oxacin was compared to levofloxacin for the antibacterial 
prophylaxis of patients undergoing chemotherapy for acute 
myeloid leukemia. While the numbers of febrile episodes 
were comparable between groups, bloodstream infections 
due to Gram-positive bacteria were significantly less fre-
quent in the garenoxacin group (1/36; 3%) compared to the 
levofloxacin group (25/120; 21%). However the incidence 
of Gram-negative bacteremia was higher in the garenoxa-
cin group (8/36, 22%) compared to the levofloxacin group 
(5/120; 4%) (Uni et al., 2015).

Garenoxacin was used successfully as a single agent for 
the treatment of cutaneous nocardiosis due to N. beijingensis 
(Ohmori et al., 2012), and as an oral step down therapy after 
2 weeks of i.v. therapy for a case of pulmonary nocardiosis 
due to N. exlbida (Imai et al., 2011).
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1. DESCRIPTION 

Gatifloxacin is an 8-methoxy-fluoroquinolone and is mar-
keted by Bristol Myers Squibb as Tequin, having licensed the 
medication from the Kyorin Pharmaceutical Company in 
Japan. It is known by a variety of proprietary names pursuant 
to the formulation and the country in which it is marketed. 
Three formulations are available, oral, ophthalmic, and intra-
venous. Like other members of this class, gatifloxacin has 
activity against many Gram-positive and Gram-negative 
bacteria and many intracellular respiratory pathogens. In 
particular it has activity against penicillin-susceptible and 
-resistant Streptococcus pneumoniae, methicillin-susceptible 
Staphylococcus aureus (MSSA), and some anaerobes. Unlike 
ciprofloxacin it lacks significant activity against Pseudomonas 
aeruginosa. 

Gatifloxacin acts by inhibiting topoisomerases II (DNA 
gyrase) and IV. The chemical name is 1-cyclopropyl-6-fluoro- 
8-methoxy-7-(3-methylpiperazin-1-yl)-4-oxo-quinolone-3-
carboxylic acid (see Figure 115.1). It has a methoxy substitu-
tion at C-8 and a 3-methylpiperazinyl substituent at C-7 
(Perry et al., 1999). The empirical formula is C19H22FN3O4. 
The molecular weight is 375.394 g/mol.

A limiting factor for gatifloxacin has been its association 
with dysglycemia, such that there have been calls for the FDA 
to put a “black box warning” on its label regarding its use in 
diabetics (Gurwitz, 2006). The company has subsequently 

issued a number of alerts citing serious reports of hypoglyce- 
mia and hyperglycemia, in patients with and without a his-
tory of diabetes. Gatifloxacin labeling has been updated to 
identify other risk factors for the development of these side 
effects (i.e., older age, abnormal kidney function, and con-
comitant blood glucose altering medications) and includes a 
recommendation for close medical monitoring (FDA, 2006). 

In 2006 Bristol Myers Squibb announced they would stop 
manufacture of gatifloxacin and end sales of the drug after 
existing stockpiles were exhausted; following which they 
would return all rights to Kyorin. Gatifloxacin is currently 
available in the USA and Canada only as an ophthalmic solu-
tion. In China it is sold in tablet form as well as in eye drop 
formulations.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

A summary of the in vitro activity of gatifloxacin is given in 
Table 115.1.

GRAM-NEGATIVE AEROBIC BACTERIA

A large number of Enterobacteriaceae have been tested (see 
Table 115.1), with gatifloxacin showing generally similar or 
slightly lesser activity than that of ciprofloxacin against E.coli, 
Klebsiella spp., Enterobacter spp., Proteus spp., Morganella 
spp., Citrobacter spp., Serratia marscens, Salmonella spp., and 
Shi gella spp. The percentage susceptibilities would indicate 
that the minor differences in minimum inhibitory concen-
trations (MICs) are not clinically relevant (Sader et al., 2005; 
Gordon et al., 2002b; Fedler et al., 2006a; Fedler et al., 2006b; 
Christian sen et al., 2004; Gales et al., 2002; Biedenbach et al., 
2006a).

Activity against nonfermatative Gram-negative bacteria is 
variable. In comparison with ciprofloxacin, gatifloxacin has 
reduced activity against Pseudomonas aeruginosa. In a study 
of 5517 North American Pseudomonas isolates the percent-
age susceptibilities for gatifloxacin and ciprofloxacin were Figure 115.1. Structure of gatifloxacin.
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Table 115.1. Summary of gatifloxacin activity against common Gram-negative, Gram-positive, and other bacteria.a

Organism/antimicrobial agent 
(no. tested)

MIC (µg/ml) Category

References50% 90% Range % Susceptible

Gram-negative bacteria

Escherichia coli (15,814) ≤ 0.03 0.06–> 4 ≤ 0.03–> 4    85–99 1,7,8,9,16

Escherichia coli ESBL-producing (386) 0.06 > 4 ≤ 0.03–> 4 71 1

Enterobacter spp. (3,711) ≤ 0.03 0.12–1.0 ≤ 0.03–> 4    92–100 1,7,8,9

Klebsiella spp. (7,103) ≤ 0.03–0.06 0.5–4 ≤ 0.03–> 4    88–95.5 1,7,16

Klebsiella spp. ESBL-producing (442) 1 > 4 ≤ 0.03–> 4 69 1

Proteus mirabilis (1,307) 0.12 0.25–4 ≤ 0.03–> 4    86–95 1,8

Proteus (indole positive) (433) 0.12 > 4 ≤ 0.03–> 4 76.2 1

Morganella morganii (86) 0.12 > 4 83 16

Serratia marcescens (1,640) 0.25 0.5–2 ≤ 0.03–> 4 94.4–100 1,7,8

Citrobacter spp. (717) ≤ 0.03 1 ≤ 0.03–> 4 92.7 1

Salmonella spp. (1,003) ≤ 0.03–0.25 0.06–0.5 ≤ 0.03–2 100 8,13,14

Shigella spp. (106) ≤ 0.03 ≤ 0.03 ≤ 0.03–0.5 100 1

Yersinia enterocolitica
Campylobacter jejuni (360) 0.094–0.125 4 0.015–> 32 5,6

Acinetobacter spp. (1,340) 0.06–4 0.12–> 4 ≤ 0.03–> 4    55–98 1,7,8,9 

Haemophilus influenzae (13,837) ≤ 0.03 ≤ 0.03 ≤ 0.03–1 100 1,2,8,19,20,24

Moraxella catarrhalis (6,339) ≤ 0.03 ≤ 0.03–0.06 ≤ 0.03–> 4    99–100 1,2,19,20,24

Neisseria meningitidis
Neisseria gonorrhoeae (158) 0.5–1   2–4 < 0.002–> 8 22 30,31

Pseudomonas aeruginosa (10,150) 0.25–2   4–> 32 ≤ 0.015–≥ 128    55–95 1,2,7,8,9,10,11,16

Burkholderia spp./cepacia (135)   1–2 16 0.06–> 16    60a–80 29,39

Stenotrophomonas maltophilia (2,542) 0.5–1 2.0–16 ≤ 0.5–> 32    71–100 8,9,12,15

Legionella pneumophila/spp. (169) 0.19–0.25 0.38–0.5 0.125–1 100 25,38

Bacteroides fragilis (295) 0.25–1   1–16 0.06–> 32 32,33,34,35,36,37

Gram-positive bacteria

Staphylococcus aureus (MSSA) (4,121) 0.063–0.125 0.125–0.25 0.016–8 96.7–98 2,4,7,16

Staphylococcus aureus (MRSA) (2,393) 0.125–8   4–> 32 0.031–32    11–40 2,3,4,7,16

Coagulase negative staphylococci (MS) 
(443)

0.12–0.19 0.25–3    86–98 4,7

Coagulase negative staphylococci (MR) 
(3,200)

2.0–3.0 4.0–12.0 44.8–88 4,7

Streptococcus pneumoniae (12,225) 0.25–0.5 0.5 ≤ 0.03–> 16 99.2 1,22,23

Streptococcus pneumoniae pen S (4,730) 0.25–0.5 0.25–0.5 ≤ 0.008–> 32 99.5–100 2,7,17,18,19,20,21

Streptococcus pneumoniae pen I (1,863) 0.25 0.25–0.5 0.016–> 32    98–100 2,7,17,18,19,20,21

Streptococcus pneumoniae pen R (1,065) 0.25 0.25–0.5 ≤ 0.002–> 32    96–100 2,7,17,18,19,20,21

Streptococcus pneumoniae reduced 
cipro/levofloxacin susceptibility (275)

0.5–8   1–8 0.5–> 16     4–90 51,52,53,54

Streptococcus pyogenes (1,720) 0.016–0.25 0.031–1 0.002–2    99–100 2,16,27

Beta-hemolytic streptococcic (2,248) 0.25 0.5 99.8 26

Viridans streptococcid (1,152) 0.25 0.5 98 26

Enterococcus faecalis (4,025) 0.5 > 4    58–82 9,16

 Vancomycin susceptible (834) 0.5 > 4 0.06–> 4 65 28

 Vancomycin resistant (25) > 4 > 4 ≤ 0.03–> 4 28 28

Enterococcus faecium (148) > 4 > 4 33 16

 Vancomycin susceptible (123) > 4 > 4 0.25–> 4 33 28

 Vancomycin resistant (94) > 4 > 4 0.12–> 4 3 28

Clostridium perfringens (59) 0.2 0.5 0.5–1 0.25–1 33,34,36

Peptostreptococcus spp. (82) 0.5   1–4 0.06–> 32 33,34
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69% and 75%, with MIC90 values of > 4 and > 2 μg/ml, respec-
tively (Sader et al., 2005); for Pseudomonas urinary isolates 
collected in Europe and North America the percentage sus-
ceptibilities were 55% versus 59%, the MIC90 values > 4 and 
> 2 μg/ml (Jones et al., 2001); and for isolates obtained from 
North American pediatric patients, 95% versus 98%, the 
MIC90 values 2.0 and 0.5 μg/ml (Fedler et al., 2006b). 
Although there are only relatively minor differences in the 
percentage susceptibilities, pharmacodynamic studies indi-
cate gatifloxacin has significantly lower AUC/MIC ratios 
(Karlowsky et al., 2005; see section 5, Pharmacokinetics 
and pharmacodynamics). For Pseudomonas fluorescens the 
gatifloxacin MIC range is reported as 0.25–8 μg/ml, and for 
P. stutzeri, 0.0016–0.25 μg/ml (Fung-Tomc et al., 2000). 
Acinetobacter spp. have variable susceptibility, with only 
54% of 3468 Acinetobacter strains collected from hospitals 
worldwide as part of the SENTRY program being susceptible 
(Jones et al., 2003b), and MIC90 values from other studies 
ranging from 0.03–> 4 μg/ml. (Sader et al., 2005; Gordon et 
al., 2002b; Fedler et al., 2006a; Fedler et al., 2006b; Heine-
mann et al., 2000). Testing of 1488 SENTRY program Steno
trophomonas maltophilia isolates from the Asia–Pacific region, 
Europe, and the Americas showed 86% susceptibility to gati-
floxacin, with an MIC90 of 4 μg/ml (range ≤ 0.5–> 4), and 

MIC90 values ranging from ≤ 0.5 to > 32 μg/ml in a number 
of other studies (Fedler et al., 2006a; Fedler et al., 2006b; 
Jones et al., 2003b; Cohn and Waites, 2001).

Ten isolates each of Chryseobacterium indologenes and 
C.  menigosepticum were susceptible to gatifloxacin (MIC90 
values of 0.25 μg/ml and 2.0 μg/ml, respectively) (Rolston et 
al., 2005), with similar results (92% susceptible) reported for 
an additional 83 Chryseobacterium spp. (Sader and Jones, 
2005). Results differed for Achromobacter spp. in these two 
studies, with only 40% susceptible in the former and 100% in 
the latter.

Gatifloxacin was active against 148 Pasteurella spp. iso-
lated from bite wounds (MIC90 0.016 μg/ml), 20 isolates of 
Eikenella corrodens (MIC90 0.016 μg/ml), and 10 of Weeksella 
(now Bergeyella) zoohelcum (MIC90 0.03 μg/ml) (Goldstein et 
al., 1999).

Aeromonas hydrophila is susceptible to gatifloxacin (n = 
122; MIC90 0.06–0.5 μg/ml; range: 0.008–1 μg/ml) (Fung-
Tomc et al., 2000; Bauernfeind, 1997; Ko et al., 2003; Rolston 
et al., 2004), as is Yersinia enterocolitica (n = 31; MIC90 0.03–
0.06 μg/ml; range: 0.016–0.06 μg/ml) (Bauernfeind, 1997; 
Fung-Tomc et al., 2000).

Gatifloxacin has excellent activity against Haemophilus 
influenzae, Moraxella catarrhalis (Sader et al., 2005; Blondeau 

Organism/antimicrobial agent 
(no. tested)

MIC (µg/ml) Category

References50% 90% Range % Susceptible

Other bacteria

Mycoplasma pneumoniae (263) 0.063–0.25 0.06–0.5 0.015–1.0 40,41,42,43,45

Mycoplasma hominis (117) 0.023–0.12 0.047–0.12 0.006–0.25 42,43,44,45

Chlamydia pneumoniae (45) 0.063–0.125 0.125–0.25 0.063–0.25 46,47

Ureaplasma urealyticum (92) 0.12–1.0 0.25–1.0 0.06–2.0 42,43,45

Mycobacterium tuberculosis (71) 0.031–0.1 0.031–0.2 0.007–0.12 48,49,55

 MDR (22) 0.39 1.56 48

Mycobacterium avium/intracelluare complex 
(76)

4 ≤ 0.125–8 50

Mycobacterium avium (20) 3.13 6.25 48

Mycobacterium intracellulare (20) 6.25 12.5 48

a Studies have been chosen for inclusion by number of isolates, differing geographical regions, paediatric, adult, and different clinical source.
b Using breakpoint for levofloxacin ≤ 2.
c S. pyogenes: 650; S. agalactiae: 1190.
d S. mitis, 22%
Sources: 1. Sader et al. (2005); 2. Blondeau et al. (2003); 3. Bassetti et al. (2001); 4. Diekema et al. (1999); 5. Hayward et al. (1999); 6. Krausse and Ullmann (2003); 

7. Gordon et al. (2002b); 8. Fedler et al. (2006a); 9. Fedler et al. (2006b); 10. Karlowsky et al. (2005); 11. Jones et al. (2001); 12. Jones et al. (2003b); 13. Gales 
et al. (2002); 14. Biedenbach et al. (2006a); 15. Cohn and Waites (2001); 16. Christiansen et al. (2004); 17. White et al. (2002); 18. Hoellman et al. (1999); 19. 
Jones and Pfaller (2000); 20. Bell et al. (2002); 21. Castanheira et al. (2004); 22. Davidson et al. (2007); 23. Low et al. (2002); 24. Jones and Biedenbach (2003); 
25. Croco et al. (1998); 26. Gordon et al. (2002a); 27. Hsueh et al. (2003); 28. Lewis and Jones (2000); 29. Biedenbach et al. (1999); 30. Shigemura et al. (2004a); 
31. Takei et al. (2005); 32. Ackermann et al. (2000); 33. Peric et al. (2004); 34. Ednie et al. (1998); 35. Schaumann et al. (1999); 36. Kato et al. (1997); 37. Dubreuil 
et al. (2003); 38. Rhomberg et al. (2001); 39. Gales et al. (2005); 40. Ishida et al. (1994); 41. Takahata et al. (2001); 42. Kenny and Cartwright (2001); 43. Waites 
et al. (2003); 44. Ngan et al. (2004); 45. Pereyre et al. (2004); 46. Miyashita et al. (1997); 47. Roblin and Hammerschlag (1999); 48. Tomioka et al. (1999); 49. 
Alvirez-Freites et al. (2002); 50. Kohno et al. (2007); 51. Jorgensen et al. (2000); 52. Fung-Tomc et al. (2001); 53. Perez-Trallero et al. (2002); 54. Oh et al. (2004); 
55. Tomioka et al. (1993).
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et al., 2003; Fedler et al., 2006a; Jones and Pfaller, 2000; Bell 
et al., 2002; Jones and Biedenbach, 2003), and Bordetella 
pertussis (Fung-Tomc et al., 2000; Gordon et al., 2001; 
Bauernfeind, 1997).

Activity against Legionella pneumophila has been demon-
strated both by E-test (see Table 115.1) (Croco et al., 1998) 
and by agar dilution (Pendland et al., 2002). These testing 
methods are media dependent, with a > 10-fold difference in 
MIC. The higher MIC values (0.5–1 μg/ml) are however still 
in the susceptible range. When tested in an intracellular 
assay (human monocyte–derived macrophage monolayer) 
gatifloxacin was found to have activity similar to that of both 
ciprofloxacin and gemifloxacin. (Baltch et al., 2005).

Gatifloxacin activity against Neisseria gonorrhoea is simi-
lar to that of ciprofloxacin against strains that are fully sus-
ceptible to fluoroquinolones (MIC90 values of 0.015 μg/ml) 
(Deguchi et al., 1997). Gatifloxacin retains activity against 
strains with mutations in either parC or gyr A and resistance 
to ciprofloxacin (Biedenbach et al., 1998, Deguchi et al., 
1997). Increasing numbers of mutations however result in 
resistance to gatifloxacin (Shigemura et al., 2004b; see sec-
tion 2b, Emerging resistance and cross-resistance).

Other Gram-negative bacteria against which activity has 
been demonstrated include: Vibrio vulnificus, for which the 
gatifloxacin MIC90 for 46 isolates was 0.06 μg/ml. Time–kill 
studies showed no significant differences in antibacterial 
effect among the newer fluoroquinolones, and in a mouse 
model the survival rate for the gatifloxacin-treated group 
was 67% (87% for levofloxacin, 80% for ciprofloxacin) (Tang 
et al., 2002). Bartonella spp. (MIC range 0.06–0.5 μg/ml by 
E-test) are susceptible (Dorbecker et al., 2006). Gatifloxacin 
has the least activity of the newer fluoroquinolones against 
Brucella melitensis (MIC90 values of 2–4, range 0.015–8 μg/ml) 
(Trujillano-Martin et al., 1999; Kocagoz et al., 2002).

In an experimental mouse model of Yersinia pestis gati-
floxacin was found to have higher survival rates than moxi-
floxacin and ciprofloxacin (72%, 33%, and 28%, respectively) 
when therapy was initiated 24 hours post-infection (Steward 
et al., 2004).

GRAM-NEGATIVE ANAEROBES

Activity against Gram-negative anaerobes, Bacteroides fragi
lis, other Bacteroides spp., Prevetella spp., Porphyromonas 
spp., and Fusobacterium spp. have been studied in vitro by a 
number of authors (Ackermann et al., 2000; Peric et al., 2004; 
Ednie et al., 1998; Schaumann et al., 1999; Kato et al., 1997; 
Dubreuil et al., 2003; Sheikh et al., 2015). As there are no 
CLSI breakpoints for these organisms, determining percent-
age susceptibility is difficult. For Bacteroides fragilis, MIC90 
data are unhelpful, with values in different studies ranging 
from 1 to 16 μg/ml. If the only established CLSI breakpoints 
(trovafloxacin susceptible ≤ 2.0 μg/ml, intermediate 4.0  
μg/ml, and resistant ≥ 8 μg/ml) are applied, percentage sus-
ceptibility ranges from 83% at 1.56 μg/ml (Kato et al., 1997), 
90% at breakpoint ≤ 1 μg/ml (Schaumann et al., 1999), 
and 94% at 4 μg/ml (Dubreuil et al., 2003). Most strains of 

Porphyromonas spp., Fusobacterium spp., and Prevotella spp. 
were susceptible (Kato et al., 1997). In general, activity is 
similar to or slightly less than that of moxifloxacin or garenox-
acin (Appelbaum, 1999; Schaumann et al., 2013).

GRAM-POSITIVE AEROBIC BACTERIA

Gatifloxacin has enhanced activity against Gram-positive 
organisms in comparison to ciprofloxacin (see Chapter 101, 
Ciprofloxacin). In particular it has good activity against 
streptococci and staphylococci. Three in vitro susceptibility 
studies totaling 12,225 Streptococcus pneumoniae isolates 
had MIC90 values of 0.5 μg/ml (Sader et al., 2005; Davidson et 
al., 2007; Low et al., 2002). For S. pneumoniae isolates with 
penicillin MICs in the intermediate or resistant range, gati-
floxacin MIC90 values were similar (MIC90 values of 0.25–0.5 
μg/ml) (Blondeau et al., 2003; Gordon et al., 2002b; White et 
al., 2002; Hoellman et al., 1999; Jones and Pfaller, 2000; Bell 
et al., 2002; Castanheira et al., 2004). MIC90 values for beta- 
hemolytic streptococci, including Streptococcus pyogenes, 
Streptococcus agalactiae, and viridans streptococci are simi-
larly low (0.031–1 μg/ml) (Blondeau et al., 2003; Christiansen 
et al., 2004; Gordon et al., 2002a; Hsueh et al., 2003). 
Methicillin-susceptible Staphylococcus aureus (MSSA) have 
low MIC90 values, at 0.125–0.25 μg/ml. However, methicillin- 
resistant Staphylococcus aureus (MRSA) cannot be considered 
susceptible with MIC90 values in the range of 4 to > 32 μg/ml 
(see section 2b, Emerging resistance and cross-resistance). 
Similar results are seen with the coagulase-negative staphy-
lococci, MIC90 values for methicillin-susceptible isolates are 
0.25–3 μg/ml, but for methicillin-resistant organisms the 
MIC90 is 4–12 μg/ml (Diekema et al., 1999; Gordon et al., 
2002b).

With MIC90 values of > 4 μg/ml, gatifloxacin does not 
have useful activity against enterococci (Fedler et al., 2006b; 
Christiansen et al., 2004; Lewis and Jones, 2000).

Gatifloxacin in vitro activity has been demonstrated 
against Listeria monocytogenes (n = 10; MIC90 0.25 μg/ml), 
Rhodococcus equi (n = 25; MIC90 0.5 μg/ml), and Sto
matococcus mucilaginous (n = 10; MIC90 0.5 μg/ml) (Rolston 
et al., 2004). Bacillus anthracis (n = 24) was susceptible in 
vitro to gatifloxacin, with MIC90 ≤ 0.06 μg/ml (Luna et al., 
2007) and a MIC range 0.016–0.03 μg/ml (Drago et al., 
2002). Gatifloxacin also reduced the level of polymicrobial 
sepsis induced by B. anthracis in a neutopenic irradiated 
mouse model (Elliott et al., 2002). All 42 isolates of B. cereus 
were also susceptible in vitro, with MIC90 0.12 μg/ml (Luna 
et al., 2007). Corynebacterium spp. have variable suscepti-
bility (47% susceptible; MIC90 > 32 μg/ml) (Diekema et al., 
1999).

Activity against the agents of mycetoma, Actinomadura 
madurae and Nocardia brasiliensis, has been reported. For 
24 isolates of A. madurae the MIC90 was 0.25 μg/ml with a 
MIC range 0.02–0.25 μg/ml (Vera-Cabrera et al., 2004b), and 
for 30 isolates of N. brasiliensis the MIC90 was 2 with a range 
of 0.25–2 μg/ml (Vera-Cabrera et al., 2004a). Among 20 
Nocardia species identified from ocular infections, the MIC 
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values for gatifloxacin were 0.25–16 μg/ml and were compa-
rable to ciprofloxacin values (Reddy et al., 2010b). However, 
susceptibilities of 33 clinical isolates of Nocardia spp. mea-
sured by broth dilution suggested that moxifloxacin and gati-
floxacin were more active than ciprofloxacin or levofloxacin 
(Hansen et al., 2008).

GRAM-POSITIVE ANAEROBES

Anaerobic Gram-positive bacteria have been studied. Pepto
streptococcus spp. in most studies have been susceptible, with 
MIC90 values of between ≤0.5 and 1 μg/ml (Peric et al., 2004; 
Ednie et al., 1998; Schaumann et al., 1999; Sheikh et al., 
2015). One study, however, found MIC90 values of > 32 μg/ml 
(Jones et al., 1999). Clostridium perfringens is susceptible 
(MIC90 values of 0.39–1 μg/ml), as are Propionibacterium 
spp., Mobiluncus spp. and Veillonella spp. (MIC90 ≤ 0.5 μg/ml) 
(Peric et al., 2004; Ednie et al., 1998; Schaumann et al., 1999; 
Kato et al., 1997; Jones et al., 1999; Dubreuil et al., 2003). 
Bifidobacterium spp. are susceptible, with an MIC90 of 2 μg/
ml (Moubareck et al., 2005). Clostridium difficile shows a 
bimodal susceptibility profile, often with the resistant strains 
belonging to the NAP1/B1/027 epidemic clone (Hecht et al., 
2007; Leroi et al., 2002).

MYCOPLASMA AND CHLAMYDIA

Gatifloxacin has been tested against Mycoplasma spp. both in 
vitro and in vivo. In vitro testing, using either agar or broth 
dilution methods, revealed that garenoxacin has the great-
est activity against mycoplasmas, with gatifloxacin, moxi-
floxacin, and gemifloxacin showing similar activity against 
M. pneumoniae, M. genitalium, and Ureaplasma spp., the 
newer fluoroquinolones having greater potency than cipro-
floxacin or levofloxacin (Pereyre et al., 2004; Takahata et al., 
2001; Waites et al., 2003). In a golden hampster pneumonia 
model, gatifloxacin had activity similar to that of erythro-
mycin. (Ishida et al., 1994) Against Mycoplasma hominis, 
gatifloxacin was 4 times more active than ciprofloxacin and 
2 times more active than levofloxacin by agar dilution (Kenny 
and Cartwright, 2001), 8 times more active than levofloxacin 
as tested by broth dilution (Waites et al., 2003), and had 
MIC90 values 8 times lower than those of ciprofloxacin per 
the E-test method.(Ngan et al., 2004).

A number of studies report the activity of gatifloxacin 
against Chlamydia spp. Gatifloxacin has demonstrated inhib-
itory activity against the DNA gyrase of Chlamydia pneu
moniae (Ameyama et al., 2003), and when tested against 
wild-type C. pneumoniae in Japan, showed greater activity 
than ciprofloxacin, but less than that of clarithromycin or 
minocycline (Miyashita et al., 1997). Similar results were 
obtained using clinical isolates from the United States and 
Japan (Roblin and Hammerschlag, 1999). Activity against 
Chlamydia psittaci was demonstrated in an experimental 
mouse pneumonia model (Miyashita et al., 1997). Gatiflox-
acin had activity similar to that of ofloxacin against C. tra
chomatis, but was slightly less active than erythromycin 
(Roblin and Hammerschlag, 1999).

OTHER BACTERIA

Earlier reports of Helicobacter pylori showed gatifloxacin as 
having good activity against the organism, with MIC90 values 
of 0.03–0.25 μg/ml (Bauernfeind, 1997; Fung-Tomc et al., 
2000; Rhomberg et al., 2001). More recent reports, however, 
show development of increasing resistance due to mutations 
in gyrA (see section 2b, Emerging resistance and cross- 
resistance).

In vitro studies by E-test on Francisella tularensis (subspe-
cies tularensis and holartica) showed that all fluoroquino-
lones were highly active against this species, with gatifloxacin 
MIC range of 0.008–0.125 μg/ml (Johansson et al., 2002). In 
vivo studies in the BALB/c mouse model of tularaemia 
showed that gatifloxacin and moxifloxacin were more effec-
tive at preventing mortality than ciprofloxacin but did not 
prevent relapse if the animals were treated with dexametha-
sone (Piercy et al., 2005). 

A colorimetric microdilution method was used to deter-
mine the in vitro activity of gatifloxacin against Borrelia burg
dorferi. Gatifloxacin had greater activity than ciprofloxacin 
but less than gemifloxacin. The gatifloxacin MIC90 for 11 iso-
lates was 1 μg/ml (MIC range: 0.008–16 μg/ml) (Kraiczy et al., 
2001). The fluoroquinolones have been tested both in vitro 
and in vivo against Leptospira spp. Using a broth microdilu-
tion technique, 26 Leptospira serovars, representing seven 
species and 18 serogroups, were tested. The lowest MIC90 val-
ues were obtained for gatifloxacin and garenoxacin (0.05 and 
0.02 μg/ml, respectively),with ciprofloxacin having a signifi-
cantly higher result of 0.2 μg/ml (Murray and Hospenthal, 
2004). In a hampster model of acute lethal leptospirosis, gati-
floxacin improved outcome, with survival rates of 90 and 
100% depending on dose (5 or 25 mg/kg/day). At the higher 
dose the outcome was comparable to that usually seen with 
doxycycline, the recommended therapeutic agent for lepto-
spirosis (Griffith et al., 2007).

MYCOBACTERIA

Like the other 8-methoxy-fluoroquinolone, moxifloxacin, 
gati floxacin has activity against Mycobacterium spp. For 
M. tuberculosis, activity has been investigated with various in 
vitro testing methods. Using agar dilution, low MIC90 (0.031–
0.2 μg/ml) values have been obtained (Tomioka et al., 1999; 
Alvirez-Freites et al., 2002; Tomioka et al., 1993). In bacteri-
cidal models comparing differing growth phases, rapid bac-
tericidal activity has been demonstrated for logarithmic 
but not stationary phase cultures (Paramasivan et al., 2005; 
Garcia-Tapia et al., 2004). However, an alternative model 
using stationary phase, microaerophilically-adapted cultures 
showed significant reduction in colony forming units (CFU) 
for both gatifloxacin and moxifloxacin, compared to levo-
floxacin, ofloxacin, and ciprofloxacin (Hu et al., 2003). 
Gatifloxacin inhibited intracellular organisms using an in 
vitro macrophage model (Tomioka et al., 1993; Sato et al., 
2003). In an in vivo murine tuberculosis model significant 
CFU reductions were achieved by gatifloxacin, both alone and 
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in combination with other antituberculosis agents (Alvirez-
Freites et al., 2002; Shoen et al., 2004; Cynamon et al., 2007; 
Cynamon and Sklaney, 2003).

The Mycobacterium avium complex (MAC) is less sus-
ceptible than M. tuberculosis on in vitro testing, with MIC90 
values of 4–12.5 μg/ml (Tomioka et al., 1999; Kohno et al., 
2007). However MICs may not reflect therapeutic efficacy in 
relation to MAC infection, as evidenced by differing results 
when gatifloxacin is tested against intramacrophage organ-
isms or MAC–infected mice, where significant activity can 
be demonstrated (Kohno et al., 2007; Tomioka et al., 2002). 
In an in vitro study and a mouse model, however, gatifloxacin 
showed lower activity compared to sitafloxacin and moxi-
floxacin (Sano et al., 2011). Other mycobacteria against 
which activity has been demonstrated in vitro are M. kansasii 
(n = 19; MIC90 1.56 μg/ml) (Tomioka et al., 1993), and anti-
mycobacterial activity has been demonstrated in a murine 
model (Cynamon et al., 2003); M. marinum when tested by 
agar dilution (n = 53; MIC90 1.56–8 μg/ml) (Braback et al., 
2002; Tomioka et al., 1993) or E-test (n = 37; MIC90 0.38 μg/
ml) (Rhomberg and Jones, 2002); M. fortuitum (n = 59; 
MIC90 ≤ 0.12–0.78 μg/ml) (Tomioka et al., 1993); and M. che
lonae (n = 52; MIC90 4–6.25 μg/ml) (Tomioka et al., 1993; 
Brown-Elliott et al., 2002). Moxifloxacin and gatifloxacin 
were the most active drugs tested in vitro against M. fortu
itum, and the combination of gatifloxacin and rifampicin or 
rifabutin was the most potent (Santos et al., 2010). In a rabbit 
model of M. chelonae keratitis, gatifloxacin demonstrated 
significant activity (Sarayba et al., 2005; Hyon et al., 2004). 
However, only 54% of clinical isolates tested susceptible by 
E-test (Reddy et al., 2010a). M. abscessus and M. massiliense 
are resistant to gatifloxacin (n = 39; MIC90 25–> 32 μg/ml) 
(Tomioka et al., 1993; Brown-Elliott et al., 2002; Chu et al., 
2015). Gatifloxacin, like moxifloxacin, was found to be bac-
tericidal against M. leprae in the mouse footpad model 
(Burgos et al., 2011).

OTHER PATHOGENS

Gatifloxacin has been shown to inhibit intracellular replica-
tion of Toxoplasma gondii in cell culture and to prolong 
survival in mice with acute toxoplasmosis (Khan et al., 
2001)—although the clinical relevance of this observation 
is unclear.

Gatifloxacin has been shown in vitro to inhibit the growth 
of Fusarium spp. at high concentrations (Kawakami et al., 
2015). Similarly, gatifloxacin at concentrations of 100 μg/ml 
in association with 0.20% copper prevented the growth of 
Aspergillus niger and Candida albicans in superficial skin 
infection models in guinea pigs (Shams et al., 2014).

2b.  Emerging resistance and 
cross-resistance

There are a number of known mechanisms of resistance to 
fluoroquinolones (see Chapter 104, Levofloxacin). The four 
key mechanisms include: altered target site due to point 
mutations in DNA gyrase and/or topoisomerase IV, upregu- 

lation of native efflux pumps with or without decreased 
expression of outer membrane porins, plasmid-mediated 
gyrase inhibitor binding site protection (qnr proteins), and 
enzymatic degradation (Hooper, 2002; Robicsek et al., 2006a).

For S. pneumoniae, increasing rates of resistance to a 
range of antimicrobials have been observed (Davidson et al., 
2007; Adam et al., 2007, CDC, 2001). Although penicillin- 
intermediate or -resistant isolates remain susceptible to gati-
floxacin (Bauernfeind, 1997; Blondeau et al., 2003; Gordon 
et al., 2002b; White et al., 2002; Hoellman et al., 1999; Jones 
and Pfaller, 2000; Bell et al., 2002; Castanheira et al., 2004), 
levofloxacin-resistant isolates have increased resistance to 
gatifloxacin (Jorgensen et al., 2000; Fung-Tomc et al., 2001; 
Perez-Trallero et al., 2002; Oh et al., 2004; Jones et al., 2005; 
Almer et al., 2004). This is mainly due to mutation(s) in the 
quinolone resistance determining region (QRDR). Mutations 
in one gene coding for topoisomerase (first step mutants) in 
general do not confer resistance to gatifloxacin. Mutations in 
genes coding for both DNA gyrase and topoisomerase IV 
result in MICs at the intermediate or resistant level (Kays 
and Denys, 2001; Weiss et al., 2001; Brueggemann et al., 
2002; Zhanel et al., 2003; Korzheva et al., 2005; Morrissey et 
al., 2007). Several studies have found mutations in gyrA to 
be important in gatifloxacin resistance (Brueggemann et al., 
2002; Nagai et al., 2001). However, the changes in the QRDR 
are quite heterogeneous and it is apparent that the positions 
of the nucleotide sequences coding for the amino acid 
changes within the genes gyrA, gyrB, parC, and parC are 
more important than the total number of mutations. In one 
study, mutations in gyrB were more important for resistance 
to gatifloxacin but not moxifloxacin. Conversely, mutations 
in gyrA were associated with resistance to moxifloxacin but 
not gatifloxacin, suggesting different drug–target interac-
tions for the two 8-methoxy-quinolones (Weigel et al., 2001). 
Among 13 quinolone-resistant S. pneumoniae identified from 
clinical specimens in Japan, gatifloxacin’s MIC values were 
consistently 1–3 dilutions lower than that of levofloxacin, 
and 3 strains achieved AUC/MIC values > 30, the pharmaco-
dynamics target for bacterial eradication (Yokota et al., 
2009; see section 5, Pharmacokinetics and pharmacody-
namics). An efflux pump, PmrA, has been described in S. 
pneumoniae, with increases in MIC up to 8-fold for norflox-
acin but not gatifloxacin (Piddock et al., 2002; Piddock and 
Johnson, 2002). 

Resistance has been reported in other streptococcal spe-
cies due to QRDR mutations. Resistant viridans streptococci 
were isolated from bone marrow transplant recipients receiv-
ing prophylaxis after brief exposure to gatifloxacin (Prabhu 
et al., 2005), and resistant beta-hemolytic streptococci were 
found in a SENTRY surveillance program (Biedenbach et al., 
2006b). 

Gatifloxacin resistance in methicillin-susceptible Staphylo
coccus aureus is uncommon (Blondeau et al., 2003; Diekema 
et al., 1999; Gordon et al., 2002b; Christiansen et al., 2004). 
However, in methicillin-resistant S. aureus isolates, high 
rates of fluoroquinolone resistance are seen (Blondeau et al., 
2003; Bassetti et al., 2001; Diekema et al., 1999; Gordon et al., 
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2002b; Christiansen et al., 2004; Chang et al., 2015b), and 
there is cross-resistance between ciprofloxacin and gatifloxa-
cin (Fung-Tomc et al., 2001; Bassetti et al., 2002; Jones et al., 
1998). Resistance can develop rapidly on exposure to either 
antibiotic. Two mechanisms have been described. Mutations 
in both grlA (parC) and gyrA confer resistance (Ince and 
Hooper, 2001; Noguchi et al., 2005; Horii et al., 2007). A sin-
gle mutation in grlA increased the MIC 2–4 fold and a single 
mutation in gryA was silent. Mutations in both genes resulted 
in a 32-fold increase in MIC (Ince and Hooper, 2001). 
Coresistance has also been described whereby in an MRSA 
heteroresistant population fluoroquinolones selected for 
methicillin resistance and for increased fluoroquinolone 
resistance—the mechanism of which is unexplained. Cipro-
floxacin exerted a greater effect than gatifloxacin (Venezia et 
al., 2001). Upregulation of the NorA efflux pump had mini-
mal impact on the MIC of gatifloxacin (Ince and Hooper, 
2001), possibly due to the hydrophobicity of the 8-methoxy 
group as well as the bulkiness of the C-7 group (Takenouchi 
et al., 1996; Pestova et al., 2000). Other multidrug efflux 
pumps have been proposed for which gatifloxacin and/or 
moxifloxacin are substrates (Kaatz et al., 2002; Truong-
Bolduc et al., 2005; Truong-Bolduc et al., 2006).

Resistance of Clostridium perfringens to fluoroquinolones 
can be selected by in vitro serial passage of the culture in the 
presence of increasing concentrations of quinolones, includ-
ing gatifloxacin. Most resistant strains that were generated 
harbored mutations in gyrA and parC, with only few muta-
tions found in gyrB (Rafii et al., 2005). Interestingly, gyrA 
and parC mutations have been associated with a decrease in 
organism fitness (Park et al., 2013a) and change in toxin pro-
duction (Park et al., 2013b).

Fluoroquinolone resistance among Enterobacteriaceae spp. 
is increasing (Rhomberg et al., 2006), and this is particularly 
the case in those genera that produce extended-spectrum 
beta- lactamases (ESBLs). For ESBL–producing E. coli and 
Klebsiella pneumoniae, the gatifloxacin MIC90 values were 
markedly elevated compared to the wild-type MIC values 
(Sader et al., 2005). This association between fluoroquino-
lone resistance and ESBL–producing organisms has previ-
ously been described (Brisse et al., 2000; Paterson et al., 2000). 
The mechanisms of resistance in Enterobacteriaceae are mul-
tiple. Mutations in the QRDR are well described, with gyrA 
changes being of primary importance and parC mutations 
playing a secondary role (Brisse et al., 1999; Weigel et al., 
2002; Weigel et al., 1998). The plasmid-borne gryrase inhib-
itor protecting proteins (qnrA/B/S) (Robicsek et al., 2005; 
Robicsek et al., 2006a; Jacoby et al., 2006; Tran et al., 2005) 
confer low-level resistance, with transconjugants engender-
ing 16-fold or greater increases in MIC values for gatifloxa-
cin (Wang et al., 2004b). In part, the association between 
ESBL–producing organisms and fluoroquinolone resistance 
can be explained by the colocation of the genes for ESBLs 
and qnr genes on the same plasmid (Wang et al., 2004a; 
Jacoby et al., 2006; Corkill et al., 2005; Poirel et al., 2005). In 
addition, the presence of qnrA has been shown to supple-
ment resistance due to QRDR mutations (Martinez-Martinez 

et al., 2003). In a survey of resistant Enterobacteriaceae, qnr 
genes were also strongly associated with aminoglycoside and 
trimethoprim–sulfamethoxazole resistance—thus pointing to 
coresistance between fluoroquinolones and these antibiotics 
(Robicsek et al., 2006c). The newly described plasmid- 
mediated modified aminoglycoside acetyltransferase (aac(6′)-
Ib-cr) does not have activity against gatifloxacin, as the 
enzyme acts only against fluoroquinolones having an unpro-
tected amino nitrogen on the piperazine ring (Robicsek et 
al., 2006b). Multidrug efflux pumps are common in Entero-
bacteriaceae, with many having fluoroquinolones as a sub-
strate (Poole, 2004). Combinations of QRDR mutation, 
membrane permeability, and efflux can act synergistically 
to  cause resistance (Tavio et al., 2000; Tavio et al., 1999; 
Martinez-Martinez et al., 2002; Oethinger et al., 2000). In a 
study comparing 214 quinolone-resistant E coli isolates, the 
MICs to norfloxacin, ciprofloxacin, levofloxacin, and gatiflo-
xacin differed dramatically (Becnel Boyd et al., 2009). All of 
these strains had a gyrA mutation and approximately 85% 
also had a parC mutation. The ciprofloxacin and norfloxacin 
MICs for isolates harboring aac(6′)-Ib-cr were significantly 
higher, but the gatifloxacin and levofloxacin MICs were 
not. Known mechanisms of resistance accounted for raised 
fluoro quinolone MICs for 50–70% of isolates, suggesting 
that unknown resistance mechanisms must be present in 
some clinical isolates (Morgan-Linnell et al., 2009). 

In Salmonella spp., including S. typhi, resistance to fluoro-
quinolones is high, particularly in parts of Asia with rates of 
naladixic acid resistance of up to 50% (Chau et al., 2007). The 
most common mechanism is mutation in gryA. Although 
gatifloxacin had better time–kill kinetics and lower MICs 
than ciprofloxacin for nalidixic acid–resistant organisms, 
with 100% susceptibility (Chau et al., 2007; Biedenbach et al., 
2006a), in vitro studies show that further accumulation of 
resistance mutations will result in resistance (Turner et al., 
2006). Efflux pump overexpression and plasmid-mediated 
qnrencoded proteins may contribute to resistance in some 
Salmonella spp. (Chu et al., 2005; Gay et al., 2006).

Neisseria gonorrhoeae resistance to fluoroquinolones has 
limited the use of this class of drug in some geographic loca-
tions (Wang et al., 2007). Resistance rates of > 30% have been 
reported in some areas of the USA and > 60% in Japan 
(Shigemura et al., 2004a). Resistance is associated with muta-
tions in both gyrA and parC (Shigemura et al., 2004b; Shultz 
et al., 2001; Kulkarni et al., 2012), with cross-resistance 
between ciprofloxacin and gatifloxacin (Shigemura et al., 
2004b).

Fluoroquinolone resistance in Haemophilus influenza is 
uncommon (2.6% in Japan) and may represent clonal expan-
sion rather than multiple sporadic events (Nazir et al., 2004; 
Yokota et al., 2008). Resistance is due to mutations in both 
parC and gryA resulting in MIC values of 1–8 μg/ml (Yokota 
et al., 2008). QRDR mutations have been shown to confer 
resistance in Helicobacter pylori (Cattoir et al., 2007; Nishi-
zawa et al., 2006), resulting in treatment failure (Nishizawa 
et al., 2006); in Clostridium difficile (Drudy et al., 2006), and 
Campylobacter jejuni and C. coli (primarily gyrA mutations) 
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(Bachoual et al., 2001). Resistance rates for gatifloxacin in 
Campylobacter spp. from Germany have increased signifi-
cantly over the last 20 years, from an MIC90 of 0.25 μg/ml in 
1980–1982 to 8 μg/ml in 2001 (Krausse and Ullmann, 2003). 
A combination of QRDR mutations and efflux are important 
for resistance to other fluoroquinolones, such as to ciproflox-
acin in Campylobacter spp. (Ge et al., 2005; Yan et al., 2006).

Because of the increasing prevalence of multidrug resis-
tance in M. tuberculosis, fluoroquinolones are increasingly 
used to treat this infection. Consequently, resistance to 
quinolones has emerged, with a prevalence rate of 3.8% for 
ofloxacin and 1.3% for gatifloxacin in China (Zhang et al., 
2014). The resistance rate to gatifloxacin was 5.9% in a high 
risk population in Bangladesh (Noor et al., 2013). Mutations 
in the QRDR of the gyrA, especially in positions 90 and 94 
are predominant, and have been associated with increased 
MICs to all quinolones, including gatifloxacin (Aubry et al., 
2006; Zhang et al., 2014; Von Groll et al., 2009; Nosova et al., 
2013; Li et al., 2014). Mutations in the gyrB gene have also 
been reported, but their association with resistance is less 
clear (Pantel et al., 2011; Pantel et al., 2012; Suzuki et al., 
2012; Nosova et al., 2013; Li et al., 2014). Interestingly a clin-
ical isolate with a mutation in gyrB was susceptible to oflox-
acin but resistant to moxifloxacin and gatifloxacin (Von 
Groll et al., 2009). Surprisingly, the duration of exposure to 
newer fluoroquinolones (including gatifloxacin) was inde-
pendently associated with higher quinolone MIC, but dura-
tion of exposure to older quinolones was not, indicating that 
caution is warranted when a newer quinolone is prescribed 
in patients with TB risk factors (van der Heijden et al., 2013).

3. MECHANISM OF DRUG ACTION

The quinolone antibacterials act by inhibition of bacterial 
topoisomerases (see Chapter 101, Ciprofloxacin). Gatiflox-
acin inhibits both DNA gyrase (topoisomerase II) and 
topoisomerase IV. During DNA replication DNA gyrase (a 
tetramer composed of four subunits, two GyrA and two 
GyrB) catalyzes ATP-dependent DNA supercoiling. In the 
contact region of the tetramer, double-stranded DNA (the 
G-segment) is cleaved, while a second region of DNA (the 
T-segment) is captured and passed through the cleaved DNA 
gate using ATP as a source of energy. The G-segment is then 
rejoined and the T-segment exits the tetramer. The DNA 
gyrase can remain attached to the G-segment with repeated 
capture of T-segments after each round of ATP hydrolysis. 
Like DNA gyrase, topoisomerase IV is a tetramer consisting 
of 4 subunits, two of ParC and two of ParE, that can remove 
supercoils. Unlike DNA gyrase, however, topoisomerase i.v. 
can also remove precatenanes that are formed behind the 
replication fork (Drlica and Malik, 2003). Fluoroquinolones 
act by the formation of drug–enzyme–DNA complexes that 
trap the gyrase and topoisomerase i.v. on the DNA strand 
resulting in inhibition of DNA synthesis. A second process, 
fragmentation of the chromosome, results in rapid cell death. 
Ongoing protein synthesis is necessary for chromosome frag-
mentation and death after exposure to first-generation quino- 

lones (e.g. naladixic acid). For gatifloxacin, chromosome 
fragmentation is independent of protein synthesis (Malik et 
al., 2006; Drlica et al., 2007). 

For Streptococcus pneumoniae DNA gyrase (gyrA/gyrB) 
appears to be the primary target of C-methoxy-fluoroquino- 
lones gatifloxacin and moxifloxacin (Fukuda and Hiramatsu, 
1999), although as both topoisomerases can be targeted 
(dual-targeting) there is a significant reduction in the 
potential for resistance development (Takei et al., 2001). 
For S. aureus the ParC subunit (coded by parC, which is also 
known as grlA in S. aureus) of topoisomerase i.v. appears to 
be the primary target for fluoroquinolones (Ng et al., 1996).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

ORAL ADMINISTRATION

For oral administration the recommended dose is 400 mg 
once daily, the duration of therapy being dependent on the 
indication (usually 5–14 days). Gatifloxacin is available as 
200-mg and 400-mg film coated tablets.

PARENTERAL ADMINISTRATION

Parenteral administration is by the intravenous route. 
Intramuscular, intrathecal, intraperitoneal, or subcutaneous 
administration is not recommended (Bristol Myers Squibb, 
2006). The dose is 400 mg once daily, similar to that for oral 
administration. Parenteral gatifloxacin should be given as an 
infusion over 60 minutes. It is supplied either as single-use 
vials or pre-mixed bags.

OPHTHALMIC PREPARATIONS

Topical optic preparations are available in some countries. 
The preparation is an 0.3% ophthalmic solution (pH 6.00) 
with the added preservative 0.005% benzalkonium chloride.

EXPERIMENTAL “OFF-LABEL” FORMULATIONS

In in vitro experiments gatifloxacin has been added to poly-
methylmethacrylate for the potential management of ortho-
pedic infections. Gatifloxacin was heat-stable and showed 
diffusion rates similar to those of vancomycin and linezolid, 
and only slightly less than that of gentamicin (Anguita-
Alonso et al., 2006). Also as a potential orthopedic implan-
tation delivery system gatifloxacin has been studied as an 
additive to polycaprolactone in an animal model (El-Kamel 
and Baddour, 2007). An oral suspension has been described 
(Capparelli et al., 2005; see section 5a, Bioavailability) but is 
not currently marketed. 

4b.  Newborn infants and children

Use in patients under 18 is not recommended in the product 
information (Bristol Myers Squibb, 2006). However, on the 
basis of pharmacokinetic data obtained from 82 pediatric 
patients, a population pharmacokinetic model has been 
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proposed. A one-compartment model with first-order 
absorption and elimination was the best fit for the available 
data. Based on pharmacokinetic simulations, a 10 mg/kg 
(maximum 400 mg) dose administered to pediatric patients 
correlates with drug exposure similar to what has been cal-
culated for healthy adults (Rubino et al., 2007).

4c.  Pregnant and lactating mothers

There are no available data regarding the use of gatifloxacin 
in patients during pregnancy or lactation. Gatifloxacin has 
been assigned to pregnancy category C by the US FDA. 

Maternal use of gatifloxacin ear drops or eye drops are 
likely to present negligible risk for the nursing infant. To 
substantially diminish the amount of drug that reaches the 
breast milk after the use of eye drops, generic measures such 
as placing pressure over the tear duct at the corner of the eye 
for 1 minute or more (then removing the excess solution 
with an absorbent tissue) is likely to be effective.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Renal impairment results in higher systemic exposure and 
lower clearance rates than would be seen in patients with 
normal renal function. Gatifloxacin total clearance has a 
direct relationship with creatinine clearance (Kawada et al., 
1998). Dose modification is recommended for patients with 
creatinine clearance < 40 ml/min. Recommended dosing in 
adult patients with creatinine clearance < 40 ml/min is an 
initial 400 mg dose with subsequent doses of 200 mg every 
day beginning on day 2. Similar dose modifications (400 mg 
initial dose followed by 200 mg every day beginning on 
day  2) are recommended for adult patients undergoing 
hemodialysis or continuous peritoneal dialysis (Bristol Myers 
Squibb, 2006).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Patients with moderate to severe hepatic dysfunction (Child–
Pugh grade B or C) have modest increases in Cmax and AUC. 
As AUC/MIC ratios and Cmax/MIC ratios are important 
predictors of therapeutic outcome, these differences should 
not have a negative effect on patient outcome. Also as the 
gatifloxacin half-life in these patients is similar to what is 
observed in healthy adults, drug accumulation should not 
occur with multiple doses—therefore no dose adjustment is 
necessary for patients with moderate to severe hepatic dys-
function. (Grasela et al., 2000).

PREMATURE NEONATES

Gatifloxacin is not recommended for use in premature 
neonates.

ELDERLY PATIENTS

The elderly population is considered to be at increased risk of 
adverse drug reactions, mainly because of changes in organ 
function that can have a significant impact on drug absorp- 

tion, distribution, and excretion. Because fluoroquinolones 
are mostly excreted unchanged in the urine, the decline in 
renal function associated with age may increase the risk of 
toxicity. However, studies comparing toxicity rates of levo-
floxacin or moxifloxacin in different age groups failed to 
show higher toxicity rates in elderly patients. On the other 
hand, the incidence of gatifloxacin-related adverse events 
was reported as 18% in patients > 80 years of age and 13% in 
those aged < 80 years (Stahlmann and Lode, 2010). Therefore, 
although no dose adjustment based on age alone is recom-
mended, careful assessment of renal function is required to 
abate adverse side effects such as the dysglycemias (see sec-
tion 6, Adverse reactions and toxicity). Pharmacokinetic/
pharmacodynamic modeling studies assessing gatifloxacin 
dosing in the elderly further support this advice (Yanagihara 
et al., 2007; Niki et al., 2008). Because elderly patients tend 
to be receiving multiple concomitant medications, careful 
review of drugs potentially associated with prolongation of 
the QTc interval should be undertaken before the prescrip-
tion of gatifloxacin.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

For oral gatifloxacin the bioavailability is 96% (LaCreta et al., 
2000a). In children the bioavailability of the suspension was 
similar to what it is estimated to be for the tablet formulation 
(Capparelli et al., 2005). The degree of protein binding is 
20% (Nakashima et al., 1995).

The intake of food has no impact on pharmacokinetic 
parameters such as Cmax, Tmax, half time, or volume of distri-
bution. The AUC0–∞ was only slightly decreased (Nakashima 
et al., 1995, Mignot et al., 2002b), indicating that gatifloxa-
cin can be administered with or without food. Oral calcium 
carbonate supplements had no significant effect on the bio-
availability or pharmacokinetics of gatifloxacin. Similar phar-
macokinetic results are obtained for ferrous sulphate if given 
two hours before or two hours after administration of oral 
gatifloxacin (Grasela, 2000). Concomitant administration of 
mineral-containing multivitamin preparations may, however, 
result in treatment failure (Mallet and Huang, 2005). The 
antacid preparation, aluminium magnesium hydroxide, sig-
nificantly reduces absorption if given concomitantly with or 
two hours before gatifloxacin—most likely due to chelation 
of the antibiotic by polyvalent cations. For concomitant 
administration of aluminium magnesium hydroxide the 
gatifloxacin Cmax is reduced by 68% and the AUC by 42%, 
and when given 2 hours prior to gatifloxacin the reductions 
are 45% and 42%, respectively. No changes in bioavailabil-
ity were noted if the aluminium magnesium hydroxide was 
administered 4 hours after oral gatifloxacin (Lober et al., 
1999). Minimal changes in bioavailability occur when gati-
floxacin and oxycodone are administered concurrently 
(Grant et al., 2002). Concomitant enteral nutrition, studied 
in healthy volunteers, resulted in significant decreases in 
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both the Cmax and AUC0–∞ of gatifloxacin, such that bioequiv-
alence was not reached (Kays et al., 2005). When studied in 
critically ill patients, enteral nutrition given concomitantly 
with oral gatifloxacin yielded variable results for both Cmax 
and AUC. The median absolute bioavailability of gatifloxacin 
was almost 100% but the range was extremely variable (61–
120%)—making individual patient dosing requirements dif-
ficult to predict (Kanji et al., 2003).

5b.  Drug distribution

The pharmacokinetics of gatifloxacin are dose-linear and 
time-dependent after intravenous administration (see Table 
115.2 for a summary of key studies). After repeated daily doses 
modest accumulation occurs. Steady state is reached by the 
third dose (Nakashima et al., 1995; Gajjar et al., 2000b; Mignot 
et al., 2002a). Statistically significant differences occurred 
between pharmacokinetic parameters of severely ill ICU 
patients (CrCl < 40 mg/l) and those of healthy volunteers; in 
the very ill patients the AUC values are increased and there 
are decreases in t1/2 and gatifloxacin clearance (Fish, 2007). In 
healthy adults there were no significant differences between 
males and females except for a smaller volume of distribution 
in females (not significant when normalized for total body 
weight or lean body weight) and a 25% higher Cmax (Zhang et 
al., 2006). Cmax and AUC values were comparable among 
young male and female patients after adjusting for body 
weight. Cmax and AUC were however 11% and 20% higher, 
respectively, in elderly female compared to elderly males when 
corrected for body weight. These were attributed to age- 

related changes in renal function and in respect of gender were 
due to differences in body weight (LaCreta et al., 2000b). 

In pediatric patients (aged 6 months to 16 years) a dose of 
10 mg/kg of body weight resulted in values close to those 
obtained in adults except for a small but significant decrease 
in clearance with increasing age (Capparelli et al., 2005; see 
Table 115.2). After oral doses the Tmax values in adults ranged 
from 1.0 to 2.28 hours (Lubasch et al., 2000; Nakashima et 
al., 1995; Grasela et al., 2000). The mean half-life was 8–9 
hours (Nakashima et al., 1995; Grasela et al., 2000; Gajjar et 
al., 2000b).

DISTRIBUTION OF THE DRUG IN THE BODY

Gatifloxacin is widely distributed throughout the body. 
Concentrations in selected tissues and body fluids have been 
studied. The mean penetration into cantharidin-induced 
inflammatory fluid in healthy male volunteers was 117% 
(Wise et al., 1999). Saliva concentrations were found to be 
80–100% of plasma concentrations (Mignot et al., 2002a; 
Nakashima et al., 1995). Lung penetration was measured by 
assay of epithelial lining fluid (ELF), alveolar macrophages, 
and bronchial mucosa after a single 400 mg oral dose given 
to healthy subjects. At 2, 4, and 12 hours, for ELF the mean 
site to plasma ratios were 1.5, 1.74, and 1.75, respectively; for 
alveolar macrophages 17.5, 25.25, and 36.67, respectively; 
and for bronchial mucosa 1.57, 1.65, and 1.8, respectively 
(Honeybourne et al., 2001). In a second study, significantly 
greater gatifloxacin concentrations in bronchial ELF than 
in serum were found in healthy volunteers, but in patients 
with chronic bronchitis, mean gatifloxacin concentrations in 

Table 115.2. Summary of key gatifloxacin pharmacokineti/pharmacodynamic studies in adults and children.

Population
Usual dose
schedule

Tmax after 
oral dose

Cmax 

mg/l
T½ 
(h)

AUC24 

(mgh/l)
Volume of 

distribution (l/kg) Reference

Adults

Healthy males 400 mg daily oral 1.98 3.4 8.4 32.4 2.2 Nakashima et al. (1995)

Healthy male and female 400 mg single dose oral 1.25 3.9 9.3 36.9 Grasela et al. (2000)

Healthy male and female  
 adults

400 mg single dose oral 1.49 3.4 6.5 30 1.6 Lubasch et al. (2000)

Healthy males Multiple i.v. doses day 1 4.53 9.4 28.6 1.5 Gajjar et al. (2000b)

Healthy males Multiple doses i.v. day 17 4.56 13.9 35.4 1.6 Gajjar et al. (2000b)

Moderate—severe hepatic  
 impairment

400 mg single dose oral 1.00 5.1 8.9 45.2 Grasela et al. (2000)

Severely ill ICU patients Multiple 400 mg doses i.v. 
CrCl ≥ 40 mg/l

4.77 10.8 44.4 1.8 Fish (2007)

Severely ill ICU patients Multiple 200 mg i.v. doses 
CrCl < 40 mg/l

2.85 18.2 36.6 2 Fish (2007)

Children

Children—6 months to  
 2 years

Single dose10 mg/kg 3.0 4.24 4.76 33 Capparelli et al. (2005)

Children—2–6 years Singledose10 mg/kg 2.0 4.2 4.35 27.5 Capparelli et al. (2005)

Children—6–12 years Single dose10 mg/kg 3.0 3.93 5.21 35.4 Capparelli et al. (2005)

Children—12–16 years Single dose10 mg/kg 3.0 3.55 7.53 43.2 Capparelli et al. (2005)
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bronchial ELF were the same as those in serum at all time 
points (Kikuchi et al., 2007). 

Good gatifloxacin concentrations are achieved in pros-
tatic and seminal fluid (129% and 102% of serum levels, 
respectively) (Naber et al., 2001).

In an experimental rabbit pneumococcal meningitis model, 
penetration into cerebrospinal fluid was 46–56%, calculated 
as the percentage of the AUC in CSF over the AUC in blood 
(Lutsar et al., 1998). In humans the penetration measured 
after a single oral dose showed a mean penetration of 11%, 
but after multiple doses given twice daily the mean pene-
tration was 35% (Kawahara et al., 1999). In patients with 
tuberculous meningitis, the CSF penetration as measured by 
the ratio of the mean CSF AUC to the mean plasma AUC at 
steady state was 0.48 for gatifloxacin compared to 0.74 for 
levofloxacin and 0.26 for ciprofloxacin (Thwaites et al., 2011).

Vitreous humor and aqueous humor gatifloxacin pene-
tration after oral administration has been measured in 24 
patients undergoing elective pars plana vitrectomy. Two 400-
mg oral doses were given 12 hours apart, prior to surgery, 
with the second dose given approximately 4 hours before 
sampling of vitreous and aqueous humors. Mean concentra-
tions in the aqueous and vitreous humors were 1.08 mg/l and 
1.34 mg/l, respectively—which represented 21% and 26% of 
the serum concentrations (Hariprasad et al., 2003). However, 
vitreous penetration of gatifloxacin seemed to be significantly 
increased in the inflamed eye (Rajpal et al., 2009). Penetration 
after topical administration has been studied in both animals 
and humans, with many of the results reviewed by Robertson 
et al. (2005). In rabbit models gatifloxacin yielded aqueous 
concentrations comparable to those of ofloxacin and levo-
floxacin, higher concentrations than ciprofloxacin but lower 
than those of moxifloxacin for some dosing regimens. The 
concentrations of gatifloxacin in the aqueous humor were 
very dependent on the dosing regimen and mode of admin-
istration (drops or corneal shield), with values ranging from 
0.5 mg/l to 7.6 mg/l (Kleinmann et al., 2006; Levine et al., 
2004b; Levine et al., 2004a; Solomon et al., 2005; Sugioka 
et al., 2009; Chung et al., 2013). Gatifloxacin concentrations 
in the aqueous humor also appeared to be higher after use of 
gatifloxacin gel 0.3% prophylaxis versus use of gatifloxacin 
ophthalmic solution 0.3%. The gel also maintained higher 
concentrations and for longer durations (Ding et al., 2015). 

Conjunctival and corneal concentrations have also been 
measured in rabbits, with moxifloxacin concentrations 5 to 
7  times higher than those of gatifloxacin. The conjunctival 
concentrations of moxifloxacin were significantly higher 
than those of gatifloxacin in healthy volunteers (Torkild- 
sen et al., 2010), in patients undergoing pterygium surgery 
(Aihara et al., 2008) or keratoplasty (Fukuda et al., 2012). 
Corneal concentrations were 50 mg/l and 11 mg/l for moxi-
floxacin and gatifloxacin, respectively (Owen et al., 2007). 
In studies of patients who underwent cataract surgery, topi-
cal moxifloxacin resulted in higher aqueous humor concen-
trations than gatifloxacin. Concentrations ranged from 0.67 
to 2.16 mg/l for moxifloxacin and 0.13–0.94 mg/l for gati-
floxacin. In part, the higher concentrations for moxifloxacin 

can be explained by the higher concentration of the drug in 
the optic formulation, 0.5% for moxifloxacin versus 0.3% for 
gatifloxacin (Ong-Tone, 2007; Kim et al., 2005; McCulley et 
al., 2006; Gungor et al., 2011; Donnenfeld et al., 2011). 

Aqueous humor concentrations measured after adminis-
tration of the Japanese gatifloxacin commercial product 
(which does not contain benzalkonium chloride, BAC) were 
at 0.48 mg/l, but were significantly higher (0.57 mg/l) in 
patients older than 70 years (Teshigawara et al., 2007). A 
study comparing concentrations achieved in both the con-
junctiva and cornea found lower concentrations with the 
Japanese preparation compared to the US preparation, pos-
sibly due to reduction of the corneal epithelial barrier and 
tear destabilization by BAC (Owen et al., 2007). Vitreous 
humor penetration after topical administration of gatifloxa-
cin or moxifloxacin is low, 0.008 mg/l and 0.01 mg/l, respec-
tively (Costello et al., 2006).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

In vitro studies in murine thigh and lung infection models 
confirm dose-dependent killing and that the AUC24/MIC 
ratio is the pharmacodynamic parameter that best predicts 
efficacy for gatifloxacin against Gram-positive and Gram-
negative bacteria. This is similar to what is observed with 
other fluoroquinolones (see Chapter 101, Ciprofloxacin).

Penicillin resistance in S. pneumoniae and methicillin 
resistance in S. aureus have no bearing on the potency of 
gatifloxacin (Andes and Craig, 2002; Mattoes et al., 2001). 
For Streptococcus pneumoniae an AUC24/MIC ratio of > 30 
has been shown in in vitro pharmacodynamic models to be 
sufficient for eradication of the organism (Lister, 2002; Coyle 
et al., 2001; Ebisu et al., 2003). In an immunocompromised 
mouse thigh infection model, AUC/MIC ratios of 30–40 
were optimal in relation to bacterial eradication and survival 
(Mattoes et al., 2001). In a clinical study of 58 patients with 
community-acquired pneumonia caused by S. pneumoniae 
that used individual patient free-drug AUC24 values, a statis-
tically significant relationship between AUC/MIC ratio and 
microbiological response was detected. For a ratio of < 33.7 
the probability of a microbiological response was 64%, and 
for a ratio of > 33.7 the probability of response was 100% 
(Ambrose et al., 2001). Using MIC90 values and published 
pharmacokinetic data, studies have made quantitative com-
parisons of achievable AUC/MIC ratios for various fluoro-
quinolones. Gatifloxacin compares favorably with other 
fluoroquinolones, such as moxifloxacin, clinafloxacin, levo-
floxacin, and ciprofloxacin (Turnidge, 1999; Kays and 
Conklin, 2000; Saravolatz et al., 2001). Further analyses have 
been carried out to assess the probabilities of AUC/MIC tar-
get attainment (> 30) using large surveillance susceptibility 
studies and population pharmacokinetic data in Monte 
Carlo simulations. The probabilities of gatifloxacin reaching 
the target AUC/MIC ratio are in excess of 90%, irrespec-
tive of geographical location or age of patient (Jones et al., 
2003a; Nicolau and Ambrose, 2001; Frei and Burgess, 2005; 
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Ambrose and Grasela, 2000; Ambrose et al., 2003; Noreddin 
et al., 2005; Kiffer and Pignatari, 2011). Pharmacodynamic 
studies of S. pneumoniae and fluoroquinolone resistance 
have established that a Cmax/MIC ratio of > 3 may prevent the 
emergence of resistant mutants (Ebisu et al., 2003; Coyle et 
al., 2001). Two studies have used isolates with specific QRDR 
profiles in in vitro pharmacodynamic models. Gatifloxacin 
and moxifloxacin were bactericidal against isolates with parC 
mutations, with or without efflux phenotypes, but demon-
strated little or no growth reduction if there were changes in 
both parC and gyrA (Zhanel et al., 2002). This differs from a 
second study in which activity was not altered and total log 
reductions were similar for gemifloxacin, moxifloxacin, and 
gatifloxacin in relation to organisms with two-step mutations 
(Garrison et al., 2003).

For S. aureus the AUC/MIC ratio associated with bacte-
rial eradication has not been established but is most likely in 
the 70–100 range (Andes and Craig, 2002; Firsov et al., 2005). 
Target attainment probability for susceptible strains is high 
(Turnidge, 1999).

Attainable AUC/MIC ratios for Haemophilus influenzae 
and Moraxella catarrhalis are very high (1600 and 800, 
respectively) (Zhanel and Noreddin, 2001); but for Pseudo
monas aeruginosa they are low and do not support the clini-
cal use of gatifloxacin against this organism (Turnidge, 1999; 
Garrison, 2006). For Enterobacteriaceae the accepted target 
AUC/MIC ratios are > 100–125. For susceptible E.coli this 
target is easily met (Turnidge, 1999). However in a study of 
ESBL–producing Gram-negative organisms that used Monte 
Carlo simulations, the probabilities of achieving the desired 
target were low (2–13%) compared to what they were in 
non–ESBL-producers (85–91%) (Moczygemba et al., 2004).

For Mycobacterium tuberculosis AUC/MIC ratios have 
been measured in 10 infected patients, with a median ratio of 
179 for patient isolates, compared to 66 (range 49–88)—the 
published MIC90 values. The ratio providing maximum effi-
cacy has not been established (Peloquin et al., 2008).

The postantibiotic effect (PAE) is defined as the length 
of  time that bacterial growth is suppressed following brief 
exposure of the bacteria to an antibiotic. Two other effects of 
bacterial exposure to an antibiotic have been described. The 
effect of sub–MIC concentrations on bacterial growth during 
the postantibiotic effect period is termed the postantibiotic 
sub–MIC effect (PA-SME). This is the summation of the PAE 
and additional time periods during which the sub–MIC con-
centrations suppress growth. Effects of an antibiotic at sub–
MIC concentrations on cells that have had no prior drug 
exposure (and hence are independent of the PAE) are termed 
the sub–MIC effect (SME). The SME may be related to inter-
ference with virulence and adherence determinants (Dal 
Sasso et al., 2002). For gatifloxacin these three effects have 
been measured for Streptococcus pneumoniae (penicillin 
susceptible, intermediate, and resistant), Staphylococcus 
aureus (methicillin susceptible and resistant, and resistant 
to  methicillin plus ciprofloxacin), E. faecalis, E. coli, and 
Pseu domonas aeruginosa. The respective mean values for 

PAE (10 times the MICs), and PA-SME (at 0.4 times the 
MIC) are for S. pneumoniae: 1.8 hours and 6.9 hours; for 
S. aureus: 1.4 hours and 3.3 hours; for E. faecalis: 0.5 hours 
and 1.6 hours; for E. coli: 4.8 hours and ≥ 9.6 hours; and for 
P. aeruginosa: 2.2 hours and 4.4 hours (Pankuch et al., 1999).

5d.  Excretion

Gatifloxacin is a metabolically stable compound, < 1% is 
metabolized and > 80% is excreted in the urine unchanged 
(Nakashima et al., 1995).

Gatifloxacin may undergo minimal biliary elimination as 
evidenced by the recovery of gatifloxacin in feces, regardless 
of the route of administration, and by the finding of five- 
fold higher concentrations of gatifloxacin in bile than in 
serum (Bristol Myers Squibb, 2006). After a single oral dose 
of gatifloxacin, 5.2% of the dose was recovered in feces 
(Mignot et al., 2002a) and a similar value, 5–6%, was found 
after i.v. administration (Gajjar et al., 2000b).

5e.  Drug interactions

Concurrent administration of probenicid prolongs the half-
life, increases the AUC, and decreases the apparent total 
body clearance of gatifloxacin, indicating that tubular secre-
tion contributes to gatifloxacin renal excretion (Nakashima 
et al., 1995).

Gatifloxacin has no apparent interaction with the cyto-
chrome P450 (CYP) system. Midazolam, a marker of CYP3A 
enzyme metabolism, is used to identify potential interactions 
with the many known substrates, inhibitors, and inducers of 
these isoenzymes. No interaction was found between gati-
floxacin and midazolam, theophylline, warfarin, or glybu-
ride (Bristol Myers Squibb, 2006). For warfarin, however, 
clinical data suggest that elevation of the international nor-
malized ratio (INR) may occur, requiring close monitoring 
of patients taking gatifloxacin and warfarin concomitantly 
(Mathews et al., 2006; Artymowicz et al., 2002). In healthy 
volunteers, digoxin Cmax and AUC values were increased 
(12% and 19%, respectively) when digoxin was given at the 
same time as gatifloxacin—possibly due to decreased digoxin 
degradation by altered intestinal flora. Patients should be 
monitored for signs and symptoms of digoxin toxicity when 
receiving digoxin and gatifloxacin concomitantly (Grasela, 
2000). A modest interaction between gatifloxacin and the 
fixed drug combination of rifampicin, isoniazid, and pyra-
zinamide has been reported. There was on average an 
increase of 14% in the gatifloxacin AUC and a 12% decrease 
in the rifampicin AUC. The mechanism of this interaction is 
uncertain (McIlleron et al., 2007). No interaction was found 
between gatifloxacin and the H2 receptor antagonist cimeti-
dine, or the proton-pump inhibitor omeprazole (Bristol 
Myers Squibb, 2006).

Gatifloxacin, like other fluoroquinolones, can give false- 
positive test results for opiate screening by immuno assay. 
Any positive opiate screening test of a patient who has 



6. Adverse reactions and toxicity 2225

recently taken gatifloxacin should be confirmed by an alter-
native test method (Baden et al., 2001; Straley et al., 2006).

6. ADVERSE REACTIONS AND TOXICITY

A summary of notable adverse reactions associated with 
gatifloxacin is shown in Table 115.3.

6a.  Dysglycemia

Gatifloxacin has been associated with significant glucose 
homeostasis abnormalities—both hypoglycemia and hyper-
glycemia. As a result, the US FDA (2006) required the addi-
tion of warnings to the label of gatifloxacin, which prompted 
the pharmaceutical company to withdraw it from the mar-
ket. Numerous case reports and two large studies have con-
firmed the relationship between gatifloxacin and dysglycemia 
(Bushardt, 2006; Menzies et al., 2002; Baker and Hangii, 
2002; Stading et al., 2005; Biggs, 2003; Donaldson et al., 
2004; Khovidhunkit and Sunthornyothin, 2004; Happe et 
al., 2004; Greenberg et al., 2005; Brogan and Cahalan, 2005; 
Beste and Mersfelder, 2005; Bhasin et al., 2005; Yip and Lee, 
2006; Ovartlarnporn and Jongjaroenprasert, 2007; Zvonar, 
2006; Bobba and Arsura, 2006; Khaira et al., 2009). The first 
spontaneous adverse event reports in the USA: 568 glucose 
homeostasis abnormalities were reported, of which 25 were 
fatal—80% of the reported abnormalities and 68% of the 
fatalities were associated with gatifloxacin use (Frothingham, 
2005). Glucose abnormalities comprised 24% of the adverse 
event reports for gatifloxacin, compared to 1.3% for cipro-
floxacin, 1.6% levofloxacin, and 1.3% for moxifloxacin (p < 
0.001). Patients with glucose homeostasis abnormalities were 
likely to be older and receiving treatment for diabetes. In 
the second report (Park-Wyllie et al., 2006), two population- 
based, nested case–control studies were conducted. In 788 
patients treated for hypoglycemia, gatifloxacin relative to 
macrolide therapy was associated with an increased risk of 

hypoglycemia (adjusted OR: 4.3; 95% CI: 2.9–6.3). Levo-
floxacin was associated with a slight increase in risk of hypo-
glycemia (OR: 1.5; 95% CI: 1.2–2). In 470 patients with 
hyperglycemia, gatifloxacin compared with macrolides was 
associated with an increased risk (OR: 16.7; 95% CI: 10.4–
26.8). No other fluoroquinolone or cephalo sporin had any 
associated risk for either hypoglycemia or hyperglycemia. 

More recently, in a retrospective cohort study of over 1.2 
million quinolone prescriptions, the incidence rates of severe 
hypo- and hyperglycemia were 0.35 and 0.45 cases per 1000 
patients for gatifloxacin, 0.19 and 0.18 cases per 1000 for 
levofloxacin, and 0.10 and 0.12 cases for ciprofloxacin. 
Among patients with diabetes, the odds ratios for hypoglyce-
mia compared to patients receiving azithromycin were 4.3 
(95% CI: 2.7–6.6) for gatifloxacin, 2.1 (95% CI: 1.4–3.3); for 
levofloxacin, and 1.1 (95% CI: 0.6–2.0) for ciprofloxacin. The 
odds ratios for hyperglycemia were 4.5 (95% CI: 3.0–6.9) for 
gatifloxacin; 1.8 (95% CI: 1.2–2.7) for levofloxacin; and 1.0 
(95% CI: 0.6–1.8) for ciprofloxacin (Aspinall et al., 2009). In 
another retrospective cohort study, patients given gatifloxa-
cin were five times more likely to become hypoglycemic than 
those given ciprofloxacin, and 9 times more likely than those 
given ceftriaxone. Also, gatifloxacin- treated patients were 3.8 
times more likely to become hyperglycemic than those treated 
with ciprofloxacin, and 9.8 times more than those given ceftri-
axone (Haerian et al., 2008). Smaller studies comparing the 
dysglycemic activity of levofloxacin versus ciprofloxacin and 
gatifloxacin have, however, yielded conflicting results 
(Graumlich et al., 2005; Mohr et al., 2005; Gajjar et al., 2000a). 

More recent studies have tried to uncover the mechanism 
or mechanisms for the disturbed glucose homeostasis. 
Three mechanisms have been described. Gatifloxacin has 
been shown to inhibit pancreatic beta-cell K+–ATP chan-
nels, resulting in the stimulation of insulin release (Saraya et 
al., 2004; Tomita et al., 2007). Also, after prolonged exposure 
to gatifloxacin, there can be a decrease in insulin produc-
tion, or insulin disintegration. Thus, either hypogylcemia or 
hyperglycemia can result (Yamada et al., 2006; Tomita et al., 
2007). Preexisting diabetes (Ishiwata et al., 2006; LeBlanc 
et al., 2004), treatment with sulphonylureas (Tomita et al., 
2007), or renal impairment with elevated serum gatifloxacin 
concentrations (Yip and Lee, 2006; Ovartlarnporn and 
Jongjaroenprasert, 2007) may potentiate these reactions, 
although they can occur in the absence of these risk factors 
(Blommel and Lutes, 2005). A second mechanism, modula-
tion of the facilitated glucose transporter type 1 (GLUT1) 
protein with reduction of GLUT1 mRNA expression and 
hence glucose transport into the cell, has been demonstrated 
in HepG2 cells. As these GLUT1 proteins are widely distrib-
uted in brain, liver, pancreas, muscle, and adipocytes, dysgly-
cemias can occur (Ge et al., 2007). A third mechanism has 
been demonstrated in a rat model and in human cells, in 
which gatifloxacin has been associated with a marked eleva-
tion of glucagon-like peptide 1, one of the incretins impli-
cated in the regulation of glucose homeostasis and insulin 
secretion (Yu et al., 2013).

Table 115.3. Adverse events reported in clinical trials of 
gatifloxacin.

Event
Incidence— 

% of patients References

Gastrointestinal tract

Nausea 2.2–7 1,2,3,4,6,7,8

Diarrhea 0.8–6 1,2,3,4,5,6,7,8

Vomiting 1.4–3.5 1,2,5,7

Abdominal pain 1.8–3.5 1,7

Dyspepsia 0.7–3 4,5,6,7

CNS

Dizziness 0.8–1.4 2,3,4,6

Headache 0.4–2.8 4,6,7,8

Insomnia 0.2 4

Dysglycemia 0.04–0.04 9

Sources: 1. Lode et al. (2004b); 2. Lode et al. (2004a); 3. Gotfried et al. 
(2002); 4. Medeiros (2002); 5. Dresser et al. (2001); 6. Casillas et al. (2000); 
7. Correa et al. (2003); 8. Soler et al. (2003); 9. Aspinall et al. (2009).
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6b. Hypersensitivity

Serious hypersensitivity reactions to fluoroquinolones are 
rare. A large retrospective cohort study (approximately 
200,000 patients per drug) of claims for healthcare services 
followed by medical record review identified cases of ana-
phylaxis and other allergic drug reactions. The incidence per 
10,000 first-dispensing of any allergic diagnosis in patients 
who received gatifloxacin was 6.7 (95% CI: 5.6, 7.9). This com-
pared to 4.3 (95% CI: 3.5, 5.3) for moxifloxacin, 5.4 (95% CI: 
4.4, 6.5) for ciprofloxacin, and 4.7 (95% CI: 3.8, 5.7) for pen-
icillin. The incidences of anaphylaxis/anaphylactoid reactions 
were similar for the fluoroquinolones: 0.3 (95% CI: 0.1, 0.6) 
for gatifloxacin, 0.1 (95% CI: 0.0, 0.3) for ciprofloxacin, and 0.3 
(95% CI: 0.1, 0.5) for moxifloxacin. These were comparable 
to the incidence of allergic drug reaction in patients receiv-
ing penicillin, 0.1 (95% CI: 0.0, 0.3) (Johannes et al., 2007).

6c. Phototoxicity

Phototoxicity has most often been reported for dehaloge-
nated fluoroquinolones, molecules with a cyclopropyl or ethyl 
group at position C-1, or containing a methoxy group at 
position C-5 (Rubinstein, 2001; Ball et al., 1999; Hayashi et 
al., 2004). Compounds with a methoxy group at position 
C-8, such as gatifloxacin and moxifloxacin, appear to have a 
lower risk of phototoxicity.

6d. Hepatotoxicity

Hepatotoxicity has been associated with a number of fluo-
roquinolones—most notably trovafloxacin (see Part 11, 
Quinolones and fluoroquinolones). Gatifloxacin does not 
have the structural groups thought be associated with hepa-
totoxicity, and as less than 1% of the drug is metabolized in 
the liver, the risk of hepatotoxicity has been considered low. 
In a review of patients in clinical trials (n = 3043), abnormal 
liver function tests were uncommon, with elevations in 
aspartate aminotransferase (AST) and/or alanine amino-
transferase (ALT), and total bilirubin occurring in only 0.3% 
of patients reviewed (FDA, 2006). However postmarketing 
data, obtained in 2001 from the US FDA Adverse Event 
Reporting System (Henann and Zambie, 2001), revealed 
27 cases in which gatifloxacin was reported as the primary 
suspect in having caused the hepatotoxicity—of these 27 
cases, 5 died, although mortality attributable to gatifloxacin 
was not necessarily established. In 11 other gatifloxacin- 
associated deaths, hepatotoxicity was reported as the princi-
pal reaction. It should be noted that the FDA does not assign 
causality. There have been at least four publications reporting 
five cases of hepatotoxicity associated with gatifloxacin use 
(Henann and Zambie, 2001; Coleman et al., 2002; Cheung et 
al., 2004; Tunuguntla et al., 2005). In all of these there were 
elevations in AST, ALT, and bilirubin. One case progressed to 
fulminant hepatic failure (Coleman et al., 2002), the others 
exhibited gradual improvement in liver function. Most had 
hepatocellular necrosis with eosinophilic infiltration on liver 
biopsy, suggesting drug-induced hepatitis. Two cases had 

concurrent pancreatitis (Cheung et al., 2004). Causality was 
thought to be “probable” or “possible,” although the possi-
bility of a role played by concomitant medications could not 
be excluded in all cases (Nicholson et al., 2002c).

6e. Cardiac toxicity

As a drug class, fluoroquinolones are recognized as having 
the potential to cause QT interval prolongation and torsades 
des pointes (TdP)—but do not do so equally. In vitro cardiac 
cells or cells transfected with the hERG (human ether-à-
go-go related gene) (Kang et al., 2001) and in vivo rabbit 
models (Anderson et al., 2001; Akita et al., 2004) have been 
used for comparative studies on the ability of different fluo-
roquinolones to cause hERG channel blockade with resulting 
repolarization delay and prolongation of the QT interval. 
Grepafloxacin and sparfloxacin have greater effects than 
gatifloxacin, moxifloxacin, and levofloxacin; while ciproflox-
acin and ofloxacin have the least effect on hERG channel 
blockade. QT interval prolongation from baseline occurred 
for all the agents tested, with maximum values of: sparfloxa-
cin 370 ± 30 msec, moxifloxacin 270 ± 30 msec, grepafloxa-
cin 280 ± 25 msec, and gatifloxacin 255 ± 23 msec (Anderson 
et al., 2001). At high concentrations (15–30 times Cmax) in a 
rabbit arrhythmia model, gatifloxacin caused torsades des 
pointes (Akita et al., 2004). Gatifloxacin preregistration vol-
unteer studies showed mean changes in the postdose QTC 
interval of < 10 msec, and no individual values were > 450 
msec (Bristol Myers Squibb, 2006). Retrospective database 
analysis from the FDA Spontaneous Reporting System and the 
Adverse Events Reporting System identified 25 unique cases 
of torsade de pointe in US patients taking fluoroquinolones 
(Frothingham, 2001). When combined with annual prescrip-
tion data there was a higher association of cardiac toxicity 
with gatifloxacin than with other fluoroquinolones. However, 
there has been extensive criticism of this finding due to many 
limitations in the study (Owens and Ambrose, 2002). 

More recently, analysis of over 600,000 patients treated 
with quinolones for respiratory conditions revealed that the 
use of these antibiotics is associated with an increased risk of 
serious cardiac arrhythmia (RR = 1.76; 95% CI: 1.19–2.59), 
and that gatifloxacin was associated with the highest risk (RR 
= 7.38; 95% CI: 2.30–23.70) (Lapi et al., 2012). In addition 
there have been a number of case reports of QTc prolonga-
tion (Iannini, 2001; Ansari and Chopra, 2004), bradyar-
rhythmia (Nicholson et al., 2003) or torsade de pointe 
(Bertino et al., 2002; Fteha et al., 2004). A careful risk assess-
ment for QT prolongation based on underlying cardiac, met-
abolic, or central nervous system disorders and concomitant 
medications, should be made prior to use of any of the fluo-
roquinolones (Owens, 2001).

6f.  Neurological side effects

Fluoroquinolones, particularly older agents, have been re- 
ported to possess convulsant activity that may be potentiated 
by concomitant use of anti-inflammatory drugs. Possible 
mechanisms include displacement of the neurotransmitter 
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gamma-aminobutyric acid (GABA), competition for the 
GABA receptors, or the drug’s interaction with glutamate 
receptors, resulting in CNS stimulation (Domagala, 1994; De 
Sarro and De Sarro, 2001). In a mouse model a number of 
fluoroquinolones, including gatifloxacin, have been shown to 
induce convulsions in a dose-dependent manner. The influ-
ence of various anti-inflammatory agents was variable, and 
for gatifloxacin only weak enhancement of the convulsant 
effect occurred with biphenylacetic acid given concomitantly 
(Hori et al., 2003). There has been a limited number of case 
reports of seizures associated with gatifloxacin use (Koussa et 
al., 2006; Quigley and Lederman, 2004; Marinella, 2001).

Other central nervous system side effects reported for 
gatifloxacin include psychosis and ataxia (Reeves, 2003; 
Reeves, 2007; Adams and Tavakoli, 2006; Satyanarayana and 
Campbell, 2006; Sumner and Elliott, 2003).

6g. Tendinopathy and arthropathy

Drug-related Achilles tendinopathy has been described clin-
ically (van der Linden et al., 1999; van der Linden et al., 2003; 
Khaliq and Zhanel, 2003) and in a rat model (Kashida and 
Kato, 1997) in relation to other fluoroquinolones. However, 
there have been no specific reports of gatifloxacin-related 
tendinopathy. No significant changes were detected by serial 
sonographic evaluation of the Achilles tendons in 19 patients 
taking gatifloxacin for an average of 12.8 days. One-third of 
the patients had diabetes mellitus and were aged > 60 years. 
Other risk factors for fluoroquinolone-related tendinopathy 
included renal disease, concomitant steroid use, recent sport-
ing activity, and a prior history of musculoskeletal injury 
(Roberts et al., 2006). 

The use of quinolones in pediatric medicine is limited due 
to concerns over possible growth inhibition, concerns that 
arose from older studies using first-generation quinolones 
that showed damage to the articular cartilage in growing 
animal models. Similar findings were reported in a juvenile 
dog model, where chondrodysplasia and arthropathy were 
observed after 7 days of gatifloxacin (Sendzik et al., 2009). 
However, the limited clinical studies have failed to document 
significant toxicity in the pediatric population. Four studies 
of acute otitis media (AOM) in children younger than 7 yrs. 
being treated with gatifloxacin for 10 days have been con-
ducted. Each study specifically evaluated subjects for evidence 
of arthrotoxicity and entailed pretreatment joint assessment 
and gait characterization. These evaluations of 867 children 
were repeated at days 4, 5, or 6 after initiation of treatment, at 
the test of cure and late follow-up visits, and at one year. No 
evidence of arthrotoxicity was found (Pichichero et al., 2005). 
Also, neither gatifloxacin nor ciprofloxacin showed any neg-
ative effect on growth velocity in a lamb model (Sansone et 
al., 2009).

6h. Renal failure

Renal toxicity with fluoroquinolones is rare. Case reports 
and temporally-related adverse events have been reported 
primarily for ciprofloxacin (Lomaestro, 2000) and as part 

of  the “temofloxacin syndrome”—hemolysis, renal failure, 
coagulopathy, and hepatic dysfunction (Blum et al., 1994) 
(see Part 11, Quinolones and fluoroquinolones). There are 
no specific reports of renal toxicity for gatifloxacin.

6i. Ocular toxicity

Topical gatifloxacin is used in the eye for surgical prophy-
laxis and treatment of bacterial keratitis. Clinically signifi-
cant epithelial toxicity in healthy human corneas was not 
found after dosing regimens of 4 times per day for 7 days or 
hourly for 10 hours (Price et al., 2005). In vitro, gatifloxacin 
showed toxicity toward human corneal epithelial cells simi-
lar to that of ciprofloxacin or norfloxacin (Tsai et al., 2010; 
Ayaki et al., 2010). In a rabbit model, preparations of oflox-
acin, gatifloxacin, ciprofloxacin, levofloxacin, and moxiflox-
acin were compared with respect to changes in corneal 
epithelial thickness. Moxifloxacin, which was the only prepa-
ration not containing benzalkonium chloride (BAC), did 
not induce significant changes in epithelial thickness. It has 
been postulated that BAC is the cause of epithelial thickness 
changes associated with topical ophthalmic antibiotic prepa-
rations (Kovoor et al., 2004). Short-term dosing in rabbits, 
however, did not demonstrate any difference between topical 
gatifloxacin, moxifloxacin, or untreated controls in relation 
to mean corneal damage scores (Herrygers et al., 2005). In 
the rabbit model there were no significant differences in the 
re-epithelialization rates between ophthalmic preparations 
of moxifloxacin and gatifloxacin and buffered saline solution 
(Williams et al., 2007). Likewise, gatifloxacin and moxifloxa-
cin showed no differences in terms of corneal healing and 
ocular tolerability in a small randomized controlled trial on 
prophylaxis following pterygium surgery (Mimouni et al., 
2015). Similar findings have been reported on prophylaxis 
following LASIK (Campos et al., 2011) or photorefractive 
keratectomy (Shin et al., 2010) In one study however, rabbit 
corneal cells showed lesser viability over time with moxiflox-
acin 0.5% and levofloxacin 1.5% compared to gatifloxacin 
0.3%. The same group reported lesser cell proliferation in a 
corneal abrasion model, with levofloxacin 1.5% compared to 
gatifloxacin 0.3% (Fukuda and Sasaki, 2015).

Intrastromal corneal crystalline deposits have been 
described in a patient 3 weeks after penetrating keratoplasty 
and prolonged postoperative treatment with topical 0.3% 
gatifloxacin. At 6 months the deposits, composed of crystals 
in a polydispersion pattern and distributed throughout the 
stroma of the corneal graft, were unchanged (Awwad et al., 
2004). Follow-up at 2 years revealed only small remnants of 
the precipitates (Awwad et al., 2006). The safety of intracam-
eral injections of gatifloxacin and levofloxacin was assessed 
in a rabbit model: both antibiotics were nontoxic in terms of 
clinical toxicity score, corneal thickness, and viability (Choi 
and Chung, 2009).

6j.  Clostridium difficile-associated diarrhea 

The North American Pulsefield Type 1/PCR ribotype 027 
(NAP1/027 or NAP1/B1/027—ribotype 027, also known 
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as B1 in the USA) strain of Clostridium difficile has emerged 
as a cause of epidemics in North America, the UK, and the 
Netherlands. This hypervirulent strain contains both the 
binary toxin gene ctdB and a deletion in the tcdC gene. The 
role of the former in disease production is uncertain, but 
the deletion in the putative negative regulatory tcdC gene 
may cause increased toxin production by defective repression 
of toxin gene expression. NAP1/027 has been found to pro-
duce 16 times more toxin A and 23 times more toxin B than 
control strains (Warny et al., 2005). Resistance of NAP1/027 
to fluoroquinolones has been postulated as a possible pro-
moter of the current epidemic. Case–control and cohort 
studies have proposed an association between Clostridium 
difficile–associated diarrhea (CDAD) and fluoroquinolone 
use. Fluoroquinolones were the antibiotics most strongly 
associated with CDAD in retrospective analyses (Pepin et 
al., 2005; McCusker et al., 2003; Loo et al., 2005). A similar 
association has been described for levofloxacin (Muto et al., 
2005). Newer fluoroquinolones with anti- anaerobic activity 
have been postulated to provide greater selective pressure for 
CDAD. Of 187 strains from outbreaks collected in eight 
health care facilities in the USA, 50% or more were NAP1/027. 
Resistance to gatifloxacin and moxifloxacin was more com-
mon in the epidemic strain than in historic nonepidemic 
isolates (100% vs. 42%, p < 0.001) (McDonald et al., 2005). 
Similarly, resistance to gatifloxacin and moxifloxacin was 
found in recent isolates compared to historical CDAD iso-
lates in Quebec, Canada (Bourgault et al., 2006). An increase 
in the rate of CDAD in a long-term care facility was tempo-
rally related to a formulary change from levofloxacin to gati-
floxacin. A case–control study was therefore conducted and 
logistic regression analysis suggested associations between 
use of clindamycin (p = 0.005) and increasing duration of 
gatifloxacin therapy (p < 0.0001). The incidence of CDAD 
decreased after a change back to levofloxacin (Gaynes et al., 
2004). In a mouse model gatifloxacin and moxifloxacin 
promoted significantly more growth of C. difficile and toxin 
production than ciprofloxacin or levofloxacin. All four fluo-
roquinolones exerted selective pressure on resistant strains 
during treatment. Ciprofloxacin or levofloxacin, alone or 
in combination with other antimicrobials that disrupt the 
anaerobic microflora, exerted similar pressure at high doses 
(Adams et al., 2007). 

Two studies do not support the role of fluoroquinolones 
in CDAD. A population-based, nested control study using 
healthcare records of 1.6 million Ontario residents found no 
increased risk of CDAD requiring hospitalization among 
patients given gatifloxacin or moxifloxacin compared with 
levofloxacin (Dhalla et al., 2006). A multiresistant (including 
to fluoroquinolones) toxin A–negative, toxin B–positive 
clonal outbreak was brought under control by infection con-
trol interventions and without changes in total fluoroquino-
lones use (Drudy et al., 2007).

6k. Fetal toxicity

Teratogenic effects were not seen in rats or rabbits at doses 
that corresponded to 0.7–1.9 times the human doses. Skeletal 

malformations and developmental delays in skeletal ossifi- 
cation did occur at higher doses if given during periods of 
organogenesis. Similar findings have been found with other 
fluoroquinolones (Bristol Myers Squibb, 2006).

6l. Other toxicities

Review of the FDA Adverse Event Reporting System of cases 
for exacerbation of myasthenia gravis following quinolone 
administration identified 27 cases: cases that involved use 
of levofloxacin (n = 9), moxifloxacin (n = 6), ciprofloxacin 
(n = 6), and gatifloxacin (n = 2).

7. CLINICAL USES OF THE DRUG

A summary of the various studies assessing the efficacy of 
gatifloxacin in clinical, randomized, double-blind controlled 
trials is shown in Table 115.4.

7a.  Respiratory tract infection

Gatifloxacin has increased activity against respiratory patho-
gens compared to ciprofloxacin and is therefore a potential 
first-line agent for community-acquired pneumonia (CAP), 
acute exacerbations of chronic bronchitis (AECB), acute 
bacterial sinusitis, and acute otitis media (AOM).

COMMUNITY-ACQUIRED PNEUMONIA

Efficacy has been demonstrated in trials of patients with mild 
to moderate CAP. Randomized, double-blind CAP studies 
include three preregistration and three postregistration tri-
als. The phase III trials used clarithromycin, levofloxacin, or 
ceftriaxone (with or without erythromycin with step-down 
to clarithromycin) as the comparator regimens. Equivalence 
was demonstrated, with the clinical efficacy rates for evalu-
able patients being 88% versus 91% (gatifloxacin, clarithro-
mycin), 88% versus 85% (gatifloxacin, ceftriaxone) and 90% 
vs. 93% (gatifloxacin, levofloxacin) (FDA, 2006). The post-
registration studies used clarithromycin, co-amoxyclav, or 
ceftriaxone plus a macrolide as the comparator agent(s). For 
the treatment of mild to moderate CAP in 286 patients, oral 
gatifloxacin (400 mg daily) compared to oral clarithromycin 
(500 mg twice daily) for 5–14 days led to similar overall clin-
ical response (cured or improved) rates for the two treatment 
groups: 92.2% versus 93.1%, respectively. Corresponding bac- 
teriological response rates (eradication plus presumed eradi-
cation) were 96.7% and 87.5%, respectively (Lode et al., 2004a). 
Oral gatifloxacin 400 mg compared to oral co-amoxyclav for 
the treatment of mild to moderate CAP in 462 patients 
showed equivalence, with clinical response rates of 86.8% vs. 
81.6%, respectively, and bacteriological efficacy rates of 83.1% 
and 78.7%, respectively (Lode et al., 2004b). For sequential 
i.v. to oral gatifloxacin vs. i.v. ceftriaxone with or without i.v. 
erythromycin to oral clarithromycin in 205 patients, clinical 
response rates (98% vs. 92%, respectively) and bacteriological 
eradication rates (92% vs. 92%, respectively) were equivalent. 
Gatifloxacin showed an economic advantage in comparison 
to the ceftriaxone regimen (Dresser et al., 2001). Two open- 
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 label, randomized studies, gatifloxacin monotherapy (i.v./
oral) vs. clarithromycin (with or without ceftriaxone) (Correa 
et al., 2003) or ceftriaxone (with or without clarithromycin) 
(Dean et al., 2006), also showed equivalence. The latter study 
also showed no significant differences in return to usual 
activities, pneumonia-specific symptom scores, and health 
survey scores. Three large, noncomparative open-label stud-
ies (1400–3300 patients) using oral gatifloxacin for mild to 
moderate CAP gave clinical response rates of > 95% (Gotfried 
et al., 2002; Medeiros, 2002; Casillas et al., 2000). Open-label, 
noncomparative, oral gatifloxacin studies on patients with 
specific culture-proven pathogens reported clinical response 
and bacteriological cure rates of 95.3% and 94.5%, respec-
tively, for Streptococcus pneumoniae (Jones et al., 2002); and 
a 94.9% clinical response rate for Haemophilus influenzae 
(Nicholson et al., 2002b). In elderly outpatients with CAP, 
oral gatifloxacin 400 mg once daily gave clinical response 
rates of 96.2% for patients aged 65–79 years and 90.2% for 
those ≥ 80 years (Nicholson et al., 2002a). Treatment failure 
was reported in one 80-year-old woman with Streptococcus 

pneumoniae CAP. Analysis showed selection of gryA muta-
tion in an organism with a preexisting parC mutation (Kays 
et al., 2007).

ACUTE EXACERBATIONS OF CHRONIC BRONCHITIS 

Efficacy has been demonstrated for patients with acute exac-
erbations of chronic bronchitis (AECB). Two randomized, 
double-blind controlled phase III trials comparing gatiflox-
acin with either levofloxacin or cefuroxime demonstrated 
equivalence, with response rates of 88% versus 92% and 86% 
versus 83%, respectively, in evaluable patients (FDA, 2006). In 
addition a postregistration randomized, double-blind, dou-
ble dummy, parallel group study compared two doses of oral 
gatifloxacin (200 mg and 400 mg once daily) for 5 days with 
co-amoxyclav (500 mg amoxicillin/125 mg clavulanic acid 
three times daily) for 10 days in 414 patients who fulfilled the 
Anthonisen Class I or Class II criteria for AECB. The patients 
also exhibited reduced lung function as measured by spirom-
etry or peak flow compared to their preexacerbation state. 
The study was powered to show equivalence. The overall 

Table 115.4. Summary of randomized double-blind controlled trials of gatifloxacin.

Infection Gatifloxacin n Comparator n
Clinical 
Cure Rates

Microbiological 
Cure Rates Reference

Community acquired pneumonia (Mild-Moderate)

400 mg orally daily 191 clarithromycin 190 88% vs. 91% 95% vs. 90% FDA

400 mg orally daily 104 ceftriaxone plus 
erythromycin

108 88% vs. 85% 86% vs. 89% FDA

400 mg orally daily 172 levofloxacin 178 90% vs. 93% 91% vs. 94% FDA

400 mg orally daily 141 clarithromycin 145 92.2% vs. 93.1% 96.7% vs. 87.5% Lode et al. (2004a)

400 mg orally daily 228 co-amoxyclav 234 86.8 vs. 81.6% 83.1% vs. 78.7% Lode et al. (2004b)

400 mg IV to oral daily  99 ceftriaxone plus 
erythromycin or 
clarithromycin

106 98% vs. 92% 92% vs. 92% Dresser et al. (2001)

Acute exacerbations of chronic bronchitis (AECB)

400 mg orally daily 145 levofloxacin 151 88% vs. 92% 94% vs. 94% FDA

400 mg orally daily 145 cefuroxime 139 86% vs. 83% 81% vs. 80% FDA

200 mg orally daily 140 co-amoxyclav 132 86.2% vs. 81.7% 87.5% vs. 79.1% Soler et al. (2003)

400 mg orally daily 142 79.4% vs. 81.7% 87.3% vs. 79.1% Soler et al. (2003)

400 mg orally daily clarithromycin 89% vs. 89% > 90% vs. >90% Gotfried et al. (2001)

Sinusitis

400 mg orally daily 146 clarithromycin 157 72% vs. 76% NA FDA

400 mg orally daily 113 trovafloxacin 116 88% vs. 84% NA FDA

Urinary tract infection

Uncomplicated
400 mg single dose 248 ciprofloxacin 241 81% vs. 85% 80% vs. 81% Naber et al. (2004a)

200 mg daily 3 days 252 85% vs. 85% 83% vs. 81% Naber et al. (2004a)

400 mg single dose 436 ciprofloxacin 444 93% vs. 93% 90% vs. 89% Richard et al. (2002)

200 mg daily 3 days 443 95% vs. 93% 95% vs. 89% Richard et al. (2002)

Complicated
400 mg daily 189 ciprofloxacin 183 > 90% vs. > 90% 92% vs. 83% Cox et al. (2002)

200 mg daily 274 ciprofloxacin 269 69% vs. 65% 77% vs. 73% Naber et al. (2004b)

400 mg daily 280 70% vs. 65% 78% vs. 73% Naber et al. (2004b)

Abbreviation: NA: not available.
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clinical response rates in the modified intent to treat (mITT) 
population were 86.2%, 79.4%, and 81.7% for gatifloxacin 
200 mg, gatifloxacin 400 mg, and coamoxyclav, respectively. 
Statistical analysis showed equivalent efficacy for the three 
treatment groups. Bacterial eradication was also similar for 
the three treatment groups: 87.5%, 87.3% and 79.1%, respec-
tively (Soler et al., 2003). A second randomized, double-blind 
study of 468 evaluable patients with mainly (82%) Anthonisen 
Class I exacerbations of AECB compared three regimens: 
gatifloxacin for 5 days, or 7 days, and clarithromycin for 10 
days. The clinical cure rates were comparable between groups: 
89% in the gatifloxacin 5 day group, 88% in the gatifloxacin 
7 day group, and 89% in the clarithromycin 10 day group. The 
bacteriological eradication rate was > 90% in all three groups 
(Gotfried et al., 2001). Open-label noncomparative trials have 
reported clinical response rates of 91.9% in 2084 patients 
(Anzueto et al., 2002), 96.1% in 5885 patients (Casillas et al., 
2000), and 95.9% in 756 patients (Medeiros, 2002).

SINUSITIS

In the treatment of acute rhinosinusitis, clinical efficacy for 
gatifloxacin has been reported in three preregistration and 
additional comparative and noncomparative postregistration 
studies. Two of the three preregistration studies were multi-
center, randomized double-blind controlled trials with either 
clarithromycin (n = 303 clinically evaluable patients) or tro-
vafloxacin (n = 228 clinically evaluable patients) as compar-
ators. Inclusion criteria required radiographic evidence of 
infection and two symptoms of acute maxillary sinusitis 
(purulent nasal discharge and facial pain or tenderness). 
Equivalence was demonstrated with response rates of 72% 
versus 76% for gatifloxacin and clarithromycin, and 88% ver-
sus 84% for gatifloxacin and trovafloxacin. The third study was 
an open-label uncontrolled trial that yielded a clinical effi-
cacy rate of 79% (FDA, 2006). In a multicenter, investigator- 
blinded comparative postregistration study, oral gatifloxacin 
400 mg once daily given either as a short 5 day, or the more 
standard 10 day, course, was compared to amoxicillin/clavu-
lanic acid also given for 10 days. Admission to the trial 
re quired at least 7 days of symptoms—facial pain, tenderness 
over the maxillary area, and purulent discharge from either 
the maxillary sinus orifice, the nose, or the back of the throat. 
In addition, radiographical evidence of infection (opacification, 
air/fluid level, or mucosal thickening ≥ 5 mm in one or both 
maxillary sinuses) had to be present. The clinical response 
rate in the 405 clinically evaluable patients was equivalent for 
all three treatment regimens: 74% for the 5-day gatifloxacin, 
80% for the 10-day gatifloxacin, and 72% for the 10-day 
amoxicillin/clavulanic acid group (Sher et al., 2002a). Three 
large, open-label, noncomparative postmarketing studies have 
reported clinical response rates of 91.6% in 10,353 patients 
(Sher et al., 2002b), 96.4% in 8,716 patients (Casillas et al., 
2000), and 96.3% in 2,787 patients (Medeiros, 2002).

ACUTE OTITIS MEDIA 

Two phase II noncomparative studies using gatifloxacin (10 
mg/kg once daily for 10 days) on young children with recur- 

rent acute otitis media (AOM) (≥ 3 episodes within the pre-
vious 6 months or ≥ 4 episodes in the last 6 months) or with 
nonresponsive AOM (AOM occurring ≤ 14 days after anti-
biotic treatment or failure to improve after ≥ 48 hours of 
therapy) found clinical response rates at end of treatment 
in evaluable patients of 90% (n = 114) (Leibovitz et al., 2003) 
and 88% (n = 198) (Arguedas et al., 2003). All patients in 
both studies underwent tympanocentesis allowing isolation 
of the causative pathogen(s) in 89 and 115 patients; with bac-
teriological cure rates of 98% and 86%, respectively. In both 
studies, although there was a relatively high percentage of 
pneumococcal isolates that were penicillin-intermediate or 
-resistant (72% and 42%, respectively), the cure rates for gati-
floxacin in relation to this organism were high (94% and 
84%, respectively). 

These phase II studies were followed by two multicentre, 
single-blind comparative trials in children aged 6 months 
to 7 years. (Sher et al., 2005; Saez-Llorens et al., 2005). Gati-
floxacin suspension (10 mg/kg once daily) was compared to 
amoxicillin/clavulanic acid (90 mg/6.4 mg in two divided 
doses) for 10 days in patients with recurrent AOM or non-
responsive AOM as defined previously. Equivalence was 
demonstrated in both studies, 84.7% for gatifloxacin vs. 
78.6% for amoxicillin/clavulanic acid (Sher et al., 2005), and 
90.2% versus 84.3%, respectively (Saez-Llorens et al., 2005). 
Because tympanocentesis was not performed routinely on all 
patients, bacteriological cure rates were obtained on small 
numbers of patients but were comparable for both antibiot-
ics. All of the studies described just above demonstrated 
good clinical success rates in patients likely to have higher 
rates of resistant organisms due to prior antibiotic selective 
pressure. The safety of gatifloxacin in children was of partic-
ular concern and was specifically addressed in all studies—
the results of which were published separately (Pichichero et 
al., 2005; see section 6, Adverse reactions and toxicity). The 
use of the 8-methoxy-fluoroquinolones in the treatment of 
multidrug- resistant childhood AOM is not standard practice 
(Dagan et al., 2004).

7b.  Urinary tract infections and prostatitis

Gatifloxacin has good activity in the urinary tract with high 
clinical response rates. In uncomplicated urinary tract infec-
tions two double-blind randomized trials comparing oral 
gatifloxacin single dose (400 mg), multiple dose (200 mg 
daily for 3 days), and ciprofloxacin (either 100 mg twice daily 
or 250 mg twice daily for three days) have been reported 
(Naber et al., 2004a; Richard et al., 2002). Both studies 
showed equivalence for the three regimens. The bacteriolog-
ical cure rates at end of treatment in 741 patients were 80%, 
83%, and 81% for single-dose gatifloxacin, multiple-dose 
gatifloxacin, and 250 mg twice daily ciprofloxacin, respec-
tively. The clinical response rates at the end of treatment were 
81%, 85%, and 85%, respectively (Naber et al., 2004a). In 
673 patients, the bacteriological cure rates were 90%, 95%, 
and 89% for the three regimens, respectively, and the clinical 
response rates were 93%, 95%, and 93%, respectively (Richard 
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et al., 2002). In both studies the predominant organisms iso-
lated were E. coli, K. pneumoniae, P. mirabilis, Enterococcus 
spp., and S. saprophyticus. 

Studies in complicated urinary tract infection have also 
demonstrated efficacy for gatifloxacin. In a randomized, 
double-blind multicenter comparative study (gatifloxacin 
400 mg once daily or ciprofloxacin 500 mg twice daily for 
7–10 days) of 189 clinically and 186 microbiologically eval-
uable patients, the clinical response rate was > 90% in 
both  treatment groups with bacterial eradication rates of 
92% and 83%, respectively. This study demonstrated equiva-
lence and included patients with complicated urinary tract 
infection (indwelling or intermittent catheterization, impaired 
bladder emptying, obstructive uropathy, surgical alter-
ations to the urinary tract and other urologic abnormalities, 
together with signs and symptoms of infection) and patients 
with pyelonephritis (Cox et al., 2002). A second randomized, 
double-blind multicenter comparative study with similar 
inclusion criteria (except that catheterized patients were 
excluded) and an additional gatifloxacin treatment regimen 
has also been reported (Naber et al., 2004b). Oral gatifloxa-
cin 200 mg or 400 mg once daily or ciprofloxacin 500 mg 
twice daily for 5–14 days was given to 824 patients available 
for mITT analysis. Equivalence was demonstrated, with the 
clinical response rates at the end of treatment being 69%, 
70%, and 65% for the three treatment regimens, respectively, 
and corresponding bacteriological response rates were 77%, 
78%, and 73%, respectively. The most common causative 
organisms were E. coli, E. faecalis, P. mirabilis, K. pneumo
niae, and Pseudomonas aeruginosa.

Gatifloxacin has been studied in a small observational 
noncomparative trial in chronic prostatitis in Japan and 
demonstrated reduction in pain and improvement in quality 
of life (Kunishima et al., 2008). A similar study design was 
used for the evaluation of gatifloxacin given for 3 days for the 
treatment of cystitis. Clinical cure rates were 93.1% overall, 
94.7% if the pathogen was susceptible, and 75% if the patho-
gen was resistant (Yamamoto et al., 2009).

7c.  Mycobacterial infections

MYCOBACTERIUM TUBERCULOSIS

Many of the fluoroquinolones have been used in clinical tri-
als (Moadebi et al., 2007).. There is a study showing early 
bactericidal activity (EBA) in an open-label trial of isoniazid 
(INH), levofloxacin, gatifloxacin, or moxifloxacin in 40 newly 
diagnosed patients with smear-positive pulmonary tubercu-
losis (TB). The EBA at 0–2 days was highest for INH, but 
at 2–7 days all fluoroquinolones exhibited equivalence and 
when the data were pooled showed an extended EBA in 
comparison with INH (Johnson et al., 2006). Likewise, sub-
stituting gatifloxacin for ethambutol in newly diagnosed 
smear-positive patients with pulmonary TB resulted in 
shorter times to conversion in patients treated with gatiflox-
acin, but there were no significant differences in the propor-
tions of culture-negative patients at 8 weeks (Rustomjee et 

al., 2008). In an open-label randomized trial of fully suscep-
tible pulmonary TB, noninferiority of a 4 month combina-
tion of INH, RIF, and gatifloxacin compared to a standard 
6  month regimen was not shown, and this was essentially 
due to higher TB recurrences (14.6% vs. 7.1%) (Merle et al., 
2014). Similarly, an open-label randomized trial comparing 
2  months of gatifloxacin, INH, RIF, and PZA followed by 
2 months of gatifloxocin, INH, and RIF to standard therapy 
for pulmonary TB—both regimens given thrice weekly—was 
terminated prior to completion by the drug safety monitor-
ing board because of high rates of recurrences in the gatiflox-
acin arm (Jawahar et al., 2013). 

Gatifloxacin has been successfully used in the treatment 
of multidrug-resistant tuberculosis (MDR-TB): treatment 
regimens of gatifloxacin, ethambutol, pyrazinamide, and 
clofazimine for 9 to 12 months supplemented for a minimum 
of 4 months with kanamycin and prothionamide achieved 
cure rates of between 82% and 89% in prospective cohorts 
(Van Deun et al., 2010; Aung et al., 2014; Piubello et al., 2014; 
Kuaban et al., 2015). Furthermore, failure seems less fre-
quent with gatifloxacin-containing regimens compared to 
ofloxacin-containing regimens (Van Deun et al., 2010).

NON-TUBERCULOUS MYCOBACTERIAL INFECTIONS

Only limited data on the use of gatifloxacin against atypical 
mycobacteria are available. Treatment of patients suffering 
from pulmonary Mycobacterium avium infection with 
rifampicin, ethambutol, and clarithromycin was compared 
to treatment with rifampicin, ethambutol, and gatifloxacin. 
Eradication of pathogen, clearance of symptoms, and improve-
ment of chest x-ray were all comparable between groups 
(Fujita et al., 2012). 

Gatifloxacin, in association with linezolid and clarithro-
mycin, was successfully used in 12 cases of breast implant 
infection with Mycobacterium chelonae and M fortuitum 
(Thomas et al., 2013). A case of keratitis after penetrating 
keratoplasty due to Mycobacterium chelonae was successfully 
treated with topical gatifloxacin 0.3% for 4 months (Perez-
Balbuena et al., 2010).

7d.  Ocular infections—treatment and 
prophylaxis

Ophthalmic preparations of gatifloxacin have been studied 
as prophylactic and therapeutic agents. Animal studies sup-
port use of gatifloxacin as a prophylactic agent (Slade et al., 
2007; Tungsiripat et al., 2003; de Castro et al., 2006), and 
human studies show good corneal healing after refractive 
surgery with both gatifloxacin and moxifloxacin topical 
preparations (Durrie and Trattler, 2005; Burka et al., 2005). 
Given immediately after penetrating keratoplasty, gatiflox-
acin allowed earlier reepithelialization than moxifloxacin 
(Moshirfar et al., 2005). In a large retrospective multicenter 
observational study of 20,013 patients undergoing cataract 
surgery, the rates of endophthalmitis were determined for 
patients receiving either moxifloxacin or gatifloxacin topical 
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prophylaxis. The overall rate of endophthalmitis was 0.07%, 
and no statistical differences in the rates between the patients 
receiving gatifloxacin prophylaxis (0.06%) and moxifloxacin 
prophylaxis (0.1%) were noted (Moshirfar et al., 2007). 
Reports of failure after gatifloxacin prophylaxis included 
one case that followed refractive surgery (MRSA isolated) 
(Moshirfar et al., 2006) and 24 cases that followed cataract 
surgery (mostly coagulase-negative staphylococci) (Deramo 
et al., 2006). Use of topical gatifloxacin prophylaxis before 
penetrating the conjunctivae of cadavers with a needle did not 
show reductions of contamination of the syringe (Pettey et 
al., 2013). Likewise, adding gatifloxacin drops to povidone–
iodine confers no additional benefit versus povidone–iodine 
alone in patients undergoing intravitreal injection (Moss et 
al., 2009). Despite this, topical gatifloxacin or moxifloxacin 
are widely used for that indication according to a large U.S. 
survey (Chang et al., 2015a). 

Treatment studies are limited. For treatment of bacterial 
conjunctivitis, gatifloxacin 0.3% was as effective adminis-
tered twice daily as four times a day (Yee et al., 2005), and 
gatifloxacin 0.5% was reported to achieve higher clinical and 
microbiological cure rates than placebo (Heller et al., 2014). 
For the treatment of keratitis, gatifloxacin demonstrated sig-
nificantly better healing of conjunctival ulcers due to Gram-
positive organisms than topical ciprofloxacin. For corneal 
ulcers due to Gram-negative organisms healing was similar 
for the two agents (Parmar et al., 2006). A randomized clini-
cal trial that compared gatifloxacin 0.3%, moxifloxacin 0.5%, 
and the combination of tobramycin 1.3% and cefazolin 5% 
for the treatment of corneal ulcers failed to show any differ-
ence between the treatment groups, but this study was ended 
prematurely due to slow recruitment and was thus under-
powered (Shah et al., 2010). In a rabbit model of endophthal-
mitis due to penicillin-resistant Streptococcus pneumoniae, 
neither gatifloxacin 0.3% nor moxifloxacin 0.5% managed to 
sterilize the aqueous humor (Norcross et al., 2010). 

A case of keratitis due to cotrimoxazole-resistant Nocardia 
species was successfully treated with topical moxifloxacin 
and oral gatifloxacin (Mittal and Fernandes, 2012). As noted 
above, a 4 month course of topical gatifloxacin 0.3% cured a 
case of keratitis due to Mycobacterium chelonae (Perez-
Balbuena et al., 2010).

7e.  Sexually transmitted diseases

In a randomized, double-blind controlled trial, 340 men and 
388 women with uncomplicated gonorrhea received either a 
single dose of gatifloxacin 400 mg, gatifloxacin 600 mg, or 
ofloxacin 400 mg. Bacteriological eradication rates in evalu-
able men with urethral gonorrhea were 99%, 100%, and 100% 
for the three regimens, respectively. For women with endo-
cervical gonorrhea eradication rates were 99% for both doses 
of gatifloxacin vs. 100% for ofloxacin. Eradication rates for 
rectal and pharyngeal gonorrhea were 100% for all treatment 
groups. Only two of the 550 isolates obtained in the study 
had reduced susceptibility to ciprofloxacin (MIC = 0.5 μg/ml); 

the corresponding gatifloxacin MICs were 0.125–0.25 mg 
(Stoner et al., 2001). With the increasing rates of fluoro-
quinolone resistance among strains of Neisseria gonorrhoea 
in many regions of the world, knowledge of local patterns of 
resistance prevalence is essential prior to the recommenda-
tion of gatifloxacin (or any other fluoroquinolone) for empir-
ical treatment of gonorrhea.

Mycoplasma genitalium and Chlamydia trachomatis are 
the primary pathogens causing nongonococcal urethritis 
and a single dose of 1g azithromycin is the recommended 
treatment, achieving eradication rates of approximately 80%. 
Quinolones are moderately active against M. genitalium, with 
moxifloxacin, sparfloxacin, and gatifloxacin showing supe-
rior activity versus levofloxacin, ciprofloxacin, or norfloxacin 
(Hagiwara et al., 2011). In an open-label, noncomparative 
trial, gatifloxacin showed a microbiological cure rate of 
100% against C. trachomatis and 83% against M. genitalium 
(Hamasuna et al., 2011).

7f.  Helicobacter pylori infection

Gatifloxacin has been used in a limited number of patients 
for the treatment of H. pylori infection. Response rates in 104 
patients when used in combination with amoxicillin and 
two dosing regimens of the proton pump inhibitor (PPI) 
rabeprazole (20 mg once or twice daily) were 83% or 92%, 
respectively (Sharara et al., 2004). The same gatifloxacin plus 
amoxicillin plus high dose PPI regimen was used as second-
ary eradication therapy in 45 patients, with a successful out-
come in 84.4% (Sharara et al., 2006). Of concern, however, is 
the potential development of fluoroquinolone resistance due 
to mutation in the gyrA gene—in particular after prior fluo-
roquinolone exposure for the treatment of other infections. 
Gatifloxacin resistance was a cause of failed therapy in a pilot 
study of 30 patients undergoing sequential H. pylori therapy 
(Graham et al., 2006). Similarly, gatifloxacin in association 
with amoxicillin and rabeprazole showed 100% cure rates in 
cases in which the gyrA mutation was absent but only 33% 
in cases in which it was present (Nishizawa et al., 2008).

7g.  Enteric fever and other gastrointestinal 
infections

An open-label, randomized trial comparing oral gatifloxacin 
(10 mg/kg once daily) with cefixime (20 mg/kg in two 
divided doses) for 7 days for the treatment of uncomplicated 
enteric fever was stopped after preliminary analysis showed 
inferiority of cefixime in relation to the two study endpoints: 
fever clearance time and overall treatment failure. After 390 
patients were enrolled, the median fever clearance times 
were 92 hours for gatifloxacin versus 138 hours for cefixime 
(p = < 0.0001); and 27% of the cefixime-treated patients were 
classified as treatment failures compared to 1% in the gati-
floxacin group (p < 0.001) (Pandit et al., 2007). In a study 
conducted in Nepal, 627 children and adults were random-
ized to gatifloxacin or ofloxacin for 7 days for the treatment 
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of enteric fever. Both drugs were comparable with respect to 
the composite primary endpoint of treatment failure, defined 
as the occurrence of fever > 10 days, the need for rescue anti-
microbial therapy, positive blood culture 8 days after the 
randomization, or relapse of symptoms after day 8. However 
the median time to resolution of fever was significantly 
shorter in the gatifloxacin group (Koirala et al., 2013). In 
Vietnam, 287 children were randomized to gatifloxacin or 
azithromycin for the treatment of typhoid fever, 96% of 
which were nalidixic acid–resistant. Time to resolution of 
fever and failure rates were similar between groups (Dolecek 
et al., 2008). Similarly, 352 patients with enteric fever con-
firmed by blood culture were randomized to chlorampheni-
col for 10 days or gatifloxacin for 7 days. Failure rates and 
times to fever resolution were similar between groups, but 
the rate of adverse events was higher (24%) in the chloram-
phenicol group compared to the gatifloxacin group (14%) 
(Arjyal et al., 2011).

Shigellosis is a major cause of dysentery in the developing 
world and fluoroquinolones are often recommended for its 
treatment. Unfortunately resistance has been increasing and 
in some areas; resistance to nalidixic acid is > 90% in some 
areas, corresponding to areas in which reduced susceptibility 
to ciprofloxacin is widespread. In an open-label randomized 
controlled trial conducted in Vietnam, 494 patients with dys-
entery were randomized to ciprofloxacin or gatifloxacin. 
Times to resolution of symptoms and failure rates were sim-
ilar between groups (Vinh et al., 2011).

7h.  Other infections

In a multicenter, randomized, comparative double-blind 
study of 410 patients with uncomplicated skin and soft tissue 
infection, equivalence between oral gatifloxacin 400 mg and 
levofloxacin 500 mg, both for 7–10 days, was demonstrated 
with clinical response rates of 91% and 84%, respectively 
(Tarshis et al., 2001). 

Two studies of oral gatifloxacin in patients with febrile 
neutropenia (40 adult and 108 pediatric patients) have been 
published—both studies were in low risk outpatient popula-
tions. In the pediatric study (Petrilli et al., 2007) the treat-
ment was successful in 74.9% of patients; and in the adult 
study (Rolston et al., 2006) in 92%. 

Chlamydia pneumoniae has been postulated as playing 
a  role in atherosclerosis and hence risk of cardiovascular 
events. A large prospective study of 4162 patients who had 
been hospitalized for acute coronary syndrome determined 
that gatifloxacin given daily initially, then 10 days per month 
for 2 years, did not result in any difference in the primary 
endpoint of death from cardiovascular causes. The Kaplan–
Meier analysis of the rates of primary endpoint events at two 
years yielded rates of 23.7% in the gatifloxacin group and 
25.1% in the placebo group (p = 0.41) (Cannon et al., 2005).

Two cases of post-neurosurgical infection due to Myco
plasma hominis were successfully treated with gatifloxacin 
in Australia (McCarthy and Looke, 2008).
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1. DESCRIPTION

Lomefloxacin is a second generation difluoroquinolone and 
has the chemical name 1-ethyl-6,8-difluoro-1,4-dihydro- 
7-(3-methyl-1-piperazinyl)-4-oxoquinoline-3-carboxylic 
acid (see Figure 116.1). Relative to norfloxacin, it has a simi-
lar spectrum of activity but better tissue penetration and, 
because of a longer half-life, can be given once daily (see 
Chapter 102, Norfloxacin). Lomefloxacin appears to be effec-
tive in the treatment of urinary tract and nonpneumococcal 
respiratory tract infections. With the availability of newer 
fluoroquinolones that have broader spectra of activity, simi-
lar once daily dosing, and lower incidence of phototoxicity, 
its use is limited (Shin et al., 2014) although it remains avail-
able in parts of Asia and Europe. Similar to enoxacin (see 
Chapter 112, Enoxacin), environmental contamination with 
lomefloxacin has been identified in some regions (but not 
others), presumably due to its use in food production, espe-
cially in swine (Xiao et al., 2008; Adachi et al., 2013; Herrick 
et al., 2014; Lei et al., 2015; Xu et al., 2015).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Lomefloxacin has antibacterial activity broadly similar to 
that of norfloxacin, enoxacin, and fleroxacin. Its activity is 
similar to or inferior to that of ofloxacin, but it is 2 to 8 times 
less active than ciprofloxacin. It is inferior in spectrum to 
newer fluoroquinolones such as moxifloxacin or gatifloxacin 
(Aldridge et al., 1989; Clarke and Zemcov, 1989; Inderlied et 
al., 1989; Jones et al., 1988; Mayer and Ellal, 1992; Robbins 
et al., 1989; Shah et al., 1989; Stratton and Weeks, 1989; Sun 
et al., 1989; Weinstein, 1988; Wise et al., 1988; see Chapter 
105, Moxifloxacin, and Chapter 115, Gati floxacin). The min-
imum inhibitory concentrations (MICs) of lomefloxacin 
against some selected bacterial species are shown in Table 
116.1, although there have been very little new data since at 
least 2006.

GRAM-NEGATIVE BACTERIA

Lomefloxacin has good activity against many Enterobac-
teriaceae, as well as Haemophilus influenzae and Moraxella 
catarrhalis. Lomefloxacin may be active against diarrheal 
pathogens but resistant isolates are increasing dramatically 
in some parts of the world (Pazhani et al., 2004). Lomefloxacin 
has only moderate to poor activity against Acinetobacter 
spp. (Gu et al., 2015), Pseudomonas aeruginosa, Citrobacter 
freundii, and Providencia rettgeri. It has poor activity against 
Stenotrophomonas maltophilia and Burkholderia cepacia. 
Lomefloxacin has good in vitro activity against Vibrio spp. 
(MIC90 values ≤ 0.12 μg per ml) but variable activity against 
Campylobacter jejuni and Aeromonas hydrophila. 

Activity against Legionella spp. is good (Aldridge et al., 
1989; Chin et al., 1988; Clarke and Zemcov, 1989; Dubois 
and Joly, 1989; Edelstein et al., 1989; Felmingham and 
Robbins, 1992; Forward et al., 1989; Hoban et al., 1989; Jones 
et al., 1994; Ko et al., 2003; Prosser and Beskid, 1995; Robbins 
et al., 1989; Segreti et al., 1989; Simor et al., 1989; Su et al., 
2005; Tang et al., 2002). Lomefloxacin is active against 
Bordetella pertussis, Bordetella parapertussis, and Brucella 
melitensis (Hoppe and Simon, 1990; Qadri et al., 1990).

Lomefloxacin has poor activity against Gram-negative 
anaerobes such as Bacteroides spp. (Robbins et al., 1989).

Figure 116.1. Chemical structure of lomefloxacin.
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GRAM-POSITIVE BACTERIA

Lomefloxacin is generally at least two dilutions less active 
than sparfloxacin, moxifloxacin, or gatifloxacin against many 
Gram-positive species. Its activity is similar to that of nor-
floxacin, but generally inferior to that of ofloxacin and cipro-
floxacin (see Chapter 103, Ofloxacin, and Chapter 101, 
Ciprofloxacin). Its activity against methicillin-susceptible 
strains of Staphylococcus aureus and Staphylococcus epider
midis is intermediate, although activity is generally poor 
against methicillin-resistant strains. Notably, lomefloxacin 
has limited activity against Streptococcus pneumoniae, other 
streptococci, enterococci, and Listeria monocytogenes. Bacil
lus anthracis is susceptible in vitro and in some in vivo 
models (Aldridge et al., 1989; Bryskier, 2002; Buxbaum et al., 
1999; Canton et al., 1992; Cherubin and Stratton, 1994; 
Hoban et al., 1989; Murray et al., 1993; Pankuch et al., 1995; 
Prosser and Beskid, 1995; Spangler et al., 1993; Wise et al., 
1988; Madrid et al., 2013).

Lomefloxacin has generally limited activity against Gram-
positive anaerobes, such as Peptostreptococcus spp. (MIC90 

4 μg per ml), Clostridium perfringens, and Clostridium diffi
cile (Robbins et al., 1989).

MYCOBACTERIA

Lomefloxacin has in vitro activity against Mycobacterium 
tuberculosis that is broadly similar to that of ciprofloxacin 
and ofloxacin, but lower than that of sparfloxacin, moxiflox-
acin, or gatifloxacin (see Chapter 120, Sparfloxacin; Chapter 
105, Moxifloxacin; and Chapter 115, Gatifloxacin). Lome-
floxacin is inferior against other mycobacteria (Banerjee et 
al., 1992; Piersimoni et al., 1992; Sulochana et al., 2005). 
Lomefloxacin has some activity in Mycobacterium leprae–
infected mice, but this activity is inferior to that of ofloxacin 
and sparfloxacin (Gelber et al., 1992).

CHLAMYDIA AND MYCOPLASMA

Lomefloxacin has only moderate activity against Mycoplasma 
pneumoniae, Mycoplasma hominis, Chlamydia trachomatis, 
and Ureaplasma urealyticum (Hoban et al., 1989; Ishida et al., 
1994; Kenny and Cartwright, 1991; Kenny et al., 1989; Robbins 

Table 116.1. Lomefloxacin activity against common pathogens.

Organism
Typical MIC90 

(mg/ml)
Emerging 
resistance 

Gram-negative bacteria

Escherichia coli 0.25–0.5 Yes

Enterobacter aerogenes 0.5–2 Yes

Enterobacter cloacae    2–8 Yes

Klebsiella pneumoniae    2–8 Yes

Proteus mirabilis 0.25–1 Yes

Proteus vulgaris 0.25 Yes

Morganella morganii 0.25–0.5 Yes

Providencia rettgeri    2–4 Yes

Providencia stuartii    2–32 Yes

Serratia marcescens 8 Yes

Citrobacter freundii    1–8 Yes

Salmonella spp. 0.25 Yes

Shigella spp. 0.125–0.25 Yes

Yersinia enterocolitica 0.125–0.25

Campylobacter jejuni 0.125–1 Yes

Acinetobacter calcoaceticus    4–16 Yes

Haemophilus influenzae 0.125

Moraxella catarrhalis 0.25

Neisseria meningitidis ≤ 0.06

Neisseria gonorrhoeae Yes

Pseudomonas aeruginosa ≥ 8 Yes

Burkholderia cepacia    4–> 8 Yes

Stenotrophomonas maltophilia    1–16 Yes

Bacteroides fragilis 32

Gram-positive bacteria

Staphylococcus aureus (MSSA)    1–2 Yes

Staphylococcus aureus (MRSA) > 16 Yes

Staphylococcus epidermidis (MSSE) 1 Yes

Staphylococcus epidermidis (MRSE) > 16 Yes

Organism
Typical MIC90 

(mg/ml)
Emerging 
resistance 

Streptococcus pneumoniae    8–16

Streptococcus pyogenes 8

Enterococcus faecalis ≥ 8
Enterococcus faecium > 8

Listeria monocytogenes    4–8

Clostridium perfringens    2–4

Clostridium difficile ≥ 32

Peptostreptococcus spp. 4

Other bacteria

Legionella pneumophila 0.06

Mycoplasma pneumoniae 4

Mycoplasma hominis 2

Chlamydophila pneumoniae 4

Chlamydophila trachomatis 4

Ureaplasma urealyticum    4–8

Mycobacterium tuberculosis 0.5–4 Yes

Mycobacterium avium complex —

Abbreviations: MSSA: methicillin-susceptible S. aureus; MRSA: methicillin- 
resistant S. aureus; MSSE: methicillin-susceptible S. epidermidis; MRSE: 
methicillin-resistant S. epidermidis.

Sources: Data compiled from Aldridge et al. (1989); Buxbaum et al. (1999); 
Canton et al. (1992); Cherubin and Stratton (1994); Chin et al. (1988); 
Clarke and Zemcov (1989); Cormican et al. (1996); Dubois and Joly 
(1989); Edelstein et al. (1989); Felmingham and Robbins (1992); Forward 
et al. (1989); Gu et al. (2015); Hoban et al. (1989); Hoban et al. (1989); 
Hoogkamp-Korstanje (1997); Ishida et al. (1994); Jones et al. (1994); 
Kenny and Cartwright (1991); Kenny et al. (1989); Ko et al. (2003); Murray 
et al. (1993); Nakata et al. (1992); Pankuch et al. (1995); Prosser and 
Beskid (1995); Robbins et al. (1989); Segreti et al. (1989); Simor et al. 
(1989); Smelov et al. (2004); Spangler et al. (1993); Su et al. (2005); 
Sulochana et al. (2005); Talbot and Romanowski (1989); Tang et al. (2002); 
and Wise et al. (1988).
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et al., 1989; Smelov et al., 2004; Talbot and Romanowski, 
1989). Sparfloxacin and some of the other newer fluoro-
quinolones, such as gatifloxacin and moxifloxacin, are signifi-
cantly more active against these pathogens than lomefloxacin 
(Nakata et al., 1992; see Chapter 115, Gatifloxacin, and Chap-
ter 105, Moxiflox acin).

2b.  Emerging resistance and 
cross-resistance

Issues regarding emerging resistance are similar to, or worse 
than, those encountered with other fluoroquinolones. Like 
other agents in this class, lomefloxacin is subject to cross- 
resistance with other fluoroquinolones (Barry and Fuchs, 1991; 
see Chapter 101, Ciprofloxacin, and Chapter 104, Levofloxacin).

3. MECHANISM OF DRUG ACTION

The mechanism of action is similar to that of other fluoro-
quinolones (see Chapter 101, Ciprofloxacin).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

ORAL ADMINISTRATION

The usual dose of lomefloxacin is 400 mg once daily (or occa-
sionally twice daily). Generally, single dose lomefloxacin 
400 mg is adequate for fluoroquinolone-susceptible gono-
coccal urethritis or cervicitis; while 3–7 days therapy is suffi-
cient for uncomplicated urinary tract infections, 7–14 days 
therapy for complicated urinary sepsis and respiratory tract 
infections, and longer courses for prostatitis or osteomyelitis 
(Wadworth and Goa, 1991).

TOPICAL EYE DROPS

Lomefloxacin is also available as 0.3% eye drops, used twice 
daily, but it achieves lower concentrations in cornea and 
aqueous humor than levofloxacin (Yamada et al., 2006; 
Yamada et al., 2003).

4b.  Newborn infants and children

As lomefloxacin is not licensed for pediatric use, few data are 
available for use in these age groups.

4c.  Pregnant and lactating mothers

Lomefloxacin should generally not be used in patients during 
pregnancy or lactation.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Lomefloxacin is primarily eliminated in the urine and dos-
age reduction is necessary in patients with renal dysfunction. 

In patients with a glomerular filtration rate (GFR) > 30 ml 
per minute, the usual dose of lomefloxacin 400 mg once daily 
is appropriate, but when the GFR is < 30 ml per minute the 
dose should be reduced to 200 mg per day. Hemodialysis has 
little effect on serum lomefloxacin concentrations and no 
additional dosage adjustment is necessary in patients receiv-
ing hemodialysis (Blum et al., 1990; Leroy et al., 1990; Nilsen 
et al., 1992).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Lebrec et al. (1992) studied the pharmacokinetics of a single 
oral dose of lomefloxacin 400 mg in 12 patients with hepatic 
cirrhosis of varying degrees of severity. The mean peak 
serum concentration in these patients was 3.9 ± 1.2 μg per 
ml; the mean time to this peak was 2.1 ± 2.6 hours, and the 
mean elimination half-life was 9.2  hours. In patients with 
cirrhosis there was a reduction in total drug clearance, which 
was only 60% of that found in healthy volunteers. Mean 
nonrenal lomefloxacin clearance was 41% of the total, with 
no correlation noted between the level of nonrenal clearance 
and either hepatic insufficiency or plasma bilirubin. These 
authors suggest that the main changes in lomefloxacin clear-
ance are due to changes in renal function associated with 
cirrhosis, rather than cirrhosis per se. Thus, no dosage adjust-
ment is necessary in patients with liver dysfunction unless 
there is associated renal impairment.

ELDERLY PATIENTS

Although there are some changes in the pharmacokinetics 
of lomefloxacin associated with aging, these are insufficient 
to require any dosage adjustment in this population, unless 
renal dysfunction is present (Blum et al., 1990; Cowling et 
al., 1991; Schentag and Goss, 1992).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The absolute bioavailability of lomefloxacin is approxi-
mately 95%, with the drug rapidly absorbed after oral ad- 
minis tration. Plasma half-life is 6–8 hours and it is 10–15% 
protein-bound (Freeman et al., 1993; Hunt and Adams, 1989; 
Mant, 1992; Stuht et al., 1995; Turnidge, 1999; Wise et al., 
1988). 

The absorption of lomefloxacin is delayed when the drug 
is taken at the same time as food, with a delay in the time to 
peak serum concentrations. However, peak serum concen-
trations and the amount of lomefloxacin absorbed following 
either a high carbohydrate or high fat meal are similar to 
those expected when the drug is taken after an overnight fast 
(Hooper et al., 1990).

5b.  Drug distribution

Increases in the peak serum concentrations are proportional 
to increases in dose, with a linear relationship over a dose 



2248 Lomefloxacin

range of 100–800 mg. Following single doses of 100, 400, or 
800 mg, peak serum concentrations of 0.9–1.1, 3.0–5.2, and 
7.0–7.7  μg per ml, respectively, are achieved 1–1.5  hours 
postdose (Freeman et al., 1993; Morrison et al., 1988; Stone 
et al., 1988). Trough and peak serum levels after 5- to 7-day 
multidose regimens of either 400, 600, or 800 mg once daily 
are 0.27–0.31 and 2.8–4.7  μg per ml, 0.40–0.49 and 5.02–
5.31  μg per ml, and 0.53–0.56 and 5.42–5.99  μg per ml, 
respectively. After similar duration regimens of 200 or 400 
mg twice daily, trough and peak levels are 0.49–0.72 and 
2.12–2.73 μg per ml, and 0.64–1.56 and 3.77–5.36 μg per ml, 
respectively (Gros and Carbon, 1990; Hunt and Adams, 
1989; Mant, 1992). The presence of respiratory infection 
does not alter the pharmacokinetics (Freeman et al., 1993). 

There is a roughly linear correlation between lomefloxacin 
serum concentrations and renal clearances and creatinine 
clearances. Compared with patients with renal function of 
> 40 ml per minute GFR, the mean half-life of lomefloxa-
cin in patients with GFR 10–40 ml per minute and ≤ 10 ml 
per minute increases from 7–8 to 20.9 and 38 to 44.25 hours, 
respectively. However, no significant differences in peak 
serum concentration or time to peak concentration are 
noted, regardless of the level of renal dysfunction. In patients 
with GFR < 30 ml per minute given 200 mg once daily, serum 
peak and trough levels of 4–6 and 1–3  μg per ml, respec-
tively, can be expected. Interestingly, nonrenal lomefloxacin 
clearance also decreases with declining renal function. Hemo-
dialysis has virtually no effect on serum lomefloxacin levels, 
with < 3% of a dose recovered in dialysis fluid, and as noted 
earlier, no dosage adjustment is necessary in these patients 
(Blum, 1992; Blum et al., 1990; Leroy et al., 1990; Nilsen et al., 
1992).

DISTRIBUTION OF THE DRUG IN THE BODY

Lomefloxacin achieves approximately 100% penetration 
(based on area under the curve [AUC] ratios) into inflam-
matory blister fluid after both single- and multiple-dose reg-
imens. Mean peak blister fluid levels following both single 
and multiple doses of 400 mg are 3.2–3.5 μg per ml 2.7 hours 
postdose. The elimination half-life is similar in blister fluid 
to that in serum (Kavi et al., 1989, Stone et al., 1988).

Saliva concentrations of lomefloxacin are up to 37% of 
those in serum, or about 0.6 μg per ml (Edlund et al., 1990; 
Leigh et al., 1991). Lomefloxacin penetrates well into respira-
tory tissues and secretions. Following a single 400 mg dose 
of lomefloxacin, the mean concentration in bronchial secre-
tions (obtained at bronchoscopy) is 2.78 μg per ml, 1 hour 
postdose. The ratio between bronchial and simultaneous 
serum concentrations is 0.89%, 1 and 2  hours postdose. 
Results are similar after multiple doses (Bergogne-Berezin et 
al., 1992). Among elderly patients with chronic obstructive 
airways disease treated with lomefloxacin 400 mg once daily, 
the peak concentration in purulent, expectorated sputum is 
4.3 μg per ml, 3.1 hours postdose. At the end of the 24-hour 
dosing interval, the concentration of lomefloxacin in sputum 
can still be expected to be 1.7 μg per ml. Thus, penetration 
into sputum, based on a comparison of sputum and serum 

AUC data, is about 120% (Kovarik et al., 1992). The median 
bronchial mucosa concentration following a regimen of 
400 mg once daily for 4 days is 5.0 μg per g (177% penetra-
tion), while the concentration in alveolar macrophages is 
about 20 times that in serum (Baldwin et al., 1990; Baldwin 
et al., 1993). After five days of 400 mg once daily dosing, con-
centrations in bronchial secretions, bronchial mucosa, and 
epithelial lining fluid exceed serum concentrations (Cazzola 
et al., 2001).

Urine concentrations of lomefloxacin are at least 27.2–
34.3 μg per ml at about 1.7 hours after multiple once daily 
doses of 400  mg (Leigh et al., 1991). Other authors have 
reported higher urinary concentrations, with mean values 
during the 4 hours after a 100 or 800 mg dose to be 104 and 
713 μg per ml, respectively (Morrison et al., 1988). In addi-
tion, these latter authors also noted urinary levels of lome-
floxacin of 120 μg per ml, 12–24 hours after a 400 mg dose. 
Prostatic concentrations of lomefloxacin following a single 
preoperative oral dose of 400 mg are 6.5 ± 2.7 μg per gram of 
prostatic tissue (representing a ratio of tissue to serum con-
centrations of 1.53) (Leroy et al., 1992). Other authors have 
found broadly similar results (Klimberg et al., 1992; Kovarik 
et al., 1990; Scelzi et al., 2001).

The concentration of lomefloxacin in bone following a 
single dose of 400 mg is 70% of that in serum (On et al., 1992).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Unlike the newer fluoroquinolones, such as levofloxacin, 
moxifloxacin, and gatifloxacin (see Chapter 104, Levoflox-
acin; Chapter 105, Moxifloxacin; and Chapter 115, Gatiflox-
acin), there have been few detailed pharmacokinetic or 
pharmacodynamic studies undertaken on lomefloxacin, other 
than those described earlier.

5d.  Excretion

URINE

Both renal and nonrenal mechanisms are associated with 
the elimination of lomefloxacin, but the vast majority of the 
drug (60–85%) is excreted unchanged in urine (Blum et al., 
1990; Bryskier, 2005; Leroy et al., 1990; Morrison et al., 1988). 
Metabolites of lomefloxacin have been recovered in urine, 
but these constitute < 5% of an oral dose and do not appear 
to have any significant antibacterial activity (Freeman et al., 
1993; Stone et al., 1988).

BILE

Some biliary elimination takes place, with levels in bile after 
200 mg single dose lomefloxacin at 20–33 μg per ml (Bryskier, 
2005).

FECES

Following 400 mg once daily lomefloxacin for 4 days, drug is 
detectable in feces for up to 6 days after the last dose, with 
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concentrations of up to 42 μg per gram present on day 1, and 
levels of 1.7–8.3 μg per gram on days 5–6 (Leigh et al., 1991). 
Other authors have found fecal concentrations of 203 μg per 
gram, in patients receiving 400 mg lomefloxacin once daily 
(Edlund et al., 1990). 

INACTIVATION IN BODY

Lomefloxacin undergoes limited metabolism in the liver, to 
glucuronide and ethylenediamino metabolites. These con-
versions account for less than 10% of a lomefloxacin dose 
(Bryskier, 2005; Freeman et al., 1993; Leroy et al., 1990).

5e.  Drug interactions

Similar to absorption of other fluoroquinolones, the absorp-
tion of lomefloxacin (as measured by reduction in AUC) 
is  impaired by the coadministration of aluminium- and 
 magnesium-containing antacids (40% reduction), ferrous 
sulfate (26% reduction), and sucralfate (51% reduction). The 
coadministration of ranitidine, omeprazole, calcium carbon-
ate, or milk with lomefloxacin does not affect the bioavail-
ability of lomefloxacin (Freeman et al., 1993; Lehto and 
Kivisto, 1994; Shimada et al., 1992; Stuht et al., 1995; Sudoh 
et al., 1996). Similar to what is observed with some other fluo-
roquinolones, lomefloxacin co-administration with PEPT1 
substrate drugs, such as cephalexin and valacyclovir, may 
potentially result in a drug–drug interaction (Arakawa et al., 
2016).

Unlike some fluoroquinolones, lomefloxacin does not 
alter the pharmacokinetics of theophylline or caffeine (Healy 
et al., 1991; Lebel et al., 1990; Melani et al., 2001; Nix et al., 
1989; Upton, 1991; Wijnands et al., 1990). 

Furosemide reduces the renal clearance of lomefloxacin 
and co-administration of these two agents may result in ele-
vation of serum lomefloxacin levels (Sudoh et al., 1994).

6. ADVERSE REACTIONS AND TOXICITY

The rate of adverse reactions associated with lomefloxacin is 
similar to that associated with other fluoroquinolones (Leone 
et al., 2003). Most commonly reported side effects include 
nausea (3.7%), diarrhea (1.4%), photosensitivity (2.4%), 
headache (3.2%), and dizziness (2.3%). The hierarchy of 
phototoxic risk among the fluoroquinolones is (in order of 
decreasing risk): lomefloxacin, fleroxacin > sparfloxacin > 
enoxacin > pefloxacin > ciprofloxacin, grepafloxacin > 
 norfloxacin, ofloxacin, levofloxacin, trovafloxacin, gatiflox-
acin, moxifloxacin (Lipsky and Baker, 1999; Owens and 
Ambrose, 2005). The incidences of these reactions are higher 
in elderly patients and in those treated for longer periods 
of  time (Arata et al., 1998). Laboratory abnormalities are 
uncommon, with alterations in hepatic function tests (0.1–
1.8%), monocytosis (0.4%), thrombocytopenia (0.1%), de- 
creased hemoglobin (0.1%), and elevated urea (0.2%) the most 
reported. Tendon problems, Clostridium difficile–associated 
diarrhea, seizures, and peripheral neuropathy have been 
reported with lomefloxacin (Bertino and Fish, 2000; Cohen, 

2001; Correia et al., 1994; Leone et al., 2003; Owens and 
Ambrose, 2005; Poh-Fitzpatrick, 1994; Rizk, 1992); although 
the risk of lomefloxacin-associated convulsions appears to 
be less than that associated with enoxacin (Kim et al., 2009). 
A case of toxic epidermal necrolysis has been reported fol-
lowing lomefloxacin use (Lonati et al., 2014).

7. CLINICAL USES OF THE DRUG

Lomefloxacin is now rarely used due to the availability of 
other newer fluoroquinolones with superior activity and 
toxicity profiles. Nevertheless, in regions where lomefloxa-
cin remains available, the following clinical uses may be 
considered. 

7a.  Urinary tract infections and prostatitis

Some authors have found lomefloxacin 400 mg once daily to 
be more effective than norfloxacin 400 mg twice daily for the 
treatment of uncomplicated urinary tract infections, with 
clinical success reported in 99.1% versus 93.5%, respectively 
(p = 0.002). Bacteriologic responses however were similar: 
98.2 versus 96.3% (Iravani, 1992; Rizk, 1992). Other studies 
have shown a 3-day course of lomefloxacin or norfloxacin to 
have similar efficacy in uncomplicated urinary tract infec-
tion, with rates of cure after 5–9 days and 4–6 weeks of 
91–95% and 87–89%, respectively (Nicolle et al., 1993). 
Neringer et al. (1992) compared a 3-day or a 7-day course of 
lomefloxacin with a 7-day course of norfloxacin—all three 
regimens yielded comparable results, but phototoxicity was 
more common in the two lomefloxacin-treated groups. In 
another study, a 7- to 10-day course of lomefoxacin 400 mg 
once daily was similar in efficacy to a course of trimetho-
prim–sulfamethoxazole 160/800  mg twice daily for the 
treatment of uncomplicated urinary tract infection 
(Andrade-Villanueva et al., 1992).

A 10- to 14-day course of lomefloxacin 400 mg once daily 
has been compared with norfloxacin 400 mg twice daily and 
ciprofloxacin 500 mg twice daily in a number of randomized, 
controlled trials of patients with complicated or recurrent 
urinary tract infections. Lomefloxacin was superior to nor-
floxacin in rates of bacteriological eradication (91.3 vs. 
78.4%, respectively; p = 0.015), but the clinical outcomes 
were similar. Ten- to 14-day courses of once daily lomefloxa-
cin had similar efficacy to twice daily ciprofloxacin given for 
the same duration (Cox, 1992). The overall rate of clinical 
cure/improvement with lomefloxacin in this setting is gen-
erally 88–99%, although lower rates have been reported 
(Hoepelman et al., 1993; Klimberg et al., 1998; Pisani et al., 
1996; Rizk, 1992). Lomefloxacin 400 mg once daily appears 
to be superior, at least in terms of bacterial eradication, to 
trimethoprim–sulfamethoxazole 160/800  mg twice daily 
when both are given for 14 days to patients with pyelone-
phritis and other forms of complicated urinary tract sepsis 
(Mouton et al., 1992; Nicolle et al., 1994).

For the treatment of chronic bacterial prostatitis, courses of 
4 weeks of therapy with either lomefloxacin or ciprofloxacin 
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were equivalent in outcomes and tolerability (Naber, 2002). 
For patients with chronic prostatitis caused by C. trachoma
tis, lomefloxacin appeared to be superior to levofloxacin at 
eradicating the pathogen in one study, but this has not been 
replicated (Smelov et al., 2005). In a recent meta- analysis of 
the efficacy of lomefloxacin and other fluoroquinolones in 
the treatment of chronic bacterial prostatitis, few differences 
were observed (Perletti et al., 2013). However, the authors 
noted that the quality of the studies that included lomefloxa-
cin tended to be insufficient to provide accurate estimations 
of clinical efficacies; and the accuracy for estimating micro-
biological efficacies was scored as low.

When given 2–6  hours prior to transurethral surgery, 
lomefloxacin 400 mg proved to be effective (98.6%) prophy-
laxis against postoperative infections and was comparable 
with preoperative i.m. cefotaxime (Klimberg et al., 1992). 
Lomefloxacin may also be effective prophylaxis against bac-
teriuria in patients undergoing laser ablation of the prostate 
(Charton et al., 1992; Costa, 1994). 

7b.  Respiratory tract infections

Lomefloxacin 400  mg once daily is superior to cefaclor 
250 mg thrice daily when both are given for 7–10 days in the 
treatment of acute exacerbations of chronic bronchitis. Rates 
of bacterial eradication 1–4 days after completion of treat-
ment were 82 versus 63%, respectively (p < 0.001), while 
clinical success was noted in 80% of patients receiving lome-
floxacin versus 65% in the cefaclor-treated group (p = 0.002) 
(Gotfried and Ellison, 1992). Similarly, lomefloxacin is supe-
rior to oral amoxicillin in this setting (Grassi et al., 1992). 
Once daily 400  mg lomefloxacin appears to have efficacy 
comparable with 400 mg twice daily in patients with chronic 
bronchitis due to Gram-negative pathogens—hence the once 
daily dose is preferred (Kemper and Kohler, 1992). Given the 
poor in vitro activity of lomefloxacin against S. pneumoniae, 
respiratory tract infections in which this pathogen is proven 
or likely should be treated with agents that have more reliable 
antipneumococcal activity.

7c.  Osteomyelitis

Similar to many other fluoroquinolones, lomefloxacin is effec-
tive treatment for acute and chronic osteomyelitis, but the rate 
of success is dependent on the infecting pathogen and the 
patient’s ability to tolerate the drug (Greenberg et al., 2000). 

7d.  Other infections

In a double-blind, placebo-controlled trial of lomefloxacin 
400 mg once daily for 5 days in the treatment of communi-
ty-acquired bacterial diarrhea (85% due to Campylobacter 
spp.), lomefloxacin eradicated Campylobacter spp. in 75% of 
cases but did not alter clinical outcomes. In addition, 25% 
of Campylobacter isolates developed resistance and 33% of 
patients developed side effects (Ellis-Pegler et al., 1995).

Although limited older data suggested that lomefloxacin 
was suitable treatment for gonococcal infections, increasing 
rates of fluoroquinolone resistance have limited the utility 
of this drug and other fluoroquinolones for this indication in 
many parts of the world (CDC, 2007; Tapsall et al., 2008).

Lomefloxacin eye drops can be used for acute bacterial 
conjunctivitis, with many common pathogens susceptible 
(Giardini et al., 2011). Lomefloxacin efficacy appears to 
be  equivalent to that of topical ofloxacin or tobramycin 
(Gallenga et al., 1999; Tabbara et al., 1999). Topical lomeflox-
acin 0.3% eye drops have also been used as prophylaxis after 
strabismus surgery, in which setting it appears to be similar 
to chloramphenicol (Snir et al., 2008).

In a 2013 review of FDA–approved drugs for use as inhib-
itors of biological threat agents, lomefloxacin was found to 
be  a potent compound in vivo for protecting mice against 
Bacillus anthracis challenge (Madrid et al., 2013).
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Nalidixic Acid and Other 
Quinolones

Joe McCormack

1. DESCRIPTION 

Nalidixic acid (1ethyl-l,4-dihydro-7-methyl-4-oxo-1, 8- 
naphthyridine-3-carboxylic acid) is one of a series of 
1,8-naphthyridine derivatives that were first synthesized by 
Lesher et al. (1962) from a distillate during chloroquine syn-
thesis (Neu, 1987; see Figure 117.1). Nalidixic acid was intro-
duced into clinical use in 1964 and has a significant historical 
role as the prototype of the quinolone group of drugs.

Numerous new analogs with significantly improved anti-
bacterial spectra have been synthesized. Together they are 
referred to as the quinolones or quinolone carboxylic acids, 
with subsequent agents being fluoroquinolones (Hooper, 
1993; Andersson and MacGowan, 2003). Nearly all of the 
drugs so grouped are either naphthyridine–carboxylic acid 
or quinoline–carboxylic acid derivatives. These two bicyclic 
structures have been modified by the addition of different 
atoms, side-chains, or other rings to produce new quino- 

lones (see Figure 117.2). These drugs do not generally show 
cross-resistance with other antibacterial agents. Quinolones 
can be divided into the older derivatives, such as nalidixic 
acid, oxolinic acid, cinoxacin, flumequine, miloxacin, rosox-
acin, and pipemidic acid, which have a limited antibacterial 
spectrum (see Table 117.1) and the fluoroquinolones. These 

Figure 117.1. Chemical structure of nalidixic acid.

Figure 117.2. Structure of the quinolone and 
naphthyridone molecule. In molecules where X is a 
carbon atom, the molecule is a quinolone (cinoxacin, 
norfloxacin, ofloxacin, ciprofloxacin, temafloxacin, 
sparfloxacin, grepafloxacin, levofloxacin, clinafloxa
cin, moxifloxacin, gatifloxacin). Where X is a nitrogen 
atom, the molecule is a naphthyridone (nalidixic 
acid, enoxacin, tosufloxacin, trovafloxacin, gemi
floxacin). (Modified with permission from Andersson 
and MacGowan (2003).
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latter agents contain a fluorine atom and a piperazinyl group, 
and include norfloxacin, enoxacin, ciprofloxacin, ofloxacin, 
pefloxacin, tosufloxacin, temafloxacin, and amifloxacin. In 
addition, there are the newer generation fluoroquinolones, 
such as lomefloxacin, fleroxacin, levofloxacin, sparfloxacin, 
gatifloxacin, garenoxacin, gemifloxacin, moxifloxacin, dela-
floxacin, and prulifloxacin, which have sufficiently long half-
lives to allow once-daily administration and have enhanced 
activity against Gram-positive cocci, anaerobes, and, in some 
cases, atypical mycobacteria (Andersson and MacGowan, 
2003). The newer quinolones are described in subsequent 
chapters. While there has been some recent attempts to 
develop newer nalidixic acid–based thiadiazole and oxadi-
zole derivatives (Aggarwal et al., 2012), the vast majority of 
research efforts have focused on developing new fluoro-
quinolones. A summary timetable of the development of the 
quinolones and fluoroquinolones is shown in Table 117.2. 

Characteristics of the older quinolones—oxolinic acid, 
cinoxacin, flumequine, miloxacin, rosoxacin, and pipemidic 
acid—are summarized in Table 117.1. None of these drugs is 
approved or licensed in Canada, the USA, the UK, Australia, 
or New Zealand; and none, including nalidixic acid, is any 
longer on the World Health Organization (WHO) Model 
List of Essential Medicines (World Health Organization, 
2003). None of these drugs has any useful advantage over the 
fluoroquinolones apart from the potential use of nalidixic 
acid in children. A concise summary of the development of 
the quinolones and fluoroquinolones has been published by 
Andersson and MacGowan (2003). The information in this 
chapter applies to only nalidixic acid. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

GRAM-NEGATIVE BACTERIA

Nalidixic acid has previously been active against most of the 
Enterobacteriaceae, including Escherichia coli, Enterobacter, 

Klebsiella, Proteus, Citrobacter, Morganella, Serratia, and 
Hafnia spp., the MIC90 values generally being in the range of 
8–16 µg/ml (Eliopoulos and Eliopoulos, 1989; Andersson 
and MacGowan, 2003). For treatment of urinary tract infec-
tions, organisms with an MIC of ≤ 16 µg/ml are regarded 
as  susceptible (Barlow, 1963; Stamey and Bragonje, 1976; 
Mitsu hashi, 1988; Eliopoulos and Eliopoulos, 1989; Anders- 
son and MacGowan, 2003; National Committee for Clinical 
Laboratory Standards, 2004). Providencia stuartii is fre-
quently resistant, with an MIC90 of 32 to > 128 µg/ml (Hawkey 
and Hawkey, 1984; Eliopoulos and Eliopoulos, 1989; Anders-
son and MacGowan, 2003).

Salmonella and Shigella spp. have usually been sensitive 
to nalidixic acid in older studies (Lesher et al., 1962; Newsom 
et al., 1982; Eliopoulos and Eliopoulos, 1989), but resistance 
has been emerging in more recent years, especially in isolates 
from Southeast Asia (see section 2b, Emerging resistance 
and cross-resistance).

Enteropathogens such as enteropathogenic, enterotoxi-
genic, and enteroinvasive E. coli, Yersinia enterocolitica, and 
Vibrio spp. are usually susceptible, with MIC90 values < 8 µg/
ml (Eliopoulos and Eliopoulos, 1989). Campylobacter jejuni 
is less reliably susceptible to nalidixic acid, with an MIC90 
range of 8–256 µg/ml (Walder, 1982; Eliopoulos and 
Eliopoulos, 1989), but increasing rates of resistance (MICs 
≥ 32 µg/ml) have been noted over the past 20 years (Altwegg 
et al., 1987; Gootz and Martin, 1991; Adler-Mosca et al., 
1991; Chatzipanagiotou et al., 1993; Aarestrup et al., 1997; 
Thwaites and Frost, 1999; Gaudreau and Gilbert, 2003; 
Unicomb et al., 2006; Gallay et al., 2007). Campylobacter 
fetus and Helicobacter pylori are resistant to nalidixic acid 
(Fliegelman et al., 1985). Aeromonas hydrophila is usually 
susceptible (Zemelman et al., 1983).

Brucella spp. may be susceptible. Neisseria gonorrhoeae 
(including beta-lactamase–producing strains) is generally 
susceptible (MIC 0.5–2 µg/ml) but resistance, including to 
the fluoroquinolones, is now common (Report, 1978; Philips, 
1987; Stein et al., 1991; WHO, 2001; Ragunathan et al., 2005; 
CDC, 2007). Resistance has also been reported occasionally 
for N. meningitidis (Corso et al., 2005). Susceptibility testing 
is not routinely carried out on these organisms and can be 
misleading in some circumstances (see section 2b, Emerging 
resistance and cross-resistance).

Unlike the new fluoroquinolones, nalidixic acid has no 
activity against Pseudomonas aeruginosa and other Pseudo
monas spp. (Eliopoulos and Eliopoulos, 1989; Thauvin-
Eliopoulos and Eliopoulos, 2003). Haemophilus influenzae 
(including beta-lactamase–producing strains) is generally 
susceptible, although resistance is emerging in some regions 
(Perez-Vazquez et al., 2004). In an older study (Newsom et al., 
1982), most strains of Acinetobacter spp. were susceptible, 
although this has little clinical relevance today with increas-
ing numbers of multiresistant strains.

Anerobic Gram-negative bacteria, such as Bacteroides and 
Fusobacterium spp., are resistant to nalidixic acid (Gold - 
stein and Citron, 1985; Mitsuhashi, 1988; Eliopoulos and 
Eliopoulos, 1989; Andersson and MacGowan, 2003).

Table 117.2. General chronology of quinolonefluoroquinolone 
development and availability.

Year Quinolone-fluoroquinolone

1960–1969 Nalidixic acid

1970–1975 Cinoxacin

1975–1985 Norfloxacin

1985–1990 Ciprofloxacin, ofloxacin, prulifloxacin 
ulifloxacin

1990–1995 Temafloxacin, sparfloxacin

1995–2000 Grepafloxacin, levofloxacin, trovafloxacin, 
sitafloxacin

2000–2010 Moxifloxacin, gatifloxacin, gemifloxacin, 
garenoxacin, delafloxacin

2010–2016 Finafloxacin, avarofloxacin, nemonoxacin, 
zabofloxacin
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GRAM-POSITIVE BACTERIA

Gram-positive bacteria, such as Staphylococcus aureus, Strepto
coccus pneumoniae, and enterococci, are resistant to nalidixic 
acid (Lesher et al., 1962; Barlow, 1963; Mitsuhashi, 1988; 
Eliopoulos and Eliopoulos, 1989; Andersson and MacGowan, 
2003). S. saprophyticus, which is susceptible to most anti-
biotics used for urinary tract infections, is resistant to nali-
dixic acid. Anaerobes, such as Clostridium, Eubacterium, and 
Lactobacillus spp., Actinomyces spp., Mobiluncus spp., and 
anaerobic cocci are resistant (generally MICs ≥ 128 µg/ml) to 
nalidixic acid (Goldstein and Citron, 1985; Eliopoulos and 
Eliopoulos, 1989; Andersson and MacGowan, 2003).

OTHER MICROORGANISMS

Chlamydia trachomatis is resistant to nalidixic acid (Heessen 
and Muytjens, 1984). Ehrlichia spp. are probably resistant to 
nalidixic acid; this drug was ineffective in eliminating E. ris
ticii from macrophages in vitro (Rikihisa and Jiang, 1988).

Nalidixic acid can suppress the growth of Candida albi
cans in concentrations obtained in urine after normal doses 
of the drug (Sobieski and Brewer, 1976), but this has no clin-
ical relevance. Unlike the fluoroquinolones, nalidixic acid 
has no inhibitory effect in vitro on Plasmodium falciparum 
(Divo et al., 1988).

2b.  Emerging resistance and 
cross-resistance

Nalidixic acid–resistant Gram-negative bacilli were previ-
ously relatively uncommon in both domiciliary and hospital 
infections, but this situation has markedly changed over the 
past two decades. While many urinary tract isolates have 
retained susceptibility to nalidixic acid, this has not been 
the case for enteric pathogens, especially Salmonella and 
Shigella spp. In general, resistance levels are higher for 
narrow- spectrum quinolones such as nalidixic acid than for 
newer fluoroquinolones such as ciprofloxacin and moxiflox-
acin, with overall resistance rates for nalidixic acid reaching 
> 15–20% among Enterobacteriaceae (Thauvin-Eliopoulos 

and Eliopoulos, 2003; Nordmann and Poirel, 2005; Table 
117.3).

After entering bacterial cells via porins, or directly through 
the lipid and cytoplasmic membrane, quinolones target DNA 
topoisomerases that control the configuration of the cell’s 
chromosomal DNA in ways that enable efficient replication 
(Drlica and Hooper, 2003). Quinolones inhibit the action of 
type II topoisomerases, DNA gyrase, and topoisomerase IV, 
particularly DNA gyrase in Gram-negative bacteria and 
topoisomerase IV in Gram-positive bacteria (Nordmann and 
Poirel, 2005). Among Enterobacteriaceae, resistance mostly 
develops due to the stepwise accumulation of mutations in 
the chromosomally located genes that control DNA gyrase 
and topoisomerase IV. Other mechanisms include altered 
porin permeability (particularly OmpF) and especially in- 
creased drug efflux; both generally being caused by chromo-
somal mutations in the encoding genes at issue (Mitsuhashi, 
1988; Wolfson et al., 1989; Hooper and Wolfson, 1993a; 
Andersson and MacGowan, 2003; Drlica and Hooper, 2003; 
Nordmann and Poirel, 2005). Resistance due to drug efflux 
has also been reported in strains of N. meningitidis and in 
Salmonella spp. (Escribano et al., 2004; Corso et al., 2005).

Only relatively recently has plasmid-mediated resistance 
to quinolones been described, and it is likely that a belated 
emergence of this resistance explains the relatively low rates 
of transferable quinolone resistance observed until recent 
years. The emergence of various bacterial species that con-
tain plasmids encoding resistance determinants in relation 
to multiple drug classes, including both nalidixic acid and 
fluoroquinolones, has been associated with the rapid emer-
gence of quinolone-resistant clones in regions where appro-
priate quinolone usage is poorly controlled and where 
infection control standards are lax.

The frequency of selection of chromosomally mediated 
resistant mutants depends on the selecting quinolone, the 
drug concentration used for selection, and the bacterial spe-
cies and strain (e.g. P. aeruginosa and S. aureus develop resis-
tance mutations more readily than E. coli) (Wolfson and 
Hooper, 1989; Hooper and Wolfson, 1993a; Hooper, 2003). 
Nalidixic acid selects for resistant E. coli reasonably frequently 

Table 117.3. Emerging resistance among key Gramnegative pathogens.

Bacteria MIC90 (µg/ml) Reference

Enterobacteriaceae, including E. coli, 
Enterobacter, Klebsiella, Proteus, 
Citrobacter, Serratia, Hafnia spp.

8–16 Eliopoulos and Eliopoulos (1989)

Providencia stuartii 32–> 128 Hawkey and Hawkey (1984); Eliopoulos and 
Eliopoulos (1989)

Salmonella, Shigella spp. Variable—depends on region 
and serovar

Eliopoulos and Eliopoulos (1989); Khalil et al. 
(1998); Ackers et al. (2000); Murdoch et al. 
(2004); Fulla et al. (2005); Wang et al. (2005)

E. coli (enteropathogenic, enterotoxigenic, 
enteroinvasive), Yersinia, Vibrio spp.

< 8 Eliopoulos and Eliopoulos (1989)

Campylobacter jejuni Variable 8–> 256 Eliopoulos and Eliopoulos (1989); Thwaites and 
Frost (1999)

Campylobacter fetus; Helicobacter pylori Resistant Fliegelman et al. (1985)
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at concentrations 8- to 16-fold above the MIC, which is 
selection 100- to 1000-fold more frequent than selection by 
ciprofloxacin, ofloxacin, or other quinolones (Hooper et al., 
1986; Smith, 1986; Crumplin and Odell, 1987; Hooper et al., 
1987; Wolfson et al., 1987; Felmingham et al., 1988; Chapman 
et al., 1989). Mutations in DNA gyrase A causing nalidixic 
acid resistance often result in greater bacterial resistance 
to nalidixic acid (approximately 128-fold greater) than the 
enhanced bacterial resistance to other quinolones such as 
ciprofloxacin (16- to 32-fold greater)—presumably because 
these changes are less critical to the activity of these latter 
agents. Among E. coli mutants selected in vitro with nalidixic 
acid, mutations in gyrA and gyrB appear to be equally 
 common (Nakamura et al., 1989). Clearly, the sites of amino 
acid changes in these gyrases influence the degrees of cross- 
resistance between quinolones (Wolfson and Hooper, 1989).

Quinolones vary in their abilities to penetrate into bacte-
rial cells (Nagate et al., 1980; Newsom et al., 1982). Differences 
in the hydrophobicity of quinolones influence their permea-
bilities through the outer and inner membranes of Gram-
negative bacilli. Hydrophilic quinolones pass through the 
water-filled porins in the outer membranes of Gram-negative 
bacilli more readily (Nikaido and Vaara, 1985; Hancock, 
1987). For a broader discussion of resistance mechanisms, 
particularly as they relate to the therapeutically more impor-
tant fluoroquinolones, see Chapter 101, Ciprofloxacin, and 
Chapter 104, Levofloxacin.

GRAM-NEGATIVE BACTERIA

In the 1960s there was no apparent increase in resistant 
strains of E. coli (Brumfitt and Pursell, 1971), while in the 
1970s and early 1980s nalidixic acid resistance was noted 
in 9–11.6% of strains of Gram-negative pathogens (Burman, 
1977; Newsom et al., 1982), and resistance among Entero-
bacteriaceae causing urinary tract infections was low despite 
increasing use of quinolones (Stamey and Bragonje 1976; 
Light et al. 1981; Kresken and Wiedemann, 1988). Similarly, 
in an Israeli study of children with community-acquired uri-
nary tract infections, there were no changes in nalidixic acid 
resistance rates noted between 1991 and 1999 (Prais et al. 
2003). Since 2000 resistance rates of 20–70% have been 
reported (see below). While emergence of resistance to quino-
lones is usually thought to be related to exposure to these 
drugs, nalidixic acid resistance was found in 45% of human- 
derived E. coli isolates and 54% of animal-derived isolates in 
2009 in a very remote community in the Amazon forest 
where quinolones were never used (Pallecchi et al., 2012). In 
this study, ciprofloxacin resistance rates were 14% and 23% 
respectively; and yet no resistance had been found in 2002. 

Emergence of nalidixic acid resistance in vivo during 
treatment has been observed frequently (Buchbinder et al., 
1962; Ronald et al., 1966; Finegold et al., 1966). Underdosing 
of nalidixic acid and its use to treat complicated urinary tract 
infections appear to be associated with an increased rate 
of  development of clinical resistance (Ronald et al., 1966; 
Cederberg et al., 1974; Stamey and Bragonje, 1976; Preiksaitis 
et al., 1981). Stamey and Bragonje (1976) found that when 

adequate dosage was used, resistance to nalidixic acid devel-
oped in only 7% of patients, a frequency that is comparable 
with those of other effective antimicrobial agents. Among 
E.  coli at least, single-step resistance develops rarely (fre-
quencies of ≤ 10–10) when the quinolone concentration is at 
least 8-fold greater than the MIC of the organism—the usual 
situation in the urine when quinolones are used (Crumplin 
and Odell, 1987; Felmingham et al., 1988; Hooper and Wolf-
son, 1989). Such rates of developing resistance in vitro are 
similar to the frequency at which resistance develops in vitro 
to aminoglycosides. Overall, however, nalidixic acid has in 
vitro resistance frequencies 2- to 3-fold greater than those of 
the fluoroquinolones and develops higher levels of resistance 
(up to 64-fold increases in MIC) than these agents (Milato- 
vic and Braveny, 1987). Spontaneous single-step mutations 
resulting in resistance are 100- to 1000-fold more likely with 
nalidixic acid than with the fluoroquinolones for many bac-
terial species, although this difference is less marked with 
P. aeruginosa, for which the difference is only 10-fold (Cull-
man et al., 1985; Fernandes et al., 1987; Wolfson et al., 1987). 
Bacterial strains that develop resistance during serial passage 
on media with increasing drug concentrations are typically 
cross-resistant to multiple quinolones and in some cases are 
also resistant to other classes of drugs, such as chloramphen-
icol, tetracycline, beta-lactams, and trimethoprim (Sanders 
et al., 1984; Gutmann et al., 1985; Traub, 1985; Hooper et al., 
1986; Hooper et al., 1987; Mouton and Mulders, 1987).

Among strains of E. coli that are resistant to nalidixic acid, 
the most common mechanism is mutations in gyrA (Cesaro 
et al., 2008). In a study of 124 E. coli isolates from humans 
and swine in Denmark with either high-level or low-level 
ciprofloxacin resistance (ciprofloxacin MICs ≥ 4 µg/ml, or 
≥  0.125 µg/ml, respectively), mutations in the quinolone 
resistance–determining regions (QRDRs) occurred in 98% 
of isolates, with all high-level ciprofloxacin-resistant strains 
having one or more mutations in gyrA in combination with 
mutations in parC and parE. Efflux pump mechanisms were 
detected in 12% of human and 74% of porcine isolates. Thus, 
target mutation in the QRDR was the most prevalent mech-
anism of resistance. Transferable resistance by target pro-
tection or enzymatic modification occurred in only 10% of 
strains and was restricted to human isolates (Cavaco et al., 
2008). Some authors have suggested that the presence of 
nalidixic acid resistance may be associated with lower viru-
lence in vitro among these strains, but a study of 136 E. coli 
isolates from cases of neonatal meningitis demonstrated that 
the presence of nalidixic acid resistance did not affect clinical 
virulence (Johnson et al., 2005; Houdouin et al., 2007).

E. coli strains resistant to quinolones are now very com-
mon in some regions. Among 164 urinary isolates of E. coli 
collected prospectively in Spain, 20% were resistant to nali-
dixic acid and 14% to norfloxacin and ciprofloxacin (Alós 
et al., 2005). Lautenbach et al. (2006) found that 19% of all 
E. coli isolates collected from fecal specimens from two hos-
pitals in Pennsylvania between 2002 and 2004 had reduced 
susceptibility to fluoroquinolones; as expected, almost all of 
these were resistant to nalidixic acid (MIC values of ≥ 16 µg/
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ml), 93% had one or more gyrA mutations, and 68% had one 
or more parC mutations. Similar findings were noted in rural 
Idaho (Hannah et al., 2005). In Bolivia and Peru, a study of 
fecal isolates of E. coli from 3174 healthy children demon-
strated rates of resistance to nalidixic acid and ciprofloxacin 
of 35% and 18%, respectively (Bartoloni et al., 2006). In a 
follow-up study from the same investigators E. coli isolated 
from rectal swabs of 482 healthy children aged 6–72 months 
showed resistance rates for nalidixic acid and ciprofloxacin 
of 76% and 44% respectively (Bartoloni et al., 2013). Similar 
findings have been noted in other regions. In an Iranian 
study of 1439 uropathogens, mostly E. coli, only 25.7% were 
sensitive to nalidixic acid (Mohammad-Jafari et al., 2012). Of 
529 E. coli isolates from stool samples in Indian children 
aged 3 to 14 years, 45% were resistant to nalidixic acid 
(Shakya et al., 2013). In a recent study of 30 nalidixic acid–
resistant community-acquired urinary tract infection (UTI) 
strains of E. coli in 2010/2011, 57% carried mutations in gyrA 
and parC, while 17% carried only gyrA mutations (Betitra et 
al., 2014). In a Peruvian study of E. coli isolates from infants 
with diarrhea, point mutations in gyrA and parC played a key 
role in quinolone resistance (Pons et al., 2014). High rates of 
mutations similar to those noted by Bartoloni et al. (2006) 
have been noted in Korea in other Enterobacteriaceae, includ-
ing Entero bacter cloacae (29%), E. aerogenes (3%), Citrobacter 
freundii (38%), and Serratia marcescens (2%), with such resis-
tance appearing to be more frequent among strains that pro-
duced extended spectrum beta-lactamases (ESBLs) (Park et 
al., 2007). Similarly, others have described such resistance 
in Pro teus mirabilis, C. freundii, and Acinetobacter spp., and 
potentially Morganella morgagnii (Seward and Towner, 1998; 
Navia et al., 1999; Rojas et al., 2006; Ahmed et al., 2007).

Alterations in gyrA and parC have also been reported in 
strains of H. influenzae that are resistant to nalidixic acid and 
fluoroquinolones (Perez-Vazquez et al., 2004), and QRDR 
genes have been noted to be altered in some strains of Listeria 
monocytogenes, although this observation has little clinical 
relevance given that quinolones are not used to treat this 
pathogen (Lampidis et al., 2002).

As noted earlier, plasmid-mediated quinolone resistance 
determinants have been increasingly observed and have 
become associated with increasing transmission of nalidixic 
acid and fluoroquinolone resistance phenotypes (Crumplin, 
1987; Courvalin, 1990; see Chapter 104, Levofloxacin). Such 
resistance had previously been suggested among some clini-
cal bacterial isolates, but the presence of plasmids had not 
been confirmed (Panhotra et al., 1985; Munshi et al., 1987; 
Tanaka et al., 1991; Courvalin, 1990). The fact that quinolo-
nes inhibit plasmid conjugation and transfer of conjugating 
plasmids, and clear some plasmids from their host cells, was 
previously thought to potentially provide an explanation for 
the apparent lack of plasmid-mediated resistance (Hooper et 
al., 1984; Weisser and Wiedemann, 1985; Mehtar et al., 1987; 
Courtright et al., 1988). However, Martínez-Martínez et al. 
(1998) successfully transferred nalidixic acid and cipro-
floxacin resistance by conjugation in vitro using a multiresis-
tant plasmid (pMG252) from a clinical isolate of Klebsiella 

pneumoniae. Quinolone-resistant E. coli mutants could be 
obtained at more than 100 times the frequency of a plas-
mid-free strain. This plasmid was known to have a wide host 
range and expressed resistance in other Enterobacteriaceae 
and in Pseudomonas aeruginosa. The plasmid-encoded pro-
tein responsible for resistance protects DNA gyrase and 
topoisomerase IV from the action of quinolones and confers 
bacterial resistance to nalidixic acid and increases fluoro-
quinolone MICs by up to 32-fold (Martínez-Martínez et al., 
1998; Wang et al., 2003; Wang et al., 2004; Mammeri et al., 
2005; Poirel et al., 2005). This plasmid-linked QnrA gene has 
subsequently been linked with the ESBL VEB-1 in an isolate 
of Enterobacter cloacae from France and 11 of 23 blaVEB1–
positive enterobacterial isolates from Bangkok, thereby poten-
tially explaining the observed association between quinolone 
and ESBL resistance (Poirel et al., 2005). Subsequently, 
Lavigne et al. (2006) screened 112 clinical isolates of ESBL–
producing E. coli collected from hospitals in France during 
2004 and found that 7.7% of CTX-M–producing strains har-
bored a qnrA gene located on a sull-type integron. Poirel et 
al. (2006) reported similar rates (2–3%) of integron carriage 
among a large study of ESBL–producing Enterobacter iso-
lates in France, generally linking QnrA1 to the VEB-1, 
SHV-12, and CTX-M-1 ESBLs. Other plasmid-mediated 
quinolone resistance determinants such as QnrS were also 
assessed. Notably, there appeared to have been little increase 
in the prevalence of these resistant strains during the three 
years of the study (2002–2005). In the mid-2000s, QnrA–
positive isolates were identified widely, including in the 
USA, Canada, Asia, Australia, Turkey, and Europe (Poirel et 
al., 2006). However, during the past decade, this trend has 
worsened noticeably, with numerous reports of resistance in 
both human and animal isolates. Qnr–positive isolates were 
found among 365 nalidixic acid–resistant E. coli strains 
derived from food animals in Korea (Tamang et al., 2012). 
Qnr–positive isolates of E. coli, K. pneumoniae, and E. cloa
cae were found at the Children’s Hospital, Tunis (Jlili et al., 
2014), and in Spain a resistance rate of 80% was found for 
nalidixic acid in 85 pAmpC–producing Enterobacteriaceae, 
of which 70 were E. coli (Gude et al., 2013). More recently 
Kargar et al., (2014) studied 298 Gram-negative UTI isolates 
and noted an 89.8% rate of nalidixic acid resistance; most 
were E. coli (69%), Klebsiella (12%), or Enterobacter (8%), 
with smaller numbers of Proteus (4%), Citrobacter (4%), or 
Pseudomonas spp. (2%). ESBL activity was expressed by 
11.75%–among these, 34% were positive for TEM and SHV, 
and 31% for TEM alone and 14% for SHV alone. In a 
Norwegian study of quinolone-resistant E. coli isolates from 
UTI patients, multiresistance (to ampicillin, mecillinam, 
sulphonamide, trimethoprim, tetracycline, kanamycin, and 
chloramphenicol) was found, with 63% showing high-level 
ciprofloxacin resistance, but also 41% showing low-level cip-
rofloxacin resistance (Strand et al., 2014). Among 40 E. coli 
isolates with ESBL phenotype from patients in Bangladesh 
with UTI, all were resistant to nalidixic acid (Lina et al., 
2014). The ESBL genes identified were blaCTXM1 in all 40 
isolates, blaTEM in 33, and blaOXA1 in 19.
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Interestingly, while most isolates in these studies were 
resistant to both nalidixic acid and fluoroquinolones, a few 
isolates were susceptible to nalidixic acid but resistant to 
fluoroquinolones—a phenotype that appears in some, but 
not all, cases to be associated with the presence of QnrS 
(Poirel et al., 2005; Poirel et al., 2006; Cattoir et al., 2006). 
Previously, some such isolates were thought to have alter-
ations in their membrane permeability or novel gyrA point 
mutations responsible for this unusual pattern of resistance 
(Moniot-Ville et al., 1991; Cambau et al., 1993). Regardless 
of the mechanism of resistance, this observation is important 
because many laboratories have used the presence of nali-
dixic acid resistance, especially among Enterobacteriaceae, 
as a marker of fluoroquinolone resistance (Soussy et al., 
2003). Thus, the presence of some strains that are nalidixic 
acid–susceptible, but fluoroquinolone–resistant, may be 
missed under this laboratory approach and lead to the incor-
rect reporting by some laboratories of fluoroquinolone sus-
ceptibility, when in fact the isolate is resistant—potentially 
with disastrous clinical consequences. The British Society for 
Antimicrobial Chemotherapy (BSAC) amended its guide-
lines regarding susceptibility testing methods for fluoro-
quinolones because of this concern (Andrews et al., 2008).

Similar to Enterobacteriaceae, a number of nalidixic 
acid–susceptible, ciprofloxacin-resistant strains of Neisseria 
gonorrhoeae have been described in the UK, having been 
initially missed in the laboratory due to their discordant 
nalidixic acid and fluoroquinolone susceptibility patterns 
(Ragunathan et al., 2005). It was thought likely that the orig-
inal isolate was acquired in India. A subsequent review of 80 
isolates in the same laboratory failed to identify any similar 
strains. In general, nalidixic acid resistance in N. gonorrhoeae 
is thought to be due to mutations in the gyrA gene, with 
alterations to DNA gyrase subunit A, or in the case of low-
level resistance to nalidixic acid, to the B subunit of DNA 
gyrase (Stein et al., 1991), although the mechanism of resis-
tance in the nalidixic acid–ciprofloxacin discordant isolates 
is not clear.

The pathogens in which nalidixic acid and fluoroquino-
lone resistance has increased markedly during the past two 
decades (and with important clinical impact) are the enteric 
pathogens, especially Salmonella and Shigella spp. In a sur-
vey of pathogenic salmonellae isolated across the USA in 
1979–1980, and compared with those isolated in 1984–1985, 
a significant increase in resistance to nalidixic acid (p < 0.05) 
was noted. There was some variation depending on the 
Salmonella species. Overall, resistance to various antibiotics 
among S. heidelberg strains decreased during the study 
period (from 67% to 35%), while resistance among S. typh
imurium increased significantly, from 14% to 26% (p < 0.01) 
(MacDonald et al., 1987). Similarly, reports of S.  typh
imurium isolated from the Indian subcontinent suggest fre-
quent resistance to nalidixic acid and, although such isolates 
remained susceptible to fluoroquinolones, their MICs to 
these latter agents were up to 10-fold greater than the MICs 
for similar nalidixic acid–susceptible strains (Lewin, 1991). 
Such strains appeared to be unusual in the USA in the late 

1990s (Rabatsky-Ehr et al., 2004), but there was a large out-
break of S. enterica serotype Typhimurium DT104 reported 
in Denmark in 1998 in which the isolate was nalidixic acid–
resistant and had reduced susceptibility to fluoroquinolones 
(Mølbak et al., 1999). Between 1996 and 2003, nalidixic 
acid resistance among 12,252 human non- Typhi Salmonella 
isolates from the United States increased from 0.4% to 
2.3% (Stevenson et al., 2007). In a study by the US National 
Antimicrobial Resistance Monitoring System, only 27 of 
14,042 human non-typhoidal Salmonella isolates (0.19%) 
were resistant to nalidixic acid, ciprofloxacin, and extended- 
spectrum cephalosporins (Whichard et al., 2007). However, 
a Centers for Disease Control and Prevention (CDC) study 
of 146 isolates of Salmonella enterica serotypes Paratyphi A, 
Paratyphi B, and Paratyphi C in the USA found 87% were 
resistant to nalidixic acid, and that resistant isolates were 
highly associated with recent travel to South Asia (Gupta et 
al., 2008). Similarly, greater than 90% of S. enterica serovar 
Virchow isolates in Israel were resistant to nalidixic acid 
and had reduced susceptibility to ciprofloxacin (Solnik-Isaac 
et al., 2007); while approximately 20% of non-typhoidal 
Salmonella isolates in Europe (especially Salmonella enterica 
serovar Enteritidis) were nalidixic acid–resistant in 2000–
2004 (Meakins et al., 2008). Soler et al. (2006), in a study of 
5777 non-typhoidal strains of Salmonella in Spain, found 
that 50% of S. enteritidis were resistant to nalidixic acid, and 
Kulwichit et al. (2007) noted that 100% of S. choleraesuis bac-
teremia isolates in Thailand were nalidixic acid–resistant. In 
more recent years the trend toward resistance has continued, 
with a strong association being described between nalidixic 
acid–resistant S. enterica serotype Enteritidis infections in 
the USA and recent international travel (O’Donnell et al., 
2014). In some developing countries lower levels of nalidixic 
acid resistance have been found: 28% in Vietnam (Thai et al., 
2012), 25% in Sudan (Elmadiena et al. 2013), 19% in Mexico 
(Cabrera-Diaz et al., 2013), and 4% in Brazil (Rowlands et 
al., 2014). However these studies involved isolates derived 
from nonclinical sources (e.g. food, water, or animals). In 
studies involving clinical isolates from stool or blood, higher 
resistance rates were encountered: 46% from Saudi Arabia 
(Somily et al., 2012), 97% from India (Jain et al., 2013), 72% 
from Switzerland (Cernela et al., 2014), 51% from China 
(Zhang et al., 2014b), and 98% also from India (Elumali et 
al., 2014).

Most non-Typhi S. enterica that are nalidixic acid– 
resistant have a single point mutation in the QRDR of gyrA, 
while ciprofloxacin-resistant isolates have two QRDR point 
mutations (Oteo et al., 2000; Hakanen et al., 2001; Cabrera et 
al., 2004; Ferrari et al., 2013; Campos et al., 2014). However 
a number of studies have now suggested that more than one 
mutation may be involved in nalidixic acid resistance, with 
mutations in gyrA and parC identified in nalidixic acid–
resistant strains isolated from chickens in China (Hamidian 
et al., 2011; Zhang et al., 2014). Plasmid-mediated qnr resis-
tance has also been noted among nalidixic acid–resistant 
strains of non-Typhi S. enterica (Gay et al., 2006; Kehrenberg 
et al., 2006; Nógrády et al., 2007; Ferrari et al., 2013). Plasmid- 
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mediated quinolone resistance genes have been found in 4 
ESBL–producing strains of S. enterica resulting in decreased 
susceptibility to ciprofloxacin (Harrois et al., 2014). Further-
more, a plasmid-mediated quinolone resistance gene combi-
nation (oqxAB) that mediates nalidixic acid resistance was 
found on the chromosomes of two S. enterica serovar Derby 
isolates derived from meat samples in Hong Kong (Wong et 
al., 2013)—the significance of this finding remains to be 
determined. One recent study suggested that for S. enterica, 
quinolone resistance acquisition may be related to biofilm 
production (Fabrega et al., 2014).

Similar emergence of resistance has occurred in Sal
monella Typhi—especially in South Asia. In a case series of 
286 Salmonella Typhi isolates from various US centers, 7% 
were resistant (Ackers et al., 2000); but in a Nepalese study 
involving 117 Salmonella spp. isolates in adults, half were 
reported as resistant to nalidixic acid (Murdoch et al., 2004). 
In Vietnam, a single clone of quinolone-resistant Salmonella 
eneterica serotype Typhi appears to have been responsible for 
many clinical cases between 1996 and 2004 (Le et al., 2007), 
and a formal review of 1393 South Asia serovar Typhi strains 
demonstrated that nalidixic acid resistance increased from 
4% in 1993 to 97% in 2005 (Chau et al., 2007). Such dramatic 
changes appear to be present in many strains from sites 
across the region (including sites in Bangladesh, China, 
India, Indonesia, Laos, Nepal, and Pakistan) and may be 
largely due to a mutation in gyrA that is associated with 
reduced in vitro killing with ofloxacin (Chau et al., 2007). 
Similar high rates of nalidixic acid resistance in Vietnam 
were reported in a clinical study of typhoid by Dolecek et al. 
(2008). In developing countries in more recent years high 
levels of nalidixic acid resistance have been found among 
Salmonella spp. from patients with enteric fever: 78% 
(Menezes et al., 2012), 92% (Choudhary et al., 2013), and 
100% (Geetha et al., 2014) in India; and 80% (Acharya et al., 
2012) and > 90% (Chand et al., 2014) in Nepal. In a survey of 
2551 isolates from patients over the period 1985–2010 in 
Australia, nalidixic acid resistance rose to 70% of the isolates; 
with these originating from 74 different countries—55% 
from India and Indonesia (Commons et al., 2012). 

Nalidixic acid resistance in vitro has been used as a surro-
gate marker of resistance of Salmonella spp. to ciprofloxacin 
and other fluoroquinolones. In a study of 1010 Salmonella 
isolates from Finland, Hakanen et al. (1999) suggested that 
identification of nalidixic acid resistance by the disk diffu-
sion method was a useful screening test for resistance to 
ciprofloxacin (MIC ≥ 0.125 µg/ml), with test sensitivity of 
100% and specificity of 87.3%. In 2004, the use of the nali-
dixic acid screening test was recommended by the Clinical 
and Laboratory Standards Institute (CLSI) for the detection 
of fluoroquinolone resistance among invasive Salmonella iso-
lates (National Committee for Clinical Laboratory Standards, 
2004). However, as with Enterobacter-iaceae, the emergence 
of Salmonella strains susceptible to nalidixic acid but resis-
tant to ciprofloxacin in Southeast Asia has threatened the 
value of this screening test for resistance to ciprofloxacin 
(Hakanen et al. 2001; Hakanen et al., 2005), and more recent 

studies have now cast doubt on the value of nalidixic acid 
resistance as a surrogate marker of fluoroquinolone resis-
tance (Acharya et al., 2012). A Pakistani study suggested that 
estimation of fluoroquinolone MICs in relation to every nali-
dixic acid–susceptible S. Typhi strain was not cost-effective 
and that periodic fluoroquinolone MIC testing should be 
carried out on isolates with a borderline nalidixic acid zone 
(20–22 mm) (Irfan et al., 2012). A study of 322 S. Typhi and 
Paratyphi blood culture isolates from a tertiary southern 
Indian hospital suggested that nalidixic acid resistance 
screening was not a reliable surrogate indicator of ciproflox-
acin resistance (Choudhary et al., 2013). 

Among Shigella spp., the rates of resistance to nalidixic 
acid and fluoroquinolones appear to have increased more 
markedly over the past 30 years in less developed countries 
than in nations with well-developed health systems (Lolekha 
et al., 1991; Khalil et al 1998; Prats et al., 2000). Multiple anti-
biotic resistance, including to nalidixic acid, among Shigella 
dysenteriae type I in Bangladesh increased from 0% to 86% 
of strains in one study conducted from 1985 to 1987, but 
susceptibility to fluoroquinolones was maintained (Munshi 
et al., 1987; Sen et al., 1988). Similarly, Bennish et al. (1992) 
noted an increase in resistance to nalidixic acid from 0.8% 
in 1986 to 20.2% in 1990 (p < 0.001) among Shigella spp. 
isolated in Bangladesh. In particular, 57.9% of S. dysenteriae 
type I isolates in 1990 were resistant, generally in association 
with resistance to ampicillin and trimethoprim–sulfame-
thoxazole. Subsequently, in another study in Bangladesh, 
nalidixic acid resistance among Shigella isolates increased 
from 19% in 1991–1992 to 51% in 2001–2002 (p < 0.01) and 
was associated with 10-fold higher ciprofloxacin MIC90 val-
ues (Rahman et al., 2007). In a study of > 10,000 Chinese 
children with diarrhea or dysentery, more than 90% of the 
Shigella isolates were resistant to nalidixic acid (Wang et al., 
2005). On the other hand, no resistance was found among 
178 Shigella strains in a semirural community in Chile (Fulla 
et al., 2005). In the Netherlands in the early 1990s, the inci-
dence of resistance to nalidixic acid among Shigella isolates 
appeared to be increasing, but to a lesser extent than in 
developing countries (Voogd et al., 1992). In Canada from 
1997 to 2000, resistance to nalidixic acid and ciprofloxacin 
among Shigella isolates was uncommon (3.1% and 0.5%, 
respectively) (Martin et al., 2006). Similarly, among 369 
Shigella isolates (approximately 55% S. sonnei) collected in 
Oregon, only 0.3% were resistant to nalidixic acid during 
1995–1998 (Replogle et al., 2000), and similar low rates 
(1%) were noted in a nationwide US study during 1999–
2002 (Sivapalasingam et al., 2006). In comparison, 10–13% 
of S. sonnei human isolates were nalidixic acid–resistant in 
England and Wales in 2002 (Cheasty et al., 2004). In more 
recent years a clear pattern has emerged of increasing nali-
dixic acid resistance for Shigella in developing countries 
while rates in developed countries have remained low. This 
was exemplified by a systematic review by Gu et al. (2012) 
covering the years 1998–2009 which reported a resistance 
rate of 64.5% for Asian and African countries compared to 
< 5% for European and American countries. While resistance 
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rates of 92–96% were found in China (Yang et al., 2013; 
Zhang et al., 2014a), 90% in northeast India (Nath et al., 
2013), and 58–86.5% in Bangladesh (Das et al., 2014; Ud-Din 
et al., 2013), rates of 12% were found for Iran (Gharibi et al., 
2012), 4.7% for Turkey (Ozmert et al., 2011), and 25% for the 
USA (Shiferaw et al., 2012).

Thus, resistance rates for Salmonella and Shigella spp. 
appear to be rather variable between studies and countries, 
and nalidixic acid should not be relied upon for treatment 
of infections due to these organisms unless local sensitivity 
patterns are available. It is presumably for this reason, 
among others, that the WHO (2003) removed nalidixic 
acid from its “Essential Drugs” list in 2003 and no longer 
recommends nalidixic acid for the treatment of patients 
with bloody diarrhea.

Unlike these enteric pathogens, Campylobacter jejuni 
strains that have been selected for nalidixic acid resistance in 
vitro often demonstrate significant cross-resistance to newer 
quinolones (e.g. ciprofloxacin, norfloxacin, levofloxacin). 
Such resistance was found to be due to reduced DNA gyrase 
subunit A susceptibility to these agents (Gootz and Martin, 
1991). The incidence of resistance to both nalidixic acid and 
the fluoroquinolones increased during the 1980s and 1990s 
among strains of C. jejuni in Europe and Greece, although it 
remained low during this period in Denmark, where anti-
biotic use, especially among food animals, is tightly controlled 
(Lariviere et al., 1986; Altwegg et al., 1987; Adler-Mosca et al., 
1991; Chatzipanagiotou et al., 1993; Aarestrup et al., 1997). 
In Australia, a 2006 study of C. jejuni isolates obtained from 
585 patients from five states revealed that only 6% of locally 
acquired strains were resistant to nalidixic acid and only 
6% were resistant to ciprofloxacin (Unicomb et al., 2006). In 
comparison, Gaudreau and Gilbert (2003) reported signifi-
cant (p < 0.001) increases in ciprofloxacin resistance among 
strains of C. jejuni in Canada from 1998 to 2001, with rates 
of 10–47% resistance, although isolates acquired locally were 
less likely to be resistant (9%) than those acquired from out-
side Canada (66%). Similarly, in France, resistance to nali-
dixic acid increased from 8% in 1990 to 26% in 2004 among 
Campylobacter strains, especially C. jejuni and C. coli. 
Broadly similar rates of resistance (42% vs. 35%) were noted 
among strains acquired by persons traveling abroad and 
those acquired locally (Gallay et al., 2007). During the past 
5 years, however, emerging resistance appears to have wors-
ened. In Poland 73.5% of 498 Campylobacter isolates from 
poultry carcasses collected from slaughter houses over a 
2-year period were resistant to nalidixic acid (Wieczorek et 
al., 2013). In a study of 113 Campylobacter coli isolates de- 
rived from patients with diarrhea and from food-producing 
animals, all (100%) were resistant to nalidixic acid (Zhang et 
al., 2014). Among 196 Campylobacter isolates obtained from 
patients, food, and food animals in Portugal between 2009 
and 2012, all (100%) were resistant to nalidixic acid (Duarte 
et al., 2014). All 40 Campylobacter jejuni local and travel- 
associated isolates (100%) collected in Korea were resistant 
to nalidixic acid (Cha et al., 2014)

Nalidixic acid resistance appears to be increasing among 
strains of Yersinia enterocolitica—generally associated with 
mutations in the QRDR of the gyrA gene, plus in some cases, 
overexpression of drug efflux (Sánchez-Céspedes et al., 2003; 
Capilla et al., 2003; Capilla et al., 2004). More recently four 
different quinolone resistance–determining region mutations 
were found in gyrA, gyrB, and parC genes, with significant 
increases in the MICs of ciprofloxacin, norfloxacin, and nali-
dixic acid (Fabrega et al., 2010). In a further study of three 
nalidixic acid–resistant strains of Y. enterocolitica isolated 
from humans with diarrhea, the resistance mutations were 
found on gyrA (Drummond et al., 2013). In comparison, most 
strains of Aeromonas spp. associated with traveler’s diarrhea 
have previously been susceptible to nalidixic acid and cipro-
floxacin (Vila et al., 2003). Multidrug resistant strains of Vibrio 
cholerae associated with cholera outbreaks in Nepal have been 
identified—all 28 strains were resistant to cotrimoxazole, 
nalidixic acid, and streptomycin (Dixit et al., 2014). 

3. MECHANISM OF DRUG ACTION

Nalidixic acid inhibits bacterial DNA replication by inhibition 
of type II topoisomerases, DNA gyrase, and topoisomerase 
IV, causing DNA degradation and inducing filamentation 
(Goss et al., 1964; Winshell and Rosenkranz, 1970; Diver, 
1989; Drlica and Hooper, 2003). DNA topoisomerases con-
trol the configuration of chromosomal DNA in ways that 
facilitate replication, recombination, and expression via 
improved efficiency in the breaking and rejoining of DNA 
strands. Type I topoisomerases cleave one DNA strand, while 
type II topoisomerases cleave both strands (Nordmann and 
Poirel, 2005). These enzymes are required to supercoil 
strands of bacterial DNA so that they fit in the bacterial cell. 
In order to introduce negative (underwound) super-helical 
turns, DNA gyrase must impose a twisting stress and carry 
out a nicking–closing reaction to relieve the positive winding 
stress. Quinolones interrupt the function of DNA gyrase that 
consists of breaking and rejoining DNA strands, such that 
DNA strand-breaking occurs, but the rejoining of broken 
strands is blocked (Hooper and Wolfson, 1993b; Drlica and 
Hooper, 2003). In general, the primary target for quinolones 
in Gram-negative bacteria is DNA gyrase, and in Gram-
positive bacteria, topoisomerase IV (Nordmann and Poirel, 
2005). DNA gyrase contains two A and two B subunits. 
Gyrase A protein mediates the breakage and rejoining of 
DNA, while gyrase B protein mediates the ATPase activity 
and therefore functions principally in energy transduction 
and ATP hydrolysis during gyrase function (Mizuuchi et 
al., 1978; Hooper and Wolfson, 1993b; Drlica and Hooper, 
2003). The targets of nalidixic acid and oxolinic acid can be 
the gyrase A subunit (Gellert et al., 1977; Sugino et al., 1977) 
or the B subunit (Hooper and Wolfson, 1993b). A bacteri-
cidal effect occurs best in the presence of competent ribo-
nucleic acid (RNA) and protein synthesis (Deitz et al., 1966). 
Inhibition of protein synthesis markedly reduces the abil-
ity  of nalidixic acid to kill bacteria, even though there is 
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inhibition of DNA synthesis (Deitz et al., 1966). This may 
occur at high concentrations of nalidixic acid as RNA and 
protein synthesis may also be inhibited in this setting 
(Crumplin and Smith, 1975; Stevens, 1980). Similarly, some 
quinolones that do not inhibit DNA without inhibiting RNA 
and protein synthesis are only bacteriostatic (Stevens, 1980). 
To further support these observations, Carret et al. (1991) 
noted a paradoxical effect for nalidixic acid and pefloxacin 
whereby bacterial survival was greater in the presence of 5 
times the MIC than in the presence of 3 times the MIC. In 
contrast, this phenomenon was not noted for ofloxacin. No 
clinical significance has been documented in relation to these 
latter observations.

For a more detailed discussion about the mechanism of 
fluoroquinolone activity, see Chapter 101, Ciprofloxacin, and 
Chapter 104, Levofloxacin.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Nalidixic acid is available as 250- and 500-mg tablets and is 
usually administered by the oral route in a dosage of 4 g daily 
given in four divided doses. The dose may be reduced to 2 g 
daily for more prolonged treatment. A single daily dose of 
1 g has been used for longterm suppressive therapy of chronic 
bacteriuria. The sodium salt of nalidixic acid, which is suit-
able for i.v. administration, is no longer available.

4b.  Newborn infants and children

For children aged 12 years and under, dosage for initial ther-
apy is 55 mg/kg body weight per day, administered in four 
divided doses. A suspension of 250 mg per 5 ml is available 
in some countries. For prolonged therapy, the total daily dose 
may be reduced to 33 mg/kg. Caution should be exercised in 
prescribing nalidixic acid to children younger than 6 months 
of age due to reports of benign intracranial hypertension, 
especially when the drug is given in high doses (100–150 
mg/kg/day) (Mukherjee et al., 1990).

Naladixic acid is not recommended for infants younger 
than 3  months old and is particularly dangerous in those 
under 4 weeks of age. Kemball and Davies (1967) reported a 
premature infant weighing 1.7 kg, given nalidixic acid in a 
dose of 60 mg/kg daily, who developed deep sighing respira-
tions, abdominal distension, muscle hypotonia, and marked 
metabolic acidosis 2 days after commencement of treatment. 
This infant recovered after cessation of nalidixic acid and 
treatment with sodium bicarbonate. The serum level of the 
drug 9 hours after the last dose was 114 µg/ml, but the uri-
nary level was only 20 µg/ml. Newborn infants apparently 
conjugate and excrete nalidixic acid much more slowly than 
older children and adults, and the high serum and low urine 
levels recorded in this case represent a reversal of the charac-
teristic findings in the other age groups.

4c.  Pregnant and lactating mothers

Nalidixic acid has been assigned to pregnancy category C 
by the US FDA, with animal studies having revealed terato-
genic and embryocidal effects and prolonged pregnancy 
duration. There are no controlled data in human pregnancy. 
However, Murray (1981) reported no birth defects in 63 
newborns whose mothers had taken the drug during preg-
nancy. Because safer alternatives are available, nalidixic acid 
is only recommended for use during pregnancy when benefit 
outweighs risk.

Nalidixic acid is excreted into human milk in very small 
amounts (0.003% of the maternal dose) (Traeger and Peiker, 
1980). Nevertheless, hemolytic anemia has been reported in 
a breastfed infant whose mother was taking nalidixic acid 
(Belton and Jones, 1965). The manufacturer considers nali-
dixic acid to be contraindicated during lactation.

4d.  Those requiring altered dosages

In patients with moderate degrees of renal functional impair-
ment (serum creatinine 4–6 mg% or 0.33–0.5 mmol/l) 
treated with usual doses of nalidixic acid, there is no accu-
mulation of the active drug in the body and adequate urinary 
concentrations (about 70 µg/ml) of the active drug are usu-
ally attained (Stamey et al., 1969). It may, therefore, be fea-
sible to use this drug in ordinary doses for the treatment 
of urinary tract infections in moderately azotemic patients. 
However, inactive nalidixic acid metabolites (monoglucuro-
nides) almost certainly accumulate in such patients and may 
contribute to toxicity. For this reason, treatment with nali-
dixic acid should be avoided in patients with renal failure 
whenever possible. Dosage reduction for such patients is not 
practicable, because this would lead to inadequate urine lev-
els of the active drug. In patients with severe renal failure, 
therapeutic urinary levels are unlikely to be achieved even 
with ordinary dosage. Bennett et al. (1994) recommend 
avoiding the use of nalidixic acid when the glomerular fil-
tration rate (GFR) is ≤ 50 ml/min and during all forms of 
dialysis.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Four healthy volunteers were found to have serum levels 
ranging between 32 and 49.5 µg/ml 2 hours after a 1 g dose—
but more importantly, urine levels were 86–230 µg/ml 4 hours 
after the same dose (Stamey et al., 1969). Peak serum and 
urinary levels are achieved between 2 and 4 hours after inges-
tion, suggesting that every 6 hours dosing is optimal (Buch-
binder et al., 1962; Gibbon et al., 1965). Plasma protein 
binding of nalidixic acid and its metabolite, 7-hydroxymethyl- 
nalidixic acid, is 90–95% and 65%, respectively (Stamey, 
1971; Vree et al., 1988; Bennett et al., 1994). Probenecid may 
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prolong the serum half-life of nalidixic acid in healthy adults 
(Dash and Mills, 1976).

5b.  Drug distribution

Serum concentrations after oral administration of nalidixic 
acid are difficult to predict (Buchbinder et al., 1962; Gibbon 
et al., 1965). Serum levels at 1, 2, and 4 hours after a single 
1 g oral dose of nalidixic acid varied widely from patient to 
patient. Some patients had high serum levels (10–40 µg/ml), 
but in others, levels of only 1.0–2.0 µg/ml or even lower were 
recorded (Gibbon et al., 1965). In contrast, studies per-
formed by Stamey et al. (1969) showed that adequate serum 
levels in a range of 21–50 µg/ml were always attained 2 hours 
after a single oral dose of 1 g. Nalidixic acid does not accu-
mulate in the serum of patients with normal renal function if 
it is administered every 6 hours in the usual recommended 
doses.

Some nalidixic acid is converted in the body to a hydroxy 
metabolite (hydroxynalidixic acid) that also has antibacterial 
activity. Serum levels of the drug, quoted above, include both 
nalidixic acid and its hydroxy metabolite, the latter account-
ing for about 30% of biological activity in the serum (Stamey, 
1971). Acyl glucuronidation of nalidixic acid occurs in the 
kidneys (Vree et al., 1992). Overall, metabolism of nalidixic 
acid is 42% by glucuronidation and 40% hydroxylation (Vree 
et al., 1988).

Even after prolonged administration, animal studies sug-
gest that nalidixic acid does not accumulate in the tissues, 
where concentrations attained are usually lower than simul-
taneous serum levels. The kidney is the only organ in which 
tissue concentrations may exceed serum levels. In patients 
undergoing elective nephrectomy, renal tissue concentra-
tions exceeded serum levels after treatment for > 24 hours 
in 7 of 11 patients (Jameson, 1965). There was no difference 
between renal medullary and cortical tissue levels. Nalidixic 
acid was also present in the pus of one patient with a peri-
nephric abscess, in whom the concentration varied from 8 to 
24 g/ml.

Nalidixic acid is excreted in breast milk. Following the 
oral administration of 2.0 g nalidixic acid to lactating women, 
only 0.003% of the dose was excreted in an active form in the 
total 24 hour milk. In milk, minimal inhibitory concentra-
tions of nalidixic acid were never reached. The milk/serum 
quotient 6–8 hours after dosing was 0.061 ± 0.003 (Traeger 
and Peiker, 1980).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Minimal data are available on the pharmacologic proper-
ties of nalidixic acid because basic properties of the drug 
were first studied in the 1960s. There are no data on AUC/
MIC and no synergies or postantibiotic effects have been 
described.

5d.  Excretion

Nalidixic acid and its active hydroxy metabolite are both 
rapidly conjugated in the liver to antibacterial inactive 
monoglucuronides, which are rapidly excreted via the kid-
ney (Stamey et al., 1969). The drug is actively secreted by 
the renal tubules. Between 85% and 90% of nalidixic acid 
excreted by the kidney is in the conjugated inactive form, but 
the remainder is excreted as unchanged nalidixic acid and 
its active hydroxy metabolite, producing therapeutically ade-
quate urinary levels. Urine concentrations of these active 
drugs in adults are in the range of 25–250 µg/ml after a single 
oral dose of 0.5–1.0 g. These levels remain high (50–500 µg/
ml) if a 1 g dose is administered orally every 6 hours 
(Buchbinder et al., 1962). The hydroxy metabolite of nali-
dixic acid accounts for approximately 85% of the biologically 
active drug in the urine (Stamey, 1971).

Adequate urine levels of the active drugs are also usually 
attained in patients with moderate renal failure (Stamey et al., 
1969), although nalidixic acid should be avoided when the 
GFR is ≤ 50 ml/min (Bennett et al., 1994). Although active 
nalidixic acid and metabolites do not accumulate in the 
serum of azotemic patients, their inactive monoglucuronides 
do and probably contribute to toxicity (Adam and Dawborn, 
1971).

Nalidixic acid should be administered cautiously to 
patients with liver disease, in whom conjugation of the drug 
may be impaired. Approximately 4% of orally administered 
nalidixic acid is not absorbed and is excreted in the feces.

5e.  Drug interactions

Nalidixic acid can displace warfarin and other highly albu-
min-bound coumarins from their binding sites on serum 
albumin, so that excess anticoagulation may result if the drug 
is given to patients stabilized on warfarin (Hoffbrand, 1974; 
Koch-Weser and Sellers, 1976; Leor et al., 1987).

Nalidixic acid glucuronide conjugates may produce false- 
positive reactions for glucose in urine with tests utilizing 
cupric sulfate reagent (Benedict’s, Fehling’s solution, or 
Clinitest Reagent tablets). However, colorimetric tests for 
glucose using glucose oxidase methods (Clinistix or Tes-tape) 
are unaffected. Diabetic patients should be informed of this 
if they are treated with nalidixic acid.

False-positive results of urine testing for opiates in healthy 
volunteers have been described for a number of fluoroquino-
lones. Although nalidixic acid did not affect these assays, the 
validity of such tests should be regarded with caution in 
patients receiving any quinolones (Baden et al., 2001).

Unlike the fluoroquinolones, nalidixic acid does not 
decrease the clearance of theophylline and is therefore not 
associated with an increase in serum concentrations of this 
agent (Prince et al., 1989). Nalidixic acid forms chelation 
complexes with various metal ions, and although no formal 
study has documented interactions between nalidixic acid 
and antacids containing metal cations, reports of impaired 
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ciprofloxacin absorption in the presence of antacids suggest 
that nalidixic acid absorption may be similarly affected (see 
Chapter 101, Ciprofloxacin).

6. ADVERSE REACTIONS AND TOXICITY

6a. Gastrointestinal side effects

Nalidixic acid–associated gastrointestinal side effects such 
as nausea, vomiting, and diarrhea are infrequent, mild, and 
reversible.

6b. Neurotoxicity

Neurotoxicity is uncommon, but includes visual disturbances, 
a sense of excitement, depression, confusion, and hallucina-
tions. Amfonelic acid, a derivative of nalidixic acid, was 
originally developed as a central nervous system stimulant 
(McMillen and Shore, 1978). Headache, giddiness, insomnia, 
drowsiness, syncope, and sensory changes have also been 
described (Cahal, 1965). Visual disturbances include exces-
sive sensitivity to bright light, blurred vision, difficulty in 
focusing, decreased visual acuity, diplopia, and alteration in 
color perception. Convulsions have occurred in small num-
bers of patients (Islam and Sreedharan, 1965; Ronald et al., 
1966; Fraser and Harrower, 1977; Paul, 1989). Acute revers-
ible psychosis has been observed in a patient treated with 
large doses of nalidixic acid (Finegold et al., 1967). Similarly, 
Kremer et al. (1966) described an adult patient with acute 
glomerulonephritis who developed a paranoid state after 
treatment with nalidixic acid for a urinary infection.

Severe neurotoxic reactions due to nalidixic acid have usu-
ally occurred when this drug has been used in large doses. It 
is wise to use it cautiously in patients with pre-existing men-
tal instability, epilepsy, and cerebral arteriosclerosis. Among 
the newer fluoroquinolones, neurological symptoms have 
been reported in 0.9–7.4% of patients in clinical trials (see 
Chapter 101, Ciprofloxacin).

6c. Intracranial hypertension

Intracranial hypertension is a rare complication, but is 
notable since it mainly affects infants (Fisher, 1967; Deonna 
and Guignard, 1974; Mukherjee et al., 1990). Boreus and 
Sundstrom (1967) described a 6-month-old boy who develo-
ped vomiting, a bulging fontanelle, papilledema, and wide-
ning of the skull sutures a few days after commencement of 
nalidixic acid in a dosage of 100 mg orally four times a day. 
This complication was observed on two separate occasions 
when this drug was used for the treatment of urinary tract 
infection, and each time the signs resolved when the drug 
was discontinued. The causal relationship between nalidixic 
acid therapy and increased intracranial pressure was con-
firmed when the complication was reproduced on a third 
occasion by administration of the drug under controlled 
conditions. Anderson et al. (1971) and Kilpatrick and Ebeling 

(1982) both described children who developed papilledema 
and a sixth nerve palsy that resolved with cessation of nali- 
dixic acid. Mukherjee et al. (1990) reported 12 cases of 
benign intracranial hypertension after nalidixic acid therapy 
for acute bacillary dysentery in infants less than 6 months 
old in Calcutta. These authors attributed the toxicity to the 
inadvertent use of high doses of nalidixic acid (100–150 mg/
kg/day).

6d. Myalgia and myopathy

Carmichael and Martin (1988) described a 53-year-old 
woman with moderately severe renal failure who was treated 
with nalidixic acid 4 g per day for a urinary tract infection 
and developed severe myalgia and proximal muscle weak-
ness that resolved promptly with cessation of nalidixic acid 
therapy. Other authors have reported myalgia, weakness, and 
peripheral neuritis (Anonymous, 1972; Lane and Mastaglia, 
1978).

6e. Metabolic disturbances

Islam and Sreedharan (1965) reported the case of a 14-year-
old girl who took an overdose of nalidixic acid (13 tablets 
of 500 mg). She developed convulsions, hyperglycemia, and 
glycosuria, which simulated diabetic ketosis, but her plasma 
ketones were not elevated. Treatment was successful with 
i.v. fluids without insulin, and the blood glucose returned to 
normal after 24 hours. Convulsions and hyperglycemia may 
also occur in otherwise healthy people receiving nalidixic 
acid as a result of an idiosyncratic reaction. Fraser and 
Harrower (1977) reported a 31-year-old woman who devel-
oped convulsions and hyperglycemia 2 days after starting 
nalidixic acid at a dose of 1 g four times daily. This patient 
had no underlying neurological disease and she recovered 
after cessation of the drug.

Metabolic acidosis without hyperglycemia has also been 
ascribed to nalidixic acid overdose. Dash and Mills (1976) 
described an 18-year-old man who ingested an unknown 
quantity of nalidixic acid, plus probenecid, and a number of 
other drugs. He became stuporous and had a metabolic aci-
dosis with markedly elevated serum levels of nalidixic acid 
but normal plasma glucose. The patient awoke gradually over 
21 hours, and it was believed that the concomitant adminis-
tration of probenecid had prolonged the serum half-life of 
nalidixic acid.

Nalidixic acid may cause severe lactic acidosis in some 
diabetic patients with renal impairment. Phillips et al. (1979) 
described a 62-year-old woman with diabetes and chronic 
renal impairment. She developed fatal lactic acidosis, hyper-
glycemia, and uremia without ketosis after administration of 
nalidixic acid. The authors gave nalidixic acid to four healthy 
volunteers and showed that it increased blood lactate levels 
after infusion of lactate. They suggested that nalidixic acid 
may be dangerous in patients with renal impairment and in 
diabetics who have abnormal lactate metabolism.
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6f. Skin rashes

Similar to what has been observed with other quinolones, 
dermatological reactions such as pruritus, rashes (usually 
urticarial and at times associated with eosinophilia), and 
severe photosensitivity reactions involving exposed surfaces 
have been reported in patients treated with nalidixic acid 
(Zelickson, 1964; Burry and Crosby, 1966; Mathew, 1966; 
Baes, 1968; Birkett et al., 1969; Brauner, 1975; Boisvert and 
Barbeau, 1981). Erythema multiforme and Stevens–Johnson 
syndrome have also been reported. All skin reactions appear 
to be reversible with cessation of therapy. In general, the inci-
dence of such reactions with nalidixic acid is less than with 
some of the new fluoroquinolones (Hooper and Wolfson, 
1993c).

The mechanism(s) of quinolone photosensitivity reactions 
have not been fully defined, but nalidixic acid–associated 
reactions have occurred after exposure to both ultraviolet 
(320–400 nm) and visible (> 400 nm) light (Brauner, 1975). 
Animal studies suggest that among various quinolones there 
appears to be a correlation between ultraviolet A–induced 
photoinstability and the potential for photosensitivity/ 
phototoxicity (Ferguson and Johnson, 1990; Wagai and 
Tawara, 1992). Five patients described by Mathew (1966) 
developed bullous skin eruptions in the summer while 
receiving nalidixic acid therapy; three had impaired renal 
function. The bullae slowly resolved 2 weeks to 2 months 
after cessation of the drug. One of these patients was treated 
with prednisolone without apparent beneficial effect. Mathew 
(1966) recommended that nalidixic acid therapy should be 
avoided during sunny weather, particularly in patients with 
impaired renal function. All patients receiving nalidixic acid 
should be warned to avoid sun exposure, and to stop taking 
the drug at the first sign of an abnormal skin reaction. For a 
wider discussion about fluoroquinolone-associated photo-
sensitivity, see Chapter 101, Ciprofloxacin.

Bilsland and Douglas (1990) described a 43-year-old 
woman who developed a photosensitive bullous rash that 
mimicked pseudoporphyria after sunbathing under an ultra-
violet A sun bed. Interestingly, the patient had used the sun 
bed only once while taking a 6-day course of nalidixic acid, 
but used it regularly one week after completing the course, 
with rash developing after four sun bed sessions. Skin biopsy 
demonstrated subepidermal bullae with no cellular infiltrate. 
The blistering healed over 2 weeks, with some scarring and 
persistent skin fragility. Burry and Crosby (1966) considered 
the reaction produced by nalidixic acid to be a phototoxic 
reaction (which resembles excessive sunburn and does not 
spread beyond areas exposed to light), and not a photoaller-
gic reaction (which looks like an allergic skin disease and 
spreads beyond areas exposed to light). Demethylchlor-
tetracycline causes classical phototoxicity, while the sulfon-
amides cause photoallergy. Brauner (1975) pointed out that 
nalidixic acid photodermatitis is uncommon; its incubation 
period is up to several weeks, and reactivity occurs irrespec-
tive of dosage and continues even when most of the drug has 

been cleared from the body. These features suggest photo- 
 allergy rather than phototoxicity. However, the fact that for 
some other quinolones reactions appear to be partly dosage 
related suggests that not all cutaneous reactions may be wholly 
idiosyncratic (Hooper and Wolfson, 1993c). Anaphylactoid 
reactions with nalidixic acid are extremely uncommon, but 
have been reported, and cross-reactivity between different 
quinolones has been described (Valdivieso et al., 1988; 
Dávila et al., 1993).

6g. Arthropathy

Quinolones cause cartilage erosions, noninflammatory joint 
effusions, and some disorganization of epiphyseal plates in 
animal studies; however, rheumatologic adverse reactions in 
humans appear to be very uncommon (Ingham et al., 1977; 
Adam, 1989; Machida et al., 1990). In a retrospective case–
control study by Schaad and Wedgwood-Krucko (1987) of 
11 pediatric patients who were followed up 3–12 years after 
receiving nalidixic acid for 9–600 days, no difference in 
skeletal growth or arthralgia was found in the nalidixic 
acid–treated group compared with controls. Furthermore, in 
a study of over 200 children treated with nalidixic acid, no 
clinical or radiographic evidence of arthropathy was detected 
(Adam, 1989). Thus, nalidixic acid appears to be safe to use 
in pediatric populations and, indeed, is licensed for such use 
in many countries, although some theoretical reservations 
persist.

6h. Hematological side effects

Hemolytic anemia appears to be a rare, but potentially serious 
complication of nalidixic acid therapy, particularly in new-
born infants and especially those with glucose-6-phosphate 
dehydrogenase (G6PD) deficiency. Belton and Jones (1965) 
reported a 2-week-old baby who was not G6PD deficient 
who developed a hemolytic anemia, apparently as a result of 
drinking breast milk while the mother was being treated 
with nalidixic acid. Mandal and Stevenson (1970) described 
nalidixic acid–induced hemolytic crises in an older child 
and an adult, both with G6PD deficiency; the latter had an 
occupational exposure to nalidixic acid dust (Alessio and 
Morselli, 1972). Coombs-positive autoimmune hemolytic 
anemia associated with nalidixic acid therapy has been 
described in a number of adults, including one case of fatal 
hemolysis (Gilbertson and Jones, 1972; Tafani et al., 1982). 
Therefore, it seems that this drug may cause hemolytic ane-
mia by a variety of mechanisms.

Thrombocytopenia has been associated with nalidixic acid 
therapy, although the complication appears to be rare and 
may be more common in elderly and in those with impaired 
renal function receiving nalidixic acid (Meyboom, 1984). 
A  number of the fluoroquinolones have been associated 
with significant hematological toxicity, although the overall 
 incidence is reported as 0.4–5.3% (Hooper and Wolfson, 
1993c).
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6i. Fetal toxicity

No teratogenic effects have been noted in pregnant animals 
given nalidixic acid (Ward-McQuaid et al., 1963), and preg-
nant patients have received this drug without untoward 
effects (Wren, 1969; Murray, 1981; ADEC, 1992). In Australia, 
nalidixic acid is classed as a B3 agent—namely, it has been 
taken by only a limited number of pregnant females of 
child-bearing age, but with no observed increase in fetal 
malformations (ADEC, 1992). However, nalidixic acid has 
been assigned to pregnancy category C by the FDA, with 
animal studies suggesting possible teratogenic and embryo-
cidal effects. Hence some clinicians still have reservations 
about its use, particularly during the first trimester of preg-
nancy, and the manufacturers state that the safety of the drug 
in the first trimester has not been established. Furthermore, 
manufacturers caution against the use of nalidixic acid in the 
days immediately prior to delivery because of the theoretical 
risk that very high nalidixic acid levels may develop in the 
neonate immediately after birth due to in utero exposure to 
maternal nalidixic acid.

7. CLINICAL USES OF THE DRUG

Nalidixic acid has now been largely replaced in clinical usage 
by the newer fluoroquinolones that have superior in vitro 
activity and improved pharmacokinetic and pharmaco-
dynamic profiles (Thauvin-Eliopoulos and Eliopoulos, 
2003). Nevertheless, nalidixic acid remains useful for some 
indications.

7a.  Urinary tract infections

Nalidixic acid has previously been considered useful for 
treatment of UTIs caused by organisms such as E. coli and all 
species of Enterobacter, Klebsiella, and Proteus, although its 
in vitro activity against common pathogens encountered in 
patients with complicated and/or nosocomial urinary tract 
infections is significantly less than that of most fluoro-
quinolones (Naber, 1989). In addition, the steady increase 
in resistance to nalidixic acid among many of these urinary 
pathogens (see section 2b, Emerging resistance and cross- 
resistance) is a further reason to consider using a fluoro-
quinolone or another drug class, depending on the isolate’s 
susceptibility. Nevertheless, previous studies have demon-
strated efficacy in the treatment of acute, chronic, and recur-
rent urinary tract infections, although the follow-up cure rates 
in patients with chronic infections, as with other antimicro-
bial agents, are disappointing (Barlow, 1963; Ward-McQuaid 
et al., 1963; Gibson and Potts, 1964; Ronald et al., 1966). 

Some useful features of nalidixic acid have included the 
fact that its antibacterial activity remains unchanged over 
the entire pH range of urine, and on this basis alone there 
is no need to regulate urinary pH when the drug is used to 
treat UTIs. However, alkalinization of the urine markedly 
increases urine levels of the active drug and, therefore, may 

enhance its clinical effect (Zinsser, 1970). Absorption of nali-
dixic acid from the gastrointestinal tract and renal clearance 
of the active drug both appear to be increased by concomi-
tant administration of sodium bicarbonate (Adam and 
Dawborn, 1971). Importantly, however, nalidixic acid should 
probably not be used with nitrofurantoin because these two 
drugs show antagonism in vitro.

Preiksaitis et al. (1981) found similar cure rates with nali-
dixic acid and cephalexin in the treatment of women with 
bladder and renal infections, although more relapses occurred 
in patients with renal infections treated with cephalexin. 
Similarly, Iravani et al. (1981) found that both nalidixic acid 
and trimethoprim–sulfamethoxazole were equally efficacious 
in treatment of uncomplicated acute urinary tract infections 
in young women caused by Gram-negative Enterobac-
teriaceae. Resistant mutants did not emerge in the urine in 
either treatment group; however, resistant Enterobacteriaceae 
were noted to emerge in the feces in 1.1% and 2.3% of nali-
dixic acid- and trimethoprim–sulfamethoxazole-treated cases, 
respectively. Nalidixic acid and trimethoprim–sulfamethox-
azole eradicated susceptible fecal Enterobacteriaceae in 15% 
and 22.4% of cases, respectively. 

Ferry et al. (1987) reported a 90% cure rate in the treat-
ment of females with acute lower urinary tract infections 
with a 3-day course of low-dose (0.66 g) nalidixic acid in 
combination with 4 g sodium citrate, although higher rates 
of nalidixic acid resistance were noted in older patients. 
Ahlmen et al. (1983) found a 3-day course of nalidixic acid 
to be effective in the treatment of the dysuria–frequency syn-
drome in women. As noted earlier, nalidixic acid is ineffec-
tive against infections due to Staphylococcus saprophyticus, as 
this organism is inherently resistant.

However, these older efficacy studies probably have little 
current relevance since emerging resistance among common 
uropathogens to nalidixic acid is now widespread. Among 
313 female patients in Austria with uncomplicated UTIs, 
nalidixic acid resistance was found in 9.6%, compared to 
4.1% for ciprofloxacin (Kamenski et al., 2012). In a recent 
French study of women with E. coli acute pyelonephritis, 
23% of 344 isolates were resistant to nalidixic acid and 17.4% 
were resistant to ofloxacin (Bedoin et al., 2014). Three risk 
factors for such resistance were identified in this study by 
multivariate analysis: fluoroquinolone use in the previous 
3 months, hospitalization in the previous 6 months, and stay-
ing in a long-term care facility.

Nalidixic acid in a lower dosage is one of several drugs 
suitable for long-term suppressive therapy in patients with 
chronic bacteriuria. Such therapy may prevent recurrent bac-
teriuria in patients with chronic bacterial prostatitis, but it 
usually fails to eradicate prostatic infection since it does not 
penetrate well into prostatic fluid even when serum levels are 
high (Stamey, 1971; Anonymous, 1983). The fluoroquinolones 
are now considered the drugs-of-choice for treating bacterial 
prostatitis (see Chapter 101, Ciprofloxacin).

Nalidixic acid has been used successfully for the treat-
ment of uncomplicated urinary tract infections in childhood 
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and for prolonged treatment of children with urinary infec-
tions associated with renal tract abnormalities (Kneebone, 
1965). The absence of reported cases of arthropathy and ten-
donitis makes it a more attractive option than other quinolo-
nes. Since resistance to nalidixic acid can emerge during 
treatment of complicated urinary sepsis, it is best avoided in 
favor of agents that attain effective blood and tissue levels. In 
a recent French study of 110 children seen in hospital prac-
tice and aged between 11 days and 12 years, E. coli was the 
predominant isolate (78%), and 9% of total isolates were 
resistant to nalidixic acid (Garaffo et al., 2014). 

Nalidixic acid has been used occasionally for the treat-
ment of urinary infections during pregnancy, and no terato-
genic effects have been noted (Wren, 1969). However, there 
are now many other safer antibiotic alternatives for use in 
pregnancy.

7b.  Systemic infections due to Gram-
negative bacilli, including Salmonella 
enterica serotype Typhi

Nalidixic acid is not suitable for the treatment of systemic 
infections, since insufficient tissue levels are generally 
obtained and resistant strains may therefore develop during 
therapy. Nevertheless, there are some older reports of nali-
dixic acid use in the treatment of systemic infections. Sharma 
(1965) reported the successful treatment of four patients 
with brucellosis with oral nalidixic acid, and Hassan et al. 
(1970) described the use of nalidixic acid (60–100 mg/kg 
body weight per day for 10 days) to cure 28 of 32 patients 
with typhoid or paratyphoid fever, although the average time 
for patients to become afebrile was 9.5 days.

Infections due to strains of nalidixic acid–resistant S. typhi 
have been associated with inferior clinical treatment out-
comes when treated with fluoroquinolones (Parry, 2004). For 
example, in a randomized, controlled comparison of azithro-
mycin and ofloxacin for the treatment of multidrug-resistant 
and nalidixic acid–resistant enteric fever in Vietnam, patients 
treated with ofloxacin had longer fever clearance times than 
those treated with azithromycin and had higher rates of 
ongoing positive fecal cultures after the end of treatment, 
although there was no statistical difference in the overall rate 
of cure (86% ofloxacin versus 96% azithromycin; p = 0.27) 
(Chinh et al., 2000). Similar findings were noted by Crump 
et al. (2008), who undertook a retrospective cohort study of 
patients in the United States with invasive typhoid from 1999 
to 2002. Among the one-third of isolates that displayed 
decreased susceptibility to ciprofloxacin (MIC 0.12–1 µg/ml), 
88% were nalidixic acid–resistant, and patients with these 
isolates had prolonged fever clearance times and 17% suf-
fered treatment failure. Notably, nalidixic acid screening did 
not detect all isolates with reduced susceptibility to cipro-
floxacin (see Chapter 101, Ciprofloxacin). Similar clinical 
outcomes were noted in a study of 60 patients with typhoid 
in northern India: infections with nalidixic acid–resistant 
S. typhi were significantly associated with longer duration of 

fever at presentation (p < 0.001), higher frequency of hepato-
megaly (p = 0.02), higher levels of aspartate aminotransfer-
ase (p = 0.03), and increased MIC of ciprofloxacin compared 
with infections with nalidixic acid–susceptible isolates—
probably due to delays in initiation of appropriate antibi-
otic therapy (Kadhiravan et al., 2005). Slinger et al. (2004) 
reported similar findings in a small study of enteric fever in 
Canada. 

A recent CDC FoodNet study of 875 non-typhoidal 
Salmonella infections showed similar findings to that ob- 
served for typhoid—namely that the presence of antimicro- 
bial resistance was associated with poorer clinical outcomes 
(Krueger et al., 2014).

7c.  Shigella infections

Early studies indicated that nalidixic acid may be beneficial 
in the treatment of Shigella dysentery (Pesigan and Medado, 
1964; Moorhead and Parry, 1965; Hansson et al., 1981). 
Subsequent studies also demonstrated the efficacy of nali-
dixic acid; however, increasing resistance of Shigella strains 
to nalidixic acid in many developing countries has been 
associated with a loss of clinical efficacy. A small comparative 
study of nalidixic acid versus enoxacin for the treatment of 
bacillary dysentery in Rwanda demonstrated similar favor-
able clinical and bacteriological responses (De Mol et al., 
1987); but all isolates were susceptible in vitro to both agents. 
Similarly, a comparative study in India of nalidixic acid and 
norfloxacin demonstrated comparable overall outcomes, 
although the durations of fever, anorexia, and abdominal 
pain were smaller in the norfloxacin group. As expected, 
norfloxacin was superior to nalidixic acid in cases in which 
the Shigella isolate was resistant in vitro to nalidixic acid 
(Bhattacharya et al., 1991). Rogerie et al. (1986) also noted 
no difference between nalidixic acid and norfloxacin therapy 
for shigellosis. Lolekha et al. (1991) reported a comparative 
study of nalidixic acid, norfloxacin, or trimethoprim–sulfa-
methoxazole therapy for shigellosis in Thailand. Treatment 
with norfloxacin eradicated Shigella spp. from fecal speci-
mens faster than nalidixic acid; however, there was no statis-
tically significant difference in clinical response between these 
two treatment groups. Both nalidixic acid and norfloxacin 
were more effective than trimethoprim–sulfamethoxazole 
(p < 0.01), probably because only 17% of isolates were sus-
ceptible to trimethoprim–sulfamethoxazole.

In a randomized, double-blind trial of 5-day therapy with 
either nalidixic acid (55 mg/kg/day) or ampicillin (100 mg/
kg/day) for childhood shigellosis in Bangladesh, the clinical 
cure rates were 81% and 77%, respectively, among patients 
with susceptible strains (Salam and Bennish, 1988). The use 
of quinolones, either nalidixic acid or particularly the fluoro-
quinolones, as one- or two-dose therapy for severe shigellosis 
in young children had been previously suggested as a treat-
ment option by the WHO (Fontaine, 1989). However, the 
emergence of resistance to nalidixic acid among Shigella spp. 
has resulted in the WHO’s no longer recommending this 
agent for the treatment of shigellosis or bloody diarrhea, and 
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its deletion from the WHO Essential Drugs list in 2003 in 
favor of ciprofloxacin (World Health Organization, 2003). 

More recent studies suggest a somewhat confusing pic-
ture, with low resistance rates in some developed countries 
for domestically-acquired shigellosis (Shiferaw et al., 2012; 
Gu et al., 2012); but high resistance rates in many developing 
countries where shigellosis is a more common clinical prob-
lem (Nath et al., 2013; Yang et al., 2013; Ud-Din et al., 2013; 
Das et al., 2014; Zhang et al., 2014). Overall, however, nali-
dixic acid should only be used (if at all) for shigellosis when 
susceptibility has been proven.

Nalidixic acid is one therapeutic option in traveler’s diar-
rhea, particularly in children. However, the variable suscep-
tibility rates for enterotoxigenic E. coli and Salmonella spp., 
the high resistance rates of Campylobacter spp. (Zhang et al., 
2014; Duarte et al 2014; Cha et al., 2014), and the availability 
of more effective agents mean that it will rarely be used for 
this indication (Lima 2001). 

Nalidixic acid has not been widely used in the treatment 
of cholera and resistant strains have been reported (Dixit et 
al., 2014).

7d.  Selective decontamination of the 
digestive tract in neutropenic and 
critically ill patients

Nalidixic acid has been used for selective decontamination of 
the digestive tract (SDD) to prevent infection in neutropenic 
patients. Like trimethoprim–sulfamethoxazole and fluoro-
quinolones it suppresses many of the potentially pathogenic 
aerobes, particularly Gram-negative bacilli, but allows pres-
ervation of anaerobes (Rozenberg-Arska et al., 1989). Wade 
et al. (1983) found nalidixic acid plus nystatin to be less effec-
tive than trimethoprim–sulfamethoxazole plus nystatin in 
the prevention of infection in neutropenic patients. However, 
a daily regimen using oral neomycin (1 g), amphotericin B 
(1  g), nalidixic acid (2 g), and polymyxin B (400 mg) was 
effective in reducing infection in such patients, and cor-
related with the selective elimination of aerobic and faculta-
tive anaerobic Gram-negative rods from the gut (Guiot et al., 
1983). Veringa and Van der Waaij (1984) showed that anti-
biotics used for selective decontamination of the gut were 
rapidly biologically inactivated by intestinal contents in a 
dose-dependent fashion, but not all to the same extent. This 
may explain why some unabsorbed drugs need to be given in 
relatively high doses (polymyxin), whereas lower daily doses 
of some less active drugs (tobramycin) are sufficient. In 
their experiments, colistin was almost completely inacti-
vated; tobramycin and neomycin were considerably inacti-
vated; and temocillin and aztreonam were only partially 
inactivated; nalidixic acid and trimethoprim were interme-
diate in their susceptibility to fecal inactivation. Jansen et al. 
(1994) compared the combination of neomycin plus poly-
myxin B sulfate plus nalidixic acid with ciprofloxacin 500 mg 
twice daily alone for the prevention of bacterial infections in 
severely myelosuppressed patients (bone marrow transplant 

recipients or patients postinduction for leukemia). The two 
regimens proved to be similar in efficacy, but ciprofloxacin 
therapy was better tolerated. A high incidence of streptococ-
cal infections was noted in both treatment groups. Nalidixic 
acid has been largely superseded by fluoroquinolones for this 
indication. A meta-analysis of 95 randomized controlled 
trials published between 1973 and 2004 showed a reduction 
in mortality, particularly with the use of fluoroquinolones in 
hematological malignancies; however, there was a nonsignif-
icant increase in resistance rates and a significant increase in 
adverse events (Gafter-Gvili et al., 2005).

The SDD principle has also been utilized in attempts to 
prevent infections in critically ill patients, particularly 
patients with ventilator-associated pneumonia in intensive 
care units. Nalidixic acid has been used in only a small num-
ber of patients for this indication and again has been largely 
superseded by fluoroquinolones. In a meta-analysis of 11 
clinical trials involving 1489 patients, any preventive benefit 
appeared to be limited (Vanderbroucke-Grauls and Vanden-
broucke, 1991). The use of such SDD regimens preventively 
has decreased over recent years amid lack of evidence of 
benefit, lack of cost–efficiency data, and concerns regarding 
potential for development of resistance (Bonten, 2006).
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1. DESCRIPTION

Pefloxacin is a second generation fluoroquinolone that has 
the chemical name l-ethyl-6-fluoro-1,4-dihydro-4-oxo- 
7(4-methyl-1-piperazinyl)-quinoline-3-carboxylic acid (see 
Figure 118.1). Overall, the antibacterial spectrum of pefloxa-
cin is similar to that of norfloxacin and enoxacin (see Chapter 
102, Norfloxacin, and Chapter 112, Enoxacin), but is less 
than that of ciprofloxacin (see Chapter 101, Ciprofloxacin) 
(Auckenthaler et al., 1986; Clarke et al., 1985; King and 
Phillips, 1986; Ligtvoet and Wickerhoff-Minoggio, 1985; Van 
Caekenberghe and Pattyn, 1984). Although pefloxacin has 
little clinical advantage over these other fluoroquinolones, its 
good penetration of the central nervous system is notable; 
however, there are only limited clinical data available to sup-
port its use for treatment of infections of the central nervous 
system. Pefloxacin is only available in some European and 
Asian countries.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The minimum inhibitory concentrations (MICs) of peflox-
acin against selected bacterial species are shown in Table 
118.1, although there are minimal recent data.

GRAM-NEGATIVE BACTERIA

The in vitro activity of pefloxacin against most Entero-
bacteriaceae is greater than that of amikacin, gentamicin, 
and ceftazidime; approximately equivalent to that of enoxa-
cin, ofloxacin, norfloxacin, and cefotaxime, but less than the 
activity of ciprofloxacin (Georgopoulos et al., 1988; Gonzalez 
and Henwood, 1989; Gruneberg et al., 1988; Jones et al., 
1986; King and Phillips, 1986; Ligtvoet and Wickerhoff-
Minoggio, 1985; Phillips and King, 1988; Van Der Auwera 
et al., 1989; Yourassowsky et al., 1986). Pefloxacin is active 
against Aeromonas and Plesiomonas spp. (Gruneberg et al., 
1988; Kuijper et al., 1989). Yersinia enterocolitica are gener- 

ally susceptible, but ciprofloxacin has greater activity against 
this species (Hoogkamp-Korstanje, 1987). Campylobacter 
jejuni is usually sensitive, but Helicobacter pylori is moder-
ately or poorly susceptible (Cattoir et al., 2007). Acinetobacter 
spp. are generally less susceptible to pefloxacin than to cipro-
floxacin and ofloxacin (Joly-Guillou and Bergogne-Berezin, 
1992). Gardnerella vaginalis is generally resistant (King and 
Phillips, 1986). Moraxella catarrhalis is susceptible (Phillips 
and King, 1988).

Pefloxacin has reasonable in vitro activity against Fran
cisella tularensis, but is less active against this species than 
either ciprofloxacin or norfloxacin (Syrjala et al., 1991). 
Pefloxacin and enoxacin have relatively poor in vitro activity 
against Bordetella pertussis and Bordetella parapertussis, 
especially compared with ciprofloxacin (Hoppe and Simon, 
1990). Brucella melitensis is generally susceptible to pefloxa-
cin and other fluoroquinolones (Qadri et al., 1989).

Pefloxacin is active against Legionella pneumophila, but 
with higher MIC values than ciprofloxacin, levofloxacin, or 
ofloxacin (Hoogkamp-Korstanje, 1997).

Activity against Pseudomonas aeruginosa and Burkholderia 
pseudomallei is poor for pefloxacin, and inferior to cipro-
floxacin’s (Cheong et al., 1987; Hoogkamp-Korstanje, 1997; 
Viktorov et al., 2008; Vojtová et al., 2011).

Anaerobes such as Bacteroides fragilis, Prevotella melani
nogenica, Fusobacterium spp., and Mobiluncus spp. are gen-
erally resistant (Delmee and Avesani, 1986; Edlund and 
Nord, 1986; Jones et al., 1986; King and Phillips, 1986).

Figure 118.1. Chemical structure of pefloxacin mesylate.
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GRAM-POSITIVE BACTERIA

With respect to Staphylococcus aureus, pefloxacin is much 
more likely to be active against the methicillin-susceptible 
than the methicillin-resistant strains. This also remains 
generally true for coagulase-negative staphylococci. Some in 
vitro studies suggest more rapid killing of staphylococci 
when pefloxacin is combined with oxacillin or vancomycin, 
compared with each agent alone. Streptococcus pneumoniae, 
Streptococcus pyogenes, Streptococcus viridans, enterococci, 
and groups B, C, D, and G streptococci are relatively resis-
tant (Fass and Helsel, 1987; Gruneberg et al., 1988; King 
and Phillips, 1986; Ligtvoet and Wickerhoff-Minoggio, 1985; 
Phillips and King, 1988; Van Der Auwera et al., 1989; 
Yourassowsky et al., 1986). Pefloxacin has moderate in vitro 
activity against Erysipelothrix rhusiopathiae, although it is 
inferior to that of ciprofloxacin and penicillin (Venditti et al., 
1990). Nocardia spp. are resistant, as is Listeria monocyto
genes (Auckenthaler et al., 1986; Farina et al., 1995).

Gram-postive anaerobes such as Eubacterium, Peptococcus, 
Peptostreptococcus, and Clostridium (including Clostridium 
difficile) species are pefloxacin-resistant (Gruneberg et al., 
1988; King and Phillips, 1986; Van Der Auwera et al., 1989).

OTHER ORGANISMS

The in vitro activity of pefloxacin against Mycobacterium 
tuberculosis, Mycobacterium bovis, Mycobacterium xenopi, 
and Mycobacterium kansasii is inferior to that of ciprofloxa-
cin and ofloxacin (which are generally associated with MIC 
values ≤ 1.25 μg per ml), but is similar to the activity of enox-
acin and norfloxacin (Alangaden and Lerner, 1997; Davies et 
al., 1987; Gorzynski et al., 1989; Texier-Maugein et al., 1987). 
Pefloxacin has bactericidal activity against Mycobacterium 
leprae (Fajardo et al., 2004).

Similar to ciprofloxacin and ofloxacin, pefloxacin has in 
vitro activity against the rickettsioses, with MICs ranging 
between 0.5 and 2 μg per ml (Rolain et al., 1998). Similarly, it 
also has in vitro activity against some strains of Coxiella bur
netii, but doxycycline or ofloxacin are the preferred agents 
(Gikas et al., 2001; Rolain and Raoult, 2003; Spyridaki et al., 
2002). The activity of pefloxacin against Borrelia burgdorferi 
is poor and inferior to that of other fluoroquinolones such 
as gemifloxacin and sitafloxacin (Kraiczy et al., 2001).

Pefloxacin exhibits in vitro activity against Plasmodium 
falciparum, but this is not clinically relevant (Deloron et al., 
1991; Divo et al., 1988).

Table 118.1. In vitro pefloxacin activity against common pathogens.

Organism
Typical MIC90

(μg/ml)
Emerging 
resistance 

Gram-negative bacteria

Escherichia coli 0.125–1 Yes

Enterobacter aerogenes 0.25 Yes

Enterobacter cloacae 8 Yes

Klebsiella pneumoniae 4 Yes

Proteus mirabilis 0.5–1

Proteus vulgaris 0.25

Morganella morganii 0.5

Providencia rettgeri 0.25–4

Providencia stuartii 4

Serratia marcescens    1–≥ 32 Yes

Citrobacter freundii 0.25–2 Yes

Salmonella spp. 0.125–0.25 Yes

Shigella spp. 0.125–0.25 Yes

Yersinia enterocolitica 0.25

Campylobacter jejuni 0.5–2 Yes

Acinetobacter calcoaceticus    1–≥ 32 Yes

Haemophilus influenzae 0.125–8 Yes

Moraxella catarrhalis 0.25–1

Neisseria meningitidis 0.03

Neisseria gonorrhoeae 0.06–16 Yes

Pseudomonas aeruginosa    4–≥ 32 Yes

Burkholderia cepacia — Yes

Stenotrophomonas maltophilia 4 Yes

Bacteroides fragilis 16

Gram-positive bacteria

Staphylococcus aureus (MSSA) 0.5–2 Yes

Staphylococcus aureus (MRSA) ≥ 32 Yes

Organism
Typical MIC90

(μg/ml)
Emerging 
resistance 

Staphylococcus epidermidis (MSSE) 0.5–1 Yes

Staphylococcus epidermidis (MRSE) ≥ 32

Streptococcus pneumoniae    8–32

Streptococcus pyogenes   16–≥ 32

Enterococcus faecalis    4–≥ 32

Enterococcus faecium 8

Listeria monocytogenes 8

Clostridium perfringens 1

Clostridium difficile 64

Peptostreptococcus spp. 16

Other bacteria

Legionella pneumophila 0.06–0.5

Mycoplasma pneumoniae —

Mycoplasma hominis 4

Chlamydophila pneumoniae —

Chlamydophila trachomatis —

Ureaplasma urealyticum 4

Mycobacterium tuberculosis ≤ 1.25 Yes

Mycobacterium avium complex —

Abbreviations: MSSA: methicillin-susceptible S. aureus; MRSA: methicillin- 
resistant S. aureus; MSSE: methicillin-susceptible S. epidermidis; MRSE: 
methicillin-resistant S. epidermidis.

Sources: Data compiled from Davies et al. (1987); Delmee and Avesani 
(1986); Edlund and Nord (1986); Gascon et al. (2002); Georgopoulos 
et  al. (1988); Gonzalez and Henwood (1989); Gorzynski et al. (1989); 
Gruneberg et al. (1988); Hoogkamp-Korstanje (1997); Joly-Guillou and 
Bergogne-Berezin (1992); Jones et al. (1986); King and Phillips (1986); 
Ligtvoet and Wickerhoff-Minoggio (1985); Perez-Vazquez et al. (2003); 
Phillips and King (1988); Texier-Maugein et al. (1987); Tunkel and Scheld 
(2003); Van Der Auwera et al. (1989); Vojtová et al. (2011); and 
Yourassowsky et al. (1986).
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2b.  Emerging resistance and 
cross-resistance

Issues regarding resistance are similar to those encountered 
with other fluoroquinolones (see Chapter 101, Ciprofloxacin), 
and cross-resistance is usually complete (Barry and Fuchs, 
1991).

Recent studies suggest that susceptibility testing for subtle 
fluoroquinolone-resistant strains of Salmonella enterica may 
be best achieved using a pefloxacin disk assay. Fluoroquin-
olone resistance is increasing in Salmonella spp. due to chro-
mosomal mutations in the quinolone resistance–determining 
regions (QRDRs) of bacterial cell topoisomerase genes gyrA, 
gyrB, parC, and parE and/or plasmid-mediated quinolone 
resistance (PMQR) mechanisms, including qnr variants, 
aac(6′)Ibcr, qepA, and oqxAB (see Chapter 101, Cipro-
floxacin). However some of these mutations result in only 
subtle increases in the MIC (i.e. MICs ranging from 0.12 to 
0.25 μg/ml for ciprofloxacin—which is just above the wild-
type MIC of ≤ 0.06 μg/ml). These resistant isolates can there-
fore be difficult to detect with standard ciprofloxacin disk 
diffusion, and plasmid-mediated resistance, such as qnr- 
mediated resistance, is often not detected by the nalidixic 
acid screen test. In a study of 153 Salmonella isolates charac-
terized for the presence (n = 104) or absence (n = 49) of gyrA 
and/or parC topoisomerase mutations, and qnrA, qnrB, qnrD, 
qnrS, aac(6′)Ibcr, or qepA genes, the 5-μg pefloxacin disk 
correctly identified all resistant isolates. Importantly, how-
ever, pefloxacin did not detect isolates having aac(6′)Ibcr as 
the only resistance determinant (Skov et al., 2015). In another 
study, ciprofloxacin, ofloxacin, and pefloxacin disks detected 
all isolates resistant to ciprofloxacin (0% “very major error”) 
and yielded false resistance (“major error”) in 8, 4, and 12% 
of susceptible isolates, respectively. Ciprofloxacin and peflox-
acin disks provided the clearest differentiation of susceptible 
and resistant isolates (Deak et al., 2015). The pefloxacin disk 
assay was approved and implemented by EUCAST in 2014 
and CLSI in 2015 (Skov et al., 2015). 

3. MECHANISM OF DRUG ACTION

The mechanism of action is similar to that of other fluoro-
quinolones (see Chapter 101, Ciprofloxacin).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

ORAL ADMINISTRATION

The usual recommended oral dose of pefloxacin is 400 mg 
twice daily, taken with meals to avoid gastrointestinal distur-
bance. Occasionally an initial loading dose of 800 mg may 
be appropriate to foster the prompt attainment of steady state 
serum concentrations. Loading doses of up to 1200 mg daily 
have been used.

INTRAVENOUS ADMINISTRATION

Intravenous and oral dosing of pefloxacin are more or less 
the same. Parenteral pefloxacin should be administered as a 
1-hour i.v. infusion mixed in 5% dextrose solution, rather 
than in normal saline, which results in drug precipitation.

OTHER MODES OF ADMINISTRATION

Pefloxacin has been used topically on the eye for treating 
bacterial keratitis and by direct intravitreal injection (200 μg 
in 0.1 ml) for treating endophthalmitis (Kumar et al., 2000; 
Vajpayee et al., 1998).

4b.  Newborn infants and children

There are few data about the safety of using enoxacin in new-
born infants and children, although doses of 12 mg per kg 
per day have been used in case reports (Gendrel et al., 1993; 
Guyon et al., 1994; Raymond et al., 1994).

4c.  Pregnant and lactating mothers

No dose adjustment is needed when pefloxacin is given to 
pregnant women. Pefloxacin 400 mg i.v. every 12 hours for 
two doses results in reasonable concentrations in maternal 
serum and amniotic fluid (see section 5b, Drug distribu-
tion). Among lactating women given 400 mg oral pefloxacin 
twice daily, relatively high breast milk concentrations are 
achieved (Giamarellou et al., 1989). Thus, the use of peflox-
acin during pregnancy and lactation should be carefully 
considered.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Since pefloxacin is extensively metabolized and cleared 
by nonrenal mechanisms, pharmacokinetic parameters are 
unaltered, or only minimally altered, in patients with renal 
impairment. Less than 20% of the drug is recoverable in 
the  urine as unmodified pefloxacin (Bressolle et al., 1994; 
Eliopoulos, 1988; Fillastre et al., 1990). Although pefloxacin 
levels remain relatively unchanged with impaired renal func-
tion, there is accumulation of the N-oxide metabolite, which 
lacks antibacterial activity (Jungers et al., 1987). The metab-
olite N-demethylpefloxacin (norfloxacin) also accumulates, 
but serum levels of this appear to be too low to be clinically 
important. Thus, no dosage adjustment is necessary for 
pefloxacin in patients with renal failure (Fillastre et al., 
1990). Hemodialysis does not remove pefloxacin (Montay 
et al., 1985).

Pefloxacin is associated with good bidirectional diffusion 
across the peritoneal membrane, and so therapeutic con-
centrations are achieved in dialysate after i.v. and oral ad - 
ministration to patients undergoing continuous ambulatory 
peritoneal dialysis (CAPD). Futhermore 400 mg pefloxacin 
added to each bag of dialysate (every 6 hours) results in ther-
apeutic dialysate and serum concentrations, suggesting that 
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systemic pefloxacin therapy could be administered by the 
intraperitoneal route in these patients (Schmit et al., 1991). 
The half-life of pefloxacin in these patients is 18.8–19.9 
hours, which is longer than that noted for uremic patients on 
hemodialysis, suggesting that once daily dosing of 400 mg 
(i.v., oral, or intraperitoneal) may be adequate in this setting 
(Nikolaidis et al., 1991; Schmit et al., 1991). 

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

The presence of hepatic cirrhosis is associated with a signifi-
cant prolongation of the half-life of pefloxacin, particularly 
in the presence of either ascites or jaundice. Earlier studies 
reported half-life durations of up to 35.1 ± 19 hours or even 
46.3 ± 42.5 hours, but a more recent study found it to be only 
15.6 ± 12.4 hours. Volume of distribution is reduced by 18% 
and total body pefloxacin clearance may be 30% of normal 
values, with an increase in the mean urinary excretion of up 
to 30.1% (Danan et al., 1985; Galtier et al., 1993; Sambatakou 
et al., 2001). Levels in ascitic fluid are 6.1 ± 3.5 μg per ml, 
which is 66% of the peak serum levels after administration of 
a 400 mg dose (Sambatakou et al., 2001). Although some ear-
lier authors recommended dosing be reduced to once daily 
in patients with hepatic failure, a more recent study found 
twice daily dosing to be appropriate (Montay and Gaillot, 
1990; Sambatakou et al., 2001). Thus, it would seem prudent 
to monitor serum pefloxacin concentrations in such patients 
or alternatively choose another fluoroquinolone that is not 
so dependent on hepatic metabolism for clearance.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Pefloxacin is rapidly absorbed from the gastrointestinal 
tract, with over 80% bioavailability (Bergan, 1998). The 
elimination half-life of pefloxacin after a single dose is 10.5 
hours (7.2–12.3 hours) but increases to 14.8–15.4 hours 
with repeated dosing, suggesting saturation of the clearance 
pathway (Frydman et al., 1986; Gonzalez and Henwood, 
1989; Lode et al., 1990; Montay et al., 1984; Wise et al., 
1986). In serum, it is 20–30% protein-bound (Montay et 
al., 1984).

5b.  Drug distribution

Plasma pefloxacin concentrations increase in a dose-depen-
dent manner when single oral or i.v. doses of 200 to 800 mg 
are given to healthy volunteers. Single oral doses of 200 or 
400 mg achieve mean maximum concentrations after 1–1.5 
hours of 2.5 and 4.3 μg per ml, respectively (Gonzalez and 
Henwood, 1989). Similarly, Montay et al. (1984) noted peak 
serum levels of 3.8 μg per ml about 1 hour after an oral dose 
of 400 mg was given to healthy volunteers; while Webberley 
et al. (1987) noted even higher peak serum concentrations—
of 6.6 μg per ml, after the same dose. Repeated oral doses of 
400 mg twice daily are associated with increases in peak and 

trough serum concentrations, to 7.9–10 μg per ml and 3.8 μg 
per ml, respectively, after approximately 48 hours. 

The pharmacokinetics of i.v. pefloxacin are similar to 
those of pefloxacin given orally (Lode et al., 1990; Maesen et 
al., 1985). When repeated doses of 400 mg pefloxacin i.v. are 
given twice daily to healthy volunteers, the peak serum levels 
of pefloxacin and its metabolites norfloxacin and pefloxacin- 
N-oxide immediately after the first infusion are 5.8, 0.10, and 
0.09 μg per ml, respectively; with mean trough serum levels 
at 12 hours of 1.49, 0.07 and 0.14 μg per ml, respectively. 
After the tenth dose, the mean peak levels are 9.55, 0.28, and 
0.42 μg per ml, respectively, and the mean trough serum 
levels 4.22, 0.22, and 0.39 μg per ml, respectively. Similar to 
what is seen with oral administration, there is a gradual 
accumulation of the drug (Frydman et al., 1986; Wise et al., 
1988; Wise et al., 1986). Following i.v. administration of a 
single dose of 800 mg, peak plasma pefloxacin concentration 
was 12.9 ± 4.1 μg per ml and fell to 2.2 ± 1.0 μg per ml after 
36 hours (Gascon et al., 2003). In a study by Giannopoulos et 
al. (2001) that used the same 800 mg dose, peak serum con-
centration was 5.7 ± 2.0 μg per ml at 6 hours post infusion.

DISTRIBUTION OF THE DRUG IN THE BODY

Intravenous and oral pefloxacin achieve about 70% penetra-
tion into experimentally induced blister fluid (Webberley et 
al., 1987; Wise et al., 1986). Salivary concentrations of peflox-
acin are 0.39–0.44 of serum levels after a single 400 mg dose, 
with peak concentrations in saliva being 0.7 ± 0.1 μg per ml 
(Kozjek et al., 1999). 

Pefloxacin penetrates well into the maxillary sinus cavity 
and nasal secretions in the setting of chronic maxillary sinus-
itis, and in fact accumulates in inflamed sinus fluid. Mean 
sinus aspirate concentrations taken 3, 6, 9 and 12 hours after 
two 400 mg doses given 12 hours apart are 6.9, 3.7, 3.5, and 
2.8 μg per ml, respectively. At the same time intervals, con-
centrations in nasal secretions are 9.1, 3.7, 3.2, and 2.9 μg per 
ml (Petrikkos et al., 1992).

Pefloxacin penetrates both inflamed and noninflamed 
meninges well, achieving concentrations in CSF and brain 
tissue superior to those of ciprofloxacin (Norrby, 1988). 
Relative rank order among the commonly used fluoroquino-
lones in respect of CSF penetration is: pefloxacin (~ 50%) 
>  ofloxacin and ciprofloxacin (~ 20–30%) (Scheld, 1989; 
Tunkel and Scheld, 2003). Wolff et al. (1984) studied the dif-
fusion of pefloxacin into the CSF of 15 patients with bacterial 
meningitis or ventriculitis, who were being treated with 
other antibiotics. Three doses of pefloxacin were adminis-
tered at 12 hour intervals as a 1 hour i.v. infusion in 11 
patients, and orally in the other four; individual doses of 
7.5 mg per kg were used in seven patients and 15 mg per kg 
in the other eight. Mean peak serum levels were obtained 
immediately after i.v. infusion or 2 hours after oral intake; 
concentrations of pefloxacin in CSF were measured 2 hours 
after the third i.v. dose and 4 hours after the third oral dose. 
The mean peak and trough serum levels after administration 
of an i.v. dose of 7.5 mg per kg were 10.3 and 3.5 μg per ml, 
respectively; and the mean CSF concentration was 4.8 μg per 
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ml. The comparable peak and trough serum values after the 
i.v. 15 mg per kg regimen were 20.2 and 8.2 μg per ml; and 
the mean CSF concentration was 8.3 μg per ml. After oral 
administration of the low dose, peak and trough serum levels 
were 8.2–10 μg per ml and 3.5–6.8 μg per ml, respectively, 
while CSF concentrations were at 3.0–3.8 μg per ml. With the 
higher oral dose, the peak serum levels were 21.2 μg per ml 
and the CSF concentrations were 10.2 μg per ml. In seven 
patients tested after cure of their meningitis, pefloxacin CSF 
levels were 2.7–6.4 and 6.0–7.5 μg per ml, after the low and 
high doses, respectively (Wolff et al., 1984).

Dow et al. (1986) gave 400 mg pefloxacin as a 1-hour infu-
sion to nine subjects (aged 17–66 years) with hydrocephalus 
and measured CSF levels via a ventricular drain. Mean peak 
serum levels for pefloxacin and norfloxacin were 8.5 and 0.2 
μg per ml, and the peak concentrations in the CSF 5–6 hours 
after the start of the infusion were 3.0 and 0.1–0.2 μg per ml, 
respectively. After this peak in the CSF was attained, the 
CSF/serum ratio was 0.6 and the CSF elimination half-life 
for pefloxacin was 13.4 hours, suggesting that accumulation 
in the CSF was unlikely.

Segev et al. (1990) studied 16 patients with acute Gram-
negative meningitis (in 14 patients this was a complication 
of neurosurgical operations; three were children) to whom 
pefloxacin 800 mg twice daily i.v. was administered for a 
mean of 11 days. Mean CSF pefloxacin concentrations were 
8.8 ± 5.0 μg per ml, which were approximately 5-fold greater 
than the mean MBCs of the underlying pathogens. Clinical 
outcome was good.

Pefloxacin penetration into uninfected heart valves and 
myocardium is good. Mean aortic valve concentrations 4, 8, 
12, and 24 hours after a single 800-mg i.v. dose are 6.1, 7.3, 
4.6, and 2.2 mg per g, respectively, while mitral valve concen-
trations are similar. Mean myocardial concentrations at the 
same time intervals are 20.1, 17.8, 10.7, and 9.2 mg per gram, 
respectively. Thus the valve:plasma pefloxacin concentration 
ratio ranges between 0.7 and 1.3, while the myocardium/
plasma ratio ranges between 1.7 and 4.0 during the 24-hour 
postdose period (Brion et al., 1986).

Like other fluoroquinolones, pefloxacin penetrates well 
into bone. When the drug is given in a dosage of 400 mg i.v. 
every 12 hours for 48 hours, followed by oral treatment, bone 
biopsies taken after at least 7 days treatment and 2 hours after 
the last dose contain pefloxacin levels of 2–10 μg per gram 
of bone (Bressolle et al., 1994; Dellamonica et al., 1986).

When 400 mg of the drug is either infused i.v. over 60 
minutes or taken orally, peak sputum levels in patients with 
chronic bronchitis are reached in 2.3 and 3.3 hours, respec-
tively, with mean values of 3.8 and 4.6 μg per ml, respectively 
(Maesen et al., 1985). Bonmarchand et al. (1989) reported 
mean pefloxacin concentrations in bronchial secretions taken 
from intubated patients with chronic obstructive pulmonary 
disease treated with six doses of 400 mg i.v. twice daily, to 
vary between 6.5 and 11.1 μg per ml. Mean pefloxacin con-
centrations in alveolar macrophages and epithelial lining 
fluid obtained by bronchoalveolar lavage from 10 healthy 
volunteers were 106 and 88 μg per ml, respectively. This 13- to 

16-fold accumulation of pefloxacin over that found in serum 
may support the use of the drug against intracellular bacte-
rial pulmonary pathogens (Panteix et al., 1994).

Biliary concentrations of pefloxacin are two to three times 
higher than the serum concentrations, with the peak biliary 
concentrations reached about 4 hours postdose (Bressolle et 
al., 1994). Following a single 400-mg oral dose given to 
patients without biliary obstruction, gallbladder bile concen-
trations of 83 μg per ml can be expected 12 hours postdose 
(Bressolle et al., 1994). However, lower concentrations may be 
expected if there is biliary obstruction. Pefloxacin, like cipro-
floxacin, achieves concentrations in pancreatic juice equal to 
those in serum following a single oral dose of 400 mg—mean 
peak pancreatic juice concentrations of 4.6 μg per ml can be 
expected (Malmborg et al., 1990). Levels in necrotic pancre-
atic tissue are also high, being one to five times as high as those 
found in serum (Bertazzoni Minelli et al., 1996). Ascitic fluid 
penetration of pefloxacin is about 68% after a single 400-mg 
oral dose is given to patients with cirrhosis, and significant 
drug accumulation occurs in ascites following repeated dosing 
(Cardey et al., 1987; Sambatakou et al., 2001; see section 4d, 
Those requiring altered dosages). Concentrations in perito-
neum and colon wall after i.v. dosing range from 1.9 to 17.6 
and 2.8 to 22.0 μg per gram, respectively (Gascon et al., 2003).

Penetration into dialysate in CAPD patients receiving oral 
pefloxacin is complete, with excellent bidirectional diffusion 
(Nikolaidis et al., 1991; Schmit et al., 1991).

Similar to other fluoroquinolones, pefloxacin concentra-
tions in prostatic tissue are high, with levels of 3.4–4.4 μg 
per ml 2–10 hours after an 800-mg intravenous dose 
(Giannopoulos et al., 2001). Penetration into uroepithelium 
is also high with levels similar to those in serum (Moreau et 
al., 1996). Following a single i.v. 800 mg dose, mean peflox-
acin concentrations in renal parenchyma are 101.5 μg per 
gram, which is approximately 10-fold higher than the simul-
taneous plasma concentration (Varini et al., 1992). 

Similar to ciprofloxacin (See Chapter 101, Ciprofloxacin), 
pefloxacin penetrates well into gynecological tissues, includ-
ing myometrium, ovary, and fallopian tubes, exceeding the 
pefloxacin MIC90 values for many common bacterial patho-
gens implicated in gynecologic infections (Bouvet et al., 1992).

Pefloxacin diffuses well into uninfected aqueous humor, 
achieving concentrations of 0.8, 1.5, 1.0, and 0.9 μg per ml, 
2, 6, 12 and 24 hours, respectively, after a 1-hour infusion of 
400 mg (Salvanet et al., 1986). Giamarellou et al. (1993) 
found pefloxacin penetration into aqueous humor to be 
superior to that of ciprofloxacin and ofloxacin, with concen-
trations of 1.0–7.8 μg per ml achievable after two i.v. doses 
of 400 mg or 800 mg, representing 21–48% of serum levels. 
Pefloxacin penetration into the vitreous humor is also good, 
with mean concentrations of 1.4 μg per ml measurable 6 
hours after an oral 400 mg dose (Oncel and Peyman, 1993).

In pregnant women, pefloxacin 400 mg i.v. every 12 hours 
for two doses results in maternal serum concentrations of 
2.65–4.31 μg per ml and amniotic fluid concentrations of 
1.97–2.74 μg per ml. Among lactating women given three 
doses of 400 mg oral pefloxacin twice daily, breast milk 
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concentrations 2, 4, 6, 9, 12, and 24 hours after dosage 
administration are 3.5, 3.4, 2.9, 2.2, 1.8, and 0.9 μg per ml, 
respectively. Thus, pefloxacin achieves reasonable concentra-
tions in amniotic fluid and quite high levels in breast milk 
(Giamarellou et al., 1989).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

In contrast to the number of studies of the newer fluoro-
quinolones, such as levofloxacin, moxifloxacin, and gaiti-
floxacin (see Chapter 104, Levofloxacin, Chapter 105, 
Moxifloxacin, and Chapter 115, Gatifloxacin), there have 
been few detailed studies undertaken to assess the impacts 
of the pharmacokinetic/pharmacodynamic (PK/PD) features 
of pefloxacin on its clinical efficacy.

5d.  Excretion

The minor difference in structure between pefloxacin and its 
active metabolite (norfloxacin) alters the half-life and renal 
handling of pefloxacin such that, unlike norfloxacin, which 
is secreted by the renal tubule, there is a net renal tubular 
reabsorption of pefloxacin (Karabalut and Drusano, 1993). 
Renal clearance of pefloxacin is low, and urinary excretion 
of pefloxacin and norfloxacin accounts for only 34% of the 
pefloxacin dose (Naber et al., 1998). However, it is notable 
that pefloxacin, like other fluoroquinolones, including cipro-
floxacin, ofloxacin, and enoxacin, is less active in urine, with 
MICs being increased 8- to 64-fold compared to as calcu-
lated on standard culture media, possibly due to the presence 
of higher concentrations of magnesium ions or lower pH val-
ues (Bryskier, 2005).

Biliary excretion of pefloxacin and its metabolites accounts 
for 20–30% of an oral dose. Biliary concentrations after a 800 
mg i.v. dose are 2- to 3-fold greater than the serum concen-
trations, with the peak biliary concentrations reached about 
4 hours postdose. After a 400 mg oral dose gallbladder bile 
concentrations of 83 μg per ml can be expected 12 hours 
postdose if there is no biliary obstruction (Bressolle et al., 
1994).

Fecal concentrations of pefloxacin after repeated oral 
dosing of 400 mg twice daily are high, 171–187 μg per gram 
(Van De Leur et al., 1995).

Nonrenal clearance is the main elimination pathway for 
pefloxacin, with the liver being the predominant organ of 
metabolism (Bressolle et al., 1994, Lode et al., 1990). Five 
metabolites have been identified, of which four are measur-
able in human urine: N-desmethyl-pefloxacin (norfloxacin), 
pefloxacin-N-oxide, oxo-norfloxacin, and oxo-pefloxacin 
(Montay et al., 1984; Outman and Nightingale, 1989). Both 
pefloxacin N-oxide and norfloxacin have been found in 
human serum; the former has very little antibacterial activ-
ity, but norfloxacin is very active. Most of the activity (84%) 
in serum is due to unchanged pefloxacin (Jones, 1989).

5e.  Drug interactions

Similar to some other older fluoroquinolones (e.g., enoxacin, 
tosufloxacin, and ciprofloxacin; see Chapter 112, Enoxacin, 
Chapter 121, Tosufloxacin, and Chapter 101, Ciprofloxacin), 
pefloxacin decreases the metabolic clearance of theophyl-
line, resulting in elevated theophylline levels when these 
drugs are co-administered (Robson, 1992; Wijnands et al., 
1987). Rifampicin significantly increases the plasma clear-
ance of pefloxacin when these drugs are co-administered in 
humans, but this inductive effect is not sufficient always to 
require an adjustment in pefloxacin dose. However, mea-
surement of pefloxacin levels may be advisable in some clin-
ical situations (Humbert et al., 1991). Conversely, pefloxacin 
increases the bioavailability and urinary excretion of rifam-
picin (Orisakwe et al., 2004; Orisakwe et al., 2004). Antacids 
and sucralfate reduce absorption of many fluoroquinolones. 
To ensure adequate absorption, pefloxacin should be given 
at least 2 hours before antacids containing magnesium and 
aluminum hydroxide (Jaehde et al., 1994).

6. ADVERSE REACTIONS AND TOXICITY

Toxicities associated with pefloxacin are similar to those 
reported for other fluoroquinolones (Mandell et al., 2001; 
Owens and Ambrose, 2005; see Chapter 101, Ciprofloxacin). 
In a review of spontaneous notifications to the manufacturer 
of potential pefloxacin toxicity from 1985 to 1990, skin and 
musculoskeletal toxicities were the most commonly reported 
(Simon and Guyot, 1990). 

6a.  Arthropathy and tendinitis 

Arthralgia was the most frequently reported musculoskeletal 
side effect in the review and was noted in 0.6% of patients 
during clinical trials. Other authors have described case 
reports of severe polyarthropathy in adolescents in which 
pefloxacin may have been implicated (Chang et al., 1996; 
Chevalier et al., 1992; Le Loet et al., 1991). Achilles tendini-
tis, including rupture, has been reported with pefloxacin, 
and occurs more commonly with pefloxacin than with cipro-
floxacin or moxifloxacin (Owens and Ambrose, 2005; Ribard 
et al., 1992; Rose et al., 1990; Van Der Linden et al., 2001). 
Recent animal studies have also confirmed the higher rates 
of biomechanical toxicity affecting tendons in association 
with pefloxacin use (Olcay et al., 2011).

6b.  Photosensitivity

Drug-related photosensitivity has been noted in 0.6% of 
patients receiving quinolones during clinical trials, although 
it is less frequent in connection with pefloxacin than with 
lomefloxacin, fleroxacin, or sparfloxacin, but more frequent 
than with ciprofloxacin, norfloxacin, or levofloxacin (Lipsky 
and Baker, 1999). Case reports of photoonycholysis and 
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blue-black pigmentation of the legs have been noted with 
pefloxacin therapy (Baran and Brun, 1986; Le Cleach et al., 
1995).

6c.  Cardiotoxicity

Cardiac rhythm disorders are unlikely in relation to peflox-
acin use, which has less effect on the QT interval than spar-
floxacin or moxifloxacin, although there have been cases 
reported (Leone et al., 2003).

6d.  Neurological and ocular toxicity

Psychiatric and CNS reactions have been noted in 1.2% of 
patients treated with pefloxacin in clinical trials, but this 
is a lower rate than that of norfloxacin, sparfloxacin, or cip-
rofloxacin (Lipsky and Baker, 1999; Owens and Ambrose, 
2005; Tomé and Filipe, 2011). Overall among the fluoro-
quinolones, ciprofloxacin, ofloxacin, and pefloxacin appear 
to have the greatest number of neurological and psychiatric 
adverse drugs reactions (ADRs) reported in the literature. 
Taking into account usage rates, ADRs for ofloxacin and 
pefloxacin appear to be overrepresented (Tomé and Filipe, 
2011). Mania, insomnia, acute psychosis, and delirium were 
the most frequently reported psychiatric adverse events; grand 
mal seizure, confusional state, convulsions, and myoclonus 
were the most frequently reported neurological adverse events 
(Tomé and Filipe, 2011). Convulsions have been reported 
after both i.v. and oral pefloxacin use, with only a small num-
ber of these patients having a preexisting history of epilepsy 
or intracerebral lesions (Lucet et al., 1988). Chapuis et al. 
(1993) reported a number of cases in which grand mal sei-
zures developed in patients with hepatic cirrhosis who were 
treated with the usual pefloxacin dose of 400 mg twice daily 
and had no other apparent predisposing factors. Elevated 
pefloxacin levels were demonstrated in a number of these 
patients. No recurrence of seizures were observed after peflox-
acin withdrawal. These cases reaffirm the need to reduce the 
dose of pefloxacin, carefully monitor levels, or else use an 
alternative agent in cirrhotic patients due to their reduced 
ability to metabolize pefloxacin. Less severe symptoms such 
as insomnia and vertigo have also been described (Jones et 
al., 2011; Simon and Guyot, 1990). 

Exacerbations of myasthenia gravis associated with fluo-
roquinolones have recently been described. Typically these 
occured within a median of one day after starting the drug—
with commonly used agents such as ciprofloxacin, moxi-
floxacin, and levofloxacin being the most implicated—but a 
pefloxacin-associated case was also reported (Jones et al., 
2011).

Overall, fluoroquinolones are relatively safe in terms of 
ocular toxicity, although when this kind of toxicity occurs 
it appears to be dose-dependent and results from drug class 
effects and specific fluoroquinolone structures. Toxic effects 
of fluoroquinolones on ocular collagen may in some cases be 
associated with Achilles tendinopathy. Corneal precipitation 

may provide an advantageous drug depot but delay healing 
and result in corneal perforation in approximately 10% of 
cases. The current recommended safe dose for intravitreal 
injections of pefloxacin is 200 μg/0.1 ml (Thompson, 2007).

6e.  Other side effects

Gastrointestinal symptoms such as nausea and indigestion 
have been reported in about 7% of patients in clinical trials, 
a rate that is higher than for  ciprofloxacin, moxifloxacin, or 
levofloxacin (Owens and Ambrose, 2005). Clostridium diffi
cile diarrhea has occurred, as with most antibiotics. Reversible 
thrombocytopenia and, less frequently, neutropenia have 
been reported, as have reductions in renal function (Simon 
and Guyot, 1990).

7. CLINICAL USES OF THE DRUG

7a.  Meningitis and other central nervous 
system infections

Pefloxacin penetrates well into the CSF of patients with men-
ingitis, and achieves reasonable levels in brain tissue (Modai, 
1991; Scheld, 1989; Tunkel and Scheld, 2003; see section 5b, 
Drug distribution). Pefloxacin is associated with a reason-
ably high rate of cure for Gram-negative bacillary meningi-
tis, in which scenarios it is generally administered to adults 
at doses of 800 mg i.v. twice daily. This has included good 
clinical outcomes for infections due to P. aeruginosa or 
Acinetobacter calcoaceticus, and those that followed neuro-
surgical operations. However, these reports included fail-
ures due to superinfection, reinfection, or treatment failure 
(Modai, 1991, Segev et al., 1990). Additional case reports 
have described therapeutic success with pefloxacin in the 
treatment of Morganella morganii meningitis in an adult, 
and ventriculitis due to Klebsiella pneumoniae in a neonate 
(Isaacs and Ellis-Pegler, 1987; Linder et al., 1994). In general, 
clinical experience of fluoroquinolone use in relation to this 
indication is greater for the other fluoroquinolones, such as 
ciprofloxacin (see Chapter 101, Ciprofloxacin).

7b.  Osteomyelitis

Similar to ciprofloxacin (see Chapter 101, Ciprofloxacin), 
pefloxacin is effective treatment for acute and chronic osteo-
myelitis, but the rate of success is dependent on the infect-
ing pathogen, since resistance develops readily in pathogens 
such as staphylococci and P. aeruginosa (Desplaces and Acar, 
1988). Six-month courses of pefloxacin with or without 
rifampicin have been used with good success rates for 
chronic staphylococcal osteomyelitis. Results were also good 
for Gram-negative or polymicrobial bone and joint infections 
treated with pefloxacin in combination with either amino-
glycosides or beta-lactam antibiotics (Dellamonica et al., 
1986; Dellamonica et al., 1989; Desplaces and Acar, 1988; 
Desplaces et al., 1986).
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Dellamonica et al. (1990) also described some success 
with pefloxacin (generally 400 mg twice daily) given for 
2.5–6 months in the treatment of 13 patients with foreign 
body–associated chronic osteomyelitis. However, 7 of the 
13 required either removal of the foreign body (prosthesis, 
orthopedic wire, or nail) or drainage surgery to achieve a 
satisfactory outcome. The authors noted that the risk of fail-
ure with the development of resistance among the infecting 
pathogen(s) was greater if the foreign body was not removed. 
In general clinical experience is greater with the other fluoro-
quinolones, such as ciprofloxacin, and for the treatment of 
staphylococcal infections it may be more appropriate to use 
other fluoroquinolones, such as moxifloxacin, that have 
greater activity against Gram-positive organisms (see Chapter 
105, Moxifloxacin). A meta-analysis of randomized controlled 
trials of fluoroquinolones versus beta-lactam-based regimens 
for the treatment of osteomyelitis has been reported, but only 
one pefloxacin study was included (Karamanis et al., 2008).

7c.  Respiratory tract infections

Pefloxacin has only moderate efficacy in the treatment of 
routine pneumonia or bronchitis, mainly due to its limited 
activity against S. pneumoniae and S. aureus (Maesen et al., 
1987). Maesen et al. (1985) gave 400 mg of the drug orally 
twice daily to 43 patients with exacerbations of chronic 
bronchitis; 34 (79%) showed clinical improvement by day 11, 
and this fell to 65% 7 days later. All strains of Haemo philus 
influenzae and M. catarrhalis were eradicated by the treat-
ment, but eight infections caused by S. pneumoniae and three 
caused by P. aeruginosa were unaffected. These results cor-
related with the resistance of these organisms, which increased 
during therapy.

In patients with pneumonia due to predominantly Gram-
negative pathogens (e.g. nosocomial pneumonia in intensive 
care units), the rate of cure/improvement with pefloxacin 
400 mg twice daily is 66–90%, and is roughly comparable 
with rates of cure/improvement for ceftazidime or imipenem 
(Giamarellou et al., 1990; Grassi et al., 1990; Lauwers et al., 
1986; Martin et al., 1988; Potgieter, 1990; Tatsis et al., 1996; 
Thys et al., 1989; Vanderdonckt, 1990). In patients with cys-
tic fibrosis, however, resistance develops reasonably readily 
in P. aeruginosa isolates (Grenier, 1989). In one retrospective 
study, pefloxacin, either alone or in combination with rifam-
picin and/or erythromycin, demonstrated reasonable clini-
cal efficacy in the treatment of severe Legionnaires’ disease 
(Dournon et al., 1990).

7d.  Urinary tract infections and sexually 
transmitted disease

Similar to other fluoroquinolones, pefloxacin is effective in 
the treatment of cystitis, complicated urinary tract infections, 
and prostatitis, but appears to offer no particular advantage 
over more commonly used agents such as norfloxacin (see 
Chapter 102, Norfloxacin) or ciprofloxacin (see Chapter 101, 

Ciprofloxacin), and may have a higher rate of side effects 
(Andriole, 1991; Boerema et al., 1986; Chan et al., 1990; 
Guibert et al., 1990; Jardin and Cesana, 1995; Petersen et 
al., 1990; Timmerman et al., 1992; Van Balen et al., 1990). 
Furthermore, rising rates of resistance to pefoxacin among 
common urinary pathogens in some regions is likely to 
impact on its clinical efficacy (Omigie et al., 2009).

Pefloxacin had a cure rate of 84% for acute gonococcal 
urethritis in a Nigerian study, although increases in quino-
lone resistance in many parts of the world are limiting the 
utility of this class of drugs for this indication (Bakare et al., 
1997; CDC, 2007; Yang et al., 2006).

7e.  Peritonitis associated with continuous 
ambulatory peritoneal dialysis

Similar to ciprofloxacin (see Chapter 101, Ciprofloxacin), 
pefloxacin is effective in the treatment of peritonitis due 
to  Gram-negative pathogens, but clinical experience along 
these lines is less extensive with pefloxacin than with cipro-
floxacin (Lye et al., 1993; Nikolaidis et al., 1991; Rose et al., 
1990; Rose et al., 1990). As might be expected, clinical out-
comes are relatively poor for treatment ofperitonitis asso-
ciated with CAPD due to Gram-positive pathogens such as 
staphylococci (Rose et al., 1990). However, oral pefloxacin 
plus intraperitoneal vancomycin had efficacy similar to that 
of intraperitoneal vancomycin plus gentamicin in one pro-
spective, randomized study of patients with CAPD–associ-
ated peritonitis—although the pefloxacin-treated group had 
a higher incidence of nausea and vomiting (Lye et al., 1993). 
Rose et al. (1990) treated CAPD patients who had peritonitis 
with 400 mg oral pefloxacin twice daily for 10 or 21 days with 
good clinical success, although two patients developed 
Achilles tendinitis while receiving this higher dose.

7f.  Bacteremia and other serious infections

Pefloxacin, either alone or in combination with a variety of 
other agents, has proven to be effective therapy (approxi-
mately 70–80% cure rates) for Gram-negative bacteremia, 
including nosocomially-acquired infections. As expected, 
therapeutic failures are generally due to methicillin-resistant 
staphylococci or P. aeruginosa (Bernard et al., 1990; Lauwers 
et al., 1986; Limson et al., 1990; Potgieter, 1990). In two 
limited studies pefloxacin was found to be comparable with 
ceftazidime in the treatment of a variety of infections, includ-
ing soft tissue sepsis, bronchopneumonia, and urinary tract 
infections, but its rate of adverse reactions may be higher 
(Giamarellou et al., 1989; Segev et al., 1990). Nevertheless, 
there are no data to recommend pefloxacin ahead of cipro-
floxacin in these settings.

Pefloxacin plus metronidazole was similar in efficacy to 
gentamicin plus metronidazole in an open, randomized, 
multicenter trial of 184 evaluable patients with proven intra-
abdominal sepsis (cured/improved rates: 90% versus 80%, 
respectively) (Swedish Study Group, 1990). In a small study, 
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pefloxacin was superior to ampicillin plus gentamicin for 
treatment of spontaneous bacterial peritonitis (Rastegar et al., 
1998). Pefloxacin achieves high biliary concentrations and 
compared favorably with ampicillin plus gentamicin in one 
study of bacteriologically proven cholecystitis or cholangitis 
(98% versus 96% cured, respectively) (Chacon et al., 1990).

7g.  Gastrointestinal infections

Similar to ciprofloxacin (see Chapter 101, Ciprofloxacin) and 
norfloxacin (see Chapter 102, Norfloxacin), pefloxacin has 
been used in the treatment of acute typhoid fever and clear-
ance of typhoid carriage in both adults and children, although 
recent increases in the rates of fluoroquinolone resistance 
have reduced the utility of these agents for this indication 
in some locations (Dupont, 1993; Le et al., 2007; Raymond et 
al., 1994; Unal et al., 1996).

Therapy for seven days using pefloxacin 12 mg per kg in 
children has been effective for severe salmonellosis after fail-
ure of initial antibiotic therapy (Gendrel et al., 1993). In a 
small nonrandomized study, two doses of pefloxacin 12 mg/
kg (given on days 1 and 4) were effective in clearing nonty-
phoidal Salmonella carriage in 13 of 15 children, compared 
with clearance in only 1 of 6 controls (Raymond et al., 1994).

Single dose pefloxacin has also been used successfully to 
treat multidrug-resistant Shigella dysentery (Gendrel et al., 
1997; Guyon et al., 1994). An open-labelled study of 82 
adults with infectious diarrhea suggested that both 5 and 
7 days of therapy with pefloxacin 400 mg orally once daily 
were equally effective in terms of clinical and bacteriological 
responses, with both regimens superior to results obtained 
from a symptomatically treated control group (Troselj-Vukic 
et al., 2003).

7h.  Prevention and treatment of infection in 
neutropenic patients

Pefloxacin (400 mg twice daily) appears to be inferior to cip-
rofloxacin (see Chapter 101, Ciprofloxacin) and possibly 
ofloxacin, in its efficacy in preventing infections in neutrope-
nic patients, but may be superior to norfloxacin (D’Antonio 
et al., 1992; D’Antonio et al., 1994; Meunier, 1990). The emer-
gence of Gram-positive infections remains a potential prob-
lem (Cancer IATCG, 1994). In another study, oral pefloxacin 
plus vancomycin was significantly better than combined 
gentamicin, colistin sulphate, and vancomycin in preventing 
bacteremia in neutropenic patients (Archimbaud et al., 1991). 
Similar to norfloxacin, pefloxacin (either i.v. or oral) is effec-
tive in selectively decontaminating the alimentary tract of 
Gram-negative bacilli in healthy volunteers and bone mar-
row transplant recipients (Giuliano et al., 1989; Nord, 1988; 
Vollaard et al., 1990). Pefloxacin is generally effective therapy 
for neutropenic sepsis, especially in combination with agents 
with better Gram-positive activity, such as piperacillin or 
amoxycillin/clavulanic acid (Cajozzo et al., 1990; Gardembas- 
Pain et al., 1991; Kattan et al., 1992). This latter combination 

may be suitable for home-based oral therapy in selected 
patients (Gardembas-Pain et al., 1991).

7i.  Schnitzler’s syndrome

Schnitzler’s syndrome is a condition of uncertain etiology 
that is characterized by chronic urticaria and immunoglob-
ulin M (IgM) monoclonal gammopathy, with clinical fea-
tures that include intermittent fever, joint and/or bone pain 
with radiologic evidence of osteosclerosis, lymphadenopa-
thy, enlarged liver and/or spleen, leukocytosis, and elevated 
erythrocyte sedimentation rate. High bone turnover and 
strikingly elevated levels of angiogenic cytokines are often 
observed at diagnosis. Treatment with pefloxacin has been 
associated with normalization of the bone remodeling pro-
cess, significant reduction of angiogenic cytokines, and with 
rapid and sustained improvement of symptoms in many 
patients (Asli et al. 2007; Kastritis et al., 2008). Among 11 
patients with Schnitzler’s syndrome treated with oral peflox-
acin mesylate (800 mg/day), 10 patients had a dramatic and 
sustained improvement of urticarial and systemic symptoms 
(Asli et al. 2007). The mechanism of this possible pefloxacin 
effect is uncertain.

7j.  Other infections and conditions

Bassi et al. (1998) compared pefloxacin with imipenem for 
the prevention of infection in patients with severe pancre-
atitis and found significantly fewer infections in those receiv-
ing imipenem. Thus pefloxacin is not recommended for this 
indication. 

Pefloxacin has been used in combination with other agents 
in the treatment of tuberculosis, but as no controlled trials 
have been performed, its clinical efficacy in this context is 
difficult to determine (Rao, 1995). Pefloxacin has had some 
clinical efficacy in small, uncontrolled studies of patients 
with lepromatous leprosy (Bharti, 1994; Fajardo et al., 2004; 
N’Deli et al., 1990). 

Pefloxacin 800 mg per day in combination with rifampi-
cin 300 mg per day cured one patient with prosthetic valve 
endocarditis due to Coxiella burnetii (Cacoub et al., 1991). 
Micozzi et al. (1990) reported one patient in whom Brucella 
melitensis endocarditis was cured with pefloxacin. However, 
the larger clinical experience with ciprofloxacin (see Chapter 
101, Ciprofloxacin) in treating brucellosis suggests that its 
use may currently be preferred when a fluoroquinolone is 
utilized in this clinical setting.

In a double-blind comparison, pefloxacin was similar in 
efficacy to cefazolin as prophylaxis in elective cardiovascu-
lar surgery (Auger et al., 1990). However, the use of fluoro-
quinolones for surgical prophylaxis should generally be 
avoided, to minimize the emergence of resistance to these 
valuable agents. There have been mixed results for pefloxacin 
in the treatment of nephrotic syndrome in both children and 
adults (Aigrain et al., 1993; Geffriaud-Ricouard et al., 1993; 
Pruna et al., 1992; Sharma et al., 2000). 
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1. DESCRIPTION

Rufloxacin, or 9-fluoro-10-(-methyl)-piperazinyl-7-oxo-2,3-
dihydro-7H-pyrido-(1,2,3, de)-(1,4)-benzothiazine-6-carbox-
ylic acid, is an older generation fluoroquinolone developed 
in 1989 with the chemical structure shown in Figure 119.1. 
Its spectrum of activity is less than or similar to that of cipro-
floxacin and norfloxacin, although it has a longer half-life. 
Because of concerns about inferior activity, as well as higher 
rates of phototoxicity and neuropsychiatric adverse effects, 
rufloxacin has been discontinued throughout most regions 
of the world except for Italy and China.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The minimum inhibitory concentrations (MICs) of ruflox-
acin against selected bacterial species are shown in Table 
119.1; however, there have been no susceptibility studies 
published in more than a decade.

GRAM-NEGATIVE BACTERIA

Rufloxacin is predominantly active against Gram-negative 
bacteria, particularly the Enterobacteriaceae. Although activ-
ity against enteric pathogens is lower than that of norfloxacin, 
high fecal concentrations of rufloxacin mean that bowel con-
centrations remain above the MIC for many common intesti-
nal pathogens for up to a week. Rufloxacin is less active against 
Pseudomonas aeruginosa than ciprofloxacin. Gram-negative 
respiratory pathogens such as Haemophilus influenzae and 
Moraxella catarrhalis are generally susceptible. Rufloxacin is 
active against Helicobacter pylori (Gu et al., 2011), but there 
are other fluoroquinolones that are more effective. Anaerobes, 
such as Bacteroides fragilis, are resistant (Wise et al., 1992; 
Qadri et al., 1993a; Qadri et al., 1993b; Soriano et al., 1994).

GRAM-POSITIVE BACTERIA

Against Gram-positive bacteria, rufloxacin is less active. It 
has moderate activity against methicillin-susceptible isolates 
of Staphylococcus aureus or Staphylococcus epidermidis, but 
poor activity against methicillin-resistant staphylococci, as 
well as streptococci, enterococci, and Clostridia spp.

OTHER BACTERIA

The activity of rufloxacin against Chlamydia trachomatis or 
Chlamydophila pneumoniae is inferior to that of ciprofloxa-
cin, and against Mycoplasma pneumoniae and M. hominis, 
similar to that of ciprofloxacin (Wise et al., 1992; Qadri et al., 
1993b; Furneri et al., 1994).

2b.  Emerging resistance and 
cross-resistance

There have been few recent studies to assess the emergence of 
resistance to rufloxacin. However, it can be assumed that 
issues regarding resistance are similar to those encountered 
with other fluoroquinolones (see Chapter 101, Ciprofloxacin), 
and cross-resistance among the fluoroquinolones is usually 
complete (Barry and Fuchs, 1991).

Figure 119.1. Chemical structure of rufloxacin.
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3. MECHANISM OF DRUG ACTION

The mechanism of action for rufloxacin is similar to that of 
other fluoroquinolones (see Chapter 101, Ciprofloxacin).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

ORAL ADMINISTRATION

In patients with normal renal function, the usual recom-
mended regimen of rufloxacin is a single oral loading dose 
of 400 mg, followed by 200 mg once daily. 

4b.  Newborn infants and children

As with other fluoroquinolones, rufloxacin is generally not 
recommended for use in children or neonates.

4c.  Pregnant and lactating mothers

Rufloxacin should not be given to pregnant or lactating 
women.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Dose interval should be changed to 48 hours in those with 
creatinine clearance < 30 ml/minute, but it does not need to 
be adjusted in patients receiving hemodialysis or peritoneal 
dialysis (Perry et al., 1993).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

No dosage adjustment is necessary in people with liver fail-
ure (Triger et al., 1993).

ELDERLY PATIENTS

No dosage adjustment is necessary in the elderly (Cogo et al., 
1992).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Oral bioavailability of rufloxacin is 50%, but it is reduced 
by co-administration of antacid preparations (Lazzaroni et 
al., 1993; Bergan, 1998). Peak plasma concentrations after 
a  400 mg dose are between 2.56 and 4.4 µg/ml, but with 
higher concentrations found after repeated doses. The serum 
half-life is 28–30 hours (Imbimbo et al., 1991; Wise et al., 
1991).

Table 119.1. Rufloxacin activity against common pathogens.

Organism
Typical MIC90 

(μg/ml)
Emerging 
resistance 

Gram-negative bacteria
Escherichia coli 0.5–16 Yes
Enterobacter aerogenes     2–64 Yes
Enterobacter cloacae    32–64 Yes
Klebsiella pneumoniae     8–32 Yes
Proteus mirabilis 8 Yes
Proteus vulgaris 2 Yes
Morganella morganii 2 Yes
Providencia rettgeri 128
Providencia stuartii 8
Serratia marcescens 64 Yes
Citrobacter freundii 128 Yes
Salmonella spp. 1 Yes
Shigella spp. 0.5 Yes
Yersinia enterocolitica 1
Campylobacter jejuni 32 Yes
Acinetobacter calcoaceticus 4 Yes
Haemophilus influenzae 0.5
Moraxella catarrhalis 2
Neisseria meningitidis 0.125
Neisseria gonorrhoeae Yes
Pseudomonas aeruginosa     8–256 Yes
Burkholderia cepacia — Yes
Stenotrophomonas maltophilia — Yes
Bacteroides fragilis 32

Gram-positive bacteria
Staphylococcus aureus (MSSA)     2–64 Yes
Staphylococcus aureus (MRSA) 64 Yes
Staphylococcus epidermidis (MSSE) 2 Yes
Staphylococcus epidermidis (MRSE) 2 Yes
Streptococcus pneumoniae    16–32
Streptococcus pyogenes 32
Enterococcus faecalis    16–32 Yes
Enterococcus faecium > 16 Yes
Listeria monocytogenes —
Clostridium perfringens 4
Clostridium difficile 32
Peptostreptococcus spp. —

Other bacteria
Legionella pneumophila —
Mycoplasma pneumoniae 0.5–4
Mycoplasma hominis 0.5–4
Chlamydophila pneumoniae     4–8
Chlamydophila trachomatis     4–8
Ureaplasma urealyticum —
Mycobacterium tuberculosis Yes
Mycobacterium avium complex —

Abbreviations: MSSA: methicillin-susceptible S. aureus; MRSA: methicillin- 
resistant S. aureus; MSSE: methicillin-susceptible S. epidermidis; MRSE: 
methicillin-resistant S. epidermidis.

Sources: Data compiled from Furneri et al. (1994); Naber et al. (1998); Qadri 
et al. (1993a, 1993b); Schito et al. (1996); Soriano et al. (1994); Turnidge 
(1999); and Wise et al. (1992).
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5b.  Drug distribution

Urine concentrations are high, being in the range of 20–28 
µg/ml in the 24 hours after a single dose, and rising to 43–60 
µg/ml after nine days of use. Penetration into inflammatory 
fluid, bronchial mucosa, alveolar macrophages, respiratory 
epithelial lining cells, prostatic tissue, and bile is high, achiev-
ing levels of at least 90% of serum concentrations (Boerema 
et al., 1991a; Wise et al., 1991; Privitera et al., 1993; Wise 
et  al., 1993). Concentrations of rufloxacin in cerebrospinal 
fluid are generally speaking at least 0.57% of simultaneous 
plasma concentrations (Moretti et al., 2000).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There have been no detailed pharmacokinetic or pharma-
codynamic studies undertaken to assess the impact of phar-
macokinetic/pharmacodynamic features of rufloxacin on its 
clinical efficacy.

5d.  Excretion

URINE

Overall, 20–25% of a single 400-mg dose of rufloxacin is 
excreted in the urine in the 48 hours post-dose, with approx-
imately 7% being excreted in the 24- to 48-hour postdose 
period. After 72 hours, 27% ± 12% of the dose will be excreted 
in the urine. Mean concentrations of rufloxacin in urine 0–6, 
6–12, 12–24, and 48 hours following such a dose are 22.0–
28.0, 19.8–23.4, 26.7–27.7, and 47.1–53.6 µg/ml, respectively 
(Imbimbo et al., 1991; Privitera et al., 1993). After multi-
dosing regimens of a 400- or 600-mg loading dose followed 
by a 200- or 300-mg daily dose for 9 days, 49.6–51.1% of the 
total administered dose is excreted in the urine. Urine con-
centrations at 0–2 hours, 12–24 hours, and 3 days after the 
last dose of the 400/200- and 600/300-mg regimens were 
43.07 and 85.69 µg/ml, 60.24 and 70.25 µg/ml, and 29.75 and 
36.19 µg/ml, respectively. Rufloxacin probably undergoes 
some renal tubular reabsorption (Kisicki et al., 1992).

BILE

Biliary excretion is approximately 0.9% during the 72 hours 
after a single 400-mg oral dose of rufloxacin (Imbimbo et al., 
1991; Privitera et al., 1993). Privitera et al. (1993) found no 
traces of the N-desmethyl metabolite of rufloxacin in bile 
after a 400-mg oral dose.

INACTIVATION IN THE BODY

Rufloxacin undergoes a modest amount of metabolism, 
probably in the liver, and a small amount of the N-desmethyl 
metabolite (1.1–1.8% of the given dose) is recoverable in the 
urine (Imbimbo et al., 1991; Kisicki et al., 1992; Privitera et 
al., 1993).

5e.  Drug interactions

There is no interaction between rufloxacin and theophylline 
(Kinzig-Schippers et al., 1998). Few other data have been 
reported.

6. ADVERSE REACTIONS AND TOXICITY

Reported adverse effects include headache, seizures, ner-
vousness, dizziness, insomnia, abdominal discomfort, flatu-
lence, nausea, and postprandial vomiting (Boerema et al., 
1991; Mattina et al., 1991; Kisicki et al., 1992; Klietmann et 
al., 1993; Perry et al., 1993; Moretti et al., 2000). Rufloxacin 
appears to cause more insomnia than some other fluoro-
quinolones (Rafalsky et al., 2006). Phototoxicity is also 
common, with recent studies suggesting significant rufloxa-
cin-induced mutagenesis in in vitro models (Catalfo et al., 
2007; Serrentino et al., 2010). 

7. CLINICAL USES OF THE DRUG

There are currently numerous other fluoroquinolones that 
have antimicrobial spectra and toxicity profiles superior to 
those of rufloxacin, such that there are now few clinical indi-
cations to use rufloxacin. Nevertheless, rufloxacin has been 
used to treat genitourinary (Boerema et al., 1991b; Mattina 
et al., 1993; Bach et al., 1995; Jardin and Cesana, 1995; Rafal - 
sky et al., 2006), gastrointestinal (including Helicobacter 
pylori), and respiratory tract infections (Dirksen et al., 1991; 
Klietmann et al., 1993; Gu et al., 2011). Because of its longer 
half-life, a single dose of rufloxacin was equivalent (in respect 
of clinical success) to 3 days of norfloxacin administration 
for uncomplicated lower urinary tract infections (Del Rio et 
al., 1996). In a meta-analysis of fluoroquinolones given for 
uncomplicated acute cystitis in women, few of the studies 
assessed rufloxacin. However, it was noted that there was 
no difference between single dose rufloxacin 400 mg versus 
single dose pefloxacin 800 mg in terms of clinical or micro- 
biological success, but the rates of CNS adverse events and 
insomnia were significantly higher for rufloxacin than for 
pefloxacin (Rafalsky et al., 2006). 

Rufloxacin was inferior to norfloxacin when used as 
weekly prophylaxis against spontaneous bacterial peritonitis 
(Bauer et al., 2002).

Rufloxacin has been used as a component of a quadruple 
therapy “rescue” regimen in the treatment of Helicobacter 
pylori–infected dyspepsia patients (Gu et al., 2011). However, 
there are many other fluoroquinolones with activity against 
this disease.
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1. DESCRIPTION

Sparfloxacin is a third generation aminodifluoroquinolone 
with broad-spectrum antibacterial activity. It has the chemical 
name 5-amino-1-cyclopropyl-7-(cis-3,5-dimethylpiperazin- 
1-yl)-6,8-difluoro-1,4-dihydro-4-oxoquinolone-3-carbox-
ylic acid (see Figure 120.1). The main potential advantages 
of sparfloxacin over older fluoroquinolones are its improved 
activity against Gram-positive pathogens (such as Strepto
coccus pneumoniae and Staphylococcus aureus), Mycobacteria, 
and Chlamydia spp., and its long half-life that allows once-
daily dosing, making it similar in spectrum and dosing to 
moxifloxacin (Richard and Gutmann, 1992; see Chapter 105, 
Moxifloxacin). Because of concerns about cardiac risks 
related to QT interval prolongation and an increased risk of 
phototoxic reactions, sparfloxacin was withdrawn from the 
US market in 2001, but it remains available in parts of Asia 
in tablet form and in some parts of the world as an ocular 
preparation.

2. ANTIMICROBIAL ACTIVITY

The in vitro MICs of sparfloxacin against some selected bac-
terial species are shown in Table 120.1, although there are 
minimal new susceptibility data since 2006.

2a.  Routine susceptibility

GRAM-NEGATIVE BACTERIA

Overall, sparfloxacin is less active than ciprofloxacin, but more 
active than ofloxacin, against Enterobacteriaceae. Against 
Pseudomonas aeruginosa it is two to four times less active 
than ciprofloxacin. Sparfloxacin is generally active against 
Haemo philus influenzae (regardless of beta-lactamase pro-
duction), Moraxella catarrhalis, Yersinia enterocolitica, and 
Haemo philus ducreyi. Sparfloxacin has moderate to poor 
activity against Acinetobacter calcoaceticus, Acinetobacter bau
mannii, and Stenotrophomonas maltophilia (Akaniro et al., 

1992; Bauernfeind, 1993; Biedenbach and Jones, 2003; Chin 
et al., 1991; Diekema et al., 1999; Joly-Guillou and Bergogne-
Berezin, 1992; Rolston et al., 1990; Schmitz et al., 1999; Vila 
et al., 2002; Weiss et al., 2000; Gu et al., 2015). Sparfloxacin 
has activity similar to or superior to that ofciprofloxacin and 
ofloxacin against Legionella pneumophila (Nakamura et al., 
1989; Saito and Gaja, 1995).

Generally, sparfloxacin is active against enteric pathogens 
such as Shigella sonnei and Salmonella spp., but resistant iso-
lates are increasingly reported (Escribano et al., 2004; John 
et al., 1992; Schmitz et al., 1999; Kumar et al., 2008; Singh et 
al., 2012; Taha et al., 2013). Sparfloxacin has good activity 
against Vibrio cholerae (MIC90 0.06 μg/ml) (Su et al., 2005). It 
was once considered the most active fluoroquinolone against 
Brucella melitensis (MIC90 0.12 μg/ml) (Kocagoz et al., 2002), 
although a more recent study including various Brucella spp. 
found MIC90 values to be in the range 6.25–50 μg/ml (Safi 
and Al-Mariri, 2012).

Sparfloxacin is more active than ciprofloxacin and tosu-
floxacin, but inferior to clinafloxacin, against Gardnerella 
vaginalis (sparfloxacin MIC90 0.25 μg/ml) (Bauernfeind, 
1993). Against anaerobes such as Bacteroides spp., Prevotella 
spp., or Fusobacterium spp., the activity of sparfloxacin is 
moderate to poor, with MIC90 values of 2–8 μg/ml, which 
makes it inferior to trovafloxacin in this regard and either 
equivalent or inferior to gatifloxacin (Ednie et al., 1998).

Figure 120.1. Chemical structure of sparfloxacin. 
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GRAM-POSITIVE BACTERIA

Sparfloxacin is 4 to 10 times more active than ofloxacin 
or ciprofloxacin against methicillin-sensitive Staphylococcus 
aureus and methicillin-sensitive Staphylococcus epidermidis, 
as well as Streptococcus pneumoniae and Streptococcus pyo
genes. Moxifloxacin, clinafloxacin, and trovafloxacin generally 
have better activity than sparfloxacin against methicillin- 
susceptible and methicillin-resistant strains of S. aureus 
(Croco et al., 1998). Sparfloxacin is superior to levofloxacin 
and ciprofloxacin but inferior to moxifloxacin, clinafloxacin, 
and grepafloxacin against pneumococci; although increasing 
levels of fluoroquinolone resistance are being seen in some 
locations. Such antipneumococcal activity is generally inde-
pendent of the presence of penicillin resistance, although 
penicillin-resistant isolates are more likely to also exhibit 
higher fluoroquinolone MICs. Sparfloxacin is also usually 
active against macrolide-resistant strains of S. pneumoniae 
(Hardy et al., 2000; Ho et al., 2001; Perez-Trallero et al., 2002; 

Saravolatz et al., 2001; Schmitz et al., 1999; Yokota et al., 
2009). Sparfloxacin activity against Listeria monocytogenes 
is moderate (Facinelli et al., 1997; Michelet et al., 1997). 
Sparfloxacin has reasonable activity against Streptococcus 
milleri (MIC90 0.5 μg/ml) (Yamamoto et al., 2006). Activity 
against Enterococcus faecalis and Enerococcus faecium is 
generally poor (Zhanel et al., 1998). The susceptibility of 
Corynebacterium jeikeium and other Corynebacterium spp. 
to sparfloxacin appears to be somewhat variable, with 
reported MIC90 values ranging from 0.06 to > 16 μg/ml 
(Louie et al., 1991; Martinez-Martinez et al., 1994; Rolston 
et al., 1990). Bacillus anthracis is susceptible in vitro (MIC 
0.05 μg/ml) (Bryskier, 2002). Sparfloxacin is more active 
than ciprofloxacin, levofloxacin, and moxifloxacin against 
Borrelia burgdorferi (MIC90 1 μg/ml), but less active than 
gemifloxacin, sitafloxacin, and grepafloxacin (Kraiczy et al., 
2001); however, none of these agents are the treatment of 
choice for Borrelia spp. Rhodococcus equi is generally suscep-
tible to sparfloxacin (Nordmann and Ronco, 1992). 

Table 120.1. Sparfloxacin activity against common pathogens.

Organism
Typical MIC90 

(μg/ml)
Emerging 
resistance 

Gram-negative bacteria

Escherichia coli 0.03–0.5 Yes

Enterobacter aerogenes 0.125–0.25 Yes

Enterobacter cloacae 0.25–> 2 Yes

Klebsiella pneumoniae 0.125–> 2 Yes

Proteus mirabilis 0.5–> 2 Yes

Proteus vulgaris 0.5–1 Yes

Morganella morganii 0.25–> 2 Yes

Providencia rettgeri 0.5

Providencia stuartii   1–2

Serratia marcescens 0.5–> 2 Yes

Citrobacter freundii 0.25–4 Yes

Salmonella spp. 0.06–0.5 Yes

Shigella spp. 0.03–0.06 Yes

Yersinia enterocolitica 0.06

Campylobacter jejuni 0.125–0.25 Yes

Acinetobacter calcoaceticus > 2 Yes

Haemophilus influenzae 0.015–0.125 Yes

Moraxella catarrhalis 0.015–0.12

Neisseria meningitidis ≤ 0.06

Neisseria gonorrhoeae Yes

Pseudomonas aeruginosa   2–8 Yes

Burkholderia cepacia 0.25–2 Yes

Stenotrophomonas maltophilia 4 Yes

Bacteroides fragilis   2–4

Gram-positive bacteria

Staphylococcus aureus (MSSA) 0.25–2 Yes

Staphylococcus aureus (MRSA)   2–16 Yes

Staphylococcus epidermidis (MSSE) 0.125–> 2 Yes

Staphylococcus epidermidis (MRSE) > 2 Yes

Organism
Typical MIC90 

(μg/ml)
Emerging 
resistance 

Streptococcus pneumoniae 0.25–1 Yes

Streptococcus pyogenes 0.5–1.5

Enterococcus faecalis > 2 Yes

Enterococcus faecium   2–50 Yes

Listeria monocytogenes 2

Clostridium perfringens 0.25–0.5

Clostridium difficile   8–32 Yes

Peptostreptococcus spp. 1

Other bacteria

Legionella pneumophila 0.03

Mycoplasma pneumoniae 0.125–0.5

Mycoplasma hominis 0.03–0.06

Chlamydophila pneumoniae 0.25

Chlamydophila trachomatis 0.05

Ureaplasma urealyticum 0.25–1

Mycobacterium tuberculosis 0.06–0.5 Yes

Mycobacterium avium complex 8

Abbreviations: MSSA: methicillin-susceptible S. aureus; MRSA: methicillin- 
resistant S. aureus; MSSE: methicillin-susceptible S. epidermidis; MRSE: 
methicillin-resistant S. epidermidis.

Sources: Data compiled from Akaniro et al. (1992)); Ballow et al. (1997); 
Bauernfeind (1993); Bebear et al. (2000); Boswell et al. (2001); Chin et al. 
(1991); Diekema et al. (1999); Ednie  et al. (1998); Endtz et al. (1997); 
Escribano et al. (2004); Gu et al. (2015); Hammerschlag et al. (1992); 
Hardy et al. (2000); Ho et al. (2001); Hoogkamp-Korstanje (1997); John 
et al. (1992); Joly-Guillou and Bergogne-Berezin (1992); Jones et al. 
(1998); Jones et al. (2000); Michelet et al. (1997); Nakamura et al. (1989); 
Perez-Trallero et al. (2002); Rolston et al. (1990); Saito and Gaja (1995); 
Saravolatz et al. (2001); Schentag (2000); Schmitz et al. (1999); Sulochana 
et al. (2005); Tanaka et al. (2000); Thornsberry et al. (1999); Tomioka et al. 
(2000); Waites et al. (1999); Waites et al. (2003); Weiss et al. (2000); 
Wilcox et al. (2000); Yasuda et al. (2005); and Zhanel et al. (1998).
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Sparfloxacin has somewhat varied activity against Gram-
positive anaerobes with low MIC90 values observed for Clos
tridium perfringens and Peptococcus spp., but poor activity 
against Clostridium difficile and other Clostridium spp. (Ednie 
et al., 1998: Wilcox et al., 2000).

MYCOBACTERIA

Against Mycobacterium tuberculosis complex species that are 
sensitive to conventional agents, sparfloxacin has activity 
that is superior to that of ciprofloxacin and levofloxacin but 
inferior to that of moxifloxacin (Singh et al., 2009; Suzuki et 
al., 2012; Zhang et al., 2014; see Chapter 105, Moxi floxacin). 
However, sparfloxacin, similar to other fluoroquinolones, 
shows activity that is less impressive against rifampicin- 
resistant or multidrug-resistant strains (Lourenco et al., 2007; 
Sulochana et al., 2005; Tomioka et al., 2000). Studies in mice 
suggest that on a weight to weight basis, sparfloxacin is 6- to 
8-fold more active against M. tuberculosis than ofloxacin (Ji 
et al., 1991; Lalande et al., 1993).

Sparfloxacin has excellent in vivo activity against Myco
bacterium leprae (Franzblau et al., 1993). Its activity against 
Mycobacterium ulcerans is also good, and it is more active 
against this species than ciprofloxacin, ofloxacin, rifampicin, 
or amikacin (Thangaraj et al., 2000). Against Mycobacterium 
marinum, the MIC90 is 2 μg/ml, with only moxifloxacin and 
the rifamycins being more active (Aubry et al., 2000).

Against Mycobacterium kansasii and Mycobacterium scro
fulaceum, sparfloxacin is notably more active than many 
other fluoroquinolones, with MIC90 values of 0.06–2.0 and 
1 μg/ml, respectively. Sparfloxacin has activity comparable 
to that of clinafloxacin but inferior to that of moxifloxacin 
against Mycobacterium fortuitum, with an MIC90 of 2 μg/ml. 
However, sparfloxacin activity against Mycobacterium avium 
complex and Mycobacterium chelonae is limited, with MIC90 
values > 6 μg/ml. Similarly, ciprofloxacin, ofloxacin, and spar-
floxacin are only moderately active against Myco bacterium 
haemophilum, with MIC90 values of 4–8 μg/ml (Bernard et 
al., 1993; Gillespie et al., 2001; Klopman et al., 1993; Royo et 
al., 1999; Tomioka et al., 2000; Witzig and Franzblau, 1993; 
Yew et al., 1994). 

CHLAMYDIA AND MYCOPLASMA

Sparfloxacin is significantly more active than ciprofloxacin or 
ofloxacin against Mycoplasma pneumoniae and Mycoplasma 
genitalium, as well as both tetracycline-susceptible and 
-resistant strains of Mycoplasma hominis and Ureaplasma 
urealyticum (Bebear et al., 2000; Waites et al., 1999; Yasuda et 
al., 2005). However, sparfloxacin is inferior to azithromycin 
against Mycoplasma genitalium, with the latter being consid-
ered the drug of choice (Hagiwara et al., 2011). Importantly, 
sparfloxacin resistance in isolates of M. hominis and U. urea
lyticum appears to be increasing in some regions (Wang et 
al., 2014).

Sparfloxacin is 4-fold more active than ciprofloxacin and 
ofloxacin, and 5- to 6-fold more active than erythromycin, 
against Chlamydophila pneumoniae (Baquero and Canton, 
1996; Hammerschlag et al., 1992; Kimura et al., 1993; Roblin 

et al., 1994). Sparfloxacin has good activity (MIC50 0.03 μg/
ml) against Chlamydophila psittaci, and is more active than 
tosufloxacin, lomefloxacin, ciprofloxacin, ofloxacin, flerox-
acin, enoxacin, or norfloxacin against Chlamydia tracho
matis (Nakamura et al., 1989; Nakata et al., 1992; Perea et al., 
1996).

2b.  Emerging resistance and 
cross-resistance

There have been few recent studies to assess the emergence 
of resistance to sparfloxacin. However, it is likely that issues 
regarding resistance are similar to, or worse than, those 
encountered with other fluoroquinolones (see Chapter 101, 
Ciprofloxacin), and cross-resistance is usually complete 
(Barry and Fuchs, 1991).

3. MECHANISM OF DRUG ACTION

The mechanism of action is similar to that of other fluoro-
quinolones (see Chapter 101, Ciprofloxacin).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

ORAL ADMINISTRATION

The usual recommended dose of sparfloxacin for serious 
infections is 400 mg on day 1, followed by 200 mg once daily. 
Duration of therapy varies with the indication—with single- 
dose therapy suitable for fluoroquinolone-susceptible gono-
coccal urethritis, 1- to 3-day treatment for uncomplicated 
cystitis, and 7- to 14-day treatment for complicated urinary 
sepsis and respiratory tract infections.

TOPICAL EYE DROPS

Sparfloxacin is also available as 0.3% eye drops, which can be 
used up to every 2 hours (Vyas et al., 2002).

4b.  Newborn infants and children

As sparfloxacin is not licensed for pediatric use, few data are 
available pertaining to its use in neonates and children.

4c.  Pregnant and lactating mothers

Sparfloxacin should generally not be used during pregnancy 
or lactation.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Dosage reduction of sparfloxacin is appropriate when the 
glomerular filtration rate (GFR) falls below 50 ml per minute, 
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at which time a 400 mg loading dose followed by 200 mg 
daily every second day is recommended (Dorr et al., 1999).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Since the pharmacokinetics of sparfloxacin are not signifi-
cantly altered in patients with cirrhosis or hepatic failure, 
no dosage adjustment is necessary in this patient population 
(Montay, 1996).

ELDERLY PATIENTS

No dosage adjustment of sparfloxacin is necessary in the 
elderly unless there is concomitant renal failure (Bergan, 
1995; Montay, 1996).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Sparfloxacin is readily absorbed and has oral bioavailabil-
ity  of 92% and a half-life of 16–20 hours (Montay, 1996; 
Montay et al., 1994; Schentag, 2000). It is 37–45% protein 
bound (Montay, 1996; Shimada et al., 1993). Foods, includ-
ing milk or high fat meals, do not significantly alter spar-
floxacin absorption (Johnson et al., 1999b; Shimada et al., 
1993).

5b.  Drug distribution

One hour after a routine loading dose of 400 mg, mean 
serum concentrations are 0.9–1.0 μg/ml, with a peak serum 
concentration at 3–5 hours postdose of 1.2 μg/ml; although 
significant patient to patient variability has been noted 
(Montay, 1996). After single oral doses of 200, 400, 600, or 
800 mg the peak serum concentrations are 0.71 ± 0.16, 
1.18 ± 0.28, 1.65 ± 0.58, and 1.97 ± 0.62 μg/ml, respectively. 
Thus, there is a slight, but clinically insignificant, decrease 
in sparfloxacin bioavailability with increasing dose, probably 
due to a reduction in drug absorption. After repeated dose 
administration, steady state concentrations are achieved 
after the second dose, and pharmacokinetic data are consis-
tent with single dose data. Subsequent to a loading dose of 
200, 400, 600, or 800 mg sparfloxacin on day 1, followed by 
once daily doses of 100, 200, 300, or 400 mg, the minimum 
serum levels are 0.25 μg/ml (200/100), 0.30 μg/ml (400/200), 
0.59 μg/ml (600/300), and 0.65 μg/ml (800/400), respectively 
(Johnson et al., 1992; Montay, 1996; Montay et al., 1994). The 
long half-life of sparfloxacin makes it suitable for once daily 
dosing.

Lower renal clearances of both sparfloxacin and its metab-
olite sparfloxacin glucuronide are observed in patients with 
renal failure. Levels of conjugated sparfloxacin in plasma are 
approximately 2- to 3-fold higher in patients with chronic 
renal failure than in healthy volunteers. In patients with GFR 
values of ≥ 50 ml per minute, 30–49 ml per minute, or 10–30 
ml per minute, peak and average plasma concentrations were 

0.75 and 0.48, 1.46 and 1.06, and 0.80 and 0.40 μg/ml, 
respectively. For the same levels of renal function the half-
life of sparfloxacin was 18.7 hours to 27.7 and 20.4 hours, 
respectively. Thus, following the usual 400 mg loading dose, 
a doubling of the dosage interval, to 200 mg every second 
day, is necessary in those with GFR < 50 ml per minute (Dorr 
et al., 1999).

The mean peak serum sparfloxacin level after a single 
400 mg dose in patients with cirrhosis (but no cholestasis or 
ascites) is 1.68 μg/ml, 5 hours postdose; the half-life is 22.3 
hours. There appears to be in these patients no relationship 
between the severity of hepatic insufficiency and sparfloxa-
cin clearance. Thus, since these pharmacokinetic parameters 
are similar to those noted in healthy volunteers, no dosage 
reduction is necessary (Montay, 1996).

DISTRIBUTION OF DRUG IN THE BODY

Sparfloxacin achieves a high degree of penetration into most 
tissues, except for the central nervous system. Following a 
single 400 mg oral dose of sparfloxacin, the mean peak con-
centration in cantharidin-induced inflammatory fluid is 
1.3 μg/ml a mean duration of 5 hours postdose. Thus, overall 
sparfloxacin penetration into inflammatory fluid is 117% 
and the mean elimination half-life from this fluid is 19.7 
hours (Johnson et al., 1992). Skin penetration of sparfloxacin 
is good, with skin to plasma ratios of 1.00 at 4 hours (time of 
peak plasma concentration) and 1.39 at 5 hours. Following 
single oral doses of 100 or 200 mg, concentrations in skin of 
0.56 and 0.82–1.31 µg per gram, respectively, can be expected 
(Nogita and Ishibashi, 1991). Sparfloxacin achieves excellent 
penetration into human polymorphonuclear leuko cytes in 
vitro (Garcia et al., 1992).

Sparfloxacin achieves high concentrations in respiratory 
and sinus tissues. Five hours after a single dose of 400 mg, 
levels in alveolar macrophages and epithelial lining fluid were 
35.1 ± 15.4 and 32.2 ± 28.2 μg/ml, respectively (Schuler et 
al., 1997). In an earlier study, after an oral loading dose of 
400 mg followed by 200 mg daily, mean concentrations of 
sparfloxacin (2.5–5 hours after dosing) in bronchial mucosa, 
epithelial lining fluid, and alveolar macrophages were 4.4 µg 
per gram, 15.0 μg/ml, and 53.7 µg per gram, respectively. 
The mean sparfloxacin concentration in maxillary sinus 
mucosa, 2–5 hours after a single 400-mg dose, was 5.8 µg 
per gram (Wise and Honeybourne, 1996).

Shimada et al. (1993) have summarized many of the stud-
ies published in Japanese regarding the tissue distribution of 
sparfloxacin. High concentrations are achieved in sputum, 
pleural fluid, skin, lung, prostate, gynecological tissues, breast 
milk, and otolaryngological tissues. Salivary concentrations 
are 66–70% of plasma levels, while penetration to cerebro-
spinal fluid (CSF) appears to be somewhat limited, with CSF 
to plasma concentration ratios of only 0.25–0.35. Sparfloxacin 
achieves concentrations in bile and gallbladder 7.1–83 times 
the concurrent serum levels.

In rabbits, sparfloxacin achieves very good penetration 
into the ocular vitreous fluid (54%), cornea (76%), and lens 
(36%) (Cochereau-Massin et al., 1993).
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5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There have been no recent detailed pharmacokinetic (PK) 
or pharmacodynamic (PD) studies undertaken to assess the 
impact of PK/PD features of the drug on its clinical efficacy. 
However, it is likely that many of the features observed for 
levofloxacin will also be relevant to sparfloxacin (see Chapter 
104, Levofloxacin).

5d.  Excretion

URINE

Renal excretion of unchanged sparfloxacin plays a minor 
role in the drug’s pharmacokinetics. Following a single 400-
mg oral dose of sparfloxacin, 8.8% of the dose is recovered 
in urine during the first 52 hours postdose (Johnson et al., 
1992). Similarly, during the 72-hour postdose period, urinary 
excretion of unchanged sparfloxacin accounts for 9–14% of 
the given dose, and urinary excretion of sparfloxacin glucu-
ronide accounts for 28–36%. Urinary concentrations of spar-
floxacin are 10–50 µg per ml when the drug is administered 
as 300 mg daily (Montay, 1996; Shimada et al., 1993).

BILE

Following a single 400-mg dose of sparfloxacin, biliary excre-
tion of free drug and sparfloxacin glucuronide accounts for 
1.5 and 11.5% of the administered dose, respectively. The 
enterohepatic circulation does not appear to play a signifi-
cant role in reabsorption (Montay, 1996).

FECES

Within 72 hours of a single oral 200-mg dose, excretion of 
unchanged sparfloxacin in feces accounts for 50–56% of a 
dose (Shimada et al., 1993). Fecal concentrations of sparfox-
acin following an initial 400-mg loading dose and subsequent 
200-mg doses given daily are 759.6 ± 484 and 476.4 ± 239.7 
µg per gram on days 2 and 8, respectively (Ritz et al., 1994).

INACTIVATION IN THE BODY

Sparfloxacin is eliminated primarily by nonrenal mecha-
nisms, including hepatic biotransformation, biliary excretion, 
and possibly transluminal secretion across the enteric mucosa. 
Sparfloxacin undergoes metabolism to a glucuronide form 
that is detectable in plasma at 30–40% of the unchanged 
sparfloxacin concentration, and in urine and bile at 2 to 3 
times, and 4 to 20 times the unchanged sparfloxacin concen-
tration, respectively (Montay, 1996; Shimada et al., 1993). 
The glucuronidation pathway is not cytochrome P450 depen-
dent (Schentag, 2000).

5e.  Drug interactions

Sparfloxacin does not alter the pharmacokinetics of theoph-
ylline or interfere with the cytochrome P450 system (Mizuki 
et al., 1996; Shimada et al., 1993; Takagi et al., 1991). The 

concomitant administration of antacids containing alumi-
num hydroxide and magnesium hydroxide with sparfloxacin 
results in reduced peak concentrations of the latter by up to 
50% (Johnson et al., 1998). Co-administration of sucralfate 
and sparfloxacin reduces sparfloxacin bioavailability by 44%, 
such that sucralfate should be given at least 4 hours after 
sparfloxacin (Kamberi et al., 2000; Zix et al., 1997). Similarly, 
ferrous sulfate reduces the absorption of sparfloxacin (Kane-
mitsu et al., 1995). Sparfloxacin clearance is not altered by the 
concurrent administration of probenicid, suggesting a lack 
of tubular secretion of sparfloxacin (Shimada et al., 1993). 
Sparfloxacin does not interfere with digoxin pharmacoki-
netics (Johnson et al., 1999a).

6. ADVERSE REACTIONS AND TOXICITY

Sparfloxacin has an overall rate of adverse reactions similar 
to that of ciprofloxacin and other commonly used fluoro-
quinolones—however, rates of phototoxicity and QT prolon-
gation appear to be higher. In a review of six phase III trials 
in which 1585 patients in the sparfloxacin arms received 
400 mg loading doses followed by 200 mg daily, the most 
common side effects were gastrointestinal (such as nausea, 
diarrhea, dyspepsia, abdominal pain, vomiting, or flatulence; 
22.3%), photosensitivity reactions (7.4%), headache (1.9%), 
insomnia (1.5%), and dizziness (1.1%). QT interval prolon-
gation was seen in 1–3%, but values returned to baseline 
within 48 hours of drug cessation (Jaillon et al., 1996; Lipsky 
et al., 1999a; Morganroth et al., 1999). The FDA received 145 
reports of QT-related cardiac events before sparfloxacin was 
withdrawn from the US market (Owens, 2004). Experi- 
mental modeling shows that sparfloxacin induces greater 
degrees of QT prolongation than telithromycin, moxifloxa-
cin, or erythromycin (Lu et al., 2006). The trial designs and 
lack of early recognition of this important adverse effect in 
clinical studies of sparfloxacin have been criticized, and cited 
as a cautioning case-study for improved monitoring of new 
agents (Psaty, 2008).

Phototoxic reactions in sparfloxacin recipients have an 
average onset of 6.3 ± 4.5 days (range 1–14 days) after com-
mencement of the drug. Mostly this consists of erythema of 
the face and hands, which lasts an average of 6.4 ± 4.2 days. 
The hierarchy of phototoxic risk among the fluoroquinolones 
is (in order of decreasing risk) lomefloxacin, fleroxacin > 
sparfloxacin > enoxacin > pefloxacin > ciprofloxacin, grepa-
floxacin > norfloxacin, ofloxacin, levofloxacin, trovafloxacin, 
gatifloxacin, moxifloxacin (Lipsky and Baker, 1999; Owens 
and Ambrose, 2005). Both toxic epidermal necrolysis and 
photo-onycholysis have been reported with sparfloxacin use 
(Mahajan and Sharma, 2005; Ramesh et al., 2003). In vitro 
studies have also identified sparfloxacin-dependent inhibi-
tion of melanogenesis (Beberok et al., 2015). Thus, photo-
toxicity is an important limiting factor in the clinical use of 
sparfloxacin.

Sparfloxacin-associated corneal epithelial toxicity has been 
reported after prolonged unsupervised use of topical 0.3% 
sparfloxacin eye drops. Cessation of the drug was slowly 
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followed by reversal of manifestations and normalization of 
corneal morphology (Agarwal et al., 2014).

7. CLINICAL USES OF THE DRUG

Given the availability of numerous other fluoroquinolones 
with similar or better activity and substantially lower rates of 
toxicity, there are now very few indications for which spar-
floxacin would be considered appropriate. Nevertheless, a 
relatively wide range of clinical experience with sparfloxacin 
has been previously reported.

7a.  Respiratory tract infections

A 400-mg loading dose of sparfloxacin followed by 200 mg 
once daily (400/200 mg) for 7–14 days is effective in the 
treatment of community-acquired pneumonia, with rates of 
clinical efficacy of 80–88% (Aubier et al., 1996; Grassi and 
Brumpt, 1995; Lode et al., 1995; Ortqvist et al., 1996; Portier 
et al., 1996; Richard and Gutmann, 1992). In trials compar-
ing this dose of sparfloxacin with amoxicillin/ clavulanic 
acid, erythromycin, or amoxicillin administered at recom-
mended doses, efficacy with sparfloxacin was 88.3% versus 
84.1% in patients receiving any of the comparator agents. 
Notably, sparfloxacin was effective in 88.9% of patients with 
pneumococcal pneumonia (Aubier et al., 1996; Aubier et al., 
1998). Portier et al. (1996) compared sparfloxacin 400/200 
mg with amoxicillin 1 g three times daily plus ofloxacin 200 
mg twice daily for 10 days in a randomized, double-blind 
study of community-acquired pneumonia. Overall efficacy 
was comparable, at 91.9% versus 81.5%, respectively, in eval-
uable patients at the end of treatment. Sparfloxacin was also 
superior to roxithromycin for community-acquired pneu-
monia, with success rates of 82% versus 72%, respectively 
(Ortqvist et al., 1996). Ten days each of sparfloxacin or clari-
thromycin gave similar outcomes, with cure rates of 80 and 
83%, respectively (Ramirez et al., 1999).

Sparfloxacin is also effective in the treatment of acute 
exacerbations of chronic obstructive pulmonary disease. In 
randomized, double-blind comparative trials of patients with 
acute exacerbations of chronic bronchitis, Allegra et al. (1996) 
found 7–14 days therapy with sparfloxacin 200/100 mg to be 
comparable with amoxicillin/clavulanic acid 500 mg/125 mg 
three times daily. Clinical efficacy at the end of treatment and 
at follow-up was 87.3 and 78.9% for sparfloxacin, and 88.8 
and 79.8% for amoxicillin/clavulanic acid, respectively. Less 
than one-third of patients in the study had a pathogen cul-
tured from sputum—of these, 24–28% grew S. pneumoniae. 
At follow-up, P. aeruginosa and S. pneumoniae accounted 
for  seven of the eight sparfloxacin bacteriological failures, 
although these strains were susceptible to sparfloxacin. How-
ever, a comparable rate of bacteriological failure due to 
S. pneumoniae was also noted in the amoxicillin/clavulanic 
acid group. In a comparison of patients with acute exacer-
bations of chronic bronchitis who had failed initial oral 
antibiotics, treatment with sparfloxacin 400/200 mg or clari-
thromycin 500 mg twice daily for 10 days resulted in equiv- 

alent outcomes, with clinical and bacteriological success rates 
of 85% and 89% for sparfloxacin, and 83% and 85% for clar-
ithromycin (Lipsky et al., 1999c).

7b.  Urinary tract infections

In a double-blind, randomized, multicenter study of compli-
cated urinary tract infections, 10–14 days of treatment with 
sparfloxacin 200/100 mg or ciprofloxacin 500 mg twice daily 
were equivalent. Rates of clinical and bacteriological cure at 
the end of treatment were 88.6 versus 85.4%, and 72.6 versus 
81.4%, respectively. Differences in the rate of bacteriologi-
cal cure were related to persisting pathogens that included 
Entero bacteriaceae, P. aeruginosa, and enterococci, which 
exhibited only moderate susceptibility to sparfloxacin. How-
ever, this difference was less marked at follow-up, when rates 
of bacteriological cure were 62.9% for sparfloxacin and 
67.4% for ciprofloxacin (Naber et al., 1996). Three-day regi-
mens of either sparfloxacin 400/200 mg or ofloxacin 200 mg 
twice daily for uncomplicated urinary tract infections gave 
similar results, with over 92% in each group having a positive 
clinical response (Henry et al., 1998). In a study of women 
with uncomplicated urinary tract infections, single-dose 
sparfloxacin 400 mg was compared with both 3 days of 
sparfloxacin 400/200 mg and 7 days of ciprofloxacin 250 mg 
twice daily. Similar levels of clinical success (over 90%) were 
obtained in all three groups, but there was a lower sustained 
bacteriological success rate in the group receiving single-dose 
sparfloxacin (Henry et al., 1999b). Rising rates of fluoroquino-
lone resistance among common urinary pathogens, such as 
E. coli, in some regions are likely to impact on the clinical 
efficacy of sparfloxacin and similar fluoroquinolones (Ali et 
al., 2014).

7c.  Sinusitis

Sparfloxacin 400/200 mg for 5 days was comparable to oral 
cefuroxime axetil 250 mg twice daily for 8 days in the treat-
ment of purulent sinusitis in which H. influenzae and S. pneu
moniae were the most commonly cultured pathogens. At the 
end of treatment, clinical success was noted in 82.6 versus 
83.2%, respectively (Gehanno and Berche, 1996). Very simi-
lar results were obtained when sparfloxacin 400/200 mg was 
compared to clarithromycin 500 mg twice daily, for 10 and 
14 days respectively (Henry et al., 1999a). The role of fluoro-
quinolones versus beta-lactam antibiotics for the treatment of 
acute bacterial sinusitis has been assessed by meta-analysis, 
although very few studies involved sparfloxacin (Karageor-
gopoulos et al., 2008).

7d.  Sexually transmitted diseases

In a double-blind, randomized study of males with non-
gonococcal urethritis, Phillips et al. (1996) compared the 
efficacy of sparfloxacin 200/100 mg daily for either 3 or 7 
days with doxycycline 200 mg once daily for 7 days. The over-
all rates of success at the end of treatment and at follow-up 
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were comparable in each of the three treatment groups. 
However, among patients with Ureaplasma urethritis and 
urethritis of unknown etiology, the rate of relapse/possible 
reinfection at the follow-up visit was markedly lower in the 
7-day sparfloxacin group compared with either of the other 
two groups. In contrast, however, the rates of relapse/possible 
reinfection for chlamydial urethritis were similar in each of 
the three groups, with > 95% rates of eradication. A 7-day 
course of sparfloxacin 400/200 mg appears to be a suitable 
regimen for the treatment of nongonococcal urethritis 
(Phillips et al., 1996).

A study in which a single dose of sparfloxacin 200 mg was 
compared with a single dose of ciprofloxacin 250 mg for 
men with acute gonococcal urethritis showed both agents as 
having cure rates of 98–99%. Notably, however, the rate of 
postgonococcal urethritis was 26% in both groups, although 
C. trachomatis was isolated in only 4% of patients at enroll-
ment (Moi et al., 1996). However, rates of fluoroquinolone 
resistance among gonococcal isolates need to be considered 
before sparfloxacin is prescribed for this indication (Tapsall 
et al., 2008). The US Centers for Disease Control and Pre- 
vention no longer recommends fluoroquinolones for the 
treatment of gonorrhea, because of the high rates of fluoro-
quinolone resistance (CDC, 2007).

Treatment of uncomplicated genital Chlamydia infec-
tion with sparfloxacin and other agents has been reviewed 
(Horner, 2010).

7e.  Mycobacterial infections

Sparfloxacin as part of combination therapy has been used 
successfully in the treatment of tuberculosis that had been 
resistant to first-line agents or in patients with intolerance of 
such agents (Lubasch et al., 2001). In uncontrolled studies of 
patients with tuberculosis treated with therapy that included 
sparfloxacin, the majority in each study was cured, including 
some patients with multidrug resistant disease (Rao, 2004; 
Singla et al., 2001). Sparfloxacin has also been reported to 
show benefit in small numbers of patients with pulmonary 
M. avium–intracellulare complex or M. xenopi infection when 
added to other traditional antimycobacterial agents (Hori-
guchi et al., 2004, Schmitt et al., 1999).

Some studies have suggested that sparfloxacin may be 
useful in the treatment of leprosy (Ishii et al., 1997; Sugita et 
al., 1996; Tejasvi et al., 2006). Chan et al. (1994) gave spar-
floxacin 200 mg once daily for 12 weeks to nine previously 
untreated patients with lepromatous leprosy. Efficacy was 
monitored clinically, by morphological index, by mouse 
footpad infectivity, and by the radiorespirometric activity of 
M. leprae organisms obtained from serial biopsy specimens. 
Most patients showed clinical improvement within 2 weeks 
of treatment, and after 4 weeks of treatment all patients had a 
morphological index of zero, specimens from most patients 
were noninfectious for mice, and the median decrease in 
radiorespirometric activity was > 99%. Clinical improve-
ment occurred earlier than is usually observed with WHO–
recommended multidrug regimens. Thus, sparfloxacin 200 

mg daily appears to be rapidly bactericidal against M. leprae 
in humans, with activity similar to that noted previously with 
ofloxacin (see Chapter 103, Ofloxacin).

7f.  Other infections

Sparfloxacin has also been used successfully in the treatment 
of skin and soft tissue infections, typhoid fever, and an 
abscess in the pituitary gland (Lipsky et al., 1999b; Ohnishi et 
al., 2000; Uchida et al., 2008). Sparfloxacin alone and with 
pentoxifylline have been used for prophylaxis of sponta-
neous bacterial peritonitis in cirrhotic patients (Mostafa et 
al., 2014). In some parts of the world, sparfloxacin is avail-
able as eye drops and has been successfully used to treat cases 
of conjunctivitis or corneal infection (Vyas et al., 2002).
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1. DESCRIPTION

Tosufloxacin is a newer generation oral fluoroquinolone with 
a broad spectrum of activity against Gram-negative, Gram-
positive, and anaerobic organisms, and Chlamydophila spp. 
(see Figure 121.1). It became commercially available in 1990, 
but because of concerns regarding potential toxicity and the 
availability of fluoroquinolones with better activity, it has 
been withdrawn in most countries and is now only available 
in parts of Asia. It is mainly used for treatment of respiratory 
and gastrointestinal tract infections, as well as genitourinary, 
hepatobiliary, and orthopedic infections (Kohno, 2002).

2. ANTIMICROBIAL ACTIVITY

The in vitro minimum inhibitory concentrations (MICs) of 
tosufloxacin against some selected bacterial species are shown 
in Table 121.1; however, there have been few susceptibility 
studies in recent years.

2a.  Routine susceptibility

GRAM-NEGATIVE BACTERIA

Tosufloxacin has high activity against many Gram-negative 
enteric bacteria, although increasing rates of resistance are 
being seen in some pathogens (Yamaguchi et al., 2005). Tosu-
floxacin has activity similar to that of ciprofloxacin against 

Acinetobacter spp. and Stenotrophomonas maltophilia, but its 
activity against Pseudomonas aeruginosa is inferior to that of 
ciprofloxacin. Activity against Burkholderia pseudomallei is 
borderline. Tosufloxacin has activity similar to, or greater 
than, that of ciprofloxacin or norfloxacin against pathogens 
that cause diarrhea, such as Salmonella spp., Shigella spp., 
Campylobacter spp., Aeromonas hydrophila, and Vibrio spp. 
However, at a dosage of 150 mg three times a day, rates of 
posttreatment bacterial relapse are high in nontyphoidal 
Salmonella infections (Espinoza et al., 1988; Fujimaki et al., 
1988; Barry and Jones, 1989; Arguedas et al., 1990; Bryan et 
al., 1990; Glick et al., 1990; Segreti et al., 1990; Yamamoto 
et al., 1990; Barry and Fuchs, 1991; King et al., 1991; Cooper 
et al., 1992; Neu and Chin, 1994; Srimuang et al., 1995; 
Ohnishi and Kimura, 2001).

GRAM-POSITIVE BACTERIA

Tosufloxacin is superior to ciprofloxacin, and either compa-
rable to or slightly better than grepafloxacin, against Gram-
positive pathogens such as Streptococcus pyogenes, viridans 
streptococci, and methicillin-susceptible Staphylococcus 
aureus. However, its activity against methicillin-resistant 
S.  aureus and Staphylococcus epidermidis is less impressive 
(Espinoza et al., 1988; Neu et al., 1992). Among ciprofloxacin- 
resistant, methicillin-resistant S. aureus strains, cross-resis-
tance to fluoroquinolones is generally complete (Maple et 
al., 1991). Tosufloxacin has maintained good activity against 

Figure 121.1. Chemical structure of tosufloxacin 
tosilate.
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Japanese isolates of Streptococcus pneumoniae, including 
penicillin-resistant strains (Yamaguchi et al., 2005; Hasegawa 
et al., 2006). Tosufloxacin has some activity against entero-
cocci, Nocardia spp., and Leptospira interrogans—although 
achievable serum concentrations may not be adequate to 
reach the respective MIC90 values, and clinical studies docu-
menting tosufloxacin’s utility in such infections are lacking 
(Fujimaki et al., 1988; Yazawa et al., 1989; Barry and Fuchs, 
1991; King et al., 1991; Takashima et al., 1993; Yazawa and 
Mikami, 1995).

ANAEROBES

Similar to sparfloxacin, grepafloxacin, and temafloxacin, tosu-
floxacin has intermediate activity against most anaerobes—
being inferior to that of highly active agents, such as 
moxifloxacin and clinafloxacin, but superior to that of the 
older fluoroquinolones, such as ciprofloxacin, ofloxacin, 
pefloxacin, lomefloxacin, and levofloxacin (Appelbaum et 
al., 1991; Jacobs et al., 1992; Nord et al., 1992; Appelbaum, 
1995; Appelbaum, 1999).

CHLAMYDIA AND MYCOPLASMA

Tosufloxacin has activity broadly comparable with that of 
sparfloxacin and grepafloxacin against Chlamydophila psittaci, 
Chlamydia trachomatis, and C. pneumoniae, although some 
authors have found moxifloxacin and sparfloxacin to be 
more active. This antichlamydial activity is superior to that 
of ciprofloxacin, ofloxacin, fleroxacin, and erythromycin, but 
inferior to that of minocycline and doxycycline. Activity 
against Mycoplasma hominis is inferior to that of gatifloxacin 
(Maeda et al., 1988; Segreti et al., 1990; Nakata et al., 1992; 
Kimura et al., 1993; Miyashita et al., 2002; Yasuda et al., 
2005), but tosufloxacin has reasonable activity against Myco
plasma pneumonia, including macrolide-resistant strains 
(Akaike et al., 2012).

OTHER BACTERIA

Tosufloxacin has relatively poor activity against most non-
tuberculous Mycobacteria spp., being generally comparable 
or inferior to ciprofloxacin, sparfloxacin, and clinafloxacin 
in this context (Bauernfeind, 1993).

Table 121.1. In vitro tosufloxacin activity against common pathogens.

Organism
Typical MIC90 

(µg/ml)
Emerging 
resistance 

Gram-negative bacteria

Escherichia coli ≤ 0.06 Yes

Enterobacter aerogenes 0.125 Yes

Enterobacter cloacae 0.125 Yes

Klebsiella pneumoniae 0.06–0.25 Yes

Proteus mirabilis 0.125–0.5 Yes

Proteus vulgaris 0.25 Yes

Morganella morganii 0.125 Yes

Providencia rettgeri 0.5

Providencia stuartii 0.125–1

Serratia marcescens 0.25–2 Yes

Citrobacter freundii 0.125–0.5 Yes

Salmonella spp. 0.03 Yes

Shigella spp. 0.03 Yes

Yersinia enterocolitica 0.06

Campylobacter jejuni 0.06 Yes

Acinetobacter calcoaceticus 16 Yes

Haemophilus influenzae ≤ 0.008–0.125

Moraxella catarrhalis ≤ 0.06

Neisseria meningitidis ≤ 0.03

Neisseria gonorrhoeae 16 Yes

Pseudomonas aeruginosa 0.5–128 Yes

Burkholderia cepacia 0.25–1 Yes

Stenotrophomonas maltophilia 4 Yes

Bacteroides fragilis 2

Gram-positive bacteria

Staphylococcus aureus (MSSA) 0.125–0.5 Yes

Staphylococcus aureus (MRSA) > 16 Yes

Organism
Typical MIC90 

(µg/ml)
Emerging 
resistance 

Staphylococcus epidermidis (MSSE) 0.125 Yes

Staphylococcus epidermidis (MRSE)    8–16 Yes

Streptococcus pneumoniae 0.25–0.5 Yes

Streptococcus pyogenes 0.125–1

Enterococcus faecalis 0.5 Yes

Enterococcus faecium    4–8 Yes

Listeria monocytogenes 0.125–0.25

Clostridium perfringens 0.25

Clostridium difficile 4 Yes

Peptostreptococcus spp. 0.5

Other bacteria

Legionella pneumophila —

Mycoplasma pneumoniae —

Mycoplasma hominis —

Chlamydophila pneumoniae 0.03–0.125

Chlamydophila trachomatis 0.125–0.25

Ureaplasma urealyticum —

Mycobacterium tuberculosis > 8

Mycobacterium avium complex > 8

Abbreviations: MSSA: methicillin-susceptible S. aureus; MRSA: methicillin- 
resistant S. aureus; MSSE: methicillin-susceptible S. epidermidis; MRSE: 
methicillin-resistant S. epidermidis.

Sources: Data compiled from Arguedas et al. (1990); Barry and Fuchs 
(1991); Barry and Jones (1989); Bryan et al. (1990); Cooper et al. (1992); 
Espinoza et al. (1988); Fujimaki et al. (1988); Glick et al. (1990); Hasegawa 
et al. (2006); King et al. (1991); Miyazaki et al. (1997); Neu and Chin 
(1994); Ohnishi and Kimura (2001); Segreti et al. (1990); Srimuang et al. 
(1995); Suzuki et al. (2005); Tanaka et al. (2000); Yamaguchi (2001); 
Yamaguchi et al. (2005); Yamamoto et al. (1990); and Hamasuna et al. 
(2015).
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2b.  Emerging resistance and 
cross-resistance

Issues regarding resistance are similar to those encountered 
with other fluoroquinolones (see Chapter 101, Ciprofloxacin), 
and cross-resistance to fluoroquinolones is usually complete 
(Barry and Fuchs, 1991).

3. MECHANISM OF DRUG ACTION

The mechanism of action is similar to that of other fluoro-
quinolones (see Chapter 101, Ciprofloxacin).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

ORAL ADMINISTRATION

Typical daily dosages are between 300 and 450 mg adminis-
tered in two to three divided doses. However, in patients with 
more severe presentations, dosages of 600 mg may be used.

TOPICAL EYE DROPS

Tosufloxacin is also available as 0.3% eye drops, although it 
appears to be less safe than other fluoroquinolone eyedrops 
(Kim et al., 2014).

4b.  Newborn infants and children

Tosufloxacin has been used in small numbers of children, with 
no apparent extra problems compared with adult use (Niki, 
2002). No data are available regarding its use in neonates.

4c.  Pregnant and lactating mothers

Tosufloxacin should generally not be used during pregnancy 
or lactation.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Tosufloxacin dosages should be reduced in patients with a 
glomerular filtration rate (GFR) of less than 50 ml/minute. 
In such patients, the dosage should be 300 mg/day given 
in two divided doses, but falling to 150 mg daily when GFR 
falls below 20 ml/minute (Niki, 2002).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

No data are available, but as tosufloxacin is predominantly 
renally excreted, it is likely that tosufloxacin is an acceptable 
choice in patients having mild to moderate liver dysfunction 
if other agents with better known safety profiles are not 
available.

ELDERLY PATIENTS

Although the urinary recovery rate of tosufloxacin is reduced 
in the elderly, no dosage adjustment is required in elderly 
patients in the absence of concomitant renal dysfunction 
(Niki, 2002).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Bioavailability is high, but is reduced with co-administration 
of aluminum hydroxide or preparations that contain iron, 
calcium, or magnesium.

5b.  Drug distribution

Pharmacokinetic studies of tosufloxacin demonstrate mean 
peak serum concentrations after single doses of 150 and 300 
mg of 0.54 and 1.06 µg/ml, although for the lower dose this 
drops to 0.37 µg/ml if the drug is taken on an empty stomach. 
With repeated dosing, predose serum levels are 0.24–0.34 
µg/ml. Serum half-life is 3.6–4.9 hours, although it is pro-
longed in patients with more severe levels of renal impair-
ment. Penetration into prostatic, tonsillar, and maxillary sinus 
tissues, as well as sputum, generally achieves levels at least as 
high as in serum (Niki, 2002).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Although there are few formal studies of tosufloxacin assess-
ing the pharmacokinetic and pharmacodynamic parameters 
linked to clinical activity, it can probably be assumed that 
they are similar to those of other fluoroquinolones (see 
Chapter 101, Ciprofloxacin; Chapter 104, Levofloxacin; and 
Chapter 105, Moxifloxacin).

5d.  Excretion

Peak urinary concentrations are obtained approximately 2 
hours after dosing with levels of 64.1 and 115.8 µg/ml, mea-
sured after administration of doses of 150 and 300 mg, respec-
tively. Urinary recovery rates of 39% and 46% were seen at 12 
and 24 hours, respectively, following the 150 mg dose (Niki, 
2002).

5e.  Drug interactions

Like some other fluoroquinolones, tosufloxacin increases lev-
els of theophylline. Maximum concentration and area under 
the curve for plasma theophylline were increased 23% and 
24%, respectively, when the two drugs were administered 
together (Niki, 2002).
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6. ADVERSE REACTIONS AND TOXICITY

Adverse reactions are not common and consist mainly of 
gastrointestinal upset, rashes (including photosensitivity and 
toxic epidermal necrolysis), headaches, and minor abnor-
malities of liver function tests. The most significant adverse 
event is rhabdomyolysis, although this is not common. There 
has not been significant association with tendinopathy, 
QT  interval prolongation, hypoglycemia, or liver failure 
(Uchibayashi et al., 1992; Minami et al., 1998; Niki, 2002; 
Choi et al., 2011). A case of tosufloxacin-associated throm-
bocytopenic purpura has been reported (Takahama and 
Tazaki, 2007).

Use of tosufloxacin eye drops has been associated with 
corneal deposits in a patient with poor tear secretion (Kamiya 
et al., 2009).

7. CLINICAL USES OF THE DRUG

Tosufloxacin has been used with reasonable success rates for 
a broad variety of conditions. Recent clinical data about its 
effectiveness are limited mainly to Japanese language jour-
nals, but in those countries where it is still available, it may 
be considered for the following indications.

7a.  Respiratory tract infections

With daily doses of 450–600 mg, tosufloxacin has rates of 
clinical efficacy above 88% in patients with community- 
acquired pneumonia. Excellent levels of bacterial eradication 
for both Gram-positive and Gram-negative bacteria were 
also seen, with the exception of P. aeruginosa. At similar 
doses for 7–14 days, it has also had good results for other 
acute and chronic lower respiratory tract infections, with 
outcomes equivalent to those of ofloxacin at a dose of 600 
mg/day (Kohno, 2002). However, it appears to be inferior 
to  both doxycycline and minocycline in the treatment of 
macrolide-resistant cases of Mycoplasma pneumoniae in chil-
dren (Okada et al., 2012; Kawai et al., 2013). 

7b.  Other indications

Tosufloxacin has been used with good success rates in the 
treatment of gastrointestinal tract infections, particularly 
against common Gram-negative bacterial enteric pathogens, 
including typhoid and paratyphoid fevers. Other indications 
for which it has been used are genitourinary and gynecolog-
ical infections, including nonngonococcal urethritis. It has 
been shown to be equivalent to levofloxacin for the preven-
tion of infections following transrectal biopsy of the prostate 
(Yamamoto et al., 2008). In addition, tosufloxacin has had 
good efficacy in treating some hepatobiliary and orthopedic 
infections (Kohno, 2002). In a study of patients with febrile 
neutropenia, tosufloxacin was a less effective prophylaxis 
than moxifloxacin (Shinohara et al., 2013). 

The efficacy of sequential therapy of parenteral pazufloxa-
cin followed by either oral tosufloxacin or levofloxacin has 
been assessed in a small study of pyelonephritis (Takahashi 
et al. 2013).

A topical ocular preparation is available, but clinical data 
are limited. Nevertheless, reasonable in vitro activity against 
most of the common conjunctival pathogens has been 
reported (Yamada et al., 2008).

REFERENCES

Akaike H, Miyashita N, Kubo M et al. (2012). In vitro activities of 11 anti- 
microbial agents against macrolide-resistant Mycoplasma pneumoniae 
isolates from pediatric patients: results from a multicenter surveillance 
study. Jpn J Infect Dis 65: 535.

Appelbaum PC (1999). Quinolone activity against anaerobes. Drugs 58 
(Suppl 2): 60.

Appelbaum PC (1995). Quinolone activity against anaerobes: microbiological 
aspects. Drugs 49 (Suppl 2): 76.

Appelbaum PC, Spangler SK, Jacobs MR (1991). Susceptibilities of 394 
Bacteroides fragilis, non–B. fragilis group Bacteroides species, and 
Fusobacterium species to newer antimicrobial agents. Antimicrob 
Agents Chemother 35: 1214.

Arguedas AG, Akaniro JC, Stutman HR, Marks MI (1990). In vitro activity 
of tosufloxacin, a new quinolone, against respiratory pathogens de- 
rived from cystic fibrosis sputum. Antimicrob Agents Chemother 34: 
2223.

Barry AL, Fuchs PC (1991). In vitro activities of sparfloxacin, tosufloxacin, 
ciprofloxacin, and fleroxacin. Antimicrob Agents Chemother 35: 955.

Barry AL, Jones RN (1989). In-vitro activities of temafloxacin, tosufloxacin 
(A-61827) and five other fluoroquinolone agents. J Antimicrob 
Chemother 23: 527.

Bauernfeind A (1993). Comparative in-vitro activities of the new quinolone, 
Bay y 3118, and ciprofloxacin, sparfloxacin, tosufloxacin, CI-960 and 
CI-990. J Antimicrob Chemother 31: 505.

Bryan JP, Waters C, Sheffield J et al. (1990). In vitro activities of tosufloxacin, 
temafloxacin, and A-56620 against pathogens of diarrhea. Antimicrob 
Agents Chemother 34: 368.

Choi MK, Woo HY, Heo J et al. (2011). Toxic epidermal necrolysis associated 
with sorafenib and tosufloxacin in a patient with hepatocellular car- 
cinoma. Ann Dermatol 23 (Suppl 3): S404.

Cooper MA, Andrews JM, Wise R (1992). In-vitro activity of tosufloxacin, a 
new quinolone antibacterial agent. J Antimicrob Chemother 29: 639.

Espinoza AM, Chin NX, Novelli A, Neu HC (1988). Comparative in vitro 
activity of a new fluorinated 4-quinolone, T-3262 (A-60969). Antimicrob 
Agents Chemother 32: 663.

Fujimaki K, Noumi T, Saikawa I et al. (1988). In vitro and in vivo antibacterial 
activities of T-3262, a new fluoroquinolone. Antimicrob Agents 
Chemother 32: 827.

Glick EJ, Segreti J, Goodman LJ, Trenholme GM (1990). In vitro activity of 
tosufloxacin against bacterial enteric pathogens. Diagn Microbiol Infect 
Dis 13: 333.

Hamasuna R, Yasuda M, Ishikawa K et al. (2015) The second nationwide 
surveillance of the antimicrobial susceptibility of Neisseria gonorrhoeae 
from male urethritis in Japan, 2012–2013. J Infect Chemother 21: 340.

Hasegawa M, Sato Y, Kanayama A et al. (2006). Antibacterial activity of 
tosufloxacin against major organisms detected from patients with 
respiratory or otorhinological infections: comparison with the results 
obtained from organisms isolated about 10 years ago. J Infect 
Chemother 12: 152.

Jacobs MR, Spangler SK, Appelbaum PC (1992). Beta-lactamase production 
and susceptibility of US and European anaerobic Gram-negative bacilli 
to beta-lactams and other agents. Eur J Clin Microbiol Infect Dis 11: 
1081.



2308 Tosufloxacin

Kamiya K, Kitahara M, Shimizu K (2009). Corneal deposits after topical 
tosufloxacin in a patient with poor tear secretion. Cornea 28: 114.

Kawai Y, Miyashita N, Kubo M et al. (2013). Therapeutic efficacy of macro- 
lides, minocycline, and tosufloxacin against macrolide-resistant Myco- 
plasma pneumoniae pneumonia in pediatric patients. Antimicrob 
Agents Chemother 57: 2252.

Kim YD, Kim MK, Wee WR, Choi HJ (2014) Tosufloxacin deposits in 
compromised corneas. Optom Vic Sci 91: e241.

Kimura M, Kishimoto T, Niki Y, Soejima R (1993). In vitro and in vivo 
antichlamydial activities of newly developed quinolone antimicrobial 
agents. Antimicrob Agents Chemother 37: 801.

King A, Bethune L, Phillips I (1991). The in-vitro activity of tosufloxacin, a 
new fluorinated quinolone, compared with that of ciprofloxacin and 
temafloxacin. J Antimicrob Chemother 28: 719.

Kohno S (2002). Clinical assessment of tosufloxacin tosilate. J Infect 
Chemother 8: 19.

Maeda H, Fujii A, Nakata K et al. (1988). In vitro activities of T-3262, NY-198, 
fleroxacin (AM-833; RO 23-6240), and other new quinolone agents 
against clinically isolated Chlamydia trachomatis strains. Antimicrob 
Agents Chemother 32: 1080.

Maple PA, Hamilton-Miller JM, Brumfitt W (1991). Differing activities of 
quinolones against ciprofloxacin-susceptible and ciprofloxacin-resistant, 
methicillin-resistant Staphylococcus aureus. Antimicrob Agents 
Chemother 35: 345.

Minami R, Nakamura C, Inotsume N, Nakano M (1998). Effects of aluminum 
hydroxide and famotidine on bioavailability of tosufloxacin in healthy 
volunteers. Antimicrob Agents Chemother 42: 453.

Miyashita N, Fukano H, Yoshida K et al. (2002). In-vitro activity of moxifloxa-
cin and other fluoroquinolones against Chlamydia species. J Infect 
Chemother 8: 115.

Miyazaki S, Domon H, Tateda K et al. (1997). In vitro and in vivo antibacterial 
activities of CS-940, a new fluoroquinolone, against isolates from patients 
with respiratory infections. Antimicrob Agents Chemother 41: 2582.

Nakata K, Maeda H, Fujii A et al. (1992). In vitro and in vivo activities of 
sparfloxacin, other quinolones, and tetracyclines against Chlamydia 
trachomatis. Antimicrob Agents Chemother 36: 188.

Neu HC, Chin NX (1994). In vitro activity of the new fluoroquinolone 
CP-99,219. Antimicrob Agents Chemother 38: 2615.

Neu HC, Fang W, Gu JW, Chin NX (1992). In vitro activity of OPC-17116. 
Antimicrob Agents Chemother 36: 1310.

Niki Y (2002). Pharmacokinetics and safety assessment of tosufloxacin 
tosilate. J Infect Chemother 8: 1.

Nord CE, Lindmark A, Persson I, Runow C (1992). Susceptibility of anaerobic 
bacteria to tosufloxacin. Eur J Clin Microbiol Infect Dis 11: 263.

Ohnishi K, Kimura K (2001). Salmonella excretion after cessation of 
tosufloxacin therapy in acute nontyphoid salmonella enterocolitis. 
Antimicrob Agents Chemother 45: 1892.

Okada T, Morozumi M, Tajimi T et al. (2012). Rapid effectiveness of 
minocycline or doxycycline against macrolide-resistant Mycoplasma 
pneumoniae infection in a 2011 outbreak among Japanese children. 
Clin Infect Dis 55: 1642.

Segreti J, Hirsch DJ, Harris AA et al. (1990). In vitro activity of tosufloxacin 
(A-61827; T-3262) against selected genital pathogens. Antimicrob 
Agents Chemother 34: 971.

Shinohara A, Yoshiki Y, Masamoto Y et al. (2013). Moxifloxacin is more 
effective than tosufloxacin in reducing chemotherapy-induced febrile 
neutropenia in patients with hematological malignancies. Leuk 
Lymphoma 54: 794.

Srimuang S, Fugpholngam V, Asvanich K et al. (1995). In vitro activity of 
tosufloxacin against Pseudomonas pseudomallei, Salmonella spp. and 
other Enterobacteriaceae. Drugs 49 (Suppl 2): 260.

Suzuki K, Fujisawa T, Nakashima M, Hamasaki R (2005). Antimicrobial 
activities of tosufloxacin against Streptococcus pneumoniae, Haemo- 
philus influenzae, and Moraxella branhamella catarrhalis isolated from 
otolaryngological infectious diseases. J Infect Chemother 11: 253.

Takahama H, Tazaki H (2007). Tosufloxacin tosilate–induced thrombocyto-
penic purpura. J Dermatol 34: 465.

Takahashi K, Muratani T, Akasaka S, Yamada Y, Matsumoto T (2013). The 
efficacy of sequential therapy using pazufloxacin followed by oral 
fluoroquinolones for treatment of pyelonephritis. J Infect Chemother 
19: 456.

Takashima I, Ngoma M, Hashimoto N (1993). Antimicrobial effects of a 
new carboxyquinolone drug, Q-35, on five serogroups of Leptospira 
interrogans. Antimicrob Agents Chemother 37: 901.

Tanaka M, Tunoe H, Mochida O et al. (2000). Antimicrobial activity of 
gemifloxacin (SB-265805), a newer fluoroquinolone, against clinical 
isolates of Neisseria gonorrhoeae, including fluoroquinolone-resistant 
isolates. Diagn Microbiol Infect Dis 38: 109.

Uchibayashi T, Hisazumi H, Kanayama J, Kumano K (1992). Diffusion of 
tosufloxacin into prostatic tissue. Chemotherapy 38: 150.

Yamada M, Hatou S, Yoshida J (2008). In vitro susceptibilities of bacterial 
isolates from conjunctival flora to gatifloxacin, levofloxacin, tosufloxacin, 
and moxifloxacin. Eye Contact Lens 34: 109.

Yamaguchi K (2001). Evaluation of in-vitro and in-vivo antibacterial activity 
of tosufloxacin tosilate. J Infect Chemother 7: 205.

Yamaguchi K, Ohno A, Group LS (2005). Investigation of the susceptibility 
trends in Japan to fluoroquinolones and other antimicrobial agents in 
a nationwide collection of clinical isolates: a longitudinal analysis from 
1994 to 2002. Diagn Microbiol Infect Dis 52: 135.

Yamamoto S, Ishitoya S, Segawa T et al. (2008). Antibiotic prophylaxis for 
transrectal prostate biopsy: a prospective randomized study of 
tosufloxacin versus levofloxacin. Int J Urol 15: 604.

Yamamoto T, Naigowit P, Dejsirilert S et al. (1990). In vitro susceptibilities 
of Pseudomonas pseudomallei to 27 antimicrobial agents. Antimicrob 
Agents Chemother 34: 2027.

Yasuda M, Maeda S, Deguchi T (2005). In vitro activity of fluoroquinolones 
against Mycoplasma genitalium and their bacteriological efficacy for 
treatment of M. genitalium–positive nongonococcal urethritis in men. 
Clin Infect Dis 41: 1357.

Yazawa K, Mikami Y (1995). In-vitro antimicrobial activity of the new 
fluoroquinolone, grepafloxacin, against pathogenic Nocardia spp. 
J Antimicrob Chemother 35: 541.

Yazawa K, Mikami Y, Uno J (1989). In vitro susceptibility of Nocardia spp. 
to a new fluoroquinolone, tosufloxacin (T-3262). Antimicrob Agents 
Chemother 33: 2140.



2309

122

Discontinued Fluoroquinolones

Ashwin Swaminathan

Temafloxacin, trovafloxacin (CP-99,219), grepafloxacin (OPC- 
17116), and clinafloxacin (AM-1091, CI-960, PD127391) are 
newer generation fluoroquinolones that share a broad spec-
trum of antimicrobial activity against Enterobacteriacieae, 
Gram-positive bacteria (including Streptococcus pneumoniae 
and Staphylococcus aureus), clinically significant anaerobes, 
and “atypical” respiratory pathogens. Grepafloxacin and 
trovafloxacin are generally less active against Pseudomonas 
spp. than ciprofloxacin, sitafloxacin, and clinafloxacin. These 
agents were withdrawn from the market (temafloxacin, 
 trovafloxacin, and grepafloxacin) or from pre-marketing 
development (clinafloxacin) in the 1990s following serious 
antibiotic-related adverse events that came to light during 
pre- and post-marketing surveillance.

In this chapter, each discontinued agent is described briefly 
in terms of its antimicrobial spectra, pharmacologic proper-
ties, and clinical utility, with emphasis given to the safety and 
tolerability profile and reasons for discontinuation.

TEMAFLOXACIN

1. DESCRIPTION

Temafloxacin (6-fluoro-7-piperazino-4-quinolone) (Figure 
122.1) was discontinued in June 1992, only five months after 
gaining marketing approval. This was due to a high rate of 

reported adverse reactions, including several deaths. These 
reactions, termed by Blum et al. (1994) as the “temafloxacin 
syndrome,” are worthy of some discussion since there are 
some features that may be potentially associated, albeit at 
markedly lower rates, with some other fluoroquinolones. In 
addition, the toxicity associated with temafloxacin highlights 
some of the difficulties in drug marketing, since uncommon, 
even serious, side effects may escape detection despite the 
usual rigorous pre-market testing.

Temafloxacin was a newer generation fluoroquinolone 
with a broad range of activity against Gram-positive, as well 
as Gram-negative, pathogens and some anaerobes, with good 
activity against S. pneumoniae, S. aureus, Legionella spp., and 
Mycoplasma spp. (Hardy et al., 1987; Gorzynski et al., 1989; 
Bryan et al., 1990; Bille and Glauser, 1991; Finegold et al., 
1991; Jacobs, 1991; King et al., 1991; Pankey, 1991; Segreti 
et al., 1989; Segreti, 1991; Swanson et al., 1991; Glatt et al., 
1992). Clinical studies demonstrated rates of efficacy in the 
treatment of lower respiratory tract infections of 90–100%, 
of skin and soft tissue infections, > 90%, of urinary tract 
infections, > 95%, of prostatitis, > 84%, and excellent activity 
against gonococcal and nongonococcal (other than syphilis) 
sexually transmitted diseases (Davies et al., 1990; Cox and 
Childs, 1991; Cox, 1991; Davey, 1991; Iravani, 1991a; Iravani, 
1991b; Kosmidis, 1991; Mogabgab, 1991; Naber et al., 1991; 
Pankey, 1991; Parish and Jungkind, 1991; Carbon et al., 1992; 
Lindsay et al., 1992). Initially reported toxicities and drug 
interactions were similar to those generally associated with 
other fluoroquinolones, such as ciprofloxacin (Norrby and 
Pernet, 1991; Pankey, 1991; Ruff et al., 1991; Granneman et 
al., 1992; Mahr et al., 1992; Millar et al., 1992; Sorgel et al., 
1992). Temafloxacin was approved by the Food and Drug 
Administration (FDA) for use in the treatment of lower 
respiratory tract infections, urinary tract infections, and skin 
and soft tissue infections.

2. SAFETY AND TOLERABILITY

Temafloxacin was withdrawn after new and serious adverse 
reactions were reported at a frequency of about one per 3500 
patients treated. By the time of withdrawal, an estimated Figure 122.1. Chemical structure of temafloxacin. 
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189,000 prescriptions had been issued. In general, clinical 
trial programs can only be expected to detect adverse reac-
tions at a frequency of about one per 1000 patients or higher, 
although studies using high doses may be useful in identify-
ing dose-dependent adverse reactions. Due to the fact that 
only small doses of temafloxacin were necessary to induce 
serious reactions, early identification of the potential drug 
toxicity in clinical trials was unlikely (Norrby and Lietman, 
1993).

Blum et al. (1994) reviewed all adverse event reports for 
temafloxacin submitted to the FDA and summarized the 
findings of a detailed analysis of 95 patients with hemolysis 
and other organ system dysfunction, which they subsequently 
termed as constituting “probable temafloxacin syndrome.” 
These patients typically presented with fever, chills, hemoly-
sis, and jaundice about 6 days after starting temafloxacin. 
New onset renal dysfunction was noted in 57% of cases, with 
about two-thirds of these patients requiring dialysis. Other 
findings included coagulopathy (35% of cases), hepatic dys-
function (51% of cases), central nervous system complica-
tions in two patients, and death in two patients. A history of 
previous quinolone use was associated with the rapid devel-
opment of hemolysis after only one dose of temafloxacin, 
suggesting that immune hemolytic anemia, most likely due 
to immune complex formation, was a possible explanation 
for the adverse reaction. In comparison, 70% of patients with 
no history of quinolone use did not develop hemolysis until 
after 5 days of temafloxacin therapy (mean, 7.3 days)—this 
being consistent with the time required to develop a primary 
immune response. Temafloxacin-dependent red cell anti-
bodies have been detected in some patients who developed 
hemolysis and renal dysfunction following temafloxacin 
ingestion (Deamer et al., 1993; Blum et al., 1994; Maguire 
et al., 1994).

Importantly, the one per 3500 incidence of serious adverse 
reactions with temafloxacin is much higher than that found 
with other fluoroquinolones, such as ciprofloxacin (one per 
17,000 patients treated), norfloxacin (one per 25,000 patients 
treated), or ofloxacin (one per 33,000 patients treated) (Norrby 
and Lietman, 1993).

TROVAFLOXACIN 

1. DESCRIPTION

Trovafloxacin (CP-99,219), 7-(3-azabicyclo[3,1,0]hexyl) 
naph thyridine, is technically a naphthyridine (having a nitro-
gen molecule at position 8) although it is considered as 
within the fluoroquinolone class (Figure 122.2). It was with-
drawn commercially owing to its rare but severe association 
with acute liver failure, which first became apparent in 1999. 
It has a broad spectrum of activity against Gram-positive 
and Gram-negative bacteria and can therefore be differenti-
ated from earlier generation agents (such as ciprofloxacin 
and norfloxacin), and by its greater activity against many 

clinically important Gram-positive pathogens (such as strep- 
tococci), anaerobes, and atypical respiratory pathogens. The 
N-1 difluorophenyl ring substitution is identical to that of 
tosufloxacin, which enhances its activity against Gram-
positive pathogens, including some ciprofloxacin-resistant 
strains, and prolongs half-life (Brighty and Gootz, 1997).

Trovafloxacin is significantly more active against 
 methicillin-resistant, ciprofloxacin-susceptible staphylococci 
(MIC90 values ≤ 0.06 µg/ml) than ciprofloxacin, and is 
 comparable to moxifloxacin in this regard. It has moderate 
activity against methicillin-resistant, ciprofloxacin-resistant 
strains (MIC90 values of 1–4 µg/ml) (Cohen et al., 1997; 
Cunha et al., 1997; Dembry et al., 1997; Felmingham et al., 
1997; Jones et al., 1999). Compared with ciprofloxacin, it is 
16 times more active against S. pneumoniae, including against 
strains resistant to penicillin (MIC90 values ≤ 0.5 µg/ml) 
(Felmingham et al., 1997; Schmitz et al., 1999; Blondeau et 
al., 2000). Preliminary in vivo studies using a rabbit menin-
gitis model suggested good activity for trovafloxacin against 
penicillin-sensitive and -resistant pneumococcal meningitis 
(Paris et al., 1995; Kim et al., 1997; Klugman and Gootz, 
1997). Trovafloxacin is also active against S. pyogenes (MIC90 
≤ 0.25 µg/ml), and it is moderately active against Enterococcus 
faecalis (MIC90 values of 0.25–16 µg/ml) (Bauernfeind, 1997; 
Cunha et al., 1997; Dembry et al., 1997; Schmitz et al., 1999; 
Blondeau et al., 2000). In vitro studies suggest that trovaflox-
acin is bacteriostatic against vancomycin-resistant E. faecium, 
exhibiting an MIC90 of 2 to > 8 µg/ml (Cohen et al., 1997; 
Dembry et al., 1997; Herrera-Insua et al., 1997; Blondeau et 
al., 2000; Milatovic et al., 2000).

Trovafloxacin is active against common Gram-negative 
pathogens, such as Escherichia coli, Enterobacter spp., Proteus 
spp., Klebsiella spp., and Citrobacter spp., with MIC90 values 
of < 0.015–4 µg/ml, which is comparable to the activity of 
moxifloxacin, but with relatively less activity than ciproflox-
acin. There is excellent activity against Salmonella spp. and 
Shigella spp., which is comparable to that of ciprofloxacin 
(ciprofloxacin MIC90 ≤ 0.25 µg/ml). Pseudomonas aeruginosa 
is generally less susceptible to trovafloxacin than ciproflox-
acin, with an MIC90 of 2 to > 16 µg/ml. Activity against 
Neisseria gonorrhoeae, Moraxella catarrhalis, and Haemo
philus influenzae is excellent, with MIC90 values of ≤ 0.015, 
≤  0.03, and ≤ 0.12 µg/ml, respectively (Felmingham et al., 

Figure 122.2. Chemical structure of trovafloxacin.
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1997; Blondeau et al., 2000; Deshpande and Jones, 2000; 
Milatovic et al., 2000). Notably, trovafloxacin has shown 
activity (MIC90 0.25 µg/ml) against ciprofloxacin-resistant 
(ciprofloxacin MIC90 2 µg/ml) strains of N. gonorrhoeae 
(Knapp et al., 1995). Trovafloxacin has good activity against 
Chlamydophila pneumoniae (MIC90 1 µg/ml), Legionella 
pneumophila (MIC90 0.008 µg/ml), and Mycoplasma pneu
moniae (MIC90 0.12 µg/ml) (Felmingham et al., 1997; Roblin 
et al., 1997; Jonas et al., 2001).

Trovafloxacin has generally excellent activity against most 
clinically significant anaerobic bacteria. Using a breakpoint 
of 2.0 mg/ml, 99.6% of strains are susceptible. Against Bac
teroides fragilis, trovafloxacin MIC90 values are < 0.5 to 4 µg/
ml (Appelbaum, 1995; Bowker et al., 1996; Bauernfeind, 
1997; Cohen et al., 1997; Felmingham et al., 1997; Betriu et 
al., 1999; Snydman et al., 2000).

Trovafloxacin has demonstrated in vitro and in vivo activ-
ity against Toxoplasma gondii. Trovafloxacin protected 100% 
of T. gondii–infected mice against death at concentrations of 
100 and 200 mg/kg/day, and 90% of mice at 50 mg/kg/day. 
Homogenates of brain, liver, and spleen from previously 
infected mice failed to kill healthy mice following subinocu-
lation with these tissues, suggesting elimination of viable 
parasites (Khan et al., 1996).

Pharmacokinetic studies using single doses of 30, 100, 
300, 600, and 1000 mg trovafloxacin in healthy volunteers 
demonstrate that the drug is rapidly absorbed, with mean 
peak concentrations of 0.3, 1.5, 4.4, 6.6, and 10.1 µg/ml, 
respectively, attained approximately 1 hour after dosing. The 
terminal half-life is approximately 9.9 ± 2.5 hours and 
appears to be independent of the dose. In multiple (daily) 
dosing studies, steady state was achieved by the third daily 
dose. Although some variability has been noted, peak serum 
concentrations and area under the curve (AUC) values 
increase linearly with dose. The half-life and AUC for trova-
floxacin 300 mg orally are approximately 2-fold longer and 
4-fold greater, respectively, versus those of ciprofloxacin 500 
mg. The oral bioavailability compared with intravenous load-
ing with trovafloxacin’s prodrug alatrofloxacin (CP-116,517, 
l-alanyl-l-alanyl-trovafloxacin) was 88% and remained un- 
affected by food ingestion. Trovafloxacin is approximately 
70% protein bound, with only 8–10% of the administered 
dose recoverable unchanged in urine. Metabolism and/or 
biliary excretion are the predominant modes of elimination. 
Renal clearance of trovafloxacin is generally constant, regard-
less of dose. Although maximum attainable urine concentra-
tions of trovafloxacin are lower than those obtained with 
other fluoroquinolones, the urine concentrations achieved 
after 100 mg and 300 mg doses are sufficient to inhibit most 
Gram-negative urinary pathogens. Alatrofloxacin, highly 
water soluble, has been developed into an intravenous for-
mulation. In vivo, it is rapidly converted to the active form 
(Teng et al., 1995; Teng et al., 1997; Vincent et al., 1998).

Trovafloxacin does not significantly interact with warfa-
rin or theophylline. Although concomitant administration of 
trovafloxacin and caffeine is associated with a 15% increase 

in peak serum caffeine levels, these changes do not appear to 
be clinically significant (LeBel et al. 1996; Teng et al., 1996; 
Vincent et al., 1997).

Clinical trials demonstrating the efficacy of trovafloxacin 
have been performed in patients with community-acquired 
pneumonia, nosocomial pneumonia, acute exacerbations of 
chronic bronchitis, complicated intraabdominal infections, 
urinary tract infections, Chlamydia trachomatis genital infec-
tion, and skin/skin structure infection. The oral dosages of 
trovafloxacin in these studies ranged from 50–200 mg daily 
for chlamydial infection to 100–300 mg daily for lower respi-
ratory tract infections (Brighty and Gootz, 1997; Leophonte 
et al., 1998; O’Doherty and Daniel, 1998; Tremolieres et al., 
1998; Roerig, 2000). An international, multicenter, random-
ized clinical trial involving 311 children (aged 3 months to 12 
years) with bacterial meningitis was performed comparing 
the intravenous prodrug alatrofloxacin against the conven-
tional therapy of ceftriaxone ± vancomycin. S. pneumoniae 
made up 27% of cerebrospinal fluid (CSF) isolates, of which 
close to one-third demonstrated some degree of penicillin 
and/or ceftriaxone resistance. There was no statistical dif-
ference in the incidences of clinical endpoints between the 
intervention and comparator arms, including clinical success 
at 5–7 weeks (79% versus 81%), death (2% versus 3%) and 
severe sequelae (14% versus 14%) (Saez-Llorens et al., 2002).

2. SAFETY AND TOLERABILITY

In premarketing dosing and efficacy studies, no clinically sig-
nificant changes in biochemical or hematologic parameters 
were noted across the 30 to 1000 mg dose range, but some 
adverse clinical events were reported in subjects receiving 
higher doses (i.e. 300–1000 mg per day). The most frequent of 
these have been lightheadedness, nausea, and vomiting (Teng 
et al., 1995). Dizziness appeared to be dose-related, occur-
ring in 3% of those taking oral trovafloxacin 100 mg daily, 
and in 11% of those taking 200 mg orally daily (Williams and 
Hopkins, 1998).

The U.S. Food and Drug Administration (FDA) issued a 
warning in June 1999 alerting physicians to serious hepatic 
complications that had become linked to trovafloxacin use 
since it was first marketed in February 1998 (FDA, 1999a). 
Post-marketing surveillance highlighted over 150 cases of 
symptomatic hepatitis, with at least 14 cases of acute liver 
failure. Four patients ultimately required liver transplan-
tation and five died from liver-related disease. Chen et al. 
(2000) described the case of a 66-year-old man who devel-
oped acute hepatitis after taking trovafloxacin (100 mg orally 
daily for 4 weeks) for chronic sinusitis. He presented with 
nausea, vomiting, and abdominal distension with raised 
serum hepatic aminotransferase levels and peripheral blood 
eosinophilia (eosinophils 16% of total leukocytes). A liver 
biopsy demonstrated centrilobular and focal periportal 
necrosis with eosinophilic infiltration. The hepatitis abated 
following discontinuation of the drug, although a course 
of prednisolone was also prescribed. Lazarczyk et al. (2001) 
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reported the case of a 19-year-old woman who developed a 
pruritic skin rash with peripheral blood eosinophilia on the 
fifth day of a course of trovafloxacin for sinusitis. This was 
treated with oral methylprednisolone, and when this was 
tapered, fever, abdominal pain, and ascites with raised hepatic 
aminotransaminases developed. Liver biopsy demonstrated 
severe centrilobular hepatocyte necrosis with an eosinophilic 
infiltrate. A prolonged course of oral prednisone (initially 40 
mg daily, then tapered) was commenced, which was associ-
ated with complete recovery.

Reported cases of hepatotoxicity in humans prescribed 
trovafloxacin were very uncommon and unpredictable—an 
overall incidence of 0.006% of an estimated 2.5 million 
courses prescribed. Of those who suffered acute liver fail-
ure, a strong association was found between liver failure 
and duration of trovafloxacin therapy greater than 14 days, 
although there were also reports of toxicity occurring after 
just 2 days of therapy (Bertino and Fish, 2000).

In preclinical animal studies in dogs, at doses of trovaflox-
acin ten times the therapeutic doses used in humans and 
over a 6-month period, elevated hepatic transaminases were 
noted at levels consistent with centrilobular hepatic vacuolar 
degeneration and necrosis. These biochemical abnormalities 
were shown to be reversible on discontinuation of the drug 
(Roerig, 2000). In premarketing clinical trials involving over 
7000 human subjects, there were no reports of hepatic failure 
or death related to liver toxicity from trovafloxacin (Bertino 
and Fish, 2000). In many studies there was a low incidence 
of mild liver function test abnormalities, equivalent to that 
observed with comparator agents. However, in one study 
investigating the clinical efficacy of a 28 day course of trova-
floxacin for chronic bacterial prostatitis, 13 of 140 patients 
(9%) experienced raised serum transaminases (AST ± ALT), 
to levels ≥ 3 × the upper limit of normal, nearing the com-
pletion of, or after, treatment. These patients remained 
asymptomatic and their biochemistry returned to normal 
1–2 months post treatment (Roerig, 2000).

Trovafloxacin-induced hepatotoxicity is regarded as an 
idiosyncratic reaction rather than a fluoroquinolone class 
effect. The precise mechanism for the toxicity is yet to be 
determined. 

An interesting toxicogenomic study by Liguori et al. (2005) 
suggests that trovafloxacin induces hepatocyte mitochon-
drial toxicity. This study, which utilized a gene microarray 
assay on cultured human hepatocytes, demonstrated that 
trovafloxacin altered the regulation of a number of hepato-
cyte mitochondrial genes (i.e. bax, mitofusin-1), increased 
mitochondrial oxidative stress, and altered genes involved in 
RNA processing and transcription. Testing of a number of 
other fluoroquinolones did not demonstrate such activity. In 
terms of chemical structure, there has been the suggestion 
that the 1-(2,4)-difluorophenyl substituent at the N-1 posi-
tion may lead to an increased likelihood of immunologically 
mediated adverse events. This side chain is also incorporated 
into tosufloxacin and temafloxacin, which are associated 
with immune complex–mediated, hypersensitivity reactions 
(Ball, 2003).

GREPAFLOXACIN

1. DESCRIPTION

Grepafloxacin (OPC-17116) is a broad-spectrum fluoro-
quinolone with the chemical structure (+)-1-cyclopropyl- 
6-fluoro-1,4-dihydro-5-methyl-7-(3-methyl-1-piperazinyl)-
4-oxo-3-quinolone carboxylic acid hydrochloride (Figure 
122.3). It was first marketed in August 1997 and became 
available in over 30 countries. It was withdrawn in October 
1999 following several reports of grepafloxacin-induced ven-
tricular dysrhythmias, presumed secondary to QT-interval 
prolongation (FDA, 1999b).

In comparison with earlier fluoroquinolones, grepafloxa-
cin has enhanced activity against Gram-positive cocci, such 
as S. pneumoniae and some strains of methicillin-resistant 
S. aureus, but generally less activity than ciprofloxacin against 
many Gram-negative pathogens. The MIC90 values of grepa-
floxacin against Enterobacteriaceae, S. aureus, and S. pneu
moniae are ≤ 0.25, ≤ 0.125, and ≤ 0.5 µg/ml, respectively 
(Wise and Andrews, 1997; Jones et al., 1999; Blondeau et 
al., 2000; Deshpande and Jones, 2000; Coyle et al., 2001). 
Grepafloxacin retains activity against penicillin-resistant 
S.  pneumoniae. Notably, grepafloxacin does not generally 
inhibit methicillin-resistant, ciprofloxacin-resistant strains of 
S. aureus (MIC90 values of > 8 to 32 µg/ml) or coagulase- 
negative staphylococci (MIC90 values > 4 µg/ml) (Jones et 
al., 1999; Blondeau et al., 2000; Gordon et al., 2003). 
Grepafloxacin is less active against Pseudomonas aeruginosa 
(MIC90 values of 2 to > 8 µg/ml). Haemophilus influenzae, 
Moraxella catarrhalis, and Neisseria gonorrhoeae are suscep-
tible, with MIC90 values of ≤ 0.25, ≤ 0.03, and 0.004 µg/ml, 
respectively. Against atypical respiratory pathogens, grepa-
floxacin has excellent in vitro activity, with MIC90 values for 
Chlamydophila pneumoniae, Legionella pneumophila, and 
Mycoplasma pneumoniae being 0.12, < 0.5, and 0.5 µg/ml, 
respectively (Zenilman et al., 1993; Ridgway et al., 1997; 
Wise and Andrews, 1997; Jones et al., 1999; Blondeau et al., 
2000; Deshpande and Jones, 2000; Coyle et al., 2001; Gordon 
et al., 2003).

Grepafloxacin has intermediate activity against anaerobes, 
generally having MICs in relation to anaerobes one or two 
doubling dilutions lower than those obtained with ciproflox-
acin. Against a broad range of anaerobes the MIC50 and MIC90 
of grepafloxacin are 2 and 16 µg/ml, respectively. Using a 

Figure 122.3. Chemical structure of grepafloxacin.
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breakpoint of 2 µg/ml, grepafloxacin inhibits 83% of Bac
teroides fragilis spp., compared with 6% for ciprofloxacin. 
However, against other B. fragilis group anaerobes, grepa-
floxacin inhibits only 39% of strains (Spangler et al., 1994; 
Wexler et al., 1994a; Appelbaum, 1995). Grepafloxacin is 2- 
to 20-fold more active in vitro than norfloxacin, ofloxacin, 
tosufloxacin, and ciprofloxacin against a wide variety of 
common and rare Nocardia species, with MIC90 values in 
relation to these species of 0.6 to 20 µg/ml (Yazawa and 
Mikami, 1995). The clinical efficacy of grepafloxacin in the 
treatment of Nocardia infections is uncertain.

Grepafloxacin appears to be rapidly absorbed from the 
gastrointestinal tract. After a single 400 mg oral dose of 
grepafloxacin given to six healthy male volunteers, the mean 
peak plasma concentration was 1.5 µg/ml at a mean of 2.0 
hours postdose. The mean elimination half-life in plasma is 
5.2 hours. Plasma and exudate concentrations generally 
exceed 0.5 µg/ml for more than 10–12 hours after a single 
oral dose. Tissue penetration is excellent, with high drug 
levels measured in bronchial mucosa, biliary tissues, female 
genital tissues, and prostatic tissue following oral dosing. 
Compared with ciprofloxacin, excretion of grepafloxacin in 
urine is low, with 8.3% of the total dose recoverable from 
urine. Elimination of grepafloxacin is predominantly via 
hepatic metabolism, and in subjects with hepatic impair-
ment, peak plasma concentrations and renal excretion are 
significantly increased compared with controls. Grepafloxacin 
does not interact with warfarin; however, theophylline plasma 
levels double when theophylline is coadministered with gre-
pafloxacin (Child et al., 1995; Efthymiopoulos, 1997).

Premarketing studies have shown clinical efficacy with 
daily oral grepafloxacin at varying dosages for acute exacer-
bations of chronic bronchitis (400 or 600 mg for 7–10 days) 
(Langan et al., 1997; Chodosh et al., 1998), community- 
acquired pneumonia (600 mg for 10 days) (O’Doherty et 
al., 1997; Topkis et al., 1997), Chlamydia trachomatis endo-
cervical infection (400 mg for 7 days) (McCormack et al., 
1998), uncomplicated gonorrhea in men (400 mg single 
dose) (Hook et al., 1997), obstetric and gynecologic infec-
tion (300 mg daily) (Matsuda, 1996), and skin/skin structure 
infection (300 mg daily) (Arata, 1996).

2. SAFETY AND TOLERABILITY

In preclinical studies and in postmarketing surveillance, the 
most common adverse events associated with grepafloxacin 
were gastrointestinal, particularly nausea and taste perversion 
(in up to 15% and 17% of patients, respectively, taking 600 
mg daily) (Stahlmann and Schwabe, 1997; Lode et al., 1999).

Grepafloxacin was withdrawn commercially in October 
1999, 24 months after its initial release, owing to cardiac 
complications presumed secondary to drug-induced QTc-
interval prolongation. In postmarketing surveillance, the use 
of grepafloxacin was “possibly” associated with seven sudden 
cardiac deaths and several cases of torsade de pointes (TP)—a 
malignant polymorphic ventricular tachyarrhythmia (Ball, 
2003).

The mechanism leading to QT prolongation is thought to 
be inhibition of the critical human etheràgogo (hERG) K+ 
channel that regulates the rapid component of the delayed 
rectifier potassium current (IKr)in cardiac tissue (Anderson 
et al., 2001). All fluoroquinolones tested have been found to 
block this channel, but with widely different potencies. The 
IC50 for hERG K+ channel inhibition for sparfloxacin and 
grepafloxacin has been measured at 18 and 50 µM, respec-
tively, while for moxifloxacin and ciprofloxacin, the IC50 val-
ues are considerably higher (129 and 966 µM, respectively) 
(Kang et al., 2001).

In studies on anesthetized rabbits, grepafloxacin was shown 
to increase heart rate at intravenous doses of 10–30 µg/kg; 
at the higher dose one of four animals developed ventricular 
tachycardia. By comparison, arrhythmogenic doses of cipro-
floxacin were 300 µg/kg (Stahlmann and Schwabe, 1997). In 
an in vivo rabbit arrhythmia model, grepafloxacin, gatifloxa-
cin, and sparfloxacin all demonstrated the ability to prolong 
the QT interval and induce ventricular arryhthmias, with the 
last agent being the most potent (Anderson et al., 2001).

In a preclinical phase I pharmacokinetic study involving 
48 elderly subjects, a clinically insignificant rise (< 2 milli-
seconds) in QTc during treatment was noted. Electrocar-
diographs were not routinely obtained during phase II/III 
studies at appropriate times and therefore a definitive assess-
ment of QT prolongation was not made. However, a number 
of patients in these trials were concomitantly taking pro- 
arrhythmogenic agents (e.g. cisapride, amiodarone), and none 
suffered a significant cardiac event attributable to dysrhyth-
mia (Lode et al., 1999). The discontinuation rates of grepa-
floxacin in clinical trials due to tachycardia were < 0.1% and 
0.14% in patients taking 400 or 600 mg daily, respectively 
(Stahlmann and Schwabe, 1997).

Given this experience with grepafloxacin, newer genera-
tion fluoroquinolones in development are subjected to much 
more rigorous assessment of their QT prolongation potential. 
Clinicians should be judicious in the use of fluoroquinolones 
in patients identified as “high risk” for this complication, 
particularly those taking concomitant arrhythmogenic med-
ication and those with underlying cardiac disease, or a past 
history of arrhythmia (Ball, 2000; Owens and Ambrose, 
2002).

CLINAFLOXACIN

1. DESCRIPTION

Clinafloxacin (AM-1091, CI-960, PD127391), or 7-(3-amino- 
1-pyrrolidinyl)-8-chloro-1-cyclopropyl-6-fluoro-1,4-dihydro- 
4-oxo-3-quinolone carboxylic acid hydrochloride (Figure 
122.4), is a broad-spectrum fluoroquinolone with impressive 
in vitro activity against Gram-positive, Gram-negative, and 
anaerobic bacteria, including multidrug-resistant organisms. 
During the 1990s, clinafloxacin was developed for use in 
severe sepsis. However, further progress was limited by the 
emergence of significant drug-related toxicities in clinical 
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trials, namely hypoglycemia, phototoxicity, and drug inter- 
actions.

Clinafloxacin is 2- to 4-fold more active than ciprofloxa-
cin against Enterobacteriaceae, with MIC90 values of 0.008–2 
µg/ml for E. coli, Proteus spp., and Klebsiella spp. (Bauernfeind, 
1997; Ednie et al., 1998; Milatovic et al., 2000). Notably, clin-
afloxacin activity against Pseudomonas aeruginosa (MIC90 
0.125–4 µg/ml) is comparable to (or superior to) that of cip-
rofloxacin (Cohen et al., 1997; Ednie et al., 1998; Milatovic 
et al., 2000). Clinafloxacin is often active against imipenem- 
and gentamicin-resistant Gram-negative pathogens such as 
Stenotrophomonas maltophilia (MIC90 0.5–2 µg/ml), includ-
ing some strains that are ciprofloxacin-resistant (Cohen et 
al., 1997; Weiss et al., 2000). Against Acinetobacter baumannii 
strains with or without a single gyrA or parC mutation, clin-
afloxacin had good activity (MIC90 < 1 µg/ml), compared 
with activity against isolates with both mutations (MIC90 val-
ues of 1–8 µg/ml) (Vila et al., 2002). Clinafloxacin is highly 
active (MIC90 ≤ 0.12 µg/ml) against Haemophilus influenzae, 
Neisseria gonorrhoeae, Neisseria meningitidis, and Moraxella 
cartarrhalis (Bauernfeind, 1997; Deshpande and Jones, 2000; 
Milatovic et al., 2000).

Clinafloxacin has excellent activity against Gram-positive 
pathogens. The MIC90 values against S. pneumoniae, S. viri
dans, and S. pyogenes are ≤ 0.5, 0.12, and 0.5 µg/ml, re - 
spectively. Penicillin resistance appears to be unrelated to 
clinafloxacin in vitro activity (Bauernfeind, 1997; Milatovic 
et al., 2000; Saravolatz et al., 2001). Studies of experimental 
penicillin- and cephalosporin-resistant pneumococci in rab-
bit and mouse meningitis models suggest reasonable in vivo 
clinafloxacin activity (Friedland et al., 1993; Shapiro et al., 
2000). There has been considerable interest in clinafloxacin 
activity against enterococci, particularly vancomycin-resistant 
enterococci (VRE) strains (Burney et al., 1994; Cohen et al., 
1997; Ednie et al., 1998). However, the emergence of quino-
lone resistance among some enterococcal populations affects 
clinafloxacin activity (Harrington et al., 1995). A large 
Canadian surveillance study demonstrated MIC90 values 
for E. faecalis, E. faecium, and VRE (E. faecium) of 4, 8, and 
8  µg/ml, respectively (Zhanel et al., 1998). S. aureus (both 
methicillin-sensitive and -resistant) is highly susceptible to 
clinafloxacin (MIC90 ≤ 0.12 µg/ml), including some isolates 
that are ciprofloxacin-resistant (MIC90 values of 1–8 µg/ml) 
(Bauernfeind, 1997; Jones et al., 1999; Milatovic et al., 2000), 
although the potential for the development of cross-resistance 
to clinafloxacin remains a concern.

Clinafloxacin has reasonable activity against anaerobes, 
with MIC90’s for Bacteroides fragilis, Bacteroides spp., and 
Clostridium difficile of 0.25–4, 0.5–2, and 0.12–2 µg/ml, 
respectively (Borobio et al., 1994; Wexler et al., 1994b; Appel-
baum, 1995; Bauernfeind, 1997; Cohen et al., 1997; Milatovic 
et al., 2000; Snydman et al., 2000).

Clinafloxacin is very active against Legionella pneumoph
ila and other Legionella spp., with an MIC90 of 0.015 µg/ml—
this activity is 2- to 4-fold greater than that of ciprofloxacin, 
substantially greater than that of erythromycin (MIC90 0.5 
µg/ml), and approaches that of rifampicin (MIC90 0.008 µg/
ml) (Gooding et al., 1992; Jonas et al., 2001). Clinafloxacin 
is very active against Mycoplasma pneumoniae, M. hominis, 
and Ureaplasma urealyticum, with MIC90 values of 0.06, 0.06, 
and 0.5 µg/ml, respectively (Cohen and Huband, 1997).

Bron et al. (1996) evaluated the pharmacokinetic prop-
erties of clinafloxacin using an oral formulation in healthy 
volunteers. Following dosages of 25, 50, 100, and 200 mg 
clinafloxacin, the peak serum concentrations were 0.23, 
0.63, 0.89, and 2.46 µg/ml, respectively, achieved at approxi-
mately 40 minutes postdose. 8The average elimination half-
life was 5.2 hours, although serum concentrations remained 
above 0.1 µg/ml for 12 hours following 100 and 200 mg 
doses. Approximately half the drug was excreted unchanged 
in the urine. A multiple-dosing study (Randinitis et al., 
2001a) using oral and intravenous formulations demonstrated 
a steady state being achieved after 3 days of twice-daily 
administration.

2. SAFETY AND TOLERABILITY

Clinafloxacin has been shown to inhibit seven major cyto-
chrome P450 enzymes, with CYP1A2 the most affected. 
Clinafloxacin at doses of 200 or 400 mg inhibits theophylline 
clearance by 50% and 70%, respectively, leading to signifi-
cant accumulation. Similarly, phenytoin clearance is lowered 
by 15% by clinafloxacin coadministration. Multiple doses of 
clinafloxacin have been associated with increased anticoag-
ulation (increased international normalized ratios [INR]) 
in subjects also taking warfarin, although whether this rep-
resents a direct drug interaction or a change in gut flora (and 
drug absorption) is unclear (Randinitis et al., 2001b).

Clinafloxacin has been used in various clinical trials for 
severe sepsis indications. Solomkin et al. (2001) conducted 
a  randomized, double-blind trial comparing clinafloxacin 
(n = 259; 200 mg i.v. every 12 h) or imipenem (n = 270; 500 
mg i.v. every 6 h) as adjunctive therapy for complicated 
intraabdominal infection. Similar rates of “successful” out-
comes were achieved in both arms. Thirty-four percent of 
clinafloxacin patients suffered an adverse event compared 
with 26% of those in the control arm. The most common 
clinafloxacin-related adverse events included diarrhea (7%), 
hypoglycemia (4%), and phototoxic rash (2%).

A randomized, double-blind trial comparing clinafloxa-
cin (n = 270; 200 mg i.v. every 12 h) with imipenem (n = 265; 
500 mg i.v. every 6 h) as empiric therapy for febrile neutro-
penic cancer patients, also showed similar clinical efficacy 

Figure 122.4. Chemical structure of clinafloxacin.
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between agents (Winston et al., 2001). Again, overall rates 
of antibiotic-related adverse events were similar between 
groups (32% versus 26%). In the clinafloxacin group, < 1% 
experienced phototoxicity and 2% suffered hypoglycemia. 
There were low rates of other gastrointestinal symptoms and 
a low incidence of deranged liver or renal function. Other 
studies in patients with nosocomial pneumonia and severe 
sepsis also suggest good clinical efficacy with clinafloxacin, 
particularly for infections involving drug-resistant pathogens 
(Petermann et al., 2001; Shah et al., 2002).

The cutaneous phototoxic potential of clinafloxacin is 
conferred by the chlorinated molecular moiety at position 
C-8. The mechanism underlying phototoxicity appears to 
be  fluoroquinolone degradation by ultraviolet (UV) expo-
sure, inducing oxygen singlets and free radicals toxic to lipid 
cellular membranes (Domagala, 1994; Stahlmann, 2002). 
Clinafloxacin-induced phototoxicity occurs more commonly 
in patients given oral clinafloxacin (16% incidence) than in 
those receiving intravenous preparations (1%), presumably 
related to lower UV exposure in the sicker patient group 
(Tack, 1999; Winston et al., 2001). There has also been con-
cern regarding the photogenotoxic and photocarcinogenic 
potential of clinafloxacin. Bulera et al. (1999) performed 
experiments involving mice models and cellular assays mea-
suring chromosomal damage, DNA strand breakage, and rad-
ical formation following exposure to clinafloxacin and UV 
light. They concluded that there was in vivo clinafloxacin- 
related photocarcinogenic potential, though this risk was 
small under expected conditions of human exposure.

Hypoglycemia related to fluoroquinolones is thought to 
be due to drug-induced augmentation of insulin release by 
pancreatic islet cells (Maeda et al., 1996). It was estimated 
that hypoglycemia occurred in 2.5% of > 1500 clinafloxacin- 
treated patients in premarketing trials (Tack, 1999; Winston 
et al., 2001).

Despite the very promising in vitro susceptibility profile 
of clinafloxacin, the adverse clinical profile has limited the 
drug’s future clinical potential. 
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Isoniazid

Grant Jenkin and David Sheffield

1. DESCRIPTION

Isoniazid, isonicotinic acid hydrazide (INAH or INH), was 
discovered independently in 1952 at both Squibb and Roche 
Laboratories (Bernstein et al., 1952; Fox, 1953). Animal stud-
ies showed that isoniazid was a very potent antituberculosis 
drug, and subsequent clinical trials confirmed its high effi-
cacy for the treatment of human tuberculosis (An Interim 
Report, 1952). Isoniazid inhibits mycolic acid synthesis and 
has potent early bactericidal activity against Mycobacterium 
tuberculosis. It is relatively nontoxic, inexpensive, and remains 
an important first-line drug for the treatment of tuberculosis.

Isoniazid is available as pure tablet in strengths of 50, 100, 
and 300 mg under multiple trade names and also as a part of 
fixed drug combinations with rifampicin, or with rifampicin 
and pyrazinamide. The chemical structure of isoniazid is 
shown in Figure 123.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

MYCOBACTERIUM TUBERCULOSIS COMPLEX

Isoniazid is highly active against M. tuberculosis and other 
members of the M. tuberculosis complex. Most strains of  
M. tuberculosis are inhibited by 0.05–0.20 mg/l isoniazid  
(Ad Hoc Committee, 1995). Strains are considered to be 
 isoniazid-sensitive if the MIC is ≤ 0.20 mg/l. In addition, 
low-level resistance has been defined as sensitivity to 1.0 mg/l 
isoniazid and high-level resistance as resistance to > 1.0 mg/l 
by agar proportion method. The respective critical concen-
trations of isoniazid used to define low-level and high-level 
resistance in the Mycobacterial Growth Indicator Tube (MGIT, 
Becton-Dickintson) system are 0.1 mg/l and 0.4 mg/l. The 
genetic correlates of resistance are discussed below in section 
3, Mechanism of drug action.

Mycobacterium bovis and M. bovis Bacillus Calmette-
Guerin (BCG) are usually sensitive to isoniazid, ethambutol, 
and rifampicin, but are resistant to pyrazinamide (Dankner 

et al., 1993). A persisting finger infection due to accidental 
inoculation with BCG has been described which was caused 
by a strain resistant to isoniazid (Lorber et al., 1977). Low-
level isoniazid resistance was reported in a BCG-Connaught 
strain isolated from the blood of a patient with BCG sepsis 
following intravesical BCG bladder instillation for bladder 
cancer (Watts et al., 2011). Systematic testing of various BCG 
strains identified low-level resistance in some BCG-Denmark 
(Arend and van Soolingen, 2011) and BCG-Connaught strains 
(Ritz et al., 2009). 

Isoniazid-resistant strains of M. tuberculosis can be pro-
duced readily in vitro, and these also occur in vivo if this drug 
is used singly for treatment of tuberculosis. In an early clini-
cal trial, isoniazid resistance developed in 11%, 52%, and 
71% of patients at the end of the first, second, and third 
months, respectively of isoniazid monotherapy (An Interim 
Report, 1952). Spontaneous drug-resistant mutants appear 
regularly during replication in M. tuberculosis populations; 
the larger the bacterial population and the more active its 
replication, the more drug-resistant mutants it will produce 
(Dutt and Stead, 1982). Spontaneous isoniazid- and rifampi-
cin-resistant mutants are present in unselected bacterial 
populations at a frequency of approximately 1 in 106 and 1 in 
108, respectively (David, 1970). Because cavitating pulmo-
nary tuberculosis may contain 107–108 viable bacilli, selec-
tion and multiplication of drug-resistant mutants occurs if 
monotherapy is used. However, drug resistance mutations 
are independent of one another and so the frequency of 

Figure 123.1. Chemical structure of isoniazid (isonicotinic 
acid hydrazide). 
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spontaneous double mutants to rifampicin and isoniazid is 
expected to be in the order of 1 in 1014 viable bacilli and 
is  therefore unlikely to occur in natural infections. Mul-
tiple drug-resistant mutations may, however, be selected by 
sequential monotherapy.

Antituberculosis drugs vary in their ability to prevent 
emergence of isoniazid-resistant organisms; rifampicin has 
high activity, and ethambutol and streptomycin moderate 
activity, while pyrazinamide and thiacetazone have low 
activity. This ability to prevent emergence of drug resistance 
has no bearing on early bactericidal or sterilizing activities 
of these drugs (Mitchison, 1985).

Isoniazid targets mycobacterial cell wall biosynthesis (see 
section 3, Mechanism of drug action) and is therefore bacte-
ricidal against actively dividing mycobacteria. The early bac-
tericidal activity (EBA) of individual antituberculous drugs 
in pulmonary tuberculosis can be measured by enumerat-
ing viable counts from sputum after the commencement of 
monotherapy and is an important component of phase IIa 
studies for antituberculous drug development (Mitchison, 
2006). The most rapid decline in viable counts occurs in the 
first 2 days of therapy, probably as a result of killing of actively 
growing bacilli. Isoniazid has the greatest 2-day EBA of all 
antituberculous agents, ranging from 0.27 to 0.72 log10cfu/ml 
sputum/day (Jindani et al., 1980; Donald et al., 1997; Hafner 
et al., 1997), followed by rifampicin, moxifloxacin, and eth-
ambutol; streptomycin, thiacetazone, and pyrazinamide had 
early bactericidal activity to only a minimal degree. However, 
over a 14-day period the bactericidal effect of these drugs 
was similar (Jindani et al., 1980). The mean time taken to 
achieve a 50% reduction in viable count of M. tuberculosis 
in sputum for isoniazid has been calculated as 0.46 (95% con-
fidence interval [CI]: 0.31–0.61) days (Gosling et al., 2003). 
The 2-day EBA of isoniazid shows a linear relationship to the 
log dose but appears to be maximal at the standard adult 
dose of 300 mg, and rapid acetylators demonstrated a signifi-
cantly lower EBA than other groups in one study (Donald et 
al., 1997).

The differing action of antituberculosis drugs against dif-
ferent subpopulations of M. tuberculosis provides another 
important theoretical basis for modern combination tuber-
culosis chemotherapy (Fox, 1978; Grosset, 1978; Dutt and 
Stead, 1982). Isoniazid has the greatest bactericidal activity 
but is less active than rifampicin or pyrazinamide against 
slowly or intermittently multiplying bacilli inside macrophages 
or closed caseous lesions. After the high initial bactericidal 
activity of isoniazid, its action is probably only bacteriostatic 
and rifampicin becomes the predominant bactericidal drug 
(Mitchison, 2000). These slowly replicating, metabolically 
quiescent organisms constitute a subpopulation of “persis-
ters” that are phenotypically relatively resistant to isoniazid 
despite genotypic sensitivity (Nuermberger and Grosset, 
2004). These persisters are the target of the continuation (or 
sterilization) phase of short-course chemotherapy, and their 
elimination is critical to obtaining low relapse rates. The bacte-
riologic relapse rate after the end of chemotherapy is the best 
index of sterilizing activity, and for a regimen to be acceptable 

this should not be greater than 5% (95% success rate) (CDC, 
1980a). Rifampicin has the most important sterilizing activity, 
and hence its critical role in short-course therapy (see section 
7a, Treatment of pulmonary tuberculosis).

NONTUBERCULOUS MYCOBACTERIA

Organisms of this group are usually isoniazid resistant. In 
comparison with M. tuberculosis, the frequency of naturally 
occurring resistance to antituberculosis drugs is much higher 
in wild strains of M. kansasii, M. avium complex, and M. for-
tuitum (Hejnyó, 1982). Isoniazid plus streptomycin shows 
synergistic activity in vitro and in vivo in animals against  
M. avium complex, but the clinical significance of this is not 
clear (Reddy et al., 1994). Of these mycobacteria, M. kansasii 
and M. xenopi are the most sensitive to antimicrobial agents, 
and both may be sensitive to isoniazid (David, 1981; Weber 
et al., 1989; da Silva Telles 2005). The MICs of M. kansasii 
strains to isoniazid are 0.1–4.0 mg/l, indicating that many 
strains are resistant in vitro; however, clinical studies suggest 
that the combination of rifampicin and ethambutol is more 
effective when supplemented with isoniazid (Evans et al., 
1996; Griffith et al., 2007). Owing to this poor correlation 
between in vitro sensitivity testing and clinical response, 
routine isoniazid susceptibility testing is not recommended 
(Griffith et al., 2007). Isoniazid has been used in the treat-
ment of M. xenopi pulmonary infections but there is poor 
correlation with in vitro isoniazid sensitivity testing and clin-
ical outcomes (Jenkins and Campbell, 2003).

2b.  Emerging resistance and 
cross-resistance

Isoniazid resistance is the most common resistance to first-
line agents found in M. tuberculosis. The fourth report of the 
WHO/IUALTD global project on antituberculous drug resis-
tance surveillance found that the global prevalence of isonia-
zid resistance in all tuberculosis cases in the years 2002–2007 
was 13.3% (95% CI: 10.9–15.8%). The rate in new cases was 
10.3% (95% CI: 8.4–12.1%), and in previously treated cases it 
was 27.7% (95% CI: 18.7–36.7%) (WHO, 2008a). This com-
pares with a rate of 5.6% among new cases in a previous sur-
vey covering the years 1994–2001, suggesting that isoniazid 
resistance is increasing worldwide (WHO, 2004). There were 
9.8 million incident cases of tuberculosis in 2014, suggesting 
that over one million of these were isoniazid resistant (WHO, 
2008b). Surveillance in 2008 showed great variation in the 
rate of primary isoniazid resistance, from < 1% in many regions 
to 42.4% and 40.8%, respectively, in Tashkent, Uzbekhistan, 
and Baku City, Azerbaijan. Sixteen regions reported primary 
isoniazid resistance rates of > 15%, particularly former Soviet 
Republics and the Baltic countries, but also Vietnam, Israel, 
and the Inner Mongolian autonomous region of China (WHO, 
2008a). Rates of isoniazid resistance in previously treated 
cases are higher than in new cases, and vary from < 5% to 
81.2% and 79.7%, respectively, in Tashkent, Uzbekhistan, and 
Baku City, Azerbaijan (WHO, 2008a). Rates exceed 30% in 
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many of the countries of the former Soviet Union and Baltic 
countries but also in Thailand and the Gujurat State of India 
(WHO, 2008a). The prevalence of drug resistance is rela-
tively low in western and central Europe, and highest in east-
ern Europe. African countries, the Americas, Southeast Asia, 
and the western Pacific show increasing rates in that order; 
however, marked inter- and intracountry variations occur 
(WHO, 2008a).

The prevalence of multidrug-resistant tuberculosis (MDR- 
TB) strains (resistant to both isoniazid and rifampicin) glob-
ally is estimated at 5.0%, 3.3% of new incident cases, and 20% 
of previously treated cases (WHO, 2015a). Approximately 
480,000 cases of MDR-TB are estimated to occur each year, 
with the highest rates occurring in eastern European and 
central Asian countries, and the greatest burden occurring 
in India, China, and the Russian Federation. In addition, a 
resistance pattern termed extensively drug-resistant tuber-
culosis (XDR-TB) (defined as resistance to isoniazid, rifam-
picin, a fluoroquinolone, and one or more of kanamycin, 
amikacin, or capreomycin) has been associated with high 
failure rates and mortality (Gandhi et al., 2006; Migliori et 
al., 2007; Raviglione, 2008). The proportion of MDR isolates 
that meet criteria as XDR is estimated at 9.7% but varies 
greatly among regions and is highest in the eastern European 
region (WHO, 2015a). Overall, XDR-TB is associated with 
failure rates and mortality rates two- to fivefold higher than 
in patients with MDR-TB (Jassal and Bishai, 2009). Acquired 
(secondary) drug resistance develops in patients treated  
with isoniazid for whom treatment has been inappropriately 
prescribed or inadequately monitored. It usually manifests 
clinically as failed chemotherapy or a relapse. Strains of  
M. tuberculosis resistant to isoniazid may also be isolated 
from patients who have not received previous treatment with 
this drug, presumably as a result of transmission of an isoni-
azid-resistant strain (primary drug resistance). 

3. MECHANISM OF DRUG ACTION

Isoniazid inhibits the synthesis of mycolic acids, a critical 
component of the lipid-rich mycobacterial cell wall, and has 
a bactericidal action on M. tuberculosis (Takayama et al., 
1972; Quémard et al., 1991). Isoniazid is a prodrug that is 
converted by the mycobacterial enzyme catalase peroxidase 
(KatG) into the active form. Various radicals of isoniazid 
then covalently bind to nicotinamide adenine dinucleotide 
(NAD), and this inhibits the product of the inhA gene, an 
NADH-dependent enoyl-acyl carrier protein reductase that 
is part of the fatty acid synthase (FAS)-II responsible for 
mycolic acid synthesis (Vilchèze and Jacobs, 2007). Resistance 
to isoniazid can therefore arise by mutations in either katG 
or inhA (Zhang and Young, 1994; Rouse et al., 1995), and 
because inhA also appears to be the target of ethionamide, 
cross-resistance can occur between these two drugs (see 
Chapter 132, Ethionamide and Prothionamide). In one study 
that included 403 isoniazid-resistant M. tuberculosis isolates 
obtained from six different countries, 46% of strains had a 
mutation in codon 315 of katG (katG315), and in a further 

12%, mutations associated with the inhA gene, particularly 
in the promoter region, were found (Hazbón et al., 2006). 
Mutations in katG typically correlate with high-level resis-
tance and inhA mutations with low-level resistance (Stoeckle 
et al., 1993; Cockerill et al., 1995; Ferrazoli et al., 1995; Morris 
et al., 1995; Rouse et al., 1995). Multiple mutations in other 
genes [alkyl hydroperoxide reductase (ahpC), NADH dehy-
drogenase (ndh), and ketoacyl synthase (kasA)] have been 
found in isoniazid-resistant M. tuberculosis isolates; however, 
mutations in these genes also occur in isoniazid- sensitive  
M. tuberculosis isolates, and only ahpC promoter mutations 
correlated well with isoniazid resistance (Hazbón et al., 2006).

As multiple mutations are associated with isoniazid resis-
tance, rapid genotypic resistance testing is more difficult 
than for rifampicin (see Chapter 126, Rifampicin (rifampin)). 
However, a multiplex polymerase chain reaction (PCR)-reverse 
hybridization assay that includes probes to the katG315 and 
inhA promoter regions is approximately 90–96% sensitive 
and 100% specific in detecting isoniazid resistance (Hille-
mann et al., 2007; Bwanga et al., 2009).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Isoniazid is nearly always administered by the oral route; it 
is very soluble in water and practically insoluble in lipid sol-
vents. The usual adult dosage of isoniazid is 5 mg/kg body 
weight per day (maximum 300 mg daily) given as a single 
oral dose (Nahid et al., 2016). Adolescents (> 10 years old and 
> 25 kg) are recommended to be dosed the same as adults, 
but children (0–10 years) are recommended to receive higher 
doses because of increased isoniazid clearance (see below) 
(WHO, 2014a). A solution containing 100 mg/ml suitable for 
i.m. or i.v. administration is available; this is effective, and it 
is used only when oral administration is not feasible.

When the drug is administered daily, it is not necessary to 
determine whether patients are slow or rapid inactivators of 
isoniazid, because with usual daily doses results of treatment 
have been satisfactory in both groups (Ellard, 1984).

Regimens of thrice-weekly, twice-weekly, or once-weekly 
administration of antituberculosis drugs, given under close 
supervision, have been introduced in an attempt to obviate 
the unreliable self-administration of these drugs over pro-
longed periods (Fox and Mitchison, 1975). The dose of isoni-
azid for once-, twice-, and thrice-weekly regimens in adults 
is 15 mg/kg body weight (maximum 900 mg) (Castelo et al., 
1989; Cohn et al., 1990; Ad Hoc Committee, 1995).

However, in contrast to ethambutol, which can be adminis-
tered safely and effectively in increased doses once a week, 
there have been challenges with once-weekly isoniazid regi-
mens (Ellard, 1984). For instance, isoniazid used in a dose of 
13–17 mg/kg once weekly was unsatisfactory, because resistant 
organisms emerged in some patients, especially in those who 
were rapid isoniazid inactivators (Tuberculosis Chemo therapy 
Centre, 1973b; WHO Prague, 1977). Similarly, once-weekly 
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regimens of ethambutol plus isoniazid (15 mg/kg) (Tuber-
culosis Research/Madras, 1981) and rifampicin plus isonia-
zid (Singapore/BMRC, 1977) were unsatisfactory owing to 
the poor efficacy of isoniazid in rapid inactivators. Alter-
natively, increasing the once-weekly isoniazid dose to 30 mg/
kg body weight may cause acute toxicity, especially in patients 
who inactivate the drug slowly. Isoniazid has been combined 
with the long-acting rifamycin, rifapentine (see Chapter 129, 
Rifapentine), for the treatment of tuberculosis using once-
weekly dosing in the continuation phase. Because the risk of 
relapse is unacceptable in HIV-positive patients (Vernon et 
al., 1999) and those with cavitary tuberculosis (Benator et al., 
2002; Chang et al., 2006), weekly continuation-phase regi-
mens can be recommended only in HIV-negative patients 
with noncavitary pulmonary tuberculosis in whom sputum 
conversion is documented during the 2-month intensive 
phase (ATS, 2003). Low blood isoniazid concentrations with 
once-weekly dosing, particularly in those with fast acetylator 
genotypes, was associated with clinical failure and develop-
ment of rifamycin monoresistance in these studies (Weiner 
et al., 2003).

Slow-release isoniazid formulations (either enteric-coated 
tablets or isoniazid matrix preparations) were developed 
in an attempt to overcome these difficulties. Pharmacologic 
studies in humans (Ellard et al., 1972; Ellard et al., 1973; 
Sarma et al., 1975) and a trial in Indian patients with tuber-
culosis (Santha et al., 1976) indicated that the administration 
of a slow-release preparation of isoniazid (matrix isoniazid) 
once weekly was well tolerated and feasible. Matrix isoniazid 
in a dose of 35 mg/kg body weight in slow inactivators and 
50 mg/kg in rapid inactivators produced peak serum levels 
similar to those obtained with standard isoniazid (15 mg/kg) 
in slow inactivators. Matrix isoniazid in a lower dose of 30 
mg/kg in rapid inactivators, however, produced substantially 
lower and highly variable serum levels (Sarma et al., 1975). 
Other studies using a slow-release form of matrix isonia- 
zid in Czechoslovakian patients resulted in an unacceptable  
level of adverse reactions in both rapid and slow inactiva- 
tors (WHO Prague, 1977), and development has not been  
pursued. 

4b.  Newborn infants and children

In children aged 0–10 years, a dosage of 10 mg/kg (range 
7–15 mg/kg/day; 300 mg maximum) is recommended (WHO, 
2014a). For intermittent therapy the dose in children is 
15–30 mg/kg body weight (maximum 900 mg) (Nahid et al., 
2016). WHO guidelines recommend against intermittent 
therapy for children in settings of high HIV prevalence (WHO 
2014a). However, a recent review found that there was insuf-
ficient evidence to support or refute the use of intermittent 
therapy in childhood tuberculosis (Bose et al., 2014). Fixed 
drug combinations suitable for dosing of children have been 
developed containing 50 mg of isoniazid and 75 mg rifampi-
cin. For intensive phase therapy, 150 mg pyrazinamide is also 
included (WHO, 2014a). 

4c.  Pregnant and lactating mothers

Isoniazid easily crosses the placenta and can be safely used in 
pregnant patients (Ludford et al., 1973; Schaefer et al., 1975). 
The rate of isoniazid-associated hepatitis may be increased in 
the third trimester and postpartum period (Saukkonen et al., 
2006). Supplemental pyridoxine therapy is recommended in 
pregnancy. Isoniazid is excreted in human milk with similar 
pharmacokinetics to blood levels, although the dose deliv-
ered to an infant is likely to be only 1.0–1.5% of the weight- 
appropriate recommended dosing (Singh et al., 2008).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Some active isoniazid is excreted via the kidney, so the serum 
half-life is prolonged in patients with renal failure (Kovnat et 
al., 1973; Mitchison and Ellard, 1980). Cheigh (1977) recom-
mended that the usual dose of 300 mg/day may be given to 
patients with mild renal failure and to patients undergoing 
dialysis. However, Usuda and Sekine (1978) found that most 
patients on dialysis treated with customary doses of isoniazid 
developed peripheral neuritis; they considered that a safe 
effective dose of isoniazid was 5 mg/kg/day, three times per 
week, for patients on dialysis. It has also been recommended 
that where possible the dose of isoniazid should be adjusted 
according to monitored serum levels in patients with renal 
disease. Mitchison and Ellard (1980) disagreed with these 
views; they believed that there was no justification for giving 
renal failure patients less than the standard dosage of 300 mg 
daily, particularly since 200 mg/day was less efficacious and 
peripheral neuropathy could be prevented by giving vitamin 
B6. They also considered that serum monitoring of isoniazid 
levels, which requires special expertise, was not essential. 
The half-life of isoniazid in slow acetylators is increased by 
only about 30% in the event of almost complete renal failure; 
this is unlikely to cause significantly elevated toxicity, so that 
isoniazid dosage reduction or determination of acetylator 
phenotype is unnecessary in patients with impaired renal 
function (Ellard, 1984). Current recommendations suggest 
normal dosing of isoniazid in patients with end-stage renal 
disease, with dosing after dialysis (Nahid et al., 2016). Less 
than 10% of isoniazid is removed by hemodialysis and so 
no supplemental dose is required if it is taken prior to dialy-
sis (Malone et al., 1999).

Cheung et al. (1993) described encephalopathy in three 
dialysis patients treated by usual isoniazid doses. This 
resolved in all patients when the drug was ceased, and in 
two patients confusion recurred on rechallenge with isoni-
azid. Serum isoniazid levels were not measured.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Isonaizid can be used for the treatment of active tuberculosis 
in patients with stable liver disease, but in severe liver failure 
isoniazid may accumulate and there is also synergistic poten-
tial for drug-induced liver injury (see section 6a, Hepato- 
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toxicity). In patients with severe hepatitis or liver failure, 
American Thoracic Society (ATS) guidelines recommend 
the use of a fluoroquinolone and ethambutol and possibly an 
aminoglycoside, with the cautious administration of rifam-
picin where possible (Nahid et al., 2016; Saukkonen et al., 
2006). If rifampicin is omitted, then therapy must be pro-
longed for 18–24 months to obtain satisfactory treatment 
outcomes. Patients awaiting liver transplantation have safely 
received isoniazid preventive therapy for up to 12 months 
with no apparent deterioration in liver function and high 
completion rates (Singh et al., 2002; Jahng et al., 2007).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Isoniazid is rapidly and nearly completely absorbed from the 
gastrointestinal tract, and the peak serum level (Cmax) is 
reached 1–2 hours after administration (Peloquin et al., 
1997). Factors influencing the absorption of isoniazid from 
the upper gastrointestinal tract have been discussed by 
Männistö et al. (1982). Both food and antacids reduce its 
bioavailability. All types of food, especially those containing 
carbohydrates, impair absorption of isoniazid. This may be 
partly due to delay in gastric emptying but is more likely to 
be due to the formation of unabsorbable condensation prod-
ucts between isoniazid and various sugars. Tuberculosis 
patients taking isoniazid together with a high carbohydrate 
meal, as compared to fasting, had a decrease in isoniazid Cmax 
of 42%, and a time to Cmax (Tmax) of 2.5 hours compared to 
1.3 hours, with absolute bioavailability 78% versus 93% (Sak-
tiawati et al., 2015). High-fat meals can decrease isoniazid 
Cmax by 51% (Peloquin, 2002). It is therefore advisable to 
administer isoniazid in the fasting state. However, in clinical 
practice this must be balanced with improvement in gastro-
intestinal tolerability of medications administered with food 
as well as adherence to therapy. In Peruvian patients on 

twice-weekly isoniazid–containing regimens in the continu-
ing phase, food was a contributing factor to low isoniazid 
serum levels; however, this did not effect clinical response 
(Requena-Méndez et al., 2014). Isoniazid should also be 
given at least 1 hour before or 2 hours after administration of 
antacids such as aluminum hydroxide (Hurwitz and Schloz-
man, 1974). This effect is not due to decreased acidity in the 
stomach, as H2 blockers such as cimetidine and ranitidine do 
not impair isoniazid absorption. Malabsorption of isoniazid 
can occur in AIDS patients, although to a lesser extent than 
is seen with ethambutol and rifampicin (McIlleron et al., 
2006), especially if they have enteropathy, and this can lead 
to inadequate treatment of tuberculosis and emergence of 
drug resistance (Patel et al., 1995). Surgical procedures such 
as partial gastric or duodenal resection or jejunoileal bypass 
do not significantly alter the oral absorption or Cmax of isoni-
azid (Holdiness, 1984).

Patients with diabetes have lower plasma levels of isonia-
zid at 2 weeks, possibly because of greater body weight, or 
alternatively related to altered gastrointestinal pharmacoki-
netics (Heysell et al., 2013; Babalik et al., 2013).

Evans et al. (1960) studied isoniazid serum levels in 484 
subjects 6 hours after administration of a single dose of 9.8–
10 mg/kg body weight. The frequency distribution curve for 
these values showed two peaks, separated by a trough at 2.5 
µg/ml. Subjects with serum isoniazid concentrations less 
than this value (most commonly about 1.0 µg/ml) were 
classified phenotypically as rapid inactivators (acetylators), 
whereas those with serum levels higher than 2.5 µg/ml (most 
commonly 4.5 µg/ml) were classified as slow inactivators 
(acetylators). After a single dose of 12.5 mg/kg body weight 
(800–1000 mg in an adult), the Cmax is 10–15 µg/ml. A similar 
peak serum level is attained by all patients at this time, but 
4–6 hours after administration serum levels differ according 
to whether the subject is a rapid or slow isoniazid inactivator. 
In the former, serum levels at 6 hours approach zero, whereas 
in the latter a level of 5 µg/ml is still present (see Figure 
123.2). The serum half-life of isoniazid in slow inactivators is 

Figure 123.2. Serum concentrations in 
patients after a single 800-mg isoniazid dose. 
Nc, slow inactivator; B, rapid inactivator. 
(Redrawn after Short (1962).) 
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2–4 hours and in rapid inactivators 0.5–1.5 hours (Bennett et 
al., 1977).

Serum levels are lower with the smaller doses, which are 
commonly used for daily chemotherapy, and halving the 
dose approximately halves the serum levels. For instance, 
after the usual adult dose of 5 mg/kg body weight (usually 
300 mg), the peak serum level is approximately 3–5 µg/ml, 
1–2 hours after administration (Ad Hoc Committee, 1995; 
Peloquin et al., 1997). In a study of Tanzanian patients the 
mean Cmax of isoniazid was 3.1 µg/ml in fast acetylators and 
3.6 µg/ml in slow acetylators; however, wide variability in 
levels was noted (Denti et al., 2014). Eight hours after a 300-
mg dose to adults in the fasting state, the serum isoniazid 
level is usually above 1 µg/ml in slow acetylators, but it is 
negligible in rapid acetylators. Following this dose, the peak 
serum level of acetyl isoniazid reaches about 4 µg/ml and is 
about 2 µg/ml after 8 hours in rapid acetylators; these levels 
are halved in slow acetylators (Männistö et al., 1982). Serum 
levels after i.m. administration are similar to those after oral 
administration in children (Olson et al., 1981).

The plasma protein binding of isoniazid is less than 10% 
(Bennett et al., 1977).

5b.  Drug distribution

Isoniazid is widely distributed in body fluids and tissues 
(Harris, 1963; Robson and Sullivan, 1963). Concentrations 
of the drug in the cerebrospinal fluid (CSF) of normal 
patients and those with tuberculous meningitis are approxi-
mately the same as those in the serum (Forgan-Smith et al., 
1973). In a study of children with meningeal tuberculosis, 
a similar concentration of isoniazid in CSF as compared to 
plasma was observed; however, children had low CSF rifam-
picin concentrations (Pouplin et al., 2016). Adequate con-
centrations of isoniazid occur in pleural effusions, saliva, and 
in all body tissues and are similar to serum levels (Guru-
murthy et al., 1990; Ad Hoc Committee, 1995). The drug 
readily penetrates into caseous tissue, and by its entry into 
macrophages it has some activity against intracellular tuber-
cle bacilli (Hand et al., 1983; Dhillon and Mitchison, 1989). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The bactericidal activity of isoniazid best correlated with 
the area under the concentration-time curve over 24 hours 
(AUC24) divided by the MIC both in vitro and in mouse 
aerosol infection studies (Jayaram et al., 2004; Gumbo et al., 
2007). In the murine model, isoniazid activity was also well 
correlated with the maximum serum concentration divided 
by the MIC (Cmax/MIC) and not correlated with the propor-
tion of time greater than the MIC (% T >MIC), findings sup-
ported by clinical studies demonstrating that daily dosing 
was more effective than divided dosing (Jayaram et al., 2004; 
Nuermberger and Grosset, 2004). Another study also sug-
gested that clinical failure was better predicted by the AUC of 

isoniazid rather than by the Cmax (Weiner et al., 2003). The 
biphasic kill curve with early bactericidal activity of isoniazid 
has long been felt to be due to depletion of the proportion of 
mycobacteria in log phase growth, with lower impact of iso-
niazid on stationary phase organisms; however, an in vitro 
study suggested that emergence of resistance was more impor-
tant (Gumbo et al., 2007). This concept was challenged by a 
study in guinea pigs that found the development of drug- 
tolerant persistors, rather than resistance, after day 14 in the 
second phase of isoniazid therapy (Ahmad et al., 2009).

An extended postantibiotic effect for isoniazid has been 
described, and this appeared at least additive but possibly 
synergistic with rifapentine in one study, supporting the use 
of isoniazid in intermittent treatment regimens (Chan et al., 
2004).

5d.  Excretion

Some unchanged active isoniazid is excreted via the kidney, 
and the amount excreted in the first 1–2 hours after adminis-
tration is about the same in all subjects. Slow inactivators 
excrete about tenfold more active isoniazid in the urine than 
rapid inactivators from about the sixth hour after adminis-
tration (Short, 1962). Approximately 70% of administered 
isoniazid is excreted via the kidney, but most of this is in an 
inactive form. The main inactive substances excreted are ace-
tyl isoniazid and isonicotinic acid, but there are others, such 
as hydrazones of isoniazid (Robson and Sullivan, 1963). Fast 
inactivators excrete approximately 94% of isoniazid as acetyl 
isoniazid and its metabolites and only 2.8% and 3.6% as free 
isoniazid and isoniazid hydrazone conjugates, respectively. 
In contrast, slow inactivators excrete almost 37% of the drug 
as either free isoniazid or its hydrazone conjugates and only 
63% as acetyl isoniazid and its metabolites of isonicotinic 
acid and monoacetylhydrazine (Mitchell et al., 1976).

Isoniazid is metabolized in the liver by NAT2-catalyzed 
acetylation to acetylisoniazid. Acetylisoniazid and its metab-
olite acetylhydrazine are toxic to liver cells, and acetylhdrazine 
is further acetylated by NAT2 to the nontoxic diacetylhydra-
zine (Mitchell et al., 1976; Lauterburg et al., 1985; Hassan et 
al., 2015). An alternative pathway is the metabolism of isoni-
azid to isoniazid hydrazine (hepatotoxic), with production 
of  further toxic metabolites and free radicals by liver cyto-
chromes, including CYP2E1 (Lauterburg et al., 1985; Hassan 
et al., 2015). The rate at which humans acetylate isoniazid is 
determined by genetic polymorphism at the NAT2 locus. 
However, it was considered that prior knowledge of individ-
ual patient acetylator status was not required to alter therapy 
to prevent excess toxicity (Ellard, 1984). More recently, the 
increasing availability of genetic testing for acetylator status 
has prompted reconsideration that acetylator status may guide 
adjustment of isoniazid dose to optimize therapy (Donald et 
al., 2007; Egelund et al., 2015; Azuma et al., 2013; Jung et al., 
2015). A database of NAT2 alleles can be accessed at nat.
mbg.duth.gr. 

Initially, humans were broadly classified as rapid (com-
prising what is now known to be fast as well as intermediate) 
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or slow isoniazid inactivators (acetylators) by the use of phe-
notypic testing (Peters et al., 1965). It is now known the dis-
tribution of acetylator status is trimodal, and individuals 
can be categorized as fast acetylators, being homozygous for 
two fast NAT2 alleles; intermediate, being heterozygous for 
one fast and one slow allele; or slow, possessing two slow 
alleles (Parkin et al., 1997; Amur and Lee Soon-U, 2013). 
The  predominant fast allele (considered wild-type), desig-
nated NAT2*4, is highest in some Asian populations, with a 
frequency of approximately 50% in Chinese individuals to 
almost 70% in Japanese individuals (Amur and Lee Soon-U, 
2013). NAT2*4 makes up 20–25% of alleles in Caucasions, 
41% in Hispanics, 36–41% in African Americans, and 35% 
Indonesians. In contrast, lower levels of NAT2*4 were noted 
in West Africa (Senegal, 19%; Gabon, 6%) (Toure et al., 2012; 
Amur and Lee Soon-U, 2013; Yuliwulandari et al., 2016). 

Targeted maximum serum concentrations of isoniazid are 
3–6 µg/ml (Peloquin, 2002). A recent study of 23 healthy vol-
unteers administered isoniazid (also administered rifampi-
cin and efavirenz) found 37% of fast, and 6.7% of intermediate 
acetylators had a subtherapeutic (< 3 µg/ml) Cmax, whereas 
9.6%, 43.3%, and 98.3% of fast, intermediate, and slow acetyl-
ators, respectively, had a Cmax > 6 µg/ml (Seng et al., 2015). 
However, in clinical practice, when the drug is administered 
daily, there has not been a need to determine the patient’s 
NAT2 genotype. With usual daily dosing schedules, serum 
levels associated with maximal early bactericidal activity are 
achieved, even in rapid acetylators (Donald et al., 2007). The 
clinical efficacy of twice-weekly regimens containing isoni-
azid is not affected by the patient’s acetylator phenotype 
(Ellard, 1984), although isoniazid levels may be subthera-
peutic in rapid acetylators receiving once-weekly dosing 
(Weiner et al., 2003). Some studies have found that despite 
frequent low levels of isoniazid, clinical outcomes are not 
altered (Chideya et al., 2009; Requena-Méndez et al., 2014; 
Meloni et al., 2015). 

A number of authors have challenged this conclusion 
(Goutelle et al., 2014; Prahl et al., 2014; Egelund et al., 2015; 
Jung et al., 2015). Three meta-analyses have reported that 
slow acetylators are at higher risk of drug-induced liver 
injury, as defined by elevations in liver enzymes greater than 
twofold over the upper limit of normal, despite the acknowl-
edgement that statistical testing demonstrates a degree of 
publication bias (Cai et al., 2012; Du et al., 2013; Shi et al., 
2015). A meta-analysis has demonstrated that rapid acetyl-
ators had a relative risk of therapeutic failure of 2.0 (CI: 
1.5–2.7) and suggested a trend to increased acquired drug 
resistance for rapid acetylators (Pasipanodya et al., 2012). 
Researchers conducted a randomized controlled trial of 172 
patients at multiple centers in Japan and concluded that in 
this population pharmacogenetic testing for acetylator sta-
tus, with dose adjustment (7.5 mk/kg for fast acetylators, 2.5 
mg/kg for slow acetylators), resulted in a reduction (39.5% to 
15%) in the number of patients with persistent positive spu-
tum culture at 8 weeks, and a decrease in the number of 
patients with drug-induced liver injury (Azuma et al., 2013). 
Since drug exposure is a cornerstone of effective tuberculosis 

treatment, optimizing the dose to minimize subtherapeutic 
Cmax and AUC and avoid toxicity, combined with therapeutic 
drug monitoring, is an emerging strategy which is limited 
predominantly by cost (Egelund and Peloquin, 2012, Heysell 
et al., 2013). The greatest utility for the use of determination 
of NAT2 genotype may be in the selection of higher-risk 
populations and in the interplay between poor compliance 
and impaired absorption with fast acetylators to minimize 
therapeutic failure (Donald et al., 2007).

5e.  Drug interactions

Inhibition of diphenylhydantoin (phenytoin) metabolism 
and associated diphenylhydantoin toxicity may occur due to 
isoniazid, particularly in slow inactivators in whom blood 
levels of isoniazid are relatively high (Kutt et al., 1970). When 
the two drugs are used together, serum phenytoin levels 
should be measured (Ad Hoc Committee, 1995). Probably 
by a similar mechanism of inhibiting hepatic microsomal 
enzymes, isoniazid can interfere with the metabolism of the 
anticonvulsant drug carbamazepine, resulting in carbamaz-
epine toxicity (Block, 1982; Valsalan and Cooper, 1982). 
Experience with one patient suggested that in addition to 
isoniazid decreasing the clearance of carbamazepine (carba-
mazepine being a microsomal enzyme-inducing agent) it 
can increase the formation of toxic isoniazid metabolites and 
thereby increase the risk of isoniazid hepatotoxicity (Wright 
et al., 1982). Isoniazid has also been reported to interfere with 
the metabolism of primidone, certain barbiturates (Bour-
geois et al., 1982), ethosuximide, and valproic acid (Patsalos 
and Perucca, 2003). Isoniazid administration may be associ-
ated with reduced ketaconazole serum levels. Higher active 
isoniazid serum levels were demonstrated when paraamino-
salicylic acid (PAS) and isoniazid are administered together, 
suggesting that PAS may inhibit isoniazid acetylation 
(Lauener and Favez, 1959). This was not confirmed by others 
(Robson and Sullivan, 1963). 

When a 20-mg dose of prednisolone was administered with 
isoniazid (10 mg/kg), serum isoniazid levels were reduced by 
25% in slow inactivators and by 40% in rapid inactivators 
(Sarma et al., 1980). This appeared to be due to enhancement 
of both the rate of acetylation and the renal clearance of iso-
niazid in slow inactivators, and only to increased renal clear-
ance in rapid inactivators. Rifampicin, a known inducer of 
hepatic microsomal enzymes, did not affect isoniazid serum 
levels when used concomitantly in a dose of 12 mg/kg. How-
ever, when rifampicin, isoniazid, and prednisolone were used 
together, rifampicin counteracted the prednisolone effect of 
lowering isoniazid serum levels in rapid inactivators, pre-
sumably by inducing enzymes that catabolize prednisolone. 
This effect of rifampicin did not occur in slow inactivators. 
These drug interactions may be very complex because isoni-
azid may have a marginal effect of lowering rifampicin serum 
levels (see Chapter 126, Rifampicin (rifampin)). In the study 
by Sarma et al. (1980), prednisolone had no effect on the 
therapeutic response of patients, but this could be a factor if 
isoniazid was used in lower doses.
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Symptoms similar to those of histamine poisoning have 
been observed in patients taking isoniazid after eating vari-
ous types of fish (Uragoda and Kottegoda, 1977; Uragoda, 
1978; Uragoda, 1980). Palpitations, erythema, red eyes, head-
ache, vomiting, wheezing, sweating, diarrhea, urticaria, and 
itching appear within minutes of eating the fish and resolve 
within a few hours. During spoilage of scromboid fish (skip-
jack and tuna), bacteria convert histidine to histamine and 
ordinary cooking fails to destroy histamine in food. Similar 
clinical features have been described immediately after eat-
ing substances rich in monoamines, especially tyramine, 
such as cheese and red wine (Kent Smith and Durack, 1978; 
Lejonc et al., 1979; Uragoda and Lodha, 1979; Toutoungi et 
al., 1985). Isoniazid is closely related to some of the mono-
amine oxidase (MAO) inhibitors, and probably precipitates 
a histamine reaction by inhibiting the enzymes MAO and 
diamine oxidase (histaminase), which normally rapidly detox-
ify histamine (Self et al., 1999). Patients who experience flush-
ing with isoniazid should be advised to avoid eating cheese 
and probably other food and beverages rich in monoamines. 
A potential for increased risk of serotonin syndrome when 
administered with other agents such as serotonin reuptake 
inhibitors has been raised as a possibility (Doyle et al., 2001).

One case report has suggested that isoniazid administra-
tion may enhance the anticoagulant activity of warfarin 
(Rosenthal et al., 1977). Reports that isoniazid and rifampi-
cin may affect vitamin D metabolism have not been borne 
out by long-term studies (Williams et al., 1985).

Isoniazid inhibits the oxidative metabolism of parac-
etamol; however, the finding of total paracetomol clearance 
decline by 15% was considered by the authors to not be 
clinically significant except in the setting of paracetamol 
overdose (Epstein et al., 1991). In addition, isoniazid has a 
biphasic effect on inhibition-induction of CYP2E1, which 
may lead to increased toxic metabolites in fast acetylators. 
Although the level of caution required with long-term use 
of both medications is not established, patients on isoniazid 
who present with paracetamol overdose are suggested to be 
treated as high risk (Kalsi et al., 2011; Self et al., 1999).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Hepatotoxicity

Originally, liver damage due to isoniazid was was considered 
to be rare, mild, and transient. It is now apparent that isonia-
zid frequently causes asymptomatic transaminitis and that it 
is an occasional cause of severe clinical hepatitis. 

In clinical trials performed in 1953–1973, which used iso-
niazid combined with streptomycin, PAS, and thiacetazone, 
the incidence of hepatitis was less than 2%, but routine liver 
function tests were not performed in most of these trials. 
Where drug-induced hepatitis did occur, PAS or thiaceta-
zone seemed more likely causes than isoniazid because the 
incidence of hepatitis was higher when PAS and thiacetazone 
were used than when isoniazid was given alone or with strep-
tomycin (Girling, 1978).

The combination of isoniazid and rifampicin causes hep-
atitis more commonly than either drug given alone, and if 
the drugs are given singly, isoniazid is more frequently hep-
atotoxic than rifampicin (Lees et al., 1971; Lal et al., 1972; 
Ravikrishnan et al., 1977; Westphal et al., 1994; Lee, 1995). In 
the USA, the reported rate of hepatotoxicity for adults receiv-
ing isoniazid and rifampicin was 3.9% or less, and that for 
children 3.2% (Cross et al., 1980; O’Brien et al., 1983). A meta- 
analysis of 18 studies including 6105 patients treated with 
rifampicin and isoniazid found the rate of clinical hepatitis to 
be 2.55%, and compared with isoniazid regimens without 
rifampicin the relative risk ratio for clinical hepatitis was 1.6 
(95% CI: 1.1–2.6) (Steele et al., 1991). Rare cases of acute 
liver failure necessitating liver transplantation have occurred 
from combined isoniazid-rifampicin therapy (Mitchell et al., 
1995). The risk of hepatotoxicity from combined isoniazid–
rifampicin therapy is higher in the elderly than in young 
patients (Van den Brande et al., 1995). Severe hepatotoxicity 
has been described in children receiving isoniazid and rifam-
picin (Casteels-van Daele et al., 1975; Bistrit zer et al., 1980), 
although most of the affected children had received doses in 
excess of those recommended for isoniazid (10 mg/kg) and 
rifampicin (15 mg/kg) (Donald et al., 1987).

Asymptomatic elevations in serum transaminases occur 
in 10–20% of those receiving isoniazid (ATS, 1974; Bailey et 
al., 1983). Approximately 12% of adult tuberculin-positive 
hospital employees receiving isoniazid developed moder-
ately raised aspartate aminotransferase (AST) levels com-
pared with a control group (Bailey et al., 1974). Of 1000 
patients receiving isoniazid preventive treatment for 1 year 
who had their liver function evaluated clinically and bioche-
mically at monthly intervals, 222 (22.2%) had at least one 
elevated AST level during the course of treatment, and in 47 
asymptomatic persons isoniazid therapy was discontinued 
because of consistent elevations fivefold greater than normal. 
Another 17 had symptoms in association with elevated AST 
levels, and therapy was stopped in these patients as well. No 
patients were seriously ill and there were no deaths. Of the 47 
asymptomatic patients with high AST levels, 42 had these 
within the first 6 months of therapy. In patients over 40 years 
of age, AST elevation (with or without symptoms) leading 
to cessation of therapy was more frequent (Byrd et al., 1979). 
Abnormalities in alanine aminotransferase (ALT) values 
were also detected in 10% of adolescents receiving isoniazid; 
these usually occurred within the first 10 weeks of isoniazid 
administration. Treatment was continued in all patients 
(except one who had a very high ALT level) and transami-
nase levels fell spontaneously (Litt et al., 1976).

Rates of hepatitis have been studied extensively in patients 
receiving isoniazid alone for preventive treatment. Reported 
rates have varied significantly, affected by differences in defi-
nitions, presence of other risk factors in the population 
(particularly the age make-up of the population), and the 
intensity of clinical monitoring and education of patients. 
Rates may have declined in recent cohorts, from approxi-
mately 1% in the 1970s to 0.1–0.5%, possibly because of more 
careful selection and monitoring of recipients. Garibaldi et 
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al. (1972) reported hepatitis in 19 of 2321 (0.8%) tuberculin 
reactors receiving isoniazid prophylactically. Thirteen of these 
were jaundiced and two died. Clinical features and patholog-
ical findings were indistinguishable from those found in viral 
hepatitis. In a matched control group of 2154 subjects who 
were not taking isoniazid, only one case of hepatitis occurred 
during the same 9-month period. Moss et al. (1972) reported 
5 and Maddrey and Boitnott (1973) reported another 14 
patients with hepatitis associated with isoniazid preventive 
therapy (IPT). In the latter study, 3 patients died from liver 
failure; on rechallenge of 3 other patients with isoniazid, 2 
developed an accelerated recurrence of severe liver disease 
and the other only an elevated serum transaminase.

In an international controlled trial of IPT, 20,838 subjects 
were given a dose of 300 mg daily, and 6,991 a placebo. The 
risk of hepatitis caused or exacerbated by isoniazid was esti-
mated to be 5.2 per 1,000 subjects (Riska, 1976). A prospec-
tive cohort study of 11,141 consecutive recipients of IPT 
found a rate of clinical hepatotoxicity of 1/1,000 treatment 
initiations (Nolan et al., 1999). In a large European study, 
0.5% of 27,830 isoniazid recipients developed heptotoxic-
ity  (Thompson, 1982). A meta-analysis of 38,257 patients 
receiving IPT estimated the rate of clinical hepatotoxicity at 
0.6% (Steele et al., 1991).

The risk of isoniazid hepatotoxicity is clearly age related, 
with the risk increasing markedly over 35 years (Black, 1974). 
The rate increased from 2.8 in subjects aged less than 35 
years to 7.7/1000 in those aged 55 years or more. Three 
patients with hepatitis died (0.4/1000), all of whom contin-
ued isoniazid after liver function abnormality had been rec-
ognized (Riska, 1976; Kopanoff et al., 1978; Bailey et al., 
1983). The probability of developing hepatitis during a 1-year 
treatment with isoniazid in the USA, estimated per 1000 sub-
jects, was 0.0 for those aged less than 20 years, 2.4 for those 
aged 20–34 years, and 19.2 for those aged 50–64 years (Com-
stock and Edwards, 1975). In another study that included 
significant numbers of IPT recipients aged over 35 years, the 
rate of AST more than five times the upper limit of normal 
was found to be 0.44% at age 25–34, 0.85% at age 35–49, and 
2% for those aged 50 and older (Fountain et al., 2005).

Other risk factors for isoniazid-induced hepatitis include 
preexisting liver disease and elevated pretreatment AST (Foun -
tain et al., 2004). Excessive alcohol consumption increases the 
risk of hepatitis during isoniazid therapy fourfold (Kopan off 
et al., 1978; Fernández-Villar et al., 2003). Co-administration 
of other hepatotoxic drugs, including aceto minophen, may 
also increase the risk (Crippin, 1993). Cross et al. (1980) also 
concluded that in the absence of clinically significant and 
persistent pretreatment abnormalities of liver function tests, 
rifampicin and isoniazid are not contraindicated in alcoholic 
patients.

Although an initial study found no increase in hepatitis in 
hepatitis B virus (HBV)-infected recipients of IPT (McGlynn 
et al., 1986), a subsequent study that stratified patients into 
HBVeAg-negative and HBVeAg-positive groups did find an 
increased rate. Transaminitits occurred in 10/21 (48%) patients 
in the HBVeAg-positive group, and severe hepatitis developed 

in another 3 patients. In the HBVeAg-negative group, trans-
aminitis occurred in 2/27 (7.4%) but none developed severe 
hepatitis. Treatment was discontinued for liver toxicity in 
13/21 HBVeAg-positive patients compared with 2/29 in the 
HBVeAg-negative group (Patel and Voigt, 2002). Healthy 
South Korean HBV carriers receiving antituber culous ther-
apy including isoniazid, compared with controls, had both 
greater transient asymptomatic elevation of ALT and hepato-
toxicity with moderate to severe elevations of transaminases, 
although in 5 of 9 patients the hepatotoxicity may have been 
attributable to pyrazinamide (Lee et al., 2005). Another study 
also found higher rates of transaminitis during antituber-
culous therapy in HBV-infected patients (Wong et al., 2000), 
although others found no difference in hepatitis B carriers 
(Hwang et al., 1997; Sirinak et al., 2008). Periods of ALT rise 
during antituberculous therapy are often associated with a 
rise in HBV DNA (Wong et al., 2000). The role of HBV anti-
viral therapy during tuberculous treatment has not specifi-
cally been addressed, but in a single case report, a patient 
with HBV infection, elevated pretreatment ALT, and high 
viral load indicative of active viral replication tolerated an 
isoniazid-containing antituberculous regimen only after 
lamivudine was commenced to reduce viral replication (Yu 
et al., 2006).

The effect of hepatitis C virus (HCV) coinfection on iso-
niazid hepatotoxicity was assessed in a Spanish study of 
HIV-negative former injecting drug users with a positive 
TST; 214 of 415 enrolled patients were HCV antibody posi-
tive. The rate of transaminitis detected on monthly ALT 
monitoring in all patients was 8.2%, and a further 4.8% of 
patients developed clinical hepatotoxicity associated with 
ALT elevations and ceased isoniazid (Fernández-Villar et al., 
2003). In a multivariable analysis, only excess alcohol con-
sumption and abnormal pretreatment ALT were associated 
with clinical hepatotoxicity. When a partly overlapping 
cohort was subsequently analyzed by HCV RNA PCR, how-
ever, the authors found a significant association between HCV 
viremia and isoniazid clinical hepatotoxicity (Fernández-
Villar et al., 2007). Nearly three-quarters of HCV RNA-positive 
patients in this analysis had an abnormal pretreatment ALT, 
suggesting that the prior association with pretreatment ALT 
was largely explained by HCV viremia. Isoniazid and/or 
rifam picin hepatotoxicity may be more common in HIV-
infected patients (Chaisson et al., 1987; Small et al., 1991), 
although one study from Thailand of HIV-positive patients 
coinfected with HBV and HCV found no increase in drug- 
induced liver disease during treatment for tuberculosis 
(Sirinak et al., 2008). In HIV-infected patients receiving 36 
months of continuous isoniazid preventive therapy, the risk 
of hepatotoxicity (ALT > fivefold upper limit mormal) was 
1.9% (Tedla et al., 2015). 

Hepatitis can occur at any time during isoniazid therapy, 
but it is more common in the first 2 months of treatment 
(Black, 1974; Mitchell et al., 1976; CDC, 1993). The case fatal-
ity rate of isoniazid hepatitis is not known, but it has been 
estimated to be 0.7% for all age groups (Comstock, 1981). 
The overall risk for death from isoniazid-induced liver injury 
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during IPT has been estimated at 0.001% when monitoring 
guidelines and patient selection criteria are applied (CDC, 
1993; ATS/CDC, 2000), but may be 10 times higher if ther-
apy is not monitored (Salpeter, 1993).

Isoniazid-associated hepatitis is less common in children 
than in adults (Stein and Liang, 1979; Starke, 1988; Starke 
and Correa, 1995; Pediatric Tuberculosis Collaborative 
Group, 2004). Asymptomatic transaminitis may occur in 
4–8% of children receiving isoniazid, but clinical hepatitis is 
rare, occurring in < 0.1% (Beaudry et al., 1974; Rapp et al., 
1979; Palusci et al., 1995; Nolan et al., 1999). Severe hepatic 
necrosis resulting in death or liver transplantation has been 
described in children receiving isoniazid alone for preven-
tive therapy (Vanderhoof and Ament, 1976; CDC, 1993; 
Palusci et al., 1995; Lobato et al., 2008). A retrospective sur-
vey of liver transplantation centers in the USA identified 
20 children who developed liver failure while receiving iso-
niazid (Wu et al., 2007). The ages ranged from 1.3 to 17 
years; 10 patients required liver transplantation and a fur-
ther 6 died awaiting transplantation. The estimated rate 
of  isoniazid- related liver failure was 3.2/100,000, which is 
25–80% of the estimated adult rate of liver failure from 
isoniazid.

If such symptoms or signs develop during treatment of 
tuberculosis and biochemical tests confirm liver injury, hep-
atotoxic drugs such as isoniazid, rifampicin, and pyrazin-
amide should be stopped. If treatment cannot be interrupted, 
drugs that cause no liver damage, such as ethambutol, ami-
noglycoside, and a fluoroquinolone, can be substituted. Once 
the liver function tests normalize, the potentially hepatotoxic 
drugs can be reintroduced sequentially to identify the offend-
ing agent and determine the optimal regimen to complete 
therapy (O’Brien, 1989; Sauk konen et al., 2006).

The value of routine monitoring of liver function tests in 
detecting hepatitis has been controversial. As benign eleva-
tions of ALT are frequent in isoniazid recipients, routine liver 
function test monitoring is generally not recommended 
except in those in whom risk factors exist, such as a history 
of liver disease, significant alcohol intake, co-administration 
of other hepatotoxic drugs, elevated pretreatment ALT, or 
coinfection with HBV, HCV, or HIV. Some would also rou-
tinely monitor patients over the age of 35 because of their 
increased risk for hepatotoxicity (Saukkonen et al., 2006). All 
patients receiving isoniazid for IPT or as part of the regimen 
for treatment of tuberculosis should be questioned at regular 
clinical reviews about symptoms or signs of hepatitis or other 
toxic effects. Liver function tests should be performed if 
there are any symptoms. Isoniazid should be ceased if the 
ALT exceeds three times the upper limit of normal (or the 
pretreatment baseline) and symptoms of hepatitis are pres-
ent or if the ALT is more than five times normal in asymp-
tomatic patients (Romero, 1994; Saukkonen et al., 2006; 
Tostmann et al., 2007). Isoniazid can be re-introduced if 
the tests return to normal when treating active tuberculosis 
(O’Brien, 1989; Saukkonen et al., 2006). During IPT if the 
enzyme level exceeds three times the normal value, some 

would recommend substitution with another agent (e.g., 
rifampicin) rather than rechallenge (Bailey et al., 1983).

Earlier suggestions that the mechanism of isoniazid hepa-
totoxicity was a hypersensitivity reaction (Maddrey and 
Boitnott, 1973) have been disputed (Mitchell et al., 1976). 
Mitchell et al. (1976) suggested that acetylhydrazine (a 
metabolite of isoniazid; see section 5d, Excretion) may act 
as a hepatotoxin because this substance is split to form 
monoacetyl hydrazine, which in turn could be converted to a 
potent acylating agent that produces liver necrosis (Tostmann 
et al., 2007). They also provided evidence that rapid acetyla-
tors were more prone to liver disease, probably because they 
metabolized more isoniazid to acetylhydrazine than slow 
acetylators. However, rapid acetylators also acetylate mono-
acetylhydrazine to a nontoxic substance, which is excreted in 
similar proportions in both slow and rapid acetylators (Girling, 
1978; Ellard et al., 1981). Higher free hydrazine plasma levels 
may therefore occur in slow rather than in rapid acetylators 
of isoniazid (Gangadharam, 1986; Ohno et al., 2000). A 
number of studies found that the inactivator status is not a 
risk factor in isoniazid hepatotoxicity (Riska, 1976; Dickin- 
son et al., 1977; Girling, 1978; Bailey et al., 1979; Pilheu et al., 
1979; Ellard, 1984; Jenner and Ellard, 1989), although several 
meta-analyses have concluded that slow acetylator status does 
increase isoniazid-induced hepatotoxicity (Cai et al., 2012; 
Du et al., 2013; Shi et al., 2015; see section 5d, Excre tion). An 
interaction between acetylator status and CYP2E1 genotype 
has been reported such that the slow acetylator status and the 
CYP2E1 c1/c1 allele have an independent additive effect on 
the risk of isoniazid hepatotoxicity (Huang et al., 2003; Cai 
et al., 2012).

6b.  Neurotoxicity

Neurotoxicity is due to the effects of isoniazid on the vitamin 
B6 group (pyridoxine) metabolism. The B6 group is rapidly 
converted in the body to the coenzymes pyridoxal phosphate 
and pyridoxamine phosphate, which are essential for protein 
metabolism. Vitamin B6 is also a cofactor in the production 
of amines, which act as synaptic transmitters in various brain 
areas, and it is also necessary for the formation of the inhibi-
tory transmitter gamma-aminobutyric acid (Snider, 1980). 
Isoniazid can cause vitamin B6 deficiency by the formation of 
hydrazones, which inhibit the conversion of pyridoxine 
to pyridoxal phosphate and which also inactivate the latter. 
Isoniazid has a further action of lowering effective tissue and 
serum levels of pyridoxine through the formation of these 
isoniazid–pyridoxine hydrazones, which are rapidly excreted 
by the kidney (Miller et al., 1980; Atkins, 1982).

Peripheral neuropathy may occur during isoniazid ther-
apy. In the early stages this is characterized by paraesthesiae 
in the “stocking–glove” distribution, but it may progress to 
sensory loss and muscle paralysis. Neuropathy is more likely 
if high doses of isoniazid are used (Snider, 1980). It is uncom-
mon in patients treated with the recommended doses of iso-
niazid (300 mg daily or 15 mg/kg two or three times per week). 
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Patients who may be mildly pyridoxine deficient are also at 
a  greater risk of developing peripheral neuropathy; these 
include pregnant women, cancer patients, uremic patients, 
malnourished patients, chronic alcoholics, patients with 
chronic liver disease, and the aged (Snider, 1980; Girling, 
1982). Numerous studies have demonstrated that peripheral 
neuropathy due to isoniazid is related to high serum levels 
of  the active drug, and is more common in slow isoniazid 
inactivators (Evans et al., 1960; Harris, 1963; Snider, 1980). 
Isoniazid-induced neuropathy can be prevented (even with 
high-dosage isoniazid therapy) by small doses of pyridoxine 
such as 10–25 mg/day. High doses of pyridoxine should be 
avoided because of the possibility that they may reduce the 
antibacterial activity of isoniazid. If neuropathy develops it 
can be treated successfully by pyridoxine doses of 100–200 
mg daily, without interrupting isoniazid administration 
(Girling, 1982). Pyridoxine is not routinely given to patients 
taking the recommended isoniazid dosage because periph-
eral neuropathy is uncommon, and if it occurs, it is easily 
recognized and treated. Supplemental pyridoxine (10 mg/
day) is usually given to malnourished patients, pregnant 
patients, alcoholics, and aged patients. Patients with pre- 
existing risk factors for peripheral neuropathy, such as alco-
holism, nutritional deficiency, uremia, or diabetes and who 
are receiving other medications known to cause neuropathy, 
should also receive pyridoxine supplementation (Bailey et 
al., 1983). In one small series, 55% of patients receiving 
stavudine and isoniazid developed peripheral neuropathy, 
suggesting that the two drugs should not be co-administered 
if possible (Breen et al., 2000). Snider (1980) also suggests 
that pyridoxine should be routinely administered to patients 
with a seizure disorder, because pyridoxine deficiency can 
cause convulsions, some seizure disorders are pyridoxine 
responsive, and antiepileptic drugs may lead to pyridoxine 
deficiency. In the USA a tablet containing isoniazid and 10 
mg of vitamin B6 has been available for this purpose. Atkins 
(1982) showed that pregnant patients taking isoniazid who 
were also given supplemental doses of vitamin B6 of 52–60 
mg/day had adequate serum pyridoxal phosphate levels. 
They did not ascertain the minimum dosage of vitamin B6 to 
maintain these levels.

Psychosis, confusion, coma, convulsions, and death may 
occur if toxic serum levels of isoniazid are attained, such as 
in accidental poisoning, attempted suicide, or, rarely, with 
ordinary doses in uremic patients. A dose of 2–3 g is poten-
tially toxic, and 10–15 g produces a high fatality rate (Sievers 
et al., 1982). These symptoms do not usually occur if the 
drug is used in its recommended dosage. Acute toxicity is 
extremely rare if dosage does not exceed about 17 mg/kg/
day, and because peak concentrations of isoniazid attained in 
slow acetylators exceed those in rapid acetylators only by 
about 25%, the risk of such toxicity is probably similar in the 
two phenotypes (Ellard, 1984). Other features of isoniazid 
poisoning are nausea, vomiting, hypotension, leukocytosis, 
hyperpyrexia, and respiratory distress. Metabolic changes 
consisting of acidosis, ketonuria, hyperglycemia, and mild 

hyperkalemia also occur because of complex alterations in 
pyridoxine metabolism. Interference with the formation of 
the inhibitory neurotransmitter gamma-aminobutyric acid 
may partly explain the intractable seizures caused by isonia-
zid intoxication (Miller et al., 1980). Isoniazid overdosage 
has been reported to respond promptly to therapy with pyri-
doxine (Wason et al., 1981; Sievers et al., 1982). Pyridoxine is 
given by slow i.v. injection or i.v. infusion in a dose equal to 
the estimated overdose of isoniazid. A dose of 5 g pyridoxine 
i.v. has been recommended for isoniazid overdosage even  
if seizures have not occurred or the amount of isoniazid 
ingested is unknown (Sievers et al., 1982).

In Indian patients, doses of 30 mg/kg matrix isoniazid are 
well tolerated. Higher doses of this preparation caused diz-
ziness, which was dose related, late in onset, and usually 
present even 24 hours later (Parthasarathy et al., 1976). When 
the matrix preparation was given in doses of 50 and 36 mg/
kg to rapid and slow inactivators, respectively, the dose had 
to be modified in a small number because of giddiness 
(Santha et al., 1976).

Optic neuropathy has also been reported with isoniazid 
and responded to the cessation of isoniazid and commence-
ment of pyridoxine (Kocabay et al., 2006).

Minor neurotoxic symptoms, such as muscle twitching, 
restlessness, and insomnia, may occur with ordinary isoniazid 
doses. The drug may also precipitate convulsions in stabilized 
epileptics and urinary retention in the elderly. Convulsions 
respond to anticonvulsants and i.v. pyridoxine in a dose of 
100 mg (Girling, 1982). Loss of memory, sometimes quite 
disabling, has also been noted (Anonymous, 1969).

Pellagra (niacin deficiency) may occur as a side effect of 
isoniazid unless supplementary vitamin B6 is given. This may 
be due to the inhibition of an enzyme (kynureninase) that is 
involved in the synthesis of NAO from tryptophan. Isoniazid 
interferes with pyridoxal phosphate, which is a cofactor for 
kynureninase. Pellagra can occur despite vitamin B6 sup-
plementation (Bender and Russell-Jones 1979; Darvay et al., 
1999) in patients with preexisting marginal intake of trypto-
phan and niacin.

6c.  Gastrointestinal side effects

These are very uncommon, but nausea, vomiting, and diar-
rhea may occur if very large doses, such as 20 mg/kg body 
weight per day, are given (Robson and Sullivan, 1963). Matrix 
isoniazid preparations also caused gastrointestinal symptoms 
(Parthasarathy et al., 1976).

6d.  Hypersensitivity reactions

Hyersensitivity reactions are uncommon with isoniazid, and 
manifestations are diverse but usually take the form of fever 
and a maculopapular rash. Such reactions due to isoniazid 
and also due to rifampicin may be more frequent in HIV-
infected patients (Chaisson et al., 1987; Small et al., 1991). 
These may be minor and self-limiting so that therapy need 
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not be interrupted. With more severe reactions the drug 
must be stopped. Often reactions occur when two or more 
antituberculosis drugs are being used at the same time. In 
this situation all drug therapy should cease and the drug 
causing the reaction should be established by sequential 
challenge (Girling, 1982). Drug challenge should be carried 
out in the order of drugs with an increasing likelihood of 
causing a reaction, isoniazid having the least propensity. 
Suggested challenge doses and the order of challenge are 
shown in Table 123.1.

Smaller challenge doses (1/10 of those for day 1) are rec-
ommended if the reaction was severe. If there is no reaction 
to challenge doses, the drug can be continued in full dosage. 
If isoniazid is incriminated and the reaction is not serious, 
then desensitization can be considered. Desensitization is 
accomplished by administering gradually increasing doses 
over several weeks until the full dose is reached. The course 
can be started by using the largest challenge dose which 
does not cause a reaction; doses are then given twice daily 
and increments can be a doubling of the previous dose, but 
if  reactions occur, slower increases should be employed. 
During desensitization, two other effective antituberculosis 
drugs to which the patient is not hypersensitive should also 
be administered to prevent the emergence of acquired drug 
resistance. Desensitization may be performed under cortico-
steroid cover if the reaction is severe or if the patient is 
hypersensitive to more than one drug. Corticosteroids may 
be used also to allow rapid desensitization if the severity of 
the patient’s disease requires that the drug be resumed rap-
idly. Isoniazid and other antituberculosis drugs may be con-
tinued in the usual doses and reactions may be suppressed 
by corticosteroids. The dose of corticosteroids is gradually 
reduced over about 2 months. This form of desensitization 
may be employed in patients severely ill with tuberculous 
meningitis, in whom isoniazid is essential. Desensitization 
should not be attempted (even under corticosteroid cover) in 
patients with severe exfoliative dermatitis (Girling, 1982).

One patient who developed acute meningoencephalitis 
on readministration of isoniazid and in whom hypersensitiv-
ity meningitis was postulated as the cause has been described 

(Garagusi et al., 1976). Stevens–Johnson syndrome associ-
ated with isoniazid administration and which recurred when 
a test dose of the drug was given after the patient had fully 
recovered has also been described (Bomb et al., 1976). Febrile 
reactions without other manifestations of hypersensitivity 
occurring 1–3 weeks after commencement of treatment have 
been described when isoniazid was used alone for preventive 
treatment (Davis and Stoler, 1977). Coombs-positive hemo-
lytic anemia, vasculitis, and neutropenia have been ascribed 
to isoniazid (Jenkins et al., 1980; Young et al., 1982).

6e.  Acute pancreatitis

Acute pancreatitis has rarely been described in patients 
receiving isoniazid as part of combination therapy for the 
treatment of active tuberculosis (Chan et al., 1994a; Rabassa 
et al., 1994) and also in patients receiving isoniazid mono-
therapy for chemoprophylaxis (Jin and Sable, 2002). A caus-
ative role is suggested by the recurrence of pancreatitis in 
eight patients on rechallenge with isoniazid (Chow et al., 
2004). Isoniazid pancreatitis seems to present with typical 
clinical features in the first 3 weeks after commencement and 
resolves on ceasing the drug. Rechallenge typically provokes 
a more rapid onset of pancreatitis, sometimes within hours, 
suggesting a hypersensitivity mechanism, and so should be 
undertaken with close clinical and biochemical monitoring 
(Chow et al., 2004).

6f.  Other side effects

Good et al. (1965) described seven patients who developed 
pain and contractures in the shoulders and arms that 
appeared to be associated with isoniazid therapy. Acute 
arthritis, associated with fever and periorbital edema, has 
been described in a woman after a 9-day treatment with 
isoniazid; a hypersensitivity phenomenon was suggested by 
the rapid recurrence of arthritis after one dose of isoniazid 
(Periman and Venkataramani, 1975). Asymptomatic antinu-
clear antibodies occur in a large proportion of tuberculous 
patients treated with isoniazid for prolonged periods, but 
clinical drug-induced lupus erythematosus (DILE) is uncom-
mon (Alarcón-Segovia et al., 1969; Alarcón-Segovia et al., 
1971). The symptoms of DILE are most commonly arthral-
gia, myalgia, fever, and serositis, and cutaneous involvement 
is less prominent than in idiopathic systemic lupus erythe-
matosus (Vedove et al., 2009). Patients who develop DILE are 
predominantly of the slow acetylator phenotype; the drug 
itself and not its metabolites appear to cause deposition of 
immune complexes by inhibiting the C4 component of the 
complement system (Sim et al., 1984). Cessation of isoniazid 
usually leads to the resolution of symptoms over weeks, and 
rechallenge is not recommended.

Experience in a few patients suggests that isoniazid may 
be a rare cause of pure red cell aplasia (Claiborne and Dutt, 
1985; Marseglia and Locatelli 1998; Loulergue et al., 2007).

Theoretically, there has been some concern that isoniazid 
may be carcinogenic because it can induce neoplasms in albino 

Table 123.1. Challenge doses and order of drug challenge for 
detecting hypersensitivity to antituberculosis drugs.

Drug

Challenge Doses

Day 1 Day 2

Isoniazid 50 mg 300 mg

Rifampicin 75 mg 300 mg

Pyrazinamide 250 mg 1.0 g

Ethionamide, prothionamide 125 mg 375 mg

Cycloserine 125 mg 250 mg

Ethambutol 100 mg 500 mg

PAS 1.0 g 5.0 g

Thiacetazone 25 mg 50 mg

Streptomycin and other aminoglycosides 125 mg 500 mg

Source: Modified from Girling (1982).
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mice (Anonymous, 1966). However, there have been no indi-
cations of an increased risk of cancer in follow-up studies of 
patients who were treated with isoniazid 10–20 years previ-
ously (Stott et al., 1976; Costello and Snider, 1980).

A diffuse interstitial nephritis, with similar features to 
that described with penicillin G (see Chapter 1, Benzyl peni-
cillin (penicillin G)) and methicillin (see Chapter 4, Methi-
cillin), and which may have been due to isoniazid and/or 
ethambutol therapy has been observed in two patients (Stone 
et al., 1976). Isoniazid has been implicated as a cause of 
pubertal gynecomastia (Anonymous, 1976).

7. CLINICAL USES OF THE DRUG

7a.  Treatment of pulmonary tuberculosis

The purpose of tuberculosis chemotherapy is to sterilize 
lesions quickly and completely. This entails the administra-
tion of bactericidal antituberculosis drugs in combinations 
which eliminate large, rapidly multiplying populations of 
tubercle bacilli and prevent emergence of resistant organ-
isms; this is followed by the sterilization of lesions by appro-
priate drugs which act on less active and intermittently 
dividing bacillary populations (Dutt and Stead, 1982). In 
1993 the WHO declared a global tuberculosis emergency 
and sought to implement a global control strategy called 
DOTS (Directly Observed Treatment, Short course), a key 
component of which is the use of supervised standard short-
course combination chemotherapy including isoniazid. 
Despite substantial success in the implementation of this 
plan, some regions witnessed an increase in tuberculosis 
incidence through the 1990s, particularly in sub-Saharan 
Africa, due to the high prevalence of tuberculosis and HIV 
coinfection (WHO, 2008b). Rising rates of tuberculosis caused 
by multiply and extensively drug-resistant (MDR and XDR, 
respectively) strains also threaten global tuberculosis con-
trol efforts based on current short-course regimens (WHO, 
2015a). Nevertheless, enhanced global control efforts have 
resulted in a decline in the global TB incidence rate of 1.5% 
per year since 2000 (WHO, 2015a).

EVOLUTION OF ANTITUBERCULOSIS 
CHEMOTHERAPY

The modern short-course chemotherapy of tuberculosis 
evolved as a result of many carefully controlled clinical trials 
throughout the world (reviewed in D’Esopo, 1982). Soon 
after the development of streptomycin in 1944, clinical trials 
showed that it was highly effective for tuberculosis, but bac-
terial resistance became a major problem. The same applied 
to PAS after its introduction in 1946. Trials began in 1948 
and subsequently demonstrated that the nonbactericidal 
drug PAS, used singly or with streptomycin, did not improve 
efficacy of therapy but largely prevented the development of 
streptomycin resistance (BMRC, 1949). The availability of 
isoniazid in 1952 was a major advance in antituberculosis 
therapy. Used alone, bacterial resistance occurred rapidly, 
but used with streptomycin and PAS isoniazid could sterilize 

open cavities if given for 2 years. Standard therapy became 
streptomycin, isoniazid, and PAS for 2–4 months, or longer if 
bacteriologic conversion had not occurred; this was followed 
by maintenance therapy with an isoniazid–PAS combination 
to complete a 2-year course. Problems were that streptomy-
cin regimens required injections and this drug had apprecia-
ble toxicity; PAS was often nauseating in the doses required 
and was not taken by many patients, leading to the develop-
ment of isoniazid resistance.

When ethambutol (see Chapter 124, Ethambutol) became 
available in the late 1960s, some of these problems were solved; 
it deterred development of resistance to the other drugs and 
was better tolerated by patients. Ethambutol was often used 
with isoniazid in triple-drug regimens during the first 3 
months, either replacing streptomycin to avoid injections, 
or more commonly as a substitute for poorly tolerated PAS. 
Nevertheless, treatment with an isoniazid–ethambutol com-
bination for 18–24 months was still necessary for cure and 
often resulted in poor patient compliance. Trials in develop-
ing countries showed that 12-month drug regimens were 
also useful. For instance, in the early 1960s in Madras, inter-
mittent administration of streptomycin and isoniazid given 
twice weekly for 12 months achieved good results (D’Esopo, 
1982).

Pyrazinamide (see Chapter 125, Pyrazinamide) was intro-
duced as an antituberculosis drug in 1952. Although it  
was recognized to be a bactericidal drug, for a period it was 
relegated to the status of a second-line drug mainly because 
of its apparent toxicity. Subsequently, it was recognized to 
have important sterilizing activity and a valuable treatment- 
shortening effect.

Rifampicin (see Chapter 126, Rifampicin (rifampin)) 
became available for the treatment of tuberculosis in the late 
1960s. This was another bactericidal drug, but like all other 
antituberculosis drugs, its use on its own resulted in the 
emergence of resistant strains. For a period of time rifampi-
cin was regarded only as another first-line antituberculosis 
drug. When it was used in standard treatment regimens as 
a replacement for PAS, results were at least equal, but main-
tenance therapy with isoniazid and rifampicin produced 
fewer side effects and interruptions to treatment than main-
tenance with isoniazid and PAS. In many countries standard 
chemotherapy then became isoniazid and rifampicin for 18 
months plus streptomycin or ethambutol for the first 2–4 
months. In the USA, initial triple therapy was not always 
employed; the most frequently used regimen was isoniazid 
and ethambutol for 18 months. Streptomycin was added if 
there was extensive cavitary disease or if drug- resistant dis-
ease was a consideration (Bailey et al., 1983). However, it was 
soon recognized that rifampicin and isoniazid were as effec-
tive as any three-drug regimen for the treatment of extensive 
cavitary disease (Bailey et al., 1977). Other trials in the USA 
showed that a regimen of daily rifampicin and isoniazid for 
20 weeks, followed after sputum cultures became negative by 
daily isoniazid plus ethambutol for 1 year, was very effective 
(Long et al., 1979). Such regimens lasting no longer than 
12–18 months then became acceptable in the USA (CDC, 
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1980a). Similarly, after initial therapy with isoniazid, rifam-
picin, and ethambutol, continuation therapy for 1 year with 
daily isoniazid and ethambutol was just as effective as daily 
isoniazid and rifampicin for the same period (Lees et al., 
1977).

SHORT-COURSE CHEMOTHERAPY

The advantages of short-course chemotherapy are numer-
ous: it is cheaper, there is less chronic drug toxicity, patient 
cooperation is greater, and the period of follow-up after 
treatment can be reduced. Since the early 1970s a series 
of  carefully planned, controlled studies, many under the 
auspices of the British Medical Research Council (Fox and 
Mitchison, 1975; Fox, 1978; Somner, 1980), demonstrated 
the effectiveness of short-course chemotherapy. These stud-
ies revealed that a 9-month course of daily rifampicin and 
isoniazid to which either ethambutol or streptomycin is 
added for the first 2 months is effective both for an immedi-
ate bactericidal effect and for a sterilizing action (Fox, 1978; 
CDC, 1980a; CDC, 1980b; Somner, 1980).

Attempts to reduce the treatment course of rifampicin 
and isoniazid to 6 months resulted in an unacceptably high 
relapse rate of 9% (Snider et al., 1984) until subsequent trials 
confirmed the treatment-shortening effect of pyrazinamide 
in the initial phase of therapy. Studies in East Africa and 
Zambia (East African/BMRC, 1972; East African/BMRC, 
1973; East African/BMRC, 1974; East African/BMRC, 1978) 
showed that 6-month regimens using streptomycin and 
isoniazid, together with pyrazinamide or rifampicin, had 
success rates of 90% and 95%, respectively. Streptomycin, 
isoniazid, rifampicin, and pyrazinamide given for 2 months 
and then followed by continuation therapy with daily isonia-
zid and rifampicin, with or without pyrazinamide for another 
4 months, was highly effective; the continuation of pyrazin-
amide beyond the initial 2 months appeared to confer no 
additional sterilizing activity (Singapore/BMRC, 1981).

The British Thoracic Association (1982) also demon-
strated that 6-month regimens of isoniazid and rifampicin, 
supplemented for the first 2 months by streptomycin plus 
pyrazinamide or by ethambutol plus pyrazinamide, were as 
effective as a 9-month daily regimen of isoniazid plus rifam-
picin. Further trials showed that the inclusion of strepto-
mycin or ethambutol during the initial treatment phase is 
important only to cover the possibility of isoniazid resistance 
(Stead and Dutt, 1982). Alternative regimens not containing 
rifampicin in the continuation phase have been studied but 
require at least 8 months of treatment (Third East African/
BMRC, 1980; East and Central African/BMRC, 1983; East 
and Central African/BMRC, 1986).

Attempts to shorten antituberculosis chemotherapy to 
less than 6 months have in general been disappointing. 
Regimens consisting of daily streptomycin, isoniazid, rifam-
picin, and pyrazinamide for 2 months followed by a continu-
ation phase of 2 months of daily isoniazid and rifampicin 
with or without pyrazinamide have had a high relapse 
rate (East African/BMRC, 1978; East African/BMRC, 1981; 
Singapore/BMRC, 1981). In Agra, India, regimens of 3 months’ 

daily streptomycin, rifampicin, isoniazid, and pyrazinamide 
were compared with 4.5-month regimens, during the addi-
tional 1.5 months of which patients received either streptomy-
cin, isoniazid, and pyrazinamide twice-weekly or rifam picin 
and isoniazid 6 days per week. The relapse rates after 12 months 
for these three regimens were 6%, 7%, and 2%, respectively 
(Mehrotra et al., 1981; Mehrotra et al., 1984). 

Subsequently, in Madras, 5- and 7-month regimens were 
tried with and without rifampicin. Rifampicin, streptomycin, 
isoniazid, and pyrazinamide were given daily for 2 months, 
followed by streptomycin, isoniazid, and pyrazinamide twice 
weekly for either 3 or 5 months; a third regimen was the 
same as the 7-month one but rifampicin was not included. 
None of the patients who had received a 7-month regimen 
had a bacteriologic relapse, whereas the relapse rate was 
5%  in those who had a 5-month treatment (Tuberculosis 
Research, 1983). Further studies of short-course therapy in 
Madras, in which streptomycin, rifampicin, isoniazid, and 
pyrazinamide were used daily for 3 months, resulted in a high 
relapse rate (Tripathy, 1983; Tuberculosis Research Centre, 
1986; Balasubramanian et al., 1990).

Multiple studies have found that 4-month regimens includ-
ing a fluoroquinolone replacing either ethambutol or isonia-
zid were inferior to standard 6-month short-course therapy 
(Warner and Mizrahi, 2014).

The effectiveness of short-course chemotherapy depends 
very much on patient adherence to treatment (Chan et al., 
1994b). This regimen can also be adapted for intermittent 
therapy, and such daily or intermittent therapy is now widely 
recommended (Combs et al., 1990; Davies, 1994; Nahid et al., 
2016; WHO, 2010).

INTERMITTENT CHEMOTHERAPY

Intermittent chemotherapy was introduced to improve 
patient compliance, to facilitate directly observed therapy, 
and to reduce the cost of treatment. Such regimens have been 
used effectively in developing countries since the early 1960s, 
but if inadequately supervised, the results of treatment may 
be poor (Gangadharam, 1994). Intermittent regimens were 
usually preceded by 2–3 months of daily multidrug therapy. 
Two commonly used intermittent therapies were strepto-
mycin (1 g i.m.) plus isoniazid (15 mg/kg) twice weekly (Fox, 
1971; BMRC, 1973) or PAS (12 g) and isoniazid (15 mg/kg) 
twice weekly (Tuberculosis Chemotherapy Centre, 1973a). It 
was confirmed in Czechoslovakia that after an initial course 
of triple chemotherapy for 6–13 weeks, continuation therapy 
with twice-weekly streptomycin and isoniazid for a total 
duration of 12 months was just as effective as a similar regi-
men lasting for a total of 18 months (WHO Prague, 1976; 
WHO Prague, 1977). Isoniazid plus rifampicin (Singapore/
BMRC, 1975; Singapore/BMRC, 1977) and isoniazid and 
ethambutol (Albert et al., 1976) have been used successfully 
in twice-weekly regimens after initial daily triple-drug ther-
apy. When twice-weekly isoniazid (15 mg/kg) and etham-
butol (45 mg/kg) were used after an initial 2-week course 
of daily streptomycin, ethambutol, and isoniazid, for a course 
of total duration of 12 months, results were less satisfactory 
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than those obtained with the highly effective daily isoniazid- 
ethambutol regimen (Tuberculosis Research/Madras, 1981).

Regimens including twice- or thrice-weekly rifampicin 
and isoniazid in the continuation phase have demonstrated 
equivalent relapse rates to daily therapy in a number of stud-
ies (Snider et al., 1982; Singapore Tuberculosis Service/
BMRC, 1988). If intermittent therapy for pulmonary tuber-
culosis with isoniazid, rifampicin, and pyrazinamide is started 
from the beginning, without daily therapy at all, results 
appear marginally less satisfactory. The results of treatment 
are improved if for the first 2 months intermittent streptomy-
cin 1.0 g i.m. or oral ethambutol 2 g twice weekly is used in 
addition (Davidson, 1990; Hong Kong/BMRC, 1991). How-
ever, a regimen of four drugs (isoniazid 600 mg, rifampicin 
600 mg, pyrazinamide 2.75 g, plus ethambutol 2 g) given 
intermittently three times per week throughout the course of 
6 months of treatment proved effective in adults (Ad Hoc 
Committee, 1995). Where intermittent therapy is commen-
ced in the intensive phase, pyrazinamide cannot be omitted 
and should be continued either daily or intermittently until 
the end of 2 months’ chemotherapy and then intermittent 
isoniazid–rifampicin continued for a further 4 months (Hong 
Kong/BMRC, 1981; Zierski et al., 1981; Singapore/BMRC, 
1985; Castelo et al., 1989; Cohn et al., 1990; Chaulk et al., 
1995).

Current WHO recommendations endorse daily therapy 
in the intensive phase followed by daily or thrice-weekly 
intermittent therapy in the continuation phase (WHO, 
2010). Intermittent thrice-weekly therapy during the inten-
sive phase may also be used, either from the outset or after 
an initial 2-week daily dosing schedule (Nahid et al., 2016). 
Some guidelines also endorse twice-weekly intermittent 
therapy, or once-weekly if the long-acting rifamycin rifapen-
tine (see Chapter 129, Rifapentine), is used in HIV-negative 
patients (ATS/CDC, 2003), although there are concerns 
regarding the greater impact of missed doses in such dosing 
schedules (WHO, 2010). A retrospective systematic review 
of relapse rates analyzed according to dosing schedules in 
published series concluded that in cavitating smear-positive 
tuberculosis, only thrice-weekly dosing after a daily dosing 
in the initial phase provided relapse rates equivalent to daily 
dosing throughout the treatment course (Chang et al., 2006). 

Fixed-drug combinations (FDCs) of isoniazid, rifampi-
cin, and pyrazinamide that are equally as efficacious and safe 
as giving the three drugs in separate tablets are available 
and are recommended to facilitate compliance and prevent 
monotherapy. (Geiter et al., 1987; Hong Kong/BMRC, 1989; 
Singapore/BMRC, 1991; WHO, 2010). However, a systema-
tic review of 15 controlled trials found no difference in the 
rate of acquired drug resistance when treatment used FDCs 
compared to separate drugs (Albanna et al., 2013).

Tuberculosis in children should be treated with standard 
daily therapy during the intensive phase, although etham-
butol maybe omitted in some situations in young children 
where monitoring visual acuity is difficult (WHO, 2014a). 
Thrice-weekly directly observed intermittent therapy during 
the continuation phase may be suitable in some settings.

TUBERCULOSIS AND HIV INFECTION

Isoniazid does not interact with antiretrovirals and should be 
included in regimens for all HIV-infected patients treated for 
tuberculosis unless isoniazid resistance is confirmed or other 
contraindications exist. The choice of therapy and duration 
are in general no different for the treatment of tuberculosis in 
HIV-infected patients. The only exception is that the once- 
and twice-weekly intermittent therapy during the continua-
tion phase is not recommended in HIV-positive patients 
(Nahid et al., 2016). A meta-analysis has suggested that 
there is a high rate of failure or relapse with the use of inter-
mittent therapy in tuberculosis patients coinfected with HIV 
(Khan et al., 2010). Isoniazid absorption may be reduced in 
HIV-positive patients (see earlier under 5a, Bioavailability) 
(McIlleron et al., 2006).

Atypical pulmonary and extrapulmonary presentations of 
tuberculosis are more common in patients coinfected with 
HIV (Chaisson et al., 1987; Chaisson and Slutkin, 1989; 
Horner and Moss, 1991; Hopewell, 1992; Girardi et al., 1994), 
but these are treated according to the standard recommen-
dations. Mycobacteremia with M. tuberculosis (Rosenheim, 
1990; Schluger et al., 1994) may occur and indicates dissem-
ination, but standard short-course therapy should still be 
effective. Tuberculous meningitis is also treated with stan-
dard regimens; however, HIV infection is an independent 
risk factor for death in patients with this condition (Parsons, 
1989; Thwaites et al., 2005). Drug resistance may be more 
common in some HIV-infected populations (WHO, 2008a), 
and confers a worse prognosis (Gandhi et al., 2006; Chan and 
Iseman, 2008), but treatment follows standard recommenda-
tions. More prolonged treatment may be indicated if bacteri-
ologic conversion is delayed or if treatment is interrupted 
because of noncompliance or adverse reactions, which are 
more likely in HIV-infected patients. In an area such as sub- 
Saharan Africa, where both HIV and tuberculosis are com-
mon, it is possible that reinfection may occur after successful 
therapy of tuberculosis (Daley, 1993).

DRUG-RESISTANT TUBERCULOSIS

Because of the frequency of primary isoniazid monoresis-
tance globally (see section 2b, Emerging resistance and cross- 
resistance), ethambutol or streptomycin should be included in 
addition to isoniazid, rifampicin, and pyrazinamide during 
the initial treatment phase in adults to cover for this possi-
bility (WHO, 2010). The possibility of isoniazid resistance 
should be considered in all patients but is particularly likely 
in those in whom therapy has failed or who have relapsed 
after a course of treatment, those who have received isonia-
zid preventive therapy, and those who may have acquired 
infection in an area with a high prevalence of isoniazid resis-
tance or as a result of contact with a patient with a resistant 
strain (Dutt and Stead, 1982).

Where isoniazid resistance is confirmed, modified che-
motherapy is required. Isoniazid should be stopped and the 
rifampicin, pyrazinamide, and ethambutol continued for a 
total of 6–9 months (ATS, 2003). Where pyrazinamide is 
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continued throughout and bacteriologic response occurs in 
the first 2 months of therapy, a 6-month treatment course 
results in low relapse rates (Hong Kong/BMRC, 1987; Hong 
Kong/BMRC, 1991); if pyrazinamide is stopped prior to 6 
months, rifampicin and ethambutol are continued for a total 
of 9–12 months. Where isoniazid resistance is known (or 
considered highly likely) prior to commencing therapy, 
strengthening the regimen with an aminoglycoside or fluo-
roquinolone, particularly in those patients with cavitating 
smear-positive pulmonary or otherwise severe extrapulmo-
nary disease, is recommended (Iseman, 2000; ATS, 2003).

Despite this, isoniazid resistance has a modest effect on 
treatment outcomes. Patients with confirmed isoniazid resis-
tance treated with a 2-month intensive phase including 
 pyrazinamide and streptomycin, but with rifampicin and 
iso nia zid alone in the continuation phase, had a relapse rate 
of 8.2%, only slightly greater than the rate of 5.2% seen in 
those with isoniazid-sensitive disease (Mitchison, 2000). 
Trials in which the four-drug initial intensive phase was fol-
lowed by a continuation phase with a two-drug regimen con-
taining rifampicin and pyrazinamide or streptomycin have, 
however, been unsuccessful for the treatment of patients 
with pretreatment isoniazid drug resistance (Hong Kong/
BMRC, 1981; Singapore/BMRC, 1981). Isoniazid mono- 
resistance has been associated with an approximate doubling 
of mortality in patients with tuberculous meningitis treated 
with standard therapy, possibly due to poor penetration of 
ethambutol and rifampicin into cerebrospinal fluid (Tho et 
al., 2012; Vinnard et al., 2010).

Multidrug resistance has a profound impact on the cost 
and effectiveness of antituberculous chemotherapy and greatly 
worsens clinical outcomes and mortality rates (Goble et al., 
1993; Chan and Iseman, 2008). The treatment of MDR-TB 
relies on the use of remaining first-line agents and in addi-
tion the second-line antituberculosis drugs, which include 
fluoroquinolones (ofloxacin, levofloxacin, moxifloxacin) (see 
Chapter 103, Ofloxacin; Chapter 104, Levofloxacin; and Chap - 
ter 105, Moxifloxacin, respectively), ethionamide (see Chap- 
ter 132, Ethionamide and prothionamide), cycloserine (see 
Chapter 135, Cycloserine and terizidone), PAS (see Chap- 
ter 131, para-Aminosalicylic acid (PAS)), capreomycin (see 
Chapter 134, Capreomycin), and aminoglycosides such as 
streptomycin (see Chapter 130, Streptomycin), kanamycin 
(see Chapter 51, Kanamycin) or amikacin (see Chapter 54, 
Amikacin; Bastian and Colebunders, 1999; Telenti and Iseman, 
2000; WHO, 2014b). 

If sensitivities are unavailable or pending, then the regi-
men should include, in addition to first-line agents, at least 
three drugs that the patient has not received, usually a fluro-
quinolone, an injectable agent, and ethionamide, but addi-
tional agents may be necessary. Sensitivities, once available, 
can then be used to guide therapy such that three or four 
active drugs including a fluroquinolone and an injectable are 
given for an intensive phase of 4–6 months’ duration. A pro-
longed continuation phase of 12–18 months (after sputum 
conversion) using three or four oral agents to which the iso-
late is sensitive is then recommended (Iseman, 1993; Bastian 

and Colebunders, 1999). High-dose isoniazid (600 mg daily 
in adults > 50 kg) may be given where low-level resistance is 
suspected or identified, and is included as a component of 
the 4-month intensive phase of a short-course MDR-TB 
treatment regimen that has reported superior completion 
and efficacy rates to currently recommended MDR-TB 
treatment (Aung et al., 2014). Outcomes from the treatment 
of MDR-TB have varied greatly, with long-term cure rates of 
approximately 50–83% (Chan and Iseman, 2008). Multiple 
factors have been associated with poor outcomes, in particu-
lar the lack of use of, or resistance to, fluoroquinolones and 
increasing numbers of drug resistances (Holtz et al., 2006; 
Yew et al., 2000; Yew and Leung, 2006). These findings 
explain the poor results of treatment for XDR-TB, where 
treatment success rates have been reported to be significantly 
worse (Migliori et al., 2007). In one report from Peru, how-
ever, therapy guided by sensitivity testing, prolonged use of 
remaining injectables, and strict supervision of adherence 
resulted in cure rates of up to 71%, although the duration of 
therapy was a median of 43.1 months (Bonilla et al., 2008).

The prevention of acquired drug resistance in the treat-
ment of tuberculosis relies on delivering appropriate therapy, 
properly supervised to completion. When a regimen is clini-
cally failing, a single new drug should never be added because 
the strain rapidly becomes resistant to that drug as well 
(Riley, 1993). Directly observed therapy is particularly 
impor tant in patients with drug-resistant tuberculosis to 
prevent the sequential development of further resistance, 
and especially progression to MDR-TB and ultimately XDR 
or panresistant tuberculosis (Weis et al., 1994; Frieden et  
al., 1995). It is notable that a South African XDR-TB was due 
to nosocomial transmission among HIV-positive patients 
(Gandhi et al., 2006), underscoring the fact that rapid recog-
nition and isolation of such patients is critical to preventing 
transmission (McGowan, 1995; Salomon et al., 1995; Turett 
et al., 1995).

7b.  Treatment of extrapulmonary 
tuberculosis

In general, extrapulmonary tuberculosis should be treated 
in the same way as pulmonary tuberculosis. The bactericidal 
drugs can be delivered to the kidneys, spine, peritoneum, 
pericardium, and meninges as easily as to the lung. In mili-
ary and meningeal disease, although lesions are numerous, 
they are easily penetrated by antituberculous drugs (Dutt 
and Stead, 1982).

Tuberculous meningitis is initially treated by isoniazid, 
rifampicin, pyrazinamide, and usually ethambutol, although 
a fluoroquinolone or ethionamide may be preferred to eth-
ambutol because of better CSF penetration (Donald, 2016). 
In patients unable to take oral medications, intravenous iso-
niazid, rifampicin, and fluoroquinolones are available, as are 
i.v. aminoglycosides and capreomycin. The duration of therapy 
required for meningeal tuberculosis is controversial, with 
the World Health Organization recommending the standard 
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6-month course (WHO, 2010) but other consensus guide-
lines advising an extended continuation phase to complete a 
total course of 12 months (ATS, 2003). Miliary tuberculosis 
in adults and children can be treated with a 6-month course 
of therapy (Hussey et al., 1991). Tuberculosis of bones and 
joints, including vertebral disease, was often treated with an 
extended continuation phase (Pouchot et al., 1988), but stan-
dard short-course chemotherapy has been shown to be effec-
tive (Dutt and Stead, 1989; Muradali et al., 1993; ATS, 2003). 
If tuberculosis involves a prosthetic joint, chemotherapy may 
need to be more prolonged and the prosthesis often has to be 
removed (Tokumoto et al., 1995).

7c.  Preventive treatment of tuberculosis

Isoniazid preventive therapy can be given to those with latent 
tuberculosis infection (LTBI) to prevent subsequent develop-
ment of active tuberculosis and is presumed to act by eradi-
cating the relatively small bacterial population present in 
latent disease. Isoniazid should be used as a single drug only 
for this purpose. This reduction in tuberculosis risk is life-
long, and IPT is a valuable tool in tuberculosis control in 
low-incidence countries where the risk of reinfection is neg-
ligible (WHO 2015b; Comstock et al., 1979; Hsu, 1984), but 
is rarely used in high-burden countries owing to resource 
limitations and the possibility of subsequent reinfection 
(FitzGerald, 1995). One concern regarding the use of isonia-
zid monotherapy for the eradication of latent M. tuberculosis 
is the potential for the development of drug resistance. A 
meta-analysis of 13 randomized control trials comparing 
IPT with placebo included approximately 18,000 patients in 
each group and found a relative risk for isoniazid resistance 
in cases of culture-positive tuberculosis that subsequently 
developed in the study cohorts of 1.45 (95% CI: 0.85–2.47) 
(Balcells et al., 2006). It is therefore critical to exclude active 
tuberculosis before IPT is commenced, because monother-
apy of active tuberculosis with isoniazid will predictably lead 
to the development of isoniazid-resistant disease.

In a meta-analysis that included 73,375 patients from 11 
randomized controlled trials, IPT resulted in a relative risk 
of developing active tuberculosis of 0.40 (95% CI: 0.31–0.52) 
(Smieja et al., 1999). The optimal duration is controversial. 
Periods of up to 12 months have previously been usual, and 
continuing IPT beyond 1 year provides no additional benefit. 
In one large trial no statistically significant difference between 
52-week and 26-week treatment groups was noted in the pri-
mary endpoint of tuberculosis diagnosis over a 5-year period 
by intention-to-treat analysis (IUAT 1982). 

However, if the analysis was restricted to only those patients 
who were compliant with the entire treatment course, the 
52-week group showed a statistically significantly greater 
reduction in tuberculosis over 5 years (93% reduction vs. 
69%). Comstock (1999) analyzed tuberculosis case rates as a 
function of IPT duration and concluded that the optimal pro-
tection is afforded by 9 months of IPT. Previous guidelines 
have recommended 6–9 months of isoniazid given daily or as 
a supervised intermittent regimen for LTBI, with 9 months 

preferred (ATS/CDC, 2000). However, no difference in the 
efficacy of 6-month and 9-month IPT was found in a subse-
quent network meta-analysis (Stagg et al., 2014), and recent 
guidelines have concluded that the regimens are equivalent 
(WHO 2015b). IPT given for 6–12 months is effective in 
HIV-infected patients with latent tuberculosis infection with 
an overall reduction in tuberculosis cases of 64% in TST pos-
itive patients (Akolo et al., 2010). In patients with HIV infec-
tion in tuberculosis endemic setting, either early ART or 6 
months of isoniazid preventive therapy independently reduced 
occurrence of tuberculosis and combining both therapies 
was maximally beneficial (Danel et al., 2015). The provision 
of continuous isoniazid preventive therapy to people with 
HIV infection living in areas of high tuberculosis incidence 
and ongoing transmission has been found to further reduce 
the risk of active tuberculosis (WHO 2015c; Den Boon et al., 
2016). Compared with 6 months of IPT, 36 months continu-
ous isoniazid reduced the risk of active tuberculosis in those 
with either a positive TST (relative risk [RR] = 0.62; 95% CI: 
0.42–0.89) or an unknown TST (RR = 0.51; 95% CI: 0.30–
0.86), and those with a positive TST also had a 50% reduc-
tion in mortality (RR = 0.50; 95% CI: 0.27–0.91) (Den Boon 
et al., 2016).

The risk of hepatotoxicity due to isoniazid, particularly 
in persons over 35 years of age (see section 6, Adverse reac-
tions and toxicity) and the poor take-up and adherence rates 
of IPT have resulted in controversy and conflicting views 
regarding the benefits and risk of isoniazid preventive ther-
apy for LTBI in certain groups (Comstock, 1981; Stead, 1981; 
Taylor et al., 1981). Nevertheless, targeted screening and IPT 
have been recommended in middle or high income coun-
tries where tuberculosis incidence is < 100/100000/year for 
various categories of persons identified as having LTBI on 
the basis of tuberculin skin test reactivity and/or interferon 
gamma release assay positivity, and in whom the risk of 
developing side effects is thought to be smaller than the risk 
of developing tuberculosis (WHO 2015b; Starke, 1989; Pape 
et al., 1993; Ad Hoc Committee, 1995; McAnulty et al., 1995; 
Menzies et al., 1995; Mohle-Boetani et al., 1995; ATS/CDC, 
2000). Groups with LTBI to whom IPT should be offered 
include household members and other close associates of 
potentially infectious tuberculosis cases (the risk of develop-
ing tuberculosis being greater in young children and adoles-
cents), newly infected persons (infected within the past 2 
years), persons with fibrosis on chest radiography consistent 
with previous tuberculosis not previously treated by ade-
quate chemotherapy, HIV-infected persons and other immu-
nosuppressed patients (silicosis, diabetes mellitus, prolonged 
therapy with corticosteroids or other immunosuppressive 
therapy including tumor necrosis factor antagonist or in 
whom solid-organ or haematological transplant is planned, 
some hematologic and reticuloendothelial diseases, such as 
leukemia or Hodgkin disease, chronic hemodialysis, associ-
ated substantial rapid weight loss or chronic undernutrition), 
and those under 35 years of age with none of the above risk 
factors. Screening for LTBI and IPT may also be considered 
for healthcare workers who commonly treat tuberculosis 
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patients. Although isoniazid can be given safely during preg-
nancy (see section 4c, Pregnancy and lactating mothers), 
preventive therapy is usually delayed until delivery unless 
the patient is likely to have been recently infected or other-
wise at high risk of progression. If given in pregnancy or 
up to 3 months postpartum, liver function test monitoring 
is recommended (WHO 2015b). There is no evidence of 
adverse effects of isoniazid on nursing infants. In resource- 
limited settings, people living wih HIV infection and chil- 
dren under 5 years old who are household or otherwise close 
contacts of people with tuberculosis should receive IPT 
(WHO 2015b).

A 3-month course of isoniazid in combination with rifa-
m picin is also effective for treatment of LTBI (BTS, 2000; 
WHO 2015b). Data suggest that this combination is of equiv-
alent effectiveness and safety to 6–9 months of isoniazid in 
both HIV-infected and -uninfected individuals (Whalen et 
al., 1997; Ena and Valls, 2005). Directly observed weekly 
dosing of isoniazid 900 mg combined with rifapentine 900 
mg (see Chapter 129, Rifapentine) for 12 doses was as effec-
tive as 9 months of daily self-administered isoniazid, had a 
higher therapy completion rate (82.1% vs. 69.0%; p < 0.001), 
and a lower rate of hepatotoxicity (0.4% vs. 2.7%; p < 0.001) 
(Sterling et al., 2011). Isoniazid in a dose of 10 mg/kg body 
weight (maximum 600 mg) and ethambutol 30 mg/kg (max-
imum 2000 mg) given three times per week to patients over 
the age of ten years for a period of 18 months was successful 
(Grzybowski et al., 1976; Dorken et al., 1984).

The use of IPT in patients infected with isoniazid-resistant 
organisms has resulted in failures (CDC, 1978; ATS, 2000) 
and so rifampicin for 4 months is recommended where iso-
niazid resistance is likely (Koplan and Farer, 1980; ATS/CDC, 
2000).

7d.  Treatment of other mycobacterial 
infections

Isoniazid has been included in regimens for the treatment of 
M. kansasii infections combined with rifampicin and etham-
butol (Pezzia et al., 1981), although regimens in which clari-
thromycin replaced isoniazid were also effective (Griffith, 
2002; Griffith et al., 2003). A study by Ahn et al. (1983) sug-
gested that chemotherapy for 12 months may be sufficient 
for initial treatment of pulmonary disease due to M. kansasii. 
Forty patients were given rifampicin, isoniazid, and etham-
butol daily for 12 months, supplemented by streptomycin 
twice weekly for the first 3 months; only one patient relapsed 
6 months after completing chemotherapy. The ATS currently 
recommends rifampicin plus isoniazid and ethambutol for 
12 months beyond the last positive sputum culture (Griffith 
et al., 2007). Pulmonary infections caused by M. xenopi have 
been treated with rifampicin, isoniazid, and ethambutol, 
although in one study the addition of isoniazid to rifampicin 
and ethambutol did not improve outcomes in HIV-negative 
patients (Jenkins and Campbell, 2003). Clarithromycin is 
now preferred to isoniazid in multidrug therapy for this dis-
ease (Griffith et al., 2007).

Isoniazid is also usually effective for the treatment of per-
sistent local infection, but for disseminated infection due 
to BCG vaccination in children with acquired or congenital 
immunodeficiency, multidrug therapy including isoniazid 
should be used (Talbot et al., 1997). Because of the possibility 
of low-level isoniazid resistance (see section 2a, Routine sus-
ceptibility), two agents other than isoniazid (such as rifampi-
cin and ethambutol or a fluoroquinolone) to which BCG is 
likely to be susceptible are suggested in patients who develop 
disseminated BCG disease after intravesical immunotherapy 
(Gonzalez et al., 2003; Watts et al., 2011). 
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1. DESCRIPTION

Ethambutol was discovered at Lederle Laboratories in 1961, 
when randomly selected synthetic compounds were being 
tested for antituberculosis activity. Chemically, it is dextro-2, 
2′-(ethylenediimino)-di-1-butanol dihydrochloride, and it 
has a high degree of activity against Mycobacterium tuberculo
sis (Thomas et al., 1961). The chemical formula of ethambutol 
dihydrochloride is C10H24N2O2. 2(HCl) and its molecular 
weight is 277.23; its molecular structure is shown in Figure 
124.1. Ethambutol is a useful drug for the treatment of tuber-
culosis and infections due to Mycobacterium avium complex 
and other nontuberculous mycobacteria. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

MYCOBACTERIUM TUBERCULOSIS COMPLEX

The MIC values of ethambutol tested against wild-type iso-
lates of M. tuberculosis range from 0.5 to 4 µg/ml (WHO, 
2006; Schon et al., 2009). Antimicrobial susceptibility testing 
of ethambutol is problematic, yielding poorly reproducible 
results due to methodological variation and because the cur-
rent critical concentration of 5 µg/ml (CLSI, 2011) splits the 
upper end of the wild-type MIC distribution (Angeby et al., 
2012; Schon et al., 2009). Lowering the critical concentration 
has been proposed to allow for the detection of low-level 
ethambutol resistance, although clinical significance of low-
level resistance has not been confirmed (Gumbo, 2015; 
Christianson et al., 2014). Ethambutol is often active against 

M. tuberculosis strains resistant to isoniazid and other anti-
tuberculosis drugs (Karlson, 1961; WHO, 2008). M. bovis is 
usually ethambutol sensitive (Dankner et al., 1993; Marianelli 
et al., 2015), including M. bovis bacille Calmette-Guérin (BCG) 
strains (Shishido et al., 2007; Ritz et al., 2009). Ethambutol has 
demonstrated synergy in combination with fluoroquino lones 
(Kaur and Khuller, 2001), isoniazid, and rifam picin in iso-
niazid-resistant (Rey-Jurado et al., 2012) and multidrug- 
resistant M. tuberculosis isolates (Rey-Jurado et al., 2013a), 
and levofloxacin and amikacin (Rey-Jurado et al., 2013b).

MYCOBACTERIUM AVIUM COMPLEX

Only 40–50% of M. avium complex (MAC) isolates are mod-
erately ethambutol sensitive (MICs 2.0–4.0 µg/ml). Others 
are resistant with MICs of 8.0 µg/ml or higher (Dutt and 
Stead, 1979; Hawkins et al., 1986; Heifets et al., 1986; Hors-
burgh et al., 1986; Inderlied et al., 1987; Hoffner et al., 1989; 
Kemper et al., 1994). However, for M. avium complex infec-
tions, ethambutol MIC values do not correlate with clinical 
response (Sison et al., 1996), and susceptibility testing is not 
recommended (CLSI, 2011). Ethambutol and rifampicin has 
in vitro synergistic activity against most M. avium complex 
isolates (Heifets, 1982; Banks and Jenkins, 1987; Hoffner et 
al., 1987; Yajko et al., 1988). Ethambutol, in combination 
with rifampicin, rifabutin, clarithromycin or azithromycin, 
ciprofloxacin, amikacin or streptomycin, in a two- or three-
drug regimen, exhibits synergistic activity against MAC 
both in vitro and in vivo (Etzkorn et al., 1986; Yajko et al., 
1988; Hoffner et al., 1989; Hoffner et al., 1990; Yajko et al., 
1991; Piersimoni et al., 1995; Yajko et al., 1996; Andrejak et 
al., 2015).

OTHER NONTUBERCULOUS MYCOBACTERIA

Mycobacterial species usually susceptible in vitro to etham-
butol include M. asiaticum (Blacklock et al., 1983; Grech et 
al., 2010), M. bohemicum (van Ingen et al., 2010), M. gor
donae (Weinberger et al., 1992), M. kansasii (Yates and 
Collins, 1981), M. marinum (Barrow and Hewitt, 1971; Sage 
and Derrington, 1973; Engbaek et al., 1980; Yates and Collins, Figure 124.1. Chemical structure of ethambutol. 
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1981; Aubry et al., 2000), M. shimoidei (Mayall et al., 1999), 
M. smegmatis (Wallace et al., 1988), M. szulgai (Tortoli et al., 
1995; van Ingen et al., 2008a; van Ingen et al., 2008b), and 
M. terrae (Smith et al., 2000). Synergy was found against 
M. kansasii for ethambutol and ciprofloxacin, rifampicin, or 
rifabutin (Hjelm et al., 1992) and against M. malmoense for 
ethambutol and ciprofloxacin, rifampicin, or amikacin (Hoff -
ner et al., 1993).

Other species often susceptible (25–50%) in vitro to 
etham butol include M. celatum (Piersimoni et al., 2003),  
M. mal moense (van Ingen et al., 2010), and M. xenopi (Simor 
et al., 1984; Tortoli and Simonetti, 1995; Andrejak et al., 
2013). Ethambutol and rifampicin has in vitro synergistic 
activity against the majority of M. malmoense isolates (Banks 
and Jenkins, 1987; Heifets, 1982; Hoffner et al., 1993). For M. 
xenopi, combinations of ethambutol with rifampicin (Banks 
and Jenkins, 1987), rifapentine, or moxifloxacin were bacte-
ricidal in vitro, and ethambutol and rifampicin with either 
clarithromycin or moxifloxacin showed significant bacteri-
cidal activity ex vivo (Andrejak et al. 2013) but synergy was 
not demonstrated by van Ingen et al. (2013). There is disparity 
within the M. simiae complex (van Ingen et al., 2010), with 
M. parascrofulaceum and M. triplex usually susceptible, M. len
tiflavum often susceptible to ethambutol (Saf dar and Han, 
2005), and M. simiae usually resistant (Weisz feiler et al., 1981; 
van Ingen et al., 2010). Ethambutol and rifampicin has demon-
strated synergy or additive action for M. simiae complex spe-
cies (M. lentiflavum, M. triplex, and M. parascrofulaceum) but 
not for M. simiae (van Ingen et al., 2012). Combination of 
ethambutol and clarithromycin was superior to ethambutol 
alone against M. simiae in a mouse model (Valero et al., 1994).

Mycobacterial species usually resistant to ethambutol in 
vitro include M. haemophilum (Bernard et al. 1993; Saubolle 
et al., 1996; Lindeboom et al., 2011) and M. ulcerans (Portaels 
et al., 1998). Rapidly growing mycobacteria pathogenic for 
humans (including the M. fortuitum group and the M. chelo
nae abscessus group) are usually resistant to ethambutol 
(Wallace et al., 1983; Brown-Elliott et al., 2012), except for 
the M. smegmatis group which is usually susceptible (Brown-
Elliott and Wallace, 2002). 

For in vitro drug susceptibilities of clinical nontubercu-
lous mycobacterial isolates (n = 2275; 49 species) see van 
Ingen et al. (2010) and also Tortoli (2014) for newly described 
Mycobacterium species.

2b.  Emerging resistance and 
cross-resistance

According to the World Health Organization/International 
Union Against Tuberculosis and Lung Disease (WHO/
IUATLD) Global Project on Antituberculosis Drug Resistance 
Surveillance, resistance to ethambutol occurs at the lowest 
rate of among the first-line antituberculosis drugs. Among 
new cases of tuberculosis, ethambutol resistance was less 
than 3% globally, with a range from < 3% in western Europe 
to 10% in eastern Europe. Among previously treated cases of 

tuberculosis, ethambutol resistance was about 10% globally, 
with a range from < 3% in Africa to 30% in eastern Europe 
(WHO, 2008). There are also reports of multidrug-resistant 
isolates of M. bovis (Schultsz et al., 1996; Blázquez et al., 1997).

Ethambutol-resistant M. tuberculosis strains can be read-
ily produced in vitro (Hobby and Lenert, 1972), and if used 
in the treatment of tuberculosis without an adequate com-
panion drug or drugs, resistant strains emerge in vivo (Crof-
ton, 1971). The frequency of mutations that confer resistance 
to ethambutol in M. tuberculosis is about 10–5. Ethambutol-
resistant strains of M. tuberculosis have cell wall changes 
which lead to altered permeability or transport of the drug 
into the bacterial cell (Sareen and Khuller, 1990).

Ethambutol resistance in M. tuberculosis involves the 
acquisition of mutations in multiple genes that interact in 
complex ways to determine the overall level of resistance to 
ethambutol (Safi et al., 2013). Resistance to ethambutol was 
first attributed to mutations in the embCAB operon (includ-
ing mutations in the embB gene, in particular codon 306, and 
also 406 and 497), which encodes for mycobacterial arab-
inofuranosyltransferases identified as targets of ethambutol 
(Sreevatsan et al., 1997; Telenti et al., 1997; Safi et al., 2008; 
Plinke et al., 2010). Ethambutol-resistant M. tuberculosis iso-
lates with embB mutations can have MIC values of 20–40 µg/
ml (Alcaide et al., 1997). However, mutations in embB306 can 
be found in up to 20% of ethambutol-susceptible M. tubercu
losis isolates (Ahmad et al., 2007; Lee et al., 2004). Mutations 
in embB306 may not necessarily be associated with resistance 
to ethambutol, but may have a predisposition to develop 
resistance to an increasing number of drugs, and to be trans-
mitted (Hazbón et al., 2005). Mutations in embB306 may be 
related to variable degrees of ethambutol resistance and may 
be necessary, but not sufficient, for high-level ethambutol 
resistance. Allelic exchange studies showed that individual 
mutations producing certain amino acid substitutions caused 
ethambutol resistance, while other amino acid substitutions 
had little or no effect on ethambutol resistance (Safi et al., 
2010). PCR-DNA sequencing, using multiple sites of the embB 
gene as detection targets (including embB 306, 406, and 497) 
is a rapid method for preliminary screening for ethambutol 
resistance, but it does not fully replace phenotypic drug sus-
ceptibility testing (DST) (Cheng et al., 2014). 

At least 30% of ethambutol-resistant strains do not con-
tain embB306 mutations (Sreevatsan et al., 1997; Plinke et  
al., 2010). Other mutations associated with low-level resis-
tance to ethambutol have been identified. Mutations in ubiA, 
encoded by Rv3806c, increase synthesis of decaprenyl- 
phosphoryl-beta-d-arabinose, a substrate of the EmbCAB 
enzymes (He et al., 2015; Safi et al., 2013), almost always 
occur in strains that also contain embB mutations (Lingaraju 
et al., 2016). Mutations in aftA, encoded by Rv3792, increase 
expression of embC. Stepwise acquisition of mutations, 
including embB, ubiA, and embC, leads to high-level etham-
butol resistance (Safi et al., 2013).

The mechanisms of intrinsic resistance to ethambutol in 
nontuberculous mycobacterial species are not well charac-
terized. Polymorphisms in the embB gene are associated with 
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intrinsic resistance to ethambutol in some mycobacteria (e.g. 
M. leprae, M. abscessus, M. chelonae) (Alcaide et al., 1997). 
The mycobacterial efflux pump LfrA may affect susceptibility 
to ethambutol (Rodrigues et al., 2011), but cannot com-
pletely explain high-level intrinsic resistance in some myco-
bacteria. The mycobacterial cell wall also represents an 
important factor affecting the activity of ethambutol (Brown-
Elliott et al., 2012). 

2c.  In vitro synergy and antagonism

Synergy has been demonstrated for the combination of etham-
butol and multiple antimycobacterial drugs with intracellular 
targets, including rifamycins, aminoglycosides, fluoroquino-
lones, and macrolides. The probable mechanism for syner-
gistic activity is increased cell permeability due to disruption 
of mycobacterial cell walls by ethambutol, allowing other 
drugs to enter mycobacterial cells (Hoffner et al., 1990; Deng 
et al., 1995). For a discussion of synergy for various Myco
bacterium species see section 2a, Routine susceptibility, and 
van Ingen et al. (2013).

The clinical implications of synergy testing in individual 
strains remain to be elucidated. Synergy of ethambutol and 
rifampicin is considered clinically important and informs 
clinical trials treatment guidelines (Research Committee 
British Thoracic Society, 2001). However, the effect of lack of 
synergy in some nontuberculous mycobacteria isolates on 
clinical outcome has not been well studied (van Ingen et al., 
2013). Resistance to previously synergistic combinations 
(including ethambutol and rifampicin) has arisen during 
therapy for disseminated MAC (Hoffner et al., 1994). The 
disappointing results of treatment with ethambutol, rifampi-
cin with or without macrolides for M. simiae disease (Griffith 
et al., 2007; van Ingen et al., 2008a) aligns with the lack of in 
vitro synergy (van Ingen et al., 2012).

3. MECHANISM OF DRUG ACTION

Ethambutol inhibits arabinofuranosyltransferase enzymes 
(encoded by the embCAB operon) that are involved in poly-
merizing arabinofuranosyl (Araf) residues from DPA into 
the arabinan components of mycobacterial cell wall arabino-
galactan and lipoarabinomannan (Takayama and Kilburn, 
1989; Silve et al., 1993; Mikusová et al., 1995; Khoo et al., 
1996; Safi et al., 2013) 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Ethambutol is administered by the oral route. It is available 
as 100- and 400-mg tablets.

4a.  Adults

Ethambutol is suitable for use in the treatment of tubercu-
losis in combination regimens given daily or intermittently 
(Hong Kong/BMRC, 1978; Hong Kong/BMRC, 1979; Hong 
Kong/BMRC, 1981; Tuberculosis Research/Madras, 1981; 
Hong Kong/BMRC, 1984). US tuberculosis treatment guide-
lines recommend doses of 15–20 mg/kg body weight for 
daily dosing, 25–30 mg/kg for three times weekly, and 35–50 
mg/kg for twice-weekly doses (Blumberg et al., 2003). Table 
124.1 lists recommended ethambutol dosages for adults, using 
whole tablets.

For pulmonary MAC disease, guidelines recommend eth-
ambutol 25 mg/kg three times weekly or 15 mg/kg daily. An 
initial 2 months of ethambutol at 25 mg/kg/day is no longer 
recommended (Griffith et al., 2007).

4b.  Newborn infants and children

Few reports have been published on the pharmacokinetics, 
pharmacodynamics, efficacy, and the resulting adequate dos-
age of ethambutol in children. The US guidelines recom-
mend 15–20 mg/kg (up to 1 g maximum) for daily dosing 
and 50 mg/kg (up to 4 g maximum) for twice-weekly use 
(Blumberg et al., 2003). The World Health Organization 
(WHO) guidelines (2010) recommend daily doses of 15–25 
mg/kg. However, clinical studies have demonstrated that 
compared to adult PK data, the recommended doses of eth-
ambutol may be inadequate for most children, and even 
higher dosages than currently recommended may be needed 
(Hiruy et al., 2015; Kwara et al., 2016; Mlotha et al., 2015).

Thee et al. (2007) reported two previously unpublished 
1971–1973 studies. In children aged less than 10 years, an 
oral dosage of 15–25 mg/kg ethambutol can lead to serum 
levels below the MIC for M. tuberculosis of 2 µg/ml, possibly 
due to differences in volume of distribution. A WHO review 
documented an almost total lack of ocular toxicity in children 
receiving ethambutol at doses from 15–30 mg/kg and recom-
mended that children of all ages can be given ethambutol in 

Table 124.1. Suggested ethambutol doses for treatment of tuberculosis, using whole tablets, for adults weighing 40–90 kg.

Weight (kg)a

40–55 56–75 76–90

Daily (mg/kg)  800 mg (14.5–20.0) 1200 mg (16.0–21.4) 1600 mgb (17.8–21.1)

Three times weekly (mg/kg) 1200 mg (21.8–30.0) 2000 mg (26.7–35.7) 2400 mgb (26.7–31.6)

Twice weekly (mg/kg) 2000 mg (36.4–50.0) 2800 mg (37.3–50.0) 4000 mgb (44.4–52.6)

aBased on estimated lean body weight.
bMaximum dose regardless of weight.
Source: Adapted with permission from Blumberg et al. (2003).
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daily doses of 20 mg/kg (range 15–25 mg/kg) and three times 
weekly intermittent doses of 30 mg/kg body weight without 
undue concern (WHO, 2006). 

4c.  Pregnant and lactating mothers

Ethambutol is recommended as a first-line agent for treat-
ing tuberculosis during pregnancy (along with isoniazid 
and rifampicin) (Snider et al., 1980; Blumberg et al., 2003). 
Ethambutol crosses the placenta to the fetus (Shneerson and 
Francis, 1979; Holdiness, 1984). In a woman who delivered 
at 38 weeks’ gestation, ethambutol concentrations in cord 
and maternal blood 30 hours after an 800-mg (15 mg/kg) dose 
were 4.1 and 5.5 ng/ml, respectively: a cord/maternal serum 
ratio of 0.75. The amniotic fluid ethambutol level was 9.5 ng/
ml (Shneerson and Francis, 1979). No animal teratology stud-
ies of ethambutol have been reported (Brost and Newman, 
1997). There is no increased incidence of fetal abnormalities 
following ethambutol treatment during pregnancy (Bobrowitz, 
1974a; Scheinhorn and Angelillo, 1977; Snider et al., 1980; 
Brock and Roach, 1981; Jana et al., 1994). Six aborted fetuses 
up to 12 weeks’ gestation of mothers who received ethambu-
tol were examined and showed no abnormalities, in particu-
lar no optic nerve maldevelopment (Lewit et al., 1974).

Ethambutol is excreted in breast milk in approximately a 
1:1 ratio in comparison with maternal serum (Snider and 
Powell, 1984; Tran and Montakantikul, 1998). Milk concen-
trations of ethambutol after an oral dose of 15 mg/kg during 
a 2-hour period were found to be similar to that found in 
maternal plasma. The dose of ethambutol to which the nurs-
ing infant can potentially be exposed to is about 0.69 mg/kg/
day (Tran and Montakantikul, 1998). There is no evidence 
that ethambutol use in breastfeeding women produces toxic 
effects in the infant (Snider, 1984); The American Academy 
of Pediatrics (American Academy of Pediatrics Committee 
on Drugs, 2001) considers it compatible with breastfeeding, 
and guidelines state that breastfeeding should not be dis-
couraged for women treated with first-line antituberculous 
agents, including ethambutol (Blumberg et al., 2003).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

As ethambutol is largely excreted via the kidneys (see section 
5d, Excretion), these patients need dosage reduction (Kovnat 
et al., 1973). The normal serum half-life of ethambutol of 
4 hours is doubled in end-stage renal disease (Bennett et al., 
1977). For patients with significant renal impairment (creat-
inine clearance < 30 ml/min), a longer interval between 
doses is recommended (e.g. 15–25 mg/kg three times a week 
for tuberculosis). There are insufficient data to guide dosing 
recommendations for patients with a reduced creatinine 
clearance, but where it is not < 30 ml/minute. In such 
patients, standard doses should be used, but measurement 
of serum concentrations should be considered to avoid toxi-
city (Blum berg et al., 2003).

Previously, it was reported that significant amounts of 
ethambutol were removed by hemodialysis and peritoneal 
dialysis, and low doses were recommended (Cheigh, 1977). 
However, using high-flux hemodialysis membranes and 
measuring drug recovery in the dialysate demonstrated that 
ethambutol is not significantly removed by hemodialysis 
(only 1.5% of an oral dose) (Malone et al., 1999). This sup-
ports recommendations of ethambutol doses of 15–25 mg/kg 
three times weekly for patients on hemodialysis (Ellard, 
1993; Blumberg et al., 2003), which should provide adequate 
Cmax and prevent accumulation of ethambutol (Malone et al., 
1999). However, all these dosage recommendations can only 
be approximate guides and serum level monitoring is sug-
gested to adjust the dosage of ethambutol if used in patients 
with renal failure (Varughese et al., 1986). There are minimal 
published data to provide guidance for dosing ethambutol  
in continuous renal replacement therapy. In one patient, 
extended dialysis removed a considerable amount of etham-
butol. After an initial dose as for patients without renal 
impairment (15 mg/kg/day), therapeutic drug monitoring 
should be used to guide ethambutol dosing in patients under-
going extended daily dialysis. (Strunk et al., 2016).

EXTRACORPOREAL MEMBRANE OXYGENATION 
(ECMO)

There was no detectable effect of ECMO on the removal of 
ethambutol in one patient (Strunk et al., 2016).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

There is no dosage adjustment recommended for patients 
with impaired hepatic function.

OBESE PATIENTS

Ethambutol systemic clearance increased and area under the 
concentration-time curve (AUC) decreased for obese patients 
compared to leaner patients, which has the potential to affect 
drug efficacy for obese patients (Hall et al., 2012). This would 
reduce chances of concentration-dependent toxicity, contra-
dicting the speculation of case series suggesting that obesity 
may increase the risk of optic neuropathy (Hasenbosch et al., 
2008; Alffenaar and Van Der Werf, 2010).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

In early human studies, serum concentrations of ethambutol 
were maximal “at about 2 hours” after dosing, and peak con-
centrations with daily doses of 50 and 25 mg/kg body weight 
were 10 and 5 µg/ml, respectively. Serum concentrations were 
proportional to dose, less than 10% of the dose was present 
in the serum after 24 hours, and there was no evidence of 
accumulation of the drug in the serum over more than 3 
months. Within 6 hours, 28% of an oral dose was excreted in 
the urine (Place and Thomas, 1963). A daily peak serum level 
of 5 µg/ml was shown to be highly effective in mice (Thomas 
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et al., 1961) and monkeys (Schmidt, 1966a). Schmidt (1966a) 
noted that the response in monkeys was “dose-related over 
daily intakes of 12.5 to 100 mg/kg” and that, when given in 
combination with isoniazid, serum ethambutol levels of 0.6 
to 2.0 µg/ml were “associated with optimal benefits.” 

More modern pharmacokinetic studies have confirmed 
the initial observations (Lee et al., 1977; Lee et al., 1980; 
Peloquin et al., 1999; Zhu et al., 2004). The tmax is somewhat 
delayed (2–4 hours) compared with other antituberculous 
drugs. Peak serum ethambutol concentrations in both chil-
dren and adults increase in relation to dose, but are signifi-
cantly lower in children than adults receiving the same mg/
kg body weight dose (WHO, 2006).

The pharmacokinetics of ethambutol is not significantly 
affected by food. (Saktiawati et al., 2016). Antacids reduce 
absorption, with a 28% decrease in Cmax and 10% decrease in 
AUC (Mattila et al., 1978; Peloquin et al., 1999). In patients 
with advanced HIV infection, ethambutol levels may be 
affected, with reduced Cmax and AUC (Gordon et al., 1993; 
Peloquin et al., 1996; Sahai et al., 1997; Jönsson et al., 2011; 
Mukherjee et al., 2015). HIV infection was associated with a 
15% reduction in bioavailability.

The serum protein binding of ethambutol is less than 10% 
(Bennett et al., 1977).

5b.  Drug distribution

Apart from the central nervous system, the tissue distribu-
tion of ethambutol is good; in several studies, tissue concen-
trations higher than serum or plasma levels have been found 
in both patient (Elliott et al., 1995) and animal models (Kelly 
et al., 1981; Liss et al., 1981). However, the concentration 
of ethambutol in abscess pus was considerably lower than in 
accompanying serum (Tuli et al., 1977; Kumar, 1992).

Ethambutol does not enter the cerebrospinal fluid (CSF) of 
patients with normal meninges (Place et al., 1969), although 
very low levels have been detected by some investigators 
(Pilheu et al., 1971). In patients with tuberculous meningitis, 
some ethambutol enters the CSF, and with a daily dose of 25 
mg/kg, CSF concentrations of 1–2 µg/ml have been reported 
(Place et al., 1969; Bobrowitz, 1972).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

During in vitro experiments, ethambutol was less bacteri-
cidal than isoniazid, rifampicin, and streptomycin (Dickinson 
et al., 1977), and did not appear to influence the bactericidal 
activity of either isoniazid or rifampicin when given with 
either of those drugs alone or in combination with both. 
However, as in clinical studies, more in vitro bactericidal 
activity can be demonstrated at higher concentrations (10 
µg/ml) and with longer exposure (Gangadharam et al., 1990).

During in vivo animal experiments, ethambutol alone 
failed to prevent disease progression and did not influence the 
bactericidal activity of isoniazid or rifampicin (Dickinson and 

Mitchison, 1976). This suggested that ethambutol, although 
unlikely to contribute to the sterilization of tuberculosis 
lesions, might assist in the prevention of drug resistance. The 
experimental findings have been confirmed by clinical expe-
rience (WHO, 2006).

In vitro, the bactericidal activity of ethambutol, unlike 
that of rifampicin or isoniazid, was the same at any concentra-
tion between 1.25 and 5 µg/ml (Hobby and Lenert, 1972; Jenne 
and Beggs, 1973). The duration of exposure was considered to 
be more important at than the actual concentration. Etham-
butol can induce a postantibiotic effect (PAE) with prolonged 
exposure time against M. tuberculosis (Dickinson et al., 
1968). Against M. avium complex, ethambutol demonstrates 
significant PAE in some combinations (e.g. with rifampicin 
plus isoniazid) (Fuursted, 1997), but not others (e.g. with 
clarithromycin) (Ellis et al., 1995) and not when used alone 
(Fuursted, 1997; Horgen et al., 1999).

Ethambutol has a clear dose-related efficacy that is best 
seen when given to adults alone or in combination with a 
single other drug; thus given together with isoniazid, a dose 
of 15 mg/kg gave better results than a dose of 6 mg/kg, and a 
dose of 25 mg/kg better results than 15 mg/kg (WHO, 2006). 
Ethambutol is not effective at daily doses of 12 mg/kg, so it 
appears that a Cmax/MIC of > 1 is required for at least part of 
each dosing interval (Radenbach, 1973).

The PK/PD parameter associated with optimal effect is 
AUC/MIC or Cmax/MIC in clinical studies (Chigutsa et al., 
2015) and in the hollow fiber system (HFS) model of tuber-
culosis (Gumbo et al., 2015). In an in vitro model of dissem-
inated MAC, the PK/PD parameter associated with optimal 
effect of ethambutol on intracellular M. avium was Cmax/
MIC, and ethambutol doses of ≥ 50 mg/kg twice a week may 
be more effective than 15 mg/kg daily, suggesting a consider-
able postantibiotic effect (Deshpande et al., 2010). This study 
also suggests that the breakpoints should be set lower, so that 
the critical concentrations would be 1–2 µg/ml. Maximal 
early bactericidal activity (EBA) for ethambutol was at ≥ 25 
mg/kg in clinical studies and human equivalent dose of ≥ 2 
mg/kg in the HFS model of tuberculosis (Jindani et al., 2003; 
Srivastava et al., 2010). In the setting of isoniazid resistance, 
ethambutol is expected to provide most of the EBA (pyrazin-
amide demonstrates no EBA, and the standard rifampicin 
dose has limited EBA) (Srivastava et al., 2010).

5d.  Excretion

Most of absorbed ethambutol (about 80%) is excreted via the 
kidneys as the active unchanged drug. This excretion occurs 
within 24 hours of administration (Place and Thomas, 1963) 
and high concentrations of the active drug are attained in 
urine. Some 8–15% of absorbed ethambutol is converted to 
various inactive metabolites and these are also excreted in 
the urine (Peets et al., 1965). The rate of ethambutol metabo-
lism is similar in all individuals and it is not altered after pro-
longed administration. Unabsorbed ethambutol, about 20% 
of an oral dose, is excreted unchanged in the feces.
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5e.  Drug interactions

Ethambutol has minimal drug–drug interactions. Etham-
butol (and its major metabolite EDA) inhibit human organic 
cation transporters in vitro, which suggests potential drug 
interactions with co-administered hOCT1 or hOCT3 sub-
strates (e.g. lamivudine or metformin) which need further 
in vivo pharmacokinetic studies (Pan et al., 2013). Patients 
receiving other drugs that can cause ocular toxicity (e.g. 
rifabutin) should be monitored carefully.

6. ADVERSE REACTIONS AND TOXICITY

In general, ethambutol is a well-tolerated drug, with the low-
est rate of serious side effects among the first-line antituber-
culous agents (Yee et al., 2003).

6a.  Ocular complications

The most serious potential adverse effect of ethambutol is 
optic neuritis, which may affect one or both eyes. There are 
two forms of retrobulbar neuritis: axial (central) and periax-
ial (peripheral) (Leibold, 1966). The central fibers of the 
optic nerve are most commonly affected, causing blurred 
vision, decreased visual acuity, central scotomas, and loss 
of  the ability to detect green and sometimes red. A more 
unusual form of ocular toxicity involves the peripheral fibers 
of the optic nerve, which is manifested by peripheral con-
striction of the visual fields, whereas visual acuity and color 
vision may not be affected. The fundus appears normal on 
opthalmoscopic examination because the optic neuritis is 
retrobulbar in both forms (Griffith et al., 2005). Autophagy 
dysregulation in retinal neuronal cells may play a significant 
role in EMB-induced optic neuroretinopathy (Huang et al., 
2015).

Ocular manifestations usually develop months after initi-
ation of treatment, but ocular symptoms occurring a few 
days after the onset of drug use have been reported (Schild 
and Fox, 1991).

In the majority of cases, the visual abnormalities resolve 
on cessation of ethambutol (Clarke et al., 1972; Tsai and 
Lee, 1997). Vision usually recovers gradually over weeks to 
months, though defective color vision may persist for a pro-
longed period (Lees et al., 1971). Occasionally, vision contin-
ues to deteriorate in the month or months after cessation  
of ethambutol and then improves in subsequent months 
(Kahana, 1987; Kumar et al., 1993). In rare cases, visual 
symp toms and objective visual abnormalities do not improve 
(Chatterjee et al., 1986; Kumar et al., 1993).

Ocular complications due to ethambutol appear to be 
dose-related (Leibold, 1966; Snider et al., 1984; WHO, 2006). 
The reported incidence of optic neuritis when ethambutol is 
taken for more than 2 months in the treatment of tuberculo-
sis is 18% in subjects receiving more than 35 mg/kg/day, 
5–6% with 25 mg/kg/day, and less than 1% with 15 mg/kg/
day (Griffith et al., 2005). Figure 124.2 illustrates the  
per centage of cases developing ocular toxicity in relation to 

ethambutol dose. In a recent Canadian series, only one of 
329 (0.3%) patients (total 1433 person-months) developed 
visual disturbance (Yee et al., 2003).

Ethambutol is cleared by the kidney, and the frequency of 
ocular toxicity is increased in patients with impaired renal 
function (Alvarez and Krop, 1993; Chen et al., 2012). How-
ever, no study has shown a relationship between serum levels 
(peak, trough, or area under the curve) and toxicity, although 
such a relationship is suspected to be present (Griffiths, 
2005). The total dose of ethambutol administered appears to 
have no relation to the frequency of these side effects (Adel, 
1969).

Current recommendations for monitoring patients with 
tuberculosis who receive ethambutol suggest that these 
patients should have baseline visual acuity and color discri-
mination testing and should be questioned regarding possi-
ble visual disturbances at each monthly visit. Monthly visual 
acuity and color vision discrimination testing is recommended 
for patients taking ethambutol doses of greater than 15–20 
mg/kg, patients receiving the drug for longer than 2 months, 
and patients with renal insufficiency. Patients should also be 
instructed to contact their physician immediately if there is 
any change in vision (Blumberg et al., 2003).

However, the efficacy of routine visual acuity and color 
vision discrimination monitoring for preventing ethambutol 
toxicity is not established. Girling (1982) did not consider 
that such tests are necessary during ethambutol administra-
tion. Others have suggested that baseline ophthalmologic tests 
should be performed before treatment is started (Leading 
article, 1973), and testing of visual fields, visual acuity, and 
color discrimination, every 6 weeks has been recommended 
by some.

In a meta-analysis, visual impairment occurred in 22.5/ 
1000 persons receiving ethambutol ≤ 27.5 mg/kg/day for up 

Figure 124.2. Ocular toxicity and dose of ethambutol.  
y = exp(–6.0599 + 0.l006*dose)/(l + exp(–6.0599 + 
0.l006*dose)). The broken lines represent the 95% confi-
dence interval limits. (From WHO, 2006.) 
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to 9 months, and permanent impairment in 2.3/1000, with 
the majority of episodes reversible, with resolution of impair-
ment after an average of 3 months (Ezer et al., 2013).

Ethambutol ocular toxicity occurs more frequently in the 
treatment of patients with MAC lung disease than in patients 
taking ethambutol for therapy for tuberculosis, probably  
due to the longer duration of exposure to ethambutol in 
MAC disease compared with tuberculosis, where ethambu-
tol is generally administered for not more than 2 months. 
The risk appears to be greater when ethambutol is given on a 
daily basis versus intermittent (three times weekly) adminis-
tration. In one study of 229 patients receiving ethambutol as 
part of MAC lung disease therapy, 6% of patients on daily 
therapy compared with 0% on three times weekly therapy 
developed ethambutol ocular toxicity (Griffith et al., 2005). 

In children, confirmed cases of ethambutol-induced ocu-
lar toxicity have not been reported, and ethambutol was 
stopped in only 2 of 3811 children (0.05%) receiving doses of 
15–30 mg/kg owing to poorly documented eye problems. 
However, alterations in visual function related to the use of 
ethambutol in young children may be underestimated and 
close monitoring using visual evoked potentials recordings 
has been suggested (Levy et al., 2015). The rarity of ethambu-
tol toxicity may be because of the considerably lower serum 
concentrations reached in children (Donald et al., 2006; WHO, 
2006). 

6b.  Peripheral neuritis

Monkeys treated with large doses of ethambutol had neuro-
logic symptoms and degenerative changes in the central 
nervous system, but peripheral nerves were not studied 
(Schmidt, 1966b). Donomae and Yamamoto (1966) reported 
7 of 187 patients who received ethambutol (2 who were also 
receiving isoniazid) had leg numbness. In an unpublished 
series collected by Lederle Laboratories of 1024 patients 
treated with ethambutol (dose range 10–19 mg/kg alternate 
days to 40 mg/kg daily), 15 had peripheral neuropathy, 4 of 
whom were receiving ethambutol alone (Tugwell and James, 
1972). Tugwell and James (1972) described three patients 
with peripheral neuropathy during ethambutol therapy. One 
patient was treated with high-dose ethambutol (50 mg/kg/
day) and also developed optic neuritis, but the other two 
patients received doses of less than 20 mg/kg/day. Two of 
these patients were also receiving isoniazid, but it appeared 
that isoniazid was not responsible for this complication, 
because the neuropathy only improved in all three patients 
when ethambutol was discontinued. Another case of periph-
eral neuropathy and optic neuropathy in a patient receiving 
ethambutol 20 mg/kg daily has been reported (Nair et al., 
1980).

6c.  Nephrotoxicity

Collier et al. (1976) described two cases of acute renal failure 
which developed during treatment with ethambutol and 

isoniazid (and rifampicin in one case), which resolved after 
cessation of ethambutol, and renal biopsies demonstrated 
interstitial nephritis. Two other cases of acute interstitial 
nephritis (one biopsy proven) with eosinophilia occurred on 
therapy with isoniazid and ethambutol, but renal function 
improved before the drugs were ceased (Stone et al., 1976). 
Another case of biopsy-proven interstitial nephritis (asso-
ciated with rash, fever, and eosinophilia) improved after 
 ceasing ethambutol (García-Martín et al., 1991). Kwon et 
al. (2004) described a patient who developed jaundice and 
 oliguric renal failure one day after commencing standard 
quadruple antituberculous therapy, which recurred after 
reintroducing ethambutol, and renal biopsy showed acute 
tubular necrosis.

6d.  Other side effects

Allergic reactions with ethambutol are rare. Hypersensitivity, 
manifested by fever, rash, hypotension, and liver dysfunc-
tion, attributable to ethambutol (Kerremans et al., 1981) and 
a successful desensitization protocol has been reported 
(Cernadas et al., 2013). Reports of skin reactions include 
erythema multiforme-type eruption with eosinophilia and 
liver dysfunction (Kurokawa et al., 2003), lichenoid eruption 
(Grossman et al., 1995), toxic epidermal necrolysis (Pegram 
et al., 1981; Chaudhary et al., 2011), and drug reaction with 
eosinophilia and systemic symptoms (Kim et al., 2013). 
There are reports of pneumonitis and eosinophilia after com-
mencement of ethambutol, isoniazid, and rifampicin, which 
recovered after ethambutol was ceased (Wong et al., 1995; 
Takami et al., 1997) and recurred with reintroduction of eth-
ambutol (Saha et al., 2013).

There are rare reports of hematologic abnormalities 
 associated with ethambutol, including thrombocytopenia 
(Rabino vitz et al., 1982; Prasad and Mukerji, 1989), neutro-
penia (Jen kins et al., 1980), neutropenia with eosinophilia 
(Wong and Yew, 1994; Kurokawa et al., 2003), and acute fatal 
autoimmune hemolytic anemia (Nicolini et al., 2016)

Elevated serum uric acid levels occur in about two-thirds 
of patients treated with ethambutol; generalized arthralgia 
and acute gout has been observed in association with hyper-
uricemia (Postlethwaite et al., 1972; Khanna et al., 1984). 
False-positive phentolamine tests for pheochromocytoma 
have been observed in patients receiving ethambutol, pre-
sumably because of some interaction between these sub-
stances (Gabriel, 1972).

Patients treated for pulmonary tuberculosis (n = 4629) had 
a higher risk of incident depressive disorder than matched 
controls, particularly in those with an ethambutol dose of 
more than 60 defined daily doses (Yen et al., 2015).

Ethambutol is not considered hepatotoxic (Tostmann et 
al., 2008), although there is one case of jaundice and cholesta-
sis (Gulliford et al., 1986). Indeed, ethambutol is recom-
mended for use in patients who develop hepatotoxicity after 
commencement of antituberculous therapy (Blumberg et al., 
2003; Saukkonen et al, (2006).
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7. CLINICAL USES OF THE DRUG

7a. Treatment of M. tuberculosis infection

The past and present roles of ethambutol in the treatment of 
tuberculosis are described elsewhere (see Chapter 123, Isonia-
zid). Originally, it was a first-line drug used in regimens 
combined with streptomycin and isoniazid for 18–24 months. 
Later, it was successfully used in shorter regimens of 12–18 
months.

Ethambutol is now a first-line drug for treating all forms 
of tuberculosis. Ethambutol is included in initial treatment 
regimens, primarily to prevent emergence of rifampicin 
resistance when primary resistance to isoniazid may be pres-
ent. The recommended initial treatment regimen for all 
adults with previously untreated tuberculosis is isoniazid, 
rifampicin, pyrazinamide, and ethambutol. If DST results are 
known and the M. tuberculosis isolate is susceptible to isoni-
azid and rifampicin, ethambutol may be omitted. Ethambutol 
can be ceased as soon as DST results have demonstrated that 
the isolate is susceptible to the other first-line agents (Blum-
berg et al., 2003). If isoniazid cannot be used or if there is 
isoniazid resistance, ethambutol should be continued with 
rifam picin for 6–12 months. If rifampicin cannot be used, 
ethambutol should be continued with isoniazid for a mini-
mum of 12–18 months (Bobrowitz, 1974b; Blumberg et al., 
2003). 

The WHO (2009) recommend continuing ethambutol 
throughout treatment in newly diagnosed patients with 
tuberculosis receiving the standardized 6-month regimen in 
settings with a high prevalence of initial isoniazid resistance 
but without access to routine DST. The WHO also suggest 
extension of treatment to 9 months in new cases with risk fac-
tors for relapse, and that ethambutol be given throughout the 
8 months of the standard retreatment regimen for patients 
who relapse after default or successful treatment. The ratio-
nale for adding ethambutol in both regimens is to prevent the 
emergence of multidrug-resistant tuberculosis (MDR-TB) in 
patients with unrecognized isoniazid resistance. However, 
this potential benefit has not been proven, and needs to be 
weighed against possible ethambutol toxicity (Ezer et al., 2013).

An inexpensive shortened regimen for MDR-TB devel-
oped in Bangladesh (Van Deun et al., 2010) including ≥ 9 
months of ethambutol (despite a high rate of phenotyoic 
resistance), gatifloxacin, clofazimine, and pyrazinamide, sup-
plemented by prothionamide, kanamycin, and high-dose 
isoniazid during an initial intensive phase of at least 4 months 
resulted in 88–89% relapse-free cure rates (Van Deun et al., 
2010; Piubello et al., 2014; Kuaban et al., 2006).

Ethambutol is also useful as part of combination therapy 
for patients with certain underlying conditions (e.g. severe 
liver disease), toxicity due to isoniazid or rifampicin (e.g. 
hepatotoxicity), and disease owing to suspected or proven 
resistance to antituberculosis drugs.

Ethambutol is generally not recommended for routine use 
in children whose visual acuity cannot be monitored. Etham - 

butol should be used if a child has “adult-type” (upper lobe 
infiltration, cavity formation) tuberculosis or disease that is 
suspected or proven to be caused by organisms that are resis-
tant to either isoniazid or rifampicin (Blumberg et al., 2003).

7b.  Treatment of latent tuberculosis 
infection

An intermittent regimen using isoniazid plus ethambutol has 
been used successfully for this purpose (American Thoracic 
Society, 2000). A combination of isoniazid, rifampicin, and 
ethambutol has also been suggested if it is suspected that the 
M. tuberculosis strain is isoniazid resistant (Steinberg et al., 
1988). Ethambutol plus pyrazinamide was recommended as 
an option for treatment of latent tuberculosis infection in 
contacts exposed to MDR-TB (MMWR, 2000). In one series, 
there was a high rate of hepatotoxicity (6 of 12 patients) lead-
ing to discontinuation, although the toxicity was probably 
related to pyrazinamide (Younossian et al., 2005).

7c.  Mycobacterium avium complex 
infections

Ethambutol and the macrolides, clarithromycin and azithro-
mycin, are the cornerstones of therapy for MAC infection. 
How ever, studies have failed to demonstrate a significant 
correlation between in vitro susceptibility to ethambutol and 
clinical response for MAC disease (Research Committee of 
the British Thoracic Society, 2001; Kobashi et al., 2006) and 
routine in vitro testing is not recommended (Brown-Elliott 
et al., 2012).

For pulmonary MAC disease, guidelines (Griffith et al., 
2007) recommend a three times weekly regimen of ethambu-
tol 25 mg/kg plus rifampicin and clarithromycin or azithro-
mycin for nodular bronchiectatic disease. For patients with 
severe nodular bronchiectatic disease or fibrocavitary MAC 
lung disease, a daily regimen of ethambutol 15 mg/kg plus 
rifampicin or rifabutin plus clarithromycin or azithromycin, 
with consideration given to adding amikacin or streptomy-
cin, is recommended. Ethambutol plus a macrolide alone 
may be adequate for nodular bronchiectatic MAC disease 
but should not be used in patients with fibrocavitary disease 
because of the risk of emergence of macrolide resistance. An 
initial 2 months of ethambutol at 25 mg/kg/day is no longer 
recommended. Patients should be treated until culture nega-
tive on therapy for 1 year. A study using ethambutol, clari-
thromycin, and clofazimine was well tolerated and effective, 
and prevented the emergence of MAC-resistant isolates (Field 
and Cowie, 2003). However, no control group of clarithro-
mycin and ethambutol (without clofazimine) was included 
for comparison (Griffith et al., 2003). 

Intermittent treatment using macrolide-containing regi-
mens has been shown to be comparable to daily regimens in 
pulmonary MAC disease but better tolerated in non-random-
ized studies (Wallace et al. 2014). In a retrospective cohort 



2354 Ethambutol

study in noncavitary nodular bronchiectatic MAC lung dis-
ease (n = 217), intermittent (three times weekly) therapy was 
noninferior to daily therapy, and ethambutol was more fre-
quently discontinued in the daily therapy group than in the 
intermittent therapy group (24 vs. 1%; p  ≤  0.001) (Jeong et 
al., 2014). In a pilot open-label study (n = 119), sputum cul-
ture conversion at 12 months with clarithromycin and eth-
ambutol was not inferior to clarithromycin, ethambutol, and 
rifampicin (40.6% vs. 55.0%) with less adverse effects (Miwa 
et al., 2014).

For disseminated MAC disease, an important opportu-
nistic infection in patients with advanced HIV/AIDS, rec-
ommended therapy is ethambutol (15 mg/kg/day) plus 
clarithromycin or azithromycin with or without rifabutin 
(Shafran et al., 1996; Gordin et al., 1999; Griffith et al., 2007). 
Therapy can be discontinued with resolution of symptoms 
and reconstitution of cell-mediated immune function (Bass, 
1986; Etzkorn et al., 1986; Schneebaum et al., 1987; Agins et 
al., 1989; Meduri and Stein, 1992; Heurlin and Petrini, 1993). 

Although antituberculous drugs have been tried in M. 
scrofulaceum infections, surgical excision of cervical lympha-
denitis is usually successful (Schaad et al., 1979; Woods and 
Washington, 1987).

7d.  Mycobacterium kansasii infection

Recommended therapy for M. kansasii pulmonary disease is 
ethambutol (15 mg/kg/day) plus isoniazid and rifampicin 
until sputum cultures are negative for 1 year. For M. kansasii 
isolates found to be rifampin resistant, susceptibility testing 
of ethambutol and other antimicrobials is recommended 
(CLSI, 2011). An ethambutol MIC of > 4 µg/ml indicates 
resistance in M. kansasii (CLSI, 2011). In a small study (n = 
14), a three-times-weekly regimen of ethambutol, clarithro-
mycin and rifampin until cultures are negative for 12 months 
was effective for M. kansasii lung disease (Griffith et al., 
2003), but this has not been studied in larger clinical trials. 
Resistance to ethambutol acquired on therapy may occur, 
but resistance is usually associated with resistance to rifam-
picin (Ahn et al., 1987; Research Committee, British Thoracic 
Society, 1994). For patients with rifampin-resistant M. kan
sasii infection, a three-drug regimen is recommended based 
on in vitro susceptibilities, including ethambutol, clarithro-
mycin or azithromycin, moxifloxacin, sulfamethoxazole, or 
streptomycin (Wolinsky, 1992; Wallace et al., 1994; Griffith et 
al., 2007).

7e.  Mycobacterium marinum infection

There have been no comparative trials of treatment regi-
mens for skin and soft-tissue infections due to M. marinum. 
Combination therapy with two active agents for 2 months 
after resolution of symptoms, typically 3–4 months in total, 
has been suggested (Aubry et al., 2002). Excellent outcomes 
have also been reported for the combination of clarithromycin 
and ethambutol and the combination of ethambutol and rifam-
picin (Wolinsky et al., 1972; Aubry et al., 2002; Lewis et al., 

2003). Clarithromycin and ethambutol are likely to provide 
the optimal balance of efficacy and tolerability for most 
patients, with the addition of rifampicin in cases of osteomy-
elitis or other deep structure infection. Surgical debridement 
may also be indicated, especially for disease involving the 
closed spaces of the hand and for disease that has failed to 
respond to standard therapy (Engbaek et al., 1980). An eth-
ambutol MIC of > 4 µg/ml indicates resistance in M. marinum, 
but routine drug susceptibility testing is not recom mended 
(CLSI, 2011).

7f.  Other nontuberculous  
Mycobacterium species

For many nontuberculous mycobacteria, in vivo drug response 
does not always parallel the in vitro response to many antimy-
cobacterial agents, including ethambutol (Heginbothom, 2001).

The first randomized trial of treatment of pulmonary 
nontuberculous mycobacterial infections compared etham-
butol plus rifampicin ± isoniazid in HIV-negative patients 
with pulmonary disease caused by MAC, M. malmoense, and 
M. xenopi (British Thoracic Society, 2001). The addition of 
isoniazid reduced treatment failure or relapse for MAC and 
there was a trend for M. xenopi, but there was no improve-
ment for treatment of M. malmoense, and it was associated 
with more deaths (British Thoracic Society, 2001). The results 
of standard susceptibility tests do not correlate with the  
bacteriological response of the disease to chemotherapy. 
Rifampicin and ethambutol, with or without isoniazid, cured 
only 42% of patients but were better tolerated than previ-
ously described more complex regimens of equal or lesser 
efficacy. Ethambutol and rifampicin is recommended for a 
duration of 24 months for M. malmoense infections, with 
ethambutol being considered the most important compo-
nent of the combination. However, susceptibility results 
do not correlate with clinical response to antimycobacterial 
therapy (Woods and Washington, 1987; Henriques et al., 
1994; Buchholz et al., 1998; Heginbothom, 2001; Research 
Committee, British Thoracic Society, 2003).

The optimal treatment for M. xenopi has not been estab-
lished. Clinical response may not correlate with in vitro sus-
ceptibility, which may relate to difficulty in susceptibility 
testing for this species (Andrejak et al., 2009; Brown-Elliott 
et al., 2012). The recommended cornerstone of therapy is a 
combination of ethambutol, clarithromycin, and rifampin, 
possibly with the addition of moxifloxacin, with or without 
an initial course of streptomycin (Griffith et al., 2007). It has 
been proposed that treatment is continued for 18–24 months 
to suppress the disease and prevent relapses (Bass and 
Hawkins, 1983; Wolinsky, 1992; Jenkins et al., 2003).

Ethambutol has been used in over 70% of reported cases 
of treatment of M. szulgai, and in vitro drug susceptibility 
results appear to correlate with clinical outcome (Tortoli et 
al., 1998). Patients with M. szulgai have been treated success-
fully with a combination regimen of ethambutol, rifampicin, 
and isoniazid with or without streptomycin for at least 18 
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months or for 12 months after sputum samples have become 
culture negative. Combination therapy allows sterilization of 
cultures within a mean of 3 months and has a low rate of 
relapses (Maloney et al., 1987).

There are no published clinical trials for the treatment of 
M. simiae complex disease (including M. simiae, M. triplex, 
M. genavense, M. heidelbergense, and M. lentiflavum). Treat-
ment with ethambutol, rifampicin with or without macro-
lides for M. simiae disease has been unsuccessful, and other 
regimens have been proposed (Griffith et al., 2007; van Ingen 
et al., 2008). Ethambutol has been used as part of combina-
tion therapy for infections with M. lentiflavum (Safdar and 
Han, 2005; Marshall et al., 2011), M. triplex (Piersimoni et 
al., 2004), and M. gena vense (Böttger, 1994). 

Ethambutol has been used successfully in combination 
therapy including rifampicin for pulmonary disease due to 
M. asiaticum, but in vitro drug susceptibility results may not 
correlate with clinical outcome (Blacklock et al., 1983; Taylor 
et al., 1990; Dawson et al., 1995; Grech et al., 2010).

Although the appropriate treatment of M. celatum pul-
monary disease has not been determined, success has been 
reported using combination therapy, including clarithromy-
cin and ethambutol (Piersimoni et al., 2003; Piersimoni and 
Scarparo, 2008).

The optimum antimicrobial therapy for M. terrae com-
plex has not been established, although a macrolide plus 
ethambutol or other agent based on in vitro susceptibility 
results has been suggested (Smith et al., 2000).

Ethambutol has also been used as part of combination 
therapy for infections with M. conspicuum (Springer et al., 
1995), M. gordonae (Weinberger et al., 1992), and M. shimoidei 
(Mayall et al., 1999), and other newly described Myco bac
terium species (Tortoli, 2014).
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Pyrazinamide

Grant Jenkin

1. DESCRIPTION

Pyrazinamide (pyrazine-2-carboxamide) is a first-line anti-
tuberculous agent critical to the success of short-course che-
motherapy of tuberculosis. It is a derivative of nicotinamide, 
first synthesized in 1952 and subsequently shown to possess 
a high degree of antituberculosis activity in man (Yeager et 
al., 1952). The activity of pyrazinamide is restricted to the 
Mycobacterium tuberculosis complex—all isolates of M. bovis 
are resistant. Pyrazinamide is available as a pure tablet in 
strengths of 150, 400, or 500 mg under multiple trade names 
and also as a part of fixed-drug combinations with rifampi-
cin and isoniazid. The chemical structure of pyrazinamide is 
shown in Figure 125.1.

Its mechanism of action is still not fully understood, 
but  pyrazinamide has a sterilizing action and treatment- 
shortening effect in vivo, probably related to bactericidal 
activity on semidormant persister M. tuberculosis within 
acidic microenvironments.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

MYCOBACTERIA

Pyrazinamide is active against M. tuberculosis in vitro only if 
tested at an acidic pH (Stottmeier et al., 1968) and is almost 
completely inactive at a neutral pH (Robson and Sullivan, 
1963). The minimum inhibitory concentration (MIC) against 
M. tuberculosis ranges from 6.2 to 50 µg/ml at pH 5.5 
(Salfinger and Heifets, 1988), and in a murine model pyra-
zinamide had some activity against M. tuberculosis infection 
if the MIC of the strain was 256 µg/ml or lower (Klemens et 
al., 1996). Bactericidal activity in vitro is demonstrable only 
in a model of semidormant M. tuberculosis (Heifets and 
Lindholm-Levy, 1990) but not in models of actively replicat-
ing log-phase M. tuberculosis at acid pH (Zhang and Mitchi-
son, 2003; Hu et al., 2006). In broth-based mycobacterial 
culture systems, a concentration of 100 µg/ml pyrazinamide 

at pH 6.0 is used to define resistance, and an MIC in broth of 
100–300 µg/ml has been characterized by some as interme-
diate resistance (Heifets, 1991). In vivo studies show that pyr-
azinamide has poor early bactericidal activity and a specific 
sterilizing action. Based on these observations it is postu-
lated that pyrazinamide acts on slowly replicating M. tuber
culosis within acidic niches in areas of inflammation or 
caseation, and therefore its activity wanes after inflammation 
subsides. Mycobacterium bovis and nontuberculous myco-
bacteria are resistant to pyrazinamide (Dankner et al., 1993).

2b.  Emerging resistance and 
cross-resistance

As with other antituberculosis drugs, resistance to pyrazin-
amide develops rapidly if it is used alone to treat human 
tuberculosis. Because resistance testing is difficult, and not 
routinely performed, global pyrazinamide resistance data are 
limited. Mono-resistance to pyrazinamide in clinical M. tuber
culosis strains was previously uncommon (Cheng et al., 2000), 
but some multidrug-resistant M. tuberculosis (MDR-TB) iso-
lates are now also resistant to this drug. An analysis of 62 stud-
ies that included data on 35,950 M. tuberculosis clinical isolates 
found that pyrazinamide resistance is common and globally 
distributed (Whitfield et al., 2015). The estimated global rate 
of pyrazinamide resistance was 16.2% (95% confidence inter-
val [CI]: 11.2–21.2) in all isolates, and 60.5% (52.3–68.6%) 
among MDR-TB isolates. The estimated global burden was 
1.4 million new pyrazinamide-resistant cases per year, includ-
ing 270,000 in MDR-TB patients (Whitfield et al., 2015).

Figure 125.1. Chemical structure of pyrazinamide. 
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3. MECHANISM OF DRUG ACTION

Pyrazinamide is a prodrug that is converted into the active 
form, pyrazinoic acid, within M. tuberculosis by the action of 
pyrazinamidase, a nicotinamidase encoded by the gene pncA 
(Scorpio and Zhang, 1996). Pyrazinoic acid accumulates 
intracellularly at acid pH, suggesting a possible mechanism 
for the particular activity of pyrazinamide within acidic envi-
ronments (Zhang et al., 2014). Mutations in the pncA gene 
of M. tuberculosis result in resistance to pyrazinamide, and 
many different mutations in pncA have been described, 
including in the upstream intergenic region (Scorpio et al., 
1997; Wade and Zhang, 2004). M. bovis is naturally resistant 
to pyrazinamide because all strains have a mutation in pncA. 
The absence of pyrazinamidase activity can be used to detect 
pyrazinamide resistance in M. tuberculosis (Morlock et al., 
2000). Strains of M. tuberculosis with a wild-type pncA 
sequence have been described that have phenotypically low-
level pyrazinamide resistance but retain pyrazinamidase 
activity, and efflux mechanisms are also thought to play a role 
in mediating such resistance (Cheng et al., 2000). 

The specific cellular target of pyrazinamide remains con-
troversial (Boshoff et al., 2002; Ngo et al., 2007; Zimhony et 
al., 2007). The accumulation of pyrazinoic acid causes intra-
cellular acidification and impairment of multiple vital cellu-
lar processes and the membrane potential necessary for 
energy generation by mycobacterial adenosine triphosphate 
(ATP) synthase (Scorpio et al., 2003; Zhang and Mitchison, 
2003; Zhang et al., 2003; Zhang et al., 2014). Pyrazinamide 
activity is potentiated by various factors that deplete micro-
bial energy production such as anaerobic environment, oxi-
dative stress and nutritional depletion, and by other inhibitors 
of energy production. Pyrazinamide demonstrates synergy 
with the newly developed antituberculous agent bedaquiline 
(see Chapter 138, Bedaquiline) which inhibits mycobacterial 
ATP synthase. 

Using a pyrazinoic acid analog, it was reported previously 
that pyrazinamide inhibited the mycobacterial fatty acid syn-
thase I (FAS-I) (Zimhony et al., 2000), an enzyme essential for 
mycobacterial survival. FAS-I is responsible for the synthesis 
of long-chain fatty acids from acetyl-CoA precursors that are 
then used as precursors for mycolic acid synthesis. Mycolic 
acids are an important component of the lipid-rich mycobac-
terial cell wall, and their synthesis is inhibited by isoniazid 
and ethionamide. However, subsequent studies have found 
the inhibition of FAS-I to be specific to the analog used, and 
not replicated with pyrazinoic acid (Zhang et al., 2014). 

More recent work has shown that pyrazinoic acid binds to 
the ribosomal protein S1 (RpsA) of M. tuberculosis, which is 
important in the process of trans-translation whereby stalled 
ribosomes are rescued and incomplete proteins degraded 
(Shi et al., 2011). This process is essential during stress con-
ditions such as hypoxia, starvation, and acid stress, offering 
another explanation for the potentiation of pyrazinamide 
activity by such conditions and in nonreplicating persist-
ers.  Strains of M. tuberculosis with low-level pyrazinamide 
resistance (MIC 200–300 µg/ml) and intact pyrazinamidase 

activity have been described that have mutations in the rpsA, 
and pyrazinoic acid (POA) shows reduced binding affinity 
for mutant RpsA (Shi et al., 2011). Mutations of the M. tuber
culosis panD gene which encodes a precursor of pantothen-
ate and CoA synthesis essential in energy production and 
fatty acid synthesis have also been associated with pyrazin-
amide resistance, suggesting that PanD may also be a target 
of pyrazinamide (Zhang et al., 2013). 

Pyrazinamide has also been reported to down-regulate the 
release of pro-inflammatory cytokines from M. tuberculosis–
infected human monocytes in vitro independent of its anti-
mycobacterial activity, although the clinical significance of 
this is uncertain (Manca et al., 2013).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Pyrazinamide is administered by the oral route in a single 
daily dose of 25 (20–30) mg/kg body weight up to 2 g orally 
(Corbella et al., 1995; Nahid et al., 2016). Pyrazinamide has a 
long serum half-life of 9–10 hours and is suitable for inter-
mittent therapy of tuberculosis. The recommended dosages 
are 35 (30–40) mg/kg three times per week or 50 (40–60) 
mg/kg twice weekly (Girling, 1982; WHO, 2003). Common 
adult regimens given as a single dose in clinical trials are 2.0 
or 2.5 g three times per week and 3.0 or 3.5 g twice weekly, 
with the higher dose being used for patients weighing more 
than 50 kg (Hong Kong/BMRC, 1979).

4b.  Newborn infants and children

The recommended weight-adjusted dosing in children is 35 
(30–40) mg/kg daily or 50 (40–60) mg/kg for twice-weekly 
dosing (Nahid et al., 2016; WHO, 2003).

4c.  Pregnant and lactating mothers

Pyrazinamide is a pregnancy category C agent. Current US 
guidelines state that pyrazinamide may be included in the 
treatment of tuberculosis in pregnancy when the benefit out-
weighs possible risks (Nahid et al., 2016). The World Health 
Organization recommends that it be used in combination with 
isoniazid, rifampicin, and ethambutol in pregnancy given the 
lack of data for teratogenic effects and the relative benefit of 
a 6-  versus 9-month treatment regimen in ensuring treatment 
compliance (WHO, 2010). Levels of pyrazinamide in breast 
milk appear to be minimal; thus breastfeeding is acceptable 
while taking this agent (Nahid et al., 2016; Holdiness, 1984). 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

As very little pyrazinamide is excreted as such via the kidney 
(see section 5d, Excretion), the drug can probably be given 
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in the normal dosage to patients with mild to moderate renal 
impairment. In patients with renal failure receiving dialysis, 
the pyrazinamide metabolite pyrazinoic acid has been shown 
to accumulate (Stamatakis et al., 1988) and may contribute 
to toxicity. Pyrazinamide is removed by dialysis (Malone et 
al., 1999), and a supplement may be required after dialysis. In 
patients with severe renal impairment, thrice-weekly pyra-
zinamide 25–30 mg/kg (given after dialysis in patients on 
hemodialysis) is therefore recommended (ATS, 2003).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Pyrazinamide is metabolized in the liver, and accumulation 
of the drug and its metabolite pyrazinoic acid occurs in 
patients with hepatic impairment with an increase in the 
half-life of pyrazinamide to 15 hours (Lacroix et al., 1990). 
Dose reduction is therefore required in the setting of liver 
impairment. As pyrazinamide hepatotoxicity is increased  
in the setting of prior liver disease and is dose related, its  
use should be avoided in patients with significant liver dis-
eases unless the use of pyrazinamide is considered essential, 
such as in the treatment of MDR-TB (Saukkonen et al., 
2006). In such instances, close biochemical monitoring of 
liver function including indices of hepatic synthetic function 
is recommended.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Pyrazinamide is rapidly and completely absorbed from the 
gastrointestinal tract. In adults, the peak serum levels occur 
within 2 hours and are proportional to the dose used over a 
range of 0.5–3.0 g of pyrazinamide (Ellard, 1969; McIlleron 
et al., 2006). Pharmacokinetic studies showed a median max-
imum concentration of 28.80 µg/ml after a 1.5-g (20 mg/kg) 
dose (Peloquin et al., 1997) and 49.6 µg/ml after a dose of 
35.7 mg/kg (McIlleron et al., 2006). The serum half-life is 
9–10 hours. If pyrazinamide is given in a dosage of 0.5 g 
three times daily, a serum concentration of 5 µg/ml is main-
tained for about 90% of the time, but a level of 20 µg/ml 
is only briefly reached. When a dose of 3.0 g is given every 
second day, serum levels of ≥ 30 µg/ml are maintained for 
7  hours, but a level of 5 µg/ml is present for only about 
23 hours. The relationship between dose and the maximum 
serum pyrazinamide concentration is linear across different 
doses ranges and is not different between adults and chil-
dren, suggesting that children and adults can receive the 
same mg/kg weight–based dose of pyrazinamide (Donald 
et  al., 2012; Roy et al., 1999). In 100 patients with smear- 
positive tuberculosis in Tanzania, 50% of whom were HIV 
co-infected, pyrazinamide pharmacokinetics were not influ-
enced by age, sex, HIV status, CD4 count, or nutritional sta-
tus (Denti et al., 2015). Pyrazinamide clearance increased by 
16.3% after 2 weeks of antituberculous treatment in this 
study but the mechanism of this change and its significance 
are both unknown (Denti, 2015). Pyrazinamide plasma pro- 

tein binding in humans is approximately 10% (Budha et al., 
2008).

5b.  Drug distribution

Animal studies have shown that tissue concentrations of 
15–20 µg/g may be attained in the liver, lungs, and kidneys, 
but concentrations reached in other tissues, such as the spleen, 
bone marrow, and skeletal muscle, are much less (Budha et 
al., 2008). Pyrazinamide enters macrophages and probably 
has bactericidal activity against intracellular bacteria within 
the acidic phagolysosome (Stottmeier et al., 1968). A pyra-
zinamide concentration of 15 µg/g in lung tissue was demon-
strated in one patient treated for pulmonary tuberculosis 
(Stottmeier et al., 1968).

Pyrazinamide freely enters the cerebrospinal fluid (CSF) 
in patients with tuberculous meningitis; peak CSF concen-
trations 1.5–2.5 hours after each dose averaged 50 µg/ml, 
which was identical to or even higher than the simultaneous 
serum concentration (Forgan-Smith et al., 1973; Ellard et al., 
1987; Donald and Seifart, 1988).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

A postantibiotic effect of 5–9 days for pyrazinamide has been 
reported, but is dependent on the pH of the culture and the 
growth rate of the culture (Dickinson and Mitchison, 1970) 
and so has not been detected in all studies (Chan et al., 2001). 
The effectiveness of intermittent pyrazinamide in the treat-
ment of tuberculosis suggests that this effect is significant in 
vivo. Currently there are few data to correlate the pharmaco-
kinetic and pharmacodynamic features of pyrazinamide with 
its bactericidal and sterilizing activity (Budha et al., 2008). 
Pyrazinamide demonstrates synergy in a mouse model in 
combination with bedaquiline (Ibrahim et al., 2007). The 
combination of pyrazinamide and pretomanid (see Chapter 
139, Delamanid and pretomanid) demonstrated synergistic 
bactericidal activity in the mouse TB model (Tasneen et al., 
2008), equivalent to standard antituberculous therapy con-
taining rifampicin, isoniazid, and pyrazinamide.

5d.  Excretion

About 4% of administered pyrazinamide is excreted as such 
in the urine and 30–41% as pyrazinoic acid (Ellard, 1969; 
Ellard and Haslam, 1976). Urinary concentrations of pyra-
zinamide, similar to serum levels, reach a peak in about 2 
hours, then fall exponentially from 3 to 48 hours after a dose. 
The half-life of the drug in the urine is about 9 hours. The 
ratio of urinary to serum concentrations of pyrazinamide 
after a single dose is fairly constant; after a dose of 1.5 g, uri-
nary concentrations are about 44% higher, and after 3.0 g 
about 85% higher. Approximately 98% of pyrazinamide fil-
tered by the kidneys is reabsorbed but very little pyrazinoic 
acid appears to be reabsorbed. Urinary levels of pyrazinoic 
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acid after a single dose of pyrazinamide reach a maximum 
after about 12 hours and fall exponentially from 16 to 50 hours.

Animal experiments suggest that pyrazinamide may also 
be excreted and concentrated in the bile (Stottmeier et al., 
1968). Pyrazinamide is metabolized to pyrazinoic acid by the 
hepatic microsomal enzyme pyrazinamide deamidase, and 
pyrazinoic acid is further metabolized to 5-hydroxypyrazinoic 
acid by xanthine oxidase. The failure to recover the whole 
of  an administered dose of pyrazinamide from the urine 
suggests that there may be other metabolites (Ellard and 
Haslam, 1976). Pyrazinamide accumulates in jaundiced 
patients receiving the usual doses (Stottmeier et al., 1968; 
McIlleron et al., 2006).

5e.  Drug interactions

The co-administration of pyrazinamide and rifampicin results 
in slightly lower serum levels of rifampicin, but this is not 
important clinically (Jain et al., 1993).

Co-administration of pyrazinamide and probenecid 
results in prolongation of the half-life of probenecid, and its 
uricosuric action tends to be prolonged (Yü et al., 1977; see 
section 6, Adverse reactions and toxicity).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Hepatotoxicity

This is the most important toxic effect of this drug. Hepa-
totoxicity first became evident in the United States when pyr-
azinamide was used as a first-line drug for tuberculosis in the 
1950s (McDermott et al., 1954). In these early studies a high 
dosage of 40–50 mg/kg body weight per day was used. 
Results of a United States Public Health Service Trial (1959) 
indicated that hepatotoxicity was related to the use of such 
high dosage. When pyrazinamide was used in later studies in 
a moderate daily dosage of 20–30 mg/kg body weight, hepatic 
toxicity was not considered a major problem (Girling, 1978). 
Moreover, even when pyrazinamide was used in high dosage 
in intermittent regimens (maximum of 90 mg/kg weekly) 
combined with streptomycin or streptomycin plus isoniazid, 
hepatotoxicity was uncommon.

Several recent studies have, however, again demonstrated 
significant hepatotoxicity associated with the use of pyrazin-
amide in regimens for the treatment of both active and latent 
tuberculosis. A retrospective review of adverse drug reac-
tions associated with standard short-course chemotherapy 
found that pyrazinamide was more likely than isoniazid to 
cause hepatitis (isoniazid: 0.18% per person-month [95% CI: 
0.14–0.22] vs. pyrazinamide: 0.52% [95% CI: 0.45–0.59]) 
(Yee et al., 2003). Shu et al. (2013) retrospectively reviewed 
926 Taiwanese adults treated for pulmonary tuberculosis 
and estimated the rate of hepatotoxicity at 0.59 and 3.71 per 
100 patient-months on treatment for isoniazid and pyrazin-
amide, respectively. An increase in aspartate aminotransfer-
ase (AST) or alanine aminotransferase (ALT) levels to greater 
than four times normal occurred in 6 of 12 (50%) patients 

who received pyrazinamide in combination with ethambutol 
for treatment of presumed multidrug-resistant latent TB 
infection, although in three of these patients the hepatotox-
icity developed after 6 months of therapy (Younossian et al., 
2005). Nine of 22 (41%) patients treated with levofloxacin 
and pyrazinamide developed significant hepatotoxicity attribu-
table to pyrazinamide (Ridzon et al., 1997). Pyrazinamide in 
combination with rifampicin for 2 months for the treatment 
of latent TB infection is effective but has been associated with 
a significantly higher rate of moderate to severe liver toxicity 
compared with isoniazid chemoprophylaxis (odds ratio 8.46 
[95% CI: 1.9–76.5]). Passive surveillance estimated inci-
dences of severe liver toxicity requiring hospitalization and 
death of 3.0 and 0.9/1000 treatment initiations respectively, 
and the regimen is no longer recommended for treatment of 
latent disease (CDC, 2003).

Routine liver function tests during antituberculosis ther-
apy are generally not advised unless the patient has pre- 
existing liver disease or other risk factors for drug-induced 
liver damage because transient and symptomless increases in 
transaminases are common and often resolve. Guidelines for 
the management of drug-induced hepatitis during therapy 
have been published (Joint Committee BTS, 1998; Saukkonen 
et al., 2006). In patients in whom cessation of antituberculo-
sis drugs is necessary because of severe liver toxicity while on 
pyrazinamide during the initial phase of treatment for active 
tuberculosis, a stepwise reintroduction of antituberculous 
drugs is recommended. In those patients who tolerate the 
reintroduction of rifampicin and isoniazid, rechallenge with 
pyrazinamide is unnecessary and treatment should be extended 
to a minimum of 9 months, with or without additional non-
hepatotoxic antituberculous medications such as ethambu-
tol or a fluoroquinolone (Saukkonen et al., 2006; Tostmann 
et  al., 2007). Pyrazinamide hepatotoxicity is a dose-related 
toxic effect (Girling, 1978) and has also been correlated with 
the urine levels of the pyrazinamide metabolic products  
pyrazinoic acid and 5-hydroxypyrazinoic acid in tuberculo-
sis patients, and inversely correlated with unchanged uri- 
nary pyrazinamide levels, suggesting that hepatotoxicity is 
increased by accelerated metabolism of pyrazinamide (Shih 
et al., 2013). Corbella et al. (1995) reported a patient with 
pyrazinamide-induced hepatitis in whom rechallenge data 
suggested a hypersensitivity mechanism.

6b.  Hyperuricemia

Cullen et al. (1956) observed that the serum uric acid was 
elevated in patients receiving pyrazinamide and some of 
these patients developed clinical gout. The hyperuricemic 
effect of pyrazinamide has been confirmed by numerous 
studies. Acute gouty arthritis has only rarely been observed 
in association with pyrazinamide therapy except in those 
with pre-existing gout. Pyrazinamide suppresses the urinary 
excretion of uric acid by attenuating its tubular secretion, 
and this is mediated by its metabolite, pyrazinoic acid 
(Guttman et al., 1969). After a 3-g dose of pyrazinamide the 
urinary excretion of uric acid is maximally suppressed for 24 
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hours and partially reduced for a further 24 hours (Ellard 
and Haslam, 1976). Sarma et al. (1983) showed that after a 
dose of pyrazinamide the renal excretion of uric acid at 5 
hours was less than 40% of the pre-drug administration 
value, and it returned nearly to pretreatment levels at 24 
hours. They also observed that rifampicin enhanced the 
renal excretion of uric acid, both in the presence and in the 
absence of pyrazinamide, and also that of pyrazinoic acid. 
It  was postulated that this effect of rifampicin leads to a 
decrease in the deposition of uric acid in joints and thereby a 
lower incidence of arthralgia. Rifampicin did not affect serum 
uric acid levels, presumably because these were already satu-
rated by the effect of pyrazinamide and would continue to 
be maintained by mobilization of uric acid from the tissues 
despite the uricosuric effect of rifampicin. This effect of 
rifampicin may be due to inhibition of tubular reabsorption 
of uric acid and pyrazinoic acid.

A number of complex interactions occur when pyrazina-
mide and probenecid are given to patients with gout (Yü et 
al., 1977). Pretreatment with pyrazinamide results in prolon-
gation of the half-life of probenecid. As the rate of probene-
cid metabolism is decreased, its uricosuric action tends to be 
prolonged and the effect of pyrazinamide is lessened. After 
probenecid-induced uricosuria, pyrazinamide has a greater 
effect in suppressing urate excretion; this may be because it 
lessens the capacity of probenecid to inhibit tubular urate reab-
sorption while it continues to exert an inhibition on tubular 
urate secretion. When pyrazinamide and probenecid are 
co-administered, urinary excretion of urate depends on the rel-
ative doses and the times at which the drugs are administered.

6c.  Polyarthralgia

In the earliest report on the use of pyrazinamide in pulmo-
nary tuberculosis, Yeager et al. (1952) noted the occurrence 
of pain and restricted joint movement without evidence of 
arthritis in a quarter of patients treated. Arthralgia has 
occurred with varying frequency among patients receiving 
pyrazinamide in antituberculous regimens. Some studies 
have shown that arthralgia is more common when the drug 
is given daily than when given intermittently (Hong Kong/
BMRC, 1976; Hong Kong/BMRC, 1978). In short-course regi-
mens using pyrazinamide, only a small percentage of patients 
developed arthralgia, though the percentage may be higher 
among patients treated in India (Tuberculosis Research 
Centre, 1983). In a trial comparing isoniazid with rifampicin 
plus pyrazinamide for treatment of latent tuberculosis, the 
occurrence of arthralgia was not different in the two groups 
(Jasmer et al., 2002). One study suggested that the patients 
who develop arthralgia had higher serum uric acid concentra-
tions than those who do not (Hong Kong/BMRC, 1976); this 
was not confirmed by others (Jenner et al., 1981), and the  
arthralgia that occurs differs from gout in a number of respects. 
The joints most frequently affected by pyrazinamide arthralgia 
are the shoulders, knees, and fingers; symptoms and signs are 
mild and arthralgia is usually self-limiting; non-steroidal anti- 
inflammatory agents have a small beneficial effect but not 

allopurinol (Horsfall et al., 1979). Some clinical trials have sug-
gested that in short-course regimens for pulmonary tuberculo-
sis containing pyrazinamide the incidence of arthralgia was 
appreciably less in patients who also received rifampicin than 
in those who did not (Sarma et al., 1983). However, other stud-
ies in Hong Kong and Singapore suggest that the incidence of 
arthralgia with regimens containing pyrazinamide is unin-
fluenced by rifampicin administration (Jenner et al., 1981).

6d.  Gastrointestinal side effects

Anorexia and nausea, and less commonly vomiting, may occur 
in the absence of hepatotoxicity, but liver function tests 
should be performed in these circumstances.

6e.  Hypersensitivity reactions

Cutaneous hypersensitivity reactions and photosensitivity 
are rare, but pyrazinamide may cause flushing (Girling, 1982). 
Skin rashes were more commonly associated with pyrazin-
amide (0.60 events per month of therapy; 95% CI: 0.52–0.68) 
than either rifampicin (0.30; 0.25–0.35) or isoniazid (0.15; 
0.11–0.18) in one retrospective study (Yee et al., 2003). One 
case of drug fever has been reported (Fattinger et al., 2000).

6f.  Other side effects

Rarely, pyrazinamide has caused thrombocytopenia (Jain et 
al., 1988) and one 2-year-old boy developed convulsions that 
appeared to be caused by the drug (Herlevsen et al., 1987).

7. CLINICAL USES OF THE DRUG

7a.  Treatment of active tuberculosis

Previously, because of fear of its hepatotoxicity, pyrazin-
amide was not regarded as a first-line drug (McDermott et 
al., 1954; Zorini et al., 1958), and it was relegated to the posi-
tion of a reserve agent for the retreatment of tuberculosis due 
to resistant strains (Horsfall, 1972). As a result of many later 
clinical trials, pyrazinamide is now accepted as an essential 
part of the standard short-course treatment of tuberculosis. 
Its unusual sterilizing action allows treatment duration to be 
shortened from 9 months to 6 months (Nahid et al., 2016). 
Pyrazinamide has been particularly effective in short-course 
regimens for the treatment of tuberculosis, in which it can be 
given either daily or intermittently. It is usually given for the 
first 2 months together with at least isoniazid and rifampicin, 
and the latter two drugs are then continued alone for a fur-
ther 4 months. No additional benefit is found by increasing 
the treatment duration with pyrazinamide beyond 2 months 
(Hong Kong/BMRC, 1991).

Pyrazinamide is also used for longer periods in regimens 
to treat patients with drug-resistant M. tuberculosis strains 
that retain sensitivity to pyrazinamide. In the case of isoniazid 
resistance, pyrazinamide should be continued with rifampi-
cin and ethambutol for 6–9 months.
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In the case of proven or suspected multidrug-resistant or 
extended drug-resistant tuberculosis, pyrazinamide should 
be continued throughout the duration of therapy—that is, 
for 18–24 months after culture conversion (WHO, 2003).

Pyrazinamide combined with pretomanid and moxifloxa-
cin (PaMZ) demonstrated potent 14-day early bactericidal 
activity, superior to standard four-drug antituberculous 
therapy (Diacon et al., 2012). In a phase IIb study of 181 
patients with drug-susceptible tuberculosis, the combination 
(in one of the experimental arms that included the highest 
pretomanid dose) showed greater bactericidal activity than 
standard four-drug antituberculous therapy over 8 weeks 
(Dawson et al., 2015), and both pretomanid dose arms showed 
shorter time to culture conversion (28 days) compared to 
standard therapy (35 days). In this study, 29 patients with 
MDR-TB were included, and the activity of the PaMZ com-
bination in this group was equivalent to that of standard 
four-drug antituberculous therapy for susceptible TB if the 
MDR isolate was pyrazinamide susceptible, suggesting that 
PaMZ may be suitable for short-course MDR therapy (Daw-
son et al., 2015).

7b.  Preventive treatment of tuberculosis

The combination of daily or twice-weekly rifampicin and 
pyrazinamide given for 2 months was initially shown to have 
equivalent efficacy as daily or twice-weekly isoniazid given 
for 6–12 months in HIV-infected adults (Halsey et al., 1998; 
Gordin et al., 2000) and the regimen was recommended as 
a short-course alternative to isoniazid (ATS/CDC, 2000) for 
HIV-infected and uninfected persons. However, subsequent 
reports found excessive hepatotoxicity with this treatment 
regimen (see 6, Adverse reactions and toxicity), particularly 
in HIV uninfected patients (Gordin et al., 2004), and it is no 
longer generally recommended (CDC, 2003).

Pyrazinamide administered with either a quinolone or 
ethambutol for 6–12 months has been used for preventive 
therapy in those patients suspected of being latently infected 
with MDR-TB strains (ATS/CDC, 2000). However, the use of 
pyrazinamide combined with either ofloxacin (Horn et al., 
1994; Ridzon et al., 1997; Papastavros et al., 2002) or etham-
butol (Younossian et al., 2005) causes significant adverse 
events requiring cessation of therapy in 58–100% of recipi-
ents. Whether other quinolones such as moxifloxacin would 
be better tolerated in combination with pyrazinamide is 
unknown, and no clear evidence-based guidelines have 
emerged (WHO 2015; Langendam et al., 2013). Such preven-
tive therapy with pyrazinamide should not be undertaken in 
those with underlying liver disease and if commenced, regu-
lar biochemical monitoring of liver function test has been 
recommended (Younossian et al., 2005).
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1. DESCRIPTION

In 1957, a new class of antibiotics called rifamycins was rec-
ognized at Lepetit Laboratories in Italy. These antibiotics 
were isolated from Amycolatopsis (previously Streptomyces 
and Nocardia) mediterranei. The name “rifamycin” was 
derived from the 1955 French movie Rififi (Sensi, 1983). 
Chemical modifications to one of the original compounds, 
designated rifamycin B, resulted in others with increased 
antibacterial activity. Two of these were introduced for clini-
cal use in some countries, rifamycin SV in 1963 and rifamy-
cin B diethylamide, or rifamide, in 1965; both were active 
against Mycobacterium tuberculosis and various other bacte-
ria, but they were rapidly excreted by the liver and required 
parenteral administration. Further chemical modifications 
of rifamycin were made with the aim of producing a drug 
which was absorbed after oral administration, had a more 
prolonged antibacterial level in the blood, and had greater 
activity against mycobacteria and other bacteria. Rifampicin 
(also called rifampin) was synthesized in 1965 and intro-
duced for clinical use in 1968. The name rifampin is used 
in  the United States, while the drug is called rifampicin in 
Europe and Australia. Rifampicin has the chemical formula 
of 3–4 (4-methylpiperazinyl-iminomethylidene)-rifamycin 
SV (Sensi et al., 1966). The chemical structure of rifampicin 
is C43H58N4O12 and its molecular weight is 822.95; its molec-
ular structure is shown in Figure 126.1. Additional semisyn-
thetic rifamycins in clinical use include rifabutin (see Chapter 
127, Rifabutin), rifapentine (see Chapter 129, Rifapentine), 
and rifaximin (see Chapter 128, Rifaximin).

Rifampicin is a most valuable drug for the treatment of 
tuberculosis, leprosy, other mycobacterial infections, and an 
expanding range of other bacterial infections.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The minimum inhibitory concentrations (MICs) of rifampi-
cin against some selected bacterial species are shown in Table 

126.1. The “% susceptible” figure is based on the Clinical and 
Laboratory Standards Institute (CLSI) interpretive break-
points; staphylococci, enterococci, Haemophilus influenzae, 
and Streptococcus pneumoniae with an MIC of ≤ 1 µg/ml are 
regarded as susceptible, those with an MIC of > 1 to < 4 µg/
ml as intermediate, and those with an MIC ≥ 4 µg/ml as 
resistant (Thornsberry et al., 1983). Different breakpoints 
are applied for some fastidious or slow-growing bacteria, 
whereas for organisms such as Brucella spp. and Bartonella 
spp. there are no specified breakpoints. Interpretive break-
points issued by other committees differ from those issued 
by the CLSI; for example, the European Committee on 
Antimicrobial Susceptibility Testing (EUCAST) breakpoints 
for staphylococci are ≤ 0.06 µg/ml (susceptible), > 0.06 to ≤ 0.5 
µg/ml (intermediate), and > 0.5 µg/ml (resistant) (EUCAST 
2017). Naturally occurring strains of M. tuberculosis, both 
sensitive and resistant to other antituberculosis drugs, are 
usually inhibited by 0.5 µg/ml or less of rifampicin.

MYCOBACTERIUM TUBERCULOSIS COMPLEX

Rifampicin is a key component of first-line therapy for  
M. tuberculosis, along with isoniazid, pyrazinamide, and eth-
ambutol (Blumberg et al., 2003). Rifampicin is highly active 
against M. tuberculosis with an MIC90 value of ≤ 0.25 µg/ml 

Figure 126.1. Chemical structure of rifampicin. 
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Table 126.1. In vitro susceptibility of bacteria to rifampicin.

Organism
MIC50

(mg/ml)
MIC90

(mg/ml)
MIC range

(mg/ml) % Susceptiblea References

Gram-positive bacteria

Staphylococcus aureus ≤ 0.06 ≤ 0.06 0.06–256      94–99 Andrews et al., 2000; Betriu et al., 
2001; Diekema et al., 2001; 
Hoban et al., 2003; Speller et al., 
1997

methicillin susceptible ≤ 0.25 0.25 ≤ 0.25–0.25      87–99 Diekema et al., 2001; Hanberger et 
al., 2004; Health Protection 
Agency, 2007; Santos Sanches et 
al., 2000; Speller et al., 1997

methicillin resistant ≤ 0.25 > 2 ≤ 0.25–> 2      62–99 Diekema et al., 2001; Health 
Protection Agency, 2007; Morgan 
et al., 1999; Nimmo et al., 2003; 
Santos Sanches et al., 2000; 
Speller et al., 1997; Turnidge et 
al., 1996; Udo et al., 2006

Coagulase negative staphylococci ≤ 0.25 > 2 ≤ 0.25–> 2      80–91 Andrews et al., 2000; Diekema et 
al., 2001; Hanberger et al., 2004

methicillin-susceptible ≤ 0.25 0.25 ≤ 0.25–2      94–98 Diekema et al., 2001; Santos 
Sanches et al., 2000 

methicillin-resistant ≤ 0.25 > 2 ≤ 0.25–> 2      80–87 Diekema et al., 2001; Santos 
Sanches et al., 2000

Streptococcus pneumoniae 0.06 0.06 ≤ 0.008–≥ 8 99 Doern et al., 2005

penicillin intermediate ≤ 0.12 ≤ 0.12 ≤ 0.12–2 99 Doern et al., 1999

penicillin resistant ≤ 0.12 ≤ 0.12 ≤ 0.12–4 99 Doern et al., 1999

Streptococcus pyogenes ≤ 0.5 ≤ 0.5 ≤ 0.5-1 100 Betriu et al., 1999

Enterococcus faecalis 1 4 0.06–4 56 EUCAST, 2006

Viridans group streptococci 0.047 0.125 0.004–32 98 Smith et al., 2004

Abiotrophia spp. ≤ 0.06 ≤ 0.06 ≤ 0.06 100 Tuohy et al., 2000

Listeria monocytogenes ≤ 0.008 0.03 ≤ 0.008–0.006     100b Marco et al., 2000; Safdar and 
Armstrong, 2003

Bacillus anthracis 0.125 0.5 0.125–0.5 100 Cavallo et al., 2002; Mohammed et 
al., 2002

Clostridium difficile ≤ 0.06 ≤ 0.06 ≤ 0.06     100b Bourgault et al., 2006

Gram-negative bacteria

Neisseria meningitidis 0.03 0.12 ≤ 0.007–> 256 98.5 Jorgensen et al., 2005; Richter et al., 
2001; van de Beek et al., 1997

Haemophilus influenzae 0.25 0.25 ≤ 0.015–> 16 99 Thornsberry et al., 1999

Helicobacter pylori 0.25 2 ≤ 0.016–4     100c Heep et al., 2000b

Brucella spp. 1.0 2.0 0.25–4.0      95–100c Baykam et al., 2004; Lopez-Merino 
et al., 2004; Memish et al., 2000

Legionella pneumophila ≤ 0.004 0.008 ≤ 0.004–0.008     100c Dubois and St-Pierre, 1999

Legionella non-pneumophila 0.008 0.06 ≤ 0.004–0.06     100c Dubois and St-Pierre, 1999

Acinetobacter baumannii complex 4.0 8.0   2–128 Henwood et al., 2002

Acinetobacter non-baumannii 4.0 8.0   2–128 Henwood et al., 2002

Bacteroides fragilis 0.1 0.5 0.05–0.5 97 Leigh et al., 1974

Mycobacteria

Mycobacteria spp. See text for details

a See text for discussion concerning interpretive breakpoints
b Based on Clinical and Laboratory Standards Institute (CLSI) breakpoints for staphylococci and other Gram-positive organisms
c Based on CLSI breakpoints for slow-growing bacteria
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(Heifets and Iseman, 1985; Luna-Herrera et al., 1995; Bemer-
Melchior et al., 2000). CLSI recommends 1 µg/ml as a crit-
ical concentration for rifampicin for M. tuberculosis (CLSI, 
2011). Lowering the critical concentration 16-fold lower to 
0.0625 µg/ml has been proposed based on in vitro pharmaco-
kinetic/pharmacodynamic parameters and population phar-
macokinetic variability (Gumbo, 2010). The rifampicin MIC 
cutoff above which there was therapy failure in drug-suscep-
tible tuberculosis was 0.125 µg/ml, similar to that described 
in clinical trial simulation (Gumbo et al., 2014)

The minimal bactericidal concentration of rifampicin for 
M. tuberculosis has been reported to range from 0.12 to 1 µg/
ml (Heifets et al., 1990; Luna-Herrera et al., 1995). The bac-
tericidal activity of rifampicin has allowed for the development 
of highly effective, short-course (6- to 9-month) multidrug 
regimens for the treatment of active tuberculosis due to drug- 
susceptible M. tuberculosis. Although isoniazid is responsible 
for most sterilizing activity during the first 2–4 days of com-
bination therapy, rifampicin has been shown to provide the 
bulk of bactericidal activity after the first few days of treat-
ment, likely as a result of its better ability to act against more 
slowly growing organisms (Heifets and Iseman, 1985). Because 
of the crucial bactericidal activity that rifampicin provides  
in short-course treatment regimens, infections caused by 
rifampicin-resistant strains of M. tuberculosis require a lon-
ger duration of treatment and are associated with higher 
rates of treatment failure than infections caused by drug- 
susceptible strains (Mitchi son and Nunn, 1986; Goble et al., 
1993; see section 7, Clinical uses of the drug). M. africanum 
and M. bovis, including M. bovis bacillus Calmette–Guerin 
(BCG) strains, are usually susceptible to rifampicin (Rastogi 
et al., 2000; Ritz et al., 2009). 

MYCOBACTERIUM AVIUM COMPLEX

Almost all M. avium complex (MAC) strains are resistant 
to rifampicin in vitro (> 1 µg/ml) (Heifets and Iseman, 1985; 
Hors burgh et al., 1986; Fuursted, 1997; van Ingen et al., 
2010); however, there is a lack of correlation between in vitro 
susceptibility testing and clinical response in MAC disease 
(Griffith et al., 2007). The bactericidal activity of rifampicin 
is significantly lower against MAC than it is against M. tuber-
culosis (Heifets et al., 1990). This is thought to be the result 
of differences in permeability rather than differences in the 
RNA polymerase (Hui et al., 1977). Rifampicin potentiates 
the in vitro activity of ethambutol against most MAC strains 
(Yajko et al., 1988).

MYCOBACTERIUM LEPRAE

Rifampicin is active against M. leprae and is more rapidly 
bactericidal than dapsone and other anti-leprosy drugs (Rees 
et al., 1970; Holmes and Hilson, 1972; Waters et al., 1978; 
Ellard, 1980; Franzblau, 1991; WHO, 1994). Using the mouse 
footpad method, the MIC and MBC of rifampicin for M. lep-
rae have been estimated to be 0.2–0.3 µg/ml and 1–2 µg/ml, 
respectively (Holmes and Hilson, 1972; Franzblau, 1991). A 
dose of 600 mg rifampicin produces peak serum level about 
30-fold the MIC of M. leprae.

In vivo studies have confirmed the anti-lepromatous 
activity of rifampicin. Levy et al. (1976) studied the bacteri-
cidal effect of rifampicin in human volunteers with untreated 
multibacillary leprosy by taking repeated skin biopsies for 
mouse inoculation to determine the rate of killing of M. lep-
rae. Organisms were killed equally rapidly by a daily dose 
of 600 mg or single doses of 1500 or 1200 mg; lower single 
doses or a daily dose of 300 mg were less effective, but even 
with these regimens, no viable organisms could be detected 
within 1–2 weeks, a result which can only be achieved by 
about 3 months’ treatment with dapsone. The effect of rifam-
picin or dapsone treatment on the bacteremia associated 
with lepromatous leprosy has also been assessed by testing 
the ability of organisms taken from the blood to multiply in 
the mouse footpad. Leprosy bacilli could be detected in the 
blood by direct smears for at least 12–16 weeks with either 
form of therapy. However, circulating viable M. leprae were 
only present for up to 6 weeks after initiation of dapsone 
treatment and for fewer than 4 weeks after starting rifampi-
cin. It was concluded that either dead organisms had con-
tinued to circulate or the test system was not sufficiently 
sensitive to detect viable M. leprae (Drutz et al., 1974).

Despite the rapid bactericidal action of rifampicin against 
M. leprae, it should not be concluded that all organisms are 
rapidly killed, and that therefore there is no possibility of 
relapse after a short course of rifampicin. Pattyn et al. (1976) 
detected viable organisms in the nerve of a patient who had 
taken rifampicin at weekly intervals for 3 months. Viable 
organisms have also been recovered from nerve and muscle 
tissue after at least 5 years’ daily treatment with the drug 
(Rees, 1975; Rees et al., 1976; Waters et al., 1978).

Collectively, these studies indicate that the use of rifampi-
cin results in rapid killing of M. leprae, which reduces the 
period of the patient’s infectivity. However, prolonged chemo-
therapy for 2 years is still necessary for patients with multi-
bacillary leprosy (WHO, 1994). In this form, persisting M. 
leprae may be responsible for relapse after rifampicin therapy, 
similar to that which may occur after dapsone therapy.

Clinical and microbiologic responses with the combina-
tion of rifampicin and dapsone have been more rapid than 
the responses seen with dapsone monotherapy (Waters et al., 
1978; Dietrich et al., 1994). Because of its rapid bactericidal 
activity and proven clinical efficacy in treating human leprosy, 
rifampicin is included in the multidrug therapy regimens cur-
rently recommended by the World Health Organization for 
the treatment of leprosy (WHO, 1998).

MYCOBACTERIUM KANSASII

M. kansasii is usually susceptible to rifampicin (Lillo et al., 1990; 
da Silva Telles et al., 2005). Rifampicin-resistant M. kansasii 
was reported in only 3.4% of 120 (Alcaide et al., 2004) and 
2% of 262 (van Ingen et al., 2010) tested isolates. Testing for 
rifampicin susceptibility is recommended to be performed 
routinely for isolates of M. kansasii. Clinical response to rifam-
picin appears to closely parallel the in vitro susceptibility pat-
tern, although this observation has not been evaluated by 
randomized controlled trials (Griffith et al., 2007). 
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MYCOBACTERIUM ULCERANS

M. ulcerans is susceptible in vitro to rifampicin (Portaels et 
al., 1998; Ji et al., 2006). Combination therapy with rifampi-
cin plus aminoglycosides amikacin (Dega et al., 2000; Dega 
et al., 2002; Marsollier et al., 2003a; Lefrançois et al., 2007) or 
streptomycin (Lefrancois et al., 2007), and rifampicin plus 
oral agents clarithromycin, linezolid, or moxifloxacin (Ji et 
al., 2006; Ji et al., 2007; Ji et al., 2008), is bactericidal and able 
to cure established M. ulcerans infection in mice. The com-
bination of rifampicin and sitafloxacin exhibited in vitro 
synergy against M. ulcerans (Dhople and Namba, 2002). The 
combination of rifampicin and clofazamine demonstrated 
superior sterilizing activity compared to rifampicin and clar-
ithromycin in a mouse model (Converse et al., 2015).

OTHER NON-TUBERCULOUS MYCOBACTERIA

Rifampicin is active against many nontuberculous mycobac-
teria, and CLSI recommends 1 µg/ml as a critical concentra-
tion for rifampicin for nontuberculous mycobacteria (CLSI, 
2011). Other mycobacterial species usually susceptible in 
vitro and/or in animal models to rifampicin include M. asiat-
icum (Blacklock et al., 1983), M. bohemicum (van Ingen et al., 
2010), M. genavense (Böttger, 1994), M. gordonae (Rodríguez 
et al., 2004), M. marinum (Aubry et al., 2000), M. szulgai 
(Tortoli et al., 1998) and M. xenopi (Tortoli and Simonetti, 
1995). M. haemophilum isolates were almost all susceptible 
in previous reports (Bernard et al. 1993; Lindeboom et al.. 
2011), but van Ingen et al. (2010) reported 96% of isolates 
were resistant.

Mycobacterial species usually resistant in vitro to rifampi-
cin include M. celatum (Piersimoni et al., 2003), M. conspic-
uum (Springer et al., 1995), M. lentiflavum (Safdar and Han, 
2005), M. mucogenicum, M. shimoidei (Mayall et al., 1999), 
and M. smegmatis (Wallace et al., 1988), M. simiae (Al-Abdely 
et al., 2000), and M. terrae (Smith et al., 2000). Rapidly grow-
ing mycobacteria M. fortuitum and M. chelonae-abscessus 
complex are naturally resistant to the rifamycins, including 
rifampicin (Woodley et al., 1972; Thornsberry et al., 1983; 
Heifets, 1988). M. malmoense isolates were almost all resis-
tant in previous reports (Hoffner et al., 1993), but van Ingen 
et al. (2010) reported only 32% of isolates were resistant.

For in vitro drug susceptibilities of clinical non-tuberculous 
mycobacterial isolates (n = 2275, 49 species) see van Ingen et 
al. (2010), and also Tortoli (2014) for newly described Myco-
bacterium species.

GRAM-POSITIVE COCCI

Rifampicin is highly active against Stapylococcus aureus 
and coagulase-negative staphylococci, such as S. epidermidis,  
S. saprophyticus, S. haemolyticus, S. hominis, S. lugdunensis, 
S. schleiferi, and S. warneri (Turnidge et al., 1996; Speller et 
al., 1997; Morgan et al., 1999; Andrews et al., 2000; Diekema 
et al., 2001; Samra et al., 2001; Hoban et al., 2003; Nimmo 
et al., 2003; Hanberger et al., 2004; Zinn et al., 2004; Udo et  
al., 2006; Cuevas et al., 2007; Health Protection Agency, 
2007). Both methicillin-susceptible and methicillin-resistant 

strains of these bacteria, including isolates of community- 
associated methicillin-resistant S. aureus (MRSA) (Gosbell 
et al., 2001; Yamamoto et al., 2006; Gubbay et al., 2008), are 
usually rifampicin-sensitive. Although rifampicin resistance 
is described, largely among methicillin-resistant staphylococci 
(see section 2b, Emerging resistance and cross-resistance), 
rifampicin has retained its high level of anti-staphylococcal 
activity in studies reported between 2008 and 2015, with 
rates of resistance of 5% or less from both hospital and com-
munity settings and from a range of regions and countries 
(Ho et al., 2008; Wackett et al., 2012; Coombs et al., 2013; 
Kali et al., 2013; Hanaki et al., 2014; Cuny et al., 2015; 
Decousser et al., 2015; Souli et al., 2016). Resistant mutants 
readily emerge in vitro and in vivo in the presence of rifampi-
cin as a single drug, so rifampicin is always combined with 
other antibiotics such as fusidic acid (see Chapter 80, Fusidate 
sodium), ciprofloxacin (see Chapter 101, Ciprofloxacin), anti-
staphylococcal penicillins (see Chapter 7, Isoxazolyl peni-
cillins: oxacillin, cloxacillin, dicloxacillin, and flucloxacillin, 
and Chapter 8, Nafcillin), or vancomycin (see Chapter 43, 
Van comycin) to treat established staphylococcal infections. 
Numerous in vitro and animal studies have investigated the 
activity of rifampicin in combination with other antistaphy-
lococcal agents, particularly newer ones. Although they dif-
fer greatly in technical and other aspects and their findings 
are not entirely consistent (even those of the same agent), most 
studies indicate a synergistic or additive effect when rifampi-
cin is added to one of these agents. Agents that have been 
studied in combination with rifampicin are quinupristin–
dalfopristin (Sam batakou et al., 1998; Hamel et al., 2008; see 
Chapter 77, Quinupristin–dalfopristin), linezolid (Dailey et 
al., 2003; Jacqueline et al., 2003; Murillo et al., 2008; Baldoni 
et al., 2009; Tang et al., 2012; Tang et al., 2013; see Chapter 
73, Linezolid), daptomycin (Baltch et al., 2007; John et al., 
2009; LaPlante and Woodmansee, 2009; Cirioni et al., 2010; 
Garrigos et al., 2010; Lefebvre et al., 2010; Saleh-Mghir et al., 
2011; Rose et al., 2013; Mihailescu et al., 2014; Hall Snyder et 
al., 2015; see Chapter 45, Daptomycin), tigecycline (Garrigos 
et al., 2011; Tang et al., 2013; see Chapter 70, Tigecycline), 
fosfomycin (see Chapter 79, Fosfomycin) (Tang et al., 2013; 
Mihailescu et al., 2014), dalbavancin (Baldoni et al., 2013; 
see Chapter 47, Dalbavancin), minocycline (Tang et al., 
2012; Wu et al., 2013; see Chapter 69, Minocycline) and cef-
taroline (Barber et al., 2015; see Chapter 32, Ceftaroline and 
ceftaroline–avibactam). Synergy has also been demonstrated 
between rifampicin and New Zealand Manuka honey, which 
is applied topically to wounds and has antistaphylococcal 
activity (Mul ler et al., 2013).

S. pneumoniae is rifampicin sensitive, including penicillin 
nonsusceptible and resistant strains; rates of resistance have 
been less than 1% in four successive nationwide surveys in 
the USA by Doern and co-workers (Doern et al., 1996; Doern 
et al., 1999; Doern et al., 2001; Doern et al., 2005) and 
Thorns berry et al. (1999) and in studies from the UK (John-
son et al., 1996), China (Wang et al., 1998), Europe (Fluit et 
al., 1999), Australia (Gosbell and Neville, 2000; Gosbell et al., 
2006), South Africa (Huebner et al., 2000), Italy (Marchese et 
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al., 2005; Montagnani et al., 2006), Brazil (Brandileone et al., 
2006), Kuwait (Johny et al., 2010), Greece (Maraki and Papa-
dakis, 2014), and the SENTRY Antimicrobial Resistance 
Surveillance Program (Hoban et al., 2001). S. pyogenes remains 
highly susceptible to rifampicin (Coonan and Kaplan, 1994; 
Orden et al., 1998; Perez-Trallero et al., 1998), as do viridans 
group streptococci (Smith et al., 2004). Group B strepto-
cocci, Abiotrophia spp. (one of the organisms previously 
known as nutritionally variant streptococci) (Tuohy et al., 
2000; Murray et al., 2001) and anaerobic cocci are also rifam-
picin sensitive, but most Enterococcus faecalis strains are only 
moderately susceptible.

Bacillus anthracis, including the strain that was believed 
to have been intentionally released in the USA in 2001, and 
other Bacillus spp. are sensitive (Sensi et al., 1966; Kunin et 
al., 1969; Dans et al., 1970; Cavallo et al., 2002; Mohammed 
et al., 2002; Athamna et al., 2004; Luna et al., 2007; Merens et 
al., 2008). Rifampicin is quite active against Listeria monocy-
togenes (Tuazon et al., 1982; Thornsberry et al., 1983; Marco 
et al., 2000; Safdar and Armstrong, 2003; Morvan et al., 
2010), and it is effective in animal infections with this organ-
ism (Scheld, 1983). Rhodococcus equi is rifampicin sensitive 
(Nordmann et al., 1992; McNeil and Brown, 1992; DeMarais 
and Kocka, 1995; Arlotti et al., 1996; Torres-Tortosa et al., 
2003) but some resistant isolates of animal  origin have been 
described (Riesenberg et al., 2014). The Nocardia spp. are 
nearly always resistant (Tanzil et al., 1972); Nocardia farci-
nica contains a second RNA polymerase B gene containing 
rifampicin-resistant amino acid substitutions (Ishikawa et al., 
2006) and some Norcardia spp. including Nocardia brasilien-
sis and Nocardia farcinica can enzymatically inactivate rifam-
picin (Yazawa et al., 1993; Hoshino et al., 2010).

Anaerobic Gram-positive bacilli, such as Clostridium 
spp., are rifampicin sensitive (Sensi et al., 1966; Kunin et al., 
1969). Rifampicin, although itself an occasional cause of  
C. difficile diarrhea, also has activity against this organism 
(Bacon et al., 1991; Barbut et al., 1999; Bishara et al., 2006), 
including the NAP1 (ribotype 027) strain responsible for out-
breaks of severe disease in North America and Europe (Loo 
et al., 2005; McDonald et al., 2005; Bourgault et al., 2006). 
However, resistance develops rapidly with serial passage 
of the organism in the presence of rifampicin. In animals, 
rifampicin, clindamycin, or tetracycline is more efficacious 
than penicillin G for the treatment of fulminant gas gan-
grene caused by C. perfringens; toxin suppression and rapid 
bacterial killing may explain this superiority (Stevens et al., 
1987).

GRAM-NEGATIVE BACTERIA

Meningococci are highly sensitive to rifampicin, with rates of 
resistance of less than 2% in a study of 442 isolates from 15 
countries (Jorgensen et al., 2005) and less than 1% in annual 
surveys in Australia conducted since 1994 (Tapsall et al., 
2001; Australian Meningococcal Surveillance Programme, 
2007; Lahra and Enriquez, 2014) and in studies from African 
countries (Hedberg et al., 2009), Poland (Skoczynska et al., 
2013), Brazil (Gorla et al., 2011), Sweden (Hedberg et al., 

2010), Latin American and Caribbean countries (Ibarz-
Pavon et al., 2012), Argentina (Sorhouet-Pereira et al., 2013), 
and the USA (Harcourt et al., 2015).

In older studies, Neisseria gonorrhoeae was highly sensi-
tive to rifampicin, including beta-lactamase–producing strains 
which were inhibited by a concentration of 2 µg/ml or less 
(WHO, 1978). Gonococcal strains with intrinsic resistance 
to penicillin G were often relatively or completely resistant 
to rifampicin as were occasional other strains of gonococci 
(Piot et al., 1979). However, rifampicin has not been included 
among tested antibiotics in surveys of gonococcal suscepti-
bility for many years.

H. influenzae, including ampicillin-resistant strains and 
ampicillin–chloramphenicol-resistant strains, is also usually 
sensitive (Bannatyne and Cheung, 1978; Simasathien et al., 
1980; Doern et al., 1997; Doern et al., 1999; Fluit et al., 1999; 
Thornsberry et al., 1999; Hoban et al., 2001; Casagrande et 
al., 2002; Cresti et al., 2003; Ladhani et al., 2008). H. ducreyi 
is also very susceptible (Hammond et al., 1978; Bilgeri et al., 
1982; Dangor et al., 1988), and the MIC for Bordetella pertus-
sis is usually ≤ 2 µg/ml (Zackrisson et al., 1985; Brett et al., 
1998; Hoppe and Bryskier, 1998).

Enterobacteriaceae, such as Escherichia coli, and the Entero-
bacter, Klebsiella, Proteus, Providencia, Serratia, and Citro-
bacter spp., are usually resistant, although some strains of 
Proteus mirabilis and E. coli may be moderately sensitive 
(Thornsberry et al., 1983). The salmonellae and shigellae are 
resistant. The emergence of highly drug-resistant Entero - 
 bac teriaceae such as Klebsiella pneumoniae carbapenemase  
(KPC)-producing Klebsiella pneumoniae and New Delhi beta- 
lactamase (NDM)-producing E. coli has prompted studies 
investigating synergy between rifampicin and the polymyx-
ins (see Chapter 81, Polymyxins). Most studies show synergy 
or additive activity between either colistin or polymyxin B 
and rifampicin against KPC-producing Klebsiella pneumo-
niae (Bratu et al., 2005; Ele-mam et al., 2010; Pankey and 
Ashcraft, 2011; Tascini et al., 2013; Nastro et al., 2014): one 
study reported synergy only with colistin-resistant but not 
colistin-susceptible organisms (Gaibani et al., 2014).

The non-fermentative Gram-negative bacilli Pseudomo- 
nas aeruginosa, Acinetobacter baumanii, Stenotrophomonas 
maltophilia, and Burkholderia cepacia are important causes 
of nosocomial infection and are often resistant to multiple 
antibiotics. With the exception of Acinetobacter baumanii 
in some studies, rifampicin alone is either inactive or has 
limited in vitro activity against these organisms (Ruiz et al., 
1999; Henwood et al., 2002), but variable additive or syner-
gistic activity has been demonstrated in vitro and in animal 
studies when rifampicin is combined with agents such as 
colistin or polymyxin B (Hogg et al., 1998; Tascini et al., 
1998; Traub et al., 1998; Giamarellos-Bourboulis et al., 2001; 
Giamarellos-Bourboulis et al., 2002; Giamarellos-Bourboulis 
et al., 2003; Tascini et al., 2004; Landman et al., 2005; 
Timurkaynak et al., 2006; Li et al., 2007; Tripodi et al., 2007; 
Pachon-Ibanez et al., 2010; Rodriguez et al., 2010; Dong et 
al., 2014; Nastro et al., 2014; He et al., 2015), imipenem or 
meropenem (Wolff et al., 1999; Montero et al., 2004; Tripodi 
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et al., 2007; Pachon-Ibanez et al., 2010; Majewski et al., 2014; 
Sun et al., 2014), sulbactam (with or without ampicillin 
or cefaperazone) (Wolff et al., 1999; Appleman et al., 2000; 
Pachon-Ibanez et al., 2010; Cetin et al., 2013; Dong et al., 
2014), ceftazidime (Manno et al., 2003), ofloxacin (Traub et 
al., 1998), tobramycin (Montero et al., 2004), and tigecycline 
(Dong et al., 2014; He et al., 2015). 

B. pseudomallei is usually resistant in vitro (Kenny et al., 
1999; Thibault et al., 2004); however, discrepancy between in 
vitro sensitivity and clinical efficacy occurs with other anti-
biotics used to treat this infection and some animal studies 
suggest that rifampicin is effective in vivo (Pattamasukon et 
al., 1975). Pasteurella multocida is sensitive to rifampicin.

In earlier studies, the majority of anaerobes, such as Bac-
teroides spp., were susceptible (Leigh, 1974) and in a mouse 
model, rifampicin was superior to clindamycin and similar 
in efficacy to metronidazole in treating Bacteroides fragilis 
infection (Fu et al., 1984). Occasional strains of B. fragilis 
were rifampicin resistant (Bullock et al., 1981). However, 
there are no recent data on the antianaerobic activity of 
rifamapicin because surveys of susceptibility of anaerobic 
organisms do not include rifampicin among the panel of 
agents tested.

Susceptibility and resistance breakpoints have not been 
established for Brucella spp., but using CLSI criteria for 
slow-growing bacteria, these organisms are sensitive to rif-
ampicin (Bosch et al., 1986; Lopez-Merino et al., 2004; Turan 
et al., 2007; Jiang et al., 2010a; Maves et al., 2011; see Table 
126.1), and rifampicin is effective for the treatment of 
experimental brucellosis in animals (Philippon et al., 1977). 
Reduced susceptibility and resistance of Brucella have been 
described (Abdel-Maksoud et al., 2012; see section 2b, 
Emerging resistance and cross- resistance). Elizabethkingia 
(formerly Chryseobacterium, and prior to that Flavobac-
terium) spp. are sensitive with MICs ≤ 2 µg/ml (Aber et al., 
1978; Bloch et al., 1997; Di Pentima et al., 1998).

Rifampicin remains the most active drug against Legion-
ella pneumophila, with an MIC of usually < 0.03 µg/ml (Lewis 
et al., 1978; Thornsberry et al., 1978; Edelstein and Meyer, 
1980; Thornsberry et al., 1983; Schulin et al., 1998; Dubois 
and St-Pierre, 1999; Nielsen et al., 2000; Bruin et al., 2012). 
Rifampicin enhances the bactericidal effect of erythromycin 
and quinolones in vitro (Barker and Farrell, 1990; Baltch et 
al., 1995; Descours et al., 2011). Other Legionella spp., such 
as L. dumoffii, L. bozemanii, L. micdadei (Pittsburgh pneu-
monia agent), L. gormanii, L. longbeachae, L. jordanis, and  
L. oakridgensis, are all very sensitive to rifampicin (Dubois 
and St-Pierre, 1999; Nielsen et al., 2000), with L. longbeachae 
and L. oakridgensis being slightly more resistant with MICs of 
0.25 and 0.12 µg/ml, respectively (Thornsberry et al., 1983). 
In guinea pigs, rifampicin is more effective than erythromy-
cin or gentamicin in eliminating viable L. pneumophila from 
the lungs and also in preventing pulmonary lesions (Gibson 
et al., 1983). Rifampicin also reduces mortality of guinea pigs 
infected with L. micdadei (Pasculle et al., 1985).

Rifampicin has almost no activity against Campylobacter 
organisms (Washington et al., 1982), but Helicobacter pylori 

is usually susceptible (including strains isolated from patients 
failing first-line treatment regimens) (Heep et al., 1999; Heep 
et al., 2000a; Glocker et al., 2007; Raymond et al., 2010; 
Vecsei et al., 2010; McNulty et al., 2012), as is H. cinaedi 
(Burman et al., 1995).

Francisella tularensis is usually susceptible (Tomaso et al., 
2005; Kilic et al., 2013; Kreizinger et al., 2013), and resistant 
mutants appear to have reduced virulence (Bhatnagar et al., 
1994). Yersinia spp., including Yersinia pestis, are resistant 
(Wong et al., 2000).

CHLAMYDIAE

Antibiotic activity against obligate intracellular bacteria, 
such as chlamydiae, is assessed in cell culture systems. Rifam-
picin is active in vitro against Chlamydia trachomatis, the 
cause of trachoma, nongonococcal urethritis, and lympho-
granuloma venereum, and (to a lesser extent) against 
Chlamy dophila psittaci, the cause of psittacosis (Binda et al., 
1971). Some investigators have found that rifampicin has 
greater activity against these organisms than tetracycline and 
erythromycin (Blackman et al., 1977; Schachter, 1983), and 
in animals rifampicin may act synergistically with doxycy-
cline (Prohl et al., 2015). C. pneumoniae, a cause of atypical 
pneumonia that has also been linked with the development 
of atherosclerosis, is susceptible to rifampicin, including 
strains isolated from atherosclerotic coronary arteries and 
strains cultured in vascular endothelial cells (Gieffers et al., 
1998; Freidank et al., 1999; Gieffers et al., 2001; see Chapter 
61, Clarithromycin, and Chapter 60, Roxithromycin). The 
combination of azithromycin plus rifampicin is more active 
than azithromycin alone against C. trachomatis (Dreses-
Werringloer et al., 2001).

RICKETTSIAE

Coxiella burnetii, the causative agent of Q fever, is susceptible 
to rifampicin (Sawyer et al., 1987; Yeaman et al., 1987; Raoult 
et al., 1991; Brennan and Samuel, 2003; Boulos et al., 2004). 
Rifampicin is also very active against members of the typhus 
(e.g. Rickettsia prowazekii), spotted fever (e.g. R. rickettsii, 
R. conorii) and scrub fever (Orientia tsutsugamushi) groups 
of rickettsiae (Wisseman et al., 1974; Rolain et al., 1998; Kim 
et al., 2008a).

BARTONELLAE

Bartonellae are rickettsia-like organisms that cause a range of 
human infections. The most important species are B. henselae, 
B. quintana, and B. bacilliformis. Bartonellae are susceptible to 
rifampicin (Maurin et al., 1995; Wolfson et al., 1996; Sobraques 
et al., 1999; Dorbecker et al., 2006; Pendle et al., 2006; Podsiadly 
et al., 2012), although one study of B. quintana grown in eryth-
rocytes indicated that rifampicin has less activity against intra-
cellular than extracellular organisms (Rolain et al., 2003).

EHRLICHIAE

Ehrlichiae are rickettsia-like organisms transmitted by ticks. 
Recognized human pathogens are Ehrlichia chaffeensis, Ana-
plasma phagocytophilum (formerly E. phagocytophilia), and 
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E. ewingii (Amsden et al., 2005; Dumler et al., 2007). These 
organisms are very sensitive to rifampicin in vitro (Brouqui 
and Raoult, 1990; Dumler and Bakken, 1995; Klein et al., 
1997; Horowitz et al., 2001; Maurin et al., 2003; Branger et 
al., 2004), although rifampicin was inconsistently effective  
in eradicating organisms in experimental E. canis infection 
(Theodorou et al., 2013).

OTHER BACTERIA

Wolbachia are rickettsia-like bacteria that infect filarial 
nematodes (endosymbionts). Antibiotics with activity against 
these organisms (but not against the worm itself) exert an 
antifilarial effect against both microfilariae and the adult 
worm, suggesting Wolbachia may be essential for adult worm 
survival and fertility. Rifampicin has antifilarial activity in a 
mouse model, and is active in vivo against Wolbachia in a 
drug screening assay using the nematode Onchocerca guttur-
osa and in vitro using an insect cell line naturally infected 
with Wolbachia pipientis, an arthropod endosymbiont closely 
related to the nematode Wolbachia (Hermans et al., 2001; 
Townson et al., 2006).

Tropheryma whipplei is the cause of Whipple disease. 
Using a cell culture system and real-time PCR to assess organ-
ism growth in the presence of antibiotic, Boulos et al. (2004) 
demonstrated that this organism is susceptible to a number 
of different antibiotics, including rifampicin.

Mycoplasma spp. and spirochaetes (including T. pallidum 
and B. burgdorferi) are intrinsically resistant due to naturally- 
occurring mutations in the rpoB gene that mediate acquired 
rifampicin resistance in other bacteria (Gaurivaud et al., 
1996; Alekshun et al., 1997; Stamm et al., 2001).

NAEGLERIA

Thong et al. (1977) reported that rifampicin had in vitro 
activity against the ameboflagellate Naegleria fowleri, the cause 
of amebic meningoencephalitis in humans. However, other 
investigators have reported that the organism is resistant to 
clinically achievable rifampicin concentrations (Stevens et al., 
1981; Seidel et al., 1982; Goswick and Brenner, 2003), suggest-
ing that if rifampicin were to have any role in the treatment of 
this infection, it would have to be combined with another 
agent. There is no information about the activity of rifampicin 
against other free-living amoebae known to infect humans 
such as Acanthamoeba spp. or Balamuthia mandrillaris.

LEISHMANIA

In vitro, at high concentrations, rifampicin has an inhibitory 
action on these protozoa (Conti and Parenti, 1983).

MALARIA

Rifampicin has activity in vitro against Plasmodium falci-
parum, and in animal studies, against P. chabaudi (Geary and 
Jensen, 1983; Strath et al., 1993; Pradines et al., 2001; Dahl 
and Rosenthal, 2007; Goodman et al., 2007). Rifampicin 
kills parasites quickly by retarding organellar development 
and preventing nuclear division (Dahl and Rosenthal, 2007; 
Goodman et al., 2007).

ASPERGILLUS AND OTHER FUNGI

Rifampicin has no intrinsic activity against Aspergillus spp., 
but in cell membrane–deficient fungal organisms, rifampicin 
is capable of inhibiting RNA polymerase, and rifampicin 
uptake into fungi is increased in the presence of amphoteri-
cin B (Medoff, 1983). When rifampicin is combined with 
amphotericin B, synergistic activity can be demonstrated 
against Aspergillus spp., as well as Saccharomyces cerevisiae, 
Blastomyces dermatitidis, Histoplasma capsulatum (Medoff, 
1983; Denning et al., 1992), and Fusarium spp. (Spader et al., 
2011). 

2b.  Emerging resistance and 
cross-resistance

MECHANISMS OF RESISTANCE IN M. TUBERCULOSIS 
AND NON-TUBERCULOUS MYCOBACTERIA

Mutations in the rpoB gene

Acquired resistance to the rifamycins is the result of one 
of  several single-step mutations within the rpoB gene that 
encodes the beta-subunit of the RNA polymerase. The fre-
quency with which rifampicin resistance–conferring muta-
tions occurs in M. tuberculosis is approximately 10–8. Most 
rpoB mutations that lead to rifampicin resistance are mis-
sense mutations, which lead to amino acid substitutions 
within the rifampicin-binding pocket of the RNA poly-
merase (Williams et al., 1994; Campbell et al., 2001). 

In approximately 96% of rifampicin-resistant isolates of 
M. tuberculosis, mutations can be identified within a “hot-
spot” region of 81 bp of the rpoB gene known as the rifampi-
cin resistance-determining region (RRDR) (Moghazeh et al., 
1996; Heep et al., 2000b; Heep et al., 2001). Mutations in 
codons 526 and 531 are among the most frequently reported 
mutations in most of the studies (Somoskovi et al., 2001; 
Caws et al., 2006). Some studies have also reported muta-
tions outside of the hot-spot region of rpoB in rifampicin- 
resistant M. tuberculosis isolates (Siu et al., 2011; Horng et  
al., 2015). 

Up to 30% of rifampicin-resistant M. tuberculosis isolates 
test susceptible to rifabutin (Bodmer et al., 1995; Yang et al., 
1998), a finding associated with certain mutations includ-
ing rpoB codon 516 (Jamieson et al., 2014; van Ingen et al., 
2011a). It has been thought that rifampicin-resistant but 
rifabutin-susceptible M. tuberculosis isolates (Cavusoglu et 
al., 2004) may be able to be treated with rifabutin. However, 
the presence of rifampicin-resistant but rifabutin-susceptible 
isolates may be caused by a breakpoint artifact (Schon et al., 
2013; Angeby et al., 2012) and strains with low rifabutin MIC 
and rpoB mutations should not be classified as susceptible 
(Schon et al., 2013; see Chapter 127, Rifabutin).

Molecular tests have been developed that provide rapid 
detection of rifampicin resistance due to rpoB mutations in 
M. tuberculosis (Telenti et al., 1993; Williams et al., 1994; Van 
Der Zanden et al., 2003). In a landmark international multi-
center trial (n = 1730), Boehme et al. (2010) demonstrated 
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that the self-contained cartridge-based fully automated Xpert 
MTB/RIF test (Cepheid, Sunnyvale, CA, USA) provides 
sensitive and specific detection of rifampicin resistance in  
M. tuberculosis directly from untreated sputum in less than 
2  hours with minimal hands-on time. In culture-positive 
patients, a single test identified 551/561 (98.2%) patients 
with smear-positive tuberculosis and 124/171 (72.5%) with 
smear-negative tuberculosis. The test was specific in 604/609 
(99.2%) of patients without tuberculosis. As compared with 
phenotypic drug susceptibility testing, MTB/RIF testing cor-
rectly identified 200/205 (97.6%) patients with rifampicin- 
resistant and 504/514 (98.1%) with rifampicin-susceptible 
M. tuberculosis. Following this successful trial, the WHO 
recommended the use of the Xpert MTB/RIF assay for detec-
tion of M. tuberculosis and rifampicin resistance, and it has 
been implemented internationally, including in low- and 
middle-income countries (WHO, 2014). 

For detection of rifampicin resistance in M. tuberculosis, 
the pooled sensitivity (17 studies, 555/2624 total specimens) 
is 95% (95% credible interval [CrI]: 90–97%), and the nega-
tive predictive value (the proportion of cases diagnosed as 
rifampicin-susceptible that are truly susceptible) is > 98% in 
low and high rifampicin resistance prevalence settings. False 
negative results may occur in mixed M. tuberculosis infec-
tions with both drug-sensitive and drug-resistant M. tuber-
culoisis strains (Zetola et al., 2014).

For detection of rifampicin resistance in M. tuberculosis, 
the pooled specificity (24 studies, 2414 specimens) is 98% 
(95% CrI: 97–99%). Emerging evidence has shown that 
Xpert MTB/ RIF detects some rifampicin-resistant strains 
that are identied as susceptible by phenotypic drug suscepti-
bility tests (Williamson et al., 2012a; Yakrus et al., 2014). 
Sequencing these discordant (“false positive”) results usually 
resolves in favor of Xpert MTB/RIF (WHO, 2014), and 
patients missed by phenotypic DST have poor treatment out-
comes on first-line treatment (Williamson et al., 2012b; van 
Duen et al., 2013). The positive predictive value (the propor-
tion of cases diagnosed as rifampicin resistant that are truly 
resistant) is > 90% in settings where the underlying preva-
lence of rifampicin resistance is > 15%, (but is probably even 
higher considering the limitations of the reference standard). 
In settings or groups where rifampicin resistance is rare, the 
positive predictive value is adversely affected but it can be 
greatly improved by undertaking a careful risk assessment of 
individual patients and targeting testing carefully to increase 
the pre-test probability of rifampicin resistance (WHO, 2014).

Whole-genome sequencing of rifampicin-resistant M. 
tuber culosis isolates with rpoB mutations identified the 
acquisition of compensatory mutations in rpoA and rpoC, 
encoding the alpha and beta′ subunits of RNA polymerase, in 
> 30 % of multidrug-resistant (MDR) clinical isolates from 
high- incidence countries (Comas et al., 2012; Zetola et al., 
2012). These compensatory mutations are likely to be respon-
sible for restoring the fitness of these isolates in vivo, and are 
associated with transmission of MDR M. tuberculosis (de Vos 
et al., 2013; Li et al., 2016). 

Rifampicin-resistant strains of mycobacteria other than 
M. tuberculosis also contain the mutation in the rpoB gene, 
similar to resistant strains of M. tuberculosis (Williams et al., 
1994), including M. avium complex (Obata et al., 2006),  
M. kansasii (Klein et al., 2001), M. leprae (Ji, 2002; Matsuoka 
et al., 2007; Cambau et al., 2012), and M. ulcerans (Marsollier 
et al., 2003; Beissner et al., 2010).

Other resistance mechanisms
Not all resistance to the rifamycins is the result of a mutation 
in the rpoB gene. Some organisms, such as M. avium com-
plex, show reduced permeability to the rifamycins. This 
reduced permeability results in variable degrees of resistance, 
despite susceptibility of the RNA polymerase to the inhibi-
tory effects of the rifamycins in vitro (Hui et al., 1977).

Another resistance mechanism studied in M. smegmatis, 
but likely present in several fast-growing Mycobacterium 
species, is inactivation of the drug by chromosomally encoded 
rifampicin ADP-ribosyltransferase (Arr) proteins (Dabbs et 
al., 1995; Baysarowich et al., 2008).

An inducible mechanism of resistance in mycobacteria is 
the RNA polymerase-binding protein A (RbpA), which ham-
pers binding of rifampicin (Dey et al., 2010). RbpA has been 
characterized in M. tuberculosis and M. smegmatis, but may be 
also present in slowly growing nontuberculous mycobacteria.

Another new resistance mechanism identified in M. smeg-
matis is MarR, which negatively regulates the expression of 
two ABC transporters in the marRAB operon. Unlike other 
drug efflux pumps, overexpression of these two ABC trans-
porters unexpectedly increased rifampicin sensitivity and 
deletion of these two genes increased mycobacterial resis-
tance to rifampicin (Zhang et al., 2014). 

M. TUBERCULOSIS

The rate of spontaneous development of rifampicin-resistant 
mutants of M. tuberculosis in vitro is generally low (McClatchy 
et al., 1969). In one trial, rifampicin was used alone for 45 
days to treat 11 patients with pulmonary tuberculosis; resis-
tant strains were detected in two patients and strains with 
diminished sensitivity to rifampicin in another four (Baronti 
and Lukinovich, 1968). Emergence of rifampicin-resistant 
strains of M. tuberculosis during treatment of patients for 
many years was also not a major problem, but in nearly all 
trials rifampicin was used together with one or two other 
anti tuberculosis drugs. 

Multidrug-resistant tuberculosis (MDR-TB) is defined  
as tuberculosis with resistance to isoniazid and rifampicin, 
the two most powerful first-line drugs. XDR-TB is defined as 
tuberculosis with resistance to at least isoniazid and rifampi-
cin, as well as further resistance to a fluoroquinolone and 
a second-line injectable agent (amikacin, kanamycin, or cap-
reomycin). Multidrug-resistant M. tuberculosis, often associ-
ated with HIV infection, emerged in the 1990s. Resistance to 
rifampicin and other drugs developed not only in the strain 
that caused the initial disease, but also as a result of reinfec-
tion with a new strain of M. tuberculosis which was drug 
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resistant (Godfrey-Faussett et al., 1993; Small et al., 1993; 
Bloch et al., 1994). 

According to the WHO Global TB report (2015), an esti-
mated 3.3% of new TB cases and 20% of previously treated 
cases have MDR-TB, a level that has changed little in recent 
years. In 2014, the global proportion of TB cases with 
MDR-TB, irrespective of treatment history, was 7.7% (95% 
confidence interval [CI]: 4.6–10.8%), with an estimated num- 
ber of MDR-TB cases among notified pulmonary TB patients 
of 300,000. In 2014, the global proportion of TB cases with 
rifampicin-resistant-TB (RR-TB) was 8.8% (95% CI: 6.2–
11.3%), meaning that there were approximately 40,000 addi-
tional cases of RR-TB that were not MDR-TB (WHO, 2015). 
The number of notified MDR/RR-TB cases as a proportion 
of the estimated number of MDR-TB cases among pulmo-
nary TB patients ranged from 19% in the Western Pacific 
region to 80% in the African region. Extensively drug- 
resistant TB (XDR-TB) had been reported by 105 countries 
by 2015. An estimated 9.7% of people with MDR-TB have 
XDR-TB.

There are also reports of multidrug-resistant isolates of  
M. bovis (Schultsz et al., 1996; Blázquez et al., 1997).

M. LEPRAE

M. leprae resistant to rifampcin was first documented in the 
1970s, but was initially rare (Jacobson and Hastings, 1976). It 
was subsequently reported more frequently, almost always 
after essentially rifampicin monotherapy, and may have been 
underdetected because of the difficulty posed by testing of 
drug susceptibility by the mouse footpad technique (Ji, 2002). 
Primary rifampicin resistance (from untreated patients) has 
also been reported in M. leprae (Contreras Mejia Mdel et al., 
2014). Rifampicin-resistant M. leprae strains contain rpoB 
gene mutations (Honore and Cole, 1993; Lavania et al., 2015), 
which can now be used for resistance detection (Ji, 2002; 
Matsuoka et al., 2007; Cambau et al., 2002). The commer-
cially available GenoType LepraeDR test accurately detects 
antibiotic resistance in leprosy cases, with 100% concordance 
with PCR sequencing for rpoB mutations, and 98.3 % con-
cordance for susceptible strains (Cambau et al., 2012).

M. KANSASII

Wallace et al. (1994) described 36 rifampicin-resistant M. 
kansasii isolates from Texas; 90% were in patients who had 
previously received rifampicin and 32% were from patients 
with HIV infection. In a report from Taiwan, 29 rifampi-
cin-resistant M. kansasii isolates were shown to phylogeneti-
cally related and associated with treatment failure (Wu et al., 
2009). Rifampicin resistance in M. kansasii is associated with 
rpoB mutations (Klein et al., 2001).

OTHER MYCOBACTERIUM SPECIES

Rifampicin-resistant M. marinum was described in a man with 
newly-diagnosed HIV infection (Seneviratne and Herieka, 
2013). M. haemophilum has been reported after rifampicin 
treatment in patients with advanced HIV infection (Bernard 

et al., 1993; Shah et al., 2001). M. ulcerans strains resistant 
to rifampicin with rpoB mutations have been isolated after 
rifampicin monotherapy in mice (Marsollier et al., 2003b), 
and in clinical isolates (Beissner et al., 2010).

STAPHYLOCOCCI

In common with rifampicin resistance in M. tuberculosis and 
E. coli, rifampicin resistance in staphylococci arises from sin-
gle nucleotide mutations in the gene (rpoB) encoding the 
beta-subunit of RNA polymerase (Aubry-Damon et al., 1998; 
Wichelhaus et al., 1999): the resulting amino acid substitu-
tions occur within the rifampicin-binding regions of RNA 
polymerase and reduce the affinity of rifampicin for its tar-
get. The most common mutations are found within distinct 
regions (clusters) between amino acid positions 463 and 550 
of S. aureus rpoB (O’Neill et al., 2006). Just as with M. tuber-
culosis, these mutations exist at a low frequency (1 in 108) in 
populations of wild-type drug-susceptible staphylococci, but 
can emerge under the selective pressure of rifampicin ther-
apy (O’Neill et al., 2001). This is a well-recognized consequence 
of rifampicin monotherapy and is the reason rifampicin 
should be administered with another active antibiotic when 
treating an established staphylococcal infection.

Rifampicin resistance among S. aureus is largely confined 
to methicillin-resistant organisms. The most important clin-
ical consequence of this resistance is that options for oral 
treatment of MRSA infections (especially for multiresistant 
strains acquired in healthcare settings) are limited if rifampi-
cin cannot be used. Susceptibility surveys show that rifampicin 
remains highly active against methicillin-sensitive S. aureus 
(MSSA)—for example, the rate of resistance was only 1.2% 
among 10,648 MSSA isolates in the global SENTRY study 
(Diekema et al., 2001)—with only isolated exceptions (Santos 
Sanches et al., 2000; Zanelli et al., 2002). The rate of rifampi-
cin resistance among MRSA isolates is generally higher than 
among MSSA but is highly variable, ranging from less than 
5% in large studies from Wales (Morgan et al., 1999), Kuwait 
(Udo et al., 2006), the UK (Health Protection Agency, 2007), 
and northern Spain (Villar et al., 2011), to 17.4% among 
4791 MRSA isolates in the SENTRY study (Diekma et al., 
2001), to 38% among isolates collected from 18 countries 
in the RESIST study (Santos Sanches et al., 2000), to 58% in 
China in 2009 (Xiao et al., 2011), to as high as 70% or more 
in studies from Israel (Samra et al., 2001), from Brazil, 
Colombia, Portugal and Spain in the RESIST study (Santos 
Sanches et al., 2000), and from South Africa (Shittu and Lin, 
2006; Groome et al., 2012). Rifampicin resistance has also 
been reported among community-associated MRSA strains 
(Donaldson et al., 2006), confirming in vitro studies that pre-
dicted the emergence of such resistance (Munckhof et al., 
2004). Rifampicin resistance also varies with time and place. 
For example, rifampicin-resistant MRSA emerged in the 
early 1990s in the Australian city of Brisbane (and to a lesser 
extent in Sydney), but not in Melbourne, despite a similar 
underlying prevalence of MRSA infection in these three cities 
(Gottlieb and Mitchell, 1998); this caused the Australia-wide 
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rate of rifampicin resistance to a peak at 22% in 1992, but the 
rate decreased thereafter to 6.1% by 1997 (Nimmo et al., 
2003) and remained less than 2% in 2011 (Coombs et al., 
2013). Molecular epidemiology studies have demonstrated 
that acquisition of rifampicin resistance can arise de novo as 
a result of rifampicin selective pressure, or from clonal spread 
of a dominant circulating rifampicin-resistant MRSA strain 
by cross-infection (Gottlieb and Mitchell, 1998; Norazah et 
al., 2002; Tosun et al., 2005; Ju et al., 2006); differences in 
these factors presumably account for the substantial varia-
tion in rifampicin resistance observed in Australia and else-
where. In studies from China (Cheng et al., 2013) and from 
European countries, the rate of rifampicin resistance among 
MRSA in has been largely determined by the dominant cir-
culating strain; for example, in one center in Spain, between 
1990 and 1995 the circulating Iberian clone was usually 
rifampicin-resistant, between 1996 and 2003 the circulating 
clonal complex 5 was variably rifampicin resistant, and after 
2004 a circulating ST-228 clone was low-level rifampcin 
resistant (Mick et al., 2010). In contrast, in countries with a 
large burden of tuberculosis, rifampicin resistance could be 
driven by the selective pressure imposed by the high resul-
tant rates of rifampicin use, as suggested by the afore-
mentioned high rates of rifampicin resistance among  
MRSA isolates in South Africa and by reports of isolation of 
 rifampicin-resistant MRSA and MSSA in tuberculosis patients 
treated with rifampicin (Liu et al., 2005; Sekiguchi et al., 
2006; Tan et al., 2011).

Rates of rifampicin resistance in coagulase-negative 
staphylococci (CoNS) are generally higher than in S. aureus. 
In the SENTRY study, 10.1% of 6350 CoNS were rifampicin 
resistant, in comparison with 6.2% of 15,439 S. aureus strains 
(Diekema et al., 2001). Similar findings have been reported 
in other large-scale surveillance studies: 9.2% of 2140 CoNS 
isolates versus 0.8% of 3352 S. aureus isolates from 30 UK 
hospitals (Andrews et al., 2000), 20% of 2188 CoNS iso-
lates  versus 2% of 1013 S. aureus isolates in the Swedish 
ICU-STRAMA study (Hanberger et al., 2004) and 18.7% of 
695 CoNS isolates versus 6.5% of 367 S. aureus isolates from 
37 French hospitals (Decousser et al., 2015). As with S. 
aureus, rifampicin resistance is more common in methicillin- 
resistant than in methicillin-susceptible CoNS strains: 13.1% 
versus 2.3% in the SENTRY study (Diekema et al., 2001).

PNEUMOCOCCI AND STREPTOCOCCI

Overall rates of rifampicin resistance remain very low among 
pneumococci. For example, of 14,236 pneumococcal isolates 
from four Spanish hospitals, only 103 (0.7%) were resistant 
to rifampicin (MICs 4–512 µg/ml) (Ferrandiz et al., 2005a). 
Just as with M. tuberculosis and S. aureus, amino acid sub-
stitutions in the beta-subunit of RNA polymerase mediate 
resistance (Enright et al., 1998; Padayachee and Klugman, 
1999; Chen et al., 2004). In addition, a greater than expected 
variability in the sequence of the rpoB gene in some resistant 
isolates suggests that horizontal transfer of DNA from other 
bacteria, such as viridans group streptococci, may be another 
resistance mechanism (Ferrandiz et al., 2005b). Rifampicin- 

resistant strains can be selected by rifampicin therapy, as 
has been observed with prophylactic use of rifampicin in 
response to outbreaks of invasive penicillin-resistant pneu-
mococcal infection in a Netherlands hospital (van Tilburg 
et al., 2001) and in a long-term care facility in the USA 
(Carter et al., 2005). Rifampicin non-susceptibility (as well 
as  penicillin non-susceptibility) was more common in tri-
methoprim–sulfamethoxazole nonsusceptible than suscep-
tible S.  pneumoniae isolates from South African patients 
(Soeters et al., 2012), suggesting linked antibiotic resistance, 
but the mechanism was not explored. Reports from Spain 
demonstrate that acquisition of rifampicin resistance can 
also result from transfer of rifampicin-resistant pneumo-
coccal clones between patients (Perez-Trallero et al., 2003; 
Ferrandiz et al., 2005a), just as with rifampicin-resistant 
staphylococci. Concomitant tuberculosis treatment has 
been postulated as a factor contributing to emergence of 
 rifampicin-resistant pneumococci, but this has not been 
studied in detail (Garcia-Arenzana et al., 1994).

Rifampicin resistance is also very uncommon in S. pyo-
genes. Herrera et al. (2002) described rifampicin-resistant 
streptococcal infections in three brothers, one of whom had 
earlier been administered prophylactic rifampicin as a con-
tact of a patient with meningococcal infection. Mutations 
in  the rpoB gene have been identified in resistant isolates 
(Aubry-Damon et al., 2002; Herrera et al., 2002).

CLOSTRIDIUM DIFFICILE

Reported rates of resistance in C. difficile vary, ranging from 
37% at a single center in the USA (Curry et al., 2009) to 2.1% 
in Montreal, Canada (Miller et al., 2011), with most rates 
between 5% and 20% (Jiang et al., 2010b; Noren et al., 2010; 
Tenover et al., 2012; Freeman et al., 2015); this variation 
may relate to factors such as the prevalent C. difficile strain 
(ribotype) (Noren et al., 2010; Tenover et al., 2012) and prior 
use of rifamycin agents (Curry et al., 2009). Mutations in 
the rpoB gene mediate rifampicin resistance in C. difficile 
(O’Connor et al., 2008; Curry et al., 2009; Miller et al., 2011; 
Spigaglia et al., 2011).

MENINGOCOCCUS

Rifampicin is used widely to clear nasal and pharyngeal car-
riage of meningococcus among contacts of a case of invasive 
meningococcal carriage (see section 7, Clinical uses of the 
drug). Rifampicin resistance is very uncommon among pri-
mary isolates from patients with meningococcal infection; 
for example, the rate has been consistently less than 1% since 
1992 in a nationwide surveillance program in Australia 
(Lahra and Enriquez, 2014), and a similar figure is reported 
in other studies (Enting et al., 1996; Salmaso et al., 1997; 
Harcourt et al., 2015). Meningococcal mutants highly resis-
tant to rifampicin can be easily selected in vitro (Ivler et  
al., 1970), and of meningococcal carriers who are given rifam-
picin, the organism becomes resistant in approximately 10% 
(Jackson et al., 1996). However, rifampicin-resistant meningo-
coccal disease has only been reported in ten patients who were 
previously treated with rifampicin, or were contacts of these 
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individuals, as discussed in section 7, Clinical uses of the drug 
(Bordessoule et al., 2007; Delaune et al., 2013). Molec ular 
characterization of resistant isolates has demonstrated spe-
cific mutations in the rpoB gene (Carter et al., 1994; Stefanelli 
et al., 2001; Nolte et al., 2003; Rainbow et al., 2005; Taha et 
al., 2006; Stefanelli et al., 2007; Taha et al., 2010; Delaune 
et al., 2013); in addition, membrane permeability may influ-
ence the level of rifampicin resistance (Abadi et al., 1996).

HAEMOPHILUS INFLUENZAE

Resistant mutants of this organism evolve rapidly when cul-
tured in the presence of rifampicin (Mendelman et al., 1982) 
and in vivo, particularly in children who have received rifam-
picin prophylactically (Murphy et al., 1981; Nicolle et al., 
1982; McCarty et al., 1986; Doern et al., 1988). Among stud-
ies of large numbers of clinical isolates, rifampicin resistance 
is uncommon, the highest rate being 9.7% in a report from 
Brazil (de Almeida et al., 2006). Mutations in the rifampicin 
resistance–determining region of rpoB mediate rifampicin 
resistance (Cruchaga et al., 2003).

LEGIONELLA SPP.

Resistance of Legionella spp. to rifampicin develops rapidly 
in vitro (Nielsen et al., 2000) but does not emerge when the 
drug is used to treat Legionella infections in animals (Edel-
stein, 1991).

BRUCELLA SPP.

Using CLSI breakpoints for slow-growing bacteria, rifampi-
cin resistance in Brucella spp. is rare; for example, it was not 
reported in recent studies from Peru (48 isolates between 
2000 and 2006) (Maves et al., 2011) and in two studies from 
Turkey (75 isolates from 2009 to 2011 in one study, 94 isolates 
from 2002 to 2009 in the other) (Sayan et al., 2012; Parlak et 
al., 2013). However, some studies have reported MICs up to 
the resistance breakpoint of 4 µg/ml against B. melitensis and 
B. abortus (Bosch et al., 1986; Baykam et al., 2004) and in 
vitro rifampicin resistance in B. melitensis has been reported 
in one patient with brucellosis treated with rifampicin plus 
doxycycline (De Rautlin De La Roy et al., 1986). A higher 
rate of resistance was reported by Abdel-Maksoud et al. 
(2012); 19% of 355 isolates collected in Egypt between 1999 
and 2007 had an MIC of greater than or equal to 4 μg/ml 
when tested by E-test, and resistance increased over time, 
from 8% in 1999–2000 to 81% in 2006–2007. Rifampicin is 
always used in combination with at least one other agent 
(usually tetracycline or doxycycline) to treat brucellosis, and 
the clinical significance of the findings of Abdel-Maksoud et 
al. is unknown. Brucella melitensis mutants generated in vitro 
have mutations in the rpoB gene (Marianelli et al., 2004).

CHLAMYDIAE

Mutant strains of C. trachomatis resistant to rifampicin can 
be induced in vitro (Keshishyan et al., 1973), but this can be 
prevented by the addition of subinhibitory amounts of eryth-
romycin or oxytetracycline (Jones et al., 1983).

OTHER ORGANISMS

Rolain (1998) reported that some rickettsiae isolated from 
ticks had high rifampicin MICs, but these organisms have 
not been identified as causes of human disease. R. equi isolated 
from three Thai patients with AIDS was resistant to rifampi-
cin in vitro, and the investigators identified mutations in the 
rpoB gene in these isolates (Asoh et al., 2003); rifampicin- 
resistant R. equi has also been described in veterinary medi-
cine (Giguere et al., 2010). Rifampicin resistance induced 
in vitro has been reported for L. monocytogenes (Morse et 
al., 1999) and Bartonella bacilliformis (Biswas et al., 2007). 
Helicobacter pylori resistance to rifampicin was 8.3% among 
73 isolates from Chinese children (Liu et al., 2011b) but was 
only 1.4% among 1585 isolates from Germany (Glocker et 
al., 2007); in the latter study, resistance was mediated by 
mutations in the rpoB gene. 

2c.  In vitro synergy and antagonism

NON-TUBERCULOUS MYCOBACTERIA AND 
MYCOBACTERIUM TUBERCULOSIS

The combination of rifampicin and ethambutol has consis-
tently exhibited in vitro synergistic activity against M. avium 
complex in vitro and in vivo (Heifets, 1982; Banks and 
Jenkins, 1987; Hoffner et al., 1987; Yajko et al., 1988) and many 
other nontuberculous mycobacteria including M. kansasii 
(Hjelm et al., 1992) and M. malmoense (Banks and Jenkins, 
1987; Heifets, 1982; Hoffner et al., 1993). For M. xenopi, 
rifampicin with ethambutol (Banks and Jenkins, 1987) were 
bactericidal in vitro, and rifampicin and ethambutol with 
either clarithromycin or moxifloxacin showed significant 
bac tericidal activity ex vivo (Andrejak et al. 2013) but syn-
ergy was not demonstrated by van Ingen et al. (2013). Rifam-
picin and ethambutol has demonstrated synergy or additive 
action for M. simiae complex species (M. lentiflavum, M. tri-
plex, and M. parascrofulaceum) but not for M. simiae (van 
Ingen et al., 2012). The probable mechanism for synergistic 
activity is increased cell permeability due to disruption of 
mycobacterial cell walls by ethambutol, allowing rifampicin 
to enter mycobacterial cells (Hoffner et al., 1990). For further 
discussion of synergy for various Myco bacterium species see 
van Ingen et al. (2013).

The clinical implications of synergy testing in individual 
strains remain to be elucidated. Synergy of rifampicin and 
ethambutol is considered clinically important and informs 
clinical trials and treatment guidelines (Research Committee 
British Thoracic Society, 2001). However, the effect of lack 
of synergy in some nontuberculous mycobacteria isolates on 
clinical outcome has not been well studied (van Ingen et al., 
2013). Resistance to previously synergistic combinations 
(including ethambutol and rifampicin) have arisen during 
therapy for disseminated MAC (Hoffner et al., 1994). The 
disappointing results of treatment with ethambutol, rifampi-
cin with or without macrolides for M. simiae disease (Griffith 
et al., 2007; van Ingen et al., 2008) aligns with the lack of in 
vitro synergy (van Ingen et al., 2012).
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Until recently, there was less attention given to the for-
mal evaluation of synergy of combination therapy including 
rifampicin for M. tuberculosis. Rifampicin in combination 
with isoniazid and ethambutol has demonstrated synergy 
against isoniazid-resistant M. tuberculosis isolates (Rey-
Jurado et al., 2012). The combination of rifampicin plus 
moxi floxacin was synergistic for suppression of resistance 
but antagonistic for cell kill of M. tuberculosis in a hollow- 
fiber infection model (Drusano et al., 2010) and a mouse 
model (Balasubramanian et al., 2012). Two- and three-drug 
synergistic combinations of rifampicin, spectinomycin, and 
bromperidol (an antipsychotic agent) bactericidal against 
susceptible and resistant M. tuberculosis isolates were identi-
fied by a high-throughput in vitro screen and confirmed in 
an ex vivo macrophage model (Ramon-Garcia et al., 2011). 
The combination of sulfamethoxazole, trimethoprim, and 
isoniazid or rifampicin was bactericidal in vitro and pre-
vented the emergence of drug resistance in Mycobacterium 
tuberculosis (Vilcheze et al., 2012).

The potential use of beta-lactam agents in the treatment 
of MDR tuberculosis is undergoing re-evaluation. The com-
bination of rifampicin and amoxicillin/clavulanate showed 
synergistic effects in susceptible and MDR M. tuberculsosis 
isolates (Pagliotto et al., 2015). Kaushik et al. (2015) demon-
strated that carbapenems exhibit in vitro synergy against 
drug-sensitive and drug-resistant M. tuberculosis, and the 
combination of faropenem and rifampicin also limits the fre-
quency of resistant mutants. A combination of doripenem or 
biapenem and rifampicin also exhibited synergistic activity 
against M. abscessus. Postulated mechanisms underlying 
synergy include alteration of cell wall permeability by car-
bapenems allowing increased intracellular rifampicin con-
centrations and inhibition of transcription by rifampicin 
reducing expression of proteins targeted by carbapenems. 

Statins (in particular atorvatstatin) combined with rifam-
picin markedly reduced viability of Mycobacterium bovis,  
M. leprae, and M. tuberculosis in macrophages, and reduced 
M. leprae–associated inflammation in a mouse model, an 
effect mediated by prevention of Mycobacterium-induced 
inhibition of macrophage phagosomal maturation (Lobato 
et al., 2014). 

OTHER BACTERIA

Many in vitro and in vivo systems, including checkerboard 
techniques, time–kill assays, E-tests, tests of serum bacteri-
cidal activity, and animal studies, have been designed to test 
interactions of antibiotic combinations. The topic of rifampi-
cin synergy for non-mycobacterial infections, both in vitro 
and clinical aspects, has been elegantly and comprehensively 
reviewed by Forrest and Tamura (2010). The outcome of 
such experiments (synergy, additive effect, indifference, or 
antagonism) on the inhibitory or bactericidal action of anti-
biotic combinations against a test organism is subject to 
many experimental variables, some of which cannot always 
be reproduced. For these reasons, published reports on anti-
biotic interactions are often conflicting; this is particularly so 
in the case of rifampicin. Moreover, because experimental 
conditions can never truly mirror human infection, predic- 

tions of the possible clinical efficacy of an antibiotic com-
bination based on experimental data must be made with 
 caution. Rifampicin, when used in combination with several 
other chemotherapeutic agents, displays in vitro synergy 
against a wide variety of microorganisms. Conversely, rifam-
picin in low concentrations produces antagonism or reduces 
the bactericidal activity of cell wall–active antibiotics, such as 
beta-lactams and vancomycin. However, such in vitro antag-
onism neither predicts nor correlates with the action of these 
combinations in vivo; in the body, cell wall–active drugs may 
act preferentially on rapidly dividing easily accessible organ-
isms, and rifampicin may act on slower dividing organisms 
in less accessible sites (Sande, 1983).

Despite the extensive literature on the evaluation of syn-
ergy between rifampicin and other drugs in vitro and in ani-
mal studies, the evidence that the results of these studies 
translate to clinical outcomes is generally weak. For this rea-
son, and because it is labor intensive and time consuming, in 
vitro synergy testing is not used in routine clinical practice as 
a basis for the selection of antibiotic combinations. Certainly, 
rifampicin is often used in combination with other drugs, 
particularly for the treatment of staphylococcal and mycobac-
terial infections, but the primary aim of combination therapy 
is to prevent the emergence of resistant bacterial strains and 
not to provide synergistic or additive antibacterial activity. 

3. MECHANISM OF DRUG ACTION

Rifampicin and other rifamycins (see Chapter 127, Rifabutin; 
Chapter 129, Rifapentine; and Chapter 128, Rifaximin) 
inhibit the beta-subunit of DNA-dependent RNA polymerase, 
which is highly conserved among prokaryotic organisms. 
Crystal structure analysis of the rifampicin–RNA polymerase 
complex has shown that rifampicin binds deep within the 
main DNA/RNA channel of the polymerase, where it steri-
cally blocks the elongating RNA transcript when it reaches a 
length of two or three nucleotides, leading to abortive tran-
scription (Campbell et al., 2001).

Rifampicin has a specific action of inhibiting bacterial 
RNA polymerase, the enzyme responsible for DNA tran-
scription, by forming a stable drug–enzyme complex (Wehrli, 
1983). Hartmann et al. (1967), in studies using E. coli, first 
showed that rifampicin inhibits bacterial RNA synthesis by 
binding to DNA-dependent RNA polymerase. Its mecha-
nism of action on mycobacteria is similar, and rifampicin- 
resistant strains may possess an altered DNA-dependent 
RNA polymerase (Konno et al., 1973). Studies by Yamada et 
al. (1985) indicate that this was the case with a rifampicin- 
resistant strain of M. tuberculosis. Mammalian cells also con-
tain RNA polymerase, but rifampicin is selectively toxic to 
bacteria, because the mammalian cell enzyme is much less 
sensitive to the drug than its bacterial counterpart (Hartmann 
et al., 1967; Staehelin et al., 1968). The polymerase in mam-
malian mitochondria is sensitive to rifampicin, but is prob-
ably unaffected by the drug in vivo because it appears that 
intact mitochondria are impermeable to rifampicin (Gadaleta 
et al., 1970). The RNA polymerase of Gram-negative and 
Gram-positive bacteria are similarly sensitive to rifampicin, 
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but the MICs for Gram-negative bacteria are higher because 
of reduced penetration of rifampicin through their outer cell 
membrane. Antagonism between rifampicin and antibiotics 
which act on growing bacteria may occur because rifampicin 
stops bacterial growth (Wehrli, 1983). Rifampicin also inhib-
its fungal RNA synthesis, provided the drug is used with 
amphotericin B, which acts on the fungal plasma membrane, 
thereby increasing cell permeability to rifampicin (Battaner 
and Kumar, 1974). The antifungal action of rifampicin may 
be due not to inhibition of fungal RNA polymerase but rather 
to inhibition of ribosomal RNA (Medoff, 1983).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Rifampicin is available as a capsule or tablet in strengths of 
150 and 300 mg under multiple trade names and also as a 
part of fixed-drug combination with isoniazid, or with isonia-
zid and pyrazinamide. The contents of the relevant capsules 
may also be mixed in an appropriate diluent to prepare an oral 
suspension. An i.v. preparation of rifampicin is also available.

4a.  Adults

The recommended dose for the treatment of tuberculosis is 
10 mg/kg (adults) up to a maximum of 600 mg for adults, 
given once daily, twice weekly, or three times weekly (Blum-
berg et al., 2003). For patients with a weight of 50 kg or more, 
600 mg daily is the usual dose and 450 mg daily for those 
weighing less than 50 kg. Higher doses (e.g. 1200 mg twice 
weekly) were previously associated with a higher frequency 
of side effects (Citron, 1972; Anastasatu et al., 1973). How-
ever, higher doses are being re-evaluated for treatment of 
tuberculosis (see section 5c, Clinically important pharma-
cokinetic and pharmacodynamic features, and section 7a, 
Treatment of Mycobacterium tuberculosis infection). For the 
treatment of leprosy, monthly doses of 600 and 1200 mg have 
been well tolerated.

4b.  Newborn infants and children

Pharmacokinetic parameters are similar to those in adults. 
The recommended dose for children is 10–20 mg/kg body 
weight, with a maximum daily dose of 600 mg (Blumberg et 
al., 2003). Rifampicin from opened capsules can be suspended 
(10 mg/ml) in sugar syrups that should not include ascorbic 
acid, which can inactivate rifampicin (Seifart et al., 1991). 

4c.  Pregnant and lactating mothers

Rifampicin is listed as FDA pregnancy category C. Rifampicin 
is recommended as a first-line agent for treating tuberculosis 
during pregnancy (along with isoniazid and ethambutol) 
(Blumberg, 2003). Rifampicin has also been used in pregnancy 
for brucellosis (Khan et al., 2001), ehrlichiosis (Buitrago et 
al., 1998; Dhand et al., 2007), Q fever (Bental et al., 1995, 
Hellmeyer et al., 2002), and rickettsial infection (Cohen et 

al., 1999). There are no recommendations for altered dos-
ages in pregnancy or breastfeeding. Rifampicin crosses the 
placenta producing clinically significant levels of the drug 
in the fetus and amniotic fluid (Binda et al., 1971). Fetal 
abnormalities have been observed in rats and mice when 
large doses of rifampicin were used (Stern and Stainton-Ellis, 
1977). Neo nates of rifampicin-treated mothers should be 
carefully observed for any evidence of adverse effects. There 
are no adequate and well-controlled studies of rifampicin in 
pregnant women. Rifampicin should be used during preg-
nancy only if the potential benefit justifies the potential risk 
to the fetus (Sanofi-Aventis, 2010).

Administration of vitamin K has been recommended at 
birth to the infant of a mother taking rifampicin because of 
the risk of postnatal hemorrhage (WHO, 2010).

Rifampicin is excreted in breast milk, but there are no 
adverse effects reported in infants of breastfeeding women 
taking rifampicin (Tran and Montakantikul, 1998). The 
American Academy of Pediatricians (2001) considers rifam-
picin compatible with breastfeeding, and guidelines state that 
breastfeeding should not be discouraged for women treated 
with first-line antituberculous agents, including rifampicin 
(Blumberg, 2003). Rifampicin concentrations in breast milk 
have been measured up to 4.9 µg/ml compared with mater-
nal plasma concentration of 21.3 µg/ml, measured 12 hours 
after a 450-mg dose. The dose of rifampicin to which the 
nursing infant can potentially be exposed is about 0.45–0.735 
mg/kg/day, which is < 10% of the recommended treatment 
dose (Tran and Montakantikul, 1998).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Rifampicin is metabolized by the liver, so conventional dos-
ing may be used in the setting of renal insufficiency (Acocella, 
1978; Ellard, 1993).

Rifampicin is not cleared by hemodialysis because of its 
high molecular weight, wide distribution into tissues, high 
degree of protein binding, and rapid hepatic metabolism 
(Malone et al., 1999). Therefore supplemental dosing is not 
necessary for rifampicin. There are minimal published data 
to provide guidance for dosing rifampicin in continuous 
renal replacement therapy.

In a study of nine patients maintained on continuous 
ambulatory peritoneal dialysis (CAPD), minimal amounts of 
oral rifampicin were recovered in the dialysate (< 1% of total 
dose). The peak dialysate rifampicin concentration was only 
9.8% of its peak plasma counterpart. Therefore no dosage 
adjustment is required for peritoneal dialysis (Ahn et al., 
2003). Owing to its high molecular weight, high protein 
binding capacity, and lipid solubility, rifampicin may be less 
dialyzable through the peritoneal membrane into the peri-
toneal fluid (Andrew et al., 1980). In a report on five cases 
of tuberculous peritonitis, Cheng et al. (1989) described one 
patient who had a slow response to oral rifampicin therapy. 
The patient was later successfully treated with intraperito-
neal rifampicin therapy. Oral rifampicin administered at 
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standard doses may be inadequate for the treatment of 
CAPD patients with tuberculous peritonitis (Anh et al., 
2003). Thus intraperitoneal administration of rifampicin 
should be considered for CAPD patients with tuberculous 
peritonitis, especially for those who are not responding well 
to conventional oral antimycobacterial therapy (Paiva et al., 
1998).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Clearance of the drug may be impaired in the presence of 
liver disease or biliary tract obstruction, causing increased 
serum levels (Acocella, 1978). Owing to its critical impor-
tance in short-course treatment of tuberculosis, the inclusion 
of rifampicin is still recommended in patients with chronic 
liver disease, but the frequency of clinical and laboratory 
monitoring should be increased (Blumberg et al., 2003).

ELDERLY PATIENTS

There are no significant differences in pharmacokinetic val-
ues in elderly patients, so no dosage adjustments are required.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Rifampicin is well absorbed from the gastrointestinal tract. 
Experience with one patient indicated that adequate absorp-
tion can occur from the jejunum even in the absence of the 
ileum (Wake et al., 1980). The peak serum concentration is 
usually reached 2 hours after administration, but this may 
vary from 1 to 3 or even 4 hours, between individuals, and 
also within the same subject (Acocella, 1983).

Administration with food decreases the Cmax and the area 
under the curve (AUC) to 8 hours by more than 20% in 37% 
of individuals (Zent and Smith, 1995), although the AUC0–8 
has been found to be reduced by only 6%. Although serum 
levels are slightly lower if the drug is given with food, the 
duration of therapeutically active serum levels is unchanged 
(Siegler et al., 1974). Nevertheless, failure of a number of 
patients to respond to short-term chemotherapy of tubercu-
losis with a rifampicin-based regimen has been attributed to 
giving rifampicin after breakfast. Therefore this drug should 
be given on waking and as long as possible before breakfast 
(Gill, 1976). Antacids seem to have no substantial effect on 
the absorption of rifampicin (Peloquin et al., 1999).

In patients with advanced HIV infection who were treated 
with rifampicin for MAC infections or tuberculosis, the 
serum levels of the drug were low, probably because of 
impaired absorption (Gordon et al., 1993; Patel et al., 1995). 
This may lead to failure of chemotherapy and the emergence 
of rifampicin-resistant M. tuberculosis strains.

There is also a disproportion between peak serum levels 
and the AUC, and the size of the dose, because larger doses 
result in greater than proportional peak levels. After 150-, 
300-, 450-, 600-, and 1200-mg doses, the peak serum levels 
reached are 2, 4, 6, 10, and > 30 µg/ml, respectively. The rea-
son for these disproportional rises is that there is a limit to 

the rate at which the liver can transport the drug (transport 
maximum) into the bile (see below under 5d, Excretion); 
this occurs at a dose of about 300–450 mg. Another effect of 
this biliary transport maximum is that the peak serum level, 
half-life, and area under the curve are higher when the drug 
is given as a single daily dose instead of divided doses. The 
rifampicin serum half-life also seems to increase with dose; 
it is 2.5, 3, and 5 hours for doses of 300, 600, and 900 mg, 
respectively (Acocella, 1983).

Changes in serum levels occur after continuous adminis-
tration of rifampicin (Acocella et al., 1971; Acocella and 
Scotti, 1976). During the first 6 days of treatment, although 
peak serum levels are unaffected, the levels at 12 hours show 
a decrease. The serum half-life also becomes shorter during 
the first 6 days, and this is most evident with daily doses of 
900 mg; the half-lives following 600-mg and 900-mg daily 
doses are then nearly the same (2.5–3.0 hours). An increased 
rate of biliary excretion during the first 6 days of treatment 
occurs, because during this period rifampicin induces 
enzymes in the liver which increase its own metabolism. It 
appears that in most subjects an equilibrium occurs after 1–2 
weeks’ treatment, and subsequently no more major changes 
occur (Acocella, 1983).

Pharmacokinetic studies in infants and children (6–58 
months old) showed that a mean peak serum level of 9.0–
11.5 µg/ml occurs 1 hour after a 10-mg/kg body weight oral 
dose, and the average half-life was 2.9 hours (McCracken et 
al., 1980). When infants were given i.v. rifampicin, 5 mg/kg 
body weight every 12 hours (each dose infused over 30 min-
utes), the average peak serum level 30 minutes after the end 
of the infusion was 4.02 µg/ml, and the trough level just 
before the next infusion was 1.11 µg/ml (Tan et al., 1993).

An i.v. preparation of rifampicin is available. Wake et al. 
(1980) used this to treat one patient with a daily dose of 600 
mg for a period of 7 weeks without side effects attributable 
to the drug; serum concentrations obtained were similar to 
those after oral administration. Kissling et al. (1982) reported 
experience with i.v. rifampicin in 237 patients. The i.v. prepa-
ration was used for patients who were unable to swallow, or 
in whom oral administration was not reliable. It was admin-
istered i.v. by rapid injection or infusion in a dosage of 450–
600 mg daily for adults (300 mg for children). Most (over 80%) 
of these patients (the majority had tuberculosis) responded to 
treatment (rifampicin was always combined with other drugs). 
The drug was well tolerated when given i.v., with the most 
common side effect being thrombophlebitis.

Pharmacokinetic parameters are similar to those in adults 
treated over 30 days. Tan et al. (1993) administered i.v. 
rifampicin to neonates in a dose of 10 mg/kg/day in two 
divided doses 12-hourly, and each dose was infused i.v. over 
30 minutes. The drug was well tolerated. Rifampicin is about 
80% bound to serum proteins (Boman, 1973).

5b.  Drug distribution

Rifampicin is highly lipophilic, and therefore the drug is 
able to cross cell membranes readily. This allows rifampicin 
to achieve extensive distribution into tissues and body fluids, 
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including urine, tears, saliva, sweat, and aqueous humor, 
resulting in an orange-red discoloration of these body fluids.

Rifampicin penetrates well into most tissues. In humans, 
concentrations in the lungs, liver, stomach wall, pleural exu-
date, ascitic fluid, and bone usually exceed simultaneous 
serum levels (Sensi et al., 1967). Therapeutically active con-
centrations are attained in tears and saliva (Hoeprich, 1971; 
McCracken et al., 1980; Cox et al., 1981). After usual thera-
peutic doses, rifampicin levels in nasal secretions exceed the 
MICs of N. meningitidis and just reach, but do not exceed, 
the MICs of H. influenzae (Darouiche et al., 1990).

Sputum levels of 1–3 µg/ml occur when fairly large doses 
of rifampicin are given to patients with chronic bronchitis 
(Citron and May, 1969). In tuberculous patients, sputum 
concentrations after daily administration of 900 mg rifam-
picin peak at 9 hours and may reach 12 µg/ml (Acocella, 
1983). Because of its lipid solubility (see below), rifampicin is 
concentrated in the alveolar macrophages of smokers (Hand 
et al., 1985). Concentrations of rifampicin equivalent to 
65% of simultaneous serum values were detected in cardiac 
valves (Archer et al., 1982). It also penetrates well into endo-
thelial cells, although bacterial killing by rifampicin within 
these cells was poor, but when combined with other anti-
biotics, it potentiated their killing activity against S. aureus 
(Darouiche and Hamill, 1994). Rifampicin appears to diffuse 
through an S. epidermidis biofilm, and bactericidal levels of 
the drug can be attained at the surface of an infected implant 
(Dunne et al., 1993). It also diffuses well into purulent collec-
tions (Suter et al., 1984) and pancreatic juice (Pederzoli et al., 
1985).

Indirect evidence suggests that rifampicin penetrates into 
tuberculous pulmonary cavities (Tsukamura, 1972) and 
reaches therapeutic concentrations in bacterial abscess cavi-
ties (Suter et al., 1984).

Bone concentrations ranging from 0 to 8.2 µg/g of bone 
have been detected after administration of therapeutic doses 
of rifampicin to animals and humans (Norden, 1975; Cluzel 
et al., 1984; Roth, 1984). Higher rifampicin concentrations 
are achieved in diseased bone than in normal bone and in 
cancellous bone than in cortical bone.

A concentration of about 0.5 and 0.73 µg/ml may be 
reached in normal CSF after usual oral and i.v. doses, respec-
tively. There may be a four- to eightfold increase in this 
concentration if the meninges are inflamed; in patients with 
tuberculous meningitis, therapeutic CSF concentrations eas-
ily can be maintained during the first 1–2 months of treat-
ment (Curci et al., 1969; D’Oliveira, 1972; Nau et al., 1992). 
In another study, rifampicin was not detected in the CSF of 
normal subjects 3 hours after a dose of 25 mg/kg, but signif-
icant CSF concentrations were reached in 3 hours and main-
tained for 24 hours in patients with tuberculous meningitis 
(Sippel et al., 1974). In animals, rifampicin penetrates into 
the brain tissue to some extent, but this penetration was 
mainly into brain cells and little of the drug was found in 
the cerebral extracellular space (Mindermann et al., 1993). 
In humans, after a 600-mg oral dose, concentrations of the 
drug in the aqueous humor of the eye ranged from less than 
0.2–1.3 µg/ml (Outman et al., 1992). Concentrations that 

equate with those in the serum are also attained in human 
nerve fiber tissue (Guebre-Xabier et al., 1995).

Rifampicin has one possibly detrimental effect on phago-
cytes: it inhibits their chemotactic activity. However, phagocy-
tosis and intracellular killing by granulocytes and monocytes 
are normal in the presence of rifampicin (Van den Broek, 
1989). Also, unlike many other antibiotics, rifampicin is lipid 
soluble and it can penetrate the cell membrane and kill intra-
cellular organisms. As it is concentrated in the phagocytes, 
it may be delivered by these cells to the sites of infection in 
the body where they migrate (Mandell, 1994). The drug may 
also be of special value in the treatment of patients whose 
leukocytes are unable to kill ingested bacteria—for example, 
in chronic granulomatous disease (Lobo and Mandell, 1972; 
Mandell and Vest, 1972), and to eradicate intracellular staphy-
lococci which are present in leukocyte collections (Mandell, 
1983; Solberg et al., 1983). At an extracellular concentration 
of 0.06–5.0 µg/ml, rifampicin reduces the number of staphy-
lococci surviving in the polymorphs of patients with chronic 
granulomatous disease (Höger et al., 1985).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Antimicrobial pharmacokinetic-pharmacodynamic (PK/PD) 
science has been used to re-evalute the use of antimycobac-
terial drugs including rifampicin (Gumbo et al., 2015). In the 
PK/PD studies of M. tuberculosis, early microbial killing is 
linked to AUC0–24/MIC ratio (Jayaram et al., 2003). However, 
in longer-term studies, rifampicin resistance suppression 
and postantibiotic effect were related to Cmax/MIC (Gumbo 
et al., 2007). Clinical study data are consistent with a PK/PD 
link between rifampicin peak concentration and relapse, 
even in combination therapy (Pasipanodya and Gumbo, 
2011). This data suggests that that higher doses of rifampicin 
than currently recommended, increasing both Cmax/MIC and 
AUC/MIC, may be preferable (Gumbo et al., 2015).

Rifampicin at a dose of 10 mg/kg was introduced in 1971 
based on pharmacokinetic, toxicity, and cost considerations, 
but may not be an optimal dose (van Ingen et al., 2011b). 
Shortening of treatment duration might be achievable using 
an increased rifampicin dose. 

In a dose-ranging trial, Boeree et al. (2015) administered 
2 weeks of rifampicin at doses of 10–35 mg/kg daily, which 
was safe and well tolerated. There was a nonlinear increase in 
exposure to rifampicin without an apparent ceiling effect and 
a greater estimated fall in bacterial load in the higher dosing 
groups compared to the control group receiving standard 
10-mg/kg daily dose. A strong concentration–effect relation-
ship was found, with higher rifampicin exposure associated 
with improved survival in a trial of an intensified regimen of 
rifampicin (600 mg i.v. daily) and moxifloxacin for tubercu-
lous meningitis (te Brake et al., 2015). 

Most nontuberculous mycobacteria have higher MICs to 
rifampicin than M. tuberculosis (van Ingen et al., 2010), but 
there are no clinical data showing what PK/PD parameter 
(e.g. Cmax/MIC or AUC/MIC) should be reached for rifam-
picin in nontuberculous mycobacteria (Magis-Escurra et 
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al., 2013). Rifampicin has a prolonged postantibiotic effect 
(PAE) against MAC (Fuursted, 1997).

5d.  Excretion

In general, urinary concentrations and recovery of rifampi-
cin are related to serum levels; the time rifampicin is excreted 
in the urine is similar to that of its appearance in blood 
(Acocella, 1983). Murdoch et al. (1969) found that with daily 
oral doses of 900 mg, 200–400 mg of the active drug could be 
recovered from urine in the following 24 hours. Kunin et al. 
(1969) demonstrated in five male volunteers, given a single 
dose of 300 mg rifampicin, that 6% of the total dose was 
excreted in the urine in the active form, and peak urine con-
centrations of 10–70 µg/ml were obtained within 4–8 hours. 
With small oral doses of 150 mg or less, the drug is nearly all 
excreted in bile. At doses of 300 mg or more, the excretory 
capacity of the liver (discussed earlier) is exceeded, rifampi-
cin serum levels rise, and the drug appears in the urine 
(Girling, 1977). Desacetylrifampicin accounts for > 50% of 
all antibacterial activity in the urine on day 1 of administra-
tion, but the percentage is much lower on day 7. Peak uri-
nary concentrations (rifampicin plus desacetylrifampicin) 
are somewhat lower (200–250 µg/ml) than biliary peaks 
(300–350 µg/ml) (Acocella, 1983). After single doses of 150–
600 mg rifampicin, peak urine levels at 6 hours range from 
100 to 450 µg/ml. Urine levels and recovery rates of rifampi-
cin decrease with the first few days of treatment because of 
the increased liver metabolism of the drug (discussed later in 
this chapter) (Acocella, 1978).

After absorption from the intestine, rifampicin is partly 
metabolized (deacetylated) in the liver by an enzyme induced 
in the first few days of treatment, to form desacetylrifampi-
cin. This metabolite, which is more water soluble, is then 
excreted via bile into the intestine where it can be further 
reabsorbed, i.e. an enterohepatic cycle occurs. Unchanged 
rifampicin excreted in bile is readily reabsorbed from the 
gut, but its deacetylated form is poorly absorbed. Intestinal 
absorption of rifampicin can increase over time, but the abil-
ity of the liver to transfer the drug into the bile is limited 
(transport maximum). When the transport maximum is 
exceeded, then disproportional rises in rifampicin serum con- 
centrations occur. Two factors affect the metabolism and 
transfer of the drug into bile—the functional mass of the 
liver and its blood flow. Both of these contribute in varying 
degrees to high and prolonged serum concentrations of 
rifampicin, which may occur with liver cirrhosis or chronic 
viral hepatitis (Acocella, 1983). Increased serum levels may 
also result in patients with biliary obstruction (Leading arti-
cle, 1969). Rifampicin levels attained in bile are about 100-
fold higher than those in the serum at the time, provided 
there is no biliary obstruction or impaired liver function 
(Keberle et al., 1968). Desacetylrifampicin is active antibac-
terially, but less so than the parent drug (Dickinson et al., 
1974). In human hepatic bile, desacetylrifampicin accounts 
for 80% of all antibacterial activity; only low levels of this 
metabolite occur in the blood. In humans, antibacterial 

activity occurs in the bile 1–2 hours after rifampicin admin-
istration and reaches a plateau at 4–6 hours; this activity is 
mainly due to desacetylrifampicin; after a 600-mg dose, the 
plateau concentration consists of 300 µg/ml desacetylrifam-
picin and about 50 µg/ml unmetabolized rifampicin. Desa-
cetylrifampicin is transferred into bile threefold faster than 
rifampicin (Acocella, 1983).

Concomitant administration of probenecid increases serum 
levels in humans probably by depressing hepatic uptake of 
rifampicin, thereby slowing its deacetylation in the liver and 
excretion via the bile. Studies by Kenwright and Levi (1973) 
indicated that the peak serum level could be almost doubled 
if 2 g probenecid was given orally 30 minutes before a 300-
mg dose of rifampicin. Subsequently, Fallon et al. (1975) con-
firmed that probenecid increases rifampicin serum levels, but 
showed that this effect is so uncommon and inconsistent that 
probenecid has no place as an adjunct to routine rifampicin 
therapy.

Eventually, about 60% of a single dose of the drug is excreted 
in the feces (Keberle et al., 1968).

In addition to deacetylation, small amounts of rifampicin 
may be metabolized in the liver by other mechanisms such 
as glucuronidation. Some 15–20% of desacetylrifampicin is 
con verted to glucuronide in the liver (Acocella and Conti, 
1980).

5e.  Drug interactions

All of the rifamycins are inducers of a variety of metabolic 
pathways, particularly those involving the various isozymes 
of the cytochrome P450 system. Rifampicin also induces phase 
II metabolizing enzymes, which are responsible for biotrans-
formations such as glucuronidation and sulfation, as well as 
the efflux pump p-glycoprotein (P-gp) and other drug trans-
porters. The most common locus of rifamycin interactions is 
the cytochrome P450 enzyme system, particularly the CYP3A4 
and CYP2. To a lesser extent, rifampicin induces the activity 
of the CYP2C19 and CYPD6 isozymes. The rifamycins differ 
substantially in their potency as enzyme inducers; rifampicin 
is the most potent, rifapentine is intermediate, and rifabutin 
is the least potent enzyme inducer (Burman et al., 2001).

Induction of cytochrome P450 and other enzymes can 
lead to reduced plasma concentrations of co-administered 
drugs that are substrates of these enzymes. Individual phar-
macokinetic variation, which results from drug interactions 
involving enzyme induction or inhibition, is in part deter-
mined by an individual’s genotype. In some cases, rifampicin 
co-administration may result in subtherapeutic levels of 
the interacting drug only in some individuals, depending on 
that individual’s genotype (Vormfelde et al., 2009). Details of 
reports of these and other rifampicin drug–drug interactions 
are included in reviews (Finch et al., 2002; Baciewicz et al., 
2008; Baciewicz et al., 2013).

The well-described, clinically relevant drug–drug inter-
actions of the rifamycins are presented in Table 126.2. 
However, it is important to note that many possible inter-
actions involving the rifamycins have not been investigated 
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Table 126.2. Clinically significant drug–drug interactions involving the rifamycins.

Drug class
Drugs whose concentrations are 
substantially decreased by rifamycins Comments

Antimicrobial 
agents

Macrolide antibiotics (clarithromycin, 
erythromycin)

Combination should be avoided; consider switching to azithromycin which 
has no significant interaction with rifamycins.

Doxycycline Potential for decreased doxycycline efficacy, monitor closely for therapeu-
tic failure.

Azole antifungal agents (keto-
conazole, itraconazole, posacon-
azole, voriconazole, isavuconazole)

Avoid concomitant use if possible. If the combination is to be used, 
monitor itraconazole or posaconazole level and adjust dose accordingly; 
monitor therapeutic response. Fluconazole can be used with rifamycins, 
but the dose of fluconazole may have to be increased.

Caspofungin Caspofungin dose should be increased to 70 mg/day.

Dapsone Reduced dapsone activities; might consider increasing dapsone dose or 
use alternative agent.

Atovaquone Consider alternate form of Pneumocystis treatment or prophylaxis.

Chloramphenicol Consider an alternative antibiotic.

Mefloquine Consider alternate form of malaria prophylaxis.

Hormone therapy Ethinylestradiol, norethindrone Women of reproductive potential on oral contraceptives should be advised 
to add a barrier method of contraception when taking a rifamycin.

Tamoxifen May require alternate therapy or use of a nonrifamycin-containing regimen.

Levothyroxine Monitoring of serum thyroid-stimulating hormone recommended; may 
require increased dose of levothyroxine.

Narcotics Methadone Rifampicin and rifapentine use may require methadone dose increase; 
rifabutin infrequently causes methadone withdrawal.

Anticoagulants, 
antiplatlet agents

Warfarin Monitor prothrombin time; may require 2- to 3-fold dose increase.

Ticagrelor, dabigatran, rivaroxaban Avoid, use another agent.

Immunosuppressive 
agents

Cyclosporine, tacrolimus Monitor serum cyclosporine or tacrolimus concentrations; increased 
dosage will likely be needed. 

Rifabutin may allow concomitant use of cyclosporine and a rifamycin

Corticosteroids May require 2- to 3-fold increase in corticosteroid dose.

Anticonvulsants Phenytoin, lamotrigine Therapeutic drug monitoring recommended; may require anticonvulsant 
dose increase.

Cardiovascular 
agents

Verapamil, nifedipine, diltiazem (a 
similar interaction is also predicted 
for felodipine and nisoldipine)

Clinical monitoring recommended; may require change to an alternate 
cardiovascular agent.

Propranolol, metoporol, carvedilol Clinical monitoring recommended; may require dose increase or change to 
an alternate cardiovascular drug.

Enalapril, losartan Monitor clinically; may require a dose increase or use of an alternate 
cardiovascular drug.

Digoxin (among patients with renal 
insufficiency), digitoxin

Therapeutic drug monitoring recommended; may require digoxin or 
digitoxin dose increase.

Quinidine Therapeutic drug monitoring recommended; may require quinidine dose 
increase.

Mexilitine, tocainide, propafenone Clinical monitoring recommended; may require change to an alternate 
cardiovascular drug.

Bronchodilators Theophylline Therapeutic drug monitoring recommended; may require theophylline 
dose increase.

Sulfonylurea 
hypoglycemic

Tolbutamide, chlorpropamide, 
glyburide, glimepiride, repaglinide

Monitor blood glucose; may require dose increase or change to an 
alternate hypoglycemic drug.

Hypolipidemics Simvastatin, atorvastatin, pravastatin Monitor hypolipidemic effect; increased dose may be needed with select 
drugs and patients. 

Psychotropic drugs Nortriptyline Therapeutic drug monitoring recommended; may require dose increase or 
change to alternate psychotropic drug.

Haloperidol, quetiapine Monitor clinically; may require a dose increase or use of an alternate 
psychotropic drug.

Benzodiazepines (e.g. diazepam, 
triazolam), zolpidem, buspirone)

Monitor clinically; may require a dose increase or use of an alternate 
psychotropic drug.

Source: Adapted with permission from Blumberg et al. (2003).
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fully, and additional clinically relevant interactions undoubt- 
edly will be described. Therefore, it is important to check all 
concomitant medications for possible, as well as confirmed, 
drug–drug interactions with rifamycins.

Some of these drug–drug interactions can be managed 
with close clinical or laboratory monitoring and dose 
increases of medication(s) affected by the rifamycins (Table 
126.2). In some cases, the magnitude of the decrease in con-
centrations of a concomitant medication may be such that 
serum concentrations cannot be restored by a dose increase. 
If the dose of a medication is increased to compensate for the 
effect of a rifamycin, it is critical to remember that the dose 
of this drug will probably need to be decreased within the 
2 weeks after the rifamycin is discontinued and its inductive 
effect resolves.

ANTIMICROBIAL AGENTS

Rifampicin reduces serum concentrations of clarithromycin 
(Wallace et al., 1995). Ciprofloxacin administered with rifam-
picin does not affect serum levels of either drug (Chandler 
et al., 1990), but moxifloxacin concetrations are reduced 
by coadministration with rifampicin (Nijland et al., 2007). 
Rifamicpin coadministration leads to decreased serum con-
centrations of fluconazole (Apseloff et al., 1991), itraconazole 
(Moon et al., 2015), posaconazole (Hohmann, et al., 2010), 
voriconazole (Geist et al., 2007), and isavuconazole (Town-
send, et al., 2017), which may affect clnical outcome of anti-
fungal therapy (Tucker et al., 1992).

HORMONE THERAPY

Rifampicin induces CYP34A and reduces serum concentra-
tions of oral contraceptive pills (Skolnick et al., 1976; Acocella 
and Conti, 1980; Barditch-Crovo et al., 1999), tamoxifen 
(Kivisto et al., 1998), and L-thyroxine replacement (Isley et 
al., 1987). 

OPIOIDS AND OPIOID REPLACEMENT THERAPY

Rifampicin reduces levels of morphine (Fromm et al., 1997) 
and oxycodone (Nieminen et al., 2009) and dosage adjust-
ment is required to maintain analgesia. Rifampicin coadmin-
istration with buprenorphine or methadone will probably 
require increased doses of buprenorphine (McCance-Katz 
et al., 2011) or methadone (Kreek et al., 1976; Bending and 
Skacel, 1977) in order to avoid opioid withdrawal.

ANTICOAGULANTS AND ANTIPLATELET AGENTS

The highly clinically significant interaction between rifampi-
cin and warfarin has been well recognized since the 1970s 
(O’Reilly, 1974; O’Reilly, 1975). Rifampicin induces CYP3A4 
and CYP2C9, reduces the hypoprothrombinemia effect, and 
coadministration requires warfarin dose increases and care-
ful monitoring when commencing and ceasing rifampicin.

The anti-Xa inhibitors rivaroxaban and apixaban are sig-
nificantly metabolized by CYP3A enzymes, and coadminis-
tration with rifampicin leads to decreased levels. Dabigatran 
is a substrate of the P-gp efflux transporter, and coadminis-
tration with rifampicin leads to decreased levels (Blech et al., 

2008). Unlike warfarin, monitoring is not available routinely, 
and given the high-risk nature of these agents, combination 
with rifampicin should be avoided (Altena et al., 2014).

Coadministration of clopidogrel and rifampicin resulted 
in a greater pharmacodynamic response to clopidogrel due to 
increase in clopidogrel’s active metabolite levels as a result of 
greater P 2Y12 blockade. Rifampicin leads to greater inhibition 
of platelet aggregation by clopidogrel due to greater P 2Y12 
recep tor blockade leading to increase in clopidogrel’s active 
metabolite levels (Judge et al., 2010). However, prasugrel’s active 
metabolite is not affected by enzyme induction with rifampicin, 
and dose adjustment should not be necessary (Farid et al., 2009). 
The new platelet aggregation inhibitor ticagrelor is a substrate of 
the P-gp efflux transporter, and coadministration with rifampi-
cin leads to decreased levels and a more rapid offset of effect; 
thus this combination should be avoided (Teng et al., 2013). 

IMMUNOSUPPRESSIVE AGENTS

Rifampicin induces CYP3A4 and decreases levels and effi-
cacy of corticosteroids (Yamada and Iwai, 1976; Wood, 1987), 
cyclosporine (Daniels et al., 1984), and tacrolimus (Bhaloo 
and Prasad, 2003).

CARDIOVASCULAR AGENTS

Rifampicin reduces levels of digoxin (Acocella and Conti, 1980; 
Novi et al., 1980; Poor et al., 1983; Bussey et al., 1984; Greiner et 
al., 1999) and quinidine (Twum-Barima and Car ruthers, 1981) 
related to induction of P-gp (Greiner et al., 1999).

ANTIDIABETIC AND LIPID LOWERING DRUGS

Rifampcin induces CYP3A4 and decreases levels of HMG-
CoA reductase inhibitors including simvastatin, atorvastatin, 
and pravastatin (Backman et al., 2005). Rifampicin reduces 
the glucose-lowering effects of sulfonylureas including gli-
clazide (Park et al., 2003). Rifampin enhances the glucose- 
lowering effect of metformin (Cho et al., 2011).

ANTICONVULSANTS AND PSYCHOTROPIC DRUGS

Rifampicin reduces levels of psychotropic drugs including 
bupropion, risperidone (Kim et al., 2008b), benzodiazepines, 
and anticonvulsant phenytoin (Tucker et al., 1992).

ANTIRETROVIRAL AGENTS

Most of the protease inhibitors and non-nucleoside reverse 
transcriptase inhibitors and the CCR5 antagonist maraviroc 
are metabolized by CYP3A4. The rifamycins induce the uri-
dine diphosphate (UDP)-glucuronosyltransferase (UGT) 
1A1 enzyme, which is responsible for the metabolism of the 
integrase strand transfer inhibitors. Induction of CYP3A4 
and UGT by rifampicin can lead to reduced serum concen-
trations of these antiretroviral drugs with the attendant risks 
of HIV treatment failure and emergence of antiretroviral 
drug resistance. 

Recommendations for coadministering antiretroviral 
drugs with rifampicin are summarized in Table 126.3, based 
on CDC guidelines (2013) and Panel on Antiretroviral 
Guide lines (2016). As new information about antiretroviral 
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agents becomes available, treatment recommendations are 
likely to be modified, and review of the NIH and CDC web-
sites is advised. 

Rifampicin causes a modest decrease in efavirenz concen-
trations (López-Cortés et al., 2002; Friedland et al., 2006; 
Manosuthi et al., 2006) but there is significant inter-patient 
variability. Rifampicin reduces serum concentrations of 
nevirapine by 20–55% (Manosuthi et al., 2006). Cohort stud-
ies and a randomized controlled trial have shown that the 
standard adult efavirenz dose (600 mg daily) together with 
efavirenz or nevirapine is well tolerated and highly effica-
cious in achieving complete viral suppression among adults 
on concomitant rifampicin-based tuberculosis treatment 
(Boulle et al., 2008; Shipton et al., 2009; Moses et al., 2010). 
Increasing the dose of efavirenz from 600 mg daily to 800 mg 
daily compensates for the effect of rifampicin, but this dose 
increase may not be necessary to achieve HIV-related out-
comes (López-Cortés et al., 2006; Manosuthi et al., 2006). 
However, efavirenz is more effective and less toxic than 
nevirapine for patients receiving antiretroviral therapy and 
rifampicin-containing tuberculosis treatment (Swaminathan 
et al., 2011). Rifampicin is now not recommended in combi-
nation with nevirapine (Panel on Antiretroviral Guidelines, 
2016), etravirine, or rilpivirine.

Rifampicin causes dramatic reductions in protease inhib-
itor levels, and the coadministration of rifampicin and prote-
ase inhibitors (with or without ritonavir boosting) is not 
recommended. Additional ritonovir does not overcome this 
interaction and increases hepatotoxicity (Panel on Anti retro-
viral Guidelines, 2016). Coadministration of rifampicin and 
miraviroc is not recommended. Rifampicin upregulates the 
synthesis of UDP-glucuronosyltransferase 1A1, which meta-
bolizes integrase inhibitors, including raltegravir (Kassahun 
et al., 2007). Rifampicin reduces reduces raltegravir concen-
trations (Wenning et al., 2009), and doubling the dose to 800 
mg twice daily is recommended if codaministered. Dolute-
gravir at 50 mg twice daily given together with standard-dose 
rifampicin was well tolerated and resulted in dolutegravir 
concentrations similar to those of 50 mg of dolutegravir 
given once daily alone (Dooley et al., 2013).

6. ADVERSE REACTIONS AND TOXICITY

In general, rifampicin is a well-tolerated drug. Some adverse 
reactions can occur with either daily or intermittent therapy, 
while some occur only when the drug is given intermittently. 
Serious reactions are uncommon if the recommended dos-
age schedules for daily and intermittent therapy are followed. 
Cook et al. (2000) reported only 68 (1.9%) of 3520 patients 
treated for tuberculosis discontinued rifampicin; of these, 
57% had rifampicin discontinued unnecessarily. Adverse 
reactions to rifampicin, particularly rash and hepatotoxicity, 
are more common when tuberculosis is treated in patients 
with HIV infection (Chaisson et al., 1987; Small et al., 1991; 
Van der Ven et al., 1994).

Adverse reactions associated with rifampicin have been 
separated into two groups: reactions that can arise during 

daily therapy (e.g. cutaneous reactions, gastrointestinal symp - 
 toms, hepatic injury, and minor hematologic abnormalities) 
and reactions that mainly occur with highly intermittent 
administration (less frequently than twice per week) or on 
reintroduction of rifampicin after a long drug-free period 
(e.g. influenza-like syndrome, hemolytic anemia, thrombotic 
thrombocytopenic purpura, acute renal failure, and shock) 
(Girling, 1977). Severe reactions thought to be immune medi-
ated are rare, each occurring in less than 0.1% of patients 
(Lee and Lee, 1989; Brasil et al., 1996; Martínez et al., 1999). 
Although the classification is not absolute, it can be useful  
in understanding the pathophysiology underlying particu- 
lar reactions. The adverse events associated with intermit- 
tent administration are often because of the development of 
rifampicin-dependent antibodies that result in complement- 
mediated cell damage.

6a.  Cutaneous reactions

A “cutaneous syndrome” may occur in patients receiving 
daily or intermittent rifampicin therapy and usually becomes 
apparent early in the course of treatment. It consists of flush-
ing and/or itching of the skin with or without a rash, involv-
ing particularly the face and scalp; redness and watering of 
the eyes may also occur. Symptoms usually appear 2–3 hours 
after a rifampicin dose, are generally self-limiting, and only 
require symptomatic treatment (Girling and Fox, 1971; 
Aquinas et al., 1972). Pruritis with or without rash may occur 
in as many as 6% of patients, but is generally self-limited 
(Villarino et al., 1997). This reaction may not represent true 
hypersensitivity, and continued treatment with the drug may 
be possible. Skin rash is rarely a valid reason to permanently 
discontinue rifampicin; use of antihistamines, and if neces-
sary, desensitization, can enable virtually all such patients to 
remain on rifampicin (Matz et al., 1994).

There are reports of cutaneous vasculitis (Iredale et al., 
1989; Kim et al., 2010), erythema multiforme, toxic epider-
mal necrolysis (Okano et al., 1987), pemphigus (Gange et  
al., 1976), and thrombocytopenic purpura (Blajchman et al., 
1970; see section 6i, Hematologic toxicity). Rifampicin has 
also been reported to exacerbate pre-existing pemphigus 
vulgaris (Miyagawa et al., 1986) and porphyria cutanea tarda 
(Millar, 1980).

6b.  Hypersensitivity reactions

More severe, true hypersensitivity reactions are uncom-
mon, occurring in 0.07–0.3% of patients (Brasil et al., 1996; 
Ormerod and Horsfield, 1996; Martinez et al., 1999). On rare 
occasions, an acute shock-like state, probably due to anaphy-
laxis, has followed rifampicin administration (Nessi et al., 
1973; Brook and Pain, 1987). Immediate-type hypersensitiv-
ity reactions have been documented by the presence of 
anti-rifampicin IgE antibodies and/or a urticarial response 
to skin testing (Martinez et al., 1999). Oral desensitization 
therapy has allowed some individuals with hypersensitivity 
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Table 126.3. Recommendations for coadministering antiretroviral drugs with rifampicin.

Agent
Recommended change in dose 
of antiretroviral drug

Recommended 
change in dose 
of rifampicin Comments

Non-nucleoside reverse transcriptase inhibitors

Efavirenz None
Some clinicians suggest 800-mg 

dose in patients who weigh 
> 50 kg

No change 
(600 mg/day)

Efavirenz AUC decreased by 26%, but highly 
variable. Maintain EFV dose at 600 mg 
once-daily and monitor for virologic response. 
Consider therapeutic drug monitoring. Efavirenz 
should not be used during the 1st trimester of 
pregnancy.

Nevirapine Rifampicin and nevirapine 
should not be used together

Nevirapine concentration decreased by 20–58%.

Rilpivirine Rifampicin and rilpivirine should 
not be used together

Rilpivirine AUC decreased by 80%; Cmin decreased 
by 89%.

Etravirine Rifampicin and etravirine should 
not be used together

Marked decrease in etravirine predicted based on 
data on the interaction with rifabutin. 

Single protease inhibitors

Atazanavir Rifampicin and atazanavir 
should not be used together

Atazanavir AUC decreased by > 95%. Increasing 
the dose to 300 mg twice daily or 400 mg twice 
daily still resulted in subtherapeutic atazanavir 
concentrations. 

Rifabutin AUC increase expected.

Dual protease-inhibitor combinations

Lopinavir/ritonavir (Kaletra) Rifampicin and lopinavir/
ritonavir should not be used 
together

Lopinavir AUC is decreased, which can be 
overcome by high-dose ritonavir, but this 
combination is associated with high rate of 
hepatotoxicity in healthy volunteers. Rifabutin is 
the preferred rifamycin to use in patients with 
HIV infection and tuberculosis receiving a 
protease inhibitor-based regimen.

Atazanavir/ritonavir Rifampicin and atazanavir/
ritonavir should not be used 
together

Atazanavir trough concentration decreased by 
> 90%. Doubling the dose to 300/100 twice 
daily resulted in hepatotoxicity in healthy 
volunteers.

Darunavir/ritonavir Rifampicin and darunavir/
ritonavir should not be used 
together

The combination of darunavir/ritonavir and 
rifampicin has not been evaluated, but 
concentrations are expected to be decreased.

Fosamprenavir/ritonavir Rifampicin and fosamprenavir/
ritonavir should not be used 
together

Fosamprenavir Cmax decreased by 70%, AUC 
decreased by 82%, trough decreased by 92%.

Saquinavir/ritonavir Rifampicin and saquinavir/
ritonavir should not be used 
together

The combination of saquinavir (1000 mg twice 
daily), ritonavir (100 mg twice daily), and 
rifampicin caused unacceptable rates of 
hepatotoxicity among healthy volunteers. In 
tuberculosis patients, 400/400 twice daily 
caused similar rates of hepatotoxicity.

CCR-5 receptor antagonists

Maraviroc Co-administration is not 
recommended 

If co-administration is necessary, 
use 600 mg twice daily

If co-administered with a strong 
CYP3A inhibitor, use 300 mg 
twicedaily

Maraviroc AUC decreased by 64%. 
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reactions to rifampicin to complete therapy (Girling and 
Hitze, 1979; Holland et al., 1990; Hildebrand et al., 2014). 

6c.  Gastrointestinal adverse effects

Gastrointestinal symptoms, including nausea, anorexia, and 
abdominal pain, have been reported. These symptoms may 
occur with both daily and intermittent rifampicin therapy. 
The incidence is variable, but symptoms are rarely severe 
enough to necessitate discontinuation of the drug (Aquinas 
et al., 1972; Girling, 1977; Villarino et al., 1997).

6d.  Hepatotoxicity

Transient asymptomatic hyperbilirubinemia may occur in 
up to 0.6% of patients receiving rifampicin, and may be noted 
within hours of oral administration. This elevation is thought 
to be the result of inhibition of bilirubin excretion rather 
than true hepatic toxicity, and to be of no clinical significance 
(Cohn, 1969).

Many patients receiving rifampicin alone or in combina-
tion with other drugs develop elevations of serum transami-
nase levels, particularly during the first few weeks of therapy, 
but most of these are asymptomatic, and the transaminase 
levels return to normal whether rifampicin is stopped or not 
(Newman et al., 1974; Donald et al., 1987). Baron and Bell 
(1974) also demonstrated that transient biochemical liver 
disturbances were common during the early weeks of anti-
tuberculosis treatment, irrespective of whether rifampicin 
was in the regimen, and they did not imply serious toxicity. 

Spon taneous resolution of these abnormalities despite ongoing 
admini stration of the drug is common (Weidmer et al., 1971).

The incidence of rifampicin-induced hepatitis is relatively 
low (Girling and Hitze, 1979) but has varied among different 
patient populations, with the highest rates reported among 
individuals with chronic liver disease or predisposing condi-
tions, such as alcohol abuse or coadministration of other 
potentially hepatotoxic medications. A meta-analysis reported 
that the incidence of hepatitis among adults receiving rifam-
picin is more common when given in combination with 
isonaizid (2.7%) than when given alone (nearly 0%) or in 
combination with drugs weekly other than isonaizid (1.1%) 
(Steele et al., 1991). The mechanism of liver injury is being 
elucidated, with coadministration of rifampicin and isonia-
zid causing accumulation of the endogenous hepatotoxin 
protoporphyrin IX in the liver through pregnane X receptor 
(PXR)-mediated alteration of the heme biosynthesis pathway 
(Li et al., 2013).

More severe clinical hepatitis requiring discontinuation 
of rifamycin therapy that typically has a cholestatic pattern 
may also occur (Sanders, 1976; Steele et al., 1991). Occasional 
acute liver failure, necessitating liver transplantation, occurred 
in patients receiving combined rifampicin, isoniazid, and 
pyrazinamide therapy (Mitchell et al., 1995). 

Many cases of severe liver injury, including several deaths, 
have been reported in association with administration of 
rifampicin and pyrazinamide for the treatment of latent tuber-
culosis infection (CDC, 2001a; CDC, 2001b; CDC, 2002b; 
Medinger, 2002; Jasmer et al., 2002; McNeill et al., 2003; 
Stout et al., 2003; McElroy et al., 2005). No underlying liver 

Agent
Recommended change in dose 
of antiretroviral drug

Recommended 
change in dose 
of rifampicin Comments

Integrase strand transfer inhibitors (INSTIs)

Raltegravir Increase raltegravir dose to 800 
mg twice daily

No change 
(600 mg/day)

Raltegravir trough concentrations decreased by 
53% even with increased dose to 800 mg 
twice-daily despite reasonable overall expo-
sures. The clinical significance of this is 
unknown. Use this dose with caution and 
employ viral load monitoring, if available.

Elvitegravir co-formulated 
with cobicistat, tenofovir, 
and emtricitabine (Stribild)

OR

Stribild and rifampicin should 
not be used together

Marked decrease in elvitegravir and cobicistat 
concentrations predicted based on metabolic 
pathways of these drugs.

Elvitegravir plus ritona-
vir-boosted protease 
inhibitor Dolutegravir

Increase dolutegravir to 50 mg 
twice daily for patients 
without suspected or 
documented INSTI mutation

Alternative to rifampicin should 
be used in patients with 
certain suspected or 
documented INSTI-associated 
resistance substitutions 

Consider using rifabutin

Rifampicin with dolutegravir 50 mg twice daily 
compared to dolutegravir 50 mg twice-daily 
alone:

−  Dolutegravir AUC decreases by 54% and Cmin 
decreases by 72%.

Rifampicin with dolutegravir 50 mg twice daily 
compared to dolutegravir 50 mg once daily 
alone:

−  Dolutegravir AUC increases by 33% and Cmin 
increases by 22%.

Source: Adapted from CDC (2013) and Panel on Antiretroviral Guidelines (2016).
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disease has been present in most subjects in whom hepato-
toxicity has developed. The incidence of this complication is 
not known with certainty, but reported rates of hepatotoxicity 
range from 1.2% to 13% among recipients of this combina-
tion regimen (Bock et al., 2001; Chaisson et al., 2002; Jasmer 
et al., 2002; Jasmer and Daley, 2003; McNeill et al., 2003; 
Stout et al., 2003). As a result of the unexpectedly high rate of 
hepatotoxicity, this combination is no longer recommended 
for the treatment of latent tuberculosis infection (Getahun 
et al., 2015; Panel on Opportunistic Infections, 2016).

6e.  Flu-like syndrome

A flu-like syndrome (including fever, rigors, headache, 
arthralgias, and myalgias) has been described during inter-
mittent rifampicin therapy for tuberculosis (Aquinas et al., 
1972; Zierski, 1973; Hong Kong/BMRC, 1974; Hong Kong/
Brompton Hospital/BMRC, 1974; Hong Kong/BMRC, 1975; 
Hong Kong/Brompton Hospital/BMRC, 1975; Singapore/
BMRC, 1975, summarized by Girling, 1977). This syndrome 
usually does not appear until after 3–6 months of intermit-
tent rifampicin therapy, and it may be accompanied by other 
side effects of rifampicin. The onset of symptoms typically 
is within 1–2 hours of ingestion of rifampicin and may last 
8 hours (Poole et al., 1971).

Incidence of the flu-like syndrome is 0.4–0.7% of patients 
receiving 600 mg twice weekly, but not with daily adminis-
tration of the same dose (Dutt et al., 1979; Brasil et al., 1996; 
Martinez et al., 1999). Symptoms are more likely to occur 
with intermittent administration of a higher dose (Poole et 
al., 1971; Aquinas et al., 1972). It may be more frequent in 
women (Eule et al., 1974) and older men (but not older women) 
(Hong Kong/BMRC, 1975). Changing to daily administra-
tion usually prevents subsequent reactions and may allow 
continuation of therapy (Girling and Fox, 1971; Aquinas et 
al., 1972). Anaphylactic reactions have been reported, how-
ever, in a few patients rechallenged in this manner (Martinez 
et al., 1999).

Many patients with the syndrome develop serum rifampi-
cin–dependent antibodies (Worlledge, 1973; Hong Kong/
Brompton Hospital/BMRC, 1974; Singapore/BMRC, 1975). 
Antibodies are rarely detectable with daily administration, 
possibly because this causes immune tolerance, whereas 
intermittent therapy favors sensitization. Bassi et al. (1976) 
studied rifampicin antibodies in patients with tuberculosis, 
1 day, 1 week, 3 weeks, and 8 weeks after discontinuation of 
daily therapy; the greater number of patients with antibodies 
was found in the third week. These findings were considered 
to be more consistent with a hypothesis that continuous 
rifampicin treatment results in continuous neutralization of 
antibodies, rather than induction of tolerance. The dose size 
is also important in determining the presence of antibodies; 
doses of 450 mg or 600 mg three times weekly are much less 
liable to produce antibodies than doses of 900 mg or 600 mg 
twice or once weekly (Girling, 1977). There is no evidence 
that the presence of antibodies to rifampicin affects thera-
peutic response (Hong Kong/Singapore/BMRC, 1976).

6f.  Drug-induced lupus erythematosus

Berning and Iseman (1997) described four cases of drug- 
induced lupus erythematosus syndrome characterized by 
arthralgias, arthritis, edema, and malaise associated with 
rifampicin. Patients were also receiving drugs that inhibit 
the hepatic cytochrome P450 enzyme (e.g. clarithromycin 
and/or ciprofloxacin) responsible for the metabolism of rifam-
picin, suggesting that this syndrome may be the result of 
high rifampicin levels. Symptoms typically resolve after dis-
continuation of rifampicin, although symptomatic therapy 
initially may be necessary. Antinuclear antibodies (homoge-
neous pattern) and antihistone antibodies have been demon-
strated during the acute illness, and decline over time after 
discontinuation of rifampicin (Berning and Iseman, 1997). 
Patel and Anstey (2001) reported another case with promi-
nent cutaneous features.

6g.  Respiratory syndrome

This syndrome is a less common complication of intermit-
tent rifampicin administration (Aquinas et al., 1972; Hong 
Kong/Brompton Hospital/BMRC, 1974). It consists of dysp-
nea with or without a wheeze, and sometimes a fall in blood 
pressure and shock. This side effect is usually managed in a 
similar manner to the flu-like syndrome, with which it may 
be associated and share a common mechanism.

6h.  Renal toxicity

Acute renal failure associated with administration of rifam-
picin most commonly has been described in highly intermit-
tent dosing regimens or on reinstitution of rifampicin after a 
drug-free interval (Poole et al., 1971; Nessi et al., 1976; Cohn 
et al., 1985; Covic et al., 1998; De Vriese et al., 1998; Muth u-
kumar et al., 2002). In these cases, patients often report acute 
onset of fever, chills, myalgias, nausea, or vomiting within 
hours of reintroduction of rifampicin (Cordonnier and 
Muller, 1972; Kleinknecht et al., 1972; Flynn et al., 1974). 
Associated laboratory abnormalities can include anemia with 
or without evidence of intravascular hemolysis, leukocytosis, 
thrombocytopenia, and elevations in serum levels of hepatic 
transaminases. Most cases of acute renal failure in this set-
ting have been attributed to acute tubular necrosis (De Vries 
et al., 1998) or acute interstitial nephritis (Flynn et al., 1974; 
Gabow et al., 1976; Stone et al., 1976; Mukthukumar et al., 
2002). Other renal lesions described include papillary necro-
sis (Lai et al., 1987), crescentic glomerulonephritis (Ogata  
et al., 1998; Wen and Chen, 2006), acute cortical necrosis 
(Cochran et al., 1975), and minimal change disease (Kohno 
et al., 2000). Rifampicin-dependent antibodies (Chan et al., 
1975) have been detected in the serum of most patients in 
whom testing was performed. Renal damage is thought to 
be a result of the interaction between rifampicin-dependent 
antibodies and the I antigen expressed on renal tubular epi-
thelium with subsequent complement-mediated cell dam-
age (De Vries et al., 1998). The prognosis of this type of 
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 rifampicin-associated renal failure is excellent, and nearly all 
reported patients have had full recovery of renal function 
within several weeks (Covic et al., 1998; Muthukumar et al., 
2002), although permanent renal damage has been reported 
(Cochran et al., 1975). Administration of rifampicin to a 
patient with a history of rifampicin-associated renal failure is 
not recommended. Acute renal failure also can occur during 
continuous dosing but this is much less common, and the 
pathophysiology seems to be different. In these cases, tests 
for rifampicin-dependent antibodies typically have been 
negative, and various causes of acute renal failure have been 
reported.

6i.  Hematologic toxicity

Thrombocytopenia, leukopenia, and granulocytopenia are 
relatively common during rifamycin therapy, but in most 
cases these changes are mild and are not clinically significant. 
These abnormalities resolve on discontinuation of the drug, 
and dose adjustment is usually not required.

The more severe hematologic complications of rifamycin 
therapy (e.g.,hemolytic anemia and profound thrombocyto-
penia) are thought to be the result of rifampicin-dependent 
antibodies (Poole et al., 1971; Poole et al., 1973) that result 
in complement-mediated cell damage due to interaction 
with the I antigen expressed on the surface of erythrocytes 
and platelets (Pereira et al., 1991; Ahrens et al., 2002). Similar 
to other antibody-mediated adverse effects of the rifamycins, 
these complications usually occur during highly intermittent 
therapy or on reintroduction of the drug after a prolonged 
drug-free period. Massive hemolysis has been reported in 
one patient who received rifampicin therapy for nearly a year 
(Lakshminarayan et al., 1973). The onset of hemolysis typi-
cally is within hours of drug administration and often is 
accompanied by fever, joint and muscle pain, malaise, and 
headache. Acute renal failure may also occur. Continued 
administration of the drug can be fatal (Ahrens et al., 2002).

Thrombocytopenia, sometimes associated with bleeding, 
usually occurs with intermittent rifampicin therapy, but it 
may also occur during daily treatment (Hong Kong/BMRC, 
1975). In most cases, thrombocytopenia was associated with 
high-dosage intermittent rifampicin therapy (1200 mg twice 
weekly) (Blacjchman et al., 1970; Poole et al., 1971; Flynn  
et al., 1974). In antibody-mediated thrombocytopenia, the 
platelet count typically begins to decrease within hours of 
rifampicin administration, and usually returns to normal 
over 1–2 days, although clinically significant bleeding com-
plications can occur (Blacjchman et al., 1970). Fatalities have 
been recorded as a result of cerebral hemorrhage when  
the drug has been continued (Girling, 1977). Rifampicin-
independent antiplatelet antibodies have been detected 
(Mar tinez et al., 1994). Rechallenge with rifampicin is not 
recommended in patients who previously have developed 
hemolytic anemia or significant thrombocytopenia. Another 
patient developed bleeding during rifampicin therapy, which 
was due to circulating inhibitor of factor VIII (Legrand et 
al., 1987).

Neutropenia has been detected in a small percentage of 
patients who have received rifampicin (plus pyrazinamide 
and isoniazid) for the treatment of tuberculosis (Van Assen-
delft, 1985).

Human polymorphonuclear leukocytes incubated with 
rifampicin (or with chloramphenicol, sodium fusidate, or 
tetracyclines) show markedly depressed chemotactic migra-
tion (Forsgren and Schmeling, 1977), probably by competing 
with chemoattractants on leukocytes (Gray et al., 1983). The 
clinical significance of this observation is not known.

6j.  Clostridium difficile infection

Usually C. difficile is very sensitive to rifampicin (MIC < 1 
µg/ml) (Acocella and Arioli, 1980; Fekety et al., 1983), and 
rifampicin has been used as part of combination therapy to 
treat C. difficile infection. However, C. difficile–associated 
pseudomembranous colitis has been reported in patients 
receiving rifampicin as part of treatment for active tubercu-
losis (Fournier et al., 1980; Fekety et al., 1983). In a hamster 
model, rifampicin induced colitis, and rifampicin-resistant 
C. difficile emerged and was isolated from other animal 
roommates (Fekety et al., 1983). Obuch-Woszczatynski et al. 
(2013) reported an outbreak of C. difficile infection in tuber-
culosis patients due to the emergence of a highly rifampicin- 
resistant PCR ribotype.

6k.  Immunosuppression

Rifampicin has been reported to affect both humoral and 
cell-mediated immunity in animals and man, but results 
have been inconsistent. Graber et al. (1973) found that rifam-
picin interfered with the anamnestic response to Salmonella 
typhi vaccine in patients with tuberculosis, but Bassi et al. 
(1975) and Miller (1978), studying similar patients, found no 
interference with antibody response after administration of 
killed influenza virus vaccine. Other studies in humans sug-
gested that rifampicin may suppress cell-mediated immu-
nity, as tested for by delayed cutaneous hypersensitivity to 
purified protein derivative (PPD) of M. tuberculosis or by 
in vitro lymphocyte responses. There has been a decreased 
cutaneous reaction to PPD in some patients treated with 
rifampicin (Mukerjee et al., 1973). In high concentrations, 
rifampicin suppressed in vitro lymphocyte responses to PPD 
and inhibited the blastic transformation of lymphocytes cul-
tured in the presence of phytohemagglutinin (PHA) (Nilsson, 
1971; Grassi and Pozzi, 1972); it also suppressed colony for-
mation by human thymus–derived lymphocytes (Scharre et 
al., 1981).

Other investigators have found differing results in studies 
of patients with tuberculosis receiving rifampicin. Ruben 
et  al. (1974) noted that suppression of in vitro lymphocyte 
responses to PHA and PPD only occurred in such patients 
after 12–16 weeks of treatment. Gupta et al. (1975) demon-
strated suppression of T-lymphocyte rosettes in 8 of 18 
patients, which usually occurred after a period of 8 weeks; 
they were also able to demonstrate similar changes in some 
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healthy subjects who had received rifampicin for 2–3 weeks, 
and these changes were reversible after cessation of the drug. 
Goldstein et al. (1976) only found depression of lymphocyte 
responses to PHA in patients with tuberculosis who had 
received the drug for 4–24 months and in whom in vitro and 
in vivo responses to PPD remained normal. These authors 
pointed out that the divergent conclusions which have been 
reached about the immunosuppressive effect of rifampicin 
can be explained by the diversity of the patients with tuber-
culosis who have been tested, some of whom may have been 
anergic because of their disease, and to the variety of test sys-
tems used. Humber et al. (1980) investigated patients with 
tuberculosis treated by regimens with and without rifampi-
cin, and tuberculosis contacts receiving either rifampicin or 
a placebo; rifampicin had no effect on humoral or cellular 
immunity.

In summary, although rifampicin can interfere with lym-
phocyte function in vitro, it is doubtful whether it has any 
effect on humoral or cellular immunity in patients when 
used in the usual dosage (Grosset and Leventis, 1983). Cer-
tainly, there is no evidence that immunosuppressive effects 
of the drug hinder its effectiveness in the treatment of tuber-
culosis in man (Gupta et al., 1975). This also applies to the 
use of rifampicin in leprosy, but in certain forms of this dis-
ease, immunologic reactions may be precipitated as a conse-
quence of the antimicrobial activity of the drug (Anderson, 
1983).

6l.  Other side effects

Rifampicin causes an orange discoloration of body fluids 
(sputum, urine, sweat, tears), which is not harmful. Patients 
should be warned of this effect at the time treatment is begun. 
Soft contact lenses and clothing may be permanently stained. 
Pleural fluid in rifampicin-treated patients may be stained 
red, and this can be mistaken for blood.

Rifampicin overdosage can cause pink-red discoloration 
of the skin and many tissues, the so-called “red man syn-
drome” (Jack et al., 1978). Other symptoms of overdosage 
described include nausea, vomiting, flushing, abdominal 
pain, pruritis, angioedema, and obtundation. Acute rifampi-
cin overdose is uncommon, and three fatalities in the eight 
reported cases were associated with alcohol intake (Wong et 
al., 1984).

There have been single case reports of severe exudative 
conjunctivitis (Cayley and Majumdar, 1976) and Stevens–
Johnson syndrome (Nyirenda and Gill, 1977) that have been 
attributed to rifampicin. A 9-year-old patient developed 
polyarthritis, rash, and hepatitis in association with anti- 
native DNA antibodies and a positive antinuclear factor after 
9 months’ continuous treatment with rifampicin and etham-
butol. It was considered that rifampicin was the most likely 
cause of this illness (Grennan and Sturrock, 1976).

Clinical circumstances suggested that rifampicin may have 
caused an organic brain syndrome in a man being treated for 
pulmonary tuberculosis (Pratt, 1979).

The presence of rifampicin in serum may in some cases 
interfere with serum vitamin B12 and folate assays (Cole et al., 
1973).

7. CLINICAL USES OF THE DRUG

7a.  Treatment of Mycobacterium 
tuberculosis infection

Rifampicin is a first-line agent for treatment of all forms of 
tuberculosis caused by organisms with known or presumed 
susceptibility to the drug. It has demonstrated early bacteri-
cidal activity (Jindani et al., 1980; Donald and Diacon, 2008), 
and also activity against semi-dormant bacterial populations, 
thus accounting for its sterilizing activity (Dickinson and 
Mitchison, 1981; Jindani et al., 2003). 

Rifampicin is an essential component of all short-course 
regimens (Hong et al., 1988), and the treatment of isoniazid- 
resistant tuberculosis (Swai et al., 1988). If rifampicin is 
unable to be used, prolonged courses are required: > 9 months 
for rifampicin mono-resistance and > 18 months for resis-
tance to rifampicin plus isoniazid (Blumberg et al., 2003). 
Globally, only 50% of MDR-TB patients were successfully 
treated in 2014 (WHO, 2015).

Further assessment of the safety and efficacy of higher 
dosages of rifampicin, with or without moxifloxacin, and its 
capacity to shorten treatment duration for drug-susceptible 
tuberculosis is continuing (see also section 5c, Clinically 
important pharmacokinetic and pharmacodynamic features). 

In a small phase II RCT (n = 30) in Indonesia, patients 
who received 600 mg (> 10 mg/kg daily), compared to stan-
dard dose 450 mg (10 mg/kg) daily, had improved PK/PD 
parameters and although mild (grade 1 or 2) hepatotoxicity 
was more common in the higher-dose group (46 vs. 20%; p = 
0.054), no patient developed severe hepatotoxicity (Ruslami 
et al., 2013).

High-dose intravenous rifampicin (600 mg, about 13 mg/
kg, daily) has been used in an open-label, randomized con-
trolled phase II trial (n = 60) of an intensified regimen (in 
combination with moxifloxacin) for tuberculous meningitis 
(Ruslami et al., 2012). High-dose intravenous rifampicin was 
well tolerated, and was associated with a lower 6-month 
mortality (35% vs. 65%), which could not be explained by 
HIV status or severity of disease at the time of presentation 
(adjusted hazard ratio [HR]: 0·42; 95% CI: 0·20–0·91; p = 
0·03) (Ruslami et al., 2013).

Preliminary results from the PanACEA MAMS-TB-01 
trial showed that daily dosing with rifampicin 35 mg/kg (in 
addition to standard doses of isoniazid, ethambutol, and pyr-
azinamide) reduced the time to stable culture conversion on 
liquid but not solid media over 12 weeks, compared to the 
standard 6-month regimen. In a second arm, rifampicin 20 
mg/kg plus moxifloxacin showed a non-significant improve-
ment in the time to culture conversion on liquid but not solid 
media over 12 weeks. Both arms appeared safe and well toler- 
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ated, but a slightly higher percentage of patients (14% vs. 
10%) experienced grade 3 adverse events compared with the 
control arm. There were potentially higher rates of hepatic 
adverse events that resulted in a change of treatment in the 
35 mg/kg rifampicin arm (WHO, 2015).

7b.  Treatment (chemoprophylaxis) of  
latent Mycobacterium tuberculosis 
infection

Rifampicin 600 mg daily is an option for the treatment of 
latent M. tuberculosis infection (also known as chemopro-
phylaxis) (Getahun et al., 2015). In one small randomized 
controlled trial (RCT) (n = 332), efficacy and safety were 
similar for 3 months of rifampicin and 6 months of isoniazid 
therapy (Hong Kong, 1992). In uncontrolled case series and 
nonrandomized studies, rifampicin was well tolerated (Polesky 
et al., 1996; Villarino et al., 1997) with better treatment com-
pletion and less hepatotoxicity (Lardizabal et al., 2006; Page 
et al., 2006). In a randomized, open-label trial (n = 847), 
4  months of rifampicin was associated with fewer serious 
adverse events and better adherence than 9 months of isoni-
azid (Menzies et al., 2008), with lower total health system 
cost per patient (Aspler et al., 2010). A meta-analysis (Ziakas 
et al., 2009) and a Cochrane systematic review of 5 RCTs 
(1992–2012) (Sharma et al., 2014) did not detect a differ-
ence in the occurrence of active tuberculosis with rifampicin 
compared with isoniazid. A network meta-analysis con-
firmed that 3 or 4 months of rifampicin is efficacious at 
 preventing active tuberculosis (odds ratio [OR]: 0.41; CrI: 
0.18–0.86), with improved completion rate (relative risk 
[RR]: 1.19; 95% CI: 1.01–1.30) and less hepatotoxicity (RR: 
0.12; 95% CI: 0.05–0.30) compared to ≥ 6 months of isonia-
zid (Stagg et al., 2014).

Rifampicin is recommended as an alternative for treat-
ment of latent M. tuberculosis infection in persons with HIV 
infection if they cannot take isoniazid or in those who who 
are likely to have been exposed to a known isoniazid strain of 
M. tuberculosis (Panel on Opportunistic Infections, 2016). 

Rifampicin and pyrazinamide for 2 months was shown to 
be effective in people with HIV infection but was associated 
with a high rate of hepatotoxicity when given to people with-
out HIV infection (Gordin et al., 2004; see section 6, Toxicity) 
and is no longer recommended (Getahun et al., 2015; Panel 
on Opportunistic Infections, 2016).

7c.  Treatment of Mycobacterium avium 
infections

Rifampicin is the rifamycin of choice for most patients with 
MAC lung disease, whereas rifabutin is generally used in 
treatment regimens for disseminated MAC disease. Rifam-
picin 600 mg/day with clarithromycin, or azithromycin and 
streptomycin, or amikacin is only recommended for advanced 
(severe) or previously treated pulmonary MAC disease 

(Griffith et al., 2007). Rifampicin is preferred over rifabutin 
for patients with MAC lung disease because it is better toler-
ated in older patients with MAC lung disease (Wallace et al., 
1994; Griffith et al., 1996; Tanaka et al., 1999; Griffith et al., 
2001). Also, even though rifampicin lowers clarithromycin 
levels more than rifabutin, there is no clear outcome advan-
tage of rifabutin over rifampicin in MAC lung disease 
(Wallace et al., 1996; Tanaka et al., 1999; Griffith et al., 2001). 
Based on these two considerations, rifampicin is the recom-
mended rifamycin for most patients with MAC lung disease. 
Intermittent treatment (e.g., three times weekly) has been 
shown to be comparable to daily regimens in pulmonary 
MAC disease but better tolerated in non-randomized studies 
(Jeong et al., 2014).

A regimen of rifampicin, ethambutol, and ciprofloxacin 
had good efficacy for the treatment of MAC infections in 
patients with AIDS (Jacobson et al., 1993), but for dissemi-
nated MAC infection, rifabutin is preferred to rifampicin as 
it is both more active in vitro and has fewer drug interactions, 
including with antiretroviral agents (Griffith et al., 2007).

7d.  Leprosy

LEPROSY TREATMENT

The treatment of this disease is beset with many of the diffi-
culties that are associated with the treatment of tuberculosis; 
in both diseases, bacterial persistence occurs and drug resis-
tance develops if monotherapy is used. Moreover, in leprosy, 
up until 1960 when the technique for cultivating M. leprae  
in the mouse footpad was devised, drugs had to be tried 
empirically in lepromatous patients. The historical aspects 
of leprosy treatment leading up to the 1981 World Health 
Organization recommendations (WHO, 1982) have been the 
subject of several reviews (Levy, 1983; Rees, 1983; Waters, 
1983).

Among the first larger multicenter randomized controlled 
trials were the THELEP trials (1977–1983), which examined 
five multidrug regimens in 215 untreated multibacillary lep-
rosy patients. The results gave strong support to the intermit-
tent, rifampicin-containing regimen (MDT) recommended 
by the WHO Study Group on Chemotherapy for Leprosy 
Control for the Treatment of MB leprosy (THELEP, 1983; 
WHO, 1998).

For multibacillary (lepromatous) leprosy, a triple-drug 
regimen is recommended to cope with large potentially  
dapsone-resistant bacterial populations, which require two 
additional drugs to prevent emergence of resistance to either 
one. The regimen consists of rifampicin 600 mg (450 mg if 
weight < 35 kg) once monthly taken under supervision, plus 
dapsone daily self-administered and clofazimine 300 mg 
once monthly supervised and 50 mg daily self-administered. 
If clofazimine is unacceptable because of coloration of skin 
lesions, it can be replaced by self-administered daily doses of 
ethionamide or prothionamide. However, the acceptability 
of the latter drug schedule has not been established, and 
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combinations of rifampicin with either ethionamide or pro-
thionamide have been associated with hepatotoxicity in a 
frequency ranging from 2% to 50% (WHO, 1986). The rec-
ommended duration of therapy was a minimum of 2 years, 
and whenever possible, until skin smears become negative, 
but it was later recommended that it could be shortened to 
12 months (WHO, 1998). Shorter-course chemotherapy with 
a regimen containing rifampicin and moxifloxacin show 
promise (Farjado et al., 2009).

The regimen recommended for paucibacillary (tubercu-
loid) leprosy consists of rifampicin and dapsone adminis-
tered in the same dosage schedules as for multibacillary 
disease, but treatment is only required for 6 months. 
Although rifampicin alone would probably be effective in 
this group, dual therapy is recommended for uniformity and 
to prevent development of rifampicin resistance in some 
patients with larger bacterial populations. In general, the 
results of the treatment of leprosy with these regimens have 
been good; relatively few drug reactions have occurred and 
patient compliance has been satisfactory (Rangaraj and Ran-
garaj, 1986; Orege et al., 1987; Hudson, 1989; Piraya varaporn 
and Peerapakorn, 1992; Vadher and Lalljee, 1992; Report of 
a Meeting, 1995).

In developed countries such as the United States, one reg-
imen used for lepromatous leprosy is daily rifampicin 600 
mg and daily dapsone 100 mg (often without clofazimine) 
for 3 years or until smear negativity, followed by daily dap-
sone 100 mg indefinitely, and paucibacillary leprosy may be 
treated by daily dapsone alone for 5 years (Gelber, 1994). In 
a retrospective review of cases (77% multibacillary) from the 
US National Hansen’s Disease Program who received 2- or 
3-drug multidrug therapy including daily rifampicin, only 
1/158 patients had relapse (Dacso et al., 2011).

Clinical trials have been undertaken to establish the value 
of a single-dose combination of rifampicin, ofloxacin, and 
minocycline (ROM) to treat paucibacillary leprosy (Gupte, 
2000), and this is now established as an acceptable and cost- 
effective alternative regimen for the treatment of single- 
lesion paucibacillary leprosy (WHO, 1998). In a meta- analysis 
(Setia et al., 2011), single-dose ROM was less effective than 
multidrug therapy in treatment of paucibacillary leprosy 
(RR: 0.91; 95% CI: 0.86–0.97). Multiple doses of ROM were 
as effective as multidrug therapy in reducing bacillary  indices 
in patients with multibacillary leprosy (proportion change 
–4%; 95% CI: 31–23%), but the authors reported that this 
did not provide enough information to draw conclusions 
regarding the efficacy of this regimen. No major side effects 
were reported in either the ROM or the multidrug therapy 
treatment groups. A small RCT (n = 300) showed that the 
addition of clarithromycin to ROM in single skin lesion lep-
rosy patients did not significantly improve efficacy, including 
cure rates and relapse rates (Girdhar et al., 2011).

Kroger et al. (2008) reported the preliminary results of an 
open trial of 6 months uniform multidrug therapy (U-MDT) 
for all types of leprosy. Monthly rifampicin and clofazimine 
along with daily, unsupervised clofazimine and dapsone 
were administered. At the end of the first (n = 2013) and 

second year (n = 807) of follow-up post U-MDT, in 49% and 
46% patients, respectively, lesions were inactive (59% and 57% 
in paucibacillary, 37% and 28% in multibacillary disease).

CHEMOPROPHYLAXIS FOR THE  
PREVENTION OF LEPROSY

In an uncontrolled trial, a protective efficacy of 40–50% for 
the prevention of leprosy with rifampicin chemoprophylaxis 
of close contacts was reported (Cartel et al., 1989; Cartel et 
al., 1992).

In an unblinded study, two doses of rifampicin with an 
interval of about 3.5 months given to all people in an island 
population was associated with a 74.6% reduction in incidence 
of leprosy compared with a control group on another island 
that received no prophylaxis during the 3 years after imple-
mentation (Bakker et al., 2005). No reduction was observed 
in the population of a third island group in which prophylaxis 
was given only to close contacts of patients with leprosy.

Moet et al. (2004, 2008) reported the prospective (sero-) 
epidemiologic study on contact transmission and chemopro-
phylaxis in leprosy (COLEP), a double-blind, cluster ran-
domized trial of a single dose of rifampicin or placebo given 
to close contacts of patients with leprosy. Over 18,000 
patients were followed up for 4 years, and the overall reduc-
tion in incidence of leprosy using a single dose of rifampicin 
in the first 2 years was 57%, but no statistically significant 
difference was observed between the rifampicin and placebo 
groups in the third and fourth years after treatment. There 
was no additional effect after 6 years; however, the interven-
tion was still statistically significant ( p = 0.025) and no excess 
cases were observed at a later stage. The intervention pre-
vented leprosy in contacts that actually received single-dose 
rifampicin, but did not offer protection to members of the 
same contact group who did not take chemoprophylaxis 
(Feenstra et al., 2012). Single-dose rifampicin chemoprophy-
laxis in contacts of new leprosy patients is a cost-effective 
intervention strategy (Idema et al., 2010) and socially accept-
able (Feenstra et al., 2011).

A cluster randomized controlled trial of the combined 
effect of chemoprophylaxis with single-dose rifampicin and 
immunoprophylaxis with BCG vaccine to prevent leprosy 
in contacts of newly diagnosed leprosy cases (MALTALEP 
study) is underway (Richardus et al., 2013).

7e.  Treatment of Mycobacterium ulcerans 
infection (Buruli ulcer)

Antimicrobial agents are now established as first-line therapy 
for Buruli ulcer, but the optimal combination and mode of 
delivery are still being explored (WHO, 2012). WHO guide-
lines recommend rifampicin 10 mg/kg orally daily and strep-
tomycin 15 mg/kg intramuscular injection daily for 8 weeks. 
Rifampicin and clarithromycin orally 7.5 mg/kg twice daily 
may be an alternative for pregnant women (Dossou et al., 
2008; WHO, 2012).

Owing to promising in vitro and animal data and an early 
pilot study of patients with small early lesions (Etuaful et al., 
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2005), a combination of rifampicin plus an aminoglycoside 
(streptomycin or amikacin) was recommended. Observational 
studies in Benin (Chauty et al., 2010) and Ghana (Sarfo et al., 
2010) demonstrated that most lesions healed without requir-
ing surgery, with a very low recurrence rate (< 3% vs. 16–28% 
previously) with confirmed histopathological clearance of 
infection (Schutte et al., 2009). In a randomized trial, 4 weeks 
of streptomycin and rifampicin followed by 4 weeks of rifam-
picin and clarithromycin had similar efficacy to 8 weeks of 
streptomycin and rifampicin (Nienhuis et al., 2007). A small 
observational study in Ghana showed no difference in out-
come when rifampicin and streptomycin were given for only 
2 weeks followed by rifampicin and clarithromycin for 6 
weeks (Phillips et al., 2014). Although a fully oral regimen 
has not yet been assessed in clinical trials, observational 
studies in Africa (Chauty et al., 2011) and Australia (Gordon 
et al., 2010; O’Brien et al., 2012; O’Brien et al., 2014; O’Brien 
et al., 2007; Friedman et al., 2013; Friedman et al., 2016) 
indicate that all oral regimens (rifampicin plus either clari-
thromycin or moxifloxacin or possibly ciprofloxacin) are 
clinically and microbiologically effective.

7f.  Treatment of other  
mycobacterial infections

The first randomized trial of treatment of pulmonary nontu-
berculous mycobacterial infections compared rifampicin 
plus ethambutol ± isoniazid in HIV-negative patients with 
pulmonary disease caused by MAC, M. malmoense, and M. 
xenopi (Research Committee of the British Thoracic Society, 
2001; Jenkins et al., 2003). The addition of isoniazid reduced 
treatment failure or relapse for MAC and there was a trend 
for M. xenopi, but there was no improvement for treatment 
of M. malmoense and it was associated with more deaths 
(Research Committee of the British Thoracic Society, 2001; 
Jenkins et al., 2003).

Rifampicin and ethambutol is recommended for a dura-
tion of 24 months for M. malmoense infection. However, sus-
ceptibility results do not correlate with clinical response to 
antimycobacterial therapy (Woods and Washington, 1987; 
Zaugg et al., 1993; Henriques et al., 1994; Heginbothom, 2001; 
Research Committee of the British Thoracic Society, 2001).

No treatment guidelines exist for pulmonary M. xenopi dis-
ease. Clinical response may not correlate with in vitro suscepti-
bility, which may relate to difficulty in susceptibility testing for 
this species (Andrejak et al., 2009; Brown-Elliott et al., 2012). 
The suggested treatment is a three-drug combination includ-
ing clarithromycin, rifampicin or rifabutin, and ethambutol 
with or without initial streptomycin (Griffith et al., 2007).

Recommended therapy for M. kansasii pulmonary dis-
ease is rifampicin plus isoniazid and ethambutol (Woods and 
Washington, 1987; Lillo et al., 1990; Patel et al., 1994; Griffith 
et al., 2007). One study of 15 patients who received three-
times-weekly rifampicin, ethambutol, and clarithromycin 
suggests that intermittent therapy for M. kansasii disease can 
be successful (Griffith et al., 2003). MICs of all agents in 

untreated (wild) strains fall in a narrow range, and treatment 
failure is usually associated with resistance to rifampicin.

There have been no comparative trials of treatment regi-
mens for skin and soft-tissue infections due to M. marinum. 
Combination therapy with two active agents for 2 months 
after resolution of symptoms, typically 3–4 months in total, 
has been suggested (Aubry et al., 2002). Rifampicin has been 
used to treat infections due to M. marinum (Sage and Der-
rington, 1973; Van Dyke and Lake, 1975; Bailey et al., 1982; 
Donta et al., 1986). Combination therapy with rifampicin plus 
ethambutol (Wolinset et al., 1972) or clarithromycin (Aubry 
et al., 2002) has been successful in clinical case series. Rifam-
picin has been recommended particularly in cases of osteo-
myelitis or other deep structure infection (Lewis et al., 2003).

Rifampicin has been used successfully in combination 
with other drugs (e.g. clarithromycin, ciprofloxacin) for 
12–24 months for the treatment of M. haemophilum infec-
tions (Dever et al., 1992; Kiehn and White, 1994; Saubolle 
et al., 1996; Shah et al., 2001; Lindeboom et al., 2011; Cross et 
al., 2015).

Patients with M. szulgai infections have been treated suc-
cessfully with combinations including rifampicin, often with 
ethambutol and clarithromycin, for at least 12 months (Tor-
toli et al., 1998; van Ingen et al., 2008b). In vitro drug suscep-
tibility results appear to correlate with clinical outcome. 
Combination therapy allows sterilization of cultures within a 
mean of 3 months and has a low rate of relapse (Maloney et 
al., 1987).

There are no published clinical trials for the treatment of 
M. simiae complex disease (including M. simiae, M. triplex, 
M. genavense, M. heidelbergense, and M. lentiflavum). Treat-
ment with ethambutol and rifampicin with or without mac-
rolides for M. simiae disease has been unsuccessful, and other 
regimens have been proposed (Griffith et al., 2007; van Ingen 
et al., 2008a). Rifampicin has been used as part of combina-
tion therapy for infections with M. lentiflavum (Marshall et 
al., 2011) and M. triplex (Piersimoni et al., 2004).

Rifampicin has been used successfully in combination 
therapy including ethambutol for pulmonary disease due to 
M. asiaticum, even though the strains were resistant in vitro 
to rifampicin (Blacklock et al., 1983; Taylor et al., 1990; Daw-
son et al., 1995; Grech et al., 2010).

The optimum antimicrobial therapy for M. terrae com-
plex has not been established, although a macrolide plus eth-
ambutol and rifampicin or other agent based on in vitro 
susceptibility results has been suggested (Smith et al., 2000).

Rifampicin has also been used as part of combination 
therapy for infections with M. conspicuum (Springer et al., 
1995), M. gordonae (London et al., 1988; Weinberger et al., 
1992), and M. simiae (Al-Abdely et al., 2000) and other newly 
described Mycobacterium species (Tortoli, 2014).

7g.  Staphylococcal infections

Rifampicin has been used in staphylococcal infections 
because of its excellent in vitro activity, the good response of 
staphylococcal infections in animals, and its ability to reach 
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intracellular organisms. It is always used in combination 
with another effective antistaphylococcal drug for treatment 
of established staphylococcal infections, otherwise rifampicin- 
resistant staphylococcal mutants emerge rapidly (see above 
under 2b, Emerging resistance and cross-resistance). How-
ever, the addition of another antistaphylococcal agent to 
rifam picin does not always prevent the emergence of rifam-
picin-resistant mutants in vitro or when treating patients. 
The clinical indications for rifampicin are discussed below; 
in clinical practice, rifampicin is most commonly used for 
treatment of MRSA infections and staphylococcal infections 
of implanted foreign material.

STAPHYLOCOCCAL ENDOCARDITIS  
AND BACTEREMIA

The most important role for rifampicin in the management 
of staphylococcal endocarditis is as part of a combination 
regimen to treat MSSA or MRSA infection of prosthetic 
heart valves, which is discussed below under Prosthetic valve 
endocarditis; its role in the treatment of staphylococcal 
native valve endocarditis is more limited, as will be discussed. 
Rifampicin must always be combined with another intrave-
nously administered antibiotic, except for selected cases of 
right-sided native valve endocarditis, where another oral 
agent can be combined with rifampicin, as discussed below.

The recommended treatment for left-sided native valve 
MSSA endocarditis is an i.v. antistaphylococcal penicillin, 
such as flucloxacillin (see Chapter 7, Isoxazolyl penicillins: 
oxacillin, cloxacillin, dicloxacillin and flucloxacillin) or naf-
cillin (see Chapter 8, Nafcillin), or an i.v. first-generation 
cephalosporin, such as cefazolin (Gould et al., 2012; Baddour 
et al., 2015; see Chapter 18, Cephalothin and cefazolin). The 
addition of rifampicin has no role in the routine manage-
ment of this infection.

The standard treatment for native valve MRSA endocar-
ditis is i.v. vancomycin (see Chapter 43, Vancomycin). How-
ever, vancomycin is less active in vitro than antistaphylococcal 
penicillins against susceptible staphylococci (Small and Cham-
bers, 1990), which may partly explain the poorer outcome 
of patients with MRSA endocarditis (Miro et al., 2005) and 
provides a rationale for addition of rifampicin. The use of 
adjunc tive rifampicin was studied in a randomized trial 
comparing vancomycin alone with vancomycin plus rifam-
picin in 42 patients with MRSA endocarditis, but there was 
no benefit seen with the addition of rifampicin in terms of 
time to bacteremia clearance, duration of fever, or overall 
outcome (Levine et al., 1991). Similarly, a case-control study 
of 42 patients with MSSA or MRSA native valve endocarditis 
failed to demonstrate any additional benefit with the use of 
adjunctive rifampicin (Riedel et al., 2008); rifampicin use 
was associated with development of rifampicin resistance, 
increased hepatotoxicity, significant drug–drug interactions, 
longer duration of bacteremia, and poorer survival.

The US endocarditis treatment guidelines do not recom-
mend addition of a second agent to vancomycin (Baddour et 
al., 2015) for native valve MRSA endocarditis, whereas UK 
guidelines recommend vancomycin plus either rifampicin, 

gentamicin, or fusidic acid, according to sensitivity (Gould 
et al., 2012) Some clinicians add a third antistaphylococcal 
drug, such as fusidic acid, to vancomycin plus rifampicin 
because of concerns about the potential for development of 
resistance to rifampicin, but there are no published clinical 
data to support this approach.

Right-sided endocarditis typically affects the tricuspid 
valve, occurs in injecting drug users, and is most commonly 
due to S. aureus; this infection has a much better prognosis 
than left-sided S. aureus endocarditis. The role of oral ther-
apy with a regimen containing rifampicin has been exam-
ined in two studies. In the first of these, an uncontrolled 
study of 14 patients with uncomplicated right-sided endo-
carditis treated with ciprofloxacin (initially given intrave-
nously, then orally) plus oral rifampicin for 4 weeks, the ten 
patients who completed therapy had negative blood cultures 
4 weeks after completing therapy (Dworkin et al., 1989). In 
the second and larger study, Heldman et al. (1996) random-
ized febrile injecting drug users (573 episodes, 420 patients) 
to i.v. therapy with oxacillin (or vancomycin if allergic to 
penicillin) or to oral therapy with ciprofloxacin plus rifampi-
cin; 85 patients were subsequently diagnosed with staphylo-
coccal (predominantly MSSA) right-sided endocarditis and 
remained on therapy for a planned 28 days. Illustrative of the 
challenges in conducting studies in this group of patients, 
almost one half of patients in both treatment arms discontin-
ued their assigned treatment early. Of those evaluable, no 
differences were seen between the oral and i.v. therapy groups 
in bacteriologic failure or a combined endpoint of bacterio-
logic and clinical failure, and toxicity was greater in the i.v. 
group. Although these results are encouraging, a rifampicin- 
based oral regimen should only be considered for patients 
who will not comply with a course of i.v. therapy, and should 
not be given if tricuspid valve endocarditis is complicated 
by extensive pulmonary emboli, prolonged fever, right-sided 
car diac failure, or the development of empyema or other meta-
static staphylococcal foci, such as osteomyelitis.

Case series and reviews reporting experience in treating 
endocarditis with teicoplanin (Wilson and Gaya, 1996; see 
Chapter 44, Teicoplanin) and the newer antistaphylococcal 
agents linezolid (Falagas et al., 2006b; see Chapter 73, Line-
zolid) and daptomycin (Fala gas et al., 2007c; see Chapter 45, 
Daptomycin) have included patients also treated with rifam-
picin, but the contribution of rifampicin to the overall treat-
ment outcome in these studies is not possible to determine. 
In vitro and animal models of MRSA endocarditis failed to 
demonstrate any additional benefit of rifampicin added to 
daptomycin, and one study suggested initial antagonism of 
the bactericidal activity of daptomycin (LaPlante and Wood-
mansee, 2009; Miró et al., 2009).

For staphylococcal bacteremia, as with staphylococcal 
native valve endocarditis, rifampicin is sometimes given as 
adjunctive therapy in combination with i.v. therapy (either 
an antistaphylococcal beta-lactam or a glycopeptide agent), 
but its efficacy is uncertain, mirroring the conflicting results 
of in vitro and animal studies investigating synergy of rifam-
picin combined with these agents against staphylococci. 
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Some studies have reported that addition of rifampicin to i.v. 
vancomycin has been effective in cases of persistent staphy-
lococcal bacteremia, such as MRSA bacteremia in burns 
patients (Gang et al., 1999), and coagulase-negative staphy-
lococcal bacteremia in neonates (Shama et al., 2002). Burnie et 
al. (2000) reported that of 42 patients with MRSA bacteremia, 
mortality was lowest in those with rifampicin-susceptible 
isolates treated with vancomycin and rifampicin (1/25, 4%), 
and highest in those with rifampicin-resistant isolates or in 
whom rifampicin was contraindicated (7/9, 78%). However, 
8/33 patients developed rifampicin resistance on therapy, 
of  whom three (38%) died. The target vancomycin trough 
levels in this study (5–10 µg/ml) would be considered low 
by  today’s standards (see Chapter 43, Vancomycin), and 
although not examined specifically, it is possible that hetero-
geneous resistance to vancomycin developed because of this 
and other factors, effectively exposing patients to monother-
apy with rifampicin. A similarly high rate of emergence  
of resistance to rifampicin—in 13/44 ICU patients (30%) with 
a variety of MRSA infections treated with combination vanco-
mycin–rifampicin therapy—has been reported in another 
study (Ju et al., 2006). However, not all reported rates are as 
high; for example, only 1/15 patients with S. aureus bactere-
mia treated with teicoplanin plus rifampicin developed resis-
tance (Yzerman et al., 1998). In a large randomized study 
from Finland of almost 400 patients with MSSA bacteremia 
(Ruotsalainen et al., 2006), addition of levofloxacin to an i.v. 
antistaphylococcal beta-lactam did not improve outcome, 
but patients with evidence of deep-seated infection who were 
treated (in a nonrandomized fashion) with supplementary 
rifampicin had a lower mortality; however, patients not 
treated with rifampicin had more adverse prognostic factors, 
such as older age and presence of comorbidities, so the sig-
nificance of this finding is unclear. A cohort study from 
Singapore reviewed 76 cases of prolonged MRSA bacteremia 
(> 7 days) where combination therapy (generally two or 
more additional agents including rifampicin in 19 cases) had 
been added to vancomycin (Seah et al., 2013); no difference 
in microbiological clearance, clinical improvement, or mor-
tality was demonstrated in the combination therapy group.

Taken as a whole, the evidence that combining rifampicin 
with standard i.v. therapy improves outcome in staphylococ-
cal bacteremia is not strong, whereas the risk of development 
of rifampicin resistance is clearly a concern. The potential for 
resistance may be greater with MRSA infections, where the 
administration of a relatively weak drug such as vancomycin 
(especially in combination with other factors such as low 
serum vancomycin levels, a large bacterial inoculum, pres-
ence of retained implanted prosthetic material, or undrained 
foci of infection) can lead to the emergence of heteroresis-
tance to vancomycin (Howden et al., 2004), which in turn 
provides a favorable environment for development of rifam-
picin resistance. Watanabe et al. (2011) demonstrated rpoB 
gene mutations in 71% of 38 vancomycin-intermediate S. 
aureus (VISA) strains, while conversely 95% of  rifampicin- 
resistant strains had reduced vancomycin sensitivity. In 
patients with MRSA bacteremia who are failing vancomycin, 

especially if cultures remain positive, the addition of rifampi-
cin alone would be most unwise, and is analogous to adding 
a single drug to a failing antituberculous treatment regimen.

Although treatment of staphylococcal bacteremia with 
rifampicin plus an i.v. antistaphylococcal antibiotic is not 
recommended, some data indicate that rifampicin may have 
a role as part of an oral combination regimen for initial ther-
apy of this infection. Oral combination therapy with rifam-
picin plus fusidic acid or a fluoroquinolone agent is already 
widely used in MRSA infections following an initial course 
of i.v. therapy, or as initial therapy for less serious infections. 
A randomized study compared the combination of oral 
fleroxacin plus rifampicin with standard i.v. therapy as initial 
treatment in patients with staphylococcal (predominantly 
methicillin susceptible) bacteremia and other deep-seated 
staphylococcal infections (Schrenzel et al., 2004). Treatment 
outcome was similar between groups, and treatment failure 
with emergence of resistance to rifampicin was not observed. 
These data are promising, and treatment with an oral regi-
men from the outset has obvious potential benefits in terms 
of reduced hospital stay and costs, but it is premature to rec-
ommend this approach at present.

STAPHYLOCOCCAL BONE INFECTIONS

Rifampicin as part of combination therapy has been used 
extensively for the treatment of chronic osteomyelitis because 
of its excellent oral bioavailability, good bone tissue pene-
tration, and activity in biofilms (Fraimow, 2009). Agents 
with which rifampicin has been combined include antistaph-
ylococcal penicillins, fluoroquinolones, minocycline, tri-
methoprim–sulfamethoxazole, fusidic acid, fosfomycin, and 
daptomycin (Spellberg and Lipsky, 2012; Jugun et al., 2013). 
Rifampicin with linezolid appears effective in rat models of 
MRSA osteo myelitis (Watkins et al., 2012) but further clini-
cal evidence is lacking. The use of rifampicin in treatment of 
orthopedic implant–associated bone infections is covered in 
the following section.

Two randomized control trials of patients with staphylo-
coccal osteomyelitis published in the 1980s suggested higher 
cure rates when rifampicin was added to antistaphyloccocal 
penicillin or vancomycin, but the numbers were small and 
failed to reach statistical significance (Van der Auwera et al., 
1985, Norden et al., 1986). A more recent study in patients 
with S. aureus chronic osteomyelitis compared 6 weeks of  
i.v cloxacillin followed by 2 weeks of oral cloxacillin with 8 
weeks of oral trimethoprim–sulfamethoxazole and rifampi-
cin (Euba et al., 2009). Relapse occurred in five of the fifty 
enrolled patients and was comparable between groups (10% 
vs. 11%); two of the relapses in the rifampicin group were in 
the presence of retained foreign material.

Rifampicin tolerability in this setting appears comparable 
to other agents. A review of serious adverse events to anti-
biotics used in the treatment of bone and joint infections 
(including prosthetic infections) reported only seven adverse 
events (four allergic reactions, two vomiting, and one 
increased bilirubin) among 107 patients (6.5%) treated with 
rifampicin (Valour et al., 2014); this compared favorably with 
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the adverse event rates for antistaphylococcal penicillins 
(8.9%), fluoroquinolones (6.4%), and glycopeptides (8.9%).

STAPHYLOCOCCAL INFECTIONS OF IMPLANTED 
FOREIGN MATERIAL

S. aureus and coagulase-negative staphylococci are the most 
common causes of infection of implanted prosthetic mate-
rial, such as prosthetic joints, cardiac valves, neurosurgical 
cerebrospinal fluid drains and shunts, vascular grafts and 
shunts, and a variety of central venous catheters. Staphy lo-
cocci adhere to the surface of the prosthetic material where 
they become embedded in a biofilm, a layer composed of 
bacterial and host proteins and polysaccharides. These infec-
tions are so difficult to treat because the bacteria are rela-
tively protected against attack by host defenses in this 
microenvironment, and they survive in a metabolically inert 
state that renders them less susceptible to the bactericidal 
activity of cell wall–active antibiotics, such as beta-lactam 
agents. However, rifampicin retains excellent activity against 
these organisms in vitro and in animal models (Widmer et 
al., 1990; Monzon et al., 2002; Peck et al., 2003). 

Orthopedic implant infections
In the past, the conventional wisdom was that successful 
treatment of staphylococcal infection of orthopedic foreign 
body implants, especially prosthetic hip and knee joints, 
depended upon removal of the infected material in addition 
to effective antistaphylococcal therapy, and that in situations 
in which removal was not possible, indefinite suppressive 
antibiotic therapy was required. However, animal and pre-
liminary clinical studies had indicated the potential for com-
bination treatment with a quinolone agent and rifampicin 
to cure these infections without implant removal (but with 
adjunctive surgical drainage and debridement) (Widmer et 
al., 1990; Chuard et al., 1991; Drancourt et al., 1993). 
Zimmerli et al. (1998) performed the first randomized study 
of medical therapy for orthopedic implant infections in 
which the infected prosthetic material was left in situ. All 
patients underwent debridement and drainage, after which 
they were randomized to (1) a combination therapy arm of 
i.v. flucloxacillin (or vancomycin) plus oral rifampicin fol-
lowed by oral ciprofloxacin plus rifampicin or (2) a single 
therapy arm of i.v. flucloxacillin (or vancomycin) plus pla-
cebo followed by oral ciprofloxacin plus placebo. Treatment 
outcome was significantly better with rifampicin-containing 
combination therapy (12/12 patients, 100% success) than 
with single-drug therapy (7/12 patients, 58% success). There 
are some important caveats to the findings of this study, as 
has been pointed out by Davis (2005), and the results of this 
study are not necessarily generalizable to all situations. First, 
the number of patients studied was small, and only two of the 
original infections were due to methicillin-resistant staphy-
lococci (with no MRSA infections). Second, many health-
care-associated staphylococcal infections are ciprofloxacin 
resistant, but this study did not examine the efficacy of other 
antibiotics with antistaphylococcal activity, such as fusidic 
acid in combination with rifampicin. Third, many of the 

infections involved internal fixation rods, plates, and screws, 
and there were relatively few (15) prosthetic joint infec-
tions. Finally, nine patients were excluded from the analysis 
because of intolerance, noncompliance, or protocol viola-
tion, and the results were no longer statistically different 
when an intention-to-treat analysis was performed.

The only other randomized study of antibiotic therapy 
in staphylococcal orthopedic implant infections compared 
rifam picin plus fusidic acid with rifampicin plus ofloxacin 
(Drancourt et al., 1997). This study is difficult to compare 
with that of Zimmerli et al. (1998) because the protocol spec-
ified that knee joint implants had to be removed and the sub-
set of patients with retained prosthetic hip joint and other 
implants was not reported separately. Overall, treatment was 
successful in 11/20 patients (55%) randomized to rifampicin 
plus fusidic acid and in 11/22 patients (50%) randomized to 
rifampicin plus ofloxacin. These relatively poor results may 
have been a result of the inclusion of 19 patients with an 
overlying skin sinus, a factor that has been identified in other 
studies as predictive of a higher failure rate when conserva-
tive therapy is attempted (Marculescu et al., 2006).

A number of nonrandomized studies have reported that 
selected patients with staphylococcal orthopedic implant 
infections who are treated with rifampicin-based regimens 
can achieve success rates of 60% or more without the need 
for implant removal; however, it is important to bear in mind 
that these studies differ with respect to factors such as patient 
selection criteria, prevalence of methicillin-resistant infec-
tions, type of infected prosthesis, type and duration of anti-
biotic therapy (including duration of the initial i.v. phase 
and the antibiotic given concurrently with rifampicin), and 
length of follow-up. In the earliest of these studies, treatment 
with implant retention was successful in 9/11 patients treated 
with rifampicin plus either ciprofloxacin or a beta-lactam 
agent (Widmer et al., 1992). Drancourt et al. (1993) reported 
that treatment with ofloxacin plus rifampicin was successful 
in 13/21 patients (62%) in whom infected prosthetic joints 
or internal fixation devices were not removed. Pavoni et al. 
(2002) described 20 patients with staphylococcal infection 
of intramedullary nails, plates, and screws, all of whom were 
successfully treated with initial i.v. therapy followed by 
rifampicin combined with either ciprofloxacin or minocy-
cline without implant removal. Barberan et al. (2006) treated 
60 patients with infected knee or hip prostheses with levo-
floxacin plus rifampicin; the overall success rate was 65%, and 
was higher with methicillin-susceptible infections, shorter 
duration of symptoms, hip infections, and earlier diagnosis. 
Of 45 patients with acute prosthetic joint infections, most 
due to staphylococci, Soriano et al. (2006) reported that 
treatment with levofloxacin plus rifampicin achieved a cure 
rate of 77%. The combination of fusidic acid with rifampicin 
was used by Australian investigators to treat 20 patients with 
staphylococcal prosthetic joint infections (of which 11 were 
due to MRSA) and a successful outcome treatment was 
achieved in all but two patients (and in 10/11 MRSA patients) 
(Aboltins et al., 2007). A subsequent review from the same 
group of 43 patients with methicillin-resistant staphylococ- 
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cal early prosthetic joint infections managed with implant 
retention, most (88%) of whom were treated with rifampicin 
and fusidic acid, demonstrated 77% infection-free survival at 
24 months (Peel et al., 2013). Excellent outcomes (95% suc-
cess) were noted with methicillin-resistant coagulase negative 
staphylococcal infections in this study, and treatment failure 
was associated with only one or greater than four washouts, 
infection with MRSA, or less than 90 days total treatment. 

The implant retention approach is now referred to as 
DAIR: debridement, antibiotics and implant retention. If 
DAIR is to have a reasonable chance of success, careful 
patient selection is vital and the following criteria should be 
met: patient does not present in septic shock; no radiologic 
evidence of prosthesis loosening; absence of an overlying 
skin sinus; short duration of symptoms (less than 2 weeks); 
thorough operative drainage and debridement; and identifi-
cation of causative organism which is susceptible in vitro to 
rifampicin and the accompanying antibiotic(s) (Zimmerli 
and Ochsner, 2003; Zimmerli et al., 2004). A successful out-
come is also much more likely if the prosthesis becomes 
infected within 3 months (even more so within 1 month) of 
the original operation, or as a result of acute hematogenous 
infection, providing surgical drainage and debridement is 
performed promptly.

For staphylococcal implant infections treated with the 
DAIR approach, the 2013 guidelines from the Infectious 
Diseases Society of America recommend an initial phase of 
2–6 weeks of i.v. therapy accompanied by rifampicin, fol-
lowed by rifampicin plus a companion drug (Osmon et al., 
2013). The total duration of therapy is not established; 
Zimmerli et al. (2004) recommend 3 months for prosthetic 
hip joints and 6 months for prosthetic knee joints. Many 
clinicians will elect to continue oral suppressive antibiotics 
beyond this time (either for a defined period such as 12 
months or indefinitely), although there are no clear data to 
support either strategy (Tande and Patel, 2014).

The most widely used companion drugs to rifampicin in 
reports of DAIR are fluoroquinolones, vancomycin, and 
antistaphylococcal beta-lactams, and the role of other agents, 
particularly the newer antistaphylococcal agents, is unclear. 
Animal models of prosthetic joint infections suggest dapto-
mycin may be a reasonable companion drug to rifampicin 
(Saleh-Mghir et al., 2011); however good clinical data are lack-
ing. A French–Spanish retrospective review of 39 patients 
with staphylococcal infection of retained prostheses treated 
with rifampicin plus linezolid or linezolid alone demonstrated 
lower cure rates and higher gastrointestinal side effects in the 
rifampicin group, although it is unclear if this was a direct 
result of drug–drug interactions or uncontrolled differences 
between the two non-randomized groups (Morata et al., 2014).

Prosthetic valve endocarditis
For prosthetic valve staphylococcal endocarditis, guidelines 
recommend that rifampicin should be used in combination 
with either an i.v. antistaphylococcal penicillin (for methicillin- 
susceptible infections) or i.v. vancomycin (for methicillin- 
resistant infections) plus gentamicin (or an alternative agent 

if the isolate is resistant to gentamicin) (Baddour et al., 2015). 
This regimen has not been the subject of a randomized clini-
cal trial: the recommendation was originally based on an 
animal study of methicillin-resistant S. epidermidis endocar-
ditis, in which the combination of vancomycin plus rifampi-
cin plus gentamicin was more effective than treatment with 
one or two drugs (Kobasa et al., 1983). The need for combi-
nation therapy is supported by in vitro and experimental 
studies (Archer et al., 1980; Archer et al., 1983; Car per et al., 
1987; Proctor et al., 1987; Hoogeterp et al., 1988; Archer 
and Climo, 1994; Kang et al., 1994; Rupp and Archer, 1994) 
and by clinical studies such as those by Karchmer et al. (1983a, 
1983b) who found that, among patients with coagulase- 
negative staphylococcal prosthetic valve endocarditis, cures 
were more common when vancomycin was combined with 
rifampicin or gentamicin than when vancomycin was used 
alone. In addition, a bacteriologic study of cardiac valves 
removed at  surgery from 61 cases of staphylococcal pros-
thetic valve endocarditis revealed a much higher rate of ster-
ilization of prosthetic valves if at least two active antibiotics 
had been administered preoperatively in comparison with 
only one active antibiotic (Drinkovic et al., 2003).

Cerebrospinal fluid shunts and drains
Temporary external ventricular drains are used to relieve 
acute increases in intracranial pressure, whereas CSF shunts 
(ventriculoperitoneal, ventriculoatrial, or lumbar) provide 
long-term CSF drainage in cases of obstructed CSF flow and 
hydrocephalus. These devices are susceptible to staphylococ-
cal infection. As a general rule, these infections should always 
be managed by removal of the infected device in conjunction 
with systemic (and sometimes intraventricular) antibiotic 
therapy (Bayston, 1985; Tamber et al., 2014). However, in 
some cases, rifampicin has been used in combination with 
another antibiotic to treat these infections, and shunt removal 
has been avoided. For example, Archer et al. (1978) used 
rifampicin with vancomycin and gentamicin to successfully 
treat a patient with an S. epidermidis infection of a CSF shunt. 
Ring et al. (1979) used a combination of rifampicin with 
other antibiotics to cure similar infections in two infants. 
Oral rifampicin alone was effective in eradicating S. epider-
midis ventriculitis that complicated a CSF shunt in a neonate 
(Stanley and Balakrishnan, 1982). The use of rifampicin- 
impregnated CSF drainage devices is described below under 
7i, Rifampicin-impregnated implanted material.

Other staphylococcal infections
The comments about the uncertain role of rifampicin com-
bined with an i.v. antistaphylococcal antibiotic for treatment 
of staphylococcal bacteremia (see above under Staphylococcal 
endocarditis and bacteremia) are also applicable to the treat-
ment of other serious staphylococcal infections requiring an 
initial phase of i.v. treatment. Rifampicin has been used as 
adjunctive treatment in staphylococcal CNS infections (Gor-
don et al., 1985; Pintado et al., 2002), but a review of this area 
concluded that it appeared to provide no additional benefit 
(Brackbill and Brophy, 2001). Patients with MSSA and MRSA 
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peritoneal dialysis–associated peritonitis treated with i.v. or 
intraperitoneal antistaphylococcal therapy had lower rates 
of relapse and repeat peritonitis if administered adjunctive 
rifampicin (Szeto et al., 2007).

Rifampicin is widely used as part of oral combination 
therapy to treat MRSA infections, either from the outset of 
the treatment course (usually for less serious infections) or 
following initial i.v. therapy. The most popular combinations 
are rifampicin plus a quinolone agent, such as ciprofloxacin, 
or rifampicin plus fusidic acid; other companion antibiotics 
are trimethoprim–sulfamethoxazole, minocycline (Clumeck 
et al., 1984), and linezolid (see Chapter 73, Linezolid). In 
addition to treatment of staphylococcal orthopedic implant 
infections, osteomyelitis, right-sided endocarditis, and 
 bacteremia, other reported uses of rifampicin-containing 
combinations have included treatment of heteroresistant 
vancomycin-intermediate S. aureus infections (Howden et al., 
2004), community-associated MRSA infections, and perito-
neal dialysis–associated peritonitis (instilled intraperitone-
ally) (de Fijter et al., 2001).

7h.  Clearance of Staphylococcus aureus 
carriage

S. aureus is carried intermittently or persistently by up to 
25% of the population in the anterior nares, and less com-
monly in other areas. Colonization with S. aureus is a risk 
factor for the subsequent development of nosocomial staphy- 
lococcal infection, especially in surgical patients and those 
with end-stage renal failure on peritoneal dialysis or hemo-
dialysis. Eradication of the carrier state with systemic anti-
staphylococcal antibacterial agents such as oral rifampicin, 
topical antibacterial agents such as mupirocin intranasal 
ointment, and antiseptic body washes with chlorhexidine or 
sodium hypochlorite has been widely studied and practiced 
over many years in an attempt to reduce the risk of these 
infections (Loeb et al., 2003). Other groups in whom staphy-
lococcal decolonization may be attempted are patients with 
recurrent staphylococcal furunculosis and healthcare work-
ers colonized with MRSA.

The results of nine studies comparing rifampicin with pla-
cebo, and rifampicin with other agents for S. aureus eradica-
tion in known carriers, were the subject of a systematic review 
by Falagas et al. (2007a). Participants were chiefly patients 
with MRSA carriage, but healthy healthcare workers and 
MSSA carriers were also studied. The daily dose of rifampi-
cin varied from 300 mg twice daily to 600 mg twice daily, and 
the duration of treatment from 5 to 21 days. Rifampicin was 
used alone, in combination with other antibiotics, such as 
trimethoprim–sulfamethoxazole, minocycline, clindamycin, 
ciprofloxacin, novobiocin, or oxacillin, or with topical agents, 
such as bacitracin or mupirocin. None of these studies 
directly compared rifampicin with topical mupirocin. The 
outcomes studied were staphylococcal eradication, tolerabil-
ity, and development of resistance. The analysis of these stud-
ies indicated the following: (1) rifampicin was more effective 
than placebo in eradicating carriage; (2)  rifampicin alone 

or in combination was more effective than monotherapy 
with ciprofloxacin, cloxacillin, minocycline, or vancomycin; 
(3) rifampicin monotherapy was as effective as combinations 
of rifampicin with other topical (bacitracin) or systemic 
(cloxacillin and minocycline) agents; (4) rifampicin given 
as monotherapy for 5 days led to eradication of MRSA car-
riage in 65% of patients; (5) MRSA eradication (up to 100% 
in the short term) was more effective with longer courses of 
rifampicin treatment; (6) only 2% of patients discontinued 
rifampicin because of drug side effects; (7) rifampicin resis-
tance developed in 17% of 236 patients studied.

Falagas et al. (2006a) also reviewed randomized controlled 
trials specifically examining the effectiveness of rifampicin 
for staphylococcal eradication in peritoneal dialysis (three 
studies) and hemodialysis patients (one study); in two of these 
trials, all patients, not just those colonized with S. aureus, 
were studied. All patients were treated with an initial 5-day 
course of rifampicin, and in two studies, this dose was repeated 
every 3 months. Compared with no treatment, rifampicin 
was associated with an 84% (CI: 54–96%) reduction in cath-
eter site infections in three trials (Yu et al., 1986; Zimmerman 
et al., 1991; Blowey et al., 1994). However, in the study that 
compared rifampicin with topical mupirocin applied at the 
catheter site (Bernardini et al., 1996), there was no difference 
in catheter site infections, and in none of the studies was 
there a difference in peritonitis, bloodstream infections, or 
catheter loss. Overall, 7/107 patients discontinued rifampi-
cin because of side effects, and rifampicin resistance emerged 
in 15/61 patients studied.

The use of rifampicin is associated with undesirable com-
plications, such as toxicity, emergence of resistance, and the 
potential for drug interactions (see above under 5, Drug 
interactions). For these reasons, first-line therapy for staphy-
lococcal decolonization should be with intranasal mupirocin 
and antiseptic body washes or soap (and other measures such 
as washing bed linens and towels for patients with recurrent 
staphylococcal skin infections). Rifampicin should only be 
considered when these first-line measures fail, and it should 
be given in conjunction with topical measures and in combi-
nation with another active antibiotic to lessen the likelihood 
of emergence of resistance (McConeghy et al., 2009; Liu et 
al., 2011a; Antibiotic Expert Groups, 2014).

7i.  Rifampicin-impregnated  
implanted material

Rifampicin, usually in combination with another antibiotic, 
can be bonded or directly applied topically to implanted for-
eign material with the aim of reducing the risk of subsequent 
staphylococcal colonization and infection of the material. 
This approach has been used for central venous catheters, 
CSF drainage devices, vascular grafts, and to a limited extent 
with other devices.

CENTRAL VENOUS CATHETERS

Most reported experience has been with polyurethane or sil-
icone rifampicin–minocycline-impregnated central venous 
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catheters (Raad et al., 1997; Hanna et al., 2003; Hanna et al., 
2004). Both anti biotics are slowly released from the surface 
of the catheter, and when catheters are assessed by electron 
microscopy, organism adherence to the catheter surface and 
biofilm formation are reduced. Antibacterial activity and 
measurable catheter levels of both antibiotics persist for 2 
weeks or more (Raad et al., 1998), but plasma levels are neg-
ligible. The catheter is not associated with any direct toxic 
or allergic effects. A catheter impregnated with rifampicin–
miconazole has also been developed (Yucel et al., 2004; 
Lorente et al., 2008; Lorente et al., 2016).

Rifampicin–minocycline-impregnated central venous 
cathe ters reduce the risk of catheter-related bacteremia and 
bacterial colonization when compared with conventional 
catheters. In a Cochrane review of 56 randomized studies 
of antimicrobial-impregnated catheters (Lai et al., 2013), 
the pooled results of four studies comparing rifampicin– 
minocycline with conventional catheters demonstrated a 
much lower risk (RR: 0.26; CI: 0.13–0.49) for catheter-related 
bacteremia with the rifampicin–minocycline-impregnated 
catheter (Raad et al., 1997; Hanna et al., 2004; Leon et al., 
2004; Darouiche et al., 2005). The risk of bacteremia was also 
lower with the rifampicin–minocycline-impregnated cathe-
ter in a study in hemodialysis patients (Chatzinikolaou et al., 
2003) and in two studies that compared it with the externally 
coated chlorhexidine–silver sulfadiazine catheter (RR: 0.11; 
CI: 0.02–0.58) (Darouiche et al., 1999a; Marik et al., 1999; 
Chatzinikolaou et al., 2003).

One concern with the use of these catheters has been the 
potential for the emergence of rifampicin-resistant organ-
isms, but this has not been reported to date. In an in vitro 
study designed to maximize the likelihood of selection of 
resistant staphylococci, staphylococcal MICs remained in 
the susceptible range despite sequential exposure of organ-
isms to the catheters over a 21-day period (Aslam and 
Darouiche, 2007). Prospective clinical studies have also 
demonstrated that the risk of development of resistance 
seems to be low (Ramos et al., 2011).

Although there is good evidence that central venous cath-
eters impregnated with rifampicin and other antimicrobial 
agents reduce the risk of central line–related bloodstream 
infection (CLABSI), very low CLABSI rates can be achieved 
using conventional catheters by scrupulous adherence to 
evidence-based measures for central line insertion and care, 
including introduction of bundles of care (Berenholtz et al., 
2004; Pronovost et al., 2006). For this reason, guidelines 
from the CDC and Infectious Diseases Society of America 
recommend that these catheters should not be used rou-
tinely, but only in the setting of high CLABSI rates when 
implementation of a comprehensive strategy to reduce these 
rates is unsuccessful (O’Grady et al., 2011).

CEREBROSPINAL FLUID SHUNTS

Cerebrospinal fluid (CSF) shunt catheters are implanted in 
patients undergoing shunting procedures (mainly ventricu-
loperitoneal devices) and for external ventricular drainage 
and are subject to colonization and infection, most com- 

monly with staphylococci and other skin organisms. In an 
effort to reduce the risk of infection, catheters impregnated 
with rifampicin combined with either clindamycin or mino-
cycline have been developed (Bayston and Lambert, 1997; 
Zabramski et al., 2003); the antistaphylococcal activity of 
these devices persists for 6 weeks or more in vitro and in 
explanted catheters (Bayston and Lambert, 1997; Patta vila-
kom et al., 2006).

Most of the data examining the use of these catheters are 
derived from observational studies such as single-site (Parker 
et al., 2009; James et al., 2014) or multisite (Kandasamy et al., 
2011) cohorts and registries (Richards et al., 2009) and only 
four randomized studies comparing antibiotic-impregnated 
with conventional catheters have been performed (Govender 
et al., 2003; Zabramski et al., 2003; Wong et al., 2010; Pople 
et al., 2012). In most studies, these catheters are associated 
with a lower risk of infection than conventional catheters. A 
meta-analysis of more than 15,000 procedures involving 
both CSF shunts and external ventricular drains reported a 
RR of infection of 0.42 (95% CI: 0.32–0.55) with rifampicin- 
impregnated catheters (Konstantelias et al., 2015); when the 
analysis was restricted to the four randomized trials, a simi-
lar reduction in the risk of infection was seen (RR: 0.43) but 
the difference was no longer significant (CI: 0.18–1.03). Of 
some concern, an increased risk of MRSA (RR: 2.64; 95% 
CI: 1.26–5.51), Gram-negative (RR: 2.13; 95% CI: 1.33–3.43) 
and nonstaphylococcal (RR: 1.75; 95% CI: 1.22–2.52) infec-
tions was noted, although the absolute risk of these infec-
tions was very low and few studies reported specifically on 
these outcomes. Most of the reported experience is with 
rifampicin–clindamycin catheters, but use of rifampicin–
minocycline catheters is associated with a similar reduction 
in the risk of infection (Abla et al., 2011). A lower risk of 
infection with antibiotic-impregnated catheters was also 
reported in meta-analyses restricted to external ventricular 
drains (RR: 0.31; 95% CI: 0.18–0.55) (Wang et al., 2013; Cui 
et al., 2015). 

Antibiotic-impregnated CSF catheters are now widely 
used in neurosurgical practice but there is no consensus 
about whether their use should be routine. The catheters are 
recommended in guidelines auspiced by the Pediatric Section 
of the American Association of Neurological Surgeons and 
Congress of Neurological Surgeons (Klimo et al., 2014) but 
not in guidelines issued jointly by the American Society of 
Health-System Pharmacists, the Infectious Diseases Society 
of America, the Surgical Infection Society, and the Society 
for Healthcare Epidemiology of America (Bratzler et al., 
2013), nor by the Scottish Intercollegiate Guidelines Net- 
work (Scottish Intercollegiate Guidelines Network (SIGN), 
2008). Because these devices have not been proven to reduce 
infections in randomized controlled trials, British neurosur-
geons are undertaking an investigator-initiated, government- 
funded randomized study (the BASICS trial) to compare 
infection rates in conventional, silver-coated, and rifampicin– 
clindamycin-impregnated ventriculoperitoneal shunt cathe-
ters, with a planned study enrollment of 1000 patients 
(Jenkinson et al., 2014).
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VASCULAR GRAFTS

Infections of vascular grafts, especially those involving the 
aorta and including infection of endovascular aortic repairs, 
are a devastating complication of aortic aneurysm and arte-
rial bypass surgery. Complete removal of the infected mate-
rial is necessary, and maintenance of the arterial circulation 
requires complex surgery that preferably avoids the infected 
area (extra-anatomic bypass). In an effort to allow in situ 
replacement of infected grafts, one widely reported approach 
is use of replacement graft material that has been soaked in 
rifampicin (Gahtan et al., 1995; Lew and Moore, 2011). The 
concentration of rifampicin used has varied from 1 to 60 mg/
ml, and the usual soak time is 15 minutes. This practice has 
not been examined in a randomized controlled trial. Obser- 
vational studies (for example, Hayes et al., 1999; Bandyk et 
al., 2001) are difficult to interpret because of heterogeneity of 
patient populations and other factors, and although a retro-
spective Swiss study of vascular graft infections found that 
use of a rifampicin-soaked graft was independently associated 
with a better outcome (Erb et al., 2014), a meta-analysis failed 
to demonstrate the superiority of these grafts when compared 
with other methods for in situ replacement (O’Connor et al., 
2006; Lew and Moore, 2011). Routine use of rifampicin-soaked 
grafts cannot be justified on the basis of these data.

In addition to treatment of established infection, these 
grafts have also been used prophylactically. One randomized 
study did not show a benefit, although the number of infec-
tions was low in both the treatment and control groups 
(Braithwaite et al., 1998), whereas a trend (not statistically 
significant) favoring rifampicin-bonded grafts was reported 
in two studies by D’Addato et al. (1996; 1997). However, a 
systematic review did not find evidence that prophylactic use 
of these grafts reduced infection rates (Stewart et al., 2006; 
Stewart et al., 2007).

OTHER DEVICES

A biodegradable mesh pocket impregnated with rifampicin–
minocycline has been developed into which cardiac implant-
able electronic devices are placed at the time of their 
insertion; in a retrospective cohort analysis, a lower rate 
of infection was noted in patients in whom this pocket was 
used than in untreated controls (Kolek et al., 2015). 
Rifampicin–minocycline indwelling urinary catheters have 
been studied as a measure to reduce catheter-associated uri-
nary tract infections (Darouiche et al., 1999b) but are not 
commercially available. Other devices that have been impreg-
nated with rifampicin are cardiac valve rings (Darouiche et al., 
2002) and penile prostheses (Mandava et al., 2012).

7j.  Brucellosis

For uncomplicated acute brucellosis, WHO recommends a 
6-week course of doxycycline plus 2–3 weeks of streptomy-
cin (gentamicin or netilmicin for 7 days may be substituted 
for streptomycin) (Solera et al., 1997); a 6-week course of 
rifampicin plus doxycycline (or tetracycline) is listed as as 
principal alternative therapy (Corbel, 2006). Early studies 

comparing these regimens reported similar primary failure 
and relapse rates (Ariza et al., 1985; Solera et al., 1995). 
However, subsequent studies reported that the rifampicin- 
containing regimen was not quite as effective as the other 
regimen (Ariza et al., 1992; Montejo et al., 1993), and this 
was confirmed in meta-analyses (Skalsky et al., 2008; Yousefi-
Nooraie et al., 2012). Alavi and Alavi (2013) reported that 
the inferiority of rifampicin plus doxycycline was due to a 
higher relapse rate (10.7% vs. 4.8%) rather than to primary 
failure (7.8% vs. 7.4%). Other disadvantages of rifampicin are 
its potential interaction with doxycycline, resulting in lower 
doxycycline levels (Colmenero et al., 1994), the possibility 
that rifampicin use could contribute to the emergence of 
rifampicin-resistant M. tuberculosis in tuberculosis-endemic 
countries, and reports of in vitro rifampicin resistance in 
Bru cella (see section 2b, Emerging resistance and cross-resis-
tance). However, these factors have to be balanced against 
the considerable practical advantages of the all-oral regimen, 
especially in resource-poor settings, and in a survey of clini-
cians treating patients with brucellosis, a majority still favored 
rifampicin plus doxycycline over streptomycin plus doxy-
cycline (Pappas et al., 2007a). This is acknowledged in the 
Ioannina brucellosis treatment guidelines, which still list 
rifampicin plus doxycycline as a first-line regimen (Ariza et 
al., 2007).

Many other regimens employing rifampicin have been 
studied in acute brucellosis, including

• A fluoroquinolone agent plus rifampicin for 6 weeks—
this combination produces treatment outcomes that are 
almost as good as those seen with the standard regimens 
(Agalar et al., 1999; Saltoglu et al., 2002; Karabay et al., 
2004; Ersoy et al., 2005; Hashemi et al., 2012), but the cost 
of quinolone agents in countries where brucellosis is 
endemic is a barrier to their more widespread use (Pappas 
et al., 2005)

• Trimethoprim–sulfamethoxazole plus either rifampicin 
or doxycycline (Roushan et al., 2004)

• A 3-week course of i.v. rifampicin plus minocycline (Cas-
cio et al., 2003)

• “Triple therapy” with an aminoglycoside (amikacin for 
7 days) plus rifampicin plus doxycycline (Ranjbar et al., 
2007; Vrioni et al., 2014)

• Monotherapy with doxycycline (Montejo et al., 1993) or 
rifampicin

One of these regimens would be used in special situations, 
such as pregnancy (Khan et al., 2001), infections in children 
(Roushan et al., 2006), complicated infections, or with intol-
erance of the first-line regimens.

Focal Brucella infections, such as osteoarticular disease 
(most commonly sacroiliitis, vertebral osteomyelitis, and 
infected joint prostheses), endocarditis, mycotic aneurysms, 
and involvement of the central nervous system (such as men-
ingitis, brain abscess, and leukoencephalopathy) (Akdeniz 
et al., 1998; Pappas et al., 2007b; Erdem et al., 2012) are much 
more difficult to treat than uncomplicated brucellosis, and 
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treatment regimens are not as well established. In general, a 
prolonged course of treatment (up to 6 months) is required. 
For bone and joint disease, most investigators advocate use 
of an injectable aminoglycoside such as streptomycin or gen-
tamicin in the initial phase, accompanied by either a tetracy-
cline agent alone or combined with rifampicin (or one of the 
other oral antibiotics listed earlier) (Bayindir et al., 2003; El 
Miedany et al., 2003; Pappas et al., 2004; Alp et al., 2006). For 
CNS disease, Pappas et al. (2007b) suggest use of ceftriaxone 
instead of an aminoglycoside because of the latter’s poor CSF 
penetration, but clinical experience is limited (Karsen et al., 
2012). Surgical treatment is often required to cure Brucella 
endocarditis (Reguera et al., 2003; Keshtkar-Jahromi et al., 
2012) or to drain abscesses in organs such as the spleen. 
Brucella epididymo-orchitis responds well to treatment with 
one of the recommended standard regimens (Memish and 
Venkatesh, 2001; Navarro-Martinez et al., 2001; Colmenero 
et al., 2007).

Laboratory-acquired brucellosis is a well-recognized haz-
ard for laboratory personnel handling Brucella cultures. 
When given as prophylaxis following laboratory exposures, 
the combination of rifampicin plus doxycycline is very effec-
tive in reducing the risk of subsequent infection (Traxler et 
al., 2013b), and a 3-week course is recommended for this 
indication (Traxler et al., 2013a). The combination of rifam-
picin plus doxycycline (given for 6 weeks) is also recom-
mended for treatment and prophylaxis should cases of 
bioterrorism-associated brucellosis ever occur (Bossi et al., 
2004).

7k.  Clearance of meningococcal carriage

The risk that close contacts of an index patient with invasive 
meningococcal infection will themselves develop meningo-
coccal disease is up to 1000-fold higher than the general pop-
ulation, and equates to an absolute risk of approximately 1 in 
200–300 in household contacts (Purcell et al., 2004); the risk 
is highest in the 2 weeks following diagnosis in the index 
case. The source of infection in the index case and in any 
secondary cases is usually an asymptomatic contact who has 
recently become colonized in the nasopharynx with an inva-
sive meningococcal strain. A course of clearance antibiotics 
(often referred to as “chemoprophylaxis”) is recommended 
for contacts to eradicate this nasopharyngeal carriage, and 
for the index case if not treated with at least one dose of a 
third-generation cephalosporin agent. Rifampicin is one of 
the antibiotics used for this indication: the recommended 
dose is 600 mg (children 10 mg/kg up to 600 mg, neonates 
5 mg/kg) twice daily for 2 days.

A review of four observational studies and one small trial, 
three of which involved rifampicin, estimated that the effi-
cacy of clearance antibiotics was 89% for preventing subse-
quent cases of meningococcal infection (Purcell et al., 2004). 
This figure falls within the range of reported rates of eradica-
tion of meningococcal nasopharyngeal carriage (80–98%) 
up to 1 week following a course of rifampicin (Jackson et al., 
1996; Girgis et al., 1998; Simmons et al., 2000; Fraser et al., 

2006). Of the small number of contacts who remain culture- 
positive for meningococcus, a variable proportion (0–75%) 
will carry organisms that have developed rifampicin resistance 
(Deal and Sanders, 1969; Beam et al., 1971; Weidmer et al., 
1971; Beaty, 1983; Jackson et al., 1996; Simmons et al., 2000). 
How ever, transmission of these organisms to other contacts 
with the subsequent development of rifampicin-resistant 
invasive meningococcal infection is very uncommon—only 
ten such cases have been reported in the literature (Cooper et 
al., 1986; Cooke et al., 1989; Yagupsky et al., 1993; Dawson et 
al., 1999; Rainbow et al., 2005; Taha et al., 2006; Bordessoule 
et al., 2007; Delaune et al., 2013).

The other antibiotics recommended for clearance of 
meningococcal carriage are single-dose oral ciprofloxacin 
(see Chapter 101, Ciprofloxacin) and single-dose parenteral 
ceftriaxone (Cuevas et al., 1995; see Chapter 27, Ceftriaxone). 
A Cochrane review that examined eradication of nasopha-
ryngeal carriage after administration of clearance antibiotics 
concluded that rifampicin was effective for up to 4 weeks, 
that it was nonsignificantly more effective than ciprofloxacin 
for up to 2 weeks, and (based on a single study) that ceftriax-
one and rifampicin were equivalent for up to 1 week, but cef-
triaxone was significantly more effective between 1 and 2 
weeks (Fraser et al., 2006).

In addition to the possibility of side effects (see section 6, 
Adverse reactions and Toxicity), practical disadvantages of 
rifampicin are the possibility of poorer adherence with mul-
tiple dosing, the potential for drug interactions (see section 
5e, Drug interactions) (e.g. with the oral contraceptive pill), 
and the need to remove soft contact lenses because of discol-
oration of body fluids. Ciprofloxacin is probably the most 
widely used meningococcal clearance antibiotic currently, 
but rifampicin is preferred for young children (although UK 
guidelines also recommend ciprofloxacin for this group) 
(Public Health England meningococcus and Haemophilus 
forum, 2012), and ceftriaxone is preferred for pregnant women 
or if adherence with oral therapy is not assured (CDC, 2005; 
Australian Government Department of Health, 2014).

7l.  Clearance of Haemophilus influenzae 
type b carriage

Haemophilus influenzae type b (Hib) used to be the most 
common cause of childhood bacterial meningitis, but there 
has been a dramatic reduction in the incidence of this infec-
tion and other manifestations of invasive Hib disease since 
the availability and routine use of the conjugated Hib vac-
cine. In the era before Hib vaccination, it was recognized that 
secondary cases could occur among household and other 
close contacts of a patient with invasive Hib infection, analo-
gous to the situation with invasive meningococcal infection 
(see section 7k, Clearance of meningococcal carriage). The 
risk in close contacts was estimated to be 600 times greater 
than in the general population and was highest in children 
under the age of 2 years; most secondary cases developed 
within 7 days of the index case and were more common if the 
index case had meningitis rather than epiglottitis. To prevent 
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secondary invasive Hib cases, clearance antibiotics (chemo-
prophylaxis) were recommended to eradicate nasopharyngeal 
carriage of Hib among close contacts of an index case. Early 
studies showed that antibiotics, such as ampicillin (see Chap- 
ter 5, Ampicillin and amoxicillin), cefaclor, erythromycin–
sulfisoxazole, and trimethoprim–sulfamethoxazole (see 
Chapter 92, Trimethoprim and trimethoprim–sulfamethox-
azole (cotrimoxazole)) were not reliably effective (Granoff 
and Daum, 1980; Horner et al., 1980).

The rationale for rifampicin as a suitable prophylactic 
agent is that it has good in vitro activity against Hib (see sec-
tion 2, Antimicrobial activity) and attains bactericidal levels 
in nasopharyngeal secretions. Rifampicin given at a dose of 
20 mg/kg (neonates, 10 mg/kg) body weight (maximum dose 
600 mg) once daily for 4 days eradicates Hib carriage in 
90–100% of household and daycare center contacts and 
prevents secondary cases of Hib infection among these con-
tacts (Granoff and Daum, 1980; Cox et al., 1981; CDC, 1982; 
Murphy et al., 1983; Glode et al., 1985; CDC, 1986; Gilbert et 
al., 1991).

In the present era of widespread Hib vaccination, use of 
rifampicin to eradicate Hib carriage still has a role, albeit a 
limited one. Current guidelines recommend that rifampicin 
chemoprophylaxis should be given to selected household 
contacts of a case of invasive Hib, although individual guide-
lines differ in specific details. For example, guidelines from 
both Australia and the UK recommend that rifampicin 
should be offered to all household contacts regardless of age 
if the household contains an immunosuppressed or asplenic 
individual of any age. Australian guidelines also recommend 
prophylaxis if the household contains an infant younger than 
7 months of age or an incompletely immunized child between 
the ages of 7 months and 5 years (Australian Government 
Department of Health, 2013), whereas UK guidelines recom-
mend chemoprophylaxis if the household contains any child 
younger than 10 years (Public Health England meningococ-
cus and Haemophilus forum, 2013). These guidelines also 
provide information about management of daycare center 
contacts and use of Hib vaccine. Rifampicin chemoprophy- 
laxis should be instituted as soon as possible; if more than 14 
days have elapsed since the last contact with the index case, 
the benefit of chemoprophylaxis is likely to decrease. Cef-
triaxone should be used for pregnant contacts or those with a 
previous reaction or contraindication to rifampicin. Chemo-
prophylaxis is unlikely to be effective if less than 75% of 
contacts receive rifampicin. Index patients not treated with 
ceft riaxone should also receive rifampicin because i.v. ampicil-
lin (or chloramphenicol in the past) does not reliably eradicate 
Hib carriage (CDC, 1982; Nelson, 1982; Li and Wald, 1986).

The development of rifampicin-resistant strains has been 
reported (Murphy et al., 1981; Nicolle et al., 1982), but has 
not been a major problem in most studies (CDC, 1982). 
Recolonization of rifampicin-treated carriers can occur (Sim-
asathien et al., 1980; Murphy et al., 1983) and probably 
accounts for some of the rare reports of chemoprophylaxis 
failure (Boies et al., 1982; Glode et al., 1985). Failures of pro- 

phylaxis are most common in young unvaccinated children. 
The combination of rifampicin–trimethoprim, used in an 
effort to limit the development of rifampicin resistance, is 
not dependable for eradication of Hib carriage (Daum et al., 
1983; Glode et al., 1983).

7m.  Legionella infections

Rifampicin has excellent activity in vitro and in animal stud-
ies against L. pneumophila and other Legionella spp. (see 
above under 2, Antimicrobial activity). In the era when 
erythromycin was first-line therapy for Legionella infec-
tions (see Chapter 59, Erythromycin), rifampicin was often 
added as adjunctive therapy in patients with severe legionel-
losis (Kirby et al., 1980; Fang et al., 1989), a practice based 
on some suggestive animal studies (Edelstein et al., 1984). 
Nowadays, agents with greater activity against Legionella spp., 
such as fluoroquinolone agents—for example, ciprofloxacin 
(see Chapter 101, Ciprofloxacin) or levofloxacin (see Chap-
ter 104, Levofloxacin)—or newer macrolides—for example, 
azithromycin (see Chapter 62, Azithromycin)—are consid- 
ered the treatment of choice for this infection (Amsden, 
2005; Garcia-Vidal and Carratala, 2006). The topic of adjunc-
tive rifampicin therapy has been reviewed by Varner at al. 
(2011). There are no randomized clinical trials that examine 
this question, and data are derived from observational case 
series and case studies, most of which fail to support a role 
for addition of rifampicin for legionellosis. For example, in 
a  Spanish study of patients with severe and nonsevere 
Legionnaires’ disease, there was no difference in outcomes 
between 45 patients treated with levofloxacin plus rifampicin 
and 45 patients matched for severity of pneumonia and 
treated with levofloxacin alone (Blazquez Garrido et al., 2005). 
Similarly, among 80 patients with severe and non-severe dis-
ease, outcomes for 48 patients treated with erythryomycin or 
clarithromycin plus rifampicin were similar to those of 32 
patients treated with a macrolide alone, and clinical responses 
in both groups were inferior to those of patients treated with 
levofloxacin (Mykietiuk et al., 2005). Broadly similar find-
ings were reported in observational studies of 30 patients 
with severe Legionnaires’ disease by Hubbard et al. (1993) and 
of 32 non-ICU patients by Grau et al. (2006). The evidence in 
support of adjunctive rifampicin therapy comes from case 
reports and from two small observational studies which 
reported non-significant improvements in mortality with a 
macrolide and adjunctive rifam picin compared with a mac-
rolide alone (Dournon et al., 1990; Varner et al., 2011; Rello 
et al., 2013). Infectious Diseases Society of America 2007 
pneumonia treatment guidelines do not advocate use of 
rifampicin in patients with severe legionellosis (Mandell et 
al., 2007), whereas 2009 British Thoracic Society guidelines 
suggest rifampicin as an alternative agent in combination 
therapy of severe Legionnaires’ disease when one of the 
agents in the preferred combination regimen of a macrolide 
plus a respiratory fluoroquinolone cannot be used (Lim et 
al., 2009).
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7n.  Pneumococcal infections

The emergence of beta-lactam resistance in pneumococcus 
has complicated therapy of pneumococcal meningitis. A 
third-generation cephalosporin is effective for susceptible 
strains that are penicillin-nonsusceptible or -resistant, but 
alternative agents are needed when resistance to both penicil-
lin and third-generation cephalosporin is present. Vanco my-
cin is the preferred agent for such infections because it is 
active against beta-lactam–resistant pneumococcus. How-
ever, vancomycin is a relatively weak bactericidal agent and 
has only moderate penetration into CSF which may be fur-
ther reduced by concurrent administration of dexametha-
sone (see Chapter 43, Vancomycin). Animal studies using 
the rabbit model of pneumococcal meningitis support a role 
for rifampicin as adjunctive therapy in the management of 
these infections: combinations of rifampicin plus vancomy-
cin and/or ceftriaxone demonstrate additive antibacterial 
activity and sterilize CSF more often than when the agents 
are used alone (Friedland et al., 1993; Paris et al., 1994; 
Martinez-Lacasa et al., 2002; Lee et al., 2004; Ribes et al., 
2005; Suntur et al., 2005). Another potential advantage of 
rifampicin is that, in comparison with beta-lactam agents 
alone, use of rifampicin results in lower CSF levels of poten-
tially toxic proinflammatory bacterial products, such as 
lipoteichoic acid, pneumolysin, and bacterial DNA (Nau et 
al., 1994; Gerber et al., 2001; Gerber et al., 2003; Spreer et  
al., 2003). Rifampicin CSF levels are not affected by dexa-
methasone administration (Paris et al., 1994). Although sup-
portive clinical data are sparse, guidelines for management 
of pneumococcal meningitis suggest use of the triple combi-
nation of vancomycin plus ceftriaxone plus rifampicin if the 
infecting pathogen is nonsusceptible to penicillin (≥ 0.1 µg/
ml) and to cefotaxime (or ceftriaxone) (≥ 2 µg/ml), especially 
for patients not responding after 24–48 hours of treatment 
with vancomycin plus ceftriaxone (Peters et al., 1994; 
Klugman et al., 1995; Paris et al., 1995; Kaplan, 2002; Tunkel 
et al., 2004; Chaudhuri et al., 2008). A review of adult patients 
with bacterial meningitis admitted to French ICUs demon-
strated that early administration of rifampicin combined with 
a third-generation cephalosporin with or without vancomycin 
conferred a mortality benefit in patients with pneumococcal 
meningitis, but only in univariate and not multivariate analy-
sis (Bretonniere et al., 2015).

Rifampicin (alone or in combination with another antibi-
otic) has also been used in an attempt to eradicate nasopha-
ryngeal carriage and reduce transmission of penicillin-resistant 
pneumococci among family members and in settings such 
as long-term care facilities, hospitals, and daycare centers 
(Reichler et al., 1992; Cherian et al., 1994; Nuorti et al., 1998; 
Craig et al., 1999; Subramanian et al., 2003; Carter et al., 
2005). For example, in the South Swedish Pneumococcal 
Intervention Project, prolonged nasal carriage of penicillin 
nonsusceptible pneumococci (MIC ≥ 0.5μg/ml) was success-
fully eradicated in 103 of 110 children treated with a 7-day 
course of rifampicin in combination with either amoxycillin, 

erythromycin, or clindamycin (Ekdahl et al., 1997; Hellberg 
et al., 2012); there is some evidence that the project interven-
tions, including treatment of nasal carriers, may have limited 
community spread of penicillin-nonsusceptible pneumo-
cocci (Melander et al., 2004). However, there are problems 
with this approach—it is not always successful at eradicat-
ing carriage or preventing further cases of invasive disease 
(Carter et al., 2005), emergence of rifampicin resistance may 
occur (van Tilburg et al., 2001; Carter et al., 2005), and recol-
onization is frequent (Reichler et al., 1992; Ekdahl et al., 
1997; Craig et al., 1999; Carter et al., 2005). Therefore unlike 
its accepted role in eradication of meningococcal (see above 
under 7k, Clearance of meningococcal carriage) and Hib 
carriage (see section 7l, Clearance of Haemophilus influen-
zae type b carriage), rifampicin should not be used to eradi-
cate pneumococcal nasopharyngeal carriage—instead, efforts 
should be focused on ensuring that at-risk individuals receive 
pneumococcal immunization.

7o.  Streptococcus pyogenes infections

Standard therapy of S. pyogenes (group A streptococcal) 
pharyngitis with oral or i.m. penicillin does not always eradi-
cate streptococci from the tonsils, and patients with persistent 
carriage may be at higher risk of recurrent infections. In a 
randomized study of patients with streptococcal tonsillitis, 
Chaudhary et al. (1985) reported that rifampicin for the last 
4 days of a 10-day course of oral penicillin was much more 
effective than oral penicillin alone in eradicating streptococ-
cal pharyngeal carriage. A 4-day course of rifampicin plus a 
single dose of i.m. benzathine penicillin was also more effec-
tive at eradicating chronic pharyngeal carriage than no treat-
ment, or benzathine penicillin alone (Tanz et al., 1985), 
although in a subsequent study by the same investigator, a 
10-day course of clindamycin was superior to the rifampicin 
plus benzathine penicillin regimen (Tanz et al., 1991). Rifam-
picin should not be used routinely for treatment of strepto-
coccal pharyngitis; guidelines from the Infectious Diseases 
Society of America suggest its role should be limited to 
treatment of symptomatic patients with multiple recurrent 
 culture-positive episodes of streptococcal pharyngitis, when 
it can be given at a dose of 10 mg/kg (up to 600 mg) twice 
daily for 4 days in combination with a single dose of i.m. ben-
zathine penicillin (Bisno et al., 2002).

Rifampicin does not have an established place in the 
management of other group A streptococcal infections, but 
isolated reports describe its use for other indications, for 
example in combination with a beta-lactam agent to treat 
6 patients with S. pyogenes acute bacterial meningitis (Bruun 
et al., 2010).

Family and other close contacts of patients with invasive 
S. pyogenes infections such as necrotizing fasciitis are at 
increased risk of developing the same infection, and eradica-
tion of group A streptococcal carriage may be considered on 
a case-by-case basis in this special situation (Working Group 
on Prevention of Invasive Group A Streptococcal Infections, 
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1998). In this regard, cefixime was significantly more effec-
tive than rifampicin at eradicating group A streptococcal 
carriage among throat culture–positive contacts of invasive 
group A streptococcal infection patients (Davies et al., 1995).

7p.  Rhodococcus equi infections

Rhodococcus equi is an uncommon opportunistic pathogen: 
most cases have been reported in HIV-infected patients 
(usually with very low CD4 cell counts) and solid-organ 
transplant recipients, and the most common manifestation 
of infection is pneumonia, often with cavitation and bactere-
mia (Scott et al., 1995; Torres-Tortosa et al., 2003; Topino 
et al., 2010; Yamshchikov et al., 2010). With the availability 
of potent antiretroviral therapy, this infection is much less 
 common in HIV-infected patients than formerly. R. equi is 
susceptible to rifampicin (see section 2a, Routine suscepti-
bility). Although no controlled antibiotic trials have been 
performed and the need for treatment with multiple agents 
has not been definitively established, many reports have 
described the successful treatment of this infection with 
rifampicin in combination with other active agents, such 
as erythromycin, vancomycin, or imipenem (Verville et al., 
1994; Arlotti et al., 1996; Yamshchikov et al., 2010). Treatment 
duration should be at least 6 weeks, and ongoing suppressive 
therapy is indicated in patients with persistent immuno-
suppression. Prognosis is improved in HIV-infected patients 
concurrently treated with combination antiretroviral therapy 
(Torres-Tortosa et al., 2003), but drug interactions between 
rifampicin and protease inhibitors may complicate therapy 
(see section 5e, Drug interactions); if a protease inhibitor 
cannot be replaced by an alternative antiretroviral agent that 
does not have significant rifampicin interactions, options are 
to use rifabutin (see Chapter 127, Rifabutin) instead of rifam-
picin or to avoid a rifamycin agent and treat the R. equi infec-
tion with an alternative regimen.

7q.  Clostridium difficile-associated  
diarrhea

Rifampicin is active in vitro against C. difficile (see section 2, 
Antimicrobial activity), but clinical experience with treat-
ment of C. difficile–associated diarrhea (CDAD) is limited 
(Nomura et al., 2004; Garey et al., 2008). In an early study, 
seven patients with multiple CDAD relapses, all previously 
treated with oral vancomycin, were treated with a combina-
tion of oral vancomycin and rifampicin for 7 days; symptoms 
improved promptly and stool cultures became negative ini-
tially, but all patients had positive cultures (none rifampicin- 
resistant) between 1 and 2 months later, and one patient had 
a symptomatic relapse (Buggy et al., 1987). In the single ran-
domized trial, metronidazole was compared with metroni-
dazole plus rifampicin in 39 patients with a first episode of 
CDAD (Lagrotteria et al., 2006). There was no statistically 
significant difference between the two groups in median time 
to symptom improvement, median time to first relapse, the 
proportion of patients with relapse by study day 40, or the 

proportion of patients experiencing nonfatal adverse events, 
but a significantly higher number of deaths was noted in the 
metronidazole plus rifampicin group. Regimens including 
rifampicin cannot be recommended for treatment of CDAD 
on the basis of these studies (Nelson et al., 2011) and are not 
included in national or professional society guidelines (Cohen 
et al., 2010; Debast et al., 2014).

7r.  Q-fever, rickettsial infections, and 
ehrlichiosis

One of the tetracyclines—the preferred agent is doxycycline—
is the mainstay of treatment of acute Q-fever (Maurin and 
Raoult, 1999; Kersh, 2013; see Chapter 68, Doxycycline). 
Com binations of rifampicin plus trimethoprim–sulfamethox-
azole (Subramanya et al., 1982), rifampicin plus doxycycline 
(Levy et al., 1991; Million et al., 2010), or rifampicin plus 
pefloxacin (Cacoub et al., 1991) have been used in the past 
for the treatment of Q-fever endocarditis, but the treatment 
of choice for this infection and other manifestations of 
chronic Q fever is now considered to be a prolonged course 
of the combination of hydroxychloroquine plus doxycycline 
(Raoult et al., 1999; Anderson et al., 2013; see Chapter 68, 
Doxycycline). There are two case reports of pregnant patients 
with chronic Q-fever treated with rifampicin, one in com-
bination with erythromycin during the pregnancy and with 
doxycycline after delivery (Bental et al., 1995) and the other 
in combination with clarithromycin (Hellmeyer et al., 2002). 
The CDC Q fever management guidelines do not list rifam-
picin as an option for Q fever during pregnancy but mention 
that rifampicin in combination with a quinolone agent might 
be considered for children with chronic Q fever (Anderson et 
al., 2013).

Reports of clinical use of rifampicin for other rickettsial 
infections are limited. Watt et al. (2000) performed a ran-
domized study comparing doxycycline alone, rifampicin 
alone, and doxycycline plus rifampicin in Thai patients with 
mild scrub typhus (caused by Orientia tsutsugamushi). The 
combination regimen was discontinued in the first year of 
the study because of lack of efficacy, and of 126 patients 
enrolled, 86 completed therapy. In rifampicin recipients, the 
median duration of fever was significantly shorter and a 
higher proportion was afebrile at 48 hours than in doxycy-
cline recipients. A 5-day course of rifampicin was compared 
with two doses of doxycycline for the treatment of 32 
patients with Mediterranean spotted fever (due to R. cono-
rii), but the trial was discontinued prematurely because of 
delayed time to defervescence in those assigned to rifampi-
cin therapy (Bella et al., 1991). A Cochrane review suggested 
that rifampicin could be considered for treatment of scrub 
typhus in areas where the infection responds poorly to stan-
dard therapy (Panpanich and Garner, 2002). Erythromycin 
plus rifampicin was used to successfully treat a pregnant 
woman with Mediterranean spotted fever (Cohen et al., 
1999).

Rifampicin has in vitro activity against the ehrlichiae  
E. chaffeensis, the cause of human monocytic ehrlichiosis 
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(HME), A. phagocytophilum (formerly E. phagocytophilia), 
the cause of human granulocytic anaplasmosis (HGA), and 
E. ewingii, the cause of human ewingii ehrlichiosis (HEE). 
Clinical experience with rifampicin is limited to case reports 
of successful treatment of HGA in five pregnant women (one 
with concurrent Lyme disease) who subsequently delivered 
healthy infants (Buitrago et al., 1998; Dhand et al., 2007), 
and in two children (Krause et al., 2003). In a review of 
ehrlichioses, Dumler et al. (2007) suggest rifampicin as an 
alternative when doxycycline or tetracycline, the usual rec-
ommended treatment for these infections, is contraindicated 
because of pregnancy or drug allergy.

7s.  Infections due to non-fermentative 
Gram-negative bacilli

Pseudomonas aeruginosa is a long-established cause of noso-
comial infection, but A. baumannii and other non-fermentative 
Gram-negative bacilli such as S. maltophilia and B. cepacia 
have also emerged as significant nosocomial pathogens. 
These organisms are often resistant to multiple antibiotics, 
and treatment options for extensively resistant strains may 
involve use of “last resort” agents such as colistin (Gilad 
and Carmeli, 2008; Maragakis and Perl, 2008; see Chapter 
81, Polymyxins) or tigecycline (see Chapter 70, Tigecycline), 
usually given with in combination with another agent or 
agents. Although rifampicin alone has limited or no activity 
in vitro against these organisms, in vitro synergy and animal 
studies have demonstrated that rifampicin may have a role in 
combination with other antibiotics, such as colistin, tigecy-
cline, imipenem, or meropenem (see Chapter 37, Imipenem–
cilastatin and imipenem–relebactam, and Chapter 38, 
Meropenem and meropenem–vaborbactam) or sulbactam 
(see Chapter 15, Ampicillin–sulbactam), as discussed in 
section 2a, Routine susceptibility.

The initial clinical experience with rifampicin-containing 
regimens was for treatment of P. aeruginosa infections. 
Rifampicin plus ciprofloxacin achieved a clinical and micro-
biologic cure in 10/11 patients with malignant otitis externa 
due to P. aeruginosa (Rubin et al., 1989). A randomized trial 
in patients with P. aeruginosa bacteremia examined the effect 
of addition of rifampicin to standard therapy with a beta- 
lactam agent plus an aminoglycoside (Korvick et al., 1992). 
Although patients assigned to addition of rifampicin had 
higher rates of bacteriologic cure and fewer episodes of 
breakthrough or relapsing bacteremia, no significant differ-
ences in survival were seen for the two treatment groups. 
In two separate studies, Tascini et al. (2004, 2006) reported 
the successful use of combination therapy with colistin plus 
rifampicin in seven patients with multidrug-resistant P. aeru-
ginosa infections (three cases of diabetic foot infection, two 
cases of pneumonia, one case of bacteremia plus urinary 
tract infection, and one case of disseminated infection). 
However, no recent studies have investigated rifampicin’s 
activity as a part of an antipseudomonal regimen, and com-
bination regimens containing rifampicin have no role in the 
modern-day management of P. aeruginosa infections.

There is more information about treatment of multiresis-
tant A. baumannii infections with rifampicin in combina- 
tion with other agents. Six observational studies have been 
reported, five in combination with colistin and one in com-
bination with imipenem, involving more than 100 patients 
(Petrosillo et al., 2005; Motaouakkil et al., 2006; Saballs et al., 
2006; Bassetti et al., 2008; Song et al., 2008; Simsek et al., 
2012). These studies were subject to the inherent limitations 
of non-randomized studies and although clinical response 
rates as high as 70% were reported in two studies (Bassetti et 
al., 2008; Song et al., 2008), results across the studies were 
inconsistent and it was not possible to establish whether com-
bination treatment with rifampicin conferred a clear benefit 
or not.

Two randomized studies have provided more robust 
information about the role of combination therapy for treat-
ment of carbapenem-resistant A. baumannii infections. A 
Turkish study compared colistin monotherapy (100 mg 
colistin base every 8 hours in patients with normal renal 
function) with colistin plus rifampicin 600 mg daily (Aydemir 
et al., 2013) in 43 patients with ventilator-associated pneu-
monia. Although differences in clinical (40.9% for colistin 
alone vs. 52.4% for combination therapy), microbiological 
(59.1% vs. 71.4%), radiological (31.8% vs. 52.4%), and labo-
ratory (45.5% vs. 57.1%) response rates and in-hospital mor-
tality (72.7% vs. 61.9%) all favored combination therapy, 
none of the differences was statistically significantly differ-
ent. A larger, multicenter Italian study randomized 203 
patients with carbapenem-resistant A. baumannii infections, 
predominantly ventilator-associated pneumonia and bacte-
remia, to monotherapy with colistimethate 160 mg (equiva-
lent to approximately 67 mg of colistin base) 8-hourly or to 
combination therapy with colistimethate plus rifampicin 600 
mg 12-hourly; the study was powered to detect a 20% reduc-
tion in mortality (Durante-Mangoni et al., 2013). There was 
no difference in the primary study endpoint of 30-day mor-
tality between colistin alone (42.9%) and colistin plus rifam-
picin (43.3%), and no differences in the secondary endpoints 
of infection-related 30-day mortality or length of hospitali-
zation, but A. baumannii eradication was significantly more 
common with combination than single-drug therapy (60.6% 
vs. 44.8%, respectively).

At the current time, the best available evidence does not 
support the use of combination therapy with rifampicin and 
colistin for multiresistant A. baumannii infections (Gauthier, 
2013; Al-Shaer et al., 2014).

7t.  Helicobacter pylori infection

Rifampicin has good in vitro activity against H. pylori (see 
above under 2, Antimicrobial activity) and an antibacterial 
effect in vivo was suggested by the observation of a lower 
prevalence of H. pylori infection in patients with tuberculosis 
treated with rifampicin (Fujimura et al., 2002). These observa-
tions were the rationale for a pilot study in which rifampicin 
was given in combination with tetracycline plus eso me pra-
zole to 28 patients with persistent or relapsed H. pylori 
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infection. However, this treatment was ineffective, with H. 
pylori eradication achieved in only 9/28 (32%) patients 
(Ahuja et al., 2005).

7u.  Bartonella infections

Rifampicin is active in vitro against B. henselae (which causes 
cat-scratch disease, bacillary angiomatosis, peliosis hepatis, 
endocarditis, and bacteremia), B. quintana (which causes 
trench fever, bacillary angiomatosis, endocarditis, and chronic 
bacteremia), and B. bacilliformis (the cause of bartonellosis 
or Carrion disease) (Rolain et al., 2004). Uncomplicated cat-
scratch disease does not usually require antibacterial therapy 
(Conrad, 2001); however, in a retrospective, uncontrolled 
report of 282 selected patients with this infection, many of 
whom had severe disease, the efficacy of rifampicin (87%) 
was greater than other antibiotics, such as ciprofloxacin, 
 trimethoprim–sulfamethoxazole, and gentamicin (Margileth, 
1992). In a comprehensive review of treatment of Bartonella 
infections, Rolain et al. (2004) suggest that based on the 
results of a study by Bass et al. (1998), treatment with azi-
thromycin may be indicated in cases of cat-scratch disease 
associated with extensive bulky lymphadenopathy, and that 
rifampicin plus doxycycline is an alternative in this situation. 
Rifampicin plus doxycycline is also recommended for treat-
ment of neuroretinitis and other neurologic complications 
of B. henselae infection (Bass et al., 1997; Reed et al., 1998). 
Rifampicin is considered the drug of choice for the treatment 
of verruga peruana, the eruptive phase of B. bacilliformis 
infection; it is ineffective in the acute hematic phase of this 
illness (Maguina et al., 2001; Huarcaya et al., 2004).

7v.  Malaria

Rifampicin has in vitro activity against Plasmodium falci-
parum (see section 2, Antimicrobial activity) and has been 
studied in patients with both P. falciparum and P. vivax 
malaria. Five patients with P. vivax malaria treated with  
rifampicin alone had initial clearance of parasitemia but rapid 
parasitologic relapses, whereas treatment with rifampicin plus 
primaquine was associated with longer fever and delayed 
parasitemia clearance compared with standard treatment with 
chloroquine plus primaquine (Pukrittayakamee et al., 1994). 
Rifampicin in combination with isoniazid and trimethoprim–
sulfamethoxazole (given as the fixed-dose preparation, Cotri - 
fazid) (Freerksen et al., 1996) was compared with chloroquine 
or sulfadoxine–pyrimethamine in a trial in Kenya; all 41 
patients treated with the combination drug initially cleared 
parasitemia, compared with four primary treatment failures 
in 21 patients treated with standard agents (Goerg et al., 
1999). However, in a larger randomized study conducted in 
Papua, New Guinea, the parasitologic failure rate in patients 
with uncomplicated P. falciparum malaria was higher for 
Cotrifazid (9%) than for mefloquine (0%) or quinine plus 
sulfadoxine–pyrimethamine (3%), leading the authors to 
conclude that Cotrifazid was a poor alternative combination 
therapy for malaria (Genton et al., 2006) and the drug has 
not been developed further.

Rifampicin induces the metabolism of quinine, meflo-
quine, and artemether–lumefantrine (Ridtitid et al., 2000; 
Lamorde et al., 2013; see section 5e, Drug interactions; see 
Table 126.2). In a study of uncomplicated P. fal ciparum 
malaria, recrudescence rates were much higher in patients 
taking quinine plus rifampicin (65%) than in patients taking 
quinine alone (12%), and quinine blood levels and AUC 
were much lower with rifampicin coadministration (Puk rit-
tayakamee et al., 2003).

7w.  Meningoencephalitis due to  
free-living amoebae

Primary amoebic meningoencephalitis (PAM) is caused by 
Naegleria fowleri and is acquired by exposure to the organ- 
ism in warm water; it is a very rare, rapidly progressive infec-
tion with a high fatality rate, and amphotericin B is regarded 
as the treatment of choice (Hannisch and Hallagan, 1997), 
with some recent data also supporting the use of miltefisone 
(see Chapter 199, Miltefosine). Acanathamoeba spp. cause 
granulomatous amoebic encephalitis (GAE), which is also 
rare and serious and occurs almost exclusively in immuno-
suppressed patients such as those with HIV infection or organ 
transplant recipients. Although in vitro data regarding activ-
ity of rifampicin are conflicting (see section 2, Antimicrobial 
activity), some survivors of PAM and GAE have been treated 
with rifampicin in combination with amphotericin B, fluco-
nazole, or other agents (Vargas-Zepeda et al., 2005; Fung et al., 
2008; Movahedi et al., 2012; Sood et al., 2014).

7x.  Other infections and uses

Elizabethkingia (formerly Chryseobacterium and Flavobac-
terium) meningosepticum, a Gram-negative bacillus, is a rare 
cause of neonatal meningitis and infections in immunosup-
pressed and ICU patients (Bloch et al., 1997). Rifampicin has 
been used successfully to treat meningitis due to this organism, 
usually combined with other antibiotics, such as erythromycin, 
vancomycin, gentamicin, or trimethoprim–sulfamethoxazole 
(Conti and Parenti, 1983; Di Pentima et al., 1998).

Rifampicin has in vitro activity against B. anthracis (see 
above under 2, Antimicrobial activity), and on this basis it 
is listed as an alternative antibiotic in combination with cip-
rofloxacin or doxycycline in patients with inhalational or 
gastrointestinal anthrax or anthrax meningitis in US and 
European guidelines (Inglesby et al., 2002; Bossi et al., 2004).

Wolbachia organisms live in symbiosis with filarial nema-
todes and are necessary for microfilarial development and 
macrofilarial (adult worm) survival (see section 2, Anti-
microbial activity). Doxcycline has activity against Wolbachia 
and when given for 4 weeks with a single dose of ivermectin 
it is effective treatment for lymphatic filariasis (Debrah et al., 
2007); it has also been evaluated for treatment of onchocerci-
asis (river blindness) (Hoerauf et al., 2008). Similarly, rifam-
picin has activity against Wolbachia and when given for 2 or 
4 weeks to patients with Onchocerca volvulus infection it 
reduced the proportion of Wolbachia-infected worms and 
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inhibited microfilarial development (Specht et al., 2008). In 
a  pilot study of patients with lymphatic filariasis due to 
Wuchereria bancrofti (Debrah et al., 2011), rifampicin plus 
doxycycline given for 2 weeks reduced microfilaraemia and 
Wolbachia load and and exerted a macrofilaricidal effect, 
but to a lesser degree compared with doxycycline given for 
4 weeks. Further studies of rifampicin in combination with 
doxycycline are in progress (Taylor et al., 2014).

Chlamydia spp. may be involved in the pathogenesis of 
undifferentiated spondyloarthropathy, a condition that resem-
bles reactive arthritis but without evidence of inflammatory 
bowel disease, psoriasis, ankylosing spondylitis, or preced-
ing dysentery. On the basis of rifampicin’s activity against 
Chla mydia spp. (see section 2, Antimicrobial activity) and 
following the promising results of a randomized pilot study 
(Carter et al., 2004), doxycycline plus rifampicin or azithro-
mycin plus rifampicin given for 6 months was compared with 
placebo in 42 patients with reactive arthritis and positive 
PCR for Chlamydia spp. DNA in peripheral blood mono-
nuclear cells or synovial tissue. Patients randomized to rifam-
picin combination therapy were more likely to respond than 
placebo recipients (Carter et al., 2010).

In a particularly novel use of rifampicin, investigators in 
Canada conducted a blinded randomized trial of doxycy-
cline plus rifampicin versus placebo in 101 patients with 
Alzheimer disease. The rationale for the study was the pos-
sible role of C. pneumoniae in the pathogenesis of Alzheimer 
disease. There was significantly less decline in measures of 
cognition at 6 months in the antibiotic group than in the pla-
cebo group, with a nonsignificant difference at 12 months, 
and the antibiotic group also showed significantly less dys-
functional behavior at 3 months (Loeb et al., 2004).

Hidradenitis suppurativa is a chronic inflammatory der-
matological condition characterized by nodules, suppura-
tion, sinus formation, and development of scarring, usually 
in the axillae and groins. The role of infection is uncertain. 
Although never the subject of a randomized controlled trial, 
combination treatment with rifampicin and clindamycin, 
usually given for 10 weeks (in addition to non-antibiotic 
treatments such as retinoids and anti-inflammatory agents) 
results in resolution or clinical improvement in a majority of 
patients (Gener et al., 2009) and is recommended as treat-
ment in reviews of this condition (Rambhatla et al., 2012; 
Deckers and Prens, 2016). Other primary skin conditions for 
which the use of rifampicin (usually in combination with 
another agent or agents) has been reported include psoriasis 
(Tsankov and Grozdev, 2011), granuloma annulare (Marcus 
et al., 2009), and folliculitis decalvans, a rare form of alopecia 
(Bunagan et al., 2015).

Rifampicin has been combined with amphotericin B for 
the management of Aspergillus infection, but most of the 
published experience, reviewed by Steinbach et al. (2003), 
was in the period before 1995 when antifungal treatment 
options were much more limited than nowadays. As with 
many studies of therapy for Aspergillus infection, it is difficult 
to assess efficacy in the 27 reported patients treated with this 
combination. However, now that more effective therapy of 
Aspergillus infection is possible with agents such as vori - 

con azole (see Chapter 156, Voriconazole), posaconazole (see 
Chap ter 157, Posaconazole), isavuconazole (see Chapter 158, 
Isa vuconazole), caspofungin and other echinocandins (see 
Chap ter 146, Caspofungin; Chapter 147, Micafungin; and 
Chap ter 148, Anidulafungin), and lipid amphotericin B 
preparations (see Chapter 143, Amphotericin B lipid com-
plex), rifampicin has no role for treatment of this infection 
in current practice.

Two randomized double-blind placebo-controlled studies 
of rifampicin (given for 4 weeks) for cutaneous leishmaniasis 
have been reported from India by Kochar et al. (2000, 2006). 
Most patients assigned to rifampicin had complete or partial 
healing of lesions, and response rates were significantly better 
than in placebo recipients. Despite these promising results, 
no recent studies of rifampicin for leishmaniais have been 
published, and rifampicin is not included as one of the rec-
ommended agents for treatment of leishmaniasis in WHO 
guidelines (WHO Technical Report Series, 2010).

In the past, rifampicin has been used to treat sexually 
transmitted infections, such as gonococcal urethritis (Oriel 
et al., 1982; Belli et al., 1983; Boakes et al., 1984; Desudchit et 
al., 1984), nonspecific urethritis (Coufalik et al., 1979), and 
chancroid (Plummer et al., 1983), but more effective and 
convenient alternatives are now available.

Rifampicin has synergistic activity in vitro against multi-
resistant Enterobacteriaceae, including carbapenemase- 
producing organisms such as Klebsiella pneumoniae (see 
section 2, Antimicrobial activity). However, reported clinical 
experience with rifampicin in combination with agents such 
as colistin for treating infections due to these organisms is 
very limited and does not allow assessment of the potential 
role of rifampicin for this indication.

In a randomized, double-blind, placebo-controlled trial, 
rifampicin did not slow or halt progression of multiple sys-
tem atrophy, a progressive, fatal neurological disorder (Low 
et al., 2014).
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Rifabutin

Tony M. Korman

1. DESCRIPTION

Similar to rifampicin (see Chapter 126, Rifampicin (Rifam
pin)), rifabutin (also known as ansamycin LM 427) is a 
derivative of rifamycin S. The most important property of 
this drug is that it is more active than rifampicin against 
Mycobacterium avium complex (MAC) in vitro, against this 
organism growing in alveolar macrophages, and in experi
mental animals (O’Brien et al., 1987; Perumal et al., 1987; 
Saito et al., 1988; Young, 1993a; Young, 1993b). The chemical 
formula of rifabutin is C46H62N4O11 and its molecular weight 
is 277.23; its molecular structure is shown in Figure 127.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

MYCOBACTERIUM AVIUM COMPLEX

Rifabutin has potent activity against MAC, and most isolates 
are susceptible with low MICs (0.125–0.5 µg/ml) (Kunin, 
1996; Shafran et al., 1998). Rifabutin is usually more active 
than rifampicin (MIC ratio 2–4) (O’Brien et al., 1987; Saito 
et al., 1988; Crabol et al., 2016).

Rifabutin also inhibits the multiplication of MAC in acti
vated mouse peritoneal and alveolar macrophages (Perumal 
et al., 1987; Perronne et al., 1990; Yajko et al., 1991). Rifabutin 
is active in animals infected by MAC, and the addition of 
clofazimine or ethambutol usually results in improved activ
ity (Gangadharam et al., 1987; Saito and Sato, 1989; Furney 
et al., 1990; Klemens and Cynamon, 1991; Klemens et al., 
1994). In vitro and in vivo in animals, rifabutin enhances the 
activity of clarithromycin against some strains of MAC, but 
with other strains the combination is no more active than 
clarithromycin alone (Fattorini et al., 1995; Furney et al., 
1995; Lounis et al., 1995). Rifabutin and sparfloxacin, but not 
azithromycin, inhibit binding of MAC to intestinal mucosal 
cells, which may be one of the mechanisms for the prophy
lactic effect of rifabutin for MAC bacteremia (Bermudez et 
al., 1994).

MYCOBACTERIUM TUBERCULOSIS COMPLEX

Rifabutin is active against M. tuberculosis, with low MICs 
of  wildtype isolates (0.06–0.125 µg/ml) (Della Bruna and 
Olliaro, 1994; LunaHerrera et al., 1995), well below the crit
ical concentration for rifabutin (MIC 0.5 µg/ml) (CLSI, 
2011). M. africanum and M. bovis, including M. bovis BCG 
strains, are usually susceptible to rifabutin (Rastogi et al., 
2000; Ritz et al., 2009). 

MYCOBACTERIUM LEPRAE

Rifabutin is more active than rifampicin against M. leprae 
when evaluated in vitro and in mouse footpads and armadil
los (MIC ratio 10) (O’Brien et al., 1987; Pattyn, 1987; Rama
sesh et al., 1989; Franzblau, 1991; Yoder et al., 1991; Dhople 
and Williams, 1997).

OTHER NONTUBERCULOUS MYCOBACTERIA

Rifabutin is active against many nontuberculous mycobacte
ria, and CLSI recommends 2 µg/ml as a critical concentra
tion for rifabutin for nontuberculous mycobacteria (CLSI, 
2011). Mycobacterial species usually susceptible in vitro and/
or in animal models to rifabutin include M. bohemicum (van 

Figure 127.1. Molecular structure of rifabutin. 
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Ingen et al., 2010), M. genavense (Vrioni et al., 1998; Böttger, 
1994), M. gordonae (Rodriguez et al., 2004), M. haemophilum 
(Kristjansson et al., 1991; Kiehn and White, 1994; Atkinson 
et al., 1995; Saubolle et al., 1996), M. interjectum (van Ingen et 
al., 2010), M. kansasii (O’Brien et al., 1987; da Silva Telles et 
al., 2005), M. lentiflavum (Safdar and Han, 2005), M. mal
moense (Hoffner et al., 1993), M. marinum (Aubry et al., 
2000), M. paratuberculosis (Chiodini, 1990; Chiodini, 1991; 
Chiodini et al., 1993), M. microti, M. phlei, M. scrofulaceum 
(van Ingen et al., 2010), M. shimoidei (Mayall et al., 1999),  
M. szulgai (Tortoli et al., 1998), M. xenopi (Tortoli and 
Simonetti, 1995), and M. ulcerans (Dega et al., 2000). M. ter
rae isolates (n = 11) were all susceptible to rifabutin in one 
report (van Ingen et al., 2010), but only one quarter were sus
ceptible in another report (Smith et al., 2000). Mycobacterial 
species usually resistant to rifabutin in vitro include M. cela
tum and M. simiae (van Ingen et al., 2010). Rapidly growing 
mycobacteria M. fortuitum and M. chelonae are usually resis
tant to rifabutin, but M. peregrinum may be susceptible (22% 
isolates in van Ingen et al., 2010).

For in vitro drug susceptibilities of clinical nontubercu
lous mycobacterial isolates (n = 2275; 49 species) see van 
Ingen et al. (2010), and also Tortoli (2014) for newly described 
Mycobacterium species.

HELICOBACTER PYLORI

H. pylori is usually susceptible to rifabutin (MIC 0.004–0.016 
µg/ml) (Heep et al., 1999; Glocker et al., 2007). The prevalence 
of resistance remains low: 0.6% in treatmentnaive patients 
to 1.59% in posttreatment patients in a meta analysis (n =  
> 1000 isolates) (Gisbert et al., 2012). When combined with 
other antimicrobials, rifabutin is bactericidal, even in strains 
resistant to other antimicrobials (Jodlowski et al., 2008).

STAPHYLOCOCCUS AUREUS

Rifabutin exhibited activity in a S. aureus septicemia in vivo 
model (Fujii et al., 1994), and similar activity to rifampicin 
against S. aureus in an in vivo biofilm model (Sanchez et al., 
2015). The combination of rifabutin and teicoplanin showed 
synergy against S. aureus in vitro (Van Der Auwera and Joly, 
1987). 

OTHER GRAM-POSITIVE AND  
GRAM-NEGATIVE BACTERIA

Rifabutin shows a broad spectrum of activity in vitro against 
both Grampositive and Gramnegative bacteria, similar to 
rifampicin (O’Brien et al., 1987; see Chapter 126, Rifampicin 
(rifampin)). Rifabutin is also active against S. epidermidis, 
strep tococci including S. pyogenes, Neisseria gonorrhoeae,  
N. meningitidis, Haemophilus influenzae, H. ducreyi, Cam
py lobacter jejuni, and Legionella species. Rifabutin has poor 
activity against Enterobacteriaceae and Pseudomonas species 
(Kunin, 1996), but there was increased activity after exposure 
to outer membrane permeabilityincreasing peptides derived 
from polymyxin (Vaara, 1993).

CHLAMYDIA TRACHOMATIS

C. trachomatis is susceptible to rifabutin in vitro, and resis
tant strains do not emerge when the organism is grown in 
the presence of subinhibitory concentrations of the drug 
(Tre harne et al., 1989).

TOXOPLASMA GONDII

Rifabutin has some activity against T. gondii in vitro and also in 
animals (Olliaro et al., 1994). The activity of rifabutin in mouse 
models was enhanced by atovaquone, clindamycin, pyri metha
mine, and sulfadiazine (Araujo et al., 1994; Araujo et al., 1996). 
Rifabutin in combination with atovaquone demonstrated syn
ergy in a mouse encephalitis model (Romand et al., 1996).

FUNGI

Rifabutin, like rifampicin (see Chapter 126, Rifampicin (Rifam
pin)), has been shown to have antifungal activity. In vitro 
synergy, due to inhibition of RNA synthesis, was demonstrated 
in combination with amphotericin B against Aspergillus and 
Fusarium spp. (Clancy et al., 1998).

2b.  Emerging resistance and 
cross-resistance

The mechanism of resistance of rifabutin is identical to 
rifam   picin (see Chapter 126, Rifampicin (rifampin)) and 
correlates with mutations within a conserved region of the 
rpoB gene that encodes the betasubunit of RNA polymerase. 
Amplification of the appropriate region of the rpoB gene by 
PCR may rapidly identify M. tuberculosis strains that are 
rifampicinresistant but rifabutinsusceptible (Telenti et al., 
1993; Miller et al., 1994; Zhang and Young, 1994; Davies, 
1995). M. tuberculosis isolates susceptible to rifampicin are 
susceptible to rifabutin. Cavusoglu et al. (2004) reported that 
M. tuberculosis isolates with highlevel rifampicin resistance 
(MICs ≥ 32 μg/ml) were also rifabutinresistant, whereas strains 
with lowlevel resistance (MICs 2–16 μg/ml) were susceptible 
to rifabutin. Mutations at rpoB codons 531, 526, and 513 are 
usually associated with highlevel rifampicin and rifabutin 
resistance (Cavusoglu et al., 2004; Schon et al., 2013). 

Up to 30% of rifampicinresistant M. tuberculosis isolates 
test susceptible to rifabutin; this pattern is associated with 
certain mutations including rpoB codon 516 (Jamieson et al., 
2014; van Ingen et al., 2011). It has been thought that rifam
picinresistant but rifabutinsusceptible M. tuberculosis iso
lates are able to be treated with rifabutin, although this has 
not been confirmed by PK/PD data or controlled clinical 
 trials (Davies, 1995). However, the wildtype MIC distribu
tion shows that the current critical concentration of rifa butin 
(MIC 0.5 µg/ml) (CLSI, 2011) is set three twofoldMIC dilu
tions higher than the epidemiological cutoff (ECOFF) of 0.064 
µg/ml (Schon et al., 2011; Angeby et al., 2012). Strains with 
rifabutin MICs above the ECOFF, categorized as rifabutin 
susceptible but rifampicinresistant using the current critical 
concentration, have been shown to have rpoB mutations asso
ciated with resistance. Therefore the presence of rifampicin 
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resistant but rifabutinsusceptible isolates may be caused by 
a breakpoint artifact (Schon et al., 2011; Angeby et al., 2012). 
This suggests that strains with a rifabutin MIC of 0.064–0.5 
µg/ml and rpoB mutations should not be classified as suscep
tible, but intermediate, in order to avoid selecting a potentially 
ineffective treatment regimen for drugresistant tuberculosis 
(Schon et al., 2013; Sirgel et al., 2013).

Cases of rifampicinresistant M. tuberculosis associated 
with rifabutin prophylaxis for MAC in patients with HIV 
infection have been reported (Weltman et al., 1995; Bishai 
et al., 1996), and prior rifabutin use was confirmed as a risk 
factor in a case control study (Ridzon et al., 1998). Acquired 
rifampicin and rifabutinresistant M. tuberculosis in patients 
with HIV infection following tuberculosis treatment with 
twiceweekly rifabutin and isoniazid is associated with low 
rifabutin plasma concentrations (Weiner et al., 2005b) and the 
intermittent rifamycin dosing schedule in the intensive phase 
of treatment (Li et al., 2005). Rifampicinresistant M. kansa
sii (Meynard et al., 1997) and rifabutinresistant M. celatum 
(Gholizadeh et al., 1998) have also been reported in patients 
with HIV infection receiving rifabutin prophylaxis.

Rifabutin exhibits excellent in vitro mutant prevention con
centration (MPC) values against M. tuberculosis (Rodri guez 
et al., 2005b), M. avium complex (Rodriguez et al., 2005a), and 
many other nontuberculous Mycobacterium species (Rodri
guez et al., 2004). 

The frequency of occurrence of spontaneous mutants of  
S. aureus strains in vitro is similar with rifampicin and rifabu
tin (Fujii et al., 1994). There are reports of rifampicinresistant 
S. aureus and S. epidermidis in patients with HIV infection 
receiving rifabutin monotherapy (Wood, 1994).

2c.  In vitro synergy and antagonism

Rifabutin in combination with ethambutol has consistently 
shown additive and often synergistic effects against various 
Mycobacterum species in vitro (Kunin, 1996). Rifabutin in 
combination with subinhibitory doses of ciprofloxacin, eth
ambutol, amikacin, and clarithromycin exhibited an additive 
effect in vitro against MAC, but rifabutin with ciprofloxacin 
alone was antagonistic (Kent et al., 1992). In vitro synergy 
was also found with combinations of rifabutin with clarithro
mycin ± amikacin (Piersimoni et al., 1995). A combination 
of rifabutin, clarithromycin, and a fluoroquinolone demon
strated in vitro activity against multiresistant M. abscessus 
(Cremades et al., 2009). Rifabutin, when combined with 
quinolones such as sparfloxacin and clinafloxacin, exhibits 
synergistic activity against M. leprae (Dhople and Ibanez, 
1993). Synergy was observed when rifabutin was combined 
with either cefazolin or clofazimine against M. paratubercu
losis (Chiodini, 1991). See section 2a for discussion of syn
ergy against organisms other than Mycobacterium species.

3. MECHANISM OF DRUG ACTION

The mechanism of action of rifabutin is similar to that of rifam
picin (see Chapter 126, Rifampicin (rifampin)). Rifamycins 

bind to the betasubunit of the prokaryotic DNAdependent 
RNA polymerase, encoded by the rpoB gene, and inhibit 
transcription and protein synthesis. The difference in suscep
tibility to rifamycins is not related to their affinity for the 
RNA polymerase itself, but rather has to do with efflux pumps 
(Gill and Garcia, 2011).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Rifabutin is administered by the oral route. It is available as 
150mg capsules.

4a.  Adults

Rifabutin can be used in the treatment of tuberculosis in com
bination regimens given daily or intermittently. US tuber
culosis treatment guidelines recommend a dose of 5 mg/kg 
up to a maximum dose of 300 mg/day daily (or two to three 
times per week) (Blumberg et al., 2003). Recommended 
doses for treat ment of pulmonary MAC infection is 150–300 
mg/day (Griffith et al., 2007).

For prophylaxis of disseminated MAC infection in patients 
with HIV infection and low CD4 counts (≤ 50 cells/mm3), an 
adult dosage of rifabutin 300 mg/day is recommended in 
combination with clarithromycin and ethambutol (Nightin
gale et al., 1993; Gallant et al., 1994; Gordin and Masur, 1994; 
Griffith et al., 2007). The rifabutin dose may need to be mod
ified based on drug–drug interactions (see 5e, Drug interac
tions). Higher doses of 450 and 600 mg daily have also been 
used (Hoy et al., 1990; Benson, 1994; Sullam et al., 1994; 
Benson et al., 2003), but they have higher rates of adverse 
effects.

4b.  Newborn infants and children

Pharmacokinetic parameters are similar to those in adults 
(Blaschke and Skinner, 1996), but appropriate dosing for 
children or infants is unknown. All 50 children treated with 
rifabutin 5 mg/kg/day and clarithromycin were in or above 
the desired plasma level of 0.05–0.15 mg/l after 2 weeks and 
were in the therapeutic range in all children after dose adjust
ment (Lindeboom et al., 2007). There is a similar spectrum 
of adverse effects in children, including corneal deposits 
(Smith et al., 1999) and uveitis (Olesen and Krag, 2005).

4c.  Pregnant and lactating mothers

Rifabutin is a pregnancy category B agent. There are insuffi
cient data regarding the use of rifabutin in pregnant women, 
and guidelines suggest that it should be used when the benefits 
outweigh the risks during pregnancy (Blumberg et al., 2003). 
It is not known whether rifabutin is excreted in human milk, 
although it is thought to be minimal and there is no contra
indication for its use during breastfeeding.
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4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Rifabutin may be used without dosage adjustment in patients 
with renal impairment and endstage renal disease (Blaschke 
and Skinner, 1996). Bassilios et al. (2002) reported that rifab
utin was not significantly removed by hemodialysis in one 
patient, and suggested that rifabutin may be administered 
regardless of the hemodialysis schedule. There are few pub
lished data to provide guidance for dosing rifabutin in con
tinuous renal replacement therapy.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

It is recommended that rifabutin should be used with increased 
clinical and laboratory monitoring in patients with underly
ing liver disease. Dose reduction may be necessary in patients 
with severe liver dysfunction (Child–Pugh score > 10) 
(Blaschke and Skinner, 1996).

ELDERLY PATIENTS

There are no significant differences in pharmacokinetic val
ues in elderly patients (Blaschke and Skinner, 1996), so no 
dosage adjustments are required.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Rifabutin is absorbed after oral administration, but compared 
with rifampicin (see Chapter 126, Rifampicin (Rifampin)) 
the serum levels attained are relatively low. The peak serum 
level, attained in 2–3 hours after an oral dose of 300 mg, is 
only approximately 0.4 µg/ml. Doubling the dose to 600 mg 
increases the peak serum level to about 0.6 µg/ml. The serum 
level thereafter falls, and 24 hours after the dose, it is approx
imately 0.1 µg/ml. The terminal halflife of rifabutin is as 
long as 36 hours. The drug is incompletely absorbed from the 
gastrointestinal tract, and its bioavailability after oral admin
istration is only 12–20%. After continuous daily administra
tion of rifabutin for 28 days, the area under the curve (AUC) 
is lower than attained after the first dose, which suggests that 
rifabutin, similar to rifampicin (see Chapter 126, Rifampicin 
(Rifampin)), induces its own drugmetabolizing enzymes in 
the liver (O’Brien et al., 1987; Skinner et al., 1989).

Administration with food decreases the rate, but not the 
extent, of absorption of rifabutin, resulting in a lower Cmax 
and a longer tmax, but no change in AUC (Blaschke and 
Skinner, 1996). Rifabutin is 72–85% bound to plasma pro
teins (Blaschke and Skinner, 1996).

5b.  Drug distribution

The volume of distribution of rifabutin is very large, suggest
ing extensive distribution of the drug into tissues (Skinner et 
al., 1989). Animal studies have shown that the concen trations 

of rifabutin are much higher in most tissues than in plasma. 
Rifabutin has a higher intracellular penetration and tissue 
distribution than rifampicin, possibly due to the higher lipo
philicity of rifabutin (Blaschke and Skinner, 1996). Tissue 
levels are particularly high in the liver, lung, abdominal adi
pose tissue, and spleen (Battaglia et al., 1991). The concentra
tions of the drug in cells such as phagocytes are much higher 
than the serum levels (Van der Auwera et al., 1988). Con cen
tration of rifabutin in CSF was 50% of serum concentration 
(Siegal et al., 1990).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Although rifabutin has a Cmax/MIC ratio which appears unfa
vorable, its good clinical efficacy could be explained by high 
protein binding and excellent intracellular penetration (Bur
man et al., 2001). Rifabutin has a prolonged postantibiotic 
effect (PAE) against MAC and M. tuberculosis (Kunin, 1996). 
The early bactericidal activity (measured by reduction of  
M. tuberculosis in quantitative sputum culture of patients 
with pulmonary tuberculosis) of rifabutin is lower than that 
of the equivalent rifampicin dose (Chan et al., 1992; Sirgel et 
al., 1993), but this does not always correlate with sterilizing 
activity (Donald and Diacon, 2008).

In a pharmacokinetic substudy of patients with HIV 
infection treated for tuberculosis with twiceweekly rifabutin 
and isoniazid, decreased rifabutin AUC0–24 was associated 
with failure or relapse of tuberculosis and acquired rifamycin 
resistance in mycobacteria. The pharmacokinetic/pharma
codynamic measure associated with treatment outcome for 
rifabutin was the AUC/MIC ratio. (Weiner et al., 2005a). A 
rifabutin MIC of ≤ 0.125 µg/ml correlated with blood culture 
conversion among patients with AIDS with MAC bacteremia 
(Shafran et al., 1998).

5d.  Excretion

Some unchanged rifabutin is excreted in the urine, and uri
nary concentrations of the active drug are some 100fold 
higher than those in the serum. Rifabutin is metabolized by 
CYP3A. Two metabolites are also excreted in the urine. The 
first is 25deacetyl derivative, which is as active as rifabutin 
and contributes up to 10% of the total antimicrobial activity 
(Sousa et al., 2008). The second, a 31hydroxy derivative, is 
four to tenfold less active than the parent compound against 
mycobacteria. The unchanged drug is also excreted in the 
bile, where concentrations similar to those in urine are found 
(O’Brien et al., 1987; Skinner et al., 1989). About 30% of the 
dose is excreted in the feces.

5e.  Drug interactions

Complex bidirectional interactions can occur with rifabutin. 
Rifabutin induces CYP3A and may reduce the plasma con
centrations of drugs that are mostly metabolized by this 
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enzyme, including oral contraceptive pills, warfarin, cyclo
sporine, corticosteroids, phenytoin, digoxin, quinidine, theo
phylline, azole antifungal agents, and nonnucleoside reverse 
transcriptase inhibitors (Baciewicz et al., 2003; Blumberg 
et al., 2003). Rifabutin has a narrower induction spectrum 
and 30–60% weaker CYP3A4 induction than rifampicin 
(GonzalezMontaner et al., 1994; Wallace et al., 1995; Crabol 
et al., 2016; see Chapter 126, Rifampicin (rifampin)). 

Importantly, rifabutin is also a substrate of CYP3A4. 
Therefore its concentrations may be altered during co 
administration with CYP3A4 inducers and inhibitors, and 
dose adjustments may be required (Burman et al., 1999). 
Fluconazole inhibits the hepatic metabolism of rifabutin 
(Blaschke and Skinner, 1996; Trapnell et al., 1996), resulting 
in higher rifabutin serum levels. If rifabutin is combined 
with clarithromycin, its dose should usually be reduced to 
300 mg daily, as the concomitant use of clarithromycin 
markedly elevates rifabutin serum levels and increases rifab
utin toxicity (Fuller et al., 1994; Griffith et al., 1995).

ANTIRETROVIRAL DRUGS

Recommendations for coadministering antiretroviral drugs 
with rifabutin are summarized in Table 127.1, based on 
CDC guidelines (2013) and Panel on Antiretroviral Guide
lines (2016). As new information about antiretroviral agents 
becomes available, treatment recommendations are likely 
to be modified, and review of the NIH and CDC websites is 
advised.

Doses of efavirenz and nevirapine do not need to be 
increased if given with rifabutin (Weiner et al., 2005b). When 
used with efavirenz, the dose of rifabutin should be increased 
to 600 mg either daily or intermittently (Blumberg et al., 
2003; CDC, 2013). Because efavirenz reduces the concentra
tion of coadministered rifabutin, rifampin is the rifamycin 
of choice for patients taking efavirenzbased antiretroviral 
therapy. Rifabutin may be an option for patients taking 
nevirapinebased antiretroviral treatment who require rifamy
cin therapy. No dosage adjustment is required for etravirine 
when rifabutin is coadministered (Kakuda et al., 2014).

Rifabutin is the preferred rifamycin to use for treatment 
of tuberculosis in patients with HIV infection on a protease 
inhibitor (PI)based regimen because the risk of substantial 
drug interactions with PIs is lower with rifabutin than with 
rifampicin (CDC, 2013). Rifabutin has minimal effect on the 
serum concentrations of ritonavirboosted PIs (Burman et 
al., 1999). However, rifabutin concentrations are increased 
when rifabutin is taken together with PIs. To reduce the risk 
of potential rifabutinrelated toxicity (e.g. uveitis, neutrope
nia), previous guidelines recommended a reduced rifabutin 
dose of 150 mg three times weekly if coadministered with a 
ritonavirboosted PI. Although HIVrelated outcomes have 
been favorable (Narita et al., 2005; Horne et al., 2011), rifab
utin concentrations may be low with a rifabutin dose of 150 
mg three times weekly (Boulanger et al., 2009; JennyAvital 
et al., 2009). Given the risk of acquired rifamycin resistance 
with low rifabutin concentrations, a rifabutin dose of 150 mg 
daily in adults when given with a ritonavirboosted PI is now 

recommended (CDC, 2013; Panel on Antiretroviral Guide
lines, 2016). Rifabutin 150 mg once daily given together with 
nonboosted or ritonavirboosted PIs had similar or higher 
exposure and acceptable peak concentrations compared with 
rifabutin at 300 mg once daily without concomitant PIs in a 
population pharmacokinetic pooled analysis using individu
allevel data from 13 studies (Hennig et al., 2016). However, 
clinical evaluation of this combination is limited, and it is 
unclear whether or not increased concentrations of rifabu
tin and its metabolite may lead to a higher risk of toxicity. 
Therefore patients taking this combination should be moni
tored for rifabutinrelated toxicities. Therapeutic drug mon
itoring may be able to confirm that the desired rifabutin 
concentrations have been achieved (CDC, 2013; Panel on 
Antiretroviral Guidelines, 2016).

There were no significant changes in pharmacokinetic 
parameters of dolutegravir when coadministered with 
rifabutin, and no change in dolutegravir dose is recom
mended (Dooley et al., 2013). Rifabutin reduces elvitegravir 
concentra tions, and elvitegravir coformulated with cobici
stat, teno fovir, and emtricitabine (Stribild) increases the level 
of 25Odesacetylrifabutin sixfold and should not be used 
together (Ramanathan et al., 2011; CDC, 2013). Rifabutin 
has no clinically meaningful effect on raltegravir concentra
tions, and no change in raltegravir dose is recommended 
(Brainard et al., 2011; CDC, 2013).

6. ADVERSE REACTIONS AND TOXICITY

Some toxic effects, including gastrointestinal symptoms, uve
itis, corneal deposits, neutropenia, polyarthralgia syndrome, 
and pseudojaundice, are associated with high rifabutin doses 
(≥ 600 mg/day) and coadministration with other CYP3A 
inhibitors such as clarithromycin, and may resolve with a 
reduction in rifabutin dosage (Griffith et al., 1995; Griffith 
et al., 1996b).

6a.  Hematologic toxicity

Neutropenia has been reported with rifabutin; the rate of 
neutropenia is dose related, occurring more frequently with 
daily than with intermittent administration of the same dose 
(Griffith et al., 1996). In a study of combination therapy of 
pulmonary MAC infection, including rifabutin 600 mg/day 
and clarithromycin or azithromycin, the mean total white 
blood cell count decreased from 8600 ± 2800 to 4500 ± 2100/
mm3 during treatment (Griffith et al., 1995). Apseloff et al. 
(1998) observed neutropenia (< 1000 cells/mm3) in 9 of 18 
healthy volunteers receiving 300 mg daily of rifabutin alone 
or in combination with azithromycin or clarithromycin 
after 10–14 days. Hafner et al. (2001) reported neutropenia  
(< 1500 cells/mm3) in 33 of 50 volunteers (some with HIV 
infection) who received rifabutin 300–600 mg/day and azith
romycin for 6 weeks; eight patients had < 750 neutrophils/
mm3. A high rate of severe transient neutropenia was observed 
in children ≤ 5 years of age with HIV infection receiving rifab
utin 5 mg/kg three times weekly plus lopinavirritonavir, 
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possibly due to immaturity of CYP3A4 (Moultrie et al., 
2015). Thrombocytopenia also was reported in studies of 
rifa butin, one at 300 mg/day (McGregor et al., 1996) and 
another using 7–10 mg/kg/day (Dautzenberg et al., 1991). 
GonzalezMontaner et al. (1994) reported a fatal brain hem
orrhage due to thrombocytopenia in an HIVnegative patient 
with tuberculosis treated with rifabutin. However, in several 
studies of patients with and without HIV infection, neither 
neutropenia nor thrombocytopenia was associated with 
rifabutin (Schwander et al., 1995; Dautzenberg et al., 1996a; 
Dautzenberg et al., 1996b; Grassi and Peona, 1996; Shafran  
et al., 1996). Monitoring with full blood counts is recom
mended (Apseloff et al., 1998; Apseloff, 2003).

6b.  Ocular toxicity

Some patients have developed acute uveitis with severe pain 
in one or both eyes and transient loss of vision associated 
with rifabutin therapy (Fuller et al., 1994). The uveitis may be 
caused by direct rifabutin toxicity or by an immune reaction 
to protein from dead MAC bacteria (Nichols, 1996). Uveitis 
is a rare (less than 0.01%) complication with rifabutin alone 
at a standard (300 mg daily) dose. The rate of occurrence is 
increased (8%) with higher doses (600 mg/day) or when rifa
butin is used in combination with macrolide antimicrobial 
agents that reduce its clearance (Shafran et al., 1994; Dunn 
et al., 1995; Griffith et al., 1995). Uveitis may also occur with 
other drugs that reduce clearance, such as protease inhibitors 
and azole antifungal agents (Nichols, 1996).

Other reported ocular side effects include corneal endo
thelial deposits (Smith et al., 1999; Arevalo and Freeman, 
2000; Golchin and McClellan, 2003; Coutinho et al., 2005), 
hypopyon (Saran et al., 1994; Bhagat et al., 2001), cystoid 
macular edema (Vaudaux and GuexCrosier, 2002), and ret
inal vasculitis (Smith et al., 2012).

6c.  Gastrointestinal symptoms

Gastrointestinal symptoms occurred in 3% of patients with 
advanced HIV infection given 300 mg/day. In subsequent 
studies, no increased incidence of gastrointestinal symptoms 
was noted among patients taking rifabutin (Dautzenberg et 
al., 1996a; Dautzenberg et al., 1996b; Grassi and Peona, 1996; 
Shafran et al., 1996; Griffith et al., 1998). Clostridium difficile 
infection has been reported in AIDS patients receiving rifab
utin, although this appears to be uncommon (McBride et al., 
1994).

6d.  Polyarthralgias

Polyarthralgias were common in early studies using high 
doses of rifabutin. Polyarthralgias occurred in nine of ten 
patients with AIDS receiving rifabutin > 1000 mg/day (Siegal 
et al., 1990), and 19% of patients with pulmonary MAC 
infection treated with rifabutin 600 mg/day and clarithro
mycin or azithromycin (Griffith et al., 1996). Polyarthralgias 
are uncommon at low doses (150–300 mg/day) and were not 

noted in later studies in patients with and without HIV infec
tion (Dautzenberg et al., 1996b; Grassi and Peona, 1996; 
Shafran et al., 1996; Griffith et al., 1998). There are reports 
of druginduced lupus syndrome associated with rifabutin 
(Berning and Iseman, 1997; Anyimadu et al., 2013).

6e.  Hepatotoxity

Asymptomatic elevation of liver enzymes has been reported 
at a frequency similar to that of rifampicin (Griffith et al., 
1995; McGregor et al., 1996). Clinical hepatitis occurs in less 
than 1% of patients receiving rifabutin.

6f.  Other side effects

Rifabutin, like rifampicin, causes an orange discoloration of 
body fluids (sputum, urine, sweat, tears), which is not harm
ful. Patients should be warned of this effect at the time treat
ment is begun. Soft contact lenses and clothing may be 
permanently stained. Although rash was initially reported to 
occur in as many as 4% of patients with advanced HIV infec
tion, subsequent studies suggest that rash is only rarely (less 
than 0.1%) associated with rifabutin (Dautzenberg et al., 
1996b). Pseudojaundice (skin discoloration with normal bil
irubin) is associated with high doses of rifabutin and resolves 
with discontinuation of the drug (Shafran et al., 1994). There 
are reports of unusual pigmentation in patients with AIDS 
(Smith and Flanigan, 1995), and acute generalized exanthe
matous pustulosis (Chen et al., 2009). Flulike syndrome is 
rare (< 0.1%) in patients taking rifabutin (Blumberg et al., 
2003), and crossreactivity has been reported after rifampicin 
induced flulike syndrome and thrombocytopenia (Choong 
and Looke, 2011). There is one report of rifabutininduced 
ageusia (Morris and Kelly, 1993).

7. CLINICAL USES OF THE DRUG

7a.  Treatment of Mycobacterium avium 
complex (MAC) infections

Rifampicin is the rifamycin of choice for most patients with 
MAC lung disease, whereas rifabutin is generally used in 
treatment regimens for disseminated MAC disease. For a 
summary of studies of rifabutin therapy of MAC disease, see 
Table 127.2.

PULMONARY MAC INFECTION

Rifampicin is preferred over rifabutin for patients with MAC 
lung disease because rifabutin is much less well tolerated  
in older patients with MAC lung disease, even at low doses 
(e.g. 150 mg/day) than in younger patients (Wallace et al., 
1994b; Griffith et al., 1996; Tanaka et al., 1999; Griffith et al., 
2001). Older patients with MAC lung disease do not gener
ally tolerate or adhere to rifabutincontaining regimens. 
Also, even though rifampicin lowers clarithromycin levels 
more than rifabutin, there is no clear outcome advantage of 
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Table 127.1. Recommendations for co-administering antiretroviral drugs with rifabutin in adults.

Antiretroviral 
dose change Rifabutin dose change Comments

Nucleoside reverse-transcriptase inhibitors

Abacavir, didanosine, 
emtricitabine, 
lamivudine, stavudine, 
tenofovir, zidovudine

No change No change

Non-nucleoside reverse-transcriptase inhibitors

Efavirenz No change ↑ to 450–600 mg daily or 600 mg 
3 times/week if not co-administered 
with a protease inhibitor

Rifabutin AUC ↓ by 38%. Efavrirenz should not 
be used during the 1st trimester of preg- 
nancy. Rifampicin is the preferred rifamycin.

Nevirapine No change No change (300 mg daily) Rifabutin AUC ↑ 17% and metabolite AUC ↑ 
by 24%. 

Nevirapine Cmin ↓ by 16%.

Rilpivirine Rifabutin and 
rilpivirine should 
not be used 
together

Rilpivirine AUC ↓ by 46% and Cmin ↓ by 49%.

Etravirine No change No change (300 mg daily) if not 
co-administered with a ritonavir- 
boosted protease inhibitor

Rifabutin AUC ↓ by 17%; 
Etravirine Cmin ↓ by 35%; unlikely to be 

clinically relevant, so no dose adjustment is 
necessary.

If used with a ritonavir-boosted protease 
inhibitor, rifabutin should not be 
co-administered. 

Single protease inhibitors

Atazanavir No change ↓ to 150 mg once daily or 300 mg 
three times a week 

Rifabutin AUC ↑ expected. 
No published clinical experience.

Dual protease-inhibitor combinations

Lopinavir-ritonavir 
(Kaletra)

No change ↓ to 150 mg once daily or 300 mg 
three times a week

In patients with HIV taking lopinavir/ritonavir, 
150 mg once daily of rifabutin produces 
favorable rifabutin pharmacokinetics. Clinical 
safety data are limited. Monitor closely for 
potential rifabutin toxicity—uveitis, 
hepatotoxicity, and neutropenia. 

Fosamprenavir/ritonavir No change ↓ to 150 mg once daily or 300 mg 
three times a week

In healthy volunteers, a dose of 150 mg every 
other day of rifabutin given together with 
standard dose boosted fosamprenavir 
resulted in an amprenavir AUC ↑ and Cmax by 
35% and no change in Cmin. Limited clinical 
data among patients with HIV. Monitor 
closely for uveitis, hepatotoxicity, and 
neutropenia. 

Ritonavir (any dose) with 
saquinavir, indinavir, 
amprenavir, fos- 
amprenavir, atazana-
vir, tipranavir, or 
darunavir

No change ↓ to 150 mg once daily or 300 mg 
three times a week

Rifabutin AUC ↑ and 25-O-des-acetyl rifabutin 
AUC ↑, by varying degrees.

Monitor for antimycobacterial activity and 
consider therapeutic drug monitoring. 

PK data reported are results from healthy 
volunteer studies. Lower rifabutin exposure 
reported in HIV- infected patients than in the 
healthy study participants.

Monitor closely for uveitis, hepatotoxicity, and 
neutropenia.

CCR-5 receptor antagonists

Maraviroc No change No change No clinical experience; a significant interaction 
is unlikely, but this has not yet been studied.
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rifabutin over rifampicin in MAC lung disease (Wallace et 
al., 1996; Tanaka et al., 1999; Griffith et al., 2001). Based on 
these two considerations, rifampicin is the recommended 
rifamycin for most patients with MAC lung disease. Rifabutin 
150–300 mg/day with clarithromycin or azithromycin and 
streptomycin or amikacin is only recommended for severe 
(e.g. cavitary) or previously treated pulmonary MAC disease 
(Griffith et al., 2007) due to less potential interaction with 
clarithromycin (van Ingen et al., 2012).

DISSEMINATED MAC INFECTION

For disseminated MAC, recommended treatment is with 
ethambutol plus clarithromycin or azithromycin. A rifamy
cin can be added as the third drug in the treatment of dis
seminated MAC, although it is not certain that there is added 
benefit. In a nonmacrolidecontaining regimen, rifabutin 
was shown to be effective in reducing MAC bacteremia, 
but the results have been less clear when rifabutin has been 
added to a regimen of clarithromycin and ethambutol 
(Sullam et al., 1994). In one study, rifabutin at a dose of 
300  mg/day provided no additional clinical benefit to the 
twodrug regimen but did result in reducing relapse due to 
macrolideresistant strains (Gordin et al., 1999). In another 
study, rifabutin at a dose of 450 mg/day did appear to offer 
modest clinical benefit when used as a third drug (Benson et 
al., 2003).

Rifabutin is preferred to rifampicin as it is more active in 
vitro against MAC than rifampicin and is easier to use with 
most antiretroviral agents (Griffith et al., 2007). Rifabutin is 
generally well tolerated in the younger HIV population, 
and has less severe drug–drug interactions than rifampicin, 
which is critically important with complicated antiretroviral 
regimens (Woodley and Kilburn, 1982; Benson and Ellner, 
1993; Nightingale et al., 1993; Sullam et al., 1994; Daut zen
berg, 1996). Rifabutin also affects clarithromycin metabo
lism (and levels) less than rifampicin; however, clarithromycin 
enhances rifabutin toxicity (Shafran et al., 1996).

CERVICAL LYMPHADENITIS IN CHILDREN

Rifabutin and clarithromycin have been used for the treat
ment in children of nontuberculous lymphadenitis due to 
MAC (Berger et al., 1996), but this treatment was less effec
tive and had more adverse effects than surgical excision 
(Lindeboom et al., 2007).

7b.  Prevention of Mycobacterium avium 
complex infections

Rifabutin 300 mg/day has been used for prophylaxis against 
MAC infections in patients with HIV infection and low 
CD4 counts (Nightingale et al., 1993; Siegal, 1996). In a 
meta analysis in the era before highly active antiretroviral 
therapy (HAART), rifabutin prophylaxis improved survival 
(Moore and Chaisson, 1996); however, rifabutin has been 
shown to be less effective than azithromycin (Havlir et al., 
1996) and clarithromycin (Benson et al., 2000), and is now 
recommended to be used only when a macrolide cannot be 
tolerated (Griffith et al., 2007). It is important to exclude 
active tuberculosis before rifabutin is used for prophylaxis, 
as treatment with rifabutin can result in rifampicin resis
tance in patients who have active tuberculosis.

7c.  Treatment of Mycobacterium 
tuberculosis infection

Rifabutin can be used as a substitute for rifampicin in the 
treatment of tuberculosis caused by organisms that are known 
or presumed to be rifabutinsusceptible. The drug is gener
ally reserved for patients who are receiving any medication 
with unacceptable interactions with rifampicin (e.g. protease 
inhibitors) or who have experienced intolerance to rifampi
cin (Blumberg et al., 2003). For a summary of studies of 
rifabutin therapy of tuberculosis, see Table 127.3.

Rifabutin has been substituted for rifampicin in the 
treatment of drugsusceptible pulmonary tuberculosis with 

Antiretroviral 
dose change Rifabutin dose change Comments

Integrase inhibitors

Dolutegravir No change No data Dolutegravir Cmin ↓ by 30%, no significant 
change in AUC or Cmax. 

These changes are unlikely to be clinically 
significant.

Elvitegravir co-formu-
lated with cobicistat, 
tenofovir, and 
emtricitabine (Stribild)

Stribild and 
rifabutin should 
not be used 
together 

When given with rifabutin 150 mg 3 ⋅ weekly, 
elvitegravir Cmin ↓ by 64%, cobicistat Cmin ↓ 
by 71%, and 25-O-desacetylrifabutin AUC ↑ 
6-fold.

Raltegravir No change No change Raltegravir AUC ↑ by 19%, Cmin ↓ by 20%, and 
Cmax ↑ by 39%. These changes are unlikely to 
be clinically significant.

Abbreviations: AUC: area under the concentration-time curve; CCR: C-C chemokine receptor. ↑, increase dose; ↓, decrease dose.
Source: Adapted with permission from Centers for Disease Control (2013) and Panel on Antiretroviral Guidelines (2016).



Table 127.2. Rifabutin efficacy against MAC disease.

Reference Design Treatment Outcome measure RFB arm Control

Bacteraemia in AIDS patients

Dautzenberg et al. 

(1996a)
RCT-DB-P; n = 23 RFB vs. P 

RFB 600 mg/day
14 days smear conversion 7/10 (70%)a 1/13 (10%)

Dautzenberg et al. 
(1991)

OS; n = 50a RFB + E + CFZ + INH
RFB 300–600 mg/day (weight)

12 weeks smear conversion 16/23 (69%) —

Sullom et al. (1994) RCT-DB-P; n = 24 (RFB vs. P) + E + CFZ
RFB 600 mg/day

12 weeks smear conversion 6/9 (67%) 1/7 (14%) 

Dautzenberg et al. 
(1996b)

RCT-DB-P; n = 200 (RFB vs. P) + E + CFZ + INH 12 weeks smear conversion 25/55 (45%) 18/47 (38%)

RFB 450–600 mg/day Median time to smear 
conversion

43 days 69 days

Shafran et al. (1996) RCT; n = 229 (RFB + CLR) vs.  
(RIF + CFZ + CIP)+E

16 weeks smear conversion 69%a 29%

RFB 600 mg/day Median survival 8.6 months 5.2 months

May et al. (1997) RCT; n = 144 RFB + E + CLR 24 weeks smear conversion 14/67 (21%) 9/67 (13%)

vs. CLR +CFZ Relapse 6/28a 22/28

RFB 450 mg/day CLR resistance 2/67 21167

Gordin et al. (1999) CT-P; n = 198 (RFB vs. P) + E + CLR 16 weeks smear conversion 61% 63%

RFB 300 mg/day CLR resistance 1/44 (2%) 6/42 (14%)

Benson et al. (2003) RCT; n = 160 (RFB vs. O) + E + CLR 12 weeks smear conversion 51% 40%

Relapse 6%a 24%

Risk of death RR = 0.46 —

Cohn et al. (1999) RCT; n = 85 (RFB vs. CFZ) + E + CLR 10.4 months survival 51% 48%

8 weeks smear conversion 21/27 (78%) 21/27 (78%)

Lung disease in HIV-negative patients

O’Brien et al. (1990) OS; n = 406 RFB + X
RFB 150, 300 or 450 mg/day 

(random)

Unknown higher RFB 
dose 
associated 
with sputum 
conversion 
and survival

—

Wallace et al. (1994a) OS; n = 30 RFB + E + CLR + S 24 weeks smear conversion 14/19 (74%) —

Wallace et al. (1996) OS; n = 50 RFB/RIF + E + CLR + S 48 weeks smear conversion 32/36 (82%) —

24 weeks smear conversion 24/29 (83%) —

Griffith et al. (2000) OS; n = 59 RFB + E + CLR
thrice weekly
RFB 300–600 mg (weight)

24 weeks smear conversion 32/41(78%) —

Griffith et al. (1996a) OS; n = 29 RFB + E + AZM + S 24 weeks smear conversion 14/21 (67%) —

RFB 300–600 mg/day

Griffith et al. (2001) OS; n = 103 RFB/RFI + E + AZM + S 48 weeks smear conversion 56/103 (61%) —

daily vs. thrice weekly regimen

RFB 150–300 mg daily

RFB 300–600 mg thrice weekly

Wallace et al. (2014) OS; n = 180 RFB/RFI + E + AZM/CLR daily 
vs. thrice weekly regimen

RFB 150 mg daily
RFB 150–300 mg/week

48 weeks smear conversion 154/180 (86%) —

aSigniflcant difference.
Abbreviations: CT: controlled trial; AZM: azithromycin; CLR: clarithromycin; CFZ: clofazimine; CIP: ciprofloxacin; DB: double blind; E: ethambutol; I: isoniazid; n: 

number of patients; OS: open study; P: placebo; RCT: randomized controlled trial; RR: relative risk; S: streptomycin; RFB: rifabutin; RIF: rifampicn; X: choice of 
companion drugs was left to the physicians.

Source: Reproduced with permission from Crabol et al. (2016).



equivalent rates of clinical and microbiologic cure and relapse 
(GonzalezMontaner et al., 1994; Schwander et al., 1995; 
McGregor et al., 1996). However, a Cochrane systematic review 
demonstrated that the studies had inadequate methodology, 
and that patients with HIV infection were underrepresented 
(Davies et al., 2007). Rifabutin has been used safely with care
ful monitoring after rifampicinassociated adverse reactions 
(Mancini et al., 1992; Horne et al., 2011; Chien et al., 2014).

Rifabutin has also been used in the treatment of tubercu
losis caused by rifampicinresistant M. tuberculosis strains 
(Gillespie et al., 1990; Grassi and Peona, 1996). Apart from 
a small randomized, controlled trial with 22 patients (Hong 
Kong/British Medical Research Council, 1992), other studies 

of rifabutin for multidrugresistant tuberculosis are small, 
retrospective, and do not take into account rpoB mutation 
status (Pretet et al., 1992, Jo et al., 2013; Crabol et al., 2016).

Rifabutin for 4 months is recommended as an alternative 
to rifampicin for treatment of latent M. tuberculosis infection 
in persons with HIV infection if they cannot take isoniazid 
or if they have been exposed to a known isoniazidresistant 
index patient (Panel on Opportunistic Infections, 2016).

7d.  Mycobacterium kansasii infection

Recommended therapy for M. kansasii pulmonary disease 
is ethambutol (15 mg/kg/day) plus isoniazid and rifampicin. 

Table 127.3. Rifabutin efficacy against TB in clinical trials.

Reference Design Treatment

Time of culture 
conversion 
evaluation, weeksa RFB group

Control 
group

HIV-negative patients

Gonzalez-Montaner 
et al. (1994)

RCT; n = 520 (RFB vs. RIF) + INH + E + Z 24 94%a 96%

RFB 150–3 00 mg/day (random)

McGregor et al. 
(1996)

RCT; n = 298 (RFB vs. RIF) + INH + E + Z 24 93.8% 93.5%

RFB 300 mg/doy

HIV-positive patients

Schwander et al. 
(1995)

RCT; n = 50 (none 
received ART)

(RFB vs. RIF) + INH + E + Z 24 22/24 (91%) 22/25 (88%)

RFB 150–300 mg/doy (weight) 8 18/24 (81%)b 11/25 (48%)

Burman et al. (2006) OS; n = 126 (81% of 
patients received 
ART)

RFB + INH + E + Z 24 relapse 97.6% —

RFB twice weekly 4.8% —

Rowson et al. (2015) case-control study; 
n = 171 (100% 
received ART)

(RFB vs. RIF) + INH + E + Z 24 months relapse 2/41 (5%) 5/130 (4%)

RFB 150 mg thrice weekly—450 
mg/day (according to ART)

MDR TB

Anonymous (1992) CT; n = 22 (RFB vs. RIF) + X1 > 6 7/11 (61 %) 7/11 (61%)

RFB 450–600 mg/day (weight)

Pretet et al. (1992) OS; n = 39 RFB + FO + X2 48 14/23 (61%) —

RFB 450–600 mg/day (weight)

Lee et al. (1996) OS; n = 36 RFB + X3 48 17/36 (47%) —

RFB 150–450 mg/day (weight)

Parola et al. (1999) OS; n = 25 RFB + INH + E + X4 NA 24/25 (96%) —

RFB 150–300 mg/day

Jo et al. (2013) nested case –  
control; n = 56

(RFB vs. 0) + X5 72 10/14 (71%)b 19/42 (45%)

RFB 300 mg/day

14 patients RFB-susceptible 

 MDR TB vs. 42 patients

 RFB-susceptible MDR TB

aSmear conversion was defined by culture or sputum smear conversion from positive to negative.
bSignificant difference.
Abbreviations: CT: controlled trial; E: ethambutol; FQ: fluoroquinolone; INH: isoniazid; MDR: resistant to rifampicin and isoniazid; n: number of patients; NA: not 

available; OS: open study; PAS: 4-amino salicylic acid; RCT: randomized controlled trial; RFB: rifabutin; RIF: rifampicin; X: companion drugs (X1, group of one 
to three drugs including PAS, capreomycin, kanamycin, pyrazinamide, ethambutol and ethionamide; X2, group of one to five drugs including streptomycin, 
ethambuthol, pyrazinamide, kanamycin, thioamide, quinolone, cycloserine, PAS, capreomycin and clofazimine; X3 and X4, unknown companion drugs; and X5, 
individualized regimens on the basis of their direct susceptibility testing results including pyrazinamide, ethambuthol, streptomycin, kanamycin, capreomycin, 
moxifloxacin, cycloserine, PAS, prothianamide and linezolid); Z: pyrazinamide.

Source: Reproduced with permission from Crabol et al. (2016).
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Isolates that are susceptible to rifampicin are also susceptible 
to rifabutin. Rifabutin can be substituted for rifampicin in 
HIVinfected patients being treated with antiretroviral ther
apy, including some protease inhibitors and nonnucleoside 
reverse transcriptase inhibitors. Rifabutin may also be an 
option for the treatment of rifampicinresistant M. kansasii 
(Griffiths et al., 2007).

7e.  Treatment of other mycobacterial 
infections

Rifabutin may also be used instead of rifampicin for the treat
ment of other mycobacterial infections, mainly in compro
mised hosts, when the Mycobacterium spp., such as M. kansasii, 
is rifabutinsensitive (Akiyama et al., 1991; Patel et al., 1994). 
Rifabutin in combination with clarithromycin and ethambutol 
has been used in the treatment of M. genavense infections 
(Nadal et al., 1993; Krebs et al., 2000). Optimal therapy for 
M. haemophilum infection is unknown; however, successful 
therapy has been reported with multidrug regimens includ
ing rifabutin, clarithromycin, and ciprofloxacin (McBride et 
al., 1991; Kristjansson et al., 1991; Kiehn and White, 1994; 
Plemmons et al., 1997; Lindeboom et al., 2007). Recom
mended for pulmonary M. xenopi disease is a threedrug 
combination including clarithromycin, rifampicin or rifabu
tin, and ethambutol with or without initial streptomycin 
(Griffith et al., 2007). Rifabutin has also been used as part of 
combination therapy for infections with M. celatum (Pier
simoni et al., 2003), M. gordonae (Dautzenberg et al., 1991; 
Nathan et al., 1993), M. lentiflavum (Safdar and Han, 2005), 
M. malmoense (Zaugg et al., 1993), M. marinum (Aubry et 
al., 2000; Aubry et al., 2002), M. shimoidei (Mayall et al., 
1999), and M. simiae (Koeck et al., 1996; Keenan et al., 2005).

Mycobacterium avium subspecies paratuberculosis has been 
proposed as a cause of Crohn’s disease, and antimycobacte
rial combination therapy including rifabutin has been studied 
(PeyrinBiroulet et al., 2007). In the largest randomized, con
trolled trial with > 200 patients, treatment with rifabutin, 
clarithromycin, and clofazamine had no sustained benefit 
over placebo (Selby et al., 2007).

7f.  Helicobacter pylori infection

Rifabutinbased combination regimens have demonstrated 
high efficacy and safety in including patients with known 
resistance to macrolides and other antimicrobials (Perri et 
al., 2001; Jodlowski et al., 2008). A metaanalysis (21 studies; 
n = 1008) of rescue therapy with rifabutincontaining regi
mens found an overall H. pylori eradication rate (intention
totreat) of 73% (95% confidence interval [CI]: 67–79%) 
(Gisbert and Calvet, 2012). Eradication rates were 79% for 
secondline regimens, and 66–70% for thirdline or greater 
regimens (Gisbert et al., 2012). The most commonly used 
rifabutincontaining regimen is a proton pump inhibitor, 
amoxicillin, and rifabutin 150 mg twice daily. The ideal dura
tion of therapy remains unclear. A 10day course may be 

more effective than 7 days, but no additional benefit has been 
shown with 14 days, which may increase the rate of adverse 
effects (Gisbert and Calvet, 2012; Van Der Poorten and 
Katelaris, 2007).

Consensus guidelines recommend that rifabutin regimens 
should be restricted to patients who fail at least three prior 
treatment options, because eradication in the rescue setting 
is low, there are safety concerns, especially myelotoxicity, 
and there are theoretical concerns that overuse may be asso
ciated with rifabutinresistant mycobacteria in the commu
nity (Gisbert and Calvet, 2012; Fallone et al., 2016).

7g.  Toxoplasma gondii infection

A patient with AIDSrelated Toxoplasma encephalitis was 
successfully treated with a combination of rifabutin and 
pyramethamine (Schürmann et al., 1998), but rifabutin is 
not generally used to treat this disease.

7h.  Cryptosporidium infection

Rifabutin, when used for MAC prophylaxis, may protect 
against cryptosporidiosis in patients with HIV infection 
(Holm berg et al., 1998; Fichtenbaum et al., 2000); however, 
data are insufficient to warrant a recommendation as chemo
prophylaxis for cryptosporidiosis (Panel on Opportunistic 
Infections, 2016).
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1. DESCRIPTION

Rifaximin (4-deoxy-4′-methylpyrido[1′,2′-1,2]imidazole- 
[5,4c]-rifamycin SV) is a synthetic antimicrobial and deriva-
tive of rifamycin (Jiang and DuPont, 2005; Scarpignato and 
Pelosini, 2005; Finegold et al., 2009). It was first described as 
compound L-105 in 1982 and marketed in Italy in 1987 
(Huang and DuPont, 2005; Scarpignato and Pelosini, 2005). 
Its empirical formula is C43H51N3O11 and its molecular weight 
is 785.9 Da; the chemical structure is shown in Figure 128.1.

Rifaximin is prepared by condensing 2-aminopyridine deri-
va tives to 3-bromorifamycin S (Hoover et al., 1993; Scar-
pignato and Pelosini, 2005). It has two oppositely-charged 
nitrogens with phenolic hydroxyl and as a result is ionized 
at all the possible pH levels along the gastrointestinal tract 
(Scarpignato and Pelosini, 2005). This property prevents 
rifaximin from being absorbed from the gut, making it a use-
ful option for the treatment of intestinal bacterial infections. 
The lack of absorption and broad spectrum of antibacterial 
activity has also allowed it to be used as a topical agent in 
skin infections and bacterial vaginosis (Pelosini and Scar-
pignato, 2005). Rifaximin is approved by the US Food and 
Drug Administration for the treatment of travelers’ diarrhea 
due to non-invasive Escherichia coli, prevention of overt 
hepatic encephalopathy in advanced liver disease in adults, 
and diarrhea-predominant irritable bowel syndrome.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

In vitro, the antimicrobial activity of rifaximin has been 
assessed by the use of minimum inhibitory concentrations 
(MICs). However, MICs may be hard to interpret, as mea-
surement of concentrations within the gastrointestinal tract 
is not feasible, making the practical interpretation of MICs 
difficult (Scarpignato and Pelosini, 2005). However, drug 
concentrations within the gut generally exceed that of MICs, 
reaching up to 8000 μg/g after 3 days of 400 mg rifaximin 
administered twice daily (Jiang et al. 2000; Scarpignato and 

Pelosini, 2005; Finegold et al., 2009). Similar to rifampicin 
(see Chapter 126, Rifampicin (rifampin)), rifaximin has good 
activity against a broad range of pathogens, including anaer-
obic and aerobic Gram-positive and Gram-negative bacteria 
(Ericsson and DuPont, 2005; Scarpignato and Pelosini, 2005). 
The MIC90 is 16–50 µg/ml for various enteropathogens (Jiang 
and DuPont, 2005). 

Table 128.1 summarizes the in vitro activity of rifaximin 
against common bacterial pathogens.

GRAM-POSITIVE AEROBIC BACTERIA

Rifaximin has good antimicrobial activity against Gram-
positive organisms (Pakyz, 2005; Scarpignato and Pelosini, 
2005). Overall, MIC50 against Gram-positives was ≤ 0.015–2 
g/ml and MIC90 was ≤ 0.015 to > 8 µg/ml (Jiang and DuPont, 
2005).

GRAM-NEGATIVE AEROBIC BACTERIA

Among Gram-negative organisms, rifaximin shows most 
activity against the Enterobacteriaceae (Scarpignato and Pelo-
sini, 2005). In bacterial isolates from patients with traveler’s 
diarrhea, rifaximin had an MIC50 of 12.5–128 µg/ml and 
MIC90 of 25–256 µg/ml (Jiang and DuPont, 2005). It also has 

Figure 128.1. Chemical structure of rifaximin.
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activity against Vibrio cholerae (MIC range 0.5–4 µg/ml) 
(Scarpignato and Pelosini, 2005).

Rifaximin is active against Helicobacter pylori, with MIC50 
of 1–4 µg/ml and MIC90 of 4–8 µg/ml (Gasbarrini et al., 2006; 
Jodlowski et al., 2008), including activity against clarithro-
mycin-resistant H. pylori strains (Gasbarrini et al., 2006).

ANAEROBIC BACTERIA

In two studies, both with > 500 anaerobic bacteria tested, 
from the USA (Finegold et al., 2009) and Taiwan (Wang et 
al., 2014), overall MIC50 of rifaximin was 0.25 μg/ml, 
and MIC90 was 64–256 μg/ml. There were low MIC50 and 
high MIC90 for a number of organisms including Bacteroides 
fragilis, B. thetaiotaomicron, Fusobacterium species, and 
Gram- positive anaerobic non-spore-forming rods, including 
Clostri  dium species (Finegold et al., 2009), which suggests a 
possible pre-existing resistance mechanism among some of 
these species (Finegold et al., 2009). Rifaximin is extremely 
active against Clostridium difficile in vitro (MIC90 < 0.01 mg/
ml; MIC90 0.25 mg/ml) (Marchese et al., 2000; Hecht et al., 
2007; Jiang et al., 2010a).

MYCOBACTERIA

Similar to other rifamycin drugs, rifaximin has been shown 
to have activity against Mycobacterium tuberculosis (Jiang 
and DuPont 2005; Scarpignato and Pelosini 2005).

INTESTINAL PROTOZOA

Rifaximin may be useful in the treatment of intestinal proto-
zoa, including Blastocystis hominis and Cryptosporidium par-
vum (Amenta et al., 1999; Ericsson and DuPont, 2005; Jiang 
and DuPont, 2005).

2b.  Emerging resistance and 
cross-resistance

Rifaximin resistance is usually mediated by mutations within 
highly conserved regions of rpoB, the chromosomal gene 
encoding the beta-subunit of the DNA-dependent RNA poly-
merase (Jiang and DuPont, 2005; Scarpignato and Pelosini, 
2005). Resistance can also arise from the acquisition of plas-
mid-mediated arr genes, encoding ADP-ribosyltransferases 
which inactivate rifaximin (Baysarowich et al., 2008; Hopkins 
et al., 2014). Another resistance mechanism is overex-
pression of efflux pumps inhibited by phenyl-arginine-
beta- naphthylamide (Pons et al., 2012). These efflux pumps 
were the cause of resistance in 95% of rifaximin-resistant 
E. coli isolates in Peru (Gomes et al., 2013), and also contrib-
uted to resistance in E. coli isolates from inflammatory bowel 
disease patients treated with rifaximin (Kothary et al., 2013).

In vitro testing for resistance showed that spontaneous 
selection of rifaximin-resistant anaerobic bacteria was rare. 
Selection of resistant Gram-positive cocci is more easily induc-
ible under aerobic compared to anaerobic conditions, and at 
sub-inhibitory concentrations in Gram-negative organisms 
(Marchese et al., 2000; Ericsson and DuPont 2005; Scar pignato 
and Pelosini 2005; Scarpignato and Pelosini, 2006). Studies 

have shown that exposure to subinhibitory concentrations by 
H. pylori and C. difficile strains results in resistance emergence 
(Marchese et al., 2000; Scarpignato and Pelosini 2005).

Resistance has been reported during therapy for C. diffi-
cile and Bifidobacterium spp. and less so for Bacteroides spp. 
and Lactobacilli spp. (Finegold et al., 2009). Resistance was 
recorded in 30–90% of a variety of fecal aerobic and anaero-
bic bacteria after a 5-day course of rifaximin at 800–1200 
mg/day (Scarpignato and Pelosini 2005). However, resistant 
strains have been shown to clear within 1–2 days of cessation 
of the drug, and after 3 months no resistant strains were 
detected (Ericsson and DuPont 2005; Scarpignato and Pelosini 
2005). Aerobic bacteria returned more rapidly to baseline 
resistance rates compared to Gram-negative anaerobes (Pelo- 
sini and Scar pignato, 2005).

In studies of travelers’ diarrhea, it was shown that entero-
toxigenic E. coli (ETEC) showed higher rifaximin MICs post- 
treatment but not Campylobacter, Shigella, or Salmonella spp. 
(Taylor et al., 2006a). Concern has been raised that rifaxi min 
therapy might select multidrug-resistant Entero bac teriaceae 
in the gut flora of travelers (Hopkins et al., 2014). 

Rifampin-resistant skin staphylococci were isolated in 
healthy human volunteers following administration of rifax-
imin 400 mg twice daily, the first resistant isolates cultured 
from the perianal skin (Valentin et al., 2011). Rifampin resis-
tance in skin staphylococci did not emerge in rats that 
received rifaximin (Kim et al., 2013). Rifampin-resistant 
S. aureus has been reported in patients previously receiving 
rifaximin, suggesting that cross-resistance is of clinical rele-
vance (Valentin et al., 2014). 

C. difficile isolates with decreased rifaximin susceptibility 
are now frequently reported, including from patients who 
received rifaximin therapy, but with substantial regional varia-
tion in rates of rifaximin resistance (O’Connor et al., 2008; 
Curry et al., 2009; Jiang et al., 2010a; Miller et al., 2011; Car man 
et al., 2012; Huang et al., 2013; Knight et al., 2015). Selection 
of resistant C. difficile occurred in one patient within 32 
hours of receiving rifaximin, with C1506 → T substitution 
in the rpoB gene, and a subsequent additional C1488 → T 
sub stitution that encodes Pro496Ser (Carman et al., 2012). 
High-resolution melting analysis of the single-nucleotide 
poly morphism hot-spot region in the rpoB gene of C. difficile 
may be a rapid method for the identification of reduced sus-
ceptibility to rifaximin (Pecavar et al., 2012).

The development of rifaximin resistance was investigated 
in strains of H. pylori exposed to subinhibitory drug concen-
trations. The mutation frequency of rifaximin was similar 
to macrolides and quinolones, but less than metronidazole 
(Gasbarrini et al., 2006; Scarpignato and Pelosini, 2005).

There have been no reports of rifamycin resistance of  
M. tuberculosis during the use of rifaximin. In experimental 
studies, rifaximin resistance or cross-resistance to rifampicin 
was unable to be induced in M. tuberculosis (Soro et al., 1997; 
Ericsson and DuPont, 2005; Jiang and DuPont, 2005; Adachi 
and DuPont, 2006). The selection of rifampicin-resistant 
strains of Neisseria meningitidis has not been observed with 
use of rifaximin (Scarpignato and Pelosini, 2005).
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Table 128.1. Summary of in vitro susceptibility data for rifaximin.

Organism
MIC90 mg/ml 

(no. of isolates) Range (mg/ml) Reference

Gram-positive organisms

Staphylococcus aureus
 Methicillin-susceptible    > 8 (n = 51) ≤ 0.01–> 8 Jiang and DuPont, 2005

≤ 0.015 (n = 40) ≤ 0.015–0.03 Hoover et al., 1993

 Methicillin-resistant    > 8 (n = 11) 0.015–> 8 Hoover et al., 1993

 Methicillin susceptibility unknown ≤ 0.25 (n = 12) ≤ 0.25 Pistiki et al., 2014

Staphylococcus epidermidis ≤ 0.015 (n = 20) ≤ 0.015 Hoover et al., 1993

Streptococcus pneumoniae 0.06 (n=30) ≤ 0.03–> 4 Hoover et al., 1993

Streptococcus pyogenes 0.25 (n = 19) ≤ 0.03–0.25 Hoover et al., 1993

Streptococcus agalactiae 0.25 (n=20) 0.06 to 0.25 Hoover et al., 1993

Streptococcus groups C, F, and G 0.6 (n = 14) ≤ 0.03–0.5 Hoover et al., 1993

Enterococcus faecalis      8 (n = 21) 0.5–> 8 Hoover et al., 1993

    16 (n = 11) ≤ 0.25–16 Pistiki et al., 2014

Enterococcus faecium    > 8 (n = 11) ≤ 0.015–> 8 Hoover et al., 1993

    32 (n = 3)   8–32 Pistiki et al., 2014

Aerobic Gram-negative organisms

Escherichia coli    > 8 (n = 20)   2–> 8 Hoover et al., 1993

    64 (n = 48) 64 Pistiki et al., 2014

 EAEC     32 (n = 43) 0.5–32 Ruiz et al., 2007

0.5–32 (n = 29) Taylor et al., 2006

 ETEC     16 (n = 41) 0.5–32 Ruiz et al., 2007

   NS (n = 71) 0.5–> 1024 Taylor et al., 2006

    32 (n = 36) 0.5–128 DuPont et al., 2001

Klebsiella pneumoniae    > 8 (n = 20)   8–> 8 Hoover et al., 1993

Klebsiella oxytoca    > 8 (n = 10) > 8 Hoover et al., 1993

Klebsiella spp.    128 (n = 39)   8–128 Pistiki et al., 2014

Enterobacter spp.    > 8 (n = 50) 0.25–> 8 Hoover et al., 1993

   128 (n = 23)  32–128 Pistiki et al., 2014

Citrobacter spp.    > 8 (n = 30)   4–> 8 Hoover et al., 1993

Morganella morganii    > 8 (n = 10)   4–> 8 Hoover et al., 1993

Proteus spp.      4 (n = 30)   1–> 8 Hoover et al., 1993

Providencia spp.      4–> 8 (n = 20)   2–> 8 Hoover et al., 1993

Salmonella enteritidis      8 (n = 10)   2–> 8 Hoover et al., 1993

Salmonella spp.    NS (n = 4)   1–4 (n = 4) Taylor et al., 2006

    16 (n = 3) 16 DuPont et al., 2001

Serratia marcescens    > 8 (n = 20)   4–> 8 Hoover et al., 1993

Shigella spp.      8 (n = 10)   2–> 8 Hoover et al., 1993

   NS (n = 11) 0.25–256 Taylor et al., 2006

    64 (n = 5)  16–256 DuPont et al., 2001

Shigella sonnei      8 (n = 11)   2–8 Ruiz et al., 2007

Campylobacter spp. 0.06–0.125 (n = 6) Taylor et al., 2006

Yersinia enterocolitica    > 8 (n = 10)   4–> 8 Hoover et al., 1993

Acinetobacter spp.      4 (n = 10) 0.06–4 Hoover et al., 1993

Moraxella catarrhalis ≤ 0.03 (n = 20) ≤ 0.03–0.06 Hoover et al., 1993

Haemophilus influenzae      2 (n = 58) ≤ 0.03–2 Hoover et al., 1993

Neisseria spp.      2 (n = 16) ≤ 0.03–2 Hoover et al., 1993

Neisseria gonorrhoeae
 Penicillin susceptible     16 (n = 35) 0.12–> 16 Hoover et al., 1993

 Penicillin resistant      8 (n = 25) 0.12–16 Hoover et al., 1993

Pseudomonas aeruginosa    > 8 (n = 28)   4–> 8 Hoover et al., 1993

Vibrio cholerae      4 (n = 403) NS Scrascia et al., 2003



3. Mechanism of drug action 2453

3. MECHANISM OF DRUG ACTION

Rifaximin acts by inhibiting bacterial RNA synthesis (Jiang 
and DuPont, 2005; Trapnell et al., 2007; Finegold et al., 
2009). Rifaximin binds the beta unit of the bacterial DNA-
dependent RNA polymerase (Huang and DuPont, 2005; 
Robins and Wellington, 2005; Scarpignato and Pelosini, 
2005) and removes catalytic magnesium ions from the RNA 
polymerase (Scarpignato and Pelosini, 2006).

In in vitro studies, rifaximin has been shown to have other 
effects independent of its antimicrobial effects (Brown et  
al., 2010; Jiang et al.,, 2010b). Rifaximin may alter epithelial 
cell gene expression, resulting in reduced bacterial attach-
ment and internalization, as well as effect inflammatory 
cytokine release, in part via inhibition of the NF-κB signal-
ing cascade (Brown et al. 2010; Calanni et al. 2014). These 
effects may potentially explain its ability to resolve diarrheal 
symptoms without eradication of the pathogen (Adachi and 
DuPont, 2006; Brown et al., 2010). Rifaximin is also capable 
of altering the microbiome, favoring nonpathogenic bacteria 
(Maccaferri et al. 2010; Xu et al. 2014) as well altering the 

virulence of pathogenic strains (Debbia et al., 2008; Jiang et 
al., 2010b; Calanni et al., 2014) and reducing plasmid trans-
fer from donor to recipient strains by > 99% (Debbia et al., 
2008). Rifaximin is a potent agonist of human pregnane 
xenobiotic receptor (PXR), a member of the nuclear receptor 
superfamily involved in sensing the presence of foreign toxic 
substances and in response upregulating the expression of 
proteins involved in detoxification (Ma et al., 2007; Cheng 
et al., 2012; Calanni et al., 2014; Wan et al., 2015).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Rifaximin can be administered via oral, transcutaneous, and 
transvaginal routes. Rifaximin is approved for the treatment 
of travelers’ diarrhea at the dose of 200 mg three times a day 
for 3 days. For hepatic encephalopathy, the approved dose is 
550 mg twice daily. Most studies report doses of 550–600 mg 
twice daily at various durations of 5–180 days (Kimer et al., 

Organism
MIC90 mg/ml 

(no. of isolates) Range (mg/ml) Reference

Anaerobic organisms

Bacteroides fragilis group      1 (n = 87) 0.25–> 1024 Finegold et al., 2009

0.5 (n = 141) 0.03–> 128 Wang et al., 2014

Bacteroides thetaiotaomicron 0.5 (n = 53) 0.03–> 128 Wang et al., 2014

Bilophila wadsworthia 0.03 (n = 6) 0.25–16 Wang et al., 2014

Fusobacterium spp.  > 1024 (n = 24) 0.25–> 1024 Finegold et al., 2009

 > 128 (n = 19)  16–128 Wang et al., 2014

Peptostreptococcus micros      1 (n = 30) 0.015–> 128 Wang et al., 2014

Peptostreptococcus spp.     16 (n = 20) 0.015–> 128 Wang et al., 2014

Fusobacterium nucleatum 0.015–16 (n = 29) 4 Wang et al., 2014

Prevotella spp. 0.5 (n = 31) 0.25–1 Finegold et al., 2009

    64 (n = 28) 0.015–128 Wang et al., 2014

Porphyromonas spp.      8 (n = 16) 0.25–8 Finegold et al., 2009

Veillonella spp.      4 (n = 26) 0.25–16 Wang et al. 2014

Clostridium difficile 0.25 (n = 10) 0.25–0.25 Finegold et al., 2009

   128 (n = 93) 0.004–128 Marchese et al., 2000

 > 256 (n = 80) 0.0019–> 256 O’Connor et al., 2008

Clostridium perfringes 0.06 (n = 50) 0.015–> 128 Wang et al., 2014

Clostridium spp.  > 1024 (n = 169) 0.25–> 1024 Finegold et al., 2009

 > 128 (n = 43) 0.03–32 Wang et al., 2014

Other organisms

Helicobacter pylori     16 (n = 29)   2–64 Hoover et al., 1993

     8 (n = 40)   4–6 Gasbarrini et al., 2006

Bacteroides bivius-disiens 0.25 (n = 40) ≤ 0.03–0.5 Hoover et al., 1993

Gardenella vaginalis      1 (n = 23) 0.25–1 Hoover et al., 1993

Haemophilus ducreyi 0.5 (n = 25) 0.03–0.5 Hoover et al., 1993

Lactobacillus spp. 0.5 (n = 31) ≤ 0.03–1 Hoover et al., 1993

Abbreviations: EAEC: enteroaggregative E. coli; ETEC: enterotexogenic E. coli; NS: not stated.
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2014). A non-blinded randomized control trial showed no 
difference between 550 mg once or twice daily (Khokhar et 
al., 2015). For irritable bowel syndrome with diarrhea, rifax-
imin is approved at a dose of 550 mg three times daily for 
2 weeks. For C. difficile infection, doses of 400–800 mg daily 
in two or three divided doses have been used. 

4b.  Newborn infants and children

There is very little information about the use of rifaximin in 
children. However, it has been shown to be effective in chil-
dren with irritable bowel syndrome (IBS) and small intesti-
nal bacterial overgrowth (SIBO) (Scarpellini et al., 2013). 
The tolerability of the drug in the pediatric population is 
very good (Scarpignato and Pelosini, 2005; Scarpellini et 
al., 2013).

PREMATURE NEONATES

Rifaximin has not been studied in this population.

4c.  Pregnant and lactating mothers

Rifaximin is listed as pregnancy category C. In fetal toxicity 
studies in rabbits, rifampicin was associated with an increased 
incidence of skeletal defects (Scarpignato and Pelosini, 2005). 
The pregnant rabbits studied had reduced oral intake and 
reduced weight gain, which may reflect the effect of rifaxi-
min on intestinal flora and subsequent reduction in nutrient 
absorption. Thus it is not clear if the defects were a direct drug 
effect or secondary to malnutrition (Scarpignato and Pelo-
sini, 2005).

Although it has not been studied, given its very low bio-
availability and physiochemical characteristics, rifaximin is 
unlikely to be excreted in breast milk (Scarpignato and Pelo-
sini, 2005; Adachi and DuPont, 2006). 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

The pharmacokinetics of rifaximin in patients with impaired 
renal function has not been studied. However, given its low 
renal excretion, it is believed that no dose adjustment is nec-
essary in this setting (Scarpignato and Pelosini, 2005).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Given its very low bioavailability, no dose adjustment is nec-
essary, despite a 10- to 20-fold increase in systemic exposure 
in patients with hepatic impairment (Scott, 2014).

ELDERLY PATIENTS

Pharmacokinetics of rifaximin has not been studied in the 
elderly population. However, it appears to be well tolerated 
in the elderly, and no dose adjustment is believed to be nec-
essary (Scarpignato and Pelosini, 2005).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Rifaximin is a nonabsorbable drug, with negligible absorp-
tion (< 0.4%) from the gut (Jiang et al., 2000; Ericsson and 
DuPont, 2005a; Adachi and DuPont, 2006; Trapnell et al., 
2007; Finegold et al., 2009). Rifaximin is ionized at all pH 
values encountered in the gut as a result of an additional 
pyridoimidazole ring and therefore is poorly (Huang and 
DuPont, 2005; Scarpignato and Pelosini, 2005; Adachi and 
DuPont, 2006). Absorption of the drug is only minimally 
affected by gut inflammation (Gionchetti et al., 2005; Scar-
pignato and Pelosini, 2005). In ulcerative colitis patients, the 
highest plasma level was 2–22.4 ng/ml (Ericsson and DuPont, 
2005). Absorption may be increased by high-fat foods, 
although this has not been found to have a significant effect 
(Scarpignato and Pelosini, 2005). The antimicrobial activity 
and bioavailability of rifaximin may be enhanced by bile 
within the intestinal tract, due to bile’s ability to solubilize 
rifaximin in a dose-dependent manner (Calanni et al., 2014; 
Darkoh et al., 2010).

At a dose of 400 mg twice daily, rifaximin remains in stool 
at high concentrations over the next 5 days. Fecal concentra-
tions reach as high as 4000–8000 µg/g after 3 days of admin-
istration (Jiang et al., 2000; Ericsson and DuPont, 2005; Jiang 
and DuPont, 2005; Scarpignato and Pelosini, 2005; Finegold 
et al., 2009). These concentrations are up to 250 times higher 
than the MIC90 for enteropathogens (Scarpignato and Pelo-
sini, 2005).

In a comparison with branded rifaximin (containing only 
crystalline polymorph rifaximin-alpha), the systemic bio-
availability of a generic formulation of rifaximin (a mixture 
of amorphous and crystalline rifaximin) was significantly 
higher, with higher plasma and urine rifaximin concentra-
tions (Blandizzi et al., 2014; Blandizzi et al., 2015). The 
increased systemic bioavailability of the generic formulation 
might lead to reduced local bioavailability and potentially to 
systemic adverse events and possibly the development of 
extra-gastrointestinal bacterial cross-resistance.

Rifaximin-extended intestinal release (EIR) is a new for-
mulation containing microgranules of rifaximin coated with 
a gastric acid–resistant polymer. This formulation has been 
designed to bypass the stomach and release the microgran-
ules in the intestinal tract, to increase the local concentration 
of rifaximin and maximize therapeutic efficacy (Prantera et 
al., 2006; Prantera et al., 2012).

5b.  Drug distribution

Post-administration of rifaximin 400 mg orally, the highest 
serum level found in subjects was 5.3 ng/ml at 4 hours (Ericsson 
and DuPont, 2005). Within the first 24 hours of administra-
tion, the mean level of recovery in urine is 0.007% (Ericsson 
and DuPont, 2005; Scarpignato and Pelosini, 2005). Rifaximin 
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levels were very low in the bile of patients undergoing chole-
cystectomy after a total of 1600 mg in the 48 hours preceding 
surgery (Verardi and Verardi, 1990).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The clinically important pharmacokinetic and pharmacody-
namic features of rifaximin have not been assessed in detail. 
Protein binding of rifaximin is 68% in healthy volunteers 
(Cremonini and Lembo, 2012).

There was no effect of rifaximin on pH and volume of gas-
tric fluids, acid output, and pepsin activity. There was also no 
discernable influence on gastric emptying rate or intestinal 
motility (Scarpignato and Pelosini 2005). No effect on car-
diovascular or respiratory systems was seen in animal studies 
with the administration of extremely high doses of rifaximin 
(Scarpignato and Pelosini 2005).

5d.  Excretion

Rifaximin is predominantly excreted unchanged in feces 
(Gion chetti et al., 2005; Scarpignato and Pelosini, 2005). In 
animal studies assessing excretion of radiolabeled rifaximin, 
the drug was almost exclusively excreted in feces (> 96%), with 
only a small amount excreted in urine (< 1%) (Pakyz, 2005; 
Scarpignato and Pelosini, 2005; Adachi and DuPont, 2006). 
There is negligible enterohepatic circulation of rifaximin, 
with a sex-dependent excretion of 1.72% in men and 0.5% in 
females (Scarpignato and Pelosini, 2005). 

Given its poor absorption and negligible concentrations, 
the metabolism of rifaximin has not been studied in detail, 
although it is believed to be metabolized in the liver, similar to 
other rifamycin derivatives (Scarpignato and Pelosini, 2005).

5e.  Drug interactions

In vitro studies have shown that rifaximin at concentrations 
2–200 ng/ml did not inhibit cytochrome P450 isoenzymes 
1A2, 2A6, 2B6, 2C9, 2C19, 2D6, 2E1, and CYP3A4. In a 
hepa tocyte induction model, it has been shown to induce 
CYP3A4, the same isoenzyme that is induced by rifampicin 
(Scarpignato and Pelosini, 2005). However, in patients with 
normal liver function, rifaximin at the recommended dosing 
regimen is not expected to induce CYP3A4.

Unlike rifampicin, rifaximin has not been shown to alter 
the pharmacokinetics of a single dose of ethinylestradiol and 
norgestimate, constituents of the oral contraceptive pill (Scar - 
pignato and Pelosini, 2005; Trapnell et al. 2007). Interaction 
between rifaximin and midazolam or other benzodiazepines, 
substrates of CYP3A4, has been studied in an open-label 
randomized, crossover trial (Pentikis et al., 2007). No signif-
icant difference was seen in the pharmacokinetics of the 
drugs, confirming that rifaximin does not significantly affect 
CYP3A4 activity (Scarpignato and Pelosini, 2005; Pentikis et 
al., 2007; Trapnell et al., 2007). There is one report of a pos si ble 

interaction with warfarin, with rifaximin associated with 
reduced INR (Hoffman et al., 2011). Studies in H. pylori  
eradication showed no antagonism between rifaximin and 
metro nidazole, omeprazole, amoxicillin, or colloidal bismuth 
sub citrate (Gasbarrini et al., 2006).

In vitro studies suggested that rifaximin is a substrate of 
P-glycoprotein, OATP1A2, OATP1B1, and OATP1B3. Con-
comi tant cyclosporine, an inhibitor of P-glycoprotein and 
OATPs, significantly increased the systemic exposure to rifax-
imin in healthy subjects; however, the clinical significance of 
this increase is unknown (Silex Pharamceuticals, 2016).

6. ADVERSE REACTIONS AND TOXICITY

In animals, single-dose toxicity studies were performed in 
rats and mice by oral and intravenous administration. The 
LD50 in mouse is considered to be > 2000 mg/kg, with one 
mouse dying at that dose (Scarpignato and Pelosini, 2005). 
In subacute toxicity studies, doses corresponding to 25 times 
the therapeutic dose in adults, 100 mg/kg, induced mild 
toxic effects, including acute gastroenteritis (Scarpignato and 
Pelosini, 2005). There was also a sex- and dose-dependent 
increase in total cholesterol in female animals, believed to be 
secondary to bile acid metabolism by altered gut flora (Scar-
pignato and Pelosini, 2005).

Given its nonabsorbability, rifaximin has a favorable side- 
effect profile, similar to placebo (Gillis and Brogden 1995; 
Dupont et al., 2007b; Menees et al., 2012; Schoenfeld et al., 
2014; Kimer et al., 2014). Since introduction into the market, 
few cases of adverse reactions have been reported. Gillis and 
Brogden (1995) reviewed data on 963 patients treated with 
rifaximin and only a small number of side effects were 
reported, including flatulence, abdominal pain, nausea, and 
vomiting. It is estimated that side effects, predominantly 
gastrointestinal, occur at < 2% (Ericsson and DuPont, 2005; 
Gionchetti et al., 2005). In a meta-analysis of use in hepatic 
encephalopathy, the most common adverse effects were nau-
sea, anorexia, and weight loss (Kimer et al. 2014).

Serious side effects reported include angioneurotic edema, 
cutaneous rash, and urticaria (Adachi and DuPont, 2006; 
Chedid et al., 2014); two reports of Stevens–Johnson syn-
drome/toxic epidermal necrolysis (Fritz et al., 2014; Patel et 
al., 2013); neutropenia (Hynicka and Silva, 2012) and rhab-
domyolysis in combination with simavastatin (Cac ciottolo et 
al., 2014). In one report, an IgE-mediated type reaction and 
anaphylaxis following one dose of rifaximin was followed 
3  months later by a life-threatening reaction to rifamycin 
SV wound solution, with specific IgE to rifaximin, suggesting 
that despite it being poorly absorbed, there is the possibility 
of sensitization and cross-reactivity with other rifamycins 
(Antonicelli et al., 2009). 

Rifaximin appears to be safe in children (Ericsson and 
DuPont, 2005).

Limited studies into genotoxicity have been performed—
these do not show a genotoxic potential (Scarpignato and 
Pelo sini, 2005). 
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7. CLINICAL USES OF THE DRUG

7a.  Travelers’ diarrhea: treatment  
and prevention

Rifaximin 200 mg three times daily has been effective and 
well tolerated in randomized clinical trials for treatment  
of travelers’ diarrhea (most commonly due to enterotoxi-
genic or enteroaggregative E. coli) (Steffen et al., 1993). In 
adults attending travel clinics in Mexico or Jamaica, rifaxi-
min was equivalent to ciprofloxacin, shortening the duration 
of diarrhea to about 1 day after commencing treatment 
(DuPont et al., 2001). In adults consulting travel clinics 
in  Mexico, Guatemala, India, or Peru, rifaximin signifi-
cantly reduced the time to last unformed stool compared to 
placebo (32.0 vs. 65.5 hours; p = 0.001) (Taylor et al., 2006a). 
Rifaximin has also been shown to be effective in cases where 
no pathogen has been isolated (DuPont et al., 2007a) and 
that it may be even more effective when combined with lop-
eramide, without an increase in adverse events (DuPont et 
al., 2007b). Rifaxi min does not induce production or phage- 
mediated lysis of  shiga toxin–producing E. coli, making it 
potentially less likely to induce hemolytic–uremic syndrome 
(Ochoa et al., 2007).

Rifaximin has been effective and well tolerated in ran-
domized clinical trials for prevention of travelers’ diarrhea. 
Travelers to Mexico receiving rifaximin (200 mg daily, two  
or three times daily) had 72% protection against the devel-
opment of diarrhea and 77% protection against treated 
diarrhea (p = 0.0001) (DuPont et al., 2005b). For travelers  
to Mexico, rifaximin 600 mg daily for 14 days provided a 
58% protection rate against diarrhea (Martinez-Sandoval et 
al., 2010). Military travelers to Turkey receiving rifaximin 
(1100 mg once daily) had 67% protection against diarrhea, 
but this was not statistically significant (Armstrong et al., 
2010). Travelers to Mexico during the dry season receiving 
rifaximin (550 mg once daily) did not prevent diarrhea 
 compared with placebo, probably due to the rate of illness 
(Flores et al., 2011). Travelers to south and southeast Asia 
receiving rifaximin 200 mg twice daily had 48% protection 
(1.01 vs. 1.95 per 100 person-days in the placebo group) 
(Zanger et al., 2013). Two meta-analyses of the four trials 
demonstrated a statistically significant difference between 
rifaximin and placebo groups (relative risk: 0.33–0.41), with 
a number needed to treat (NNT) of 4–4.5 to prevent diarrhea 
and 5 to prevent antibiotic treatment (Alajbegovic et al., 
2012; Hu et al., 2012). Prophylaxis of travelers’ diarrhea 
could have important clinical implications, such as prevent-
ing associated long-term complications of travelers’ diarrhea 
(e.g., postinfectious IBS), although it is not clear which 
patient groups should be encouraged to use chemoprophy-
laxis (DuPont, 2015).

Rifaximin 200 mg three times daily for 3 days was effec-
tive and well tolerated, compared with placebo, in preventing 
diarrhea or dysentery in a double-blind study of volunteers 
challenged with S. flexneri 2a (Taylor et al., 2006b).

7b.  Irritable bowel syndrome

Rifaximin is a treatment option for irritable bowel syndrome, 
which is associated with gut microbiota dysbiosis and small 
intestinal bacterial overgrowth (Laterza et al., 2015). Several 
case series and small randomized controlled trials (RCTs) 
showed symptom relief of diarrhea-predominant irritable 
bowel syndrome (IBS-D) (Jolley, 2011; Meyrat et al., 2012; 
Peralta et al., 2009; Pimentel et al., 2006; Pimentel et al., 
2011b; Schoen feld et al., 2014; Sharara et al., 2006; Weinstock, 
2011). In the TARGET 1 and 2 studies, combining data from 
one phase IIb and two phase III registration trials in non- 
constipation IBS (total n = 1260), patients receiving rifaxi-
min 550 mg three times daily for 14 days had significantly 
improved IBS global symptoms and reduced bloating over 
placebo (41% vs. 32%; p < 0.001) (Pimentel et al., 2011a). In 
a meta-analysis, rifaximin was significantly more likely than 
placebo to improve global IBS symptoms (odds ratio [OR] = 
1.57) and bloating (OR = 1.55); number needed to treat = 10, 
and adverse effects were similar. Female and young patients 
showed a better response to treatment (Menees et al., 2012). 
Several retrospective series report that patients who develop 
recurrent IBS symptoms can be successfully retreated with 
rifaximin (Pimentel et al., 2011b; Yang et al., 2008; Weinstock, 
2011; Jolley, 2011), which has been confirmed in initial pre-
sentations of the large TARGET 3 randomized trial (n = 2579) 
(Laterza et al., 2015). For treatment of IBS with constipation, 
rifaximin in combination with neomycin was more effective 
than rifaximin or neomycin alone in a retrospective review 
(Low et al., 2010) and a small RCT (Pimentel et al., 2014).

7c.  Hepatic encephalopathy

Although the pathogenesis of hepatic encephalopathy (HE) 
has not been completely elucidated, accumulation of gut- 
derived microbial toxins normally cleared by the liver, includ-
ing ammonia, play an important role (Jiang et al., 2008; 
Maclayton and Eaton-Maxwell, 2009). Rifaximin is approved 
for secondary prevention of HE (Scott, 2014) and has also 
been used for acute HE (Sharma et al., 2013; Courson et al., 
2016). Rifaximin reduces enteric bacterial flora, but also acts 
by other mechanisms, distinct from direct antibacterial effects, 
including alterations in bacterial translocation, reduced endo-
toxemia and blood ammonia, and increased carbohydrate 
metabolites and long-chain fatty acids (Bajaj et al., 2013; Xu 
et al., 2014; DuPont et al., 2015).

In a pivotal RCT (n = 299 patients), rifaximin 550 mg 
twice daily (with concomitant lactulose in > 90%) signifi-
cantly reduced the risk of an episode of HE (hazard ratio 
[HR]: 0.42; 95% confidence interval [CI]: 0.28–0.64; p < 
0.001; NNT = 4) and hospitalization due to HE (HR: 0.50; 
95% CI: 0.29–0.87; p = 0.01; NNT = 9) as compared with 
placebo, over a 6-month period (Bass et al., 2010) and 
improved health-related quality of life (Sanyal et al., 2011). 
In an open-label study (n = 392), long-term treatment (≥ 24 
months) with rifaximin provided a continued reduction in 
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the rate of HE-related and all-cause hospitalization, without 
an increased rate of adverse events (e.g. C. difficile infection, 
antibiotic resistance) (Mullen et al., 2014). A meta-analysis 
(including 19 trials, 1370 patients) demonstrated a beneficial 
effect on secondary prevention of HE (risk ratio [RR]: 1.32; 
95% CI: 1.06–1.65), increased proportion of patients who 
recovered from HE (RR: 0.59; 95% CI: 0.46–0.76) and reduced 
mortality (RR: 0.68; 95% CI 0.48–0.97) (Kimer et al., 2104). In 
another meta-analysis which compared HE therapies, rifaxi-
min demonstrated a beneficial effect on HE, and was the most 
effective therapy for reducing blood ammonia concentration, 
with a lower rate of adverse effects compared with neomycin 
(Zhu et al., 2015). In small open-label studies in minimal 
hepatic encephalopathy (MHE), rifaximin enhanced cognitive 
function (Bajaj et al., 2013; Sidhu et al., 2011), improved driv-
ing simulator performance (Bajaj et al., 2011), and improved 
multi-modal brain MRI findings (Ahluwalia et al. 2014).

Rifaximin used pre-liver transplantation showed a pro-
tective effect against infection in the initial 90 days post- 
transplant, without increased risk of multidrug-resistant 
bacterial infections (Sun et al., 2012) but no difference in 
survival and no increased risk of bacterial or fungal infec-
tions in the first 30 days post-transplant in another study 
(Esfeh et al., 2014).

7d.  Small intestine bacterial overgrowth

Rifaximin is effective treatment for SIBO (Majewski et al., 
2007; Scarpellini et al., 2007, Peralta et al., 2009). In a double- 
blind, randomized trial, rifaximin 400 mg three times daily 
for 7 days improved breath hydrogen tests and symptoms 
compared to tetracycline (Di Stefano and Corazza, 2005; Di 
Stefano et al., 2000). In a randomized study, glucose breath 
test normalization rate was significantly higher for rifaximin 
than metronidazole (63% vs. 44%; p < 0.05). (Lauritano et al., 
2009). In children with SIBO, rifaximin oral suspension 200 
mg three times daily for 7 days was safe, normalized lactulose 
breath tests, and improved symptoms (Scarpellini et al., 2013). 

SIBO has been implicated in cases of restless leg syndrome 
(RLS), and in a small study, rifaximin 1200 mg daily for 10 
days improved symptoms of RLS (Weinstock, 2010). SIBO 
may contribute to the pathogenesis of rosacea, and 71% of 
patients treated with rifaximin 400 mg three times daily for 
10 days had improvement in rosacea (Wein stock and Stein-
hoff, 2013), although this also may be due to an effect on H. 
pylori (Gravina et al., 2015; see section 7h, Helicobacter pylori 
infection).

In an RCT in children aged 3–5 years with tropical entero-
pathy there was no difference between rifaximin and placebo, 
suggesting that suggesting that SIBO may not be an import-
ant etiological factor in this condition (Trehan et al., 2009).

7e.  Diverticular disease

Rifaximin may have a role in the treatment of symptomatic 
uncomplicated diverticular disease (SUDD). Cyclic admini- 

stration of rifaximin with concurrent use of dietary fiber 
reduced both symptoms and complications of diverticular 
disease (Colecchia et al., 2007). The addition of rifaximin to 
dietary fiber alone significantly reduced hydrogen produc-
tion and transit time (D’Inca et al., 2007). The combination 
of mesalazine with rifaximin may be more effective in reso-
lution of symptoms and recurrence prevention (Tursi et al., 
2002). In RCTs in patients with SUDD, combining rifaximin 
(400 mg twice daily for 7 days, monthly) with glucomannan 
was associated with reduced symptoms and trends to fewer 
complications (Papi et al., 1995; Papi et al., 2005; D’Inca et 
al., 2007). The beneficial effect of rifaximin may be greatest 
within the first year; however, its effect can last up to 2 years 
(Colecchia et al., 2007). In a non-interventional study (n = 
1003), rifaximin 400 mg twice daily, 7–10 days monthly for 
3  months had a statistically significant reduction in symp-
toms (Stal linger et al., 2014). In a meta-analysis of four RCTs, 
adding rifaximin to supplemental fiber alone demonstrated 
a significant difference in symptom relief (25–34%; p < 
0.0001; NNT = 3) and preventing complications (–1.7%; p < 
0.03; NNT = 59) (Bianchi et al., 2011).

7f.  Clostridium difficile infection

Rifaximin has good in vitro activity against C. difficile, with 
low rates of spontaneous resistance development at the con-
centration of rifaximin achieved in the gut (Scarpignato and 
Pelosini, 2005), and in vivo activity in animal studies (Kok-
kotou et al., 2008). Rifaximin may be an option for recurrent 
C. difficile infection (CDI), with reports of small uncon-
trolled case series (Johnson et al., 2007; Garey et al., 2009; 
Johnson et al., 2009; Basu et al., 2010; Mattila et al., 2013; 
Rubin et al., 2011). In a pilot RCT, patients (n = 33) receiving 
a rifaximin “chaser” (400 mg three times daily for 20 days) 
following standard anti-CDI antibiotics had significantly 
decreased incidence of recurrent diarrhea compared with 
placebo (Garey et al., 2011). Rifaximin has been shown to 
have anti-inflammatory properties that may be important to 
prevent recurrent CDI. However, there is concern regarding 
emerging rifaximin resistance in C. difficile (O’Connor et 
al., 2008; Curry et al., 2009; Jiang et al., 2010a; Miller et al., 
2011; Carman et al., 2012; Huang et al. 2013; see section 2b, 
Emerging resistance and cross-resistance).

7g.  Inflammatory bowel disease

Rifaximin has been proposed as a therapeutic option for inflam-
matory bowel disease, with the rationale of favorable modu-
lation of the gut microbiome (Guslandi, 2011; Mac ca ferri et 
al., 2010). Unfortunately, few large good-quality studies have 
examined the use of rifaximin in Crohn’s disease or ulcerative 
colitis. Rifaximin was well tolerated and showed favorable 
results in children with inflammatory bowel disease (Crohn 
disease or ulcerative colitis [UC]) (Muniyappa et al., 2009).

Crohn disease patients treated with rifaximin 200 mg 
three times daily or 800 mg daily showed clinical responses 
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in small case series or open-label studies (Shafran and Johnson, 
2005; Shafran and Burgunder, 2008; Shafran and Burgunder, 
2010), and a randomized trial (Jigaranu et al., 2014). Rifaximin-
EIR (see section 5a, Bioavailability) is a promising treatment 
for Crohn  disease. In one RCT, rifaximin-EIR 800 mg twice 
daily induced more clinical remission, although this difference 
was not statistically significant (Prantera et al., 2006). In 
another RCT, patients were significantly more likely to achieve 
clinical remission receiving rifaximin-EIR 800 mg twice daily 
than placebo (62% vs. 43%; p = 0.005) (Prantera et al., 2012).

After use in a small open-label study (Guslandi et al., 
2006), patients with UC treated with rifaximin 400 mg twice 
daily showed significant clinical improvement in an RCT 
(Gionchetti et al., 2005). Rifaximin 400 mg daily has also 
been used in UC in combination with probiotic Saccharomyces 
boulardii (Guslandi, 2010). In patients with UC and pouchi-
tis following proctocolectomy with ileal pouch–anal anasto-
mosis, rifaximin 200 mg daily was effective in in maintaining 
remission in an open-label study (Shen et al., 2008) and a 
small RCT (Isaacs et al., 2007). Rifaximin 1000 mg twice daily 
in combination with ciprofloxacin was also effective for pou-
chitis in a non-randomized study (Gionchetti et al., 1999).

7h.  Helicobacter pylori infection

Rifaximin is active against H. pylori and remains bactericidal 
in the acidic milieu, with activity only slightly affected by 
lowering of pH (Gasbarrini et al., 2006; Jodlowski et al., 2008). 
However, rifaximin is unable to reach high concentrations in 
the gastric mucus layer, the location of H. pylori, which may 
explain rifaximin showing limited efficacy in vivo (Jodlowski 
et al., 2008). Rifaximin 400 mg three times daily plus esome-
prazole and clarithromycin or amoxicillin and had disap-
pointing eradication rates (60–70%) (Gasbarrini et al., 2006; 
Jodlowski et al., 2008). In one RCT, rifaximin, amoxicillin, 
levofloxacin, and omeprazole had less adverse effects and the 
eradication rate was non-inferior to amoxicillin, clarithro-
mycin, and omeprazole (74.5% vs. 77.8%) (Choi et al., 2011). 
Rifaximin 200 mg three times daily plus levofloxacin and 
lansoprazole was an effective third-line rescue therapy (erad-
ication rate 65%) in patients with resistance to both triple 
and quadruple first- and second-line regimens for the eradi-
cation of H. pylori (Yun et al., 2012). Improvement in rosacea 
symptoms was significantly associated with eradication of 
H. pylori and rifaximin treatment for SIBO (Gravina et al., 
2015; see section 7d, Small intestine bacterial overgrowth).

7i.  Skin infections

Rifaximin has antimicrobial activity against many skin path-
ogens, and because it is not absorbed transcutaneously, has 
been used in localized skin infections (Pelosini and Scar-
pignato, 2005). Randomized controlled studies showed that 
a 5% topical rifaximin formulation was superior to chlortet-
racycline, with more rapid improvements of subjective and 
objective parameters (Pelosini and Scarpignato, 2005). Bac-
terial eradication occurred in 96.5% patients with rifaximin 

compared with 79.2% with tetracycline (OR: 6.51; 95% CI: 
2.71–15.64, p < 0.0001) (Pelosini and Scarpignato, 2005). 
There were no associated adverse effects, such as contact der-
matitis or photosensitization (Pelosini and Scarpignato, 2005).

7j.  Bacterial vaginosis

Rifaximin has a good spectrum of activity against organisms 
potentially involved in bacterial vaginosis (BV), including 
Gardenella vaginalis, Mobiluncus spp., and Bacteroides spp. 
(Hoover et al., 1993). However, there is a lack of good evi-
dence to support the use of rifaximin for this indication. A 
randomized open-label pilot study in Italy compared two 
rifaximin formulations for use in BV and found that a foam 
delivery system was better than cream. However, this did not 
compare rifaximin to drugs currently recommended for BV 
treatment, including clindamycin and metronidazole (Pelo-
sini and Scarpignato 2005).

A phase II multicenter, randomized, double-blind, placebo 
controlled study used various rifaximin doses and carefully 
examined the effect on the vaginal microbiome. Rifaximin 
25 mg for 5 days was well-tolerated and showed significantly 
better therapeutic cure rates and maintenance of therapeutic 
cure after 1 month versus placebo (Donders et al., 2013). 
Rifax imin was associated with increased Lactobacilli and 
reduced BV-related bacterial groups on molecular analysis 
(Cruciani et al., 2012), and favorable modulation of the vag-
inal proteome (Cruciani et al., 2013), microbiome, and meta-
bolome (Laghi et al., 2014) by counteracting the alterations 
associated with BV.

7k.  Celiac disease

Patients with celiac disease who had persisting symptoms 
despite a gluten-free diet had no significant improvement 
with rifaximin (Chang et al. 2011).

7l.  Miscellaneous

Patients who received rifaximin treatment (550 mg twice 
daily for 2 days) prior to PET/CT scans suppressed back-
ground intestinal 18F-FDG uptake, thus enhancing diagno-
sis. (Franquet et al. 2014).
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Rifapentine

Grant Jenkin

1. DESCRIPTION

Rifapentine is a cyclopentyl-substituted rifampicin derivative, 
originally synthesized in 1965 and subsequently approved 
for use in the USA in 1998. It is bactericidal against 
Mycobacterium tuberculosis at low concentrations by inhibit-
ing the bacterial RNA polymerase and thus interfering with 
transcription of mRNA from DNA templates. The chemical 
formula of rifapentine, also known as cyclopentyl rifampin, 
is C47H64N4O12. The chemical structure is shown in Figure 
129.1.

Rifapentine is highly protein bound and has a long bio-
logical half-life, making it suitable for once-weekly dosing, 
which facilitates directly observed short-course antituber-
culous chemotherapy, although the optimal dosage and fre-
quency of administration have yet to be determined. It is 
available as a 150-mg tablet sold under the trade name Priftin 
and a capsule formulation is also produced in China.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

MYCOBACTERIA

MIC90 values of rifapentine to isolates of M. tuberculosis are 
0.06–0.25 μg/ml, two- to fourfold lower than for rifampicin 
MICs (Bemer-Melchior et al., 2000; Rastogi et al., 2000). 
Rifapentine is also highly active against other M. tuberculo-
sis complex bacteria including M. bovis and M. africanum. 
M. avium complex strains were inhibited by ≤ 0.125 µg/ml 
rifapentine and M. kansasii by ≤ 0.5 µg/ml, and rifapentine 
has been found to have significant activities in murine mod-
els of both infections (Klemens and Cynamon, 1991; Graybill 
and Bocanegra, 2001). The MIC of M. xenopi was reported to 
be 1 µg/ml on solid media, compared to 8 µg/ml for rifampi-
cin, and synergy against M. xenopi was demonstrated when 
rifapentine or rifampicin was combined with ethambutol 
(Andrejak et al., 2013). Rifapentine was also highly active 
against M. leprae in mice, with 99.6% of organisms killed by 
a single dose of 10 mg/kg rifapentine; an additive effect with 
moxifloxacin and minocycline was noted (Consigny et al., 
2000). The MIC of rifapentine for M. ulcerans was found 
to be 0.125 µg/ml (Almeida et al., 2013), and in a mouse 
footpad model of infection, rifapentine 10 mg/kg combined 
with streptomycin showed greater bactericidal activity than 
rifampicin plus streptomycin (Almeida et al., 2013).

Resistance to rifapentine occurs as a result of mutation of 
the target enzyme, RpoB. Use of rifapentine as monotherapy 
will reliably select for resistance because of the presence of 
spontaneous mutants in bacterial populations. Amino acid 
mutations in codons 509–533 of RpoB result from single- 
nucleotide polymorphisms in the rpoB gene (see later under 
3, Mechanism of drug action) and strains that are resistant 
to rifampicin are universally cross-resistant to rifapentine 
(Williams et al., 1998; Rastogi et al., 2000).

The early bactericidal activity (EBA) after 5 days of a 
 single rifapentine dose of 300, 600, 900, or 1200 mg against Figure 129.1. Chemical structure of rifapentine. 
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M. tuberculosis was compared with that of 5 days of daily 
rifampicin by Sirgel et al. (2005) and found to be equivalent 
only for the 900- and 1200-mg doses. These authors also 
observed a maximum bactericidal effect for rifapentine at 
a dose between 900 and 1200 mg, suggesting that no benefit 
would be expected with doses beyond 1200 mg.

OTHER BACTERIA

The spectrum of activity of rifapentine against other bac-
teria is similar to rifampicin (see Chapter 126, Rifampicin 
(rifampin)). It has bactericidal activity against streptococci 
(MICs 0.01–0.4 µg/ml) and both methicillin-sensitive and 
-resistant Staphylococcus aureus. One report found that 
rifapentine MICs against S. aureus were four- to eightfold 
higher than those of rifampicin (Neu, 1983), although another 
study found no significant differences between rifampicin and 
rifapentine MICs (Varaldo et al., 1985). Most Gram-negative 
aerobic bacilli are not susceptible (Neu, 1983), although the 
rifapentine MIC90 for 30 Legionella strains was ≤ 0.002 μg/ml, 
fourfold lower than the MIC90 of rifampicin (Schulin et al., 
1998). The activity of rifapentine against Brucella spp. is sim-
ilar to that of rifampicin, with an MIC90 of 1 µg/ml (Garcia- 
Rodriguez et al., 1993).

PROTOZOA

Rifapentine has in vitro inhibitory activity against Toxoplasma 
gondii and produced a significant survival benefit in a mouse 
model (Araujo et al., 1996).

2b.  Emerging resistance and 
cross-resistance

Because rifampicin and rifapentine are completely cross- 
resistant, the impact of rifapentine resistance on the treat-
ment of M. tuberculosis is the same as that of rifampicin 
resistance (see Chapter 126, Rifampicin (rifampin)). A study 
of rifapentine in HIV-infected patients with pulmonary tuber-
culosis was terminated after 4 of 31 patients who received 
weekly rifapentine and isoniazid in the continuation phase 
relapsed with isogenic strains that had acquired rifampicin 
monoresistance. Although there was no statistically signifi-
cant difference in the relapse rates between the two treat-
ment arms, no rifampicin-resistant relapses occurred in the 
patients who received continuation-phase rifampicin (Vernon 
et al., 1999). An analysis of HIV-negative patients enrolled in 
a related pharmacokinetic substudy found an association 
between failure and relapses in patients receiving weekly 
rifapentine in the continuation phase and low isoniazid lev-
els, possibly providing an explanation for the development of 
rifampicin monoresistance in the HIV-infected subjects and 
implying that fortifying the companion drug regimen with 
more regular dosing may prevent the failures associated with 
weekly rifapentine (Weiner et al., 2003).

3. MECHANISM OF DRUG ACTION

The mechanism of action is the same as rifampicin (see 
Chapter 126, Rifampicin (rifampin)). Rifapentine forms a 
stable complex with the beta-subunit of the bacterial DNA-
dependent RNA polymerase with a high affinity, preventing 
transcription of mRNA.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

In adults, a once-weekly oral dose of 600 mg during the con-
tinuation phase of tuberculosis treatment as part of a multi-
drug regimen, usually combined with isoniazid (Nahid et al., 
2016). The pharmacokinetic and pharmacodynamics prop-
erties of rifapentine and its prolonged postantibiotic effect 
(discussed in section 5c, Clinically important pharmaco-
kinetic and pharmacodynamic features) suggest that higher 
doses of rifapentine may be more bactericidal (Sirgel et al., 
2005). Doses of 900 mg twice weekly or 900–1200 mg weekly 
have been studied and appear to be well tolerated but have 
not yet been demonstrated to improve clinical outcomes 
(Jindani et al., 2014). In latent M. tuberculosis infection, a 
weekly dose of 900 mg combined with isoniazid 900 mg is 
recommended (CDC, 2011). 

4b.  Newborn infants and children

The pharmacokinetics of rifapentine in adolescents (age 12 
years or older) is similar to that in adults, but younger children 
have a lower rifapentine area under the curve (AUC), sug-
gesting that higher weight-based doses than adults may be 
required (Blake et al., 2006). Rifapentine has not been stud-
ied in trials in children younger than 2 years and therefore is 
not recommended in this age group. A recent study of weekly 
isoniazid and rifapentine for preventive therapy of latent 
Mycobacterium tuberculosis infection in children and adoles-
cents aged 2–17 years used weight-based dosing of rifapentine 
(for 10.0–14.0 kg = 300 mg; 14.1–25.0 kg = 450 mg; 25.1–32.0 
= 600 mg; 32.1–50.0 kg = 750 mg; > 50 kg = 900 mg) (Villar-
ino et al., 2015). A pharmacokinetic substudy of 80 children 
found that this dosing algorithm resulted in a mean dose of 
rifapentine of 23 mg/kg (range 12–32 mg/kg) compared with 
11 mg/kg (5–17 mg/kg) in adults. The mean rifapentine AUC 
in children was 1.2-fold and 1.6-fold higher than in adults for 
crushed and whole tablets respectively (Weiner et al., 2014). 

4c.  Pregnant and lactating mothers

Rifapentine displayed teratogenic effects in rats and rabbits, 
and there is insufficient information regarding rifapentine’s 
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safety in pregnancy to recommend its use (ATS/CDC, 2003). 
If pregnancy occurs in a woman receiving rifapentine, the 
drug should be ceased and rifampicin substituted (Munsiff et 
al., 2006). It is not known whether rifapentine enters breast 
milk, but the drug should probably not be given to mothers 
who are breastfeeding infants (Munsiff et al., 2006).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

No data are available in patients with renal impairment, but 
no dosage adjustment is recommended because renal excre-
tion is minimal. Rifapentine is unlikely to be dialyzed because 
of high protein binding (Priftin Package insert, 2000).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

A single dose of 600 mg rifapentine administered to 15 patients 
with mild to severe hepatic dysfunction resulted in drug 
exposure values 20–25% higher than previously reported for 
healthy volunteers, suggesting that no dosage adjustments 
for rifapentine are needed in patients with hepatic impair-
ment (Keung et al., 1998a).

ELDERLY PATIENTS

Despite a 28% increase in the maximal blood concentration 
(Cmax) after standard rifapentine doses in subjects over the 
age of 65 compared with those under 45 years, no dose 
adjustment is likely to be necessary in the elderly (Keung et 
al., 1998b).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Rifapentine is available only as an oral formulation and is 
68% bioavailable (Burman et al., 2001). The bioavailability of 
the Chinese formulation used in a study in Hong Kong was 
found to be approximately 30% lower than that of the Priftin 
equivalent formulation, necessitating a dose increase to 750 
mg to obtain the same drug exposure as 600 mg of Priftin 
(Tam et al., 1997). Ingestion with food increases drug absorp-
tion and oral bioavailability by between 33% (low fat, bulky 
meal) and 86% (high-fat breakfast including eggs) (Zvada et 
al., 2010). The bioavailability of rifapentine when dosed daily 
decreases with increasing dose by 4.9% per 100-mg increase 
in dose due to autoinduction of clearance (Savic et al., 2014). 
The drug is 98% plasma protein bound and only the free 
drug is active (Sirgel et al., 2005). The plasma half-life is 
13–15 hours, four to five times longer than the half-life of 
rifampicin (Assandri et al., 1984; Keung et al., 1999a; Weiner 
et al., 2004).

5b.  Drug distribution

Peak plasma rifapentine levels are reached 4–5 hours after 
oral administration (Keung et al., 1999b). The Cmax is 12.2 
(range, 9.6– 15.5) mg/l after a 600-mg dose, 14.6 (9.5–22.6) 
mg/l after a 900-mg dose, and 18.6 (13.1–26.3) mg/l after 
1200 mg of rifapentine (Weiner et al., 2004). There is a linear 
relationship between Cmax and administered dose from 150 to 
600 mg, and a linear but a less strong relationship between 
600 and 1200 mg (Keung et al., 1999c; Weiner et al., 2004). In 
one study, the AUC was lower in men, those of white race, 
and in subjects with low serum albumin concentrations 
(Weiner et al., 2004). In HIV-infected subjects, pharmacoki-
netic parameters were not significantly different from those 
reported in HIV-uninfected subjects, indicating that no dose 
adjustment is necessary (Keung et al., 1999a).

Rifapentine accumulates in many tissues, resulting in 
concentrations that exceed those in plasma (Assandri et al., 
1984). Within human monocyte-derived macrophages, con-
centrations were 24-fold higher than those in the in vitro cul-
ture medium (Mor et al., 1995); however, the concentration 
of rifapentine in the culture medium required for inhibition 
of intracellular M. tuberculosis was not significantly different 
from that required to inhibit extracellular M. tuberculosis. 
Despite animal studies indicating accumulation of rifapen-
tine in lung tissue (Assandri et al., 1984), the levels of rifa-
pentine found in bronchial alveolar cells and lung epithelial 
lining fluid were approximately 25% of the plasma level in 
humans (Conte et al., 2000). Rifapentine does not cross the 
blood–brain barrier, with the result that concentrations in 
the brain are < 20% of plasma levels (Assandri et al., 1984).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Rifampicin displays concentration-dependent killing, best 
correlated with the AUC/MIC parameter. If total drug con-
centrations are used to calculate this parameter then rifapen-
tine has an AUC/MIC ratio four to seven times greater than 
that of rifampicin. However, because the protein binding of 
rifapentine (98%) is greater than that of rifampicin (85%), the 
AUC/MIC ratio for free rifapentine is lower than for rifampi-
cin (Sirgel et al., 2005). To obtain free drug AUC equivalency 
to 600 mg of rifampicin therefore requires a dose of ≥ 900 mg 
of rifapentine (Nuermberger and Grosset, 2004; Weiner et 
al., 2004; Sirgel et al., 2005). Early bactericidal activity (EBA) 
studies confirmed this modeling, finding that that 5-day EBA 
results for 600 mg of rifampicin per day were equal for single 
rifapentine doses of 900 or 1200 mg, but the 600-mg dose of 
rifapentine was inferior (Sirgel et al., 2005).

These observations have led to the suggestion that higher 
and/or more frequent dosing will lead to more effective 
treatment of tuberculosis by increasing the exposure of 
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M. tuberculosis to rifapentine (Tam et al., 2002; Rosenthal et 
al., 2006). Indeed, increased dose intensity using rifapentine 
15 or 20 mg/kg (equivalent to 900 and 1200 mg, respectively, 
in humans) twice weekly in mice accelerated killing of 
M. tuberculosis, and sterile cure was obtained after 4 months 
of rifapentine in combination with intermittent isoniazid 
or moxifloxacin and pyrazinamide (Rosenthal et al., 2006). 
Even more strikingly, daily rifapentine in doses ranging from 
7.5 up to 20 mg/kg daily resulted in sterile cure of tubercu-
losis in a murine aerosol infection model after 2–3 months 
of therapy, in combination with moxifloxacin and pyrazin-
amide (Rosenthal et al., 2007; Rosenthal et al., 2008).

Rifapentine has a long postantibiotic effect (PAE) of 104 
hours, and there was evidence for synergy between isoniazid 
and rifapentine. PAE of the combination was 136 (40.7–260.5 
hours), supporting the utility of the combination in once-
weekly therapy (Chan et al., 2004).

5d.  Excretion

The urinary excretion of rifapentine in healthy volunteers 
was found to be 16.6% (Reith et al., 1998). The drug is pri-
marily excreted unchanged in bile into the feces. Metabolism 
in the body occurs via esterases to produce the active metab-
olite 25-desacetyl rifapentine, which is also predominantly 
excreted in the feces, and is responsible for approximately 
one-third of the antimycobacterial activity of administered 
rifapentine (Emary et al., 1998; Jarvis and Lamb, 1998; Rastogi 
et al., 2000).

Although originally reported not to induce its own metab-
olism (Keung et al., 1999c), other reports have found an 
autoinduction of metabolism resulting in a decline in AUC 
of 20% after 14 days of dosing (Dooley et al., 2008).

5e.  Drug interactions

Rifapentine is an inducer of cytochrome P450 enzymes (par-
ticularly CYP3A4 and also CYP2C8/9) and therefore is 
expected to qualitatively have a similar drug interaction pro-
file as rifampicin (see Chapter 126, Rifampicin (Rifampin)) 
(Vital Durand et al., 1986). The magnitude of enzyme induc-
tion for CYP3A by rifapentine is intermediate between rifab-
utin and rifampicin (relative induction potency: rifampicin > 
rifapentine > > rifabutin) and is detectable within 4 days of 
the first dose, and up to 14 days after cessation (Li et al., 1997; 
Keung et al., 1999b). In particular, rifapentine is expected to 
induce the metabolism of induction of bedaquiline (Winter 
et al., 2015), protease inhibitors, azole antifungals, systemic 
hormonal contraceptives, warfarin, opiate analgesics, and 
immunosuppressives, such as cyclosporine and tacrolimus.

Rifapentine in a dose of 900 mg three times weekly re duced 
the AUC and half-life of co-administered moxifloxacin in 
healthy volunteers by 17% and 19%, respectively (Dooley et 
al., 2008). In patients with active tuberculosis receiving com-
bination rifapentine (either 900 mg twice weekly or 1200 mg 
once weekly) and moxifloxacin 400 mg (twice or once weekly, 
respectively) moxifloxacin clearance was increased by 8%; 

however, overall moxifloxacin exposure was not significantly 
reduced (Zvada et al., 2012).

6. ADVERSE REACTIONS AND TOXICITY

The spectrum and toxicity of rifapentine is very similar to 
that reported for rifampicin (see Chapter 126, Rifampicin 
(rifampin)). Rifapentine may produce red–orange discolor-
ation of body fluids as with rifampicin. A systematic review 
found no difference in reported severe adverse events for 
rifapentine compared with rifampicin-based chemotherapy 
for pulmonary tuberculosis (Gao et al., 2009). Rifapentine 
given in doses ranging from 600–1200 mg weekly up to 10 
mg/kg given five times per week has been well tolerated, with 
discontinuation rates no different than the rifampicin com-
parator (Benator et al., 2002; Bock et al., 2002; Dorman et 
al., 2012). In children aged 2–17 years, rifapentine–isoniazid 
was well tolerated and safe, with discontinuation rates for 
adverse events of 1.7% and 0.5%, respectively in the study 
and 9-month isoniazid comparator groups, an insignificant 
difference. 

6a.  Hepatotoxicity

Rates of hepatotoxicity are included in Table 129.1 and have 
varied in reported trial from 0% in children (Villarino et al., 
2015) up to 4.3% in 47 patients who received 1200 mg of 
rifapentine and 900 mg isoniazid weekly for 16 weeks (Bock 
et al., 2002). When given once or twice weekly with isonia-
zid, hepatotoxicity rates of 0.72–3.3% have been described 
(Table 129.1) and have not been significantly different com-
pared to the rifampicin-containing control group. The high-
est rate of 4.0% was reported when daily rifapentine 10 mg/
kg was given five times per week, but was not significantly 
different from the rifampicin-containing control group (2.8%) 
(Dorman et al., 2012). In the same study there was also no 
difference in anemia, neutropenia, gastrointestinal symptoms, 
or rash (Dorman et al., 2012). 

In adults with latent M. tuberculosis infection, hepatotox-
icity was less common in subjects who received 12 doses of 
weekly rifapentine 900 mg and isoniazid (0.4%) than the in 
the 9-month isoniazid comparator group (2.7%) (Sterling et 
al., 2011) and may be a safer regimen than 9 months of isoni-
azid in those with risk factors for hepatotoxicity such as 
baseline liver function abnormalities and untreated hepatitis 
co-infection (Bliven-Sizemore et al., 2015). 

6b.  Hypersensitivity reactions

An immune-mediated hypersensitivity reported to occur in 
patients receiving rifampicin was not seen in initial studies 
using 600 mg weekly dosing of rifapentine (Priftin Package 
insert, 2000; Benator et al., 2002). However, possible rifamy-
cin hypersensitivity syndrome was reported with an intense 
dosing regimen of 900 mg rifapentine three times weekly 
administered for seven doses, combined with daily moxiflox-
acin. One of 13 participants developed fever with hepatitis 
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and another developed fever and rash, with both syndromes 
developing 2 days after the drug was ceased (Dooley et al., 
2008). 

In the PREVENT-TB study, possible drug hypersensitiv-
ity was higher in the 3-month rifapentine-containing arm 
(3.8%) than the isoniazid-only arm (0.5%) (Sterling et al., 
2011). A subsequent analysis found that 63% of these sys-
temic drug reactions constituted a flu-like syndrome similar 
to that previously described with intermittent rifampicin 

dosing (Sterling et al., 2015; see Chapter 126, Rifampicin 
(rifampin)). Most of these flu-like reactions were mild and 
resolved within 24 hours of drug cessation. Subjects with a 
systemic drug reaction were more likely to be females of 
white race and aged over 35 years. However, such reactions 
can also occur in children, with three of the six children who 
discontinued treatment due to a probable systemic drug reac-
tion to rifapentine–isoniazid having an influenza-like syn-
drome (Villarino et al., 2015).

Table 129.1. Randomized clinical trials of rifapentine in active and latent M. tuberculosis and reported rates of hepatotoxicity.

Reference

No. of 
enrolled 
patients Treatment regimen Control regimen(s)

Outcomes
(rifapentine vs. 
control)

Hepatotoxicity
(rifapentine vs. 
control)

Active tuberculosis

Tam et al., 2002 672 Rifapentine 600 mg/week + 
isoniazid 15 mg/kg/week 
in continuation phase

Thrice weekly 
rifampicin plus 
isoniazid

Tuberculosis 
relapse rate 
10.8% vs. 4.2%

Benator et al., 2002 
(TBTC22)

1004 Weekly rifapentine 600 mg 
+ isoniazid 900 in 
continuation phase

Twice weekly 
rifampicin and 
isoniazid

Tuberculosis 
relapse rate 
8% vs. 4%

2.6% vs. 3.6% 

Priftin Prescribing 
Information, 
2000 (HMR008)

722 Intensive phase: Rifapentine 
600 mg twice weekly + 
daily isoniazid–pyrazin- 
amide–ethambutol

Continuation phase: weekly 
rifapentine 600 mg + 
isoniazid continuation 
phase

Intensive phase: 
daily standard 
therapy 

Continuation phase: 
Rifampicin and 
isoniazid twice 
weekly 

Tuberculosis 
relapse rate 
12% vs. 7%

Intensive phase 
3.3% vs. 4.7% 

Continuation phase 
1.9 vs. 2.3% 

Dorman et al., 2012 
(TBTC 29)

531 Rifapentine 10 mg/kg/day 
5 days/week + isoniazid– 
pyrazinamide–ethambutol

Rifampicin 10 mg/
kg/day 5 days/
week + isoniazid– 
pyrazinamide– 
ethambutol

8-week sputum 
culture 
conversion no 
different (86.4% 
vs. 83.3%)

4.0% vs. 2.8% 

Jindani et al., 2014 
(RIFAQUIN)

(a)  275
(b) 277

(a)   Rifapentine 900 mg twice 
weekly + moxifloxacin 
2-month continuation 
phase 

(b)  Rifapentine 1200 mg 
weekly + moxifloxacin 
4-month continuation 
phase

Standard therapy (a)   Tuberculosis 
relapse rate 
16.4% vs. 3.7%

(b)  Tuberculosis 
relapse rate 
2.7% vs. 3.7%

(a)  0.73% vs. 0.36% 
(b) 0.72% vs. 0.36% 

Latent Mycobacterium tuberculosis infection

Schechter et al., 
2006

399 Rifapentine 900 mg + 
isoniazid 900 mg weekly 
12 weeks

Rifampicin + 
pyrazinamide 
2-months

Equivalent: 
tuberculosis 
1.5% vs. 0.5%

1% vs. 10%

Martinson et al., 
2011

1148 (HIV+) Rifapentine 900 mg + 
isoniazid 900 weekly 12 
weeks

(a)   Rifampicin + 
isoniazid twice 
weekly 12 weeks

(b)  Isoniazid 6 
months

Equivalent: 
tuberculosis 
7.3% vs. 

 (a)  7.3%
 (b) 6.7%

1.5% vs. 
 (a)  2.4%
 (b) 5.5%

Sterling et al., 2011 
(PREVENT-TB)

7731 Rifapentine 900 mg + 
isoniazid 900 mg weekly 
12 weeks

9 months isoniazid Equivalent: 
tuberculosis 
0.2% vs 0.4% 

0.4% vs. 2.7%

Villarino et al., 2015 905 (aged 
2–17 years)

Weight-based dosing 
rifapentine + isoniazid 
weekly (see text)

9 months isoniazid Equivalent: 
tuberculosis 0% 
vs. 0.7%

0% vs. 0%
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7. CLINICAL USES OF THE DRUG

7a.  Treatment of tuberculosis

Studies assessing the use of rifapentine in the treatment of 
TB are summarized in Table 129.1.  In a study conducted in 
Hong Kong in patients with pul monary tuberculosis, isonia-
zid (15 mg/kg) and rifapentine (600 mg) given once weekly 
in the continuation phase was compared with three-times-
weekly isoniazid and rifampicin after a standard 2-month 
four-drug intensive phase that included streptomycin. After 
5 years of follow-up, relapse rates were 10.8% in the rifapen-
tine group and 4.2% in the rifampicin comparator arm. This 
study used rifapentine of Chinese manufacture, the bioavail-
abilty of which was lower than anticipated, necessitating an 
increased dose of 750 mg during the latter part of the trial 
(Mitchison, 1998; Tam et al., 2002). By multivariate analysis, 
older age, male sex, and extensive disease on chest radiogra-
phy were risk factors for relapse.

The Tuberculosis Trials Consortium (TBTC) trial 22 com-
pared continuation-phase once-weekly rifapentine 600 and 
900-mg isoniazid with twice-weekly rifampicin and isonia-
zid in HIV-negative subjects. Again, a higher relapse rate 
occurred in the patients who received rifapentine (8% vs. 4% 
for rifampicin recipients), a difference that was not apparent 
when patients without cavitation or positive 2-month spu-
tum culture were analyzed (Benator et al., 2002).

The Hoechst Marion Roussel clinical study 008 performed 
in South Africa and North America (Priftin Package insert, 
2000) was an open-label study of 722 HIV-negative patients 
with pulmonary tuberculosis comparing the effect of rifa-
pentine in the intensive phase (twice weekly) and/or con-
tinuation phase (once weekly) with rifampicin given daily 
(intensive phase) and twice weekly (continuation phase). 
Treatment success among evaluable patients was not differ-
ent between the groups, but the relapse rate at 24 months’ 
follow-up was 12% in the rifapentine group compared with 
7% in the rifampicin group. Nonadherence with companion 
drugs was stated as the cause of most relapses, and to explain 
the difference between the rifapentine and rifampicin arms 
of the study. Relapse was not associated with development 
of rifampicin resistance.

A review of the published clinical trial data identified 
weekly rifapentine during the continuation phase as a risk 
factor for relapses of pulmonary tuberculosis. The relative 
risks for relapse with weekly rifapentine given after a daily or 
three-times-weekly intensive phase were 5.0 (95% confidence 
interval [CI]: 2.4–10.5) and 7.1 (95% CI: 3.3–15.3), respec-
tively (Chang et al., 2006). This review underscores the in - 
teraction between dosing intensity and/or duration and the 
disease burden in tuberculosis such that to achieve accept-
able relapse rates in patients with cavitating tuberculosis, in 
whom disease burdens are greatest, daily intensive-phase 
treatment and a 4- to 7-month continuation phase with a 
minimum dosing frequency of three times weekly are neces-
sary. Some early trials conducted with rifapentine may have 

used inadequate doses, and a dose of 1200 mg weekly in adults 
may offer the ideal bactericidal activity in weekly dosing 
schedules (Sirgel et al., 2005).

Current guidelines developed by the American Thoracic 
Society and the Centers for Disease Control and Prevention 
no longer recommend weekly rifapentine for the continuation 
phase of treatment in pulmonary tuberculosis (Nahid et al., 
2016). Previous guidelines allowed for the use of weekly rifa-
pentine only in HIV-negative patients without cavitation on 
their initial chest radiograph who are also culture-negative 
after the 2-month intensive phase (ATS/CDC, 2003). In patients 
without cavitation who have commenced rifapentine and in 
whom 2-month cultures have remained positive, an extended 
7-month continuation phase should be completed (ATS/CDC, 
2003; Chang et al., 2006) after 2 months of therapy.

The possibility suggested from murine data that more 
intensively dosed rifapentine could shorten the treatment 
duration in tuberculosis was examined in TBTC study 29 
(Dorman et al., 2012). This randomized open-label multisite 
study compared 8-week sputum culture conversion rates in 
smear-positive pulmonary tuberculosis patients receiving 
standard multidrug antituberculous therapy including either 
rifampicin or rifapentine, both dosed at 10 mg/kg daily for 
5 days per week. No difference was found between the com-
parator groups in either the primary end-point or in time to 
culture conversion (Dorman et al., 2012). 

In the RIFAQUIN study (Jindani et al., 2014), a 4-month 
treatment course including rifapentine 900 mg administered 
twice weekly combined with moxifloxacin in the continua-
tion phase for 2 months was inferior to 6-month standard 
antituberculous therapy. The 4-month treatment arm was also 
inferior to another 6-month comparator arm that included 
a 4-month continuation phase of weekly 1200 mg rifapentine 
and moxifloxacin.

7b.  Preventive therapy of tuberculosis

Based on animal work indicating that rifapentine combined 
with isoniazid has significant activity in animal models of 
latency (Miyazaki et al., 1999), studies have examined the 
role of rifapentine for the treatment of latent M. tuberculosis 
infection (Table 129.1). In a randomized open-label study 
(PREVENT-TB study), 12 doses of directly observed rifapen-
tine 900 mg and isoniazid 900 mg both given weekly in sub-
jects with latent tuberculosis infection was as effective as 9 
months of daily self-administered isoniazid and had a higher 
therapy completion rate (82.1% vs. 69.0%, p < 0.001) (Sterling 
et al., 2011). Overall, 7/3986 (0.19%) of rifapentine–isoniazid 
subjects and 15/3745 (0.43%) isoniazid subjects developed 
active tuberculosis over the protocol-defined 33-month 
 follow-up period (Table 129.1). This 3-month weekly regi-
men was also effective and well tolerated in children and 
adolescents aged 2–17 years (Villarino et al., 2015) and 
HIV-infected adults (Martinson et al., 2011). The 12-dose 
weekly rifapentine–isoniazid regimen was subsequently found 
to approximately double completion rates (65% vs. 34%) 
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compared to historical controls (Stennis et al., 2015), 
although the 3-month regimen was administered by direct 
observation and the historical control was not. 
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Streptomycin

Paul D. R. Johnson

1. DESCRIPTION

Streptomycin was discovered by Schatz and Waksman in the 
1940s (Jones et al., 1944) and was the first antibiotic to be 
effective against tuberculosis. Streptomycin was also the first 
drug of any kind to be tested in a randomized, blinded, con-
trolled trial (Angell, 2015; Chalmers, 2011; Daniels and Hill, 
1952). 

Streptomycin is a natural product of the soil actinomycete 
Streptomyces griseus (Schatz et al., 2005). It is a member of 
the aminoglycoside class of antibiotics that typically consist 
of two or more amino-sugars covalently linked to a central 
aminocyclitol. However, streptomycin differs from most 
other medically available aminoglycosides in that the amino-
cyclitol is peripherally rather than centrally located and is a 
streptidine rather than deoxystreptamine. Aminoglycosides 
are inhibitors of bacterial protein synthesis, but their action 
is bactericidal, unlike most other antibiotics that act in this 
way. Streptomycin is active against Gram-negative aerobic 
bacilli, some medically important mycobacteria (particularly 
Mycobacterium tuberculosis), enterococci when combined 
with a cell wall–active agent, streptococci, and staphylococci 
(Chambers, 2006).

Several salts of streptomycin can be produced, but strep-
tomycin sulfate is used in human medicine. Streptomycin is 
a potent bactericidal antibiotic, but is also potentially neph-
rotoxic, vestibulotoxic, and ototoxic. The chemical structure 
of streptomycin is shown in Figure 130.1.

Streptomycin made a huge initial impact in medicine 
because tuberculosis and important Gram-negative infec-
tions such as plague and brucellosis, naturally resistant to 
penicillin, could be successfully treated with streptomycin. 
The patent for streptomycin was listed by The New York 
Times as one of the 10 great achievements of the twentieth 
century (Rutgers Focus, 2005). However, while the medical 
use of streptomycin has markedly declined due to resistance 
and the availability of newer, safer agents, it is still extensively 
used in veterinary medicine, horticulture, and animal hus- 

bandry. Environmental detection of genes for streptomy- 
cin resistance is now considered a marker of anthropogenic 
pollution (Walsh et al., 2011; Zhao and Dang, 2011) and a 
recent study estimated that an average person living in Croatia 
is exposed to 4.8 micrograms of streptomycin per day, mostly 
as a result of meat consumption (Vragovic et al., 2012).

First-line medical use of streptomycin is now restricted 
to brucellosis, the adjunctive treatment of high-level genta-
micin-resistant enterococcal and streptococcal endocarditis, 
drug-resistant or severe tuberculosis, advanced or macro-
lide-resistant Mycobacterium avium infections, plague, and 
tularemia. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

GRAM-NEGATIVE BACTERIA

Susceptible Gram-negative pathogens may include Escherichia 
coli, Enterobacter, Klebsiella, Proteus, Providencia, Serratia, 
Citrobacter, Salmonella, Shigella, and Brucella spp., Neisseria 
meningitidis, N. gonorrhoeae, Haemophilus influenzae, H. 
ducreyi, Pasteurella multocida, Francisella tularensis, Cam- 
pylobacter, and Yersinia pestis, Y. pseudotuberculosis, and 

Figure 130.1. Chemical structure of streptomycin. 
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Y. enterocolitica. Some strains of Pseudomonas aeruginosa and 
Stenotrophomonas maltophilia are also sensitive (Moellering 
et al., 1977). However streptomycin is now rarely used for 
Gram-negative infections with the exceptions of Yersinia pes-
tis, Francisella tularensis, and Brucella.

Anaerobes such as Bacteroides fragilis are streptomycin 
resistant (Kislak, 1972; Schlessinger, 1988).

GRAM-POSITIVE BACTERIA

Strains of Staphylococcus aureus obtained from human infec-
tions were once reliably sensitive to streptomycin, but resis-
tance was reported soon after its introduction (Welsch, 1950) 
and became widespread shortly after the recognition of 
widespread penicillin resistance, and prior to the worldwide 
outbreaks of methicillin resistance (Crisostomo et al., 2001; 
Gomes et al., 2006). Although streptomycin is rarely used for 
staphylococcal infections, some healthcare-associated multi-
resistant strains of methicillin-resistant S. aureus (MRSA) 
may be susceptible (Aucken et al., 2006).

Human clinical isolates of enterococci (the majority 
Entero coccus faecalis or E. faecium) are intrinsically resistant 
to concentrations of aminoglycosides including streptomy-
cin that can be safely attained in vivo. However, combin-
ing  streptomycin or gentamicin with penicillin (or other 
cell wall–active agents) results in synergistic killing of some 
but not all clinical strains in vitro (Matsumoto et al., 1980; 
Moellering and Weinberg, 1971). Some high level gentamicin- 
resistant enterococcal isolates will be susceptible to strepto-
mycin since the aminoglycoside-modifying enzyme that 
inactivates gentamicin, amikacin, and similar aminogly-
cosides does not necessarily affect streptomycin (see section 
2b, Emerging resistance and cross-resistance, and section 7, 
Clinical uses of the drug). Thus high-level gentamicin-resis-
tant isolates should be assessed specifically for high-level 
streptomycin susceptibility if synergistic activity is required 
with cell wall–active agents (penicillin or vancomycin).

Groups A, B, and G streptococci, viridans group strepto-
cocci, and non-enterococcal group D streptococci, such as 
Streptococcus bovis, exhibit similar low-level resistance, and 
organisms with this resistance pattern are killed synergisti-
cally by penicillin G/streptomycin combinations. This syner-
gism in viridans group streptococci likely occurs because 
penicillin G has a direct effect on the membrane potential, 
leading to stimulation of streptomycin uptake (Yee et al., 
1986).

Some of the Actinomycetes, such as Streptomyces soma-
liensis and Actinomadura madurae, may be sensitive to strep-
tomycin (Nasher et al., 1989; Tight and Bartlett, 1981).

MYCOBACTERIA

Streptomycin is active against M. tuberculosis, M. ulcerans, 
M. kansasii, M. avium, and some other medically important 
nontuberculous mycobacteria. Streptomycin, used in high 
doses (100 mg/kg body weight five times per week), is effec-
tive for M. leprae infection in the mouse footpad (Gelber, 
1987), but streptomycin is too inactive and too toxic to be 
useful in the treatment of human leprosy.

Streptomycin appears to be less active in vitro against the 
M. avium complex (MAC) than it is against M. tuberculosis 
(Heifets and Lindholm-Levy, 1989), but for MAC infection, 
the correlation between in vitro testing and clinical outcome 
is not fully established (Anonymous, 2002; Kobashi et al., 
2006). Streptomycin may also be useful in initial therapy in 
complicated pulmonary MAC infection, in salvage therapy 
regimens for macrolide-resistant MAC, or in combination 
therapy regimens for M. kansasii, M. genavense, and M. xenopi 
infections (Griffith et al., 2007).

2b.  Emerging resistance and 
cross-resistance

There is widespread clinically important resistance to strep-
tomycin throughout the world (Sundin and Bender, 1996). 
Resistance testing is now recommended whenever strepto-
mycin is considered for the treatment of Gram-negative 
infections or tuberculosis, or in synergy with cell wall–active 
agents for the treatment of enterococcal or streptococcal 
infections. Exceptions usually include Buruli ulcer, and cur-
rently brucellosis and plague, although there have now been 
two reported cases of high-level resistance to streptomycin 
in human isolates of Yersinia pestis (Galimand et al., 1997; 
Guiyoule et al., 2001).

Resistance to streptomycin is mediated via highly mobile 
aminoglycoside-modifying enzymes (AMEs) often linked 
with other resistance determinants (Khachatryan et al., 2008; 
Pinto-Alphandary et al., 1990; Shannon et al., 1978; Ziebell 
et al., 2011), ribosomal gene or ribosomal protein gene muta-
tions (Eliopoulos et al., 1984; Hancock, 1981; Musser, 1995; 
Okamoto et al., 2007), enhanced efflux (Moore et al., 1999; 
Spies et al., 2008; Villellas et al., 2013), or alteration in bacte-
rial cell permeability (Bryan et al., 1979). Streptomycin and 
other aminoglycosides are inactive under anaerobic condi-
tions because intracellular transport of these agents is mark-
edly impaired in the absence of oxygen. Some strains of 
Pseudomonas aeruginosa and other Gram-negative bacilli 
do not possess inactivating enzymes or ribosomal mutations, 
yet they are resistant to streptomycin and other aminoglyco-
sides. In a proportion of these, resistance is due to a permea-
bility barrier at the cell wall, and in some P. aeruginosa strains 
“low-level” aminoglycoside resistance is associated with a 
change in the structure of the lipopolysaccharide in their cell 
walls (Bryan et al., 1980). Alteration of networks of outer 
membrane proteins may also be implicated in Gram-negative 
resistance to streptomycin (Li et al., 2008).

MYCOBACTERIUM TUBERCULOSIS

M. tuberculosis isolates resistant to streptomycin were first 
reported just 2 years after its initial use for tuberculosis 
(Anderson and Jewell, 1945). In 2008, the World Health 
Organization (WHO) and the International Union against 
Tuberculosis and Lung Diseases (IUATLD) published its 
fourth global survey on drug resistance in tuberculosis, cov-
ering the period 2002–2007 (WHO/IUATLD, 2008). In most 
laboratories, the proportion method was used to assess resis- 
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tance, and streptomycin resistance was defined when more 
than 1% of colonies on the control plate also grew on 
Lowenstein–Jensen agar containing 4 µg/ml dihydrostrep-
tomycin sulfate. The global rate of primary resistance to 
streptomycin (i.e. M. tuberculosis isolated from patients with 
no prior treatment history) was 11%, but 28% in Eastern 
Europe and 15% in the WHO Western Pacific region. Rates 
of secondary resistance (i.e. M. tuberculosis isolated from 
patients with a history of prior treatment) were much higher: 
20% globally, more than 50% in Eastern Europe, and 28% 
for the Western Pacific region. Isoniazid and streptomycin 
resistance are frequently found together in isolates sensitive 
to other first-line drugs, despite their differing molecular 
mechanisms of activity and resistance (Cohn et al., 1997).

The intracellular target of streptomycin has been shown 
by x-ray crystallography to be the bacterial ribosome, where 
it binds to specific regions of 16S rRNA and is stabilized by 
the RpsL protein (Carter et al., 2000; Finken et al., 1993; 
Ruusala and Kurland, 1984; Wong et al., 2011). Low-level, 
but still clinically significant, resistance (e.g. MIC 10–50 
µg/ml) is at least partly explained by inactivation of the gene 
encoding an rRNA methyl transferase (gidB) (Okamoto et 
al., 2007; Perdigao et al., 2014; Verma et al., 2014; Wong et 
al., 2011). This results in failure of the usual methylation of 
mycobacterial 16S RNA very close to the site of streptomycin 
binding. gidB mutations often result in variable resistance 
which may lead to inconsistent results in culture–base sus-
ceptibility tests (Perdigao et al., 2014). The rate of subse-
quent emergence of high-level resistance appears to be greatly 
enhanced in ΔgidB mutants. Intermediate and high-level 
mycobacterial resistance (MIC > 50 µg/ml) to streptomycin 
(Musser, 1995) is usually associated with point mutations 
in either the ribosomal RNA gene (rrs) (Douglass and Steyn, 
1993) or the gene-encoding ribosomal protein S12 (rpsL) 
(Finken et al., 1993; Honore and Cole, 1994; Meier et al., 
1994; Nair et al., 1993). These mutations affect the binding 
of streptomycin to its target in the bacterial 30S ribosomal 
subunit. As M. tuberculosis has only one copy of rrs, one of 
several critically placed mutations will immediately affect the 
resistance phenotype. 

None of the known mutations appears to convey a resis-
tance cost to the mutant strain (Musser, 1995). Hence sec-
ondary streptomycin resistance can arise rapidly by selection 
of one or more mutations if a case of tuberculosis is incor-
rectly managed, and transmission of these secondarily resis-
tant strains explains most new cases of primary resistance, as 
no role has yet been found for AMEs in mycobacteria. Not all 
streptomycin resistance in M. tuberculosis has been linked to 
mutations in gidB, rrs, or rspL, and not all polymorphisms 
cause resistance (Victor et al., 2001). Alterations in bacterial 
permeability (Honore and Cole, 1994; Meier et al., 1994) or 
drug efflux mechanisms may explain some of the resistant 
phenotypes that do not correlate with resistance unrelated to 
the ability of streptomycin to bind to the bacterial ribosome 
(Danilchanka et al., 2008; Spies et al., 2008). Currently it is 
thought that about 50–85% of M. tuberculosis isolates world-
wide phenotypically resistant to streptomycin carry muta- 

tions in rrs or rpsl (Cuevas-Cordoba et al., 2013; Perdigao et 
al., 2014; Wong et al., 2011).

Streptomycin resistance in M. tuberculosis is drug specific 
rather than class specific, partly because of differences in 
ribosomal binding sites between the streptidine aminogly-
coside streptomycin, the deoxystreptamine aminoglycosides 
(amikacin and kanamycin), and the polypeptide antibiotics 
(capreomycin and viomycin). Streptomycin-resistant strains 
of M. tuberculosis are usually sensitive to amikacin, kanamy-
cin, and capreomycin (Ho et al., 1997). 

There is a suggestion that the Beijing lineage of M. tuber-
culosis that is resistant to streptomycin is more transmissi-
ble than streptomycin-susceptible Beijing lineage isolates 
and streptomycin-resistant East African lineage strains. The 
underlying mechanism for this association between resis-
tance and transmissibility is not known but a fitness advan-
tage linked to streptomycin resistance is proposed (Buu et al., 
2012).

Not all reports show relentlessly increasing resistance to 
streptomycin over time. In Cameroon, after reorganization of 
their national Tuberculosis Control Program, rates of strep-
tomycin resistance in incident smear positive pulmonary 
cases fell from 15.1% in 1994/1995 to 3% in 2011 (Sidze et al., 
2014).

Multidrug-resistant tuberculosis (MDR-TB) is defined as 
resistance to at least rifampicin plus isoniazid. Extensively 
drug-resistant tuberculosis (XDR-TB), a subset of MDR-TB, 
is currently defined as MDR-TB plus resistance to any quino-
lone and any second line injectable agent (i.e. kanamycin, 
amikacin, capreomycin). Pre-XDR-TB is defined as MDR-TB 
with resistance to either a quinolone or a second-line inject-
able, but not both. None of these definitions include strep-
tomycin despite its historical importance in the treatment 
of tuberculosis. In a recent review of 1047 cases of MDR- 
pre-XDR and XDR-TB from Korea, outcomes became pro-
gressively poorer by resistance category. However, in patients 
with pre-XDR-TB, resistance to streptomycin was associ-
ated with a poorer prognosis (Kim et al., 2010). In contrast, 
in a smaller study of patients with MDR- pre-XDR and 
XDR-TB at the National Jewish Medical and Research Center 
in Colorado USA, patients with quinolone-resistant pre-
XDR-TB combined with streptomycin resistance still had an 
improved outcome compared with the XDR-TB group (Chan 
et al., 2009).

In Bangladesh, 1997–2007, in a cohort of 427 patients with 
MDR-TB approximately 75% of isolates tested were resistant 
to streptomycin (Van Deun et al., 2010). 

In two hospitals from Taiwan, isolates from patients with 
culture-confirmed TB during the period 2004–2011 were 
assessed for second-line drug resistance using a modified 
proportional disk elution method with a critical concentra-
tion for streptomycin of 2 μg/ml. Rates of MDR-TB fell pro-
gressively from 8.1% (2004) to 2.9% (2011) of isolates tested 
following the introduction of directly observed therapy. The 
proportion resistant to streptomycin was approximately 10% 
and did not change over the 8 years of the survey (Chien et 
al., 2014).
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GRAM-NEGATIVE BACILLI

The most common form of resistance to streptomycin in 
Gram-negative aerobes (and in enterococci) is the presence 
of highly mobile AMEs transmitted between bacteria on 
conjugative plasmids and transposons. This is a complex 
field with confusing nomenclature (Chow, 2000; Smith 
and Baker, 2002; Wright, 1999), but the principal enzymes 
are bacterial aminoglycoside phosphorylases, adenylases, or 
acetylases, which add functional groups at specific sites to 
the antibiotic that then prevent it from binding to the target 
bacterial ribosome. The enzymes may be mono- or bifunc-
tional, leading to differential resistance within the class, and 
multiple enzymes may be encoded on the same resistance 
plasmid. In a European study of collected E. coli isolates 
obtained from meat or meat products with minimum inhib-
itory concentrations (MICs) > 16 µg/ml, 80% tested positive 
by polymerase chain reaction (PCR) either for strA–strB 
(typically associated with high-level resistance) or for aadH 
(low-level resistance). The linked streptomycin adenyl trans-
ferase genes strA–strB genes are widely disseminated among 
diverse Gram-negative bacteria and they have been detected 
in bacteria-colonizing plants, animals, humans, herbal prod-
ucts, and farmed fish (Sunde and Norstrom, 2005).

Streptomycin-resistant Gram-negative bacilli in clinical 
practice have been common for many years. Sabath (1969) 
reported that 50% of E. coli and 73% of Klebsiella, 58% of 
Enterobacter, and 44% of Proteus spp. isolated in a Boston hos-
pital during 1967 were resistant to streptomycin. In London 
from 1967 to 1969, more than half of the Shigella sonnei strains 
isolated were resistant to this drug (Davies et al., 1970).

Partly because of resistance, in the 1960s kanamycin and 
then gentamicin replaced streptomycin for the treatment of 
infections caused by Enterobacteriaceae. However, a study 
of 390 human urinary E. coli isolates in a London hospital 
in 2004 showed that streptomycin resistance had actually 
increased significantly from 1991 (33.9%) to 2004 (41.2%), 
even though human use of streptomycin had become rare 
during this time. Possible explanations were co-selection via 
linkage of strA–strB genes to sulfonamide resistance deter-
minants, and the continued use of streptomycin in veteri-
nary medicine (e.g. 7 metric tonnes of streptomycin was sold 
in the UK during 2003) (Bean et al., 2005). High-level strep-
tomycin resistance is widespread in soil bacteria, particularly 
soils supplemented with manure from antibiotic-exposed 
farm animals (Popowska et al., 2012). Streptomycin in low 
concentration is used as a spray to control pests in commer-
cial orchards, and this practice may select for carriage of 
multidrug-resistant nasal and enteric bacterial flora sheep 
grazing nearby (Scherer et al., 2013). Streptomycin resistance 
is an emerging issue in some plant pathogens. In a study of 
the apple fire blight pathogen Erwinia amylovora in Michi-
gan, USA, resistance to streptomycin was mediated by not 
only amino acid changes in the ribosomal S12 protein but 
also acquisition and spread of plasmid/transposon-mediated 
aminoglycoside-modifying enzyme genes strA-strB (McGhee 
et al., 2011).

Haemophilus ducreyi resistant to streptomycin and kana-
mycin has been reported. Resistance is mediated by a plasmid 
that encodes the production of two aminoglycoside-modify-
ing phosphotransferases (Sanson-le Pors et al., 1985).

Single-point mutations in ribosomal RNA genes in aero-
bic Gram-negatives can lead to the rapid appearance of 
streptomycin resistance. In the 1940s and 1950s, streptomy-
cin was found to be a poor drug for therapy of urinary tract 
infections due to aerobic Gram-negative bacteria, because 
resistant strains emerged during therapy and led to recur-
rences (Harrell et al., 1947). This problem is less likely to 
occur with other newer aminoglycosides that bind to more 
than one target within the ribosome (Chambers, 2006).

In Taiwan, resistance to streptomycin was identified in 157 
of 499 (31.5%) of Salmonella isolates from 9 serovars. These 
were also resistant to ampicillin, chloramphenicol, sulfame-
thoxazole, and tetracycline (ACSSuT) (Hsu et al., 2013). 

In Kolkata, India, a clinical isolate of Shigella flexneri 3a 
was found to be resistant to multiple antibiotics including 
streptomycin. A 6.3-kb plasmid was cured from this strain, 
which restored susceptibility to streptomycin and cotrimox-
azole. The authors noted that in this isolate belonging to a 
commonly detected lineage, 13% of multidrug resistance was 
plasmid mediated and 87% was chromosomally encoded 
(Barman et al., 2010). 

STAPHYLOCOCCUS AUREUS

Resistance of this organism to streptomycin is usually via 
plasmid-mediated AMEs (Projan et al., 1988) or chromosom-
ally located transposons (Udo and Grubb, 1991). Ribosomal 
mutation and other mechanisms have also been implicated 
(Prunier et al., 2003). In multiresistant S. aureus, both AMEs 
and non–enzyme-mediated adaptive resistance may play a 
role in streptomycin resistance (Chandrakanth et al., 2008). 
Resistance to aminoglycosides by S. aureus may be variable 
and unstable. For example, streptomycin resistance has been 
detected in only occasional EMRSA-16 isolates in the UK, 
most of which were initially gentamicin resistant but later 
became gentamicin sensitive again due to the loss of a genta-
micin resistance plasmid. In contrast, 69% and 90% of Irish-1 
and Irish-2 MRSA clones, respectively, are routinely strepto-
mycin and gentamicin resistant (Aucken et al., 2006).

ENTEROCOCCI

High-level resistance to streptomycin and to other aminogly-
cosides is now reported worldwide. The main mechanism of 
resistance is usually the presence of one of a range of AMEs 
(Chen and Williams, 1985; Murray, 1990), but ribosomal 
mutation may also be responsible (Eliopoulos et al., 1984).

The increasing prevalence of high-level gentamicin resis-
tance (HLGR), now up to 64.2% in some parts of China (Qu 
et al., 2006), eliminates the synergistic bactericidal effect with 
cell wall–active agents and may compromise the effectiveness 
of therapy. The aac(6′)-Ie-aph(2″)-Ia gene product is one 
example, and is a bifunctional AME that confers resistance 
to essentially all clinically available aminoglycosides except 
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streptomycin (Ferretti et al., 1986). Prevalence estimates of 
high-level aminoglycoside resistance in clinical isolates of 
enterococci include, for E. faecalis, 56% streptomycin, 76% 
gentamicin (Cordoba, Spain 2004–2005) (Causse et al., 
2006); 8% streptomycin, and 22.4% gentamicin resistance 
in intensive care units (ICUs) (Brasilia, Brazil, 2000–2001) 
(Titze-de-Almeida et al., 2004); E. faecalis 31% streptomycin, 
20% gentamicin, E. faecium 14% streptomycin and 52% gen-
tamicin resistance (Turkey, 2000–2001) (Oncu et al., 2004); 
and 96% streptomycin and 81% gentamcin for clinical and 
fecal vancomycin-resistant enterococci from eight countries 
in Europe in 2001 (Goossens et al., 2003). 

In Chennai, India, a total of 178 clinical isolates of entero-
cocci were obtained from clinical specimens from tertiary 
care during 2010–2012. High-level streptomycin resistance 
was detected in 34% (27/80) of the E. faecium isolates and 
24% (21/86) E. faecalis isolates (Padmasini et al., 2014).

In China, between September 2013 and July 2014 at 
Zhejiang Province People’s Hospital, Hangzhou, of 160 entero-
coccal clinical isolates obtained, 105 were identified as E. fae-
cium, 35 as E. faecalis, and 20 as other species. High-level 
resistance to gentamicin, streptomycin, and both antibiotics 
was identified in 58.8%, 50%, and 34.4% of isolates, respec-
tively (Li et al., 2015).

About 30% of invasive E. faecalis isolates in Europe are 
high-level resistant to aminoglycosides, but as the frequently 
identified bifunctional APH(2″)/AAC(6′) enzyme confers 
high- level resistance to all the aminoglycosides except strep-
tomycin, streptomycin may be a useful reserve agent for 
some patients (ECDC, 2014).

STREPTOCOCCI

Increasingly, strains of streptococci have been isolated that 
exhibit high-level streptomycin resistance (MICs > 2000 µg/
ml). For example, 34.7% of a European collection of clinical 
S. bovis isolates showed high-level streptomycin resistance 
(Leclercq et al., 2005), as did human isolates of S. agalactiae 
(group B streptococcus) (Murdoch and Reller, 2001; Poyart 
et al., 2003) and viridans group streptococci (Bryan and Van 
Den Elzen, 1977; Horodniceanu et al., 1982; Farber et al., 
1983). In Argentina, 141 isolates of S. agalactiae from vaginal 
and rectal swabs of pregnant women at term were screened 
for aminoglycoside resistance. High-level streptomycin resis-
tance was detected in 16.3% and combined streptomycin–
gentamicin resistance in 7%. The presence of aminoglycoside 
resistance was associated in 84% of isolates with resistance to 
erythromycin and/or clindamycin (Villar and Jugo, 2013).

3. MECHANISM OF DRUG ACTION

Aminoglycosides initially associate with the cell wall and 
external surface of the cytoplasmic membrane and are then 
actively taken by an energy-dependent mechanism (Camba 
et al., 1976; Bryan and Van Den Elzen, 1977; Iscla et al., 2014). 
The intracellular target of streptomycin is the bacterial ribo-
some, where it binds to specific regions of 16S rRNA and is 

stabilized by the RpsL protein (Carter et al., 2000; Ruusala 
and Kurland, 1984; Wong et al., 2011). The binding of strep-
tomycin to the subunit results in a misreading of mRNA 
codons (Demirci et al., 2013). Consequently, faulty bacterial 
proteins are produced. The resultant alteration in the protein 
molecule may be small and it does not necessarily affect all 
bacterial proteins. Therefore this effect alone may not be 
lethal to bacteria, yet streptomycin and other aminoglyco-
sides are rapidly bactericidal. Numerous hypotheses have 
been put forward to explain this. One likely explanation is 
that streptomycin causes production of abnormal membrane 
proteins that are essential structural components of the bac-
terial cell wall, leading to cell wall failure (Hancock, 1981a; 
Bryan and Kwan, 1983; Davis et al., 1986; Wyka and St John, 
1990).

Mutant strains may occur which are streptomycin depen-
dent, i.e. the ribosomes of such bacteria require streptomycin 
for “normal” protein synthesis (Hancock, 1981b). A muta-
tion in 16S rRNA appears to be associated with streptomycin 
dependence in M. tuberculosis (Honore et al., 1995).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Streptomycin is not absorbed from the gastrointestinal tract 
and it is usually given by deep i.m. injection, but it can be 
given i.v. in the same dosage, in which case each dose is usu-
ally administered as a 30-minute i.v. infusion (Morris and 
Cooper, 1994). Manufacturer information suggests that the 
deep i.m. route of administration is preferred (Perez Tanoira 
et al., 2014). Manufacturer-supplied drug information is 
provided by the US National Library of Medicine (DailyMed, 
2015), which is reproduced in part here: 

Following intramuscular injection of 1 g of streptomycin, 
as the sulfate, a peak serum level of 25 to 50 μg/ml is 
reached within 1 hour, diminishing slowly to about 50% 
after 5 to 6 hours. Appreciable concentrations are found 
in all organ tissues except the brain. Significant amounts 
have been found in pleural fluid and tuberculous cavities. 
Small amounts are excreted in milk, saliva, and sweat. 
Streptomycin is excreted by glomerular filtration. In 
patients with normal kidney function, between 29% and 
89% of a single 600 mg dose is excreted in the urine within 
24 hours. Any reduction of glomerular function results 
in decreased excretion of the drug and concurrent rise in 
serum and tissue levels (DailyMed, 2015).

The usual adult dosage is 1.0 g daily (15 mg/kg/day), given 
either as a once-daily dose or in two divided doses. In patients 
over the age of 59 years, if prolonged treatment is indicated, 
e.g. for tuberculosis, a lower dosage, such as 0.75 g, is recom-
mended to avoid toxicity, even if the patient’s renal function 
appears normal (Blumberg et al., 2003; Zhu et al., 2001). 
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In Madrid, Spain, 27 patients with tuberculosis were treated 
with 31 courses of i.v. streptomycin to avoid injection-related 
pain and to investigate tolerability of i.v. streptomycin. The 
patients were mainly men, about half were HIV positive, and 
the average age was 37 ± 11 years. Patients with pre-existing 
renal failure were excluded. Streptomycin was administered 
i.v. at 15 mg/kg/24 hours in 100 ml of saline over 45–60 min-
utes. Therapeutic drug monitoring was performed 1 hour 
after the end of the infusion and prior to the next dose. Mean 
± SD peak and trough levels of streptomycin were 39.8 ± 21.6 
and 2.0 ± 0.3 µg/ml. The only side effects observed were brief 
oral and circumoral paresthesia in some patients. No renal 
impairment of 7th or 8th nerve-related symptoms occurred. 
Serum levels were in keeping with those previously reported 
with this dose, and in general i.v. streptomycin was well tol-
erated (Perez Tanoira et al., 2014).

Intrathecal streptomycin was once used in a daily adult 
dosage of 25–50 mg to treat tuberculous meningitis. Menin-
geal irritation occurred in a number of patients, and intra-
thecal administration of streptomycin is not recommended 
(Pellegrino et al., 1954). However, there is a case report 
describing a neurosurgical patient with a vancomycin- resistant 
enterococcal shunt infection who was successfully treated 
with systemic antibiotics and intrathecal strepto mycin (Varelas 
et al., 2008). Parenteral (i.m.) streptomycin has been associ-
ated with improved outcomes in patients with tuberculous 
meningitis (Alvarez-Uria et al., 2015)

An HPLC study reported that there may be impurities 
consisting of streptomycin-related molecules in 4.6–16% of 
commercially available streptomycin samples from 12 differ-
ent manufactures. Whether their presence of affects efficacy 
or tolerability is not clear (Holzgrabe et al., 2011).

4b.  Newborn infants and children

A streptomycin dosage of 7.5 mg/kg given every 12 hours 
is satisfactory for most infants (Herngren et al., 1977; Yaffe, 
1965). Preterm infants 1–3 days old excrete approximately 
30% of the administered dose within 12 hours, compared 
with approximately 70% excretion by older children and 
adults (McCracken and Nelson, 1983).

4c.  Pregnant and lactating mothers

Streptomycin incompletely enters the fetal circulation via the 
placenta; simultaneous fetal blood levels are usually at least 
50% of maternal serum concentrations (Conway and Birt, 
1965, Pacifici, 2006). If streptomycin is given in the usual 
dosage for prolonged periods during pregnancy, the fetus 
may suffer ear damage; thus streptomycin is classified as 
pregnancy category D. Only minimal amounts of strepto-
mycin are excreted in breast milk, and aminoglycosides are 
poorly absorbed from the gastrointestinal tract; thus breast-
feeding while on streptomycin does not pose harm to the 
infant (Tran and Montakantikul, 1998)

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Streptomycin accumulates in these patients, so a modified 
dosage depending on streptomycin serum levels is necessary. 
A peak serum level of 40–50 µg/ml attained 1 hour after 
i.m. injection should not be exceeded. Suggested therapeutic 
peak levels are 20–30 µg/ml with a trough < 5 µg/ml. The 
streptomycin half-life in patients with normal renal function 
is 2.4–2.7 hours, but in patients with severe oliguria or anu-
ria, this may be prolonged to 50–100 hours. These patients 
may be treated by using a loading dose of 1 g, followed by 
half this dose every 3–4 days. Patients who have a creatinine 
clearance value of less than 10 ml/minute should be treated 
in the same way as anuric patients. Uremic patients whose 
creatinine clearance is in excess of 10 ml/minute excrete the 
drug more rapidly. For these a loading dose of 1 g followed by 
half this dose every 1 or 2 days is usually satisfactory (Kunin 
and Finland, 1959).

Streptomycin is removed slowly by hemodialysis, and 
this is the treatment of choice for acute streptomycin poison-
ing (Edwards and Whyte, 1959). A safe effective dosage for 
patients undergoing hemodialysis is 10 mg/kg every 5–7 
days (Usuda and Sekine, 1978). During hemodialysis itself, 
the clearance and plasma half-life of streptomycin approach 
those of a normal adult (Akaho et al., 2002).

In one case report, a patient with renal failure and 
Enterococcus faecalis bacteremia was treated successfully with 
penicillin combined with streptomycin at a dose of 7.5 mg/kg 
given after hemodialysis sessions (Young et al., 2011).

Recent guidelines on the treatment of endocarditis sug-
gest that streptomycin should not be used at all in patients 
with a glomerular filtration rate < 50 ml/minute (Baddour et 
al., 2015)

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Streptomycin is not significantly metabolized by hepato-
cytes, and although excretion into bile occurs, this is not 
thought to be a significant elimination pathway. Provided 
renal function is preserved, significant changes in distribu-
tion and half-life or increased toxicity would not be expected 
in patients with isolated liver failure.

ELDERLY PATIENTS

Patients with pre-existing hearing or vestibular dysfunction 
from other causes may be more likely to experience symp-
toms than younger patients and may be less able to compen-
sate. Since past use of streptomycin can lead to permanent 
ototoxicity, subsequent treatment with another aminoglyco-
side may lead to additive toxicity (Maller et al., 1991). Older 
age is associated with increased risk of ototoxicity in some 
(Peloquin et al., 2004) but not all, judging from more recent 
reports (de Jager and van Altena, 2002). For prolonged courses 
of streptomycin, reduced doses are recommended in those 
aged over 59 years (Blumberg et al., 2003).
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5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Streptomycin, like all aminoglycosides, is a highly polar 
cation that strongly influences absorption, distribution, and 
elimination. Oral absorption is negligible, and for the treat-
ment of systemic infections it has to be given intramuscularly 
or intravenously—both routes result in similar serum levels. 
Streptomycin is the only aminoglycoside to bind significantly 
to albumin, with approximately 34% of the drug serum pro-
tein bound (Gordon et al., 1972; Rosenkranz et al., 1978).

5b.  Drug distribution

Streptomycin is rapidly absorbed after i.m. administration, 
and the peak serum level is reached within 1 hour. Doubling 
the dose doubles the serum concentration. A measurable 
level is usually maintained for approximately 12 hours fol-
lowing a 0.5-g dose in an adult, and for up to 24 hours after 
a  1.0-g dose. The mean serum half-life of streptomycin in 
normal adults has been reported as 2.4–2.7 hours (Boxer et 
al., 1949; Kunin and Finland, 1959).

Aminoglycosides in general distribute rapidly into a vol-
ume of distribution equivalent to the extracellular fluid 
 volume. Streptomycin enters ascitic and pleural fluids, and 
inflammation is likely to enhance the rate of transfer. After 
a single i.m. injection, the concentration in these is initially 
much lower than that in the serum, but some 4–6 hours later, 
as the serum level falls, the level in the extravascular fluid 
may equal that found in the serum at the time (Adcock and 
Hettig, 1946). Streptomycin penetrates the walls of tubercu-
lous abscesses and achieves adequate levels even in caseous 
tissues (Fellander et al., 1952).

Streptomycin does not enter the cerebrospinal fluid (CSF) 
except when the meninges are inflamed. The CSF streptomy-
cin concentration is usually much lower than the serum level 
even in patients with acute meningitis (Anderson and Jewell, 
1945; Buggs et al., 1946). Streptomycin enters polymorphs 
and kills phagocytosed bacteria, but its activity against these 
is less than that observed against extracellular bacteria (Utili 
et al., 1991).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

All aminoglycosides exhibit concentration-dependent killing 
and show a marked postantibiotic effect (PAE). As predict-
able toxicity appears to be related to high trough levels rather 
than peak level, toxicity is likely to be reduced if an amino-
glycoside is given as a single daily dose compared with the 
same total dose given three or four times per day. Clinical 
data generally support the benefits of intermittent dosing pre-
dicted from in vitro and animal experiments (Freeman et al., 

1997). According to this principle, streptomycin may also 
be used three times weekly in the continuation phases of 
treatment for tuberculosis and MAC infections. In a clinical 
study, daily streptomycin was compared with three times 
weekly streptomycin (15 mg/kg/day over 5 consecutive days 
vs. 25 mg/kg three times per week, total weekly dose 75 mg/kg 
in both groups) without increase in toxicity (Peloquin et al., 
2004). 

5d.  Excretion

Streptomycin is rapidly excreted by glomerular filtration. In 
patients with normal renal function, most excretion occurs 
during the first 12 hours after i.m. injection, but the amount 
may vary from 40% to 90% of the administered dose in dif-
ferent individuals (Adcock and Hettig, 1946; Buggs et al., 
1946). High concentrations of the active drug are attained in 
urine (e.g. 200–400 µg/ml after an i.m. dose of 0.5 g). Strep-
tomycin is excreted unchanged in the urine.

Small amounts of streptomycin, probably only 1% of the 
total dose, are excreted unchanged in the bile. Streptomycin 
concentrations in bile of 10–20 µg/ml have been recorded 
after the administration of the usual doses.

5e.  Drug interactions

Most reports of important drug interactions relate to the 
newer aminoglycosides rather than streptomycin itself—but 
streptomycin may have similar properties.

Heparin inhibits the activity of aminoglycosides, and 
specimens for aminoglycoside measurement should not be 
collected in heparinized tubes. When heparin is used clini-
cally as an anticoagulant, the amount in the blood does not 
reach levels that affect the aminoglycoside activity (Nilsson 
et al., 1981).

Some extended-spectrum penicillins, such as piperacillin 
and ticarcillin, specifically bind with aminoglycosides and 
they should not be mixed together in the same solution. This 
effect may also limit efficacy in vivo by significantly reducing 
serum levels of the aminoglycoside, particularly in patients 
with renal failure (Thompson, 1969).

Concurrent use of bisphosphonates with aminoglycosides 
has been linked to severe hypocalcemia (Pedersen-Bjergaard 
and Myhre, 1991).

Most drugs known to cause renal impairment or ototoxic-
ity should be used with caution in combination with amino-
glycosides. Examples include amphotericin (Churchill and 
Seely, 1977), carboplatin (Lee et al., 1988), cisplatin (Haas et 
al., 1983), and cyclosporine (Termeer et al., 1986). The com-
bination of gentamicin and vancomycin may potentiate renal 
toxicity (Pauly et al., 1990). Loop diuretics are said to poten-
tiate toxicity of aminoglycosides, but not all published data 
support this association (Smith and Lietman, 1983).

Muscle relaxants, such as pancuronium or succinylcholine, 
must be used with caution in combination with streptomycin, 
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as neuromuscular blockade may be potentiated (Levanen 
and Nordman, 1975). A similar effect may occur in combi-
nation with polypeptide antibiotics, such as capreomycin or 
colistin. There is a case report of hypermagnesemia and gen-
tamicin combining to produce paralysis in a neonate—hence 
caution should be applied if using magnesium salts and ami-
noglycosides together (L’Hommedieu et al., 1983).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Ototoxicity and vestibular toxicity

There is overwhelming evidence that aminoglycoside anti-
biotics cause irreversible damage to the hair cells responsible 
for hearing and balance, both in experimental animals and in 
humans. However there are few reliable estimates of the true 
incidence of this feared side effect. This issue was first noted 
in clinical practice as early as 1945, just 2 years after strepto-
mycin was first isolated from a culture of Streptomyces griseus 
by Albert Schatz (Brummett and Fox, 1989). In general, audi-
ologically detectable changes in hearing are more common 
following aminoglycoside exposure than patient-reported 
deafness. This may be explained by initial loss of high- 
frequency function before the lower frequencies necessary 
for comprehending human speech are affected (Brummett 
and Fox, 1989). Vestibular disturbance with vertigo rather 
than deafness is said to be the most serious side effect of 
streptomycin (Cawthorne and Ranger, 1957; Mattie et al., 
1989), but deafness can also occur (Assael et al., 1982). 

Polymorphisms in the human 12S ribosomal RNA gene 
(A1555G or C1494U) increase the risk of aminoglycoside- 
related hearing loss (Hobbie et al., 2008; Prezant et al., 1993; 
Zhao et al., 2004). The background carriage rate of these 
polymorphisms in the general population is not known, but 
A1555G may be linked to 15% of aminoglycoside-related 
deafness in the United States (Fischel-Ghodsian et al., 1997). 
In a population-based study in Argentina, A1555G was not 
identified at all in a survey of 1042 healthy individuals 
(Gravina et al., 2007). Patients with a maternal side family 
history of aminoglycoside related oto- or vestibular toxicity 
may carry one of these mitochondrial alleles, although their 
presence does not explain all cases of aminoglycoside related 
hearing loss. If streptomycin use is required and there is a 
positive family history, genetic screening should be consid-
ered where available.

Streptomycin is traditionally regarded as the most oto-
toxic of the aminoglycosides, but when compared directly 
with amikacin or kanamycin for the treatment of tuberculo-
sis or complicated nontuberculous mycobacterial infections, 
it may be the least ototoxic of these three (Peloquin et al., 
2004). Peloquin et al concluded that, all else being equal, 
streptomycin may be the drug of choice in this setting, as, 
although renal impairment was more likely, this was less 
troublesome for patients and likely to be reversible, whereas 
hearing loss was not. In this study, 6 of 32 patients who 
received streptomycin developed ≥ 20 dB of hearing loss in 

one frequency range or ≥ 15 dB in two adjacent ranges (19%). 
Predictors of ototoxicity (for all three aminoglycosides consid-
ered together) were older patient age, longer treatment dura-
tion, and larger total dose. Hearing loss occurred a median of 
9 weeks into treatment, and the most serious effects were in 
the upper frequencies (> 2000 Hz). However, neither serum 
drug levels nor prior aminoglycoside use were predictive. 
Compared with amikacin, streptomycin was significantly 
less ototoxic (odds ratio: 0.25; 95% confidence interval [CI]: 
0.07–0.89%). In the same study, 3 of 32 patients (10%) receiv-
ing streptomycin developed objective vestibular impairment, 
but subjective balance disturbances were more common. In a 
similar retrospective Dutch study of patients being treated 
for tuberculosis (only seven with streptomycin), it was con-
cluded that age, total dose, duration of therapy, or initial 
renal function did not predict ototoxicity (de Jager and van 
Altena, 2002).

Streptomycin was a key agent for the treatment of M. ulcer-
ans infection (Buruli ulcer) in Africa after 2004 (Etuaful et al., 
2005; Vouking et al., 2013). It was generally given as a single 
daily i.m. dose combined with oral rifampicin for a total of 
56 days. Follow-up 4–6 years after treatment of patients in 
the BURILICO clinical trial found that 29% of adults and 
25% of children had persistent detectable upper frequency 
hearing loss, although this was not necessarily clinically 
apparent. In contrast, while nephrotoxicity was detected 
during the study in 14% of adults and in 13% of children, it 
only persisted in 2.4% of patients. The authors suggest that 
even short course streptomycin be used with caution, partic-
ularly in those aged > 16 years (Klis et al., 2014).

Conway and Birt (1965) examined 17 children aged 6–13 
years whose mothers had received streptomycin during preg-
nancy. None of these children had any obvious disability, but 
detailed examination revealed minor abnormalities of eighth 
nerve function in eight; abnormalities in caloric tests were 
present in six, and in the audiograms in four. Such children 
may be more liable to ototoxicity if they receive streptomycin 
or related drugs subsequently.

6b.  Nephrotoxicity

Aminoglycosides are nephrotoxic because about 5% of the 
dose is retained in the epithelial cells of the proximal tubules 
after passing through the glomerulus. Drug accumulation 
leads to tubular necrosis for reasons that are still not pre-
cisely determined. Progressive nonoliguric renal failure fol-
lows which is generally reversible, unlike oto- and vestibular 
toxicity. Once-daily dosing of aminoglycosides is protective 
compared with multidosing, but other renal protective inter-
ventions remain experimental at present (Mingeot-Leclercq 
and Tulkens, 1999). 

In animals, streptomycin is said to be the least nephro-
toxic of the aminoglycoside antibiotics (Luft et al., 1978). 
Nevertheless, monitoring of renal function in all patients 
receiving streptomycin is advisable to detect deterioration or 
renal function, as this may lead to accumulation of the drug 
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and ototoxicity. In the study discussed above, 6 of 32 patients 
receiving streptomycin developed reversible renal failure, and 
streptomycin appeared more likely to produce this side effect 
than kanamycin or amikacin (Peloquin et al., 2004).

6c.  Hypersensitivity and cutaneous 
reactions

The most common manifestations are rash and fever. The 
rash is usually morbilliform or urticarial, but occasionally 
severe or even fatal exfoliative dermatitis may develop. The 
incidence of cutaneous reaction to streptomycin during the 
treatment of tuberculosis has recently been estimated at 
1.5% of 820 patients and appears to be restricted to the first 
2  months of treatment (Tan et al., 2007). Stevens–Johnson 
syndrome caused by streptomycin has been reported (Sarkar 
et al., 1982). Other features include joint pains, lymphade-
nopathy, or possibly hepatitis (Thompson, 1969). Anaphy-
laxis is rare. In most patients, allergic manifestations subside 
when streptomycin is stopped, but treatment with corticoste-
roids may be required for severe reactions. Desensitization to 
streptomycin can be attempted, but unless major resistance 
is encountered it is simpler to replace streptomycin with a 
different drug (e.g. ethambutol). Eric Blair (nom de plume 
George Orwell) wrote about the serious cutaneous reactions 
he suffered while being treated with streptomycin for tuber-
culosis (Bastian, 2006).

6d.  Neurotoxicity

Streptomycin may produce flaccid paralysis directly in experi-
mental animals (Brazil and Corrado, 1957). Streptomycin 
and other aminoglycosides can interfere with neuromuscu-
lar transmission and thereby cause postoperative respiratory 
depression, a drug-induced myasthenic syndrome, or unmask-
ing or aggravation of myasthenia gravis. Aminoglycosides 
cause a combined presynaptic and postsynaptic block that 
results from interference with calcium ion fluxes at the nerve 
terminal (Argov and Mastaglia, 1979; Levanen and Nordman, 
1975). In the past, large amounts of streptomycin (up to 5 g 
in adults) were sometimes introduced into the peritoneal cav-
ity during surgery and could be absorbed from the inflamed 
peritoneum, causing neuromuscular blockade (McQuillen et 
al., 1968), which may respond to administration of calcium 
(Levanen and Nordman, 1975). Some patients develop circu-
moral paresthesiae and others rarely develop a temporary 
lack of mental concentration after streptomycin injections.

6e.  Hematologic side effects

Agranulocytosis and aplastic anemia have been reported 
rarely following streptomycin therapy (Moyer and Womack, 
1949). A bleeding disorder due to the development of a 
transient factor V inhibitor, possibly related to streptomycin 
treatment, has been described (Feinstein et al., 1973).

7. CLINICAL USES OF THE DRUG

7a.  Tuberculosis

Initial therapy for tuberculosis generally consists of an inten-
sive phase with four drugs (e.g. isoniazid, rifampicin, etham-
butol, and pyrazinamide) followed by a continuation phase 
with two drugs for a further 4 months (usually isoniazid and 
rifampicin). Ethambutol has been shown to be equivalent to 
streptomycin in these protocols and has generally replaced 
streptomycin in the intensive phase of treatment (Anony-
mous, 1981; Anony mous, 1982; Anony mous, 1987). In cur-
rent North American guidelines, streptomycin is now reserved 
as a second-line drug for demonstrated first-line drug resis-
tance or intolerance (Blumberg et al., 2003). Other authori-
ties continue to consider streptomycin as an alternative to 
ethambutol, but the risk of streptomycin resistance should 
be kept in mind. Globally in the period 1994–2007, primary 
streptomycin resistance was reported in 10% of cases and 
28% of previously treated cases (WHO/IUATLD, 2008). Strep-
tomycin resistance is closely linked epidemiologically with 
isoniazid resistance, even though the resistance mechanisms 
are distinct; hence streptomycin should not be used unless 
susceptibility is demonstrated in regions with increased prev-
alence of isoniazid resistance.

Some clinicians recommend adding streptomycin as an 
additional drug for life-threatening miliary tuberculosis or 
very extensive cavitary pulmonary disease, as it rapidly kills 
extracellular mycobacteria (Fox et al., 1999; Jindani et al., 
2003).

Streptomycin for tuberculosis is usually prescribed in a 
dose of 15 mg/kg/day up to 1 g/day as a single dose for 5–7 
days per week, and then reduced to three times weekly after 
the first 2–4 months. Most authorities recommend reducing 
the dose to 10 mg/kg (maximum 750 mg) for the elderly 
(aged > 59 years) (Blumberg et al., 2003). Great care should 
be taken in patients with renal impairment and the dose 
reduced to two to three times weekly in the initial phase, and 
drug levels monitored carefully.

In children < 15 years of age or weighing < 40 kg, the rec-
ommended i.v. or i.m. dose is 20–40 mg/kg/day up to a total 
of 1 g 5–7 days a week for the first 2–4 months or until cul-
ture conversion, and can then be reduced to 15 mg/kg/day 
three times per week in the continuation phase.

In patients with various mycobacterial infections, three-
times-weekly regimens using a higher dose per day but the 
same total dose per week (25 mg/kg three times per week vs. 
15 mg/kg/day for 5 days a week) did not increase toxicity 
(Peloquin et al., 2004).

In Peru, 48 patients with XDR-TB were managed with 
intensive therapy receiving an average of 5 drugs at the high-
est doses that could be tolerated for up to 2 years. Twenty-
nine (60%) completed treatment or were cured compared 
with 66% for MDR-TB in the same center. Regimens included 
cycloserine, a quinolone, and an injectable agent, the latter 
for a median of 15 months. Capreomycin was the most 
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frequently prescribed injectable but streptomycin was 
another alternative and was prescribed if sensitivity had 
been demonstrated (7H10 media, proportion method, criti-
cal concentration 10 µg/ml) (Mitnick et al., 2008).

In an observational study performed in rural India of 
228 patients with HIV and tuberculous meningitis, the group 
that received streptomycin 750 mg i.m. for 2 months plus 
intensified therapy including levofloxacin, ethionamide, pyr-
azinamide, and double dosing of rifampicin and isoniazid 
had lower mortality than the groups that received either 
standard tuberculosis therapy or intensified therapy alone 
(Alvarez-Uria et al., 2015). Only patients with a prior history 
of tuberculosis received streptomycin, and these patients were 
also more likely to be receiving antiretroviral therapy than 
the standard or intensified therapy-only groups (56.3% vs. 
32.9% vs. 25.2%). After adjustment for this and other poten-
tial confounders, the mortality benefit remained, although 
given the non-randomized nature of the study the observed 
benefit may not be due to streptomycin alone. 

Streptomycin every third day in combination with oral 
paraaminosalicylic acid (PAS) has been used to successfully 
treat moderate to advanced pulmonary, non-miliary tuber-
culosis (Hughes et al., 1952).

7b.  Nontuberculous mycobacterial 
infections

PULMONARY MYCOBACTERIUM AVIUM COMPLEX 
INFECTIONS

Streptomycin is considered a valuable reserve drug for the 
treatment of several nontuberculous mycobacterial infec-
tions. The addition of streptomycin 15 mg/kg three times per 
week for the first 3 months to a combination of oral rifampi-
cin, ethambutol, and clarithromycin enhanced the sputum 
conversion rate in a randomized study of non–HIV-related 
pulmonary MAC infection in Japan (Kobashi and Matsu-
shima, 2007). However, the long-term advantage of adding 
an injectable agent (streptomycin or amikacin) to the stan-
dard three-drug oral therapy remains unresolved. Currently, 
American Thoracic Society (ATS) guidelines recommend 
consideration of streptomycin therapy in combination with 
other active agents for severe fibrocavitary or nodular/bron-
chiectatic pulmonary disease and for macrolide-resistant 
MAC (Griffith et al., 2007). Dosing recommendations vary, 
but in general streptomycin is given for the initial 2 months 
at a dose of 15 mg/kg/day for 5–7 days or 25 mg/kg 3 days 
per week. However, as many of these infections occur in 
older patients, doses of 10 mg/kg three times per week with 
a daily maximum dose of 500–750 mg for those over 59 years 
may be preferred.

MYCOBACTERIUM KANSASII INFECTIONS

Streptomycin is effective against most clinical isolates of 
M. kansasii, even though initial testing may suggest low-level 
resistance (streptomycin MIC > 2 μg/ml). Adding strepto-
mycin 1 g twice weekly for the first 3 months may reduce 
relapse at 12 months (Ahn et al., 1983). Streptomycin is 

recommended in combination for rifampicin-resistant M. 
kansasii infections: daily or five times weekly for 2–3 months, 
then intermittent therapy until 6 months (Wallace et al., 1994).

MYCOBACTERIUM ULCERANS INFECTION (BURULI 
ULCER)

Buruli ulcer is a potentially devastating disease of the skin 
and soft tissue that is caused by the toxin-producing environ-
mental pathogen M. ulcerans (Johnson et al., 2005). Despite 
sensitivity of M. ulcerans in vitro, clinical cases of Buruli 
ulcer did not appear to respond to antibiotics in early trials 
(Espey et al., 2002; Revill et al., 1973), leading to the abandon-
ment of antibiotics and the practice of wide surgical excision 
followed by skin grafting. However, the cost and unavail-
ability of surgery in emerging African endemic regions and 
relapse despite surgery in up to 16% of patients (Amofah et 
al., 1998; Kibadi, 2006) stimulated a review of the efficacy of 
antibiotics. Based initially on promising results from mouse 
footpad models, rifampicin and streptomycin for 8 weeks 
was introduced in a pilot study in Ghana (Etuaful et al., 
2005). This study demonstrated that early Buruli nodules 
in humans could be sterilized with this combination. From 
2004, rifampicin together with streptomycin has been pro-
gressively introduced in endemic African countries accord-
ing to a protocol developed by the World Health Organization 
(WHO, 2004). A case series since has demonstrated the effi-
cacy of this approach, with reduced relapse rates and some 
patients avoiding surgery altogether (Chauty et al., 2007). 
The great majority of patients with Buruli ulcer in Africa are 
children, and the tolerability of this regimen to date was 
thought to have been excellent. However, up to 25% of par-
ticipants in clinical trials for Buruli ulcer who were exposed 
to streptomycin had persistent hearing loss more than 5 years 
after treatment (Klis et al., 2014).

A prospective randomized study comparing rifampicin 
and streptomycin for 8 weeks with rifampicin and strepto-
mycin for 4 weeks followed by rifampicin and clarithromycin 
for 4 weeks has demonstrated equivalent efficacy of this 
partly oral regimen. (Nienhuis et al., 2010). Currently, the 
combination of oral rifampicin 10 mg/kg body weight by 
mouth daily for 8 weeks combined with i.m. streptomycin 
15 mg/kg body weight by intramuscular injection daily for 
8  weeks (56 doses) is first-line therapy for Buruli ulcer in 
most endemic regions (WHO, 2004). In Australia, all-oral 
regimens without the use of streptomycin are preferred 
(Johnson et al., 2007; O’Brien et al., 2014). At a WHO 
Technical Advisory Group meeting on Buruli ulcer, held in 
Geneva in March 2017, it was agreed that the all-oral combi-
nation of rifampicin plus clarithromycin for 8 weeks would 
replace rifampicin plus streptomycin for the management of 
Buruli ulcer. A randomized trial comparing these regimens 
has completed enrollment. The preliminary analysis supports 
this protocol change (author personal communication).

7c.  Brucellosis

The most effective treatment for adults with brucellosis is 
still regarded as being streptomycin (1 g daily) for the first 
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14–21 days, combined with an oral tetracycline (e.g. doxy-
cycline 100 mg orally twice daily) for 6 weeks (Ariza et al., 
2007). Gentamicin is probably equivalent to streptomycin 
in this regard, and as the recommended treatment course of 
gentamicin (5–14 days) is shorter than for streptomycin 
(14–21 days), it has been suggested that gentamicin should be 
preferred (Ariza et al., 2007). A meta-analysis has reported 
that a triple combination of gentamicin (14 days) plus tetra-
cycline (6 weeks) plus rifampicin (6 weeks) may be the ideal 
first-line treatment, but doxycycline–streptomycin (14 days) 
and doxycycline–gentamicin (14 days) remain alternative 
first-line recommendations. An all-oral regimen with tetra-
cycline–rifampicin for 6 weeks has also been widely used, 
but is slightly inferior. It was also noted that combination 
regimens which include an aminoglycoside are superior to 
quinolone combinations or monotherapy with any agent 
(Skalsky et al., 2008). A recent Cochrane review restricted to 
adults and not including patients with spondylitis or neuro-
brucellosis has suggested that streptomycin plus doxycy-
cline is probably superior to rifampicin plus doxycycline as 
assessed by relapse rates, but a comparison of regimen tol-
erability was not presented. Gentamicin plus doxycycline 
may be slightly better than streptomycin plus doxycycline 
(Yousefi- Nooraie et al., 2012). However, success rates with all 
these regimens were high, meaning drug availability, cost, 
tolerability, and ease of administration may be more impor-
tant considerations than absolute efficacy. 

Neurobrucellosis occurs in about 5% of cases, and most 
clinicians then replace streptomycin (or gentamicin) with 
prolonged courses of ceftriaxone combined with oral rifam-
picn, doxycycline, and/or trimethoprim–sulfamethoxazole 
(Bodur et al., 2004; Gul et al., 2008; Pappas et al., 2007).

In children, oral regimens that do not include streptomy-
cin are often recommended, e.g. trimethoprim–sulfamethox-
azole combined with rifampicin (Khuri-Bulos et al., 1993).

In Iran, 164 patients older than 10 years randomly received 
5 mg/kg gentamicin once daily for 5 days plus 100 mg of 
doxycycline twice daily for 8 weeks, or 1 g of streptomycin 
intramuscularly for 2 weeks plus the same dose of doxycy-
cline for 45 days for the treatment of brucellosis that was 
defined by clinical features plus serology. Blood cultures 
were positive in about half of the enrolled patients. Outcomes 
were cure and relapse rates. Treatment success was 95.7% 
(158/164) overall and relapse occurred in 4.3% (7/164). 
Gentamicin plus doxycycline was found to be non-inferior 
compared with streptomycin plus doxycycline. The reduced 
exposure to aminoglycosides (5 days vs. 2 weeks) and likely 
equivalent efficacy of the comparator arm suggests gentami-
cin may be preferred to streptomycin for human brucellosis 
(Roushan et al., 2010).

7d.  Bacterial endocarditis

Streptomycin combined with either penicillin G or ampi-
cillin, or vancomycin if penicillin was contraindicated, was 
considered for many years as the treatment of choice for 
enterococcal endocarditis (Westenfelder et al., 1973). Genta - 
micin has largely replaced streptomycin in this role owing 

to the ease and availability of monitoring and a perception 
of reduced toxicity. However, due to the spread of high-level 
gentamicin resistance in enterococci and the possibility that 
susceptibility to streptomycin may be preserved, cell wall–
active agents combined with streptomycin remain an option 
(Bhattacharya and Warren, 1993; Henry et al., 1986). For 
enterococcal infections in which synergistic killing is 
believed to be required to achieve optimal outcomes, partic-
ularly endocarditis, the isolate should be tested for high-level 
resistance to both gentamicin and streptomycin. Strains 
susceptible to synergistic killing are identified by in vitro 
screening for high-level resistance (usually < 500 µg /ml for 
gentamicin; < 1000 µg /ml for streptomycin) (Eliopoulos and 
Eliopoulos, 1990; Ruhen and Darrell, 1973).

North American guidelines recommend that streptomy-
cin be given at a dose of 15 mg/kg/day in two divided doses 
for 4–6 weeks. It is not clear whether dividing the dose is 
essential, and gentamicin for synergy is now given as a single 
daily dose in most protocols. In cases where enterococcal 
isolates exhibit high-level gentamicin but not streptomycin 
resistance, successful outcomes have been reported with 
strep tomycin given instead of gentamicin in combination 
regimens (Eliopoulos, 1993; Eliopoulos and Eliopoulos, 1990; 
Kaye, 1980; Watanakunakorn, 1992; Westenfelder et al., 1973; 
Wurtz et al., 1991), and in this role the two drugs may be 
considered equivalent (Baddour et al., 2015; Mandell et al., 
1970). However, increasingly clinicians prefer double beta- 
lactam therapy with ampicillin and ceftriaxone rather than 
streptomycin in cases of gentamicin-resistant enterococcal 
endocarditis or in patients at risk for renal dysfunction due 
to aminoglycosides. This practice is also supported in recent 
AHA/IDSA guidelines (Baddour et al., 2015).

Several antibiotic regimens are effective for the treatment 
of endocarditis caused by viridans group streptococci. In 
one, a penicillin G–streptomycin combination is used for 
only 2 weeks, and in another this combination treatment is 
followed by 2 more weeks of penicillin G alone. Alternatively, 
penicillin G alone can be used for 4–6 weeks. All these regi-
mens are effective clinically (Tuazon et al., 1986). Penicillin 
G and streptomycin are synergistic against most penicillin 
G–sensitive S. viridans strains, both in vitro and in animal 
endocarditis (Sande and Irvin, 1974).

7e.  Plague

Streptomycin has been the preferred drug for the treatment 
of plague based on experience and several nonrandomized 
trials (Karamchandi and Rao, 1948; Meyer, 1950; Wagle, 
1948) and case series (Butler, 1972; Butler et al., 1974; Butler 
et al., 1976; Butler, 1972; Butler et al., 1974; Butler et al., 
1976). For plague, streptomycin is given i.m. or i.v. in a dos-
age of 30 mg/kg/day in two divided doses to a maximum of 
1 g per dose for 10–14 days (usually 10 days). 

A randomized study of either gentamicin 2.5 mg/kg 
12-hourly for 7 days or doxycycline 100 mg 12 hours orally for 
the same period has established that both these antibiotics are 
also effective and equivalent for plague (Mwengee et al., 2006). 
Streptomycin is no longer used for the treatment of plague in 
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most countries and has been largely replaced with gentamicin 
(Butler, 2009). Ciprofloxacin is also effective and is recom-
mended as an alternative to streptomycin (Bossi et al., 2004).

A case of streptomycin-resistant human plague has been 
reported in Madagascar. The isolate was also resistant to a 
wide range of other antibiotics but remained susceptible 
to cephalosporins, aminoglycosides (except streptomycin), 
quino lones, and trimethoprim (Galimand et al., 1997; 
Guiyoule et al., 2001; Welch et al., 2007). This and one other 
case remain the only streptomycin-resistant clinical isolates 
of Yersina pestis reported to date (Welch et al., 2007).

7f.  Tularemia

Streptomycin is still considered the treatment of choice for 
tularemia, with an observed cure rate of 97% (Enderlin et al., 
1994). Other effective drugs include gentamicin, chloram-
phenicol, and tetracyclines. Limited data suggest that fluoro-
quinolones, such as ciprofloxacin, may be effective but have a 
higher relapse rate; beta-lactams, such as ceftriaxone, appear 
to be ineffective (Limaye and Hooper, 1999). In adults, one 
recommended regimen is streptomycin 10 mg/kg i.m. every 
12 hours for 7–10 days, and in children 30 mg/kg/day i.m. in 
two divided doses for 7 days (Everett, 2008).

7g.  Sexually transmitted diseases

Streptomycin may be effective for the treatment of chancroid 
(Willcox, 1977) and has been proposed as a single-dose 
treatment in combination with ceftriaxone based on the 
demonstration of synergy in an animal model (Roy-Leon et 
al., 2005). Because of the high prevalence of streptomycin- 
resistant gonococcal strains in many parts of the world, 
streptomycin is no longer recommended for the treatment of 
gonorrhea. Streptomycin is effective for nonspecific urethri-
tis caused by Ureaplasma urealyticum but not for that caused 
by Chlamydia trachomatis (Bowie et al., 1976).

7h.  Ménière’s disease

Streptomycin is thought to be less ototoxic than it is vestib-
ulotoxic, and streptomycin injection has been used thera-
peutically to control the vertiginous symptoms of Menière’s 
disease, via either intramuscular (Graham, 1997) or intra-
tympanic injection (Jung et al., 2008; Kim et al., 2012; Shea 
et al., 2012).

7i.  Post-herpetic neuralgia

Streptomycin mixed with 2% lidocaine and injected weekly 
for up to 6 weeks into skin near involved peripheral nerves 
has produced long-term remission in three patients with 
refractory post-herpetic neuralgia (Waghray et al., 2013). 
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para-Aminosalicylic Acid (PAS)

Yusuke Minato and Anthony D. Baughn

1. DESCRIPTION

para-Aminosalicylic acid (PAS) is one of the oldest anti-
tubercular drugs, and first entered clinical use in 1944 
(Lehmann, 1946). PAS (chemical structure shown in Figure 
131.1), a structural analog of the folate precursor para- 
aminobenzoic acid (PABA), is a prodrug that is activated 
within the Mycobacterium tuberculosis folate biosynthetic 
pathway and ultimately inhibits dihydrofolate reductase 
(DHFR) (Chakraborty et al., 2013; Zheng et al., 2013; 
reviewed in Minato et al. 2015). Early multidrug therapy reg-
imens including combinations of PAS, streptomycin, and 
isoniazid resulted in a significant increase in tuberculosis 
(TB) cure rates relative to mono- and dual therapy regimens 
(reviewed in Fox, 1979). Until the mid-1960s PAS was a stan-
dard component of the first-line multidrug regimen for the 
treatment of TB. However, PAS treatment was commonly 
associated with gastrointestinal disturbance and other severe 
adverse reactions, and was replaced with a better-tolerated 
companion agent, ethambutol (Ferebee et al., 1966). A sub-
sequently developed gastroresistant delayed-release granule 
formulation of the free base of PAS (GR-PAS or Paser) has 
shown significantly reduced gastrointestinal disturbance 
(Peloquin et al., 1994; Peloquin et al., 1999). In response to 
the recent global spread of multidrug-resistant (MDR; resis-
tant to isoniazid and rifampin) and extensively drug-resistant 
(XDR; resistant to isoniazid, rifampin, fluoroquinolones, and 
any second-line injectable drug) strains of M. tuberculosis, 
PAS has re-entered antitubercular drug regimens as an 
important second-line agent (Donald and Diacon, 2015).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

MYCOBACTERIUM TUBERCULOSIS

PAS is considered to be bacteriostatic against M. tuberculo-
sis. Minimum inhibitory concentrations (MICs) of PAS for 
susceptible strains of M. tuberculosis vary depending upon 
the methodology used for drug-susceptibility testing, and 
typically range from ≤ 1 µg/ml to 8.0 µg/ml (Barrera et al., 
2008). Due to a lack of consensus on a standardized drug- 
susceptibility testing methodology for PAS, the World Health 
Organization does not currently recommend routine PAS 
susceptibility testing (Barrera et al., 2008). However, a recent 
multicenter study focused on standardization of second-line 
drug-susceptibility testing reported a high rate of intra- and 
inter-laboratory reproducibility in PAS susceptibility when 
using the Bactec MGIT 960 system with a critical concentra-
tion 4 µg/ml (Sharma et al., 2011).

Nontuberculous mycobacteria are typically resistant to 
> 256 µg/ml PAS (Li et al., 2013; Kuze et al., 1981; Wang et 
al., 2014). 

2b.  Emerging resistance and 
cross-resistance

PAS resistance in clinical isolates of M. tuberculosis varies 
and is most relevant in the context of MDR- and XDR-TB. In 
a recent study of M. tuberculosis MDR clinical isolates col-
lected between 2006 and 2011 in China, 11% (28 of 246) 
were found to be resistant to PAS (Huang et al., 2014). In a 
study of MDR isolates from Peru, 19% (18 of 94) of strains 
were PAS resistant (Fitzwater et al., 2013). In the Nether-
lands, 5% (7 of 153) of M. tuberculosis MDR isolates collected 
from 1993 to 2007 were found to be PAS resistant (van Ingen 
et al., 2008). Similarly, in a European multicenter study, 8% 
(11 of 139) MDR-TB isolates were found to be PAS resistant 
(Cambau et al., 2015). In a cohort of Tibetan refugees with 
MDR-TB from 2010 to 2011, the rate of PAS resistance (4%) Figure 131.1. Structure of para-aminosalicylic acid.
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was similar in patients who had previously been treated for 
TB infection (4 of 28) versus those who had never received 
treatment (4 of 23) (Salvo et al., 2014). In a study of M. tuber-
culosis MDR and XDR isolates from Thailand, 15% (189 of 
1267) of MDR and 81% (47 of 58) of XDR were found to be 
PAS resistant (Chaiprasert et al., 2014). 

PAS resistance is not associated with cross-resistance to 
any other drug that is currently recommended for treatment 
of tuberculosis. 

The majority of PAS resistance in clinical isolates of M. 
tuberculosis is associated with mutations in three genes with 
distinct roles in folate metabolism, folC, thyA, and ribD 
(Rengarajan et al., 2004; Zhang et al., 2007; Mathys et al., 
2009; Zheng et al., 2013; Zhao et al., 2014; Zhang et al., 2015). 
A recent study from northern China reported that mutations 
in one or more of these loci could account for PAS resistance 
in 61% of clinical isolates (Zhang et al., 2015). In this study 
of 208 PAS resistant strains, 35% showed mis-sense muta-
tions in folC, 26% showed putative loss-of-function muta-
tions in thyA, and 6% showed mutations associated with 
ribD (Zhang et al., 2015). In M. tuberculosis, folC encodes an 
essential dihydrofolate synthase (DHFS) that is required for 
conversion of PAS to its active form, hydroxydihydrofolate 
(Chakraborty et al., 2013; Zheng et al., 2013). folC-linked 
resistance involves alterations in DHFS that drastically 
reduce activation of PAS to hydroxydihydrofolate yet pre-
serve its ability to synthesize sufficient levels of the essential 
folate species dihydrofolate (Zheng et al., 2013; Zhao et al., 
2014). thyA encodes one of two thymidylate synthases (TS) 
in M. tuberculosis (Fivian-Hughes et al., 2009). TS catalyzes 
the folate-dependent conversion of dUMP to dTMP, an 
essential precursor for DNA synthesis. As part of its catalytic 
cycle, ThyA oxidizes its folate cofactor, which must be sub-
sequently reduced by DHFR to maintain folate-dependent 
metabolism. In M. tuberculosis, mutations resulting in loss of 
ThyA function can be tolerated due to the presence of the 
alternate TS, ThyX. As ThyX does not oxidize its folate cofac-
tor as a part of its catalytic cycle, use of ThyX in lieu of ThyA 
is thought to confer PAS resistance by lowering the catalytic 
demand on DHFR (Minato et al., 2015). In M. tuberculosis, 
the physiological role of ribD has yet to be determined. 
However, a study of novel PAS resistance mechanisms in M. 
tuberculosis demonstrated that when RibD is over- expressed 
due to promoter-up mutations, this oxidoreductase can 
functionally replace DHFR (Zheng et al., 2013). While these 
three mechanisms account for the majority of PAS resistance 
in M. tuberculosis, a significant proportion of resistance alleles 
have yet to be identified.

3. MECHANISM OF DRUG ACTION

Despite the long history of PAS usage, its mechanism of 
action has only recently been resolved. PAS was identified in 
a structure-based screen for antitubercular agents (Lehmann, 
1946) following the observation that salicylic acid could 
stimulate oxygen uptake in M. tuberculosis (Bernheim, 
1940). Subsequently, it was found that PAS activity could be 

antagonized by supplementation with methionine or PABA 
(Youmans et al., 1947; Hedgecock, 1956; Hedgecock, 1958). 
As the antimicrobial activity of 4-aminobenzene sulfon-
amides was known to be antagonized by methionine and 
PABA, it was thought that PAS might act by the same mech-
anism as this group of compounds. However, it was found 
that while sulfonamides potently inhibit dihydropteroate 
synthase (DHPS), PAS does not inhibit this enzyme to a 
degree consistent with its antitubercular action (Noppon-
punth et al., 1999). Indeed, it has been demonstrated that PAS 
is a competent substrate for DHPS, the product of which 
could be further processed by DHFS to form a hydroxylated 
analog of dihydrofolate (Chakraborty et al., 2013). This bio-
activation of PAS was shown to be consistent with a broad 
disruption of folate-dependent metabolism (Chakraborty et 
al., 2013), and is likely the result of inhibition of DHFR by 
hydroxydihydrofolate (Zheng et al., 2013). Consistent with 
this model for DHFR as the ultimate target of activated PAS, 
artificial over-expression of DHFR has been shown to con-
fer PAS resistance in laboratory isolates of M. tuberculosis 
(Zheng et al., 2013).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

ORAL ADMINISTRATION

PAS is most frequently administered orally. GR-PAS, a for-
mulation designed for delayed release of the drug from small 
granules, is used in the USA, Europe, and many other coun-
tries. For administration of GR-PAS, granules are suspended 
in an acidic food or beverage immediately before consump-
tion. Acidity of food or beverage used for suspension is 
important for maintaining stability of the PAS granules. The 
most common adult dosage used for GR-PAS is 4 g two or 
three times daily (Kibleur et al., 2014). Sodium and calcium 
salts of PAS are also available in some regions. The total 
daily adult dose used for the sodium or calcium salt of PAS 
is typically 10 g administered as a single dose or in two 
divided doses. 

INTRAVENOUS ADMINISTRATION

The intravenous (i.v.) route of administration is rarely used, 
but can circumvent the development of gastrointestinal dis-
turbance when treatment options are limited. A daily dose 
of 15 g dissolved in 500 ml, infused over 2–4 hours has been 
described (Sattler, 1962). Common adverse reactions to i.v. 
PAS include thrombophlebitis and hypersensitivity reaction 
(Sattler, 1962).

4b.  Newborn infants and children

The dosage for children is 150 mg/kg body weight, up to 12 g 
daily, and can be given as a single dose or divided in two 
doses (Liwa et al., 2013).
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4c.  Pregnant and lactating mothers

PAS is rated category C for pregnancy. The safety of PAS use 
during pregnancy has not been thoroughly evaluated. In a 
study of two women administered PAS, a 4-gram dose of oral 
PAS was associated with a maximum breast milk concentra-
tion of 1.1 mg/l at 3 hours compared to maximum plasma 
concentration of 70.1 mg/l, and a 1-gram dose of oral PAS 
was associated with a maximum breast milk concentration 
of 1.5 mg/l at 3 hours compared to a maximum plasma con-
centration of 44.0 mg/l (Holdiness, 1984). As the breast 
milk concentration was far below the therapeutic range, the 
author suggests that administration of PAS is likely safe in 
lactating mothers. 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

If PAS must be used in patients with renal failure, dosage 
reduction will be necessary (Kovnat et al., 1973). However, 
PAS should be avoided in these patients because it might 
aggravate uremic gastrointestinal symptoms and acidosis 
(Cheigh, 1977). In end-stage renal disease the serum half-life 
of PAS is extended to 23 hours. Significant amounts of PAS 
are removed by hemodialysis (Bennett et al., 1977).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

PAS is well absorbed from the gastrointestinal tract. In adults, 
after an oral dose of 4 g, a peak serum level of 7–8 µg/ml is 
reached in 1–2 hours (Way et al., 1948). Thereafter the serum 
level falls, and after 6 hours it is less than 1 µg/ml, the serum 
half-life being 0.75 hours. With administration of delayed 
release GR-PAS, adults receiving 4 g twice per day and in 
children receiving a single dose of 150 mg/kg, serum levels 
peak at 40 µg/ml 6 hours post treatment and fall to 20 µg/ml 
after an additional 6 hours (Liwa et al., 2013). The serum 
protein binding of PAS is 60–70% (Bennett et al., 1977). 
Peloquin et al. (2001) assessed the pharmacokinetics of a 
single dose of PAS granules (6 g) under four dosing condi-
tions (fasting, with high-fat meal, with orange juice, and with 
antacids), combined with cycloserine, clofazimine, ethion-
amide, and pyridoxine. Food significantly enhanced the 
absorption of PAS, while orange juice and antacids had 
minor effects (Peloquin et al., 2001).

5b.  Drug distribution

After absorption, PAS is well distributed to various body 
fluids and tissues, but it does not penetrate into the cerebro-
spinal fluid (CSF) of patients with uninflamed meninges. 
Studies in animals have shown that PAS penetrates readily 
into caseous tissue (Robson and Sullivan, 1963).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Frequent dosing with PAS is necessary to maintain suffi-
ciently bacteriostatic concentrations (>1 µg/ml), as PAS lack 
a measurable postantibiotic effect (Peloquin et al., 1999). 
Recommended dosing of 8–12 g per day has been shown to 
be adequate to maintain sufficient PAS exposure (Liwa et 
al., 2013). However, in the context of co-administration of 
efavirenz, a single dose of 12 g per day is not sufficient to 
maintain sufficient PAS exposure and is not recommended 
(Liwa et al., 2013).

5d.  Excretion

PAS is rapidly excreted in urine by both glomerular filtration 
and tubular secretion. Approximately 85% of the dose can 
be recovered from the urine within 7 hours of oral adminis-
tration (Way et al., 1948). Only 14–33% of the total dose is 
excreted in the urine as the active unmodified drug (Robson 
and Sullivan, 1963). The remainder is excreted as metabo-
lites such as acetyl-PAS, PAS, and other conjugated amines. 
Probenecid can partially block the renal tubular secretion 
of PAS and therefore enhance the serum levels of the drug 
(Boger and Pitts, 1950).

Like the structurally related 4-aminobenzene sulfon-
amides, PAS appears to be metabolized in the liver mainly by 
acetylation, and inactive acetylated compounds are excreted in 
the urine (Harris, 1963). In contrast to isoniazid, phenotypic 
variation in PAS metabolism has not been demonstrated.

5e.  Drug interactions

Probenecid increases the serum levels of PAS (Boger and 
Pitts, 1950). Efavirenz reduces PAS bioavailability, and should 
be considered in the context of HIV-TB co-infection (de 
Kock et al., 2014).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Gastrointestinal irritation

While GR-PAS is relatively well tolerated, sodium and calcium 
preparations of PAS are bulky and unpleasant to take, and 
gastrointestinal symptoms are more frequently experienced. 
Symptoms of gastrointestinal irritation include nausea, vom-
iting, anorexia, abdominal cramps, and diarrhea. Diarrhea 
may be severe enough to cause steatorrhea, malabsorption, 
secondary folic acid deficiency, and megaloblastic anemia 
(Girling, 1982). In some patients the drug has to be with-
drawn because of intractable symptoms. Successful PAS 
desensitization has been reported to permit long-term 
administration following mild gastrointestinal symptoms 
(Wilson et al., 2003). In aqueous solution, PAS is unstable 
and may hydrolyze to form toxic compounds; such solutions 
should not be used if they are darker in color than a freshly 
prepared solution.
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6b.  Hypersensitivity reactions

Hypersensitivity reactions occur in 5–10% of patients and 
usually become evident during the first 5 weeks of treatment. 
When streptomycin, isoniazid, and PAS were used together, 
it was sometimes difficult to know which drug was causing 
the reaction. Cross-sensitivity may also occur between these 
three drugs, and apparently PAS can trigger reactions to 
streptomycin and isoniazid (Thompson, 1969). In a study 
of 7492 patients receiving antituberculosis therapy in Cape 
Town, drug reactions occurred in 9%; PAS was more likely to 
cause these (including hepatitis) than streptomycin, isonia-
zid, ethionamide, and ethambutol (Rossouw and Saunders, 
1975).

The most common manifestations of PAS hypersensitiv-
ity are fever, conjunctivitis, rash, and pruritus. The rash is 
usually morbilliform, sometimes urticarial, and rarely takes 
the form of exfoliative dermatitis (Simpson and Walker, 
1960; Thompson, 1969; Rossouw and Saunders, 1975). The 
blood film may show an eosinophilia or atypical monocytes. 
Less common manifestations include lymphadenopathy, 
hepatosplenomegaly, and joint pains. Pulmonary infiltrates 
associated with eosinophilia, similar to those produced by 
sulfonamides (see Chapter 91, Sulfonamides), have also 
been observed. Other rare, probably allergic, manifestations 
include encephalopathy and myocarditis (Thompson, 1969), 
and a syndrome resembling lupus erythematosus has been 
described (Masel, 1967). Anaphylaxis is rare.

Hepatitis, which can be fatal, has also been ascribed to 
PAS and appears to be due to hypersensitivity (Simpson and 
Walker, 1960; Rossouw and Saunders, 1975). This hepatitis 
usually becomes apparent within the first 3 months of PAS 
treatment and is commonly preceded by features of hyper-
sensitivity to the drug—as described earlier. This is in contrast 
to the hepatitis which occurs with other antituberculosis 
drugs such as rifampicin (see Chapter 126, Rifampicin 
(rifampin)), isoniazid (see Chapter 123, Isoniazid), pyra-
zinamide (see Chapter 125, Pyrazinamide), and ethionamide 
(see Chapter 132, Ethionamide and prothionamide), which 
is much less commonly associated with allergic manifesta-
tions. It is quite possible that a percentage of cases in which 
hepatotoxicity was ascribed to PAS were due to isoniazid 
used concomitantly. If severe hypersensitivity reactions to 
PAS occur, such as “hepatitis” or exfoliative dermatitis, the 
drug should be stopped and hypersensitivity should be man-
aged appropriately.

6c.  Hematologic side effects

Rarely, PAS may cause neutropenia or acute agranulocytosis. 
It may also precipitate acute hemolytic anemia in patients 
with glucose-6-phosphate dehydrogenase deficiency. In addi-
tion, MacGibbon et al. (1960) reported a patient who devel-
oped an acute autoimmune hemolytic anemia associated with 
renal failure due to PAS sensitivity. Mild hypoprothrombin-
emia (due to salicylate) and thrombocytopenia are rare side 
effects (Girling, 1982).

6d.  Renal failure

Renal failure is a rare complication of PAS therapy, and in 
most cases it has probably occurred in association with hemo-
lysis (MacGibbon et al., 1960) or hypersensitivity reactions 
(Sattler, 1962).

6e.  Hypokalemia

The uncommon occurrence of hypokalemia in patients 
receiving PAS therapy is largely due to gastrointestinal dis-
turbances caused by this drug (McIntyre, 1953).

6f.  Sodium overload

Fluid retention due to excess sodium may occur in patients 
suffering from heart disease if the sodium salt of PAS is used. 
This problem may be obviated by administering the calcium 
salt or GR-PAS.

6g.  Hypothyroidism and Hyperthyroidism

Hypothyroidism has been reported as a common, reversible 
adverse event with PAS treatment for MDR-TB (Andries et 
al., 2013). Thyroid enlargement or even myxedema have been 
observed on rare occasions after a prolonged course of PAS 
(Tandhanand and Buri, 1956).

7. CLINICAL USES OF THE DRUG

The original clinical studies regarding PAS date back to the 
1950s, and while less relevant now, are nicely reviewed in 
Donald and Diacon (2015). According to the most recent 
WHO guidelines for the MDR TB treatment (WHO, 2014), 
cycloserine and/or PAS should be included in MDR TB 
treatment regimens. In these regimens, PAS/cycloserine is 
generally combined with pyrazinamide, a fluoroquinolone, 
an injectable TB drug, and ethionamide. Because PAS is con-
sidered to be less effective compared to the other TB drugs, 
PAS is generally used when patient cannot take all the other 
drugs in the standard MDR regimens due to adverse effects, 
pregnancy, or resistance. Since PAS shares no cross-resis-
tance to other TB drugs, PAS is useful to treat XDR TB. 
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1. DESCRIPTION

Ethionamide (2-ethyl-4-pyridmecarbothioamide) is a deriv-
ative of isonicotinic acid that was first synthesized in France 
in 1956 and quickly shown to be an effective antituberculosis 
agent (Brouet et al., 1959; Riddell et al., 1960). It is closely 
related to isoniazid in both structure and function, but is 
far more difficult for patients to tolerate, principally because 
of dose-related gastrointestinal side effects. Subsequently, an 
n-propyl derivative, prothionamide, was developed in an 
attempt to improve tolerability (Batten, 1968). Ethionamide 
and prothionamide frequently retain activity against isoniazid- 
resistant isolates of Mycobacterium tuberculosis, hence their 
important role in the management of multidrug- resistant 
tuberculosis (MDR-TB) (Caminero et al., 2010). In clinical 
practice, ethionamide and prothionamide (together called 
thioamides) are generally regarded as equivalent (Crof on, 
1969), although there are subtle differences of uncertain sig-
nificance (Fajardo et al., 2006; Jenner et al., 1984). The eco-
logical cutoff for resistance to prothionamide (ECOFF) may 
be slightly lower than for ethionamide, which occasionally 
generates differential susceptibility results (i.e. susceptible to 
prothionamide, resistant to ethionamide). This is a labora-
tory issue that depends on the critical concentrations used 
to define resistance (Schon et al., 2011), but from a clinical 
perspective there is complete cross-resistance between ethio-
namide and prothionamide (Steenken and Montalbine, 1960). 
Figure 132.1 shows ethionamide and prothionamide in com-
parison to isoniazid. The information that follows describing 
ethionamide also applies to prothionamide unless otherwise 
stated.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Ethionamide interferes with the production of mycolic acids, 
a major component of mycobacterial cell walls (Takayama 
et al., 1972; Winder et al., 1971). It is inactive against most 
other human pathogens.

MYCOBACTERIUM TUBERCULOSIS

Ethionamide is active against M. tuberculosis, although resis-
tance develops rapidly if used with ineffective companion 
drugs or when patients are incorrectly treated. Susceptibility 
is defined by the proportion method on Lowenstein-Jensen 
agar at a critical concentration of 30–40 µg/ml, on Middle-
brook 7H10 agar at 2–3 µg/ml, and with the Bactec 460 system 
1.0 µg/ml (Kam et al., 2010). In the Bactec MGIT 960 system, 
a critical concentration of 5 mg/ml has been recommended 
(Kim et al., 2013a; Lin et al., 2009; Rodrigues et al., 2008). 

Figure 132.1. Skeleton diagrams of ethionamide, prothion-
amide, and isoniazid.

N
CH3

NH2S

N
CH2-CH3

NH2S

N

H
NO

NH2

Ethionamide Prothionamide Isoniazid



2494 Ethionamide and Prothionamide

In a study comparing 14 different drugs against suscepti-
ble and resistant M. tuberculosis isolates using Bactec 460 
TB, both first-line drug-susceptible and -resistant strains 
had MICs to ethionamide in the range 0.25–0.5 µg/ml. In 
the same study, ethionamide was shown to be equivalent to 
isoniazid in an intracellular killing assay using laboratory 
M. tuberculosis strain H37Rv (Rastogi et al., 1996).

ECOFFs for prothionamide and ethionamide were estab-
lished with reference to M. tuberculosis isolates from 78 con-
secutive newly diagnosed patients and 32 additional MDR-TB 
isolates at the Karolinska University Hospital in Sweden. The 
MICs were determined using Middlebrook 7H10 agar plates 
with serial twofold dilutions from 0.002 to 512 µg/ml. The 
wild-type MIC distribution for ethionamide ranged from 0.5 
to 2 µg/ml, suggesting an ECOFF of 2 µg/ml, consistent with 
a previous study linking an ethionamide breakpoint of 2–3 
µg/ml to clinical outcome (Kam et al., 2010). For prothion-
amide, the wild-type MIC ranged from 0.125 to 1.0 µg/ml, 
implying an ECOFF of 1 µg/ml, one MIC dilution lower than 
ethionamide. Cross-resistance with isoniazid was 21%, mean-
ing that ethionamide was likely to be active in 79% of patients 
with MDR-TB in this population (Schon et al., 2011).

MYCOBACTERIUM LEPRAE

Ethionamide has bactericidal activity against M. leprae in 
mice (Colston et al., 1980; Shepard, 1976) and may be almost 
as potent as rifampicin. The MIC for ethionamide against 
M. leprae is about 0.05 µg/ml, and its peak serum level could 
be expected to exceed this MIC by about 45-fold (Ellard, 
1980).

MYCOBACTERIUM AVIUM AND OTHER  
NON-TUBERCULOUS MYCOBACTERIA

Ethionamide is not particularly active against M. avium 
(MAC) (Heifets et al., 1991), although a subset of strains may 
be susceptible (Tsukamura and Yamori, 1990). In an in vitro 
study of 31 clinical isolates from Denver, Colorado, 32% were 
classified as fully sensitive to ethionamide, 16% as moder-
ately susceptible, 19% as moderately resistant, and 32% as 
very resistant (Heifets, 1988). In a series of clinical isolates 
from patients with and without AIDS, 40% of non-AIDS- 
associated isolates were sensitive to ethionamide compared 
with 80% of AIDS-associated isolates (Horsburgh et al., 1986). 
Ethionamide is not currently considered to have an estab-
lished role in the treatment of MAC infections, even those 
that are macrolide resistant (Griffith et al., 2007). 

In the Netherlands, in vitro prothionamide susceptibility 
has been determined for 2275 clinically derived nontuber-
culous mycobacterial isolates from 49 species. Prothiona-
mide susceptibility was generally restricted to slow growers, 
although it also had activity against M. fortuitum (van Ingen 
et al., 2010).

Clinical strains of M. kansasii and M. malmoense may be 
sensitive to ethionamide but the drug does not have an estab-
lished place in the treatment of these infections (Griffith et 
al., 2007).

Some strains of M. ulcerans may be sensitive to ethion-
amide (Radford, 1975) but there is no established role for 
ethionamide in the treatment of Buruli ulcer.

2b.  Emerging resistance and 
cross-resistance

Ethionamide-resistant strains of M. tuberculosis are rapidly 
inducible in vitro and they emerge in vivo if the drug is used 
as a single agent for the treatment of human tuberculosis 
(Robson and Sullivan, 1963). 

Cross-resistance with isoniazid is an important issue. In 
vitro, both drugs inhibit the ability of M. tuberculosis to syn-
thesize mycolic acids (Takayama et al., 1972; Winder et al., 
1971), and the key molecular target of ethionamide and iso-
niazid is InhA, a type II fatty acid synthase involved in 
mycolic acid production (Gurvitz et al., 2008; Wang et al., 
2007). However, both isoniazid and ethionamide are pro drugs 
that require an initial activation step before they bind to their 
target. Because isoniazid and ethionamide are activated by 
different enzymes (ethionamide, EthA; isoniazid, KatG), 
mutations in katG that lead to complete isoniazid resistance 
do not affect ethionamide (Niehaus et al., 2015; Vilcheze and 
Jacobs, 2007; Wang et al., 2007). In contrast, mutations in 
the inhA promoter lead to low-level isoniazid resistance and 
cross-resistance to ethionamide. Other mutations that cause 
ethionamide resistance include ethR, a gene that negatively 
regulates the expression of ethA (Willand et al., 2009).

In a study from France, 47 ethionamide resistant, 16 inter-
mediate, and 24 susceptible clinical isolates of M. tuberculosis 
determined by the 10% proportion method on Lowenstein–
Jensen media at a critical concentration of 20  µg/ml were 
investigated for mutations linked to ethionamide resistance. 
Mutations in ethA, ethR, inhA, or the inhA promoter region 
accounted for ethionamide resistance in 81% of the isolates 
(Brossier et al., 2011).

In a study conducted in Cape Town, South Africa, from 
2009 to 2011, 19/29 (66%) of isolates from children with 
MDR-TB had inhA mutations by line probe assay but all 
were susceptible to ethionamide by phenotypic resistance 
testing (Middlebrook 7H11 slope method at critical con-
centration of 10 µg/ml). The authors noted that a critical 
concentration of 10 µg/ml may be too high, and in young 
children the blood concentration of ethionamide following 
a standard dose rarely exceeded 5 µg/ml (Schaaf et al., 2014; 
Schaaf et al., 2009; Thee et al., 2011a).

In KwaZulu-Natal, South Africa, a region with very high 
rates of MDR-TB, 994 isolates from all 11 districts of the 
province were assessed for presence of katG and inhA muta-
tions using line probe assays. Overall, 132 (14.2%) isolates 
had an inhA promoter mutation without a concurrent katG 
mutation. Hence ethionamide would be unsuitable for these 
patients despite its standard use for drug-resistant tuberculo-
sis in this region (Niehaus et al., 2015). 

Not all inhA related mutations lead to low-level isoniazid 
resistance. A study in Portugal has identified isolates with 
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inhA mutations in both the regulatory and coding region 
linked to high-level isoniazid and ethionamide resistance 
(Machado et al., 2013).

Between 1993 and 2007, 153 patients in the Netherlands 
were identified with MDR-TB. Isolates from 131 of these 
patients were tested for resistance to second-line agents. 
Eleven (8%) had primary prothionamide resistance (van 
Ingen et al., 2008). 

In Turkey, 50 isolates from patients with MDR-TB were 
screened for second-line drug resistance; 22% were resistant 
to ethionamide (Kayali et al., 2006). 

In the Samara region of Russia, 69 isolates from 252 patients 
with MDR-TB were screened for second-line resistance; 1.5% 
were resistant to prothionamide (Balabanova et al., 2005). 

In Mumbai in 1991–1996, the rate of secondary ethion-
amide resistance in 521 patients was 65.3% (Chowgule and 
Deodhar, 1998).

In New York, 1991–1992, resistance to ethionamide was 
detected in 9.9% of 172 patients with tuberculosis, 18.2% of 
whom had MDR-TB (Weltman and Rose, 1994). 

In the UK between 1998 and 2005, 253 cases of MDR-TB 
were identified, of which 9% had primary ethionamide resis-
tance (Kruijshaar et al., 2008). 

In Victoria, Australia, 2001–2003, 52 patients with pri-
mary isoniazid-resistant tuberculosis were identified; 5 also 
had primary ethionamide resistance (Lavender et al., 2005). 

In Rawalpindi, Pakistan, from November 2011 to April 
2013, 100 clinical isolates from patients with MDR-TB under-
went testing for second-line drug resistance with the Bactec 
MGIT 960 system; 13% were resistant to ethionamide 
(Ghafoor et al., 2015).

In Mumbai, India, the proportion of patients with MDR-TB 
also resistant to ethionamide increased from 24.2% to 52.5% 
between 2005 and 2013 (Dalal et al., 2015).

In a drug resistance survey of Tibetan refugees living in 
India, 2010–2011, 14.5% of 265 patients had MDR-TB. Of 
the newly diagnosed cases with MDR-TB, 75% were resistant 
to ethionamide (Bactec MGIT 960, critical concentration 5.0 
µg/ml) (Salvo et al., 2014).

In Berlin, Germany, between 2008 and 2013, of 39 isolates 
from patients with MDR-TB, 85% were resistant to prothi-
onamide (Middlebrook 7H10 Agar, critical concentration 
2.5 µg/ml). Most MDR-TB cases originated in Russia or 
Chechnya (Otto-Knapp et al., 2014). 

In western Iran between December 2011 and July 2014, of 
112 clinical isolates of M. tuberculosis, rifampicin resistance 
was detected in 15% and prothionamide resistance in 12.5% 
(Mohajeri et al., 2014).

In two hospitals in Taiwan, isolates from patients with 
culture-confirmed tuberculosis during the period 2004–
2011 were assessed for second-line drug resistance using a 
modified proportional disk elution method with a critical 
concentration for ethionamide of 10 μg/ml. The detection of 
any ethionamide resistance fell progressively from 4.8% (2004) 
to 1.0% (2011) following the introduction of directly observed 
therapy (Chien et al., 2014). 

In Thailand, a 2011 update reported that of 1447 strains 
of MDR-TB tested, 78% remained susceptible to ethion-
amide (Chaiprasert et al., 2014).

At a specialized tuberculosis hospital in Addis Ababa, 
Ethiopia, 93% (n = 481) of isoniazid resistant isolates of M. 
tuberculosis over a 3-year period had mutations at codon 315 
of katG. There was a very low proportion with inhA muta-
tions, indicating likely susceptibility to ethionamide in almost 
all cases (Abate et al., 2014). 

In Tanzania 2009–2011, 61 culture-positive MDR-TB 
patients initiated therapy, almost all of whom had a prior his-
tory of tuberculosis treatment. From this group, 28 isolates 
underwent second-line drug susceptibility testing. Fluoro-
quinolone, aminoglycoside, and para-aminosalicylic acid 
(PAS) resistance was rare, but ethionamide resistance was 
detected in 9 (32%) (Mpagama et al., 2013). 

In Turkey, 81 MDR-TB isolates in Istanbul and two prov-
inces were tested for second-line resistance in the Bactec 
MGIT 960 system. None were XDR-TB, but ethionamide 
resistance was detected in 37% (Bektore et al., 2013).

Of 37 resistant isolates of M. tuberculosis obtained from 
patients at one center in northeastern Mexico over 4 years at 
the end of the 2000s, 24 were MDR-TB, of which 10.3% were 
resistant to ethionamide (Becerril-Montes et al., 2013). 

In the UK, second-line antituberculosis drug susceptibil-
ity results were reviewed from 678 patients with MDR-TB 
between January 1995 and December 2007. Ethionamide 
resistance was identified in 14.0% (Abubakar et al., 2009). 

In northwestern Russia, a study of 176 clinical isolates of 
MDR-TB reported that 47% were Beijing-family isolates and 
were frequently observed in epidemiologically linked clus-
ters. The Beijing strains were likely to be resistant to all first-
line anti tuberculous drugs and to ethionamide (Baranov et 
al., 2009). 

Isolates from 45 children with isoniazid-resistant tuber-
culosis in South Africa, March 2003 to December 2005, were 
tested for ethionamide cross-resistance. Phenotypic ethion-
amide susceptibility was evaluated on Middlebrook 7H10 agar 
medium at a critical concentration of 5.0 μg/ml. Ethionamide 
resistance was present in 19 of 39 (49%) of isoniazid-resistant 
strains. An inhA promoter mutation was identified in 15 iso-
lates (33.3%); 12/14 of these were also ethionamide resistant. 
Of the 21 isolates with a katG mutation that does not usually 
affect susceptibility to ethionamide, 6 (29%) were also ethio-
namide resistant, presumably due to a second undetected resis-
tance mechanism. This was an important finding in this setting 
where clinicians rely heavily on ethionamide for children likely 
to have drug-resistant tuberculosis (Schaaf et al., 2009).

Taken together, the above data show that 2–85% of clini-
cal isolates of M. tuberculosis that exhibit primary isoniazid 
resistance are also likely to be resistant to ethionamide. Sus-
ceptibility varies by date of infection and location of the 
patient. Ethionamide drug susceptibility testing is recom-
mended whenever possible. 

There is no evidence of cross-resistance in M. tuberculosis 
between ethionamide and PAS, streptomycin, capreomycin, 
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amikacin, or cycloserine. However, while isolates resistant to 
thiacetazone are usually still susceptible to ethionamide, iso-
lates resistant to ethionamide have a 70% chance of also 
being thiacetazone resistant (Crofon, 1969).

Resistance to ethionamide (confirmed in the mouse foot-
pad) has been detected in M. leprae strains isolated from 
patients with leprosy in whom the drug was used as mono-
therapy (WHO, 1982).

3. MECHANISM OF DRUG ACTION

Mycobacteria have a similar inner lipid membrane and pep-
tidoglycan cell wall to other bacteria but possess a second 
bilaminar outer component to their cell envelope, loosely 
analogous to the outer membrane of Gram-negative bacte-
ria. However, its structure is asymmetric, with the inner 
component composed of molecules specific to the family 
Mycobacteriaceae: arabinogalactan and mycolic acids. Ethion-
amide interferes with the production of specific mycolic acids 
by first being activated to an ethionamide–NAD adduct, 
afer which the adduct binds to and inhibits InhA (Wang et 
al., 2007). InhA is an NADH-dependent enoyl-ACP reduc-
tase of the type II fatty acid synthesis pathway that partici-
pates in the biosynthesis of mycolic acids. As its name 
suggests, InhA is also the molecular target of activated isoni-
azid (Banerjee et al., 1994; Vilcheze et al., 2005; Wang et al., 
2007; Gurvitz et al., 2008; Vilcheze et al., 2008). Activation of 
ethionamide is mediated by a monooxygenase encoded by 
the gene ethA (DeBarber et al., 2000; Morlock et al., 2003; 
Wang et al., 2007), but activation of isoniazid is mediated 
by a catalase–peroxidase encoded by a different gene, katG 
(Zhang et al., 1992). The binding of NAD–ethionamide/ 
isoniazid adducts to InhA is competitively inhibited by intra-
cellular NADP. Mutations in inhA and its promoter, ethA 
and ethR explain most ethionamide resistance but other 
mechanisms exist, including alterations in NADH dehydro-
genase, encoded by nph, that lead to increased levels of intra-
cellular NADP and competition between NADP and activated 
drug (Miesel et al., 1998; Vilcheze et al., 2005). Another resis-
tance mechanism for ethionamide was identified in the labo-
ratory strain H37Rv linked to mutations in mshA. This gene 
encodes a protein involved in mycothiol production. Although 
failure to produce mycothiol was non-lethal, these cells are 
ethionamide resistant. It is assumed that mycothiol produc-
tion is somehow linked to the activation of ethionamide 
(Vilcheze and Jacobs, 2007).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Ethionamide must be prescribed with other drugs known or 
likely to be active against the infecting strain. It is supplied 
in 250-mg film- or sugar-coated tablets. The film-coated 
version gives higher serum levels (DailyMed, 2015; Korth- 
Bradley et al., 2014). The recommended dose is 15–20 mg/kg 

not to exceed 1 g per day. Owing to the potential for gastro-
intestinal intolerance (nausea, vomiting, and abdominal pain) 
some authorities suggest commencing at 250 mg per day for 
1–2 days, increasing to 250 mg twice daily and then gradu-
ally building to the maximum tolerated dose, usually 750 mg 
per day in two to three divided doses, not to exceed 1 g 
(WHO, 2014). Ethionamide can be administered with food 
to avoid gastric irritation; co-administration of pyridoxine 
is recommended. Patients need to be encouraged to persist 
with treatment, as nausea and gastric irritation ofen improve 
with time. Doses and dosing intervals may need to be indi-
vidualized according to patient acceptance.

4b.  Newborn infants and children

Recommendations for adults and children are similar. The 
recommended dose is 15–20 mg/kg/day in two divided 
doses, not to exceed 1 g/day (WHO, 2014). For tuberculous 
meningitis in children, cerebrospinal fluid (CSF) levels of 
ethionamide may be insufficient using the 15-mg/kg/day 
dose, and 20 mg/kg/day is suggested (Donald, 2010).

4c.  Pregnant and lactating mothers

Ethionamide is rated category C for pregnancy, but most 
authorities suggest it not be used in pregnant women because 
of teratogenicity in rats and rabbits (Crofon, 1969; DailyMed, 
2015). There are several reports of successful pregnancies 
despite treatment with regimens that have included ethion-
amide or prothionamide (Lessnau and Qarah, 2003; Shin et 
al., 2003). One study reported fetal malformations in 7 of 23 
neonates whose mothers received ethionamide as part of a 
tuberculosis regimen during pregnancy, although two neo-
nates also had Down syndrome (Potworowski et al., 1966). 
There are no data regarding the extent to which ethionamide 
is excreted in breast milk and it is recommended that it be 
given to lactating mothers only if the likely benefits outweigh 
the risks. 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Only trace amounts of unchanged ethionamide are excreted 
in urine (DailyMed, 2015; Launay-Vacher et al., 2005). 
Dosage adjustment is not recommended until creatinine 
clearance falls below 10 ml/hour, and then to half the nor-
mal dose (Launay-Vacher et al., 2005). Ethionamide is not 
significantly removed by dialysis although for patients 
on  dialysis, administration afer dialysis is recommended 
(Launay-Vacher et al., 2005; Malone et al., 1999).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Ethionamide is metabolized in the liver and causes hepatitis 
in 2% of patients (Saukkonen et al., 2006). As with isoniazid, 
caution in patients with hepatic impairment is recom-
mended together with periodic measurement of liver function 
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tests (Saukkonen et al., 2006). Ethionamide is contraindicated 
in patients with severely impaired liver function (DailyMed, 
2015).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Ethionamide is almost completely absorbed from the gastro-
intestinal tract, regardless of meals, and is not subject to sig-
nificant first-pass metabolism. When given by suppository 
to 12 healthy volunteers, the area under the serum concen-
tration–time curve (AUC) was only 57.3% of that obtained 
when the dose was given orally (Peloquin, 1991). Protein 
binding is estimated at 30% but this drops significantly in 
malnourished patients (Holdiness, 1984).

5b.  Drug distribution

Peak serum levels of ethionamide are 1.8 times higher than 
for prothionamide, and this ratio is the same for correspond-
ing active sulphoxide metabolites. In other respects, drug 
distribution and clearance were similar (Jenner et al., 1984). 
The clinical significance of this difference is uncertain, espe-
cially as there is some evidence that prothionamide performs 
better than ethionamide for leprosy (Fajardo et al., 2006), 
that prothionamide is better tolerated than ethionamide 
(Fajardo et al., 2006), and that the MIC to prothionamide 
may be slightly lower for prothionamide than ethionamide 
on 7H10 agar (Schon et al., 2011).

In 40 healthy human volunteers, a single 250-mg oral 
dose of ethionamide produced a peak serum level ± standard 
deviation (SD) of 2.16 ± 0.61 at 1.02 ± 0.55 hours, and an 
AUC of 6.76 ± 1.69 mg/ml/h. Film-based coated capsules 
give higher and more stable levels than sugar-coated formu-
lations (Korth-Bradley et al., 2014).

Ethionamide distributes rapidly and widely to all tissues 
and fluids, with an apparent volume of distribution of 93.5 ± 
19.21 in 40 healthy volunteers following a 250-mg oral dose 
of film-coated tablets. Plasma and tissue levels are similar 
once steady state is reached (Holdiness, 1984). Ethionamide 
is detectable in appreciable amounts in alveolar macrophages 
and epithelial lining fluid (Conte et al., 2000).

Ethionamide crosses both healthy and inflamed meninges 
and enters the CSF (Holdiness, 1987; Hughes and Smith, 
1962; Humphries, 1992). Afer an oral dose, the CSF level of 
ethionamide peaks at 3 hours, about 2 hours afer peak serum 
level, and then approximates serum concentrations. The peak 
cerebrospinal fluid concentrations of 1.0–2.6 µg/ml follow-
ing a single oral dose of 250 mg is close to the MIC of some 
infecting strains of M. tuberculosis but is similar to serum 
levels obtained with the same dose (Hughes and Smith, 1962). 
In children with tuberculous meningitis, a dose of ethion- 
amide 20 mg/kg has been recommended to obtain cerebro-
vascular concentrations consistently above the MIC for M. 
tuberculosis (Donald and Seifart, 1989; Humphries, 1992).

In a study performed in South Korea, 16 healthy volun-
teers were treated for 5 days with cycloserine 250 mg twice 
daily, PAS 5.28 grams twice daily, prothionamide 250 mg 
twice daily, and pyrazinamide 1500 mg daily, with either 
levofloxacin 750 mg daily and streptomycin 1 g i.m. daily or 
moxifloxacin 400 mg daily and kanamycin 1 g i.m. daily. 
Samples were drawn for therapeutic drug monitoring on day 
5. PK parameters for prothionamide were Tmax 3.0 hours 
(range 1.5–6.0), Cmax 5.3 µg/ml ± 1.9 (SD). The authors com-
mented that multidrug, multiday regimens appear to increase 
Cmax for prothionamide compared with single-dose measure-
ments. Subgroup analysis showed that Cmax was higher in 
group 2 compared with group 1, likely due to differences in 
the effect of the drug distribution or metabolism of moxi-
floxacin compared with levofloxacin (Park et al., 2015).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Clinical efficacy has been associated with an ethionamide 
serum drug level of 2–3 μg/ml, which is near Cmax of standard 
tolerable doses (Kam et al., 2010). In 29 patients with MDR-TB 
in Korea receiving combinations of drugs including moxi-
floxacin, prothionamide, and cycloserine, 66 serum samples 
were drawn for prothionamide therapeutic drug monitoring 
(TDM). Doses of prothionamide were either 250 mg twice 
daily (for body weight < 59 kg) or 500 mg twice daily (for body 
weight > 50 kg). C2h in the patients taking 250 mg twice/day 
(median 0.13 μg/ml) was significantly lower than in those 
taking 500 mg twice/day (median 1.27 μg /ml). More than 
59% of prothionamide levels measured during this study were 
below an accepted target concentration of 1–5 μg/ml. Efficacy 
as judged by sputum conversion at 2 months did not correlate 
with low serum drug levels in this study (Lee et al., 2015).

The pharmacokinetics of ethionamide in children 3 
months–13 years undergoing treatment for resistant tuber-
culosis was studied in Cape Town, South Africa, September 
2009 to May 2010. A single daily oral dose of 15–20 mg/kg 
resulted in sufficient serum concentrations compared to cur-
rent adult recommended levels in the majority of children 
across all age groups. Ethionamide levels were influenced by 
young age and HIV status but were not affected by concomi-
tant rifampicin treatment.

In Tanzania, 23 patients being treated for MDR-TB 
underwent therapeutic drug monitoring. Ethionamide was 
given as a 250-mg oral dose (as a component of a 15-mg/kg 
daily divided dose). C2h was 3.61 ± SD μg/ml with only 1 
patient (4%) recording a level below the accepted therapeutic 
range (1–5 μg/ml). The median ethionamide MIC of isolates 
from 18 of these patients measured with a MYCOTB Sen-
sititre plate was 2.5 (interquartile range [IQR]: 1.2–5.0) μg/ml 
(Mpagama et al., 2014).

5d.  Excretion

Only trace amounts of unchanged ethionamide are excreted in 
urine (DailyMed, 2015), and ethionamide is not significantly 
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removed by dialysis (Malone et al., 1999). Less than 0.1% 
of  a dose of prothionamide or ethionamide is excreted 
unchanged in feces (Jenner et al., 1984).

Ethionamide is extensively metabolized, presumably in 
the liver, to at least six related metabolites. The elimination 
half-life is 2–3 hours (Jenner and Ellard, 1981; Jenner et al., 
1984; Jenner and Smith, 1987).

5e.  Drug interactions

Ethionamide may potentiate neurologic side effects asso-
ciated with cycloserine. The combination of ethionamide, 
cycloserine, and/or alcohol may increase the risk of seizures 
(DailyMed, 2015). 

6. ADVERSE REACTIONS AND TOXICITY

Ethionamide has been described as the most difficult to tol-
erate of the reserve agents for tuberculosis, mostly due to its 
dose-related gastrointestinal side effects (Piubello et al., 2014; 
Van Deun et al., 2004).

6a.  Gastrointestinal side effects

Common troublesome side effects include nausea, vomiting, 
diarrhea, abdominal pain, excessive salivation, metallic taste, 
stomatitis, anorexia, and weight loss. Only about 50% of 
adults patients are able to tolerate 1 gram as a single dose 
(DailyMed, 2015). In a case series of 84 patients receiving 
ethionamide for pulmonary tuberculosis in combination 
with other drugs, mild to severe side effects were observed 
in 56.6%, 70%, and 100% of patients receiving ethionamide 
in a dose of 500 mg, 750 mg, and 1 g per day, respectively. 
Gastrointestinal disturbances were most frequently encoun-
tered, and patients taking the drug in a single dose reported 
more intolerance than those who took divided doses. Co- 
administration of pyrazinamide appeared to enhance ethio-
namide intolerance (Gupta, 1977a).

In a companion case series of 114 similar patients treated 
with prothionamide (and other agents), mild to severe gas-
trointestinal symptoms were recorded in 34.3%, 44.7%, and 
80% of patients receiving a daily dose of 500 mg, 750 mg, and 
1 g of prothionamide, respectively (Gupta, 1977b). However, 
a clinical trial for leprosy has reported much better tolerabil-
ity when ethionamide and prothionamide are used as single 
agents (Fajardo et al., 2006).

Gastrointestinal intolerability of ethionamide and prothi-
onamide has contributed to treatment failure due to poor 
patient adherence (Picon et al., 2011; Piubello et al., 2014), 
leading some clinicians to reduce the duration of prothion-
amide therapy and replace it with more tolerable agents, 
particularly clofazamine, once the initial intensive phase of 
MDR-TB treatment is complete (Piubello et al., 2014; Van 
Deun et al., 2010).

6b.  Hepatoxicity

About 2% of patients receiving ethionamide or prothion-
amide for tuberculosis develop drug-induced liver injury 
(Saukkonen et al., 2006). Up to 10% of patients with leprosy 
who received prothionamide to replace clofazimine in a 
multidrug regimen developed significant hepatitis requiring 
cessation of treatment (Study-Group, 1992), prompting WHO 
to suggest that thioamides be used to replace clofazamine 
in multidrug treatment regimens only if absolutely necessary 
(WHO, 1994). In a study of ethionamide or prothionamide 
monotherapy for leprosy using doses of both drugs at 250 mg 
and 500 mg for 6 months, 39% of 46 patients had elevated 
AST levels (> 35 units) and 4 had levels > 100 units. One 
patient who received prothionamide 250 mg daily for 8 
weeks developed reversible jaundice but also had a positive 
hepatitis B core IgM (Fajardo et al., 2006). Interestingly, in 
the same study other side effects were very few, with only one 
patient complaining of salivation and nausea (2%).

In Beijing, China, a retrospective analysis of patients 
treated for tuberculosis with regimens containing prothion-
amide or PAS assessed the rate of biochemically defined drug- 
induced liver injury (DILI) occurred. Patients with hepatitis 
from other causes were excluded. Overall, there were 129 cases 
of DILI in 1714 patients (7.5%). The rate of DILI was higher 
in females (9.2%) than males (6.5%). Most cases occurred 
afer 1 and within 8 weeks, with 30.2% (39/129) between 2 
and 4 weeks. About half (78/129) of the patients had clinical 
symptoms of hepatotoxicity, the others remained asymptom-
atic. The combination of prothionamide, PAS, and pyrazin-
amide resulted a higher rate of DILI (20.7%, 19/92) than 
prothionamide and PAS without pyrazinamide 9.8% (8/82) 
(Ge et al., 2013).

In a retrospective case series conducted in northern Taiwan 
from January 2007 to December 2008, 7 of 44 patients 
(15.9%) with MDR-TB developed hepatitis afer being treated 
with prothionamide concurrent with other antituberculosis 
agents. Hepatitis redeveloped in 3 of 7 afer rechallenge with 
prothionamide at 4, 4, and 3 days (Hsu et al., 2010).

6c.  Neurologic toxicity

Psychotic disturbances, depression, drowsiness, dizziness, 
rest lessness, headache, postural hypotension, peripheral neu-
ritis, optic neuritis, peripheral neuropathy, diplopia, blurred 
vision, and a pellagra-like syndrome have also been reported 
(Aspinall, 1964; Swash et al., 1972; Lehloenya et al., 2012). 
Use of concurrent pyridoxine is suggested when taking ethi-
onamide (Aspinall, 1964; DailyMed, 2015)

6d.  Other adverse drug reactions

Drug rash with eosinophilia and systemic symptoms (DRESS), 
Stevens–Johnson syndrome (SJS), toxic epidermal necro-
lysis (TEN), or fever without rash are unusual but serious 
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complications of antituberculous medications (Kim et al., 
2013b). Risk may increase in patients co-infected with HIV 
(Lehloenya et al., 2012). Isoniazid and ethionamide that 
have close structural similarities would be expected to cross- 
induce these syndromes. However, a recent study has shown 
that the risk of cross-reactivity is lower than expected and 
in some situations guidance can be sought from results of 
cutaneous patch testing (Arai, 2015; Lehloenya et al., 2015). 
Hypoglycemia (Ticholov and Dobrev, 1963), hypothyroid-
ism (McDonnell et al., 2005; Moulding and Fraser, 1970), 
gynecomastia (Dixit et al., 2012; Sharma and Bansal, 2012), 
impotence, alopecia (Sister, 1964), acne, and other skin 
rashes (Holdiness, 1985) have also been attributed to ethio-
namide. Patients taking ethionamide, PAS, or both have a 
significant risk of developing hypothyroidism during treat-
ment, and baseline and monthly TSH assessments are rec-
ommended (Andries et al., 2013; Thee et al., 2011b). The 
management of patients with diabetes mellitus may become 
more difficult in those receiving ethionamide (Hussey, 1974; 
DailyMed, 2015). There has been a case report of pellagra 
(dermatitis, diarrhea, and dementia) caused by a deficiency 
of niacin or its precursor tryptophan in a 13-year-old girl 
taking ethionamide. Her illness responded to niacin (Gupta 
and Shah, 2015). Pellagroid dermatitis due to ethionamide 
has also been reported (Garg and Khopkar, 2011).

7. CLINICAL USES OF THE DRUG

7a.  Tuberculosis

The thioamides are regarded as the most active of the 
so-called group 4 second-line agents for drug resistant tuber-
culosis and are included in most MDR-TB regimens world-
wide (Caminero et al., 2010). Ethionamide should only be 
used in conjunction with two to four other drugs to which 
susceptibility is likely on clinical grounds or has been demon-
strated. Before the availability of rifampicin, ethionamide was 
a standard component of retreatment regimens for disease 
due to isoniazid- and streptomycin-resistant strains (Crofon, 
1969; Somner and Brace, 1962). Ethionamide is regarded 
by  some as an effective bactericidal agent (Crofon, 1969), 
although others classify ethionamide as bacteriostatic (Lakshmi 
et al., 2011). In 2011, WHO updated its guidance on the man-
agement of MDR-TB. Current recommendations (necessarily 
based mainly on experience and opinion) for patients with 
MDR-TB are regimens that include at least pyrazinamide, a 
fluoroquinolone, a parenteral agent (kanamycin, amikacin or 
capreomycin), ethionamide (or prothionamide), and either 
cycloserine or PAS. The intensive phase which includes a sec-
ond-line injectable agent should be at least 8 months, and 
total duration of treatment 20 months and at least 18 months 
following culture conversion (Falzon et al., 2011). 

There is increasing interest in shorter total durations of 
treatment for MDR-TB, ofen with higher doses of some oral 
drugs and the addition of clofazamine. In a series of over- 

lapping cohort studies performed in Bangladesh 1997–2007, 
the total duration of successful treatment was reduced to 9 
months, and some important observations were made about 
the value of prothionamide. HIV infection was rare in the 
427 patients available for analysis; all had MDR-TB and none 
had a past history of treatment with second-line drugs for 
tuberculosis > 1 month. Approximately 19% of isolates from 
these patients had primary resistance to prothionamide, but 
drug sensitivity testing was not performed for all patients, 
particularly early in the study period. When available, these 
results were used to steer some decisions in the intensive 
phase. Regimen changes associated with improved results 
were reduced duration of the thioamide, replacing the thio-
amide with clofazimine during the continuation phase, and 
using a fourth-generation fluoroquinolone. The worst per-
forming regimen was ofloxacin-based with prothionamide 
throughout without the addition of isoniazid (but including 
a second-line injectable). The best performing regimen was 
high doses of gatifloxacin, clofazimine, ethambutol, and pyr-
azinamide throughout, supplemented by kanamycin, prothi-
onamide, and medium to high doses of isoniazid during 
an intensive phase until sputum conversion or for at least 4 
months. Weight-based prothionamide was given daily at the 
following doses: 250 mg weight < 33 kg; 500 mg 33–55 kg; 
750 mg > 55 kg. At least two patients who failed treatment 
had isolates that were initially resistant to ethionamide or 
prothionamide, indicating the continuing importance of the 
thioamide class. The evolution of this final regimen was based 
on replacing prothionamide with clofazamine afer the inten-
sive phase because of improved tolerability. A 12-month ver-
sion of this regimen has also been successful in 65 patients 
with MDR-TB in Niger 2008–2010 in which 89% of patients 
were cured (1.7% were HIV-positive) (Piubello et al., 2014). 

Patients with HIV and tuberculous meningitis have a high 
mortality rate. Ethionamide given together with levofloxacin, 
pyrazinamide, and a double dose of rifampicin and isonia-
zid for an intensive initial period with a median of 7 days 
has been associated with improved survival in a small study 
performed in Egypt. The drugs were selected because of 
their propensity enter the brain and CSF (Alvarez-Uria et al., 
2013).

In Cape Town, South Africa, from January 2003 to April 
2009 a variation from the WHO-recommended treatment 
protocol in 123 children with tuberculous meningitis has 
been associated with improved outcomes. Initial treatment is 
with isoniazid (20 mg/kg, maximum 400 mg daily), rifampin 
(20 mg/kg, maximum 600 mg daily), pyrazinamide (40 mg/
kg, maximum 2 g daily), and ethionamide (20 mg/kg, maxi-
mum 1 g daily) for 6 months with HIV-infected children 
treated for 9 months. Isoniazid monoresistance did not affect 
outcome but multidrug resistance did (Seddon et al., 2012).

An individual patient data meta-analysis of 9153 patients 
with MDR-TB from 23 countries and all WHO regions was 
published in 2012 (Ahuja et al., 2012). The use of later-gener-
ation quinolones, ofloxacin, and ethionamide-prothionamide 
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as part of multidrug regimens were all associated with 
reduced rates of treatment failure, relapse, or death (Ahuja 
et al., 2012).

7b.  Leprosy

Ethionamide has been shown to be an effective agent for lep-
rosy, although it has most ofen been studied in combination 
with other drugs (Depasquale, 1975; Krenzien, 1975; Dietrich 
et al., 1994; Pattyn, 1986; Pattyn et al., 1994). Ethionamide 
and prothionamide have also been shown to be effective 
against leprosy when used as single agents (Fajardo et al., 
2006), but as with tuberculosis, single-drug therapy for lep-
rosy is not recommended. Ethionamide is not currently part 
of treatment or retreatment regimens for leprosy, as other 
less toxic and more active drugs are available (WHO, 1994). 
A compound called isoprodian (isoniazid, prothionamide, 
dapsone) together with rifampicin was used extensively in a 
successful leprosy eradication program in Malta (Jacobson 
and Gatt, 2008).
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Thiacetazone

Paul D. R. Johnson

1. DESCRIPTION

Thiacetazone (also called thioacetazone, tibione or amithio-
zone) is a thiosemicarbazone that was synthesized by 
Behnisch and Schmidt and investigated clinically by Ger hard 
Domagk and co-workers in Germany in the 1940s (Daniel, 
2005; Domagk, 1950; Dooley et al., 2013). It was subsequently 
shown to be active alone or when combined with streptomy-
cin in patients with tuberculosis in the USA (Davis et al., 
1950). It is active against Mycobacterium tuberculosis, but was 
initially considered too toxic for widespread use (Hinshaw 
and McDermott, 1950). However, thiacetazone is extremely 
cheap to manufacture and stable in harsh climatic conditions 
and it became a common component of tuberculosis treat-
ment protocols particularly in Africa, often combined with 
isoniazid in a single oral formulation (De Cock, 1995; De 
Cock and Wilkinson, 1995; Falzon et al., 2014). Its primary 
purpose was to prevent the development of resistance to iso-
niazid (Dooley et al., 2013; Martinez and Hernandez, 1996; 
Rieder and Enarson, 1996). In patients co-infected with 
human immunodeficiency virus (HIV), thiacetazone causes 
unacceptably high rates of severe cutaneous reactions, lead-
ing to controversy about its continued value in the treatment 
of tuberculosis (Elliott and Foster, 1996; Falzon et al., 2014; 
Fegan, 1995; McLeod et al., 1989; Nunn et al., 1993; Rieder 
and Enarson, 1996). 

Thiacetazone may be considered as a last resort in multi-
drug-resistant tuberculosis (MDR-TB) but even in this sit-
uation thiacetazone is considered one of the weakest of the 
so-called group 5 drugs for MDR-TB (Falzon et al., 2011). 
Although some derivatives of thiacetazone may be more 
active than the parent drug (Coxon et al., 2013; Esfahanizadeh 
et al., 2014) most now regard the thiosemicarbazones class 
too toxic to warrant further development (Dooley et al., 
2013). The chemical structure of thiacetazone is shown in 
Figure 133.1. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

MYCOBACTERIUM TUBERCULOSIS

In mice and guinea pigs, thiacetazone had activity similar to 
streptomycin and superior to paraaminosalicylic acid (PAS) 
(Domagk, 1950). In a detailed study of 14 clinical isolates 
performed in Colarado, USA, thiacetazone was found to 
have poor bactericidal activity but good inhibitory capacity, 
with minimum inhibitory concentrations (MICs) in the range 
0.08–1.2 µg/ml (Heifets et al., 1990). Primary isolates from 
different regions of the world may vary in their sensitivity to 
thiacetazone. Strains isolated in East Africa are usually more 
sensitive MIC 0.4 µg/ml than those found in southern India, 
Hong Kong, and Singapore (Citron, 1973; Ellard et al., 1974). 
Mycobacterium africanum is frequently resistant to thiaceta-
zone, meaning that regimens containing this drug may be 
unsuitable for some patients (Abate et al., 2002; Bercion and 
Kuaban, 1997; van der Werf et al., 1989). As with other anti-
tuberculosis drugs, thiacetazone resistance emerges rapidly 
if it is used alone (Cohen et al., 1953).

A tentative epidemiological cut-off (ECOFF) for thiaceta-
zone, which lacks defined critical concentrations, was deter-
mined with reference to M. tuberculosis isolates from 78 
consecutive newly diagnosed patients and 32 additional 
MDR-TB isolates at the Karolinska University Hospital in 
Sweden. MICs were determined using Middlebrook 7H10 

Figure 133.1. Chemical structure of thiacetazone.
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agar plates with serial twofold dilutions from 0.002 to 512 
µg/ml. The wild-type MIC distribution for thiacetazone 
ranged over 5 twofold MIC dilutions (0.125–2.0 µg/ml), sug-
gesting an ECOFF of 2 µg/ml. The authors commented that 
in the absence of defined critical concentrations this ECOFF 
could define the thiacetazone breakpoint. To avoid uncer-
tainties generated by the proximity of wild-type and resistant 
populations near this concentration, they proposed the fol-
lowing definitions: sensitive ≤ 2 µg/ml, intermediate 2–4 
µg/ml, resistant > 4 µg/ml (Schon et al., 2011). Thioacetazone 
resistance in this study was common in isoniazid-resistant 
strains (11/28) 39% (Schon et al., 2011). 

MYCOBACTERIUM LEPRAE

The MIC of thiacetazone against M. leprae is 0.2 µg/ml, but 
the drug has only a bacteriostatic action against this organ-
ism (Ellard, 1980). In a study of intermittent therapy for M. 
leprae in the mouse footpad, thiacetazone failed to inhibit 
growth if the dosing interval was reduced to less than three 
times per week (Colston et al., 1980).

MYCOBACTERIUM AVIUM AND OTHER 
NON‑TUBERCULOUS MYCOBACTERIA

Thiacetazone inhibits the growth of, but is not bactericidal 
against, M. avium complex (MAC) in vitro. In a study of 65 
clinical isolates, MICs to thiacetazone in the range 0.02–0.15 
µg/ml were obtained (Heifets et al., 1990). Some derivatives 
of thiacetazone may be significantly more active than thiac-
etazone and have been tested in a mouse model (Bermudez 
et al., 2004; Bermudez et al., 2003). Thiacetazone is not cur-
rently considered to have an established role in the manage-
ment of MAC infections (Griffith et al., 2007). 

2b.  Emerging resistance and 
cross‑resistance

Resistance to thiacetazone develops rapidly if the drug is 
used alone (Cohen et al., 1953). In early trials performed in 
the 1960s, innate resistance to thiacetazone appeared to be 
more common in isolates of M. tuberculosis obtained from 
patients in Hong Kong, Singapore, and southern India than 
in East Africa and northern India (Citron, 1972).

In a study of 54 selected clinical isolates from patients with 
tuberculosis from Guinea-Bissau, all of which were sensitive 
to isoniazid and rifampicin, 80% of type II M. africanum iso-
lates were resistant to thiacetazone at an MIC of > 8 µg/ml. In 
this study it was noted that test strains seemed to divide into 
very sensitive (MIC < 0.5 µg/ml) and highly resistant (MIC > 
8 µg/ml) strains. A paradoxical effect was also observed in 
63% of all these strains, in which higher drug concentrations 
tended to perform more poorly than standard concentrations 
(Abate et al., 2002).

In a report from Agogo Hospital, Ghana (1985–1997), 99 
consecutive primary isolates from patients with tuberculosis 
were screened for first-line drug resistance: 29% were resis-
tant to thiacetazone. Forty-two of the isolates in this study 

were M. africanum, of which just under half were thiaceta-
zone resistant (van der Werf et al., 1989).

In a report from Cameroon in 1995, 5.6% of primary 
isolates from 516 consecutive culture-positive cases of tuber-
culosis were resistant to thiacetazone: M. africanum made 
up 10% of these isolates and 19.8% of the patients were HIV 
positive (Bercion and Kuaban, 1997).

In Uganda, in a representative random sample of patients 
with tuberculosis, 537 primary and 49 retreatment isolates 
were assessed; 3.2% were resistant to thiacetazone (Bretzel et 
al., 1999). 

In Italy in 1996–1997, 46 isolates from patients with isoni-
azid-resistant tuberculosis were tested for resistance to sec-
ond-line drugs; none was resistant to thiacetazone (Fattorini 
et al., 1999). 

In central India, 1426 isolates from patients with tubercu-
losis were studied: 54% were resistant to isoniazid and 25% 
were resistant to rifampicin; 6.5% of the total were also resis-
tant to thiacetazone (Hemvani et al., 2001). 

In Delhi in 2001–2002, 234 isolates from 1000 suspected 
cases of tuberculosis were tested: 2.1% of primary isolates and 
10.9% of secondary isolates were resistant to thiacetazone 
(Negi et al., 2003). 

In KwaZulu-Natal, in a study of 28 patients with menin-
gitis caused by multidrug-resistant tuberculosis (MDR-TB), 
two (7%) showed primary resistance to thiacetazone (Patel et 
al., 2004).

Perchlozone is a new drug for the treatment of multidrug- 
resistant disease that was licensed in Russia in 2012 (Gopal 
and Dick, 2015). It is a thiosemicarbazone as is thiacetazone. 
A comparative in vitro analysis of both drugs was performed 
showing the two compounds had the same spectrum of activ-
ity. Spontaneous perchlozone resistance mutations mapped 
to the thiacetazone bacterial activation enzyme EthA and the 
molecular target of thiacetazone, the mycobacterial fatty acid 
synthase II di-hydratase complex (Gopal and Dick, 2015). 
Complete cross-resistance between perchlozone and thioce-
tazone is likely. 

3. MECHANISM OF DRUG ACTION

Thiacetazone is a prodrug that requires activation by a bac-
terially encoded monoxygenase, EthA (DeBarber et al., 2000; 
Dover et al., 2007; Qian and Ortiz de Montellano, 2006). 
EthA also activates ethionamide, and it would be expected 
that mutations in the corresponding gene, ethA, would result 
in complete cross-resistance. This is well illustrated in a study 
of isolates from patients with MDR-TB obtained from Cape 
Town: 11 of 11 ethionamide-resistant isolates that had muta-
tions in etha were also resistant to thioacetazone (DeBarber 
et al., 2000). However, cross-resistance between ethionamide 
and thiacetazone is not necessarily complete (Caminero et al., 
2010). 

The target of activated thiacetazone has been elusive and 
its mechanism of action poorly understood, although it is 
thought to interfere with mycolic acid synthesis (Alahari et 
al., 2007; Dover et al., 2007). Hence, the activity of thiaceta- 
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zone is similar to isoniazid and ethionamide although the 
final molecular target differs (Grzegorzewicz et al., 2015). 
Mycolic acids are complex long-chain fatty acids, and the 
molar ratios of different mycolic acids influence fluidity and 
permeability of the cell wall and the immunologic response 
of the host (Alahari et al., 2007). Part of the variability in 
mycolic acid structure results from the actions of cyclopro-
pane mycolic acid synthases (CMASs) that convert double 
bonds in mycolic acid intermediates to cyclopropane resi-
dues. Laboratory studies with M. marinum and M. bovis-
bacille Calmette-Guérin (BCG) have shown that activated 
thiacetazone may bind to and inhibits certain CMASs, lead-
ing to alteration of the cyclopropanation status of the cell 
envelope that is deleterious to cell function. The inhibitory 
effect of thiacetazone in these experiments was reversed by 
overexpressing cmaA2 and related genes (Alahari et al., 2007). 
Interestingly, a null mutant of cmaA2 in M. tuberculosis was 
hypervirulent (Rao et al., 2006) suggesting, at least in theory, 
a basis for the paradoxical effects of thiacetazone that have 
been observed in in vitro studies (Abate et al., 2002). More 
recently, overexpression of the hadABC operon, encoding 
the essential mycobacterial type II fatty acid dehydratase 
complex (FAS-II), but not of any of the remaining FAS-II 
genes, resulted in a high level of resistance to thiacetazone 
in M. tuberculosis (Belardinelli and Morbidoni, 2012). These 
and other experiments suggest that the intracellular target of 
activated thiacetazone is likely to be the HadAB component 
of the FAS-II system (Grzegorzewicz et al., 2015).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Thiacetazone is administered orally, as a single daily dose of 
150 mg to adults, and at one time frequently was given in 
fixed-dose 1:2 combinations with isoniazid (e.g., thiaceta-
zone 150 mg/isoniazid 300 mg, under the trade names INAT, 
Thiazina, and Thisozide). Currently, with its use restricted 
to a very narrow set of indications, it is prescribed as a single 
agent at a dose of 150 mg per day (Caminero et al., 2010).

4b.  Newborn infants and children

In children, daily doses of thiacetazone 25, 50, and 100 mg 
have been given to those weighing less than 10, 10–20, and 
20–40 kg, respectively, which approximates to a dose of 3–5 
mg/kg/day (Pearson, 1992). However, dosage for children has 
been higher in some protocols (e.g. 5–8 mg/kg/day) (Chintu 
et al., 1993).

4c.  Pregnant and lactating mothers

Studies on the effects of thiacetazone in pregnancy have not 
been performed in humans or animals, although there have 
been concerns that the combination of isoniazid and thia-
cetazone may cause genetic damage to cultured human 

lymphocytes obtained from patients receiving treatment 
for tuberculosis (Ahuja et al., 1981; Jaju and Ahuja, 1984; 
Jaju et al., 1983; Jaju et al., 1984). A cohort from South Africa 
included two patients who received thiacetazone during 
the first trimester of pregnancy without adverse outcomes 
(Marcus, 1967). It is not known whether thiacetazone passes 
into breast milk.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

About 20–25% of an orally administered thiacetazone dose 
is excreted in the urine in unchanged form. Some metabo-
lites of the drug are also eliminated via the kidney (Ellard et 
al., 1974; Peloquin et al., 1996). Increased drug levels would 
be expected in patients with renal impairment, although there 
are no formal dose adjustment recommendations available.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

The liver is probably the main site of thiacetazone metabo-
lism. Severe liver damage with jaundice, resulting in occa-
sional fatalities, apparently due to thiacetazone has been 
reported (Miller et al., 1966). However, most of these patients 
had also received isoniazid simultaneously. Serum levels of 
thiacetazone and its metabolites are likely to be elevated in 
patients with severe hepatic impairment, but there are no 
formal dose adjustment recommendations available.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Thiacetazone is well-absorbed following oral administration, 
with only minimal amounts appearing unchanged in feces 
(Jenner et al., 1984). The serum half-life of the drug is 12–16 
hours (Ellard et al., 1974; Peloquin et al., 1996).

5b.  Drug distribution

After a 150-mg dose to adults, a peak serum level of 1–2 µg/
ml is attained after 3–5 hours. Doubling the dose approxi-
mately doubles the serum concentrations, but when a dose as 
high as 600 mg is given, the peak level is attained at 5 hours 
or later. (Ellard et al., 1974; Jenner, 1983; Nunn et al., 1993; 
Peloquin et al., 1996; Sen et al., 1974). 

In 12 volunteers who received 150 mg of thiacetazone 
daily for 7 days, the following pharmacokinetic data were 
obtained: serum peak values of 1.59 ± 0.47 µg/ml, time to 
peak 3.30 ± 1.18 hours, and serum half-life of 15–16 hours. 
Less than 25% of thioacetazone was recovered unchanged in 
the urine over 48 hours. After 150-mg doses in healthy sub-
jects, the serum concentration declined to approximately 
0.7 µg/ml after 24 hours; by 48 hours, the level had fallen to 
0.3 µg/ml. Slight accumulation of thiacetazone may occur 
with daily dosing (Peloquin et al., 1996).
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About 20–25% of an orally administered thiacetazone 
dose is excreted in the urine in an unchanged form (Ellard 
et al., 1974; Peloquin et al., 1996).

The volume of distribution is 2 l/kg and thiacetazone is 
probably widely distributed. However, no specific informa-
tion on penetration into the central nervous system or other 
sites is available (Patel et al., 2004). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

After a 150-mg oral dose, an area under the concentration–
time curve (AUC) of 25–61 µg/ml/h has been obtained 
(Peloquin et al., 1996); the AUC may be increased in 
patients co-infected with HIV, but not sufficiently to explain 
the increased rate of cutaneous reactions in this group 
(Watkins et al., 1996) (see section 6a, Skin rash, mucocuta-
neous hypersensitivity).

5d.  Excretion

About 20–25% of an orally administered thiacetazone dose is 
excreted in the urine in unchanged form. Some metabolites 
of the drug are also eliminated via the kidney, but probably 
less than 6% of the initial dose is excreted this way. About 
3% of an oral dose is excreted unchanged in feces (Ellard et 
al., 1974; Holdiness, 1984; Jenner et al., 1984; Peloquin et al., 
1996).

About 75% of thiacetazone is metabolized, probably in 
the liver, but the exact extent of this is unknown. Some 
metabolites, such as para-acetylaminobenzoic acid and para- 
aminobenzaldehyde thiosemicarbazone, have been detected 
in urine (Ellard et al., 1974). It is proposed that thiacetazone 
hydroxylamine may be the metabolite that causes cutaneous 
reactions, particularly in HIV-co-infected patients (Nunn et 
al., 1993).

5e.  Drug interactions

There is an increased risk of adverse events if thiacetazone is 
combined with ethionamide or prothionamide (Grosset and 
Benhassine, 1970) and increased ototoxicity if combined 
with streptomycin (Briggs et al., 1968).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Skin rash, mucocutaneous 
hypersensitivity

The most important toxicity of thiacetazone is skin rash 
including fatal Stevens–Johnson syndrome and toxic epider-
mal necrolysis (TEN). Cutaneous hypersensitivity reactions 
were recognized from the very first use of the drug in the 
1940s and were well established by the 1970s (Elliott and 
Foster, 1996). In the pre-HIV era, this side effect occurred 
in approximately 10% of patients. However, the risk appeared 

to be partly related to race as cutaneous reactions were less 
common in Africa than in East Asia, where thiacetazone 
was considered too toxic to use (Ferguson et al., 1971; Teo 
and Chew, 1982). Most cases were mild, maculopapular in 
nature, appeared during the first 6 weeks, and resolved despite 
continued treatment. However, about 20% were severe and 
occasionally caused fatal erythema multiforme, TEN, or 
Stevens–Johnson syndrome (Bedi et al., 1974; Briggs et al., 
1968; Ferguson et al., 1971). 

For unexplained reasons, the incidence of cutaneous 
reactions is markedly increased by at least 4- to 12-fold in 
HIV-co-infected patients compared with HIV-negative con-
trols and may involve up to 29% of all patients with HIV who 
receive thiacetazone (Chintu et al., 1993; Elliott and Foster, 
1996; Ipuge et al., 1995; Nunn, 1991; Okwera et al., 1997; 
Watkins et al., 1996; Whalen et al., 1996). In a case series of 
267 children in Zambia with tuberculosis who were receiv-
ing isoniazid and thiacetazone with or without streptomycin, 
the odds ratio of cutaneous reaction in those who were HIV 
positive compared with those who were HIV negative was 
11.6 (95% confidence interval [CI]: 3–35); 21% of all the 
HIV-positive children in his study were affected. Twelve 
HIV-positive children, but none who were HIV negative, 
developed Stevens–Johnson syndrome, 11 of whom died 
within 3 days (Chintu et al., 1993). In 1991 WHO recom-
mended replacing thiacetazone with ethambutol in patients 
likely to have HIV infection, and it is now regarded as a drug 
of last resort and only for those known to be HIV-negative 
(Falzon et al., 2014). Toxic diffuse alopecia has also been 
linked to thiacetazone (Gupta et al., 1983). 

As thiacetazone is a prodrug that requires activation by 
the bacterially encoded monoxygenase EthA, it is also sus-
ceptible to activation by human enzymes that perform simi-
lar functions. Human flavin–containing monooxygenase 
2.1 catalyzes oxygenation of thiacetazone and may be more 
avid in this regard than EthA itself. Europeans and Asians 
are less likely to express this enzyme than Africans. This 
finding does not match well with the observations described 
earlier regarding increased toxicity in Asians but neverthe-
less may explain some of the variability in toxicity between 
individuals (Francois et al., 2009).

6b.  Gastrointestinal side effects

Nausea, vomiting, anorexia, diarrhea, and indigestion are 
common and troublesome, and can be reduced by taking the 
tablets with food. Anorexia may be sufficient to cause weight 
loss. Up to 25% of patients may have to discontinue treat-
ment owing to gastrointestinal intolerance (Teklu, 1976; Webb, 
1973). Hepatitis is relatively common, including when thiac-
etazone is used without isoniazid (Axton, 1971; Gupta et al., 
1977; Mital et al., 1968).

6c.  Hematologic side effects

Bone marrow depression, red cell aplasia, thrombocytopenia, 
and agranulocytosis have been attributed to thiacetazone 
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therapy (Miller et al., 1966; Miller, 1968; Kanyerezi, 1971; 
Miller et al., 1972; Jaliluddin and Mohsini, 1981; Wil liams 
et al., 1982). Minor degrees of hemolysis are commonly 
detected in patients receiving the drug (Masel and Johnston, 
1968).

6d.  Neurotoxicity and ototoxicity

Symptoms such as dizziness, vertigo, ataxia, tinnitus, and 
even deafness have been attributed to thiacetazone (Miller, 
1968; Pearson, 1978), and the drug may potentiate strepto-
mycin ototoxicity (Briggs et al., 1968).

6e.  Vitamin supplementation to reduce 
side effects

Combining thiacetazone with vitamin B, calciferol, and an 
antihistamine made no difference to adverse events, but 
increased the cost of treatment fourfold (Fox, 1971; Miller 
et al., 1970).

7. CLINICAL USES OF THE DRUG

7a.  Tuberculosis

Thiacetazone is absolutely contraindicated in cases of 
known or suspected HIV co-infection. It should be used 
only in combination with other drugs known or likely to be 
active.

In early studies thiacetazone was shown to be moderately 
effective, but inferior to the combination of streptomycin 
and para-aminosalicylic acid when they were compared with 
thiacetazone used alone (Cohen et al., 1953). Thiacetazone 
was as effective as para-aminosalicylic acid as a companion 
drug to isoniazid with respect to sputum conversion and pre-
venting the emergence of isoniazid resistance (EA/BMRC, 
1970). The addition of streptomycin for the first two months 
increased efficacy of this combination to almost 100% (Fox, 
1971). However, in a review published in 1979 that included 
data from guinea pig, mouse, and human studies, thiaceta-
zone was ranked poorly against all other first-line drugs as 
having the weakest sterilizing ability (rifampicn > pyrazin-
amide > isoniazid > streptomycin > ethambutol > thiaceta-
zone) and the second weakest ability to prevent the emergence 
of resistance (isoniazid > rifampicin > streptomycin > eth-
ambutol > thiacetazone > pyrazinamide) (Mitchison, 1979). 
Nevertheless, thiacetazone has been successful in preventing 
the emergence of isoniazid resistance during the continua-
tion phase of short-course programmatic treatment proto-
cols (Martinez and Hernandez, 1996).

The dose of thiacetazone appears to be critical; larger doses 
cause increased toxicity, but lower doses are less effective 
(Citron, 1972; Fox, 1971). Trials in East Africa established 
that the optimal efficacy (quiescent disease at one year) was 
obtained with isoniazid 300 mg plus thiacetazone 150 mg 
(EA/BMRC, 1970; Fox, 1971).

Thiacetazone has most often been prescribed with isonia-
zid in fixed-dose combinations for the continuation phase of 
treatment (standard preparations include isoniazid 300 mg/
thiacetazone 150 mg; isoniazid 100 mg/thiacetazone 50 mg). 
For example, intensive phase: isoniazid 5 mg/kg/day, rifampi-
cin 10 mg/kg/day, pyrazinamide 30 mg/kg/day, streptomycin 
i.m. 15 mg/kg/day, or ethambutol 15 mg/kg/day daily for 2 
months, followed by a continuation phase for six months: iso-
niazid 5 mg/kg/day together with thiacetazone 2.5 mg/kg/day 
(WHO, 2003). Three times weekly regimens were also avail-
able for all the above drugs except thiacetazone, which must 
be given daily to avoid the emergence of resistance (WHO, 
2003). However, in its 2003 guidelines for the treatment of 
tuberculosis, WHO also stated that it now discourages the use 
of thiacetazone and suggested it be replaced with ethambutol 
for any patient with or suspected of having HIV (WHO, 2003). 

Thiacetazone has a very limited role for the treatment of 
MDR-TB. It is bacteriostatic only, has a high rate of toxicity, 
and probably enhances toxicity of other second-line drugs 
that are more effective than thiacetazone, such as ethion-
amide (Crofton et al., 1997). Thiacetazone is classified as a 
category 5 drug for MDR-TB, which is a group of unrelated 
drugs defined as having uncertain efficacy and/or about which 
there are only minimal clinical data. Currently group 5 drugs 
include clofazimine, amoxicillin-clavulanate, linezolid, imi-
penem or meropenem, clarithromycin, and thioacetazone 
(Caminero et al., 2010). It is suggested that if needed group 5 
drugs are introduced two at a time, with thiacetazone being 
one of the two least preferred options (Caminero et al., 2010). 
When the individual effect of thioacetazone was analyzed in 
three systematic reviews of the treatment of drug-resistant 
TB, no significant association between cure and use of thiac-
etazone was identified (Falzon et al., 2011). In a large series of 
651 patients with extensively resistant tuberculosis (XDR-TB) 
in which a cure rate of 60.4% was achieved, thiacetazone was 
not used (Mitnick et al., 2008).

7b.  Leprosy

In patients with leprosy, thiacetazone in combination with 
isoniazid and dapsone was shown to be inexpensive and to 
give good results (Kundu et al., 1981). In a study of 36 
patients with lepromatous leprosy with positive blood cul-
tures for M. leprae, the addition of rifampicin to dapsone sig-
nificantly increased clearance of the organism, but dapsone 
plus thiacetazone was no more effective than dapsone alone 
(Ramu et al., 1981). Thiacetazone is no longer considered to 
have any role in the treatment of leprosy because less toxic 
and more effective drugs are available (WHO, 1994).
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1. DESCRIPTION

Capreomycin is an important reserve antibiotic for the 
treatment of tuberculosis and has been used for this pur-
pose for more than 40 years (Cohen and Yue, 1966; Cuthbert 
and Bruce, 1964; Kass, 1965). It is a naturally produced 
cyclic polypeptide composed of nonproteinogenic amino 
acids and biosynthesized by a nonribosomal protein syn-
thase by Streptomyces capreolus (Barkei et al., 2009; Chopra 
et al., 2012; Felnagle et al., 2008; Thomas et al., 2003). 
Capreomycin was first isolated in 1959 from S. capreolus 
at  the Lilly Laboratories in Indiana (Herr et al., 1959). It 

consists of four microbiologically active compounds— 
capreomycin IA, IB, IIA, and IIB in the approximate pro-
portions of 25%, 67%, 3%, and 6%, respectively (Chopra 
et al., 2012; Herr and Redstone, 1966; Nomoto et al., 1977; 
Shiba et al., 1976). For clinical purposes, capreomycin is 
given as a sulfate (predominantly capreomycin IA and IB). 
The chemical structures of capreomycin IA and IB are 
shown in Figure 134.1. 

Capreomycin is often grouped together with the amino-
glycosides, as they share similar pharmacokinetics and toxic-
ities, but their structures differ and the spectrum of activity 
of capreomycin is restricted to mycobacteria. 

Figure 134.1. Chemical structure of two capreomycin 
compounds.
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Capreomycin is also grouped with viomycin as a tuber-
actinomycin antibiotic (Thomas et al., 2003). 

The activity of capreomycin may be partly copper ion 
dependent, but the clinical significance of this is unclear 
(Manning et al., 2014; Stokowa et al., 2012; Szafraniec et al., 
2012).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

GRAM-POSITIVE AND GRAM-NEGATIVE BACTERIA

Capreomycin is active against only mycobacteria in clinical 
practice, although it may possess some in vitro activity at 
very high concentration against staphylococci and Gram-
negative organisms (Oliva et al., 1998).

MYCOBACTERIUM TUBERCULOSIS

Capreomycin is a key second-line injectable agent for the 
treatment of drug-resistant tuberculosis. Minimal inhibitory 
concentrations against M. tuberculosis have been reported 
as 1.25–4 µg/ml in liquid media, similar to those of strepto-
mycin, amikacin, and kanamycin (Heifets, 1988; Heifets and 
Lindholm-Levy, 1989; Ho et al., 1997).

In vitro studies suggest that capreomycin is as bactericidal 
against M. tuberculosis as streptomycin, and that the mini-
mum bactericidal concentration is likely to fall well within 
achievable serum concentrations (Heifets and Lindholm-Levy, 
1989). In an in vitro anaerobic model of latent tuberculosis, 
capreomycin (and metronidazole) were the only antimyco-
bacterial drugs able to kill non-replicating M. tuberculosis 
(Heifets et al., 2005).

A critical concentration (breakpoint) to detect resistance 
to capreomycin has been set at 40 µg/ml for Lowenstein–
Jensen agar, 8.0–10.0 µg/ml for Middlebrook 7H10 agar, 
1.5–2.0 µg/ml with Bactec 460, 2.5 µg/ml in the Bactec MGIT 
960 system, and 2.5 µg/ml in the microscopic observation 
drug susceptibility (MODS) assay (Huang et al., 2014; Jureen 
et al., 2010; Kam et al., 2010; Kim et al., 2013; Sharma et al., 
2011; Trollip et al., 2014; van Ingen et al., 2010). The epide-
miological cutoff value (ECOFF) on 7H10 agar for capreo-
mycin was 4 µg/ml for 90 consecutively obtained clinical 
isolates of M. tuberculosis at the Karolinska University 
Hospital in Sweden, and it has been suggested that a capreo-
mycin critical concentration of 8 or 10 µg/ml in the 7H10 
agar is too high to detect some resistant strains (Jureen et al., 
2010).

Multidrug-resistant M. tuberculosis (MDR-TB) is defined 
by resistance to both rifampicin and isoniazid, but many of 
these isolates are also epidemiologically linked to streptomy-
cin resistance (WHO/IUATLD, 2008). Until recently, despite 
streptomycin resistance, susceptibility to capreomycin (and 
to amikacin or kanamycin) had been preserved. Inevitably 
XDR-TB, defined as MDR-TB plus resistance to a quinolone 
and at least one of amikacin, kanamycin, or capreomycin, 
has resulted from increasing use of the second-line injectable 

agents. However, the development of resistance to capreomy-
cin can be limited by use of capreomycin as part of effective 
supervised multidrug regimens (Chien et al., 2014; Kempker 
et al., 2015; Smith et al., 2015).

MYCOBACTERIUM AVIUM AND OTHER 
NONTUBERCULOUS MYCOBACTERIA

Capreomycin is much less active in vitro against nontubercu-
lous mycobacteria than M. tuberculosis. In a study of clinical 
isolates, the broth macrodilution MIC90 for various species of 
nontuberculous mycobacteria were as follows: MIC90 (num-
ber of isolates): M. kansasii 32 µg/ml (19), M. srofulaceum 32 
µg/ml (25), M. avium–intracellulare 64 µg/ml (25), M. forti-
uitum > 64 µg/ml (31), and M. chelonae > 64 µg/ml (26). 
MIC50 was either the same as the MIC90 or only one dilution 
less (Ho et al., 1997). In another study, 100 clinical isolates 
of M. avium were tested against streptomycin, kanamycin, 
amikacin, and capreomycin. All strains were resistant to 
capreomycin at a breakpoint of 2.0 µg/ml, despite 39% of 
these being sensitive to streptomycin at the same breakpoint 
(Heifets and Lindholm-Levy, 1989).

In China, of 52 isolates of M. intracellulare examined, 40 
tested susceptible to capreomycin (Zhao et al., 2014c), and 
capreomycin appeared active against 11 isolates of M. fortu-
itim. Using an international panel of 40 rapidly growing non-
tuberculous mycobacteria, capreomycin was considered to 
be potentially active in vitro (Pang et al., 2015).

Capreomycin is not currently considered a useful agent 
for M. avium complex (MAC) or other nontuberculous myco-
bacterial infections (Griffith et al., 2007).

2b.  Emerging resistance and 
cross-resistance

Capreomycin-resistant variants of M. tuberculosis can be read-
ily selected in vitro and capreomycin should never be used as 
a single agent (Maus et al., 2005a; b; Sutton et al., 1966). Most 
streptomycin-resistant clinical isolates of M. tuberculosis are 
sensitive to capreomycin and the other second-line amino-
glycosides (Ho et al., 1997; Maus et al., 2005a; Maus et al., 
2005b). However, if capreomycin resistance is detected, there 
will also be cross- resistance to viomycin, a related cyclic 
polypeptide active against M. tuberculosis, and often but not 
always between capreomycin and other second-line amino-
glycosides, including kanamycin and amikacin. This is a 
complex area involving various single-nucleotide polymor-
phisms in the rrs gene of M. tuberculosis, inactivation of ribo-
somal methylation gene tlyA (Johansen et al., 2006; Maus 
et al., 2005b), and other as yet undiscovered mechanisms. 
An important observation is that, although the cyclic poly-
peptides capreomycin and viomycin are more closely related 
to each other than to the second- line aminoglycosides, the 
known rrs mutations associated with resistance overlap 
between the two classes, meaning that combining a cyclic 
polypeptide with an aminoglycoside is not likely to protect 
either class (Maus et al., 2005a).
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In Georgia, 80 clinical isolates of M. tuberculosis with 
known or suspected resistance to capreomycin or kana-
mycin, and 70 sensitive isolates, were selected to investigate 
genotypic markers of resistance and cross-resistance between 
injectable agents. Sequencing revealed mutations in the ribo-
somal RNA gene, rrs, but no mutations in tlyA, a gene that 
encodes an essential methylase that activates capreomycin. In 
rrs, C1402T was closely associated with capreomycin resis-
tance but not with kanamycin or amikacin resistance (Jugheli 
et al., 2009).

Using a panel of 152 M. tuberculosis clinical isolates with 
a wide geographical origin, 55 of which were phenotypically 
resistant to capreomycin, the key mutation identified in rrs 
was at 1401 (not 1402), which predicted simultaneous resis-
tance to capreomycin, amikacin, and kanamycin. Resistance 
to capreomycin in mutants carrying A1401G was relatively 
low-level, with an MIC range of 4–32 µg/ml on 7H10 agar 
(Engstrom et al., 2011; Sirgel et al., 2012). Mutations in 
tlyA were uncommon in clinical isolates compared to those 
selected in vitro, and not all clinically-derived tlyA mutants 
were phenotypically capreomycin resistant (Engstrom et al., 
2011).

In a systematic review of sequences derived from 1585 
unique clinical isolates of M. tuberculosis from 18 countries 
classified as sensitive or resistant to capreomycin, kana-
mycin, or amikacin, an rrs A1401G mutation was present 
in about 76% of isolates resistant to capreomycin but also 
78% to amikacin and 56% resistant to kanamycin. For cap-
reomycin but not the other second-line agents, some isolates 
with rrs 1401 mutations were phenotypically sensitive (7%). 
Mutations in tlyA were again rare in these capreomycin- 
resistant clinical isolates. The authors commented that no 
single set of mutations reliably predicts phenotypic resis-
tance to capreomycin (Georghiou et al., 2012). Overall only 
1% of the isolates carried the C1402T mutation reported in 
isolates from Georgia (Jugheli et al., 2009). 

In the Eastern Cape of South Africa between June 2008 
and November 2009, 310 resistant isolates of M. tuberculosis 
were screened for phenotypic and genotypic resistance. Using 
the Middlebrook 7H11 agar plate method, 89.5% (162/181) 
of the isolates with an rrs A1401G mutation were resistant 
to amikacin and 13% (21/162) of these were also resistant to 
capreomycin. Resistant isolates underwent quantitative drug 
sensitivity testing (QDST) with the MGIT 960 system. Of the 
remaining 129 isolates that lacked an rrs A1401G mutation, 
6% (8/129) were resistant to amikacin and only one of these 
was resistant to both amikacin and capreomycin. In a subset 
of 30 isolates classified as pre-XDR or XDR-TB and that car-
ried rrs A1401G mutations, all had MICs to amikacin > 20 
µg/ml. However, MICs to capreomycin were in the range 
10–15 µg/ml by QDST, above the WHO-determined critical 
concentration breakpoint of 2.5 µg/ml with the agar method 
but arguably still susceptible to capreomycin at clinically 
achievable serum levels (Sirgel et al., 2012).

In China, 114 clinical isolates of M. tuberculosis were 
obtained from the Beijing Chest Hospital between January 
2008 and December 2010. QDST was performed using the 

Microplate Alamar blue assay. The authors defined high-level 
resistance to capreomycin (and other second line injectables) 
if the MIC determined was ≥ 16-fold the critical concentra-
tion, which for capreomycin is 2.5 μg/ml. Resistance geno-
type was determined by polymerase chain reaction (PCR) 
amplification of selected genes including rrs, tlyA, and the 
promoter of eis. Of 51 strains carrying A1401G, all were resis-
tant to capreomycin with MICs in the range 5 to ≥ 40 μg/ml. 
Less frequent rrs mutations associated with high-level cap-
reomycin resistance were G1484T and C1402T. As reported 
from Georgia (Jugheli et al., 2009), C1402T was sensitive and 
specific for isolated capreomycin resistance. Only 41/81 
(51%) of capreomycin-resistant strains carried the A1401G 
mutation, indicating poor specificity of this allele as a screen 
to detect capreomycin resistance. Furthermore, at least 10% 
of the high-level capreomycin resistance isolates had no muta-
tions detected (Du et al., 2013). Of the 114 clinical isolates, 
57 (50%), 87 (76%), and 99 (87%) were resistant to kanamy-
cin, amikacin, and capreomycin, respectively. All 57 kana-
mycin resistant isolates were cross-resistant with amikacin 
and capreomycin. Only 12 isolates (11%) was resistant to just 
capreomycin (Du et al., 2013).

In South Korea, 126 clinical isolates of M. tuberculosis 
were obtained from sputum cultures of patients registered in 
public health centers from 2009 to 2010. Ninety-seven were 
XDR-TB and 29 pan-susceptible strains. Phenotypic resis-
tance was determined by the absolute concentration method 
on Lowenstein–Jensen using a critical concentration of cap-
reomycin of 40 μg/ml. Sequencing was performed for rrs, 
rpsL, gidB, eis, and tlyA genes. Eighty-six isolates were cap-
reomycin resistant and 76 (88%) of these had rrs mutations, 
all but two of which were A1401G. Eleven (11.3 %) of 97 
XDR isolates were capreomycin susceptible. Six of these 11 
isolates had A1401G rrs mutation and were kanamycin and 
amikacin cross-resistant. It is unclear whether the phenotype– 
genotype mismatch could translate to capreomycin clinical 
efficacy or reflects inconsistent capreomycin susceptibility 
testing (Jnawali et al., 2013).

In Thailand, 29 clinical isolates of M. tuberculosis obtained 
between 2004 and 2011 that were kanamycin resistant (26 
XDR-TB and 3 MDR-TB) were sequenced for genetic markers 
of resistance. Phenotypic resistance was determined using the 
standard proportion method and MICs by the agar dilution 
method on Middlebrook 7H10 agar (drug concentrations: 0, 
2, 4, 8, 16, 32, and 64 μg/ml). Almost all kanamycin-resistant 
strains carried the rrs A1401G mutation and demonstrated 
high levels of resistance to both amikacin and kanamycin, 
with MICs > 64 μg/ml. Capreomycin MICs ranged from 4 to 
> 64 μg/ml (Sowajassatakul et al., 2014).

From a national drug-resistance survey in China con-
ducted in 2007, 158 MDR-TB isolates were investigated for 
genotypic markers of resistance in the rrs, tlyA, and eis genes. 
Phenotype was determined by Alamar blue assay using final 
concentrations of 0.156–80 μg/mL of capreomycin. The prev-
alence of resistance to at least one second-line injectable agent 
was 12.7%. Eight of 12 capreomycin resistant isolates were 
cross-resistant to amikacin and kanamycin, one was sensitive 
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to kanamycin but not amikacin, and three were sensitive to 
both amikacin and kanamycin. The A1401G rrs mutation 
was linked to high-level resistance to kanamycin and amika-
cin, and MICs to capreomycin were variable but still likely to 
be clinically important (40–80 μg/ml) (Zhang et al., 2014). 

In KwaZula-Natal, South Africa 47/52 (90.4%) M. tuber-
culosis isolates from patients with XDR-TB were capreomy-
cin resistant. The majority of capreomycin-resistant strains 
(80%) belonged to a common lineage, suggesting cross- 
transmission of a resistant outbreak strain. Capreomycin 
resistance was linked to increased mortality in this study in 
which 84% of patients were HIV co-infected (O’Donnell et al., 
2015). 

Also in South Africa, a retrospective chart review was per-
formed of 310 adults with culture-proven XDR-TB diagnosed 
between August 2002 and October 2012 at two dedicated 
provincial facilities for the treatment of XDR-TB. Isolates 
underwent phenotypic capreomycin susceptibility testing 
with the standard proportion method at a critical concentra-
tion of 10 μg/ml. Capreomycin MICs were assessed on a sub-
set of isolates that were susceptible to capreomycin by using 
the MGIT 960 system. MICs ≥ 2.5 μg/ml are considered 
resistant with this method. Of the cohort of 178 patients, 
67% had previous exposure to either amikacin or kanamy-
cin. Genotyping of the rrs gene of isolates from these patients 
for the A1404G mutation was conducted on 91 of 178 isolates. 
Phenotype and genotype were concordant in 72/92 (79%) of 
isolates. There was a high rate (87%) of capreomycin resis-
tance in capreomycin-naive patients with XDR-TB, including 
some who had not received any prior second-line injectable 
therapy. The use of capreomycin in the presence of resistance 
did not reduce mortality or increase culture conversion in a 
multivariable analysis. The authors called for routine capreo-
mycin susceptibility testing in KwaZulu-Natal and recom-
mend avoiding capreomycin in all patients with resistant 
isolates due to its well-established toxicity (O’Donnell et al., 
2015). 

In 2000, 125 recoverable consecutive M. tuberculosis 
 isolates were obtained from patients with pulmonary tuber-
culosis in multiple centers throughout southern Taiwan. 
Thirty-one (25%) were capreomycin resistant using a pro-
portion method with 7H10 agar and a breakpoint of 10 μg/ml 
(Lu et al., 2008).

In Karakalpakstan, a region in the west of Uzbekistan, 
of 266 clinical isolates of M. tuberculosis from patients with 
MDR-TB, 48 that were phenotypically either amikacin or 
capreomycin resistant were compared with 39 susceptible 
strains. Thirty-four of the resistant strains (71%) carried the 
A1401G mutation and two had tlyA mutations. Five resistant 
capreomycin strains had no mutations detected (Feuerriegel 
et al., 2009).

In the Vladimir and Orel regions of Russia from January 1 
to December 31, 2006, 75 isolates of M. tuberculosis with 
resistance to at least one second-line drug were identified 
among 363 cases of MDR-TB. Drug sensitivity was assessed 
by absolute concentration on Lowenstein–Jensen agar with a 
critical concentration for capreomycin of 30 μg/ml. Twenty- 

four (32%) were resistant to capreomycin (Punga et al., 
2009).

In the UK, second-line antituberculosis drug susceptibil-
ity results were reviewed from 678 patients with MDR-TB 
between January 1995 and December 2007. Capreomycin 
resistance was identified in 3.4% (Abubakar et al., 2009). 

In Addis Ababa, Ethiopia, between December 2005 and 
August 2006, isolates from 114 new and previously treated 
patients with tuberculosis were referred to the National 
Reference Laboratory where they were tested for resistance 
using reference methods. Forty-six isolates were classified as 
MDR-TB, of which two were also resistant to capreomycin 
(Agonafir et al., 2010).

In Karachi, Pakistan, from 1996 to 2006, 577 isolates of 
M. tuberculosis from patients with MDR-TB were assessed 
for second-line drug resistance. All were sensitive to capreo-
mycin (Rao et al., 2010).

At the Aga Khan University, Pakistan, 50 M. tuberculosis 
isolates defined as XDR-TB were selected for genotype/ 
phenotype comparison. All isolates with an rrs 1401 muta-
tion were kanamycin and amikacin resistant, but 51.5% were 
capreomycin susceptible using Middlebrook 7H10 medium 
with a capreomycin critical concentration of 10 μg/ml. No 
rrs gene mutations were detected in 15 (30%) XDR isolates, 
which included both amikacin/kanamycin- and capreomycin- 
resistant strains (Ali et al., 2011).

In Shanghai, China, M. tuberculosis cultures from all 
cases of tuberculosis from January to December 2009 were 
screened for resistance to second-line drugs. Of isolates from 
431 patients with any resistance to any first-line antitubercu-
losis drug, 28/431 (6.5%) were also resistant to capreomycin 
(Shen et al., 2011).

In Jiangxi, China, from January 2010 to June 2011, a total 
of 97 strains of M. tuberculosis were isolated from separate 
patients with pulmonary tuberculosis. Phenotypic resistance 
was assessed by the proportion method on Lowenstein–
Jensen media with a capreomycin critical concentration of 40 
μg/ml. The most frequent genetic alteration associated with 
resistance to capreomycin was rrs A1401G (73.7%). Com-
pared with phenotype, the sensitivity of genotype for detect-
ing capreomycin resistance was 79% (Yuan et al., 2012). 

A total of 336 MDR-TB isolates were collected between 
June 2007 and January 2008 from four provinces of South 
Africa, of which 4.5% (15/336) were resistant to capreomycin 
using the Bactec MGIT 960 system (Said et al., 2012). 

In the Zhejiang and Jiangsu Provinces, China from Jan-
uary 2008 to December 2008, 380 isolates of M. tuberculosis 
from 415 cases of incident tuberculosis were tested for sus-
ceptibility to second-line drugs using the proportion method 
on Lowenstein–Jensen agar. Forty-one of 380 (10.8%) were 
resistant to capreomycin (Hu et al., 2013).

In northeastern Mexico, of 37 resistant isolates of M. tuber-
culosis obtained from patients at one center over 4 years at 
the end of the 2000s, 24 were MDR-TB and 1 (2.7%) was 
resistant to capreomycin (Becerril-Montes et al., 2013). 

In Turkey, 81 MDR-TB isolates from Istanbul and two 
provinces were tested for second-line resistance in the Bactec 



2514 Capreomycin

MGIT 960 system. None were XDR-TB but capreomycin 
resistance was detected in 12 (14.8%) (Bektore et al., 2013).

In Taiwan, from 4819 clinical isolates of M. tuberculosis 
from two centers, 56 randomly selected MDR-TB isolates 
were screened for second-line resistance using Middlebrook 
7H10 agar with a critical concentration for capreomycin of 
10 μg/ml. Five (8.9%) were resistant to capreomycin (Huang 
et al., 2013).

In Hunan province, China between December 2009 and 
August 2010, drug susceptibility testing was performed on 
clinical isolates of M. tuberculosis from 171 patients with 
tuberculosis. Susceptibility was assessed with Bactec MGIT 
960, and a critical concentration for capreomycin of 2.5 μg/
ml (Zhao et al., 2014a). Capreomycin resistance occurred 
in 4/171 (2.3%). Of the four capreomycin resistant isolates, 
three carried the A1401G mutation and one had no muta-
tions detected in either rrs or tlyA. In a further study, 128 
MDR-TB isolates during 2009 were collected in six provincial 
tuberculosis hospitals in Fujian, Guizhou, Liaoning, Shaanxi, 
Shanghai, and in Tibet. Ten were capreomycin resistant, six 
of which carried A1401G, but four had no detectable muta-
tion. The sensitivity and specificity of genetic methods to 
identify phenotypic capreomycin resistance was estimated 
to be 60.0% and 99.4%, respectively (Zhao et al., 2014b). 

In two hospitals from north and south Taiwan, in patients 
with culture-confirmed tuberculosis during the period 
2004–2011, clinical isolates were assessed for second-line 
drug resistance using a modified proportional disk elution 
method with a critical concentration for capreomycin of 10 
μg/ml. Of 377 isolates classified as MDT-TB, 6 (1.6%) were 
capreomycin resistant compared with 16 (16.7%) that were 
kanamycin resistant. The authors commented that cross- 
resistance between kanamycin and capreomycin was uncom-
mon in Taiwan. Data on rrs mutations were not included 
(Chien et al., 2014). 

At the Lungenklinik Heckeshorn in Berlin, between 2008 
and 2013, of 39 isolates from patients with MDR-TB, 10% 
were resistant to capreomycin (Otto-Knapp et al., 2014).

In Rawalpindi, Pakistan, from November 2011 to April 
2013, 100 clinical isolates from patients with MDR-TB under-
went testing for second-line drug resistance with the Bactec 
MGIT 960 system. Eighty-seven were susceptible to capreo-
mycin (Ghafoor et al., 2015). 

In Peru, stored isolates from 142 cases of XDR-TB were 
assessed for resistance to second-line injectable drugs. Resis-
tance to both kanamycin and capreomycin by the agar pro-
portion method was detected in 63% of 142 isolates, to 
capreomycin alone in 15%, and to kanamycin alone in 22% 
(Caceres et al., 2014).

Recent reports have highlighted concerns about relying 
on A1401G as a valid marker of capreomycin resistance and 
the 10-μg/ml cutoff used to define capreomycin resistance 
on Middlebrook 7H9 agar. Some investigators have sug-
gested this cutoff should be reduced to improve detection of 
resistance (Jureen et al., 2010; Reeves et al., 2015). Differences 
in resistance phenotypes in defined laboratory mutants com- 

pared with clinical isolates of M. tuberculosis with the same 
rrs mutations may be explained by mutations at other sites in 
the chromosome or epigenetic adaptations that have occurred 
in vivo (Reeves et al., 2015).

A meta-analysis of 11 published studies concluded that 
the use of genetic methods, such as rrs gene sequencing to 
detect capreomycin resistance in M. tuberculosis, had a sen-
sitivity of 82% and a specificity of 97% (Feng et al., 2013). 
However, while specificity (confidence in a positive result) 
can be high, the ability to exclude phenotypic resistance to 
capreomycin using current in-house or commercial kit–based 
genotypic methods is too low to be relied on and may miss 
up to 12–40% of cases of resistance to capreomycin (Ajbani 
et al., 2015; Catanzaro et al., 2015; Jeong et al., 2015; Molina-
Moya et al., 2015; Simons et al., 2015; Theron et al., 2014; 
Wang et al., 2014). Currently, careful phenotypic assessment 
of isolates of M. tuberculosis from patients with resistance to 
first-line drugs is essential to guide clinical decision making 
(Lacoma et al., 2015).

3. MECHANISM OF DRUG ACTION

The mode of action of capreomycin has not been fully eluci-
dated, but it inhibits bacterial protein synthesis by interact-
ing with the bacterial ribosome in a manner analogous to the 
aminoglycosides. However, there may also be other targets 
(Fu and Shinnick, 2007), and capreomycin appears to have a 
unique action against stationary-phase mycobacteria (Heifets 
et al., 2005). Capreomycin and viomycin (collectively known 
as tuberactinomycins) bind to the same site on the ribosome, 
which lies at the interface between helix 44 of the small ribo-
somal subunit and helix 69 of the large ribosomal subunit 
where they inhibit translocation (Stanley et al., 2010). Capreo-
mycin activity has been shown to require active methylation 
of two specific ribosomal sites by a bacterially encoded 
methylase. The tlyA gene product, a 2′-O-methyltransferase, 
creates methylations in helix 44 of the 16S and helix 69 of 
the 23S rRNA so that when the ribosomal subunits come 
together the methylations provide the binding site for cap-
reomycin (Maus et al., 2005b; Via et al., 2010; Johansen et 
al., 2006). The inactivation of the methylase gene tlyA is one 
mechanism of acquiring capreomycin resistance (Johansen 
et al., 2006; Maus et al., 2005b; Monshupanee et al., 2012), 
and the absence of tlyA analogs in most nonmycobacterial 
pathogens may explain why the activity of capreomycin is 
restricted to mycobacteria. 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Capreomycin is given by deep i.m. injection or by i.v. infu-
sion over 60 minutes. Initial dosing for tuberculosis is 15 
mg/kg (maximum 1 g) daily for 5–7 days per week, always 
in  combination with other active oral drugs. Capreomycin 
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should probably not be used with other injectable aminogly-
cosides or viomycin, as toxicity may be additive. The dosing 
interval is reduced to 2–3 times per week at the same dose 
after the first 2–4 months of treatment (Blumberg et al., 
2003).

4b.  Newborn infants and children

Little specific information is available for neonates. By anal-
ogy with streptomycin, clearance of capreomycin is likely to 
be delayed and levels should be monitored. For children the 
recommended dose is 15–30 mg/kg (max 1 g) at either daily 
or twice-weekly intervals (Blumberg et al., 2003). 

4c.  Pregnant and lactating mothers

It is not known whether capreomycin is excreted in breast 
milk (DailyMed, 2015). Capreomycin is rated for pregnancy 
as a category C drug.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Capreomycin is cleared by the kidney, and reductions in 
renal function necessitate alterations in the dose interval to 
avoid toxicity. For patients with renal failure, two- or three-
times weekly dosing adjusted according to serum levels is 
recommended. Dosing after dialysis to avoid loss of drug is 
suggested. Some authorities state that the same 12- to 15-mg/
kg dose should be retained, as efficacy may be lost by dose 
reduction (Blumberg et al., 2003). However, other authorities 
suggest a stepwise reduction in dose and increase in dosing 
interval according to the creatinine clearance. A dosing table 
according to glomerular filtration rate is provided for cap-
reomycin for patients with renal impairment by the US 
National Library of Medicine (DailyMed, 2015).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Capreomycin dosage adjustment for patients with isolated 
liver impairment is usually not required. Periodic checking 
of liver function tests is recommended during capreomycin 
therapy (Anonymous, 2008). 

ELDERLY PATIENTS

As for streptomycin, it is suggested that the dose is reduced 
in those aged > 59 years to 10 mg/kg, maximum 750 mg per 
day (Blumberg et al., 2003).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

As capreomycin absorption from the gastrointestinal tract is 
minimal, it can be given only parenterally (i.m or i.v.). 

There has been recent interest in developing aerosol deliv-
ery systems for capreomycin (Garcia-Contreras et al., 2007; 
Giovagnoli et al., 2007; Fiegel et al., 2008; Garcia-Contreras 
et al., 2012; Gonzalez-Juarrero et al., 2012; Ianni et al., 2015; 
Schoubben et al., 2015; Schoubben et al., 2010; Schoubben et 
al., 2013). In a phase I human dose-finding study of capreo-
mycin prepared as microparticle dry powder for inhalation, 
a single 300-mg dose achieved serum levels > 2.0 µg/ml with 
a serum half-life of approximately 4.6 hours (Dharmadhikari 
et al., 2013). Slow-release capreomycin-oleate microparticles 
are also under development for intramuscular injection 
(Cambronero-Rojas et al., 2015).

5b.  Drug distribution

The volume of distribution of capreomycin is approximately 
0.4 l/kg (Lehmann et al., 1988); the drug probably does not 
enter the cerebrospinal fluid (Blumberg et al., 2003). During 
the first 6 hours after administration of a 1-g dose, mean urine 
drug concentration was 1.7 mg/ml in six healthy volunteers. 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

When a single dose of capreomycin (1.0 g) was administered 
intramuscularly and by intravenous infusion (1 hour) in six 
healthy volunteers, the area under the serum concentration 
versus time curve was similar for the two routes of adminis-
tration. Capreomycin peak concentrations after intravenous 
infusion were 30 ± 47% higher than after intramuscular 
administration (DailyMed, 2015; Lehmann et al., 1988).

Information provided by the US National Library of 
Medicine (DailyMed, 2015) is reproduced in part here: 

In 2 studies of 10 patients each, peak serum concentra-
tions following 1 g of capreomycin given intramuscularly 
were achieved 1 to 2 hours after administration, and aver-
age peak levels reached were 28 and 32 μg/mL respec-
tively (range, 20 to 47 μg/mL). Low serum concentrations 
were present at 24 hours. When a 1-g dose of capreomycin 
was given intramuscularly to normal volunteers, 52% was 
excreted in the urine within 12 hours (DailyMed, 2015).

After a single 1-g intravenous infusion of capreomycin 
in seven healthy adults, clearance of capreomycin was 5.73 ± 
1.54 l/kg/h; capreomycin clearance correlated closely with 
creatinine clearance, and reduced proportionately in patients 
with renal impairment (Lehmann et al., 1988). Capreomycin 
clearance is significantly increased with hemodialysis (Leh-
mann et al., 1988).

In a study of therapeutic drug monitoring (TDM) of 
patients being treated for MDR-TB in Virginia, 5 patients 
had capreomycin drug levels tested. Capreomycin dose was 
standard 15-mg/kg dose (maximum 1 g). Cmax ranged from 
35–45 μg/ml, mean C2h was 21.5 μg/ml ± 14.0 SD; in two 
patients mean C6h was 8.34 μg/ml ± 2.4 SD. Three patients 
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were considered to have a low C2h and two had their capreo-
mycin dose adjusted (Heysell et al., 2015). 

5d.  Excretion

Capreomycin is excreted as unchanged drug in the urine; 
approximately 50% of a 1-g dose can be recovered within 12 
hours in healthy volunteers (DailyMed, 2015; Lehmann et al., 
1988)

5e.  Drug interactions

Like the aminoglycosides, capreomycin may cause or enhance 
neuromuscular blockade (Holdiness, 1987). Caution is urged 
if capreomycin is used in conjunction with drugs with similar 
properties or side effects (colistin/polymyxin B, colistimethate/
polymyxin E, muscle relaxants, aminoglycosides) (Lilly, 2008). 
The use of capreomycin with other injectable aminoglyco-
sides for the treatment of tuberculosis is not recommended, 
as toxicity is likely to be additive. A 2008 drug monograph 
states that the risk of ototoxicity and nephrotoxicity is 
increased if capreomycin is combined with either vancomy-
cin, cisplatin, aminoglycosides, or colistin (Anonymous, 2008).

6. ADVERSE REACTIONS AND TOXICITY

The toxicity of capreomycin is similar to that of streptomy-
cin, although it is said that VIIIth nerve damage and allergy 
are less common and renal impairment more common 
(Lyle, 1967). Toxicity also appears more likely in the elderly 
(Aquinas and Citron, 1972).

In one report, 35% of 772 patients treated with capreo-
mycin developed elevated blood urea nitrogen (DailyMed, 
2015). Other reports suggest that proteinuria is common and 
that renal impairment may occur in up to 20–25% of patients 
treated with capreomycin (Blumberg et al., 2003). There are 
also case reports of capreomycin causing magnesium and 
potassium wasting, hypocalcemia, a Bartter’s-like syndrome, 
alkalosis, and secondary hyperaldosteronism via a direct 
renal tubular toxic effect (Darr et al., 1982; Holmes et al., 
1970; Steiner and Omachi, 1986; Zietse et al., 2009). A case 
of fatal toxic nephritis possibly due to capreomycin has been 
reported (Yue and Cohen, 1966).

Audiometrically detected hearing loss occurred in 11% of 
722 patients. This was generally a 5- to 10-dB loss in the 
4000–8000 Hz range, but clinically significant impairment 
occurred in 3% (Anonymous, 2008). Cases of tinnitus and 
vertigo have been reported (Anonymous, 1973). In an audio-
metric study of patients treated for MDR-TB with second- 
line injectables, four of whom received capreomycin for a 
median of 244 days, one developed audiometric evidence of 
hearing loss after 120 days which did not improve despite 
cessation of the drug. The other three had normal hearing 
during and after treatment (Duggal and Sarkar, 2007).

Polymorphisms in the human 12S ribosomal RNA gene 
(A1555G or C1494U) that increase the risk of aminoglyco-
side-related hearing loss (Hobbie et al., 2008; Prezant et al., 

1993; Zhao et al., 2004) are also likely to increase the risk 
of  toxicity to the cyclic polypeptide antibiotics viomycin 
and capreomycin (Akbergenov et al., 2011). Patients with 
a  maternal-side family history of aminoglycoside related 
ototoxicity may carry one of these mitochondrial alleles, 
although their presence does not explain all cases of amino-
glycoside-related hearing loss. If capreomycin use is required 
and there is a positive maternal-side family history, genetic 
screening should be considered where available.

In a study of 50 patients with MDR-TB in London between 
January 2004 and December 2009, 14 (28%) experienced 
ototoxicity, and 9/50 (18%) were left with long-term hearing 
deficits. Older age, use of amikacin, and presence of renal 
impairment were associated with hearing loss in a multivari-
ate analysis. The authors suggested that capreomycin may be 
less toxic than amikacin in this regard (Sturdy et al., 2011).

Overt allergy is said to be less common than with strep-
tomycin, but eosinophilia is frequently observed and may 
respond to dose reduction (Lyle, 1967).

A case of presumed capreomycin-induced optic neuritis 
was reported in a patient undergoing treatment for MDR-TB 
in India. The patient’s vision improved on cessation of capreo-
mycin (Magazine et al., 2010).

7. CLINICAL USES OF THE DRUG

7a.  Drug-resistant tuberculosis

Capreomycin is a key drug in the treatment of MDR-TB, 
always in combination with other second-line drugs to which 
sensitivity has been demonstrated. The usual dose is 1 g daily 
(not to exceed 20 mg/kg/day) given intramuscularly or intra-
venously for 60 to 120 days, followed by 1 g by either route two 
to three times per week, depending on individualized patient 
factors, including pattern of sensitivity to other oral drugs. 

The recommended duration of second-line injectable ther-
apy for MDR-TB is at least 6 months, or at least 4 months 
after sputum culture conversion (World Health Organization, 
2010). In one case series from Russia, the median duration 
of the “intensive phase” (duration of injectable treatment) 
was 8.6 months, with a range up to 27.6 months (Shin et al., 
2006). In Peru, 48 patients with XDR-TB were managed with 
intensive therapy receiving an average of five drugs at the 
highest doses that could be tolerated for up to 2 years. 
Twenty-nine (60%) completed treatment or were cured, com-
pared with 66% for MDR-TB in the same center. Regimens 
included cycloserine, a quinolone, and an injectable agent, 
the latter for a median of 15 months. Capreomycin was the 
most frequently prescribed injectable (25/48 patients, 52%) 
(Mitnick et al., 2008).

In a smaller group of patients with XDR-TB in the USA, 
patients with MDR-TB and quinolone resistance but with 
preserved susceptibility to the second-line injectables includ-
ing capreomycin had a similar chance of treatment success as 
those with MDR-TB alone (Chan et al., 2009).

In a multi-institutional outbreak of drug-resistant tuber-
culosis in New York involving 267 patients with a closely 
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related resistant strain of M. tuberculosis, 80% were co- 
infected with human immunodeficiency virus (HIV), and 
all-cause mortality was 83%. However, survival was pro-
longed in those patients who received second-line inject-
ables, particularly capreomycin (Frieden et al., 1996). A 
review of treatment outcomes of 240 patients with MDR-TB 
and 48 with XDR-TB from Estonia, Germany, Italy, and the 
Russian Federation found that resistance to capreomycin 
independently predicted treatment failure and death in a 
logistic regression model. Conversely, preserved susceptibil-
ity to capreomycin was a key predictor of treatment success 
(Migliori et al., 2008). 

In a series of 213 patients who failed treatment for tuber-
culosis, use of moxifloxacin and capreomycin was signifi-
cantly associated with culture conversion (Seung et al., 2014).

In a study of acquired resistance during treatment for 
MDR-TB in Georgia, 19 of 141 (14%) patients developed 
XDR-TB. Acquired resistance to capreomycin or kanamycin 
occurred in 12 (9.8%). The median time to develop capreo-
mycin or kanamycin resistance was 200 days into therapy. 
Persistent smear positivity at 4 and 6 months, baseline cavi-
tary disease, and baseline resistance to more than six drugs 
were predictors of acquired resistance. Resistance to capreo-
mycin developed in three patients with baseline kanamycin 
resistance. Acquisition of resistance increased the odds ratio 
of treatment failure or death almost threefold (Kempker et 
al., 2015). 

In a study of acquired resistance during treatment for 
MDR-TB in Arkhangelsk Oblast, Russia, during 2005–2008, 
data were available on 117 patients treated by protocol with-
out access to real-time drug sensitivity results. Outcomes 
were assessed with reference to results of resistance testing 
performed retrospectively on stored isolates. Effective or 
ineffective drugs were defined according to whether they 
were prescribed in the presence of absence of resistance. 
Acquired capreomycin resistance was associated with use of 
less than three effective drugs. Treatment failure or death was 
four times more likely in patients who acquired capreomycin 
resistance compared with patients who did not (p = 0.02) 
(Smith et al., 2015). 

In a case report from South Africa, a 44-year-old HIV-
negative patient misdiagnosed with MDR-TB remained 
smear- positive for 3 years until XDR-TB was recognized 
and she commenced capreomycin and PAS. Sputum conver-
sion followed within 2 months and she successfully com-
pleted treatment. Clofazamine, amoxicillin–clavulanate, and 
clarithromycin may also have contributed to her recovery 
(Shean et al., 2015).
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Cycloserine and Terizidone
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1. DESCRIPTION

Cycloserine was isolated by independent investigators in 
the early 1950s from cultures of Streptomyces orchidaceus, 
S. garyphalus, and S. lavendulae (Anonymous, 1955; Atkins 
et al., 1965; Hong et al., 2014; Storey and McLean, 1957). 
Racemic cycloserine can be synthesized chemically (Concilio 
et al., 1958; Li et al., 2010) and produced by biosynthesis (Uda 
et al., 2013) but the active antibiotic, the d-stereoisomer, is 
usually produced from a strain of S. orchidaceus (DailyMed, 
2015). It is a crystalline substance of low molecular weight 
(102.09 g/mol) with a chemical structure of d-4-amino-3- 
isoxazolidinone (Anonymous, 2008a); the chemical struc-
ture is shown in Figure 135.1. 

Cycloserine is directly neurotoxic in humans because of 
its action as a partial agonist at the glycine site of the N-methyl 
d-aspartate (NMDA) receptor system (Hood et al., 1989). 
This has limited its use and prevented the development of 
widespread cycloserine resistance, allowing cycloserine to 
remain as a valuable second-line agent for the treatment of 
drug-resistant tuberculosis (Marshall, 2008). 

A related compound, terizidone—consisting of two mole-
cules of cycloserine linked via one molecule of terephthalic 
di-aldehyde (Bianchi et al., 1965; Boszormenyi, 1973; Vora, 
2010; Zrilic et al., 1972) (see Figure 135.2)—is thought to 
have similar pharmacokinetics and activity against drug- 
resistant tuberculosis to cycloserine and may undergo slow 
hydrolysis to cycloserine in the circulation (Zitkova and 
Tousek, 1974). Terizidone has been listed as an equivalent/
alternative agent to cycloserine in the 2011 WHO advice on 
the management of drug-resistant tuberculosis and may be 
slightly easier to tolerate than cycloserine (Falzon et al., 2011; 

Hwang et al., 2013), although it is not yet certain that teriz-
idone retains equal efficacy. Terizidone has not been consid-
ered separately below as dosing, activity, and toxicity are very 
similar to cycloserine (Falzon et al., 2011; Hwang et al., 
2013). 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

GRAM-POSITIVE AND GRAM-NEGATIVE BACTERIA

Cycloserine is a broad-spectrum antibiotic with in vitro 
activity that includes Staphylococcus aureus (Sabath et al., 
1977), streptococci, Escherichia coli, and some other Gram-
negative organisms that commonly cause urinary tract infec-
tions, including Enterobacter (Boand et al., 1955; Kaltenis, 
1986), but Klebsiella may be variably resistant (Kugathasan 
et al., 2014; Sterkenburg and Wouters, 1981). There are in 
vitro studies reporting activity against a range of other patho-
gens including Chlamydia psittaci (Moulder et al., 1963) and 
Burkholderia pseudomallei (Hall and Manion, 1973).

MYCOBACTERIUM TUBERCULOSIS

In general, in vitro testing and interpretation of cycloserine 
sensitivity is media and method dependent. Genotypic 
methods are not currently available, as the genetic basis for 
resistance has not been established. Clinicians should con-
sider cycloserine susceptibility reports carefully, as in vitro 
methods have not been optimized. 

Figure 135.1. Structural formula of cycloserine.
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The laboratory reference strain of M. tuberculosis (H37Rv) 
is quite sensitive to cycloserine in the Bactec 460TB radio-
metric system, with minimum inhibitory concentrations 
(MICs) of 5–10 µg/ml, but clinical isolates may have higher 
MICs (David, 2001). According to manufacturer-supplied 
information, M. tuberculosis is considered sensitive to cyclo-
serine if the in vitro MIC is less than 25 µg/ml (DailyMed, 
2015). WHO currently recommends a critical concentra-
tion breakpoint for cycloserine on Lowenstein–Jensen (L-J) 
medium of 40 µg/ml (Kam et al., 2010). Other definitions of 
susceptibility include inhibition of 90% of colonies by L-J 
containing 35 µg/ml cycloserine media using the proportion 
method (Palmero et al., 2004) and 28 µg/ml cycloserine on 
L-J media using the absolute concentration method (Kam 
and Yip, 2004). 

A tentative epidemiological cutoff (ECOFF) for cycloser-
ine of 32 µg/ml was determined with reference to M. tubercu
losis isolates from 78 consecutive newly diagnosed patients 
and 32 additional MDR-TB isolates at the Karolinska Univer-
sity Hospital in Sweden. The MICs were determined using 
Middlebrook 7H10 agar plates with serial twofold dilutions 
from 0.002 to 512 µg/ml. The MICs of the wild-type were 
distributed from 8 to 32 µg/ml. All isolates tested were con-
sidered wild-type in this study (Schon et al., 2011). 

Clinical efficacy against tuberculosis has been demon-
strated in humans with serum levels in the range 20–40 µg/
ml (Holmes et al., 1959). 

MYCOBACTERIUM AVIUM AND OTHER  
NON-TUBERCULOUS MYCOBACTERIA

Cycloserine has in vitro activity against some clinical iso-
lates of M. avium complex (MAC) (Heifets et al., 1987). In 
a  study of 20 isolates of MAC obtained from patients with 
HIV infection treated with drugs other than cycloserine, none 
was found to be resistant to cycloserine by the ESP method 
(AccuMed International, Westlake, Ohio). However, although 
17 were classified as fully sensitive by ESP (< 7.5 µg/ml), only 
seven were considered fully sensitive by agar proportion (Lui 
et al., 2000).

Cycloserine susceptibility was assessed in 14 cases of pedi-
atric cervical node lymphadenitis caused by M. lentiflavum 
in Madrid, the majority of whom were treated with surgery 
(Jimenez-Montero et al., 2014). All isolates were sensitive to 
cycloserine. 

Cycloserine is not currently considered to have an estab-
lished role in the treatment of any nontuberculous mycobac-
terial infection (Griffith et al., 2007). 

2b.  Emerging resistance and 
cross-resistance

In the laboratory, resistance to cycloserine emerges in a step-
wise fashion in S. aureus (Howe et al., 1964) and in vivo 
develops rapidly in cases of inadequately treated tuberculosis 
(Storey and McLean, 1957). The molecular mechanisms of 
resistance in M. tuberculosis have not been determined, but 
reduced drug uptake (Clark and Young, 1977), drug efflux 

pumps, overproduction of target enzymes, and enhanced 
intracellular detoxification have been proposed (Caceres et 
al., 1997). Overexpression of alr in M. smegmatis (the gene for 
one of the two known enzyme targets of cyloserine) is asso-
ciated with resistance and may result from a single base pair 
change in the promoter region of alr (Feng and Barletta, 2003). 
A spontaneously arising resistant mutant of M. smegmatis 
has been shown to have mutations in a penicillin-binding 
protein homologue that confers simultaneous resistance to 
cycloserine and vancomycin (Peteroy et al., 2000). 

M. bovis BCG is resistant to cycloserine, and this is 
attributed to a single base-pair mutation in cycA that encodes 
a D-serine, L- and D-alanine, and glycine transporter that 
also functions to take up cycloserine into the cell. Sensitivity 
to M. bovis BCG can be partially restored by replacing cycA 
with the wild-type gene from MTB (Chen et al., 2012). 

ENTEROBACTERIACEAE

Cycloserine is an alanine analogue. Results of in vitro suscep-
tibility assays are influenced by growth media components 
that can competitively inhibit cycloserine. For example, MICs 
for E. coli cultured in Mueller-Hinton broth may be eightfold 
higher than MICs obtained with a Minimal Salts media, 
although not all clinically obtained coliforms are supported 
by such minimal media. In a study of 500 wild-type urinary 
pathogens collected from patients in South Wales, UK (82% 
E. coli, 9% Klebsiella species, 5% Proteus species, 2% Citro
bacter species, 1% Enterobacter cloacae, < 1% Serratia marc
escens), 85% were susceptible to cycloserine with MICs derived 
from ECOFFs of 64 μg/ml in Mueller-Hinton broth and 8 μg/
ml in Minimal Salts broth. Approximately 80% of the isolates 
in this collection were resistant to third-generation cephalo-
sporins (n = 24) or trimethoprim (n = 182), yet retained in 
vitro susceptibility to cycloserine. Klebsiella species were resis-
tant with MIC50 and MIC90 > 128 μg/ml regardless of the 
media used (Kugathasan et al., 2014).

MYCOBACTERIUM TUBERCULOSIS

Cycloserine resistance has been slow to develop, as cycloser-
ine has been avoided due to concerns about toxicity and the 
availability of more effective alternatives (Marshall, 2008). 
However, the increase in cases of MDR-TB has led to 
increased use of cycloserine, and reports of resistance are 
beginning to emerge.

Between 1993 and 2007, 153 patients in Holland were 
identified with isoniazid- and rifampicin-resistant tubercu-
losis (which defines multidrug resistance, MDR-TB). Iso-
lates from 131 of these patients were tested for resistance to 
second- line agents. Only one had isolated cycloserine resis-
tance, and only four had resistance to multiple second-line 
agents (van Ingen et al., 2008). 

At National Taiwan University Teaching Hospital between 
2002 and 2008, of 40 isolates of M. tuberculosis classified as 
MDR-TB, the MIC50 and MIC90 for cycloserine using the pro-
portion method were determined at 1 μg/ml and 16 μg/ml, 
respectively, indicating minimal resistance to cycloserine (Lai 
et al., 2008). 



In a report from Turkey, 50 isolates from patients with 
MDR-TB were screened for second-line drug resistance; 8% 
were resistant to cycloserine (Kayali et al., 2006). 

In the Samara region of Russia, 69 isolates from 252 patients 
with MDR-TB were screened for second-line resistance; 7.4% 
were resistant to cycloserine (Balabanova et al., 2005)

In southern Taiwan, rates of cycloserine resistance for 
patients with MDR-TB were 75.7%, but this included both 
primary and secondary cases (Lu et al., 2003). 

In Mumbai, 1991–1996, the rate of secondary acquired 
cycloserine resistance in 521 patients was 39.2% (Chowgule 
and Deodhar, 1998). 

In New York, 1991–1992, no cycloserine resistance was 
detected in 172 patients, 18.2% of whom had MDR-TB 
(Weltman and Rose, 1994). Similarly, in Madrid between 
1998 and 2000, of 25 patients with MDR-TB, isolates from 
none of three newly diagnosed cases, but 3 of 22 relapsed 
cases were resistant to cycloserine (Escudero et al., 2006). 

In Hong Kong, 1995–2002, of 176 retreated patients with 
MDR-TB, 8.6% had isolates resistant to cycloserine (Kam and 
Yip, 2004). 

Of 37 resistant isolates of M. tuberculosis obtained from 
patients at one center in northeastern Mexico over 4 years 
at the end of the 2000s, 24 were MDR-TB but all remained 
sensitive to cycloserine (Becerril-Montes et al., 2013). 

At the Lungenklinik Heckeshorn in Berlin, between 2008 
and 2013, of 39 isolates from patients with MDR-TB, 5% 
were resistant to cycloserine (Otto-Knapp et al., 2014).

In Western Iran between December 2011 and July 2014, 
of 112 isolates of M. tuberculosis, rifampicin resistance was 
detected in 15% and cycloserine resistance in 3.6% (Mohajeri 
et al., 2014).

For the purposes of updating the 2011 World Health 
Organization’s (WHO) guidelines on MDR-TB, 405 patients 
from 17 treatment centers diagnosed with extensively drug- 
resistant tuberculosis (XDR-TB) were assessed in 2007. 
Three-quarters were primary cases of XDR-TB and 25% 
demonstrated cycloserine resistance (Migliori et al., 2013).

In Lima, Peru, 94 clinical isolates from patients with 
tuberculosis were assessed for susceptibility to cycloserine. 
Five (5%) were resistant to cycloserine by the proportion 
method (Fitzwater et al., 2013).

In a case series of seven patients in Iran with XDR-TB, all 
isolates retained sensitivity to cycloserine despite resistance 
to most other first- and second-line drugs (Masjedi et al., 
2010). Resistance to cycloserine in patients with tuberculosis 
in Iran was shown to predict XDR-TB (Tabarsi et al., 2010).

Between December 2005 and August 2006, isolates from 
114 new and previously treated patients with tuberculosis 
were referred to the National Reference Laboratory in Addis 
Ababa, Ethiopia, where they were tested for resistance using 
reference methods. Forty-six isolates were classified as 
MDR-TB but all retained sensitivity to cycloserine (Agonafir 
et al., 2010).

In 2000, 125 recoverable consecutive M. tuberculosis iso-
lates were obtained from patients with pulmonary tubercu- 
losis in multiple centers throughout southern Taiwan. Thirty- 

one (25%) were cycloserine resistant using a proportion 
method with a breakpoint of 30 μg/ml. However, this is a 
higher proportion than most other reports and as the authors 
pointed out may not be reliable due to difficulties with meth-
ods for in vitro assessment of cycloserine susceptibility (Lu et 
al., 2008).

Among 678 patients with culture-confirmed MDR-TB in 
the UK between January 1995 and December 2007, cyclo-
serine resistance was identified in 28 of 551 isolates tested 
(5.1%) (Abubakar et al., 2009).

3. MECHANISM OF DRUG ACTION

The peptidoglycan of bacterial cell walls, including the 
mycobacteria, are made of linear chains of alternating 
N-acetylglucosamine and N-acetylmuramine that are cross-
linked by peptide bridges, of which d-alanine is a key com-
ponent. Cycloserine is an analog of d-alanine and is thought 
to act by competitively inhibiting at least two bacterial 
enzymes that either supply d-alanine for or incorporate 
d-alanine into these essential peptide bridges. They are ala-
nine racemase, encoded by alr (Lambert and Neuhaus, 1972) 
and d-alanyl d-alanine ligase, encoded by ddl (David et al., 
1969; Feng and Barletta, 2003; Gasch et al., 2013; Halouska et 
al., 2014; Hong et al., 2014; Prosser and de Carvalho, 2013; 
Ramaswamy and Musser, 1998). In vitro, the supplementation 
of culture media with d-alanine overcomes the inhibitory 
effect of cycloserine on S. aureus, E. coli (Zygmunt, 1962), 
and some mycobacteria (Zygmunt, 1963). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Cycloserine is available only for oral administration. For 
tuberculosis, cycloserine must be prescribed in conjunction 
with at least one, and preferably up to four, additional drugs 
to which susceptibility has been demonstrated or is likely on 
clinical grounds. The usual starting dose in adults is 250 mg 
twice daily for 2 weeks, and can then be increased up to 500 
mg twice daily. Doses higher than 1 g/day are not recom-
mended, although there are reports of some patients tolerat-
ing doses of between 1.5 g (Epstein et al., 1956) and 3–4 g/day 
without major adverse effects (Atkins et al., 1965). Some 
authorities recommend therapeutic drug monitoring (TDM) 
for patients receiving cycloserine (Peloquin, 2002), particu-
larly those with renal impairment, those who receive more 
than 500 mg per day, and any patient complaining of symp-
toms that could indicate neurotoxicity. Drug levels > 30 µg/ml 
are considered toxic—this is close to the MIC of M. tubercu
losis, indicating the narrowness of the therapeutic window 
with this drug (Holmes et al., 1959). However, there are reports 
of patients tolerating serum levels as high as 90–100 µg/ml 
without side effects (Atkins et al., 1965), and others have sug-
gested an upper safe level of 40 µg/ml (Epstein et al., 1955; 
Holmes et al., 1959). 



For resistant Gram-negative urinary tract infection (E. 
coli or Enterobacter) for which other therapy has been unsuc-
cessful, a dose of 250 mg twice daily for 14 days for adults 
or 10 mg/kg/day in children (up to 250 mg twice daily) is 
suggested. 

4b.  Newborn infants and children

Dosing for tuberculosis is similar to adults: 10–20 mg/kg/day 
divided every 12 hours up to 1000 mg/day, for 18–24 months, 
in combination with other active drugs (WHO, 2008). For 
tuberculous meningitis, at least 15 mg/kg/day is recom-
mended if tolerated (Donald, 2010).

4c.  Pregnant and lactating mothers

Cycloserine is classified as pregnancy category C but has 
been used successfully during pregnancy without adverse 
effects in combination with other drugs (Guinto et al., 2010; 
Lessnau and Qarah, 2003). Cycloserine crosses the placenta, 
enters amniotic fluid, is detectable in fetal blood, and appears 
in breast milk at levels similar to those found in serum 
(DailyMed, 2015). In one study of five women receiving 
cycloserine at a dose of 250 mg po four times daily, levels 
in breast milk were 6–19 mg/l (Morton, 1956). Using these 
values, an infant that is exclusively breast-fed would be 
expected to receive 1.7 mg/kg of cycloserine per day, which 
would be 11–28% of a typical infant dose (Snider and Powell, 
1984; Tran, 1998). 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Cycloserine is predominantly excreted unchanged by the 
kidneys, and the risk of toxicity is increased in patients with 
renal impairment. Measuring of serum drug levels and dos-
ing interval adjustment is recommended for these patients. 
Some authorities suggest the following based on creatinine 
clearance: > 30 ml/min 250 mg twice daily; creatinine clear-
ance < 30 ml/min or hemodialysis: 250 mg daily or 500 mg 
three times week (Launay-Vacher et al., 2005). Other author-
ities suggest that cycloserine should not be used at all in 
patients with a creatinine clearance of < 50 ml/min unless 
they are receiving hemodialysis, in which case 250 mg/day 
or 500 mg three times per week is suggested (Blumberg et al., 
2003). Cycloserine is removed by dialysis and dosing post 
dialysis is recommended (Malone et al., 1999).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Elevations in liver function tests have been reported in 
patients receiving cycloserine, but there are no specific pre-
cautions or dose modifications in patients with hepatic 
impairment (DailyMed, 2015). Cycloserine can be used as 
an alternative agent in patients with severe hepatitis caused 
by first-line drugs (Blumberg et al., 2003).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Cycloserine is a small molecule with a structure similar to 
the amino acid serine and is almost completely absorbed 
from the gastrointestinal tract, leaving only trace amounts in 
feces (Welch et al., 1955). The absorption of cycloserine was 
affected by a high-fat meal in 12 healthy volunteers given a 
single dose of cycloserine. Cmax was reduced and time to peak 
plasma concentration was significantly delayed. These param-
eters were not affected by orange juice or antacids (Zhu et al., 
2001). A field study has reported that cycloserine tablets may 
deteriorate during storage, and refrigeration may help to pre-
vent this (Ramachandran et al., 2013).

5b.  Drug distribution

Cycloserine is completely absorbed from the gastrointestinal 
tract and distributes widely throughout body fluids, includ-
ing cerebrospinal fluid (CSF). Plasma protein binding is about 
20%. It is excreted unchanged by glomerular filtration with a 
plasma half-life of about 10 hours (Anonymous, 2008a). Fifty 
percent of a dose appears in urine within 12 hours and 70% 
by 72 hours. The remainder is metabolized by unknown path-
ways (Coyne et al., 2009).

Concentrations in the cerebrospinal fluid, pleural fluid, 
and breast milk are similar to those found in the serum. 
Urinary levels typically exceed serum levels in patients with 
normal renal function (Murdoch et al., 1959; Welch et al., 
1955). Cycloserine is detectable in lung and lymph tissues, 
ascitic fluid, bile, sputum, fetal blood, and amniotic fluid 
(DailyMed, 2015).

Peak serum concentration (Cmax) occurs about 4–8 hours 
after an oral dose (Tmax), and steady state is reached after 3–4 
days (Welch et al., 1955). Cmax of 25–30 µg/ml can generally 
be achieved with the usual dosage of 250 mg twice daily, 
although the relationship of plasma levels to dosage is not 
always consistent (DailyMed, 2015). For the treatment of 
tuberculosis, the therapeutic window is narrow, as serum 
levels > 30 µg/ml are considered toxic and in vitro MICs for 
M. tuberculosis are often quite near this toxic range. Divided 
doses aiming to maintain a constant level above the MIC 
but below this toxic level would be expected to give the best 
outcomes.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Clinical efficacy against tuberculosis has been demonstrated 
in humans with serum levels in the range of 20–40 µg/ml 
(Holmes et al., 1959).

In 29 patients with MDR-TB in Korea receiving combina-
tions of drugs including moxifloxacin, prothionamide, and 
cycloserine, 66 serum samples were drawn for cycloserine 
TDM. Doses of cycloserine were either 250 mg twice daily or 
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500 mg twice daily. Eighty percent of patients in the lower 
dose group had levels below the suggested therapeutic range 
of 20–35 µg/ml, but this was halved to 40% in the higher dose 
group. Efficacy as judged by sputum conversion at 2 months 
did not correlate with low serum drug levels in this study 
(Lee et al., 2015). 

In 12 Chinese healthy volunteers the pharmacokinetic 
(PK) properties of a Chinese formulation of cycloserine were 
linear at doses from 250–1000 mg and remained similar after 
multiple doses. PK parameters did not vary significantly with 
gender (Zhou et al., 2015).

In Northern Taiwan, 32 patients with resistant tuberculo-
sis were treated with a divided daily dose of cycloserine of 
500 mg per day, which equated to 8.8 ± 1.3 mg/kg per day. 
Serum levels were measured at 2 and 6 hours. Seven patients 
(22%) had higher 6-hour levels than 2-hour levels, suggest-
ing delayed absorption. Only 12 patients (38%) achieved 
recommended serum levels (20–35 µg/ml); 18 patients had 
levels < 20 µg/ml at both 2 and 6 h (56%). Two patients had 
at least one level > 35 µg/ml. The authors commented that 
tablet sizes smaller than 250 mg would be useful to assist cli-
nicians titrate the cycloserine dose, given its narrow thera-
peutic window (Hung et al., 2014).

In a study performed in South Korea, 16 healthy volun-
teers were treated for 5 days with cycloserine 250 mg twice 
daily, paraaminosalicylic acid (PAS) 5.28 grams twice daily, 
prothionamide 250 mg twice daily, and pyrazinamide 1500 mg 
daily, with either levofloxacin 750 mg daily and streptomycin 
1 g i.m. daily or moxifloxacin 400 mg daily and kanamycin 
1gm i.m. daily. Samples were drawn for TDM on day 5. PK 
parameters for cycloserine were Tmax 4.0 h (range 2.0–6.0), 
Cmax 24.9 µg/ml ± 9.9 (standard deviation [SD]). The authors 
commented that multidrug, multi-day regimens did not sig-
nificantly affect PK parameters for cycloserine compared with 
previously published results for single doses. Subgroup 
analysis showed earlier cycloserine Tmax and higher Cmax 
parameters in group 2 compared with group 1, likely due to 
differences in the effect of the drug distribution or metabo-
lism of moxifloxacin compared with levofloxacin. The calcu-
lated optimal time to obtain samples for TDM for cycloserine 
was 4 hours post dose (Park et al., 2015). 

In Virginia, between 2009 and 2014, seven patients receiv-
ing cycloserine as part of a multidrug regimen for MDR-TB 
underwent TDM during treatment. Five of the seven were 
taking 250 mg cycloserine daily, lower than the standard rec-
ommended dose of 250 mg twice daily. C2h was 16.6 ± 10.2 
μg/ml, with four of seven patients having levels below the 
recommended therapeutic range. The authors commented 
that for cycloserine TDM was indicated if there were neuro-
psychiatric symptoms or for patients taking 250 mg twice 
daily or higher doses; however, TDM was probably not 
required for low-dose cycloserine if renal function is pre-
served (Heysell et al., 2015). Whether low levels of cycloser-
ine affect treatment outcomes is not clear (Lee et al., 2015).

In 23 patients being treated for MDR-TB in Tanzania who 
received daily doses of 500 mg of cycloserine, mean C2h was 

33.9 ± 12.2 SD μg/ml with only 3 patients (13%) recording 
levels below the accepted therapeutic range (20–35 μg/ml). 
The median cycloserine MIC of isolates from 18 of these 
patients measured with a MYCOTB Sensititre plate was 8 
μg/ml, (range 8–16) (Mpagama et al., 2014).

For urinary sepsis, there is potentially a wider therapeu-
tic window. One study demonstrated urinary drug concen-
trations of cycloserine 3–10 times higher than concurrent 
serum levels in five women with complicated E. coli urinary 
tract infections who received 250 mg three times daily for 
14 days (Murdoch et al., 1959). Urinary cycloserine concen-
trations after a standard dose of 250 mg are 50 μg/ml at 8 h 
and 30 μg/ml at 24 hours (Kaltenis, 1986; Kugathasan et al., 
2014). 

5d.  Excretion

Sixty-five percent of a single dose of cycloserine is cleared 
by renal excretion, with 50% appearing unchanged in urine 
within 24 hours (Welch et al., 1955). Elimination half-life 
is 12 hours. Thirty-five percent appears to be metabolized to 
unknown metabolites and not excreted, although it is not 
clear where this occurs (Conzelman, 1956). 

5e.  Drug interactions

Combining isoniazid and cycloserine may increase the already 
high rate of neurologic toxicity associated with cycloserine, 
and patients receiving both drugs should by monitored for 
unsteadiness, drowsiness, unstable gait, or other neurologic 
symptoms (Battaglia et al., 1961; Holdiness, 1987; Kwon et 
al., 2008; Mattila et al., 1969).

There are reports of increased neurotoxicity in patients 
receiving both ethionamide (or prothionamide) and cyclo-
serine; however, both are commonly used together success-
fully in the treatment of MDR-TB (Anonymous, 2008a; b; c). 

Co-administration of alcohol and cycloserine is associ-
ated with an increased risk of seizures and should be avoided 
(DailyMed, 2015).

The risk of a significant interaction between bedaquiline 
and cycloserine is considered to be low (van Heeswijk et al., 
2014).

Co-administration with moxifloxacin may raise Cmax and 
reduce Tmax PK values but the clinical significance of this is 
not clear (Park et al., 2015).

In patients receiving therapy for HIV, standard dosing of 
cycloserine is recommended for nucleoside, or non-nucleo-
side reverse transcriptase inhibitors and for protease inhibi-
tors, but because interactions are unpredictable TDM is also 
recommended (Coyne et al., 2009).

The combination or efavirenz and cycloserine may enhance 
the risk of psychiatric side effects from cycloserine (Thomas 
et al., 2010).

In mice, cycloserine potentiates the anticonvulsant action 
of some classical antiepileptic drugs, most notably diazepam, 
phenobarbital, phenytoin, and valproate (De Sarro et al., 2000).
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6. ADVERSE REACTIONS AND TOXICITY

6a.  Neurotoxicity

The CNS toxicity of cycloserine is explained by its direct, 
dose-related pharmacologic effect on the brain, where it acts 
as a partial agonist of the NMDA glutamate receptor system 
(Gutner et al., 2012; Hood et al., 1989). The psychoactive 
effects of cycloserine have led to its experimental use in neu-
rology and psychiatry for the augmentation of behavior ther-
apy in patients with obsessive–compulsive disorder (Wilhelm 
et al., 2008), to improve memory in patients with Alzheimer 
disease (Laake and Oeksengaard, 2002), and for control of 
the negative symptoms of schizophrenia (Tuominen et al., 
2005). In rodents, NMDA receptor activation plays a sig-
nificant role in consolidation and/or extinction of various 
emotional and non-emotional memories, particularly con-
solidation of fear-related memories. In human volunteers, a 
single oral dose of 500 mg has also been shown to enhance 
fear-related conditioned responses (Kalisch et al., 2009). There 
have been clinical trials of cycloserine as adjunct therapy for 
anorexia nervosa (Levinson et al., 2015; Steinglass et al., 
2007), depression (Heresco-Levy et al., 2013), arachnophobia 
(Guastella et al., 2007; Gutner et al., 2012), autism (Urbano et 
al., 2015), post-traumatic stress disorder (Difede et al., 2014; 
Heresco-Levy et al., 2002b), schizophrenia (Buchanan et al., 
2007; Carpenter, 1999; Evins et al., 2000; Goff et al., 2005; 
Goff et al., 1999; Goff et al., 1995; Heresco-Levy et al., 2002a; 
Heresco-Levy et al., 1998), augmentation of cognitive behav-
ior therapy (Andersson et al., 2015; Ori et al., 2015), and for 
rehabilitation after stroke (Nadeau et al., 2014). Cycloserine 
may enhance some types of learning in healthy human vol-
unteers (Kuriyama et al., 2011). 

The therapeutic utility of cycloserine in neurology and 
psychiatric and psychological practice is still being deter-
mined but effects on behavior and learning in human exper-
iments can be detected after a single dose of as little as 50 mg 
(Goff et al., 1995), well below recommended treatment doses 
in adults of 500 mg–1 g per day for tuberculosis. The risk 
for cycloserine neurotoxicity increases when plasma lev-
els  exceed 30 μg/ml (Bucco et al., 1970; DailyMed, 2015; 
Kugathasan et al., 2014).

During treatment for tuberculosis, it has been reported 
that up to 50% of adult patients receiving 1 g/day cycloserine 
experience some neurologic symptoms, which may include 
convulsions, somnolence, confusion, hyperreflexia, headache, 
tremor, vertigo, paresis, or drowsiness (Anonymous, 2008a; 
DailyMed, 2015; Di Perri and Bonora, 2004; Walker and 
Murdoch, 1957). Cycloserine can cause psychiatric symptoms 
in 10–50% of individuals that may include hallucinations, 
anxiety, depression, euphoria, behavioral disorders, suicidal 
ideation, or suicide attempts (Vega et al., 2004). Cycloserine 
should be used with caution or avoided in patients with epi-
lepsy, severe depression, high alcohol intake, anxiety, or 
psychosis, or due to drug accumulation in those who have 
significant renal impairment (DailyMed, 2015).

Alcohol also interacts with NMDA receptors in the brain. 
Combining alcohol with cycloserine increases the risk of sei-
zure (DailyMed, 2015). In 45 healthy volunteers the combi-
nation of alcohol (0.8 g/kg) with cycloserine (500 mg) caused 
a greater reduction in verbal fluency and some aspects of 
memory function than either drug alone (Trevisan et al., 
2008).

In a case report describing a 69-year-old woman in whom 
cycloserine toxicity manifested as hypersomnia and asterixis, 
magnetic resonance imaging detected bilateral symmetric 
thalamic abnormalities on fluid-attenuation inversion recov-
ery and diffusion-weighted images that resolved completely 
after cessation of the drug. This patient was also receiving 
isoniazid and it was suggested that toxicity was additive (Kwon 
et al., 2008).

In a single-center prospective cohort of 130 patients with 
MDR-TB in western India, 35 (26%) patients developed 
adverse drug reactions that required withdrawal of the likely 
offending drug. The most common adverse reaction was joint 
pain due to pyrazinamide (11/130; 8%) followed by neuro-
logical and psychiatric disturbances due to cycloserine (9/130; 
7%) (Jain et al., 2014).

Cycloserine has been implicated in completed suicides 
during treatment for tuberculosis in hospital (Baghaei et al., 
2011; Behera et al., 2014). 

Depression is common in patients being treated with cyclo-
serine for MDR-TB, but in a cohort from Lima, depression 
was prevalent before treatment commenced, and improved 
during treatment despite the use of cycloserine (Furin et al., 
2001).

Neurologic toxicity is dose related and reversible (Helmy, 
1970; Pasargiklian and Biondi, 1970) and improves rapidly 
by reducing total dosage, dividing the dose, and maintaining 
serum levels below 30 μg/ml (Bucco et al., 1970; DailyMed, 
2015; Di Perri and Bonora, 2004). In one case report, a 
20-year old woman with drug-resistant tuberculous menin-
gitis developed psychosis with hallucinations and delusions 
2 days after starting cycloserine with levofloxacin. Symptoms 
resolved completely 3 days after ceasing cycloserine (Sharma 
et al., 2014). 

In a pharmacokinetic study of 32 patients with resistant 
tuberculosis, one patient with normal renal function taking 
500 mg (12.4 mg/kg) of cycloserine per day in divided doses 
developed psychiatric disturbance with persecutory delusion 
and aggressiveness. Serum concentration of cycloserine at 2 
and 6 h post dose were > 35 µg/ml during this adverse event. 
Symptoms subsided when the dose was halved to 250 mg per 
day (Hwang et al., 2013). 

In a retrospective review of 263 patients receiving treat-
ment for MDR-TB in Turkey, 21% developed psychiatric 
symptoms during treatment. Thirty-two of 232 receiving 
cycloserine (14%) had the drug withdrawn due to a cycloser-
ine-attributed adverse event (Torun et al., 2005). 

Of 114 patients with XDR-TB in KwaZulu-Natal Prov-
ince, South Africa, 12% suffered an adverse drug reaction 
attributed to cycloserine. Of these, eight were episodes of 
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psychosis or severe psychiatric illness that required cessation 
of cycloserine (O’Donnell et al., 2013).

Among 655 patients being treated for tuberculosis at a 
single center in South Korea, 272 received cycloserine and of 
these 12 (4%) developed an adverse drug reaction attribut-
able to cycloserine (Carroll et al., 2012).

In a meta-analysis of 27 studies of treatment for resistant 
tuberculosis, the pooled estimate of incidence of any adverse 
drug reaction linked to cycloserine (used in combination with 
other drugs) was 9%, 6% for psychiatric adverse reactions, 
and 1% for central nervous system (CNS) adverse reactions 
(Hwang et al., 2013).

In a report of four children aged 6–8 years from rural 
South Africa with HIV and XDR-TB, two developed neuro-
psychiatric side effects while taking cycloserine. Doses used 
in these children were as recommended by WHO: 10–20 
mg/kg, with divided dosing optional, to a maximum of 1g 
per day. Interaction between efavirenz and cycloserine may 
have contributed to the adverse effects that resolved when 
cycloserine was ceased and efavirenz was changed to nevi-
rapine (Thomas et al., 2010).

In Iran, the development of neurological adverse drug 
reactions (depression, convulsions, loss of consciousness, 
and psychosis) during treatment for MDR-TB increased the 
risk of poor outcome and death. Drug therapy for MDR-TB 
in this study were amikacin, oflaxacin, ethionamide, and 
cycloserine, with pyrazinamide and ethambutol if sensitivity 
test results supported their use (Baghaei et al., 2011).

Some authorities have proposed that cycloserine antago-
nizes pyridoxine (vitamin B6) and that supplementation with 
high doses (e.g. 100–300 mg/day) will overcome potential 
neurologic side effects without antagonizing drug action 
(Anonymous, 2008a; Blumberg et al., 2003; Shin et al., 2003; 
Swash et al., 1972). However, others have questioned this. In 
one study of 13 patients receiving cycloserine for tuberculo-
sis, pyridoxal phosphate deficiency was present prior to com-
mencement of therapy and progressively improved during 
treatment despite continued high levels of cycloserine in 
serum (Nair et al., 1976). Manufacturer-provided drug infor-
mation states that the value of pyridoxine supplementation is 
unproven (DailyMed, 2015). Currently WHO recommends 
for adults a supplementary pyridoxine dose of 100 mg daily 
(or 50 mg per 250 mg of cycloserine). Dosing for children is 
proportionate to their weight (1–2 mg/kg/day, with a usual 
range of 10–50 mg/day) (WHO, 2008).

Cycloserine may cause peripheral neuropathy (Blumberg 
et al., 2003; Falzon et al., 2011; Shin et al., 2003).

6b.  Skin rashes

Idiosyncratic allergy and skin rash can be caused by cyclo-
serine (Akula et al., 1997; DailyMed, 2015). There is a case 
report of a patient with HIV infection who developed 
Stevens–Johnson syndrome attributable to cycloserine (Akula 
et al., 1997). Patch testing has been used to safely reintroduce 
cycloserine (and other drugs) (Khan et al., 2014). Eleven 
cases of DRESS syndrome in patients on multidrug therapy 

including cycloserine were reported by Palmero and col-
leagues. However, rifampicin was the main drug implicated 
(Palmero et al., 2013).

7. CLINICAL USES OF THE DRUG

7a.  Urinary tract infections

Cycloserine was once considered to be a promising antibi-
otic for urinary tract infection (Arnold and Fahlberg, 1965; 
Atkins et al., 1965; Boand et al., 1955; Fairbrother and 
Garrett, 1960; Herrold et al., 1955; Hughes et al., 1958; Kubik 
and Datta, 1961; Landes et al., 1960; Murdoch et al., 1959) 
and is still used as a reserve antibiotic for this indication 
(Kaltenis, 1986; Kugathasan et al., 2014). In one early report, 
four women with complicated Gram-negative urinary tract 
infections responded completely to cycloserine 250 mg three 
times daily for 14 days without side effects. A fifth patient 
in  this study, who had mild renal impairment, developed 
reversible neurologic side effects and took longer to clear her 
infection. This was linked to lower urinary and higher serum 
levels of cycloserine than in the other four subjects who had 
normal renal function (Murdoch et al., 1959).

7b.  Tuberculosis

Cycloserine is active against M. tuberculosis and has been 
effective for patients with tuberculosis who have failed other 
therapies, generally in combination with other agents (Boes-
zoermenyi et al., 1965; Viswanathan, 1970; Viswanathan et al., 
1963). 

In an early report of 57 patients with acute or resistant 
tuberculosis, cycloserine at doses of 20–25 mg/kg body weight 
alone, or less frequently in combination with streptomycin, 
isoniazid, or PAS, was associated in the majority of patients 
with rapid improvement in weight, reduction in fever, 
improvement in chest radiograph changes, and clearance of 
bacteria from sputum. Skin rashes were observed in three 
patients but these resolved despite continued treatment. 
Eleven patients developed early symptoms of dizziness, insom-
nia, irritability, tremors, hyperreflexia, or sleepiness, but these 
resolved despite continued treatment. Three patients devel-
oped psychiatric illness; in two cases this was not imme-
diately reversible, but in two cases there was a history of 
schizophrenia. In the third patient with no past history, 
symptoms resolved when cycloserine (and isoniazid) were 
withdrawn (Epstein et al., 1955; Epstein et al., 1956).

In a study of 60 patients with tuberculosis who had failed 
treatment with streptomycin and PAS, cycloserine was given 
alone for the first 3 months, and then for 6 further months 
combined with isoniazid. Reversible neurological side effects 
occurred in 6% and it was concluded that cycloserine was 
effective and side effects rare if the serum levels were main-
tained between 20 and 40 µg/ml (Schwartz and Small, 1960).

In another study of 116 cases of resistant tuberculosis, 
cycloserine combined with at least one other drug likely to be 
effective was shown to be efficacious in cases with pulmonary 
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consolidation and thin-walled cysts but less effective in 
patients with large thick-walled cavities. Thirty percent of 
all patients reported no side effects, but 21% reported dizzi-
ness, 27% mouth dryness, and 11% blurring of vision, among 
other complaints (Ruiz, 1964). 

The main indication to prescribe cycloserine is in the 
treatment of MDR-TB in which sensitivity is likely or has 
been demonstrated, and always in combination with other 
effective agents (Blumberg et al., 2003; Falzon et al., 2011; 
Feja et al., 2008; Marshall, 2008; Mitnick et al., 2008; Storey 
and McLean, 1957). 

Drugs for the treatment of MDR-TB have been classified 
into five groups (Caminero et al., 2010; Shim and Jo, 2013; 
WHO, 2008). Cycloserine is a group 4 drug, along with 
ethionamide/prothionamide and PAS. In outline, WHO rec-
ommends that initial treatment for MDR-TB should include 
pyrazinamide plus at least four second-line agents to which 
the isolate is likely to be susceptible. These should include a 
second-line injectable agent (group 2), a later-generation 
quinolone (group 3), ethionamide/prothionamide, and cyclo-
serine (both group 4). PAS is reserved for cases with cyclo-
serine resistance or where cycloserine is contraindicated 
(Falzon et al., 2011). There is no cross-resistance between 
group 4 drugs, so cycloserine can be used with ethionamide/
prothionamide and PAS if thought necessary (Caminero et 
al., 2010).

Recommended treatment duration for MDR-TB has gen-
erally been 18–24 months (Blumberg et al., 2003), and WHO 
currently recommends an 8-month intensive phase and 20 
months in total, although duration may be modified accord-
ing to the patient’s response to therapy (Falzon et al., 2011).

In Peru, 48 patients with XDR-TB were managed with 
intensive therapy receiving an average of five drugs at the 
highest doses that could be tolerated for up to 2 years. Twenty- 
nine (60%) completed treatment or were cured, compared 
with 66% for MDR-TB in the same center. All regimens 
included cycloserine, a quinolone, and an injectable agent 
(Mitnick et al., 2008).

Cycloserine has been used temporarily for cases of sensitive 
tuberculosis complicated by severe drug-induced hepatitis 
(Blumberg et al., 2003). 

7c.  Other uses

Short-term topical cycloserine may reverse hyperpigmenta-
tion in pityriasis versicolor (Mayser and Rieche, 2009).

Cycloserine has been used for the treatment of leprosy 
(Shepard et al., 1983) but is not currently considered a useful 
first- or second-line agent (Scollard et al., 2006).
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Viomycin

Sara E. Cosgrove

1. DESCRIPTION

Viomycin is a cyclic polypeptide antibiotic that is no longer 
in clinical use because safer and more effective drugs are 
available. For this reason, only a brief outline of this drug is 
included. The chemical structure of viomycin is shown in 
Figure 136.1.

The activity of viomycin against Mycobacterium tubercu-
losis is only about one-quarter that of streptomycin (Robson 
and Sullivan, 1963). It is usually active against organisms 
resistant to streptomycin and other antituberculosis drugs, 
with the exception that it shows cross-resistance with capreo-
mycin (McClatchy et al., 1977). Jureen et al. (2010) assessed 
88 clinical isolates of M. tuberculosis in 2010 and defined the 
epidemiological wild-type cutoff (ECOFF) for viomycin as 

2  mg/l. They demonstrated that viomycin resistance rates 
were low (1 isolate) and cross-resistance with other amino-
glycosides was uncommon. 

Viomycin is administered by the i.m. route. After a 1-g 
dose in adults, the serum levels attained and the excretion 
patterns of this drug are similar to those of streptomycin (see 
Chapter 130, Streptomycin).

The toxic effects of viomycin are like those of capreo-
mycin (see Chapter 134, Capreomycin), with nephrotoxicity 
and ototoxicity being the main side effects. Viomycin appears 
to be more toxic than capreomycin.

To avoid toxicity, viomycin is usually only administered 
in an adult dose of 1.0–2.0 g daily for short periods of 2 or 3 
weeks. Thereafter, the dose is reduced to 2.0 g twice weekly 
(Pyle, 1970).

Figure 136.1. Structure of viomycin.
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For treatment of tuberculosis, the drug is always adminis-
tered in conjunction with two or more other antituberculosis 
drugs. However, the combination of viomycin with other 
nephrotoxic and ototoxic drugs, such as streptomycin, kana-
mycin, and capreomycin, should be avoided.

Acknowledgment: The previous version of this chapter, pub-
lished in the 6th edition of Kucers’ The Use of Antibiotics, was 
written by the late S. Ragnar Norrby. His contribution was 
substantial and much appreciated. 
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Clofazimine

Khai Lin Kong and Grant Jenkin

1. DESCRIPTION

Clofazimine (Lamprene) is the prototype of rimino-
phenazine antibiotics developed in 1957 (Cholo et al., 2012). 
The chemical name for clofazimine is 3-(p-choloroanilino)- 
10-(p-chlorophenyl)-2, 10-dihydro-2-isoprophyliminophena- 
zine (molecular weight 473.4) with its chemical structure 
as shown in Figure 137.1, and is available in 50- or 100-mg 
capsules (Novartis Pharma, 2005).

Clofazimine has activity against mycobacteria and most 
Gram-positive bacteria, but is uniformly inactive against 
Gram-negative bacteria (Cholo et al., 2012). It has been used 
in treatment for both leprosy and tuberculosis (Chang et al., 
2013; WHO, 2012). Clofazimine is a lipophilic antibiotic and 
preferentially accumulates inside the reticuloendothelial sys-
tems (Reddy et al., 1999). Although the exact antimicrobial 
mechanism remains to be established, it is proposed that 
clofazimine causes bacterial death through the generation of 
reactive oxygen species (ROS) and by interfering with potas-
sium transport across the bacterial cell wall (Cholo et al., 
2012; Ren et al., 2008; Yano et al., 2011). 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

To date there are no official CLSI or EUCAST breakpoints for 
clofazimine. 

MYCOBACTERIUM LEPRAE

Testing of clofazimine susceptibility in leprosy is limited by 
the cumbersome method of mouse footpad inoculation 
required to isolate M. leprae and by our limited understand-
ing of the mechanism of action of clofazimine. So far, only a 
few cases of clofazimine resistant leprosy have been reported 
(Williams and Gillis, 2012). Susceptibility testing on 214 
cases with clinical suspicion of drug-resistant leprosy using 
footpad inoculation of mice fed a dietary concentration of 
0.01–0.001% clofazimine, with the footpads examined for 
productive infection with M. leprae after 6–12 months 
(Matsuoka, 2010). Of the 96 cases with confirmatory results, 
only one case of combined dapsone and clofazimine resis-
tance was detected (Sekar et al., 2002). Similarly, in another 
study of 37 patients with relapsed leprosy, only a single 
multidrug-resistant isolate of M. leprae was found (resistant 
to dapsone, rifampin, and clofazimine) (Shetty et al., 2003). 
M. lepraemurium is the causative agent of murine and feline 
leprosy. Using a microtiter plate format fluorescence assay 
to measure mycobacterial viability in vitro, M. lepraemurium 
growth was inhibited by the lowest concentration tested (0.39 
mg/l), and clofazimine-fed experimentally infected mice 
showed reduced granulomatous lesions (Mendoza-Aguilar 
et al., 2012). 

MYCOBACTERIUM TUBERCULOSIS

Studies of M. tuberculosis susceptibility to clofazimine are 
heterogenous in methodology and breakpoints recommended. 
A WHO policy guide recommended a critical concentration 
of 4 mg/l for clofazimine using the BACTEC 460 method but 
also recommended against routine drug susceptibility test-
ing for clofazimine due to a lack of published studies and 
reproducibility of available data (WHO, 2008). In a multi-
center study of 272 M. tuberculosis isolates, a critical concen-
tration of 0.5 mg/l (using the radiometric BACTEC 460 
procedure) and 1.0 mg/l (using the Middlebrook 7H10 agar 
method) for clofazimine was recommended (Pfyffer et al., 
1999). Reddy et al. (1999) cited a minimum inhibitory con-
centration (MIC) ranging from 0.06 to 2 mg/l in a series of Figure 137.1. Molecular structure of clofazimine. 
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in vitro studies of clofazimine against both susceptible and 
resistant M. tuberculosis isolates. Twenty-nine multidrug- 
resistant M. tuberculosis (MDR-TB) isolates were found to 
be susceptible to clofazimine with MICs less than or equal to 
0.5 mg/l by both 7H10 agar dilution and MGIT 960 methods, 
and the authors recommended a breakpoint of 1 mg/l for 
clofazimine using the MGIT 960 method (van Ingen et al., 
2010a). Another study found that all 35 MDR-TB strains 
tested were susceptible to clofazimine by each of three dif-
ferent methods: blood agar (critical concentration 1 mg/l), 
BACTEC 460 (0.5 mg/l), and Middlebrook 7H10 agar (1 mg/l) 
(Satana et al., 2010). Nonetheless, a formal breakpoint for 
clofazimine in treatment of M. tuberculosis is still yet to be 
agreed upon largely due to the lack of understanding of clo-
fazimine resistance in M. tuberculosis, the difficulty in iso-
lating a clofazimine-resistant strain of M. tuberculosis, and 
the heterogeneity of drug susceptibility testing methods (van 
Ingen et al., 2010a).

In a mouse model of drug-susceptible tuberculosis, more 
rapid sterilization of cultures was achieved with standard 
therapy containing clofazimine throughout (and ethambutol 
omitted) compared to standard therapy, and relapse rates for 
3 months in the clofazimine-treated group were equivalent 
to 6 months of standard therapy, suggesting that clofazimine 
has significant treatment-shortening potential (Tyagi et al., 
2015).

NONTUBERCULOUS MYCOBACTERIA

An in vitro study of 2275 clinical isolates that included 49 
species of nontuberculous mycobacteria examined clofazi-
mine susceptibility using a 7H10 agar dilution method and 
found that susceptibility to clofazimine was generally limited 
to slow-growing mycobacteria (van Ingen et al., 2010b). Of 
the 1036 M. avium complex (MAC) isolates included, 95% 
were susceptible, with a median MIC of ≤ 0.5–1.0 mg/l. 
Another study also found an MIC of 0.4–1.6 mg/l for MAC 
isolates, depending on methods used (Reddy et al., 1999). M. 
kansasii, M. szulgai, M. simiae, M. malmoense, M. haemoph-
ilum, and M. xenopi were all found to have MICs ≤ 0.5–1 
mg/l (van Ingen et al., 2010b). The rapid-growers M. absces-
sus and M. chelonae were generally resistant (90% and 80%, 
respectively), both with a median MIC of 5 mg/l, and 46% of 
M. fortuitum strains were resistant, with a median MIC of 
2 mg/l (van Ingen et al., 2010b). However, other studies using 
Mueller-Hinton broth microdilution have demonstrated low 
in vitro MICs for rapid-growing mycobacteria to clofazi-
mine, with 90% of strains inhibited by ≤ 1mg/l (Ausina et al., 
1986; van Ingen et al. 2012). Clofazimine has recently been 
demonstrated to decrease M. ulcerans burden in a murine 
model when used in combination with rifampin (Converse 
et al., 2015).

OTHER BACTERIA

Clofazimine has been reported to have activity against a range 
of Gram-positive bacteria, but all Gram-negative bacteria are 
intrinsically resistant (Van Rensburg et al., 1992). Clofazimine 
has bactericidal activity against both methicillin-sensitive 

and methicillin-resistant Staphylococcus aureus, with an MIC 
of 0.25–4 mg/l (Oliva et al., 2004). Synergistic bactericidal 
activity of clofazimine with cefotaxime against a penicillin 
and cefotaxime-resistant strain of Streptococcus pneumoniae 
has been reported (van Niekerk et al., 1997). Nonetheless, the 
clinical significance of these findings is unclear.

2b.  Emerging resistance and 
cross-resistance

Cross-resistance between clofazimine and bedaquiline in 
M.  tuberculosis was recently reported and associated with 
mutations in the M. tuberculosis gene Rv0678 that result in 
up-regulation of a multisubstrate efflux pump (Hartkoorn 
et al., 2014; Andries et al., 2014). Both clofazimine and 
bedaquiline are hypothesized to be the substrates of this 
efflux pump, and mutations in Rv0678 were found in 93 of 96 
(97%) clofazimine-resistant MTB strains (Zhang et al., 2015). 
Mutations at multiple nucleotide positions in Rv0678 and 
in the adjoining intergenic region have been found to result 
in elevated clofazimine MICs. These findings suggest that 
bedaquiline and clofazimine will not protect each other 
from cross-resistance if used together or sequentially in the 
treatment of drug-resistant M. tuberculosis and that geno-
typic resistance testing by sequencing Rv0678 may be useful 
(Andries et al., 2014; Zhang et al., 2015).

3. MECHANISM OF DRUG ACTION

The exact mechanism of drug action remains to be estab-
lished; however, the bacterial cell wall has been suggested as 
the main target of clofazimine (Cholo et al., 2012).

Barry et al. in 1957 noted that oxidation of an already- 
reduced clofazimine within mycobacteria produced reactive 
oxygen species (ROS) with antimicrobial activities. Signifi-
cantly increased generation of ROS by polymorphonuclear 
leukocytes and monocytes in 14 patients with leprosy treated 
with clofazimine was also reported (Niwa et al., 1984). 
Subsequently, a pathway of ROS generation by clofazimine 
involving type II NADH oxidoreductase on the cell wall of 
M. smegmatis was described, and M. smegmatis was found 
to become more resistant to clofazimine in the presence of 
antioxidants (Yano et al., 2011).

In addition, various studies have suggested that clofazi-
mine destabilizes the bacterial cell wall by interacting with 
phospholipids, causing a defect in potassium transport across 
the cell wall and subsequent bacterial death. None theless, the 
exact mechanism bacterial cell wall destabilization remains 
unclear (Bopape et al., 2004; Cholo et al., 2006; Cholo et al., 
2012; Steel et al., 1999; Van Rensburg et al., 1992).

Clofazimine is lipophilic and accumulates in skin and 
nerves, which contributes to its efficacy against multibacil-
lary leprosy (Cholo et al., 2012). Clofazimine decreases lipid 
accumulation and induces innate immune responses and 
interferon production in macrophages infected with M. lep-
rae, possibly contributing to its antimycobacterial activity 
(Degang et al., 2012).
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4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

To date, apart from limited animal studies on inhaled and 
intravenous clofazimine, clofazimine is only available for 
oral administration in the form of 50-mg and 100-mg cap-
sules (Novartis Pharma AG, 2005; Peters et al., 2000; Verma 
et al., 2013; WHO, 2014a). For treatment of multibacillary 
leprosy, clofazimine 50 mg daily and 300 mg monthly is rec-
ommended in combination with daily dapsone and monthly 
rifampicin for 12 months (WHO, 2012). WHO has devel-
oped a 4-week treatment blister pack to assist with adherence 
(WHO, 2004). Higher doses (200–300 mg daily in two to 
three divided doses) of clofazimine are suggested for the 
treatment of erythema nodusum leprosum (ENL) for a 
maximum of 12 weeks (WHO, 2012). In the treatment of 
tuberculosis and nontuberculous mycobacteria, 100–200 mg 
daily has been used in various regimens (WHO, 2014a). One 
study reported the use of a loading dose of 300 mg/day for 
3 days followed by 100 mg daily (Diacon et al., 2015).

4b.  Newborn infants and children

There is a paucity of data in usage of clofazimine in children. 
Nonetheless, for treatment of multibacillary leprosy in chil-
dren age 10–14 years old (WHO, 2012), the recommended 
regimen 150 mg clofazimine once monthly with 50 mg every 
alternate day of clofazimine for the rest of the month (WHO, 
2012). For children less than 10 years old, WHO recom-
mended weight-based dose adjustment of clofazimine, with 
1 mg/kg body weight of clofazimine to be given on alternate 
days (WHO, 2012). There are limited data of using clofazi-
mine in treatment of tuberculosis, but a dose of 1–5 mg/kg/
day has been suggested (WHO, 2014a; WHO, 2014b).

4c.  Pregnant and lactating mothers 

In pregnancy, clofazimine is classified as a category C medi-
cation (Novartis Pharma AG, 2005). Animal studies demon-
strated fetotoxity when clofazimine was administered to 
mice at 12–25 times the usual human daily dose (Novartis 
Pharma, 2005). A dose-dependent increment in the fre-
quency of sister chromatid exchange was also demonstrated 
in mice, suggesting that clofazimine may have the potential 
to cause genotoxicity (Dash et al., 1991). Clofazimine crosses 
the human placenta and there are limited data in humans 
to  demonstrate teratogenicity in infants born to women 
who received the drug during pregnancy (Novartis Pharma, 
2005). Nonetheless, WHO has recommended continuing 
standard multidrug therapy of multibacillary leprosy in preg-
nancy, as leprosy may be exacerbated during pregnancy 
(WHO, 1998b). Clofazimine is excreted in breast milk and 
may cause skin discoloration in infants (WHO, 1998b); thus 
it should only be administered to breastfeeding women for 
the treatment of multibacillary leprosy if clearly indicated 

(Novartis Pharma, 2005; WHO, 1998b). Clofazimine is not 
recommended for the treatment of tuberculosis in either 
pregnant or lactating women due to the paucity of safety data 
(WHO, 2014a).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL AND HEPATIC 
FUNCTION

In general, there is a lack of data on the effects of renal or 
hepatic dysfunction on the pharmacokinetics of clofazimine. 
In patients with significant hepatic disease, consider reduc-
ing the dosage if symptoms of adverse events from clofazi-
mine worsen (WHO, 1998a). Clofazimine is not dialyzable 
(Malone et al., 1999) and no dosage adjustment is required 
for renal impairment (WHO, 2014a). There is also a lack of 
data in usage of clofazimine in adults aged more than 65; 
therefore cautious use of clofazimine is recommended in this 
age group (Novartis Pharma, 2002).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The oral absorption of clofazimine varies between 45 and 
62% and is maximized by the formulation as a microcrystal-
line suspension in an oil–wax base (O’Connor et al., 1995) 
and by concomitant high-fat food ingestion (Cholo et al., 
2012; Reddy et al., 1999; Schaad-Lanyi et al., 1987). Co- 
administration with orange juice or aluminum-magnesium 
antacid reduces the bioavailability of clofazimine (Nix et al., 
2004). The elimination half-life for clofazimine from serum 
after multiple doses was calculated at 10.5 days, implying 
that steady-state plasma levels would only be attained after 
30 days of daily dosing without a loading dose (Schaad-Lanyi 
et al., 1987). In mice, clofazimine plasma levels reached 1 mg/l 
after 4 weeks and stabilized at 2 mg/l after 8 weeks of clofaz-
imine administration (Swanson et al., 2015). Clofazimine 
exhibited dose-dependent plasma concentrations in both 
murine and human studies (Cholo et al., 2012; Swanson et 
al., 2015; Yawalkar and Vischer, 1979). Clofazimine is highly 
protein bound and very little is found free in serum (Swanson 
et al., 2015). The mean apparent volume of distribution is 
1470L (Nix et al., 2004). 

5b.  Drug distribution

Four to eight hours after ingestion of 200 mg clofazimine 
with food, clofazimine achieves a mean peak plasma concen-
tration of 0.41 mg/l. The mean area under the curve (AUC) 
is 33.9 nmol/h/g. In volunteers who ingested clofazimine 
without food, the peak plasma concentration and mean AUC 
were reduced by 25% and 40%, respectively, and the time 
to peak clofazimine concentration was delayed by 4 hours 
(Schaad-Lanyi et al., 1987). In patients who received 300 mg/
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day of clofazimine loading for 3 days followed by 100 mg/day 
clofazimine, the mean peak plasma level was 0.2 mg/l after 
14 days (Diacon et al., 2015) 

Clofazimine is a highly lipophilic medication, and distrib-
utes primarily into fatty tissues and mononuclear phagocyte 
system (Cholo et al., 2012). In a mouse model of tuberculo-
sis, clofazimine accumulated in the lungs, liver, and spleen 
so that after 4 weeks of treatment, clofazimine levels were 
greater than 50 µg/g in all these tissues (Swanson et al., 2015). 
The elimination half-life from tissues is highly variable but 
may be as long as 70 days (Holdiness, 1989; Reddy et al., 
1999). A disproportionate accumulation of clofazimine in 
liver and spleen after 3–8 weeks of administration was found 
in animal studies. Clofazimine sequesters intracellularly in 
these organs where it can form crystal-like drug inclusions 
(Baik et al., 2013). In patients with leprosy, clofazimine con-
centration in fat tissue of up to 5.3 mg/g was found, and clo-
fazimine concentrations > 1 mg/g were measured in bile, 
gallbladder, kidney, pancreas, skin, liver, spleen, lymph nodes, 
eyes, and lung (Mansfield, 1974). An autopsy study on a 
45-year-old female on long-term high-dose clofazimine 
demonstrated clofazimine accumulation in spleen, pancreas, 
adrenal glands, liver, lung, jejunum, colon, and stomach 
(Jadhav et al., 2004). Clofazimine crosses the blood–brain 
barrier poorly, and only very low levels were detected in 
postmortem brains (Mansfield 1974; Cholo et al., 2012). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are minimal data that correlate pharmacokinetic and 
pharmacodynamic features of clofazimine with its clinical 
efficacy. In a murine study, the antituberculous activity of 
clofazimine did not depend on the dose administered or the 
tissue concentration of clofazimine. In addition, clofazimine 
exhibited dose-independent antituberculous bactericidal 
activity only 2 weeks after its commencement (Swanson et 
al., 2015). In a human macrophage model of intracellular 
MAC infection, clofazimine was shown to have a prolonged 
postantibiotic effect even after a brief exposure to clofazi-
mine (Horgen et al., 1998). In vitro synergism between clo-
fazimine and amikacin was found in 82% of M. abscessus and 
all 16 MAC isolates examined (van Ingen et al., 2012).

5d.  Excretion 

Most clofazimine is excreted unchanged through feces via 
the bile, whereas both unchanged and clofazimine metabo-
lites are found in the urine, accounting for 0.6% and 0.4% 
of the daily dose, respectively (Novartis Pharma, 2005; Holdi -
ness, 1989). Small amounts of clofazimine are also found in 
sputum, sweat, and breast milk (Reddy et al., 1999)

5e.  Drug interactions 

Clofazimine is a weak inhibitor of CYP3A4 and there has 
been a theoretical concern that clofazimine could increase 

the level of protease inhibitors used in HIV therapy (Cholo et 
al., 2012; Coyne et al., 2009); however, there have been no 
interaction studies undertaken to verify this. Clofazimine has 
been reported to decrease rifampicin absorption and increase 
the half-life and the time to reach peak serum concentration 
of rifampicin (Novartis Pharma, 2005), but a study of 15 
patients found no effect of clofazimine on the pharmacoki-
netics of rifampicin (Venkatesan et al., 1986) or dapsone 
(Pieters et al., 1988). Concomitant administration of isonia-
zid and clofazimine results in elevated plasma and urine con-
centration of clofazimine, but the clinical significance of this 
is unclear (Novartis Pharma, 2005). Other drug inter actions 
with estrogen and vitamin A have been reported but also are 
of uncertain importance (Holdiness, 1989).

6. ADVERSE REACTIONS AND TOXICITY

Generally clofazimine-related side effects (Table 137.1) are 
dose related and result from its long half-life and tendency 
to crystallize in fatty tissue and in the reticuloendothelial 
system. They are therefore usually slowly reversible upon 
discontinuation of medication (Cholo et al., 2012; Novartis 
Pharma, 2005). More water-soluble riminophenazine ana-
logs that are less likely to accumulate than clofazimine have 
shown equivalent and sometimes superior efficacy but remain 
in preclinical development (Lu et al., 2011).

6a.  Dermatological adverse effects

Dermatological adverse effects are common with clofazi-
mine. Reddish-black or orange skin discoloration occurs 
in  75–100% of patients within a few weeks of commence-
ment of clofazimine (Moore, 1983; Reddy et al., 1999). 
Discoloration can also occur in hair, urine, sweat, feces, 
sputum, and other bodily fluids (Ramachandran and 
Swaminathan, 2015). These adverse effects are reversible 
after clofazimine cessation, but may take months to years to 
fully resolve (Moore, 1983; Ramachandran and Swaminathan, 
2015). Ichythosis is reported to occur in 8–66% of patients 
treated with clofazimine (Ramachandran and Swaminathan, 
2015; Tang et al., 2015), and other rashes occur in 1–5% of 
patients (Ramachandran and Swaminathan, 2015). Despite 
their frequency, most clinical studies report that very few 
patients discontinue clofazimine as a result of dermatological 
side effects (Hwang et al., 2014; Karat et al., 1970; Karat et al., 
1971; Padayatchi et al., 2014). However, the drug prescribing 
information published by the manufacturer cited a report 
of a suicide in association with depression secondary to skin 
discoloration (Novartis Pharma, 2005). Lymphedema and 
exfoliative dermatitis have rarely been reported with clo-
fazimine use (Oommen, 1990; Pavithran, 1985; Tyagi and 
Oommen, 1993).

6b.  Gastrointestinal adverse effects

Abdominal pain, nausea, vomiting, and diarrhea are reported 
in up to 40–50% of patients taking clofazimine (Moore, 
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1983). Multiple case reports have described a clofazimine 
enteropathy associated with prolonged high-dose therapy, 
presenting with severe abdominal pain and gastrointestinal 
symptoms and may rarely result in gastrointestinal hemor-
rhage, intestinal obstruction, or malabsorption (Merrett et 
al., 1990; Uskudar et al., 2005; Chong and Ti, 1993; Jost et al., 
1986; Kieu et al., 2012; Mathew et al., 2006; Mondain-Miton 
et al., 1994; Singh et al., 2013; Sukpanichnant et al., 2000; 
Venencie et al., 1986; Harvey et al., 1977). In one case death 
occurred despite cessation of clofazimine (Hameed et al., 
1998). These severe presentations may lead to exploratory 
laparotomy or endoscopic investigation, and hyperpigmented 
abdominal organs have been described during laparotomy 
(Hameed et al., 1998), with deposits of red–brown birefrin-
gent crystals noted microscopically (Chong and Ti, 1993; 
Jost et al., 1986; Mathew et al., 2006; Singh et al., 2013; 
Sukpanichnant et al., 2000). Eosinophilic gastroenteritis 
associated with clofazimine use has also been reported (Ravi 
et al., 1993). 

6c.  Ocular adverse effects

During long-term use, clofazimine crystal deposition may 
occur in the cornea and conjunctiva causing reddish-brown 
corneal and conjunctival discoloration (Barot et al., 2011). 
Kaur et al. (1990) performed ocular examination on 76 
patients receiving clofazimine for between 6 and 24 months 
for treatment of leprosy and found conjunctival and cor-
neal pigmentation in 46% and 53% of patients, respectively, 
although no symptoms resulted. Clofazimine crystals were 
found in the tears of 32% of these 76 patients. A small num-
ber of case reports describe a “bull’s-eye” retinopathy asso-
ciated with long-term clofazimine use (Craythorn et al., 1986; 
Forster et al., 1992). 

7. CLINICAL USES OF THE DRUG

Clofazimine has been primarily used in the treatment of mul-
tibacillary leprosy and also in the treatment of multibacillary 

Table 137.1. Reported side effects of clofazimine.

System Frequency Side effects

Skin Very common Discoloration of skin, sweat, hair 

Ichthyosis 
Common Rash, pruritus
Uncommon Photosensitivity reaction, dermatitis acneiform, lymphedema 
Very rare Exfoliative dermatitis 

Exacerbation of vitiligo 
Gastrointestinal Very common Nausea vomiting, abdominal pain, diarrhea, discoloured feces 

Uncommon Gastroenteritis eosinophillc, anorexia
Very rare Intestinal obstruction, GIT hemorrhage, abdominal discomfort, constipation 

Eye Very common Conjunctival disclouration, corneal pigmentation, tear disclouration 
Common Visual acuity decreased, dry eyes, eye irritation
Uncommon Maculopathy, corneal deposits

Blood Very rare Lymphadenopathy 

Splenic infarction

Aplastic anemia 

Methemoglobinemia 
Respiratory Very common Discoloured sputum 

Very rare Reversible pulmonary overload 
Cardiology Rare Cardiotoxicity

Prolonged QTc interval 
Fetal toxicity Genotoxicity 
Renal and urinary Very common Discoloured urine
General Uncommon Fatigue, increased blood glucose level

Very rare Pyrexia
Common Weight loss

Neurological Uncommon Headache
Very rare Dizziness

Psychiatric Very rare Depression
Hepatobillary Very rare Hepatitis, rise in bilirubin, jaundice, deranged AST

Sources: Data compiled from Barot et al., 2011; Brown-Harrell et al., 1996; Chong and Ti, 1993; Choudari et al., 1995; Dash et al., 1991; Finet et al., 
1995; Font et al., 1989; Forster et al., 1992; Goulart et al., 2005; Hameed et al., 1998; Job et al., 1990; Jost et al., 1986; Kaur et al., 1990; Kieu et 
al., 2012; Lu et al., 2011; Maia et al., 2013; Mathew et al., 2006; Merrett et al., 1990; Mondain-Miton et al., 1994; Moore, 1983; Moreira et al., 1998; 
Novartis Pharma, 2005; Ohman and Wahlberg, 1975; Oommen, 1990; Patki, 1991; Pavithran, 1985; Philip et al., 2012; Ramachandran and 
Swaminathan, 2015; Ravi et al., 1993; Salafia and Kharkar, 1987; Singh et al., 2013; Sukpanichnant et al., 2000; Tyagi and Oommen, 1993; Uskudar et 
al., 2005; Venencie et al., 1986.
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leprosy complicated by ENL. Recently there has been a 
renewed interest in using clofazimine in treatment of MDR- 
and extensively drug-resistant (XDR) tuberculosis. 

MYCOBACTERIUM LEPRAE

Clofazimine demonstrated activity against M. leprae in both 
human and animal studies in the late 1960s (Reddy et al., 
1999). However, an initial randomized controlled trial of 23 
patients to compare the efficacy of clofazimine and dapsone 
did not show superiority of clofazimine over dapsone, which 
was preferred because it was cheaper and better tolerated 
(Karat et al., 1971). However, a subsequent study of 31 
patients with leprosy treated with clofazimine between 1966 
to 1978 reported clofazimine efficacy in treatment of multi-
bacillary leprosy (Browne et al., 1981). In 1982, due to rising 
dapsone resistance and treatment failure associated with 
dapsone monotherapy, WHO recommended clofazimine to 
be used together with rifampicin and dapsone as part of a 
12-month multidrug treatment regimen for multibacillary 
leprosy (WHO, 1994). Since its introduction, this multidrug 
regimen has been crucial in the global control of leprosy, 
although there have been reports of relapses, drug resistance, 
and poor compliance for the multidrug treatment regimen 
overall (Setia et al., 2011) Therefore efforts are ongoing to 
study the role of other agents with better bactericidal activity, 
such as ofloxacin or minocycline, to replace either clofazi-
mine or dapsone and, it is hoped, shorten treatment duration 
and improve the overall efficacy of leprosy treatment (Ji et al., 
1994; Setia et al., 2011).

In addition to antileprosy antibacterial activity, clofazi-
mine possesses anti-inflammatory activity that may reduce 
the occurrence of reactions during therapy (Browne et al., 
1981; Karat et al., 1970). In 24 patients with histories of three 
or more severe reactions during leprosy therapy, clofazimine 
100 mg three times a day for 12 weeks was superior to pred-
nisolone for 12 weeks in controlling the symptoms of ENL 
(Karat et al., 1970). A 2009 Cochrane review supported these 
findings but noted that there was a lack of well-designed 
studies to systematically assess the efficacy of clofazimine in 
the treatment for ENL (Van Veen et al., 2009). WHO recom-
mends using clofazimine and corticosteroid together for man-
agement of ENL that is not controlled with corticosteroid 
alone or where corticosteroid treatment is not suitable. This 
effect of clofazimine develops after 4–6 weeks. High-dose 
clofazimine up to 300 mg a day is recommended in adults for 
a maximum of 12 weeks followed by 100 mg daily for 12–24 
weeks (WHO, 2012). 

MYCOBACTERIUM TUBERCULOSIS

Clofazimine was initially developed as an antituberculous 
medication in the 1950s. Barry et al. (1957) demonstrated its 
antituberculous activity in mice. Subsequent animal studies 
in guinea pigs and Rhesus monkeys and another single human 
study suggested, however, that clofazimine had poor antitu-
berculous activity, although poor absorption of clofazimine 
may have affected these studies (Reddy et al., 1999). With 
the development of effective short-course antituberculosis 

therapy, clofazimine was seen as having little role until recent 
increases in the global prevalence of drug-resistant tubercu-
losis (Who, 2016). Multiple cohort studies of clofazimine 
in the treatment of MDR-TB since the late 1990s were the 
subject of a systematic review that found the proportion of 
patients with favorable outcomes ranged from 25% to 80%, 
with an overall favorable outcome of 65% (Gopal et al., 
2013). However, significant heterogeneity in the primary 
outcome measures was found, and prospective cohort and 
randomized control trials to assess the efficacy of clofazi-
mine in the treatment of MDR-TB were recommended. A 
prospective observational study of a short-course MDR-TB 
treatment including clofazimine throughout (the so-called 
“Bangladesh regimen”) demonstrated an 84% bacteriologi-
cally favorable outcome and a 95% completion rate by 12 
months (Aung et al., 2014). Clofazimine is given for 9–12 
months with high-dose gatifloxacin, ethambutol, and pyra-
zinamide, supplemented by a minimum 4 months intensive 
phase of kanamycin, prothionamide, and high-dose isonia-
zid. Other centers have also reported high completion rates 
and cure rates of approximately 90% using this regimen 
(Piubello et al., 2014; Kuaban et al., 2015), and a current 
phase III trial is being conducted to assess its efficacy and 
safety (Nunn et al., 2015). A multicenter prospective random-
ized controlled trial that included 100 mg daily of clofazi-
mine in a 21-month individualized regimen for treatment of 
MDR-TB found improved treatment outcome, earlier spu-
tum culture conversion, and earlier cavity closure in the 
clofazimine arm compared to the control arm (Tang et al., 
2015). 

However, clofazimine has not yet been widely studied in 
treatment of XDR-TB or in patients with HIV co-infection. 
A systematic review noted three cohort studies of clofazi-
mine in XDR-TB treatment that included 74 patients in total 
and found that 66% of patients achieved a favorable outcome 
(Gopal et al., 2013). A systematic review of 12 studies includ-
ing 3489 patients who received clofazimine for treatment of 
MDR- or XDR-TB found that only 185 patients were known 
to be HIV infected and there was no separate treatment out-
come measurement for these HIV-positive patients (Dey et 
al., 2013). No role for clofazimine in first-line treatment of 
drug susceptible TB has been established. 

OTHER MYCOBACTERIAL INFECTION

In the treatment of disseminated MAC infection in patients 
with HIV, multiple randomized controlled trials have dem-
onstrated that clofazimine with clarithromycin is inferior to 
the regimen of clarithromycin, rifampicin, and ethambutol 
(Chaisson et al., 1997; May et al., 1997; Shafran et al., 1996). 
However, cohort studies do report efficacy of clofazimine in 
the treatment of pulmonary MAC disease in HIV-negative 
patients. A prospective observational study of 30 HIV-
negative patients with MAC lung disease reported that the 
combination of clarithromycin, minocycline, and clofazi-
mine was associated with treatment success in 64% of the 
patients (Roussel and Igual, 1998). A recently reported retro-
spective cohort study of 107 patients with MAC lung disease 
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found that a greater proportion of patients treated with clo-
fazimine achieved negative sputum cultures compared to 
patients treated with rifampin (Jarand et al., 2015). Another 
smaller cohort study demonstrated similar results (Field and 
Cowie, 2003). In a small case series describing the use of 
clofazimine as salvage therapy in five solid-organ transplant 
recipients with macrolide-susceptible MAC infection not 
responding to standard anti-MAC therapy, microbiological 
clearance and resolution of clinical disease occurred in 2/5 
patients treated with clofazimine for 2–18 months in addi-
tion to a macrolide and rifampicin and/or ethambutol 
(Cariello et al., 2015). 
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Bedaquiline

Jeffrey A. Tornheim and Kelly E. Dooley

1. DESCRIPTION

Bedaquiline (previously R207910, then TMC207) is a first-
in-class diarylquinolone antibiotic that was initially approved 
for the treatment of multidrug-resistant tuberculosis 
(MDR-TB), tuberculosis (TB) resistant to isoniazid and 
rifampicin, by the US Food and Drug Admin istration (FDA) 
in 2012 and the European Medicines Agency (EMA) in 
2014. It is currently recommended for use by the  World 
Health Organization (WHO) for patients with MDR-TB who 
lack other treatment options (WHO, 2013); it is commonly 
used in patients infected with TB that is extensively drug 
resistant (XDR) (resistant to isoniazid, rifampicin, fluoro-
quinolones, and injectable agents). Bedaquiline causes QT 
interval prolongation, as do several second-line anti-TB drugs, 
so caution must be exercised when designing a combination 
antimicrobial regimen that includes beda quiline (Janssen 
Products, 2015). In addition, bedaquiline was registered in 
several countries after a phase II trial data demonstrated the 
microbiologic activity of this agent (Diacon et al., 2014) prior 
to the availability of phase III trial results. This expedited 
approval was granted in large part because of the great unmet 
medical need for drugs to treat MDR- and XDR-TB. In 
the small phase II randomized clinical trial, though, mor-
tality was higher in the bedaquiline than in the placebo arm 
(Diacon et al., 2014). This “mortality imbalance” remains 
unexplained—deaths often occurred late (after completion 
of bedaquiline treatment), causes of death were widely vari-
able, and mortality in the placebo arm was surprisingly 
low—and has complicated this drug’s introduction globally. 
Up to now, higher-than-expected mortality has not been 
seen in post-marketing pharmacovigilance studies (Ndjeka 
et al., 2015). 

Bedaquiline was first identified through a program at 
Johnson & Johnson (J&J) in which over 70,000 compounds 
were screened in their chemical library for activity against 
the rapidly growing mycobacterium M. smegmatis (Andries 
et al., 2005). Several diarylquinolones had minimum inhibi-
tory concentrations (MIC) against M. tuberculosis less than 
0.5 µg/ml, and among these, R207910 (now bedaquiline) was 

the most active. Bedaquiline’s full chemical name is (1R, 2S)- 
1-(6-bromo-2  methoxy-3-quinolinyl)-4-(dimethylamino)-2-(1- 
naphthalenyl)-1-phenyl-2-butanol. It is a pure enantiomer 
with a heterocyclic nucleus and side chains including tertiary 
alcohol and amine groups (Figure 138.1). Its molecular for-
mula is C32H31BrN2O2, and it is marketed by J&J under the 
trade name Sirturo, compounded 1:1 with fumaric acid, with 
a molecular weight of 671.58 (Andries et al., 2005; Matteelli 
et al., 2010; Janssen Products, 2015). Its molecular target is a 
mycobacterial adenosine triphosphate (ATP) synthase whose 
structure has been well characterized (Preiss et al., 2015). 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Bedaquiline has demonstrated activity in vitro and in vivo 
against M. tuberculosis and multiple nontuberculous myco-
bacteria (NTM).

MYCOBACTERIUM TUBERCULOSIS

MICs for the laboratory reference M. tuberculosis strain 
H37Rv range from 0.030 to 0.120 µg/ml. MICs of drug- 
susceptible clinical isolates (strains that are not resistant to 
isoniazid or rifampicin) range between 0.002 and 0.06 µg/ml, 
with an MIC50 of 0.03 µg/ml and an MIC90 of 0.06 µg/ml 

Figure 138.1. Chemical structure of bedaquiline.
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(Andries et al., 2005; Huitric et al., 2007). Bedaquiline is also 
active against strains resistant to isoniazid, rifampin, pyrazin-
amide, ethambutol, streptomycin, or moxifloxacin. Its MIC 
against MDR-TB isolates ranges between 0.004 and 0.13. 
According to manufacturer-supplied information, isolates with an 
MIC ≤ 0.5 µg/ml as determined by the agar method or ≤ 0.25 
µg/ml as determined by the Rezasurin microtiter assay can be 
considered susceptible to bedaquiline, based on analyses that 
included data from in vitro testing of microbial populations 
and microbiologic outcomes from clinical trials (Janssen 
Products, 2015). Susceptibility cutoffs have not been estab-
lished for other culture media, but breakpoints of 1.00 µg/ml 
on the MGIT960 liquid culture system and 0.25 µg/ml on 
Middlebrook 7H11 (M7H11) agar have been suggested by 
some authors (Keller et al., 2015; Torrea et al., 2015).

MYCOBACTERIUM AVIUM AND OTHER 
NONTUBERCULOUS MYCOBACTERIA

Bedaquiline has activity against M. avium and M. intracellu
lare at similar MICs to M. tuberculosis (Huitric et al., 2007). 
Other susceptible NTMs include M. abscessus and M. ulcer
ans, although MICs against these organisms are somewhat 
higher (0.06–0.5 µg/ml), as well as M. leprae (Petrella et al., 
2006; Gelber et al., 2009). M. xenopi, M. novacastrense, and 
M. shimoidei are intrinsically resistant to bedaquiline because 
they have an alanine rather than a methionine at position 63 
of the atpE gene, thus changing the structure of the drug’s 
active site (Petrella et al., 2006). Bedaquiline does not cur-
rently have an established role in the treatment of any NTM.

2b.  Emerging resistance and 
cross-resistance

Spontaneous chromosomally mediated pre-existing resis-
tance to bedaquiline is present in approximately 1 in 107–108 
M. tuberculosis organisms, similar to the frequency of spon-
taneous resistance to rifampicin (David, 1970; Andries et al., 
2005). Bedaquiline resistance does not appear to be associ-
ated with cross-resistance to most commonly used first- and 
second-line anti-TB drugs, including isoniazid, rifampin, 
ethambutol, streptomycin, or moxifloxacin, although cross- 
resistance to clofazimine can occur (Hartkoorn et al., 2014; 
Hoffmann et al., 2016). Resistance to bedaquiline does not 
appear to affect the fitness of the mutant strain (Huitric et al., 
2010).

There are two main mechanisms of resistance to beda-
quiline. As the drug targets ATP synthase, mutations in the 
drug binding site configuration coded by the ATP synthase 
gene atpE confer resistance. A second mechanism of drug 
resistance results from activation of mycobacterial efflux 
pumps (Petrella et al., 2006; Huitric et al., 2007). In an evalu-
ation of bedaquiline-resistant TB strains, five different ATP 
synthase mutations were discovered that were associated 
with reduced drug activity, with varying impacts on MIC 
(Segala et al., 2012). Compared to susceptible strains, a sub-
stitution of proline for alanine at position 63 (A63P) was 
associated with a 133-fold increase in MIC. A substitution 

of glycine, valine, or proline for aspartic acid at position 28 
(D28G, D28V, D28P), aspartic acid for glutamate at posi-
tion 61 (E61D), or methionine for isoleucine at position 66 
(I66M) was associated with a 10- to 33-fold increase in 
MIC (Huitric et al., 2010; Segala et al., 2012). Less potent was 
the substitution of valine for leucine at position 59 (L59V) 
(8-fold increase in MIC).

In sequencing studies of clinical strains with demon-
strated in vitro resistance to bedaquiline, many, unexpect-
edly, did not have mutations in the atpE gene, raising 
suspicion that there were other, alternative mechanisms of 
resistance that did not involve ATPase (Huitric et al., 2010). 
Subsequent studies have shown that mutations in the Rv0678 
(recently renamed mycobacterial membrane protein repres-
sor [MmpR5]) gene, which regulates expression of the trans-
porter encoded by mycobacterial membrane protein small 
5  and mycobacterial membrane protein large 5 (MmpS5-
MmpL5), leads to overexpression of the MmpS5-MmpL5 
multisubstrate efflux pump (Radhakrishnan et al., 2014). In 
one clinical cohort, 12/24 patients who had drug susceptibil-
ity testing performed before and after bedaquiline treatment 
developed fourfold or more increases in their isolates’ beda-
quiline MIC; all resistant isolates had mutations in Rv0678 
(Pym et al., 2016). Mutations in Rv0678 have variable effects 
on susceptibility to bedaquiline. A S63R mutation in MmpR5, 
for example, is associated with a four- to eightfold increase 
in MIC (Hartkoorn et al., 2014). In one study, all non-atpE 
mutants with resistance to bedaquiline carried different 
mutations in Rv0678, with distinct effects on MIC (Andries 
et al., 2014). The same efflux pump is associated with resis-
tance to clofazimine, so strains with resistance mediated by 
this mechanism can be considered to be cross-resistant to 
clofazimine and perhaps even to azole antifungals (Milano 
et al., 2009). 

A third mechanism of resistance was recently identified as 
a loss of function mutation in the pepQ gene (Almeida et al., 
2016). Frameshift mutations in Ala14 or Arg271 and a non-
synonymous L44P mutation are thought to generate confor-
mational changes in the proline-specific aminopeptidase 
coded by pepQ, which results in loss of function. These muta-
tions do not have direct activity on either bedaquiline or 
clofazimine but have been associated with up to fourfold 
increases in MIC through an unknown mechanism. Both 
Rv0678 and pepQ mutants may be preferentially selected for 
mutation, since they appear to confer resistance without asso-
ciated fitness cost.

While the frequency of clinically relevant pretreatment or 
post-treatment resistance to bedaquiline remains undefined, 
it appears to be common enough that WHO and the Centers 
for Disease Control and Prevention (CDC) have each pub-
lished guidance suggesting that acquired resistance be mon-
itored by serial MIC; a fourfold increase suggests resistance 
that should trigger review and potential modification of a 
patient’s regimen (WHO, 2013; CDC, 2013).

Among NTMs, mutations in the bedaquiline binding site 
in the C ring of mycobacterial ATP synthase similarly leads 
to resistance. M. fortuitum isolates with substitutions of 
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alanine for aspartate at position 28 (D28A) have a 400-fold 
increase in MIC, while M. abscessus mutants with that substi-
tution have a 32-fold increase in their MICs compared to 
susceptible TB strains. M. abscessus mutants with the same 
A63P mutation as seen in M. tuberculosis carried a 64-fold 
increase in MIC, and M. smegmatis mutants with the I66M 
substitution carried a 133-fold increase in MIC (Segala et al., 
2012). Several of these mutations can be found naturally 
among intrinsically resistant NTMs such as M. xenopi, M. 
shimoidei, and M. novacastrense (Matteelli et al., 2010).

3. MECHANISM OF DRUG ACTION

Bedaquiline inhibits the activity of mycobacterial ATP syn-
thase by binding to its c subunit, which prevents the bacte-
rium from generating ATP, ultimately leading to cell death 
(Andries et al., 2005; Petrella et al., 2006; Koul et al., 2007). 
In nonreplicating bacilli, bedaquiline is especially active, 
and its activity is not directly related to ATP depletion; 
rather, it uncouples respiration-driven ATP synthesis (Hards 
et al., 2015). The target enzyme for bedaquiline, encoded by 
the atpE gene, is conserved across M. tuberculosis strains. 
The target ATPase does have a homolog in humans, but 
human mitochondrial ATP synthase is > 20,000-fold less 
sensitive to bedaquiline than its mycobacterial homolog, 
lending bedaquiline its prokaryotic selectivity (Haagsma et 
al., 2009). Because this enzyme is required for both metabol-
ically active and dormant bacterial populations, this mecha-
nism allows bedaquiline to be active early in treatment, 
where it contributes to bactericidal activity, as well as later 
in treatment, providing potent sterilizing action (Koul et al., 
2008; Rustomjee et al., 2008).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Bedaquiline is available in tablets containing 100 mg of 
bedaquiline fumarate base. It is approved for a total course of 
6 months and should be administered orally as 400 mg once 
daily with food for 14 days, followed by 200 mg thrice weekly 
to complete 24 weeks of therapy (Janssen Therapeutics, 2013; 
Janssen Products, 2015). Bedaquiline must be given together 
with optimized background treatment consisting of at least 
three or four other drugs to which the patient’s MDR-TB iso-
late is known to be or is likely to be sensitive. Because higher 
mortality was seen with bedaquiline than placebo in the 
phase II placebo-controlled trial, and it is not yet clear if the 
mortality imbalance was drug related, international guidelines 
and the product’s package insert suggest that bedaquiline 
only be used when an effective regimen cannot otherwise be 
constructed (WHO, 2013; CDC, 2013; Janssen Products, 
2015). MDR-TB background treatment is generally contin-
ued after the 24-week course of bedaquiline is completed, for 
a total treatment duration of 12–24 months. 

4b.  Newborn infants and children

Bedaquiline is approved for adults 18 years of age and older. 
The safety and pharmacokinetics of this drug in infants, chil-
dren, and adolescents have not been tested, and thus pediat-
ric dosing is not established. No intravenous formulation is 
on the market, and pediatric formulations are not yet avail-
able for use. The effect of crushing on bioavailability has not 
yet been studied.

4c.  Pregnant and lactating mothers

Bedaquiline is a pregnancy category B drug. Rat and rabbit 
studies have not revealed impaired fertility or fetal harm 
with exposures up to twice the plasma area under the con-
centration-time curve (AUC) expected in humans. There 
are no human studies to date that have included pregnant 
women, so no current guidance is available (FDA, 2012; CDC, 
2013; Janssen Products, 2015).

Rat studies demonstrate excretion of bedaquiline in breast 
milk, with breast milk containing 6- to 12-fold higher milk 
concentrations than plasma. Pups fed this breast milk showed 
reduced body weight compared to controls. It is not known if 
bedaquiline or its metabolites are excreted in human milk, 
but due to the potential risk for harm to the newborn infant, 
a risk–benefit decision about breastfeeding based on the 
individual patient’s circumstances is recommended (Janssen, 
2015).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Evaluation of pharmacokinetics in healthy subjects given 
doses of up to bedaquiline 400 mg daily demonstrated that 
<  0.001% of the drug is excreted unchanged in the urine 
(FDA, 2012). No dose adjustment is necessary for patients 
with mild or moderate renal impairment. Population phar-
macokinetic studies have evaluated patients with creatinine 
clearance estimates ranging from 40–227 ml/min, and in this 
range no significant differences in clearance were demon-
strated. Patients with end-stage renal disease (ESRD) have not 
been studied. Since bedaquiline is > 99.9% protein bound, it 
is unlikely to be removed by dialysis (FDA 2012; McLeay et 
al., 2014).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Bedaquiline is highly protein bound, and it is theoretically 
possible that lower albumin levels in cirrhotic patients could 
result in higher free drug concentrations in the plasma, but it 
is unclear how higher free drug concentrations may impact 
the rate and extent of metabolism of unbound drug by the 
cirrhotic liver. In an evaluation of data from phase I clinical 
trials and an open-label pharmacokinetic trial of 16 patients, 
8 with Child–Pugh Class B liver disease, mean total beda-
quiline maximum concentration (Cmax) and AUC after single- 
dose administrations were 14% and 19% lower among those 
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with mild hepatic impairment (Van Heeswijk et al. 2012; van 
Heeswijk et al., 2014). Median time to Cmax and terminal half-
life were both prolonged in patients with moderate hepatic 
impairment compared to healthy controls (5 hours vs. 4 
hours, and 890 hours vs. 676 hours, respectively). Given these 
findings, no dose adjustment is currently recommended for 
mild to moderate hepatic impairment. Dosing in patients 
with severe hepatic impairment has not been evaluated, so 
the amount of accumulation that may occur with repeated 
dosing is unknown. Bedaquiline should thus be used with 
caution and only when the risks outweigh the benefits in 
patients with severe liver disease. Due to hepatotoxicity risk, 
it is recommended that patients with liver disease taking 
bedaquiline abstain from alcohol consumption.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Bedaquiline is well absorbed, with time to maximum con-
centration of about 5 hours. Dose-proportionality of Cmax 
and AUC was seen with single doses up to 700 mg and mul-
tiple doses up to 400 mg (Janssen Products, 2015). Beda-
quiline’s absorption is enhanced by about 95% when it is 
given with a meal, so bedaquiline should be taken with food 
(FDA, 2012; van Heeswijk et al., 2014). 

5b.  Drug distribution

Bedaquiline is 99.9% protein bound. Bedaquiline distributes 
widely throughout the body. It has a mean volume of distri-
bution of 138 l in women and 164 l in men. 

In animal studies, bedaquiline and its M2 metabolite 
display marked accumulation in tissues, with tissue concen-
trations generally significantly higher than plasma concentra-
tions after multiple dosing. Tissue concentrations in humans, 
though, are unknown; information about tissue accumula-
tion in animals cannot be extrapolated readily to humans 
because metabolism is different in humans and animal spe-
cies tested, and parent:metabolite ratios are generally higher 
in humans. In one patient with MDR-TB meningitis receiv-
ing standard dose bedaquiline, pharmacokinetic sampling 
was performed after 6 weeks of treatment. Bedaquiline was 
undetectable in cerebrospinal fluid (CSF) samples at all time 
points, suggesting poor penetration of bedaquiline across 
the blood–CSF barrier (Akkerman et al., 2015); whether or 
not CSF penetration is better earlier in treatment when the 
blood-brain barrier and blood–CSF barriers are inflamed is 
unknown.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Concentration–effect relationships remain poorly defined 
for bedaquiline. In dose fractionation studies conducted in 

murine models, bactericidal activity correlated most strongly 
with total weekly AUC, and frequency of dosing did not 
meaningfully impact drug activity, suggesting that bedaqui-
line’s activity is concentration dependent and that AUC/MIC 
is its main pharmacokinetic-pharmacodynamic (PK/PD) 
driver (Rouan et al., 2012). Based on mouse studies, and tak-
ing into account differences in metabolism in animals and 
humans as well as potency differences between bedaquiline 
and its M2 metabolite, a target parent drug (bedaquiline) 
concentration of 600 ng/ml throughout the dosing interval 
was set for human trials, and this target is achieved with cur-
rent dosing (FDA, 2012). In a phase IIa trial evaluating the 
early bactericidal activity of bedaquiline monotherapy at 
multiple doses, reductions in sputum colony-forming units 
(CFU) over 14 days of treatment were dose dependent, with 
the 400-mg daily dose performing better than lower doses 
(Diacon et al., 2013). In trials of longer duration (≥ 8 weeks) 
in which the current recommended dosing was employed, 
there was no clear correlation between average drug expo-
sures and outcomes, so pharmacokinetic targets remain ill 
defined (Diacon et al., 2009; FDA, 2012; Diacon et al., 2014). 

The pharmacokinetics of bedaquiline appear to differ by 
race. In a population pharmacokinetic evaluation of data 
from phase I and II trials that included a total of 5222 obser-
vations from 480 subjects, clearance was found to be 52% 
higher for individuals of black race compared to other racial 
groups, with an estimated reduction in weekly steady state 
AUC of about 34% (McLeay et al., 2014). The reasons for dif-
ferences in clearance by race have not been elucidated. 
Because lower AUC has not been associated with rate of 
culture conversion or time to culture conversion, and there 
were no race-associated differences in treatment outcomes 
in human trials, dose adjustment for race does not appear to 
be necessary.

Bedaquiline causes modest QT interval prolongation on 
electrocardiography (ECG) testing. There is no clear rela-
tionship between concentrations of bedaquiline or its M2 
metabolite and risk of or magnitude of QT prolongation 
(FDA, 2012).

5d.  Metabolism and excretion

Bedaquiline undergoes oxidative metabolism in the liver 
through the cytochrome P450 isoenzyme 3A (CYP3A) path-
way into an active N-desmethyl metabolite, M2; CYP2C8 
and CYP2C19 are minor metabolic pathways (Liu et al., 
2014). The majority of the drug is eliminated in feces, with 
≤  0.001% of bedaquiline excreted unchanged in the urine 
(FDA, 2012; van Heeswijk et al., 2014). The M2 metabolite is 
99.7% protein bound at levels between 10–30 µg/ml, has 3–6 
times less activity against M. tuberculosis than bedaquiline, 
and only provides 23–31% of the total drug exposure (FDA, 
2012; van Heeswijk et al., 2014). M2 is further metabolized 
via a second demethylation step thought to be catalyzed also 
by CYP3A. Bedaquiline displays triphasic elimination with 
an “effective” half-life of about 24 hours, but its terminal 
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half-life is approximately 5.5 months, reflecting its slow 
release back into the systemic circulation from peripheral 
tissues (Janssen Products, 2015). 

5e.  Drug interactions

Bedaquiline has not been shown to inhibit or induce key 
cytochrome P450 enzymes, but because it is a substrate 
of  CYP3A, drugs that induce or inhibit CYP3A can affect 
bedaquiline exposures (Janssen Products, 2015). Many 
anti-infective agents are inducers or inhibitors of CYP3A, 
including rifamycins, non-nucleoside reverse transcriptase 
inhibitors, protease inhibitors, and azole antifungals.

Daily dosing of rifampin or rifapentine reduces beda-
quiline AUC by 75–80% and Cmax by 60–65%, so the combi-
nation of bedaquiline and these rifamycins should be avoided 
(Svensson et al., 2015; Winter et al., 2015). Bedaquiline does 
not have clinically meaningful drug interactions with other 
first-line drugs; co-administration of bedaquiline with iso-
niazid and pyrazinamide led to very modest reductions in 
Cmax and AUC, with a 30% increase in M2 AUC (van Heeswijk 
et al., 2014). There are no dose adjustments required for 
co-administration of bedaquiline with second-line drugs, 
including kanamycin, cycloserine, or ofloxacin.

Overlapping toxicities are a concern for bedaquiline and 
other antimicrobials. Specifically, bedaquiline causes QT 
interval prolongation, so ECGs should be monitored closely 
for patients receiving bedaquiline together with other drugs 
that prolong the QT interval such as quinolones, macrolides, 
or clofazimine.

Many patients with TB are co-infected with HIV, and pro-
tease inhibitors are potent inhibitors of CYP3A. Among 
patients with TB and HIV co-infection, use of ritonavir- 
boosted lopinavir for HIV treatment increased bedaquiline 
AUC by 62% and prolonged the bedaquiline half-life from 
31 hours to 55 hours (Pandie et al., 2016). No effect was 
seen on the M2 metabolite, though modeling evaluations 
suggest the metabolite will accumulate over time with pro-
longed lopinavir–ritonavir and bedaquiline co-administration 
(Svens son et al., 2014). 

Nevirapine does not affect bedaquiline concentrations 
meaningfully, and the two drugs can be co-administered 
without dose adjustments (Svensson et al., 2014; Pandie et 
al., 2016). Efavirenz induces CYP3A4, and based on predic-
tions from model-based evaluations of pharmacokinetic 
data from single-dose studies of bedaquiline, prolonged 
co-administration of bedaquiline and efavirenz is likely to 
reduce average bedaquiline and M2 concentrations by approx-
imately 50% (Svensson et al., 2013). It is possible that dose 
adjustments can mitigate the drug interaction between efa-
virenz and bedaquiline but these dose adjustments have not 
been tested in patients, and for now, co-administration is 
not advised (Svensson et al., 2013).

Azole antifungal drugs are also known CYP3A4 inhibi-
tors. Co-administration of bedaquiline and ketoconazole, a 
potent CYP3A4 inhibitor, increased the AUC of bedaquiline 
by 22% and the Cmin by 33% with no significant change in 

Cmax (FDA, 2012; van Heeswijk et al., 2014). Therefore, con-
comitant use of a strong CYP3A inhibitor and bedaquiline 
for longer than 14 days should be avoided unless the benefits 
outweigh the risks (Janssen Products, 2015). Fluconazole is a 
less potent inhibitor of CYP3A so the magnitude of drug 
interactions with bedaquiline is likely to be lower than with 
ketoconazole, but this interaction has not been studied 
directly. 

6. ADVERSE REACTIONS AND TOXICITY

6a.  “Black box” warning

Bedaquiline carries a black box warning because of increased 
mortality seen in a phase IIb trial of bedaquiline versus pla-
cebo added to optimized background treatment among 160 
patients with smear-positive MDR-TB from eight countries 
(Diacon et al., 2014). In that trial, 10/79 patients (13%) in 
the bedaquiline group and 2/81 patients (2%) in the placebo 
group died. This difference was not explained by plasma 
drug concentrations, absolute QTc, or change in QTc from 
baseline. Furthermore, several of the deaths occurred follow-
ing completion of treatment with bedaquiline, so it is unclear 
whether they were drug related or not. As a result, the FDA 
issued a black box warning suggesting that bedaquiline only 
be used when effective treatment options cannot be other-
wise provided (Janssen Products, 2015). In pharmacovigilance 
studies conducted following introduction of bedaquiline, up 
to now there has been no evidence of excess mortality with 
use of bedaquiline (Ndjeka et al., 2015). Safety data from the 
randomized phase III trial will be required for an unbiased 
assessment among patients who receive bedaquiline as part 
of multidrug therapy for drug-resistant TB versus those who 
do not.

6b.  Cardiac toxicity

Due to bedaquiline-related QTc prolongation, it is recom-
mended that patients receiving bedaquiline have ECGs mon-
itored and that the drug be discontinued if the QT interval 
corrected for heart rate using the Fridericia correction, QTcF, 
is longer than 500 milliseconds (ms). The recommended 
dosing regimen (see section 4a, Adults) is associated with 
a 15.4-ms mean QTc increase from baseline compared to a 
3.3-ms increase in QTc in the placebo group (p < 0.001) 
(Diacon et al., 2014). The QTc peaks 16–18 weeks following 
initiation of therapy, and it slowly resolves after drug discon-
tinuation. QTc prolongation is not directly related to either 
bedaquiline or M2 exposures. While some QT prolongation 
from baseline is common, with QTc increase from baseline 
≥ 60 ms occurring in about 20% of patients (Guglielmetti et 
al., 2015), clinically significant prolongation (QTc > 500 ms) 
is rare, occurring in 2/232 patients in one study (both patients 
were also receiving clofazimine and one had concomitant 
hypokalemia). It is important to note that QTc prolongation 
is associated with co-administration of other QTc-prolonging 
TB drugs. In the same efficacy trial, mean maximum QTc 
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increase was 31.9 ms for patients also taking clofazimine 
compared to 12.3 ms for patients on bedaquiline without 
clofazimine, and 90% of patients also received quinolones. 
Hypokalemia and hypomagnesemia are associated with QT 
prolongation and can be caused by aminoglycoside antibi-
otics, which are commonly given to patients with MDR-TB. 
Thus electrolyte monitoring, and supplementation when 
appropriate, is essential for patients receiving injectable anti-
biotics and bedaquiline. 

6c.  Hepatotoxicity

Elevations in liver transaminases occur in approximately 
15–20% of patients receiving bedaquiline (Pym et al., 2016). 
In a study that included a large number of patients with hep-
atitis C infection, 14% had transaminase elevation and 6% 
experienced fivefold or greater increases (Guglielmetti et al., 
2015). As a result, it is recommended that aspartate transam-
inase, alanine transaminase, alkaline phosphatase, and bili-
rubin be measured before treatment with bedaquiline, and 
monthly while on treatment. Bedaquiline should be discon-
tinued for transaminase values > eight times the upper limit 
of normal, > five times the upper limit of normal for ≥ 2 
weeks, or if they are associated with bilirubin levels ≥ two 
times the upper limit of normal (Janssen Products, 2015).

6d.  Other side effects

The most common side effects attributable to bedaquiline 
include nausea, arthralgia, and headache (Diacon et al., 2009; 
Diacon et al., 2012). Specifically, pooled safety data from 
335 patients enrolled in placebo-controlled trials in which all 
participants received multidrug background treatment, the 
following adverse events were more common in the beda-
quiline than in the placebo arm: nausea (38% vs. 32%), joint 
pain (33% vs. 22%), headache (28% vs. 12%), hemoptysis 
(18% vs. 11%), and chest pain (11% vs 9%). 

Bedaquiline and its M2 metabolite are cationic amphi-
philic drugs, and both accumulate within cells. In in vitro 
models, both cause phospholipidosis, though the clinical rel-
evance of this preclinical finding is unknown (Mesens et al., 
2007).

7. CLINICAL USES OF THE DRUG

7a.  Tuberculosis

Bedaquiline is approved to treat MDR-TB in combination 
with at least three other active drugs (or four drugs that are 
likely to be active based on treatment and exposure history if 
drug susceptibility testing results are unknown). In the first 
clinical trial among patients with drug-sensitive, sputum 
smear–positive pulmonary TB, bedaquiline was given daily 
for 7 days as monotherapy at doses ranging from 25–400 
mg daily, and only the 400-mg daily dose demonstrated 
measurable activity (Rustomjee et al., 2008). In a follow-on 
dose-finding trial wherein bedaquiline was given for 14 days, 

there was a dose-dependent reduction in sputum CFUs over 
time with treatment, and the 400-mg dose had the most 
activity (Diacon et al., 2013). In an 8-week phase II random-
ized, placebo-controlled trial of 47 adults who received either 
bedaquiline 400 mg daily for 2 weeks, then 200 mg three 
times weekly (8 weeks total) or placebo, each in combination 
with a background five-drug MDR-TB regimen (kanamycin, 
ofloxacin, ethionamide, pyrazinamide, and cycloserine or 
terizidone), sputum culture conversion to negative by 8 weeks 
of treatment was more common in the bedaquiline arm 
than the control arm (48% vs. 9%) (Diacon et al., 2009). The 
long-term outcomes of patients in the trial were reported 
separately; bedaquiline improved culture conversion rates 
at 6 months compared to placebo (81.0% vs. 65.2%), with a 
shorter time to achieving culture conversion in 50% of 
patients (78 vs. 129 days) (Diacon et al., 2012).

A later phase IIb trial of 160 patients with smear-positive 
MDR-TB from eight countries employed the currently rec-
ommended bedaquiline regimen of 400 mg daily for 2 weeks 
followed by 200 mg three times weekly for 22 weeks (24 
weeks total) or placebo in addition to a background regimen 
of ethionamide, pyrazinamide, ofloxacin, kanamycin, and 
cycloserine (Diacon et al., 2014). In this study, bedaquiline 
was associated with reduced median time to culture conver-
sion (83 vs. 125 days) and a higher rate of culture conversion 
at both 24 and 120 weeks compared to placebo (79% vs. 
58%, p = 0.008 and 62% vs. 44%, p = 0.04, respectively). 
Bedaquiline was associated with higher cure rates than pla-
cebo (58% vs. 32%, p = 0.003), but with increased mortality 
in the bedaquiline group (10/79 = 13% vs. 2/81 = 2%, p = 
0.02). As noted above, death was not associated with beda-
quiline plasma levels or QTc.

More recently, efficacy data from a single-arm study of 
233 patients receiving 24-week bedaquiline regimen plus a 
standard background regimen confirmed the drug’s efficacy 
and provided reassuring safety data (Pym et al., 2016). In the 
intention-to-treat analysis, sputum conversion occurred in 
163/205 (79.5%) of patients at 24 weeks and 148/205 (72.2%) 
of patients at 120 weeks. Overall, 125/205 (61.0%) of patients 
were cured and 14/205 (6.8%) patients died. Similar rates of 
culture conversion were seen in a French compassionate use 
program (Guglielmetti et al., 2015).

Bedaquiline has not been approved for use in latent tuber-
culosis, extrapulmonary tuberculosis, or drug-susceptible 
tuberculosis.

7b.  Nontuberculous mycobacterial 
infections

Clinical experience with bedaquiline for treatment of infec-
tions with nontuberculous mycobacteria is limited, though 
murine studies suggest that it may have activity in M. absces
sus and M. avium infections (Andries et al., 2005). 

In one clinical study among 10 adults who had failed stan-
dard regimens of 12 months for M. avium or 6 months for 
M. abscessus infections (Philley et al., 2015), bedaquiline was 
given off-label at the dose recommended for treatment of TB. 
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Patients also received the best available companion drugs 
(average number of companion drugs was five). Symptomatic 
and radiographic improvement was documented in 9 of 10 
patients at 2 months and 4 of 10 patients at 4 months, respec-
tively. Six patients demonstrated microbiologic response 
after 6 months of therapy. Studies confirming bedaquiline’s 
efficacy in infections involving nontuberculous mycobacte-
ria will be required before its widespread use for this indica-
tion can be recommended. 

Bedaquiline has also demonstrated bactericidal activity 
against M. leprae at various doses and frequencies in preclin-
ical models (Ji et al., 2006; Gelber et al., 2009). It has not yet 
been tested in patients with leprosy. 

7c.  Other infections 

Bedaquiline’s activity against a variety of Gram-positive and 
Gram-negative bacteria has also been tested. Fairly high 
MICs were found for Corynebacterium species and Helico
bacter pylori (4.0 µg/ml) as well as for Nocardia (MIC >16 µg/
ml). Median MICs were > 32 µg/ml for Streptococcus pneu
moniae, Staphylococcus aureus, and Haemophilus influenzae 
(Andries et al., 2005). Thus bedaquiline appears to display a 
narrow spectrum of activity that is limited to mycobacterial 
species.
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1. DESCRIPTION

Delamanid (Deltyba, formerly OPC-67683) and pretomanid 
(formerly PA-824) are two bicyclic 4-nitroimidazoles in 
development for treatment of tuberculosis. Delamanid was 
conditionally approved in Europe in 2013 and approved in 
Japan in 2014 for the treatment of multidrug-resistant 
tuberculosis (MDR-TB) in combination with an appropriate 
background regimen; pretomanid remains investigational- 
only as of this writing but is being evaluated as part of com-
bination regimens for treatment of both drug-susceptible and 
MDR-TB. 

Delamanid and pretomanid are bactericidal against Myco
bacterium tuberculosis and most of the M. tuberculosis com-
plex but have activity against few other mycobacteria. They 
are prodrugs that require activation by a mycobacterial 
enzyme, and their mechanisms of mycobacterial killing 
include both inhibition of mycolic acid synthesis and gen-
eration of toxic nitrogen radicals. 

Delamanid has the chemical formula C25H25F3N4O6 and 
molecular weight 534.48 g/mol. It is manufactured as a 
50-mg film-coated tablet. Pretomanid has the chemical for-
mula C14H12F3N3O5 and molecular weight 359 g/mol. It is 
produced for investigational use as an oral tablet. These 
drugs’ chemical structures are shown in Figure 139.1 (Global 
Alliance, 2008). 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

MYCOBACTERIUM TUBERCULOSIS COMPLEX 

Delamanid and pretomanid have bactericidal activity against 
both replicating and hypoxic non-replicating M. tuberculosis 
(Stover et al., 2000; Matsumoto et al., 2006; Hurdle et al., 
2008). They are also active against most other members of 
the M. tuberculosis complex (European Medicines Agency, 

2013), although one member of the complex, M. canettii, 
appears to be intrinsically resistant (Feuerriegel et al., 2011). 
Delamanid has greater potency than pretomanid.

There is no known cross-resistance of delamanid and pre-
tomanid with other tuberculosis drug classes (Matsumoto et 
al., 2006; Stover et al., 2000), and there is no antagonism 
between these two agents and the activity of first-line tuber-
culosis drugs or streptomycin (European Medicines Agency, 
2013; Hurdle et al., 2008). Pretomanid antagonizes the activ-
ity of bedaquiline in some regimens in a mouse model of 
tuberculosis (Tasneen et al., 2011; Tasneen et al., 2015).

NONTUBERCULOUS MYCOBACTERIA

Delamanid and, to a lesser extent, pretomanid are active 
against M. kansasii, but they are not active against most other 
nontuberculous mycobacteria (see Table 139.1). In particu-
lar, neither delamanid nor pretomanid have activity against 
mycobacteria that lack the specific nitroreductase enzyme 
(Ddn) that activates these prodrugs (Manjunatha et al., 2006b; 
Dogra et al., 2011). 

Figure 139.1. Chemical structures of (a) delamanid and 
(b) pretomanid.
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2b.  Emerging resistance and 
cross-resistance

FREQUENCY OF SPONTANEOUS RESISTANCE 
MUTATIONS

In vitro, for the standard M. tuberculosis strain H37Rv, the 
frequency of spontaneously-occurring resistance is on the 
order of 1 in 105 for delamanid (European Medicines Agency, 
2013) and pretomanid (Haver et al., 2015), suggesting a low 
genetic barrier to emergence of resistance during treatment 
unless these drugs are paired with other drugs with substan-
tial activity. By way of comparison, the frequency of sponta-
neous resistance to isoniazid and rifampin are approximately 
1 in 106 and 1 in 108, respectively.

CLINICAL RESISTANCE

Clinical experience with this drug class is limited, but resis-
tant clinical isolates have been identified. 

Delamanid and pretomanid resistance has been observed 
among clinical M. tuberculosis isolates collected in absence 
of nitroimidazole selective pressure. For example, one anal-
ysis of 21 M. tuberculosis clinical isolates that were suscep-
tible to all standard first-line tuberculosis drugs found one 
isolate resistant to delamanid and pretomanid (Doi and 
Disratthakit, 2006). Among tuberculosis isolates collected 
from MDR-TB patients at the time of enrollment in a phase 
II trial of delamanid (Study 204), 2 of 316 evaluated isolates 
were resistant to delamanid (Stinson et al., 2016).

Resistance also may arise during treatment. During 6 
months of treatment with delamanid in combination with 
other second-line drugs in Study 204, isolates from 4 of 213 
subjects developed resistance to delamanid. For all of these 
patients in whom resistance developed, delamanid either 
was the only active drug or was paired only with a bacterio-
static active drug among those drugs for which susceptibility 
testing was performed (European Medicines Agency, 2013). 
Similarly, since delamanid was approved for clinical use, 
emergence of resistance has been observed when it is added 
to a failing regimen (Bloemberg et al., 2015). 

RESISTANCE GENES AND MECHANISMS

Both delamanid and pretomanid are prodrugs, and most 
resistant mutants have loss-of-function mutations in one 
of several genes related to their activation into active drugs 
(Haver et al., 2015). Specifically, mutations in the gene 
encoding the cofactor-F420–dependent nitroreductase 
Ddn that mediates this reductive activation have been shown 
to confer resistance to both pretomanid and delamanid 
(Manjunatha et al., 2006a; Matsumoto et al., 2006). Mutations 
that affect either the NADP-dependent glucose-6-phosphate 
dehydrogenase Fgd (required for redox cycling of F420) 
(Stover et al., 2000) or any of four enzymes (FbiA, FbiB, 
FbiC, and CofC) involved in the biosynthesis of F420 (Choi 
et al., 2002) can also confer resistance to pretomanid and 
likely delamanid; the resulting mutants have high-level resis-
tance, e.g. at least 10 × increase in MIC (Haver et al., 2015; 

European Medicines Agency, 2013). These resistance-associ-
ated genes are nonessential to growth under aerobic condi-
tions (Haver et al., 2015), and this along with the large target 
size for mutation may allow a low barrier to resistance with 
little associated fitness cost. 

3. MECHANISM OF DRUG ACTION

The bicyclic nitroimidazoles are prodrugs that once activated, 
appear to have two mechanisms of action. Together, these 
mechanisms confer activity against both actively-replicating 
and hypoxic non-replicating M. tuberculosis. 

ACTIVATION

Delamanid and pretomanid prodrugs are selectively acti-
vated by susceptible mycobacteria but not by their human 
or mammalian hosts (Mukherjee and Boshoff, 2011). Nitro-
reductive activation of both drugs is catalyzed by the nitro-
reductase Ddn (Rv3547) in a reaction that requires the 
deazaflavin cofactor F420 (Manjunatha et al., 2006a). Myco-
bacteria that lack Ddn (e.g. M. leprae) (Manjunatha et al., 
2006b) or harbor inactivating mutations in either Ddn or 
any of several enzymes involved in synthesizing or recycling 
F420 are resistant to drug action. 

ANAEROBIC MECHANISM

A mechanism of action involving nitric oxide-mediated 
respiratory poisoning allows pretomanid (Manjunatha et al., 
2009; Singh et al., 2008)—and likely also delamanid (Singh 
et al., 2008)—to have bactericidal activity against non-repli-
cating mycobacteria under anaerobic conditions. The reduc-
tive activation of pretomanid to the des-nitroimidazole form 
produces reactive nitrogen species including nitric oxide 
(Singh et al., 2008). This nitric oxide is thought to mediate 
anaerobic bacillary killing by interfering with ATP homeo-
stasis and membrane potential, possibly via inhibition of 
cytochrome bd oxidase (Manjunatha et al., 2009). 

AEROBIC MECHANISM

Besides the nitric oxide generation, which is toxic to hypoxic 
non-replicating mycobacteria (but appears to have little effect 
on mycobacterial grown under aerobic conditions), both 
delamanid and pretomanid also have aerobic activity attributed 
to inhibition of cell wall synthesis. Both drugs inhibit the 
biosynthesis of mycolic acids, a key component of the myco-
bacterial cell wall, by inhibiting the oxidation of hydroxymy-
colic acids to produce ketomycolic acids (Matsumoto et al., 
2006; Stover et al., 2000). 

This aerobic mechanism, like the anaerobic mechanism, is 
closely tied to these drugs’ F420-mediated activation. The 
hydroxymycolic acid dehydrogenase Rv0132c that oxidizes 
hydroxymycolic acids to ketomycolic acids uses the same F420 
cofactor that is involved in pretomanid and delamanid acti-
vation. Pretomanid has been shown to out-compete Rv0132c 
for the reduced F420 cofactor, blocking Rv0132c-mediated 
ketomycolate synthesis and causing accumulation of hydroxy-
mycolic acids (Purwatini and Mukhopadhyay, 2013). 



4. Mode of drug administration and dosage 2553

Although the long-used tuberculosis drugs isoniazid and 
ethionamide also inhibit mycolic acid synthesis, delamanid 
and pretomanid inhibit a more terminal step without evidence 
of isoniazid or ethionamide cross-resistance (Matsumoto et 
al., 2006; Stover et al., 2000). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Delamanid has been developed for oral administration as a 
50-mg tablet. The recommended dose is 100 mg twice daily, 
and directly observed therapy is recommended (European 
Medicines Agency, 2014); a recently completed phase III 
clinical trial evaluated a dose of 100 mg twice daily for the 
first 2 months of treatment, followed by 200 mg once daily 
for 4  months (clinical trial NCT01424670). It should be 
taken with food. Delamanid should be used only in combi-
nation with an appropriate background regimen, as mono-
therapy of active tuberculosis is likely to result in treatment 
failure and acquired drug resistance. 

Pretomanid is being studied in oral doses of 100 mg or 
200 mg daily as part of combination regimens (Dawson et al., 
2015). 

4b.  Newborn infants and children

Safety and efficacy of delamanid in children and adolescents 
below 18 years has not yet been established (European 
Medicines Agency, 2014), but pediatric studies are under 
way (clinical trials NCT01856634 and NCT01859923). 

Pretomanid has not yet been tested in children or 
adolescents. 

4c.  Pregnant and lactating mothers

Delamanid is not recommended in pregnant women due to 
lack of human safety data and some evidence of teratoge-
nicity at maternally toxic doses in animals. Women of child-
bearing potential are recommended to use a reliable form 
of contraception while taking delamanid (European Medi-
cines Agency, 2014). Because delamanid and metabolites 
are  excreted in breast milk of lactating rats, and because 
human data are lacking, concurrent breastfeeding is also not 
recommended.

Pretomanid safety in pregnancy or lactation has not been 
determined. 

4d.  Those requiring altered dosages

Delamanid is not renally excreted, and no delamanid dose 
adjustment is needed in mild to moderate renal impairment; 
there are no data about removal of delamanid by hemodialy-
sis or peritoneal dialysis. Delamanid also does not require 
dose adjustment in mild hepatic impairment, but use of dela-
manid in moderate to severe hepatic impairment is not rec- 

ommended due to lack of data (European Medicines Agency, 
2014). No data are available about delamanid administration 
in the elderly, although exposure was not age dependent in 
clinical trials. Use of delamanid is contraindicated in hypo-
albuminemia (serum albumin < 2.8 g/dl) because of its asso-
ciation with QT prolongation (European Medicines Agency, 
2013). 

No data or recommendations for dose adjustment are 
reported for pretomanid. 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

The pharmacokinetics and pharmacodynamics of delamanid 
and pretomanid are summarized in Table 139.2.

5a.  Bioavailability

Oral bioavailability of both drugs is adequate for oral dosing 
and increases when taken with food. 

5b.  Drug distribution

Both drugs have large effective volumes of distribution and are 
highly protein bound (details in Table 139.2). Data on pene-
tration into specific extrapulmonary sites are limited, although 
pretomanid appears to penetrate well into tissues, including 
the central nervous system in rats (Wang et al., 2015).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features 

Delamanid was initially tested and approved for twice-daily 
administration, but once-daily dosing is being evaluated in 
the continuation phase of treatment in an ongoing clinical 
trial. Pretomanid’s bactericidal activity appears to corre-
spond to time above MIC (Ahmad et al., 2011). 

5d.  Metabolism and excretion 

Both drugs are heavily metabolized prior to elimination, with 
delamanid undergoing an initial albumin-mediated meta-
bolic step, while pretomanid follows oxidative and reductive 
metabolic pathways (Table 139.2). 

5e.  Drug interactions

Delamanid does not inhibit or induce CYP450 isoenzymes 
when tested at several times the steady-state Cmax of dela-
manid (Matsumoto et al., 2006; Shimokawa et al., 2014). No 
interactions occur with important drug transporters (includ-
ing P-gp, BCRP, AOTP1B1, OATP1B3, and OCT1), although 
it is noted that higher delamanid concentrations in the gut 
may still exert effects (European Medicines Agency, 2014). 

Because of the role of CYP3A4 in delamanid metabo-
lism, use of delamanid with strong CYP3A4 inhibitors is 
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contraindicated. In addition, because delamanid metabolite 
associated with QT prolongation (DM-6705), is formed via 
albumin-mediated metabolism of delamanid, and is itself 
metabolized by CYP3A4, albumin concentration and CYP 
activity are important considerations in avoiding excessive 
QT prolongation (European Medicines Agency, 2013). 

Pretomanid, like delamanid, does not appear to inhibit 
or induce CYP3A4 to a clinically meaningful extent (Winter 
et al., 2013a), but exposures to pretomanid may be affected 
by certain common HIV and first-line tuberculosis medica-
tions (Table 139.3). Pretomanid exposures in healthy vol-
unteers changed minimally when co-administered with the 
CYP inhibitor lopinavir/ritonavir (17% AUC24 reduction), 
but were significantly reduced by co-administration with 

either efavirenz (35% AUC24 reduction) or rifampin (66% 
AUC24 reduction) (Dooley et al., 2014).

6. ADVERSE REACTIONS AND TOXICITY

Clinical experience with both delamanid and pretomanid 
remains limited, and phase III trial results and safety profiles 
are not yet available for either drug. Additional safety infor-
mation may emerge as they are used to treat more patients. 
The European Medicines Agency recommends limiting dura-
tion of delamanid use to 24 weeks, and interim World Health 
Organization guidance on the use of delamanid advises close 
treatment monitoring, pharmacovigilance, and informed 
patient consent (World Health Organization, 2014). 

Table 139.2. Pharmacokinetics of delamanid and pretomanid.

Delamanida Pretomanidb

Bioavailability

Oral bioavailability—adults 25–47% in the fed state Acceptable for oral administration

Association with food Exposure increases ~ 2.7-fold when taken with a 
meal and > 4 times with a fatty meal 

Exposure increases in the fed state, by ~ 1.4 times for a 
50-mg dose and ~ 4.5 times for a 1000-mg dose

Serum levels in relation to 
dosage

Less than dose proportional: a 4-fold increase 
in delamanid dose from 100 to 400 mg 
increased single-dose Cmax by a factor of 2.4 
and single-dose AUC∞ by a factor of 2.9

Less than dose proportional at high doses, but 
approximately dose proportional in the dose range 
100–200 mg/day in clinical trials

Terminal t½ 30–38 hours 16–24 hours

Cmax 0.2 µg/ml ± 0.015 µg/ml (for 100-mg twice-daily 
dose in fed healthy volunteers) 

1.7 ± 0.3 µg/ml (for 200-mg/day dose in healthy 
volunteers)

AUC 2.5 µg·h/ml 30.2 ± 3.7 µg·h/ml

Drug distribution

Apparent volume of 
distribution

937–16,100 liters in the terminal phase 93–167 liters after multiple doses

Protein binding ≥ 99.5% protein bound ~ 95% protein bound (measured only in vitro, with 
uncertain avidity)

Extrapulmonary sites (e.g. 
CNS, bone)

No data Limited data; good CNS penetration in rats

Elimination

Metabolism Mostly albumin mediated in plasma, with 
contributions from CYP 3A4 and possibly (in 
vitro evidence) CYP1A1

Extensively metabolized via multiple routes of reductive 
and oxidative metabolism 

Metabolites Multiple metabolites with terminal half-lives of 
> 100 hours 

No major metabolite in plasma

Excretion No renal excretion Multiple minor metabolites detected in both feces (26% 
of dose) and urine (65% of dose)

Parent drug is not excreted in appreciable quantities 

Pharmacokinetics-pharmacodynamics

Bactericidal activity correlates with proportion of dosing 
interval with free drug plasma concentrations above 
MIC in murine model (Ahmad et al., 2011), a result 
consistent with plateau in early bactericidal activity of 
pretomanid at doses ≥ 100 mg in patients

a European Medicines Agency, 2014; European Medicines Agency, 2014; Sashara et al., 2015.
b Ginsberg et al., 2009b; Winter et al., 2013b; Diacon et al., 2010; Diacon et al., 2012; Dooley et al., 2014; Laurenzi et al., 2007, Wang et al., 2015.
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6a.  Delamanid

CARDIAC TOXICITY 

Delamanid use is associated with QT prolongation, with 
3% of clinical trial patients experiencing increases in the 
Fredericia’s corrected QT interval (QTcF) of > 60 millisec-
onds (ms). QT prolongation to QTcF > 500 ms occurred in 
9.9 and 13.1% of delamanid-treated patients at doses of 100 
and 200 mg twice daily, respectively, compared to 3.8% of 
patients receiving placebo, in the major phase II trial of dela-
manid (Gler et al., 2012; Gupta et al., 2015a). Increases in QT 
interval developed gradually over 6–10 weeks (correspond-
ing to the time to steady state for the metabolite DM-6705, 
which has been shown to inhibit hERG potassium chan-
nels) and then remained stable (European Medicines Agency, 
2014; Gupta et al., 2015a). These observed QT prolongations 
have been asymptomatic, and no cases of torsades de pointes 
or temporally related arrhythmias have been reported 
(European Medicines Agency, 2014; Harausz et al., 2015). 
Treatment-emergent palpitations were slightly more com-
mon with delamanid than with placebo, but causality is 
unclear (European Medicines Agency, 2014). Delamanid-
associated QT prolongation does not appear to be increased 
with co-administration of the QT-prolonging agents levo-
floxacin or clofazimine in limited sample sizes (Gupta et 
al., 2015a). Hypokalemia, hypoalbuminemia, and drug–drug 
interactions causing CYP 3A4 inhibition are thought to be 
risk factors (Harausz et al., 2015). 

Because of concern about QT prolongation, baseline and 
at least monthly EKG monitoring is recommended (with 
delamanid discontinuation if corrected QT exceeds 500 ms), 
and baseline potassium measurement and as-needed correc-
tion are also recommended. It is recommended that dela-
manid be avoided, except with careful risk–benefit evaluation 

and close monitoring, in patients with QT-prolonging con-
ditions or medications, electrolyte disturbances, or history 
of or predisposing conditions for arrhythmias (European 
Medicines Agency, 2014), but successful use of delamanid in 
combination with bedaquiline for extensively drug-resistant 
(XDR)-TB has been reported (Lachatre et al., 2016). 

HEPATOTOXICITY

In a phase II extension study of delamanid, a patient who had 
tolerated initial treatment with delamanid 200 mg bid for 
8 weeks developed drug-induced liver injury and right ven-
tricular failure 9 days after restarting delamanid at a 100-mg 
bid dose. He discontinued the drug at that time but died 
of respiratory failure 63 days later. Four other study subjects 
receiving delamanid have experienced liver lab abnormali-
ties, but all were mild and/or felt by investigators to be unre-
lated to the study drug (European Medicines Agency, 2013). 

RISKS IN PREGNANCY

In reproductive studies in rats, delamanid was not terato-
genic at up to 16 times clinical exposures, but administration 
of a delamanid metabolite was teratogenic at 3.6 times clini-
cal exposures. Delamanid also caused a slight increase in the 
incidence of resorptions in rabbits at a maternally toxic dose 
of 10 mg/kg/day (European Medicines Agency, 2013). 

OTHER SIDE EFFECTS

In the 8-week trial of delamanid in 321 subjects with 160 pla-
cebo controls, adverse events besides QT prolongation that 
were > 5% more common in the delamanid than placebo 
arms included nausea (38.3 vs. 33.1%), vomiting (33.0 vs. 
27.5%), and headache (24.0 vs. 18.8%). These treatment-  
emergent adverse events were also more common in the 
patients randomized to the higher dose of delamanid (200 

Table 139.3. Delamanid drug–drug interactions with TB and HIV drugs.

Drug class Mechanism Impacta

Other tuberculosis drugs

Rifampin CYP 3A4 induction by rifampin 45% reduction in delamanid plasma 
exposure

Ethambutol 25% increase in ethambutol concentrations 
after 2 weeks

Isoniazid No significant interaction

Pyrazinamide No significant interaction

HIV antiretrovirals

Lopinavir/ritonavir CYP 3A4 inhibition by protease inhibitors 20% increase in delamanid exposure

Efavirenz Weak CYP 3A4 induction by efavirenz No significant interaction

Tenofovir No significant interaction

QT-prolonging agents

Fluoroquinolones, clofazimine, bedaquiline, 
etc.

Potential for additive QT prolongation when 
combined with delamanid metabolite

No observed additive QT effects, but 
caution advised

a Data from European Medicines Agency, 2013.
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mg twice daily) than to the lower dose (100 mg twice daily). 
Excess paresthesia, anxiety, and tremor in delamanid-treated 
subjects were uncommon but were felt to warrant continued 
pharmacovigilance. In animals, alterations in red blood cell 
production (rats), inhibition of vitamin K-dependent coagu-
lation (rabbits), and dose-dependent liver histopathological 
changes (dogs) have been observed, but only at supraclinical 
doses (European Medicines Agency, 2013). 

6b.  Pretomanid

Pretomanid causes small reversible serum creatinine eleva-
tion (by about 0.2 mg/dl on average in healthy subjects after 
8 days of a high pretomanid dose). This increase does not 
indicate a true change in renal function but appears to result 
from inhibition of renal tubular creatinine secretion (Gins-
berg et al., 2009a). 

No pattern of treatment-associated adverse events was 
observed in phase IIa trials (Diacon et al., 2010; Diacon et al., 
2012). In the phase IIb trial of pretomanid, moxifloxacin, 
and pyrazinamide involving 207 patients, pretomanid at the 
highest dose (200 mg/day) was associated with higher prob-
abilities of experiencing grade 3 or 4 treatment-emergent 
adverse events (37%) and of discontinuing treatment due 
to adverse events (19%) than the lower (100 mg/day) preto-
manid-dosed group (30% and 13%) or the standard-regimen 
control group (25% and 12%). The adverse events that 
occurred more frequently in one or both of the pretomanid- 
treated groups than in the control group included arthralgia 
(29% in pretomanid 200 mg, 33% in pretomanid 100 mg, 
19% in controls), cardiac disorders (10%, 2%, and 5%, respec-
tively), increase in AST or ALT to > 3 times the upper limit 
of normal (18%, 17%, 12%), nausea (13%, 23%, 12%), diar-
rhea (5%, 7%, 5%) epileptic seizure (2%, 0%, 0%), and agran-
ulocytosis (2%, 0%, 0%) (Dawson et al., 2015). 

Among the cardiac adverse events associated with preto-
manid, no treatment-emergent instances of QTcF > 500 ms 
were observed, but QTcF increased by an average of 18 ms in 
patients receiving 200 mg pretomanid, and 7% of the patients 
receiving this higher dose experienced QTcF increases of 
60 ms or greater (Dawson et al., 2015).

7. CLINICAL USES OF THE DRUG

7a.  Use of delamanid in treatment of 
multidrug-resistant tuberculosis

Delamanid is currently approved in the European Union and 
Japan for treatment, as part of appropriate combination reg-
imen, of MDR-TB in adult patients who otherwise lack an 
effective treatment regimen because of resistance or intolera-
bility. The approval in Europe is conditional, and additional 
trial results are forthcoming. 

Delamanid should be used only as part of an appropriate 
combination regimen containing at least two to three other 
active agents, in order to prevent development of resistance 
to delamanid. In clinical trials, it was evaluated together with 

a background MDR-TB regimen, and delamanid resistance 
emerged within 2 months in some patients whose back-
ground regimen was insufficiently active and potent, most 
commonly due to extensive drug resistance (World Health 
Organization, 2014; European Medicines Agency, 2015). 

Efficacy of delamanid for tuberculosis has been evaluated 
in phase II trials, and phase III trial results are forthcoming. 
A 2-week study of early bactericidal activity first showed that 
delamanid lowered sputum bacterial counts in smear-positive 
non–MDR-TB subjects (Diacon et al., 2011). Delamanid 
was then evaluated in combination with a clinician-selected 
optimized background regimen in a randomized, placebo- 
controlled trial (Study 204) of 481 adult pulmonary MDR-TB 
patients (Gler et al., 2012). The proportion of patients who 
achieved the primary outcome—namely sputum culture con-
version by day 57—was significantly higher in the subjects 
treated with delamanid plus optimized background regimen 
(45% and 42% with sputum culture conversion for doses of 
100 mg twice daily and 200 mg twice daily, respectively) 
than in those receiving placebo plus optimized background 
regimen (30% sputum culture conversion). Delamanid also 
increased 2-month culture conversion among the subset of 
subjects who had XDR-TB at baseline (7/16 subjects with 
delamanid vs. 1/10 subjects who received placebo) (Gupta et 
al., 2015b). 

Two subsequent extensions of the above-described 2- 
month trial evaluated longer duration of therapy and later 
outcomes. A voluntary 6-month open-label continuation 
study (Study 208) of delamanid at a physician-chosen dose, 
in which 213 subjects participated (without randomization, 
and only offered to some patients at some study sites), 
observed a higher proportion of sputum culture conversion 
among those subjects receiving a total of ≥ 6 months of dela-
manid (130/143, 91%) compared to ≤ 2 months of delamanid 
(112/158, 71%) (Skripconoka et al., 2013). Although prom-
ising, these phase II trial results were felt by the Euro pean 
Medicines Agency to be an insufficient demonstration of 
efficacy for an MDR-TB treatment indication for several rea-
sons, including (1) selection bias among patients who opted 
to continue delamanid beyond 2 months obscures the ability 
to evaluate outcomes beyond 2 months in the randomized 
study, and (2) the higher proportion of XDR patients ran-
domized to the placebo group may inflate the true benefit of 
delamanid. In addition, the studies were considered an insuf-
ficient basis for preferring a 100-mg twice daily dose (i.e., for 
concluding that 200 mg twice daily is above the threshold for 
maximum efficacy) because of selection bias in the clinical 
decision to escalate some patients’ doses in the extension 
phase of the study (European Medicines Agency, 2013). 

As a result of the conditional approval decision from the 
European Medicines Agency, a phase III trial of delamanid 
(clinical trial NCT0142) is currently underway to confirm 
the efficacy of delamanid in MDR/XDR-TB patients. In this 
multi-site trial, a total of 511 adult patients have been ran-
domized to either delamanid (100 mg twice daily for 2 
months, followed by 200 mg once daily for 4 months) or pla-
cebo for 6 months, for the first 6 months of an 18- to 24- 
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month optimized background regimen. Results are expected 
in 2017 for a primary outcome of distribution of time to spu-
tum culture conversion during the 6-month period of dela-
manid or placebo treatment, along with multiple secondary 
outcomes including survival, 2-month culture conversion, 
and 30-month treatment success. Another phase III random-
ized trial is evaluating delamanid for treatment of MDR-TB 
in multiple combination regimens with other newer TB drugs 
such as bedaquiline, linezolid, and clofazimine (endTB; clin-
ical trial NCT02754765).

Phase I and phase II pediatric trials are in progress (clini-
cal trials NCT01856634 and NCT01859923), and an addi-
tional phase II trial in adults is scheduled to evaluate the 
safety, tolerability, and pharmacokinetics of delamanid and 
bedaquiline in combination, with a focus on QT prolonga-
tion and cardiac safety (clinical trial NCT02583048). For 
treatment of latent tuberculosis infection, a trial comparing 
delamanid to isoniazid for preventing TB disease in high-risk 
contacts of MDR-TB cases is expected to begin enrollment in 
2017 (PHOENix, ACTG A5300B).

7b.  Use of pretomanid in treatment of 
tuberculosis

Whereas delamanid has been evaluated only for treatment of 
MDR-TB (in combination with an optimized background 
regimen), pretomanid is being evaluated for the treatment 
of both MDR-TB and drug-susceptible (non-MDR) TB, in 
combinations with two or more other active tuberculosis 
drugs. 

In completed 2-week trials in patients with drug-suscep-
tible pulmonary tuberculosis, pretomanid alone had signifi-
cant early bactericidal activity that appeared to plateau at 
doses ≥ 100 mg daily (Diacon et al., 2010; Diacon et al., 
2012). A subsequent 8-week phase IIb trial (Study NC-002) 
evaluated pretomanid (100 mg or 200 mg daily) in combina-
tion with moxifloxacin 400 mg daily and pyrazinamide 1500 
mg daily (the “PaMZ” regimen), compared to the standard 
(isoniazid, rifampin, pyrazinamide, and ethambutol) regimen 
for drug-susceptible tuberculosis. The primary outcome con-
sidered was the mean daily rate of reduction in M. tuberculo
sis colony-forming units (CFUs) measured in weekly sputum 
specimens. Patients receiving the PaMZ regimen containing 
200 mg pretomanid had significantly more rapid declines in 
sputum CFU counts than the control group, and compared to 
control subjects, larger fractions of both pretomanid- treated 
groups achieved culture negativity in liquid media by 8 weeks. 
In addition, in a non-randomized group of MDR-TB patients 
treated with the PaMZ regimen (with a 200-mg pretomanid 
dose) within the same trial, the rate of CFU reduction was 
comparable to the rate observed in drug-susceptible patients 
treated with the standard regimen (Dawson et al., 2015). 

A phase subsequent III trial of the PaMZ regimen has 
begun enrollment (STAND; clinical trial NCT02342886) is 
evaluating 12-month outcomes of the PaMZ regimen for in 
drug-susceptible tuberculosis two different pretomanid doses 
(100 mg daily and 200 mg daily) and two different treatment 

durations (17 weeks and 26 weeks), with controls receiving 
26 weeks of the standard regimen. The study also includes a 
non-randomized MDR-TB arm. This trial was temporarily 
on clinical hold due to concerns about possible hepatotoxic-
ity but was allowed to resume. 

Additional phase II and phase III trials are evaluating pre-
tomanid as part of other tuberculosis drug combinations. 
The 8-week NC-005 study (clinical trial NCT02193776) is 
evaluating the bactericidal activity of the combination 
of pretomanid 200 mg daily with bedaquiline and pyrazin-
amide for drug-susceptible tuberculosis compared to stan-
dard regimen controls, and of pretomanid 200 mg daily with 
bedaquiline, pyrazinamide, and moxifloxacin for MDR-TB 
without a comparator arm. The phase III NiX-TB trial (clin-
icaltrials.gov NCT02333799) is evaluating 6 months of pre-
tomanid 200 mg daily plus bedaquiline and linezolid for the 
treatment of XDR-TB or treatment-intolerant MDR-TB. 

REFERENCES

Ahmad Z, Peloquin CA, Singh RP et al. (2011). PA-824 Exhibits time- 
dependent activity in a murine model of tuberculosis. Antimicrob 
Agents Chemother 55: 239. 

Bloemberg GV, Keller PM, Stucki D et al. (2015). Acquired resistance to 
bedaquiline and delamanid in therapy for tuberculosis. N Engl J Med 
373: 1986. 

Choi K-P, Kendrick N, Daniels L (2002). Demonstration that fbiC is required 
by Mycobacterium bovis BCG for coenzyme F(420) and FO biosynthe-
sis. J Bacteriol 184: 2420.

Dawson R, Diacon AH, Everitt D et al. (2015). Efficiency and safety of 
the combination of moxifloxacin, pretomanid (PA-824), and pyra-
zinamide during the first 8 weeks of antituberculosis treatment: a 
phase 2b, open-label, partly randomised trial in patients with drug-  
susceptible or drug-resistant pulmonary tuberculosis. Lancet 385: 
1738. 

Diacon AH, Dawson R, Hanekom M et al. (2010). Early bactericidal activity 
and pharmacokinetics of PA-824 in smear-positive tuberculosis patients. 
Antimicrob Agents Chemother 54: 3402. 

Diacon AH, Dawson R, Hanekom M et al. (2011). Early bactericidal activity 
of delamanid (OPC-67683) in smear-positive pulmonary tuberculosis 
patients. Int J Tuberc Lung Dis 15: 949. 

Diacon AH, Dawson R, von Groote-Bidlingmaier F et al. (2012). 14-day 
bactericidal activity of PA-824, bedaquiline, pyrazinamide, and 
moxifloxacin combinations: a randomised trial. Lancet 380: 986. 

Dogra M, Palmer BD, Bashiri G et al. (2011). Comparative bioactivation 
of the novel anti-tuberculosis agent PA-824 in Mycobacteria and a 
subcellular fraction of human liver. Br J Pharmacol 162: 226. 

Doi N, Disratthakit A (2006). Characteristic anti-mycobacterial spectra 
of the novel anti-TB drug candidates OPC-67683 and PA-824. 
Abstract no. F1-1377a. Paper presented at the 46th ICAAC, San 
Francisco. 

Dooley KE, Luetkemeyer AF, Park J-G et al. (2014). Phase I safety, 
pharmacokinetics, and pharmacogenetics study of the antituberculosis 
drug PA-824 with concomitant lopinavir-ritonavir, efavirenz, or rifampin. 
Antimicrob Agents Chemother 58: 5245. 

European Medicines Agency, Committee for Medicinal Products for Human 
Use (2013). assessment report: deltyba. ema.europa.eu/docs/en_GB/
document_library/EPAR_-_Public_assessment_report/human/002552/
WC500166234.pdf. Accessed 23 December 2015. 

European Medicines Agency, Committee for Medicinal Products for Human 
Use (2014). Deltyba: European public assessment report—product 
information. ema.europa.eu/docs/en_GB/document_library/EPAR_-_
Product_Information/human/002552/WC500166232.pdf. Accessed 23 
December 2015. 

http://ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/002552/WC500166232.pdf
http://ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/002552/WC500166232.pdf
http://ema.europa.eu/docs/en_GB/document_library/EPAR_-_Public_assessment_report/human/002552/WC500166234.pdf.
http://ema.europa.eu/docs/en_GB/document_library/EPAR_-_Public_assessment_report/human/002552/WC500166234.pdf.
http://ema.europa.eu/docs/en_GB/document_library/EPAR_-_Public_assessment_report/human/002552/WC500166234.pdf.
http://clinicaltrials.govNCT02333799
http://clinicaltrials.govNCT02333799


2558 Delamanid and Pretomanid

Feuerriegel S, Köser CU, Baù D et al. (2011). Impact of Fgd1 and ddn 
diversity in Mycobacterium tuberculosis complex on in vitro suscepti-
bility to PA-824. Antimicrob Agents Chemother 55: 5718. 

Ginsberg AM, Laurenzi MW, Rouse DJ et al. (2009a). Assessment of the 
effects of the nitroimidazo-oxazine PA-824 on renal function in healthy 
subjects. Antimicrob Agents Chemother 53: 3726. 

Ginsberg AM, Laurenzi MW, Rouse DJ et al. (2009b). Safety, tolerability, and 
pharmacokinetics of PA-824 in healthy subjects. Antimicrob Agents 
Chemother 53: 3720. 

Gler MT, Skripconoka V, Sanchez-Garavito E et al. (2012). Delamanid for 
multidrug-resistant pulmonary tuberculosis. N Engl J Med 366: 2151. 

Global Alliance for TB Drug Development (2008). OPC-67683, PA-824. 
Tuberculosis (Edinb) 88: 132. 

Gupta R, Geiter LJ, Hafkin J et al. (2015a). Delamanid and QT prolongation 
in the treatment of multidrug-resistant tuberculosis. Int J Tuberc Lung 
Dis 19: 1261. 

Gupta R, Geiter LJ, Wells CD et al. (2015b). Delamanid for extensively drug- 
resistant tuberculosis. N Engl J Med 373: 291.

Harausz E, Cox H, Rich M et al. (2015). QTc prolongation and treatment of 
multidrug-resistant tuberculosis. Int J Tuberc Lung Dis 19: 385.

Haver HL, Chua A, Ghode P et al. (2015). Mutations in the F420 biosynthetic 
pathway and a nitroreductase enzyme are the primary resistance deter- 
minants in spontaneous in vitro selected PA-824 mutants of Myco- 
bacterium tuberculosis. Antimicrob Agents Chemother 59: 5316. 

Hurdle JG, Lee RB, Budha NR et al. (2008). A microbiological assessment 
of novel nitrofuranylamides as anti-tuberculosis agents. J Antimicrob 
Chemother 62: 1037. 

Keller PM, Hömke R, Ritter C et al. (2015). Determination of MIC distribu-
tion and epidemiological cutoff values for bedaquiline and delamanid in 
Mycobacterium tuberculosis using the MGIT 960 system equipped with 
TB eXiST. Antimicrob Agents Chemother 59: 4352. 

Lachatre M, Rioux C, Le Du D et al. (2016). Bedaquiline plus delamanid for 
XDR tuberculosis. Lancet Infect Dis 16: 294. 

Laurenzi M, Ginsberg A, Spigelman M (2007). Challenges associated with 
current and future TB treatment. Infect Disord Drug Targets 7: 105.

Manjunatha U, Boshoff HI, Barry CE (2009). The mechanism of action of 
PA-824: Novel insights from transcriptional profiling. Commun Integr 
Biol 2: 215.

Manjunatha UH, Boshoff H, Dowd CS et al. (2006a). Identification of a 
nitroimidazo-oxazine-specific protein involved in PA-824 resistance in 
Mycobacterium tuberculosis. Proc Natl Acad Sci U S A 103: 431. 

Manjunatha UH, Lahiri R, Randhawa B et al. (2006b). Mycobacterium leprae 
is naturally resistant to PA-824. Antimicrob Agents Chemother 50: 3350. 

Matsumoto M, Hashizume H, Tomishige T et al. (2006). OPC-67683, a 
nitro-dihydro-imidazooxazole derivative with promising action against 
tuberculosis in vitro and in mice. PLoS Med 3: e466. 

Mukherjee T, Boshoff H (2011). Nitroimidazoles for the treatment of TB: 
past, present and future. Future Med Chem 3: 1427. 

Purwantini E, Mukhopadhyay B (2013). Rv0132c of Mycobacterium tuber- 
culosis encodes a coenzyme F420-dependent hydroxymycolic acid 
dehydrogenase. PLoS One 8: e81985. 

Sashara K, Shimokawa Y, Hirao Y et al. (2015). Pharmacokinetics and 
metabolism of delamanid, a novel anti-tuberculosis drug, in animals 
and humans: importance of albumin metabolism in vivo. Drug Metab 
Dispos 43: 1267.

Shimokawa Y, Sasahara K, Yoda N et al. (2014). Delamanid does not inhibit 
or induce cytochrome p450 enzymes in vitro. Biol Pharm Bull 37:  
1727. 

Singh R, Manjunatha U, Boshoff HIM et al. (2008). PA-824 kills nonreplicat-
ing Mycobacterium tuberculosis by intracellular NO release. Science 
322: 1392. 

Skripconoka V, Danilovits M, Pehme L et al. (2013). Delamanid improves 
outcomes and reduces mortality in multidrug-resistant tuberculosis. 
Eur Respir J 41: 1393. 

Stinson K, Kurepina N, Venter A et al. (2016). MIC of delamanid (OPC-
67683) against Mycobacterium tuberculosis clinical isolates and 
proposed critical concentration. Antimicrob Agents Chemother 60: 
3316. 

Stover CK, Warrener P, VanDevanter DR et al. (2000). A small-molecule 
nitroimidazopyran drug candidate for the treatment of tuberculosis. 
Nature 405: 962. 

Tasneen R, Li S-Y, Peloquin CA et al. (2011). Sterilizing activity of novel 
TMC207- and PA-824-containing regimens in a murine model of 
tuberculosis. Antimicrob Agents Chemother 55: 5485. 

Tasneen R, Betoudji F, Tyagi S et al. (2015). Contribution of oxazolidinones 
to the efficacy of novel regimens containing bedaquiline and 
pretomanid in a mouse model of tuberculosis. Antimicrob Agents 
Chemother 60: 270. 

Wang L, Ma Y, Duan H et al. (2015). Pharmacokinetics and tissue distribution 
study of PA-824 in rats by LC-MS/MS. J Chromatog B 1006: 194. 

Winter H, Egizi E, Erondu N et al. (2013a). Evaluation of pharmacokinetic 
interaction between PA-824 and midazolam in healthy adult subjects. 
Antimicrob Agents Chemother 57: 3699. 

Winter H, Ginsberg A, Egizi E et al. (2013b). Effect of a high-calorie, high-fat 
meal on the bioavailability and pharmacokinetics of PA-824 in healthy 
adult subjects. Antimicrob Agents Chemother 57: 5516. 

World Health Organization (2014). The use of delamanid in the treatment of 
multidrug-resistant tuberculosis: interim policy guidance. ncbi.nlm.nih.
gov/books/NBK299541. Accessed 30 October 2015.

Zumla A, Nahid P, Cole ST (2013). Advances in the development of new 
tuberculosis drugs and treatment regimens. Nat Rev Drug Discov 12: 
388.

http://ncbi.nlm.nih.gov/books/NBK299541
http://ncbi.nlm.nih.gov/books/NBK299541


2559

140

Sutezolid

Nicole Salazar-Austin and Eric L. Nuermberger 

1. DESCRIPTION

Sutezolid belongs to the oxazolidinone class of antimicrobial 
agents that acts by inhibiting bacterial protein synthesis. 
Sutezolid’s structure is similar to that of linezolid, but is 
unique in that the ring structure includes a sulfur atom and 
not an oxygen atom (Figure 140.1). The chemical formula 
of sutezolid is C16H20FN3O3S and its molecular weight is 
353.412.

Linezolid, the only marketed oxazolidinone until recently, 
has shown promise in the treatment of drug-resistant tuber-
culosis, but its long-term use has been limited by serious and 
common side effects including myelosuppression, optic 
neuropathy, and peripheral neuropathy (see Chapter 73, 
Linezolid). 

Sutezolid (PNU-100480) and its active metabolite (PNU-
101603) were first described as having activity against 
Mycobacterium tuberculosis and M. avium in 1996 (Bar-
bachyn et al., 1996). Sutezolid remains a promising antimy-
cobacterial drug as clinical isolates of both drug-susceptible 
and drug-resistant M. tuberculosis continue to show in vitro 
susceptibility (Yip et al., 2013; Alffenaar et al., 2011). Phase 
I and II human studies have demonstrated potent efficacy 
without the significant side effects seen with other drugs of 
its class (Wallis et al., 2012a; Wallis et al., 2014). However, 
longer-term studies are needed to further evaluate the risk of 
these time-dependent hematologic and neurologic side effects. 
Sutezolid remains under investigation for the indication of 
tuberculosis. 

Like other oxazolidinones, sutezolid has a broad spec-
trum of activity, including Gram-positive organisms such as 
Staphylococcus aureus and Streptococcus pneumoniae, but has 
minimal activity against Gram-negative bacteria (McKee et 
al., 2006). At this time, sutezolid is not under investigation to 
treat Gram-positive or Gram-negative bacterial infections. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

MYCOBACTERIA

Sutezolid has potent antimycobacterial activity against drug- 
sensitive and multidrug-resistant strains of M. tuberculosis, 
with a MIC90 of 0.25 µg/ml (range, ≤ 0.0625–0.5 µg/ml), both 
on solid agar and in liquid media (Barbachyn et al., 1996; 
Alffenaar et al., 2011). MICs are typically 3–5 times lower 
than those of linezolid (MIC90 of 1 µg/ml; range, ≤ 0.25–1 
µg/ml) (Alffenaar et al., 2011; Yip et al., 2013). Both oxazo-
lidinones may have lower MICs against isoniazid-resistant 
strains (Alffenaar et al., 2011). The sulfoxide and sulfone 
metabolites appear to have MICs that are within one dilution 
of the sutezolid parent molecule in axenic cultures, although 
few data are available (Williams et al., 2009b; Wallis et al., 
2010). When M. tuberculosis is cultured intracellularly, in 
either cultured macrophage-like cell lines or whole blood, 
the antibacterial IC50 of the sutezolid parent is approximately 
15 times lower than that of the sulfoxide metabolite or 
linezolid (Zhu et al., 2014). When tested in acidic environ-
ments (BACTEC MGIT 960 PZA kit, pH 5.9), sutezolid has 
somewhat lower MICs than under more neutral conditions 
(Yip et al., 2013). These data indicate sutezolid may be effec-
tive against slowly replicating M. tuberculosis bacilli persist-
ing within macrophages and granulomas. 

GRAM-POSITIVE ORGANISMS

Like linezolid, sutezolid is expected to have broad Gram-
positive coverage, although published data are limited. One 
study reported MICs of 0.5 and 2 µg/ml for penicillin- Figure 140.1. Chemical structure of sutezolid.
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susceptible S. pneumoniae and S. aureus, respectively (McKee 
et al., 2006).

GRAM-NEGATIVE ORGANISMS

Sutezolid is expected to have poor activity against Gram-
negative organisms, although published data are limited. One 
study reported a MIC of 16 µg/ml for ampicillin-resistant 
Haemophilus influenzae (McKee et al., 2006).

ANAEROBES

Oxazolidinones are known to have anaerobic activity against 
Bacteroides fragilis as well as Gram-positive anaerobes. How-
ever, sutezolid has not been studied for this indication. 

2b.  Emerging resistance and 
cross-resistance

MICs are relatively stable across M. tuberculosis isolates with 
varying resistance patterns (Yip et al., 2013; Alffenaar et al., 
2011), indicating a low likelihood of cross-resistance between 
sutezolid and other commonly used antituberculous drugs. 

Two mechanisms of linezolid resistance have been 
described in M. tuberculosis. The first involves mutations 
in the 23S rRNA subunit gene producing linezolid MICs of 
16–32 µg/ml (Hilleman et al., 2008; Lee et al., 2012). The sec-
ond involves mutations in rplC, which encodes ribosomal 
protein L3 (Beckert et al., 2012; Lee et al., 2012). These muta-
tions are generally associated with linezolid MICs of 4–8 
µg/ml and confer cross-resistance to sutezolid. 

3. MECHANISM OF DRUG ACTION

Oxazolidinone antibiotics inhibit bacterial protein synthesis 
by binding in the peptidyl transferase active site of both 
bacterial and eukaryotic mitochondrial ribosomes, thereby 
preventing the proper placement of the tRNA and disrupting 
peptide bond formation and protein synthesis (Leach et al., 
2007). This is consistent with the finding that oxazolidinones 
competitively inhibit chloramphenicol, known to bind in 
a similar location (Lin et al., 1997; Schlunzen et al., 2001). 
Mutations at this site have also been implicated in linezolid 
resistance in other organisms (Kloss et al., 1999; Meka et al., 
2004; Prystowsky et al., 2001; Xiong et al., 2000; Wong et al., 
2010; Farrell et al., 2009; Liakopoulos et al., 2009). Because 
the binding location is similar in eukaryotic mitochondrial 
ribosomes, the side effects of this drug class are likely also 
mediated through this mechanism (Leach et al., 2007).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Two adult doses of 600 mg twice daily and 1200 mg once 
daily were tested in the only phase IIa trial conducted to date 
(Wallis et al., 2014). These doses have generally been safe 
and well tolerated (Wallis et al., 2011; Wallis et al., 2014) and 
do not differ significantly in their mycobactericidal activity 

as measured by early bactericidal activity in sputum and 
in ex vivo blood cultures (Wallis et al., 2014). Given the con-
straints of directly observed therapy, once-daily dosing would 
be preferred, but further evaluation of safety, tolerability, and 
efficacy are needed. 

4b.  Newborn infants and children

There have been no pediatric studies to date evaluating 
sutezolid. 

4c.  Pregnant and lactating mothers

There have been no studies to date that evaluate the use of 
sutezolid in pregnancy or while breastfeeding. 

4d.  Those requiring altered dosages

Sutezolid is renally cleared. Further study on dose reductions 
with poor renal clearance is needed. 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Sutezolid is well absorbed after oral administration, and is 
rapidly metabolized into sulfoxide (PNU-101603) and sul-
fone (PNU-101244) metabolites. All three compounds exhibit 
antimycobacterial activity, though only sutezolid and the 
sulfoxide reach sufficiently large concentrations to contrib-
ute antimycobacterial activity (Wallis et al., 2010). Sutezolid 
has poor water solubility and has not been formulated into 
an intravenous form (Barbachyn et al., 1996).

5b.  Drug distribution

Both sutezolid and its sulfoxide metabolite (PNU-101603) 
reach peak serum concentrations 1–2 hours post administra-
tion. Peak concentrations are delayed by food. Maximal con-
centrations increased proportionately to the tested doses until 
1500 mg, where maximal concentrations were reduced for 
both sutezolid and its sulfoxide metabolite. This was likely 
due to delayed absorption and decreased bioavailability. 
Throughout the testing interval and at all tested doses, the 
sulfone metabolite (PNU-101244) concentration remained 
low, at around 10% of its MIC (Wallis et al., 2010). No studies 
have been conducted to determine sutezolid’s specific tissue 
penetration, though it is expected to be similar to linezolid, 
which is known to have good lung, bone, and cerebrospinal 
fluid penetration. 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Sutezolid is rapidly oxidized to an active sulfoxide metabolite 
(PNU-101603). The sulfoxide metabolite contributes to its 
antimycobacterial activity (Barbachyn et al., 1996; Wallis et 
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al., 2010), but does not alone account for its reported superi-
ority over linezolid in both murine (Williams et al., 2009b) 
and ex vivo whole blood culture (Wallis et al., 2011) models. 
Pharmacokinetic-pharmacodynamic modeling studies sug-
gest sutezolid’s superior efficacy is due to the potency of the 
parent molecule against intracellular M. tuberculosis, despite 
the significantly higher concentrations of the sulfoxide metab-
olite that likely contributes more to bactericidal activity 
against extracellular bacteria (Zhu et al., 2014). 

The pharmacodynamic parameter that correlates best 
with sutezolid efficacy is not yet defined. Whole-blood bac-
tericidal activity (WBA) and hollow fiber models suggest 
sutezolid’s bactericidal activity is time dependent (Wallis et 
al., 2011; Louie et al., 2012), whereas the area under the 
curve (AUC) appears to be the most important parameter in 
mice (Williams et al., 2009b). Sutezolid reaches 90% of its 
maximal WBA effect at two times the MIC, with maximal 
bactericidal activity achieved with all doses ≥ 600 mg. Doses 
≥ 1000 mg were able to maintain bactericidal activity in 
whole blood for at least 24 hours (Wallis et al., 2010). A phase 
IIa trial therefore compared 600 twice daily bid to 1200 mg 
once daily using early bactericidal activity (EBA) in sputum 
from smear- positive pulmonary tuberculosis patients as the 
end point (Table 140.1). Median plasma concentrations of 
sutezolid and its active metabolite remained above MIC for 
71% and 89% of the time with twice daily dosing and for 53 
and 57% of the time with daily dosing, respectively. Neither 
dose was statistically superior as measured by EBA (Wallis et 
al., 2014). Due to the small size of this phase II trial, the most 
predictive pharmacodynamic parameter was not able to be 
determined. 

5d.  Excretion

Sutezolid and its sulfoxide (PNU-101603) and sulfone (PNU-
101244) metabolites are predominantly excreted in the urine 
(30% parent compound, 55% metabolites). Approximately 
10% of the dose is excreted in feces (Lanoix and Nuermberger, 
2013).

5e.  Drug interactions

Sutezolid’s oxidative metabolism is not fully understood and 
is thought to be mediated by flavin-containing monooxygen- 

ases (Wallis et al., 2012b) with possible contribution by the 
CYP3A4 system (Sood et al., 2006; Zhu et al., 2014). However, 
sutezolid is not expected to be a significant inhibitor or 
inducer of the CYP enzymes (Wallis et al., 2012b). There are 
no known drug–drug interactions (Wallis et al., 2012a; Louie 
et al., 2012), though further study is necessary to define the 
role of potent CYP inducers and inhibitors, such as rifampin 
and ritonavir, respectively, in the metabolism of sutezolid.

6. ADVERSE REACTIONS AND TOXICITY

Common myelosuppressive and neuropathic adverse effects 
of oxazolidinones are mediated by inhibition of human 
mitochondrial protein synthesis. Long-term administration 
of linezolid, as is often used for tuberculosis treatment, is 
commonly limited by the cumulative risk of these dose- 
and duration-dependent toxicities (Leach et al., 2011; Lee et 
al., 2003; Gerson et al., 2002; Bressler et al., 2004; Zivkovic 
and Lacomis, 2005). Further study is needed to determine 
whether sutezolid has a superior side effect profile with long-
term administration.

6a.  Myelotoxicity

A phase Ib study suggested that compared to linezolid 300 
mg qd, sutezolid 600 mg bid results in plasma concentrations 
that exceed the M. tuberculosis MIC for a longer period while 
having similar time with concentrations below the IC50 for 
mammalian mitochondrial protein synthesis (Wallis et al., 
2011). Administration of sutezolid at this dose for 28 days 
did not result in any significant effect on the reticulocyte or 
platelet count (Wallis et al., 2011). Although this suggests 
sutezolid may be less bone marrow suppressive than other 
oxazolidinones, longer-term studies will be necessary given 
the duration-dependent hematologic toxicity of linezolid 
(Gerson et al., 2002).

6b.  Neurotoxicity

To date, the most common reported neurological manifesta-
tions are headache and dizziness. There was no neuropathy 
or other significant central nervous system side effects in the 
28-day phase Ib study of sutezolid 600 mg twice daily (Wallis 
et al., 2011). Further monitoring over a longer time period 
will be necessary to confirm this drug’s superior safety profile 
compared to other oxazolidinones. 

6c.  Gastrointestinal toxicity

Mild reported gastrointestinal symptoms during a phase Ib 
trial included abdominal pain and diarrhea without associ-
ated laboratory abnormalities. One patient developed a 
pancolitis with associated leukocytosis that required with-
drawal from the study on day 5 of therapy. Symptoms rapidly 
resolved with discontinuation of the study medication. It 
remains unclear if this was related to concurrent infection 
with adenovirus or due to the study drug itself (Wallis et al., 
2011). During the 14-day phase II trial, 14% of patients 

Table 140.1. Pharmacokinetic parameters in 25 patients with 
pulmonary TB after 14 days of treatment. 

Dose

Sutezolid 
(PNU-100480)

Metabolite 
(PNU-101603)

Cmax 
(μg/ml)

AUC0–24 
(μg·h/ml)

Cmax 
(μg/ml)

AUC0–24 
(μg·h/ml)

600 mg twice  
 daily

0.986 6.49 4.36 39.14

1200 mg once  
 daily

1.97 7.13 7.05 36.82

Source: Data from Wallis et al., 2014. 
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developed a mild elevation of alanine aminotransferase, 
without significant associated liver injury, that resolved upon 
discontinuation of the drug (Wallis et al., 2014). Further 
monitoring will be necessary in future studies. 

6d.  Cardiotoxicity

No patient in the phase I or II studies had an abnormal EKG 
or QTc prolongation (Wallis et al., 2010; Wallis et al., 2011; 
Wallis et al., 2014). 

7. CLINICAL USES OF THE DRUG

7a.  Mycobacterium tuberculosis

Increasing rates of drug-resistant tuberculosis worldwide are 
particularly concerning given the poor associated clinical 
outcomes, which are due in part to a lack of safe, effective, 
and affordable new drugs. Linezolid has shown particular 
promise in treating extensively drug-resistant tuberculosis, 
but has been limited by many of its significant long-term side 
effects including reversible myelosuppression and potentially 
irreversible optic neuropathy and peripheral neuropathy. 
Sutezolid appears promising as a more potent (Williams et 
al., 2009b; Wallis et al., 2011) and less toxic alternative to 
linezolid (Wallis et al., 2011; Wallis et al., 2014) and is there-
fore under development for the indication of tuberculosis. In 
murine models, sutezolid has shown sterilizing activity both 
alone and in combination with first-line drugs and other 
newer tuberculosis drugs, including bedaquiline, pretomanid, 
and clofazimine (Williams et al., 2009a; Williams et al., 2012; 
Lanoix et al., 2014; Zhang et al., 2014; Tasneen et al., 2015a; 
Tasneen et al., 2015b), potentially allowing for shorter, more 
efficacious regimens. Despite the accumulation of multiple- 
resistance mutations, drug-resistant strains of both multi-
drug-resistant- and extensively drug resistant tuberculosis 
remain susceptible to sutezolid in vitro. To date, phase I and 
II studies have confirmed tolerability and short-term (28 
day) safety of sutezolid. Longer-term studies are necessary to 
assess the risk of myelosuppression and peripheral and optic 
nerve neuropathy. A phase IIa study confirmed the early bac-
tericidal activity of sutezolid monotherapy in tuberculosis 
patients. Sutezolid therefore warrants continued investiga-
tion as part of new drug regimens for the treatment of 
drug-susceptible and drug-resistant tuberculosis. 
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1. DESCRIPTION 

Amphotericin B deoxycholate (AMB, Fungizone, Bristol-
Myers Squibb, New York, NY) is a polyene antibiotic with 
primarily antifungal and antiparasitic activity. Its molecular 
formula is C47H73NO17 with molecular weight of 924.08 dal-
tons. It is most often used in the treatment of pathogenic 
yeasts and molds, as well as the protozoan parasite Leishmania 
spp. In common with other polyenes, AMB is composed of  
a ring of carbon atoms with a series of conjugated carbon– 
carbon double bonds on one side and hydroxyl groups on the 
other side (Hamilton-Miller, 1973). It has a mycosamine ring 
bonded to the molecule. The structure of amphotericin B is 
shown in Figure 141.1.

Amphotericin B (named for its amphoteric property as it 
can react as an acid or a base) was originally discovered in 
1953 by extraction from an isolate of the bacterium Strep to
myces nodosus from the Orinoco Basin in Venezuela (ampho-
tericin “A” was also extracted but had a narrower spectrum of 
activity than AMB), and was found to have significant anti-
fungal activity in vitro (Dutcher, 1968). Initially developed 
by the Squibb Institute for Medical Research, it was quickly 
apparent that there was virtually no absorption from the gas-
trointestinal tract; therefore an intravenous formulation was 
developed. AMB is insoluble in aqueous solutions at physio-
logic pH and is unstable at the extremes of pH; therefore AMB 
is presently available as a colloidal suspension containing 

sodium deoxycholate (41 mg) as a dispersing agent and 
sodium phosphate (25.2 mg) buffer for each 50-mg AMB 
dose for intravenous administration. AMB has been the 
mainstay of therapy for invasive and systemic mycoses since 
its introduction.

In order to limit toxicities (in particular nephrotoxicity), 
lipid formulations of AMB have subsequently been devel-
oped which are extensively discussed in Chapter 142, Lipo-
somal Amphotericin B.

2. ANTIMICROBIAL ACTIVITY

AMB has been in clinical use for over 50 years. Nevertheless, 
in vitro susceptibility testing has only been standardized with 
the broad acceptance of the broth microdilution methods 
published by the Clinical and Laboratory Standards Insti- 
tute (CLSI, formerly NCCLS) for antifungal susceptibility of 
yeasts (M27-A) in 1997 (Espinel-Ingroff et al., 2005, Insti- 
tute, 2008) followed by the CLSI method for molds in 1999 
(M38-P). The similar EUCAST method incorporated testing 
for amphotericin B in 2012 (Arendrup et al., 2012). EUCAST 
and CLSI methods produce comparable results for AMB sus-
ceptibility testing against Candida species (Pfaller et al., 
2014), but essential agreement (EA) is as low as 66% for the 
Mucorales (Chowdhary et al., 2015). There are also stan-
dardized CLSI protocols for disc diffusion testing of yeasts 
and molds, which are a simple alternative to broth dilution. 

Figure 141.1. Chemical structure of 
amphotericin B.
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Com mercial tests include the Sensititre YeastOne colorimet-
ric plate (TREK Diagnostic Systems, Inc., Cleveland, OH), 
Etest (Biomerieux), and VITEK 2 (Biomerieux). Etest strips 
are technically more straightforward to perform and have 
proved comparable to the CLSI method for determining 
MICs for AMB in Candida spp. (Wanger et al., 1995) and molds 
(Lamoth and Alexander, 2015; Pinto et al., 2014). However, 
testing Cryptococcus against AMB appears to underestimate 
MICs as compared to the CLSI broth microdilution (Aller et 
al., 2000). MIC data from before standardized methodology 
are difficult to compare, and even with harmonization of in 
vitro methods, clinical correlation remains challenging. Cur-
rent antifungal susceptibility methods may not be adequate 
to distinguish resistant from susceptible isolates. MICs typi-
cally cluster over a narrow dilution range. For example, most 
the MICs for most Candida species are 0.25–1 µg/ml. In vitro 
resistance to AMB is associated with a lack of in vivo activity 
(Anaissie et al., 1994). Clinical trial data examining correla-
tions between in vitro antifungal susceptibility testing and 
clinical outcome in humans are inconsistent. Numerous stud-
ies have found no correlation (Rex et al., 1995; Arechavala et 
al., 2009; Baddley et al., 2009; Dannaoui et al., 2006; Larsen 
et al., 2011; Lee et al., 2012; Park et al., 2006) or a modest 
correlation (Antoniadou et al., 2003; Clancy and Nguyen, 
1999; Nguyen et al., 1998) between AMB MIC and outcome. 
A study of 29 bone marrow transplant recipients showed an 
association between high MICs for AMB in Aspergillus spe-
cies (in particular the intrinsically less susceptible A. terreus) 
and mortality (Lass-Flörl et al., 1998).

EUCAST has published AMB clinical susceptibility break-
points (MIC ≤ 1 µg/ml sensitive, > 1 resistant) for Candida 
albicans, C. krusei, C. glabrata, C. parapsilosis, C. tropicalis 
and for Aspergillus fumigatus and A. niger (S ≤ 1, R > 2). CLSI 
have not published AMB breakpoints. There are no clinical 
breakpoints for Cryptococcus spp. 

2a.  Routine susceptibility

The susceptibility of selected fungal species to AMB is shown 
in Table 141.1. In general, fungi with MICs of less than 1.0 
µg/ml are considered susceptible.

PATHOGENIC YEASTS

Cryptococcus neoformans and C. gattii are generally suscepti-
ble to AMB. Most isolates have an MIC <1 µg/ml (Espinel-
Ingroff et al., 1991; Pfaller et al., 2005). Isolates above this MIC 
are likely to have acquired a resistance mechanism (Espinel-
Ingroff et al., 2012). Isolates from patients experiencing 
relapse of cryptococcal meningitis after treatment with AMB 
do not have any reduction in susceptibility (Casadevall et al., 
1993). Resistance to AMB in Cryptococcus spp. is extremely rare 
and is usually associated with acquired changes in sterol 
composition of the cell in response to prolonged AMB expo-
sure (Kelly et al., 1994).

Candida species are generally susceptible to AMB, with 
most clinical isolates tested reported to have an MIC of <1 
μg/ml (Lass-Flörl et al., 2011). C. albicans and C. parapsilosis 

are particularly susceptible. C. tropicalis, C. krusei, C. kefyr, 
C. famata, C. guillermondii, and C. pelliculosa are usually sus-
ceptible (Pfaller et al., 2015). However, C. glabrata often has 
slightly higher MICs (Stieritz et al., 1973), with occasional 
reports of AMB resistance (Chiu et al., 2006). Resistant iso-
lates of C. tropicalis and C. krusei have also occasionally been 
reported. C. lusitaniae is often, though not always, resistant to 
AMB (Guinet et al., 1983; Hadfield et al., 1987). The emerging 
pathogens C. haemulonii, C. pseudohaemulonii, and C. auris 
are often resistant (Shin et al., 2012).

Trichosporon asahii is considered resistant. AMB was not 
effective in the persistently neutropenic rabbit model of dis-
seminated trichosporonosis (Walsh et al., 1992). This may be 
due to the lack of activity of AMB on Trichosporon biofilms, 
as has been observed in vitro (Iturrieta-González et al., 2014).

Malassezia spp. and Saccharomyces cerevisiae are gener-
ally considered susceptible to AMB (Ellis, 2002). Isolates of 
Hansenula anomala are susceptible to AMB (Klein et al., 1988) 
as are Rhodotorula spp. (Capoor et al., 2014; Spiliopoulou et 
al., 2012; Diekema et al., 2005; Nunes et al., 2013).

DIMORPHIC FUNGI

Blastomyces dermatitidis, Paracoccidioides brasiliensis, Histo
plasma capsulatum, and Coccidioides immitis are routinely 
susceptible (Li et al., 2000); most isolates have an MIC of 
0.5–1 µg/ml. An early in vitro study of clinical isolates found 
a high rate of resistance in C. immitis (20%) (Hoeprich and 
Huston, 1975), but subsequent studies have found low MICs 
to be the norm, with AMB effective treatment in murine 
models (Collins and Pappagianis, 1977) and in clinical prac-
tice (Drutz, 1983).

In one study from Thailand as many as 12 of 29 clinical 
isolates of Penicillium marneffei had relatively high AMB 
MICs of > 2 µg/ml, with a clinical failure rate of 22% (Sup-
paratpinyo et al., 1993). More recent studies, however, have 
found P. marneffei to be mostly susceptible, with MICs in the 
range of 0.12–2 µg/ml (Imwidthaya et al., 2001; Pfaller et al., 
2002; Sekhon et al., 1993), and AMB remains the treatment 
of choice in penicilliosis. 

MOLDS OR FILAMENTOUS FUNGI

Aspergillus spp. are generally susceptible (Denning et al., 1992), 
with the notable exception of A. terreus which is often resistant 
and has poor clinical outcomes with AMB (Sutton et al., 1999; 
Walsh et al., 2003; Steinbach et al., 2004; Alastruey-Izquierdo 
et al., 2013). A. fumigatus and A. niger generally have lower 
MICs than A. flavus (Dannaoui et al., 1999) and A. versicolor 
(Espinel-Ingroff et al., 2011). The rarely clinically encoun-
tered A. alliaceus is also resistant to AMB (Ozhak-Baysan et 
al., 2010).

Phialophora spp. and Cladosporium carrionii, which cause 
chromoblastomycosis, are often resistant (Li et al., 2014). 
Spor o thrix schenckii is usually sensitive (Brandsberg and 
French, 1972); however, MICs are variable and primary resis-
tance is not uncommon (Barros et al., 2011). Species of most 
of the Mucorales which cause disease, including Mucor, Rhizo  
 pus, Lichtheimia, Basidiobolus, Conidiobolus, and Cunning 
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hamella species, are usually susceptible (Eng et al., 1981). A 
recent large survey also included Apophysomyces variabilis, 
and Syn cephalastrum racemosum as well as several Mucor 
and Rhizo pus species, finding most isolates to have MICs of 
≤ 1 μg/ml (Espinel-Ingroff et al., 2015). Clinical correlation 
with Muco rales MICs and outcomes are limited by the fact 
most cases have a poor prognosis regardless of the antifungal 
agent used.

Madurella species, which can cause mycetoma (eumyce-
toma) have variable MIC patterns (Ahmed et al., 2004; van 
de Sande et al., 2005) and are usually resistant. Pseudallescheria 
boydii/Scedosporium apiospermum has varying MICs but is 
often resistant, and treatment failures with AMB are com-
mon. Emerging species such as Scedosporium prolificans and 
S. inflatum are highly resistant to AMB (Lackner et al., 2012; 
Salkin et al., 1988).

MICs of AMB against the dermatophytes such as Micro
sporum, Trichophyton, and Epidermophyton spp. are variable 
and often resistant (Carrillo-Muñoz et al., 2004; Yenişehirli 
et al., 2013). 

Fusarium spp. can be highly variable and species-specific 
in MIC ranges. F. oxysporum has slightly higher MIC than  
F. solani (Arikan et al., 1999). Most Fusarium spp. have MICs 
that are considered intermediate or resistant to AMB (Espinel-
Ingroff et al., 2015).

Paecilomyces variotii is generally susceptible (Aguilar et 
al., 1998; Ortoneda et al., 2002) but P. lilacinus is often resis-
tant, and clinical failures have been reported with AMB.

2b.  Emerging resistance and 
cross-resistance

Given its use over more than five decades, resistance to AMB 
remains remarkably rare. Resistance in usually susceptible 
species is occasionally acquired after prolonged exposure to 
the drug. Of greater clinical concern is the increasing isola-
tion from patients of intrinsically less susceptible organisms 
such as Aspergillus terreus or Scedosporium prolificans (Ellis, 
2002).

There are sporadic reports of Candida spp. developing 
resistance to AMB during treatment (Pappagianis et al., 
1979; Khan et al., 2008). In a large survey of clinical isolates 
published in 1980, 7.4% of all 747 fungal strains were found 
to be resistant. All were C. albicans, C. tropicalis, and C. gla
brata, and all from patients with extensive exposure to AMB 
(Dick et al., 1980). Acquired resistance of isolates of C. albi
cans (MIC > 2 µg/ml) has been reported (Dick et al., 1980) 
but is relatively rare. C. tropicalis, C. parapsilosis, C. kefyr, 
and C. guilliermondii have developed AMB resistance during 
prolonged treatment in the immunocompromised host (Dick 
et al., 1985; Drutz and Lehrer, 1978; Merz and Sand ford, 
1979; Pappagianis et al., 1979; Seidenfeld et al., 1983; Sharkey 
et al., 1996), as has C. lusitaniae (Asner et al., 2015). Recent 
large surveys have shown that resistance in Candida spp. 
remains uncommon (Kovacicova et al., 2001; Pfaller et al., 
2015). Non-albicans Candida spp. are increasing in prevalence 

generally, and there has been an increase in the isolation of 
Candida species less susceptible to AMB such as C. rugosa 
(Colombo et al., 2003) or C. haemulonii (Rodero et al., 2002). 
In another study, as many as 12.5% of C. glabrata isolates had 
MICs > 2 µg/ml for AMB (González et al., 2008), and 8.4 of 
oral yeast isolates in a South African study were AMB resis-
tant (Blignaut et al., 2005). 

An increased recovery of non-fumigatus Aspergillus species, 
often with reduced susceptibility to AMB, is being observed 
in oncology patients (Lionakis et al., 2005), patients with 
hem atological malignancies (Gheith et al., 2014), and solid 
organ transplant recipients (Peghin et al., 2015). 

The development of resistance to AMB has been docu-
mented in C. neoformans in sporadic instances; relative resis-
tance to AMB was due to a defect in sterol Δ8→7 isomerase 
(Kelly et al., 1994). However, in general C. neoformans remains 
susceptible to AMB, and resistance is infrequent (Pfaller et 
al., 2005; Smith et al., 2015).

3. MECHANISM OF DRUG ACTION

Amphotericin B exerts its antifungal activity primarily by pore 
formation at the cell membrane, leading to ion leakage and 
cell death. A secondary mechanism is induction of oxidative 
damage. AMB has long been recognized to form membrane- 
permeabilizing ion channels in eukaryotic cell membranes 
(Ermishkin et al., 1976). The ability to form pores in the cell 
membrane forms the basis of understanding the antifungal 
mechanism of action of AMB. The hydrophobic domain of 
AMB binds ergosterol in the fungal cell membrane. At low 
doses, potassium permeability is increased, resulting in revers-
ible fungistasis (Hsu and Burnette, 1993), while higher doses 
result in formation of multimeric pores of 40–105 nm (Brajt- 
burg et al., 1990; Finkelstein and Holz, 1973). These pores 
lead to increased membrane permeability to the cations Mg2+, 
Ca2+, and Mg2+, with consequent fungal cell death. AMB can 
also bind to cholesterol, which partly explains its toxicity to 
human cells (Hsuchen and Feingold, 1973), although its 
affinity for the ergosterol found in the fungal cell membrane 
is significantly higher (Kotler-Brajtburg et al., 1974).

The degree of potassium release correlates poorly with cell 
death, suggesting pore formation alone is not the only mech-
anism of action of AMB, and that oxidative stress is an 
important mechanism of AMB-induced cell death. AMB can 
auto-oxidize, forming free radicals (Lamy-Freund et al., 1985). 
Protection from free radicals by the addition of catalase or 
superoxide dismutase–reduced Candida cell lysis, suggesting 
oxidation and fungal cell injury from the resultant free radi-
cals, is an important mechanism of AMB (Brajtburg et al., 
1990; Sokol-Anderson et al., 1986). The oxidative burst was 
also found to be responsible for protein carbonylation and 
cell death in an in vitro study of AMB with Cryptococcus neo
formans (Sangalli-Leite et al., 2011).

It seems clear that ergosterol binding is a key process in 
the activity of AMB, supported by evidence that when the 
mycosamine appendage in the AMB molecule (required for 
ergosterol binding) is deleted, there is no antifungal activity 
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Table 141.1. Susceptibility of selected fungal species to AMB.

Organism
MIC50  

(µg/ml)
MIC90  

(µg/ml)
Range  
(µg/ml)

No. of  
isolates Region Method Reference 

Yeasts

Candida species
C. albicans — — ≤ 0.03–4 9,252 Worldwide CLSI Pfaller et al., 2012

0.25–2 120 EU EUCAST Koehling et al., 2015
— — ≤ 0.03–4 22 Worldwide CLSI Van Eldere et al., 1996

C. glabrata — — ≤ 0.03–4 3,117 Worldwide CLSI Pfaller et al., 2012
0.25–2 38 EU EUCAST Koehling et al., 2015
0.12–1 30 Worldwide CLSI Van Eldere et al., 1996

C. parapsilosis — — ≤ 0.03–4 3,107 Worldwide CLSI Pfaller et al., 2012
C. tropicalis — — ≤ 0.03–4 2,062 Worldwide CLSI Pfaller et al., 2012
C. krusei — — ≤ 0.03–4 577 Worldwide CLSI Pfaller et al., 2012
C. lusitaniae — — 0.06–2 71 Worldwide CLSI Pfaller et al., 2012

0.06–16 171 Worldwide Etest Diekema et al., 2009
C. guilliermondii — — 0.25–2 47 Worldwide CLSI Pfaller et al., 2012

0.007–64 174 Worldwide Etest Diekema et al., 2009
C. dubliniensis — — ≤ 0.03–2 75 Worldwide CLSI Pfaller et al., 2012

0.12–8 18 Wordwide Etest Diekema et al., 2009
C. kefyr 0.5–64 74 Wordwide Etest Diekema et al., 2009
C. rugosa 0.5–64 16 Worldwide Etest Diekema et al., 2009
C. orthopsilosis 0.25–4 102 Worldwide Etest Diekema et al., 2009

Cryptococcus species
Cryptococcus 

neoformans
0.25 ≤ 0.03–4 3,590 Worldwide CLSI Espinel-Ingroff et al., 2012

Cryptococcus 
neoformans

0.25–2 1,811 Worldwide CLSI Pfaller et al., 2005

Cryptococcus gattii 0.25 ≤ 0.03–4 985 Worldwide CLSI Espinel-Ingroff et al., 2012

Other yeasts
Malassezia furfur 0.3–2.5 25 USA Not stan- 

dardized
Marcon et al., 1987

Rhodotorula spp 0.5–2 64 Worldwide CLSI Diekema et al., 2005
1 1 0.25–1 50 Brazil CLSI Nunes et al., 2013

Trichosporon asahii 0.12 0.5 0.5–2 4 EU CLSI Cejudo et al., 2010
2 16 0.064–32 37 EU EUCAST Arabatzis et al., 2014

0.25–32 6 Brazil EUCAST Araujo Ribeiro et al., 2008
Saprochaete capitata 

(Blastoschizomyces 
capitata)

0.5–2 7 EU CLSI Gadea et al., 2004

Dimorphic fungi
Histoplasma capsulatum 0.125 0.25 ≤ 0.03–0.5 23 India CLSI Kathuria et al., 2014

0.25 1 ≤ 0.03–2 100 USA CLSI Li et al., 2000
Blastomyces dermatitidis 0.06 0.5 ≤ 0.03–1 104 USA CLSI Li et al., 2000
Coccidioides immitis 0.5 1 0.25–2 100 USA CLSI Li et al., 2000
Paracoccidioides 

brasiliensis
0.25–2 21 Brazil CLSI Cruz et al., 2013

Penicillium marneffei 0.125–2 39 China CLSI Liu et al., 2013
0.125–0.5 30 Thailand CLSI Imwidthaya et al., 2001

Sporothrix schenckii 2 2 0.03–16 62 South America CLSI Silveira et al., 2009
0.25 1 0.03–2 40 South America CLSI Oliveira et al., 2011

Molds

Aspergillus spp.
A. fumigatus ≤ 0.03–8 3,988 Worldwide CLSI Espinel-Ingroff et al., 2011
A. flavus ≤ 0.03–8 793 Worldwide CLSI Espinel-Ingroff et al., 2011
A. niger ≤ 0.03–2 673 Worldwide CLSI Espinel-Ingroff et al., 2011
A. nidulans 0.06–8 184 Worldwide CLSI Espinel-Ingroff et al., 2011
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Organism
MIC50  

(µg/ml)
MIC90  

(µg/ml)
Range  
(µg/ml)

No. of  
isolates Region Method Reference 

A. terreus 0.125–16 545 Worldwide CLSI Espinel-Ingroff et al., 2011
A. versicolor ≤ 0.03–8 135 Worldwide CLSI Espinel-Ingroff et al., 2011

Hyphomycetes
Fusarium solani ≤ 0.25–16 608 Worldwide CLSI Espinel-Ingroff et al., 2015
Fusarium oxysporum ≤ 0.25–16 226 Worldwide CLSI Espinel-Ingroff et al., 2015
Fusarium vertillicoides 0.5–16 151 Worldwide CLSI Espinel-Ingroff et al., 2015
Pseudallescheria boydii/

Scedosporium 
apiospermum 

8 > 16 0.5–>16 214 Worldwide CLSI Lackner et al., 2012

Scedosporium prolificans > 16 > 16   8–>16 37 Worldwide CLSI Lackner et al., 2012
Pythium insidiosum   4–8 7 Thailand CLSI Permpalung et al., 2015
Paecilomyces spp. 1 > 16 0.03–16 52 Worldwide Non stan- 

dardized
Aguilar et al., 1998

Scytalidium spp. 0.5 0.5 0.06–1 32 Not stated CLSI Lacroix and De Chauvin, 2008

Dermatophytes 
Trichophyton rubrum 2 8   2–8 13 Worldwide CLSI Badali et al., 2015

0.5 1 0.003–>16 144 EU CLSI Fern et al., 2001
Trichophyton 

mentagrophytes
1 2 0.125–1 13 Worldwide CLSI Badali et al., 2015
0.5 0.5 0.125–1 122 EU CLSI Fern et al., 2001

Epidermophyton 
floccosum 

2 4   1–8 11 Worldwide CLSI Badali et al., 2015
0.125 0.25 0.03–0.5 22 EU CLSI Fern et al., 2001

Microsporum canis 0.25 1 0.03–8 105 EU CLSI Fern et al., 2001

Zygomycetes 
Lichtheimia corymbifera 0.06–2 136 Worldwide CLSI Espinel-Ingroff et al., 2015
Rhizomucor pusillus   006–8 33 Worldwide CLSI Espinel-Ingroff et al., 2015
Rhizopus arrhizus 

(oryzae) 
≤ 0.03–4 257 Worldwide CLSI Espinel-Ingroff et al., 2015

Rhizopus microsporus 0.06–4 146 Worldwide CLSI Espinel-Ingroff et al., 2015
Mucor circinelloides ≤ 0.03–1 123 Worldwide CLSI Espinel-Ingroff et al., 2015
Cunninghamella 

bertholletiae
0.25–8 32 Worldwide CLSI Espinel-Ingroff et al., 2015

Conidiobolus spp. 0.5–8 8 Not stated CLSI Guarro et al., 1999
Basidiobolus spp. 0.5–16 9 Not stated CLSI Guarro et al., 1999

Dematiaceous fungi
Alternaria spp. 0.25 1 0.015–32 35 EU EUCAST Alastruey-Izquierdo et al., 2011

1 2 0.12–>16 20 Not stated CLSI Pujol et al., 2000
Bipolaris spp. ≤ 0.03–2 77 USA CLSI Da Cunha et al., 2012
Cladosporium spp. 2 ≤ 0.03–2 88 Worldwide CLSI Sandoval-Denis et al., 2015
Curvularia lunata 0.5 0.06–>16 99 USA CLSI Da Cunha et al., 2013
Dactylaria spp. 0.06–0.5 3 Not stated CLSI Espinel-Ingroff et al., 2002
Exophiala jeanselmei 1 0.25–2 9 Worldwide CLSI Badali et al., 2010

0.5 0.25–1 8 CLSI Fothergill et al., 2009
Phialophora verrucosa 4 4   2–4 46 China CLSI Li et al., 2014
Exophiala dermatitidis 

(Wangiella 
dermatitidis)

0.5 1 0.125–1 27 China CLSI Sun et al., 2011
0.5 1 0.125–1 27 Not stated CLSI Fothergill et al., 2009

Exserohilum rostratum 0.25 0.5 0.032–2 49 USA CLSI Lockhart et al., 2013

Amoebae
Naegleria fowleri 0.108–0.8 2 USA Non stan- 

dardized
Goswick and Brenner, 2003a; 

Goswick and Brenner, 2003b; 
Kim et al., 2008

Sources: Aguilar et al. (1998); Alastruey-Izquierdo et al. (2011); Arabatzis et al. (2014), Araujo Ribeiro et al. (2008); Badali et al. (2015); Badali et al. (2010); Cejudo et al. (2010); 
Cruz et al. (2013); da Cunha et al. (2012); da Cunha et al. (2013); Diekema et al. (2009); Diekema et al. (2005); Espinel-Ingroff et al. (2012); Espinel-Ingroff, Chakrabarti et 
al. (2015); Espinel-Ingroff et al. (2002); Espinel-Ingroff, Colombo et al. (2015); Espinel-Ingroff et al. (2011); Fernández-Torres et al. (2001); Fothergill et al. (2009); Gadea et 
al. (2004); Goswick, Brenner (2003); Guarro et al. (1999); Imwidthaya et al. (2001); Kathuria S et al. (2014); Kim et al. (2008); Koehling et al. (2015); Lackner et al. (2012); 
Lacroix, de Chauvin (2008); Li et al. (2000); Li et al. (2014); Liu et al. (2013); Lockhart et al. (2013); Marcon et al. (1987); Nunes et al. (2013); Oliveira et al. (2011); Permpalung 
et al. (2015); Pfaller et al. (2012); Pfaller et al. (2005); Pujol et al. (2000); Sandoval-Denis et al. (2015); Silveira et al. (2009); Sun et al. (2011); van Eldere et al. (1996). 



2574 Amphotericin B Deoxycholate 

(Palacios et al., 2007). However, modified AMB molecules, 
able to bind ergosterol without forming pores in the membrane, 
retained antifungal activity in vitro (Gray et al., 2012), suggest-
ing that the binding of ergosterol alone, thereby disrupting 
essential cell processes such as vacuole fusion and endocy-
tosis controlled by ergosterol, is enough to cause fungal cell 
death, with membrane channel formation a complementary 
but not essential mechanism in the fungicidal activity of 
AMB (Mesa-Arango et al., 2012).

As with fungi, the cell membrane of Leishmania spp. con-
tains ergosterol. Therefore the site of action of AMB against 
this protozoan parasite is the same as in fungi (Saha et al., 
1986). However, AMB bound to the cholesterol of mamma-
lian macrophages may contribute to the prevention of entry 
of the Leishmania parasite into the host macrophage, a key 
step in the pathogenesis of Leishmaniasis (Paila et al., 2010).

Examination of resistant isolates supports the critical role 
of ergosterol binding in the mechanism of action of AMB. 
Decreased ergosterol content has been repeatedly observed 
in fungi displaying phenotypic AMB resistance (Athar and 
Win ner, 1971; Hamilton-Miller, 1972; Kim et al., 1975; Vande-
putte et al., 2007; Walsh et al., 2003; Woods et al., 1974). 
Phenotypic AMB resistance has also been identified without 
alteration of the sterol composition in the membrane (Dan-
naoui et al., 2000). An increase in catalase activity has been 
observed in AMB-resistant isolates of Candida albicans (Sokol-
Anderson et al., 1988) and the intrinsically less susceptible 
Aspergillus terreus (Blum et al., 2008).

AMB has immunomodulatory effects on the host cells, 
which may contribute to its antifungal activity. AMB binds to 
the toll-like receptor TLR2, inducing a pro-inflammatory 
response (Bellocchio et al., 2005). AMB has been observed in 
a murine model to augment the anticryptococcal activity of 
pulmonary alveolar macrophages and polymorphonuclear 
lymphocytes against A. fumigatus (Roilides et al., 2002), by 
enhancing macrophage nitric oxide production resulting 
from AMB induced release of IL-1 and TNFα. However, the 
pro-inflammatory cytokine response to AMB can also have a 
negative impact on the recipient, which may be an important 
mechanism for acute infusional toxicity (Arning et al., 1995).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE 

Amphotericin B deoxycholate is available in the following 
formulations:

1. Amphotericin B (Fungizone, Bristol-Myers Squibb): Vials 
containing lyophilized powder, providing 50 mg ampho-
tericin B, 41 mg sodium deoxycholate, and 20.2 mg sodium 
phosphate as a buffer, which is ready for reconstitution in 
10 ml sterile water for injection.

2. Amphotericin B (Fungilin, Bristol-Myers Squibb Phar m a- 
ceuticals):
a. Lozenges: 10 mg. 
b. Lotion, cream, and ointment: 3%.

Fungilin oral suspension (100 mg/ml) was discontinued 
and AMB lozenges were discontinued in the UK in April 
2010, although they are available elsewhere.

Standard dosing is summarized in Table 141.2.

4a.  Adults

INTRAVENOUS ADMINISTRATION

AMB is given intravenously for systemic fungal disease, as there 
is negligible absorption following oral or intramuscular admin-
istration (Louria, 1958). Vials of lyophilized powder containing 
50 mg AMB are reconstituted by the addition of 10 ml water for 
injection to produce a concentration of 5 mg/ml. This is then 
further diluted 1 in 50 with 5% dextrose, to produce a 0.1 
mg/ml concentration. Reconstitution with saline or the addi-
tion of other antibiotics must be avoided, since precipitation 
of AMB may result. The addition of heparin, hydrocortisone, 
and sodium bicarbonate does not appear to cause precipitation. 
Solutions of AMB are sensitive to light, leading to the common 
practice of covering the bag during administration. However, 
there is no appreciable loss of activity of the drug in a 5% 
dextrose solution at room temperature and in the presence of 
conventional fluorescent lighting for periods of 8–24 hours 
(Hoeprich and Huston, 1975). The dose is stable for approx-
imately 36 hours after reconstitution (Kint zel and Smith, 1992).

For adults, the daily dose is usually dissolved in 1000 ml 
of 5% dextrose and delivered over 4–6 hours. Commercial 
preparations of 5% dextrose usually have a pH of about 4.2. 
If the pH is less than 4.2, the dextrose should be buffered 
before it is used, to dilute the concentrated solution of AMB. 
Infusion of AMB via a central venous catheter enables smaller 
volumes to be administered and avoids peripheral thrombo-
phlebitis. Since AMB is in the form of a colloid suspension, 
membrane filters should not be used in the infusion line 

Table 141.2. Standard dosing of i.v. amphotericin B 
deoxycholate.

Amphotericin B deoxycholate Intravenous Dosing 

Routine dosages

Adults 0.5–1 mg/kg/day

Children 0.25–1 mg/kg/day

Newborn infants 1 mg/kg/day

Altered dosages

Impaired renal function Avoid if possible
If required, reduce dose by 

50% or give on alternate 
days

Renal replacement therapy Poorly dialyzed
No dose adjustment required

Impaired hepatic function No change required

Pregnancy and lactating women Insufficient data

The elderly No change in dose; however 
may be at increased risk of 
toxicity
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because they may remove significant amounts of the drug. 
Slow infusions are better tolerated than rapid infusions. When 
tolerated, rapid infusion of AMB over 1 hour has been used 
successfully (Tarala and Smith, 1980), but this may be associ-
ated with greater infusional toxicity and more nephrotoxic-
ity, and can rarely cause cardiac arrest. A rapid (45- minute) 
infusion was found to be associated with significantly more 
infusional toxicity than a 4-hour infusion in a randomized 
trial (Ellis et al., 1992). Continuous infusions have been 
investigated to reduce toxicity. A study comparing infusion 
over 24 hours compared to 4 hours found the 24-hour infu-
sion to be less toxic (Eriksson et al., 2001), and dose escala-
tion of up to 2 mg/kg/day was achieved using 24-hour 
infusion rather than 4- to 6-hour infusion time (Imhof et al., 
2003), although this is rarely used in clinical practice.

There is no agreement on optimal dosage schedules for i.v. 
AMB. Doses recommended by the manufacturers are often 
those that were determined by early investigators and are 
usually the largest daily doses patients can tolerate without 
undue toxicity. In some instances, other dosing schedules 
have been suggested using lower doses, mainly as a result of 
anecdotal clinical experience. Similarly, there are very few 
objective data on the optimal duration of therapy for fungal 
infections. The rationale for various regimens for i.v. AMB 
has been reviewed (Medoff and Kobayashi, 1980; Polak, 
1987). At the commencement of therapy, the manufacturer 
recommends that a test dose of 0.25–1 mg dissolved in 25–50 
ml of 5% dextrose be given over 30–60 minutes. Earlier rec-
ommendations suggested the daily infusion dose should be 
increased by 5–10 mg/day, until the optimal dose is reached. 
However, step-wise introduction increases the delay to achieve-
ment of therapeutic concentrations. In practice, most clini-
cians do not give a test dose and initiate therapy at the desired 
dose. The dose recommended by the manufacturers is 1.0– 
1.5 mg/kg body weight per day, or 50–100 mg for adults, but 
a  daily dose of 1.5 mg/kg should rarely be exceeded. Many 
patients cannot tolerate this dose because of side effects, par-
ticularly nephrotoxicity. If toxicity occurs, dosages are reduced.

It has been suggested that alternate-day therapy with 
AMB is better tolerated, and minimum serum levels of the 
drug obtained with daily infusion were not significantly dif-
ferent from those when double the recommended dose was 
given on alternate days (Bindschadler and Bennett, 1969). 
The manufacturers caution that the maximum daily dose of 
1.5 mg/kg should not be exceeded in alternate-day therapy.

The duration of therapy for severe fungal infections varies 
with the clinical situation. A total dose of 1.5–2.0 g of AMB 
administered over 6–12 weeks (Medoff and Kobayashi, 1980) 
has been advocated in the past as a desirable duration of 
therapy for invasive mycoses. However, the optimal duration 
of therapy has never been formally studied. 

INTRATHECAL AND INTRAVENTRICULAR 
ADMINISTRATION

Intrathecal and intraventricular administration of AMB can 
be used as an adjunct to i.v. therapy in coccidioidal meningitis 

and has been occasionally used to treat cryptococcal and 
Candida meningitis. The drug may be injected into the lum-
bar theca or the cisterna magna. Lumbar intrathecal admin-
istration is not appropriate for treatment of ventriculitis 
owing to poor distribution to the ventricles. For intrathecal 
administration, an initial dose of 25–50 µg is given. The dose 
can gradually be increased to 0.5–1.0 mg and administered 
up to two to three times per week. This will be determined by 
the patient’s tolerance (Stevens and Shatsky, 2001). The use of 
hydrocortisone in doses of 20–50 mg intrathecally has been 
advocated to reduce the adverse effects during intrathecal 
administration of AMB (Labadie and Hamilton, 1986), with-
out adversely affecting the antifungal activity of AMB (Hodge 
et al., 2015). Intrathecally administered AMB is diluted by 
newly formed cerebrospinal fluid (CSF) and is probably 
taken up by the arachnoid villi. A 0.3-mg dose produces peak 
levels of 0.6–0.8 mg/ml, which fall to 0.2–0.3 mg/ml after 
24 hours and the drug is basically undetectable after 48 hours 
(Atkinson and Bindschadler, 1969).

Toxicities may be severe, and radicular pain, headache, 
and vomiting commonly occur after administration. Severe 
arachnoiditis can also occur. Animal studies suggest that this 
complication could be minimized if AMB were administered 
in 10% dextrose in water and the patient was placed in the 
Trendelenburg position after intrathecal injection (Alazraki 
et al., 1974).

AMB is administered in similar doses intraventricularly; 
the drug will distribute well into the lumbar CSF unless there 
is an obstruction to CSF flow. This is usually carried out 
using a subcutaneous Ommaya reservoir when prolonged 
therapy is required (Diamond and Bennett, 1973; Posner, 
1973). If an Ommaya reservoir is in situ, specimens of CSF for 
laboratory tests should be taken by lumbar puncture, because 
fluid from the reservoir often shows low cell counts and nor-
mal protein and glucose values which do not reflect findings 
in the lumbar CSF (Goldstein et al., 1972; Holt et al., 1972).

Complications are associated with the administration of 
AMB into the lateral ventricle by means of these prostheses, 
such as ventricular hemorrhage, obstruction, or bacterial 
infection (Diamond and Bennett, 1973). In two patients 
receiving 0.5 mg AMB intraventricularly by means of an 
Ommaya reservoir, mean ventricular concentrations of the 
drug taken via the reservoir after flushing were 1.7, 0.24, and 
0.16 µg/ml at 4, 24, and 48 hours, respectively. Simultaneous 
lumbar concentrations were lower but still detectable after 48 
hours (Craven et al., 1983).

INTRAPERITONEAL ADMINISTRATION

For treatment or prevention of Candida infection during 
peritoneal dialysis, AMB can be added to peritoneal dialysis 
fluid, although in clinical practice the overwhelming major-
ity of cases are treated with peritoneal dialysis (PD) catheter 
removal and subsequent systemic administration of antifun-
gals (Levallois et al., 2012). Although concentrations of 2–4 
µg/ml have been used safely (Bayer et al., 1976a), peritoneal 
administration can cause abdominal pain (Fabris et al., 1993), 
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and chemical peritonitis following intraperitoneal adminis-
tration of AMB at a concentration of 2.5 mg/l has been 
reported (Coronel et al., 1993). The recommended dose is 
therefore limited to 1.5 mg added to 1000 ml of dialysis fluid 
(a concentration of 1.5 µg/ml) (Piraino et al., 2005).

AMB, given in a dose of 25 mg in 250 ml 5% dextrose con-
taining 25 mg hydrocortisone, delivered intraperitoneally 
every 48 hours, has been used to treat fungal peritonitis. 
With this dosage, AMB seemed to accumulate in peritoneal 
fluid, with predose trough levels rising from 1.6 to 2.2 µg/ml 
to peak levels 4 hours after infusion of 2.5–3.6 µg/ml. 
Simultaneous serum levels of AMB were 15–33% of the peri-
toneal levels, but the pharmacokinetics may have been influ-
enced by the presence of ascites (Rahko et al., 1983).

 BLADDER INSTILLATION OR IRRIGATION

Candida cystitis has been treated with local AMB therapy. 
Regimens used include daily instillations of sterile water 
containing AMB at a concentration of 50 µg/ml (Goldman et 
al., 1960), or irrigation via continuous flow (42 ml/hour) 
through a triple-lumen indwelling urethral catheter for 5–7 
days (Wise et al., 1982; Wise et al., 1973). The procedure is well 
tolerated and resolution rates are high, with 80–93% success 
rates reported, even in the presence of an indwelling catheter 
(Jacobs et al., 1994; Wise et al., 1982). The recommended 
technique is to instill 200–300 ml of 5–10 mg/l AMB solution 
via a triple lumen urethral catheter with cross- clamping for 
60–90 minutes at regular intervals (Sanford, 1993).

The optimal dose and duration for bladder instillation 
or  irrigation is, however, unclear. The fungicidal activity of 
AMB in urine was investigated in vitro and found a correla-
tion between the rapidity and completeness of killing and 
increasing concentration of AMB. At 5 µg/ml, complete kill-
ing of Candida was seen after 4 hours. Complete killing was 
achieved after 2 hours with AMB concentrations greater 
than 100 µg/ml (Fong et al., 1991).

Shorter durations have been investigated in clinical trials, 
including a 2-day bladder irrigation with 50 µg/ml daily 
resulting in Candida clearance in 72% of 65 cases (Hsu and 
Ukleja, 1990). Another study compared 50 µg/ml bladder 
irrigation for 1 or 7 days with oral fluconazole (200 mg/day). 
Eradication rates were 82% at 24 hours and 75% at 7 days 
with no significance difference between the treatment groups 
(Fan-Havard et al., 1995). Success in bladder sterilization 
with lower doses of 10 µg/ml has been reported (Fisher et al., 
1982); however, in a clinical study, eradication of Candida 
was observed in 67% with 10 µg/ml as compared to 100% in 
the group treated with 50 µg/ml AMB irrigation (Nesbit et 
al., 1999). Another trial compared concentrations of 5 µg/ml, 
100 µg/ml, and 200 µg/ml, each administered 3 times daily 
for 3 days. Elimination of candiduria was high at 24 hours  
(> 80% in all groups), and by day 10 clearance rates were 42.9%, 
68.4%, and 68.2%, respectively (Leu and Huang, 1995).

Given the lack of standardization of bladder irrigation 
treatment regimens and effective alternatives such as systemic 
therapy and indwelling catheter removal, bladder irrigation 
with AMB is not routinely recommended for fungal cystitis 

except in cases of treating a relatively resistant fungal species 
or where catheter removal is not feasible (Drew et al., 2005).

AMB can be used in the treatment of neonatal fungal balls 
(“bezoars”) via instillation through a nephrostomy tube (de 
Wall et al., 2015). One reported success was with 10 ml of 
sterile water containing AMB at a concentration of 50 µg/ml 
being instilled six times a day through the tube (Rehan and 
Davidson, 1992).

INTRA-ARTICULAR ADMINISTRATION

Synovial fluid levels of AMB following i.v. administration are 
approximately 40% of concomitant plasma levels (Polak, 1979). 
Injection of AMB directly into the joint space has been only 
occasionally used, but an optimal dosing schedule has not 
been established. Case reports have used doses of 5–15 mg 
intra-articularly in the treatment of coccidioidal arthritis 
(Aidem, 1968), candida arthritis (Nouyrigat et al., 1993), 
articular sporotrichosis (Downs et al., 1989), and mycetoma 
(Hayden et al., 1977). AMB has been reported to cause joint 
surface irritation (Bayer and Guze, 1978).

 AEROSOL ADMINISTRATION

Aerosolized AMB has been used as a mode of delivery for the 
prevention of invasive fungal infection (IFI)—in particular 
aspergillosis in neutropenic and lung transplant patients—as 
it offers the prospect of drug delivery to the most common 
site of infection while minimizing the toxicity associated 
with intravenous administration. Effective aerosol delivery 
depends on an efficient nebulizer and the mean mass aerody-
namic diameter (MMAD), with an optimal particle size of 
1–5 µm for deposition in the small airways (Le and Schiller, 
2010). Patient technique is also critical to the effective use of 
any nebulizer. Preclinical studies using rat models support 
the feasibility of aerosolized AMB. One study found a con-
centration of 2.79 µg/g in lung tissue after a single aerosol 
dose of 1.6 mg/kg of AMB and 9.88 µg/g after four doses, 
with no systemic exposure to the drug. The elimination half-
life of AMB from the lungs was 4.8 days (Niki et al., 1990). 
In one study, the MMAD was 1.36 µm, and lung concentra-
tion after 60 minutes nebulization was 24.2+/–6.4 µg/g with 
radiolabeling demonstrating no distribution to sites other 
than the lungs and the gastrointestinal tract (Ruijgrok et al., 
2000). A single dose of aerosolized AMB given 2 days before 
infection delayed mortality in a rat model of invasive asper-
gillosis (Schmitt et al., 1988). In the clinical setting, a study 
of lung transplant recipients showed mean concentrations of 
AMB in bronchioalveolar secretions of 1.46 µg/ml at 4 hours 
and 0.37 µg/ml after 24 hours, while in bronchioalveolar 
lavage fluid (BAL) concentrations of 15.75 µg/ml and 11.02  
µg/ml were observed at 4 and 24 hours respectively.

A standard protocol is to dilute 10 mg of AMB for intrave-
nous use in sterile water to a total volume of 5 ml and nebulize 
for 15–20 minutes twice daily. The Respirgard II nebulizer 
PariBoy or Pari IS II (both Pari Werke; Starnberg, Germany) 
for nebulization of AMB have been used and are able to 
deposit particles in the alveoli, trachea, and nasopharynx 
(Beyer et al., 1993). Bad taste, nausea, and dizziness are com- 
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monly reported side effects, as well as bronchospasm, cough, 
and dyspnea (Dubois et al., 1995), which can lead to cessation 
of therapy due to poor tolerability (Chishimba et al., 2015). 

INTRACAVITARY ADMINISTRATION

Pulmonary aspergillomas often require surgical treatment; 
however, as they often exist within preexisting pulmonary 
cavities patients often do not have sufficient lung function to 
allow for surgery. Given the frequently poor response to sys-
temic antifungal therapy, intracavitary AMB has been used 
in such patients, primarily to control hemoptysis. The stan-
dard method of administration is insertion of a catheter into 
the cavity (usually under computed tomographic [CT] guid-
ance), followed by instillation of 50 mg amphotericin B in 
20 ml 5% dextrose solution daily for 10 days (Kravitz et al., 
2013). A total of 800 mg AMB has been used in patients with 
ongoing hemoptysis (Cochrane et al., 1991) and in one case 
3 g over 60 days was given in a cystic fibrosis patient, using 
the smaller volume of 10 ml for the instillation (Ryan et al., 
1995). Administration of 50 mg AMB in 10 ml 5% dextrose 
followed by 8 mg bromhexine in 10 ml saline has also been 
used (Lee et al., 1993). N-acetylcysteine (10% solution, 10 ml 
dissolved in 10 ml 0.9% saline) has also been used, given 
8–12 hours following AMB instillation, to facilitate dissolu-
tion of the fungus ball. The catheter was placed on low con-
tinuous wall suction (20 cm H2O) 2 hours after administration 
of N-acetylcysteine and maintained overnight. An alterna-
tive method of intracavitary administration of AMB has 
been described as a substitute for repeated injections (Munk 
et al., 1993). An AMB gelatin mixture formed by dissolving 
6 g oxoid laboratory standard gelatin in 8.5 ml sterile water, 
using a hot water bath at 40°C, was prepared. Immediately 
before injection, 15 mg AMB was then dissolved in this mix-
ture and drawn up in a syringe that had been warmed in the 
hot water bath. A needle was placed in the cavity under CT 
or fluoroscopic guidance, and the viscous mixture injected 
rapidly as it solidifies quickly. This single administration 
resulted in complete resolution of three out of four pulmo-
nary aspergillomas within 3 months, with no evidence of 
recurrence at 6–18 months (Munk et al., 1993). Another 
method was described using a paste formed by mixing AMB 
(1–5 vials depending on the size of the cavity) with the lipid 
compound Lipiodol (2.4 ml) and Suppocire C, an emulsify-
ing wax. The paste was then instilled into the lung cavity. 
Most patients required several injections at 1–3 week inter-
vals. Twenty-six of 40 aspergillomas disappeared with this 
method (Giron et al., 1998). Instillation can cause coughing, 
which has been successfully relieved by instilling lignocaine 
1% into the cavity (Ryan et al., 1995).

4h.  Topical therapy

Amphotericin B lozenges are available for oral candidiasis 
in a usual dose of a 10-mg lozenge (Fungilin) four times per 
day, although these are no longer available in some countries, 
including the UK. Lotion, cream, and ointment preparations 
for cutaneous infections are available but are hampered by 

poor absorption of AMB in the skin and side effects of blister-
ing, itching, dryness, and redness and hence are not licensed 
for use in most countries. Topical treatment has been used 
for onychomycosis (Lurati et al., 2011). Flucytosine (5FC, 1 
g) and AMB 100 mg in a lubricating jelly base to a total dose 
of 8 g has been used successfully to treat vaginal candidiasis 
(White et al., 2001). An oral suspension of AMB has been 
used in the treatment of esophageal candidiasis, which is 
effectively topical therapy due to lack of systemic absorption 
of the suspension. A concentration of 0.5 g/5 ml, at a dose of 
5 ml three times daily for 7–14 days, has been used success-
fully in elderly patients (Taillandier et al., 2000). The oral sus-
pension is, however, no longer commercially available.

CATHETER LOCK THERAPY

AMB has been used as a catheter lock to treat Candida-
colonized/infected indwelling intravenous catheters without 
necessitating removal of the line. Clinical experience is at the 
level of case report, with 10 of 13 cases reporting catheter 
salvage (Walraven and Lee, 2013). 2.5 mg/ml is the most 
commonly used dose. A schedule of injection of heparin into 
the catheter followed by 2 ml of isotonic saline containing 
AMB at a concentration of 2.5 mg/ml, left to dwell for 12 
hours each day for 10–21 days, has been used successfully 
(Arnow and Kushner, 1991). AMB is compatible with hepa-
rin sodium 100–5000 units/ml for up to 72 hours in a cathe-
ter lock (Bookstaver et al., 2013). Catheter locks of up to 
5  mg/ml AMB have been successfully employed (Angel-
Moreno et al., 2005). A lower dose of 0.33 mg/ml AMB was 
unsuccessful (Krzywda et al., 1995). Most recent studies of 
catheter lock therapy have used liposomal formulations of 
AMB that are discussed elsewhere in Chapter 142, Liposomal 
Amphotericin B.

 INTRAOCULAR ADMINISTRATION

In vitro rabbit studies of intravitreal AMB found doses of 
5–10 μg to be well tolerated, while 25 μg was highly toxic and 
caused retinal detachment. Dosages of 5–10 μg intravitreal 
AMB have been used clinically in the treatment of fungal 
endopthalmitis. The dose is given in 0.1 ml balanced salt 
solution (BSS) and injected slowly into the central intravit-
real space (Weishaar et al., 1998). Due to the dilution factor, 
the dose should be clear in appearance, with a yellow color 
indicating the dose is too concentrated. Severe noninfectious 
panopthalmitis can result from intravitreal injection of over-
concentrated AMB (Payne et al., 2010).

 INTRALESIONAL ADMINISTRATION

Intralesional AMB administration has been used effectively 
for the treatment of cutaneous alternariosis. Amphotericin B 
50 mg was dissolved in 10 ml distilled water and then diluted 
with 0.5% procaine hydrochloride (final AMB concentration 
1 mg/ml). One milliliter of procaine-AMB solution was then 
injected into the lesion twice weekly for ten injections. After 
each injection, a painful local reaction with erythema and 
edema was noted (Iwatsu, 1988). Weekly intralesional AMB, 
dissolved in 10 ml distilled water and then diluted threefold 
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with distilled water, has been used in the treatment of cuta-
neous leishmaniasis (Goyonlo et al., 2014). The procedure 
was painful; however, adverse events were otherwise mini-
mal and none of the 93 patients ceased therapy due to side 
effects.

4b.  Newborn infants and children 

There is a striking paucity of data regarding dosing of AMB 
in neonates and in pediatric practice. Doses and administra-
tion of AMB are therefore generally extrapolated from adult 
data. Doses of 0.25 mg/kg/day i.v., increased stepwise up to 
a maximum of 1.5 mg/kg/day are generally used. There are 
important pharmacokinetic (PK) differences in children as 
compared to adults, most notably faster weight-adjusted 
clearance (0.03–0.22 l/kg/h) and lower volume of distribu-
tion (0.4–3.1 l/kg) (Baley et al., 1990; Benson and Nahata, 
1989; Koren et al., 1988). Consequently a population model 
suggests that 1 mg/kg/day may result in underdosing in neo-
nates while being too high in older children (Nath et al., 2001). 
The same researchers have suggested weight-based dosing of 
0.75 mg/kg/day for children weighing 45–55 kg with a higher 
dose of 1–1.5 mg/kg/day for those in a 10- to 25-kg weight 
range; however, these proposed doses requires further clinical 
evaluation (Nath et al., 2007). A similar spectrum of toxicity 
is described in children as compared to adults. Nevertheless, 
chil dren appear to tolerate AMB better than adults, with infu-
sional toxicity nephrotoxicity being less common in the for-
mer (Le et al., 2009).

4c. Pregnant and lactating mothers

The effects of AMB in pregnancy are unknown, and therefore 
manufacturers advise that it is only given when the potential 
risk is outweighed by the clinical need. Toxicity rates are 
similar in pregnant as compared to nonpregnant patients 
(Moud gal and Sobel, 2003).

4d. Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Nephrotoxicity is a leading side effect of AMB that can man-
date discontinuation of therapy. Therefore AMB deoxy-
cholate is usually avoided in patients with pre-existing renal 
failure. In patients with renal impairment who require AMB 
therapy, a lipid formulation is generally recommended. The 
excretion and serum concentrations of AMB are unaffected 
by renal failure (Bindschadler and Bennett, 1969). Even in 
anephric patients, the decline in serum levels of AMB is 
similar to that in patients with normal renal function. AMB 
is not removed with hemodialysis (Block et al., 1974; 
Feldman et al., 1973). Nevertheless, there is a risk of ven-
tricular fibrillation in anuric patients given AMB by rapid 
infusion. If AMB must be given in those with a CrCl < 10 
ml/min, reducing the dose interval to every 48 hours is 
recommended.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Although AMB commonly causes a mild, transient rise in 
hepatic transaminases, there is no dose adjustment required 
in pre-existing hepatic failure. There is minimal biliary excre-
tion, and hepatic impairment does not affect serum drug lev-
els (Root, 1999).

ELDERLY PATIENTS

There are no specific dosage recommendations for elderly 
patients.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

This section is restricted to studies with AMB deoxycholate. 
Liposomal formulations of AMB have completely different 
pharmacokinetic profiles and are discussed elsewhere. See 
Chapter 143, Amphotericin B lipid complex.

The pharmacokinetics and tissue distribution of AMB 
deoxycholate are summarized in Table 141.3.

After an AMB infusion, there is a rapid initial elimination 
of the drug followed by a slow elimination half-life of 15 
days. A three-compartment pharmacokinetic model has been 
suggested (Atkinson and Bennett, 1978)—a central compart-
ment and rapidly and slowly equilibrating deeper peripheral 
compartments of the body. After a course of AMB, the drug 
disappears from the serum and urine very slowly (3–7 weeks). 
The volume of distribution of AMB is approximately 4 l/kg 
(Atkinson and Bennett, 1978) and clearance is 0.01–0.03 
 l/kg/h (Bellmann, 2007).

5a.  Bioavailability

Due to its low solubility, low membrane permeability, and 
inactivation by gastric acid, there is minimal oral bioavail-
ability of AMB. The mean protein binding is approximately 
95% (Daneshmend and Warnock, 1983), mainly bound to 
albumin, LDL, and a1 acid glycoprotein (Bekersky et al., 
2002b). Oral AMB is therefore only given for decontamina-
tion of the gastrointestinal tract. Doses of 2–5 g daily have 
been used for this, with minimal systemic absorption 
(Janknegt et al., 1992).

5b.  Drug distribution

After an AMB dose of 0.65 mg/kg given by i.v. infusion over 
a period of 4–6 hours, a peak serum level (Cmax) of 1.8–3.5 
µg/ml is reached during the first hour after infusion (Louria, 
1958). This level is maintained for 6–8 hours, and then grad-
ually falls to about half the peak level 20 hours later. There 
is a triphasic plasma profile with a long terminal half life of 
127 ± 30 h (Bekersky et al., 2002a). Trough concentrations are 
generally 0.2–0.5 µg/ml (Christiansen et al., 1985). Alternate- 
day dosages of 25–105 mg results in serum concentrations of 
1.0–2.4 µg/ml AMB, and the serum concentrations are not 
influenced by alternate-day dosing (Bindschadler and Ben- 
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nett, 1969; Hoeprich, 1990). Dose proportionality exists up to 
doses of 50 mg, after which serum concentrations are lower 
than expected (Daneshmend and Warnock, 1983).

In children aged between 4 months and 14 years, a marked 
variation in peak serum AMB concentrations of 0.78–10.02 
µg/ml was noted after doses ranging from 0.25 to 1.0 mg/kg. 
The peak serum AMB concentration was 2.9 ± 2.8 µg/ml, 
and the mean total clearance, volume of distribution, and 
elimination half-life were 0.46 ± 0.20 ml/min/kg, 0.76 ± 0.52 
l/kg, and 18.1 ± 6.6 hours respectively. There was no corre- 
lation between AMB dose on a mg/kg basis, infusion rate, 
patient age, and peak serum concentration. Total clearance 
of AMB was inversely proportional to age. No increased tox-
icity was observed in the older age group (Benson and Nahata, 
1989). Serum concentrations in a premature infant given AMB 
in doses of 0.5 mg/kg/day and 1.0 mg/kg on alternate days 
were similar to those obtained in older patients given the same 
dosage (Ward et al., 1983).

DISTRIBUTION OF THE DRUG IN THE BODY

Numerous animal studies have been performed measuring 
AMB distribution in tissues. They have consistently found 

significant concentrations in of AMB in the liver, spleen, lung, 
and kidneys although there is interspecies variability, with 
highest concentrations found in the lung in rats (Fielding et 
al., 1991; Souza and Campa, 1999) and the liver in mice (van 
Etten et al., 1995), rabbits (Ramaswamy et al., 2001), and 
dogs (Fielding et al., 1992). Human data on tissue distribu-
tion is limited. Tissue concentrations of AMB have been 
measured in two autopsy studies of patients who had received 
known total dosages of AMB deoxycholate for invasive fun-
gal infections. Higher concentrations were recovered from 
liver and spleen than from lungs and kidneys. The recovery 
as a percentage of the total dose of AMB received was 27.5% 
(range, 17.5–40%) for the liver, 5.2% (1–14%) for spleen, 
3.2% (0.4–13%) for lungs, 1.5% (0.6–4%) for kidneys, and 
< 1% for pancreas, heart, muscle, brain, fat, esophagus, and 
thyroid (Collette et al., 1989). The range of recovery of AMB 
from tissues was consistent across studies, measured at 15.8–
50.8% of the total dose administered in one study (Chris-
tiansen et al., 1985) and 23–51.3% in another (Collette et al., 
1989). These results indicate that the liver is the major site of 
storage of AMB. Only a small proportion of AMB is bioavail-
able in tissues, despite high tissue concentrations. The mea-
sured amount of bioactive AMB was only 20–40% of the 
extractable drug. Neither study was able to demonstrate any 
metabolism of AMB. 

In patients with uninflamed meninges, CSF levels are 30- 
to 50-fold lower than concomitant serum levels (Louria, 
1958; Polak, 1979). In vitro data suggest inflammation of the 
meninges does not facilitate AMB crossing the blood–brain 
barrier (Pyrgos et al., 2010). In seven patients with crypto-
coccal meningitis studied by (Utz et al., 1975), the drug was 
not detected in the CSF of four patients and was less than 
10% of the serum values in the other three patients. Notably, 
however, in neonates, the CSF concentrations of AMB were 
40–90% of the corresponding serum concentration, com-
pared with the 2–4% of serum levels observed in adults. This 
may be due to an immature blood–brain barrier (Benson 
and Nahata, 1989). Rabbit models also show minimal AMB 
concentrations in the spinal fluid (0.002–0.010 µg/ml) (Per-
fect and Durack, 1985), although higher concentrations were 
found in the brain parenchyma and meninges, which may 
explain their efficacy in central nervous system (CNS) infec-
tions despite low CSF levels (Groll et al., 2000; Perfect and 
Durack, 1982). Prolonged residence time in the brain paren-
chyma, with a persistent antifungal effect was found in a murine 
study (Livermore et al., 2014). 

In peritoneal, pleural, and joint fluids, less than 50% of 
serum levels are achieved (Polak, 1979). An animal model 
found lung tissue concentrations approximately eightfold 
higher than concomitant serum concentrations and was 
found to penetrate epithelial lining fluid (ELF) and pulmo-
nary alveolar macrophages (PAM); however, the clinical rel-
evance of penetration into each compartment remains unclear 
(Groll et al., 2006). A pleural fluid concentration of 1.0 µg/ml 
was reported in one patient, whose concomitant serum level 
was 1.8 µg/ml (Bindschadler and Bennett, 1969). Pleural fluid 
levels of 0.7–1.04 µg/ml achieved continuously over 24 hours 

Table 141.3. Pharmacokinetics of amphotericin B deoxycholate.

Amphotericin B deoxycholate
(Fungizone®)

Following Intravenous 
Dosing (oral bioavailability 
is negligible)

Pharmacokinetic parameters

Protein binding 95%

Terminal T1/2
Cmax
AUC0–24

127 ± 30 h 
1.8–3.5 µg/ml
1–30 (mg·h/L)

Drug distribution (after i.v. administration): 

Saliva < 0.5 × serum levels

Sputum/bronchial secretions < 0.5 × serum levels

Lung tissue 0.5–5 × serum levels

CSF < 0.5 × serum levels

Brain 0.5–5 × serum levels

Peritoneal fluid < 0.5 × serum levels

Liver > 5 × serum levels

Kidney > 5 × serum levels

Spleen > 5 × serum levels

Urine < 0.5 × serum levels

Cardiac muscle/heart valves < 0.5 × serum levels

Bone marrow > 5 × serum levels

Bone < 0.5 × serum levels

Skin and soft tissues < 0.5 × serum levels

Eye—aqueous and vitreous* < 0.5 × serum levels

Excretion

Urine 4–20%

Bile 20%

Feces 42%

Metabolites 0

*Uninflamed
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following daily i.v. dosing of 70 mg AMB has been reported 
(Kutty and Neicheril, 1987). AMB penetrates poorly into 
bronchial secretions, and is found only transiently in saliva 
post dose (Polak, 1979). 

One study of patients being treated with AMB for Candida 
peritonitis found peritoneal fluid AMB levels of < 50% of 
concomitant serum levels, and undetectable in 9 of 21 patients 
(all of whom who had concomitant serum AMB levels of 
0.28 µg/ml or less) (van der Voort et al., 2007). 

There are very few data on AMB penetration into bone 
tissue and synovial fluid. Synovial fluid levels are < 50% of 
concomitant serum levels (Polak, 1979), although in one 
study in dogs bone marrow penetration was high, approxi-
mately 5 times greater than plasma concentrations (Fielding 
et al., 1992). 

Skin penetration of systemically administered AMB is 
unknown in humans; however, levels were < 50% of serum 
levels in a rat model (Fielding et al., 1991).

AMB crosses the placenta, producing levels in cord blood 
and amniotic fluid that are lower than maternal serum levels 
(Ismail and Lerner, 1982). Similar levels of 0.20–0.24 µg/ml 
in cord serum, infant serum, and placental tissue at delivery 
have been reported, persisting 30 days after the last dose of 
AMB was administered (Dean et al., 1994). 

AMB is not found in the uninflamed eye, but rabbit mod-
els have shown that corneal inflammation enhances AMB 
penetration (Goldblum et al., 2004). A concentration of less 
than 0.5 µg/ml was detected in human aqueous humor when 
the serum level was 0.6 µg/ml after i.v. administration of 0.8 
mg/kg body weight (Richards et al., 1970). Lower levels of 
AMB were found in the aqueous and vitreous humors of two 
patients with orbital mucormycosis after i.v. administration. 
Inflammation may affect the amount of penetration of the 
drug (Fisher et al., 1983).

Infusion of AMB deoxycholate with the fat emulsion Intra-
lipid also modifies the pharmacokinetics of AMB (Caillot et 
al., 1994). Peak serum concentrations of AMB are lower, as are 
trough concentrations. There is an increased volume of distri-
bution and total clearance of AMB when infused in 20% Intra-
lipid (Ayestarán et al., 1996; Chavanet et al., 1992; Heine mann 
et al., 1994). These studies showed a significant reduction in 
toxicity for AMB delivered in a fat emulsion. Up to 95% 
AMB may precipitate, but is still taken up by the reticuloen-
dothelial system (Washington et al., 1993). There is no con-
sensus at present as to whether this is a suitable alternative to 
the commercial lipid formulations—hence caution should be 
exercised in its use.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The AMB blood levels are not influenced by renal or hepatic 
failure (Daneshmend and Warnock, 1983), and hemodialysis 
does not remove AMB or reduce serum levels (Block et al., 
1974). Clearance of AMB was measured at 3–5% of the creati-
nine clearance in four patients receiving AMB and requiring 

hemodialysis (Block et al., 1974). Although AMB is contra-
indicated in patients in renal failure, in those with estab-
lished, irreversible renal failure and on hemodialysis AMB 
has been well tolerated at doses of 25–50 mg three times per 
week (Wood et al., 2004).

The mean serum concentration of AMB may be higher 
1 hour after the rapid infusion of AMB (45 minutes) but is no 
different at 18 and 42 hours post infusion when compared 
with the 4- to 6-hour infusion times (Fields et al., 1971).

Pregnancy does not appear to affect the pharmacokinetics 
of AMB. The mean peak and trough concentrations of AMB 
(2.60 and 0.32 µg/ml, respectively) were similar in a group of 
pregnant women compared with a group of nonpregnant 
women. The increased glomerular filtration rate (GFR) seen 
in pregnancy does not increase elimination of AMB (McCoy 
et al., 1980). Hypercholesterolemia increases the AUC of 
AMB and ABLC by altered distribution in lipoproteins (Ng 
et al., 2005). The clinical significance of this with respect to 
efficacy and toxicity is not known.

Understanding of AMB pharmacodynamics is relatively 
limited, although advances have been made in recent years 
using in vitro studies. These are extensively analyzed in a 
recent review (Lepak and Andes, 2015). The pharmacody-
namic index most closely associated with efficacy in a murine 
model of invasive pulmonary aspergillosis, in which the 
Cmax/MIC with a peak concentration/MIC ratio of 2.5 was 
associated with maximal efficacy (Wiederhold et al., 2006). 
This was supported in another study in which the corre-
sponding AUC produced a near maximal antifungal effect 
in a rabbit model (Al Nakeeb et al., 2015). Concentration-
dependent killing was also found to be the best predictor of 
outcome in a murine model of invasive candidiasis (Andes et 
al., 2001). AMB displays a prolonged post antifungal effect 
(Manavathu et al., 2004). A study of murine cryptococcal 
meningitis found prolonged residual time in brain tissue 
could allow for shorter induction courses of AMB in crypto-
coccal meningitis (Livermore et al., 2014).

5d.  Excretion

URINE

An early study found 2–5% of a total daily dose of AMB was 
excreted in the urine as the active drug within 24 hours of 
administration (Atkinson and Bennett, 1978); however, more 
recently 20.6% recovery of unchanged drug in the urine was 
found in healthy volunteers (Bekersky et al., 2002a). It is 
thought that excretion of AMB in the urine occurs by glo-
merular filtration. Excretion is restricted by the high level 
of protein binding (> 90%). Pre-existing renal dysfunction 
has no effect on AMB excretion (Bindschadler and Bennett, 
1969), with the total clearance of AMB in individuals with 
impaired renal function measured at 17–40 ml/min (Jank-
negt et al., 1992). Dose reduction is not required for patients 
with renal dysfunction, but continued therapy may exacer-
bate renal impairment. No data are available on the phar - 
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macokinetics and tissue accumulation following long-term 
administration of AMB in patients with renal impairment.

BILE

In monkeys (Lawrence et al., 1980) and in dogs (Craven et 
al., 1979), AMB is excreted in the bile. In the dog it accounts 
for < 20% of the total excretion of the drug. The median con-
centration of AMB in bile of autopsied cancer patients who 
had received AMB deoxycholate up to 72 hours prior to 
death was 7.3 µg/ml and was estimated to be from 0.8% to 
14.6% of the daily dose of AMB. In a study of healthy human 
volunteers, 42% of the dose of AMB was excreted unchanged 
in the feces, suggesting that biliary excretion is the predomi-
nant route of excretion of AMB (Bekersky et al., 2002a).

INACTIVATION IN THE BODY

No metabolites have been identified in any human or animal 
studies (Bekersky et al., 2002b).

5e.  Drug interactions

AMB interactions with other drugs are predominantly by 
reducing renal elimination or additive toxicity (Gubbins and 
Heldenbrand, 2010). In one retrospective survey, additive 
toxicity caused by interaction with frusemide, hydrocorti-
sone (hypokalemia), and cyclosporine (nephrotoxicity) were 
the most commonly encountered clinically significant reac-
tions (Depont et al., 2007). Concurrent use of cisplatin or 
bleomycin may enhance the potential for renal toxicity, 
bronchospasm, and hypotension and should be avoided if 
possible. Concurrent use of corticosteroids and adrenocor-
ticotropic hormone (ACTH) may potentiate hypokalemia. 
The hypokalemia from AMB may potentiate digoxin toxicity. 
Thus serum electrolytes should be monitored.

Concurrent use of AMB with 5FU and ganciclovir may 
increase the myelosuppression of these agents as decreased 
elimination by reduced glomerular filtration by AMB will 
increase serum levels and prolong its half-life (Vermes et al., 
2000). Dose reduction of ganciclovir and 5FU may be neces-
sary. In vitro and animal studies of the combination of AMB and 
imidazoles suggest that imidazoles may induce fungal resistance 
to AMB. Combination therapy should be administered with 
caution, especially in immunocompromised patients.

Acute pulmonary toxicity has been reported in patients 
simultaneously receiving AMB and leukocyte transfusions. 
This is discussed later in section 6f, Pulmonary reactions.

Concurrent use of AMB and other nephrotoxic medica-
tions (e.g. aminoglycosides, cidofovir, calcineurin inhibitors, 
NSAIDs) may enhance the potential for drug-induced renal 
toxicity. Intensive monitoring of renal function is recom-
mended in patients requiring any combination of nephrotoxic 
medications. This is particularly problematic for transplant 
recipients receiving calcineurin inhibitors, cyclosporine, or 
tacrolimus (Wingard et al., 1999). Foscarnet may enhance the 
nephrotoxicity of AMB and should be avoided concurrently 
if possible (Zaman et al., 1996). 

6. ADVERSE REACTIONS AND TOXICITY

6a.  Infusion-related adverse events

Infusion-related toxicity is, along with nephrotoxicity, the 
most common adverse event leading to dose limitation of 
AMB. Symptoms include fever, rigors, headache, arthralgia, 
nausea, vomiting, and hypotension, and are experienced in 
up to 70% of patients receiving AMB (Grasela et al., 1990), 
although other cohorts have reported rates as low as 10% 
(Mayer et al., 1999). AMB is recognized by TLR2 and CD14 
mononuclear cells, leading to a pro-inflammatory cytokine 
response including TNFα, IL-1β, IL-6, and IL-8 (Sau et al., 
2003). Toxicity is usually experienced at 2–6 hours post infu-
sion, which correlates with a rise in IL-1b (Ben-Ami et al., 
2008). Prostaglandin E2 synthesis has also been postulated as 
a mechanism for infusional toxicity, and ibuprofen, a prosta-
glandin inhibitor, was found to significantly reduce the rate 
of acute infusional reactions in a placebo-controlled study 
(15% in the ibuprofen arm, 15% in control group, p = 0.08) 
(Gigliotti et al., 1987). Other pre-treatment regimens includ-
ing steroids, antihistamines, acetaminophen, and heparin 
have been used in an attempt to ameliorate the symptoms 
and incidence of acute infusion reactions. An early clinical 
trial found a statistically significant benefit in prevention of 
infusional chills and fever by giving premedication with a 
25-mg hydrocortisone pre-AMB infusion (Tynes et al., 1963). 
However, a pooled analysis of 397 patients found no differ-
ence in efficacy of steroids, antihistamines, acetaminophen, 
or heparin compared to patients receiving no pretreatment 
(Goodwin et al., 1995). 

Due to cost and efficiency considerations, there is clinical 
interest in shortening the duration of AMB infusion. The 
impact of infusion time on toxicity has been evaluated in 
several small studies. One study of 25 leukemic patients 
receiving prophylactic AMB compared a 2-hour infusion 
with a 4-hour infusion. There was no significant difference 
in the rates of acute infusion reactions (29% in the 2-hour 
group compared to 25% in the 4-hour group) (Nicholl et al., 
1995). All patients were given diphenhydramine 25 mg and 
hydrocortisone 25 mg premedication. There was no differ-
ence in infusional toxicity rates between those receiving a 
1- or 4-hour infusion in patients with normal renal function 
receiving 0.3–0.5 mg/kg/day AMB. However, onset of symp-
toms (fever, hypotension) in those who did have an adverse 
reaction was earlier in the rapid infusion group (Oldfield 
et al., 1990). Another study evaluating infusion durations of 
1, 2, 3, or 4 hours found no difference in acute toxicity rates 
between the groups (Cruz et al., 1992). A study comparing a 
45- minute infusion with an infusion over 2 hours also found 
no statistically significant difference in acute toxicity (Cleary 
et al., 1988). A small randomized, placebo-controlled study 
of 12 children compared a 1-hour versus 4-hour infusion 
regimen. No statistically significant differences in toxicity 
rates were found between the groups (Dele Davies et al., 
1997).
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One study reported a greater incidence and severity of 
infusional reactions in a 45-minute infusion group compared 
with a group receiving 4-hour infusion (Ellis et al., 1992). By 
day 7, adverse events rates were similar in both groups. A 
study comparing a 24-hour infusion of 0.97 mg/kg AMB or 
0.95 mg/kg AMB over 4 hours reported significantly fewer 
episodes of chills, rigors, and vomiting in the continuous 
infusion group (Eriksson et al., 2001). Of note, these studies 
generally had small numbers of patients who were selected as 
being at lower risk for adverse events, therefore rapid infu-
sions are usually avoided in high-risk patients, i.e. those with 
renal or cardiac impairment.

Thrombophlebitis is a relatively frequent adverse event 
with AMB administration occurring in 0.7–5% of patients in 
the induction phase (Day et al., 2013; Goodwin et al., 1995). 
Highly concentrated AMB and the use of a peripheral venous 
catheter may increase the incidence of thrombosis and phle-
bitis (Ellis et al., 1992). Neither filtering before administration 
(Gotz et al., 1985) nor adding heparin to the infusion (Good-
win et al., 1995) appear to reduce the incidence of phlebitis. 

6b.  Nephrotoxicity

Renal toxicity is the most common and serious adverse effect 
of AMB deoxycholate and has a major clinical impact, as 
it  can result in dose limitation, withdrawal of therapy, and 
increased mortality (Deray, 2002). AMB nephrotoxicity is 
extremely common, with numerous studies reporting high rates 
of renal impairment as a result of AMB therapy. Doubling of 
creatinine was observed in > 50% of a cohort of 239 patients, 
with 15% requiring hemodialysis (Wingard et al., 1999). 
Another cohort of 707 patients receiving AMB in one center 
reported a 30% incidence of acute renal failure during AMB 
therapy, with an odds ratio (OR) for death of 6.6 compared to 
those who did not develop renal failure (Bates et al., 2001). 
Of 494 patients in a retrospective study of patients who had 
received AMB, nephrotoxicity (defined as doubling of serum 
creatinine up to a value of ≥ 2.0 mg/dl) was observed in 12% 
of cases, with more than twice the risk of death if renal fail-
ure developed during therapy. AMB nephrotoxicity is dose 
dependent and cumulative (Luber et al., 1999). A combined 
cohort of 369 patients receiving AMB deoxycholate for cryp-
tococcal meningitis observed a creatinine rise by a mean of 
52% by day 7 and 73% by day 14 (Bicanic et al., 2015).

Lipid formulations of AMB are generally less nephrotoxic 
than AMB deoxycholate and are increasingly recommended 
over AMB deoxycholate where available (Ostrosky-Zeichner 
et al., 2003), however are limited in many settings by prohib-
itive cost. Despite nephrotoxicity being an extremely com-
mon feature of AMB therapy, it is often reversible (Medoff and 
Kobayashi, 1980). Permanent renal impairment is uncom-
mon unless the total cumulative dose of AMB exceeds 4–5 g 
(Bagnis and Deray, 2002) or if large doses of the drug are 
used (Takacs et al., 1963). Experience in clinical trials of 
AMB in cryptococcal meningitis have found nephrotoxicity 
to be manageable and reversible (Bicanic et al., 2008), although 
resolution of renal function may not occur until months after 

cessation of AMB (Butler et al., 1964). With careful manage-
ment of hydration and electrolyte replacement and selection 
of patients not at high risk of nephrotoxicity, renal toxicity 
can often be managed successfully (Bicanic et al., 2012).

MECHANISM OF NEPHROTOXICITY

AMB nephrotoxicity is thought to occur as a result of two 
broad mechanisms—decreased renal blood flow causing a 
reduction in GFR, and direct toxicity to the distal renal 
tubules. AMB causes vasoconstriction of the afferent renal 
arterioles, causing a dose-dependent reduction in GFR. One 
study in rats found a decrease in renal blood flow and GFR 
by 40% and 35% respectively. Theophylline and salt loading 
were found to be protective against AMB nephrotoxicity. 
Calcium influx into the cells is considered a likely mecha-
nism for the reduction in renal blood flow in response to 
AMB (Sabra and Branch, 1991). The tubuloglomerular feed-
back system, a normal physiological response which causes 
afferent vasoconstriction as a result of increase solute in the 
distal tubule, may also be activated during AMB therapy, 
contributing to reduced GFR and subsequent toxicity (Sabra 
and Branch, 1990), although direct vasoconstrictor effect of 
AMB is considered to play the major role in nephrotoxicity 
of AMB (Sawaya et al., 1991). 

Human studies also show evidence of decreased renal 
blood flow and GFR in response to AMB therapy. In one 
early study mean renal blood flow dropped by 55% and 6 
months later inulin clearance was only 85% at baseline (Bell 
et al., 1962). GFR drops in most patients and after repeated 
doses of AMB, GFR often stabilizes at 20–60% of normal 
(Medoff and Kobayashi, 1980).

In addition to reduction on GFR, distal tubular toxicity is 
a feature with AMB therapy. As discussed in section 3, Mech-
anism of drug action, although there is preferential binding 
to ergosterol in fungal cell membranes, AMB can also bind to 
cholesterol and form pores in mammalian cell membranes 
(Hsuchen and Feingold, 1973). Pore formation in the tubular 
cell membrane can lead to disruption of electrolyte resorp-
tion and consequent loss of potassium and bicarbonate. 
Hypokalemia is therefore frequently observed during AMB 
therapy due to potassium wasting. Potassium supplementa-
tion is often required and hypokalemia can be severe (< 2.5 
mmol/l) in approximately 5% of patients treated with AMB 
(Bicanic et al., 2015). Similarly, tubular dysfunction can lead 
to impaired resorption of magnesium (Barton et al., 1984). A 
mean reduction in serum potassium of 1% and 10% at days 7 
and 14 respectively was observed in patients receiving AMB 
for cryptococcal meningitis (Bicanic et al., 2015). Renal 
tubular acidosis can also occur and is more frequent with 
higher doses. Irreversible tubular damage has been reported 
(Burgess and Birchall, 1972; McCurdy et al., 1968). 

RISK FACTORS FOR NEPHROTOXICITY

Bone marrow transplant recipients (both autologous and 
allogeneic) have a higher rate of nephrotoxicity with AMB 
than solid organ transplant patients (Wingard et al., 1999). 
Concomitant administration of nephrotoxic drugs, in partic- 
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ular cyclosporine, increase the risk of AMB induced nephro-
toxicity, as does prolonged duration of therapy with cum-
ulative doses of up to 1.5 g (Luber et al., 1999). Very high 
cumulative doses of > 4 g have been associated with chronic 
renal failure in up to 44% of cases (Bagnis and Deray, 2002). 
One study found increased risk with doses of > 35 mg/day. 
Abnormal baseline renal function and diuretics were also are 
associated with increased risk (Fisher et al., 1989). In addi-
tion, male sex and weight > 90 kg have been associated with 
increased risk of nephrotoxicity. A risk stratification has 
been proposed whereby the presence of two or more of these 
risk factors should prompt treating with less nephrotoxic 
liposomal formulations of AMB (Harbarth et al., 2001).

PREVENTION OF NEPHROTOXICITY

In vitro studies in rats consistently show a protective effect of 
salt loading against AMB-induced GFR reduction, and con-
versely salt depletion increased nephrotoxicity (Feely et al., 
1981; Ohnishi et al., 1989; Tolins and Raij, 1988). Common 
practice is to administer 1 liter of 0.9% sodium chloride infused 
over 30 min–1 hour prior to the AMB dose (Anderson, 
1995). Small case series have suggested a protective effect 
of sodium chloride pretreatment (Arning and Scharf, 1989; 
Branch et al., 1987; Heidemann et al., 1983), as well as one 
randomized prospective trial in which creatinine clearance was 
significantly reduced in the group receiving 5% dextrose prehy-
dration as compared to those receiving saline (P = < 0.5) (Llanos 
et al., 1991). Of note, potassium supplementation requirements 
were greater in the sodium chloride group, as salt loading does 
not protect against tubular AMB toxicity, therefore careful elec-
trolyte monitoring and replacement remains important.

Several preventive strategies have been used to try to limit 
AMB nephrotoxicity, including mannitol (Bullock et al., 1976) 
and dopamine to improve renal blood flow (Camp et al., 
1998); however, neither have proven to be effective in small 
randomized trials. Effective strategies to mitigate the tubular 
toxicity of AMB have proved elusive. A rat model showing 
that N-acetylcysteine (NAC) protected against AMB-induced 
renal tubular apoptosis (Odabasi et al., 2009). Two random-
ized placebo controlled trials of the addition of 600 mg NAC 
orally twice daily to AMB therapy by the same group produced 
conflicting results—the larger study (n = 54) suggesting a ben-
efit with NAC administration (p = 0.049) (Karim zadeh et al., 
2014). Potassium-sparing diuretics have been used to ame-
liorate potassium wasting during AMB therapy. Amiloride 
may be of benefit in patients with severe potassium wasting 
secondary to AMB toxicity (Bearden and Muncey, 2001; Wazny 
and Brophy, 2000). A small (n = 26) non– placebo-controlled 
randomized trial found spironolactone (100 mg twice daily) 
was effective in maintaining serum potassium levels during 
treatment with AMB (Ural et al., 2002). Prolonged infusion 
times have been investigated primarily to reduce acute infu-
sional toxicity, as previously discussed, and duration of infusion 
has not been shown to have an impact on the risk of develop-
ing nephrotoxicity (Karimzadeh et al., 2012).

Another possible mechanism contributing to AMB neph-
rotoxicity is binding to low-density lipoproteins (Barwicz et 

al., 1991). Renal cells also have low-level expression of high- 
density lipoprotein (HDL) receptors. When AMB is associ-
ated with HDLs it is therefore less toxic (Wasan et al., 1994). 
Lipid formulations of AMB are being increasingly used in 
clinical practice and are generally less nephrotoxic than 
AMB deoxycholate (Wingard et al., 2000). Their use is exten-
sively covered in Chapter 143, Amphotericin B lipid complex. 
Addition of the fat emulsion Intralipid to AMB deoxy cholate 
has been used to try to reduce nephrotoxicity, and was found 
to reduce the rate of renal impairment (defined as > 50% 
reduction in creatinine clearance) as compared to those 
receiving AMB in 5% dextrose without Intralipid (Caillot et 
al., 1994). A trial of using AMB with Intralipid in cryptococcal 
meningitis patients in sub-Saharan Africa, however, found no 
reduction in nephrotoxicity rates in the Intralipid group (Joly 
et al., 1996). 

6c.  Hematological toxicity

AMB suppresses erythropoiesis, and normochromic, nor-
mocytic anemia is found in up to 75% of patients receiving 
AMB. The hematocrit generally falls to a stable value of 
22–35% (Medoff and Kobayashi, 1980). The primary mecha-
nism is direct myelosuppression (Hoeprich, 1992), although 
suppression of renal erythropoietin may have a role (Mac-
Gregor et al., 1978). This is supported by a study which demon-
strated a decline in serum erythropoietin (EPO), increasing 
in response to anemia following cessation of AMB (Lin et al., 
1990). AMB can be directly toxic to human erythrocytes due 
to sterol binding in the cell membrane (Carter and McCarty, 
1966); however, this is not thought to happen to a great 
enough extent be a significant factor in causing anemia in 
patients receiving AMB. Severe anemia (Hb <6.5 g/dL) was 
observed in 16% of a combined cohort of 369 patients in 
clinical trials using AMB deoxycholate. Hb drop in these 
patients receiving 0.7–1 mg/kg/day AMB for induction ther-
apy of HIV-associated cryptococcal meningitis was a mean 
of 12% and 20% after days 7 and 14 of treatment respec-
tively. Severe anemia was a risk factor for 10-week mortality 
(adjusted for baseline Hb) (Bicanic et al., 2015). Pure red cell 
aplasia has very rarely been reported during AMB therapy 
(Drutz et al., 1968).

AMB can also suppress platelet production leading to 
thrombocytopenia, which is generally reversible on cessation 
of AMB therapy (Chan et al., 1982). Forty-six percent of a 
cohort of 13 cryptococcal meningitis patients receiving doses 
of 0.8–1 mg/kg/day of AMB developed thrombocytopenia. 
In a larger study of cryptococcal meningitis, 22 of 194 (11%) 
patients receiving 0.3 mg/kg AMB plus 5FU 150 mg/kg/day 
for 4–6 weeks were reported to have developed thrombocy-
topenia (Stamm et al., 1987). This may be in part due to  
the effect of AMB on platelet membrane glycoproteins (Sloand 
et al., 1994). Fifteen percent of patients in that study also 
developed leucopenia, which may have been attributable to 
the 5FC, as leucopenia secondary to treatment with AMB 
alone appears to be rare, although in vitro studies suggest 
AMB interferes with chemotaxis and neutrophil migration 
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(Marmer et al., 1981; Rank et al., 1981), as well as suppress 
growth granulocyte progenitor cells (Meeker et al., 1983).

6d.  Neurotoxicity

Neurotoxicity is very rare with i.v. AMB therapy, with iso-
lated case reports only, including one case of severe demye-
linating peripheral neuropathy (Haber and Joseph, 1962). Cases 
of fatal leukoencephalopathy have also rarely been reported 
in association with i.v. AMB (Devinsky et al., 1987; Mott et 
al., 1995; Walker and Rosenblum, 1992).

As noted earlier (see section 4b, Intrathecal and intraven-
tricular administration), intrathecal administration can cause 
local and radicular pain, paresthesiae, nerve palsies, transient 
paraplegia, convulsions, bladder dysfunction, impotence, visual 
disturbances, and chemical meningitis (headache and menin-
gismus). It has been suggested that intrathecal administra-
tion of AMB may cause direct vascular injury to the spinal 
cord (Carnevale et al., 1980). Doses as low as 0.5 mg may 
cause spinal cord injury. If transient symptoms of spinal cord 
dysfunction occur, the indications, dose, dosing interval, and 
route of administration should be reviewed. Intraventricular 
administration is less likely to cause chemical meningitis. 
However, myelopathy, delirium, parkinsonism, ventriculitis, 
and tinnitus have been reported (Fisher and Dewald, 1983; 
Kulkantrakorn et al., 1996).

6e.  Cardiovascular toxicity

Several reports of reversible dilated cardiomyopathy associ-
ated with AMB therapy exist (Moyssakis et al., 2005). In a 
patient with coccidioidomycosis who received a total dose of 
2.25g AMB over an 8-month period, endomyocardial biopsy 
was performed revealing myocyte hypertrophy without evi-
dence of myocarditis, which resolved after cessation of AMB 
(Arsura et al., 1994). Another patient with coccidioidomyco-
sis who had received 2 months of AMB developed cardiomy-
opathy which resolved on cessation of AMB (Danaher et al., 
2004). A patient receiving AMB for visceral leishmaniasis also 
developed cardiomyopathy with complete resolution on with-
drawal of AMB (Soares et al., 2015). Three cases of reversible 
cardiomegaly were reported in patients who received AMB 
and hydrocortisone, although this may have been mediated 
by hypokalemia (Chung and Koenig, 1971).

Direct cardiac toxicity may be caused by AMB. Binding to 
cholesterol in mammalian cells by AMB has been previously 
discussed and there is in vitro evidence in a frog heart model 
that AMB can disrupt the cardiac action potential (Schanne 
et al., 1977), and in a rat model AMB altered the sarcoplas-
mic reticular membrane ATPase pathway (Rao et al., 1995).

Dysrhythmias may occur as a result of AMB-induced 
hypokalemia, although hyperkalemia with consequent ven-
tricular fibrillation has been reported in an anuric patient 
who received a rapid infusion of AMB (1.4 mg/kg over 45 
minutes) (Craven and Gremillion, 1985). In 27 patients with 
a creatinine clearance > 25 ml/min, no ventricular dysrhyth-
mias were observed during 1-hour infusions of 0.9 mg/kg 
AMB (Bowler et al., 1992).

AMB overdose has been reported to cause fatal bradycar-
dias and ventricular arrhythmias when a dose of 5 mg/kg 
was inadvertently given (Burke et al., 2006). However even at 
low and conventional doses arrhythmias have been reported, 
including ventricular tachycardia following test doses of 
0.1 mg AMB in a patient with chronic renal failure receiving 
dialysis (Cimolai et al., 1987), and premature ventricular con-
tractions in a neonate (Googe and Walterspiel, 1988). Cardiac 
arrest has been reported with a rapid AMB infusion (Hildick-
Smith et al., 1965). Hypertension following AMB has been 
reported and is usually self-limiting (Wiwanitkit, 2006), how-
ever can be severe enough to require antihypertensives (Rodri- 
gues et al., 2006). Malignant hypertension during infusion of 
AMB at a dose of 0.3 mg/kg has been rarely documented 
(Dukes and Perfect, 1990; Omizo et al., 1993). Bradycardia and 
significant heart rate decreases occurred in 7% of children on 
AMB, temporally related to AMB administration. The mean 
drop in heart rate was from 104 to 62 beats/min and was first 
noted on day 3–7 of treatment (Levy et al., 1995).

6f.  Pulmonary reactions

Dyspnea during AMB administration is an uncommon yet 
recognized adverse event. As well as pulmonary symptoms 
experienced during the rare cases of anaphylaxis to AMB 
(Kemp and Lockey, 1995), a distinct pulmonary syndrome 
can manifest as transient dyspnea and bronchospasm (Col-
lazos et al., 2001), which can occasionally be severe with 
hypoxemia and interstitial infiltrates, and fatal reactions have 
been reported (Wright et al., 1981). Initial reports were of 
severe pulmonary reactions in patients receiving concomi-
tant AMB and leukocyte transfusions suggesting an interac-
tion of AMB and transfused leukocytes in lung tissue. This is 
supported by an in vitro model showing that AMB can increase 
pulmonary leukostasis through induced aggregation of poly-
morphonuclear leukocytes (Berliner et al., 1985). However, 
acute pulmonary decompensation with noncardiogenic pul-
monary edema has also been reported in the absence of 
 concomitant leucocyte transfusions (Ginés et al., 1988; Haber 
et al., 1986). The association with leucocyte transfusions remains 
theoretical, and it has been argued that there is insufficient 
evidence for a causal association (Dana et al., 1981).

The mechanism of acute AMB-associated lung injury 
remains unclear. AMB has direct endothelial cell toxicity (Cutaia 
et al., 1993), and neutrophil-independent lung injury has been 
shown in a rat model, with AMB causing vasoconstriction 
and lung injury mediated by oxidant stress (McDonnell et 
al., 1988). A study in sheep observed several physiological 
responses to AMB including pulmonary hypertension and 
airflow restriction (Hardie et al., 1991), which were amelio-
rated by ibuprofen, possibly by inhibiting cyclooxygenase (Har-
die et al., 1992).

6g.  Hepatotoxicity

There is in vitro evidence of periportal inflammation and 
reduced bile flow, possibly caused by AMB binding to choles-
terol in mammalian hepatic cells (Massa et al., 1985; Gaeta 
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et al., 1989). Rat studies have also demonstrated a reduction 
in hepatic cytochrome p-450 following AMB administration 
(Heidemann et al., 1983). Severe liver toxicity is, however, 
extremely rare with AMB therapy despite significant distribu-
tion of the drug to the liver being a hallmark of its pharmacoki-
netics. One fatal case has been reported, albeit in a patient who 
received a large cumulative dose (almost 5 g) (Carnecchia and 
Kurtzke, 1960). It can often be difficult to definitively attribute 
hepatotoxicity to AMB, as many patients who receive the drug 
are severely unwell and receiving other potentially hepatotoxic 
drugs (Wingard and Leather, 2005). Transient rises in hepatic 
transaminases and bilirubin are common, with a 14–18% rate of 
increased liver enzymes with AMB therapy in a meta-analysis 
(Girois et al., 2006). Liver function disturbance is usually 
asymptomatic and reversible, as described in numerous case 
reports (Gill et al., 1999; Mohan and Bush, 2002), and one study 
of over 300 patients reported a 20% rate of liver enzyme increase 
but with no severe hepatotoxicity (Prentice et al., 1997). In 
another study, a significant rise in AST or ALT was reported in 
20% of 344 patients, and hyperbilirubinaemia in 8.4%, with no 
significant difference between those receiving AMB deoxycho-
late compared to AmBisome (Walsh et al., 1999). Liver func-
tion abnormalities are usually detected within 4–14 days of 
commencement of therapy (Inselmann et al., 2002). 

6h.  Allergic reactions

Serious allergic reactions to AMB deoxycholate are extremely 
rare, and less common than with liposomal AMB, in which 
reaction is likely caused by the liposome carrier rather than 
the AMB molecule itself (Kauffman and Wiseman, 1998). 
Anaphy lactic reactions have been reported, including one 
case following a 1-mg test dose. This was managed success-
fully with premedication with antihistamine and corticoste-
roids and rechallenge (Murray, 1974). Another report of 
AMB hypersensitivity (rigors, urticarial, and bronchospasm 
within an hour of AMB infusion commencing) describes a 
successful desensitization protocol with methylprednisolone 
(60 mg i.v.) and diphenhydramine (25 mg i.v.) given as pre-
medication and a slow incremental infusion of AMB with 
continuous monitoring (Kemp and Lockey, 1995). Large 
cohorts of patients receiving AMB have reported no episodes 
of anaphylaxis (Pathak et al., 1998). Hypersensitivity rash has 
been reported occasionally (Lorber et al., 1976). Acute aller-
gic reactions including bronchospasm, dyspnea, and tachy-
pnea may be more common in individuals with a history of 
acute asthma or chronic obstructive lung disease. 

6i.  Effects on fetus

While AMB has not been formally evaluated regarding ter-
atogenicity, carcinogenicity, or the effect on fertility, no tera- 
togenicity has been found even at very high doses in rat and 
rodent models (Pilmis et al., 2015). AMB crosses the pla-
centa and is found in low levels in cord blood and amniotic 
fluid; however, there have been no reports of teratogenesis 
with the administration of AMB in pregnancy (King et al., 
1998). Numerous case reports of treatment with AMB in 

pregnancy, for example in cryptococcal meningitis (Chen 
and Wang, 1996; Stafford et al., 1983), blastomycosis (Cohen, 
1987; Ismail and Lerner, 1982), and candidiasis (Dean et al., 
1994), reported no apparent effect on the fetus. The drug has 
therefore been assigned risk category B in pregnancy under 
FDA guidelines. It is not know if AMB is present in breast 
milk, therefore it is usually recommended that breastfeeding 
is avoided during AMB therapy in the mother (Briggs et al., 
2012).

6j.  Effects on the immune system

As discussed in section 3, Mechanism of drug action, AMB 
has immunomodulatory properties which may enhance  
its antifungal activity or contribute to toxicity. Both immu-
nostimulatory and immunosuppressive effects have been 
described. In vitro, AMB can suppress human lymphocyte 
transformation (Roselle and Kauffman, 1978). The lymphocyte 
suppression was shown to be the result of induction of sup-
pressor cells in normal volunteers exposed to levels of AMB 
achievable in human serum. This was associated with an 
increased production of prostaglandin E2 synthesis (Stewart 
et al., 1981). In animals, AMB enhances the number of anti-
body-producing cells and augments delayed-type hyper-
sensitivity reactions and cell-mediated immunity (Medoff 
and Kobayashi, 1980). In vitro studies have shown that AMB 
decreases natural killer cell and antibody-dependent cellular 
cytotoxic activity (Hauser and Remington, 1983). Effects on 
neutrophil function include reduced chemotaxis, inhibition 
of phagocytosis, and decreased random migration (Chan and 
Balish, 1978; Rank et al., 1981; Yasui et al., 1988). 

7. CLINICAL USES OF THE DRUG

7a.  Cryptococcosis 

Infection with Cryptococcus neoformans predominantly occurs 
in HIV-infected patients with declining CD4 cell counts, in 
those with organ transplantation, Hodgkin’s lymphoma, or 
sarcoidosis, in patients given corticosteroid therapy, and in 
some apparently immunocompetent individuals. The onset 
of clinical manifestations may be insidious or acute, and 
infection may affect almost any part of the body, but the 
central nervous system and the lungs are most frequently 
involved. The clinical presentation of pulmonary crypto-
coccosis varies along a spectrum from asymptomatic infec-
tion to severe pneumonia and respiratory failure (Brizendine 
et al., 2011).

Treatment depends on the immune status of the patient 
and the form and severity of infection. Both immunocompe-
tent and immunosuppressed patients with mild to moderate 
localized pulmonary infection can be managed with fluco-
nazole 400 mg/d for 6–12 months. Severe pneumonia (acute 
respiratory distress syndrome, ARDS) or disease dissemi-
nated outside of the lungs should be treated as for patients 
with CNS disease. 

The gold standard treatment for cryptococcal meningo-
encephalitis in HIV-infected patients is AMB at a dose of 
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0.7–1.0 mg/kg/day plus 5FC (100 mg/kg/day in four divided 
doses) according to both the Infectious Diseases Society of 
America (IDSA) and WHO consensus guidelines (World 
Health Organization, 2011; Perfect et al., 2010) for a 2-week 
induction course, followed by fluconazole consolidation (400 
mg/day for 8 weeks) and maintenance of 200 mg/d fluco-
nazole until immune restoration on antiretroviral treatment 
(ART) with CD4 T-cell count > 100 cells/uL and HIV viral 
load undetectable for ≥ 3 months. 

These guidelines are based on a multicenter, double-blind 
trial published in 1997, comparing induction regimens of 
AMB (0.7 mg/kg) with or without 5FC (100 mg/kg/day), fol-
lowed by 8 weeks fluconazole or itraconazole as consolida-
tion therapy (van der Horst et al., 1997). Although there was 
no statistically significant difference in mortality rate at 2 and 
8 weeks (5.5% and 3.9% respectively), combination therapy 
resulted in CSF sterilization at 2 weeks more frequently than 
with AMB alone (60 vs. 51%, p = 0.06) without increased 
toxicity. Using CSF culture sterility at 8 weeks as an endpoint, 
multivariate analysis favored the group assigned combina-
tion therapy followed by fluconazole. 

Using the more statistically powerful endpoint of drug 
early fungicidal activity (EFA), which evaluates the rate of 
clearance of cryptococcal infection from CSF from serial 
lumbar punctures during induction therapy for HIV-
associated cryptococcal meningitis, a phase II trial in 
Thailand demonstrated the superior fungicidal activity of 
AMB with 5FC compared to AMB alone or combined with 
fluconazole, or a combination of all three drugs, and estab-
lished EFA as a clinically useful endpoint to evaluate the effi-
cacy of antifungal regimens (Brouwer et al., 2004). Alongside 
CSF fungal burden and altered mental status (GCS < 15), 
EFA has subsequently been shown to be an independent 
prognostic indicator in AIDS-related cryptococcal meningi-
tis (Jarvis et al., 2014).

In 2013, a large randomized, open-label phase III trial in 
Vietnam demonstrated a 10-week mortality benefit of AMB 
(1 mg/kg/day) with 5FC (100 mg/kg/day) as compared to 
AMB monotherapy as induction therapy (HR 0.61; 95% CI, 
0.39 to 0.97; p = 0.04) (Day et al., 2013). The difference in 
mortality between the combination of AMB plus fluco-
nazole (400 mg twice daily) versus AMB alone did not reach 
statistical significance (HR 0.71, 95% CI 0.45-1.11, p=0.13). 
More over, AMB plus 5FC had significantly increased EFA 
compared to AMB plus fluconazole or AMB alone. There 
was little difference in toxicity between the groups. This trial 
was the first to show a survival benefit of combination ther-
apy using AMB plus 5FC for induction therapy in HIV-
associated cryptococcal meningitis.

5FC, however, is often unavailable in resource-poor set-
tings with the highest burden of cryptococcal disease (Loyse 
et al., 2013). A phase II trial of 80 patients in South Africa 
comparing AMB (0.7–1 mg/kg/day) as induction therapy in 
combination with one of either 5FC 100 mg/kg/day, fluco-
nazole 800 mg/day, fluconazole 1200 mg/day, or voriconazole 
600 mg/day showed no statistically significant difference 
between the groups in terms of EFA (Loyse et al., 2012). A 

phase II/III clinical trial in Thailand comparing AMB (0.7 
mg/kg/day) combined with fluconazole (400 mg or 800 mg/
day) with AMB monotherapy found a trend toward improved 
success in the composite efficacy endpoint of survival, cul-
ture negativity, and neurological status in the combination 
therapy arms (Pappas et al., 2009). Therefore in the absence 
of 5FC, fluconazole is an acceptable alternative as a second 
agent in combination with AMB for induction therapy. 

Due to the prolonged half-life of AMB, shorter courses 
(5–7 days) of AMB may mitigate some of the toxicities asso-
ciated with this agent, while maintaining a comparable EFA 
(Muzoora et al., 2012). A large phase-randomized III trial due 
to complete enrollment in 2016 (the “ACTA” trial) is compar-
ing induction treatment using one of three strategies: stan-
dard 2-week AMB-based combination (with either 5FC or 
fluconazole 1200 mg/d as second agent) with 1-week AMB-
based combination therapy or an all-oral arm (5FC plus flu-
conazole 1200 mg/day). 

In terms of AMB dosage, most guidelines give a range of 
0.7–1 mg/kg (Perfect et al., 2010). Although there is little 
evidence of a mortality benefit directly comparing the two, 
a  phase II clinical trial in South Africa demonstrated that 
1 mg/kg/day is more rapidly fungicidal than 0.7 mg/kg (both 
combined with 5FC) without significant increases in toxicity 
(Bicanic et al., 2008).

Non-immunocompromised patients have a poorer prog-
nosis, in part because of delays in diagnosis and initiation of 
therapy, and in part because of immunopathological effects 
of immune responses (Bratton et al., 2012; Ecevit et al., 
2006) requiring prolonged induction therapy of at least 4 
weeks, although this is extrapolated from trials done during 
the  pre-azole, pre-HIV era at much lower AMB doses (0.3–
0.4 mg/kg/day) (Bennett et al., 1979; Dismukes et al., 1987). 
Meningitis due to C. gattii may require longer duration 
therapy than meningitis due to C. neoformans (Chen et al., 
2013). AMB with 5FC is commonly continued for 4–6 weeks 
before switching to fluconazole. Surgical resection of large 
focal pulmonary or CNS lesions (cryptococcomas) may be 
required.

Intraventricular or intrathecal administration of AMB is 
rarely required in cryptococcal meningitis and is not cur-
rently recommended due to absence of controlled trials and 
potential for severe neurotoxicity. Evidence for its efficacy 
remains limited to animal models and a small human case 
series published from China (Yuchong et al., 2011).

Due to frequent concomitant nephrotoxic drugs and/or 
high risk of developing renal impairment, recommended 
induction therapy in organ transplant recipients is with lipo-
somal amphotericin B (3–4 mg/kg/day) or Abelcet (ABLC, 5 
mg/kg/day), combined with 5FC (Perfect et al., 2010). A ran-
domized open-label comparison of AMB 0.7 mg/kg daily for 
2 weeks followed by 1.2 mg/kg three times weekly, and ABLC 
in ascending dose cohorts of 1.2, 2.5, and 5.0 mg/kg once 
daily for 2 weeks, followed by 5 mg/kg thrice weekly, was 
performed in 55 AIDS patients with first-episode cryptococ-
cal meningitis. There was no significant difference in clinical 
or mycologic response rates, but ABLC was significantly 
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better tolerated than AMB, with reduced bone marrow and 
renal toxicity (Sharkey et al., 1996). 

Liposomal AMB at a dose of 4 mg/kg/day was compared 
with AMB at a dose of 0.7 mg/kg/day for 3 weeks followed by 
fluconazole for 28 patients with cryptococcal meningitis in a 
small randomized trial (Leenders et al., 1997). CSF clearance 
was more rapid with liposomal AMB, but clinical success 
was equivalent. There was less toxicity with liposomal AMB. 
Liposomal AMB in two doses (3 and 6 mg/kg/day) and AMB 
0.7 mg/kg/day were compared in 267 randomized patients 
with cryptococcal meningitis (Hamill et al., 2010), showing 
comparable therapeutic success at 10 weeks. Infusional reac-
tions and nephrotoxicity rates were lower for liposomal AMB 
than for AMB.

Suppressive therapy starting after successful completion 
of primary treatment and continuing until immune restoration, 
where possible, is important to prevent relapse of infection. 
Weekly infusion of 1 mg/kg AMB was the most commonly 
used regimen (Zuger et al., 1988) before the results of a large 
multicenter AIDS Clinical Trials Group study comparing 
weekly infusions of AMB 1 mg/kg/day and oral fluconazole 
200 mg/day. Fluconazole maintenance therapy was signifi-
cantly superior to AMB in prevention of relapse (37% relapse 
in the AMB group and 2% in the fluconazole group). Fluco-
nazole was also better tolerated than AMB (Powderly et al., 
1992) and thus remains the maintenance treatment of choice.

7b.  Candidiasis 

CANDIDEMIA

There has been a dramatic increase in the incidence of candi-
demia since the 1980s, with Candida spp. becoming one of 
the most common causes of healthcare-associated blood-
stream infections (Magill et al., 2014). The options for man-
agement of candidemia have expanded enormously over the 
past decade (Pappas et al., 2015). AMB (or one of the lipid 
formulations), echinocandins, fluconazole, and voriconazole 
are all effective treatment options. Use of AMB for first-line 
treatment of candidemia and invasive candidiasis has now 
largely been superseded by initial treatment with the echino-
candin antifungals (Chapter 146, Caspofungin; Chapter 147, 
Micafungin; and Chapter 148, Anidulafungin) for both non- 
neutropenic and neutropenic patients, de-escalating to azoles 
pending clinical stability, blood culture sterilization, and micro-
biologic susceptibility. AMB and its lipid formulation are an 
alternative when there is intolerance or resistance (including 
the recently emergent multidrug- resistant C. glabrata), or in 
the case of CNS, eye and urinary tract infections, due to supe-
rior pharmacokinetics (Pappas et al., 2015). No clinical trials 
in candidiasis have demonstrated superiority of one antifun-
gal agent over another, nor of lipid AMB formulations over 
AMB, where the choice to use a more expensive lipid formu-
lation is purely one driven by reduced toxicity. In the next 
paragraph we summarize the evidence from clinical trials 
pertaining to AMB. Liposomal formulations are discussed 
elsewhere.

A randomized controlled trial comparing the efficacy and 
safety of i.v. AMB 0.5–0.6 mg/kg/day and oral fluconazole 
400 mg/day for a minimum of 14 days after the last positive 
blood culture in patients without neutropenia (50% had 
recent surgery, 30% had cancer) (Rex et al., 1994). There was 
no statistically significant difference in effectiveness between 
the two groups. The treatment was judged successful in 79% 
of AMB recipients and 70% of fluconazole recipients. There 
was significantly more renal toxicity and hypokalemia in the 
AMB group, and a similar rate of hepatotoxicity in the two 
groups. The majority of isolates in this study were C. albicans. 
Another randomized comparison between AMB and fluco-
nazole demonstrated similar success rates (50% vs. 56%) with 
less toxicity in the fluconazole arm, but gaps in fluconazole 
coverage necessitated assignment of patients with C. krusei 
and C. glabrata to AMB (Phillips et al., 1997).

AMB was compared with caspofungin in 224 patients 
with invasive candidiasis (Mora-Duarte et al., 2002). Success 
was noted in 62% and 73%, respectively. There was signifi-
cantly less toxicity with caspofungin.

Voriconazole (i.v. then oral) was non-inferior to AMB 
(0.7–1 mg/kg/day, median 4 days) followed by fluconazole 
(400 mg/day) in a large randomized controlled trial in non- 
neutropenic patients. Twelve-week clinical and mycologic 
responses were comparable (Kullberg et al., 2005). 

A systematic review of 17 treatment and empiric therapy 
trials that enrolled 342 neutropenic patients with invasive 
candidiasis showed a non-significant benefit of non-polyene 
antifungal agents for treatment of candidemia in this popu-
lation (OR 0.73; 95% confidence interval [CI] 0.42–1.29) 
(Kanji et al., 2013).

AMB is an option for infections due to Candida spp. 
known to have reduced susceptibility to the azole antifungal 
agents such as C. krusei and C. glabrata, two species that have 
reduced azole sensitivity. In contrast, C. lusitaniae has poor 
susceptibility to AMB, and azoles or echinocandins are more 
suitable treatment choices.

The optimal duration of therapy is not known—at least a 
14-day treatment duration following documented clearance 
of Candida spp. from blood is empirically recommended for 
candidemia without metastatic complications. Source control 
is critical, draining pus collections and removing any prosthetic 
material that may harbor biofilm. Removal of the indwelling 
i.v. catheter is generally recommended. The data are less com-
pelling in neutropenic patients where the gut may be a more 
common source. Intravenous access is critical, and manage-
ment should be on a case-by-case basis (Pap pas et al., 2015). 

HEPATOSPLENIC CANDIDIASIS

Hepatosplenic candidiasis occurs in patients who have expe-
rienced an episode of prolonged neutropenia secondary to 
chemotherapy, usually for acute leukemia. Lipid formulations 
of AMB or an echinocandin are recommended for initial 
therapy (Pappas et al., 2015), followed by azoles for several 
months until all radiologic lesions have resolved. No com-
parative trials have been conducted to assess which is the 
most effective.
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ENDOCARDITIS

Candida spp. are the most common cause of fungal endocar-
ditis, which usually occurs after cardiac surgery (Seelig et al., 
1979). Candida endocarditis can be treated with a combina-
tion of AMB, 0.6–0.8 mg/kg/day, and surgery to remove the 
infected valve (native or prosthetic); however, lipid AMB for-
mulations and the echinocandins have better activity against 
Candida biofilms (Kuhn et al., 2002). Current guidelines for 
treatment of native or prosthetic valves (including infected 
implantable intracardiac devices) thus recommend either 
dual therapy with a liposomal AMB formulation and 5FC or 
high dose echinocandins, stepping down to azoles upon res-
olution of candidemia and clinical stability. Treatment should 
be continued at least 6 weeks post-valve replacement, and 
lifelong suppression with azoles is indicated where removal 
of the infected valve is not feasible (Pappas et al., 2015).

URINARY TRACT INFECTION

Candiduria may represent colonization or infection. Broad 
spectrum antibiotic therapy and diabetes mellitus are signif-
icant predisposing factors. In many cases, especially those 
with urinary catheters, isolation of Candida in immunocom-
petent patients represents nothing more than colonization 
and requires no therapy except for removal of indwelling 
bladder catheters, where feasible. Approximately 10% of 
patients with candidemia will have the urinary tract identi-
fied as the source, but development of candidemia is a rare 
complication of candiduria and occurs in patients with sig-
nificant urinary tract pathology, obstruction, and patients 
with nephrostomy tubes or after major urinary tract surgery 
(Ang et al., 1993).

Candida spp. may cause cystitis, pyelonephritis, papillary 
necrosis, perinephric abscess, and fungus ball formation 
(Crislip and Edwards, 1989). For symptomatic Candida cys-
titis, oral fluconazole, which achieves high urinary concen-
tration, is recommended for 2 weeks for susceptible isolates. 
AMB 0.3–0.6 mg/kg/day, with or without oral 5FC (25 mg/kg 
four times daily for 7–10 days), is an alternative, especially 
for azole-resistant species such as C. glabrata and C. krusei. 
Unlike liposomal formulations, AMB achieves effective uri-
nary concentrations even following a single dose (Fisher et al., 
2003), so Candida urinary tract infection remains an indica-
tion where AMB deoxycholate is preferred. 5FC is excreted 
in high doses in the urine but there is concern about devel-
opment of resistance when used as sole therapy. 

If an infected bladder catheter cannot be removed and/or 
in cystitis due to azole-resistant Candida spp., AMB bladder 
washes may also be effective. Recent guidelines recommend 
irrigation with AMB 50 mg/l sterile water daily (Pappas et al., 
2015).

Fluconazole was shown to be effective at eradicating 
asymptomatic candiduria in a placebo-controlled trial, but 
2 weeks after completion of therapy, there was no difference 
in positive urine cultures (Sobel et al., 2000). A comparison 
between fluconazole and AMB bladder irrigation in elderly 
patients indicated fluconazole was associated with higher eradi- 
cation rates and higher survival rates 1 month later (Jacobs et 

al., 1996). However, there was no difference in freedom from 
funguria 1 month later with the two treatments.

Systemic antifungal treatment options for upper urinary 
tract Candida infection (including renal fungus balls) are the 
same as that for symptomatic Candida cystitis. Urinary tract 
obstruction must be relieved. Fungus balls, infected stones, 
stents, or nephrostomy tubes require surgical removal where 
feasible. AMB irrigation (25–50 mg in 200–500 ml sterile 
water) via nephrostomy tubes can be used to treat fungus 
balls (Pappas et al., 2015).

CNS INFECTION

Candida meningitis is uncommon and is usually a complica-
tion of disseminated candidiasis. It is more common in the 
newborn than in adults (Bayer et al., 1976b). Parenchymal 
brain involvement in the form of micro abscesses distributed 
most commonly along the middle cerebral artery is also 
associated with disseminated candidiasis. Candida menin-
gitis can also result from infection of a ventricular shunt. 
Successful eradication of fungal infection often includes 
removal of the shunt in addition to systemic antifungal ther-
apy. Based on clinical experience and preclinical studies on 
brain penetration (Groll et al., 2000), treatment with liposo-
mal AMB 3–5 mg/kg/day (or AMB 0.7–1 mg/kg/day) with 
oral 5FC is used (Pappas et al., 2015). 

In the management of Candida meningitis associated 
with an infected ventricular device that cannot be removed, 
intrathecal AMB can be carefully administered through the 
device at escalating dosages while monitoring for signs of 
local toxicity (0.01–0.5 mg in 2 ml 5% dextrose in water) 
(Pappas et al., 2015).

NEONATAL CANDIDIASIS

Premature infants are particularly at risk of candidiasis, with 
widespread dissemination to tissues and high rates of CNS 
and urinary tract involvement (Benjamin et al., 2003). First-
line treatment is AMB (1 mg/kg/d), with fluconazole 12 mg/
kg daily as an alternative. AMB is well tolerated in neonates, 
in whom use of lipid preparations was actually associated 
with higher mortality in one study, although this may have 
been due to underdosing (Ascher et al., 2012). PK of AMB is 
under-studied and differs in this population compared to 
children and adults. 

BONE AND JOINT INFECTION

Osteomyelitis due to Candida spp. localizes predominantly 
in the axial skeleton (vertebrae and intervertebral discs) in 
adults, and occurs primarily as a result of hematogenous  
dissemination. In children, the long bones are more fre-
quently affected. Candida arthritis occurs most frequently as 
a consequence of disseminated candidiasis, but can also occur 
from joint surgery and the use of prostheses, from sterno-
tomy wound infections, from intra-articular injection of ste-
roids, or in i.v. heroin users (Bennett, 1978). The management 
of Candida osteomyelitis includes prolonged antifungal ther- 
apy (6–12 months) and assessment for the need for surgical 
debridement. Vertebral osteomyelitis rarely requires debride- 
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ment; however, sternal osteomyelitis should be surgically 
debrided. Historically, AMB 0.5–1 mg/kg/day has been used. 
Recent guidelines favor fluconazole or an echinocandin as 
first-line treatment with subsequent step-down to an azole, 
but this is not based on any comparative studies (Pappas et 
al., 2015). 

Septic arthritis due to Candida spp. is uncommon. The 
monoarthritis produced by direct inoculation of Candida col-
onizing skin either by trauma or by surgery is more common 
in older adults than hematogenously disseminated candidiasis 
seen in the immunocompromised host, and mani fests as 
mono- or polyarthritis. Evidence is limited to case reports. 
Although AMB and fluconazole attain good synovial fluid 
levels, azoles or an echinocandin, combined with joint aspi-
ration and washouts (and removal of prosthetic joints), are 
now recommended as treatment for Candida arthritis in adults 
and children (Pappas et al., 2015). Intra-articular injections of 
AMB are no longer recommended. 

INTRA-ABDOMINAL INFECTION

Candida peritonitis and abdominal abscesses occur as a 
complication of abdominal surgery, ruptured abdominal vis-
cus, or continuous ambulatory peritoneal dialysis (CAPD). 
Echinocandins, rather than AMB, are recommended first-
line treatment, based only on small uncontrolled studies 
(Pappas et al., 2015). For the patient who has Candida spp. 
isolated from a drain tube following abdominal surgery, col-
onization should be considered and evidence for active 
infection sought. Candida peritonitis associated with CAPD 
has been successfully managed with the instillation of AMB 
at a concentration of 2–4 µg/ml in the dialysate fluid (Bayer 
et al., 1976a). Removal of the indwelling Tenckhoff catheter 
in addition to systemic AMB is often required to cure the 
fungal infection (Bastani and Westervelt, 1986). 

OCULAR CANDIDIASIS

Infection of the eye occurs either by hematogenous dissemi-
nation or by direct inoculation. Given the risk threat to visual 
acuity that might be averted with earlier intervention, it is 
recommended all patients with candidemia have a dilated 
retinal examination. Fungal infection originates in the cho-
rioretinal area and progresses to involve the vitreous. Due to 
excellent eye penetration of 40–70%, the treatment of choice 
for Candida endophthalmitis is systemic antifungal therapy 
with azoles (fluconazole or voriconazole) for at least 4–6 
weeks, reserving i.v. AMB or lipid formulations for azole- 
resistant isolates (Pappas et al., 2015). The role of vitrectomy 
in the management of fungal endophthalmitis is controver-
sial and should always involve consultation with an ophthal-
mologist. If there is vitritis or macular involvement, treatment 
should also include injection of intravitreal AMB (5–10 
µg/0.1 ml sterile water) or voriconazole (100 ug/0.1 ml sterile 
water or saline) (Riddell et al., 2011).

Keratitis caused by Candida spp. manifests as a corneal 
ulcer and usually occurs following the use of topical steroids 
or damage to the surface of the cornea. Topical ocular use of 
AMB 0.05–0.15% solution (prepared from the i.v. formula- 

tion) is effective and well tolerated in patients with superficial 
to medium-depth keratitis. The AMB drops are administered 
hourly around the clock for the first 7 days, then hourly while 
the patient is awake, for up to 12 weeks depending on the 
severity of the infection (Foster, 1992). 

MUCOUS MEMBRANE INFECTIONS

Oral candidiasis
In immunocompetent patients, an episode of oral thrush 
precipitated by a course of antibiotics or inhaled oral steroids 
is self-limiting and responds rapidly to topical nystatin, mico-
nazole, or clotrimazole. In immunocompromised patients, 
cancer patients receiving chemotherapy, AIDS patients, or 
those refractory to topical therapy, use of systemic azoles for 
7–14 days is advocated. For those patients developing fluco-
nazole-resistant infection, AMB oral suspension (100 mg/ml 
4 times daily) is one option, reserving i.v. therapy with echi-
nocandins or AMB 0.3 mg/kg/day for refractory cases (Pap-
pas et al., 2015). 

Candida esophagitis
In the immunocompromised patient, treatment of symp-
tomatic disease is with systemic fluconazole (orally or i.v.) for 
14 days, with reversal of immunosuppression (e.g. antiretroviral 
therapy for HIV-infected patients) where possible. Intravenous 
echinocandins and AMB (0.3–0.7 mg/kg/day), voriconazole 
(oral or i.v.), itraconazole solution, or posaconazole suspension 
are alternatives for resistant or refractory infection (Pappas 
et al., 2015).

Vulvovaginal candidiasis
A common infection in women, vulvovaginitis, primarily 
due to C. albicans, responds readily to topical treatment with 
nystatin, clotrimazole, miconazole, or a single 150-mg dose 
of fluconazole, in the majority of cases. Topical 3% AMB 
cream combined with topical 17% 5FC cream is one option 
to treat C. glabrata vulvovaginitis (White et al., 2001).

CUTANEOUS CANDIDIASIS

Superficial infections of both skin and nails giving rise to 
Candida folliculitis, Candida balanitis, intertrigo, paronychia, 
and onychomycosis are generally mild to moderate infections 
which respond to topical agents such as nystatin or clotrima-
zole. Affected areas are treated twice daily for 7 days. Severe 
infections or those responding poorly to topical agents may 
require systemic treatment with one of the azole drugs. Also, 
AMB lotion or cream can be used for intertrigo and diaper 
rash in addition to attempts to keep the area free of moisture. 
The application of AMB lotion to the nail beds may be used 
for mild cases of Candida paronychia. Prolonged or repeated 
courses of topical or systemic antifungals (e.g. oral itracona-
zole) are often required.

CHRONIC MUCOCUTANEOUS CANDIDIASIS

This syndrome is characterized by chronic Candida infections 
of the skin, nails, and mucous membranes that persist despite 
adequate antifungal therapy, and occurs in individuals with 
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a variety of T-cell function abnormalities. The severity of the 
syndrome varies, and isolated skin and nail infections may 
be controlled by topical antifungal agents. As the Candida 
infection progresses, oral azoles can be useful. Infection fre-
quently recurs and treatment is often required for months or 
years (Rosenblatt and Stiehm, 1983). Esophageal or laryngeal 
candidiasis may occur in chronic mucocutaneous candidia-
sis, requiring azole, echinocandin, or AMB therapy. 

PREVENTION OF INVASIVE CANDIDIASIS AND 
OTHER OPPORTUNISTIC FUNGAL DISEASE IN 
PATIENTS WITH NEOPLASTIC DISEASES OR 
TRANSPLANT RECIPIENTS

Invasive fungal infections are an important cause of morbid-
ity and mortality in patients with neoplastic disorders and 
patients undergoing transplantation. The use of antibiotics 
encourages the overgrowth of Candida spp. in the gastroin-
testinal tract, and cytotoxic drugs cause mucosal damage, 
providing access to the systemic circulation for dissemina-
tion of Candida organisms.

Preventive strategies evaluated include primary and sec-
ondary prophylaxis. Nystatin, ketoconazole, AMB, itracon-
azole, micafungin, caspofungin, and fluconazole have all been 
studied. Fluconazole is highly effective (except for certain 
species such as C. krusei and C. glabrata) and is the least 
toxic. In neutropenic and febrile neutropenic patients, the 
echinocandins micafungin and caspofungin are effective as 
prophylaxis. AMB also reduces the rate of invasive fungal 
infections. AMB has an advantage of activity against fluco-
nazole-resistant C. krusei, C. glabrata, and the filamentous 
fungi, but the disadvantage of requiring parenteral adminis-
tration and being associated with more toxicity.

Conflicting and very limited information on the efficacy 
of prophylactic strategies using AMB (and its lipid formula-
tions) for the prevention of candidal infections is available. 
A controlled study in which patients with hematological 
malignancies received oral AMB, 50 mg four times per day, 
or placebo revealed a reduction in invasive candidiasis found 
at autopsy from 24% in the placebo group to 5% in the AMB 
group (Ezdinli et al., 1979). In contrast, no difference in the 
rate of upper gastrointestinal tract colonization by Candida 
was found in a controlled study of oral AMB 800 mg/day,  
as prophylaxis with co-trimoxazole for leukemic patients 
under going remission induction chemotherapy (Dekker et 
al., 1981). However, there were no disseminated Candida 
infections in either group, probably because of the adminis-
tration of nystatin to both groups. In a daily dose of 0.5 mg/
kg i.v., AMB appeared to prevent fungal superinfections. A 
comparison of fluconazole and AMB 500 mg orally four times  
per day in neutropenic patients revealed equivalent efficacy 
in preventing invasive candidiasis. However, fluconazole was 
better tolerated (Menichetti et al., 1994). 

There have been two controlled trials of low-dose i.v. AMB 
(0.1 mg/kg/day) for the prevention of invasive fungal disease. 
The first found no significant reduction in the rate of invasive 
disease despite a significant reduction in the rate of oropharyn-
geal colonization of yeast (Perfect et al., 1992) but the second 

did show a reduction in the frequency of invasive mycoses and 
the requirement for empiric AMB for febrile neutropenia (Riley 
et al., 1994). This approach was limited by greater toxicity.

There are problems in assessing the results of trials of AMB 
as antifungal therapy in the prevention of invasive candidia-
sis and other mycoses because of different dose regimens used, 
the paucity of placebo-controlled studies, and the different  
criteria used by investigators for evaluation of the intervention. 
The most widely used drugs for prophylaxis are fluconazole, 
itraconazole, micafungin, caspofungin, and posacona zole. AMB 
is used much less frequently.

EMPIRIC ANTIFUNGAL THERAPY FOR CANDIDA IN 
HIGH-RISK PATIENTS

Empiric administration of AMB to persistently febrile neu-
tropenic patients is a strategy that allows early treatment for 
clinically occult fungal infection and also provides prophy-
laxis for those individuals at high risk for invasive mycoses. 
Liposomal AMB given at doses of 1 and 3 mg/kg/day was 
compared with AMB (Prentice et al., 1997). Liposomal AMB 
at a dose of 3 mg/kg/day was associated with greater success 
than liposomal AMB at a dose of 1 mg/kg/day and was com-
parable to AMB. Other studies have found liposomal AMB at 
doses of 3 and 5 mg/kg/day to be effective (Walsh et al., 1999; 
Wingard et al., 2000). 

Up to two-thirds of candidemia now occurs on the Intensive 
Care Unit (ICU). For febrile, non-neutropenic patients at 
high risk of invasive candidiasis (based on risk factors, bio-
markers, and/or colonization) on the ICU, echinocandins or 
azoles (if patients are hemodynamically stable and resistance 
is less of an issue), rather than AMB, are preferred. This is 
based on retrospective data and expert opinion rather than 
evidence from prospective trials (Pappas et al., 2015).

7c.  Aspergillosis

Aspergillus species are among the most important fungal path - 
ogens in humans. Ubiquitous in the environment, inhalation 
of spores of Aspergillus (most commonly A. fumigatus or A. fla
vus) can result in the distinct clinical syndromes of allergic 
bronchopulmonary aspergillosis (ABPA), chronic pul monary 
aspergillosis, and invasive aspergillosis, often fatal in immu-
nocompromised patients.

ABPA is a syndrome of chronic hypersensitivity that can 
result from colonization of the airways with A. fumigatus. 
Treatment is primarily with corticosteroids to treat inflamma-
tion (Agarwal et al., 2013). When an antifungal is used, itracon-
azole is preferred, and AMB is generally not recommended in 
ABPA. Nebulized AMB may relieve symptoms in cystic fibrosis 
patients with ABPA but data are limited to case reports (Laoudi 
et al., 2008).

Invasive aspergillosis (IA) can be a devastating infection 
with mortality in the region of 50%, or as high as 90% in 
certain patient groups such as ICU patients or those with CNS 
involvement (Lin et al., 2001; Nivoix et al., 2008). Patients at 
risk of IA include those with prolonged neutropenia (usually 
with hematological malignancies and/or who are receiving 
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bone marrow transplants), solid organ transplant recipients, 
patients receiving high doses of glucocorticoids and other 
immunosuppressives, and patients with advanced HIV dis-
ease or chronic granulomatous disease. IA most often mani-
fests as an acute, rapidly progressive pneumonitis. Other sites 
affected, often as a result of hematogenous spread, include 
mucosal invasion of paranasal sinuses that can spread to con- 
tiguous structures and invade blood vessels, causing throm-
bosis and tissue necrosis. CNS involvement can occur, which 
is often fatal, and more rarely endocarditis, endophthalmitis, 
cutaneous aspergillosis, or osteomyelitis can result from hema- 
togenous spread or direct inoculation.

For decades, AMB deoxycholate was the only effective 
agent available in the treatment of IA. Despite early case series 
reporting success with AMB treatment of IA, for example 
in renal transplant recipients (Burton et al., 1972), overall 
response to AMB deoxycholate in invasive aspergillosis has 
been poor. The overall response rate reported for AMB 
ranges from 25–55% (Denning, 1994; Denning and Stevens, 
1990; Patterson et al., 2000). Underlying disease state and 
immunosuppression has a major impact on treatment response 
rates. In a review of over 1200 cases of IA treated with AMB, 
response rates of 83%, 54%, 33%, and 20% were found for 
patients with heart or renal transplant, leukemia, bone mar-
row transplant, or liver transplant, respectively (Denning, 
1996). Treating for less than 14 days was found to be associ-
ated with extremely high mortality in this review, with just 
1 of 86 patients surviving. Dose and duration of treatment 
remain uncertain; however, a 6- to 12-week treatment course 
is generally recommended (Walsh et al., 2008).

The use of AMB deoxycholate in IA is diminishing due to 
toxicity and poor outcomes. Less toxic lipid formulations are 
increasingly preferred. In one study comparing AMB with 
amphotericin B colloidal dispersion (ABCD), outcomes were 
poor in both groups with a 23% response rate in those receiv-
ing AMB deoxycholate and 17% with ABCD, but significantly 
less toxicity with ABCD (Bowden et al., 2002). More over, a 
landmark randomized trial comparing voriconazole with AMB 
(1–1.5 mg/kg/day) found voriconazole to produce signifi-
cantly higher response rates (53% vs. 32%), better tolerance, 
and improved survival (71% vs. 58% at 12 weeks) (Herbrecht 
et al., 2002). This has led to voriconazole being adopted as 
the recommended treatment for IA in clinical guidelines 
(Walsh et al., 2008).

Aspergillomas may occur as a complication of chronic 
pulmonary aspergillosis (primary) or follow colonization 
of pre-existing pulmonary cavities (secondary). Up to 10% of 
aspergillomas resolve without treatment, but surgical resec-
tion is often recommended when associated with a chronic 
cough and hemoptysis (Moodley et al., 2014). When surgery 
is not possible because of poor lung function, alternative 
approaches include intracavitary AMB instillation (see also 
section 4, Intracavitary instillation). This can include place-
ment of an intracavitary catheter for instillation of 50 mg 
AMB daily (Cochrane et al., 1991), which can be effective in 
controlling symptoms (Kravitz et al., 2013) or instillation of 
a paste, which resulted in 26 of 40 aspergillomas disappear- 

ing and hemoptysis stopping in all cases (Giron et al., 1998). 
An early non-randomized prospective study found AMB to 
be ineffective in patients with aspergilloma (Hammerman et 
al., 1974). However, systemic therapy is occasionally indi-
cated, for example pre and post surgery or in patients with 
chronic cavitatory pulmonary aspergillosis or subacute inva-
sive pulmonary aspergillosis, but voriconazole or itracon-
azole is preferred over AMB due to clinical experience and 
fewer toxicities (Walsh et al., 2008).

Aspergillus endocarditis can result from hematogenous 
spread, or more commonly from direct inoculation such as 
during heart surgery. Diagnosis is often late, as blood cul-
tures are usually negative. Infection is usually established on 
prosthetic valves but can occur in native valves, e.g. in intra-
venous drug users (Vassiloyanakopoulos et al., 2006). Prognosis 
is poor overall, with surgery a key intervention. Treatment 
with medical therapy alone is almost always unsuccessful 
(Cox et al., 1990). As with other invasive aspergillosis infec-
tions, voriconazole is now favored over AMB, but where AMB 
is used, e.g. in those unable to tolerate voriconazole, a dose of 
1 mg/kg/day is recommended (Gould et al., 2012), along with 
surgical management. Duration of therapy remains unclear, 
although treatment for 6 weeks after surgery with lifelong sec-
ondary prophylaxis with an azole is currently recommended 
(Walsh et al., 2008).

Aspergillus osteomyelitis and septic arthritis are rare and 
occur after hematogenous spread or direct inoculation fol-
lowing surgery or trauma, or by local invasion from sinus  
or cerebral disease. Immunocompetent patients have better 
response rates to therapy with AMB because AMB poorly 
penetrates bone, and surgical intervention is recommended. 
A combined medical and surgical approach is associated with 
improved outcome. In one extensive review of cases, AMB 
alone was curative in 30% of cases, as compared to 58% with 
surgery and AMB combined (Kirby et al., 2006). In another 
review, complete response was seen in 38% receiving AMB 
compared to 64% who had surgical debridement in addition 
to AMB. Fewer relapses are also seen with surgery and AMB 
combined compared to medical management alone (Gama- 
letsou et al., 2014). The addition of 5FC to AMB treatment 
appears to be effective (Kirby et al., 2006; Tack et al., 1982) due 
to their synergy and the good bone penetration of 5FC.

Aspergillus endophthalmitis can be endogenous, resulting 
from hematogenous spread, or exogenous from a foreign 
body or trauma. As AMB penetrates poorly into the vitreous 
humor, the recommended treatment is vitrectomy and intra-
vitreal AMB (5 or 10 µg) in addition to i.v. AMB (Walsh et al., 
2008). One retrospective study of 113 patients who received 
intravitreal AMB found a positive outcome of 84% at 3 months 
(Chakrabarti et al., 2008). Aspergillus keratitis or corneal 
infection can case extreme pain, and is treated with topical 
AMB, or intracameral AMB in refractory cases (Yilmaz et al., 
2007).

EMPIRIC THERAPY

In patients with prolonged and profound neutropenia who 
remain febrile despite broad spectrum antibacterial therapy, 



2592 Amphotericin B Deoxycholate 

empiric antifungal therapy is recommended due to the sig-
nificant risk of an undiagnosed fungal infection being the 
cause of the fever (Walsh et al., 2008). AMB deoxycholate 
has been used empirically to treat presumptive occult fun-
gal infection with varying success rates. One cohort of 160 
patients reported a success rate with AMB of 60% in empiri-
cal treatment of prolonged febrile neutropenia (Karp et al., 
1991). One study reported 85% and 69% success in terms of 
becoming afebrile in patients who received AMB on day 4 or 
8 of prolonged neutropenic fever, respectively (Malhotra et 
al., 2014), but in other studies using doses of AMB from 
0.5–1 mg/kg/day success rates (absence of fever, no break-
through infection, completion of therapy) have been lower, 
e.g. 44%, with breakthrough IFI rate of 33% (Park et al., 
2006). In this situation the dose used is 0.5–0.6 mg/kg and is 
continued until neutropenia resolves. There is not currently 
enough evidence to recommend any particular antifungal  
in this setting, but a lipid formulation of AMB or voricona- 
zole is often recommended (Freifeld et al., 2011). Recent ran-
domized trials for empiric therapy have all used liposomal 
formulations of AMB that are discussed in Chapter 143, 
Amphotericin B lipid complex. 

PROPHYLAXIS

The risk of development of invasive aspergillosis is propor-
tional to the duration of neutropenia, and peaks at 70% risk 
after 34 days of neutropenia (Gerson et al., 1984). Given the 
high mortality of IA, prophylaxis is given in high-risk groups. 
Data for AMB deoxycholate prophylaxis are limited, although 
it has been used with effect in reducing IA in bone marrow 
transplant patients (Perfect et al., 1992). In another non- 
randomized study using low-dose i.v. AMB prophylaxis 
(0.15–0.25 mg/kg/day, from start of conditioning chemo-
therapy to day of transplantation) in allogeneic bone marrow 
transplant patients, a reduction in the incidence of IA and 
mortality compared to a historical control cohort was seen 
(Rousey et al., 1991). Due to its relative toxicity and need for 
i.v. administration, AMB is rarely used for Aspergillus pro-
phylaxis, with posaconazole or voriconazole preferred (Freifeld 
et al., 2011).

As most Aspergillus infections are believed to originate 
in the lung following inhalation of conidia, aerosolized AMB 
is an attractive option, targeting the site of initial infection 
without the toxicity associated with i.v. administration. Non-
randomized trials in humans have shown a reduction in risk 
of IA with the use of aerosolized AMB as compared to his-
torical controls (Beyer et al., 1993; Conneally et al., 1990), 
including combining oral itraconazole 200 mg/day and nasal 
AMB 10 mg/day (Todeschini et al., 1993). A study in chil-
dren receiving bone marrow transplants found nasal spray of 
AMB in addition to low-dose i.v. AMB reduced mortality 
due to IA from 13% to 1% (Trigg et al., 1997).

A prospective randomized trial of AMB nasal spray, 10 mg 
three times daily, reported a significant reduction in cases 
of invasive aspergillosis (Meunier, 1989). Using an aerosol-
ized AMB treatment schedule of 10 mg of AMB nebulized 
for 15–20 minutes twice daily, another randomized trial in 

autologous bone marrow transplantation showed a rate of 
4% IFA in the treatment group compared to 7% in the no 
prophylaxis group; however, this difference did not reach 
statistical significance (p = 0.37) (Schwartz et al., 1999). 
Similarly, 10 mg nebulized AMB twice daily in another pro-
spective randomized study of neutropenic patients showed 
the IFA rate of 5% in the aerosolized AMB group versus 12% 
in the non-placebo control group did not reach statistical 
significance (Behre et al., 1995). A meta-analysis, however, 
suggests that aerosolized AMB can be effective in prophy-
laxis against IFA in high-risk groups (Xia et al., 2015). More 
recent studies of aerosolized AMB have used liposomal for-
mulations rather than amphotericin B deoxycholate.

Patients who recover from an episode of aspergillosis have 
a greater than 50% chance of relapse during another period 
of cytotoxic chemotherapy–induced neutropenia, and should 
receive systemic voriconazole or AMB as secondary prophy-
laxis. AMB at a dose of 1 mg/kg has been successfully used 
as secondary prophylaxis in combination with 5FC, initiated 
48 hours after cytotoxic chemotherapy and continued until 
neutrophil recovery to prevent relapse of invasive aspergillo-
sis (Karp et al., 1988).

COMBINATION THERAPY FOR ASPERGILLOSIS

Because of the poor overall efficacy usually achieved using 
AMB alone, combination with other antifungal agents is of 
clinical interest. There remains limited clinical data on the 
combination of AMB deoxycholate with other drugs in the 
treatment of IFA, and most new studies now use liposomal 
formulations of amphotericin. Several in-depth reviews ana-
lyzed knowledge of combination therapies for IA including 
AMB deoxycholate (Johnson et al., 2004; Marr et al., 2004; 
Mukherjee et al., 2005; Steinbach et al., 2003). Liposomal 
formulations are increasingly favored over AMB deoxycho-
late and there are little new data on combinations with AMB 
deoxycholate (Martín-Peña et al., 2014; Steinbach et al., 2011).

In vitro synergy with 5FC against Aspergillus spp. has been 
discussed (section 2, Synergy and antagonism with other drugs), 
although 5FC has little anti-Aspergillus activity on its own. Case 
reports and case series of clinical success with AMB/5FC 
combined in pulmonary aspergillosis exist (Brincker et al., 
1991; Codish et al., 1979; Rodenhuis et al., 1984). One small 
study of 18 renal transplant patients found increased survival 
with AMB/5FC combined; however, this combination was 
associated with transplant rejection (Weiland et al., 1983). 
The only prospective study of AMB/5FC in the treatment of 
IA was discontinued early due to very poor outcomes in both 
AMB monotherapy and the AMB/5FC arm (Verweij et al., 
1994), although a low dose of AMB (0.5 mg/kg/day) was 
being used. There are therefore too few data for it to be rec-
ommended in clinical practice, and there is the concern of 
using 5FC, which is myelosuppressive in the context of neu-
tropenia or bone marrow transplant. The excellent bone and 
tissue penetration of 5FC, however, makes it an attractive 
second agent with AMB when used in Aspergillus osteomy-
elitis, CNS disease, or endocarditis. Case reports suggest a 
benefit of AMB/5FC combined in osteomyelitis (Kirby et al., 
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2006; Tack et al., 1982), CNS disease (Sekhar et al., 1980), 
and sino-orbital disease (Yu et al., 1980).

Combining AMB with azoles has a theoretical risk of 
antagonism due to a common antifungal target, and this has 
been backed up by in vitro studies, as previously discussed. 
Prior to the availability of the echinocandins or voriconazole, 
the combination of AMB and itraconazole was extensively 
used. Results were conflicting, often showing a lack of antag-
onism and a trend toward a mortality benefit with AMB/
Itraconazole compared to monotherapy (Popp et al., 1999), but 
there were also reports of antagonism and poorer outcomes 
(Bajjoka et al., 1999). More recent clinical trial data showed no 
improvement in outcomes with a combination of liposomal 
AMB (AmBisome) and itraconazole (Kontoyiannis et al., 2005).

The combination of rifampicin plus AMB has been shown 
to be synergistic both in vitro and in animal models, as pre-
viously discussed. There are sporadic case reports of clinical 
success in the treatment of IA with rifampicin/AMB com-
bined (Ribner et al., 1976), however the rifampicin has prac-
tical problems in the clinical setting because of induction of 
the cytochrome P450 enzyme system and its effects on mul-
tiple concomitant medications, including cyclosporine and 
other drugs often used by patients at risk of IA.

AMB and the echinocandins have different drug targets 
and may be synergistic, as discussed previously. Clinical data 
is emerging suggesting a benefit of AMB with echinocandins 
combined in the treatment of IA (Caillot et al., 2007); how-
ever, these have all used liposomal formulations of AMB, which 
are discussed in Chapter 142, Liposomal Amphotericin B.

7d.  Histoplasmosis

Acute pulmonary histoplasmosis is often self-limiting and does 
not usually require specific treatment. Treatment is generally 
required if respiratory distress is severe, if symptoms persist 
for more than 1 month in adults, or in high-risk groups for 
disseminated disease such as children and the immunocom-
promised, and always when there is CNS involvement (Wheat 
et al., 2007). The mortality of disseminated histoplasmosis 
can approach 80% if untreated.

IDSA guidelines recommend itraconazole for mild dis-
ease, but AMB remains the treatment of choice in severe or 
disseminated histoplasmosis. Liposomal AMB preparations 
are now favored, and AMB in a dose of 0.7 mg/kg daily or 
liposomal AMB in a dose of 3 mg/kg/day in HIV–infected 
patients were compared, and liposomal AMB was found to 
be associated with higher response rates, fewer deaths, and 
less toxicity (Johnson et al., 2002). 

Histoplasma spp. are highly susceptible to AMB, and AMB 
deoxycholate was for decades the mainstay of treatment of 
histoplasmosis. In early reports, an adult total dose of 35–40 
mg/kg body weight achieved clinical cure in 90% of patients 
(Sarosi et al., 1971). A lower dose of 25–35 mg/day for adults, 
a dose tailored to provide a serum concentration of twice the 
MIC of the organism, has also been used (Drutz et al., 1968). 
In HIV–associated histoplasmosis, in the pre-ART era, AMB 
produced a response in 80% of patients. Clinical responses 

were observed in half the patients within 5 days of starting 
induction treatment with AMB (Wheat et al., 1990). Total 
doses of 1–2 g or 15 mg/kg body weight have been used in 
induction regimens (McKinsey et al., 1989), while for infants 
1 mg/kg/day for 4–6 weeks is recommended and, as children 
generally tolerate AMB deoxycholate well, the liposomal formu-
lations which are far more costly are not considered necessary in 
children (Goodwin and Des Prez, 1978; Wheat et al., 2007). 

Without chronic suppressive treatment after successful 
induction therapy, 60–80% of patients relapse. Itraconazole 
can be useful for prolonged continuation after initial response 
to AMB. Maintenance should be continued for at least 1 year 
or if the CD4 count increases above 100–200 cells/µl in HIV 
patients (Wheat et al., 2007). AMB administered as 50–80 mg 
weekly or biweekly has been used as maintenance therapy, 
which has been associated with low relapse rates (3–19%) in 
small series (McKinsey et al., 1992).

7e.  Blastomycosis

Mild cases of blastomycosis may be self-limited and not require 
treatment; however, all immunocompromised patients and 
patients with progressive or disseminated infection should 
be treated (Chapman et al., 2008). Like so many invasive 
fungal infections, AMB deoxycholate has been the mainstay 
of treatment since the 1960s (Abernathy, 1966; Parker et al., 
1969). Experience with AMB has been generally positive—
rates of cure without relapse associated with administration 
of a total dose of at least 1g AMB range from 78% to 91% 
(Bradsher, 1996). Another review of over 300 cases found a 
high cure rate (86%) and a 4% relapse rate in cases of blasto-
mycosis treated with AMB deoxycholate (Chapman et al., 
1997). Due to this track record, guidelines have retained 
AMB deoxycholate as a treatment option as an alternative to 
more expensive, albeit less nephrotoxic, lipid formulations. 
Current IDSA guidelines recommend patients with life- 
threatening or progressive disease should be treated with 
either a lipid formulation of AMB 3–5 mg/kg/day or AMB 
0.7–1.0 mg/kg/day (Chapman et al., 2008). Itraconazole can 
be substituted once the patient stabilizes and if there is no 
CNS involvement. Liposomal AMB is recommended in cases 
of CNS involvement.

7f.  Coccidioidomycosis

The clinical course of coccidioidomycosis, an endemic fun-
gal infection in certain geographic areas such as the south-
western United States, is quite variable. Therapy is usually 
not required for most patients with primary pulmonary 
infection unless the patient has a severe symptomatic infec-
tion, persistent symptoms, extensive spread of infection, or 
underlying disease or immunodeficiency which is associated 
with an increased risk of chronic or disseminated disease. 
AMB is highly active against Coccidioides spp. and was the 
mainstay of treatment (Drutz, 1983; Littman et al., 1958; 
Winn, 1959) until the advent of the azoles and triazoles 
 relegated AMB to a second-line option. Posaconazole or 
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fluconazole today are the preferred therapy in most patients, 
and AMB is reserved for more severe or rapidly progressive 
forms of the disease, or infection in women who are pregnant. 
IDSA guidelines are available (Galgiani et al., 2005). 
Assessment for the need of surgical removal of cavitary dis-
ease must be individualized. In pulmonary coccidioidomy-
cosis the recommended total dose of AMB is arbitrary, 
ranging from 0.5 to 2.5 g, depending on disease severity. 
Standard dosing of 1–1.5 mg/kg/day has been used (Winn, 
1959). There are currently no controlled trials comparing 
AMB with an azole.

One form of dissemination, meningitis, is uniformly fatal 
within 2 years without treatment (Drutz and Catanzaro, 
1978). Management of coccidioidal meningitis presents special 
problems. Fluconazole at an initial dose of 800 mg/day, then 
400 mg/day, is preferred (Galgiani et al., 2005). Itra conazole 
in doses of 400–600 mg/day is an alternative. AMB penetrates 
poorly into CSF, and obstruction of the flow of CSF causing 
noncommunicating hydrocephalus may occur. Because of 
the difficulty in eradication of this infection, therapy may be 
required for years or for life. Direct administration of AMB 
into the CSF is sometimes used, often in patients who have 
not responded to azole therapy. Although there is longstand-
ing clinical experience with this technique (Einstein et al., 
1961) and numerous case reports of success, there are no 
published large-scale clinical data on outcomes with intra-
thecal AMB (Galgiani et al., 2005). IT amphotericin is given 
in addition to either an azole or i.v. AMB (0.5–1.0 g), but 
must be given with caution because of the potential for severe 
toxicity (Stevens and Shatsky, 2001). Administration by the 
lumbar route involves suspension of 0.1–1.0 mg AMB in 5 ml 
of hypertonic saline and the patient tilted on a table to ensure 
delivery of the drug to the basilar area. Generally, the dose is 
started at the lowest level and escalated depending on toler-
ance. Hydrocortisone 25 mg is commonly co-administered 
to reduce the local reactions and complications, which limit 
this form of treatment. Injections of AMB into the cisterna 
magna deliver AMB closest to the main site of infection, the 
basilar meninges, but are hazardous because of the develop-
ment of drug-related arachnoiditis or neurotoxicity. Therefore, 
AMB is usually administered intraventricularly by means of 
an Ommaya reservoir. This reservoir is particularly useful 
when there is evidence of spread to the ventricular system 
and obstruction of CSF flow. Dosage and duration of intra-
ventricular therapy depend on the response of the infection, 
but in some cases suppressive therapy given directly into the 
CSF may be needed for years or for life (Bouza et al., 1981; 
Drutz and Catanzaro, 1978). Treatment regimens begin with 
doses of 0.01 mg and gradual dose escalation to 1.5 mg as 
tolerated. The AMB is administered three times weekly for 
either 3 months or until the CSF leukocyte count is less than 
10 cells per mm3, then reduced to once-weekly for several 
months, and gradually tapered to once every 1–6 weeks. The 
CSF is regularly reviewed for evidence of relapse, at which 
time the frequency of intrathecal administrations would be 
increased again. Therapy is continued for at least 1 year after 
normalization of CSF parameters.

Skeletal involvement occurs n 20–50% of disseminated 
infections (Blair, 2007). This requires systemic therapy. A 
dose of 50 mg/day i.v. AMB deoxycholate for 20 days fol-
lowed by 1 year of itraconazole has been used with success in 
a case with ulnar involvement (Capoor et al., 2014); however, 
surgical debridement is often needed, and in chronic articular 
coccidioidal arthritis synovectomy immobilization is required 
in addition to systemic antifungals (Cuéllar et al., 1992; 
Greenman et al., 1975; Ong et al., 2012; Werle and Goodman, 
2004). Intra-articular AMB has been used, but there are only 
occasional case reports and there is no standardized dosing 
regimen. For large joints, doses of 15–50 mg have been 
instilled intra-articularly three times a week for 2 weeks, then 
weekly for 6 weeks, followed by intra-articular injections 
every 2 weeks for 4 months (Aidem, 1968). 

7g.  Paracoccidioidomycosis

This infection, caused by the dimorphic fungus Paracoc ci
dioides brasiliensis, is restricted to Central and South America. 
Like other dimorphic fungi, it causes a spectrum of disease, 
from asymptomatic or self-limiting infection to severe illness 
with respiratory failure and dissemination. Itraconazole is 
the preferred treatment (Shikanai-Yasuda et al., 2002), with 
trimethoprim-sulfamethoxazole an alternative. Treatment 
with AMB is reserved for those with severe disease or those 
not responding to oral therapy (Shikanai-Yasuda et al., 2006) 
and is now rarely used in paracoccidioidomycosis. Total 
doses of 1.2–3.0 g have been employed. Consequently there 
are few published data on the use of AMB, which are limited 
to small case series (de Campos et al., 1984, Dillon et al., 
1986). The response rate to AMB 0.5–0.75 mg/kg daily for 
3–4 months is reported at 47%, and maintenance TMP-SMX 
or azole therapy (usually itraconazole) is required following 
initial treatment, as relapse rates of 38% without it have been 
reported following AMB therapy (Brummer et al., 1993).

7h.  Penicilliosis

Penicillium marneffei is endemic to Southeast Asia and south-
ern China and causes infections in both immunocompetent 
and immunocompromised hosts. It is a common and severe 
opportunistic infection in HIV-infected individuals in this 
region and is fatal without treatment. AMB is considered the 
front-line therapy for severe disease; however, there is a pau-
city of randomized clinical data for it use. A 78% response 
rate was reported in one series of HIV infected patients with 
penicilliosis (Supparatpinyo et al., 1993). An open-label 
non-comparative study of 0.6 mg/kg/day AMB deoxycholate 
for 2 weeks followed by oral itraconazole for 10 weeks reported 
a success rate of over 97%, (Sirisanthana et al., 1998), and this 
strategy is commonly used in clinical practice. As in many 
other mycoses, liposomal formulations are favored where 
available, and especially when there is CNS involvement, due 
to decreased toxicity, although reports of its use in penicilli-
osis is limited to case reports at present (Hart et al., 2012; 
Wang et al., 2003; Ye et al., 2015).
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An in vitro study suggested synergy between AMB and 
micafungin (Cao et al., 2009) but has not yet been evaluated 
in the clinical setting.

7i.  Mucormycosis (Zygomycosis)

Mucormycosis (previously referred to as zygomycosis) 
encompasses fungal infections by the order Mucorales and 
Cunninghamellaceae, most commonly Rhizopus, Absidia, Lich
theimia, Mucor, Rhizomucor, Saksenaea, and Cunning hamella 
spp. (Roden et al., 2005). Mucormycosis is a severe disease, 
usually occurring in immunocompromised or diabetic hosts, 
and is characterized by angioinvasion, principally affecting 
rhinocerebral, pulmonary, or gastrointestinal blood vessels. 
Disseminated disease usually results from progression of infec-
tion from the lungs to multiple organs, occurs in the severely 
immunocompromised patient, such as those with acute leuke-
mia, bone marrow transplantation, or diabetes, and is associ-
ated with an extremely high mortality rate. A cutaneous form 
is usually associated with minor trauma and diabetes.

Invasive mucormycosis is relatively refractory to medical 
treatment alone, and surgical debridement of the affected 
area, as well as is reversal of the underlying predisposing 
condition (acidosis in the diabetic patient, neutropenia or 
immunosuppression in the transplant recipient or leukemic 
patient), are critical to the successful treatment of mucormy-
cosis (Spellberg et al., 2009). Occasionally, AMB therapy on 
its own has been reported to be successful in treating isolated 
renal mucormycosis (Levy and Bia, 1995). Although iron 
metabolism appears critical in the pathogenesis of mucor-
mycosis, adjunctive iron chelation with deferasirox does not 
seem helpful in addition to AMB-based therapy (Spellberg et 
al., 2012).

AMB-based therapies remain the cornerstone of anti-
fungal therapy of mucormycosis, although liposomal formu-
lations are increasingly favored over AMB deoxycholate in 
international guidelines due to their toxicity profiles (Skiada 
et al., 2013), and most new studies use liposomal AMB. Lipo-
somal AMB has been associated with better outcomes than 
those treated with AMB deoxycholate (Pagano et al., 2004). 
Liposomal AMB is discussed in Chapter 143, Amphotericin 
B lipid complex. Posaconazole is an option as a step-down 
therapy following AMB-based therapy (Tacke et al., 2014). 
Although the most effective therapy, experience with AMB 
has been relatively poor, with large reviews reporting a mor-
tality of over 60% (Roden et al., 2005). The highest tolerated 
dose should be used, as a cumulative dose of over 2 g AMB 
was associated with a better outcome (Kontoyiannis et al., 
2000). The duration of treatment required is not known and 
should be individualized to the patient’s clinical response, 
and is usually continued until resolution of symptoms and 
reversal of immunosuppression (Kontoyiannis and Lewis, 
2011). Early initiation has been found to be important in 
optimizing treatment outcomes (Chamilos et al., 2008). 
Infection with Cunninghamella spp. appears to be a risk fac-
tor for worse outcome (Cohen-Abbo et al., 1993). There are 
reports of mucormycosis with AMB-resistant organisms such 

as Apophysomyces elegans, which was found to have a mini-
mum inhibitory concentration (MIC) for AMB of 16 μg/ml 
(Biswas et al., 2015).

Short courses using lower doses of i.v. AMB have been 
used with good results to treat children with cutaneous mucor-
mycosis, e.g. 0.25 mg/kg for 18 days (Dennis et al., 2006). 
Patients with primary cutaneous involvement secondary to 
trauma may require only local debridement and topical 
AMB. Systemic AMB should be administered if there is 
any progression of infection beyond the skin. One case also 
reported successful treatment of cutaneous mucormycosis 
with i.v. AMB alone without debridement in a neonate 
(Linder et al., 1998).

Although there are in vitro data suggesting synergistic 
activity against Rhizopus spp. for AMB and rifampicin (Chris-
tenson et al., 1987), there is no evidence that the addition of 
rifampicin or 5FC is useful for the clinical management of 
mucormycosis. Although the echinocandins have no in vitro 
activity against the Mucorales, there is some evidence of syn-
ergy with AMB. In a mouse model, low doses of AMB and 
posaconazole were found to be more effective in prolonging 
survival than either drug alone, but no better than high-dose 
AMB (Rodríguez et al., 2008). In the clinical setting, the com-
bination of AMB lipid complex and caspofungin appeared to 
improve survival, albeit in a small retrospective case series 
(Reed et al., 2008).

7j.  Fusariosis

Fusarium species cause life-threatening disseminated infec-
tions in severely immunocompromised patients, and are 
associated with poor outcome in the persistently neutrope-
nic patient. They are also the most common cause of fungal 
keratitis. AMB has variable activity against Fusarium spp., 
often displaying suboptimal activity in vitro, and some iso-
lates are frankly resistant (Ellis, 2002). MICs for F. solanii 
tend to be higher for AMB than other fusarium species. In a 
murine model of fusarial infection, AMB administered intra-
peritoneally in doses up to 2 mg/kg daily was not effective in 
treating disseminated Fusarium infection, despite an MIC to 
AMB of 1.56 µg/ml (Anaissie et al., 1994). Despite this, AMB 
is often used in the treatment of fusariosis largely due to a 
lack of available alternatives, although response rates are as 
low as 32% reported in 84 patients with hematological malig-
nancies (Nucci et al., 2003). Lipid formulations are increas-
ingly used, with a 46% response rate to ABLC in one review 
(Perfect, 2005).

There is limited evidence for synergy between AMB and 
voriconazole from in vitro studies (Córdoba et al., 2008; Orto-
neda et al., 2004), and data on successful outcomes with the 
use of AMB deoxycholate in combination with vori conazole, 
terbinafine (Rothe et al., 2004), and caspofungin (Makowsky 
et al., 2005) are at sporadic case report level, limiting interpre-
tation of the clinical utility of these combinations. Fusarium 
keratitis is difficult to treat and voriconazole is favored, 
although there are case reports of intravitreal AMB used suc-
cessfully in addition to voriconazole (Durand et al., 2005).



2596 Amphotericin B Deoxycholate 

7k.  Trichosporon and blastoschizomyces 
infections

Infection with Trichosporon spp. or the related Blasto schizo
myces capitatus can cause a superficial infection known as 
“white piedra” or can disseminate, particularly in severely 
immunocompromised patients with hematologic malignan-
cies. In vitro testing of Trichosporon isolates produces a range 
of susceptibilities to AMB. Trichosporon isolates were found 
to be inhibited, but not killed, by clinically achievable con-
centrations of AMB (Walsh et al., 1993). Animal studies, 
including a neutropenic rabbit model of trichosporonosis, 
have shown that maximally tolerated doses of AMB (1.2 
mg/kg), AMB plus 5FC, and liposomal AMB (5 mg/kg) have 
no in vivo antifungal effect (Walsh et al., 1992). More impor-
tantly, clinical responses to AMB treatment have been uni-
formly disappointing as reported in retrospective studies (Hoy 
et al., 1986; Kontoyiannis et al., 2004), with breakthrough 
fungemia reported in nearly half of cases of Trichosporon 
spp. bloodstream infections treated with AMB (Liao et al., 
2015). Successful treatment of invasive disseminated disease 
with AMB appears to be primarily related to recovery of neu-
tropenia. The azoles, including fluconazole, voriconazole, 
and posaconazole, are active, but clinical experience is lim-
ited. Thus the optimal treatment remains unclear.

The combination of AMB and 5FC has in vitro activity 
and has been used to treat Trichosporon cutaneum endocar-
ditis infection, in which a patient received a total of 3.2 g of 
amphotericin B and 148 g of 5FC over 4 months with an ini-
tial clinical response (Brahn and Leonard, 1982), but failure 
has also been reported (Girmenia et al., 2005; Ogata et al., 
1990). There is in vitro evidence of synergy between 5FC and 
rifampicin (Marier et al., 1978), fluconazole (Anaissie et al., 
1994), and micafungin (Serena et al., 2005), but there is scant 
clinical evidence regarding their use, although there has been a 
case report of successful treatment of Trichosporon asahii blood-
stream infection with a combination of liposomal AMB and 
caspofungin (Chen et al., 2014). This is despite the fact echino-
candins have no in vitro activity on their own against Tricho
sporon spp., which has discouraged the use of echinocandins in 
this setting. Given the dire prognosis of trichosporoniasis in the 
immunocompromised, a combination of AMB and voriconazole 
is sometimes advocated and success has been reported in a neu-
tropenic patient, although liposomal AMB rather than AMB 
deoxycholate was used (Pérard et al., 2015).

7l.  Scedosporiosis

These encompass infections with Scedosporium spp., most com-
monly S. apiospermum (or its sexual form Pseu dal lescheria 
boydii) and S. prolificans. The incidence is increasing and 
often has a dire prognosis in the immunocompromised 
(Cortez et al., 2008; Lamaris et al., 2006; Walsh et al., 2004). 
MICs of AMB against these species are variable but often 
high, and they are therefore generally considered resistant to 
AMB, S. prolificans in particular (Ellis, 2002).

P. boydii infection can occur in the immunocompetent, 
generally following penetrating trauma, which can result in 
localized infection of bone, subcutaneous tissue, joint, or the 
eye, with the risk of extension to the CNS. In the profoundly 
neutropenic patient, disseminated pseudallescheriasis resem-
bles aspergillosis. This fungus is resistant to clinically achiev-
able concentrations of AMB (Lackner et al., 2012; Lut wick 
et al., 1976) and clinical responses to AMB have been corre-
spondingly disappointing (O’Bryan, 2005); therefore AMB is 
generally not recommended in this setting.

Occasional success with AMB has been reported, mostly 
in immunocompetent patients with localized disease. Sur-
gical drainage and debridement of necrotic tissue, however, 
is the mainstay of treatment in such cases. Intra-articular 
injections of AMB have been used to successfully treat 
mono articular arthritis of the knee caused by P. boydii (Hay-
den et al., 1977). A series of cases of endophthalmitis due to 
P. boydii revealed that the majority were exogenous infec-
tions. Twelve of the 17 patients received AMB, and 5 of the 
12 were changed to miconazole after poor response or micro-
biological identification of the fungus. Of those who received 
AMB as the sole systemic antifungal agent, six patients sur-
vived with either enucleation of the eye or significant visual 
defect (McGuire et al., 1991).

S. prolificans has emerged as a significant fungal pathogen 
over the last 20 years, and mortality with disseminated infec-
tion is extremely high. One retrospective of 162 cases found 
a mortality of 87% in disseminated infection (Rodriguez-
Tudela et al., 2009). It is highly resistant to most antifungals 
including AMB, with which clinical experience is poor 
(Nishimori et al., 2014), although there is a case report of 
success in treating S. prolificans pneumonia with liposomal 
AMB (García-Ruiz et al., 1998). Synergy with AMB and 
pentamidine (Afeltra et al., 2002) and micafungin (Yustes 
and Guarro, 2005) has been reported in vitro, with the echi-
nocandin/AMB combination suggesting a benefit in a murine 
model of S. prolificans infection (Rodríguez et al., 2009), but 
there is no clinical experience reported with these combina-
tions. Another murine model combining liposomal AMB with 
caspofungin showed little benefit in the combination (Bocane-
gra et al., 2005). Voriconazole has some in vitro activity and 
clinical responses have been noted with vori conazole salvage 
therapy, and this agent is preferred by some experts (see 
Chapter 156, Voriconazole).

7m.  Chromoblastomycosis

This fungal disease, which occurs most commonly in tropical 
and subtropical regions, is caused by dematiaceous fungi, such 
as Fonsecaea pedrosoi, Cladophialophora carrionii, and Phia
lophora verrucosa (Queiroz-Telles et al., 2009). Itraconazole or 
terbinafine are usually recommended, as the causative fungi 
are often resistant to AMB. There have been sporadic reports 
of successful treatment using AMB (Gugnani et al., 1978), 
and it has been administered i.v., topically, and intralesion-
ally (Restrepo, 1994). 5FC may be effective in this disease and 
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is synergistic in combination with AMB (Restrepo, 1994). 
The optimal treatment is not defined at present.

7n.  Phaeohyphomycosis

There are four forms of phaeohyphomycosis—superficial 
infection, cutaneous or corneal disease, subcutaneous infec-
tion, and systemic disease. It can be caused by many of  
the dematiaceous fungi. Infections caused by Bipolaris and 
Exserohilum include disseminated disease in the immuno-
compromised host characterized by vascular invasion and 
tissue necrosis, osteomyelitis, meningoencephalitis, sinusitis, 
peritonitis in association with continuous ambulatory peri-
toneal dialysis, keratitis, and allergic bronchopulmonary 
disease (Adam et al., 1986). For these infections, AMB is pro-
bably the treatment of choice, and treatment should include 
surgical debridement of locally invasive disease. Cutaneous 
and subcutaneous disease due to Exophiala species should be 
managed with surgical excision, but the most effective treat-
ment for deep-seated infection is uncertain. Most of these 
species are susceptible to AMB (Fothergill et al., 2009). Case 
reports of successful treatment with AMB, 5FC, and keto-
conazole have been reported (Sudduth et al., 1992). Itraconazole, 
posaconazole, and voriconazole have also been used with 
some success; however, optimal therapy is not known.

Brain abscess is a rare yet well described manifestation of 
phaeohyphomycosis and up to half of patients have no appar-
ent immune suppression. Cladophialophora bantiana is the 
most commonly isolated species, and treatment is with surgi-
cal removal of the abscess with adjunctive antifungal therapy. 
There is no standardized antifungal therapy in these cases, 
although the combination of AMB, 5FC, and itraconazole 
was associated with improved survival (Revankar et al., 2004).

In 2012 there was an outbreak of CNS infection and septic 
arthritis in the United States due to a contaminated batch 
of methylprednisolone. Over 700 cases of CNS infection and 
30 cases of septic arthritis were reported following epidural 
and intra-articular injection of the methylprednisolone (CDC, 
2012). The most commonly isolated organism was Exsero
hilum rostratum, which had been an extremely rare cause of 
phaeohyphomycosis prior to this outbreak. Manifestations 
included meningitis, stroke, and injection site infections. 
MICs for AMB were in the range of 0.032–2 µg/ml (Lockhart 
et al., 2013), although another smaller study found MICs as 
high as 4 µg/ml (Revankar et al., 2014). The isolates were 
mostly susceptible to voriconazole; therefore the CDC rec-
ommended treatment in this outbreak was treatment with 
voriconazole, with or without liposomal AMB in cases of 
meningitis (Chiller et al., 2013). AMB deoxycholate was not 
used during this outbreak, and liposomal AMB is discussed 
elsewhere. 

7o.  Sporotrichosis

Sporotrichosis usually manifests as an infection of cutaneous 
and subcutaneous tissue, often following inoculation, but 

can occasionally disseminate in the immunosuppressed (Barros 
et al., 2011). Less severe forms can be successfully managed 
with itraconazole (Kauffman et al., 2007). S. schenckii is usu-
ally considered susceptible to AMB, although resistant iso-
lates have been reported (Baker et al., 1989). AMB remains 
the treatment of choice for systemic, severe articular, severe 
pulmonary, or disseminated forms of sporotrichosis, com-
bined with surgical resection where required. AMB is also 
recommended for pregnant women requiring therapy. There 
are occasional cases of CNS infection with Sporothrix spp. 
which have been treated with AMB (Bustamante and Campos, 
2004). A 1- to 2-g cumulative dose of AMB, followed by oral 
itraconazole for 12 months, is usually given in disseminated 
sporotrichosis but there is no standardized dosing schedule 
or duration. Intra-articular AMB has been used successfully 
in osteoarticular sporotrichosis (Downs et al., 1989). There 
are, however, no comparative clinical trial data comparing 
treatments for sporotrichosis. Lipid formulations are increas-
ingly recommended if available due to their better safety pro-
file than AMB deoxycholate (Kauffman et al., 2007).

7p.  Leishmaniasis

Visceral leishmaniasis (VL, kala-azar) is a protozoan infec-
tion, most prevalent in the Indian subcontinent, East Africa, 
and Brazil, and can be particularly severe in the immuno-
compromised host, including HIV-infected individuals.

AMB deoxycholate has long been used to treat VL, and a 
dose of AMB 0.5 mg/kg daily or 1 mg/kg alternate days for 
up to 8 weeks was reportedly more effective than antimony- 
based treatments in VL (Moskovskij and Southgate, 1971). 
In a randomized trial comparing the efficacy of AMB and 
pen tamidine for leishmaniasis unresponsive to antimony, 
AMB treatment (0.5 mg/kg alternate days for 14 doses) was 
associated with a 98% cure rate at 6 months following com-
pletion of therapy (Mishra et al., 1992). A similarly high 
overall response rate of 97% was found in a trial comparing 
1 mg/kg or 0.75 mg/kg on alternate days for 15 doses, with 
1 mg/kg or 0.75 mg/kg daily for 15 days (Sundar et al., 2007). 
Cure rates were similar in all groups, with slightly higher 
rates of adverse events in the daily infusion group. However, 
liposomal AMB is now the treatment of choice (Torre-
Cisneros et al., 1993). This is not only because of less nephro-
toxicity, but the pharmacokinetics of liposomal AMB mean 
greater and longer lasting distribution to the liver and spleen, 
principle sites of infection in VL. A clinical trial of 304 
patients in India found a single dose of 10 mg/kg Liposomal 
AMB as effective as AMB deoxycholate (15 mg/kg total dose; 
1 mg/kg alternate days for 15 doses) (Sundar et al., 2010). 
Several trials comparing dosing schedules for liposomal AMB 
in VL are discussed in Chapter 143, Amphotericin B lipid 
complex.

AMB can be an effective alternative for those individu-
als who have failed or relapsed following antimonial treat-
ment for mucocutaneous leishmaniasis due to L. mexicana 
or L. braziliensis. A dose of 0.5 mg/kg daily or 1 mg/kg on 
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alternate days to a total dose of 1.5–2 g has been effective 
(Crofts, 1976). However, as with VL, liposomal AMB allows 
for shorter, less toxic courses and is favored over AMB 
deoxycholate (Solomon et al., 2013). Weekly intralesional 
injections of 2 mg/ml AMB for 12 weeks produced a response 
rate of 83% in one study (Goyonlo et al., 2014); however, fur-
ther data on this approach are warranted before it can be rou-
tinely recommended. 

7q.  Naegleria fowleri

Primary amebic meningoencephalitis (PAM) caused by the 
free-living ameba Naegleria fowleri is a rare yet devastating 
infection of the CNS, which is usually fatal. Due to its rarity 
and high mortality, there is no standardized treatment; how-
ever, AMB is highly active in vitro, more so than liposomal 
AMB (Goswick and Brenner, 2003a, 2003b); therefore the 
highest tolerated dose of AMB (usually 1.5 mg/kg/day) is 
advised in suspected cases. There have been only a small 
number of reported survivors of PAM, and the combination 
of AMB and rifampicin was the most commonly used com-
bination in successful treatments (Vargas-Zepeda et al., 2005; 
Yadav et al., 2013), with intrathecal AMB used in one suc-
cessfully treated case (Seidel et al., 1982).
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1. DESCRIPTION

The widespread use of amphotericin B deoxycholate (DAmB) 
is limited because of both infusional toxicity and nephrotox-
icity. These inherent limitations were the primary motivation 
to develop lipid formulations of AmB that are safer, but still 
retain potent antifungal activity. Liposomal amphotericin B 
consists of true liposomes that are approximately 80 nm in 
diameter, that contain various lipids and the amphipathic 
amphotericin B embedded in the wall of the liposome. Lipo- 
somal amphotericin B (LAmB) is widely available and has an 
extensive usage and safety database (Figure 142.1). 

Liposomes are constructed in a limited number of sites in  
the world. The unilamellar lipid structure of LAmB consists of 
the following lipids: (1) hydrogenated soy phosphatidylcholine, 
(2) distearoyl phosphatidylglycerol, and (3) cholesterol. The 

liposomes are engineered to enable amphotericin B to be prefer-
entially retained in an aqueous environment, but efficiently and 
selectively released upon contact with fungal cell membranes.

All information in this chapter refers specifically to the 
product AmBisome (Gilead Sciences, Foster City CA, USA). 
Any conclusions are not necessarily applicable to other lipid 
formulations of AmB regardless of their structure, chemistry, 
or provenance. 

2. ANTIMICROBIAL ACTIVITY

See Chapter 141, Amphotericin B deoxycholate, for the spec-
trum of activity of amphotericin B. Notably, minimum inhib-
itory concentration (MIC) testing to determine activity and 
potency is always performed with pure compound (i.e. 
amphotericin B) and is therefore independent of the formu- 

Figure 142.1. Structure of LAmB. Redrawn with permission from Stone et al. (2016). 
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lation. In general, these show that the MICs for LAmB are 
considerably higher. Furthermore, the exposure response rela-
tionships are formulation-dependent, and LAmB typically has 
a much shallower relationship than DAmB (Lestner et al., 
2010). 

3. MECHANISM OF DRUG ACTION

See amphotericin B deoxycholate (Chapter 141, Amphotericin 
B deoxycholate) for a summary of the mechanism of action 
of amphotericin B. The incorporation of amphotericin B into 
the liposome has a significant impact on the thermodynam-
ics and transfer of amphotericin B from the liposome to its 
fungal target. A study using an in vitro cell culture model sug- 
gests that the liposome engages directly with both host cells 
and fungi. In thermodynamically favorable conditions, ampho-
tericin B is probably directly transferred from the liposome to 
engage with ergosterol in the fungal cell membrane. 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

INTRAVENOUS ADMINISTRATION

Liposomal amphotericin B (AmBisome) is available for intra-
venous injection. Each vial contains 50 mg amphotericin B 
encapsulated in the bilayer of liposomes consisting of approx- 
imately 213 mg hydrogenated soy phosphatidylcholine, 52 mg 
cholesterol, 84 mg distearoylphosphatidylglycerol, 0.64 mg 
alpha tocopherol plus 900 mg sucrose, and 27 mg sodium 
succinate hexahydrate.

Liposomal amphotericin B is indicated for the prophy-
laxis and treatment of systemic mycoses (including Candida, 
Aspergillus, and Cryptococcus infections) and is used for the 
treatment of leishmaniasis. Liposomal amphotericin B is 
administered over 30–60 minutes, and treatment is typically 
instituted at a dose of 3 mg/kg/day to 5 mg/kg/day as 
required. For disseminated cryptococcal infection in HIV-
infected patients, the recommended dose is 3 mg/kg/day for 
up to 6 weeks. For visceral leishmaniasis in immunocompe-
tent or immunocompromised patients, the recommended 
dose is 1.0–1.5 mg/kg/day for 21 days, although higher single 
dosages have been studied. Studies have suggested that much 
higher dosages of LAmB can be used (up to 15 mg/kg/day) 
although there is no clear benefit for this strategy for invasive 
fungal diseases (Walsh et al., 1998; Cornely et al. 2007).

AEROSOL ADMINISTRATION

Many invasive fungal diseases have lung involvement, leading 
to interest in this mode of administration in order to deliver 
drug directly to the site of infection and possibly avoid sys-
temic toxicity. LAmB can be nebulized without disruption of 
the liposomes, and in a murine model exposure of three 20-min-
ute periods of aerosolized LAmB achieved concentrations of 
43 mg/g in lung tissue at 1 hour after the third dose, without 

any evidence of systemic exposure (Gilbert, 1996). In humans, 
pharmacokinetics have been assessed in lung transplant recip-
ients. Twenty-seven patients were given nebulized LAmB at a 
dose of 25 mg thrice weekly, and mean concentrations were 11.1 
mg/l after 2 days and 3 mg/l after 14 days (Monforte et al., 2009).

Clinical data for aerosolised LAmB are limited. Monforte 
et al. published their clinical experience of 104 lung trans-
plant recipients receiving aerosolized LAmB prophylaxis and 
found a breakthrough fungal infection rate of 7.7%, which 
was lower than the 10.0% rate in a historical control group of 
49 patients receiving aerosolized DAmB. There was no evi-
dence of systemic toxicity (Monforte et al., 2010). 

Nebulized LAmB has also been investigated in a random-
ized placebo-controlled trial in patients with hematologic 
malignancy or undergoing bone marrow transplantation 
(Rijnders et al., 2008). Nebulized LAmB was given as a twice-
weekly inhalation of 12.5 mg and showed a significant reduc-
tion in the rate of invasive aspergillosis. While generally well 
tolerated, there was a higher rate of cough (which in nearly 
half of patients necessitated interruption of therapy for a 
week). Nebulized LAmB may also be of benefit in patients 
who are refractory to or have contraindications to azole ther-
apy (Godet et al., 2015). Clinical experience of treatment of 
established infection using aerosolized LAmB is limited. A 
previous case report described successful treatment of an 
allergic bronchopulmonary aspergillosis-associated empy-
ema following switch to nebulized LAmB 50 mg daily after 
intolerance of nebulized DAmB (Purcell and Corris, 1995).

INTRALESIONAL INFILTRATION

Intralesional therapy has also been used for treatment of 
cutaneous leishmaniasis. Layegh et al. (2011) found similar 
efficacy between topical LAmB and intralesional glucantime 
in the treatment of cutaneous leishmaniasis.

CATHETER LOCK THERAPY

Increased use of intravascular devices (e.g. central venous 
and hemodialysis catheters) has led to a rising incidence of 
catheter-associated bloodstream infections, with Candida 
spp. being commonly implicated (Walraven and Lee, 2012).
Biofilms likely play an important role and make the infection 
difficult to treat without removal of the catheter. Liposomal 
formulations of AmB appear to have better in vitro activity 
against biofilms than DAmB (Kuhn et al., 2002; Ramage et 
al., 2002). A rabbit indwelling catheter model found that 
3-day old C. albicans biofilm can be successfully treated with 
LAmB given at 10 mg/ml with a dwell time of 8 hours daily 
(Schinabeck et al., 2004). Echinocandins are currently the 
preferred agents due to their excellent activity against bio-
films (Walraven and Lee, 2013); however, successful catheter 
salvage using LAmB has been reported (Buckler et al., 2008).

4b.  Newborn infants and children

In general, similar doses on an mg/kg basis are used for neo-
nates and children as for adults. There are no pharmacoki-
netic data in infants and a relative paucity of information in 
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children, particularly young children and children < 10 kg 
(Hong et al., 2006; Nath et al., 2007). 

4c.  Pregnant and lactating mothers

Amphotericin B deoxycholate has no evidence of teratoge-
nicity in animal models (Pilmis et al., 2015). The regimen for 
clinical use is unchanged in this patient population.

4d.  Those requiring altered dosages

PATIENTS UNDERGOING HEMODIALYSIS

Liposomal amphotericin B is not removed by hemodialysis, 
and no dose adjustment is necessary in this setting (Heine-
mann et al., 1997). Patients with renal impairment do not 
require an alteration in regimen, but the possibility of 
drug-induced decline in renal function should be seriously 
considered.

PATIENTS WITH HEPATIC IMPAIRMENT

Liposomal amphotericin B can cause a rise in liver function 
tests in approximately 10% of patients, but no current rec-
ommendations exist for dose adjustment in various stages of 
hepatic impairment.

OBESE PATIENTS

There are no rigorous pharmacokinetic data to help guide 
appropriate regimens of LAmB in obese patients, and it 
remains unclear whether total or lean body weight should be 
used to calculate dosages (Stone et al., 2016). Low accumula-
tion of LAmB in fat tissue has led to concerns that dosing 
obese patients on total body weight may lead to relative over-
dosing and an increased incidence of nephrotoxicity (Wurtz 
et al., 1997; Polso et al., 2014).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Liposomal amphotericin B is not orally bioavailable. 

5b.  Drug distribution

Drug concentrations can be readily measured but have to 
be interpreted with caution, as different assays measure the 
drug in different fractions (e.g. total amphotericin B, freely 
circulating drug, protein-bound drug, liposome-associated 
drug). Care must be taken in the extraction process to com-
pletely liberate AmB from the liposome and this usually 
requires methanol. Available assays include bioassay, high- 
performance liquid chromatography (HPLC), and LC/MS/MS 
(Stone et al., 2016). Total plasma concentrations of AmB fol-
lowing intravenous injection of LAmB are typically signifi- 
cantly higher than DAmB, but most drug is locked in the 
liposome and is not readily bioavailable.

DISTRIBUTION OF THE DRUG IN THE BODY

Tissue concentrations of LAmB were assessed using a bioas-
say in a mouse model and were found to be greatest in the 
spleen, followed by the liver, kidneys, and lung (Smith et al., 
2007). AmB levels remained above the MIC for many fungi 
for 1 week in the lungs and for as long as 6 weeks in kidneys 
and spleen, and drug appeared to localize in macrophages 
in these organs. This correlates with previous findings sug-
gesting that macrophages phagocytose liposomes and that 
the reticulendothelial system is a reservoir for LAmB 
(Gregoriadis, 1991).

Tissue pharmacokinetic data in humans are limited. Tis-
sue concentrations of AmB were measured in an autopsy study 
of 7 patients who had received LAmB and 13 patients who 
had received amphotericin B colloidal dispersion (ABCD) 
for proven or suspected invasive fungal infections (Vogel-
singer et al., 2006). Similarly to the preclinical studies, high-
est AmB levels were found in the liver and spleen, followed 
by kidney, lung, myocardium, and brain. 

LAmB penetrates into various subcompartments of the 
lung. In a rabbit model, quantifiable concentrations of AmB 
were detected in lung tissue, pulmonary macrophages, and 
epithelial lining fluid following administration of LAmB 
(Groll et al., 2006). However, concentrations in epithelial 
lining fluid were much lower than in the other subcompart-
ments. In humans, Weiler et al. (2009) determined the 
 epithelial lining fluid concentrations of AmB from broncho-
alveolar lavage samples of patients who had received ampho-
tericin B lipid complex (ABLC), ABCD, and LAmB, and 
found that concentrations were similar between different for- 
mulations and only moderately above or even below MICs 
for common fungal pathogens. A case report noted pleural fluid 
concentrations of approximately 10% in a patient with pulmo-
nary mucormycosis and empyema (Moriyama et al., 2010).

Liposomal amphotericin B penetrates the central nervous 
system. In a rabbit model, low concentrations were noted in 
the cerebrospinal fluid (CSF) but concentrations in the cere-
brum were 100-fold higher (Groll et al., 2000). Similar find-
ings were later noted in pediatric patients; serum levels were 
approximately 1000-fold higher than CSF levels following 
administration of LAmB at 3 mg/kg, and remained at steady 
state for more than 48 hours after infusion (Strenger et al., 
2014).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The pharmacokinetic parameters for each of the intravenous 
amphotericin preparations are shown in Table 142.1.

Pre-clinical studies in mice, rats, and rabbits suggest that 
plasma pharmacokinetics of LAmB are linear (Garcia et al., 
2000; Olson et al., 2006) but tissue pharmacokinetics are 
more complex and may be nonlinear depending on the organ 
and species of laboratory animal (Olson et al., 2006; Boswell 
et al., 1998; van Etten et al., 1995). Similar effects were 
observed in humans, with nonlinear uptake of the drug by the 
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reticuloendothelial system with dosages > 7.5 mg/kg with 
lower than proportional drug exposure in serum (Walsh et 
al., 1998). 

Multiple studies have been conducted to assess the phar-
macokinetics of LAmB in humans (Wurthwein et al., 2012; 
Hong et al., 2006; Hope et al., 2012). Wurthwein et al. studied 
the drug in adults with a dosing regimen of 3 mg/kg. Hope et 
al. also studied an adult population but studied a regimen of 
3 mg/kg and an intermittent dosing regimen of 10 mg/kg ini-
tial dose followed by 5 mg/kg at 48 and 120 hours (see below 
for the clinical study). Hong et al. studied a pediatric popula-
tion, and doses of approximately 1–6 mg/kg were adminis-
tered. Findings across the studies were consistent with a 
volume of distribution of approximately 20 liters and clear-
ance of 1–2 l/hour (Hope et al., 2012). In all studies, a two-  
or three-compartment model provided the best fit. The 
 concentration-time profile appears to be primarily deter-
mined by the distribution of drug into tissues rather than 
metabolism in both laboratory animal studies and humans 
(Bekersky et al., 2000; Bekersky et al., 2002).

The pharmacodynamics of LAmB have been assessed in 
both in vitro and laboratory animal models. Lestner et al. (2010) 
used an in vitro lung model of invasive pulmonary aspergillosis 
to compare the pharmacokinetics and pharmacodynamics of 
DAmB, LAmB, and ABLC. Pharmacodynamics were defined 
by measuring concentrations of galactomannan in endovascu-
lar and alveolar compartments. All three formulations achieved 
significantly higher concentrations in cells than in endovascular 
fluid but the pharmacokinetic/pharmacodynamic relation- 
ships of these three formulations differed widely, with 50% 
maximal effect for both lipid formulations being significantly 
higher (0.12 mg/l for DAmB vs. 1.03 and 4.41 mg/l for LAmB 
and ABLC, respectively). In a recent study, Al-Nakeeb et al. 

(2015) evaluated the pharmacokinetics and pharmacody-
namics of DAmB, LAmB, and ABLC in a rabbit model of 
invasive pulmonary aspergillosis. Near-maximal antifungal 
activity was found with AmB at 1 mg/kg/day and ABLC and 
LAmB at 5 mg/kg/day. Through a Monte Carlo bridging 
study, the investigators extrapolated that a clinical dosage of 
3 mg/kg/day would completely suppress galactomannan and 
beta-D-glucan levels in most patients.

ALTERNATIVE DOSING REGIMENS

Intermittent dosing or extended interval dosing of liposomal 
AmB has also been studied for prophylaxis or in order to 
facilitate ambulatory administration (Ellis, 2008).

For prophylaxis, an extended dosing schedule has been 
evaluated in stem cell transplant recipients where LAmB was 
administered daily at 1 mg/kg, weekly at 7.5 mg/kg, or as a 
single dose of 15 mg/kg. Weekly dosing produced mean 
plasma concentrations > 0.300 µg/ml for the first 7 days, then 
> 0.220 µg/ml for 7 days after the second dose, while a single 
15 mg/kg dose produced mean plasma concentrations of 
> 0.491 µg/ml for at least 7 days. The authors concluded that 
these concentrations were within range for susceptible strains 
of Candida but at the lower end of the range for Aspergillus 
MICs (Gubbins et al., 2009). A phase II study of LAmB given 
10 mg/kg weekly for prophylaxis in patients with acute leu-
kaemia and undergoing stem cell transplant found that this 
regimen was well tolerated in patients with acute leukemia, 
but enrollment was discontinued in the stem cell group as 
adverse events exceeded the 10% limit set by the indepen-
dent data review committee (Cordonnier et al., 2008). 

Ellis et al. (2009) conducted a phase II study in patients 
receiving empirical treatment for persistent febrile neutrope-
nia, comparing a standard dosing regimen of 3 mg/kg with 

Table 142.1. Characteristics of each of the commercially available lipid formulations of AmB, and their relevant pharmacokinetic parameters.

AMBDOC AmB 
deoxycholate 
(Fungizone)

ABLC AmB-lipid 
complex (Abelcet)

Liposomal AmB 
AmB-liposome 
(Am Bisome)

ABCD AmB-colloidal 
dispersion (Amphocil/ 
Amphotec)

Manufacturer Bristol-Myers Squibb Enzem Gilead Samaritan

Lipids Deoxycholate DMPC/DMPG HPC/Chol/DSPG Cholesteryl sulfate

Mol% AmB 34 35 10 50

Size (µm) < 0.4 1.6–11 0.08 0.12

Target dose (mg/kg) 0.5–1.5 1–4 1–4 1–5

Cmax compared with Fungizone Equivalent Lower by 20% Higher Lower

Dose (mg/kg) 0.25 5 5 4

Cmax (µg/ml) 0.98 1.7 35.9 2.8

AUC (µg min/ml) 8.67 9.5 523 10.5

Clearance (ml.kg/h) 10 211 960 ml per min 112

Half-life (h) second phase 50.0 173.4 32 29.8

Distribution Liver, spleen, lung, 
kidney

RES, spleen, liver, 
lung

RES, liver, spleen, 
lung kidney

Liver

Adapted from De Marie et al. (1994), and compiled from data from amphotericin B–lipid complex (Abelcet) Product Information, Kan et al. (1991); Janknegt et 
al. (1992); De Marie et al. (1994); Hay (1994); Amantea et al. (1995).

DMPC: dimyristoylphosphatidyl choline; DMPG: dimyristoylphosphatidyl glycerol; HPC: hydrogenated phosphatidylcholine; Chol: cholesterol; DSPG: distearoyl-
phosphatidyl glycerol; Cmax: peak serum concentration; total AmB levels measured, therefore cannot distinguish between circulating lipid-complexed AmB and 
free AmB; RES: reticuloendothelial system.
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an intermittent dosing regimen of 10 mg/kg, then 5 mg/kg at 
48 and 120 hours (see above for the pharmacokinetic analy-
sis). Overall, the regimen was well tolerated with no patient 
discontinuing the drug due to toxicity. A higher rate of infu-
sion-related adverse events was noted in the intermittent 
group, but there were no significant differences in renal 
adverse events, hypokalemia, or liver function test abnor-
malities. Efficacy appeared to be equivalent with the two dos-
ing regimens.

Abridged or single-dose regimens have also been trialed 
for treatment of visceral leishmaniasis. A regimen where a 
single dose of LAmB at 20 mg/kg was equivalent to 15 infusions 
of AmB deoxycholate 1 mg/kg given over 29 days (Sundar et 
al., 2010), while a retrospective cohort study found a high rate 
of efficacy of LAmB 20 mg/kg given as four doses of 5 mg/kg.

5d.  Excretion

For both DAmB and LAmB, most of the excretion is 
unchanged AmB, suggesting that there is minimal metabo-
lism (Bekersky et al., 2002). Renal clearance of LAmB is 
approximately only 5% of its total clearance, as opposed to 
nearly a third for DAmB (Bekeresky et al., 2002). Similarly, 
fecal clearance was only 5% for LAmB, while being 43% for 
DAmB. This suggests that liposomes significantly alter the 
bioavailability of AmB for these clearance mechanisms. 

5e.  Drug interactions

The nephrotoxicity of amphotericin B formulations (includ-
ing LAmB) can have an additive effect when other nephro-
toxic medications (e.g. aminoglycosides, cidofovir, calcineurin 
inhibitors) are used concurrently (Gubbins and Heldenbrand, 
2010). Intensive monitoring of renal function is recommended 
in patients requiring any combination of nephrotoxic medica-
tions. This is particularly problematic for transplant recipients 
receiving calcineurin inhibitors, cyclosporine, or tacrolimus 
(Wingard et al., 1999). Similarly, for foscarnet, there may be 
additive nephrotoxicity.

6.  ADVERSE REACTIONS AND TOXICITY

6a.  Infusion-related adverse events

Liposomal amphotericin B is also associated with acute infu-
sional toxicity, but less frequently than DAmB (Anaissie et 
al., 1995; White et al., 1998; Walsh et al., 1999). Liposomal 
AmB has the lowest rate of infusional reactions of the lipid 
formulations (Wingard et al., 2000). Roden et al. (2003) 
described a triad of acute infusion-related adverse events fol-
lowing LAmB infusion: (1) chest pain, dyspnea, and hypoxia; 
(2) severe abdomen, flank, or leg pain; and (3) flushing and 
urticaria. This reaction occurs in approximately 20% of patients, 
usually within 5 minutes of the infusion starting, and can 
be managed with diphenhydramine. These symptoms differ 
from the infusional reactions seen with DAmB (typically fever, 
chills, rigors, nausea, vomiting, and headache that occur 1–3 

hours after initiation of the infusion) and are thought to be 
related to the liposome vehicle rather than AmB. Accordingly, 
patients who have experienced severe infusion reactions to 
LAmB may successfully be treated with ABLC (Farmakiotis 
et al., 2013).

6b.  Nephrotoxicity

Rates of nephrotoxicity from AmB vary depending on the 
formulation, with LAmB consistently having the lowest rates 
of nephrotoxicity in animal models (Boswell et al., 1998; Lee 
et al., 1994; Bekersky et al., 1999). This was subsequently 
confirmed in a meta-analysis of five clinical studies that com-
pared LAmB with DAmB (Mistro et al., 2012). A retrospec-
tive study suggests the frequency of severe nephrotoxicity 
was 2.4%, 11.5%, and 7.2% for LAmB, DAmB, and ABLC, 
respectively, and LAmB was associated with better outcomes 
than other formulations, including severe nephrotoxicity 
and overall mortality (Falci et al., 2015a). When LAmB and 
ABLC were compared head to head, LAmB was associated with 
less nephrotoxicity (Wingard et al., 2000). Possible mecha-
nisms that may explain the favorable nephrotoxicity profile 
of LAmB include fewer high-density lipoprotein receptors 
in the kidney (Wasan et al., 1994), preferential distribution 
of LAmB to the reticuloendothelial system (Loo et al., 2013), 
and the fact that AmB remains locked within liposomes and 
thus does not undergo glomerulofiltration due to the size of 
the liposomes (Bekersky et al., 2000).

6c.  Hepatotoxicity

Transient elevations in transaminases have been commonly 
noted with LAmB use and affect approximately one-third of 
patients (Meunier et al., 1991; Coker et al., 1993). A retro-
spective case-control study in bone marrow transplant recip-
ients reported a similar rate of hepatotoxicity but also five 
cases of severe transaminitis (> 10 times the upper limit of 
normal) (Fischer et al., 2005). In the same study, no additional 
increase in hepatotoxicity was noted in patients receiving 
DAmB, thus possibly implicating the liposome component of 
LAmB, although the results have to be interpreted with caution 
due to the retrospective design and possible co- administration 
of other hepatotoxic medications. There is no evidence that 
liver function test abnormalities are dose dependent (Patel et 
al., 2011).

6d.  Hematological side effects

Falci et al. (2015) retrospectively evaluated the hematological 
toxicity of different AmB formulations and found that LAmB 
was associated with reduced risk for severe anemia, while 
ABLC was associated with severe leukopenia.

6e.  Allergic reactions

Anaphylaxis has been noted but is rare, and has been reported 
for both DAmB and LAmB (Bates et al., 1995). Allergic and 
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anaphylactic reactions (hypotension, erythema, fever, bron-
chospasm, and facial edema) have been reported within 30 
minutes of infusing LAmB in patients receiving their first 
dose (Tollemar et al., 1993; Laing et al., 1994).

7. CLINICAL USES OF THE DRUG

Liposomal amphotericin B is increasingly preferred to DAmB 
due to its better safety profile, and in particular its reduced 
nephrotoxicity. The use of DAmB to treat human fungal and 
parasitic infections is extensively discussed in Chapter 141, 
Amphotericin B Deoxycholate. However, as it is an older drug, 
there is often far greater clinical experience with DAmB, and 
efficacy cannot always be extrapolated directly to LAmB. 
Moreover, the lack of clinical trial data with LAmB means 
that in many cases the optimal dose is unknown. There are 
some clinical scenarios, however, where LAmB may be supe-
rior to DAmB. In addition to its better safety profile, it can be 
more effective than DAmB; for example in visceral leishman-
iasis, due to prolonged residence time in tissue, particularly in 
the liver and spleen. This chapter discusses the use of LAmB 
specifically in the most commonly encountered human fun-
gal and parasitic infections for which it is used. 

Current US Federal Drug Administration (FDA) approval 
for LAmB is for aspergillosis, candidiasis (both 3–5 mg/kg/
day), empiric therapy in febrile neutropenia (3 mg/kg/day), 
cryptococcal meningitis (6 mg/kg/day), visceral leishmania-
sis (3 mg/kg/day first 5 days, then on days 14 and 21), and for 
any patient for whom DAmB is not appropriate due to unac-
ceptable risk of renal toxicity (FDA, March 2012). 

7a.  Cryptococcal meningitis

Cryptococcal meningitis (CM) is estimated to cause over half 
a million deaths per year, making it one of the most globally 
important fungal pathogens (Park et al., 2009). The overwhelm-
ing majority of cases occur in patients with severe immunosup-
pression, in particular those with advanced HIV/AIDS. Most 
cases are correspondingly seen in the developing world in 
regions with a high prevalence of HIV, such as sub-Saharan 
Africa. In relatively resource-rich regions such as Western 
Europe and North America, solid organ transplantation and 
prolonged use of corticosteroids are risk factors for develop-
ing cryptococcal meningitis.

Treatment of CM based on amphotericin B-based regi-
mens is extensively discussed in Chapter 141, Amphotericin 
B deoxycholate. LAmB is generally not available in resource-
poor settings in sub-Saharan Africa due to prohibitive cost; 
therefore large-scale clinical trials are lacking. However, in 
resource-rich settings, LAmB is increasingly preferred to 
DAmB due to its better safety profile, particularly in terms of 
nephrotoxicity, and there is growing experience with its use 
in CM.

Preclinical data for LAmB to treat CM is limited to a small 
number of murine studies. Comparable efficacy of LAmB to 
DAmB was demonstrated in a mouse model of systemic 
cryptococcosis (Adler-Moore et al., 1991). In a murine phar- 

macodynamic study, a dose-dependent reduction in cerebral 
fungal burden was observed. The study evaluated doses of 
3, 10, and 20 mg/kg of LAmB. The highest dose (20 mg/kg/
day), while demonstrating a decline in fungal burden, failed 
to achieve sterilization. Near-maximal antifungal effect was 
found with LAmB 6 mg/kg alone or LAmB 3 mg/kg plus flu-
cytosine (5FC) (O’Connor et al., 2013).

There is far greater experience with DAmB in the treat-
ment of CM than LAmB. The gold standard of treatment for 
CM is 1 mg/kg/day DAmB combined with 5FC. This pro-
vides a survival benefit over DAmB monotherapy (Day et  
al., 2013), and is recommended in international guidelines 
(Perfect et al., 2010). The renal toxicity of DAmB is well rec-
ognized and extensively discussed in Chapter 141, Ampho teri-
cin B deoxycholate. The use of LAmB is therefore increasingly 
preferred to DAmB in CM, particularly as renal impairment 
is especially common in solid organ transplant recipients 
and HIV patients, major risk groups for CM. A retrospective 
cohort study found that LAmB is clinically as effective as 
DAmB for CNS cryptococcosis in solid organ transplant 
patients, and there was a trend toward a mortality benefit 
with LAmB compared to DAmB (Sun et al., 2009). The opti-
mal dosage of LAmB in cryptococcal meningitis, however, 
remains uncertain, and there is limited clinical trial data to 
guide this. This uncertainty is reflected in clinical treatment 
guidelines—the IDSA recommends induction doses of 3–4 
mg/kg/day LAmB in combination with 5FC (Perfect et al., 
2010), while FDA approval is for 6 mg/kg/day in the induc-
tion phase. A small nonrandomized study of 23 CM patients 
receiving 3 mg/kg of LAmB showed a 74% clinical response 
rate (Coker et al., 1993). A dose of 4 mg/kg/day LAmB  
was compared to 0.7 mg/kg/day AmBD in one study of 28 
patients, with no significant difference in outcomes, although 
CSF clearance was faster and less toxicity was observed in the 
LAmB group (Leenders et al., 1997). A larger, randomized 
study found no significant difference in mortality or clinical 
outcomes with doses of LAmB 3 mg/kg, LAmB 6 mg/kg, or 
DAmB 0.7 mg/kg. Toxicity was lower in the LAmB group; 
however the trial was not adequately powered to distinguish 
the doses on the basis of clinical outcome (Hamill et al., 2010).

Due to the high cost and relative toxicity of LAmB, which 
makes it particularly challenging to use in the developing 
world, there is a pressing need to evaluate shortened dura-
tions of treatment. The pharmacokinetics of LAmB could be 
exploited to allow a short course of intermittent therapy for 
CM. Intermittent dosing of LAmB (10 mg/kg on day 1, two 
dosages of 5 mg/kg on days 3 and 7), and a single dose of 
10 mg/kg is now being compared to 3 mg/kg/day LAmB in 
an ongoing multicenter clinical trial of patients with HIV-
associated CM in sub-Saharan Africa. All treatment regimens 
are being given in combination with fluconazole (AMBITION 
trial). 

7b.  Invasive candidiasis

The incidence of invasive candidiasis, in particular candi-
demia, has been consistently increasing and continues to rise 
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due to ever more immunosuppressive therapies being used, 
along with dramatic increases in the use of indwelling cathe-
ters, broad spectrum antibacterials, and total parenteral 
nutrition (TPN), all of which are established risk factors for 
candidemia. Amphotericin B, either liposomal or deoxycho-
late, is rarely the first choice agent for treating candidiasis, with 
echinocandins or azoles usually preferred (Pappas et al., 2015); 
however, AmB has significant in vitro activity against Candida 
species and is a treatment option in some circumstances.

Preclinical studies of LAmB for the treatment of candidi-
asis have demonstrated its efficacy, with doses of 2.5–10 mg/kg 
comparable to AmBD (0.75 mg/kg/day) in a murine model of 
disseminated Candida albicans infection (Adler-Moore et al., 
1991). There are fewer data for non-albicans species. One 
murine study with C. glabrata showed a dose-dependent 
reduction of renal fungal burden with doses up to 20 mg/kg/
day. Of note, combination with an echinocandin was required 
for complete fungal clearance (Olson et al., 2005). 

There is limited clinical trial data specifically for the use of 
LAmB in invasive candidiasis, and there is no data demon-
strating its superiority over DAmB or other classes of drug 
(echinocandins or azoles) in candidiasis; however, concerns 
regarding renal toxicity often lead to a preference of LAmB 
over DAmB. A dose of 3 mg/kg LAmB was found to be com-
parable to micafungin in terms of clinical outcomes in two 
clinical trials—one in adults (Kuse et al., 2007) and one in 
children (Queiroz-Telles et al., 2008). Toxicity was greater in 
the LAmB arm, with more infusion reactions and nephro-
toxicity compared with micafungin. LAmB is a treatment 
option when echinocandins cannot be used, for example in 
cases of drug resistance or intolerance (Pappas et al., 2015). 

HEPATOSPLENIC CANDIDIASIS

Hepatosplenic candidiasis is a complication of systemic can-
didiasis and is usually seen in patients with prolonged neu-
tropenia, such as patients with hematologic malignancies. 
Due to its pharmacokinetic profile, which favors deposition 
in the liver and spleen, LAmB may be preferable to DAmB, 
echinocandins, or azoles in this scenario (Pappas et al., 
2015). There are no head-to-head clinical trial data compar-
ing antifungal agents in the treatment of hepatosplenic can-
didiasis, and evidence is at the level of case series and cohort 
studies. LAmB was successful in completely resolving hepatic 
lesions in 8 of 9 patients (Lopez-Berestein et al., 1987) in one 
case series. Other liposomal formulations have been used—
ABLC has been successfully used in hepatosplenic candidia-
sis at doses of 5–11 mg/kg/day with a mean duration of 
treatment of 4.3 months (Sallah et al., 1999). In a cohort 
study of children with hepatosplenic candidiasis, a dose of 
2.5 mg/k/day ABLC was found to be safe and well tolerated, 
with complete or partial resolution of lesions in all cases 
(Walsh et al., 1997).

CANDIDA ENDOCARDITIS

Endocarditis caused by Candida species accounts for 25% of 
cases of fungal endocarditis (Ellis et al., 2001). Treatment 

requires a combination of surgery and aggressive antifungal 
therapy, often with dual agents. LAmB combined with 5FC 
or an echinocandin is recommended in most clinical guide-
lines. Optimal dosing is unknown and based on case reports 
and small case series. A dose of 3–5 mg/kg is recommended 
in clinical guidelines, with treatment recommended for 6 
weeks post-valve replacement (Gould et al., 2012; Pappas et 
al., 2015). Liposomal formulations of AmB are preferred to 
DAmB in endocarditis due to their superior activity in 
Candida biofilms in vitro as well as their respective clinical 
safety profiles (Kuhn et al., 2002).

URINARY TRACT INFECTION

Amphotericin B is not found in significant concentrations in 
the urine following administration of LAmB (Bekersky et al., 
2001) and is therefore not an appropriate choice for treat-
ment of urethritis or cystitis caused by Candida species. 
DAmB is therefore preferred to liposomal formulations if a 
polyene is required, for example in cases of drug resistance or 
intolerance precluding the use of azoles (Pappas et al., 2015). 
This has been borne out by poor clinical experience with 
ABLC in the treatment of candida cystitis (Agustin et al., 
1999).

CNS INFECTION

Candida meningitis can arise as a complication of dissemi-
nated candidiasis, more commonly in neonates than in adults 
(Bayer et al., 1976), or secondary to an infected intracerebral 
device such as a shunt. There are no randomized trials to 
guide treatment for these infections, and therapy is based on 
clinical experience. LAmB is favored due to a preclinical 
rabbit study of candida meningoencephalitis, which found 
increased deposition in brain tissue as compared to ABLC or 
DAmB. Moreover, LAmB achieved complete sterilization of 
brain tissue in this study (Groll et al., 2000). A dose of 5 mg/
kg/day LAmB in combination with 5FC is considered the 
treatment of choice in CNS infections caused by Candida 
species (Pappas et al., 2015).

NEONATAL CANDIDIASIS

DAmB is preferred to lipid preparations in neonates, and is 
discussed in Chapter 141, Amphotericin B-Deoxycholate. 
This is a result of a large retrospective review that found a 
higher mortality with newborns treated with lipid formula-
tions of AmB for invasive candidiasis (Ascher et al., 2012). 
This may be a result of underdosing, as the pharmacokinetics 
of LAmB in this population are poorly understood. However 
it is recommended that lipid formulations of AmB are used 
with caution in neonates due to uncertainty surrounding its 
use in this setting (Pappas et al., 2015).

BONE AND JOINT INFECTION

Preclinical studies suggest that liposomal formulations of AmB 
penetrate more effectively into bone tissue than conventional 
DAmB (Felton et al., 2014). One rabbit model found that the 
bone tissue/plasma ratio of ABLC was 42. While the ratio 
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was 0.66 with LAmB, actual concentrations of the active 
ingredient (amphotericin B) were similar with both, (35.4 μg/g 
for LAmB and 39.5 μg/g for ABLC) (Eltoukhy and Crank, 
2010). Most clinical experience in the treatment of Candida 
bone and joint infections is with DAmB (Miller and Meji-
cano, 2001); however, given the favorable pharmacokinetics 
and safety profile, liposomal formulations are increasingly 
being recommended over DAmB. Nevertheless, in the absence 
of robust clinical evidence, azoles and echinocandins are pre-
ferred over polyenes as first-line therapy due to their safety 
profiles (Pappas et al., 2015). 

OCULAR CANDIDIASIS

Candida infection of the eye can result from direct inocula-
tion via a penetrating eye injury or hematogenously as a 
complication of disseminated candidiasis. Azoles are first-
line therapy as they have excellent penetration into the eye, 
with DAmB reserved for cases of azole-resistant Candida 
(Pappas et al., 2015). A rabbit model found that LAmB con-
centrations were significantly higher in the inflamed eye than 
DAmB or ABLC (Goldblum et al., 2004), and case reports 
have reported successful treatment of endophthalmitis with 
LAmB at a dose of 3 mg/kg/day (Osthoff et al., 2006). Doses 
of 3–5 mg/kg/day LAmB with or without 5FC are therefore 
recommended where azoles are not a treatment option (Pappas 
et al., 2015).

Vitritis can complicate endophthalmitis and may require 
intravitreal antifungal therapy and possibly vitrectomy. AmBD 
does not reach therapeutic concentrations in the posterior 
chamber (Riddell et al., 2011). LAmB given intravitreally was 
found to be well tolerated in a rabbit study, with less toxicity 
than AmBD (Tremblay et al., 1985), although clinical guide-
lines recommend that vitreal involvement should include 
intravitreal AmB deoxycholate (5–10 µg/0.1 ml sterile water) 
or voriconazole (Pappas et al., 2015).

INTRAVENOUS CATHETER INFECTIONS

Indwelling catheters can become colonized with fungi, most 
commonly Candida species. They form biofilms that are rela-
tively resistant to antifungal drugs, and often catheter removal 
is the only effective treatment. LAmB, however, has activity 
in Candida biofilms, whereas biofilms inhibit the activity of 
DAmB (Ramage et al., 2002). This has led to the investiga-
tion of catheter lock therapy with LAmB to treat catheter 
infections, with the aim of i.v. line salvage. Preclinical data 
support this therapeutic approach. A rabbit model investi-
gated LAmB catheter lock therapy for 3-day-old C. albicans 
biofilms. LAmB 10 mg/ml was locked into the catheter port 
for a period of 8 hours daily. Seven days later, catheter cul-
tures were sterile, and electron microscopy showed no evi-
dence of residual biofilm (Schinabeck et al., 2004). Clinical 
experience of LAmB as catheter lock therapy is limited com-
pared to the use of echinocandins in this setting. Data are at 
the level of case reports of successful catheter salvage (Buck-
ler et al., 2008); however, further clinical data are required 
before it is adopted into routine clinical practice.

7c.  Prophylaxis for invasive fungal infection 

Effective prophylaxis against invasive fungal infection (IFI), 
often caused by Aspergillus or Candida spp., is a pressing clini-
cal priority in patients undergoing immunosuppressive ther-
apy, particularly those with hematological malignancy. Once 
infection is established, IFI is often fatal, even with the best 
available treatment; therefore prevention strategies are crucial.

LAmB is rarely the first choice in antifungal prophylaxis 
due to its high cost, need for i.v. administration, and relative 
toxicity compared to other options such as triazoles. Pre-
clinical animal models have, however, investigated LAmB 
specifically for the prevention of invasive fungal infection. 
One murine model studied the effect of dosing with LAmB 
7  days prior to exposure with C. albicans and C. glabrata 
(Smith et al., 2007). Due to long residual time in kidneys and 
spleen (up to 6 weeks), Candida was undetectable in these 
target organs, establishing a basis for prophylaxis in humans.

A similar murine study of prophylaxis against invasive 
Aspergillus spp. infection found a single LAmB dose of 5 mg/
kg improved survival and prevented the establishment of pul-
monary infection for up to 7 days (Lewis et al., 2008). LAmB 
was also found to be effective as prophylaxis in a similar 
murine study, which found a single dose of LAmB prevented 
infection with the dimorphic fungus Histoplasma capsulatum 
(Garcia et al., 2000). The minimum effective dose required 
for prophylaxis has, however, not yet been established in pre-
clinical studies.

Clinical studies of LAmB for prophylaxis against IFI are 
hampered by being inadequately powered or having flawed 
study design. One randomized controlled trial of LAmB (50 
mg on alternate days) versus a control group for the preven-
tion of IFIs in 132 autologous stem cell transplant recipients 
and profoundly neutropenic patients found a significant reduc-
tion in the incidence of IFI in the LAmB treatment group 
(6.7% vs. 35% in the control group, p = 0.001) (Penack et al., 
2006). A systematic review found that LAmB reduced the 
incidence of IFI in high-risk populations (risk ratio [RR] 
0.65; 95% confidence interval [CI] 0.44–0.97), although there 
was no evidence it was more effective than DAmB (Johansen 
and Gøtzsche, 2014).

Data for LAmB prophylaxis in high-risk pediatric popula-
tions is lacking; however, one single-center retrospective study 
of children receiving 1 mg/kg LAmB three times weekly found 
the LAmB group developed fewer cases of IFI compared with 
historical controls (1.8 vs. 7.4%, respectively), and the regi-
men was found to be well tolerated (Uhlenbrock et al., 2001). 

LAmB is an attractive option for the prevention of IFIs in 
liver transplant recipients, as it is not considered hepatotoxic 
as compared to the azoles and has few significant interactions 
with immunosuppressives such as cyclosporine, tacroli- 
mus, and sirolimus, which are commonly used during liver 
transplantation.

One retrospective study found LAmB prophylaxis signifi-
cantly reduced the incidence of IFI in liver transplant patients 
requiring renal replacement therapy; however, no survival 
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benefit was demonstrated (Singh et al., 2001). The relatively 
low incidence of confirmed IFIs makes determination of the 
optimal dose difficult. Regimens studied include 50 mg/day 
(Shah et al., 2005), and 100 mg/day up to a 1–1.5 g cumula-
tive dosage (Fortun et al., 2003), but data are insufficient to 
provide consensus on optimal dosing.

Given the prolonged residual time in tissues of LAmB, 
intermittent dosing is being investigated as a strategy for pro-
phylaxis of IFI while reducing the cost and toxicity of pro-
longed administration of the drug. A weekly regimen of LAmB 
7.5 mg/kg as antifungal prophylaxis was given to 21 patients 
with graft-versus-host disease (El-Cheikh et al., 2007). The 
regimen was poorly tolerated, with treatment being stopped 
because of a serious adverse reaction (nephrotoxicity, chest 
pain, or hypotension). The regimen trended toward being 
effective in preventing IFI; however, the study was non- 
comparative and underpowered to reach statistical signifi-
cance. A regimen of 2 mg/kg three times per week given to 
neutropenic patients and hematopoietic stem cell transplant 
recipients found no difference in breakthrough fungal infec-
tion compared to placebo (Kelsey et al., 1999).

Another study investigated a single weekly dose of LAmB 
10 mg/kg for 4 or 8 weeks for patients with acute leukemia or 
allogeneic stem cell transplant recipients, respectively (Cor-
donnier et al., 2008). The primary endpoint was tolerability 
and safety of the antifungal regimen. Enrolment of HSCT 
recipients was stopped because of an unacceptably high inci-
dence of serious adverse events (> 10%). These included chest 
pain, dyspnea, nephrotoxicity, and anaphylaxis. This study was 
inadequately powered to detect clinically significant efficacy 
of this high-dose regimen. 

A twice-weekly regimen of 5 mg/kg LAmB for IFI pro-
phylaxis in acute lymphoblastic leukemia patients demon-
strated a 0.33 risk reduction of IFI compared to placebo, but 
this was not statistically significant (p = 0.24) (Cornely, 2014). 
These studies have to date failed to identify the optimal dose 
and schedule for intermittent prophylaxis and further inves-
tigation is required. 

As the lung is the primary route of infection in most cases 
of IFI, aerosolized LAmB has been investigated as a potential 
strategy for both treatment and prophylaxis. LAmB can be 
nebulized without disruption of its liposomes, and has fewer 
side effects than nebulized DAmB, in particular broncho-
spasm (Kamalaporn et al., 2014). Murine models have been 
used to investigate this mode of administration of LAmB. 
In one model, mice were given aerosolized LAmB for three 
20-minute periods. This resulted in the accumulation of a 
maximum concentration of 43 μg/g in the lungs, 1 hour after 
the third treatment period (Gilbert, 1996). Fourteen days 
later, a lung concentration 24 μg/g of amphotericin B was 
found, which was sufficient to prevent pulmonary infection 
after exposure to Cryptococcus neoformans. Mice were found 
to have > 200 μg/g amphotericin in lung tissue 24 hours after 
being treated with three treatments of aerosolized LAmB 
at 1-hour intervals. There was no evidence of systemic drug 
exposure. These pulmonary drug accumulations were suffi- 

cient to prevent the establishment of invasive A. fumigatus 
infection following intranasal exposure to the mold.

Clinical experience with nebulized LAmB prophylaxis 
remains limited. One study measured the pharmacokinetics 
of 27 lung transplant patients who were given nebulized 
LAmB (25 mg, 3 times per week). Concentrations of AmB 
in bronchoalveoar lavage fluid (BAL) were 11.1 mg/L after 
2 days and 3 mg/L after 14 days (Monforte et al., 2009). There 
was no significant systemic exposure and the treatment was 
well tolerated with no apparent effect on pulmonary func-
tion. A breakthrough fungal infection rate of 7.7% was found 
in a retrospective review of 104 patients receiving this dose 
of aerosolized LAmB (Monforte et al., 2010). This was lower 
than the 10% breakthrough fungal infection rate in a histor-
ical control group of 49 patients; however, they all received 
nebulized AmBD rather than LAmB, and the difference was 
not statistically significant. The regime was well tolerated, with 
minimal toxicity.

A twice-weekly dose of 12.5 mg nebulized LAmB for the 
prophylaxis of invasive pulmonary aspergillosis was compared 
to placebo in a randomized controlled trial of 271 neutro-
penic patients (Rijnders et al., 2008). The intervention group 
reduced the incidence of invasive pulmonary aspergillosis 
from 13% in the control group to 4%, which was statistically 
significant, (p < 0.05). Minimal toxicity was observed with 
nebulized LAmB.

7d.  Empiric therapy in prolonged  
febrile neutropenia

Empiric treatment for occult or early undiagnosed IFI becomes 
essential in persistently neutropenic patients who have per-
sistent fever despite broad spectrum antibacterial therapy. A 
randomized trial compared LAmB at doses of 1 mg or 3 mg/
kg/day to 1 mg/kg/day DAmB in neutropenic patients who 
were persistently febrile despite antibacterials (Prentice et al., 
1997). There was no statistically significant difference in 
treatment success between the groups; however, LAmB was 
found to be significantly less toxic than DAmB. Another ran-
domized trial also found no significant difference in survival 
when 0.6 mg/kg DAmB was compared to LAmB 3 mg/kg 
(90% vs. 93%), but there was a statistically significant reduc-
tion in cases of confirmed fungal infection in the LAmB 
group (3.2% vs. 7.8%, p = 0.009) (Walsh et al., 1999). LAmB 
at a dose of 3 mg/kg has been compared to caspofungin for 
empiric therapy, with caspofungin found to be non-inferior 
and significantly less nephrotoxic than LAmB (Walsh et al., 
2004). In a study of over 800 patients, voriconazole was com-
pared with LAmB (3 mg/kg/day) for empiric treatment of 
prolonged febrile neutropenic fever. Success rates, using a 
composite endpoint of breakthrough infection, mortality, and 
defervescence of fever, were 30.6% for LAmB and 26% for 
voriconazole (95% CI of –10.6 to 1.6.) The LAmB group, how - 
ever, was observed to have more confirmed breakthrough 
fungal infections than the voriconazole group (21 vs. 8, p < 
0.02) (Walsh et al., 2002).



7. Clinical uses of the drug 2621

7e.  Invasive aspergillosis

Amphotericin B has significant in vitro activity against Asper
gillus spp. and there is a body of evidence from preclinical 
studies to support the use of LAmB as an effective treatment 
for invasive aspergillosis (Francis et al., 1994, Kirkpatrick et 
al., 2006; Olson et al., 2006; Olson et al., 2010; Al Nakeeb et 
al., 2015). 

Phase II clinical trials established LAmB at a dose of 5 
mg/kg/day as an effective treatment against invasive aspergil-
losis, with a favorable toxicity profile compared to DAmB 
(Krüger et al., 1997; Leenders et al., 1998). Mortality from 
invasive aspergillosis remains stubbornly high even with anti-
fungal therapy, therefore there is a clinical need to evaluate 
higher dosages of LAmB. However, a dose as high as 15 mg/kg 
did not improve clinical outcomes in one phase II study (Ellis 
et al., 1998). A randomized phase III trial comparing doses 
of 3 mg/kg/day to 10 mg/kg/day LAmB also failed to demon-
strate a statistically significant difference in survival between 
the groups (Cornely et al., 2007). In fact, mortality was higher 
in the high-dose group, although this may have been con-
founded by the higher rate of renal impairment in patients 
enrolled in this arm of the study. There was also more toxic-
ity in the high-dose arm (30% vs. 20%). 

The use of amphotericin B–based agents in the treatment 
of confirmed invasive aspergillosis has declined since a land-
mark clinical trial which found voriconazole superior both 
in terms of efficacy and side effects (Herbrecht et al., 2002); 
however, it retains its place as a treatment option for patients 
unable to tolerate voriconazole, for example due to drug 
interactions. As a result of the clinical data available, a LAmB 
dose of 3–5 mg/kg is recommended for the treatment of 
invasive aspergillosis in patients for whom voriconazole is 
not an option (Patterson et al., 2016).

The role of nebulized LAmB in prophylaxis against IFI has 
been discussed, however clinical experience of treating estab-
lished aspergillosis with aerosolized LAmB is limited to case 
reports, including one patient treated with twice-daily dosing 
of 50 mg nebulized LAmB for the treatment of an empyema 
in the context of allergic bronchopulmonary asper gillosis. 
LAmB was used after nebulized DAmB was not tolerated by 
the patient due to bronchospasm (Purcell and Corris, 1995). 

Combination antifungal therapy is increasingly being inves-
tigated in the treatment of invasive aspergillosis. This has mostly 
focused on the echinocandin/azole combination, however a 
small trial was performed in which 30 patients with proven 
or probable IA were randomized to receive either 10 mg/kg 
LAmB or 3 mg/kg LAmB plus caspofungin (Caillot et al., 2007). 
Clinical outcomes were similar but trended toward combina-
tion therapy in terms of survival. Small retrospective studies 
of salvage therapy using LAmB and caspofungin in combina-
tion for proven or probable aspergillosis have found the com- 
bination to be safe in terms of toxicity, but response rates 
were low (18% in one study) and the study design made inter-
pretation of the efficacy of the combination difficult (Aliff et 
al., 2003; Kontoyiannis et al., 2003). A retrospective review 

of cases treated with LAmB plus itraconazole as a salvage 
therapy found no improvement in clinical outcome with this 
combination (Kontoyiannis et al., 2005).

7f.  Leishmaniasis

The protozoan parasite Leishmania spp. is transmitted through 
the bite of the sandfly and causes two distinct clinical syn-
dromes, cutaneous leishmaniasis and visceral leishmaniasis 
(VL). VL, also known as kala-azar, is characterized by infec-
tion of the liver, spleen, and bone marrow, and is mostly 
found in resource-limited settings, with the majority of cases 
encountered in India and East Africa. It can be fatal without 
treatment. 

LAmB has become a key drug in the treatment of VL. Pre- 
clinical evidence for its efficacy includes a mouse model of 
VL, which found that 0.8 mg/kg LAmB produced a 4–6 log10 
parasites/g tissue reduction in the liver and spleen, compared 
to controls (Gangneux et al., 1996). Sterilization of the spleen, 
lungs, and liver was achieved by 5-mg/kg and 50-mg/kg doses 
of LAmB given on alternate days for 12 days. 

LAmB is the recommended treatment for VL in WHO 
guidelines, which recommend a cumulative dose of 20 mg/
kg (Bern et al., 2006). Cure rates of over 98% have been 
found in several clinical trials when a cumulative dose of 
> 18 mg/kg LAmB is given (Davidson et al., 1996; Davidson 
et al., 1994; di Martino et al., 1997; Syriopoulou et al., 2003). 
In contrast to invasive fungal infections where increasingly 
higher doses are being investigated, there is an interest in 
shorter, lower-dose regimens for VL to reduce both toxicity 
and cost, which is often prohibitive in regions where VL is 
most common. The pharmacokinetic properties of LAmB 
favor short-course therapy due to long residual time in the 
spleen and liver, principal sites affected in VL. A series of clin-
ical trials, mostly in India, have investigated single dosing. 
One study of a single dose of 7.5 mg/kg LAmB produced a 
complete clinical response in 90% of 203 patients at 6 months 
(Sundar et al., 2003). Single high-dose LAmB (10 mg/kg) has 
also been compared head to head with a long course of 
DAmB (1 mg/kg alternate days for 30 days, to a total dose of 
15 mg/kg), and was found to be non-inferior in terms of clin-
ical outcomes (Sundar et al., 2010). There is, however, an 
increased risk of infusion reaction with a high single dose. 
Combining a lower dose of 5 mg/kg LAmB with miltefosine 
has shown encouraging results (Sundar et al., 2011).

It is important to note that those studies were performed 
in India and, for reasons that are not yet understood, similar 
outcomes were not reproducible in single-dose treatment tri-
als of VL in East Africa. Investigations of combination thera-
pies of LAmB, with miltefosine or sodium stibogliconate, have 
therefore been proposed (Khalil et al., 2014).

7g.  Mucormycosis (Zygomycosis)

Mucormycosis, previously known as zygomycosis, is most 
commonly caused by Rhizopus spp, and is characterized by 
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its rapid and often fatal course. It is mostly found in patients 
with profound immunosuppression or in diabetic patients in 
ketoacidosis.

Preclinical data suggest relatively high doses are required. 
LAmB 10 mg/kg/day was required to reduce pulmonary fun-
gal burden and prolong survival in neutropenic and diabetic 
murine models of R. oryzae infection (Ibrahim et al., 2008; 
Lewis et al., 2010). 

Mucormycosis may be seen as primarily a surgical dis-
ease, with early debridement the critical determinant of sur-
vival rather than antifungal therapy, which is no more than 
an adjunct to surgery (Spellberg et al., 2012). The relative 
rarity and extremely high mortality of mucormycosis means 
there is a lack of robust clinical data for any antifungal ther-
apy including LAmB, which is nevertheless first-line therapy 
due to its in vitro activity against most species causing human 
mucormycosis. A non-randomized, prospective cohort study 
of 10 mg/kg/day LAmB reported a 45% response rate. Two-
thirds of patients required surgery (Lanternier and Lor tho lary, 
2008). Combination therapy is of interest due to the exces-
sively high mortality rates with monotherapy. The polyene/
echinocandin combination showed some promise in one 
retrospective study, although ABLC was used rather than 
LAmB (Reed et al., 2008).

7h.  Histoplasmosis 

Histoplasmosis is caused by the dimorphic fungus Histo
plasma capsulatum. Although usually a self-limiting respira-
tory infection in immunocompetent patients, histoplasmosis 
can disseminate, particularly in immunosuppressed patients 
such as those with advanced HIV. Disseminated, persistent, 
or severely symptomatic histoplasmosis, as well as in cases of 
CNS involvement, requires aggressive antifungal therapy, as 
it is often fatal without treatment. DAmB has been the main-
stay of treatment for histoplasmosis for decades, however 
liposomal formulations of AmB are now favored as first-line 
therapy in severe disease (Wheat et al., 2007).

The efficacy of LAmB in disseminated histoplasmosis was 
demonstrated in a murine study, in which LAmB at a dose of 
3 mg/kg/day which was comparable to 1 mg/kg/day of 
AmBD (Graybill and Bocanegra, 1995). A single dose of 
LAmB 10 mg/kg, given 7 days prior to exposure, completely 
prevented the development of infection in both immuno-
competent or immunosuppressed mice. This single dose was 
protective against infection in immunocompetent mice for at 
least 2 weeks, although 40% of immunosuppressed mice 
developed fatal infection within the same timescale (Garcia 
et al., 2000). 

Two clinical trials have led to the adoption of LAmB as 
first-line therapy in disseminated histoplasmosis. A dose 
of LAmB at 3 mg/kg daily for 14 days was associated with 
increased survival compared with a group receiving DAmB 
0.7 mg/kg in a randomized, double-blind phase II clinical trial 
of 83 patients with HIV-associated disseminated histoplas-
mosis. Moreover, LAmB was associated with significantly less 

toxicity than the DAmB group (9% vs. 37%) (Johnson et al., 
2002). Blood culture sterility at 2 weeks was significantly 
higher in patients treated with LAmB compared to itracon-
azole (85% compared to 53%) in a retrospective analysis of 
patients being treated for disseminated histoplasmosis (Wheat 
et al., 2001). A dose of 3–5 mg/kg/day is recommended as 
first-line therapy for disseminated histoplasmosis by the 
IDSA (Wheat et al., 2007). A higher dose of 5 mg/kg/day 
given over 4–6 weeks to a total dose of 175 mg/kg is recom-
mended in CNS involvement, although there are no thera-
peutic clinic trial data to support this. LAmB is favored over 
ABLC due to higher concentrations found in brain tissue in 
preclinical studies (Groll et al., 2000).

7i.  Blastomycosis

Blastomycosis requires treatment in cases of dissemination 
that can occur in immunocompromised patients. Treatment 
of choice is DAmB (Chapman et al., 2008) and there is very 
little reported clinical experience with LAmB in this setting. 
Due to preclinical studies suggesting enhanced brain tissue 
penetration, LAmB is often selected as treatment in CNS 
disease (Groll et al., 2000); however, clinical data is limited 
to case reports (Panicker et al., 2006). The optimal dose of 
LAmB in this setting therefore remains unknown.

7j.  Coccidioidomycosis and 
paracoccidioidomycosis

The treatment of coccidioidomycosis and paracoccidioido-
mycosis with DAmB is extensively discussed in Chapter 141, 
Amphotericin B Deoxycholate. LAmB is increasingly used 
due to its better safety profile than DAmB and has demon-
strated efficacy in animal models (Clemons et al., 2002), 
however there is no clinical trial data to support its use or 
provide information on the best dose in coccidioidomycosis 
(Galgiani et al., 2005) or in paracoccidioidomycosis, where 
clinical data with the use of liposomal formulations of AmB 
is limited to occasional case reports, including a report of 
four cases treated with ABCD, all of whom relapsed within 
6 months (Dietze et al., 1999).

7k.  Penicilliosis

Penicilliosis, caused by the dimorphic fungus Penicillium mar  
neffei, is endemic to Southeast Asia and is a common opportu-
nistic infection in advanced HIV disease in that region. There is 
extensive clinical experience with DAmB, and this is first-
line therapy for penicilliosis in WHO guidelines (see Chap- 
ter 141, Amphotericin B deoxycholate). Extrapolating from 
this data, in resource-rich settings such as the UK, a dose of 
3 mg/kg LAmB is recommended in clinical guidelines due to 
its reduced risk of nephrotoxicity (Nelson et al., 2011). There 
are no clinical trial data specifically for the use of LAmB in 
penicilliosis, although case reports have recorded successful 
treatment with 3 mg/kg/day LAmB (Antinori et al., 2006).
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7l.  Fusariosis

Fusarium species can cause difficult-to-treat infections, par-
ticularly in the immunocompromised, in whom infection can 
disseminate and become life threatening. Fusarium keratitis 
is a common cause of fungal keratitis. Susceptibility to AmB 
in vitro is variable and species dependent (see Chapter 141, 
Amphotericin B Deoxycholate); however, AmB-based thera-
pies are often used, as there are few effective alternatives. As 
with many other indications for DAmB, liposomal formula-
tions are preferred where available to minimize the risk of 
renal toxicity. There are, however, very little data for the use of 
LAmB in fusariosis, although doses of 3–5 mg/kg/day have 
been reported to be successful in treating neutropenic patients 
with Fusarium infections (Nucci et al., 2003). Moreover, a 
more recent retrospective analysis of 233 cases of invasive 
fusariosis found a 90-day survival of 53% of patients who were 
treated with a liposomal formulation of AmB compared to 
28% in patients who were given DAmB (Nucci et al., 2014).

7m.  Pheohyphomycosis including 
Exserohilum rostratum

Pheohyphomycosis is a relatively rare group of infections caused 
by dematiaceous fungi, including Bipolaris and Exsero hilum 
species (Adam et al., 1986). Most of these species are suscepti-
ble to Amphotericin B in vitro (Fothergill et al., 2009). In 2012, 
there was a major iatrogenic outbreak of over 700 cases of CNS 
infection and 30 cases of septic arthritis secondary to a batch 
of methylprednisolone contaminated with Exsero hilum rostra
tum (CDC, 2012). Voriconazole was used as the mainstay of 
therapy, although a recommendation was made to add LAmB 
at 5–6 mg/kg/day if the patient was not improving on voricon-
azole monotherapy or was extremely unwell, or as an alterna-
tive in patients unable to tolerate voriconazole therapy (Chiller 
et al., 2013). In one center, LAmB was added to voriconazole 
in 75% of cases based on this guideline (Moud gal et al., 2014).

7n.  Sporotrichosis

Polyenes are rarely required in cases of sporotrichosis, caused 
by the dimorphic fungus Sporothrix schenkii, although occa-
sionally amphotericin B is required for severe, disseminated 
disease. Clinical experience in this scenario is almost entirely 
with DAmB (see Chapter 141, Amphotericin B Deoxycho- 
late), and the use of LAmB in sporotrichosis is limited to case 
reports (Neto et al., 1999). How-ever, extrapolating from 
clinical experience with AmBD and due to its better safety 
profile, LAmB at dose of 3–5 mg/kg/day is recommended in 
clinical guidelines for severe, disseminated sporotrichosis 
(Kauffman et al., 2007).

7o.  Naegleria fowleri 

Naegleria fowleri is a free-living amoeba that can cause pri-
mary amoebic meningoencephalitis (PAM), an extremely 

rare yet almost universally fatal infection of the CNS. DAmB 
has been part of treatment regimens in the few cases of sur-
vival (Vargas-Zepeda et al., 2005). A mouse model found 
LAmB to be less effective than DAmB in vitro (Goswick and 
Brenner, 2003); therefore liposomal formulations of AmB are 
generally avoided in the treatment of PAM.
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Amphotericin B Lipid Complex 
(ABLC)

Andreas H. Groll

1. DESCRIPTION

Amphotericin B lipid complex (ABLC) consists of ampho-
tericin B (AmB) complexed with two phospholipids in a 1:1 
drug-to-lipid molar ratio and forms large ribbon-like struc-
tures of 1.6–11 µm in its greatest diameter (Figure 143.1). 
ABLC is a sterile, pyrogen-free suspension for intravenous 
infusion. The two phospholipids l-α-dimyristoylphosphati-
dylcholine (DMPC) and l-α-dimy ristoyl phosphatidylglycerol 
(DMPG) are present in a 7:3 molar ratio. ABLC is yellow and 
opaque in appearance, with a pH of 5–7 (Abelcet Summary of 
Product Characteristics, Sigma-Tau Pharmaceuticals, 2015).

Importantly, different lipid and non-lipid formulations of 
AmB vary from one another in their physicochemical char-
acteristics, and these differences may affect the pharmacoki-
netics and the pharmacodynamics of the parent in the human 
body (Braijtburg and Bolard, 1996; Janknegt et al., 1992; 
Hiemenz and Walsh 1996; Groll et al., 2003).

The active component of ABLC, AmB, is a polyene anti-
fungal antibiotic produced from a strain of Streptomyces 
nodosus. AmB is designated chemically as [1R-(1R*, 3S*, 
5R*, 6R*, 9R*, 11R*, 15S*, 16R*, 17R*, 18S*, 19E, 21E, 23E, 
25E, 27E, 29E, 31E, 33R*, 35S*, 36R*, 37S*)]-33-[(3-Amino- 
3,6-dideoxy-β-D-mannopyranosyl) oxy]-1,3,5,6,9,11,17,37- 
octahydroxy-15,16,18-trimethyl-13-oxo-14,39-dioxabicy-
clo[33.3.1] nonatriaconta-19, 21, 23, 25, 27, 29, 31-heptaene- 
36-carboxylic acid. It has a molecular weight of 924.09 and a 
molecular formula of C47H73 NO17. The chemical structure of 
AmB consists of seven conjugated double bounds, an inter-
nal ester, a free carboxyl group, and a glycoside side chain 
with a primary amino group (Figure 143.1). AmB is ampho-
teric, not orally or intramuscularly absorbed, and is virtually 
insoluble in water (Gold et al., 1955; Hamilton-Miller, 1973).

AmB primarily acts by binding to sterols in the cell mem-
brane of susceptible fungi, with a resultant change in the per-
meability, and eventually disorganization of the fungal cell 

membrane (Gale, 1974; Palacios and Serrano, 1978). AmB 
possesses a broad spectrum of antifungal activity that includes 
most fungi observed in humans as well as Leishmania species 
(Groll et al., 1998). Of note, for assessment of in vitro suscep-
tibility of fungal isolates treated with ABLC, the parent AmB 
and current methodologies and test interpretations of the 
CLSI or EUCAST are used. Independent of this, ABLC has 
been shown to have fungicidal activity in vitro against a vari-
ety of clinically relevant molds and yeasts (Perkins et al., 
1992; Johnson et al., 1998) and demonstrated activity against 
Candida albicans biofilms resistant to AmB (Kuhn et al., 
2002). 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

AmB possesses a broad spectrum of antifungal activity that 
includes the endemic dimorphic fungi and most of the oppor-
tunistic yeast and molds observed in humans (for an over-
view table of MIC values, please see Chapter 141, Table 141.1). 
Resistance to AmB has been associated with quantitative or 
qualitative alterations in the sterol composition of the fungal 
cell membrane, but may also be related to phenotypic switch-
ing such as increased catalase activity with decreased suscep-
tibility to oxidative damage (Chamilos et al., 2005; Groll et 
al., 2003; Hamilton-Miller, 1972; Kelly et al., 1994; Pierce et 
al., 1978; Subden et al., 1977; Woods, 1971). 

2b.  Emerging resistance and 
cross-resistance

Primary resistance to AmB remains rare in in Cryp tococcus 
neoformans and in Candida spp. other than Candida lusita
niae, Candida guillermondii, and Candida lipolytica, although 
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individual isolates of Candida glabrata, Candida para p  silosis, 
and Candida tropicalis may be resistant (Brajt burg et al., 
1990; Pfaller et al., 2007; Walsh et al., 1996). Primary resis-
tance to AmB is common in emerging pathogens, such as 
Malassezia furfur (Marcon et al., 1987) and Trichosporon 
beigelii (Walsh et al., 1990a; Arendrup et al., 2014). Resistant 
clinical yeast isolates have been isolated from immuno-
compromised patients who had received AmB for prolonged 
time periods (Wingard, 1994). It is unclear, however, whether 
resistance in these isolates was primary or acquired.

Aspergillus spp. and other opportunistic molds tend to 
have more variable susceptibility to AmB (Chamilos et al., 
2005; Tortorano et al., 2014; Chowdhary et al., 2014); Asper
gillus terreus (Iwen et al., 1998; Sutton et al., 1999), Aspergillus 
nidulans (Kontoyiannis et al., 2002), and some of the emerg-
ing pathogens such as Fusarium spp. (Boutati et al., 1997; 
Reuben et al., 1989), Scedosporium apiospermum (Travis 
et  al., 1985; Walsh et al., 1995), Scedosporium prolificans 
(Berenguer et al., 1997; Maertens et al., 2000), and demati-
aceous fungi (Groll and Walsh, 2001) may be completely 
resistant to AmB at dosages safely achievable in patients. 
Acquisition of secondary resistance to AmB in opportunistic 
molds is uncommon and has not been a clinical problem 
(Groll et al., 1998).

Little is known about cross-resistance among different 
polyene antifungal agents. Based on the distinct mechanism 
of action of AmB, cross-resistance to other classes of anti-
fungal agents is not an issue but conceivable in ergosterol- 
depleted or -deficient fungal organisms.

3. MECHANISM OF DRUG ACTION

AmB primarily acts by binding to ergosterol, the principal 
sterol in the cell membrane of most fungi (Bolard et al., 1980; 
Kerridge 1986). The interaction with ergosterol results in the 
formation of transmembrane channels, which leads to an 
efflux of protons and monovalent cations, depolarization of 
the membrane, and ultimately, cell death (Gale, 1974; Pala-
cios and Serrano, 1978; Urbina et al., 1987). To gain access to 
ergosterol, AmB must first pass the fungal cell wall, which 
primarily consists of a rigid mesh of glucans and chitin. 
It  remains unclear exactly how this is accomplished and 
whether this transfer may play a role in resistance to the 
compound (Gale, 1986). AmB also binds to other sterols, 
such as cholesterol, which accounts for much of its toxicity to 
mammalian cells (Medoff and Kobayashi 1980). The basis of 
the clinical usefulness of AmB, however, is its much more 
avid binding to ergosterol-containing membranes than to 
cholesterol-containing membranes, as has been demonstrated 
by spectrophotometry (Vertut-Croquin et al., 1983).

A second mechanism of action of AmB may involve oxi-
dative damage of the cell through a cascade of oxidative 
reactions linked to its own oxidation with formation of free 
radicals or an increase in membrane permeability. In addi-
tion to its antifungal activity, AmB has immunomodula-
tory  effects on lymphocytes and phagocytic cells that are 
also related to oxidation-dependent events (Brajtburg et al., 
1990; Mozaffarian et al., 1997; Sokol-Anderson et al., 1986; 
Tohyama et al., 1996; Wilson et al., 1991).

Figure 143.1. (a) Chemical structure of amphotericin B. (b) Schematic of the molecular composition of amphotericin B lipid 
complex (ABLC). ABLC is composed of dimyristoyl-phosphatidylcholin/dimyristoyl-phospatidylglycerol (DMPC/DMPG) in a 
7:3 molar ratio complexed with amphotericin B and the associated complexes form large ribbon-like structures. (Adapted 
with permission from Groll and Walsh, 2009, and Janoff et al., 1993.)
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To a small extent, AmB inhibits membrane-associated 
enzymes, such as proton ATPase in fungal cells and Na+/K+- 
ATPase in mammalian cells (Brajtburg and Bolard, 1996). 
The polyenes do not penetrate past the fungal cell membrane 
and do not appear to have direct effects on intermediary 
metabolism or nucleic acid synthesis (Bates, 1993).

At their target, ABLC and other lipid formulations appear 
to act in a more selective fashion than conventional AmB 
deoxycholate: in vitro studies have shown reduced lysis of 
human erythrocytes or damage to tubular renal cells, but 
retained activity against fungal cells (Braijtburg and Bolard, 
1996). These differences may be due to a selective drug 
transfer by enhanced physicochemical interaction of the 
lipid carrier with fungal cell membranes (Adler-Moore et al., 
1993) or by the action of fungal or inflammatory cell–derived 
phospolipases liberating AmB from its lipid carrier (Perkins 
et al., 1992; Swenson et al., 1998). Additionally, differences 
in both the dissociation of free AmB from its carrier and 
the degree of aggregation of free amphotericin molecules 
have been proposed to account for the observed selectivity 
of  lipid- formulated AmB (Braijtburg and Bolard, 1996).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

ABLC is administered by the intravenous route. The daily 
dosage for adults approved in the United States and coun-
tries of the European Union is 5 mg/kg, prepared according 
to the instructions of the manufacturer and given as a single 
intravenous infusion at a rate of 2.5 mg/kg/h (Table 143.1). 
Treatment should be started with the full target dose under 
careful clinical monitoring for infusion-related reactions. Pre-
medication with corticosteroids, meperidine or pethidine, 
and acetaminophen may be administered to blunt infusion 
related reactions (Walsh et al., 1996).

4b.  Newborn infants and children

The pharmacokinetics of ABLC has been investigated in 
phase I/II studies in children and neonates (Walsh et al., 

1997; Würthwein et al., 2005). In addition, a large number 
of children including at least 30 very low birth weight infants 
have been treated with ABLC (Walsh et al., 1999b; Wiley et 
al., 2005; Würthwein et al., 2005). Overall, the data indicate 
no fundamental differences in disposition, safety, and anti-
fungal efficacy of ABLC in comparison to adult populations 
(Chiou et al., 2007). ABLC is approved for use in children in 
the United States and countries of the European Union, and 
drug administration and the daily dosage are similar to those 
recommended for adults.

4c.  Pregnant and lactating mothers 

AmB deoxycholate is the preferred drug in life-threatening 
fungal infections in pregnant women (Dean et al., 1994; 
Pilmis et al., 2015). It crosses the placenta readily and 
achieves therapeutic concentrations in the fetal circulation 
(Ismail and Lerner 1982; Hager et al., 1988). No teratogenic-
ity of AmB has been shown in rodents or rabbits at 10 times 
the recommended human dose (Briggs 2011; Abelcet Sum-
mary of Product Characteristics, Sigma-Tau Pharmaceuticals, 
2015). However, there is no experience with the use of ABLC 
in pregnant women, and it is not known whether ABLC is 
excreted in human milk. Accordingly, the compound should 
be used during pregnancy or breastfeeding only after careful 
risk–benefit analysis.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

For AmB deoxycholate, dose adjustment is not necessary in 
patients with renal dysfunction (Daneshmend and Warnock, 
1983); in cases of clinically significant pre-existing or treat-
ment-induced nephrotoxicity, the use of alternative agents 
is recommended for safety reasons. While alterations of the 
disposition of ABLC in patients with renal impairment are 
not to be expected, no systematic pharmacokinetic studies 
have been performed, and therefore the effect of renal impair-
ment on the disposition of the compound is not known 
(Abelcet Summary of Product Characteristics, Sigma- Tau 
Pharmaceuticals, 2015). The effect of dialysis on the elimina- 

Table 143.1. Mode of drug administration and dosage.

Patient population Daily intravenous dose Comment

Routine dosages

Adults 5 mg/kg body weight —

Children 5 mg/kg body weight —

Preterm neonates 5 mg/kg body weight —

Altered dosages

Impaired renal function No dose adjustment Alterations of the disposition of AMB not to be expected

Impaired hepatic function No dose adjustment Alterations of the disposition of AMB not to be expected

Pregnancy and lactation No dose adjustment Administration only after careful risk-benefit analysis

Elderly subjects No dose adjustment Alterations of the disposition of AMB not to be expected
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tion of ABLC has not been systematically studied. Of note, 
AmB is not removed by hemodialysis when administered as 
AmB deoxycholate B (Daneshmend and Warnock, 1983), and 
in two small comparative studies, continuous venovenous 
hemodiafiltration (CVVHDF) and hemofiltration (CVVH) 
had no effect on the pharmacokinetics of AmB in critically ill 
patients following administration of ABLC (Bellmann et al., 
2004; Malone et al., 2013).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

For AmB deoxycholate, dose adjustment is not necessary in 
patients with hepatic dysfunction (Daneshmend and War-
nock, 1983). While alterations of the disposition of ABLC in 
patients with hepatic impairment are not to be expected, no 
systematic pharmacokinetic studies have been performed, 
and therefore the effect of hepatic impairment on the dispo-
sition of the compound is not known (Abelcet Summary of 
Product Characteristics, Sigma-Tau Pharmaceuticals, 2015). 
Albumin dialysis, used as a therapeutic option in a patient 
with severe cholestatic liver failure, had no relevant effect on 
the disposition of the compound in any patient tested (Weiler 
et al., 2011).

ELDERLY PATIENTS

The pharmacokinetics of ABLC in elderly patients ≥ 65 years 
of age have not been formally studied (Abelcet Summary of 
Product Characteristics, Sigma-Tau Pharmaceuticals, 2015). 
However, based on the disposition of the compound, there 
is no scientific rationale to hypothesize that the disposition 
of the compound should be fundamentally different in this 
population. There was no signal for serious unexpected 
adverse events in 49 patients treated with ABLC at 5 mg/kg/
day in two open-label and one small, prospective, single-arm 
study (Abelcet Summary of Product Characteristics, Sigma-
Tau Pharmaceuticals, 2015), and the retrospective analysis of 
572 patients > 65 years of age treated for fungal infections 
enrolled in a large multicenter database revealed no apparent 
differences in renal safety and clinical response in compari- 

son to 2930 patients < or = 65 years (Hooshmand-Rad et al., 
2005).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

None of the AmB formulations are orally bioavailable.

5b.  Drug distribution

The different commercially available formulations of AmB 
vary from one another in their physicochemical character-
istics, and these differences in the drug carrier affect their 
pharmacokinetics (Table 143.2) (Braijtburg and Bolard, 1996; 
Janknegt et al., 1992; Hiemenz and Walsh 1996; Groll et al., 
2000). While some laboratory animal models suggest an 
impact on pharmacodynamics, there is no clinical data to 
confirm the observed preclinical pharmacokinetic/pharma-
codynamic relationships. 

The analytical assays used to measure AmB after the 
administration of ABLC do not distinguish AmB that is 
complexed with the phospholipids of the carrier from AmB 
that is uncomplexed. Accordingly, the existing pharmaco-
kinetic data is based on total drug concentrations.

In preclinical studies in rabbits, the pharmacokinetics of 
ABLC differed substantially from those of AmB deoxycho-
late. Plasma AmB levels following ABLC administration were 
10 times lower than those following administration of an 
equal dosage of AmB deoxycholate (Walsh et al., 2000). In 
rodents, rabbits, and dogs, tissue concentrations of AmB fol-
lowing administration of ABLC were highest in liver, spleen, 
bone marrow, lungs, and kidneys. When the dose of ABLC 
was increased, the levels of drug in liver, spleen, and lungs 
rose, whereas there was little change in the level of the drug 
in the kidneys and essentially no rise in the plasma levels. 
Concentrations in brain tissue and cerebrospinal fluid were 

Table 143.2. Physicochemical properties of amphotericin B deoxycholate, amphotericin B lipid complex, and liposomal 
amphotericin B and multiple dose pharmacokinetics after administration of dosages considered equivalent.

Parameter
AMB deoxycholate
(Fungizone)

AMB lipid complex
(Abelcet)

Liposomal AMB
(AmBisome)

Lipids / ratio Deoxycholate DMPC/DMPG 7:3 HPC/CHOL/DSPG 2:1:0.8

Mol % polyene 34 50 10

Configuration Micellar Ribbon-like SUV

Particle diameter [µm] < 0.4 1.6–11 0.08

Std. dosage [mg/kg] 1 5 5

Mean Cmax [µg/ml] 2.9 1.7 58

Mean AUC 0–24 [µg/ml/h] 36 14 713

Mean VD [l/kg] 1.1 131 0.22

Mean CLt [l/h/kg] 0.028 0.476 0.017

CHOL, cholesterol; DMPC, dimiristoyl phosphatidylcholine; DMPG, dimiristoyl phosphatidylglycerol; DSPG, disteaoryl phosphatidylglycerol; HPC, 
hydrogenated phosphatidylcholine; SUV, small unilamellar vesicles (true liposomes); Cmax, peak plasma concentration; AUC 0–24, area under the 
concentration vs. time curve from 0 to 24 hours; VD, volume of distribution; CLt, total clearance. 

Source: Modified from Groll et al., 2003; note that data were obtained in different (adult) patient populations and after different rates of infusion.
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comparatively low (Clark et al., 1991; Olsen et al., 1991; 
Janoff et al., 1993; Groll et al., 2000). In rabbits, ABLC showed 
prominent accumulation in lung tissue and pulmonary alve-
olar macrophages at 24 hours after the last of eight daily 
intravenous doses of 5 mg/kg (Groll et al., 2006). Studies in 
spontaneously breathing, anesthetized cats revealed a sub-
stantial extraction and accumulation of AmB after adminis-
tration of ABLC by the lung (Matot and Pizov 2000). Corneal 
concentrations of AmB in rabbits after 5 mg/kg of ABLC 
administered for 7 days were lower than those after 1 mg/kg 
of AmB deoxycholate and 5 mg/kg of liposomal amphoteri-
cin, respectively (Goldblum et al., 2004). 

In humans, the pharmacokinetics of AmB after adminis-
tration of ABLC over a dose range of 0.6–5 mg/kg/day are 
non-linear. The volume of distribution and clearance increase 
with increasing dosages, ultimately resulting in less-than-pro-
portional increases in plasma concentrations. When directly 
compared at equivalent doses with AmB deoxycholate, peak 

plasma levels of AmB and the area-under-the-concentration- 
time curve (AUC) are much lower, clearance from blood is 
more rapid, and the volume of distribution is larger. Accum-
u lation in the blood after repeated dosing is minor with an 
approximate increase in the AUC of 34% after 7 days of 
dosing at 5 mg/kg/day (Atkinson and Bennett, 1978; Chris-
tiansen et al., 1985; Kan et al., 1991; Adedoyin et al., 1997; 
Adedoyin et al., 2000) (Table 143.3; Figure 143.2). Rapid 
clearance from blood and the large volume of distribution 
are suggestive of an extensive uptake by the mononuclear 
phagocytic system (MPS); the long terminal elimination 
half- life probably reflects slow redistribution from these 
sites into the blood and, as demonstrated for AmB deoxy-
cholate (Atkin son and Bennett, 1978; Christiansen et al., 1985; 
Bekersky et al., 2002; Bekersky et al., 2002; Craven et al., 
1979; Reynolds et al., 1993), slow elimination of non-metab-
olized compound into urine and bile (Adedoyin et al., 2000) 
(Figure 143.3). 

Table 143.3. Pharmacokinetic parameters of amphotericin B in blood after administration of three doses of amphotericin B lipid complex 
relative to a standard dose of amphotericin B deoxycholate.

Parameter

AMB deoxycholate
0.6 mg/kg · 42 days

n = 5
Mean ± SD

AMB lipid complex
0.6 mg/kg · 42 days

n = 8
Mean ± SD

AMB lipid complex
2.5 mg/kg · 10 days

n = 8
Mean ± SD

AMB lipid complex
5.0 mg/kg · 5 days

n = 8
Mean ± SD

Cmax [µg/ml] 1.06 ± 0.14 0.86 ± 0.31 2.41 ± 0.78 1.70 ± 0.83

AUC0–24 [µg/ml/h] 17.06 ± 5.03 4.45 ± 0.90* 6.77 ± 0.92 9.05 ± 1.36

VD [l/kg] 5.1 ± 2.6 23.4 ± 8.6* 105.5 ± 64.1 131.0 ± 57.7

CLt [ml/min] 34.1 ± 14.3 132.7 ± 33.4* 349.6 ± 84.8 476.3 ± 72.2

T1/2 (h) 91.1 ± 40.9 113.1 ± 20.6 187.2 ± 88.2 173.4 ± 78.0

*p < 0.001 vs. amphotericin B deoxycholate; data stem from adult patients with mucocutaneous leishmaniasis.
Abbreviations: Cmax, peak plasma concentration; AUCO-24, area under the concentration—time curve from now to 24 hours; VD, volume of distribution; CLt, 

clearance; T½, half-life.
Source: Adapted from Adedoyin et al., 1997.

Figure 143.2. Pharmacokinetics of amphotericin B lipid complex in whole blood. (a) Concentration-versus-time profiles after 
administration of 0.6 mg/kg body weight of amphotericin B deoxycholate (open symbol) or amphotericin B lipid complex 
(bold symbol) over 42 days. (b) Concentration-versus-time profiles after administration of 2.5 mg/kg body weight of ampho-
tericin B lipid complex by a 2-hour infusion for 7 days. (Redrawn with permission from Adedoyin et al., 1997.)
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In a cohort of six children treated with ABLC for hepa-
tosplenic candidiasis at 2.5 mg/kg/day, steady state was 
achieved by day 7; following the final dose, the mean AUC0–24 
was 11.9 µg/h/ml, mean Cmax in whole blood was 1.69 µg/ml, 
and clearance was 0.218 l/kg/h (Walsh et al., 1997). A popu-
lation-based pharmacokinetic study in 28 premature neo-
nates with invasive candidiasis showed that the disposition 
of ABLC in neonates was similar to that observed in other 
age groups: weight was the only factor that influenced clear-
ance (Würthwein et al., 2005). Taken together, these studies 
indicate similar pharmacokinetics of ABLC in pediatric age 
groups relative to those observed in adults. 

Data on concentrations in human tissue and body fluids 
other than the blood are sparse. In autopsy samples from one 
patient obtained after 3 days of treatment, high concentra-
tions of 200–300 µg/g of AmB were detected in spleen, liver, 
and lungs, whereas the concentrations in kidneys (6.9 µg/g), 
heart (4.9 µg/g), and brain (1.6 µg/g) were lower (Abelcet 
Summary of Product Characteristics, Sigma-Tau Pharma-
ceuticals, 2015). The mean concentration of AmB in pulmo-
nary epithelial lining fluid (ELF) of five critically ill patients 
receiving standard intravenous doses of ABLC was 1.29 +/– 
0.71 μg/ml (Weiler et al., 2009); in a small number of lung 
transplant recipients, median (25–75 interquartile range 
[IQR]) concentrations of AmB in the epithelial lining fluid 
(ELF) after aerosolized nebulization (AeroEclipse) of ABLC 
at 1 mg/kg every 24 hr for 4 days were 8.26 μg/ml (3.9–82.7) 
at 24 hours and 1.14 μg/ml at 168 hours after the last inhaled 
dose (Husain et al., 2010). Mean concentrations in the urine 

at steady state following doses of 2.5 and 5 mg/kg and in 
premature neonates ranged from 0.082 to 0.430 μg/ml and 
those in CSF from undetectable to 0.074 μg/ml (Würthwein 
et al., 2005). Concentrations of AmB in peritoneal fluid in 
an infant receiving intravenous ABLC and continuous 
cyclic peritoneal dialysis were below the limit of quantitation 
(Blowey et al., 1998). Similarly, low concentrations were 
observed in ascites (Weiler et al., 2008) and bile fluid (Duflo 
et al., 2000).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

In time-kill studies in vitro, AmB displays concentration-de-
pendent fungicidal activity against susceptible Candida albi
cans, Cryptococcus neoformans, and Aspergillus fumigatus 
(Klepser et al., 1997; Klepser et al., 1998; Ralph et al., 1991; 
Krishnan et al., 2005). Prolonged postantifungal effects of 
AmB of up to 12 hours duration have been demonstrated 
in  C. albicans, C. neoformans, and A. fumigatus (Ernst et 
al.,  2000; Turnidge et al., 1994; Manavathu et al., 2004). 
Studies in laboratory animals with AmB deoxycholate sup-
port the concentration-dependent kill kinetics of AmB in 
vitro (Francis et al., 1994). In neutropenic pharmacokinetic/
pharmacodynamic mouse models of disseminated candidi-
asis and pulmonary aspergillosis, Cmax/MIC was the param-
eter that provided the best correlation with outcome as 
measured by the residual organismal burden in tissue (Andes 
et al., 2001; Wiederhold et al., 2006).

The different carriers of currently licensed AmB formula-
tions provide different physicochemical characteristics that 
result in different pharmacokinetics (Braijtburg and Bolard, 
1996; Janknegt et al., 1992; Hiemenz and Walsh 1996; Groll 
et al., 2000). Using AmB deoxycholate as reference, the small 
unilamellar liposomal preparation (Am Bisome) has a pro-
longed residence time in plasma, achieves strikingly high 
peak plasma concentrations and AUC values, and is only 
slowly taken up by the MPS. In contrast, the large ribbon-like 
aggregates of ABLC are efficiently opsonized by plasma pro-
teins and rapidly taken up by the MPS, resulting in lower 
peak plasma and AUC values (Hiemenz and Walsh, 1997; 
Groll et al., 2000) (Table 143.2; Figure 143.3). The assessment 
of pharmacokinetic/pharmacodynamic relationships is fur-
ther complicated by putative carrier-dependent transfer of 
AmB to fungal cell membranes through adsorption of the 
formulation to the membrane followed by release and diffu-
sion of the compound into the membrane; phagocytosis of 
the adsorbed, intact lipid formulation, release of the drug in 
the lysosomal milieu; and lipid exchange between compo-
nents of the formulation, lipoproteins in the blood, and cell 
membranes with subsequent disposition of the drug (Ostro 
and Cullis, 1989). In addition, differences in both the disso-
ciation of free AmB from its carrier and the degree of aggre-
gation of free amphotericin molecules have been proposed to 
account for the observed selectivity of the lipid-based AmB 
(Braijtburg and Bolard, 1996). 

Figure 143.3. Simplified model of the distribution of 
amphotericin B after IV administration. From the central 
plasma compartment, independent of the formulation, the 
drug distributes into three hypothetical peripheral tissue 
compartments that display quantitatively different uptake. 
There is a slow redistribution from those peripheral 
compartments back into plasma. Elimination occurs in 
unchanged form from the plasma pool via the kidney 
and bile fluid (HC, high concentration compartment; IC, 
intermediate concentration compartment, LC, low con-
centration compartment). (From Groll and Walsh, 2009.)
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The efficacy of ABLC has been evaluated in a number of 
animal models of fungal infection and was found to be com-
parable to that of AmB deoxycholate. At higher doses, ex - 
perimental mycoses were successfully treated when AmB 
deoxycholate was ineffective at the maximum tolerated dose 
and rapid fungicidal activity was also demonstrated in exper-
imental cryptococcal meningitis (Whitney et al., 1989; Clark 
et al., 1991; Clemons and Stevens, 1991a; Clemons and 
Stevens, 1991b; Allendoerfer et al., 1992; Lee et al., 1992; Per-
fect and Wright, 1994). In addition, several preclinical animal 
models have examined whether the distinct pharmacokinetic 
features of ABLC and the distinct patterns of drug release 
translate into different pharmacodynamic properties at tar-
get sites of invasive fungal infections.

In preclinical distribution studies in rodents using equim-
olar doses of 1 mg/kg of AmB, lung levels achieved by liposo-
mal AmB (AmBisome) were lower, and those achieved by 
ABLC were similar or slightly higher than those obtained by 
AmB deoxycholate. However, at 5- to 10-fold higher doses, 
drug accumulation in the lung clearly exceeded that achieved 
by 1 mg/kg of AmB deoxycholate (Clark et al., 1991; Olsen 
et al., 1991; Proffitt et al., 1991). These differences in lung dis-
tribution are consistent with pulmonary infection models, 
where the lipid formulations required at least 5-fold higher 
doses to produce equivalent or superior reduction of the 
lung tissue burden or circulating fungus-related biomarkers 
than standard doses of AmB deoxycholate (Clemons and 
Stevens, 1991a; Clemons and Stevens, 1993; Fran cis et al., 
1994; Al-Nakeeb et al., 2015). In other pulmonary infection 
models, ABLC appeared to deliver AmB to the lung more 
rapidly than liposomal amphotericin V at 5 mg/kg, resulting 
in faster tissue clearance; however, this difference was equal-
ized following further dose escalation to 10 mg/kg (Lewis et 
al., 2007; Lewis et al., 2010). 

In neutropenic murine and rabbit kidney target models 
of invasive candidiasis, AmB deoxycholate was 5- to 8-fold 
more potent than ABLC as assessed by the residual fungal 
burden in the kidneys. Of note, the difference in pharmaco-
kinetics in serum accounted for much of the difference in 
potency between the two formulations (Groll et al., 2001a; 
Andes et al., 2006). Finally, in a pharmacokinetic/pharmaco-
dynamic rabbit model of hematogenous Candida albicans 
meningoencephalitis, there was a strong, concentration- and 
time-dependent correlation of plasma exposure with anti-
fungal efficacy in the central nervous system (CNS), indicat-
ing a potential advantage of AmB deoxycholate and liposomal 
AmB for treatment of CNS infections (Groll et al., 2000). 

Animal models suggest certain pharmacokinetic/pharma-
codynamic relationships that are unique for ABLC. Never-
theless, in the absence of adequate clinical investigations or 
bridging studies, it is unclear whether the distinct pharma-
cokinetic features of ABLC and a putatively distinct drug 
release at the target cell translate into specific pharmaco-
dynamic properties in target sites of human invasive fungal 
infections (Groll et al., 2001).

5d.  Excretion

See Chapter 141, AmB deoxycholate, for details about the 
excretion of AmB. There is no good information on the excre-
tion of the lipid carrier.

5e.  Drug interactions

Drug–drug interactions due to shared metabolic or elimi-
nation pathways are unknown for AmB. Hypokalemia may 
be aggravated by corticosteroids and in turn can potentiate 
digoxin toxicity, cause rhabdomyolysis, and enhance the 
effects of nondepolarizing muscle relaxants (Daneshmend and 
Warnock, 1983). Similarly, hypomagnesemia may become 
especially profound in cancer patients with platinum-asso-
ciated nephropathy. Impairment of glomerular filtration by 
AmB may enhance plasma levels and thereby toxicity of 
many renally cleared drugs, such as aminoglycosides, glyco-
peptides, calcineurin-inhibitors, pentamidine, and fluorocy-
tosine (Groll et al., 1998). Finally, the simultaneous infusion 
of granulocytes has been associated with acute pulmonary 
reactions (Wright et al., 1981), and should therefore be 
avoided.

6. ADVERSE REACTIONS AND TOXICITY

Infusion-related adverse events and nephrotoxicity are major 
problems of treatment with AmB and may be dose-limiting 
(Table 143.4). Despite reduced nephrotoxicity when directly 
compared to AmB deoxycholate at daily doses of 0.6–1.0 
mg/kg, increases in serum creatinine levels from normal at 
baseline to ≥ 2.0 mg/dl have been observed in approximately 
25% of patients treated with ABLC at 5 mg/kg/day, and 
infusion related events were noted in approximately 60% 
(Anaissie et al., 1995) (Figure 143.4). In open-label studies, 
adverse events leading to the discontinuation of ABLC 
occurred at a frequency of 6–9% (Anaissie et al., 1995; Walsh 
et al., 1998; Walsh et al., 1999b).

6a.  Infusion-related reactions and 
hypersensitivity

Infusion-related reactions in response to AmB such as fever, 
rigor, chills, myalgia, arthralgia, nausea, vomiting, and head-
ache are not histamine-related events (Cleary et al., 2003) but 
are thought to be mediated by the release of cytokines from 
monocytes (Arning et al., 1996). They have a tendency to 
subside over time (Walsh et al., 1996), and may be blunted 
by decreasing the infusion rate (Ellis et al., 1992) or by pre-
medication with corticosteroids, meperidine or pethidine, 
and acetaminophen (Walsh et al., 1996). Infusion-related 
reactions of fever, chills, and rigors during administration of 
ABLC have been reported at a frequency of 60–80% (Anaissie 
et al., 1995; Wingard et al., 2000), which is similar to the rates 
observed for AmB deoxycholate (Anaissie et al., 1995; Walsh 
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et al., 1999a) and higher than those observed for liposomal 
AmB at doses of 3–5 mg/kg/day (Wingard et al., 2000).

Less common acute infusional adverse effects are hypo-
tension, hypertension, flushing, vestibular disturbances, 
and a syndrome of substernal chest discomfort, respiratory 
distress, and sharp flank pain; bronchospasm, true anaphy-
laxis, apnea, and convulsions are rare (Sawaya et al., 1995; 
Garnacho-Montero et al., 1998; Rowles and Fraser, 1999) 
(Table 143.4).

Cardiac arrhythmias and cardiac arrest may occur due 
to acute potassium release during rapid infusion (< 60 min), 

particularly in patients with hyperkalemia and/or renal 
impairment (Butler et al., 1966; Groll et al., 2003). Strict 
adherence to the recommended infusion time and careful 
handling of AmB remain critical: a cardiopulmonary arrest 
after too-rapid infusion of ABLC (Barcia, 1998), and a dis-
pensing and administration error that caused AmB deoxy-
cholate to be given instead of a lipid formulation of AmB 
(Mohr et al., 2005) have been reported; both events were 
fatal.

6b.  Impairment of renal function

The hallmarks of AmB associated nephrotoxicity are azote-
mia (wasting of potassium and magnesium); tubular acidosis 
and impaired urinary concentration ability are rarely of clin-
ical significance (Butler et al., 1964; Sawaya et al., 1995; 
Walsh et al., 1998) (Table 143.5). Relevant electrolyte wasting 
occurred in approximately 12% of prospectively monitored 
patients receiving AmB deoxycholate (Walsh et al., 1999a); 
of note, hypokalemia can be quite refractory to replacement 
until hypomagnesemia is corrected (Sawaya et al., 1995). 
Azotemia is a common adverse event following AmB and 
of  considerable clinical impact: of 239 immunosuppressed 
patients receiving AmB deoxycholate for suspected or proven 
aspergillosis for a median durations of treatment of 15 days, 
the creatinine level doubled in 53% of patients and exceeded 
2.5 mg/dl in 29%; 14.5% underwent dialysis, and 60% died. 
Use of hemodialysis, duration of AmB use, and concomitant 
use of nephrotoxic agents were associated with greater risk of 
death (Win gard et al., 1999). 

Post-approval registry data for 3514 patients treated with 
ABLC from 1996 to 2000 showed a doubling of serum creat-
inine (S-Cr) level in 13%, and new dialysis in 3% of the 
patients. Concomitant treatment with potentially nephrotoxic 
agents and a baseline S-Cr level of < 2 mg/dl were factors pre-
disposing for the development of nephrotoxicity (Alexander 

Table 143.4. Principal adverse effects of amphotericin B.

Organ System Effect

Common 

Inflammatory Fever, shaking chills, rigor

Kidney Azotemia; tubular acidosis, hypostenuria, hypokalemia, hypomagnesemia

Gastrointestinal tract Nausea, vomiting, anorexia

Hepatobiliary system Bilirubinemia; increases in serum levels of alkaline phosphatase and hepatic transaminases 

Less common

Skin and appendages Flushing; skin rash

Bone marrow Normochromic, normocytic anemia; thrombocytopenia

Nervous system Headache, convulsions, vestibular disturbances, leukencephalopathy

Cardiovascular Hypotension, hypertension, cardiac arrhythmia, cardiac arrest; Raynaud phenomenon

Respiratory Bronchospasm; dyspnea, chest tightness, hypoxemia; respiratory arrest

Musculoskeletal Arthralgia, myalgia, back pain

Immunologic Anaphylaxis 

Figure 143.4. Changes in serum creatinine values associ-
ated with amphotericin B lipid complex or amphotericin B 
deoxycholate therapy in a randomized comparative trial of 
invasive candidiasis. Assessed were the percentages of 
patients with doubling of the creatinine value, an increase 
from normal to > 1.5-fold, and an increase from normal to 
≥ 2-fold changes in creatinine values from baseline to end 
of therapy, respectively; p ≤ 0.01. (Adapted with permis-
sion from Anaissie et al.,1995.)
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and Wingard, 2005). Among 548 children and adolescents 
0–20 years of age who were enrolled into the registry, no sig-
nificant difference between the rates of new hemodialysis 
versus baseline hemodialysis was observed. Elevations in 
S-Cr of > 1.5 ⋅ baseline and > 2.5 ⋅ baseline values were seen 
in 24.8 and 8.8% of all patients, respectively (Wiley et al., 
2005). In a comparison of 572 elderly patients > 65 years of 
age with 2930 patients < or = 65 years, both groups showed a 
0.1-mg/dl median S-Cr change from baseline to the end of 
therapy (Hooshmand-Rad et al., 2005). Finally, no increased 
risk for renal dysfunction was observed in a comparison of 
the renal effects of high-dosage/long-duration (HDos/LDur) 
ABLC therapy (> 5 mg/kg/day for > 12 days; 309 patients) 
with those of low-dosage/short-duration (LDos/SDur) ABLC 
therapy (< or = 5 mg/kg/day for < or = 12 days; 1417 patients), 
suggesting that higher ABLC dosages appear to be similarly 
tolerated by the kidney as lower dosages (Hooshmand-Rad 
et al., 2004).

A double-blind randomized study compared the safety 
of ABLC at a dose of 5 mg/kg/d (n = 78) to liposomal AmB 
(AmBisome) at a dose of 3 mg/kg/d (n = 85) and 5 mg/kg/d 
(n = 81). The median duration of therapy ranged from 7.5 
to 8.6 days. In this trial, liposomal AmB (3 mg/kg/d and 
5 mg/kg/d) had lower rates of nephrotoxicity (defined as a 
serum creatinine of 2 ⋅ the baseline value; 14.1% and 14.8% 
vs. 42.3%; p < 0.01) (Wingard et al., 2000). Although this was 
a randomized, double-blind trial, the high rate of nephrotox-
icity reported for ABLC is unusual and not supported by the 
cumulative data of noncomparative clinical studies. Indeed, 
a subsequent metaanalysis to evaluate nephrotoxicity asso-
ciated with ABLC and liposomal AmB (AmBisome) that 
included eight studies reported between 1995 and 2008 sug-
gests a more similar probability of experiencing nephrotox-
icity between the two formulations after excluding the former 
study from the analysis (odds ratio [OR]: 1.31; risk ratio [RR]: 
1.24; n = 916 patients) (Safdar et al., 2010).

6c.   Miscellaneous adverse reactions

Independent of causal relationship, increases in serum bili-
rubin, alkaline phosphatase, and serum transaminases have 

been observed with ABLC treatment at a rate of approxi-
mately 10–20% (Walsh et al., 1998; Win gard et al., 2000); 
however, hepatic adverse events are rarely treatment-limiting 
and no case of fatal liver disease has been reported (Groll et 
al., 2003) (Table 143.5). Further adverse events reported in 
the open label, emergency use program with an incidence of 
≥ 3 and ≤ 10% include gastrointestinal disturbances, head-
aches, and blood dyscrasias (Walsh et al., 1998). Similar to 
liposomal AmB, there have been individual observations of 
pseudohyperphosphatemia (Shiu et al., 2012). 

6d.  Risks in pregnancy and fetal toxicity

AmB deoxycholate is the preferred drug in life-threatening 
fungal infections in pregnant women (Dean et al., 1994; Pilmis 
et al., 2015). It crosses the placenta readily and achieves ther-
apeutic concentrations in the fetal circulation (Ismail et al., 
1982; Hager et al., 1988). No teratogenicity of AmB has been 
shown in rodents or rabbits at 10 times the recommended 
human dose; reproductive studies in rats and rabbits at doses 
of ABLC up to 0.64 times the human dose revealed no harm 
to the fetus (Briggs 2011; Abelcet Summary of Product Char-
ac teristics, Sigma-Tau Pharmaceuticals, 2015). However, there 
is no experience with the use of ABLC in pregnant women. 
Accordingly, the compound should be used during preg-
nancy or breastfeeding only after careful risk–benefit analysis.

7. CLINICAL USES OF THE DRUG

In the United States, ABLC is indicated for the second-line 
treatment of invasive fungal infections in patients who are 
refractory to or intolerant of conventional AmB therapy 
(Abelcet Summary of Product Characteristics, Sigma-Tau 
Pharmaceuticals, 2015). In Germany, this second-line indi-
cation is limited to the treatment of invasive Candida and 
Aspergillus infections (Abelcet Summary of Product Charac-
teristics, Teva Pharma, 2012), the compound has a first-line 
indication for the treatment of severe invasive candidiasis 
and a second-line indication for invasive aspergillosis, cryp-
tococcal meningitis, and disseminated cryptococcosis in HIV 
patients, fusariosis, coccidiomycosis, mucormycosis, and 

Table 143.5. Key safety endpoints of amphotericin B lipid complex treatment in 556 cases with invasive mycoses.*

Endpoint Results in cases evaluable for the endpoint 

Serum creatinine stable or improved at end of treatment 396/555 (71%)

Serum creatinine increased at end of treatment 132/555 (24%)
-n = 63 from ≤ 1.5 mg/dL at BL to > 1.5 mg/dL at EOT
-n = 69 from > 1.5 mg/dl at BL to ≥ 120% of BL at EOT

Hypokalemia (<3 mEq/l; any time) 24/518 (4.6%)

Hypomagnesemia (<1.5 mEq/l or <0.75 mmol/l; any time) 65/369 (18%)

Bilirubin increased at end of treatment relative to baseline 142/426 (33%), incl. 34 (8%) with normal values at BL

ALT increased at end of treatment relative to baseline 87/348 (25%) incl. 55 (16%) with normal values at BL

Discontinuation due to adverse events 49/556 (9%)

*Data stem from an open-label, single-patient, emergency-use study of patients who were refractory to or intolerant of conventional antifungal 
therapy 

Abbreviations: BL: base-line; EOT: end of treatment.
Source: Modified from Walsh et al., 1998.
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blastomycosis in the United Kingdom (Abelcet Summary of 
Product Characteristics, Teva Pharma, 2010). The approved 
daily dosage is 5 mg/kg across indications in all listed 
countries. 

While no efficacy data is provided in the German and UK 
Summary of Product Characteristics (SPC), in the US, SPC 
data are enclosed from 473 patients from three open-label 
studies for the treatment of patients with invasive fungal 
infections who were judged by their physicians to be refrac-
tory to or intolerant of conventional AmB, or who had pre-
existing nephrotoxicity that form the basis for the drug’s 
approval. Two hundred eighty-two patients were considered 
evaluable for response to therapy, including 111 with asper-
gillosis, 87 with candidiasis, 25 with mucormycosis, 16 with 
cryptococcosis, 11 with fusariosis, and the remainder with 
fewer of ten each of a variety of several other fungal species. 
While no response data are provided, the SPC states that “. . . 
for each type of fungal infection listed above there were some 
patients successfully treated. However, in the absence of con-
trolled studies it is unknown how response would have com-
pared to either continuing conventional AmB therapy or the 
use of alternative antifungal agents. . . .”

Efficacy data from an emergency use protocol has been 
published on 556 patients who had proven or presumptive 
invasive fungal infections refractory or intolerant to conven-
tional AmB and who were treated with ABLC at a median 
daily dosage of 4.9 mg/kg for a median of 22 days (range, 
1–510 days). Clinical response rates were 67% (28/42) for 
disseminated candidiasis and and 42% (55/130) for aspergil-
losis; of note, 17/24 (71%) patients with mucormycosis, 9/11 
(82%) patients with fusariosis, and 7/11 (64%) patients with 
cryptococosis responded to treatment. Response rates varied 
according to the pattern of invasive fungal infection, under-
lying condition, and reason for enrollment (intolerance vs. 
refractory infection) (Walsh et al, 1998). In the subgroup 
analysis of bone marrow transplant recipients, response 
rates were 70% (14/20) in patients with candidiasis and 38% 
(11/29) in patients with aspergillosis (Wingard et al., 1997); 
in the subgroup analysis of 111 pediatric patients, the respec-
tive response rates were 81% (22/27) and 56% (14/25) in the 
54 patients eligible for evaluation of efficacy (Walsh et al., 
1999a).

7a.  Treatment of invasive candidiasis

Data published from the open-label emergency use protocol 
demonstrate clinical response rates after second-line treat-
ment of 67% (28/42) for disseminated candidiasis (Walsh et 
al., 1998); response rates in the subgroup analyses of bone 
marrow transplant and pediatric patients were 70% (14/20) 
and 81% (22/27), respectively (Wingard et al., (1997); Walsh 
et al., 1999b). A randomized, controlled multicenter trial, 
which included neutropenic cancer patients, enrolled a total 
of 213 patients with invasive candidiasis. Patients were ran-
domized 2:1 to receive either ABLC at 5 mg/kg/d or AmB 
deoxycholate (0.6–1.0 mg/kg/d) for primary treatment. Re- 
sponse rates were similar (63 vs. 68%) in both arms. Nephro - 

toxicity was significantly lower in the ABLC group, whereas 
other adverse effects occurred at similar frequency; unfortu-
nately, however, the complete results of this clinical trial have 
not been fully published (Anaissie et al., 1995). 

The efficacy of ABLC in the treatment of invasive candidi-
asis is corroborated by data from > 900 patients with invasive 
candidiasis accrued in the phase IV program of the manufac-
turer that showed clinical responses (cured or improved) of 
63% and 62%, respectively, in invasive C. albicans and non- 
albicans Candida species (Ito and Hooshmand-Rad, 2005). 
ABLC was well tolerated and demonstrated efficacy in 19 
immunocompromised pediatric patients with invasive can-
didiasis (Her brecht et al, 2001) in a small cohort of pediatric 
cancer patients with hepatosplenic candidiasis (Walsh et al., 
1997) and in 28 mostly premature neonates with invasive 
Candida infections (Würthwein et al., 2005) (Table 143.6).

7b.  Treatment of invasive aspergillosis

Response rates after second-line treatment with ABLC for 
proven or presumptive invasive Asper  gillus infections refrac-
tory or intolerant to conventional AmB in the compassionate 
use program were 42% in the entire cohort of 130 evaluable 
patients (Walsh et al., 1998) and 56% in the subset of the 25 
evaluable pediatric patients (Walsh et al., 1999b). In a differ-
ent analysis compiled of 151 patients with probable or defi-
nite invasive aspergillosis, the overall response rate to ABLC 
was superior to that of a historical control group treated with 
AmB deoxycholate (40 vs. 23%; p < 0.05) (Hiemenz et al., 
1995). In 29 hematopoietic stem cell transplant patients, 
response rates in presumed or proven invasive aspergillosis 
were 38% (Wingard, 1997), and 47% among 39 solid organ 
recipients (Linden et al., 2000).

Within the phase IV registry, the efficacy and renal safety 
of ABLC were also assessed in 398 patients with invasive 
aspergillosis. The most common under lying conditions were 
hematopoietic stem-cell transplantation (25%), hematologic 
malignancy (25%), and solid-organ transplantation (27%). 
The most common reason for administration of ABLC was 
lack of response to prior antifungal therapy. Overall, 65% of 
patients had a favorable clinical response: 44% were cured or 
improved, and 21% were stabilized. Clinical responses were 
similar for patients who received ABLC as either first-line 
(n = 139) or second-line therapy (n = 216). Patients infected 
with Aspergillus terreus, an innately polyene-resistant spe-
cies, experienced a 37% response rate (Chandresakar and Ito, 
2005) (Table 143.6). Among 85 allogeneic hematopoietic cell 
transplant recipients with invasive aspergillosis treated with 
ABLC identified from the registry, the response rate was 
31% (26/85) overall and 21% (5/24) in patients with graft-
versus-host disease (GVHD). The overall response rate to 
first-line ABLC treat ment was 41% (11/27) (Ito et al., 2005). 
Similar, in the sub set of children and adolescents 0–20 years 
of age, the response rates (cured + improved) in patients 
with proven invasive aspergillosis were 40.5 and 37.5% in 
transplant and nontransplant patients, respectively. When 
stable responses were added, the response rates were 48.6 and 
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Table 143.6. Key clinical trials with amphotericin B lipid complex for treatment of invasive fungal infections.

Indication / Study / Design Endpoints of Efficacy Main Results

Treatment of invasive candidiasis

Randomized, open-label multicenter trial for 
primary treatment of invasive candidiasis in a 
total of 213 patents; 2:1 randomization to 
ABLC at 5 mg/kg/d or amphotericin B 
deoxycholate at 0.6–1.0 mg/kg/d (Anaissie 
et al., 1995)

Complete response at end of therapy in 
patients receiving treatment for ≥ 4 days

Response rates in the 194 patients 
evaluable for efficacy were 65% in 
patients treated with ABLC and 61% 
in patients treated with amphotericin 
B deoxycholate, respectively (n.s.).

Open-label, noncomparative salvage study of 
ABLC in 556 adult and pediatric patients 
with invasive mycoses who received the 
compound at a median daily dose of 4.91 
mg/kg, administered for a median of 22 
days, including 42 patients with dissemi-
nated candidiasis (Walsh et al., 1998; Walsh 
et al., 1999b)

Complete/partial responses at end of 
therapy in patients receiving treatment 
for ≥ 5 days

Response rates were 67% in the entire 
population of 42 evaluable patients 
and 81% in the subset of 27 evaluable 
pediatric patients. 

Phase IV, prospective post-approval registry of 
ABLC treatment in a total of 3514 patients, 
including 979 patients with Candida 
infections, who received the compound at 
median daily doses of 4.2–4.4 mg/kg for a 
median duration of 12–15 days (Ito and 
Hooshmand-Raad, 2005)

Complete/partial responses at end of 
therapy in patients receiving treatment 
for ≥ 4 doses

Response rates were 62% in patients 
infected with Candida albicans and 
61% in patients infected with 
non-albicans Candida species. 
Response rates were similar for 
invasive vs. noninvasive (mucosal) 
infections, respectively.

Phase I/II sequential dose escalation study of 
the pharmacokinetics and safety of ABLC at 
2.5 and 5.0 mg/kg/d in 30 premature 
neonates with invasive Candida infections 
(Würthwein et al., 2005)

Complete response at end of therapy in 
patients receiving treatment for ≥ 4 days

Response rates were 80% in patients 
receiving ABLC at 2.5 mg/kg/d and 
94% in patients receiving the 
compound at 5 mg/kg/d, respectively.

Treatment of cryptococcosis

Randomized comparison of 6 weeks of therapy 
with ABLC (1.2–5.0 mg/kg/d, with ascending 
doses for three sequential cohorts; daily for 
2 weeks and then thrice weekly for 4 weeks) 
or amphotericin B deoxycholate (0.7–1.2  
mg/kg/d) treatment of AIDS-associated 
cryptococcal meningitis in 55 patients 
(Sharkey et al., 1996)

Clinical and mycological response at 6 
weeks

Among 21 recipients of ABLC, clinical 
symptoms and signs resolved for 18 
(86%). Of those receiving ≥12 doses of 
ABLC, cultures converted to negative 
for 8 (42%), were undeterminable for 3 
(16%), and remained positive for 8 
(42%).

Phase IV, prospective post-approval registry of 
ABLC treatment in a total of 3514 patients, 
including 106 patients with mostly (78%) 
cerebral cryptococcosis who received the 
compound at a mean daily dose of 4.4 mg/
kg/d for a mean duration of 16 days 
(Baddour et al., 2005)

Complete/partial clinical responses at end 
of therapy in patients receiving treat-
ment for ≥ 4 doses

Response rates were 65% (51/78) for 
patients with a CNS infection and 70% 
(16/23) for patients without a CNS 
infection. Response rates were 56% 
(19/34) for patients who were 
refractory to prior antifungal therapy, 
and 76% (25/33) for patients with 
underlying renal disease who did not 
receive prior antifungal therapy.

Treatment of invasive aspergillosis

Open-label, noncomparative salvage study of 
ABLC in adult and pediatric patients with 
invasive mycoses, who received the 
compound at a median daily dose of 4.91 
mg/kg administered for a median of 22 days, 
including 130 patients with probable/proven 
invasive aspergillosis (Walsh et al., 1998; 
Walsh et al., 1999b; Hiemenz et al., 1995) 

Complete/partial responses at end of 
therapy in patients receiving treatment 
for ≥ 5 days

Response rates were 42% in the entire 
population of 130 evaluable patients 
and 56% in the subset of 25 evaluable 
pediatric patients. These response 
rates were higher as those in a 
historical control group of 60 patients 
treated with DAMB.
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71.9%, respectively (Wiley et al., 2005). Lastly, data reported 
from Europe demonstrated favorable responses in 18 of 23 
(78%) immunocompromised pediatric patients with invasive 
aspergillosis receiving the compound as second-line therapy 
(Herbrecht et al., 2001).

7c.  Treatment of invasive infections by 
non-Aspergillus molds

Response rates after second-line treatment with ABLC in the 
compassionate use program were 71% (17/24) in patients 

with mucormycosis and 82% (9/11) in patients with fusario-
sis, respectively (Walsh et al., 1998). The efficacy of ABLC in 
the treatment of non-Aspergillus molds was further assessed 
on the basis of a retrospective analysis of data from the man-
ufacturers phase IV program. Of 64 patients with mucor-
mycosis, 33 (52%) were cured or improved; the response rate 
in patients with invasive fusariosis was 46% (12/26) and 75% 
(9/12) in patients with phaeohyphomycosis. Of note, the 
response rates in patients with invasive infections by dimor-
phic molds were 84% (21/25) for histoplasmosis, 64% (9/14) 
for blastomy cosis, and 62% (5/8) for coccidioidomycosis, 

Indication / Study / Design Endpoints of Efficacy Main Results

Phase IV, prospective post-approval registry of 
ABLC treatment in a total of 3514 patients, 
including 398 patients with proven or 
suspected invasive aspergillosis, who 
received the compound at a median daily 
dose of 4.8 mg/kg, administered for a 
median of 15 days (Chandresakar and Ito, 
2005; Wiley et al., 2005)

Complete/partial responses at end of 
therapy in patients receiving treatment 
for ≥ 4 doses

Response rates were 44% in the entire 
population of patients; response rates 
were similar for patients who received 
ABLC as first-line (n=139) or as 
second-line therapy (n=216). 
Response rates in A.terreus infections 
were 37%. In children and adolescents 
0–20 years of age, response rates 
were 40.5 and 37.5% in transplant and 
nontransplant patients, respectively.

Treatment of infections by non-Aspergillus molds

Open-label, noncomparative salvage study of 
ABLC in adult and pediatric patients with 
invasive mycoses who received the com-
pound at a median daily dose of 4.91 mg/kg, 
administered for a median of 22 days, 
including 24 patients with mucormycosis and 
11 patients with fusariosis (Walsh et al., 1998; 
Walsh et al., 1999b) 

Complete/partial responses at end of 
therapy in patients receiving treatment 
for ≥ 5 days

Response rates were 71% (17/24) in 
patients with mucormycosis and 82% 
(9/11) in patients with fusariosis, 
respectively.

Phase IV, prospective post-approval registry of 
ABLC treatment in a total of 3514 patients, 
including 64 patients with mucormycosis, 28 
patients with fusariosis, and 12 patients with 
phaeohayphomycoses, receiving the 
compound at a median daily dose of 4–4.5 
mg/kg for a median duration of 14–16 days 
(Larkin & Montero 2003; Perfect, 2005)

Complete/partial responses at end of 
therapy in patients receiving treatment 
for ≥ 4 doses

Of 64 patient with mucormycosis, 33 
(52%) were cured or improved; the 
response rate in patients with invasive 
fusariosis was 46% (12/26) and it was 
75% (9/12) in patients with 
phaeohyphomycosis.

Treatment of infections by dimorphic molds

Open-label, noncomparative salvage study of 
ABLC in adult and pediatric patients with 
invasive mycoses, who received the 
compound at a median daily dose of 4.91 
mg/kg, administered for a median of 22 
days, including 15 patients with infections by 
dimorphic molds (Walsh et al., 1998; Walsh 
et al., 1999b) 

Complete/partial responses at end of 
therapy in patients receiving treatment 
for ≥ 5 days

4 of 8 patients with histoplasmosis, 4 of 
4 patients with coccidioidomycosis, 2 
of 2 with blastomycosis, and 1 of 1 
patient with sporotrichsis responded. 

Phase IV, prospective post-approval registry of 
ABLC treatment in a total of 3514 patients, 
including 25 patients with histoplasmosis, 17 
patients with blastomycosis, and 8 patients 
with coccidioidomycosis, who received the 
compound at a median daily dose of 4 mg/kg 
for a median duration of 14 days (Perfect, 2005)

Complete/partial responses at end of 
therapy in patients receiving treatment 
for ≥ 4 doses

Response rates were 84% (21/25) for 
histoplasmosis, 64% (9/14) for 
blastomycosis, and 62% (5/8) for 
coccidioidomycosis, respectively.

ABLC, amphotericin B lipid complex.
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respectively (Larkin and Montero, 2003; Perfect, 2005) (Table 
143.6). 

7d.  Treatment of cryptococcosis

ABLC has demonstrated antifungal efficacy in murine mod-
els of disseminated (Clark et al., 1991) and cerebral crypto-
coccosis (Perfect and Wright, 1994). In an early comparative 
trial in 55 patients with AIDS-associated cryptococcal men-
ingitis, a complete clinical response was noted in 18/21 
patients (86%) treated with ABLC at 5 mg/kg daily for 2 
weeks and then thrice weekly for 4 weeks, and conversion to 
negative CSF cultures was documented in 8 (42%). At end of 
treatment, however, 42% of patients who had received ABLC 
at 5 mg/kg had persistent positivity of CSF cultures (Sharkey 
et al., 1996). Among 106 patients with mostly cerebral cryp-
tococcosis accrued in the manufacturer’s phase IV program, 
clinical responses (cured or improved) were achieved in 
67/101 (66%) evaluable patients. Response rates were 65% 
(51/78) for patients with a CNS infection and 70% (16/23) 
for patients without a CNS infection. Response rates were 
56% (19/34) for patients who were refractory to prior anti-
fungal therapy, and 76% (25/33) for patients with underlying 
renal disease who did not receive prior antifungal therapy 
(Bad dour et al., 2005) (Table 143.6). Of note, IDSA guide-
lines recommend the combination of AmB with flucytosine 
(Perfect et al., 2010), and in a recent retrospective best prac-
tice review, flucytosine exposure was associated with a lower 
overall and attributable mortality rate (Bratton et al., 2013).

7e.  Treatment of leishmaniasis

Enhanced distribution of ABLC to macrophages may be of 
therapeutic benefit to patients with visceral leishmaniasis 
(VL). In randomized, open-label, dose-ranging studies, short- 
course treatment with once-daily ABLC (5–15 mg/kg total 
cumulative dose over 5 days), administered by intravenous 
infusion, produced high rates of apparent (day 14–19) [93–
100%] and definitive (6 months) [79–100%] cures in Indian 
patients with antimonial-resistant VL (Sundar et al., 1997; 
Sundar et al., 1998; Sundar et al., 1999; Goldsmith and Perry 
2004). ABLC appeared to be as effective as liposomal AmB or 
the conventional deoxycholate formulation in a randomized, 
open-label study conducted in India in a mixed population 
of patients with previously untreated or antimonial-resistant 
VL (Sundar et al., 2004). In patients with HIV infection and 
VL, ABLC 3 mg/kg/day for 5 or 10 days appeared to be as 
effective as meglumine antimonate 20 mg/kg/day for 28 
days in a small, randomized pilot study in southern Europe 
(Laguna et al., 2003). ABLC was generally well tolerated in 
patients with VL, with infusion-related reactions being the 
most common adverse events (Goldsmith and Perry, 2004). 
Finally, in a randomized controlled trial investigating ABLC 
3 mg/kg/day every 21 days versus no treatment, the com-
pound showed preventative efficacy as secondary prophy-
laxis for VL relapse in HIV-infected patients, and was well 
tolerated (López-Vélez et al., 2004).

7f.  Use for antifungal prevention

Aerosolized ABLC may be useful as a preventive modality 
against bronchial and pulmonary aspergillosis. ABLC (100 
mg in ventilated, 50 mg in extubated patients) inhaled over 
15–30 minutes once every day for 4 consecutive days, then 
once per week for a total of 2 months of therapy was well 
tolerated in 51 heart or heart/lung transplant patients who 
received a total of 381 treatments (Palmer et al., 2001). In 
a  prospective, randomized, double-blind trial in 100 lung 
transplant recipients, AmB deoxycholate and ABLC were 
administered postoperatively by nebulizer at doses of 25 mg 
and 50 mg, respectively, which were doubled in mechanically 
ventilated patients. The planned treatment was once every 
day for 4 days, then once per week for 7 weeks. Intent-to-
treat analysis revealed that study drug was discontinued for 
intolerance in 6 of 49 (12.2%) and 3 of 51 (5.9%) patients in 
the AmB- and ABLC–treated groups, respectively (p = 0.313). 
Subjects receiving AmB deoxycholate were more likely to 
have experienced an adverse event (p = 0.02). Primary pro-
phylaxis failure within 2 months of study drug initiation was 
observed in 7 of 49 (14.3%) AmB deoxycholate–treated 
patients and 6 of 51 (11.8%) ABLC–treated patients. No 
fungal pneumonias were observed (Drew et al., 2004). In a 
retrospective analysis of 60 lung transplant patients who 
received 50 mg of aerosolized ABLC postoperatively once 
every 2 days for 2 weeks and then once per week for at least 
13 weeks, one patient developed a possible infection due to 
Aspergillus fumigatus. Nebulized ABLC was well tolerated 
during the early posttransplant period (Borro et al., 2008). 
The safety and tolerability of aerosolized ABLC were also 
investigated in 40 subjects undergoing allogeneic HSCT. 
Subjects received aerosolized ABLC treatment once daily for 
4 days, then once weekly for 13 weeks plus daily fluconazole 
until day +100. Cough nausea, taste disturbance, or vomiting 
followed 2.2% of 458 total inhaled ABLC administrations; 
5.2% of inhaled ABLC administrations were associated with 
a ≥ 20% decrease in pulmonary function measurements 
(forced expiratory volume [FEV] or forced vital capacity 
[FVC]) and none required treatment with bronchodilators 
or withdrawal from study. Of three proven invasive fungal 
infections during the study period, only one, a catheter- 
related case of disseminated fusariosis, occurred on treat-
ment (Alexander et al., 2006).

In a double-blind, randomized study in persistently 
febrile granulocytopenic cancer patients, ABLC at 5 mg/kg/d 
(n = 78) was less well tolerated but equally effective as lipo-
somal AmB at 3 mg/kg/d (n = 85) or 5 mg/kg/d (n = 81) 
(Wingard et al., 2000). A randomized trial in 105 adult 
patients with hematologic malignancies and fever of unknown 
origin showed that ABLC at 1 mg/kg/d produces less neph-
rotoxicity than AmB deoxycholate at 0.6 mg/kg/d without 
differences in the incidence of infusion related adverse events 
and with similar efficacy (Subirà et al., 2004). 

A prospective historical control study evaluated the effi-
cacy and safety of ABLC in 131 patients with AML or high-
risk MDS. Prophylactic ABLC 2.5 mg/kg 3 times weekly was 
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compared with a historical control group of 70 patients that 
received prophylactic liposomal AmB, 3 mg/kg three times 
weekly. The overall efficacy of antifungal prophylaxis was 
similar in both groups, with 5 and 4% of patients developing 
a documented fungal infection. Grade 3 and 4 adverse events, 
therapy discontinuations due to adverse events, and survival 
rates also were similar between treatment groups (Mattiuzzi 
et al., 2004). ABLC, given twice weekly at a dose of 4 mg/kg, 
was investigated as prophylactic modality in allogeneic HSCT 
patients receiving prednisone ≥ 30 mg/day and followed for 
1 year. Sixty-three patients received ABLC prophylaxis for a 
median of 52 days (range: 1–289). ABLC was well tolerated; 
seven (11%) patients developed proven or probable invasive 
fungal infections, including three cases of invasive aspergil-
losis (Jansen et al., 2006). ABLC given at a dose of 7.5 mg/kg 
once per week as prophylaxis to 19 allogeneic HSCT patients 
in a randomized trial with posaconazole as comparator 
resulted in a doubling of the serum creatinine in half of 
the  patients necessitating discontinuation of the drug; the 
corresponding discontinuation rate for posaconazole-treated 
patients (n = 21) was 5% (p = 0.001) (Chaftari et al., 2012).

Finally, in a sequential cohort study in high-risk liver 
transplant patients comparing micafungin 100 mg/day ver-
sus ABLC 5 mg/kg/day for 21 days or until discontinuation 
of renal replacement therapy, discharge, or death, invasive 
fungal infections developed in 11.1% (2/18) of micafungin 
recipients and in 8.3% (2/24) of ABLC recipients. In nondi-
alyzed patients, ABLC versus micafungin recipients had sig-
nificantly higher serum creatinine on day 14 (p = 0.04). 
However, renal and hepatic function, rejection, graft loss, 
and mortality did not differ for the two groups on day 90 
(Sun et al., 2013).

7g.  Overview of current clinical indications

The published data indicate that ABLC is less nephrotoxic 
than AmB deoxycholate and effective against invasive oppor-
tunistic mycoses. The experience in the treatment of fungal 
diseases caused by endemic fungi, however, is limited. The 
approved indication is second-line treatment of invasive fun-
gal infections refractory to or intolerant of AmB deoxycholate.

In international guidelines of the European Society for 
Clinical Microbiology and Infectious Diseases (ESCMID), 
the European Conference on Infections in Leukemia (ECIL), 
and the Infectious Disease Society of America (IDSA), ABLC 
is recommended as one of two first-line options for medical 
treatment of mucormycosis (Skiada et al., 2013; Cornely et 
al., 2014; Groll et al., 2014) and for medical treatment of 
cryptococcal meningoencephalitis in organ transplant patients 
(Perfect et al., 2010). In current IDSA guidelines, recom-
mendations for first-line use of a lipid formulation of AmB 
including ABLC exist for treatment of moderately severe 
to  severe pulmonary, disseminated, and central nervous 
system blasto mycosis (Chapman et al., 2008), moderately 
severe to severe pulmonary histoplasmosis (Wheat et al., 
2007), and pulmonary, meningeal, and disseminated sporo-
trichosis (Kauff man et al., 2007). In contrast, no first-line 

recommendations for a lipid formulation of AmB exist for 
treatment of coccidioidomycosis (Galgiani et al., 2005).

Off-label indications may include the treatment of VL and 
use as either systemic or aerosolized prophylaxis or as empir-
ical against invasive opportunistic fungal infections. Due to 
the existence of better-evaluated and approved alternatives, 
however, these off-label indications may also be limited to 
second- and third-line use.
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1. DESCRIPTION

Nystatin is a polyene antifungal agent isolated from Strepto
myces noursei (formerly, fungicidin) (Hazen and Brown, 1951). 
Nystatin is not a single chemical compound, but a mixture of 
closely related compounds (Chowdhry, 1976). It is a yellow 
powder that is insoluble in water and only sparingly soluble 
in methanol and ethanol. The drug was further developed by 
Squibb Research Laboratories (Dutcher et al., 1954), and the 
US Food and Drug Administration first approved it in 1955 
for treatment of vaginal candidiasis. Nystatin is a polyene 
that is unsuitable for parenteral administration. It is used 
topically for the treatment of superficial infections. A liposo
mal formulation was developed but clinical development was 
halted.

The chemical structure of nystatin is shown in Figure 144.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Nystatin has a wide spectrum of antifungal activity. Yeasts such 
as Candida albicans and the other Candida spp. and Crypto
coccus neoformans are susceptible. Using an agar dilution 
methodology, the minimum inhibitory concentrations (MICs) 

of nystatin are 0.5–2 μg/ml for C. albicans, 1.0–2.0 μg/ml for 
C. glabrata, 2.0 μg/ml for other Candida spp., and 2.0 μg/ml 
for C. neoformans (Bergan and Vangdal, 1983). Similar results 
were found using the broth microdilution method stipulated 
by the Clinical and Laboratory Standards Institute, with MICs 
of 2–4 μg/ml for Candida species (Choukri et al., 2014). Some 
isolates of C. lusitaniae, C. lipolytica, and C. guillermondii are 
intrinsically resistant to polyene antifungals, including nysta
tin (Niimi et al., 2010; Giglio et al., 2012). Molds or filamen
tous fungi, such as Aspergillus, Trichophyton, Epider mophyton, 
and Microsporum spp., are usually sensitive. Most dimorphic 
fungi, such as Histoplasma capsulatum, Blastomyces dermatit
idis, Coccidioides immitis, and others are susceptible. Fungi 
of the genus Trichosporon are sensitive, as are Rhodotorula spp. 
and Blastoschizomyces capitatus (Geotrichum capitatum). The 
MICs of nystatin against these sensitive fungi are usually in 
the range of 1.56–6.25 μg/ml (Hazen and Brown, 1951; Hus
sain Qadri et al., 1986). Nystatin also has activity against 
Prototheca spp., although MICs may be two fourfold higher 
than those for amphotericin B (Buzzini et al., 2008; Gao et 
al., 2012).

Liposomal nystatin appears to be as effective as free nysta
tin against yeasts and molds in vitro. The MICs obtained for 
liposomal nystatin were either identical to or lower than the 
corresponding MIC for nystatin against a wide range of fungi 

Figure 144.1. Chemical structure of nystatin.
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(Mehta et al., 1987a). This observation was in contrast to the 
comparison between MICs for AMB and liposomal AMB, in 
which liposomal AMB was less active (Hopfer et al., 1984). 
In one study, liposomal nystatin was found to have activity 
against some Candida isolates that were resistant to AMB 
(Arikan et al., 2002). Liposomal nystatin has been evaluated 
in animal models of aspergillosis (Denning and Warn, 1999; 
Groll et al., 1999a), candidiasis (Groll et al., 1999b), and cryp
tococcosis (Nasti et al., 2006), demonstrating activity and an 
acceptable tolerable safety profile.

2b.  Emerging resistance and 
cross-resistance

Nystatinresistant Candida strains can be produced in vitro 
(Woods, 1971; Nobre et al., 1980). In one study of over 2000 
clinical isolates of Candida spp., no nystatinresistant vari
ants were found (Athar and Winner, 1971). However, after 
gradual exposure to increased nystatin concentrations in 
vitro, nystatin resistance could be induced in isolates of seven 
Candida species. These nystatinresistant strains were cross 
resistant to other polyenes such as amphotericin B and nata
mycin. Such resistant variants were less pathogenic. Nystatin 
resistance has been identified from clinical specimens (Dick 
et al., 1980). Of 747 fungal strains isolated from oncology 
patients (a group in which polyene use was widespread, in 
contrast to no resistance found in other patient populations 
in the same institution where nystatin was not used), 7.4% 
were found to be resistant to nystatin; resistance occurred 
only in strains of C. albicans, C. tropicalis, and C. glabrata. 
Dube et al. (1994) also observed an increase in isolation of 
nystatinresistant C. rugosa in burn patients following the 
introduction of the routine use of nystatin prophylaxis. In 
vitro formation of biofilms by C. albicans has been associated 
with nystatin resistance (Chandra et al., 2001).

3. MECHANISM OF DRUG ACTION

Nystatin, like amphotericin B (see Chapter 141, Amphotericin 
B deoxycholate, acts by binding to ergosterol in the cell mem
brane of sensitive fungi and induces excessive permeability of 
the plasma membrane, allowing leakage of essential mole
cules including potassium. Nystatin, presumably by its action 
of making the cell membrane more permeable, potentiates 
the entry of drugs such as 5flucytosine and tetracycline into 
C. albicans cells (Aszalos, 1975). Nystatin and other polyene 
antifungal drugs may also contribute to activation of the 
host’s innate immune system (Darisipudi et al., 2011). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

There are many preparations of this drug, such as oral tablets 
(500,000 units), an oral suspension (100,000 units/ml) and a 

powder for oral suspension, and pastilles (lozenges) contain
ing 200,000 units nystatin. For the treatment of oral and gastro
intestinal candidiasis, doses of 400,000 to one million units four 
times daily are administered until resolution of the infec tion 
and for 48 hours thereafter.

For vulvovaginal candidiasis, vaginal tablets or foam pessa
ries (100,000 units), or vaginal cream, 100,000 units per 4–5 g, 
are inserted high in the vagina daily for 14 days.

Other topical preparations available include cream, oint
ment, and powder in a concentration of 100,000 units/g and 
are applied to affected areas of skin three or four times per 
day. The eye should be avoided. In addition, creams and oint
ments are marketed in which nystatin is combined with anti
biotics such as bacitracin, neomycin, and polymyxin B, as 
well as steroids such as triamcinolone acetonide. One milli
gram of nystatin is equivalent to 3500 units.

Liposomal nystatin is made up of multilamellar vesicles 
containing 500 μg nystatin per 10 mg phospholipids. Liposo
mal nystatin is currently in phase III clinical trials; thus the 
recommended doses have not been fully defined. In clinical 
trials carried out so far, however, liposomal nystatin has been 
intravenously administered at doses of 0.25 to 4 mg/kg (Wil
liams and Moore, 1999).

4b.  Newborn infants and children

For the treatment of oral and gastrointestinal candidiasis in 
neonates, the dose is 100,000 units four times daily.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Nystatin is poorly absorbed from the gastrointestinal tract. 
After a very large oral dose (ten million units), some nystatin 
can be detected in the serum. With the usual recommended 
oral doses there is too little absorption to produce a systemic 
chemotherapeutic effect. Some absorption must occur, how
ever, since infrequent cases of allergic dermatitis, Stevens–
Johnson syndrome, and fixed drug eruptions have been seen 
(see later under 6, Toxicity).

5b.  Drug distribution

The pharmacokinetics of liposomal nystatin was evaluated 
in a rabbit model (Groll et al., 2000). Nonlinear kinetics were 
noted across different doses tested. After a single dose, the 
mean Cmax increased from 13 μg/ml at 2 mg/kg to 42 μg/ml at 
6 mg/kg. Similarly, the area under the curve (AUC) increased 
from 12 to 67 μg/h per ml. Multiple dose pharmacokinetics 
were similar up to 14 days. Preferential distribution to the 
lungs, liver, and spleen were noted. Much of the drug is in 
the lipoprotein fraction of blood (Ramaswamy et al., 1999).

The pharmacokinetics of single doses of liposomal nystatin 
(0.25, 0.5, 0.75, and 1.0 mg per kg i.v.) were evaluated in HIV
infected patients (Rios et al., 1993). The drug was administered 
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at 2 mg/min and the initial plasma concentration of nystatin 
ranged from 3.7 to 9 μg/ml over the four dose cohorts. The AUC 
increased from 452 μg/min/ml for the 0.25 mg/kg cohort to 
1263 μg/ml/min for the 1.0 mg/kg cohort. The clearance of 
nystatin from blood of 0.6–1.0 ml/kg/min did not appear to 
vary significantly with increasing dose (Rios et al., 1993).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are few data correlating the pharmacokinetic/pharma
codynamic parameters of nystatin with clinical efficacy, 
although this is generally considered to be related to local 
drug concentrations.

5d.  Excretion

Given the minimal absorption of nystatin and inability to 
administer the drug parenterally, neither hepatic nor renal 
excretion is relevant.

5e.  Drug interactions

Given its minimal absorption, there are minimal drug inter
actions associated with nystatin. Kovac et al. (2012) noted a 
possible interaction between topical nystatin and warfarin 
leading to elevated international normalized ratios (INR) in 
4 of 8 patients.

6. ADVERSE REACTIONS AND TOXICITY

Mild nausea, vomiting, and diarrhea may occur following the 
administration of oral doses of nystatin exceeding five mil
lion units (Cohen, 1982). Allergic contact dermatitis, Stevens– 
Johnson syndrome, and fixed drug eruptions including acute 
generalized exanthematous pustulosis due to oral and topical 
nystatin have been reported (Wasilewski, 1970; Cosky, 1971; 
Pareek, 1980; De Groot and Conemans, 1990; Garty, 1991; 
Quirce et al., 1991; OcerinGuerra et al., 2012).

Both the cream and ointment formulations are well toler
ated and adverse reactions are extremely rare, even during 
prolonged use. When nystatin is combined in formulations 
with ethylenediamine, a contact allergic dermatitis may 
develop at the site of application due to the ethylenediamine 
component (Freeman, 1986). Methemoglobinemia was noted 
following use of a gel containing nystatin, 7.5% benzocaine, 
doxycycline, and glycerin. However, this was attributed to ben 
zocaine (KaczorowskaHac et al., 2012).

In vitro, liposomal nystatin appears to protect human ery
throcytes from the toxicity of the free nystatin (Mehta et al., 
1987a). Liposomal encapsulation provides a parenteral prepa
ration of nystatin with markedly reduced toxicity and improved 
therapeutic efficacy in the murine model of systemic candidia
sis (Mehta et al., 1987b).

No animal reproduction studies have been performed to 
establish the safety of nystatin in pregnancy. Nystatin should 
therefore be used in pregnancy only when absolutely needed.

7. CLINICAL USES OF THE DRUG

7a.  Skin infections

Topical nystatin is suitable for the treatment of superficial Can  
dida spp. infections, including diaper dermatitis and angular 
cheilitis. Topical nystatin applied three or four times daily for 
7–10 days is usually effective, and symptomatic improvement 
usually occurs within 1–3 days (Rezabek and Friedman, 1992). 
Topical nystatin cream (100,000 units/g) alone was as effec
tive as combined oral nystatin suspension (100,000 units four 
times daily) and topical nystatin therapy for 10 days in the 
treatment of diaper dermatitis due to C. albicans. Mycologic 
eradication of the skin infection occurred in 78%. There was 
no difference in the eradication of C. albicans from skin or 
gastrointestinal tract between infants treated with combined 
oral and topical therapy and those treated with topical nysta
tin alone (Munz et al., 1982). Dermatophyte infections respond 
poorly.

7b.  Oral candidiasis

There are multiple regimens used for the treatment of oro
pharyngeal candidiasis. Topical or oral azoles or oral polyenes 
are effective (Pappas et al., 2004). Fluconazole is more effective 
than oral polyenes (Philpott Howard et al., 1993). However,  
oral polyenes can be effective in infections due to fluconazole 
resistant organisms (Ellepola et al., 2014).

Nystatin oral suspension is administered per os, typically 
4–6 ml four times daily of the suspension swished around the 
mouth to cover all mucosal surfaces and then swallowed for 
esophageal exposure or as 200,000U pastilles, one or two 
pastilles 4–5 times daily for 7–14 days (Pappas et al., 2004). 
Local treatment of oral candidiasis in patients receiving radio
therapy and/or chemotherapy for cancer of the head and 
neck is often less effective than in other immunocompromised 
patients. Nystatin 100,000 units four times daily for 3 weeks 
resulted in a clinical cure in 63% patients, but twothirds 
relapsed (Holst, 1984). In infants and newborns with oral 
candidiasis, nystatin was less effective than oral ketoconazole 
suspension (20 mg/ml). Ketoconazole also had more rapid 
therapeutic effect than nystatin (100,000 units/ml) (Boon et 
al., 1989). In AIDS patients with oropharyngeal or esopha
geal candidiasis, nystatin suspension 200,000 units “swish 
and swallow” four times daily was significantly less effective 
than ketoconazole (Nyst et al., 1992). Gentian violet was also 
more effective than nystatin for oral thrush (Nyst et al., 
1992). Treatment and suppressive doses of 500,000 units five 
times daily are generally required for adults with HIV infec
tion. Some investigators recommend oral nystatin suspen
sion for primary prophylaxis of mucocutaneous candidiasis 
in HIVinfected infants.

Nystatin may also have a role in the treatment of denture 
stomatitis, particularly when caused by azoleresistant Can
dida spp. This had led to interest in using it in combination 
with other agents including amphotericin B (Niimi et al., 2010) 
and silver nanoparticles (Monteiro et al., 2013). A randomized 
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controlled trial comparing use of nystatin with photody
namic therapy for this indication found them to be equally 
effective (Mima et al., 2012). 

7c.  Vaginal candidiasis

There are multiple effective regimens of topical azoles, nystatin 
or boric acid, and oral azoles (Pappas et al., 2004). Vaginal can  
didiasis usually responds well to a 14day course of nystatin 
pessaries inserted high in the vagina daily. The Nystatin 
Multi center Study Group (1986) determined that a combined 
approach of nystatin administered both as an intravaginal pes
sary (100,000 units) and as oral tablets (3,000,000 units daily 
in three divided doses) for 1 week was significantly superior to 
intravaginal treatment with nystatin alone. These results are 
in contrast to other studies, which failed to demonstrate that 
suppressing the intestinal reservoir of Candida spp. results 
in improved response rates for candidal vaginitis treatment 
(Milne and Warnock, 1979). Comparison of oral ketocona
zole (400 mg/day for 5 days) and nystatin pessaries (100,000 
units twice daily for 7 days) for the treatment of vaginal can
didosis revealed no difference in response rate (80–87%), but 
a higher relapse rate in the nystatintreated group (Salem et 
al., 1989). The azole antifungal agents have replaced topical 
nystatin as the agent of first choice for vulvovaginal candidi
asis because of improved antifungal efficacy, shorter treatment 
regimens, and better patient compliance (Pappas et al., 2004).

Nystatin is also indicated in the treatment of vaginal can
didiasis caused by azoleresistant Candida spp. A survey of 
isolates from patients with complicated vulvovaginal candi
diasis found all isolates to be susceptible to nystatin (Fan and 
Liu, 2011). Recently published guidelines recommended its 
use in cases caused by C. kruseii and as part of a combination 
regimen including oral posaconazole and ciclopirox olamine 
for treatment of infections caused by C. glabrata (Mendling 
et al., 2015). Nystatin may also be useful in cases of recurrent 
vulvovaginal candidiasis (Fan et al., 2015). 

7d.  Prophylaxis for systemic infection

Oral nystatin has been used as a prophylactic strategy to try 
to prevent systemic candidiasis in patients with hematologic 
malignancy and in cancer patients undergoing induction 
chemotherapy. Unfortunately, the prophylactic use of nystatin 
in immunocompromised patients has often been disappoint
ing. Several studies have been published that reveal that the 
efficacy of nystatin suspension for antifungal prophylaxis in 
both adults and children is questionable (Williams et al., 1977; 
Carpentieri et al., 1978; DeGregorio et al., 1982; Barrett, 
1984; Buchanan et al., 1985). Oral forms of the drug are often 
unpalatable and patient compliance is poor (Young, 1982; 
Gombert et al., 1987; Reents et al., 1993). The dose of nystatin 
and method of administration was not consistent across stud
ies, making comparisons of efficacy problematic. DeGregorio 
et al. (1982) evaluated nystatin prophylaxis during induction 
chemotherapy for acute leukemia and found that nystatin did 
not reduce the risk of oropharyngeal or systemic candidiasis.

In general, oral azoles have been found to be more effec
tive than oral nystatin (Hann et al., 1982; Jones et al., 1984; 
Shepp et al., 1985, Turhan et al., 1987; Philpott Howard et al., 
1993; Ninane, 1994). Comparable efficacy for prevention of 
oropharyngeal candidiasis between clotrimazole troches and 
nystatin suspension has been noted in renal transplant patients 
given 15 ml nystatin (100,000 units/ml) six times daily by the 
swishandswallow maneuver, and to orthotopic liver trans
plant patients given 500,000 units four times daily (Gombert 
et al., 1987; Ruskin et al., 1992).

Up to 30% of burn patients become colonized with Candida 
spp. and are put at significant risk of Candida sepsis. Desai 
et al. (1992) reviewed their experience before and after the 
institution of nystatin prophylaxis (5–10 ml by the swish
andswallow technique four times daily, and topical applica
tion of nystatin ointment to burn wounds with other topical 
antibiotics) in all burn patients. They noted a significant 
reduction in colonization, wound infection, and sepsis from 
Candida spp. This was confirmed in another retrospective 
study in which the topical use of nystatin was associated with 
a significant decrease in fungal colonization and infection 
of burn wounds and 50% reduction in fungemia. However, 
an increase in colonization and sepsis from nystatinresistant  
C. rugosa was observed in cases of Candida spp. sepsis after 
the introduction of nystatin prophylaxis, compared with 
none prior to its institution (Dube et al., 1994).

Among very low birth weight infants, mucocutaneous 
candidiasis is a significant risk factor for the invasive candi
diasis. In a randomized, controlled study in very low birth 
weight infants, nystatin suspension 100,000 units in each side 
of the mouth every 8 hours significantly reduced the inci
dence of colonization and sepsis with Candida spp. (Sims et 
al., 1988). However, another prospective study by Faix et al. 
(1989) revealed that nystatin therapy of established mucocu
taneous candidiasis did not prevent the subsequent develop
ment of invasive candidiasis. Nevertheless, in an outbreak 
of C. parapsilosis infection in a neonatal intensive care unit, 
selective decontamination of the digestive tract with nystatin 
100,000 units administered four times daily to all neonates in 
the unit until all surveillance site cultures were negative for 
2 weeks was an effective strategy in controlling the outbreak 
(Damjanovic et al., 1993). A subsequent prospective, random
ized controlled trial comparing nystatin with fluconazole in 
very low birth weight infants found no differences in fungal 
colonization and invasive fungal infection between the nysta
tin and fluconazole groups (Aydemir et al., 2011). A recent 
Cochrane Review, which included studies of nystatin pro
phylaxis, found a statistically significant reduction in inva
sive fungal infection but not mortality (Austin et al., 2015). 
However, the authors did note methodological weaknesses in 
the included trials. Nystatin was recommended as a secondline 
agent for prevention of invasive candidiasis in neonates and 
children in recent European guidelines (Hope et al., 2012). 

In critically ill surgical and trauma patients, the prophy
lactic use of nystatin, two million units every 6 hours, admin
istered via a nasogastric tube, significantly reduced the incidence 
of yeast colonization but not the incidence of yeast sepsis 
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compared with no antifungal prophylaxis. The effect of nysta  
tin was not different from that of clotrimazole or ketocona
zole, but the study was underpowered to determine a differ
ence (Savino et al., 1994). Cerra et al. (1992) evaluated gut 
decontamination with an antibiotic and nystatin versus pla
cebo for the prevention of nosocomial infections in a similar 
group of patients. Although they found that gut decontami
nation significantly reduced the number of fungal infections, 
it did not reduce the number of patients developing infection 
or overall mortality. Although the optimal dose of nystatin 
for selective gut decontamination has not been established, it 
is known that initially 12 million units per day is required to 
achieve nystatin concentrations of greater than 20 μg/ml in 
feces (for antifungal activity against yeast), with a subsequent 
decrease to four million units daily (Hofstra et al., 1979). 
Placing patients on selective bowel decontamination with an 
oral fluoroquinolone and nystatin prior to the time of liver 
transplantation and continued for 4 weeks post transplanta
tion effectively reduced the incidence of fungal infections 
compared with historical controls (Gorensek et al., 1993). A 
randomized controlled trial of nystatin prophylaxis in surgical/ 
trauma patients noted a significant decrease in Candida col
onization (Giglio et al., 2012). A reduction in mortality was 
also noted; however, this was not statistically significant, pos
sibly due to the study not being powered to detect a mortality 
benefit. A metaanalysis of selective decontamination that 
included two trials of nystatin prophylaxis also noted a 
reduction in fungal carriage and overall fungal infections but 
no impact on fungemia (Daneman et al., 2013). 

Zaruba et al. (1991) reported a reduction in the incidence 
of fungal peritonitis in continuous ambulatory peritoneal 
dialysis patients by the administration of nystatin during the 
period patients received antibiotics.

7e.  Treatment of systemic infection

There are few clinical trials of liposomal nystatin. Doses of 
2–4 mg/kg per day were used in early clinical trials. In one 
clinical trial, 33 patients who were intolerant or refractory to 
treatment for invasive aspergillosis with amphotericin B were 
given liposomal nystatin in a dose of 4 mg/kg per day (Offner 
et al., 2004). Lower initial doses of 2 mg/kg per day were 
given to patients with renal impairment. The dose could be 
increased to 6 mg/kg per day after 5 days or decreased to 2 mg/
kg per day, depending on response and tolerance. Treat ment 
was given for a median of 16 days. Overall responses were 
seen in 28%, mostly partial responses. Infusional toxicities 
occurred in twothirds of patients, including chills, shivering, 
and fever, and necessitated discontinuation in two patients. 
Renal impairment was noted in 30% of patients.
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1. DESCRIPTION

Natamycin is a tetrene polyene antifungal agent, isolated from 
Streptomyces natalensis (Struyk et al., 1958). It is a highly toxic 
polyene and is unsuitable for systemic treatment. It has lim-
ited treatment applications and is used mainly for fungal ker-
atitis caused by Fusarium spp. or Acremonium spp. and other 
molds; it is also used as an antimicrobial food additive to 
protect food from mold and yeast growth. It has not been 
extensively evaluated either in vitro or in vivo. The chemical 
structure of natamycin is shown in Figure 145.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Natamycin has a wide spectrum of antifungal activity. Yeasts 
such as Cryptococcus neoformans, Candida albicans, and other 
Candida spp. are sensitive (Spierer et al., 2015). Filamentous 
fungi, such as Aspergillus spp., Acremonium spp., and Cun ning
hamella spp., are sensitive, with mean inhibitory concentrations 
(MICs) less than 4 mg/l. Fusarium spp. and Pseudallescheria 
boydii are also susceptible to natamycin (Reuben et al., 1989; 
Rotowa et al., 1990; Al-Hatmi et al., 2015b; Homa et al., 2013). 
Natamycin topical drops at a concentration of 50 mg/ml were 

effective in the rabbit model of experimental keratitis due to 
Aspergillus fumigatus (Garcia de Lomas et al., 1985).

The dermatophytes Epidermophyton, Microsporum, and 
Trich ophyton spp. are moderately resistant, and in compari-
son with other antifungal agents used for dermatomycoses, 
natamycin was the least effective in vitro (Macura, 1993). 
Alternaria altemata is susceptible, with an MIC of 2 mg/l (Ando 
and Takatori, 1987), but an isolate of Paecilomyces lilacinus 
causing keratomycosis was resistant (Gordon and Norton, 
1985). Most of the dimorphic fungi, such as Histoplasma 
capsulatum, Blastomyces dermatitidis, Coccidioides immitis, 
and Sporothrix schenckii, are also sensitive. The majority of 
sensitive fungi are inhibited by natamycin concentrations 
of 1–10 mg/l (Struyk et al., 1958).

2b.  Emerging resistance and 
cross-resistance

Acquired fungal resistance to this drug has not been described. 
However, there are concerns that exposure to natamycin 
through its use in food and beverages may lead to increasing 
MICs in gastrointestinal Candida spp. (Dalhoff and Levy, 2015).

3. MECHANISM OF DRUG ACTION

The mode of action of natamycin is similar to that of the 
other polyenes. However, in one study, some differences with 
other polyene action were noted (te Welscher et al., 2008). 
Natamycin did not alter bilayer permeability of ergosterol mem-
branes at concentrations that blocked growth, in contrast to 
other polyenes. Natamycin may inhibit fungal growth through 
immediate inhibition of amino acid and glucose transport 
across the plasma membrane (te Welscher et al., 2010).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Only topical preparations are available. Natamycin is mar-
keted as a 5% ophthalmic suspension, and a 2% cream is also Figure 145.1. Chemical structure of natamycin.
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available. Vaginal pessaries containing 25 mg natamycin  
are used for the treatment of trichomonal and candidal vagi-
nitis. The suspension for inhalation is prepared to provide a 
2.5% concentration. Other skin and otic ointments are mar-
keted in which natamycin is combined with neomycin and 
hydrocortisone.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

No pharmacokinetic data for humans are available. Animal 
pharmacokinetics has shown a peak plasma level of 40 µg/ml 
following administration of 7.5 mg/kg i.v. (Korteweg et al., 
1961).

After topical administration, natamycin penetrates into 
corneal tissue, as demonstrated in rabbits. Corneal levels of 
natamycin were higher than amphotericin B, and were also 
greater when the cornea was debrided than with intact epi-
thelium (O’Day et al., 1986). However, as the drug is water- 
insoluble, it penetrates into ocular tissues poorly.

6. ADVERSE REACTIONS AND TOXICITY

There is minimal toxicity from the topical use of natamycin. 
It may cause minor irritation. Vomiting and diarrhea may occur 
if an oral dosage higher than 600 mg daily is given (Newcomer 
et al., 1960); however, no oral formulation is now currently 
available.

7. CLINICAL USES OF THE DRUG

7a.  Keratomycosis

Topical natamycin has been used successfully for the treatment 
of keratitis due to Alternaria alternata (Ando and Taka tori, 
1987), Exophiala jeanselmei (al-Hedaithy and al-Kaff, 1993), 
Pseudallescheria boydii (Mills and Garrett, 1992), Acantha
moeba polyphaga (Jackson et al., 1986), and Aspergillus oryzae 
(Stenson et al., 1982). The recommended dose of the 5% nat-
amycin ophthalmic suspension is one drop instilled in the 
conjunctiva every 1–2 hours for the first 3–4 days, followed 
by one drop six to eight times daily. Therapy is continued in 
responding patients for 14–21 days. Comparative trials of 
fungal keratitis demonstrated topical natamycin 5% to be as 
or more effective than topical itraconazole 1% (Kalavathy et 
al., 2005), as effective as econazole 2% (Prajna et al., 2003), 
and similar to a combination of natamycin 5% plus econazole 
2% (Prajna et al., 2004). In one trial, chlorhexidine gluconate 
0.2% was more effective than natamycin 2.5% (Rahman et 
al., 1998).

A meta-analysis of studies of various topical antifungal ther-
apies for fungal keratitis has raised questions as to how effec-
tive natamycin and various other antifungal therapies are 
(FlorCruz and Peczon, 2008). Silver sulfadiazine ointment was 
associated with the fewest failures, with various azoles inter-
mediate, and natamycin with the most treatment failures. 

Predictors of primary natamycin treatment failure included 
large, ulcer-sized hypopyon and Aspergillus spp. as the caus-
ative organism (Lalitha et al., 2006). Nevertheless, natamycin 
remains the treatment of choice for fungal keratitis (Thomas 
and Kaliamurthy, 2013; Qiu et al., 2015), and several studies 
have also shown a correlation between natamycin MIC and 
clinical outcome (Sun et al., 2014; Wang et al., 2015). Vori-
conazole has also been increasingly used for this indication; 
however, multiple trials have demonstrated that voriconazole 
does not add benefit and perhaps may be inferior to natamy-
cin, especially in treatment of Fusarium spp. (Sharma et al., 
2015; Prajna et al., 2013; Arora et al., 2011). A recent meta- 
analysis concluded that there is evidence that natamycin is 
more effective than voriconazole in the treatment of fungal 
ulcers, with the caveat that the studies included were of low 
quality (FlorCruz and Evans, 2015).

Combination therapy of natamycin with different agents 
for fungal keratitis has been assessed with varying results.  
In vitro assessment of synergy demonstrated that combina-
tions of natamycin/voriconazole, natamycin/itraconazole, 
and natamycin/micafungin were synergistic (Al-Hatmi et 
al., 2015a). Oral ketoconazole did not add benefit to topical 
natamycin in fungal keratitis caused by filamentous molds 
(Rajaraman et al., 2015) but addition of topical voriconazole 
may be useful in cases not responding to natamycin (Sharma 
et al., 2013). Combinations of natamycin with azoles or ter-
binafine were not synergistic against Fusarium spp. (Li et al., 
2008).

7b.  Oral candidiasis

Natamycin is effective for oral candidiasis. In children with 
hematologic malignancy, 2.5% natamycin drops administered 
in a dose of 6–20 drops four times daily for up to 8 weeks 
produced complete resolution in 80%, without toxicity 
(Moszczen ska, 1989).

7c.  Vaginal candidiasis

Although it has been established that topical natamycin vag-
inal cream in doses of 25, 50, and 100 mg, or vaginal tablet 
100 mg, administered once daily for 6 days, has good efficacy 
for vulvovaginal candidiasis (cure rates of 86–97%), this 
treatment is associated with a high recurrence rate of 30% 
(Buch and Skytte-Christensen, 1982; Christensen and Buch, 
1982). The recommended dose is one 25-mg pessary inserted 
nightly for 20 days or twice daily for 10 days. Natamycin is 
not considered a first-line therapy for vaginal candidiasis.

7d.  Aerosol therapy for bronchopulmonary 
aspergillosis

Administration of natamycin by aerosol has been used to treat 
pulmonary aspergillosis. Edwards and La Touche (1964) 
treated ten patients using natamycin as a 2.5% suspension 
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diluted in an alkaline agent, and administered 2.5-mg doses 
by aerosol two or three times a day. These authors observed 
clinical improvement in seven of the ten patients after 6 weeks 
of therapy. Nebulized natamycin 5 mg twice daily for 1 year 
was evaluated in a placebo-controlled trial to determine if it 
had a steroid-sparing effect in patients with allergic broncho-
pulmonary aspergillosis. After 1 year, there was no evidence 
of any benefit conferred by nebulized natamycin (Currie et 
al., 1990).
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Caspofungin 

Russell E. Lewis, Nicholas D. Beyda, Dimitrios P. Kontoyiannis

1. DESCRIPTION

The development of compounds capable of inhibiting glucan 
synthesis of the fungal cell wall has been a milestone achieve-
ment in antifungal chemotherapy. Three classes of compounds— 
aculeracins, papulacandins, and echinocandins—were discov-
ered as fermentation metabolites during screening programs 
for new antibiotics (Hector, 1993). To date, only semisyn-
thetic derivatives of echinocandins have been developed for 
clinical use. Caspofungin (L-743872; MK-0991) was the first 
glucan synthesis inhibitor of the echinocandin class approved 
for use in humans. It is a synthetically modified fermentation 
product pneumocandin B0 of Glarea lozoyensis consisting of 
a cyclic hexapeptide with modified N-linked acyl lipid side-
chain (Figure 146.1). The chemical structure of caspofungin 
is (1-[(4R,5S)-5- [(2-aminoethyl)amino]- N2-(10,12-dimethyl- 
1-oxotetradecyl)-4-hydroxy-L-ornithine]-5-[(3R)-3-hydroxy- 
L-ornithine] pneumocandin B0 diacetate.

Several key structural activity relationships have been 
identified for caspofungin. The N-linked acyl lipid side-chain 

plays an essential role in anchoring the antibiotic to the phos-
pholipid bilayer of the fungal cell membrane (Denning, 2003), 
allowing the hexapeptide nucleus to non-competitively bind 
to beta-1,3 D glucan synthase leading to inhibition of glucan 
synthesis. Modifications to the acyl lipid side-chain do not 
affect antifungal activity provided the linear structure is main-
tained, but substitutions of the hexapeptide nucleus result in 
loss of antifungal activity (Debono and Gordee, 1994). 

2. ANTIMICROBIAL ACTIVITY

ANTIFUNGAL SUSCEPTIBILITY TESTING

Standardized methods for performing and interpreting cas-
po fungin minimum inhibitory concentrations (MICs) have 
undergone several changes over the last decade. Both the 
European Committee for Antimicrobial Susceptibility Testing 
(EUCAST) and Clinical Laboratory Standards Institute (CLSI) 
have proposed reference methods for broth microdilution 
 susceptibility testing of echinocandins against yeast (EUCAST 

Figure 146.1. Structure of caspofungin.
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E.def 7.2 broth microdilution; CLSI M27-A3) and Aspergillus 
spp. (EUCAST E.def 9.1; CLSI M38-A2). While there are 
some differences between the EUCAST and CLSI methods, 
they have been harmonized to produce categorical agreement 
in the interpretation of MIC results when caspofungin is 
tested against Candida spp. (Pfaller, Castanheira et al., 2010). 
The CLSI has also proposed an agar-based disk- diffusion 
method (M44-A) for caspofungin.

Commercial methods are also available as modifications 
of the broth dilution or agar test methods. Three methods  
are approved for performing caspofungin MICs in Candida 
species: the Sensititre YeastOne colorimetric plate (Trek Diag-
nostics, Cleveland, OH), Vitek2 yeast susceptibility testing 
(bioMérieux, Marcy I’Étoile, France), and Etest (bio Mérieux, 
Marcy I’Étoile, France). Other novel technologies such as 
matrix-assisted laser desorption-ionization time of flight mass 
spectroscopy (MALDI-TOF) or flow cytometry assays using 
vital dyes have been developed to perform rapid susceptibility 
testing with caspofungin, but are not in widespread clinical use.

Breakpoints for caspofungin susceptibility were originally 
based on expected plasma concentrations and rare clinical 
reports of resistance (Pfaller and Diekema, 2012). Later, Can
dida species-specific breakpoints were proposed to harmo-
nize susceptibility breakpoints between EUCAST and CLSI 
based on MIC distributions, pharmacokinetic and pharma-
codynamic parameters, detected resistance mechanisms, and 
separation of wild-type from non–wild-type populations as 
defined by epidemiological cutoff values (ECV) (Pfaller, Boy-
ken, et al., 2010; Pfaller et al., 2011; Arendrup et al., 2015). 
ECVs of caspofungin for common Candida species are pre-
sented in Table 146.1.

Unfortunately, current reference methods for caspofungin 
susceptibility testing are subject to substantial inter-laboratory 
variability, even when performed using reference methods. 
This has raised questions concerning the reliability of current 
reference methods for accurately detecting resistant (or non–
wild-type strains) with the Candida species-specific breakpoints 
(Espinel-Ingroff et al., 2013). Specifically, some laboratories 
over-report Candida isolates as non-susceptible to caspofungin, 

but susceptible to anidulafungin and micafungin. Variability 
in caspofungin MICs may be linked to nonspecific binding 
of the drug to polystyrene MIC microtiter trays (Fothergill 
et al., 2016). Therefore, routine testing with caspofungin is 
not recommended until these problems are clarified; anidula-
fungin or micafungin should be tested in place of caspofungin 
to assess caspofungin susceptibility. Isolates that are suscep-
tible to anidulafungin or micafungin can be considered sus-
ceptible to caspofungin. 

Molecular testing by either direct DNA sequencing or real-
time DNA probing of FKS genotype has been proposed as an 
ideal alternative to standard susceptibility testing for echino-
candins to differentiate wild-type isolates from echinocandin- 
resistant FKS mutants (Perlin, 2015). The presence of an FKS 
mutation may be a more reliable indicator of decreased prob-
ability of clinical response to echinocandin therapy (Shields 
et al., 2012). 

Caspofungin activity in Aspergillus species is defined by 
minimum effective concentration (MEC)—the lowest concen-
tration resulting in small, compact, highly-branched hyphae 
as compared with the elongated hyphal forms observed in the 
growth control (Kurtz et al., 1994). This endpoint reflects 
the specific damaging effects of caspofungin on growing 
hyphal tips, whereas subapical compartments are unaffected 
(Figure 146.2) (Bowman et al., 2002). In contrast to the fun-
gicidal activity observed against Candida spp., these abnor- 

Table 146.1. Epidemiological cutoff values (ECVs) for 
caspofungin against common Candida spp. determined by 
24-hour CLSI broth microdilution methods.

Species
No. of 
isolates

Wild-type 
MIC (mg/l)

Non Wild-type 
MIC (mg/l)

C. albicans 4,283 ≤ 0.12 > 0.12

C. glabrata 1,236 ≤ 0.12 > 0.12

C. parapsilosis 1,238 ≤ 1 > 1

C. tropicalis 996 ≤ 0.12 > 0.12

C. krusei 270 ≤ 0.25 > 0.25

Source: Data from Pfaller et al., 2014.

Figure 146.2. Effect of 72 hour 
caspofungin treatment (0.3 mg/l) 
on A. fumigatus cells; 400x 
magnification. Arrows with single 
tails indicate lysed apical cells. 
Arrows with double tails represent 
lysed conidiophores. The right 
panel shows early (6 hour) lysing of 
apical tips at 2,000x magnification. 
(Reprinted with permission from 
Bowman et al., 2002.) 
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mal hyphae are still viable in vitro and possibly in vivo. Hence 
caspofungin is considered to be a predominantly fungistatic 
agent for Aspergillus spp. (Bowman, et al., 2002).

Susceptibility breakpoints are not established for caspo-
fungin in Aspergillus species because of limited evidence. 
However, ECVs for caspofungin have been defined for com-
mon Aspergillus species as shown in Table 146.2. 

2a.  Routine susceptibility

PATHOGENIC YEASTS

Caspofungin is a highly active against Candida species, with 
approximately ≥ 95% of isolates inhibited at concentrations 
≤ 0.0.3 mg/l (Pfaller et al., 2014) (Table 146.3). Susceptibility 
to caspofungin varies by Candida species. Members of the  
C. parapsilosis family (C. parapsilosis senso stricto, C. orthop
silosis, and C. metapsilosis) MICs are typically four dilutions 
(eightfold) higher than C. albicans due to naturally occurring 
amino acid substitutions in a gene that encodes a component 
of beta-1,3 glucan synthase complex (FKS1p) that dimin-
ishes echinocandin-binding affinity (Garcia-Effron, Katiyar, 
et al., 2008). However, the clinical significance of this poly-
morphism has been questioned, since patients with these 
infec ting strains are frequently successfully treated with caspo-
fungin (Kale-Pradhan et al., 2010). Minimum fungicidal con - 
centrations (MFCs) for most Candida species fall within 1–2 
dilutions of the MIC (0.02–16 mg/l), but may be higher for 
C. tropicalis, C. glabrata, C. parapsilosis, C. lusitaniae, and  
C. guillermondii (Arévalo et al., 2003; Barchiesi et al., 2005).

In broth dilution time-kill assays, caspofungin displays 
concentration-dependent fungicidal activity against most 
actively growing Candida species (Bartizal et al., 1997; EJ 
Ernst et al., 1999) with persistent growth suppression (post 
antifungal effects) ranging from 0–2 hours following drug 
removal at sub-MIC exposures, up to 12 hours with supra-
MIC exposures (EJ Ernst et al., 2000) Slower fungicidal and 
occasionally fungistatic activity is observed with when caspo-
fungin is tested against C. tropicalis and C. parapsilosis in 
time-kill curve studies (EJ Ernst, et al., 1999; ME Ernst et al., 
1996; Roling et al., 2002).

Caspofungin retains activity against biofilm-embedded 
Can dida species. Under sessile biofilm-like conditions, the 

MIC values for amphotericin B and fluconazole may increase 
by 10- to 1000-fold (Kuhn et al., 2002; Ramage et al., 2013). 
Caspofungin MIC values, however, do not markedly change 
from planktonic versus sessile conditions with inoculum reduc-
tions of > 99% for biofilm-embedded C. albicans concentra-
tions achieved in vivo (Kuhn et al., 2002; Ramage et al., 2013). 
Biofilm growth in C. albicans is associated with marked 
changes in the cell and increased secretion of carbohydrates, 
including β-1,3-d-glucan (Nett et al., 2011), which has been 
shown to sequester antifungals limiting drug penetration into 

Table 146.2. Epidemiological cutoff values (ECVs) for 
caspofungin against common Aspergillus spp. determined by 
CLSI broth microdilution methods.

Species
No. of 
isolates

Wild-type 
MIC (mg/l)

Non Wild-type 
MIC (mg/l)

A. fumigatus 1,691 ≤ 0.5 > 0.5

A. flavus 432 ≤ 0.25 > 0.25

A. nidulans 1,238 ≤ 0.5 > 0.5

A. niger 996 ≤ 0.25 > 0.25

A. terreus 270 ≤ 0.25 > 0.25

A. versicolor 75 ≤ 0.25 > 0.25

Source: Reproduced from Espinel-Ingroff et al., 2011. 

Table 146.3. Minimum inhibitory concentrations (MICs, mg/l) 
and minimum effective concentrations (MEC, mg/l) of selected 
pathogens for the echinocandins determined by CLSI methods.

Fungi

Caspofungin

MIC50 MIC90

Yeasta

Candida albicans 0.015 0.12

Candida parapsilosis 0.25 0.5

Candida orthopsilosis 0.12 0.25

Candida glabrata 0.03 0.06

Candida tropicalis 0.06 0.12

Candida krusei 0.12 0.25

Candida guillermondii 0.05 1

Candida lusitaniae 0.25 0.5

Candida dubliniensis 0.06 0.12

Candida kefyr 0.015 0.03

Candida famata 0.5 1

Cryptococcus neoformans > 16 > 16

Endemic fungi (yeast form)b MIC range

H. capsulatum 0.5–32

B. dermatitidis 0.5–8

Coccidioides immitis > 64

Endemic fungi (mycelia form)b MEC range

Histoplasma capsulatum —

Blastomyces dermatitidis —

Coccidioides immitis 0.125

Moldsc MIC50 MIC90

Aspergillus fumigatus 0.03 0.03

Aspergillus terreus 0.06 0.25

Aspergillus flavus 0.06 0.25

Aspergillus niger 0.06 0.25

Fusarium solani > 8 > 8

Fusarium oxysporum > 8 > 8

Mucorales > 8 > 8

Absidia > 8 > 8

Rhizopus > 8 > 8

Scedosporium > 8 > 8

a Yeast MICs determined after 24 hours’ incubation, using 50% reduction 
end point (Pfaller et al., 2014; Pfaller et al., 2015).

b MIC data for endemic fungi extracted from references (Kohler et al., 2000; 
Espinel-Ingroff, 1998).

c MIC data for molds extracted from references (Espinel Ingroff et al., 2011).
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the biofilm community (Nett et al., 2010). Caspofungin treat-
ment reduces biofilm formation in Candida spp. (Katrag kou 
et al., 2015; Taff et al., 2012). Consequently, many experts 
consider echinocandins to be the preferred agents for Can
dida prosthetic device– or catheter-related infections (Pappas 
et al., 2015; Ullmann et al., 2012), particularly when suppres-
sive therapy is required to prevent recurrent fungemia while 
the infected device is retained in the patient.

A paradoxical tolerance to caspofungin fungicidal activity 
in Candida species may be seen at high drug concentrations. 
The phenomena is usually evident in vitro by normal suscep-
tibility patterns at low MICs (submicromolar), but restored 
growth at higher drug concentrations (e.g. > 16 mg/). The 
paradoxical effect has been described more frequently with 
caspofungin compared to other echinocandins (Chamilos 
et al., 2007; Steinbach et al., 2015). This “eagle-effect”–like 
behavior is conditional, as strains displaying paradoxical 
growth exhibit normal susceptibility patterns when cultured 
and rechallenged with drug (Stevens et al., 2004). Paradoxical 
growth is not related to FKS1 mutations or modification of 
the echinocandin sensitivity of the glucan synthase complex 
or its upregulation in the presence of drug (Stevens et al., 
2006). The growth behavior may result from upregulation of 
homeostatic cell wall integrity and calcineurin stress-response 
pathways activated as compensatory response to echinocan-
din-mediated cell (JM Cota et al., 2008; Lee et al., 2012; Walker 
et al., 2013; Walker et al., 2015) (see section 3, Mechanism of 
drug action). Interestingly, biochemical analysis of the fungal 
cell of C. albicans, C. glabrata, and Saccharomyces cerevisiae 
cells exhibiting paradoxical growth at high caspofungin con- 
cen  trations reveals significant increases (898%) in chitin 
content (Stevens et al., 2006) and cell wall thickness (Plaine 
et al., 2008). However, this paradoxical phenotype is not 
consistently observed in vivo (Steinbach et al., 2015).

Caspofungin therapy may be associated with increases in 
serum galactomannan in patients with invasive aspergillosis, 
possibly due to increased liberation of cell wall antigens with 
cell lysis (Klont et al., 2006). This phenomenon does not appear 
to be linked specifically to paradoxical growth or tolerance 
effect in vivo. 

Studies evaluating the activity of the echinocandins in neu-
tropenic and non-neutropenic models of invasive candidiasis 
have confirmed the potent activity of caspofungin against both 
fluconazole-susceptible and -resistant Candida species. Caspo-
fungin displays dose-dependent fungicidal activity in vivo 
(Howard et al., 2011). Pharmacodynamic analysis of caspo-
fungin against 30 Candida strains with varying caspofungin 
and fluconazole susceptibility confirmed that the 24-hour 
area under the concentration-time curve (AUC)/MIC is the 
best descriptor of the echinocandin exposure–response rela-
tionship (Andes et al., 2010). Candida growth suppression in 
vivo was observed when caspofungin AUC/MIC ratios sur-
passed 20–25 (Andes et al., 2010) or total drug AUC/MIC 
ratios surpass 250 (Louie et al., 2005). Dose-fractionation stud-
ies with other echinocandins have similarly demonstrated 
that echinocandin fungicidal activity in vivo is maximized 
when total drug peak serum drug concentrations to patho- 

gen MIC ratio (Cmax/MIC) approach 10 (Andes et al., 2003). 
In practical terms, these pharmacodynamic data suggest that 
echinocandin activity would be optimized in patients with 
dosing strategies that emphasize higher doses administered 
at less-frequent intervals. This theory has been tested with mica-
fungin in a murine model of invasive candidiasis (Gumbo et 
al., 2007; Petraitiene et al., 2015), and at least one study has 
shown improved clinical responses to micafungin treatment 
for esophageal candidiasis in patients with higher maximum 
concentrations of drug in serum (Cmax) achieved by the 
administration of large, infrequent doses (Andes et al., 2013). 
However, this dosing strategy has not yet been systematically 
explored for caspofungin specifically in the treatment of inva-
sive (bloodstream) candidiasis.

Caspofungin lacks clinically useful activity against Basidio-
mycetes, including Trichosporon spp., Cryptococcus neofor
mans, and Cryptococcus gatti even through the target enzyme 
complex is present in Cryptococcus species and exquisitely 
sensitive to echinocandin inhibition (Maligie and Selitrenni-
koff, 2005). As discussed below (section 3, Mechanism of drug 
action), compensatory stress response pathways (e.g., pro-
tein kinase C [PKC] and calcineurin) may play an important 
role in the ability of these fungi to withstand the inhibitory 
effects of currently available echinocandins. However, other 
mechanisms may contribute to inherent resistance, includ-
ing multidrug efflux pumps, melanin, and drug-degradation 
pathways (Maligie and Selitrennikoff, 2005). 

DIMORPHIC FUNGI

Echinocandins have modest activity against dimorphic fungi, 
predominantly against the mycelial phase but not yeast phase 
of the organisms. This morphology-specific activity is explained 
by changes in cell wall β-1,3-d-glucan content between the 
saprophytic mycelia versus pathogenic yeast phase of the organ-
isms. For example, the gross cell wall composition of Blasto
myces dermatitidis changes from 14% chitin, 60% α-glucan, 
and 40% β-glucan in the mycelial phase to 48% chitin, 95% 
α-glucan, and 5% β-glucan in the yeast phase (Kanetsuna and 
Carbonell, 1971). Caspofungin treatment can improve the 
survival of experimentally infected animals with Coccidioides 
immitis and modestly reduce organ fungal burden in a dose- 
dependent manner (González et al., 2007; González et al., 
2001). Despite some evidence of in vitro activity against His 
to plasma capsulatum (Espinel-Ingroff, 1998), only marginal 
activity is evident in experimental models (Kohler et al., 2000). 
Therefore caspofungin cannot be considered as effective mono-
therapy treatment for dimorphic fungal infections.

MOLDS OR FILAMENTOUS FUNGI

Growth of Aspergillus species is inhibited at very low caspo-
fungin concentrations in vitro (see Table 146.2), with the effects 
predominantly observed at apical and subapical branching 
points where cell wall remodeling and glucan synthase are most 
active (Beauvais et al., 2001; Bowman et al., 2002). Studies 
exploring the structural changes of A. fumigatus cell wall fol-
lowing echinocandin treatment show a pronounced deple-
tion of the inner (glucan) fibrillar layer within 12 hours of 
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drug exposure that was lethal if cells are subcultured from 
broth to agar after echinocandin exposure. (Nishiyama et al., 
2005). Reconstitution of the inner glucan fibrillar layer occurs 
within 24 hours of echinocandin removal with normal resump-
tion of hyphal growth (Oakley et al., 1998). 

Different Aspergillus species may be more or less suscepti-
ble to echinocandins; however, the range of MECs for com-
mon species falls well below drug concentrations that are 
achieved in vivo (Table 146.4). Rare cryptic Aspergillus spp. 
(A. calidoustus, A. ustus, A. lentulus) may display resistance 
to caspofungin and have been associated with breakthrough 
infections in severely immunocompromised hosts (Van Der 
Linden et al., 2011). Caspofungin retains activity against A. ter
reus and A. flavus (Bowman et al., 2006) and voriconazole- 
resistant A. fumigatus (Moen et al., 2009). 

In animal models of invasive aspergillosis, caspofungin 
treatment prolongs survival even though persistently high 
counts of Aspergillus can be cultured from tissue of neutro-
penic animals (Petraitiene et al., 2002). These data are in accord 
with echinocandins possessing net fungistatic activity against 
Aspergillus species. However, echinocandin treatment does 
reduce fungal burden to an extent comparable with ampho-
tericin B if infection burden is measured by quantitative real-
time polymerase chain reaction (PCR) (Bowman et al., 2001; 
Wiederhold et al., 2004). 

Similar to Candida, the in vivo pharmacodynamics of the 
echinocandins against Aspergillus species are characterized 
by concentration-dependent effects over the range of drug 
exposures that occur in humans. The concentration-dependent 
activity of caspofungin is described by both the ratio of peak 

plasma concentrations to the pathogen MEC (Cmax/MEC) and 
AUC/MEC ratio, with maximal activity observed in vivo as 
the Cmax/MEC ratio of the drug approaches 10 (Wiederhold, 
et al., 2004). A paradoxical increase in fungal burden was 
observed in infected animals with higher caspofungin doses 
(Wiederhold et al., 2004; Petraitiene et al., 2002), but was not 
associated with increased mortality, possibly due to decreased 
invasive nature of these isolates (Walker et al., 2015).

Echinocandins have weak activity against other non- 
Aspergillus molds that is sometimes more apparent with test-
ing in vivo, suggesting that their effects are partially mediated 
through unmasking of immunogenic epitopes on the fungal 
cell wall (Ben-Ami et al., 2008). Modest echinocandin activ-
ity has been reported in vitro for some phaeohyphomycetes 
including Alternaria spp., Bipolaris spp., Cladophialophora 
bantiana, Phialophora spp., Exophiala spp., Fonsecaea pedrosi, 
Paecilomyces variotti, Acremonium strictum, and Scedosporium 
apiospermum (Espinel-Ingroff, 1998; Kahn et al., 2006).

Despite no evidence of growth inhibition in vitro against 
Fusarium, Trichosporon, or Mucorales, echinocandins are mod-
estly active in animal models of infection for these pathogens 
(Ibrahim et al., 2005; Lewis et al., 2011; Spellberg et al., 2005). 
High doses of caspofungin were nearly as effective as lipo-
somal amphotericin B in prolonging the survival of neutro-
penic mice with lethal disseminated Scedosporium prolificans 
infection (Bocanegra et al., 2005). Surprisingly, experimental 
models of disseminated fusariosis and mucormycosis have 
shown that lower doses of caspofungin (1 mg/kg per day) 
but not higher doses (5 mg/kg per day) are as effective (and 
in some cases more effective) than liposomal amphotericin B 

Table 146.4. Pharmacokinetic characteristics of the echinocandins in adults.

Variable Caspofungin 70/50

Cmax (50-mg dose) 14.03

Bioavailability Minimal

t1/2β (hours) 9–11

t1/2γ (hours)

Vd (l/kg) 0.14

AUC (mg/l h) 87.9–114.8

Protein binding (%) 96–97

Metabolism Slow peptide hydrolysis and N-acetylation, with some spontaneous degradation to 
peptide product

CL (total) (ml/min/kg) 0.15

Fraction urine excretion (%) 1.40

Cerebrospinal fluid penetration (% of plasma) < 0.1

Dosage adjustment in renal insufficiency No adjustment necessary

Dosage adjustment in hepatic insufficiency Child–Pugh 5–6: none; Child–Pugh 7–9: significant increases in AUC, consider reducing 
maintenance dose to 35 mg/day; Child–Pugh > 9: no data

Significant drug interactions Concomitant ciclosporin increases caspofungin AUC by 35% 

Enzyme inducers (rifampicin, efavirenz, nevirapine, phenytoin, dexamethasone, 
carbamazepine) reduce caspofungin AUC by 15–30%

Caspofungin reduces tacrolimus AUC by 20%

Caspofungin approved dose: 70-mg loading dose day 1, then 50 mg/day every 24 hours.
AUC, area under the curve.
All pharmacokinetic data are expressed as mean values.
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in improving survival from lethal disseminated infection in 
non-neutropenic animals (Ibrahim et al., 2005; Lewis et al., 
2011; Spellberg et al., 2005). The lack of activity at higher 
echinocandin doses may reflect a paradoxical response asso-
ciated with upregulation of cell-wall stress response path-
ways and dumping of chitin in the cell wall, or decreases of 
immunogenic glucan on the cell wall surface with higher 
echinocandin doses (Lamaris et al., 2008).

PNEUMOCYSTIS JIROVECII

Caspofungin is effective when administered as prophylaxis 
in experimental models of P. jirovecii pneumonia (PJP or 
PCP), but efficacy for established pneumonia is uncertain 
(Schmatz et al., 1995). Caspofungin was less active than 
 trimethoprim-sulfamethoxazole in a murine model of es - 
tablished PCP (Powles et al., 1998), possibly due to limited 
expression of the glucan synthase target during the cystic but 
not trophic lifecycle of P. jirovecii, thereby limiting the rate of 
fungal clearance (Kottom and Limper, 2000; Schmatz, et al., 
1995). Therapeutic and prophylactic treatment of PCP with 
echinocandins in rodent infection models depletes cysts, 
while sparing the trophic forms which remain in significant 
numbers (Cushion et al., 2010). Hence treatment of PCP with 
an echinocandin alone will not likely result in eradication of 
infection placing patients at high risk for relapse. However, 
echinocandin treatment may reduce β-1,3-D-glucan content 
in the lungs that drives the inflammatory aspects of the dis-
ease (Skalski et al., 2015). Published case series provide con-
flicting data on the benefits using caspofungin combination 
with standard trimethoprim-sulfamethoxazole treatment for 
PCP pneumonia (Kim et al., 2013; Yao et al., 2011; Ceballos 
et al., 2011; Utili et al., 2007). 

2b.  Emerging resistance and 
cross-resistance

Although caspofungin is used extensively as frontline treatment 
for invasive candidiasis and as salvage therapy for invasive 
aspergillosis, acquired resistance remains relatively uncom-
mon in Candida species (less than 3% of isolates) (Perlin, 
2015). The main exception is C. glabrata, where caspofungin 
resistance is increasing, and many isolates also display cross- 
resistance to other echinocandins and triazole antifungals 
(Alexander et al., 2013; Beyda et al., 2014; Pfaller et al., 2012; 
Pham et al., 2014). In the SENTRY Antimicrobial Surveillance 
Program, 8–9% of C. glabrata bloodstream isolates collected 
from 2009–2010 were found to be resistant to caspofungin 
(Pfaller et al., 2012). 

Genomic studies have been instrumental for distinguish-
ing mechanisms that can contribute to low-level echinocan-
din resistance or tolerance, such as upregulation of the cell 
wall stress-response pathways, from mechanisms that result 
in bona-fide high-level resistance that are more likely to result 
in clinical echinocandin failure (Garcia-Effron et al., 2009a; 
Perlin, 2007). Unlike azole antifungals, echinocandins are con-
sidered poor substrates for most multidrug efflux transport-
ers, and only modest MIC changes are observed in C. albicans 

and S. cerevisiae strains hyper-expressing fungal ATP-binding 
cassette (ABC) or major facilitator superfamily (MFS) efflux 
transporters (Niimi et al., 2006). Additionally, fluconazole- 
resistant C. albicans strains expressing high levels of CDR1, 
CDR2, and/or MDR1 were fully susceptible to caspofungin 
(Bachmann et al., 2002), as were 351 fluconazole-resistant 
clinical Candida isolates (Pfaller et al., 2003). Therefore the 
mechanism for clinically relevant acquired resistance is ex- 
pected to reflect direct changes in the glucan synthase enzyme 
complex that affects echinocandin binding.

Early studies performed at Merck Research Laboratories 
by Kurtz and Douglas during the development of caspo-
fungin suggested that mutations in the glucan synthase sub-
unit encoded by FKS1 could result in reduced echinocandin 
susceptibility (Douglas et al., 1997; Douglas et al., 1994; Li et 
al., 1996). Spontaneous C. albicans mutants resistant to caspo-
fungin analogues were selected in the laboratory and exhib-
ited significantly elevated MICs (> 70-fold) and glucan synthase 
IC50 values isolated from crude membrane fractions (Li et 
al., 1996). The mutant isolates were found to require 20-fold 
higher drug doses in a murine model of invasive candidiasis 
to achieve a 99% reduction in kidney fungal burden com-
pared with the wild-type strains. Mutations that conferred 
resistance to caspofungin in these laboratory strains (and 
later clinical strains) were subsequently mapped by Garcia-
Effron and colleagues (2009a) to a highly conserved region 
of the FKS1 gene and in a homologous region of FKS2 in 
C.  glabrata. Amino acid substitutions S645F, S645P, S645Y 
defined a region in C. albicans (CaFks1 Phe641-Pro649 and 
Arg1361) termed “hot-spot 1,” which confers reduced sus-
ceptibility to caspofungin (Park et al., 2005). Genetic studies 
involving an S. cerevisiae mutant containing a R1357S substi-
tution helped identify a separate region conferring reduced 
susceptibility termed “hot-spot 2” (Park et al., 2005). Labora- 
tory and clinical isolates harboring these FKS mutations 
exhibit marked changes in the kinetic inhibition profile of 
glucan synthase, with the hot-spot Ser645 locus having the 
most pronounced impact, effectively reducing the sensitivity 
of the mutant enzyme by 1000-fold to caspofungin with cor-
responding increases in the MIC. These isolates show poor 
response to caspofungin therapy in animal infection models 
even with treatment at high doses (Arendrup et al., 2012; Cota 
et al., 2006; Wieder hold et al., 2011) Similar resistance pat-
terns were observed with anidulafungin and micafungin, sug-
gesting that hot-spot FKS mutations impart cross-resistance 
to all of the currently available echinocandins. 

The FKS mechanism of acquired echinocandin resistance 
extends to other non–C. albicans species including isolates of 
C. glabrata, C. guillermondi, C. krusei, C. parapsilosis, C. trop
icalis, and C. dubliniensis (Perlin, 2015). In C. glabrata, amino 
acid modifications at Ser663 in Fks2, Ser629 Fks1, and 
Phe659 in Fks2 are the most prominent amino acid substitu-
tions (Garcia-Effron et al., 2009a). The universality of FKS 
mutations as a mechanism leading to echinocandin resis-
tance was further confirmed with the engineering of S645Y 
mutation in the mold A. fumigatus resulting in echinocandin 
MECs > 16 mg/l (Gardiner et al., 2005; Rocha et al., 2007). 
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Interestingly, this resistance pattern has not been detected in 
clinical strains, despite prolonged treatment courses in pro-
foundly immunosuppressed patients with documented asper-
gillosis (Perlin, 2007). 

Several clinical features have been consistent among case 
reports of acquired echinocandin resistance in Candida spe-
cies confirmed by FKS sequencing and altered glucan synthase 
kinetic profiles. Patients typically have an untreated medical 
or surgical reason contributing to persistent infection in the 
setting of prolonged or repeated echinocandin treatment 
courses (Fekkar et al., 2013; Thompson et al., 2008), includ-
ing persistently low CD4+ counts in patients with recurrent 
esophagitis (Hernandez et al., 2004; Laverdière et al., 2006; 
Miller et al., 2006), retained infected prosthetic material/
catheter as the primary source of infection (Garcia-Effron, 
Kontoyiannis et al., 2008), endocarditis (Moudgal et al., 2005), 
or complicated intra-abdominal infection (Krogh-Madsen et 
al., 2006), which may be a reservoir for selection of echino-
candin-resistant strains (Shields et al., 2014). Second, renal 
dysfunction is common in patients who developed acquired 
echinocandin resistance, although this may be a consequence 
of the underlying severity of illness for patients predisposed 
to resistance. Third, echinocandin-resistant C. glabrata may 
display cross-resistance with polyenes (Krogh-Madsen et al., 
2006) and azoles (Moudgal et al., 2005; Alexander et al., 2013).

2c.  In vitro synergy and antagonism

Because of their distinct targeting of the fungal cell wall, the 
echinocandins have been proposed to be ideal agents for use 
in combination with cell membrane active antifungals 
(polyenes, azoles) for the treatment of life-threatening inva-
sive fungal infections. The bulk of published studies that have 
evaluated combinations of echinocandins plus amphotericin 
B or an azole have been performed in vitro using checker-
board dilution scheme adaptation of the CLSI or EUCAST 
reference methods. While the checkerboard method is straight-
forward to set up and interpret, the clinical relevance has 
been questioned (Hsieh et al., 1993; Rand et al., 1993), and 
reproducibility can be problematic from one laboratory to 
the next. The FICI calculation also does not take into account 
changes in the sigmoidicity (shape) of the dose–response 
curve for individual agents—hence the equation violates a 
central tenet of pharmacodynamic models used to evaluate 
antimicrobial therapy (Drusano, 2004). Nevertheless, the  
following themes can be broadly summarized from in vitro 
synergy tests with echinocandin antifungals (Johnson et al., 
2004).

Combinations of an echinocandin with amphotericin B, 
fluconazole, itraconazole, voriconazole, or posaconazole and/
or terbinafine generally demonstrate indifference in vitro against 
pathogenic yeast with no evidence of antagonism (Heyn et 
al., 2005; Lewis and Kontoyiannis, 2005).

Combinations of an echinocandin plus amphotericin B 
generally demonstrate indifference to synergistic interactions 
against Aspergillus species and other molds. Antagonism is 
rarely observed (Manavathu et al., 2003).

Combination of an echinocandin plus a mold-active azole 
(itraconazole, voriconazole, posaconazole) demonstrates indif-
ference to synergistic interactions whether the drugs are tested 
simultaneously or sequentially. In one study, synergy between 
voriconazole and caspofungin was reported in 42/48 tested 
clinical isolates of Aspergillus species (Perea et al., 2002).

Other nonconventional antifungals have also been reported 
to be effective against Aspergillus species when tested in com-
bination with echinocandins. Combinations of calcineurin 
inhibitors or rapamycin with caspofungin demonstrates syn-
ergistic effects (Kontoyiannis, Lewis et al., 2003). The combined 
use of nikkomycin Z (a chitin synthesis inhibitor) markedly 
enhanced the lethality of echinocandins against Aspergillus 
species in vitro (Ganesan et al., 2004).

In animal infection models, the combined use of caspo-
fungin with fluconazole improved clearance of C. albicans 
from kidney tissue in a murine model of disseminated candi-
diasis but was not more effective than the echinocandin alone 
(Graybill et al., 2003) . In animal models of invasive aspergil-
losis, combinations of an echinocandin plus a lipid amphoter-
icin B formulation improved survival and modestly enhanced 
Aspergillus clearance from tissue (Johnson et al., 2004; Kirk-
patrick et al., 2002). Petraitis and colleagues (2003) performed 
the most robust analysis of in vivo synergy between an echi-
nocandin and mold-active triazole for Aspergillus infection. 
Neutropenic rabbits with experimentally induced invasive 
pulmonary aspergillosis were treated with micafungin alone, 
or in combination with ravuconazole. Animals that received 
the combination micafungin-ravuconazole regimen had sig-
nificantly lower mortality, lower residual fungal burden, lower 
galactomannan antigenemia, and fewer infiltrates on com-
puted tomography (CT) scan compared with animals that were 
treated with either antifungal agent alone. Histological lung 
sections from animals that received the drug combination 
revealed evidence of both apical and subapical hyphal dam-
age consistent with combined drug effects in the lung. 

Evidence for synergistic caspofungin combinations has been 
explored for other molds, including Scedosporium, Fusarium, 
and Mucorales. While in vitro testing is often inconclusive, 
some evidence of synergy in vivo between lipid amphotericin B 
formulations and caspofungin or other echinocandins has been 
reported for Rhizopus oryzae (Ibrahim et al., 2008; Spell berg et 
al., 2005); although synergy was not evident in vivo when caspo-
fungin was combined with posaconazole (Lewis et al., 2012). 
Combination therapy with amphotericin B lipid complex 5 mg/
kg and caspofungin 1 mg/kg per day improved survival in a 
 diabetic ketoacidosis murine model of disseminated mucor-
mycosis, even though the combination did not significantly 
enhance clearance of fungi from tissue (Spellberg et al., 2005).

A large randomized trial assessed the safety and efficacy of 
voriconazole alone, or combined with anidulafungin for the 
treatment of invasive aspergillosis in patients with hemato-
logic malignancies and/or hematopoietic cell transplant (Marr 
et al., 2015). This study is probably the most definitive evi-
dence to date of the possible benefits of combining an echino-
candin with a triazole antifungal in the treatment of invasive 
aspergillosis (see section 7, Clinical uses of the drug).
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3. MECHANISM OF DRUG ACTION

Echinocandins block fungal cell glucan synthesis by compet-
itively inhibiting the β-1,3-d-glucan synthase in susceptible 
fungi (Douglas, 2001). The enzyme complex is composed of 
at least two components: interchangeable catalytic subunits 
called Fks1p and Fks2p, and a Ras-like GTP-binding protein, 
Rho1, that regulates the activity of glucan synthesis (Mazur 
and Baginsky, 1996; Mazur et al., 1995). Glucan synthesis 
occurs on the cytoplasmic side of the fungal cell membrane, 
forming linear glucan fibrils that are then extruded to the 
periplasmic space for incorporation into the cell wall (Shema-
tek et al., 1980; Shematek and Cabib, 1980) (see Figure 146.3).

In the cell wall, glucan fibrils covalently bind to chitin 
framework, forming a rigid structure that provides the 
 fungal shape and resistance to osmotic pressure. Further 
cross-linking between other polysaccharide components 
(α-glucans, chitin, galactomannans) and various glycopro-
teins on the cell surface completes the cell wall architecture 
(Bernard and Latgé, 2001; Klis et al., 2001). In terms of their 
net contribution to cell wall structure, glucans account for 
approximately 30–60% of the bulk cell wall mass in yeast 
such Saccharomyces and Candida spp. (Cabib et al., 2001; 
Fleet, 1985). Consequently, inhibition of β-1,3-d-glucan syn-
thase is lethal in most Can dida species, as glucan-depleted 
cell walls in yeast lyse with increases in osmotic pressure 
during cell growth (Hector, 1993). 

In filamentous fungi such as Aspergillus fumigatus, the bulk 
of glucan synthesis is concentrated at extending apical tips 

during vegetative growth and at branching points of hyphae, 
with relatively higher concentrations of chitin, poly-N- 
acetylgalactosamine, and galactomannans in subapical hyphal 
compartments (Beauvais et al., 2001; Beauvais and Latgé, 
2001; Bernard and Latgé, 2001). Hence in Aspergillus lysis 
occurs only at the apical tips and branching points of hyphs, 
resulting in dysmorphic, hyper-acutely branching and swol-
len hyphae that retain viable subapical compartments (Kurtz 
et al., 1994).

Although substantial work has been directed toward under-
standing how echinocandins interact with glucan synthase 
enzyme complex, the specific binding site of caspofungin is 
not well elucidated. Systematic disruption or mutation of the 
two genes encoding the catalytic subunits of β-1,3-d-glucan 
synthase in the model yeast S. cerevisiae provided insight 
into mechanisms of echinocandin action and resistance and 
cell wall biogenesis in fungi (Douglas, 2001). Two genes, FKS1 
and FKS2, encode interchangeable catalytic subunits for glu-
can synthase expression in S. cerevisiae, which are homolo-
gous but differentially regulated. Expression of the FKS1 
catalytic subunit is closely linked to the cell growth cycle and 
predominates during vegetative growth in glucose when the 
cell wall is undergoing active remodeling and repair (Doug-
las, 2001). Alternatively, FKS2 expression dominates during 
starvation, stress, and in stationary phase periods between 
growth, and is under the transcriptional control of the calci-
neurin pathway (Mazur et al., 1995). Mutations in both FKS1 
and FKS2 can confer resistance with varying degrees to 
anidulafungin, caspofungin, and micafungin (see section 2b 

Figure 146.3. Glucan synthase 
cell biogenesis and associated 
regulatory networks in yeast. 
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above, Emerging resistance and cross-resistance). Importantly, 
orthologs of S. cerevisiae FKS1 and FKS2 have been identified 
in most patho genic fungi, with sequence homology ranging 
from 73–83% in C. albicans and C. glabrata, to 63% in 
A.  fumigatus, 65% in R. oryzae, and 56% in C. neoformans 
(Douglas, 2001; Ibrahim et al., 2005). A catalytic subunit of 
β-1,3-d-glucan synthase is also present with 65% sequence 
homology in P. jirovecii that is primarily expressed during 
the cystic stage of the fungal growth cycle (Kottom and 
Limper, 2000).

Given this high degree of homology between FKS genes 
from diverse fungal genera, caspofungin might be expected 
to exhibit fungicidal activity across a wide spectrum of fun-
gal pathogens. However, caspofungin is considered clinically 
effective as monotherapy only against Candida and Aspergillus 
species, with minimal activity against other molds and basid-
iomycetes such as C. neoformans. Similar to antibacterial agents, 
differences in fungal cell wall construction may influence 
echinocandin penetration or render some fungal species less 
susceptible to the effects of glucan synthesis inhibition (Hec-
tor, 1993). However, it also possible that some fungal patho-
gens have a greater capacity to repair the cell wall following 
glucan synthesis inhibition, thus influencing susceptibility 
to the echinocandins (Perlin, 2007).

Pathways regulating the synthesis and repair of the fungal 
cell wall are fairly complex and highly redundant, which is 
not surprising given the dynamic and important role of the 
cell wall for maintaining cellular physiology (Lesage and Bus-
sey, 2006). Echinocandin depletion of glucan fibrils in the 
cell wall of susceptible fungi activates a key regulatory pro-
tein, Rho1, and the PKC signaling pathway, which in turn 
upregulate multiple cell wall biosynthesis and stress-response 
pathways that counteract the effects of glucan synthase inhi-
bition (Lesage and Bussey, 2006; Reinoso-Martín et al., 2003). 
Echinocandin-mediated damage to the cell wall induces the 
membrane-spanning sensor Wsc1 and activates Slt2 signal-
ing, which initiates a protective response through de novo 
cell wall synthesis and increased dumping of chitin in the cell 
wall (Figure 146.3) (Ene et al., 2015; Lee et al., 2012; Walker 
et al., 2013; Walker et al., 2015).

These homeostatic cell wall stress–response pathways may 
be important for understanding the poor activity of echino-
candins for C. neoformans (Franzot and Casa devall, 1997). 
The limited activity of echinocandins is surprising consider-
ing C. neoformans β-1,3-d-glucan synthase is exquisitely 
sensitive to the current echinocandins and the cell wall is 
relatively rich in β-1,3-d-glucan (Maligie and Selitrennikoff, 
2005). However, echinocandin potency against C. neoformans 
is improved if the drugs are administered in combination 
with calcineurin inhibitors such as tacrolimus (Del Poeta 
et  al., 2000; Kontoyiannis et al., 2003; Wiederhold et al., 
2005). Tacrolimus has been shown to bind a protein FKBP12 
in C. neoformans, and when the gene encoding this protein 
is deleted, caspofungin exhibits fungicidal activity against 
C. neoformans (Denning, 2003).

Caspofungin may also possess an immunomodulatory 
mechanism of antifungal activity in vivo that is not reflected 

by standard in vitro MIC testing (Ben-Ami, et al., 2008). 
Linear β-1,3 glucans induce a strong inflammatory response 
in vivo through specialized molecular pattern recognition 
receptor Dectin-1 that is found on macrophages, neutro-
phils, and dendritic cells (Brown, 2006; Brown et al., 2003). 
Additionally, highly branched β-1,6-glucans induce binding 
of complement factors C3b/C3d that facilitate neutrophil 
attachment and phagocytosis (Rubin-Bejerano et al., 2007). 
Under normal conditions, β-glucan epitopes are masked by 
cell constituents such as mannoproteins, rendering them less 
immunogenic to mammalian cells (Wheeler and Fink, 2006). 
Exposure of C. albicans to sub-lethal caspofungin concentra-
tions uncovers immunogenic β-glucan epitopes in vitro and 
in vivo (Wheeler et al., 2008), enhancing host inflammatory 
responses against these fungi. A similar β-glucan unmasking 
effect has been reported following caspofungin exposure in 
A. fumigatus, S. apiospermum, and R. oryzae (Hohl et al., 2005; 
Lamaris et al., 2008). Collectively, the immunomodulatory 
activity of echinocandins may alter the spectrum of activity 
for caspofungin in vivo versus in vitro. For example, caspo-
fungin and micafungin have been shown to have modest activ-
ity in murine models of disseminated R. oryzae infection—a 
Mucorales that is considered by standard microbiological test-
ing to be inherently resistant to echinocandins (Ibrahim et al., 
2005; Lewis et al., 2011).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Caspofungin is not orally bioavailable and must be adminis-
tered parenterally. Caspofungin for injection (Cancidas, Merck 
& Co.) is provided as sterile powder/cake in single-dose vials 
(50 and 70 mg) that is reconstituted and diluted for adminis-
tration with sodium chloride to 250 ml and administered as 
a 1-hour infusion. Unopened vials of caspofungin should be 
stored at 4 °C. Reconstituted solution may be stored for up to 
an hour at 25 °C, and diluted product can be stored at 25 °C 
for 24 hours or 4 °C for 48 hours (Cancidas, 2015). Caspo-
fungin must be administered by slow (1–2 hours) intrave-
nous infusion. In general, caspofungin should not be mixed 
with other medications unless the drug compatibility has been 
previously documented. Caspofungin is incompatible with 
diluents containing dextrose (α-d-glucose).

INTRAPERITONEAL ADMINISTRATION

Although caspofungin is effective when administered by 
intraperitoneal injection in animals, administration in dialy-
sis fluid to humans with Candida peritonitis has not been 
studied. Hence the concentration profile and kinetics of caspo-
fungin resorption from the peritoneum are unknown. Cas-
pofungin has been shown to be effective in patients with 
Candida peritonitis and intra-abdominal abscess, suggesting 
adequate concentrations in the peritoneal fluid and tissue fol- 
lowing i.v. administration (Mora-Duarte, et al., 2002)
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INTRAVITREAL ADMINISTRATION

Intravitreal caspofungin (100 μg/0.1 ml) (Kusbeci et al., 2007) 
was reported to be as safe and effective as amphotericin B in 
rabbit models of Candida and Aspergillus endophthalmitis. 
Sufficient clinical experience is lacking, however, to recommend 
intravitreal injections of echinocandins over other established 
therapies with proven records of safety (i.e. ampho tericin B 
or voriconazole) (Khan et al., 2007; Riddell et al., 2011).

TOPICAL ADMINISTRATION

Topical administration of caspofungin has been used primar-
ily as an ophthalmic solution for the treatment of Candida or 
Fusarium keratitis (Ozturk et al., 2007). Topical caspofungin 
0.5% was as effective as topical 0.15% amphotericin B for 
treatment of experimentally induced Candida keratitis in 
rabbits (Goldblum et al., 2005; Goldblum et al., 2007).

4b.  Newborn infants and children

Caspofungin is approved for the treatment of invasive fungal 
infections in pediatric patients from age 3 months to 17 years 
of age. Clearance of caspofungin appears to increase in 
younger patients compared with adults. Early studies using a 
1 mg/kg caspofungin dose revealed suboptimal plasma con-
centrations in children relative to adult exposures at 50 mg/
day. A dose of 50 mg/m2 based on body surface area (maxi-
mum 70 mg/day) calculated by the equation BSA (m2) =  
√(height in cm × weight in kg)/3600 was administered once 
daily in patients 2–16 years (Neely et al., 2009). Caspofungin 
AUCs and trough concentrations were found to approximate 
exposures in adults with the 50 mg/day dose (Walsh et al., 
2005). None of the children developed a serious drug-related 
adverse event or discontinued the treatment for toxicity. No 
infusion-related events or discontinuations due to drug tox-
icity were required in this population with the 50 mg/m2 
dose. 

Finally, a single-center study evaluated the pharmacoki-
netics of caspofungin 25 mg/m2 in neonates < 3 months who 
were receiving concomitant amphotericin B therapy (Sáez-
Llorens et al., 2009). Among the nine patients enrolled, chron-
ological age ranged from 1 to 11 weeks with weights ranging 
from 0.68 to 3.8 kg. Geometric mean (GM) peak (1h) and 
trough (24h) caspofungin levels were 8.2 and 1.8 mg/l, respec-
tively, on day 1, and 11.1 and 2.4 mg/l, respectively, on day  
4. Although adverse effects were reported in 28% of the patients, 
none were judged to be drug related. The investigators con-
cluded that caspofungin 25 mg/m2 once daily was well tolerated 
in this group of neonates/infants < 3 months old, and appears to 
provide relatively similar plasma exposure to that obtained in 
adults receiving 50 mg/day.

4c.  Pregnant and lactating mothers

There are limited or no data regarding the use of caspofungin 
in pregnant women. Animal data are suggestive of human 
risk, especially if exposure occurs during the first trimester. 

Caspofungin crosses the placenta of rats and rabbits and was 
shown to be embryotoxic and teratogenic in both at the rec-
ommended human dose. However, it is unknown if caspo-
fungin crosses the human placenta. Caspofungin, like other 
echinocandins, is considered a Class C pregnancy risk agent—
animal studies indicate a fetal risk even though there are no 
controlled studies of women, or no available reports of stud-
ies of women or animals. 

No reports are available describing the use of caspofungin 
during breastfeeding on concentrations of the antifungal in 
human breast milk during therapy. The high molecular weight 
and extensive plasma protein binding of the drug may limit 
distribution into breast milk; however, breastfeeding is not rec-
ommended during caspofungin therapy. 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Caspofungin is not extensively cleared by the kidney and is 
not dialyzable. Therefore, dosage adjustment is not required 
in patients with renal insufficiency (Cancidas, 2015) 

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Caspofungin has been studied in patients with varying degrees 
of chronic liver dysfunction. 

Caspofungin AUCs are significantly increased (~ 55%) in 
patients with moderate hepatic insufficiency (Child-Pugh 
7–9) compared to healthy controls (Mistry et al., 2007). This 
AUC increase is expected given the role of hepatic uptake 
on the plasma pharmacokinetics of caspofungin. In experi-
ments using rat liver cell lines with heterologous expression 
of various drug transporters, cells overexpressing the organic 
anion transporting polypeptide 1B1 (OATP1B1) significantly 
increased uptake of caspofungin, suggesting a putative role for 
this transporter influencing caspofungin pharmacokinetics 
(Sandhu et al., 2005).

Lower maintenance doses of caspofungin (35 mg) are rec-
ommended patients with moderate to severe liver disease to 
achieve the same plasma AUCs as the 50-mg dose (Cancidas, 
2015). The clinical necessity for this modest dose adjustment 
has been questioned given the wide safety margin of the drug 
and potential severity of invasive fungal disease. Moreover, 
Child-Pugh classification may not accurately assess liver 
func tion and risk for caspofungin accumulation in critically 
ill ICU patients. Indeed, administration of 35-mg–adjusted 
doses in critically ill ICU patients with Child-Pugh scores of 
7–9 is associated with lower plasma AUC values than the 50 
mg daily dose in healthy patients (Martial et al., 2015).

ELDERLY PATIENTS

The pharmacokinetics of caspofungin are relatively similar 
in geriatric populations to younger adults; therefore no dos-
age adjustments are required. Likewise, race and gender have 
not been shown to have a significant effect on the clearance 
of echinocandins (Cancidas, 2015).
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OBESE PATIENTS 

The pharmacokinetics of caspofungin are influenced by patient 
weight. Plasma AUCs are lower in obese subjects than thin-
ner patients (Hall et al., 2013). Increasing the daily caspo-
fungin dose by at least 20–50% of the usual dose should be 
considered for any critically ill patient weighing more than 
75 kg until more definitive recommendations are possible 
(Amsden and Slain, 2011; Hall et al., 2013).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Caspofungin is not orally bioavailable.

5b.  Drug distribution

After intravenous dosing, plasma concentrations of caspo-
fungin decline in a polyphasic manner with a short alpha 
phase occurring immediately post-infusion, followed by a lon-
ger beta elimination phase lasting 9–11 hours during which 
plasmas concentrations decrease tenfold. A prolonged delta- 
elimination phase lasting 40–50 hours occurs as drug is 
released from tissue. Drug distribution to tissues, rather than 
biotransformation or excretion, is the dominant factor influ-
encing clearance from the plasma compartment. (Stone et 
al., 2004b). Mass balance studies have demonstrated that 
92% of drug is distributed to tissues within 36 to 48 hours 
after administration of a single 70-mg dose of [3H] caspo-
fungin acetate with very little biotransformation or excretion 
of the drug in the first 30 hours. A typical volume of distri-
bution for caspofungin at steady state (ss) is 0.15 l/kg. 
Caspofungin is extensively bound to albumen (97%).

Data concerning the patterns of caspofungin tissue pene-
tration in humans are limited; however, caspofungin is a large 
lipopeptide molecule with a high molecular weight (1093) 
and extensive (> 95%) protein binding in serum. Consequently, 
distribution of caspofungin is expected to be highest in the 
liver and kidneys, large intestines, spleen, and lungs with low 
or undetectable concentrations in the urine and cerebro-
spinal and vitreous fluids (Felton et al., 2014). Studies with 
caspofungin in animals have confirmed the highest concen-
trations are in the liver (tissue:plasma ratio 16), kidneys 
(2.9), large intestine (2.9), small intestine (1.3), lungs (1.1), 
and spleen (1) (Hajdu et al., 1997). Although caspofungin 
concentrations in brain tissue are low (tissue:plasma ratio 
0.1), caspofungin was effective against Candida CNS infec-
tion in a juvenile mouse model of CNS candidiasis (Galgoci 
et al., 2011).

5c.  Clinically important pharmacokinetic 
and pharmacodynamics features

Caspofungin exhibits dose-proportional linear pharmacokinet-
ics following i.v. administration up to 200 mg daily (Cornely et 

al., 2011; Würthwein et al., 2013) (Table 146.4). Mean caspo-
fungin Cmax and Cmin concentrations after administration of a 
single 70-mg dose were 12.1 and 1.3 mg/l, respectively (Stone 
et al., 2002). Maintenance doses of 50 mg/day following a 
70-mg loading dose increased the Cmax to 14.03 mg/l and 
AUC0–24 to 97.63 mg⋅hr/l at ss, while maintaining mean 
trough concentrations of > 1 mg/l—the target concentration 
selected for the treatment of Candida and Aspergillus infec-
tions based on preclinical susceptibility studies (Stone et al., 
2002). Drug accumulation occurs at 100-mg daily doses of 
caspofungin, with exposures approximately 2.5 times higher 
than the 50-mg daily dose (Stone et al., 2002). The volume 
of distribution for caspofungin is 9.7 l with a plasma t1/2β- 
elimination phase of 9–11 hours, reflecting the time required 
for drug distribution into tissues during which little or no 
metabolism occurs. Caspofungin is then slowly released 
from tissues and metabolized with a t1/2γ (terminal elimina-
tion half-life) of 40–50 hours (Stone et al., 2002). Caspofungin 
has been safely tolerated at daily dosages of 150–200 mg/day 
(Cancidas, 2015; Betts, 2009;Cornely et al., 2011). 

5d.  Excretion

Caspofungin is slowly metabolized by hydrolysis and 
N-acetylation (Cancidas, 2015). Caspofungin also undergoes 
spontaneous chemical degradation to an open-ring peptide 
compound that is hydrolyzed to constitutive amino acids  
and their degradates, including dihydroxyhomotyrosine and 
N-acetyl-dihydroxyhomotyrosine that are rapidly cleared in 
the urine. Caspofungin is not an inducer, substrate, or inhibitor 
of CYP P-450 or P-gP. Two single-dose radiolabeled phar ma-
cokinetic studies were performed that collected plasma, 
urine, and fecal samples for 27 days following a dose of [3H] 
caspofungin acetate (Cancidas, 2015). Consistent with limited 
metabolism or excretion of the drug in the first 24 hours, 
plasma concentrations and radioactivity were unchanged for 
48 hours after dosing, but then declined to undetectable con-
centrations at 6–8 days and were undetectable at 22.3 weeks 
post dose. After a single dose of [3H] caspofungin, 35% of the 
drug was recovered in the feces and 41% was recovered in  
the urine as primarily degradation products. Only 1.4% of the 
drug is excreted unchanged in the urine (Cancidas, 2015). 

5e.  Drug interactions

Echinocandins are not significant inhibitors or inducers of 
cytochrome P-450 or p-gP. As such, echinocandins have a 
lower risk for pharmacokinetic drug–drug interactions com-
pared with other systemic antifungals. As caspofungin under- 
goes slow metabolic transformation, drug interactions affect-
ing hepatic transporters such as the OATP-1B1 have the 
potential to alter caspofungin pharmacokinetics, and vice 
versa (Sandhu et al., 2005; Stone et al., 2004a). Ciclosporin is 
a substrate of OATP-1B1 transporters and when administered 
concurrently with caspofungin, increases the caspofungin  
AUC by approximately 35% (Cancidas, 2015). Rifampin, an 
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inhibitor of OATP-1, has been shown to both inhibit and 
induce caspofungin metabolism (Meletiadis et al., 2006). 
During the first day of rifampin co-administration, a tran-
sient 61% increase in the AUC of caspofungin is observed. 
By day 14, a 14–31% reduction in caspofungin exposures is evi-
dent as the induction effects of rifampin predominate. Therefore 
maintenance doses of caspofungin should be increased to 70 
mg daily in patients who are receiving concomitant therapy 
with rifampin or other enzyme inducers such as efavirenz, 
nevirapine, phenytoin, dexamethasone, and carbamazepine 
(Stone et al., 2004a). Finally, tacrolimus concentrations are 
reduced by approximately 20% during concomitant adminis-
tration with caspofungin through an unknown mechanism. 
Close monitoring of tacrolimus concentrations and dosage 
adjustment are recommended in patients receiving caspo-
fungin (Cancidas, 2015).

6. ADVERSE REACTIONS AND TOXICITY

Overall, echinocandins are well tolerated and serious adverse 
effects requiring drug discontinuations are uncommon (< 5%). 
In comparative trials versus amphotericin B, lipid formulations 
of amphotericin B, or fluconazole, treatment-related adverse 
effects were generally less common in patients randomized 
to the echinocandin arms versus the comparators. For caspo-
fungin, the overall safety has been assessed in 2928 adult 
patients in various clinical studies and 394 individuals in phase 
I studies (Cancidas, 2015). Additionally, safety was evaluated 
in 171 pediatric patients who have received single or multiple 
doses of caspofungin. Rates of treatment-associated adverse 
effects have ranged from 28.9% in a major candidemia trial 
(Mora-Duarte et al., 2002) to 12.2% in a salvage trial (Maer-
tens et al., 2004) and 47% in empiric therapy trials (Walsh et 
al., 2004).

6a.  Gastrointestinal side effects

Nausea, vomiting, diarrhea, and abdominal pain have been 
reported in approximately 1–3% of patients receiving caspo-
fungin but are rarely severe enough to warrant discontinuation 
of drug therapy (Cancidas, 2015). Less frequently reported 
gastrointestinal effects include dyspepsia, heartburn, consti-
pation, anorexia, dry mouth, dysgeusia, flatus, and bloating. 
Sporadic postmarketing reports have associated caspofungin 
treatment with episodes of pancreatitis; however, the fre-
quency or relationship to drug administration is not clear.

6b.  Rash and hypersensitivity reactions

All echinocandins have the potential for inducing hypersen-
sitivity reactions, as histamine release is a frequent biological 
effect with administration of polypeptide compounds (Denning, 
2003). Rash, facial swelling, pruritus, and flushing were reported 
in 2% of caspofungin-treated patients, and rarely broncho-
spasm and anaphylaxis (Cancidas, 2015). In most patients 
these reactions are transient and easily managed by slowing the 

infusion rate and administering antihistamines with close 
monitoring. Fever is more common with caspofungin than 
the other echinocandins, with rates ranging from 3.6% to 
26% in clinical trials compared with < 1% for anidulafungin 
and micafungin (Eschenauer et al., 2007). Local infusion site 
irritation can be problematic when administering caspofungin, 
particularly if given through a peripheral catheter. Reports of 
flushing, hot flashes, and phlebitis have ranged from 2% to 12% 
for caspofungin-treated patients. Delayed (type IV) hyper-
sensitivity reactions manifesting as cutaneous eruptions have 
been reported less commonly with caspofungin compared to 
azoles, although eosinophilia has been seen in up to 3% of 
caspofungin-treated patients (Deresinski and Stevens, 2003). 
Postmarketing reports for caspofungin have also included 
rare cases of erythema multiforme, Stevens–Johnson syndrome, 
and skin exfoliation. However, the contribution of the drug 
to these reported reactions is uncertain (Cancidas, 2015).

6c.  Renal effects

Caspofungin therapy has not been associated with signifi-
cant nephrotoxicity in phase I–IV clinical trials or in post-
marketing reports. Hypokalemia has been reported in 2–11% 
of echinocandin-treated patients, perhaps related to modest 
antiproliferative effects of these drugs on distal renal tubular 
cells (Wegner et al., 2005). Caspofungin does not require dosage 
adjustment in patients with renal dysfunction.

6d.  Hepatic effects

Asymptomatic elevations of aminotransferases (7–14%) and 
alkaline phosphatase (4–12%) are the most frequently reported 
laboratory adverse effects in healthy volunteers and patients 
treated with caspofungin (Cancidas, 2015). In general, the 
frequency of elevated serum aminotransferases or alkaline 
phosphatase is lower in caspofungin-treated patients versus 
comparator agents—amphotericin B, lipid amphotericin B 
formulations, voriconazole, itraconazole, or fluconazole (Wang 
et al., 2010). Although rare, clinically significant hepatitis, 
hepatomegaly, hyperbilirubinemia, and hepatic failure have 
been reported in postmarketing surveillance with caspofungin; 
however, a causal role for the echinocandins is difficult to deter-
mine in patients with multiple medications and comorbidities.

At the time of initial US Food and Drug Administration 
(FDA) approval, there were concerns regarding the hepatic 
safety of caspofungin when administered in combination 
with ciclosporin. In early healthy volunteer studies, 5/12 patients 
experienced elevations in the serum aminotransferase level ≤ 3 
times the upper limit of normal (ULN). Additionally, 3 of the 
4 healthy subjects who received caspofungin 70 mg daily for 
10 days plus 3-mg/kg doses of ciclosporin on day 10 devel-
oped transient increases in alanine transferase (ALT) that were 
< 5 times ULN. As a result, a warning was added to the pack-
age insert for caspofungin that liver function tests should be 
closely monitored in patients receiving this combination (Can-
cidas, 2015). However, this warning was tempered after four 
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retrospective analyses in higher-risk patient populations failed 
to identify any evidence of increased hepatotoxicity risk 
(Glasmacher et al., 2006; Marr et al., 2004b; Petrovic et al., 
2007; Sanz-Rodriguez et al., 2004).

6e.  Hematologic effects

Anemia, leukopenia, neutropenia, and thrombocytopenia 
have all been reported during echinocandin therapy, but are 
rare (< 1% of patients). Clinically significant hemolytic ane-
mia was rare in clinical studies (Denning, 2003).

6f.  Cardiac toxicity

Echinocandins have been associated with much lower rates 
of cardiac adverse events in patients compared to amphoter-
icin B and triazoles. Some acute cardiovascular events in 
patients may be associated with histamine release during 
intravenous infusion. A review of preclinical and animal 
studies have suggested that caspofungin may have a greater 
potential for direct mitochondrial injury in cardiac myo-
cytes compared with micafungin (Cleary and Stover, 2015). 
Caspofungin has also been reported to reduce ventricular 
contractility of rat myocardial tissue ex vivo (Koch et al., 
2015; Stover and Cleary, 2015; Stover et al., 2014). However, 
the clinical significance of these observations is unknown, 
and only one to four cases of heart failure worldwide per year 
are reported among patients receiving echinocandin therapy 
(Stover and Cleary, 2015).

6g.  Central nervous system effects

Headache and dizziness are the most commonly reported cen-
tral nervous system (CNS) effects reported with the echinocan-
dins, observed in up to 12% of patients. Seizures, psychiatric 
disturbances, malaise, and paresthesia of hands and feet are 
uncommon, especially compared to triazoles (Can cidas, 2015).

6h.  Pregnancy and breastfeeding safety

There are no adequate well-controlled studies of caspofungin 
pregnant women (Cancidas, 2015). Embryo–fetal development 
studies in rats and mice performed with caspofungin doses 
twofold higher than human exposures resulted in skeletal 
changes in rat fetuses and increased abortion and visceral 
abnormalities in rabbits. Caspofungin appears to cross the 
placental barrier in rats and could be detected in the plasma 
of the fetus. All three currently available echinocandins are 
classified as pregnancy category class C agents, therefore their 
use should only be considered if the potential benefit justifies 
the risk to the fetus.

It is not known whether caspofungin is excreted in human 
breast milk. All three echinocandins are detectable in the milk 
of lactating rats, suggesting that these drugs should only be 
administered to nursing mothers if the potential benefit jus-
tifies the risk (Cancidas, 2015).

6i.  Carcinogenesis, mutagenesis, 
impairment of fertility

Caspofungin does not show evidence of mutagenic or geno-
toxic potential when evaluated by the standard International 
Conference on Harmonization (ICH) battery of in vitro and 
in vivo tests. Fertility and reproductive performance in rats is 
not affected by i.v. administration of caspofungin. Long-term 
studies in animals have not been performed to evaluate the 
carcinogenic potential of caspofungin.

7. CLINICAL USES OF THE DRUG

7a.  Candidiasis

OROPHARYNGEAL AND ESOPHAGEAL 
CANDIDIASIS

Caspofungin has been extensively studied for the treatment 
of oropharyngeal and esophageal candidiasis in HIV-infected 
patients. Caspofungin (35 mg, 50 mg, or 70 mg daily) was 
compared with i.v. fluconazole 200 mg daily (Kartsonis et al., 
2002) or amphotericin B 0.5 mg/kg per day for the treatment 
of clinically or microbiologically fluconazole-resistant Candida 
esophagitis. Of the 31 patients treated, 14 (45%) were refrac-
tory to fluconazole and 17 (55%) were infected with isolates 
for which the fluconazole MICs were ≥ 64 mg/l. Overall, 
7/11 (64%) of fluconazole-refractory patients responded to 
caspofungin. Similar response rates were observed in 11/14 
patients (79%) whose Candida isolates had decreased sus-
ceptibility, and 5/6 (83%) with fluconazole-resistant strains 
(Kartsonis et al., 2002). 

Similar encouraging response rates were found in a com-
passionate-use study with caspofungin in HIV patients with 
refractory mucosal candidiasis with 18/21 (86%) of patients 
achieving a clinical cure after failing multiple antifungal agents 
(Kartsonis et al., 2004). In a study that combined patients from 
four phase II/III caspofungin trials, caspofungin (50 mg daily) 
treatment resolved symptomatic infection in 117/123 (95%) 
patients, irrespective of the patient’s underlying CD4+ count 
within an average of 4 days treatment (Dinubile et al., 2002). 
However, 17% of patients experienced relapse within 2 weeks 
of discontinuation of therapy.

Another randomized, double-blind study compared once- 
daily caspofungin (50 mg daily) versus i.v. fluconazole (200 mg 
daily) for 7 to 21 days in HIV-infected patients with esopha-
geal candidiasis (Villanueva et al., 2002). Clinical response 
rates were similar between the caspofungin and fluconazole- 
treated patients (66/81 [81%] vs. 80/94 [85%] patients, respec-
tively), with symptoms resolving in most patients by the 5th 
day of treatment. Relapse was observed within 4 weeks fol-
lowing discontinuation of therapy in 12/72 (17%) and 18/64 
(28%) of patients receiving fluconazole and caspofungin, 
respectively.

Caspofungin (50 or 70 mg daily) was also compared with 
i.v. amphotericin B deoxycholate 0.5 mg/kg per day in 122 
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HIV-infected patients with fluconazole-susceptible oropha-
ryngeal or esophageal candidiasis (Villanueva et al., 2001). 
Similar to previous studies, endoscopically-confirmed clear-
ance of infection was achieved in 74%, 89%, and 63% of patients 
treated with caspofungin 50 mg, 70 mg, and amphotericin  
B, respectively, with most symptoms resolving within 4 days. 
Adverse effects were more common in patients treated with 
amphotericin B. 

These findings were mirrored in a follow-up study by 
Arathoon et al. (2002), in which caspofungin (35 mg, 50 mg, 
or 70 mg daily) or conventional amphotericin B (0.5 mg/kg 
of body weight once daily) were administered for 7–14 days 
(Arathoon et al., 2002). A modestly higher proportion of 
patients in each of the caspofungin groups (74–91%) achieved 
favorable responses compared with amphotericin B recipi-
ents (63%); however, these differences were not statistically 
significant.

INVASIVE CANDIDIASIS

Caspofungin was the first echinocandin proven to be non- 
inferior to amphotericin B for the treatment of invasive can-
didiasis in non-neutropenic patients. Prior to its clinical 
availability, caspofungin was provided for compassionate use 
in 16 patients with invasive candidiasis who were refractory 
to or intolerant of other antifungal therapy: 8/16 (50%) of the 
patients had acute leukemia/lymphoma, and 5/16 (31%) 
were diabetic (Kartsonis et al., 2004). Sites of infection were 
widespread, including four patients with chronic dissemi-
nated disease. A favorable response was observed in 13/15 
evaluable patients. A pivotal randomized, double-blind trial 
was then developed to compare caspofungin (70 mg loading 
dose followed by 50 mg daily) with amphotericin B deoxy-
cholate (0.6–0.7 mg/kg/day) in 239 patients with primarily 
non-neutropenic invasive candidiasis (Mora-Duarte et al., 
2002). A successful outcome was achieved in 73.9% and 
61.7% of patients receiving caspofungin and amphotericin B, 
respectively, with significantly fewer adverse events in the 
 caspofungin-treated patients. Mortality was similar with either 
therapy (34.2% with caspofungin, 30.4% with amphotericin 
B), with significantly fewer drug-related adverse events in the 
caspofungin-treated patients.

Several case reports have suggested that caspofungin may be 
effective therapy for Candida endocarditis due to C. albicans 
and non-albicans species (Nevado et al., 2005; Rajen dram et 
al., 2005) even without valve replacement (Jiménez-Expósito 
et al., 2004) However, breakthrough metastatic infection 
involving the brain was noted in one case report of Candida 
endocarditis treated with caspofungin, highlighting concerns 
of the poor CNS penetration of this drug class (Prabhu and 
Orenstein, 2004). In a review of 27 Candida endocarditis 
cases identified in the International Candida Endocarditis-
Prospective Cohort Study (ICE-PCS), caspofungin alone, in 
combination, or sequentially with fluconazole and ampho-
tericin B, was used in one-third of patients, with outcomes 
similar to amphotericin B–based regimens (Baddley et al., 
2008). Adverse effects from caspofungin treatment and organ-
ism susceptibility were not available.

As described previously (section 5, Pharmacokinetics and 
pharmacodynamics) data concerning the effectiveness of 
caspofungin in the treatment of Candida endophthalmitis in 
the setting of candidemia are conflicting. In one case, a patient 
developed progressing infection on caspofungin monotherapy 
after fluconazole was prematurely discontinued. Intravitreous 
concentrations of caspofungin were later documented as 
undetectable (Gauthier et al., 2005). However, another patient 
was cured after a 28-day course of caspofungin monotherapy 
(initially 50 mg daily, later decreased to 35 mg daily due to 
moderate hepatic impairment), but intravitreal concentrations 
of caspofungin were not measured (Sarria et al., 2005). Most 
patients with baseline Candida endophthalmitis in clinical tri-
als have responded to echinocandin therapy. However, these 
high response rates may reflect a bias of only retaining patients 
in the clinical trials with choroid-limited disease (Riddell, et 
al., 2011).

The safety and efficacy of caspofungin in the pediatric 
population were evaluated in two prospective multicenter 
trials in children age 3 months to 17 years (Maertens et al., 
2010; Zaoutis et al., 2009). The first study was a double-blind 
trial comparing caspofungin 50 mg/m2 daily following a 
70 mg/m2 loading dose on day 1 versus liposomal amphoter-
icin (L-AMB; 3 mg/kg) for the treatment of neutropenic 
fever in 82 pediatric patients (Maertens et al., 2010). A favor-
able overall response rate was observed in 25/56 (46.4%) and 
8/25 (32%) of patients treated with caspofungin and L-AMB, 
respectively, with fewer adverse effects in the caspofungin 
group. The second study was a prospective, open-label, non- 
comparative study estimating the safety and efficacy of caspo-
fungin 70 mg/m2 load on day 1 followed by 50 mg/m2 daily 
in pediatric patients age 3 months to 17 years with candi-
demia and other Candida infections and invasive aspergil-
losis (salvage therapy) (Zaoutis et al., 2009). Among the 48 
patients evaluable, 37 patients had candidemia or other Can
dida infections. The favorable response rate per indication was 
30/37 (81%) in invasive candidiasis, 5/10 (50%) in invasive 
aspergillosis, and 1/1 (100%) in esophageal candidiasis.

Pappas and colleagues (2007) performed a double-blind, 
non-inferiority trial that randomized 595 adult patients (1:1:1) 
to one of two micafungin doses (100 mg/day or 150 mg/day) or 
caspofungin (70 mg loading dose, then 50 mg/day). Treat-
ment was judged to be successful for 76.4% of patients in the 
micafungin 100 mg group, 71.4% in the micafungin 150 mg 
group, and 72.3% in the caspofungin group. There were no 
significant differences in mortality, relapsing, and emergent 
infections, or adverse events between the study arms. Based 
on the results of this study, the investigators concluded that 
dosages of micafungin 100 mg daily and 150 mg daily were 
non-inferior to a standard dosage of caspofungin for the 
treatment of candidemia and other forms of invasive candi-
diasis (Pappas, et al., 2007).

Ostrosky-Zeichner and colleagues (2014) performed a 
multi center, randomized, double-blinded, placebo-controlled 
trial of caspofungin administered as either antifungal pro-
phylaxis or a pre-emptive treatment in 222 adults with a clin-
ical risk score predicted incidence of invasive candidiasis 
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of 20% who underwent routine serum beta-glucan sampling 
while in the ICU. The incidence of proven or probable inva-
sive candidiasis in the placebo and caspofungin arms was 
16.7% versus 9.8% for prophylaxis (P = 0.14) and 30.4% ver-
sus 18.8% for the pre-emptive approach (P = 0.04). No signif-
icant differences were found between patients randomized to 
the caspofungin or placebo arm in terms of mortality, safety 
outcomes, additional antifungal use, or length of ICU stay 
within 7 days.

7b.  Aspergillosis—monotherapy

Although frequently used in combination with a second anti- 
fungal, caspofungin has been studied as single-agent ther-
apy in patients with invasive aspergillosis. Maertens and 
colleagues evaluated the use of i.v. caspofungin (70 mg load 
day 1, then 50 mg daily thereafter) in patients refractory to 
(86%) or intolerant of (14%) previous antifungal therapy 
(Maertens, et al., 2004). Response was determined by a panel 
of three experts in fungal infections. A complete response 
was defined as resolution of all signs, symptoms, and radio-
graphic evidence of aspergillosis, while a partial response 
was defined as clinically meaningful improvements in the 
clinical parameters described above. Overall, 37/83 (45%) 
patients had a favorable response (complete and partial). Of 
the patients intolerant to previous therapy, 9/12 (75%) had a 
favorable response, while 28/71 (39.4%) of those refractory 
to previous therapy responded.

Outcomes from the compassionate-use program for cas-
pofungin were assessed in an additional 48 patients (of whom 
three were not evaluated at the end of therapy) with aspergil-
losis refractory to or intolerant of other therapy (Kartsonis et al., 
2005). An overall favorable response (using the same criteria as 
the previous studies) was observed in 20/45 (44%) patients, with 
9/45 (20%) exhibiting a complete response to therapy. Of 10 
patients who received caspofungin in conjunction with another 
antifungal agent, only one patient survived, highlighting the 
poor prognosis of advanced invasive aspergillosis.

Two phase II studies performed by the European Organi-
sation for the Research and Treatment of Cancer (EORTC) 
examined treatment outcomes of caspofungin monotherapy 
for proven or probable invasive aspergillosis in patients with 
hematological malignancies or autologous Haematopoetic 
stem cell transplantation (HSCT) (Viscoli et al., 2009) or fol-
lowing allogeneic HSCT (Herbrecht et al., 2010). In the first 
study of 61 patients with proven or probable asper gillosis 
treated with caspofungin, only 33% achieved complete or 
partial response of their disease, which did not surpass the a 
priori null hypothesis true response rate of < 35% proposed 
in the design of the study (Viscoli et al., 2009). However, the 
majority of the patients enrolled in the trial had uncontrolled 
malignancy and poor performance status, which had a major 
impact on the study results. In particular, failure to recover 
from neutropenia at the end of treatment was an indepen-
dent risk factor for patient mortality.

In the second phase II study limited by slow patient 
accrual resulting in 24 allogeneic HSCT patients available for 

analysis (Herbrecht et al., 2010), frontline caspofungin mono-
therapy for probable or proven aspergillosis was associated 
with a 12-week complete or partial response rate of 33%. Sur- 
vival rates at week 6 and 12 were 79% and 50%, respectively 
and no patients had a drug-related serious adverse event or 
discontinued because of toxicity.

In a third, smaller phase II dose-escalation study, Cornely 
and colleagues (2011) evaluated the maximum tolerated dose 
of caspofungin for invasive aspergillosis (IA). Eight patients 
each received caspofungin 70, 100, 150, or 200 mg once a 
daily. The rate of complete or partial responses was 54.3%, and 
the overall mortality at 12-week follow-up was 28.3%. This 
phase II study is the only prospective data for frontline caspo - 
fungin monotherapy in probable or proven aspergillosis with 
reported response rates roughly equivalent to liposomal 
amphotericin B or voriconazole.

7c.  Aspergillosis—combination therapy

Several case series have reported successful treatment of 
refractory infections with combinations of caspofungin and 
itraconazole, voriconazole, or lipid preparations of ampho-
tericin B. Kontoyiannis and colleagues (2003) evaluated the 
response of 48 patients with invasive aspergillosis who received 
combination therapy with liposomal amphotericin B and 
caspofungin in whom 17 (35%) had received combination 
therapy as initial therapy, whereas an additional 31 (65%) 
had caspofungin added after infection progressed on liposo-
mal amphotericin B. The overall response rate was 42% (22% 
in patients with documented infection, and 60% in those 
with possible infection). In those patients whose disease had 
progressed on liposomal amphotericin B monotherapy, the 
addition of an echinocandin had a minimal impact, with 
response rates of 18% and 57%, respectively. However, 5/13 
(38%) patients with persistent neutropenia responded to com-
bination therapy.

Marr and colleagues (2004a) examined the outcomes of 47 
patients who failed amphotericin B formulations and received 
salvage therapy with voriconazole alone or voriconazole in 
combination with caspofungin. Compared with voriconazole 
monotherapy, combination therapy reduced the probability 
of Aspergillus-associated death in the first 90 days after start-
ing salvage therapy. However, no difference was observed 
after 90 days due to mortality associated with the underlying 
malignancy in both cohorts. Maertens et al. (2006) evaluated 
the efficacy of caspofungin as salvage therapy combined with 
polyene formulations (16 patients), itraconazole (7), or vori-
conazole (30). Clinical response, determined by an indepen-
dent expert assessment, was reported in 29/55 patients (55%) 
at the end of combination therapy, and 25/51 (49%) after 84 
days of therapy. Efficacy was similar in patients refractory 
(54%) or intolerant (57%) to prior therapy, as well as in patients 
who were either neutropenic or non-neutropenic at study 
outset (57% vs. 52%, respectively).

Singh and colleagues (2006) compared a historical control 
group of 47 solid-organ transplant recipients who received pri-
mary therapy for aspergillosis with L-AMB monotherapy from 
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1999 to 2002 to 40 patients treated between 2003 and 2005 with 
voriconazole plus caspofungin. Although overall differences in 
90-day mortality between the two groups were not significant 
(combination 67.5% vs. monotherapy 51%, p = 0.117), a sub-
analysis accounting for cytomegalovirus co-infection and renal 
failure revealed that combination therapy was independently 
associated with improved survival at 3 months. Similarly, Cesaro 
and colleagues (2007) retrospectively analyzed the safety and 
efficacy of  caspofungin-based combination therapy in 40 chil-
dren and adolescents with cancer who developed aspergillo-
sis. A favorable response to antifungal therapy was obtained 
in 21 patients (53%) and the probability of 100-day survival was 
70%. Overall, the combination therapy was well tolerated.

Caillot and colleagues (2007) performed an open-label, 
randomized pilot study that compared two combination 
treatment strategies—high dose L-AMB (10 mg/kg per day) 
alone versus lower-dose L-AMB (3 mg/kg per day) + caspo-
fungin (50 mg/day)—for the treatment of proven or prob-
able invasive aspergillosis. Thirty patients with hematologic 
malignancies were analyzed; the median duration of treat-
ment was 18 days for the combination group and 17 days  
for the high-dose monotherapy group. At the end of treatment, 
the rate of favorable overall responses was significantly higher in 
the combination arm (partial or complete responses; p = 0.028) 
in the combination group (10/15 patients; 67%) compared 
with the high-dose monotherapy group (4/15 patients; 27%). 
Survival rates at 12 weeks after inclusion were 100% and 
80%, respectively. Infusion-related reactions occurred in three 
patients in the high-dose monotherapy group. A twofold 
increase in serum creatinine occurred in 4/17 patients (23%) 
who received high-dose monotherapy and 1/15 (7%) who 
received combination therapy; hypokalemia < 3 mmol/l 
occurred in three patients and two patients, respectively.

Although it did not study caspofungin, the prospective, 
multi-institutional randomized controlled trial of anidula-
fungin plus voriconazole versus voriconazole alone (Marr et 
al., 2015) is a pivotal trial that explored the general strategy 
of combining echinocandins with mold-active triazoles for 
the treatment of probable or proven aspergillosis. Results 
showed a trend toward improved 6-week survival (the pri-
mary endpoint) with the combination of voriconazole and 
anidulafungin compared with voriconazole monotherapy. 
Among the 277 patients with documented proven or prob-
able invasive aspergillosis, 6-week mortality was 19.3% for 
combination therapy and 27.5% for monotherapy, suggest-
ing a trend toward improved survival with combination 
therapy (95% CI –19.0 to 1.5). In a post-hoc analysis of 222 
patients with probable invasive aspergillosis with radio-
graphic abnormalities and a positive serum or broncho-
alveolar lavage fluid galactomannan antigen, a statistically 
significant difference in mortality was observed (16% with 
combination therapy vs. 27% with voriconazole monother-
apy; 95% CI –22.7 to –0.4). Given the nonsignificant trend 
to improved survival, debate persists about whether echino-
candin–triazole therapy is beneficial in the treatment of inva-
sive aspergillosis.

7d.  Mucormycosis

Reed and colleagues (2008) reviewed their experience of 
using echinocandins in combination with lipid amphotericin 
B formulations in 41 patients with rhinoorbital-cerebral mucor-
mycosis (ROCM). Forty-one patients with biopsy-proven 
ROCM over a 12-year period received polyene-caspofungin 
therapy (six patients) or polyene therapy alone. The addition 
of caspofungin to polyene regimens was associated with 
improved 30-day clinical success rates in the treatment of 
ROCM (100% vs. 45%, p < 0.02) compared with patients 
treated with polyene monotherapy. Surprisingly, the benefit 
of combination therapy compared with monotherapy was 
most pronounced in patients with cerebral involvement (suc-
cess rate, 100% vs. 20%; p < 0.009). In multivariate analysis, 
only receipt of combination therapy was significantly associ-
ated with improved patient outcomes.

7e.  Antifungal prophylaxis

Prophylaxis with caspofungin (50 mg daily) was compared 
to i.v. itraconazole (200 mg twice daily for 2 days, then 200 mg 
once daily) in an open-label study for the prevention of inva-
sive fungal infections in patients with acute myelogenous 
leukemia or high-risk myelodysplastic syndrome (Mattiuzzi 
et al., 2006). Success of therapy was defined as completion of 
prophylaxis (which was continued until any of the following: 
absolute neutrophil count > 500 for 2 consecutive days; com-
plete response; death; change in leukemia therapy; unaccept-
able toxicity; proven or probable invasive fungal infection; or 
35 days of prophylaxis) without development of invasive fun-
gal infection during the period of drug administration. The 
median length of prophylaxis was 21 days in both groups. 
Prophylaxis was effective in 44/86 (51%) of patients in the 
itraconazole group and 55/106 (52%) in the caspofungin 
group. Twelve patients developed invasive fungal infections: 
five in the itraconazole group (one patient with Aspergillus 
pneumonia and four patients with candidemia—one due to 
C. krusei, one due to C. albicans, and two due to C. glabrata), 
and seven in the caspofungin group (two patients with dis-
seminated Trichosporon infection, two with Aspergillus pneu-
monia, one with Fusarium cellulitis, one with candidemia 
due to C. parapsilosis, and one with both candidemia due to 
C. albicans and C. glabrata with concurrent Aspergillus pneu-
monia). Mortality was similar in both groups.

Experience with caspofungin prophylaxis (35–50 mg/day) 
has also been reported in 123 adult HSCT patients who were 
not candidates for triazole or lipid amphotericin B prophy-
laxis due to renal or hepatic dysfunction (Chou et al., 2007). 
Patients received caspofungin 35–50 mg/day for up to 100 
days after transplantation as primary antifungal prophylaxis. 
Of the 123 patients, 117 (95.1%) were allogeneic HSCT 
recipients, and the median time to engraftment was 12 days 
(range 6–26 days). Fifty (40.7%) of the patients developed 
graft-versus-host disease (GVHD) of grade 2 or greater and 
received corticosteroids for more than 21 days. The median 
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duration of caspofungin prophylaxis was 73 days (range 
10–100 days). Nine patients (7.3%) developed breakthrough 
invasive fungal infections (two cases of mixed Aspergillus 
species and one each of Aspergillus terreus, Rhizopus, Exsero
hilum, an unspecified mold, Cryptococcus, C. glabrata, and  
C. tropicalis). Median time to invasive fungal infection develop-
ment was 65 days (range 12–88 days). Only one case occurred 
during the neutropenic period before engraftment. By day 100, 
there were five (4.1%) deaths, two of which were directly attrib-
utable to invasive fungal infections. No caspofungin-related 
adverse events were observed, and caspofungin therapy did 
not have to be discontinued due to liver dysfunction in this 
high-risk group. 

Cattaneo and colleagues (2011) compared caspofungin ver-
sus standard antifungal prophylaxis according to investigator 
policy in 175 patients undergoing induction chemotherapy for 
acute leukemia in Northern Italy. The overall incidence of IFI 
was 18.3%, with no statistically significant differences between 
caspofungin-based versus investigator protocol–based regi-
mens (16.1% vs. 20.1%). The efficacy and safety of caspofun-
gin was similar to other prophylactic regimens.

Gomes and colleagues (2014, 2013) evaluated the inci-
dence density and risk factors for invasive fungal infections 
for echinocandin versus mold-active triazole prophylaxis 
among 152 patients with acute myeloid leukemia undergoing 
initial remission-induction chemotherapy. Echinocandin-based 
primary antifungal prophylaxis was associated with higher 
rates of documented IFIs than anti-Aspergillus azoles at both 
42 and 120 days (P < 0.0001) after first remission-induction 
chemotherapy. In a subsequent analysis that included underly-
ing patient-related factors that may contribute to breakthrough 
invasive fungal infection, in multivariate analysis, clofarabine- 
based RIC (hazard ratio [HR], 3.5; 95% confidence interval 
[CI], 1.5–8.3; P 0.004) and echinocandin prophylaxis (HR, 
4.6; 95% CI, 1.8–11.9; P 0.002) were independently associ-
ated with higher rates of IFI rates during RIC. Subsequent 
analysis failed to identify any malignancy- or chemotherapy- 
related covariates linked to echinocandin prophylaxis that 
accounted for the higher rates of breakthrough IFI (Gomes et 
al., 2014).

7f.  Febrile neutropenia

Caspofungin was evaluated in a large non-inferiority trial 
that randomized patients to receive infusions of either caspo-
fungin (70-mg loading dose, followed by maintenance doses 
of 50 mg every 24 hours for a median of about 10 days) or 
L-AMB (3.0 mg/kg) during neutropenic fever (Walsh et al., 
2004). Of those receiving caspofungin and amphotericin B, 
respectively, 190/556 (33.9%) and 180/539 (33.7%) patients 
had a favorable response, defined as a composite score of five 
criteria: successful treatment of baseline fungal infection; 
absence of breakthrough fungal infection during therapy or 
within 7 days after the end of therapy; survival for 7 days 
after discontinuation of therapy; resolution of fever; and no 
premature discontinuation of drug due to lack of efficacy or 

toxicity. Overall, outcomes with caspofungin therapy were 
equivalent to therapy with L-AMB. However, secondary 
analysis suggested that caspofungin was more effective than 
L-AMB in treating baseline infections—14/27 (51.9%) versus 
7/27 (25.9%), respectively—and was associated with improved 
survival at 7 days. Caspofungin-treated patients experienced 
lower rates of adverse drug reactions, including nephrotoxic-
ity and infusion-related events.

Caselli and colleagues (2012) performed a follow-up pro-
spective randomized trial in 110 febrile neutropenic children 
randomized to receive caspofungin or liposomal amphotericin 
if considered high-risk, or no antifungal therapy if consid-
ered low-risk. Complete response to empirical antifungal 
therapy was achieved in 85.7% of high risk (88% in liposomal 
AMB vs. 83·9% in caspofungin; P = 0.72), and 42/48 at low 
risk (87.5%). 
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1. DESCRIPTION

Micafungin sodium (Mycamine, FK463) is a water-soluble 
semi synthetic compound belonging to the echinocandin 
class of antifungals. It is synthesized through chemical mod-
ification of the cyclic hexapeptide FR901370, a natural fer-
mentation product from Coleophoma empetri. The chemical 
structure is pneumocandin A0,1-[(4R,5R] Similar to other 
e-4,5-dihydroxy-N2-[4-[5-[4-(pentyloxy)phenyl]-3-isoxazoly]
benzoyl]-L-orthnithine]-4-[4S)-4-hydroxy-4-[4-hydroxy-3-
(sulfooxy)phenyl]-L-threonine]-, monosodium salt (Figure 
147.1). Similar to other echinocandin compounds approved 
for clinical use (caspofungin and anidulafungin), the addi-
tion of a modified N-linked acyl lipid side-chain to the cyclic 
hexapeptide nucleus improves antifungal potency, likely 
through anchoring the compound to the phospholipid bilayer 
of the fungal cell membrane. While the mechanism remains 
to be fully elucidated, micafungin and the other echinocandins 

exert their antifungal activity through the noncompetitive inhi-
bition of 1,3-β-D glucan synthase, an enzyme responsible for 
the biosynthesis of 1,3,-β-D-glucan which is a crucial struc-
tural component of the cell wall for many fungal pathogens. 
Depletion of this integral glucan polymer leads to osmotic 
instability, cell lysis, and cell death. Micafungin is primarily 
effective against Candida and Aspergillus species, with mar-
ginal activity against other molds and basidiomycetes likely 
due to differences in the structural components of the fungal 
cell wall or compensatory mechanisms in these species. 

2. ANTIMICROBIAL ACTIVITY

ANTIFUNGAL SUSCEPTIBILITY TESTING

The in vitro activity of micafungin can be assessed using sev-
eral different methods, including E-test strips, disk-diffusion, 
broth macrodilution, and broth microdilution. Broth micro-
dilution is a widely used technique for antifungal susceptibility 

Figure 147.1. Chemical structure of micafungin. 
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testing in the clinical microbiology laboratory, and standard-
ized methods have been developed by the Clinical Laboratory 
Standards Institute (CLSI) and European Committee on Anti- 
biotic Susceptibility Testing (EUCAST) for testing echinocan-
dins against yeast and molds (CLSI, 2008a, 2012; EUCAST, 
2008; Arendrup et al., 2012, 2014). Notable differences between 
CLSI and EUCAST methods of broth microdilution include 
the use of round-bottom versus flat-bottom wells, a glucose 
content of 0.2% versus 2%, and a starting inoculum size of 
0.5–2.5 ⋅ 10^3 versus 0.5–2.5 ⋅ 10^5 CFU/ml, respectively. 
Both the CLSI and EUCAST have established species specific 
epidemiological cutoff values (ECVs) and clinical break-
points (CBPs) for micafungin and most Candida species 
(Table 147.1) in order to identify strains of Candida likely to 
harbor acquired FKS mutations associated with echinocan-
din resistance and treatment failure. Despite the method-
ological differences, essential agreement minimum inhibitory 
concentration [MIC] ± 2 doubling dilutions) and categorical 
agreement (MIC falls within same interpretive category) 
between the two methods has been demonstrated to be 
excellent with micafungin (Table 147.1) (Montagna et al., 
2015; Pfaller et al., 2014). In contrast, significant inter- and 
intra-lab variability has been observed with caspofungin uti-
lizing both CLSI and EUCAST methods (Espinell-Ingroff et 
al., 2013). The reason for this variability in caspofungin 
MICs has not been completely identified but may be a result 
of differences in the potency between drug lots or possible 
binding of caspofungin to treated polystyrene microtiter 
plates (Fothergill et al., 2016). Nevertheless, this variability 
has not been observed with micafungin. 

2a.  Routine susceptibility

A summary of the in vitro activity of micafungin against var-
ious fungi is shown in Table 147.2.

PATHOGENIC YEASTS

Micafungin exhibits in vitro activity against most Candida 
species, with ≥ 95% of isolates inhibited at concentrations 
≤  2 µg/ml (Pfaller et al., 2014). Micafungin is most active 
against C. albicans (minimum inhibitory concentration (MIC)50 

0.015 µg/ml), C. glabrata (MIC50 0.015 µg/ml), C. tropicalis 
(MIC50 0.03 µg/ml), and C. krusei (MIC50 0.06 µg/ml). It also 
demonstrates activity against other less common species, 
including C. lusitaniae, C. dubliniensis, and C. kefyr (Table 
147.2). Micafungin MICs are considerably higher for C. par
apsilosis (and the related species C. metapsilosis and C. orthopsi
losis) and C. guillermondii, as they possess naturally occurring 
FKS mutations that influence echinocandin binding to glucan 
synthase (Garcia-Effron et al., 2008a). The clinical significance 
of this intrinsically reduced susceptibility is questionable, as 
clinical trial data suggests patients infected with these strains 
can be treated successfully with standard doses. However, a 
number of cases have described C. parapsilosis breakthrough 
infection during micafungin treatment (Pfeiffer, 2010). As such, 
care should be taken when utilizing micafungin for treatment 
of these species. 

Micafungin lacks clinically meaningful activity against 
basi diomycetes, including Trichosporon, Cryptococcus neo
formans, and Cryptococcus gattii, even though they possess 
a beta- glucan synthase enzyme which is sensitive to echino-
candin inhibition (Maligie and Selitrennikoff, 2005). The 
inherent resistance observed in these fungi is thought to be a 
result of compensatory stress response pathways (e.g., pro-
tein kinase C and calcineurin), multidrug efflux pumps, 
melanin, and/or drug degradation pathways (Maligie and 
Seli tren nikoff, 2005). While scarce, a limited number of in 
vitro and animal model studies have demonstrated that mica-
fungin in combination with amphotericin B or azole can 
be synergistic against Cryptococcus and Trichosporon asahii 
(Serena AAC 2005a, 2005b). However, micafungin mono-
therapy should not be considered a viable treatment option 
for infections caused by these species.

DIMORPHIC FUNGI

Micafungin exhibits excellent activity in vitro against dimor-
phic fungi in the mycelial phase but minimal activity against 
the yeast phase. This differential activity is likely explained by 
changes in beta-1,3-glucan content of the fungal cell wall that 
occurs between these two states. It has been shown that the 
fungal cell wall of dimorphic fungi such as H. capsulatum, 
B. dermatitidis, and Paracoccidioidis brasiliensis is predomi- 

Table 147.1. Epidemiological cutoff values (ECV) and clinical breakpoints (CBP) according Clinical Laboratory Standards Institute (CLSI) 
and European Committee for Antimicrobial Susceptibility Testing (EUCAST).

CLSI EUCAST CLSI vs. EUCAST comparison

ECV CBP ECV CBP ECV (# of isolates) CBP (# isolates)

WT ≤ S ≤ R > WT ≤ S ≤ R > % Essential agreement % Categorical agreement

C. albicans 0.12 0.25 0.5 0.015 0.016 0.016 100% (93) 100% (93)

C. glabrata 0.03 0.06 0.12 0.03 0.03 0.03 100% (53) 100% (53)

C. tropicalis 0.12 0.25 0.5 0.06 IEa IEa 100% (36)  97.2% (36)

C. krusei 0.12 0.25 0.5 0.25 IEa IEa  94.4% (34)  91% (22)

C. parapsilosis 4 2 4 2 0.002 2 100% (51) 100% (51)

aIE, insufficient evidence to establish breakpoint.
Data derived from Pfaller et al., 2014. 
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nantly comprised of alpha-glucans with very little beta-1,3-
glucan present in the yeast form, while in the mycelial form 
beta-1,3-glucan is abundant (Nakai et al., 2003; Kanet suna 
and Carbonell, 1971; Kanetsuna et al., 1972). Data regarding 
the efficacy of micafungin in experimental models of infec-
tion are scarce. However, as caspofungin has been shown to 
be only marginally effective against Coccidioides immitis and 
Histoplasma capsulatum in experimental animal models, 
monotherapy with echinocandins should not be considered 
for the treatment of dimorphic fungal infections (Gonzalez 
et al., 2001; Gonzalez et al., 2007; Kohler et al., 2000). 

MOLDS OR FILAMENTOUS FUNGI

Excellent in vitro activity is observed with micafungin against 
most Aspergillus spp., including A. fumigatus, A. flavus, A. 
niger, and A. terreus (Pfaller et al., 2009) (Table 147.2). Mica-
fungin effects on the cell wall in Aspergillus spp. occurs pre-
dominantly at hyphal apical and subapical branching points 
where beta-1,3-glucan is readily being incorporated, which 
results in the formation of short, stubby hyphae (Watabe et 
al., 2003). As determination of the MIC is difficult in this 
setting, the minimum effective concentration (MEC; defined 
as the lowest concentration at which the formation of short 
stubby hyphae is observed microscopically) is utilized to 
provide a more consistent measure of echinocandin activ-
ity in vitro (CLSI, 2008b). Studies exploring the structural 
changes of A. fumigatus cell wall following exposure to mica-
fungin have shown a pronounced depletion of the inner (glu-
can) fibrillar layer within 12 hours of drug exposure that is 
lethal if cells are subcultured from broth to agar after echino-
candin exposure (Nishiyama et al., 2005). Reconstitution of 
the inner glucan fibrillar layer occurs within 24 hours of 
echinocandin removal with normal resumption of hyphal 
growth (Oakley et al., 1998). In animal models, all echino-
candins are effective at improving survival in otherwise 
lethal models of aspergillosis, even though high counts of 
Aspergillus can be cultured from tissue (Petraitis et al., 1998; 
Petraitis et al., 2002; Petraitiene et al., 2002). These data are in 
accord with echinocandins possessing fungistatic activity 
against Aspergillus species (Den ning, 2003). However, echi-
nocandin treatment does reduce fungal burden to an extent 
comparable to amphotericin B when fungal burden is deter-
mined by more sensitive quantitative real-time polymerase 
chain reaction (PCR) assays (Bowman et al., 2001; Wieder-
hold et al., 2004; Wiederhold et al., 2006).

PNEUMOCYSTIS JIROVECII

Micafungin displays in vitro against P. jirovecii when in the cyst 
form, but not in the trophic form. Similar findings have been 
observed in murine models of P. jirovecci pneumonia, where 
micafungin treatment results in depletion of the cyst form, but 
large numbers of the trophic form remain even after 3 weeks 
of therapy (Cushion et al., 2010). The limited treatment efficacy 
of echinocandins can be explained by the fact that glucan syn-
thase target for echinocandin activity is expressed only during 
the cystic but not during the trophic life cycle of Pneumocys 
tis, thus limiting the rate of fungal clearance (Schmatz et al., 
1991; Powles et al., 1998; Kottom and Limper, 2000). Con- 
sequently, echinocandins would be insufficient therapy in 
patients with severe Pneumocystis pneu monia (Denning, 2003).

2b.  Emerging resistance and 
cross-resistance

Despite the extensive use of echinocandins as first-line treat-
ment for invasive candidiasis, acquired echinocandin resistance 
has been a relatively rare clinical phenomenon to date but 
may possibly be increasing, particularly with C. glabrata. In a 

Table 147.2. Minimum inhibitory concentrations (MICs, µg/ml) 
and minimum effective concentrations (MEC, µg/ml) of selected 
pathogens for micafungin.

Fungi

Micafungin

MIC50 MIC90

Yeasta

Candida albicans 0.015 0.06

Candida parapsilosis 1 2

Candida glabrata 0.015 0.03

Candida tropicalis 0.03 0.06

Candida krusei 0.06 0.12

Candida guillermondii 0.25 1

Candida lusitaniae 0.12 0.25

Candida dubliniensis 0.06 0.12

Candida kefyr 0.06 0.06

Candida famata 0.5 1

Cryptococcus neoformans > 16 > 16

Endemic fungi (yeast form)b MIC range

H. capsulatum 64

B. dermatitidis > 64

Coccidioides immitis > 64

Endemic fungi (mycelia form)b MEC range

Histoplasma capsulatum 0.062

Blastomyces dermatitidis 0.03

Coccidioides immitis 0.015

Moldsc

Aspergillus fumigatus 0.007–0.03

Aspergillus terreus 0.004–0.007

Aspergillus flavus 0.003–0.04

Aspergillus niger 0.007–0.015

Fusarium solani > 8

Fusarium oxysporum > 8

Mucorales > 8

Absidia > 8

Rhizopus > 8

Scedosporium > 8

aYeast MICs determined after 24 hours’ incubation, using 50% reduction 
end point (Pfaller et al., 2014).

bMIC data for endemic fungi extracted from references (Kohler et al., 2000; 
Tawara et al., 2000; Nakai et al., 2003).

cMIC data for molds extracted from references (Diekema et al., 2003; 
Messer et al., 2004; Guinea et al., 2005).
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large international surveillance study evaluating rates of anti-
fungal resistance among 11,130 isolates of Candida collected 
between 2003–2007 and 2010–2011, echinocandin resis-
tance remained low during both time periods for all Candida 
species (0–0.2%), with the exception of C. glabrata where 
rates increased from 0.7–1.8% (Pfaller et al., 2013). In a recent 
single-center study of C. glabrata bloodstream isolates collected 
between 2001 and 2010, Alexander and colleagues (2013) 
reported echinocandin resistance rates rose from 4.9% to 12.3% 
over this 10-year period. High rates of echinocandin-resistant 
C. glabrata have also been reported in several other single- 
center studies with most of these strains also exhibiting resis-
tance to triazoles (Beyda et al., 2014; Shields et al., 2015). Cases 
describing the emergence of echinocandin resistance in other 
Candida species have been reported sporadically (Beyda et al., 
2012). In general, prior exposure to echinocandins has been the 
most consistent clinical risk factor associated with the emer-
gence of acquired echinocandin resistance (Beyda et al., 2014; 
Alexander et al., 2013; Shields et al., 2012; Farmakiotis et al., 
2014). As such, routine antifungal susceptibility testing should 
be performed on isolates obtained from patients who have had 
previous exposure to echinocandins or develop breakthrough 
infection while receiving echinocandin therapy. 

While several mechanisms may contribute to low-level echi-
nocandin resistance or tolerance in vitro (such as up- regulation 
of cell wall stress response pathways), mutations in the glucan 
synthase subunit encoded by FKS1 (and FKS2 in C. glabrata) 
have been demonstrated to be the predominant mechanism 
conferring significant high-level resistance (Beyda et al., 2012; 
Reinoso-Martin et al., 2003, Walker et al., 2008). Isolates har-
boring point mutations in highly conserved “hot-spot” regions 
of FKS typically exhibit a marked reduction in the sensitivity of 
beta-glucan synthase (IC50; 50- to 3000-fold) and significantly 
elevated echinocandin MICs (10- to 100-fold) (Garcia-Effron et 
al., 2009). The degree to which specific Fks amino acid substitu-
tions impacts beta- glucan synthase sensitivity and the MIC to 
anidulafungin, caspofungin, and micafungin can vary, however, 
and it has been recently shown that these differences are associ-
ated with treatment outcomes in an animal model of infection 
(Arendrup et al., 2012, Spreghini, 2012). Until further data are 
available, isolates exhibiting elevated MICs to any echinocandin 
or found to be harboring an FKS mutation should be considered 
to be cross-resistant to all three agents. 

3. MECHANISM OF DRUG ACTION

The mechanism of action for micafungin is similar to other 
echinocandins. Please refer to Chapter 146, Caspofungin, for 
a detailed description. 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSASE

4a.  Adults

Micafungin is available only for intravenous (i.v.) use. Mica-
fungin (Mycamine, Astellas, Inc.) is supplied as powder for 

injection in single-use vials (50 and 100 mg) before reconsti-
tution in either 5% dextrose or 0.9% sodium chloride (Myca-
mine, 2013). Micafungin solution is then further diluted in 
100 ml or 5% dextrose of 0.9% sodium chloride. Unopened 
vials of micafungin are stored at 25°C; reconstituted vials can 
be maintained at 25°C for 24 hours and diluted solution can 
be stored for up to 24 hours at 25°C. It should be adminis-
tered by slow (1–2 hours) i.v. infusion. In general, it should 
not be mixed with other medications unless drug compati-
bility has been previously documented. 

The currently approved adult dosage of micafungin for 
esophageal candidiasis is 150 mg i.v. per day, with no loading 
dose required. The typical treatment duration is 14 days with 
at least 7 days of therapy following resolution of symptoms. 
The currently approved adult dosing of micafungin for inva-
sive candidiasis is 100 mg i.v. per day. No loading dose is 
required. The same regimen is used for invasive candidiasis 
(i.e., intra-abdominal abscess, peritonitis, etc.). 

Dosages of 100–300 mg i.v. per day for invasive aspergil-
losis have been used in open-label studies, although the opti-
mal regimen for this disease is not known. A dosage of 50 mg 
i.v. per day is used for antifungal prophylaxis in hematopoi-
etic stem cell transplant (HSCT) recipients. 

INTRAPERITONEAL ADMINISTRATION

Intraperitoneal administration of micafungin in human patients 
has not been adequately studied, and the concentration pro-
file and kinetics of resorption from the peritoneum are 
unknown. Micafungin has been shown to be effective in 
treating Candida peritonitis and intra-abdominal abscesses, 
suggesting that the peritoneal fluid concentrations achieved 
following i.v. fluid administration are adequate in most 
patients (Ostrosky-Zeichner et al., 2005). However, in a study 
describing the pharmacokinetics of micafungin in plasma 
and peritoneal fluid in ten critically ill patients with intra- 
abdominal fungal infections, low to moderate penetration of 
micafungin into the peritoneal fluid was observed. On day 
three of therapy following administration of 100 mg i.v. dose 
daily, the area under the curve (AUC) in plasma and perito-
neal fluid was 56.5 (52–77.7) and 23.9 (18.8–31.7) mg ⋅ h/l, 
respectively, corresponding to a median AUC peritoneal 
fluid/plasma ratio of 0.3 (0.3–0.4) (Grau et al., 2015). The 
significance of these findings and the pharmacokinetics of 
micafungin after intraperitoneal administration require fur-
ther study.

INTRAVITREAL ADMINISTRATION

Intravitreal administration of antifungals is frequently 
reserved for patients with sight-threatening endophthalmitis 
involving the vitreous where antifungal penetration is lim-
ited. Most systemic antifungal therapies provide adequate 
drug concentrations to treat chorioretinitis but have limited 
or no penetration into the vitreous humor. Both animal and 
human studies have confirmed that micafungin adequately 
penetrates the retina and choroid but does not achieve effec-
tive therapeutic concentrations in the vitreous fluid at doses 
of 150–300 mg i.v. daily (Khan et al., 2007; Mochizuki et al., 
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2013). There are no data to support the use of intravitreal 
administration of micafungin over other established thera-
pies with proven records of safety (i.e. amphotericin B) (Khan 
et al., 2007).

TOPICAL ADMINISTRATION

Topical administration of micafungin has primarily been 
used for the treatment Candida fungal keratitis. Micafungin 
0.1% eye drops have been shown to be as effective as fluco-
nazole 0.2% eye drops for the treatment of proven Candida 
fungal keratitis (Matsumoto et al., 2011). It has also been 
reported to be effective in cases of fungal corneal ulcers 
refractory to topical fluconazole (Matsumoto et al., 2005).

4b.  Newborn infants and children

The indications and dosing of micafungin in pediatric patients 
varies between the United States and Europe (Table 147.3). In 
the United States, micafungin is approved for use in pediatric 
patients older than 4 months of age for the treatment of 
esopha geal or invasive candidiasis and for prophylaxis of 
Candida infections in HSCT recipients (Mycamine, 2013). In 
Europe, micafungin is indicated in pediatric patients (includ-
ing neonates) for the treatment of invasive candidiasis and for 
prophylaxis of Candida infections in HSCT recipients. There 
have been extensive pharmacokinetic studies of micafungin 
in neonates and children to identify an appropriate regimen 
for different age groups. A summary of the current recom-
mendations is shown in Table 147.3. 

4c.  Pregnant and lactating mothers

The safety of micafungin in pregnant women has not been 
established in any well-controlled studies. It is classified as 
pregnancy category class C; therefore its use should be con-
sidered only if the potential benefit outweighs the risks to the 
fetus. Animal studies have shown increased abortion and 
visceral abnormalities when micafungin was administered 
at four times the recommended human dose (Mycamine, 
2013). It is unknown whether micafungin is excreted into 
human breast milk. However, detectable levels have been 
observed in the milk of lactating rats, suggesting it should be 

administered to nursing mothers only if the potential benefit 
justifies the risk (Mycamine, 2013). 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Echinocandins are not extensively cleared by the kidney and 
are not dialyzable. Therefore dosage adjustment is not required 
in patients with renal insufficiency (Mycamine, 2013).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

No dose adjustments are recommended for patients with mild, 
moderate, or severe hepatic impairment (Mycamine, 2013). 
Compared to normal patients, a non-significant decrease in 
micafungin Cmax and AUC values by approximately 22–33% 
occurs in patients with moderate and severe hepatic insuffi-
ciency. This decrease is likely due to the increased volume of 
distribution, increased clearance, and potentially lower drug 
protein binding that can be observed in patients with advanced 
liver disease (Hebert et al., 2005b, Undre et al., 2015). No 
difference in the concentration of free unbound drug consid-
ered to be active was found between patients with and with-
out severe hepatic impairment (Undre et al., 2015). In patients 
with severe hepatic impairment, the mean Cmax and AUC 
values of the M-5 metabolite were approximately 2.3-fold 
higher than those with normal hepatic function; however, this 
was determined to be comparable to patients without severe 
hepatic impairment. 

ELDERLY PATIENTS

The safety, efficacy, and pharmacokinetics of micafungin are 
similar in the geriatric population and younger adults. Therefore, 
no dosage adjustment in the elderly is required. Likewise, 
race and gender have not been shown to have a significant 
effect on the clearance of micafungin (Mycamine, 2013).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Micafungin is not orally bioavailable.

Table 147.3. Indications and dosing of micafungin in pediatric patients, United States and Europe.

Indication

United States Pediatric Dosing 
(4 months and older)

European Pediatric Dosing
(including neonates)

≤ 30 kg > 30 kg ≤ 40 kg > 40 kg

Invasive candidiasis 2 mg/kg/day (maximum 100 mg daily) 2 mg/kg/day 100 mg/daya

Esophageal candidiasis 3 mg/kg/day 2.5 mg/kg/day (maximum 
150 mg daily)

NIb NIb

Prophylaxis of Candida infections 
in HSCT recipients

1 mg/kg/day (maximum 50 mg daily) 1 mg/kg/day 2 mg/kg/daya

aIf the patient’s response is inadequate, e.g. persistence of cultures or if clinical condition does not improve, the dose may be increased to 200 mg/day in patients 
weighing > 40 kg or 4 mg/kg/day in patients weighing ≤ 40 kg.

bNI, not indicated; hsct: hematopoietic stem cell transplant.
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5b.  Drug distribution

The pharmacokinetics of micafungin have been investigated 
in both healthy adult human volunteers and critically ill 
patients up to a maximum dose of 8 mg/kg body weight 
(Hiemenz et al., 1999; Hebert et al., 2005a; Mycamine, 2013). 
Following daily doses of 100 and 150 mg daily, mean steady-
state Cmax values were 10.1 and 16.4 mg/l, with AUC0–24 of 
97 and 167 mg/l h, respectively. A micafungin dose of 8 mg/
kg daily in HSCT recipients resulted in Cmax of 60 mg/l and 
AUC0–24 of 663 mg/l h. Patient weight has been observed to 
be a major covariate affecting the clearance of micafungin in 
several population pharmacokinetic studies (Gumbo et al., 
2008; Andes et al., 2011). Estimated clearance rates of mica-
fungin from the serum were on average 50% higher in patients 
weighing over 66 kg compared to those under this threshold 
(Gumbo et al., 2008). Further studies characterizing the phar-
macokinetics of micafungin in overweight and obese patients 
have found similar results, with a continuous increase in the 
rate of micafungin clearance occurring as patient weight 
increases, with no obvious plateau (Hall et al., 2011). The clin-
ical implications of these findings are still unknown. However, 
higher dosages may be required in overweight or obese patients. 

Animal studies have found that the highest concentra-
tions of micafungin are in the lungs (tissue–plasma ratio 
2.6), while concentrations observed in the kidneys, liver, and 
spleen are comparable to plasma concentrations (Niwa et al., 
2004; Groll et al., 2001). The rapid penetration and accumu-
lation of antifungals in to the lungs is critical to effectively 
treating invasive pulmonary aspergillosis. Data regarding the 
penetration of micafungin into human tissues is relatively 
limited. In healthy volunteers receiving micafungin 150 mg 
i.v. daily, mean concentrations in the epithelial lining fluid 
have been observed to be 5% of plasma exposures while 
those in alveolar macrophages are 106% of concurrent plasma 
exposures. Concentrations in both compartments were at or 
above typical micafungin MEC values for Aspergillus species 
(Nicasio et al., 2008). Similarly, adequate penetration into 
abdominal tissue and peritoneal fluid is likely to be an import-
ant factor in how effective an antifungal is for the treatment 
of intra-abdominal candidiasis. Grau et al. (2015) recently 
found that among 10 critically patients with intra-abdominal 
fungal infections who received 100 mg i.v. daily, the mean 
AUC0–24 in plasma and peritoneal fluid was 56.5 (52–77.7) 
and 23.9 (18.8–31.7) mg.h/l respectively, corresponding to a 
median AUC peritoneal fluid/plasma ratio of 0.3 (0.3–0.4). It 
was also noted that the mean steady-state plasma exposure 
(AUC0–24) was lower in this patient population compared to 
healthy volunteers (180.9 ± 29.9) or patients with invasive 
candidiasis (97.1 ± 29). Further studies to determine the clini-
cal significance of these findings are needed. 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Similar to other echinocandins, micafungin displays concen-
tration-dependent activity against Candida and Aspergillus 

species in vitro and in vivo. Murine models of systemic can-
didiasis have found micafungin activity is maximized when 
the unbound serum 24-hour AUC/MIC ratio exceeds 20 
(Andes et al., 2003) or the total drug AUC/MIC ration exceeds 
~ 3000 (Andes et al., 2011). In practical terms, these studies 
suggest that echinocandin activity in vivo may be maximized 
with dosing strategies that emphasize higher doses adminis-
tered at less frequent intervals. Micafungin administered as a 
single, large, once-weekly dose was as effective as daily dosed 
micafungin for disseminated C. glabrata infection in per-
sistently neutropenic mice (Gumbo et al., 2007). Similarly, 
Lepak and colleagues (2015) found that mice receiving mica-
fungin at humanized doses of 600 mg administered every 6 
days as prophylaxis was effective at preventing fungal growth, 
and doses of 300–1000 mg administered every 6 days demon-
strated efficacy for established infections due to C. albicans. 
The concept of administering infrequent higher doses of 
micafungin to optimize drug pharmacodynamics has also 
been explored in patients. In a large, multicenter trial of 
micafungin versus caspofungin for esophageal candidiasis, 
alternate-day dosing with micafungin 300 mg was as effective 
as daily dosing with either micafungin 150 mg or caspo-
fungin 50 mg (93%, 91%, and 91%, respectively) (Buell et al., 
2005). The rate of relapse after treatment (2 and 4 weeks) was 
also similar in the three groups (15% and 34%, respectively, 
for alternate-day micafungin, 14% and 30%, respectively, for 
daily micafungin, and 23% and 35%, respectively, for daily 
caspofungin) with a low rate of adverse events that was sim-
ilar across all treatment groups. In a recent single-center, retro-
spective observational study, intermittent administration of 
high-dose intravenous micafungin (≥ 300 mg administered 
2–3 times weekly) was found to be effective for prophylaxis 
after allogeneic stem cell transplantation, with breakthrough 
fungal infection occurring in only 6% (5/83) of patients (3 
probable and 1 proven invasive aspergillosis, and 1 Rhodo
turula infection) (Neofytos et al., 2015). This is consistent 
with rates of breakthrough infection observed in antifungal 
prophylactic clinical trials (5.3–7.3%); however, as this study 
was retrospective in nature and not powered to assess effi-
cacy, prospective studies are needed.

5d.  Excretion

Micafungin is metabolized to M-1 (catechol form) by arylsul-
fatase, with further metabolism to the (M-2) methoxy form by 
catechol-O-methyltransferase (Mycamine, 2013). An additional 
metabolite, M-5, is formed by hydroxylation of the micafungin 
side chain catalyzed by multiple CYP450 enzymes. However, 
phase I metabolism is not a major pathway for micafungin 
clearance, nor is micafungin an inducer or inhibitor of CYP450 
or P-gp (Mycamine, 2013). In healthy volunteer and esophageal 
candidiasis studies, the ratio of metabolite to parent drug expo-
sure (AUC) at a dose of 150 mg/day ranged from 6% to 11% for 
M-1, from 1% to 2% for M-2, and from 6% to 12% for M-5. At 
28 days after administration of a single dose of [14C] mica-
fungin in healthy volunteers, 71% of the dose is recovered in the 
feces, with the urine accounting for an additional 11%.
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5e.  Drug interactions

Significant pharmacokinetic drug–drug interactions are 
uncommon for micafungin, as it is not a significant inhibitor 
or inducer of CYP450 or P-glycoprotein. However, as mica-
fungin is a weak inhibitor of CYP3A4, several significant 
drug–drug interactions do exist and require close monitor-
ing when these drugs are used concomitantly with mica-
fungin. Several studies evaluating the potential for drug–drug 
interactions between micafungin and various immunosup-
pressants have shown micafungin reduced the clearance of 
cyclosporine and sirolimus by approximately 16% and 21%, 
respectively (Hebert et al., 2005b; Mycamine, 2013). A portion 
of subjects (5 of 28) experienced significant changes (> 25%) 
in cyclosporine clearance. Therefore cyclosporine and siroli-
mus levels should be monitored during micafungin therapy 
(Mycamine, 2013). Micafungin has also been reported to 
increase the AUC and Cmax of nifedipine by 18% and 42%, 
respectively, warranting close monitoring in patients receiv-
ing concomitant therapy with this calcium channel blocker 
(Mycamine, 2013). The administration of micafungin with 
itraconazole has been reported to increase the itraconazole 
AUC and Cmax by 22% and 11%, respectively (Mycamine, 2013). 

6. ADVERSE REACTIONS AND TOXICITY

Micafungin is generally well tolerated, and serious adverse 
effects requiring discontinuation of treatment are uncom-
mon (< 4%) (Mycamine, 2013). The overall safety of mica-
fungin has been assessed in 3227 adult and pediatric patients 
and 520 healthy volunteers in 46 clinical studies (Mycamine, 
2013). In two pivotal clinical trials evaluating micafungin for 
the treatment of candidemia (Kuse et al., 2007; Pappas et al., 
2007), the proportion of patients reporting drug-related 
adverse effects ranged from 22.8% to 43.8%. The most com-
monly reported laboratory abnormalities are moderate ele-
vations of aminotransferases and alkaline phosphatase, but 
these are less common compared to other most other classes 
of antifungals. 

6a.  Gastrointestinal side effects

Rates of treatment-related nausea, vomiting, diarrhea, and 
abdominal pain have been reported to occur in approximately 
1–4% of patients receiving micafungin, and rarely resulted in 
the need for discontinuation of treatment (Mycamine, 2013). 
Less frequently reported gastrointestinal effects include dys-
pepsia, heartburn, constipation, anorexia, dry mouth, dysgeu-
sia, flatus, and bloating. 

6b.  Rash and hypersensitivity reactions

All echinocandins have the potential for inducing hypersen-
sitivity reactions, as histamine release is a frequent biologic 
effect with administration of polypeptide compounds (Den-
ning, 2003). While histamine-related reactions may be reduced 
with micafungin compared to the other echinocandins, fever, 

chills, and peripheral edema were evident in 6–20% of 
patients during micafungin infusions (Mycamine, 2013). 
Local infusion site irritation and infusion-related reactions 
(flushing, hot flashes, phlebitis) have been observed, particu-
larly when administered through a peripheral catheter, with 
occurrence rates reported to be 1–4%. Isolated cases of ana-
phylaxis and delayed (type IV) hypersensitivity reactions such 
as Stevens-Johnson syndrome and toxic epidermal necrolysis 
have been reported rarely. The contribution of the drug to 
these reported reactions is uncertain. In one case report, 
immediate cross-hypersensitivity between micafungin and 
caspofungin was described (Patel et al., 2009).

6c.  Renal side effects

Elevations in creatinine and BUN and hypokalemia were 
uncommonly observed (< 2%) in patients receiving micafungin 
in clinical trials, and drug-related renal adverse reactions were 
rare (0.4% vs. 0.5% for patients receiving fluconazole) (Myca-
mine, 2013). Isolated cases of renal impairment or acute renal 
failure have been reported in patients who received micafungin 
(Nanri et al., 2009). 

6d.  Hepatic side effects

Modest asymptomatic elevations of alkaline phosphatase (3– 
8%) and aminotransferases (3 – 10%) are the most frequently 
reported laboratory adverse effects in patients treated with 
micafungin (Mycamine, 2013). In general, abnormal liver func-
tion tests are less common in echinocandin-treated patients 
than in those treated with comparator agents (amphotericin 
B, lipid amphotericin B formulations, fluconazole). Although 
rare, clinically significant hepatic impairment, hepatic fail-
ure, hepatitis, hepatomegaly, and hyperbilirubinemia have 
been reported in post-marketing surveillance; however, a 
causal role for micafungin is difficult to determine in patients 
receiving multiple medications and with comorbidities. 

6e.  Hematologic side effects

Anemia, leukopenia, neutropenia, and thrombocytopenia 
have all been reported during micafungin therapy, but are 
rare (< 1% of patients). Clinically significant hemolytic ane-
mia was rare in clinical studies (Denning, 2003); however, a 
recent report documented micafungin-induced intravascu-
lar hemolysis and renal failure in two patients with hemato-
logical diseases (Nanri et al., 2009).

6f.  Central nervous system side effects

Headache and dizziness are the most commonly reported 
central nervous system effects reported with the echinocan-
dins, observed in up to 12% of patients. Seizures, psychiatric 
disturbances, malaise, and paresthesias of hands and feet are 
uncommon (Cancidas, 2008; Eraxis, 2008; Mycamine, 2013). 
Posterior reversible encephalopathy has been reported in 
patients receiving micafungin, but causality is unproven.
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6g.  Carcinogenesis, mutagenesis, 
impairment of fertility

Micafungin did not show evidence of mutagenic or clasto-
genic potential when evaluated by the standard International 
Conference on Harmonization (ICH) battery of in vitro and 
in vivo tests. High doses of micafungin (five to eight times 
the highest recommended human dose, based on AUC com-
parisons) have been associated with irreversible changes to 
the liver of female rats when administered for 3–6 months. 
These changes were consistent with a premalignant process 
leading to hepatic adenomas, but were not observed in other 
animal species. Although the increase in carcinomas did not 
reach statistical significance, the persistence of adenomas 
and carcinomas in the recovery periods suggest a causal rela-
tionship between micafungin sodium, altered hepatocellular 
foci, and hepatic neoplasms (Mycamine, 2013). Based on 
these studies, the Committee for Medicinal Products for Human 
Use (CHMP) of the European Medicines Agency (EMEA) 
recommended the following statement for inclusion in the 
European package labeling (CHMP, 2008): “The decision to 
use Mycamine should take into account a potential risk for 
the development of liver tumors. Mycamine should therefore 
only be used if other antifungals are not appropriate.” How-
ever, following review of the same animal studies, the FDA 
did not include this warning in the drug labeling.

7. CLINICAL USES OF THE DRUG

7a.  Candidiasis

OROPHARYNGEAL AND ESOPHAGEAL 
CANDIDIASIS

The minimally effective dose of micafungin for esophageal 
candidiasis was explored in a multicenter phase II clinical 
trial in groups of 20 HIV-infected patients who received i.v. 
doses of 12.5, 25, 50, 75, or 100 mg per day (Pettengell et 
al., 2000). Not surprisingly, clinical response on micafungin 
therapy appeared to be dose dependent, with 6/18 (33.3%) 
patients responding in the 12.5-mg daily dosage group, com-
pared with 18/19 (94.7%) patients in the 100-mg daily dos-
age group. All patients who received doses of > 50 mg had 
evidence of improvement by endoscopy. Most adverse events 
in micafungin-treated patients were considered mild to mod-
erate, consisting mostly of gastrointestinal disturbances, liver 
function test abnormalities, and rash (Pettengell et al., 2000).

The dose-dependent activity of micafungin was confirmed 
in a subsequent double-blind, randomized, noninferiority 
study of micafungin (50, 100, or 150 mg/daily) versus i.v. flu-
conazole (200 mg) for esophageal candidiasis in HIV-infected 
patients (de Wet et al., 2004). Cure rates in the  micafungin- 
treated patients were 69% and 90% for the 50-mg and 150-mg 
daily dose, respectively, whereas an 87% success rate was 
observed in fluconazole-treated patients. Based on these find-
ings, micafungin was determined to be noninferior to fluco-
nazole when administered at doses of 100 mg and 150 mg.

A similar randomized, double-blind, noninferiority study 
compared micafungin 150 mg daily administered for 14 days 
versus i.v. fluconazole 200 mg daily for esophageal candidia-
sis in HIV-infected patients (de Wet et al., 2005). Rates of 
endoscopic cure were similar between the two treatment groups 
(87.7% vs. 88.0% for micafungin and fluconazole, respec-
tively), as were rates of clinical success (94.2% and 94.6%, 
respectively). Relapse rates through week 4 were only mod-
estly higher in the micafungin-treated patients than in the 
fluconazole-treated group (15.2% vs. 11.3%, respectively).

Finally, a randomized double-blind, noninferiority study 
in 452 patients with esophageal candidiasis examined the 
potential for alternate daily dosing of i.v. micafungin in the 
treatment of HIV-associated esophageal candidiasis (Buell 
et al., 2005). Micafungin 300 mg i.v. every 48 hours was as 
effective as daily dosing with either micafungin 150 mg or 
caspofungin 50 mg (93%, 91%, and 91%, respectively) with 
similar relapse rates at 2 and 4 weeks (15% and 34%, respec-
tively, for alternate-day micafungin, 14% and 30% for daily 
micafungin, and 23% and 35% for daily caspofungin).

INVASIVE CANDIDIASIS

The efficacy of micafungin for the treatment of invasive can-
didiasis has been explored in three large clinical trials. In an 
open-label, non-comparative trial in 126 patients with candi-
demia, micafungin therapy (50–200 mg/day) achieved a 
complete or partial response in 83.3% of patients (Ostrosky-
Zeichner et al., 2005). However, most patients received con-
current antifungal agents, thus complicating assessment of 
micafungin efficacy. A subsequent double-blind, non- inferiority 
study compared i.v. micafungin (100 mg daily) with liposomal 
amphotericin B (L-AMB, 3 mg/kg/day) for 2–4 weeks in 
primarily non-neutropenic candidemic patients (Kuse et al., 
2007). Micafungin treatment was considered effective (clinical 
plus mycological response) in 89.6% of patients (181/202) 
compared with 89.5% (170/190) in the L-AMB group. Patients 
treated with L-AMB experienced a significantly higher inci-
dence of side effects, including infusion-related reactions 
and increases in serum creatinine. As such, the investigators 
concluded that micafungin was noninferior to amphotericin 
B, but displayed a significantly more favorable side effect 
profile (Kuse et al., 2007). A post-hoc analysis of this trial 
demonstrated that in non-ICU subjects, treatment success 
was significantly higher for micafungin versus liposomal 
amphotericin B (85% vs. 72.1%, P = 0.013); however, for ICU 
subjects treatment success rates for micafungin versus lipo-
somal amphotericin B were similar (62.5% vs. 66.4%, P = 
0.5828) (DuPont et al., 2009). Multivariate analysis suggested 
that APACHE II was a prognostic indicator in both ICU and 
non-ICU patients with invasive candidiasis.

The third trial was the first to compare two echinocandins 
head to head for candidemia. Pappas et al. (2007) performed 
a double-blind, noninferiority trial that randomized 595 
patients (1:1:1) to one of two micafungin doses (100 mg/day 
or 150 mg/day) or caspofungin (70 mg loading dose, then  
50 mg/day). Treatment was judged to be successful in 76.4% 
of patients in the micafungin 100-mg group, 71.4% in the 
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micafungin 150-mg group, and 72.3% in the caspofungin group. 
There were no significant differences in mortality, relapse, 
emergent infections, or adverse events between the study 
arms. Based on the results of this study, the investigators con-
cluded that dosages of micafungin 100 mg daily and 150 mg 
daily were noninferior to a standard dosage of caspofungin 
for the treatment of candidemia and other forms of invasive 
candidiasis (Pappas et al., 2007).

In pediatric studies, micafungin (2 mg/kg/day) has been 
compared with L-AMB (3 mg/kg/day) for the treatment of 
invasive candidiasis in children ≤ 15 years of age (Queiroz-
Telles et al., 2008). Among the 98 children enrolled, the 
majority had candidemia (92% in the micafungin group, 94% 
in the amphotericin B group), with 30 (63%) and 35 (70%) 
patients, respectively, infected with non-albicans species. 
Overall treatment success (clinical and mycological response) 
in the modified intention-to-treat patients was similar for the 
two agents, 35/48 (72.9%) for micafungin and 38/50 (76.0%) 
for amphotericin B. No significant differences were found 
when responses were analyzed according to patient age, neu-
tropenic status, safety profiles, or in 12-week survival.

7b.  Aspergillosis—monotherapy

Clinical data regarding the use of micafungin for aspergillo-
sis are somewhat limited. To date, no randomized clinical 
trials comparing micafungin with standard treatment have 
been performed. A non-randomized phase II Japanese study 
enrolled patients with presumed or documented infection 
due to Aspergillus or Candida spp. (Kohno et al., 2004). 
Patients received i.v. micafungin at doses of 25–150 mg daily 
for 13–56 days. Clinical response to micafungin therapy was 
assessed by improvement in radiographic findings without 
clinical deterioration, which occurred in 24/41 (59%) patients. 
Denning et al. (2006) subsequently evaluated the activity of 
micafungin for acute invasive aspergillosis in a noncompara-
tive study of 225 adult and pediatric patients. Micafungin 
was initially dosed at 75 mg daily or 1.5 mg/kg in patients  
≤ 40 kg, but dosage escalation was allowed in 75-mg or 1.5-
mg/kg increments if the patients did not improve clinically 
or had evidence of disease progression. Micafungin was 
administered as primary therapy in 29 (13%) patients, and 
as salvage therapy in 196 patients refractory to (192 patients, 
85%), or intolerant of (4 patients, 2%), previous antifungal 
therapy (Denning et al., 2006). The mean daily micafungin 
dose in adults was 111 mg/day (median 97 mg/day) admin-
istered on average for 54 days. Of 96 patients whose doses 
were not escalated, 30 (31%) had a favorable response as 
judged by an expert review panel. Of 192 refractory patients, 
148 (77%) had received a lipid preparation of amphotericin 
B, 86 (45%) amphotericin B deoxycholate, 66 (34%) itracon-
azole, 7 (4%) caspofungin, 5 (3%) voriconazole, and 5 (3%) 
posaconazole. Combination therapy (micafungin added to 
previous failing therapy) was utilized in 191 patients. Overall, 
80 (36%) patients had a favorable (complete + partial) response; 
an additional 25 (11%) patients experienced stabilization of 
their infection. Of 29 patients who received micafungin as 

primary therapy, 11 had a favorable response (5/17 of those 
receiving combination therapy and 6/12 of those receiving 
micafungin alone). Of the 34 patients receiving micafungin 
alone (18 refractory, 12 as primary therapy, and 4 due to prior 
drug toxicity), 15 (44%) had a favorable response (Denning 
et al., 2006). In a large post-marketing survey reporting the 
safety and efficacy of micafungin treatment in 1142 patients 
with deep-seated mycosis, clinical response was demonstrated 
in 70.8% (92/130) of patients with Aspergillus infection treated 
with micafungin alone (Kohno et al. 2013). However, a sig-
nificant limitation to this study was that the diagnosis of fun-
gal infection and definition of clinical efficacy was not well 
standardized, but rather left up to the treating physician of 
each case to decide. 

Micafungin has been further studied in pediatric patients 
(< 16 years old, mean age 9 years) with proven or probable 
invasive aspergillosis (Flynn et al., 2006). In a non-comparative 
study, 58 patients (4 newly diagnosed, 54 refractory to prior 
therapy, of whom 43% had undergone an allogeneic bone 
marrow transplant and 47% who had undergone chemother-
apy) received 1.5 mg/kg/day of micafungin; 30 patients received 
further dose escalation, and the mean treatment dose was 
2.0 ± 1.2 mg/kg/day. Only two patients received micafungin 
alone, while the others received combination therapy with 
other antifungals (the majority, 47, receiving liposomal 
ampho tericin B). Overall response (complete + partial) was 
obtained in 26/58 (45%) patients. Of these, 9 (16%) had a 
complete response and 17 (29%) had a partial response 
(Flynn et al., 2006).

7c.  Aspergillosis—combination therapy

Kontoyiannis et al. (2009) evaluated the activity of combina-
tion micafungin regimens in 98 bone marrow transplant 
recipients with invasive aspergillosis initially dosed at 75 mg/
day, with escalation to a mean dose of 105 ± 60 mg/day. 
Treatment response (complete and partial) was seen in 25/98 
(26%) patients, most of whom (83) were refractory to previ-
ous therapy.

7d.  Chronic pulmonary aspergillosis

Kohno and colleagues (2011) performed a prospective obser-
vational study to evaluate the efficacy and safety of the use 
of micafungin in Japanese patients with chronic pulmonary 
aspergillosis. The efficacy of the antifungal was assessed on 
the basis of improvements in clinical symptoms and radio-
logical findings. The overall clinical efficacy rate in the study 
population was 68.4% (26/38 patients), and only 6 patients 
(15.8%), developed non- serious adverse reactions during 
treatment that were primarily related to abnormal liver 
function. 

7e.  Mucormycosis

The efficacy of micafungin alone or in combination with other 
antifungals in the treatment of mucormycosis has not been 
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well studied. In a case series of eight patients with disseminated 
mucormycosis, patients treated with amphotericin B (n = 4) 
survived longer than those who received micafungin or vori-
conazole (range 28–123 vs. 8–23 days, respectively). However, 
all patients died due to progression of mucormycosis regard-
less of treatment (Yano et al., 2011). Several case reports have 
documented successful treatment of cerebral, abdominal, 
pulmonary, and rhino-orbital mucormycosis using mica-
fungin in combination with amphotericin B (Ogawa et al., 
2012; Fernandez et al., 2013; Chamdine et al., 2015; Van 
Sickels et al., 2011). 

7f.  Antifungal prophylaxis

Van Burik et al. (2004) compared the effectiveness of mica-
fungin 50 mg daily or i.v. fluconazole 400 mg daily as anti-
fungal prophylaxis in 882 adult and pediatric patients who 
had undergone allogeneic or autologous HSCT. Antifungals 
were continued until ≤ 5 days after engraftment, day 42 after 
HSCT, the development of proven, probable, or suspected 
invasive fungal infection, the development of unacceptable 
drug toxicity, death, or withdrawal or discontinuation from 
study participation. Overall treatment success (defined as the 
absence of proven, probable, or suspected fungal infection 
throughout the period of prophylaxis, and through the end 
of a 4-week post-treatment period) was 80% in the mica-
fungin arm and 73.5% in the fluconazole arm. Breakthrough 
infections during prophylaxis included one case each of  
C. albicans, C. parapsilosis, and C. lusitaniae infection during 
micafungin therapy, and one case each of C. krusei and  
C. parapsilosis infection in fluconazole recipients. Probable 
aspergillosis and one case of fusariosis developed in the 
mica fungin treatment arm, and seven cases (four proven 
and three probable) of aspergillosis developed in patients on 
fluconazole (p = 0.071). The only episode of mucormycosis 
occurred in a patient treated with micafungin. Significantly 
fewer patients in the micafungin arm 64/425 (15%) than  
in the fluconazole arm 98/457 (21%) required empirical 
 antifungal therapy. Mortality was decreased, although not 
significantly, in the micafungin arm (5.7% vs. 4.2%, respec-
tively). Saliba et al. (2015) recently conducted a randomized, 
open-label, noninferiority study comparing micafungin with 
the institutional standard of care (fluconazole, liposomal 
amphotericin B, or caspofungin) for the prevention of inva-
sive fungal infections in high-risk liver transplant patients. 
Clinical success (defined as absence of proven/probable IFI 
and no need for additional antifungals) was achieved in 
96.5% (166/172) of patients who received micafungin com-
pared to 93.6% (161/172) in those receiving institutional 
standard of care. The safety and efficacy of micafungin for 
prophylaxis against invasive fungal infections in adult and 
pediatric HSCT patients was assessed in a multicenter post- 
marketing observational study that included 225 patients 
(Kobayashi et al., 2015). The overall success rate for prophy-
laxis at the end of observation was 73.8% (with success 
defined as the absence of proven, probable, or suspected IFI 
throughout the period of micafungin administration, and 

the absence of proven or probable IFI through the end of a 
4-week post-administration period). Similar rates of success 
were observed pediatric (47/63, 74.6%) and adult patients 
(84/117, 71.8%). Breakthrough infection occurred in 4.4% 
(8/180) of the patients overall.
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1. DESCRIPTION

Anidulafungin (VER002, LY-303366; see Figure 148.1) is a 
semisynthetic echinocandin with broad antifungal activity 
against pathogenic yeasts and molds. The echinocandins were 
originally discovered as metabolic by-products of the fermen-
tation process during screening programs for novel antibiotics. 
Anidulafungin is a derivative of the fermentation metabolite, 
echinocandin B0, produced by Aspergillus nidulans. The lead 
compound for anidulafungin was discovered in the 1970s 
(Benz et al., 1974) and developed at Eli Lily. The drug under-
went clinical development at Vicuron Pharmaceuticals and 
received regulatory approval in 2006. Anidulafungin is now 
marketed under the brands Eraxis and Ecalta by Pfizer in the 
United States and Europe, respectively. 

2. ANTIMICROBIAL ACTIVITY

ANTIFUNGAL SUSCEPTIBILITY TESTING
Reference laboratory methods for microdilution broth sus-
ceptibility testing of anidulafungin against yeast and molds 

are published by the Clinical Laboratory Standards Institute 
(CLSI, 2008a; CLSI, 2008b) and European Committee for 
Antimicrobial Susceptibility Testing (EUCAST) (Arendrup 
et al., 2015). Minor methodological differences between these 
methods include glucose concentration, inoculum size, well 
shape, and end-point reading method (visual vs. spectro-
photometric), but the results yielded by these methods are 
otherwise considered generally comparable.

Alternative methods for susceptibility testing of the echino-
candins include agar dilution, epsilometer strip (Etest), and disc 
diffusion methods. Although not standardized, Etest and agar 
dilution have been found to be comparable to broth microdilu-
tion in discriminating echinocandin- resistant mutants from 
wild-type Candida spp. (Arendrup et al., 2010). Of the echi-
nocandins, anidulafungin appears to demonstrate the fewest 
major and very major errors in susceptibility classification, 
and has therefore been proposed as a screening procedure for 
testing the susceptibility of isolates to the echinocandin class 
as a whole (Pfaller et al., 2014).

Anidulafungin has activity against both pathogenic yeasts 
and molds (Espinel-Ingroff, 1998; Pfaller, 1998). However, 

Figure 148.1. Structure of anidulafungin.

N
H

O

H3C

NH

OHHO

O

N

OH

H3C

H3C
O

HO

O
NH

HO

HO

OH

H
N

O

N

HN
OH

CH3
O

O OH

O



2694 Anidulafungin 

unlike other antifungal classes, echinocandins cause aber-
rant, rather than complete macroscopically inhibited, growth 
of molds. Consequently, anidulafungin susceptibility against 
Aspergillus spp. is generally reported as minimum effective 
concentration (MEC), which is defined as the lowest drug 
concentration resulting in grossly aberrant hyphal forms that 
appear small, compact, and highly branched compared with 
drug-free controls (Kurtz et al., 1994a). 

2a.  Routine susceptibility

PATHOGENIC YEASTS

Anidulafungin is active against major pathogenic Candida 
species (Pfaller et al., 2008a). MIC values are generally simi-
lar for C. albicans and non-albicans strains, including those 
resistant to triazoles (see Table 148.1). MICs typically range 
from 0.06–1 μg/ml (van Asbeck et al., 2008; Pfaller et al., 2008a, 
Diekema et al., 2009). Exceptions to this include C. parapsi-
losis (and related species), C. guillermondii, and C. krusei. A 
significant proportion of these strains display higher MICs 
that may reflect intrinsic echinocandin resistance (Garcia-
Effron et al., 2008; van Asbeck et al., 2008; Pfaller et al., 2008a, 
Diekema et al., 2009). 

In traditional broth dilution time-kill assays, echino-
candins display concentration-dependent fungicidal activity 
against most actively growing Candida spp. (Arevalo et al., 
2003; Cantón et al. 2009; Ernst et al., 1996). Minimum fungi-
cidal concentrations (MFC) for anidulafungin generally fall 
within 1–2 dilutions of the MIC but may be higher for C. kru-
sei and C. parapsilosis (Arevalo et al., 2003; Cantón et al., 
2009). Slower fungicidal and occasionally fungistatic activity 
has been observed with anidulafungin against C. parapsilosis 
(Ernst et al., 1996; Roling et al., 2002). 

In common with other echinocandins, anidulafungin 
appears to show persistent growth suppression against Can-
dida spp. after a limited period of drug exposure of less than 
1 hour. This “post-antifungal effect” has been observed for 
anidulafungin against a number of Candida spp. and persists 
beyond 12 hours post-exposure, even at sub-MIC drug con-
centrations (Ernst et al., 2000; Andes, 2008). 

Echinocandins are also unique in their capacity to retain 
antifungal activity against biofilm-embedded Candida spp. 
MICs for amphotericin B and triazoles increase by 30- to 
2000-fold under sessile, biofilm-like conditions (Kuhn et al., 
2002; Ramage et al., 2002). In contrast, MIC values for echi-
nocandins appear to remain largely stable irrespective of 
growth conditions (Kuhn et al., 2002; Ramage et al., 2002). 
Among the clinically available echinocandins, anidulafungin 
appears to have the greatest activity against Candida spp. 
when tested under biofilm-like conditions (Maiolo et al., 
2014). Biofilm formation with C. albicans has been shown to 
be associated with up-regulated secretion of beta-1,3-D- 
glucan (Nett et al., 2007a), leading to direct inactivation of 
fluconazole and amphotericin B (Cassone et al., 1979; Gale et 
al., 1980; Nett et al., 2007b). Echinocandins may inhibit this 
process thus preventing, or limiting, biofilm formation (see 

section 3, Mechanism of Drug Action, below). Accordingly, 
many now consider echinocandins as first-line or adjunctive 
therapy against Candida prosthetic device- or catheter-related 
infections, particularly when suppressive therapy is required 
prevent recurrent fungemia due to retained prosthetic devices.

A number of in vitro studies have reported paradoxical 
tolerance of Candida spp. exposed to high concentrations of 
echinocandins. With respect to anidulafungin, paradoxical 
growth occurs at concentrations > 4 μg/ml and appears to 
persist for at least 24 hours (Wiederhold, 2009; Maiolo et al., 
2014; Chamilos et al., 2007). This “eagle-effect”-like phenom- 

Table 148.1. In vitro susceptibility to anidulafungin.

Fungi

Anidulafungin

MIC50 (µg/ml) MIC90 (µg/ml)

Yeasta,b

Candida albicans 0.03 0.06

Candida parapsilosis 0.25 1

Candida glabrata 0.06 0.12

Candida tropicalis 0.03 0.06

Candida krusei 0.06 0.06

Candida guillermondii 1 2

Candida lusitaniae 0.5 0.5

Candida kefyr 0.06 0.12

Candida famata 1 2

Cryptococcus neoformans > 16 > 16

Endemic fungi (yeast form)c MIC range

H. capsulatum    1–8

B. dermatitidis 0.5–8

Coccidioides immitis > 64

Endemic fungi (mycelia form)c MEC range

Histoplasma capsulatum —

Blastomyces dermatitidis —

Coccidioides immitis —

Aspergillus fumigatus 0.008–0.25

Aspergillus terreus 0.03

Aspergillus flavus 0.03–0.125

Aspergillus niger 0.03–0.125

Fusarium solani > 16

Fusarium oxysporum > 16

Mucorales > 16

Absidia > 16

Rhizopus > 16

Scedosporium > 16

aYeast MICs determined after 48 hours’ incubation, using 80% reduction 
end point (Laverdiere et al., 2007).

bYeast MICs determined after 24 hours’ incubation, using 50% reduction 
end point (Pfaller et al., 2008a).

cData for endemic fungi extracted from references (Espinel-Ingroff, 1998; 
Zhanel, 1997).

dData for molds extracted from references (Messer et al., 2004; Odabasi, 
2004).

Abbreviations: MIC: minimum inhibitory concentrations; MEC: minimum 
effective concentrations.
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enon is conditional, as strains that display paradoxical growth 
exhibit normal susceptibility patterns when subcultures are 
re-challenged with drug (Stevens et al., 2004; Wiederhold 
and Lewis, 2007). The clinical relevance of this phenomenon 
remains to be determined. Anidulafungin and other echino-
candins lack appreciable activity against pathogenic yeast 
species other than Candida, including Cryptococcus and 
Trichosporon (Espinel-Ingroff, 1993; Zhanel et al., 1997). 

DIMORPHIC FUNGI

Echinocandins, including anidulafungin, have only modest 
activity against dimorphic fungi (see Table 148.1), which is 
predominantly observed against the mycelial forms of these 
organisms. This morphology-specific activity is likely deter-
mined by changes in cell wall beta-1,3-D-glucan content 
between the saprophytic mycelial and pathogenic yeast phases 
(Kanetsuna and Carbonell, 1971). When tested in vitro, anid-
ulafungin is inactive against B. dermatitidis, C. immitis and 
H. capsulatum, and has only moderate activity against the 
mycelial forms of other dimorphic species including P. marnef-
fei (Espinel-Ingroff, 1998; Odabasi et al., 2004). Accordingly, 
anidulafungin and other echinocandins are not considered 
as a first-line treatment for infections due to dimorphic fungi. 

MOLDS OR FILAMENTOUS FUNGI

Echinocandins, including anidulafungin, are active against 
Aspergillus spp. in vitro (see Table 148.1) (Pfaller et al., 2009). 
MEC values for A. fumigatus and non-fumigatus spp. are 
generally ≤0.03 μg/ml, and fall well below achievable drug 
concentrations in vivo in most cases (Pfaller et al., 2009; Öz 
et al., 2015). In laboratory animal models, anidulafungin 
improves survival in otherwise lethal models of aspergillosis, 
despite persistently high infective burden based on CFU 
counts from recovered tissues (Petraitis et al., 1998; Petraitis 
et al., 2001; Verweij et al., 1998). Anidulafungin does, how-
ever, appear to reduce fungal burden when determined by 
quantitative real-time polymerase chain reaction (PCR) assays 
(Lewis et al., 2011).

Echinocandins have only modest activity against non- 
Aspergillus molds. Limited or no in vitro activity has been 
reported for anidulafungin against phaeohyphomycetes includ-
ing Bipolaris, Cladophialophora, Phialophora, Exophiala, Fon - 
se caea, Paecilomyces, Acremonium, and Scedosporium spp. 
(Espinel-Ingroff, 1998). There is evidence of only limited 
fungistatic activity against Zygomycetes when tested in vitro. 
However, anidulafungin appeared to improved survival and 
reduces kidney fungal burden when given in combination 
with liposomal amphotericin B in a murine model of mucor-
mycosis (Ibrahim et al., 2008). 

PNEUMOCYSTIS JIROVECII

Pneumocystis spp. exhibit a biphasic lifecycle which includes 
the formation of extracellular cysts (asci) through sexual 
reproduction. Infective cysts are thought to be responsible for 
the transmission of P. jirovecii. Beta-1,3-D-glucan is an essen-
tial cell-wall component of the cystic form of Pneumo cystis spp., 

and echinocandins have therefore been proposed as a poten-
tially useful agent in this setting (Schmatz et al., 1991; Kottom 
and Limper, 2000). Anidulafungin, administered either as 
primary therapy or prophylaxis, has been shown to enhance 
overall survival and significantly reduce cystic burden in a 
murine models of Pneumocystis pneumonia (Cushion et al., 
2010). Anidulafungin was, however, ineffective against the 
trophic form of P. jirovecii, and drug withdrawal was associ-
ated rapid repopulation of cyst forms and subsequent clinical 
deterioration. Similar findings have been described for other 
echinocandins (Schmatz et al., 1991; Ito et al., 2000) and this 
drug class is therefore not considered an appropriate first-line 
agent against Pneumocystis spp.

2b.  Emerging resistance and 
cross-resistance

The increasingly widespread clinical use of echinocandins in 
the treatment of invasive fungal infection has been associ-
ated with a predictable rise in sporadic reports of acquired 
resistance (Perlin, 2007; Sun and Singh, 2010; Moudgal et 
al., 2005). Therapeutic failures resulting from echinocandin 
resistance remain relatively rare, however, and global surveil-
lance studies have to date indicated no significant epidemio-
logic shift in the susceptibility of Candida spp. isolates to the 
echinocandins (Pfaller et al., 2008a).

Unlike triazoles, echinocandins have been shown to be 
poor substrates for multidrug efflux transporters. No signifi-
cant change in MIC is observed in C. albicans and S. cerevi-
siae strains that hyperexpress fungal ATP-binding cassette 
(ABC) or major facilitator superfamily (MFS) efflux transpor-
ters (Perlin, 2007). Rather, echinocandin resistance results 
from mutation in genes encoding components of the drug 
target, 1,3-beta-D-glucan synthase. Mutations in 1,3-beta-
D-glucan synthase capable of conferring resistance to echi-
nocandins were first described by Kurtz and Douglas at 
Merck Research Laboratories during the development of 
caspofungin (Douglas et al., 1994; Kurtz et al., 1996; Douglas 
et al., 1997). The majority of mutations leading to resistance 
to echinocandins in laboratory (and later clinical) isolates 
were subsequently defined by Perlin and colleagues to highly 
conserved regions of the two genes encoding the 1,3-D-glucan 
synthase subunits, Fks1p and Fks2p (Park et al., 2005; Perlin, 
2007; Garcia-Effron et al., 2009; Garcia-Effron et al., 2010; 
Wiederhold et al., 2008). Fks mutations have similarly been 
found in non-albicans species including C. glabrata, C. guill-
ermondi, C. krusei, C. parapsilosis, C. tropicalis, and Candida 
dubliniensis and typically impart cross-resistance to all of the 
currently available echinocandins (Perlin, 2007; Costa-de-
Oliveira et al., 2011; Alexander et al., 2013). The limited range 
of Fks mutations that are known to confer echinocandin 
resistance make this an ideal target for the detection of resis-
tance through molecular diagnostics which, with increased 
clinical availability, may improve the speed and predictive 
value of resistance testing compared with traditional micro-
biological methods (Perlin, 2009).



2696 Anidulafungin 

In 2007, the CLSI Subcommittee for Antifungal Testing 
proposed a clinical breakpoint of ≤2 μg/ml to define sus-
ceptibility for all echinocandins against common patho-
genic Candida spp. based on clinical and microbiological 
data available at the time (Rodriguez-Tudela et al., 2007). 
Subsequently, several reports described breakthrough infec-
tion and therapeutic failures due to Candida strains that 
appeared phenotypically resistant to echinocandins despite 
MIC values below 2 μg/ml (Arendrup et al. 2009; Ostrosky-
Zeichner et al. 2003; Perlin, 2007; Laverdiere et al., 2007). 
In a number of cases, clinically resistant isolates were found 
to express Fks mutations that predicted reduced echinocan-
din susceptibility despite MIC values below 2 μg/ml (Garcia-
Effron, 2008; Garcia-Effron et al., 2009; Pfaller et al., 2011; 
Park et al., 2005; Laverdiere et al., 2006). Furthermore, kinetic 
enzyme studies exploring beta-1,3-D-glucan synthase inhi-
bition in wild-type and resistant strains suggested that a lower 
breakpoint of 0.25–0.5 μg/ml would be sensitive and specific 
in detecting clinically significant echinocandin residence 
(Garcia-Effron et al., 2009). Based on this work, revised 
species-specific CLSI clinical breakpoints were published 
for echinocandins, including anidulafungin, against com-
mon pathogenic Candida spp. (see Table 148.2) (Pfaller et 
al., 2008b; Pfaller et al., 2011). With the exception of C. para-
psilosis and C. guilliermondii, these breakpoints have been 
lowered, meaning that a significant number of isolates previ-
ously reported as susceptible are now reclassified as resistant 
(Fothergill et al., 2014). Updated CLSI and EUCAST clinical 
breakpoints and epidemiological cutoffs are outlined in Table 
148.2. Insufficient data are currently available to define clini-
cal breakpoints and epidemiological cutoff values for anidu-
lafungin against Aspergillus spp.

2c.  Synergy and antagonism with 
combination therapy

Potential synergy between anidulafungin, amphotericin B, and 
triazoles has been studied against pathogenic yeasts and molds 
in vitro. Teixeira-Santosa and colleagues investigated the in 
vitro activity of anidulafungin in combination with ampho-
tericin B, fluconazole, or voriconazole against Candida spp. 
using flow cytometry viability assay and traditional “checker-
board” broth microdilution. The study used 39 clinical isolates 
including C. albicans, C. glabrata, C. krusei, C. parapsilosis,  
C. guilliermondii, and C. tropicalis strains. Both methods result 

in broadly comparable classifications of interactions as syner-
gistic, indifferent, and antagonistic. Anidulafungin and ampho-
tericin B appeared synergistic against 45% of isolates, and 
indifferent or antagonistic against 50% and 6% of isolates, 
respectively. In combination with fluconazole, anidulafungin 
appeared synergistic in 36% of isolates, and indifferent or 
antagonistic in 59% and 5% of isolates, respectively. Anidula-
fungin in combination with voriconazole was synergistic in 
44% of strains, and indifferent or antagonistic in 53% and 
3%, respectively. Against C. glabrata, activity of anidula-
fungin in combination with either fluconazole or voricona-
zole appeared principally synergistic (Teixeira-Santosa et al., 
2012).

Philip and colleagues examined the activity of anidulafun-
gin in combination with itraconazole, voriconazole, or ampho-
tericin B against 26 clinical Aspergillus isolates (including  
A. fumigatus, A. flavus, A. niger, and A. terreus) and 7 clinical 
Fusarium isolates (including F. oxysporum and F. solani). 
Based on MICs and fractional inhibitory concentration indi-
ces at 24 and 48 hours, anidulafungin with itraconazole or 
voriconazole showed apparent synergy against 69% of Asper-
gillus isolates, including all A. fumigatus and A. flavus strains. 
Conversely, anidulafungin in combination with amphoteri-
cin B showed indifference in 61% Aspergillus isolates. All 
drug combinations showed indifference against Fusarium 
spp. isolates (Philip et al., 2005). Animal models of invasive 
aspergillosis have also been used to investigate combination 
therapy. Petraitis et al. (2009) compared the efficacy of anid-
ulafungin (5 or 10 mg/kg daily) alone and in combination 
with voriconazole (10 mg/kg 8-hourly) in a neutropenic rab-
bit model of invasive A. fumigatus infection. Infectious pul-
monary injury, as measured by histological infarction score, 
tissue fungal burden, and serum galactomannan index, was 
significantly lower in animals receiving anidulafungin (5 mg/
kg daily) in combination with voriconazole versus those 
treated with either drug alone (P < 0.05). Furthermore, the 
probability of survival at 14 days was highest in those receiv-
ing low-dose anidulafungin plus voriconazole (6/10, 60%) 
compared with anidulafungin (2/9, 22%) and voriconazole 
alone (6/12, 50%; P < 0.001). Interestingly, the observed 
synergy in this study appeared to be dose-dependent with 
respect to anidulafungin; high anidulafungin doses (10 mg/
kg daily) appeared to be paradoxically associated with a 
reduction in survival both in combination with voriconazole 
(3/11, 27%) and alone (2/11, 18%), and were significantly 

Table 148.2. CLSI and EUCAST epidemiological cutoffs and clinical breakpoints for anidulafungin against pathogenic Candida species.

Pathogen

EUCAST (µg/ml)
Epidemiological 
Cutoff (ECOFF)

EUCAST (µg/ml)
Clinical Breakpoints

CLSI (μg/ml) 
Epidemiological 

Cutoff (ECV)

CLSI (μg/ml) 
Clinical Breakpoints 

(CBP)S ≤ R >

Candida albicans 0.032 0.03 0.03 0.12 1.0

Candida parapsilosis 4.0 0.002 4.0 4.0 8.0

Candida glabrata 0.064 0.06 0.06 0.25 0.5

Candida tropicalis 0.064 0.06 0.06 0.12 1.0

Candida krusei 0.064 0.06 0.06 0.12 1.0



3. Mechanism of drug action 2697

lower than those observed with voriconazole monotherapy. 
Calvo et al. (2012) similarly compared the efficacy of anidu-
lafungin (1 mg/kg daily) and voriconazole (25 mg/kg daily) 
combination therapy with monotherapy in a neutropenic 
murine model of disseminated A. flavus infection. Com - 
 bin ation therapy improved 30-day survival compared with 
anidulafungin and voriconazole alone, although statistically 
significance was reached against only one of the three clinical 
strains studied. No significant difference was identified between 
combination therapy and voriconazole monotherapy in terms 
of reduction in tissue fungal burden or serum galactoman-
nan index. Seyedmousavi et al. (2013) used a non-neutropenic 
murine model to investigate combination therapy with intra-
peritoneal anidulafungin and voriconazole (2.5, 5, 10, or 20 
mg/kg daily) against two clinical A. fumigatus isolates classi-
fied as voriconazole-susceptible and -resistant based on MICs 
and cyp51A mutation analysis. Maximal-dose voricona zole 
resulted in day-15 survival rates of 100% and 73% against the 
susceptible and resistant strain, respectively. By comparison, 
high-dose anidulafungin monotherapy was associated with 
survival rates of only 73% and 45%, respectively. Maximal-
dose combination therapy was the only treatment that achieved 
100% survival in mice infected with the voriconazole-resistant 
strain. Further information describing tissue fungal burden 
or pathological findings was not reported. Based on Bliss inde-
pendence analysis, the authors report that these data sup port 
a synergistic effect between anidulafungin and voriconazole 
of 119.0% and 35.5% above that observed with voriconazole 
alone against the susceptible and resistant A. fumigatus study 
strains, respectively. Van de Sande et al. used a transient 
 neu tropenic murine model of invasive infection due to 
voriconazole-sensitive A. fumigatus to compare the efficacy 
of humanized dosing regimens of subcutaneous anidula-
fungin alone and in combination with intraperitoneal vorico-
nazole against intravenous amphotericin B. Voriconazole 
monotherapy was found to be more effective than anidula-
fungin and amphotericin B. After a treatment delay of 72 
hours, survival at day 21 was achieved in 56%, 22%, and 12% 
in rats treated with voriconazole, anidulafungin, and ampho-
tericin B monotherapy, respectively. Combination therapy 
with anidulafungin and voriconazole was associated with a 
small but non-significant improvement in survival (67%) 
and no significant difference in serum or tissue galactoman-
nan index values compared with vancomycin monotherapy 
(van de Sande et al., 2009).

3. MECHANISM OF DRUG ACTION

The echinocandins are cyclic hexapeptides with modified 
N-linked acyl lipid side-chains. Echinocandins noncompeti-
tively inhibit the enzyme complex beta-1,3-D-glucan synthase, 
which is required in the production of beta-1,3-D-glucan, an 
essential structural component of the fungal cell wall (Doug-
las, 2001). An equivalent drug target is not present in mam-
malian cells. Glucans make up 30–60% of the cell-wall mass 
in yeasts. Glucan depletion leads to loss of cellular architec-
ture and lysis due to unregulated osmotic pressure (Fleet, 

1985; Cabib et al., 2001; Hector, 1993). In filamentous fungi, 
glucan synthesis predominantly occurs at the apical tip and 
branching points of growing hyphae (Beauvais and Latge, 
2001; Beauvais et al., 2001; Bernard and Latge, 2001). Here, cell 
wall glucan depletion results in the formation of dysmorphic, 
highly branched, and swollen hyphae (Kurtz et al., 1994). At 
clinically relevant concentrations, depletion of hyphal beta-
1,3-D-glucan by anidulafungin appears lethal in sensitive 
isolates when subcultured from broth to agar (Nishiyama et 
al., 2005; Beauvais et al., 2001). However, fungicidal activity 
of anidulafungin against Aspergillus spp. is limited; MFC val-
ues for echinocandin-sensitive Aspergillus strains typically 
exceed 0.5 μg/ml, which is thought to reflect the persistence 
of viable subapical compartments that are capable of cell 
wall reconstitution and resumption of growth following drug 
withdrawal (Oakley et al., 1998).

The beta-1,3-D-glucan synthase enzyme complex is com-
posed of two catalytic subunits, Fks1p and Fks2p, linked to 
the regulatory Ras-like GTP-binding protein, Rho1 (Mazur 
et al., 1995; Mazur and Baginsky, 1996). Despite substantial 
efforts, the binding site of echinocandins within the beta-1, 
3-D-glucan synthase enzyme complex remains unknown 
(Den ning, 2003). Fks1 transcription appears to be related to 
cell-cycle regulation, and predominantly occurs during veg-
etative growth. In contrast, Fks2 transcription is calcineurin- 
dependent, and occurs in response to environmental stressors 
and during stationary growth (Douglas et al., 1994; Douglas, 
2001; Mazur et al., 1995). Orthologs of Fks1 and Fks2 first 
identified in S. cerevisae have been identified in the majority 
of pathogenic Candida spp. (Douglas, 2001). 

As outlined, anidulafungin and other echinocandins do 
not have appreciable activity against Mucorales, C. neofor-
mans, or Fusarium spp. at clinically relevant concentrations. 
Widespread tolerance to echinocandins in species other than 
Candida and Aspergillus is somewhat surprising given the 
high degree of Fks sequence homology and abundance of 
beta-1,3-D-glucan in the cell wall across fungal genera (Maligie 
et al, 2005; Denning, 2003). This difference in susceptibility 
has been hypothesized to be due to the variable capacity of 
fungi to repair the cell wall through induction of biosynthe-
sis and stress–response pathways following echinocandin- 
induced glucan depletion (Lesage et al., 2004; Lesage and 
Bus sey, 2006; Perlin, 2007; Osherov et al., 2002; Reinoso-
Martin et al., 2003; Walker et al., 2008).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Anidulafungin is indicated for the treatment of candidemia, 
other invasive Candida infections (intra-abdominal abscess, 
peritonitis) and esophageal candidiasis (Eraxis, 2008). In 
general, echinocandins should not be mixed with other med-
ications unless the drug compatibility has been previously 
documented. 
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Anidulafungin for injection (Eraxis/Ecalta, Pfizer, Inc.) is 
provided as a sterile lyophilized powder in single-use vials 
(50- and 100-mg vials). The drug is reconstituted with a 
companion diluent (20% w/w dehydrated alcohol in water 
for injection, 60 ml or 30 ml for a 200-mg or 100-mg dose, 
respectively) before dilution in either 5% dextrose or 0.9% 
sodium chloride to a final infusion solution concentration of 
0.77 mg/ml. This solution is infused intravenously at a rate 
of 1.4 ml/min (Eraxis, 2008). Vials may be stored prior to 
reconstitution at 25°C; reconstituted vials and diluted prod-
uct can be stored at 2°C for 24 hours. 

ESOPHAGEAL CANDIDIASIS

Anidulafungin is approved for the treatment of esophageal 
candidiasis. A single loading dose of 100 mg i.v. on day one is 
recommended, followed by 50 mg daily i.v. thereafter. Patients 
require treatment for a minimum of 14 days and for at least 7 
days following resolution of symptoms (Krause et al., 2004b). 
The duration of treatment should be determined by clinical 
response. Clinical trials in patients with esophageal candidi-
asis and underlying advanced human immunodeficiency 
virus (HIV) infection have demonstrated high relapse rates 
(60–90%) with both anidulafungin and comparator agents 
(Krause et al., 2004b). Suppressive antifungal therapy should 
therefore be considered after a course of treatment in patients 
with persistent immunosuppression.

INVASIVE CANDIDIASIS

Anidulafungin is approved for the treatment of candidemia 
and other invasive candidal syndromes (intra-abdominal 
abscess, peritonitis). The recommended regimen is a single 
loading dose of 200 mg i.v. on day one, followed by 100 mg 
daily i.v. thereafter (Reboli et al., 2007). Treatment duration 
should be according to clinical response. In general, antifun-
gal therapy should continue for at least 14 days after the last 
positive culture (Pappas et al., 2004).

ASPERGILLOSIS

Anidulafungin has been shown to be effective in the treat-
ment of invasive aspergillosis but the drug is not currently 
licensed in the United States or Europe for this indication. 
The safety and efficacy of anidulafungin in invasive aspergil-
losis has recently been reported in a randomized clinical trial 
in which the drug was co-administered with voriconazole 
(Marr et al., 2015). A single loading dose of 200 mg i.v. on 
day one, followed by 100 mg daily i.v. thereafter was used 
(see section 7, Clinical uses of the drug). Treatment duration 
for aspergillosis is defined by clinical response and by the 
presence of ongoing underlying immunosuppression. The 
echinocandins are not generally considered appropriate as 
first-line therapy for aspergillosis.

ANTIFUNGAL PROPHYLAXIS IN HSCT RECIPIENTS

Anidulafungin is not currently licensed in the United States 
or Europe for prophylaxis against invasive fungal infection in 
high-risk populations. The efficacy and safety of anidulafungin 
as antifungal prophylaxis was reported in a randomized 

clinical trial in which the drug was co-administered with 
voricon azole (Dowell et al., 2005b). A loading dose of 200 mg 
followed by 100 mg intravenous daily was used. Treatment 
duration for antifungal prophylaxis is defined by the pres-
ence of ongoing underlying immunosuppression.

4b.  Newborn infants and children

The safety and efficacy of anidulafungin in neonates and  
children below 18 years has not been established. The phar-
macokinetics (PK) of anidulafungin were investigated in 24 
immunocompromised children aged 2–17 years. Administra-
tion of loading doses of 1.5 and 3 mg/kg followed by mainte-
nance doses of 0.75 and 1.5 mg/kg daily resulted in Cmax and 
AUC values comparable to those observed in adults receiv-
ing maintenance doses of 50 and 100 mg/day, respectively 
(Benjamin et al., 2006). The PK of anidulafungin in younger 
patients has also been reported in a small study of seven 
infants below 2 years and eight neonates (including six weigh-
ing < 1 kg). In this study a loading dose of 3 mg/kg followed 
by a daily dose of 1.5 mg/kg resulted in comparable anidula-
fungin exposures to adults receiving 100 mg daily (Cohen-
Wolkowiez et al., 2011).

INTRAPERITONEAL ADMINISTRATION

Although echinocandins are effective when administered by 
intraperitoneal injection in animals, administration in dialy-
sis fluid to humans with Candida peritonitis has not been 
studied. Hence the concentration profile and kinetics of ani-
dulafungin absorption from the peritoneum are unknown. 
All three echinocandins have been shown to be effective in 
patients with Candida peritonitis and intra-abdominal abscess, 
suggesting adequate concentrations in the peritoneal fluid 
and tissue following i.v. administration (Reboli et al., 2007). 

INTRAVITREAL ADMINISTRATION

Intravitreal administration of antifungals is frequently 
reserved for patients with sight-threatening endophthalmitis 
involving the vitreous, where antifungal penetration is lim-
ited (Takebayashi et al., 2006; Khan et al., 2007; Livermore et 
al., 2013). Intravitreal injection of echinocandins has been 
found to have comparable efficacy to amphotericin B in 
rabbit models of Candida and Aspergillus endophthalmitis 
(Kus beci et al., 2007). Anidulafungin may be less suitable 
than other echinocandins for intravitreal injection because 
of the alcohol vehicle required for solubilization. There is 
insufficient clinical experience to provide recommend doses 
for the intravitreal anidulafungin for the treatment of fungal 
endophthalmitis (Khan et al., 2007).

4c.  Pregnant and lactating mothers

There are no adequate well-controlled studies of anidulafun-
gin in pregnant women (Eraxis, 2008). Embryo–fetal develop-
ment studies in rats and mice performed with doses twofold 
higher than human exposures resulted in skeletal changes in 
rat fetuses and increased abortion and visceral abnormalities 
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in rabbits. Echinocandins appear to cross the placental bar-
rier in rats and could be detected in the plasma of the fetus. 
All three currently available echinocandins are classified as 
pregnancy category class C agents; therefore their use should 
be considered only if the potential benefit justifies the risk to 
the fetus. It is not known whether anidulafungin is excreted 
in human breast milk. However, all three echinocandins are 
detectable in the milk of lactating rats, suggesting that these 
drugs should be administered to nursing mothers only if  
the potential benefit justifies the risk (Eraxis, 2008).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Anidulafungin is not extensively cleared by the kidney and 
is  removed by dialysis. Therefore dosage adjustment is not 
required in patients with renal insufficiency (Eraxis, 2008).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Echinocandins have been studied in patients with varying 
degrees of chronic hepatic dysfunction. Anidulafungin con-
centrations were not increased in subjects with mild (Child–
Pugh 5–6), moderate, or severe (Child–Pugh > 9) hepatic 
insufficiency. Although a slight decrease in the AUC was 
observed in patients with severe disease, dosing exposures 
were within the range of population estimates noted for healthy 
subjects (Dowell et al., 2007). No dosing adjustments are 
required for patients with mild, moderate, or severe hepatic 
impairment (Eraxis, 2008).

ELDERLY PATIENTS

The PK of echinocandins in geriatric populations and younger 
adults appears comparable. No dosage adjustment in the elderly 
is required (Eraxis, 2008). The safety and efficacy of anidula-
fungin in critically ill elderly patients was not found to differ 
significantly compared with younger patients (68.1% vs. 
70.7%, P = 0.719) in a prospective observation study of 170 
ICU patients treated for microbiologically confirmed candi-
demia or invasive candidiasis (Dimopoulos et al., 2012). 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Anidulafungin has poor oral bioavailability of < 5% and thus 
dosing is exclusively parenteral. (Dowell et al., 2004). Systemic 
administration of loading dose of 200 mg followed by 100 
mg daily intravenously in healthy volunteers results in pre-
dictable, dose-proportional, linear PK. 

5b.  Drug distribution

The PK of anidulafungin following intravenous administra-
tion in healthy volunteers are characterized by a rapid distribu-
tion half-life of 0.5–1 h, volume of distribution of 30–50 l, 
rate of clearance of ~ 1 l/h and terminal elimination half-life 

of ~ 52 h. In healthy volunteers receiving recommended doses, 
mean total-drug Cmax and AUC0–24 values at steady state are 
8.6 mg/L and 112 mg.h/l, respectively (see Table 148.3) (Eraxis, 
2008). Anidulafungin is extensively bound (> 99%) to human 
plasma proteins and values for free-drug AUC0–24 (fAUC0–24) 
are 100-fold lower than those of total drug (Vazquez and 
Sobel, 2006). 

Echinocandins are large amphipathic lipopeptides with 
high molecular weights of ~ 1200 Da that are highly pro-
tein-bound and thus would be expected to exhibit limited 
delivery into the brain and eye, and extensive distribution 
within other viscera (Wiederhold and Lewis, 2007). Limited 
published data exists describing echinocandin concentra-
tions within lung tissue. In rats, anidulafungin exposures in 
the lung exceed those in plasma by 10-fold (Damle et al., 
2008). Furthermore, anidulafungin has been found to accu-
mulate within the intracellular compartment of alveolar 
macrophages from healthy volunteers, attaining concentra-
tions 14-fold higher than those in plasma at steady state 
(Crandon et al., 2009). By contrast, the penetration of echi-
nocandins into pleural fluid appears negligible. In a single 
patient with Candida empyema, pleural fluid concentrations 
were less than 1% of those measured in plasma (Moriyama et 
al., 2011). Concentrations of anidulafungin in the liver, kid-
neys, and spleen of rodents are 10-fold higher than those 
measured in plasma after a single 5-mg/kg dose (Damle et 
al., 2008). In addition, in rabbits receiving multiple dosing 
of anidulafungin at 10 mg/kg daily, accumulation within the 
kidney was observed, with a terminal half-life in renal tissue 
of half that measured in plasma (Groll et al., 2001). Accumulation 
of anidulafungin within the kidney is associated with a per-
sistent decrease in renal fungal burden up to 96 hours after a 

Table 148.3. Pharmacokinetic characteristics of anidulafungin in 
adults.

Variable Parameter Valuea

Cmax (mg/L) 8.6

Bioavailability (%) 2–7

t1/2 (hours) 24–26

Vd (L/kg) 0.50

Steady-state AUC0–24 (mg.h/l) 111.8

Protein binding (%) > 99

Metabolism Slow chemical degradation to 
inactive metabolites

CL (total) (ml/min/kg) 0.26

Fractional urinary excretion (%) < 1

Dosage adjustment in renal 
insufficiency

No adjustment necessary

Dosage adjustment in hepatic 
insufficiency

No adjustment necessary

Significant drug interactions Anidulafungin AUC decreased 
~ 20% by cyclosporine

aParameter values based on approved dosing: 200 mg loading dose, then 
100 mg/day every 24 hours.

AUC, area under the curve; CLL, clearance. All PK data are expressed as 
mean values.
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single 8- to 10-mg/kg dose of anidulafungin (Gumbo et al., 
2006). Drug exposure of anidulafungin within skin and skel-
etal muscle is comparable to that observed in plasma (Damle 
et al., 2008).

Within the central nervous system, anidulafungin con-
centrations have been quantified in brain tissue of rabbits in 
an in vivo model of Candida meningoencephalitis. Delivery 
into brain was found to be limited; steady-state Cmax in brain 
was ~ 10% of that in the plasma. Simulated exposures based 
on a structural PKPD model fit to these data suggested that 
doses of 3 mg/kg (loading) and 1.5 mg/kg (maintenance) are 
likely to be suboptimal in humans with Candida meningoen-
cephalitis (Groll et al., 2001; Warn et al., 2012). By contrast, 
anidulafungin exposures in cerebrospinal fluid closely reflect 
plasma concentrations within 30 min of administration 
(Damle et al., 2008). These findings may be of particular sig-
nificance in the neonatal population, in whom this infective 
syndrome is most commonly seen. Livermore et al. described 
the kinetics of i.v. anidulafungin in the ocular vitreous in a 
rabbit model of invasive candidiasis. Drug exposure within 
the eye was significantly lower compared with that observed 
in the kidney and plasma at clinical relevant doses. PKPD sim-
ulations to identify using these data suggested a daily dose of 
250–300 mg would be required in adults to achieve an AUC 
of 270, required for acceptable clinical efficacy (Livermore et 
al., 2013). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The linear PK of anidulafungin appear consistent and pre-
dictable across a broad range of populations and disease 
states. The unique mechanism of elimination of anidula-
fungin by non-enzymatic chemical degradation results in the 
absence of clinically relevant drug–drug interactions and 
there is no requirement for dose adjustment in patients with 
renal and/or hepatic impairment. 

The PK of anidulafungin in infected patients and special-
ist populations are generally considered comparable to those 
in healthy volunteers. Dowell and colleagues undertook a 
population PK analysis based on data from four clinical 
studies that included 225 adults receiving anidulafungin in 
the treatment of esophageal or mucosal candidiasis (n = 
131), invasive candidiasis (n = 87), and invasive aspergillosis 
(n = 7). Observed and simulated clearance of anidulafungin 
increased linearly with body weight, was higher in males ver-
sus females, and appeared slightly increased in patients with 
invasive candidiasis versus those with mucosal disease, and 
healthy volunteers. Overall, however, these covariates accounted 
for less than 20% of the small inter-patient variability observed, 
and were deemed of unlikely clinical significance (Dowell et 
al., 2004). 

Clinical PK studies in adult ICU patients are limited and 
have yielded somewhat contradictory findings to date. Liu 
and colleagues described the PK of anidulafungin in 21 ICU 

patients with invasive candidiasis and found the PK to be 
comparable to those observed in the healthy volunteers (Liu 
et al., 2013). However, in a multicenter point prevalence 
study that included nine ICU patients receiving anidula-
fungin, significant PK variability was identified as compared 
to healthy volunteers, with mean (coefficient of variation) 
values for AUC0–24 and Cmax of 55 mg.h/l (28%) and 3.9 mg/l 
(29%), respectively. 

Dose fractionation studies of echinocandins in animals 
have described a positive associated between echinocandin 
efficacy and dosing intervals with divided dosing regimens. 
In murine models of candidiasis, efficacy of anidulafungin 
appears highest in subjects receiving equivalent daily doses 
divided every 96 hours versus those with shorter dosing inter-
vals of 16–48 hours (Andes et al., 2010). Reduced-frequency 
dosing of anidulafungin has also been studied in humans. 
Brüggemann and colleagues (2014) reported findings from 
an open-label phase II study comparing the PK profiles of i.v. 
anidulafungin 200 mg administered every 48 hours versus 
300 mg administered every 72 hours in 20 patients undergo-
ing allogeneic hematopoietic stem cell transplantation. AUCs 
were calculated based on two periods of intensive sampling 
from each patient and found to be 348 mg.h/l (310.6–386.7) 
and 359 mg.h/l (319.1–400.9), respectively. Monte Carlo 
simulation based on a structural three-compartment model 
was used to explore drug exposures and found all three regi-
mens (24-, 48-, and 72-hourly dosing) resulted in compara-
ble dose-normalized exposures. Similar findings have been 
described with reduced-frequency dosing for other echino-
candins, suggesting that such an approach is of value in clin-
ical practice, in particular for prophylactic indications. 

There are no published data describing the pharmacody-
namics of anidulafungin in humans. The use of targeted 
therapy to achieve specific pharmacodynamic targets in clin-
ical practice is not generally advocated for anidulafungin or 
other echinocandins given the predictable PK of these drugs. 
Andes et al. explored pharmacodynamic targets for anidula-
fungin in a neutropenic murine model of disseminated can-
didiasis (Andes et al., 2008; Andes et al. 2010). Nonlinear 
regression analysis based on these data suggested that con-
centration-associated pharmacodynamic indices (Cmax/MIC 
and AUC/MIC ratio) are predictive of in vivo anidulafungin 
activity. Target steady-state fAUC0–24/MIC ratios of 27.8 ± 
21.1, 13.7 ± 11.0, and 11.5 ± 10.9 were identified for anidula-
fungin against C. albicans, C. glabrata and C. parapsilosis, 
respectively. The pharmacodynamics of anidulafungin against 
A. fumigatus have similarly been described in murine model 
of disseminated aspergillosis, which identified total-drug 
AUC0–24 associated with 50% efficacy at steady-state as 126.5 
(95% CI = 79.0–202.0) (Seyedmousavi et al., 2013). 

5d.  Excretion

Unlike other echinocandins, anidulafungin undergoes slow 
chemical degradation at physiologic temperature and pH 
to a ring-opened peptide that lacks antifungal activity. This 
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chemical degradation is independent of hepatic metabolism 
(Eraxis, 2008). In a single-dose clinical study, radiolabeled 
[14C] anidulafungin administered to healthy subjects was 
recovered in the feces (30%) over 9 days with less than 10% 
intact drug (Eraxis, 2008). Less than 1% of the total adminis-
tered radioactive dose was recovered in the urine. Anidula-
fungin concentrations fell below the lower limit of detection 
6 days post dose, with only negligible amounts of drug- 
derived radioactivity detected in the blood, urine, and feces 
8 weeks post dose.

5e.  Drug interactions

Echinocandins are not inducers, inhibitors, or substrates of 
cytochrome P450 (CYP450) or P-glycoprotein (P-gp) enzymes. 
The unique mechanism of elimination of anidulafungin by 
non-enzymatic organ-independent chemical degradation at 
physiological temperatures and pH results in the absence of 
clinically relevant drug–drug interactions. A modest increase 
in the AUC of anidulafungin (22%) was observed when 
co-administered with ciclosporin in healthy adults (Dowell 
et al., 2005a). Concurrent administration of rifampicin or a 
variety of other substrates, inducers, or inhibitors of CYP450 
did not have a significant impact on the clearance of anidula-
fungin (Dowell et al., 2004). The PK of anidulafungin is not 
significantly altered when co-administered with voriconazole 
(Dowell et al., 2005b).

6. ADVERSE REACTIONS AND TOXICITY

The echinocandins have generally favorable safety and toler-
ability profiles, and serious adverse events are uncommon. 
The safety of anidulafungin in the treatment of invasive can-
didiasis, candidemia, and esophageal candidiasis has been 
reported in several phase-III clinical studies (n = 672). The 
overall incidence of serious adverse events that require drug 
discontinuation was generally lower in patients receiving 
anidulafungin (9–11.5%) versus fluconazole (12–21.6%) 
(Krause et al., 2004a; Reboli et al., 2007; Eraxis, 2008).

6a.  Gastrointestinal side effects

Nausea, vomiting, dyspepsia, and diarrhea are reported in 7–9% 
of patients receiving anidulafungin therapy but are rarely severe 
enough to necessitate discontinuation of therapy. Less fre-
quently reported gastrointestinal effects include constipation, 
anorexia, xerostomia, dysgeusia, flatus, and bloating (Eraxis, 
2008).

6b.  Rash and hypersensitivity reactions

All echinocandins have the potential for inducing hypersen-
sitivity reactions, as histamine release is a frequent biologic 
effect with administration of polypeptide compounds (Den-
ning, 2003). Rash, urticaria, flushing, pruritus, pyrexia, and 
hypotension have been reported with anidulafungin, especially 

when the drug is infused at a rate that exceeds 1.1 mg/min 
(Eraxis, 2008; Eschenauer et al., 2007). Local infusion site irri-
tation can be problematic for echinocandins, particularly 
when drugs are administered through a peripheral catheter. 
Flushing, localized rash, and phlebitis have been reported in 
1–4% of patients receiving anidulafungin. Delayed (type IV) 
hypersensitivity reactions manifesting as cutaneous erup-
tions is rarely reported compared to triazoles. 

6c.  Renal side effects

No significant drug-related nephrotoxicity has been observed 
with anidulafungin clinical trials or post-marketing reports. 
Transient, mild hypokalemia has been reported in 5–25% of 
anidulafungin-treated patients (Krause et al., 2004a).

6d.  Hepatic side effects

Modest asymptomatic elevation in aminotransferases and 
alkaline phosphatase are the most frequently reported labo-
ratory adverse events in healthy volunteers and patients 
treated with echinocandin, and occur in 5–15% of patients. 
In general, abnormal liver function tests are less common 
in echinocandin-treated patients than in those treated with 
other systemic antifungal drugs. Although rare, clinically 
significant hepatitis, hepatomegaly, hyperbilirubinemia, and 
hepatic failure have been reported in post-marketing surveil-
lance with anidulafungin. However, a causal role for the echi-
nocandins is difficult to determine in patients receiving 
multiple medications and with significant co-morbidities.

6e.  Hematologic side effects

Anemia, leukopenia, neutropenia, and thrombocytopenia 
have all been reported during anidulafungin therapy, but are 
rare (< 1% of patients). 

6f.  Central nervous system side effects

Headache and dizziness are the most commonly reported 
central nervous system effects reported with the echino-
candins, observed in up to 12% of patients treated with anid-
ulafungin. Seizures, psychiatric disturbances, malaise, and 
paresthesias of hands and feet are uncommon (Eraxis, 2008).

6g.  Carcinogenesis, mutagenesis, 
impairment of fertility

Echinocandins do not show evidence of mutagenic or geno-
toxic potential when evaluated by the standard International 
Conference on Harmonization (ICH) battery of in vitro and 
in vivo tests. Fertility and reproductive performance in rats 
is not affected by i.v. administration of anidulafungin. Long-
term studies in animals have not been performed to evaluate 
the carcinogenic potential.
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7. CLINICAL USES OF THE DRUG

7a.  Candidiasis

OROPHARYNGEAL AND ESOPHAGEAL 
CANDIDIASIS

Anidulafungin has been systematically studied as a first-line 
agent for the treatment of oropharyngeal and esophageal 
candidiasis primarily in HIV-infected patients. In a random-
ized, double-blind, controlled trial, anidulafungin (100 mg 
i.v. on day 1 followed by 50 mg thereafter) was compared 
with oral fluconazole (200 mg on day 1, 100 mg daily there-
after) in 601 HIV-infected patients for the treatment of 
esophageal candidiasis (Krause et al., 2004b). The rates of 
endoscopically confirmed success at the end of therapy 
were 97.2% versus 98.8% for anidulafungin and fluconazole, 
respectively. Follow-up endoscopy at 2 weeks in 462 patients 
revealed significantly lower rates of sustained success in 
anidulafungin-treated versus fluconazole-treated patients 
(64.4% vs. 89.5%; p < 0.001). However, this difference was 
confounded by the higher incidence of antiretroviral therapy 
in the fluconazole treatment group (Krause et al., 2004b).

INVASIVE CANDIDIASIS

The first major study to explore the activity of anidulafungin 
in the treatment of invasive candidiasis was a phase II, 
dose-ranging study that randomized 123 patients with pri-
marily non-neutropenic catheter-associated candidemia to 
doses of 50 mg, 75 mg, or 100 mg daily (Krause et al., 2004a). 
Among the 68 patients who could be evaluated, success rates 
were 84%, 90%, and 89% for the three anidulafungin doses, 
with blood culture eradication rates of 74%, 85%, and 89%, 
respectively. Although C. parapsilosis constituted 9.5% of  
the isolates treated, no difference in clinical response was 
observed in relation to the pathogen MIC, perhaps reflecting 
the lower virulence of this species (Pfaller et al., 2005). 
Following this, a phase III randomized, double-blind trial 
comparing i.v. anidulafungin (200-mg loading dose followed 
by 100 mg daily) with i.v. fluconazole (800-mg loading dose 
followed by 400 mg daily) was undertaken in 256 non- 
neutropenic patients with primarily catheter-related candi-
demia (Reboli et al., 2007). Patients in either arm could 
switch to oral fluconazole after 10 days. The distribution of 
non-albicans isolates was similar in both treatment arms  
(~ 40%). A significantly higher global response rate (both 
clinical and microbiological) was observed in the anidula-
fungin group at the end of i.v. therapy (75.6% vs. 60.2%), at 
2-week follow-up (64.6% vs. 49.2%), and at 6 weeks (55.9% 
vs. 44.1%). Persistent fungemia during therapy was observed 
in 6.3% of anidulafungin patients and 14.4% of fluconazole 
patients. Compared with fluconazole recipients, anidula-
fungin recipients had a higher rate of successful global 
response for every pathogen except C. parapsilosis. The dif-
ference in the global response rate between the two groups 
was most striking for C. albicans (81.1% of those in the anid-
ulafungin group were successfully treated compared with 62.3% 

of those in the fluconazole group; p = 0.02) (Reboli et al., 
2007). Likewise, successful global response rates for C. gla-
brata were similar in the two groups (56.3% in the anidula-
fungin group and 50.0% in the fluconazole group). Based on 
these results, the investigators concluded that anidulafungin 
was not inferior to fluconazole, and possibly statistically 
superior, in the treatment of Candida bloodstream infections 
in non-neutropenic patients.

7b.  Aspergillosis: monotherapy

Anidulafungin has not been shown to be effective in the 
treatment of invasive aspergillosis when administered alone 
and is not currently licensed for this indication.

7c.  Aspergillosis: combination therapy

Marr et al. reported the findings from a large multicenter, 
randomized, double-blind, placebo-controlled trial that com-
pared anidulafungin in combination with voriconazole ver-
sus voriconazole monotherapy for treatment of suspected 
or proven invasive aspergillosis. A total of 454 patients with 
a background of hematologic malignancy or hematopoietic 
cell transplantation and suspected invasive aspergillosis were 
randomly assigned to receive treatment with i.v. voriconazole 
(6 mg/kg 12-hourly on day 1, 4 mg/kg 12-hourly thereafter) 
and either i.v. anidulafungin (200 mg daily on day 1, 100 mg 
daily thereafter) or placebo. The primary outcome analysis 
was based on a modified intention-to-treat population of 277 
patients in whom probable or proven invasive aspergillosis 
was confirmed before day seven of therapy. Mortality rates at 
6 weeks were substantially lower in patients receiving combi-
nation therapy (26/135, 19.3% vs. 39/142, 27.5%). However, 
due to the unexpectedly high mortality in both arms this dif-
ference did not reach statistical significance (P = 0.087). The 
incidence of serious treatment-related adverse events was 
similar in both arms (5.3 vs. 4.8%). Based on these findings 
the authors concluded that combination therapy with anidu-
lafungin and voriconazole is non-inferior to voriconazole 
monotherapy and appears to increase survival from invasive 
aspergillosis in immunosuppressed patients with underlying 
hematologic malignancy or hematopoietic cell transplanta-
tion (Marr et al., 2015).

7d.  Antifungal prophylaxis

The efficacy of anidulafungin therapy as prophylaxis against 
invasive fungal infection has been compared with parenteral 
fluconazole in a randomized, double-blind trial comparing 
i.v. anidulafungin (200-mg loading dose followed by 100 mg 
daily) with i.v. fluconazole (400 mg daily) in 97 solid-organ 
transplant recipients. The overall incidence of infection was 
similar for the anidulafungin and fluconazole (5.1% vs. 8.0%, 
p = 0.40). However, anidulafungin prophylaxis was associ-
ated with fewer cases of Aspergillus colonization or infection 
(3% vs. 9%, p = 0.08), a lower incidence of breakthrough infec-
tion among patients receiving pre-transplant fluconazole (0% 
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vs. 27%, p = 0.07), and fewer cases of antifungal resistance 
(no cases vs. 5 cases). The authors concluded that anidula-
fungin is non-inferior as primary antifungal prophylaxis 
against invasive fungal infection and may be superior in 
patients at increased risk of infection due to Aspergillus spp. 
or those receiving fluconazole prior to solid-organ trans-
plantation (Winston et al., 2014).

7e.  Febrile neutropenia

Anidulafungin has not been systematically evaluated as empiric 
antifungal therapy in the setting of persistent fever despite 
broad-spectrum antibiotic therapy in patients who are neu-
tropenic or otherwise at risk of fungal infection. 
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1. DESCRIPTION

Terbinafine ((E)-N-(6,6-dimethyl-2-hepten-4-ynyl)-N-methyl- 
1-naphthale-nemethanamine hydrochloride (see Figure 149.1) 
is a synthetic naphthalenemethanamine.

Terbinafine, an analog of naftifine, is an allylamine anti-
fungal that was developed by chemical modification of nafti-
fine in 1979 with the findings of synthesis first published in 
1984 (Petranyi et al., 1984; Stutz and Petranyi, 1984). It was 
first introduced into clinical practice in 1991 and is now 
marketed worldwide under the name of Lamisil in both oral 
and topical formulations, primarily for the treatment of fun-
gal infections of the skin, nails, and hair (O’Sullivan, 1999).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The in vitro susceptibility of dermatophytes, non-dermato-
phyte molds, and yeasts is summarized in Tables 149.1, 149.2, 
and 149.3, respectively.

DERMATOPHYTES

Terbinafine has potent antifungal activity against virtually all 
dermatophytes, with resistance rarely encountered (Arzeni et 
al., 1998; Fernandez-Torres et al., 2000; Gupta and Kohli, 
2003). In a large North American study of onychomycosis, in 
vitro susceptibility testing against dermatophytes showed that 
the activity of terbinafine was greater than that of fluconazole, 
itraconazole, and griseofulvin, with a minimum inhibitory 

concentration (MIC) range between 0.001 and 0.004 µg/ml 
(Ghannoum et al., 2000). In another study, the susceptibility 
of 129 clinical dermatophyte isolates (representing 12 spe-
cies) to posaconazole, itraconazole, terbinafine, fluconazole, 
and ravuconazole was tested by using a modification of the 
Clinical Laboratory Standard Institute (CLSI) M38-A2 meth-
odology (Gupta et al., 2005). This study showed that terbina-
fine was the most potent agent among the drugs tested against 
the 12 species evaluated. Furthermore, terbinafine was fungi-
cidal against dermatophytes. In an in vitro study comparing 
the fungicidal activity of terbinafine with that of itraconazole 
against dermatophytes, the minimum fungicidal concentration 
(MFC) for terbinafine was lower than that for itraconazole 
(Hazen, 1998). Moreover, the fungicidal activity of ter bina-
fine was rapid, with onset within 7 hours, in contrast to the 
fungicidal activity of itraconazole, which was only evident at 
10–12 hours. This difference was particularly noticeable for 
Trichophyton rubrum isolates (Hazen, 1998).

MOLDS OR FILAMENTOUS FUNGI

Terbinafine is active in vitro against a broad spectrum of fila-
mentous fungi, including Aspergillus, Fusarium, and Penicil lium 
spp. (Schmitt et al., 1988; Ryder, 1999; Jessup et al., 2000; Moore 
et al., 2001; Garcia-Effron et al., 2004). In this regard, terbinafine Figure 149.1. Chemical structure of terbinafine.

N

CH3 C(CH3)3

Table 149.1. Antifungal susceptibility of terbinafine against most 
commonly isolated dermatophytes.

Organism
Number of 

Tested Isolates
MIC50 

(µg/ml)
MIC90 

(µg/ml)

T. rubrum 435 0.001 0.002

T. mentagrophytes 81 0.001 0.001

T. tonsurans 43 0.002 0.008

M. canis 8 0.008 0.03

E. floccosum 10 0.015 0.015

MIC: minimum inhibitory concentration.
MIC50 and MIC90 are defined as concentrations required to inhibit 50% and 

90% of isolates tested, respectively.
Data from Ghannoum MA, personal communication, Center for Medical 

Mycology, Cleveland, Ohio, USA.
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was shown to have potent in vitro activity against Asper gillus 
flavus and Aspergillus niger compared with itraconazole and 
amphotericin B. It has limited activity against Aspergillus 
fumigatus but it is fungicidal at concentrations close to the 
MIC against A. flavus and A. niger (Moore et al., 2001). Despite 
this fungicidal in vitro activity, terbinafine was inactive in the 
treatment of aspergillosis when tested in a rat model of pul-
monary aspergillosis (Schmitt et al., 1990).

A number of studies have shown that adding terbinafine to 
azoles potentiates the in vitro activity of these agents against 
Aspergillus spp. For instance, the combination of terbinafine 
with itraconazole or voriconazole displays a potent in vitro 
synergistic interaction and fungicidal activity against A. fumi
gatus, A. niger, Aspergillus terreus, and A. flavus (Ryder and 
Leitner, 2001; Mosquera et al., 2002). Interestingly, fluconazole 
enhances the activity of terbinafine against Aspergillus spp. in 
an additive to synergistic fashion (Ryder and Leitner, 2001). 
In contrast to azoles, the combination of amphotericin B with 

terbinafine resulted in an indifferent in vitro and in vivo inter- 
action (Mosquera et al., 2002; Kirkpatrick et al., 2005). Clinical 
studies are warranted to evaluate the potential utility of this 
combination in the treatment of invasive fungal infections.

PATHOGENIC YEAST

Terbinafine is active in vitro against certain yeasts, including 
Candida parapsilosis, Trichosporon beigelii, Cryptococcus neo
formans, and Malassezia spp. (Ryder et al., 1998; Ryder, 1999; 
Gupta et al., 2000; Jessup et al., 2000). However, terbinafine has 
only fungistatic activity against C. albicans with no effect against 
C. glabrata, C. tropicalis, and C. krusei (Petranyi et al., 1987; 
Ryder et al., 1998). In comparison with fluconazole, terbinafine 
is highly active against Cr. laurentii and Cr. neoformans, with 
MICs ranging from 0.06 µg/ml to 0.25 µg/ml (Ryder et al., 
1998).

The in vitro interaction of terbinafine with amphotericin B, 
fluconazole, and itraconazole against 30 strains of C. albicans 

Table 149.2. In vitro susceptibilities of 15 nondermatophyte mold isolates and 13 yeast isolates to fluconazole, itraconazole, 
terbinafine, and griseofulvin.

Organism
Number 

of isolates Antifungal
Mean 

(µg/ml)
MIC50 

(µg/ml)
Range 
(µg/ml)

Acremonium 5 Fluconazole > 64 — > 64

Itraconazole 2.2 2.0 1.0–4.0

Terbinafine 0.099 0.06 0.06–0.125

Griseofulvin 19.2 16   16–32

Aspergillus 2 Fluconazole > 64 — > 64

Itraconazole 0.375 0.25 0.25–0.5

Terbinafine 0.53 0.06 0.06–1.0

Griseofulvin > 64 — > 64

Fusarium 4 Fluconazole > 64 — > 64

Itraconazole 7.0 — 4.0–8.0

Terbinafine > 16 — 0.5–> 16

Griseofulvin 64 — 64

Scopulariopsis 2 Fluconazole > 64 — > 64

Itraconazole 4.0 4.0 4.0

Terbinafine 0.75 0.5 0.5–1.0

Griseofulvin 64 64 64

Scytalidium 2 Fluconazole 16 16 16

Itraconazole 2.5 1.0 1.0–4.0

Terbinafine 0.038 < 0.03 < 0.03–0.06

Griseofulvin 2.5 1.0 1.0–4.0

C. albicans 7 Fluconazole 0.39 0.25 0.25–0.5

Itraconazole 0.06 7 0.06

Terbinafine > 16 — > 16

Griseofulvin 64 64   64–> 64

C. parapsilosis 5 Fluconazole 0.45 0.25 0.25–1.0

Itraconazole 0.08 0.06 < 0.06–0.125

Terbinafine 3.33 0.25 0.03–> 16

Griseofulvin > 64 —   64–> 64

C. lusitaniae 1 Fluconazole — — 0.25

Itraconazole — — 0.06

Terbinafine — — 0.125

Griseofulvin — — > 64

MIC, minimum inhibitory concentration.
From Ghannoum et al. (2000).
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was evaluated (Barchiesi et al., 1997; Barchiesi et al., 1998). Ter- 
binafine was shown to enhance the activities of amphotericin B 
and triazoles against C. albicans in vitro. Synergy was observed 
in 40% of the terbinafine–fluconazole interactions and in 43% 
of the terbinafine–itraconazole interactions, whereas antago-
nism was not observed. Twofold reductions in the MICs of both 
drugs were found in 100% of the  terbinafine–fluconazole inter-
actions and 76% of the  terbinafine–itraconazole interactions 
(Barchiesi et al., 1997). The combination of terbinafine with flu-
conazole was tested in a clinical setting against a fluconazole- 
resistant C. albicans strain (Ghannoum and Elewski, 1999). In 
this regard, Ghannoum and Elewski (1999) described a woman 
with oral candidiasis who failed to improve on fluconazole 
therapy. In vitro susceptibility testing of a C. albicans strain 
isolated from her oral cavity showed elevated MICs for fluco-
nazole, itraconazole, and terbinafine (32 µg/ml, 0.5 µg/ml, 
and 64 µg/ml, respectively). Despite in vitro resistance, clini-
cal cure was achieved by combination of fluconazole and ter-
binafine, suggesting a synergistic mode of action of these two 
compounds (Ghannoum and Elewski, 1999).

Similarly, a combination of terbinafine with voriconazole 
was shown to overcome azole resistance in Candida spp. 
(Weig and Muller, 2001). When terbinafine and voriconazole 
were combined in vitro, the MIC50s and MIC90s of C. albicans 
isolates tested were reduced from 4 µg/ml and 8 µg/ml to 
0.25 µg/ml and 2 µg/ml, respectively, for terbinafine and from 
0.25 µg/ml and 16 µg/ml to 0.03 µg/ml and 0.25 µg/ml, respec-
tively, for voriconazole. In addition, the median MICs for C. 
albicans voriconazole-resistant strains dropped from 16 µg/ml 
to 0.03 µg/ml. The clinical efficacy of these synergistic interac-
tions for the treatment of infections caused by azole-resistant 
C. albicans strains requires further clinical investigation. 

MUCORALES

Terbinafine in combination with amphotericin B or voricona-
zole has been shown to be synergistic against some Mucorales 

(Dannaoui et al., 2002). Synergistic interaction was detected 
for 60% of Rhizopus spp. when terbinafine was combined 
with voriconazole in vitro. In another study, a potent inter-
action between itraconazole and terbinafine against most of 
Mucorales was observed in vitro (Gomez-Lopez et al., 2003). 
For Rhizopus microspores, Absidia corymbifera, and Cunning
hamella bertholletiae, the combination of itraconazole plus 
terbinafine was synergistic and the MICs for each agent in 
combination decreased dramatically (three- to sevenfold). A 
less synergistic effect was observed when this combination 
was assayed for R. oryzae and R. pusillus. In this regard, the 
amphotericin B plus terbinafine combination exhibited indiffer-
ent interaction against R. oryzae (Gomez-Lopez et al., 2003).

DIMORPHIC FUNGI

Terbinafine is fungicidal against Histoplasma capsulatum and 
Blastomyces dermatitidis (Shadomy et al., 1985). It is also 
active against Paracoccidioides brasiliensis isolates in vitro 
(Hahn et al., 2002). In addition, in a case report by Ollague 
et al. (2000) terbinafine was successful in the treatment of 
paracoccidioidomycosis.

Terbinafine has been shown to have in vitro activity 
against Sporothrix schenckii, with MICs ranging between 
0.007 µg/ml and 0.50 µg/ml (Kohler et al., 2004). However, 
the potential in vivo therapeutic value of terbinafine has been 
confirmed only for cases of cutaneous and lymphocutaneous 
sporotrichosis (Hay, 1999; Perez, 1999; Ryder, 1999; Jessup et 
al., 2000). Although use of elevated doses of terbinafine has 
been suggested (above 500 mg/day) for the treatment of spo-
rotrichosis (Chapman et al., 2004), it failed in the treatment 
of systemic sporotrichosis when tested in a murine model 
(Kan and Bennett, 1988). Further studies are needed to cor-
relate the in vitro susceptibility data with clinical outcome of 
sporotrichosis.

OTHER FUNGI

Combinations of terbinafine with voriconazole or itraconazole 
have been shown to be synergistic in vitro against Pseudal
lescheria boydii, Scedosporium prolificans, and Scopulariopsis 
brevicaulis (Ryder, 1999; Meletiadis et al., 2000; Gosbell et al., 
2003; Bhat et al., 2007). In vivo synergism between terbinaf-
ine and voriconazole has been demonstrated in various clin-
ical settings including orthopedic disease, brain abscess, and 
disseminated infection caused by S. prolificans (Gosbell et al., 
2003; Howden et al., 2003; Bhat et al., 2007). Furthermore, 
terbinafine has been successfully used in the treatment of 
pulmonary pseudallescheriosis unresponsive to itraconazole 
therapy (Verweij et al., 1997).

PNEUMOCYSTIS JIROVECII

Terbinafine was previously shown to exhibit good activity 
against P. jirovecii both in vitro and in vivo (Contini et al., 
1994). It was shown to be active against cyst forms in vitro 
when compared with cotrimoxazole and pentamidine and 
was effective in vivo against P. jirovecii in immunosuppressed 
rats, clearing the infection in 97% of rats (Contini et al., 
1994). However, recent in vitro data have shown that the 

Table 149.3. Terbinafine susceptibility profile (in µg/ml) for 
dermatophytes obtained from US and non-US sites.

Isolates group
Range 
(µg/ml)

MIC50 
(µg/ml)

MIC90 
(µg/ml)

Trichophyton tonsurans
US, n = 63 0.001–0.06 0.015 0.06

Non-US, n = 62 0.001–0.06 0.015 0.03

Microsporum canis
US, n = 32 0.004–0.25 0.03 0.25

Non-US, n = 62 0.008–0.25 0.125 0.25

Trichophyton violaceum
US, n = 2 0.002–0.015 ND ND

Non-USA, n = 61 0.001–0.125 0.002 0.03

Microsporum audouinii
Non-US, n =19 0.002–0.125 0.06 0.125

ND, not determined; MIC, minimum inhibitory concentration.
MIC50 and MIC90 are defined as concentrations required to inhibit 50% and 

90% of isolates tested, respectively. From Ghannoum et al. (2008).
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MIC50 of terbinafine against P. jirovecii was 3.7 µg/ml (Walzer 
and Ashbaugh, 2002). Such levels cannot be clinically achieved 
in serum. Of relevance, terbinafine administered orally at 
doses of 20–400 mg/kg daily and 50–250 mg/kg daily, respec-
tively, was ineffective in the treatment of pneumocystosis in 
mouse and rat. Further human studies are warranted.

2b.  Emerging resistance and 
cross-resistance

Mukherjee et al. (2003) described sets of sequential isolates 
of T. rubrum that exhibited primary resistance to terbinafine. 
In their study, terbinafine-resistant isolates were fully suscep-
tible to itraconazole, fluconazole, and griseofulvin. However, 
these isolates showed cross-resistance to several other known 
squalene epoxidase inhibitors such as naftifine, butenafine, 
tolnaftate, and tolciclate. One set of sequential T. rubrum 
strains was further investigated by molecular assays. Initial 
studies indicated that terbinafine resistance appears to be 
due to alterations in the squalene epoxidase (SE) gene (Favre 
et al., 2004). The nucleotide sequences of SE from two 
 terbinafine-susceptible strains were identical, whereas each 
of those terbinafine-resistant strains, serially isolated from 
the same patient, contained the same single amino acid sub-
stitution L393F. Interestingly, introduction of the corre-
sponding substitution in the C. albicans SE gene (L398F) and 
expression of this gene in Saccharomyces cerevisiae conferred 
similar resistance as compared to strains expressing the 
wild-type sequence. Therefore, terbinafine resistance in these 
T. rubrum clinical isolates appears to be due to a single SE 
amino acid substitution (Osborne et al. 2005). 

Acquired terbinafine resistance was investigated in seven 
T. rubrum strains from the Novartis Fungal Index. The strains 
were subcultured onto agar plates containing terbinafine at 
the concentration previously determined to be cidal, fol-
lowing which the resistance frequency (<5 ⋅ 10–9 CFU) was 
calculated by dividing the resultant number of colonies by 
the inoculum size. Additionally, the in vitro development of 
resistance of four of these strains was determined by serial 
passages in media containing 0.002 µg/ml of terbinafine. After 
several serial passages, prolonged incubation times were 
required to detect any visible growth. The authors thus con-
cluded that spontaneous resistance to terbinafine in T. rubrum 
is very rare and that prolonged exposure to terbinafine does 
not lead to significant development of resistance (Osborne et 
al. 2003).

3. MECHANISM OF DRUG ACTION

Terbinafine is a highly lipophilic and keratophilic allylamine 
inhibitor of ergosterol biosynthesis, an essential component 
of the fungal cell membrane. It acts at an earlier stage in the 
ergosterol biosynthetic pathway than the azoles, which act at the 
lanosterol demethylation stage. It specifically inhibits fungal 
ergosterol biosynthesis at the point of squalene epoxidation, 
thus preventing the cyclization of squalene to form lanosterol, 

the first sterol intermediate in the complex pathway leading to 
ergosterol synthesis (Ryder, 1991). As a result of squalene epox-
idase inhibition, fungal cells accumulate the isoprenoid inter-
mediate squalene and become deficient in ergosterol (Ryder, 
1991). It is hypothesized that the mechanism of the cidal effect 
of terbinafine may primarily be the high level of intracellular 
accumulation of squalene, with the depletion of ergosterol 
playing only a secondary role in this regard. The accumulating 
squalene is deposited in numerous lipid droplets throughout 
the cytoplasm and cell wall, releasing lytic enzymes that are 
potentially lethal to the fungal cell. The action of terbinafine 
is specific against fungi and thus there is no significant effect 
on mammalian cholesterol synthesis (Ryder, 1992).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Terbinafine is available as oral tablets of 250 mg and a topical 
preparation of 1% cream (10 mg/g). Topical terbinafine is 
applied to affected areas once or twice daily. The duration of 
treatment depends on the type and site of infection. Recom-
mended treatment courses are as follows:

• For superficial dermatomycosis such as tinea pedis (ath-
lete’s foot) the recommended treatment is oral terbinafine 
250 mg daily for 2–4 weeks and/or 1% cream applied to 
affected areas once or twice daily for 1–2 weeks (moccasin- 
type tinea pedis 2–4 weeks), or terbinafine solution applied 
to the affected area twice daily for 7 days.

• For tinea corporis and tinea cruris (ringworm and jock 
itch) use oral terbinafine 250 mg daily for 2–4 weeks or 
1% cream applied once or twice daily for 1–2 weeks, or 
solution applied to the affected area once daily for 7 days 
for tinea corporis and tinea cruris, and twice daily for 7 
days for tinea versicolor.

• For onychomycosis affecting the fingernails, use 250 mg/
day for up to 6 weeks (may be given in two divided doses); 
for toenails use 250 mg/day for 12 weeks (may be given in 
two divided doses).

• For cutaneous candidiasis use 1% cream applied once or 
twice daily for 1–2 weeks.

4b.  Newborn infants and children

For children ≥ 12 years, dosing schedules for the topical cream 
and solution are the same as for adults. Dosing of oral terbi-
nafine (7 days) is according to body weight as follows: < 20 kg, 
use 62.5 mg daily; 20–40 kg, use 125 mg daily; > 40 kg, use 
250 mg daily.

4c.  Pregnant and lactating mothers

Terbinafine tablets should not be used during pregnancy 
unless the benefits clearly outweigh the risks. 
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4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Renal insufficiency causes a prolonged elimination half-life 
and elevated peak plasma concentrations of terbinafine. It is rec-
ommended that patients with impaired renal function (creati-
nine clearance less than 50 ml/min or a serum creatinine greater 
than 0.3 mmol/l) should receive half the normal dose of ter-
binafine. It is unknown whether terbinafine is hemodialyzed 
or eliminated by peritoneal dialysis, and there is no experi-
ence with the drug in individuals with a creatinine clearance 
of less than 20 ml/min reported (Darkes et al., 2003).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

In patients with pre-existing chronic stable hepatic impair-
ment, the dose of terbinafine should be cut to half the recom-
mended dose, as the plasma clearance of the drug is reduced 
by 30%. In addition, terbinafine may cause hepatic dysfunc-
tion, therefore regular monitoring of hepatic function is rec-
ommended. Terbinafine should be discontinued in individuals 
with evidence of increasing hepatic dysfunction.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The pharmacokinetics of terbinafine was studied in 10 healthy 
male volunteers. After a single oral dose of 250 mg in the 
fasting state, the drug was rapidly absorbed, reaching peak 
plasma concentration at 1 hour post dosing. Multiple-dose 
pharmacokinetics revealed a 20% increase in the peak plasma 
terbinafine concentration over 2 weeks of daily dosing with 
250 mg, with a mean peak plasma concentration of 1.62 µg/
ml on day 16. There was only a further 3% increase from 2 to 
4 weeks. Trough concentrations rose slowly over the dura-
tion of dosing, with wide inter-subject variability, whereby 
terbinafine accumulated about twofold over 4 weeks. Steady-
state was reached after 10–14 days. There was a biphasic decline 
in plasma levels (Kovarik et al., 1995). The initial elimination 
half-life (t1/2β = 16–26 hours) was shorter than the terminal 
elimination half-life (t1/2γ = 90 hours) (Jensen, 1989).

The pharmacokinetics of terbinafine in the elderly is not 
significantly different from that observed in younger normal 
volunteers (Jensen, 1989; Nedelman et al., 1997). In patients 
with hepatic insufficiency, the plasma clearance is reduced by 
about 30%, resulting in moderate increases in the area under the 
curve (AUC), but no effect on the peak plasma concentration is 
observed (Jensen, 1990; Leyden, 1998). Renal dysfunction 
causes a prolongation of the terbinafine plasma elimination 
half-life and a marked increase in the AUC and peak plasma 
concentrations (Jensen, 1989; Jensen, 1990).

Penetration of terbinafine into the systemic circulation 
following topical administration of 1% cream is minimal, and 
represents less than 5% of the applied dose. Detectable con-
centrations of terbinafine in plasma (< 0.011 µg/ml) occurred 

in normal volunteers in whom terbinafine was applied topi-
cally for 8 days under occlusion. In healthy volunteers who 
received topical applications of 1% terbinafine cream for 1, 
3, 5, or 7 days, skin biopsy evaluation of terbinafine levels 
revealed that the peak concentration in the stratum corneum 
did not increase with multiple applications, but terbinafine con-
centrations above the MIC for dermatophytes persisted in the 
stratum corneum after cessation of application for longer dura-
tions with increased number of applications (Hill et al., 1992).

Terbinafine is strongly (> 90%) bound to plasma proteins 
(Jensen, 1989).

5b.  Drug distribution

Oral terbinafine is extensively distributed to body tissues and 
fluids including breast milk. Its volume of distribution in 
healthy volunteers is > 20,000. After oral administration, ter-
binafine is rapidly delivered to the stratum corneum, nails, 
and hair, primarily through sebum and to a lesser extent by 
direct diffusion through the dermis–epidermis skin layers 
(Faergemann et al., 1994). The highest concentration of ter-
binafine is found in sebum, followed by the stratum cor-
neum, whereas the lowest levels is detected in plasma 
(Faergemann et al., 1997). The drug is not found in eccrine 
sweat. Terbinafine and its N-demethyl metabolites have been 
detected in distal nail clippings within 1 week of starting 
therapy with drug level of 10–100 times higher than the MIC 
for most dermatophytes (Faergemann et al., 1994; Faerge-
mann et al., 1997). Terbinafine was found to remain in the 
nail plate for 10 months after drug cessation and it has been 
noted that nail concentration of terbinafine continues for a 
long time to exceed 103–104 times the MIC for most derma-
tophytes (Ryder and Favre, 1997; Ghannoum et al., 2004). Its 
slow elimination is due to its high lipophilicity and kerato-
philicity, which result in distribution and accumulation in 
the adipose tissue, from which it is slowly released, metabo-
lized, and eliminated (Ryder and Favre, 1997). The levels of 
terbinafine in the stratum corneum, dermis–epidermis, and 
plasma were compared after topical application of terbinaf-
ine emulsion gel once daily for 7 days in combination with 
oral terbinafine 250 mg daily or placebo tablets once daily for 
7 days in 12 volunteers in a double-blind, placebo-controlled 
trial (Faergemann et al., 1995). It was shown that concentrations 
achieved in the stratum corneum with topical administration 
exceed those observed following oral dosing. More over, terbin-
afine was also found in the stratum corneum for more than 
1 month after stopping topical application. As a result, topi-
cal formulation of terbinafine 1% cream was effective in the 
treatment of tinea corporis, tinea cruris, tinea pedis, cutane-
ous candidiasis, and pityriasis versicolor.

In a study of 12 patients receiving terbinafine at 250 mg 
per day for up to 48 weeks, measurement of terbinafine in 
distal nail clippings showed that the drug was first detectable 
3–18 weeks after starting therapy. A level of 0.25–0.55 ng/mg 
was quickly achieved and remained stable. Concentrations of 
terbinafine in distal clippings of unaffected nails were similar 
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to those in affected nails (Finlay, 1992). Terbinafine diffuses 
into formed nail plate. The pharmacokinetics of terbinafine 
was similar in normal fingernails and infected nails (Finlay, 
1992). Moreover, Faergemann et al. (1994) and Schatz et al. 
(1995) found levels of terbinafine of 0.5 µg/g in nails after 
7  days’ treatment with 250 mg daily, and these levels were 
still above the MIC at 0.2 µg/g 3 months later, indicating that 
shorter courses of treatment may have similar efficacy as those 
currently recommended.

Following intraperitoneal administration of 20 mg/kg in 
rats, serum terbinafine concentrations at 30 minutes were 1.0– 
1.25 µg/ml. At 2 hours, terbinafine concentrations in the lungs 
were 5.9–6.1 µg/g, and similar concentrations were found in 
the liver, spleen, and kidneys (Schmitt et al., 1990).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are few data linking pharmacokinetic/pharmacodynamic 
indices to clinical efficacy other than a correlation between 
local tissue concentrations and antifungal activity.

5d.  Excretion

Clearance of terbinafine is essentially nonrenal, with metab-
olism in the liver and no intact drug eliminated via renal 
excretion. The major metabolites identified in pharmacoki-
netic studies are further biotransformed prior to elimination 
(Kovarik et al., 1995). Following a single administration of 
radiolabeled drug, 80% of the total radioactivity in plasma is 
accounted for by terbinafine and its metabolites, and only 
14% of the administered dose is excreted in the urine over 48 
hours as terbinafine or as one of its five major metabolites. 
Total radioactivity excreted in the urine over 48 hours is 57% 
of the administered dose, implying that many more metabo-
lites are present in urine (Humbert et al., 1995). Approximately 
20% of an administered oral dose of radiolabeled terbinafine 
is excreted in feces (Jensen, 1989).

Terbinafine undergoes extensive hepatic biotransformation, 
primarily phase I oxidation reactions (Jensen, 1990). Phase II 
conjugation reactions render the oxidized metabolites more 
hydrophilic and facilitate elimination by urinary excretion. 
N-demethylation, N-oxidation, hydrolysis, and conjugation 
are the metabolic processes involved, and utilize less than 5% 
of the hepatic cytochrome P450 capacity (Schuster, 1985). Of 
the 15 terbinafine metabolites described, the N-demethylation 
and monohydroxy derivatives are the major metabolites 
identified in human plasma. These metabolites are essentially 
mycologically inactive (Kovarik et al., 1995).

5e.  Drug interactions

Terbinafine is metabolized by at least seven cytochrome 
P(CYP) enzymes (Vickers et al., 1999). The potential for ter-
binafine interaction with other drugs is predicted to be insig-
nificant with the exception that it may inhibit the metabolism 

of CYP2D6 substrates. Terbinafine is oxidized in the liver 
and excreted in urine. Its metabolism requires less than 5% 
of the total cytochrome P450 capacity of the liver (Balfour 
and Faulds, 1992). Terbinafine does, however, strongly inhibit 
the noncytochrome P450 enzyme squalene epoxidase (Back 
et al., 1989). In comparison with the azole antifungals (keto-
conazole, itraconazole, and fluconazole), it has a low potential 
for interacting with other drugs because it is not extensively 
metabolized by cytochrome P450, and, unlike griseofulvin, 
is not listed in the British National Formulary as a potential 
inducer of liver enzymes. In 20 normal subjects, 250 mg of 
terbinafine daily for 6–7 days reduced the mean AUC of a 
single dose of ciclosporin by 12%, which was thought to be 
clinically unimportant (Back et al., 1989; Long et al., 1994).

At a concentration of 50 mmol/l, terbinafine inhibited the 
metabolism by human liver microsomes of tolbutamide and 
ethoxycoumarin by less than 5% and of ethinylestradiol by 
35% (Back et al., 1989). Drug interactions reported for terbi-
nafine are its decreased elimination when co-administered 
with cimetidine and an increase in elimination when pre-
treatment with rifampicin is administered (Wahllander and 
Paumgartner, 1989; Abdel-Rahman and Nahata, 1997; Tarral 
et al., 1997; Kaplan, 2000). Terbinafine may increase or decrease 
prothrombin times in patients concomitantly taking warfarin 
(Clarke and Boardman, 1998; Warwick and Corrall, 1998).

6. ADVERSE REACTIONS AND TOXICITY

Terbinafine is generally safe and well tolerated after oral admin-
istration. The results of an open prospective postmarketing 
surveillance study involving 25,884 patients taking terbinaf-
ine 250 mg/day showed the total incidence of adverse events 
to be only 10.5% (Hall et al., 1997).

6a.  Gastrointestinal side effects

Gastrointestinal symptoms were the most common adverse 
events (particularly nausea, diarrhea, and abdominal pain), 
occurring in 4.9% of patients. No clinically apparent drug 
interactions were reported, even in patients taking the oral 
antidiabetic agents astemizole, terfenadine, or cimetidine 
hydro chloride (Hall et al., 1997).

Taste disturbance (perversion or loss) is an uncommon side 
effect which is estimated to occur in 0.13% of patients (Beut-
ler et al., 1993). This tends to be reversible after drug cessa-
tion (Juhlin, 1992).

6b.  Rash and hypersensitivity reactions

Urticaria, pruritus, erythema multiforme, photosensitive skin 
rash, and hypersensitivity have all been reported. Stevens–
Johnson syndrome and a fixed drug eruption have also been 
associated with terbinafine therapy (Carstens et al., 1994; 
McGregor and Rustin, 1994; Rzany et al., 1994; Wach et al., 
1995). Redness and stinging or pruritus may occur at the site 
of topical application of the cream formulation but rarely 
necessitate treatment discontinuation.
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6c.  Hepatic side effects

Transient increases in liver transaminases, hepatitis, cholestatic 
hepatitis with jaundice, and mixed cholestatic–hepatocellular 
hepatitis have all been reported in association with terbin-
afine therapy but appear to be quite uncommon (Lowe et al., 
1993; Lazaros et al., 1996; Ajit et al., 2003; Zapata Garrido 
et al., 2003). Terbinafine is considered a safe antifungal agent 
even in children. In a large clinical study conducted in Brazil, 
terbinafine was reported to be effective and well tolerated for 
the treatment of tinea capitis in children (Filho et al., 1998). 
Furthermore, oral terbinafine was shown to be very safe 
when given to infants for the treatment of tinea corporis and 
tinea capitis (Ravenscroft et al., 2000).

6d.  Hematologic side effects

Neutropenia and agranulocytosis have been reported, albeit 
rarely. Generally no significant hematologic adverse events 
occur (Villars and Jones, 1989).

6e.  Central nervous system side effects

Headache, dizziness, lethargy, and sedation have been rarely 
reported.

6f.  Endocrine side effects

Terbinafine does not interfere with steroid hormone produc-
tion (Schuster, 1985) since it binds weakly to cytochrome P450 
enzymes (type 1 binding), and therefore does not inhibit their 
activity. Terbinafine has no acute influence on the pituitary–
gonadal axis (Nashan et al., 1989). In this regard, terbinafine 
has no effects on testosterone and 17-hydroxyprogesterone 
levels or on luteinizing hormone (LH) pulse frequency and 
ampli tude. Estradiol, prolactin, and follicle-stimulating hor-
mone (FSH) remained unchanged after terbinafine ingestion 
compared with placebo treatment (Effendy and Krause, 1989; 
Nashan et al., 1989).

6g.  Use in pregnancy

Terbinafine is classified as a class B drug. Teratogenicity has 
not been observed in animal studies. It is advisable to avoid 
using terbinafine during pregnancy since there is no reported 
clinical experience in pregnant women. Terbinafine has been 
also detected in breast milk. It is recommended that preg-
nant or breastfeeding women avoid oral terbinafine until 
more information is available.

7. CLINICAL USES OF THE DRUG

7a.  Onychomycosis

Terbinafine has repeatedly demonstrated higher efficacy in 
clinical trials than other antifungal agents for the treatment 
of onychomycosis. A meta-analysis of 36 studies of systemic 

monotherapy for onychomycosis found that patients receiv-
ing terbinafine had higher mycological cure rates than those 
treated with griseofulvin, fluconazole, or continuous or pulse 
itraconazole (Gupta et al., 2004). Similarly, a large European 
multicenter study found that continuous terbinafine for 12 
or 16 weeks was more effective than pulse itraconazole used 
over the same time period (Evans and Sigurgeirsson, 1999; 
Sigurgeirsson et al., 1999). The mycological cure rate after 
4 months of terbinafine treatment was 81%, compared with 
49% for intermittent itraconazole (Evans and Sigurgeirsson, 
1999). In a comparative study of a limited number of patients 
with T. rubrum onychomycosis, oral terbinafine adminis-
tered in a dose of 250 mg daily for 1 week every month for 
approximately 1 year as pulse therapy resulted in a 90% cure 
rate. This compares with 75% cure rates achieved with oral 
itraconazole 200 mg twice daily following a similar protocol 
(Zaias et al., 2000).

The efficacy of terbinafine for the treatment of onychomy-
cosis due to non-dermatophytes was not as impressive. The 
mycological and clinical cure rates for patients treated with 
terbinafine 250 mg daily for up to 48 weeks were 70% and 
54%, respectively, for C. albicans, 85% and 63% for C. parap
silosis, and 43% of Scopulariopsis brevicaulis infections. Relapse 
rates were also higher than those seen for dermatophyte ony-
chomycosis and were 45% for C. albicans and 13% for C. parap
silosis infections (Nolting et al., 1994).

7b.  Dermatomycosis

Currently there are several commercial terbinafine topical 
formulations for treatment of superficial dermatophytoses, 
including creams, gels, and solutions. Permeability studies 
conducted by Pretorius et al. used a continuous flow-through 
perfusion system to demonstrate that terbinafine easily accu-
mulates into human skin tissue. However, no concentrations 
of terbinafine were found in the receptor fluid from any of 
the commercially available formulations, indicating that the 
drug was retained in the skin membrane. Terbinafine con-
centrations extracted from these skin samples ranged from 
1.6–4.2 µg/ml following application of 1% cream and solu-
tions of 10 and 20 mg/ml (Pretorius et al., 2008). Similarly, 
Newland and Abdel-Rahman (2009) report that cream- and 
gel-based terbinafine formulations attain skin concentrations 
of 7.46–9.49 µg/cm2.

Ease of application and short-term treatment are impor-
tant factors in determining a patient’s compliance and subse-
quent successful therapy. To that end, topical formulations of 
1% terbinafine were developed for once- or twice-daily appli-
cation for a short duration. Topical formulations of terbin-
afine have shown efficacy in the treatment of tinea corporis, 
tinea cruris, tinea pedis, and pityriasis versicolor, with myco-
logical cure rates ranging from 70% to 100% after 1–4 weeks’ 
treatment depending on the type of infection (Bergstresser et 
al., 1993; Evans et al., 1993). A 1-week regimen of terbinafine 
1% cream proved to be as effective as 4 weeks’ treatment with 
miconazole 2% cream and more effective than a 4-week 
 regimen of clotrimazole 1% cream (Budimulja et al., 2001). 
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Further, in two tinea cruris trials with 1% terbinafine cream, 
the mycological cure rates were higher at the post-treatment 
follow-up visit than at the end of treatment (67% vs. 78% and 
78% vs. 89%), supporting the fact that terbinafine is retained 
in the skin for extensive periods of time (Millikan, 1990; 
Greer et al., 1990).

Similar efficacy was seen in clinical trials of 1% terbinaf-
ine gels and solution. In a tinea pedis trial comparing terbina-
fine with clotrimazole, twice-daily treatment with terbinafine 
1% solution for 1 week resulted in a 95% mycological cure 
rate at the end of the 8-week follow-up period. This com-
pares favorably with the much longer treatment duration (4 
weeks) with twice-daily clotrimazole applications (91% myco-
logical cure rate) (Schopf et al., 1999). In a comparison tinea 
cruris/corporis trial with another commonly used topical 
antifungal, ketoconazole, once-daily application of 1% TERB 
gel for 1 week showed significantly higher mycological cure 
(94% vs. 69%) than 2% ketoconazole cream applied once daily 
for 2 weeks (Bonifaz and Saul, 2000).

Finally, to evaluate the efficacy of a single-dose regimen, 
Evans et al. compared single dose applications of 1% terbin-
afine cream to once-daily applications for 1, 3, 5, and 7 days 
in 65 evaluable patients with tinea pedis, tinea cruris, or tinea 
corporis. Mycological studies conducted 28 days after com-
mencing treatment showed mycological cure rates of 78–83%. 
There was no significant difference in cure rates between these 
treatment groups, indicating that single applications of 1% 
terbinafine are highly effective (Evans, 1994).

The most recent terbinafine formulation is a polymeric 
film-forming solution (FFS) designed for a single applica-
tion. This acrylate-cellulose-triglyceride formulation in etha-
nol leaves behind a highly concentrated film that remains on 
the skin approximately 6 times longer than other topical 
preparations. Moreover, terbinafine concentrations in the 
stratum corneum remain high for as long as 2 weeks after 
application of the FFS (Newland and Abdel-Rahman, 2009). 
One large clinical trial enrolling 344 tinea pedis patients 
compared three FFS (1%, 5%, and 10%) in tinea pedis patients. 
A single-dose regimen showed effective treatment rates at 
6 weeks post-application of 66%, 70%, and 61%, respectively. 
Thus the two lower concentrations were not inferior to the 
10% formulation (de Chauvin, 2008). Another tinea pedis 
FFS trial enrolling 273 evaluable patients in France and 
Germany evaluated patients at 6 weeks post treatment and 
determined a mycological cure rate of 72%; recurrence, as 
measured by a positive culture at 3 months, was seen in only 
12.5% of subjects. As a further benefit, subjects reported a 
reduction in burning and itching symptoms within 15 minutes 
of application (Ortonne, 2006). Similarly, a recent 6- center 
tinea pedis trial enrolling 290 patients in China compared 
1% terbionafine FFS with FFS vehicle. Subjects were evalu-
ated 6 weeks after the single-dose application, with a myco-
logical cure rate determined to be 86% as compared to 12% 
for the vehicle alone. The 1% terbinafine FFS was also found 
to be significantly more effective than vehicle for the allevia-
tion of signs and symptoms, including erythema (69 vs. 29%), 
scaling (33 vs. 8%), and itching (70 vs. 30%) (Li, 2014). These 

multiple clinical trials evaluating the safety and efficacy of 
FFS formulation clearly show that this solution possesses 
potent efficacy and has a favorable safety profile. Moreover, the 
one-time application makes patient adherence a non-issue.

Terbinafine is also effective in the treatment of children 
with tinea capitis, especially those with Trichophyton infec-
tion. In a prospective, randomized, single-blinded study, ter-
binafine given for 2–3 weeks for the treatment of tinea capitis 
caused by Trichophyton spp. showed similar efficacy to griseo-
fulvin given for 6 weeks, with fewer side effects in the terbin-
afine arm (Baudraz-Rosselet et al., 1996; Gupta et al., 2001). In 
contrast to griseofulvin, it has been reported that terbina- 
fine is not as effective against Microsporum canis as against  
T. tonsurans (Gupta et al., 2001). However, a study compar-
ing the susceptibility pattern of terbinafine against dermato-
phytes isolates obtained from different regions of the world 
using a standardized method showed that terbinafine has 
potent in vitro activity against a variety of causative agents of 
tinea capitis, including T. tonsurans, M. canis, T. violaceum, 
and M. audouinii (Ghannoum et al., 2008; see Table 149.2). 
The data demonstrated that terbinafine is effective against all 
isolates tested, with an MIC range of 0.001–0.25 µg/ml, irre-
spective of the geographical region. Although correlation 
between in vitro data and clinical outcome has not been 
established, this study showed that terbinafine has potent in 
vitro activity against causative agents of tinea capitis.

7c.  Superficial candidiasis

Oral administration of terbinafine at a dose range between 
250 and 500 mg daily for 2–4 weeks resulted in mycological 
eradication with resolution of clinical symptoms and signs of 
Candida skin infection in 60% of patients (Villars and Jones, 
1989; Villars and Jones, 1992), in contrast to an 80% clinical 
efficacy and 93% mycological eradication with topical appli-
cation of terbinafine (Kagawa, 1989; Villars and Jones, 1989). 
Terbinafine 250 mg twice daily was as effective as ketoconazole 
200 mg daily for 4 weeks in the treatment of cutaneous candidi-
asis, with mycological cure rates of 82% and 73% in the terbina-
fine and ketoconazole group, respectively (Jung et al., 1994).

7d.  Pityriasis versicolor

Superficial infection caused by Pityrosporum orbiculare or 
ovale (M. furfur), does not respond to oral terbinafine. However, 
topical terbinafine 1% cream produces a mycological eradi-
cation in 85% patients and clinical efficacy in 80% (Jones, 1990; 
Leeming et al., 1997). Terbinafine 1% cream was found to be 
as effective as bifonazole 1% cream in a randomized study of 
treatment for 4 weeks for pityriasis versicolor with efficacy 
rates of 100% and 95%, respectively (Aste et al., 1991).

7e.  Other cutaneous infections

Clinical studies have shown that terbinafine is effective in the 
treatment of both cutaneous and lymphocutaneous sporo-
trichosis (Hull and Vismer, 1992; Perez, 1999). Patients with 
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chromoblastomycosis, phaeohyphomycosis, maduromycosis, 
and mucormycosis have been successfully treated with terbi-
nafine (Esterre et al., 1996). For instance, mycological cure 
was achieved in 82.6% and 75% of chromoblastomycosis 
cases caused by Fonsecaea pedrosoi and Cladosporium carri
onii, respectively, after 1 year of therapy (Esterre et al., 1996; 
Sevigny and Ramos-Caro, 2000). Sevigny and Ramos-Caro 
(2000) reported a case of chromoblastomycosis caused by  
F. pedrosoi treated with terbinafine that resulted in apparent 
cure in 4 weeks and complete resolution after 8 weeks of 
therapy. A report from Japan highlighted the success of oral 
terbinafine therapy in a case of longstanding chromoblasto-
mycosis that was refractory to flucytosine therapy and not 
suitable for surgical resection (Tanuma et al., 2000). In a recent 
report from China, longstanding infections with C. carrionii 
and F. pedrosoi were cured with terbinafine without relapse 
when followed up for 6 months (Xibao et al., 2005).
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1. DESCRIPTION

Butenafine hydrochloride (N-4-tert-butylbenzyl-N-methyl-
1-naphtha-lenemethylamine hydrochloride; KP-363) is a 
benzylamine derivative marketed under the trade name 
Mentax with a structure and mechanism of action similar to 
allylamine antifungal agents such as naftifine and terbinafine 
(Petranyi et al., 1984; Maeda et al., 1991). The chemical 
structure of butenafine is shown in Figure 150.1.

Butenafine was first approved in Japan in 1992 as a topical 
agent for the treatment of dermatophyte and cutaneous can-
didal infections. Currently, butenafine is the only topical 
benzylamine available as a prescription and topical agent for 
the treatment of tinea pedis, tinea cruris, tinea corporis, and 
tinea versicolor (pityriasis) (Rubin et al., 2002).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

DERMATOPHYTES

Butenafine is active against common dermatophytes includ-
ing Trichophyton mentagrophytes, T. rubrum, and Microsporum 
canis. In vitro, butenafine minimum inhibitory concentra-
tion (MIC) values against clinical isolates of T. rubrum range 
from 0.007 to 0.015 mg/l with corresponding minimum fun-
gicidal concentrations (MFCs) ranging from 0.015 to 0.0125 
mg/l (Penederm, 2001). Arika et al. (1990) reported butena-
fine MIC and MFC for M. canis of 0.025 and 0.05 mg/l, 
respectively, which were 4- to 130-fold lower than the values 

for other topical antifungals such as naftifine, tolnaftate, clotri- 
mazole, and bifonazole. Butenafine was also more active than 
comparator topical antifungals against T. rubrum, M. gyp seum, 
and Epidermophyton floccosum, with MIC/MFCs ranging 
from 0.012 to 0.05 mg/l (McNeely and Spencer, 1998; Pene-
derm, 2001).

In a guinea-pig dorsal skin trichophytosis model, butena-
fine was 30- to 60-fold more active than clotrimazole against 
arthroconidia of T. mentagrophytes, with MFCs of 0.012 mg/l 
(Arika et al., 1990). Notably, the activity of butenafine was 
not affected by inoculum size (Arika et al., 1993). Microbio-
logic eradication was achieved in 100% of butenafine-treated 
animals in skin sections infected with 104, 105, or 106 colony- 
forming units (CFUs). Conversely, microbiologic eradication 
with clotrimazole was achieved in only 98%, 46%, and 20% 
of animals infected with 104,105, or 106 CFUs per lesion, 
respectively (Arika et al., 1993).

Butenafine activity was also examined in an interdigital 
tinea pedis model induced in guinea pigs by inoculation with 
T. mentagrophytes (Arika et al., 1992). After 20 days applica-
tion of 1% butenafine, bifonazole, or no treatment, cultures 
of infected areas were positive in 8.3%, 44.2%, and 97.5% of 
skin sections, respectively. Assessment of fungal growth 30 days 
after drug cessation revealed fewer relapses in the butena fine 
group than in the bifonazole or control groups (Arika et al., 
1992). Similarly, topical butenafine 1% solution applied once 
every 24–48 hours prevented infection for up to 17 days with 
T. mentagrophytes in a guinea-pig model of dermatophytosis 
(Arika et al., 1990).

YEASTS

Butenafine inhibits the growth of Cryptococcus at concentra-
tions of 1–8 mg/l and Candida species at 25–100 mg/l (Gao 
et al., 2005). The 50- to 100-fold higher concentrations of 
drug required for antifungal effects against yeast versus der-
matophytes suggest that butenafine activity in these species 
is mediated primarily through direct membrane interactions 
rather than inhibition of squalene epoxidase (Maeda et al., 
1991; McNeely and Spencer, 1998). In a survey of the activity 
of topical antifungals against Malassezia furfur, Gupta and Figure 150.1. Chemical structure of butenafine.
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colleagues reported that butenafine was more active than 
either naftifine or tolnaftate, but was similar to clotrimazole, 
with MICs ranging from 1.56 to 6.25 mg/l (Gupta et al., 2000).

MOLDS

Few data are available describing the in vitro activity of butena-
fine against filamentous fungi. Gao and colleagues reported 
that butenafine MICs ranged from 1 to 4 mg/l in three clini-
cal isolates of Aspergillus fumigatus (Gao et al., 2005).

DIMORPHIC FUNGI

Butenafine is reported to be active against Sporothrix schenckii 
with MICs ranging from 0.007 to 0.125 mg/l (McNeely and 
Spencer, 1998).

3. MECHANISM OF DRUG ACTION

Similar to the allylamine antifungals, butenafine inhibits ergo - 
sterol biosynthesis in susceptible fungi, leading to altered 
fungal membrane sterol composition and inhibition of fun-
gal cell growth (Ryder, 1992; Rubin et al., 2002). The target of 
butenafine activity is squalene monooxygenase (epoxidase). 
This catalyzes the conversion of squalene to 2,3-oxidosqualene, 
which serves as a rate-limiting step in the fungal ergosterol 
biosynthesis pathway (Ryder, 1992; Rubin et al., 2002). At 
higher concentrations (e.g. > 12.5 mg/l), butenafine has been 
shown to accumulate in and disrupt the fungal cell membrane, 
leading to intracellular release of inorganic orthophosphate, 
cation loss, and lethal damage to the fungal cell wall (Iwatani 
et al., 1993; Mingeot-Leclercq et al., 2001).

Similar to other allylamine antifungals, butenafine may pos-
sess inherent anti-inflammatory activity that could be beneficial 
in the treatment of cutaneous fungal infections. Allyla mine 
antifungals such as naftifine (see Chapter 151, Naftifine) have 
been shown to inhibit polymorphonuclear leukocyte adhe-
sion to endothelia, leukocyte chemotaxis, and the respiratory 
burst activity of these cells (Solomon et al., 1993; Choi et al., 
1996). Naftifine also has been reported to inhibit 5-lipoxygenase 
synthesis, which may limit inflammatory cell accumulation 
(Solomon et al., 1993; Choi et al., 1996). Topical application of 
naftifine significantly reduces cutaneous erythema in healthy 
subjects following localized exposure to ultraviolet (UV) 
light (Jung, 1987). In similar studies, topical butenafine was 
as effective as naftifine and more effective than placebo or 
vehicle control in reducing cutaneous erythema following 
UV exposure, suggesting similar anti-inflammatory activity 
for the allylamine class (Nahm et al., 1999). However, the 
mechanism of butenafine anti-inflammatory activity has not 
been systematically studied.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Butenafine 1% cream (Mentax) is available in 15- and 30-g 
tubes. Butenafine 1% cream is also available as an over-the- 

counter formulation marketed as Lotrimin Ultra or Dr. Scholl’s 
Athlete’s Foot Cream (Canada).

Butenafine HCl 1% cream (Mentax) is indicated for the 
topical treatment of the following dermatologic infections: 
tinea (pityriasis) versicolor due to M. furfur, interdigital tinea 
pedis (athlete’s foot), tinea corporis (ringworm), and tinea 
cruris (jock itch) due to E. floccosum, T. mentagrophytes,  
T. rubrum, and T. tonsurans. The drug is available for topical 
use only, and should be applied to cover affected areas and 
immediately surrounding skin. For tinea versicolor (pityria-
sis), the recommended dosing schedule is application of the 
cream once daily for 2 weeks. For the treatment of interdigi-
tal tinea pedis, the cream should be applied to the affected 
area twice daily for 7 days or, alternatively, once daily for 
4 weeks. However, the 7-day dosing regimen of butenafine 
for tinea pedis is associated with higher relapse rates than 
the 4-week regimen (see below section 7, Clinical uses of the 
drug). Butenafine cream has not been studied, and it is not 
recommended for ophthalmic, oral, or intravaginal use.

4b.  Newborn infants and children

Safety and efficacy in pediatric patients below the age of 12 
years have not been studied. Use of butenafine 1% cream in 
patients 12–16 years of age, however, is supported by evi-
dence from studies in adults.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Butenafine is applied as a 1% topical cream that has limited 
systemic distribution. Percutaneous permeation of butenaf-
ine into the skin was measured by the application of 0.2 ml  
of 1% 14C-labeled butenafine cream applied to guinea-pig 
dorsal skin for 23 hours/day for 7 days (Arika et al., 1993). 
Butenafine was found to have good penetration into the epi-
dermis, especially the horny keratinized layer and hair folli-
cles. The concentration of butenafine 1% solution in skin was 
31.5 μg/g and 8.8 μg/g of tissue at 24 and 72 hours post appli-
cation, respectively (Arika et al., 1990).

5b.  Drug distribution

In a study conducted in healthy subjects for 14 days, 6 g of 
butenafine 1% cream was applied once daily to the dorsal 
skin (3000 cm2) of 7 subjects, and 20 g of the cream was 
applied once daily to the arms, trunk, and groin areas (10,000 
cm2) of another 12 subjects (Penederm, 2001). After 14 days 
of topical application, the 6-g dose group yielded mean peak 
plasma butenafine HC1 concentration (Cmax) of 1.4 ± 0.8 ng/
ml, occurring at mean time to peak plasma concentration 
(Tmax) of 15 ± 8 hours, and a mean area under the plasma 
concentration-time curve (AUC)0–24h of 23.9 ± 11.3 ng/ml h. 
For the 20-g dose group, the mean Cmax was 5.0 ± 2.0 ng/ml, 
occurring at a mean Tmax of 6 ± 6 hours, and the mean AUC 



2722 Butenafine

at 0–24 hours was 87.8 ± 45.3 ng/ml h. A biphasic decline 
of plasma butenafine HC1 concentrations was observed with 
the half-life estimated to be 35 hours and > 150 hours, 
respectively. At 72 hours after the last dose application, the 
mean plasma concentrations decreased to 0.3 ± 0.2 ng/ml for 
the 6-g dose group and 1.1 ± 0.9 ng/ml for the 20-g dose 
group. Low levels of butenafine HC1 remained in the plasma 
7 days after the last dose application (mean 0.1 ± 0.2 ng/ml 
for the 6-g dose group and 0.7 ± 0.5 ng/ml for the 20-g dose 
group). The total amount (or % dose) of butenafine HC1 
absorbed through the skin into the systemic circulation has 
not been measured.

In 11 patients with tinea pedis, 1% butenafine HC1 cream 
was applied to cover the affected and immediately surround-
ing skin area once daily for 4 weeks, and a single blood sam-
ple was collected between 10 and 20 hours following dosing 
at 1, 2, and 4 weeks after treatment. The plasma butenafine 
HC1 concentration ranged from undetectable to 0.3 ng/ml.

In 24 patients with tinea cruris, butenafine HC1 cream 1% 
was applied to cover the affected and immediately surround-
ing skin area once daily for 2 weeks (mean average daily dose: 
1.3 ± 0.2 g) (Lesher et al., 1997). A single blood sample was 
collected between 0.5 and 65 hours after the last dose, and the 
plasma butenafine HC1 concentration ranged from undetect-
able to 2.52 ng/ml (mean ± SD 0.91 ± 0.15 ng/ml). Four weeks 
after cessation of treatment, the plasma butenafine HC1 con-
centration ranged from undetectable to 0.28 ng/ml. Collectively, 
these studies suggest poor systemic distribution of the drug 
after topical administration (McNeely and Spen cer, 1998).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are minimal data regarding the clinically important phar-
macokinetic and pharmacodynamic features of butenafine.

5d.  Excretion

A primary metabolite of butenafine, formed through hydrox-
ylation at the terminal t-butyl side chain, has been detected 
in urine (Penederm, 2001).

5e.  Drug interactions

Potential drug interactions between topical butenafine cream 
1% and other drugs have not been systematically evaluated 
(Bertek, 2001).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Cutaneous reactions

Butenafine is well tolerated as a topical antifungal. In controlled 
clinical trials, 9/815 patients (approximately 1%) treated with 
butenafine cream reported adverse events related to the skin, 
which was similar to the rate found in patients treated with 
vehicle controls (Bertek, 2001). These reactions included 

burning/stinging at the application site and worsening of the 
treated condition. No patient treated with butenafine discon-
tinued treatment because of an adverse event. In open-label 
clinical trials, the most frequently reported adverse events 
during butenafine therapy were contact dermatitis, ery-
thema, irritation, and itching, each occurring in less than 2% 
of patients. Butenafine cream and solution are not consid-
ered to be skin irritants (Rubin et al., 2002). In provocative 
testing in over 200 subjects, there was no evidence of allergic 
contact sensitization for either the cream or the vehicle base 
for butenafine cream 1% (Bertek, 2001). In a patch test study 
of 36 healthy volunteers, butenafine did not result in any pos-
itive reactions, which were noted in 8.3% of patients challenged 
with econazole solution, 5.6% challenged with econazole 
solution, and 2.8% challenged with tolciclate cream.

6b.  Carcinogenesis and mutagenesis

Long-term studies to evaluate the carcinogenic potential of 
butenafine have not been conducted. Two in vitro assays (the 
bacterial reverse mutation test and the chromosome aberra-
tion test in Chinese hamster lymphocytes) and one in vivo 
study (the rat micronucleus bioassay) revealed no mutagenic 
or clastogenic potential for butenafine (Bertek, 2001).

In reproductive studies in rats, subcutaneous butenafine 
at a dose level of 25 mg/kg/day (six times the maximum pos-
sible systemic dose in humans based on mg/m2 comparison) 
did not cause any adverse effects on male or female fertility 
(Bertek, 2001).

Subcutaneous or topical doses of butenafine (25–50 mg/
kg/day; equivalent to 5–20 times the maximum possible sys-
temic dose in humans based on a mg/m2 comparison) were 
not teratogenic in rats and rabbits. In an oral teratogenicity 
study in rabbits (80, 200, and 400 mg butenafine HCl/kg/day; 
equivalent to 3–16 times the maximum possible systemic 
dose in humans based on mg/m2 comparison), no treatment- 
related external, visceral, or skeletal malformations or varia-
tions were observed.

6c.  Pregnancy

No adequate or well-controlled studies have been conducted 
of topically applied butenafine in pregnant women. Because 
animal reproduction studies are not always predictive of 
human response, this drug should be used during pregnancy 
only if the benefit outweighs the risk, as butenafine carries a 
class C pregnancy classification. It is not known if butenafine 
is excreted in human breast milk.

7. CLINICAL USES OF THE DRUG

The clinical efficacy of butenafine has been studied in com-
parison with vehicle control in several double-blind, placebo- 
controlled trials that have employed several endpoints for 
determining treatment success. These are summarized in 
Table 150.1 (Lesher et al., 1997; Savin et al., 1997; Tschen et 
al., 1997). “Mycologic cure” in butenafine trials was defined 
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by negative fungal culture and lack of organisms on a potas-
sium hydroxide wet mount. “Effective treatment” required 
mycologic cure and investigator assessment of clinical clear-
ing (100% remission) or excellent response (80–99%) of the 
infection. “Overall cure” was defined as mycologic cure and 
investigator assessment of “clinically cleared” infection. The 
most common causative pathogen in all trials (when specified) 
was T. rubrum.

7a.  Tinea pedis

In a large double-blind trial, butenafine 1% cream applied 
twice daily for 7 days achieved a significantly higher myco-
logic cure rate by day 8 than vehicle control (43% vs. 25%, 
respectively) in patients with tinea pedis (Savin et al., 1997). 
The difference in clinical efficacy between the butenafine 
group and the control group was evident up to 5 weeks after 
treatment cessation (day 42) (74% vs. 22%, respectively). The 
overall clinical cure rate was significantly higher in the butena-
fine group than in recipients of the vehicle control at day 42 
(20% vs. 1%).

In a smaller double-blind trial, patients with tinea pedis 
applied either butenafine 1% cream (n = 40) or vehicle (n = 
40) once daily for 4 weeks (Tschen et al., 1997). Mycologic 
cure rates at 4 weeks were 88% in the butenafine group com-
pared with 45% in controls. Overall cure rates at 8 weeks 
were significantly higher in butenafine-treated patients than 
in patients treated with the vehicle controls (23% vs. 5%, 
respectively).

7b.  Tinea cruris

Butenafine 1% cream (n = 37) or vehicle control (n = 39) was 
applied once daily for 2 weeks in patients with tinea cruris 
(Lesher et al., 1997). Mycologic cure at day 7 was 66% in 
the butenafine group compared with 13% in the vehicle con-
trol group. The higher cure rates in the butenafine-treated 
patients persisted to the 4-week post-treatment period. At 
day 42, mycologic cure rates were 81% for butenafine-treated 

patients compared with 13% for vehicle recipients. Overall 
cure rates at day 42 were 62% in the butenafine group com-
pared with 3% in the control group, suggesting a prolonged 
post-treatment effect in butenafine-treated patients (McNeely 
and Spencer, 1998).

7c.  Tinea corporis

In a double-blind trial in patients with tinea corporis, buten-
afine 1% (n = 42) was compared with vehicle alone (n = 36) 
once daily for 2 weeks (Greer et al., 1997). Mycologic cure 
rates were significantly higher in the butenafine group at day 
14 (88% vs. 24%) and at 4 weeks following treatment cessa-
tion (88% vs. 17%). Compared with patients randomized to 
vehicle alone, butenafine-treated patients had a significantly 
higher overall cure rate at day 14 (31% vs. 3%) and day 42 
(67% vs. 14%). The persistent clinical response to butenafine 
after treatment cessation was also evident in the global clini-
cal assessment at 5 weeks, when 85% of butenafine- and 20% 
of placebo-treated patients had “cleared or excellent response.” 
A clinical assessment of “worse” at 5 weeks was reported in 
28% of placebo- and 0% of butenafine-treated patients (Greer 
et al., 1997).

Thaker and colleagues compared the efficacy and cost- 
effectiveness of butenafine (1%) to topical (2%) sertaconazole 
in 125 patients with tinea corporis (Thaker et al., 2013). Patients 
applied the drug topically twice a day for 1 month on the 
lesions and were re-evaluated after 10 days. Among the 111 
patients who completed the study, 98% and 90% of the patients 
achieved a complete clinical response to therapy (resolution 
of lesions). Treatment with butenafine was determined to be 
more cost effective than sertaconazole. 

7d.  Tinea (pityriasis) versicolor

Two separate unpublished studies (described in the product 
labeling) compared the activity of butenafine 1% cream with 
vehicle alone (control) applied once daily for 2 weeks for the 
treatment of tinea versicolor (Bertek, 2001). Effective treatment 

Table 150.1. Effectiveness of 1% butenafine cream in double-blind, placebo-controlled trials.

Infection

Butenafine 
Mycologic 
Cure (%)

Placebo 
Mycologic 
Cure (%)

Time Assessed 
after Stopping 

Treatment (Weeks)
Butenafine/ 

Vehicle Alone
Treatment 
Duration

Application 
Per Day p-Value

Tinea pedis (Savin et 
al., 1997)

74 22 5 132/139 7 days 2 < 0.0001

Tinea pedis (Tschen 
et al., 1997)

88 32 4 40/40 4 weeks 1 < 0.001

Tinea cruris (Lesher 
et al., 1997)

81 13 4 37/39 2 weeks 1 < 0.0001

Tinea corporis (Greer 
et al., 1997)

88 17 4 42/36 2 weeks 1 < 0.0001

Tinea versicolor 
(Bertek Inc, 2001)

59 48 4 86/42 2 weeks 1 0.051

Adapted from Rubin et al. (2002).
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was defined as negative mycology and minimal presence of 
erythema, scaling, or pruritus. Complete response was defined 
as negative mycology plus complete absence of erythema, 
scaling, or pruritus. Although butenafine-treated patients 
were more likely to achieve an effective treatment response at 
the end of therapy than patients treated with the vehicle con-
trol (54–64% vs. 39–40%, respectively), a significant differ-
ence in complete cure rates was found in only one of the two 
studies at 8 weeks (51% vs. 36% compared with 35% vs. 23%). 
When data from these two studies were combined, buten-
afine treatment was associated with a statistically marginal 
improvement in clinical cure rates at 8 weeks post treatment 
compared with treatment with the vehicle controls (p = 0.051).

7e.  Multiple sites

The efficacy of butenafine compared to bifonazole nitrate 
has been assessed in a randomized double-blind trial of 96 
patients with various topical fungal infections (Mohammed 
and Bari, 2013). Of 96 patients, 48 applied butinafine cream 
and 48 applied bifonazole cream for 2 weeks to treat tinea 
versicolor, corporis, and cruris, while tinea of feet and hands 
was treated for 4 weeks’ duration. Efficacy was assessed after 
the end of treatment and 2 weeks later. At the end of therapy, 
butinafine was associated with slightly higher response rates 
(87.5% compared to bifona zole, 83.3%).
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Naftifine
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1. DESCRIPTION

Naftifine was the first allylamine antifungal agent to be devel-
oped, and has the chemical name (E)-N-cinnamyl-N-methyl-
1-naphthalene-methylamine hydrochloride. It was introduced 
to the market for clinical use in 1985. Unlike terbinafine, naf-
tifine is available only as topical 1% cream and gel (Stutz, 1988). 
It is fungicidal against dermatophytes and molds and exhibits 
fungistatic activity against yeasts. Naftifine possesses bacteri-
cidal properties against both Gram-positive and Gram-negative 
bacteria and also has an anti-inflammatory action due to 
vasoconstriction caused by inhibition of inflammatory medi-
ators such as prostaglandins and leukotrienes (Birnbaum, 
1990; Vago et al., 1994).

The chemical formula of naftifine is C21H21N and its molec-
ular weight is 287.40; the chemical structure is shown in 
Figure 151.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The in vitro inhibitory activity of naftifine is pH dependent, 
with maximal activity observed at neutral pH (Ryder et al., 

1984). In a series of recent in vitro studies by Ghannoum et 
al., the naftifine hydrochloride MIC range was 0.015 to 1.0 
μg/ml against dermatophyte strains, with naftifine being fun-
gicidal against 85% of Trichophyton isolates. Repeated expo-
sure of dermatophyte isolates to varying concentrations of 
naftifine did not result in an elevation in MIC, indicating that 
dermatophytes do not have the potential to develop resis-
tance to this antifungal (Ghannoum et al., 2013).

PATHOGENIC YEAST

The in vitro susceptibility of Candida spp. to naftifine varies 
widely, with a minimum inhibitory concentration (MIC) 
range of 1.56 to > 100 μg/ml. The activity of naftifine against 
Candida albicans, C. parapsilosis, C. krusei, and C. tropicalis 
appears to be poor for the majority of isolates that have been 
tested (Georgopoulos et al., 1981; Monk and Brogden, 1991).

DERMATOPHYTES

In vitro studies showed naftifine to be a potent inhibitor of 
Trichophyton spp., Microsporum spp., and Epidermophyton 
floccosum (Georgopoulos et al., 1981). Naftifine inhibited 99% 
of dermatophytes including Trichophyton rubrum, T. menta-
grophytes, M. canis, and E. floccosum at concentrations less 
than 1.0 μg/ml, and was found to be the most potent agent 
when compared with griseofulvin, natamycin, and several azole 
drugs (Macura, 1993).

MOLDS OR FILAMENTOUS FUNGI

Naftifine has variable activity against Aspergillus spp. with 
MICs in the range 0.8–12.5 μg/ml (Georgopoulos et al., 1981).

3. MECHANISM OF DRUG ACTION

Naftifine is highly selective for fungal sterol biosynthesis com- 
pared with mammalian sterol biosynthesis (Ryder, 1985). 
Naftifine acts in a selective manner by specifically inhibiting 
squalene epoxidase, a key enzyme in the biosynthesis of the 
essential fungal membrane component ergosterol, leading to 
accumulation of squalene in the cell and impairment of cell Figure 151.1. Chemical structure of naftifine.

N
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growth (Petranyi et al., 1984). In contrast to the cidal action 
of naftifine against dermatophytes, inhibitory azole antifungals 
permit the occurrence of mutations in the enzymes involved 
in ergosterol biosynthesis, and these ergosterol precursors 
are not toxic. Thus, azoles may potentiate the development of 
resistance in dermatophyte strains. (Ghannoum, 2015).

A differential mode of action of naftifine on dermatophytes 
and Candida spp. has been described. Although total block-
age of ergosterol synthesis is noted with dermatophytes, a 
reduction in ergosterol synthesis and residual sterol synthe-
sis by another pathway is observed in Candida spp. (Ryder 
and Dupont, 1985). In vitro morphologic studies of Candida 
organisms after exposure to naftifine reveal cytoplasmic accu-
mulation of lipid particles, alteration of the plasma membrane, 
and thickening of the Candida cell wall (Georgo  papa  da  kou 
and Bertasso, 1992). The greater in vitro activity against der-
matophytes is due to higher affinity of naftifine for the squalene 
epoxidase enzyme, and susceptibility of filamentous growth 
secondary to squalene accumulation (Ryder and Dupont, 1985; 
Favre and Ryder, 1996). 

In addition to its antifungal activity, naftifine exhibits anti- 
inflammatory properties (Evans et al., 1993). In one study, 
topical application of naftifine was equivalent to clotrimazole 
with 1% hydrocortisone with respect to clinical resolution of 
symptoms and to mycologic efficacy in patients with con-
firmed dermatomycosis (Evans et al., 1993). Characterization 
of naftifine anti-inflammatory activity showed that it inhibits 
chemotaxis and respiratory burst activity in polymorphonu-
clear leukocytes and decreases adherence of these cells to 
endothelial monolayers (Solomon et al., 1993; Choi et al., 
1996). Naftifine can also attenuate the expected erythema 
response when applied after UV irradiation (Rosen et al., 
1997). More recently, naftifine has been shown to significantly 
reduce cell viability in lymphoma and multiple myeloma cell 
lines in vitro. This toxicity is due to the chemical similarity 
to known Wnt (Wingless-related integration site) inhibitors, 
which show promise as targeted therapies for cancers caused 
by aberrant activation of Wnt/beta-catenin signaling (Schmeel 
et al., 2015).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Naftifine is only used topically and is available in the follow-
ing preparations: 1% and 2% cream (naftifine hydrochloride 
with benzyl alcohol) and 1% and 2% gel (naftifine hydro-
chloride with alcohol 52%). The recent addition of 2% for-
mulations has been shown to provide a post-therapy reservoir 
effect (Del Rosso and Kircik, 2013).

Recommended doses for tinea corporis, tinea cruris, and 
tinea pedis are cream or gel applied to affected areas once 
daily for 2 weeks. Physicians often prescribe systemic therapy 
for moccasin-type tinea pedis; however, a recent clinical trial 
has shown that once-daily treatment with 2% naftifine gel is 
an effective monotherapy for moccasin tinea pedis (Stein Gold, 
2015).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

There is no oral formulation of naftifine. Systemic absorption 
following topical application of naftifine 1% cream or gel is 
negligible, accounting for 3–6% of the dose.

5b.  Drug distribution

Naftifine penetrates the epidermis after topical application. 
Inhibitory concentrations of naftifine for T. rubrum and T. men-
tagrophytes persist in the stratum corneum for at least 24 
hours following a single application of the drug, and possibly 
up to 5 days (Meinicke et al., 1984; Stoughton et al., 1989). The 
concentration of naftifine in the stratum corneum reaches 300 
times the MIC for most dermatophytes (Stoughton et al., 1989).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are few data correlating the pharmacokinetic and phar-
macodynamic parameters of naftifine with clinical efficacy, 
although efficacy is generally considered to be related to local 
drug concentrations.

5d.  Excretion

Approximately 40–60% of an absorbed dose is excreted in 
urine as unchanged drug and its metabolites, and the remain-
ing 40–60% is eliminated as metabolites by biliary excretion 
in the feces. Metabolism occurs by at least two mechanisms, 
oxidation of the phenyl and naphthyl rings and N-dealkylation 
(Schatz et al., 1986).

5e.  Drug interactions

Given the negligible drug absorption, there are no expected 
drug–drug interactions.

6. ADVERSE REACTIONS AND TOXICITY

Topical application of naftifine gel or cream is generally well 
tolerated. Systemic adverse effects have not been reported in 
clinical trials and local irritation rarely requires treatment 
discontinuation (Millikan et al., 1988; Jordon et al., 1990). 
Local irritation tends to occur during the early stages of treat- 
ment. In a large Japanese trial reported by Kagawa (1987), 
local adverse effects such as burning, stinging, and pruritus 
at the site of application occurred in about 2% of patients 
treated with naftifine compared with 5% receiving clotrima-
zole. In the same study, dermatitis related to naftifine therapy 
occurred in only 2% of patients. Several instances of allergic 
contact dermatitis related to topical application of naftifine 
have been reported (Senff et al., 1989; Willa-Craps et al., 1995; 
Corazza et al., 2005).
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7. CLINICAL USES OF THE DRUG

Naftifine applied once daily has shown to be effective in the 
treatment of tinea pedis, tinea cruris, tinea corporis, and 
pityriasis versicolor (Millikan et al., 1988; Anon, 1990; el 
Darouti and Kalinka, 1990; Jordon et al., 1990). Compared 
with vehicle control, naftifine resulted in significantly better 
mycologic and clinical cure rates, although mycologic cure 
rates were better with tinea cruris or corporis than with tinea 
pedis (Jordon et al., 1990). Naftifine has demonstrated a more 
rapid onset of action in the treatment of tinea cruris and 
tinea corporis in comparison with econazole, with a myco-
logic cure rate with naftifine after 2 weeks therapy exceeding 
80% (Millikan et al., 1988).

Naftifine cream has also proved to be efficacious in the 
management of chronic dermatomycosis due to T. rubrum 
resistant to griseofulvin, topical azoles, and ciclopiroxolamine 
(Rosen et al., 1991).

Despite poor in vitro naftifine activity against C. albicans, 
application of 1% cream twice daily for 3–4 weeks in patients 
with cutaneous candidiasis has been shown to be effective 
(Zaias et al., 1988). In one study the mycologic cure rates 
ranged from 83% to 93%, and therapeutic success rates 2 
weeks following end of therapy were in the range of 73–77% 
(Zaias et al., 1988).
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1. DESCRIPTION

Ketoconazole (Nizoral) is a member of the imidazole class of 
antigungal agents. It is structurally related to clotrimazole and 
miconazole, and similarly has a wide spectrum of antifungal 
activity. Clinical research with ketoconazole began in 1977. It 
was marketed in the United States in 1981, and subsequently 
in other countries (Janssen and Symoens, 1983; Lewis et al., 
1984). It has the advantage of being orally bioavailable.

Ketoconazole was developed at Janssen Pharmaceutica 
Research Laboratories (Heeres et al., 1979). Its molecular for-
mula is C26H28Cl2N2O4 (ds-1-acetyl-4-[4 phenyl] piperazine). It 
has a molecular weight of 531.44 Daltons. The structure is 
shown in Figure 152.1. It binds to one of the cytochrome 
P450 enzymes, resulting in the inhibition of the synthesis 
of ergosterol, which is an essential component of fungal cell 
membranes.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The in vitro activity of ketoconazole against a large variety of 
fungi is summarized in Table 152.1. For many of these species, 

published minimum inhibitory concentrations (MICs) have 
a wide range. In the early studies, broth dilution susceptibil-
ity testing for ketoconazole and the other imidazole antifungal 
agents was difficult to interpret and compare across studies 
because of different methodologies, the influence of an inoc-
ulum effect (Galgani and Stevens, 1978; Cook et al., 1990), 
the composition of the medium (Doern et al., 1986; Morace 
et al., 1991), the pH of the medium (Minagawa et al., 1983), and 
both the duration and temperature of incubation (Stevens, 
1984). There was also the problem of reading the MIC owing 
to lack of a clear visual end point (Odds, 1979). Thus, the 
interpretation of ketoconazole MICs has not been well defined. 
There is a lack of correlation between the MIC of ketocona-
zole for pretreatment isolates and clinical response following 
treatment (Shadomy et al., 1985) and results of ketoconazole 
therapy in a systemic candidiasis animal model (Polak et al., 
1985). In addition, interpretation of the MICs of ketocona-
zole in early studies is clouded by methodology. An example 
is the difference in susceptibility of Candida glabrata when 
tested with the agar dilution method (highly sensitive) and 
broth dilution method (resistant). In vivo, ketoconazole does 
not appear to be effective for C. glabrata infection in immu-
nocompetent or immunocompromised mice, which correlates 
with the broth microdilution tests and not the agar dilution 
method (Nobre et al., 1989). However, a study using the 
Clinical and Laboratory Standards Institute (CLSI) standard 
MIC method demonstrated that a cutoff MIC of ketocona-
zole > 0.12 μg/ml was associated with increased treatment 
failure (Cartledge et al., 1997b). Caution is recommended 
when interpreting ketoconazole MICs and predicting clinical 
response.

The CLSI (previously National Committee for Clinical 
Laboratory Standards) published an approved broth-based M27 
method for testing yeasts in 1997 and M38 methods for molds 
in 1998. These methods have significantly improved interlabo-
ratory reproducibility. MICs of ketoconazole for yeasts based 
on the M27 method have been widely reported, but keto-
conazole MICs for molds based on the M38 method are limited. 
The CLSI approved the M44 methodology for antifungal disk Figure 152.1. Chemical structure of ketoconazole. 
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diffusion susceptibility testing. The usefulness of MIC deter-
minations relies on the ability to use this information in the 
clinical setting. Unfortunately, this is not easy or straightfor-
ward, as in vitro susceptibility testing does not always predict 
successful clinical outcomes in vivo (Heel, 1982; Shadomy 
et al., 1985). In the case of C. albicans, there are differences 
in susceptibility to ketoconazole, depending on whether the 

yeast or mycelial form of the fungus is tested. Pseudomycelial 
forms are more susceptible (Borgers et al., 1983). Germ tube 
formation and elongation is a prerequisite for mycelial for-
mation. Keto conazole (and miconazole) inhibit germ tube 
elongation in C. albicans, and this action correlates more 
closely with the in vivo efficacy of ketoconazole than MIC 
determinations by conventional methods (Johnson et al., 

Table 152.1. In vitro activity (µg/ml) of ketoconazole against yeasts and molds.

Organisms

MIC Range

CLSI 
Methoda

Non-CLSI 
Method

Yeast

Candida spp.

C. albicans ≤ 0.015–16

C. dubliniensis 0.01–8

C. guilliermondii 0.125–0.5

C. famata 0.25–16

C. inconspicua 0.5–> 16

C. krusei 0.125–8

C. parapsilosis 0.062–2

C. pelliculosa   1–2

C. tropicalis 0.03–0.25

C. kefyr (pseudotropicalis) 0.06–1

C. lusitaniae ≤ 0.03–0.125

C. lipolytica 0.5–8

C. rugosa 12.5c

C. glabrata (Torulopsis glabrata) 0.125–4 0.78b

Blastoschizomyces capitatum
Cryptococcus neoformans 0.008–1

Malassezia furfur 0.02–0.5b

0.05–4c

Pichia anomala (Hansenula 
anomala)

0.39b

Rhodotorula rubra 0.5–2

Saccharomyces cerevisae 0.06–> 16

Trichosporon beigelii 0.09–0.78b

Dimorphic fungi

Histoplasma capsulatum 0.05–0.2b

0.1–5c

Blastomyces dermatitidis ≤ 0.004–0.25

Coccidioides spp. 0.03–0.12

Paracoccidioides brasiliensis 0.001–0.5

Penicillium marneffei < 0.125

Sporothrix schenckii 0.008–16

Mold

Aspergillus spp.

A. fumigatus   1–4

A. flavus 0.125–2

A. niger ≤ 0.016–2

Dematiaceous fungi

Alternaria alternata 7.8c

Organisms

MIC Range

CLSI 
Methoda

Non-CLSI 
Method

Bipolaris spp. 0.1–3.2b

Cladosporium spp. 0.02–0.08c

Cladosporium carrionii 0.05–2.0c

Curvularia spp. 0.06–32

Dactylaria spp. 2.5–5c

Exophiala jeanselmei   1–5b

0.1b

Exserohilum spp. 0.2–3.2b

Fonsecaea pedrosoi 0.05–1.56c

Phialophora parasitica 0.1b

Phialophora verrucosa 0.1c

Wangiella dermatitidis 0.075–0.15c

Zygomycetes

Mucor spp.   2–16

Rhizopus spp.   1–16

Conidiobolus spp. 0.195–1.56b

Basidiobolus spp. < 0.098–1.56b

Dermatophytes

Trichophyton spp. 0.008–> 4

Microsporum spp. 0.01–8

Epidermophyton spp. 0.01–2

Hyphomycetes

Pseudallescheria boydii complex 0.12–4

Scedosporium spp. 0.5–16

Madurella spp. 0.01–5b

Pythium insidiosum < 0.195–50b

aCLSI, the Clinical and Laboratory Standards Institute.
bSusceptibility tests were performed by broth dilution methods that were 

not based on CLSI protocol.
cSusceptibility tests were performed by agar dilution methods that were 

not based on CLSI protocol.
Compiled from data published by Faegermann, 1984; Sugar and Stevens, 

1985; Dixon and Polak, 1987; Marcon et al., 1987; Okeke and Gugnani, 
1987; Polak and Dixon, 1987; Yangco et al., 1987; Haron et al., 1988; 
Iwatsu, 1988; Venugopal et al., 1990; Morace et al., 1991; Sekhon et 
al., 1992; Zhanel et al., 1997; Guarro et al., 1999; Hoban et al., 1999; 
Barchiesi et al., 2000; Hahn and Hamdan, 2000; Carrillo and Guarro, 
2001; Fernandez-Torres et al., 2001; Imwidthaya et al., 2001; Karaca and 
Koc, 2004; Gilgado et al., 2006; Salgado-Parreño et al., 2006; Almyroudis 
et al., 2007; Ramani and Chaturvedi, 2007.
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1983; Johnson et al., 1984). In addition, in vitro resistance 
does not always correlate with clinical failure.

PATHOGENIC YEASTS

Cryptococcus neoformans and Candida spp. are usually sensi-
tive to ketoconazole (Hernandez Molina et al., 1992; Martin 
et al., 1992; Czaika et al., 2014). In vitro ketoconazole activity 
obtained by the CLSI methods against common and emerg-
ing uncommon Candida isolates have been determined 
(Barchiesi et al., 2000; Salgado-Parreño et al., 2006; Nawrot 
et al., 2005; Fadda et al., 2008; Seneviratne et al., 2011). Some 
investigators have described a bimodal pattern of response to 
ketoconazole for C. albicans in susceptibility testing (Espinel-
Ingroff et al., 1984; Hussain Qadri et al., 1986; Hernandez 
Molina et al., 1992). The drug had a beneficial effect on exper-
imental Candida and C. neoformans infections in animals (Heel, 
1982; Van Cutsem, 1983). A large study was recently pub-
lished in which 4860 clinical yeast isolates from a variety of 
patients and clinical settings in Germany and Austria col-
lected between 1997 and 2009 were analyzed for their sus-
ceptibility to fluconazole, itraconazole, ketoconazole, and 
voriconazole (Czaika et al., 2014). Antifungal susceptibility 
testing was performed using the microdilution method and 
the following test ranges: 0.0625–128, 0.008–16, 0.016–16, and 
0.008–16 μg/ml for fluconazole, itraconazole, ketoconazole, 
and voriconazole, respectively. Breakpoints for ketoconazole 
were defined as susceptible ≤ 0.25 and resistant > 0.5 μg/ml, 
except for C. albicans, C. parapsilosis, and C. tropicalis, for 
which susceptibility was defined as ≤ 0.125 and resistance  
> 0.125 μg/ml. Overall, 83% of isolates were susceptible to 
ketoconazole. In terms of Candida species, 89%, 57%, 60%, 
71%, 94%, 36%, 82%, and 70% of C. albicans (n = 2173), C. gla
brata (n = 889), C. tropicalis (n = 437), C. parapsilosis (n = 293), 
C. dubliniensis (n = 46), C. sake (n = 22), C. inconspicua (n = 
19) and other Candida species (n = 46), respectively, were 
susceptible to ketoconazole. For non-Candida yeast isolates, 
76%, 85%, 64%, 66%, 47%, 84%, 53%, 93%, 86%, 75%, and 
29% of Debaromyces hansenii (n = 11), Kluyveromyces marx
ia nus (n = 70), Meyerozyma guilliermondii (n = 46), Magnu
sio myces capitatus (n = 24), Pichia norvegensis (n = 15), 
Saccharomyces cerevisiae (n = 66), Yarrowia lipolytica (n = 
17), Cryptococcus neoformans (n = 56), Exophiala dermatidis 
(n = 60), Malas sezia furfur (n = 66), and Trichosporon asahii 
(n = 14), respectively, were found to be susceptible to keto-
conazole. Pityro sporum orbicularis (Malassezia furfur) is also 
sensitive, and ketoconazole is protective against experimen-
tal rabbit tinea versicolor (Faergemann, 1984). In vitro sus-
ceptibility data on 76 clinical isolates of Malassezia species 
obtained by a modified microdilution method based on the 
CLSI M27-A3 demonstrated that ketoconazole and itracon-
azole had the highest activity against these isolates (Carrillo-
Munoz et al., 2013). Overall, Malassezia sympodialis and  
M. pachydermatis were found to be more susceptible species 
than M. furfur, M. globosa, M. slooffiae, and M. restricta. In 
another study from Argentina, 73 Malassezia spp. isolates (39 
M. furfur, 20 M. sympodialis, and 14 M. globosa) were tested 

by the broth microdilution method in accordance with CLSI 
M27-A3 (Rojas et al., 2014). Ketoconazole MICs ≤ 0.06 μg/ml 
were observed for 90% of the isolates tested.

DIMORPHIC FUNGI

Blastomyces dermatitidis, Coccidioides immitis, Histoplasma 
capsulatum, H. duboisii, and Paracoccidioides brasiliensis are 
all usually susceptible (Cuce et al., 1980; Negroni et al., 1980; 
Restrepo et al., 1980; Welsh et al., 1980; Stevens et al., 1983). 
Shadomy et al. (1985) found that B. dermatitidis, C. immitis, and 
H. capsulatum were uniformly susceptible to ketoconazole, 
the majority of strains being inhibited by a concentration  
< 0.39 µg/ml. The studies using the CLSI method also showed 
no in vitro resistance to ketoconazole in Blastomyces spp. 
(Zhanel et al., 1997) and Coccidioides spp. (Ramani and 
Chaturvedi, 2007). In addition, P. brasiliensis is highly sus-
ceptible to ketoconazole (San-Blas et al., 1993). Hahn and 
Hamdan (2000) confirmed this finding using the suscepti-
bility test proposed by CLSI. Ketoconazole has been shown 
to be efficacious in murine models of blastomycosis (Lefler 
et al., 1985) and fungistatic in murine coccidioidomycosis 
(Hoeprich and Merry, 1985) and histoplasmosis (Polak and 
Dixon, 1987). Sporothrix schenckii may be sensitive, but results 
may vary with the in vitro test employed (Shadomy et 
al., 1985). The in vitro activity of S. schenkii to ketoconazole 
was determined using the commercially available Sensitre 
YeastOne (SYO; Trek Diagnostic Systems, UK), the broth 
dilution test based on the CLSI method (Alvarado-Ramirez 
and Torres-Rodriguez, 2007). In a large study from Brasil, 
85  isolates of Sporothrix schenckii were examined by broth 
microdilution (M38-A2) in vitro antifungal susceptibility 
method (Ottonelli Stopiglia et al., 2014). Overall, terbina fine 
was the most active agent (MIC: 0.01–0.5 µg/ml) followed 
by ketoconazole (0.03–1.0 µg/ml). In addition, ketoconazole 
showed a large minimum fungicidal concentration with a 
range (0.06–16 µg/ml).

MOLDS OR FILAMENTOUS FUNGI

Using the CLSI in vitro susceptibility testing of filamentous 
fungi (M38), some strains of Aspergillus spp. may be sensitive 
to ketoconazole. However, the MIC breakpoints for antifungals 
have not been defined. Similarly, the agents that cause chrom o-
blasto mycosis (Cladosporium, Fonsecaea, and Phialophora spp.) 
may be susceptible to ketoconazole. Its action against the 
zygomycetes of the order Mucorales, such as the genera Cun
ning hamella, Rhizopus, Absidia, and Mucor, is poor (Eng et 
al., 1981; Almyroudis et al., 2007). Zygomycetes of the order 
Entomophthorales of the genera Basidiobolus and Conidio
bolus are sometimes sensitive (Drouhet and Dupont, 1983; Van 
Cutsem, 1983; Yangco et al., 1984). Fusarium spp. are gener-
ally resistant to ketoconazole (Reuben et al., 1989). Madurella 
spp. and Pseudallescheria boydii, which are causes of eumyce-
toma, may be sensitive to ketoconazole (Venugopal et al., 1990; 
Gilgado et al., 2006, respectively). It is highly active against 
many strains of the dermatophytes, including Microsporum, 
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Trichophyton, and Epidermophyton spp. (Venugopal et al., 1993; 
Zhanel et al., 1997; Fernández-Torres et al., 2001).

ACTINOMYCETES

Bacteria of this group, Actinomadura, Nocardia, and Strep
tomyces spp., are usually resistant (Heel, 1982; Martin, 1982). 
However, a recent study by Dabbs et al. (2003), with a limited 
number of organisms, suggested that ketoconazole may have 
some in vitro activity against Rhodococcus equi and Nocar 
dia spp.

MYCOBACTERIA

Ketoconazole has been shown to have in vitro activity against 
Mycobacterium tuberculosis, with MICs ranging from 8 to 16 
µg/ml (Byrne et al., 2007). In the same study, the in vivo 
activity of ketoconazole was also tested in the murine model 
of pulmonary tuberculosis (TB). The results demonstrated 
that ketoconazole alone had only a slight bacteriostatic effect 
after short-term treatment. However, when combined with 
isoniazid, pyrazinamide, and rifampicin, ketoconazole sig-
nificantly increased clearance of the bacteria. The role of 
keto conazole in TB treatment remains to be further elucidated. 
Ketoconazole also may be active in vitro against M. avium 
(Peitila et al., 2006).

OTHER BACTERIA AND PROTOZOA

Like the other imidazole drugs, ketoconazole has some in 
vitro activity against certain Gram-positive bacteria, includ-
ing Staphylococcus aureus and S. epidermidis; however, the 
activity is not sufficient to be of clinical relevance (Heeres et 
al., 1979). Ketoconazole has also been found to be inhibitory 
to Helicobacter pylori (causative agent of chronic atrophic 
gastritis) with an MIC range of 16–64 µg/ml (Ansorg et al., 
1996). No in vivo effect has been documented to date. Con- 
flicting results have been reported for the activity of keto-
conazole against isolates of Trichomonas vaginalis. Minimal 
in vitro activity was demonstrated by Sears and O’Hare (1988) 
compared with similar activity with metronidazole demon-
strated in another study which used a smaller inoculum of 
trichomonads (Sugarman and Mummaw, 1988).

MALARIA

Ketoconazole is active in vitro against chloroquine-susceptible 
and chloroquine-resistant Plasmodium falciparum strains (Pfal-
ler and Krogstad, 1981). Ketoconazole, when combined with 
mefloquine, was shown to reverse the mefloquine resistance 
of P. knowlesi in vitro (Tripathi et al., 2005). This finding may 
be applied to mefloquine-resistant P. falciparum.

LEISHMANIA

The drug has antileishmanial activity in vitro against Leish
mania tropica in human macrophages (Berman, 1981). The 
ED50 of ketoconazole for macrophage-containing L. tropica 
amastigotes was 11.3 µg/ml (Berman and Gallalee, 1985). 
Ketoconazole was found to be ineffective against L. major 
and L. mexicana in the murine model of cutaneous leish-
maniasis (Weinrauch and El-On, 1984). However, in a later 

study, five of eight patients with cutaneous leishmaniasis 
caused by L. major were successfully treated with oral keto-
conazole (Weinrauch et al., 1987).

TRYPANOSOMES

Ketoconazole protects mice against death caused by infec-
tion with Trypanosoma cruzi (the cause of Chagas disease) and 
it also inhibits the intracellular multiplication of amastigotes 
in vitro (McCabe et al., 1983; McCabe et al., 1984). However, 
ketoconazole failed to cure patients with chronic Chagas dis-
ease (Brener et al., 1993).

AMOEBA

Ketoconazole has an amebicidal effect on Naegleria fowleri 
with an MIC of 0.1–0.3 µg/ml (Smego and Durack, 1984; 
Goswick and Brenner, 2003).

VIRUSES

Antiviral activity against herpes simplex virus 1 (HSV-1) and 
HSV-2 was demonstrated for ketoconazole in a yield reduc-
tion assay. Synergistic activity with acyclovir was also demon-
strated (Pottage et al., 1986). Clinical efficacy of ketoconazole 
as a prophylactic agent against HSV-2 infections was sug-
gested in a report of cessation of 2-weekly recurrences of 
genital HSV for the 5 months’ duration of ketoconazole 
treatment for vulvovaginal candidiasis (Tkach and Rinaldi, 
1983). In contrast, Pecyk et al. (1989) failed to demonstrate 
the antiviral activity of ketoconazole against HSV-2 in mice 
(ED50 > 60 mg/kg). No other clinical studies have been per-
formed to evaluate a role, if any, for ketoconazole in recur-
rent HSV infections. Hepatitis B surface antigen production 
in a chronically infected hepatoma cell line has also been 
shown to be inhibited by ketoconazole (Pottage and Kessler, 
1985). The mechanism of action of this antifungal agent on 
viral replication is unknown.

2b.  Emerging resistance and 
cross-resistance

Early reports of apparent ketoconazole resistance (Church 
et al., 1982; Horsburgh et al., 1982) have been attributed to 
varying results obtained by differing laboratory methodol-
ogy on pretreatment and post-treatment isolates (Levine, 1982) 
and to the lack of a standard to define resistance (Blatchford 
et al., 1982; Odds, 1982). In addition, the immunologic status 
of the patient may partly determine the clinical response to 
antifungals. Nevertheless, Warnock et al. (1983), using germ 
tube growth, showed that mycelial formation of a particular 
C. albicans strain was not inhibited to the same degree as 
other clinical isolates. The strain was isolated from a child with 
chronic mucocutaneous candidiasis who had not responded 
to ketoconazole. Two other patients with chronic mucocuta-
neous candidiasis, who had both received prolonged courses 
of oral ketoconazole, appeared to develop highly resistant  
C. albicans strains associated with clinical relapse (Horsburgh 
and Kirkpatrick, 1983). Furthermore, when the three strains 
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described by Horsburgh and Kirkpatrick (1983) and War-
nock et al. (1983) were tested by three different laboratory 
methods, they were shown to be less sensitive to ketoconazole 
than other strains tested; however, pretreatment strains were 
not available for comparison. O’Connor and Sobel (1986) 
evaluated vaginal isolates of C. albicans prior to treatment, 
and following long-term therapy with ketoconazole, in 115 
women with recurrent vulvovaginal candidiasis but were unable 
to demonstrate acquisition of resistance in those who received 
either low-dose long-term treatment or cyclical therapy. There 
was no evidence for selection of  ketoconazole-resistant Candida 
spp. other than C. albicans either. When ketoconazole was 
given as prophylaxis to immunocompromised patients, the 
emergence of C. glabrata strains was reported in three stud-
ies; however, this observation was not seen in other ketocona-
zole prophylaxis studies (Odds, 1993). With the emer gence 
of AIDS, azole antifungal agents were widely used to prevent 
and treat oral candidiasis in this group of patients. Con-
sequently, azole drug resistance became more problematic. 
Candida strains resistant to ketoconazole were isolated from 
two patients with AIDS treated with the drug for prolonged 
periods (Tavitian et al., 1986). Surprisingly, the incidence of 
acquired azole resistance in HIV patients receiving keto-
conazole was low (St-Germain et al., 1995). This might sug-
gest that ketoconazole has a low potential to induce azole 
resistance. In fact, more recent data from high-risk hematol-
ogy malignancy patients suggest that ketoconazole resistance 
among Candida species has emerged in these sensitive patient 
populations. For instance, the susceptibility of 206 Candida 
isolates from 57 adult (106 isolates) and 40 pediatric (100 iso-
lates) patients with hematologic malignancies between 1999 
and 2001 to six antifungal agents (amphotericin B, flucyto-
cine, miconazole, ketoconazole, fluconazole, and itraconazole) 
was analyzed (Nawrot et al., 2005). Susceptibility testing was 
performed using the microdilution method Fungitest (Bio-
Rad, Marnes-la-Coquette, France) and breakpoint concen-
trations for ketoconazole were defined between 0.5 and 4 µg/
ml. Among C. albicans isolates, 8.1% and 6.8% from pediat-
ric and adult patients, respectively, were found resistant to 
ketoconazole. Overall, the majority of C. albicans isolates 
were susceptible to ketoconazole: 74% of pediatric and 84% 
of adult strains. Among non-albicans Candida isolates, 54% 
isolates from children and 47% isolates from adults were sensi-
tive to ketoconazole, respectively. Two C. glabrata, one C. incon
spicua, one C. norvegensis, one C. tropicalis, and one Candida 
species isolates were found to be resistant to ketoconazole. In 
a study from Italy where 472 Candida isolates from over a 
3-year period, resistance to ketoconazole was reported in up 
to 4.1% of C. albicans isolates (an additional 3.2% of C. albi
cans isolates were found to be dose-dependent susceptible 
to ketoconazole (Fadda et al., 2008). In a smaller study that 
included 49 isolates from patients with candidemia (23 isolates 
from Hong Kong and 26 isolates from Finland), antifungal sus-
ceptibility was performed against ketoconazole, itraconazole, 
voriconazole, fluconazole, amphotericin B, and caspofungin 
(Seneviratne et al., 2011). All C. albicans (n = 25), C. tropicalis  
(n = 7), C. dubliniensis (n = 4), and C. guilliermondii (n = 1) 

isolates were susceptible to ketoconazole using both the CLSI 
M44-A disc diffusion and M27-A2 broth microdilution 
assays. Only 25%, 50%, and 25% isolates of C. krusei (n = 1), 
C. glabrata (n = 2), and C. parapsilosis (n = 1) were resistant 
to ketoconazole when tested with the CLSI M44-A disc dif-
fusion assay. When these isolates were retested with the CLSI 
M27-A2 broth microdilution assay, all C. krusei isolates (n = 
4) were found to be resistant to ketoconazole. Moreover, 
Czaika et al. (2014) reported that 78% compared to 84% of 
4860 clinical yeast isolates were susceptible to ketoconazole 
between 2002–2008 and 1998–2001, respectively. 

Ketoconazole cross-resistance in C. albicans has also been 
described in HIV-infected patients who have been on pro-
longed fluconazole therapy (Johnson et al., 1995). Forty per-
cent of Candida isolates from patients receiving long-term 
daily fluconazole therapy showed fluconazole resistance, and 
62% of these isolates were also resistant to ketoconazole. 
Similarly, among 700 C. albicans isolates from HIV-positive 
patients, 35% of the isolates were resistant to fluconazole and 
59% of fluconazole-resistant isolates were cross-resistant to 
ketoconazole (Cartledge et al., 1997a). Additional observa-
tions of azole cross-resistance have been reported among 
Candida spp. (Barchiesi et al., 1999). The development of 
azole cross-resistance is likely associated with a history of 
greater previous azole exposure in HIV-infected patients. 
Nawrot et al. (2005) reported that non-albicans Candida spp. 
isolated from patients with hematologic diseases receiving 
ketoconazole prophylaxis were significantly more frequently 
resistant to fluconazole than those from patients without 
prophylaxis. In contrast, ketoconazole cross-resistance was 
not found in Trichophyton rubrum isolates exhibiting the flu-
conazole resistance (Santos and Hamdan, 2007).

Hahn et al. (2003) reported the first case of ketoconazole 
and trimethoprim–sulfamethoxazole (TMP-SMX)-resistant 
Paracoccidiodes brasiliensis. The patient was a 22-year-old man 
with paracoccidiodomycosis who was treated with TMP-
SMX for 2 years with a good clinical response, and subse-
quently treated with ketoconazole for 1 year because of 
recurrent disease. The following year, he developed dissemi-
nated paracoccidiodomycosis. The MIC of ketoconazole for 
P. brasiliensis was 8 µg/ml determined by a broth macrodilu-
tion test.

2c. In vitro synergy and antagonism

The combination of ketoconazole and amphotericin B may 
be synergistic, additive, or antagonistic in vitro, and in animal 
models against a variety of fungi. In experimental murine 
cryptococcosis and histoplasmosis, the combination of ampho-
tericin B and ketoconazole produced a modest additive effect 
(Graybill et al., 1980a). Significant antagonism has been demon-
strated for the combination of ketoconazole and amphoteri-
cin B, or pretreatment with ketoconazole and subsequent 
treatment with amphotericin B in the murine model of 
aspergillosis (Sugar, 1995). Ketoconazole plus flucytosine has 
synergistic in vitro fungistatic activity against Candida spp., 
but no fungicidal activity (Beggs and Sarosi, 1982; Hughes et 
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al., 1986). The combination is also additive or moderately syn-
ergistic in the murine model of candidiasis (Polak et al., 1982), 
and additive in murine cryptococcosis. Unlike miconazole, 
ketoconazole does not show synergy with rifampicin against 
Candida spp. (Moody et al., 1980). Also, the addition of rifa- 
mpicin to ketoconazole was of little benefit in the treatment 
of murine candidiasis (Graybill and Ahrens, 1983).

Lovastatin is synergistic with ketoconazole against Try
panosoma cruzi, both in vitro and in the murine model of 
Chagas disease (Urbina et al., 1993). Ketoconazole has also 
been shown to be synergistic with terbinafine in the murine 
model of T. cruzi infection, with the combination able to 
eradicate the parasitemia (Maldonado et al., 1993). A combi-
nation of ketoconazole and benzidazole demonstrated a syn-
ergistic effect and enhanced a cure rate in the murine model 
of Chagas disease (Araujo et al., 2000; Santa-Rita et al., 2005) 
showed in vitro synergistic antiproliferative activity of keto-
conazole and lysophospholipid analogs (edelfosine, ilmofos-
ine, and miltefosine) against T. cruzi.

3. MECHANISM OF DRUG ACTION

At low concentrations, ketoconazole, similar to the other 
azole antifungal agents, has a fungistatic effect on susceptible 
fungi by inhibiting sterol synthesis in the cell membrane. It 
inhibits the 14 alpha-demethylation of lanosterol, resulting 
in reduction in ergosterol synthesis. It differs from its anti-
fungal analogs in that at higher concentrations it is not usu-
ally fun gicidal to susceptible fungi. Ketoconazole can exert a 
fungicidal effect at very high concentrations, but such high 
levels are usually unattainable in tissues after oral dosing 
(Borgers et al., 1983).

Ketoconazole at low concentrations has a potent effect in 
inhibiting pseudomycelium formation of C. albicans, and is 
100-fold more potent than miconazole (Borgers et al., 1979). 
This may be of clinical significance because pseudomycelial, 
rather than yeast forms of C. albicans, predominate in candi-
diasis. In vitro experiments suggest that ketoconazole may 
be synergistic with host defense cells against fungi (Borgers 
et al., 1983), although Johnson et al. (1986) determined that 
ketoconazole had no effect on neutrophil phagocytosis or the 
killing of C. albicans.

Ketoconazole has been shown to exhibit anti-inflammatory 
activites via lipooxygenase (Beetens et al., 1986) and throm-
boxane synthase inhibition (Lelcuk et al., 1984). Williams and 
Maier (1992) demonstrated that ketoconazole significantly 
inhibited the production of alveolar macrophage inflamma-
tory mediators and may be effective in preventing acute 
respiratory distress syndrome (ARDS). However, a recent 
randomized controlled trial showed that daily 400-mg keto-
conazole did not reduce mortality or duration of mechanical 
ventilation or improve lung function in patients with ARDS 
(ARDS Network, 2000).

Ketoconazole also competitively inhibits calmodulin activ-
ity at concentrations in the micromolar range, and this may 
contribute to the efficacy of ketoconazole in the treatment of 
fungal infection and inflammatory skin diseases (Hegemann et 

al., 1993). In fact, calcineurin, one of the targets of calmodulin, 
has been shown to be essential for virulence in C. albicans 
(Bader et al., 2003). Therefore, ketonazole could possibly 
exert its antifungal activity via inhibition of the calmodulin–
calcineurin pathway.

Ketoconazole has been demonstrated to inhibit nitric oxide 
dioxygenases, enzymes produced by bacteria, and fungi pro-
tecting them from nitric oxide–induced killing by macrophages 
and other immune cells (Helmick et al., 2005). However, this 
effect of ketoconazole occurred at much higher concentra-
tions than that required for inhibition of 14α-demethylation 
of lanosterol.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Oral ketoconazole was first approved by the US Food and 
Drug Administration (FDA) in 1981 for the treatment of sys-
temic mycoses (Ketoconazole, 1981). Ketoconazole is avail-
able as a 200-mg tablet and is administered by the oral route. 
The recommended starting dose for adults is 200 mg (one 
tablet) daily, which may be increased to 400 mg daily in seri-
ous infections or if a clinical response is not achieved. Daily 
doses of 800 mg have been used when usual doses have failed 
to produce adequate serum levels or a therapeutic effect 
(Drouhet and Dupont, 1983). However, at higher doses the 
risk of toxicity is increased. In 2013 the FDA issued a warn-
ing to not use oral ketoconazole as first-line treatment for 
any fungal infection, and to consider it for the treatment of 
endemic mycoses, “only when alternative antifungal thera-
pies are not available or tolerated” (FDA, 2013). 

Topical ketoconazole is available in 2% cream, foam, or 
gel formulations. For liquid shampoo form, it is available in 
1% and 2% formulations. Ketonazole cream, foam, or gel 
should be applied gently to the affected skin and surrounding 
area once or twice a day. The shampoo should be applied to 
the affected skin, scalp, and beard areas and left in place for 
5–10 minutes before rinsing. Ketoconazole is not absorbed 
into the bloodstream after topical administration.

4b.  Newborn infants and children

The safety of the drug has not been adequately studied in 
children of any age, and importantly, no information is avail-
able on children under 2 years. However, reduced doses 
adjusted according to weight have been used in some stud-
ies. In small numbers of children over 2 years of age, a sin-
gle daily dose of 3.3–6.6 mg/kg has also been used. There is 
no pediatric preparation available. It is necessary to crush or 
break 200-mg tablets. A dose of 3 mg/kg/day has been used 
for neonatal patients (Tudehope and Rigby, 1983).

4c.  Pregnant and lactating mothers

Ketoconazole should not be administered to pregnant women.
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4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Dosage adjustment is not necessary in patients with renal 
failure, as the drug is excreted in the urine in only small 
amounts (Graybill and Drutz, 1980; Brass et al., 1982; Heel, 
1982). The half-life of ketoconazole in patients undergoing 
hemodialysis was similar to that of healthy volunteers (Brass 
et al., 1982). Clearance of ketoconazole by hemodialysis is small 
compared with hepatic clearance by metabolism (Brass et al., 
1982). In patients with renal failure on continuous ambula-
tory peritoneal dialysis (CAPD), the serum half-life was 2.4 
hours and peritoneal clearance was less than 1 ml/min. The 
peritoneal penetration of ketoconazole was 3.4% of serum 
concentration at 5 hours (Johnson et al., 1985).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Preliminary studies on a few patients with mild liver dys-
function showed no significant change in serum levels com-
pared with normal subjects (Heel, 1982), but one patient 
with hepatic insufficiency had persistently high ketoconazole 
serum levels (Brass et al., 1982). Because of the potential 
to  cause hepatotoxicity, ketoconazole should be avoided in 
patients with liver disease. The FDA has revised the box warn- 
 ing with a strong recommendation against the use of keto-
conazole in patients with liver disease (US Food and Drug 
Administration, 2015). 

ELDERLY PATIENTS

Dosage adjustment is not specifically indicated in the elderly. 
However, elderly patients may have increased risk of adverse 
effects from drug interactions owing to frequent polyphar-
macy in this population. Ketoconazole absorption depends 
on gastric acidity. However, the absorption of ketoconazole 
in the elderly is similar to that in young people, unless gastric 
pH is above 5.0 (Hurwitz et al., 2003). More recent data from 
a large meta-analysis study suggest that the incidence of  
oral ketoconazole-associated hepatotoxicity may be higher 
in elderly patients (Yan et al., 2013). 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Ketoconazole is rapidly absorbed on an empty stomach after 
oral administration. Ketoconazole was detectable in the plasma 
at 30 minutes after a 200-mg dose administration in healthy 
subjects (Huang et al., 1986). The oral bioavailability was 81%. 
Similarly, Van Tyle (1984) reported that bioavailability of 
oral ketoconazole is 76% in healthy volunteers. After reach-
ing the maximal concentration, the plasma level declined in 
biexponential phases, with an initial half-life of 1.7 hours 
(during the first 8–12 hours) and a terminal half-life of 7.9 
hours. Ketoconazole is highly protein bound, with 99% bound 
at a concentration of 1 µg/ml (Heel et al., 1982a). The serum 

binding percentage of ketoconazole was significantly related 
to plasma albumin concentration (Martínez-Jordá et al., 
1990). The free ketoconazole increased from 3% to 7% and 
6% in patients with chronic renal disease and liver cirrhosis, 
respectively.

Absorption of ketoconazole is poor in patients with renal 
failure, as indicated by levels measured in six patients on 
CAPD (Chapman and Warnock, 1983). Reduced absorption 
has also been noted in bone marrow transplant recipients 
and neutropenic patients with hematological malignancies 
(Hann et al., 1982a; Stockley et al., 1986), as well as AIDS 
patients who have a high prevalence of gastric achlorhydria 
(Lake-Bakaar et al., 1988).

Ketoconazole is rapidly absorbed from the gastrointes-
tinal tract, and the bioavailability is influenced by gastric 
pH. Conflicting results concerning the influence of food on  
bioavailability have been reported, but the recommendation 
by the manufacturer is to administer the once-daily dose 
with food. In a study by Mannisto et al. (1982), absorption 
of ketoconazole is decreased when it is ingested immediately 
after breakfast (low in fat content), and a nonsignificant 
effect of meals on the absorption of ketoconazole was 
demonstrated by Brass et al. (1982). Further studies of keto-
conazole absorption were carried out by Daneshmend et al. 
(1984) over a wider single-dose range (200–800 mg) in the 
fasting state and at the end of a standard breakfast. They 
determined that food did not reduce absorption or alter peak 
serum concentrations, but it did increase the time to achieve 
maximum serum concentrations. With 400- and 600-mg 
doses, food appeared to enhance absorption, but this did not 
occur with 800-mg doses. Finally, Lelawongs et al. (1988) 
found that food (both high fat and high carbohydrate) signifi-
cantly decreased the rate of absorption, and the type of food 
will affect the extent of absorption of 200 mg ketoconazole 
(reduced maximum concentration after a high- carbohydrate 
meal).

Sufficient gastric acidity is required for dissolution of the 
ketoconazole and the transformation of ketoconazole into a 
hydrochloride salt, and for subsequent absorption (Van Tyle, 
1984). A significant reduction in bioavailability of ketocona-
zole is associated with an increase in gastric pH. Concurrent 
cimetidine or ranitidine (H2-receptor antagonists) adminis-
tration resulted in a 95% reduction in AUC and a significant 
reduction in peak serum concentration of ketoconazole to 
0.5–0.6 µg/ml in normal volunteers (Blum et al., 1991; Piscitelli 
et al., 1991). 

Concomitant administration of agents which reduce gas-
tric secretion should be avoided. Antacids, anticholinergic 
drugs, and histamine H2-receptor blockers should not be 
given until at least 2 hours after ketoconazole administration 
(Van der Meer et al., 1980). Didanosine (see Chapter 226, 
Didanosine), which contains an alkaline buffer, also should 
be separated from ketoconazole dosing by 2 hours. To 
improve absorption in achlorhydric individuals, the 200-mg 
ketoconazole tablet can be dissolved in 4 ml of 0.2 N hydro-
chloric acid solution and administered via a plastic straw to 
avoid contact with the teeth and damage to tooth enamel. A 
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glass of water should be ingested directly after the ketocona-
zole solution. This approach did not improve absorption in 
healthy subjects and is generally unpalatable (Daneshmend 
and Warnock, 1988). Variable responses in enhancing keto-
conazole absorption have been observed by the use of dilute 
hydrochloric acid (Lake-Bakaar et al., 1988) and glutamic 
acid capsules, which are no longer commercially available 
(Lelawongs et al., 1988). Coca-Cola Classic, with a pH of 2.5, 
was found to effectively increase the absorption of keto-
conazole by 50% in normal volunteers rendered achlorhydric 
by omeprazole, suggesting that ketoconazole absorption  
may be enhanced in achlorhydric individuals by taking the 
medication with an acidic beverage. This strategy was not 
successful in 20% of volunteers (Chin et al., 1995). Sugar et 
al. (1992) examined the ability of various beverages to disin-
tegrate and dissolve ketoconazole tablets and determined the 
carbonated beverages were the most effective and orange 
juice the least effective. However, absorption of ketoconazole 
was not evaluated.

Co-administration of ketoconazole and sucralfate, which 
does not alter gastric acidity, was also associated with a 20% 
decrease in ketoconazole bioavailability, and it is recommended 
that ketoconazole is administered at least 2 hours prior to 
sucralfate dosing (Piscitelli et al., 1991; Carver et al., 1994).

Systemic absorption of ketoconazole was evaluated follow-
ing insertion of ketoconazole as a vaginal pessary. Negligible 
absorption was measured after intravaginal insertion of 400, 
800, and 1200 mg ketoconazole, with areas under the plasma–
concentration time curves of 0.27–0.52 μg∙h/ml in healthy 
volunteers without vaginal infection (Ene et al., 1984).

5b.  Drug distribution

There is wide intra- and interindividual variation in serum 
concentrations following oral administration of the same dose 
of ketoconazole (Drouhet and Dupont, 1983). Some of the 
interindividual variation may be due to factors which affect 
gastric acidity, as the dissolution of ketoconazole tablets and 
subsequent absorption is dependent on pH. Carlson et al. 
(1983) showed that ketoconazole tablets dissolve more 
rapidly and completely at a pH of 2–3 (85% dissolution at 
30 minutes) than a pH of 6 (10% dissolution at 1 hour). The 
bioavailability of oral ketoconazole is thus dependent on the 
pH of the gastric contents.

When a 200-mg dose of ketoconazole is given to healthy 
subjects before breakfast, peak serum concentrations of 3.0–4.5 
µg/ml are reached at 2 hours. After a dose of 400 mg, the peak 
serum level was about 7 µg/ml (Heel, 1982). Similar mean peak 
levels of 3.6 µg/ml at 2 hours after a 200-mg dose, and mean 
peak levels at 3 hours of 6.5 µg/ml after a 400-mg dose, were 
obtained (Daneshmend et al., 1981; Daneshmend et al., 1983).

Somewhat lower levels have been reported in other stud-
ies. Mean peak serum concentrations at 1–2 hours for doses 
of 50, 100, and 200 mg were 1.0, 1.60, and 2.75 µg/ml, respec-
tively, in a trial conducted by Brass et al. (1982). After a 200-
mg dose, Graybill and Drutz (1980) described a 2 µg/ml peak 
at 2–4 hours, which fell to 1 and < 0.4 µg/ml, at 8 and 24 hours, 

respectively. In patients with advanced malignancy, a 200-mg 
dose of ketoconazole resulted in levels of 1.7 µg/ml at 2 hours, 
0.9 µg/ml at 6 hours, and 0.7 µg/ml at 8 hours. When this 
dose was continued every 6 hours, serum concentrations 
rose after 3–4 days and remained consistently above 1 µg/ml 
(Maksymiuk et al., 1982). Higher and more prolonged serum 
levels associated with an increased half-life value have also 
been observed on the fifth day than on the first day when 
ketoconazole was given to volunteers in a dosage of 200 mg 
every 12 hours (Daneshmend et al., 1983).

Higher serum levels result from higher oral doses. Sugar 
et al. (1987) showed there was minimal benefit in adminis-
tering ketoconazole in doses greater than 1200 mg daily,  
as there was no significant increase in serum concentra- 
tions beyond this dose. The pharmacokinetics of the drug is 
dose dependent, i.e. the half-life and area under the serum 
 concentration–time curve increase disproportionately with 
increasing dose, both in single-dose studies (Daneshmend 
et al., 1984; Huang et al., 1986) and in multiple-dose studies 
(Daneshmend et al., 1983). The observation of dose depen-
dency has been attributed to the first-pass metabolism in the 
liver or the gastrointestinal tract, which becomes saturable at 
the higher doses. Serum levels of ketoconazole after initial 
stabilization remain unchanged following daily administra-
tion for months (Drouhet and Dupont, 1983). Unlike clotri-
mazole, ketoconazole does not appear to induce hepatic 
micro somal enzymes to accelerate its own metabolism (Brass 
et al., 1982).

The drug has been administered to children (2–12 years), 
either as a commercially prepared suspension (no longer 
available) or as crushed tablets in applesauce. After a 5 mg/kg 
dose, mean peak serum levels were observed 1 and 2 hours 
after administration by suspension and crushed tablets, 
respectively. Mean levels for the crushed tablets at 1, 2, 4, and 
6 hours were 2.3, 2.6, 0.99, and 0.46 μg/ml, respectively. 
Higher mean levels were obtained with the suspension with 
corresponding values of 4.4, 4.1, 1.7, and 0.8 µg/ml at the 
same time-points (Ginsburg et al., 1983). It has been suggested 
that mixing crushed ketoconazole with applesauce may reduce 
its absorption (Daneshmend and Warnock, 1988). The admin-
istration of ketoconazole suspension 3 mg/kg three times 
daily did not produce therapeutic serum ketoconazole levels 
compared with 8–10 mg/kg administered once daily in chil-
dren (Bardare et al., 1984). These authors suggested keto-
conazole tablets given twice daily produced lower peak serum 
concentrations but shorter periods of time during which the 
serum concentration of ketoconazole was less than 0.5 µg/ml, 
compared with once-daily dosing.

Stockley et al. (1986) showed a striking variation in keto-
conazole pharmacokinetics in immunocompromised patients 
administered either 200 or 400 mg daily, and, unlike previ-
ous pharmacokinetic studies, revealed that the AUC and 
half-life increased proportionately with dose in this patient 
group. Importantly, they determined there were inadequate 
ketoconazole levels from 12 hours after a 200-mg dose and 
18 hours after a 400-mg dose, suggesting that higher doses 
were needed in these patients with invasive fungal infections.
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Decline of serum ketoconazole concentrations varies with 
dose administered. The initial rapid elimination phase with 
half-life values are of 1.7 and 2.2 hours following doses of 200 
and 400 mg, respectively. This is followed by a slower phase 
which occurs at serum concentrations below 0.1 µg/ml, which 
has half-life values of 8.1 and 9.6 hours, following oral doses 
of 200 and 400 mg, respectively (Daneshmend and Roberts, 
1982; Heel, 1982).

DISTRIBUTION OF THE DRUG IN THE BODY

Ketoconazole is 99% protein bound in whole blood, only 1% 
as free drug in plasma, 84% bound to plasma proteins, and 
15% bound to cell membranes and cell constituents of red 
blood cells (Heel, 1982).

After an oral dose of 200 mg, ketoconazole is detectable in 
saliva, sebum, and cerumen (Heel, 1982). In human volun-
teers given 400 mg ketoconazole daily, palmar stratum cor-
neum obtained after 7–14 days’ treatment contained up to 14 
µg/g of ketoconazole. The drug appears in sweat within 1 hour 
of administration and remains at similar concentrations of 
0.014–0.323 µg/ml for 14 days. Eccrine sweat rapidly trans-
ports ketoconazole across the blood–skin barrier, where it 
binds to keratinocytes and surface lipids (Harris et al., 1983). 
Ketoconazole persists in skin at therapeutic concentrations 
for up to 10 days after 200 mg daily for 10 days (Daneshmend 
and Warnock, 1988). Salivary concentrations of 2.43 and 0.3 
μg/ml occur 1 and 2 hours, respectively, after a 200-mg dose, 
but thereafter it is undetectable, and peak salivary concentra-
tions after a 400-mg dose were 0.12 µg/ml, which became 
undetectable at 24 hours (Brass et al., 1982; Force and Nahata, 
1995).

Tissue from an amputated finger of a child with coccidioi-
domycosis was assayed 2 hours after administration of keto-
conazole. Uninfected bone, soft tissue and infected bone had 
no detectable ketoconazole, but tendon had a concentration 
of 2.0 µg/g and infected skin had a concentration of 10.7 µg/g 
(Brass et al., 1982). In contrast, a ketoconazole concentration 
of 2.5 µg/g in a biopsy of bone has been reported (Drouhet 
and Dupont, 1983). There is limited penetration into joint 
fluid. Brass et al. (1982) detected concentrations of 0.06 and 
1.04 µg/ml in joint fluid samples at 2 and 8 hours, respec-
tively, after a 200-mg dose. Peak and trough levels of 0.8 and 
< 0.4 µg/ml, respectively, were detected in synovial fluid of a 
patient receiving 400 mg ketoconazole daily (Fainstein et al., 
1982). Ketoconazole diffuses into aqueous and vitreous humors, 
with concentrations of 0.7 and 0.35 µg/ml following dosing 
with ketoconazole at 600 mg daily (O’Day et al., 1985). Vitreous 
ketoconazole concentration 8 hours after a 600-mg dose was 
0.92 µg/ml at 14 days treatment with 600 mg ketoconazole 
daily (Goodman and Stern, 1987). Peritoneal penetration is 
poor so that drug concentrations reached in dialysis fluid 
of patients undergoing CAPD are negligible (Chapman and 
Warnock, 1983).

Penetration of ketoconazole into the cerebrospinal fluid 
(CSF) after oral doses of 200 and 400 mg is poor. In three 
patients without meningeal inflammation, ketoconazole was 
undetectable in the CSF after 200- or 400-mg doses. In patients 

with inflamed meninges, CSF concentrations ranged from 
undetectable to 0.24 µg/ml after a 200-mg dose, and from unde-
tectable to 0.85 µg/ml after 400 mg of ketoconazole. There 
appears to be no correlation between concomitant serum 
and CSF levels (Brass et al., 1982) or administered dose and 
CSF levels (Sugar et al., 1987). Low CSF concentrations after 
a 400-mg dose were also reported by Jorgensen et al. (1981). 
Higher levels (2 µg/ml or more) were found in the CSF of a 
patient with C. albicans meningitis 4–8 hours after receiving 
400 mg twice daily for 30 days (Fibbe et al., 1980). In contrast 
to these disappointing results, better penetration into the 
lumbar and ventricular CSF, lasting for 8 hours after admin-
istration, occurs in patients with coccidioidal meningitis 
given larger doses of ketoconazole. Mean ventricular fluid 
(from CSF reservoirs) and lumbar concentrations ranged 
from 0.05 to 1.65 µg/ml after 800- and 1200-mg doses, with 
no drug detectable at 24 hours. Lumbar CSF concentrations 
were higher than simultaneous ventricular levels. Calculations 
utilizing simultaneous serum level values indicated that the 
penetration of ketoconazole from serum into lumbar CSF 
(5.4%) was higher than penetration into ventricular CSF 
(1.9%). These CSF concentrations were dependent on serum 
concentrations and CSF protein levels. In addition, lumbar/
ventricular ratios of ketoconazole were not higher in patients 
with obstructive hydrocephalus (Craven et al., 1983). In another 
study of high-dose ketoconazole for coccidioidal meningitis, 
113 of 168 CSF samples removed from 35 patients had no 
detectable ketoconazole. No patient receiving less than 1200 
mg daily had ketoconazole detected in CSF within 12 hours 
of administration of dose, 5.2% of those receiving 1200–1600 
mg, and 4.8% of those receiving > 1600 mg daily had CSF 
levels > 1 µg/ml (Sugar et al., 1987).

Concentrations of ketoconazole in the urine are low and 
vary with the dose administered. They range from 0.25 to 
1.15 µg/ml after 400 mg, 1.0–1.6 µg/ml after 600 mg, and 
3.8–4.2 µg/ml after 800–1200 mg (Graybill et al., 1983). 
Ketoconazole penetrates into vaginal tissue with concentra-
tions proportional to concomitant serum levels (Heykants 
et al., 1982), and it penetrates poorly into seminal fluid 
(Daneshmend and Warnock, 1988).

Administration of a single dose of 2% ketoconazole cream 
produced 7- to 14-fold greater drug concentrations in the 
human stratum corneum than application of the same dose 
of 2% miconazole. The ketoconazole concentrations then 
decreased linearly over 8 hours, and had consistently supe-
rior bioactivity per microgram of drug compared with topi-
cal miconazole (Pershing et al., 1994). Ketoconazole is not 
absorbed appreciably systemically following topical applica-
tion to skin.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The area under the curve (AUC) in relation to the MIC (AUC/
MIC) is one of the pharmacodynamic parameters that has 
been used to examine the association of antifungal dosing and 
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its clinical potency. Data regarding the AUC/MIC of keto-
conazole for specific fungal pathogens are currently not 
available. This could be partly attributed to the fact that the 
role of ketoconazole has been replaced by newer effective 
antimycotics at present.

Postantifungal effect (PAFE) is the suppression of fungal 
growth after limited exposure to an antimycotic as its con-
centration decreases below the MIC. This parameter can be 
used to describe the in vitro efficacy of antifungals and may 
have clinical relevance in the design of dosing regimen. The 
PAFE of ketoconazole against C. albicans has been described 
(Ellepola and Samaranayake, 1998). In this study, a marginal 
PAFE of ketoconazole (1-hour exposure) was observed with 
a mean duration of 0.65 hours. In addition, a significant 
PAFE of ketoconazole was observed against oral isolates of  
C. albicans and C. tropicalis isolated from HIV patients, with 
mean durations of 1.14 and 2.03 hours, respectively (Anil et 
al., 2001). In contrast, Garcia et al. (2002) demonstrated that 
ketoconazole had no inducible significant PAFE on C. albi
cans and C. glabrata, even at a dose of 8 × MIC and prolonged 
exposure duration (up to 12 hours), whereas significant PAFEs 
were observed for amphotericin-B and 5-flucytosine. However, 
when both ketoconazole-treated Candida spp. were re-exposed 
to ketoconazole at 1/4 × MIC, significant growth inhibition 
was observed up to 6.5 hours.

5d.  Excretion

About 13% of an administered dose is excreted in the urine, 
of which only 2–4% is in an unchanged form (Heel, 1982). In 
a chronic dosing study of 200 mg daily for 1–6 months, Bad-
cock et al. (1987) measured the excretion of unchanged drug 
for 24 hours after the last dose at a mean of 0.22% (range 
0.02–0.49%). With high daily doses of 1200 mg, urine con-
centrations of 6 ug/ml may occur (Graybill and Craven, 1983).

It has been suggested that ketoconazole undergoes first-
pass metabolism, and that transient saturation of hepatic 
metabolizing capacity occurs. This would explain the dis-
proportionate increase in serum levels seen with increasing 
doses (Van Tyle, 1984). In the liver, ketoconazole is exten-
sively metabolized, and the resultant metabolites have no 
antifungal activity. The major metabolic pathways are oxida-
tion and degradation of the imidazole and piperazine rings, 
oxidative O-dealkylation, and aromatic hydroxylation of the 
phenyl ring (Heel, 1982).

Very little active ketoconazole is excreted in bile (Graybill 
and Drutz, 1980); however, bile is the major route of excre-
tion of the inactive metabolites of ketoconazole (Van Tyle, 
1984). Feces is the major route of excretion (about 57% of a 
dose), consisting of 20–65% of the unchanged drug and the 
rest as metabolites.

5e.  Drug interactions

The major mechanism for the drug interactions between keto-
conazole and other drugs is inhibition or activation of the 
mixed-function oxidase system activity of hepatic microsomal 

enzymes through the P450 system. Compared to other 
azoles, ketoconazole is the strongest inhibitor of P450 cyto-
chrome. More specifically, it is a strong inhibitor of CYP3A4, 
a moderate inhibitor of CYP1A1, 1A2, 2A6, 2C9, and 2E1, 
and a substrate and inhibitor of p-glycoprotein (Albengres et 
al., 1998; Nivoix et al., 2008; Niwa et al., 2014). Ketoconazole 
decreases the total clearance and significantly prolongs the 
half-life of antipyrine in normal volunteers (D’Mello et al., 
1985). In addition, ketoconazole may exert significant drug 
interaction via the inhibition of the multidrug efflux trans-
porter, P-glycoprotein (Wang et al., 2002). P-glycoprotein is 
ubiquitously expressed within cell membranes of the gastro-
intestinal tract, liver, blood–brain barrier, adrenal glands, and 
kidneys, and limits drug uptake into the tissue (Gottes man 
and Pastan, 1993). It acts as an efflux pump of many drugs 
and may limit bioavailability of these agents.

Co-administration of ketoconazole with cyclosporin can 
cause dramatic increases in serum cyclosporin levels, owing 
to inhibition of metabolism of the drug. Elevated cyclospo-
rine levels result in renal insufficiency with increased serum 
creatinine levels. After discontinuation of ketoconazole, the 
creatinine and cyclosporine levels return to baseline (Cun-
ning ham et al., 1982; Daneshmend, 1982; Dieperink and 
Moller, 1982; Ferguson et al., 1982; Morgenstern et al., 1982). 
Ketoconazole inhibits cyclosporin hydroxylase, and the potent 
inhibition of cyclosporin metabolism by human liver micro-
somes has been confirmed in vitro (Back and Tjia, 1991). Gomez 
et al. (1995) determined that the increase in cyclosporin bio-
vailability was due to inhibition of both gastrointestinal and 
hepatic cytochrome P450 enzymes. Many transplant units 
(renal, heart, and bone marrow) have utilized the drug inter-
action between ketoconazole and cyclosporin to reduce the 
dose (and cost) of cyclosporin required to maintain therapeu-
tic concentrations and reduce cyclosporin toxicity (Schroe-
der et al., 1987; Charles et al., 1989; Butman et al., 1991; First et 
al., 1991; First et al., 1993; Jones and Morris, 1997; McLachlan 
and Tett ,1998; Abraham et al., 2003; Gerntholtz et al., 2004). 
The ketoconazole–cyclosporine combination has been used 
for decades now in kidney and heart transplant recipients, 
with long-term outcomes showing that this approach is safe, 
tolerable, and cost-sparing (Keogh et al., 1995; Sobh et al., 
2001; el-Agroudy et al., 2004). In addition, ketoconazole was 
shown to significantly increase oral tacrolimus biovailability 
by 30% (Floren et al., 1997). In a small study including 11 
renal transplant recipients from Mexico treated with tacroli-
mus, mycophenolate mofetil, and prednisone who received 
ketoconazole (mean ketoconazole dose: 87 mg/d), tacroli-
mus dose and associated costs were reduced and no drug- 
associated adverse events were noted (Soltero et al., 2003). In 
a larger study, 70 live-donor kidney transplant recipients were 
prospectively randomized to receive tacrolimus with keto-
conazole 100 mg/day or not (El-Dahshan et al., 2006). Two-
year outcomes, in terms of tacrolimus dose reduction, cost, 
and improved graft function, were better in the ketoconazole 
compared to the control arm (El-Dahshan et al., 2006). 
However, more recent data suggest that this combination may 
not always be beneficial. In a cohort of kidney transplant 
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recipients on maintenance immunosuppression including 
tacro limus, mycophenolate, and steroids between 2006 and 
2010, 199 patients who received ketoconazole were compared 
to 149 patients who did not receive any ketoconazole (Khan 
et al., 2014). The 5-year cumulative incidence of  biopsy- 
confirmed and clinically treated acute rejection was signifi-
cantly higher in the ketoconazole group (34% vs. 18%, P = 
0.01). In multivariable analyses ketoconazole was found to 
be an independent predictor of acute rejection (hazard ratio 
[HR] = 2.33, 95% confidence interval [CI]: 1.33–4.07; P = 
0.003). Similarly, ketoconazole was found to increase the 
sirolimus level by 90% (Saad et al., 2006). Based on the nar-
row therapeutic window of sirolimus and significant interac-
tion with voriconazole, more studies need to be performed to 
investigate coadministration of sirolimus and ketoconazole, 
with close sirolimus level monitoring (Thomas et al., 2004). 

Serum ketoconazole levels in a patient who received rifampi-
cin, isoniazid, and ketoconazole for 5 months were reduced 
tenfold compared with levels obtained before the antituber-
culous drugs were initiated. This suggests that rifampicin can 
induce more rapid metabolism of ketoconazole (Brass et al., 
1982). When either rifampicin or isoniazid was added to 
treatment with ketoconazole, ketoconazole serum concen-
trations decreased by 70%, irrespective of whether the drugs 
were taken concurrently or 12 hours apart. Moreover, serum 
concentrations of rifampicin were undetectable when the 
drug was given simultaneously with isoniazid and ketocona-
zole. Rifampicin concentrations were approximately halved 
when ketoconazole was given concurrently with rifampicin, 
but they were virtually unchanged if rifampicin was given 12 
hours after ketoconazole (Engelhard et al., 1984; Doble et al., 
1985). This drug interaction, when unrecognized, has led to 
treatment failures of tuberculosis and blastomycosis (Engel-
hard et al., 1984; Abadie-Kemmerly et al., 1988). Doble et al. 
(1988) evaluated the interaction of rifampicin and keto-
conazole in male volunteers, and found a 65% reduction in 
peak serum ketoconazole concentrations and 81% reduction 
in AUC when the drugs were taken simultaneously. Unlike 
other reports, they found no effect on rifampicin levels. It is 
recommended that serum antibiotic levels be regularly mon-
itored in those patients receiving both antituberculous med-
ication and ketoconazole.

Ketoconazole reduces the clearance of methylpredni solone 
by about 50%, and oral prednisolone by 25%. The decrease 
in methylprednisolone clearance results in an additional 
cortisol suppressive effect, so the dose of methylpredniso-
lone should be halved if co-administered with keto conazole 
(Kandrotas et al., 1987). Although ketoconazole appears to 
reduce both the metabolic and renal clearance of predniso-
lone, there is a negligible effect on adrenal suppression, and 
therefore no clinical significance from the interaction is likely 
to occur (Lud wig et al., 1989; Zurcher et al., 1989; Yamashita 
et al., 1991).

As discussed earlier (see above under 5a, Bioavailability), 
antacids, sucralfate, and histamine H2-receptor blockers (cime-
tidine, ranitidine) interfere with the absorption of ketocona-
zole and should be administered at least 2 hours after the 

ketoconazole dose (Albengres et al., 1998). Some authors 
recommend that ketoconazole be replaced by another anti-
fungal agent if the patient has achlorhydria or is receiving 
an agent that raises gastric pH, as the bioavailability of keto-
conazole is dependent on gastric acidity (Blum et al., 1991). 
In addition, a proton pump inhibitor such as esomeprazole 
can hypothetically affect the absorption of ketoconazole 
(Andersson et al., 2001). Notably, ketoconazole at daily doses 
of 100 to 200 mg can significantly increase omeprazole levels 
in both extensive and poor metabolizers (Bottiger et al., 1997).

The effect on aminophylline pharmacokinetics was evalu-
ated before and after 7 days of ketoconazole in normal volun-
teers. These authors suggested that no dosage adjustment for 
theophylline is necessary when concomitantly administered 
with ketoconazole, because of the lack of significant effect on 
clearance and half-life of theophylline (Heusner et al., 1987). 
However, a potential drug interaction between theophylline 
and ketoconazole has been described in asthma patients, in 
whom a 50% reduction in serum theophylline concentrations 
was noted after concomitant administration with ketocona-
zole, as well as a corresponding reduction in peak expiratory 
flow rate (Murphy et al., 1987). Phenytoin appears to cause a 
significant reduction in the AUC for ketoconazole, so double 
the dose of ketoconazole may be required for therapeutic 
effect (Brass et al., 1982).

A disulfiram reaction (flushing, rash, nausea, and headache) 
has been described in a patient who ingested alcohol while 
taking ketoconazole. The reaction occurred each time the 
woman consumed alcohol in the 14-day course (Magnasco and 
Magnasco, 1986). This is rarely reported, however.

In a limited study of two healthy volunteers, ketoconazole 
did not appear to potentiate the action of coumarin antico-
agulant drugs (Brass et al., 1982). However, potentiation of 
warfarin effect has been documented in at least one patient, 
with an increase in anticoagulant effect of threefold. When 
ketoconazole was ceased, the warfarin dose requirement 
returned to baseline in 3 weeks (Smith, 1984). Similarly, in 
another case report warfarin dose had to be reduced by 43% 
when coadministered with ketoconazole. Warfarin is pri-
marily metabolized through the CYP2C9 enzyme, therefore 
ketoconazole-induced inhibition of this enzyme may lead to 
higher warfarin levels and sub sequent bleeding time increase. 
As a result, warfarin dose should be adjusted and prothrom-
bin time and INR should be closely monitored.

Ketoconazole inhibits the metabolism of terfenadine (a 
non-sedating antihistamine), which normally undergoes exten-
sive first-pass metabolism to two metabolites. When these 
drugs are co-administered, the resulting high plasma levels 
of unchanged terfenadine cause a prolongation of the QT 
interval on the electrocardiogram (Matthews et al., 1991). 
Com bined administration of ketoconazole with fexofenadine, 
the active metabolite of terfenadine, significantly increases 
the area under the plasma concentration–time curve of fex-
ofenadine by threefold (Ogasawara et al., 2007). However, 
ketoconazole failed to significantly prolong QT interval 
when co-administered with fexofenadine (Pratt et al., 1999). 
Prolongation of the QT interval is associated with a form of 
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ventricular tachycardia called torsades de pointes, which 
requires different therapy than other forms of ventricular 
tach ycardia. This syndrome has been reported in patients 
receiving both ketoconazole and terfenadine (Monahan et 
al., 1990), and the electrocardiographic repolarization abnor-
malities have been confirmed in a study by Honig et al. (1993). 
Although ketoconazole causes a significant increase in peak 
plasma loratidine levels as well as an increase in plasma levels 
of the active metabolite of loratidine, no changes in the QT 
interval have also been reported. The co-administration of 
ketoconazole and terfenadine is contraindicated. Torsades de 
pointes and prolonged QT interval have also been reported 
after the concomitant administration of ketoconazole and 
cisapride. Therefore, this combination is contraindicated. 
Co-administration of ketoconazole and domperidone is also 
contraindicated for the same reason. However, it has been 
demonstrated that concurrent administration of 200 mg 
ketoconazole twice daily with cinitapride, a prokinetic agent, 
has no effect on QT interval (Robert et al., 2007). Keto cona-
zole alone at therapeutic doses may prolong the QT interval 
and induce torsades de pointes without a concurrent use of 
QT interval–prolonging agents (Mok et al., 2005).

An in vitro study has demonstrated that ketoconazole can 
potently impair metabolism of sildenafil (Warrington et al., 
2000). Concurrent use of ketoconazole and sildenafil may 
lead to increased adverse effects, such as headache, flushing, 
or visual changes.

Simvastatin and its active metabolite, simvastatin acid, are 
metabolized by cytochrome P450 enzymes. Recently, con-
current therapy of ketoconazole has been shown to decrease 
simvastatin clearance by 10 times (Chung et al., 2006). 
Several cases of simvastatin-induced rhabdomyolysis after 
co-administration of ketoconazole have been reported (Gilad 
and Lampl, 1999; Itakura et al., 2003; Akram et al., 2007). An 
84-year-old man with prostate cancer who developed choles-
tatic hepatitis and rhabdomyolysis after co- administration of 
lovastatin, 400 mg thrice daily ketoconazole and hydrocorti-
sone, has been reported (Stein et al., 2007).

Metabolism of midazolam is mediated exclusively by the 
cytochrome P450 isoenzymes. Ketoconazole was shown to 
increase the mean area AUC of midazolam by 771.9% and 
significantly potentiated the midazolam-related cognitive func-
tion impairment (Lam et al., 2003). In another study includ-
ing patients treated with posaconazole and ketoconazole, 
administration of ketoconazole 400 mg once daily was asso-
ciated with higher midazolam Cmax and AUC(tf) (up to 2.8- 
and 8.2-fold, respectively) (Krishna et al., 2009). Clearance 
of zolpidem, a hypnosedative, was reduced by 40% with 
co-administration of ketoconazole (von Moltke et al., 1999). 
Therefore, dose reduction may be required.

Ketoconazole appears to inhibit the glucuronidation of 
zidovudine in in vitro human liver microsomes to a minor 
extent, but is unlikely to cause any clinically significant effects 
(Sampol et al., 1995). Efavirenz significantly increases the 
clearance of ketoconazole by 201% (Sriwiriyajan et al., 2007). 
Concomitant administration of efavirenz and ketoconazole 
decreases its peak concentration by 44% and half-life by  

58%. Protease inhibitors are substrates of cytochrome P450 
and mulitdrug-transporter P-glycoprotein, and therefore are 
subject to significant drug interaction with ketoconazole. A 
single-patient study showed that daily 200 mg ketoconazole 
increased trough concentration of lopinavir and ritonavir by 
68% and 33%, respectively (Boffito et al., 2003). Cerebrospinal 
fluid concentrations of saquinavir and ritonavir were signifi-
cantly increased by the co-administration of ketoconazole 
with saquinavir–ritonavir (Khaliq et al., 2000). Finally, higher 
levels of isavuconazole up to fivefold have been associated 
with ketoconazole use, through inhibition of the CYP3A4 
enzyme (CRESEMBA, 2015). 

6. ADVERSE REACTIONS AND TOXICITY

Ketoconazole is a drug of comparatively low toxicity. Gastro-
intestinal and endocrinologic toxicity appears to be dose 
related and reversible. The maximum tolerable dose of keto-
conazole is 800 mg/day (Sugar et al., 1987).

6a.  Gastrointestinal side effects

The most frequent adverse effects are nausea and vomiting. 
Reported prevalence of gastrointestinal side effects vary from 
3% (Heel, 1982) to 20–43% (De Felice et al., 1982; Dismukes 
et al., 1983; Graybill and Craven, 1983; Sugar et al., 1987). In 
some instances, nausea has been reduced by giving the drug 
with meals (Symoens et al., 1980). Nausea occurred in 6 of 23 
patients given a higher 6-hourly dose of 200 mg (Maksymiuk 
et al., 1982). Nausea and vomiting often resolve spontaneously 
without discontinuing therapy. Abdominal pain, anorexia, 
diarrhea, flatulence, and discoloration of the tongue have been 
reported. Ketoconazole appears to be well tolerated in chil-
dren (Heel, 1982).

6b.  Hepatotoxicity

Abnormalities of liver function tests have been reported com-
monly during ketoconazole therapy (Petersen et al., 1980; 
Firebrace, 1981; Heiberg and Svejgaard, 1981; Macnair et al., 
1981; Catanzaro et al., 1982; De Felice et al., 1982; Drouhet 
and Dupont, 1983; Horsburgh and Kirkpatrick, 1983). These 
abnormalities do not appear to correlate with daily dose, 
cumulative dose of ketoconazole, or duration of treatment 
(Dismukes et al., 1983; Graybill and Craven, 1983; Stricker et 
al., 1986). The hepatic reaction appears to be idiosyncratic, 
usually without any evidence of hypersensitivity. The mecha-
nism of ketoconazole-induced hepatotoxicity is unknown. 
Based on animal data, ketoconazole appears to cause direct liver 
damage, either itself or by its major metabolite, N-deacetyl 
ketoconazole, most likely in a dose/concentration dependent 
fashion (Buchi et al., 1986; Rodriguez and Acosta, 1995; 
Rodriguez and Acosta, 1997; Rodriguez et al., 1999).

Notably, in the initial safety reports of ketoconazole, liver 
abnormalities or injury were not found to be a significant prob-
lem (Heel, Brogden et al. 1982b). Hepatic reactions reported 
during ketoconazole therapy have been reviewed by Janssen 
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and Symoens (1983), Lewis et al. (1984), and Lake-Bakaar et 
al. (1987). These reviews established that transient, asymp-
tomatic, and reversible elevations of serum transaminases or 
alkaline phosphatase may occur at any time during ketocona-
zole treatment, and occur in 5–10% of patients. The inci-
dence of symptomatic, potentially serious hepatitis is about 
1  in 12,000–15,000 in individuals receiving ketoconazole. 
Keto conazole-induced hepatitis appears to be more common 
in women over 40 years of age, and occurrs mainly during 
the first few months of treatment, but is rare during the first 
7–10 days of treatment. Hepatic reactions have also been 
reported in children. Acute hepatocellular injury occured in 
just over half of those with hepatic reactions; primarily, 
cholestatic abnormalities were noted in 15% and the remain-
der had a mixed pattern. Recovery from symptomatic keto-
conazole-induced hepatitis can take from 1 week to 6 months 
after cessation of the drug, and liver function test abnormal-
ities may become more pronounced in the first 2 weeks after 
stopping ketoconazole in some cases. There are several reports 
of both fatal and nonfatal fulminant hepatitis in patients with 
symptomatic hepatic reactions who continued taking keto-
conazole (Duarte et al., 1984; Lewis et al., 1984; Svedhem, 
1984; Bercoff et al., 1985). In addition, liver transplantation 
was required in a case of ketoconazole-induced fulminant 
hepatitis (Knight et al., 1991). Another case of prolonged jaun-
dice following ketoconazole-induced injury required pred-
nisolone for resolution of jaundice (Benson et al., 1988). The 
role of corticosteroid treatment in drug-induced hepatic injury 
is not well established. Recurrent liver damage can occur with 
rechallenge with ketoconazole (Van Parys et al., 1987).

Looking at ketoconazole-associated liver damage from 
an historical perspective, as soon as 1983, 2 years after FDA 
approval of ketoconazole, a summary of all cases of liver 
damage showed that 11% of patients had asymptomatic liver 
dysfunction (mainly elevated liver function tests) and 3% 
had symptomatic liver damage (Janssen and Symoens, 1983). 
This report was followed by several others, coming from the 
United Kingdom and the Netherlands, reporting more patients 
with ketoconazole-associated hepatotoxicity (Stricker et al., 
1986; Lake-Bakaar et al., 1987). Chien et al. (1997) reported 
on 211 patients with onychomycosis treated with either oral 
ketoconazole 200 mg daily or griseofulvin 50 mg: 17.5% 
and 3% of patients developed asymptomatic liver dysfunc-
tion (elevated alanine aminotransferase) and acute hepatitis, 
respectively, in the ketoconazole arm versus none in the gris-
eofulvin arm. As soon as treatment was discontinued, liver 
function tests normalized in this study. In another cohort 
study from the United Kingdom of 69,830 patients between 
1992 and 1996 treated with various antifungal agents [fluco-
nazole (n = 35,833), griseofulvin (n = 6,731), itraconazole  
(n = 19,488), terbinafine (n = 13,430), and ketoconazole (n = 
1,052)], acute liver injury appeared to be more frequent in 
patients treated with ketoconazole (190 cases per 100,000 
patients) compared to all other agents (Garcia Rodriguez et 
al., 1999). However, it was not until 2013 when a large meta- 
analysis of 205 studies, including 12,164 patients treated with 
oral ketoconazole between 1979 and 2012, was published to 

look specifically into ketoconazole-associated hepatotoxicity 
(Yan et al., 2013). The incidence of oral ketoconazole-associated 
hepatotoxicity was between 3.6% (95% CI = 3.2–4.2) and 4.2% 
(95% CI = 3.7–4.9) and was higher in elderly patients and  
in those patients treated with an off-label indication. More 
recently, data from the Taiwan National Health Insurance 
Database in a cohort of 90,847 patients between 2002 to 
2008 showed that liver injury was more commonly associ-
ated with ketoconazole than fluconazole or itraconazole for 
those patients treated for > 30 days (Kao et al., 2014).

Based on the above, FDA issued a warning to not use oral 
ketoconazole as first-line treatment for any fungal infection 
and to consider it for treatment of endemic mycoses, “only 
when alternative antifungal therapies are not available or 
tolerated” (FDA, 2013). 

6c.  Endocrine effects

Ketoconazole interferes with the cytochrome P450 enzyme 
system in the testes, ovary, and adrenal gland and has a 
greater effect on testosterone secretion than cortisol secre-
tion. The hormonal changes appear to be dose-dependent 
(Sonino, 1987). It blocks testosterone synthesis, with signif-
icant decreases in total and free testosterone levels after a 
 single dose of 200 mg (Graybill and Craven, 1983; Grosso et 
al., 1983; Pont et al., 1983; Pont et al., 1984). There is only a 
transient block of testosterone synthesis (< 24 h) when daily 
doses of 200–400 mg are used. Reduced serum and salivary 
testosterone levels on a long-term basis result in end-organ 
effects with daily doses of 400 mg or more (Schurmeyer and 
Nieschlag, 1982; Graybill and Craven, 1983). Males often 
develop tender gynecomastia at these doses (De Felice et al., 
1981; Catanzaro et al., 1982; Dismukes et al., 1983; Stevens et 
al., 1983) as well as decreased libido, oligospermia, and loss 
of hair. High daily doses of ketoconazole (800–1200 mg) 
cause more prolonged blockage of testosterone synthesis, 
and with prolonged therapy, gynecomastia is more common 
than with lower doses (21% in those receiving > 400 mg 
daily), and azospermia and impotence can occur (Pont et al., 
1984; Sugar et al., 1987). In one study, gynecomastia appeared 
within 6 months of onset of treatment in the majority of 
patients, but can develop up to 32 months after the onset of 
treatment. It can persist for up to 12 months (Sugar et al., 
1987). These effects seem reversible on cessation of treatment. 
The effect on testosterone synthesis appears to correlate with 
the ketoconazole serum level (Pont et al., 1984). Elevated 
pretreatment serum testosterone levels in three women with 
acne fell to the normal range after 3 months of treatment 
with ketoconazole 300 mg twice daily (Ghetti et al., 1986). A 
raised estradiol/testosterone serum ratio was demonstrated 
in volunteers receiving ketoconazole and in patients receiving 
long-term therapy (Pont et al., 1985). The ability of ketoco-
nazole to interfere with both gonadal and adrenal synthesis 
of androgens has been utilized in the treatment of progres-
sive prostate cancer (Allen et al., 1983; Trachtenberg and Pont, 
1984), precocious puberty in boys (Holland et al., 1985),  
hirsutism (Carvalho et al., 1985), and androgenic aloplecia 
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(Khandpur et al., 2002). Ketoconazole is generally not used 
as the sole treatment in prostate cancer, because decreases in 
serum testosterone are not sustained, and the gastrointestinal 
side effects, gynecomastia, and impotence are poorly tolera-
ted (Sonino, 1987). However, based on its effect on androgen 
synthesis, ketoconazole has been considered for the treat-
ment of prostate cancer and the management of recurrent 
ischemic priapism (Harris et al., 2002; Kim and Ryan, 2012; 
Hoeh and Levine, 2014).

In 5 of 20 female patients with blastomycosis who were 
treated with an oral ketoconazole dose of 400 mg daily, 
menses which were otherwise normal occurred more fre-
quently. This resolved spontaneously in three women, and 
resolution occurred in the other two when the dosage was 
reduced to 200 mg daily. Serum estrogen and progesterone 
levels measured in four of the women were normal, and the 
mechanism of this apparent side effect is not clear (Bradsher 
et al., 1985).

Ketoconazole transiently blocks cortisol secretion, and 
the adrenal response to corticotrophin is blunted in patients 
receiving 800–1200 mg daily (Pont et al., 1984). Despite the 
observation that some patients have greatly reduced serum 
cortisol values throughout the day, basal cortisol levels are 
generally not affected, and clinical features of hypoadrena-
lism are rarely seen in patients receiving high daily doses of 
ketoconazole for the treatment of fungal infection (Graybill 
and Craven, 1983; Pont et al., 1984). However, White and 
Kendall-Taylor (1985), using ketoconazole in a daily dose of 
1200 mg to treat patients with prostate cancer, described per-
sistent anorexia and malaise in five patients associated with a 
blunted cortisol response within 2 days of starting treatment, 
and hyperpigmentation in one patient after 3 months’ treat-
ment. Pillans et al. (1985) also described a patient with pros-
tate cancer who developed hyponatremia and confusion  
when treated by ketoconazole in a dose of 600 mg daily for 
2.5 months. Adrenal insufficiency developed in the third 
week of treatment with ketoconazole 800 mg daily for pul-
monary blastomycosis, and these symptoms completely 
resolved within days of cessation of the drug (Tucker et al., 
1985). The frequency with which relative corticosteroid defi- 
ciency occurs in high-dose ketoconazole therapy is yet to be 
determined.

Ketoconazole has been used successfully for control of 
hypercortisolism in patients with Cushing syndrome, adrenal 
adenomas, and adrenal carcinomas (Sonino, 1987). Angeli and 
Frairia (1985) described clinical and biochemical improve-
ment in women with Cushing disease, given long-term daily 
(600–800 mg) ketoconazole treatment. More recent data sup-
port the use of ketoconazole as a potential treatment option 
for the treatment of Cushing disease (Castinetti et al., 2014; 
Newell-Price, 2014).

Contreras et al. (1985) reported regression of metastatic 
adrenal carcinoma associated with a fall in serum cortisol 
level and clinical improvement following treatment with a 
daily dose of ketoconazole, varying from 600 to 1200 mg 
depending on the patient’s tolerance. It has also produced 
symptomatic improvement in a patient with ectopic adreno - 

corticotropin production from a small cell carcinoma of the 
lung (Shepherd et al., 1985).

Ketoconazole has also been shown to inhibit renal pro-
duction of 1,25-dihydroxyvitamin D in vitro, reduce serum 
levels of 1,25-dihydroxyvitamin D in normal volunteers and 
patients with hyperparathyroidism, and decrease elevated 
1,25-dihydroxyvitamin D levels in patients with sarcoidosis. 
However, the effect on serum hypercalcemia has varied from 
none to a 15% decrease in calcium levels (Adams et al., 1990; 
Glass et al., 1990).

6d.  Miscellaneous side effects

A great variety of other side effects have been reported in 
association with ketoconazole therapy, but none seems to be 
common. These include pruritus, rash (in 5–6%), headache, 
photophobia, dizziness, fatigue, arthralgia, myalgia, pares-
thesiae, tinnitus, fever and chills, insomnia, abnormal dreams, 
and somnolence (Heel, 1982; Sugar et al., 1987). Bilateral 
papilloedema has been reported to develop in a woman who 
received ketoconazole 800 mg daily for 4 months and then 
resolved on cessation of the drug (Or et al., 1993).

Severe photosensitivity dermatitis (Mohamed, 1988) and 
a fixed drug eruption induced by ketoconazole have been 
described (Bharija and Belhaj, 1988). A rash consistent with 
a drug eruption developed within 24 hours of a single 200-
mg dose of ketoconazole, which resolved with steroids over 
1 week (Kahana et al., 1984). Another patient developed a 
hypersensitivity reaction of generalized urticaria and facial 
angioedema after the first dose of ketoconazole (Gonzalez-
Delgado et al., 1994). Anaphylactic reactions occurred in two 
patients shortly after taking the first tablet of ketoconazole, 
and one may have been previously sensitized to the imidaz-
ole drugs by topical miconazole (Van Dijke et al., 1983). 
Recently, refractory anaphylactic shock within 2 hours after 
taking ketoconazole was reported (Liu et al., 2005). Contact 
dermatitis from ketoconazole cream in two patients was 
reported by Santucci et al. (1992). Less than 5% of patients 
using ketoconazole cream complain of local adverse reactions, 
including pruritus, local irritation, and stinging. Hair loss, dry 
skin, scalp pustules, and pruritus have all been described in 
association with the use of ketoconazole shampoo.

6e.  Biochemical changes

In addition to the effects on testosterone and cortisol synthe-
sis, ketoconazole has been shown to be a potent inhibitor of 
cholesterol synthesis. Transient lowering of serum choles-
terol levels has been observed, and is thought to be due to the 
inhibition of 14α-demethylation of lanosterol by ketocona-
zole (Catanzaro et al., 1982; Miettinen and Valtonen, 1984). 
High-dose ketoconazole caused a 30% reduction in total 
cholesterol levels in men with prostate cancer (Kraemer and 
Pont, 1986). After treatment with ketoconazole for several 
months, serum triglyceride levels may become elevated, and 
this is more common with daily doses above 200 mg (Catan-
zaro et al., 1982; Dismukes et al., 1983).
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6f.  Hematologic side effects

Hemolytic anemia, leukopenia, and thrombocytopenia have 
all been reported rarely. Transient mild leukopenia has been 
noted in a small number of patients (Catanzaro et al., 1982). 
Ketoconazole can cause suppression of human granulocyte–
macrophage progenitor cells in vitro (Meeker et al., 1983; 
Benko et al., 1999). An immune-mediated hemolytic anemia 
was reported in a previously healthy 42-year-old man after a 
3-week course of ketoconazole 200 mg daily (Umstead et al., 
1987).

6g.  Effects on the immune system

No immunotoxic effects of ketoconazole on neutrophil func-
tion were detected by Marmer et al. (1981). Others have 
shown that ketoconazole can increase neutrophil chemotaxis 
without compromising other cellular and humoral immune 
functions, except a slight inhibition of lymphocyte transfor-
mation (Van Rensburg et al., 1983;

Manzell and Clark, 1984; Roilides et al., 1990). The clini-
cal significance of laboratory experiments which show that 
ketoconazole can inhibit various metabolic aspects of human 
lymphocyte function is unknown (Alford and Cartwright, 
1983; Buttke and Chapman, 1983). Ketoconazole may be 
synergistic with host cells against fungi, resulting in increased 
fungicidal activity (Roilides et al., 1990).

6h.  Psychological side effects

Ketoconazole might be effective for a subset of patients with 
mood disorders because of its effect on lowering cortisol 
level. In the case series, ketoconazole at 400 mg/day substan-
tially improved depressive symptoms in patients with bipolar 
depression (Brown et al., 2001). Ketoconazole also reduced 
post-traumatic anxiety in a rat model (Cohen et al., 2000). 
Ketoconazole may attenuate cocaine-seeking behavior in rats. 
Goeders et al. (1998) have found that ketoconazole reduced 
low-dose cocaine self-administration.

6i.  Risks in pregnancy

Ketoconazole crosses the placenta and is embryotoxic and 
teratogenic in animals at high doses (80 mg/kg) (King et al., 
1998). It should not be used in pregnant women unless 
expected benefits outweigh potential risks. Ketoconazole is 
excreted in human breast milk, and it has been estimated that 
infant exposure to ketoconazole from breast milk amounts to 
about 0.4% of that expected from therapeutic doses adminis-
tered directly to the infant (Moretti et al., 1995).

6j.  Fetal toxicity

Ketoconazole has been given a teratogenic classification of C 
by the US FDA. Congenital anomalies have been reported in 
infants born to mothers taking ketoconazole during their 
pregnancies. However, a recent population-based case–control 

study failed to demonstrate a significant rate of birth defects 
in infants of mothers who had received ketoconazole treat-
ment during pregnancy (Kazy et al., 2005).

7. CLINICAL USES OF THE DRUG

Based on the recent FDA warning and recommendations 
against the use of oral ketoconazole as first-line treatment  
for any fungal infection, except for endemic mycoses when 
alternative antifungal therapies are not available or tolerated, 
indications for dermatophyte and Candida infections have 
been removed from the US drug label (FDA, 2013). Therefore, 
data on orally administered ketoconazole for the treatment 
and prophylaxis of superficial, oropharyngeal, and systemic 
candidiasis, cryptococcosis, aspergillosis, other mold infec-
tions, and dermatophyte infections are not discussed in this 
section.

7a.  Dermatophyte infections

Ketoconazole is effective for the treatment of skin infections 
due to dermatophytes such as Trichophyton rubrum, T. men
tagrophytes, T. tonsurans, Epidermophyton floccosum, and 
Micro sporum canis (Heel, 1982; Heel et al., 1982a; Hay, 1983). 
Despite the efficacy of oral ketoconazole against dermato-
phyte skin infections, it is preferable to use topical treatment 
for mild tinea corporis, tinea cruris (excluding scrotal involve-
ment), or mild tinea pedis (Cohen, 1982). Topical imidazoles 
have the advantage of being effective against yeast infections. 
For extensive tinea and infections of the face, hair, nails, and 
genital region, systemic therapy is preferred. Terbinafine is 
probably the drug of choice for this indication. However, 
topical antifungal shampoos, 2% ketoconazole, or products 
with selenium sulfide or salicylic acid are recommended as 
adjunctive therapy for tinea capitis (Elewski et al., 1996). A 
recent study showed that 2% ketoconazole shampoo mono-
therapy reduced the number of colonies of Trichophyton spp. 
in children with tinea capitis. In addition, 30% of children 
achieved complete cure (Greer, 2000).

Ketoconazole is effective for the treatment of pityriasis 
versicolor. Ketoconazole 2% foam was evaluated in a single- 
center, open-label, one-arm pilot study which enrolled eleven 
adult subjects with tinea versicolor and positive KOH using 
calcofluor. By week 2, 3/10 evaluable subjects had negative 
skin samples by KOH/calcifluor, and improvement from 
mild to moderate disease at baseline to minimal or no disease 
at week 4 was noted in seven subjects (Cantrell and Elewksi 
2014).

Seborrheic dermatitis is thought to be caused by pityros-
porum (Malassezia) yeasts, and placebo-controlled trials of 
ketoconazole 2% shampoo have shown it to be an effective 
alternative to oral ketoconazole for scalp involvement (74% 
response rate) (Carr et al., 1987). Ketoconazole 1% and 2% 
shampoo has been evaluated in controlled trials for the con-
trol of dandruff, and response rates of 80–88% have been 
noted when used twice weekly for 4 weeks (Peter and Richarz-
Barthauer, 1995). The shampoo is massaged into the scalp 
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and left for 3–5 minutes before rinsing with warm water 
(Cauwenbergh et al., 1986; Go et al., 1992). Relapse of symp-
tomatic dandruff occurs within 1–3 weeks. In addition, keto-
conazole 2% cream is an effective topical alternative for the 
treatment of seborrheic dermatitis of the face and trunk 
(Green et al., 1987). A novel topical ketoconazole 2% foam 
has been developed that was shown to be equivalent to keto-
conazole cream for seborrheic dermatitis on the scalp, body, 
and face (Elewski et al., 2007). In addition, the long-term 
safety profile of ketoconazole foam 2% was demonstrated in 
a 12-month, open-label, multicenter study of 363 subjects 
with seborrheic dermatitis (Draelos, Feldman et al. 2013).

Ketoconazole 2% cream applied topically twice daily was 
effective for the treatment of “neonatal acne” (caused by 
Malassezia furfur). The erythema and papulopustules resolved 
in 1 week (Rapelanoro et al., 1996).

7b.  Coccidioidomycosis

For the treatment of endemic mycoses, oral ketoconazole 
should not be used as first-line treatment but “only when 
alternative antifungal therapies are not available or tolerated” 
(FDA 2013). There have been a number of reports that keto-
conazole caused improvement in this disease, including 
cases which failed to respond to amphotericin B (Catanzaro 
et al., 1982; De Felice et al., 1982; Heel et al., 1982b; Ross et 
al., 1982). Most noncomparative studies show that the drug 
is moderately effective in nonmeningeal forms of coccidioi-
domycosis, and responses have been documented in skeletal 
(25–69% improvement), cutaneous (60–88% improvement), 
infiltrative and chronic pulmonary disease (41–83% improve-
ment), and in disseminated disease (Catanzaro et al., 1982; 
Stevens et al., 1983; Knoper and Galgiani, 1988).

However, in most cases, ketoconazole appears to suppress 
infection only, and frequent disease relapses occur when 
ketoconazole therapy is interrupted or discontinued (Catan-
zaro et al., 1982; Graybill, 1983; Knoper and Galgiani, 1988). 
For this reason, duration of therapy with ketoconazole should 
be prolonged (minimum of 6–12 months); some investiga-
tors question whether azole drugs can be stopped without a 
significant risk of relapse. There is some evidence that response 
may be better with higher daily doses of ketoconazole, even 
up to 2000 mg (Graybill et al., 1982; Craven et al., 1983; 
Gray bill and Craven, 1983; Graybill et al., 1988). However, 
a randomized study comparing 400- and 800-mg doses of 
keto conazole for the treatment of progressive pulmonary, 
skeletal, or soft tissue infections revealed minimal benefit for 
the majority of patients with nonmeningeal disease. Response 
rates were generally poor: 23% for the 400-mg dose and 32% 
for the 800-mg dose (Galgiani et al., 1988). However, side 
effects were reported in 38% for the 400-mg dose and 66% 
for the 800-mg dose. Relapse rates vary according to which 
organs were involved and which dosages were used. Higher 
daily doses result in higher serum levels and better penetra-
tion of the drug into the CSF, but are also associated with 
greater toxicity. Treatment results of meningeal coccidioido-
mycosis with high-dose ketoconazole have been similar to 

those seen with intrathecal amphotericin B (Graybill et 
al.,  1988). Limited experience suggests that a combination 
of  oral ketoconazole and intrathecal amphotericin B may 
be  useful in coccidioidal meningitis (Craven et al., 1983; 
Graybill et al., 1988). Practice guidelines by the Infectious 
Diseases Society of America have recommend a 400-mg dose 
for treatment of progressive pulmonary disease or non-men-
ingeal disseminated disease (Galgiani et al., 2005). However, 
itraconazole or fluconazole are preferred azole agents for 
coccidioidomycosis at present. In patients with respiratory 
failure or rapidly progressive coccidioidomycosis, amphoter-
icin B is preferred. Posaconazole has also been reported to be 
effective against Coccidioides in a small study. In addition, a 
few case reports have suggested that voriconazole might be 
effective for treatment of coccidioidomycosis (Galgiani et al., 
2005).

7c.  Paracoccidioidomycosis

The classic therapy for paracoccidioidomycosis was sulpho-
namides, which are inexpensive, effective in 70% of patients 
treated for 2–3 years, and associated with a 35% relapse rate 
(Restrepo, 1994). Ketoconazole treatment with doses of  
200–400 mg daily for 6–12 months is associated with a 90% 
response rate and 10% relapse rate. Ketoconazole therapy 
was also associated with a lower mortality rate (Restrepo et 
al., 1985a; Restrepo et al., 1985b; Vargas and Recacoechea, 
1988). Rapid healing of mucocutaneous lesions occurs within 
2–6 months of treatment with ketoconazole, whereas the 
pulmonary and lymph node lesions require longer therapy 
(6 months) before improvement is noted. Pulmonary fibrosis 
often developed and was unaffected by treatment (Restrepo 
et al., 1985a; Brummer et al., 1993). Itraconazole is currently 
considered the drug of choice for paracoccidioidomycosis 
because of a lower rate of adverse reactions, greater potency 
with dosing of 100 mg daily, shorter treatment period (6 
months), and reduced relapse rate compared with keto-
conazole. Patients who have relapsed on ketoconazole have 
been successfully treated with itraconazole (Restrepo, 1994). 
A recent pilot study demonstrated that voriconazole is as 
effective as itraconazole for treatment of paracoccidioidomy-
cosis (Queiroz-Telles et al., 2007).

7d.  Histoplasmosis

Ketoconazole has been shown to be effective for some 
patients with infections due to H. capsulatum and H. duboi
sii. In chronic pulmonary histoplasmosis, ketoconazole in 
doses of 400 mg daily for 6–12 months is as effective as ampho-
tericin B (Slama, 1983; Dismukes et al., 1985). Response rates 
of 84% were noted in a randomized study of ketoconazole 
400 and 800 mg daily for chronic cavitatory pulmonary dis-
ease (National Institute of Allergy and Infectious Diseases 
Mycoses Study Group, 1985). Ketoconazole 400 mg daily 
for 6–12 months is also useful for the treatment of chronic 
or subacute progressive disseminated histoplasmosis in the 
immunocompetent host, but it should not be used for 
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treatment of acute progressive disseminated histoplasmosis 
in the immunocompromised host (including patients with 
AIDS), and it is not recommended for chronic suppressive 
maintenance therapy because of low success rates for induc-
tion treatment (10%) and 50% relapse rates (Nightingale et 
al., 1990; Wheat et al., 1990). Ketoconazole does not cross 
the blood–brain barrier, and is therefore not recommended 
for the treatment of Histoplasma meningitis. The newer azole 
itraconazole has replaced ketoconazole for this infection as it 
is better tolerated and more data are available.

7e.  Blastomycosis

The National Institute of Allergy and Infectious Diseases 
Mycosis Study Group (1985) determined ketoconazole was 
effective for the treatment of non–life-threatening and non-
meningeal blastomycosis, with a cure rate of 89% of patients 
treated for at least 6 months. They found that 800 mg daily 
was significantly more effective than 400 mg daily (100% 
cure rate vs. 79% cure rate), but was associated with greater 
adverse reactions. Bradsher et al. (1985) treated 43 patients 
with a dosage of 400 mg daily for at least 1 month. Of these, 
35 patients (81%) were cured without relapse over a mean 
follow-up period of 17 months. Six patients relapsed (four 
owing to noncompliance) and two had progressive disease 
despite adequate serum levels of the drug. It was concluded 
that ketoconazole should replace amphotericin B as the ini-
tial treatment of uncomplicated blastomycosis, and that ther-
apy should be initiated with 400 mg daily and continued for 
6 months with persistently negative cultures. The ketocon-
azole dose can be increased to 600–800 mg daily in those 
patients in whom disease progression occurs. There are sev-
eral reports of neurologic relapse of blastomycosis after keto-
conazole treatment for pulmonary disease, probably due to 
progression of subclinical central nervous system (CNS) 
infection owing to inadequate penetration of ketoconazole 
across the blood–brain barrier (Bradsher et al., 1985; Pitrak 
and Andersen, 1989; Yancey et al., 1991). However, itracon-
azole is now considered to be the drug of choice for non–
life-threatening and non-CNS blastomycosis, as it is more 
readily absorbed, better tolerated, and has enhanced antifun-
gal activity (Chapman et al., 2008). Patients with HIV infec-
tion and blastomycosis have more aggressive disease, which 
is more rapidly fatal, especially in those who present with 
disseminated disease. These patients should receive ampho-
tericin B formulations as initial therapy, followed by chronic 
oral suppressive therapy with itraconazole (Pappas et al., 
1992). It is also recommended that treatment for blastomy-
cosis in other immunocompromised hosts be initiated with 
amphotericin B (Greene et al., 1985), followed by a prolonged 
course of an oral azole, preferably itraconazole (Chapman et 
al., 2008). 

7f.  Chromoblastomycosis

Chromoblastomycosis is a chronic fungal infection of the 
skin and subcutaneous tissues caused by dematiaceous fungi 

(most commonly Fonsecaea pedrosoi, Philaophora verrucosa, 
Cladosporium carrionii), which are found in soil and decom-
posing vegetation and innoculated into skin by trauma. It is 
generally difficult to treat. Most infections caused by demati-
aceous fungi require both surgical and medical treatment. 
Ketoconazole (200–400 mg daily) therapy for several months 
produced a moderate improvement in 30% of patients with 
mild disease. It is not effective in those with extensive disease 
(Restrepo, 1994). Cutaneous chromomycosis due to F. pedro
soi was reported in a renal transplant patient who required 
multiple excision biopsies and ketoconazole to effectively 
control her disease. Although residual skin lesions regressed 
over several months of treatment, they did not disappear, 
and recurrent lessions developed while she was taking keto-
conazole 200 mg daily. New crops of lesions were excised and 
the patient remained free of disease for 1 year on continued 
ketoconazole (Wackym et al., 1985). Successful treatment 
with ketoconazole and flucytosine in combination has also 
been reported (Silber et al., 1983). At present, itraconazole is 
considered to be the drug of choice (Queiroz-Telles et al., 1992). 
Other medical therapeutic options include 5- flucytosine, 
terbinafine, fluconazole, thiabendazole, and amphotericin B 
(Mar  tinez and Mendez Tovar, 2007).

7g.  Sporotrichosis

Several anecdotal case reports suggest that ketoconazole is 
effective for cutaneous sporotrichosis (including dissemi-
nated cutaneous and lymphocutaneous forms) in immuno-
competent hosts. Treatment regimens of 400 mg daily for 
6 weeks in adults and 200 mg daily for 6 weeks in children 
were successful, with no relapses in 6 months’ follow-up 
(Cullen et al., 1992; Naqvi et al., 1993). Calhoun et al. (1991) 
reported their experience with ketoconazole for invasive 
sporotrichosis (subcutaneous nodules, arthritis, and soft tis-
sue infection). Of those receiving 400–800 mg daily, 88% 
responded with resolution of symptoms, but half relapsed  
on cessation of ketoconazole. Sustained remission was achieved 
by longer duration of treatment (greater than 1 year). Others 
have reported unsuccessful treatment with ketoconazole for 
both systemic disease and pulmonary sporotrichosis (Pluss 
and Opal, 1986; Dall and Salzman, 1987; Purvis et al., 1993). 
Updated practice guidelines by the IDSA have recommended 
itraconazole as a first-line agent for sporotrichosis (Kauff- 
man et al., 2007). However, in disseminated, meningeal, 
severe pulmonary, or osteoarticular sporotrichosis, initial 
treatment with amphotericin B followed by itraconazole is 
preferred.

7h.  Entomophthoromycosis

Caused by the molds Conidiobolus and Basidiobolus spp., ento-
mophthoromycosis is manifest as a chronic inflammatory 
disease with a subcutaneous form involving the limbs, trunk, 
and buttocks (basidiobolomycosis), or a mucocutaneous 
form localized to the face (conidiobolomycosis). A case of 
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sub cutaneous Conidiobolus coronatus infection, involving the 
nose, forehead, and neck, present for 6 years, initially improved 
with potassium iodide but developed recurrent disease which 
resolved completely when treated with ketocona zole 200 mg 
twice daily for 6 months. No relapse occurred during 3 years’ 
follow-up (Towersey et al., 1988). Hay (1983) has reported a 
case that did not respond to 5 months’ treatment with keto-
conazole. Infections by Basidiobolus ranarum usually occurs 
in children. Most cases resolve spontaneously. Ketoconazole 
400 mg daily has been used with some success (Gugnani, 
1999). The number of cases reported in the literature is too 
small to make any recommendations concerning the efficacy 
of ketoconazole for this infection. Potassium iodide or itracon-
azole are recommended as reasonable first drugs of choice. 
However, other agents, including miconazole, cotrimoxa-
zole, amphotericin B, and terbinafine, have been used with 
variable success (Prabhu and Patel, 2004).

7i.  Acanthamoeba infections

In the immunocompromised host, Acanthamoeba infec- 
tions present as disseminated infection with skin nodules 
or ulcers and spread to the brain (chronic granulomatous  
amebic encepha litis). A number of agents including keto-
conazole, penta midine, hydroxystil-bamidine, paromomycin, 
5- fluoro cytosine, polymyxin, sulfadiazine, trimethoprim–
sulfamethoxazole, and azithromycin have been shown to 
have antiamebic activity against Acanthamoeba spp. in vitro 
(Marciano-Cabral and Cabral, 2003). Treatment results have 
been disappointing, although ketoconazole 400 mg daily 
may stabilize progression of the infection (Martinez, 1991; 
Friedland et al., 1992). Successful treatment of disseminated 
Acanthamoeba infection in a renal transplant patient with 
an  IgA deficiency was reported by Slater et al. (1994). The 
patient presented with cutaneous ulcers with black eschars, 
2–6 cm in diameter, plus tender erythematous nodules with 
purulent drainage. He was treated with i.v. pentamidine ise-
thionate 4 mg/kg daily and twice-daily topical therapy to the 
skin lesions with 2% ketoconazole cream after cleansing with 
chlorhexidine. Improvement of cutaneous disease was noted 
within 1 week. Acanthamoeba keratitis is associated with eye 
trauma or contact lens usage. In one case report, the infec-
tion was treated with 0.02% topical chlorhexadine, ciproflox-
acin, 1% atropine, together with oral ketoconazole 200 mg 
twice a day with dramatic initial response (Wynter-Allison et 
al., 2005). However, the patient subsequently developed severe 
corneal scarring, vascularization, and lens opacification.
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1. DESCRIPTION

Fluconazole (“Diflucan”), 2,4-difluoro-α,α1-bis (1H-1,2,4-
triazol-1-ylmethyl) benzyl alcohol, was the first of class of 
synthetic bis-triazole antifungal agent. It has the chemical 
formula C13H12F2N6O and a molecular weight of 306.3. The 
chemical structure is shown in Figure 153.1. The primary 
mode of action of fluconazole is selective inhibition of fungal 
cytochrome P450-dependent C14-α sterol demethylase which 
is involved in the biosynthesis of fungal ergosterol. This leads 
to loss of normal sterols and in turn, accumulation of 14-α- 
methyl ergosterol precursors in the fungal plasma membrane, 
ultimately resulting in fungal growth arrest (see later under 
3, Mechanism of drug action). It was licensed in the United 
States by the Food and Drug Adminsitration (FDA) in January 
1990 to treat candidal and cryptococcal infections. 

Fluconazole is a white crystalline solid which is highly 
polar and hence hydrophilic. Available formulations are gel-
atin capsules, a powder for oral suspension, and an intrave-
nous formulation. See section 4, Mode of drug administration 
and dosage, for the dosage used for each formulation. 

Fluconazole exhibits activity against Candida, Crypto
coccus, and some dimorphic and dermatophyte fungi. It is cur-
rently approved by the US FDA for treatment of cryptococcosis 
and candidiasis, including invasive, oroesophageal, urogenital, 
and vulvovaginal disease. It is also approved for primary pro-
phylaxis of candidiasis in bone marrow transplant recipients. 
Similar approvals are in place in most other countries.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

A summary of the in vitro activity of fluconazole against var-
ious fungi is shown in Table 153.1. It has the narrowest spec-
trum of activity of all the azole antifungals currently available 
for systemic use. 

PATHOGENIC YEASTS

Fluconazole exhibits in vitro activity against pathogenic 
yeasts, including most Candida spp. and Cryptococcus neo
formans (Table 153.1). Among Candida spp., fluconazole is 
most active against C. albicans [minimum inhibitory concen-
tration (MIC)50 0.25 µg/ml], C. parapsilosis (MIC50 0.5–1 µg/
ml), C. tropicalis (MIC50 0.5–1 µg/ml), C. lusitaniae (MIC50 
0.5–1 µg/ml), and C. dubliniesis (MIC50 0.12–0.25 µg/ml) 
(Table 153.1) (Pfaller et al., 2004; Pfaller et al., 2010a; Pfaller 
et al., 2015; Castanheira et al., 2014). Though uncommon, 
varying proportions of isolates test resistant; the prevalence 
of resistance varies with geographic region. 

Fluconazole MICs are higher in several less common 
Candida spp., including C. guilliermondii (MIC50 2–4 µg/ml), 
C. famata (MIC50 2–4 µg/ml) and C. rugosa (MIC50 8 µg/ml) 
(Pfaller et al., 2003a; Chen et al., 2009; Castanheira et al., 
2014). Of note, C. krusei is intrinsically resistant to fluconazole 
(MIC range 8 to >256 µg/ml). Further, strains of C. glabrata 
have reduced susceptibility to fluconazole with higher MICs 
(MIC50 8–16 µg/ml) (Pfaller et al., 2001, Pfaller et al., 2009; 
Pfaller et al., 2015), an increasing proportion of C. glabrata 
are testing resistant (see section 2b, Emerging resistance and 
cross-resistance). Fluconazole is active against C. neoformans 
(MIC50 2–8 µg/ml, MIC90 4816 µg/ml). Most strains (78–96%) 
demonstrate fluconazole MICs of ≤ 8 µg/ml (Pfaller et al., 
2001; Pfaller et al., 2005; Pfaller et al., 2015). 

These MIC distribution data, as well as pharmacokinetic 
and pharmacodynamic studies from animal models and 
patients, were analyzed and utilized by the Antifungal Sus-
cep tibility Subcommittee of the Clinical and Laboratory Figure 153.1. Chemical structure of fluconazole. 
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Table 153.1. In vitro susceptibilities of fluconazole to various fungi.

Fungus MIC Range (µg/ml) MIC 50%a (µg/ml) MIC 90%a (µg/ml) Reference

Candida spp. Espinel-Ingroff, 1998; Pfaller et al., 2001; 
Pfaller et al., 2002; Pfaller et al., 2003b; 
Pfaller et al., 2004; Pfaller and Diekema, 
2004; Sabatelli et al., 2006; Illnait-
Zaragozi et al., 2008; Castanheira et al., 
2014; Pfaller et al., 2015; Xiao et al., 
2015)

C. albicans 0.06–128 0.12–25     25–2
C. glabratab 0.12–256      8–16     32–128
C. parapsilosis 0.12–128 0.5–1      2–4
C. tropicalisb 0.12–256 0.5–1      1–4
C. dubliniensis 0.062–128 0.12–0.25 0.25–32
C. krusei      4–128 32     64–128
C. lusitaniae 0.006–16 0.5–1      1–4
C. guilliermondii 0.25–32      2–4      8–64
C. famata 0.25–16      2–4 16
C. rugosa      4–16 8
C. pelliculosa 0.5–16 4 8
Cryptococcus neoformans 0.25–128      2–8      4–16
Trichosporon
T. asahii 0.25–16 2 8
T. beigelii      1–2 2
Rhodotorula spp.     32–256 256 256
Geotrichum capitatum      1–32 8 8
Blastomyces dermatitidis      4–32 Gonzalez et al., 2005; Alvarado-Ramirez 

and Torres-Rodriguez, 2007Histoplasma capsulatum      2–32 4 16
Coccidioides immitis      2–64 8 32
Sporothrix schenckii > 64
Aspergillus spp. Cuenca-Estrella et al., 1999; Gonzalez et 

al., 2001; Sun et al., 2002; Gonzalez et 
al., 2005; Sabatelli et al., 2006; 
Almyroudis et al., 2007

A. fumigatus > 64
A. flavus > 64
A. niger > 64
A. versicolor > 64
A. terreus > 64
Fusarium spp. > 64
Rhizopus spp. > 64
Mucor spp. > 64
Rhizomucor spp. > 64
Absidia spp. > 64
Cunninghamella spp. > 64
Apophysomyces spp. > 64
Paecilomyces spp.     16–> 64 32 64
Cladophialophora carrionii     16–64 16 64
Fonsecaea pedrosoi     16–64
Pseudallescheria boydii      4–64 16 32
Scedosporium spp.
S. apiospermum     16–> 16 > 16 > 16
S. prolificansc > 16 > 16 > 16
Penicillium spp. > 64
Bipolaris spp. > 64
Phialophora spp. > 64
Wangiella spp. > 64
Schizophyllum spp.      8–16 8 16
Coprinus spp.      8–32 16 32
Bjerkandera spp.      8–16 8 16
Trichophyton spp.      1–128      1–128
Microsporum spp. 2 128
Epidermophyton spp. 2 2

aMIC 50%: MIC at which 50% of isolates were inhibited; MIC 90%: MIC at which 90% of isolates were inhibited.
bResistance described in section 2b, Emerging resistance and cross-resistance.
cS. prolificans has been renamed Lomentospora prolificans.
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Standards Institute (CLSI) to develop interpretive fluco-
nazole susceptibility breakpoints (or clinical breakpoints 
[CBPs]) for Candida spp. in the 1990s (Rex et al., 1997). 
Animal data using a murine candidiasis model have shown 
that treatment outcomes are best predicted by a 24-hour area 
under the concentration–time curve (AUC)/MIC ratio of 
≥  25 (Andes and van Ogtrop, 1999). Pharmacodynamic 
analysis of data from clinical studies of 1295 patients with 
either oropharyngeal candidiasis or invasive candidiasis sim-
ilarly revealed that clinical efficacy was associated with an 
AUC/MIC ratio of approximately 25. MIC CBPs for Candida 
spp. were determined to be: susceptible, ≤ 8 µg/ml; suscep-
tible dose dependent (SDD), 16–32 µg/ml; and resistant, 
≥  64 µg/ml. A significantly lower clinical success rate was 
documented in patients with resistant isolates (42%) than for 
those with susceptible (85%) or SDD isolates (67%).

Currently, with improved mathematical modeling and 
more recent clinical data, both the CLSI and European Com-
mittee on Antimcirobial Susceptiblity Tetsing (EUCAST) 
have developed new MIC CBPs for fluconazole based on 
contemporary MIC distribution, pharmacodynamic and 
clinical outcome data (http://www.eucast.org/clinical_break 
points/; version 6.1; CLSI, 2012). These new CBPs were 
developed to associate resistance more accurately with clinical 
outcomes. The recently revised species-specific CLSI CBPs for 
fluconazole are as follows. For C. albicans, C. parapsilosis, 
and C. tropicalis: susceptible, ≤ 2 µg/ml; SDD/ intermediate 
(S-DD/I), 4 µg/ml; and resistant, ≥ 8 µg/ml (CLSI, 2012; 
Pfaller et al., 2010b), and for C. glabrata, S-DD, ≤ 32 µg/ml; 
and resistant, ≥ 64 µg/ml. EUCAST MIC breakpoints are: 
≤  2  µg/ml; intermediate, 4 µg/ml and resistant, > 4 µg/ml. 
There are no EUCAST CBPs for C. glabrata and fluconazole 
due to insufficient evidence that even high doses of fluco-
nazole correlate with satisfactory outcomes in C. glabrata 
infections (Orasch et al., 2014). 

DIMORPHIC FUNGI

Fluconazole is active against most endemic dimorphic fungi, 
but MICs are higher for fluconazole than for other triazoles 
(Table 153.1). Fluconazole MICs are more than tenfold higher 
than the MICs for itraconazole, posaconazole, and vori cona-
zole against Blastomyces dermatiditis (MIC range 4–32 µg/ml), 
Coccidioides immitis (MIC range 2–64 µg/ml), and Histo
plasma capsulatum (MIC range 2–32 µg/ml) (Gonzalez et  
al., 2005). Fluconazole is not active against Sporothrix schenckii 
(MIC50 > 64 µg/ml) (Gonzalez et al., 2005).

MOLDS OR FILAMENTOUS FUNGI

Fluconazole has no useful acitivty against most filamentous 
fungi, including Aspergillus spp., Fusarium spp., Scedosporium 
spp., and mucoraceous molds (Table 153.1) (Cuenca-Estrella 
et al., 1999; Gonzalez et al., 2001; Sun et al., 2002; Gonzalez 
et al., 2005; Sabatelli et al., 2006; Almyroudis et al., 2007).

DERMATOPHYTE FUNGI

MIC ranges for fluconazole against the three common gen-
era of dermatophyte fungi are shown in Table 153.1.

2b.  Emerging resistance and 
cross-resistance

CANDIDA SPECIES

Acquired fluconazole resistance, as well as colonization and 
infection with resistant Candida spp., has long been noted in 
patients receiving long-term fluconazole therapy for antifun-
gal prophylaxis or treatment of human immunodeficiency 
virus (HIV)-associated oropharyngeal candidiasis (Wingard 
et al., 1991; Sanguineti et al., 1993; Wingard et al., 1993; Baily 
et al., 1994; Redding et al., 1994; Ruhnke et al., 1994, Andes, 
2006). The predominant mechanisms of azole resistance 
described for C. albicans include increased expression of 
ATP-dependent efflux pumps (CDR1 and CDR2) and point 
mutations in ERG11, the gene encoding the azole target, 
14-alpha-demethylase (White et al., 2002; Vandeputte et al., 
2012). C. glabrata is intrinsically less susceptible to fluco-
nazole than C. albicans and can rapidly develop resistance 
through induction of efflux pumps. Overall, among a global 
set of C. glabrata isolates, approximately 11.1% of strains 
were classed as fluconazole-resistant (Pfaller et al., 2015); in 
another study 6.9% of C. glabrata were classed as resistant 
(Castanheira et al., 2014). The frequency of resistant isolates 
varies considerably by region, with approximately 13.5% of 
clinical isolates in North America, 4.1% in Europe, 2.9% in 
the Asia Pacific (but 14.2% in one study from China), 1.5% in 
India (in ICU patients), and < 1% in Latin America resistant 
to fluconazole (Pfaller et al., 2013; Pfaller et al., 2015; Xiao et 
al., 2015; Chakrabarti et al., 2015). Resistance rates may also 
vary with underlying comorbidies, reaching 23% in one 
study of transplant recipients (Lockhart et al., 2011). 

Among C. tropicalis, fluconazole-sensitive strains pre-
dominate (Pfaller et al., 2013), though the frequency of flu-
conazole-resistant strains has reached 8.0% in North America 
and 9.1% in the Asia Pacific (Castanheira et al., 2014; Pfaller 
et al., 2015).

Susceptibility data from large numbers of C. glabrata strains 
revealed a strong correlation between fluconazole resistance 
and voriconazole (R = 0.90) and posaconazole (R = 0.80) 
resistance (Pfaller and Diekema, 2004; Pfaller et al., 2015). 
This trend has been described for all Candida spp. with the 
exception of C. krusei, which is intrinsically resistant to flu-
conazole; the majority of these strains remain susceptible to 
voriconazole and posaconazole. More recently, fluconazole- 
resistant C. glabrata strains that are also resistant to the echi-
nocandins have been described (Pfaller et al., 2012).

CRYPTOCOCCUS COMPLEX

Clinical breakpoints have not been able to be established for 
C. neoformans or C. gattii. However, epidemiological cutoff 
values (ECVs) have been developed and range from 8 µg/ml 
for C. neoformans to 32 µg/ml for subtype VGII of C. gattii 
(Espinel-Ingroff et al., 2012). Approximately 96% of C. neo
formans strains have MICs of ≤ 8 µg/ml (Pfaller et al., 2005). 
MICs ≥ 64 µg/ml have been documented in 1–2% of C. neo
formans strains. Such “resistant” strains often also have high 

http://www.eucast.org/clinical_breakpoints/
http://www.eucast.org/clinical_breakpoints/
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MICs against voriconazole (MICs 2–4 µg/ml). However, in 
general, resistance is very uncommon in developed countries 
(Pfaller et al., 2011). Resistance can emerge during fluco-
nazole therapy. In a study of relapsed cryptococcal menin-
gitis following fluconazole 400 mg daily in South Africa, 
fluconazole MICs were elevated in 76% of 21 episodes that 
were culture positive; 60% of isolates had MICs of 256 µg/ml 
or greater. In three cases, baseline MICs were available and 
were low; notably, several patients who relpased with “resis-
tant” isolates would have had reduced fluconazole exposure 
due to receiving concomitant rifampicin, though numbers 
were too low for this association to achieve statistical signifi-
cance (Bicanic et al., 2006). Following widespread fluco-
nazole use in Uganda, MIC90 values for fluconazole rose from 
8 µg/ml to 32 µg/ml, though the high MICs did not affect 
clinical outcomes in the context of induction therapy with 
amphotericin B (0.7–1.0 mg/kg/day for 2 weeks) combined 
with fluconazole (800 mg/day for 11 weeks) (Smith et al., 
2015). Higher fluconazole MICs have been reported for  
C. gattii, with MICs of > 8 µg/ml in 10–35% of isolates, com-
pared with less than 10% in C. neoformans (De Bedout et al., 
1999; Morera-Lopez et al., 2005; Gomez-Lopez et al., 2008). 
Although these isolates are not considered to be resistant to 
fluconazole, the higher MICs may contribute to the poor 
antifungal response in these patients. Within the four major 
genotypes of C. gattii there is evidence that type VGII is less 
susceptible than VGI, II, and IV to fluconazole, though the 
therapeutic implications of this finding are not yet clear 
(Chen et al., 2014b). 

3. MECHANISM OF DRUG ACTION

As with other azole antifungal drugs (see Chapter 154, Itra-
conazole; Chapter 156, Voriconazole; Chapter 157, Posa cona-
zole; and Chapter 158, Isavuconazole), fluconazole is a highly 
selective inhibitor of fungal cytochrome P450 (CYP50)-
dependent C14-α sterol demethylase. This enzyme converts 
lansoterol to ergosterol, an essential component of the fungal 
plasma membrane. Inhibition of this critical demethylation 
step in ergosterol biosynthesis leads to accumulation of 
methylated ergosterol precursors in the plasma membrane, 
ergosterol depletion with subsequent disruption of both struc-
ture and function of the cell membrane, and ultimately fun-
gal growth arrest. Mammalian cell demethylation is much 
less susceptible to fluconazole inhibition.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Fluconazole is formulated as an oral tablet or gelatin capsule 
containing 50, 100, 150, or 200 mg of fluconazole, a powder 
for oral suspension (10 mg/ml, 50 mg/5 ml, 40 mg/ml, 200 
mg/5 ml), and as an intravenous formulation (400 mg/200 
ml, 200 mg/100 ml). The intravenous formulation is compat-
ible with both Ringer’s solution and normal saline and can be 

administered through an existing intravenous line with one 
of the above fluids (Diflucan package insert). Some formula-
tions are not available in certain countries. Fluconazole is 
most often administered orally. The dose recommendations 
below reflect the use of a fixed fluconazole dose in the respec-
tive clinical trials. However, there is increasing evidence that 
at least for more serious infections in hopitalized patients, 
the recommended pharmacokinetic/pharmacodynamic (PK/
PD) target serum levels of fluconazole (section 5b, Drug 
distribution) are achieved much more consistently using a 
weight-based dosing regimen. For example, in a small subset 
of critically ill patients who received fluconazole in a multi-
national study of antimicrobial dosing, standard rather than 
weight-based dosing was common and typically less than the 
recommended loading and maintenance doses of 12 mg/kg 
and 6 mg/kg, respectively (Pappas et al., 2016; Cornely et al., 
2012; Chen et al., 2014a). With this fixed dose, 33% of 
patients failed to achieve the target PK/PD index, and these 
parameters varied substantially (Sinnollareddy et al., 2015). 
Similar PK parameters and variability were noted in a previ-
ous study of 14 patients in a surgical intensive care unit. In a 
retrospective cohort study of 206 hospital inpatients with 
candidemia who were treated with a fixed (400 mg) dose of 
fluconazole, 47% were underdosed according the Infectious 
Diseases Society of America (IDSA) management guidelines 
(Pappas et al., 2009). The fixed-dose regimen translated into 
weight-based doses of < 4 mg/kg to 9 mg/kg, and the two 
significant determinants of inadequate fluconazole therapy 
were increasing weight (in 1-kg increments) and a creatinine 
clearance of > 50 ml/min (Garey et al., 2007).

The daily dose should be based on the infecting organism 
and the clinical response to therapy (see section 7, Clinical 
uses of the drug). 

CANDIDIASIS 

The recommended regimen for invasive candidiasis is a load-
ing dose of 800 mg (12 mg/kg) followed by 400 mg (6 mg/kg) 
daily (Table 153.2) (Pappas et al., 2009; Chen et al., 2014a; 
Cornely et al., 2012; Ullmann et al., 2012). A dosage of 
400 mg daily is recommended for antifungal prophylaxis in 
neutropenic patients. Lower dosages can be administered 
for  treatment of noninvasive infections. A single 150-mg 
oral dose is effective for the treatment of vulvovaginal can-
didiasis. Fluconazole dosages of 100–200 mg daily are rec-
ommended for the treatment of oropharyngeal candidiasis. 
Dosages of 200–400 mg daily should be administered for 
esophageal candidiasis. For suppression of mucosal candidi-
asis in patients with recurrent disease, fluconazole 200 mg 
three times per week is recommended. For extensive tinea 
infections where topical therapy is not practical, the recom-
mended dosage is 150 mg once weekly for 4 weeks. 

CRYPTOCOCCOSIS 

Fluconazole doses of 200–1200 mg daily have been recom-
mended depending on whether fluconazole is used for induc-
tion, consolidation, or suppressive therapy. Induction with 
fluconazole monotherapy is inferior to a combination of 
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Table 153.2. Summary of the clinical uses of fluconazole.

Clinical Use Dose Trial Outcomes References

Candidiasis

Invasive candidiasis
Initial therapy 

(selected patients)
Step-down therapy

800 mg (12 mg/kg) 
loading dose, then 400 
mg (6 mg/kg) daily

400 mg (6 mg/kg daily)

Successful outcome in 41–70%, 
efficacy similar to amphotericin B or 
anidulafungin

Mortality apparently not reduced; 
antifungal duration shorter 

Rex et al., 1994; Anaissie et al., 1996; 
Rex et al., 2003; Reboli et al., 2007; 
Pappas et al., 2016

Bal et al., 2014; Vazquez et al., 2014; 
Bailly et al., 2015, Takesue et al., 
2015.

Esophageal candidiasis 200–400 mg daily (3–6 
mg/kg daily)

Clinical response in 91–95%, efficacy 
similar to itraconazole oral solution

Barbaro et al., 1996; Wilcox et al., 
1997; Pappas et al., 2016

Oropharyngeal 
candidiasis

100–200 mg daily Clinical response in 87–90%, efficacy 
similar to clotrimazole and itracon-
azole oral solution

Pons et al., 1993; Flynn et al., 1995; 
Graybill et al., 1998; Phillips et al., 
1998; Pappas et al., 2016

Mucosal candidiasis 
suppression

200 mg po 3 × /week Fewer episodes of mucosal candidiasis 
and fewer invasive fungal infections

Goldman et al., 2005; Pappas et al., 
2016

Vulvo-vaginal candidiasis 150 mg po × 1 dose Successful outcome in > 90% of 
uncomplicated cases, efficacy similar 
to topical azole, oral itraconazole, 
and oral ketoconazole

Brammer and Feczko, 1988; Kutzer et 
al., 1988; Osser et al., 1991; 
Pitsouni et al., 2008; Pappas et al., 
2016

Recurrent vulvo-vaginal 
candidiasis

150 mg each 72 hours for 
2 wk, then 150 mg po 
weekly

Reduction in episodes of vaginal 
candidiasis

Sobel et al., 2000; Pappas et al., 2004

Urogenital candidiasis 100–200 mg daily (adults) Clinical benefit for treatment of 
asymptomatic candiduria has not 
been documented for most patient 
cohorts but high rates of associated 
candidemia occur in very low birth 
weight infants; during urological 
procedures

Pappas et al., 2016
Robinson et al., 2009; Wynn et al., 

2012; Beck et al., 2008.

Cryptococcosis

 Induction therapy

 Consolidation therapy
  Pulmonary disease

1200 mg daily
800 mg daily
400–800 mg daily

Monotherapy less fungicidal and less 
effective than amphotericin B ± 5FC

Combined with AMB if 5FC 
unavailable

higher dose should be administered 
for consolidation therapy in CNS 
disease 

As effective as amphotericin B for mild 
to moderate pulmonary disease

Longley et al., 2008; Rothe et al., 
2013

Rolfes et al., 2015
Saag et al., 1992; Haubrich et al., 

1994; Saag et al., 2000; Perfect et 
al., 2010, Chen et al. 2014a

Cryptococcosis 
Suppression 
(Maintenance)

200 mg daily Tenfold reduction in relapse rate in 
HIV-infected patients

Bozzette et al., 1991; Saag et al., 2000

Prophylaxis

Prophylaxis Neutropenia 400 mg daily As effective as amphotericin B, less 
effective than itraconazole but 
better tolerated

Likely not as effective as posaconazole

Rozenberg-Arska et al., 1991; Bodey 
et al., 1994; Menichetti et al., 1994; 
Slavin et al., 1995; Vardakas et al., 
2005; Cornely et al., 2007; Ullmann 
et al., 2007; Pappas et al., 2016

Prophylaxis ICU 400 mg daily May be beneficial in high-risk patients 
in ICUs with high rates of 
candidemia

Cruciani et al., 2005; Shorr et al., 
2005; Schuster et al., 2008; Pappas 
et al., 2016

Prophylaxis surgical 
patients

400 mg daily Effective for the prevention of 
intra-abdominal candidiasis in 
high-risk surgical patients

Eggimann et al., 1999

Prophylaxis preterm 
neonates

3 or 6 mg/kg twice weekly Decreases rate of invasive fungal 
infection and fungal colonization, 
not mortality

Manzoni et al., 2007; Pappas et al., 
2016
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amphotericin B plus 5-flucytosine in cryptococcal meningi-
tis (Rothe et al., 2013). In a single case series, Chen et al. 
(2013) reported that a 2-week course of amphotericin B plus 
5 FC was also superior to fluconazole monotherapy in pulmo-
nary disease caused by C. gattii. Notably, several management 
guidelines currently recommend fluconazole monotherapy 
in cases of mild-moderately symptomatic, focal pulmonary 
disease due to C. neoformans and C. gattii (Perfect et al., 2010; 
Chen et al., 2014a; Cornely et al., 2012). 

In HIV-infected patients with cryptococcal meningitis, 
the recommended maintenance dose for prevention of relapse 
is 200 mg once daily (Perfect et al., 2010) (see section 7, 
Clinical uses of the drug).

4b.  Newborn infants and children

Fluconazole can be administered safely to infants and chil-
dren (Presterl and Graninger, 1994; Autmizguine et al., 2014). 
However, fluconazole is cleared more rapidly in children 
than in adults, and higher weight-based dosages are required 
to produce exposures comparable to those in adults. It is 
administered as a single daily dose. For treatment of systemic 
candidiasis and disseminated disease, a dose of 6–12 mg/kg 
daily is recommended. A lower daily dose (3 mg/kg) can be 
administered for mucosal candidiasis, but should be pre-
ceded by a loading dose of 6 mg/kg (Piper et al., 2011; Diflucan 
package insert). For treatment of cryptococcal meningitis, 
fluconazole can be administered as a 12-mg/kg intravenous 
loading dose, followed by 6–12 mg/kg daily, depending on 
disease severity. 

Neonates excrete fluconazole slowly. In the first 2 weeks of 
life, the same mg/kg/ dosing as in older children is recom-
mended but administered every 72 hours. In the third and 
fourth week of life, the same dose should be given every 48 
hours. 

4c.  Pregnant and lactating mothers

Fluconazole is classed as a category D drug in pregnancy 
except for single-dose 150-mg doses for vaginal candidiais 
(Vlachdis et al., 2013). Although there are no well-controlled 

studies of its use in pregnant women, there have been reports 
of mulitple congenital abnormalities in infants whose moth-
ers were being treated for 3 or more months with high  
doses (400–800 mg daily) fluconazole for coccidiodomycosis 
(Diflucan package insert). However, a firm link between flu-
conazole use and these events is not established. Adverse 
fetal effects in animals seen only at high dose levels are not 
considered relevant to fluconazole use at therapeutic doses. 
A number of case reports have described a pattern of birth 
detects among infants whose mothers received 400–800 daily 
of fluconazole during the first trimester of pregnancy. These 
manifestaitions include brachycephaly, abnormal facies, cleft 
palate, femoral bowing, thin ribs and long bones, and congen-
ital heart disease (Diflucan package insert; Aleck et al., 1997; 
Mastroiacovo et al., 1996; Pursley et al., 1996). Specifically, a 
total fluconazole dose > 300 mg should be considered terato-
genic and remains contraindicated throughout pregnancy. 
Importantly, data from human studies have now confirmed 
the safety of low-dose fluconazole in first- trimester prega-
nancies. Bean et al. (2013) also reported the safety of intra- 
amniotic fluconazole 50–100 mg/week for 6–8 weeks in two 
patients with Candida chorioamnionitis (Bean et al., 2013). 

For mucocutaneous infections, a low single dose (≤ 300 
mg total dose) of fluconazole does not increase risk of con-
genital disease and may be condidered in the absence of a 
topical alternative after the first trimester (Pilmis et al., 2015). 
However, a recent cohort study of over 3300 women who 
received 150–300 mg of oral fluconazole between 7 and 22 
weeks of pregnancy reported an approximately 50% increased 
risk of miscarriage in exposed women compared with either 
unexposed women or women treated with vaginal azole ther-
apy (Molgaard-Nielsen, 2016). 

In summary, fluconazole use in pregnancy should be 
avoided except in potentially life-threatening fungal infec-
tions where fluconazole may be used if the anticipated bene-
fit to the patient outweighs the possible risk to the fetus. 

Fluconazole has been found in human breast milk at con-
centrations similar to plasma and thus its use in lactating 
mothers is not reocommend (Diflucan package insert). Speci- 
fically, it is secreted in breast milk at concentrations approxi-
mately 85% of plasma levels (Force, 1995).

Clinical Use Dose Trial Outcomes References

Other uses

Neonatal candidiasis 12 mg/kg daily Alternative to amphotericin B Pappas et al., 2016

Histoplasmosis 200–800 mg daily Not as effective as itraconazole, 
second-line agent for treatment of 
mild to moderate disease

Sharkey-Mathis et al., 1993; McKinsey 
et al., 1996; Wheat et al., 2007

Blastomycosis 400–800 mg daily Success rates of 62–89% in patients 
with non–life-threatening, non-CNS 
blastomycosis, alternative to 
itraconazole

Pappas et al., I995a; Pappas et al., 
1997; Chapman et al., 2000

Dermatophytosis 150 mg weekly for 1–5 
weeks

Success rates of 70–95% Del Aguila et al., 1992; Montero-Gei 
and Perera, 1992; Suchil et al., 1992

ICU: intensive care unit.
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4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Fluconazole is primarily excreted in the urine as unchanged 
drug. No dosage adjustments for loading doses or in single- 
dose therapy are necessary. For patients receiving multi- 
dose therapy, normal doses can be given on days 1 and 2 of 
treatment and thereafter the dosage intervals or the daily 
dose should be modified in accordance with creatinine clear-
ance. For patients with a creatinine clearance of 20–60 ml/
min, the fluconazole dosage should be decreased by 50%, 
while patients with a creatinine clearance of 11–20 ml/min 
should receive one-quarter of the normal daily dose (Cousin 
et al., 2003).

Since fluconazole is a low-molecular-weight compound 
with minimal protein binding, it is effectively removed by 
dialysis including in continuous venovenous hemofiltration 
(CVVHF) and continuous venovenous hemodiafiltration 
(CVVHDF). An earlier study of five patients on long-term 
hemodialysis found that fluconazole serum concentrations 
were reduced by approximately 25% during 3-hour hemo-
dialysis sessions (Oono et al., 1992). Based on these results, it 
is recommended that the dose of fluconazole be administered 
after hemodialysis. Pharmacokinetic analysis predicted that 
dosages of 100 and 200 mg administered after dialysis would 
result in fluconazole serum concentrations of 7–8 and 15–20 
µg/ml, respectively. Fluconazole is eliminated more effi-
ciently during CVVHDF compared with CVVHF (reviewed 
in Sinnol la reddy et al., 2011), suggesting the need for higher 
empricial doses in patients receiving these two treatments. 
The flow rate of ultrafiltration/dialysis may also influence 
dosing regimens (Muhl et al., 2000). In general, in terms of 
daily dosing, empirical doses of at least 12 mg/kg/day fol-
lowed by 6 mg/kg/day may be necessary in CVVHF-, and 
CVVHDF-treated patients. 

Conversely, in a case study of a patient receiving continu-
ous arteriovenous hemodiafiltration (CAVHD), fluconazole 
administered without dosage adjustment resulted in phar-
macokinetic parameters similar to those in patients with 
normal renal function (Nicolau et al., 1994). Dosage adjust-
ments do not appear to be necessary for patients undergoing 
CAVHD.

Patients receiving continuous ambulatory peritoneal dial-
ysis (CAPD) may be treated with oral, intravenous, or intra-
peritoneal fluconazole using regimens of 200 mg every 48 
hours or 100 mg daily (Cousin et al., 2003). Following the 
intraperitoneal administration of fluconazole (50 or 150 
mg), bioavailability of 87% has been reported (Debruyne et 
al., 1990). Based on these findings, a 6-hour intraperitoneal 
infusion of fluconazole 150 mg every 2 days has been recom-
mended for the treatment of Candida peritonitis. Another 
study of individuals on continuous cycling peritoneal dialy-
sis found that a single dose of fluconazole, e.g. 200 mg, every 
24 h was sufficient to maintain serum and peritoneal fluid 
concentrations above the MICs for most Candida spp. (Dahl 
et al., 1998). 

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Studies in volunteers with and without hepatic impairment 
have indicated that fluconazole doses do not need to be reduced 
in patients with hepatic impairment. When compared with 
healthy volunteers, pharmacokinetic analysis in patients with 
liver cirrhosis receiving single-dose fluconazole (100 mg i.v.) 
demonstrated a reduction in the terminal elimination con-
stant (0.0101 vs. 0.0214/h) and an increase in fluconazole 
exposure (200 vs. 69.4 mg/l h) (Ruhnke et al., 1995). However, 
given the relative safety of fluconazole and low risk of toxic-
ity, and wide interpatient variability, dosage reductions for 
patients with hepatic insufficiency are not recommended. In 
another study, fluconazole pharmacokinetic parameters were 
not statistically significantly affected by hepatic impairment, 
supporting the guideline that there is no requirement for 
dose adjustment in patients with mild to moderate hepa tic 
impairment (Sobue et al., 2005). 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The bioavailability of oral fluconazole is greater than 90% com-
pared with intravenous administration (Table 153.3) (Shiba et 
al., 1990). Plasma protein binding is low (11–13%) (Debruyne, 
1997). Fluconazole absorption is not significantly altered by 
administration of food, H2-inhibitors, or antacids (Lazar and 
Wilner, 1990; Thorpe et al., 1990; Zimmermann et al., 1994). 
Peak serum levels are obtained 2 hours after oral administra-
tion (Brammer et al., 1990).

Steady-state fluconazole pharmacokinetic parameters fol-
lowing doses of 50 or 100 mg i.v. daily in healthy volunteers 
demonstrated linear dose proportionality with achievement 
of steady-state by day 7 (range 5–10 days) (Foulds et al., 1988b). 
A loading dose of fluconazole shortens the time to 90% of 
steady-state levels to 2 days. Pharmacokinetic  parameters 
achieved after administration of 50- and 100-mg doses were 
Cmin 0.96 and 2.4 µg/ml, Cmax 2.14 and 4.68 µg/ml, AUC 32 
and 80 µg/ml h, and t1/2 29.5 and 29.2 hours, respectively.

Table 153.3. Summary of fluconazole pharmacokinetics.

Pharmacokinetic Parameter Value

Bioavailability 77–90%

Protein binding 11–13%

Volume of distribution 41–591

Time to reach steady-state (loading dose) 2–5 days

Half-life (t1/2) 29–37 h

Tissue penetration

Cerebrospinal fluid 52–89%

Aqueous humor 79–100%

Vitreous humor 70–100%

Urine 66–76%

Metabolism Minimal

Primary route of elimination Renal
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Patient population pharmacokinetic data are very similar 
to those from healthy volunteers. Kinetics in a cohort of 
patients in the intensive care unit following a single 100-mg 
oral dose of fluconazole was similar to that measured for the 
intravenous formulation (Rosemurgy et al., 1995; Diflucan 
package insert). Bioavailability was 77% and peak concentra-
tions occurred 15 minutes after intravenous administration 
and 2 hours after oral administration. Significant differences 
were not observed for Cmax (1.55 mg/l for p.o., 1.48 mg/l for 
i.v.), AUC (35 mg h/l for po, 46 mg h/l for i.v.), or t1/2 (31 h 
for p.o., 30 h for i.v.). Bioequivalence has been established 
between the 100-mg tablet and both suspension strengths 
when administered as a single 200-mg dose. 

5b.  Drug distribution

The half-life of fluconazole is approximately 31 hours for the 
oral formulation and 37 hours for the intravenous formula-
tion (Shiba et al., 1990). The apparent volume of distribution 
ranges from 41 to 59 l in adults and from 1.2 to 2.3 l/kg in 
neonates (Brammer et al., 1990; Shiba et al., 1990; Brammer and 
Coates, 1994). Fluconazole penetrates most tissues, includ-
ing the liver, spleen, lung, brain, muscle, and eye (Walsh et 
al., 1989). Therapeutic concentrations have been documented 
in all body fluids sampled, including cerebrospinal fluid 
(CSF), skin, urine, vaginal secretions, and saliva.

Fluconazole effectively penetrates cerebral tissue and CSF, 
achieving concentrations near those observed in serum 
(CSF:plasma concentration 0.5–0.9) (Nau et al., 2010); this is 
supported by animal model studies including in mice with 
cryptococcal meningitis receiving differing doses of fluco-
nazole (Sudan et al., 2013). In rhesus monkeys receiving a 
single intravenous dosage of 6 mg/kg, CSF fluconazole levels 
peaked in 3 hours and the mean AUCCSF/AUCplasma ratio was 
0.86 (Arndt et al., 1988). In healthy rabbits, drug penetration 
into the CSF increased as fluconazole levels reached steady 
state, with CSF levels eventually reaching 88% of serum lev-
els (Mian et al., 1998). 

Small dosages of fluconazole (50–100 mg daily) in healthy 
volunteers were shown to produce CSF fluconazole concentra-
tions 52–64% of those measured in serum (Foulds et al., 1988a; 
Foulds et al., 1988b). Results for patients with cryptococcal 
meningitis and meningeal inflammation demonstrated even 
higher CSF penetration of fluconazole (Tucker et al., 1988). 
Peak CSF concentrations for patients treated with flucona-
zole 100 mg daily were 3.4–6.2 µg/ml occurring at 4–12 hours 
and reached 89% of plasma levels. In HIV-infected patients 
receiving fluconazole for cryptococcal meningitis, CSF flu-
conazole levels reached 40 µg/ml or 82% of the serum con-
centration (Haubrich et al., 1994). Fluconazole penetration 
into the brain parenchyma has been investigated in a cohort 
of patients with deep cerebral tumors requiring removal of 
tumor and adjacent healthy tissue (Thaler et al., 1995). After 
receiving 400 mg daily for 4 days prior to surgery, the mean 
fluconazole concentration in the brain parenchyma (15.5 
µg/g) was higher than the simultaneous mean plasma level 
(13.5 µg/ml), with a brain/plasma ratio of approximately 1.3.

Fluconazole accumulates in the compartments of the 
inflamed and noninflamed eye. Ocular penetration of fluco-
nazole is similar to that of voriconazole and superior to that of 
itraconazole and ketoconazole (Savani et al., 1987; Haripra sad 
et al., 2004; Thiel et al., 2007). In a rabbit model without ocular 
inflammation, a single dosage of fluconazole (20 mg/kg) pene-
trated into the vitreous humor and aqueous humor, achieving 
concentrations 70% and 79% of those in serum, respectively 
(Mian et al., 1998). Fluconazole penetration is likely to 
increase in the setting of ocular inflammation due to pertur-
bation of this blood–tissue barrier (Savani et al., 1987).

Oral administration of fluconazole produces therapeutic 
concentrations of fluconazole in the saliva. After healthy 
volunteers received fluconazole capsules (100 mg), the mean 
saliva AUC (69 mg/l h) was only slightly less than the mean 
plasma AUC (77 mg/l h) (Koks et al., 1996). Administration 
of flu conazole as an oral suspension further increased sali-
vary fluconazole penetration (AUC 89 mg/l h) (Force and 
Nahata, 1995). Of note, observed salivary fluconazole concen-
trations in these studies exceed the MICs for most Candida 
isolates.

Penetration of fluconazole into sputum was evaluated after 
a single dose of 150 mg of fluconazole in patients with bronchi-
ectasis. Sputum was collected at 4 and 24 hours after dosing, and 
fluconazole concentrations were compared with the concen-
trations in plasma collected simultaneously. The mean ratio 
of sputum to plasma was 1.06 ± 0.38 at 4 hours and 0.92 ± 0.4 
at 24 hours, indicating similar levels in sputum as in plasma 
(Ebden et al., 1989).

Fluconazole effectively penetrates the skin tissues and 
accumulates in the stratum corneum. Penetration of fluco-
nazole into epidermis and blister fluid was evaluated after a 
50-mg oral dose in normal male and female volunteers. Mean 
blister fluid concentrations were 1.03 and 2.84 µg/ml on days 
1 and 14 of dosing, respectively, and the mean epidermis 
concentrations on days 1 and 14 were 5.55 and 6.45 µg/g, 
respectively, which exceeded corresponding plasma concen-
trations (Haneke, 1992). In healthy volunteers receiving 50 
mg of fluconazole for 12 days, mean fluconazole levels in the 
dermis–epidermis and stratum corneum were 2.77 and 73 
µg/g, respectively (Faergemann and Laufen, 1993; Wildfeuer 
et al., 1994). Higher concentrations were observed in the 
sweat (4.58 µg/ml) than in the serum (1.81 µg/ml). For vol-
unteers receiving fluconazole 200 mg daily for 5 days, the 
mean fluconazole concentration in the stratum corneum 
(127 µg/g) was more than tenfold higher than serum levels 
and could be detected for up to 4–5 months.

Fluconazole achieves urinary concentrations above the 
MIC for most pathogens. In healthy volunteers, urinary flu-
conazole concentrations are 10- to 20-fold higher than serum 
concentrations. Urinary clearance of fluconazole in healthy 
volunteers receiving 50–100 mg is high, with approximately 
66–76% of unchanged fluconazole cleared in the urine (Foulds 
et al., 1988a; Shiba et al., 1990)

Fluconazole reaches concentrations in vaginal secre-
tions effective for the treatment of vaginal candidiasis. 
Single-dose fluconazole (150 mg) produces similar mean 
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peak concentrations in vaginal secretions (2.4 µg/ml) and 
plasma (2.8 µg/ml) (Houang et al., 1990). Peak levels 
occurred within 8–24 hours and fluconazole concentration 
remained above 1 µg/g for 72 hours.

Peak concentrations of fluconazole in bile after adminis-
tration of 200 mg fluconazole i.v. were equivalent to peak 
serum concentrations (11.9 and 11.6 µg/ml), and were gen-
erally 2 µg/ml greater than corresponding serum concentra-
tions from 6 hours after administration. Bile concentrations 
were also 2 µg/ml greater than serum concentrations 6 hours 
after the drug was administered orally (Bozzette et al., 1992).

Fluconazole penetrates well into abscess fluid. Its concen-
tration in abscess fluid in a patient receiving i.v. fluconazole 
800 mg daily for extrapulmonary coccidioidomycosis was 28.4 
µg/ml after 9 days of therapy and was similar to plasma levels 
achieved with the same dose (Kostuik et al., 1994). Fluco-
nazole penetrates well into joint fluid in the setting of inflamed 
synovium. O’Meeghan et al. (1990) measured simultaneous 
plasma and joint fluid levels of 15.9 and 17.9 µg/ml in spec-
imens collected 20 hours after the last dose of 400 mg i.v. 
fluconazole.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Pharmacokinetic and pharmacodynamic drug studies are 
important in predicting both clinical efficacy and/or drug 
toxicity. Despite all azoles having a similar mechanism of 
action, their structural differences result in distinct pharma-
cokinetic properties for each agent, such that itraconazole, 
voriconazole, and posaconazole all have features that suggest 
that therapeutic drug monitoring (TDM) may be worthwhile 
[see Chapter 154, Itraconazole; Chapter 156, Voriconazole; 
and Chapter 157, Posaconazole]. The PK/PD parameters of 
fluconazole are much more predictable; hence TDM is not 
generally recommended (Goodwin and Drew, 2008; Hope 
et al., 2008; Smith and Andes, 2008). Table 153.4 summarizes 
the differences between antifungal agents in terms of the 
need for TDM and the impact of various factors on thera-
peutic concentrations.

Both in vitro and in vivo studies have shown that in dis-
seminated and oropharyngeal candidiasis, the AUC0–24/MIC 
ratio of fluconazole is the pharmacodynamic parameter most 
predictive of efficay (Louie et al., 1998a; Andes and van Ogtrop, 
1999; Goodwin and Drew, 2008; Hope et al., 2008; Sudan et 
al., 2013). However, calculating the AUC in individual patients 
is impractical since this requires multiple serum assays. 
Consequently, simpler (although less precise) measures of 
drug exposure are often used—for example, the serum 
trough concentration—although this provides little informa-
tion regarding drug absorption and distribution phases, only 
the terminal elimination—yet all of these contribute to the 
AUC (Hope et al., 2008). 

Overall, fluconazole displays linear pharmacokinetics 
over the dosage range of 50–800 mg/day, but the situation with 
higher doses is less certain (Anaissie et al., 1995; McLachlan 
and Tett, 1996; Hope et al., 2008). Generally, however, there 
is a very close numerical relationship between dosage and 
AUC for fluconazole—for instance, an 800-mg dose results 
in an AUC of 800 mg/l h (Louie et al., 1998b). Thus clinicians 
can readily calculate the likely AUC based on the numerical 
dosage of fluconazole and the required AUC target to achieve 
a good clinical outcome (Hope et al., 2008). 

Correlations between clinical outcome and PK/PD para-
meters have been studied most comprehensively in patient 
cohorts with mucosal candidiasis, though some data are avail-
able from patients with candidemia. Depending on whether 
one uses the US-based CLSI susceptibility testing criteria or 
the European Committee on Antimicrobial Susceptibility 
Testing (EUCAST) methodology, it appears that an AUC0–24/
MIC for these indications needs at least 25 (CLSI, 2012) or 
100 (EUCAST) to ensure high probability of a successful 
outcome. Thus patients treated with relatively low doses of 
fluconazole when an infecting isolate has a relatively high 
MIC are likely to have higher rates of therapeutic failure 
and increased mortality (Rex et al., 1997; Clancy et al., 2005; 
Andes, 2006; Pfaller et al., 2006; Rodriguez-Tudela et al., 
2007; Bad dley et al., 2008; Hope et al., 2008).

Fewer studies have addressed the effect of fluconazole lev-
els on clinical outcome in patients with invasive fungal infec- 

Table 153.4. Therapeutic drug monitoring of antifungals.

Drug

Concentration Outcome

Efficacy Toxicity Pharmacokinetic Variability

Fluconazole Yes No No

Itraconazole Yes No Yes–absorption

Voriconazole Yes Yes Yes–metabolism

Posaconazole Yes No Yes–certain patient populationsa

5-Flucytosine Yes–animal data Yes Yes–renal failure

Echinocandins Yes No No

Amphotericin B Yes–animal data No No

aMarked interpatient variability noted between healthy volunteers and certain ill patient populations (e.g. patients with refrac-
tory febrile neutropenia or known invasive fungal infection, or neutropenic stem cell transplant recipients). In part, this may 
be related to alteration of gut mucosa and reduced food intake, since absorption of posaconazole is significantly enhanced 

with food [see Chapter 157, Posaconazole] (Courtney et al., 2004; Gubbins et al., 2006; Ullmann et al., 2006). Table mod-
ified from Smith and Andes (2008)
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tions. Pai et al. (2007) studied 77 non-neutropenic patients with 
candidemia and noted that the weight-normalized dose/MIC 
ratio after 24 hours was significantly higher for survivors  
(p = 0.03) than for nonsurvivors, but that the AUC/MIC ratio 
only showed a trend toward survival. Retrospective analysis of 
four studies of 600 patients with invasive candidiasis suggested 
that a clinical success rate of 70% was likely when the AUC/
MIC was > 25, but only 47% when the AUC/MIC was < 25 
(Rex et al., 1997; Lee et al., 2000; Takakura et al., 2004; Clancy 
et al., 2005; Goodwin and Drew, 2008). Similarly, Baddley et al. 
(2008) used a prospective cohort of 96 hospitalized patients 
with candidemia to assess the impact of MICs for Candida, 
fluconazole pharmacodynamics, and patient characteristics 
on all-cause mortality. Overall, mortality was 28.1% and non-
survivors were more likely to have fluconazole- resistant isolates 
on univariate analysis (25% vs. 6.7%; p = 0.02). However, 
 multivariate analysis revealed a nonsignificant (p = 0.08) 
association between fluconazole resistance and mortality, 
and the pharmacodynamic analysis identified that a fluco-
nazole AUC0–24/MIC ratio of < 11.5 or MIC of ≥ 64 μg/ml 
was associated with increased patient mortality—but this 
did not reach statistical significance (p ≤ 0.09). Thus these 
data support, but do not confirm, the experimental and ret-
rospective studies of an association between low antifungal 
exposure and mortality with candidemia. Large prospective 
studies are needed to confirm these observations. 

Nevertheless, there are certain clinical settings in which 
plasma fluconazole levels may be difficult to predict and 
therapeutic drug monitoring should be considered—these 
include the treatment of infections in “sanctuary” sites (e.g. 
central nervous system [CNS] infections), isolates with 
reduced fluconazole susceptibility, patients in whom there is 
poor oral absorption, critically ill patients, and children and 
infants, since they are often at risk of suboptimal dosing 
(Hope et al., 2008; Sinnollareddy et al., 2015). Data on the 
effect of obesity on the pharmacokinetics of fluconazole in 
the critically ill are limited to two case reports. The volume 
of distribution (Vd) and clearance of fluconazole were both 
increased; it was suggested that drug dosing should be based 
on lean body weight (Alobaid et al., 2016). In addition, in 
settings where fungal biofilms are pertinent, e.g. where there 
is an indwelling medical device, dose-dependent acitivity of 
fluconazole may be reduced (Lewis et al., 2002), as has been 
demonstrated in vitro and in animal models (Kuhn et al., 
2002; Schinabeck et al., 2004).

Wade et al. (2008) used mathematical modeling to predict 
the pharmacokinetics of fluconazole in neonates based on 
data from 55 infants and a one-compartment model with 
covariates normalized to median values. Mean clearance 
appeared to double between birth and 28 days of age for typ-
ical 24- and 32-week gestation infants. The data suggested 
that dosing in young infants will require adjustment for ges-
tational age at birth, and postnatal age to achieve target sys-
temic drug concentrations (Wade et al., 2008; Sinnollareddy 
et al., 2015) performed PK/PD measurements using non-
compartmental methods in intensive care patients receiving 
fluconazole and found that 33% of patients did not achieve 
the desired PK/PD target. 

Although higher doses of fluconazole have been associ-
ated with elevated liver function tests, nausea, vomiting, ery-
thema multiforme, and seizures, a direct link between high 
drug levels and these side effects is not sufficiently estab-
lished (see section 6, Adverse reactions and toxicity). Given 
this and the overall excellent toxicity profile of fluconazole 
(see section 6, Adverse reactions and toxicity), there is no 
indication to monitor fluconazole levels routinely to avoid 
toxicity, in contrast to some other azoles (see Table 153.4).

5d.  Excretion

Unlike other azoles, which are extensively metabolized by 
the CYP450 isoenzymes, fluconazole is primarily excreted in 
its original form. In healthy volunteers receiving 14C-labeled 
fluconazole, 91% of the radioactivity was excreted in the urine 
and 2.3% was excreted in the feces (Brammer et al., 1991). 
Fluconazole in the urine is nearly all parent compound (80%).

5e.  Drug interactions

Fluconazole is not significantly metabolized by the cyto-
chrome P450 or CYP450 enzymes. However, it is a substrate 
for CYP450 isoenzymes, particularly the CYP3A4, CYP2C9, 
and CYP2C19 isoforms (Table 153.5) (Brüggemann et al., 2008; 
Lempers et al., 2015). Co-adminstration of fluconazole with 
drugs metabolized by these P450 isoforms may result in 
altered plasma concentrations that could change therapeutic 
effects and/or adverse event profiles. Therefore, medications 
should be reviewed for potential drug interactions prior to 
the start of fluconazole therapy (see Table 153.5). Compared 
with posaconazole, voriconazole, and itraconazole, however, 
inhibition of CYP3A4 by fluconazole is less potent. 

Co-administration of fluconazole with astemizole, bepridil, 
cisapride, levomethadyl, mesoridazine, pimozide, ranolazine, 
terfenadine, thioridazine, or ziprasidone is contraindicated 
owing to risk of QT prolongation. Fluconazole increases serum 
levels of ergot alkaloids, and concomitant use is also contra-
indicated owing to risk of toxicity. Plasma fluconazole levels 
are not significantly altered by administration of most induc-
ers and repressors of CYP450, including long-acting barbi-
turates, carbamazepine, rifabutin, ritonavir, and phenytoin. 
Rifampicin is the single CYP450 inducer that has been shown 
to markedly reduce fluconazole serum concentrations (Lazar 
and Wilner, 1990; Apseloff et al., 1991). In volunteers receiv-
ing rifampicin 600 mg daily, fluconazole exposure was sig-
nificantly reduced, with a 23% reduction in AUC and a 22% 
reduction in half-life. Fluconazole and rifampicin may be 
co-administered, but the fluconazole dosage should be increased 
to assure adequate serum levels.

In contrast, the exposure to fluconazole is significantly 
increased by the concomitant administration of hydrochloro-
thiazide (20% reduction in renal clearance of fluconazole).

Concomitant administration of calcineurin inhibitors and 
fluconazole inhibits metabolism of calcineurin inhibitors 
via CYP3A4. In renal transplant patients receiving cyclo-
sporine, co-administration of fluconazole (100–200 mg daily) 
increased exposure to cyclosporine by 60–85% (Kowalsky, 
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1990; Can afax et al., 1991; Dodds-Ashley, 2010). A 50% 
reduction in cyclosporine dose and blood concentration 
monitoring has been recommended after initiation of fluco-
nazole to decrease risk of toxicity. An interaction has also 
been described for fluconazole and tacrolimus (Assan et al., 
1994; Manez et al., 1994; Dodds-Ashley, 2010; Bruggeman et 
al., 2009). Co-administration with fluconazole 100 or 200 mg 
daily increased tacrolimus trough levels by 1.4- and 3.1-fold, 
respectively, requiring a tacrolimus dosage reduction of 

approximately 50% (Manez et al., 1994). A significant drug 
interaction is also predicted for sirolimus and fluconazole.

Like other azoles, fluconazole alters the metabolism of mid-
azolam, resulting in 3.5-fold increased exposure to midazolam 
with psychomotor effects (Olkkola et al., 1996). If co-admin-
istered, the dose of oral midazolam should be reduced sub-
stantially, although the combination is not recommended. 
Intermittent i.v. boluses of midazolam can be administered 
with careful monitoring in patients receiving fluconazole. 

Table 153.5. Documented and predicted fluconazole drug interactions.

Fluconazole may increase drug concentration

Aldosterone antagonists: eplerenone

Anesthetics: enflurane, halothane, isoflurane

Antianginal: ranolazine

Antiarrhythmics: acecainide, ajmaline amiodarone, aprindine azimilide, bretylium, disopyramide, flecainide, hydroquinidine, ibutilide, 
lorcainide, pirmenol, prajmaline, procainamide propafenone quinidine, sematilide, sotalol, tedisamil

Antibiotics: clarithromycin, erythromycin, gemifloxacin, levofloxacin, nitrofurantoin, rifabutin, spiramycin, sulfamethoxazole, telithromycin, 
trimethoprim, trimetrexate (?)

Anticoagulants: acenocoumarol, anisindione, dicumarol, phenindione phenprocoumon, warfarin

Antidepressants: amitriptyline, amoxapine, desipramine, dibenzepin, doxepin, fluoxetine, imipramine, nortriptyline, trimipramine

Antiemetic: dolasetron, droperidol, prochlorperazine

Antiepileptics: carbamazepine, fosphenytoin, phenytoin

Antihistamines: astemizole, terfenadine

Antimalarials: chloroquine, halofantrine, mefloquine

Antineoplastic agents: arsenic trioxide, ixabepilone, tretinoin

Antiprotozoal: pentamidine

Antipsychotics: amisulpride, chlorpromazine, haloperidol, mesoridazine, pimozide, quetiapine, risperidone, sertindole, sultopride, 
thioridazine, trifluoperazine, ziprasidone, zotepine

Antiretrovirals: atevirdine, etravirine, nevirapine, tipranavir, zidovudine

Antiviral: foscarnet

Benzodiazepines: alprazolam, midazolam, triazolam

Calcium channel blockers: amlodipine, bepridil, felodipine, isradipine, lidoflazine, nicardipine, nifedipine

Corticosteroids: prednisone

COX2-inhibitors: celecoxib, valdecoxib

Endothelin receptor antagonist: bosentan

Ergot alkaloids: dihydroergotamine, ergoloid mesylates, ergonovine, ergotamine, methylergonovine, methysergide

Immunosuppressants: cyclosporine, sirolimus, tacrolimus

Lipid-lowering agents: atorvastatin, cerivastatin, fluvastatin, lovastatin, probucol, rosuvastatin, simvistatin

Melatonin receptor agonists: ramelteon

Opioids: alfentanil, fentanyl, levomethadyl, methadone

Oral contraceptives: ethinyl estradiol, etonogestrel, levonorgestrel, mestranol, norelgestromin, norethindrone, norgestrel

Peptides: octreotide, vasopressin

Sedatives: chloral hydrate

Serotonic receptor antagonists: cisapride

Sulfonylureas: glimepiride, glipizide, glyburide, tolbutamide

Triptans: eletriptan, zolmitriptan

Drugs that may decrease fluconazole concentration

H2-blockers: cimetidine(?)

Antibiotics: rifampicin, rifapentine

Drugs that may increase fluconazole concentration

Hydrochlorthiazide 

Fluconazole may decrease drug efficacy

Antihypertensives: losartan



6. Adverse reactions and toxicity 2767

Metabolism of other short-acting benzodiazepines, includ-
ing alprazolam, diazepam, and triazolam, can also be signifi-
cantly altered by fluconazole, resulting in increases of AUC 
of the benzodiazepine by up to 50% Cmax (Diflucan package 
insert). Co-administration of these agents with fluconazole is 
not recommended and if they must be given, the dosage of 
the benzodiazepine should be reduced (Saari et al., 2007).

Fluconazole inhibits the metabolism of coumadin, poten-
tially prolonging prothrombin time. In healthy volunteers 
receiving fluconazole and coumadin, exposure to coumadin 
increased by no more than 10% in the majority of volunteers 
(Lazar and Wilner, 1990). However, in 1 of 13, the prothrombin 
time doubled after fluconazole was co-administered. When 
fluconazole (100 mg daily for 7 days) was administered to a 
cohort of patients on stable dosages of coumadin, the mean 
prothrombin time increased from 15.8 to 21.9 seconds by 
day 8 (Crussell-Porter et al., 1993). If used concomitantly, 
prothrombin time should be monitored, and coumadin dos-
age reduction should be considered.

Co-administration of fluconazole and rifabutin results in 
increased exposure to rifabutin, consistent with inhibition of 
CYP450 activity by fluconazole (Narang et al., 1994; Trapnell 
et al., 1996). In HIV-infected patients receiving zidovudine 
maintenance therapy, concomitant use of fluconazole (200 
mg twice daily) increased rifabutin exposure by 82%. If 
co-administered, patients should be monitored for rifabutin 
toxicity and dosage adjustment considered. Rifabutin has not 
been shown to alter fluconazole exposure.

Concomitant use of fluconazole and phenytoin increases 
exposure to phenytoin by inhibition of liver CYP450 metab-
olism of phenytoin. In healthy volunteers, co-administration 
of fluconazole 200 mg daily for 14 days increased the pheny-
toin AUC by 75% and Cmin by 128% (Kowalsky, 1990; Blum  
et al., 1991). Fluconazole serum levels were not impacted  
by phenytoin administration, consistent with minimal meta-
bolism of fluconazole. Plasma phenytoin levels should be 
monitored.

The impact of fluconazole administration on metabolism 
of oral hypoglycemic agents was studied in 19 healthy volun-
teers (Lazar and Wilner, 1990). After receiving fluconazole 
100 mg daily, the kinetics of tolbutamide was measured fol-
lowing a single dose of 500 mg. Co-administration of fluco-
nazole increased tolbutamide exposure (AUC) by up to 100% 
and doubled the half-life. Although healthy volunteers did 
not become hypoglycemic, the increased exposure may not 
be tolerated as well in diabetic patients. Patients receiving 
hypoglycemic agents, such as tolbutamide, glyburide, and 
glipizide, with fluconazole should be monitored for hypogly-
cemia, and dosage reduction should be considered.

Concomitant administration of voriconazole and fluco-
nazole at any dose is not recommended. Voriconazole is a 
CYP2C9, CYP2C19, and CYP3A4 inhibitor.

6. ADVERSE REACTIONS AND TOXICITY

Fluconazole is generally safe and well tolerated, with similar 
safety profiles in adults and children. The most common side 

effects in patients receiving long-term, high- dose, and mul-
tiple courses of therapy include headache, alopecia, and anorexia 
(Stevens et al., 1997). In adults, the overall rate of adverse 
effects in manufacturer-sponsored trials was 16% in over 4000 
patients treated with the drug for longer than 7 days. Adverse 
events were reported more frequently in HIV-infected patients 
(21%) than in non-HIV infected patients (13%). However, the 
patterns of adverse events were similar in both patient groups. 

The most frequently reported events were nausea (3.7%), 
vomiting (1.7%), diarrhea (1.5%), abdominal pain (1.7%), 
headache (1.9%), and skin rash (1.8%) (Grant and Clissold, 
1990). Daily doses of 800–2000 mg may be associated with 
increased toxicity (Anaissie et al., 1995).

6a.  Alopecia

Alopecia has been documented in 3–20% of patients in this 
patient cohort (Weinroth and Tuazon, 1993; Pappas et al., 
1995b; Stevens et al., 1997). The mean time to develop alope-
cia was 3 months, and most patients had been receiving flu-
conazole at a dosage of at least 400 mg daily. Alopecia resolved 
within 6 months after discontinuation of fluconazole.

6b.  Rash and hypersensitivity reactions

Eosinophilia has been reported in up to 12% of those receiv-
ing long-term fluconazole therapy (Stevens et al., 1997), and 
a diffuse maculopapular rash with or without pruritus has 
been reported in about 5% of patients (Di Leo et al., 2009). 
Stevens–Johnson syndrome has been reported in patients 
with AIDS; however, the role of other drugs in the etiology 
could not be ruled out in one case report (Gussenhoven et 
al., 1991). The Stevens-Johnson reaction has also been des- 
cribed in HIV-negative patients including those receiving 
short-course and low-dose fluconazole (Pasmatzi et al., 2011; 
Thiyanaratnam et al., 2010). Fluconazole-induced toxic epi-
dermal necrolysis involving 70% of the body and with severe 
mucosal involvement has been described in an HIV-infected 
patient and confirmed on skin biopsy. This patient had started 
fluconazole 5 days before the onset of the rash and was not 
taking any other medication (Azon-Masoliver and Vilaplana, 
1993). A fixed drug eruption to fluconazole has been described, 
and challenge with fluconazole provoked an identical reac-
tion, demonstrated on skin biopsy, in a man self-administering 
intermittent doses of 150 mg for recurrent balanitis (Morgan 
and Carmichael, 1994). At least 17 cases have been published 
(Nakai and Katoh, 2013), with the drug reaction occurring 
between 20 minutes to 2 days after starting fluconazole (dose 
range 150–400 mg), with a mean of 3.4 episodes. Resolution 
is rapid after discontinuation of fluconazole; skin biopsy is 
necessary for diagnosis. A documented case of angioedema 
was reported in a woman receiving 150 mg fluconazole twice 
monthly (Abbott et al., 1991), and an anaphylactic reaction 
following oral fluconazole 150 mg was reported in another 
woman who had never received fluconazole previously. She 
had been treated with ketoconazole over 2 years earlier (Neu-
has et al., 1991).
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6c.  Gastrointestinal side effects

Nausea, vomiting, abdominal pain, and diarrhea have been 
reported in approximately 5% patients and are rarely severe 
enough to warrant discontinuation of the drug. Less frequently 
reported gastrointestinal effects include dyspepsia, heartburn, 
anorexia, dry mouth, dysgeusia, flatus, and bloating.

6d.  Hepatotoxicity

In combined clinical trials and marketing experience, the 
spectrum of hepatic recations has ranged from mild tran-
sient elevations in transaminases to clincial hepatitis, 
cholestasis, and fulminant hepatic failure. Elevation of hepa- 
tic transaminase levels occurs in approximately 10% of 
patients treated with long-term, high-dose therapy but gen-
erally does not necessitate discontinuation of therapy (De 
Wit et al., 1989; Lee et al., 1992; Galgiani et al., 2000). Clinically 
significant hepatotoxicity is rare (Gearhart, 1994; Jacobson et 
al., 1994).

Symptomatic hepatic toxicity, including jaundice, is usu-
ally seen in association with pre-existing liver disease, other 
medical conditions (e.g. malignnacy) and/or while taking 
multiple concomitant medications; in particular, rifampicin, 
phenytoin, isoniazid, valproic acid, or oral sulphonylurea 
drugs (see also Section 5, Pharmacokinetics and pharmaco-
dynamics, above). However, jaundice and abnormal liver 
function tests, which resolved on cessation of fluconazole, 
have been reported (Franklin et al., 1990; Munoz et al., 1991; 
Gearhart, 1994). Patients infected with HIV appear to expe-
rience more liver function test abnormalities in association 
with fluconazole therapy (47% in one study) (Gil et al., 1991). 
Subacute mitochondrial liver damage manifesting as mixed 
cholestatic and transaminase hepatic enzyme elevation which 
improved on cessation of chronic fluconazole maintenance 
therapy and recurred on rechallenge has also been reported 
in an AIDS patient. Electron micoscopy revealed giant mito-
chondria with paracrystalline inclusions and enlarged smooth 
endoplasmic reticulum. The light microscopy changes of 
increased granularity of the cytoplasm reversed on cessation 
of fluconazole (Guillame et al., 1995). Fatal fluconazole hep-
atotoxicity is rare and has occurred primarily in patients with 
serious underlying illness. At least four cases are reported. 
In one AIDS patient, death from liver failure occurred within 
3  weeks of starting fluconazole 400 mg daily. Postmortem 
examination excluded other potential causes of acute fulmi-
nant hepatic necrosis (Jacobson et al., 1994). Another patient 
with congestive cardiac failure developed proven hepatic 
necrosis from fluconazole 400 mg daily occurring also at 
approximately 3 weeks after receiving fluconazole (Bronstein 
et al., 1997). 

6e.  Hematologic side effects

Overall, hematologic side effects are uncommon, although 
anemia, leukopenia (including neutropenia and agranulo-
cytosis), and thrombocytopenia have all been reported 

(Mur akami et al., 1992; Mercurio and Elewski, 1995). Severe 
symptomatic thrombocytopenia (platelet count of 25,000 per 
µl) was noted in a renal transplant recipient receiving fluco- 
nazole 200 mg daily. After cessation of fluconazole the platelet 
count gradually rose to normal within 2 weeks (Agarwal et 
al., 1990).

6f.  Central nervous system side effects

Headache and dizziness are the most commonly reported 
nervous system effects and occur in up to 2% of patients. 
Seizures, psychiatric disturbances, taste perversion, fatigue, 
malaise, hypertonia, and paresthesias of hands and feet are 
reported rarely. CNS toxicity was described in three patients 
receiving 2000 mg daily, and included insomnia, confusion, 
disorientation, hallucinations, and nightmares (Anaissie et 
al., 1995).

6g.  Endocrine side effects

Unlike ketoconazole, fluconazole does not significantly impact 
endocrine function (Lazar and Wilner, 1990). Devenport et 
al. (1989) studied the effect of oral fluconazole on the meta-
bolic profile of women, half of whom were also taking the 
oral contraceptive. At a dose of 50 mg daily, there was no 
clinically significant, consistent effect on the endocrinologic 
profile or on the carbohydrate or lipid metabolism in women. 
Plasma testosterone levels were increased by 33% in male vol-
unteers given 400 mg fluconazole daily for 5 days—although 
the mechanism and clinical significance of this increase is 
uncertain (Touchette et al., 1992). Fluconazole administra-
tion in humans had no effect on serum cortisol responses to 
corticotrophin provocation, even at doses of 400 mg (Deven-
port et al., 1989). Rarely, hypercholesterolemia and hypertri-
glycerrideaemia have been reported. 

6h.  Other adverse effects

Rarely, cardiac events, including prolongation of the QT 
interval, have been reported, usually in the setting of another 
interacting drug. Hypokalemia has been described in small 
numbers of patients with acute myeloid leukemia, which 
resolved on cessation of fluconazole or reduction in dose 
(Kidd et al., 1989). Increased serum creatinine and blood 
urea nitrogen levels have also been reported.

7. CLINICAL USES OF THE DRUG

The clinical uses of fluconazole are summarized in Table 153.2.

7a.  Candida infections

CANDIDEMIA AND INVASIVE CANDIDIASIS

Fluconazole is US FDA approved for treatment of both 
mucosal and systemic candidiasis (Table 153.2). Fluconazole 
(12 mg/kg loading dose, then 6 mg/kg/d or 400 mg/day, p.o. 
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or i.v.) is recommended in the IDSA management guidelines 
as an alternative to an echinocandin for initial therapy of 
invasive candidiasis, including patients with intra-abdominal 
candidiasis, with the exception of patients who are critically 
ill, neutropenic, or at risk for fluconazole-resistant isolates 
(for example, due to recent azole exposure or gastrointestinal 
surgery) (Pappas et al., 2016; Playford et al., 2008).

Patients in these high-risk cohorts should receive an echi-
nocandin (preferred because of less toxicity) or an ampho-
tericin B formulation as initial therapy. With respect to the 
use of fluconazole, there is a theoretical concern regarding 
use of an inhibitory (fungistatic) drug like fluconazole com-
pared with a fungicidal drug in severe illness. However, 
superiority of an echinocandin over fluconazole has not been 
proven, though a secondary analysis of a randomized trial 
comparing anidulafungin and fluconazole (800-mg loading 
dose, then 400 mg daily) suggested that this might be the 
case (see below). In a patient-level analysis of 1915 patients 
from 7 randomized treatment trials for invasive candidiasis, 
Andes et al. (2012) reported that echinocandin use and 
removal of central venous catheters during antifungal ther-
apy were independent predictors of 30-day mortality. This 
analysis has been criticized because of a potential selection 
bias caused by inclusion of trials in which there was no com-
parison of an echinocandin with another drug (AMB or flu-
conazole); re-analysis of 1000 patients in the three studies 
where this was the case resulted in similar mortality rates  
of 23% and 24% (Cisneros et al., 2012). Echinocandin use 
emerged as an independent risk factor for improved out-
come in a retrospective analysis of 640 ICU patients in 22 
hospitals in Brazil, though the analysis was limited by low 
availibility of APACHE II scores and absence of information 
on the timing of intravenous catheter removal (Colombo et 
al., 2014). In contrast, a report on mechanically ventilated, 
critically ill patients with candidemia included in the North 
America–based Prospective Antifungal Therapy alliance reg-
istry concluded that 30-day survival was significantly increased 
in 374 patients treated initially fluconazole (66%) versus that 
in 315 treated initially with an echinocandin (51%). This 
remained significant after adjusting for non–treatment- 
related factors. The reason for this unexpected finding is not 
clear. The study included both empirical and directed initial 
therapy and the authors speculated that since controlled tri-
als typically allow for up to 48 hours of non-study drug ther-
apy prior to entry, they do not capture this early therapeutic 
window. Notably, though deemed to be an unlikely explana-
tion for the differences, the presence or absence of shock  
was not recorded in the data set (Ferrada et al., 2013). As 
expected, there was a trend to increased mortality in a sub-
group of patients with C. glabrata bloodstream infections 
who received fluconazole. 

Treatment duration 
The recommended duration of fluconazole treatment is 2 
weeks longer than the time to resolution of symptoms and 
clearance of candidemia. Complicated cases of candidiasis 
require extended therapy (Pappas et al., 2016). Bone and 

joint infections often require surgical debridement followed 
by 6–12 months of therapy. 

Protected sites
In the case of CNS involvement, liposomal amphotericin B, 
with or without flucytosine, is recommended as initial treat-
ment. Although fluconazole effectively penetrates the cham-
bers of the eye, systemic amphotericin B plus flucytosine 
remains the treatment of choice for advancing Candida 
endophthalmitis, with fluconazole monotherapy reserved for 
less severe cases and for step-down therapy.

Randomized controlled trials in  
invasive candidiasis
The majority of patients included in these trials have had 
candidemia, and a minority have been immunosuppressed. 

Two multicenter, randomized trials comparing amphoteri-
cin B and fluconazole established noninferiority of fluconazole 
for the treatment of invasive candidiasis (Rex et al., 1994; 
Anaissie et al., 1996). A randomized trial of 206 non-neutro-
penic, immunocompetent patients with candidemia com-
pared ampho tericin B (0.5–0.6 mg/kg daily) with fluconazole 
(400 mg daily) for a minimum duration of 14 days. Clinical 
success was not significantly different between the two 
groups (amphotericin B 79%, fluconazole 70%). Mor tality 
rates were also similar (amphotericin B 39%, fluconazole 
33%). In another prospective, randomized, multicenter study 
of 160 patients with documented or presumed invasive can-
didiasis, fluconazole (400 mg i.v. daily for 4 days, then 400 mg 
p.o. daily) performed as well as amphotericin B (25–50 mg 
daily for non-neutropenic patients; 0.67 mg/kg daily for 
neutropenic patients) (Anaissie et al., 1996). At the end of 
therapy, the overall response rates for fluconazole and 
ampho tericin B were similar (66% and 64%, respectively). 
No significant differences were observed regarding the site of 
infection, Candida species, time to defervescence, relapse, or 
survival rates between the groups. However, adverse events 
were more frequent in patients treated with amphotericin B 
(35% vs. 5%). Fluconazole performed as well as amphoteri-
cin B in these two trials, but was significantly better tolerated.

Fluconazole has also been compared with the echinocan-
din, anidulafungin, for treatment of invasive candidiasis. 
Ani dulafungin was at least as effective as fluconazole in a 
randomized, double-blind trial of 245 patients, 97% of whom 
were not neutropenic (Reboli et al., 2007). Global success 
rates (clinical and microbiological response) at the end of 
intravenous therapy were 76% for anidulafungin (200 mg i.v. 
on day 1, then 100 mg i.v. daily) and 60% for fluconazole (800 
mg i.v. on day 1, then 400 mg i.v. daily). When data from the 
site enrolling the largest number of patients were removed, 
success rates were 73.2% in the anidulafungin group and 
61.1% in the fluconazole group (difference, 12.1 percentage 
points; 95% CI, –1.1 to 25.3) At the 6-week follow-up, success 
rates (fluconazole 44%, anidulafungin 56%) and mortality 
(fluconazole 31%, anidulafungin 23%) were not significantly 
different. In a post-hoc analysis of 163 patients in this study 
who met criteria for severe sepsis, the global response rate  
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at the end of therapy was significantly better for anidula-
fungin (70.8%) than for fluconazole (54.1%) but there was no 
difference in all-cause mortality at 28 days (20.2% and 24.8%, 
respectively (Kett et al., 2011).

Combination antifungal therapy
Combination antifungal therapy has not improved outcomes 
in clinical trials of invasive candidiasis to date. The efficacy of 
fluconazole plus amphotericin B for treatment of candidemia 
in non-neutropenic patients was investigated in a random-
ized, blinded, multicenter trial of 219 patients (Rex et al., 
2003). Compared with patients receiving fluconazole only 
(800 mg daily), those treated with combination therapy (flu-
conazole 800 mg daily plus amphotericin B deoxycholate 0.7 
mg/kg daily for 5–6 days) had a significantly higher overall 
success rate (69% vs. 56%) and a lower rate of bloodstream 
clearance failure (6% vs. 17%). Although success rates on 
study day 30 by Kaplan–Meier time-to-failure analysis were 
higher for the combination treatment group (69% vs. 57%), 
this result was not significant. The combination of fluco-
nazole and amphotericin B was safe and tended to result in 
more rapid bloodstream clearance and recovery in non- 
neutropenic patients with candidemia.

Voriconazole was compared with amphotericin B fol-
lowed by fluconazole in a randomized, multicenter trial of 422 
non-neutropenic patients with candidemia. Patients received 
either voriconazole (6 mg/kg i.v. every 12 hours for 24 hours, 
then 3 mg/kg i.v. every 12 hours for ≥ 3 days, then 200 mg 
p.o. bid) or amphotericin B (0.7–1 mg/kg i.v. daily for ≥ 3 
days) followed by fluconazole (400 mg p.o. or i.v. daily) (Kull-
berg et al., 2005). Twelve weeks after the end of therapy, clin-
ical success was achieved in 41% of patients in each group, 
and voriconazole met noninferiority criteria. Median time to 
blood culture negativity and mortality was similar in the two 
groups.

Fluconazole step-down therapy in  
invasive candidiasis
Oral fluconazole is commonly used following initial intrave-
nous echinocandin or amphotericin B therapy if the isolate is 
susceptible and the patient is clinically stable. There is evi-
dence in favor of this approach. In a post-hoc analysis of the 
AmarCAND 2 study of 835 non-neutropenic, critically ill 
adults, powered to detect a 9% difference between de- escalation 
to fluconazole at 5 days and non-de-escalation groups with an 
80% likelihood, there was no apparent deleterious effect on 
the 28-day mortality in the de-escalation group. In addition, 
de-escalation was associated with reduced use of systemic 
antifungal therapy. Notably, the results of this study sug-
gested that empirical treatment could be stopped after 5 days 
of systemic antifungal therapy in the absence of proven inva-
sive candidiasis (Bailly et al., 2015). Three further studies 
found that de-escalation to fluconazole was safe in patients 
with proven candidiasis due to a fluconazole-susceptible isolate 
(Vazquez et al., 2014; Takesue et al., 2015; Bal et al., 2014). 
One was designed specifically to to evaluate an intravenous 
to oral step-down strategy—from intravenous anidulofungin 

to oral fluconazole or voriconazole. Non-neutropenic, hemo-
dynamically stable patients with negative blood cultures who 
were afebrile for at least 24 hours were eligible for this study. 
Of 250 patients enrolled in the modified intent-to-treat 
(mITT) group, 102 were switched to oral therapy after a 
median of 6 days. Clinical response and mortality were sim-
ilar in the two groups (Vazquez et al., 2014).

Neonatal candidiasis
Amphotericin B is recommended as initial therapy for neo-
natal candidiasis, with fluconazole 12 mg/kg/day as an alter-
native in patients who have not been receiving fluconazole 
prophylaxis (Pappas et al., 2016).

MUCOSAL CANDIDIASIS

Fluconazole is approved by the FDA for treatment of oral 
and esophageal candidiasis. The current IDSA guidelines 
recommend fluconazole as first-line therapy for treatment 
of esophageal candidiasis and moderate to severe cases of 
oropharyngeal candidiasis (Pappas et al., 2016). For patients 
with recurrent disease requiring suppressive therapy, fluco-
nazole (200 mg three times per week) is the regimen of 
choice. Fluconazole is also recommended for the treatment 
of chronic mucocutaneous candidiasis.

Numerous treatment trials have demonstrated the efficacy 
of fluconazole for the treatment of these infections. Fluconazole 
has been shown to be effective for the treatment of mucosal 
candidiasis in HIV-infected patients in randomized studies. A 
comparative trial involving 334 HIV-positive patients with 
oral candidiasis observed similar efficacy for fluconazole 
(100 mg daily for 14 days) and clotrimazole (10 mg five times 
daily). Clinical success rates of > 90% were documented for 
both treatment groups, but fluconazole was more successful 
in mycologic eradication (65% vs. 48%) and provided longer 
relief of symptoms (Pons et al., 1993). Another study com-
pared fluconazole (3 mg/kg p.o. daily) with combination ther-
apy with itraconazole (3 mg/kg p.o. daily) and flucytosine (100 
mg/kg p.o. daily) for treatment of esophageal candidiasis in 85 
HIV-infected patients (Barbaro et al., 1996). This double-blind, 
placebo-controlled trial found fluconazole to be as effective as 
combination therapy (Barbaro et al., 1996). Following 2 weeks 
of treatment and 3 months of observation, endoscopic cure 
rates (fluconazole 90%, itraconazole- flucytosine 95%) and 
clinical response rates (fluconazole 95%, combination ther-
apy 97%) were similarly high in both groups.

Several multicenter, randomized trials have compared the 
efficacy of fluconazole and itraconazole oral solution for the 
treatment of oral and esophageal candidiasis in immunosup-
pressed patients (Wilcox et al., 1997; Graybill et al., 1998; 
Phillips et al., 1998). For the most part, itraconazole does not 
offer significant advantage over fluconazole for uncomplicated 
disease, but it has been shown to be useful in  fluconazole- 
refractory cases (Pappas et al., 2016). A double-blind ran-
domized trial of 126 immunocompromised patients with 
endoscopically confirmed esophageal candidiasis compared 
itraconazole oral solution with fluconazole capsules (200 mg 
on day 1, then 100 mg daily) (Wilcox et al., 1997). After a 
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mean duration of treatment of 27 days, clinical responses 
were similar between patients treated with fluconazole (91%) 
and those treated with itraconazole (94%). However, myco-
logic eradication was more common in itraconazoletreated 
patients (92% vs. 78%), and more fluconazole-treated patients 
experienced relapse within 30 days (27% vs. 18%). Another 
multicenter, randomized, open-label, third-party blind trial 
of 179 HIV-infected patients with oropharyngeal candidiasis 
compared two itraconazole oral solution regimens (200 mg 
daily for 7 or 14 days) with fluconazole (200 mg on day 1, 
then 100 mg daily for 13 days) (Graybill et al., 1998). Clinical 
responses were similar among the various groups (97% for 
itraconazole 14 days, 86% for itraconazole 7 days, 87% for 
fluconazole 14 days), and significant differences were not 
observed in mycologic cure or relapse. An additional study 
of 244 patients investigated the efficacy of fluconazole (100 
mg daily for 14 days) and itraconazole oral solution (100 mg 
bid for 7 days or 100 mg daily for 14 days) for treatment of 
oropharyngeal candidiasis in a double-blind randomized 
trial of 244 patients (Phillips et al., 1998). Partial or complete 
response was observed in 82% of itraconazole bid recipients, 
90% of itraconazole daily recipients, and 90% of fluconazole 
recipients. Mycologic responses were also similar among 
the treatment groups, with negative cultures documented 
in 44%, 57%, and 53% of patients treated with itraconazole 
bid, itraconazole daily, and fluconazole, respectively. These 
studies established itraconazole oral solution as noninferior 
to fluconazole for treatment of mucosal candidiasis in immu-
nosuppressed patients. However, itraconazole capsules are 
likely not as effective as fluconazole and itraconazole oral 
solution for treatment of mucosal candidiasis (Studena et al., 
1995).

HIV-infected patients are at risk for recurrent mucosal 
candidiasis and often benefit from suppressive therapy. A 
study in this patient cohort compared the efficacy and safety 
of intermittent versus continuous fluconazole dosing regi-
mens in an open-label, randomized trial for suppression of 
mucosal candidiasis in this high-risk patient population 
(Goldman et al., 2005). Of 829 HIV-infected patients with 
CD4+ < 150 cells/mm3, those receiving continuous fluco-
nazole therapy (200 mg three times per week) experienced 
fewer episodes of breakthrough mucosal candidiasis (0.29 vs. 
1.08 episodes/patient-year) and fewer invasive fungal infec-
tions (15 vs. 28) than patients treated solely during episodes. 
Patients in the continuous treatment group were at a lower 
risk for fluconazole-resistant oropharyngeal or esophageal 
candidiasis than patients receiving intermittent short-course 
therapy. The data suggest that continuous fluconazole ther-
apy can safely be administered to patients with advanced HIV 
disease and recurrent oropharyngeal candidiasis to reduce 
recurrences.

Studies in pediatric patients have similarly demonstrated 
the utility of fluconazole for treatment of oropharyngeal can-
didiasis (Flynn et al., 1995). A multicenter, randomized trial 
of 182 immunocompromised infants and children compared 
14-day courses of fluconazole (2–3 mg/kg oral solution daily) 
and nystatin (400,000 units four times per day). Fluconazole 

treatment resulted in a significantly higher cure rate (91% vs. 
51%) and was more successful in mycologic eradication (76% 
vs. 11%). Relapse was similar between the two groups at two 
months’ follow-up (28% vs. 27%). Fluconazole was well tol-
erated in pediatric patients, with only 7% of patients report-
ing side-effects, primarily gastrointestinal.

Fluconazole has been the most common comparator anti-
fungal in mucosal candidiasis treatment trials with antifun-
gal drugs in development. Comparative studies have found 
several new antifungal agents, including voriconazole, posa-
conazole, caspofungin, micafungin, and anidulafungin, to be 
as effective as fluconazole for treatment of oropharyngeal 
and esophageal candidiasis (Ally et al., 2001; Villanueva et 
al., 2002; Krause et al., 2004; de Wet et al., 2004; de Wet et al., 
2005; Vazquez et al., 2006). However, considering the safety, 
relative effectiveness, and cost of fluconazole, it remains the 
drug of choice for most cases of mucosal candidiasis.

VULVOVAGINAL CANDIDIASIS

The current IDSA guidelines recommend fluconazole or top-
ical agents as first-line agents for treatment of uncomplicated 
vaginal candidiasis in nonpregnant women (Pappas et al., 
2016). Fluconazole can be effectively administered as a 150-
mg single dose with few side effects. Complicated vulvovag-
inal candidiasis has been shown to respond to a regimen  
of fluconazole, 150 mg every 72 hours for three doses. For 
patients with recurring disease (≥ 4 episodes in 1 year), 
10–14 days of induction therapy with a topical or oral azole, 
followed by fluconazole 150 mg weekly for 6–12 months, is 
recommended.

Single-dose fluconazole (150 mg daily) has been shown to 
be effective for > 80% of patients with uncomplicated vaginal 
candidiasis. In a multicenter comparative trial of 369 patients 
with vaginal candidiasis, single-dose fluconazole (150 mg) 
was more effective than intravaginal clotrimazole (200 mg 
daily for 3 days) (Brammer and Feczko, 1988). At 6- to 8-week 
follow-up, clinical success was observed in 93% of patients 
treated with fluconazole and in 84% of those receiving clotri-
mazole. In further studies, single-dosage fluconazole demon-
strated similar efficacy to both a 7-day course of intravaginal 
clotrimazole (100 mg daily) and single-dose clotrimazole 
(500 mg) (van Heusden et al., 1994; Sobel et al., 1995). A 
study comparing single-dose fluconazole with single-dose 
intravaginal econazole (150-mg tablet) observed signifi-
cantly higher response rates (85% vs. 73%) and mycologic 
cure rates (79% vs. 57%) at 28–35 days’ follow-up (Osser et 
al., 1991). However, these differences were not found at early 
and later time points. Together, these studies establish that 
single-dose fluconazole is at least as effective as intravaginal 
antifungal therapy for the treatment of vaginal candidiasis. 
In addition, fluconazole is well tolerated and preferred over 
topical therapies by patients (Osser et al., 1991; van Heusden 
et al., 1994).

Comparable efficacy has also been demonstrated among 
the oral azoles for treatment of vaginal candidiasis. Double-
blind, randomized trials comparing single-dose fluconazole 
and ketoconazole (200 mg daily for 5 days) demonstrated 
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similar clinical responses and mycologic cure rates (Brammer 
and Feczko, 1988; Kutzer et al., 1988). A meta-analysis exam-
ined comparative trials of the efficacy and safety of itracon-
azole and fluconazole for the treatment of uncomplicated 
acute vaginal and vulvovaginal candidiasis. Data from six 
randomized, controlled trials, including a total of 1092 non-
pregnant women, were included in the analysis (Pitsouni et 
al., 2008). Each of these trials compared a single 150-mg 
oral fluconazole dose with itraconazole oral solution 
administered 200–400 mg daily for 2–7 days. No significant 
differences were detected between the two groups in terms 
of clinical cure, mycologic cure, or adverse events. The con-
cluding report found itraconazole and fluconazole to be 
equally effective for the treatment of uncomplicated vaginal 
candidiasis.

Women with complicated Candida vaginitis, including 
patients with severe disease, were found to benefit from a 
two-dose fluconazole regimen administered as part of a pro-
spective, multicenter, randomized, double-blind study com-
posed of 309 patients (Sobel et al., 2001). On day 14, the 
two-dose fluconazole regimen (two sequential 150-mg doses 
of fluconazole given 3 days apart) achieved significantly 
higher clinical cure rates in women with severe vaginitis 
(86% vs. 73%). Women with recurrent, but not severe, vagi-
nitis did not appear to benefit from the two-dose regimen. 
Patients infected with non-albicans Candida spp. were less 
likely to achieve clinical and mycologic response than those 
with C. albicans infections. The two-dose regimen should be 
considered in patients with more severe disease.

For patients with recurrent vulvovaginal candidiasis, long- 
term weekly fluconazole therapy has been helpful in reducing 
symptomatic episodes (Pappas et al., 2004). A placebo- 
controlled, randomized trial examined the efficacy of fluco-
nazole 150 mg p.o. weekly for prevention of relapse in 387 
patients with recurrent vaginal candidiasis. Patients were 
enrolled 14 days after completing induction therapy (fluco-
nazole 150 mg every 72 hours for three doses) through an 
open-label trial. The proportion of patients remaining dis-
ease free at 6, 9, and 12 months was significantly higher in 
the fluconazole group (91%, 73%, and 43%, respectively) than 
in the placebo-treated group (36%, 28%, and 22%, respectively). 
Weekly fluconazole therapy was safe and did not appear to pro-
mote emergence of less susceptible Candida spp.

CANDIDA URINARY TRACT INFECTION

Fluconazole is effective and is approved by the FDA for the 
treatment of urogenital candidiasis, but clinical benefit in 
patients with asymptomatic candiduria has not been docu-
mented for most patient populations. Multiple studies have 
shown that candiduria does not commonly lead to candi-
demia (Kauffman et al., 2000; Chen et al., 2008). The utility 
of fluconazole treatment of asymptomatic candiduria was 
analyzed in 316 hospitalized patients (Sobel et al., 2000). 
After 14 days of therapy, fluconazole was more effective than 
placebo in eradicating microorganisms (50% vs. 29%). How-
ever, 2 weeks following completion of therapy, mycologic 
eradication rates were similar for fluconazole-treated patients 

(68%) and control patients (65%). Current IDSA guidelines 
recommend treatment of asymptomatic candiduria only in 
patients at high risk for developing an invasive infection, 
including those with neutropenia, low-birth-weight neonates, 
and patients undergoing a urologic procedure (Pappas et al., 
2016). However, a recent study of cancer patients with can-
diduria, 25% of whom were neutropenic, showed that these 
patients did not develop candidemia or other complications 
of candiduria (Georgiadou et al., 2013).

Fluconazole, 200–400 mg (3–6 mg/kg) daily for 2 weeks, 
is the treatment of choice for symptomatic cystitis and pyelo-
nephritis and urinary tract infections associated with fungal 
balls caused by fluconazole-susceptible isolates (Sobel et al., 
2000; Pappas et al., 2016). Fluconazole is excreted into the 
urine in its active form, where it achieves urine levels exceed-
ing the MIC for most Candida isolates (Fisher et al., 2011). 
Two studies have compared systemic fluconazole and ampho-
tericin B bladder irrigations for the treatment of candiduria. In 
a randomized trial of 53 patients, fluconazole (200 mg daily 
for 7 days) was compared with amphotericin B bladder irri-
gation (dosed at either 50 mg/l for 24 hours or 50 mg/l for 7 
days) (Fan-Havard et al., 1995). After 5–9 days, mean eradi-
cation rates were similar among the treatment groups (75–
79%). A similar randomized trial enrolled 109 hospitalized, 
elderly patients with candiduria and compared oral fluco-
nazole (100 mg daily for 4 days) with amphotericin B bladder 
irrigation (Jacobs et al., 1996). In this cohort, fluconazole was 
more effective for eradication of candiduria (96% vs. 73%). 
Recurrent candiduria within weeks of amphotericin B blad-
der irrigations is common (Pappas et al., 2016), and this 
approach is generally discouraged.

When fungal balls are present, in addition to fluconazole 
treatment for fluconazole- susceptible Candida spp., surgical 
or endoscopic removal of the obstructing mass is central to 
successful therapy (Fisher et al., 2011; Davis et al. 2013). 

7b.  Antifungal prophylaxis and untargeted 
therapy in neutropenic patients

Fluconazole is of proven benefit in preventing fungal infec-
tions in neutropenic leukemic and hematopoietic stem cell 
transplant (HSCT) recipients, though pivotal studies were 
performed at a time when the majority of infections were 
caused by Candida species rather than molds, against which 
fluconazole is ineffective. Taking this into account and the rel-
atively higher incidence of mold infections during the devel-
opment of graft-versus-host disease after HSCT, rather than 
in the early neutropenic phase, The European Conference for 
Infections in Leukemia (ECIL) recommended initial fluco-
nazole (up to 400 mg daily) prophylaxis (1) in neutropenic 
leukemic patients receiving induction chemotherapy and 
(2) in early-phase neutropenic HSCT recipients provided they 
had not received prior azole prophylaxis AND when com-
bined with a mold-directed aggressive diagnostic approach 
or a mold-directed therapeutic approach (e.g. in centers 
without HEPA-filtered rooms and/or with a high baseline 
incidence of invasive mold infections) (Maertens et al., 2011). 
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A pivotal study of fluconazole for prophylaxis of invasive 
fungal infections in patients undergoing allogeneic bone 
marrow transplantation established its efficacy in a random-
ized, double-blind, placebo-controlled trial of 300 patients 
(Slavin et al., 1995). Patients treated with fluconazole (400 
mg p.o. daily) for 75 days after transplantation developed 
fewer systemic fungal infections (7%) than placebo-treated 
patients (18%; P < 0.001). In addition, fluconazole therapy 
provided a mortality benefit at 110 days, with 52 deaths in 
the placebo arm compared with 31 deaths in the fluconazole 
arm. Further, prophylaxis was associated with sustained pro-
tection against disseminated candidiasis and a reduction in 
attributable mortality (Marr et al., 2000). The benefits of pro-
phylactic fluconazole were less conclusive in high-risk adult 
patients undergoing chemotherapy for acute leukemia (Kern 
et al., 1998). The reason for this is unclear. Possible explana-
tions include a tendency to discontinue antifungal prophylaxis 
early, differences in study design, and inclusion of neutropenic 
patients who had persistent fever despite the lack of evidence 
of invasive fungal disease in the failure of therapy group. The 
efficacy of antifungal prophylaxis using fluconazole is well 
supported by meta-analyses, but it should be noted that there 
have been substantial changes in clinical care practices in 
hematology and transplant patients since these studies were 
conducted. 

Other comparative trials examined the efficacy of fluco-
nazole or amphotericin B for prevention of fungal infection 
in patients with hematologic malignancies and neutropenia 
(Rozenberg-Arska et al., 1991; Bodey et al., 1994; Menichetti 
et al., 1994). One randomized trial compared fluconazole 
prophylaxis (400 mg daily) with amphotericin B (0.5 mg/kg 
i.v. three times per week) in 71 patients with acute leukemia 
undergoing remission induction chemotherapy (Bodey et al., 
1994). Proven, probable, or possible fungal infections were 
diagnosed in 31% of amphotericin B-treated patients and 
17% of fluconazole-treated patients. Amphotericin B was tol-
erated poorly and was more often discontinued (42% vs. 20%).

The efficacy and safety of fluconazole and itraconazole 
have also been compared in several trials for preventing 
fungal infections in neutropenic patients. A meta-analysis 
was performed on a subset of five randomized, controlled, 
comparative trials in these patients (Vardakas et al., 2005). 
Although fluconazole prophylaxis resulted in significantly 
more documented or suspected fungal infections (odds ratio 
[OR] = 1.62), itraconazole was more frequently discontinued 
owing to adverse drug events (OR = 0.27). No significant 
differences were found with regard to documented fungal 
infections alone, invasive fungal infections, overall mortality, 
or mortality due to fungal infection. The study concluded 
that itraconazole was more effective as antifungal prophy-
laxis, but fluconazole was much better tolerated.

More recently, prophylactic posaconazole and fluconazole 
were compared in two multicenter, randomized trials (Cornely 
et al., 2007; Ullmann et al., 2007). In the first, posaconazole 
was compared with either fluconazole or itraconazole in 602 
neutropenic patients undergoing chemotherapy for acute 
myelogenous leukemia or myelodysplastic syndrome. Signifi- 

cantly fewer fungal infections were diagnosed in patients 
receiving posaconazole (2%) than in those receiving either 
fluconazole or itraconazole (8%) (Cornely et al., 2007). Kaplan–
Meier analysis also revealed a significant survival benefit in 
patients receiving posaconazole. In the second trial, posacon-
azole was compared with fluconazole in 600 hematopoietic 
stem cell transplant recipients with severe graft-versus-host 
disease with (Ullmann et al., 2007). Posaconazole was estab-
lished as noninferior based on analysis of the primary end-
point: occurrence of invasive fungal infection (posaconazole 
5.3% vs. fluconazole 9%), but a mortality benefit not observed. 
Several patients in this trial had positive galactomannan tests 
at baseline, and hence evidence of latent infection. In both 
studies, posaconazole was significantly more successful in 
preventing invasive aspergillosis and similar to fluconazole 
for prevention of candidiasis.

Fluconazole likewise has been compared with voriconazole 
as antifungal prophylaxis in standard-risk, myeloablative, 
stem cell transplant recipients. A double blind study of vori-
conazole (305 patients) and fluconazole (295 patients) con-
cluded that fungal-free survival rates were similar at 180 days 
(Wingard et al., 2010). Prophylaxis was given for 100 days, or 
180 days in higher risk patients. There was a trend to fewer 
fungal infections and administration of less empiric antifun-
gal therapy in the voriconazole arm. Fluconazole and vori-
conazole were similarly tolerated. Overall, the study provided 
no evidence to change the current recommendation of fluco-
nazole prophylaxis in standard-risk HSCT recipients in the 
first 75 days post-transplant (Slavin et al., 1995). 

The echinocandin, micafungin (150 mg daily) was as 
effective as fluconazole 400 mg daily used as prophylaxis 
in patients undergoing allogeneic stem cell transplantation 
(Hira matsu et al., 2008). Since there were only 52 patients in 
each study arm, it is possible that the sample size was too 
small to detect a difference. Similar efficacy results have been 
observed with caspofungin prophylaxis (Doring et al., 2012). 
Of note, echinocandins lack broad spectrum anti-mold activ-
ity, and the above studies have generally examined short-term 
prophylaxis when yeast infections predominate over invasive 
aspergillosis and other filamentous fungal infections.

7c.  Untargeted therapy in intensive care 
patients

A consensus has not been reached regarding the use of 
“untargeted antifungal treatments” (prophylaxis or empiric 
therapy) in intensive care unit (ICU) patients. 

PROPHYLAXIS

The IDSA guidelines recommend fluconazole for antifungal 
prophylaxis in high-risk patients only in those adult ICUs 
reporting a high incidence of invasive candidiasis (Pappas 
et  al., 2016). Several studies, including two meta-analyses 
and a multicenter, randomized trial, have examined the role 
of fluconazole prophylaxis or empiric therapy in this patient 
cohort (Cruciani et al., 2005; Shorr et al., 2005; Schuster et al., 
2008). One of the meta-analyses included four randomized, 
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double-blind trials comprised of a total of 626 patients in 
surgical ICUs. Fluconazole (100–400 mg daily) treatment 
decreased the rate of fungal infections significantly compared 
with placebo (OR = 0.44) (Shorr et al., 2005) but did not yield 
a significant survival benefit (OR = 0.87). The low rate of can-
didemia (2.2%) observed in these studies was not impacted by 
fluconazole administration. Another meta- analysis included 
trials comparing ketoconazole or fluconazole with placebo 
(Cruciani et al., 2005). Data from 1226 patients enrolled in 
nine trials (seven double-blind) were analyzed. Azole pro-
phylaxis was associated with a decreased rate of candidemia 
(relative risk [RR] = 0.3), lower mortality from candidiasis 
(RR = 0.25), and lower overall mortality (RR = 0.6). 

EMPIRICAL THERAPY

A large, multicenter, randomized trial investigated the effi-
cacy of empirical fluconazole, 800 mg daily in the treatment 
of ICU patients with fever despite administration of broad- 
spectrum antibiotics (Schuster et al., 2008). Documented 
invasive candidiasis occurred in 5% of the patients receiving 
fluconazole (800 mg daily for 14 days) and 9% of placebo 
recipients. Limitations of this study included the low inci-
dence of fungal infections in the control group, the use of a 
four-component composite end point in which the reason 
for failure in more than 50% of cases in each arm was per-
sistence of fever, and a significant exclusion rate. A recently 
updated Cochrane review of untargeted antifungal treat-
ments in non-neutropenic, critically ill patients suspected of 
having invasive fungal infection (Cortegiani et al., 2016) 
concluded that, based on poor quality evidence, untargeted 
fluconazole therapy may reduce the likelihood of develop-
ment of invasive fungal infections and that, based on mod-
erate quality evidence, untargeted therapy is not associated 
with a reduction in all cause mortality in critically ill, non- 
neutropenic adults and children compared with no antifun-
gal treatment or placebo. 

7d.  Prophylaxis in solid organ transplant 
recipients

The IDSA recommended fluconazole for prevention of fun-
gal infection in high-risk patients undergoing transplanta-
tion of the liver, pancreas, or small bowel in its previous 
management guidelines (Pappas et al., 2009). The European 
Society for Clinical Mycology and Infectious Diseases 
(ESCMID) study group noted more recently that robust clin-
ical trial evidence is lacking but fluconazole is commonly 
used in small bowel and pancreas transplant recipients, given 
perioperative risks for Candida spp. (Gavalda et al., 2014), but 
recommended anti-mold drugs in centers with > 5% incidence 
of Aspergillus infections. Since high-risk liver and heart trans-
plant patients (those with end-stage liver disease [MELD] 
score > 30, re-transplantation or fulminant hepatic failure 
(liver transplantation) and undergoing re-exploration (heart 
transplantation) are at increased risk of both invasive Candida 
and Aspergillus infections, they also recommended that these 
groups receive mold active prophylaxis (Gavalda et al., 2014). 

The effectiveness of fluconazole and itraconazole oral 
solution for antifungal prophylaxis was compared in an early 
randomized, controlled trial of 188 liver transplant recipients 
(Winston and Busuttil, 2002). The rates of proven invasive 
fungal infection were similar between patients treated with 
fluconazole 400 mg daily (3%) and those receiving itracon-
azole 200 mg bid (7%). Mortality was similar in both patient 
groups (fluconazole 8%, itraconazole 12%), with only one 
patient dying from fungal infection. Although itraconazole 
does offer an extended spectrum of activity, it does not appear 
to have an advantage over fluconazole for prophylaxis in this 
cohort and it is less reliably absorbed from the gastrointestinal 
tract. The interpretation of results of studies of fluconazole 
prophylaxis either as monotherapy or in combination with 
amphotericin B formulations in lung transplant recipients is 
hindered by the wide range of doses, duration of therapy, and 
the largely retrospective and observational nature of these 
studies (Neoh et al., 2014). 

7e.  Prophylaxis in preterm neonates

Fluconazole is effective and is recommended by the IDSA for 
antifungal prophylaxis in preterm neonates (< 1000 g) in 
nurseries with high rates of invasive candidiasis (Pappas et 
al., 2016). A multicenter, randomized, controlled trial exam-
ined the impact of fluconazole for prevention of fungal colo-
nization and infection in 322 preterm neonates weighing less 
than 1500 g at birth (Manzoni et al., 2007). Fluconazole was 
dosed at 3 or 6 mg/kg i.v. every third day for 2 weeks, then 
every other day until day 30 (or day 45 for neonates < 1000 g). 
Fluconazole treatment decreased the rate of invasive fungal 
infection (2.7% for 6 mg/kg, 3.8% for 3 mg/kg, and 13.2% 
for placebo) and fungal colonization (9.8% for 6 mg/kg, 
7.7% for 3 mg/kg, and 29.2% for placebo). A mortality bene-
fit was not observed, an observation which was confirmed in 
a recent meta-analysis (Cleminson et al., 2015). Fluconazole 
is safe and effective for prevention of invasive fungal infec-
tion in preterm neonates (Manzoni et al., 2007).

7f.  Cryptococcosis

Current IDSA guidelines recommend fluconazole (400 mg 
daily for 6–12 months) for treatment of mild to moderate 
focal disease that is confined to the lung (unless the host is 
severely immunocompromised), and for more extensive dis-
ease, induction/consolidation therapy as for cryptococcal 
meningitis (at least 4 weeks of induction therapy with ampho-
tericin B plus 5FC) (Perfect et al., 2010). For C. gattii pulmonary 
disease, which is typically more extensive and/or associated 
with relatively large cryptococcomas, Australian guidelines 
recommend a 2-week induction course of amphotericin B 
plus 5FC followed by fluconazole 400 mg daily for 6–12 
months (Chen et al., 2014a). These recommendations are 
based on clinical experience and a retrospective study of 86 
Australian patients with cryptococcis due to C. gattii (Chen 
et al., 2013). A subset of 10 patients with disease confined to 
the lung responded to a median 2-week induction course of 
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amphotericin B plus 5FC followed by maintenance fluco-
nazole (400 mg/day) (Chen et al., 2013). 

NEUROLOGICAL CRYPTOCOCCOSIS

Fluconazole (400–800 mg daily for a minimum of 10 weeks) 
is recommended as consolidation therapy in patients with 
CNS disease who have responded to induction therapy (Saag 
et al., 2000; Perfect et al., 2010; Chen et al., 2014a). For HIV-
positive and other immunocompromised patients, fluconazole 
may be administered for lifelong suppression or for the dura-
tion of immunosuppression (at least 12 months in patients 
with AIDS) at a dose of 200–400 mg daily. Alternative induc-
tion regimens containing fluconazole are recommended for 
neurological cryptococcosis, mainly in resource-poor areas 
where 5FC and sometimes amphotericin B are not available 
or very costly. These include amphotericin B plus fluconazole 
(800 mg/day) for 2 weeks; fluconazole, preferably 1200 mg/
day, plus 5FC for 2–10 weeks. If there is no alternative, fluco-
nazole monotherapy, 1200 mg/day for at least 10 weeks or until 
cultures are negative, may be considered. 

Clinical trials
An early trial in HIV-infected patients with cryptococcal 
meninigitis compared amphotericin B (0.3 mg/kg/day) with 
fluconazole (400 mg loading dose followed by 200 mg daily). 
Similar proportions (40% and 34%, respectively), of CSF cul-
tures were negative at 10 weeks, but early mortality was 
higher in the fluconazole-treated group (15% vs. 8%) and the 
median time to CSF fungal clearance was longer (64 vs. 32 
days) (Saag et al., 1992). It is now known that 400-mg doses 
of fluconazole are fungistatic in CSF (Bicanic et al., 2007). 
More recent therapeutic trials have included higher doses of 
fluconazole alone or in combination with amphotericin B as 
induction therapy (see Table 153.2). Overall, there is evidence 
that amphotericin B plus 5FC is superior to amphotericin B 
plus fluconazole (400 mg daily) or high-dose fluconazole 
alone (800–1200 mg/day), with higher rates of clearance, 
faster sterilization of CSF, and reduced mortality at 2 and 10 
weeks. 

Early fungicidal activity (EFA)
The introduction and validation of the EFA (the decrease in 
log colony forming units [CFUs] per day over the first 14 
days of induction therapy) as a primary outcome measure 
in HIV-associated cryptococcal meningitis, with a threshold 
value of 0.3 appearing to be predictive of reduced mortality 
when measured at 2 and 10 weeks (Bicanic et al., 2009; Jarvis 
et al., 2014). The EFAs for fluconazole improved with increas-
ing daily doses: 400 mg/day (–0.02 ± 0.05), 800 mg/day 
(–0.07 ± 0.17); 1200 mg/day (–0.18 ± 0.11) but were still less 
than those achieved with amphotericin B–based regimens 
(0.31–0.56 log CFU/ml) (Bicanic et al., 2006; Brouwer et al., 
2004; Bicanic et al., 2008: Bicanic et al., 2009).

Using a higher dose of fluconazole (800 mg daily) with 
amphotericin B (0.7–1 mg/kg daily), the EFA was not different 
from that associated with amphotericin B plus 5FC, suggest-
ing that in resource-poor areas, induction with amphotericin 

B plus fluconazole is an alternative to the gold standard of 
amphotericin B plus 5FC (Loyse et al., 2012). However, in a 
recent trial of amphotericin B (0.7–1.0 mg/kg/day plus fluco-
nazole 800 mg/day for 2 weeks and “enhanced” consolidation 
therapy of 800 mg daily for at least 3 weeks or until CSF was 
sterile, then 400 mg/day for 8 weeks), EFA did not correlate 
with mortality between 2 and 5 weeks or after 6 months of 
intitiation of therapy; EFAs were > 0.3 log10 CFU/ml (Rolfes 
et al., 2015). The authors noted that previous studies evaluat-
ing EFA included all participants, whereas in this study, anal-
ysis of mortality was restricted to those who survived beyond 
the initial 2 weeks of amphotericin B induction therapy. A 
meta-analysis of four studies, comparing fluconazole (800–
1200 mg daily) or 5FC (100 mg daily) in combination with 
amphotericin B (0.7–1.0 mg/kg daily) induction therapy 
with 8 weeks of fluconazole consolidation therapy (400 mg 
daily), suggested that amphotericin B plus 5FC was associ-
ated with reduced mortality at 2 weeks (end of induction 
therapy) but not at 3 months (Yao et al., 2014).

Considering the trend of increased risk of early death 
and delayed CSF sterilization in fluconazole-treated patients, 
amphotericin B, preferably in combination with 5FC, is rec-
ommended for treatment of cryptococcal meningitis. 

Relapse
Relapse of cryptococcal meningitis in HIV-infected patients 
was unacceptably high in 27 South African patients treated 
initially with fluconazole monotherapy at a dose of 400 mg/
day (Bicanic et al., 2006). This dose is fungistatic, failing to 
reduce fungal load in the CSF of treated patients (Bicanic  
et al., 2007). Twenty-one episodes of CSF culture–positive 
relapses were recorded in these 27 patients, 76% of which 
were associated with fluconazole MICs of 16 μg/ml or more 
and for 75% of these, MICs were ≥ 256 μg/ml. Mortality fol-
lowing prolonged amphotericin B therapy was 54% at 6 months. 
Relapses may have been exacerbated by the concomitant use 
of rifampicin and lowered fluconazole levels but were also 
were associated with secondary “resistance.” This was proven 
in three patients in whom MICs for the initial cryptococcal 
isolates were 8 μg/ml or less. Induction therapy with ampho-
tericin B, 1 mg/kg/day, was introduced subsequently with 
no relapses of cryptococcal meningitis in the succeeding 12 
months (Bicanic et al., 2006). In contrast to these results, flu-
conazole was effective for prevention of relapse in a trial of 
84 HIV-infected patients who completed induction therapy 
with amphotericin B with or without flucytosine (Bozzette 
et al., 1991). The rate of relapse of cryptococcosis at any site 
in patients randomized to fluconazole consolidation therapy 
(100–200 mg daily) was tenfold lower than that in place-
bo-treated patients (3% vs. 37%). Relapse of meningitis was 
reported in four patients (15%) receiving placebo versus none 
receiving fluconazole. In another randomized, controlled 
trial, fluconazole was superior to intermittent amphotericin 
B in preventing relapse of cryptococcal meningitis in HIV-
infected patients (Powderly et al., 1992). Among the 189 
patients who had successfully completed amphotericin B pri-
mary therapy for cryptococcal meningitis, the mean rate of 
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relapse was significantly lower among patients receiving sub-
sequent fluconazole therapy (200 mg p.o. daily) than among 
those treated with amphotericin B (1 mg/kg i.v. weekly) (2% 
vs. 18%) after a mean duration of follow-up of 9 months.  
In addition, fluconazole was better tolerated than amphoter-
icin B. When compared with itraconazole (200 mg daily), 
fluconazole (200 mg daily) was associated with significantly 
fewer relapses (4% vs. 23%) in HIV-infected patients success-
fully treated with induction therapy for cryptococcal menin-
gitis (Saag et al., 1999). These studies confirmed the efficacy 
and tolerability of fluconazole for the prevention of relapse in 
HIV-infected patients.

7g.  Blastomycosis

Several open-label trials have investigated the utility of fluco-
nazole for the treatment of blastomycosis. Although the results 
demonstrated efficacy, the rate of response was lower than 
that observed in similar studies with itraconazole. Options 
for treatment of blastomycosis include amphotericin B, keto-
conazole, itraconazole, and fluconazole, although compara-
tive studies are lacking. Current IDSA guidelines recommend 
amphotericin B and itraconazole as first-line agents with 
amphotericin B as initial therapy for more severe forms of 
disease (Chapman et al., 2000; Bariola and Vyas, 2011; Bariola 
et al., 2010). Fluconazole is suggested as an alternative for 
mild to moderately severe cases in patients unable to tolerate 
itraconazole.

Open-label clinical trials have reported success rates of 
62–89% in patients with non-life-threatening, non-CNS blas-
tomycosis treated with fluconazole 200–800 mg daily (Pappas 
et al., 1995a; Pappas et al., 1997). A multicenter, randomized 
trial of 23 patients compared fluconazole dosed at 200–400 mg 
daily and documented success in 62% and 70% of patients, 
respectively (Pappas et al., 1995a). The mean duration of ther-
apy for responding patients was 6.7 months. Another multi-
center, randomized, study of 39 patients investigated higher 
dosages of oral fluconazole and found dosages of 400 and 800 
mg daily to be effective in 89% and 87% of patients, respectively 
(Pappas et al., 1997). Successfully treated patients received flu-
conazole for a mean of 8.9 months. 

7h.  Histoplasmosis

Open-label trials have demonstrated only moderate efficacy 
for fluconazole in the treatment of histoplasmosis (Sharkey-
Mathis et al., 1993; McKinsey et al., 1996). However, similar 
to the study of blastomycosis, studies with itraconazole have 
suggested enhanced efficacy for this azole. The current IDSA 
guidelines recommend itraconazole for treatment of mild to 
moderate pulmonary and disseminated histoplasmosis and 
as step-down therapy in more severe cases after patients have 
received induction therapy with amphotericin B (Wheat et 
al., 2007; summarized in Hage et al., 2015). Fluconazole is 
recommended as an alternative only for patients intolerant of 
itraconazole when the patient is clinically stable.

In 27 non-HIV infected patients with non–life-threatening 
histoplasmosis, fluconazole (200–800 mg daily) was suc-
cessful in 63% of cases following 5–24 months of therapy 
(McKinsey et al., 1996). Response rates were higher in those 
with acute pulmonary disease (100%, two of two patients) 
and disseminated disease (71%), than in those with the chronic 
pulmonary disease (46%). These success rates were lower than 
the success rates reported for itraconazole (Negroni et al., 1989; 
Dismukes et al., 1992). A similar open-label study investi-
gated the efficacy of fluconazole (1200 mg p.o. once, 800 mg 
daily for 12 weeks, then 400 mg daily for 1 year) in the treat-
ment of mild to moderate disseminated histoplasmosis in 
HIV-infected patients (Wheat et al., 1997). Again, fewer patients 
responded to fluconazole induction therapy compared with 
itraconazole (74% vs. 85%) (Wheat et al., 1995). For patients in 
the study continuing on fluconazole maintenance therapy of 
400 mg daily, the rate of relapse was high (31%), with relapse-
free survival of only 53% after one year. Another open-label 
study examining fluconazole (100–400 mg daily) mainte-
nance therapy in HIV-infected patients with histoplasmosis 
found a relapse rate of 12%, more than twice the rate previ-
ously reported for itraconazole (Norris et al., 1994). Together, 
these studies show that fluconazole is only moderately effec-
tive for treatment of histoplasmosis.

7i.  Dermatophytosis

Open-label, noncomparative trials examining fluconazole 
(150 mg weekly for 1–5 weeks) for the treatment of fungal 
dermatophytosis have documented success rates of approxi-
mately 70–95%. Of the 20 patients enrolled in one open trial, 
a complete clinical cure rate was documented in 95% of 
patients with tinea corporis or tinea cruris and in 70% of 
patients with tinea pedis (Montero-Gei and Perera, 1992). 
The efficacy rate for patients with tinea corporis or tinea 
cruris receiving four doses (100%) was higher than the rate 
for patients receiving only two (75%) or three doses (67%). 
Another open-label study documented a short-term clinical 
success rate of 92% and a long-term clinical cure rate of 88% 
in 95 patients with tinea corporis, tinea cruris, or cutaneous 
candidiasis (Suchil et al., 1992). Relapse occurred in 7% of 
patients with tinea corporis and 14% of patients with tinea 
cruris. Relapse did not appear to correlate with the number 
of fluconazole doses. In a third trial of 71 patients with tinea 
pedis receiving a mean of three fluconazole doses, short-
term clinical cure was documented in 74% and long-term 
cure was observed for 77% of patients (Del Aguila et al., 
1992). These studies demonstrate efficacy of fluconazole in 
the treatment of tinea infections, with higher success rates 
seen for tinea corporis and tinea cruris compared with tinea 
pedis. Although efficacious overall, fluconazole achieves lesser 
cure rates than griseofulvin or terbinafine for dermatoph-
toses but has the advantage of being easier to administer. A 
prospective, non-blinded, cross-sectional study of the com-
parative efficacies of terbinafine, griseofulvin, and fluco-
nazole was undertaken in children aged ≤ 12 years with tinea 
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capitis. A total of 75 patients (25 in each treatment group) who 
completed the designated treatment protocol were included 
in the final analysis. Cure rates of 96%, 88%, and 84% were 
achieved with griseofulvin, terbinafine, and fluconazole, respec-
tively (Grover et al., 2012). 

Fluconazole has also been shown to successfully treat 
pityriasis versicolor. The efficacy of single oral doses of fluco-
nazole 400 mg or itraconazole 400 mg was compared in a 
randomized trial (Partap et al., 2004). Fluconazole was more 
effective in both improving clinical symptoms (40% vs. 5%) 
and successfully eradicating organisms by 8 weeks (65% vs. 
20%). Relapse associated with positive Malassezia furfur cul-
tures was more common in patients treated with itraconazole 
(60% vs. 35%). Single-dose fluconazole outperformed itra-
conazole for treatment of pityriasis versicolor.

7j.  Onychomycosis

Several trials have examined the efficacy of fluconazole for 
the treatment of onychomycosis. Fluconazole appears to be 
less effective than either itraconazole or terbinafine for the 
treatment of dematophyte nail infections. Fluconazole was 
compared with these agents in an open-label study of 50 
patients diagnosed with dermatophyte distal subungal ony-
chomycosis (Arca et al., 2002). Patients received fluconazole 
(150 mg weekly), itraconazole (200 mg bid for 1 week of each 
month), or terbinafine (250 mg daily for a total of 3 months). 
At the 6-month evaluation, the clinical response rate was sig-
nificantly lower in patients treated with fluconazole (38%) 
than in those who had received either itraconazole (78%) or 
terbinafine (81%). Mycologic response was also lower in flu-
conazole-treated patients (31%) than in itraconazole- (61%) 
and terbinafine- (65%) treated patients. However, in later 
studies including one stratifying patient response based on 
the Scoring Clinical Index for Onychomycosis (SCIO), in 
general, cure rates achieved by fluconazole were similar to 
itraconazole and terbinafine. Of 133 patients, patients were 
subdivided into receiving fluconazole 150 mg once weekly, 
itraconazole continual therapy, itraconazole pulse therapy, 
terbinafine 250 mg daily, and terbinafine plus ciclopirox 
8%  lacquer-cure rates at 48 weeks were 92.3%, 81.8%, 
83.3%, 90.9%, and 100%, respectively for patients with SCIO 
values 6–9. Among patients with SCIO values 12–16, respec-
tive cure rates were 78.57%, 78.57%, 75%, 80%, and 86.66% 
(Pajaziti and Vasili, 2015). The decision to offer one or more 
therapies needs to be evaluated of the risks and benefits of 
different treatments including the potential for drug–drug 
interactions. In general, terbinafine is the preferred agent for 
oncyhomycosis.

7k.  Coccidioidomycosis

Clinical guidelines for the management of coccidioidomyco-
sis have been published by the IDSA (Galgiani et al., 2005) 
and in addition, the therapy of various forms of disease the 
subject of a number recent reviews (Ampel, 2015; Clark et 

al., 2015). Although several antifungal agents may be used in 
the treatment of coccidioidomycosis, primary therapy most 
often includes an azole, either fluconazole or itraconazole. 
The position of the newer azoles antifungal therapy of coc-
cidioidomycosis is discussed in section 3, Antifungal drugs. 
In most instances fluconazole is preferred due to its superior 
bioavailability, comparable efficacy, and lack of side effects and 
drug–drug interactions. The current IDSA guidelines recom-
mend fluconazole for the treatment of mild to moderate 
pulmonary and extrapulmonary coccidioidomycosis as well 
as meningeal disease (Galgiani et al., 2005).

The value of antifungal therapy for patients with uncom-
plicated early coccidioidomycosis is not clear, as prospective 
randomized trials have not been performed. However, dis-
ease in most immunocompetent patients will resolve sponta-
neously. The role of antifungal treatment has been evaluated 
in at least two studies. In one observational study of 105 
patients with primary pulmonary coccidioidomycosis (Ampel 
et al., 2009), treatment (predominantly with fluconazole) was 
administered to 54 patients with elevated symptom scores, 
and the remaining 51 were not treated. There was no differ-
ence between the groups with respect to clinical improve-
ment. No complications were seen among those patients 
who were not treated; however, eight of the treated patients 
had relapse or progression of their disease upon discontin-
uation of therapy. The results of this study emphasize the 
need for prolonged follow-up for patients with severe illness 
requiring therapy. The second study was a 24-week, observa-
tional study among 36 patients with mild to moderate coc-
cidioidomycosis (Blair et al., 2014); 20 received antifungal 
therapy and 16 did not. Median time to symptom resolution 
was similar in the two patient groups, but those who did not 
receive antifungal therapy returned to full-time work signifi-
cantly sooner. Decisions to treat should thus be individual-
ized based on severity of disease. If a decision to initiate 
antifungal treatment for primary coccidioidomycosis is made, 
the dose of fluconazole should be 400 mg per day to be con-
tinued for at least 6 months (Ampel, 2015).

Treatment of diffuse and/or chronic fibrocavitary pneu-
monia with fluconazole requires high doses (800–1000 mg/
day) for at least 1 year (Catanzaro et al., 1995). (see also 
below under HIV-infected patients). In diffuse overwhelm-
ing disease, some experts recommend initial therapy with 
amphotericin B (either deoxycholate amphotericin B at 0.7 
mg/kg daily or a lipid preparation at 3 mg/kg daily). Other 
experts recommend adding a triazole antifungal, i.e. fluco-
nazole (or itraconazole) at 400 mg daily, to the regimen. The 
frequency of amphotericin B infusions can be decreased over 
time as the patient clinically improves.

For patients with multiple affected sites but without CNS 
involvement, the management is the same as for those with 
diffuse pulmonary coccidioidomycosis above, and includes 
initial amphotericin B with a triazole antifungal. However, 
for less severe disease, particularly those not requiring hospi-
talization, oral fluconazole alone at doses ranging from 400 
to 2000 mg/day is a reasonable therapy (Galgiani et al., 2005). 
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A prospective, randomized, blinded comparison of fluco-
nazole (400 mg/d) versus itraconazole (200 mg twice daily) 
for treatment of 198 patients with chronic pulmonary, soft 
tissue, or skeletal lesions found that 50% of patients (47/94) 
and 63% of patients (61/97) responded to 8 months of fluco-
nazole and itraconazole, respectively (p = 0.08) (Galgiani et 
al., 2000). Patients with skeletal infection responded twice as 
often to itraconazole as to fluconazole. The length of therapy 
for disseminated disease is uncertain but shoud be at least 
one year’s duration.

Treatment of CNS and coccidioidal meningitis with oral 
fluconazole is generally preferred (Galgiani et al., 1993; Johnson 
and Einstein, 2006). The dosage used in the first open label 
clinical trial was 400 mg/day where 37 of 47 (79%) evaluable 
patients responded to therapy (Galgiani et al., 1993). Some 
physicians prefer the use of higher doses and begin treatment 
with 800 or 1000 mg/day of fluconazole (Galgiani et al., 
2005). Patients who respond to fluconazole therapy should 
continue this treatment indefinitely. A case report study indi-
cated a relapse rate of 78% when therapy was discontinued 
(Dewsnup et al., 1996). 

HIV-INFECTED PATIENTS

For patients with undetectable plasma HIV RNA who have 
CD4 cell counts ≥ 250/μl, coccidioidomycosis can be man-
aged as for immunocompetent hosts. Treatment with an 
oral azole is recommended in all patients with HIV infec-
tion and CD4 counts < 250 cells/µl who have clinically active 
coccidioidomycosis (Galgiani et al., 2005). In very severe 
disease, combined amphotericin B and fluconazole should 
be considered (Ampel 2015). Treatment should be contin-
ued as long as the CD4 counts remain < 250 cells/µl.

Clinical experience suggests coccidioidal IRIS is rare. 
Hence highly active antiretroviral therapy need not be delayed 
at the time of antifungal therapy. There are no robust data to 
recommend antifungal prophylaxis against coccidioidomy-
cosis in HIV-infected persons living in coccidioidal endemic 
region (Woods et al., 2000). 

ORGAN TRANSPLANT RECIPIENTS 

Unlike in HIV infection, where prophylactic fluconazole 
therapy is not effective in preventing coccidioidomycosis 
in HIV-infected patients living in endemic areas, it has been 
used successfully in solid organ transplant recipients (Blair 
and Logan, 2001). Blair et al. (2008) have offered an approach 
to their management. Patients with a medical history of prior 
coccidioidomycosis are recommended to receive fluconazole 
200 mg daily for at least 6 months. For those with a positive 
serologic test, fluconazole 400 mg daily for 1 year is recom-
mended, followed by lifelong suppressive therapy with 200 to 
400 mg daily.

Coccidioidomycosis that occurs after transplantation mer-
its antifungal therapy. Currently, in the absence of controlled 
trials, amphotericin B, either as the deoxycholate or a lipid 
formulation, is recommended for severe disease while fluco-
nazole (or itraconazole) is appropriate in mild or moderate 
illness. Once the patient is clinically stable, therapy with  

fluconazole at 200 to 400 mg daily should be continued 
indefinitely.
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1. DESCRIPTION

Itraconazole (Sporanox) is a synthetic triazole drug developed 
in the 1980s as the first orally bioavailable triazole agent. Similar 
to posaconazole (see Chapter 157, Posacona zole), it contains a 
piperazine-phenyl-triazole side chain (Figure 154.1). Available 
preparations include a 100-mg capsule and an oral solution 
(10 mg/ml complexed with 400 mg/ml hydroxypropyl-β- 
cyclodextrin). Although not currently available, itraconazole 
has also been formulated for intravenous administration. 
Itraconazole was the first orally active agent against aspergil-
losis and sporotrichosis and currently has US Food and Drug 
Administration (FDA) approval for the treatment of asper-
gillosis, blastomycosis, histoplasmosis, mucosal candidiasis, 
febrile neutropenia, and onychomycosis. Itraconazole has the 
chemical name (±)-1-[(RS)-sec-butyl]-4-[p-[4-[p-[[(2R,4S)- 
2-(2,4-dichloro-phenyl)-2-(1H-1,2,4-triazol-1-ylmethyl)-
1,3-dioxolan-4-yl]methoxy]-phenyl]-1-piperazrnyl]phenyl]- 
A2-1,2,4-triazolin-5-one and is a racemic mixture of four 
diastereomers (two enantiomeric pairs).

The empirical formula is C35H38Cl2N8O4 with molecular 
weight 705.6. The chemical structure is shown in Figure 154.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

A summary of the in vitro activity of itraconazole against 
various fungi is shown in Table 154.1.

PATHOGENIC YEASTS

Itraconazole is active against pathogenic yeasts, including 
Candida spp. and Cryptococcus neoformans (Table 154.1). 
Itraconazole is two to ten times more potent than fluconazole 
in vitro against Cryptococcus neoformans and demonstrates 
greater than tenfold lower minimum inhibitory concentra-
tion (MICs) against Candida spp. (Pfaller et al., 2001; Pfaller 
et al., 2002b; Pfaller et al., 2003). Similar to fluconazole, 
itraconazole is most active against C. albicans (MIC90 0.12–
0.25 μg/ml), C. parapsilosis (MIC90 0.25–0.5 µg/ml), and  
C. tropicalis (MIC90 0.5 µg/ml). Itraconazole MICs are higher 
for C. glabrata (MIC90 2–8 µg/ml) and C. krusei (MIC90 1 µg/
ml) with frequent resistance demonstrated for these species. 
Susceptibility testing using the Clinical Laboratory Standards 
Institute (CLSI) and European Committee on Antimicrobial 
Susceptibility Testing (EUCAST) methods produces similar 
results (Pfaller et al., 2014). 

Susceptibility breakpoints have been developed by the CLSI 
based upon MIC distribution and clinical outcome. Studies 
evaluated in this process included data for 316 HIV-infected 
patients with oropharyngeal candidiasis enrolled in four 
trials investigating the efficacy of itraconazole oral solution. 
Outcome relative to itraconazole MIC was investigated (Rex 
et al., 1997). The combined data supported the following MIC 
breakpoints for itraconazole and Candida species: suscep-
tible (S), ≤ 0.125 µg/ml; susceptible dose-dependent (SDD), 
0.25–5 µg/ml; and resistant (R), ≥ 1 µg/ml. The dose-dependent 
category was based upon therapeutic drug monitoring and 

Figure 154.1. Chemical structure of 
itraconazole.
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Table 154.1. In vitro susceptibilities of itraconazole to various fungi.a

MIC Range (µg/ml) MIC 50% (µg/ml)b MIC 90% (µg/ml)c References

Candida spp.

C. albicans 0.007–> 8 0.03–0.06 0.12–0.25 Espinel-Ingroff, 1998; Pfaller et al., 
1999; Pfaller et al., 2001; Pfaller et al., 
2002a; Pfaller et al., 2003; Sabatelli et 
al., 2006; Espinel-Ingroff et al., 2012, 
Pfaller et al., 2014

C. glabrata 0.008-8 1      2–8

C. parapsilosis 0.008–2 0.12–0.25 0.25–0.5

C. tropicalis 0.008–> 8 0.12 0.5

C. dubliniensis 0.015–> 8 0.06 0.25–0.5

C. krusei 0.06–2 0.5–1 1

C. lusitaniae 0.03–2 0.12–0.25 0.25–2

C. guilliermondii 0.03–> 8 0.25–1 4

C. famata 0.06–2 0.25–0.5 1

C. rugosa 0.03–1 0.25 0.5

Cryptococcus spp.

C. neoformans 0.008–≥ 4 0.25

C. gattii 0.008–2

Trichosporon beigelii 0.25–4 2

Blastomyces dermatitidis ≤ 0.03–> 16 ≤ 0.03 0.25–2 Johnson et al., 1998; Li et al., 2000; 
McGinnis et al., 2001; Gonzalez et al., 
2005; Sabatelli et al., 2006; Alvarado-
Ramirez and Torres- Rodriguez, 2007; 
Espinel-Ingroff et al., 2008

Histoplasma capsulatum ≤ 0.03–1 ≤ 0.03–0.25 0.06–1

Coccidioides immitis 0.03–1 0.12–0.5 0.25–1

Sporothrix schenckii 0.03–> 16 0.25–2 0.5–4

Paracoccidioides spp. 0.003–> 0.06 0.016 0.06

Aspergillus spp. Johnson et al., 1998; Cuenca-Estrella et 
al., 1999; Fernandez-Torres et al., 2000; 
Espinel-Ingroff, 200l; Gonzalez et al., 
2001; Meletiadis et al., 2002; Dannaoui 
et al., 2003; Diekema et al., 2003; 
Gonzalez et al., 2005; Sabatelli et al., 
2006; Almyroudis et al., 2007; Espinel-
Ingroff et al., 2008; Espinel-Ingroff et 
al., 2010

A. fumigatus 0.03–16 0.25–1 0.5–2

A. flavus 0.03–2 0.5 0.5–1

A. niger 0.03–4      1–2 0.5–2

A. versicolor 0.03–2 1 2

A. terreus 0.003–1 0.25–0.5 0.25–0.5

A. nidulans 0.03–4 0.25 0.25–0.5

Fusarium spp.     2–> 16      8–> 16    > 8–> 16

Rhizopus spp. 0.03–32 0.5–4      1–32

Mucor spp. 0.25–32 0.5–8    > 8–32

Rhizomucor sp. 0.02–1 0.02–0.25 0.02–0.25

Absidia spp. 0.03–0.5 0.06–0.12 0.25–0.5

Cunninghamella sp. 0.12–4 0.12–2 0.12–2

Apophysomyces sp. 0.03–4 0.03–8 0.03–8

Paecilomyces spp. 0.06–> 8 0.25–2      4–> 8

Cladophialophora spp. ≤ 0.03–0.5 0.06–0.25 0.12–16

Fonsecaea pedrosoi 0.12–0.25 0.12 0.25

Pseudallescheria spp. 0.5–4 0.5–2      1–4

Scedosporium spp. 0.03–16 0.5–8      2–32

S. prolificans     2–> 32     16–> 32   > 16–> 32

S. apiospermum 0.25–2 1 2

Penicillium spp. 0.003–> 8 0.06 0.25

Bipolaris spp. 0.12–0.5 0.25–0.5 0.5–1

Exophilia spp. 0.12–0.5 0.12

Phialophora spp. 0.25–1 0.5 1

Wangiella spp. 0.25–0.5 > 8 0.5

Alternaria spp. > 8 0.125 > 8

Dactylaria sp. 0.01–2 0.06 0.25–5

Trichoderma sp. 0.06–0.12 0.12 0.06

Trichophyton rubrum 0.03–0.12 0.12

aResistance described in section 2b, Emerging resistance and cross-resistance.
bMIC 50%, MIC at which 50% of isolates were inhibited.
cMIC 90%, MIC at which 90% of isolates were inhibited.
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an itraconazole plasma concentration cutoff of 0.5 µg/ml. For 
isolates with MICs 0.25–0.5 µg/ml, 76% of patients with itra-
conazole levels of > 0.5 µg/ml responded to therapy while 
only 50% of those with serum concentrations of ≤ 0.5 µg/ml 
received benefit. However, for isolates with MICs ≤ 0.125 µg/
ml, success rates were achieved in approximately 80% of 
patients regardless of itraconazole plasma concentrations.

DIMORPHIC FUNGI

The spectrum of itraconazole includes endemic dimorphic 
fungi (Table 154.1). MICs of itraconazole are lower than those 
of amphotericin B or fluconazole for Blastomyces dermatidi-
tis (MIC90 0.125 µg/ml) and Histoplasma capsulatum (MIC90 
0.06 µg/ml) (Li et al., 2000). However, itraconazole MICs are 
higher than those of amphotericin B for Coccidioides immitis 
(MIC90 1 µg/ml). Compared with voriconazole, itraconazole 
MICs are higher against C. immitis and H. capsulatum, but 
similar for B. dermatiditis. Itraconazole is 2- to 16-fold more 
active than voriconazole for Sporothrix schenckii (MIC50 0.25–2 
μg/ml) (McGinnis et al., 2001; Gonzalez et al., 2005; 
Alvarado-Ramirez and Torres-Rodriguez, 2007). Itraconazole 
MICs for Paracoccidioides spp. are also very low (MIC90 0.06 
μg/ml).

MOLDS OR FILAMENTOUS FUNGI

Itraconazole is active against most Aspergillus spp., including 
A. fumigatus (MIC50 0.25–1 µg/ml), A. flavus (MIC50 0.5 µg/
ml), A. nidulans (MIC50 0.25 µg/ml), and A. terreus (MIC50 
0.25–0.5 µg/ml) (Table 154.1). Itraconazole MICs are higher 
for A. niger (MIC50 1–2 µg/ml) and A. versicolor (MIC50 1 µg/
ml). For most Aspergillus spp., MICs of itraconazole are up 
to fourfold higher than those of voriconazole (Diekema et 
al., 2003). Itraconazole MICs are high for Scedosporium spp. 
(MIC50 0.5–> 32 µg/ml) and Fusarium spp. (MIC50 8–> 32 
µg/ml). For Mucorales, itraconazole is more active than vori- 
co nazole, but the activity is less potent that that observed for 
posaconazole (Almyroudis et al., 2007). Itraconazole MICs 
are high for Mucor spp. (MIC50 0.5–8 µg/ml) and Rhizopus 
spp. (MIC50 0.5–4 µg/ml), but lower for Absidia spp. (MIC50 
0.06–0.12 µg/ml) and Rhizomucor (MIC50 0.02–0.25 μg/ml).

2b.  Emerging resistance and 
cross-resistance

PATHOGENIC YEASTS

Itraconazole resistance has been reported for a variety of 
Candida spp., but is most common for C. glabrata, where 
39% of isolates are resistant to itraconazole (Pfaller et al., 
2011) (Table 154.2). The predominant drug resistance mech-
anisms that have been shown to be responsible for azole 
resistance in C. albicans include increased expression of the 
CDR1 and CDR2 ATP-dependent efflux pumps and point 
mutations in ERG11, the gene encoding the azole target, 
14-alpha-demethylase (White et al., 2002). For C. glabrata, 
the main mechanism of resistance involves upregulation of 

the ATP-dependent efflux pump CDR1 (Sanglard et al., 1999). 
Cross-resistance among the azoles has been demonstrated 
for most Candida spp., including C. glabrata, C. albicans,  
C. tropicalis, and C. parapsilosis (Sabatelli et al., 2006). A 
study of 157 fluconazole-resistant (MIC > 64 µg/ml) Candida 
isolates found that 71% were also resistant to itraconazole 
(MIC ≥ 1 µg/ml) (Pfaller et al., 2003). A similar study exam-
ined the resistance profiles of 123 colonizing yeast isolates 
from neutropenic patients with hematologic malignancies and 
identified cross-resistance between fluconazole and itracon-
azole for 14 strains (Chryssanthou et al., 2004). Azole cross- 
resistance has been described for most Candida spp., but less 
commonly with C. krusei. In fluconazole-resistant strains 
(MIC > 32 µg/ml), cross-resistance to itraconazole (MIC > 4 
µg/ml) was also observed in 18% of C. albicans isolates, 61% 
of C. glabrata isolates, and 56% of C. tropicalis isolates, but 
only 13% of C. krusei isolates (Johnson et al., 1995).

The majority of Cryptococcus neoformans strains are sus-
ceptible to itraconazole (MIC90 0.5 µg/ml). However, strains 
with high MICs to fluconazole (≥ 16 µg/ml) also exhibit 
higher MICs to itraconazole (MIC90 1 µg/ml) (Pfaller et al., 
1999).

MOLDS OR FILAMENTOUS FUNGI

Resistance to azoles has been increasingly reported for 
Aspergillus fumigatus, particularly in Europe, where rates in 
some areas are as high as 20%, (Fuhren et al., 2015; Perlin et 
al., 2015; van der Linden et al., 2015) (Table 154.2). Azole-
resistant invasive aspergillosis is associated with a mortality 
rate near 90% (van der Linden et al., 2015). Resistance has 
been linked to prior azole treatment or acquisition of a 
drug-resistant environmental strain (Tashiro et al., 2012). 
The most frequently described mechanisms of resistance  
for A. fumigatus include mutations in CYP51A, the gene 
encoding 14-alpha-demethylase (Diaz-Guerra et al., 2003; 
Mellado et al., 2004; Chen et al., 2005; Howard et al., 2006; 
Fuhren et al., 2015). Various point mutations in the ORF 
and tandom repeats in its promoter have been described. It 
appears that prior itraconazole exposure primarily induces a 
G54 substitution, which does not confer cross-resistance to 
voriconazole (Tashiro et al., 2012). However, environmental 
azole- resistant isolates frequently carry the TR34/L98H muta-
tion, which is associated with voriconazole cross-resistance 
(Chowdhary et al., 2012, Fuhren et al., 2015, van der Linden 
et al., 2015). Upregulation of efflux pumps (MDR3, MADR4, 
and ATRF) has also been shown to play a role in itraconazole 
resistance in vitro (Slaven et al., 2002; Nascimento et al., 
2003). However, the clinical relevance of these changes has 
not been established.

In vitro resistance to itraconazole has been described for 
dermatophytes (Goh et al., 1994; Ghannoum, 2015). For 
Trichophyton rubrum, one of the most common dermato-
phytes worldwide, elevated itraconazole MICs has been 
reported with both initial infection and following drug treat-
ment. However, correlations between in vitro resistance and 
clinical outcomes have not been established.
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3. MECHANISM OF DRUG ACTION

The mechanism of action for itraconazole is similar to the other 
triazole antifungal agents (see Chapter 153, Fluconazole) and 
involves inhibition of cytochrome P450 upon binding of the 
triazole ring. In the presence of itraconazole, methylated ste-
rol precursors accumulate in the fungal cell membrane, thereby 
increasing membrane permeability and altering membrane- 
bound enzyme function, ultimately halting cell division and 
leading to cell death. Itraconazole has a high affinity for fun-
gal P450 cytochrome enzymes and binds more weakly to 
mammalian cytochrome P450 enzymes (Vanden Bossche et 
al., 1993).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Itraconazole is formulated for oral administration as a cap-
sule (100 mg) and as an oral solution (10 mg/ml itraconazole, 
400 mg/ml hydroxypropyl-β-cyclodextrin). Intravenous 
itraconazole is supplied as a solution with hydroxypro-
pyl-β-cyclodextrin to be diluted with normal saline, but is 
not currently available. Each ampule contains 200 mg of 
itraconazole and 8 g of hydroxypropyl-β-cyclodextrin (400 
mg) as a molecular inclusion complex.

For treatment of invasive fungal infections, including 
aspergillosis, blastomycosis, and histoplasmosis, loading 
doses are recommended to more rapidly achieve steady-state 
serum concentrations (see Table 154.3). Loading doses can 
be administered by the oral route (200 mg tid for 3 days) or, 
if available, intravenous route (200 mg i.v. bid for four doses). 
The itraconazole dosage can then be decreased to 200 mg 
(p.o. or i.v.) daily or 200 mg p.o. twice daily. Loading dos-
ages are not considered necessary for less severe infections, 
including mucosal candidiasis and onychomycosis. The 
itraconazole oral solution should be administered as swish 

and swallow for esophageal candidiasis (200 mg daily) and 
oropharyngeal candidiasis (100–200 mg daily). The approved 
regimens for onychomycosis include daily itraconazole (200 
mg p.o. daily for 12 weeks) or pulse therapy (200 mg bid for 
1 week, then off drug for 3 weeks, repeated for 12 weeks).

4b.  Newborn infants and children

Itraconazole is not approved for pediatric patients. However, 
the itraconazole oral solution has been studied in infants and 
children for the treatment of mucosal candidiasis and as 
antifungal prophylaxis at dosages of 5 mg/kg daily, 2.5 mg/kg 
daily, and 2.5 mg/kg bid (de Repentigny et al., 1998; Groll et 
al., 2002). Administration of itraconazole 2.5 mg/kg bid pro-
duces higher itraconazole plasma concentrations and is the 
recommended dosage for treatment of mucosal candidiasis 
in children ≥ 5 years of age (Groll et al., 2008). Limited stud-
ies in infants and younger children suggest that intravenous 
itraconazole can be administered based upon weight—a 
single 2.5 mg/kg dose was well tolerated in young children 
and resulted in serum itraconazole levels similar to those 
achieved in adults (Abdel-Rahman et al., 2007).

4c.  Pregnant and lactating mothers

Concerns related to risk of teratogenicity complicate drug 
selection for itraconazole in a manner that is similar for 
other drugs within the triazole class (Pilmis et al., 2015). 
Both animal model and clinical studies have demonstrated 
risk of fetal abnormalities following administration during 
pregnancy (Tiboni et al., 2006). Currently, the risk category 
for itraconazole is C, indicating risk and convincing data 
from animal models, but a paucity of clinical data (Briggs et 
al., 2011). Recent clinical studies of modest size (> 200) did 
not identify fetal toxicity (De Santis et al., 2009). However, 
larger studies will be required to change recommendations 
from clinical guidelines that suggest avoidance of itracon-
azole and other triazoles if other treatment options exist. 

Table 154.2. Emerging resistance and cross-resistance.

Pathogen

Typical 
Resistance 
MICs

Mechanism of 
Resistance

Resistance Widespread 
or Limited to Outbreaks 
and Case Reports Clinical Impact References

Candida glabrata ≥ 1 µg/ml Increased CDR1 
expression

Widespread Itraconazole is not a 
preferred agent

Sanglard et al., 1999; 
Pfaller et al., 2011

Aspergillus fumigatus > 16 µg/ml Target enzyme 
mutation 
(CYP51A)

Widespread in many 
geographic regions

High mortality (88%)
Azole cross-resistance

Tashiro et al., 2012; 
Fuhren et al., 2015; 
Perlin et al., 2015; van 
der Linden et al., 2015

Trichophyton spp.
T. rubrum
T. interdigitale

≥ 8 µg/ml Unknown Reported cases Unknown Goh et al., 1994; 
Ghannoum, 2015
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Table 154.3. Summary of the clinical uses of itraconazole.

Clinical Use Dose Trial Outcomes References

Invasive aspergillosis 200 mg p.o. tid for 3 days, 
then 200 mg daily or bid

Clinical response rates of 
39–88% in open trials

Hostetler et al., 1992a; Denning et al., 
1994; Stevens and Lee, 1997; De 
Beule et al., 1988; Walsh et al., 
2008

Chronic pulmonary 
aspergillosis

200 mg daily or bid Improved outcome and health 
status with itraconazole 
treatment

Agarwal et al., 2013; Al-Shair et al., 
2013

Histoplasmosis 200 mg p.o. tid for 3 days, 
then 200 mg daily or bid

Success rates of 81–91% in 
patients with mild to moder-
ate disease

Negroni et al., 1989; Dismukes et al., 
1992; Negroni et al., 1992; Wheat 
et al., 1995; Wheat et al., 2007

Blastomycosis 200 mg p.o. tid for 3 days, 
then 200 mg daily or bid

Success in 90% of patients with 
nonmeningeal, nonlife-threat-
ening disease

Dismukes et al., 1992; Chapman et al., 
2008

Esophageal candidiasis 100–200 mg OS p.o. daily As effective as fluconazole Wilcox et al., 1997; Pappas et al., 
2009

Oropharyngeal candidiasis 200 mg OS p.o. daily As effective as ketoconazole
OS as effective as fluconazole

Smith et al., 1991; Graybill et al., 
1998; Phillips et al., 1998; Pappas et 
al., 2009

Refractory oroesophageal 
candidiasis

200–400 mg OS p.o. daily Success rates of 55–72% for 
cases refractory to other azole 
formulation

Cartledge et al., 1994; Phillips et al., 
1996; Saag et al., 1999b; Pappas et 
al., 2009

Vaginal candidiasis 200 mg p.o. daily for 3 days Success rates of 83–96%, as 
effective as oral fluconazole, 
topical econazole, and topical 
clotrimazole

Sanz Sanz and del Palacio Hernanz, 
1987; Wesel, 1990; Silva-Cruz et al., 
1991; Tobin et al., 1992; Stein and 
Mummaw, 1993; Pitsouni et al., 
2008; Pappas et al., 2009

Febrile neutropenia 
(hematologic malignancy 
or autologous bone 
marrow transplant)

200 mg i.v. q 12 h × 2 days, 
then 200 mg i.v. daily for 
12 days, then 400 mg oral 
solution daily

As effective as amphotericin B Boogaerts et al., 2001a

Onychomycosis (1) Continuous therapy: 200 
mg p.o. daily for 12 weeks 
or (2) pulse therapy: 200 
mg p.o. bid for 1 week, 
then off drug for 3 weeks, 
repeated for 12 weeks

Clinical response in 60–100% of 
cases, at least as effective as 
griseofulvin, inferior to 
terbinafine

Hay et al., 1988; Walsoe et al., 1990; 
Piepponen et al., 1992; Brautigam 
et al., 1995; De Doncker et al., 
1995; Havu et al., 1997; Brautigam, 
1998; De Backer et al., 1998; 
Haneke et al., 1998; Degreef et al., 
1999; Evans and Sigurgeirsson, 
1999; Arca et al., 2002

Dermatophytosis 100–400 mg p.o. daily Clinical response rates of 
80–96%, as effective or 
superior to griseofulvin, as 
effective or inferior to 
terbinafine

Degreef et al., 1987; Bourlond et al., 
1989; De Doncker and 
Cauwenbergh, 1990; Legendre and 
Esola-Macre, 1990; Lachapelle et 
al., 1992; Panagiotidou et al., 1992; 
Katsambas et al., 1993; Korting et 
al., 1993; Budimulja et al., 1994; De 
Keyser et al., 1994; Lopez-Gomez 
et al., 1994; Jahangir et al., 1998

Allergic bronchopulmonary 
aspergillosis

200 mg p.o. bid for 16 weeks Clinical improvement in 46% of 
patients with corticosteroid 
dependency

Stevens et al., 2000

Prophylaxis bone marrow 
transplant hematologic 
malignancy

100 mg p.o. bid or 2.5 mg/
kg p.o. bid

Efficacy comparable to fluco-
nazole, less effective than 
posaconazole

Glasmacher et al., 1998; Menichetti et 
al., 1999; Nucci et al., 2000; 
Vardakas et al., 2005; Cornely et al., 
2007

Prophylaxis advanced HIV 
disease

200 mg p.o. bid Delays time to onset of 
histoplasmosis and 
cryptococcus

McKinsey et al., 1999
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There are even fewer data to guide recommendations for use 
of itraconazole during lactation. 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Renal elimination is not a major route for itraconazole clear-
ance, and the dosing regimen of itraconazole does not need 
to be adjusted for renal insufficiency. However, the major 
route of elimination of the hydroxypropyl-β-cyclodextrin 
vehicle is glomerular filtration, and higher levels are found in 
patients with reduced renal function (creatinine clearance of 
≤ 19 ml/ml). Therefore the intravenous formulation of itra-
conazole is not recommended for patients with creatinine 
clearance of < 30 ml/min and should be used with caution in 
patients with a creatinine clearance of 30–80 ml/min. However, 
the itraconazole oral solution can be used in patients with 
renal insufficiency because the hydroxypropyl-β-cyclodex-
trin carrier is degraded by amylases in the gastrointestinal 
tract and is thus not systemically absorbed (< 3%) (Stevens, 
1999).

Itraconazole is not dialyzable by either hemodialysis or con-
tinuous ambulatory peritoneal dialysis (CAPD) (Boelaert et al., 
1988). The mean pharmacokinetic parameters of single-dose 
oral itraconazole 200 mg in uremic patients (Cmax 0.21 µg/ml, 
tmax 4 hours, t1/2 25.1 hours) were not significantly different 
from parameters for healthy volunteers or patients undergoing 
hemodialysis or CAPD. Compared with nondialyzed uremic 
patients, hemodialysis patients had non-significantly lower 
mean maximum plasma concentrations both on hemodialy-
sis days and between dialysis days, suggesting that little if any 
itraconazole was removed by hemodialysis. Similarly, pharma-
cokinetic studies of intravenous itraconazole in six patients 
receiving hemodialysis found no difference in itraconazole 

or hydroxyitraconazole clearance with dosing either before or 
after hemodialysis (Mohr et al., 2004). It is noteworthy, however, 
that the cyclodextrin itraconazole vehicle is readily removed by 
hemodialysis. A study of both itraconazole and vehicle kinetics 
before and following hemodialysis demonstrated clearance of 
hydroxypropyl-β-cyclodextrin (84%) without impacting on 
itraconazole or hydroxyitraconazole levels.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Hepatic metabolism of itraconazole is necessary for elimina-
tion. Studies examining the use of itraconazole in patients 
with liver disease are limited. Only case reports have been 
described (Grant and Clissold, 1989). Elevated serum itraco-
nazole concentrations are expected in patients with hepatic 
impairment, although dosing regimen changes have not been 
sufficiently studied to allow a recommendation. Thus itra-
cona zole should be used with caution in patients with hepatic 
insufficiency.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

ITRACONAZOLE CAPSULES

Itraconazole is highly lipophilic and poorly soluble in aque-
ous solutions at neutral pH. The bioavailability of itracon-
azole capsules is 55% (see Table 154.4) (Dodds Ashley et al., 
2006). An acidic gastric environment enhances solubility and 
optimizes absorption from the gastrointestinal tract. Thus, 
itraconazole should not be co-administered with medications 
that suppress gastric acidity, such as proton pump inhibitors 
or histamine-2 blockers. In healthy volunteers receiving famoti-
dine, itraconazole exposure was reduced by 51% compared 

Clinical Use Dose Trial Outcomes References

Cryptococcosis 400–600 mg daily Clinical response rates of 
86–93%, not as effective as 
fluconazole or amphotericin B 
plus flucytosine

Denning et al., 1989a; Hostetler and 
Stevens, 1991; de Gans et al., 1992; 
Chotmongkol and Jitpimolmard, 
1994; van der Horst et al., 1997; 
Saag et al., 1999a; Perfect et al., 
2010

Coccidioidomycosis 200 mg p.o. bid or tid Response rates of 57–93% in 
patients with mild to moder-
ate disease

Graybill et al., 1990; Tucker et al., 
1990b; Diaz et al., 1991; Galgiani et 
al., 2000; Galgiani et al., 2005

Paracoccidioidomycosis 100–200 mg p.o. daily Clinical response rates of 
90–100%, Efficacy similar to 
voriconazole and 
ketoconazole

Negroni et al., 1987; Restrepo, 1994; 
Queiroz-Telles et al., 2007

Penicilliosis 200 mg BID (treatment) 200 
mg daily (maintenance)

Response rates of 56–80% Supparatpinyo et al., 1992; 
Supparatpinyo et al., l993

Chromoblastomycosis 200 mg daily Clinical response of 60% Restrepo, 1994

Sporotrichosis 200 mg daily or bid Clinical response in 80–100% of 
patients with mild to moder-
ate nonmeningeal disease

Restrepo et al., 1986; Sharkey-Mathis 
et al., 1993; Restrepo, 1994; 
Kauffman et al., 2007

OS, oral solution.
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with volunteers not receiving histamine-2 blockers (Lim et 
al., 1993). This effect could be reversed by administration of 
an acidic beverage, such as Coca-Cola, with the itra conazole 
capsules to healthy individuals (Lange et al., 1997).

Food also impacts on itraconazole bioavailability, with 
absorption improved by co-administration of a meal (Van 
Peer et al., 1989; Zimmermann et al., 1994). A study of 27 
healthy volunteers examined the impact of food on the absorp-
tion and bioavailability of itraconazole capsules (200 mg 
every 12 hours) (Barone et al., 1993). The mean peak concen-
tration (Cmax) in patients receiving itraconazole while fasting 
(140 ng/ml) was approximately half of the Cmax measured in 
patients receiving itraconazole with food (239 ng/ml).

Steady-state pharmacokinetics was evaluated in five healthy 
male volunteers given itraconazole capsules 100 mg daily, 
200 mg daily, or 200 mg bid with a standard meal for 15 days 
(Hardin et al., 1988). The half-life was 15–20 hours after a 
single dose and increased to 34–42 hours after 15 days’ dos-
ing. The mean peak itraconazole concentration after a 100-
mg single dose was 0.11 µg/ml, after a 200-mg single dose 
was 0.27 µg/ml, and after two doses of 200 mg every 12 hours 
was 0.55 µg/ml. The trough concentrations of itraconazole 
gradually increased over the dosing period, with steady-state 
levels reached on day 13. The mean peak itraconazole plasma 
concentration reached on day 15 was 0.4 µg/ml for 100 mg 
daily, 1.1 µg/ml for 200 mg daily, and 2 µg/ml for the 200 mg 
bid regimen. Within groups, wide inter-subject variations  
in itraconazole steady-state levels were noted. The nonlinear 
increase in the area under the curve (AUC) values with increas-
ing doses is consistent with saturable first-pass metabolism. 
Doses of 50, 100, and 200 mg have also been observed to fol-
low nonlinear pharmacokinetics (Van Peer et al., 1989).

ITRACONAZOLE ORAL SOLUTION

Because commonly used medications that alter gastric acidity 
are an obstacle for oral absorption of itraconazole capsules, 
the development of an oral solution with hydroxypropyl-β- 
cyclodextrin as a carrier molecule for itraconazole has 
improved the bioavailability of itraconazole by enhancing 
the solubility of the lipophilic molecule (Hostetler et al., 
1992b; Prentice and Glasmacher, 2005). In mice, the Cmax and 
AUC of itraconazole (200 mg/kg) administered in hydroxy-
propyl-β-cyclodextrin were 24- and 121-fold higher than the 
corresponding parameters of the same dose administered 
using a polyethylene glycol vehicle (Hostetler et al., 1992b). 
This difference in bioavailability correlated with treatment 
efficacy in a murine disseminated cryptococcosis model 
(Hostetler et al., 1993a). The bioavailability of itraconazole in 
30 healthy volunteers receiving itraconazole oral suspension 
(200 mg) was approximately 130% higher than for those 
receiving oral capsules (200 mg), increasing the absolute bio-
availability to near 80% (Barone et al., 1998; Prentice and 
Glasmacher, 2005). Although the Cmax, tmax, and t1/2 pharma-
cokinetic parameters were similar in volunteers receiving 
oral solution or capsules, the AUC0–96 was higher for those 
receiving oral solution (5550 ng/ml h) than either of two oral 
capsule formulations (4248 or 4183 ng/ml h). Owing to its 
improved solubility, absorption of itraconazole oral solution 
does not appear to be impacted by gastric acidity. In healthy 
volunteers, omeprazole did not significantly affect itracon-
azole, Cmax, and AUC (Johnson et al., 2003).

INTRAVENOUS FORMULATION

Healthy male volunteers received a single i.v. dose of itracon-
azole 100 mg followed 2 weeks later by a single dose of 100 mg 
administered orally. Peak plasma itraconazole levels at the end 
of the 1-hour infusion of 100 mg were 0.66 µg/ml, compared 
with the maximum plasma concentration 5 hours after oral 
administration of 0.13 µg/ml. The terminal half-life was sim-
ilar after both i.v. and oral dosing at 21 hours. The absolute 
bioavailability of itraconazole was 55% (Heykants et al., 1989).

BIOAVAILABILITY IN SPECIAL PATIENT 
POPULATIONS

HIV/AIDS patients
The pharmacokinetic profile of oral itraconazole capsules 
(200 mg daily) has been evaluated in AIDS patients. The 
mean peak plasma levels of itraconazole occurred 4 hours 
after drug administration and were 0.20, 0.45, and 0.53 µg/
ml on days 1, 8, and 15, respectively (Smith et al., 1992). The 
bioavailability of itraconazole capsules has been shown to be 
altered in patients with HIV/AIDS compared with healthy 
volunteers. In a study of AIDS patients treated with 100 mg 
daily, the absorption of itraconazole was reduced by at least 
50% compared with healthy voluneers. The difference was pos-
tulated to be due to the high prevalence of gastric hypochlorhy-
dria in this patient cohort (Hardin et al., 1988). Conversely, a 
comparative study of the intravenous itraconazole formulation 

Table 154.4. Summary of itraconazole pharmacokinetics.

Pharmacokinetic Parameter Value

Bioavailability (capsules)a 55%

Bioavailability (oral solution)a 80%

Protein binding 99.8%

Volume of distribution 11 l/kg

Time to reach steady-state (loading dose) 2 days

Half-life (t1/2) 15–42 hours

Tissue penetration

CSF 2–9%

Aqueous humor ND–45%

Vitreous humor ND

Lung full

Female genital tract full

Nail full

Skin full

Urine < 2%

Metabolism hepatic

Primary route of elimination feces > renal

CSF, cerebrospinal fluid; ND, not detected.
aSee text regarding variability based on gastric acidity and food.
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in patients with advanced HIV disease and volunteers did 
not identify significant pharmacokinetic differences (Zhou et 
al., 1998).

In contrast to the capsules, the pharmacokinetics of the 
oral itraconazole solution (formulated with hydroxypropyl- 
β-cyclodextrin) more commonly produces reliable and the-
rapeutic concentrations in HIV-infected patients (Cart ledge 
et al., 1997; Reynes et al., 1997). Itraconazole pharmacoki-
netics was studied in a group of 31 men with AIDS and oro-
pharyngeal candidiasis (Cartledge et al., 1997). After 7 days 
of treatment, a significantly higher mean Cmax was measured 
in patients receiving itraconazole oral solution (1326 ng/ml) 
than in those receiving oral itraconazole capsules (741 ng/
ml). For both formulations, lower mean itraconazole con-
centrations were measured in patients who had failed ther-
apy (1185 vs. 629 ng/ml).

Malignancy and chemotherapy
Disruption of intestinal epithelium is common in patients 
undergoing chemotherapy and has been shown to impact 
itraconazole absorption and result in further interpatient 
kinetic variability (Prentice et al., 1994; Prentice et al., 1995; 
Boogaerts et al., 2001b; Nascimento et al., 2003). Several 
population kinetic studies have found significantly wider vari-
ability in these patient cohorts than that observed in healthy 
volunteer studies (coefficient of variation 83–115% com-
pared with 47%, respectively) (Hardin et al., 1988; Lazo de la 
Vega et al., 1994). Studies including individuals with acute 
leukemia and bone marrow transplantation have consis-
tently observed both variability and in general lower blood 
concentrations than those achieved in normal volunteers 
(Hardin et al., 1988; Denning et al., 1989a; Denning et al., 
1989b; Lazo de la Vega et al., 1994; Prentice et al., 1994; 
Glasmacher et al., 1999a; Glasmacher et al., 1999b). For 
example, the median trough concentration in an immuno-
suppressed cohort receiving itraconazole capsules of 400 mg 
daily was only 0.31 µg/ml, but trough concentration ranged 
from undetectable to 0.8 µg/ml (Glasmacher et al., 1999b). 
Nearly 60% of patients did not achieve the defined target 
trough concentration of 0.5 µg/ml. The cyclodextrin solution 
formulation was examined in a similar manner—the median 
trough concentration was more than twice that observed 
with the capsule formulation (0.66 µg/ml) (Glasmacher et al., 
1999b). Nevertheless, nearly a quarter of patients did not 
achieve the defined target trough concentration of 0.5 µg/ml. 
In neutropenic cancer patients receiving a 7-day intravenous 
itraconazole regimen (250 mg/day) followed by 7 days’ therapy 
with the oral solution (400 mg/day), mean trough levels between 
0.5 and 1.5 µg/ml were obtained (Boogaerts et al., 2001b).

Doses of the itraconazole solution as high as 800 mg daily 
have been investigated in similar patient populations. The 
800-mg daily regimen produced trough concentrations > 0.5 
µg/ml in 100% of patients compared with only 87% in the 
cohort receiving 400 mg daily. However, 800-mg daily dos-
ages were tolerated poorly, with significant gastrointestinal 
side effects (Glasmacher et al., 1999b).

Pediatric patients

Studies have examined the pharmacokinetics of cyclodextrin 
itraconazole solution in pediatric patients. In an open-label 
multicenter study of 26 immunosuppressed infants and chil-
dren (aged 6 months to 12 years) with documented mucosal 
fungal infections, or at risk for the development of invasive 
fungal disease, patients were treated with itraconazole 5 mg/
kg daily for 2 weeks (de Repentigny et al., 1998). Pharma-
cokinetic measurements at steady-state suggested enhanced 
clearance and lower AUC (6930 ± 5830 ng/ml h) for children 
aged 6 months to 2 years compared with children aged 2–5 
years (7330 ± 5420 ng/ml h) or 5–12 years (8770 ± 5050 ng/
ml h). Although variability in serum drug concentration was 
high, itraconazole oral solution was safe and well tolerated 
in each of these age cohorts receiving the study regimen of 
5 mg/kg/day. In a second study, itraconazole oral solution 
was administered to 26 HIV-infected children and adoles-
cents (5–18 years old) in an open-label trial for treatment of 
oropharyngeal candidiasis (Groll et al., 2002). After 15 days 
of treatment, pharmacokinetic parameters were calculated 
for patients receiving itraconazole 2.5 mg/kg daily (Cmax 
0.604 µg/ml, AUC 6.80 µg/ml h, Cmin 0.192 µg/ml) and 
itraconazole 2.5 mg/kg bid (Cmax 1.34 µg/ml, AUC 23.04 µg/
ml h, Cmin 0.782 µg/ml). A complete response was achieved 
in more patients receiving bid dosing (58%) than daily dos-
ing (22%). Pharmacokinetic modeling showed a significant 
concentration–response relationship and higher trough lev-
els (0.25–0.5 µg/ml) associated with improved outcome (see 
later under 5c, Clinically important pharmacokinetic and 
pharmacodynamic features). The regimen of 2.5 mg/kg bid 
produced pharmacokinetic parameters similar to those in  
adults.

The pharmacokinetics of the intravenous itraconazole 
was investigated in 33 pediatric patients aged 7 months to 
17  years at risk for fungal infection (Abdel-Rahman et al., 
2007). After receiving a single dose of intravenous itracon-
azole (2.5 mg/kg), the measurements of itraconazole (Cmax 
1015 ng/ml, AUC 4922 ng/ml h) and hydroxyitraconazole 
(Cmax 293 ng/ml, AUC 3811 ng/ml h) were in the therapeutic 
range. Although up to tenfold interpatient variability in drug 
exposure was measured, age dependency was not observed. 
This weight-based intravenous itraconazole regimen was also 
shown to be safe in the pediatric population.

5b.  Drug distribution

Itraconazole is 99.8% protein bound—primarily to albumin 
(Table 154.4) (Willems et al., 2001). Therefore, levels of 
itraconazole in body fluids, such as cerebral spinal fluid, are 
relatively low in relation to plasma levels. Itraconazole has a 
large volume of distribution (11 l/kg) and the drug has been 
demonstrated to accumulate in tissues, such as lung, kidney, 
muscle, bone, and the gastrointestinal tract (Grant and 
Clissold, 1989). Itraconazole also reaches high levels in skin, 
nails, and the female genital tract.
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Itraconazole is present at low concentrations in cerebro-
spinal fluid (CSF). In a rabbit model, itraconazole levels in 
the CSF reached only 2–5% of serum levels, with up to 9% 
drug penetration in the presence of meningeal inflammation 
(Perfect and Durack, 1985). Low or undetectable itraconazole 
CSF concentrations are common in patients treated with 
itraconazole (Heykants et al., 1989). Brain tissue concentra-
tions are up to 25-fold lower than the concentrations in other 
tissues. Animal models have been used to examine penetration 
of itraconazole across the blood–brain barrier (Miyama et 
al., 1998). In rats, itraconazole levels in the brain were more 
than 10-fold lower than those measured in the liver.

Itraconazole accumulation in the vitreous is limited. Intra-
ocular penetration of itraconazole was evaluated in a rabbit 
model of Candida endophthalmitis (Savani et al., 1987). Itra-
conazole levels were below the limit of detection in the aque-
ous humor or vitreous humor of healthy eyes. However, in 
the inflamed eye, aqueous levels reached 45% of serum levels. 
Despite the poor penetration into ocular tissues, itraconazole 
was as effective as fluconazole (65% vitreous humor pene-
tration) for the treatment of experimental endophthalmitis. 
Pharmacokinetics and treatment efficacy for this infection site 
have not been examined in humans.

Itraconazole has been shown to achieve therapeutic con-
centrations in the lung. The primary site of accumulation in 
the lung is within pulmonary alveolar macrophages. Intra-
pul monary itraconazole pharmacokinetics was measured in 
healthy volunteers receiving itraconazole 200 mg p.o. bid for 
10 days (Conte et al., 2004). Itraconazole exposure (AUC) in 
the epithelial lining fluid (7.4 µg/ml h) was lower than in the 
serum (34.4 µg/ml h). However, the AUC calculated from 
the alveolar cells was significantly higher (101 µg/ml h), con-
sistent with in vitro studies demonstrating rapid intracellular 
uptake of itraconazole by alveolar macrophages (Perfect et 
al., 1993). The intracellular accumulation of itraconazole may 
explain the in vivo treatment efficacy of itraconazole despite 
relatively low concentrations in the epithelial lining fluid.

Concentrations of itraconazole in the tissues of the female 
genital tract have been found to exceed those observed in 
serum. Penetration of itraconazole into the female genital 
tract was determined in 20 women treated with a single dose 
of itraconazole 200 mg prior to hysterectomy (Larosa et al., 
1986). High itraconazole tissue concentrations (120–1329 
ng/g) were detected in the vaginal, endometrial, and uterus 
tissues 1–15 hours after drug administration. These concen-
trations were 2- to 10-fold higher than the corresponding 
plasma concentrations. Additional study has shown that these 
levels persist in the vaginal tissue and secretions for up to 
4 days following a single dose (Heykants et al., 1989).

Itraconazole has also been shown to accumulate in skin 
and skin structures. The penetration of itraconazole into 
skin, hair, nails, and sweat was evaluated in healthy volun-
teers receiving 100–200 mg itraconazole daily (Cauwenbergh 
et al., 1988). After 7 days of therapy, itraconazole was detected 
in both the skin tissue and palmar stratum corneum (53–444 
ng/g), and levels steadily increased until week 4 (132–1467 
ng/g). After discontinuation of therapy, high itraconazole 

levels persisted in the skin, hair, and nails for 3–4 weeks. In 
another study of healthy volunteers receiving itraconazole 
(200 mg daily), drug was detected in the hair and nails after 
7 days (19 and 56 ng/ml) and 28 days (41 and 128 ng/ml) 
(Cauwenbergh et al., 1988). Studies have also examined the 
impact of the itraconazole dosing regimen on drug accumu-
lation in these tissues. A comparison of daily administration 
and pulse therapy (200 mg bid for 1 of 4 weeks) demon-
strated that the intermittent regimen produced higher drug 
concentrations in the toenails (67 ng/g) and fingernails 
(103 ng/g) after 1 month of study. The investigation also 
observed persistence of therapeutic concentrations for up 
to 11 months after drug discontinuation using the pulse regi-
men (De Doncker et al., 1996).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The need for therapeutic drug monitoring (TDM) among the 
azoles has been discussed elsewhere (see Chapter 153, Flu-
conazole). Due to the pharmacokinetic variability of itra-
conazole, serum drug levels of itraconazole are unpredictable. 
In a study examining serum itraconazole concentrations at a 
reference laboratory, 38% of patients did not have detectable 
drug levels and 7% had levels greater than 3 µg/ml (Wie-
derhold et al., 2014). A number of studies have assessed the 
value of TDM of itraconazole (Hardin et al., 1988; Lazo de 
la Vega et al., 1994; Poirier et al., 1996; Cartledge et al., 1997; 
Barone et al., 1998). Several of these have demonstrated a strong 
relationship between itraconazole serum concentrations and 
treatment efficacy using data from animal models and human 
clinical trials (Denning et al., 1989a; Denning et al., 1989b; 
Tucker et al., 1990a; Berenguer et al., 1994). Serum levels 
have been measured by high performance liquid chromatog-
raphy (HPLC), which is able to differentiate the active metab-
olite of itraconazole, hydroxyitraconazole, from itraconazole 
(Hostetler et al., 1993b). Bioassays are not able to make this 
distinction and routinely measure higher values for itracon-
azole due to the additional activity of the metabolite (War-
nock et al., 1988).

The serum concentration–efficacy relationship has been 
studied in a variety of disease states, including candidiasis, 
aspergillosis, cryptococcosis, and coccidioidomycosis. The 
utility of monitoring has been examined for two treatment 
strategies: prophylaxis to prevent the development of an inva-
sive fungal infection, and treatment of documented fungal 
infections. In an animal model of invasive aspergillosis, 
investigators examined the relationship between itracon-
azole trough concentrations, as determined by microbiologic 
assay, and treatment effect. Maximal reduction in the burden 
of Aspergillus was observed in animals with trough concen-
trations greater than 6 µg/ml (Berenguer et al., 1994). Similar 
results were observed in Aspergillus treatment trials—in a 
group of 21 patients with invasive aspergillosis, the mean itra-
conazole trough concentration (based upon microbiologic 
assay) in responders was 6.5 µg/ml compared with only 4.2 
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µg/ml in nonresponders (Denning et al., 1989b). The same 
serum concentration–efficacy relationship was observed in a 
cohort of 39 patients with nonmeningeal coccidiodomycosis 
(Tucker et al., 1990a). Itraconazole serum concentrations 
(determined by microbiologic assay) were higher (6.5 µg/ml) 
in the 72% of patients experiencing a clinical response than  
in nonresponders (4.0 µg/ml). In another study, investiga- 
tors examined the impact of itraconazole trough concentra-
tions (determined by HPLC) on treatment outcome in 25 
patients with HIV and cryptococcal meningitis. Treatment 
success was observed in 100% of patients with trough con-
centrations > 1 µg/ml. In contrast, only a partial clinical 
response was achieved in 66% of those patients with concen-
trations < 1 µg/ml (Denning et al., 1989a). The largest data-
base used to investigate the relationship between itraconazole 
serum levels and efficacy was composed of 250 patients with 
oral candidiasis (Rex et al., 1997), in whom the impact of 
both itraconazole trough concentration (by HPLC) and Can- 
dida in vitro susceptibility on outcome were assessed. The 
trough concentrations associated with the highest success 
rate (83%) were > 0.5 µg/ml, while only 76% of patients with 
trough concentrations ≤ 0.5 µg/ml responded to therapy. The 
significantly lower value observed for noninvasive fungal 
infections suggested that lower exposures may be sufficient 
for treatment of Candida noninvasive infection.

Itraconazole TDM has been explored in several studies 
of antifungal prophylaxis (Tricot et al., 1987; Boogaerts et al., 
1989; Glasmacher et al., 1999a; Glasmacher et al., 1999b), 
and these studies demonstrated a relationship between itra- 
conazole blood concentration and efficacy. However, the 
itraconazole concentrations associated with effective disease 
prevention were, in general, two- to fourfold lower than 
those shown necessary for fungal disease treatment. Two 
independent studies of itraconazole prophylaxis in neutro-
penic patients included assay of trough concentrations by 
HPLC (Tricot et al., 1987; Boogaerts et al., 1989). Results 
from both investigations documented invasive fungal infec-
tion in 50% of patients with itraconazole concentrations  
< 0.25 µg/ml. In contrast, only 30% of those with concentra-
tions > 0.25 µg/ml developed fungal infections. In another 
study, the investigators demonstrated a relationship between 
itraconazole trough concentrations and patient mortality 
due to breakthrough invasive fungal infection (Glasmacher 
et al., 1999a). Among a group of 20 patients who developed 
an invasive fungal infection while receiving prophylaxis, the 
median itraconazole trough concentration for those with 
fatal infections (0.12 µg/ml) was significantly lower than the 
mean for those surviving the infection (0.69 µg/ml).

Taken together, these therapeutic and prophylactic studies 
support TDM to optimize clinical efficacy when itraconazole is 
used for prophylaxis or treatment of invasive fungal infection. 
Most expert reviews and treatment guidelines suggest that 
serum itraconazole trough monitoring should be undertaken 
in all patient groups at steady state. The concentration goal 
considered adequate for treatment of active fungal infections 
is 1–2 µg/ml using an HPLC assay. The target trough concen-
tration most often suggested for prophylaxis is > 0.5 µg/ml.

5d.  Excretion

Itraconazole is metabolized, primarily by the CYP450 isoen-
zyme 3A4, to at least three metabolites: hydroxyitraconazole, 
keto-itraconazole, and N-desalkyl-itraconazole. One of these 
metabolites, hydroxyitraconazole, exhibits antifungal activity 
similar to or greater than the parent compound. Elimination 
of itraconazole and hydroxyitraconazole follows saturable 
pharmacokinetics (Barone et al., 1993). After a single oral 
dose of 3H-itraconazole, 54% of radioactivity was recovered 
in the feces and 35% was excreted in the urine (Grant and 
Clissold, 1989). All excreted metabolites in the urine were 
not microbiologically active (Hardin et al., 1988).

5e.  Drug interactions

Itraconazole is both a substrate and an inhibitor of the 
CYP450 enzymes, specifically CYP3A4 and CYP2C9 (Brug-
ge mann et al., 2008). Studies have identified numerous inter-
acting drugs that either reduced the clearance of the 
co-administered drug or itraconazole or enhanced the 
metabolism of itraconazole. These interactions often required 
therapeutic drug monitoring and dose adjustment or occa-
sionally avoidance of the drug due to the magnitude and 
clinical relevance of the interaction. A thorough review of a 
patient’s medications should be examined for potential drug 
interactions before start and end of therapy (see Table 154.5). 
Itraconazole is a more potent inhibitor of CYP3A4 than 
 fluconazole, voriconazole, posa con azole, and isavuconazole. 
Co-administration of itra cona zole with cisapride, dofetilide, 
pimozide, terfenadine, levacetylmethadol, or quinidine results 
in elevated concentrations of these drugs and is contrain-
dicated owing to the risk of QT prolongation, torsades de 
pointes, and ventricular arrhythmia (Crane and Shih, 1993; 
Pohjola-Sintonen et al., 1993). Lova statin, simvastatin, oral 
midazolam, triazolam, and ergot alkaloid clearance are also 
markedly reduced and co-administration is contraindicated 
(Olkkola et al., 1994).

Itraconazole interferes with the metabolism of midazo-
lam, resulting in a 6- to 7-fold increase in AUC, a 2.5-fold 
increase in peak serum concentrations, and excess sedation 
due to prolonged midazolam exposure in healthy volunteers 
(Ahonen et al., 1995; Olkkola et al., 1996). Co-administration 
of oral midazolam and itraconazole is contraindicated, and it 
is recommended that intravenous midazolam be used cautiously 
(Olkkola et al., 1994). The intravenous midazolam dosage 
should be reduced substantially and patients should be moni-
tored for signs of toxicity. Likewise, co-administration with tri-
azolam is contraindicated and use with other benzodiazepines, 
including diazepam and alprazolam, is not recommended.

Itraconazole may expose patients to higher levels of vinca 
alkaloids. Concomitant use of itraconazole and vincristine  
in patients with leukemia or lymphoma was associated with 
increased risk of neurotoxicity, including severe myalgias, 
arthralgias, paralysis, and paralytic ileus (Bermudez et al., 
2005; Takahashi et al., 2008). These symptoms were gener-
ally reversible with discontinuation of itraconazole. Patients 
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Table 154.5. Summary of itraconazole drug interactions.

Drugs that may show increased 
concentrations with itraconazole

Aldosterone antagonists: eplerenone

Alpha-adrenergic blocker: alfuzosin 

Antianginal: ranolazine

Antiarrhythmics: digoxin, disopyramide, dofetilide, quinidine

Antibiotics: clarithromycin, erythromycin, telithromycin, trimetrexate

Anticholingergic: oxybutynin

Anticoagulants: acenocoumarol, anisindione, dicumarol, phenindione, phenprocoumon, warfarin

Antidepressants: buspirone, trazodone

Antidiarrheal agents: loperamide

Antiemetic: aprepitant

Antihistamines: astemizole, terfenadine

Antimalarials: halofantrine

Antineoplastic agents: bexarotene, busulfan, docetaxel, erlotinib, gefitinib, imatinib, ixabepilone, 
lapatinib, nilotinib, sunitinib, vinblastine, vincamine, vincristine, vincristine liposome, vindesine, 
vinorelbine

Antiparasitic: praziquantel

Antipsychotics: aripiprazole, pimozide, quetiapine, risperidone

Antiretrovirals: amprenavir, darunavir, etravirine, fosamprenavir, indinavir, maraviroc, saquinavir,

Benzodiazepines: alprazolam, diazepam, midazolam, triazolam

Calcium channel blockers: amlodipine, felodipine, isradipine, nicardipine, nifedipine, nimodipine, 
verapamil

Calcimimetic: cinacalcet

Calcitriol analog: paricalcitol

Corticosteroids: betamethasone, budesonide, corticotropin,cosyntropin, deflazacort, dexametha-
sone, fludrocortisone, fluocortolone, hydrocortisone, methylprednisolone, paramethasone, 
prednisolone, prednisone, triamcinolone

Endothelin receptor antagonists: ambrisentan, bosentan

Ergot alkaloids: dihydroergotamine, ergoloid mesylates, ergonovine, ergotamine, methyler-
gonovine, methysergide

Glucose-lowering agents: repaglinide

Immunosuppressants: ciclosporin, sirolimus, tacrolimus, temsirolimus

Lipid-lowering agents: atorvastatin, cerivastatin, lovastatin, rosuvastatin, simvistatin

Muscarinic receptor antagonist: darifenacin

Opioids: alfentanil, fentanyl, levomethadyl, mifepristone

Oral contraceptives and hormonal replacement: estrogens, estradiol, estriol, estrone, estropipate, 
eszopiclone

Phosphodiesterase inhibitors: cilostazol, sildenafil, tadalafil, vardenafil

Serotonin receptor antagonists: cisapride

Stimulants: modafinil

Triptans: almotriptan, eletriptan

Vasopressin receptor antagonists: conivaptan

Drugs that may decrease itraconazole 
concentrations

Antacids: aluminum carbonate (basic), aluminum hydroxide, aluminum phosphate, calcium, 
dihydroxyaluminum aminoacetate, dihydroxyaluminum sodium carbonate, magaldrate, 
magnesium carbonate, magnesium hydroxide, magnesium trisilicate, sodium bicarbonate

Antibiotics: isoniazid, rifabutin, rifampin, rifapentine

Antiepileptics: carbamazepine, fosphenytoin, phenytoin

Antiretrovirals: darunavir, didanosine, efavirenz, etravirine, nevirapine

H2-blockers: cimetidine, famotidine, nizatidine, ranitidine, roxatidine

Barbituates: phenobarbital

Proton pump inhibitors: esomeprazole, lansoprazole, omeprazole, pantoprazole, rabeprazole

Drugs that may increase itraconazole 
concentrations

Antibiotics: clarithromycin

Antiretrovirals: amprenavir, darunavir, fosamprenavir, lopinavir, ritonavir
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receiving both itraconazole and a vinca alkaloid should be 
monitored closely for signs of neurotoxicity.

Concomitant administration of calcineurin inhibitors and 
itraconazole inhibits metabolism of calcineurin inhibitors 
via CYP3A4. In one study of patients receiving cyclosporin, 
coadministration of itraconazole increased cyclosporin A 
serum levels by 80% (Leather et al., 2006). Another study 
confirmed this interaction and found that a cyclosporin dos-
age reduction of approximately 50% was required to main-
tain therapeutic cyclosporin A serum concentrations (Kramer 
et al., 1990; Florea et al., 2003). A study of itraconazole and 
tacrolimus co-administration also demonstrated elevation of 
tacrolimus serum levels (83% increase) (Leather et al., 2006). 
Shitrit et al. (2005) reported similar findings. The interaction 
between itraconazole and these calcineurin inhibitors is pre-
dictable and occurs within 48 hours. If co-administered with 
itraconazole, dosages of ciclosporin A or tacrolimus should 
be decreased and levels should be monitored closely. Sirolimus 
and itraconazole are expected to interact similarly.

Azoles, including itraconazole, have been reported to 
potentiate the action of warfarin and increase the risk of 
bleeding (Yeh et al., 1990). If used concomitantly, prothrom-
bin time should be closely monitored. Itraconazole can also 
decrease clearance of digoxin (Kauffman and Bagnasco, 1992; 
Rex, 1992). Reduction of digoxin dose to 25% of the original 
dose is often required to maintain concentrations in the ther-
apeutic range.

Inducers of drug metabolism, including phenytoin, carba-
mezapine, and rifampin, can significantly decrease itra cona-
zole exposure, resulting in drug failure (Tucker et al., 1992). In 
a study of volunteers receiving phenytoin 300 mg daily, 
itraconazole exposure was reduced by 90% (AUC 224 vs. 
3203 ng · hr/ml) after a single itraconazole dose of 200 mg 
(Ducharme et al., 1995). Exposure to phenytoin increased by 
approximately 10% in the volunteers receiving itraconazole 
200 mg daily. If used concomitantly, dosages of itraconazole 
need to be adjusted and serum levels of both drugs should be 
monitored. Undetectable itraconazole levels and drug failure 
have been reported in patients receiving both medications 
(Drayton et al., 1994; Jaruratanasirikul and Sriwiriyajan, 1998). 
Co-administration of drug inducers with itraconazole is 
likely to result in decreased exposure to itraconazole and the 
benefit of such a medication should be carefully considered 
before concomitant use.

6. ADVERSE REACTIONS AND TOXICITY

Itraconazole is generally safe and well tolerated.

6a.  Gastrointestinal side effects

Gastrointestinal disturbance, including nausea, vomiting, and 
diarrhea, are the more common side effects and have been 
reported in up to 25% of patients. Nausea with or without 
vomiting occurred in 10% of patients receiving chronic therapy 
with itraconazole 400 mg daily, and diarrhea and flatulence 
occurred in 2% of patients (Tucker et al., 1990b). Anorexia 

and abdominal pain have also been described in about 1% of 
patients. However, in immunocompromised patients receiv-
ing 400–600 mg daily for cryptococcosis, gastrointestinal 
adverse events occurred in 40% of patients (Hostetler et al., 
1992b), and nausea occurred in 25% of AIDS patients on 400 
mg daily (de Gans et al., 1992).

6b.  Hepatotoxicity

Hepatotoxicity, marked by a threefold elevation in bilirubin 
or transaminases, occurs in approximately 32% of patients 
receiving itraconazole (Girois et al., 2005). Monitoring of liver 
function tests during therapy is therefore recommended. 
However, discontinuation of medication due to clinically 
relevant hepatotoxicity is uncommon (1.6%). A number of 
cases of symptomatic hepatic injury induced by itraconazole 
have been reported by Lavrijsen et al. (1992). The patients 
developed a mixed hepatocellular–cholestatic liver function 
test abnormality, with alanine aminotransferase levels ten 
times normal in two cases and four times normal in a third 
case after treatment for at least 1 month with 200 or 400 mg 
daily—all abnormalities resolved on cessation of itracon-
azole. Reversible itraconazole-induced cholestatic hepatitis 
was reported by Gearhart (1994) and Hann et al. (1993).

6c.  Rash and hypersensitivity reactions

Skin rash has been associated with itraconazole in about 2% 
of patients, including those receiving chronic therapy with 
400 mg itraconazole daily. Maculopapular rashes resolve on 
cessation of itraconazole. One recurred on rechallenge (Tucker 
et al., 1990b). Rash and pruritus have been reported in sev-
eral series of patients treated with itraconazole (Graybill et 
al., 1990). A urticarial reaction to itraconazole occurred on 
day 8 of treatment with 100 mg daily for dermatophytosis 
(Katsambas et al., 1993). Angioedema, Stevens–Johnson syn - 
drome and toxic epidermal necrolysis, and an acute exanthe-
mic pustulosis have been reported (Heymann and Manders, 
1995). Fixed drug eruption caused by itraconazole has also 
been reported (Gupta and Thami, 2008).

6d.  Hematologic effects

Thrombocytopenia without evidence of bleeding in a dia-
betic patient with chronic hepatitis, and neutropenia in AIDS 
patients were reported by Denning et al. (1989a). Leukopenia 
has also been reported as a possible toxicity of itraconazole 
(Graybill et al., 1990).

6e.  Central nervous system effects

Paresthesias, tinnitus, headache, and dizziness were reported 
as adverse events in one study of nonmeningeal histoplasmo-
sis (Dismukes et al., 1992), and headaches, dizziness, photo-
phobia, blurred vision, hallucinations, and somnolence were 
reported in another series of nonmeningeal coccidioidomy-
cosis (Graybill et al., 1990). Confusion, visual hallucinations, 
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and weakness developed 2 hours after administration of 
itraconazole 200 mg and resolved 8 hours later in a 75-year-
old woman. These symptoms recurred on another two occa-
sions after taking a single dose of itraconazole (Cleveland 
and Campbell, 1995). Bohme et al. (1995) reported a more 
severe vincristine-induced neurotoxicity involving peripheral 
paresthesia and muscle weakness, laryngeal nerve paresis 
requiring artificial ventilation, and paralytic ileus in patients 
on the combination of vincristine and itraconazole. The neu-
rotoxicity occurred earlier, after the first or second vincris-
tine administration.

6f.  Endocrine effects

Unlike ketoconazole, endocrine adverse effects, including 
impaired adrenal response, have not been observed for itra-
conazole (Phillips et al., 1987; Sharkey et al., 1991). In vitro 
and in vivo studies in rats and observations in humans sug-
gest that high-dose itraconazole has a higher affinity for the 
11-beta-hydroxylase enzyme, thereby inhibiting cortisol syn-
thesis, and little affinity for the C17–20 lyase enzymes and 
therefore has minimal effect on androgen synthesis (Sharkey 
et al., 1991). One AIDS patient receiving high-dose itra-
conazole (600 mg daily) developed breast tenderness in the 
setting of a normal serum testosterone level (Sharkey et al., 
1991). Reversible painful gynecomastia has also been noted 
in another male patient receiving 400 mg daily (Tucker et al., 
1990b). Plasma testosterone and cortisol levels in healthy 
male volunteers were not affected by the administration of 
itraconazole 50–100 mg daily (Van Cauteren et al., 1987). 
Itraconazole-associated impotence and diminished libido were 
reported by several patients receiving 200–400 mg daily; 
however the association remains uncertain (Graybill et al., 
1990; Dismukes et al., 1992).

6g.  Cardiac effects

Rarely, QT prolongation or torsades de pointes have been 
reported with azole therapy, but events are generally associ-
ated with a significant drug interaction (Tran, 1994). Negative 
inotropic effects and heart failure have rarely been associated 
with itraconazole in patients and healthy volunteers (Ahmad 
et al., 2001). Itraconazole is not recommended in patients 
with heart failure for treatment of onychomycosis. However, 
itraconazole can be used in patients with heart failure for 
treatment of severe fungal infection if patients are monitored 
closely.

6h.  Other adverse effects

Hypokalemia was observed in 6% of patients receiving long-
term itraconazole therapy (Tucker et al., 1990c). In addition, 
some patients can also develop mild hypertension and some 
may develop edema (Sharkey et al., 1991). Hypertension and 
edema were also noted in mildly immunocompromised patients 
(Graybill et al., 1990; Diaz et al., 1991; Denning et al., 1994), 
and nonimmunocompromised patients (Tailor et al., 1996). 

Progressive ankle edema and impressive weight gain devel-
oped in a patient on 200 mg daily, which resolved completely 
on cessation of the drug (Dismukes et al., 1992). Rarely, the 
edema may become debilitating (Rosen, 1994). Hypokalemia 
has also been noted in up to 6% of patients in other studies of 
itraconazole (Borelli, 1987; Graybill et al., 1990; Tucker et al., 
1990b). Severe hypokalemia secondary to itraconazole was 
associated with several episodes of ventricular fibrillation 
which responded to cardioversion and i.v. potassium in an 
AIDS patient receiving itraconazole 800 mg daily (Nelson et 
al., 1993). Hypertriglyceridemia was noted in 9% patients 
receiving chronic itraconazole, but not all were definitely drug 
related (Tucker et al., 1990b). Alopecia has been reported to be 
attributable to itraconazole therapy (Moller Heilesen, 1986; 
Graybill et al., 1990).

Bronchospasm or cough has been reported in approxi-
mately 10% of patients receiving itraconazole (Girois et al., 
2005).

6i.  Effect on the fetus

Studies in pregnant rats reveal limited transfer of itraconazole 
across the placenta, with 0.4% of a maternal dose recovered 
from the fetus (Grant and Clissold, 1989). Itraconazole in 
high doses produces both embryotoxic and teratogenic effects 
(usually musculoskeletal malformations) in rats (Van Cau-
teren et al., 1989). There are no studies examining the safety 
of itraconazole in pregnant women. A report of inadvertent 
use of itraconazole 100 mg daily for 5 months during preg-
nancy that did not result in any adverse outcome comple-
ments a recent report of the use of itraconazole in the first 
trimester and from weeks 12 to 16 of pregnancy in a woman 
with cryptococcal meningitis, who delivered a normal baby 
(Lavalle et al., 1987; Chotmongkol and Sookprasert, 1992). 
Itraconazole is a FDA pregnancy category C drug and should 
not be given to pregnant women unless the potential benefit 
justifies the risk. Itraconazole has not been studied in nurs-
ing women.

7. CLINICAL USES OF THE DRUG

A summary of the clinical uses of fluconazole is shown in 
Table 154.3.

7a.  Candidiasis

ORAL AND ESOPHAGEAL CANDIDIASIS

Several trials have demonstrated the effectiveness of itracon-
azole for the treatment of mucosal candidiasis of the mouth 
and esophagus. However, fluconazole is often preferred due 
to its favorable side-effect profile and predictable drug levels. 
Itraconazole is approved for treatment of oral and esopha-
geal candidiasis (Table 154.3). In a randomized, blinded trial 
of 111 HIV-infected patients with esophageal candidiasis, 
itraconazole 200 mg daily was found to be as effective as 
ketoconazole 200 mg bid (Smith et al., 1991). After 1 week of 
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treatment, 75% of patients on itraconazole and 82% of those 
treated with ketoconazole experienced a favorable clinical 
response. However, when compared with fluconazole (100 mg 
p.o. bid), itraconazole administered as 100-mg capsules bid 
was significantly less effective for the treatment of esopha-
geal candidiasis in a randomized trial of 2213 HIV-infected 
patients (Barbaro et al., 1996). Endoscopic cure at 2 weeks 
occurred in 81% of fluconazole-treated patients, but only 
66% of those receiving itraconazole capsules. The clinical 
response rate was also higher in the fluconazole arm (82%) 
than in the itraconazole arm (75%).

Several trials have also investigated the utility of the itra-
conazole cyclodextrin solution and have observed success rates 
exceeding those found for the capsule formulation. Three 
multicenter, randomized trials compared the efficacy of flu-
conazole with itraconazole oral solution for the treatment 
of oral and esophageal candidiasis in immunosuppressed 
patients (Wilcox et al., 1997; Graybill et al., 1998; Phillips et 
al., 1998). A double-blind trial randomized 126 immuno-
compromised patients with endoscopically confirmed esoph-
ageal candidiasis to receive itraconazole oral solution or 
fluconazole capsules (200 mg on day 1, then 100 mg daily) 
for 2 weeks beyond the resolution of symptoms (3–8 weeks) 
(Wilcox et al., 1997). After a mean duration of treatment of 
27 days, clinical response rates (cured or improved) were 
similar between patients treated with fluconazole (91%) and 
those treated with itraconazole (94%). Mycological eradica-
tion was more common for itraconazole-treated patients 
(92% vs. 78%) and fluconazole treatment was associated with 
a higher rate of relapse within 30 days (27% vs. 18%). Another 
multicenter, randomized open-label third-party blind trial 
compared itraconazole oral solution (200 mg daily for 7 or 14 
days) with fluconazole (200 mg on day 1, then 100 mg daily 
for 13 days) for treatment of mycologically documented oro-
pharyngeal candidiasis in 179 HIV-infected patients (Gray-
bill et al., 1998). Clinical response rates were similar among 
the various groups (97% for itraconazole 14 days, 86% for 
itraconazole 7 days, 87% for fluconazole 14 days). Significant 
differences among the groups were not found for mycologic 
cure or relapse rate. In a third study, 244 patients with AIDS 
were randomized to receive itraconazole oral solution (100 
mg bid for 7 days or 100 mg daily for 14 days) or fluconazole 
(100 mg daily for 14 days) for treatment of oropharyngeal 
candidiasis (Phillips et al., 1998). A clinical response (com-
plete or partial) was observed in 82% of itraconazole bid 
recipients, 90% of itraconazole daily recipients, and 90% of 
fluconazole recipients. Mycologic response followed a simi-
lar pattern, with negative cultures for 44%, 57%, and 53% of 
patients treated with itraconazole bid, itraconazole daily, and 
fluconazole, respectively.

Itraconazole oral solution dosed at 200 mg daily is recom-
mended by the Infectious Diseases Society of America (IDSA) 
for fluconazole-refractory esophageal and oropharyngeal can - 
didiasis (Pappas et al., 2009). The efficacy of itraconazole oral 
solution in treatment of fluconazole-refractory oropharyn-
geal candidiasis has also been assessed in open-label studies. 
One multicenter trial enrolled 74 HIV-infected patients from 

the pre-highly active antiretroviral treatment (HAART) era 
who had failed a ≥ 14-day course of ≥ 200 mg fluconazole daily 
(Saag et al., 1999b). The median time to clinical response was 
7 days and a clinical response was achieved in 55% of patients 
after a 14- or 28-day treatment course of itraconazole oral 
suspension 100 mg bid. However, all patients who elected to 
return for 6-week follow-up had relapsed, with a mean time 
to relapse of 13 days. Additional studies have confirmed the 
utility of itraconazole oral solution (200 or 400 mg daily) for 
treatment for oroesophageal candidiasis in HIV-infected 
patients who have failed therapy with at least one systemic 
azole formulation (ketoconazole, fluconazole, or itracona zole 
capsules), with reported success rates of 65–72% (Cart ledge 
et al., 1994; Phillips et al., 1996).

VAGINAL CANDIDIASIS

Itraconazole has also been shown to be as effective as other 
systemic or topical therapies for vulvovaginal candidiasis. 
Treatment with itraconazole 200 mg daily for 3 days results 
in cure rates of 83–96% compared with 52–77% in controls 
(Silva-Cruz et al., 1991; Stein and Mummaw, 1993). A ran-
domized trial of 60 patients compared three dosing regimens 
of itraconazole for treatment of acute vulvovaginal candidi-
asis (Sanz Sanz and del Palacio Hernanz, 1987). Significant 
differences were not found in clinical and microbiological 
cure rates for itraconazole 200 mg bid for 1 day (55%), itra-
conazole 200 mg daily for 2 days (65%), and itraconazole 200 
mg daily for 3 days (75%). Another study demonstrated clin-
ical benefit with a single dose of itraconazole 400 mg (clinical 
response in 80%) (Wesel, 1990).

Comparative studies have found itraconazole to be at least 
as effective as topical azoles for the treatment of vaginal can-
didiasis. Itraconazole (200 mg bid for 1 day) was compared 
with single-dose clotrimazole (500 mg vaginal tablet) in a 
randomized multicenter trial of 214 patients (Tobin et al., 
1992). Similar efficacy was observed in each arm based on 
mycologic cure (74% for itraconazole vs. 72% for clotrima-
zole). Another study compared itraconazole 200 mg daily for 
3 days and econazole 150-mg vaginal tablet inserted nightly 
for 3 nights. Although itraconazole was more effective for 
mycologic eradication, the clinical response rates were simi-
lar between the two groups (Timonen, 1992).

A meta-analysis of six randomized controlled trials com-
pared the efficacy and safety of itraconazole oral solution 
with fluconazole capsules for the treatment of uncomplicated 
acute vaginal and vulvovaginal candidiasis in nonpregnant 
women and found no difference in outcome (Pitsouni et al., 
2008). In these trials, fluconazole was administered as a sin-
gle 150-mg oral dose and itraconazole was given for 2–7 days 
at a dose range of 200–400 mg daily. No significant differences 
were detected in clinical cure, mycologic cure, or adverse events. 
Itraconazole and fluconazole were concluded to be equally 
effective for the treatment of uncomplicated vaginal candidi-
asis. The IDSA guidelines currently recommend fluconazole 
or topical agents as first-line treatment for uncomplicated 
vaginal candidiasis because fluconazole can be administered 
as single-dose therapy with few side effects (Pappas et al., 2009).
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INVASIVE CANDIDIASIS

Published studies evaluating the therapeutic efficacy of itra-
conazole for systemic candidiasis, and in particular random-
ized comparative trials, are limited. In a small randomized 
study of itraconazole 200 mg bid versus amphotericin B for 
the treatment of proven or probable systemic fungal infections 
in neutropenic patients, no significant difference between 
the efficacies of the two treatments was found (63% vs. 56%, 
respectively) (van’t Wout et al., 1991). However, itraconazole 
was ineffective for proven candidiasis including candidemia 
(three patients), while two of three itraconazole-treated 
patients with possible candidiasis responded. Problems iden-
tified with itraconazole in this patient population included 
inability to tolerate oral medication secondary to side effects 
of cytotoxic therapy (20%) and variable absorption of the 
drug. Patients with low plasma concentrations of itracon-
azole tended to have poorer response to therapy. In a second, 
open-label study examining the efficacy of intravenous itra-
conazole for treatment of invasive candidiasis, a similar success 
rate (60%) was observed (Takesue et al., 2012). Recom men-
dations for treatment of invasive candidiasis (including fun-
gemia, acute disseminated candidiasis, chronic disseminated 
candidiasis, and peritonitis) in neutropenic patients do not 
currently include itraconazole (Pappas et al., 2009).

7b.  Aspergillosis

Itraconazole has been demonstrated to be effective in the 
management of several forms of aspergillus infection. Itra-
conazole is approved for treatment of invasive aspergillosis 
based on efficacy demonstrated in open-label studies. How-
ever, prospective, randomized trials examining the efficacy 
of itraconazole for primary therapy of invasive aspergillosis 
are lacking. The current IDSA guidelines recommend itra-
conazole as salvage therapy in patients refractory or intoler-
ant to voriconazole and amphotericin B formulations (Walsh 
et al., 2008). A study of 137 patients with aspergillosis or 
aspergilloma investigated the efficacy of itraconazole (50–
400 mg daily) (De Beule et al., 1988). An overall clinical 
response rate of 60% was observed in this cohort consisting 
of patients with both primary and refractory disease. Clinical 
and microbiologic response rates were also high for chronic 
necrotizing pulmonary aspergillosis (88% and 71%, respec-
tively). Patients in the study with pulmonary aspergilloma 
experienced symptom improvement 62% of the time. Com-
passionate use data for itraconazole as primary or salvage 
therapy for invasive aspergillosis have been investigated in 
two additional studies (Hostetler et al., 1992a; Stevens and 
Lee, 1997). One study of 145 patients reported cure or 
improvement in 63–86% of patients. A second prospective, 
non-comparative trial of itraconazole (600 mg daily for 4 
days, then 400 mg daily) as primary or salvage therapy for 
invasive aspergillosis was undertaken in 76 patients, 14% of 
whom were neutropenic. Complete or partial response was 
observed in 39% of patients (Denning et al., 1994). Failure 
rates were higher for patients with sinus disease (50%) and 

central nervous system (CNS) disease (63%) than for those 
with pulmonary or tracheobronchial disease (14%). 

Itraconazole remains a treatment option for patients with 
chronic pulmonary aspergillosis. In a randomized controlled 
trial of 31 patients with chronic cavitary pulmonary aspergil-
losis (CCPA), itraconazole treatment was associated with an 
improved clinical response when compared to supportive 
therapy alone (35% vs. 7%) (Agarwal et al., 2013). Radio-
graphic response was also improved in the itraconazole treated 
group (23% vs. 0%). A study examining the health of patients 
with chronic pulmonary aspergillosis found approximately 
half of patients receiving antifungal treatment had improved 
health status by a standardized St George’s Respiratory 
Questionnaire (Al-Shair et al., 2013). This study included 
patients receiving a variety of antifungal agents and improved 
response rates were noted for voriconazole and posaconazole 
over itraconazole. Itraconazole has not been directly com-
pared to other mold-active azoles for treatment of chronic 
pulmonary aspergillosis. 

The efficacy of itraconazole has also been investigated in 
the management of allergic bronchopulmonary aspergillosis 
(ABPA). A double-blind, placebo-controlled trial compared 
itraconazole with placebo. A cohort of 28 patients with corti-
costeroid-dependent ABPA were randomized to receive itra-
conazole 200 mg p.o. bid for 16 weeks (Stevens et al., 2000). 
More patients in the itraconazole-treated group than in the 
placebo group responded to therapy (46% vs. 19%), defined 
as > 50% reduction in corticosteroid use, a decrease of > 25% 
in serum IgE concentration, and one of three additional 
 criteria: improved exercise tolerance, improved pulmonary 
function tests, or resolution of pulmonary infiltrates. These 
results suggest that itraconazole may be useful in a subset of 
patients with ABPA and may decrease steroid dependence.

7c.  Blastomycosis

Itraconazole is FDA approved for the treatment of blastomy-
cosis. The current IDSA guidelines recommend itraconazole 
200–400 mg daily for the treatment of mild to moderate dis-
ease (Chapman et al., 2008). Amphotericin B is recommended 
as initial therapy for more severe infections, including infec-
tions involving the CNS, and for immunocompromised 
patients (Pappas et al., 1993). Although the oral azoles have 
not been directly compared in treatment trials, itraconazole 
appears to be more efficacious than fluconazole based on effi-
cacy in an open-label trial. In a study of 48 patients with non-
meningeal, nonlife-threatening blastomycosis, itraconazole 
200–400 mg daily produced a successful outcome in 90% of 
patients after a median duration of 6.2 months of therapy 
(Dismukes et al., 1992). Rate of relapse was low, with recur-
rent disease in only one patient. Of the patients treated for 
at least 2 months, successful outcomes were observed in 
95%. The reported success rate for itraconazole in these trials 
is higher than the rates reported for fluconazole (62–89%) 
(Pappas et al., 1995; Pappas et al., 1997). Itraconazole has not 
been studied as initial therapy for patients with meningeal or 
life-threatening disease.
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7d.  Histoplasmosis

Itraconazole is also FDA approved for the treatment of histo-
plasmosis. The current IDSA guidelines recommend itracon-
azole for patients with mild to moderate pulmonary and 
disseminated histoplasmosis and as step-down therapy in 
more severe cases after patients have received liposomal 
amphotericin B (Wheat et al., 2007). Loading doses of itraco-
nazole should be administered (200 mg tid for 3 days) fol-
lowed by 200 mg doses either daily or bid. For more severe 
cases, recommendations included itraconazole bid dosing 
and therapeutic drug monitoring after 2 weeks for the goal of 
achieving serum itraconazole levels ≥ 1 µg/ml.

Open-label trials have demonstrated the efficacy of itra-
conazole for treatment of histoplasmosis. In 32 patients with 
primarily chronic disseminated histoplasmosis, itraconazole 
100 mg daily for 2 months followed by 50 mg daily for 4 
months achieved clinical cure in 91% of patients (Negroni et 
al., 1989). A second open-label trial of 37 patients with non-
meningeal, nonlife-threatening histoplasmosis examined the 
efficacy of itraconazole 200–400 mg daily for a median dura-
tion of 9 months and reported success in 81% of patients. Of 
patients treated for at least 2 months, 86% received benefit. 
Cure rates were lower for patients with chronic cavitary his-
toplasmosis (65%) than for those with mediastinal or nodu-
lar parenchymal disease (100%) or those with extrapulmonary 
disseminated histoplasmosis (100%) (Dismukes et al., 1992).

Itraconazole has also been shown to be effective treatment 
for disseminated histoplasmosis in patients with AIDS. An 
open-label study of itraconazole 200 mg daily for 6 months 
followed by 100 mg daily maintenance produced clinical 
improvement in 85% of 27 HIV-infected patients (Negroni  
et al., 1992). Report from another open-label study of 59 
patients with disseminated histoplasmosis without CNS in- 
volvement found an 85% response rate following a regimen 
of itraconazole 300 mg bid for 3 days followed by 200 mg bid 
for 12 weeks (Wheat et al., 1995; Wheat et al., 2001).

A similar open-label study investigated the efficacy of flu-
conazole (1200 mg p.o. once, then 800 mg daily for 12 weeks, 
then 400 mg daily for 1 year) for treatment of mild to mod-
erate disseminated histoplasmosis in AIDS patients (Wheat 
et al., 1997). Compared with the previous investigations with 
itraconazole, fewer patients responded to fluconazole induc-
tion therapy (74% vs. 85%) (Wheat et al., 1995). Newer azoles, 
such as voriconazole and posaconazole, are active in vitro 
against H. capsulatum. Animal studies have begun to address 
the role of posaconazole in treatment of histoplasmosis. 
Although posaconazole (0.25–5 mg/kg per day) was superior 
to itraconazole (5 mg/kg per day) for the treatment of mice 
with intratracheally-induced histoplasmosis, studies in patients 
are limited (Connolly et al., 2000; Restrepo et al., 2007).

Maintenance therapy is often required for HIV-infected 
patients with histoplasmosis because of the high rate of 
relapse after discontinuation of antifungal therapy (Wheat, 
1994). An open-label, non-comparative trial of 42 AIDS patients 
who had successfully completed amphotericin B induction 
treatment for disseminated histoplasmosis examined the utility 

of itraconazole maintenance. An itraconazole 200 mg bid 
regimen effectively prevented relapse in 93% (Wheat et al., 
1993). Compared with itraconazole, the documented rate of 
relapse is nearly twice as high (12%) for fluconazole mainte-
nance therapy (Norris et al., 1994). Lifelong maintenance 
therapy with itraconazole 200 mg daily is recommended for 
patients with histoplasmosis if immunosuppression cannot 
be reversed and for prophylaxis in HIV-infected patients 
residing in endemic areas if the CD4 count is < 150 cells/mm3 
(Wheat et al., 2007).

7e.  Cryptococcosis

The current IDSA guidelines recommend fluconazole (200–
400 mg daily) as first-line therapy for isolated non-CNS dis-
ease (Perfect et al., 2010). For more severe disease and patients 
with CNS involvement, amphotericin B (0.7–1 mg/kg per 
day) plus flucytosine (100 mg/kg per day) is recommended 
for induction therapy, followed by fluconazole (400 mg daily). 
Itraconazole should be administered as a substitute for fluco-
nazole only in patients unable to tolerate fluconazole.

Although itraconazole is not detected in high levels in the 
CSF, itraconazole produces efficacy in experimental crypto-
coccal meningitis models. In a rabbit model of cryptococcal 
meningitis, itraconazole therapy resulted in a significant 
decrease in viable yeast burden with sterilization of the CSF 
in 75% after 2 weeks, compared with 57% of those treated 
with fluconazole (Perfect et al., 1986). In open-label, non-
comparative trials, itraconazole 400–600 mg daily has been 
shown to be effective treatment for cryptococcosis or crypto-
coccal meningitis with complete or partial response in 86–93% 
of patients (Denning et al., 1989a; Hostetler and Stevens, 1991).

Several comparative trials have also been completed. Itra-
conazole (200 mg bid) was compared with amphotericin B 
(0.3 mg/kg daily) plus flucytosine (150 mg/kg daily) for cryp-
tococcal meningitis in HIV-infected patients in a nonblinded, 
randomized trial (de Gans et al., 1992). Complete response 
was significantly lower in those treated with itraconazole 
(42%) than in those receiving combination therapy (100%) 
after 6 weeks’ therapy. A double-blind, multicenter, random-
ized trial of patients with AIDS and cryptococcosis compared 
the efficacy of itraconazole (400 mg daily) and fluconazole 
(400 mg daily) for consolidation therapy, following induc-
tion therapy with amphotericin B with or without flucytosine 
(van der Horst et al., 1997). Among the 306 patients random-
ized, clinical efficacy was similar between patients treated 
with fluconazole (68%) and itraconazole (70%). However, 
more patients in the fluconazole arm had negative CSF cul-
tures at 10 weeks (72% vs. 60%). A second, multicenter, ran-
domized trial compared fluconazole and itraconazole (200 
mg daily) as maintenance therapy in HIV-infected patients 
following successful treatment of acute cryptococcosis with 
amphotericin B with or without flucytosine (Saag et al., 
1999a). After enrolling 118 patients, the study was stopped 
prematurely due to the relatively high rate of relapse in patients 
treated with itraconazole (23%) compared with those receiv-
ing fluconazole (4%) (p = 0.006).
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7f.  Coccidioidomycosis

Current IDSA guidelines recommend oral azoles (itracon-
azole or fluconazole) for the treatment of coccidioidomy-
cosis. For patients with severe or rapidly progressing disease, 
induction therapy with amphotericin B is recommended 
(Galgiani et al., 2005). Itraconazole should be administered 
200 mg p.o. bid or tid with measurement of serum itracon-
azole levels after 2 weeks to ensure proper absorption and 
drug exposure.

Itraconazole has been evaluated in several open-label, 
non-comparative studies for the treatment of coccidioido-
mycosis. A response rate of 57% was observed in patients 
with nonmeningeal coccidioidomycosis (chronic pulmonary, 
osteoarticular, or soft tissue) receiving itraconazole 100–400 
mg daily for up to 39 months (Graybill et al., 1990). In 
another open-label study, treatment with itraconazole 200 
mg p.o. bid for one year achieved a favorable response in 15 
of 16 patients with pulmonary coccidioidomycosis. After 
discontinuation of therapy, 25% of patients experienced 
relapse within 14 months (Diaz et al., 1991). Ten patients 
with refractory, chronic coccidioidal meningitis were enrolled 
in an open-label trial and received itraconazole 400 mg daily 
(Tucker et al., 1990b). Of the five patients who received itra-
conazole therapy alone, clinical response was observed in 
four patients (median duration of therapy, 10 months). Three 
patients receiving a combination of itraconazole and intra-
thecal amphotericin B responded to therapy and were able to 
discontinue therapy without reactivation of disease.

A randomized trial of 198 patients with chronic pulmo-
nary, soft tissue, or skeletal coccidioidal infections compared 
itraconazole (200 mg p.o. bid) with fluconazole (400 mg p.o. 
daily) and found no significant difference in clinical response 
at 8 months (itraconazole 63%, fluconazole 50%) (Galgiani et 
al., 2000). However, in subgroup analysis, itraconazole ther-
apy appeared to be more potent in the treatment of skeletal 
lesions.

7g.  Paracoccidioidomycosis

Itraconazole is effective for the treatment of both the adult 
chronic and the juvenile forms of paracoccidioidomycosis 
(Restrepo, 1994). Success rates of greater than 90% and low 
relapse rates (3–5%) were reported in patients treated with 
itraconazole 100 mg daily therapy for approximately 6 months 
(Restrepo, 1994). Although most studies have examined itra-
conazole at a dosage of 100 mg daily, cure or clinical improve-
ment has been documented in patients receiving lower 
dosages. A study of 25 patients with chronic disseminated 
paracoccidioidomycosis receiving itraconazole 50 mg daily, 
observed a clinical response in all patients (Negroni et al., 
1987). An open-label randomized comparative study of 53 
patients with paracoccidioidomycosis demonstrated that vori-
co nazole was as effective as itraconazole. Complete or partial 
response was observed in 87% of patients receiving vori con-
a zole 200 mg bid and 94% of those treated with itra conazole 
100 mg bid (Queiroz-Telles et al., 2007).

7h.  Penicilliosis

Open-label studies have documented the efficacy of itracon-
azole in the treatment of penicilliosis. Itraconazole 200 mg 
bid for 8–12 weeks administered as initial therapy for penicil-
liosis in AIDS patients produced a clinical and microbiologic 
response rate in 56%. After discontinuation of therapy, relapse 
was high at 4 months (44%) (Supparatpinyo et al., 1993). A 
second open-label study enrolled ten patients with penicilli-
osis to assess the efficacy of itraconazole 200 mg bid for two 
months followed by 100 mg daily for 1 month (Supparatpinyo 
et al., 1992). Clinical improvement and microbiologic cure 
was observed in 80% of patients. After discontinuation of 
therapy for 4 months, the relapse rate was 71%. Based on the 
relatively high rate of relapse in these studies, long-term sup-
pression is recommended for immunosuppressed patients.

The utility of itraconazole for maintenance therapy follow-
ing amphotericin B primary therapy was evaluated in a double- 
blind, placebo-controlled, randomized trial of 72 HIV-positive 
patients (Supparatpinyo et al., 1998). Relapse was common in 
patients receiving placebo (57%) with median time to relapse 
of 24 weeks. In contrast, none of the patients randomized to 
receive itraconazole 200 mg daily for 10 weeks experienced 
relapse. Itraconazole appears to be a safe and effective agent 
as secondary prophylaxis against Penicillium marneffei.

7i.  Prophylaxis of invasive fungal infection

HEMATOLOGIC MALIGNANCY AND AUTOLOGOUS 
BONE MARROW TRANSPLANTATION

Numerous studies have investigated the role of itraconazole 
for antifungal prophylaxis in high-risk patients with hemato-
logic malignancies and bone marrow transplant recipients. 
However, itraconazole is rarely used for this indication given 
the efficacy and safety of alternative mold-active agents, such 
as posaconazole (Freifeld et al., 2011; Pagano et al., 2012; 
Pechlivanoglou et al., 2014). The efficacy of itraconazole was 
first demonstrated in one double-blind randomized, placebo- 
controlled trial of itraconazole capsules 100 mg bid in neu-
tropenic patients with hematologic malignancy or undergoing 
autologous bone marrow transplantation. The incidence of 
fungal infection was reduced from 15% in patients receiving 
placebo to 6% in those administered itraconazole therapy 
(Nucci et al., 2000). In a similar patient cohort, the efficacy of 
itraconazole oral solution 2.5 mg/kg bid was confirmed in a 
randomized, double-blind, placebo-controlled trial (Menichetti 
et al., 1999). Itraconazole prophylaxis resulted in a reduced 
rate of proven or suspected deep fungal infection (24% com-
pared with 33%) and fewer episodes candidemia (0.5% vs. 
4%). In addition, data from an open-label trial suggested that 
itraconazole prophylaxis may be associated with a decreased 
mortality due to invasive fungal infection in neutropenic 
patients (Glasmacher et al., 1998).

A meta-analysis examined data from five randomized con-
trolled trials comparing the efficacy of itraconazole and flu-
conazole for antifungal prophylaxis in neutropenic patients with  
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hematologic malignancies (Vardakas et al., 2005). Flucona-
zole prophylaxis was associated with a higher rate of docu-
mented or suspected fungal infections (odds ratio [OR] = 
1.62), but itraconazole was more frequently discontinued 
because of adverse side effects (OR = 0.27). An open-label, 
randomized trial compared intravenous itraconazole with 
cas pofungin for antifungal prophylaxis and demonstrated 
similar efficacy (Mattiuzzi et al., 2006). When compared to 
posaconazole prophylaxis for patients with acute myeloid 
leukemia in a non-randomized study, itraconazole was asso-
ciated with a significantly higher rate of invasive fungal dis-
ease (39% v. 19%) (Pagano et al., 2012). A systematic review 
of 25 randomized controlled trials of antifungal prophylaxis 
in patients with hematologic malignancies examined the effi-
cacy of posaconazole, voriconazole, liposomal amphotericin 
B, caspofungin, micafungin, itraconazole solution, itracon-
azole tablets, and fluconazole (Pechlivanoglou et al., 2014). 
Of these, posaconazole was predicted to be the best prophy-
lactic regimen. Therefore itraconazole is less frequently used 
for this indication. 

ADVANCED HIV INFECTION

The efficacy of itraconazole for prevention of invasive fungal 
infection in patients with advanced HIV infection has also been 
explored. One randomized, double-blind, placebo- controlled 
trial was completed examining the effect of itraconazole pro-
phylaxis on prevention of histoplasmosis in a cohort of 149 
HIV-infected patients with CD4 lymphocyte counts < 150/
mm3 residing in areas endemic for histoplasmosis (McKinsey 
et al., 1999). The failure rate of prophylaxis was significantly 
lower in patients receiving itraconazole 200 mg daily than in 
those receiving placebo (20% vs. 29%). Itraconazole prophy-
laxis significantly delayed the time to onset of both histoplas-
mosis and cryptococcosis. Itraconazole was well tolerated and 
effective for antifungal prophylaxis in patients with advanced 
HIV disease. However, this is not a recommended practice in 
current HIV or histoplasmosis guidelines.

7j.  Febrile neutropenia

Itraconazole has also been considered in the empiric man-
agement of febrile neutropenia. Itraconazole is approved for 
the treatment of febrile neutropenia. An open, controlled, 
multicenter trial comparing itraconazole with amphotericin 
B enrolled 384 patients with either hematologic malignancy 
or autologous bone marrow transplant and febrile neutrope-
nia, defined as an absolute neutrophil count of ≤ 0.5 ↔ 109 
cells/l for ≥ 7 days and persistent body temperature > 38°C, 
despite 3 days of broad-spectrum antibiotics (Boogaerts et 
al., 2001a). Significant differences in breakthrough fungal 
infections and mortality rates were not observed between 
patients receiving intravenous amphotericin B (0.7–1 mg/kg 
daily) and those receiving itraconazole (200 mg i.v. every 
12 hours for 2 days, then 200 mg i.v. daily for 12 days, then 
400 mg oral solution daily). Itraconazole empiric therapy was 
associated with fewer drug-related adverse events (5% vs. 
54%) and a lower rate of therapy withdrawal (19% vs. 38%). 

Itraconazole was found to be noninferior to amphotericin B 
for the treatment of febrile neutropenia and was better toler-
ated. The IDSA guidelines support addition of an antifungal 
agent to an antibiotic regimen in patients with neutropenia 
and fever persisting beyond 4–7 days (Freifeld et al., 2011). 
An echinocandin, voriconazole, or an amphotericin B for-
mulation are generally used.

7k.  Onychomycosis

Itraconazole has approval for the treatment of onychomyco-
sis. In open-label studies, itraconazole 100–200 mg daily for 
approximately 3 to 6 months achieved clinical response rates 
of 64–80% and 60–73% in patients with dermatophyte ony-
chomycosis of the fingernails and toenails, respectively (Hay 
et al., 1988; Walsoe et al., 1990). Patients with infections due 
to Trichophyton rubrum responded well to therapy, while 
failure rates were higher in patients with infections caused 
by Hendersonula toruloidea. An open-label dose comparison 
trial found itraconazole 200 mg daily to be more effective 
than 100 mg daily dosing, presumably due to achievement of 
over fivefold higher itraconazole concentrations in the nails 
(Willemsen et al., 1992).

Itraconazole was found to be at least as effective as griseo-
fulvin in a randomized trial of 61 patients with dermatophyte 
onychomycosis (Piepponen et al., 1992). At a 6- to 9-month 
follow-up visit, clinical improvement or cure was observed 
in all patients receiving itraconazole 100 mg daily and in 
85% of those receiving griseofulvin 500 mg daily. Another 
open-label study compared itraconazole 100 mg daily with 
ultramicronized griseofulvin 660 mg daily or 990 mg daily 
for 18 months for onychomycosis. Clinical response rates 
were similar for those receiving itraconazole (39%) and gris-
eofulvin 990 mg (44%) or 660 mg (36%) (Korting et al., 1993). 
Significant differences in cure rates were not observed among 
the groups (19%, 14%, and 6%, respectively).

Itraconazole is lipophilic and keratophilic, with pharma-
cokinetics ideal for pulse-dose therapy. When given in high 
doses, itraconazole concentrates in the nail bed and remains 
active for months. Pulse itraconazole therapy (400 mg daily 
for 1 week per month for 3–4 consecutive months) success-
fully treated 85–93% of patients with onychomycosis enrolled 
in open trials (De Doncker et al., 1995; Haneke et al., 1998). 
A double-blind, multicenter, randomized trial of 129 patients 
with confirmed dermatophyte onychomycosis compared 
itraconazole pulse therapy (400 mg daily 1 week per month 
for 3 months) with continuous itraconazole therapy (200 mg 
daily for 3 months) (Havu et al., 1997). Although the clinical 
response rates favored pulse itraconazole therapy (81%) over 
continuous therapy (69%) at 12 months’ follow-up, statistical 
superiority was not established. Mycologic cure rates were sim-
ilar between the groups (69% for pulse therapy vs. 66% for con-
tinuous therapy). The pulse-dose therapy regimen is at least as 
effective as continuous therapy and has the added benefits of 
decreased systemic drug exposure and lower treatment cost.

Of four trials comparing the efficacy of itraconazole with 
terbinafine for the treatment of onychomycosis, three of the 
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trials demonstrated superiority of terbinafine. In a multi-
center double-blind trial, itraconazole 200 mg daily for 12 
weeks was significantly less effective than terbinafine 250 mg 
daily for the treatment of toenail onychomycosis, with a 
lower mycological cure rate (63% vs. 81%) (Brautigam, 
1998). A double-blind, randomized trial of 372 patients with 
confirmed dermatophyte onychomycosis compared 12-week 
continuous treatment courses of itraconazole 200 mg daily 
and terbinafine 250 mg daily (De Backer et al., 1998). After 
48 weeks, significant differences were observed in favor of 
terbinafine for both mycologic (73% vs. 46%) and clinical 
response rates (76% vs. 58%). However, a similarly designed 
study of 297 patients, again comparing a 12-week treatment 
course of itraconazole 200 mg daily with terbinafine 250 mg 
daily, did not detect a significant difference in mycological 
cure at 36-week follow-up (61% for itraconazole vs. 67% for 
terbinafine) (Degreef et al., 1999). Of note, discontinuation 
of the study drug owing to adverse effects was more common 
in patients treated with terbinafine (8%) than in those 
treated with itraconazole (1%). The fourth multicenter, 
double-blind, randomized trial enrolled 496 patients with 
confirmed dermatophyte onychomycosis to determine the 
efficacy of four antifungal regimens. Patients received either 
terbinafine (250 mg daily for 12 or 16 weeks) or intermittent 
itraconazole (400 mg daily for 1 week in 4 for 12 or 16 
weeks) (Evans and Sigurgeirsson, 1999). At 72-week fol-
low-up, mycologic cure rates were significantly higher in 
patients treated with terbinafine for either 12 or 16 weeks 
(76%, 81%) than in those who had received intermittent 
itraconazole therapy for 12 or 16 weeks (38%, 49%). While 
improvement had halted in itraconazole-treated patients 
after 48 weeks, mycologic cure rates continued to rise in the 
terbinafine treatment group throughout the course of the 
study (72 weeks). Taken together, these studies demonstrate 
the superiority of terbinafine in the treatment of onychomy-
cosis and suggest that itraconazole is a safe and effective 
alternative.

7l.  Dermatophytosis

Initial open-label studies demonstrated the utility of itracon-
azole 50–100 mg daily for the treatment of cutanteous der-
matophytosis with clinical response rates of 80–96% (Degreef 
et al., 1987; Legendre and Esola-Macre, 1990; Katsambas et 
al., 1993). However, dosages of itraconazole smaller than 100 
mg daily do not appear to be as effective (Saul et al., 1987). 
Placebo-controlled trials have verified benefit of itraconazole 
with response rates of 90–96% after treatment with dosages 
of 100 mg daily for approximately 2 weeks (De Doncker and 
Cauwenbergh, 1990; Pariser et al., 1994). In a double-blind, 
randomized, multicenter trial of 72 patients with tinea pedis 
(plantar or moccasin-type), 1-week therapy with itracon-
azole 200 mg bid was compared with placebo (Svejgaard et al., 
1998). At 8-week follow-up, successful outcome with myco-
logic cure was significantly higher in the itraconazole group 
(53%) than in the placebo group (3%).

Itraconazole has been shown to be as effective as or supe-
rior to griseofulvin for the treatment of dermatophytosis. 
Itraconazole administered at a dose of 100 mg daily for 15 
days was compared with griseofulvin 500 mg daily in several 
double-blind studies for the treatment of tinea corporis or 
tinea cruris, and itraconazole was found to be superior (clin-
ical response rates 78–87%) to terbinafine (57–67%) (Bour-
lond et al., 1989; Panagiotidou et al., 1992). Analysis of trials 
comparing 30-day treatments of itraconazole 100 mg daily 
with griseofulvin 500 mg daily for tinea pedis and tinea manus 
revealed similar clinical response rates (82–83%). However, 
treatment with itraconazole produced significantly higher 
myco logic eradication rates at follow-up (77% vs. 61%) (Lacha-
pelle et al., 1992). Another randomized, double blind study of 
pediatric patients with tinea capitis compared itra conazole 
100 mg daily and ultramicronized griseofulvin 500 mg daily 
for 6 weeks. The drugs were equally effective, with an 88% 
cure rate at the 8-week follow-up visit (Lopez-Gomez et al., 
1994).

Double-blind, randomized trials comparing itraconazole 
(100 mg daily) with terbinafine (250 mg daily) for treatment 
of dermatophytosis have established the superiority of terbi-
nafine based on significantly higher clinical and mycologic 
cure rates (Budimulja et al., 1994; De Keyser et al., 1994). 
However, higher itraconazole dosages may be more effective 
in the treatment of dermatophytosis. A double-blind trial ran- 
domized 55 patients with tinea capitis to receive 2-week courses 
of itraconazole 200 mg daily or terbinafine 250 mg daily 
(Jahangir et al., 1998). Pediatric doses were adjusted for weight. 
At 12-week evaluation, similar cure rates were achieved in 
itraconazole-treated patients (86%) and terbinafine-treated 
patients (79%). All of the patients who had not responded 
had dermatophytosis due to Trichophyton violaceum, the most 
commonly isolated pathogen in the study, suggesting that a 
greater than 2-week course of therapy may be necessary for 
treatment of this infection.

The role of itraconazole in treatment of pityriasis versi-
color was examined in a study of 40 patients randomized to 
receive single oral doses of fluconazole 400 mg or itraconazole 
400 mg (Partap et al., 2004). Fluconazole was more effective 
in eliminating scaling at 2 weeks (40% vs. 5%) and produ-
cing negative culture results by 8 weeks (65% vs. 20%). Also, 
relapse of symptoms was more common in patients treated 
with itraconazole (60%) than in those treated with fluco-
nazole (35%) and positive cultures for Malassezia furfur were 
found in patients with relapse. In a comparison between 
2.5% selenium sulfide shampoo (daily for 7 days) and oral 
itraconazole (200 mg daily for 5 days), all patients in both 
groups received benefit (del Palacio Hernanz et al., 1987). 
However, itraconazole was better tolerated.

7m.  Chromoblastomycosis

Itraconazole 200 mg daily has been used with some success 
in the treatment of chromoblastomycosis with response rates 
of 60% and relapse rates of 10% after treatment for 6–20 
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months (Restrepo, 1994). Infections due to Cladosporium car-
rionii respond to a shorter duration of therapy (2–3 months) 
than did Fonsecaea pedrosoi infections. In a noncomparative 
trial of itraconazole 200–400 mg daily in 19 patients with  
F. pedrosoi infection, clinical improvement was noted in all 
patients (Queiroz-Telles et al., 1992). In those with mild to 
moderate disease, eight of ten patients had a clinical and 
mycological cure after a mean duration of treatment of 7.2 
months, but no mycological cures were noted in those with 
severe disease. Clinical cures were noted in six of nine patients 
with severe disease and clinical improvement noted in the 
rest after treatment for a mean duration of 17.6 months. Another 
study of patients with chromoblastomycosis found that patients 
who had responded poorly to itraconazole monotherapy 
appeared to benefit from the addition of flucytosine 100 mg/
kg daily to itraconazole 100 mg/day (Bayles, 1992). Eight 
patients with extensive disease due to F. pedrosoi received 
itraconazole and flucytosine combination therapy for 3–31 
months, with cure noted in two patients and marked clinical 
improvement in five patients. These observations suggest 
that itraconazole monotherapy or combination with flucyto-
sine is effective for many cases of chromoblastomycosis.

7n.  Sporotrichosis

Itraconazole is recommended by the IDSA for the treatment 
of sporotrichosis (Kauffman et al., 2007). For cutaneous and 
lymphocutaneous disease, an initial dose of 200 mg daily is 
suggested for 2–4 weeks following lesions resolution, usually 
for a total of 3–6 months. Higher doses (200 mg bid) can be 
used if the patient does not respond to lower doses. For 
patients with osteoarticular sporotrichosis, the higher itra-
conazole dosage (200 mg bid) is recommended for at least 12 
months. Amphotercin B should be administered as initial 
therapy in patients with meningeal sporotrichosis, disseminated 
sporotrichosis, or severe, life-threatening disease. Itracona-
zole may then be administered as step-down therapy at a 
dosage of 200 mg bid for a minimum of 12 months. Thera-
peutic drug monitoring is recommended.

In an open-label study of 27 patients with culture-positive 
cutaneous or systemic sprorothricosis, treatment with itra-
conazole (100–600 mg daily) for 3–18 months yielded an 80% 
overall clinical response rate (Sharkey-Mathis et al., 1993). 
Response rates were similar among patients with lymphocu-
taneous sporotrichosis (100%), pulmonary sporotrichosis 
(75%), articular/osseus sporotrichosis (77%), and multifocal 
systemic sporotrichosis (66%). In additional studies, itracon-
azole (100 mg daily) demonstrated efficacy for the treatment 
of lymphocutaneous and fixed form sporotrichosis with clin-
ical response rates of (90–100%) in patients receiving ther-
apy for 3 to 4 months (Restrepo et al., 1986; Restrepo, 1994; 
de Lima Barros et al., 2011). In the largest study of over 600 
patients, itraconazole treatment yielded a high success rate 
(95%) with a median treatment time of 12 weeks (de Lima 
Barros et al., 2011). The majority of patients (95%) received 
itraconazole at a dose of 100 mg daily and only 6% required 

increase of dose. The lower-dose therapy was associated with 
fewer side effects and laboratory adverse events. 

7o.  Mucocutaneous leishmaniasis

Although itraconazole was initially thought to have some 
activity against mucocutaneous leishmaniasis, long-term 
 follow-up after 12 months demonstrated only 23% complete 
resolution in one uncontrolled study (Calvopina et al., 2004). 
Thus itraconazole is not recommended for this indication.
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Miconazole

Dionysios Neofytos

1. DESCRIPTION

Miconazole (Mycatin, Monistat) is a phenethyl imidazole 
deriva tive that was synthesized in 1969 (Godefroi et al., 1969). 
It is practically insoluble in water and needs to be solubilized 
in polyethoxylated castor oil (1% Cremophor EL) and ethanol 
(10%) for intravenous (i.v.) administration. In vitro, micon
azole is effective against dermatophytes, yeasts, and some 
molds as well as Grampositive cocci and bacilli. Miconazole 
is considered the only azole with fungicidal activity (Thevis
sen et al. 2007; Vazquez and Sobel, 2012). Although it has a 
wide antifungal spectrum of activity in vitro, the toxicity 
associated with its use, limited therapeutic efficacy, and the 
lack of comparative trials limit its use as a systemic antifun
gal agent. In 1978, miconazole was marketed as an i.v. prepa
ration for certain systemic fungal illnesses; its therapeutic 
role, however, was limited, and this formulation was ulti
mately withdrawn from the market (Terrell, 1999). Hence 
micona zole is primarily used topically to treat superficial 
fungal infections, including candidal vulvovaginitis and 
superficial dermatophyte infections. A new oral formulation 
(dissolvable miconazole buccal tablets) was recently approved 
by the US Food and Drug Administration (FDA) for the 
treatment of oropharyngeal candidiasis (Package Insert, 2010). 

The chemical structure of miconazole is shown in Figure 
155.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Miconazole has a wide range of antifungal activity in vitro 
(Brugmans et al., 1972; Van Cutsem and Thienpont, 1972),  
as illustrated in Table 155.1 and described in detail below. 
Although breakpoints for miconazole have not been estab
lished, organisms with a minimal inhibitory concentration 
(MIC) of 1.25 µg/ml have been regarded as sensitive (Plem
pel, 1979). In addition, many problems exist for reproducibil
ity of results between laboratories, as well as lack of correlation 
between in vitro activity and in vivo efficacy.

YEASTS

Miconazole is active against most yeasts, including Candida 
spp., Cryptococcus neoformans, and Malassezia furfur. Reported 
results of sensitivity testing of Candida albicans show consid
erable variation within strains and also between different 
studies. Susceptibility testing performed on vaginal yeast iso
lates collected between 1998 and 2001 from 429 patients with 
suspected vulvovaginal candidiasis (VVC) showed > 94% of 
all strains (C. albicans and nonalbicans Candida spp.) to be 
susceptible at < 1 µg/ml; MICs for C. albicans were < 0.5 µg/
ml in all isolates (Richter et al., 2005). In another series, more 
than 85% of 315 strains of C. albicans were susceptible to 0.5 
µg/ml, with only a few strains requiring 2–4 µg/ml for inhi
bition (Moody et al., 1980). The same group reported that the 
majority of strains of C. glabrata were inhibited by a concen
tration of 4.0 µg/ml (Moody et al., 1980). In a more recent 
study of 150 Candida isolates (25 strains each of C. albicans, 
C. krusei, C. glabrata, C. tropicalis, C. parapsilosis, and C. dub
liniensis), MIC90 for miconazole was between 0.03 and 0.5 
µg/ml (Isham and Ghannoum, 2010). The miconazole MIC90 
against fluconazolesusceptible Candida isolates was 0.12 
µg/ml, whereas for 22 fluconazoleresistant strains it was 0.5 
µg/ml (12fold < fluconazole MIC90). Of note, The MIC90 for  
C. glabrata and C. krusei isolates was 0.12–0.25 µg/ml. Although 

Figure 155.1. Chemical structure of miconazole.
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Table 155.1. In vitro activity (µg/ml) of miconazole against yeasts and molds.

Organism

MIC Range

CLSI 
Method

Non-CLSI 
Method

Yeasts

Candida spp.

C. albicans 0.007–0.5 0.1–2a

C. guilliermondii 0.1–1a

C. krusei    1–4 0.5–4a

C. parapsilosis 0.015–4 0.1–2a

C. tropicalis 0.015–2 0.5–≥ 8a

C. kefyr (pseudotropicalis) 0.1–1a

C. lusitaniae 0.03 0.1–1a

C. glabrata (Torulopsis 
glabrata)

0.015–2 0.1–2a

Saccharomyces  
cerevisiae

0.03–0.12

Cryptococcus  
neoformans

0.5–2a

Hansenula anomala > 50a

Malassezia furfur 0.4–1.15b

Rhodotorula rubra    1–4a

Trichosporon beigelii 0.125–2a

Dimorphic fungi

Histoplasma capsulatum < 0.125b

Blastomyces dermatitidis < 0.125–2b

Coccidioides immitis    1–4b

Paracoccidioides 
brasiliensis

0.001–0.005b

Penicillium marneffei < 0.195a

Sporothrix schenckii 0.25–2b

Molds

Aspergillus spp.

A. fumigatus 1.6–3.1a

A. flavus 3.1a

A. niger 1.6–3.1a

Dematiaceous fungi

Alternaria alternate 1a

Bipolaris spp. < 0.06–4.79a

Cladosporium spp. 0.1–4a

Cladosporium carrionii 0.05–0.1b

Exophiala jeanselmei 2.5–100a

Exserohilum spp. 0.06a

Fonsecaea pedrosoi 0.05–0.39b

Phialophora spp. < 0.05–0.5a

Phialophora verrucosa 0.05b

Zygomycetes

Mucor spp. 0.12–16b

Rhizopus spp 0.12–8b

Conidiobolus spp. 0.098–3.1a

Basidiobolus spp. < 0.098–12.5a

Organism

MIC Range

CLSI 
Method

Non-CLSI 
Method

Dermatophytes

Trichophyton spp. 0.03–3a

T. ajelloi 0.06–0.25

T. balcaneum 0.125–0.5

T. concentricum 0.03–0.06

T. erinacei 0.03–0.5

T. interdigitale 0.03–2

T. mentagrophytes 0.01–2

T. phaseoliforme 0.06

T. rubrum 0.01–8

T. schoenleinii 0.03–0.06

T. simii 0.25–4

T. tonsurans 0.03–0.5

T. verrucosum 0.125

T. violaceum 0.03–0.25

Microsporum spp. 0.25–6a

M. audouinii 0.06–2

M. canis 0.01–0.5

M. cookie > 16

M. ferrugineum 0.06

M. fulvum 0.5

M. gallinae 0.006

M. gypseum 0.06–1

M. nanum 0.03

M. praecox 0.5

M. racemosum 16

Epidermophyton spp. 0.06–0.25a

E. floccosum 0.01–2

Hyphomycetes

Fusarium spp.    8–32a

Paecilomyces spp. 0.1–40a

Pseudallescheria boydii < 0.016–4a

Scedosporium prolficans 
(inflatum)

> 20a

Madurella spp.    1–10a

Madurella mycetomatis    1–5a

Pythium insidiosum 0.39–3.12a

aSusceptibility tests were performed by broth dilution methods that were 
not based on CLSI protocol.

bSusceptibility tests were performed by agar dilution methods that were 
not based on CLSI protocol.

Source: Compiled from data published by Dixon et al. (1978), Stevens et al. 
(1978), Gebhart et al. (1984), Hughes et al. (1984), Kusunoki and Harada 
(1984), Yangco et al. (1984a), Yangco et al. (1984b), Adam et al. (1986), 
Bassiouny et al. (1986), Hussain Qadri et al. (1986), Walsh et al. (1986), 
Marcon et al. (1987), Okeke and Gugnani (1987), Haron et al. (1988), 
Salkin et al. (1988), Reuben et al. (1989), Wong et al. (1989), Patterson et 
al. (1990), Hernandez Molina et al. (1992), Sekhon et al. (1992), 
Supparatpinyo et al. (1993), Venugopal et al. (1993), Fernández-Torres et 
al. (2001), Richter et al. (2005).
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C. neoformans is usually susceptible to miconazole, this agent 
was found less effective than amphotericin B for the treat
ment of murine cryptococcosis (Graybill et al., 1978).

DIMORPHIC FUNGI

Histoplasma capsulatum, Paracoccidioides brasiliensis, and 
Blas to myces dermatitidis are considered susceptible to micona
zole. Although Coccidioides immitis is less sensitive to 
miconazole in vitro, in experimental murine coccidioidomy
cosis miconazole had a marked therapeutic effect, protecting 
all mice from 50% and 100% lethal doses (Levine et al., 
1975). Sporothrix schenckii is only moderately sensitive to 
miconazole.

MOLDS OR FILAMENTOUS FUNGI 

Aspergillus spp. vary in susceptibility to miconazole, with 
39% of isolates having an MIC of < 5 µg/ml (Denning et al., 
1992). Moreover, miconazole was not effective in an experi
mental model of aspergillosis (Fromtling, 1988). Miconazole 
is usually active against Cladosporium spp., Phialophora spp., 
Penicillium marneffei, and species of the genera Basidiobolus 
and Conidiobolus, while some clinical isolates of Pseu dal
lescheria boydii have MICs < 0.25 µg/ml (Lutwick et al., 1976; 
Yangco et al., 1984a; Yangco et al., 1984b; Sekhon et al., 1992). 
In contrast, miconazole has variable activity against Fusarium 
spp. (Reuben et al., 1989) and is inactive against species of 
the genera Mucor, Rhizopus, and Absidia (Eng et al., 1981).

DERMATOPHYTES

Miconazole is very active against the dermatophytes, partic
ularly Trichophyton mentagrophytes, T. rubrum, and Epider
mophyton floccosum. In vivo efficacy of topical miconazole 
has been demonstrated in guinea pigs with cutaneous infec
tions with T. mentagrophytes and Microsporum canis (Van 
Cutsem and Thienpont, 1972).

BACTERIA

Bacteria of the Nocardia and Actinomadura spp. and some 
other Grampositive cocci and bacilli may be susceptible to 
miconazole. The MIC of miconazole for Streptococcus pyo
genes is 0.01 µg/ml (Van Cutsem and Thienpont, 1972) and 
that for S. agalactiae is 2.8 µg/ml (De Louvois, 1980). Micon
azole is also bactericidal against Staphylococcus aureus (Sud 
and Feingold, 1982) and Helicobacter pylori.

PROTOTHECA SPP.

Some species of these achloric algae, which cause human 
infection (protothecosis), are in vitro sensitive to miconazole 
(Segal et al., 1976).

PARASITES

The growth of Naegleria fowleri, the cause of primary amebic 
meningoencephalitis in humans, is suppressed in vitro by 
miconazole (Thong et al., 1977). Acanthamoeba polyphaga 
and A. castellanii may be susceptible in vitro to miconazole, 
but there are reports of little or no activity of this agent 
against trophozoites or cysts of acanthamoebae (Nagington 

and Richards, 1976; Kilvington et al., 1990). Miconazole has 
been shown to inhibit the growth of Trichomonas vaginalis to 
a similar degree to ketoconazole and metronidazole (Sugar
man and Mummaw, 1988). Finally, miconazole is active against 
chloroquinesensitive and chloroquineresistant Plas modium 
falciparum parasites (Pfaller and Krogstad, 1981).

2b.  Emerging resistance and 
cross-resistance

In a recent study of 206 Candida species isolated from pedi
atric and adult patients with hematologic malignancies, only 
0.8% were found to be resistant to miconazole using a micro
dilution method and a breakpoint of 4 µg/ml (Nawrot et al., 
2005). In another study of 3181 yeast isolates from patients 
with VVC in China between 2003 and 2012 up to 4.2% 
(68/1612) of C. albicans and 1.8% (6/329) nonalbicans Can
dida species were resistant to miconazole (Liu et al., 2014). In 
addition, in a study from Japan, 158 strains isolated from 112 
patients with oral candidiasis between 2012 and 2013 were 
compared to strains collected in a previous study between 
2006 and 2007 in terms of antifungal susceptibilities (Kami
kawa et al., 2014). High MICs (≥ 4 μg/ml) were recorded for 
three strains of Candida (two strains of C. albicans and one 
strain of C. glabrata) during the 2006– 2007 period, as com
pared to 19 strains (12.0%) in 2012–2013 (6 strains of C. albi
cans, 11 C. glabrata, 1 C. tropicalis, and 1 C. krusei). 

The emergence of C. albicans resistance to miconazole 
during prolonged therapy for urinary candidiasis has been 
reported (Holt and Azmi, 1978). In a recent prospective, 
multicenter, openlabel, phase IV study, resistance develop
ment of Candida spp. to repeated topical use of 0.25% micon
a zole nitrate was assessed in infants ≤15 months with 
moderate to severe diaper dermatitis complicated by cutane
ous candidiasis; for this study, resistance to miconazole was 
defined as an MIC of 2 μg/ml (Blanco and van Rossem, 
2013). This study concluded that there was no evidence of 
resistance to miconazole in Candida spp. after single or 
repeated treatment courses of 0.25% miconazole nitrate oint
ment. Similarly, in another study of patients with oropharyn
geal candidiasis, development of resistance to miconazole 
following repeated exposure of Candida spp. to miconazole 
was studied (Ghannoum et al., 2011). When six Candida iso
lates were tested (two for Candida albicans, C. glabrata, and 
C. tropicalis, respectively) with 15 passages of each strain in 
miconazole concentrations 0.5 MIC, 1 MIC, 2 MIC, and 4 
MIC, with MIC determinations performed on growth obtained 
following each passage, there was no increase in MIC found.

3. MECHANISM OF DRUG ACTION

Miconazole has a fungistatic effect on susceptible fungi by 
inhibiting sterol C14 demethylation of lanosterol, resulting 
in ergosterol depletion in the fungal cell membrane (Pye and 
Marriott, 1982). Both the accumulation of 14 alphamethyl 
sterols and the reduced ergosterol content affect the membrane 
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fluidity and permeability and the activity of membrane 
bound enzymes of fungi (Van den Bossche et al., 1983). At 
higher concentrations, the drug may be fungicidal and bac
tericidal due to direct membrane damage, resulting in inhi
bition of membranebound enzymes and mitochondrial 
activity and in leakage of intracellular components (Taylor et 
al., 1983; Van den Bossche, 1985). In fact, based on its ability 
to induce reactive oxygen species, miconazole may be the 
only azole to demonstrate fungicidal activity (Fothergill, 2006; 
Thevissen et al., 2007; Vazquez and Sobel, 2012). Micona zole 
also binds strongly to erythrocyte membrane lipoproteins and 
can induce hemolysis of mammalian erythrocytes (Sreed
hara Swamy et al., 1976). Additionally, micona zole and other 
azole derivatives at low concentrations competitively inhibit 
the activity of calmodulin, which is involved in fungal infec
tions as well as inflammatory skin diseases. Inhibition of 
calmodulin activity may explain the therapeutic activity of 
these agents in inflammatory skin disorders (Hegemann et 
al., 1993).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

INTRAVENOUS ADMINISTRATION

Optimal dosage, schedules, and duration of i.v. therapy with 
miconazole have not been determined by clinical trials. The 
total daily dose is given in three divided doses and recom
mended doses vary from 200 to 1200 mg per infusion. The 
maximum total daily dose recommended is 3.6 g and, 
depending on the infection, treatment may be required for 3 
to more than 20 weeks. Infusion should be slowly adminis
tered over a period of 30–60 min. It is recommended that 
admixtures of miconazole be prepared immediately prior to 
administration (Holmes and Aldous, 1991).

TOPICAL THERAPY

Miconazole is available as a skin cream, lotion, powder, spray 
powder, and tincture for the treatment of cutaneous derma
tophytosis and candidiasis. It is recommended to be used 
twice daily in amounts sufficient to cover the affected areas. 
Undiluted miconazole solution can be used for mouth wash
ing or wound infiltration.

ORAL MUCOSAL THERAPY

The FDA recently approved dissolvable miconazole buccal 
tablets (50mg buccal tablets) for the treatment of oropha
ryngeal candidiasis. Of note, miconazole buccal tablets contain 
milk protein concentrate (Package Insert, 2010). Micona zole 
buccal tablets should be applied to the upper gum region 
once daily for 14 days with patients holding the tablets in 
place by applying pressure over their upper lip for about 30 
seconds, so that they can attach and slowly dissolve. Patients 
can eat and drink once the tablet has been safely applied 
(Vazquez and Sobel, 2012). 

VAGINAL THERAPY

Miconazole is available as vaginal pessaries or vaginal cream 
for the treatment of VVC. The recommended regimens of 
miconazole include (a) 200mg vaginal suppositories at bed
time for 3 days, (b) a 100mg vaginal suppository or 5 g of 2% 
cream intravaginally at bedtime for 7 days, and (c) a single 
dose of 1200mg vaginal suppository (Workowski and Ber
man, 2006).

4b.  Newborn infants and children

INTRAVENOUS ADMINISTRATION

For children, a total daily dose of approximately 20–40 mg/
kg is generally adequate, but a dose of 15 mg/kg body weight 
per infusion should not be exceeded. An i.v. dose of 15 mg/
kg, twice daily, has been used in babies (Symoens, 1977). A 
dose of 10 mg/kg has been used in a neonate, given in two 
divided doses infused over 2 h, but this was associated with 
intermittent ventricular tachycardia between infusions (Clarke 
et al., 1980).

TOPICAL APPLICATION

Miconazole is recommended to be used twice daily in 
amounts sufficient to cover the affected areas for cutaneous 
dermatophytosis and candidiasis. For the treatment of diaper 
dermatitis complicated by documented candidiasis, micona
zole nitrate 0.25%, zinc oxide 15%, and white petrolatum 
81.35% ointment applied to the affected area at each diaper 
change for 7 full days is recommended in immunocompetent 
pediatric patients aged 4 weeks and older. Topical products 
are not for selfmedication (overthecounter [OTC] use) in 
children < 2 years of age.

VAGINAL THERAPY

The recommended regimens of miconazole for children 12 
years or older are 200mg vaginal suppositories intravagi
nally at bedtime for 3 days, a 100mg suppository or 5 g of 
2% cream intravaginally at bedtime for 7 days, or a single 
dose of 1200mg vaginal suppository intravaginally. Vaginal 
products are not for OTC use in children < 12 years of age 
in the United States.

4c.  Pregnant and lactating mothers

Miconazole for oral administration has been labeled as preg
nancy category C. There is minimal systemic absorption fol
lowing buccal application and although it is not known if 
miconazole is excreted into breast milk, it is recommended 
that caution be applied when administered to nursing women. 

4d.  Those requiring altered dosages

Dosage modification is not needed in patients with renal 
insufficiency or on hemodialysis. The serum halflife of 
miconazole in patients with renal failure or in those under
going hemodialysis is not significantly different from that in 
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subjects with normal renal function. There are no recom
mendations with regard to dosing in impaired hepatic func
tion and the elderly.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Miconazole has limited bioavailability, as documented by a 
number of different studies. For instance, in comparison 
with ketoconazole cream, topical miconazole 2% cream pro
duced drug concentrations in the stratum corneum that were 
7 to 14fold lower 1–8 h after a single dose, but were similar 
24 h after drug removal (Pershing et al., 1994). Additionally, 
it is minimally absorbed following intravaginal insertion of 
miconazole pessaries. When systemic absorption of micona
zole after insertion of a 1200mg vaginal pessary was exam
ined in healthy volunteers, large intersubject variability was 
observed and the mean maximum serum concentration was 
10.4 µg/l (< 0.5% of that achieved after an i.v. dose of mico
nazole), and this low but detectable concentration persisted 
for 3 days (Daneshmend, 1986). Following intravaginal 
adminis tration of a 1200mg miconazole nitrate vaginal 
ovule (miconazole nitrate in an ointment base contained in 
a soft gelatin capsule), peak systemic miconazole levels of 
10.7–12 ng/ml were achieved in 16–18 h in 20 healthy pre
menopausal females (Stevens et al., 2002).

Salivary concentrations of miconazole after administra
tion of 3 g miconazole gel peaked within minutes at 92–100 
µg/ml and remained above the MIC for C. albicans (5 µg/ml) 
for a mean of 20 min. This compared with administration 
of a bioadhesive slowrelease buccal tablet containing 10 mg 
miconazole nitrate, with a mean peak salivary concentration 
of 130 µg/ml which remained above the MIC for C. albicans 
for 10 h (Bouckaert et al., 1992). In a healthy volunteer study, 
administration of miconazole 50mg buccal tablets demon
strated a halflife of 7 hours (2–24.1 hours) with an estimated 
salivary exposure of 55.23 µg/hour/ml and undetectable 
plasma concentrations < 0.4 µg/ml (Cardot et al., 2004). 
Therefore the bioadhesive tablet appears to be a preferable 
drug delivery system for the oral cavity, which could improve 
patient compliance. The pharmacokinetics of subconjuncti
vally injected miconazole 10 mg/ml was evaluated in rabbits 
with both normal and debrided corneas. The corneal con
centration of miconazole peaked at 2 h in both the normal 
and debrided corneas, and no drug was detectable after 4–8 h 
(Klippenstein et al., 1993).

Miconazole is poorly absorbed from the gastrointestinal 
tract and its oral formulation is no longer available. Peak 
serum levels are reached 4 h after administration (Brugmans 
et al., 1972) and the serum halflife after oral administration 
is approximately 24 h. Serum levels resulting from various 
miconazole doses given by 1h infusion were studied in 14 
adult patients by Stevens et al. (1976). After the initial peak 
serum level, there is a rapid early decay period with a halflife 

of approximately 30 min, and this is followed by a late flat 
phase with a serum halflife of approximately 20 h.

5b.  Drug distribution

The serum protein binding of miconazole is approximately 
90% (Stevens et al., 1976), and thus penetration to different 
compartments is limited. For instance, penetration of micona
zole into the CSF after i.v. administration is poor (Hoeprich 
and Goldstein, 1974; Shadomy et al., 1977) and intrathecal 
use is required to achieve fungicidal levels. Intrathecal 
administration of 6–30 mg of miconazole produced levels 
in the MIC range at ventricular, lumbar, and cisternal sites 
which lasted up to 24 h (Lewi et al., 1976). Penetration into 
the sputum and the vitreous humor also appears to be lim
ited (Lutwick et al., 1976; Stevens et al., 1976; Gallo et al., 
1985). In contrast, the drug appears to diffuse well into 
infected joints (Deresinski and Stevens, 1979).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Locally administered miconazole is minimally absorbed sys
temically, particularly after vaginal administration. Like all 
azoles, it is primarily metabolized in the liver and excreted 
in the feces up to 50%. It is 91–93% protein bound.

5d.  Excretion

Miconazole is inactivated in the body to produce a number 
of metabolites, with Odealkylation and oxidative Ndealky
lation being the most important pathways by which micona
zole is eliminated. In humans, even after prolonged i.v. 
administration, miconazole does not cause induction of liver 
enzymes (Plempel, 1979). After oral administration, approx
imately 10% of the dose is excreted in the urine, largely as 
metabolites (Brugmans et al., 1972), while 50% of miconazole 
is excreted in the feces, mainly as the unchanged drug. More 
recent data suggest that most of the absorbed miconazole is 
metabolized by the liver and <1% of the administered dose 
can be detected unchanged in the urine (Bodey, 1992).

5e.  Drug interactions

There is an enhanced anticoagulant effect noted when war
farin and miconazole are coadministered due to inhibition 
of hepatic P450 enzymes (especially P450 2C9 enzymes) 
responsible for the metabolism of warfarin (O’Reilly et al., 
1992). Since systemic absorption from the buccal mucosa after 
topical application of miconazole is minimal, interaction 
between warfarin and miconazole gel had not been consid
ered to be problematic. However, clinically evident hemor
rhage has been reported in patients on warfarin who received 
miconazole gel (Colquhoun et al., 1987; Shenfield and Page, 
1991; Silingardi et al., 2000). Similarly, although only 1.4% of 
vaginally administered miconazole is systemically absorbed 
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in healthy volunteers, increased international normalized 
ratio (INR) and ecchymosis in a patient on warfarin after 100 
and 200mg vaginal pessary use has been reported (Thirion 
and Farquhar Zanetti, 2000). The FDA has issued a warning 
regarding the use of warfarin and vaginal creams and sup
positories containing miconazole owing to reports of abnor
mal clotting tests (Thirion and Farquhar Zanetti, 2000). In 
patients receiving oral anticoagulant therapy with warfarin, 
the prothrombin time (PT) or INR should be closely moni
tored with the addition and withdrawal of treatment with 
miconazole, and should be reassessed periodically during 
concurrent therapy. Adjustments of the warfarin dose may 
be necessary in order to maintain the desired level of antico
agulation. Coadministration of an azole antifungal, such as 
miconazole, may inhibit the metabolism and hence increase 
the levels of fentanyl, pimozide, phenytoin, cyclosporine, 
and trimetrexate (Rolan et al., 1983; Horton et al., 1992; 
Product Information: Orap®, 1999). In addition, increased 
exposure to oxycodone has been described with miconazole 
buccal tablets, due to potential inhibition of CYP2D6 cyto
chrome (Gronlund et al., 2011). The hypoglycemic action of 
sulfonylureas may be enhanced by miconazole; thus patients 
receiving glimepiride should be closely monitored for hypo
glycemia or loss of glycemic control when miconazole is 
added to or withdrawn from their regimen (Product Infor
mation: AMARYL® tablets, 2005). Coadministration of 
tobra mycin and intravenous miconazole may result in signif
icant decreases in the peak serum tobramycin levels, and 
tobramycin concentrations should be monitored (Hatfield et 
al., 1986).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Toxicity of topical applications

Contact allergic dermatitis, presenting as acute papulove
sicular dermatitis, has been reported in a few patients using 
miconazole cream (Aldridge and Main, 1984; Perret and 
Happle, 1988). Patch testing for crossreactivity with other 
imidazole agents used topically may reveal crossreactions 
with clotrimazole and econazole (Raulin and Frosch, 1988). 
Vulvovaginal burning, itching, or irritation has been uncom
monly associated with the use of miconazole cream. Notably, 
the miconazole creams and suppositories are oil based and 
might weaken latex condoms and diaphragms (Workowski 
and Berman, 2006). Adverse events associated with the use 
of miconazole buccal tablets have included diarrhea, dysgue
sia, nausea, vomiting, gingival disorder, and headache (Ben
sa doun et al., 2008; Vazquez et al., 2010; Vazquez and Sobel, 
2012).

6b.  Toxicity of systemic administration

In early studies when miconazole was given orally, there was 
no significant toxicity (Brugmans et al., 1972). Diarrhea, 
some times necessitating cessation of treatment, has been 
observed with oral doses of 1 g three times daily (Lima et al., 

1977). Seven days after starting systemic treatment with 
miconazole oral solution (Daktarin) for candidiasis, a patient 
developed a generalized, pruritic, maculopapular eruption 
(Fernandez et al., 1996). 

Significant adverse reactions have been observed with the 
i.v. administration of miconazole. Nausea and/or vomiting 
may occur in 25% of patients, occasionally influenced by the 
infusion rate, being less severe during slower infusions (Jor
dan et al., 1979). Central nervous system side effects, such 
as tremors, confusion, dizziness, hallucinations, and more 
rarely, generalized tonic–clonic seizures, can occur (Jordan 
et al., 1979; Coulthard et al., 1987). Miconazole infusion has 
resulted in cardiac or respiratory arrest and anaphylactic 
reactions (Fainstein and Bodey, 1980). Ventricular tachycar
dia, bradycardia, and rhythm and conduction disturbances 
have also been reported (Kanarek and Williams, 1986; Coley 
and Crain, 1997). There are multiple reports of anemia and 
thrombocytosis in patients treated with i.v. miconazole 
(Marmion et al., 1976; Stevens et al., 1976; Heel et al., 1980; 
Stevens, 1983). Patients receiving i.v. miconazole therapy 
may develop high serum concentrations of cholesterol and 
triglycerides, an unusual pattern on paper lipoprotein elec
trophoresis, or marked rouleaux formation in peripheral 
blood smears. The last adverse reaction and anemia or 
thrombocytosis have been attributed to the carrier solution 
of the miconazole Cremophor EL (polyethoxylated castor 
oil) (Marmion et al., 1976; Stevens et al., 1976; Bagnarello 
et al., 1977; Rose et al., 1979). Thrombophlebitis in patients 
treated with i.v. miconazole may be observed (Stevens et al., 
1976; Heel et al., 1980) and its incidence may be reduced by 
changing the infusion sites every 48–72 h, by decreasing the 
infusion rate, or by utilizing a central venous catheter or a 
reformulation of the vehicle in which the drug is supplied. 
Pruritus and allergic rashes occur and sometimes may be 
severe enough to necessitate cessation of treatment (Marmion 
et al., 1976; Stevens et al., 1976; Fischer et al., 1977). Experience 
with one patient who had received a renal transplant sug
gested that miconazole may occasionally be nephrotoxic (Lai 
et al., 1981). Corneal toxicity manifest as pinpoint vesicles 
with surrounding superficial punctate keratitis in the corneal 
epithelium has been described (Zaidman, 1991). Testosterone 
serum levels may decrease following miconazole i.v. admin
istration, indicating a minor alteration to testosterone bio
synthesis (Morita et al., 1990).

6c.  Risks in pregnancy/breastfeeding

Although miconazole has been placed by the FDA in preg
nancy category C, it is generally considered to be safe for  
use during pregnancy. General recommendations regarding 
anti fungal therapy include the use of local treatment with 
miconazole or another azole for vaginal candidiasis. Clinical 
studies demonstrated that topical miconazole cream and 
suppositories used in pregnant women resulted in no terato
genic effects (Culbertson, 1974; Wallenburg and Wladimiroff, 
1976). In a recent study using the Hungarian CaseControl 
Surveillance of Congenital Abnormalities between 1980 and 
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1996, the potential teratogenic effect of topical miconazole 
during pregnancy was assessed (Czeizel et al., 2004). Cases 
included 22,843 women with newborns or fetuses with con
genital abnormalities while controls included 38,151 preg
nant women who had newborn infants without any defects. 
Miconazole was administered in 24 (0.11%) and 46 (0.12%) 
cases and controls, respectively, with an odds ratio of 0/9 
(95% confidence interval: 0.6–1.6). Based on these findings, 
topical use of miconazole during pregnancy does not appear 
to be associated with higher risk for con genital abnormali
ties. Similarly, in a retrospective survey of vaginal or oral 
use of miconazole, clotrimazole, nystatin, aminacrine com
pounds, candicidin, or metronidazole, no statistically signif
icant association was observed between these agents and the 
overall frequency of birth defects or of the specific defects 
investigated (cardiovascular defects, oral clefts, spina bifida) 
(Rosa et al., 1987). No data describing the use of miconazole 
during human lactation and its effects on the nursing infant 
are available, although the manufacturer recommends that 
caution be exercised when administering miconazole to 
nursing women. Notably, in a recent guideline update for 
people who have or are at risk for sexually transmitted dis
eases by the Centers for Disease Control and Prevention 
(CDC), miconazole may compromise the efficacy of latex 
condoms and diaphragms (Workowski and Berman, 2010).

7. CLINICAL USES OF THE DRUG

Miconazole is primarily used topically, mainly in the treat
ment of vulvovaginal candidiasis (VVC)  and also in treating 
a variety of skin and mucous membrane fungal infections. 
Current data suggest that miconazole buccal tablets may 
be an effective and safe alternative for the treatment of oro
pharyngeal candidiasis (Vazquez and Sobel, 2012). 

7a.  Vulvovaginal candidiasis

UNCOMPLICATED VULVOVAGINAL CANDIDIASIS

Shortcourse topical formulations (i.e. single dose and regi
mens of 1–7 days) effectively treat uncomplicated VVC. 
Topical regimens vary from one time (miconazole 1200mg 
vaginal suppository) to 3–7 days (miconazole 100 or 200
mg vaginal suppository, miconazole 2% cream) (Workowski 
and Berman, 2006). A single intravaginal dose of 1200 mg 
miconazole was found to be as effective as orally adminis
tered ketoconazole 400 mg daily for 5 days (van der Meijden 
et al., 1986). In a study comparing singledose oral fluco
nazole 150 mg with a single intravaginal dose of 1200 mg 
miconazole, at 30day followup clinical cure or improve
ment was 95% versus 90%, respectively, and the mycologic 
cure rate was 73% versus 82%, respectively (van Heusden 
et al., 1990). This study showed that patients preferred oral 
therapy, with only 4% of women favoring intravaginal ther
apy in the fluconazole versus miconazole study. Similar clin
ical and mycologic cure rates (> 80%) for vaginal candidiasis 

were also obtained when singledose oral fluconazole 150 mg 
was compared with vaginal miconazole pessaries 100 mg for 
3 days (Timonen, 1992). Nevertheless, fluconazole is cur
rently considered the preferred agent for the treatment of 
VVC. In a more recent prospective, randomized casecontrol 
study, two doses of miconazole nitrate vaginal suppository 
1200 mg were compared to two doses of fluconazole 150 mg 
in 577 patients with VVC (Fan et al., 2015). Mycological 
responses on days 7–14 of followup were 75.9% and 84.0% 
in the miconazole and fluconazole groups, respectively (p < 
0.05). Mycological responses 30–35 days later were 64.8% 
and 69.7%, respectively in the two groups (p > 0.05). Micona
zole vaginal cream 2%, given by an applicator in a 5g dose 
each night for 7 days, is also effective for the treatment of 
vaginal candidiasis (Morris and Sugrue, 1975). A study com
paring 7day application of miconazole vaginal cream 2% 
and single application of butoconazole sustainedrelease cream 
showed a slightly quicker decline in symptoms with the lat
ter, but similar clinical (86% vs. 88%) and mycologic (77% vs. 
74%) 30day cure rates (Brown et al., 1999).

Singledose miconazole nitrate ovule compared with mico
na zole nitrate 2% cream applied for 7 days resulted in quicker 
symptom relief (median time to complete relief 3–4 vs. 4–5 
days), similar cure rates (61–72% vs. 61–70%), and slightly 
more local irritation (16% vs. 8%) (Upmalis et al., 2000). The 
drug is suspended in an ointment base and enclosed in a gel
atin capsule. Lack of physical activity does not appear to hin
der the spread of the vaginal insert, suggesting that this 
medication can be used during the day or at night. As noted 
earlier, creams and suppositories are oil based and might 
weaken latex condoms and diaphragms. Unnecessary or inap
propriate use of OTC preparations is common and can lead 
to a delay in the treatment of other vulvovaginitis etiologies, 
which can result in adverse clinical outcomes. Therefore any 
woman whose symptoms persist after using an OTC prepa
ration or who has a recurrence of symptoms within 2 months 
should be evaluated with officebased testing.

SEVERE VULVOVAGINAL CANDIDIASIS

Severe vulvovaginitis (i.e. extensive vulvar erythema, edema, 
excoriation, and fissure formation) is associated with lower 
clinical response rates in patients treated with short courses 
of topical or oral therapy. Seven to 14 days of topical 
miconazole is recommended (Workowski and Berman, 
2006).

NON-ALBICANS VULVOVAGINAL CANDIDIASIS

The optimal treatment of nonalbicans VVC remains unknown. 
Options include longer duration of therapy (7–14 days) with 
a nonfluconazole azole drug (oral or topical, including top
ical miconazole) as firstline therapy.

VULVOVAGINAL CANDIDIASIS IN PREGNANCY

Only topical azole therapies, including miconazole, applied 
for 7 days, are recommended for use among pregnant women 
(Workowski and Berman, 2006).
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7b.  Oral candidiasis

Of historical interest, i.v.administered miconazole has been 
used effectively to control chronic mucocutaneous candidia
sis (Fischer et al., 1977). Miconazole has been used to treat 
oral candidiasis in immunosuppressed infants and adults, 
and was effective when administered as a tablet (250 mg four 
times daily) retained in the mouth until dissolved, and then 
swallowed. Miconazole oral gel (20 mg miconazole per gram 
of gel) at a dose of 50 mg for 10 days was compared with 
ketoconazole 200 mg daily for esophageal candidiasis in a 
small study of 12 patients with AIDS. All miconazoletreated 
versus four of six ketoconazoletreated patients had symp
tomatic relief within 3–5 days and endoscopically normal 
esophageal mucosa at the end of therapy (Deschamps et al., 
1988). In a recently published metaanalysis of 17 studies to 
assess the efficacy and safety of miconazole for treating oral 
candidiasis, miconazole was more effective than nystatin for 
thrush (Zhang et al., 2015). However, there was no signifi
cant difference between miconazole and other antifungals 
in HIV patients, whereas it appeared to be inferior to micro
wave therapy for denture wearers. Overall, relapse appeared 
to be lower in patients treated with miconazole oral gel. 

Data on the efficacy of miconazole buccal tablets for the 
treatment of oropharyngeal candidiasis have been generated 
in three clinical trials, which are summarized below. In an 
openlabel, noncomparative multicenter study, miconazole 
buccal tablets 50 mg were administered daily for 14 days 
in  25 HIVpositive patients. Clinical success at day 15 was 
reported in 84% of patients (Dupont, 2009). In a random
ized, doubleblind, doubledummy, parallelgroup, non 
inferiority clinical trial (SMiLES [Study of Miconazole 
Lauriad Efficacy and Safety]), miconazole buccal tablets 50 
mg and clotrimazole troches were administered in 290 and 
287 HIVpositive patients with oropharyngeal candidiasis, 
respectively (Vazquez et al., 2010). Clinical success was 
similar in both arms (61% and 65% for the miconazole and 
clotrimazole groups, respectively). Similarly, relapse rates 
appeared to be similar between the two groups as well. In a 
third open label, randomized clinical trial, miconazole buc
cal tablets were compared to miconazole oral gel among 306 
randomized patients with head and neck cancer with oro
pharyngeal candidiasis (Bensadoun et al., 2008). Clinical 
success was 56% for the buccal tablet compared to 49% for 
the oral gel group (p < 0.0001). In addition, recurrence rates 
were lower in the buccal tablet (19%) as compared to the oral 
gel group (12.5%). In another contemporary study of 104 
highdose therapy/autologous stem cell transplant recipi
ents, micona zole mucoadhesive buccal tablet was compared 
to conventional oral amphotericin B suspensions three times 
a day to assess its effect on mucositisrelated complications 
(Orvain et al., 2015). Treatment with miconazole mucoadhe
sive buccal tablet was associated with shorter antibiotic (7.8 
vs. 12.3 days; p < 0.0001) and systemic antifungal use (1.4 vs. 
3.6 days; p = 0.02). Moreover, patients treated with mico na
zole mucoadhesive buccal tablet appeared to require less anal
gesic drugs (18 vs. 7%; p = 0.09). 

7c.  Topical therapy for skin infections

DERMATOPHYTES AND CANDIDA INFECTIONS
Various forms of tinea due to T. rubrum, T. mentagrophytes, 
and E. floccosum respond well to 2% miconazole cream, 
applied twice daily for 2–4 weeks (Fulton, 1975). Clinical 
response rates of 84% and mycologic cure rates of 81% at 
week 4 of treatment with 2% miconazole cream applied twice 
daily were similar to those achieved with 1% naftifine cream 
or 2% fenticonazole cream (Athow Frost et al., 1986; El Darouti 
and Kalinka, 1990). Tinea versicolor, tinea nigra palmaris, 
and cutaneous candidiasis respond to treatment with 2% 
micona zole cream (Zaias, 1975; Hughes et al., 1993).

DIAPER DERMATITIS
A placebocontrolled, randomized, doubleblind, parallel 
group trial compared the efficacy and safety of miconazole 
nitrate 0.25% in a zinc oxide/petrolatum base with that of 
the ointment base alone in treating acute diaper dermatitis 
in infants. Infants receiving miconazole nitrate 0.25% had 
significantly fewer rash sites and lower mean total rash scores 
on days 5 and 7 (p < 0.001). In the miconazole nitrate 0.25% 
group, improvement was most marked among those with 
moderate or severe diaper dermatitis at baseline and among 
patients whose baseline rashes were positive for C. albicans. 
Treatment with miconazole nitrate 0.25% was as safe as with 
ointment base alone (Concannon et al., 2001). Systemic 
absorption of 0.25% miconazole nitrate ointment is minimal, 
demonstrating its safety in the treatment of moderate to 
severe diaper dermatitis.

7d.  Ocular infections

Topically and subconjunctivally applied miconazole has been 
reported to be successful in a series of seven patients with 
keratomycosis (four with Candida infections and three with 
Aspergillus spp.) (Foster, 1981). Superficial punctate keratitis 
was associated with prolonged (1–2 weeks) hourly instilla
tion of miconazole, but there was no evidence of serious ocu
lar toxicity.
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1. DESCRIPTION

Voriconazole (Vfend, UK-109,496) is a synthetic triazole 
deriva tive with potent broad-spectrum activity. Voriconazole 
has the chemical name (2R,3S)-2-(2,4-difluorophenyl)-3-(5-
fluoropyrimidin-4-yl)-1-(1,2,4-triazol-1-yl)butan-2-ol with 
the empirical formula C16H14F3N5O and molecular weight of 
349.3. Its structure is similar to fluconazole, but one triazole 
ring is replaced with a fluorinated pyrimidine and an alpha-
methyl group is added to the propanol backbone. The chem-
ical structure is shown in Figure 156.1. 

Available formulations include a powder complexed with 
sulfobutylether β-cyclodextrin (SEBCD) for intravenous (i.v.) 
administration and two oral preparations, film-coated tab-
lets and a powder for oral suspension, that do not contain 
SEBCD. Like other azoles in its class, voriconazole acts by 
inhibiting 14α-lanosterol demethylation, a critical step in 
fungal ergosterol biosynthesis. It demonstrates activity against 
a wide range of yeast and filamentous fungi, including Can
dida, Cryptococcus, Aspergillus, and dimorphic fungi.

Voriconazole is currently approved by the US Food and 
Drug Administration and the European Medicines Agency for 
the primary treatment of invasive aspergillosis, candidemia 
in non-neutropenic patients, cutaneous/mucosal/systemic 
candidiasis, and refractory fungal infections caused by Scedo
sporium spp. or Fusarium spp. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

A summary of the in vitro activity of voriconazole against 
path ogenic fungi is shown in Table 156.1.

PATHOGENIC YEAST

Voriconazole exhibits potent activity against pathogenic yeasts, 
including Candida spp. and Cryptococcns neoformans (Table 
156.1). Compared with fluconazole, voriconazole demon-
strates enhanced in vitro activity against Candida spp., with 
minimum inhibitory concentrations (MICs) more than tenfold 

lower than those seen for fluconazole (Pfaller et al., 2002b). 
Voriconazole is active against commonly isolated Candida 
spp., including C. albicans, C. parapsilosis, and C. tropicalis 
(Pfaller et al., 1999a). Of note, voriconazole is also active 
against C. krusei (MIC50 0.25–0.5 μg/ml), a species frequently 
resistant to fluconazole (MIC50, 32 μg/ml) (Pfaller et al., 
1998a; Pfaller et al., 2004b) . Although activity has also been 
demonstrated against C. glabrata, MICs are higher (MIC90, 
1–2 μg/ml) and resistance is more common than with other 
species (Pfaller et al., 2009b). Voriconazole has the advantage 
of being active against less commonly isolated Candida spp., 
including C. lusitaniae, C. guilliermondii, and C. rugosa, which 
are frequently resistant to the traditional antifungals ampho-
tericin B and fluconazole (Diekema et al., 2009; Pfaller et al., 
2003). Of the Candida spp., MICs to voriconazole are lowest 
for C. albicans (MIC90, 0.015–0.06 μg/ml), C. parapsilosis 
(MIC90, 0.06–0.12 μg/ml), C. tropicalis (MIC90, 0.12–0.25 μg/
ml), C. lusitaniae (MIC90, 0.015–0.06 μg/ml), and C. dub
liniensis (MIC90, 0.03 μg/ml) (Table 156.1).

Pharmacokinetic and pharmacodynamic studies from ani-
mal models and patients were analyzed and used by the 
Antifungal Susceptibility Subcommittee of the Clinical and 
Laboratory Standards Institute (CLSI) to develop interpre-
tive voriconazole MIC breakpoints for Candida spp. (Pfaller 
et al., 2006). Animal data using a murine candidiasis model 

Figure 156.1. Chemical structure of voriconazole. 
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Table 156.1. In vitro susceptibilities of voriconazole to various fungi.

MIC range (µg/ml) MIC 50% (µg/ml)a MIC 90% (µg/ml)a References

Yeasts

Candida spp.b Pfaller et al., 2003; 2002a; 1998a; 
1999a; 2004b; 1999b; 1998b; 
2002b

C. albicans 0.007–> 8c 0.007–0.015

C. glabrata 0.015–8c 0.25–0.5c 0.015–0.06

C. parapsilosis 0.007–> 8c 0.015–0.03     1–2c

C. tropicalis 0.007–> 8c 0.06 0.06–0.12

C. dubliniensis 0.007–> 8c 0.007 0.12–0.25

C. krusei 0.12–4 0.25–0.5 0.03

C. lusitaniae 0.007–0.5 0.007 0.5–1

C. guilliermondii 0.007–> 8 0.06–0.12 0.015–0.06

C. rugosa 0.015–0.25 0.015 0.25–0.5

Other Yeasts

Cryptococcus neoformans < 0.007–2 0.03–0.06 0.12

Trichosporon
T. asahii 0.03–> 16 0.25

T. beigelii < 0.03–0.12 < 0.03

Rhodotorula spp. 0.25–> 8 2

Endemic Fungi

Geotrichum capitatum 0.03–0.5 0.25 Alvarado-Ramírez et al., 2007; 
Diekema et al., 2003; González et 
al., 2005; Li et al., 2000; McGinnis 
et al., 2001

Blastomyces dermatitidis ≤ 0.03–16 ≤ 0.03 0.25

Histoplasma capsulatum ≤ 0.03–2 0.06–0.5 0.25–1

Coccidioides immitis ≤ 0.03–1 0.125 0.25–0.5

Sporothrix schenckii 0.5–16    1–8     4–16

Paracoccidioides spp. — — —

Aspergillus spp.

A. fumigatus 0.06–4 0.25 0.25–0.5 Diekema et al., 2003; Espinel-
Ingroff, 1998; Espinel-Ingroff et 
al., 2001; González et al., 2005; 
Meletiadis et al., 2002; Pfaller and 
Diekema, 2004a; Pfaller et al., 
2002c; Sun et al., 2002)

A. flavus 0.06–1 0.5 1

A. niger 0.12–4 0.5–1     1–2

A. versicolor 0.06–2 0.5 1

A. terreus 0.06–16 0.25 0.25–1

Fusarium spp. 0.25–> 8    4–8     8–> 8

Rhizopus spp.     1–> 64    2–> 8    > 8–> 64

Mucor spp.     1–> 64    2–> 64     8–> 64

Rhizomucor spp.     8–> 8   16–> 64    16–> 64

Absidia spp.     2–> 64 16    > 8–> 64

Cunninghamella spp. 0.5–> 8 32 > 64

Apophysomyces spp. 0.12–> 64 0.25–2 2

Paecilomyces spp. 0.03–8 0.25 0.25

Cladophialophora carrionii 0.06–0.5 2 2

Fonsecaea pedrosoi 0.25–1 0.12–0.25 0.25–5

Pseudallescheria boydii 0.125–2 4 4

Scedosporium spp. 0.06–4 0.5     1–2

S. apiospermum 0.03–0.5

S. prolificans 0.5–8

Penicillium spp. 0.03–> 8

Bipolaris spp. 0.12–1

Exophilia spp. 0.5–2

Phialophora spp. 0.12–1

Wangiella spp. 0.5–2

aMIC 50%, MIC at which 50% of isolates were inhibited; MIC 90%, MIC at which 90% of isolates were inhibited.
bClinical Laboratory and Standards Institute recommended methods.
cResistance described in section 2b, Emerging resistance and cross-resistance. 
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have shown that treatment outcomes for voriconazole are 
depen dent on the total amount of drug, or area under the 
curve (AUC)/MIC ratio (Andes et al., 2003). The mean 
24-hour voriconazole free drug AUC/MIC ratio associated 
with efficacy was a value near 25. Outcomes from 249 patients 
from six phase III voriconazole clinical trials were correlated 
with the MICs of infecting Candida isolates, determined 
by standardized broth microdilution and disk diffusion test 
methods. The data supported the following MIC breakpoints 
for voriconazole and Candida species: susceptible (S), ≤ 1 μg/
ml; susceptible dose dependent (SDD), 2 μg/ml; and resistant 
(R), ≥ 4 μg/ml. The corresponding disk test zone breakpoints 
were: S, ≥ 17 mm; SDD, 14–16 mm; and R, ≤ 13 mm. When 
correlated with clinical outcome, isolates with MICs of 2 μg/
ml were associated with lower clinical success than isolates 
with MIC ≤ 1 μg/ml (43% vs. 74%). Pharmacokinetic data 
demonstrating serum voriconazole levels of > 1 μg/ml in 
most patients support this value as the breakpoint for sus-
ceptible, as consistently achieving higher serum levels may 
require a higher dosage.

Voriconazole is more active than fluconazole against Cryp
tococcus neoformans and demonstrates greater than tenfold 
lower MICs (Pfaller et al., 2004b). Nearly all strains (98–99%) 
are susceptible to voriconazole at an MIC of ≤ 1 μg/ml (Pfal-
ler et al., 2005).

DIMORPHIC FUNGI

Voriconazole is active against most endemic dimorphic fungi 
(Table 156.1). MICs for voriconazole are lower than for 
amphotericin B and similar to those for itraconazole against 
Blastomyces dermatiditis (MIC50, ≤ 0.03 μg/ml), Coccidioides 
immitis (MIC50, 0.125 μg/ml), and Histoplasma capsulatum 
(MIC50, 0.06 μg/ml) (Li et al., 2000). In contrast, MICs for 
Sporthrix schenckii are 2- to 16-fold higher for voriconazole 
than for itraconazole (Alvarado-Ramírez et al., 2007; Gon zá-
lez et al., 2005; McGinnis et al., 2001). Over 50% of S. schenckii 
strains exhibit MICs of ≤ 1 μg/ml to voriconazole. However, 
standardized susceptibility breakpoints have not been estab-
lished for susceptibility testing.

MOLDS OR FILAMENTOUS FUNGI

Voriconazole demonstrates enhanced activity against fila-
mentous fungi, including Aspergillus spp., Fusarium spp., 
and Scedosporium spp. (Table 156.1) (Diekema et al., 2003; 
Pfaller et al., 2009a). For A. fumigatus, MICs to voriconazole 
are up to fourfold lower than those for itraconazole (Diekema 
et al., 2003). Voriconazole is active against Aspergillus spp., 
including A. fumigatus, A. niger, A. versicolor, and A. terreus, 
a species with significant resistance to amphotericin B. Vori-
conazole demonstrates approximately two- to eightfold lower 
MICs than itraconazole against less commonly isolated fila-
mentous fungi, including Penicillium spp., Paecilomyces spp., 
Acremonium spp., and Bipolaris spp. (Pfaller et al., 2002c). 
For Scedosporium apiospermum, voriconazole is more active 
than amphotericin B, itraconazole, and posaconazole, with 
two- to eightfold lower MICs (Meletiadis et al., 2002). How-
ever, voriconazole is minimally active against Scedosporium 

prolificans. Voriconazole demonstrates in vitro activity simi-
lar to posaconazole against Fusarium spp. (geometric mean 
MIC, 5.9 μg/ml) (González et al., 2005). Although these 
MICs to voriconazole are higher than those for Aspergillus, 
successful outcomes have been demonstrated in patients with 
refractory Fusarium infections (Perfect et al., 2003). Vori con a-
zole is not considered active against zygomycetes, including 
Mucor spp., Rhizopus spp., and Absidia spp. (Almyroudis et 
al., 2007; Sun et al., 2002).

2b.  Emerging resistance and 
cross-resistance

Cross-resistance among the azoles has been demonstrated 
for many Candida spp., including C. glabrata, C. albicans,  
C. tropicalis, and C. parapsilosis (Pfaller et al., 2007). Similar 
mechanisms of resistance in Candida have been described 
for both fluconazole and voriconazole. Previous fluconazole 
exposure places immunocompromised patients at risk for 
development of a voriconazole-resistant Candida infection, 
such as C. glabrata (Panackal et al., 2006). Examination of 
over 13,000 Candida strains identified a strong correlation 
between fluconazole resistance and voriconazole resistance 
(r = 0.93), although MICs for voriconazole were 16- to 
32-fold lower than those for fluconazole (Pfaller et al., 2007). 
Of 396 strains resistant to fluconazole, 48% were susceptible 
to voriconazole at an MIC of ≤ 1 μg/ml. A fluconazole MIC 
of ≤ 32 μg/ml correlated well with susceptibility to vori con-
azole and has been proposed as a surrogate marker for vori-
cona zole susceptibility. This trend in cross-resistance is present 
for all Candida spp. with the exception of C. krusei. The 
majority of fluconazole-resistant C. krusei stains remain sus-
ceptible to voriconazole (98%).

Although over 98% of Cryptococcus neoformans strains 
are susceptible to voriconazole at an MIC of ≤ 1 μg/ml, those 
strains with high MICs to fluconazole > 64 μg/ml also exhibit 
voriconazole resistance (MICs, 2–4 μg/ml), suggesting azole 
cross-resistance (Pfaller et al., 2005). Strains susceptible to 
fluconazole (MIC, ≤ 8 μg/ml) demonstrate lower voriconazole 
MICs (MIC90, 0.12), whereas higher voriconazole MICs 
(MIC90, 0.25 μg/ml) are found for strains with reduced fluco-
nazole susceptibility (MIC, > 8 μg/ml) (Pfaller et al., 1999c). 
Despite this trend, the majority of fluconazole-resistant Cryp
tococcus isolates remain susceptible to voriconazole.

Azole-resistant Aspergillus species have been predominately 
described in the environment, likely a result of exposure to 
azole fungicidal agents with anti-Aspergillus activity used to 
combat phytopathogens (Chowdhary et al., 2014; Snelders 
et al., 2012; Verweij et al., 2013). In fact, azole resistance in 
Asper gillus fumigatus appears to be an emerging public health 
concern currently. Moreover, resistance to voricona zole has 
been reported in clinical isolates of Aspergillus species, par-
ticularly in patients with cavitary lesions and/or aspergillo-
mas (Camps et al., 2012; Chowdhary et al., 2014). Historically, 
mutations that confer resistance to voriconazole have been 
identified on the Cyp51A gene, such as the TR34/L98H, which 
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was first found in the Netherlands in 1998 (Snelders et al., 
2008). In 2009, a novel fungicide-driven mutation in the 
Cyp51A gene, the TR46/Y121F/T289A, which confers high-
level resistance to voriconazole (MIC ≥ 16 μg/ml) was 
described in the Netherlands, but since then this mutation 
has been identified in Europe, Africa, Asia, and Australia 
(Verweij et al., 2016). Furthermore, among Asper gillus spp., 
cross- resistance has been observed among the mold-active 
azoles, itraconazole, posaconazole, and vorico nazole (Howard 
et al., 2009; Pfaller et al., 2009a; Pfaller et al., 2008; Rodriguez-
Tudela et al., 2008; Verweij et al., 2009). 

3. MECHANISM OF DRUG ACTION

Like the other azole drugs, the primary mode of action of vori-
conazole is inhibition of fungal cytochrome P450-dependent 
C14-α sterol demethylase (see Chapter 153, Fluco nazole). 
Inhibition of this key step in ergosterol biosynthesis results 
in accumulation of lanosterol and depletion of ergosterol. 
These plasma membrane changes increase membrane per-
meability and halt fungal growth.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Voriconazole is formulated as an oral tablet (50 or 200 mg), a 
powder for oral suspension (40 mg/ml), and a solution com-
plexed with SEBCD for i.v. administration (10 mg/ml vori-
conazole, 160 mg/ml SEBCD). The recommended i.v. regimen 
for adults includes a 6 mg/kg loading for two doses followed 
by 3–4 mg/kg twice daily (see Table 156.2). In Europe (but 
not in the United States) the recommended oral dosing also 
involves loading (400 mg twice daily for two doses) followed 
by 200 mg twice daily. Loading doses only apply if the patient 
is starting therapy, and do not apply if the patient is transi-
tioning at steady state from one formulation to another. If the 
patient is not responding to therapy, the oral dosing regimen 
can be increased to 300 mg twice daily. The oral dosages may 

be smaller than the i.v.–administered dosages on a weight 
basis. Some clinicians recommend increasing the oral dosage 
and administering a weight-based dosage of 4 mg/kg per dose 
rounded up to convenient pill sizes. 

Although several studies have demonstrated the stability, 
safety, and efficacy of voriconazole topical eye drops, there 
are no approved ophthalmic solutions of voriconazole. Typi-
cal solutions are prepared by reconstituting lyophilized pow-
der in sterile water plus buffers to make a 1–2% solution. 
(Al-Badriyeh et al., 2009; 2010; Amoros-Reboredo et al., 2015). 
One study demonstrated corneal epithelial toxic effects of 
vori conazole above a concentration of 0.025 mg/ml or 2.5% 
and a sulfobutylether-β-cyclodextrin (SBECD) no-effect level 
of < 0.08 mg/l or 8% (Sobolewska et al., 2015). These thresh-
olds should be kept in mind when preparing an extempora-
neous formulation for ophthalmic use. 

4b.  Newborn infants and children

Voriconazole is licensed for use in the United States in 
patients 12 years and older. In Europe, it is licensed for use  
in patients 2 years and older. An early study suggested that  
in children aged 2–11 years, a dose of 4 mg/kg was similar to 
an adult dose of 3 mg/kg (Walsh et al., 2004). In a later pop-
ulation analysis of 82 children from three prospective stud-
ies, a pediatric i.v. dosage of 7 mg/kg was predicted to be 
most similar to an adult dosage of 4 mg/kg (Karlsson et al., 
2009). However, a follow-up prospective study showed that 
8 mg/kg i.v. in children was actually most similar to 4 mg/kg 
in adults (Walsh et al., 2010). The 100% increase in dose in 
children (from 4 mg/kg to 8 mg/kg) to approximate expo-
sures after only a 33% increase in the adult dose (from 3 mg/
kg to 4 mg/kg) demonstrates the differences in voriconazole 
pharmacokinetics between children and adults (see section 
5, Pharmacokinetics and pharmacodynamics). This led to 
another population analysis that predicted the doses in Table 
156.2 (Friberg et al., 2012). There are no published prospec-
tive studies that establish the dosing, safety, or efficacy of 
voriconazole in children under 2 years of age. Reports of 
doses used in this population include two case series (Celik 

Table 156.2. Recommended initial voriconazole dosing. Consider therapeutic drug monitoring (TDM) and dose adjustment.

Patient population Intravenous Oral

Adults ≥18 years 6 mg/kg q12h on day 1 (loading)
3–4 mg/kg q12h thereafter (maintenance) 

400 mg q12h on day 1 (loading)a

200–300 mg q12h thereafter (maintenance)

Children/Adolescents > 15 years 
OR 12–14 years and ≥ 50 kgb

Adult dosing Adult dosing

Children/Adolescents 12–14 years 
and < 50 kgb OR 2–12 yearsc

9 mg/kg q12h on day 1 (loading)
4–8 mg/kg q12h thereafter (maintenance)

10 mg/kg q12h on day 1 (loading)d

9 mg/kg q12 thereafter (maintenance), 
maximum 350 mg

Infants/Children < 2 yearse Not studied Not studied

aLoading dose approved in Europe, but not the US.
bApproved dose in Europe. Approved dosing in the US for all patients > 12 years, regardless of weight, is the same as for adults. 
cApproved dose in Europe. Voriconazole is not FDA-approved < 12 years of age in the US.
dLoading oral dose is not approved in US or Europe, but is used in some centers. 
eCase reports and series have used intravenous or oral doses of 2–12 mg/kg q12 h (see text). TDM and dose adjustment are strongly suggested.
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et al., 2013; Doby et al., 2012), with maintenance intravenous 
and oral dosages ranging from 2.5 to 12 mg/kg every 12 hours. 

4c.  Pregnant and lactating mothers

Voriconazole is a category D drug, which means that it is 
associated with fetal malformations and should not be used 
except where the benefit to the mother clearly outweighs the 
risk to the fetus. There is one case report of a woman who was 
prescribed the standard adult doses of voriconazole during 
the second and third trimesters for invasive aspergillosis 
associated with aplastic anemia (Shoai Tehrani et al., 2013). 
Her measured concentrations were within the normal range. 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Voriconazole is primarily metabolized in the liver. No adjust-
ments of oral voriconazole are required for decreased renal 
function. The oral formulation does not contain the cyclo-
dextrin vehicle and is safe in patients with renal insufficiency. 
However, when using the i.v. formulation, one must consider 
the renally cleared cyclodextrin vehicle. The consequences of 
plasma accumulation of cyclodextrin may result in nephro-
toxicity. Although limited data suggest the safety of i.v. 
voriconazole in patients with impaired renal function (creat-
inine clearance [CrCl] < 50 ml/min) or requiring hemodial-
ysis or continuous venovenous hemofiltration (Fuhrmann 
et al., 2007; Hafner et al., 2010; von Mach et al., 2006; Mohr 
et al., 2004; Robatel et al., 2004), use of the i.v. formulation 
is not routinely recommended for these patient populations. 
Recently, a retrospective multicenter study that included 166 
patients with known baseline renal function who were 
treated with different voriconazole formulations showed that 
the voriconazole route of administration and baseline renal 
function were not predictors of worsening renal dysfunction 
on days 3, 7, and at the end of treatment with voriconazole 
(Neofytos et al., 2012). Voriconazole has been administered 
without dosage adjustments to patients undergoing contin-
uous venovenous hemodiafiltration, peritoneal dialysis, and 
hemodialysis (Fuhrmann et al., 2007; Peng et al., 2005). 
Voriconazole is not readily dialyzable, with < 1% found in 
the dialysate of patients undergoing peritoneal dialysis (Peng 
et al., 2005).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Voriconazole requires dose reduction for patients with mild 
to moderate hepatic impairment (Child–Pugh class A and 
B). Voriconazole exposure (AUC) is increased approximately 
3.2-fold in patients with mild to moderate impairment. A 
50% reduction in the voriconazole dose is recommended in 
this patient cohort. Prolonged half-life and reduced clear-
ance rate were described in a patient with decompensated 
liver cirrhosis (Weiler et al., 2007). However, voriconazole 
has not been extensively studied in patients with severe hepatic 
insufficiency (Child–Pugh class C) or patients immediately 

post-liver transplantation. Patients with hepatic insufficiency 
should be monitored closely for voriconazole toxicity and 
therapeutic drug monitoring (TDM) should be considered 
(Johnson et al., 2010; Solís-Muñoz et al., 2013). 

OBESITY

There are no approved voriconazole dose recommendations 
in Europe or the United States for patients who are obese. 
Nevertheless, the drug has been studied in this patient popu-
lation. Two retrospective studies concluded that voriconazole 
dosed by absolute body weight in the obese (BMI ≥ 25 kg/
m2) resulted in higher concentrations on average, and that 
dosing by ideal or adjusted body weight would likely be more 
appropriate (Davies-Vorbrodt et al., 2013; Koselke et al., 
2012). However, this dosing recommendation has not been 
prospectively validated.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The pharmacokinetics of voriconazole are notoriously com-
plex and characterized by extreme variablity between patient 
populations, within populations, and between individuals. 
The bioavailability of voriconazole is > 90% in healthy adult 
volunteers. However, in patients (including children) bio-
availability is more typically 60%–85% (Friberg et al., 2012; 
Liu et al., 2014; Neely et al., 2015; 2010), which may reflect 
the effect of disease on gastrointestinal function. Administer-
ing oral voriconazole within one hour of food consumption 
modestly decreases exposure to voriconazole by about 20% 
(Purkins et al., 2003e), but there are no recommendations to 
only take voriconazole while fasted. In an early study among 
healthy volunteers, voriconazole exposure after oral dosing 
was not significantly altered by co-administration with either 
proton pump inhibitors (PPI) or H2-receptor antagonists 
(Wood et al., 2003). However, subsequent work has found 
that PPIs can be associated with marginally higher voricon-
azole trough concentrations in patients (Niece et al., 2015; 
Pascual et al., 2008), which may even be exploited to increase 
voriconazole concentrations (Boyd et al., 2012). However, the 
effect may be dependent on the specific PPI (Cojutti et al., 
2015) and it is not universally noted to be significant among 
patients (Chayakulkeeree et al., 2015; Saini et al., 2014).

HALF-LIFE AND NONLINEAR PHARMACOKINETICS

The elimination half-life of voriconazole in adults is typically 
stated to be approximately 6 hours (Purkins et al., 2003c; 
Theuretzbacher et al., 2006), but there are tremendous ranges 
reported in the literature, e.g., 3–46 hours (Bruggemann et 
al., 2010; Michael et al., 2010; Moriyama et al., 2015). This is 
because voriconazole often exhibits nonlinear pharmacoki-
netics such that doubling the dose can result in more than 
double the maximum concentration (Cmax) and area under 
the time concentration curve (AUC) (Purkins et al., 2002). 
This also means that pharmacokinetic (PK) parameters such 
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as clearance (CL) or half-life (t½) are not constant, but 
become concentration-dependent due to saturation of vori-
conazole metabolism (Yamada et al., 2015). This nonlinear 
behavior is observed more often in adults than in children, but 
population models of voriconazole PK in children also include 
nonlinearity (Friberg et al., 2012; Neely et al., 2015), making 
prediction of nonlinear behavior impossible without TDM. 

PROTEIN BINDING

Voriconazole protein binding is moderate to high. In patients, 
it ranges between 43% to 58% by equilibrium dialysis (Roffey 
et al., 2003; Vanstraelen et al., 2014a) and 62% to 85% by 
ultrafiltration (Florent et al., 2014). The protein binding of 
voriconazole to albumin is explained in part by the total albu-
min concentration, such that average protein binding decreases 
by 6.7% for every decrease in plasma albumin of 1 g/dl (Van-
straelen et al., 2014b).

5b.  Drug distribution

Peak serum levels are obtained at the end of an i.v. infusion 
and 1–2 hours after oral administration in adults (Purkins et 
al., 2003b; Purkins et al., 2003c). The median time to peak 
concentration in children is similar to slightly more delayed 
than in adults (~ 1 to 4 hours), more variable (Mori et al., 
2015), and it has been measured as long as 8 hours after a 
dose (Driscoll et al., 2011). Voriconazole has an average abso- 
lute volume of distribution after intravenous dosing of 4.6  
l/kg, indicating that it has extensive extravascular distribution, 
but again there is a wide range reported in the literature of 
0.64 to 21.6 l/kg (Friberg et al., 2012; Karlsson et al., 2009; 
Neely et al., 2010; 2015; Pascual et al., 2012; Spriet et al., 2011).

Because half-life is relatively long, even if variable, intra-
venous loading doses of voriconazole should be adminis-
tered to rapidly reach steady-state levels (Purkins et al., 
2003c). Steady-state drug levels in adult volunteers receiving 
i.v. voriconazole (loading dose of 6 mg/kg twice a day on day 
1, followed by voriconazole 3 mg/kg i.v. twice a day) were 
achieved in 3 days (Purkins et al., 2003c). However, for those 
not receiving the loading dose, steady-state levels were not 
reached until days 5–8. It stands to reason that patients who 
can initiate therapy with oral voriconazole (e.g., for prophy-
laxis) should also receive an oral loading dose on day one. In 
Europe a double oral loading dose is approved (e.g. 400 mg 
p.o. twice on day one), but it is not approved in the United 
States. No oral loading dose for children has been studied or 
approved in either Europe or the United States. For children, 
the recommendation is to start with the i.v. loading regimen 
and transition to oral maintenance dosing on or after day 
two, as indicated (Product Information. VFEND. New York: 
Pfizer). Some centers use 9 mg/kg p.o. twice on day 1, fol-
lowed by the 8 mg/kg p.o. twice daily maintenance dosing in 
children under 12 years of age.

INTER-SUBJECT VARIABILITY

Much of the inter-subject variability in voriconazole serum 
concentrations has been linked to allelic polymorphisms in 

the gene encoding the primary metabolic enzyme for vori-
conazole (CYP2C19), which may affect both bioavailability 
and clearance. There are now many retrospective studies that 
show a relationship between CYP2C19 genotype and increased 
voriconazole concentrations (CYP2C19 *2 or *3, poor meta-
bolizer [PM]) and decreased concentrations (CYP2C19*17, 
ultra-rapid metabolizer [URM]) relative to the most common 
allele (CYP2C19*1, extensive metabolizer [EM]) (Moriyama 
et al., 2015). The PM phenotype is most common in those 
of Asian origin: about 30–40% carry one allele and 10–15% 
carry both, conferring full PM phenotype, compared to 
12–25% and 2–7% for Caucasians, and 8–20% and 4–5% for 
blacks (Fricke-Galindo et al., 2015; Niu et al., 2015). In con-
trast, the UM allele and phenotype is more common in 
Caucasians (20–40% and 18–27%) and blacks (33% and 
10–26%) than it is for Asians (< 1%) (Fricke-Galindo et al., 
2015; Moriyama et al., 2015). These genetic associations have 
also been prospectively associated with differences in plasma 
concentrations in small studies of patients, which can influ-
ence dosing that in turn improves time to therapeutic steady-
state concentrations and reduces toxicity (Lamoureux et al., 
2016; Sumonrat et al., 2016; Teusink et al., 2016; Trubiano 
et al., 2015). Genotypic testing may even be moderately cost 
effective (Mason et al., 2015); however, the routine use of 
genotypic testing to guide therapy is currently hindered by 
the small size of the supporting studies, coupled with con-
flicting studies which have failed to find a benefit (Elewa et 
al., 2015; Moriyama et al., 2015).

Inter-patient variability in voriconazole exposure is far 
greater than that associated with CYP2C19 metabolizer sta-
tus (Cojutti et al., 2015; Dolton and McLachlan, 2014a; 
Dolton et al., 2014b; Pascual et al., 2012; Sebaaly et al., 2016; 
Trifilio et al., 2005; 2007; van Wanrooy et al., 2016; Zonios et 
al., 2014). Trough concentrations may differ between patients 
by more than 100-fold, and in general there is a poor rela-
tionship between dose and achieved concentrations in any 
individual patient. A typical example of this variability was 
observed in an early study of 87 bone marrow transplant 
(BMT) recipients receiving voriconazole antifungal prophy-
laxis (Trifilio et al., 2005). In this population, 15% had unde-
tectable serum concentrations, 27% were found to have 
concentrations below 0.5 μg/ml, and 62% had measurements 
between 0.5 and 2 μg/ml (the median concentration in healthy 
subject studies). A similar study in this patient population 
(Trifilio et al., 2007) and others since (Cojutti et al., 2015; 
Dolton and McLachlan, 2014a; Geist et al., 2013; Mori yama 
et al., 2015; Sebaaly et al., 2016; van Wanrooy et al., 2016) 
have confirmed these observations. 

Beyond age, there are many other factors that can contrib-
ute to this additional variability, including patient characteris-
tics such as obesity (see section 4, Mode of drug administration 
and dosage), critical illness, and drug interactions (see sec-
tion 5e, Drug interactions). Inflammation, as measured by 
C-reactive protein (CRP), has been correlated with vori-
con azole metabolism. Increases in CRP correlate with both 
increased voriconazole plasma trough concentrations and 
decreased metabolism from voriconazole to voriconazole 
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N-oxide, the primary metabolite (Encalada Ventura et al., 
2015; van Wanrooy et al., 2014).

TISSUE PENETRATION

Central nervous system

Voriconazole penetrates well into the central nervous system 
(CNS). After 3 days of oral dosing, with loading on day 1, 12 
healthy adults had pre- and post-dose brain:plasma geo-
metric mean (95% CI) concentration ratios of 3.0 (1.9–4.7) 
and 1.9 (1.2–3.0), respectively, as measured by fluorine mag-
netic resonance spectroscopy (Henry et al., 2013). These 
brain concentrations exceeded the MIC90 for Aspergillus of 
1 µg/ml. In eight adults by autopsy, voriconazole concentra-
tions were a median of 3.41 µg/ml a median of 45 hours after 
the last voriconazole dose (Weiler et al., 2011). In 36 samples 
from 14 immunocompromised patients aged 5–58 y receiv-
ing voriconazole for CNS fungal infection, voriconazole 
cerebrospinal fluid (CSF) levels a median 6 hours after the 
previous dose reached a median of 46% of measured serum 
levels. (Lutsar et al., 2003b). In 82 matched CSF and plasma 
samples analyzed at a reference laboratory, the median 
(range) CSF:plasma percentage was 52% (0–122%), and in all 
173 CSF samples, the median (range) concentration was 2.47 
µg/ml (<0.25–15.3), with 61% above 1 µg/ml (Wiederhold et 
al., 2013). More recently, in 10 children aged 0–19 y with 
acute myelogenous leukemia (AML) receiving voriconazole 
for prophylaxis, the median CSF:plasma concentration per-
centage 3 hours after the previous steady-state dose was 57% 
with a range of 36% to 91% (Kobayashi et al., 2016). Older 
children tended to have higher plasma voriconazole and 
lower CSF:plasma ratios, suggesting that penetration may be 
saturable. Because of its good CNS penetration, voriconazole 
is the recommended first-line therapy for CNS aspergillosis 
according to the Infectious Diseases Society of America 
(IDSA) guidelines (Walsh et al., 2008). Furthermore, a large 
retrospective review of 192 patients with a mixture of CNS 
fungal infections found 65% success in primary therapy and 
45% for salvage (Schwartz et al., 2011). This success rate 
must be taken in the context of the historically poor progno-
sis of CNS aspergillosis, with almost 100% mortality.

Ocular

Voriconazole has also been shown to penetrate well into the 
compartments of the eye. In patients receiving oral vori con-
azole, the percentage of plasma voriconazole concentrations 
achieved in the vitreous humor and aqueous humor was 38% 
and 53%, respectively (Hariprasad et al., 2004). In patients 
with inflamed eyes due to fungal keratitis, vori conazole con-
centration in the aqueous humor may reach 90% of serum 
levels (Thiel et al., 2007). These concentrations are predicted 
to be therapeutic for effective treatment of most fungal eye 
infections. A 1% topical voriconazole solution was shown to 
achieve a high mean steady-state aqueous humor concentra-
tion of about 20 µg/ml and a modest vitreous humor concen-
tration of about 0.45 µg/ml in rabbits (Wei et al., 2010). 
However, much higher concentrations can be achieved by 

direct intravitreal injection. This route has been effective in 
several case reports of fungal endophthalmitis treatment 
(Belenit  sky et al., 2012; Ferreira et al., 2009; Funakoshi et al., 
2011; Vila Arteaga et al., 2011) and was superior to liposomal 
amphotericin B in a guinea pig model of Aspergillus fumiga
tus endophthalmitis (Zhao et al., 2015).

Pulmonary

Voriconazole achieves high concentrations in the pulmonary 
epithelial lining relative to those measured in serum. Mea-
surements obtained during bronchoalveolar lavage of lung 
transplant patients demonstrated voriconazole concentra-
tions in the pulmonary epithelial lining fluid (ELF) 10- to 
12-fold higher than concentrations in plasma (Capitano et 
al., 2006; Heng et al., 2013). In healthy adults, voriconazole 
concentrations in ELF and alveolar macrophages (AM) were 
above the MIC90 for most Aspergillus species (Crandon et al., 
2009). 

In patients receiving i.v. voriconazole, less than 1.5% of 
active drug is excreted in the urine (Purkins et al., 2003c). 
Therefore voriconazole is not considered active for the treat-
ment of fungal cystitis. However, renal parenchymal concen-
trations are similar to those found in lung, liver, spleen, and 
myocardium (Weiler et al., 2011), and there is a case report 
of successful treatment of renal aspergillosis with vori con a-
zole (Paul et al., 2013).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

In a well-established murine model of disseminated candidi-
asis with C. albicans, the ratio of the 24-hour area under the 
free drug concentration-time curve to the minimum inhib-
itory concentration (AUC:MIC) was the parameter most 
linked to organism kill, with a mean target ratio of 24 (Andes 
et al., 2003). This is virtually identical to a proposed target 
ratio for A. fumigatus of 25, derived from a combination of in 
vitro, in vivo, and clinical data. (Siopi et al., 2014) The authors 
proposed a second, surrogate target that could be easier in 
practice to measure, which is a trough/MIC concentration 
ratio of 2. An earlier in vitro study found a target AUC:MIC 
of 38 for A. fumigatus, but higher target ratios of 53 and 72 
were needed for A. flavus and A. terreus, respectively, empha-
sizing that targets may not be not uniform across species. 
(Al-Saigh et al., 2012) Recently, a novel pharmacokinetic- 
pharmacodynamic (PK-PD) target has been proposed using 
serum galactomannan as a surrogate for Aspergillus infection 
(Huurneman et al., 2016). Using 261 voriconazole and 33 
galactomannan measurements from 12 children, the authors 
determined in a retrospective analysis that a 24-hour vori-
cona zole steady-state AUC:EC50 ratio was significantly asso-
ciated (P = 0.003) with the terminal galactomannan, where 
EC50 is the concentration of voriconazole required in an 
individual patient to obtain half-maximal decline in galacto-
mannan (Huurneman et al., 2016). They chose EC50 because 
it is an in vivo measure of drug potency, which takes into 
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account patient factors (e.g. immune function) and pathogen 
factors (e.g. MIC). Both AUC and EC50 can be estimated from 
measured plasma voriconazole and serum galactomannan.

As described above, voriconazole concentrations are mark-
edly different between patients and do not correlate well with 
dose. There are now three recent reviews that each summa-
rize the results of nearly 30 clinical studies that report on the 
association between voriconazole plasma concentrations 
and either safety or efficacy (Elewa et al., 2015; Karthaus et 
al., 2015; Moriyama et al., 2015). The usual recommended 
targets to improve clinical efficacy and reduce toxicity are a 
trough voriconazole concentration > 1 or 2 µg/ml and < 5.5 
µg/ml (Andes, 2013; Hope et al., 2008; Smith and Andes, 
2008). Almost all of the studies were in adult patients with 
hematologic malignancies, with seven including children. 
Nine were prospective, but of these seven were observational 
only, one was interventional but not randomized (Michael 
et al., 2010), and one was both interventional and random-
ized (Park et al., 2012). Since these reviews were published, 
an additional prospective, randomized study was published 
(Neofytos et al., 2015).

In both of the prospective, randomized studies patients 
were assigned to a TDM or non-TDM group. In the TDM 
group, a trough voriconazole level was measured using a 
high-performance liquid chromatography assay 4–5 days 
after treatment initiation, and voriconazole dose was adjusted 
with a plasma level target between 1.0 and 5.0 or 5.5 mg/l. In 
contrast, the non-TDM group received a fixed, standard dos-
age. Voriconazole-related adverse events and clinical responses 
were closely monitored. The first study was a randomized, 
assessor-blinded, controlled, single-center trial from South 
Korea that included 110 adult patients (Park et al., 2012). The 
incidence of side-events was not different between the TDM 
group and the non-TDM group, however the proportion of 
voriconazole discontinuation was significantly lower in the 
TDM group versus the non-TDM group (4% vs. 17%; P = 
0.02). Treatment success in those with proven or probable 
disease was significantly higher in the TDM group (81% vs. 
59%, P = 0.04). The second study was a prospective, random-
ized, non-blinded multicenter study that enrolled 29 patients 
in the United States (Neofytos et al., 2015). This study was 
discontinued prematurely because TDM became standard of 
care at the participating institutions before the study was com- 
pleted. An interesting finding of this study was that vorico-
nazole levels decreased over time in the non-TDM compared 
to TDM group. Although definitive conclusions cannot be 
drawn due to the very small number of patients enrolled in 
this study, these findings suggest that TDM may enable dose 
adjustment based on low trough values over time. 

All three reviews (Elewa et al., 2015; Karthaus et al., 2015; 
Moriyama et al., 2015) conclude that with only one com-
pleted prospective randomized interventional trial (Park et 
al., 2012), the benefit of concentration-guided voriconazole 
therapy is uncertain. Nevertheless, all concede that there is a 
preponderance of retrospective and prospective data demon-
strating an association between plasma concentrations and 
both efficacy and toxicity. All three reviews also concluded 

that routine use of CYP2C19 genotyping is not currently 
indicated. There are barriers to the use of TDM for this drug, 
including lack of onsite test availability in most hospitals 
leading to impractical turnaround times and difficulty assess-
ing the magnitude of dose changes in response to concentra-
tions outside the predetermined target range due to the 
unpredictably nonlinear behavior of the drug. To assist with 
dose adjustments, Bayesian analysis and software have been 
shown to make accurate predictions (Hope et al., 2013; 
McDougall et al., 2015; Neely et al., 2015).

5d.  Excretion

Voriconazole is hepatically metabolized by CYP450 isoen-
zymes CYP2C9, CYP2C19, and CYP3A4 via N-oxidation, 
with CYP2C19 as the major metabolic enzyme (Theu retz-
bacher et al., 2006). These inactive metabolites are excreted 
in the urine (80%) and feces (< 20%).

5e.  Drug interactions

Voriconazole is both a substrate and an inhibitor of the CYP450 
enzymes, specifically CYP2C19, CYP2C9, and CYP3A4 (Smith 
et al., 2006). Therefore a patient’s medications should be 
reviewed for potential drug interactions (see Table 156.3). 
Voriconazole is a more potent inhibitor of CYP3A4 than flu-
conazole but is not as potent as itraconazole. Co-administration 
of voriconazole with astemizole, cisapride, pimozide, quini-
dine, or terfenadine is contraindicated because of the risk of 
QT prolongation and torsades de pointes. Inducers of CYP450, 
including long-acting barbiturates, carbamazepine, rifampi-
cin, rifabutin, and high-dose ritonavir (400 mg twice a day), 
may result in subtherapeutic voriconazole serum levels and 
are contraindicated. Voriconazole can substantially increase 
serum levels of ergot alkaloids and concomitant use is also 
contraindicated.

As voriconazole is a substrate and inhibitor of CYP2C19, 
CYP2C9, and CYP3A4 isoenzymes and calcineurin inhibitors 
and sirolimus are both substrates of CYP3A4, co-adminis-
tration of voriconazole with calcineurin inhibitors or siroli-
mus can lead to significantly increased exposure of these drugs 
and resultant associated adverse events (Bruggemann et al., 
2009; Dresser et al., 2000; Saad et al., 2006). Therefore signif-
icant dose reduction of these immunosuppressants is required 
(Romero et al., 2002). In addition, tacrolimus exposure has 
been shown to increase more than threefold when adminis-
tered with voriconazole (Kuypers et al., 2006). Preemptive 
dose-reduction for tacrolimus with close level monitoring in 
allogeneic hematopoietic stem cell transplant recipients 
treated with voriconazole has been shown to be an effective 
strategy to achieve therapeutic tacrolimus levels while mini-
mizing adverse events (Trifilio et al., 2010). In a retrospective 
study of 28 allogeneic hematopoietic stem cell transplant 
recipients who received concomitantly tacrolimus, sirolimus, 
and standard doses of different azoles, dose reductions of 
50–75% for both sirolimus and tacrolimus were required to 
achieve therapeutic drug concentrations for immunosup- 
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pressants and potentially avoid toxicities (Peksa et al., 2015). 
Voriconazole has a black box warning against co-administra-
tion with sirolimus, despite limited available data (Product 
Information: Vfend. New York: Pfizer) (Marty et al., 2006; 
Surowiec et al., 2008). In a recent retrospective study of 
67 allogeneic hematopoietic stem cell transplant recipients 
post non-myeloablative or reduced-intensity conditioning, 
patients received sirolimus, tacrolimus, and low-dose meth-
otrexate concomitantly with voriconazole; sirolimus and 
voriconazole were coadministered for a median of 113 days. 
Sirolimus dose was initially decreased by 90% (median daily 
dose reduction). Only one patient developed sirolimus-re-
lated thrombotic micro angiopathy that resolved after siroli-
mus discontinuation, and two patients developed a possible 
invasive fungal infection. The authors concluded that co- 
administration of sirolimus and voriconazole with an empiric 

90% dose reduction of sirolimus and close monitoring of 
sirolimus trough levels appeared to be safe and well tolerated 
(Ceberio et al., 2015). 

Voriconazole alters metabolism of midazolam, resulting 
in a 31–84% decrease in clearance of midazolam (Saari et al., 
2006). If used concomitantly, the midazolam dosage should 
be reduced substantially, although the combination is not 
recommended. Metabolism of other benzodiazepines, includ-
ing diazepam, alprazolam, and triazolam, is also influenced 
by voriconazole. Co-administration with voriconazole should 
be avoided or dosages should be reduced.

Voriconazole is known to inhibit metabolism of couma-
din, potentiating prothrombin time prolongation (Purkins et 
al., 2003d). In healthy volunteers receiving voriconazole 300 
mg p.o. twice a day, a single dose of coumadin 30 mg resulted 
in prolonged prothrombin time (17 seconds) compared with 

Table 156.3. Voriconazole drug interactions.

Effect

Voriconazole may increase drug 
concentration

Alpha interacting drug-adrenergic blockers: alfuzosin

Antianginal: ranolazine

Antiarrhythmics: quinidine

Antibiotics: clarithromycin, erythromycin, rifabutin

Anticoagulants: acenocoumarol, dicumarol, phenprocoumon, warfarin

Antiepileptics: fosphenytoin, phenytoin

Antineoplastic agents: erlotinib, imatinib, ixabepilone, lapatinib, nilotinib, vinblastine, vincristine, 
vincristine liposome, vinorelbine, sunitinib, temsirolimus, tretinoin

Antipsychotics: pimozide

Antiretrovirals: amprenavir, atazanavir, delavirdine, efavirenz, etravirine, fosamprenavir, maraviroc, 
nelfinavir, nevirapine, saquinavir, tipranavir

Antihistamines: astemizole, terfenadine

Benzodiazepines: alprazolam, midazolam, triazolam

Calcium channel blockers: amlodipine, diltiazem, felodipine, lercanidipine, nifedipine, nisoldipine, 
nitrendipine, verapamil

Calcimimetic: cinacalcet

Calcitriol analog: paricalcitol

Ergot alkaloids: dihydroergotamine, ergoloid mesylates, ergonovine, ergotamine, methyler-
gonovine, methysergide

Proton pump inhibitors: esomeprazole, omeprazole

Immunosuppressants: cyclosporine, sirolimus, tacrolimus

Opioids: alfentanil, methadone

Oral contraceptives: ethinyl estradiol, norethindrone

Serotonic receptor antagonists: cisapride

Statins: atorvastatin, cerivastatin, lovastatin, simvistatin

Sulfonylureas: glipizide, glyburide, tolbutamide

Triptans: eletriptan

Drug may decrease voriconazole 
concentration

Antibiotics: rifabutin, rifampicin, rifapentine

Antiepileptics: carbamazepine, fosphenytoin, phenytoin

Antiretrovirals: amprenavir, darunavir, delavirdine, efavirenz, nevirapine, ritonavir, tipranavir

Barbituates: alfuzosin, aprobarbital, butabarbital, eterobarb, heptabarbital, hexobarbital, 
mephobarbital, pentobarbital,

phenobarbital, secobarbital

Drug may increase voriconazole 
concentration

Antiretrovirals: delavirdine, etravirine, fosamprenavir, nelfinavir, nevirapine, saquinavir, tipranavir

Oral contraceptives: ethinyl estradiol, norethindrone

Proton pump inhibitor: omeprazole
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placebo treatment (8 seconds). If used concomitantly, pro-
thrombin time should be closely monitored.

Inducers of drug metabolism, including phenytoin, car-
bamezapine, and rifampicin, can significantly decrease vori-
conazole exposure, resulting in drug failure. Care should be 
taken if these medications are co-administered with vori con-
azole. In volunteers receiving phenytoin 300 mg daily, vori-
conazole levels decreased substantially (Cmax 50%, AUC 70%) 
(Purkins et al., 2003a). When the voriconazole dosage was 
increased from 200 to 400 mg twice a day to adjust for concom-
itant use, phenytoin exposure also increased (Cmax 70%, AUC 
80%). Therefore dosages of both voriconazole and phenytoin 
need to be adjusted and serum levels should be monitored 
during co-administration.

6. ADVERSE REACTIONS AND TOXICITY

In general, voriconazole is safe and well tolerated. The major-
ity of adverse effects are minor and do not require discontin-
uation of the drug. Adverse effects can be (a) azole-associated, 
e.g. altered liver function, or (b) voriconazole-specific, e.g. 
visual disturbances, neurologic complications, and skin and 
bone manifestations. Moreover, adverse effects can vary based 
on the duration of voriconazole treatment. Prolonged vori-
con azole treatment courses have been associated with skin 
cancer, alopecia, nail changes, and periostitis (which is associ-
ated with elevated plasma fluoride levels). Although for cer-
tain adverse effects an association with voriconazole plasma 
concentrations has been demonstrated (e.g. encephalopa-
thy), such an association is not clear when it comes to visual 
disturbances, severity of liver dysfunction, or skin rashes. 
Nevertheless, voriconazole TDM has become the standard 
approach in most practices today. 

6a.  Visual disturbance

One of the most common adverse effects observed in up to 
30% of patients treated with voriconazole is photopsia, or 
visual disturbances (patients describe increased brightness 
or blurred vision, wavy or zigzag lines, altered visual or color 
perception, or even photophobia) (Herbrecht et al., 2002; 
Neofytos et al., 2015; Zonios et al., 2014). Investigations to 
date have not identified a cause for this phenomenon, but 
have demonstrated that the effect is reversible. Although 
there are no definitive data to support a causal relationship, 
an association between visual disturbances and higher vori-
con azole doses and therapeutic drug concentrations has been 
postulated (Ueda et al., 2009; Zonios et al., 2014). It is advisable 
to warn patients about potential development of visual distur-
bances so that they are aware of this possibility. In fact, in a 
prematurely discontinued prospective study of voriconazole 
TDM during which patients and adverse effects were closely 
monitored, more than half of patients reported a visual adverse 
effect (Neofytos et al., 2015). The above suggest that visual dis-
turbances might have been well underestimated in patients 
treated with voriconazole and that both patients and clinicians 
should be aware of this potential adverse effect. 

6b.  Hepatotoxicity

Elevated liver function tests occur in up to 23% of patients 
treated with voriconazole and are usually indicative of 
hepatic cholestasis (Denning et al., 2002; Walsh et al., 2002b). 
Therefore, monitoring of liver function tests during therapy is 
recommended, particularly in patients with co- administration 
of other potentially hepatotoxic agents and transplant recipi-
ents. Liver impairment can be severe enough to warrant treat - 
ment discontinuation in a significant proportion of patients 
(Amigues et al., 2010; Luong et al., 2012). TDM of vori- 
conazole may contribute to lower rates of treatment discon-
tinuation due to associated adverse events, particularly liver 
function impairment (Matsumoto et al., 2015; Park et al., 
2012). The occurrence of hepatotoxicity has been correlated 
with increasing voriconazole drug levels (Pascual et al., 2008; 
Scherpbier et al., 2003). Liver function laboratory values 
increased by 7–17% for every 1 μg/ml increase in the random 
voriconazole concentration (Lutsar et al., 2003a). However, 
there has been no strong correlation between vori conazole 
drug levels and severity of hepatotoxicity (Lutsar et al., 2003a; 
Pascual et al., 2008; Tan et al., 2006; Trifilio et al., 2005).

6c.  Photosensitive skin rash and other 
skin-related adverse effects

A photosensitive skin rash has been reported in approxi-
mately 7–12% of patients (Herbrecht et al., 2002). Patients 
should be advised to wear sunscreen or avoid sun exposure. 
More recently, an association between long-term voriconazole 
use and skin cancer (e.g. squamous cell carcinomas, melano-
mas) has been described (Cowen et al., 2010; Epaulard et al., 
2013; Ibrahim et al., 2010; Miller et al., 2010; Vadnerkar et 
al., 2010; Williams et al., 2014). The underlying mechanism 
remains unclear. It is advised that patients on long-term 
voriconazole should wear sunscreen, avoid sun exposure, 
and be closely monitored and examined for potential devel-
opment of suspicious skin lesions. 

Similar to fluconazole, alopecia and nail changes appear 
to be common problems in patients taking voriconazole for a 
prolonged period. For instance, in a survey of patients receiv-
ing voriconazole for at least 1 month, 125 (82%) and 106 
(70%) of 152 patients reported alopecia and nail changes, 
respectively (Malani et al., 2014). Alopecia was severe enough 
to require wearing a hat or a wig in up to 15% of cases. Alo-
pecia was reversible in the vast majority of patients that 
stopped taking voriconazole. 

6d.  Neurologic adverse effects

Reversible neurologic symptoms, predominately visual hal-
lucinations and vivid dreams, have been described (Dolton 
et al., 2012; Neofytos et al., 2015; Zonios et al., 2014; 2008). 
Moreover, auditory hallucinations, difficulties in memory, 
con centration, and speech, or insomnia have also been 
reported (Dolton et al., 2012; Neofytos et al., 2015). Symp-
toms can be severe enough to warrant discontinuation of 
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voriconazole administration. Higher concentrations of vori-
conazole have been described in patients with hallucinations 
(Dolton et al., 2012; Zonios et al., 2014). In the sentinel study 
of voriconazole TDM and associated adverse effects, enceph-
alopathy was observed in five patients with elevated plasma 
voriconazole levels (> 5.5 μg/ml), but in none of the patients 
with lower levels (< 5.5 μg/ml) (Pascual et al., 2008). Vori-
conazole should be discontinued if signs of encephalopathy 
develop. 

6e.  Cardiac adverse effects

Cardiac events, including prolongation of the QT interval 
and torsades de pointes, have been reported in patients treated 
with voriconazole (Alkan et al., 2004; Eiden et al., 2007; 
Philips et al., 2007).

6f.  Periostitis

More recently, chronic use of voriconazole has been associ-
ated with periostitis leading to a recommendation by the US 
Food and Drug Administration to discontinue voriconazole 

in patients with skeletal pain and radiologic findings com-
patible with fluorosis or periostitis (Moon et al., 2014; Wang 
et al., 2009; Wermers et al., 2011). Correlation between fluo-
ride levels and duration of voriconazole administration has 
been shown in a case-control study with transplant recipients 
(Wermers et al., 2011). Periostitis appears to be reversible 
after discontinuation of voriconazole (Gerber et al., 2012).

7. CLINICAL USES OF THE DRUG

The clinical uses of voriconazole are summarized in Table 
156.4.

7a.  Aspergillosis

Voriconazole is licensed for the primary treatment of asper-
gillosis (see Table 156.4). The first prospective, randomized 
trial for invasive pulmonary aspergillosis included 177 patients 
and demonstrated that voriconazole (6 mg/kg i.v. twice a day 
on day 1, 4 mg/kg i.v. twice a day for ≥ 7 days, then 200 mg 
p.o. twice a day) was superior to amphotericin B deoxycho-
late (1–1.5 mg/kg daily) (Herbrecht et al., 2002). These results 

Table 156.4. Clinical uses of voriconazole.

Clinical Use Trial Outcomes References

Aspergillosis At week 12, voriconazole group had improved complete or partial 
response compared to amphotericin B, 54.7% vs. 29.9%, 
respectively (P < 0.0001). Mortality was also lower in voriconazole 
group: 29.2% vs. 45.1% (P = 0.01).

Herbrecht et al. (2002; 
 2015)

12-week mortality in subjects receiving combination therapy with 
anidulafungin was 29.3% vs. 39.4% in voriconazole monotherapy 
arm (P = 0.077). Among those with positive galactomannan, 
6-week mortality was 15.7% (combination) vs. 27.3% (mono) 
(P = 0.037). 

Marr et al. (2015)

12 week mortality in voriconazole arm was 31% vs. 29% for 
isavuconazole, showing non-inferiority with difference of 
1.4 percentage points (95% CI –6.3 to 9.2)

Maertens et al. (2016)

Candidemia

 Non-neutropenic patients Voriconazole was non-inferior to amphotericin B followed by oral 
fluconazole

Kullberg et al. (2005)

 Neutropenic patients Voriconazole has not been studied prospectively in any large study 
among this patient population. Guidelines suggest it may be 
useful when mold coverage is desired, but otherwise suggest 
a lipid amphotericin B formulation or echinocandin as first-line 
therapy for documented candidemia.

Pappas et al. (2016)

Mucosal candidiasis Partial or complete clinical improvement in 60–79% of patients 
(open-label)

Ally et al. (2001)

Fusariosis Partial or complete clinical improvement in 46% of patients 
(open-label)

Perfect et al. (2003)

Scedosporiosis Partial or complete clinical improvement in 30% of patients 
(open-label)

Perfect et al. (2003)

Invasive fungal infection, 
pediatric patients

Partial or complete response in 43% of patients with aspergillosis 
and 63% with scedosporiosis (open-label)

Walsh et al. (2002a)

Primary antifungal prophylaxis Overall survival similar to fluconazole. Wingard et al. (2010)

Empiric therapy for persistent 
neutropenic fever

Trends to fewer fungal infections and aspergillosis. Not as effective 
as liposomal amphotericin B, but reasonable alternative.

Walsh et al. (2002b)



2834 Voriconazole

were confirmed in a re-analysis using modern diagnostic cat-
egories for invasive fungal infections (Herbrecht et al., 2015). 
Improved survival and overall clinical response were identi-
fied in patients receiving voriconazole at 12 weeks. Success- 
ful outcomes were observed in 55% of patients receiving 
voriconazole and 3% of patients treated with amphotericin B 
(P < 0.0001). Survival rate at 12 weeks was 70% among 
voriconazole-treated patients and 55% among amphotericin 
B-treated patients (P = 0.01). Fewer serious adverse drug 
events were reported in the voriconazole arm (voriconazole 
13%, amphotericin B 24%). However, the study has been 
criticized since the mean length of therapy with voriconazole 
was 77 days, but only 10 days for amphotericin B (Jørgensen 
et al., 2014). Of the 133 patients receiving amphotericin B, 
107 (80%) changed therapy, with 47 (35%) changing to lipo-
somal amphotericin B, 38 (29%) changing to itraconazole, 
and the remainder to another drug or combination therapy. 
Voriconazole has been shown to be safe and effective in the 
treatment of invasive fungal sinusitis (Nakaya et al., 2010) 
and invasive pulmonary aspergillosis in patients with chronic 
obstructive pulmonary disease (Ader et al., 2009). IDSA 
guidelines recommend voriconazole for the primary treat-
ment of invasive aspergillosis (Walsh et al., 2008).

Use of antifungal drug combinations that include vori-
con azole have been reported. Several case-control studies 
have suggested the utility of the combination concept. A ret-
rospective review of 47 patients who had failed amphotericin 
B as primary therapy of aspergillosis examined the response 
to salvage therapy with either voriconazole alone or vori-
conazole and caspofungin in combination (Marr et al., 2004). 
Kaplan–Meier analysis identified higher overall survival 3 
months after diagnosis in patients who had received combi-
nation therapy with voriconazole and caspofungin. Also, death 
due to aspergillosis was lower in patients receiving combina-
tion therapy. Recently, a multicenter, randomized, double- 
blind, placebo-controlled clinical trial that included 454 
patients with a hematologic malignancy and/or a hemato-
poietic cell transplant with suspected or documented inva-
sive aspergillosis was completed (Marr et al., 2015). Patients 
were randomly assigned to treatment with voriconazole and 
anidulafungin or voriconazole and placebo. Primary analysis 
was conducted in the modified intent-to-treat (mITT) popu-
lation of 277 patients with confirmed invasive aspergillosis. 
Mortality at 6 weeks was 19.3% for the combination and 
27.5% for the monotherapy groups, respectively (P = 0.09, 
95% confidence interval [CI]: –19.0, 1.5). In a post-hoc analy-
sis of a subgroup of 218 patients whose diagnosis of aspergil-
losis was based on radiographic findings and galactomannan 
antigen positivity, 6-week mortality was significantly less in 
combination compared to monotherapy recipients (15.7% vs. 
27.3%; P = 0.04, 95% CI, –22.7, –0.4).

7b.  Candidiasis

Voriconazole is approved for the treatment of both mucosal 
and systemic candidiasis (see Table 156.4). However, in most 
cases voriconazole is not considered to offer a substantial 

benefit over fluconazole. A randomized, multicenter trial of 
422 non-neutropenic patients compared voriconazole (6 mg/
kg i.v. every 12 hours for 24 hours, then 3 mg/kg i.v. every 12 
hours for ≥ 3 days, then 200 mg p.o. twice a day) with a regi-
men of amphotericin B (0.7–1 mg/kg i.v. daily for ≥ 3 days) 
followed by fluconazole (400 mg p.o. or i.v. daily) for the 
treatment of candidemia (Kullberg et al., 2005). Twelve 
weeks following the end of therapy, successful clinical and 
mycologic outcome was the same for patients in each group 
(41%) and voriconazole met noninferiority criteria. Median 
time to blood culture negativity and mortality was also simi-
lar in the two study groups. A subsequent economic evalu-
ation of voriconazole in the treatment of candidemia in 
Canadian adults found voriconazole to be cost-effective rela-
tive to a regimen of conventional amphotericin B followed by 
fluconazole (Rotstein et al., 2008).

Voriconazole also has approval for the treatment of esoph-
ageal candidiasis. In a randomized, double-blind, multicenter 
trial, the efficacy and safety of voriconazole (200 mg p.o. 
twice a day) was compared with that of fluconazole (400 mg 
p.o. on day 1, then 200 mg daily) for the treatment of esoph-
ageal candidiasis in 391 immunocompromised patients (Ally 
et al., 2001). Based on an endoscopy endpoint, voriconazole 
was found to be at least as effective (98% success rate) as flu-
conazole (95% success rate). Although generally mild, treat-
ment-related adverse events were more common in patients 
receiving voriconazole (30%) than in those receiving fluco-
nazole (14%). Considering the safety, relative effectiveness, 
and cost, fluconazole remains the drug of choice for many 
Candida infections. The clinical use of voriconazole has been 
primarily as step-down oral therapy for patients with infection 
due to C. krusei and fluconazole-resistant and laboratory- 
confirmed voriconazole-susceptible C. glabrata (Pappas et al., 
2016; Pfaller et al., 2007).

7c.  Scedosporiosis and fusariosis

Voriconazole is approved for the treatment of Scedosporium 
spp. or Fusarium spp. infections in patients with intolerance 
of other antifungal therapy or refractory disease (Table 
156.4). A multicenter, open-label trial examined the efficacy 
of voriconazole in the treatment of 273 patients with emerg-
ing or refractory fungal infections (Perfect et al., 2003). Of 
the eleven patients with fusariosis, five patients (45%) had 
complete or partial response. Of the ten patients with scedo-
sporiosis, three patients (30%) received benefit from vori-
con azole. A second trial similarly examined voriconazole 
salvage therapy in patients with refractory fungal infections 
(Walsh et al., 2002a). The most common underlying condi-
tions in this pediatric cohort included hematologic malig-
nancies and chronic granulomatous disease. Of the eight 
patients with scedosporiosis, five patients experienced par-
tial or complete response to voriconazole therapy. The Global 
Scedosporium Study Group queried the voriconazole global 
clinical trials database and reviewed data on 107 patients 
with scedosporiosis (Troke et al., 2008). Overall mortality 
was 40%, with almost two-thirds of patients dying from 
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scedosporiosis. Notably, patients infected with Scedosporium 
apiospermum were more likely to survive compared to those 
infected with Scedosporium prolificans (P = 0.002). Overall 
successful response was better among patients who received 
voriconazole as primary therapy (61%), those with skin/ 
subcutaneous (91%) or bone (79%) infections, and patients 
without a major immune suppression (72%). In a review of 
80 transplant recipients with Scedosporium infections overall 
mortality was 58%, and a trend for treatment with vori-
conazole toward better survival (odds ratio [OR]: 10.40; P = 
0.08) was noted in multivariate logistic regression analysis 
(Husain et al., 2005). In a retrospective review of 73 patients 
with invasive fusariosis treated with voriconazole between 1 
to 480 days (median: 57 days), the overall and 90-day sur-
vival rates were 59% and 42%, respectively (Lortholary et al., 
2010). Fusarium species were identified in 62% of cases, with 
F. solani, F. moniliforme, F. proliferatum, and F. oxysporum 
being the most frequently identified species. The vast major-
ity of patients were severely immunocompromised and had 
disseminated disease excluding the brain (67%). Combination 
therapy was administered in 13 patients and was not better 
than treatment with voriconazole alone. Moreover, in a 
single- center 12-year retrospective review of all cases of 
invasive fusariosis, 15 patients with proven or probable fusa-
riosis were identified. Although eight out of nine isolates that 
had susceptibility testing demonstrated voriconazole MIC ≥ 
4 µg/ml and 12 patients were treated with voriconazole (six 
with voriconazole alone and six with a combination of vori-
con azole and other agents), 6- and 12-week survival was 66.7% 
and 53.3%, respectively. In another retrospective review of 
233 cases of invasive fusariosis from 11 countries, vori con-
azole appears to have become the primary treatment associ-
ated with improved 90-day survival probability of 60% (Nucci 
et al., 2014). These results are encouraging considering that 
patients with fusariosis and scedosporiosis generally respond 
poorly to treatment with amphotericin B, and the diseases 
are associated with high mortality. However, among Scedo
sporium spp., activity appears limited to S. apiospermum with 
reduced activity against S. prolificans, for which there are 
very limited treatment options. 

7d.  Persistent neutropenic fever

A large, randomized trial of 837 neutropenic patients com-
pared voriconazole with liposomal amphotericin B for 
empirical treatment of invasive fungal infection (Walsh et al., 
2002a). Eligible patients included those who had received 
chemotherapy for leukemia, lymphoma, or other cancer or 
who had undergone hematopoietic stem cell transplantation. 
Patients had received at least 96 hours of systemic antibiotics 
and were febrile to 38°C. The overall success rate, based on a 
composite endpoint, was lower for patients receiving vori con-
azole (26%) than for those receiving liposomal amphotericin B 
(31%), and thus voriconazole did not meet noninferiority  
criteria. However, fewer breakthrough invasive fungal infec-
tions were documented in the voriconazole group (vori-
conazole 2%, liposomal amphotericin B 5%) and voriconazole 

was better tolerated, suggesting voriconazole as a possible alter- 
native in treatment of patients with neutropenia and per-
sistent fever.

7e.  Antifungal prophylaxis in  
high-risk patients

The utility of voriconazole as prophylaxis for invasive fungal 
infection during induction chemotherapy for AML was exam-
ined in a prospective, randomized, double-blind trial (Vehres-
child et al., 2007). Twenty-five patients were enrolled to 
receive voriconazole (200 mg p.o. twice a day) or placebo for 
21 days. Initial results were promising for voriconazole, with 
decreased incidence of lung infiltrates, shorter average length 
of hospitalization, and fewer patients diagnosed with candi-
diasis in the voriconazole arm. However, the trial was 
stopped early for ethical reasons when other studies found 
reduced mortality with posaconazole prophylaxis (Cornely 
et al., 2007; Ullmann et al., 2007). A second trial compared 
voriconazole (200 mg p.o. twice a day) with fluconazole (400 
mg daily) for prophylaxis among 600 allogenic hematopoi-
etic stem cell transplant recipients (Wingard et al., 2010). In 
this multicenter, prospective double-blind clinical trial 
patients were randomly assigned to received fluconazole 
(N = 295) or voriconazole (N = 305) for the prevention of 
fungal infections. Although the primary endpoint—fungal- 
free survival at 180 days—was similar (75% vs. 78%; P = 
0.49) in both groups, there was a trend to (a) fewer fungal 
infections overall (7.3% vs. 11.2%; P = 0.12) and due to 
Aspergillus species (9 vs. 17; P = 0.09), and (b) less frequent 
empiric antifungal therapy (24.1% vs. 30.2%, P = 0.11) in the 
voriconazole arm. A single-center trial found that fungal 
prophylaxis with voriconazole following allogeneic stem cell 
transplantation was safe and effective (Martin et al., 2010). 
In a randomized, prospective study of children with ALL, 
voriconazole was shown to be similar to amphotericin B in 
preventing fungal infections and had significantly fewer 
drug-related adverse effects (Mandhaniya et al., 2011).

More recently, in a mixed treatment comparison meta- 
analysis, five randomized controlled clinical trials of oral 
antifungals (fluconazole, itraconazole, posaconazole, and vori-
conazole) for primary antifungal prophylaxis in 2147 alloge-
neic hematopoietic cell transplant recipients were identified 
(Bow et al., 2015). Voriconazole appeared to be more effec-
tive in preventing fungal infections in general compared to 
fluconazole (OR: 0.46; interquantile range [IQR]: 0.28–0.73) 
and invasive aspergillosis compared to itraconazole (OR: 
0.68; IQR: 0.42–1.12). Despite this analysis, a role for vori-
conazole as primary antifungal prophylaxis in different high-
risk patient categories has yet to be determined.

7f.  Penicilliosis

A subset of 11 HIV-positive patients with systemic Penicillium 
marneffei infections received voriconazole through an open- 
label salvage trial for voriconazole (Supparatpinyo et al., 2007). 
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Two patients discontinued therapy prematurely owing to 
adverse events. Of the nine remaining patients, eight patients 
received benefit from voriconazole, including five patients 
who responded completely to therapy. This relatively high- 
response rate suggests that voriconazole may have a role in the 
treatment of refractory Penicillium infections, although itra-
conazole also appears effective (see Chapter 154, Itraconazole).

7g.  Cryptococcosis

The potential role of voriconazole in the treatment of refrac-
tory cryptococcosis shown in an open-label, salvage trial 
(Perfect et al., 2003). Of the 18 patients in this trial with 
refractory cryptococcosis, 39% responded to voriconazole 
treatment. In 80 HIV-positive adults with cryptococcal men-
ingitis who were randomized to receive initial combination 
therapy with amphotericin B plus either 5-flucytosine (5-FC), 
fluconazole (600 mg or 800 mg), or voriconazole, there was 
no significant difference in the rate of cryptococcal colony- 
forming unit (CFU) clearance from the CSF (Loyse et al., 2011).

7h.  Endemic fungi

COCCIDIOIDOMYCOSIS

Voriconazole is active against C. imitis, as shown in Table 
156.1. Voriconazole had good efficacy (> 80% with improve-
ment) in case reports of use for endemic fungi including his-
toplasmosis, blastomycosis, and coccidioidomycosis (Freifeld 
et al., 2009). A retrospective review of 21 patients with cocci-
dioidomycosis refractory to fluconazole or liposomal ampho-
tericin B found a 67% improvement rate after 6 months (Kim 
et al., 2011). Of nine children who failed a minimum of 6 
weeks of primary therapy, eight responded to an induction 
regimen of caspofungin plus voriconazole, followed by main-
tenance with oral voriconazole (Levy et al., 2013). Never-
theless, voriconazole is not recommended in IDSA guidelines 
for the treatment of coccidioidomycosis (Galgiani et al., 
2005), although the guidelines have not been updated since 
2005.

HISTOPLASMOSIS

As shown in Table 156.1, voriconazole is active in vitro 
against H. capsulatum, but reports in the literature of its use 
for this infection are very sparse. An analysis of paired 17 
isolates of H. capsulatum isolated from HIV-positive patients 
before and after they had failed fluconazole therapy showed 
a significant increase in voriconazole MIC, suggesting that 
there is cross-resistance between these azoles (Wheat, 2006). 
This was not true for posaconazole. Analysis of voriconazole 
concentrations in nine patients on maintenance voriconazole 
therapy for disseminated histoplasmosis (after induction of 
remission with amphotericin B or itraconazole) revealed the 
typical wide range, although no patient relapsed (Freifeld 
et al., 2007). An 11-year-old boy was successfully treated for  
H. capsulatum osteomyelitis of his left fibula with a combina-
tion of debridement and voriconazole for 6 months (Huang 

et al., 2013). Voriconazole is advocated as a second-line alter-
native to itraconazole in the 2007 IDSA guidelines for the 
treatment of histoplasmosis (Wheat et al., 2007).

BLASTOMYCOSIS

Voriconazole is also active in vitro against B. dermatiditis. It 
has been reported in a case series to treat CNS blastomycosis 
after induction with amphotericin B (deoxycholate or liposo-
mal) (Ta et al., 2009). Mean voriconazole treatment duration 
in this series was 11 months. A retrospective review of 22 
additional cases of CNS blastomycosis, 7 of whom were ini-
tially treated with an amphotericin B formulation followed 
by voriconazole, found that 6 of the 7 cleared their infection 
(Bariola et al., 2010). The authors concluded that their pre-
ferred regimen included voriconazole rather than flucona-
zole or itraconazole. A later review of 16 more cases of CNS 
blastomycosis found that all patients were cured who were 
treated initially with amphotericin B followed by voriconazole 
(for a median of 1 year). Based on a combination of potency 
and good CNS penetration (see section 5, Pharmacokinetics 
and pharmacodynamics), the authors also preferred vori-
con azole over fluconazole or itraconazole (Bush et al., 2013). 
Published experience with the use of voriconazole for other 
B. dermatiditis infections, e.g. in the lungs, is very limited, 
which precludes recommendations to use it as first-line azole 
therapy to treat infections outside of the CNS (Bariola and 
Vyas, 2011; Chapman et al., 2008). 

PARACOCCIDIODIDOMYCOSIS

An open-label randomized comparative study of 53 patients 
found voriconazole to be as effective as itraconazole. Com-
plete or partial response was observed in 87% of patients 
receiving voriconazole 200 mg twice a day and 94% of those 
treated with itraconazole 100 mg twice a day (Telles et al., 
2007). However, a more recent rat study suggested that the 
efficacy of voriconazole for this infection was inferior to that 
of itraconazole or trimethoprim-sulfamethoxazole, which 
are the standard agents for mild to moderately severe infec-
tions (Granzoto et al., 2013).

SPOROTHRIX

As shown in Table 156.1, voriconazole has relatively low 
activity against S. schenkii. It was also the least active of all 
the azoles, amphotericin B, and terbinafine against S. brasil
iensis (Borba-Santos et al., 2015). These results were con-
firmed in vivo in a murine model of disseminated infection 
with these organisms—there was modest effect against S. shen
kii and none against S. brasiliensis (Fernández-Silva et al., 
2013). Amphotericin B and/or itraconazole, and possibly pos-
aconazole or terbinafine, are better alternatives against these 
organisms, although surgical debridement is also impor tant 
(Aung et al., 2015).

7i.  Fungal keratitis

A comparative study of voriconazole 1% versus natamycin 
5% for treatment of fungal keratitis showed better longer term 
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outcomes with natamycin (Sharma et al., 2015), which con-
firmed results of an earlier study showing superiority of nat-
amycin (Prajna et al., 2013). 
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Posaconazole

Fedja Farowski and Oliver A. Cornely

1. DESCRIPTION

Posaconazole (Noxafil, SCH-56592) is a triazole with a 
chemical structure similar to itraconazole (see Figure 157.1). 
The structures of both azoles contain extended piperazine- 
phenyl-triazole side-chains, but posaconazole is composed 
of a furan ring with fluorine substituted for chlorine. Like 
other compounds in the azole class, posaconazole inhibits 
the lanosterol 14-α-demethylase (CYP51), a cytochrome 
P450 enzyme involved in the synthesis of ergosterol. Posa-
conazole demonstrates potent activity against a broad range 
of yeasts and filamentous fungi, such as Aspergillus spp. 
(Castanheira et al., 2014; Diekema et al., 2003; Pfaller et al., 
2013; Sabatelli et al., 2006), the majority of clinically im-
portant Mucorales (Almyroudis et al., 2007; Drogari-
Apiranthitou et al., 2012; Nagappan and Deresinski, 2007; 
Smith et al., 2009) including Rhizopus, Mucor, Absidia, and 
Cunning hamella spp., dimorphic fungi (Ramani and Chatur-
vedi, 2007; Sabatelli et al., 2006; Wheat et al., 2006) including 
Peni cillium (Diekema et al., 2003; Pfaller et al., 2002), Histo
plasma (Saba telli et al., 2006; Wheat et al., 2006), Blastomyces 
(Sabatelli et al., 2006; Sugar and Liu, 1996), and Coccidioides 
spp. (Ramani and Chaturvedi, 2007; Sabatelli et al., 2006), 
Candida spp. (Castanheira et al., 2014; Pfaller and Diekema, 
2012; Pfaller et al., 2013; Pfaller et al., 2011; Sabatelli et al., 
2006), including Candida albicans, Candida glabrata, Candida 

krusei, Candida guilliermondii, and Candida dubliniensis, and 
Cryptococcus spp. (Castanheira et al., 2014; Pfaller et al., 2013; 
Sabatelli et al., 2006). Posa conazole has Food and Drug 
Administration (FDA) approval for prophylaxis of invasive 
fungal infections in hematopoietic stem cell transplant recipi-
ents with graft-versus-host disease (GVHD) and patients with 
hematologic malignancies and prolonged neutropenia. It is 
also FDA approved for treatment of oropharyngeal candidi-
asis. In Europe, posaconazole is additionally approved for the 
following fungal infections refractory to amphotericin B 
and/or itraconazole: aspergillosis, fusariosis, chromoblastomy-
cosis, mycetoma, and coccidioidomycosis. For some time, 
posa  conazole was only available as an immediate-release oral 
suspension. Recently however, two new formulations, a 
delayed-release tablet formulation and a cyclodextrin-based 
intravenous formulation, were approved by the European 
Medicines Agency (EMA) and the FDA. These new formula-
tions achieve higher posaconazole serum concentrations and 
it remains to be seen whether this may lead to an increase in 
the rate of adverse effects.

Posaconazole has the chemical (IUPAC) name 1-((1S,2S)-
1-Ethyl-2-hydroxypropyl)-2,3-dihydro-4-(4-(4-(4-(2-
((2S,4R)-(1,2,4-triazol-1-ylmethyl)-2-(2,4-difluorphenyl)
oxolan-4-ylmethyl)phenyl)piperazin-1-yl)phenyl))-1,2,4-
triazol-3-on with the empirical formula C37H42F2N8O4 and 
molecular weight of 700.8 g/mol.

Figure 157.1. Chemical structure 
of posaconazole.
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2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The Clinical and Laboratory Standards Institute (CLSI) has 
not set breakpoints for any antifungal against Aspergillus spe-
cies or other molds, because evidence correlating the minimal 
inhibitory concentrations (MICs) with success or failure in 
clinical studies of invasive aspergillosis is lacking (Wiederhold 
and Patterson, 2015). However, the European Committee on 
Susceptibility Testing (EUCAST), established breakpoints 
of  susceptibility (S)/resistance (R) of posaconazole against 
certain Aspergillus and Candida species. They are S ≤ 0.12 
µg/ml and R > 0.25 µg/ml for A. fumigatus and A. terreus and 
S ≤ 0.06 µg/ml and R > µg/ml 0.06 for C. albicans, C. parapsi
losis, and C. tropicalis (EUCAST, 2014). For other species 
of Aspergillus and Candida, breakpoints have not been estab-
lished by the EUCAST. Therefore several studies have used 
epidemiologic cutoff values (ECV, ECOFF) to classify iso-
lates as susceptible or resistant based on the MIC distribu-
tion against a large panel of wild-type isolates. In vitro ECV 
values of posaconazole are summarized in Table 157.1.

PATHOGENIC YEAST

Posaconazole shares much of the same spectrum of activity 
of other triazoles which includes Candida spp. and Crypto coc
cus neoformans (Table 157.1) (Nagappan and Deresinski, 2007). 
When compared with itraconazole and fluconazole, MICs to 
posaconazole for commonly isolated Candida spp., includ-
ing C. albicans, C. parapsilosis, and C. tropicalis, are two- to 
tenfold lower (Pfaller et al., 2015; Pfaller et al., 2001; Sabatelli 
et al., 2006). In addition, posaconazole is active against less 
common and emerging Candida spp., including C. dub
liniensis, C. krusei, C. Iusitaniae, and C. guilliermondii (Pfaller 
et al., 2003; Pfaller et al., 2001; Sabatelli et al., 2006). Among 
Candida spp., posaconazole MICs are highest for C. glabrata 
(MIC90, 1–4 µg/ml), C. famata (MIC90, 1 µg/ml), C. krusei 
(MIC90, 0.5–1 µg/ml), and C. guilliermondii (MIC90, 0.5–1 
µg/ml), compared with C. albicans (MIC90, 0.06 µg/ml). 
Although posaconazole is active against a subset of fluco-
nazole-resistant strains, there is a degree of cross-resistance 
with a trend of increasing MICs to posaconazole for strains 
with reduced fluconazole susceptibility (Pfaller et al., 2003). 
Posaconazole has enhanced in vitro activity against Cryp to
coccus when compared with fluconazole (Perfect et al., 1996; 
Pfaller et al., 2001). In a comparison of 373 clinical isolates, 
MICs to posaconazole (MIC90, 0.5 µg/ml) were similar to 
those for itraconazole (MIC90, 0.5 µg/ml) and more than ten-
fold lower than those for fluconazole (MIC90, 16 µg/ml) (Pfaller 
et al., 2001). Posaconazole demonstrates variable activity 
against Trichosporon spp. (MIC range 0.06–16 µg/ml) and 
Rhodotorula spp. (MIC range 0.25 to > 8 µg/ml) (Paphitou et 
al., 2002; Sabatelli et al., 2006).

DIMORPHIC FUNGI

Posaconazole is active against endemic dimorphic fungi (Table 
157.1). MICs to posaconazole are similar to those to itra con- 

azole for Histoplasma capsulatum (geometric mean MIC 0.55 
µg/ml), Blastomyces dermatitidis (geometric mean MIC 0.55 µg/ 
ml), and Coccidioides immitis (geometric mean MIC 0.125 
µg/ml) (Gonzalez et al., 2005). For Sporothrix schenckii and 
Paracoccidioides spp., MICs to posaconazole are approxi-
mately twofold higher than for itraconazole (Gon za lez et al., 
2005; Sabatelli et al., 2006; Sugar and Liu, 1996).

MOLDS OR FILAMENTOUS FUNGI

Posaconazole has excellent activity against filamentous fungi, 
demonstrating MICs approximately twofold lower than itra-
conazole or voriconazole (Table 157.1). The spectrum of activity 
includes common Aspergillus spp., including A. fumigatus, 
A. flavus, and A. niger (Diekema et al., 2003; Sabatelli et al., 
2006). Posaconazole is also active against A. terreus, a species 
with frequent resistance to amphotericin B (Lass-Florl et al., 
2009). A notable aspect of posaconazole activity is against 
the emerging Mucorales group of fungi (Almyroudis et al., 
2007; Diekema et al., 2003; Pfaller et al., 2002). However, MICs 
to posaconazole are higher for these organisms, especially 
Mucor spp. (MIC90, 2–16 µg/ml) and Rhizopus spp. (MIC90, 
1–8 µg/ml), than those observed for other filamentous fungi in 
the Aspergillus genus. Posaconazole has in vitro activity against 
other filamentous fungi, such as Penicillium spp., Paecilomyces 
spp., Trichosporon spp., Bipolaris spp., Sapro chaete spp., and 
Acremonium spp. (Diekema et al., 2003; Pfaller et al., 2002). 
Similar to other triazole drugs, posaconazole MICs to Fusar
ium spp. are high (MIC50, 8–16 µg/ml) (Diekema et al., 2003; 
Sabatelli et al., 2006).

2b.  Emerging resistance and 
cross-resistance

For mold-active azoles (e.g. isavuconazole, itraconazole, posa - 
conazole, and voriconazole), cross-resistance of Aspergillus 
spp. has been described. (Gregson et al., 2013; Howard et al., 
2009; Pfaller et al., 2009; Pfaller et al., 2008; Rodriguez-Tudela 
et al., 2008; Verweij et al., 2009). Multiple mechanisms, with 
differing degrees of cross-resistance, are now known to be 
responsible depending on the type of mutations in the cyp51A 
gene. The cyp51A gene encodes the target enzyme of all azole 
drugs; hence resistance to azoles usually stems from mutations 
in this gene. The predominant mechanism, causing panazole 
resistance, consists of a substitution of leucine for histidine at 
codon 98 in combination with a 34-bp tandem repeat in the 
promoter region (TR34/L98H), which leads to its increased 
expression (Snelders et al., 2008; van der Linden et al., 2015; 
van der Linden et al., 2011). Another environmental mecha-
nism (TR46/Y121F/T289A) conferring pan-azole resistance is 
emerging in many European countries (van der Linden et al., 
2013; van Ingen et al., 2015; Vermeulen et al., 2013) and other 
countries around the world (e.g. Australia, China, Iran, India, 
Tanzania, and the United States) (Chen et al., 2015; Chowdhary 
et al., 2012; Chowdhary et al., 2014a; Chowdhary et al., 2014b; 
Kidd et al., 2015; Lockhart et al., 2011; Mohammadi et al., 
2015; Snelders et al., 2008).
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Table 157.1. In vitro susceptibilities of posaconazole to various fungi.

Fungus
MIC range 

(µg/ml)
MIC50 

(µg/ml)
MIC90 

(µg/ml) Reference

Candida spp. Espinel-Ingroff, 1998; Paphitou et al., 
2002; Pfaller et al., 2015; Pfaller and 
Diekema, 2004; Pfaller et al., 2005; 
Pfaller et al., 2004; Pfaller et al., 
2001; Sabatelli et al., 2006

C. albicans 0.007 – > 8a  0.03  0.03–0.06

C. glabrata 0.015 – > 8a  1a  1–4a

C. parapsilosis 0.015–2  0.06–0.12  0.12–0.5

C. tropicalis 0.015 – > 8  0.06  0.25

C. dubliniensis 0.015–0.25  0.03  0.06–0.12

C. krusei 0.12–2  0.5  0.5–1

C. lusitaniae 0.015–1  0.03–0.6  0.12–0.25

C. guilliermondii 0.015–1  0.25  0.5–1

C. famata 0.015–1  0.25  1

C. rugosa 0.015–0.5  0.06  0.25

Cryptococcus neoformans 0.015–1  0.12  0.5

Trichosporon
T. asahii 0.06–16  0.12

T. beigelii 0.12–1  1

Rhodotorula spp. 0.25 – > 8  2  4

Blastomyces dermatitidis 0.06–2  0.06  0.12 Diekema et al., 2003; Gonzalez et 
al., 2005; Sabatelli et al., 2006Histoplasma capsulatum 0.02–2  0.2–0.5  0.25–2

Coccidioides immitis 0.06–1  0.12–0.5  0.25–1

Sporothrix schenckii 0.5–4  0.5–1  1–2

Paracoccidioides spp.  0.06  0.12

Aspergillus spp. Almyroudis et al., 2007; Dannaoui et 
al., 2003; Diekema et al., 2003; 
Gonzalez et al., 2005; Meletiadis et 
al., 2002; Pfaller and Diekema, 2004; 
Sabatelli et al., 2006

A. fumigatus 0.03–2  0.12–0.25  0.5

A. flavus 0.12–1  0.25  0.5

A. niger 0.25–1  0.25–0.5  0.5–1

A. versicolor 0.06–2  0.5  1

A. terreus 0.06–0.25  0.12–0.25  0.25

Fusarium spp.   2–32a  8–16a  8–32a

Rhizopus spp. 0.06–4  0.25–1  1–8

Mucor spp. 0.06–16  0.5–1  2–16

Rhizomucor spp. 0.06–1  0.016–0.25  0.016–0.25

Absidia spp. 0.06–0.25  0.06–0.125  0.12–0.25

Cunninghamella spp. 0.06–1  0.03–1  0.03–1

Apophysomyces spp. ≤ 0.016–4  0.03–4  0.03–4

Paecilomyces lilacinus 0.5–2  1  2

Cladophialophora carrionii 0.06–0.5  0.25  0.25

Fonsecaea pedrosoi 0.25–1

Pseudallescheria spp. 0.12–2  0.25–1  1–2

Scedosporium spp.

S. apiospermum 0.25–2  0.25–1  1–2

S. prolificans  16–32 16 32

Penicillium spp. 0.016–2  0.016–0.5  0.016–1

Bipolaris spp. 0.06–0.25  0.06  0.12

Exophiala spp.  0.25  0.5

Alternaria spp.  0.125  0.25

Microsporum spp. 0.016–1  0.016–0.5  0.12–0.5 Barchiesi et al., 2004; Sabatelli et al., 
2006Trichophyton spp. 0.016 – > 4  0.016–1  0.06 – > 4

Epidermophyton floccosum 0.016–2  0.016  0.25

a Resistance described in section 2b, Emerging resistance and cross-resistance.
MIC50: MIC at which 50% of all isolates were inhibited.
MIC90: MIC at which 90% of all isolates were inhibited.
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Although posaconazole is generally active against C. albi
cans (MIC range 0.008 to ≥ 8 µg/ml), resistance has been 
documented (Pfaller et al., 2001; Pfaller et al., 1998). Cross-
resistance among azoles is observed, with reduced fluco-
nazole susceptibility predicting higher posaconazole MICs 
for most species. Of 76 Candida spp. isolates resistant to flu-
conazole and itraconazole, the MICs of posaconazole were 
also elevated (0.03 to ≥ 8 µg/ml) (Pfaller et al., 2001). Cross-
resistance of C. glabrata is particularly notable (Pfaller et  
al., 2004). A study of 46 C. glabrata strains found that strains 
resistant to fluconazole also exhibited higher posacona- 
zole MICs (MIC90, 16 µg/ml) (Pfaller et al., 2004). On the 
other hand, there appears to be less azole cross-resistance in  
C. krusei, and MICs to posaconazole for fluconazole-resistant 
strains remain low (99% are < 1 µg/ml) (Pfaller and Diekema,  
2004).

3. MECHANISM OF DRUG ACTION

Posaconazole is a triazole drug which inhibits cytochrome 
P450-dependent lanosterol 14α-demethylase, a key enzyme in 
the biosynthesis of fungal ergosterol (Munayyer et al., 2004). 
Disruption of this step results in depletion of ergosterol from 

the fungal cell membrane, influencing its stability and the func-
tion of membrane-associated proteins. As the ergosterol con-
tent decreases and methylated sterol intermediates accumulate, 
membrane permeability increases and growth is inhibited 
(Heimark et al., 2002). If severe, these changes may result in 
cell death.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Posaconazole is available as an immediate-release oral sus-
pension, a delayed-release oral tablet, and an intravenous 
formulation. The oral suspension contains 40 mg of posacon-
azole per milliliter and requires an emulsifying agent, i.e. 
polysorbate 80. Due to saturable absorption, loading doses 
are not advised for the suspension formulation and doses 
should be divided into two to four daily doses. The recom-
mended dose for the treatment of fungal infections is 800 mg 
daily (i.e. 200 mg qid), while the recommended dose for the 
prophylaxis of fungal infections is 600 mg daily (200 mg tid) 
(see Table 157.2). Steady-state levels may not be achieved for 

Table 157.2. Clinical uses of posaconazole.

Clinical Use Dose Trial Outcomes References

Prophylaxis of IFI in severe GVHD 200 mg tid  
(oral suspension)

Posaconazole was as effective as 
fluconazole in preventing IFI, and 
superior in preventing proven or 
probable IA 

Ullmann et al. (2007)

Prophylaxis of IFI in patients with 
neutropenia

200 mg tid  
(oral suspension)

Superior to fluconazole or itracon-
azole in prevention of invasive 
fungal infection and improving 
overall survival

O. A. Cornely et al. (2007)

Prophylaxis of IFI in patients with 
neutropenia or GVHD and in 
recipients of allogeneic HSCT

300 mg qd  
(oral delayed-release tablet)

Higher posaconazole exposure and 
similar safety profile compared to 
those reported for posaconazole 
oral suspension 

Oliver A. Cornely et al. 
(2015)

Refractory fusariosis 200 mg qid or 400 mg bid  
(oral suspension)

Partial or complete clinical improve- 
ment in 48% of patients (open 
label)

Raad et al. (2006)

Refractory mucormycosis 200 mg qid or 400 mg bid  
(oral suspension)

Partial or complete clinical improve- 
ment in 60–79% of patients 
(open label)

Greenberg et al. (2006); van 
Burik et al. (2006)

Refractory aspergillosis 200 mg qid or 400 mg bid  
(oral suspension)

Partial or complete clinical improve- 
ment in 40–42% of patients 
(open label)

Raad et al. (2008); Walsh et 
al. (2007)

Coccidioidomycosis 
Refractory or chronic

400 mg bid (refractory)
400 mg daily (chronic) 

(oral suspension)

Clinical response in 85% of chronic 
cases and 73% of refractory cases 
(open label)

Catanzaro et al. (2007); 
Stevens et al. (2007)

Refractory histoplasmosis 200 mg qid or 400 mg bid 
(oral suspension)

Favorable response small case 
series (open label)

Restrepo et al. (2007)

Mucosal candidiasis 400 mg qd or 400 mg bid 
(refractory) 200 mg, then 
100 mg qd (primary) 
(oral suspension)

Success in 75–86% of refractory 
cases. As effective as fluconazole 
as primary therapy

Skiest et al. (2007); Vazquez 
et al. (2006); Vazquez et 
al. (2007)

IFI, invasive fungal infections; GVHD, graft-versus-host disease; IA, invasive aspergillosis; HSCT, hematopoietic stem cell transplant.
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up to 10 days, which may have an impact on its use in pri-
mary therapy (Ullmann et al., 2006).

The delayed-release tablet is formulated with a pH- 
dependent polymer matrix created using hot-melt extrusion 
technology (Krishna et al., 2012b; Merck Sharp & Dohme, 
2015). It provides a more consistent and dependable oral 
delivery of posaconazole than the oral suspension (Merck 
Sharp & Dohme, 2015). Due to its absolute bioavailability of 
approximately 54%, the recommended dose of posaconazole 
as delayed-release tablets is 300 mg daily, i.e. three tablets 
containing 100 mg posaconazole (Merck Sharp & Dohme, 
2015). For the tablet formulation, a loading dose of 300 mg 
bid is recommended on the first day of treatment. However, 
the tablets lose their structural integrity when crushed, cut, 
or chewed; hence they have limited utility in patients who 
cannot swallow tablets.

Like itraconazole and voriconazole, the intravenous formu-
lation of posaconazole utilizes a cyclodextrin, i.e. sulfobutyl- 
ether-b-cyclodextrin (SBECD), as a solubilizer (Merck Sharp 
& Dohme, 2015). Since, cyclodextrins are eliminated via the 
renal route, the intravenous formulation is not recommended 
for patients with moderate-to-severe renal impairment (esti-
mated glomerular filtration rate < 50 ml/min), unless the 
benefit outweighs the risk (Merck Sharp & Dohme, 2015). 
The recommended daily dose of posaconazole as intrave-
nous formulation is 300 mg (i.e. 16.7 ml containing 18 mg/
ml), following a loading dose of 300 mg bid on the first day 
of treatment (Merck Sharp & Dohme, 2015).

4b.  Newborn infants and children

The oral formulations (suspension and tablet) of posacon-
azole are not licensed for children younger than 13 years, 
because data from clinical trails on safety and effectiveness  
of posaconazole in this population is missing (Merck Sharp 
& Dohme, 2015). However, posaconazole has been used  
in younger children without apparent drug-related serious 
adverse events (Bernardo et al., 2013; Cesaro et al., 2011; 
Dori ng et al., 2014; Doring et al., 2015; Doring et al., 2012; 
Lehrnbecher et al., 2010).

For adolescents (13 years or older), the oral formulations 
of posaconazole have been approved for the prophylaxis of 
invasive Aspergillus and Candida infections in severely 
immunocompromised patients. In two pivotal trials, adoles-
cents received posaconazole doses identical to adults (200 
mg tid) (Cornely et al., 2007; Ullmann et al., 2007). Based on 
a small pharmacokinetic study (see section 5a, Bioavailability), 
older pediatric patients are thought to require a dose similar 
to adults in order to maintain the same drug concentrations. 
Further pharmacokinetic studies are needed to determine 
appropriate dosing in the younger pediatric population. 
Recently a small pharmacokinetic study with children 13 years 
of age or younger (mean age of 6.7 ± 2.8 years, n=14) was pub-
lished; the authors suggested a posaconazole oral suspension 
dose of 120 mg/m² three times daily (Vanstraelen et al., 2015).

The safety and effectiveness of the intravenous formu- 
lation in patients below the age of 18 years has not been 

established. According to the manufacturer, the intravenous 
formulation should not be administered to pediatric patients 
because of nonclinical safety concerns (see section 6, Toxi- 
cology) (Merck Sharp & Dohme, 2015).

4c.  Pregnant and lactating mothers

Posaconazole is pregnancy category C and has not been stud-
ied in pregnant women. In pregnant rats posaconazole caused 
fetal skeletal malformations and was excreted via the milk of 
lactating rats. Administration of another azole, i.e. flucona-
zole, during pregnancy was associated with congenital birth 
defects, including craniofacial, skeletal, and cardiac anoma-
lies (Pursley et al., 1996). Hence posaconazole is not recom-
mended for pregnant women or nursing mothers unless the 
potential benefit outweighs the risk (Merck Sharp & Dohme, 
2009).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Dosing adjustments are not required in patients with renal 
dysfunction (Courtney et al., 2005). Posaconazole is not 
removed by hemodialysis (Courtney et al., 2005).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Posaconazole has not been studied extensively in patients 
with hepatic insufficiency and should be used with caution in 
these patient populations.

ELDERLY PATIENTS

No adjustments are recommended for elderly patients.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

While the posaconazole absorption of the oral suspension is 
enhanced with food intake and is greatest with concomitant 
high-fat meals (Courtney et al., 2004b), there is no marked 
effect of food on the posaconazole absorption for the tablet 
formulation (Krishna et al., 2012a; Krishna et al., 2012b). 
Nevertheless, the manufacturer recommends taking posa-
conazole tablets with food (Merck Sharp & Dohme, 2015).

In a pharmacokinetic study of the oral suspension formu-
lation, healthy volunteers received 200 mg of posaconazole 
within 5 minutes of meal completion. When administered 
with high-fat or nonfat meals its mean area under the curve 
(AUC 0, 72 h) and maximum concentrations (Cmax) were 
increased 4- and 2.6- to 3.0-fold, respectively, compared to 
posaconazole administration in fasting state (Courtney et al., 
2004b). The terminal half-life (t1/2) of posaconazole ranges 
from 25–31 h, supporting once- or twice-daily dosing (Court-
ney et al., 2003). However, divided daily doses (every 12 or  
6 hours) significantly increased the posaconazole exposure 
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(AUC) in healthy adults under fasting condition (Ezzet et al., 
2005). Because the oral suspension formulation of posacon-
azole exhibits dose-limited (saturable) absorption probably 
because the weak base posaconazole tends to precipitate 
upon entry in the upper small intestine (Hens et al., 2015), 
administration of loading doses is not recommended (Ashley 
et al., 2006).

Therefore in subjects who can tolerate food, nutritional 
supplements, or fluid, the posaconazole absorption of the sus-
pension formulation may be optimized when taken (1) with or 
immediately after a high-fat meal, (2) with a liquid nutrient 
supplement, and (3) with an acidic or carbonated beverage 
(Krishna et al., 2009). In those patients who cannot tolerate 
food or nutritional supplements, 200 mg qid optimizes 
absorption under fasting condition compared with 400 mg 
bid (Pea et al., 2009). When healthy volunteers were admin-
istered 800 mg daily, the AUC increased from 3900 to 7700 
ng*h/ml, and 12,400 ng*h/ml as the dose was divided into 
two or four doses per day, respectively (Ezzet et al., 2005). 
Similar results were observed in patients receiving posacon-
azole for persistently febrile neutropenia or refractory fun-
gal infection (Ullmann et al., 2006). Increasing the dosage 
beyond 800-mg daily does not result in higher serum drug 
concentrations (Courtney et al., 2003; Ullmann et al., 2006). 
In patients receiving H2-antagonist, e.g. cimetidine, the 
AUC and Cmax of posaconazole (administered as suspension 
formulation), decreased by 39% (Brüggemann et al., 2008). 
Co-administration with antacids or proton pump inhibitors 
also reduced the bioavailability (Pea et al., 2009). Meto clo-
pramide has also been shown to lower posaconazole serum 
concentrations, presumably because of a reduction in the 
gastrointestinal transit time (Courtney et al., 2004a).

In contrast, in a crossover study on the delayed-release 
tablet formulation, 16 healthy volunteers received single doses 
(100 mg) of posaconazole under fed or fasted condition. 
Under both conditions, the posaconazole exposure (AUC) was 
similar (mean AUC0-∞, fasted, 11,700 ng*h/ml [CV, 26%]; 
fed, 11,900 ng*h/ml [CV, 23%]) (Krishna et al., 2012a). In 
addition, it was shown that the tablet formulation yielded 
substantially higher mean drug exposures than the posacon-
azole suspension formulation (mean AUC0-∞, fasted, 3420 
ng*h/ml [CV, 44%]; fed, 8,750 ng*h/ml [CV, 24%]) (Krishna 
et al., 2012a). The pharmacokinetic properties of tablet for-
mulation were not altered to a clinically meaningful extent 
when administered with medications affecting gastric pH or 
gastric motility (Kraft et al., 2014). In contrast to the suspen-
sion formulation, another pharmacokinetic study also found 
that using the tablet formulation increased the posaconazole 
exposure in a dose-dependent manner (Krishna et al., 2012b).

In a dose-determining study with 51 AML or MDS 
patients, two cohorts (posaconazole 200 mg and 300 mg) 
were compared (Duarte et al., 2014). While only 79% of the 
200 mg group reached the minimum Cavg target (≥ 500 ng/
ml) at day 8, almost all (97%) patients of the 300-mg group 
reached this point (Duarte et al., 2014). A phase III follow-up 
study evaluated target average steady-state concentrations in 
210 patients (Cornely et al., 2015). In all except one of the 

pharmacokinetic-evaluable subjects (1/187; <1%) posacon-
azole Cavg exposures of 500 ng/ml or higher were achieved 
when administered without regard to meals. A strong correla-
tion was found between the posaconazole trough concentra-
tion and observed Cavg values (R2 = 0.92), which is suggestive 
for dose proportionality of the tablet formulation.

A growing body of evidence suggests relatively wide 
patient-to-patient variability in peak serum concentrations 
for the suspension formulation of posaconazole (Krishna et 
al., 2007c; Lebeaux et al., 2009; Thompson et al., 2009; Walsh 
et al., 2007). These differences appear independent of age, 
renal function, hepatic function, sex, ethnicity, or body mass 
(Sansone-Parsons et al., 2007b). The variability is presum-
ably a result of erratic absorption in some patient popula-
tions. For example, bone marrow transplant recipients were 
found to have 50% lower serum posaconazole levels com-
pared with healthy controls (Ullmann et al., 2006). Although 
the sample size was small, this difference is theorized to be 
a result of a shortened terminal half-life in this subset of 
patients (17 hours compared with 29 hours). The presence 
of mucositis was also suggested to alter absorption in this 
patient cohort. Reduced absorption has been documented in 
patients with grade 1 or 2 mucositis (AUC 4.5 mg/l h, posa-
conazole 200 mg bid) compared with patients without evi-
dence of mucositis (AUC 8.85 mg/l h) (Gubbins et al., 2006). 
In addition, diarrhea has been shown to alter posaconazole 
serum concentrations (Lebeaux et al., 2009). In a study involv-
ing allogenic hematopoietic stem cell transplant recipients 
with GVHD, the median serum level of posaconazole was 
lower in 18 patients experiencing diarrhea (Cmax 623 ng/ml, 
Cavg 609 ng/ml) compared with 223 patients without diarrhea 
(Cmax 1460 ng/ml, Cavg 989 ng/ml), presumably related to a 
reduction in time for absorption (Krishna et al., 2007a).

A small study examined the serum level of posaconazole 
in 12 pediatric patients, ages 8–17, who received 800 mg 
posaconazole daily in divided doses for treatment of invasive 
fungal infections (Krishna et al., 2007d). At steady-state, 
similar mean posaconazole plasma levels were measured  
for pediatric (776 ng/ml) and adult (817 ng/ml) patients. 
Although significant interpatient variability was seen, these 
results suggest that older pediatric patients require a dose 
similar to adults to maintain the same posaconazole steady-
state concentrations.

Posaconazole is > 98% protein bound (Ashley et al., 2006). 
The key pharmacokinetic parameters of posaconazole are 
summarized in Table 157.3. Issues regarding the utility of 
posa conazole therapeutic drug monitoring are discussed 
below (5c, Clinically important pharmacokinetic and phar-
macodynamic features).

5b.  Drug distribution

Posaconazole is extensively distributed throughout the body, 
with good extravascular tissue penetration. In two pharma-
cokinetic studies of the oral suspension formulation, the 
apparent volume of distribution (Vd) for posaconazole 
ranged from 343 to 1341 L (Courtney et al., 2003). In healthy 
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volunteers receiving various dosages of posaconazole (50–
400 mg, suspension formulation) twice daily, a dose-adjusted 
Cmax was observed at 5 hours (Courtney et al., 2003). A dose- 
proportional increase in exposure (AUC) occurred on day 1 
and steady-state was achieved on day 10. In healthy volun-
teers given a single 400-mg dose of posaconazole (suspen-
sion formulation), peak plasma levels reached 654 ng/ml 
(Krieter et al., 2004). In phase III clinical trails with posacon-
azole (suspension formulation) dosed at 200 mg tid, mean 
steady-state concentrations Cavg of 583–1131 ng/ml were 
obtained (Cornely et al., 2007; Krishna et al., 2007a; Merck 
Sharp & Dohme, 2015); much higher Cavg-values (1440–2151 
ng/ml) were reported from phase I and III trials of the tablet 
formulation dosed as 300 mg/day (Cornely et al., 2015; Duarte 
et al., 2012; Duarte et al., 2014; Merck Sharp & Dohme, 
2015). However, while the posaconazole tablets yield sub-
stantially improved drug exposures, the terminal-phase half-
life (t1/2), the apparent total body clearance, and the apparent 
V/F of both oral formulations are comparable (Krishna et al., 
2012a).

In two phase 1B studies on the intravenous formulation, 
patients at risk for invasive fungal infections received either 
200 mg or 300 mg posaconazole qd, after an initial loading 
dose of 200 mg or 300 mg bid on day 1. Patients in the 200-
mg cohort obtained a mean steady-state Cavg (CV%) of 1180 
(51) ng/ml, with 94% of the patients achieving the target Cavg 
of ≥ 500 and ≤ 2500 ng/ml. The CV% of patients receiving 
300 mg per day was even higher, with 1430 (42) and 1500 
(35) ng/ml in both studies (n = 19 and n = 49, respectively).

Posaconazole shows good distribution in most tissues 
(Schering-Plough, 2006). In one case report, a good distribu-
tion of posaconazole into the vitreous has been observed 
(Sponsel et al., 2002). Data concerning its penetration into 
cerebrospinal fluid is inconsistent and very limited (Calcagno 
et al., 2011; Reinwald et al., 2009; Ruping et al., 2008). 
Although posaconazole cerebrospinal fluid (CSF) levels in a 
rabbit model of cryptococcal meningitis were undetectable 
(< 0.05 µg/ml), posaconazole was as effective as fluconazole 

in treatment of meningitis, suggesting that CSF posacon-
azole levels may not predict drug efficacy for treatment of 
meningitis (Perfect et al., 1996). An open-label trial exam-
ined the efficacy of posaconazole (800 mg daily, divided 
doses) in the treatment of 53 patients with central nervous 
system (CNS) fungal infections who had refractory disease 
or were intolerant to conventional therapy (Pitisuttithum et 
al., 2005). Successful outcomes were observed in 14 of 29 
(48%) patients with cryptococcal meningitis and in 5 of 10 
(50%) patients with CNS infections due to other fungal path-
o gens. These data suggest that posaconazole achieves thera-
peutic CNS concentrations.

In one patient with Fusarium endophthalmitis and kerati-
tis receiving posaconazole (800 mg qd and 2-hourly topical 
ocular applications), posaconazole concentrations in the vit-
reous and the plasma were 0.25 µg/ml and 1.2 µg/ml, respec-
tively (Sponsel et al., 2002). This degree of vitreal penetration 
(21%) is less than that described for voriconazole (38%)  
and fluconazole (28–75%), but higher than that reported for 
itraconazole (10%) (Ashley et al., 2006; Hariprasad et al., 
2004).

Less than 0.1% of posaconazole is excreted unchanged in 
the urine. Therefore posaconazole is not expected to have 
any activity in the treatment of fungal cystitis (Krieter et al., 
2004). However, renal parenchymal drug concentrations are 
similar to plasma concentrations, suggesting the potential 
utility of posaconazole in the treatment of invasive fungal 
infec tion involving the kidney.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Similar to other triazoles, posaconazole demonstrates con-
centration-independent killing, but prolonged persistent 
growth suppression after drug levels have fallen below the 
MIC (Andes et al., 2004). Animal studies demonstrate that 
the primary pharmacodynamic parameter driving treatment 
efficacy is the 24-hour AUC/MIC (Andes et al., 2004). Exam-
ination of 12 C. albicans strains found posaconazole (non–
protein bound) AUC/MIC ratios of 6.12–26.7 (mean 16.9) 
necessary for treatment efficacy. These parameter targets are 
similar to those described for other azole drugs.

Regarding the oral suspension formulation, therapeutic 
drug monitoring is recommended by many experts due to 
its low bioavailability, unpredictable plasma concentrations, 
and wide inter-individual variability associated this formula-
tion (Dolton et al., 2012; Howard et al., 2012; Seyedmousavi 
et al., 2013; Smith and Andes, 2008). However, limited data 
are available on the utility of posaconazole therapeutic drug 
monitoring (Andes et al., 2009; Lebeaux et al., 2009; Thomp-
son et al., 2009). Monitoring was undertaken in an open- 
label trial of posaconazole for the treatment of refractory 
aspergillosis. In this patient cohort, a statistically and clini-
cally meaningful relationship between posaconazole serum 
concentration and treatment outcome was observed. Efficacy 
was greatest (75% response rate) in patients with mean 

Table 157.3. Summary of posaconazole pharmacokinetics.

Pharmacokinetic Parameter Value

Bioavailability:

 Suspension formulation Variable – FD

 Delayed-release tablet 54%

Protein binding > 98%

Volume of distribution 343–1341 l

Time to reach steady-state 10 days

Half-life (t1/2) 25–31 h

Tissue penetration:

 Cerebrospinal fluid Poor

 Aqueous humor ND

 Vitreous humor 21%

 Urine < 0.1%

Metabolism Hepatic

Primary route of elimination Feces

Abbreviation: FD: food-dependent.
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steady-state Cavg concentrations > 1.25 µg/ml and intermedi-
ate (53% response rate) in those with mean Cavg concentra-
tions of 0.41 µg/ml and 0.72 µg/ml (Walsh et al., 2007). 
Patients with a mean Cavg concentration of 0.13 µg/ml only 
showed a response rate of 24%. In a randomized trial of anti-
fungal prophylaxis for allogenic hematopoietic stem cell 
trans plant recipients with GVHD, only five patients receiv-
ing posaconazole developed an invasive fungal infection. 
These patients were found to have lower median plasma 
posaconazole concentrations (Cmax 699 ng/ml, Cavg 611 ng/
ml) compared with the 241 patients who did not develop an 
infection (Cmax 1360 ng/ml, Cavg 922 ng/ml). However, since 
only a small subset of patients was diagnosed with an infec-
tion, no significant relationship between serum drug levels 
and infections could be established (Krishna et al., 2007a). 
Regardless, the FDA briefing document recommends a tar-
get average posaconazole concentration of > 700 ng/ml (FDA, 
2006). Notably, a therapeutic drug monitoring reference lab-
oratory found that 70% of 202 serum samples from patients 
receiving the oral suspension formulation contained less than 
700 ng/ml of posaconazole (Thompson et al., 2009). These 
data suggest that therapeutic drug monitoring should be per-
formed when administering the oral suspension formula-
tion. Because the delayed-release tablet and the intravenous 
formulation are more reliable in archiving the target average 
steady-state concentrations, therapeutic drug monitoring 
many not be necessary for those formulations.

5d.  Excretion

Posaconazole undergoes minimal metabolism (15%) and is 
primarily excreted unchanged into the feces (Krieter et al., 
2004). In healthy volunteers receiving a single 400-mg dose 
of [14C] posaconazole, 14% of radioactivity was recovered in 
the urine (Krieter et al., 2004). However, only a trace amount 
(approximately 0.06 µg) of the radioactivity was unchanged 
active posaconazole. Of the 77% recovered in the feces, 94% 
was unchanged posaconazole.

Posaconazole undergoes phase I metabolism by CYP450 
isoenzymes or phase II metabolism via UDP-glucuro no syl-
transferase enzyme pathways. Examination of posaconazole 
metabolites in healthy volunteers demonstrates that the major-
ity of metabolites represent glucuronide conjugates rather 
than oxidative metabolic products (Krieter et al., 2004). Thus 
metabolism via CYP450 isoenzymes appears to occur to a 
lesser extent with posaconazole than other azoles, such as 
voriconazole.

5e.  Drug interactions

Although posaconazole is not extensively metabolized by the 
CYP450 enzyme system, it is a moderate inhibitor of the 
CYP450 3A4 isoenzyme and membrane transporters such as 
P-glycoprotein (Bruggemann et al., 2009; Heinz et al., 2013; 
Merck Sharp & Dohme, 2015; Wexler et al., 2004). Hence it has 
the capacity for drug interactions through these mechanisms 
(see Table 157.4), resulting in increased drug exposures of 

CYP3A4 substrates. Posaconazole is not a major substrate or 
inhibitor of other isoenzymes, including CYP2C8/9, CYP1A2, 
CYP2D6, or CYP2E1 (Wexler et al., 2004). In patients tak-
ing posaconazole, contraindicated drugs include HMG-CoA 
antagonists (simvastatin, lovastatin, and atorvastatin), ergot 
alkaloids, sirolimus, and QTc-interval–prolonging agents, 
such as terfenadine, astemizole, cisapride, pimozide, halo-
fantrine, or quinidine (Merck Sharp & Dohme, 2015).

Calcineurin inhibitors cyclosporine, everolimus, and tac-
rolimus are substrates of CYP3A4 and have the potential for 
significant drug interactions if co-administered with posa-
cona zole. Dosages of these immunosuppressants should be 
reduced and drug levels should be carefully monitored. In a 
small study of six patients receiving posaconazole, cyclo-
sporine exposure increased and required cyclosporine dos-
age reduction of 14–29% in four patients (Sansone-Parsons 
et al., 2007a). When posaconazole and tacrolimus were co- 
administered, the tacrolimus exposure (AUC) increased by 
358%. Co-administration did not impact posaconazole expo-
sure. In another study with healthy volunteers it has been 
shown that posaconazole increased the AUC of sirolimus 
8.9-fold (Moton et al., 2009b). In addition, Billaud et al. 
(2009) described a 3.8-fold increase in everolimus concen-
trations with concomitant administration of posaconazole.

Posaconazole impacts midazolam exposure by CYP3A 
metabolism. In healthy volunteers, co-administration increased 
the midazolam AUC by 82% (Wexler et al., 2004). Posa-
conazole is not expected to interfere with diazepam, which is 
primarily metabolized by CYP2C19.

Like other triazoles, co-administration with drug inducers 
can decrease posaconazole serum levels. Co-administration 
of posaconazole and phenytoin results in decreased posacon-
azole exposure (Cmax 44%, AUC 52%) and has the potential to 
increase phenytoin exposure by 25% (Krishna et al., 2007c). 
Caution should be taken if these agents are co-administered. 
Likewise, co-administration of posaconazole and rifabutin 
decreases posaconazole exposure (Cmax 43%, AUC 49%) and 
significantly increases rifabutin exposure (Cmax 31%, AUC 
72%) (Krishna et al., 2007b). Given the risk of rifabutin tox-
icity, co-administration is not recommended.

Posaconazole also has the potential for drug interactions 
by interference of P-glycoprotein drug transporters. In vitro 
studies suggest that posaconazole, though weak in compar-
ison to ketoconazole and itraconazole, is a substrate and 
inhibitor of P-glycoprotein (Merck Sharp & Dohme, 2009; 
Sansone-Parsons et al., 2007b; Wang et al., 2002). However, 
in a study of healthy volunteers, posaconazole exposure (AUC) 
did not correlate with single nucleotide polymorphisms in 
the MDR1 gene, which is responsible for significant vari-
ability in P-glycoprotein expression (Sansone-Parsons et al., 
2007b). The role of P-glycoprotein in posaconazole pharmaco-
kinetics and drug interactions should be further investigated.

6. ADVERSE REACTIONS AND TOXICITY

Similar to the other drugs from the triazole class, posacon-
azole appears to be well-tolerated (Moton et al., 2009a). The 
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most common adverse effects are mild and include gastro-
intestinal complaints, rash, facial flushing, dry mouth, and 
headache (Gubbins et al., 2006; Ullmann et al., 2006). 
Gastrointestinal symptoms (diarrhea, nausea, and vomiting) 
were reported in 15% of patients receiving posaconazole for 
persistent febrile neutropenia or refractory invasive fungal 
infection (Ullmann et al., 2006). Rash or other skin disorders 
occurred in 3% of these patients, but did not result in discon-
tinuation of the drug. Like other azoles, hepatic toxicity has 
been infrequently described. Therefore, monitoring of liver 
function tests is recommended before and during treatment. 
Very rarely, prolongations of QT or QTc intervals and tor-
sades de pointes have been reported (Cornely et al., 2007).

The solubilizer sulphobutylether-b-cyclodextrin (SBECD), 
which is used for the intravenous formulation, may accumu-
late in patients with impaired renal function. Hence, in patients 
with moderate to severe renal dysfunction (creatinine clea-
rance (CrCl) < 50 ml/min) posaconazole oral formulations, 
instead of the intravenous formulation, should be used— 
unless the benefit outweights the risk. However, if so serum 
creatinine concentrations should be monitored closely (Merck 
Sharp & Dohme, 2009).

Because of preclinical safety concerns the intravenous 
for mulation of posaconazole should not be administered to 
pediatric patients. In very young dogs (dosed from 2–8 
weeks of age), receiving the intravenous formulation, an 
increased incidence of brain ventricle enlargement was 
observed. Juvenile dogs (4 days to 9 months of age) receiving 
an oral formulation of posaconazole showed no neurologic, 
behavioral or developmental abnormalities (Merck Sharp & 
Dohme, 2009).

7. CLINICAL USES OF THE DRUG

7a.  Prophylaxis of invasive fungal infection

Posaconazole is FDA and EMA approved for prophylaxis of 
invasive fungal infections in hematopoietic stem cell trans-
plant recipients with GVHD and those with hematologic 
malignancies and neutropenia (Table 157.2) (Cornely et al., 
2007; Smith et al., 2009; Ullmann et al., 2007).

A randomized trial comparing posaconazole suspension 
to standard azole prophylaxis (fluconazole or itraconazole) 
in 602 neutropenic patients undergoing chemotherapy for 

Table 157.4. Potential posaconazole drug interactions.

Concomitant Medication Effect (Change of AUC)

Acid-suppressive agents (H2 receptor  
antagonists and proton pump  
inhibitors)

 Cimetidine ↓ 39% posaconazole

 Esomeprazole ↓ 32% posaconazole

Antiarrhythmics

 Quinidinea ↑ quinidine

Antibiotics

 Rifabutinb ↓ 49% posaconazole
↑ 72%rifabutin

Anticonvulsants

 Phenytoin ↓ 50% posaconazole
↑ 16% phenytoin

Antimalarials

 Halofantrinea ↑ halofantrine

Antipsychotics

 Pimozidea ↑ pimozide

Antiretrovirals

 Atazanavir ↑ 268% atazanavir

 Atazanavir (ritonavir-boosted) ↑ 146% atazanavir

 Efavirenz ↓ 50% posaconazole

 Fosamprenavir ↓ 23% posaconazole
↓ 65% Fosamprenavir

 Ritonavir ↑ 80% ritonavir

Antihistamines

 Astemizolea (off market) ↑ astemizole

 Terfenadinea (off market) ↑ terfenadine

Benzodiazepinesb

 Lorazepam ↓ 42% posaconazole

 Midazolamb ↑ 528% midazolam

Concomitant Medication Effect (Change of AUC)

Calcium channel blockers

 Diltiazemb ↑ diltiazem

 Nifedipineb ↑ nifedipine

 Nisoldipineb ↑ nisoldipine

 Verapamilb ↑ verapamil

Digitalis glycoside

 Digoxinb ↑ digoxin

Ergot alkaloids

 Dihydroergotaminea ↑ dihydroergotamine

 Ergotaminea ↑ ergotamine

Gastrointestinal motility agents

 Metoclopramide ↓ 19% posaconazole

Immunosuppressant drugs

 Cyclosporineb ↑ 33% cyclosporine

 Everolimusb ↑ 380% everolimus

 Sirolimusa ↑ 788% sirolimus

 Tacrolimusb ↑ 358% tacrolimus

Serotonin receptor antagonists

 Cisapridea (off market) ↑ cisapride

Statins / HMG-CoA reductase inhibitors

 Atorvastatina ↑ atorvastatin

 Lovastatina ↑ lovastatin

 Simvastatina ↑ 960% simvastatin

Vinca alkaloids

 Vinblastine ↑ vinblastine

 Vincristine ↑ vincristine

aUse of posaconazole is contraindicated.
bPatient and concomitant drug concentrations should be monitored closely.
Source: Billaud et al., 2009; Heinz et al., 2013; Merck Sharp & Dohme, 2009; 

2015.
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acute myelogenous leukemia or myelodysplastic syndrome 
found fewer invasive fungal infections in patients receiving 
posaconazole (2%) than in those receiving either fluconazole 
or itraconazole (8%) (Cornely et al., 2007). Invasive aspergil-
losis was diagnosed in fewer patients receiving posaconazole 
(1%) than standard azole prophylaxis (7%). The rate of inva-
sive candidiasis was similar between the arms (posaconazole 
1%, fluconazole or itraconazole < 1%). Notably, Kaplan–Meier 
analysis identified a significant survival benefit for patients 
receiving posaconazole. The estimated number of patients in 
this cohort needed to treat to prevent one invasive fungal 
infection was 16.

A second randomized prophylaxis trial in 600 hemato-
poietic stem cell transplant recipients with severe GVHD 
receiving immunosuppressive therapy compared posacon-
azole suspension with fluconazole (Ullmann et al., 2007). 
Analysis of the primary endpoint, occurrence of invasive 
fungal infection (posaconazole 5.3%, fluconazole 9%), estab-
lished noninferiority of posaconazole. Mortality was similar 
in both arms. Although the superiority of posaconazole was 
not confirmed, posaconazole was significantly more success-
ful in preventing invasive aspergillosis (posaconazole 2.3%, 
fluconazole 7%) and similar to fluconazole in preventing 
candidiasis (approximately 1%). Recently, a phase III study 
of the posaconazole tablet formulation in patients at risk for 
invasive fungal disease has been published (Cornely et al., 
2015). Two hundred and ten patients received 300 mg 
posaconazole (as tablets) once daily. The table formulation 
was well tolerated by patients at risk for invasive fungal dis-
ease and demonstrated a safety profile similar to that reported 
for the suspension formulation. Overall, 97% of all patients 
achieved the target daily exposure of ≥ 500 and ≤ 2500 ng/ml 
(Cornely et al., 2015). Only one patient had a reported break-
through proven or probable IFD.

In two separate cost-effectiveness studies, posaconazole 
was considered very likely to be a cost-effective alternative to 
fluconazole or itraconazole in the prevention of invasive fun-
gal infections among neutropenic patients (de la Camara et 
al., 2010; O’Sullivan et al., 2009).

7b.  Aspergillosis

While voriconazole is the first line treatment for invasive 
aspergillosis, posaconazole is approved by the EMA as sal-
vage therapy for patients with invasive aspergillosis who 
are refractory to amphotericin B or itraconazole (see Table 
157.2). The treatment efficacy and safety of posaconazole as 
salvage therapy for patients with invasive aspergillosis who 
did not improve after at least 7 days of conventional therapy 
(amphotericin formulation, voriconazole, itraconazole, or 
echinocandin) or were intolerant of therapy (renal failure, 
organ dysfunction, or infusion reaction) was assessed in 
an  open-label multicenter trial (Walsh et al., 2007). In the 
modified intent-to-treat (mITT) population, clinical success 
(complete or partial response) was achieved in 45 (42%) of 
the patients treated with posaconazole (800 mg daily, divided 
doses), compared to 22 (26%) of the patients in the control 

group (salvage therapy per institution protocol). Another 
single-center compassionate use trial enrolled 53 patients 
with hematologic malignancies who were refractory or intol-
erant (renal failure, organ dysfunction) to at least 7 days of 
conventional therapy for invasive aspergillosis (Raad et al., 
2008). Patients receiving posaconazole salvage therapy (800 
mg daily, divided doses) were compared with 52 patients 
receiving high-dose lipid formulation of amphotericin B  
(≥ 7.5 mg/kg) and 38 patients receiving caspofungin plus 
high-dose lipid formulation of amphotericin B. The clinical 
response rate was higher in patients receiving posaconazole 
(40%) than in those receiving either high-dose liposomal 
amphotericin B (8%) or combination therapy (11%). Mor-
tality attributed to invasive aspergillosis was significantly 
lower in posaconazole-treated patients (39%) compared with 
the control groups (65–68%; p < 0.008). However, posacon-
azole has not been directly compared with other agents as 
primary therapy for aspergillosis.

7c.  Fusariosis

In a retrospective analysis of three open-label trials, 21 patients 
refractory or intolerant to conventional therapy (amphoteri-
cin B formulation alone or in combination therapy) were 
enrolled to receive posaconazole as salvage therapy (see Table 
157.2) (Raad et al., 2006). Most patients had hematologic 
malignancies or received hematopoietic stem cell transplan-
tations. Successful outcome (complete or partial response) 
occurred in 10 (48%) of all 21 patients. Poor outcome was 
seen in patients with persistent neutropenia, with only one of 
five patients (20%) responding to therapy. Altogether, clini-
cal response to posaconazole was similar to that previously 
reported for salvage therapy with amphotericin B lipid com-
plex (46%, 12 of 26 patients) and voriconazole (45%, 5 of 11 
patients). However, criteria for successful clinical response 
were less stringent in the voriconazole study, incorporating 
stable disease into the global response outcome.

7d.  Mucormycosis (formerly  
termed Zygomycosis)

Two European guidelines on the treatment of mucormycosis 
recommend posaconazole (oral suspension 200 mg qid) as 
second-line/salvage therapy of mucormycosis (Cornely et al., 
2014; Skiada et al., 2013), while liposomal amphotericin B 
is the drug of choice. The usage of posaconazole in patients 
with mucormycosis refractory or intolerant to conventional 
therapy was examined in two open-label, nonrandomized 
trials (Table 157.2) (Greenberg et al., 2006; van Burik et al., 
2006). One trial enrolled 24 patients with a wide range of 
underlying risk factors, including hematopoietic stem cell 
transplantation, solid organ transplantation, hematologic 
malignancy, and diabetes mellitus (Greenberg et al., 2006). 
Successful treatment (complete cure and partial response) 
occurred in 79% of 19 subjects with mucormycosis refrac-
tory to and 80% in 5 subjects with intolerance to standard 
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therapy, i.e. amphotericin B. In this cohort, success of ther-
apy was also linked to surgical debridement of affected tissue. 
In addition, patients with infection due to Rhizopus spp. fared 
better than those with disease due to Mucor spp., Rhizo mucor 
spp., or Cunninghamella spp., although patient numbers 
were small. Notably, Mucor circinelloides has recently been 
described as resistant to posaconazole, suggesting that sus-
ceptibility testing may be useful in guiding therapy with 
posaconazole (Khan et al., 2009).

A retrospective summary of 91 cases of mucormycosis, in 
patients refractory or intolerant to standard therapy (primar-
ily liposomal amphotericin B), investigated the impact of 
posaconazole salvage therapy (van Burik et al., 2006). After 
12 weeks, 60% of patients experienced partial or complete 
response and 21% had stable disease. Although numbers 
were small, 73% of patients with mucormycosis of the brain 
responded to therapy. These clinical success rates of posacon-
azole in treatment of refractory mucormycosis are similar  
to those previously reported for open-label treatment with 
amphotericin B colloidal dispersion (60%) and ABLC (71%) 
(Greenberg et al., 2006).

Thirty-two patients with proven or probable invasive 
mucor mycosis treated with a combination of liposomal 
ampho  tericin B and posaconazole were identified in two large 
registries: SEIFEM (Sorveglianza Epidemiologica Infezioni 
Fungine Emopatie Maligne) and Fungiscope—A Registry for 
Emerging Fungal Infections (Pagano et al., 2013). After a 
median follow-up of three months, clinical improvement was 
observed in 18 patients (56%). Oral posaconazole admini-
stration was continued in all 18 responders (mean duration, 
74 days; range, 10–175 days) without any relapse of invasive 
mucormycosis. Antifungal treatment of mucormycosis should 
consist of a lipid formulation of amphotericin B; however, 
when toxicity occurs or stable fungal disease is achieved, 
treatment may be switched to oral posaconazole 200 mg 
qid. If impaired renal function is overt or expected, primary 
treatment of mucormycosis with posaconazole may be an 
option (Cornely et al., 2009). The combination of liposomal 
amphotericin B and posaconazole for the treatment of inva-
sive mucormycossis is “supported with moderate  strength” 
(Cornely et al., 2014).

7e.  Dimorphic fungal mycosis

Data regarding posaconazole for the treatment of coccidioi-
domycosis is limited to case reports (Schein et al., 2011) and 
small series (Anstead and Graybill, 2006; Catanzaro et al., 
2007; Kim et al., 2011; Stevens et al., 2007). The utility of 
posaconazole in treatment of chronic coccidioidomycosis 
was studied in two open-label trials (Table 157.2) (Catanzaro 
et al., 2007; Stevens et al., 2007). One trial enrolled 20 patients 
with nonmeningeal disseminated or chronic pulmonary coc-
cidioidomycocis to receive 400 or 800 mg of posaconazole 
daily (Catanzaro et al., 2007). The median duration of treat-
ment was 173 days (range, 15–199 days); a satisfactory 
response to treatment was observed in 17 (85%) patients. 
Another open-label trial investigated the utility of posa - 

co nazole (400 mg bid) in 15 patients with chronic pulmonary 
(n = 7) or disseminated (n = 8) coccidioidomycosis refrac-
tory to at least 40 days (median duration of 306 days) of con-
ventional therapy (Stevens et al., 2007). After one month of 
therapy, the conditions of 11 of 15 patients (73%) were deemed 
to have improved.

In a retrospective review of patients prescribed vori cona-
zole (n = 21) or posaconazole (n = 16) for coccidioidomyco-
sis, outcomes were assessed with both a retrospectively applied 
Mycosis Study Group score and the documented impressions 
of treating medical practitioners (Kim et al., 2011). After a 
median duration of 6 months of voriconazole and 17 months 
of posaconazole treatment, 14 of 21 patients (67%) and 12 of 
16 patients (75%), respectively showed improvement in the 
overall status.

Studies of posaconazole in animal models of blastomyco-
sis and histoplasmosis have also demonstrated efficacy (Con-
nolly et al., 2000; Sugar and Liu, 1996). Posaconazole (0.25–5 
mg/kg/day) was superior to itraconazole (5 mg/kg/day) and 
as effective as amphotericin B (2.5 mg/kg qd) in prolonging 
survival and lowering fungal burden in mice with intratra-
cheally induced histoplasmosis (Connolly et al., 2000). Sim-
ilarly, a murine model of blastomycosis found posaconazole 
(1–25 mg/kg/day) at least as effective as amphotericin B (1 
mg/kg/day) or itraconazole (150 mg/kg/day in polyethylene 
glycol 400) in decreasing pulmonary fungal burden (Con-
nolly et al., 2000; Sugar and Liu, 1996). A small series of six 
patients with pulmonary or disseminated histoplasmosis 
refrac tory or intolerant to conventional therapy examined 
the impact of posaconazole (800 mg daily, divided doses) as 
part of an open-label trial (Restrepo et al., 2007). Most 
patients were intolerant to amphotericin B because of ele-
vated creatinine levels or electrolyte disturbance. Posa cona-
zole was well tolerated, and all patients improved with one 
month of therapy.

7f.  Mucosal candidiasis

Posaconazole has not been studied and thus it is not recom-
mended for the primary or secondary treatment of invasive 
candidiasis (Cornely et al., 2012; Merck Sharp & Dohme, 
2015; Pappas et al., 2009; Ruhnke et al., 2011). However, 
posaconazole has been used successfully in HIV-infected 
patients for primary treatment of mucosal candidiasis and 
as salvage therapy for fluconazole or itraconazole refractory 
infection (Table 157.2) (Skiest et al., 2007; Vazquez et al., 
2006; Vazquez et al., 2007). In a randomized trial, 350 HIV-
infected patients with oropharyngeal candidiasis received 
either posaconazole or fluconazole dosed 200 mg on day 1, 
followed by 100 mg daily for 13 days (Vazquez et al., 2006). 
Clinical success was similar for patients receiving posacon-
azole (92%) or fluconazole (93%); hence, noninferiority of 
posaconazole was established. However significantly more 
posaconazole recipients than fluconazole recipients (40.6% 
vs. 26.4%; p = 0.038) sustained clinical success after the treat-
ment was stopped (Vazquez et al., 2006). In an open-label 
trial enrolling 100 HIV-infected patients with oropharyngeal 
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or esophageal candidiasis refractory to previous azole ther-
apy, posaconazole (400 mg bid for 3 months) was successful 
in 86% of patients (Vazquez et al., 2007). A second open- 
label trial of 199 similar patients found a 75% clinical response 
rate in patients receiving either posaconazole 400 mg bid for 
3 days followed by 400 mg daily or posaconazole 400 mg bid 
(Skiest et al., 2007). Together, the two studies demonstrate 
the effectiveness of posaconazole in HIV-infected patients 
with azole-refractory mucosal candidiasis. It should be noted, 
however, that among patients colonized with C. glabrata at 
baseline, 40% of isolates exhibited a greater than four-fold 
increase in posaconazole (and other azole) MICs while on 
therapy (Mann et al., 2009).

7g.  Cryptococcosis

Data on the efficacy of posaconazole for cryptococcal infec-
tions is extremely rare. In a rabbit model of cryptococcal 
meningitis, posaconazole was equally effective as fluconazole 
in reducing the viable burden of Cryptococcus neoformans, 
although there were no detectable posaconazole concentra-
tions within the CSF (Perfect et al., 1996). In another animal 
model of systemic cryptococcosis in CD1 mice, combination 
of posaconazole and amphotericin B did not impact survival 
compared to amphotericin B monotherapy; however, the 
fungal burden in the central nervous system, but not the 
lungs, was decreased with the combination of both drugs 
(Barchiesi et al., 2004).

A subgroup analysis of two phase II/III open-label clinical 
trials comprised 53 (39 evaluable) patients who suffered from 
CNS fungal infections (Pitisuttithum et al., 2005). Clinical 
success for posaconazole salvage therapy was observed in 14 
of 29 (48%) patients suffering from cryptococcal meningitis.
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1. DESCRIPTION

Isavuconazole (Basilea Pharmaceutica, Basel, Switzerland) 
is a broad-spectrum prodrug triazole with efficacy against a 
range of medically important fungi including Aspergillus 
spp. and the Mucorales. Isavuconazonium (BAL-8557) is the 
water-soluble prodrug of isavuconazole (BAL-4815), which 
is the active moiety. The conversion to isavuconazole is rapid 
and complete. Isavuconazole is the newest member of the 
triazole class of antifungals and has an important role in the 
treatment of life-threatening invasive fungal diseases (IFDs).

Isavuconazole is active in vitro against Candida, Cryptococ
cus, Aspergillus, Zygomycetes, Rhizopus, and Rhizomucor spp., 
dimorphic fungi including Histoplasma capsulatum and Blasto
myces dermatitidis, and a range of dermatophytes (Thompson 
and Wiederhold, 2010). In animal models, isa vu conazole is 
highly effective against systemic candidiasis and disseminated 
Aspergillus fumigatus and A. flavus infections (Lepak et al., 
2013a; Luo et al., 2014; Warn et al., 2006; Lepak et al., 2013c).

In common with the other azoles, isavuconazole inhibits 
ergosterol synthesis. Isavuconazole is characterized by predict-
able linear pharmacokinetics, intravenous (i.v.) and oral for-
mulations, a long elimination half-life (~130 hours) allowing 
once daily dosing, absence of nephrotoxic solubiliz ing agents, 
and high oral bioavailability that is independent of prandial 

status (Astellas, 2015). The results from two major clinical trials 
have recently been published (Marty et al., 2016; Maertens et 
al., 2016). Isavuconazole achieved orphan drug designation by 
the US Food and Drug Administration (FDA) and European 
Medicines Agency for the treatment of invasive aspergillosis 
(IA) and mucormycosis in early 2015 in addition to invasive 
candidiasis by the US FDA. This chapter extends several recent 
comprehensive reviews (Thompson and Wiederhold, 2010; 
Livermore and Hope, 2012; Ananda-Rajah and Kontoyiannis, 
2015; Donnelley et al., 2016; Kovanda et al., 2016b) and the 
FDA submission (Astellas, 2015) available elsewhere.

The chemical formula of isavuconazole is 4-2-[(2R,3R)-3-
(2,5-difluorophenyl)-3-hydroxy-4-(1H-1,2,4-triazol-1-yl)
butan-2-yl]-1,3-thiazol-4-yl benzonitrile and its molecular 
formula is C22H17F2N5OS (Astellas, 2015). The chemical struc-
ture is shown in Figure 158.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility 

Isavuconazole has potent in vitro activity against most clini-
cally relevant species of Aspergillus, Candida (Howard et al., 
2013), and Cryptococcus (Wiederhold et al., 2016) and mod-
erate activity against the Mucorales (Verweij et al., 2009), 

Figure 158.1. Chemical structure of the prodrug isavuconazonium (BAL 8557), the prodrug cleavage product (BAL 8728) and 
the active drug isavuconazole (BAL 4815).
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although there have been fewer non-Aspergillus molds tested 
to date. Table 158.1 summarizes the in vitro activity of isavu-
conazole against a variety of fungi. 

For Candida spp. MIC90s for isavuconazole are similar to 
those found with voriconazole and posaconazole. The isavu-
conazole MIC90 value for A. fumigatus isolates was similar to 
or slightly higher than that of posaconazole and voriconazole. 
For non-fumigatus Aspergillus species, isavuconazole MIC90 
values are similar to or slightly higher than those of posacon-
azole or voriconazole. Isavuconazole MIC results are ≤ 2 mg/l 
for all Aspergillus species, except A. niger, for which MIC 
values of ≥ 4 mg/l are seen (Howard et al., 2013; Perkhofer et 
al., 2009; Guinea et al., 2008).

Isavuconazole is less potent in vitro against the Mucorales 
compared with Aspergillus spp. Using either European Com-
mittee on Antimicrobial Susceptibility Testing (EUCAST) or 
Clinical and Laboratory Standards Institute (CLSI) method-
ology, five genera of 345 clinical isolates of Mucorales had 
MIC90 values to isavuconazole of 4–16 mg/l (Verweij et al., 
2009), corroborating findings from a smaller study of 36 
isolates which had MIC90 values of > 8 mg/l (Perkhofer et 
al., 2009). Posaconazole retains the greatest in vitro activity 
against the Mucorales, with isavuconazole and ravuconazole 
having similar activity (Gonzalez, 2009). Other global sur-
veys have corroborated these findings, one showing that for 
three Muco rales isolates (Rhizomucor pusillus and Rhizopus 
micro sporus group) isavuconazole was less active than posa-
conazole with MIC results of 4, 1, and 2 mg/l, respectively, to 
isavuconazole compared to 1 mg/l for posaconazole (Pfaller 
et al., 2013). While Arendrup et al. (2015) corroborated these 
findings, they also found that Mucor circinelloides was less 
susceptible to both isavuconazole and posaconazole com-
pared to other Mucorales, with MIC50s for isavuconazole ≥ 4 
mg/l by both EUCAST and CLSI methods. 

Isavuconazole has some activity against emerging and infre-
quently encountered hyalohyphomycetes. For Fusarium spe-
cies, MICs are equivalent to or higher than the other triazoles 
(Thompson and Wiederhold, 2010; Yamazaki et al., 2010) and 
either equivalent to or lower than posaconazole and vori cona-
zole for Scedosporium apiospermum but uniformly high for  
S. prolificans (now known as Lomentospora prolificans) (Gon-
zalez, 2009; Lackner et al., 2012; Guinea et al., 2008).

Isavuconazole has also been used in an open-label study 
in the treatment of Cryptococcus spp., Paracoccidioides spp., 
Histoplasma spp., and Blastomyces spp., with 63% success at 
the end of therapy (Thompson et al., 2016). Isavuconazole 
displays in vitro activity against dermatophytes, especially 
Trichophyton rubrum, with comparable activity to voricona-
zole and itraconazole, although terbinafine remains more 
active with a lower MIC50 (Deng et al., 2015).

2b.  Emerging resistance and cross-resistance

ASPERGILLUS SPECIES

Reduced in vitro susceptibility to isavuconazole is not invari-
ably predictive of clinical failure. In the phase 3 trial (SECURE), 

clinical outcome appeared to be independent of the MIC, 
with survival seen among seven patients infected with Asper
gillus isolates with elevated MICs to isavuconazole, ≥ 4 mg/l 
(Andes et al., 2014). 

Cross-resistance in vitro to isavuconazole appears to best 
correlate with voriconazole susceptibility (Gregson et al., 
2013). Different CYP51A mutations in Aspergillus exert dif-
ferential effects on the in vitro activity of isavuconazole. 
Howard et al. (2013) showed that TR34/L98H mutants of 
Aspergillus had the highest isavuconazole MICs, with 72.5% 
of MICs being > 2 mg/l including MICs > 8 mg/l, suggesting 
that this genotype may confer pan-azole resistance inclusive 
of isavuconazole. Isavuconazole and voriconazole MICs were 
lower with G54 amino acid alterations only (Howard and 
Arendrup, 2011), suggesting that this mutation affects only 
itraconazole and posaconazole susceptibility. Isolates har-
boring M220 (M220K, M220T) mutations had MICs in the 
wild-type range (Howard et al., 2013), suggesting that not all 
alterations in the CYP51A gene confer resistance to isavuco-
nazole. Indeed, evaluation of laboratory-induced isavuco-
nazole-resistant strains of A. fumigatus with MICs ≥ 4–16 
mg/l (Jiménez-Ortigosa et al., 2014) found no characteristic 
mutations in CYP51A or CYP51B or overexpression of drug 
efflux transporters (encoded by MDR1-4 genes). No differ-
ence in virulence between wild-type and  isavuconazole- 
resistant strains was seen in an accompanying murine model 
of disseminated IA, suggesting that acquired resistance was 
not associated with a fitness cost (Jiménez-Ortigosa et al., 
2014). Susceptibility of Aspergillus is also species dependent 
with A. niger less susceptible to isavuconazole (Howard et al., 
2013), which is consistent with the overall trend of this sub-
species toward lower susceptibility to triazoles (Arendrup et 
al., 2012; Hope et al., 2013). Interestingly, a study of 118 clin-
ical Aspergillus isolates showed that isavuconazole retained 
activity against 14 strains with elevated MICs (≥ 8 mg/l) to 
itraconazole (Warn et al., 2006). 

Attempts at characterizing mechanisms of resistance using 
fungal isolates from two phase 3 clinical trials have been 
reported in abstract form (Chandra et al., 2014). Chandra et 
al. compared a subset of fungal isolates from the VITAL and 
SECURE studies with the following isavuconazole suscepti-
bilities to species matched, sensitive control strains: Rhizopus 
spp. MIC 16 to > 16 mg/l (n = 7), Fusarium spp. MIC > 16 
mg/l (n = 2); A. fumigatus MIC 8 to > 16 mg/l (n = 2), and 
A. niger MIC of 8 mg/l (n = 3). Using a combination of tech-
niques including sterol analysis, functional assays, and gene 
expression of efflux pumps, these investigators concluded that 
changes in sterol content are the main contributor to azole 
resistance in Rhizopus, while elevated efflux pump activity 
contributes to azole resistance in Fusarium spp. and Aspergillus 
spp. Ergosterol levels were significantly higher in azole-sensi-
tive Rhizopus species (76.9% vs. 2.6%), and resistant isolates 
accumulated higher quantities of sterol intermediates. For 
azole-resistant A. fumigatus, MDR2 gene expression appeared 
abnormal, being elevated twofold compared to the sensitive 
strain with no difference in MDR1, MDR3, and CYP51 gene 
expression observed (Chandra et al., 2014). 
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Table 158.1. In vitro susceptibility (mg/l) of isavuconazole.

Fungus No. isolates Range MIC50 MIC90 Method Reference

Yeasts
Candida spp.
C. albicans 671 ≤ 0.008–0.5 0.015 0.03 CLSI-M27-A3 Castanheira et al., 2014

621 ≤ 0.008–> 8 0.015 0.03 CLSI-M27-A3 Pfaller et al., 2015
578 ≤ 0.008–16 0.015 0.015 CLSI-M27-A3 Pfaller et al., 2013
430 ≤ 0.015–8 ≤ 0.015 ≤ 0.015 EUCAST Howard et al., 2013
166 0.0005–0.016 0.002 0.004 CLSI-M27-A2 Seifert et al., 2007

C. dubliniensis 22 ≤ 0.008–0.06 0.015 0.03 CLSI-M27-A3 Pfaller et al., 2013
C. glabrata 385 ≤ 0.015–> 8 0.125 2 EUCAST Howard et al., 2013

291 0.015–8 0.5 2 CLSI-M27-A3 Castanheira et al., 2014
266 0.03–8 0.5 2 CLSI-M27-A3 Pfaller et al., 2013
235 0.03–8 0.5 2 CLSI-M27-A3 Pfaller et al., 2015
58 0.03–8 NA NA CLSI-M27-A3 Pfaller et al., 2014

C. guillermondi 15 0.12–> 8 0.5 8 CLSI-M27-A3 Pfaller et al., 2015
15 0.069–0.18 0.051 0.11 CLSI-M27A2 Yamazaki et al., 2010

C. krusei 399 ≤ 0.015–4 0.125 0.5 EUCAST Howard et al., 2013
45 0.06–1 0.5 1 CLSI-M27-A3 Pfaller et al., 2013

C lusitaniae 33 ≤ 0.008–0.12 0.03 0.06 CLSI-M27-A3 Pfaller et al., 2015
28 0.015–0.12 0.03 0.06 CLSI-M27-A3 Pfaller et al., 2013
17 < 0.0004–0.0025 0.0059 0.0024 CLSI-M27A2 Yamazaki et al., 2010

C. orthopsilopsis 10 0.015–0.5 0.03 0.25 CLSI-M27-A3 Pfaller et al., 2015
C. parapsilosis 398 ≤ 0.015–8 ≤ 0.015 0.03 EUCAST Howard et al., 2013

262 0.15–16 0.06 0.12 CLSI-M27-A3 Pfaller et al., 2013
236 ≤ 0.008–0.25 0.03 0.12 CLSI-M27-A3 Castanheira et al., 2014
197 ≤ 0.008 0.06 0.12 CLSI-M27-A3 Pfaller et al., 2015
84 ≤ 0.015–0.125 ≤ 0.015 0.03 CLSI-M27-A2 Guinea et al., 2008

C. tropicalis 398 ≤ 0.015–> 8 ≤ 0.015 0.03 EUCAST Howard et al., 2013
130 ≤ 0.008–4 0.06 0.12 CLSI-M27-A3 Pfaller et al., 2013
122 ≤ 0.008–4 0.06 0.12 CLSI-M27-A3 Castanheira et al., 2014
110 0.015–4 0.06 0.25 CLSI-M27-A3 Pfaller et al., 2015

Cryptococcus spp. 165 0.002–0.063 0.004 0.016 CLSI-M27-A2 Illnait-Zaragozi et al., 2008
C. neoformans 438 0.008–0.5 0.03 0.06 CLSI-M27-A3 Espinel-Ingroff et al., 2015

86 < 0.015–0.5 < 0.015 0.06 CLSI-M27-A2 Thompson et al., 2009a
69 ≤ 0.008–0.5 0.06 0.12 CLSI-M27-A3 Pfaller et al., 2015

C. neoformans VNI 870 0.008–0.5 0.03 0.06 CLSI-M27-A3 Espinel-Ingroff et al., 2015
C. gattii 406 0.008–0.5 0.03 0.25 CLSI-M27-A3 Espinel-Ingroff et al., 2015

350 < 0.16–0.5 0.063 0.125 CLSI-M27-A3 Hagen et al., 2010
90 0.031–0.5 0.063 0.125 CLSI-M27-A3 Datta et al., 2013

Trichosporon spp.
T. asahii 90 0.12–2 0.5 1 CLSI-M27-A3 Hazirolan et al., 2013

40 0.03–0.25 0.125 0.125 CLSI-M27-A2 Thompson et al., 2009b

Rare yeasts
Dipodascus capitatus 21 ≤ 0.015–0.5 0.06 0.5 CLSI-M27-A3 Guinea et al., 2010
Rhodotorula spp. 14 0.03–0.125 0.03 0.03 CLSI-M27-A2 Thompson et al., 2009b
Rhodotorula mucilaginosa 18 0.125–2 0.5 2 CLSI-M27-A3 Guinea et al., 2010
Saccharomyces cerevisiae 20 ≤ 0.015–1 0.03 0.5 CLSI-M27-A3 Guinea et al., 2010
Pichia 11 0.03–0.25 0.03 0.03 CLSI-M27-A2 Thompson et al., 2009b

Dimorphic fungi
Histoplasma capsulatam 23 0.015–0.125 0.06 0.125 CLSI-M27-A3 Kathuria et al., 2014

Molds
Aspergillus spp.
Aspergillus fumigatus 855 0.06–≥ 8 0.5 1 CLSI-M38-A Espinel-Ingroff et al., 2013

602 0.125–4 1 1 CLSI-M38-A Guinea et al., 2008
401 0.25–> 8 1 2 EUCAST Howard et al., 2013
120 0.12–8 1 2 CLSI-M38-A2 Pfaller et al., 2015
71 0.5–4 1 2 CLSI-M38-A2 Pfaller et al., 2013

Aspergillus terreus 384 0.06–2 0.25 0.5 CLSI-M38-A Espinel-Ingroff et al., 2013
206 0.06–8 0.5 4 EUCAST Howard et al., 2013
35 0.125–1 0.5 2 EUCAST Perkhofer et al., 2009

Aspergillus flavus 444 0.125–4 0.5 1 CLSI-M38-A Espinel-Ingroff et al., 2013
215 0.12–4 1 2 EUCAST Howard et al., 2013
208 0.25–4 1 2 EUCAST Rudramurthy et al., 2011
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Fungus No. isolates Range MIC50 MIC90 Method Reference

Aspergillus niger 209 0.25–> 8 2 4 EUCAST Howard et al., 2013
207 0.06–≥ 8 1 2 CLSI-M38-A Espinel-Ingroff et al., 2013

Aspergillus nidulans 206 0.03–8 0.12 0.5 EUCAST Howard et al., 2013
106 0.06–1 0.125 1 CLSI-M38-A Espinel-Ingroff et al., 2013

Aspergillus lentulus 15 0.063–0.5 0.25 0.25 CLSI-M38-A2 Datta et al., 2013
Aspergillus versicolor 75 0.03–≥ 8 0.25 0.5 CLSI-M38-A Espinel-Ingroff et al., 2013
Aspergllus section Usti 22 0.25–2 1 2 CLSI-M38-A Espinel-Ingroff et al., 2013
Neosartorya udagawae 10 0.031–0.25 0.125 0.25 CLSI-M38-A2 Datta et al., 2013
Sceodosporium, Pseudallescheria, and Lomentospora spp.
S. apiospermum 154   1–> 16 8 16 CLSI-M38-A2 Lackner et al., 2012
P. boydii 60 0.5–> 16 8 16 CLSI-M38-A2 Lackner et al., 2012
S. prolificans/L. prolificans 37   8–> 16 > 16 > 16 CLSI-M38-A2 Lackner et al., 2012

S. dehoogii 22   2–> 16 8 > 16 CLSI-M38-A2 Lackner et al., 2012

S. aurantiacum 22   4–16 8 16 CLSI-M38-A2 Lackner et al., 2012
P. ellipsoidea 16   2–> 16 8 > 16 CLSI-M38-A2 Lackner et al., 2012
Fusarium spp. 20   1–> 16 16 > 16 CLSI-M38-A Guinea et al., 2008
Fusarium fujikori complex 81   1–≥ 16 NC NC CLSI-M38-A2 Al-Hatmi et al., 2015

Rare hyaline hypomycetes
Geotrichum capitatum 7 0.03–0.5 NC NC CLSI-M27-A2 Thompson et al., 2009b
Madurella myecetomatis 22 ≤ 0.016–0.125 0.031 0.063 XTT assay Kloezen et al., 2012
Penicillium spp. 8 0.15–0.5 NC NC CLSI-M27-A3 Pfaller et al., 2013
Sarocladium 10   4–> 8 > 8 > 8 CLSI-M38-A2 Pfaller et al., 2015

Cladiophora and Fonsecaea
C. carrionii 81 0.016–1 0.125 0.25 CLSI-M38-A2 Deng et al., 2013
F. pedrosoi 21 0.063–0.25 0.25 0.25 CLSI-M38-A2 Najafzadeh et al., 2010
F. monophora 25 0.063–1 0.125 0.25 CLSI-M38-A2 Najafzadeh et al., 2010
Exophiala spp. 106 0.25–16 2 4 CLSI-M38-A2 Najafzadeh et al., 2010
Exserohilum spp.
Exserohilum rostratum 48   2–4 4 4 CLSI-M38-A2 Lockhart et al., 2013
Aureobasidium spp.
A. pullulans var. pullalans 51 0.016–8 1 2 CLSI-M38-A2 Najafzadeh et al., 2014
A pullulans var. melanigenum 53 0.016–16 4 4 CLSI-M38-A2 Najafzadeh et al., 2014
Cyphellophora and Phialophora 

spp.
81 0.25–4 1 4 CLSI-M38-A2 Feng et al., 2012

Phaeocremonium spp. 43 0.25–4 1 4 CLSI- M38-A2 Badali et al., 2015

Mucormycetes
Rhizomucor spp. 29 0.015–64 2 16 CLSI-M38-Aa Verweij et al., 2009

9   1–> 8 > 8 > 8 EUCAST Perkhofer et al., 2009
Rhizomucor pusillus 9 0.125–1 1 NA CLSI–M38-A2 Arendrup et al., 2015

7   1–8 NA NA CLSI-M38-A2 Chowdhary et al., 2015
Absidia spp. 80 0.03–16 1 8 CLSI-M38-Aa Verweij et al., 2009
Rhizopus spp. 139 0.12–32 1 4 CLSI-M38-Aa Verweij et al., 2009
Rhizopus arrhizus var. delemar 25   1–8 8 8 CLSI-M38-A2 Chowdhary et al., 2015
Rhizopus arrhizus var. arrhizus 22 0.5–8 1 8 CLSI-M38-A2 Chowdhary et al., 2015
Rhizopus microsporus 23 0.5–8 2 4 CLSI-M38-A2 Chowdhary et al., 2015

26 0.125–1 1 NA CLSI–M38-A2 Arendrup et al., 2015
Rhizopus oryzae 6 0.125–2 NA CLSI–M38-A2 Arendrup et al., 2015
Mucor spp. 77 < 0.015–> 128 4 16 CLSI-M38-Aa Verweij et al., 2009

9   4–> 8 > 8 > 8 EUCAST Perkhofer et al., 2009
21   1–> 16 2 16 CLSI-M38-A Guinea et al., 2008

Mucor circinelloides 5   1–8 NA NA CLSI-M38-A2 Chowdhary et al., 2015
Cunninghamella spp. 18 0.12–16 2 16 CLSI-M38-Aa Verweij et al., 2009
Lictheimia corymbifera 12   1–2 1 NA CLSI–M38-A2 Arendrup et al., 2015
Lictheimia ramose 7 0.5–8 NC NC CLSI-M38-A2 Chowdhary et al., 2015
Syncephalastrum racemosum 15 0.125–8 4 8 CLSI-M38-A2 Chowdhary et al., 2015
Apophysomyces elegans 18   1–4 2 4 CLSI-M38-A2 Chakrabarti et al., 2010

Oomycota
Schizophyllum commune 26 0.015–2 0.125 0.5 CLSI-M38-A2 Chowdhary et al., 2013

Dermatophytes
Trichophyton rubrum 111 0.031–4 0.06 0.125 M38-A2 Deng et al., 2015

aPerformed at eight centers, all used CLSI M38-A, except center 1 used EUCAST. NA, not available; NC, Not calculated; XTT assay, 2,3-bis(2-methoxy-4-nitro-5-
sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium hydroxide.
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YEASTS

Yeast models and clinical isolates of Candida spp. expressing 
azole resistance mechanisms were tested against isavuco-
nazole (Sanglard and Coste, 2015). Resistance mechanisms 
involving ABC transporters and ERG11 decreased activity of 
isavuconazole, while MDR1 had little effect. 

3. MECHANISM OF DRUG ACTION

Isavuconazole is administered as a water-soluble prodrug, 
isa vuconazonium (BAL8557), which is almost completely 
(> 99%) and rapidly converted by plasma esterases to the 
active moiety isavuconazole (BAL4815) and a pharmacologi-
cally inactive cleavage product (BAL8728) (Schmitt-Hoffmann 
et al., 2006b). The chemical structures of the prodrug, active 
moiety, and prodrug fragment are shown in Figure 158.1. 

Like other triazole antifungal drugs, isavuconazole inhib-
its 14α-demethylase-dependent ergosterol biosynthesis, re- 
sult ing in disruption of the fungal membrane. It binds to 
fungal P450-lanosterol 14α-demethylases encoded by CYP51 
genes, resulting in the accumulation of toxic methylated ste-
rols thereby destabilizing the integrity of the fungal mem-
brane (Astellas, 2015). The extended spectrum of antifungal 
activity of isavuconazole is conferred by its side arm, which 
may allow better orientation for the triazole ring to engage 
with the heme moiety inside the binding pocket of the fun- 
gal CYP51 protein (Livermore and Hope, 2012; Falci and 
Pasqualotto, 2013). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Isavuconazole is available in oral and i.v. formulations, with 
the oral formulation being a hard gelatin capsule (Livermore 
and Hope, 2012; Schmitt-Hoffmann et al., 2006a). The i.v. 
formulation does not require cyclodextrin to facilitate solu-
bility. Isavuconazole is administered in oral or intravenous 
formulation as a loading dose of 200 mg three times daily for 
the first 2 days followed by 200 mg once daily thereafter 
(Astellas, 2015). There has been no topical, rectal, intravit-
real, inhalational, or intraperitoneal administration of isavu-
conazole reported.

4b.  Newborn infants and children

No data are currently available for use of isavuconazole in 
children.

4c.  Pregnant and lactating mothers

There are no current data on the use of isavuconazole in 
pregnant or lactating women. The current classification is C, 
and isavuconazole should only be used when the benefits 
outweigh the risks.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

The pharmacokinetics of isavuconazole is not affected by 
renal impairment (Kovanda et al., 2016a). Therefore no dos-
age adjustment is required for patients with renal impair-
ment or end stage renal disease (Astellas, 2015). Furthermore, 
the absence of any cyclodextrin excipients means that the i.v. 
formulation can be safely used in renal impairment.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION  
AND ELDERLY PATIENTS

Liver impairment decreases the clearance of isavuconazole 
(Schmitt-Hoffmann et al., 2009). Volunteers with mild to 
moderate alcohol-related liver disease (corresponding to 
Child–Pugh Class A and B, respectively) have reduced clear-
ance compared to healthy volunteers (Schmitt-Hoffmann et 
al., 2009). A corresponding increase in the elimination half-
life from 123 h in healthy volunteers to 224 h and 302 h in 
patients with mild to moderate liver impairment, respec-
tively, was seen. However, volunteers with mild to moderate 
liver impairment receiving isavuconazole demonstrated less 
than twofold increase in mean trough level and comparable 
safety profile to healthy individuals (Desai et al., 2016b), 
hence no dose modification is necessary.

Isavuconazole is not recommended in patients with severe 
liver disease. No dose modifications are recommended in the 
elderly.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The oral bioavailability of isavuconazole is 98% and is unaf-
fected by food or gastric pH (Schmitt-Hoffmann et al., 2016). 
The mean oral bioavailability in patients from the VITAL 
study was 96.6% (Kovanda et al., 2016a). With both oral 
and intravenous formulations, isavuconazole displays linear 
pharmacokinetics with peak concentration (Cmax) and area 
under the curve (AUC) increasing proportionally to the 
administered dose (Schmitt-Hoffmann et al., 2006b). 
Isavuconazole attains a peak concentration (Cmax) 2–3 hours 
after oral administration, with Cmax being 22% lower with 
oral dosing compared to intravenous administration 
(Astellas, 2015). Inter-subject variability of the AUC is mod-
erate and is similar between oral and i.v. dosing. The 
inter-subject geometric coefficient of variation in healthy 
volunteers following oral dosing ranged from 22–37%, while 
estimated AUCs based on population pharmacokinetic 
modeling of phase 3 data (n = 232 patients) was 46% (Astellas, 
2015). Isavuconazole is 98% protein bound (Schmitt-
Hoffmann et al., 2006b) and it has a long terminal half-life 
of 130 hours (Astellas, 2015). In healthy volunteers, plasma 
levels of isavuconazole remained detectable at 20 days after 
the last administered i.v. and oral dose (Schmitt-Hoffmann 
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et al., 2006b). Simulations reveal that steady-state concentra-
tions using the loading dose regimen are attained within 2 
days (Astellas, 2015). Isavuconazole has a nearly 50% higher 
expo sure in healthy Chinese subjects primarily due to a 
reduction in total systemic clearance, but this is not thought 
to be clinically significant and no dosage adjustment is rec-
ommended (Astellas, 2015). 

THERAPEUTIC DRUG MONITORING

The indication for therapeutic drug monitoring (TDM) 
remains unclear. Analysis from the drug exposure versus 
clinical outcome from the SECURE study do not suggest any 
relationship or any target concentration that can be used to 
individualize dosing. This conclusion is in contrast to the 
other anti-Aspergillus triazoles and may simply reflect the 
fact that the current regimens achieve maximal antifungal 
activity in the majority of patients. Progressive experience 
with isavuconazole in real-world settings may suggest that 
TDM is in fact required. In the meantime, TDM may be indi-
cated in certain patient groups where the risk of underexpo-
sure is simply too high. Such examples may include treatment 
of central nervous system (CNS) infection or treatment of 
strains with reduced in vitro susceptibility. In this case aim-
ing for an AUC of approximately 100 mg.h/l, which is the 
mean drug exposure in the phase 3 studies, is a reasonable 
therapeutic target.

5b.  Drug distribution 

Isavuconazole has a high volume of distribution of approxi-
mately 470 l in healthy volunteers, suggesting extensive tis-
sue distribution (Schmitt-Hoffmann et al., 2006a; Schmitt- 
Hoffmann et al., 2006b; Astellas, 2015). Penetration of isavu-
conazole into sanctuary sites appears favorable, but data are 
relatively limited. A rat study using radiolabeled isavuco-
nazole suggests wide tissue distribution including the brain 
and eye, with concentrations 30 minutes post infusion being 
above unity in all tissues with the exception of the ocular lens 
where the tissue/plasma ratio was 0.11. Ratios in other tis-
sues ranged from 1.86 in brain, 1.95 in ocular uveal tract, 
2.28 in lung, and 13.5 in liver (Schmitt-Hoffmann and Richter, 
2012).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Experimental models of IA (Lepak et al., 2013a) and dissem-
inated candidiasis (Warn et al., 2009) suggest that the phar-
macodynamic index that best correlates with efficacy is the 
ratio of the 24-h AUC to the MIC. In an invasive pulmonary 
aspergillosis murine model, the free-drug AUC/MIC ratio 
associated with net stasis in the wild-type group ranged from 
4.15 to 11.1 and was slightly lower for the two CYP51 mutant 
isolates at 3.61 to 3.67 (Lepak et al., 2013a). The median total 
and free-drug 24-h AUC/MIC pharmacodynamic (PD) targets 
(503 and 5, respectively) required for net stasis are consistent 

with PD values seen with other triazoles (Arendrup et al., 
2010; Mavridou et al., 2009; Lepak et al., 2013b). A lung 
Asper gillus in vitro model suggested that the AUC/MIC tar-
get for a 90% probability of suppression of galactomannan 
antigen level to < 1 was 11.40 and 11.20 for EUCAST and 
CLSI methods, respectively (Box et al., 2015). 

A probability of PD target attainment analysis (using the 
AUC/MIC ratio) over a range of isavuconazole Aspergillus 
MICs (Desai et al., 2016a) suggests that the current regimen 
is likely to be effective for isolates with MICs of 0.06 to 4 mg/l 
(CLSI methodology) and up to 2 to 4 mg/l using EUCAST 
methodology (Desai et al., 2016a). 

There is limited in vitro data on synergistic interactions 
using isavuconazole in combination therapy (Katragkou et 
al., 2014). The isavuconazole–micafungin combination has 
been found to be synergistic against A. terreus, A. fumigatus, 
A. flavus, and Cunninghamella bertholletiae. Low-grade antag-
onistic effects were observed for isavuconazole–amphotericin 
B combination against A. fumigatus, A. flavus, F. solani, and 
R. microsporus. 

CENTRAL NERVOUS SYSTEM PENETRATION

Murine studies support the role of isavuconazole in CNS 
mucormycosis and candidiasis (Luo et al., 2014; Majithiya et 
al., 2009). Luo et al., using disseminated Rhizopus delemar 
infection, demonstrated that isavuconazole was comparable 
to liposomal amphotericin B in improving survival and 
reducing fungal burden in murine lung and brain tissue. 
Survival at 21 days was 40% for mice treated with liposomal 
amphotericin B and 65% for mice treated with isavuconazole 
(Luo et al., 2014). An earlier murine study demonstrated 
dose-dependent activity of isavuconazole in C. krusei brain 
infection in neutropenic mice, with isavuconazole being as 
effective as high-dose voriconazole (Majithiya et al., 2009). 
The penetration of isavuconazole into other relevant tissue 
compartments such as pulmonary epithelial lining fluid, 
alveolar macrophages, or polymorphonuclear leukocytes in 
humans is unknown (Farowski et al., 2010).

5d.  Excretion

Isavuconazole undergoes oxidative metabolism by CYP3A4 
(Schmitt-Hoffmann et al., 2009) followed by the formation 
of glucuronides by uridine diphosphate-glucuronosyltrans-
ferase (UGT) and excretion in feces (Astellas, 2015). No 
evidence of auto-induction of CYP3A4 was seen with oral 
dosing over the 21-day study duration in healthy volunteers 
(Schmitt-Hoffmann et al., 2006b). Urinary excretion of isa-
vuconazole is negligible, being less than 0.4% of the infused 
dose and less than 0.04% when administrated orally (Schmitt-
Hoffmann et al., 2006a). 

5e.  Drug interactions 

Like other triazoles, isavuconazole has significant interactions 
with drugs metabolized by the cytochrome P450 system, par-
ticularly isoenzyme CYP3A4. Isavuconazole is a sensitive 
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substrate of CYP3A, a mild to moderate inhibitor of CYP3A4 
(Falci and Pasqualotto, 2013; Guinea and Bouza, 2008), and 
a mild inducer of CYP2B6. Isavuconazole does not inhibit or 
induce CYP1A2, CYP2C9, or CYP2C19 and does not inhibit 
CYP2A6 and CYP2D6 (Astellas, 2015). Significant drug–
drug interactions are listed in Table 158.2. 

Rifampicin, a potent CYP3A4 inducer, substantially 
increases systemic clearance, reducing levels of isavucona-
zole by 36-fold (Astellas, 2015). Potent inducers of CYP3A4, 
including rifampicin, long-acting barbiturates, carbamaze-
pine, and St John’s Wort, significantly decrease isavuconazole 
serum concentrations and are therefore contraindicated 
(Astel  las, 2015). Newer chemotherapy drugs such as sora-
fenib and ibrutinib are metabolized by CYP3A4, and isavu-
conazole is a moderate inhibitor of this enzyme. In one case 
report, sorafenib and isavuconazole were administered 
together and the dose of sorafenib adjusted (Peixoto et al., 
2014). 

Isavuconazole has minimal effect on CYP2C9 and there-
fore has no significant interaction with warfarin, which is a 
substrate for CYP2C9 (Desai et al., 2016c). Co-administration 
of a single 300-mg dose of cyclosporine with multiple doses 
of isavuconazole resulted in a mild (1.29-fold) increase in 
cyclosporine exposure among healthy volunteers (Groll et 
al., 2016). Hence monitoring cyclosporine levels is recom-
mended. Co-administration of multiple doses of isavuco-
nazole and a single dose of methotrexate (7.5 mg) did not alter 
the pharmacokinetics of the latter. However, a 29% increase  
in the metabolite 7-hydroxy-methotrexate was observed, 
suggesting that renal monitoring may be advisable with 
 co- administration of high-dose methotrexate (Yamazaki et al., 
2016). Isavuconazole did not potentiate the toxicities associ-
ated with prednisolone, the active metabolite of prednisone, 
which is metabolized by the CYP34A enzyme (Groll et al., 

2016). Isavuconazole is a weak inhibitor of P-glycoprotein. 
Therefore dose adjustment may be required with drugs that 
are P-glycoprotein substrates such as digoxin, dabigatran, 
and colchicine (Astellas, 2015). Caution should be applied to 
co-administration with CYP2B6 substrates that have a nar-
row therapeutic index such as efavirenz and cyclophospha-
mide, but not with methadone, which is a CYP2B6/3A4 
substrate (Astellas, 2015).

6. ADVERSE REACTIONS AND TOXICITY

Isavuconazole is teratogenic in animals, which is a feature 
consistent within the azole class (Astellas, 2015). Phase 2 
data from healthy volunteers using single ascending doses of 
isavuconazole (100–400 mg orally; 50–200 mg i.v.) docu-
mented minor side effects including headache, rhinitis, naso-
pharyngitis, moderate diarrhea, nausea, and mild upper 
abdominal pain (Schmitt-Hoffmann et al., 2006b). Isavu-
conazole, unlike other triazoles, is associated with a dose- 
dependent shortening of the QTc interval of up to 13 ms with 
200 mg daily, and 24.6 ms with 600 mg daily in healthy vol-
unteers (Astellas, 2015). This effect is likely mediated by inhi-
bition of the L-type calcium channel, hCav1.2. Isavuconazole 
is contraindicated in patients with familial short QT syn-
drome (Astellas, 2015). 

Isavuconazole was better tolerated than voriconazole in 
the SECURE study (Maertens et al., 2016). Overall, treat-
ment emergent adverse events (defined as an adverse event 
occurring after study drug administration and up to 28 days 
from its cessation) that were recorded as drug related were 
statistically fewer relative to voriconazole (42% vs. 60%, p < 
0.001) as were treatment emergent adverse events resulting 
in drug discontinuation (14% vs. 23%, p = 0.05). These dif-
ferences were primarily due to significantly fewer events in 

Table 158.2. Important drug interactions with isavuconazole.

Drug Class Mechanism Impact Recommendation

Ketoconazole Potent CYP3A4 inhibitor 5-fold increase in isavuconazole AUC Contraindicated

Rifampicin Potent CYP3A4 inducer 600 mg decreases the AUC of Isavuconazole by 97% Contraindicated

Lopinavir/ 
Ritonavir

CYP3A substrate 400 mg/100 mg bid increased AUC of isavuconazole by 
96% and concurrently decreased mean AUC of lopinavir 
and ritonavir by 27% and 31%, respectively

May compromise antiviral 
activity

Cyclosporin CYP3A substrate Increased cyclosporin AUC TDM recommended

Bupropion CYP2B6 substrate Decreased bupropion AUC by 42% Dose increase of bupropion may 
be necessary

Digoxin P glycoprotein substrate Increase in digoxin exposure Monitoring digoxin levels 
recommended

Midazolam CYP3A substrate Increased midazolam AUC ~2-fold Consider dose reduction of 
midazolam

Mycophenolate 
mofetil

UDP-glycosyltransferase 
substrate

Increase in MMF exposure Use with caution
Monitor for mycophenolic acid 

related toxicities

Sirolimus CYP3A substrate Increased sirolimus AUC ~1.8-fold TDM recommended

Tacrolimus CYP3A substrate Increased tacrolimus AUC ~2-fold TDM recommended

Abbreviations: AUC, area under the curve; bid, twice daily dosing; MMF, mycophenolate mofetil; TDM, therapeutic drug monitoring.
Source: Adapted from Astellas, 2015.
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the following organ systems: hepatobiliary (9% vs. 16%, p = 
0.016), skin (33% vs. 42%, p = 0.037), and eye disorders (15% 
vs 27%, p = 0.002) (Maertens et al., 2016). It should be noted 
that although skin disorders comprising rash, erythema, and 
drug eruption were less common than with voriconazole, 
they were still observed. Phototoxic skin reactions were not 
specifically reported in SECURE and were not demonstrated 
in preclinical in vitro studies, but post-marketing vigilance 
will be valuable. Shortening of the QTc interval by > 60 ms 
from baseline was seen in 17 of 257 (7.5%) patients; however, 
the clinical significance of this is unclear. Infusional/ injection 
site reactions were noted in 4.3% (11/257) versus 1.5% (4/259) 
patients from the isavuconazole and voriconazole groups in 
SECURE, being mostly local injection site reactions (Astellas, 
2015). An in-line filter (0.2–1.2um) is recommended for 
intravenous administration (Astellas, 2015).

In an open-label dose-escalation study of isavuconazole 
prophylaxis in 24 patients undergoing chemotherapy for 
AML with 200 mg and 400 mg once-daily regimens, adverse 
events leading to cessation of drug were seen in 2/11 patients 
and 2/12 patients in low-dose and high-dose cohorts, 
respectively. Adverse events thought to be drug related 
occurred in five patients in the low-dose cohort and in eight 
patients in the high-dose cohort. Most were mild to moder-
ate in severity and most commonly consisted of headache 
and rash (Cornely et al., 2015). Abnormal liver function 
tests were seen in three patients in the high-dose group. No 
prolongation of the QT interval occurred (Cornely et al., 
2015).

7. CLINICAL USES OF THE DRUG

7a. Aspergillosis and mucormycosis

Isavuconazole is licensed for the treatment of IA and mucor-
mycosis following completion of two phase 3 clinical studies. 
The SECURE study was a multicenter double-blind random-
ized trial which evaluated the non-inferiority of isavuconazole 
compared with voriconazole for the primary treatment of 
possible, probable, or proven IMDs in adults, caused by 
Aspergillus spp. or other filamentous molds (Maertens et al., 
2016). Isavuconazole was administered as an intravenous 
loading dose followed by oral dosing up to day 84 of treat-
ment. Exclusion criteria included advanced HIV infection 
and hepatic or moderate–severe renal dysfunction. 

Overall, 516 patients were included in the intention-to-
treat (ITT) population (Maertens et al., 2016). The majority 
of patients had an underlying hematological malignancy 
(82% vs. 86%), were neutropenic at baseline (63% vs. 68%), 
were allogeneic hematopoietic stem cell transplant (HSCT) 
recipients (21% vs. 20%), and uncontrolled malignancy, a poor 
prognostic feature, was present in 67% and 72% of patients 
receiving isavuconazole and voriconazole, respectively. The 
median duration of treatment was 45 and 47 days for isavu-
conazole and voriconazole, respectively. Proven/probable 
IMD was present in 55% (143/258) and 51% (129/259) of 

isavuconazole and voriconazole groups, respectively, with 
pul monary involvement seen in > 90% of cases with proven/
probable disease. More than 80% of mycologically docu - 
mented infection in both groups was invasive pulmonary 
aspergillosis.

In SECURE, the primary endpoint of all-cause-mortality 
through day 42 in the ITT population was similar between 
comparator groups (19% in the isavuconazole arm and 20% 
in the voriconazole arm, with the upper bound of the 95% 
confidence interval of the treatment difference below the 
prespecified non-inferiority margin of 10%) (Maertens et  
al., 2016). All-cause mortality through day 84 was consis- 
tent with results of the primary endpoint with no difference 
between arms. There were no significant differences in the 
secondary endpoint of overall success (complete and partial 
response) at the end of therapy (as determined by an inde-
pendent blinded data review committee [DRC]), being 35% 
in the isavuconazole group and 36% in the voriconazole group 
(Maertens et al., 2016). 

The VITAL study was an open-label phase 3 multicenter 
non-comparator trial that evaluated the efficacy and safety of 
isavuconazole for treatment of proven or probable IFDs due 
to Aspergillus species and other filamentous fungi, yeasts, or 
dimorphic fungi in patients with and without pre-existing 
renal impairment (Marty et al., 2016). VITAL enrolled patients 
for primary treatment or those who were refractory to or 
intolerant of prior antifungal therapy, and isavuconazole was 
administered as a 200-mg i.v. or oral loading dose three times 
daily on days 1 and 2, followed by either i.v. or oral isavuco-
nazole 200 mg once daily from day 3 up to 180 days (Marty 
et al., 2016). VITAL enrolled 149 patients, of whom 37 had 
proven or probable mucormycosis (Marty et al., 2016). The 
primary endpoint was overall success at the end of treatment 
based on DRC-adjudicated clinical, mycological, and radio-
logical response. 

Approval of isavuconazole for treatment of mucormycosis 
was based on 37 patients with proven (86%) or probable 
(14%) invasive mucormycosis from the VITAL study (Marty 
et al., 2016). Of this subgroup, 21 and 16 received primary 
and salvage (i.e. due refractory disease or intolerance to other 
antifungal therapy) therapy, respectively. Most patients had 
either hematological malignancies or diabetes. Pulmonary 
involvement was seen in 59% (n = 22), while extrapulmo-
nary disease alone was present in 41% (n = 15). The most 
common extrapulmonary sites were sinuses in 16, ophthal-
mic in 7, and CNS disease in 6 patients. Rhizopus species 
were most commonly identified. Median duration of treat-
ment was 84 days (range 19–179 days).

Overall mortality at day 42 was 38%, and higher among 
patients administered isavuconazole as salvage therapy (45%) 
compared to patients treated for primary diseases (33%). A 
successful clinical response at end of treatment was observed 
in 56% of patients treated with isavuconazole as primary 
therapy and 22% of patients refractory to prior antifungal 
therapy. Only 11% of study patients had a complete or partial 
response at day 42. 
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Study discontinuation among the subgroup with mucor-
mycosis was high (24 of 37, 65%), with death being the most 
common reason (n = 11), followed by adverse events or 
intercurrent illness (n = 6), while insufficient therapeutic 
response was cited in two patients (Marty et al., 2016). 

A post-hoc analysis of the VITAL study aimed to deter-
mine the efficacy of isavuconazole compared to amphoteri-
cin B formulations for the primary treatment of mucormycosis 
(Marty et al., 2016). In a matched cohort analysis, 21 patients 
with primary mucormycosis from VITAL were matched to 
up to 3 historical control patients identified from the Fun gi-
scope Global Emerging Fungal Infection Registry (2008–
2013) who received an amphotericin B formulation being 
either amphotericin B deoxycholate (n = 7), liposomal ampho- 
 tericin (n = 22), or amphotericin B lipid complex (n = 4). 
Matching criteria included disease severity (CNS or dis-
seminated), surgical debridement, and hematological malig-
nancy. Crude mortality through day 42 was similar between 
VITAL (n = 21) and matched controls (n = 33), being 33% 
and 39% respectively, suggesting that isavuconazole may be 
as effective as the amphotericin B formulations in the pri-
mary treatment of mucormycosis (Marty et al., 2016).

Several case reports have described the successful use of 
isavuconazole as salvage therapy for mucormycosis (Peixoto 
et al., 2014; Ervens et al., 2014; Knoll, 2014). In one case of 
rhinocerebral mucromycosis due to Rhizopus oryzae, a dura-
ble clinical response with follow-up at 2 years was achieved, 
despite elevated MIC values of 8 to >16 mg/l (Ervens et  
al., 2014). Subsequent sterol analysis demonstrated accumu-
lation of ergosterol precursors with elevated levels of squalene 
(17.06 vs. 9.95% in the control susceptible strain) and zymo-
sterol (68.70 vs. 0.00%), with corresponding reductions seen 
in ergosterol levels (2.3 vs. 76.93% in the control susceptible 
strain) suggestive of azole resistance (Ervens et al., 2014). In 
all reports (Ervens et al., 2014; Peixoto et al., 2014; Knoll, 
2014) isavuconazole was well tolerated despite prolonged 
treatment, with mild adverse events such as skin rash, nau-
sea, transient elevations in liver enzymes, and an absence of 
QTc abnormalities. 

7b. Infections due to dimorphic fungi

Although isavuconazole has potent in vitro activity against 
dimorphic fungi (Thompson and Wiederhold, 2010), clinical 
data on its efficacy are limited. A subset of 29 patients in the 
VITAL study were treated for proven/probable IFDs due to 
dimorphic fungi, including Paracoccidioides spp. (n = 10), 
Coccidioides spp. (n = 9), Histoplasma spp. (n = 7), and 
Blastomyces spp. (n = 3) (Thompson et al., 2016). Pulmonary 
involvement was present in all patients infected with Coc
cidioides and Blastomyces spp. Treatment duration ranged 
from 2 to 331 days (median 180). Overall success at the end 
of treatment was 63% (n = 18); 21% had stable IFD and 16% 
had progressive IFD (Thompson et al., 2016). Eight-seven 
percent of patients experienced an adverse event (32% seri-
ous) but no patient was discontinued from the study primar-
ily from an adverse event (Thompson et al., 2016).

7c. Infections due to rare filamentous fungi

There are limited data on outcomes of infections due to rare 
molds from SECURE and VITAL. From these trials, Fusarium 
species were isolated in nine patients, and Scedosporium species 
in three patients, the latter comprising S. apiospermum in 
one patient, and in two patients, co-infections with S. prolifi
cans (Lomentospora prolificans) and Rhizopus spp. and unspec-
ified species of Scedosporium and Aspergillus (Cornely et al., 
2014). Isavuconazole was administered as salvage therapy in 
two patients with fusariosis and one patient with scedospo-
riosis. Baseline neutropenia was present in six of nine patients 
with fusariosis and one of three patients with scedosporiosis. 
At the end of treatment, three of nine patients with fusariosis 
had a successful outcome, being a complete (n = 2) or partial 
response, while six failed therapy (corresponding to stable or 
progressive infection). Outcomes for Scedosporium infection 
were poor, with one patient each having a partial response, 
stable disease, or disease progression (Cornely et al., 2014). 
Mortality was high, being five of nine among patients with 
fusariosis and one of three in patients with scedosporiosis, 
with disease progression evident in all patients as assessed by 
the DRCs. These poor outcomes should be interpreted in the 
context that these patients were at high risk for clinical fail-
ure at baseline.

7d. Candida infections

Isavuconazole appears effective for the treatment of esophageal 
candidiasis in a dose-ranging phase 2 randomized,  double-blind 
multicenter trial against fluconazole in 160 immuno com-
promised patients, where a 96% clinical and microbiological 
success was seen (Viljoen et al., 2015).

The ACTIVE study (ClinicalTrials.gov Identifier: NCT0 
0413218) is a double-blind, randomized phase 3 trial com-
paring isavuconazole to caspofungin for treatment of inva-
sive Candida infections presented in abstract form (Kullberg 
et al., 2016). After day 10, qualified patients could switch  
to oral isavuconazole (isavuconazole-arm) or voriconazole 
(caspofungin-arm). Successful overall response (based on 
successful clinical and mycological responses and no use of 
alternative systemic antifungal therapy post end of treat-
ment) at the end of i.v. therapy was 60.3% for isavuconazole 
and 71.1% for caspofungin, which did not meet the pre-spec-
ified non-inferiority margin. All-cause mortality and safety 
outcomes were similar in both arms (Kullberg et al., 2016).

REFERENCES 

Al-Hatmi AM, Van Diepeningen AD, Curfs-Breuker I, De Hoog GS, Meis JF 
(2015). Specific antifungal susceptibility profiles of opportunists in the 
Fusarium fujikuroi complex. J Antimicrob Chemother 70: 1068.

Ananda-Rajah MR, Kontoyiannis D (2015). Isavuconazole: a new extended 
spectrum triazole for invasive mold diseases. Future Microbiol 10: 693.

Andes D, Ghannoum M, Kovanda L et al. (2014). Outcomes by minimum 
inhibitory concentrations from isavuconazole phase 3 trial of invasive 
aspergillosis (SECURE). 54th Interscience Conference on Antimicrobial 
Agents and Chemotherapy (ICAAC) ASM Washington DC USA, 
Abstract No. M17-61.

http://ClinicalTrials.gov


7. Clinical uses of the drug 2867

Arendrup MC, Cuenca-Estrella M, Lass-Florl C, Hope WW, European Com- 
mittee on Antimicrobial Susceptibility Testing Subcommittee on Anti- 
fungal Susceptibility (2012). EUCAST Technical Note on Aspergillus and 
Amphotericin B, Itraconazole, and Posaconazole. Clin Microbiol Infect 
18: E248.

Arendrup MC, Jensen RH, Meletiadis J (2015). In vitro activity of isavuco-
nazole and comparators against clinical isolates of the Mucorales order. 
Antimicrob Agents Chemother 59: 7735.

Arendrup MC, Mavridou E, Mortensen KL et al. (2010). Development of 
azole resistance in Aspergillus fumigatus during azole therapy associated 
with change in virulence. PLoS One 5: e10080.

Astellas (2015). FDA Advisory committee briefing document: Isavucona-
zonium: invasive aspergillosis and invasive mucormycosis. fda.gov/
downloads/AdvisoryCommittees/CommitteesMeetingMaterials/Drugs/
Anti-InfectiveDrugsAdvisoryCommittee/UCM430748.pdf. Accessed 22 
February 2015.

Badali H, Khodavaisy S, Fakhim H et al. (2015). In vitro susceptibility profiles 
of eight antifungal drugs against clinical and environmental strains of 
Phaeoacremonium. Antimicrob Agents Chemother 59: 7818.

Box H, Livermore J, Johnson A et al. (2015). Pharmacodynamics of isavu- 
conazole in a dynamic in vitro model of invasive pulmonary aspergillo-
sis. Antimicrob Agents Chemother.

Castanheira M, Messer SA, Rhomberg PR et al. (2014). Isavuconazole and nine 
comparator antifungal susceptibility profiles for common and uncommon 
Candida species collected in 2012: application of new CLSI clinical 
breakpoints and epidemiological cutoff values. Mycopathologia 178: 1.

Chakrabarti A, Shivaprakash MR, Curfs-Breuker I et al. (2010). Apophyso- 
myces elegans: epidemiology, amplified fragment length polymorphism 
typing, and in vitro antifungal susceptibility pattern. J Clin Microbiol  
48: 4580.

Chandra J, Mukherjee P, Ghannoum MA (2014). Resistance mechanisms to 
azoles in moulds. 54th Interscience Conference on Antimicrobial Agents 
and Chemotherapy (ICAAC) ASM Washington DC USA. Abstract no. 
M-1278.

Chowdhary A, Kathuria S, Singh PK et al. (2013). Molecular characterization 
and in vitro antifungal susceptibility profile of Schizophyllum commune, 
an emerging basidiomycete in bronchopulmonary mycoses. Antimicrob 
Agents Chemother 57: 2845.

Chowdhary A, Singh PK, Kathuria S, Hagen F, Meis JF (2015). Comparison of 
the EUCAST and CLSI broth microdilution methods for testing isavu- 
conazole, posaconazole, and amphotericin B against molecularly iden- 
tified Mucorales species. Antimicrob Agents Chemother 59: 7882.

Cornely OA, Bohme A, Schmitt-Hoffmann A, Ullmann AJ (2015). Safety and 
pharmacokinetics of isavuconazole as antifungal prophylaxis in acute 
myeloid leukemia patients with neutropenia: results of a phase 2, dose 
escalation study. Antimicrob Agents Chemother 59: 2078.

Cornely OA, Ostrosky-Zeichner L, Rahav G et al. (2014). Outcomes in patients 
with invasive mold disease caused by Fusarium or Scedosporium spp. 
treated with isavuconazole: experience from the VITAL and SECURE 
Trials. 54th Interscience Conference on Antimicrobial Agents and Chemo - 
therapy (ICAAC) ASM Washington DC USA. Abstract no. M-1760.

Datta K, Rhee P, Byrnes 3rd E et al. (2013). Isavuconazole activity against 
Aspergillus lentulus, Neosartorya udagawae, and Cryptococcus gattii, 
emerging fungal pathogens with reduced azole susceptibility. J Clin 
Microbiol 51: 3090.

Deng S, De Hoog GS, Badali H et al. 2013. In vitro antifungal susceptibility 
of Cladophialophora carrionii, an agent of human chromoblastomyco-
sis. Antimicrob Agents Chemother 57: 1974.

Deng S, Zhang C, Seyedmousavi S et al. (2015). Comparison of the in vitro 
activities of newer triazoles and established antifungal agents against 
Trichophyton rubrum. Antimicrob Agents Chemother 59: 4312.

Desai A, Kovanda L, Kowalski D et al. (2016a). Population pharmacokinetics 
of isavuconazole from Phase 1 and Phase 3 (SECURE) trial in adults and 
target attainment in patients with invasive aspergillosis and other fila- 
mentous fungi. Antimicrob Agents Chemother.

Desai A, Schmitt-Hoffmann AH, Mujais S, Townsend R (2016b). Population 
pharmacokinetics of isavuconazole in subjects with mild or moderate 
hepatic impairment. Antimicrob Agents Chemother 60: 3025.

Desai A, Yamazaki T, Dietz AJ et al. (2016c). Pharmacokinetic and phar ma- 
codynamic evaluation of the drug-drug interaction between isavuco-
nazole and warfarin in healthy subjects. Clin Pharmacol Drug Dev.

Donnelley MA, Zhu ES, Thompson 3rd GR (2016). Isavuconazole in the 
treatment of invasive aspergillosis and mucormycosis infections. Infect 
Drug Resist 9: 79.

Ervens J, Ghannoum M, Graf B, Schwartz S (2014). Successful isavuconazole 
salvage therapy in a patient with invasive mucormycosis. Infection 42: 
429.

Espinel-Ingroff A, Chowdhary A, Gonzalez GM et al. (2013). Multicenter 
study of isavuconazole MIC distributions and epidemiological cutoff 
values for Aspergillus spp. for the CLSI M38-A2 broth microdilution 
method. Antimicrob Agents Chemother 57: 3823.

Espinel-Ingroff A, Chowdhary A, Gonzalez GM et al. 2015. Multicenter study 
of isavuconazole MIC distributions and epidemiological cutoff values  
for the Cryptococcus neoformans-Cryptococcus gattii species complex 
using the CLSI M27-A3 broth microdilution method. Antimicrob Agents 
Chemother 59: 666.

Falci DR, Pasqualotto AC (2013). Profile of isavuconazole and its potential  
in the treatment of severe invasive fungal infections. Infect Drug Resist 
6: 163.

Farowski F, Cornely OA, Vehreschild JJ et al. (2010). Quantitation of azoles 
and echinocandins in compartments of peripheral blood by liquid chroma- 
tography-tandem mass spectrometry. Antimicrob Agents Chemother 
54: 1815.

Feng P, Najafzadeh MJ, Sun J et al. (2012). In vitro activities of nine anti- 
fungal drugs against 81 Phialophora and Cyphellophora isolates. 
Antimicrob Agents Chemother 56: 6044.

Gonzalez GM (2009). In vitro activities of isavuconazole against opportunis-
tic filamentous and dimorphic fungi. Med Mycol 47: 71.

Gregson L, Goodwin J, Johnson A et al. (2013). In vitro susceptibility of Asper- 
gillus fumigatus to isavuconazole: correlation with itraconazole, vorico - 
nazole, and posaconazole. Antimicrob Agents Chemother 57: 5778.

Groll AH, Desai A, Han D et al. (2016). Pharmacokinetic assessment of 
drug-drug interactions of isavuconazole with the immunosuppressants 
cyclosporine, mycophenolic acid, prednisolone, sirolimus, and tacroli- 
mus in healthy adults. Clin Pharmacol Drug Dev.

Guinea J, Bouza E (2008). Isavuconazole: a new and promising antifungal 
triazole for the treatment of invasive fungal infections. Future Microbiol 
3: 603.

Guinea J, Pelaez T, Recio S, Torres-Narbona M, Bouza E (2008). In vitro 
antifungal activities of isavuconazole (BAL4815), voriconazole, and 
fluconazole against 1,007 isolates of zygomycete, Candida, Aspergillus, 
Fusarium, and Scedosporium species. Antimicrob Agents Chemother 
52: 1396.

Guinea J, Recio S, Escribano P et al. (2010). In vitro antifungal activities of 
isavuconazole and comparators against rare yeast pathogens. Antimicrob 
Agents Chemother 54: 4012.

Hagen F, Illnait-Zaragozi MT, Bartlett KH et al. (2010). In vitro antifungal 
susceptibilities and amplified fragment length polymorphism geno- 
typing of a worldwide collection of 350 clinical, veterinary, and 
environmental Cryptococcus gattii isolates. Antimicrob Agents 
Chemother 54: 5139.

Hazirolan G, Canton E, Sahin S, Arikan-Akdagli S (2013). Head-to-head 
comparison of inhibitory and fungicidal activities of fluconazole, 
itraconazole, voriconazole, posaconazole, and isavuconazole against 
clinical isolates of Trichosporon asahii. Antimicrob Agents Chemother 
57: 4841.

Hope WW, Cuenca-Estrella M, Lass-Florl C, Arendrup MC, European 
Committee on Antimicrobial Susceptibility Testing-Subcommittee on 
Antifungal Susceptibility (2013). EUCAST technical note on voriconazole 
and Aspergillus spp. Clin Microbiol Infect 19: E278.

Howard SJ, Arendrup MC (2011). Acquired antifungal drug resistance in 
Aspergillus fumigatus: epidemiology and detection. Med Mycol.

Howard SJ, Lass-Florl C, Cuenca-Estrella M, Gomez-Lopez A, Arendrup MC 
(2013). Determination of isavuconazole susceptibility of Aspergillus and 
Candida species by the EUCAST method. Antimicrob Agents Chemother 
57: 5426.

http://fda.gov/downloads/AdvisoryCommittees/CommitteesMeetingMaterials/Drugs/Anti-InfectiveDrugsAdvisoryCommittee/UCM430748.pdf
http://fda.gov/downloads/AdvisoryCommittees/CommitteesMeetingMaterials/Drugs/Anti-InfectiveDrugsAdvisoryCommittee/UCM430748.pdf
http://fda.gov/downloads/AdvisoryCommittees/CommitteesMeetingMaterials/Drugs/Anti-InfectiveDrugsAdvisoryCommittee/UCM430748.pdf


2868 Isavuconazole

Illnait-Zaragozi MT, Martinez GF, Curfs-Breuker I et al. (2008). In vitro activity 
of the new azole isavuconazole (BAL4815) compared with six other 
antifungal agents against 162 Cryptococcus neoformans isolates from 
Cuba. Antimicrob Agents Chemother 52: 1580.

Jiménez-Ortigosa C, Matsumoto S, Fouant MM, Kovanda L, Perlin DS 
(2014). Assessing isavuconazole-induced resistance in Aspergillus 
fumigatus 54th Interscience Conference on Antimicrobial Agents and 
Chemotherapy (ICAAC) ASM Washington DC USA. Abstract no. M-1081.

Kathuria S, Singh PK, Meis JF, Chowdhary A (2014). In vitro antifungal 
susceptibility profile and correlation of mycelial and yeast forms of 
molecularly characterized Histoplasma capsulatum strains from India. 
Antimicrob Agents Chemother 58: 5613.

Katragkou A, McCarthy M, Meletiadis J et al. (2014). In vitro combination of 
isavuconazole with micafungin or amphotericin B deoxycholate against 
medically important molds. Antimicrob Agents Chemother 58: 6934.

Kloezen W, Meis JF, Curfs-Breuker I, Fahal AH, Van De Sande WW (2012). In 
vitro antifungal activity of isavuconazole against Madurella mycetoma-
tis. Antimicrob Agents Chemother 56: 6054.

Knoll BM (2014). Pharmacokinetics of oral isavuconazole in a patient after 
Roux-en-Y gastric bypass surgery. J Antimicrob Chemother.

Kovanda LL, Desai AV, Lu Q et al. (2016a). Isavuconazole population phar- 
macokinetic analysis using non-parametric estimation in patients with 
invasive fungal disease: results from the VITAL study. Antimicrob Agents 
Chemother.

Kovanda LL, Maher R, Hope WW (2016b). Isavuconazonium sulfate: a new 
agent for the treatment of invasive aspergillosis and invasive mucormy-
cosis. Expert Rev Clin Pharmacol 9: 887.

Kullberg BJ, Thompson G, Pappas PG et al. (2016). Isavuconazole versus 
caspofungin in the treatment of candidaemia and other invasive 
Candida infections: the ACTIVE trial. European Congress of Clinical 
Microbiology and Infectious Diseases (ECCMID) ASM Amsterdam, NL 
Abstract no. O-423.

Lackner M, De Hoog GS, Verweij PE et al. (2012). Species-specific antifungal 
susceptibility patterns of Scedosporium and Pseudallescheria species. 
Antimicrob Agents Chemother 56: 2635.

Lepak AJ, Marchillo K, Vanhecker J, Andes DR (2013a). Isavuconazole 
(BAL4815) pharmacodynamic target determination in an in vivo murine 
model of invasive pulmonary aspergillosis against wild-type and cyp51 
mutant isolates of Aspergillus fumigatus. Antimicrob Agents Chemother 
57: 6284.

Lepak AJ, Marchillo K, Vanhecker J, Andes DR (2013b). Posaconazole 
pharmacodynamic target determination against wild-type and Cyp51 
mutant isolates of Aspergillus fumigatus in an in vivo model of invasive 
pulmonary aspergillosis. Antimicrob Agents Chemother 57: 579.

Lepak AJ, Marchillo K, Vanhecker J et al. (2013c). Isavu conazole pharmaco-
dynamic target determination for Candida species in an in vivo murine 
disseminated candidiasis model. Antimicrob Agents Chemother 57: 
5642.

Livermore J, Hope W (2012). Evaluation of the pharmacokinetics and clinical 
utility of isavuconazole for treatment of invasive fungal infections. Expert 
Opin Drug Metab Toxicol 8: 759.

Lockhart SR, Pham CD, Gade L et al. (2013). Preliminary laboratory report  
of fungal infections associated with contaminated methylprednisolone 
injections. J Clin Microbiol 51: 2654.

Luo G, Gebremariam T, Lee H et al. (2014). Isavuconazole therapy protects 
immunosuppressed mice from mucormycosis. Antimicrob Agents 
Chemother 58: 2450.

Maertens JA, Raad II, Marr KA et al. (2016). Isavuconazole versus voricona- 
zole for primary treatment of invasive mould disease caused by Asper- 
gillus and other filamentous fungi (SECURE): a phase 3, randomised- 
controlled, non-inferiority trial. Lancet 387: 760.

Majithiya J, Sharp A, Parmar A, Denning DW, Warn PA (2009). Efficacy of 
isavuconazole, voriconazole and fluconazole in temporarily neutropenic 
murine models of disseminated Candida tropicalis and Candida krusei. 
J Antimicrob Chemother 63: 161.

Marty FM, Ostrosky-Zeichner L, Cornely OA et al. (2016). Isavuconazole 
treatment for mucormycosis: a single-arm open-label trial and case- 
control analysis. Lancet Infect Dis 16: 828.

Mavridou E, Bruggemann RJ, Melchers WJ, Mouton JW, Verweij PE (2009). 
Efficacy of posaconazole against three clinical Aspergillus fumigatus 
isolates with mutations in the cyp51A gene. Antimicrob Agents 
Chemother.

Najafzadeh MJ, Badali H, Illnait-Zaragozi MT, De Hoog GS, Meis JF (2010). 
In vitro activities of eight antifungal drugs against 55 clinical isolates of 
Fonsecaea spp. Antimicrob Agents Chemother 54: 1636.

Najafzadeh MJ, Sutton DA, Keisari MS et al. (2014). In vitro activities of 
eight antifungal drugs against 104 environmental and clinical isolates of 
Aureobasidium pullulans. Antimicrob Agents Chemother 58: 5629.

Peixoto D, Gagne LS, Hammond SP et al. (2014). Isavuconazole treatment of 
a patient with disseminated mucormycosis. J Clin Microbiol 52: 1016.

Perkhofer S, Lechner V, Lass-Florl C, European Committee on Antimicrobial 
Susceptibility (2009). In vitro activity of Isavuconazole against Asper- 
gillus species and zygomycetes according to the methodology of the 
European Committee on Antimicrobial Susceptibility Testing. Antimicrob 
Agents Chemother 53: 1645.

Pfaller MA, Castanheira M, Messer SA, Rhomberg PR, Jones RN (2014). 
Comparison of EUCAST and CLSI broth microdilution methods for the 
susceptibility testing of 10 systemically active antifungal agents when 
tested against Candida spp. Diagn Microbiol Infect Dis 79: 198.

Pfaller MA, Messer SA, Rhomberg PR, Jones RN, Castanheira M (2013).  
In vitro activities of isavuconazole and comparator antifungal agents 
tested against a global collection of opportunistic yeasts and molds.  
J Clin Microbiol 51: 2608.

Pfaller MA, Rhomberg PR, Messer SA, Jones RN, Castanheira M (2015). 
Isavuconazole, micafungin, and 8 comparator antifungal agents’ 
susceptibility profiles for common and uncommon opportunistic fungi 
collected in 2013: temporal analysis of antifungal drug resistance using 
CLSI species-specific clinical breakpoints and proposed epidemiological 
cutoff values. Diagn Microbiol Infect Dis 82: 303.

Rudramurthy SM, Chakrabarti A, Geersten E, Mouton JW, Meis JF (2011). In 
vitro activity of isavuconazole against 208 Aspergillus flavus isolates in 
comparison with 7 other antifungal agents: assessment according to the 
methodology of the European Committee on Antimicrobial Suscepti- 
bility Testing. Diagn Microbiol Infect Dis 71: 370.

Sanglard D, Coste AT (2015). Activity of isavuconazole and other azoles 
against Candida clinical isolates and yeast model systems with known 
azole resistance mechanisms. Antimicrob Agents Chemother.

Schmitt-Hoffmann A, Desai A, Kowalski D et al. (2016). Isavuconazole absorp- 
tion following oral administration in healthy subjects is comparable to 
intravenous dosing, and is not affected by food, or drugs that alter 
stomach pH. Int J Clin Pharmacol Ther.

Schmitt-Hoffmann A, Roos B, Heep M et al. (2006a). Single-ascending-dose 
pharmacokinetics and safety of the novel broad-spectrum antifungal 
triazole BAL4815 after intravenous infusions (50, 100, and 200 milligrams) 
and oral administrations (100, 200, and 400 milligrams) of its prodrug, 
BAL8557, in healthy volunteers. Antimicrob Agents Chemother 50: 279.

Schmitt-Hoffmann A, Roos B, Maares J et al. (2006b). Multiple-dose phar- 
macokinetics and safety of the new antifungal triazole BAL4815 after 
intravenous infusion and oral administration of its prodrug, BAL8557,  
in healthy volunteers. Antimicrob Agents Chemother 50: 286.

Schmitt-Hoffmann A, Roos B, Spickermann J et al. (2009). Effect of mild and 
moderate liver disease on the pharmacokinetics of isavuconazole after 
intravenous and oral administration of a single dose of the prodrug 
BAL8557. Antimicrob Agents Chemother 53: 4885.

Schmitt-Hoffmann AH, Richter WF (2012). Isavuconazole is widely distributed 
in rat tissue. European Congress of Clinical Microbiology and Infectious 
Diseases (ECCMID) ASM London, UK. Abstract no. P-863.

Seifert H, Aurbach U, Stefanik D, Cornely O (2007). In vitro activities of 
isavuconazole and other antifungal agents against Candida blood-
stream isolates. Antimicrob Agents Chemother 51: 1818.

Thompson 3rd GR, Rendon A, Ribeiro Dos Santos R et al. (2016). Isavuco- 
nazole treatment of cryptococcosis and dimorphic mycoses. Clin Infect 
Dis.

Thompson 3rd GR, Wiederhold NP (2010). Isavuconazole: a comprehen- 
sive review of spectrum of activity of a new triazole. Mycopathologia 
170: 291.



7. Clinical uses of the drug 2869

Thompson 3rd GR, Wiederhold NP, Fothergill AW et al. (2009a). Antifungal 
susceptibilities among different serotypes of Cryptococcus gattii and 
Cryptococcus neoformans. Antimicrob Agents Chemother 53: 309.

Thompson 3rd GR, Wiederhold NP, Sutton DA, Fothergill A, Patterson TF 
(2009b). In vitro activity of isavuconazole against Trichosporon, Rhodo- 
torula, Geotrichum, Saccharomyces and Pichia species. J Antimicrob 
Chemother 64: 79.

Verweij PE, Gonzalez GM, Wiederhold NP et al. (2009). In vitro antifungal 
activity of isavuconazole against 345 mucorales isolates collected at 
study centers in eight countries. J Chemother 21: 272.

Viljoen J, Azie N, Schmitt-Hoffmann AH, Ghannoum M (2015). A phase 2, 
randomized, double-blind, multicenter trial to evaluate the safety and 
efficacy of three dosing regimens of isavuconazole compared with 
fluconazole in patients with uncomplicated esophageal candidiasis. 
Antimicrob Agents Chemother 59: 1671.

Warn PA, Sharp A, Mosquera J et al. (2006). Comparative in vivo activity of 
BAL4815, the active component of the prodrug BAL8557, in a neutro- 

penic murine model of disseminated Aspergillus flavus. J Antimicrob 
Chemother 58: 1198.

Warn PA, Sharp A, Parmar A et al. (2009). Pharmacokinetics and pharmaco-
dynamics of a novel triazole, isavuconazole: mathematical modeling, 
importance of tissue concentrations, and impact of immune status on 
antifungal effect. Antimicrob Agents Chemother 53: 3453.

Wiederhold NP, Kovanda L, Najvar LK et al. (2016). Isavuconazole is effective 
for the treatment of experimental cryptococcal meningitis. Antimicrob 
Agents Chemother.

Yamazaki T, Desai A, Goldwater R et al. (2016). Pharmacokinetic interactions 
between isavuconazole and the drug transporter substrates atorvasta-
tin, digoxin, metformin, and methotrexate in healthy subjects. Clin 
Pharmacol Drug Dev.

Yamazaki T, Inagaki Y, Fujii T et al. (2010). In vitro activity of isavuconazole 
against 140 reference fungal strains and 165 clinically isolated yeasts 
from Japan. Int J Antimicrob Agents 36: 324.



2870

159

Albaconazole

Christina C. Chang and Monica A. Slavin

1. DESCRIPTION

Albaconazole (UR-9825) is a new triazole (Figure 159.1) 
with a potent broad spectrum of antifungal activity, favorable 
pharmacokinetics, and high oral bioavailability (Ramos et 
al., 1999; Capilla et al., 2001; Alves et al., 2006; Pasqualotto 
and Denning, 2008). Its in vitro activity against Scedosporium 
prolificans and Paecilomyces distinguishes it from other new 
triazoles.

Current information is largely based on limited in vitro 
and animal studies; the highest level clinical trial evidence 
comes from a phase II study on treatment of vulvovaginitis 
(Pasqualotto and Denning, 2008). It has good in vitro activity 
against pathogenic yeasts (Ramos et al., 1999; Alves et al., 
2006), dermatophytes (Fernandez-Torres et al., 2001; Garau 
et al., 2003), and some filamentous fungi including S. prolifi
cans (Carrillo and Guarro, 2001; Meletiadis et al., 2002) and 
Aspergillus spp. (Capilla et al., 2001) and has been shown to 
be active in the treatment of systemic aspergillosis (Bartroli 
et al., 1998), candidiasis (Pasqualotto and Denning, 2008),  
S. prolificans (Capilla et al., 2003) infection, and cryptococcal 
meningitis (Miller et al., 2004) in experimental animal mod-
els. Furthermore, it has potential in the treatment of Chagas 
disease (Trypanosoma cruzi infection) (Urbina et al., 2000; 
Urbina, 2001; Guedes et al., 2004).

Albaconazole is produced and developed by J Uriach & 
Cia (Barcelona, Spain) and, in common with the other azoles, 

works by inhibition of ergosterol synthesis (WHO Drug 
information, 2002; Pasqualotto and Denning, 2008). It is 
obtained by a new enantioselective synthesis using Evan’s 
chiral auxillaries, and the substitution of a halogen radical at 
the 7-position of the quinazolinone ring produces the most 
potent products in vitro (Ramos et al., 1999).

Its chemical formula is 7-chloro-3-[(1R,2R)-2-(2,4-diflu-
orophenyl)-2-hydroxy-1-methyl-3-(1H-1,2,4-triazol-1-yl)
propyl]quinazolin-4(3H)-one and its molecular formula is 
C20H16ClF2N5O2 with a molecular weight of 431.823 g/mol 
(WHO Drug information, 2002). The chemical structure is 
shown in Figure 159.1.

2. ANTIMICROBIAL ACTIVITY

With the constant evolution of fungal taxonomy, what was 
once thought to be a single species may in fact be a complex 
of several species with varying antifungal susceptibilities. 
Thus, generalizations across species need to be balanced 
against analysis of the clinical isolate in question. Table 159.1 
provides a summary of published minimum inhibitory con-
centration (MIC) values for albaconazole against a variety of 
fungi—all testing was undertaken according to Clinical and 
Laboratory Standards Institute (CLSI) methods, with the 
exceptions described in Table 159.1. Owing to the lack of 
correlation between in vitro and in vivo results and lack of 
well-defined breakpoints for albaconazole susceptibility, the 
results of in vitro studies should be applied with caution.

2a.  Routine susceptibility

Albaconazole has excellent in vitro activity against Candida 
spp., with an MIC90 ≤ 1.0 µg/ml for all the species tested, 
including an MIC90 of 0.03 µg/ml for C. dublinensis (Alves  
et al., 2006). In three separate in vitro studies of Candida  
spp. susceptibility comprising more than 500 clinical iso- 
lates, albaconazole showed significantly lower MIC50s than 
fluconazole (Ramos et al., 1999; WHO Drug information, 
2002; Alves et al., 2006; Pasqualotto and Denning, 2008).Figure 159.1. Chemical structure of albaconazole UR-9825.
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Albaconazole and ravuconazole demonstrated the best 
activity against Cryptococcus spp. when compared with seven 
other antifungals, including amphotericin B, fluconazole, 
and other triazoles. C. gatti was often less susceptible than  
C. neoformans with albaconazole MIC geometric means (GM) 
of 0.06 and 0.02 µg/ml, respectively (Trilles et al., 2004). A 
rabbit model of cryptococcal meningitis suggests that alba-
conazole is as effective as fluconazole on a direct-weight basis, 
despite demonstrating only 15% cerebrospinal fluid (CSF) 
penetration (Miller et al., 2004). Excellent GM MICs were 
seen in small numbers of rare basidiomycetous yeasts, such 
as C. albidus, C. laurentii, Trichosporon asahii, and Rhodo to rula 
glutinis (Serena et al., 2004). It has good in vitro activity against 
Malassezia spp. as determined by a calorimetric indicator based 
on metabolic activity (see Table 159.1) (Garau et al., 2003).

Albaconazole and amphotericin B MICs were compared 
for 77 clinical isolates of filamentous fungi, including Asper
gillus spp., Paecilomyces spp., Chaetomium spp., Fusarium spp., 
and Scytalidium spp. (Capilla et al., 2001). With the exception 
of Fusarium solani and Scytalidium spp., albaconazole MICs 
were lower than those for amphotericin B. Notably, albacon-
azole had an MIC90 of 0.125 µg/ml against Paecilo myces lilaci
nus, the lowest reported MIC90 against this species (Capilla et 
al., 2001). Albaconazole had some activity against the Pseu
dallescheria boydii complex, including Scedosporium apiosper
mum with MIC90s of 4–16 µg/ml, although vorico nazole was 
more active (Gilgado et al., 2006). Albaconazole has demon-
strated promising activity against S. prolificans in a rabbit 
model (Capilla et al., 2003). It has good in vitro activity against 
other rare fungi, including Colletotrichum crassipes (Castro et 
al., 2001) (although susceptibility has been tested in only one 
clinical isolate) and the ascomycete Chae tomium (Serena et 
al., 2003). These authors modified the CLSI testing method to 
incubate an inoculum size of 107 ascospores/ml as this mold 
produces ascospores, not conidia (Serena et al., 2003).

Small in vitro studies of combinations of antifungal agents 
using a checkerboard microdilution method have been per-
formed. Synergy was reported for Paecilomyces spp. with 
 terbinafine and albaconazole, although the most active com-
bination was terbinafine–itraconazole for Paecilomyces variotii 
and terbinafine–voriconazole or ravuconazole for Paecilo my
ces lilacinus (Ortoneda et al., 2004a). Although albaconazole 
has poor activity against Fusarium spp., this group also 
reported some additive effect with albaconazole combined 
with amphotericin B (Ortoneda et al., 2004b). However, anti-
fungal susceptibilities are known to vary between Fusarium 
spp. (Nucci and Anaissie, 2007), and only 11 isolates were 
evaluated (Ortoneda et al., 2004a).

For dermatophytes, including Trichophyton spp. and Micro
sporum canis, the MIC GMs for albaconazole and vorico na-
zole were the lowest at 0.14 µg/ml (without reaching statistical 
significance), compared with terbinafine, amphotericin B, 
and other azoles, and albaconazole showed the narrowest 
MIC range (Fernandez-Torres et al., 2001). It should be noted 
that testing of dermatophytes was according to a modification 
of the CLSI method with MIC results read at 7–10 days after 
incubation at 28°C (Fernandez-Torres et al., 2001). Alba co-

na zole has some activity against Sporothrix, but remains  
inferior to terbinafine and amphotericin B (Trilles et al., 
2005; Marimon et al., 2008).

Interestingly, albaconazole has potent activity against the 
protozoan parasite T. cruzi in both in vivo and in vitro studies 
(Urbina et al., 2000; Urbina 2001; Guedes et al., 2004).

2b.  Emerging resistance and 
cross-resistance

Cross-resistance between albaconazole and other azoles is 
well recognized. In three in vitro studies of clinical Candida 
spp. isolates, some isolates with reduced susceptibility to flu-
conazole demonstrated higher albaconazole MIC50s (Ramos 
et al., 1999; Alves et al., 2006; Arechavala et al., 2007). Alba-
conazole MIC90s for fluconazole-resistant Candida spp. (MIC 
≥ 64 µg/ml) were 0.25 and 8 µg/ml for C. albicans and  
C. glabrata, respectively, although clinical experience in treat- 
ing such fluconazole-resistant isolates with albaconazole is 
lacking (Ramos et al., 1999; Alves et al., 2006). One C. neofor
mans isolate for which the fluconazole MIC was 64 µg/ml 
was susceptible to albaconazole (Miller et al., 2004).

With S. apiospermum, cross-resistance is seen with all 
azoles, except posaconazole (Meletiadis et al., 2002; Gilgado 
et al., 2006). However, in a comparative study of 33 strains of 
S. prolificans with high MICs for amphotericin B, itracon-
azole, posaconazole, and ravuconazole, albaconazole showed 
activity with MICs ranging from 0.01 to 4 µg/ml, with 0.5 
and 2 µg/ml for MIC50 and MIC90, respectively (Carrillo and 
Guarro, 2001).

There is evidence of naturally occurring resistance in  
T. cruzi (Guedes et al., 2004).

3. MECHANISM OF DRUG ACTION

Albaconazole inhibits ergosterol synthesis—specifically, ste-
rol 14-α-demethylase (Guedes et al., 2004; Pasqualotto and 
Denning, 2008).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The adult dose of albaconazole for onychomycosis has cur-
rently been defined in phase II clinical trials, where a dose 
of 100–400 mg per week has been studied (Sigurgeirsson et 
al., 2013). Weekly dosing is facilitated by the long plasma 
half-life. For oral administration, based on a phase II trial 
(NCT 00199264), 40 mg of albaconazole is more effective 
than a single dose of fluconazole 150 mg in the treatment of 
acute Candida vulvovaginosis (Bartroli and Uriach, 2005). 
Other dose regimens are yet to be established and there is 
no parenteral formulation.

Topical albaconazole has been developed, but there are no 
registered clinical trials currently with this formulation. No 
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Table 159.1. Antimicrobial activity of albaconazole against a variety of fungi.

Fungi
No. 

Tested
MIC range 

(µg/ml)
MIC50 

(µg/ml)
MIC90 

(µg/ml) Reference

Yeasts

Candida albicans 26 0.015–2.0 0.125 1.0 Alves et al., 2006

131 ≤ 0.0002–0.03 ≤ 0.0002 ≤ 0.0002 Ramos et al., 1999

86 ≤ 0.03–0.5 ≤ 0.03 ≤ 0.03 Arechavala et al., 2007

Candida glabrata 17 0.125–1.0 0.25 1.0 Alves et al., 2006

34 ≤ 0.0002–1.0 0.06 0.12 Ramos et al., 1999

6 0.06–2 0.5 NA Arechavala et al., 2007

Candida krusei 5 0.06–0.25 0.25 NA Alves et al., 2006

12 ≤ 0.0002–0.06 0.015 0.06 Ramos et al., 1999

Candida parapsilosis 62 ≤ 0.0002–0.25 ≤ 0.0002 ≤ 0.0002 Ramos et al., 1999

Candida tropicalis 36 ≤ 0.0002–64 ≤ 0.0002 0.03

Candida guilliermondii 8 ≤ 0.0002 ≤ 0.0002 NA

Cryptococcus neoformans 30 ≤ 0.03–0.06 0.02 (GM) 0.06 Trilles et al., 2004

12 ≤ 0.0012–1.25 ND ND Miller et al., 2004

Cryptococcus gattii 57 < 0.03–0.5 0.06 (GM) 0.125 Trilles et al., 2004

Cryptococcus albidus 10 0.03–32 0.45 (GM) 32 Serena et al., 2004

Cryptococcus laurentii 10 0.03–0.12 0.06 (GM) 0.12

Rhodotorula glutinis 10 0.03–0.25 0.07 (GM) 0.25 Serena et al., 2004

Sporobolomyces salmonicolor 10 0.03–0.12 0.05 (GM) 0.06

Trichosporon asahii 10 0.03–0.25 0.03 (GM) 0.25

Malassezia furfura 24 ≤ 0.06 ND ND Garau et al., 2003

Malassezia pachydermatisa 10 ≤ 0.06 ND ND

Malassezia sympodialisa 21 ≤ 0.06 ND ND

Malassezia slooffiaea 15 ≤ 0.06 ND ND

Dimorphic fungi

Sporothrix schenckii 34 0.06–16 ND ND Trilles et al., 2005

34    1–32 16 32 Marimon et al., 2008

Sporothrix brasilensis 23 0.25–4 1 4 Marimon et al., 2008

Sporothrix globosa 17    2–16 16 16

Sporothrix mexicana 2 32 32 (GM) NA

Sporothrix albicans 16    8–32 16 32

Molds: Hyaline hyphomycetes

Aspergillus fumigatus 10 0.06–0.125 0.06 0.125 Capilla et al., 2001

Aspergillus flavus 11 0.06–0.25 0.125 0.25

Aspergillus niger 11 0.06–0.5 0.25 0.5

Aspergillus ustus 2 1.0 ND ND Gene et al., 2001

Emericella quadrilineata 
(anamorph A. tetrazonus)

1 0.06 ND ND Gugnani et al., 2004

Pseudallescheria boydii complex 84 0.25–> 16 4 8 Gilgado et al., 2006

Scedosporium apiospermum 13 0.03–1 0.125 1 Meletiadis et al., 2002

Scedosporium apiospermumb 11 1 1 1 Carrillo and Guarro, 2001

Scedosporium prolificans 55 0.5–4 2 2 Meletiadis et al., 2002

Scedosporium prolificansb 33 0.01–4 0.5 2 Carrillo and Guarro, 2001

Fusarium solani 10    4–> 16 16 > 16 Capilla et al., 2001

Paecilomyces variotii 10 0.03–> 16 0.06 0.125 Capilla et al., 2001

Paecilomyces lilacinus 10 0.06–0.5 0.125 0.125

Dematiaceous hyphomycetes

Exophiala spinifera 9 0.03–0.5 0.125 NA Meletiadis et al., 2000

Scytalidium lignicolac 2 > 16 ND ND Capilla et al., 2001

Scytalidium dimidiatumc 3    2–> 16 ND ND

Chaetomium globosumd 11 0.12–1 0.34 1 Serena et al., 2003
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rectal, intravitreal, inhalational, or intraperitoneal adminis-
tration has been reported as yet.

4b.  Newborn infants and children

No trials have been performed in these patient groups.

4c.  Pregnant and lactating mothers

There is no information on the use of albaconazole in preg-
nancy or excretion of the drug in breast milk.

4d.  Those requiring altered dosages

There are currently insufficient data on the appropriate dose 
modifications for patients with impaired renal or hepatic 
function, or in extremes of age.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Capsule and tablet formulations of albaconazole 400 mg have 
been developed and their pharmacokinetics compared. On a 
mg–mg basis, the administration of capsules results in a higher 
AUC and Cmax than tablets. The mean half-life of albaconazole 
is relatively long (circa 70.5 hours). There is a variable delay 
in absorption from the gut to achieve Cmax (2.5–22.5 hours). 
Linear PK is observed up to dosages of 400 mg/day.

5b.  Drug distribution

Cmax concentrations are approximately 12 mg/l following a 
400 mg dose. Drug concentrations progressively accumulate 

with once-daily dosing, consistent with the relatively long 
half-life of albaconazole. The AUC0–24 increases from approx-
imately 24 mg.h/l on day 1 to 77 mg.h/l on day 5 following 
400 mg/day orally. There is no specific information on tissue 
concentrations achieved with oral dosing.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There have been no published pharmacokinetic-pharmaco-
dynamic (PK-PD) studies of albaconazole against target fun-
gal pathogens, and PK-PD targets are not known. Presumably 
albaconazole readily penetrates the nail to exert its clinical 
effect in fungal nail infections. CSF penetration of approxi-
mately 15% of serum level has been demonstrated in a rabbit 
model of cryptococcal meningitis with higher doses (Miller 
et al., 2004).

5d.  Excretion

Albaconazole undergoes oxidative metabolism to form 
6-hydro xyalbaconazole, which is the primary metabolite. 
Other details related to mass balance studies are not available.

5e.  Drug interactions

Consistent with other triazoles, the major source of drug–
drug interactions is via the CYP enzymes involved in the oxi-
dative metabolism of a wide variety of agents. The nature and 
extent of these interactions have not been published, but the 
H-1 antagonists, cisapride, cimetidine, rifampicin, pheny-
toin, warfarin, 3-hydroxy-3-methylglutaryl coenzyme A reduc-
tase inhibitors metabolized by CYP3A4 (e.g. atorvastatin, 
simvastatin) were not permitted in a recent phase II clinical 
trial (Sigurgeirsson et al., 2013).

Fungi
No. 

Tested
MIC range 

(µg/ml)
MIC50 

(µg/ml)
MIC90 

(µg/ml) Reference

Chaetomium globosume 10    1–2 2 2 Capilla et al., 2001

Chaetomium atrobrunneumd 7 0.12–1 0.18 NA Serena et al., 2003

Chaetomium nigricolord 1 0.5 ND ND

Chaetomium strumariumd 1 0.06 ND ND

Colletotrichum crassipes 1 0.125 ND ND Castro et al., 2001

Dermatophytes

Dermatophytesc 508 0.01–2 0.06 0.25 Fernandez-Torres et al., 2001

Microsporum canisc 105 0.01–0.5 0.06 0.25

Trichophyton mentagrophytesc 122 0.01–0.5 0.125 0.25

Trichophyton rubrumc 144 0.01–2 0.06 0.25

aMICs read at 5 days by colorimetric metabolic assay, not CLSI method.
bMICs read at 50% inhibition.
cMICs read at 4 days.
dCLSI method modified to inoculum size of 107 ascospores/ml.
eMICs read at 5 days.
NA not applicable as fewer than ten isolates tested; GM, geometric mean reported instead of MIC50; ND, not done.
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6. ADVERSE REACTIONS AND TOXICITY

Currently only limited toxicity data are available. In a phase I 
study, single doses of up to 400 mg of albaconazole were very 
well tolerated in volunteers, and no serious adverse events 
were reported (Izquierdo et al., 2000). These findings were 
replicated in a more recent study comparing albaconazole 
capsules and tablets (van Rossem and Lowe, 2013). No sig-
nificant clinical trends in safety parameters were noted. No 
adverse events were observed in 50 trial patients taking a sin-
gle dose of between 10 and 320 mg of albaconazole (Bartroli 
and Uriach, 2005).

Albaconazole was also well tolerated in animal studies, 
including rats (Bartroli et al., 1998), dog models for T. cruzi 
(1.5 mg/kg/day) (Guedes et al., 2004), and rabbit models for 
scedosporiosis (15–50 mg/kg/day) (Capilla et al., 2003). How-
ever, in the T. cruzi model, one in four dogs suffered weight 
loss and gastrointestinal disturbance after 120 days when 
treated for longer (150 days) (Guedes et al., 2004).

7. CLINICAL USES OF THE DRUG

Albaconazole is undergoing clinical development. A phase 
II, single-blind, dose-finding trial (NCT00199264) compar-
ing five doses of albaconazole (10, 40, 80, 160, and 320 mg) 
versus fluconazole for the treatment of acute, nonrecurrent 
candidal vulvovaginitis in 64 women has been completed. This 
suggested that a single dose of albaconazole 40 mg was more 
efficacious than fluconazole (Bartroli and Uriach, 2005). A 
phase Ib trial using albaconazole for the treatment of mocca-
sin-type tinea pedis is currently underway (NCT00509275) 
(Steifel Laboratories, 2008). There are no current phase III 
studies.

Other potential uses for albaconazole based on animal 
models include the following.

7a.  Onychomycosis

Once-weekly dose of albaconazole of 100–400 mg for 24–36 
weeks is effective for toenail onychomycosis assessed at week 
52 post initiation of therapy (Sigurgeirsson et al., 2013).

7b.  Systemic candidiasis in a mouse model

Response rates with oral albaconazole were comparable to 
those of fluconazole when given for 5 days at 5 mg/kg twice 
daily (Pasqualotto and Denning, 2008).

7c.  Cryptococcal meningitis in a rabbit 
model

In a direct comparison study based on varying dose/weight 
basis (5, 20, and 80 mg/kg/day), albaconazole was equally as 
efficacious as fluconazole, raising the possibility of its role 
in the treatment of fluconazole-resistant strains (Miller et al., 
2004).

7d.  Prevention of disseminated 
aspergillosis in a steroid-
immunosuppressed rat model

Albaconazole prophylaxis protected immunocompromised 
rats infected with A. fumigatus in a dose-related fashion, 
with 50 mg/kg twice daily giving 100% protection (Bartroli 
et al., 1998).

7e.  Systemic Scedosporium prolificans 
infection in an immunocompetent 
rabbit model

Tissue clearance of S. prolificans was better in each of the 
three doses of albaconazole (15, 25, and 50 mg/kg/day) com-
pared with amphotericin B 0.8 mg/kg/day. Promisingly, those 
treated with 50 mg/kg/day achieved 100% survival (Capilla 
et al., 2003).

7f.  Chagas disease in a dog model

Although no parasitological cure was observed with alba-
conazole, there were marked differences in serological and 
parasite-specific T-cell responsiveness, with normalization 
of cell reactivity with 1.5 mg/kg/day of albaconazole (Guedes 
et al., 2004).
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Ravuconazole

Virginia Ramos-Martín, Li Min Ling, Monica A. Slavin

1. DESCRIPTION

Ravuconazole belongs to a group of “second-generation” tri-
azoles and was developed to overcome limitations of other 
azoles including drug resistance and drug interactions 
(Maertens, 2004; Pasqualotto and Denning, 2008). Formerly 
BMS-207147 and ER-30346, it was discovered by Eisai Co. 
Ltd. in Japan, developed by Bristol-Myers Squibb, and is now 
held again by Eisai. It is structurally related to fluconazole 
and voriconazole (Fung-Tomc et al., 1998), but like isavuco-
nazole, has a long half-life (Pasqualotto and Denning, 2008). 
Its chemical structure is shown in Figure 160.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The in vitro activity of ravuconazole against a variety of fungi 
is summarized in Table 160.1; all testing was carried out 
according to Clinical Laboratory Standards Institute (CLSI) 
methods, except where noted. Owing to the lack of correlation 
between in vitro and in vivo results and lack of well- defined 
breakpoints for ravuconazole susceptibility, the results of in 
vitro studies should be applied with caution.

PATHOGENIC YEASTS

Overall, ravuconazole was more active in vitro than itracon-
azole and fluconazole against Candida spp. and had activity 

against fluconazole-resistant isolates with MIC90s of 1–16 µg/
ml (Diekema et al., 1999; Messer et al., 2006). The MIC90s 
of ravuconazole for Candida spp. ranged from 0.025 to 0.78 
µg/ml (Hata et al., 1996a; Diekema et al., 1999). It was more 
active than itraconazole, fluconazole, and amphotericin B 
against C. albicans, C. parapsilosis, and C. glabrata, with the 
MIC90s of ravuconazole being 0.025, 0.05, and 0.39 µg/ml, 
respectively (Hata et al., 1996a). Ravuconazole MICs for  
C. glabrata were similar to those of posaconazole and vori-
conazole (Pfaller et al., 2004). Candida krusei MIC90s were 
similar for ravuconazole and voriconazole at 0.5 µg/ml (Fung-
Tomc et al., 1998; Messer et al., 2006). For C. tropicalis, 
MIC90s of ravuconazole ranged from < 0.007 µg/ml to > 25 
µg/ml, with the higher values associated with fluconazole- 
resistant strains (Hata et al., 1996a; Fung-Tomc et al., 1998; 
Diekema et al., 1999; Pfaller et al., 2002a; Cuenca-Estrella et 
al., 2004).

Ravuconazole was more active than itraconazole against 
C. neoformans, and 64-fold more potent than fluconazole. 
The MIC90s of ravuconazole, itraconazole, and fluconazole 
for C. neoformans were 0.25, 0.5, and 8 µg/ml, respectively 
(Hata et al., 1996a; Sheehan et al., 1999; Yamazumi et al., 
2000). Ravuconazole had similar activity to voriconazole and 
posaconazole with MIC50s of < 1 µg/ml (Pfaller et al., 2005).

Ravuconazole was similar to fluconazole and more effec-
tive than itraconazole for treatment of systemic candidiasis 
(oral and pulmonary) or cryptococcosis (pulmonary and 
intra cranial) in neutropenic mice (Hata et al., 1996b). Ravu-
conazole has efficacy against fluconazole-resistant C. albicans 
infections in mice (Hata et al., 1996b).

Ravuconazole was most active when compared with itra-
conazole, voriconazole, fluconazole, and posaconazole against 
Rhodotorula spp., although it remained inferior to ampho-
tericin B (Diekema et al., 2005; Gomez-Lopez et al., 2005).

Although only limited data exist, it appears that ravuco-
nazole is active against both fluconazole-sensitive and fluco-
nazole-resistant Histoplasma capsulatum isolates, with a median 
MIC of 0.007 µg/ml (Wheat et al., 2006). Murine models 
have indicated ravuconazole activity against disseminated 
histoplasmosis at doses of 50 mg/kg. Both ravuconazole and Figure 160.1. Chemical structure of ravuconazole.
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itraconazole were equally effective with non-curative sup-
pression of infection of the liver and spleen (Clemons et al., 
2002).

MOLDS OR FILAMENTOUS FUNGI

Overall, ravuconazole has in vitro activity against Aspergillus 
spp. The geometric mean (GM) MIC of ravuconazole for 
Aspergillus spp. of 1.71 µg/ml was slightly higher than that of 
itraconazole (GM MIC of 0.67 µg/ml) and amphotericin B 
(GM MIC of 0.63 µg/ml) (Moore et al., 2000). However,  
A. fumigatus was significantly more susceptible to ravuco-
nazole than A. terreus and A. flavus with 96% of A. fumigatus 
strains inhibited at ≤ 1 µg/ml ravuconazole compared with 
76% of non-fumigatus species (Moore et al., 2000; Messer et 
al., 2006). In one study, only 1.9% of A. fumigatus strains had 
a ravuconazole MIC ≥ 4 µg/ml, whereas the prevalence of in 
vitro resistance (MICs ≥ 4 µg/ml) among other Aspergillus spp. 
was 3% (Cuenca–Estrella et al., 2005). Recently, Asper gillus 
section Fumigati (previously all considered to be A. fumi
gatus) was shown to comprise a number of species by molec-
ular analysis. Some of these species, such as A. lentulus, are 
more resistant to ravuconazole GM MIC ≥ 2 µg/ml as well as 
to the other mold-active azoles and amphotericin B (Alcazar-
Fuoli et al., 2008).

In a neutropenic murine model of pulmonary A. fumiga
tus infection, treatment with ravuconazole (10 mg/kg twice 
daily) was significantly more effective in delaying death than 
equivalent doses of itraconazole. However, there was no dif-
ference in efficacy between both agents at doses of 40 mg/kg 
twice daily (Hata et al., 1996b). The efficacy of ravuconazole 
was also demonstrated in a neutropenic rabbit model of sys-
temic aspergillosis involving the lung, brain, and kidney. 
Rabbits receiving oral therapy with ravuconazole at 30 mg/
kg/day all survived at day 9 compared with controls not 
receiving therapy, all of which died (p < 0.005) (Roberts et  
al., 2000). Ravuconazole has some activity against S. apio
spermum but is inactive against S. prolificans, with mean 
MIC90s of 0.125 and 16 µg/ml, respectively (Carrillo and 
Guarro, 2001; Minassian et al., 2003; Cuenca–Estrella et al., 
2005). Studies have observed limited or absent activity against 
Fusa rium spp. (MIC50 > 8 µg/ml), although synergy is observed 
when combined with amphotericin B (Ortoneda et al., 2004; 
Alastruey-Izquierdo et al., 2008).

For Zygomycetes, ravuconazole has variable activity against 
the different species and shares equivalent in vitro activity 
with itraconazole (Minassian et al., 2003). It was superior to 
voriconazole against Cunninghamella, Absidia, Rhizopus, and 
Rhizomucor spp.; however, it had no activity against Mucor 
spp. (Minassian et al., 2003). In a comparison with posacon-
azole and voriconazole, Pfaller et al. (2002b) observed that 
against Mucor spp., all three azoles had MIC50s > 8 µg/ml, 
although against Rhizopus spp., ravuconazole and posacon-
azole had activity with MIC50s in the range of 1–8 and 1–4 
µg/ml, respectively. Ravuconazole had limited activity against 
Penicillium and Paecilomyces spp.; in vitro rates of resistance 
were 26.5% and 23.1%, respectively (Diekema et al., 2003; 
Cuenca-Estrella et al., 2005).

Ravuconazole has activity against the dermatophytes 
Trichophyton mentagrophytes, T. rubrum, Microsporum gyp
seum, and M. canis. For these pathogens, ravuconazole was 
at least as active as amphotericin B and more active than 
itraconazole and fluconazole, with MICs ranging from 0.05 
to 0.39 µg/ml (Hata et al., 1996a).

Ravuconazole may be useful for the treatment of Try pan
osoma cruzi. It showed potent in vitro antiT. cruzi activity 
with MIC of 300 and 1 nM against the extracellular epimas-
tigote and intracellular amastigote forms, although curative 
activity was seen only in acute infections (Urbina et al., 2003).

Ravuconazole has potent in vitro activity against Madu rella 
mycetomatis, the most common etiologic agent of eumy-
cetoma, with MICs ranging between ≤ 0.002 and 0.031 μg/
ml, which are significantly lower than the MICs reported for 
ketoconazole and itraconazole (Ahmed et al., 2014).

2b.  Emerging resistance and 
cross-resistance

In common with other “second-generation” triazoles, ravu-
conazole has shown good activity against most, but not  
all, fluconazole-resistant Candida spp. In in vitro studies,  
fluconazole-resistant C. glabrata strains (MIC ≥ 64 µg/ml) 
exhibited higher MIC90s for ravuconazole (MIC range: 1–16 
µg/ml), and fluconazole MICs of > 64 µg/ml predicted resis-
tance to ravuconazole (Pfaller et al., 2004). Isolates with 
dose-dependent fluconazole susceptibility (MIC: 16–32 µg/
ml) did not predict for ravuconazole resistance (Pfaller et al., 
2004).

Fluconazole and itraconazole-resistant isolates of C. gla
brata (MIC ≥ 1 µg/ml) also demonstrated cross-resistance to 
voriconazole (MIC90 4 µg/ml; 13% sensitive at an MIC of ≤ 1 
µg/ml), posaconazole (MIC90 16 µg/ml; 4% sensitive at MIC 
of ≤ 1 µg/ml), and ravuconazole (MIC90 8 µg/ml; 8.7% sensi-
tive at an MIC of ≤ 1 µg/ml) (Pfaller et al., 2004). This was 
not the case with C. krusei, in which, although almost uni-
versally fluconazole-resistant, 99% of isolates were suscepti-
ble to ravuconazole (Pfaller et al., 2002c). Further studies are 
required to define the clinical significance of these findings.

In a study of a small number of itraconazole-resistant  
A. fumigatus isolates, ravuconazole had significantly lower 
MICs, as did voriconazole, but cross-resistance between the 
azoles was variable (Mosquera and Denning, 2002). Rodriguez-
Tudela et al. (2008) demonstrated that if itraconazole- 
resistant A. fumigatus isolates contained specific mutations 
in the CYP51A gene promoter region, namely M220 and 
tandem repeat-L98H, this would lead to cross-resistance 
between all azoles including ravuconazole.

There is no cross-resistance with ravuconazole and the 
polyenes and echinocandins (Mummaneni et al., 2000).

3. MECHANISM OF DRUG ACTION

As with the other azoles, ravuconazole inhibits the P450-
dependent enzyme lanosterol 14-α demethylase, resulting in 
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Table 160.1. In vitro activity of ravuconazole against a variety of fungi.

Number 
Tested

MIC range
µg/ml

MIC50 
µg/ml

MIC90 
µg/ml Reference

Fungi

Candida albicans 341 0.007–1.0 0.007 0.03 Diekema et al., 1999

13 ≤ 0.006–0.2 ≤ 0.006 ≤ 0.025 Hata et al., 1996a

34 0.002–0.5 0.008 0.03 Fung-Tomc et al., 1998

C. glabrata 66 0.015–2.0 0.25 0.5 Diekema et al, 1999

13 ≤ 0.1–0.78 0.2 0.39 Hata et al., 1996a

16 0.12–> 16 0.12 > 16 Fung-Tomc et al., 1998

C. krusei 131 NRa 0.5 0.5 Pfaller et al., 2002c

12 0.13–0.5 0.5 0.5 Fung-Tomc et al., 1998

C. parapsilosis 97 0.007–0.12 0.03 0.06 Diekema et al, 1999

10 ≤ 0.006–25 0.012 0.05 Hata et al., 1996a

11 ≤ 0.008–0.25 0.03 0.06 Fung-Tomc et al., 1998

C. tropicalis 49 ≤ 0.007–0.5 0.03 0.12 Diekema et al, 1999

12 0.006–> 25 0.10 12.5 Hata et al., 1996a

34 0.008–> 16 0.12 > 16 Fung-Tomc et al., 1998

C. guilliermondii 10 0.03–2.0 0.12 0.25 Diekema et al., 1999

C. dubliniensis 78 NR 0.007 0.03 Pfaller et al., 2002c

C. lusitaniae 58 NR 0.015 0.06 Pfaller et al., 2002c

Cryptococcus neoformans (fluconazole 
sensitive)

53 0.01–2.0 0.11 (GM)b NR Cuenca-Estrella et al., 2004

C. neoformans (fluconazole resistant) 97 0.01–4.0 0.23 (GM) NR

C. gatti (fluconazole resistant) 16 0.12–2.0 0.65 (GM) NR Cuenca-Estrella et al., 2004

C. albidus (fluconazole resistant) 3 0.03–0.5 0.04 (GM) NR Cuenca-Estrella et al., 2004

C. albidus (fluconazole sensitive) 1 0.12 0.12 NR

C. laurentii (fluconazole resistant) 3 0.03–1.0 0.62 (GM) NR

C. laurentii (fluconazole sensitive) 3 0.06–1.0 0.39 (GM) NR

Rhodotorula mucilaginosa 25 0.12–8 NR 8 Gomez-Lopez et al., 2005

Rhodotorula glutinis 4 0.03–0.06 0.043 (GM) NR

Malassezia furfurc 8 0.015–0.03 NR NR Fung-Tomc et al., 1998

Madurella mycetomatis 23 ≤ 0.002–0.031 0.004 0.016 Ahmed S et al., 2014

Dimorphic fungi

Sporothrix schenckii 3    1–4 NR NR Fung-Tomc et al., 1998

Molds: hyaline hyphomycetes

Aspergillus fumigatus 114 0.25–4 0.5 0.5 Pfaller et al., 2002b

A. flavus 13 0.12–1 0.5 1

A. niger 22 0.5–4 1 2

A. terreus 8 0.25–0.5 0.25 NR

Pseudallescheria boydii (complex) 30 0.5–16 2 4 Gilgado et al., 2006

Scedosporium apiospermumd 11 0.125 0.125 0.125 Carrillo and Guarro, 2001

S. apiospermum 3 0.25–4 2 NR Minassian et al., 2003

S. prolificansd 33 0.5–16 16 16 Carrillo and Guarro, 2001

S. prolificans 6 > 16 > 16 (median) NR Minassian et al., 2003 

Fusarium solani 8    8–> 16 > 16 (median MIC) NR Minassian et al., 2003

Fusarium spp. 7 0.5–> 8 > 8 NR Pfaller et al., 2002b

Paecilomyces variotiie 3 0.03–0.25 NR NR Fung-Tomc et al., 1998

Paecilomyces spp. 2    1–8 1 NR Pfaller et al., 2002b

6 0.03–4 0.25 NR Diekema et al., 2003

Penicillium spp. 35 0.015–8 0.5 4 Diekema et al., 2003

19 0.03–1 0.5 1 Pfaller et al., 2002b

Molds: dematiaceous hyphomycetes

Chaetomium globosumf 11 0.12–1 0.26 (GM) 0.5 Serena et al., 2003
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depletion of ergosterol and the accumulation of 14-α demethy-
lated precursors. This interferes with the function of ergo-
sterol in fungal membranes and breaks down the integrity of 
the membranes (Maertens, 2004).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Ravuconazole is currently being evaluated as an oral agent 
only, while the water-soluble prodrug ravuconazole di-lysine 
phosphoester (BMS-379224) is being evaluated as a paren-
teral formulation in humans and animal models (Olsen et al., 
2000; Bello et al., 2003; Ueda et al., 2003). In healthy human 
subjects, single daily doses of 50, 100, 200, 400, 600, and 800 
mg of the oral formulation and parenteral doses of 25–600 
mg of the prodrug were used. 

In HIV-infected adults with oropharyngeal candidiasis, 
oral daily doses of 200 mg for 5 days was the most effective 
regimen (Marino et al., 2001), and 400 mg daily compared 
with fluconazole 200 mg daily for 21 days in immunocom-
promised subjects with esophageal candidiasis demonstrated 
equivalent cure rates (Beale et al., 2001). For the treatment of 
onychomycosis, 200 mg/day orally for 12 weeks has been 
shown to be efficacious and safe (Gupta et al., 2005). There 
are no clinical trials of parenteral ravuconazole administra-
tion in patients. 

4b.  Newborn infants and children

There is no information regarding dosing in infants and 
children.

4c.  Pregnant and lactating mothers

There is no information on the use of ravuconazole in preg-
nant and lactating women.

4d.  Those requiring altered dosages

There is no clinical information regarding treatment in spe-
cial populations.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

In animal models, the oral bioavailability of ravuconazole 
ranged from 48% to 74%. The presence of food enhanced 
absorption, with a two- to fourfold increase in bioavailability 
when administered with a high-fat meal (Nakamura et al., 
1995; Olsen et al., 2000). Ravuconazole had a long serum 
elimination half-life ranging from 3.9 to 202 hours. Protein 
binding was high at 95.8% to 98% (Marino et al., 2001; Andes 
et al., 2003; Groll et al., 2005).

5b.  Drug distribution

Laboratory animal studies show linear PK. However, with 
multiple dosing, there may be nonlinear PK at higher doses 
(Hata et al., 1996b; Groll et al., 2005), indicating saturable 
clearance from the bloodstream and/or saturable protein 
binding at higher dosages. 

In mice, single oral doses of ravuconazole between 2 and 
40 mg/kg achieved mean peak serum levels of 0.16–2.39 µg/ml 

Number 
Tested

MIC range
µg/ml

MIC50 
µg/ml

MIC90 
µg/ml Reference

C. atrobrunneumf 7 0.06–1 0.16 (GM) NR

C. nigricolorf 1 1 NR NR

Achaetomium strumariumf 1 0.06 NR NR

Molds: zygomycetes

Mucor spp. 2 > 8 > 8 NR Pfaller et al., 2002b

3    1–> 8 > 8 NR Diekema et al., 2003

Rhizopus spp. 4    1–8 1 NR Pfaller et al., 2002b

5 0.5–> 8 > 8 NR Diekema et al., 2003

Molds: dermatophytes

Microsporum canisg 1 0.39 NR NR Hata et al., 1996a

Trichophyton mentagrophytesg 2 0.05–0.10 NR NR Hata et al., 1996a

Trichophyton rubrumg 2 0.05 NR NR Hata et al., 1996a

Trichophyton spp.e 13 ≤ 0.008–0.13 0.06 0.06 Fung-Tomc et al., 1998

aNR: not reported.
bGM: geometric mean reported instead of MIC50.
cMICs read at 5 days, medium included 2% olive oil.
dMICs read at 50% inhibition.
eTiming of MIC reading not specified.
fClinical Laboratory Standards Institute method modified to inoculm size of 107 ascospores/ml.
gMICs read at 5 days.
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and AUCs of 1.1–28.8 µg/ml h between 30 minutes and 6 
hours after dosing (Hata et al., 1996b). Nakamura et al. 
(1995) reported that mg/kg of oral ravuconazole led to a Cmax 
of 0.15 and 0.32 µg/ml and AUCs of 2.2 and 3.5 µg/ml h in 
rats and dogs, respectively. After oral administration in mice, 
ravuconazole achieved good tissue levels in the lung, abdo-
men, and uterus (Mikamo et al., 2001; Mikamo et al., 2002). 
Tissue concentrations were highest in the liver, adipose tis-
sue, lung, kidney, and brain tissue with the intravenous pro-
drug administration, whereas drug concentrations in non- 
inflamed CSF, aqueous, and vitreous fluid were low (Groll et 
al., 2005).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Based on in vivo studies, the pharmacokinetic-pharmacody-
namic parameter predictive of efficacy and treatment outcomes 
is the AUC/MIC ratio. Peak/dose and AUC/dose values 
ranged from 0.03 to 0.04 and 0.3 to 0.34, respectively. Single-
dose post-antifungal effect is present (Andes et al., 2003). 
Neutropenic rabbits receiving 5 and 10 mg/kg for pulmonary 
aspergillosis showed significant reduction in galactomannan 
levels and computed tomography–measured pulmonary injury 
and better survival than untreated controls (Petraitiene et al., 
2004).

5d.  Excretion

Little is known about the metabolism of the drug after intra-
venous administration. The lysine and phosphate residues of 
the prodrug are readily cleared and will not accumulate in 
the state of renal insufficiency (Groll et al., 2005).

5e.  Drug interactions

Ravuconazole may have a lower potential for drug interac-
tions as it is a less-potent inhibitor of CYP3A4 than vori co-
nazole; however, no information is available about interaction 
with other liver cytochrome enzymes such as CYP2C9 or 
2C19 (Mummaneni et al., 2000). One clinical trial of ravuco-
nazole in subjects with oral candidiasis and HIV found that 
rifampicin reduced ravuconazole levels by over 50% (Beale et 
al., 2001).

6. ADVERSE REACTIONS AND TOXICITY

For doses < 2.5 mg/kg/day in human volunteers, there has 
been minimal hepatotoxicity and nephrotoxicity. Headache 
and abdominal pain were most frequently reported, followed 
by diarrhea, pruritus, and rash (Beale et al., 2001; Gupta et 
al., 2005). No side effects have been noted in rats and dogs 
treated with ravuconazole for a week.

There are still ongoing clinical trials assessing the tolera-
bility of this drug in both the oral and parenteral formula-
tions (Nakamura et al., 1995; Petraitiene et al., 2004).

7. CLINICAL USES OF THE DRUG

7a.  Candidiasis

Two phase II trials have been undertaken in candidiasis. 
Firstly, HIV-infected individuals with oropharyngeal candi-
diasis received ravuconazole at daily doses of 50 or 200 mg 
for 5 days, a single dose of 400 mg, or placebo (Marino et al., 
2001). The most effective regimen was 200 mg daily for 5 
days, with 85% of subjects being cured or improved (Marino 
et al., 2001). Secondly, a double-blind study of ravuconazole 
400 mg daily compared with fluconazole 200 mg daily for 
21 days in immunocompromised subjects with esophageal 
candidiasis demonstrated equivalent cure rates (Beale et al., 
2001).

7b.  Onychomycosis

A phase I/II trial investigating the effect of a 3-month dosing 
regimen of ravuconazole at doses of 200 mg daily, 100 mg 
weekly, or 400 mg weekly in patients with onychomycosis 
reported a cure rate of 56% for those receiving 200 µg/day 
but no advantage over placebo for the other regimens (Gupta 
et al., 2005).

7c.  Prophylaxis in allogeneic stem cell 
recipients

A phase I/II trial of ravuconazole as prophylaxis in allogeneic 
stem cell transplant recipients has been completed (NCT000 
64311) (Lin et al., 2005). 

7d.  Mycetoma

Clinical studies are planned for ravuconazole against myce-
toma, but no data are currently available.

7e.  Chagas Disease

A phase II randomized, multicenter, placebo-controlled safety 
and efficacy study of three oral ravuconazole (E1224) dosing 
regimens and benznidazole, for the treatment of adult patients 
with chronic indeterminate Chagas disease, is currently under-
way as a proof-of-concept (NCT 01489228).
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Topical Azoles
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1. DESCRIPTION

The key clinical focus of topical azoles is the treatment of cuta
neous and mucosal yeast infections (e.g. Candida spp.), but 
some agents such as efinaconazole and tioconazole have par
ticular efficacy against dermatophytes while others are active 
against a range of clinically relevant molds, dimorphic fungi, 
and bacterial species. All structures are shown in Table 161.1. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine Susceptibility

The susceptibility of the topical azoles to yeasts, dimorphic 
fungi, molds, and bacteria is summarized in Table 161.2.

2b.  Emerging resistance and 
cross-resistance

There are no new emerging issues or data related to resis
tance of the agents described in this chapter.

3. MECHANISM OF DRUG ACTION

The primary mechanism of action (common to all imida
zoles) is via binding to the heme iron of cytochrome P450, 
thereby inhibiting the enzyme C14αdemethylase. The resul 
 tant inhibition of the conversion of lanosterol to ergosterol 
results in depletion of normal fungal sterols (ergosterol) and 
accumulation of 14αmethyl sterols (lanosterol) in the fungal 
cell membrane. Depletion of ergosterol in the fungal cell 
membrane results in structural alterations that allow efflux 
of ions and cytoplasmic material essential for maintenance of 
fungal integrity (Lackner and Clissold, 1989). 

Bifonazole also inhibits microsomal 3hydroxy3methyl
glutarylcoenzyme A (HMGCoA)reductase, an early step 
in the ergosterol biosynthesis pathway. Inhibition of this 
enzyme may be responsible for the relative enhanced fungi
cidal activity (Lackner and Clissold, 1989). 

Sertaconazole demonstrates a second effect on cell function 
—it binds directly to nonsterol lipids in the membrane, 
which interferes with regulation of the permeability of the 
fungal cell membranes. Inhibition of sterol synthesis inter
feres with fungal cell growth, whereas direct interaction with 
the membrane produces subsequent leakage of intracellu
lar components, particularly adenosine triphosphate (ATP), 
thereby contributing to immediate cell death. As a result, serta 
conazole is an effective fungicidal and fungistatic agent (Agut 
et al., 1992; Croxtal and Plosker, 2009). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The mode of drug administration, formulation, and strength 
of each compound that is available for each topical azole is 
summarized in Table 161.3. 

4b.  Newborn infants and children

There is no separate dosage schedule for children. 

4c.  Pregnant and lactating mothers

These topical agents are generally considered safe in preg
nancy because of their relatively low bioavailability. In some 
cases (e.g. tioconazole nail solution) use in pregnancy is con
traindicated because of the duration of therapy. Some agents 
(e.g. clotrimazole, econazole) are also secreted in breast milk, 
thus theoretically exposing a nursing child. A decision must 
be made whether to discontinue breastfeeding or application 
of the agent in this setting.

4d.  Those requiring altered dosages

No dosage adjustment is needed for special populations.
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Table 161.1. Available topical azoles, including chemical name, structure, and chemical formula.

Compound Structure Chemical Formula

Bifonazole

N

N C22H18N2

Butoconazole

Cl

S

N

Cl

N

Cl

C19H17Cl3N2S

Clotrimazole

N

N

Cl

C22H17ClN2

Croconazole

O

N
N

Cl

HCl
C18H15ClN2O·HCl

Eberconazole

Cl

Cl

N

N

C18H14Cl2N2

Econazole

O

N

N

Cl

Cl

Cl C18H15Cl3N2O

Enilconazole
N

O

Cl

Cl

N

C14H14Cl2N2O

Fenticonazole

S

O Cl

N

N

Cl

C24H20Cl2N2OS

Flutrimazole F

N
N

F

C22H16F2N2
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Compound Structure Chemical Formula

Isoconazole

Cl

O

Cl Cl

N
Cl

N C18H14Cl4N2O

Lanoconazole

S

SN

N

Cl
N C14H10ClN3S2

Neticonazole

CN

OC3H11

C

N

C
H

• HCl
SCH3

N  C17H22N2OS

Oxiconazole

N

O
N

Cl

Cl

N
Cl

Cl

O

N
HO O

C18H13Cl4N3O

Sertaconazole

S

O

N

N

Cl

Cl

Cl

C20H15Cl3N2OS

Sulconazole

S

Cl

N

Cl Cl

N

N

O

O OH
C18H15O3N2S

Terconazole

N

N

O O

O

N

Cl

Cl

N
N

C26H31Cl2N5O3

Tioconazole

N
O

Cl

S

Cl

Cl

N

C16H13O3N2OS

Efinaconazole (formerly KP-103)

F

NNN

N

OH
CH3

F

R
R

C18H22F2N4O
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5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS 

Bifonazole is formulated only for topical use. Pharmacokinetic 
data in humans are limited to a study of the intravenous 
administration of mg/kg 14Clabeled bifonazole to four 
healthy volunteers. This study revealed rapid metabolism of 
bifonazole (95% within 4 hours), and undetectable plasma 
bifonazole at 8 hours post infusion. The drug is distributed 
rapidly and the elimination is biphasic (Patzschke et al., 1983; 
Lackner and Clissold, 1989). Bifonazole was not detected in 
plasma after daily application of 1% bifonazole solution for 
2 weeks in healthy volunteers (Ritter and Siefert, 1987). 

Percutaneous absorption of butoconazole after vaginal 
application is minimal and amounts to about 5% of an intra
vaginal dose. In healthy volunteers, the peak plasma concen
tration of butoconazole after intravaginal administration of 
5 g of radiolabeled 2% cream (about 100mg dose) was 19–44 
ng/ml and occurred at 24 hours (Droegemueller et al., 1984; 
Fromtling, 1988). 

Absorption of clotrimazole into the systemic circulation 
after vaginal application of either a 100mg tablet or 1% 
cream is between 3% and 10%, with the maximum radio
activity concentration related to clotrimazole of 0.03 µg/ml 
reached at 1–3 days after administration (Ritter et al., 1982). 
However, subsequent studies have determined that the major
ity of the radioactivity is due to metabolites. Clotri mazole 
does not penetrate well into the cerebrospinal fluid (CSF) 
even when the meninges are inflamed (Plempel, 1979). There 
are few data linking clinical efficacy to the pharmacokinetic 
and pharmacodynamic parameters of clotrimazole other 
than the presence of high local tissue drug concentrations. 
Coadministration of clotrimazole and FK506 resulted in a 
significant increase in the area under the curve (AUC) of 
FK506, with no effect on the FK506 halflife, and elevated 
serum creatinine levels in a liver transplant patient. The dose 
of the immunosuppressant drug may need to be reduced in 
order to avoid toxicity (Mieles et al., 1991). 

About 3–7% of the dose of econazole nitrate cream 
administered intravaginally is absorbed (Heel et al., 1978). 
One study showed that over half the administered dose 
leaked from the vagina (Vukovich et al., 1977). 

The absorption of fenticonazole after vaginal administra
tion is minimal. It was estimated from one study that 0.6% 
of  the dose was absorbed by women with normal vaginal 
mucosa, 1.8% was absorbed by women with vaginal candidi
asis, and 1.1% was absorbed by women with cervical cancer 
(Novelli et al., 1991). 

Flutrimazole has minimal transdermal penetration and 
long (24 hours) skin retention. Local tolerance is excellent 
and flutrimazole has been shown to have antiinflammatory 
properties, similar to ketoconazole, in animal models (Merlos 
et al., 1996). 

Topical application of 1% isoconazole nitrate cream to the 
forearms of volunteers resulted in high levels of the drug in 
the horny layer 10 days after treatment. This large and long 
lasting reservoir of isoconazole in the horny layer of the skin 

may provide protection of the skin against new infection 
(Dykes et al. ,  1986). 

Penetration and accumulation of lanoconazole in the 
horny layer, in humans, are higher than those of other drugs 
(Sadakane and Yamamoto, 1996; Tanuma et al., 2001). 

There is negligible systemic absorption of oxiconazole fol
lowing topical application of the drug. Oxiconazole has been 
compared with amorolfine and bifonazole in the guineapig 
model, and it had the most potent activity at 48 hours after 
application of the drugs (Fromtling, 1988). 

Sertaconazole contains a benzothiophene group that both 
augments its antifungal activity and confers a highly lipo
philic fragment that enhances the topical action and absorp
tion of the compound into the stratum corneum (Farre et al., 
1992; Zsolt, 2002; Day, 2005). Pharmacokinetic studies of 
sertaconazole nitrate 2% cream performed in healthy volun
teers show that the drug is retained in the skin without 
absorption into plasma after topical administration. The 
analysis of plasma samples after the vaginal application 
of either cream or tablet (single and repeated doses) did not 
reveal detectable concentrations of sertaconazole (Torres et 
al., 2000). 

Approximately 5–16% of terconazole administered intra
vaginally is absorbed into the systemic circulation. 

Only minimal systemic absorption of tioconazole has 
been demonstrated in both animal and human studies. Absorp 
tion of tioconazole was also extremely low following intra
vaginal application of 2% cream daily for 30 days, or a single 
300mg pessary. There was no detectable plasma tiocona zole 
24 hours after administration of the last dose (Houang and 
Lawrence, 1985; Clissold and Heel, 1986). 

Efinaconazole and its H3 metabolite have long elimina
tion halflives and negligible systemic exposure. Efina cona
zole is 95.8–96.5% plasma protein bound, and the potential for 
drug–drug interactions is remote (Lipner and Scher, 2015). 

6. ADVERSE REACTIONS AND TOXICITY

Local adverse effects are experienced by about 4% of patients 
treated with bifonazole (Lackner and Clissold, 1989; Alomar 
et al., 1995). Approximately 2% of women in clinical trials 
experienced local reactions to butoconazole (Bradbeer et al., 
1985). Clotrimazole is usually well tolerated but some local 
reactions have been described (see Table 161.3) (Spiekermann 
and Young, 1976). Crossreactivity with other imidazoles 
used as topical agents is rarely observed (Kalb and Grossman, 
1985; Raulin and Frosch, 1988). Small amounts of clotrima
zole are absorbed from the vagina. Patients have described a 
flulike syndrome when administered both the vaginal cream 
and the suppository of terconazole (Geiger, 1988; Hyder et 
al., 1994). Clinical trials have demonstrated excellent safety 
and efficacy of 10% efinaconazole in the treatment of ony
chomycosis. Most topical azoles have shown some local reac
tions, and these are summarized in Table 161.3 (Gupta and 
Paquet, 2014; Gupta and Simpson, 2014; Lipner and Scher, 
2015). 
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7. CLINICAL USES OF THE DRUGS

The clinical use of the topical azoles is summarized in Table 
161.3. 

BIFONAZOLE

Bifonazole (1%) is an effective agent for dermatophytosis, 
and open noncomparative trials report efficacy rates of 
80–90% (Galimberti et al., 1984; Belli et al., 1985; Earl et 
al., 1986; Wheatley et al., 1988; Lackner and Clissold, 1989). 
It is also an effective agent for superficial candidiasis, with 
clinical and mycological response rates documented in 
73–88% of treated patients (Belli et al., 1985; Lackner and 
Clissold, 1989). Bifonazole cream, solution, or gel has been 
established as an effective agent for pityriasis versicolor in 
open non comparative studies, placebocontrolled trials, 
and comparative trials with other topical antifungal drugs. 
Clinical cure was achieved in 50–100% of patients treated 
once daily for 14 days (Chu, 1984; Mora and Greer, 1984; 
Galimberti et al., 1985; Goffe, 1986; Greer et al., 1986; 
VanDersarl, 1986; Lack ner and Clissold, 1989). A placebo 
controlled trial of bifonazole shampoo used for washing 
the scalp established the efficacy of bifonazole for the treat
ment  of seborrheic dermatitis of the scalp (Segal et al., 
1992). Bifonazole 1% and 40% urea ointment can be used to 
treat onychomycosis (Fritsch et al., 1992). 

BUTOCONAZOLE

Randomized comparative studies of butoconazole nitrate 
2% cream applied for 3–6 days for treatment of vulvovaginal 
candidiasis produced clinical cures in approximately 75–80% 
of women and mycologic eradication in 80–95% of treated 
episodes in both pregnant and nonpregnant women (Adam
son, 1988). A 3day course of butoconazole nitrate 2% cream 
was found to be more effective than a 7day course of econa
zole 1% cream in producing sustained clinical and mycologic 
responses; however, the differences were not statistically sig
nificant in the small study (Ruf and Vitse, 1990). Singledose 
butoconazole 2% cream was also shown to provide signifi
cant improvement in time to first relief of symptoms in the 
treatment of vulvovaginal candidiasis compared to oral flu
conazole in a randomized, openlabel, parallel study (Seid
man and Skokos, 2005). 

CLOTRIMAZOLE

Clotrimazole, applied as a 1% cream, is effective for the treat
ment of cutaneous candidiasis that commonly occurs on 
intertriginous areas of the skin (Zaias, 1975). Clotrimazole 
is effective in the treatment of vaginal candidiasis, although 
oral itraconazole 200 mg daily for 3 days was determined to 
be as effective as intravaginal clotrimazole 200 mg for 3 days, 
and considered more tolerable (Tobin et al., 1992; Stein and 
Mummaw, 1993). Oral fluconazole was found to be superior 
to clotrimazole troches for the prevention of fungal infec
tions in neutropenic patients (Ellis et al., 1994). Trichomonas 
vaginitis can be effectively treated by clotrimazole vaginal 
tablets for 6 days, though the cure rate is low compared to 

treatment with oral metronidazole (Lohmeyer, 1974). Because 
of its in vitro activity against Candida, Aspergillus, and Fusa
rium species, 1% clotrimazole in sterile peanut oil has been 
recommended for keratomycosis (Dougherty et al., 1994). 

CROCONAZOLE

There are very few studies of the in vivo efficacy of crocona
zole. In an openlabel study (Meiniche and Michel, 1994), 
the clinical efficacy of croconazole 1% cream once daily was 
examined. The physician’s global efficacy rating of the medi
cation was good or very good in 92.6% of the cases of 
pityriasis versicolor, 97.7% of the cases with candidiasis, and 
82.9% of the dermatophytosis patients. 

EBERCONAZOLE

Phase II and III clinical trials have shown eberconazole to 
have high cure rates, and superior to clotrimazole and mico
nazole in treating dermatophytes (del Palacio et al., 1995). 
Although eberconazole was found to have a cure rate of 50% 
in a small number of patients treating cutaneous candidiasis, 
this was inferior to clotrimazole with a cure rate of 73% (del 
Palacio et al., 2001). 

ECONAZOLE

Econazole vaginal ovules and cream are effective in treating 
vulvovaginal candidiasis, with response rates of 90% (Balmer, 
1976; Bingham and Steele, 1981; Csonka et al., 1981; Rana et 
al., 1984). Econazole was as effective as clotrimazole vaginal 
tabs (Benijts et al., 1980; Gabriel and Thin, 1983). Econazole 
nitrate cream and lotion are effective for the treatment of 
cutaneous dermatophytosis and candidiasis (Gupta et al., 
1998; Zhang et al., 2007). Econazole nitrate as a 1% solution 
is effective for the treatment of otomycosis (Bassiouny et al., 
1986). As a 1% solution, econazole nitrate has been used for 
irrigation to treat facial maxillary sinusitis due to Aspergillus 
fumigatus (Grigoriu et al., 1979). 

ENILCONAZOLE

Enilconazole is a topical treatment of canine and equine 
nasal aspergillosis. It has been associated with excellent suc
cess rates (80–100% clinical response) and has improved the 
management of this previously intractable condition (Kendall 
et al, 2008; Schuller and Clercx, 2007). In cases in which the 
organism has invaded the adjacent soft tissues, enilconazole 
combined with a systematically active drug, such as itracon
azole, with or without surgical debridement, is indicated 
(Claeys et al., 2006). 

FENTICONAZOLE

Comparative clinical studies show fenticonazole once or 
twice daily to be at least as effective as six different topical 
antimycotics (miconazole, clotrimazole, econazole, bifon
azole, naftifine and cyclopyrox olamine) in treatment of 
superficial mycoses of the skin (Veraldi and Milani, 2008). In 
an open study evaluating the efficacy of fenticonazole nitrate 
2% lotion applied twice daily for up to 5 weeks to patients 
with tinea (pityriasis) versicolor, there was a 100% response 
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rate (Aste et al., 1987; Veraldi and Milani, 2008). Comparative 
studies have demonstrated that intravaginal fenticonazole 
is associated with a high rate of microbiological efficacy in 
patients with vaginal candidiasis, trichomoniasis, mixed infec
tions, and bacterial vaginosis (Veraldi and Milani, 2008). 
Fenticonazole 2% or 3% cream has been shown to be as effec
tive as nystatin and ketoconazole in topical treatment of oral 
candidosis (LopezDeBlanc et al., 2002). 

FLUTRIMAZOLE

In a comparative trial, flutrimazole 1% cream was more 
effective than bifonazole 1% cream (73% vs. 65%, respectively) 
each used once daily, in the treatment of dermatophytosis, 
cutaneous candidiasis, and pityriasis versicolor (Alomar et al., 
1995). Flutrimazole showed a significant association between 
Candida glabrata and treatment failure and also carrier state, 
suggesting that flutrimazole may not be optimal for treating 
vulvovaginitis due to this species (del Palacio et al., 2000). 

ISOCONAZOLE

A 80–90% clinical and mycologic cure rate was achieved with 
intravaginal administration of 600 mg isoconazole nitrate 
in women with vaginal candidiasis, and an open comparative 
study of isoconazole and oral ketoconazole found no differ
ence in efficacy between the two treatments (Fromtling, 
1988). In addition to the activity of isoconazole as mono
therapy in the treatment of dermatophytic skin infections, 
the combination of isoconazole with topical corticosteroids 
has proven useful in the treatment of inflammatory derma
tomycoses (Czaika, 2008; Havlickova and Friedrich, 2008; 
Veraldi, 2013). 

LANOCONAZOLE

Topical administration of lanoconazole in patients with 
common tinea pedis (interdigital type and vesicular type) 
is effective (TJN318 Cream Study Group, 1992a; TJN318 
Cream Study Group, 1992b; TJN318 Cream Study Group, 
1992c; TJN318 Solution Study Group, 1992; Tanuma et al., 
2001) and beneficial effects have been reported for patients 
with hyperkeratotictype tinea pedis. 

NETICONAZOLE

In an openlabel study (Tsuboi et al., 1996), neticonazole 1% 
cream alone was compared with neticonazole 1% cream plus 
an occlusive dressing in the treatment of 96 patients (52 and 
44, respectively) with chronic hyperkeratotic tinea pedis. 
Following 4 weeks of therapy, clinical cure was observed in 
75% of patients treated with neticonazole alone versus 52% 
of patients treated with neticonazole plus dressing. 

OXICONAZOLE

Oxiconazole nitrate 1% cream is an effective topical treat
ment for superficial dermatomycoses (Gupta, 2007; Zhang et 
al. ,  2007). In comparative studies, clinical and mycologic 
efficacy of oxiconazole was equivalent to miconazole cream, 
econazole cream, clotrimazole cream, bifonazole cream, naf 
tifine, terbinafine, and tolnaftate cream (Gip, 1984; Wagner 

and ReckersCzaschka, 1987; Jegasothy and Pakes, 1991; 
Ablon et al. ,  1996). Placebocontrolled trials of oxiconazole 
nitrate 1% cream for the treatment of tinea versicolor caused 
by Malassezia furfur established the significantly superior 
clinical and mycologic efficacy of oxiconazole (Jegasothy and 
Pakes, 1991). In a randomized, doubleblind study of 1% 
oxiconazole nitrate cream and econazole 1% cream for the 
treatment of cutaneous candidiasis, there was no significant 
difference in mycologic or clinical efficacy between the two 
regimens (Gip, 1984). Oxiconazole and econazole showed 
identical response rates in a comparative study treating vagi
nal candidiasis (Gouveia and Jones da Silva, 1984). 

SERTACONAZOLE

In phase II studies, sertaconazole cream in the treatment of 
pityriasis versicolor (Nasarre et al., 1992), cutaneous candi
diasis (Umbert et al., 1992), and cutaneous infections caused 
by dermatophytes (Pedragosa et al., 1992) resulted in cure 
rates of 90–100%. Results of various clinical trials indicate 
that sertaconazole in all the vaginal formulations (cream, 
tablet, ovule) is as effective as the comparative reference 
compounds (CarrilloMunoz et al., 2013; Croxtal and Plosker, 
2009; Torres et al., 2000). 

SULCONAZOLE

Comparative studies of sulconazole with other imidazole 
derivatives in the treatment of superficial dermatomycoses 
revealed mycologic eradication rates of 72–100%. Sulconazole 
nitrate 1% cream applied twice daily for 3 weeks is an effec
tive treatment for cutaneous candidiasis. The overall clinical 
and mycologic cure rate was 96% compared with 10% for 
placebo (Tanenbaum et al., 1983). In one study, sulconazole 
nitrate 1% cream applied twice daily for 14 days to patients 
with pyoderma caused by Streptococcus pyogenes and Staphy
lococcus spp. was extremely effective, with microbial eradi
cation in 100% of patients by day 7 of treatment and rapid 
clinical resolution (Nolting and Strauss, 1988). 

TERCONAZOLE

Terconazole is an effective agent for vaginal candidiasis. 
Comparative trials of terconazole 80mg pessaries with clo
trimazole vaginal tablets revealed equivalent mycologic effi
cacy (95% and 85%) and a more rapid onset of symptomatic 
relief for terconazoletreated women (Kjaeldgaard and Lars
son, 1985). 

TIOCONAZOLE

Tioconazole 1% or 2% cream is an effective treatment for 
dermatomycoses, including tinea corporis, tinea cruris, and 
tinea pedis, with clinical and mycologic cure rates of 75–95% 
(Kuokkanen, 1982; Smith et al., 1988). Tioconazole 1% cream 
applied two or three times daily for 2 weeks was significantly 
more effective than 1% clotrimazole cream in the treatment 
of cutaneous candidiasis, with clinical and mycologic cure 
rates of 71% (Clissold and Heel, 1986). Tioconazole is an effec
tive treatment for vulvovaginal candidiasis. Variable results 
have been obtained in small comparative studies with clotri 
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mazole, econazole, and miconazole, but tioconazole has 
equivalent efficacy to these agents at a minimum, and may 
have superior efficacy to econazole and clotrimazole (Clis sold 
and Heel, 1986). Tioconazole 2% vaginal cream effectively 
cured 95% of women with T. vaginalis infection, and micro
biological eradication was maintained in 95% (Donadio, 1986). 

In two randomized phase III trials performed in patients 
with onychomycosis, 10% efinaconazole was significantly 
more efficacious than vehicle (overall treatment success 
31–35.7% vs. 11.7–11.9%, respectively) (Elewski et al, 2013; 
Lipner and Scher, 2015).
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Tolnaftate
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1. DESCRIPTION

Tolnaftate is an old synthetic topical thiocarbamate anti
fungal agent with the chemical name 2naphthyl Nmethyl 
N(3tolyl)thionocarbamate (Adam and Craig, 1965); the 
chemical structure is shown in Figure 162.1. Clinical use of 
tolnaftate has declined with the introduction of more potent 
antifungal compounds such as terbinafine and naftifine. Tol
naftate is used primarily for the treatment of mild to mod
erate tinea pedis, tinea cruris, tinea corporis, and tinea 
versicolor (Anon, 1966). It is not indicated for the treatment 
of onychomycosis due to the lack of drug penetration 
through the nail plate. Tolnaftate has been successfully used 
in the treatment of otitis externa caused by certain fungi such 
as Aspergillus spp. (Zarowny et al., 1975; Liston and Siegel, 
1986).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility 

Compared with naftifine and terbinafine, tolnaftate is a less 
potent topical antimycotic agent. In general, tolnaftate is active 
against the following organisms in vitro: Microsporum 
gypseum, Microsporum canis, Microsporum audouinii, Micro
sporum japonicum, Trichophyton rubrum, Trichophyton menta
grophytes, Trichophyton schoenleinii, Trichophyton tonsurans, 
and Epidermophyton floccosum (Georgopoulos et al., 1981). 
Maher et al. (1982) determined tolnaftate minimum inhibi
tory concentrations (MIC) for over 100 mold isolates from 
cases of otitis externa (including Aspergillus spp., Penicillium 

spp., Alternaria spp., and Cladosporium spp.). Although tol
naftate was equipotent to clotrimazole, it was more potent 
than natamycin, polymyxin B sulfate, or iodochlorhydroxy
quin with MICs less than 0.1 μg/ml.

Tolnaftate has no activity against C. albicans, Cryptococcus 
neoformans, A. fumigatus, bacteria, and viruses (Iwata et al., 
1989). Unfortunately, there is no randomized controlled 
clinical trial comparing the activity of tolnaftate against pla
cebo, azoles, or allylamines in the treatment of various der
matomycoses (Hart et al., 1999).

3. MECHANISM OF DRUG ACTION

Like naftifine (see Chapter 151, Naftifine) and terbinafine 
(see Chapter 149, Terbinafine), tolnaftate is a reversible and 
noncompetitive inhibitor of fungal squalene epoxidase. The 
blockade of this enzyme results in the accumulation of 
squalene and a deficiency of ergosterol, the major compo
nent of fungal cell membrane (BarrettBee et al., 1986) (see 
Chapter 149, Terbinafine).

In T. mentagrophytes cells, tolnaftate has been shown to 
cause a dosedependent inhibition of ergosterol biosynthesis 
and accumulation of squalene (Ryder et al., 1986). Complete 
ergosterol inhibition was achieved at concentrations of 0.1 
μg/ml. In contrast, the activity of tolnaftate against C. albi
cans and C. parapsilosis was notably lower, and incomplete 
inhibition was achieved only at concentrations of 100 μg/ml 
(Ryder et al., 1986). The activity of tolnaftate on sterol bio
synthesis was enhanced in a cellfree system of C. albicans, 
suggesting that tolnaftate might be unable to diffuse through 
the outer cell envelope of Candida spp. (BarrettBee et al., 
1986; Ryder et al., 1986). The comparative potency of the 
thiocarbamates and allylamines for the microsomal squalene 
epoxidase of T. rubrum and C. albicans was explained by  
the affinity of the antifungal agents for the squalene epoxi
dase. In this regard, tolnaftate has a much higher specificity 
for the T. rubrum squalene epoxidase than for the enzyme of 
C. albicans (Favre and Ryder, 1996).Figure 162.1. Chemical structure of tolnaftate.
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4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Tolnaftate is available as a 1% lotion, cream, aerosol spray, 
and powder. In vitro penetration studies using flowthrough 
diffusion cells mounted with human skin have shown that 
the mean amount of tolnaftate penetrating into the epider
mis and dermis is approximately 2.60 and 0.92 µg/cm2, 
respectively (Kezutyte et al., 2010) Addition of fatty acids (e.g. 
oleic, linoleic) to ointment formulations did not enhance the 
release of tolnaftate into the skin as had been demonstrated 
in in vitro tests (Kezutyte et al., 2011). For tinea pedis and 
tinea cruris, 1% cream, solution, or powder is applied twice 
daily for 2–6 weeks. It is recommended that tolnaftate appli
cation should be extended at least 2 cm beyond the visible 
edge of the tinea lesion, and the cream or lotion should be 
rubbed gently into the area (Pierard et al., 1996).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

There are few clinically important data regarding the phar
macokinetics of tolnaftate.

6. ADVERSE REACTIONS AND TOXICITY

Skin irritation and contact dermatitis have been rarely 
reported (Emmett and Marrs, 1973; Gonzalez Perez et al., 
1995).

7. CLINICAL USES OF THE DRUG

7a.  Superficial dermatomycosis

Tolnaftate 1% cream applied twice daily for 3 or 4 weeks is 
as effective as clotrimazole 1% cream for the treatment of 
tinea pedis, tinea corporis, and tinea cruris due to T. rubrum,  
T. mentagrophytes, and E. floccosum. Mycologic eradication 
was demonstrated in 93% of tolnaftatetreated patients and 
clinical cure was achieved in 53–70% of patients in small 
studies. No relapse was documented in the 4 weeks’  followup 
treatment (HallSmith, 1974; Male, 1974; Keczkes et al., 
1975). Equivalent mycologic and clinical efficacy (65–70%) 
was documented for tolnaftate 1% cream, 3% undecylenic 
acid, and 20% zinc undecylenate as a cream (Battistini et al., 
1983). A randomized, controlled study comparing 10% tea 
tree oil cream, 1% tolnaftate cream, and placebo in the treat
ment of tinea pedis showed similar clinical efficacy with tea 
tree oil and tolnaftate; however, 1% tolnaftate cream was sig
nificantly more effective in achieving a mycologic cure (85% 
mycologic cure in the tolnaftate arm vs. 30% in the tea tree 
oil arm) (Tong et al., 1992).

A recent Cochrane review of topical treatments for fungal 
infections of the skin and nails of the foot found that, com
pared with placebo, tolnaftate yielded a risk ratio (RR) for 
treatment failure for skin infections of 0.19 (95% confidence 
interval [CI] 0.08–0.44], compared with allylamines RR 0.33 

(95% CI 0.24–0.44), azoles RR 0.30 (95% CI 0.20–0.45), and 
ciclopirox olamine RR 0.27 (95% CI 0.11–0.66) (Crawford 
and Hollis, 2007).

In addition to its use as an antidermatophytic agent, tol
naftate has been used as a topical treatment for noninvasive 
fungal infection of the external ear, commonly caused by 
Aspergillus spp. It has been shown to be a safe choice for 
treatment of otomycotic infections, especially in patients 
with a perforated eardrum (Vennewald et al., 2010) Use of 
tolnaftate did not result in damage to the middle ear region 
of guinea pigs, as measured by hair cell loss (Tom 2000).

It has also been suggested that tolnaftate is effective in sup 
pressing T helper2mediated allergic reactions in patients 
with atopic dermatitis. In vitro tests have shown that tolnaf
tate reduces 3′,5′cyclic adenosine monophosphate signals, 
thereby suppressing interleukin4 and interleukin5 produc
tion (Kanda et al., 2001).
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Amorolfine
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1. DESCRIPTION

Amorolfine is a phenyl-propyl-morpholine antifungal deriv-
ative that was introduced to clinical practice in 1981. Its 
chem i cal name is cis-4-[(RS)-3-[4-(1,1-dimethylpropyl) 
phenyl]-2-methylpropyl]-2,6-dimethyl morpholine hydro-
chloride (C21H35NO.HCl) and its molecular weight is 353.97 
(Polak, 1992). The chemical structure of amorolfine hydro-
chloride is shown in Figure 163.1.

Amorolfine is available for topical use in 0.25% cream and 
5% nail lacquer formulation for the treatment of onychomy-
cosis in European countries and Japan. However, amorolfine 
is not approved in the United States for such indications. The 
major advantage of this agent lies in its potential to be used 
as 5% nail lacquer in the treatment of onychomycosis caused 
by dermatophytes and Candida spp. (Haria and Bryson, 1995).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

PATHOGENIC YEASTS

Amorolfine has a fungistatic as well as time- and concentration- 
dependent fungicidal activity against yeasts. In vitro studies 
have demonstrated a fungicidal activity against Candida 
albi cans and Cryptococcus neoformans (Haria and Bryson, 
1995; De Vroey et al., 1996). Longer contact resulted in better 
fungicidal activity even at low concentration in vitro and in 
vivo. The antifungal activity against yeasts in vitro is variable, 
and depends on strain type, incubation temperature, and 
method of assessment of in vitro activity. The reported mini-
mum inhibitory concentration (MIC) for Can dida spp. 
ranged from 0.001 to >100 μg/ml depending on the study 
(Odds et al., 1984; Haria and Bryson, 1995; Li et al., 2004). 
The susceptibility of Candida albicans and Candida tropicalis 
is lower when tested at 37°C than at 25°C (Odds, 1993). 
Using the Clinical and Laboratory Standards Institute M27-A 
methodology, the MIC range of amorolfine against C. para
psilosis was 0.5–16 μg/ml. While using the same methodology, 

C. albicans required relatively higher concentrations of amo-
rolfine for growth inhibition (MIC range from 0.125 to 64 
μg/ml). MIC50 and MIC90 (defined as the concentration that 
inhibited 50 or 90% of strains tested) were 4 and 64 μg/ml, 
respectively (Li et al., 2004).

DIMORPHIC FUNGI

Amorolfine has good in vitro activity against Histoplasma 
capsulatum and Blastomyces dermatitidis (Haria and Bryson, 
1995).

MOLDS, FILAMENTOUS FUNGI, AND 
DERMATOPHYTES

Amorolfine has potent activity against dermatophytes and 
exhibits primary fungicidal activity against most strains 
(Clay ton, 1994; Li et al., 2004). The MIC of amorolfine 
against dermatophytes ranged from 0.01 to 0.08 μg/ml (Li et 
al., 2004). In the same study, the MIC50 and MIC90 of amo-
rolfine against Trichophyton rubrum were both 0.04 μg/ml; 
for T. mentagrophytes these MICs were 0.04 and 0.08 μg/ml, 
respectively, and for Epidermophyton floccosum they were 
0.02 and 0.04 μg/ml, respectively. Recently, amorolfine has 
been shown to be fungicidal against dermatophyte chlamy-
dospores, or dormant fungal cells, that are thought to be 
responsible for recurrent nail infections (Seidl et al., 2015). 

Potent activity against other filamentous fungi, such as 
Scopulariopsis spp. and Scytalidium spp., has also been demon-
strated (Clayton, 1994; Downs et al., 1999). Amorolfine has 
also been shown to have good in vitro activity against Clado
sporium spp., Wangiella dermatitidis, or Dactylaria constricta; 

Figure 163.1. Chemical structure of amorolfine 
hydrochloride.
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however, it was inactive when tested in a murine infection 
model (Dixon and Polak, 1987).

PROTOZOA

Amorolfine was demonstrated to have potent in vitro activity 
against Leishmania donovani (Gebre-Hiwot and Frommel, 
1993).

COMBINATION WITH OTHER DRUGS

Synergy between fluconazole, itraconazole, terbinafine, and 
amorolfine has been demonstrated in vitro (Evans, 2003; 
Harman et al., 2004). Overall, 46% of amorolfine combina-
tions with fluconazole, terbinafine, and itraconazole showed 
results suggestive of synergy, with the most synergistic results 
seen against dermatophytes (54%) and mold (52%). This 
synergistic mode of action has also been demonstrated in 
various clinical trials in which a more rapid clinical and 
myco logical cure rate of onychomycosis was achieved with 
the combination of amorolfine nail lacquer with oral therapy 
(Baran et al., 2000; Baran, 2001; Lecha, 2001; Rigopoulos et 
al., 2003; Baran et al., 2007).

3. MECHANISM OF DRUG ACTION

The fungistatic or fungicidal activity of amorolfine depends 
primarily on its ability to inhibit the formation of ergosterol, 
a component of the fungal cell membrane (Polak, 1988; 
Polak, 1992). Amorolfine interferes with ergosterol synthesis 
at two stages, the 14-reduction and the 7–8 isomerization 
steps. As a consequence, 24-methylene ignosterol is accumu-
lated in the cell membrane and ergosterol is depleted. These 
effects are both time and concentration dependent (Polak, 
1992). At a molecular level, amorolfine does not affect cellu-
lar respiration or synthesis of DNA, RNA, protein, or carbo-
hydrate at the inhibitory drug concentration (Haria and 
Bryson, 1995). It is thought that the antifungal activity of 
amorolfine is mainly due to inhibition of delta 14-reductase 
(Georgopapadakou and Walsh, 1996). Amorolfine has also 
been reported to cause selective intracellular accumulation 
of squalene in Trichophyton organisms, but not in C. albicans 
(Polak, 1988). A differential inhibitory effect on the squalene 
epoxidase from T. rubrum and C. albicans has been described 
(Favre and Ryder, 1996).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a/b.  Adults and children

Amorolfine is available in topical formulations of 0.25% 
amorolfine cream and 5% nail lacquer. For superficial der-
matomycosis, it is recommended that the 0.25% cream be 
applied to affected areas once daily for 2–4 weeks.

For the treatment of onychomycosis, 5% nail lacquer 
should be applied to affected nails once weekly, then weekly 
applications continued until the nail is regenerated and the 

affected areas cured. Fingernails generally require treatment 
for 6 months and toenails require 12 months’ treatment.

4c.  Those requiring altered dosages

Because treatment with amorolfine is topical, no dosage 
adjustments are necessary for patients with renal or hepatic 
impairment.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Less than 0.5 ng equivalents per milliliter (detection limit) of 
intact drug was detected in plasma samples from normal vol-
unteers following a single dose of 0.5 g of 0.25% radiolabeled 
amorolfine cream applied to intact or stripped skin (Roncari 
et al., 1992). Amorolfine was not detected in the plasma of 19 
patients randomized to receive amorolfine 5% nail lacquer 
either once or twice weekly (Reinel, 1992).

Despite potent in vitro activity against various fungi, test-
ing in experimental animal models showed that amorolfine 
is inactive when administered orally for the treatment of 
life-threatening mycoses (Polak and Dixon, 1987). This lack 
of systemic activity has been postulated to result from rapid 
metabolism or extensive protein binding. As a result, the 
therapeutic efficacy of amorolfine is limited to superficial 
fungal infections, such as onychomycosis, dermatomycosis, 
and vulvovaginal candidiasis (Nolting et al., 1992; Zaug and 
Bergstraesser, 1992).

5b.  Drug distribution

A single dose of 0.5 g of radiolabeled amorolfine 0.25% cream 
was applied to both intact and stripped skin of healthy vol-
unteers for 24 hours, after which the remaining drug was 
removed and the skin stripped with adhesive tape to assess 
the percutaneous absorption of amorolfine. The mean percu-
taneous absorption of amorolfine was estimated to be 8–10% 
of the dose applied topically (Roncari et al., 1992).

The lacquer preparation of amorolfine builds a water-in-
soluble film on the nail plate following topical application. 
The film contains a high concentration of amorolfine and 
forms a depot from which the drug is delivered and which 
allows the drug to permeate the nail plate (Pittrof et al., 
1992). The drug diffuses into the nail plate rapidly. The kinet-
ics of penetration follows an exponential law, and the level 
of amorolfine measured in the nail exceeds the MIC of most 
fungi after only 24 hours of contact. An in vitro study using a 
porcine hoof horn revealed concentrations of amorolfine far 
above the MIC for dermatophytes within 6 hours of applica-
tion, and this concentration continued to increase during the 
first week of the study. After 7 days, almost 2% of an applied 
dose of 500 μg had penetrated under the nail (Pittrof et al., 
1992). Unlike oral terbinafine and itraconazole, amorolfine 
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is detectable in the nail earlier and in higher concentrations 
when topically applied (Polak, 1993).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are no data regarding the pharmacokinetic/pharmaco-
dynamic indices of amorolfine and clinical efficacy, given 
that it is used topically.

5d.  Excretion

Elimination of amorolfine is very slow. Following topical 
application of a single 0.5-g dose of radiolabeled amorolfine, 
approximately 7% of the dose was excreted in urine and feces 
over 3 weeks (Roncari et al., 1992).

5e.  Drug interactions

There are no data regarding drug–drug interactions for 
amorolfine.

6. ADVERSE REACTIONS AND TOXICITY

Topical application of amorolfine (5% nail lacquer and 0.25% 
cream) is generally well tolerated, with up to 5% of patients 
reporting minor symptoms (del Palacio et al., 1992). In 
patients using the nail lacquer, these events included burn-
ing, itching, redness, and local pain, which were tolerable 
and confined to the application site (Kramer and Paul, 1996; 
Fidalgo and Lobo, 2004). Adverse effects of scaling, weeping, 
blistering, and edema have also been described for the cream 
formulation (Kaneko et al., 1997).

7. CLINICAL USES OF THE DRUG

7a.  Onychomycosis

Currently, the major clinical indication for topical amorolfine 
is onychomycosis without nail matrix involvement (Finch 
and Warshaw, 2007). An in vitro penetration study examined 
the penetration of amorolfine (1%, 2%, and 5%) through 
porcine hoof horn material (Pittrof et al., 1992; Polak, 1993). 
The highest accumulation of the drug was seen with the 
5%  amorolfine lacquer, making this formulation the most 
suitable for the treatment of onychomycosis (Franz, 1992; 
Lau haranta, 1992). In clinical trials, complete cure rates of 
onychomycosis without matrix involvement ranged from 
38% to 54% (Reinel, 1992; Reinel and Clarke, 1992). In a 
double-blind, randomized, multicenter study including 157 
patients, Lauharanta (1992) found that 5% nail lacquer was 
significantly more effective than 2% nail lacquer when applied 
once weekly for up to 6 months for the treatment of mild to 
moderate onychomycosis. Additionally, two open, random-
ized studies compared the efficacy and safety of once-weekly 
versus twice-weekly application of amorolfine nail lacquer in 

the treatment of onychomycosis (Reinel, 1992; Reinel and 
Clarke, 1992). Both studies found that cure rates were slightly 
higher in the twice-weekly groups; however, there was no 
statistically significant difference between the regimens used.

The combination of amorolfine nail lacquer with an oral 
antifungal agent was able to accelerate the cure rate in severe 
cases of onychomycosis and was cost-effective (Baran et al., 
2000; Baran et al., 2007). For instance, the combination of 
oral terbinafine and amorolfine nail lacquer was an effective 
therapeutic strategy for the treatment of severe onychomy-
cosis with nail matrix involvement (Baran et al., 2000). In 
an open multicenter study, 147 patients were randomized to 
receive either amorolfine 5% applied once weekly for 15 months 
in combination with terbinafine (250 mg/day) administered 
for 6 weeks (AT6) or 12 weeks (AT12), or terbinafine at 250 
mg/day for 12 weeks (T12). At the end of the 18-month 
study, > 70% of the AT6 patients, approximately 90% of the 
AT12 patients, and > 60% of the T12 patients achieved myco-
logic cure (both negative microscopy and culture). In a sim-
ilar study, Lecha (2001) compared the efficacy of combined 
topical amorolfine and oral itraconazole with oral itracon-
azole alone in the treatment of severe toenail onychomycosis 
with matrix involvement. Patients were treated with amorol-
fine 5% lacquer once weekly for 6 months in combination 
with oral itraconazole (200 mg/day) for 6 weeks (AI-6) or 12 
weeks (AI-12), or itraconazole at 200 mg/day for 12 weeks 
(I-12). At week 24, statistically more patients in the com-
bined treatment group (≥ 90%) were mycologically cured 
(negative microscopy and culture) than in the group treated 
with oral itraconazole (< 69%) alone. Clinical cure, defined 
as more than 95% reduction in the original diseased nail sur-
face area, was observed at week 24 in 88.1, 100, and 90.3% in 
the AI-6, AI-12, and I-12 groups, respectively (Lecha, 2001). 
In another randomized, open-label, parallel-group study, 
patients were randomized to receive either a combination of 
amorolfine hydrochloride 5% nail lacquer once weekly for 12 
months plus terbinafine at 250 mg once daily for 3 months 
(AT group) or terbinafine alone once daily for 3 months 
(T group) for the treatment of severe onychomycosis (Baran 
et al., 2007). A significantly higher success rate was observed 
among patients in the AT group relative to those in the T 
group at 18 months (59.2% vs. 45%, respectively).

Amorolfine nail lacquer has also been shown to be an 
effective prophylaxis for reducing the rate of recurrence of 
nail infection in subjects cured of a confirmed case of ony-
chomycosis with matrix involvement. Extended treatment 
(once every 2 weeks) resulted in 70.8% of the subjects 
remaining infection free after nearly 6 months, as compared 
to 50% in the untreated group (P = 0.153) (Sigurgeirsson et 
al. 2010).

Recent case histories involving non-dermatophyte nail 
pathogens have shown promising use of amorolfine. One 
such case involving paronychia of the finger caused by a mul-
tiple drug-resistant strain of Fusarium solani was resolved by 
a 3-month therapy using 0.5% amorolfine cream in an occlu-
sive dressing (Ikeda et al., 2014). In another instance, finger-
nail onychomycosis caused by Aspergillus niger was cured by 
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a 3-month regimen of oral terbinafine (250 mg daily) and 
amorolfine 5% nail lacquer (Kim et al., 2012).

A novel approach to the topical treatment of onychomy-
cosis has been investigated following the development of 
commercial cosmetic UV-curable gel formulations. Follow-
ing a 2-minute exposure to a UVA lamp, these gels polymer-
ize to an amorphous film that remains on the nail for an 
extended time, which is expected to increase the success of 
the antifungal treatment. Experimental gel containing amo-
rolfine demonstrated penetration through the nail plate in 
concentrations considerably higher than in vitro minimum 
inhibitory concentration against dermatophytes (Kerai et al., 
2015). 

7b.  Superficial dermatomycosis

Mycological cure was observed in 72% of patients with der-
matomycosis (Nolting et al., 1992). A double-blind com-
parative study evaluating three concentrations of amorolfine 
cream (0.125%, 0.25%, and 0.5%) indicated that all prepara-
tions possessed similar efficacy with regard to cure, improve-
ment rates, and activity against invading pathogens (del 
Palacio et al., 1992). These results were confirmed in a sec-
ond study that included bifonazole 1% cream as a compara-
tor. Mycological cure was achieved in 88%, 92%, 91%, and 
92% of the patients randomized to amorolfine cream 0.125%, 
0.25%, and 0.5% and bifonazole 1%, respectively. The cream 
was applied once daily for 4 weeks (Nolting et al., 1992). 
Amorolfine at the concentration 0.25% cream was chosen for 
commercial development based on the results of the above 
studies.

7c.  Vulvovaginal candidiasis

Clinical cure was observed in approximately 90–95% of 
patients with Candida vulvovaginitis 1 week after application 
of amorolfine vaginal tablets (del Palacio et al., 1991). How-
ever, a higher rate of relapse was noted 4 weeks post therapy 
(del Palacio et al., 1991). Trials comparing amorolfine with 
various topical and oral agents in the treatment of dermato-
mycosis and vaginal candidiasis are lacking. The small num-
ber of patients and the lack of comparative data do not allow 
definitive conclusions to be made with respect to these 
indications.

7d.  Immunotherapy

Amorolfine is one of several antifungal agents that have been 
shown to improve symptoms of atopic dermatitis (others 
include itraconazole, ketoconazole, luliconazole, terbinafine, 
and butenafine). These agents may block the overexpression 
of thymic stromal lymphopoietin by epidermal keratino-
cytes, which causes Th-2–mediated inflammation (Hau et al., 
2013).
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1. DESCRIPTION

The hydroxypyridones such as ciclopirox form a class of anti
mycotics that are not chemically related to the azoles or any 
other class of antifungal agents. Hydroxypyridones are weak 
acids that exhibit a broad spectrum of antimicrobial action. 
For a long time ciclopirox olamine has been the only com
pound of this class used in clinical practice. Recently, ciclo
pirox as a free acid and rilopirox (see Chapter 165, Rilopirox) 
have also been developed.

Ciclopirox is a synthetic hydroxypyridone, and ciclopirox 
olamine is the ethanolamine salt of ciclopirox. Its chemical 
name is the 2aminoethanol salt of 6cyclohexyl1hydroxy 
4methyl2(1H)pyridone; the chemical structure of ciclo pirox 
is shown in Figure 164.1. Ciclopirox has a broad spectrum 
of antifungal activity with a distinct mechanism of action. It 
is used to treat a variety of fungal infections including tinea 
pedis, tinea corporis/cruris, pityriasis versicolor, onychomy
cosis, and seborrheic dermatitis.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

PATHOGENIC YEASTS

Ciclopirox has demonstrated in vitro activity against Candida 
albicans and non-albicans Candida spp. with a minimum 
inhibi tory concentration (MIC) range of 0.001–0.25 μg/ml 
(Kokjohn et al., 2003). It has also been shown to be active 
against the yeast Malassezia furfur (Jue et al., 1985; Kokjohn 
et al., 2003).

MOLDS OR FILAMENTOUS FUNGI

Ciclopirox exhibits potent in vitro activity against all derma
tophytes, including Trichophyton spp., Microsporum spp., and 
Epidermophyton floccosum (Jue et al., 1985; Korting et al., 
1995). Data using the microdilution method from the Clini
cal and Laboratory Standard Institute (CLSI) have confirmed 
the broadspectrum antifungal activity of ciclopirox against 

dermatophytes (Kokjohn et al., 2003). Ciclopirox demon
strated potent activity against all dermatophytes tested, with 
an MIC range of 0.03–0.25 μg/ml. In another study, it was 
shown that the mean MIC value for all dermatophytes tested 
was 0.04 ± 0.02 μg/ml (Gupta and Kohli, 2003). These MIC 
ranges were verified in a recent in vitro study in which 
ciclopirox was included as a comparator for a novel antifun
gal. In this study of 400 dermatophyte strains, the ciclopirox 
MIC90 was shown to be 0.5 μg/ml (Ghannoum et al. 2015). 
Additionally, interlaboratory studies established T. rubrum 
MYA 4438 and T. mentagrophytes MYA 4439 as quality con
trol strains for the testing of ciclopirox against dermato
phytes by the CLSI M38A2 standard; the reference range for 
both strains is 0.5–2.0 µg/ml (Ghannoum et al., 2006). 

Ciclopirox has also demonstrated in vitro activity against 
Scopulariopsis brevicaulis, a nondermatophyte nail pathogen, 
with an MIC range of 1–8 μg/ml (Skora et al. 2014). Gupta et 
al. (2012) report that ciclopirox nail lacquer can be effective 
against S. brevicaulis and Acremonium spp., another nonder
matophyte nail pathogen, especially when combined with 
chemical or surgical avulsion of the nail. 

Ciclopirox also exhibits some in vitro activity against 
Aspergillus spp. and Pseudallescheria boydii. Good antifungal 
activity was noted for Madurella spp., Penicillium spp., Fon-
secaea pedrosoi, Exophiala jeanselmei, and Cladosporium car-
rionii (Jue et al., 1985; Hanel et al., 1988).

BACTERIA

In addition to its broadspectrum antifungal activity, ciclo
pirox demonstrates antibacterial activity against a number of 

Figure 164.1. Chemical structure of ciclopirox olamine.
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Grampositive and Gramnegative aerobic as well as anaero
bic bacterial species, including Staphylococcus aureus, Strep-
tococcus spp., and Corynebacterium spp. (Kokjohn et al., 
2003). Compared with econazole and butenafine hydrochlo
ride, ciclopirox olamine has shown to have the broadest 
activity against Grampositive and Gramnegative bacteria 
in vitro, with an MIC range of 0.06–2 μg/ml (Kokjohn et al., 
2003). The antibacterial activity provides ciclopirox with an 
advantage over most other antimycotic agents in the treatment 
of mixed cutaneous infections such as in macerated tinea 
pedis. In another study, Klebsiella pneumoniae, Listeria mono-
cytogenes, Bacillus spp., and Shigella flexneri were inhibited 
by concentrations of ≤ 15.6 μg/ml (Jue et al., 1985). Salmonella 
spp., Escherichia coli, Enterobacter cloacae, and Coryne bac-
terium diphtheriae required concentrations up to 32 μg/ml 
for inhibition (Jue et al., 1985).

3. MECHANISM OF DRUG ACTION

The mechanism of action of ciclopirox is diverse, targeting 
different metabolic processes in the fungal cell. Unlike azoles 
and allylamines, ciclopirox does not affect sterol synthesis. In 
contrast, it chelates trivalent cations (such as Fe3+), inhibits 
metaldependent enzymes that are responsible for the degra
dation of toxic metabolites in the fungal cells, and targets 
diverse metabolic (e.g. respiratory) and energyproducing 
processes in microbial cells (Sakurai et al., 1978; Korting and 
GrundmannKollmann, 1997). Moreover, ciclopirox inhibits 
cellular uptake of essential nutrients and alters cell mem
brane permeability at high concentration (Gasparini et al., 
1986). These mechanisms of action result in cidal activity 
against dermatophytes (Seidl et al., 2015), with no known 
potentiation of resistance development (Ghelardi et al. 2014). 
Ciclopirox olamine has also been shown to significantly reduce 
the adherence of C. albicans to both buccal and vaginal epithe
lial cells at subinhibitory concentrations (Braga et al., 1992). 

Recently, ciclopirox has been identified as a candidate for 
development as an antibacterial drug due to its activity 
against both susceptible and resistant Gramnegative strains 
that have become a major healthcare concern. High concen
trations of ciclopirox (5–15 µg/ml) inhibited growth of Acine-
tobacter baumanii, Escherichia coli, and Klebsiella pneumoniae, 
while reducing the growth of Pseudomonas aeruginosa. These 
data may indicate that ciclopirox could be repur posed to 
treat multidrugresistant Gramnegative pathogens (Carlson 
Banning et al., 2013).

Ciclopirox also displays a topical antiinflammatory activ
ity. This has been demonstrated in human polymorphonuclear 
cells in which ciclopirox was shown to inhibit prostaglandin 
and leukotriene synthesis (Abrams et al., 1991). Ciclopirox 
caused a 25% reduction in prostaglandin E2 release, which is 
more significant than the minimal reduction achieved with 
naftifine and fluconazole, as well as the absence of activity 
exhibited by ketoconazole and miconazole (Rees, 1999). The 
antiinflammatory activity of ciclopirox was demonstrated in 
an in vivo human experimental model measuring the inflam
matory reaction following exposure to ultraviolet B (UVB) 

irradiation generated by a solar stimulator. In this experi
ment, ciclopirox 0.77% was superior to 2.5% hydrocortisone 
in reducing inflammatory reaction (Rosen et al., 1997). In 
addition, a randomized, doubleblind, parallelgroup study 
compared ciclopirox olamine 1% cream with a combination 
of ciclopirox 1% cream and 1% hydrocortisone acetate twice 
daily for 21 days for the treatment of a variety of inflamma
tory skin diseases. Ciclopirox alone produced mean scores 
for symptom improvement (as measured by erythema, 
edema, scaling, and pruritus) and mycology cure rate statis
tically similar to the combination treatment. These data sug
gest that ciclopirox offers patients the combined benefits of  
a broadspectrum antifungal and anti inflammatory agent 
(Lassus et al., 1988).

Similar to recent findings with naftifine (see Chapter 151, 
Naftifine), ciclopirox olamine has been identified as an inhibi
tor of the Wnt (Winglessrelated integration site) signaling 
pathway that is activated in cancer cells, leading to cell pro
liferation. In this regard, Wall and SchmidtWolf (2014) dem 
onstrated that ciclopirox olamine significantly reduced viability 
in human pancreatic cancer cell lines. Ciclopirox olamine also 
reduced renal cell carcinoma survival in vitro, in part due  
to inhibition of Wnt/betacatenin signaling (Von Schulz
Hausmann et al., 2014). These results may lead to the develop
ment of new therapeutic options for cancer patients. 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Ciclopirox is available in a number of topical formulations, 
including cream (as 0.77% ciclopirox olamine; 15 g, 30 g, 90 g; 
contains benzyl alcohol), 0.77% gel (30 g, 45 g, 100 g; contains 
isopropyl alcohol), 1% shampoo (120 ml), nail lacquer solu
tion (8%, 6.6 ml; contains isopropyl alcohol), and suspension 
(as olamine 0.77%; 30 ml, 60 ml; contains benzyl alcohol).

For tinea pedis and tinea corporis, cream 0.77%, suspension 
0.77%, and gel 0.77% is applied twice daily for 4 weeks. For 
tinea cruris, cutaneous candidiasis, and tinea versicolor cream 
0.77% and suspension 0.77% is applied twice daily for 4 weeks.

Onychomycosis of the fingernails and toenails can be 
treated with 8% nail lacquer solution applied daily and removed 
with alcohol every 7 days.

Seborrheic dermatitis of the scalp requires gel 0.77% 
applied twice daily for 4 weeks, and shampoo 1% applied 
~ 5 ml (1 teaspoonful) to wet hair for ~ 3 minutes and then 
rinsed—this should be done twice weekly for 4 weeks, allow
ing a minimum of 3 days between applications. Longer hair 
needs 10 ml of shampoo.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Approximately 1.3% of a dose of 1% ciclopirox olamine cream 
applied topically to the skin is absorbed into the systemic 
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circulation, with peak serum concentrations of 0.01 μg/ml 
achieved 6 hours after application (Jue et al., 1985). Vaginal 
application of 5 g ciclopirox olamine cream for 1 week in 
women with vaginitis was associated with 15–20% absorp
tion into the systemic circulation. In contrast, Coppi et al. 
(1993) found a low intravaginal absorption of ciclopirox 
olamine in women and an intravaginal bioavailability of 2% 
in rabbits. 

5b.  Drug distribution

Penetration of ciclopirox olamine into skin structures has 
been evaluated using skin from human cadavers, and levels 
of 70–600 μg/ml have been documented in the upper dermis 
within 1–2 hours after topical application; levels of 20–30 μg/
ml were noted in the dermis. Studies using radiolabeled 1% 
ciclopirox olamine cream revealed penetration into stratum 
corneum of 0.8–1.6% of the dose 1.5–6 hours after applica
tion. It also diffuses into hair, hair follicles, and sebaceous 
glands. Penetration through the fingernail has also been doc
umented by the demonstration of antifungal activity against 
T. mentagrophytes on the underside of the nail after topical 
application to the upper side (Jue et al., 1985).

The lacquer formulation delivery system of ciclopirox 
provides a high concentration gradient for the transfer of the 
antifungal agent through the nail plate. After evaporation of 
volatile solvents in the lacquer, the concentration of ciclopirox 
in the remaining lacquer film reaches approximately 35%, 
providing a high concentration gradient for penetration into 
the nail. Radiolabel data demonstrate penetration into 
infected nails after only one application of the lacquer for
mulation. With repeated applications, the antifungal agent is 
homogeneously distributed through all layers of the toenail, 
achieving inhibitory and fungicidal concentrations for most 
pathogens. Although ciclopirox readily penetrates nails, very 
low levels of ciclopirox are recoverable systemically, even 
after chronic use (Bohn and Kraemer, 2000).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are few data available correlating clinical activity with 
the pharmacokinetic and pharmacodynamic parameters of 
ciclopirox.

5d.  Excretion

Renal excretion of ciclopirox olamine as metabolites is the 
primary route of elimination. Fecal excretion is negligible 
(Kellner et al., 1981; Jue et al., 1985).

5e.  Drug interactions

In contrast to the azoles, glucuronidation is the main meta
bolic pathway of ciclopirox; therefore interactions with drugs 
metabolized via the cytochrome P450 system are unlikely.

6. ADVERSE REACTIONS AND TOXICITY

Ciclopirox is generally safe and well tolerated. Most com
mon side effects reported from clinical trials include burning 
sensation of the skin, irritation, redness, pain, and pruritus, 
which were transient and have rarely led to discontinuation 
of treatment (Anon, 1985b; Jue et al., 1985; Seebacher et al., 
2001; Starova and Aly, 2005). Two reports of allergic contact 
dermatitis secondary to ciclopirox topical application have 
been described in the literature (Goitre et al., 1986; Romano 
et al., 2006). Treatment of the dermatitis and discontinuation 
of ciclopirox produced healing in both cases.

7. CLINICAL USES OF THE DRUG

7a.  Superficial dermatomycosis

Ciclopirox is indicated in the treatment of tinea infections. 
Ciclopirox gel 0.77% applied twice daily for 4 weeks has been 
shown to be an effective treatment of interdigital tinea pedis 
due to T. rubrum, T. mentagrophytes, and E. floccosum with 
85% mycologic cure rate (Aly et al., 2003a; Gupta et al., 
2003). In another study, ciclopirox was found to be effective 
in the treatment of tinea pedis associated with onychomyco
sis (Wu et al., 1990; Gupta et al., 2005). Ciclopirox olamine 
1% cream was applied two or three times daily for 3 months. 
Tinea pedis was cured in 45% and improved in an additional 
45% of patients (Wu et al., 1990).

7b.  Onychomycosis

Ciclopirox 8% nail lacquer applied once daily for 48 weeks 
over infected nails was safe and effective in the treatment of 
distal subungual onychomycosis in patients with type 2 dia
betes mellitus receiving insulin or oral hypoglycemic therapy 
(Seebacher et al., 2001; Brenner et al., 2007). The results sup
porting the use of ciclopirox 8% nail lacquer in the treatment 
of onychomycosis of the toenail without lunula involvement 
were obtained from two doubleblind, placebocontrolled 
studies conducted in the United States (Gupta et al., 2000). In 
these studies, patients with onychomycosis of the great toe
nails without lunula involvement were treated with ciclopirox 
8% topical solution in conjunction with monthly removal of 
the unattached, infected toenail. The drug was applied for 48 
weeks. At baseline, patients had 20–65% involvement of the 
target great toenail plate. Complete cure, defined as clear nail 
and negative mycology culture, was achieved in 5.5% and 
8.5%, respectively. However, newer topical antifungal prod
ucts containing 10% efinaconazole or 5% tavaborole have 
shown significantly higher treatment success rates in phase 
III trials than 8% ciclopirox nail lacquer (Del Rosso, 2014).

Ciclopirox is also used as an adjunct therapy in the treat
ment of onychomycosis. The combination of oral terbinafine 
and ciclopirox nail lacquer was found to be safe and more 
effective in the treatment of onychomycosis than terbinafine 
alone, especially in younger patients. In a study evaluating the 
efficacy of combination therapy with ciclopirox nail lacquer 
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and oral terbinafine versus oral terbinafine monotherapy in 
onychomycosis, the mycologic cure rate after 9 months’ ther
apy was 64.7% (22/34 patients) in the terbinafine group and 
88.2% (30/34 patients) in the combination therapy group, 
favoring the combination therapy (Avner et al., 2005). In 
addition, the application of ciclopirox olamine 1% lotion plus 
cream to nails infected with T. rubrum several times daily for 
an average of 13 weeks resulted in 57% clinical resolution 
6 weeks after the end of treatment (Jue et al., 1985).

7c.  Cutaneous candidiasis

Ciclopirox olamine 1% cream is also used in the treatment of 
cutaneous candidiasis and diaper dermatitis due to C. albi-
cans (Anon, 1985a; Gallup and Plott, 2005). In two small, 
uncontrolled studies of cutaneous candidiasis, the clinical 
cure rate reached only 30%, although the majority of patients 
experienced some improvement in clinical signs and symp
toms (Jue et al., 1985).

7d.  Tinea (pityriasis) versicolor

Clinical and mycologic cure was achieved in 49% of patients 
treated with ciclopirox olamine 1% cream for 14 days (Anon, 
1985b). Ciclopirox olamine 1% cream applied twice daily for 
14 days was superior to clotrimazole 1% cream in the treat
ment of tinea versicolor. Clinical and mycologic resolution 
occurred in 77–88% of patients with tinea versicolor treated 
with ciclopirox olamine 1% cream, compared with 45% 
treated with clotrimazole 1% cream (Anon, 1985b; Jue et al., 
1985).

7e.  Seborrheic dermatitis

The antiinflammatory activity of ciclopirox (see above under 
3, Mechanism of drug action) and its potent in vitro activity 
against Malassezia spp. make ciclopirox a suitable alternative 
for the treatment of seborrheic dermatitis (Gupta and Nicol, 
2006). In a doubleblind, randomized controlled trial, ciclo
pirox olamine shampoo 1% applied twice weekly for 4 weeks 
was effective in the treatment of seborrheic dermatitis of the 
scalp in 26% of treated patients compared with 12% of the 
vehicletreated group (Lebwohl and Plott, 2004). Ciclopirox 
0.77% gel formulation has also proven to be efficacious in the 
treatment of seborrheic dermatitis (Aly et al., 2003b). Treated 
subjects achieved over 75% improvement compared with 
vehicle at days 22 and 29 of treatment. In addition, ciclopirox 
administered as cream 1% twice daily for 4 weeks demon
strated a good therapeutic response in mildtomoderate facial 
seborrheic dermatitis in 63% of patients receiving ciclopirox 
compared with 34% of those receiving vehicle (Dupuy et al., 
2001; Starova and Aly, 2005).

Acknowledgment: The previous version of this chapter, 
published in the 6th edition of Kucers’ The Use of Antibiotics, 
was written by Drs. Rana Traboulsi and Mahmoud Ghan
noum, of the Center for Medical Mycology, Department of 

Dermatology, University Hospitals of Cleveland Case Medical 
Center and Case Western Reserve University, in Cleveland, 
Ohio, USA. The current authors wish to thank Dr. Traboulsi 
for her former contribution, which was substantial and much 
appreciated.

REFERENCES

Abrams BB, Hanel H, Hoehler T (1991). Ciclopirox olamine: a hydroxypyri-
done antifungal agent. Clin Dermatol 9: 471.

Aly R, Fisher G, Katz I et al. (2003a). Ciclopirox gel in the treatment of 
patients with interdigital tinea pedis. Int J Dermatol 42 (Suppl 1): 29.

Aly R, Katz HI, Kempers SE et al. (2003b). Ciclopirox gel for seborrheic 
dermatitis of the scalp. Int J Dermatol 42 (Suppl 1): 19.

Anon (1985a). Evaluation of a new antifungal cream, ciclopirox olamine 1% 
in the treatment of cutaneous candidosis. Clin Ther 8: 41.

Anon (1985b). Treatment of tinea versicolor with a new antifungal agent, 
ciclopirox olamine cream 1%. Clin Ther 7: 574.

Avner S, Nir N, Henri T (2005). Combination of oral terbinafine and topical 
ciclopirox compared to oral terbinafine for the treatment of onychomy-
cosis. J Dermatol Treat 16: 327.

Bohn M, Kraemer KT (2000). Dermatopharmacology of ciclopirox nail 
lacquer topical solution 8% in the treatment of onychomycosis.  
J Am Acad Dermatol 43: S57.

Braga PC, Piatti G, Conti E, Vignali F (1992). Effects of subinhibitory 
concentrations of ciclopirox on the adherence of Candida albicans  
to human buccal and vaginal epithelial cells. Arzneimittelforschung  
42: 1368.

Brenner MA, Harkless LB, Mendicino RW, Page JC (2007). Ciclopirox 8% nail 
lacquer topical solution for the treatment of onychomycosis in patients 
with diabetes: a multicenter, open-label study. J Am Podiatr Med Assoc 
97: 195.

Carlson-Banning KM, Chou A, Liu Z et al. (2013). Toward repurposing 
ciclopirox as an antibiotic against drug-resistant Acinetobacter 
baumannii, Escherichia coli, and Klebsiella pneumoniae. PLoS  
One 8: e69646.

Coppi G, Silingardi S, Girardello R et al. (1993). Pharmacokinetics of 
ciclopirox olamine after vaginal application to rabbits and patients.  
J Chemother 5: 302.

Del Rosso JQ (2014). The role of topical antifungal therapy for onychomy- 
cosis and the emergence of newer agents. J Clin Aesthet Dermatol. 
7: 10.

Dupuy P Maurette C, Amoric JC, Chosidow O (2001). Randomized, placebo- 
controlled, double-blind study on clinical efficacy of ciclopiroxolamine 
1% cream in facial seborrhoeic dermatitis. Br J Dermatol 144: 1033.

Gallup E, Plott T (2005). A multicenter, open-label study to assess the safety 
and efficacy of ciclopirox topical suspension 0.77% in the treatment of 
diaper dermatitis due to Candida albicans. J Drugs Dermatol 4: 29.

Gasparini G, Contini D, Torti A et al. (1986). The effect of ciclopiroxolamine 
investigated by means of the freeze-fracture technique. Mykosen 29: 
539.

Ghannoum MA, Arthington-Skaggs B, Chaturvedi V et al. (2006). Interlabora- 
tory study of quality control isolates for a broth microdilution method 
(modified CLSI M38-A) for testing susceptibilities of dermatophytes to 
antifungals. J Clin Microbiol 44: 4353.

Ghannoum M, Isham N, Long L (2015). In vitro antifungal activity of ME1111, 
a new topical agent for onychomycosis, against isolates of dermato-
phytes. Antimicrob Agents Chemother 59: 5154.

Ghelardi E, Celandroni F, Gueye SA et al. (2014). Potential of ergosterol 
synthesis inhibitors to cause resistance or cross-resistance in 
Trichophyton rubrum. Antimicrob Agents Chemother. 58: 2825.

Goitre M, Bedello PG, Cane D et al. (1986). Contact dermatitis due to 
cyclopyroxolamine. Contact Dermatitis 15: 94.

Gupta AK, Drummond-Main C, Cooper EA et al. (2012) Systemic review  
of nondermatophyte mold onychomycosis: diagnosis, clinical types, 
epidemiology, and treatment. J Am Acad Dermatol 66: 494.



7. Clinical uses of the drug 2913

Gupta AK, Fleckman P, Baran R (2000). Ciclopirox nail lacquer topical 
solution 8% in the treatment of toenail onychomycosis. J Am Acad 
Dermatol 43: S70.

Gupta AK, Kohli Y (2003). In vitro susceptibility testing of ciclopirox, terbina- 
fine, ketoconazole and itraconazole against dermatophytes and non- 
dermatophytes, and in vitro evaluation of combination antifungal 
activity. Br J Dermatol 149: 296.

Gupta AK, Nicol KA (2006). Ciclopirox 1% shampoo for the treatment of 
seborrheic dermatitis. Int J Dermatol 45: 66.

Gupta AK, Skinner AR, Cooper EA (2005). Evaluation of the efficacy of 
ciclopirox 0.77% gel in the treatment of tinea pedis interdigitalis 
(dermatophytosis complex) in a randomized, double-blind, placebo- 
controlled trial. Int J Dermatol 44: 590.

Gupta AK, Skinner AR, Cooper EA (2003). Interdigital tinea pedis (dermato-
phytosis simplex and complex) and treatment with ciclopirox 0.77% gel. 
Int J Dermatol 42 (Suppl 1): 23.

Hanel H, Raether W, Dittmar W (1988). Evaluation of fungicidal action  
in vitro and in a skin model considering the influence of penetra- 
tion kinetics of various standard antimycotics. Ann N Y Acad Sci  
544: 329.

Jue SG, Dawson GW, Brogden RN (1985). Ciclopirox olamine 1% cream.  
A preliminary review of its antimicrobial activity and therapeutic use. 
Drugs 29: 330.

Kellner HM, Arnold C, Christ OE et al. (1981). Pharmacokinetics and bio- 
transformation of the antimycotic drug ciclopiroxolamine in animals and 
man after topical and systemic administration. Arzneimittelforschung 
31: 1337.

Kokjohn K, Bradley M, Griffiths B, Ghannoum M (2003). Evaluation of in vitro 
activity of ciclopirox olamine, butenafine HCl and econazole nitrate 
against dermatophytes, yeasts and bacteria. Int J Dermatol 42 (Suppl 
1): 11.

Korting HC, Grundmann-Kollmann M (1997). The hydroxypyridones: a class 
of antimycotics of its own. Mycoses 40: 243.

Korting HC, Ollert M, Abeck D (1995). Results of German multicenter study 
of antimicrobial susceptibilities of Trichophyton rubrum and Trichophy- 
ton mentagrophytes strains causing tinea unguium. German Collaborative 

Dermatophyte Drug Susceptibility Study Group. Antimicrob Agents 
Chemother 39: 1206.

Lassus A, Nolting KS, Savopoulos C (1988). Comparison of ciclopirox ola- 
mine 1% cream with ciclopirox 1%-hydrocortisone acetate 1% cream in 
the treatment of inflamed superficial mycoses. Clin Ther 10: 594.

Lebwohl M, Plott T (2004). Safety and efficacy of ciclopirox 1% shampoo for 
the treatment of seborrheic dermatitis of the scalp in the US popula-
tion: results of a double-blind, vehicle-controlled trial. Int J Dermatol  
43 (Suppl 1): 17.

Rees JL (1999). Studies of the anti-inflammatory properties of ciclopirox.  
In Shuster S, ed. Hydroxy-Pyridones as Antifungal Agents with Special 
Emphasis on Onychomycosis. Berlin: Springer-Verlag.

Romano C, Ghilardi A, Calo D, Maritati E (2006). Contact dermatitis due to 
ciclopiroxolamine. Mycoses 49: 338.

Rosen T, Schell BJ, Orengo I (1997). Anti-inflammatory activity of antifungal 
preparations. Int J Dermatol 36: 788.

Sakurai K, Sakaguchi T, Yamaguchi H, Iwata K (1978). Mode of action of 
6-cyclohexyl-1-hydroxy-4-methyl-2(1 H)-pyridone ethanolamine salt 
(Hoe 296). Chemotherapy 24: 68.

Seebacher C, Nietsch KH, Ulbricht HM (2001). A multicenter, open-label 
study of the efficacy and safety of ciclopirox nail lacquer solution 8% for 
the treatment of onychomycosis in patients with diabetes. Cutis 68: 17.

Seidl HO, Jackel A, Muller J et al. (2015). Sporocidal effect of amorolfine 
and other antimycotics used in the therapy of fungal nail infections. 
Mycoses 58: 610.

Skora M, Macura AB, Bulanda M (2014). In vitro antifungal susceptibility of 
Scopulariopsis brevicaulis isolates. Med Mycol. 52: 723.

Starova A, Aly R (2005). The safety and efficacy of ciclopirox olamine for the 
treatment of seborrheic dermatitis. Expert Opin Drug Saf 4: 235.

VonSchulz-Hausmann SA, Schmeel LC, Schmeel FC et al. (2014). Targeting 
the Wnt/beta-catenin pathway in renal cell carcinoma. Anticancer Res 
34: 4101.

Wall I, Schmidt-Wolf IG (2014). Effect of Wnt inhibitors in pancreatic cancer. 
Anticancer Res 34: 5375.

Wu YC, Chuan MT, Lu YC (1990). Efficacy of ciclopiroxolamine 1% cream in 
onychomycosis and tinea pedis. Mycoses 34: 93.



2914

165

Rilopirox

Mahmoud Ghannoum and Nancy Isham

1. DESCRIPTION

Rilopirox, 6-[[p-(p-chlorophenoxy)phenoxy]methyl]-1-hy-
droxy-4-methyl-2(1H)-pyridone, is a water insoluble, fungi-
cidal antifungal agent. It is the second antifungal agent of 
the hydroxypyridone antifungals, along with ciclopirox (see 
Chap ter 164, Ciclopirox). In contrast with ciclopirox olamine, 
rilopirox exhibits strong activity against yeast, especially 
Can dida albicans (Raether and Hanel, 1990).

Rilopirox was first developed as an intravaginal antifun-
gal. However, later studies suggest a role for this drug in the 
treatment of tinea versicolor, seborrheic dermatitis, and oro-
pharyngeal candidiasis (Nenoff et al., 1999; Nenoff et al., 
2001). The chemical structure of rilopirox is shown in Figure 
165.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

PATHOGENIC YEAST

Rilopirox is capable of destroying 99.9% of C. albicans blasto-
spores under nonproliferative conditions (Raether and Hanel, 
1990). In addition, in vitro studies showed that subinhibitory 
concentrations of rilopirox impair the adhesion process of 
Candida to both buccal and vaginal cells (Braga et al., 1995a; 
Braga et al., 1995b). Rilopirox has been shown to inhibit the 
growth of 38 fluconazole-susceptible and -resistant strains 
of Candida species, including C. albicans, C. tropicalis, C. gla-
brata, and C. krusei (Nenoff et al., 1999). In this study, the 
minimum inhibitory concentration (MIC)50 and MIC90, 
defined as the lowest concentration to inhibit 50 or 90% of 
isolates tested, respectively, of rilopirox against a collection 
of C. albicans and non-albicans isolates was compared with 
those of fluconazole using microdilution and agar dilution 
methodologies. For rilopirox, the MIC50 and MIC90 as deter-
mined by the microdilution method were 4 µg/ml and 8 µg/ml, 
respectively. On the other hand, for fluconazole, the MIC50 and 
MIC90 achieved was 0.5 µg/ml and 128 µg/ml, respectively. The 

MIC90 value of fluconazole was 16-fold higher than that of 
rilopirox. Using the agar dilution technique, the MIC values 
of rilopirox were in the range 0.006–25 µg/ml with a median 
of 3.12 µg/ml. For fluconazole, the MIC90 value was 4-fold 
higher than that for rilopirox. All strains with reduced fluco-
nazole susceptibility were susceptible to rilopirox, including 
C. krusei and C. glabrata. Rilopirox has demonstrated potent 
in vitro activity against Malassezia furfur, which suggests a 
clinical utility in the treatment of tinea versicolor and sebor-
rheic dermatitis (Nenoff and Haustein, 1997).

3. MECHANISM OF DRUG ACTION

The antifungal mode of action of rilopirox is similar to that 
of ciclopirox (see Chapter 164, Ciclopirox). Rilopirox acts by 
damaging the cell membrane of the fungus and impairing 
several metabolic enzyme systems through its strong chelat-
ing action, thus inhibiting iron-dependent enzymes. Rilo-
pirox inhibits the iron-containing enzyme, catalase. Yeast 
catalase splits hydrogen peroxide into water and oxygen. 
Rilopirox acts by inhibiting catalase activity, leading to accu-
mulation of the toxic compound, hydrogen peroxide. This 
causes irreversible fungal cell damage. Another metabolic 
iron-dependent enzyme of the yeast mitochondria respira-
tory chain, the complex 1(NADH-ubiquinone oxidoreduc-
tase), is also inhibited by the chelating effects of rilopirox. 
Rilopirox shows a high killing rate, even against nonprolifer-
ating fungi and spores. Its unique mode of action explains its 
fungicidal activity against yeasts. (Raether and Hanel, 1990).

Figure 165.1. Chemical structure of rilopirox.
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4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Rilopirox is available as topical preparation for the treatment 
of vaginal candidiasis, seborrheic dermatitis, and tinea versi-
color. However, no clinical indications and dose recommen-
dations are currently available.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

Rilopirox is a hydrophobic topical agent. In vitro studies by 
Harada et al. (1999) demonstrated that the activity of rilo-
pirox was not affected by changes in pH or by the addition of 
serum to culture media. These qualities have made rilopirox 
a candidate in the treatment of oral and vulvovaginal can-
didal infections (Harada et al., 1999). Preliminary pharma-
cokinetic studies in dogs treated with 1 mg/kg body weight 
of 14C-labeled rilopirox intravaginally have demonstrated a 
maximum serum concentration of 28 µg/ml. Oral treatment 
with 20 mg/kg body weight led to a maximum serum con-
centration of 478 µg/l. These measurements were performed 
1–3 hours post dose (Hrabe de Angelis et al., 1994). After 24 
hours, serum drug concentrations remained below the detec-
tion level of 10 µg/l. In a study of healthy female volunteers, 
individuals were treated intravaginally with rilopirox 22.5 
mg daily for 5 consecutive days. With the exception of one 
subject, serum rilopirox concentrations remained within the 
threshold level between 10 and 20 µg/l in all participants 
(Hrabe de Angelis et al., 1994).

6. ADVERSE REACTIONS AND TOXICITY

Rilopirox is safe and well tolerated. No adverse effects of rilo-
pirox have yet been reported.

7. CLINICAL USES OF THE DRUG

Rilopirox is potentially likely to be useful in the treatment of 
vaginal candidiasis, seborrheic dermatitis, and tinea versi-
color. However, there are currently no clinical studies avail-
able to confirm these indications.

Acknowledgment: The previous version of this chapter, 
published in the 6th edition of Kucers’ The Use of Antibiotics, 
was written by Drs. Rana Traboulsi and Mahmoud Ghan-
noum, of the Center for Medical Mycology, Department of 
Dermatology, University Hospitals of Cleveland Case Medi cal 
Center and Case Western Reserve University, in Cleveland, 
Ohio, USA. The current authors wish to thank Dr. Traboulsi 
for her former contribution, which was substantial and much 
appreciated.

REFERENCES

Braga PC, Dal Sasso M, Maci S et al. (1995a). Inhibition of Candida albicans 
adhesiveness to human buccal and vaginal cells by sub-inhibitory 
concentrations of rilopirox. Arzneimittelforschung 45: 84.

Braga PC, Maci S, Dal Sasso M et al. (1995b). Alterations in surface 
morphology of Candida albicans produced by rilopirox: a scanning 
electron microscopy study. J Chemother 7: 519.

Harada I, Mitsui K, Uchida K, Yamaguchi H (1999). The in vitro properties of 
a new hydroxypyridone antimycotic rilopirox, with special reference to 
its anti-Candida activity. Jpn J Antihiot 52: 146.

Hrabe de Angelis M, Dannhorn DR, Hanel H, Kirchner C (1994). Effects of 
rilopirox on rabbit blastocysts in a protein-free in vitro culture under 
different culture conditions. Arzneimittelforschung 44: 674.

Nenoff P Haustein UF (1997). In vitro susceptibility testing of Malassezia 
furfur against rilopirox. Skin Pharmacol 10: 275.

Nenoff P, Reinl P, Haustein UF (2001). The yeast fungus Malassezia: pathogen, 
pathogenesis and therapy. Hautarzt 52: 73.

Nenoff P Taneva E, Pfeil B et al. (1999). In vitro activity of rilopirox against 
fluconazole-susceptible and fluconazole-resistant Candida isolates from 
patients with HIV infection. Mycoses 42: 55.

Raether W, Hanel H (1990). Rilopirox—a new hydroxypyridone antifungal 
with fungicidal properties. Mycoses 33: 191.



http://taylorandfrancis.com


3:7 OTHER ANTIFUNGAL AGENTS



http://taylorandfrancis.com


2919

166

Flucytosine  
(5-Fluorocytosine; 5-FC)

Lance Turtle and William Hope

1. DESCRIPTION

Flucytosine (Ancotil, Ancobon) is a fluorinated pyrimidine 
analog that is primarily used in combination with amphoter-
icin B or fluconazole for the treatment of invasive yeast infec-
tions. Rapid emergence of drug resistance is observed when 
this agent is used as monotherapy (Block et al., 1973a).

Flucytosine is a small polar molecule with a molecular 
weight of 120 daltons and a log P value of –0.89; the chemical 
structure is shown in Figure 166.1. This compound was devel-
oped in 1957 at Roche Laboratories as an antineoplastic 
agent. Flucytosine does not have cytotoxic activity, but was 
demonstrated to have antifungal activity. Flucytosine is most 
commonly used for the treatment of cryptococcal meningitis 
and severe Candida infections that are refractory to first-line 
antifungal agents or those occurring within sanctuary sites. 
Flucytosine is available as tablets (500 and 250 mg flucyto-
sine) and as an intravenous formulation (2.5 g flucytosine in 
250 ml normal saline).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Flucytosine is active against most medically important yeasts 
but has little clinically useful activity against molds. The in 
vitro activity of this compound against medically important 
opportunistic fungal pathogens using CLSI methodology is 
summarized in Table 166.1.

Breakpoints for flucytosine have been established by the 
British Society for Medical Mycology (sensitive < 1.0 mg/l; 
intermediate 2.0–8.0 mg/l; resistant ≥ 16 mg/l) (Anon, 1984) 
and the Clinical Laboratory Standards Institute (sensitive < 4.0 
mg/l; intermediate 8.0–16.0 mg/l; resistant ≥ 32 mg/l). The 
European Committee for Antimicrobial Susceptibility Testing 
(EUCAST) is yet to set breakpoints.

PATHOGENIC YEASTS

Flucytosine is generally active against the medically impor-
tant yeasts Cryptococcus neoformans and Candida spp. Can
dida krusei and C. neoformans tend to have higher MICs 
than other species (Pfaller et al., 2002; Pfaller et al., 2005). 
The MICs of C. neoformans and Aspergillus fumigatus are 
lower if testing is conducted in lower pH, and this has been 
correlated with activity of flucytosine in laboratory animal 
models of disseminated aspergillosis (Viviani et al., 2003; 
Verweij et al., 2008). Primary resistance in yeasts (i.e. resis-
tance without prior drug exposure) is observed in a small 
proportion of Candida isolates (Barchiesi et al., 2000). An 
exception to this is a recent report of 35% of C. tropicalis iso-
lates in France that display primary resistance to flucytosine 
and which probably represents clonal expansion of a well-
adapted isolate (Desnos-Ollivier et al., 2008). For C. albicans, 
primary resistance is due to substitution of arginine for 
 cysteine at amino acid residue 101 in the protein UPRT (see 
below under 3, Mechanism of drug action), which disrupts 
the quaternary structure and function of this protein 
(Dodgson et al., 2004; Hope et al., 2004). Isolates with this 
change are restricted to clade 1 (Dodgson et al., 2004; Pujol 
et al., 2004; Tavanti et al., 2005), and the majority are also 
ABC type A. Primary resistance has also been reported  
with C. neoformans (Cuenca-Estrella et al., 2001), C. tropicalis 

Figure 166.1. Chemical structure of flucytosine (5-fluorocy-
tosine, 5-FC).
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(Desnos- Ollivier et al., 2008), C. krusei, and C. dubliniensis 
(Al Mosaid et al., 2005), but the molecular mechanisms of 
resistance in these species have not been defined.

MOLDS OR FILAMENTOUS FUNGI

Flucytosine is generally not considered to be an agent with 
potent antiAspergillus activity, and is not considered in cur-
rent treatment guidelines for invasive aspergillosis (Walsh et 
al., 2008). As demonstrated in Table 166.1, MICs are rela-
tively high using standard protocols. Interestingly, however, 
more potent activity is observed when MICs are determined 
at pH 5.0, compared with pH 7.0 (Verweij et al., 2008). MICs 
determined at pH 5.0 may mimic an acidic environment 
within abscesses or infarcted tissue, and better predict the 
pharmacologic response observed in laboratory animal models 
of disseminated aspergillosis. In vitro and in vivo experimental 
studies suggest that flucytosine (in combination with other 
antifungal agents) may have a role in the treatment of deep 
invasive infections (Verweij et al., 2008) due to Asper gillus spp., 
but further experimental and clinical studies are required.

Flucytosine does not have clinically useful activity against 
Fusarium spp. (Sekhon et al., 1994). In contrast, the etiologic 
agents of chromoblastomycosis (also called chromomycosis) 
and phaeohyphomycosis, such as Phialophora, Cladosporium, 
and Exophila spp., are typically flucytosine sensitive (Van de-
velde et al., 1972; Block et al., 1973b). Flucytosine has no 
consistent in vitro or in vivo activity against the zygomycetes 
(Almyroudis et al., 2007). Madurella spp. and the dermato-
phytes Microsporum, Trichophyton, and Epidermophyton spp. 
are flucytosine resistant.

DIMORPHIC FUNGI

Blastomyces dermatitidis, Paracoccidioides brasiliensis, Histo
plasma capsulatum, and Coccidioides immitis are resistant 
to flucytosine (Shadomy, 1969). The drug has no efficacy in 
experimental murine infections due to H. capsulatum and  
B. dermatitidis (Medoff and Kobayashi, 1980). Penicillium 
marneffei, which causes disseminated disease in HIV-infected 
individuals, is susceptible to flucytosine (Sekhon et al., 1993). 
Sporothrix schenckii is usually completely resistant, but occa-
sional moderately susceptible strains have been isolated 
(Alvarado-Ramirez and Torres-Rodriguez, 2007).

ACTINOMYCETES AND ACTINOMYCES

Flucytosine has no effect on these bacteria or on any other 
bacterial species.

2b.  Emerging resistance and 
cross-resistance

There are no recent issues related to the emergence of flucy-
tosine resistance, which probably relates to the relatively 
restricted and shortterm use of this agent in the modern era. 
Resistance to flucytosine can be readily induced in Candida 
spp. and C. neoformans by serial passage of these organisms 
on (or in) drug-containing media. Rapid emergence of resis-
tance is observed if flucytosine is used as a single agent, 
although this is not especially well characterized (Block et  
al., 1973a; Hospenthal and Bennett, 1998). Secondary resistance 
occurs during therapy for cryptococcal meningitis (Hospen thal 
and Bennett, 1998) and for Candida infections (Cart wright 

Table 166.1. In vitro activity of flucytosine against medically important yeasts and molds.

Organism
MIC rang 

(mg/l)
MIC50 
(mg/l)

MIC90 
(mg/l) Reference

Candida albicans 0.125–128 0.125 1 Pfaller et al., 2002

Candida glabrata 0.125–128 < 0.125 < 0.125 Pfaller et al., 2002

Candida krusei 0.125–128 16 32 Pfaller et al., 2002; Pfaller et al., 2008

Candida parapsilosis 0.125–128 < 0.125 0.25 Pfaller et al., 2002

Candida tropicalis 0.125–128 0.25 1 Pfaller et al., 2002

Candida dubliniensis < 0.125 N/A N/A Pfaller et al., 2002

Candida guilliermondii 0.125–4 < 0.125 0.5 Pfaller et al., 2002

Cryptococcosis neoformans 0.06–> 64 8 16 Pfaller et al., 2005; Illnait-Zaragozi et al., 2008

Aspergillus fumigatus     8–16 Te Dorsthorst et al., 2004

Aspergillus flavus 0.25–4 2 Te Dorsthorst et al., 2004

Aspergillus terreus < 0.25–> 256 1.5 Te Dorsthorst et al., 2004

Zygomycetes > 64 N/A N/A Almyroudis et al., 2007

Sporothrix schenckiia     4–> 64 > 64 > 64 Alvarado-Ramirez and Torres-Rodriguez, 2007

Rhinocladiella aquaspersaa 6.25–25 Caligiorne et al., 1999

Fonsecaea pedrosia 6.25–25 Caligiorne et al., 1999

Fonsecaea compactaa 3.12–12.5 Caligiorne et al., 1999

Philophora verrucosaa 6.25–12.5 Caligiorne et al., 1999

Cladophialophora carrioniia 3.12–50 Caligiorne et al., 1999

Exophiala dermatitidisa 12.5 Caligiorne et al., 1999

aDetermined from limited number of isolates.
N/A: not applicable.
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et al., 1972; Sugarman and Pesanti, 1980). The molecular 
mechanisms of secondary resistance remain undefined.

3. MECHANISM OF DRUG ACTION

Flucytosine is metabolized via the pyrimidine salvage path-
way, where it acts as a subversive substrate. Metabolism pro-
duces toxic nucleotides that interfere with nucleic acid and 
protein synthesis. Flucytosine is transported into fungi by 
membrane permeases, where it is deaminated by the pro-
tein cytosine deaminase to produce 5-fluorouracil (5-FU). 
5-FU is then converted to 5-fluoro-uridylate (5-fluoro-UMP; 
5-FUMP) by the protein uracil phosphoribosyltransferase 
(UPRT). 5-FUMP is sequentially phosphorylated to form 
5-fluoro-UTP, which is incorporated into RNA. 5-FUMP is 
also reduced to 5-fluoro-2′-doexyuridy-late, which inhibits 
the enzyme thymidylate synthetase. This leads to reduced 
DNA synthesis because of a reduction in the available nucle-
otide pool. The differential activity of flucytosine is due to the 
absence of cytosine deaminase in mammalian cells.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Flucytosine is administered orally at a dose of 100–150 mg/
kg/day, in four divided dosages. An i.v. preparation is also avail-
able. The dose for i.v. and oral formulations is the same. The i.v. 
solution is stored at room temperature (Vermes et al., 1999).

Population pharmacokinetic models suggest that these oral 
and i.v. dosages result in concentrations above the MIC90 for 
100% of the dosing interval, suggesting that the use of signifi-
cantly lower dosages may be possible, although this has not 
been studied in clinical trials (Ette et al., 2003; Hope et al., 
2007). The minimally effective dosage associated with maxi-
mum antifungal activity that also prevents the emergence of 
resistance is not known. For patients receiving other agents that 
suppress bone marrow function, a lower dosage may be required.

A variety of alternative routes of administrations have 
been used. Flucytosine has been administered intrathecally 
(10 ml of 1% solution administered twice weekly) for treat-
ment of cryptococcal meningitis, but there are no current 
indications for this approach (Roche, 1972).

Flucytosine eye drops (1.5%) may be used for keratitis. 
Intravitreal injection of 100 μg flucytosine produced no 
detec table ocular adverse reactions in rabbits (Yoshizumi 
and Silverman, 1985).

Topical therapy with fluconazole cream (with boric acid) 
for the treatment of vaginal candidiasis due to nonalbicans 
Candida species has been described, but is rarely used (Horo-
witz, 1986; Sobel et al., 2003).

4b.  Newborn infants and children

Infants and young children are treated with 100–150 mg/kg/
day, administered in four divided dosages. Neonates receiving 

this dosage tend to have higher serum concentrations than 
adults, but the precise reason for this is unclear (Soltani et al., 
2006; Pasqualotto et al., 2007). Therapeutic drug monitoring 
is required to ensure effective and nontoxic concentrations 
in this patient group, because pharmacokinetic variability is 
considerable and in many patients drug concentration will 
fall outside the therapeutic range.

4c.  Pregnant and lactating mothers

There are no changes in the regimen for pregnant or lactat-
ing women. Flucytosine should be used with caution in this 
context.

4d.  Those requiring altered dosages

Therapeutic drug monitoring of flucytosine levels is manda-
tory in circumstances in which 5-FC is used.

PATIENTS WITH IMPAIRED RENAL FUNCTION

Patients with renal failure require dosage reduction because 
flucytosine is excreted almost entirely by glomerular filtra-
tion. Various algorithms are available to ensure that dosage 
reduction results in effective and nontoxic drug concentra-
tions (Stamm et al., 1987). For patients with a creatinine 
clearance of > 40 ml/min, a standard dosage of 37.5 mg/kg 
6-hourly can be used. If the creatinine clearance is 20–40 ml/
min, the dosage should be reduced to 37.5 mg/kg 12-hourly. 
For patients with creatinine clearance of < 20 ml/min, the 
dosage should be 37.5 mg/kg once daily. Flucytosine is 
removed by hemodialysis, and optimal serum levels of flucy-
tosine can be achieved with single doses of 25–30 mg/kg 
body weight after each dialysis (Block et al., 1974).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Dosage adjustment is not required for patients with liver 
impairment.

ELDERLY PATIENTS

Dosages in the elderly may need to be adjusted according to 
renal function.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The oral bioavailability of flucytosine is 90% in normal vol-
unteers and patients in North America (Block and Bennett, 
1972; Cutler et al., 1978), but may be less in patients with 
HIV/AIDS (Brouwer et al., 2007). Co-administration with 
antacids may slow absorption but probably has little effect on 
overall systemic exposure and clinical efficacy. Peak concen-
trations are observed 1–2 hours post oral dose. The mean 
half-life is 3–6 hours in patients with normal renal function 
but may extend to several days in patients with renal failure. 
Protein binding is negligible. The administration of flucytosine 
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100 mg/kg orally results in a lower plasma peak concentra-
tions, lower trough concentrations, and lower AUCs than the 
equivalent dosage administered i.v. in HIV/AIDS patients 
with cryptococcal meningitis, which may relate to subopti-
mal absorption (Brouwer et al., 2007). Oral administration 
results in higher concentrations of 5-FU than parenteral 
therapy, presumably because of conversion of flucytosine by 
intestinal bacteria (Diasio et al., 1978).

5b.  Drug distribution

The volume of distribution of flucytosine is approximately 
1001 (Ette et al., 2003). A dose of 100 mg/kg/day results in a 
peak concentration of 60–80 mg/l, although there is a large 
degree of interindividual variability. Trough concentrations 
are approximately 20–40 mg/l. Flucytosine is extensively dis-
tributed in body fluids and tissues, which makes it a poten-
tially useful agent for the treatment of infections within 
sanctuary sites or other deep foci. Levels in the cerebrospinal 
fluid (CSF) are 71–85% of concomitantly collected serum 
concentrations (Block and Bennett, 1972). Flucytosine pene-
trates the peritoneum, synovial fluid, and aqueous humor. 
High urinary concentrations in patients with normal renal 
function mean that flucytosine can be used for the treatment 
of asymptomatic urinary candidiasis (Wise et al., 1974).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The pharmacodynamics of flucytosine has been determined 
in murine models of disseminated candidiasis (Andes and 
van Ogtrop, 2000; Hope et al., 2005). The pharmacodynamic 
variable that optimally links drug exposure with effect is the 
fraction of the dosing interval that serum concentrations are 
above the MIC (Andes and van Ogtrop, 2000). In vivo-to-
human bridging studies suggest that the use of dosages as 
low as 25 mg/kg results in T > MIC for 100% of the dosing 
interval for organisms with an MIC of 1 mg/l (the MIC90; see 
Table 166.1). A laboratory animal model of disseminated 
candidiasis suggests that T > MIC of 45% of the dosing inter-
val is a pharmacodynamic target that is associated with a 
high probability of therapeutic success (Hope et al., 2006). 
Thus the use of lower human dosages than are currently rec-
ommended may be possible, although this has not been 
investigated in clinical trials. Concerns regarding the emer-
gence of flucytosine resistance with lower dosages are mini-
mized by the coadministration of flucytosine with another 
antifungal agent. The in vivo postantifungal effect is 3.3–15.1 
hours (Andes and van Ogtrop, 2000).

Therapeutic drug monitoring of flucytosine is required to 
maximize effect and minimize toxicity. Therapeutic targets 
have not been determined using modern pharmacokinetic 
and pharmacodynamic methods. Peak and trough concen-
trations of 70–80 and 30–40 mg/l, respectively, are used in 
the UK, but vary from country to country. Concentrations 
lower than 25 mg/l have been associated with the emergence 

of resistance in vitro (Normark and Schonebeck, 1972), and 
have been used to guide dosing of flucytosine, but the rele-
vance of this finding for humans is not known, especially in 
the context of combination antifungal therapy. The minimum 
drug exposure of flucytosine in combination with other anti-
fungal agents that prevents emergence of resistance is not 
known; this is an especially important question for optimal 
therapy of cryptococcal meningitis. Peak concentrations 
of  > 100 mg/l for greater than 2 weeks are associated with 
a higher probability of toxicity (Stamm et al., 1987). High 
serum levels of flucytosine may be induced by renal failure 
resulting from concomitant administration of amphotericin 
B (Francis and Walsh, 1992).

Flucytosine exhibits considerable pharmacokinetic vari-
ability, and a large proportion of patients receiving standard 
fixed dosages have serum concentrations that are outside 
predefined therapeutic ranges (Soltani et al., 2006; Pasqua-
lotto et al., 2007). An opportunity exists to revise therapeutic 
targets with the most recent knowledge of pharmacodynam-
ics and population pharmacokinetics.

Flucytosine is invariably administered in combination 
with other antifungal agents. The nature of the interaction 
with other antifungal agents in experimental models is gen-
erally “positive” (using antifungal effect as the end point), but 
a precise classification depends on experimental conditions 
and mathematical definitions of antagonism, additivity, and 
synergy. An early study suggested that the combination of 
amphotericin B and flucytosine was synergistic for C. albi
cans, C. tropicalis, and C. neoformans (Medoff et al., 1971). 
Using the Greco model of drug interaction, the combination 
of amphotericin B and flucytosine is additive for dissemi-
nated candidiasis (Hope et al., 2005). Similarly, experimental 
models of cryptococcal meningitis suggest that the combina-
tion of fluconazole and flucytosine results in greater activity 
than the same agents administered alone (Larsen et al., 1996; 
Ding et al., 1997). Combination therapy may enable smaller 
dosages of antifungal agents to be used; this is especially 
pertinent for dose-limiting toxicity of amphotericin B deoxy-
cholate, and this concept has been explained in an early clin-
ical trial of cryptococcal meningitis (Bennett et al., 1979).

5d.  Excretion

The majority of an oral dose of flucytosine (85–95%) is 
excreted unchanged via the kidneys by glomerular filtration 
without tubular reabsorption or excretion. Flucytosine is 
removed more efficiently by hemodialysis than by peritoneal 
dialysis (Polak, 1979).

Unabsorbed flucytosine (usually less than 10%) is excreted 
unchanged in the feces (Koechlin et al., 1966). A small 
amount of the drug is converted to 5-FU in the body, and 
raised serum concentrations of this metabolite may account 
for a portion of the hematologic toxicity associated with flu-
cytosine (Diasio et al., 1978). A range of other metabolites 
are produced, including 5,6-dihydrofluorouracil, α-fluoro- 
β-ureidopropionic acid, α-fluoro-β-alanine, fluoride ion, 
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6-hydroxy-5-fluorocytosine, and 5-fluorocytosine glucoron-
ide. These metabolites may cause or contribute to flucytosine 
toxicity (Vermes et al., 2002).

5e.  Drug interactions

There are few clinically relevant pharmacokinetic interac-
tions. Cytarabine (cytosine arabinoside) may theoretically 
antagonize the antifungal effect of flucytosine, via competi-
tion with drug transporters, but this is of uncertain clinical 
significance (Wingfield, 1987). Care should be taken with the 
co-administration of flucytosine with other myelosuppres-
sive agents, such as zidovudine. Careful monitoring of flucy-
tosine serum levels is also required when it is coadministered 
with agents that reduce glomerular filtration rate—in this 
regard, amphotericin B deoxycholate is the most important 
compound to consider (Francis and Walsh, 1992).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Gastrointestinal side effects

Oral flucytosine is generally well tolerated but occasionally 
causes nausea and diarrhea. More severe gastrointestinal symp-
toms, such as vomiting, abdominal pain, and profuse diar-
rhea, may occur. Ulcerating enterocolitis has been described 
with resolution following cessation of drug (White and Traube, 
1982).

6b.  Hypersensitivity reactions

Skin rashes have occasionally been observed, and a photo-
sensitive skin rash has been described (Shelley and Sica, 
1983). Anaphylaxis to flucytosine has also been reported in 
a patient with AIDS (Kotani et al., 1988).

6c.  Hematologic side effects

Flucytosine suppresses bone marrow function, probably via 
the production of 5-FU (Diasio et al., 1978). Leukopenia and 
thrombocytopenia have been reported in 6–22% of patients 
receiving flucytosine (Stamm et al., 1987). Myelosuppression 
is more likely with elevated flucytosine serum levels (Stamm 
et al., 1987; Vermes et al., 2000), although there are occa-
sional reports of idiosyncratic reactions such as eosinophilia, 
leukopenia, and thrombocytopenia (Eilard et al., 1974; Ben-
nett et al., 1979; Francis and Walsh, 1992). Deaths have 
resulted from persistent bone marrow depression (Wise et 
al., 1976). Flucytosine-induced leukopenia is usually revers-
ible with cessation of drug or a prompt reduction in dosage 
(Kauffman and Frame, 1977; Francis and Walsh, 1992). 
Toxicity is more likely if peak flucytosine levels exceed 100 
mg/l for 2 weeks or longer (Stamm et al., 1987). Rapid dete-
rioration in renal function may lead to persistently high lev-
els of flucytosine, and dialysis may be required to remove 
drug. Regular full blood examinations should be performed 

on all patients receiving flucytosine. Concomitant use of zid-
ovudine and other myelosuppressive drugs may potentiate 
flucytosine-induced myelosuppression.

6d.  Hepatotoxicity

Transient hepatomegaly and elevated transaminase levels are 
occasionally seen and are more likely with sustained high 
peak serum levels (> 100 mg/l) (Stamm et al., 1987). Abnor-
mal liver function is usually readily reversible. Extensive liver 
cell necrosis and fatal bone marrow depression have been 
reported in two patients (Record et al., 1971), but this is 
extremely uncommon. Frequent monitoring of liver func-
tion tests is required to identify hepatotoxicity at the earliest 
possible time. Flucytosine can be safely used in patients with 
pre-existing liver disease.

6e.  Nephrotoxicity

Flucytosine can be used safely in patients with renal impair-
ment, provided appropriate dosage adjustments are made.

6f.  Use in pregnancy

Flucytosine has been used in pregnant women without appar-
ent untoward effect. Nevertheless, the safety of flucytosine 
in pregnancy is not well established and the production of a 
number of toxic metabolites is concerning. Flucytosine is 
teratogenic in rats at doses of 40 mg/kg/day, but not in rab-
bits and monkeys. There are case reports of pregnant women 
with cryptococcal meningitis receiving flucytosine, and this 
may be reasonable if the potential benefits outweigh the risks.

7. CLINICAL USES OF THE DRUG

7a.  Cryptococcosis

Flucytosine combined with amphotericin is considered stan-
dard of care for induction therapy for patients with crypto-
coccal meningitis (Saag et al., 2000; Perfect et al., 2010; 
Nel son et al., 2011). The combination leads to enhanced  
fungicidal activity in the CSF, as determined by serial quan-
titative counts in CSF (Brouwer et al., 2004). The optimal 
duration of induction antifungal therapy is not known. The 
current recommendation for 2 weeks represents a compro-
mise between the time required to induce a maximal decre-
ment in fungal burden and minimizing the likelihood of 
inducing toxicity. Adjustments to the dosage of flucytosine 
may be necessary if renal function is impaired due to ampho-
tericin B. Fluconazole alone (see Chapter 153, Fluconazole) 
or fluconazole plus flucytosine have also been used with 
success for the treatment of AIDS-associated cryptococcal 
meningitis. There are ongoing attempts to identify optimal 
antifungal combinations and regimens for the treatment of 
AIDS-associated cryptococcal meningitis in resource-poor 
settings.
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A large number of studies have examined the role of flu-
cytosine for the treatment of cryptococcal meningitis. Early 
case reports suggested that flucytosine was active alone or 
following failure of amphotericin B deoxycholate. An early 
randomized study for cryptococcal meningitis in HIV-
negative patients examined the benefit of adding flucytosine 
to amphotericin B deoxycholate (Bennett et al., 1979). 
Patients receiving a combination of amphotericin B 0.3 mg/
kg and flucytosine 150 mg/kg/day for 6 weeks had more 
rapid sterilization of CSF, fewer clinical failures, and a higher 
rate of clinical success than those receiving amphotericin B 
0.4 mg/kg alone for 10 weeks. The amphotericin B dosage 
used in this study is significantly lower than currently rec-
ommended, and the benefit of flucytosine likely represents 
the additive effect of the combination that can only be 
gleaned because of the submaximal effect of lower dosages of 
amphotericin B.

Following the start of the HIV epidemic, the utility of 
flucytosine was examined for AIDS-related cryptococcal 
meningitis. A retrospective study did not demonstrate any 
additional benefit for flucytosine (Chuck and Sande, 1989), 
but the combination of amphotericin B and flucytosine was 
studied in a number of prospective trials. The overall out-
comes were similar in patients receiving amphotericin B and 
flucytosine and those receiving fluconazole, except in the 
case of patients with poor prognostic disease (i.e. patients 
with positive blood cultures, high CSF antigen titers, positive 
India ink smears, or impaired mental status). A large AIDS 
Clinical Trials Group/Mycology Study Group trial examined 
an induction regimen of amphotericin B (0.7 mg/kg) with or 
without oral flucytosine (100 mg/kg) for 2 weeks, followed 
by either fluconazole or itraconazole (van der Horst et al., 
1997). The combination tended to be better, but did not reach 
statistical significance. However, follow-up of these patients 
demonstrated that not receiving flucytosine in the first 2 
weeks of therapy increased the risk of relapse at 12 months 
(Saag et al., 1999). Two studies from Southeast Asia showed 
that the rate of fall in CSF C. neoformans colony-forming 
units is faster in patients treated with combination ampho-
tericin B and flucytosine than in those treated with ampho-
tericin alone (Brouwer et al., 2004; Day et al., 2013). The 
study by Day et al. was the first demonstration of a survival 
benefit for patients treated with amphotericin B and flucyto-
sine. A meta-analysis of four trials examined the role of flu-
cytosine or fluconazole in combination with amphotericin B 
and suggested that flucytosine is superior in reducing early 
mortality, but the benefit is no longer apparent by 70 days 
(Yao et al., 2014).

Flucytosine is also recommended for the treatment of dis-
ease caused by C. neoformans var. gattii (Perfect et al., 2010). 
No controlled trials have addressed the treatment of C. neo
formans var. gattii; recommendations are extrapolated from 
case series. However, observational data suggest a benefit of 
flucytosine in combination with amphotericin B (Chen et al., 
2013).

The potential benefits of using flucytosine for flucyto-
sine-resistant isolates of C. neoformans remains to be defined, 

although there is evidence from experimental models of 
cryptococcal meningitis that this may be beneficial (Schwarz 
et al., 2006). Further research is required.

7b.  Disseminated and superficial 
candidiasis

The triazoles, lipid preparations of amphotericin B, and the 
echinocandins are current first-line agents for the treatment 
of disseminated candidiasis. Flucytosine is not recommended 
in most recent guidelines (Pappas et al., 2009). Flucytosine 
may have an occasional role in combination with another 
agent for the treatment of deep-seated candidal infections 
that are refractory to first-line antifungal agents. After care-
ful consideration of the potential risks and benefits, flucyto-
sine therapy may be considered for cases of endophthalmitis, 
endocarditis, hepatosplenic candidiasis, osteomyelitis, septic 
arthritis, hematogenous Candida meningoencephalitis, and 
peritonitis. Therapeutic drug monitoring is mandatory in all 
cases. Flucytosine may be useful for the treatment of asymp-
tomatic Candida urinary tract infections, especially for isolates 
with intrinsic or acquired fluconazole resistance. Flucytosine 
cream may be used with boric acid to treat vulvovaginitis 
caused by organisms with intrinsic or acquired resistance to 
fluconazole (Horowitz, 1986; Sobel et al., 2003).

7c.  Chromoblastomycosis

Flucytosine is active against agents of chromoblastomycosis 
and has been used as monotherapy to treat this syndrome 
prior to the advent of modern antifungal agents (Vandevelde 
et al., 1972). When used as monotherapy, relapse is common 
and flucytosine resistance is seen. Topical therapy has also 
been used with some success, but this should not be used in 
isolation. There are a relatively large number of case reports 
that describe therapeutic success with the use of flucytosine 
combined with another antifungal agent (Poirriez et al., 2000; 
Park et al., 2005).

7d.  Phaeohyphomycosis

This disease is caused by black-pigmented molds, and the 
infection involves the skin and subcutaneous tissues, sinuses, 
lungs, and bones. Preclinical studies have demonstrated the 
activity of flucytosine against a number of these agents 
(Block et al., 1973b; Dixon and Polak, 1987). Flucytosine (as 
monotherapy) has now been superseded by modern antifun-
gal agents, but the potential role of flucytosine in combina-
tion with other antifungal agents deserves further study.

7e.  Aspergillosis

The possible role of adjunctive flucytosine therapy for in - 
vasive aspergillosis is poorly defined, especially with the 
availability of potent modern antifungal agents. The benefit 
of adding flucytosine to other first-line agents for cases of 
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refractory aspergillosis is unknown. Experimental models of 
disseminated aspergillosis suggest that flucytosine has some 
activity against Aspergillus spp. (te Dorsthorst et al., 2005; 
Verweij et al., 2008), but there are no studies examining the 
potential role of flucytosine in combination with other agents. 
An extensive review of over 2000 cases of invasive aspergillo-
sis (Denning and Stevens, 1990) reported that of 64 patients 
treated with a combination of amphotericin B and flucyto-
sine, 60% of leukemic patients, and over 80% of renal trans-
plant and nonimmunocompromised patients responded.
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Griseofulvin
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1. DESCRIPTION

Griseofulvin (MW 352.5 daltons) is a metabolite of Peni cil
lium griseofulvum and P. janczewskii that disrupts the fungal 
mitotic spindle and inhibits cell wall synthesis. The structure 
is shown in Figure 167.1. This compound was discovered in 
1939 (Oxford et al., 1939), but was not initially developed 
because of the absence of antibacterial activity. Griseofulvin 
was developed as systemic therapy for Botrytis infection in 
lettuce and Alternaria blight of tomatoes, but was too expen-
sive for widespread horticultural use (Davies, 1980). The 
clinical potential of this agent was not realized until 1958, 
when griseofulvin was demonstrated to be effective in labo-
ratory animal models of Microsporum canis and Trichophyton 
mentagrophytes infection. Subsequently, griseofulvin was 
demonstrated to be effective for human dermatophyte infec-
tions (Williams et al., 1958; Blank et al., 1959). The advent of 
modern antifungal agents that exhibit more favorable phar-
macokinetic and toxicity profiles has largely relegated griseo-
fulvin to a second-line agent.

A number of different formulations have been developed 
in an attempt to overcome the low and erratic oral bioavail-
ability of griseofulvin. Micronization (particle size reduction) 
results in enhanced oral bioavailability, and both micronized 
and ultramicronized formulations are commercially available. 
Griseofulvin is a model compound for the investigation of 
innovative approaches to optimize formulations to improve 
absorption and systemic pharmacokinetics of pharmacologic 
agents. Techniques that have been applied to griseofulvin 
include corn oil in water suspensions, beta-cyclodextrin for- 

mulations, polyethylene glycol preparations, self-emulsifying 
drug delivery systems, supercritical assisted atomization, for-
mulation with sodium dodecyl sulfate, and nanosuspensions.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

There are relatively few data on susceptibility testing of the 
dermatophytes. Both micro- and macrodilution methods 
have been used (Perea et al., 2001; Barros and Hamdan, 2005; 
Barros et al., 2006; da Silva Barros et al., 2007) and only rela-
tively recently has work begun on developing standardized 
methods (Ghannoum et al., 2006). The lack of standardized 
methodology compromises the ability to compare studies. 
Susceptibility testing methodology differs from other molds. 
Relatively recently, increasing work on a microdilution method 
(modified CLSI methodology) has been developed and 
organisms for quality control identified (Ghannoum et al., 
2006). Susceptibility data using macrodilution methodology 
are summarized in Table 167.1.

DERMATOPHYTES

The dermatophytes Microsporum spp., Trichophyton spp., 
and Epidermophyton spp. are susceptible to griseofulvin. 
Strains of dermatophytes resistant to the drug have been 

Figure 167.1. Chemical structure of griseofulvin.
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Table 167.1. Antifungal activity of griseofulvin.

Organism

MIC 
Range 
(µg/ml)

MIC50 
(µg/ml)

MIC90 
(µg/ml)

Trichophyton rubrum 0.5–8 2 4

Trichophyton mentagrophytes 0.125–8 1 4

Trichophyton tonsurans 1–8 2 4

Microsporum spp. 0.125–8 0.5 2

Trichopyton spp. 0.125–> 8 2 8

Epidermophyton floccosum 0.25–1 0.5 1

All dermatophytes 0.125–> 8 2 8

Source: Data from Perea et al., 2001.
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produced in vitro (Roth, 1960) and may arise in the context 
of prolonged therapy.

OTHER FUNGI

Griseofulvin has no activity against common medically impor-
tant fungal pathogens such as Aspergillus spp., Cryptococcus 
neoformans, and Candida spp. Similarly, griseofulvin does 
not have activity against dimorphic fungi such as Blastomyces 
dermatitidis, Paracoccidioides brasiliensis, His to plasma capsula
tum, Sporothrix schenckii, and Coccidioides immitis (Roth, 1960).

BACTERIA

Griseofulvin has no activity against Actinomyces and Nocar
dia spp., and is also inactive against all other bacteria.

2b.  Emerging resistance and 
cross-resistance

Dermatophyte resistance to griseofulvin (as determined by 
an elevated MIC) has been reported in a limited number of 
cases. There are no breakpoints for these organisms and there 
have been difficulties in establishing any consistent relation-
ship between the MIC and clinical outcome. The molecular 
mechanisms of an elevated MIC are not known.

3. MECHANISM OF DRUG ACTION

Griseofulvin inhibits the formation of intracellular microtu-
bules and disrupts the mitotic spindle. Griseofulvin binds to 
tubulin and disrupts both the alpha- and beta-subunits by 
inducing conformational changes (Zomorodian et al., 2007). 
A decrease in transcript levels is seen (Zomorodian et al., 
2007). Because microtubules are involved in the transport of 
secretory material through the cytoplasm to the periphery 
of the cell, destruction of microtubules may lead to impaired 
processing of newly synthesized cell wall constituents at the 
growing tips of hyphae (Borgers, 1980).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Two preparations of griseofulvin are available for adminis-
tration by the oral route—microsize crystals and ultramicro-
size crystals.

4a.  Adults

The dose of the microsize preparation is 0.5–1 g daily admin-
istered in one or two divided doses. Microsize griseofulvin 
should be administrated with a high-fat meal if possible. The 
recommended adult dosages of the ultramicrosize prepara-
tion are 330–660 mg daily. The duration of therapy depends 
on the site of infection.

A topical preparation is also available formulated as a 
spray. A dosage of 400–1200 mg (1–3 sprays) to an area of 
approxi mately 13 cm2 once per day is used. The area should 
be allowed to dry between sprays, and the maximum dura-
tion of therapy is 4 weeks.

4b.  Newborn infants and children

There are no data for newborn infants and only limited data 
for children < 1 year of age (Gilaberte et al., 2004). The daily 
dose of microsize griseofulvin for children is 10 mg/kg body 
weight, administered in one or two divided doses. The micro-
size preparation should be administered with whole milk or 
other food containing fat to facilitate absorption. The recom-
mended dose for the ultramicrosize preparation is 5.5 mg/kg 
body weight per day.

4c.  Pregnant and lactating mothers

Griseofulvin should not be used in pregnant women. There 
is no information on the impact of pregnancy and lactation 
on the pharmacokinetics of griseofulvin.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Griseofulvin can be given in the usual doses to patients with 
renal impairment because it does not accumulate in the pres-
ence of renal impairment.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Griseofulvin should not be used in patients with hepatic 
impairment.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Griseofulvin is poorly and erratically orally bioavailable. 
Absorption is improved with micronized formulations or 
by administration with a fatty or high-carbohydrate meal. 
The administration of griseofulvin with a fatty meal leads to 
approximately double the systemic exposure (Crounse, 1961). 
Attempts to increase the bioavailability include microniza-
tion (Chaumeil, 1998), solid solutions with polyethylene glycol 
and sodium dodecyl sulfate, emulsified formulations, freeze-
dried emulsions, cyclodextrin formulations, and formation 
of nanoparticles from water-dilutable microemulsions. Peak 
concentrations are observed 2–4 hours post dose. The half-
life is 9.5–42 hours (Lin and Symchowicz, 1975). Although 
oral bioavailability is improved with the ultramicrosize for-
mulation, differences in systemic absorption between micro-
size and ultramicrosize formulations are minimized if the 
former is administered with a fatty meal (Bijanzadeh et al., 
1990). Protein binding is 85%.

5b.  Drug distribution

After oral administration of 1.0 g of the microsize prepara-
tion to adults, a peak serum level of 1–2 mg/l is reached in 
approximately 4 hours. There is considerable inter-individ-
ual variability in drug levels. Crounse (1961) studied 27 adult 
patients, each of whom received 1.0 g of the drug orally. Serum 
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levels at 4 hours ranged from 0 to 3.75 µg/ml, and at 8 hours 
from 0.25 to 3.75 µg/ml. The mean values were 1.31 and 1.10 
µg/ml at 4 and 8 hours, respectively. After repeated admin-
istration of 500 mg of microsize griseofulvin daily, mean 
serum levels stabilize after the third dose at 1.5 µg/ml. Ultra-
microsize griseofulvin is almost completely absorbed, and 
the systemic exposure of the 330-mg tablet is equivalent to 
500 mg of the microsize formulation. Systemic exposure in 
children can also be increased with the co-administration of 
the microsize preparation with milk (Ginsburg et al., 1983).

Concentrations of griseofulvin in skin structures signifi-
cantly exceed serum levels in laboratory animal models 
(Sobue et al., 2004). Griseofulvin penetrates hair. Systemic 
administration of griseofulvin to guinea pigs results in 
approximately 5–6 mg/l in 1 g of hair (Gentles et al., 1959). 
Griseofulvin may penetrate hair follicles via the epidermis, 
where it becomes incorporated into the newly formed kera-
tin within hair follicles. Griseofulvin penetrates the outer 
layers of the stratum corneum within 4–8 hours of admin-
istration and the horny layer after 8 hours. The rate of drug 
accumulation is dependent on ambient temperatures, with 
the more rapid increase in drug levels seen in summer, sug-
gesting that griseofulvin is transported to the outer layers 
of skin in sweat—this has been referred to as the wick effect. 
Concentrations in sweat are 100–150 times as high as plasma 
(Shah et al., 1972). The mechanism by which griseofulvin 
penetrates the nail is not known.

Griseofulvin binds moderately (~ 36%) to corneous kera-
tin, as determined by an in vitro assay (Sobue et al., 2004); 
whether this bound fraction is pharmacologically active is 
not known. Following cessation of griseofulvin, levels in the 
skin and nails decline rapidly in both patients and laboratory 
animal models, suggesting that there is not a deep tissue com-
partment that slowly releases drug. The penetration of griseo-
fulvin into skin blister fluid has been examined in a rat model 
in an attempt to further understand the relationship between 
drug concentrations in skin and the resultant antifungal effect 
(Schafer-Korting, 1987). Maximum concentrations in skin 
blister fluid were obtained 60 minutes after drug administra-
tion and the level of drug in skin blister fluid was several-fold 
lower than the concentration of total drug in excised skin.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are no studies that have examined clinically relevant 
pharmacokinetic–pharmacodynamic relationships for gris-
eofulvin against dermatophytes.

5d.  Excretion

Renal excretion does not play a significant role in the elimi-
nation of parent drug, with less than 1% appearing in the 
urine in an unchanged form (Roth, 1960).

Most absorbed griseofulvin is inactivated in the liver by 
dealkylation to form the inactive metabolites, 6-desmethyl-
griseofulvin (6-DMG) and 4-desmethylgriseofulvin (4-DMG); 

these metabolites are then excreted in the urine. Several 
other minor metabolites are also formed.

A considerable proportion of the administered dose of  
the microsize preparation appears unchanged in feces. This 
could be due to incomplete absorption, or to complete 
absorption of the drug followed by biliary excretion, or both 
(Lin and Symchowicz, 1975).

5e.  Drug interactions

Griseofulvin reduces the anticoagulant effect of warfarin, pre-
sumably via induction of cytochrome P450 enzymes (Cullen 
and Catalano, 1967). A weak disufiram-like reaction can 
occur if griseofulvin is coadministered with alcohol (Fett and 
Vukov, 1994). Griseofulvin may impair the performance of 
skilled tasks (e.g. driving) and enhances the effects of alco-
hol. Concomitant administration of barbiturates diminishes 
the absorption of griseofulvin (Cartwright, 1978). Griseo-
fulvin administration leads to accelerated estrogen and pro-
gesterone metabolism that may impair the efficacy of the oral 
contraceptive and other hormonal therapies (van Dijke and 
Weber, 1984; Shenfield, 1993). Griseofulvin reduces serum 
salicylate concentrations (Phillips et al., 1993) and may reduce 
ciclosporin levels.

6. ADVERSE REACTIONS AND TOXICITY

6a.  Gastrointestinal side effects

These are the most common side effects and include nausea, 
vomiting, diarrhea, heartburn, flatulence, angular stomatitis, 
glossodynia, thirst, and a black-furred tongue.

6b.  Neurotoxicity

Headache is a frequent side effect (up to 15% of treated 
patients), but it often resolves with continued therapy. Other 
rare side effects are irritability, fatigue, confusion, impaired 
coordination, peripheral neuritis, paresthesias of hands and 
feet after prolonged therapy, vertigo, and blurred vision. 
Peripheral neuropathy manifesting as paresthesias of all fin-
gers followed by numbness of the feet and absent ankle jerks, 
which developed after 6 months on griseofulvin, has been 
described (Lecky, 1990). Nerve conduction studies revealed 
a severe motor and sensory neuropathy that resolved over 
4 months after cessation of drug.

6c.  Hypersensitivity

Cutaneous adverse effects are varied and uncommon. Macu-
lo papular, urticarial, or photosensitivity rashes occur in a 
small percentage of patients, and these disappear when the 
drug is stopped (Kawabe et al., 1988; Kojima et al., 1988). 
Serum sickness and angioneurotic edema have been described, 
but are rare. A Kawasaki-like syndrome, toxic epidermal 
necrolysis (fatal in one case), erythema multiforme, and a 
fixed drug reaction precipitated by griseofulvin have been 
reported (Taylor and Duffill, 1988; Boudghene-Stambouli 
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and Merad-Boudia, 1989; Mion et al., 1989; Rustin et al., 
1989; Amita et al., 1993). Subacute cutaneous lupus erythe-
matosus lesions occurred in several patients with circulating 
antibodies to SSA/Ro and SSB/La antigens. It is thought that 
griseofulvin may be synergistic with the anti-SSA/Ro anti-
bodies in the production of this syndrome (Miyagawa et al., 
1989; Miyagawa and Sakamoto, 1989). Patients with systemic 
lupus erythematosus should not receive griseofulvin. Griseo-
fulvin induced a severe generalized vesiculobullous eruption 
in a man with chronic benign familial pemphigus (Meffert et 
al., 1995).

6d.  Renal side effects

Albuminuria and cylindruria without evidence of renal insuf-
ficiency have been described. There is a report of membranous 
glomerulopathy and nephrotic syndrome in a 16-year-old 
male who also appeared to develop evidence of systemic lupus 
erythematosus after treatment with griseofulvin (Bonilla-
Felix et al., 1995), and of collapsing focal segmental glomer-
ulosclerosis, which resolved after cessation of griseofulvin 
(Bhat at al., 2016). Interstitial nephritis manifest as hematu-
ria, pyuria, and eosinophiluria with renal impairment asso-
ciated with chronic griseofulvin therapy for onychomycosis 
has also been reported (Haskell et al., 1990).

6e.  Hematologic side effects

Leukopenia and neutropenia have been reported rarely. 
Isolated erythroid hypoplasia causing severe anemia induced 
by long-term griseofulvin has been reported (Haskell et al., 
1990).

6f.  Other side effects

Myositis and a proximal myopathy secondary to griseofulvin 
treatment have been reported (Deo et al., 1994; Davidson, 
1995). Hepatotoxicity is infrequent, generally mild, and usu-
ally reversible on cessation of the drug. Pre-existing liver dis-
ease may be exacerbated by griseofulvin; severe liver disease 
and hepatocellular failure are absolute contraindications to 
the use of griseofulvin.

6g.  Interference with porphyrin metabolism

Griseofulvin has an effect on the porphyrin metabolism of 
normal subjects, but this does not appear to have any clinical 
significance because it does not produce symptoms or abnor-
malities in liver function tests (Rimington et al., 1963). Gris-
eofulvin may aggravate acute intermittent porphyria (Rede ker 
et al., 1964; Berman and Franklin, 1965). Established por-
phyria is a contraindication to treatment with griseofulvin.

6h.  Carcinogenicity

Chronic griseofulvin administration to mice induces devel-
opment of multiple hepatomas; however, this does not appear 

to have significance for human exposures (De Carli and 
Larizza, 1988).

6i.  Risks in pregnancy

Griseofulvin interferes with chromosomal segregation via 
binding to microtubule-associated proteins and is teratogenic 
in rats, dogs, cats, and mice. Griseofulvin induces aneuploidy 
at clinically relevant drug concentrations in murine germ 
cells, although this has not been confirmed in a single patient 
receiving griseofulvin (Ko et al., 2007). Griseo fulvin is con-
traindicated in pregnancy (class C). Because griseofulvin 
induces abnormalities in murine sperm, fertile men should be 
advised not to father children during therapy or for 6 months 
after the drug is stopped (De Carli and Larizza, 1988). Pla-
cental transfer of griseofulvin has been demonstrated (Rubin 
and Dvornik, 1965). A case of conjoined twins from griseol-
fulvin has been described (Rosa et al., 1987), although a rel-
atively small Hungarian study of women receiving griseo fulvin 
did not suggest any teratogenic potential of (Czeizel et al., 
2004).

7. CLINICAL USES OF THE DRUG

Griseofulvin is only useful for the treatment of dermatophyte 
infections of the skin, hair, and nails (i.e. tinea corporis, tinea 
pedis, tinea cruris, tinea barbae, tinea capitis, and tinea 
unguium [onychomycosis]) and lichen planus (Atzmony et 
al., 2016). Griseofulvin is not effective against Candida spp. 
infections. The role of griseofulvin is diminishing with the 
advent of newer potent antifungal agents with better toxicity 
profiles and more dependable pharmacokinetics (e.g. Chap-
ter 149, Terbinafine; Chapter 153, Fluconazole; and Chapter 
154, Itraconazole). Mild dermatophyte infections can often 
be treated by topical antifungal agents. More severe or exten-
sive infections or infections involving the face, hands, hair, 
and nails frequently require systemic therapy. Prior to the 
advent of currently available agents, oral griseofulvin was 
extensively used. In some countries, the widespread avail-
ability and low cost of griseofulvin means that it remains the 
drug of choice. The duration of therapy depends upon the 
rate of keratinization and time necessary for desquamation 
of infected keratinized structures. A minimum of 4 weeks’ 
treatment is usually required. Infections of the palms and 
soles require 4–8 weeks, fingernails 4–6 months, and toenails 
6–12 months of treatment.

7a.  Tinea capitis

Tinea capitis is an increasingly common infection and is most 
commonly caused by Trichopyhton tonsurans. Tinea capitis 
responds poorly to topical treatment, but up to 90% of cases 
will respond to griseofulvin. The usual duration of griseoful-
vin therapy is 6–8 weeks. The advantage of using griseofulvin 
in children is the availability of a suspension, which is not 
the case for terbinafine. For adults, 500 mg once daily or in 
divided doses is used, but in severe infection the dose may be 
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doubled, and then reduced when a clinical response is 
induced. For children under 50 kg, 10 mg/kg once daily or in 
divided doses is used. Adults with tinea capitis caused by T. 
tonsurans should receive a dosage of 1 g daily (or in divided 
doses), whereas children under 50 kg should be treated with 
15–20 mg/kg once daily or in divided doses. The efficacy of 
griseofulvin has been demonstrated to be similar to that of 
itraconazole (Lopez-Gomez et al., 1994), fluconazole, and 
ter binafine (Fuller et al., 2001; Lipozencic et al., 2002; Dast-
ghaib et al., 2005; Elewski et al., 2008). Similar efficacy of 
griseofulvin and terbinafine was also apparent in several 
meta-analyses (Fleece et al., 2004; Tey et al., 2011; Gupta et 
al., 2013), although terbinafine appeared to be less effective 
against Microsporum spp., suggesting that griseofulvin may 
be the agent of choice for these relatively uncommon infec-
tions. There are no differences in terms of tolerability and 
adverse events between terbinafine and griseofulvin.

7b.  Tinea corporis, tinea cruris,  
and tinea pedis

Tinea corporis is usually successfully managed with topical 
therapy. Topical griseofulvin can be used, and a number of 
formulations have been described (Kassem et al., 2006). 
Systemic treatment with griseofulvin is indicated for wide-
spread disease or when granulomatous lesions occur. Cure 
rates of 60% have been reported with griseofulvin (Artis et 
al., 1981), compared with 80% for itraconazole and 75–90% 
for terbinafine (Villars and Jones, 1989; De Doncker and 
Cauwenbergh, 1990; Lachapelle et al., 1992).

Tinea cruris and tinea pedis are also generally managed 
with topical antifungal agents, with griseofulvin reserved for 
resistant cases. Symptomatic improvement may take up to 
6  weeks and clinical cure may not occur before 6 months. 
Terbinafine 125 mg twice daily was found to be significantly 
superior to griseofulvin 250 mg twice daily for chronic moc-
casin-type tinea pedis with mycologic cure rates of 88% and 
45%, respectively (Savin, 1989; Hay et al., 1991), and a 4-week 
course of itraconazole 100 mg daily was superior to griseo-
fulvin 500 mg daily for tinea pedis (Wishart, 1994).

7c.  Onychomycosis and other uses

The clinical utility of griseofulvin for the treatment of ony-
chomycosis is limited by the requirement for prolonged ther-
apy, and griseofulvin is currently not recommended by most 
authorities. Relatively poor response rates may be due to 
suboptimal penetration of drug into the nail (Weitzman and 
Summerbell, 1995). Although the initial response rates of 
griseofulvin and terbinafine may be similar, griseofulvin- 
treated patients have a higher rate of relapse (Hofmann et al., 
1995).

Griseofulvin 500 mg three times daily for 12 months has 
been used successfully in several patients with eumycetoma 
due to Madurella mycetomatis who have not responded to 
ketoconazole (Restrepo, 1994). A renal transplant patient 

developed a hyalohyphomycosis caused by Paecilomyces 
lilacinus, which localized to the forearm, and was success-
fully treated with griseofulvin 500 mg daily for 6 weeks 
(Castro et al., 1990).
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Haloprogin

Virginia Ramos-Martín and William Hope

1. DESCRIPTION

Haloprogin (3-iodo-2-propynyl 2,4,5-trichlorophenyl ether; 
Halotex cream) has been used as a topical agent for the treat-
ment of dermatophyte infections. Haloprogin was synthesized 
in 1963 by Seki as one of a series of halophenol-γ-iodoprop-
argyl ethers with antifungal activity (Seki et al., 1963). Halo-
progin has activity against dermatophytes, Candida spp., and 
a limited number of Gram-positive bacteria. This compound 
is not commercially available in the United States or in the 
United Kingdom. The structure is shown in Figure 168.1.

Haloprogin has limited aqueous solubility, but is soluble 
in organic solvents. A number of different formulations have 
been developed. Haloprogin is most commonly adminis-
tered as 1% cream, in which the active drug is combined with 
polyethylene glycol 400, polyethylene glycol 4000, diethyl 
sebacate, and polyvinylpyrrolidone. Haloprogin can also be 
formulated as a solution, in which the active compound is 
dissolved in alcohol and diethyl sebacate.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Standardized susceptibility testing methodology for halo-
progin has not been developed. The MIC values determined 
in Sabouraud broth against Microsporum spp. and Tricho
phyton spp. range from 0.0015 to 0.39 mg/l (Harrison et al., 
1970). The MICs are substantially higher if testing is con-
ducted in 5% human plasma, although the clinical relevance 
of this finding is not clear (Harrison et al., 1970).

DERMATOPHYTES

Haloprogin has in vitro activity against the dermatophytes 
Microsporum spp., Trichophyton spp., and Epidermophyton 
spp., with MIC values typically < 1 mg/l (Harrison et al., 1970).

OTHER FUNGI

Haloprogin has in vitro activity against Candida spp. (MICs 
0.05–0.2 mg/l) and is also active against a range of molds 

including Alternaria spp., Fusarium spp., and Aspergillus niger 
(MICs < 1 mg/l). Haloprogin is not active against Rhizopus 
spp. (MIC > 25 mg/l) (Harrison et al., 1970).

BACTERIA

Haloprogin has activity against Staphylococcus aureus and 
Streptococcus pyogenes with MICs of approximately 1–3 mg/l 
(Harrison et al., 1970).

2b.  Emerging resistance and cross 
resistance

There are no data on mechanisms of resistance to haloprogin, 
and no evidence of emergence of resistance to this compound.

3. MECHANISM OF DRUG ACTION

The precise mechanism of drug action is not known. In Can
dida albicans, haloprogin causes decreased oxygen uptake, 
decreased 14C-L-leucine incorporation, and intracellular potas-
sium loss, possibly suggesting loss of cell membrane inte grity 
(Harrison and Zygmunt, 1974).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

In adults, haloprogin 1% is applied topically twice daily.

Figure 168.1. Chemical structure of haloprogin.
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4b.  Newborn infants and children

There are no data regarding the application of haloprogin to 
newborn infants or to other special populations. Haloprogin 
does appear to be safe in young children and has been admin-
istered longterm to a 4-year-old child without any clinical or 
biochemical evidence of toxicity (Hughes et al., 1974).

4c.  Pregnant and lactating mothers

The safety of haloprogin in pregnancy has not been estab-
lished. It is not known whether haloprogin is excreted into 
breast milk.

4d.  Those requiring altered dosages

There is no information on the use of haloprogin in patients 
with renal or hepatic impairment.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Haloprogin is only applied topically. The range of systemic 
absorption in laboratory animals following topical appli-
cation ranges from 19% to 100% (Weikel and Bartek, 1972). 
Studies using various formulations of 14C-haloprogin in 
humans demonstrate that 9–15% of the applied compound is 
absorbed and subsequently excreted in the urine (Hermann, 
1972a).

5b.  Drug distribution

The distribution of haloprogin has been studied in labora-
tory animal models. When rats are administered i.v. halo-
progin, ~ 3% of the dose is found in the liver, kidneys, and 
small intestine (Weikel and Bartek, 1972).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are no studies that have examined clinically relevant 
pharmacokinetic–pharmacodynamic relationships for halo-
progin against dermatophytes.

5d.  Excretion

The parent drug is not found in the urine of rats receiving i.v. 
haloprogin. Haloprogin undergoes dealkylanation. The major 
metabolite is 2,4,5-trichlorphenol, which is excreted in the 
urine (Weikel and Bartek, 1972).

5e.  Drug interactions

There is no information on drug interactions.

6. ADVERSE REACTIONS AND TOXICITY

The toxicologic properties of haloprogin have been exam-
ined in laboratory animal models (Weikel and Bartek, 1972). 
Haloprogin caused mild skin irritation in pigs and rabbits. In 
humans haloprogin is well tolerated, but on occasion causes 
mild skin irritation (Hermann, 1972a). There was no evi-
dence of allergic manifestations in early testing, but several 
cases were subsequently reported (Rudolph, 1975). One of 
these cases occurred with haloprogin solution, and the stabi-
lizing and solubilizing agent diethyl sebacate was implicated 
(Berlin and Miller, 1976). Haloprogin does not appear to 
cause photosensitivity (Hermann, 1972a). There is no evi-
dence of perturbations in biochemical, hematologic, or urine 
analyses (Hermann, 1972a). 

7. CLINICAL USES OF THE DRUG

Haloprogin (topically applied) has been used for the treatment 
of dermatophytoses (tinea corporis and tinea pedis) and for 
the treatment of cutaneous candidiasis (Hermann, 1972b; 
Carter and Olansky, 1974). Haloprogin is more effective than 
placebo (vehicle) for the treatment of dermatophytoses (Katz 
and Cahn, 1972) and is effective as 1% tolnaftate for the 
treatment of tinea pedis and other dermatophyte infections 
(Carter, 1972; Hermann, 1972a). Haloprogin was inferior to 
clotrimazole 1% for the treatment of tinea cruris in military 
personnel (Van Dersarl and Sheppard, 1977). Haloprogin 1% 
is as effective as topically applied nystatin ointment for the 
treatment of cutaneous candidiasis with response rates in 
excess of 82% (Carter and Olansky, 1974). Haloprogin has 
subsequently been demonstrated to be effective for the treat-
ment of cutaneous candidiasis (e.g. intertrigo, balanitis) for 
patients not responding to other forms of topical therapy 
(Montes and Herman, 1973). Haloprogin has also been used 
to treat a 4-year-old girl with chronic mucocutaeous candidi-
asis over a 3-year period. This protracted course of therapy 
was not associated with any clinical or laboratory abnormal-
ities (Hughes et al., 1974).

REFERENCES

Berlin AR, Miller OF (1976). Allergic contact dermatitis from ethyl sebacata 
in haloprogin cream. Arch Dermatol 112: 1563.

Carter VH (1972). A controlled study of haloprogin and tolnaftate in tinea 
pedis. Curr Ther Res Clin Exp 14: 307.

Carter VH, Olansky S (1974). Haloprogin and nystatin therapy for cutaneous 
candidiasis. Comparison of the efficacy of haloprogin and nystatin 
therapy. Arch Dermatol 110: 81.

Harrison EF, Zwadyk Jr P, Bequette RJ et al. (1970). Haloprogin: a topical 
antifungal agent. Appl Microbiol 19: 746.

Harrison EF, Zygmunt WA (1974). Haloprogin: mode of action studies in 
Candida albicans. Can J Microbiol 20: 1241.

Hermann HW (1972a). Clinical efficacy studies of haloprogin, a new topical 
antimicrobial agent. Arch Dermatol 106: 839.

Hermann HW (1972b). Clinical evaluation of haloprogin. Toxicol Appl 
Pharmacol 23: 598.



7. Clinical uses of the drug 2935

Hughes WT, Feldman S, Hermann HW (1974). Safety of megadosage 
haloprogin. Arch Dermatol 110: 926.

Katz R, Cahn B (1972). Haloprogin therapy for dermatophyte infections. 
Arch Dermatol 106: 837.

Montes LF, Herman HW (1973). Topical use of haloprogin for candidiasis. 
Arch Dermatol 107: 773.

Rudolph RL (1975). Allergic contact dermatitis caused by haloprogin. Arch 
Dermatol 111: 1487.

Seki S, Nomiya B, Koeda T et al. (1963). Laboratory evaluation of M-1028 
(2,4,5-trichlorophenyl gamma-iodopropargyl ether), a new antimicrobial 
agent. Antimicrob Agents Chemother (Bethesda) 161: 569.

Van Dersarl JV, Sheppard RH (1977). Clotrimazole vs haloprogin treatment 
of tinea cruris. Arch Dermatol 113: 1233.

Weikel Jr JH, Bartek MJ (1972). Toxicologic properties and metabolic  
fate of haloprogin, an antifungal agent. Toxicol Appl Pharmacol  
22: 375.



http://taylorandfrancis.com


Section 4
Antiparasitic Drugs



http://taylorandfrancis.com


4:1 ANTI-MALARIAL DRUGS



http://taylorandfrancis.com


2941

169

Artemisinins
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1. DESCRIPTION

Artemisinin, also known as Qinghaosu, is the active princi-
ple extract of Qinghao (Artemisia annua L.), a plant that has 
been used for centuries in traditional Chinese medicine. The 
antimalarial properties of artemisinin were first reported in 
the Western literature in 1979 (Jiang et al., 1982). Extensive 
clinical studies have demonstrated that these drugs have a 
highly potent antimalarial activity, which, combined with a 
broad stage specificity of action, results in a faster clinical 
and parasitologic response than any other antimalarial agent 
in clinical use (Hien and White, 1993). Artemisinin drugs 
are structurally distinct from all other classes of antimalar-
ials (China Cooperative Research Group, 1982), consisting of 
a peroxide within a 1,2,4-trioxane configuration. The unique 
feature of these compounds is the presence of a sesquiter-
pene lactone ring with an endoperoxide bridge that is essen-
tial for their antimalarial activity (Cumming et al., 1997) (see 
Figure 169.1). 

Artemisinin, the parent compound, is relatively inexpen-
sive to produce and available in oral and rectal formulations. 
Its use in most countries has been superseded by the devel-
opment of derivatives, notably the water-soluble hemisucci-
nate artesunate and the lipophilic ester artemether, both with 
in vitro activity 10–20 times greater than that of the parent 
compound. Artesunate, the most widely used of the deriva-
tives, is available in oral, intravenous, intramuscular, and 
rectal formulations. Artemether, a methylether derivative of 
artemisinin, can be given as an intramuscular injection sus-
pended in groundnut oil or as capsules for oral administra-
tion. Arteether, another lipophilic ester, has been licensed in 
Europe in an intramuscular formulation. Both the lipophilic 
and hydrophilic derivatives, but not artemisinin itself, are 
converted to dihydroartemisinin (DHA), the active metab-
olite. DHA is available in oral and rectal preparations. 
Artesunate is the only formulation that can be administered 
intravenously. 

Novel synthetic and semisynthetic derivatives are under 
investigation. Artemisone (BAY 44-9585), a semisynthetic 
derivative, demonstrates even greater potency in vitro and 
in mouse models (Haynes et al., 2006; Lanteri et al., 2014; 
Marfurt et al., 2012; Vivas et al., 2007) than the artemisinin 
derivatives. The first clinical trials were promising, with high 
potency in ex vivo drug susceptibility testing of multidrug- 
resistant Plasmodium falciparum isolates from Cambodia 
(Lanteri et al., 2014). However, further trials are on hold 
owing to concerns over the drug’s stability (Anthony et al., 
2012).

Artelinic acid was designed and synthesized as a chemi-
cally stable alternative to artesunate for intravenous use 
(Haynes et al., 2005) with potent in vitro activity (Bustos et 
al., 1994). In animal models it was superior to intravenous 
artesunate (Li et al., 2003a), but more recent toxicologic find-
ings have suggested vascular necrosis and renal failures in 
Plasmodium berghei–infected rats (Li et al., 2007). There are 
no data for its use in humans. 

Fully synthetic trioxolanes have also been produced 
(Vennerstrom et al., 2004), with two products developed for 
clinical use in humans. OZ277 (arterolane maleate) retains 
high efficacy against field isolates of both Plasmodium vivax 
and P. falciparum (Kocken et al., 2006; Kreidenweiss et al., 
2006; Lanteri et al., 2014), and in phase I and II clinical stud-
ies was well tolerated (Gautam et al., 2011; Saha et al., 2014; 
Valecha et al., 2012, 2010). OZ277 is now available in India 
in a fixed-dose combination with piperaquine marketed as 
Synriam (Anthony et al., 2012). Phase III studies have shown 
Synriam to have efficacy and safety profiles comparable to 
those of artemether–lumefantrine against P. falciparum (Toure 
et al., 2016; Valecha et al., 2012) and P. vivax (Valecha et al., 
2016). 

The other trioxolane, now in advanced development, is 
artefenomel (OZ439); it has a longer half-life, is not prone to 
alteration in pharmacokinetic profile at high levels of para-
sitemia, and has potential for use as a single-dose treatment 
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in combination with other drugs (Charman et al., 2011; Phyo 
et al., 2016). 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

MALARIA PARASITES

Artemisinins demonstrate excellent efficacy against all human 
malaria parasites, including multidrug-resistant strains of 
P. falciparum (Brockman et al., 2000) and P. vivax (Russell et 
al., 2008). 

The in vitro susceptibility of field isolates of P. falciparum 
varies between derivatives, with the half-maximal inhibitory 
concentration (IC50) levels for artesunate ranging from 0.9 to 
6.1 nM (Brockman et al., 2000; Gay et al., 1997; Osorio et al., 
2007; Wongsrichanalai et al., 2001, 1997, 1999), and for arte-
mether from 1.4 to 6.1 nM (Basco and Le Bras, 1993; Bustos 
et al., 1994; Gay et al., 1997; Le Bras, 1998; Pradines et al., 

1998a, 1998b; Randrianarivelojosia et al., 2001). The active 
metabolite DHA is slightly more active, with IC50 levels of 
1.2–1.7 nM (Le Bras, 1998; Noedl et al., 2001; Ringwald et 
al., 1999), whereas the parent compound artemisinin is less 
active (IC50, 2.8–11.3 nM) (Basco and Le Bras, 1993; Bustos 
et al., 1994; Gay et al., 1997; Wongsrichanalai et al., 1997).

 TREMATODES

The artemisinin derivatives have in vitro activity against 
Schistomsoma mansoni and Fasciola hepatica, although the 
effect on worm motor activity is dependent on supplement-
ing the culture medium with hemin (Spicher et al., 2008; 
Xiao et al., 2001). In vivo studies in animal models using 
single- dose artesunate, artemether, or the synthetic trioxo-
lane OZ78 demonstrated a reduction of 80–95% in worm 
burden for S. mansoni and Schistosoma japonicum (Utzinger 
et al., 2002; Xiao et al., 2004, 1995). Young developmental 
stages appear more susceptible than adult worms. In vivo 
animal studies also demonstrate activity of artemether and 
artesunate against Fasciola, Opisthorchis, and Clonorchis, 

Figure 169.1. Structure of artemisinin and it major 
derivatives.
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although susceptibility was modest (Keiser et al., 2006a, 2006b; 
Xiao et al., 2008). In one study of fascioliasis in humans, 
patients treated with artesunate had faster resolution of symp-
toms compared with those treated with triclabendazole. 
However, the response rate at 3 months was lower (76% vs. 
92% respectively) (Hien et al., 2008). There have been several 
randomized controlled trials of artesunate and artemether 
for the prevention and treatment of S. japonicum, S. mansoni, 
and Schistosoma haematobium (Utzinger et al., 2007). Treat-
ment regimens were generally according to recommended 
antimalarial schedules, with clinical cure rates varying 
between 23% and 100%, and egg reduction rates between 
55% and 100% (Adam et al., 2008; Boulanger et al., 2007; 
Keiser and Utzinger, 2007). 

More recent clinical trials have demonstrated most arte-
misinin combination therapies to be inferior to praziquantel 
for schistosomiases (Mohamed et al., 2009; Obonyo et al., 
2010; Sissoko et al., 2009). However, a combination of arte-
sunate–mefloquine was shown to have a cure rate of 61% 
against S. haematobium at day 26 after treatment (Keiser et 
al., 2010), although this was not confirmed in a subsequent 
trial (Keiser et al., 2014). In a meta-analyses of five studies it 
was concluded that the combination of artemether or artesu-
nate with praziquantel had no significant benefit over prazi-
quantel alone (Wikman-Jorgensen et al., 2012). Artesunate 
has been reported to be effective in preventing S. japonicum 
infections, possibly reflecting its activity against only some 
Schistosoma species (Liu et al., 2011). 

 LEISHMANIA

Artemisinin compounds show efficacy against Leishmania 
species, achieving 50% killing at 750 nM for Leishmania 
major promastigotes, at 3–30 μM for intracellular amastigote 
stages in macrophages, and at 1.4–383 μM against Leishmania 
infantum promastigotes (Avery et al., 2003; Yang and Liew, 
1993). In a mouse fatpad model, artemether administered 
by oral, intralesional, and intramuscular routes resulted in a 
significant reduction of the biomass of L. major and the size 
of lesions (Yang and Liew, 1993). In a hamster model, oral 
DHA reduced splenic and hepatic Leishmania donovani par-
asite burdens by 75% (Ma et al., 2004). In vitro studies have 
reported that the novel synthetic trioxolanes have high activ-
ity against promastigotes and low host toxicity (Cortes et al., 
2015), but no human studies have been reported to date.

TRYPANOSOMA

Artemisinin compounds inhibit in vitro growth of cultured 
Trypanosoma cruzi and Trypanosoma brucei rhodesiense at 
concentrations of 13–51 μM (Mishina et al., 2007). However 
in an experimental challenge model in Balb/c, mice there was 
no evidence that artesunate had any activity against T. cruzi 
(Olivera et al., 2015).

 TAENIA

Both DHA and artesunate exhibit in vitro activity against 
Echinococcus protoscoleces and metacestodes at micromolar 
concentrations (10–40 µM). Of note, the addition of either 

drug to albendazole did not lead to an increase in in vivo 
antiparasitic activity (Spicher et al., 2008). The synthetic 
artemisinins (OZ401, OZ455, OZ491, and OZ494) have been 
shown to have the most potent activity, achieving 60–100% 
parasite killing at 20 µM (Kuster et al., 2014).

ANTIVIRAL ACTIVITY

Artesunate has in vitro activity against both cytomegalovirus 
(CMV) and herpes simplex virus type 1 with IC50 levels 
between 3.9 and 6.9 μM (Efferth et al., 2002; Kaptein et al., 
2006). A single report of a boy with foscarnet- and ganciclovir- 
resistant CMV treated with 100 mg of oral artesunate for 
7 days demonstrated a 100-fold reduction in viral load, sug-
gesting highly effective blockade of viral replication (Shapira 
et al., 2008). More recent data suggested a response to artesu-
nate in three of five transplant recipients with CMV disease 
(Germi et al., 2014). There is also a case report of artesunate 
used successfully for the treatment of herpes simples virus 
type 2 (Sellar et al., 2012).

In vitro activity of artesunate against hepatitis B virus has 
also been demonstrated at a concentration of 10 μM (Romero 
et al., 2005), although this has not been replicated in vivo. 
Synthetic artemisinins (especially AD1 and AD4) showed 
higher in vitro efficacy than artesunate (Blazquez et al., 2013).

2b.  Emerging resistance and 
cross-resistance

Artemisinin has been in clinical use in China for centuries, 
and an integral part of antimalarial drug policy in Cambodia 
for 30 years and Thailand for almost 20 years. Since the turn 
of the century, it has been used extensively throughout the 
malaria endemic world as artemisinin combination therapy, 
which has become standard international policy for uncom-
plicated malaria (WHO, 2015b). 

Artemisinin resistance was first induced in laboratory 
strains, with the speed of acquisition varying among differ-
ent Plasmodium species (Afonso et al., 2006; Chawira et al., 
1986; Inselburg, 1985; Puri and Chandra, 2006). Evidence of 
reduced efficacy of artemisinin in P. falciparum clinical infec-
tions was first identified and confirmed on the Cambodia–
Thailand border in a series of studies conducted between 
2001 and 2009 (Dondorp et al., 2009; Noedl et al., 2008; WHO, 
2007, 2011a). 

Artemisinin resistance has since been reported from 
the  western border of Thailand (Phyo et al., 2012) and in 
other sites in the Greater Mekong Region (Amaratunga et 
al., 2012; Ashley et al., 2014; Dondorp et al., 2009; Hien et al., 
2012; Kyaw et al., 2013; Noedl et al., 2010, 2009; Phyo et al., 
2012; Thriemer et al., 2014; WHO, 2010). It is noteworthy 
that resistance to chloroquine, sulfadoxine–pyrimethamine, 
and mefloquine have all been first documented in this area, 
with resistance to chloroquine and sulfadoxine–pyrimeth-
amine subsequently spreading from the Greater Mekong 
region into Africa. Hence, there are justifiable concerns that 
the same process will be repeated for artemisinin, with the 
inevitable decline in the efficacy of such a crucial component 
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of global antimalarial policy resulting in catastrophic conse-
quences for the global efforts for the control and elimination 
of malaria (Dondorp and Ringwald, 2013). The WHO has 
therefore instigated a global strategy for the containment of 
artemisinin resistance by defining priorities and mobilizing 
resources to contain and prevent spread of resistance and 
increase collaboration among different stakeholders (WHO, 
2011a).

The earliest indication of artemisinin resistance is a delayed 
parasite clearance rate (Amaratunga et al., 2012; Bethell et 
al., 2011; Starzengruber et al., 2012). Geometric mean par-
asite clearance rates lengthened at the western Thai border 
from 2.6 hours in 2001 to 3.7 hours in 2010, compared with 
5.5 hours in western Cambodia between 2007 and 2010 
(Phyo et al., 2012). A large multicenter clinical study high-
lighted the variation in clearance rates across the Greater 
Mekong, ranging from > 6 hours in Western Cambodia and 
Srisaket in Thailand to 3 hours in Vietnam and Myanmar, 
2.5 hours in Bangladesh, and less than 2 hours in a variety of 
African locations (Ashley et al., 2014). 

A variety of approaches for standardizing early parasite 
clearance have been developed so that measures can be com-
pared geospatially and temporally (Flegg et al., 2013; White 
et al., 2015). Modeling of parasite clearance rates suggests 
that artemisinin-resistant phenotypes are associated with 
reduced inhibition of immature ring stages of the parasite 
(Saralamba et al., 2011). An in vitro ring-stage survival assay 
(RSA) has been developed for identification of the slow clear-
ance phenotype in culture-adapted P. falciparum parasites 
collected from patients with slow-clearing infections; this 
phenotype predicts in vivo response (Witkowski et al., 2013). 

Although artemisinin-based combination therapies (ACTs) 
initially appeared to retain efficacy in areas where parasite 
clearance was clearly delayed, subsequent studies have con-
firmed a trend for the declining efficacy of the longer-acting 
partner drug as well. The overall efficacy of both artesunate–
mefloquine (Amaratunga et al., 2016; Carrara et al., 2013; 
Carrara et al., 2009; Denis et al., 2006; Leang et al., 2013a, 
2013b) and DHA–piperaquine combinations (Amaratunga 
et al., 2016; Leang et al., 2013a) is now severely compromised 
in several locations in the Greater Mekong region.

Molecular studies have applied phenotypes defined by the 
ring-stage in vitro assay and delayed parasite clearance in 
vivo to identify a correlation between artemisinin resistance 
and mutations of the kelch protein gene on chromosome 13 
(K13) (Ashley et al., 2014). Parasites with K13 mutations 
exhibit lower levels of ubiquitinated proteins and show syn-
ergism with proteasome inhibitors, suggesting that resistance 
may arise secondary to an increase in the cellular stress 
response (Dogovski et al., 2015).

In Cambodia, the epicenter of drug resistance, 17 differ-
ent mutations have been identified, 3 of which occur at a 
high frequency (Ariey et al., 2014). The C580Y mutation 
in  K13 is most strongly associated with poor therapeutic 
response, but other mutations at position R539T and Y493H 
are also associated with delayed clearance. More recent stud-
ies in Myanmar have identified further relevant mutations 

with different geographic distribution. Mutations at position 
F446I were found across several regions in the country, 
whereas mutation at position C580Y seems to be concen-
trated in one state only and in the border areas with Thailand 
(Tun et al., 2015). 

The causal role of these mutations in determining arte-
misinin resistance was confirmed by using genetically modi-
fied P. falciparum K13 locus and delayed ring-stage survival 
(Straimer et al., 2015). Intense efforts are now being made to 
map the presence of known and unknown K13 mutations 
so that malaria control efforts can be focused to contain the 
spread (Tun et al., 2015; WHO, 2013; WWARN, 2016). Some 
molecular surveys have also demonstrated that spontaneous 
K13 mutations have arisen in many endemic locations 
(Takala-Harrison et al., 2015), although not all of these poly-
morphisms are associated with reduced susceptibility.

3. MECHANISM OF DRUG ACTION

The bioactivity of the artemisinin derivatives is dependent 
on the endoperoxide dioxygen bridge (Cumming et al., 
1997), but the exact mechanism of its antimalarial activity 
remains to be fully elucidated. In Plasmodium-infected red 
cells, active endoperoxides accumulate in various parasite 
compartments including the cytosol, digestive vacuole, and 
membranes. The most widely accepted mechanism of action 
entails the interaction of artemisinin with ferrous ion (Fe2+) 
derived from heme in both in vitro and animal models 
(Pandey et al., 1999; Robert et al., 2005). The interaction 
between the peroxide bridge of the artemisinins and Fe2+ 
leads to the formation of highly reactive hydroperoxide free 
radicals (Haynes and Vonwiller, 1994) that rapidly rearrange 
into more stable carbon-centered radicals and other reac-
tive metabolites (Butler et al., 1998; Posner et al., 1995). These 
artemisinin-derived free radicals then interact with a range 
of parasite targets, causing irreversible damage (Meshnick 
et al., 1996). Proposed targets include hemin (Hong et al., 
1994), parasite proteins (Asawamahasakda et al., 1994; Cum-
ming et al., 1997; Meshnick, 2002), red cell membranes (Yang 
et al., 1994), and albumin (Yang et al., 1993), but not DNA 
(Yang et al., 1994). The consequences of such adduct for-
mation is unclear, although it is inferred that the resultant 
binding damages parasite organelles, such as the nuclear 
envelope, mitochondria, and food vacuole (Meshnick, 2002). 
However, given the remarkable potency of endoperoxide 
antimalarials, it is likely that the lethal effects of free radical–
induced damage is focused on particular proteins important 
for parasite structural integrity and function rather than the 
more general damage caused by diffusing free radicals. 

An alternate hypothesis for the mechanism of action of 
the artemisinins proposes a role for artemisinin interfering 
with calcium homeostasis in the parasite cytoplasm (Krishna 
et al., 2006). Homologs of the sarcoplasmic-endoplasmic 
reticulum Ca2+–adenosine triphosphatases (ATPases) (SERCA) 
have been identified in P. falciparum (Kimura et al., 1993) 
and are expressed at different stages of the life cycle (Krishna 
et al., 2001b). When expressed in Xenopus oocytes, PfATP6 
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is inhibited by artemisinins but not by other antimalarials 
(Eckstein-Ludwig et al., 2003). Furthermore, thapsigargin, 
which shares chemical similarities with artemisinin, is a 
potent and selective inhibitor of SERCA. In cross-competition 
studies, thapsigargin demonstrates antagonistic antiparasitic 
activity with artemisinin, consistent with a common mode 
of action (Eckstein-Ludwig et al., 2003). However, more 
recent work contradicted the notion of SERCA inhibition, 
and no antagonism between thapsigargin and artemisinin 
was reported (del Pilar Crespo et al., 2008).

Other potential targets for artemisinin activity that have 
been identified include the translationally controlled tumor 
protein homolog (TCTP) (Bhisutthibhan et al., 1998), the 
mitochondrial electron transport chain (Li et al., 2005), and 
inhibition of angiogenesis (Golenser et al., 2006). Tumor cell 
lines with high TCTP expression were sensitive to artesunate, 
whereas low TCTP expression was associated with resistance 
to artesunate (Efferth, 2005).

The artemisinin derivatives have been shown to inhibit 
the respiratory chain of mitochondria (Krungkrai et al., 1999), 
with yeast models showing artemisinin activation by the 
electron transport chain, which ultimately leads to the dam-
age of mitochondria (Li et al., 2005). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults and children

UNCOMPLICATED MALARIA 

WHO recommends that artemisinin derivatives always be 
administered with a longer half-life partner drug such as 
mefloquine, lumefantrine, sulfadoxine–pyrimethamine, pip-
eraquine, or amodiaquine to improve cure rates and protect 
against the development of parasite drug resistance (WHO, 
2015a). The regimens that follow comprise suggested ACTs. 
Although most of these regimens have been developed empir-
ically, pharmacokinetic-pharmacodynamic studies have gen-
erally not provided evidence that they should be modified.

Artemether–lumefantrine is a fixed-dose combination at 
20 mg of artemether and 120 mg of lumefantrine (or 40 mg 
of artemether and 240 mg of lumefantrine), administered 
with a total target dose of 5–24 mg of artemether per kilo-
gram of body weight and 29–144 mg of lumefantrine per 
kilogram, twice daily over 3 days (Chapter 171, Artemether– 
Lumefantrine).

Artesunate–amodiaquine is administered as a fixed-dose 
combination with tablets containing 25 mg of artesunate plus 
67.5 mg of amodiaquine, or 50 plus 135 mg and 100 plus 270 
mg of artesunate plus amodiaquine to achieve a target dose 
of 4 mg of artesunate per kilogram per day and 10 mg of 
amodiaquine per kilogram per day, once daily over 3 days 
(Chapter 176, Amodiaquine).

Artesunate–mefloquine is now available as a fixed-dose 
pediatric combination of 25 mg of artesunate plus 55 mg of 
mefloquine and for adults as 100 mg of artesunate plus 220 
mg of mefloquine. The target dose is 4 mg of artesunate per 

kilogram per day and 8.3 mg of mefloquine per day, given 
once daily over 3 days (Chapter 178, Mefloquine).

Artesunate plus sulfadoxine–pyrimethamine is available 
only as a loose dose combination of 50-mg artesunate tablets 
plus a combination of 500 mg of sulfadoxine and 25 mg of 
pyrimethamine. The target dose is 4 mg of artesunate per 
kilogram per day given once per day for 3 days, and a single 
dose of 25 mg of sulfadoxine per kilogram and 1.12 mg of 
pyrimethamine per kilogram (Chapter 91, Sulfonamides, and 
Chapter 93, Pyrimethamine).

DHA–piperaquine is a fixed-dose combination with tab-
lets containing 40 mg of DHA and 320 mg of piperaquine 
and a pediatric formulation of 20 mg of DHA plus 160 mg 
of piperaquine. The target dose is 4 mg of DHA per kilogram 
per day and 18 mg of piperaquine per kilogram per day, 
administered once daily for 3 days for adults and children 
(Chapter 172, Dihydroartemisinin–Piperaquine). 

SEVERE MALARIA 

In a patient with objective evidence of severe malaria (WHO, 
2000) or in situations in which oral administration may be 
considered inappropriate, such as severe nausea, vomiting, 
or prostration, artemisinin drugs can be given by injection 
(intravenous, intramuscular, or per rectum). The rectal route 
is reserved for pre-transfer treatment when oral therapy is 
not possible and where injectable antimalarial drugs are 
unavailable. It should be followed by prompt definitive intra-
venous or intramuscular treatment or a full course of an 
approved oral ACT as dictated by the clinical state of the 
patient (Karunajeewa et al., 2007; WHO, 2015a). 

There are no available injectable artemisinin preparations, 
but suppositories can be given at doses of 10–20 mg/kg 
(equivalent to 600–1200 mg in adults) initially, followed by 
8–10 mg/kg 4 hours later and, if necessary, daily for 3 days 
(de Vries and Dien, 1996; Ha et al., 1997). 

Artesunate (Chapter 170, Artesunate) is the first choice 
for severe malaria and can be given by slow intravenous or 
intramuscular injection at an initial dose of 2 mg/kg (approx-
imately 120 mg in adults), followed by 1 mg/kg at 4, 24, and 
48 hours (Barradell and Fitton, 1995) with further daily 
doses if required. Children weighing less than 20 kg should 
receive a higher parenteral dose of artesunate (3 mg/kg/dose) 
than larger children and adults to ensure equivalent drug 
exposure (Hendriksen et al., 2013; Zaloumis et al., 2014). 
Because of its rapid absorption and higher plasma concen-
trations at recommended doses, and availability in a rectal 
preparation, artesunate is preferred to the other artemisinin 
derivatives (Karunajeewa et al., 2007). Artesunate supposito-
ries are administered at a dose of 10 mg/kg/day (WHO, 
2015a) as pre-referral treatment. Rectal formulation is not 
recommended for older children or adults (Okebe and Eisen-
hut, 2014). There is evidence that two doses of rectal therapy 
are required in the first 24 hours (Karunajeewa et al., 2004).

Artemether can be given by intramuscular injection if 
artesunate is not available (Esu et al., 2014; WHO, 2015a) at 
an initial dose of 3.2 mg/kg, followed by 1.6 mg/kg daily for 
up to 7 days (de Vries and Dien, 1996). 
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Rectal preparations of DHA are available, with a recom-
mended dose of 3 mg/kg, but the total number of patients in 
trials to date is fewer than 200 and the dose is low compared 
with that for artesunate (Karunajeewa et al., 2004).

4b. Newborn infants

There are no pharmacokinetic or efficacy data for artemisi-
nin derivatives in infants (< 1 year of age).

4c.  Pregnant and lactating mothers

Artemisinin combination regimens have been used increas-
ingly in the second and third trimesters of pregnancy, with 
no adverse effects on mother or fetus reported to date 
(Manyando et al., 2010; McGready et al., 2008; Piola et al., 
2010). Comparisons among four different ACTs in preg-
nancy (artemether–lumefantrine, amodiaquine–artesunate, 
mefloquine–artesunate, and DHA–piperaquine) highlighted 
artemether–lumefantrine’s excellent tolerability and cure 
rates, although it was associated with greatest risk of new 
infections, a likely reflection of its relatively short half-life 
and reduced post-treatment prophylaxis. In this study, 
DHA–piperaquine had the best efficacy and safety profile 
(PREGACT Study Group et al., 2016). The pharmacokinetic 
profile of lumefantrine is altered during pregnancy, with 
27–34% lower serum levels on day 7 compared with non-
pregnant patients (Kloprogge et al., 2013; Mosha et al., 
2014b), and a recent review suggested that reassessment of 
the dose of the artemisinin derivatives and some compo-
nents of ACT are necessary to ensure the highest possible 
efficacy of malaria treatment in pregnant women (Burger et 
al., 2016b) (Chapter 171, Artemether–Lumefantrine).

Prospective data on more than 3000 women exposed 
during the first trimester did not indicate any adverse effects 
on pregnancy outcomes (McGready et al., 2012; Moore et al., 
2016; Mosha et al., 2014b). Future WHO guidelines are 
expected to adopt a recommendation for ACTs in the first 
trimester.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS 

All the artemisinin compounds in clinical use have proved 
difficult to assay in body fluids. In addition, the relatively high 
antimalarial potency of the artemisinin compounds require 
assays with sensitivities in the low nanogram-per-milliliter 
range. In 2011, WHO published a report regarding the 
methods and techniques required for assessing antimalarial 
drug concentrations (WHO, 2011b). In this report, the pre-
ferred detection method for artemisinin drugs (including the 
active metabolite DHA) is mass spectrometry (MS), which 
has a limit of detection of 1 ng/ml, compared with 5–20  
ng/ml for electrochemical detection methods; the former 
requires a lower plasma sample volume—0.05–0.25 ml ver-
sus 1 ml. 

5a.  Bioavailability

Artemisinin and its derivatives are absorbed rapidly after 
oral administration. The maximum plasma concentration 
occurs at 2–3 hours for artemisinin (Table 169.1), less than 
1 hour in the case of artesunate (Table 169.2), and 1–3 hours 
for artemether (Table 169.3). For rectal administration the 
maximum concentration is achieved later, at 4–7 hours 
for artemisinin (see Table 169.1), but relatively rapidly for 
artesunate (see Table 169.2). Of note, absorption of intra-
muscular artemether is highly variable, with maximum con-
centrations occurring 2–10 hours after administration (see 
Table 169.3). Variable absorption has also been observed 
for intramuscular arteether (Looareesuwan et al., 2002). 
Following its intramuscular or intravenous administration, 
artesunate is rapidly metabolized to DHA, with maximum 
concentrations of artesunate occurring within the first 15 
minutes (see Table 169.2). Maximum concentrations of the 
active metabolite, DHA, occur at 5–10 minutes after an intra-
venous injection of artesunate, at 30–45 minutes after intra-
muscular injection of artesunate, and at 1–2 hours after oral 
and rectal artesunate (Table 169.4).

The bioavailability of artemisinin and its derivatives var-
ies by route of administration and duration of therapy. For 
the intramuscular route, the bioavailability of artesunate, 
determined from concentrations of the active metabolite 
DHA, is 86–88% (Ilett et al., 2002a; Nealon et al., 2002). For 
the oral route, estimates of bioavailability, assessed by DHA 
concentration, range from approximately 60% (Newton et 
al., 2000) to 82% (Batty et al., 1998b). After rectal adminis-
tration of artesunate, bioavailability of DHA is much lower 
and more variable, with reported estimates varying from 
23–58% for patients administered 20- and 10-mg/kg 
doses (Krishna et al., 2001a) down to only 16% (Ilett et al., 
2002a). Other reported values for artemisinin and arte-
mether, relative to intramuscular administration, are 32% 
for oral artemisinin (Titulaer et al., 1990) and 43–200% for 
oral artemether (Karbwang et al., 1997; Silamut et al., 2003). 
There is significant inter-individual variability in absorption 
when artemisinin derivatives are given by nonintravenous 
routes. With the emergence of resistance to the artemisinins, 
this may be of clinical importance. However, Dondorp et al. 
(2009) did not observe any clinically relevant differences 
in the pharmacokinetics of artesunate and DHA after oral 
administration in patients residing in western Cambodia 
and northwestern Thailand; parasite clearance times (phar-
macodynamics measure) were significantly longer at the 
Cambodian site. 

Malaria increases the bioavailability of some artemisinin 
derivatives. In the case of oral artesunate, the bioavailability 
of the active metabolite DHA is increased twofold in patients 
with malaria compared with healthy volunteers (Binh et al., 
2001), and from 20% up to 100% (twofold) during the 
acute  phase of the infection compared with convalescence 
(Kloprogge et al., 2015; Newton et al., 2000; Stepniewska et 
al., 2009). For artemisinin, oral bioavailability falls by 77% 
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on the second day of treatment (Batty et al., 2012) and > 80% 
after 5 days of treatment (Hassan Alin et al., 1996). 

Studies have also investigated the pharmacokinetics of the 
artemisinins given as a fixed formulation with the partner 
drug versus loose separate tablets. The bioavailability of arte-
sunate concentrations was increased 1.79-fold for the loose 
tablet versus a fixed formulation of artesunate–amodiaquine 
in adults (no differences were observed for DHA) (Ogutu 
et  al., 2014), whereas in children the pharmacokinetics 
were similar for the fixed and loose tablets forms of this 
artemisinin combination therapy (Stepniewska et al., 2009). 
A new pediatric formulation of artemether–lumefantrine, 
dispersable versus usual crushed tablet, found the maximum 
concentrations were similar for both artemether and dihy-
roartemisinin (Djimde et al., 2011).

DHA is mostly (~ 93% in malaria patients) bound to 
plasma proteins (Batty et al., 2004). For artemisinin, the 
amount bound to plasma proteins has been reported as 65% 
(Li et al., 1982b) or 88% (Sidhu and Ashton, 1997), and 41% 
for artesunate (Li et al., 1982b).

5b.  Drug distribution metabolism and 
excretion 

Once artemether, artesunate, and arteether are absorbed, 
there is extensive first-pass metabolism and rapid biotrans-
formation (demethylation of artemether and arteether, and 
hydrolysis of artesunate) to DHA, the major active metabo-
lite (Lee and Hufford, 1990). The rate of biotransformation is 
faster for artesunate than for artemether and arteether (Li et 

al., 1998) and occurs almost immediately, such that artesu-
nate is often regarded as a prodrug. In vitro data show that 
CYP2AC is the major metabolizing enzyme for artesunate 
(Li et al., 2003b). The elimination half-life of DHA after 
administration by all routes is also rapid, usually < 1 hour 
for most studies (see Table 169.4). DHA is then converted 
to inactive metabolites via glucuronidation, catalyzed mostly 
by UGT1A9 and UGT287 (Grace et al., 1999; Ilett et al., 
2002b). 

Unlike its derivatives, the parent compound artemisinin 
is not metabolized to DHA, with data from a rodent study 
suggesting extensive distribution to most tissues, particularly 
the liver, brain, lungs, kidneys, and blood (Niu et al., 1985). 
Artemisinin has an elimination half-life of approximately 
2–3 hours (see Table 169.1), with an apparent volume of dis-
tribution in malaria patients ranging from 23 to 38 l/kg (Alin 
et al., 1996; De Vries et al., 1997; Hassan Alin et al., 1996; 
Sidhu et al., 1998). The elimination half-life may be shorter 
in children than in adults (Sidhu et al., 1998). The elimina-
tion half-life of artemether and DHA following artemether, 
given both orally and via the intramuscular route, can vary 
from 1 to 12 hours in malaria patients (see Tables 169.3 and 
169.4). 

Metabolic pathways for the biotransformation of artesu-
nate, artemether, arteether, and DHA differ from that observed 
for the parent compound artemisinin. The metabolism of 
artemisinin primarily involves CYP2B6, which plays a minor 
role in the clearance of the other compounds (Svensson and 
Ashton, 1999). Very little artemisinin is detected in urine, 
with the inactive metabolites excreted via bile. Artemether 

Table 169.1. Pharmacokinetic parameters for artemisinin in patients with Plasmodium falciparum malaria.

Initial Dose No. of Subjects
Cmax 

(nmol/l)
Tmax 
(h)

t1/2 
elimination 

(h)
AUC0–∞ 

(mmol∙h/l) Reference

Oral route

500 mg Adults with UM (n = 19) 2070 2.4 2.3 9.2 Hassan Alin et al., 1996

500 mg Adults with UM (n = 18) 2165 2.5 2.2 7.9 Alin et al., 1996

500 mg Adults with UM (n = 9) 1507 1.6 2.5 — van Boxtel et al., 1996

500 mg Adults with UM (n = 11) 1281 2.9 2.7 — De Vries et al., 1997

10.0 mg/kg Adults with UM (n = 31) — — 2.6 — Sidhu et al., 1998
—10 mg/kg Children with UM (n = 23) — — 1.8 —

500 mg Adults with UM (n = 15) 2485 2.5 2 9.8 Ashton et al., 1998

3 mg/kg Children with UM (n = 12) — 7.4 5.9 Salman et al., 2012

22 mg/kg (with milk) Children with UM (n = 17, 16, 16)
—
—

2989 2.1 6.8 18.2 Batty et al., 2012
—
—

23.8 mg/kg (with water, day 1) 3918 2.5 6.6 24.0

23.8 mg/kg (with water, day 2)  954 — — 5.5

Rectal route

600 mg Adults with UM (n = 8)  370 7.2 3.1 — van Boxtel et al., 1996

500 mg Adults with UM (n = 15)  650 4.0 2.0 3.07 Ashton et al., 1998

600 mg Adults with UM (n = 8)  380 6.5 — 3.8 Koopmans et al., 1998

ng/ml was converted to nmol/l by multiplying by 1000/282.
Abbreviations: AUC: area under the concentration-time curve; MSM: moderately severe malaria; SM: severe malaria; UM: uncomplicated malaria. 
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Table 169.2. Pharmacokinetic parameters for artesunate in patients with Plasmodium falciparum malaria.

Initial Dose No. of Subjects 
Cmax 

(nmol/l)
Tmax 
(h)

t1/2 
elimination 

(h)
AUC0–∞ 

(mmol∙h/l) Reference

Intravenous route

2.4 mg/kg Adults with UM (n = 26) 29,500 — 0.05 2.98 Batty et al., 1998b

2.23 mg/kg Adults with SM, MSM, MSM  
(n = 12, 8, 10)

— — 0.04 — Davis et al., 2001

2.16 mg/kg 0.08

4.1 mg/kg infusion 4 h 0.05

2.2 mg/kg Adults with UM (n = 12) 43,000a — 0.07 3.2 Ilett et al., 2002a

1.2 mg/kg Children with SM (n = 14, 14) 38,980 — 0.20 1.45 Nealon et al., 2002

2.4 mg/kg 77,200 — 0.03 2.71

2.4 mg/kg Adults with SM (n = 14) 8490 0.25 0.25 1.89 Byakika-Kibwika et al., 2012

4 mg/kg Pregnant women with UM (n = 20)
Postpartum women with UM (n = 20)

46,354 0.18 2.83b Kloprogge et al., 2015

46,354 0.24 2.83b

2.4 mg/kg infusion 2 min Adults with UM (n = 28) 74,447 0.03 0.17 4.89 Li et al., 2014

Intramuscular route

120 mg Adults with UM (n = 11) 2300 0.2 0.68 2.6 Ilett et al., 2002a

1.2 mg/kg Children with SM (n = 14, 14) 1600 0.12 0.42 1.4 Nealon et al., 2002

2.4 mg/kg 1720 0.13 0.80 1.4

2.4 mg/kg Adults with SM (n = 9) 5710 — 0.5 2.2 Hien et al., 2004

2.4 mg/kg Children with SM (n = 70) 2456 0.43 1.48b Hendriksen et al., 2013

Oral route 

3.9 mg/kg Pregnant women with UM (n = 24)
Nonpregnant women with UM (n = 23)

245 1 0.3 0.23 Valea et al., 2014

3.8 mg/kg 164 1 0.4 0.16

4 mg/kg Children with UM (n = 22) 134 0.29 Mwesigwa et al., 2010

1 mg/kg Adults with UM (n = 17, 17, 14) 127 1.08 0.52 0.17 Miller et al., 2009

2 mg/kg 276 0.55 0.48 0.39

4 mg/kg 583 1.03 0.47 1.04

2 mg/kg Adults with UM, Thailand (n = 20, 20) 444 0.38 0.37 0.33c Dondorp et al., 2009

4 mg/kg 522 0.5 0.58 0.62c

2 mg/kg Adults with UM, Cambodia (n = 20, 19) 702 0.5 0.29 0.45c

4 mg/kg 822 1 0.29 0.88c

4 mg/kg, day 1 or 2 Pregnant women with UM (n = 20)
Postpartum women (n = 20)
Pregnant women with UM (n = 20)
Postpartum with UM (n = 20)

365 1.06 0.18 0.36b Kloprogge et al., 2015

4 mg/kg, day 1 or 2 198 1 0.22 0.20b

4 mg/kg, day 7 173 1.05 0.18 0.18b

4 mg/kg, day 7 193 1.1 0.24 0.23b

4 mg/kg, fixed dose Adults with UM (n = 20, 23) 664 0.83 Krudsood et al., 2010

4 mg/kg, loose dose 1174 0.93

2 mg/kg Adults with UM (n = 75, 40, 28) 216 0.48 0.49 0.23d Saunders et al., 2012

4 mg/kg 617 0.52 0.50 0.73d

6 mg/kg 974 0.64 0.46 1.18d

Rectal route

50 mg at 0 and 4 h Children with UM (n = 12) 240 0.58 — — Halpaap et al., 1998

12.7 mg/kg Children with UMe (n = 47) 1085 0.9 0.27 — Karunajeewa et al., 2004

ng/ml was converted to nmol/l by multiplying by 1000/384.
aValue extrapolated.
bAUC0–12h.
cAUC0–24h.
dAUC0–8h.
eIncludes patients with vivax malaria. 
Abbreviations: AUC: area under the concentration-time curve; MSM: moderately severe malaria; SM: severe malaria; UM: uncomplicated malaria.
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and arteether are metabolized predominantly by the hepatic 
cytochrome CYP3A4 and CYP3A5. DHA is cleared by bio-
transformation to biologically inert glucuronides, which are 
eliminated in bile (Ilett et al., 2002b). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Evidence regarding the impact of pregnancy on the pharma-
cokinetics of the artemisinins is conflicting. McGready et al. 
(2006a, 2006b) suggested that exposure to DHA (after oral 
administration of both artemether and artesunate) may be 
reduced up to twofold in pregnant women with malaria 
compared with nonpregnant malaria patients; of note, this 
was an indirect comparison with previously reported studies. 
Onyamboko et al. (2011) studied pregnant women (and the 
same women during the postpartum period) and nonpreg-
nant controls and observed a 32% reduction in drug expo-
sure for DHA after oral administration for the pregnant 
women compared with the nonpregnant controls. 

Conversely, Valea et al. (2014) observed a 1.4-fold increase 
in artesunate exposure after oral administration for pregnant 
women compared with nonpregnant women. Two studies 
investigated drug exposure in women during the second and 

third trimesters and the postpartum period after adminis- 
tration of oral and/or intravenous artesunate (Kloprogge et 
al., 2015; Onyamboko et al., 2011). After oral administration, 
Kloprogee et al. (2015) observed a reduction in oral bioavail-
ability of 23% during the antenatal period, whereas no major 
differences were observed by Onyamboko et al. (2011). For 
artemether, there is no evidence of pregnancy altering the 
pharmacokinetics of artemether (and the metabolite DHA) 
(Mosha et al., 2014a; Nyunt et al., 2016). 

With regard to body weight (and thus age), reduced expo-
sure in DHA concentrations after intramuscular and intra-
venous administration of artesunate has been observed for 
children weighing 6–10 kg compared with older children 
and adults, and these results have led to an increase in dosage 
recommendation from 2.4 to 3 mg/kg for young children 
(Hendriksen et al., 2013; Zaloumis et al., 2014).

The area under the curve for artesunate and DHA in 
uninfected people with alpha-thalassemia is 9-fold to 15-fold 
higher than that in healthy volunteers (Ittarat et al., 1998). 
Conversely, in in vitro studies, P. falciparum–infected alpha- 
thalassemic erythrocytes have decreased susceptibility to 
artemisinin drugs, partly because of reduced binding of 
the drug to hemoglobin (Kamchonwongpaisan et al., 1994; 
Vattanaviboon et al., 1998). However, these observations 

Table 169.3. Pharmacokinetic parameters for artemether in patients with Plasmodium falciparum malaria.

Initial Dose No. of Subjects
Cmax 

(nmol/l)
Tmax 
(h)

t1/2 
elimination 

(h)
AUC0–∞ 

(mmol∙h/l) Reference

Intramuscular route

3.2 mg/kg Children with CM (n = 16) 245 2.1 — 2.0 Murphy et al., 1997

136a 1.3 1.6a,b

160 mg Adults with SM (n = 11) 840 4 5.7 13.5 Karbwang et al., 1998c

3.2 mg/kg Adults with SM (n = 10) 547 10 — — Hien et al., 2004

Oral route

200 mg Adults with UM (n = 8) 776 3 4.2 19.5 Na Bangchang et al., 1994

6 mg/kg Adults with UM (n = 13) — 2 2.2 — Karbwang et al., 1998a

80 mg or 40 mg Adults with UM (n = 260) — 1.8 0.84 — Ezzet et al., 1998

1.7 mg/kg, day 3 Pregnant women with UM (n = 13) 118 1 1.5 0.22c McGready et al., 2006a

80 mg Pregnant women with UM (n = 30)
Nonpregnant women with UM (n = 30)

129 2 4.6 0.5c Nyunt et al., 2016

76 2 6 0.38c

1.7 mg/kg Children with UM (n = 13) 10.3 Salman et al., 2011

80 mg Pregnant women with UM (n = 21) 110 1.2 1.8 0.36 Tarning et al., 2012

2 mg/kg Children with UM (n = 23) 114 3.9 0.56 Mwesigwa et al., 2010

2 mg/kg Children with UM Djimde et al., 2011

Crushed (n = 93) 638

Dispersable (n = 91) 587

3 mg/kg sublingual spray Children with UM and SM (n = 91) 18.3 11.4 Salman et al., 2015

ng/ml was converted to nmol/l by multiplying by 1000/298.
aBioassay.
bAUC 0–12h. 
cAUC 0–24h.
Abbreviations: AUC: area under the concentration-time curve; CM: cerebral malaria; MSM: moderately severe malaria; SM: severe malaria; UM: uncomplicated 

malaria.
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Table 169.4. Pharmacokinetic parameters for dihydroartemisinin in patients with Plasmodium falciparum malaria.

Initial Dose No. of Subjects Cmax (nmol/l) Tmax (h)

t1/2 
elimination 

(h)
AUC0–∞ 

(mmol∙h/l) Reference

160 mg, rectal route Adults with UM (n = 12) 750 4 — 3.4 Ilett et al., 2002a

1.2 mg/kg, oral route Adults with UM (n = 6) 1725 1.3 1.0 — Benakis et al., 1996

120 mg, oral route Adults with UM (n = 8) 3703 2.1 0.9 8.5 Binh et al., 2001

2.5 mg/kg, with water Children with UM (n = 14, 16) 0.85 14.3 Moore et al., 2014

2.5 mg/kg, with milk 0.76 14.8

After artesunate—intravenous route

2.4 mg/kg Adults with UM (n = 26) 9300 0.15 0.67 8.36 Batty et al., 1998a

2 mg/kg Adults with UM (n = 19) 28,980a — 0.73 10.6a,b Newton et al., 2000

2.23 mg/kg Adults with SM, MSM, and 
MSM (n = 12, 8, 10)

8500 0.17 0.67 7.3 Davis et al., 2001

2.16 mg/kg 8900 0.17 1.1 9.0

4.9 mg/kg infusion 4 h 3200 4 hr— end of 
infusion

0.77 19.6

2.2 mg/kg Adults with UM (n = 12) 9600 0.15 0.83 11.6 Ilett et al., 2002a

1.2 mg/kg Children with SM (n = 14, 14) 5570 0.02 0.53 2.6 Nealon et al., 2002

2.4 mg/kg 10,590 0.08 0.35 3.2

2.1 mg/kg Adults with SM (n = 17) 2128 — 0.34 1.47 Newton et al., 2006

2.4 mg/kg Adults with SM (n = 14) 11,056 0.14 1.31 12.3 Byakika-Kibwika et al., 2012

2.4 mg/kg Adults and children with MSM 
and SM (n = 266)

10,375 0.63 9.0c Zaloumis et al., 2014

3.9 mg/kg Pregnant women with UM  
(n = 15)

8345 1.27 7.9c Kloprogge et al., 2015

Postpartum with UM (n = 15) 8310 0.1 1.26 7.9c

2.4 mg/kg  
 infusion 2 min

Adults with UM (n = 28) 10,323 0.18 1.3 12.5 Li et al., 2014

After artesunate—intramuscular route

120 mg Adults with UM (n = 11) 4100 0.75 1.1 8.7 Ilett et al., 2002a

1.2 mg/kg Children with SM (n = 14, 14) 1200 0.43 0.53 1.4 Nealon et al., 2002

2.4 mg/kg 2200 0.68 0.67 3.9

2.4 mg/kg Adults with SM (n = 9) 3060 0.58 0.87 5.3 Hien et al., 2004

2.4 mg/kg Children with SM (n = 70) 1926 0.61 0.43 3.1c Hendriksen et al., 2013

After artesunate—rectal route

50 mg at 0 and 4 h Children with UM (n = 12) 630 1.1 — — Halpaap et al., 1998

15 mg/kg Children with UM (n = 9) 1700 — 0.5 2.6c Sabchareon et al., 1998

9.3 mg/kg Children with MSM (n = 10, 16) 2400 1.7 0.79 9.8 Krishna et al., 2001a

18.9 mg/kg 3100 1.8 0.85 13.2

12.7 mg/kg Children with UM (n = 47) 2525 2.3 0.71 — Karunajeewa et al., 2004

3 mg/kg at 0, 3, 6,  
 and 9 hr

Adults with UM (n = 12) 970 — — — Benakis et al., 2006

After artesunate—oral route

3 mg/kg Children with MSM (n = 10) 2337a 1.7 1 4.53a Bethell et al., 1997

100 mg Adults with UM (n = 24) 2590 1.5 0.65 4.53 Batty et al., 1998b

6 mg/kg Children with UM (n = 10) 6755 — 0.9 13.1c Sabchareon et al., 1998

2 mg/kg Adults with UM (n = 19) 3591a 0.75 0.71 6.11a,b Newton et al., 2000

150 mg Adults with UM (n = 8) 4600 1.6 0.88 8.9 Binh et al., 2001

11 mg/kg Children with UM (n = 12) 3274 1.5 0.7 9.9 Ramharter et al., 2007

4 mg/kg, day 3 Pregnant women with UM  
(n = 24)

883 2 1 2.6b McGready et al., 2006b

2 mg/kg Adults with UM, Thailand  
(n = 20, 20)

3020 1 0.71 4.6b Dondorp et al., 2009

4 mg/kg 4190 1.01 0.85 10.4b

2 mg/kg Adults with UM, Cambodia  
(n = 20, 19)

2820 1 0.84 4.9b

4 mg/kg 5590 1.5 0.77 14.5b

3.5 mg/kg, fixed dose Adults with UM (n = 26, 28) 0.93 24.2d Ogutu et al., 2014

3.5 mg/kg, loose dose 0.93 26.4d
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Initial Dose No. of Subjects Cmax (nmol/l) Tmax (h)

t1/2 
elimination 

(h)
AUC0–∞ 

(mmol∙h/l) Reference

3.17 mg/kg Pregnant women with UM  
(n = 26)

3185 1.5 1.28 6.1 Onyamboko et al., 2011

3.17 mg/kg Postpartum women (n = 26) 3449 1.5 1.63 7.5

3.86 mg/kg Nonpregnant controls with UM 
(n = 25)

4524 1.5 1.41 9.8

3.9 mg/kg Pregnant women with UM  
(n = 24)

2662 2 1.2 4.7 Valea et al., 2014

3.8 mg/kg Nonpregnant women with UM 
(n = 23)

2451 2 1.3 4.8

4 mg/kg, day 1 or 2 Pregnant women with UM  
(n = 15)

2743 1.06 1.27 5.6c Kloprogge et al., 2015

4 mg/kg, day 1 or 2 Postpartum women (n = 15) 1933 1 1.26 3.7c

4 mg/kg, day 7 Pregnant women with UM  
(n = 15)

1433 1.05 1.27 3.0c

4 mg/kg, day 7 Postpartum with UM (n = 15) 1873 1.1 1.26 3.7c

4 mg/kg, fixed dose Adults with UM (n = 20, 23) 4345 2.0 1.1 11.0 Krudsood et al., 2010

4 mg/kg, loose dose 7194 1.4 0.8 13.2

4 mg/kg Children with UM (n = 22) 1665 1.3 4.9 Mwesigwa et al., 2010

Day 0 Adults with UM (n = 75,  
n = 40, n = 28)

Saunders et al., 2012

2 mg/kg 1951 1.26 0.84 4.7d

4 mg/kg 5335 1.15 0.91 13.6d

6 mg/kg 7496 1.44 1.13 21.1d

Day 6

2 mg/kg 690 2.08 0.80 1.7d

4 mg/kg 1750 2.11 0.85 4.5d

6 mg/kg 3081 2.17 0.84 7.8d

200 mg Adults with UM (n = 13) 1521 1.6 2.2e Sinou et al., 2009

1 mg/kg Adults with UM (n = 17, 17, 14) 803 2.04 0.78 1.9 Miller et al., 2009

2 mg/kg 2046 1.53 0.92 5.1

4 mg/kg 4979 2.03 1.09 13.5

After artemether—intramuscular route

160 mg Adults with SM (n = 11) 1280 4 — 15.0 Karbwang et al., 1998c

2 mg/kg Adults with UM (n = 16) 121a 8 — 2.7a Silamut et al., 2003

After artemether—oral route

200 mg Adults with UM (n = 8) 2086 7.4 12.5 174.4 Na Bangchang et al., 1994

6 mg/kg Adults with UM (n = 13) 1584 3 2.9 — Karbwang et al., 1998a

7 mg/kg Adults with UM (n = 50)      689–1245 6 — 2.9–13.0 Karbwang et al., 1998b

80 mg or 40 mg Adults with UM (n = 260) — 1.2 0.43 — Ezzet et al., 1998

2 mg/kg Adults with UM (n = 16) 1905a 1 1.3 6.0a Silamut et al., 2003

1.7 mg/kg, day 3 Pregnant women with UM  
(n = 13)

581 1 1.3 1.3b McGready et al., 2006a

80 mg Pregnant women with UM  
(n = 30)

260 2 1.3 0.7b Nyunt et al., 2016

Nonpregnant women with UM 
(n = 30)

250 2 1.5 0.7b

1.7 mg/kg Children with UM (n = 13) 10.0 Salman et al., 2011

3 mg/kg  
 sublingual spray

Children with UM and SM  
(n = 91)

1 10.4 Salman et al., 2015

80 mg Pregnant women with UM  
(n = 21)

167 1.4 0.1 0.6 Tarning et al., 2012

2 mg/kg Children with UM Djimde et al., 2011

Crushed (n = 93) 224

Dispersable (n = 91) 228

2 mg/kg Children with UM (n = 23) 419 1.9 1.3 Mwesigwa et al., 2010

ng/ml was converted to nmol/l by multiplying by 1000/284.
aBioassay; b AUC0–24h; 

cAUC0–12h; 
dAUC0–8h; 

eAUC0–3h.
Abbreviations: AUC: area under the concentration-time curve; MSM: moderately severe malaria; SM: severe malaria; UM: uncomplicated malaria.
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have doubtful clinical significance because, in a study of chil-
dren from Papua New Guinea, alpha-thalassemia genotype 
did not influence the disposition or antimalarial effect of 
rectal artesunate (Karunajeewa et al., 2004). 

5d.  Drug interactions

A number of studies have investigated interactions between 
the artemisinins and other antimalarial drugs, predomi-
nantly in healthy volunteers. No interactions were observed 
between artesunate and the partner drugs, mefloquine (Davis 
et al., 2007), chlorproguanil–dapsone (Miller et al., 2009), 
pyronaridine (Tan et al., 2009), sulfadoxine–pyrimethamine 
(Minzi et al., 2007), and atovaquone–proguanil (van Vugt et 
al., 1999); or between artemisinin and mefloquine (Svensson 
et al., 2002), or artemether and lumefantrine (Lefevre et al., 
2000). In a small study of 12 healthy volunteers from Africa, 
drug exposure was observed to be halved when artesunate 
was co-administered with amodiaquine compared with arte-
sunate as a monotherapy (Orrell et al., 2008). 

6. ADVERSE REACTIONS AND TOXICITY

In both human and animal studies the artemisinin drugs 
have demonstrated an excellent toxicity profile. In clinical 
trials, these drugs are much less toxic than the quinolines, 
the most commonly reported adverse effects being nausea, 
vomiting, and diarrhea, all of which are also characteristic 
of acute malaria infection itself (Barradell and Fitton, 1995; 
Price et al., 1999; Ribeiro and Olliaro, 1998; Taylor and 
White, 2004). No difference in the incidence of adverse reac-
tions has been noted between derivatives. 

6a.  Neurotoxicity

High doses of the liposoluble artemisinin derivatives (arte-
mether and arteether) have been associated with neurologic 
toxicity in animal studies involving rodents, dogs, and mon-
keys (Brewer et al., 1994a, 1994b; Kamchonwongpaisan et 
al., 1997; Nontprasert et al., 2002, 2000; Petras et al., 1997). 
These effects occurred only at high doses and after prolonged 
exposure (> 15 mg/kg for more than 15 days), with paren-
teral administration leading to far more toxicity than oral 
therapy. Neurotoxicity appears to be related to the pharma-
cokinetic properties of the drugs because it is more likely 
after sustained central nervous system exposure from slowly 
absorbed or eliminated derivatives compared with inter-
mittent brief exposure. The pattern of neuronal damage is 
unusual, showing selectivity for the brainstem, in particular 
the reticular formation, the vestibular system nuclei, and the 
trapezoid nucleus (a component of the auditory system). The 
associated clinical manifestations in animals include gait dis-
turbance; loss of spinal, brainstem, and pain responses; car-
diorespiratory depression; and eventually death. 

The clinical relevance of such neurotoxicity in humans is 
unclear. Detailed neurologic examinations were conducted 
in 1971 patients older than 5 years at baseline and on days 2, 

7, and 28 after treatment with an artemisinin derivatives 
(Price et al., 1999). Six of the 733 patients (0.8%) without 
neurologic deficit on admission developed symptoms and 
signs on day 2, but all resolved within a week. There have also 
been several reports of neurologic abnormalities observed 
after artesunate treatment of malaria, some of which have 
been attributed to artemisinin neurotoxicity (Elias et al., 
1999; Franco-Paredes et al., 2005; Miller and Panosian, 1997). 
In one case a patient developed acute cerebellar dysfunction 
including slurred speech, ataxia, and dysdiadochokinesis 
(Miller and Panosian, 1997). However, this occurred after 
a  single dose of the water-soluble compound artesunate, a 
derivative that has produced neurotoxicity only in rats after 
extremely high and prolonged exposure. It should be noted 
that cerebellar dysfunction, although rare, is a well-recognized 
complication of malaria itself (George et al., 2006; Senanayake 
and de Silva, 1994). Hence an alternative explanation for the 
published clinical reports is the post-malaria neurologic syn-
drome (White, 2000), or the co-administration of other drugs 
known to be associated with neurotoxicity (Newton et al., 
2005; White et al., 2006).

A study involving mine workers raised the possibility of 
hearing loss after treatment with artemether–lumefantrine 
(Toovey and Jamieson, 2004). However, the contribution of 
the malaria infection as well as a noisy work environment 
complicated assessment of the data. Although the authors 
have called for the re-examination of the safety of artemis-
inins (Toovey, 2006), it remains possible that the clinical 
abnormalities observed have an alternate explanation. Other 
studies that have included detailed clinical assessment and 
audiometry and auditory evoked responses (Kissinger et al., 
2000; Van Vugt et al., 2000) have been reassuring and have 
failed to demonstrate any evidence of significant toxicity. In 
a separate case-control study there was no difference between 
exposed individuals and controls (Van Vugt et al., 2000), and 
in another study no hearing loss was reported in patients 
who had received multiple doses of artemisinin compounds 
(Kissinger et al., 2000). Audiometric studies in healthy vol-
unteers and patients administered artemether–lumefantrine 
have failed to reveal any neurophysiologic evidence of brain-
stem toxicity (Hutagalung et al., 2006; McCall et al., 2006). 
Histopathologic examination of human brain autopsy has 
also failed to reveal any evidence of neurotoxicity in patients 
dying from severe malaria who had been treated with arte-
mether or artesunate (Davis et al., 1997; Hien et al., 2003).

In summary, despite extensive clinical use over the last 20 
years, with several million patients treated with artemisinin 
drugs, more than 10,000 enrolled in clinical trials, and at 
least 300 patients having formal neurophysiologic evaluation 
findings, no confirmed or reliable documentation of neuro-
toxicity has been demonstrated (Phillips-Howard and ter 
Kuile, 1995; Price et al., 1999; Van Vugt et al., 2000). However, 
because neuropathologic lesions have been observed in ani-
mals without overt evidence of behavioral or neurologic 
signs (Nontprasert et al., 1998), the presence of subclinical 
neurotoxicity remains possible, particularly in those repeat-
edly exposed to lipophilic agents. Ongoing clinical and neu- 
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ropathologic surveillance, especially to understand the impact 
of repeated exposure, is therefore warranted (Ramos-Martin 
et al., 2014). 

6b.  Cardiotoxicity

Electrocardiographic changes after administration of arte-
misinins are clinically insignificant and confined to minor 
QT prolongation (1.2%), sinus bradycardia (1.1%), and a few 
cases of transient first-degree heart block, atrial extrasystoles, 
and nonspecific T-wave changes (Li et al., 1982a; Price et al., 
1999; Ribeiro and Olliaro, 1998). 

6c.  Hematologic toxicity

An early review of the use of artemisinin in 4062 patients, 
documented mild hematologic abnormalities including mild 
neutropenia (1.3%) and eosinophilia (1%) (Ribeiro and 
Olliaro, 1998). Reports of transitory depression of reticulo-
cytes during recovery from malaria have also been described 
(Cao et al., 1997; Tran et al., 1996). More recently, hemolysis 
after intravenous artesunate treatment of severe malaria has 
been described in returning travelers in Europe (Zoller et al., 
2011). Two different patterns of hemolysis were observed in 
6 of 25 patients treated: 3 patients showed delayed hemolysis 
2–3 weeks after treatment, and 3 other patients had per-
sistent hemolysis for up to 4 weeks. Similar findings have 
been reported in case reports and retrospective analyses in 
other travelers (Eder et al., 2012; Kreeftmeijer-Vegter et al., 
2012; Paczkowski et al., 2014; Raffray et al., 2014; Rolling et 
al., 2013). Subsequent prospective studies in children in 
Ghana and Gabon found that 7% (2/72) of children showed 
signs of delayed hemolysis (Rolling et al., 2014). A similar 
rate (11%) was observed in a study in the Democratic 
Republic of Congo (Burri et al., 2014). Delayed hemolysis 
after oral artemisinin combination therapy has been reported 
from a returned HIV- positive traveler who received oral 
ACT despite signs and symptoms of severe malaria (Cor-
polongo et al., 2012). A pooled analyses of trials in Mali 
including almost 6000 patients with uncomplicated malaria 
found no association between ACT use and a delayed drop in 
hemoglobin (Sagara et al., 2014). The underlying pathophys-
iology remains unclear but may involve pitting of erythro-
cytes, and increased splenic clearance or an autoimmune 
etiology (Rolling et al., 2015). Although delayed hemolysis 
may occur in a subset of patients, parenteral artesunate has 
clear benefits in reducing the early mortality in patients with 
severe malaria and remains the treatment of choice (Rehman 
et al., 2014).

6d.  Fetal toxicity

There have been few clinical reports of the use of artemisinin 
derivatives during pregnancy in animal studies. Artemether 
induces embryotoxicity and fetal resorption at relatively low 
doses (28–223 mg/kg/day) (Chemical studies on qinghaosu 
[artemisinine], 1982; Chen et al., 1984; Clark et al., 2004; 

Longo et al., 2006), but no teratogenicity. Similar effects were 
observed in rabbits given 30 mg/kg, but not at the slightly 
lower dose of 25 mg/kg, suggesting that this particular com-
pound has a steep dose–response curve for embryotoxicity 
in this species.

Data on fetal or maternal toxicity in humans is limited, 
but accruing, with available data suggesting that the artemis-
inins are safe. In the Chinese literature, no adverse outcomes 
were reported in 23 women who had been exposed to arte-
mether or artemisinin at 17–38 weeks of gestation (Wang, 
1989). A meta-analyses of six prospective studies (Bounya-
song, 2001; Kalilani et al., 2007; McGready et al., 2005, 2000; 
Mutabingwa et al., 2009; Sowunmi et al., 1998) including 
women in their second or third trimester showed no nega-
tive effects of artemisinin on pregnancy outcomes (Burger et 
al., 2016a). No randomized controlled trials of first-trimester 
artemisinin treatment have been conducted. However, there 
is also mounting evidence of safety on early pregnancy from 
retrospective studies and observational cohorts in patients 
who inadvertently received ACTs during the first trimester 
(Adam et al., 2009, 2004; Deen et al., 2001; Dellicour et al., 
2013, 2015; Manyando et al., 2010; Manyando et al., 2015; 
Moore et al., 2016; Mosha et al., 2014b; Poespoprodjo et al., 
2014; Rulisa et al., 2012; Willcox et al., 2011). Prospective 
cohort studies are ongoing (Tinto et al., 2015).

Published data on the use of artemisinins derivatives in 
breastfeeding women are lacking.

In view of the need for effective therapy, the increased 
risk of morbidity and mortality of malaria in pregnancy, and 
the lack of substantial evidence of toxicity, WHO malaria 
treatment guidelines advocate the use of ACT for pregnant 
women in the second and third trimesters (WHO, 2015a), 
and upcoming guidelines are expected to extend these rec-
ommendations to include women in the first trimester.

6e.  Urticaria

There have been several reports of acute urticaria and ana-
phylaxis after oral administration of artesunate alone (Dube 
et al., 2012; Leonardi et al., 2001; Mohapatra et al., 2009) or 
in combination (Price et al., 1999). The risk of such allergic 
reaction has been estimated at approximately 1 in 2500.

7. CLINICAL USES OF THE DRUG

7a.  Uncomplicated malaria

Monotherapy with artemisinin derivatives is no longer rec-
ommended (Table 169.5).

The use of ACT is advocated both to combat the emer-
gence of antimalarial drug resistance (WHO, 2006) and to 
improve cure rates. Combination regimens with an artemisi-
nin derivative offer several benefits. In vivo, the rapid reduc-
tion of an infecting biomass allows the longer-acting but 
less potent partner drug to kill the remaining parasites 
and thus achieve high cure rates. Furthermore, the number 
of parasites exposed to the second drug alone is reduced 
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significantly, thus decreasing the probability of a resistant 
mutant emerging during treatment (White, 1999; White and 
Pong tavornpinyo, 2003). In addition, parasites will never be 
exposed to the artemisinin compound alone. Although this 
theory has not been proven formally in humans, experiments 
in animals are supportive (Peters and Robinson, 2000).

Combination regimens that include an artemisinin deriv-
ative have the additional benefit of dramatically reducing the 
production of gametocytes, the sexual stages of the parasite, 
and thus malaria transmission (Price et al., 1996). Because 
recrudescent infections are associated with an increase in 
gametocyte carriage, this may help to slow the emergence 
of resistance. Although evidence to support this hypothesis 
is difficult to gather, a study from the western border of Thai-
land where malaria transmission is unstable found a decline, 
and possibly a reversal, of the progression of mefloquine 
resistance, after introduction of an artesunate–mefloquine 
combination (Nosten et al., 2000).

Initially, most studies of combination therapy focused on 
the addition of mefloquine to artesunate in areas of high 
multidrug-resistant falciparum malaria (McIntosh and Olliaro, 
2000b). When combined with mefloquine, artesunate pre-
vents dangerous high-grade treatment failures that would 
otherwise occur in patients with highly mefloquine-resistant 
parasites (Looareesuwan et al., 1992). Although this benefit 
is apparent with 1-day courses of artesunate therapy, more 
than 2 days are needed to improve the overall cure rates 
(Nosten et al., 1994). Mefloquine and artesunate have been 
co-formulated to improve patient adherence, ensuring opti-
mal efficacy (Ashley et al., 2006) (Chapter 178, Mefloquine).

In the early 2000s several large comparative studies inves-
tigated combinations of artesunate with established anti-
malarials such as sulfadoxine–pyrimethamine, chloroquine, 
and amodiaquine. These ACTs are well tolerated with faster 
clinical response and lower gametocyte carriage compared 
with monotherapy with sulfadoxine–pyrimethamine (Adam 
et al., 2005; Bukirwa and Critchley, 2006; Doherty et al., 
1999; Rulisa et al., 2007; Tall et al., 2007; von Seidlein et al., 

2000), amodiaquine (Barennes et al., 2004; Dorsey et al., 2007; 
Sowunmi et al., 2005; Tall et al., 2007; Yeka et al., 2005), or 
chloroquine (Drakeley et al., 2004; Sirima et al., 2003). How-
ever, the risk of failure of all of these combinations is depen-
dent on the efficacy of the long-acting partner antimalarial 
component. As the background resistance to the conven-
tional antimalarial agent rises, the efficacy of the correspond-
ing combination regimen falls (Adjuik et al., 2004; Kofoed et 
al., 2003; Nguyen et al., 2003; Sirima et al., 2003; Sutherland 
et al., 2003; Swarthout et al., 2006). 

Several additional partner drugs including lumefantrine 
(Chapter 171, Artemether–Lumefantrine) and piperaquine 
(Chapter 172, Dihydroartemisinin–Piperaquine) have become 
important in ACT regimens (WHO, 2006, 2015a). More 
recently, the combination of ferroquine, a new four-amino-
quinolone analog, with artesunate has been assessed in chil-
dren and young adults in a phase II study undertaken in four 
African countries (Held et al., 2015). The polymerase chain 
reaction (PCR)–adjusted efficacy of the combination at day 
28 was greater than 97%. More data are required, particularly 
in adults, to gauge the potential for wider-scale use. With 
increasing resistance to other partner drugs, ferroquine 
may become an important treatment option because it has 
never been deployed as monotherapy (Wells and Hooft van 
Huijsduijnen, 2015).

Artemisinin–antibiotic combinations have also been 
assessed. The artemisinin derivatives and tetracycline are 
synergistic in vitro (Chawira and Warhurst, 1987) and in vivo 
(Chawira et al., 1987). A 7-day course of artesunate com-
bined with tetracycline was effective against P. falciparum in 
Brazilian patients (Duarte et al., 1996), but shorter courses are 
associated with unacceptably high failure rates (Looareesuwan 
et al., 1994). The antibiotic clindamycin is effective against 
multidrug-resistant P. falciparum, and in combination with 
artesunate showed good early therapeutic response, although 
13% of patients had treatment failure by day 28 (Ramharter 
et al., 2005). As with tetracycline, it should to be given for 
7  days, but unlike tetracycline it can be prescribed to 

Table 169.5. Artemisinin combination treatments currently recommended by WHO.

Preparation Standard Regimen

Artemether + lumefantrine Fixed-dose combination (20 mg artemether and 
120 mg lumefantrine)

Twice daily for six doses

Artesunate + amodiaquine Available loose and as a fixed-dose preparation 
(25 mg artesunate and 67.5 mg amodiaquine).

Once daily for 3 days

Artesunate + mefloquine Available loose or as a fixed-dose preparation: 
Adults 100 mg mefloquine and 220 mg artesunate; 
Children 55 mg mefloquine and 25 mg artesunate 

Once daily doses of artesunate 
over 3 days, with a split dose 
mefloquine given over 2–3 days 

Artesunate + sulfadoxine–pyrimethamine Available loose. No fixed-dose combination. Once daily artesunate for 3 days 
and a single dose of 
sulfadoxine-pyrimethamine

Dihydroartemisinin + piperaquine Fixed-dose combination (40 mg dihydroartemisinin 
and 320 mg piperaquine).

Once daily for 3 days

*For full recommended doses see http://apps.who.int/iris/bitstream/10665/162441/1/9789241549127_eng.pdf?ua=1&ua=1 

http://apps.who.int/iris/bitstream/10665/162441/1/9789241549127_eng.pdf?ua=1&ua=1
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children and pregnant women. The combination of artesu-
nate plus azithromycin (at 1000 mg daily) for 3 days resulted 
in rapid clinical response, although failure rates were 10% at 
28 days (Noedl et al., 2006). Higher doses of up to 1500 mg 
daily resulted in adequate cure rates in a study in Bangladesh 
(Thriemer et al., 2010) compared with lower doses in a study 
in Tanzania (Sykes et al., 2009).

7b.  Severe malaria

Most of the published work on the artemisinin derivatives in 
severe malaria has focused on the use of intramuscular arte-
mether (McIntosh and Olliaro, 2000a). The drug is well tol-
erated in both adults and children and results in a median 
parasite clearance time of 20 hours (95% confidence interval 
[CI]: 16–24), significantly faster than intravenous quinine 
(Murphy et al., 1996; Seaton et al., 1998; Taylor et al., 1993; 
Tran et al., 1996; van Hensbroek et al., 1996). In a meta- 
analysis combining 11 of the largest comparative trials of 
artemether and quinine, the mortality rate was 14% for arte-
mether compared with 17% in the quinine group (odds ratio 
[OR], 0.80 [95% CI: 0.62–1.02]; p = 0.08) (Artemether-
Quinine Meta-analysis Study Group, 2001). The combined 
end point of death or neurologic sequelae was less common 
in the artemether group (OR, 0.77 [95% CI: 0.62–0.96]; p = 
0.02). Two of the largest studies in this series found signifi-
cantly longer coma recovery times in patients treated with 
artemether (Tran et al., 1996; van Hensbroek et al., 1996). 
Although this may be indicative of neurotoxicity, it could 
equally be attributable to improved survival in a subgroup 
of patients who might otherwise have died. In one of these 
studies, an increased incidence of convulsions was observed 
among patients in the artemether group (van Hensbroek et 
al., 1996), but there have been no other similar reports.

Because the absorption of intramuscular artemether (an 
oil-based formulation) can be suboptimal in the most seri-
ously ill patients (i.e. in those with complicated malaria and 
circulatory collapse) (Hien et al., 2004), intravenous artesu-
nate may prove the preferred initial antimalarial therapy in 
this situation. The SEAQUAMAT trial, a multicenter ran-
domized trial conducted in Bangladesh, Myanmar, Indonesia, 
and India, reported a 35% reduction in mortality in subjects 
treated with intravenous artesunate compared with those 
receiving intravenous quinine (Dondorp et al., 2005). This is 
the largest trial ever performed in severe malaria and the first 
to demonstrate a conclusive mortality reduction over stan-
dard quinine therapy. Those findings were confirmed in a 
similar trial conducted among 5425 children in 11 sites in 
Africa (Dondorp et al., 2010). Parenteral artesunate (Chapter 
170, Artesunate) is therefore the treatment of choice for 
children and adults with severe malaria. In areas where 
artesunate is unavailable, intramuscular artemether is rec-
ommended. Where parenteral therapy cannot be initiated 
immediately, administration of rectal artesunate as a pre- 
referral treatment reduces the risk of death by 25% in chil-
dren younger than 6 years (Rolling et al., 2014).

Pregnant women are at greater risk of severe malaria, with 
an associated mortality in late pregnancy approaching 50%. 
Evidence is accruing from clinical trials demonstrating the 
safety and efficacy of artesunate in the second and third 
 trimesters of pregnancy (Burger et al., 2016a). In severe 
malaria, artesunate has been shown to reduce mortality by 
35% compared with quinine (Dondorp and Day, 2007). 
Unlike quinine, artesunate does not cause severe recurrent 
hyperinsulinemic hypoglycemia. Current WHO guidelines 
therefore advocate the use of parenteral artesunate for the 
treatment of severe malaria as the choice of treatment in all 
trimesters (WHO, 2015a).
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1. DESCRIPTION

Artesunate is a water-soluble semisynthetic derivative of 
artemisinin, a phytoconstituent of the Chinese plant Qinghao 
(Artemisia annua L.), with in vitro antimalarial activity 
10–20 times that of its parent compound. It is a succinyl acid 
ester of artemisinin, which has a sesquiterpene lactone struc-
ture with an internal peroxide dioxygen bridge (Figure 170.1) 
that enables bioactivity through endoperoxide accumulation 
in the parasite against all erythrocytic stages. It has a molec-
ular weight of 384.42082 g/mol.

Artesunate is available in oral, intravenous, intramuscular 
and rectal formulations. Similar to other artemisinin deriva-
tives, artesunate acts to rapidly reduce the malaria parasite 
burden and achieve symptom resolution. It is the only arte-
misinin that can be delivered intravenously, and as such is a 
key drug in the treatment of severe malaria. Artesunate has 
activity against all malaria species, as well as a spectrum of 
other parasites including trematodes, Leishmania, Trypano
soma, and Taeniidae. Artesunate also has in vitro activity 
against cytomegalovirus (CMV) and hepatitis B virus. 

The World Health Organization (WHO) recommends 
that oral artesunate be prescribed only in combination with a 
partner drug to avoid the development of resistance (WHO, 
2015a). A number of artesunate combinations have been 
developed, including fixed-dose combinations of artesunate 

with amodiaquine, mefloquine, or pyronaridine. Blister-
packed, scored tablets packaged in combination with sulfa-
doxine–pyrimethamine are also available. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

MALARIA PARASITES

The antimicrobial activity of artemisinin derivatives is 
described in Chapter 169, Artemisinins. Table 170.1 sum-
marizes evidence of artesunate’s antimicrobial activity. 
Artemisinin derivatives, including artesunate, have broad 
activity against plasmodial reproductive stages including 
liver schizonts, asexual erythrocytic stages, gametocytes, and 
some mosquito stages (Delves et al., 2012). Many studies 
have assessed the in vitro, experimental in vivo, or ex vivo 
activity of artesunate against Plasmodium falciparum and 
Plasmodium vivax (see Table 170.1); however, evidence 
of activity against Plasmodium ovale, Plasmodium malariae, 
and Plasmodium knowlesi derives predominantly from case 
reports and small clinical trials. 

OTHER PARASITES

Similar to other artemisinin derivatives (Chapter 169, 
Artemisinins), artesunate demonstrates in vitro and in vivo 
activity against schistosomiasis. Young developmental stages 
appear more susceptible than adult worms. In vivo animal 
studies have demonstrated significant reductions in Schisto
soma mansoni and S. japonicum worm burdens when treated 
with artesunate (Saeed et al., 2016). A number of small 
 randomized trials have assessed clinical efficacy against 
schistosomiasis, but the findings have been generally in - 
conclusive. One meta-analysis of these trials demonstrated 
that artesunate alone or in combination with sulfadoxine– 
pyrimethamine was less effective than praziquantel, but that 
the combination of artesunate plus praziquantel was more 
effective than either drug alone (Perez del Villar et al., 2012). 
However, a separate meta-analysis published in the same Figure 170.1. Chemical structure of artesunate.
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year found no benefit of combining praziquantel with either 
artesunate or artemether (Wikman-Jorgensen et al., 2012). 
Artesunate has been shown to have prophylactic efficacy 
against schistosomiasis compared with placebo (Liu et al., 
2011; Perez del Villar et al., 2012).

In vivo animal studies have demonstrated that artemether 
and artesunate have activity against Fasciola, Opisthorchis, 
and Clonorchis, although susceptibility was modest (Keiser et 
al., 2006a, 2006b; Xiao et al., 2008). In one study of fasciolia-
sis, patients treated with artesunate had faster resolution of 

Table 170.1. In vitro susceptibility to artesunate.

Microbe Activity (IC50, nM) Comments Reference

Malaria

Plasmodium falciparum 0.9–8.5 Ex vivo testing Brockman et al., 2000; Fall et al., 
2015; Gay et al., 1997; Lanteri et 
al., 2014; Marfurt et al., 2012; 
Osorio et al., 2007; Pascual et al., 
2012; Wongsrichanalai et al., 2001; 
Wongsrichanalai et al., 1997; 
Wongsrichanalai et al., 1999

Plasmodium vivax 1.3–21.0 Ex vivo testing Marfurt et al., 2012; Russell et al., 
2008

Plasmodium knowlesi Evidence of cure in monkeys; 
significant efficacy in clinical trials 

Grigg et al., 2016; Shi et al., 1999

Plasmodium ovale, 
Plasmodium malariae

Believed to have similar activity to 
other species

Other parasites

Schistosoma mansoni 24–99% worm reduction rate in mice, 
depending on dose

Saeed et al., 2016

Schistosoma japonicum 74–99% worm reduction rate in mice 
and rabbits

Saeed et al., 2016

Schistosoma haematobium Minimal experimental in vivo data 
but clinical trials suggest prophy-
lactic efficacy as monotherapy and 
treatment efficacy in combination 
with praziquantel

Perez del Villar et al., 2012; Saeed et 
al., 2016

Liver flukes (Fasciola, 
Opisthorchis, Clonorchis)

Significant reductions in worm 
burden in in vivo animal studies

Keiser and Utzinger, 2007; Keiser et 
al., 2010

Leishmania donovani 4600
2280 in combination with 

diminazene

In vitro and experimental in vivo 
activity was significantly less than 
with amphotericin B, even when 
combined with diminazene

Mutiso et al., 2011

Trypanosoma cruzi 6100–50,000 in epimastigotes
120–15,000 in amastigotes

Varied according to region
No effect in vivo in mice when 

combined with benznidazole

Olivera et al., 2015

Echinococcus species In vitro activity at 40,000 nM but no 
in vivo activity in mice studies and 
a nonsignificant effect when added 
to albendazole in vivo

Spicher et al., 2008

Viruses

CMV 3900–6,900 Efferth et al., 2002; Kaptein et al., 
2006

HSV-1 83% inhibition at 15,000 nM in 
infected fibroblasts

Efferth et al., 2002

HHV-6A 3800 Efferth et al., 2008

EBV 7210 Efferth et al., 2008

HBV 500 nM inhibited HBV DNA release, 
20 μM reduced host cell viability

Romero et al., 2005

Abbreviations: CMV: cytomegalovirus; EBV: Epstein-Barr virus; HBV: hepatitis B virus; HHV: human herpesvirus; HSV: herpes simplex virus.
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symptoms compared with those treated with triclabenda-
zole; however, the response rate at 3 months was lower (76% 
vs. 92% respectively) (Hien et al., 2008). 

ANTIVIRAL PROPERTIES

Artesunate has in vitro activity against both CMV and herpes 
simplex virus type 1 (see Table 170.1). A single report of a 
boy with foscarnet- and ganciclovir-resistant CMV treated 
with 100 mg of oral artesunate for 7 days demonstrated a 
100-fold reduction in viral load, suggesting highly effective 
blockade of viral replication (Shapira et al., 2008). More 
recent data documented a response to artesunate in three 
of five transplant recipients with CMV disease (Germi et al., 
2014). There is also a case report of artesunate used success-
fully for the treatment of herpes simplex virus type II (Sellar 
et al., 2012). Although in vitro activity of artesunate against 
hepatitis B virus has also been demonstrated (Romero et al., 
2005), this has not been replicated in vivo. Synthetic artemis-
inins (especially AD1 and AD4) showed higher in vitro effi-
cacy than artesunate (Blazquez et al., 2013).

2b.  Emerging resistance and 
cross-resistance

The rationale for artemisinin-based combination therapy 
(ACT) is to combine the extremely potent anti-parasitic 
activity of an artemisinin derivative with a longer-acting but 
less potent partner drug to allow elimination of the residual 
parasite biomass. The rapid reduction in parasite biomass 
decreases the selection of resistant mutants arising through 
spontaneous mutation (White, 1999), decreasing the forma-
tion of gametocytes, the sexual stages of the parasite (Price 
et al., 1996), and reducing onward transmission potential 
to the mosquito host (Targett et al., 2001). The advantages 
of combination therapy led WHO to recommend that oral 
artesunate treatment be prescribed only in combination 
(WHO, 2015a). However, as described in Chapter 169, 
Artemisinins, resistance to artemisinins has now emerged 
and was first identified at the Cambodia–Thailand border 
(Dondorp et al., 2009; Noedl et al., 2008; WHO, 2007, 2011). 
The efficacy of ACT is now severely compromised in several 
locations in the Greater Mekong region (Amaratunga et al., 
2016; Carrara et al., 2013, 2009; Denis et al., 2006; Leang et 
al., 2013a, 2013b). 

3. MECHANISM OF DRUG ACTION

The exact mechanism of artesunate activity remains to be 
elucidated. Similar to other artemisinin derivatives, its bio-
activity is dependent on the endoperoxide dioxygen bridge 
(Cumming et al., 1997). As described in Chapter 169, 
Artemisinins, accumulated endoperoxides in parasite com-
partments including the cytosol, digestive vacuole, and mem-
branes react with heme (Pandey et al., 1999; Robert et al., 
2005) to form hydroperoxide (Haynes and Vonwiller, 1994). 
The resultant hydroperoxide–metal complex is a powerful 

oxidizing agent that results in the release of carbon-centered 
free radicals (Butler et al., 1998; Posner et al., 1994) and other 
reactive metabolites (Butler et al., 1998; Posner et al., 1995), 
which bind with hemin (Hong et al., 1994), parasite pro- 
teins (Asawamahasakda et al., 1994; Cumming et al., 1997; 
Meshnick, 2002), red cell membranes (Yang et al., 1994), and 
albumin (Yang et al., 1993), which are proposed to damage 
the parasite organelles (Meshnick, 2002).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

UNCOMPLICATED MALARIA

Artesunate–amodiaquine is administered as a fixed-dose 
combination with tablets containing 25 mg of artesunate plus 
67.5 mg of amodiaquine, or 50 mg plus 135 mg, or 100 mg 
plus 270 mg to achieve a target dose of 4 mg of artesunate 
per kilogram per day and 10 mg of amodiaquine per kilo-
gram per day, once daily over 3 days (see Chapter 176, 
Amodiaquine). Artesunate–mefloquine is also available as a 
fixed-dose pediatric combination of 25 mg of artesunate plus 
55 mg of mefloquine (50-mg base) and for adults as 100 mg 
of artesunate plus 220 mg of mefloquine (200-mg base). The 
target dose is 4 mg of artesunate per kilogram and 8.3 mg 
of mefloquine per kilogram, given once daily over 3 days 
(see Chapter 178, Mefloquine). Artesunate plus sulfadoxine– 
pyrimethamine is available as a loose-dose combination of 
50-mg artesunate tablets plus a combination of 500 mg of 
sulfadoxine plus 25 mg of pyrimethamine. The target dose 
is 4 mg of artesunate per kilogram per day once per day over 
3 days, and a single dose of 25 mg of sulfadoxine per kilo-
gram and 1.12 mg of pyrimethamine per kilogram (see 
Chapter 91, Sulfonamides and Chapter 93, Pyrimethamine). 
A fixed-dose combination of artesunate–pyronaridine formu-
lated as tablets and granules for oral suspension remains in 
the pre-registration phase (see Chapter 173, Pyronaridine– 
Artesunate).

SEVERE MALARIA 

In patients with evidence of severe malaria (WHO, 2015a) 
or who are unable to tolerate oral medication, parenteral 
artesunate is recommended. In adults, artesunate should be 
given by slow intravenous injection at a dose of 2.4 mg/kg at 
0, 12, and 24 hours with further daily doses until oral therapy 
is required. Injectable artesunate is water soluble and dis-
pensed as a powder of 60 mg or 30 mg of artesunic acid to 
be constituted with 5% sodium bicarbonate before dilution 
to 5 ml with 5% dextrose. 

If parenteral artesunate is not available for severe malaria, 
or in situations where oral administration is inappropriate, 
another parenteral antimalarial should be given such as 
intramuscular artesunate or artemether—or if that is not 
available, intramuscular quinine. Rectal artesunate is also 
available for patients with severe malaria or those unable to 
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tolerate oral medication, although WHO recommends its 
use only in children weighing less than 20 kg (WHO, 2015a). 
This follows evidence from a placebo-controlled trial com- 
paring pre-referral treatment with rectal artesunate versus 
placebo for suspected severe malaria in 17,826 patients, 
which found a 2.2-fold increase in deaths in older children 
and adults given rectal artesunate compared with placebo 
(Gomes et al., 2009).

4b.  Newborn infants and children

Children with severe malaria weighing less than 20 kg, 
including infants, should receive a higher parenteral dose 
of artesunate (3 mg/kg/dose) than larger children and adults, 
to ensure equivalent drug exposure because of an apparent 
larger volume of distribution (Hendriksen et al., 2013; 
Zaloumis et al., 2014). Treatment should be given at 0, 12, 
and 24 hours with further daily doses until oral therapy is 
required.

If parenteral artesunate is not available for severe malaria, 
or in situations where oral administration is inappropriate, 
rectal artesunate can be given pre-transfer in children weigh-
ing less than 20 kg; however, it should be followed by prompt 
definitive intravenous treatment or a full course of an 
approved oral ACT as dictated by the clinical state of the 
patient (Karunajeewa et al., 2007; WHO, 2015a). Because of 
its rapid absorption and higher plasma concentrations at rec-
ommended doses, and its availability in a rectal preparation, 
artesunate is preferred to the other artemisinin derivatives 
(Karunajeewa et al., 2007). Hospital-based studies suggest 
that rectal artesunate is reliably absorbed in children with 
moderately severe malaria (Krishna et al., 2001). Further-
more, randomized trials comparing rectal artesunate versus 
parenteral quinine (Barnes et al., 2004) and intramuscular 
artemether (Karunajeewa et al., 2006) demonstrated a faster 
reduction in parasitemia with rectal artesunate. Hence, in 
children weighing less than 20 kg in remote locations where 
parenteral artesunate is unavailable, artesunate supposito-
ries can be administered as a single dose at 10 mg/kg as pre- 
referral treatment (WHO, 2015a). The rectal formulation is 
not recommended for older children (Okebe and Eisenhut, 
2014).

Despite the apparent increased volume of distribution 
and lower drug concentrations in young children and infants 
treated with artesunate, the dosage of oral artesunate is rec-
ommended to be 4 mg/kg/day in concordance with adult 
dosages.

4c.  Pregnant and lactating mothers

As discussed in Chapter 169, Artemisinins, there is growing 
evidence for the safety of ACT in all trimesters of pregnancy. 
A multicenter, randomized controlled trial involving 3428 
women in their second or third trimester of pregnancy com-
pared four different combinations of ACT including amodi-
aquine–artesunate and mefloquine–artesunate. Polymerase 
chain reaction (PCR)–adjusted cure rates in the per-protocol 

analysis were 98.5% and 96.8%—comparable to dihydroar-
temisinin–piperaquine but significantly higher than in the 
artemether–lumefantrine group. There was no significant dif- 
ference in the rate of serious adverse events or birth outcomes; 
however, drug-related side effects such as poor appetite, 
asthenia, dizziness, nausea, and vomiting were significantly 
more frequent in the artesunate arms (50.6% with meflo-
quine–artesunate and 48.5% with amodiaquine–artesunate). 
WHO guidelines recommend the use of ACT as first-line 
therapy during the second and third trimesters of pregnancy 
(WHO, 2015a), with the next guidelines anticipated to extend 
the recommendation to include women in the first trimester 
(Moore et al., 2016; WHO, 2015b). 

A recent systematic review assessed the treatment of 
severe malaria in pregnant women and concluded that 
although data on the use of intravenous artesunate for severe 
malaria in pregnancy are limited, there is no association with 
miscarriage, stillbirth, or congenital anomalies with its use 
in the first trimester of pregnancy; and in two studies com-
paring it with intravenous quinine, it was more efficacious 
and safer (Kovacs et al., 2015). The WHO 2015 malaria 
treatment guidelines recommend the use of intravenous 
artesunate for severe malaria in pregnant women in all tri-
mesters (WHO, 2015a).

4d.  Those requiring altered dosages

There are no data on the use of artesunate in the setting of 
hepatic failure or renal failure. However, given that renal 
excretion does not play a significant role in artesunate or 
dihydroartemisinin clearance, renal impairment is unlikely 
to cause differences in serum drug concentrations. 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Absorption of artesunate is rapid after all forms of adminis-
tration. Maximum concentrations occur within the first 15 
minutes after intramuscular or intravenous administration, 
and within the first hour after oral and rectal administration 
(see Table 169.2). Artesunate is rapidly metabolized to the 
active metabolite dihydroartemisinin, with maximum con-
centrations of dihydroartemisinin occurring at 5–10 minutes 
after an intravenous injection of artesunate, at 30–45 minutes 
after intramuscular artesunate, and at 1–2 hours after oral 
and rectal artesunate (see Table 169.2). There is significant 
inter-individual variability in absorption when artesunate 
is given by nonintravenous routes. With the emergence of 
resistance to artesunate, this may be of clinical importance; 
however, Dondorp et al. (2009) did not observe any clinically 
relevant differences in the pharmacokinetics of artesunate 
and dihydroartemisinin after oral administration in patients 
residing in western Cambodia and northwestern Thailand, 
where parasite clearance times (pharmacodynamics measure) 
were significantly longer at the Cambodian site. 
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The absolute bioavailability of oral artesunate, assessed 
by dihydroartemisinin concentrations, ranges from approx-
imately 60% (Batty et al., 1998; Newton et al., 2000) to 82% 
(Batty et al., 1998). When artesunate is administered by the 
intramuscular route, the bioavailability as determined through 
measurement of its active metabolite dihydroartemisinin is 
86–88% (Ilett et al., 2002a; Nealon et al., 2002). After rectal 
administration of artesunate, bioavailability of dihydroar-
temisinin is much lower and more variable, with reported 
estimates varying from 23–58% for patients administered 
20- and 10-mg/kg doses (Krishna et al., 2001) down to only 
16% (Ilett et al., 2002a). 

Studies investigating the influence of the malaria infection 
on the pharmacokinetics have found that the bioavailability 
of the metabolite dihydroartemisinin (after oral administra-
tion) is increased twofold in patients with malaria compared 
with healthy volunteers (Binh et al., 2001). 

With regard to drug formulation, the bioavailability of 
artesunate concentrations was increased 1.79-fold for the 
loose tablet form versus a fixed formulation of artesunate–
amodiaquine in adults (no differences were observed for 
dihydroartemisinin) (Ogutu et al., 2014), whereas in chil-
dren the pharmacokinetics were similar for the fixed and 
loose-tablet forms of this ACT (Stepniewska et al., 2009). 

The conversion of artesunate to its major active metabo-
lite dihydroartemisinin (Lee and Hufford, 1990) occurs almost 
immediately, such that artesunate is often regarded as a pro-
drug. The elimination half-lives of artesunate and dihydro-
artemisinin after all routes of administration of artesunate 
are usually less than 1 hour for most studies (Morris et al., 
2011) (see Tables 169.2 and 169.4).

Equilibrium dialysis assessment of plasma protein bind-
ing has estimated artesunate to be 62–75% protein bound 
(Li et al., 2006) and dihydroartemisinin to be 66–82% 
 protein bound according to concentration (Xie et al., 2009). 
In comparison, dihydroartemisinin protein binding in 
malaria- infected patients was found through use of ultra-
filtration to be 93% (Batty et al., 2004). However, because 
they are drugs with a high extraction ratio, this is not 
thought to be clinically relevant (Batty et al., 2002; Morris 
et al., 2011).

5b.  Drug distribution, metabolism, and 
excretion

Intravenous artesunate has high initial concentrations that 
decline within minutes as it is metabolized to dihydroarte-
misinin (see Table 169.2) (Morris et al., 2011). Intramuscular 
administration leads to lower concentrations and a longer 
half-life compared with intravenous delivery, whereas oral 
delivery has an even more delayed time to Cmax (up to 60 
minutes) and a longer half-life (0.5–1.5 h). Rectal delivery 
has relatively similar pharmacokinetics to oral delivery (see 
Table 169.2). 

In vitro data show that CYP2AC is the major metabolizing 
enzyme for artesunate (Li et al., 2003). After rapid conver- 

sion to dihydroartemisinin, dihydroartemisinin is then con-
verted to inactive metabolites via glucuronidation, catalyzed 
mostly by UGT1A9 and UGT287 (Grace et al., 1999; Ilett et 
al., 2002b). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

STAGE OF INFECTION

A number of studies have investigated the association 
between stage of infection and artesunate and dihydroarte-
misinin pharmacokinetics, with increases in drug exposure 
of dihydroartemisinin (after oral administration) twofold 
during the acute phase of the infection compared with con-
valescence (Kloprogge et al., 2015; Newton et al., 2000; 
Stepniewska et al., 2009). 

PREGNANCY

Evidence regarding the impact of pregnancy on the pharma-
cokinetics of artesunate and the metabolite dihydroartemisi-
nin is conflicting. McGready et al. (2006a, 2006b) suggested 
that exposure to dihydroartemisinin (after oral artesunate) 
may be reduced up to twofold in pregnant women with 
malaria compared with nonpregnant malaria patients; of 
note, this was an indirect comparison with previously 
reported studies. Onyamboko et al. (2011) studied pregnant 
women (and the same women during the postpartum period) 
and nonpregnant controls, and observed a 32% reduction in 
drug exposure for dihydroartemisinin (after oral artesunate) 
for the pregnant women compared with the nonpregnant 
controls. Conversely, Valea et al. (2014) observed a 1.4-fold 
increase in artesunate exposure after oral administration for 
pregnant women compared with nonpregnant women. Two 
studies investigated drug exposure in women during the sec-
ond and third trimesters and the postpartum period after ad- 
ministration of oral and/or intravenous artesunate (Kloprogge 
et al., 2015; Onyamboko et al., 2011). After oral administra-
tion, Kloprogge et al. (2015) observed a reduction in oral bio- 
availability of 23% during the antenatal period, whereas no 
major differences were observed by Onyamboko et al. (2011). 

BODY WEIGHT

With regard to body weight (and thus age), reduced expo-
sure to dihydroartemisinin concentrations after intramuscu-
lar and intravenous administration of artesunate have been 
observed for children weighing 6–10 kg compared with older 
children and adults, and these results have led to an increased 
dosing recommendation from 2.4 to 3 mg/kg for young chil-
dren (Hendriksen et al., 2013; Zaloumis et al., 2014).

THALASSEMIA

The area under the curve (AUC) for artesunate and dihydro-
artemisinin in uninfected people with alpha-thalassemia is 
9-fold to 15-fold higher than that in healthy volunteers (Ittarat 
et al., 1998). Conversely, in in vitro studies, P. falciparum– 
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infected alpha-thalassemic erythrocytes have decreased sus-
ceptibility to artemisinin drugs, in part because of reduced 
drug binding to hemoglobin (Kamchonwongpaisan et al., 
1994; Vattanaviboon et al., 1998). However, the clinical sig-
nificance of these findings is unclear because in a study of 
children from Papua New Guinea, the alpha-thalassemia 
genotype did not influence the disposition or antimalarial 
effect of rectal artesunate (Karunajeewa et al., 2004).

5d.  Drug interactions

A number of studies have investigated interactions between 
oral artesunate and other antimalarials, predominantly in 
healthy volunteers. No interactions were observed between 
artesunate or dihydroartemisinin and the partner drugs, 
mefloquine (Davis et al., 2007), chlorproguanil–dapsone 
(Miller et al., 2009), pyronaridine (Tan et al., 2009), 
sulfadoxine– pyrimethamine (Minzi et al., 2007), and atova-
quone–proguanil (van Vugt et al., 1999), except for a twofold 
increase of dihydroartemisinin’s AUC when artemisinin was 
co-administered with artesunate (Zhang et al., 2001). One 
small study documented alterations in pharmacokinetics when 
artesunate was administered with amodiaquine, although 
this has not been replicated (Orrell et al., 2008). 

The relatively few studies of drug interactions between 
ACTs and antiretrovirals are described in other chapters 
(see Chapter 173, Pyronaridine-Artesunate and Chapter 
176, Amodiaquine). In summary, nevirapine increased arte-
sunate exposure and ritonavir decreased artesunate and 
dihydroartemisinin exposure, and there was minimal effect 
on the antiretroviral pharmacokinetics (Kiang et al., 2014; 
Rattanapunya et al., 2015). An increased rate of neutropenia 
and hepatitis has been described with the co-administration 
of efavirenz and amodiaquine–artesunate (Gasasira et al., 
2008; German et al., 2007). 

6. ADVERSE REACTIONS AND TOXICITY

Adverse reactions to artesunate are similar to those of other 
artemisinins. A summary of these is presented in Chapter 
169, Artemisinins. Intravenous artesunate is well tolerated in 
the majority of patients, with the most common side effects 
being nausea, vomiting, anorexia, and dizziness, although 
these may be related to acute malaria instead (Price et al., 
1999; Rosenthal, 2008). Neutropenia and abnormal liver 
function test results are less common (Ribeiro and Olliaro, 
1998; Twomey et al., 2015). Although other important 
adverse reactions are briefly summarized below, section 6c, 
Hematologic toxicity, includes additional detail following 
the recent identification of an association of an association 
between intravenous artesunate and delayed hemolysis.

6a.  Neurotoxicity

Initial concerns regarding the potential neurotoxicity of arte-
misinin derivatives (Karbwang et al., 1994) were amplified 

by case reports of neurotoxicity including acute cerebellar 
dysfunction (Franco-Paredes et al., 2005; Miller and Panosian, 
1997). However, whereas neurotoxicity can occur in animals 
given very high doses of artesunate (> 1400 mg/kg total), it 
is significantly less likely to occur than with the oil-soluble 
derivative artemether (Nontprasert et al., 1998). Furthermore, 
neurologic dysfunction including hearing loss can be asso-
ciated with malaria alone (Adjei et al., 2013; George et al., 
2006; Senanayake and de Silva, 1994; White, 2000), and sub-
sequent trials and significant therapeutic experience have 
demonstrated no increased risk of neurotoxicity (Adjei et al., 
2013; Carrara et al., 2008; Taylor and White, 2004; Van Vugt 
et al., 2000).

6b.  Cardiotoxicity

As described in Chapter 169, Artemisinins, there is no signif-
icant cardiotoxicity associated with the use of artesunate.

6c.  Hematologic toxicity

Recent reports have observed an association between 
delayed hemolysis and the use of intravenous artesunate in 
patients with severe malaria. Post-artesunate delayed 
hemolysis (PADH) is a non-recurring hemolysis that occurs 
2–3 weeks after treatment and resolves within 6 weeks 
(Arguin, 2014; Jaureguiberry et al., 2015). Zoller et al. (2011) 
described the presence of six cases of PADH in 25 returning 
travelers with severe malaria in Europe. Similar findings 
have been reported in case reports and retrospective analy-
ses in travelers (Eder et al., 2012; Kreeftmeijer-Vegter et al., 
2012; Paczkowski et al., 2014; Raffray et al., 2014; Rolling et 
al., 2013). 

Subsequent prospective studies in children in Ghana and 
Gabon found that 7% (5/72) of children showed signs of 
delayed hemolysis (Rolling et al., 2014). A rate of 11% was 
observed in a study in the Democratic Republic of Congo 
(Burri et al., 2014). The underlying pathophysiology remains 
unclear but has been hypothesized to involve pitting of pre-
viously infected erythrocytes, and reduced lifespan through 
splenic clearance, or an autoimmune etiology (Rolling et 
al., 2015). An association with hyperparasitemia has been 
observed in some series (Rolling et al., 2012, 2013; Zoller et 
al., 2011).

A recent prospective study of 123 imported cases of severe 
malaria in France found a rate of PADH of 27%, suggesting 
that PADH may be more common than reported in retro-
spective studies. However, 85% of the resulting anemia was 
mild, and only one patient required a blood transfusion 
(Jaureguiberry et al., 2015). Despite the risk of PADH, the 
risk–benefit ratio is clearly in favor of treatment with intrave-
nous artesunate for severe malaria compared with alternative 
options (Rehman et al., 2014). WHO’s recent recommenda-
tions for severe malaria recommend checking hemoglobin 
concentrations weekly for 1 month after intravenous admin-
istration of artesunate (WHO, 2013).
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6d.  Fetal toxicity

As described in Chapter 169, Artemisinins, there is evidence 
that artesunate induces embryo death and malformations in 
rats, rabbits, and monkeys (Boareto et al., 2013; Clark et 
al., 2008, 2004; White and Clark, 2008). However, there is 
no evidence of an association with miscarriages, stillbirths, 
or congenital malformations in humans (WHO, 2015b). 
Although data are limited, there is no evidence of fetal toxic-
ity after intravenous administration of artesunate for severe 
malaria (Kovacs et al., 2015). Published data on the use of 
artemisinin derivatives in breastfeeding women are lacking.

WHO recommends the use of ACT during the second 
and third trimesters of pregnancy and in pregnant women 
with severe malaria (WHO, 2015a). In addition, the WHO 
Malaria Policy Advisory Committee has recently updated its 
recommendations for treatment of uncomplicated P. falci
parum malaria in women in the first trimester of pregnancy 
to include ACT, with artemether–lumefantrine being the 
preferred drug because it has the largest amount of safety 
data available (WHO, 2015b).

6e.  Urticaria

There have been several reports of acute urticaria and ana-
phylaxis after oral administration of artesunate alone (Dube 
et al., 2012; Leonardi et al., 2001; Mohapatra et al., 2009) or 
in combination (Price et al., 1999). The risk of such an aller-
gic reaction has been estimated at approximately 1 in 3000 
(Leonardi et al., 2001).

7. CLINICAL USES OF THE DRUG

7a.  Uncomplicated malaria

Oral artesunate should be used only in conjunction with a 
partner drug. WHO recommends artesunate combination 
therapies for uncomplicated falciparum malaria including 
artesunate–amodiaquine, artesunate–mefloquine, and arte-
sunate–sulfadoxine–pyrimethamine (WHO, 2015a). WHO 
also recommends these combinations for P. vivax, P. ovale, 
P. malariae, and P. knowlesi infections in areas with chloro-
quine-resistant infections. These recommendations are for 
children and adults, including pregnant women in their 
second and third trimesters (WHO, 2015a). Evidence for 
these combination treatments is detailed in the relevant 
chapters (see Chapter 178, Mefloquine; Chapter 176, 
Amodiaquine; Chapter 91, Sulfonamides; and Chapter 93, 
Pyrimethamine).

7b.  Severe malaria

Intravenous artesunate is the recommended first-line ther-
apy for children and adults with severe malaria, including 
pregnant women (WHO, 2015a). Two large randomized 
controlled multicenter trials conducted in Southeast Asia and 
Africa demonstrated a reduction in mortality with the use of 
intravenous artesunate compared with intravenous quinine. 

The SEAQUAMAT trial, conducted in Bangladesh, Myanmar, 
Indonesia, and India, reported a 35% relative reduction in 
mortality in patients with severe malaria treated with intra- 
venous artesunate (Dondorp et al., 2005). These findings 
were confirmed in AQUAMAT, a similar trial conducted 
among 5425 children in 11 sites in Africa, which found a 
22.5% relative reduction in mortality with intravenous arte-
sunate (Dondorp et al., 2010). Intravenous artesunate is 
recommended for a minimum of 24 hours and until oral 
medication can be tolerated, at which time a complete 3-day 
course of oral ACT should be given (WHO, 2015a).

When intravenous artesunate is not available, second-line 
treatment for severe malaria is a single dose of intramuscular 
artesunate before referral to an appropriate facility for ongo-
ing care. If intramuscular artesunate is not available, intra-
muscular artemether or intramuscular quinine should be 
used (WHO, 2015a). 

Where parenteral therapy cannot be initiated immedi-
ately, pre-referral treatment with rectal artesunate is recom-
mended in children younger than 6 years (WHO, 2015a). A 
single large randomized controlled, multicenter trial found 
that the administration of rectal artesunate as a pre-referral 
treatment reduced the risk of death by 25% in children 
younger than 6 years. However, the use of pre-referral rectal 
artesunate was associated with over twice the number of 
deaths in older children and adults (Gomes et al., 2009).
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1. DESCRIPTION

Lumefantrine (formerly benflumetol) is an arylaminoalco-
hol anti-malarial drug first synthesized at the Academy of 
Military Medical Science, Beijing, China, but with the earli-
est description of benflumetol in the English literature in 
1990 (World Health Organization [WHO], 1990). The chem-
ical structure (α–[dibutylaminomethyl]-2,7-dichloro-9[p- 
chlorobenzylidene]-4-fluorenemethanol) results in a molec-
ular structure similar to that of the Cinchona alkaloids, the 
synthetic production process producing a 1:1 racemic mix-
ture of dextrogyral and levogyral stereo-enantiomers. It is 
highly lipophilic and weakly basic and readily dissolves in 
nonpolar or aprotic organic solvents (Kotila et al., 2013). 

As described, artemether is a methylether derivative of 
artemisinin, the principal active extract of the plant Qinghao 
(Artemisia annua L.), which has been used for centuries in 
traditional Chinese medicine. The chemical structures of 
lumefantrine and artemether are shown in Figure 171.1.

Lumefantrine is available only as a fixed formulation, 
combined with artemether. It is marketed by Novartis as 

Coartem or Riamet and dispensed in blister packs, with each 
tablet containing 20 mg of artemether and 120 mg of lume-
fantrine (1:6 ratio). In addition, a dispersible tablet, contain-
ing 20 mg of artemether and 120 mg of lumefantrine, has 
been developed for use in infants and young children 
(Abdulla and Sagara, 2009). 

Artemether–lumefantrine was the first fixed-dose arte-
misinin combination therapy (ACT) manufactured under 
Good Manufacturing Practice (GMP) conditions. Arte-
mether–lumefantrine tablets are not light sensitive, and are 
stable at temperatures < 30°C for at least 2 years. Its physical 
and chemical stability have been demonstrated in a number 
of studies examining storage of medication in uncontrolled 
tropical conditions and for periods well beyond the stated 
2-year shelf life (Bate et al., 2009; Gitua et al., 2014). There is 
no currently available parenteral formulation of arte mether– 
lumefantrine. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

MALARIA

The use of lumefantrine has been well studied for the eryth-
rocytic stages of both Plasmodium falciparum and Plas
modium vivax, with potent schizontocidal activity observed 
during late-stage trophozoite development (Wilson et al., 
2013). Although activity does not extend to gametocytes, 
hypnozoites, or the pre-erythrocytic stages, lumefantrine 
does have activity against oocysts in the salivary gland of  
P. falciparum, which may reduce transmission (Delves et al., 
2012). In comparison, artemether is gametocytocidal for 
early stage P. falciparum gametocytes (Kumar and Zheng, 
1990) and in combination with lumefantrine leads to a sig-
nificant reduction in gametocyte carriage (Andagalu et al., 
2014; Makanga, 2014; Sowunmi et al., 2008). In vitro sus-
ceptibility of P. falciparum isolates in Asia, including those 
resistant to chloroquine, demonstrate half-maximal inhibi-
tory concentration (IC50) values ranging from 2.4 nM to 114 

Figure 171.1. Chemical structures of artemether and 
lumefantrine.
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nM (Brockman et al., 2000; Denis et al., 2006; Mayxay et al., 
2007; Pirker-Krassnig et al., 2004; Pradines et al., 2011; 
Wernsdorfer, 2004; Wong et al., 2010). In African isolates, 
IC50 values are generally slightly lower, ranging from 0.8 nM 
to 166.1 nM (Basco et al., 1998; Pradines et al., 1999; Quashie 
et al., 2013; Tinto et al., 2014; Wernsdorfer et al., 1998). Only 
two studies have reported the in vitro activity of lumefantrine 
against P. vivax, citing IC50 values in the range of 12 nM to 
19 nM (Lux et al., 2003; Russell et al., 2008).

Desbutyl-benflumetol or desbutyl-lumefantrine, an active 
metabolite of lumefantrine, has significantly higher blood 
schizontocidal activity compared with lumefantrine, with 
IC50 values ranging from 4.52 nM to 9.5 nM against P. falci
parum (Noedl et al., 2001; Pirker-Krassnig et al., 2004; Wong 
et al., 2011).

The antimicrobial activity of artemether, and its active 
metabolite dihydroartemisinin, is described further in Chap-
ter 172, Dihydroartemisinin–piperaquine. 

OTHER PARASITES

Artemether and lumefantrine demonstrate synergy in in 
vitro studies against Babesia gibsoni (Iguchi et al., 2015). No 
data are available on the antimicrobial activity of lumefan-
trine against other organisms, although there are clinical 
reports of activity against Schistosoma mansoni (Abay et al., 
2013; Adam et al., 2008).

2b.  Emerging resistance and 
cross-resistance

Resistance to artemether–lumefantrine has been demon-
strated in Southeast Asia (Denis et al., 2006; Song et al., 
2011), with reports of reduced in vitro susceptibility and 
slower parasite clearance in African and South American 
studies (Borrmann et al., 2011; Legrand et al., 2008; Vreden 
et al., 2013). Lumefantrine demonstrates good activity against 
chloroquine-resistant strains of P. falciparum, although the 
positive correlation of the in vitro anti-malarial activity with 
other schizontocidal anti-malarials (particularly quinine, 
mefloquine, and halofantrine) suggests a common mode 
of action (Brockman et al., 2000). The chloroquine-sensitive 
wild-type parasite has slightly reduced susceptibility to 
lumefantrine, potentially mediated by pfmdr1 polymor-
phisms (Mungthin et al., 2010). This may account for obser-
vations after the intense use of artemether–lumefantrine, 
whereby the selection of parasite genotypes with reduced 
lumefantrine susceptibility has been accompanied by rever-
sion to increased chloroquine sensitivity (Dippmann et al., 
2008; Jovel et al., 2015; Lekana-Douki et al., 2011; Malmberg 
et al., 2013; Mwai et al., 2009; Thomsen et al., 2011). 

Polymorphisms of the pfmdr1 gene modulate in vitro and 
clinical activity to multiple anti-malarial compounds, includ-
ing lumefantrine (Mungthin et al., 2010; Price et al., 2004). 
Isolates with increased pfmdr1 copy number have IC50 values 
to lumefantrine almost double those of isolates with the 
wild-type allele (32 nM vs. 17 nM) (Price et al., 2006). A 

pooled analysis of data from more than 7000 patients dem-
onstrated that pfmdr1 amplification is an independent risk 
factor for recrudescence in patients treated with a six-dose 
regimen of artemether–lumefantrine (Venkatesan et al., 2014). 
Conversely, single nucleotide polymorphisms (SNPs) at 
codons 86, 184, 1042, and 1246 of pfmdr1 also modulate the 
in vitro and in vivo susceptibility to artemether–lumefantrine 
with the wild-type haplotype 86N, 184Y, 1246D, associated 
with reduced susceptibility (Happi et al., 2009; Mungthin et 
al., 2010; Price et al., 2006; Venkatesan et al., 2014). 

Additional genes have been linked to artemether–lume-
fantrine resistance. K13 propeller mutations are recognized 
as a key determinant of artemisinin resistance (Ashley et al., 
2014), and have recently been associated with delayed para-
site clearance after the use of artemether–lumefantrine in 
Myanmar (Nyunt et al., 2015). In vitro studies conducted in 
Kenya also suggested a possible association between poly-
morphisms in the pfmspdbl2 and pfmrp2 genes and reduced 
susceptibility to lumefantrine, although this has yet to be 
confirmed at other locations (Ochola-Oyier et al., 2015; 
Okombo et al., 2013). 

Chapter 169, Artemisinins, discusses the emerging resis-
tance to artemisinins. 

3. MECHANISM OF DRUG ACTION

Artemether acts rapidly and potently to reduce the parasite 
biomass and achieve symptom resolution. Lumefantrine has 
a longer half-life with a more gradual onset of action, which 
ensures clearance of the residual parasite burden and preven-
tion of recrudescence (White, 1999).

The physicochemical and structural similarities of lume-
fantrine to other arylamino class II blood schizontocidal 
anti-malarial compounds (e.g. mefloquine and halofantrine) 
suggest a common mode of action for these drugs. Although 
the mechanism of action is not completely understood, it is 
thought that they achieve their anti-malarial activity in the 
parasite’s acid food vacuole or cytoplasm (Combrinck et al., 
2013). During parasite development, hemoglobin is broken 
down to form ferriprotoporphyrin IX (heme). Free heme is 
toxic to the parasite but is detoxified by being complexed into 
malarial pigment (hemozoin). Both quinine and chloroquine 
bind to the heme monomer, preventing polymerization and 
thus iron detoxification. A similar anti-parasitic activity is 
also proposed for lumefantrine (Combrinck et al., 2013). 
Lumefantrine may also cause eryptosis, or suicidal death of 
infected erythrocytes, in which cell surface changes result in 
early removal from the circulating blood and a subsequent 
reduction in parasitemia (Alzoubi et al., 2014). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Artemether–lumefantrine was originally introduced as a 
four-dose regimen over 48 hours (see section 7, Clinical uses 
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of the drug). However, protocols were subsequently revised to 
recommend six doses of the fixed-dose combination given 
twice daily over 3 days (0, 8, 24, 36, 48, and 60 hours). The dose 
for adults weighing more than 35 kg is four tablets per dose (i.e. 
a total of 80 mg of artemether and 480 mg of lumefantrine).

Low blood concentrations of lumefantrine are associated 
with treatment failure (Price et al., 2006; van Vugt et al., 1998; 
White et al., 1999b). The co-administration of small amounts 
of fat has been shown to increase the absorption of lumefan-
trine, with as little as 36 ml of milk (corresponding to 1.2 g of 
fat) being sufficient for a clinically relevant increment in blood 
concentrations (Ashley et al., 2007a). In regions where milk 
is not available, fortification of carbohydrate-rich food with 
fat (such as maize porridge with vegetable oil) has been shown 
to be as effective as milk in increasing absorption (Mwebaza 
et al., 2013). Patients should therefore be advised to take their 
medication with milk or a fat-containing food (e.g. a biscuit), 
particularly on the second and third days of treatment.

4b.  Newborn infants and children

Artemether–lumefantrine is now recommended by WHO 
for children weighing more than 5 kg who are able to tolerate 
oral administration (WHO, 2015a), with extensive evidence 
to support its safety and efficacy (Adjei et al., 2008; Bassat 
et  al., 2011; Falade et al., 2005; Karunajeewa et al., 2008; 
Makanga et al., 2006; Ngasala et al., 2011; Zurovac et al., 
2007). A dispersible, cherry-flavored tablet containing 20 mg 
of artemether and 120 mg of lumefantrine has been devel-
oped by Novartis, in conjunction with the Medicines for 
Malaria Venture, for use in infants and young children. The 
efficacy and safety outcomes after administration of the dis-
persible formulation are similar to those after administration 
of the crushed standard tablet (Abdulla et al., 2008). 

The administration schedule for dispersible artemether–
lumefantrine is the same as for adults, with the body weight–
adjusted doses stratified into three groups: 25–35 kg, three 
tablets per dose; 15–25 kg, two tablets per dose; 5–15 kg, one 
tablet per dose. The tablets should be dissolved into about 10 
ml of water and swallowed before the cup is rinsed with addi-
tional water. As for adults, caregivers should encourage the 
child to follow the medication with a small quantity of food 
or drink rich in fat. 

A large pooled analysis of individual patient data, includ-
ing 69% of all published data, revealed that young children 
are underdosed with the current dosage schedule. In Africa 
the risk of recrudescence rose to 5.7% in children aged 1–3 
years who were underweight for age. In Asia the risk of 
recrudescence was greatest in children weighing 10–15 kg 
who received a total dose of less than 60 mg of lumefantrine 
per kilogram (Worldwide Antimalarial Resistance Network 
[WWARN], 2015).

There are minimal clinical data available for the use of 
artemether–lumefantrine in babies weighing less than 5 kg. 
A study of 20 infants older than 28 days and weighing less 
than 5 kg who were treated with one-tablet dosing found 
polymerase chain reaction (PCR)–corrected cure rates of 

100% at day 28 and 42. Although no serious adverse events 
were reported and lumefantrine levels were similar to histor-
ical values in children weighing more than 5 kg, artemether 
and dihydroartemisinin levels were twofold to threefold 
higher, raising concern about the potential for neurotoxicity 
(Tiono et al., 2015). 

4c.  Pregnant and lactating mothers

Although there are growing safety and efficacy data on the 
use of artemether–lumefantrine in the trimesters of preg-
nancy, the manufacturer currently recommends its use 
during pregnancy only if potential benefit outweighs poten-
tial harm. This contrasts with WHO guidelines, which rec-
ommend the use of artemether–lumefantrine as first-line 
therapy during the second and third trimesters of pregnancy 
(WHO, 2015a), with the next guidelines anticipated to extend 
recommendations to include women in the first trimester 
(Moore et al., 2016; WHO, 2015c). However,  artemether–
lumefantrine in pregnant women shows reduced efficacy 
compared with other ACTs, with a recent multicenter, ran-
domized trial demonstrating PCR-corrected cure rates of 
94.8% compared with 99.2% with dihydroartemisinin– 
piperaquine (PREGACT Study Group et al., 2016). This is 
likely associated with lower serum concentrations of lume-
fantrine (McGready et al., 2008; Mosha et al., 2014; Tarning 
et al., 2009), and although studies are underway, there are as 
yet no formal recommendations for safe dosage adjustment 
to overcome this.

4d.  Those requiring altered dosages

There are no data on the use of artemether–lumefantrine in 
the setting of hepatic or renal failure. However, given that 
renal excretion does not play a significant role in artemether–
lumefantrine clearance, renal impairment is unlikely to cause 
differences in serum drug concentrations (Djimde and Lefevre, 
2009). Similarly, there has been no increase in adverse events 
reported in patients with hepatic insufficiency in retrospective 
analyses (Bakshi et al., 2000; Djimde and Lefevre, 2009). The 
current WHO guidelines recommend using artemether– 
lumefantrine in lactating mothers, because the amount of both 
active anti-malarial drugs entering breast milk is small, with 
no associated evidence of toxicity to infants (WHO, 2015a).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Exact quantification of the oral bioavailability of lumefantrine 
is unknown because there is no parenteral formulation. 
However, the wide distribution of plasma concentrations after 
oral administration suggests considerable inter-individual 
variation in bioavailability (Ezzet et al., 2000). Animal stud-
ies have suggested that lumefantrine is a substrate of P- 
glycoprotein and undergoes active efflux across the intestine, 
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which may contribute to this low bioavailability (Wahajuddin 
et al., 2014). Lumefantrine is highly protein bound (90%), 
largely to high-density lipoproteins (77%) with a free fraction 
in erythrocytes of approximately 10% (Colussi et al., 1999). 

After ingestion, lumefantrine is slowly and erratically 
absorbed, with a lag time of approximately 2 hours; peak 
concentrations occur within 4–10 hours. Bioavailability is 
highly dependent on food intake, leading to an increase in 
plasma concentration by up to 16-fold (White et al., 1999b). 
In a study of healthy volunteers, co-administration with at 
least 36 ml of soya milk (a relatively small amount of fat) was 
required to ensure maximum absorption (Ashley et al., 
2007a). A study of 899 African children found that the mean 
observed plasma concentration of dispersible artemether–
lumefantrine was 55% higher when given with a meal (Borr-
mann et al., 2010). In vitro studies suggest that lipidemia 
reduces the free fraction of active lumefantrine and reduces 
drug efficacy owing to its lipophilic nature (Choti vanich et 
al., 2012). Bioavailability is also reduced significantly during 
the acute phase of the infection (Ezzet et al., 2000).

In comparison, artemether is rapidly absorbed, with peak 
plasma concentrations occurring about 2 hours after ingestion, 

and bioavailability relative to intramuscular administration 
of 43–200% (Karbwang et al., 1997; Silamut et al., 2003) (see 
Table 169.3 in the chapter on Artemisinins). Similarly, its pri-
mary active metabolite, dihydroartemisinin, reaches a peak 
concentration at 2–3 hours (White et al., 1999b) (see Table 
169.4).

5b.  Drug distribution

The absorption of lumefantrine is dose limited (Ashley et al., 
2007a). For equivalent doses, the area under the concentra-
tion-time curve (AUC) of a once-daily regimen over 3 days 
was 30% lower compared with the standard regimen of 
twice-daily administration over 3 days. The elimination 
phase of lumefantrine is biphasic (Ezzet et al., 1998), with a 
terminal elimination half-life in malaria patients of 3–6 days. 
Pregnancy is associated with a significantly faster terminal 
elimination half-life (49 hours compared with 77 hours in 
nonpregnant patients) (McGready et al., 2006). Lumefantrine 
is extensively and rapidly distributed to the body tissues 
(White et al., 1999b). The pharmacokinetic parameters of 
lumefantrine are summarized in Table 171.1.

Table 171.1. Summary of pharmacokinetic parameters for oral dosing of lumefantrine in humans.

Dose (number of  
20/120-mg tablets) Subjects (no.)

Cmax 
(mmol/l)

tmax 
(h)

t1/2 
(elimination 

in days)
AUC 0–∞ 
(mmol∙h/l) Reference

4 × 4 tablets over 48 h;

4 × 2 tablets over 48 h;

3 × 4 tablets over 24 h

Adults with UM (n = 197) — 10 4.5  378 Ezzet et al., 1998

4 × 4 tabletsa over 48 h;

6 × 4 tablets over 72 h;

6 × 4 tablets over 96 h

Adults and children with UM 
(n = 266)

11.7 

17.0

15.1

50

54

53

3.2

—

—

 673

1060

1346

Ezzet et al., 2000

Single dose of 4 tablets Healthy volunteers (n = 16) 14.9  6 4  391 Lefevre et al., 2002a

4 × 4 tablets over 72 h Pregnant women with UM 
(n = 13)

13.8  4 2.8   476b McGready et al., 2006

6 × 4 tablets over 72 h Adults with UM (n = 17) 13.2 — —  817 Ashley et al., 2007b

20–24 kg: 6 × 2 tablets over 72 h

25–34 kg: 6 × 3 tablets over 72 h

> 35 kg: 6 × 4 tablets over 72 h

Children with UM (n = 20) 12.9 — 1.4  397 Mwesigwa et al., 2010

6 × 4 tablets over 72 hours Pregnant women with UM 
(n = 103)

— — 3.3  892 Tarning et al., 2009

6 × 1 dispersible tablet over 72 h Children with UM (n = 191)  9.8 — —  834 Djimde et al., 2011

6 × 2 dispersible tablets over 72 h Children with UM (n = 102) 15.1 — — 1331 Djimde et al., 2011

6 × 1 crushed tablet over 72 h Children with UM (n = 194) 11.5 — — 1091 Djimde et al., 2011

6 × 2 crushed tablets over 72 h Children with UM (n = 102) 17.8 — — 1321 Djimde et al., 2011

6 × 1.7/10 mg/kg (to nearest 
tablet) over 72 h

Children with UM (13) — — 5.1  870 Salman et al., 2011

6 × 4 tablets over 72 h Pregnant women in second 
and third trimester with 
UM (n = 116)

15.9 — 3.8 1079 Kloprogge et al., 2013

6 × 4 tablets over 72 h Nonpregnant women with 
UM (n = 17)

15.7 — 2.9 1191 Kloprogge et al., 2013

Micrograms per milliliter (μg/ml) were converted to micromoles per liter (μmol/l) by multiplying by 1000/529. 
aFewer tablets per dose given for children; bAUC 60-∞.
Abbreviations: AUC: area under the concentration-time curve; UM: uncomplicated malaria. 
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Artemether undergoes rapid and extensive first pass 
metabolism to its major active metabolite dihydroartemisi-
nin (Lee and Hufford, 1990) before these metabolites are 
both rapidly cleared, with elimination half-lives of around 
2  hours in malaria patients (Lefevre et al., 2002a, 2001; 
McGready et al., 2006) (see Table 169.3 and Table 169.4 in 
Chapter 169, Artemisinins).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The rationale for combining artemether and lumefantrine is 
the benefit of combining the extremely potent anti-parasitic 
activity of artemether, which results in rapid parasite killing 
and resolution of symptoms, with the longer-acting but less 
potent lumefantrine to eliminate the small residual parasite 
biomass (White, 1999). In vitro studies also demonstrate syn-
ergy between lumefantrine and its metabolite monodesbutyl- 
lumefantrine and dihydroartemisinin (Starzengruber et al., 
2008, 2007; Thriemer et al., 2007). 

The principal pharmacokinetic determinant of lumefan-
trine for therapeutic efficacy in patients with P. falciparum 
malaria is the AUC. Doubling the AUC0-∞ was predicted to 
halve the risk of failure (Ezzet et al., 1998); this was con-
firmed in a small clinical study describing four patients fail-
ing treatment with a median AUCobserved of 386 μmol/l/h 
compared with 788 μmol/l/h in the 32 patients who were 
cured (Ashley et al., 2007b). Plasma lumefantrine concentra-
tions on day 7 have also been shown to correlate with thera-
peutic efficacy. Ezzet et al. (1998) found that 75% of patients 
with a plasma lumefantrine concentration above 280 ng/ml 
(0.53 μmol/l) on day 7 were cured, compared with only 51% 
of patients with concentrations below this level (Ezzet et al., 
1998). The importance of day 7 concentrations was recon-
firmed using PCR-corrected failure data for the same patient 
group. Overall, 24% (95% CI: 12–36%) of patients with con-
centrations <175 ng/ml (0.33 μmol/l) experienced treatment 
failure, compared with 1.1% (0–2.3%) of patients with concen-
trations above 175 ng/ml (0.33 μmol/l) (Price et al., 2006). 

PREGNANCY

Population pharmacokinetic studies of artemether–lumefan-
trine in pregnant women in their second and third trimesters 
have demonstrated 27–34% lower day 7 serum lumefantrine 
concentrations than are observed in nonpregnant women 
(Kloprogge et al., 2013; Mosha et al., 2014). This is likely a 
result of reduced oral bioavailability, increased metabolism 
to desbutyl-lumefantrine, and a greater volume of distribu-
tion (Mosha et al., 2014; Tarning et al., 2009). A pharma-
cokinetic study in Tanzania found the bioavailability of 
lumefantrine to be 34% lower and the metabolism rate to be 
78% higher in pregnant women (Mosha et al., 2014). The 
changes in the pharmacokinetic profile resulted in more 
women with plasma concentrations below 28 nm at day 7 
(Ezzet et al., 1998; Tarning et al., 2009), a threshold that has 
been associated with reduced efficacy (Ezzet et al., 1998; 
McGready et al., 2008; Mosha et al., 2014).

5d.  Excretion

Artemether and lumefantrine are primarily metabolized by 
cytochrome P450 (CYP) 3A4. Artemether also undergoes 
some metabolism by CYP2B6, CYP2C9, and CYP2C19 
(Kakuda et al., 2013), and dihydroartemisinin, its active 
metabolite, undergoes glucuronidation to biologically in - 
active metabolites that are excreted in the bile (Ilett et al., 
2002). A Tanzanian study assessing the effect of CYP SNPs 
on metabolism of artemether–lumefantrine did not reveal 
any pharmacogenetic-pharmacokinetic associations (Staehli 
Hodel et al., 2013). Most of the lumefantrine recovered in 
bile and feces is the parent compound (White et al., 1999b). 

5e.  Drug interactions

The manufacturer of artemether–lumefantrine recommends 
avoiding the co-administration of antiarrhythmics, beta- 
blockers, macrolides, quinolones, antidepressants, anti-fungals, 
and grapefruit juice. However, there is no evidence of poten-
tially harmful interactions after co-administration with these 
drugs. The manufacturer also recommends avoiding co- 
administration of strong CYP3A4 inducers such as rifampi-
cin, phenytoin, carbamazepine, and St John’s wort owing to 
the potential reduced exposure to artemether–lumefantrine.

Concomitant administration of mefloquine and artemether–
lumefantrine reduces plasma concentrations of lumefantrine 
by 30–40% (Lefevre et al., 2000). Given the wide therapeutic 
index of artemether–lumefantrine, it is unclear whether this 
reduction would affect clinical efficacy. A clinical study of Thai 
patients with malaria treated with artemether–lumefantrine 
who had evidence of therapeutic levels of mefloquine in their 
blood at enrollment found that all patients were cured (Lefevre 
et al., 2001). Co-administration with the antimycotic agent 
ketoconazole (a potent inhibitor of hepatic and gastrointes-
tinal cytochrome P450 isoenzyme CYP3A4) increased the 
artemether, dihydroartemisinin, and lumefantrine AUCs by 
1.7-fold to 2.4-fold (Lefevre et al., 2002b). In view of the wide 
therapeutic index, this was not considered to be a sufficient 
difference to warrant altered dosing.

A number of studies have investigated the interaction 
between antiretroviral therapy (ART) and artemether–lume-
fantrine, owing to the potential for protease inhibitors and 
nonnucleoside reverse transcriptase inhibitors (NNRTIs) to 
induce or inhibit CYP enzymes. A systematic review found 
that protease inhibitors in general increase the lumefantrine 
exposure and decrease the artemether and dihydroartemisi-
nin exposure, whereas NNRTIs in general decrease lumefan-
trine, artemether, and dihydroartemisinin exposure (Kiang 
et al., 2014).

The interaction with lopinavir–ritonavir has been assessed 
in a study of healthy volunteers given six doses of artemether–
lumefantrine (German et al., 2009) and HIV-positive patients 
given a single dose of artemether–lumefantrine (Byakika-
Kibwika et al., 2012b). A pooled analysis confirmed that 
lopinavir–ritonavir substantially increased exposure to lume - 
fantrine (439%) but decreased dihydroartemisinin exposure 
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(59.7%). Although it is unclear if the increased lumefantrine 
exposure compensates for the reduced artemether and dihy-
droartemisinin exposure (Hoglund et al., 2015), protease 
inhibitors have been found to have anti-malarial activity, 
with lopinavir likely to exhibit the most clinically relevant 
activity at concentrations achieved in the serum (Nsanzabana 
and Rosenthal, 2011). Furthermore, a randomized clinical 
trial in Ugandan children found a 41% reduction in malaria 
incidence in those taking lopinavir–ritonavir compared with 
NNRTIs, although there was a nonsignificant increase in 
serious adverse events (Achan et al., 2012).

Studies of artemether–lumefantrine and NNRTIs have 
found significant reductions in lumefantrine plasma con-
centrations at day 7 in individuals taking efavirenz (Huang 
et al., 2012; Maganda et al., 2014), but mixed effects in those 
taking nevirapine (Byakika-Kibwika et al., 2012a; Chijioke-
Nwauche et al., 2013; Hoglund et al., 2015; Kredo et al., 2011; 
Maganda et al., 2014). A pooled analysis of two studies sug-
gested decreased terminal exposure to lumefantrine of 69.9% 
following efavirenz and 25.2% following nevirapine. Simula- 
tions found that co-administration of efavirenz or nevirapine 
would require an increased dose of artemether–lumefantrine 
(250% and 75%, respectively) to achieve equivalent exposure, 
although it is unclear if this would be required clinically 
(Hog lund et al., 2015). In a randomized study of 33 healthy 
volunteers receiving etravirine 200 mg twice daily reductions 
in the AUC of artemether (38%), dihydroartemisinin (15%), 
and lumefantrine (13%) were observed (Kakuda et al., 2013). 
These studies found no significant effect on etravirine or efa-
virenz pharmacokinetics, although a study of HIV-positive 
adults found reductions in nevirapine Cmax (42%) and AUC 
(46%) among patients given artemether–lumefantrine. Arte-
mether and dihydroartemisinin exposure has been consistently 
reduced with co-administration of an NNRTI (Byakika- 
Kibwika et al., 2012a; Hoglund et al., 2015; Kredo et al., 2011).

The use of artemether–lumefantrine in patients taking 
anti-tuberculous drugs has not been studied extensively. 
However, one study of HIV and TB co-infected adults found 
that the pharmacokinetic parameters of artemether–lume-
fantrine were 68–90% lower in patients on rifampicin-based 
anti-tuberculous therapy, which is likely to be clinically rele-
vant (Lamorde et al., 2013).

6. ADVERSE REACTIONS AND TOXICITY

Artemether–lumefantrine has an excellent toxicity profile, 
both in preclinical animal studies and in human clinical trials. 
A review of independent and industry-sponsored trials includ-
ing 6300 patients who had taken artemether–lumefantrine 
found that the majority of side effects were mild to moderate, 
involved the gastrointestinal tract or nervous system, and 
were consistent with symptoms of acute malaria. The review, 
in addition to postmarketing surveillance of over 250 million 
delivered doses as of July 2009, did not identify any new 
safety concerns other than a known risk of hypersensitivity 
and allergy, which is recognized as a class effect of artemis-
inins (Falade and Manyando, 2009). A meta-analysis of 5024 

patients found that 4% of patients vomited at least one dose 
of drug within 1 hour of ingestion. This was most likely to 
occur in infants younger than 1 year (WWARN, 2015).

In comparative studies, artemether–lumefantrine was bet-
ter tolerated than mefloquine plus artesunate, particularly 
with regard to nausea, vomiting, dizziness, and neurologic 
side effects (van Vugt et al., 1998). Clinical studies of arte-
mether–lumefantrine have revealed no difference in major 
adverse effects compared with amodiaquine, with or without 
artesunate, sulfadoxine–pyrimethamine or dihydroartemisi-
nin–piperaquine (Faye et al., 2007; Meremikwu et al., 2006; 
Mutabingwa et al., 2005; van den Broek et al., 2006; Zongo 
et al., 2007). This excellent tolerability was also apparent in 
a study in which patients received repeat treatments with 
artemether–lumefantrine, artesunate plus amodiaquine, or 
artesunate plus sulfadoxine–pyrimethamine after recurrent 
episodes of malaria (Sagara et al., 2012). More recently, a 
multicenter randomized controlled trial of pregnant women 
in four African countries showed that drug-related adverse 
effects occur less commonly after artemether–lumefantrine 
administration (11.5%) than dihydroartemisinin– piperaquine 
(20.6%), amodiaquine–artesunate (48.5%), or mefloquine–
artesunate (50.6%) (PREGACT Study Group et al., 2016). No 
significant biochemical effects have been reported.

A systematic review of 6000 children found the compara-
tive safety of artemether–lumefantrine to be similar or better 
than that of other artemisinin-based combination therapies; 
with the risk of vomiting or serious adverse events significantly 
reduced (relative risk 0.63 and 0.45, respectively). Common 
reported adverse events included coryza, vomiting, anemia, 
diarrhea, abdominal pain, and cough, which may have been 
due to malaria rather than the treatment (Egunsola and 
Oshikoya, 2013). Similarly, in a Ugandan study early vomit-
ing after artemether–lumefantrine administration was less 
common in children aged 6–24 months than after admin-
istration of dihydroartemisinin–piperaquine (Creek et al., 
2010). A pooled analysis of safety data from eight trials 
 supported the findings that artemether–lumefantrine is well 
tolerated in children (Makanga et al., 2006).

6a.  Cardiotoxicity

The marked cardiotoxicity associated with halofantrine has 
raised concerns over the potential for cardiotoxicity after 
administration of the structurally similar lumefantrine. Several 
studies have specifically addressed this. In healthy male volun-
teers electrocardiographic recordings were compared after 
halofantrine or artemether–lumefantrine administration. QTc 
intervals were reliably increased after halofantrine exposure 
but not after artemether–lumefantrine administration (Bind-
schedler et al., 2002). The issue of prior mefloquine adminis-
tration exacerbating lumefantrine cardiotoxicity (as is observed 
with administration of halofantrine after mefloquine) was 
also addressed, with no clinically significant difference in the 
QTc interval after sequential administration of mefloquine 
and artemether–lumefantrine relative to either treatment 
given alone (Bindschedler et al., 2000). Furthermore, in Thai 
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studies of patients with malaria treated with six doses of 
 artemether–lumefantrine, there were no significant changes 
in QT intervals (QTc > 500 msec or greater than 25% increase 
in QTc) attributable to artemether–lumefantrine (Lefevre et 
al., 2001; van Vugt et al., 1999). In all four of the aforemen-
tioned studies, serial plasma concentrations were measured 
and electrocardiograms (ECGs) recorded after the adminis-
tration of each drug dose. There was no correlation between 
lumefantrine plasma concentrations and the QTc interval in 
any of the studies. This is in contrast to findings consistently 
observed with other anti-malarials with known cardiotoxic-
ity (e.g. halofantrine and quinine).

In a retrospective review of 15 trials conducted on patients 
with malaria who received artemether–lumefantrine (Bakshi 
et al., 2000) ECGs were recorded in 713 patients (including 
returning travelers). The frequency of QT prolongation was 
similar to or lower than that with chloroquine, mefloquine, 
or artesunate (~ 5–8% had an increase in QTc > 30 msec or a 
QTc > 450 msec), and it was significantly lower than among 
those taking quinine or halofantrine. No adverse clinical 
cardiac events were reported. Bazett’s formula often fails to 
adequately correct for changes in heart rate at extreme pulse 
rates, and this might account for the apparent effect on repo-
larization in the convalescent phase of treatment (day 3) 
(Price et al., 1998). The lack of any difference in QTc between 
artemether–lumefantrine and chloroquine, mefloquine, or 
artesunate suggests that the effect was related to recovery 
from malaria and not the anti-malarial drugs themselves.

The lack of any discernible relationship between dose and 
QTc interval makes cardiotoxicity a very unlikely concern 
after artemether–lumefantrine therapy. Clinical studies are 
supported by in vitro studies assessing cardiac risk (Borsini et 
al., 2012). Although data are generally lacking on potential 
adverse interactions between lumefantrine and other drugs, 
there is no evidence of an interaction between lumefantrine 
and either mefloquine (Bindschedler et al., 2000) or quinine 
(Lefevre et al., 2001).

6b.  Neurotoxicity

Concerns have been raised about potential neurotoxicity, 
particularly of the auditory and vestibular pathways, after 
high-dose intramuscular administration of artemether (Brewer 
et al., 1994; Genovese et al., 1998). However, this toxicity is 
not apparent after oral administration and does not appear to 
be enhanced by the co-administration of lumefantrine. It is 
reassuring to note that auditory brainstem responses (ABRs) 
in patients exposed to artemisinin derivatives failed to show 
any abnormalities (Gurkov et al., 2008; Kissinger et al., 2000; 
Van Vugt et al., 2000a). A report in 2004 from workers at a 
Mozambique construction site did, however, demonstrate a 
small but significant irreversible loss in hearing after admin-
istration of artemether–lumefantrine (Toovey and Jamieson, 
2004). However, the relative contribution of all factors such as 
malaria itself and the noisy environment could not be dis-
cerned. Subsequent audiometric studies undertaken in healthy 

volunteers and patients administered artemether–lumefantrine 
have failed to reveal any neurophysiologic evidence of brain-
stem toxicity (Hutagalung et al., 2006; McCall et al., 2006). 

A prospective comparative study in children found simi-
lar increases in hearing thresholds in children treated with 
artemether–lumefantrine or artesunate–amodiaquine com-
pared with amodiaquine alone, suggesting that malaria itself 
is the likely cause of ototoxicity in these patients (Adjei et 
al., 2013). Two randomized trials have investigated this effect 
further. Gurkov et al. (2008) evaluated the effect of artemether–
lumefantrine, quinine, or atovaquone-proguanil on hearing 
and found no adverse effect of artemether–lumefantrine on 
peripheral or brainstem auditory pathways. Similarly, a ran-
domized study of 256 patients in Colombia failed to identify 
any adverse effects of artemether–lumefantrine by monitoring 
ABRs and pure-tone thresholds (Carrasquilla et al., 2012).

6c.  Fetal toxicity

Artemether–lumefantrine is a treatment recommended by 
WHO for patients in the second and third trimesters of preg-
nancy and is under consideration for recommendation in the 
first trimester (WHO, 2015c). Animal reproductive toxicity 
studies have failed to demonstrate mutagenic or embryotoxic 
properties in doses of up to 1000 mg of lumefantrine per 
kilogram, whereas artemisinin derivatives, including arte-
mether, have been associated with embryolethality, decreased 
fetal weight, and congenital malformations in multiple spe-
cies (WHO, 2015c). Through animal studies, the potential 
comparative embryo sensitive period in humans has been 
established at 6–12 weeks (Clark, 2012). 

Despite these animal studies, multiple published human 
studies have failed to demonstrate an increase in fetal risk 
above baseline after administration of artemether–lumefan-
trine in pregnancy. A systematic review of artemether–lume-
fantrine in over 1100 pregnant women reported in 2012 
found no increase in adverse outcomes compared with other 
anti-malarials regularly used in pregnancy, such as quinine or 
sulfadoxine-pyrimethamine. This series included 212 women 
exposed to the drugs in their first trimester (Manyando et al., 
2012). A recent randomized trial of pregnant women in their 
second and third trimesters in Africa, including 881 women 
taking artemether–lumefantrine, found no significant differ-
ences in miscarriage rates or birth outcomes compared with 
other ACTs (PREGACT Study Group et al., 2016). 

An unpublished meta-analysis of six prospective African 
cohort studies comparing the risk of miscarriage in women 
exposed to an ACT or quinine in their first trimester demon-
strated similar results. Among the 532 pregnancies in which 
artemether–lumefantrine exposure occurred, a significantly 
lower risk of miscarriage was reported, compared with those 
in which quinine exposure had occurred (Dellicour et al., 
2015). Although there is a need for continued monitoring 
and pharmacovigilance, the WHO Malaria Policy Advisory 
Committee updated its recommendations for treatment of 
uncomplicated P. falciparum malaria in women in the first 
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trimester of pregnancy to include ACTs, with artemether–
lumefantrine being the preferred drug because it has the 
largest amount of safety data available (WHO, 2015c).

6d.  Hemolysis

Intravenous artesunate has recently been associated with 
delayed severe hemolysis (Zoller et al., 2011). In vitro studies 
have demonstrated a moderate hemolytic effect of arte-
mether–lumefantrine on healthy and malaria-infected eryth-
rocytes (Anaba et al., 2012; Richards et al., 2014). Two case 
reports described hemolytic anemia after artemether–lume-
fantrine (Corpolongo et al., 2012; De Nardo et al., 2013), 
although this has not been widely described elsewhere. A 
pooled analysis of 13 clinical trials from Mali, including 
almost 6000 patients, assessed the risk of delayed hemolysis 
after artemisinin-containing regimens. Whereas oral arte-
misinin-based therapy was associated with a transient mod-
erate fall in hemoglobin after treatment, it was not associated 
with delayed severe anemia (Sagara et al., 2014). This sup-
ports findings from a multinational pooled analysis of 15 tri-
als wherein a tendency for hemoglobin to fall was observed, 
with a nadir at day 4 before subsequent hematologic recovery 
(Bakshi et al., 2000). 

6e.  Urticaria

Urticarial reactions have been reported after the commence-
ment of treatment with a number of anti-malarial drugs in- 
cluding the artemisinin derivatives, at a rate of approximately 
1 in 2000 patients (Price et al., 1999; Toovey et al., 2004). 
Although urticarial reactions have been documented after 
artemether–lumefantrine, it is unclear whether these rates are 
higher than with other anti-malarials (Ratcliff et al., 2007). 
Review of clinical trials and postmarketing surveillance 
have not identified this as a concern (Falade and Manyando, 
2009).

6f.  Phototoxicity

Despite the structural similarities between lumefantrine and 
halofantrine, which is known to be associated with cutane-
ous phototoxicity (see section 6, Chapter 179, Halofantrine), 
there have been no reports of phototoxicity after artemether–
lumefantrine administration.

7. CLINICAL USES OF THE DRUG

7a.  Treatment of uncomplicated 
Plasmodium falciparum malaria

Artemether–lumefantrine is registered in many countries for 
the treatment of uncomplicated malaria, especially multi-
drug-resistant P. falciparum infection, and is endorsed as 
first-line treatment for uncomplicated P. falciparum infection 
by WHO (2015a). Between 2001 and 2016, over 750 mil- 

lion treatment courses have been dispensed to developing 
countries without profit (Novartis, 2016). Clinical trials sup-
porting its use have been conducted since 1992 in Africa, 
Asia, and South America, enrolling over 28,000 patients 
(WWARN, 2015). Initial drug studies focused on the use of a 
four-dose regimen over 48 hours (Hatz et al., 1998; Jiao et al., 
1997; Kshirsagar et al., 2000; Looareesuwan et al., 1999; van 
Vugt et al., 1998; von Seidlein et al., 1998, 1997). Within 24 
hours of the start of treatment, fever had resolved in more 
than 90% of patients, and parasitemia had cleared in 53%. 
The overall median parasite clearance time was 36 hours. 
However cure rates after four doses were variable (~ 75–90% 
by day 28 follow-up) and markedly lower in the studies from 
Southeast Asia, where high levels of multidrug resistance are 
prevalent (van Vugt et al., 1998). 

Subsequent pharmacokinetic studies demonstrated that 
the plasma lumefantrine AUC (or the surrogate day 7 plasma 
level) is an important determinant of therapeutic response, 
and that efficacy improves by increasing the number of doses 
administered (Ezzet et al., 2000). An increase to six doses 
over 3 or 5 days gave cure rates of 97% and 99%, respectively, 
against highly multidrug-resistant falciparum malaria (Vugt 
et al., 1999), overcoming the decreased sensitivity of multi-
drug resistant parasites from Southeast Asia (Price et al., 
2006). For practical reasons the six-dose regimen over 3 
days, rather than 5 days, has now been adopted as the regi-
men of choice in multidrug-resistant settings, resulting in 
high cure rates in excess of 95% (Hutagalung et al., 2005; 
Krudsood et al., 2003; Lefevre et al., 2001; van Vugt et al., 
2000b). 

The WHO guidelines for the treatment of malaria recom-
mend the use of ACT for uncomplicated falciparum malaria 
(WHO, 2015a), to improve treatment efficacy and retard the 
emergence of anti–malarial drug resistance (White et al., 
1999a). The deployment of co-formulated ACTs is regarded 
as a key element of improving adherence to complete treat-
ment courses for malaria. Although multiple co-formula-
tions are in use, artemether–lumefantrine remains the most 
widely used combination. Its manufacture to international 
standards under GMP also makes it eligible for financial 
subsidy from the Global Fund to Fight AIDS, Tuberculosis 
and Malaria, and thus affordable for many malaria-endemic 
countries. 

In the last decade there has been a large increase in the 
number of comparative studies of artemether–lumefantrine 
with other potential ACT regimens, to facilitate policy deci-
sions regarding national treatment guidelines for malaria- 
endemic countries. Apart from reports from Cambodia 
highlighting a risk of failure of 15–30% (Denis et al., 2006; 
Song et al., 2011), most studies in multiple settings continue 
to report excellent tolerability with low recrudescence rates. 
A pooled analysis of individual clinical data including 14,327 
patients from more than half the published clinical trials on 
the six-dose artemether–lumefantrine treatment regimen 
found a therapeutic efficacy of 97.6% at day 28 and 96.0% at 
day 42. Although artemether–lumefantrine was efficacious 
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in most patients, compared with patients from Africa, those 
from Asia had a greater risk of recrudescence and a slower 
therapeutic response, with the total dose of artemether–
lumefantrine being an independent predictor of recrudes-
cence (WWARN, 2015). Delivery of less than 60 mg/kg 
lumefantrine was associated with 42% of treatment failures 
in Asia. There was an increased risk of recrudescence in 
young children and those who were underweight for age, 
suggesting that altered dosage may be appropriate in some 
subgroups. Higher artemether doses were associated with 
more rapid resolution of gametocytemia. 

Although recrudescence rates remain low, some studies 
have highlighted higher rates of reinfection after administra-
tion of artemether–lumefantrine compared with combina-
tions containing sulfadoxine–pyrimethamine, piperaquine, 
and mefloquine, all of which have considerably longer termi-
nal elimination half-lives than lumefantrine (Agarwal et al., 
2013; Ratcliff et al., 2007; Sagara et al., 2006; Sawa et al., 2013; 
Wanzira et al., 2014; Zongo et al., 2007). The shorter post- 
treatment prophylaxis offered by artemether–lumefantrine 
has public health implications for the choice of anti-malarial 
treatment in endemic countries (Morrow, 2007; Ndeffo 
Mbah et al., 2015).

A number of studies have considered the cost-effective-
ness of artemether–lumefantrine for different patient groups 
(van Vugt et al., 2011). A study of PCR-proven uncompli-
cated P. falciparum in Papua New Guinea found artemether–
lumefantrine to be highly cost-effective in this setting 
compared with chloroquine and sulfadoxine–pyrimethamine 
or dihydroartemisinin–piperaquine (Davis et al., 2011). 

7b.  Treatment of uncomplicated 
Plasmodium falciparum malaria in 
pregnant women

WHO recommends the use of ACTs including artemether–
lumefantrine in pregnant women with uncomplicated falci-
parum malaria in their second and third trimesters. This 
recommendation reflects the use of artemether–lumefantrine 
in uncomplicated falciparum malaria in over 1000 women  
in controlled trials (WHO, 2015a). Although the PCR-
unadjusted cure rate of this combination demonstrates rela-
tively high recurrences, when considered in the context of its 
side effect profile, it remains a standard of care. A study on 
the Thai–Myanmar border demonstrated reduced efficacy 
compared with 7-day artesunate monotherapy (McGready et 
al., 2008). Similarly, a recent multicenter randomized con-
trolled trial comparing it with three other ACT combinations 
found it to have the lowest cure rates (52.5% PCR-unadjusted 
and 94.8% PCR-adjusted cure rates) (PREGACT Study 
Group et al., 2016). Despite this, it had the best tolerability 
profile. In comparison, in a randomized trial including 152 
pregnant women taking artemether–lumefantrine in Uganda, 
success rates were 99.3% (Piola et al., 2010). The high recur-
rence rates likely reflect the changes in pharmacokinetic 
profile and the relatively short post-treatment prophylaxis 

that lumefantrine provides compared with other artemisinin 
co-formulations.

Recent clinical data on the use of artemether–lumefan-
trine and other ACTs in the first trimester of pregnancy pro-
vide further evidence of safety, and have led to a proposal for 
its inclusion as first-line therapy in this group of patients 
(Moore et al., 2016; WHO, 2015c). 

The use of ACTs in intermittent screening and treatment in 
pregnancy (ISTp) has also been compared with intermittent 
preventive treatment in pregnancy (IPTp) with sulfadoxine–
pyrimethamine, the current WHO-endorsed intervention in 
pregnant women in areas of high-moderate to high malaria 
risk (Desai et al., 2013). In a randomized controlled trial in 
Gambia, Burkina Faso, Mali, and Ghana, where the prevalence 
of sulfadoxine–pyrimethamine resistance is low, intermittent 
screening and treatment (ISTp) with artemether–lumefantrine 
was compared with intermittent preventive therapy (IPTp) 
with sulfadoxine–pyrimethamine (Tagbor et al., 2015). The 
ISTp regimen was noninferior to IPTp in preventing anemia, 
placental malaria, and low birth weight, and reduced the 
number of presentations with clinical malaria and malaria 
parasitemia.

7c.  Standby medication for travelers to 
malaria-endemic countries

When they become sick abroad, travelers to malaria-endemic 
countries may face a lack of access to adequate healthcare 
facilities with good diagnostics and high-quality anti-malarial 
drugs. Furthermore, the increase in fake anti-malarial drugs 
in some malaria-endemic countries poses a significant risk 
for both travelers and the local population (Newton et al., 
2011, 2006; Tipke et al., 2008). In view of artemether– 
lumefantrine’s excellent tolerability and efficacy against 
multidrug-resistant P. falciparum, it has been proposed as a 
useful medication for standby medication in children and 
adults (Bannister et al., 2004; Schlagenhauf et al., 2013). 
Several European countries have recommended the pre-
scription of artemether–lumefantrine for travelers to malari-
ous countries (Schlagenhauf and Petersen, 2012), and WHO 
has proposed standby emergency treatment as a reasonable 
option in some circumstances where qualified medical atten-
tion is unavailable within 24 hours (WHO, 2015b).

7d.  Plasmodium vivax malaria

The role of artemether–lumefantrine for the treatment of  
P. vivax has been assessed in a number of clinical studies. 
Artemether–lumefantrine is effective against erythrocytic 
stages of P. vivax, with rapid parasite and fever clearance 
times (Abdallah et al., 2012; Eibach et al., 2012; Krudsood et 
al., 2007; Ratcliff et al., 2007). It is as effective as chloroquine 
in clearing parasitemia and preventing early parasite recur-
rence before day 28 (Hwang et al., 2013; Krudsood et al., 
2007), although several studies have shown an increasing risk 
of recurrence from day 16. In a randomized controlled trial 
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conducted in Papua New Guinea, clinical or parasitologic fail-
ure occurred in almost 70% by day 42 after artemether–lume-
fantrine treatment for P. vivax (Karunajeewa et al., 2008). 

However, the high risk of treatment failure after arte-
mether–lumefantrine administration is likely attributable to 
a combination of two factors: early relapsing infections from 
reactivation of dormant liver stages of the parasite, and, in 
areas of high endemicity, reinfection. In a study from 
Ethiopia, the PCR-adjusted day 28 efficacy rose from 75.7% 
to 91.1% after heterologous infections were reclassified as 
non–treatment failures (Hwang et al., 2013). In high-trans-
mission settings, other ACTs such as  dihydroartemisinin–
piperaquine provide longer postinfection prophylaxis, 
delaying the time to first recurrence (Gogtay et al., 2013; 
Ratcliff et al., 2007). In areas where there is a high risk of 
early relapse, these recurrences could be mitigated by the 
concomitant use of primaquine for radical cure. 

Given the increasing resistance of P. vivax to chloroquine, 
and the simplification of treatment guidelines afforded by a 
unified treatment policy, there is a strong argument in some 
locations for implementation of ACT for uncomplicated 
malaria caused by any species of infection. Although arte-
mether–lumefantrine has a short postexposure prophylaxis 
against early relapsing infections, in combination with a hyp-
nozoiticidal agent the overall radical cure efficacy is likely to 
be good. Artemether–lumefantrine is currently the treatment 
of choice for uncomplicated malaria in Papua New Guinea, 
Solomon Islands, and Vanuatu (Douglas et al., 2010).

7e.  Plasmodium malariae, Plasmodium 
ovale, and Plasmodium knowlesi malaria

Evidence for the treatment of other species of malaria with 
artemether–lumefantrine is limited. There have been a 
number of case series and case reports describing successful 
treatment of uncomplicated P. knowlesi (Hoosen and Shaw, 
2011; William et al., 2011), P. malariae, and P. ovale (Mombo-
Ngoma et al., 2012). Two case reports have described the 
treatment failure of P. malariae in returned travelers with 
initial mixed infections with P. falciparum (Calleri et al., 
2013; Smith et al., 2011).

7f.  Role of mass drug administration

The post-treatment prophylactic effect of ACTs has led to 
consideration of their use in malaria control programs. Two 
such studies have assessed the use of empiric artemether–
lumefantrine in children younger than 5 in high-endemic 
African settings (Ouedraogo et al., 2010; Phiri et al., 2012). 
In a randomized, blinded, multicenter study of 1414 children 
in Malawi, the benefit of monthly artemether–lumefantrine 
after admission for severe malaria was evaluated. The study 
found that the regimen was protective compared with pla-
cebo, but only for the months during which the therapy was 
being given (Phiri et al., 2012). In comparison, in a study of 
156 children in Burkina Faso where a single mass treatment 

of artemether–lumefantrine or sulfadoxine–pyrimethamine 
was compared with no treatment before the malaria season, 
an increased risk of malaria episodes was observed in those 
treated with artemether–lumefantrine compared with no 
treatment. This suggested that clearance of parasitemia may 
have increased susceptibility to clinical malaria episodes 
after the protective efficacy of the initial treatment was no 
longer active (Ouedraogo et al., 2010). A study modeling the 
effect of widespread mass ACT administration suggested 
that it could reduce malaria prevalence for a few months 
post-campaign but that it would need to be regularly repeated 
to have continued efficacy, and that drugs with a longer dura-
tion of prophylactic efficacy would provide longer protection 
(Gerardin et al., 2015).
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Dihydroartemisinin–Piperaquine

Harin Karunajeewa

1. DESCRIPTION

Piperaquine (PQP) is a bis-4amino-quinoline schizonticidal 
anti-malarial drug first synthesized simultaneously in both 
China and France in the 1960s (Figure 172.1) (Chen et al., 
1989; Piperaquine, 2004). Because of its relative potency and 
tolerability, from 1979 it superseded chloroquine (CQ) as the 
anti-malarial recommended by the Chinese national malaria 
control program. The equivalent of 140 million adult treat-
ment doses were subsequently manufactured and distrib-
uted, including as population-wide mass drug administration. 
The subsequent development of PQP-resistant strains of 
Plasmodium falciparum led to a diminution of its use in the 
1980s (Tran et al., 2004). However, since 1990, it has been 
“rediscovered” and repurposed as a component of short-
course artemisinin-based combination therapies (ACTs) for-
mulated to minimize selection pressure for resistance and to 
achieve high cure rates without significant side effects. ACTs 
are now considered the standard of care for the management 
of uncomplicated (nonsevere) malaria due to P. falciparum in 
most contexts (WHO, 2015). 

The first PQP-containing ACTs included the artemisinin 
derivative dihydroartemisinin (DHA), trimethoprim, PQP 
phosphate, and primaquine phosphate (China–Vietnam 4 
[CV4] and China–Vietnam 8 [CV8]). These were evaluated 
in small, nonrandomized clinical trials before being intro-
duced into the Vietnamese National Malaria Control 
Program in 1998 (Chen et al., 1989; Tip et al., 2001; WHO, 
2001; Tien et al., 2002; Tran et al., 2004). Subsequent itera-
tions of this combination first led to the exclusion of the 
primaquine component because of toxicity concerns (DHA– 
trimethoprim and PQP phosphate [Artecom]) (Wilairatana 

et al., 2002), and finally to the exclusion of both primaquine 
and trimethoprim, to result in the final co-formulation that 
now contains DHA and PQP in a mass-based ratio of 1:8. 
This has been manufactured in China since the early 2000s, 
including under the trade names of Artekin2, Artekin, and 
currently Duo-Cotecxin (Beijing Holley Cotec, Beijing, 
China). These products have never received international 
regulatory approval. Nonetheless, they have been widely 
used in Southeast Asia in both the private and public sectors, 
since the first clinical evaluations were performed after 2001 
(Denis et al., 2002). A large proportion of the existing clinical 
information relating to the safety, efficacy, and pharmaco-
kinetics of PQP has been accrued through studies of these 
products (Myint et al., 2007; Karunajeewa et al., 2008a). A 
number of other generic unregistered DHA–PQP prepara-
tions now exist including some that have been used in pub-
lished clinical trials (Pasaribu et al., 2013). More recently a 
DHA–PQP co-formulation marketed under the trade name 
Eurartesim has been developed in Europe (Sigma-Tau, Italy) 
(Medicines for Malaria Venture [MMV], 2015; Ubben and 
Poll, 2013). This product has undergone the stringent pro-
cesses of evaluation necessary to secure official international 
regulatory approval, including by the European Medicines 
Agency in 2011, and it received WHO prequalification status 
in October 2015 (MMV, 2015; Ubben and Poll, 2013). It 
therefore becomes one of five currently endorsed fixed-dose 
ACTs and the only DHA–PQP preparation likely to become 
available in Western countries. 

PQP phosphate has also been combined with artemisinin 
(Artequick) (Krudsood et al., 2007), arterolane (Valecha et 
al., 2012), the ozonide OZ439 (Darpo et al., 2015) and the 
spiroindolone KAE609 (Cipargamin) (Stein et al., 2015), 

Figure 172.1. Chemical structure of piperaquine 
phosphate (l,3-bis[l-{7-chloro-4′quinolyl}-4′piperazinyl] 
phosphate).
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although clinical data are currently limited for these prod-
ucts that are either in the earlier stages of clinical development 
or have not received international regulatory approval.

PQP shows structural similarities to other 4-aminoquino-
line drugs including CQ, amodiaquine (AQ), naphthoquine, 
and pyronaridine and therefore shares with them many 
physicochemical and pharmacokinetic properties, and prob-
ably also similar mechanisms of action. Like CQ, PQP is 
available both as a base (C29H32Cl2N6; 4,4′-[1,3-propaneiyldi- 
4,1-piperazi-nediyl]bis[7-chloro]quinoline; molecular weight 
535.51) and as its water-soluble tetraphosphate salt, PQP 
phosphate (see Figure 172.1; C29 H32Cl2N6.4H3PO4; molecu-
lar weight 927.48; Rhône-Poulenc 13228, 2004). DHA (C15 
H24O5; [3R,5aS,6R,8aS,9R,12S,12aR]-decahydro-3,6,9-trimethyl- 
3,12-epoxy-12H-pyrano[4,3-j]-1,2-benzodioxepin-10-ol; 
molecular weight 284.35) is a sesquiterpene lactone that is 
semisynthetically derived from the raw plant-derived prod-
uct, artemisinin, itself (see Figure 169.1). It shares most of its 
pharmacologic characteristics with the other members of the 
artemisinin derivative group, with the only point of differ-
ence being its hydroxyl radical positioned at the C10 (or 
2-keto) position that determines some of its physicochemical 
properties and therefore influences aspects of its pharmaco-
kinetic disposition (Karunajeewa, 2012). It is described in 
more detail in Chapter 169, Artemisinins. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

PLASMODIUM FALCIPARUM

Although significant resistance to PQP emerged in China 
after its heavy use as monotherapy, and resistance appears to 
now be emerging in parts of Southeast Asia, evaluations of 
DHA–PQP in areas without significant preexisting PQP 
drug pressure have demonstrated excellent efficacy against  
P. falciparum (polymerase chain reaction [PCR]–adjusted 28- 
to 63-day cure rates mostly > 95%: see Table 172.1) in a wide 
range of settings (Zani et al., 2014). These include studies from 
Africa, South America and Southeast Asia that included 
areas of established CQ and multidrug resistance. The excep-
tion is one study of Papua New Guinean children that showed 
a PCR-adjusted cure rate of 88% at 42 days (Karunajeewa et 
al., 2008b). In vitro evaluations of PQP susceptibility in iso-
lates collected in a variety of settings are shown in Table 
172.2. Comparisons of mean 50% inhibitory concentrations 
(IC50) between these different geographic sites is confounded 
by methodologic differences among the various studies. How- 
ever, in general they show IC50 levels ranging from 10–40 
nmol. The values in Table 172.2 can therefore be used as 
baseline values from PQP-naïve parasite populations to mon- 
itor subsequent changes in PQP susceptibility over time in 
each geographic location (see section 2b). 

PLASMODIUM VIVAX

Although more in vivo efficacy data are available for treat-
ment of P. vivax than for P. falciparum, in recent years more 

than 1000 participants have undergone treatment with DHA– 
PQP in clinical trials of P. vivax (Table 172.3). Assessing effi-
cacy for P. vivax is much more methodologically challenging 
than for P. falciparum and can be especially difficult to com-
pare among settings owing to the lack of genotypic methods 
to distinguish re-infection from recrudescence (these have 
only been developed very recently (Barnadas et al., 2011)) 
and the confounding effects of hypnozoite relapse (which 
can occur at very different rates and at different times in dif-
ferent geographic settings owing to strain-specific differ-
ences in hypnozoite biology). However, existing data, which 
have mostly been accrued in areas suspected of having exten-
sive CQ- or multidrug-resistant P. vivax, suggest that DHA–
PQP has schizonticidal efficacy (as judged by day 28 clinical 
and parasitologic responses) that is equal or superior to 
that of other ACTs (including artemether–lumefantrine, 
artesunate–sulfadoxine–pyrimethamine, and artesunate–
AQ), and that its activity is superior to that of CQ (Hasugian 
et al., 2007; Ratcliff et al., 2007a; Karunajeewa et al., 2008b; 
Nelwan et al., 2015; Pasaribu et al., 2013; Tjitra et al., 2008) 
(see Table 172.3). In particular, data from the island of Papua 
(including both West Papua Province, Indonesia, and Papua 
New Guinea), where CQ-resistant P. vivax is prevalent, sug-
gest that DHA–PQP is more active than both conventional 
4-aminoquinoline drugs (CQ and AQ), as well as other ACTs 
(artemether–lumefantrine and artesunate–AQ) (Hasugian et 
al., 2007; Ratcliff et al., 2007a, 2007b; Karunajeewa et al., 
2008a, 2008b). In vitro data are also limited (due largely to 
the technical challenges of culturing P. vivax, which have 
only been partially overcome in recent years). However IC50 
values generated in studies of isolates from South Korea and 
Indonesian West Papua suggest a similar range of suscepti-
bility to that seen in P. falciparum, including in isolates with 
CQ- and multidrug-resistant phenotypes (see Table 172.2). 
Like CQ, PQP is unlikely to have significant activity against 
hepatic hypnozoite stages of P. vivax. However, its longer 
half-life likely results in a delay or diminution of relapses, 
by acting against the first hypnozoite relapse after primary 
therapy. 

OTHER SPECIES OF PLASMODIA 

In vivo and in vitro data pertaining to Plasmodium ovale and 
Plasmodium malariae are extremely limited (see Table 172.2) 
(Karunajeewa et al., 2008a; Siswantoro et al., 2011). However, 
there is no reason to suspect that PQP-containing ACTs 
should not be effective on these less common species of plas-
modia. PQP has been used successfully for the treatment 
of Plasmodium knowlesi infection in monkeys (Chen et al., 
2001).

2b.  Emerging resistance and 
cross-resistance

Around the time that PQP was first incorporated into the 
Chinese national malaria control program, P. falciparum IC50 
values from China were similar to those of wild strains from 
Madagascar, where PQP had not been used (Guan et al., 
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1983; Deloron et al., 1985). However, with extensive use over 
subsequent years of PQP in mass treatment and prophylaxis 
campaigns, the IC50 values of isolates collected from south-
ern China (including Yunnan and Hainan provinces) dra-
matically increased, with reported mean IC50 values ranging 
from 170 to 1700 nmol/l (Yang et al., 1992, 1995; Fan et al., 
1998; Yang et al., 1999). This rapid emergence of resistance is 
likely to have been driven by very large-scale use of the drug 
during this period (over 200 metric tons of PQP were con-
sumed by the population) and the relatively long elimination 
half-life of PQP, which may make it particularly prone to 
the rapid development of resistance (Hastings et al., 2002). 
This is analogous to the rapid emergence of resistance to the 
long–half-life drug mefloquine (MQ) that was observed in 
Thailand in the 1980s and 1990s (Boudreau et al., 1982; 

Nosten et al., 2000). Fortunately, the widespread use of PQP 
monotherapy has been limited to China, and modern ACT 
approaches to malaria treatment are intended to protect or 
delay the development and spread of resistance. However, 
the degree of mismatch between the half-lives of artemisinin 
derivatives (< 1 h) (Ilett and Batty, 2005) and PQP (> 10 
days) (Karunajeewa et al., 2008a), suggests that although 
PQP may protect against the development of artemisinin 
resistance, the converse may not necessarily be true. 
Therefore, although the magnitude of drug selection pres-
sure previously observed in China is unlikely to be replicated 
to the same extent with PQP-based ACTs, the protection 
afforded by artemisinin co-administration is likely to be 
incomplete. PQP-containing ACTs have been used in areas 
of Southeast Asia since at least 1998, and in some countries, 

Table 172.1. Clinical efficacy of dihydroartemisin–piperaquine (PCR-adjusted adequate clinical and parasitologic response) for Plasmodium 
falciparum.

Study Location
Follow-up 

(days) Age group

Total dose PQP 
phosphate 
(mg/kg)a,b,c

Sample 
size

ACPR 
(%)d

Denis et al., 2002 Cambodia 28 Adults and children > 1 year 68b 106 97

Ashley et al., 2004 Thailand 63 Adults and children > 1 year 51b 238 96

51b 238 98

Ashley et al., 2005 Thailand 63 Adults and children > 1 year 54b 334 99.7

Tangpukdee et al., 2005 Thailand 28 Adults ≥ 14 years 45 120 99

Karema et al., 2006 Rwanda 28 Children 1–5 years 38–74 252 95

Smithuis et al., 2006 Myanmar 42 Adults and children > 1 year 50 327 99

Mayxay et al., 2006 Laos 42 Adults and children > 1 year 50 110 100

Janssens et al., 2007 Cambodia 64 Adults and children > 1 year 48 228 98

Ratcliff et al., 2007a Indonesia 42 Adults and children > 1 year 54e 232 96

Kamya et al., 2007 Uganda 42 Children 6 months–10 years 51e 253 93

Grande et al., 2007 Peru 63 Adults and children > 5 years 50 262 98

Zongo et al., 2007 Burkina Faso 42 Children ≥ 6 months 51 196 98

Yeka et al., 2008 Uganda 42 Children 6 months–10 years 51e 234 98

Karunajeewa et al., 2008b Papua New Guinea 42 Children 6 months–5 years 60 123 88

Arinaitwe et al., 2009 63 28 Young children 4–20 months 51 119 96

Bassat et al., 2009 Africa (multicenter) 42 Children 6 months–5 years 54 1039 91

Myanmar 63 Adults and children > 6 months 60 161 99

Valecha et al., 2010 Asia (multicenter) 63 Adults and children > 3 months 54 769 99

Four Artemisinin-Based 
Combinations Study 
Group, 2011

Africa (multicenter) 28 Children 6 months–5 years 54 1475 97

Borrmann et al., 2011 Kenya 28 Children 6 months–5 years 54 233 99

Africa (multicenter) 28 Adults and children > 2 years 54 197 99.5

Sawa et al., 2013 Kenya 42 Adults and children > 6 months 51 145 96

Sow et al., 2015 Senegal 42 Adults and children > 1 year 54 124 99.1

All studies (n > 100) published before 2016.
aAll studies have used co-formulations of dihydroartemisinin and piperaquine phosphate (DHA–PQP) in a mass-based ratio of 1:8, mostly Artekin, Artekin2, or 

Duo-Cotecxin. The exceptions are the studies by Bassat et al., Borrman et al., and the Four Artemisinin-Based Combinations Study Group that used Eurartesim. 
One treatment arm in the study by Ashley et al. (2004) also co-administered an extra dose of artesunate in addition to a standard Artekin DHA–PQP 
co-formulation.

bMost commonly, the total dose has been split into three daily doses. However, patients in earlier studies received four doses administered at 0, 8, 24, and 32 
hours (Denis et al., 2002) or 0, 6, 24, and 48 hours (Ashley et al., 2004, 2005).

cDosages specified in the table are either target doses, actual mean, or ranges taken from the original publications.
dACPR: adequate clinical and parasitological response. All results are PCR corrected and based on per-protocol analyses.
eIt was specified that doses were co-administered with food (usually milk).
Abbreviations: PCR: polymerase chain reaction; PQP, piperaquine.
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Table 172.2. In vitro susceptibility of plasmodia to piperaquine. 

Organism and chloroquine 
susceptibility IC50 (nM) Range (nM)a–c

No. of 
isolates Region Reference 

P. falciparum (CLQ-R) 38.9 7.8–78.3a 103 Cameroon Basco and Ringwald, 2003)

P. falciparum (CLQ-S) 14.5b 13.2–16.1b 165 Indonesian West Papua Russell et al., 2008

P. falciparum (CLQ-R) 11.7 10.2–13.4b 57 Papua New Guinea Wong et al., 2010

P. falciparum (CLQ-S) 17.1c 1.5–107.2c 89 Indonesian West Papua Price et al., 2010

P. falciparum (CLQ-S and CLQ-R) 66.8a 11.8–217.3a 176 Africa, India and Thailand Pascual et al., 2012

P. falciparum (CLQ-R) ≈ 10a  ≈ 2–80a 451 Cambodia, Thailand Tyner et al., 2012

P. falciparum (CLQ-S) 41.9c ≈ 15–120c 59 Kenya Okombo et al., 2012

P. falciparum (CLQ-R) 21.6a 2.5–80.5a 227 Cambodia Lim et al., 2013

P. falciparum (CLQ-R) 28.4a 5.3–132a 63 China, Myanmar Hao et al., 2013

P. falciparum (CLQ-S) 28.3a 10.5–633.4a 185 Ghana Quashie et al., 2013

P. falciparum (CLQ-S) 24c 0.3–28c 34 Niger Issaka et al., 2013

P. falciparum (CLQ-S and CLQ-R) 6.3b 5.9–6.8b 440 Burkina Faso Tinto et al., 2014

P. falciparum (CLQ-S and CLQ-R) 58.0a 7.8–217.3a 313 Worldwide (imported 
malaria in France)

Pascual et al., 2015

P. vivax (CLQ-S) 27a   17–58a 24 South Korea Chotivanich et al., 2009)

P. vivax (CLQ-R) 24.8c 1.8–160.6c 99 Indonesian West Papua Price et al., 2010

P. vivax (CLQ-R) 21.9b 18.5–25.8b 125 Indonesian West Papua Russell et al., 2008

P. ovale (CLQ-S) (majority ring 
stage)

10.2c 4.7–15.5c 5 Indonesian West Papua Siswantoro et al., 2011

P. malariae (CLQ-S) (majority 
ring stage)

29.0c 6.6–35.9c 8 Indonesian West Papua Siswantoro et al., 2011

Data are either geometric mean or median and range or 95% confidence interval as indicated. 

a,b,cFor P. falciparum, studies are limited to those with n > 50. aGeometric mean/range; bGeometric mean/95% confidence interval; cMedian/range.
Abbreviations: CLQ-R: chloroquine-resistant (mean IC50 > 100); CLQ-S: chloroquine-sensitive (mean IC50 ≤ 100); IC50: mean 50% inhibitory concentration.

Table 172.3. Clinical efficacy of dihydroartemisin–piperaquine (uncorrected adequate clinical and parasitologic response) for Plasmodium 
vivax.

Study Location
Follow-up 

(days)a Age group

Total dose PQP 
phosphate 
(mg/kg)b–d

Sample 
size

ACPR 
(%)a

Ratcliff et al., 2007a Indonesia 28a Adults and children > 1 year 54e 147 97

Hasugian et al., 2007 Indonesia 28a Children 6 months–10 years 51 54 97

Karunajeewa et al., 2008b Papua New Guinea 28a Children 6 months–5 years 60 44 84a,f

Awab et al., 2010 Afghanistan 28a Adults and children 48 268 97

Phyo et al., 2011 Thailand 28a Adults and children 55 248 96

Tjitra et al., 2012 Indonesia 28a Adults and children 48–96 78 99

Pasaribu et al., 2013 Indonesia 28a Adults and children >2 years 54 164 99

Nelwan et al., 2015 Indonesia 28a Adult males 43 60 100

All studies of P. vivax monoinfections (n > 40) published before 2016.
aUnlike for P. falciparum, few studies have used PCR-based techniques to enable distinguishing re-infection from recrudescence for P. vivax. High treatment 

failure rates can therefore reflect intense transmission intensity in the area of the study. Treatment failures may also be due to hypnozoite relapse (especially 
when relapse occurs after 28 days), which can occur at different rates in different geographic settings owing to strain-specific differences in hypnozoite 
relapse rates or to the simultaneous use of hypnozoiticidal treatment (primaquine) in some studies but not others. Therefore, although many studies used 
longer follow-up, outcomes at 28 days are shown to enable more meaningful comparisons of schizonticidal efficacy.

bAll studies have used a co-formulation of dihydroartemisinin and piperaquine phosphate (DHA–PQP) in a mass-based ratio of 1:8, mostly as either Artekin or 
Duo-Cotecxin, except for the study by Pasaribu et al., which used Arterakine (Pharbaco Central Pharmaceuticals, Vietnam) and the study by Nelwan et al., 
which used Eurartesim.

cAll treatments in these studies were administered as three daily doses. 
dDosages specified in the table are either target doses, actual mean, or ranges (actual or target) taken from the original publications.
eIt was specified that doses were co-administered with food (usually milk).
fSubsequent genotypic characterization of treatment failures from this high-transmission setting suggested that most were due to re-infection with a PCR-

corrected ACPR of 97.1% (Barnadas et al., 2011)
Abbreviations: ACPR: adequate clinical and parasitological response; PCR: polymerase chain reaction; PQP: piperaquine.
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notably Cambodia, DHA–PQP has been very widely used as 
the officially recommended ACT of choice for malaria treat-
ment since as early as 2004. Unfortunately, this is the very 
place where artemisinin resistance was first detected in 2008 
(Noedl et al., 2008), since which time it now appears to be 
spreading rapidly through Southeast Asia, with mutations 
in the Kelch-13 propeller gene that are linked to artemisinin 
resistance having now been identified in at least four other 
countries (Vietnam, Thailand, Laos, Myanmar) (see Chapter 
169, Artemisinins) (Ashley et al., 2014). Therefore the loss 
of efficacy of the DHA component of DHA–PQP may mean 
that its use in P. falciparum infections acquired in this region 
may effectively constitute unsupported PQP monotherapy. 
It is perhaps unsurprising then that there are now signs that 
PQP resistance has emerged in Cambodia. This is reflected 
by in vivo DHA–PQP cure rates as low as 75% and declining 
in vitro susceptibility (as evidenced by a greater than three-
fold increase in IC50 values over 3 years) (Chaorattanakawee 
et al., 2015; Leang et al., 2015; Lon et al., 2014). This has 
occurred on a background of Kelch-13 mutations (associated 
with artemisinin resistance) now being ubiquitous in these 
areas (Chaorattanakawee et al., 2015). The biologic mecha-
nisms of PQP resistance are not yet clear and, in contrast to 
resistance to artemisinins, CQ, and MQ, useful genotypic 
markers of PQP resistance have yet to be elucidated. However, 
it is notable that after a change from MQ–artesunate to 
DHA–PQP as treatment policy in Cambodia, the prevalence 
of pfmdr1 multiple copy number declined significantly and 
was associated with a return in MQ sensitivity. Therefore 
PQP resistance appears to arise by a completely separate 
mechanism from MQ resistance, such that PQP drug pres-
sure allows reversion to a wild-type MQ susceptible pheno-
type. This phenomenon may be fortuitous and allow for 
cycling of treatment policy back and forth between MQ–
artesunate and DHA–PQP. 

A great deal of work has been done to investigate the pos-
sibility and nature of cross-resistance between PQP and 
other anti-malarials, in particular CQ and artemisinin deriv-
atives (Guan et al., 1983; Li, 1985; Li et al., 1985; Chen et al., 
1989; O’Neill et al., 1998). However, this relationship remains 
complex, with many studies having had contradictory results. 
Experimental in vitro induction of PQP resistance in labora-
tory strains of Plasmodium berghei has produced strains 
cross-resistant to PQP, artesunate, artemisinin, MQ, and pyr-
onaridine (Li, 1985; Li et al., 1985). In vitro studies of P. falci-
parum isolates collected from areas of China subject to heavy 
PQP use have reported PQP cross-resistance with CQ and 
AQ (Zhang et al., 1987; Yang et al., 1992, 1995, 1999). These 
data suggest that heavy PQP use might produce PQP-
resistant strains that also have compromised susceptibility to 
other chemically related anti-malarials. However, it does not 
seem that the converse is true; in vivo and ex vivo studies 
from areas where CQ and multidrug resistance is established 
and in vitro studies of laboratory reference strains have sug-
gested that CQ and other anti-malarial drug pressure does 
not seem to select strains that are PQP resistant (Basco and 
Ringwald, 2003; Barends et al., 2007; Fivelman et al., 2007; 

Zani et al., 2014). A possible exception is one study from 
Papua New Guinea, where poorer than expected DHA–PQP 
efficacy may have been related to a correlation seen between 
PQP and both AQ and CQ IC50 values, suggesting that pre-
vious heavy use of both of these drugs in the area may have 
produced strains with reduced PQP susceptibility (Karuna-
jeewa et al., 2008b; Wong et al., 2010). However, the abun-
dant in vivo clinical trial data demonstrate excellent DHA– 
PQP efficacy in a variety of settings where CQ-resistant  
P. falciparum is prevalent (see Table 172.1), suggesting that 
preexisting CQ resistance is not a significant determinant 
of PQP susceptibility.

3. MECHANISM OF DRUG ACTION

As a class, bisquinolines have received renewed interest owing 
to their activity against CQ-resistant Plasmodium strains 
(Vennerstrom et al., 1992; Raynes et al., 1996; Raynes, 1999). 
This may relate to the “bulkiness” of PQP’s bisquinoline 
chemical structure, making it relatively unaffected by trans-
porters that mediate CQ resistance via CQ efflux from the 
parasite food vacuole (Vennerstrom et al., 1992; O’Neill et 
al., 1998). This is supported by the activity of other bulky 
aminoquinoline compounds on CQ-resistant parasite strains 
(Jain, 2002).

Electron microscopy shows differing morphologic changes 
in the trophozoites of PQP-sensitive and PQP-resistant P. ber-
ghei ANKA strains (Chen et al., 1986). Clumps of pigment 
can be seen inside the food vacuole of PQP-sensitive strains 
exposed to PQP and in CQ-sensitive parasites treated with 
CQ, suggesting that the food vacuole is also the site of action 
of PQP (Chen et al., 1985). Indeed, within an hour of PQP 
exposure, food vacuole membranes and mitochondria become 
swollen, and multilamellate whirls are seen (Chen et al., 
2002). Because PQP contains a 7-chloro-4-aminoquinoline 
structure common to all 4-aminoquinoline drugs, it is likely 
that PQP and other aminoquinolines, such as CQ, have sim-
ilar targets. Inhibition of heme digestion in the parasite food 
vacuole appears the most likely pathway (O’Neill et al., 1998). 
Hemoglobin, an essential source of nutrient for the parasite, 
is normally cleaved into globin and ferric toxic heme (fer-
riprotoporphyrin IX), which the parasite then detoxifies by 
polymerization into crystalline structures termed “hemozoin” 
or malarial pigment (Hempelmann et al., 2003). Amino-
quinolines such as CQ and PQP are hypothesized to act by 
directly binding to ferriprotoporphyrin IX and/or by inhibit-
ing enzymatic polymerization of hemozoin (Sullivan et al., 
1996; Ginsburg et al., 1998; O’Neill et al., 1998; Sullivan, 2002). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

All currently available preparations (Duo-Cotecxin and 
Eurartesim) are fixed-dose co-formulations for oral adminis-
tration that contain DHA and PQP phosphate in a mass-
based ratio of 1:8. 
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4a.  Adults

Tablets for administration in adults (Duo-Cotecxin and 
Eurartesim) contain 40 mg of DHA and 320 mg of PQP 
phosphate. The adult dosage originally recommended by the 
manufacturers of Artekin, Artekin2, and Duo-Cotecxin was 
for a total dose of 320 mg of DHA and 2560 mg of PQP phos-
phate administered in four divided doses over 32 hours (i.e. 
two tablets: 80 mg DHA/640 mg PQP phosphate at 0, 6–8, 
24, and 32 h). Although this regimen has been shown to be 
effective and well tolerated (Denis et al., 2002; Hung et al., 
2004; Karunajeewa et al., 2004; Tran et al., 2004), treatment 
failures were observed in heavier individuals who received 
relatively low doses in milligrams per kilogram (Denis et al., 
2002). A regimen has subsequently been devised whereby 
an equivalent total dose is divided into three doses over 48 
hours (i.e. 0, 24, and 48 h) (Ashley et al., 2005). Mean total 
doses in milligrams per kilogram used in this regimen have 
ranged from 5.7–6.7 for DHA and 45–54 for PQP phosphate 
(it is important to remember that a dose of 20 mg of PQP 
phosphate per kilogram equates to 12 mg of PQP base per 
kilogram) (see Table 172.1). The 3-day regimen has the 
advantages of simple once-daily administration, and a theo-
retical benefit of exposure over at least two parasite erythro-
cytic life cycles (each of which lasts approximately 48 h) to 
the artemisinin component of the combination (Nosten et 
al., 2005). The 3-day regimen has been favored in most recent 
studies, including large phase III efficacy comparisons in 
which it appears to have been effective and well tolerated 
(Zani et al., 2014). It therefore represents the regimen best 
supported by available evidence. Based on both these studies 
and previous studies that suggested a higher risk of treat-
ment failure with lower doses in milligrams per kilogram 
(Denis et al., 2002), WHO has recommended a “target” total 
PQP dose of 54 mg/kg (with a range of 48–78 mg/kg consid-
ered acceptable) (WHO, 2015). Although the weight bands 
used to guide dosing have varied among studies, > 84% of 
>  2000 adult participants included in a pooled analysis of 
26 clinical trials received total PQP doses within this WHO-
recommended range (WorldWide Antimalarial Resistance 
Network [WWARN], 2013). The manufacturer of Eurartesim 
has simpler dosing guidelines than those used in many clini-
cal trials (Sigma-Tau, 2011). These guidelines use fewer 
weight bands, meaning that most adults receive either three 
tablets per day (adults weighing 36–75 kg receive a total 
PQP dose of 2880 mg) or four tablets per day (adults weigh-
ing 75–100 kg/day receive a total PQP dose of 3840 mg). 
However, it is important to note that with this dosing guide-
line, adults weighing > 80 kg will receive less than the WHO-
recommended 48 mg/kg lower end of the dose range. Also, 
because very few individuals weighing > 75 kg have been 
enrolled in clinical trials, there is limited evidence to support 
the adequacy of dosing in this group (WWARN, 2013). No 
data exist for individuals weighing > 100 kg, and the manu-
facturer of Eurartesim does not make dosing recommenda-
tions for this group (Sigma-Tau, 2011).

4b.  Newborn infants and children

Preparations available for treating children now include 
pediatric granule formulations, including Duo-Cotecxin and 
a Eurartesim product that has been submitted for regulatory 
approval by the European Medicines Agency (MMV, 2015; 
Ubben and Poll, 2013). These come as sachets, each contain-
ing 15 mg of DHA and 120 mg of PQP phosphate that can be 
dissolved in water and then either drunk or squirted into the 
oropharynx with a syringe (Hung et al., 2004). This permits 
more accurate titration of doses in milligrams per kilogram 
and easier administration to very young children, to whom 
administration of tablets is difficult. Pediatric strength tablets 
(containing 20 mg of DHA and 160 mg of PQP phosphate—
that is, half the strength of adult-strength tablets) are also 
available. It is common practice to administer anti-malarials 
to young children by crushing the tablets and mixing with 
water to form a slurry (Nosten et al., 2005). Unfortunately, 
PQP has an extremely bitter taste and is therefore difficult to 
administer to children in this manner. The enteric coating of 
granules and tablets abrogates this bitter taste. Therefore, if 
a child cannot swallow whole tablets and a pediatric granule 
formulation is not available, it is better to break tablets into 
small fragments that can be mixed in with a sweet food, such 
as a banana.

Earlier studies of Artekin and Duo-Cotecxin used the 
32-hour four-dose course and employed a variety of dosage 
schedules, including some based on age rather than body 
weight (Denis et al., 2002; Hung et al., 2004; Karunajeewa et 
al., 2004; Tran et al., 2004). However, as in adults, this regi-
men has been superseded by the 3-day once-daily regimen 
that has proved simpler, equally effective, and well tolerated 
(Ashley et al., 2005; Karema et al., 2006; Smithuis et al., 2006; 
Grande et al., 2007; Hasugian et al., 2007; Kamya et al., 2007; 
Ratcliff et al., 2007a; Karunajeewa et al., 2008b). Dosing in 
most recent studies has been based on body weight, using 
milligrams-per-kilogram doses approximately equivalent to 
those used in adults (2.0–2.5 mg of DHA and 16–20 mg of 
PQP phosphate per kilogram per day at 0, 24, and 48 h) (see 
Table 172.1 and Table 172.3) (Ashley et al., 2005; Karema et 
al., 2006; Smithuis et al., 2006; Grande et al., 2007; Hasugian 
et al., 2007; Kamya et al., 2007; Ratcliff et al., 2007a; Karuna-
jeewa et al., 2008a, 2008b). These studies have used a number 
of different weight-banding categories, which has led to wide 
variations in doses in milligrams per kilogram according to 
where each child falls within each weight category (Price et 
al., 2007). This is particularly true for very young children 
and infants in the lowest weight categories, for whom titra-
tion of milligrams-per-kilogram doses is most difficult. 
Analysis of pooled data from 26 clinical trials has demon-
strated that in children the risk of treatment failure is closely 
related to the dose in milligrams per kilogram, being signifi-
cantly higher in those who receive total PQP doses below 
the 48 mg/kg lower limit of the WHO recommended dosing 
range (WWARN, 2013). The manufacturer of Eurar tesim 
currently recommends dosing based on four weight bands in 



5. Pharmacokinetics and pharmacodynamics 2995

children weighing less than 36 kg. However, following this 
guideline would result in all children in the lowest weight 
band (5–7 kg) and many children in the upper ranges of 
other weight bands (7–13 kg and 13–24 kg) receiving milli-
grams-per-kilogram doses below the WHO-recommended 
lower dosing limit (Sigma-Tau, 2011). It is therefore likely 
that this dosing guideline will need to be revised to allow 
better dose titration, especially in infants and very small 
 children (WWARN, 2013). There is a paucity of information 
regarding the pharmacokinetic profile, safety, tolerability, 
and efficacy of DHA–PQP in infants younger than 6 months, 
who are often specifically excluded from clinical trials con-
ducted in children (Hung, 2003; Ashley et al., 2005; Karema 
et al., 2006; Smithuis et al., 2006; Grande et al., 2007; 
Hasugian et al., 2007; Ratcliff et al., 2007a; Karunajeewa et 
al., 2008a). Because anti-malarials are now being used for 
presumptive treatment at the time of infant immunization, 
this represents an important knowledge gap (Greenwood, 
2007). Owing to the existing lack of data, the existing regula-
tory approval of Eurartesim does not extend to use in infants 
younger than 6 months or weighing below 5 kg (Sigma-Tau, 
2011). However, if no more appropriate anti-malarial is 
available, treatment using the pediatric granule formulation 
with doses carefully titrated to 48–78 mg/kg represents the 
most appropriate strategy in this group. 

4c.  Pregnant and lactating mothers

Given the lack of existing anti-malarials suitable for treating 
malaria in pregnancy (especially in most of the world where 
CQ and sulfadoxine–pyrimethamine resistance has arisen), 
PQP’s favorable reproductive toxicity profile in animal stud-
ies and its favorable pharmacokinetic profile both suggest 
it  is well suited to prophylactic and preventive applications 
in pregnancy. Therefore a number of studies in recent years 
have addressed its safety, pharmacokinetic profile, and treat-
ment outcomes (in both mothers and infants) after treatment 
in pregnancy. Pharmacokinetic studies comparing disposi-
tion in pregnant versus nonpregnant women have yielded 
conflicting results, with studies from Sudan and from Thai-
land and Myanmar suggesting no difference in overall drug 
exposure, possibly because the higher drug clearance may be 
completely offset by higher bioavailability in pregnancy 
(Hoglund et al., 2012; Rijken et al., 2011; Tarning et al., 2012). 
However, other studies from Sudan and Papua New Guinea 
(Adam et al., 2012; Benjamin et al., 2015) have shown total 
overall PQP drug exposure to be 35–52% lower in pregnant 
compared with nonpregnant women, and all studies have dem- 
onstrated shorter elimination half-lives in pregnancy, resulting 
in a likely reduction in the duration of the post-treatment pro-
phylactic effect. Differences among these studies may relate to 
pharmacogenetic factors. At the current time there are no rec-
ommendations for altered dosing in pregnant women. 

One study has demonstrated that PQP enters breast milk, 
but in very small amounts, with pharmacokinetic modeling 
suggesting that infants would be exposed to median relative 

cumulative doses of approximately 0.36% of those in  mothers 
receiving a standard treatment course (a relative infant dose of 
< 10% is considered acceptable) (Moore et al., 2015). Therefore, 
although existing manufacturer recommendations for Eur - 
arte sim state that women should not breast feed during treat-
ment, these more recent data suggest that conventional dosing 
can be safely administered in lactating mothers, and that 
women can continue to breastfeed during and after treatment. 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Because PQP does not appear to undergo significant renal 
excretion, dosage modification is not necessary in renal 
impairment (Chen et al., 1979). However, published clinical 
experience with this drug is generally limited to individuals 
without significant comorbidities, and the manufacturer of 
Eurartesim advises “caution” when administering to patients 
with moderate or severe renal insufficiency (Sigma-Tau, 2011).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Because the major route for metabolism and excretion of 
PQP is likely to be by enterohepatic recycling, liver disease 
or hepatic insufficiency could theoretically lead to impaired 
clearance, higher PQP drug exposures, and therefore greater 
toxicity risks (Chen et al., 1979). However, no data exist to sug-
gest dose modification in this group, and the manufacturer of 
Eurartesim advises “caution” in prescribing to individuals with 
moderate or severe hepatic insufficiency (Sigma-Tau, 2011).

ELDERLY PATIENTS

Existing clinical studies have not included patients older 
than 65 (WWARN, 2013). On the basis of current knowl-
edge, the manufacturer does not recommend dose adjust-
ments in this group, but suggests exercising caution given the 
possibility of age-associated renal or hepatic impairment or 
of underlying cardiac disease that may potentiate the cardio-
toxicity of PQP (Sigma-Tau, 2011).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

PQP can be assayed in plasma using now well-validated high- 
performance liquid chromatography (HPLC) and liquid 
chromatography–mass spectrometry (LC–MS) techniques, 
although expertise in performing these assays is limited to a 
small number of industry and research groups (Hung et al., 
2003; Lindegardh et al., 2005; Singhal et al., 2007). Although 
urinary metabolites have been described, these are unlikely 
to be of clinical relevance (Tarning et al., 2006). No active 
metabolite of PQP that is likely to be of clinical significance 
has been conclusively demonstrated in plasma.

PQP has similar (though not identical) pharmacokinetic 
properties to related 4-aminoquinoline drugs, including CQ, 
AQ, and naphthoquine, and to other highly lipid-soluble 
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anti-malarials such as pyronaridine, MQ, atovaquone, and 
halofantrine (Karunajeewa et al., 2008a). It is characterized 
by an extremely large volume of distribution and multipha-
sic elimination kinetics with a particularly slow terminal– 
elimination phase (Hung et al., 2004; Liu et al., 2007; Ahmed 
et al., 2008; Karunajeewa et al., 2008a).

Like all the artemisinin derivatives, DHA is characterized 
by its very rapid elimination profile (estimated elimination 
half-life of 40 minutes (Ilett and Batty, 2005),). Some con-
cerns have been raised regarding the pharmaceutical stability 
of DHA (which is poorer than that of the other artemisinin 
derivatives), especially when tablets are stored in tropical 
temperatures (Jansen, 2010). The pharmacokinetics of arte-
misinin are described in more detail in Table 169.1. 

5a.  Bioavailability

Because PQP cannot be administered intravenously, its abso-
lute oral bioavailability cannot be directly determined in 
humans. However, based on studies in rodents (Chen et al., 
1979; Tarning et al., 2008), a moderate to high absolute 
 systemic bioavailability (50–90%) after oral administration 
has been proposed. Absorption of PQP in humans is gener-
ally slow, with absorption half-lives ranging from 7.7 to 9.3 
hours (Hung et al., 2004; Roshammar et al., 2006; Karuna-
jeewa et al., 2008a). Peak levels in plasma occur around 4 
hours after dosing (Sim et al., 2005; Ahmed et al., 2008), but 
multiple absorption peaks may be seen (Roshammar et al., 
2006; Ahmed et al., 2008). Absorption is facilitated by 
 co- administration of fat, with calculated area under the 
 concentration–time curve (AUC) increasing by 98% after a 
high-fat meal in Caucasian volunteers (equivalent to a 
121% increase in oral bioavailability) (Sim et al., 2005). 
This is similar to effects seen in other highly lipophilic anti- 
malarials, including lumefantrine, atovaquone, MQ, and 
halofantrine (Milton et al., 1989; Rolan et al., 1994; Crevoisier 
et al., 1997; Ashley et al., 2007). Although it has been previ-
ously suggested that PQP should be administered with food 
to maximize clinical efficacy (Price et al., 2009), this could 
also lead to increased toxicity. The major body of clinical trial 
evidence supporting the safety and efficacy of DHA–PQP 
has been accrued in participants in whom food was not rou-
tinely co-administered (Zani et al., 2014). Therefore, given 
concerns especially regarding cardiotoxicity (see later) asso-
ciated with higher peak PQP concentrations, the manufac-
turer of Eurartesim explicitly specifies that DHA–PQP 
should be administered without food (Sigma-Tau, 2011). 
This situation is the opposite to that of the other most widely 
used ACT, artemether–lumefantrine (see Chapter 171, 
Artemether–lumefantrine), the absorption of which is also 
markedly affected by food co-administration, but for which 
recommendations are that it be routinely co-administered 
with food. 

5b.  Drug distribution

Estimates of PQP’s volume of distribution adjusted for bio-
availability (Vd/F) range from 103 to 716 l/kg, values that are 

significantly larger even than those for similar drugs such as 
CQ (Hung et al., 2004; Roshammar et al., 2006; Karunajeewa 
et al., 2008a). Such a massive volume of distribution probably 
reflects the highly lipophilic nature of PQP, which leads to its 
accumulation in tissues including viscera and body fat. This 
contributes to a very rapid and extensive early distribution 
phase with a steep decline in plasma drug levels in the hours 
to days immediately after administration (Hung et al., 2004; 
Roshammar et al., 2006; Karunajeewa et al., 2008a). Similarly 
the long “tail” in the concentration–time profile that lasts 
many months after administration likely reflects ongoing 
redistribution from body tissues to plasma rather than a gen-
uine elimination process (Karunajeewa et al., 2008a).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Patients with malaria treated with PQP-containing ACT reg-
imens, such as DHA–PQP, show consistently rapid parasite 
and fever clearance within 48 hours of initiation of treatment 
(Tran et al., 2004; Kamya et al., 2007; Zongo et al., 2007; 
Karunajeewa et al., 2008b). This is likely to reflect the known 
rapid parasiticidal action of the artemisinin (DHA) compo-
nent, rather than that of PQP (White, 1994). Instead, PQP 
drug concentrations become most important after the rapid 
(< 1 hour) clearance of DHA (Ilett and Batty, 2005) (see also 
Table 169.4) after the final dose (at approximately 48 h). So 
clearance of any parasite residuum remaining after the third 
day of treatment depends on the parasiticidal action of PQP. 
Thus the concentration of PQP probably needs to be main-
tained above the parasite minimum inhibitory concentration 
(MIC) for many days to ensure a definitive cure and to pre-
vent recrudescence (White, 2003). This explains why PQP 
concentrations determined at 7 days after initiation of ther-
apy predict the treatment outcome for DHA–PQP in a man-
ner similar to that for other ACT partner drugs (Price et  
al., 2007). A cut-off of 30 ng/ml was predictive of treatment 
failure in West Papua and Indonesia and has been proposed 
as a therapeutic goal and as a surrogate marker for future 
pharmacokinetic–pharmacodynamic studies (Price et al., 
2007; White et al., 2008). Although the very long elimination 
half-life of PQP would seem to be a therapeutic advantage in 
this regard, this is countered by the drug’s very rapid early 
distribution phase, which leads to drug levels falling precipi-
tously by the time the elimination phase commences (Karun-
a jeewa et al., 2008a). Therefore, given the practical constraints 
that apply to short-course ACT in the developing world, it 
is not clear to what extent dosage modifications will be capa-
ble of improving day-7 levels, without either increasing the 
duration or complexity of the treatment course or risking 
toxicity because of higher peak drug levels (Karunajeewa et 
al., 2008a).

In addition to curing an initial malaria infection, a goal of 
therapy may be to prevent further re-infections or relapse of 
P. vivax after release of hypnozoites in the weeks after treat-
ment (Greenwood, 2007). This will be dependent on the 
duration of the drug’s “post-treatment prophylactic effect” 
(White, 2005). PQP’s, long elimination half-life is reflected in 
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its durations of residual suppressive drug concentrations, 
which result in a longer period of post-treatment prophylaxis 
than shorter-acting ACTs such as artemether–lumefantrine 
(Karunajeewa et al., 2008b; Zani et al., 2014). This results in 
a lower incidence of re-infections (due to new mosquito- 
borne inoculations) occurring during the weeks after an ini-
tial treatment course. It may also augment the apparent efficacy 
of DHA–PQP for P. vivax by suppressing emergent infections 
from early hypnozoite relapse after treatment (Karunajeewa 
et al., 2008b). PQP’s long post-treatment prophylactic effect 
may make it especially useful for mass drug administration 
approaches wherein repeated cycles of treatment aim to 
maintain suppressive drug concentrations for a number of 
months. PQP’s slow elimination profile may enable suppres-
sive drug concentrations to be maintained with intervals as 
long as 1 month between treatment courses. However, sub-
stantial inter-individual and inter-occasional variability in 
pharmacokinetic disposition together with PQP’s rapid dis-
tribution phase may mean that substantial proportions of a 
population may not sustain drug levels above the MIC for 
long enough to ensure adequate chemoprophylaxis over this 
entire period. This is reflected in P. falciparum re-infection 
rates seen within 42 and even 28 days of treatment that have 
been observed in some trials conducted in high- transmission 
areas (Kamya et al., 2007; Karunajeewa et al., 2008b). One 
study from northwest Thailand comparing prophylaxis of 
treatment courses administered once a month with once 
every 2 months showed that the longer treatment interval 
was probably insufficient (with a protective efficacy of 86% 
compared with 98% in the monthly treatment group) (Lwin 
et al., 2012). It is important to note that trough PQP concen-
trations were the major determinant of protective efficacy, 
with no breakthrough infections occurring when trough 
concentrations were > 31 ng/ml. However, the nature of this 
relationship may vary significantly among settings, being 
heavily dependent on the in vivo MIC, which will reflect 
local parasite susceptibility and preexisting human popula-
tion immunity. Dosing strategies that aim to limit population 
pharmacokinetic variability in drug exposure will be important 
in optimizing the efficacy of DHA–PQP for population- 
based strategies such as mass drug administration (Berg-
strand et al., 2014).

5d.  Excretion

Although metabolites of PQP have been described in urine, 
the excretion of PQP is probably predominantly biliary and 
subject to enterohepatic recycling (Chen et al., 1979; Tarning 
et al., 2006). The terminal elimination half-life of PQP has 
been estimated at 11–23 days (Hung et al., 2004; Sim et al., 
2005; Roshammar et al., 2006; Liu et al., 2007; Ahmed et al., 
2008; Karunajeewa et al., 2008a). However, because the decay 
in drug levels throughout the drug’s long elimination phase 
may not be log linear, much longer elimination half lives  
(> 30 days) may be calculated if a long sampling schedule 
using ultrasensitive assays is used (Tarning et al., 2005). One 
study from Cambodia showed that clearance is significantly 
shorter in children than in adults (1.9 kg/l h in children 

compared with 0.9 kg/l h in adults), which was reflected in a 
shorter elimination half-life in children (13.5 vs. 22.7 days) 
(Hung et al., 2004).

5e.  Drug interactions

PQP is both a substrate for and mild inhibitor of CYP3A4. 
The most important implications of this are the increase 
in PQP plasma concentrations (up to twofold higher) seen 
when strong inhibitors of CYP3A4 (e.g. protease inhibitors, 
macrolide antibiotics, chloramphenicol, azole antibiotics, 
and grapefruit) are co-administered (Sigma-Tau, 2011). This 
could theoretically potentiate the corrected QT interval 
(QTc) prolongation of PQP, and the manufacturer of Eur-
artesim recommends consideration of electrocardiographic 
monitoring when these or even less powerful CYP3A4 inhib-
itors (such as oral contraceptives) are co-administered with 
DHA–PQP (Sigma-Tau, 2011). PQP is not a substrate for the 
P-glycoprotein metabolic pathway and therefore is unlikely 
to interact with drugs that are handled through this system 
(Crowe et al., 2006). When DHA–PQP is co-administered 
with primaquine, pharmacokinetic interaction leads to a higher 
primaquine exposure (AUC increase of 28%). However, as 
the efficacy and toxicity of primaquine depend on its active 
metabolites rather than primaquine itself, it is not clear what 
the clinical implications of this interaction are (Han boon-
kunupakarn et al., 2014). Studies of in vitro interactions 
between PQP and other anti-malarials have shown no inter-
action with DHA, CQ, and pyronaridine; mild antagonism 
with quinine and naphthoquine; and moderate antagonism 
with MQ (Davis et al., 2006). Apart from DHA, these anti- 
malarials are unlikely to be co-administered. However, 
because of their long half-lives, it is possible that residual 
MQ concentrations from a previously treated infection could 
compromise the efficacy of subsequent retreatment with PQP.

6. ADVERSE REACTIONS AND TOXICITY

PQP appears to have a good toxicity profile in both human 
studies and animal models. In particular, animal studies have 
suggested that on a molar basis PQP is much less toxic and 
has a higher therapeutic index than the chemically related 
drug CQ (Sheng et al., 1981). Because of PQP’s chemical 
similarity to CQ and other quinoline anti-malarials, toxicity 
assessments have focused on its potential to cause cardio-
toxicity, hemodynamic instability, neuropsychiatric prob-
lems, and effects on glucose metabolism (Karunajeewa et al., 
2004; Myint et al., 2007; Mytton et al., 2007). Animal studies 
have demonstrated vomiting, tremor, electrocardiographic 
abnormalities, and hypotension when the drug is given in 
high doses (Davis et al., 2005). However, clinical studies in 
humans have shown reassuringly little evidence to suggest 
that PQP or DHA–PQP exhibits significant toxicity when 
used at conventional therapeutic dosages (Karunajeewa et al., 
2004; Myint et al., 2004; Davis et al., 2005). In addition, in 
clinical trials, reported side effects and adverse events are not 
easily distinguished from the symptoms and complications 
of malaria infection itself. Clinically significant adverse drug 
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reactions considered to be associated with DHA–PPQ are 
summarized in Table 172.4.

In head-to-head evaluations, DHA–PQP appears overall 
to be much better tolerated than artesunate–MQ administered 
in a conventional 3-day course (MAS3), and has similar toler-
ability to other ACTs including artemether–lumefantrine 
and AQ–artesunate (Zani et al., 2014). The most common 
side effects reported with DHA–PQP include dizziness and 
gastrointestinal symptoms (Karunajeewa et al., 2004; Davis 
et al., 2005; Myint et al., 2007) as described in detail later. 
However, the most important toxicity issue relates to obser-
vations of a lengthening of the electrocardiographic QTc 
interval, coupled with a theoretical risk that PQP’s slow elim-
ination profile could result in cumulative cardiotoxicity if 
repeated courses were administered within a short time frame 
(see section 6c) (Sigma-Tau, 2011).

6a.  Neurologic side effects

The incidence of dizziness reported in clinical trials has 
ranged from 0.4% to 30.4% of children in Rwanda and 
Myanmar, respectively (Karema et al., 2006; Smithuis et al., 
2006; Myint et al., 2007). In a number of comparative trials, 

the incidence of dizziness with DHA–PQP has been shown 
to be significantly less than with MAS3 (approximately 12% 
for DHA–PQP vs. 25% for MAS3) (Myint et al., 2007). Sleep 
disturbance, when reported, is less common (0–15.5%) than 
with MAS3 (Myint et al., 2007).

No neuropsychiatric reactions were documented in 2636 
patients from 13 trials reviewed by Myint et al. (2007), which 
led the authors to estimate an upper 95% confidence interval 
[CI] for any actual incidence of neuropsychiatric reactions 
(if they occurred at all) of < 1 in 600.

6b.  Gastrointestinal side effects

Nausea, vomiting, abdominal pain, and diarrhea have all 
been reported reasonably commonly in clinical trials (Myint 
et al., 2007). However, these have been reported only occa-
sionally in studies of healthy volunteers, suggesting that 
many of these “side effects” may be attributable to the effects 
of the malaria infection itself (Sim et al., 2005; Ahmed et al., 
2008). In clinical trials, the reported incidences of nausea 
and vomiting range from 0.8% to 11.8% and from 1.6% to 
6.9%, respectively (Myint et al., 2007). For both symptoms, 
the incidence is about half that observed for MAS3 in 

Table 172.4. Clinically significant adverse drugs reactions reported with dihydroartemisinin–piperaquine.

Drug class Frequency (%) Mechanism Comments

Common 

Gastrointestinal side 
effects (vomiting, 
abdominal pain, 
diarrhea)

1–12% (Myint et al., 
2007; Zani et al., 
2014)

In practice, difficult to 
distinguish between 
symptoms of clinical 
illness due to malaria 
versus a drug side effect 
per se 

Nausea and vomiting occur less commonly than with 
mefloquine–artesunate, whereas abdominal pain 
occurs at similar rates. However, diarrhea occurs 
somewhat more commonly than with comparator 
mefloquine–artesunate. Rates of all gastrointesti-
nal symptoms are similar to those with artemether–  
lumefantrine and amodiaquine–artesunate (Zani et 
al., 2014). These are usually mild and resolve once 
the 3-day treatment course has been completed. 

Dizziness 1–30% (Myint et al., 
2007; Zani et al., 
2014)

May also be malaria related 
rather than genuine side 
effect 

In comparative trials, dizziness occurs at about half 
the rate seen with mefloquine–artesunate and at 
a similar frequency to artemether–lumefantrine 
(Zani et al., 2014). Usually mild and resolves within 
3 days. 

Uncommon

Suspected arrhythmogenic 
potential due to 
prolongation of the 
electrocardiographic QT 

0.03% (QTc > 
500 msec) (Four 
Artemisinin-Based 
Combinations 
Study Group, 
2011)

Effect on cardiac myocyte 
cell membrane 
depolarization

A minor degree of QTc lengthening is common after 
anti-malarial treatment, especially with quinolone 
anti-malarials, and probably not clinically 
significant in most circumstances. Ventricular 
arrhythmia or more significant a QTc prolongation 
(> 560 msec) has not been described. None- 
theless, QT prolongation may be more common 
than that seen with other ACTs (including 
artesunate–mefloquine, artemether–lumefantrine) 
(Zani et al., 2014), and concerns still exist that 
repeated dosing will lead to cumulative effects 
and that the effect could be potentiated through 
drug interactions and/or preexisting cardiac 
disease. 



6. Adverse reactions and toxicity 2999

comparative trials (Myint et al., 2007). However, diarrhea 
(reported in approximately 5% of patients) and nonsevere 
abdominal pain (7%) (Myint et al., 2007) have been reported 
more commonly than with MAS3 in some comparative trials 
(Ashley et al., 2004, 2005; Myint et al., 2007). Diarrhea is 
usually mild and occurs during the first 3 days of treatment. 
Minor fluctuations in liver function test results have been 
observed, but with normalization by day 7 after treatment 
(Myint et al., 2007).

6c.  Cardiotoxicity

Given the known arrhythmogenic properties of related quin-
oline drugs, such as halofantrine, MQ, quinine, and CQ 
(White, 2007), and preclinical animal toxicity data showing 
disturbances of cardiac electrophysiology (Davis et al., 2005), 
the potential for PQP causing cardiotoxicity has been of 
 sufficient concern to warrant a number of clinical studies 
specifically examining the electrocardiographic effects of 
DHA–PQP (Karunajeewa et al., 2004; Mytton et al., 2007; 
Baiden et al., 2015; Moore et al., 2008). These suggest that, 
like most quinolone anti-malarials, PQP causes a dose- 
dependent lengthening of the QTc that is generally of a 
minor, non–clinically significant magnitude in most patients 
receiving a standard course of therapy (mean increases in 
QTc from baseline range from 11 to 22.5 msec in these stud-
ies). Although some degree of QTc prolongation seems to be 
ubiquitous during convalescence from malaria regardless of 
the drug used (Karunajeewa et al., 2004; Mytton et al., 2007) 
and therefore may reflect artifact caused by the resolution 
of tachycardia as a patient defervesces, a small proportion of 
DHA–PQP–treated individuals experience more significant 
prolongations, defined as either an absolute increase > 60 
msec or a measured QTc after treatment of > 500 msec. This 
might be somewhat more common in DHA–PQP–treated 
patients compared with those receiving other ACTs such as 
MAS3. Of note, this seems to depend on the method of  
measuring and correcting the QT interval, and there has  
not been any difference demonstrated with artemether– 
lumefantrine (Zani et al., 2014). One very large African study 
(Baiden et al., 2015) has provided the best estimates of over-
all risk. Although approximately 9% of subjects experienced 
QTc prolongations of ≥ 60 msec compared with pre- 
treatment levels, only 3 of 1002 patients experienced post–
final dose QTc exceeding 500 msec (max 538 msec); of these, 
all three resolved within 4 days of the final dose. Overall this 
suggests the phenomenon to be of limited clinical signifi-
cance. A QTc cut-off of 560 msec has been proposed as an 
appropriate threshold for concern with other drug evalua-
tions. Only moderate prolongations that occur uncommonly, 
that resolve rapidly, and that have not been associated with 
clinical sequelae have been observed with PQP. Nonetheless, 
PQP’s slow elimination kinetics and propensity to accumu-
late in tissues have raised concerns that it could lead to 
cumulative cardiotoxicity if more than one full treatment 
course were readministered within a short timeframe. For 
this reason, regulatory approval of Eurartesim is subject to 

the instruction that no more than two courses are adminis-
tered within a 12-month period, and that a second course is 
not given within 2 months of a first treatment (Sigma-Tau, 
2011). This recommendation is impractical and difficult to 
implement in high-transmission areas. It also precludes 
some potentially very useful public health uses of this drug 
including prophylaxis, intermittent preventive treatment 
(IPT), and mass drug administration (see sections 7e and 
7f). Despite these recent recommendations, repeated admin-
istration of PQP has been widely used in the past (including 
an estimated 140 million treatment courses administered as 
regular monthly mass treatment and prophylaxis in China) 
and in a number of clinical trials (Chen, 2014; Lwin et al., 
2015, 2012; Yip, 1998). Although rigorous electrocardio-
graphic monitoring has not been employed in these studies, 
arrhythmias or sudden unexplained deaths have not been 
reported. The results of currently ongoing electrographic 
safety evaluations of repeated DHA–PQP dosing will be cru-
cial for enabling the future of DHA–PQP as part of drug-
based strategies for malaria control and elimination. 

No significant changes in blood pressure on serial mea-
surements have been observed in adults or children treated 
with DHA–PQP (Karunajeewa et al., 2004; Zani et al., 2014).

6d.  Hematologic side effects

The small number of studies that have prospectively evaluated 
hematologic indices following treatment have not demon-
strated changes in leukocyte count or hematocrit indicative 
of drug toxicity (Ashley et al., 2004; Karunajeewa et al., 2004; 
Tangpukdee et al., 2005; Smithuis et al., 2006).

6e.  Dermatologic side effects

There have been two reports of urticaria in patients treated 
with DHA–PQP (Ashley et al., 2004, 2005). Because this is 
a side effect reported with artemisinin derivatives, it is pos-
sible that these were caused by the DHA component of the 
combination.

6f.  Fetal toxicity

Artemisinins, including DHA, are strongly suspected of 
being embryotoxic in the first trimester of pregnancy, with 
evidence of fetal resorption having been demonstrated in 
rodent studies (Longo et al., 2006) (see also Chapter 169, 
Artemisinins). This seems to be confirmed by observations 
of very high miscarriage rates (> 60%) in small numbers 
of  women documented as to have received DHA–PQP in 
the first trimester of pregnancy (Poespoprodjo et al., 2014). 
However, preclinical animal studies have suggested that PQP 
has a good reproductive toxicity profile (Batty et al., 2010), 
and large numbers of pregnant women have now been 
treated with DHA–PQP in the second and third trimesters as 
part of routine management, clinical trials of case manage-
ment, or IPT (Rijken et al., 2008; Adam et al., 2012; Benjamin 
et al., 2015; Desai et al., 2015; Hoglund et al., 2012; Nambozi 
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et al., 2015; Poespoprodjo et al., 2015; Rijken et al., 2011; 
Tarning et al., 2012). Some of these studies have included  
> 1000 women, and the incidence of congenital malforma-
tions and adverse fetal or neonatal outcomes has not been 
greater than rates in the general population or comparator 
treatment arms (Desai et al., 2015). Evidence from these 
studies suggests that neonatal outcomes are improved when 
mothers receive DHA–PQP rather than conventional anti- 
malarials (sulfadoxine–pyrimethamine) as IPT (Desai et al., 
2015). Experience from Indonesia suggests that treatment 
with DHA–PQP compared with non–ACT-based regimens 
in women hospitalized for malaria during the second or 
third trimester results in significantly higher odds of leaving 
the hospital with an ongoing pregnancy (adjusted odds ratio 
2.48), lower rates of maternal anemia (2% absolute risk 
reduction), and lower rates of low birth weight (4.8% abso-
lute risk reduction). In contrast, those treated with a quinine- 
based regimen had significantly higher rates of maternal 
malaria (adjusted odds ratio 1.56) and perinatal mortality 
(adjusted odds ratio 3.17) (Poespoprodjo et al., 2014, 2015). 
Therefore, although the manufacturer of Eurartesim still rec-
ommends that it “not be used during pregnancy in situations 
where other suitable and effective anti-malarials are avail-
able” (Sigma-Tau, 2011), these recommendations must take 
into account the limited options for effective treatment of 
malaria in pregnancy, especially in most areas of the world 
where there is established resistance to CQ and sulfadoxine–
pyrimethamine. In addition, the adverse fetal, maternal, and 
neonatal consequences of inadequate treatment of malaria 
that may result from use of a less effective alternative should 
be considered. 

6g.  Other side effects

Although headache has been reported commonly, this is also 
a common symptom of uncomplicated malaria (Hung et al., 
2004; Myint et al., 2007). No significant changes in biochem-
ical parameters have been reported with the use of PQP. A 
slight fall in blood glucose occurring during a treatment 
course with DHA–PQP likely represents the normal physio-
logic recovery from acute malaria infection (Karunajeewa et 
al., 2004).

7. CLINICAL USES OF THE DRUG

7a.  Treatment of malaria due to 
Plasmodium falciparum

As one of the five currently registered ACT therapies, DHA–
PQP represents a WHO-endorsed standard of care for treat-
ment of uncomplicated malaria due to P. falciparum in 
virtually any context. Available evidence suggests that the 
safety and efficacy of DHA–PQP for treatment of P. falci-
parum infection compares favorably with those of the other 
ACTs, including artemether–lumefantrine, artesunate–MQ 
(MAS3), and artesunate–AQ in a broad range of settings (see 

Table 172.1). The few possible exceptions to this include  
P. falciparum infections acquired in some areas of Southeast 
Asia, where the DHA component may be compromised 
by established artemisinin resistance (Ashley et al., 2014)—
especially in western Cambodia, where PQP resistance may 
be emerging (Leang et al., 2015). DHA–PQP efficacy may 
also be suboptimal in Papua New Guinea for reasons that are 
unclear and where artemether–lumefantrine is considered a 
preferable treatment for P. falciparum (Karunajeewa et al., 
2008b), and in residual foci of P. falciparum transmission in 
the Chinese provinces of Hainan and Yunnan, which have 
experienced significant drug pressure from PQP monother-
apy in the past. It should not be used when features of severe 
malaria are present (WHO, 2000). Available evidence sup-
ports the use of three daily doses of DHA–PQP phosphate 
with careful attention to dosing, especially in children, that 
ensures that the total PQP dose is titrated to 48–75 mg/kg.

7b.  Treatment of malaria due to 
Plasmodium vivax

Eurartesim is the only DHA–PQP product to have received 
international regulatory approval (for P. falciparum), but has 
not been subject to regulatory evaluations for P. vivax infec-
tion. Its regulatory approval therefore does not extend to 
treating P. vivax infection, and its product information spe-
cifically advises against this owing to “insufficient data.” This 
advice should be treated skeptically, given the existing data 
from other DHA–PQP preparations that suggest that it prob-
ably represents the schizonticide of choice for P. vivax infec-
tion, especially where CQ-resistant P. vivax is present. 

As with all other non-8-aminoquinoline anti-malarials, 
neither DHA nor PQP has intrinsic hypnozoiticidal activity. 
Therefore radical cure will be dependent on co-administra-
tion of a course of an 8-aminoquinoline (i.e. primaquine 
or  tafenoquine). Co-administration of schizonticides with 
8-aminoquinolines may be subject to pharmacokinetic or 
phar macodynamic interactions (Alving et al., 1955; Han-
boon kunupakarn et al., 2014). There are currently very few 
data comparing the radical curative efficacy of DHA–PQP- 
8-aminoquinoline combinations with other schizonticides 
administered with primaquine or tafenoquine. This issue 
may be an additional contributor to the “conservative” nature 
of official recommendations, including by the manufacturer 
of Eurartesim. Further clinical trials are required to address 
this issue. In the meantime, when P. vivax is acquired in an 
area not thought to harbor CQ-resistant P. vivax, CQ co- 
administered with an 8-aminoquinoline remains the treat-
ment of choice for radical cure (WHO, 2015). Where CQ 
resistance exists (including throughout Indonesia, Papua 
New Guinea, Southeast Asia, Northern India, Madagascar, 
Brazil, Columbia, and Peru (Price et al., 2014), consistent 
with WHO recommendations to use an ACT for schizontici-
dal treatment, DHA–PQP plus an 8-aminoquinoline would 
seem to be one of the best alternatives, as reflected in local 
treatment guidelines in countries such as Indonesia. 
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7c.  Treatment of malaria due to 
Plasmodium malariae, Plasmodium 
ovale, and Plasmodium knowlesi

Few data exist to define the efficacy of DHA–PQP in these less 
common species of malaria. The manufacturer of Eurartesim 
does not support its use (Sigma-Tau, 2011). However, there 
are no known biologic reasons why these species should be 
significantly less susceptible than P. falciparum or P. vivax, 
and this seems to be supported by in vitro susceptibility data 
from small ex vivo studies from Indonesian West Papua 
(Siswantoro et al., 2011). Given the challenges of accurate 
species-specific diagnosis of these infections, it is likely that 
misdiagnosis of P. ovale, P. malariae, and P. knowlesi as either 
P. falciparum or P. vivax infection will lead to inadvertent 
treatment with DHA–PQP in settings where these species 
coexist. Consistent with WHO guidelines recommending 
ACTs as acceptable therapies for these species, in the absence 
of comparative data from other ACTs, DHA–PQP would seem 
to be an acceptable choice. As for P. vivax, P. ovale infections 
would require co-administration of an 8-aminoquinoline to 
effect radical cure. 

7d.  Treatment of malaria in pregnancy

Given the paucity of drug-safety data in pregnancy, the 
choice of treatment for malaria can be especially difficult in 
this group, particularly in most areas of the world where resis-
tance to drugs such as CQ and sulfadoxine-pyrimethamine 
is established. All artemisinin-containing treatments, includ-
ing DHA–PQP, should be avoided during the first trimester 
owing to concerns regarding embryotoxicity (Longo et al., 
2006). However a number of studies (including of case man-
agement and large studies of IPT) have now demonstrated 
acceptable safety and efficacy of DHA–PQP in pregnant 
women, and it may result in significantly improved outcomes 
of pregnancy when used in preference to anti-malarials that 
have become compromised by resistance (Adam et al., 2012; 
Benjamin et al., 2015; Desai et al., 2015; Hoglund et al., 2012; 
Nambozi et al., 2015; Poespoprodjo et al., 2015; Rijken et al., 
2011; Tarning et al., 2012). It is therefore probably an appropri-
ate choice for treatment of malaria occurring in the second 
or third trimester, depending on local drug susceptibility, 
and particularly in areas with multidrug-resistant malaria.

7e.  Anti-malarial prophylaxis and 
intermittent preventive therapy 

The slow elimination kinetics of PQP, its relative safety, and 
its activity against multidrug-resistant malaria make it attrac-
tive as a potential prophylactic and for IPT applications 
including in infants, children, and pregnant women (White, 
2005; Greenwood, 2007). One study of IPT in pregnant 
women (16–32 weeks gestation) in an area of high P. falci-
parum transmission in Kenya showed that DHA–PQP had 
significantly higher protective efficacy than sulfadoxine– 

pyrimethamine, the existing conventional IPT for pregnancy 
(Desai et al., 2015). Monthly DHA–PQP administration in 
Ugandan school children demonstrated marked reductions 
in incidence of symptomatic and asymptomatic malaria (by 
94%), and in the prevalence of anemia (by 40%) (Nankabirwa 
et al., 2014). The very rapid elimination of artemisinin 
drugs makes the DHA component of DHA–PQP effectively 
redundant for purely prophylactic use, and therefore rever-
sion to monotherapy may be more appropriate especially for 
use in pregnancy, given the potential embryotoxicity of 
DHA. It may also be combined with other longer-acting anti- 
malarials to augment its prophylactic activity and theoreti-
cally provide protection from resistance (Cisse et al., 2009; 
Doua et al., 2013). Further studies would be required before 
PQP could be used as prophylaxis in travelers from non-
endemic countries. 

7f.  Mass drug administration for malaria 
elimination and control

DHA–PQP has been the subject of intense interest as a lead-
ing candidate for use in mass drug administration applica-
tions as a tool for malaria elimination (WHO, 2011). Indeed 
PQP was already used in this way in China in the 1980s and 
1990s where its population-wide use was credited with major 
improvements in malaria control (Tang, 2000; Yip, 1998). 
In addition to curing existing infections within a population, 
many of whom may be asymptomatic and represent the bulk 
of the human transmissible biomass at the time an initial 
round of population-wide treatment is administered, DHA–
PQP could be re-administered at regular intervals as much as 
1 month apart. PQP’s slow elimination, enabling suppressive 
drug concentrations, would prevent new infections during 
the dosing intervals. This approach, which could also be 
termed mass treatment and chemoprophylaxis (MTC), would 
effectively act to prevent both mosquito–human and human–
mosquito transmission. If this effect could be maintained for 
a duration that exceeds the mosquito lifespan, it could theo-
retically interrupt the cycle of transmission in a population. 
However in practice, population coverage is likely to be  
< 100%, and population pharmacokinetic variability would 
lead to breakthrough infections in those who do not sustain 
suppressive drug concentrations for the full dosing interval. 
Therefore its effect is likely to be imperfect, and its success 
is likely to depend on repeated rounds of administration 
coupled with concomitant vector control measures. There 
are also significant concerns regarding the safety of repeated 
drug administration, and the potential of this approach to 
generate drug resistance (Sigma-Tau, 2011; WHO, 2011). 
One small study has already demonstrated the successful 
use of DHA-PPQ for elimination of P. falciparum (but not  
P. vivax) in a group of villages in an area of multidrug resis-
tance on the Thai–Myanmar border (Lwin et al., 2015). 
Where the population received one to three consecutive 
monthly rounds of DHA–PQP, the P. falciparum prevalence 
fell from 7% before the intervention to 0% at 6 months after 
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the intervention. This study and mathematical modeling 
simulations (Robinson et al., 2015) suggest that P. vivax is 
much less susceptible to this approach, and that success will 
be crucially dependent on concomitant use of a hypnozoiti-
cidal agent. Other studies have also demonstrated a signifi-
cant impact on disease transmission when DHA–PQP mass 
drug administration was used in Cambodia and the Comoros 
Islands of Africa. However, these approaches have been  
less well documented, and the effects may have been incom-
plete and temporary (Deng et al., 2014). Much larger studies 
of MTC are either in progress or planned (Eisele et al., 2015). 
These and ongoing evaluations of the safety of repeated 
administration will be crucial to the future for broader use 
of DHA–PQP as a tool for malaria control, elimination, and 
even eventual global eradication (MalERA, 2011). 
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1. DESCRIPTION

Pyronaridine (C29H32ClN6O2; 4-[{7-chloro-2-methoxy-pyrido 
(3,2-b)quinolin-10-yl}amino]-2,6-bis[pyrrolidin-1-ylmethyl]
phenol; molecular weight 518.05 g/mol) is a schizonticidal 
anti-malarial drug belonging to the benzonaphthyridine 
derivative class (also known as Mannich base derivatives) 
that has similar structural chemistry to the 4-aminoquino-
line drugs (Figure 173.1) (Biagini et al., 2005). It therefore 
has physicochemical and pharmacokinetic properties and 
mechanism of action that are broadly similar to those of 
other aminoquinoline anti-malarials such as chloroquine, 
amodiaquine, piperaquine, and naphthoquine. 

Pyronaridine was first synthesized in China in 1970 as 
part of a national anti-malarial drug development program 
that also yielded piperaquine, napthoquine, lumefantrine 
and the artemisinin derivatives (Chen, 2014). It was shown 

to be highly active against Plasmodium falciparum (including, 
importantly, chloroquine-resistant strains) and was subse-
quently approved for human use in China in 1980. Its  
use over the following 30 years included oral and injectable 
preparations (including for severe malaria) but was limited 
to a single-drug preparation, and it was not registered out-
side of China (Chen, 2014). However, after 2000, interna-
tional interest in pyronaridine was stimulated by the need for 
new partner drugs for use in artemisinin-based combination 
therapies (ACTs) that would retain activity against chloro-
quine-resistant strains of P. falciparum (White et al., 1999). 
This led to repurposing of the drug in a fixed-dose combina-
tion with the semisynthetic artemisinin derivative artesunate 
(see Figure 173.1) in a 3:1 weight-based ratio (pyronaridine/
artesunate). This combination has been co-developed by the 
Medicines for Malaria Venture (MMV) in association with 
Shin Phoong Pharmaceuticals (Korea), and is marketed under 
the trade name of Pyramax. This co-formulation received 
official international regulatory approval (European Medi-
cines Agency and World Health Organization [WHO] pre-
qualification status) in 2012, and is now registered in at least 
12 countries in Asia and Africa (MMV, 2015b), thereby join-
ing artemether–lumefantrine, dihydroartemisinin–pipera-
quine, artesunate–amodiaquine, and artesunate–mefloquine 
as one of the five currently available officially sanctioned 
fixed-dose combination ACTs that are now considered as the 
standard of care for treatment of uncomplicated (non-severe) 
malaria throughout the world (WHO, 2015). It is important 
to note that pyronaridine–artesunate is the only ACT that 
has been officially approved for treatment of both P. falci-
parum and Plasmodium vivax infection (MMV, 2015b). Until 
recently, barriers to its widespread deployment have included 
a lack of data in children and concerns regarding the safety 
of repeated administration. These now have been overcome 
after pivotal studies that have specifically addressed these 
issues (MMV, 2015a, 2015c). It should now therefore become 
available for use in a wide variety of clinical settings for treat-
ment of uncomplicated malaria due to P. falciparum and 
P. vivax. 

Figure 173.1. Chemical structure of pyronaridine (4-[{7- 
chloro-2-methoxy-pyrido(3,2-b)quinolin-10-yl}amino]-2,6- 
bis[pyrrolidin-1-ylmethyl]phenol). 



2. Antimicrobial activity 3007

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

PLASMODIUM FALCIPARUM

Although pyronaridine has only very recently been intro-
duced to areas outside China, a sizeable number of studies 
have already defined in vitro susceptibility of isolates from 
Africa, Southeast Asia, and the Pacific in anticipation of its 
future use (Table 173.1). With the minor exception of 
Cameroon and Thailand, where some small clinical trials of 
pyronaridine were carried out in the 1980s and 1990s (Childs 
et al., 1988; Ringwald et al., 1996b), the in vitro studies listed 
in Table 173.1 were all performed in populations in which no 
prior exposure to pyronaridine would have occurred. They 
can therefore be considered as studies in drug-naïve popu-
lations for evaluating future changes in drug susceptibility 
once pyronaridine is introduced throughout the world. 
These studies collectively demonstrate very high susceptibil-
ity, with half-maximal inhibitory concentration (IC50) values 
that compare very favorably with most other ACT partner 
drugs, with very little overall variability over a temporal or 
global geographic scale. Although some have proposed break-
points for in vitro pyronaridine susceptibility (e.g. 15 nM) 

(Pradines et al., 1999b, 1998), these are arbitrary, and no 
studies have defined these on the basis of correlative in vivo 
treatment response. One study showed a wide variation in 
measured IC50, with 13 of 181 isolates tested (mostly from 
West Africa) showing IC50 values between 30 and 80 (Pascual 
et al., 2012). The wider range seen in this study may have 
reflected methodologic issues, and its much larger sample 
size than other studies. 

Similarly, large multicenter randomized controlled trials 
have characterized in vivo responses to pyronaridine– 
artesunate in Asia and Africa before the drug was available 
in these areas. The high in vitro drug susceptibility in pyro-
naridine-naive populations is supported by pyronaridine– 
artesunate in vivo cure rates, based on standard WHO 
definitions of 28-day polymerase chain reaction (PCR)– 
corrected adequate clinical and parasitological response 
(ACPR). In these studies this has been consistently above the 
WHO acceptability threshold of 95% (Bukirwa et al., 2014). 
Characterizing in vitro susceptibility to artesunate is techni-
cally challenging and difficult to interpret. 

PLASMODIUM VIVAX

Owing to the technical and logistic challenges of maintain-
ing P. vivax in culture, only one study has successfully defined 

Table 173.1.. In vitro susceptibility of plasmodia to pyronaridine.

Organism and chloroquine 
susceptibility IC50 (nM) Range (nM)

No. of 
isolates Region Reference 

Plasmodium falciparum (CLQ-R) 8.4 6.64–10.7 30 Eastern Thailand Childs et al., 1988

P. falciparum (CLQ-R) 10.1 6.78–15.0 7 Northern Thailand Childs et al., 1988

P. falciparum (CLQ-S) 7.7 6.2–9.6 12 Africa Basco and Le Bras, 1992

P. falciparum (CLQ-R) 8.4 6.8–10.3 19 Africa Basco and Le Bras, 1992

P. falciparum (CLQ-S) 5.15 4.18–6.35 45 Cameroon Ringwald et al., 1996b

P. falciparum (CLQ-R) 4.92 4.14–5.86 74 Cameroon Ringwald et al., 1996b

P. falciparum (CLQ-S) 2.9 2.3–3.5 80 Senegal Pradines et al., 1999a, 1998

P. falciparum (CLQ-R) 4.9 3.8–6.0 78 Senegal Pradines et al., 1999a, 1998

P. falciparum (CLQ-S) 1.5 1.0–1.9 8 Gabon Pradines et al., 1999a

P. falciparum (CLQ-R) 3.3 2.3–4.3 51 Gabon Pradines et al., 1999a

P. falciparum (CLQ-R) 1.92a 0.24–13.8a 90 Indonesian West Papua Price et al., 2010

P. falciparum (CLQ-R) 19.9 0.55–80 176 Africa, India, and Thailand Pascual et al., 2012

P. falciparum (CLQ-R) 13.5b 4.6–31.5b 59 Kenya Okombo et al., 2012

P. falciparum (CLQ-R) 9.8 4.7–32.9 34 Niger Issaka et al., 2013

P. falciparum (CLQ-R) 7.4 5.5–9.8 36 Papua New Guinea Koleala et al., 2015

P. falciparum (CLQ-R) 5.8 3.3–10.1 18 Senegal Fall et al., 2015

Plasmodium vivax (CLQ-R) 2.58a 0.13–43.6a 99 Indonesian West Papua Price et al., 2010

Plasmodium ovale (CLQ-S) 4.3 1.6–7.9 5 Cameroon Ringwald et al., 1997

P. ovale (CLQ-S) 0.72a 0.17–1.39a 3 Indonesian West Papua Siswantoro et al., 2011

Plasmodium malariae (CLQ-S) 5.8 2.6–11.1 4 Cameroon Ringwald et al., 1997

P. malariae (CLQ-R) (majority 
ring stage)

4.1a 0.53–7.6a 13 Indonesian West Papua Siswantoro et al., 2011

Data are geometric mean and range unless otherwise indicated.
aMedian/ range
bMedian/ interquartile range
Abbreviations: CLQ-R: chloroquine-resistant: CLQ-S: chloroquine-sensitive: IC50: mean 50% inhibitory concentration. 
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in vitro sensitivity of P. vivax to pyronaridine (Price et al., 
2010). This study was conducted on isolates from the West 
Papua region of Indonesia, where high-level chloroquine 
resistance in local P. vivax strains was thought to be wide-
spread (Sumawinata et al., 2003). IC50 values from this large 
sample study indicated a high degree of susceptibility to 
 pyronaridine that was comparable (although with a some-
what wider range) to that of local P. falciparum isolates (see 
Table 173.1).

OTHER SPECIES OF PLASMODIA 

Two studies have evaluated in vitro pyronaridine susceptibil-
ity in very small numbers of isolates from Cameroon and 
Indonesian West Papua (Ringwald et al., 1997; Siswantoro 
et al., 2011). Although this constitutes very limited data, and 
no supportive in vivo data exist, IC50 values suggested a high 
level of susceptibility to pyronaridine. No in vitro studies 
have been performed in Plasmodium knowlesi. 

NON-PLASMODIUM SPECIES

Pyronaridine has demonstrated in vivo activity against 
Trypanosoma cruzi in a mouse model (Ekins et al., 2015) and 
against Babesia and Theileria species in in vitro systems (Rizk 
et al., 2015).

2b.  Emerging resistance and 
cross-resistance

At the current time, China is the only country in which 
malaria parasite populations have been subject to significant 
on-drug pressure, through the routine use of pyronaridine. 
Unlike piperaquine, it was probably never used in mass drug 
administration campaigns. However, beginning in 1980 it 
was used quite extensively for case management, either as 
monotherapy or sometimes in combination with  sulfadoxine–
pyrimethamine, primaquine, or nitroquine. It was mostly 
deployed in areas where resistance to chloroquine and other 
anti-malarials had already become established, and more 
recently it was recommended as a second- or third-line treat-
ment when treatment with chloroquine or piperaquine had 
failed (Chen, 2014; Liu, 2014). Data regarding pyronaridine 
susceptibility from China during this time are either lacking 
or difficult to interpret owing to uncertainties regarding the 
methodologies used. However, it seems reasonably clear that 
some degree of resistance did arise, including in Hainan 
island, where in vitro tests demonstrated a 17-fold increase in 
inhibitory concentrations (based on complete inhibition of 
schizont maturation) in local P. falciparum isolates between 
1986 and 1997 (Liu, 2014). Further details regarding the 
nature of pyronaridine resistance in this region, including its 
biologic mechanisms, genetics, and relationship to resistance 
to other anti-malarials are lacking. China’s highly successful 
national malaria control program has led to P. falciparum 
transmission now being limited to certain areas of just two 
of its provinces (Yunnan and Hainan) (Chen, 2014; WHO, 
2014). Therefore the current global extent of pyronaridine 

resistance is likely to be limited to these small and relatively 
isolated geographic foci. However, the same cannot be said 
for the artesunate component of the pyronaridine–artesu-
nate fixed-dose combination. Artemisinin resistance was 
first recognized in Cambodia in 2008 and appears to be 
spreading rapidly in Southeast Asia, with mutations in the 
Kelch-13 propeller gene that are linked to artemisinin resis-
tance having now been identified in at least four other coun-
tries (Vietnam, Thailand, Laos, Myanmar) (Ashley et al., 2014). 
Therefore the loss of efficacy of the artesunate component 
of pyronaridine–artesunate may mean that its use in P. fal-
ciparum infections acquired in this region may effectively  
constitute unsupported pyronaridine monotherapy. This sit-
uation also poses theoretically higher risks of driving pyro-
naridine resistance if pyronaridine–artesunate is deployed in 
this region. 

As with drugs such as mefloquine and piperaquine, pyro-
naridine’s slow elimination may make it particularly prone 
to the development of resistance (Hastings et al., 2002). The 
degree of mismatch between the elimination half-lives of 
artesunate (< 1 h (Batty et al., 1998) and pyronaridine (> 10 
days) (Methaneethorn et al., 2011;Ramharter et al., 2008) 
mean that new infections may arise during the “tail” of low 
or intermediate pyronaridine concentrations after a previous 
pyronaridine–artesunate treatment course, therefore provid-
ing the opportunity for selection of pyronaridine resistance 
(Hastings et al., 2002).

A large number of studies have employed in vitro meth-
ods to investigate the possibility of cross-resistance between 
pyronaridine and other anti-malarial drugs, especially 
chloroquine. These have demonstrated either no evidence 
of cross-resistance (Agnamey et al., 2002; Basco and Le Bras, 
1992; Childs et al., 1988; Ringwald et al., 1996b) or weak cor-
relations (Caramello et al., 2005; Elueze et al., 1996; Pradines 
et al., 1999a, 1998; Schildbach et al., 1990; Warsame et al., 
1991) between pyronaridine and chloroquine IC50 values. Of 
interest, in some studies pyronaridine susceptibility has been 
found to be higher in chloroquine-resistant compared with 
chloroquine-sensitive strains (Fu et al., 1986). These find-
ings, in light of the consistently high in vivo efficacy that  
pyronaridine–artesunate demonstrated in a number of clini-
cal trials conducted in areas of high-level chloroquine resis-
tance, suggest that resistance is driven by prior population 
exposure to chloroquine (which may select gene mutations, 
such as in the pfcrt and pfmdr genes) and is unlikely to sig-
nificantly compromise pyronaridine efficacy (Bukirwa et al., 
2014). However, it is not clear whether the converse situation 
applies—that is, whether or not heavy population exposure 
to pyronaridine will generate or sustain existing chloroquine 
resistance. There is also much less information in relation 
to other quinolone anti-malarials. Some studies have shown 
significant correlations between IC50 values with the struc-
turally more closely related drugs mepacrine and amodia-
quine (Elueze et al., 1996). Therefore care should be taken 
in deploying pyronaridine–artesunate in areas where prior 
heavy amodiaquine use has prevailed, especially if amodia-
quine resistance has already arisen. In the absence of existing 
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data regarding pyronaridine cross-resistance with other 
current ACT partner drugs, this might also apply to other 
ACTs (including artesunate–mefloquine, dihydroartemesinin–
piperaquine, and artemether–lumefantrine). So, although 
pyronaridine–artesunate is an important addition to the 
global armamentarium of ACTs, it is not yet clear whether 
a sequential deployment strategy (in which, for example,  
pyronaridine–artesunate is deployed as a second-line 
replacement for another ACT once the original ACT partner 
drug has become compromised by resistance) will in fact be 
feasible. 

Pyronaridine resistance has been successfully induced 
experimentally in Plasmodium berghei with multiple drug 
treatment passages in murine models of malaria. It is import-
ant to note that these findings also suggest that the rate at 
which resistance develops is relatively slower when higher 
does of pyronaridine are used (Peters and Robinson, 1992), 
and that resistance is significantly delayed when pyronari-
dine is combined with artesunate (Peters and Robinson, 
1999, 2000). These conclusions reinforce the importance 
of optimized dosing and of deployment of pyronaridine in 
the fixed combination with artesunate as a public health 
approach to minimizing the risk of development of resis-
tance. Encouragingly, one study has also demonstrated that 
after experimentally induced resistance, sensitivity quickly 
returned with the removal of drug pressure (Shao et al., 1985a).

3. MECHANISM OF DRUG ACTION

Pyronaridine’s mode of action is not understood in detail; it 
is probably complex and may involve multiple biologic path-
ways that are similar to those of drugs from the related 
4-aminoquinoline class. Morphologic studies using electron 
microscopy have suggested that at a cellular level its effects 
occur predominantly in the parasite food vacuole and in the 
pellicular complexes (where pyronaridine rapidly induces 
formation of multilameliate whorls similar to those seen 
with piperaquine and chloroquine) of P. falciparum and  
P. berghei trophozoites (Wu, 1985, 1986; Wu et al., 1988). In 
vitro studies have also demonstrated that it inhibits beta- 
hematin production, thereby interfering with the parasite’s 
capacity to detoxify free heme in a similar manner to that 
seen with chloroquine (Auparakkitanon et al., 2006, 2003; 
Dorn et al., 1998). It inhibits glutathione-dependent heme 
degradation (Auparakkitanon et al., 2006; Famin et al., 1999) 
and may also inhibit the decatenation activity of P. falciparum 
DNA topoisomerase II (Chavalitshewinkoon et al., 1993).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

The only preparations of pyronaridine–artesunate currently 
widely available are those manufactured by Shin Poong 
Pharmaceutical Company in South Korea (Pyramax). These 
include pyronaridine as its tetraphosphate salt co-formulated 
with artesunate in a mass-based ratio of 3:1 formulated for 
oral administration in either tablet or pediatric granule form 

(MMV, 2015b). Pharmaceutical preparations of pyronari-
dine can contain either the base compound itself or a tetrap-
hosphate salt (of which the base itself constitutes 56.89% of 
the total drug mass and the tetraphosphate the remainder); 
thus 180 mg of pyronaridine tetraphosphate is equivalent 
to  93.3 mg of pyronaridine as base (Chang et al., 1992). 
Pyronaridine has also previously been manufactured in 
China as a single formulation. These have included 175-mg 
enteric-coated capsules of pyronaridine tetraphosphate or 
50-mg and 100-mg capsules of pyronaridine base; and a liq-
uid preparation for intramuscular and intravenous adminis-
tration (Croft et al., 2012).

4a.  Adults

Artesunate–pyronaridine tablets used for adult administra-
tion are film coated and contain 180 mg of pyronaridine 
tetraphosphate and 60 mg of artesunate. Treatment can be 
administered with or without food. The manufacturer- 
recommended standard treatment course for adults weigh-
ing ≥ 65 kg is three daily doses each of four tablets per dose, 
equivalent to a daily dose of 720 mg of pyronaridine (maxi-
mum 11.1 mg/kg/day) and 240 mg of artesunate (maximum 
3.7 mg/kg/day) (Shin Poong Pharmaceutical Company, 2015). 
For individuals weighing below 65 kg, a weight-based dosing 
schedule common to adults and children is recommended, 
such that a daily dose of one, two, or three 180/160-mg tab-
lets is given for individuals in 20- to 24-kg, 24- to 45-kg, and 
45- to 65-kg weight bands, respectively. This dosing schedule 
means that the total pyronaridine dose ranges from 22.6 to 
45 mg/kg (in individuals 20–90 kg). The total artesunate doses 
range from 7.5 to 15 mg/kg and are broadly equivalent to the 
doses administered in other ACTs (including artesunate– 
mefloquine and artesunate–amodiaquine). This dosing sched-
ule has now been safely and effectively used in over 2800 
adult participants in pivotal phase II and phase III trials that 
have supported its registration (Bukirwa et al., 2014). These 
were conducted in populations with endemic malaria trans-
mission and enrolled very few individuals weighing > 90 kg. 
Care should therefore be exercised in applying conventional 
dosing to very large adults. 

4b.  Newborn infants and children

For children weighing ≥ 20 kg and able to swallow tablets, 
the same weight-based schedule used for adults can be 
applied (Shin Poong Pharmaceutical Company, 2015). For 
younger children, a pediatric formulation is available as 
sachets of granules. Each sachet contains 20 mg of artesunate 
and 60 mg of pyronaridine. These are to be reconstituted in 
50 ml of water, milk, or soup immediately before ingestion 
(Kayentao et al., 2012). Dosing is daily for 3 days (with or 
without food), with a stratified weight-based dosing such 
that one, two, or three sachets are administered to children 
weighing 5–9 kg, 9–17 kg, or 17–25 kg respectively. Effective 
total pyronaridine–artesunate doses therefore range from 
20.2 to 40 mg/kg for pyronaridine and 6.7 to 1.3 mg/kg for 
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artesunate. This dosing regimen was used in 355 children 
younger than 12 enrolled in a multicenter randomized con-
trolled trial (mostly in Africa) (Kayentao et al., 2012). The 
safety and efficacy data from this trial were used to support 
approval by the European Medicines Agency for use of the 
pediatric granule preparation in children > 5 kg. This was 
granted in November 2015 (MMV, 2015c). There are cur-
rently insufficient safety and toxicity data to support its use 
in newborns and infants weighing < 5 kg (Shin Poong Phar- 
maceutical Com pany, 2015).

4c.  Pregnant and lactating mothers

No data are available on the pharmacokinetic profile or 
treatment outcomes in pregnancy. Although pyronaridine– 
artesunate is contraindicated in the first trimester owing to 
the suspected embryotoxicity and teratogenicity of the arte-
sunate component (Boareto et al., 2008; Clark, 2009), the 
combination may be considered in the second and third tri-
mesters of pregnancy if no more suitable alternatives exist. It 
is likely that, as with chemically similar anti-malarials such 
as chloroquine, pregnancy-related changes in total volumes 
of distribution and rates of drug clearance may lead to preg-
nant women experiencing relatively lesser drug exposures 
under conditions of conventional drug dosing (Karunajeewa 
et al., 2010). However, in the absence of data relating specifi-
cally to the pharmacokinetic profile of pyronaridine in preg-
nant women, no deviation from standard adult weight-based 
dosing can be recommended (Shin Poong Pharmaceutical 
Company, 2015). Data from animal studies suggest that pyr-
onaridine does enter breast milk, but the implications of this 
for human infants are unknown. No specific recommenda-
tions can be made for lactating mothers, but no dose modifi-
cation is warranted at this stage (Shin Poong Pharmaceutical 
Company, 2015).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

No data exist for use in patients with significant renal impair-
ment. However, pyronaridine undergoes significant urinary 
(in addition to predominantly fecal) excretion (Feng et al., 
1988; Park and Pradeep 2010, Shin Poong Pharmaceutical 
Company, 2015). Therefore, although there are no recommen-
dations for altered dosage, the manufacturer advises that it be 
used with caution in those with mild or moderate renal impair-
ment, and advises against its use in those with severe renal 
impairment (Shin Poong Pharmaceutical Company, 2015).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

There are no data on the use of pyronaridine–artesunate in 
patients with hepatic impairment. However, given concerns 
regarding hepatotoxic effects of pyronaridine (Bukirwa et al., 
2014; Feng et al., 1988), it is relatively contraindicated in patients 
with hepatic impairment or significant liver function test 
abnormalities (Shin Poong Pharmaceutical Company, 2015).

ELDERLY PATIENTS

Existing clinical studies have not included patients older 
than 65 years of age. On the basis of current knowledge, the 
manufacturer does not recommend dose adjustments in this 
group but suggests exercising caution given the possibility 
of age-associated renal or hepatic impairment (Shin Poong 
Phar maceutical Company, 2015).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

Robust and sensitive methods for assaying pyronaridine in 
biologic fluids using either high-performance liquid chro-
matography (HPLC) or liquid chromatography–mass spec-
trometry (LCMS) have been developed (Naik et al., 2007). 
Much of the currently available pharmacokinetic data were 
accrued using more rudimentary assay technology during 
earlier studies in China and from animal models (Croft et al., 
2012; Feng et al., 1988; Park and Pradeep, 2010). However at 
least two high-quality studies using modern pharmacoki-
netic modeling methods have been performed and have pro-
vided highly informative data (Methaneethorn et al., 2011; 
Ramharter et al., 2008). Pyronaridine has generally very  
similar (although not identical) pharmacokinetic properties 
to related drugs from the 4-aminoquinoline class (including 
especially chloroquine, amodiaquine, and piperaquine)—
namely, relatively poor water solubility, high lipophilicity, 
extremely large volumes of distribution, and multiphasic 
elimination kinetics associated with a particularly long ter-
minal–elimination phase (Karunajeewa et al., 2008; Krishna 
et al., 2008).

The pharmacokinetics of artesunate are described in more 
detail in Chapter 170. 

5a.  Bioavailability

Pyronaridine tetraphosphate has better absorption charac-
teristics than the base form but is still only sparingly soluble 
in water, so it is likely to be incompletely absorbed. Although 
human data are lacking, the oral bioavailability of pyronari-
dine has been calculated as 42% in the rat and 35% in the dog 
(Ni et al., 1982). Owing to its relatively high water solubility, 
artesunate has the most favorable absorption characteristics 
of the artemisinin derivatives, and oral bioavailability has 
previously been estimated at > 80% with artesunate mono-
therapy (Batty et al., 1998). Absorption and bioavailability of 
either artesunate or pyronaridine do not appear to be com-
promised by administration in the co-formulated prepara-
tion, and maximal drug concentrations have occurred at 
2.4–3.2 hours after administration for pyronaridine and 1.3–
1.7 hours for artesunate when Pyramax has been adminis-
tered as tablets or granules to African children (Ramharter et 
al., 2008). Administration of the pediatric granule formulation 
results in a somewhat higher pyronaridine Cmax than an 
equivalent dose of tablets in children, but this does not have 
any clear clinical implications. Absorption of both artesunate 
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and pyronaridine is facilitated by co-administration of fat, 
but only moderately, with increases in drug exposure (calcu-
lated area under the concentration–time curve [AUC]) 
increasing by 35% and 20%, respectively, after a high-fat meal 
(Methaneethorn et al., 2011). This difference is of a generally 
much lower magnitude than that demonstrated with the 
other highly lipophilic anti-malarials (e.g. lumefantrine and 
piperaquine) (Ashley et al., 2007; Sim et al., 2005). Therefore 
the food effect on bioavailability is probably of limited clini-
cal significance, and the manufacturer recommends that 
Pyramax be taken without regard to meals (Shin Poong 
Pharmaceutical Company, 2015).

5b.  Drug distribution

Pyronaridine is relatively concentrated within the erythro-
cyte (meaning that assaying the drug only in plasma may 
underestimate total drug exposure), and it is highly protein 
bound in plasma (92–95%) (Feng et al., 1988; Ni et al., 1982; 
Park and Pradeep, 2010). Radiolabeling studies in animals 
also have demonstrated that pyronaridine is distributed very 
extensively in tissues. Although it does not appear to readily 
traverse the blood–brain barrier (evidenced by low concen-
trations of radiolabeled drug in the brains of treated ani-
mals), it concentrates in other solid organs, including spleen, 
adrenal, kidney, thyroid, lung, intestine, and eye, but most 
especially in the liver, where 18% of a dose has accumulated 
within 24 hours of administration (Feng et al., 1988; Ni et al., 
1982; Park and Pradeep, 2010). This may be a factor in the 
observations of perturbations of liver transaminases after 
pyronaridine use (Bukirwa et al., 2014). Further evidence 
from animal models suggests that the drug remains in the 
liver for lengthy periods, with up to 14% of the initial dose 
still present in the liver as unchanged pyronaridine at 6 
months and 6.5% at 2 years (Ni et al., 1982). Pyronaridine’s 
extensive distribution to tissues including solid organs prob-
ably relates to its highly lipophilic chemistry, and is reflected 
in the massive apparent volumes of distribution (> 4000 l) 
when compartmental pharmacokinetic models are applied 
to describe its disposition in humans (Methaneethorn et al., 
2011). The concentration–time profile of pyronaridine there-
fore demonstrates a rapid decline after administration as 
drug is redistributed from the vascular compartment to body 
tissues, followed by a very much slower decline. Esti mates 
of terminal elimination half-life are 14–18 days; this reflects 
the opposing processes of elimination and redistribution of 
drug from peripheral tissues back into the circulation 
(Methaneethorn et al., 2011). This is similar to the situation 
seen with chemically similar anti-malarial drugs such as 
piperaquine and chloroquine (Karunajeewa et al., 2008). The 
distribution of artesunate is discussed in Chapter 170. 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Artesunate and its active metabolite dihydroartemisinin are 
cleared extremely rapidly (both have elimination half-lives 

<  1 h) (Batty et al., 1998). After the recommended 3-day 
course, clearance of the total parasite biomass (including the 
parasite residuum still present after the first 3 days of treat-
ment) will be dependent on the much longer-acting pyro-
naridine component (Davis et al., 2005). Therefore, as with 
other long-acting anti-malarials (including other ACT part-
ner drugs), the crucial pharmacokinetic-pharmacodynamic 
parameter associated with pyronaridine–artesunate’s cura-
tive efficacy is likely to be the time that pyronaridine con-
centrations remain above the in vivo minimum inhibitory 
concentration (MIC). In practice, the in vivo MIC is difficult 
to define and correlates poorly with in vitro measures of drug 
susceptibility. Therefore, large data sets capable of defining 
the empiric relationship between drug exposure and curative 
efficacy are desirable to better establish the therapeutic targets 
for optimal dosing. Such analyses would probably require 
pooling of data from very many large clinical studies in 
which drug concentration data have been accrued, as has 
been the case with recent meta-analyses of dihydroartemisi-
nin–piperaquine and artemether– lumefantrine (World Wide 
Antimalarial Resistance Network [WWARN] AL Dose Im- 
pact Study Group, 2015; WWARN DP Study Group, 2013; 
WWARN Lumefantrine PK/PD Study Group, 2015). At this 
time, such data sets are not available for pyronaridine– 
artesunate, but will hopefully be collected in the future, and 
may identify useful surrogates of overall exposure, such as 
drug concentrations at 7 days after administration. Similarly, 
these may also help elucidate pharmacokinetic- toxicody- 
namic relationships that are currently unclear. Pyronaridine– 
artesunate’s relatively slow elimination profile probably explains 
why, when compared with artemether–lumefantrine, it is 
associated with a lower incidence of “re-infections” in the 
weeks or months after treatment in high-transmission set-
tings (Bukirwa et al., 2014; Tshefu et al., 2010). This likely 
reflects a longer “post-treatment prophylactic effect” when 
drug concentrations are maintained above the in vivo MIC 
for longer (White, 2005). This post-treatment prophylactic 
effect may have broader public health advantages for malaria 
control and elimination and therefore is an important phar-
macodynamic consideration for modern anti-malarial drugs. 
Pyronaridine’s slow elimination kinetics should be seen as 
relatively advantageous in this regard. 

In contrast to pyronaridine, the therapeutically important 
pharmacokinetic-pharmacodynamic index of its short- acting 
partner artesunate may be the Cmax, which may be influential 
in the rate of initial parasite clearance (Angus et al., 2002). 
Artesunate has superior absorption characteristics to arte-
mether, so the earlier Tmax and higher Cmax of active drug may 
explain observations of more rapid parasite clearance with 
artesunate–pyronaridine than with artemether– lumefantrine 
(Bukirwa et al., 2014; Tshefu et al., 2010). Under usual con-
ditions of artemisinin susceptibility, the therapeutic margin 
is probably very wide, and variations in artesunate exposure 
are probably not clinically relevant—as evidenced by consis-
tently very rapid parasite clearance when ACTs are deployed 
in areas without artemisinin resistance (Karunajeewa et 
al., 2007). However, where artemisinin resistance exists, it is 
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possible that variations in artesunate Cmax could influence 
clinical response and overall cure rate (Ashley et al., 2014). 
(See Chapter 169, Artemisinins.)

5d.  Excretion

Although a number of metabolites of pyronaridine can be 
generated (including by CYP1A2, CYP2D6, and CYP3A4) 
and identified in vitro and in vivo, most of the drug is excreted 
from the body unchanged, and it seems unlikely that any 
active metabolites are of clinical significance (Ni et al., 1982). 
Human volunteer studies have corroborated previous radio-
labeling studies from animals, demonstrating that 47.3% of 
a given oral pyronaridine dose is excreted in the feces and 
23.7% in urine over 86 days, with much of the remainder 
likely to remain in the body and be subject to ongoing slow 
elimination (Morris et al., 2015). 

The terminal elimination half-life of pyronaridine has 
been estimated at 14–18 days in adults with malaria treated 
with pyronaridine–artesunate (Methaneethorn et al., 2011), 
and is therefore broadly similar to that in drugs such as pip-
eraquine, mefloquine, and naphthoquine (Batty et al., 2012; 
Karunajeewa et al., 2008; Simpson et al., 1999). However, 
because the decay in drug levels throughout the drug’s long 
elimination phase may not be log linear, the half-life that is 
derived from sampling data may depend on the duration of 
the sampling schedule and the sensitivity of the assays used, 
with longer sampling schedules and high-sensitivity assays 
generating higher estimates of half-life. Therefore, earlier stud-
ies using less sensitive assay technology and shorter follow-up 
calculated much shorter elimination half-lives that probably 
failed to adequately describe the drug’s elimination kinetics 
(Croft et al., 2012). Pharmacokinetic studies in African chil-
dren suggested a somewhat more rapid elimination of pyro-
naridine in children, with an estimated terminal elimination 
half-life of 9.6 days (Ramharter et al., 2008).

Artesunate is extremely rapidly metabolized to a principal 
active metabolite, dihydroartemisinin (plasma half-life esti-
mated at < 5 minutes) (Batty et al., 1998). Dihydroartemisinin 
is also itself rapidly cleared (estimated half-life < 1 hour) (see 
Chapter 172, Dihydroartemisinin–piperaquine). This rapid 
elimination profile demonstrated in earlier studies of arte-
sunate monotherapy does not seem to be altered when it is 
co-administered with pyronaridine (Shin Poong Pharma-
ceutical Company, 2015).

5e.  Drug interactions

Studies of in vitro interactions between pyronaridine and a 
range of other anti-malarials (including antifolates, 4-amino-
quinolines, and amino-alcohols) have shown synergism or 
additive effects, no interaction, or weak antagonism (Croft et 
al., 2012). However, in practice, it is unlikely that  pyronaridine–
artesunate will be co-administered with any of these drugs. A 
number of in vitro studies have also examined interactions 
between the two components of pyronaridine– artesunate, 

also with conflicting results that range from synergism to 
weak antagonism between either artesunate or dihydroarte-
misinin and pyronaridine (Davis et al., 2006; Gupta et al., 
2002; Ringwald et al., 1999a). These differences are likely due 
to methodologic differences, and studies in P. berghei rodent 
malaria models (Peters and Robinson, 1997; Vivas et al., 
2008) have suggested that if anything, the relationship is likely 
to be synergistic in vivo, consistent with the demonstrated 
efficacy of the combination in clinical studies (Bukirwa et al., 
2014).

It is possible that pyronaridine–artesunate will be used 
either simultaneously or sequentially with 8-aminoquinoline 
drugs (primaquine and tafenoquine) for radical cure of  
P. vivax infections. One study showed a synergistic effect 
between pyronaridine and primaquine on blood stage para-
sites in vitro (Ringwald et al., 1999b). A pharmacokinetic 
interaction study using a crossover methodology in healthy 
Thai volunteers did not demonstrate any differences in pyro-
naridine, artesunate, or dihydroartemisinin exposures when 
pyronaridine–artesunate was co-administered with prima-
quine (Jittamala et al., 2015). However, co-administration 
resulted in significantly higher primaquine Cmax (by 30%) 
and AUCs (by 15%) compared with primaquine given alone. 
Nonetheless, primaquine’s hypnozoiticidal activity and 
dose-dependent toxicity are probably primarily dependent 
on short-lived active metabolites that are difficult to measure 
in practice. Therefore it is not clear how these moderate 
increases in observed concentration of the prodrug pri-
maquine translate to actual exposure to its biologically active 
metabolic products. Given the importance of adjunctive 
hypnozoiticidal therapy to malaria control in P. vivax–
endemic settings (Robinson et al., 2015), this is a potentially 
important issue. However, reassuringly, one recent clinical 
trial demonstrated good radical cure efficacy when pyronar-
idine–artesunate schizonticidal treatment was used con-
currently with primaquine hypnozoiticidal therapy in 60 
Indonesian adults with P. vivax (Nelwan et al., 2015). Cur-
rent manufacturer recommendations are that pyronaridine– 
artesunate can be co-administered with primaquine (Shin 
Poong Pharmaceutical Company, 2015). 

Pyronaridine inhibits cytochrome P-450 2D6 in vitro 
(Shin Poong Pharmaceutical Company, 2015). Therefore it 
may lead to an increase in exposure to a number of drugs 
that are CYP2D6 substrates, including tricyclic antidepres-
sants, serotonin reuptake inhibitors, neuroleptics, codeine, 
beta-blockers, and antiarrhythmics. Particular caution is 
recommended with metoprolol (pyronaridine–artesunate 
has been shown to increase metoprolol Cmax by 50%) (Morris 
et al., 2014) and the antiarrhythmics flecainide and propafe-
none (Shin Poong Pharmaceutical Company, 2015). Pyro-
naridine also shows in vitro inhibition of P-glycoprotein 
(P-gp) and therefore may necessitate therapeutic monitor-
ing of digoxin and dabigatran concentrations (Shin Poong 
Pharmaceutical Company, 2015).

Dihydroartemesinin is a weak inhibitor of CYP1A2 and 
therefore may have mild, short-lived effects on drugs such as 
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theophylline (Shin Poong Pharmaceutical Company, 2015). 
Its own metabolism may be increased by cytochrome inducers 
such as rifampicin, carbamazepine, phenytoin, and St. John’s 
wort, although, given the wide therapeutic margin and high 
efficacy of artemisinins despite usually rapid elimination 
kinetics, it seems unlikely that such drug interactions would 
be clinically significant in practice. 

6. ADVERSE REACTIONS AND TOXICITY

Pyronaridine–artesunate is a new drug, and therefore avail-
able safety data do not yet include a planned postmarketing 
pharmacovigilance program (MMV, 2015b) intended to 
detect adverse events that may occur less commonly. 
Nonetheless, existing clinical trial data used to support its 
recent registration suggest that it is very well tolerated 
(Bukirwa et al., 2014). Although the manufacturer lists a 
number of possible adverse events (Shin Poong Phar ma-
ceutical Company, 2015), a great many of these represent 
reported symptoms or laboratory findings that are likely to 
be due to clinical malaria infection, rather than a drug side 
effect per se. These include headache, anemia, and vomiting 
(reported as common) and splenomegaly, hepatomegaly, 
liver tenderness, thrombocytopenia, asthenia, fatigue, anorexia, 
myalgia, chills, and pyrexia. Others (reduction in heart rate 
and increase in platelet count) are consistent with processes 
of recovery from the infection during convalescence, or are 
difficult to distinguish from infections including respiratory 
infections, gastroenteritis, conjunctivitis, and malaria itself 
that can occur regularly in populations in which clinical 
evaluations were conducted. In randomized controlled trials, 
none of these events have been shown to occur at any greater 
rate in patients treated with pyronaridine–artesunate com- 

pared with comparator drug treatment arms (Bukirwa et al., 
2014), and there are no plausible biologic factors to suggest 
that they would be causally related to the drug. Therefore 
they have been omitted from Table 173.2, which lists the 
major adverse reactions (thought to occur in more than 1 per 
1000 study participants) that have been detected in clinical 
evaluations of pyronaridine–artesunate. 

The now very extensive experience with artemisinin deriv-
atives, including as components of ACT, suggests that they 
are exceedingly safe and well tolerated (see Chapter 169), 
and therefore the artesunate component of pyronaridine–
artesunate is very unlikely to contribute significantly to the 
toxicity of the combination. 

The most important concerns regarding the potential tox-
icity of pyronaridine–artesunate relate to preclinical studies 
of pyronaridine. Although animal studies have suggested 
that, on a molar basis, pyronaridine is much less toxic and 
has a higher therapeutic index than chemically related drugs 
such as chloroquine, mepacrine, and amodiaquine (Croft et 
al., 2012), animal autopsy studies have suggested that it has 
a particular propensity to accumulate in the tissues of solid 
organs, most especially the liver, but also in lung, brain, 
spleen, gallbladder, kidney, bone marrow, and eye (Feng et 
al., 1988; Ni et al., 1982; Park and Pradeep, 2010). This is seen 
especially after repeated administration, with microscopic 
findings of basophilic deposits within the tissue that can 
be associated with inflammatory changes. These appear to 
be dose related. In one study, these changes were detected 
within the livers and brains of dogs administered a single 
3-day course roughly equivalent to a single treatment course 
in humans (Shin Poong Pharmaceutical Company, 2015). 
This has been proposed as an explanation for the common 
finding of raised serum hepatic transaminase concentrations 

Table 173.2. Common clinically significant adverse drugs reactions reported with pyronaridine–artesunate.

Drug class Frequency (%) Mechanism Comments

Hepatoxicity (grade 3 or 4)  1% Probably accumulation of deposits of the 
drug itself. Pyronaridine appears to 
sequester preferentially within liver tissue. 
These deposits evoke a local inflammatory 
response in a dose-dependent fashion. 

Concerns exist that repeated administra-
tion will lead to cumulative effects and 
more severe liver damage. However, this 
has not been borne out in clinical studies 
of repeated dosages. 

Early anemia 30–70% In semi-immune individuals, anti-malarial 
treatment may trigger an autoimmune 
destruction of both parasitized and 
non-parasitized erythrocytes. For reasons 
that are unclear, this appears to be more 
common with pyronaridine–artesunate 
treatment than with other artemisi-
nin-based combination therapies.

Reductions in hematocrit can be rapid and 
large, but the effect is transient, with a 
nadir occurring within 7 days of treat-
ment and resolution usually by day 28. 

Gastrointestinal side effects 
(vomiting, abdominal 
pain, diarrhea)

 1–7% In practice, it is difficult to distinguish 
between symptoms of clinical illness due 
to malaria vs. a drug side effect per se. 

Reported at similar frequency to that seen 
with other anti-malarials.

Dizziness and headache  3% May also be malaria related rather than a 
genuine side effect. 

Dizziness occurs at a lower frequency 
than with mefloquine and at a similar 
frequency to artemether–lumefantrine.
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after administration in both animals and humans (Bukirwa 
et al., 2014). Some studies in rats have also demonstrated 
accumulation of basophilic tissue deposits and worsening 
inflammation and transaminitis with repeated administra-
tion (Shin Poong Pharmaceutical Company, 2015). These 
findings led to serious concerns that administration of 
repeated doses of pyronaridine–artesunate could lead to 
cumulative and irreversible toxicity, especially to the liver. 
For these reasons, when first registered, pyronaridine– 
artesunate was only licensed for a single “one-off ” treatment 
(the initial recommendation being that it never be readmin-
istered), and subsequently this recommendation was soft-
ened to enable readministration but only when it was feasible 
to check liver function test results before treatment and to 
monitor them thereafter (Shin Poong Pharmaceutical Com-
pany, 2015). This recommendation was clearly impractical 
for deployment in most malaria-endemic settings where reg-
ular, repeated clinical episodes are the rule rather than the 
exception and where few laboratory diagnostic facilities exist 
for monitoring. Fortunately, this recommendation has now 
been rescinded by the European Medicines Agency (MMV, 
2015a), after the tabling of clinical safety data from repeat 
dosing studies conducted in African populations that were 
designed specifically to address this issue. These studies 
showed no higher incidence of biochemical hepatitis in those 
receiving repeated treatment courses (Sagara et al., 2015).

It is important to note that pooled analyses of data from 
large randomized controlled trials (including more than 
2800 pyronaridine–artesunate–treated individuals) have 
shown no statistically significant differences in the rates of 
severe adverse events, adverse events necessitating with-
drawal of treatment, or patient reported side effects when 
subjects administered pyronaridine–artesunate were com-
pared with those treated with either artemether- lumefantrine 
or artesunate-mefloquine (Bukirwa et al., 2014). The only 
differences between pyronaridine–artesunate and compar-
ator treatment groups were the incidence of grade 3 to 4 
hepatotoxicity (risk ratio approximately four times higher 
with pyronaridine–artesunate vs. comparator) and a slightly 
higher rate of early anemia (days 3 to day 7 but not day 28 
after treatment) (Bukirwa et al., 2014). Further specific poten-
tial toxicities are described in more detail in the following 
sections. 

6a.  Neurologic side effects

Neuropsychiatric disturbances, such as those ascribed to 
mefloquine, have not been described in more than 2800 sub-
jects treated with pyronaridine–artesunate (Bukirwa et al., 
2014; Shin Poong Pharmaceutical Company, 2015). Insomnia 
and parasomnias (sleep talking) are reported as uncommon 
(< 1/100) or rare (1/1000) events, respectively (Shin Poong 
Pharmaceutical Company, 2015). In pooled analysis of ran-
domized controlled trials, pyronaridine–artesunate–treated 
subjects experienced dizziness at a significantly lower rate 
(risk ratio 0.46) than subjects receiving artesunate–meflo-
quine (Bukirwa et al., 2014). Hearing impairment and tinni-
tus have been reported as rare events. 

6b.  Gastrointestinal side effects

Nausea, vomiting, abdominal pain, and diarrhea are com-
monly reported signs and symptoms in anti-malarial trials. 
Thus, it may be difficult to determine causation—that is, 
whether these conditions are due to the effects of the drugs 
or to the disease itself. Pooled analyses of randomized con-
trolled trials suggest that subjects treated with pyronaridine–
artesunate experience these conditions with no greater 
frequency than those receiving artemether–lumefantrine, 
artesunate–mefloquine, or other drugs (Bukirwa et al., 2014).

6c.  Cardiac side effects

Other quinoline drugs such as halofantrine, mefloquine, qui-
nine, piperaquine, and chloroquine have arrhythmogenic 
properties that manifest as prolongation of the QT interval 
(White, 2007). However, minor QT prolongation is common 
in malaria, and may be disease related. No specific evalua-
tions have been undertaken using robust methodologies to 
determine if pyronaridine–artesunate exacerbates this effect 
in human subjects. However preclinical animal studies have 
suggested that pyronaridine is far less cardiotoxic than  
chloroquine (Croft et al., 2012), and routine monitoring in 
clinical trials has suggested that the incidence of electrocar-
diographic abnormalities, including QT prolongation, is 
lower than that seen with other ACTs such as artemether–
lumefantrine and artesunate–mefloquine (Bukirwa et al., 
2014). First-degree atrioventricular block, sinus arrhythmia, 
hypertension, and hypotension have been reported as rare 
(1/1000) events, but it is not clear if these were truly drug 
related (Shin Poong Pharmaceutical Company, 2015).

6d.  Hematologic side effects

An early and often dramatic decline in erythrocyte mass is 
a very common finding in those receiving anti-malarial 
treatment for clinical infections in malaria-endemic settings 
(Price et al., 2001; Sowunmi et al., 2015). This can lead to 
reductions in hemoglobin exceeding 4 g/dl with a nadir 
occurring between day 2 and day 7. This is usually followed 
by a rapid recovery—that is, by day 28 after treatment. This 
phenomenon seems to be more pronounced with ACT treat-
ment of P. falciparum, and given its transient nature it is 
probably not cause for undue concern. However, for reasons 
that are not clear, in randomized controlled trials it does 
appear to occur more commonly and to a greater extent with 
pyronaridine–artesunate than with comparator drugs such 
as artemether–lumefantrine and artesunate–mefloquine 
(Bukirwa et al., 2014).

Pyronaridine’s chemical similarity to amodiaquine raised 
some initial concerns that pyronaridine–artesunate may cause 
agranulocytosis. However existing data suggest that neutro-
penia is uncommon and generally mild when it occurs in the 
context of a standard treatment course (Bukirwa et al., 2014).

Basophilia, leukocytosis, and monocytosis occur uncom-
monly. Lymphopenia and pancytopenia have been reported 
as rare events (Shin Poong Pharmaceutical Company, 2015)
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6e.  Hypersensitivity and dermatologic 
reactions

Hypersensitivity reactions appear to be rare. Pruritus and 
rash occur uncommonly (< 1/100) and blistering and urti-
caria have been rarely reported (Shin Poong Pharmaceutical 
Company, 2015). Urticaria has also been reported with arte-
misinin derivatives when used as monotherapy or in other 
ACTs (Ashley and White, 2005).

6f.  Fetal toxicity and risks in pregnancy and 
lactation

There are virtually no human data pertaining to the safety of 
pyronaridine in pregnancy. Some early Chinese preclinical 
studies in mice suggested some evidence of embryotoxicity 
(Shao et al., 1990, 1985b). Reproductive toxicity studies of 
artemisinin have demonstrated fetal resorption in the first 
trimester (Li et al., 2009), suggesting that the artesunate 
component of the combination is also embryotoxic in 
humans. Therefore the combination is relatively contra-
indicated in the first trimester of pregnancy. Other anti- 
malarials, for which there are more safety data in pregnancy 
(including chloroquine, sulfadoxine–pyrimethamine, qui-
nine, artesunate–mefloquine, and artemether–lumefantrine) 
should be used in preference to pyronaridine–artesunate, 
depending on local drug susceptibility in the area in which 
the malaria infection was acquired. 

6g.  Other side effects

Other adverse events that have been reported occasionally  
(< 1/1000) include ear pain; mouth ulcers; changes in albu-
min, potassium, creatinine, and bilirubin concentrations; 
ketonuria; epistaxis; hemoptysis; hypertension; and hypo- 
tension (Shin Poong Pharmaceutical Company, 2015). As 

well as being rare, none of these effects have been reported to 
have severe consequences and therefore seem unlikely to be 
clinically significant.

7. CLINICAL USES OF THE DRUG

7a.  Treatment of malaria due to 
Plasmodium. falciparum

Relatively few randomized controlled trials have been per-
formed to evaluate the efficacy of pyronaridine–artesunate 
for P. falciparum (Table 173.3a) (Kayentao et al., 2012; 
Rueangweerayut et al., 2012; Tshefu et al., 2010). However, 
these have all been very large, well-designed multisite stud-
ies (incorporating countries in both Africa and Asia) and 
have been appropriately statistically powered to demon-
strate  noninferiority with alternative ACT comparator arms 
 (artemether–lumefantrine and artesunate–lumefantrine). 
There fore the more than 2000 participants enrolled in the 
pyronaridine–artesunate arms of these trials should be con-
sidered as constituting a high level of clinical evidence. These 
trials demonstrate high efficacy with WHO-defined PCR-
corrected ACPR at 28 days > 97% in all three trials. Subgroup 
analyses have suggested that this efficacy remains high across 
a broad range of age groups and geo-epidemiologic contexts 
(Bukirwa et al., 2014). However, in two of these three studies, 
efficacy appeared somewhat poorer when determined at 42 
days (as low as 93%) (Kayentao et al., 2012; Rueangweerayut 
et al., 2012). This could be an artifact relating to the method-
ologic challenges of PCR correction to differentiate reinfec-
tion from genuine recrudescence (especially difficult in 
high-transmission settings). However, it could also indicate 
that the relatively slow elimination kinetics of pyronaridine 
mean that ongoing suppression of parasitemia extending 
to day 28 could “mask” treatment failures, which then only 
reveal themselves by day 42. This would suggest that the day 

Table 173.3. Randomized clinical trials in which pyronaridine–artesunate has been evaluated (n > 100) for treatment of uncomplicated 
malaria due to Plasmodium falciparum and Plasmodium vivax.

Study Location Age group
Sample size 

(PYR-ARTS arm)
Day 28 
ACPR*

Day 42 
ACPR*

P. falciparum

Tshefu et al., 
2010

Africa (Democratic Republic of Congo, Gambia, 
Ghana, Kenya, Mali, Mozambique, Senegal) 
and Asia (Indonesia, the Philippines)

Older children and 
adults (5–60)

849 99.5% 98.7%

Kayentao et al., 
2012

Sub-Saharan Africa (Burkina Faso, Democratic 
Republic of Congo, Cote d’Ivoire, Kenya, 
Mali) and the Philippines

Children (3 months– 
12 years)

355 97.1% 93.2%

Rueangweerayut 
et al., 2012

Asia (Cambodia, India, Thailand, and Vietnam) 
and Africa (Burkina Faso, Ivory Coast, 
Tanzania)

Older children and 
adults (4–59)

848 99.1%  94.1%

P. vivax 

Poravuth et al., 
2011

Asia (Cambodia, India, Indonesia, and Thailand) Older children and 
adults (7–60) 

228 97.1% 95.5%

Abbreviations: ACPR: adequate clinical and parasitological response, PCR corrected for reinfections for P. falciparum (*); PYR-ARTS: pyronaridine–artesunate. 
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42 end point is the more meaningful indicator of true treat-
ment efficacy. 

In addition to the studies described in Table 173.3a, a 
number of previous studies have demonstrated acceptable 
curative efficacy of pyronaridine when administered as 
monotherapy or in combination with other anti-malarials 
(Croft et al., 2012; Ringwald et al., 1996a, 1998). Overall, the 
therapeutic equivalence of pyronaridine–artesunate to other 
ACTs, together with its overall acceptable tolerability and 
safety profile, support its use for treatment of uncomplicated 
malaria due to P. falciparum. It should not be used when 
there is vomiting, inability to swallow tablets, respiratory dis-
tress, impaired conscious state, or any clinical signs sugges-
tive of severe malaria (WHO, 2000, 2015).

7b.  Treatment of malaria due to 
Plasmodium vivax

One large randomized trial has demonstrated excellent ther-
apeutic efficacy (including noninferiority to chloroquine) of 
pyronaridine–artesunate for P. vivax in a number of Asian 
countries (Table 173.3b) (Poravuth et al., 2011). Given the 
development of chloroquine-resistant P. vivax in some 
areas, evidence supporting the use of this ACT provides an 
im portant addition to the therapeutic options for treating 
this species. 

7c.  Treatment of malaria due to 
Plasmodium ovale, Plasmodium 
malariae, or Plasmodium knowlesi

Very few data exist on treatment and the use of pyronari-
dine–artesunate for treatment of these less common species 
of malaria, and it is not recommended by the manufacturer 
or endorsed by regulatory agencies. However, small studies 
have shown P. malariae and P. ovale infections respond well 
to pyronaridine monotherapy in West Africa and to pyro-
naridine–artesunate in Indonesian West Papua. One small 
study (n = 7) has evaluated pyronaridine for treatment of 
P.  knowlesi in monkeys, showing clearance of parasitemia 
within 48–72 hours (Croft et al., 2012). Although all experi-
enced subsequent recrudescence, this probably reflected the 
relatively small total dose and short duration of therapy (2–5 
mg/kg given intravenously as a single dose), and it seems 
likely that artesunate–pyronaridine could also be an effective 
combination in P. knowlesi human infections. 

Overall, the in vitro drug susceptibility testing of P. ovale 
and P. malariae and limited in vivo studies of P. ovale,  
P. malariae, and P. knowlesi suggest that these species are 
likely to be just as susceptible as local strains of P. falciparum 
and P. vivax. Given the challenges of accurate species- specific 
diagnosis of these infections, it is likely that misdiagnosis of 
P. ovale, P. malariae, and P. knowlesi as either P. falciparum 
or P. vivax infections will lead to them being inadvertently 
treated with pyronaridine–artesunate if this drug is used in 
settings where these species coexist. 

7d.  Intermittent preventive therapy, anti-
malarial prophylaxis, and mass drug 
administration

Pyronaridine has an elimination profile that can be described 
as intermediate, with a duration of post-treatment suppres-
sive anti-malarial activity after conventional dosing that is 
probably somewhat longer than that of lumefantrine but 
shorter than that of mefloquine and piperaquine. It could 
therefore ordinarily be considered as having some potential 
for preventive therapies, prophylaxis, and even mass drug 
administration. However, its propensity to accumulate in tis-
sues with repeated doses probably means that these indica-
tions will not be pursued because of safety and ethical 
concerns. In any case, drugs such as piperaquine that have 
even slower elimination kinetics are probably better suited to 
these applications owing to the longer period of suppressive 
activity. 
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1. DESCRIPTION

Artemisinin–naphthoquine (ART–NQ) is an oral, co-formu-
lated antimalarial therapy that was developed by the Academy 
of Military Medical Sciences in China in the 1980s. It is now 
marketed as ARCO (Kunming Pharmaceutical Company, 
China), a single-dose treatment for uncomplicated malaria 
(Anthony et al., 2012). Although it has not received endorse-
ment from the World Health Organization (WHO) or other 
pharmacoregulatory body (Wells and Poll, 2010), it is regis-
tered in more than 10 countries, and an estimated 1 million 
patients receive ARCO annually (Wells and Poll, 2010). 

The constituents of ART–NQ have different mecha - 
nisms of antimalarial activity but act synergistically against 
Plasmodium parasites. Artemisinin ([1R,4S,5R,8S,9R,12S, 
13R]-1,5,9-trimethyl-11,14,15,16-tetraoxatetracyclo[10. 
3.1.0~4,13~.0~8,13~]hexadecan-10-one; molecular weight 
282; Figure 174.1) is a plant extract derived from sweet 
wormwood (Artemisia annua) that has been used by Chinese 
physicians for at least 2000 years. Like other drugs in the 
class (see Chapter 169), it has a sesquiterpene lactone struc-
ture with an endoperoxide bridge that is essential for anti-
malarial activity (Wang et al., 2004). Naphthoquine phosphate 

(4-[7-chloro-4-aminoquinoline]-2-tert-butylaminomethyl- 
5,6,7,8-4hydro-1-naphthol diphosphate; molecular weight 
641.98; see Figure 174.1) was first registered in China in 
1993. It shares same 7-chloroquinoline core scaffold as other 
4-aminoquinoline compounds, but is achiral and more lipo-
philic than other members of the group (Burrows et al., 2011). 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

PLASMODIUM FALCIPARUM

There is no accepted standardized protocol for determining 
in vitro drug susceptibilities for antimalarial drugs, with 
results differing according to the methodology and P. falci-
parum strains used. However, the relative simplicity and low 
cost of in vitro tests compared with in vivo clinical studies 
make this approach valuable in monitoring trends in the 
development of antimalarial drug resistance.

In vitro P. falciparum susceptibility profiles for NQ are 
summarized in Table 174.1. In general, NQ has lower 50% 
inhibitory concentration (IC50) values than other 4-amino-
quinolines (Delves et al., 2012; Koleala et al., 2015; Wirjanata 
et al., 2015). Laboratory-adapted strains also tend to have 
lower IC50 values than those of clinical samples (Chen, 2014). 
In vitro studies of the NQ sensitivity of clinical P. falciparum 
isolates are limited to Papua New Guinea (Koleala et al., 
2015; Wong et al., 2010), China (Yang et al., 1999), Myanmar 
(Yang et al., 2009), and Indonesia (Wirjanata et al., 2015). An 
in  vitro IC50 threshold of 100 nM is accepted as a cut-point 
between resistant and susceptible parasites for 4- aminoquinoline 
drugs such as NQ (Basco and Ringwald, 2003). This value is 
based on IC50 values obtained from P. falciparum isolates in 
patients with uncomplicated malaria who fail to respond to 
chloroquine (CQ) and from patients taking CQ prophylaxis 
with breakthrough infections. Such in vivo/in vitro correla-
tion studies do not exist for NQ. Notwithstanding differences 
in methods for determining IC50, P. falciparum isolates  
from China and the China–Myanmar border have mean IC50 

Figure 174.1. Chemical structures of artemisinin (left) and 
naphthoquine (right).
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values close to the threshold of 100 nM, whereas those from 
Melanesia are much lower. Of 44 clinical isolates from Papua 
New Guinea and 21 from Indonesia, none had an NQ IC50 
above 100 nM. 

PLASMODIUM VIVAX

Napthoquine has in vitro activity against P. vivax. In West 
Papua Province of Indonesia where multidrug-resistant  
P. vivax is common, the median IC50 of 29 isolates was 7.8 
nM. The highest IC50 was 34.2 nM (Wirjanata et al., 2015). 

SCHISTOSOMA MANSONI

ART–NQ as a combination has activity against S. mansoni 
and its snail host. In vitro exposure to concentrations of 
40 µg/ml co-formulated ART–NQ killed 100% of free larval 
schistosomal stages and Biomphalaria alexandrina snails 
(El-Beshbishi et al., 2015). 

2b.  Emerging resistance and 
cross-resistance

Concerns regarding the possibility of cross-resistance between 
NQ and other 4-aminoquinoline drugs exist. Although the 
IC50 values for NQ are lower than for piperaquine, amodia-
quine, and CQ, and comparable to those for mefloquine, 
they are highly correlated (Koleala et al., 2015; Wirjanata et 
al., 2015; Wong et al., 2010). Factor analysis of IC50 values 
from Papua New Guinea indicates that NQ clusters with PQ 
and CQ, but not with other potential long-acting artemisinin- 
based combination therapy (ACT) partner drugs such as 
lumefantrine and pyronaridine (Koleala et al., 2015). In a 
rodent malaria model, a stable NQ-resistant Plasmodium 
berghei parasite was selected for with simulated drug pres-
sure over 100 passaged generations. Cross-resistance to CQ 
was observed for the NQ-resistant phenotype (Wang et al., 

Table 174.1. In vitro drug susceptibility of Plasmodium falciparum isolates to naphthoquine.

P. falciparum 
strain name Source

Drug 
susceptibility

Genetic 
mutations Method

Mean IC50 
(nM) Reference

Artesunate-  
sensitive

Rieckman in vitro 
microtechnic assay

88.5 Yang et al., 1999

Artesunate-  
resistant

Rieckman in vitro 
microtechnic assay

119.4 Yang et al., 1999

NF54 Laboratory adapted—
patient in Netherlands

Fully sensitive None 3H-hypoxanthine 
incorporation assay

3.2 Delves et al., 2012

D6 Laboratory adapted—
Sierra Leone

MFQ pfcrt, pfmdr1, 
dhfr, dhps

3H-hypoxanthine 
incorporation assay

3.0 Delves et al., 2012

K1 Laboratory adapted—
Thailand origin

Resistant to CQ, 
PYR, CYC

pfcrt, pfmdr1, 
dhfr, dhps

3H-hypoxanthine 
incorporation assay

4.2 Delves et al., 2012

W2 Laboratory adapted— 
Vietnam origin

Resistant to CQ, 
PYR, QUI, CYC, 
SUL

pfcrt, pfmdr1, 
dhfr, dhps

3H-hypoxanthine 
incorporation assay

4.6 Delves et al., 2012

7G8 Laboratory adapted—
Brazil origin

Resistant to CQ, 
PYR

pfcrt, pfmdr1, 
dhfr, dhps

3H-hypoxanthine 
incorporation assay

2.1 Delves et al., 2012

TM90C2A Laboratory adapted—
Thailand origin

Resistant to CQ, 
PYR, MFQ, CYC

pfcrt, pfmdr1, 
dhfr, dhps 
cytB

3H-hypoxanthine 
incorporation assay

5.2 Delves et al., 2012

V1/S Laboratory adapted—
Vietnam origin

Resistant to CQ, 
PYR, CYC

pfcrt, pfmdr1, 
dhfr, dhps

3H-hypoxanthine 
incorporation assay

2.8 Delves et al., 2012

Clinical strains from 
China–Myanmar border

In vitro microtest 57.5 Yang et al., 2009

41 clinical strains from 
Papua New Guinea

Near complete 
CQ resistance

Plasmodium lactate 
dehydrogenase

7.0 Wong et al., 2010

44 clinical strains from 
Papua New Guinea

pfcrt (96%)
pfmdr1 (86%)
dhfr (100%)

SYBR Green 
fluorescence

4.2 Koleala et al., 2015

21 clinical strains from 
Indonesia

Widespread 
resistance to 
CQ, AQ, and SP

In vitro micro test 8.0 Wirjanata et al., 
2015

Abbreviations: AQ: amodiaquine; CQ: chloroquine; CYC: cycloguanil; IC50: 50% inhibitory concentration; MFQ: mefloquine; PYR: pyrimethamine; QUI: quinine; 
SP: sulfadoxine-pyrimethamine; SUL: sulfadoxine.
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2011). Taken together, these data support the possibility 
of development of NQ resistance, especially in areas with 
high rates of CQ resistance or where other long-acting 4- 
 aminoquinoline drugs have been widely used.

3. MECHANISM OF DRUG ACTION

Like CQ and other 4-aminoquinolines, NQ exerts its action 
by interfering with formation of hemozoin, a crystalline 
heme derivative. This interrupts a critical pathway within the 
parasite food vacuole that prevents the release of toxic radicals 
after digestion of hemoglobin within the red blood cell. The 
4-aminoquinoline drugs accumulate within the acidic environ-
ment of the food vacuole. Mutations in the gene coding for 
the P. falciparum CQ resistance transporter (Pfcrt) result in 
efflux of the 4-aminoquinoline from the food vacuole to the 
parasite cytosol (Biamonte et al., 2013; Burrows et al., 2011). 

The antimalarial activity of the artemisinin component is 
dependent on cleavage of the endoperoxide bridge within 
the sesquiterpene lactone structure characteristic of drugs in 
the class by Fe (II) (Wang et al., 2004). The resulting oxygen 
radicals are toxic to the parasite (see Chapter 169).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

ART–NQ is available as ARCO, an oral co-formulated tablet 
manufactured by Kunming Pharmaceutical Company. Each 
tablet contains artemisinin (125 mg) and NQ base (50 mg). 
The ART–NQ ratio of 2.5:1 was optimized in studies of 
Plasmodium knowlesi infection in Aotus monkeys (Wang 
et al., 2008). There are no parenteral preparations or other 
modes of administration available. A micropellet prepara-
tion has been patented but is not in production (Kunming 
Pharmaceutical Corporation, 2014). ART–NQ tablets are 
packaged in blistered aluminum foil, with each containing 
four tablets. In the development phase of finding a suitable 
partner artemisinin drug, NQ was co-formulated with dihy-
droartemisinin (DHA) alone (Wang et al., 2002), DHA plus 
trimethoprim (Krudsood et al., 2003; Song et al., 2001), and 
artesunate (Liu et al., 2009), but currently none of these are 
commercially available. 

4a.  Adults

ART–NQ has been registered and promoted within the pri-
vate sector in many countries as a single dose of eight tablets 
for uncomplicated P. falciparum malaria in adults. 

4b.  Newborn infants and children

Few data exist to inform dosing in children and infants, and 
no data exist for children younger than 6 months. Clinical 
studies in children have reported good efficacy with a single 
dose (Kinde-Gazard et al., 2012; Udoh et al., 2014), a split 
dose given on the same day 8 hours apart (Toure et al., 2009), 

and full recommended doses given daily for 3 days (Laman et 
al., 2015). 

Although it is not clear how the manufacturer’s pediatric 
dose instructions were developed, in children up to 40 kg, an 
NQ dose of 6.5–9.5 mg/kg given to the nearest whole tablet is 
recommended (Kunming Pharmaceutical Corporation, 2006). 
The upper limit of this range is lower than would be expected 
if traditional approaches to scaling adult drug doses to chil-
dren were applied (Johnson, 2008). If either a weight- or 
body surface area–based allometric scaling approach were 
used, pediatric dosing of NQ could be increased to ≥ 10 mg/
kg (Batty et al., 2012).

To satisfy the WHO requirement that ACTs be adminis-
tered over 3 days to minimize the acquisition of parasite 
resistance, a 3-day ART–NQ regimen has been assessed in 
Melanesian children (Laman et al., 2014). In this study, 
weight-based doses of one, two, three, and four tablets were 
given to children with weights of 5–9.9 kg, 10–14.9 kg, 
15–19.9 kg and 20–24.9 kg, respectively, for 3 days. 

4c.  Pregnant and lactating mothers

No dosage recommendations for pregnant and lactating 
mothers are available. Although there are no published data 
available, the manufacturer’s instructions state that there is 
minimal excretion in the breast milk, but caution is advised 
in lactating or pregnant women. 

4d.  Those requiring altered dosages

No dosage recommendations for elderly or obese patients 
or patients with known renal dysfunction are available for 
ART–NQ. For the artemisinin component of ART–NQ, 
pharmacokinetic (PK) studies have indicated that area under 
the curve (AUC) and clearance are similar in patients with 
cirrhosis of the liver and in healthy subjects, implying that 
dose adjustments are not required for this component of the 
co-formulated preparation (de Vries et al., 1997a).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

Descriptive PK studies of ART–NQ are limited to a study in 
Melanesian children with uncomplicated malaria (Batty et 
al., 2012) and one study of healthy Chinese adults without 
malaria infection (Qu et al., 2010). A further PK study of NQ 
given without artemisinin in healthy adults is also described 
within the text of a review article, but limited data are pro-
vided, and the original reference is not available (Wang et al., 
2004).

A number of studies have reported the PK profile of arte-
misinin after oral administration in healthy adults and in 
adults and children with uncomplicated malaria (Alin et al., 
1996; de Vries et al., 1997a, 1997b; Dien et al., 1997; Hassan 
Alin et al., 1996; Sidhu et al., 1998; Titulaer et al., 1990). 
These data are summarized in Table 169.1.
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5a.  Bioavailability

There are concerns about the choice of ART as the partner 
drug for NQ. Bioavailability is poor (Wells, 2012). When 
compared with intramuscular injection, the relative oral bio-
availability is 32% (Titulaer et al., 1990). Artemisinin also 
rapidly induces its own metabolism. When compared with 
an initial dose, Melanesian children taking a second dose of 
ART–NQ had 77% lower bioavailability (Batty et al., 2012). 
In vitro studies have suggested this effect is mediated via 
rapid up-regulation of cytochrome P-450 2D6 isoenzymes 
(Svensson et al., 1999). Peak concentrations of artemisinin 
are attained with 2–4 hours (Qu et al., 2010). 

Data regarding the effects of concomitant food or fat 
administration on ART–NQ pharmacokinetics are conflict-
ing (Batty et al., 2012; Dien et al., 1997; Qu et al., 2010), but 
need to be interpreted in light of study design. In a crossover 
study of healthy Vietnamese adults given 500 mg of artemis-
inin, the administration of food did not affect any PK param-
eters when compared with fasting (Dien et al., 1997). This 
accords with a study in Melanesian children in which a non-
significant (5%) reduction in artemisinin AUC after inges-
tion of 250 ml of full-cream cow’s milk (containing 8.5 g of 
fat) was observed (Batty et al., 2012). By contrast, adminis-
tration of ART–NQ with a high-fat breakfast containing 60% 
lipids increased artemisinin AUC and elimination half-life 
(t1/2) by approximately 75% in healthy Chinese volunteers 
taking ART–NQ (Qu et al., 2010).

Naphthoquine pharmacokinetics were also affected by a 
high-fat meal (60% lipid; 2400 kJ) in healthy Chinese vol-
unteers (Qu et al., 2010). The maximal concentrations and 
resultant AUC were both reduced by approximately 50% and 
the time to maximal concentration was doubled (Qu et al., 
2010). This conflicts with the findings of studies of other 
4-aminoquinoline ACT drugs that have shown increased 

(Ashley et al., 2007; Crevoisier et al., 1997) or no effect (Hai 
et al., 2008) on bioavailability when co-administered with 
fatty meals. Consistent with these data, Melanesian children 
given cow’s milk with ART–NQ had a modest increase in 
bioavailability compared with those who were fasting or 
given water (Batty et al., 2012).

It is possible that very high-fat meals given in the study of 
Chinese adults (Qu et al., 2010) could interfere with the 
absorption of NQ from the gastrointestinal tract. However, 
large amounts of fat given as milk (> 8.5 g; > 615 kJ) often 
cause nausea in children who are unwell with malaria. Taken 
together, this suggests that in children with malaria, under-
dosing of NQ owing to impaired absorption after a high-fat 
meal is unlikely to be a practical concern. 

The presence of fever may also influence bioavailability. In 
a study of Melanesian children with fever (defined by axillary 
temperature > 37.3°C), NQ bioavailability was reduced by 
32% (Batty et al., 2012). 

5b.  Drug distribution

Studies describing artemisinin pharmacokinetics are described 
in Table 169.1. PK data for NQ are shown here, in Table 
174.2. Across all groups it is promptly absorbed, with maxi-
mal concentrations observed within 2–4 hours of oral 
administration. The maximal concentrations after a single 
dose range from 11 to 60 µg/l (Batty et al., 2012; Qu et al., 
2010), depending on the dose given. Subsequent daily dosing 
in Melanesian children resulted in a Cmax of 57 µg/l after a 
second dose in children; a simulated third dose using post 
hoc Bayesian simulations resulted in a predicted median 
(95% prediction intervals) Cmax of 89 µg/l (61–152 µg/l). Only 
a small minority of children in the multiple-dose regimen 
attained concentrations > 200 µg/l in post hoc simulations 
(Batty et al., 2012; Qu et al., 2010).

Table 174.2. Pharmacokinetic studies of naphthoquine when co-administered with artemisinin.

Subjects (no.) Dose Cmax (μg/l) Tmax (h) t1/2 (h) Reference

Papua New Guinea children 
with UM (n = 13)

5–7.5 mg/kg; 2–4 tablets 
as single dose

40.6 3.1 α 6.8 
β 109
γ 525

Batty et al., 2012

Papua New Guinea children 
with UM (n = 17)

6.1–9.5 mg/kg; 2–4 tablets 
with milk as single dose

33.9 4.6 α 8.2 
β 115
γ 500

Batty et al., 2012

Papua New Guinea children 
with UM (n = 16)

6.1–9.5 mg/kg; 2–4 tablets 
with water for 2 doses

Dose 1: 22.9
Dose 2: 57

Dose 1: 3.3
Dose 2: 3.3

α 7.3 
β 118
γ 595

Batty et al., 2012

Healthy Chinese adult males 
(n = 10)

200 mg (4 tablets); fasting 
with water

11.4 3.5 256 Qu et al., 2010

Healthy Chinese adult males 
(n = 10)

400 mg (8 tablets); fasting 
with water

27.4 3.0 276 Qu et al., 2010

Healthy Chinese adult males 
(n = 10)

600 mg (12 tablets); 
fasting with water

59.8 2.5 233 Qu et al., 2010

Healthy Chinese adult males 
(n = 10)

400 mg (8 tablets); with 
high-fat meal

12.8 6.5 156 Qu et al., 2010

Abbreviations: UM: uncomplicated malaria.
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A prolonged terminal t1/2 of the long-acting partner drugs 
in ACT is considered ideal because persisting concentrations 
prevent relapse and recrudescence. This is of particular 
importance in settings where P. vivax and P. falciparum are 
transmitted, because the rate of occurrence of P. vivax infec-
tion after an episode of uncomplicated malaria can be up 
to 40% in patients treated with shorter-acting partner drugs 
such as lumefantrine (Karunajeewa et al., 2008). With a t1/2 of 
1–3 weeks, NQ provides a durable post-treatment suppres-
sion of recurrence. The variability observed in terminal t1/2 in 
reported PK studies may reflect differences in PK modeling 
methodology, duration of follow-up, and sensitivity of the 
drug assay. In Melanesian children followed for 42 days, a 
three-compartment model was fitted to data derived from  
a sensitive assay (limit of detection [LOD] = 0.5 μg/l) with a 
terminal elimination t1/2 (of the third compartment) of 3 
weeks (Batty et al., 2012), whereas in Chinese adults followed 
for 9 days a single-compartment model was fitted that had 
a calculated t1/2 of 9–12 days (Qu et al., 2010). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There have been no clinical studies defining a clear pharma-
cokinetic-pharmacodynamic (PK-PD) relationship for ART– 
NQ or its constituent components, but at least one study has 
suggested that a single lower dose may have been associated 
with clinical failure, reinfection, and P. vivax recrudescence 
in children in Papua New Guinea with uncomplicated 
malaria (Benjamin et al., 2012). In this study, nearly half of 
the 13 children receiving the lower dose of 5–7.5 mg/kg as a 
single treatment developed recurrent parasitemia compared 
with none of the 16 children receiving 6.1–9.5 mg/kg given 
on 2 consecutive days. Although no definitive PK-PD 
 threshold can be inferred from these data, the findings sug-
gest that underdosing may have implications for treatment 
of individual patients and for the potential development of 
parasite resistance. 

5d.  Excretion

There are few published data detailing the distribution and 
excretion of AN. The manufacturer’s information sheet states 
that NQ is mainly excreted in the urine (accounting for 44% of 
the total). Artemisinin rapidly induces its own metabolism. 
Studies performed on lymphoblastic cell lines suggest that this 
is primarily mediated via CYP2B6 (Svensson et al., 1999). As a 
result, very little urinary excretion of artemisinin is observed. 

5e.  Drug interactions

The components of ART–NQ given as monotherapy have 
different PK properties than those components in the co- 
formulated product In an open-label, single-dose trial, 
healthy volunteers received either artemisinin or NQ alone 
and a co-formulated compound, with a crossover study 

design and a 10-day washout period between. The time to 
peak concentrations and t1/2 were the same in monotherapy 
and co-formulated medications for both artemisinin and 
NQ. Co-formulated ART–NQ increased artemisinin AUC 
and maximum concentrations by 71% and 49%, respectively. 
Similarly, ART–NQ increased NQ AUC and Cmax by 135% 
and 104%, respectively. This interaction is consistent with 
increased absorption of both drugs (Qu et al., 2010), but the 
underlying mechanisms are unclear. 

Artemisinin increases omeprazole elimination via induc-
tion of cytochrome P-450 2C19 enzyme (Mihara et al., 1999; 
Svensson et al., 1998). Whether this effect is present for other 
drugs metabolized via the same pathway is unknown. 

No significant interactions were observed when artemisi-
nin was given with mefloquine (Svensson et al., 2002). 

6. ADVERSE REACTIONS AND TOXICITY

Early safety and toxicity studies of NQ were performed in 
dogs and rodents (Wang et al., 2004). Doses of 7.5 mg/kg, 
87.5 mg/kg, and 140 mg/kg were given daily for 14 days to 
Beagle dogs. In dogs given the highest dose, gastrointestinal 
symptoms, convulsions, hepatotoxicity, QT prolongation, 
and bone marrow toxicity were observed. At doses of 87.5 
mg/kg, similar effects were observed but were mild and 
reversible. At the lowest dose (17.5 mg/kg) there were no 
obvious side effects (Wang et al., 2003c). 

In clinical studies of uncomplicated malaria, no severe 
adverse events related to ART–NQ have been reported 
(Laman et al., 2014; Tjitra et al., 2012; Toure et al., 2009). 

6a.  Neurotoxicity 

Neurotoxicity associated with artemisinin and its derivatives 
has been observed consistently in vitro (Efferth and Kaina, 
2010) and in animal studies (Brewer et al., 1994a, 1994b; Gen-
ovese et al., 1999; Li et al., 2002; Petras et al., 2000; Stergachis 
et al., 2010). Brainstem neurons appear to be particularly 
susceptible (Brewer et al., 1994b), and the duration of drug 
exposure and its lipid solubility are important determinants 
(Brewer et al., 1994; Li et al., 2002). Short-term peak concen-
trations of artesunate and its active metabolite DHA after 
intravenous artesunate are thus considered less potentially 
neurotoxic than the prolonged plasma concentrations of 
artemether and DHA observed after intramuscular arte-
mether, especially with repeated dosing (Gordi and Lepist, 
2004; Li et al., 2002). 

The relevance of in vitro and animal neurotoxicity data to 
humans treated with artemisinin derivatives is, however, 
uncertain. Animal studies have involved allometrically 
higher doses given for longer periods than recommended 
for the treatment of human malaria (Brewer et al., 1994b; 
Geno vese et al., 1999; Gordi and Lepist, 2004). Case reports 
of artemisinin-associated neurotoxicity (Elias et al., 1999; 
Franco-Paredes et al., 2005; Kager et al., 1994; Miller et al., 
1997; Panossian et al., 2005), subtle hearing loss in case– 
control studies (Toovey, 2006; Toovey and Jamieson, 2004), 
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and the suggestion of longer coma recovery times in arte-
mether-treated patients with cerebral malaria (Tran et al., 
1996; van Hensbroek et al., 1996) do not reflect substantial 
clinical trial and observational evidence (Price et al., 1999; 
White et al., 2006) or the results of otologic (Kissinger et al., 
2000; McCall et al., 2006; Van Vugt et al., 2000) and neuro-
pathologic (Davis et al., 1997; Hien et al., 2003) studies that 
have not raised any safety concerns.

Nevertheless, high concentrations of DHA observed in 
the cerebrospinal fluid of children with meningeal irritation 
suggest that these medications should be used with caution 
in patients with bacterial meningitis treated empirically with 
both antibiotics and artemisinins (Manning et al., 2011). 

In the case of ART–NQ, there are no convincing data to 
suggest that severe neurotoxicity occurs in patients receiving 
standard dosing regimens. Dizziness is a commonly reported 
side effect and is thought to occur in 3–10% (Hombhanje et 
al., 2009; Shan et al., 2005; Tjitra et al., 2012; Toure et al., 
2009; Tun et al., 2009; Wang et al., 2003a, 2003b). Transient 
deafness was also reported in one study in 3% of patients 
(Hombhanje et al., 2009).

6b.  Hepatotoxicity

Concern regarding hepatotoxicity has hampered research 
and development of ART–NQ as an alternative to other 
3-day ACTs currently registered by regulatory authorities. 
However, data from animal toxicity, healthy volunteers, and 
subsequent clinical studies have not demonstrated a consis-
tent association with NQ, and no severe hepatotoxic events 
have been reported. Transaminase elevation less than three-
fold baseline values were observed in Beagle dogs given 87.5 
and 140 mg/kg of NQ daily for 14 days. No change was observed 
in dogs given a dose of 17.5 mg/kg (Wang et al., 2003c). 

A transient rise in transaminase was described in 2 of 28 
healthy volunteers taking ART–NQ. However, the magni-
tude of the rise was not reported, and there was no dose- 
related trend with this observation (Qu et al., 2010). 

In clinical studies of uncomplicated malaria, liver func-
tion tests performed at various times from 3 to 28 days have 
been performed to monitor for drug-related hepatotoxicity. 
In some studies in which ART–NQ was given as one or two 
doses on day 1, no elevations of transaminase above 2.5 times 
baseline were observed (Shan et al., 2005; Toure et al., 2009; 
Tun et al., 2009; Wang et al., 2003a, 2003b).

A number of studies have described small transient increases 
in transaminase levels (Hu et al., 2011; Kinde-Gazard et al., 
2012; Wang et al., 2003a, 2003b); others have described improve-
ments from mild elevations above reference limits at enroll-
ment consistent with resolution of malaria (Tjitra et al., 2012). 
A 3-day course of ART–NQ was not associated with any eleva-
tions in transaminases or bilirubin at day 7 (Laman et al., 2014). 

6c.  Gastrointestinal side effects

ART–NQ is generally well tolerated, with low rates of gastro-
intestinal side effects. In healthy volunteers and in patients 

with uncomplicated malaria, when subjective assessments 
of vomiting, nausea, diarrhea, abdominal pain, and anorexia 
are applied to monitor for possible gastrointestinal side 
effects from antimalarial drugs, it may be difficult to differ-
entiate between side effects from the drug and symptoms 
related to malaria. Vomiting, nausea, diarrhea, and anorexia 
are reported in less than 5% of patients receiving ART–NQ, 
whereas abdominal pain is reported in 2–12% of patients. 
When randomized comparisons between ART–NQ and 
artemether–lumefantrine or DHA–piperaquine have been 
reported, there have been no differences in rates of vomiting 
(Laman et al., 2014; Tjitra et al., 2012; Toure et al., 2009), 
diarrhea (Laman et al., 2014; Tjitra et al., 2012; Toure et  
al., 2009), nausea (Kinde-Gazard et al., 2012; Tjitra et al., 
2012; Toure et al., 2009), abdominal pain (Kinde-Gazard et 
al., 2012; Laman et al., 2014; Toure et al., 2009), or anorexia 
(Tjitra et al., 2012; Toure et al., 2009). 

6d.  Cardiotoxicity

After the discovery that the antimalarial medication halofan-
trine was associated with prolongation of the QT interval 
and sudden death, regulatory authorities have been particu-
larly concerned about cardiotoxicity of antimalarial com-
pounds including ART–NQ (Nosten et al., 1993). Although 
it is likely that there are direct effects of acute illness (Van 
Dorn et al., 2011) on the QT interval that reflect sympathetic 
tone as well as direct parasite effects (White, 2007), studies 
comparing potential cardiotoxicity of antimalarial medica-
tions normally report the QT interval corrected for heart rate 
(QTc) using Bazett’s formula at a time point when the highest 
plasma drug concentrations are predicted (Laman et al., 2014). 

In healthy volunteers, no electrocardiographic changes 
after ART–NQ administration were noted (Qu et al., 2010). 
Among the few clinical studies reporting electrocardio-
graphic changes with ART–NQ, no changes of clinical 
importance were reported in some (Kinde-Gazard et al., 
2012; Shan et al., 2005; Tjitra et al., 2012), whereas two stud-
ies, both performed in Melanesian children with uncompli-
cated malaria (Laman et al., 2014), reported a median increase 
in QTc of 14 msec0.5 after a single dose (Benjamin et al., 2012) 
and 21 msec0.5 4 hours after the third dose of  ART–NQ. The 
magnitude of QTc prolongation is less than that reported with 
CQ (30 msec) (Bustos et al., 1994) and comparable to that 
of piperaquine-containing regimens (Karunajeewa et al., 
2004; Moore et al., 2014). These findings, together with the 
lack of clinically evident cardiotoxicity, are reassuring, but as 
with piperaquine-containing regimens, three-dose ART–NQ 
should not be used in people who have or are at risk of hav-
ing QTc prolongation or cardiac arrhythmias, especially 
where other antimalarials are available (Benjamin et al., 
2012). 

6e.  Hematologic side effects

In Beagle dogs, suppression of erythroid precursors was seen 
in one of four receiving 140 mg of NQ per kilogram (Wang et 
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al., 2003c). However, subsequent studies of healthy volun-
teers and patients with uncomplicated malaria receiving this 
medication have not replicated this finding (Laman et al., 
2014; Tjitra et al., 2012; Toure et al., 2009).

6f.  Hypersensitivity reactions

Anaphylactoid reactions have not been reported with ART–
NQ. A generalized maculopapular rash and pruritus have 
been reported rarely (Hombhanje et al., 2009; Kinde-Gazard 
et al., 2012; Udoh et al., 2014).

6g.  Risks in pregnancy and fetal toxicity

There are no safety data in pregnant women to support NQ 
use in this group. Animal reproductive toxicity studies are 
also not available to guide recommendations. 

7.  CLINICAL USES OF THE DRUG

ART–NQ is an effective treatment for P. falciparum and may 
have some advantages over other alternatives in areas where 
P. vivax is also transmitted. A quantitative synthesis and 
meta-analysis of published randomized controlled trials 
of ART–NQ compared with artemether–lumefantrine and 
DHA–piperaquine for uncomplicated malaria due to P. falci-
parum has indicated a very low incidence of treatment fail-
ure at days 28 and 42, both as a single-day treatment and as a 
3-day treatment (Isba et al., 2015). It should be noted that 
although these results are promising, none of the studies was 
adequately powered to demonstrate statistical noninferiority, 
although this may be less feasible in settings where cure rates 
with antimalarials are high and acceptable noninferiority 
margins small (Isba et al., 2015). 

When compared with the large number of trials that were 
available for DHA–piperaquine before formal endorsement 
by WHO, larger studies from a variety of epidemiological 
settings are probably required before similar endorsement 
for ART–NQ would be considered (Isba et al., 2015).

7a.  Uncomplicated Plasmodium  
falciparum infections

The per-protocol efficacy rates in adults and children, as 
defined by adequate clinical and parasitological response 
(ACPR) at day 28 or 42 for P. falciparum are shown in Table 
174.3. Many of the published studies did not adhere to con-
temporary WHO guidelines for therapeutic efficacy of anti-
malarials (Hombhanje et al., 2009; Meremikwu et al., 2012; 
Nour et al., 2014; Shan et al., 2005; Udoh et al., 2014; Wang 
et al., 2003a, 2003b). In particular, polymerase chain reac-
tion (PCR) correction for P. falciparum to determine whether 
parasites present on day 28 or 42 represent recrudescence or 
reinfection is available for only five studies (Benjamin et al., 
2012; Kinde-Gazard et al., 2012; Laman et al., 2014; Tjitra et 
al., 2012; Toure et al., 2009). It should be noted, though, that 

where ACPR is 100%, PCR correction is not required. Five 
studies have reported 100% ACPR (Benjamin et al., 2012; 
Laman et al., 2014; Shan et al., 2005, 2004; Toure et al., 2009). 
Among the studies in which PCR correction was reported, 
the lowest reported PCR-corrected ACPR was 93% from a 
small study of 14 children in Papua New Guinea who received 
a single low dose of ART–NQ (Benjamin et al., 2012). The 
remaining studies, one of which included P. vivax, P. falci-
parum, and mixed infections in the analysis, had PCR-
corrected ACPR > 95% (Tjitra et al., 2012; Toure et al., 2009). 

The mean fever and parasite clearance times reported for 
each study were 12–48 hours and 4–48 hours, respectively 
(Benjamin et al., 2012; Hombhanje et al., 2009; Kinde-
Gazard et al., 2012; Meremikwu et al., 2012; Nour et al., 
2014; Tjitra et al., 2012; Toure et al., 2009; Udoh et al., 2014; 
Wang et al., 2003a, 2003b).

In a Cochrane review, three studies comparing ART–NQ 
with artemether–lumefantrine (AL) (Kinde-Gazard et al., 
2012; Laman et al., 2014; Toure et al., 2009) and one study 
of ART–NQ with DHA–piperaquine (Tjitra et al., 2012) for 
P. falciparum were included in meta-analyses. There were no 
significant differences in fever clearance, parasite clearance, 
and PCR-adjusted and PCR-unadjusted treatment failures at 
days 28 and 42 between ART–NQ and AL. The single com-
parative study between ART–NQ and DHA–piperaquine also 
did not show any significant differences for these outcome 
measures (Isba et al., 2015; Tjitra et al., 2012). 

Plasmodium gametocyte carriage values at days 7 and 14 
are also considered secondary outcomes of interest in anti-
malarial efficacy studies (Laman et al., 2014). When com-
pared with AL, one study reported significantly higher 
gametocyte carriage in children treated with ART–NQ on 
day 14 (12% vs. 1%, p = 0.012) (Karl et al., 2015; Laman et al., 
2014). Because gametocyte viability is questionable, the clin-
ical and epidemiological relevance of post-treatment game-
tocyte carriage is not known. 

7b.  Uncomplicated Plasmodium vivax 
infections

Efficacy studies for ART–NQ have been performed in set-
tings where P. vivax is also transmitted with P. falciparum 
(Laman et al., 2014). However, in such situations patients 
with P. vivax are either excluded from the analysis because 
the numbers are too small (Benjamin et al., 2012; Tun et al., 
2009) or grouped with P. falciparum with all episodes, pre-
cluding species-specific analyses (Tjitra et al., 2012). The two 
studies in which P. vivax–specific efficacy data were available 
included adults and children from different settings and 
showed 100% ACPR at day 42 (Laman et al., 2014; Shan et 
al., 2004). 

ART–NQ may have advantages compared with AL in set-
tings where P. vivax is transmitted. The uncorrected day 42 
ACPR for P. vivax is higher for ART–NQ (100%) than AL 
(30%). High rates of P. vivax, presumably due to reactivation 
of liver hypnozoites, also occurred in 38% of children in the 
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6 weeks after P. falciparum infection. Presumably as a result 
of the long terminal t1/2 of the NQ, this phenomenon is not 
observed after ART–NQ treatment of P. falciparum infec-
tions (Laman et al., 2014). 
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Chloroquine and 
Hydroxychloroquine

Bridget E. Barber

1. DESCRIPTION 

Chloroquine (CQ; 7-chloro-4[4-diethylamino-1-methlybuty-
lamino]) is a 4-aminoquinoline derivative that has been used 
extensively for the treatment and prevention of malaria. First 
synthesized in 1934 by H. Anderson in the Bayer Laboratory 
in Elberfeld, Germany, it was given the name Resochin and 
tested against avian malaria and subsequently against human 
Plasmodium vivax in psychiatric patients in Dusseldorf 
(Coates, 1963). Despite demonstrated anti-malarial efficacy, 
it was apparently abandoned after being found “too toxic for 
practical use in humans.” The compound was rediscovered 
in the early 1940s through militarily motivated anti-malarial 
drug research, and in 1946 it was given the name chloroquine 
and became the drug of choice for malaria worldwide. 
Although CQ remains effective for non-falciparum malaria 
in many parts of the world, its use is limited by widespread 

resistance in Plasmodium falciparum and increasing resis-
tance in P. vivax. 

The molecular formula of CQ is C18H26ClN3 and the 
molecular weight is 320. CQ (Aralen) is formulated as tablets 
containing 100 mg or 155 mg of CQ base as the hydrochlo-
ride, phosphate, or sulfate salt. It is rapidly absorbed and has 
a long elimination half-life. CQ’s hydroxyl analog, hydroxy-
chloroquine (HCQ; Plaquenil), has similar properties and 
activity, and its lower toxicity favors its use when prolonged 
treatment is required. The chemical structures of CQ, HCQ, 
and the active metabolite desethylchloroquine (DCQ) are 
shown in Figure 175.1. CQ exerts its anti-malarial activity by 
inhibiting the detoxification of heme within the digestive 
vacuole of the intra-erythrocytic malarial parasite (Leed et 
al., 2002). Through additional antimicrobial mechanisms, 
CQ and HCQ have activity against a range of other parasites, 
fungi, bacteria, and viruses (Rolain et al., 2007). CQ and 

Figure 175.1. Chemical structures of chloroquine, hydroxychloroquine and desethylchloroquine.
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HCQ also have extensive anti-inflammatory and immuno-
modulatory effects and are used in the treatment of autoim-
mune conditions, and have an emerging role in anti-cancer 
therapies.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

A summary of the in vitro activity of CQ against the more 
clinically relevant pathogens is shown in Table 175.1.

MALARIA PARASITES

CQ is highly active against the erythrocytic stages of non- 
falciparum Plasmodium in most parts of the world. CQ has 
no activity against the hepatic stages of malaria parasites 
and hence does not produce radical cure of P. vivax or Plas
modium ovale infections. Because it has gametocidal activity 
for only P. vivax but not P. falciparum, CQ is ineffective as a 
transmission-blocking agent in endemic settings. 

An in vitro cutoff half-maximal inhibitory concentration 
(IC50) of 100 nM has been used to define CQ resistance to  
P. falciparum. However, determining the IC50 of P. vivax has 
been more difficult owing to the inability to establish the 
species in long-term culture. The development of an in vitro 
schizont maturation assay, however, has enabled sensitivity 
testing of P. vivax to anti-malarials (Russell et al., 2003). 
Using this assay, Suwanarusk et al. (2007) demonstrated 
mean CQ IC50 values ranging from 0.02 μg/ml (47 nM) for 
Thai isolates to 0.10 μg/ml (312 nM) for Papuan isolates. The 
results of the in vitro susceptibility testing in Papua were cor-
related with the known clinical efficacy in the area (Ratcliff et 
al., 2007), and an IC50 of 0.07 μg/ml (220 nM) was defined as 
the breakpoint for clinically relevant resistance, based on the 
35th percentile of the clinical failure rate of 65% (Suwanarusk 
et al., 2007). The in vitro response of P. vivax to CQ has been 
shown to depend on the stage of the parasite initially exposed 
to the drug, with trophozoite-stage isolates having signifi-
cantly higher IC50 values than isolates predominantly at the 
ring stage (Suwanarusk et al., 2007). This has implications for 
susceptibility testing, because P. vivax infections are typically 
asynchronous, with all parasite stages present in peripheral 
blood, and moreover the asynchronicity of infection varies 
among areas of differing endemicity (Russel et al., 2008).  
CQ susceptibility of P. vivax is also influenced by culture 

duration, with assays of shorter duration having higher IC50 
values than assays of longer duration (Suwanarusk et al., 
2007). Results of in vitro susceptibility testing must therefore 
be interpreted in terms of both initial parasite stage and assay 
duration.

CQ resistance in P. falciparum has been confirmed in all 
endemic areas except for Central America west of the 
Panama Canal, the Dominican Republic, Haiti, and some 
countries in the Middle East (Centers for Disease Control and 
Prevention [CDC], 2016). An IC50 of 0.03 μg/ml (100 nM) has 
been described as the breakpoint for P. falciparum suscepti-
bility (Ekclan and Fidock, 2008). Mean IC50 values vary sig-
nificantly according to geographic region and range from 
0.02 μg/ml (74.3 nM) to > 0.13 μg/ml (400 nM) (Chaijaroenkul 
et al., 2005; Arango et al., 2008). 

CQ-sensitive strains of P. falciparum have re-emerged in 
Malawi after first-line treatment of uncomplicated P. falci
parum was changed from CQ to sulfadoxine– pyrimethamine 
in 1993 (Kublin et al., 2003; Laufer et al., 2006; Bell et al., 
2008). In 2005 a clinical trial in Blantyre of CQ for the treat-
ment of uncomplicated P. falciparum demonstrated an effi-
cacy of 99%, and the CQ resistance mutation pfcrt K76T 
(see section 2b, Emerging resistance and cross-resistance—
Plasmodium falciparum) was not found in any participants 
(Laufer et al., 2006). Countrywide sampling in 2009 demon-
strated that the CQ-sensitive pfcrt genotype had reached 
near-fixation, with a CQ-resistant genotype found in only 
1  of 685 children (Frosch et al., 2014). The pfcrt K76 CQ- 
sensitive allele has also re-emerged in other countries after 
withdrawal of CQ treatment. These include Ethiopia, Tan- 
zania, and Kenya, where the CQ-sensitive pfcrt K76 alleles 
have been detected in 84% (Kebede et al., 2014), 92% 
(Mohammed et al., 2013), and 59% (Kiarie et al., 2015) of  
P. falciparum isolates, respectively. 

HCQ is assumed to be as effective as CQ against Plas
modium species, and similar in vitro activity has been con-
firmed against CQ-sensitive P. falciparum strains. HCQ, 
however, was found to have a significantly higher IC50 than 
CQ against resistant P. falciparum isolates (Warhurst et al., 
2003). 

OTHER PROTOZOA

CQ was first demonstrated to have activity against Entamoeba 
histolytica trophozoites in 1948 (Conan, 1949) and became a 
commonly used treatment for hepatic amebiasis owing to its 

Table 175.1. Chloroquine susceptibility data for clinically relevant pathogens.

Mean IC50

(μg/ml)
Range
(μg/ml) Reference

Plasmodium falciparum 0.05 0.01–0.17 Kaddouri et al., 2008

Plasmodium vivax 0.02 (Thailand) < 0.01–0.71 Suwanarusk et al., 2007

 0.10 (Indonesia) < 0.01–1.80

Entamoeba histolytica 6.05 Bansal et al., 2004

Giardia lamblia < 1.0–10 Gordts et al., 1985

Abbreviations: IC50: half-maximal inhibitory concentration.
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liver concentration. Its mechanism of action is thought to be 
inhibition of DNA synthesis (Bansal et al., 2004). Using clin-
ical isolates of E. histolytica, a mean IC50 of 6.05 μg/ml was 
demonstrated for CQ, compared with an IC50 of 2.08 μg/ml 
for metronidazole (Bansal et al., 2004). CQ is also active 
against Giardia lamblia, with one study demonstrating MICs 
of < 1 µg/ml in more than 50% of clinical isolates tested 
(Gordts et al., 1985). 

BACTERIA

CQ has activity against several intracellular bacteria owing 
to  its ability to increase the pH of acidic cellular vesicles. 
Doxycycline has been the mainstay of treatment for Coxiella 
burnetii Q fever endocarditis; however, it has only bacterio-
static activity against C. burnetii when used alone (Raoult 
et  al., 1990). The addition of CQ leads to alkalinization of  
C. burnetii–containing lysosomes and has been shown in 
vitro to restore the bactericidal effect of doxycycline (Raoult 
et al., 1990). The combination of doxycycline and HCQ has 
subsequently been shown to reduce the duration of therapy 
for Q fever endocarditis and to reduce the number of relapses 
(Raoult et al., 1999). Via a similar mechanism, CQ is also 
effective for the treatment of Tropheryma whipplei, the caus-
ative agent of Whipple’s disease (Boulos et al., 2004). Again, 
doxycycline alone has only bacteriostatic activity against  
T. whipplei. However, the addition of CQ or HCQ restores 
bactericidal effect. 

CQ may improve the activity of certain antibiotics against 
Staphylococcus aureus, particularly in the setting of chronic 
and recurrent infections caused by facultative intracellular 
organisms that survive within phagolysosomes. In vitro stud-
ies have demonstrated restoration of the bactericidal activity 
of aminoglycosides and fluoroquinolones against intracellu-
lar S. aureus after the addition of CQ (Maurin and Raoult, 
1994; Nguyen et al., 2006, 2007). 

CQ’s alkalinization of acidic vesicles leads to interruption 
of intracellular iron metabolism, via inhibition of the release 
of iron from transferrin. Legionella pneumophila and Fran
cisella tularensis are both dependent on the availability of 
intracellular iron, and CQ has been shown in vitro to inhibit 
the multiplication of these organisms (Byrd and Horwitz, 
1991; Fortier et al., 1995). 

In vitro studies have demonstrated that CQ inhibits the 
growth of Mycobacterium tuberculosis, in addition to enhanc-
ing the antibacterial activity of streptomycin and isoniazid 
(Bhat et al., 2000). The mechanism of this effect remains 
unclear, although it has been postulated that because the sur-
vival of M. tuberculosis may depend on its ability to evade 
phagolysosomal fusion, CQ’s enhancement of this process 
may account for its anti-tuberculous activity.

CQ has been shown to have activity against Bacillus 
anthracis, reducing tissue injury and mortality in anthrax- 
infected mice at concentrations similar to those achieved in 
patients treated for malaria (Artenstein et al., 2004). 

HCQ has been reported to have activity against Borrelia 
burgdorferi, with minimum bactericidal concentrations of  
> 8 μg/ml for young active cysts and > 32 μg/ml for older 

cysts and spirochetes (Brorson and Brorson, 2002). A combi-
nation of HCQ and clarithromycin was evaluated in a place-
bo-controlled randomized trial of the treatment of persistent 
symptoms attributed to Lyme disease; however, no benefit 
was demonstrated (Berende et al., 2016).

FUNGI 

CQ’s intraphagolysosomal accumulation and resultant alka-
linization mediates activity against several fungal pathogens 
(Levitz et al., 1999). CQ inhibits the in vitro growth of 
Cryptococcus neoformans at 9.6 µg/ml and is fungicidal at 32 
µg/ml with activity dependent on pH (Harrison et al., 2000). 
In a murine cellular model the anticryptococcal effect of 
CQ was enhanced significantly by its delivery within phos-
phatidylserine (PS)-containing liposomes, targeting CQ spe-
cifically to macrophages (Khan et al., 2005). Furthermore, 
the administration of PS-liposomal CQ to C. neoformans–
infected mice was found to significantly increase the efficacy 
of subsequent fluconazole treatment. CQ inhibits the growth 
of Histoplasma capsulatum and was found to protect mice 
from lethal inocula of the organism (Newman et al., 1994). 
In vitro activity has also been demonstrated against Para
coccidioides brasiliensis (Dias-Melicio et al., 2006) and Peni
cillium marneffei (Boerlaert et al., 2001; Taramelli et al., 
2001). CQ’s activity against H. capsulatum and P. brasiliensis 
is mediated through the inhibition of iron metabolism 
(Newman et al., 1994; Dias-Melicio et al., 2006), whereas 
inhibition of C. neoformans and P. marneffei is thought to be 
due to disruption of other pH-dependent processes (Levitz et 
al., 1997; Taramelli et al., 2001).

VIRUSES

CQ and HCQ have broad-spectrum antiviral activity owing 
to their alkalinization of intracellular vesicles, which may 
lead to inhibition of endosome-mediated viral entry, and 
pH-dependent steps in viral replication (Savarino et al., 
2003). 

The antiviral activity of CQ and HCQ has been best stud-
ied for human immunodeficiency virus (HIV). In vitro stud-
ies have demonstrated that both CQ and HCQ have activity 
against HIV-1, by impairing viral glycosylation, leading to 
post-translational modification of the envelope glycopro-
tein gp120 and production of noninfectious viral particles 
(Savarino et al., 2004). Furthermore, CQ suppresses immune 
activation through a variety of mechanisms including inhibi-
tion of Toll-like receptor (TLR) signaling, and has thus 
been evaluated for its potential to treat persistent immune 
activation in chronic HIV infection (Martinson et al., 2010; 
Murray et al., 2010; Chauhan and Tikoo, 2015). In a study in 
HIV-1 infected immunologic nonresponders, HCQ inhib-
ited immune activation and resulted in increased numbers of 
circulating CD4 T-cells until cessation of treatment (Piconi 
et al., 2011). However, in another study, treatment with CQ 
had no effect on CD4 T-cell recovery or immune activation 
(Routy et al., 2015). Furthermore, CQ enhances HIV-1 infec-
tion in non-CD4 cells (Fredericksen et al., 2002). In particu-
lar, HIV-1 infection in astrocytes increases several fold with 
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pre- treatment or post-treatment with CQ (Vijaykumar et al., 
2008; Chauhan et al., 2014). Thus, CQ and HCQ are not rec-
ommended for treatment of HIV-infected patients (Chauhan 
and Tikoo, 2015).

In vitro studies have demonstrated activity of CQ, through 
a range of mechanisms, against numerous other viruses 
(Savarino et al., 2003; Rolain et al., 2007), including corona-
viruses (Keyaerts et al., 2004; Vincent et al., 2005); influenza 
A and B (Miller and Lenard, 1981; Shibata et al., 1983; Ooi et 
al., 2006; Savarino et al., 2006; Di Trani et al., 2007); hepatitis 
A and hepatitis B (Bishop, 1998); human herpesviruses, 
including herpes simplex (Koyama and Uchida, 1984; Harley 
et al., 2001), varicella zoster (Pontesilli et al., 1987), and 
Epstein-Barr virus (Miller and Hutt-Fletcher, 1992); flavi-
viruses, including dengue (Farias et al., 2013) and chikun-
gunya virus (Khan et al., 2010); alphaviruses, including 
Semliki (Helenius et al., 1982), Sindbis (Cassell et al., 1984; 
Hernandez et al., 2001), and Mayaro viruses (Ferriera et al., 
2000); Hendra and Nipah viruses (Porotto et al., 2009); and 
Ebola and Marburg viruses (Long et al., 2015). However, to 
date, in vivo activity of CQ has been demonstrated only in 
murine models for coronavirus (Keyaerts et al., 2009), and 
Ebola and Marburg viruses (Madrid et al., 2013). Clinical tri-
als have failed to demonstrate efficacy of CQ for influenza 
(Paton et al., 2011), dengue, (Tricou et al., 2010), and chiku-
ngunya (Lamballerie et al., 2008) infections. 

2b.  Emerging resistance and 
cross-resistance

PLASMODIUM FALCIPARUM

CQ-resistant strains of P. falciparum were first reported 
simultaneously on the Thai–Cambodian border and in 
Columbia in the late 1950s (Payne, 1987), and then in Papua 
New Guinea in the 1960s. By 1980 resistance had spread 
throughout South America, and by 1989 most of Asia and 
the Pacific were affected (Wongsrichanalai, 2002). In Africa, 
resistance was first reported in 1978 in the east, and spread 
west through the 1980s (Wongsrichanalai, 2002). As stated 
previously, resistance has now been documented in all 
endemic areas except for limited regions of Latin America 
and Egypt. The findings from molecular studies suggest that 
resistance mutations spread from Southeast Asia to Africa 
and also to South America, but CQ resistance has also orig-
inated independently on multiple occasions (Wootton et 
al., 2002; Vieira et al., 2004). Although the mechanism of 
P. falciparum CQ resistance is incompletely understood, the 
resistant phenotype is associated with decreased CQ uptake 
in the digestive vacuole of the malaria parasite (Bray, 2005), 
and resistance has been shown to be dependent on the pres-
ence of the K76T mutation on the pfcrt transporter gene 
(Djimdé et al., 2001). The recent disappearance of this muta-
tion in Malawi associated with the return of CQ sensitivity 
suggests that this mutation is associated with decreased fit-
ness of the parasite (Laufer et al., 2006). CQ resistance has 
been shown to be dose-dependent and can be partially 

overcome by higher yet still well-tolerated doses (Ursing et 
al., 2016).

Several drugs have been found to reverse in vitro CQ 
resistance in P. falciparum. This has been best described for 
the calcium channel blocker verapamil; the effect is asso-
ciated with CQ accumulation by resistant parasites and is 
probably due to inhibition of a membrane ion channel 
(Martiney et al., 1995). The antihistamine chlorpheniramine 
has also been shown to reverse CQ resistance in P. falci
parum, and the chlorpheniramine–CQ combination was 
shown to be more effective than CQ alone for the treatment 
of falciparum malaria in Nigerian children (Sowunmi et al., 
1997). 

Cross-resistance between CQ and amodiaquine has been 
demonstrated by in vitro studies showing a strong positive 
correlation between the mean IC50 levels of the two agents 
(Randrianarivelojosia et al., 2002). Treatment failures with 
amodiaquine have been associated with the pfcrt K76T 
mutation (Happi et al., 2006). A correlation between the 
mean IC50 levels of CQ and piperaquine has also been 
demonstrated (Karunajeewa et al., 2008b). This finding has 
implications for the future use of the artemisinin-based com-
bination therapy (ACT) dihydroartemisinin–piperaquine, 
and may have contributed to the high failure rate of this 
agent for the treatment of P. falciparum in Papua New Guinea 
(Karunajeewa et al., 2008b).

PLASMODIUM VIVAX 

Although CQ resistance has developed more slowly in  
P. vivax than it has in P. falciparum, resistance has now been 
reported in many countries where P. vivax is endemic. The 
geographic distribution of CQ-resistant P. vivax has been 
recently reviewed (Commons et al., 2017; Price et al., 2014), 
an online open-access interactive database of published clini-
cal trials of P. vivax is available (Vivax Surveyor, WorldWide 
Antimalarial Resistance Network [WWARN], 2016).

The molecular mechanisms underlying CQ resistance 
in P. vivax remain uncertain. Although several studies have 
investigated for polymorphisms or expression levels of genes 
associated with CQ resistance in P. falciparum, including 
pvmdr1 and pvcrto, an association with the CQ resistance 
phenotype has not been consistently demonstrated (Price et 
al., 2012). 

Asia Pacific
CQ-resistant P. vivax was first reported in 1989 in northern 
Papua (Baird et al., 1991), and in an Australian returning 
from Papua New Guinea (Rieckmann et al., 1989). High-
level resistance is now prevalent throughout the island of 
New Guinea, and in Oceania, Indonesia, and Malaysia. In 
Papua New Guinea during 2005–2007, 49% of children 
treated with CQ plus sulfadoxine–pyrimethamine (SP) for  
P. vivax had recurrent parasitemia by day 28 (Karunajeewa et 
al., 2008b); CQ resistance rates of 85% and 65%, respectively, 
were demonstrated in northeastern Papua in 1995 (Suma-
winata et al., 2003) and southern Papua in 2004 (Ratcliff 
et al., 2007). High rates of CQ resistance have been widely 
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reported elsewhere in Indonesia. In Java during 1996–1999 a 
failure rate at 28 days of 18% was reported (Maguire et al., 
2002), whereas CQ resistance rates of 44%, 43%, and 56% 
were reported in West Kalimantan in 1996 (Fryauff et al., 
1998), Southern Sumatra in 2002 (Sutanto et al., 2010), and 
the Lesser Sundas Archipelago 2001–2002 (Sutanto et al., 
2009), respectively. Most recently, high-level CQ resistance 
has been reported in Sabah, Malaysian Borneo (Grigg et al., 
2016). Recurrence of parasitemia by day 28 was 62% after 
treatment with CQ monotherapy, with all patients with 
recurrent parasitemia having therapeutic plasma CQ levels 
at day 7. Day 28 failure rates of > 10% have also been reported 
in central Cambodia (Leang et al., 2013); southern Vietnam 
(Phan et al., 2002); South Bihar, India (Singh, 2000); and 
southern Myanmar (Guthmann et al., 2008). In a report 
from northeastern Myanmar, day 28 and 42 recurrence rates 
after CQ and primaquine (PQ) during 2012–2013 were 5% 
and 8%, respectively, compared with a day 28 recurrence rate 
of 0% in the same area in 2007 (Liang et al., 2009). In north-
western Thailand during 2007–2008, a day 28 recurrence rate 
of 9% after CQ monotherapy was reported (Phyo et al., 2011).

Central and South America
In the Brazilian Amazon, CQ resistance was first reported in 
1999 (Alecrim et al., 1999), with two subsequent studies 
demonstrating resistance rates of 10% (de Santana Filho et 
al., 2007) and 5% (Marques et al., 2014). Resistance rates of 
6.5% and 1.1% have been reported in Bolivia (Marques et al., 
2014) and Peru (Ruebush et al., 2003), respectively, and there 
have been case reports of CQ resistance in Columbia (Soto et 
al., 2001) and Guyana (Phillips et al., 1996).

Africa
CQ-resistant strains of P. vivax have been reported in Ethiopia 
and Madagascar. In Ethiopia, where P. vivax accounts for 
44% of all malaria infections, several studies have demon-
strated CQ resistance rates of 4–5% (Teka et al., 2008; Ketema 
et al., 2009; Yohannes et al., 2011), and another study demon-
strated a 28-day treatment failure rate of 13% (Ketema et al., 
2011). In Madagascar, day 28 treatment failure rates of 10% 
have been reported (Barnadas et al., 2008). 

Middle East
In southeastern Turkey in 2004, 20% of patients infected 
with P. vivax had recurrent parasitemia at day 28 after treat-
ment with CQ (Kurcer et al., 2006), which compared with a 
treatment failure rate of 13% in the same study sites in 2002 
(Kurcer et al., 2004). 

PLASMODIUM MALARIAE, PLASMODIUM OVALE, 
AND PLASMODIUM KNOWLESI

To date there has been only one case report of CQ resistance 
in P. malariae, in Kuala Lumpur, Malaysia (Jamaiah et al., 
1998). There have been no reports of CQ-resistant P. ovale or 
P. knowlesi.

3. MECHANISM OF DRUG ACTION

During intra-erythrocytic growth and replication of malaria, 
hemoglobin is used as the principle source of nutrition, and 
its digestion takes place within the parasite digestive vacuole. 
The digestion of hemoglobin leads to the formation of Fe(II) 
heme, which is immediately oxidized to Fe(III) hematin (fer-
ric heme). Ferric heme is highly toxic to cells and leads to 
increased membrane permeability and cell lysis. The detoxi-
fication of ferric heme is therefore crucial to parasite survival 
and is achieved through the conversion of ferric heme to the 
inactive and insoluble crystalline hemozoin (malaria pig-
ment) (Tilley et al., 2011). CQ has been shown to accumulate 
within the parasite digestive vacuole and bind with high 
affinity to hematin crystal surfaces, preventing the detoxifi-
cation of ferric heme to crystalline hemozoin (Olafson et al., 
2015). 

In addition to anti-malarial activity, the weak basic prop-
erty of CQ and HCQ affords activity against several intracel-
lular bacteria and fungi, as well as certain viruses (Rolain et 
al., 2007). CQ and HCQ accumulate within acidic organelles 
such as endosomes, lysosomes, and Golgi vesicles. The sub-
sequent alkalinization of these vesicles in cells infected with 
certain intracellular bacteria and fungi leads to inhibition 
of the growth of these organisms. This mechanism of action 
was first demonstrated with C. burnetii but also applies to  
T. whipplei, with CQ augmenting the bactericidal effect of 
doxycycline (Boulos et al., 2004). CQ may also inhibit the 
multiplication of intracellular bacteria by disrupting the 
metabolism of intracellular iron, a process that has been 
shown to be pH dependent and that is crucial for the survival 
of certain bacteria (Byrd and Horwitz, 1991) such as L. pneu
mophila (Byrd and Horwitz, 1991) and F. tularensis (Fortier 
et al., 1995). The growth of the fungal pathogens H. capsula
tum (Newman et al., 1994) and P. brasiliensis (Dias-Melicio 
et al., 2006) is also inhibited, mediated by limiting the avail-
ability of intracellular iron. C. neoformans (Levitz et al., 
1997) and P. marneffei (Taramelli et al., 2001) are inhibited 
through mechanisms independent of iron availability, likely 
related to the disruption of other pH-dependent processes. 

The alkalinization of acidic vesicles is also responsible for 
the antiviral activity of CQ (Savarino et al., 2003; Rolain et 
al., 2007). Many viruses enter cells through endocytosis, and 
for some viruses this process involves a pH-dependent con-
formational change that triggers fusion, penetration, and/or 
uncoating (Sieczkarski and Whittaker, 2002). It is via this 
mechanism that CQ is believed to inhibit the uncoating of 
hepatitis A and thus block its replicative cycle (Bishop, 
1998). CQ-induced alkalinization of acidic vesicles has also 
been shown to interfere with the function of pH-dependent 
enzymes such as proteases and glycosyltransferases, leading to 
post-translational modification of certain proteins (Savarino 
et al., 2003; Rolain et al., 2007). Inhibition of the glycosylation 
of envelope glycoproteins is the basis of the anti-HIV-1 activ-
ity of CQ (Savarino et al., 2003), and CQ-induced alteration 
of post-translational proteolytic processing has been shown 



4. Mode of drug administration and dosage 3035

to inhibit the replication of flaviviruses (Randolf et al., 1990) 
and henipaviruses (Porotto et al., 2009).

In addition to its antimicrobial activity, CQ has signifi- 
cant anti-inflammatory and immunomodulatory properties, 
exploited particularly in the use of HCQ in the treatment of 
conditions such as systemic lupus erythematosus (SLE) and 
rheumatoid arthritis. These wide-ranging actions include the 
inhibition of the release of inflammatory cytokines, such as 
interferon-gamma (IFNγ), interleukin 6 (IL-6), IL-1, and in 
particular tumor necrosis factor alpha (TNF-α); inhibition of 
antigen processing and presentation; inhibition of TLR sig-
naling; and inhibition of mitogen-activated protein (MAP) 
kinase signaling (Van den Borne et al., 1997; Jeong et al., 
2002; Al-Bari, 2015). 

Anti-cancer mechanisms of CQ are complex. Direct inhi-
bition of cancer cell growth by CQ is due primarily to the 
accumulation of CQ in lysosomes with subsequent alkalini-
zation, leading to an increase in lysosomal volume, mem-
brane destabilization, and subsequent apoptosis (Zhao et al., 
2005). CQ also inhibits pH-dependent lysosomic enzymes, 
leading to alteration of cellular processes. CQ’s lysosomo-
tropic activity also accounts for its ability to sensitize cancer 
cells to chemotherapy and radiotherapy, primarily through 
inhibition of autophagy (Pascolo, 2016).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

CQ is nearly always given orally. For the treatment of uncom-
plicated CQ-sensitive malaria, a total CQ (or HCQ) dose 
of 25 mg base per kilogram is given in divided doses over 
3 days: 10 mg base per kilogram on day 1, 10 mg base per 
kilogram on day 2, and 5 mg base per kilogram on day 3. 
Although CQ can be administered intravenously or intra-
muscularly, dangerously high peak plasma concentrations 
are reached very rapidly and have been associated with sig-
nificant toxicity (Gustafsson et al., 1983; Aderounmu et al., 
1986). These routes of administration should therefore be 
avoided. If CQ is administered intravenously it must be given 
as a slow infusion, with the initial dose of 10 mg/kg given 
over 8 hours.

Although CQ is now rarely recommended for malaria 
prophylaxis because of widespread resistance, it can still be 
used in limited areas of CQ sensitivity such as Central 
America. For prophylaxis a dose of 300 mg base is taken 
weekly, commencing 1 week before entering and continuing 
4 weeks after leaving a malarious area (Chiodini et al., 2007). 
For pregnant women traveling to areas with CQ-resistant 
malaria who have no safe alternative, CQ is sometimes given 
with proguanil 200 mg orally, daily, commencing 1 week 
before entering and continuing 4 weeks after leaving the 
malarious area (Yung et al., 2004). 

For conditions requiring higher doses and longer dura-
tion of therapy, HCQ is favored over CQ owing to its lower 

toxicity in prolonged use. For the treatment of Q fever endo-
carditis, or for maintenance therapy in Whipple’s disease, 
HCQ is given at a dose of 200 mg three times daily. For rheu-
matologic conditions an initial dose of 400–800 mg daily is 
generally given, reduced over several weeks to a maintenance 
dose of 200–400 mg daily. HCQ-induced retinopathy is 
related to the cumulative dose of the drug, and for long-term 
use (> 5 years) daily doses > 5 mg/kg are associated with 
increased risk (Melles and Marmor, 2014) (see section 6, 
Adverse reactions and toxicity). The American Academy of 
Ophthalmology recommends that individuals of short stat-
ure be dosed according to ideal body weight (Marmor et al., 
2011). However, dosage based on real body weight has been 
shown to be a better predictor of retinal toxicity (Melles and 
Marmor, 2014).

4b.  Newborn infants and children

CQ can be safely given to infants and children for the treat-
ment and prevention of malaria. For malaria treatment, 25 
mg base per kilogram is given in divided doses over 3 days. 
As for adults, this is given as an initial dose of 10 mg base per 
kilogram, followed by 5 mg base per kilogram 6 hours later 
and on days 2 and 3. For malaria prophylaxis, 5 mg base per 
kilogram is given weekly. 

CQ concentrations have been shown to be lower in chil-
dren compared with adults at recommended doses (Zhao 
et al., 2014). Although current World Health Organization 
(WHO) malaria guidelines do not recommend dose modifi-
cation in children (WHO, 2015), children should be closely 
monitored because reduced drug exposure may increase the 
risk of treatment failure.

4c.  Pregnant and lactating mothers

Pregnancy has been reported to have a significant effect on 
the disposition of CQ and desethylchloroquine (DECQ) after 
conventional doses of CQ. In a study of pregnant and non-
pregnant women treated for uncomplicated malaria in Papua 
New Guinea, plasma concentrations of both CQ and DECQ 
were significantly lower in the pregnant subjects, relating to 
larger volumes of distribution and clearance and faster elim-
ination half-lives. An increased dose of 4 × 150 mg CQ tab-
lets daily for 3 days resulted in an area under the curve (AUC) 
similar to that in the nonpregnant subjects; this dose was 
therefore recommended by the authors for treatment of 
malaria in pregnant women (Karunajeewa et al., 2010). 

4d.  Those requiring altered dosages

Chronic renal impairment prolongs the elimination half-life 
of CQ and increases the AUC, suggesting that dose adjust-
ment should occur in prophylactic but not treatment regi-
mens (Salako et al., 1984; White and Krishnaswamy, 1996). 
It has been recommended that for patients with a glomeru-
lar filtration rate (GFR) of less than 10 ml/min, including 
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patients on hemodialysis, 50% of the normal dose should be 
given at normal dosing intervals (Antibiotic Expert Group, 
2006).

There are no data regarding dose adjustment for those 
with hepatic impairment.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

CQ is well absorbed when taken orally, with a bioavailability 
of about 90% (Gustafsson et al., 1983) and with 60% being 
protein bound (Walker et al., 1983). Food has been reported 
to increase the bioavailability of CQ (Tulpule and Krish-
naswamy, 1982). Absorption may be reduced in children 
with protein calorie malnutrition (kwashiorkor). In a case–
control study involving five children with kwashiorkor and 
six healthy controls, peak plasma CQ concentrations were 
significantly lower in children with kwashiorkor (mean 0.04 
µg/ml vs. 0.13 µg/ml), and the AUC was also significantly 
lower in the malnourished children (p < 0.001) (Wal ker et 
al., 1987a).

5b.  Drug distribution

The key pharmacokinetic parameters for CQ are summa-
rized in Table 175.2. CQ is rapidly absorbed after oral admin-
istration, with peak plasma concentrations of about 0.06–0.1 
µg/ml reached within 1–6 hours after a single 300-mg dose 
(Gustafsson et al., 1983). After intravenous or intramuscular 
administration, CQ levels of > 6 µg/ml may be reached 
within 10–15 minutes and are associated with toxicity (Gus-
tafsson et al., 1983; Aderounmu et al., 1986; Looareesuwan 
et al., 1986). After reaching peak plasma concentration, CQ 
levels decline in a multiexponential fashion. Initial distri-
bution is rapid, with one study describing a first-order rate 
constant of 0.65/min (half-life 1.1 minute) (Looareesuwan et  
al., 1986). Intermediate and final phase rate constants were 
estimated at 0.133–0.033/min and 0.93–0.029/day, with half-
lives of 5.2–231 minutes and 0.75–23 days, respectively. 
Another study involving children treated for malaria used a 
two-compartment model and reported a distribution phase 
half-life of 0.43 hours and a mean elimination phase half-life 
of 9.7 days. Mean CQ concentrations were 0.07 and 0.09 µg/
ml on days 7 and 28, respectively (Karunajeewa et al., 2008a). 
In another study, mean CQ concentrations of 0.17, 0.12, and 

Table 175.2. Summary of chloroquine pharmacokinetics.

Chloroquine dose 
and route of 
administration Subjects Cmax (µg/ml)

Time to 
Cmax (h) t1/2 (h) AUC0-∞ (µg/ml/h) Reference

300 mg orally 11 healthy white 
adult males

0.08 (0.05–0.10) 3.6 (1–6) 278 (162–531) 6.11 (5.31–8.35) Gustafsson et al. 1983

600 mg orally 8 healthy African 
adult males

0.37 (0.31–0.44) 5 (2–8) 192 (157–248) 18.61 (13.0–24.40) Walker et al. 1987b 

1500 mg orally over 
3 days

7 Thai healthy adult 
males

0.84 (0.66–1.59) — 150 (103–266) 122 (103–182)a Na-Bangchang et al. 
1994

1500 mg orally over 
3 days

7 Thai adult males 
with vivax malaria

1.55 (1.00–2.45) — 201 (155–224) 281 (250–515)a Na-Bangchang et al. 
1994

25 mg/kg orally over 
3 days

7 children with acute 
falciparum malaria

0.14 ± 0.06 1–8  74 ± 18 — Walker et al. 1983

30 mg/kg orally over 
3 days

20 Melanesian 
children with 
malaria

— — 233 (206–298)  39 (32–54) Karunajeewa et al. 
2008b 

25 mg/kg orally over 
3 days

15 nonpregnant 
Karen women with 
malaria

0.70 (0.40–1.63) 2 (1.5–6) 209 (117–1794) 134 (63–230) Lee et al. 2008

25 mg/kg orally over 
3 days

15 pregnant Karen 
women with 
malaria

0.96 (0.30–1.84) 3 (1.5–8) 180 (140–926) 122 (74–270) Lee et al. 2008

2 mg/kg intravenously 6 healthy African 
adult males

0.25 (0.11–0.42) 0.25 250 (144–298) 2.74 (1.5–4.5) Walker et al. 1987b 

3 mg/kg intravenously 12 healthy Thai 
adult males

2.91 (0.78–6.65)b — — — Looareesuwan et al. 
1986

300 mg intravenously 11 healthy white 
adult males

0.84 (0.48–1.20)b 0.25 828 7.51 (5.20–14.0) Gustafsson et al. 1983

aAUC (0, 28 days).
bAll subjects experienced adverse effects.
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0.04 µg/ml at 24 hours were reported on days 3 and 7, respec-
tively (Walker et al., 1983). This extremely long terminal 
elimination phase, with plasma concentration detectable for 
3 weeks in most patients and up to 3 months in some patients, 
is due to CQ’s extensive distribution in tissue, with accumula-
tion in the liver, spleen, kidney, lung, and melanin- containing 
tissues such as the retina and inner ear. Consequently, CQ has 
an enormous apparent volume of distribution, estimated at 
about 200–300 l/kg (Gustafsson et al., 1983; Aderounmu et al., 
1986; Walker et al., 1987b). This apparent volume of distribu-
tion is many times larger than the central volume of distribu-
tion, which has been estimated at about 10 l/kg (Aderounmu et 
al., 1986). Consequently, distribution rather than elimination 
processes determines the blood concentration profile of CQ. 

Steady-state plasma concentrations of HCQ have been 
evaluated in patients taking a 400-mg weekly dose for malaria 
prophylaxis. The mean steady-state plasma concentration 
was 0.17 µg/ml, well above the reported minimum effective 
concentration (MEC) of CQ and DCQ of 0.01 µg/ml (Lim et 
al., 2009). HCQ steady-state concentrations of 0.42 µg/ml 
have been reported in patients taking 400 mg daily for rheu-
matoid arthritis (French et al., 1987). 

CQ is metabolized in the liver to DCQ, with further 
desethylation leading to bisdesethylchloroquine and other 
minor metabolites formed by oxidative deamination, elimi-
nation of the side chain, and N-oxidative pathways (White 
and Krishnaswamy, 1996). The pharmacokinetics of DCQ 
are similar to those of CQ. DCQ is detected in plasma within 
30 minutes of CQ administration, and the concentration–
time curves of the two compounds are approximately paral-
lel, with DCQ concentrations varying between 35% and 57% 
of the CQ concentration (Walker et al., 1983).

CQ concentrates in erythrocytes, platelets, and granulo-
cytes, with peak concentrations appearing simultaneously in 
erythrocytes and plasma. CQ concentrations in erythrocytes 
are consistently higher than in plasma, with an estimated 
ratio of 2:5 (Gustafsson et al., 1983). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

As a result of the prolonged terminal elimination half-life of 
CQ and DCQ, CQ has a significant post-treatment prophy-
lactic effect. A review of early studies demonstrated that after 
CQ treatment for P. vivax, the risk of relapse did not begin 
until after day 35 (Baird, 2004). It was suggested, therefore, 
that CQ and DCQ persisted in blood at levels above the MEC 
(reported as 100 ng/ml of whole blood, based on MEC of 
0.01 µg/ml of plasma) for at least 28 days. The correlation 
between the concentration–time curves of CQ and DCQ and 
treatment efficacy, however, has not been well defined. 

5d.  Excretion

Total plasma clearance of CQ ranges from 282 to 1139 ml/
min, with about half being due to renal clearance (Gustafsson 

et al., 1983; Walker et al., 1987b). CQ is excreted unchanged 
in urine. Within the first 24 hours about 10–14% of an orally 
administered dose is excreted in the urine, and total recovery 
from urine has been estimated at 41–47% (Gustafsson et al., 
1983; Aderounmu et al., 1986). CQ has been detected in 
urine up to 119 days after a single dose (Gustafsson et al., 
1983). 

5e.  Drug interactions

CQ is metabolized by CYP2C8, CYP3A4, and, to a lesser 
extent, CYP2D6. Inhibitors of CYP3A4 such as ketoconazole 
decrease the metabolism of CQ in vitro (Projean et al., 2003). 
CQ competitively inhibits CYP2D6 (Adedoyin et al., 1998; 
Simooya et al., 1998), and hence has potential to interact 
with other drugs that are substrates for this enzyme. Given 
the long half-life of CQ, this interaction may be relevant 
for some time after cessation of CQ. Inhibition of CYP2D6 
is  thought to be concentration dependent, with one study 
demonstrating a decrease in enzyme activity (as measured by 
metabolism of debrisoquine) of 7% after a single 250-mg 
dose of CQ and 18% after seven daily doses (Adedoyin et al., 
1998). Almost 100 drugs have been shown to be substrates 
for CYP2D6, notably antiarrhythmics such as flecainide and 
perhexilene; antidepressants such as amitriptyline, fluoxe-
tine, paroxetine, and venlafaxine; neuroleptics such as halo-
peridol, risperidone, and zuclopenthixol; and beta-blockers 
such as metoprolol and propranolol (Bertilsson et al., 2002). 
Although the clinical significance of these potential drug 
interactions has not been adequately described, one random-
ized trial involving seven healthy volunteers (with extensive 
metabolizer phenotype for CYP2D6) demonstrated that 
400 mg of HCQ administered daily for 7 days led to a 72% 
increase in the maximum plasma concentration of metopro-
lol after a single dose (Somer et al., 2000). There has also 
been a case report of CQ leading to increased levels of cyclo-
sporine and associated transient nephrotoxicity (Johny, 1992). 

CQ and HCQ may prolong the QT interval and should be 
used with caution with other drugs that interfere with car-
diac conduction such as amiodarone, sotalol, and metha-
done. CQ has been shown to reduce the bioavailability of 
methotrexate (Seideman et al., 1994) and ciprofloxacin (Ilo 
et al., 2006) and may increase digoxin levels (Griffiths et al., 
1983). Chlorpheniramine increases the bioavailability and 
erythrocytic accumulation of CQ (Gbotosho et al., 2008). 
There has been a case report of a possible interaction between 
CQ and thyroxine, leading to significantly increased levels 
of thyroid-stimulating hormone (Munera et al., 1997). CQ 
has been reported to reduce sedation induced by diazepam 
(Croes et al., 1993). CQ has been shown to improve glucose 
tolerance in diabetic patients (Smith et al., 1987), and hence 
antiglycemic agents may require adjustment.

Cimetidine impairs the elimination of CQ, with one study 
demonstrating that the apparent oral clearance rate of CQ 
was reduced from 0.49 to 0.23 l/kg/day (Ette et al., 1987a). 
CQ’s elimination half-life was increased from 3.11 days to 
4.62 days after the administration of cimetidine. Ranitidine 
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was found to have no effect on the pharmacokinetics of CQ 
(Ette et al., 1987b). 

CQ impairs the antibody response to intradermal human 
diploid-cell rabies vaccine (Pappaioanou et al., 1986). Hence, 
the vaccine should be administered intramuscularly in those 
taking CQ prophylaxis. CQ has also been associated with 
reduced antibody response to the Vibrio cholerae vaccine 
CVD103-HgR (Kollaritsch et al., 1997). No effect on anti-
body responses to yellow fever vaccine was shown with con-
comitant CQ use (Barry et al., 1991).

6. ADVERSE REACTIONS AND TOXICITY

CQ is extremely well tolerated when taken for the preven-
tion or treatment of malaria. Minor side effects occur rarely 
and include nausea, vomiting, diarrhea, insomnia, headache, 
rash, and pruritus. Retinal toxicity may occur after prolonged 
use of CQ or HCQ, and monitoring is required. Neurotoxicity 
and cardiotoxicity have been reported but occur rarely. It is 
important to note, though, that CQ has an extremely narrow 
therapeutic range and is highly toxic in overdose.

6a.  Dermatologic effects

Pruritus is the most common cutaneous side effect of CQ. In 
a survey of 777 students in Mozambique, CQ-induced pruri-
tus occurred in 31% and 10% of those who had received CQ 
treatment or prophylaxis, respectively (Gama et al., 2009). 
Skin pigmentation may also occur and is thought to be sec-
ondary to ecchymosis (Jallouli et al., 2013). In a case–control 
study involving patients treated with HCQ for SLE, pigmen-
tation occurred a median of 6 years (range 3 months–22 
years) after commencement of HCQ therapy, and was asso-
ciated with previous treatment with oral anticoagulants 
and/or antiplatelet agents, and with higher blood HCQ levels 
(Jallouli et al., 2013). There was no association with duration 
of treatment or cumulative HCQ dose. Although improve-
ment after cessation of treatment occurs in some cases 
(Jallouli et al., 2013), persistence 1 year after treatment cessa-
tion has also been reported (Morrison et al., 2008). It has 
been suggested that pigmentation may be associated with 
an increased risk of CQ- or HCQ-associated retinal toxicity 
(Bentsi-Enchill, 1980; Millard et al., 2004).

A small number of cases of acute generalized exanthema-
tous pustulosis (AGEP) have been reported in patients 
receiving HCQ for rheumatologic conditions (Paradisi et al., 
2008; Lateef et al., 2009; Bailey et al., 2012). Drug reaction 
with eosinophilia and systemic symptoms (DRESS) has been 
reported after a 2-week course of HCQ 400 mg daily for sero-
negative arthritis (Volpe et al., 2008). Rare cases of toxic epi-
dermal necrolysis (Murphy and Carmichael, 2001; Cameron 
et al., 2014), and Stevens-Johnson syndrome (Leckie and 
Rees, 2002) have occurred.

Other dermatologic reactions reported with CQ or HCQ 
use include contact dermatitis, and phototoxic and photo-
allergic dermatitis (Pérez-Ezquerra et al., 2006); vitiligo (Sel-
vaag, 1997); and pemphigus (Ghaffarpour et al., 2006). 

6b.  Ocular toxicity

Retinal toxicity is a potentially serious complication of long-
term CQ and HCQ use. Although the mechanism of toxicity 
is uncertain, the binding of CQ and HCQ to melanin in the 
retinal pigment epithelium (RPE) likely contributes. CQ- or 
HCQ-induced retinal toxicity is characterized by bull’s-eye 
maculopathy, a ring of RPE depigmentation with fovea spar-
ing. Although visual acuity may be excellent, paracentral 
visual scotomas may develop. With continued drug expo-
sure, the area of functional disturbance and RPE atrophy 
spreads into the fovea, with resultant loss of visual acuity, and 
eventually the entire fundus may be involved. Visible bull’s-
eye maculopathy is generally irreversible and may progress 
after the drug has been ceased. Delayed-onset retinopathy 
has also been reported, many years after cessation of CQ or 
HCQ (Martin et al., 1978; Ehrenfeld et al., 1986; Kazi et al., 
2013).

Although HCQ is associated with less retinal toxicity than 
CQ, the use of sensitive screening techniques has shown that 
the prevalence of HCQ retinopathy is more common than 
previously thought. In a review of 2361 patients who had 
used HCQ daily for 5 years or longer, the overall prevalence 
of HCQ retinopathy was 7.5% (Melles and Marmor, 2014). 
The prevalence varied with daily consumption (odds ratio: 
5.67 [95% confidence interval (CI): 4.14–7.79] for > 5.0 mg/
kg) and with duration (odds ratio: 3.22 [95% CI: 2.20–4.70] for 
> 10 years). For daily consumption of 4–5 mg/kg of real body 
weight, the prevalence of retinal toxicity was < 2% for the 
first 10 years of use, but increased to 20% after 20 years of 
use, with an annual risk of 4% thereafter. For patients using  
> 5 mg/kg/day, the risk of retinopathy was 10% at 10 years, 
and 40% at 20 years. Additional risk factors included kidney 
disease and concurrent tamoxifen therapy. Of note, dosage 
per real body weight was found to be a better predictor of 
retinal toxicity than dosage per ideal body weight.

Current guidelines from the American Academy of 
Ophthalmology recommend that all patients receiving long-
term HCQ should undergo a detailed baseline ophthalmo-
logic examination when the drug is started, with yearly 
follow-up commencing after 5 years of continuous therapy, 
or when a cumulative dose of 1000 g has been reached 
(Marmor et al., 2011). Screening should include the use of 
at least one objective test if available, such as multifocal elec-
troretinogram (mfERG), spectral domain optical coherence 
tomography (SDOCT), and fundus autoflourescence (FAF), 
in addition to visual field testing. Patient counseling should 
be undertaken to emphasize the risk of retinal toxicity and 
the need for regular examinations.

Other ocular side effects include corneal deposits, poor 
night vision, and reduced color vision, especially in the blue- 
yellow spectrum.

6c.  Ototoxicity

Ototoxicity has been reported with both CQ (Hart and 
Naunton, 1964; Matz and Naunton, 1968; Hadi et al., 1996) 
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and HCQ (Johansen and Gran, 1998; Seckin et al., 2000), 
and may manifest as sensorineural hearing loss, tinnitus, or 
cochleovestibular disturbance. Ototoxicity may be irrever-
sible, and the risk is related to cumulative dose and duration 
of exposure (Bortoli and Santiago, 2007). 

6d.  Neurotoxicity

Psychiatric and neurologic complications have been reported 
after CQ treatment, including psychosis (Reagan, 1985; 
Bhatia et al., 1988; Bhatia, 1991; Bhatia and Malik, 1995; Zaki 
et al., 2009), depression, mania, anxiety (Bhatia and Malik, 
1995), and seizures (Good and Sahder, 1977; Adamolekun, 
1992; Bhatia and Malik, 1995; Ebenso, 1998; Schiemann et 
al., 2000; Tristano et al., 2004). In an Indian case–control 
study of 30 children with CQ-induced psychiatric or neuro-
logic complications, complications occurred after a total 
dose of 1–2.4 g of CQ (Bhatia and Malik, 1995). Symptoms 
occurred within 2–7 days and 26 of 30 patients improved 
within 3 weeks, with the remaining 4 improving within 12 
weeks. When patients were compared with controls who had 
taken similar doses of CQ for malaria, the only risk factor 
identified was taking CQ with milk (p < 0.001). In a large 
population-based observational study the incidence of severe 
neuropsychiatric side effects was calculated in subjects in  
the United Kingdom exposed to CQ, mefloquine, proguanil, 
or doxycycline (Meier et al., 2004). The incidence rates for 
severe depression, psychosis, and panic attacks in subjects 
exposed to CQ and/or proguanil were 7.6, 0.4, and 1.3 per 
1000 person-years, respectively. Incidence did not differ sig-
nificantly among anti-malarials.

CQ has been reported to induce a myasthenic syndrome 
and should be avoided in patients with myasthenia gravis 
(Sghirlanzoni et al., 1988; Robberecht et al., 1989; de Bleecker 
et al., 1991; Klimek, 1999). CQ and HCQ may both cause a 
vacuolar myopathy, with severe cases reported (Ghosh et al., 
2013; Abdel-Hamid et al., 2008).

6e.  Cardiotoxicity

CQ-induced conduction disorders and cardiac myopathy 
have been reported in patients receiving long-term CQ or 
HCQ for rheumatologic disorders. In a review, 46 cases of 
conduction disorders and 26 cases of congestive heart failure 
(CHF) related to CQ or HCQ were described (Costedoat-
Chalumeau et al., 2007). CHF led to death in 11 of 26 cases 
and transplant in 2 cases. Improvement in CHF after cessa-
tion of CQ or HCQ was seen in 8 of 13 patients, whereas 
conduction disorders improved in only 3 of 15 patients. Poor 
outcomes were thought to be related to delayed diagnosis. 
CQ- or HCQ-induced cardiomyopathy is characterized by 
restrictive biventricular hypertrophy. Cardiac valvular thick-
ening with mild to moderate regurgitation has also been 
reported (Naqvi et al., 2005). Cardiac biopsy is necessary to 
confirm the diagnosis. Histologic features include cellular 
hypertrophy of myocardiocytes, with heavily vacuolated 
cytoplasm. Electron microscopy demonstrates curvilinear 

bodies within cardiac myocytes (Costedoat-Chalumeau et 
al., 2007). Conduction disorders associated with CQ and 
HCQ include bundle branch block, atrioventricular block, 
QRS widening, and QT prolongation.

There is no evidence of clinical cardiotoxicity after oral 
administration of CQ treatment of malaria (White, 2007). 

6f.  Risks in pregnancy

CQ and HCQ are used commonly in pregnancy for the treat-
ment of malaria and rheumatologic conditions. Several pro-
spective studies including > 300 infants exposed to CQ or 
HCQ in utero have demonstrated no increase in neonatal 
deaths, prematurity, or congenital malformations (Levy et al., 
1991; Buchanan et al., 1996; Parke and West, 1996; Klinger et 
al., 2001; Levy et al., 2001; Costedoat-Chalumeau et al., 2003; 
Motta et al., 2005; Clowse et al., 2006). There is no evidence 
for an increased risk of neonatal ocular, auditory, or neuro-
logic toxicity.

6g.  Overdose

CQ and HCQ have extremely narrow therapeutic ranges and 
are highly toxic in overdose. Several cases of suicide with CQ 
and HCQ have been reported; the fatal dose is as little as 1 g 
in children and 6 g in adults (Good and Sahder, 1977). 
Overdose typically leads to hypotension, tachycardias, or 
bradycardias with atrioventricular block and electrolyte dis-
turbances. Two cases of survival after massive HCQ poison-
ing (20 g in each case) have been reported (Gunja et al., 
2009). Both patients received advanced cardiac life support 
and aggressive correction of electrolyte and pH disturbance 
and made rapid recoveries from near-terminal conditions.

7. CLINICAL USES OF THE DRUG

7a.  Malaria treatment

CQ is not recommended for the treatment of P. falciparum 
malaria in most parts of the world owing to widespread resis-
tance. CQ should also be avoided if the malaria species is 
uncertain. CQ remains an effective treatment for uncompli-
cated P. vivax malaria in CQ-sensitive areas; however, resis-
tance is increasing (see section 2b, Emerging resistance and 
cross-resistance). Resistance rates for P. vivax are particularly 
high on the island of New Guinea, Indonesia, Malaysia,  
and Oceania, and CQ should not be used to treat vivax 
malaria acquired in these regions. ACTs such as artemether–
lumefantrine, dihydroartemisinin–piperaquine, or artesu-
nate–meflo quine are the preferred treatment options for 
CQ-resistant P. vivax and are also highly effective for CQ- 
sensitive P. vivax, allowing a simplified treatment strategy for 
all malaria species. 

In a systematic review of randomized controlled trials 
comparing ACTs with CQ monotherapy for uncomplicated 
vivax malaria (Gogtay et al., 2013), five trials were identified 
between 2002 and 2011, conducted in Afghanistan, Cambodia, 
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India, Indonesia, and Thailand (Kolaczinski et al., 2007; 
Krudsood et al., 2007; Awab et al., 2010; Phyo et al., 2011; 
Poravuth et al., 2011). ACTs were associated with faster 
 parasite clearance (parasitemia after 24 h of treatment: 22% 
vs. 52%; relative risk [RR]: 0.42 [0.36–0.50]; four trials; 1652 
participants), and were at least as effective at preventing 
recurrent parasitemia by day 28 (3% vs. 2%; RR: 0.58 [0.18–
1.90]; 5 trials; 1622 participants). Notably, in one of these 
trials, from the Thai–Myanmar border in 2011, 9% of patients 
treated with CQ had recurrent parasitemias by day 28 com-
pared with 2% with dihydroartemisinin–piperaquine (RR: 
0.25; 95% CI: 0.09–0.66; one trial; 437 participants). ACTs 
with long half-lives were also associated with a longer post- 
treatment prophylactic effect, with significantly fewer cases 
of parasitemia between day 28 and day 42 or day 63 (RR: 
0.57; 95% CI: 0.40–0.82; three trials; 1066 participants). 

Two additional randomized trials of CQ monotherapy 
versus ACTs for the treatment of uncomplicated vivax 
malaria have been conducted since the completion of this 
review. In a trial in Ethiopia, CQ was compared with arte-
mether–lumefantrine (Hwang et al., 2013). Day 28 cure rates 
were 91% and 76% with CQ and AL, respectively, but day 42 
recurrence was high in both arms (32% vs. 42%). In Malaysia, 
artesunate–mefloquine was compared with CQ in 103 adults 
and children with uncomplicated vivax malaria. Recurrence 
at day 28 occurred in 62% of patients treated with CQ, com-
pared with 0% treated with artesunate–mefloquine (Grigg et 
al., 2016). 

In contrast, some recent trials have demonstrated per-
sistent CQ efficacy in West Bengal (Ganguly et al., 2013), 
Karnataka (Rishikesh et al., 2015), and Tamil Nadu (Shalini 
et al., 2014), India; Jiangsu Province (Zhu et al., 2013) and 
Yunnan Province, China (Liu et al., 2014); and Pursat Prov-
ince, Western Cambodia (Amaratunga et al., 2014). All these 
studies have demonstrated recurrence rates of < 2% at day 28 
or 42, although some have included primaquine therapy. 
Excellent CQ efficacy for uncomplicated vivax malaria has 
also been recently demonstrated in Mauritania (Salem et al., 
2015), Pakistan (Waqar et al., 2016), and Bhutan (Wang chuk 
et al., 2016). An up-to-date list of published clinical trials of 
vivax malaria is available on-line (Vivax Surveyor; World-
Wide Antimalarial Resistance Network [WWARN], 2016).

If CQ is used for the treatment of P. vivax, close follow-up 
is essential to monitor for possible treatment failures as pre-
viously unrecognized foci of CQ-resistant P. vivax continue 
to emerge. CQ should not be used for the treatment of severe 
vivax malaria owing to slower parasite clearance times for CQ 
compared with ACT (Pukrittayakamee et al., 2000). Severe 
malaria of any species should be treated with immediate intra-
venous artesunate as per WHO guidelines (WHO, 2015). 

CQ is effective for the treatment of uncomplicated P. malar
iae, P. ovale, and P. knowlesi. However, in a recent random-
ized controlled trial of patients with uncomplicated knowlesi 
malaria in Sabah, parasite clearance times were faster with 
artesunate–mefloquine compared with CQ, supporting a 
unified treatment policy for ACT for all Plasmodium species 
in coendemic areas (Grigg et al., 2016). P. knowlesi malaria 

can be associated with rapid increases in parasitemia and 
consequent complications; poor outcomes have been associ-
ated with administration of CQ in the setting of unrecog-
nized severe disease (Rajahram et al., 2012, 2016). 

CQ has no activity against liver hypnozoites. Hence, radi-
cal cure of P. vivax or P. ovale infections requires treatment 
with primaquine, the only currently available hypnozoiti-
cidal agent. Primaquine has schizonticidal activity against  
P. vivax (Pukrittayakamee et al., 1994), and the addition of 
primaquine to CQ has been shown to both decrease the IC50 
of CQ (Tasanor et al., 2006) and clear parasites faster than CQ 
alone (Pukrittayakamee et al., 2000). Thus, primaquine should 
be given concurrently with CQ, once glucose-6- phosphate 
dehydrogenase (G6PD) deficiency has been excluded. 

Patients who have fever persisting beyond or recurring 
after 48 hours following CQ treatment should undergo 
repeat blood films to exclude treatment failure, and should 
be re-treated with an ACT if indicated. Recurrence of para-
sitemia may be due to recrudescence or relapse. Because the 
concentration of CQ and its active metabolite DCQ persists 
above the MEC for at least 28 days (Baird, 2004), recurrences 
occurring before this time suggest CQ resistance. 

7b.  Malaria prophylaxis and intermittent 
preventative treatment

CQ is now rarely used for malaria prophylaxis owing to 
increasing resistance. In the limited areas where CQ resis-
tance has not been reported (listed previously), prophylaxis 
with CQ may be given at a dose of 310 mg (1 tablet), com-
mencing 1 week before entering, and ending 4 weeks after 
leaving, the malarious area. Weekly CQ prophylaxis may also 
be considered in combination with proguanil in pregnant 
women traveling to areas with CQ-resistant P. falciparum 
where no other safe alternative exists (Yung et al., 2004).

In malaria-endemic areas the combination of CQ and azi-
thromycin (CQ–AZ) has been proposed as an alternative to 
SP for the use of intermittent preventive therapy of malaria 
during pregnancy (IPTp) (Chico et al., 2008). The combina-
tion has additive or synergistic activity against P. falci
parum in vitro (Ohrt et al., 2002; Pereira et al., 2011), and a 
28-day efficacy rate of 97% was demonstrated when CQ–AZ 
was used for the treatment of uncomplicated P. falciparum 
malaria in nonpregnant adults in India (Dunne et al., 2005). 
The activity of azithromycin against common sexually trans-
mitted infections including gonorrhea and chlamydia pro-
vides an additional benefit of the combination. However, in 
a  randomized, phase 3, multicenter study in sub-Saharan 
Africa, IPTp with CQ–AZ was not superior to IPTp with SP 
(Kimani et al., 2016).

7c.  Q fever 

Doxycycline has been the mainstay of treatment for Q fever 
endocarditis. However, when used alone, it has only bacte-
riostatic activity against C. burnetii (Raoult et al., 1990), and 
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relapses after treatment are common. The addition of CQ 
leads to alkalinization of C. burnetii–containing lysosomes, 
and has been shown in vitro to restore the bactericidal effect 
of doxycycline (Raoult et al., 1990). HCQ is used in favor of 
CQ for its improved long-term tolerance, and this regimen 
is now the standard of care for chronic Q fever (see Chapter 
68). Doxycycline and HCQ have also been used successfully 
for the treatment of Q fever osteoarticular infections (Landais 
et al., 2007). 

7d.  Whipple’s disease

As with C. burnettii, doxycycline alone has only bacterio-
static activity against T. whipplei, and CQ restores bacteri-
cidal effect (Boulos et al., 2004). In a report, none of 13 
patients with Whipple’s disease treated with doxycycline 200 
mg/day and HCQ 600 mg/day (with or without sulfadiazine 
or trimethoprim–sulfamethoxazole) experienced treatment 
failure, compared with all of 14 patients treated with tri-
methoprim–sulfamethoxazole (p < 0.0001) (Lagier et al., 
2014). Intravenous induction therapy was associated with 
adverse outcomes (p = 0.028). However, these results are in 
contrast to other recent studies of Whipple’s disease, dem-
onstrating high cure rates with intravenous induction ther-
apy, followed by prolonged trimethoprim–sulfamethoxazole 
(Feurle et al., 2010, 2013). The optimal therapy for Whipple’s 
disease thus remains uncertain.

7e.  Amoebiasis

CQ has activity against E. histolytica trophozoites, and its 
concentration in the liver has led to its use for hepatic amebi-
asis. In an early study, 36 patients with amoebic liver abscesses 
were randomized to receive either CQ or metronidazole, 
with an additional 30 patients treated without randomiza-
tion (Cohen and Reynolds, 1975). Treatment failure occurred 
in 1 of 28 patients treated with CQ and 2 of 36 treated with 
metronidazole, but clinical response rates were slightly 
higher with metronidazole. CQ and metronidazole have 
been used successfully to treat an HIV-positive patient with 
cutaneous amebiasis (Bumb and Mehta, 2006). The success-
ful use of CQ in addition to surgical drainage has been 
reported as treatment of hepatic amebiasis complicated by 
intrapericardial rupture and cardiac tamponade (Perna and 
Montesi, 1994). CQ is rarely used now for amebiasis because 
of the generally excellent activity of metronidazole.

7f.  Giardiasis

Although CQ has demonstrated in vitro activity against  
G. lamblia (Gordts et al., 1985; Baveja et al., 1998), its activity 
has been evaluated in few studies. In one study 165 Cuban 
children with giardiasis were randomized to receive CQ (10 
mg/kg twice daily), tinidazole (50 mg/kg as a single dose), or 
albendazole (400 mg/day for 5 days) (Escobedo et al., 2003). 
On the basis of fecal samples collected 7 and 10 days after 
completion of treatment, CQ and tinidazole appeared equally 

efficacious, with cure rates of 86% and 91%, respectively. 
Both agents were superior to albendazole (cure rate 62%). In 
another study in Cuba, 122 children with giardiasis were ran-
domized to either CQ (10 mg/kg twice daily for 5 days) or 
metronidazole (15 mg/kg divided in three daily doses for 5 
days); CQ was found to be as efficacious as metronidazole 
(Canete et al., 2010).

7g.  Rheumatologic conditions

CQ has significant anti-inflammatory properties, which have 
led to its use for autoimmune conditions such as SLE, rheu-
matoid arthritis, and sarcoidosis. HCQ is preferred over CQ 
for the treatment of autoimmune conditions because of its 
decreased toxicity with prolonged use. 

The use of HCQ for the treatment of SLE has been sum-
marized in several reviews (Lee et al., 2011; Olsen et al., 
2013; Al-Bari, 2015). HCQ has been shown in a randomized 
controlled trial to reduce lupus flares (The Canadian 
Hydroxychloroquine Study Group, 1991), and other longitu-
dinal cohort studies have demonstrated decreased end-organ 
damage, delayed onset of systemic disease, and improved 
survival (Molad et al., 2002; Fessler et al., 2005; Alarcón et 
al., 2007; Shinjo et al., 2010). Treatment of SLE with CQ or 
HCQ has also been associated with improved lipid profiles, 
increased bone mineral density of the hip and the spine, 
reduced incidence of thrombotic events, reduced hemoglobin 
A1c, and reduced risk of infection (reviewed in Lee et al., 
2011). It is therefore recommended that most patients with 
SLE be treated with HCQ, and that treatment be commenced 
as soon as the diagnosis is made. Treatment is also benefi-
cial for lupus patients who are pregnant, and for neonates 
with SLE. 

HCQ is also commonly used for the treatment of rheuma-
toid arthritis, usually in combination with other nonbiologic 
disease-modifying antirheumatoid drugs (DMARDs) such as 
methotrexate and sulfasalazine. HCQ has only marginal effi-
cacy when used as monotherapy (Gaujoux-Viala et al., 2010).

For SLE and rheumatoid arthritis, an initial dose of 200–
600 mg of HCQ daily is generally given, depending on 
response, and is reduced to 200–400 mg daily for prolonged 
maintenance therapy. Doses of > 5 mg/kg/day (real body 
weight) are associated with increased risk of retinopathy 
after 10 years of use (Melles and Marmor, 2014). Patients on 
long-term HCQ should undergo a complete baseline oph-
thalmologic examination at the commencement of treat-
ment, with repeat examinations performed annually after 5 
years of continuous therapy, or when a cumulative dose of 
1000 g has been reached (see section 6, Adverse reactions 
and toxicity).

7h.  Anti-tumor effects

Although CQ alone has been shown to directly inhibit prolif-
eration of cancer cells in vitro (Fan et al., 2006; Rossi et al., 
2007; Jiang et al., 2008; Abdel-Aziz et al., 2014) and tumor 
growth in vivo (Inoue et al., 1993; Zheng et al., 2009; Jiang et 
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al., 2010), doses are generally higher than could be used in 
humans (Pascolo, 2016). At more clinically acceptable doses 
(< 10 mg/kg), CQ may be used in conjunction with standard 
chemotherapies and radiotherapies to obtain synergistic 
anti-cancer effects, particularly by enhancing cytotoxicity 
of  chemotherapeutic agents by inhibition of autophagy (a 
mechanism that cancer cells use to avoid cell death when 
exposed to metabolic or therapeutic stress) (Pascolo, 2016). 
In a study of 30 patients with surgically confirmed glioblas-
toma, addition of CQ 150 mg/day to standard chemotherapy 
and radiotherapy was associated with a trend toward 
improved survival, from a median of 11 months to 24 months 
(Sotelo et al., 2006). However, in a subsequent dose- escalation 
study in which HCQ 200–800 mg was given in conjunction 
with chemotherapy and radiotherapy to patients with newly 
diagnosed glioblastoma, dose-limiting toxicity was found  
to prevent administration of HCQ in doses adequate to 
achieve inhibition of autophagy (Rosenfeld et al., 2014). 
Additional trials of CQ as adjuvant treatment for glioblas-
toma and other solid tumors, as well as hematologic malig-
nancies, are ongoing.

7i.  Dermatologic disorders

HCQ is an effective treatment for porphyria cutanea tarda, 
either as initial therapy in patients with relatively mild iron 
overload (serum ferritin < 600 ng/mL) or when repeated 
phlebotomies are poorly tolerated or contraindicated. The rec-
ommended dose is 100 mg of HCQ (or 125 mg of CQ) twice 
per week (Singal et al., 2012; González-Estrada et al., 2014).

HCQ is also considered first-line treatment for chronic 
ulcerative stomatitis, a mucocutaneous disease typically 
occurring in older patients characterized by painful oral 
ulcers caused by binding of immunoglobulin (IgG) antibod-
ies to keratinocyte nuclei (Islam et al., 2007). The condition 
is typically unresponsive to topical or systemic corticoste-
roids but responds well to CQ or HCQ. 

CQ and HCQ have been shown to have efficacy in a vari-
ety of other dermatologic conditions, including dermatomy-
ositis, Sjögren’s syndrome, sarcoidosis, polymorphous light 
eruption (PLE), disseminated granuloma annulare, and lichen 
planus ([reviewed in Rodriguez-Caruncho and Marsol, 2014]; 
Al-Bari, 2015).

7j.  Miscellaneous

HCQ has been shown to prevent the development of acute 
graft-versus-host disease in patients who have received bone 
marrow transplant (Khoury et al., 2003). CQ and HCQ have 
antiglycemic properties. In a randomized controlled trial, 
HCQ was compared with pioglitazone in patients with 
uncontrolled type 2 diabetes mellitus, with glycemic control 
improved in both groups (Pareek et al., 2014). In studies 
mostly conducted in patients with SLE or rheumatoid arthri-
tis, CQ and HCQ have also been shown to improve bone 
mineral density, improve lipid profiles, and reduce thrombo-
embolic events (Al-Bari, 2015).
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1. DESCRIPTION

Amodiaquine is a 4-aminoquinoline that has been used 
widely since the early 1950s to prevent and treat Plasmodium 
falciparum malaria. Amodiaquine is a 7-chloro-4-amino 
congener of chloroquine. Before the emergence of wide-
spread resistance, it was mostly used in Africa for malaria 
monotherapy.

The use of amodiaquine for malaria prophylaxis was 
ceased in 1990 after reports of fatalities caused by hepato-
toxicity and agranulocytosis (Hatton et al., 1986; Larrey et 
al., 1986; Phillips-Howard and West, 1990). The contem-
porary use of amodiaquine is only as a partner drug in com-
bination with artemisinins (see Chapter 169, Artemisinins). 
This has occurred through the World Health Organization 
(WHO) strategy to increase the use of artemisinin-based 
combination therapy (ACT) (WHO, 2015). Various ACTs 
have now been adopted as first-line therapy by all but four 
countries worldwide. The artesunate–amodiaquine ACT is 
widely used around the world. 

For amodiaquine monotherapy, the drug is marketed as 
Amoquin, Camoquin or Camoquine, Basoquin, and Flavo-
quine. Various combination products have been marketed, 
including Coarsucam (artesunate amodiaquine; Winthrop; 
50 mg of artesunate plus 153 mg of amodiaquine base) and 
two formulations of Arsucam (artesunate 50 mg plus 153 mg 
of amodiaquine base; and artesunate 25 mg plus 67.5 mg of 
amodiaquine base).

Amodiaquine has the chemical formula C20H22ClN3O; the 
structure is shown in Figure 176.1. Its molecular weight is 355.9 
g/mol. The activity of amodiaquine is restricted to the erythro-
cytic forms of P. falciparum, Plasmodium vivax, Plas mo dium 
malariae, and Plasmodium ovale; it lacks pre- erythrocytic or 
gametocidal activity (Sowunmi et al., 2007). Because amodi-
aquine does not have activity against the liver stages of  
P. vivax or P. ovale, radical cure of these infections requires 
treatment with primaquine (see Chapter 180, Primaquine).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

PLASMODIUM FALCIPARUM

Breakpoints for amodiaquine have been predominantly set 
at > 30 nmol/l (Brasseur et al., 1999) and > 60 nmol/l for 
desethylamodiaquine (DEAQ), the active biometabolite of 
amodiaquine (Basco and Le Bras, 1993). An alternate break-
point for DEAQ used in some studies is > 80 nm/l (Kaddouri 
et al., 2008). Because amodiaquine is rapidly metabolized to 
DEAQ, this metabolite exerts the majority of the drug’s anti-
malarial action. Reported inhibitory concentration (IC) values 
for amodiaquine and DEAQ vary by geography and time of 
reporting. Studies have reported an amodiaquine mean IC50 of 
15.3 nmol/l in Madagascar (Randrianarivelojosia et al., 2002) 
and 12.0 nmol/l in Senegal (Pradines et al., 1998), and for 
DEAQ of 34.9 and 29.6 nmol/l in Mali (Kaddouri et al., 2008). 
In vitro testing in Congo reported only 2% resistance, and 7% 
in Rwanda (Tinto et al., 2006), using a 60 nmol/l DEAQ 
breakpoint (Pradines et al., 2006), whereas in Kenya much 
higher rates (26%) of DEAQ resistance have been reported 
(Sasi et al., 2009). In this study no correlation was reported 
with better rates of parasite recrudescence and IC50 values.

Amodiaquine has been used effectively for treating chlo-
roquine-resistant P. falciparum (Brasseur et al., 1999). Con-
siderable concern, however, exists about cross-resistance. In 
vitro studies have shown correlation between the IC50 for 
chloroquine and that for amodiaquine (Pradines et al., 1998; Figure 176.1. Chemical structure of amodiaquine.
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N
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Tinto et al., 2006). However, this has not always translated to 
increases in the proportion of DEAQ-resistant isolates over 
time. A study in Cameroon showed that, despite increasing 
proportions of chloroquine-resistant isolates over time, the 
same was not noted for DEAQ (Basco et al., 2007).

Amodiaquine resistance mutations are increasing in fre-
quency, and there is a correlation between the presence of 
chloroquine and amodiaquine resistance mutations (Tekete 
et al., 2009). It is reassuring to note that when amodiaquine 
combined with artesunate has been used in an area of previ-
ously high rates of chloroquine resistance, clinical response 
rates have not appeared to fall over time with the use of an 
amodiaquine-containing combination (Brasseur et al., 2007).

PLASMODIUM VIVAX

Determining the in vitro efficacy of amodiaquine and other 
antimalarials against P. vivax had been hampered by inher-
ent difficulties with in vitro susceptibility testing. Suitable 
assays have now been validated (Russell et al., 2008), and 
the in vitro efficacy of amodiaquine against P. vivax has 
been described for Thai and Indonesian isolates. Although 
Indonesian isolates have been found to be highly resistant to 
chloroquine (mean IC50 114 nmol/l), sensitivity to amodia-
quine has been retained (mean IC50 11.3–15.4 nmol/l) 
(Russell et al., 2008; Suwanarusk et al., 2008; Hasugian et al., 
2009). For Thai isolates, a mean IC50 of 14–34 nmol/l has 
been reported (Chotivanich et al., 2004; Suwanarusk et al., 
2008). As with chloroquine, the in vitro response of P. vivax 
to amodiaquine depends on the stage of parasite develop-
ment, with isolates predominantly at the trophozoite stage 
being significantly less susceptible than isolates predomi-
nantly at ring stage. In P. vivax infection, amodiaquine has 
been found to lead to unacceptably high relapse rates when 
used as a second-line treatment (Hasugian et al., 2009).

2b.  Emerging resistance and 
cross-resistance

Amodiaquine monotherapy selects for the development of  
P. falciparum resistance with clinical failures and associated 
mutations in pfcrt76T and pfmrdl 86Y. Amodiaquine mono-
therapy selects for these signature resistance mutations. 
These two mutations have also been shown to emerge with 
the use of amodiaquine–artesunate combination therapy 
(Djimde et al., 2008).

Although amodiaquine currently retains activity against 
chloroquine-resistant isolates of P vivax, IC50 values have 
been shown to strongly correlate with those of chloroquine, 
artesunate, mefloquine, and piperaquine, suggesting the 
potential for cross-resistance, including to chloroquine (Hasu-
gian et al., 2009). The P. vivax IC50 of amodiaquine did not 
correlate with that of lumefantrine (Hasugian et al., 2009).

3. MECHANISM OF DRUG ACTION

Amodiaquine is thought to have a similar mechanism of action 
to chloroquine, both acting as blood-stage schizonticides. 

During intra-erythrocytic growth and replication of malaria, 
hemoglobin is used as the principal source of nutrition, and 
its digestion takes place within the parasitic digestive vacu-
ole. The digestion of hemoglobin leads to the formation of 
heme, which is immediately oxidized to ferriprotoporphyrin 
IX (FPIX). FPIX is highly toxic to cells, leading to increased 
membrane permeability and cell lysis. The detoxification of 
FPIX is therefore crucial to parasite survival, and is achieved 
through the conversion of FPIX to the inactive and insoluble 
crystalline hemozoin (malaria pigment). Although the anti-
malarial activity of amodiaquine is incompletely understood, 
it is believed that, like chloroquine, amodiaquine and DEAQ 
accumulate within the digestive vacuole and bind with high 
affinity to FPIX to prevent its detoxification to hemozoin 
(Ginsburg et al., 1998; Leed et al., 2002).

Inhibition of plasmepsin, a protease involved in the diges-
tion of heme within the digestive vacuole, has been shown to 
be inhibitory to the action of chloroquine, suggesting that 
unless the FPIX is formed by the oxidation of heme, the 
chloroquine will not be able to act by inhibiting FPIX break-
down (Moon et al., 1997). This has been repeated in studies 
of many quinoline antimalarials, including amodiaquine 
(Mungthin et al., 1998).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Amodiaquine is available only in oral form. Dose recom-
mendations generally refer to the amount of amodiaquine 
base. Routine dosing is 30 mg base per kilogram of body 
weight (total dose) given over 3 days (i.e. 10 mg/kg/day). 
Standard tablets are 100 or 200 mg base. A pediatric syrup is 
available in some parts of the world. An intravenous form, 
amodiaquine hydrochloride, is no longer available. 

COMBINATION THERAPY

Fixed-dose combination tablets are available in a range of 
amodiaquine doses: 25 mg of artesunate and 67.5 mg of amo-
diaquine; 50 mg of artesunate and 135 mg of amodiaquine; and 
100 mg of artesunate and 270 mg of amodiaquine. Recom-
mended doses for the use of these fixed-dose combination 
tablets are shown in Table 176.1. Meta analysis of 9106 
 artesunate–amodiaquine treatments showed that the use of 
fixed-combination tablets provided lower recrudescence rates 

Table 176.1. Recommended dosing of fixed-combination tablets 
of artesunate and amodiaquine.

Body weight (kg) 
Artesunate + amodiaquine dose (mg) 

given daily for 3 days 

4.5–< 9 25 + 67.5 

9–< 18 50 + 135 

18–< 36 100 + 270 

≥ 36 200 + 540 

Source: WHO, 2015.
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than nonfixed combinations (WorldWide Antimalarial Resis-
tance Network [WWARN] et al., 2015).

4b.  Newborn infants and children

The recommended weight-based pediatric doses of artesu-
nate–amodiaquine are shown in Table 176.1.

4c.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

No information is available about amodiaquine dose alter-
ations in patients with renal failure.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Because reports of hepatic abnormalities exist with amodia-
quine, the drug should be used with caution in patients with 
hepatic impairment.

ELDERLY PATIENTS

No information exists on alteration of pharmacokinetics in 
elderly patients.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The key pharmacokinetic parameters for amodiaquine are 
described in Table 176.2. Amodiaquine is rapidly absorbed 
after oral administration, with a mean time to Cmax of 30 min-
utes (Winstanley et al., 1987). Amodiaquine undergoes 
extensive first-pass hepatic metabolism and is rapidly con-
verted in the liver to its active metabolite DEAQ, pre-
dominantly by the action of CYP2C8 enzyme (Gil, 2008). 
Amodiaquine is extensively protein bound (O’Grady et al., 
1997).

Amodiaquine (as distinct from chloroquine) is rapidly 
cleared from the blood, with a half-life of 5 hours (Winstanley 
et al., 1987). Indeed, no amodiaquine can routinely be 
detected in the plasma 12 hours after dosing. There are dif-
ferent estimates of the terminal elimination half-life of 
DEAQ, between 9 (Hietala et al., 2007) and 21 days (Krishna 
and White, 1996). In a pediatric population, it was found to 

be shorter at 3–12 days (Hietala et al., 2007). The DEAQ elim-
ination half-life is shorter than for chloroquine (Ducharme 
and Farinotti, 1996).

Amodiaquine absorption is not influenced by food—an 
advantage when compared with another ACT partner drug, 
lumefantrine, which should be taken with fatty food.

5b.  Drug distribution

The peak plasma concentration achieved with amodiaquine 
is 0.37 mg/l with 10 mg/kg dosing, and the volume of distri-
bution of the metabolite DEAQ is 17–34 l/kg (Krishna and 
White, 1996). The rate of amodiaquine clearance is 4–6 ml/
kg/min (Nosten et al., 2007).

Amodiaquine accumulates in the gastrointestinal tract, 
kidneys, lungs, and spleen. Particularly high concentrations 
of amodiaquine are found in neutrophils (Ruscoe et al., 
1998).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The long terminal elimination half-life (Orrell et al., 2008) of 
amodiaquine is relevant for its effectiveness as a partner drug 
in ACT. However, amodiaquine has a shorter terminal elim-
ination half-life than some other partner drugs in ACT; this 
may have contributed to the finding that the combination 
of amodiaquine–artesunate may be less efficacious than 
other ACTs (Hasugian et al., 2007). Evidence of delayed 
parasite clearance after artesunate treatment in Cambodia is 
of great concern. Theoretically, it increases the likelihood of 
development of resistance to the co-administered partner 
drug (Noedl et al., 2008).

Neither amodiaquine nor artemisinin derivatives have 
activity against the liver stages of P. vivax and P. ovale. Hence, 
radical cure of these infections requires treatment with 
primaquine.

5d.  Excretion

The main route of elimination of DEAQ is not known 
(Hietala et al., 2007). Only a small percentage of amodia-
quine (less than 5%) is excreted unchanged in the urine 
(White et al., 1987). In a rat model, amodiaquine is signifi-
cantly eliminated in the bile as a glutathione conjugate 
(Harrison et al., 1992; Ruscoe et al., 1998).

5e.  Drug interactions

Amodiaquine has been shown to have a drug interaction 
with artesunate of questionable clinical relevance. The com-
bination of amodiaquine and artesunate results in lower 
AUCs for both dihydroartemisinin (DHA) and DEAQ. 
Lower Cmax, longer DHA half-life, and more rapid DEAQ 
clearance were also reported in a study of amodiaquine 
and artesunate combination therapy, and there was a trend 
toward a lower 7-day concentration of DEAQ (Orrell et al., 

Table 176.2. Pharmacokinetic parameters for amodiaquine and 
desethylamodiaquine.

Parameter Amodiaquine Desethylamodiaquine 

Cmax (ng/mL) 5.2–39.3 161–751 

Tmax (h) 0.5–2.0 2.71–47.9 

Elimination t1/2 (h) 3.3–12.4 90–240 

Vd/f (l/kg) 311–1010 62.4–252 

Cl/f (l/h/kg) 14–57.8 0.61–0.74 

AUC0–∞ (ng/h/ml) 39.3–602 14700–40339 

Source: WHO, 2015.
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2008). In children with uncomplicated malaria, the peak 
plasma concentration of DEAQ was higher for amodiaquine 
alone than in combination with artesunate. The combination 
regimen was, however, significantly more effective than 
mono therapy (Adjei et al., 2008).

More recent pharmacokinetic studies have compared fixed 
and nonfixed combinations of artesunate and amodiaquine. 
These show that drug distribution parameters differ to only a 
small extent between these drug formulations

Amodiaquine is metabolized to DEAQ via CYP2C8. This 
leads to drug interactions with potent CYP2C8-inhibitors, 
such as efavirenz. The HIV protease inhibitors saquinavir, 
lopinavir, and tipranavir increase the effect of amodiaquine’s 
effect (Parikh et al., 2007). Co-administration with efavirenz 
increased amodiaquine concentrations and decreased DEAQ 
concentrations (German et al., 2007). Inherited polymor-
phisms of CYP2C8 are common in African populations, 
potentially causing elevated amodiaquine levels. Amodia-
quine is also metabolized by CYP3A4, as shown in a study 
in which ketoconazole reduced the formation of DEAQ in 
hepatic microsomes (Giao and De Vries, 2001).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Hematologic and hepatic toxicity

Major amodiaquine toxicities include agranulocytosis 
(Hatton et al., 1986; Neftel et al., 1986) and hepatitis (Larrey 
et al., 1986). When amodiaquine was used for prophylaxis, 
rates of agranulocytosis were 1 in 2100, and of hepatitis 1 in 
15,650 (Phillips-Howard and West, 1990). These high fre-
quencies have not been reported when amodiaquine has 
been used for treatment (Olliaro and Mussano, 2003). There 
are case reports of hepatitis, however, when amodiaquine 
was used in combination with artemisinin derivatives (Orrell 
et al., 2008; Guevart and Aguemon, 2009). 

High rates of neutropenia in HIV-infected children 
treated with artesunate–amodiaquine have been associated 
with increased frequency of episodes of pneumonia (Gasasira 
et al., 2008).

6b.  Cardiac and neurologic effects

Amodiaquine causes minor cardiac conduction disturbances 
(White, 2007). Bradycardia occurs around the second day of 
treatment and correlates with the time of peak cumulative 
plasma concentration (Ngouesse et al., 2001). Unlike with 
chloroquine, cardiovascular abnormalities do not occur after 
overdose with amodiaquine. Large doses of amodiaquine have 
instead been reported to cause syncope, spasticity, convul-
sions, and involuntary movements (Jaeger et al., 1987).

6c.  Other effects

Routine testing of glucose-6-phosphate dehydrogenase 
(G6PD) deficiency is not indicated before amodiaquine ther-
apy, because this agent is even less likely than chloroquine to 

cause hemolysis and renal failure. No association with myas-
thenia gravis has been described.

6d.  Use in pregnancy

Amodiaquine is not recommended for use in the first trimes-
ter of pregnancy. However, it is an acceptable ACT for treat-
ment of malaria in the second and third trimesters (WHO, 
2015). Standard doses of amodiaquine have not been shown to 
increase fetal abnormalities, and adverse pregnancy outcomes 
are no more frequent than the disease effect of P. falciparum 
in pregnancy (Thomas et al., 2004; Tagbor et al., 2007). How-
ever, relatively few pregnancy outcomes have been reported in 
amodiaquine-treated women. An randomized controlled trial 
specifically assessed pregnancy outcomes in African women 
treated with ACTs. No significant difference in the rate of 
serious adverse events and in birth outcomes was found 
among the four treatment groups (artemether-lumefantrine, 
amodiaquine-artesunate, dihydroartemisinin-piperaquine, 
mefloquine-artesunate). Drug-related adverse events such as 
asthenia, poor appetite, dizziness, nausea, and vomiting 
occurred significantly more frequently in the mefloquine- 
artesunate group (50.6%) and the amodiaquine-artesunate 
group (48.5%) than in the dihydroartemisinin-piperaquine 
group (20.6%) and the artemether-lumefantrine group (11.5%) 
(p < 0.001 for comparison among the four groups) (Nambozi 
et al., 2015; PREGACT et al., 2016).

7. CLINICAL USES OF THE DRUG

7a.  Monotherapy treatment of  
Plasmodium falciparum

Amodiaquine was used as monotherapy for many years for 
the treatment of malaria in many parts of Africa and some 
Pacific Island countries. Owing to the development of resis-
tance, monotherapy is no longer recommended, in line with 
WHO recommendations (WHO, 2015).

Previous reviews of amodiaquine monotherapy for P. fal-
ciparum have found the drug to be superior to chloroquine 
as judged by 14 day cure rates, but inferior to sulfadoxine–
pyrimethamine (SP) at both day 14 and day 28. Owing to 
rapid development of resistance in monotherapy, this finding 
is not relevant to contemporary practice (Olliaro et al., 1996).

7b.  Combination treatment of  
Plasmodium falciparum

AMODIAQUINE AND 
SULFADOXINE–PYRIMETHAMINE

This combination has better activity than either agent alone, 
with reduced potential for development of resistance (Basco 
et al., 2002) and with a lower day-28 parasitologic failure 
rate demonstrated than for amodiaquine (Rwagacondo et 
al., 2003) or SP monotherapies (Mockenhaupt et al., 2005). 
Trials undertaken in Rwanda using SP with amodiaquine 
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have shown that, although the combination is effective, it is 
poorly tolerated because of particularly high rates of pruritus 
and fatigue (Fanello et al., 2006).

In a meta-analysis of seven trials of SP in combination with 
amodiaquine compared with ACTs, day 28 parasitologic treat-
ment failure was analyzed as the outcome measure. This study 
showed that the amodiaquine–SP combination was equivalent 
to amodiaquine with artesunate, superior to SP with artesu-
nate, but inferior to artemether and lumefantrine (Obonyo et 
al., 2007). A recent study in Mali has shown that improve-
ments in anemia are greatest with the combination of amodi- 
aquine with SP compared with artesunate and amodiaquine 
or SP and artesunate (Kayentao et al., 2009).

In an area of Malawi where chloroquine sensitivity has 
returned, the combination of amodiaquine with SP was 
superior to SP alone or SP with artesunate (Bell et al., 2008). 
The combination of SP and amodiaquine selected for an 
increase in the prevalence of the pfmdrl 86Y amodiaquine 
resistance mutation, but did not affect the improved clinical 
response rates (Bell et al., 2008; see section 2b, Emerging 
resistance and cross-resistance). This resistance mutation 
remains a concern; follow-up studies after the introduction 
of combination amodiaquine and SP into national protocols 
showed that resistance rates increased relatively rapidly 
(Marfurt et al., 2007). Because of the concern of selection for 
resistance, SP and amodiaquine were compared with dihy-
droartemisinin and piperaquine for seasonal malaria pro-
phylaxis in Burkina Faso. Although these regimens had 

equivalent protective efficacy, there was a higher frequency 
of resistance mutations found in the SP- and amodiaquine- 
treated children (Zongo et al., 2015).

AMODIAQUINE AND ARTESUNATE

Artesunate–amodiaquine (ASAQ; most frequently referred 
to in this order) is the most frequently used first-line treat-
ment for uncomplicated P. falciparum infection in Africa. 
Recommended dose regimens for the drug combination are 
outlined in Table 176.1. Extensive, geographically dispersed 
trials have shown that ASAQ is an effective ACT for the 
treatment of P. falciparum malaria. Response rates from 
these studies are summarized in Table 176.3. ASAQ has been 
compared with comparator antimalarial combinations, with 
an overall conclusion that ASAQ has high curative efficacy.

The comparative efficacy of ASAQ compared with other 
regimens is summarized in Table 176.4. Initial comparative 
trials confirmed that ASAQ was as effective as artesunate 
and lumefantrine (Martensson et al., 2005; Faye et al., 2007; 
Kobbe et al., 2008; Ndiaye et al., 2009). ASAQ was reported 
to be superior to artemether–lumefantrine in a randomized 
controlled trial conducted in Uganda. Recurrences, recru-
descence, and other morbidity were all less with artesunate–
amodiaquine (Yeka et al., 2016). In another unsupervised 
open-label trial, ASAQ was superior to artemether–lumefan-
trine (Sondo et al., 2015). A potential for greater compliance 
with artesunate–amodiaquine exists owing to its once-daily 
dosing and its reliable absorption in the absence of fatty 

Table 176.3. Response rates from P. falciparum treatment trials using artesunate with amodiaquine.

Location Outcome Measure Group Reference

Kenya  91% all PC Day 14 UCM children Adjuik et al., 2002

Senegal  93% Day 14 UCM children Adjuik et al., 2002

Gabon  98% Day 14 UCM children Adjuik et al., 2002

Nigeria  99.2% PC Day 21 UCM children Sowunmi et al., 2007

Gabon  86% PC
 63% unsupervised

Day 28 PCR corrected UCM children Oyakhirome et al., 2007

Senegal  94.6% PC Day 28 UCM all ages Brasseur et al., 2007

Ghana  91.7% ACPR Day 28 PCR corrected UCM children Kobbe et al., 2008

Burkina Faso  93.7–93.2% PC Day 28 PCR corrected UCM children Sirima et al., 2009

Comoros Union 100% ACPR Day 14 PCR corrected UCM all ages Tall et al., 2007

Cameroon, Madagascar, 
Mali, Senegal

 95% ACPR Day 28 PCR corrected UCM all ages Ndiaye et al., 2009

Tanzania  11% parasitologic failure Day 14 PCR corrected UCM children Mutabingwa et al., 2005

Afghanistan  72% ACPR Day 42 UCM all ages Durrani et al., 2005

Senegal 100% ACPR Day 28 PCR corrected UCM all ages Faye et al., 2007

Uganda  98% clinical cure Day 28 PCR corrected UCM children Staedke et al., 2004

Angola 100% ACPR Day 28 PCR corrected UCM children Guthmann et al., 2006

Sudan  92.7% ACPR Day 28 PCR corrected UCM children Hamour et al., 2005

DR Congo  93.3% ACPR Day 28 PCR corrected UCM children Swarthout et al., 2006

Mali  99.1% ACPR Day 28 PCR corrected UCM all ages Djimde et al., 2008

Colombia 100% ACPR Day 28 PCR corrected UCM all ages Osorio et al., 2007

Sierra Leone  84.5% ACPR Day 28 PCR corrected UCM children Grandesso et al., 2006

Abbreviations: ACPR: adequate clinical and parasitologic cure rate; PC: parasitologic cure; PCR: polymerase chain reaction correction to differentiate treatment 
failure from reinfection; UCM: uncomplicated malaria.
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food. Where P. vivax was prevalent, artesunate–amodiaquine 
was less efficacious than dihydroartemisinin combined with 
piperaquine (Hasugian et al., 2007).

In a recently reported study of four artemisinin-based 
treatments in African pregnant women with malaria, a total 
of 3428 pregnant women in the second or third trimester who 
had falciparum malaria (at any parasite density and regardless 
of symptoms) were treated with artemether-lumefantrine, 
amodiaquine-artesunate, mefloquine-artesunate, or dihydro-
artemisinin-piperaquine. The PCR-adjusted cure rates in the 
per-protocol analysis were 94.8% in the artemether-lumefan-
trine group, 98.5% in the amodiaquine-artesunate group, 
99.2% in the dihydroartemisinin-piperaquine group, and 
96.8% in the mefloquine-artesunate group; the PCR-adjusted 
cure rates in the intention-to-treat analysis were 94.2%, 
96.9%, 98.0%, and 95.5%, respectively. There was no signif-
icant difference among the amodiaquine-artesunate group, 
dihydroartemisinin-piperaquine group, and the mefloquine -
artesunate group, but cure rates were significantly lower in the 
artemether-lumefantrine. Artemether-lumefantrine was asso-
ciated with the fewest adverse effects and with acceptable cure 
rates but provided the shortest post-treatment prophylaxis, 
whereas dihydroartemisinin-piperaquine had the best efficacy 
and an acceptable safety profile (PREGACT et al., 2016).

Methylene blue reduces P. falciparum gametocytemia. A 
study of artesunate–amodiaquine and methylene blue in 
children in Burkina Faso showed reduction in gametocytes 
at day 7 but increased nausea and reduced hemoglobin 
among trial drug recipients. Although methylene blue causes 
hemolysis in G6PD deficiency, no evidence of this could be 
detected to account for the more pronounced anemia that 
was observed (Coulibaly et al., 2015).

7c.  Intermittent preventive  
antimalarial treatment

Amodiaquine has been used successfully for intermittent 
preventive therapy of malaria (IPT), a strategy that involves 
the periodic administration of malaria treatment regardless 
of the presence of parasitemia. In a study in Tanzania in 
which infants were randomized to receive three treatment 

doses of amodiaquine during the first year of life (intermit-
tent preventive therapy of malaria in infants [IPTi]), protec-
tive efficacies of 65% and 67% against clinical malaria and 
anaemia, respectively, were observed compared with placebo 
(Massaga et al., 2003). Although the efficacy and safety 
of  IPT was confirmed in subsequent studies (Institute of 
Medicine [IOM], 2008), amodiaquine monotherapy has not 
been further evaluated for this role.

The use of IPT in schoolchildren has been evaluated using 
amodiaquine combined with either SP or artesunate. In 
Kenya, the administration of amodiaquine–SP to school-
children at intervals of every 4 months over a 1-year period 
reduced the prevalence of anemia by 48%, with improve-
ments also seen in tests of cognitive ability (Clarke et al., 
2008). In Mali, artesunate–amodiaquine was compared with 
SP–artesunate. Schoolchildren were randomized to receive 
one of the two IPT regimens twice during the malaria trans-
mission season (Barger, 2009). Both regimens were highly 
effective, with a protective efficacy against clinical malaria of 
66.6% and 46.5% for SP–artesunate and ASAQ, respectively. 
These results were consistent with findings from Ghana, 
where monthly administration of ASAQ over a 6-month 
period reduced the incidence of malaria and anemia by 69% 
and 45%, respectively (Kweku et al., 2008). In Senegal, sea-
sonal IPT with SP–amodiaquine was found to be even more 
effective at reducing clinical malaria than ASAQ (Sokhna et 
al., 2008). Although a placebo group was not included for 
ethical reasons, the protective efficacy was estimated at over 
93% based on previous placebo-controlled studies involving 
seasonal IPT with ASAQ. As in the comparison with pipera-
quine–DHA, the SP–amodiaquine regimen was superior to 
ASAQ owing to the long half-life of the sulfadoxine compo-
nent. Furthermore, the use of SP–amodiaquine for seasonal 
IPT would allow artemisinins to be reserved for the treat-
ment of acute malaria, and may minimize the spread of drug 
resistance (Sokhna et al., 2008).

Amodiaquine has been evaluated as a component of 
intermittent preventive therapy of malaria during pregnancy 
(IPTp). However, it was found to be associated with a higher 
frequency of adverse events than IPTp with SP (Clerk et al., 
2008).

Table 176.4. Comparative efficacy of amodiaquine-containing combination antimalarial treatments from head to head trials.

Setting
Trial design
(No. patients)

Age 
group Cure

Recurrent 
parasitemia 
rate

Recrudescence 
rate

Breakthrough 
malaria

Protective 
efficacy Reference

Uganda Treatment,  
supervised 
(602)

6–59 
months

ASAQ 28.6%; 
AL 44.6%

ASAQ 0%;  
AL 2.5%

Yeka et al., 
2016

Burkina Faso Treatment,  
unsupervised 
(680)

75% < 5 
years

ASAQ 84%; 
AL 78%

ASAQ < AL Sondo et 
al., 2015

Burkina Faso Seasonal malaria 
prevention 
(1499)

3–59 
months

SPAQ 5.6%; 
DHAPA 
71.1%

SPAQ 83%; 
DHAPA 
77%

Zongo et 
al., 2015

Abbreviations: AL: artemether–lumefantrine; ASAQ: artesunate–amodiaquine; DHAPA: dihydroartemisinin–piperaquine; SPAQ: sulfadoxine pyrimethamine– 
amodiaquine.
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7d.  Treatment of Plasmodium vivax

Although amodiaquine has been commonly used for the 
treatment of vivax malaria in areas of high-grade chloro-
quine resistance, such as Indonesia and Papua New Guinea, 
its use as monotherapy has not been evaluated in many stud-
ies. In a study in Indonesia, treatment responses to amodia-
quine monotherapy were monitored in patients in whom 
initial treatment with chloroquine had failed (Hasugian et 
al., 2009). Unlike chloroquine, amodiaquine was not associ-
ated with any early treatment failures, and 91% of patients 
had cleared their parasitemia within 48 hours. However, 
amodiaquine treatment was associated with an unacceptably 
high rate of recurrence, with 23% of patients experiencing 
recurrences by day 28. All recurrences occurred on or after 
day 27, and hence most likely represented relapses. This illus-
trates the disadvantage of using an antimalarial with a short 
half-life, in areas with high rates of early relapse.

The efficacy of ACTs including ASAQ for treatment of  
P. vivax infection was evaluated in a Cochrane review (Gog-
tay et al., 2013). ACTs were reported to be as effective as 
chloroquine where P. vivax remained susceptible to this 
drug. ACTs were reported to clear blood-stage parasites more 
quickly than chloroquine.

7e.  Treatment of infection with other 
Plasmodium species

Amodiaquine has activity against P. malariae and P. ovale 
(WHO, 2015). Combination therapy with artesunate has been 
shown to be effective in a limited number of patients in Mali 
(Djimde et al., 2008).
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Quinine and Quinidine

Krispin M. Hajkowicz and Allen C. Cheng

1. DESCRIPTION

The cinchona alkaloid quinine and its d-diastereomer quini-
dine have been used for over 350 years for the treatment of 
malaria (Rocco, 2003). Although the bark of the cinchona 
tree had been used as a traditional medicine for the relief of 
fever by Andean healers, it was first used in Europe for ague 
(malaria) in the 17th century by Cardinal Juan de Lugo, and 
later by Robert Tabor, who successfully treated King Charles II 
(Bruce-Chwatt, 1988). It remained the sole effective anti- 
malarial agent until World War I, when declining stocks of 
quinine led to the development of synthetic anti-malarials.

Quinine is also active against Babesia species and was for-
merly used for the prophylaxis of nocturnal leg cramps and, 
at much lower concentrations, as a bitter flavoring in tonic 
water. Because of the lack of availability of quinine in the 
United States, quinidine, which is also used as a cardiac anti-
arrhythmic, is recommended as an alternative (Griffith et al., 
2007).

Quinine and quinidine are members of the quinoline 
class of anti-parasitic agents, which also include chloroquine 
(see Chapter 175, Chloroquine and hydroxychloroquine), 
amodiaquine (see Chapter 176, Amodiaquine), primaquine 
(see Chapter 180, Primaquine), halofantrine (see Chapter 
179, Halofantrine), and mefloquine (see Chapter 178, 
Mefloquine). Quinine has the chemical formula C20H24N2O2 
(molecular weight 324.4 g/mol), and its structure is shown 
in Figure 177.1. Quinine is a diprotic base; at physiologic pH 

it is a weak monoprotic base. It has the unusual property of 
being naturally fluorescent when stimulated by ultraviolet 
light at 350 nm.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

MALARIA

Quinine and quinidine are active against all malarial species 
that affect humans. Quinine is active only against the asexual 
erythrocytic malarial forms, but it has little or no effect on 
other life cycle stages. It has little effect on sporozoites (Yorke 
and Macfie, 1924) or intrahepatic forms (Amies, 1930). 
Quinine is gametocidal against Plasmodium vivax and 
Plasmodium malariae, but not against Plasmodium falci
parum, and is not thought to reduce the infectivity of circu-
lating mature gametocytes (Mackerras and Ercole, 1949). 
Quinine is active against the primate malarial species 
Plasmodium knowlesi, which has been shown to infect 
humans as well (Peters, 1987; Kantele et al., 2008).

However, the in vivo efficacy of quinine has not been well 
correlated with the observed inhibitory effect on parasite 
growth in vitro (Trenholme et al., 1993). In vitro estimation 
of activity, measured by the IC50 (the concentration required 
to inhibit growth of 50% of parasites), is not standardized 
among published studies. The in vitro activity of quinine and 
quinidine against P. falciparum is summarized in Table 177.1. 
Susceptibility thresholds, based on in vitro IC50, vary among 
studies (see Table 177.1). It is likely that there is strain- 
specific variation in susceptibility, and strains adapted for cul-
ture may differ in their susceptibility to wild-type parasites 
(Parola et al., 2007; Legrand et al., 2008). Published studies 
have estimated the IC50 of quinine for malaria at 50–200 
nmol/l and of quinidine as 10–70 nmol/l (Divo et al., 1985; 
Druilhe et al., 1988; Oduola et al., 1989; Bjorkman et al., 
1991; Bwijo et al., 1997; Noedl et al., 2007; Parola et al., 2007; 
Quashie et al., 2007; Legrand et al., 2008). Other studies have 
reported higher IC50 values, particularly in Southeast Asia Figure 177.1. Chemical structure of quinine.
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(Brockman et al., 2004; Mayxay et al., 2007) and Central 
Africa (Briolant et al., 2011). Some studies note an approxi-
mate correlation between quinine IC50 and clinical outcome 
(Noedl et al., 2007).

Further complicating factors in determining the pharma-
cokinetic-pharmacodynamic relationship are the degree of 
binding to plasma proteins (particularly alpha1-acid glyco-
protein [AAG]), because only unbound drug is phar-
macologically active; possible effects on parasite-induced 
cytoadherence of infected red cells to endothelial cells and 
rosetting with uninfected red cells (Udomsangpetch et al., 
1996); and effects on host immunity (Targett, 1992).

BABESIA SPECIES

Quinine is active against Babesia species, including Babesia 
microti and Babesia divergens (Wittner et al., 1982; Ong et al., 
1990; Krause et al., 2000; Froberg et al., 2004; Vannier et al., 
2008).

2b.  Emerging resistance and 
cross-resistance

At present, there is evidence for resistance to quinine in one 
of the human malarial species, P. falciparum. Quinine resis-
tance was first demonstrated in Brazil in 1908 (Clyde, 1972). 
Although the susceptibility of P. falciparum to quinine varies 
globally, resistance is more common and severe in Southeast 
Asia and parallels the rise of resistance to mefloquine (White, 

1992). This is based on an increasing IC50 over time in in vitro 
testing (Suebsaeng et al., 1986; White, 1992; Wongsrichanalai 
et al., 1992) and on data on recrudescence of infection and 
clinical indicators of poor response, such as duration of coma 
and parasite clearance (Pukrittayakamee et al., 1994).

Regional differences in quinine susceptibility are associated 
with resistance to the other arylaminoalcohols (mefloquine, 
lumefantrine, and halofantrine), rather than chloro quine 
(Woodrow and Krishna, 2006). In Southeast Asia, in vitro 
resistance to quinine and the other arylaminoalcohols is 
associated with amplification of P. falciparum multidrug 
resistance gene 1 (pfmdr1; more than one copy of pfmdrl was 
associated with an IC50 of 557 ng/ml compared with 293 ng/
ml for strains with a single copy of pfmdrl (Pickard et al., 
2003; Price et al., 2004; Anderson et al., 2005). Mutations in 
pfmdr1 were also associated with reduced in vitro suscepti-
bility to quinine in Brazil and Gambia (Zalis et al., 1998; 
Duraisingh et al., 2000). In contrast, chloroquine resistance 
is associated with mutations in pfcrt (Dorsey et al., 2001; 
Sidhu et al., 2002). Some polymorphisms in pfmdr1, such as 
a mutation at codon 86, have been associated with increased 
susceptibility to quinine (Phompradit et al., 2011). 

However, there are no current field studies associating 
pfmdr1 amplification and clinical outcome after quinine 
treatment (Woodrow and Krishna, 2006). It should be noted 
that supervised quinine monotherapy, even in areas with a 
high prevalence of quinine resistance, are associated with 
low failure rates, suggesting that compliance with treatment 

Table 177.1. In vitro estimates of the IC50 of quinine and quinidine against Plasmodium falciparum.

Drug Region IC50 (nM) Reference

Quinine Gambia  47–280 Divo et al., 1985

Quinine (base)a Thailand 222 Druilhe et al., 1988

Quinine Liberia 220 Bjorkman et al., 1991

Quinidine Liberia  70 Bjorkman et al., 1991

Quinine diphosphate Thailand 399 Childs et al., 1991

Quinine sulfateb Malaysia 104 Lambros et al., 1989

Quinine sulfate Cameroon  39–48 Oduola et al., 1989

Quinidine sulfate Cameroon  13–14 Oduola et al., 1989

Quinine hydrochloride Tanzania 240 Bwijo et al., 1997

Quinine hydrochloride Cameroon 108 (chloroquine susceptible)
239 (chloroquine resistant)

Ringwald et al., 1996

Quinine (base)1 Thailand 197 Noedl et al., 2007

Quinine sulfate French Guiana 196.8 Legrand et al., 2008

Quinine Comoros Islands 187 Parola et al., 2007

Quinine Ghana  41.7 Quashie et al., 2007

Quinine citrate Laos 679 Mayxay et al., 2007

Quinine (base)1 Thailand 636 Brockman et al., 2004

Quinine Thailand 147–191 Chaijaroenkul et al., 2005

Quinine hydrochloride Congo 316 Pradines et al., 2006

Results reported as w/v; molecular weight of
aQuinine base 324.4.
bDiquinine sulfate dihydrate 782.
Abbreviation: IC50: half-maximal inhibitory concentration.
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is a more important determinant of treatment failure (Pukrit-
tayakamee et al., 2000).

Alternative mechanisms may confer quinine resistance in 
African P. falciparum, although the clinical significance of in 
vitro resistance is not as clear as it is in Southeast Asia. For 
example, mutations in the P. falciparum chloroquine resis-
tance transporter encoded by Pfcrt show conflicting effects 
on quinine susceptibility. A Pfcrt mutation at codon 76 (K76T) 
was associated with decreased quinine susceptibility in some 
studies, but increased susceptibility in others (Okombo et al., 
2011). 

Another potential P. falciparum protein associated with 
resistance is the Na+/H+ exchange transporter coded by the 
gene Pfnhe. Parasites with more than two repeats in the 
amino acid motif DNNND of the microsatellite ms4760 of 
the pfnhe gene showed significantly reduced quinine activity 
compared with those with only one copy (Ferdig et al., 2004). 
Reduced in vitro susceptibility to quinine in clinical isolates 
of P. falciparum from Asia associated with pfnhe microsat-
ellite polymorphisms are described (Sinou et al., 2011). 
However some studies performed on isolates from Africa 
have not found an association between pfnhe polymorphisms 
and quinine resistance (Briolant et al., 2011; Andriant so-
anirina et al., 2010). A study of pfcrt, pfmdr1, and pfnhe1 
polymorphisms showed limited ability to predict quinine in 
vitro sensitivity and no association with clinical failure in 
66 patients with P. falciparum infections in Uganda (Baliraine 
et al., 2011). It is likely that an interplay between pfmdr1 
mutations or amplification and polymorphisms in the micro-
satellite 4760 of pfnhe leads to quinine resistance in P. falci
parum. Possibly, two DNNND repeats combined with the 
pfmdr1 codon 86 mutation could be used as a genetic marker 
of reduced quinine susceptibility (Okombo et al., 2010). 
Gene tic markers of quinine resistance have been reviewed 
(Okombo et al., 2011). 

Fever clearance times are faster and cure rates are 
improved by the co-administration of antibiotics, usually with 
weaker activity but better tolerability, such as tetracycline, 
doxycycline, clindamycin, or azithromycin (Watt et al., 1992; 
Kremsner et al., 1995; Bunnag et al., 1996; Pukrit tayakamee 
et al., 2000; Parola et al., 2001; Noedl et al., 2006).

3. MECHANISM OF DRUG ACTION

The precise mechanism of action of quinine against Plasmo
dium species is not known. It appears to inhibit the digestion 
of hemoglobin by malarial parasites. In vitro, the quinoline 
group of anti-malarials prevent the spontaneous polymeriza-
tion of hematin to hemozoin (beta-hematin or malarial pig-
ment) (Egan et al., 1994). It also has been demonstrated to 
inhibit the vacuolar ATPase of P. falciparum food vacuoles 
(Choi and Mego, 1988); this mechanism appears to be inde-
pendent of its alkalinization of the food vacuole (Ginsburg et 
al., 1989). Other targets have also been suggested based on in 
vitro studies in bacterial and human cells (Munoz et al., 1996; 
Misra et al., 1997).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Confusion has resulted from dosing based on the quinine 
base compared with dosing based on the various salts of qui-
nine. The following doses are equivalent:

Quinine base 100 mg  = Quinine sulfate 121 mg 
= Quinine bisulfate 169 mg 
= Quinine dihydrochloride 122 mg.

Similarly, the following doses of quinidine are equivalent:

Quinidine base 62.5 mg = Quinidine gluconate 100 mg.

UNCOMPLICATED MALARIA

The role of quinine in uncomplicated malaria is limited, 
and treatment with quinine has largely been replaced by 
artemisinin-based combination therapies (ACTs) (see sec-
tion 7, Clinical uses of the drug). The standard oral dose 
of quinine is 10 mg of salt per kilogram every 8 hours for 7 
days, for both adults and children. For most adults (> 50 kg), 
the usual dose is quinine sulfate 600 mg every 8 hours, 
approximately equivalent to 900 mg of quinine bisulfate or 
496 mg of quinine base. It is generally combined with clinda-
mycin (10 mg/kg orally twice daily for 7 days), doxycycline 
(3 mg/kg orally once daily for 7 days), or tetracycline (4 mg/
kg four times daily for 7 days) in areas where there is estab-
lished quinine resistance to reduce the risk of recrudescence 
(Watt et al., 1992; Kremsner et al., 1995).

Furthermore, because of the poor tolerability of quinine, 
especially after 3 days (see section 6, Adverse reactions and 
toxicity), some experimental oral regimens include 3 days of 
quinine, with a full 7 days of the partner drug. However, such 
regimens are not included in international guidelines (World 
Health Organization [WHO], 2015).

SEVERE MALARIA

Severe P. falciparum malaria is characterized by one or more 
of the following clinical manifestations: prostration, impaired 
consciousness, respiratory distress and pulmonary edema, 
multiple convulsions, circulatory collapse, abnormal bleed-
ing, jaundice, or hemoglobinuria. It can also be confirmed  
by laboratory tests showing severe anemia, hypoglycemia, 
acidosis, renal impairment, hyperlactatemia, or hyperpara-
sitemia (P. falciparum parasitemia > 10% in nonimmune 
patients). Severe P. vivax malaria is defined as per P. falci
parum, but with no parasite density threshold. Severe  
P. knowlesi malaria is defined as per P. falciparum except for 
a hyperparasitemia threshold of parasite density > 100 000/µl 
or > 20 000/µl if jaundice is present (WHO, 2015). It is asso-
ciated with a high mortality, and treatment requires the 
timely administration of an effective anti-malarial at effective 
therapeutic concentrations.
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Studies show that parenteral artesunate (see Chapter 169, 
Artemisinins) is more efficacious and less toxic than paren-
teral quinine for the treatment of severe P. falciparum malaria 
in adults and children in many regions of the world (Dondorp 
et al., 2010; SEAQUAMAT Group, 2005; Sinclair et al., 2012). 
(see section 7b, Quinine-antibiotic combination therapy for 
malaria).

When possible, an initial loading dose of intravenous qui-
nine should be given to rapidly achieve therapeutic blood 
concentrations (White et al., 1983a), followed by a mainte-
nance dose or infusion. Because of its cardiotoxicity in high 
concentrations, quinine should never be given by intravenous 
bolus. Two loading dose regimens can be used: (1) quinine 
dihydrochloride 20 mg of salt per kilogram by intravenous 
infusion over 4 hours, or (2) quinine dihydrochloride 7 mg of 
salt per kilogram by intravenous infusion over 30 minutes 
followed by 10 mg/kg infused over 4 hours (Davis et al., 1990).

A common clinical dilemma is whether to administer a 
loading dose if there is a history of self-medication with anti- 
malarials. The risk of inadequate treatment due to under-
dosing must be weighed against the risk of serious cardiac 
toxicity due to overdose. The loading dose should be omitted 
if the patient has received three or more doses of quinine or 
quinidine in the last 48 hours; mefloquine prophylaxis in the 
last 24 hours; or a treatment dose of mefloquine in the last 
3 days (Antibiotic Expert Groups, 2014). 

The loading dose should be followed by a maintenance 
dose of quinine dihydrochloride 10 mg/kg infused over 2–8 
hours every 8 hours for 7 days. It should be combined with 
clindamycin (10 mg/kg orally twice daily for 3–7 days), doxy-
cycline (3 mg/kg orally once daily for 7 days), or tetracycline 
(4 mg/kg four times daily for 7 days) in areas where quinine 
resistance is established.

If an intravenous infusion cannot be safely administered, 
quinine can also be administered intramuscularly, although 
intramuscular artesunate or artemether is preferred (WHO, 
2015) and this route has been associated with sciatic nerve 
damage (Onimus et al., 2007) and tetanus after nonsterile in-
jection (Yen et al., 1994). Although pharmacokinetic studies of 
intramuscular quinine are lacking in adult patients with severe 
malaria, a loading dose appears to be well absorbed in patients 
with uncomplicated malaria (Wattanagoon et al., 1986) and 
efficacious in severe malaria (Tran et al., 1996a). If adminis-
tered by intramuscular injection, quinine should be diluted 
with water to reach a concentration for administration of less 
than 150 mg/ml to reduce local pain and improve absorp-
tion, and should be administered in divided doses into each 
thigh (Krishna and White, 1996; van Hensbroek et al., 1996).

QUINIDINE IN SEVERE MALARIA

Quinidine gluconate 10 mg of salt per kilogram (6.25 base/
kg) should be administered as a loading dose over 1 hour, 
followed by a continuous infusion of 0.02 mg of salt per kilo-
gram per minute (0.0125 mg of base per kilogram per min-
ute) (Miller et al., 1989; Krishna and White, 1996; Griffith 
et al., 2007). An earlier published study used an alternative 

intermittent dosing regimen entailing a loading dose of qui-
nidine gluconate (24 mg of salt per kilogram or 15 mg of base 
per kilogram) followed by 12 mg of salt per kilogram or 7.5 
mg of base per kilogram every 8 hours (Phillips et al., 1985).

BABESIOSIS

Quinine is used in combination with clindamycin for 7–10 
days for the treatment of severe babesiosis and for all infec-
tions with B. divergens, with similar doses to that used for  
the treatment of malaria: quinine 8 mg of salt per kilogram 
(up to 650 mg in adults) every 8 hours, with clindamycin 
7–10 mg/kg (up to 600 mg in adults) every 6–8 hours 
(Vannier et al., 2008). Intravenous quinidine may be used for 
treatment of babesiosis. 

4b.  Newborn infants and children

In children, the standard dose of quinine is the same per 
body weight dose as adults: 10 mg of salt per kilogram of 
body weight orally every 8 hours for 7 days. Because of its 
bitterness, poor gastrointestinal tolerability, and the vomit-
ing frequently associated with malaria, parenteral quinine 
may be required initially until oral treatment can be estab-
lished. In children younger than 8 years in whom tetracy-
clines are contraindicated, quinine should be combined with 
clindamycin (10 mg/kg orally twice daily for 7 days). 

In African studies in children with uncomplicated malaria, 
lower doses of quinine (Bruchfeld et al., 1991), shorter 
courses (Rogier et al., 1996), and quinine–antibiotic combi-
nations (Kremsner et al., 1995) have been investigated. The 
results of these trials should not be generalized to malaria 
acquired in Asia, where 7-day courses of quinine–antibiotic 
combinations are generally required.

Treatment of severe malaria in children is as for adults—
that is, a loading dose of 20 mg of quinine salt per kilogram 
of body weight followed by 10 mg of salt per kilogram every 
8 hours.

A rectal preparation of cinchona alkaloids (Quinimax; 
containing 96% quinine with smaller amounts of quinidine 
and other cinchona alkaloids) has been developed. Rectal 
quinine has also been evaluated in small studies in African 
children at a dose of 20 mg of salt per kilogram followed by 
15 mg/kg every 8 hours (Achan et al., 2007).

4c.  Pregnant and lactating mothers

In studies of quinine in pregnancy, the standard dose of 
quinine (10 mg of salt per kilogram every 8 h for 7 days) 
(McGready et al., 2000, 2001) has been evaluated. When 
used for treatment in areas with drug resistance, quinine is 
combined with clindamycin rather than a tetracycline (tetra-
cyclines are contraindicated in pregnancy). Although qui-
nine has been associated with neonatal deafness at toxic 
levels (Australian Drug Evaluation Committee category D; 
US Food and Drug Administration category C), the small 
risk of its use in pregnancy must be balanced against the 
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known deleterious effects of malaria on maternal and fetal 
health and on the risks and availability of alternatives such as 
artesunate. At standard doses, quinine has not been associ-
ated with birth defects (Nosten et al., 2006). 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Pharmacokinetic parameters of quinine in patients with acute 
renal failure appear to be similar to parameters in patients 
with severe malaria without renal failure (White et al., 1982). 
A dose reduction (of 30–50%) is suggested only after 2 days of 
standard quinine therapy (including standard loading doses) 
for patients with acute renal failure or who remain severely 
unwell (Krishna and White, 1996). Quinine is not significantly 
cleared by hemodialysis, continuous venovenous hemofil-
tration (CVVH), or peritoneal dialysis (Davies et al., 1996; 
Krishna and White, 1996). Although quinine may be cleared 
by continuous venovenous hemodiafiltration (CVVHDF), 
there are insufficient data to recommend dose adjustments 
in patients requiring CVVHDF (Jacobs et al., 2004).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The pharmacokinetic properties of quinine have been exten-
sively reviewed by Krishna and White (1996). Two important 
pharmacokinetic issues are the risk of underdosing in severe 

malaria (necessitating a loading dose in which the benefits 
outweigh the risk of toxicity) and the variation in pharmacoki-
netic parameters in patients with severe malaria. Phar ma co-
kinetic parameters of quinine and quinidine are summarized 
in Table 177.2.

In healthy volunteers, oral quinine is reliably absorbed 
with an estimated bioavailability of 76–88% (Salako and 
Sowunmi, 1992; Paintaud et al., 1993). The bioavailability 
of different formulations and salts of quinine appears to be 
similar. In patients with malaria, oral bioavailability is simi-
lar but more variable (Krishna and White, 1996). The bio-
availability of rectal quinine appears to be dose dependent 
because of saturation of absorption; at 20 mg of salt per kilo-
gram, 36–54% of the dose is absorbed (Barennes et al., 1996; 
Pus sard et al., 2004).

5b.  Drug distribution

The relationship between dose and peak concentrations, and 
dose and area under the concentration-time curve (AUC) is 
linear in healthy adults at oral doses between 250 and 1000 
mg, with no change in time to maximal concentrations, vol-
ume of distribution, and elimination half-life (Sowunmi and 
Salako, 1996). In contrast, rectal quinine dose does not appear 
to correlate with blood levels, suggesting that the absorption 
rate by rectal mucosa is saturable (Pussard et al., 2004).

The volume of distribution of quinine in healthy adults is 
approximately 1.5–3.0 l/kg, but this appears to be significantly 
reduced (by approximately 50%) in patients with malaria 
(Krishna and White, 1996). The concentration of quinine in 

Table 177.2. Pharmacokinetic properties of quinine and quinidine in selected studies of adult patients.

Quinine Quinidine

Healthy adults
Adults with 
malaria

Healthy 
adults

Adults with 
malaria

Healthy 
adults

Adults with 
malaria

Route Oral Oral Intravenous Intravenous Intravenous Intravenous

Dose Quinine HCl 
600 mg salt

Quinine 
sulfate 
10 mg/kg

Quinine HCl 600 mg 
salt over 4 h

Quinine HCl 
10 mg/kg 
over 4 h

Quinidine HCl 
10 mg/kg 
over 1 h

Quinidine 
gluconate 15 
mg/kg over 
4 h

Time to maximum 
concentration (h)

2.1 ± 0.57 5.9 (3.5–8.4)

Peak plasma 
concentration  
(ng/l h)

3.8 ± 2.7 8.4 (7.3–9.4) 3.38 ± 1.1 3.3 (2.1–4.8)

AUC (ng/l/h) 45.4 ± 23.0 50.8 ± 15.4

Protein binding (%) 5.3 ± 0.9 9.4 (7.3–15)% 22.8 (15.4–47.2)

Volume of distribution 
(l/kg)

0.78 ± 0.42 3.62 ± 1.0 1.7 (1.2– 2.3) 3.5 (2.5–5.6) 1.65 (0.97–3)

Clearance (ml/min/kg) 0.24 ± 0.12 1.51 ± 0.9 0.19 ± 0.03 1.4 (0.6–2.6) 7.7 (3.9–11.4) 1.75 (0.6–3.3)

Half-life (h) 11.5 12.6 ± 2.5 h 16 (8.1–31.2) 5.7 (5–10) 12.8 (6.6–24.8)

References Salako and 
Sowunmi, 
1992

Supanaranon 
et al., 
1991

Salako and 
Sowunmi, 1992, 
Karbwang et al., 
1993a

White et al., 
1982

Karbwang et 
al., 1993a

Phillips et al., 
1985

Abbreviation: AUC: area under the concentration-time curve.
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red blood cells is approximately 40–50% of that in plasma 
(Salako and Sowunmi, 1992). However, red cell concentra-
tions may be increased in patients with malaria because of 
uptake by parasites (Krishna and White, 1996). Although 
decreased plasma pH is associated with decreased protein 
binding (Winstanley et al., 1993), distribution into cardiac 
tissue was lower in animals with acidosis and renal failure 
(Fremstad and Jacobsen, 1979). In addition, there was no 
difference in quinine-associated toxicity in patients with lac-
tic acidosis complicating severe malaria (Taylor et al., 1993; 
Krishna et al., 1995). The volume of distribution of quinidine 
appears to be higher in healthy adults (2.5–3.5 l/kg) (Krishna 
and White, 1996).

There are significant changes in the pharmacokinetic 
parameters of quinine in patients with malaria (Krishna and 
White, 1996). Although total quinine levels are higher in 
severe malaria, toxicity is uncommon compared with equiva-
lent doses in healthy subjects. This is because of increased 
plasma binding to AAG, an acute-phase reactant elevated in 
malaria (Mansor et al., 1991), which reduces free (unbound) 
quinine levels by 25–30% in uncomplicated malaria and by 
40% in severe malaria (Silamut et al., 1991; Wanwimolruk and 
Denton, 1992; Winstanley et al., 1993). With increasing sever-
ity of malaria, there is also a reduction in the volume of distri-
bution and clearance (particularly hepatic clearance) because 
of the changes in free quinine levels (Krishna and White, 1996). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There is a poor correlation between killing in vitro and clini-
cal efficacy. In vitro studies have suggested that the 99% effec-
tive concentration (EC99) is approximately 0.2 mg/kg free 
quinine (Winstanley et al., 1993), which is readily achieved 
within 4 hours after infusion of quinine 20 mg/kg without a 
loading dose. However, treatment regimens that achieve free 
levels < 0.5 mg/kg within 12 hours are associated with sub-
optimal clinical and parasitologic responses (Fargier et al., 
1991; Pasvol et al., 1991).

Similarly, the relationship between plasma level and tox-
icity is unclear (Krishna and White, 1996). Most studies of 
serious toxicity have been performed in the context of over-
dose in otherwise healthy patients, in whom there are much 
lower levels of binding to plasma proteins, particularly the 
acute-phase reactant AAG. Although free quinine levels of 
2 mg/l have been associated with blindness and cardiovas-
cular toxicity in otherwise healthy patients (Bateman and 
Dyson, 1986), total plasma quinine levels of 15–20 mg/kg are 
often achieved in patients with malaria. In this setting, reti-
nal toxicity and cardiac arrhythmias are rare, suggesting that 
the toxic concentration in patients with malaria may exceed 
2 mg/l (Krishna and White, 1996).

5d.  Excretion

Both quinine and quinidine are metabolized by the hepatic 
microsomal enzyme cytochrome P-450 3A4; quinidine is 

also metabolized by CYP450 2D6 (Krishna and White, 
1996). Quinine clearance is increased by 77% in patients 
who smoke cigarettes, owing to induction of CYP450 (Wan-
wimol ruk et al., 1993). In contrast, quinidine clearance does 
not appear to be affected by smoking (Edwards et al., 1987). 
Quinine clearance is impaired in the elderly (Dyer et al., 
1994), during acute hepatitis B (Karbwang et al., 1993b), and 
inpatients with kwashiorkor (Salako et al., 1989), and is 
increased in children and in smokers (Wanwimolruk et al., 
1993).

The major metabolite of quinine is 3-hydroxyquinine 
(Taggart et al., 1948); clearance varies from 0.072 to 0.24 l/h/
kg in healthy individuals, corresponding to a half-life of 
11–12 hours (Krishna and White, 1996). Hydroxyquinine 
metabolites of quinine are active against malarial parasites, 
whereas the 3-hydroxyquinidine metabolite of quinidine 
is  cardioactive (Kavanagh et al., 1989; Krishna and White, 
1996). Approximately 20% of quinine is excreted unchanged 
by the kidneys; the renal clearance of the hydroxy metabo-
lites of quinine is poorly understood (Krishna and White, 
1996).

5e.  Drug interactions

In animal studies, the clearance of quinine and quinidine is 
increased by CYP450A inducers such as phenobarbitone and 
rifampicin, and decreased by inhibitors such as cimetidine 
and erythromycin (Wanwimolruk et al., 1986; Spinler et al., 
1995; Krishna and White, 1996; Pukrittayakamee et al., 
2003). Rifampicin therapy has been associated with increased 
rates of treatment failure (Pukrittayakamee et al., 2003). 
Quinine reduces the clearance of phenobarbitone and carba-
mazepine (Amabeoku et al., 1993). The clearance of drugs 
that are metabolized by the CYP2D6 pathway, such as nifed-
ipine, is inhibited by quinidine (Krishna and White, 1996). 
Human immunodeficiency virus (HIV) protease inhibitors 
that inhibit the 3A4 pathway significantly alter quinine expo-
sure. In healthy volunteers, ritonavir 400 mg daily markedly 
increased quinine exposure (fourfold increases in both the 
AUC and Cmax of quinine when co-administered with 200 mg 
of ritonavir biweekly) (Soyinka et al., 2009b). However, 
simultaneous administration of lopinavir and ritonavir sig-
nificantly decreased exposure both to quinine and its major 
active metabolite 3-hydroxyquinine (Nyunt et al., 2012). Sim-
ilarly, nevirapine and efavirenz, which induce the CYP3A4 
pathway, are associated with decreased quinine exposure 
(Soyinka et al., 2009a). Although not studied, it is expected 
based on CYP3A4 metabolism that the other HIV protease 
inhibitors and the pharmacologic boosting agent cobicistat 
will significantly interact with quinine. The clinical relevance 
of potential interactions with HIV and antiretroviral treat-
ment remain unclear.

Quinine has been reported to increase levels of cyclosporine 
(Tan and Ch’ng, 1991), digoxin (Aronson and Carver, 1981; 
Pedersen et al., 1985), and flecainide (Munafo et al., 1990). 
Quinidine has been reported to increase the anticoagulant 
effect of warfarin in some but not all studies (Jones, 1968; 
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Koch-Weser, 1968; Gazzaniga and Stewart, 1969). Given 
concerns about cumulative toxicity leading to ventricular 
tachyarrhythmias, quinine should not be combined with 
drugs that prolong the QT interval, such as some anti-
arrhythmics (flecainide, amiodarone), antihistamines (ter-
fenadine), antipsychotics (pimozide, thioridazine), and the 
anti-malarial lumefantrine (WHO, 2015).

6. ADVERSE REACTIONS AND TOXICITY

Common side effects associated with quinine use in malaria 
are summarized in Table 177.3.

6a.  Cinchonism and ototoxicity

The syndrome of cinchonism (tinnitus, high-tone deafness, 
visual disturbances, headache, dysphoria, vomiting, and pos-
tural hypotension) is common, occurs at therapeutic plasma 
levels, and correlates with plasma levels (Sowunmi and 
Salako, 1996).

The incidence of reversible deafness, which is predomi-
nantly high tone, correlates with plasma concentration (Karls-
son et al., 1990, 1991; Tange et al., 1997; Claessen et al., 1998). 
Studies of otoacoustic emissions suggest that quinine acts 
directly on the inner ear (McFadden and Pasanen, 1994).

6b.  Cardiotoxicity

The most common cardiovascular adverse event associated 
with quinine and quinidine is postural hypotension and syn-
cope (White, 2007). In one study in patients with uncompli-
cated malaria treated with quinine, postural hypotension 
was exacerbated by quinine in all 17 patients (with a drop in 
blood pressure of between 6 and > 60 mmHg); 9 patients were 
unable to stand for more than 5 minutes because of symp-
tomatic hypotension (Supanaranond et al., 1993). Both drugs 
cause vasodilatation by alpha-adrenergic receptor inhibition 

(White, 2007). Although cardiotoxicity due to quinine is 
unusual at plasma concentrations within the therapeutic 
range (Bethell et al., 1996; Claessen et al., 1998), quinidine 
causes QT interval prolongation in approximately 3–9% of 
patients (White et al., 1983b; Tran et al., 1996a). Fatal ven-
tricular arrhythmias associated with quinine have been 
described only in a patient with a preexisting prolonged QT 
interval (490 msec) (Bonington et al., 1996). Acute toxicity 
(particularly associated with inadvertent rapid infusion) may 
be associated with serious cardiac arrhythmias, including 
ventricular tachycardia and ventricular fibrillation (Bateman 
and Dyson, 1986).

Patients being treated with quinidine should undergo 
regular clinical assessment for hypotension, baseline electro-
cardiography (for assessment of corrected QT interval), and 
cardiac monitoring. Although cardiac monitoring is com-
monly recommended in developed countries, patients being 
treated with intravenous quinine do not generally require 
cardiac monitoring unless preexisting heart disease or poten-
tial interactions with other medications known to affect car-
diac electrophysiology are present, or except in children 
younger than 2 years (Bethell et al., 1996; Lalloo et al., 2007).

6c.  Ocular toxicity

Blindness resulting from severe malaria is usually cortical 
(Brewster et al., 1990), whereas quinine is associated with 
retinal toxicity. The mechanism is not clear but is thought to 
be a direct toxic effect on the retinal cells, with animal studies 
showing changes to the retinal pigment cells and ganglion 
cells of the retina (Buchanan et al., 1987; Bacon et al., 1988). 
Visual symptoms, which usually develop suddenly, occur 
in 17% of patients with quinine overdose; the majority of 
patients report complete blindness, but alterations in color 
vision, blurring of vision, and visual field restriction are also 
described (Guly and Driscoll, 1992). Initial improvement 
occurs within the first 12 hours, with slow improvements 

Table 177.3. Common toxicities associated with quinine when used to treat malaria.

Side effect Setting Proportion of patients Reference

Tinnitus Uncomplicated malaria; 
quinine (3 day); adults

> 90% Miller et al., 2006; Karbwang et al., 1994

Uncomplicated/severe 
malaria; quinine (7 day); 
adults

> 45% McGready et al., 2000; McGready et al., 2001; 
Karbwang et al., 1995

Vomiting Uncomplicated malaria; 
quinine (3 day); adults

18% Miller et al., 2006

Postural hypotension 
(systolic < 60 mmHg)

Uncomplicated malaria; 
4 h after quinine dose

29% Supanaranond et al., 1993

Hypoglycemia Severe malaria; quinine 
(7 days)

3–28% SEAQUAMAT Group, 2005; Tran et al., 1996b; 
Newton et al., 2003; White et al., 1983c

Pregnancy 42% Looareesuwan et al., 1987; Looareesuwan et al., 
1985

Children 7–44% (common pretreatment) Taylor et al., 1988; Okitolonda et al., 1987

QT prolongation 
(increase of > 25%)

Severe malaria 9% Tran et al., 1996a
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occurring over the following weeks. Recovery may be incom-
plete with residual tunnel vision, and scotomata have been 
reported (Yospaiboon et al., 1984; Bacon et al., 1988). Stellate 
ganglion block, used in an attempt to dilate retinal arterioles, 
does not appear to affect outcome (Boland et al., 1985; Dyson 
et al., 1985).

6d.  Hypoglycemia

Quinine treatment in severe malaria is associated with hypo-
glycemia, which can be severe and refractory to treatment 
(White et al., 1983c; Krishna et al., 1994). Quinine increases 
the sensitivity of islet cells to glucose by inhibiting potassium 
efflux, thus increasing cytosolic calcium (Herchuelz et al., 
1981; White et al., 1983c; Phillips et al., 1986a). Hypoglycemia 
is particularly associated with quinine treatment of malaria 
in pregnant women (Looareesuwan et al., 1987; Whitty et al., 
2005); incidence in other studies ranges from 3% to 28% and 
varies with the degree of active surveillance for this compli-
cation (see Table 177.3). Of note, hypoglycemia is also seen 
in a significant proportion of patients (particularly children) 
with severe malaria not treated with quinine (Okitolonda et 
al., 1987; White et al., 1987); in a study of children in Malawi, 
20% had significant hypoglycemia before treatment, but 
none with normoglycemia developed incident hypoglycemia 
on treatment (Taylor et al., 1988). 

All patients receiving quinine or quinidine should be rou-
tinely monitored for hypoglycemia. A deterioration in clini-
cal status, including seizures or altered mental status, should 
prompt assessment of plasma glucose. Patients receiving 
intravenous therapy should also receive an intravenous infu-
sion of dextrose. The treatment for hypoglycemia is a slow 
bolus of intravenous dextrose followed by a continuous infu-
sion. Somatostatin was used in a small study (Phillips et al., 
1993), but glucagon does not appear to be useful (White et 
al., 1987).

6e.  Hematologic toxicity

Blackwater fever is the syndrome of massive hemolysis (with 
visible hemoglobinuria) in the setting of severe malaria, 
glucose-6-phosphate dehydrogenase (G6PD) deficiency, and 
quinine treatment. Because malaria is also associated with 
hemolysis, the relative roles of quinine and G6PD deficiency 
are unclear (Bruce-Chwatt, 1987; Warrell, 1987; Tran et al., 
1996b). In addition, blackwater fever has been described 
after treatment with artemisinin derivatives (Price et al., 
1999). Quinine has been demonstrated to cause hemolysis in 
vitro, an effect that appears to be a result of a direct effect on 
red cell membranes (Bennett and Desforges, 1967).

Thrombocytopenia after exposure to quinine was first 
described in 1865 (Vipan, 1865), and quinine use is still 
thought to be the most common cause of drug-induced throm-
bocytopenia (Aster and Bougie, 2007). Even the small amounts 
of quinine present in tonic water may be sufficient exposure to 
induce thrombocytopenia (“cocktail purpura”) (Belkin, 1967). 
Quinine-induced thrombocytopenia is associated with the 

development of an unusual antibody that binds to platelet 
receptors (usually glycoprotein IIb/IIIa or Ib/V/IX com-
plexes) only in the presence of quinine (Visentin et al., 1991; 
Asvadi et al., 2003). Hemolytic uremic syndrome has also 
been described in association with quinine use (Gottschall et 
al., 1991; Kojouri et al., 2001). In one case report, the spread-
ing of antibody specificity from platelet to white cells and 
endothelium resulted in the progression of thrombocyto-
penia to hemolytic uremic syndrome (Glynne et al., 1999). 
After reports of fatal thrombocytopenia, the indication for 
long-term quinine use for prevention of leg cramps was 
removed in the United States and Australia (ADRAC, 2002).

6f.  Neurologic toxicity

Quinine may unmask or exacerbate myasthenia gravis (Bate-
man and Dyson, 1986; Karbwang et al., 1995). Indeed, qui-
nine was once used in the diagnosis of myasthenia gravis 
(Harvey and Whitehill, 1937; Eaton, 1943). Studies have sug-
gested that at low concentrations quinine has a presynaptic 
action to inhibit acetylcholine production or release, and at 
higher concentrations has an effect on postsynaptic receptors 
(Kornfeld et al., 1976). Quinine has been used to treat myo-
tonia dystrophica (Leyburn and Walton, 1959).

6g.  Rash

Urticaria is the most common rash associated with quinine, 
but more severe dermatologic phenomena have also been 
described, including erythema multiforme, fixed drug erup-
tions, and toxic epidermal necrolysis (Callaway and Tate, 
1974; Jarratt and Rudolph, 1975; Bateman and Dyson, 1986).

6h.  Risks in pregnancy

The risks of using quinine in pregnancy must be weighed 
against the known deleterious effects of malaria on pregnancy 
and the risks and availability of alternatives such as artesunate 
(see Chapter 169, Artemisinins). In the SEAQUAMAT trial, 
which enrolled 49 pregnant women, severe malaria was asso-
ciated with a 10% maternal mortality and a 20% fetal mor-
tality, with no significant differences between the artesunate 
and quinine arms (SEAQUAMAT Group, 2005).

The literature has been reviewed by Nosten et al. (2006). 
Some, but not all, animal studies demonstrated abnormali-
ties of the inner ear, the auditory nerve, and central nervous 
system (West and Wichita, 1938; Tanimura, 1972; Colley et 
al., 1989; Nosten et al., 2006). At high doses, quinine has 
been used to induce abortion and augment labor (Dilling 
and Gemmell, 1929; Stirling and Hodge, 1961). However, in 
a study of women in late pregnancy, uterine contractions 
were not associated with quinine concentrations during 
treatment, and fetal distress was felt to be associated with 
severe malaria rather than treatment (Looareesuwan et al., 
1985). As noted earlier, in pregnant women with severe 
malaria, hypoglycemia appears to be a common complica-
tion of quinine treatment (Looareesuwan et al., 1985, 1987).
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Quinine crosses the placenta (cord plasma/maternal 
plasma ratio = 0.32) and into breast milk at low concentra-
tions (milk/maternal plasma ratio = 0.21–0.39) (Phillips et 
al., 1986b; Looareesuwan et al., 1987). At standard doses, 
quinine does not increase the rate of spontaneous abortion, 
and its use in the first trimester does not appear to be associ-
ated with birth defects (McGready et al., 2002). There is no 
convincing evidence that quinine at standard doses results 
in damage to the fetal auditory nerve (Nosten et al., 2006). 
Controlled trials have not found evidence of an increased 
risk of birth defects (McGready et al., 2000).

7. CLINICAL USES OF THE DRUG

7a.  Uncomplicated malaria

ACT has largely replaced quinine in uncomplicated malaria. 
ACT is recommended instead of quinine except in the first 
trimester of pregnancy, in which 7 days of quinine and clin-
damycin are used in combination (WHO, 2015) (see Chap - 
ter 169, Artemisinins). Quinine is also recommended for 
chloroquine-resistant P. vivax malaria in women in the first 
trimester of pregnancy. The main remaining role of quinine 
in the treatment of malaria is as second-line therapy where 
cost and availability limit the availability of artemisinins.

It is important to note that most efficacy studies of qui-
nine for uncomplicated malaria have involved supervised 
treatment. In studies of supervised-dosing quinine mono-
therapy in areas where resistance was known to be present, 
therapy was associated with high cure rates (although lower 
than with quinine–antibiotic combinations) (Pukrittayaka-
mee et al., 2000). However, cinchonism is almost universal 
during treatment (Miller et al., 2006) and is implicated in 
poor compliance with treatment (Bunnag et al., 1996; Fun-
gladda et al., 1998). Field effectiveness of unsupervised qui-
nine regimens has been documented at rates as low as 
11–20% despite health promotion programs (Denis, 1998; 
Ratcliff et al., 2007), with self-reported compliance being the 
factor most strongly associated with treatment failure 
(Duarte and Gyorkos, 2003).

The standard dose of quinine for uncomplicated malaria 
is 10 mg of salt per kilogram every 8 hours for 7 days. In 
patients who do not have severe malaria but who are unable 
to tolerate oral medications, treatment may be initiated with 
parenteral quinine, with oral dosing substituted when the 
patient is able to take oral medication. Current recommen-
dations suggest combining this with a 7-day course of an 
anti-malarial antibiotic (see later).

The efficacy of rectal quinine has been examined in sev-
eral studies in African children with uncomplicated malaria. 
In a meta-analysis, five trials (227 children) were identified 
that compared intrarectal with intravenous quinine, and 
three trials (1122 children) were identified that compared 
intrarectal with intramuscular quinine (Eisenhut and Omari, 
2005). Most participants in these studies did not have severe 
malaria. This alternative route of administration was less 

painful than intramuscular quinine, and the limited data 
suggest similar efficacy in uncomplicated malaria.

7b.  Quinine–antibiotic combination  
therapy for malaria

Trials undertaken in Southeast Asia, where drug resistance 
is most problematic, have suggested that 7 days’ treatment 
with both quinine and an anti-malarial antibiotic (clindamy-
cin, tetracycline, doxycycline, or azithromycin) is required 
(Colwell et al., 1973; Reacher et al., 1981; Karbwang et al., 
1991; Looareesuwan et al., 1992; Karbwang et al., 1994; 
Looareesuwan et al., 1994; Bunnag et al., 1996; Vanijanonta 
et al., 1996; Pukrittayakamee et al., 2000; McGready et al., 
2001). In studies in settings outside Southeast Asia, com-
bining a 3-day course of quinine with a 7-day course of an 
anti-malarial antibiotic has been evaluated (Barata et al., 
1986; Kremsner et al., 1988, 1994, 1995; Metzger et al., 1995; 
Vaillant et al., 1997). However, short-course quinine regimens 
are not recommended by authorities for uncomplicated 
malaria, particularly with the advent of 3-day artesunate 
combination therapies (WHO, 2015) (see Chapter 169, 
Artemisinins).

Clinical trials of antibiotic–quinine combinations are 
summarized in Table 177.4. A systematic review of studies 
of quinine–clindamycin combinations versus quinine mono-
therapy identified seven clinical trials (Lell and Kremsner, 
2002). Together, they suggest that shorter courses of as short 
as 3 days of the combination may be efficacious in African 
children with uncomplicated malaria (based on surrogate 
clinical and parasitologic endpoints), but that 7 days of the 
combination are required in Thai patients with uncompli-
cated malaria. Another systematic review of combination 
therapy for uncomplicated P. falciparum malaria found lower 
day 28 failures with clindamycin–quinine combination ther-
apy when compared with quinine monotherapy and  quinine–
sulfadoxine–pyrimethamine, but similar day 28 outcomes 
for quinine–tetracycline, quinine–doxycycline, artesunate–
clindamycin, and chloroquine–clindamycin (Obonyo et al., 
2012). Few studies have examined short-course therapy in 
severe malaria, but in one small study, fever clearance times 
and parasite clearance times were shorter among Gabonese 
children with severe malaria treated with quinine– clindamycin 
for 4 days than in those treated with quinine for 7 days (Krems-
ner et al., 1995).

In several studies, the combination of quinine with tet-
racycline has been examined. Similar to findings in the 
quinine– clindamycin trials, these studies suggest that, in 
Asia, 7 days’ treatment with both quinine and tetracycline is 
required (Looareesuwan et al., 1992; Karbwang et al., 1994; 
Loo areesuwan et al., 1994; Bunnag et al., 1996). Short-course 
quinine–doxycycline regimens have been used successfully 
in nonpregnant adult patients with uncomplicated malaria in 
Gabon (Metzger et al., 1995). Although few treatment trials 
have examined doxycycline–quinine combinations specifi-
cally, there is considerable experience with this antibiotic 
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from studies of prophylaxis, and doxycycline is regarded as 
interchangeable with tetracycline (Griffith et al., 2007).

Two small studies have evaluated the combination of qui-
nine with azithromycin for the treatment of uncomplicated 
malaria. In a comparative trial in Thailand, fever clearance 
and parasite clearance times were similar with 3- and 5-day 
quinine–azithromycin (500 mg twice per day or three times 
per day) combinations, compared with the standard 7-day 
quinine–doxycycline combination (Miller et al., 2006). In 
another small trial of a 3-day quinine–azithromycin regimen 
(500 mg three times per day or 750 mg twice per day) (Noedl 
et al., 2006), late treatment failures (7– 28 days after treatment) 
and slower fever and parasite clearance times were observed 
compared with 3-day artesunate–azithromycin regimens.

7c.  Malaria in pregnancy

Quinine-based combination therapy remains the recom-
mended treatment for uncomplicated malaria in the first 
 trimester of pregnancy (WHO, 2015). However, artesunate- 
based combinations are preferred in the second and third tri-
mesters (Burger et al., 2015). In studies in Thailand, where a 
high rate of resistance to quinine has been documented, 
pregnant women in the second and third trimesters with 
uncomplicated malaria were reported not to have serious 
adverse events or hypoglycemia associated with quinine use 
(McGready et al., 1998). However, quinine-treated patients 
had a high rate of recrudescence (33% at day 63) after treat-
ment with supervised quinine for 7 days, compared with only 
2% for  mefloquine–artesunate (McGready et al., 2000). This is 
likely to reflect placental sequestration. Parasitologic response 
was slow and anemia was common in the first 4 weeks after 
treatment (McGready et al., 2000). For recrudescent infection, 
quinine (30 mg/kg/day for 7 days) combined with clindamy-
cin (15 mg/kg/day for 7 days) was effective in a study under-
taken on the Burma–Thai border (McGready et al., 2001).

Quinine, in combination with an antibiotic, is not rec-
ommended as the first-line treatment for women in the first 
trimester of pregnancy with severe P. falciparum malaria 
(WHO, 2015). 

7d.  Severe malaria

QUININE

Severe malaria is characterized by one or more of the follow-
ing clinical manifestations: prostration, impaired conscious-
ness, respiratory distress and pulmonary edema, multiple 
convulsions, circulatory collapse, abnormal bleeding, jaun-
dice, or hemoglobinuria. It can also be confirmed by labora-
tory tests showing severe anemia, hypoglycemia, acidosis, 
renal impairment, hyperlactatemia, or hyperparasitemia  
(> 4% in nonimmune patients) (WHO, 1990).

Quinine is no longer recommended as the first choice for 
treatment of severe malaria in any patient group, and is infe-
rior to artesunate in adults and children (WHO, 2015). Cur- 
rent evidence suggests that quinine is inferior to intravenous 

artesunate for severe malaria (see Table 177.5) (WHO, 2015). 
A large comparative clinical trial of artesunate against qui-
nine for severe malaria was conducted in Bangladesh, India, 
Indonesia, and Myanmar (SEAQUAMAT Group, 2005). In 
this study, 730 patients received artesunate (2.4 mg/kg at 0, 
12, and 24 h, then daily), whereas 731 patients received intra-
venous quinine (20 mg of salt per kilogram loading dose, 
then 10 mg/kg every 8 h). This trial demonstrated a reduc-
tion in mortality from 22% in the quinine group to 15% in 
the artesunate group. Quinine was associated with a higher 
rate of hypoglycemia. However, it should be noted that the 
majority of patients (86%) in this trial were adults, and the 
trial was performed in Southeast Asia, where malaria trans-
mission is less intense than in Africa.

A large randomized trial comparing quinine with artesu-
nate for severe malaria was performed in children younger 
than 15 years in nine African countries (Dondorp et al., 
2010). There was a marked decrease in mortality in the arte-
sunate group (8.5%) versus the quinine group (10.9%; odds 
ratio: 0.75; 95% confidence interval: 0.63–0.90). Coma and 
convulsions were significantly less frequent in the artesunate 
group, as was post-treatment hypoglycemia. A systematic 
review of trials comparing artesunate with quinine in severe 
malaria included studies in children and adults from Asia 
and Africa (Sinclair et al., 2012). This analysis concluded that 
quinine is less efficacious than intravenous artesunate in pre-
venting death in severe malaria and that quinine is associ-
ated with a higher incidence of hypoglycemia. There was a 
lower rate of neurologic sequelae in children at the time of 
hospital discharge in subjects receiving quinine, but this dif-
ference did not persist at later follow-up. In some countries, 
quinine is still used in patients with severe malaria owing to 
inability to access artesunate. 

Several small comparative studies have examined the 
relative efficacy of quinine against intramuscular artemether 
in African children (Artemether–Quinine Meta-analysis 
Study Group, 2001). There was no difference in mortality in 
African children (in high-transmission areas) compared 
with Asian children (in lower transmission areas). However, 
these results may reflect the erratic absorption of intramus-
cular artemether (Hien et al., 2004). A loading dose of qui-
nine in patients with severe malaria has been recommended 
based on pharmacokinetic data (see section 4, Mode of drug 
administration and dosage) (Krishna and White, 1996). A 
systematic review identified four randomized controlled tri-
als that tested the efficacy of a loading dose of quinine (Lesi 
and Meremikwu, 2004). The four trials included an aggregate 
of only 144 patients. This study concluded that there was 
insufficient evidence to suggest that a loading dose of qui-
nine was associated with lower mortality. However, there was 
some evidence that a loading dose was associated with faster 
parasite and fever clearance times. In one study, the inci-
dence of transient deafness was higher among patients who 
received a loading dose of quinine, but this was largely 
reversible (Tombe et al., 1992).

Rectal quinine may be an alternative route of administra-
tion for patients with severe malaria in areas where intravenous 
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administration is not possible. However, most trials have 
been small, and conclusions regarding relative efficacy have 
not been possible (Barennes et al., 1996, 1998). A clinical 
trial of rectal quinine in children with cerebral malaria was 
underpowered to demonstrate equivalence in mortality, but 
the time to surrogate clinical and parasitologic outcomes was 
similar among children who received rectal quinine and 
those who received intravenous quinine (Achan et al., 2007).

QUINIDINE

Although the efficacy of quinidine for the treatment of 
malaria has not been evaluated in any clinical trials, its avail-
ability as an antiarrhythmic (and the lack of availability of 

artesunate), in vitro evidence of activity, and considerable 
clinical experience have meant that intravenous quinidine is 
the first-line treatment for severe malaria in the United States 
(Sanders, 1935; Griffith et al., 2007). Dosing recommenda-
tions are based on pharmacokinetic studies in adults with 
malaria (Phillips et al., 1985; Miller et al., 1989). Data on the 
use of quinidine in children are scant (Rudnitsky et al., 1987).

7e.  Babesiosis

Quinine was found to be active against Babesia infection 
after a case in which malaria was misdiagnosed (Wittner et 
al., 1982). In a clinical trial, azithromycin with atovaquone 

Table 177.5. Selected comparative randomized controlled trials of quinine (Q) against artesunate (A) for severe Plasmodium falciparum 
malaria.

Setting Treatment arms
Mortality 
(number in arm) Relative risk Reference

Vietnam Artesunate: 60 mg intravenously at 0, 4, 24, and 
48 h 

vs. 
Quinine: 20 mg/kg intravenous loading dose over 

4 h at 0 h then 10 mg/kg intravenously/orally 
every 8 h (7 days)

A: 11% (n = 19) 

Q: 32°% (n = 22)

0.33 (0.08, 1.41) Anh, unpublished data, 
1989; Sinclair et al., 
2012

Vietnam Artesunate: 60 mg intravenously at 0, 4, 24, and 
48 h 

Quinine: 10 mg/kg intravenously over 4 h at 0 h 
then 10 mg/kg intravenously/orally every 8 h 
(7 days)

A: 8% (n = 99) 

Q: 20% (n = 91)

0.41 (0.19,089) Anh, unpublished data, 
1989; Sinclair et al., 
2012

Vietnam Artesunate: 3 mg/kg intramuscularly at 0 h then 
2 mg/kg intramuscularly at 12, 24, 48, and 72 h 

Quinine: 20 mg/kg intravenous loading dose over 
4 h then 10 mg/kg intravenously every 8 h up to 
day 7

A: 11% (n = 37) 

Q: 14% (n= 35)

0.76 (0.22, 2.59) Cao et al., 1997

Bangladesh, 
Myanmar, 
India, and 
Indonesia

Artesunate: 2.4 mg/kg intravenously at 0, 12, and 
24 h then 2.4 mg/kg intravenously, 2 mg/kg 
orally every 24 h (7 days) 

Quinine: 20 mg/kg intravenous loading dose then 
10 mg/kg intravenously/orally every 8 h (7 days)

A: 15% (n = 730)

Q: 22% (n = 731)

0.65 (0.52, 0.81) SEAQUAMAT Group, 
2005

Vietnam Artesunate: 60 mg intravenously at 0, 4, 24, and 
48 h 

Quinine: 500 mg intravenously over 4 h then 500 
mg intravenously/orally every 8 h (14 days)

A: 16% (n = 31) 

Q: 27% (n = 30)

0.60 (0.22, 1.64) Hien et al., 1992

Thailand Artesunate: 2.4 mg/kg intravenously at 0 h then 
1.2 mg/kg at 12 h then 1.2 mg/kg intravenously/
orally (7 days) 

Quinine: 20 mg/kg intravenously over 4 h loading 
dose then 10 mg/kg intravenously/ orally (7 
days)

A: 12% (n = 59) 

Q: 22% (n = 54)

0.53 (0.23, 1.26) Newton et al., 2003

Sub-Saharan 
Africa

Artesunate: 2.4 mg/kg intravenously at 0, 12, and 
24 h and then daily until oral medication could 
be taken reliably.

Quinine: 20 mg/kg intravenous loading dose over 
4 h then 10 mg/kg every 8 h (intramuscular 
quinine also allowed at the same doses) until 
starting oral therapy

A: 8.5% (n = 230)

Q: 10.9% (n = 297)

0.78 (0.66, 0.91) Dondorp et al., 2010

Adapted with permission from Jones et al. 2007. 
Abbreviations: A: artesunate; Q: quinine.
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was compared with quinine with clindamycin among 58 
patients with mild to moderate babesiosis (Krause et al., 
2000). Although of similar efficacy (all patients had com-
plete resolution of symptoms within 6 months), quinine– 
clindamycin was associated with higher rates of adverse 
events (72% vs. 15%). However, for severe infection with  
B. microti and all infections with B. divergens, commonly 
associated with severe disease, quinine–clindamycin (for 
7–10 days) remains the first-line regimen (Vannier et al., 
2008). Longer courses of clindamycin-quinine are recom-
mended for immunocompromised patients at higher risk of 
relapse (Ong et al., 1990; Froberg et al., 2004). Quinidine is 
also active against Babesia infection (Beattie et al., 2002). 
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1. DESCRIPTION

Mefloquine is available as a hydrochloride salt of the structure 
depicted in Figure 178.1 (Roche, 2003a). Its official chemical 
name is (R*,S*)-(±)-α-2-piperidnyl-2,8-bis (trifluromethyl)- 
4-quinolinemethanol hydrochloride (Roche, 2003a). Meflo-
quine is a white crystalline solid with a molecular weight of 
418 (Roche, 2003a). The compound has two chiral centers, 
and there are four isomeric forms. The commercially avail-
able formulation is a racemate of the 11R,2′S and 11S,2′R 
enantiomers.

The compound belongs to the class of anti-malarials com-
monly referred to as “quinoline methanol.” The “methanol” 
refers to the alcohol group on the 4-position side chain and 
distinguishes the compound from related “4-aminoquino-
line” anti-malarials, such as chloroquine. For the Lariam for-
mulation, the inactive ingredients are ammonium–calcium 
alginate, corn starch, crospovidone, lactose, magnesium 
stearate, microcrystalline cellulose, poloxamer 331, and talc 
(Roche, 2003a). No parenteral form of mefloquine is available.

Mefloquine is commercially available as a mefloquine 
hydrochloride salt in the form of either the original 250-mg 
tablet (Lariam; Roche) or a 275-mg generic tablet (Mepha-
quin; Mepha) (Verdun, 2006). There is thus an 11% differ-
ence in mefloquine base content between them. In the 
description of the drug that follows, the reader should be 
aware that most of the detailed background information 

pertains to the original brand name formulation (Lariam). 
The two formulations are different in some respects, and 
these differences are outlined where clinically important.

A fixed-dose combination of mefloquine–artesunate for 
adults and larger children is now available in many endemic 
countries (Nosten and White, 2007). Each tablet contains 
400 mg of artesunate (base) and 200 mg of mefloquine (base). 
A pediatric fixed-dose combination is also available. Tablets 
containing mefloquine 50 mg (base) and artesunate 25 mg 
are available (World Health Organization [WHO], 2015). 

2. ANTIMICROBIAL ACTIVITY

Mefloquine is most often used in malaria-endemic coun-
tries in combination with other anti-malarials, in particular 
artesunate, for the treatment of uncomplicated falciparum 
malaria. In Southeast Asia, mefloquine was combined with 
artesunate initially because mefloquine monotherapy became 
ineffective, and now is used as a tool to prevent the emer-
gence of artemisinin-resistant malaria strains. This historic 
background of mefloquine resistance is reflected by generally 
decreased susceptibility of clinical isolates in laboratory test-
ing and the existence of genetic correlates of resistance. 
Given this background, it is not possible to draw a distinc-
tion between routine susceptibility and emerging resistance 
to mefloquine in the description that follows. The regional and 
geographic differences in susceptibility as they relate to clinical 
effectiveness are described in the following paragraphs. 

2a.  Routine susceptibility

PLASMODIUM FALCIPARUM

Clinical decisions regarding treatment of bacterial infections 
are often guided by susceptibility data from standardized, 
validated diagnostic assays. Such assays are usually con-
ducted in certified laboratories using standardized methods. 
For P. falciparum the in vitro potency of drugs is usually 
expressed in terms of a 50% inhibitory concentration (IC50), 
determined using a variety of different methods (Desjardins Figure 178.1. Chemical structure of mefloquine.

Kind 
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et al., 1979; Noedl et al., 2004; Smilkstein et al., 2004). Such 
laboratory tests are usually executed after a decision to treat 
has already been made. Also, there is not always consistency 
in methodologies from study to study, and assays may be 
conducted in uncertified laboratories without reference to 
standardized protocols. Furthermore, in contrast to many 
bacterial diseases, host factors play an important role in 
mediating disease outcomes in malaria. Patients with prior 
exposure to malaria may be semi-immune. Thus, drugs may 
be effective in such patients even where the causative isolate 
may be identified as “resistant” based on in vitro growth inhi-
bition data alone. Consequently, drug P. falciparum suscepti-
bilities are usually not available to the prescribing clinician 
and fail to meet the normal quality assurance metrics associ-
ated with typical diagnostic tests. Thus the concept of “break-
points” in terms of susceptibility and resistance may not be 
meaningful for individual malaria patients.

Having said this, general trends in IC50 data at population 
level may provide useful general information if the appropri-
ate caveats are kept in mind. For example, mean IC50 levels 
of mefloquine in Southeast Asia are generally higher than in 
sub-Saharan Africa (Table 178.1). This may reflect the his-
torically greater usage of mefloquine and therefore selection 
pressure in Southeast Asia. There are far fewer data from 
South America, but the phenotype appears to be intermedi-
ate (see Table 178.1). In Southeast Asia, similarly relatively 
modest differences in IC50 levels at a population level are 
associated with meaningful differences in the general clini-
cal effectiveness of mefloquine. For example, the cure rate 
for mefloquine in Ranong province of Thailand has been 
reported to be > 70%, whereas in Tak and Chanthaburi it has 
been reported to be < 50%, and this is reflected by differences 
in IC50 values (see Table 178.1). These general observations 
have some important caveats. First, the range of IC50 values 
may vary more than 50-fold between the most and least  
susceptible isolates (Price et al., 2004), and the range of  
IC50 values of isolates from patients in whom mefloquine 
failed may substantially overlap the range in those for whom 
treatment was successful (Hatabu et al., 2005). Second, inter-
study, inter-investigator, and interlaboratory variability can- 
not be ruled out as a possible cause of the aforementioned 
differences.

There are no data indicating that mefloquine shows activ-
ity against the liver stages of any Plasmodia species. The 
major carboxylic acid metabolite of mefloquine (see Figure 
178.1) is not active against P. falciparum (Hakanson et al., 
1990). There are only minor differences in activity between 
the two enantiomers constituting the commercial formula-
tions (Karle et al., 1993).

OTHER PLASMODIUM SPECIES

Mefloquine is presumed to be effective against the asexual 
blood stages of the other three human malaria parasites: 
Plasmodium vivax, Plasmodium malariae, and Plasmodium 
ovale. However, there are fewer studies describing the in vitro 
susceptibility of these organisms to mefloquine, probably 
owing to a combination of the lower overall mortality associ-
ated with these parasites and, at least in the case of P. vivax, 
greater technical challenges with the culturing methods 
(Russell et al., 2008). At least in Papua, Indonesia, P. vivax is 
less susceptible (mean IC50 and 95% confidence interval [CI]: 
4.8 and 3.8–5.9 ng/ml) than P. falciparum (mean IC50 and 
95% CI: 3.2 and 2.6–3.9 ng/ml) to mefloquine (Russell et al., 
2008). Mefloquine is presumed to be similarly active against 
the blood stages of P. ovale and P. malariae, but there are no 
published reports of this. Mefloquine shows decreased activ-
ity against Plasmodium knowlesi (mean IC50 26 [standard 
error of the mean (SEM) ± 3.1] nM (Fatih et al., 2013). 

OTHER ORGANISMS

Mefloquine is reportedly active against a number of other 
organisms. Mefloquine exhibits a minimum inhibitory con-
centration (MIC) of 8–16 μg/ml against Mycobacterium 
avium complex (MAC) and is active in animal models of  
this disease, and there are anecdotal reports of its effective-
ness in combination with other agents in clinical disease 
(Nannini et al., 2002; Bermudez et al., 2003). Against meth-
icillin- and fluoroquinolone-susceptible and methicillin-  
and  fluoroquinolone-resistant strains of Staphylococcus 
aureus and Staphylococcus epidermidis and gentamicin- and 
 vancomycin-resistant strains of Enterococcus faecalis and 
Enterococcus faecium, MIC levels were 16 μg/ml (Kunin  
and Ellis, 2000). Mefloquine exhibits MIC levels of 0.2–1.5 
μg/ml against penicillin-susceptible and penicillin-resistant 

Table 178.1. In vitro susceptibility of mefloquine against Plasmodium falciparum.

Region

Mean (or range of mean) 
mefloquine IC50 values in 

ng/ml (95% CI) Reference

Thailand  8.3 Chaijaroenkul et al., 2005

Thailand, Ranong 11.5 (9.7–14) Chaijaroenkul et al., 2005

Thailand, Tak/Chanthaburi  4.9 (3.0–7.9) Chaijaroenkul et al., 2005

Cambodia  8.3 Lim et al., 2005

Cameroon  1.5–4.4 Basco and Ringwald, 2007

Congo  3.5 Pradines et al., 2006

Ghana  0.78 Quashie et al., 2007

South America  3.6–7.9 Legrand et al., 2008

Abbreviations: CI: confidence interval; IC50: 50% inhibitory concentration.
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Streptococcus pneumoniae (Kunin and Ellis, 2000). Meflo-
quine is not active against Babesia species (Brasseur et al., 
1998), Gram-negative bacteria, or yeasts (Kunin and Ellis, 
2000). There is in vitro evidence of mefloquine activity 
against the schistosomula of Schistosoma mansoni (Man-
neck et al., 2010). Mefloquine–artesunate in combination, 
but not mefloquine alone, showed efficacy in the treatment 
of Schistosoma haematobium infections in children (Keiser et 
al., 2010). More recently, experimental mouse models with S. 
mansoni have shown some promise with mefloquine (Abou-
Shady et al., 2016). Mefloquine alone or in combination with 
artesunate did not show efficacy in treatment of Opisthorchis 
viverrini infections in children (Soukhathammavong et al., 
2011). Mefloquine inhibits viral DNA replication of John 
Cunningham virus (JCV) in vitro (Brickelmaier et al., 2009), 
but did not show efficacy for progressive multifocal leukoen-
cephalopathy (PML) in a randomized trial (Clifford et al., 2013). 

2b.  Emerging resistance and 
cross-resistance

The clinical outcome (28-day cure rate) of mefloquine used 
as monotherapy or in combination with artesunate for  
P. falciparum malaria is known to be associated with amplifi-
cation of the gene pfmdr1 (odds ratio [OR]: 6.3: 95% CI: 
2.9–13.8, for mefloquine monotherapy, and OR 5.4, 95% CI 
2.0–15, for the combination) (Price et al., 2004). This is true 
even after controlling for other factors (e.g. prior exposure 
to  malaria) known to affect disease outcomes in malaria 
patients (Price et al., 2004). Susceptibility of P. falciparum 
field isolates with amplified pfmdr1 is also 3.4-fold lower on 
average than the susceptibility of isolates that have only a sin-
gle copy of pfmdr1 (Price et al., 2004). Pfmdr1 encodes the 
drug efflux mechanism PgH-1 (a homolog of mammalian 
MDR1). This suggests that enhanced drug efflux in parasites 
with amplified pfmdr1 might be the mechanism, but this 
cannot be stated definitively because of limited published 
data (Rohrbach et al., 2006; Na-Bangchang et al., 2007). Some 
authors have suggested that there may be a fitness cost to the 
parasite associated with pfmdr1 amplification (Uhlemann et 
al., 2007). This is supported by a laboratory study showing 
decreased survival fitness of P. falciparum isolates with mul-
tiple copies of the pfmdr1 gene in the absence of drug pres-
sure (Preechapornkul et al. 2009). In in vitro studies, pfmdr1 
polymorphisms have been associated with altered suscepti-
bility. However, there is no definitive evidence of such asso-
ciation with clinical outcome (Woodrow and Krishna, 2006). 
There also exists a wide range of susceptibility among iso-
lates of the same pfmdr1 copy number (Price et al., 2004), 
suggesting that other factors might also influence suscepti-
bility. Increased pfmdr1 copy number may also contribute 
to greater recrudescence at day 42 in cases of P. falciparum 
treated with mefloquine–artesunate. The proportion of P. fal-
ciparum infections in cases from the northwestern border 
of Thailand with two or more copies of pfmdr1 rose from 
30% in 1996 to 53% in 2006 (p = 0.012 test for trend), and 
increased copy number was associated with recrudescence 

by day 42 (adjusted hazard ratio [aHR]: 10.0; 95% CI: 3.0–
33.3; p < 0.001). Ampli fication of pfmdr1 was associated with 
a 2.9-fold increase in mefloquine IC50 and a 1.7-fold increase 
in artesunate IC50. Pfmdr1 copy number was not associated 
with persistence of parasitemia at day 2 (Carrara et al., 2009). 
There are a few reports of mefloquine resistance of P. vivax 
(Alecrim et al., 1999). There are as yet insufficient data to 
establish whether amplification of pvmdr1 is associated with 
clinical failure. However, a recent study suggested that 
pvmdr1 amplification was associated with decreased suscep-
tibility of P. vivax isolates to mefloquine (Suwanarusk et al., 
2007), and in a clinical study amplification of pvmdr1 in 
P. vivax isolates from the Thai–Myanmar border and clini-
cal use of mefloquine for P. falciparum correlated with clini-
cal use (Imwong et al., 2008). 

3. MECHANISM OF DRUG ACTION

The mechanism of action of mefloquine against malaria par-
asites is not fully understood but appears to differ from that of 
other 4-aminoquinolines (e.g. chloroquine) also used in clin-
ical practice. Chloroquine (see Chapter 175, Chloroquine and 
hydroxychloroquine) accumulates in several thousand- fold 
higher concentrations into the digestive (food) vacuole of the 
parasite, where degradation of host hemoglobin by proteo-
lytic enzymes occurs (Foley and Tilley, 1998). Ordinarily, the 
parasite disposes of free heme via polymerization into non-
toxic hemozoin and uses the freed amino acids to support 
parasite growth. Chloroquine inhibits this process (Fitch, 
2004). In contrast, mefloquine does not accumulate in para-
sites to the same degree (Foley and Tilley, 1998) and, although 
the antagonism of the effects of mefloquine by protease inhib-
itors implies a possible interaction with heme metabolism 
(Mungthin et al., 1998), the literature to support this mecha-
nism is sparse (compared with that for chloroquine) and 
contradictory (Sullivan et al., 1998; Fitch, 2004). It is proba-
ble that mefloquine also interacts with other targets (Fitch, 
2004). For example, mefloquine inhibits the function of the 
malaria homolog of the mammalian drug efflux pump PgH-1 
(encoded by the gene pfmdr1), a solute pump, at the digestive 
vacuole membrane (Rohrbach et al., 2006), prompting spec-
ulation that this may be the target of the drug. This is inter-
esting in light of the known mechanisms of resistance (see 
section 3a, Mechanisms of resistance). Mefloquine suscepti-
bility also correlates with lipid membrane content; the drug 
accumulates in membranes with greater affinity and in a 
qualitatively different fashion than other anti-malarials, caus-
ing disordering of lipid arrays and conformational disorder-
ing of lipid bilayers (Chevli and Fitch, 1982; Zidovetzki et al., 
1990; Shalmiev and Ginsburg, 1993; Go and Ngiam, 1997).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Mefloquine is indicated (1) for malaria chemoprophylaxis, 
and (2) in combination with artesunate for the treatment of 
uncomplicated malaria. In some circumstances, the mode 
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of use described in the product labeling is different from that 
recommended by public health agencies. These differences 
are noted. The most common dosing regimens used in clini-
cal practice are outlined in Table 178.2.

The product label recommends that mefloquine be 
administered as a full repeat dose if vomiting occurs within 
a half an hour of the first dose (Verdun, 2006). A half-dose 
should be given if vomiting occurs 30 minutes to an hour 
after administration (Verdun, 2006). For uncomplicated 
malaria, treatment with an alternate drug is required if 
improvement is not observed in 48–72 hours. The alternate 
drug should not be halofantrine (see section 6c, Contrain-
dications and risk factors) (Verdun, 2006).

4a.  Adults

PROPHYLAXIS

The recommended dose of mefloquine for prophylaxis is one 
250-mg (Lariam) or 275-mg (Mephaquin) (salt) tablet once 
per week, starting 1 week before leaving a nonendemic area 
and finishing 4 weeks after returning (Roche, 2003a). The 
drug should be taken with water and never on an empty 
stomach (Roche, 2003a). Given the side effect profile of the 
drug (see section 6, Adverse reactions and toxicity), some 
physicians initiate prophylaxis 2–3 weeks before travel to 
ensure that mefloquine administration is tolerated. The 
adverse events associated with mefloquine often occur after 
the first few doses, and the extra few weeks allow for a change 
to an alternative drug if needed (Phillips and Kass, 1996; 

Schlagenhauf et al., 1996). In some settings, when there is a 
risk of contracting malaria immediately after entering the 
endemic area, physicians may administer a loading dose of 
250 mg once a day for 3 days followed by weekly adminis-
tration of a 250-mg tablet to more rapidly reach effective  
suppressive plasma concentrations (Boudreau et al., 1993; 
Charles et al., 2007). The drawback to this approach is the 
higher incidence of adverse events (Schlagenhauf, 1999).

MONOTHERAPY FOR UNCOMPLICATED 
MEFLOQUINE-SUSCEPTIBLE MALARIA IN 
NONENDEMIC COUNTRIES

Although mefloquine can be used as monotherapy for 
malaria, it is no longer recommended by many authorities. 
Instead, better tolerated and more rapidly acting artemisi-
nin combinations are preferred, including an artesunate– 
mefloquine formulation (see later). If mefloquine is used as a 
single agent, the recommended dose for treatment of uncom-
plicated, mild to moderate falciparum or vivax malaria is 
1250 mg (five 250-mg mefloquine hydrochloride tablets) 
(Roche, 2003a). The drug should be given with water and 
never on an empty stomach (Roche, 2003a). The recommen-
dations of public health agencies differ from those of the 
product label as follows (Centers for Disease Control and 
Prevention [CDC], 2008c): Mefloquine should be given as a 
split dose of three 250-mg tablets (750 mg salt) followed by two 
250-mg tablets (500 mg salt) 6–12 hours later (CDC, 2008c).

The Mephaquin formulation (Verdun, 2006) of meflo-
quine is recommended to be administered differently. The 
product label recommends that for adults weighing 45–60 

Table 178.2. Common mefloquine dosing regimens.

Population Prophylaxis

Treatment

Mefloquine-sensitive malaria in 
nonendemic countries Combination treatment in endemic countries

Adults Lariam: 250 mg once per week 
starting 1 week before travel 

Mephaquin: 275 mg once per 
week starting 1 week before 
travel

Lariam: Three 250-mg tablets followed 
by two 250-mg tablets 6–8 h later 

Mephaquin: Three 275-mg tablets 
followed by two additional 275-mg 
tablets 6–8 h later; one additional 
tablet should be taken 6–8 h later 
for those with body weight > 60 kg

15 mg/kg followed by 10 mg/kg 6–24 h later 
+ 4 mg/kg/day artesunate for 3 days; 
gastrointestinal distress can be alleviated if 
mefloquine initiated 24 h after first dose of 
artesunate

Fixed-dose combination therapy: target dose 
of 4 (2–10) mg/kg body weight per day 
artesunate and 8.3 (5–11) mg/kg body 
weight per day mefloquine for 3 days (WHO)

Children 5 mg/kg once per week 
starting 1 week before travel 
for children 10–45 kg

Consultation with a pharmacist 
required if body weight is 
< 10 kg

15 mg/kg followed by 10 mg/kg  
6–12 h later (maximum total dose 
1250 mg)

Fixed-dose combination therapy:
Body weight 5 to < 9 kg: 25 mg artesunate 

+ 50 mg mefloquine base daily for 3 days
Body weight 9 to < 18 kg: 50 mg artesunate 

+ 100 mg mefloquine base daily for  
3 days

Body weight 18 to < 30 kg: 100 mg 
artesunate + 200 mg mefloquine base 
daily for 3 days

Body weight ≥ 30 kg: 200 mg artesunate 
plus 400 mg mefloquine base daily for  
3 days
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kg, three 275-mg (salt) tablets should be given initially fol-
lowed by two tablets 6–8 hours later (Verdun, 2006). For 
adults weighing over 60 kg, three 275-mg (salt) tablets should 
be given immediately, followed by two tablets 6–8 hours later 
and an additional tablet 6–8 hours after that (Verdun, 2006).

MEFLOQUINE–ARTESUNATE COMBINATIONS IN 
ENDEMIC COUNTRIES

To prevent the emergence of resistance both to mefloquine 
and artemisinins, mefloquine should be used in combination 
with artesunate in malaria-endemic countries (see Chapter 
169, Artemisinins) for the treatment of uncomplicated 
malaria (Nosten and White, 2007). Before the widespread 
availability of artemisinin-based combination therapies 
(ACTs) and where compliance could be ensured, mefloquine 
was given at a dose of 15 mg/kg followed by 10 mg/kg 8–24 
hours after the first dose to improve effectiveness and tolera-
bility, and in particular to reduce early vomiting in children 
(Nosten and White, 2007). Artesunate (or less often arte-
mether) was given concurrently at 4 mg/kg once per day for 
3 days (Nosten and White, 2007). Gastrointestinal adverse 
events could be reduced and bioavailability improved if the 
mefloquine component of the regimen was not initiated until 
24 hours after the first dose of artesunate (Nosten and White, 
2007). However, new fixed-dose combination ACTs are now 
standard in endemic areas (WHO, 2015; Nosten and White, 
2007). An adult formulation is available that contains meflo-
quine hydrochloride 220 mg (equivalent to 200 mg of meflo-
quine) and artesunate 100 mg. The target adult dose is 4 mg 
of artesunate per kilogram body weight per day and 8.3 mg of 
mefloquine per kilogram body weight per day (WHO, 2015). 

4b.  Newborn infants and children

PROPHYLAXIS

There is a paucity of data to guide pediatric dosing. However, 
the target dose should be estimated based on a dose of 5 
mg/kg (Roche, 2003a). For children in the weight ranges of 
10–20, 20–30, 30–45 and > 45 kg, the recommended doses 
are 62.5 mg, 125 mg, 187.5 mg, and 250 mg weekly in tab-
let  form (Roche 2003a). The assistance of a pharmacist is 
required for preparation of doses for children with body 
weight < 10 kg (Roche, 2003a). Mefloquine has a bitter taste 
that can be disguised by adding honey. The prescribing advice 
from public health agencies is generally consistent with the 
product label (CDC, 2008a).

MEFLOQUINE–ARTESUNATE COMBINATIONS 

WHO recommends a fixed-dose formulation of pediatric 
tablets containing mefloquine hydrochloride 55 mg (equiva-
lent to 50 mg of mefloquine base) and artesunate 25 mg. The 
dose is weight-based: 5 to < 9 kg, one tablet; 9 to < 18 kg, two 
tablets; 18 kg to < 30 mg, one adult tablet (see earlier); and 
≥ 30 kg, two adult tablets. There are no pharmacokinetic or 
efficacy data for artemisinin derivatives in infants (< 1 year 
of age) (see Chapter 169, Artemisinins).

4c.  Pregnant and lactating mothers

No mefloquine dosage adjustment is required during preg-
nancy. Mefloquine has been assigned to pregnancy category 
B by the US Food and Drug Administration (FDA), with 
animal studies showing evidence of embryotoxicity and tera-
togenicity (FDA, 2016). However, in humans, mefloquine 
appears to be safe for malaria prophylaxis during pregnancy. 
When used for weekly prophylaxis (250 mg), mefloquine 
was shown in a double-blind, placebo-controlled trial during 
pregnancy (greater than 20 weeks’ gestation) to have no 
adverse effects on the mother, the pregnancy, infant survival, 
or development during the first 2 years of life (Nosten et al., 
1994b). For a wider discussion regarding the use of meflo-
quine in pregnancy, see section 7, Clinical uses of the drug.

Because mefloquine can be safely prescribed to infants, it 
is also safe for infants to be exposed to the small amounts 
excreted in breast milk. However, the quantity of mefloquine 
transferred in breast milk is insufficient to provide adequate 
protection against malaria for the infant (FDA, 2016).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

There is a paucity of data regarding the pharmacokinetics of 
mefloquine in renal and hepatic failure. However, one study 
demonstrated that mefloquine levels during prophylaxis in 
two patients with end-stage renal disease were within the 
normal range reported in healthy volunteers (Crevoisier et 
al., 1995). Mefloquine levels were unaffected by dialysis. The 
authors concluded that no special dosage adjustments are 
required for patients undergoing hemodialysis.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

It is not known whether the pharmacokinetics of mefloquine 
differ substantially during hepatic failure.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

There is no parenteral formulation of mefloquine, so abso-
lute bioavailability is not known. The Lariam and Mephaquin 
formulations of mefloquine are not bioequivalent. Although 
the Mephaquin formulation contains more drug substance, it 
is more slowly absorbed and less bioavailable than Lariam 
(Weidekamm et al., 1998). This is reflected in the higher 
plasma concentrations (1018 vs. 656 ng/ml) and area under 
the concentration-time curve (AUC) (432 vs. 338 μg/ml/h) 
and shorter Tmax of Lariam (13 vs. 6 h) compared with 
Mephaquin (Weidekamm et al., 1998), and may explain the 
higher doses required for some indications.

The concentrations of mefloquine and the primary car-
boxylic metabolite when measured by high-performance 
liquid chromatography are different in whole blood, plasma, 
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and serum. When comparing measured concentrations 
between studies, this must be considered. The concentration 
of mefloquine in serum (mean 979 μg/ml) was significantly 
higher than in whole blood (mean 788 ng/ml), with an over-
all ratio of 1.28, among 86 Dutch marines taking mefloquine 
prophylaxis in Cambodia (Todd et al., 1997). The concentra-
tion of the metabolite was greater in serum than in whole 
blood by a factor of 2.25. A mefloquine plasma/whole blood 
ratio of 1.28, similar to the ratio of serum to whole blood, has 
been reported (Hellgren et al., 1990). Serum, which has 
essentially the same proteins as plasma except fibrinogen, 
should be expected to retain the same ratio as plasma to 
whole blood.

MEFLOQUINE MONOTHERAPY

There is no target plasma concentration of mefloquine that 
has been established to be predictive of clinical outcome 
when mefloquine is used as monotherapy for the treatment 
of malaria. However, at a population level, higher meflo-
quine concentrations are associated with improved clinical 
outcomes. When administered as recommended by public 
health agencies (split dosing) and as normally used in clini-
cal practice in patients with acute falciparum malaria, the 
AUC, Cmax, Tmax, and elimination half-life (t1/2) have been 
estimated to be 5.1 μg/ml/day, approximately 2.9 μg/ml, 
approximately 36 hours, and 11.6 days, respectively (Simpson 
et al., 1999). In contrast, the AUC and Cmax of the single-dose 
regimen are much lower at 34,106 ng/ml/day and approxi-
mately 1200 ng/ml (Simpson et al., 1999). This has been 
interpreted to be a consequence of greater bioavailability 
with the split regimen (Simpson et al., 1999). The greater bio-
availability and tolerability underscores the recommenda-
tions of the public health agencies that the split-dose regimen 
be used. During the first 2 days of mefloquine administra-
tion, the Tmax is usually significantly later, and the Cmax sig-
nificantly higher, in patients than in healthy volunteers given 
the same dose of mefloquine (Boudreau et al., 1990). Because 
overall absorption (AUC) is similar, this reflects an effect of 
disease state on clearance and the volume of distribution (see 
section 5b, Drug distribution) (Boudreau et al., 1990).

COMBINATION MEFLOQUINE–ARTESUNATE FOR 
THE TREATMENT OF MALARIA

The AUC (24.3 vs. 51.0 μg/ml/day) and Cmax (approximately 
1.5 vs. 1.9 μg/ml) of the split-dose regimen are lower when 
mefloquine is combined with artesunate (Simpson et al., 
1999). The mechanism of this apparent interaction is not 
known, but some have speculated that it relates to disease 
state or parasite burden (Simpson et al., 1999). Despite the 
lower mefloquine plasma levels, the combination of meflo-
quine and artesunate is more effective than mefloquine alone 
(Simpson et al., 1999). The improved fixed-dose regimen of 
mefloquine–artesunate improves the bioavailability of meflo-
quine further, increasing AUC from 24.3 to 33.2 μg/ml/day 
and Cmax from approximately 1.5 to 2.1 μg/ml (Simpson et al., 
1999; Ashley et al., 2006b).

MEFLOQUINE PROPHYLAXIS

The accepted definition of prophylaxis failure when using 
mefloquine is a confirmed P. falciparum infection in people 
with plasma mefloquine levels greater than the 95% protec-
tive level of 620 ng/ml. This threshold value is based on the 
observation of breakthrough cases of malaria in US Peace 
Corps volunteers when mefloquine was first introduced in 
1989 (Lobel et al., 1991). Initially the recommendation was 
to use mefloquine every 2 weeks, and the majority of break-
through cases were observed in the second week. In a subse-
quent study in Peace Corps volunteers, conducted after the 
recommendation was changed to weekly mefloquine, break-
throughs were seen in 25 of the 60 volunteers in which the 
mean whole blood concentration of mefloquine was 384 
(standard deviation [SD] 176) ng/ml. From these break-
through values, probit analysis showed that the 99% and 95% 
prophylactic efficacy can be achieved with whole blood con-
centrations of about 915 and 462 ng/ml, respectively (Lobel 
et al., 1993). When administered in the dosing regimen rec-
ommended by the FDA, steady-state plasma concentrations 
of 500–600 ng/ml (Lobel et al., 1993) are reached in 7 weeks 
(Boudreau et al., 1993). The weekly dosing is facilitated by 
the long half-life of the drug (15–33 days) (Schwartz et al., 
1982). Administration of a 3-day loading dose regimen dra-
matically shortens the time taken (72 h vs. 7 weeks) to reach 
effective steady-state concentrations (Boudreau et al., 1993). 
The FDA-recommended dosing regimen results in higher 
plasma concentrations in women and individuals with a low 
body mass index (BMI), which may be associated with a 
higher frequency of adverse events (Kollaritsch et al., 2000). 
In healthy volunteers, food significantly increases the plasma 
concentration and AUC of mefloquine (Crevoisier et al., 
1997). The major carboxylic acid metabolite of mefloquine 
exhibits a 2.4- to 5.1-fold higher AUC than the parent com-
pound (Schwartz et al., 1982). The (−) isomer reaches high 
plasma concentrations (Cmax of 245 vs. 113 ng/ml after the 
first dose) and has a longer half-life (433 vs. 94 h) than the 
(+) isomer during prophylactic dosing (Hellgren et al., 1997).

5b.  Drug distribution

Mefloquine is known to accumulate in erythrocytes and tis-
sues and is extensively (98%) protein bound (Mu et al., 1975; 
Rozman et al., 1978; White, 1985). In healthy subjects given 
single doses of mefloquine, estimates of the total apparent 
volume of distribution (Vd/f) have ranged from 13.3 to 40.9  
l/kg, systemic clearance (CL/f) from 0.022 to 0.073 l/h/kg, and 
terminal t1/2 from 13.8 to 40.9 days (Karbwang and White, 
1990). In patients with malaria, the clearance of mefloquine 
is reduced significantly (Looareesuwan et al., 1987; Karbwang 
et al., 1988; Juma and Ogeto, 1989). In patients with uncom-
plicated malaria, this is associated with a shorter half-life, 
and some authors have speculated that, as gross absorption 
of mefloquine is unaffected, this might be related to a 
 disease-induced decrease in enterohepatic recirculation and 
increased elimination in feces (Karbwang and White, 1990). 
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In severe malaria, the opposite effect is observed—namely, 
reduced clearance is associated with a longer half-life (Juma 
and Ogeto, 1989). The mechanism of this effect is not known. 
Systemic clearance appears to be increased in late pregnancy 
(Nosten and White, 2007). During prophylaxis, the (+) iso-
mer exhibits higher clearance than the (−) isomer (CL/f of 
5.7 vs. 0.95 h/l) (Hellgren et al., 1997). Other than the effect 
of malaria, there are no particular aspects of the distribution 
of mefloquine that are in the context of prophylactic use.

Mefloquine accumulates in the central nervous system 
(CNS) to a maximum of 3- to 12-fold relative to plasma of 
animals, reaching micromolar concentrations (Baudry et al., 
1997; Barraud de Lagerie et al., 2004). Similar observations 
have been made in a human postmortem study (Pham et al., 
1999). This is important in the context of the effects of meflo-
quine on numerous neuroreceptors (see section 6, Adverse 
reactions and toxicity). Animal studies have suggested that 
the CNS clearance is P-glycoprotein (P-gp) dependent, be- 
cause CNS AUC is higher in animals co-administered P-gP 
inhibitors (Barraud de Lagerie et al., 2004). Other studies 
have shown that co-administration of mefloquine and P-gP 
substrates, such as saquinavir, results in increased AUC of 
the co-administered drug (Owen et al., 2005; Pussard et al., 
2007). In vitro studies have suggested that mefloquine inter-
acts with and may be a substrate of P-gP (Riffkin et al., 1996; 
Pham et al., 2000; Lu et al., 2001). Although theoretically this 
might result in clinically significant P-gP-mediated drug–
drug interactions, this has not been reported to date. In rats, 
the (−) isomer exhibits greater accumulation in the CNS 
than the (+) isomer relative to plasma (Baudry et al., 1997). 
There are no comparable human clinical data.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There is no target plasma concentration of mefloquine that 
has been established to be predictive of clinical outcome 
when mefloquine is used as monotherapy for the treatment 
of malaria. However, at a population level, higher meflo-
quine concentrations are associated with improved clinical 
outcomes.

For patients receiving mefloquine prophylaxis, prophy-
laxis failure is defined by a confirmed P. falciparum infection 
in the setting of plasma mefloquine levels greater than the 
95% protective level of 620 ng/ml. This threshold value is 
based on the observation of breakthrough cases of malaria in 
US Peace Corps volunteers when mefloquine was first intro-
duced in 1989 (Lobel et al., 1991).

5d.  Excretion

In humans, mefloquine appears to be metabolized by cyto-
chrome P450-3A4 to one acid and one alcohol metabolite 
(Fontaine et al., 2000; Ridtitid et al., 2005). In vivo, the 
hydroxyl metabolite is present only in trace amounts and 
the carboxylic acid metabolite predominates (Schwartz et al., 

1987). The half-life of the principal metabolite is 26 days, 
compared with 10.5 days for the parent drug (Ashley et al., 
2006b). The principal route of excretion is via feces in ani-
mal studies (Rozman et al., 1978), although significant 
amounts of meflo quine and its acid metabolite are elimi-
nated in urine in humans in steady-state prophylaxis stud-
ies (at a rate of 9% and 4% of the dose per week) (Schwartz 
et al., 1987). 

5e.  Drug interactions

Mefloquine has a number of important drug–drug interac-
tions predicted by its metabolism by cytochrome P450-3A4 
and also a number of important cumulative toxicities. 
Mefloquine was associated with significant QT prolongation 
in a study of 46 healthy subjects (Davis et al., 1996). Partly 
because of this observation, there is a theoretical concern 
about an increased risk of cardiotoxicity (QT prolongation, 
torsades de pointes, cardiac arrest) with the concurrent use 
of any class III antiarrhythmic drug. Although no formal 
drug interaction studies have been undertaken, concomitant 
use of class III antiarrhythmic agents and administration of 
drugs known to prolong the QT interval is not recom-
mended. Of particular relevance is the observation that 
mefloquine may potentiate QT prolongation caused by halo-
fantrine (Lightbown et al., 2001), so simultaneous adminis-
tration of these drugs is contraindicated (Roche, 2003a). 
Mefloquine should be administered at least 12 hours after the 
administration of other anti-malarials, such as quinine, that 
may cause electrocardiographic abnormalities or increase 
the risk of convulsions (Roche, 2003a). However, in a study 
in which the two drugs were given simultaneously to patients 
with uncomplicated falciparum malaria, no clinically signifi-
cant interactions were reported (Supanaranond et al., 1997). 
Theoretically, other drugs known to cause QT prolongation, 
including some antihistamines and H1-blockers, tricyclic 
anti depressants, and phenothiazines, could lead to cumula-
tive toxicity when used with mefloquine. 

Mefloquine enhances the antiviral activity of saquinavir, 
possibly by inhibiting multiple drug efflux proteins. There 
are also potential interactions between mefloquine and the 
antiretrovirals efavirenz, atazanavir, ritonavir, saquinavir, and 
tipranavir (Skinner-Adams et al., 2008) and cobicistat. 

Ketoconazole is a well-known potent inhibitor of CYP3A4. 
When ketoconazole was co-administered with mefloquine in 
healthy Thai male volunteers, there were significant increases 
in the mean values of mefloquine AUC0–∞, t1/2, and Cmax com-
pared with mefloquine alone (by 79%, 39%, and 64%, respec-
tively) (Ridtitid et al., 2005). Although the true clinical 
significance of this pharmacokinetic interaction is not well 
understood, QT prolongation and increased neuropsychiat-
ric adverse events are possible. Caution is therefore recom-
mended with concurrent administration with ketoconazole 
or other common known CYP3A4 inhibitors, such as eryth-
romycin and fluconazole. Co-administration of mefloquine 
and rifampicin, a potent CYP3A4 inducer, markedly reduces 
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mefloquine exposure (AUC decreased by 68%; half-life 
decreased by 63%) (Ridtitid et al., 2000).

When co-artemether, a combination of artemether and 
lumefantrine (both of which are predominantly metabolized 
through CYP3A4 [see Chapter 171, Arthemether-Lumefan- 
trine]), was given concurrently with mefloquine, a substrate 
(and possible inhibitor) of CYP3A4, to healthy subjects, 
plasma concentrations of lumefantrine were reduced signifi-
cantly. The pharmacokinetics of artemether, dihydroartemis-
inin (active artemether metabolite), and mefloquine were not 
affected (Lefevre et al., 2000). Considering the wide range of 
lumefantrine plasma levels observed clinically during initia-
tion of artemether–lumefantrine therapy, the significance of 
this interaction is doubtful, especially if lumefantrine is given 
with food, which significantly increases bioavailability. Con-
firmation of this interaction in falciparum malaria patients 
who may have gastrointestinal disturbances and altered 
absorption is required.

Co-artemether may be safely used after failure of anti- 
malarial prophylaxis or treatment with mefloquine (see Chap-
ter 169, Artemisinins). The theoretical concern regarding QT 
prolongation was addressed in a study that showed no clini-
cally relevant differences in the QTc after sequential admin-
istration of mefloquine and co-artemether relative to either 
treatment given alone; no clinically relevant study drug–
related effects on the QT interval were observed after either 
treatment. Plasma drug level measurements revealed ade-
quate systemic exposure to artemether, dihydroartemisi-
nin, lumefantrine, and mefloquine, well in line with the 
clinical setting. No correlation between the QTc and plasma 
drug concentrations was found for any of the compounds 
(Bindschedler et al., 2000). Untoward effects on the QTc inter-
val are therefore unlikely to occur when co-artemether is 
administered after prophylaxis or treatment with mefloquine.

Mefloquine may lower effective concentrations of antiepi-
leptic medications, so their dosages may need to be adjusted 
while a patient is taking mefloquine (Roche, 2003a). Of note, 
mefloquine is contraindicated in seizure disorders (see sec-
tion 6a, Neurologic and neuropsychiatric toxicity). Although 
it would be predicted that mefloquine would interact with 
known P-gP substrates, there are no case reports of this.

Concurrent co-administration of mefloquine with the live 
typhoid vaccine Ty21A may result in a decreased immuno-
logic response to the vaccine. Therefore vaccinations with 
attenuated live bacteria should be completed at least 3 days 
before the first dose of mefloquine (Roche, 2003a).

The Mephaquin product label recommends that the poten-
tial effects of mefloquine on medications being taken con-
currently, in particular anticoagulants and antidiabetic drugs, 
be clarified before travel (Verdun, 2006).

6. ADVERSE REACTIONS AND TOXICITY

Like many drugs, mefloquine has been associated with a 
variety of less frequently observed adverse events including 
cardiac, skin, musculoskeletal, and other general and mis-
cellaneous disorders (Verdun, 2006). These may persist for 

extended periods because of the long half-life of the drug 
(Verdun, 2006). However, mefloquine is also associated with 
more frequently observed neurologic and gastrointestinal 
effects that have practical consequences for the clinical use of 
the drug, and differing importance depending on the clinical 
context. The drug is contraindicated in individuals with pre-
existing psychiatric illness. The neurologic effects of meflo-
quine have received much public attention and litigation.

Mefloquine has been associated with higher rates of cer-
tain gastrointestinal and neurologic effects. These have been 
reviewed extensively elsewhere (Taylor and White, 2004); the 
salient points are summarized here. The incidence of several 
gastrointestinal and neurologic effects is higher than with 
comparator drugs such as chloroquine (dizziness), halofan-
trine (nausea, vomiting, fatigue, and dizziness), and lume-
fantrine (nausea, vomiting, dizziness, and insomnia) (Kofi 
Ekue et al., 1983; ter Kuile et al., 1993; van Vugt et al., 1998; 
Looareesuwan et al., 1999). Of note, these effects are also 
caused by malaria, but have been attributed to mefloquine in 
two-thirds of cases (Taylor and White, 2004). Such adverse 
effects (vertigo 96%, nausea 82%, and headache 73%) were 
also observed at high frequency when mefloquine was given 
at therapeutic doses to healthy volunteers in a clinical study 
to assess its tolerability in the context of emergency standby 
treatment (Rendi-Wagner et al., 2002). However, in the  con - 
text of treatment of malaria, the most clinically significant 
adverse event is gastrointestinal distress (vomiting), particu-
larly in children. 

It is important to note that this may result in incorrect 
dosage and clinical failures (Nosten and White, 2007). This 
effect is age related, with an incidence as high as 30% in 
infants younger than 2 years (Taylor and White, 2004). Gastro- 
intestinal distress can be substantially decreased if the drug is 
given as a split dose or daily for 3 days in a fixed-dose combi-
nation (Simpson et al., 1999; Nosten and White, 2007), rather 
than in a large single dose as recommended in the package 
insert (Roche, 2003a). Severe neurologic effects (discussed 
in section 6a, Neurologic and neuropsychiatric toxicity) may 
occur in as many as 5% of patients recovering from cerebral 
malaria after mefloquine therapy (Nguyen et al., 1996). 

6a.  Neurologic and neuropsychiatric 
toxicity

Travelers taking malaria chemoprophylaxis represent an 
otherwise healthy population among whom the neurologic 
effects of mefloquine are of some concern. Most travelers  
(> 95%) do not experience any significant neurologic events 
while taking mefloquine. However, mefloquine is less well 
tolerated in terms of neuropsychiatric adverse events than 
comparator drugs, and neuropsychiatric adverse events occur 
with greater frequency. These effects of mefloquine do not 
seem to objectively affect functional neurologic performance. 
The data that support these assertions have been accrued in a 
series of five double-blind, randomized, controlled studies in 
which the neuropsychiatric effects of mefloquine relative to 
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comparator drugs were reported. However, the methodology 
and rigor in evaluation of the CNS tolerability of mefloquine 
varied in these studies; such issues have been discussed in an 
excellent recent review (Chen et al., 2007).

Schlagenhauf et al. (2003) described the tolerability of 
mefloquine relative to doxycycline, atovaquone–proguanil, 
and chloroquine–proguanil in 623 non-immune Swiss trav-
elers to sub-Saharan Africa (n = 153 mefloquine users). This 
study used a questionnaire in which the following possible 
neurologic adverse events were solicited: headache, strange 
or vivid dreams, dizziness, anxiety, depression, visual distur-
bance, fits, or seizures. This study reported the incidence of 
neurologic events classified in terms of any, moderate, and 
severe neurologic adverse effects (Table 178.3). Mefloquine 
therapy was associated with a higher incidence of moderate 
neurologic adverse events (p = 0.003). 

Overbosch et al. (2001) evaluated the tolerability of 
mefloquine relative to atovaquone–proguanil in 976 non- 
immune European travelers (n = 483 mefloquine users). 
Mefloquine induced higher rates (p < 0.005) of neurologic 
adverse events such as strange dreams, insomnia, dizziness or 
vertigo, anxiety, and depression than atovaquone–proguanil. 
The incidence of any neuropsychiatric event was 14% in 
the atovaquone–proguanil arm and 29% in the mefloquine 
arm (p = 0.001). The incidence rates for treatment-limiting  
neurologic effects were 0.6% in the atovaquone–proguanil 
arm and 3.9% in the mefloquine arm (p = 0.001). Thus the 
net mefloquine-attributable incidence rates for general and 
treatment-limiting neuropsychiatric adverse events were 15% 
and 3.3%, respectively.

Boudreau et al. (1993) described the tolerability of weekly 
mefloquine and a loading dose regimen of mefloquine com-
pared with chloroquine in 359 US marines (n = 213 meflo-
quine). A higher rate of vivid dreams was observed in the 
loading dose arm relative to chloroquine (13% vs. 3%, p = 
0.02). Significantly higher incidences of depression (10.3% 
vs. 5.2%), dizziness (10.3% vs. 3.3%), irritability (14.3% vs. 
5.6%), tremor (7.8% vs. 2.1%), and nausea (9.1% vs. 4.2%) 
were observed among those in the weekly mefloquine group 
than in the chloroquine therapy group. Thus the incidence 
of neuropsychiatric events attributable to mefloquine was 
between 5.1% and 10%. Two individuals in the mefloquine 
arm were withdrawn from treatment owing to depression 
and suicidal thoughts. On closer scrutiny of the records, both 
individuals had preexisting psychiatric conditions.

Ohrt et al. (1997) reported the tolerability of mefloquine 
relative to doxycycline in 135 Indonesian soldiers (n = 68 
mefloquine users). Mefloquine was associated with higher  
(p < 0.05) incidences of dizziness (26% vs. 9.0%), headache 
(37% vs. 16%), and overall neuropsychiatric adverse events 
(50% vs. 33%) than doxycycline. Thus the net incidence of 
mefloquine-attributable neuropsychiatric adverse events was 
17%. No drug-attributable treatment-limiting adverse events 
were reported in this study.

Van Riemsdijk et al. (2002) described the effect of meflo-
quine relative to atovaquone–proguanil on mood and neuro-
logic performance parameters (sustained attention, coding 
speed, and visuomotor accuracy) among 119 Dutch travelers 
(n = 58 mefloquine). Mood was assessed quantitatively using 
a validated profile of mood states (POMS) questionnaire 
that assessed changes in depression, anger, tension, fatigue, 
and vigor. Sustained attention, coding speeds, and visuomotor 
performance were tested using validated computerized tests. 
Mefloquine therapy resulted in a significant (p < 0.05) deterio-
ration in depression, fatigue, and vigor relative to  atovaquone–
proguanil. These effects were more prevalent earlier in 
prophylaxis and in individuals with lower body weight (mostly 
women). There were no significant differences between the 
treatment groups in terms of neurologic function.

There have been a number of reports of severe life-threat-
ening psychiatric events, including suicide and multiple 
homicide (Cameron Ritchie et al., 2013) and prolonged hos-
pitalizations associated with mefloquine prophylaxis. The 
incidence of these events is low, and such occurrences have 
not been observed in the rigorously executed double-blind 
randomized controlled trials described earlier, possibly 
because of the small sample sizes. However, in a number of 
larger, retrospective, database studies, the incidence of such 
events has been estimated at between 1/607 and 1/20,000 
(Chen et al., 2007). The incidence of similar effects among 
those taking chloroquine is 1/1181 to 1/13,600 (Chen et al., 
2007). However, the true mefloquine-attributable risk of 
such effects is difficult to discern because of inherent meth-
odologic flaws in such studies, including sample bias and a 
lack of objective compliance data.

Overall, severe neurologic effects may occur in as many  
as 5% of patients recovering from cerebral malaria after 
mefloquine therapy, and hence many authorities now urge 
caution in the use of mefloquine in patients recovering from 
severe malaria (Nguyen et al., 1996; Taylor and White, 2004). 

Table 178.3. Incidence of neurologic adverse events (percentage of individuals affected) in non-immune travelers taking 
different regimens for malaria prophylaxis.

Type of 
neuropsychiatric 
adverse event Mefloquine Chloroquine–proguanil Doxycycline Atovaquone–proguanil

Severe  5  4  1  3

Moderate 37 30 24 20

Any 77 70 69 67
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Furthermore, WHO now recommends avoiding a meflo-
quine-containing ACT step-down therapy for severe malaria 
in patients with impaired consciousness (WHO, 2015). 

In 2013 the FDA strengthened and updated warnings and 
made label changes regarding neurologic and psychiatric 
adverse effects associated with mefloquine (FDA, 2013).

NEUROPHARMACOLOGY DATA

Although there is not yet evidence of involvement of one or 
more specific neuronal mefloquine receptors, their existence 
is strongly implied in published literature. Mefloquine accu-
mulates in the CNS, reaching concentrations as high as 100 
μM (Baudry et al., 1997). Because the free brain concentra-
tion and/or concentrations at the sites of putative receptors 
are not known, the relevance of these levels is difficult to 
interpret, given the lipophilicity of mefloquine and its affin-
ity for biologic membranes. However, mefloquine is known 
to affect or interact with numerous targets and cellular pro-
cess in the 100-µM range (el Benna et al., 1992; Go et al., 
1995; Maertens et al., 2000; Dow et al., 2003; Weiss et al., 
2003; Cruikshank et al., 2004; McArdle et al., 2005, 2006; 
Thompson and Lummis, 2008). The most likely target is the 
A2A receptor, based on the nanomolar effects of mefloquine 
and the association of this target with anxiety and sleep 
 disorders (Weiss et al., 2003). Based on observations in 
neuropharmacology studies (Martin and Handforth, 2006), 
meflo quine is assumed to target connexins in vivo. Direct 
toxicity to neurons may also be important in vivo, as  
evidenced by mefloquine-induced neurodegeneration of 
important brainstem nuclei in rodent studies (Dow et al., 
2006). The actions of mefloquine on some of these targets 
show enantioselectivity, as is the case with the A2A receptor 
(Weiss et al., 2003), although this is not universally the case 
(Caridha et al., 2008). Gene-silencing techniques using small 
interfering RNA have identified downregulation of nonre-
ceptor tyrosine kinase by mefloquine in a rat model, leading 
to apoptotic response and oxidative injury to neurons (Mila-
tovic et al., 2011).

Dose-related neurologic effects have been observed after 
mefloquine administration in rodents (Satayavivad et al., 
2004). Mefloquine-like neurologic effects interpreted to be 
analogous to anxiety, insomnia, and ataxia have been 
observed in rats after administration of a single treatment- 
equivalent dose, but not prophylactic-equivalent doses (Dow 
et al., 2006). There have been no neurobehavioral studies 
reported that mimic the effects of continuous (i.e. prophy-
laxis) dosing. The mechanistic basis of such effects has not 
been determined. There have been no neurobehavioral stud-
ies reported in higher animals.

6b.  Pneumonitis

In a postmarket safety review of mefloquine, 13 cases of 
pneumonitis or eosinophilic pneumonia were associated 
with both prophylactic (n = 6) and therapeutic use (n = 5) of 
this drug. This review was prompted by the manufacturer’s 

request to revise the Adverse Reactions—Postmarketing sec-
tion of the label to include pneumonitis as a possible allergic 
side effect. The product labeling was updated in May 2008 
to reflect this new safety information. Of the 13 case reports, 
5 have been reported in the medical literature (Drent, 1998; 
Udry et al., 2001). An online report summarizes the FDA’s 
analysis of these 13 cases. All patients in this case series were 
hospitalized with the onset of fever, chills, headache, myal-
gias, shortness of breath, and nonproductive cough. All had 
various respiratory diagnoses, including pneumonitis, dif-
fuse interstitial pneumopathy, and dyspnea and lung infiltra-
tion. Radiographic imaging indicated bilateral lung infiltrates 
in 7 patients. Leukocytosis and markedly elevated C-reactive 
protein and lactate dehydrogenase were seen. One patient 
died, and 5 required systemic corticosteroid therapy.

6c.  Contraindications and risk factors

Mefloquine is contraindicated for individuals who have an 
allergy to mefloquine, related compounds, or inactive excip-
ients, or preexisting neurologic or psychiatric conditions 
(in particular depression, anxiety, psychosis, seizures, and 
insomnia) (Roche, 2003a; Taylor and White, 2004; Verdun, 
2006). Individuals with preexisting psychiatric or neurologic 
conditions are much more likely to experience adverse neu-
rologic events (Taylor and White, 2004). Among the travel-
ing population, 10% have a preexisting medical condition 
that precludes the use of mefloquine (Nevin et al., 2008). In 
individuals without a preexisting neurologic condition, risk 
factors for adverse events among travelers include first-time 
mefloquine use, gender (women are more susceptible), and 
BMI ≤ 20 (van Riemsdijk et al., 2004). Among women, there 
is also an association between adverse neurologic outcomes 
and polymorphisms in the MDRl gene that encodes P-gP 
(Aarnoudse et al., 2006). Although the product labels (Roche, 
2003a; Verdun, 2006) state that particular care should be 
taken when driving or operating machinery owing to the 
possible development of vertigo or balance disorders or 
peripheral or CNS disorders (Verdun, 2006), and the United 
Kingdom Civil Aviation Authority advises that mefloquine 
not be administered to pilots (Civil Aviation Authority, 
2015), there is no clear evidence for these relative contrain-
dications (Chen et al., 2007).

7. CLINICAL USES OF THE DRUG

Mefloquine has a narrow range of clinical uses: (1) malaria 
prophylaxis in people traveling to malaria-endemic areas, 
(2) mefloquine monotherapy for imported malaria in non-
endemic countries (now rarely recommended), (3) treat-
ment of malaria in endemic countries in combination with 
artesunate, and (4) standby emergency treatment (SBET) in 
combination with artesunate. Physicians should review cur-
rent guidelines before prescribing mefloquine or other anti- 
malarials, because the recommendations are continually 
reviewed and updated.



7. Clinical uses of the drug 3085

7a.  Malaria prophylaxis 

In nonendemic countries, mefloquine is recommended by 
public health agencies as an alternate regimen for chemopro-
phylaxis of malaria in areas where chloroquine-resistant, 
mefloquine-susceptible malaria is endemic (CDC, 2008a). 
Mefloquine is not recommended for prophylaxis in areas 
where mefloquine-resistant (Vietnam and the Thai borders) 
or chloroquine-sensitive (some areas of Central America) 
malaria is prevalent (CDC, 2008a). The effectiveness of 
mefloquine relative to chloroquine in areas with an increas-
ing incidence of chloroquine-resistant malaria was estab-
lished in two key studies in the early 1990s. Lobel et al. (1993) 
evaluated the efficacy of long-term weekly mefloquine versus 
chloroquine in US Peace Corp volunteers visiting sub- 
Saharan Africa. Mefloquine was found to be 94% (95% CI: 
86–97%) more efficacious than chloroquine. Steffen et al. 
(1993) evaluated the efficacy of mefloquine relative to other 
chemoprophylactic regimens for short-term prophylaxis in 
145,000 travelers visiting East Africa. The malaria rate was 
1.2% per month in subjects not taking prophylaxis. Meflo-
quine was 91% effective (95% CI: 84–95%), and vastly supe-
rior to chloroquine alone (10–42% effective) at various doses 
or in combination with proguanil (72% effective; 95% CI: 
56–82%). Failure of mefloquine prophylaxis on the Thai bor-
ders was suspected as long ago as the early 1990s.

7b.  Monotherapy for imported malaria in 
nonendemic countries

Mefloquine monotherapy can be used in nonendemic coun-
tries as a fourth-line treatment for imported cases of uncom-
plicated malaria; however, this is now rarely recommended. 
Preferred choices are ACTs or quinine combinations. It 
should be administered with primaquine where it is known 
that the causative agent is P. vivax or P. ovale (CDC, 2008c), 
or where mixed infection is suspected. Mefloquine should 
not be used for the treatment of malaria when it is known 
that the causative organism is mefloquine-resistant or chlo-
roquine-sensitive (CDC, 2008c).

7c.  Treatment of malaria in endemic 
countries in combination with 
artesunate

In endemic areas, mefloquine is typically used in combina-
tion with an artemisinin compound, usually artesunate, for 
the treatment of uncomplicated malaria (Nosten and White, 
2007). Mefloquine was initially introduced for the treatment 
of uncomplicated malaria in Thailand as monotherapy, but 
its clinical usefulness declined rapidly after its introduction. 
The switch from mefloquine monotherapy to combination 
with artesunate occurred after 1994. The clinical usefulness 
of mefloquine–artesunate against multidrug-resistant falci-
parum malaria was established in a Thai study involving 
652 adults and children. Nosten et al. (1994a) reported that a 

3-day regimen of artesunate (total dose of 10 mg/kg) split 
over 3 days, when combined with a total mefloquine dose of 
25 mg/kg, improved the polymerase chain reaction (PCR)–
corrected (to account for reinfections) day 63 cure rate 
from 56% for mefloquine alone to 98% for the combination 
(p < 0.001). Fever and parasite clearance times were also sig-
nificantly reduced. The more recent switch to a 3-day fixed 
co-formulation of mefloquine–artesunate is based on recent 
clinical studies demonstrating similar efficacy relative to the 
traditional loose combination. In a study involving 500 Thai 
adults and children (Ashley et al., 2006a), the PCR-corrected 
day 63 cure rate for the fixed-dose combination was 91.9%, 
compared with 89.2% for the traditional regimen (p = 0.3). 
There was also equivalence between the two regimens in 
terms of other clinically important end points, such as fever 
and parasite clearance times.

Artesunate–mefloquine has been compared head to head 
with other ACTs for the treatment of uncomplicated P. falci-
parum malaria in randomized controlled trials. In a study of 
adults and children in Mali with uncomplicated P. falciparum 
malaria, artesunate–mefloquine had a 28-day cure rate, cor-
rected for re-infection, of 96.0% compared with 96.3% for 
artemether–lumefantrine (Sagara et al., 2008). In an open- 
label randomized noninferiority study in Thailand, Laos, and 
India, adults and children with P. falciparum infection were 
treated with dihydroartemisinin–piperaquine or artesunate–
mefloquine. The outcome of day 63 PCR-corrected cure rate 
was 87.9% for dihydroartemisinin–piperaquine versus 86.6% 
for artesunate–mefloquine in the intention-to-treat analysis 
(Valecha et al., 2010). In an open-label randomized trial in 
Myanmar, five artemisinin combination regimens with or 
without primaquine were compared for the treatment of 
uncomplicated P. falciparum malaria. Artesunate– mefloquine 
provided the greatest post-treatment suppression of malaria 
at day 63 of follow-up (fixed-dose artesunate–mefloquine: 
number of patients with recrudescent infection, 0 [0%; 95% 
CI: 0–2.3%]; loose artesunate–mefloquine: two patients 
[1.3%; 95% CI: 0.3–5.3%]), with equivalent efficacy to dihy-
droartemisinin–piperaquine, and was superior to artesu-
nate–amodiaquine (14 patients with recrudescent infection 
[9.4%; 95% CI: 5.7–15.3%, p < 0.0001 for the comparison 
with fixed-dose artesunate–mefloquine]) (Smithuis et al., 
2010).

It is considered likely that artesunate–mefloquine combi-
nations will have efficacy against P. vivax and will provide 
effective postexposure prophylaxis against early recurrence 
of infection (Douglas et al., 2010). Mefloquine-containing 
therapies and ACTs are also likely to be effective for uncom-
plicated treatment of P. ovale, P. malariae, and P. knowlesi 
malaria (WHO, 2015). 

7d.  Standby emergency treatment  
of malaria

Standby emergency treatment (SBET) of malaria is defined as 
the use of an effective anti-malaria drug as “self-treatment” by 
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travelers when they suspect malaria (develop fever or become 
ill) and cannot access reliable healthcare within about 24 
hours. Because mefloquine may not be well tolerated at treat-
ment doses, it is not recommended for self-treatment, nor is 
self-treatment with mefloquine-containing ACTs. The 
potential risks of self-treatment with mefloquine were high-
lighted in a clinical study. Rendi-Wagner et al. (2002) exe-
cuted a tolerability study of mefloquine used at a full 
treatment dose for SBET in a group of healthy volunteers (n 
= 22) without malaria. A high frequency of adverse events, 
including vertigo (96%), nausea (82%), and headache (73%), 
was observed. The severity of adverse events in some 
instances necessitated bed rest and other medications for up 
to 4 days after mefloquine treatment. Therefore, if no other 
options are available, a split-dose therapeutic regimen should 
be used. Although the Mephaquin product has a labeled 
indication for SBET (Verdun, 2006), the Lariam product 
label does not mention SBET (Roche, 2003a), and the CDC 
does not routinely recommend this strategy (CDC, 2008a).

7e.  Malaria prophylaxis during pregnancy

Mefloquine appears to be safe for malaria prophylaxis during 
pregnancy. When used for weekly (250 mg) prophylaxis, 
mefloquine was shown in a double-blind, placebo-controlled 
trial during pregnancy (greater than 20 weeks’ gestation) to 
have no adverse effects on the mother, the pregnancy, infant 
survival, or development during the first 2 years of life 
(Nosten et al., 1994b). In addition, 20 patients in the third 
trimester of pregnancy received mefloquine prophylaxis 
(125–250 mg base weekly). All pregnancies proceeded nor-
mally, and no abnormalities were observed in babies followed 
for 2 years (Nosten et al., 1990). An open-label randomized 
trial of mefloquine or sulfadoxine– pyrimethamine for inter-
mittent preventive therapy of malaria during pregnancy 
(IPTp) in Benin found that mefloquine (n = 802) was more 
effective than sulfadoxine–pyrimethamine (n = 799) in pre-
venting placental and clinical malaria, albeit with increased 
adverse effects (mainly vomiting, dizziness, tiredness, and 
nausea). There was no increase in adverse neonatal outcomes 
with mefloquine. Ten of 738 (1.4%) of neonates in the meflo-
quine group and 12 of 721 (1.7%) in the sulfadoxine– 
pyrimethamine group died in the 6 weeks of follow-up 
(Briand et al., 2009). Other clinical trials (Gonzalez et al., 
2014a, 2014b) found no increase in adverse neonatal out-
comes with mefloquine, although increased incidence of 
adverse effects in the women in the studies was of concern. A 
review of 2506 cases of mefloquine exposure in pregnancy in 
the F. Hoffmann-La Roche global drug safety database from 
1986 to 2010 showed an incidence of 43 birth defects in 978 
deliveries (4.40%) with no specific pattern of defects, compa-
rable to background rates (Schlagenhauf et al., 2012). In a 
study of 72 women who inadvertently received mefloquine 
for malaria prophylaxis during early pregnancy, there were 
17 elective abortions, 12 spontaneous abortions, 1 molar 
pregnancy, and 23 live births of normal children (Smoak et 
al., 1997). Outcome was unknown in 19 cases. The incidence 

of spontaneous abortions was higher than expected but 
may have been artificially elevated owing to reporting bias. 
Exposure to mefloquine at treatment doses during preg-
nancy was associated with an increased incidence of still-
births in a cohort of Thai women (Nosten et al., 1999). A 
retrospective review of 3587 pregnancies identified 208, 656, 
and 909 cases of exposure to mefloquine only (group A),  
quinine only (group B), or other anti-malarials (group C), 
respectively. A fourth group (group D) included 2470 preg-
nancies in which malaria was not diagnosed nor any anti- 
malarial treatment given. After adjustment for confounding 
factors, the risk of stillbirth in the mefloquine-treated patients 
was 7.7 times (95% CI: 1.3–45.0), 7.0 times (1.5–33.7), and 
3.3 times (1.1–10.3) greater than in patients in groups B, 
C, and D, respectively. All drug treatments were similarly 
linked to low birth weights. No differences in the incidence 
of neurologic dysfunction or congenital malformations were 
noted.

A systematic literature review concluded that there are no 
indications that mefloquine use in pregnancy carries an 
increased risk to the fetus (Gonzalez et al., 2014c). The CDC 
now recommends mefloquine as an option for prevention 
and treatment of malaria in all trimesters of pregnancy, and 
the FDA re-categorized mefloquine from pregnancy cate-
gory C to pregnancy category B (CDC, 2011). 

For the treatment of uncomplicated imported malaria in 
nonendemic countries, mefloquine is generally the third 
choice (CDC, 2008c). Concern exists over the safety of arte-
misinin combinations (including those containing meflo-
quine) during the first trimester of pregnancy, so their use is 
recommended in this instance only if no alternative exists 
(Nosten and White, 2007). WHO recommends ACTs, includ-
ing mefloquine–artesunate, as first-line treatment of uncom-
plicated P. falciparum malaria in the second and third 
trimesters of pregnancy (WHO, 2015). 

The dose regimen for mefloquine for malaria prevention 
and treatment during pregnancy are the same as those for 
other adults. Mefloquine is being considered as an alterna-
tive to sulfadoxine–pyrimethamine for IPTp (Briand et al., 
2007; Gonzalez et al., 2014a, 2014b), although the increased 
adverse effects of mefloquine compared with sulfadoxine–
pyrimethamine are of concern.
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Halofantrine
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1. DESCRIPTION

Halofantrine is an arylaminoalcohol anti-malarial drug that 
was first identified as a potential anti-malarial agent by the 
World War II Chemotherapy program and subsequently 
developed by the Walter Reed Army Institute of Research 
(Schuster and Canfield, 1989). It was first marketed in 1984 
as Halfan by Smith Kline and French. The chemical structure 
of halofantrine is [R,S]-1,3-dichloro-α-[2-{dibutylamino} 
ethyl]-6-fluoromethyl 1-9-phenanthrenemethanol hydro-
chloride, its molecular formula is C26H30O2F3NO, and its 
molecular weight is 500.4 g/mol. Halofantrine is a racemate 
with two enantiomers, forming a molecular structure similar 
to that of the other class II schizonticidal drugs (quinine, 
mefloquine, and lumefantrine). The chemical structure is 
shown in Figure 179.1. The drug was marketed for use as a 
treatment for acute malaria until it was recognized that its 
variable pharmacokinetic profile, particularly its pronounced 
food effect, resulted in some individuals developing a life- 
threatening prolongation of the QT interval, leading to tor-
sades de pointes and sudden cardiac death. As a consequence, 

the drug was withdrawn from the market. Halofantrine was 
available for oral administration in tablet form (250 mg), 
capsules, and flavored suspension, and in an intravenous 
preparation.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

MALARIA PARASITES

Halofantrine and its active metabolite, N-desbutyl-halo fan-
trine, are active against the intra-erythrocytic stages of 
Plasmodium falciparum. Two enantiomers of halofantrine 
exist, both with similar anti-malarial activity (Basco et al., 
1992). In vitro susceptibility of P. falciparum isolates in Asia, 
including those resistant to chloroquine, demonstrate half- 
maximal inhibitory concentration (IC50) values ranging from 
1.12 to 9.2 nM (Childs et al., 1991; Gay et al., 1997; Brockman 
et al., 2000). In African isolates, IC50 values are slightly lower, 
ranging from 0.8 to 4.3 nM (Oduola et al., 1987; Basco and 
Le Bras, 1992; Basco et al., 1994; Ringwald et al., 1996; 
Brandts et al., 2000; Takechi et al., 2001). Only two studies 
have addressed the efficacy of halofantrine against Plas mo
dium vivax, both showing reasonable clinical activity, but no 
activity against the hypnozoite stages (Puk rit taya kamee et al., 
2004; Khan et al., 2006).

OTHER ORGANISMS

No data are available on the antimicrobial activity of halofan-
trine against organisms other than Plasmodium.

2b.  Emerging resistance and 
cross-resistance

In vitro sensitivity testing highlights a strong correlation of 
drug susceptibility between halofantrine and mefloquine in 
both Asian and African isolates (Basco and Le Bras, 1992; 
Ringwald et al., 1996; Brockman et al., 2000). Clinical studies 
have also demonstrated a marked increase in the risk of Figure 179.1. Chemical structure of halofantrine. 
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failure of halofantrine in patients in whom mefloquine had 
previously failed (ter Kuile et al., 1993). These in vitro and in 
vivo observations suggest a common pathway of resistance. 
The pfmdrl gene has been strongly implicated, with gene 
amplification almost doubling the in vitro IC50 in field iso-
lates (Price et al., 1999). This relationship has been confirmed 
in laboratory isolates under drug selection (Oduola et al., 
1988; Wilson et al., 1993; Peel et al., 1994) and transfection 
experiments (Reed et al., 2000). However, a halofantrine- 
resistant isolate has been laboratory derived in the absence of 
alteration of pfmdr1 copy number or alteration in the levels 
of Pgh1 expression, suggesting that alternative mechanisms 
of resistance may also be important (Ritchie et al., 1996).

3. MECHANISM OF DRUG ACTION

Halofantrine is a blood schizonticide with activity against 
the intra-erythrocytic stages of P. falciparum, particularly 
trophozoites and schizonts (Ambroise-Thomas and Ros sig-
nol, 1986; Geary et al., 1989). This activity does not include 
activity against gametocytes or pre-erythrocytic hepatic 
stages (Ambroise-Thomas and Rossignol, 1986). The precise 
mechanism of action is unknown. Like the other 4-amino-
quinolines, halofantrine forms complexes with ferriprotopor-
phyrin IX (Blauer, 1988) and interferes with the degradation 
of hemoglobin (Mungthin et al., 1998). Other potential 
mechanisms of action, such as mitochondrial damage and 
inhibition of a parasitic proton pump, have also been postu-
lated (Peters et al., 1987).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Halofantrine is available orally at a recommended dose of 
8  mg/kg every 6 hours for three doses, which in practice 
equates to three doses of 500 mg for patients weighing more 
than 40 kg. For nonimmune patients, a second dose is advo-
cated after 1 week (Weinke et al., 1992). Owing to the risk of 
dose-related cardiotoxicity (see section 6, Adverse reactions 
and toxicity) the manufacturer recommends that tablets not 
be taken with food, because this increases the absorption of 
the drug to potentially toxic levels.

4b.  Newborn infants and children

For children weighing more than 10 kg, the same dose as that 
used in adults (8 mg/kg) is administered as a flavored sus-
pension (20 mg/ml).

4c.  Pregnant and lactating mothers

No data regarding altered dosages are available for this 
population.

4d.  Those requiring altered dosages

There is no information available regarding dosing of halo-
fantrine in patients with renal failure or impaired liver func-
tion. However, renal excretion is not a major route of 
elimination for either halofantrine or its desbutyl metabolite; 
it is extensively metabolized and excreted in the bile.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

In rats administered oral and intravenous doses of halofan-
trine, the mean absolute oral bioavailability was calculated to 
be 23% (Brocks and Toni, 1999). From a retrospective com-
parison of different studies in humans given intravenous and 
oral halofantrine (Milton et al., 1989; Krishna et al., 1993), 
the mean absolute oral bioavailability was estimated to be 
31% (Brocks and Toni, 1999). In addition to relatively low 
oral bioavailability, wide inter-individual variation in plasma 
concentrations of halofantrine has been reported (Karbwang 
and Harinasuta, 1992). The drug is highly protein bound  
(> 99.95%), with different lipoprotein binding fractions dif-
fering between the (+)- and (−)-enantiomers (Brocks et al., 
2000, 2002). 

After oral administration, halofantrine is slowly and errat-
ically absorbed, with peak concentrations of 91–430 ng/ml 
occurring approximately 6 hours after administration of a 
single oral dose of 500 mg (Charbit et al., 2002; Bassi et al., 
2004; Kolade et al., 2008; Table 179.1). Peak plasma concen-
trations of the active desbutyl metabolite are lower than 
those of halofantrine in both healthy volunteers and malaria 
patients, and occur later (10 h after a single dose of 500 mg; 
Table 179.2). Food intake and grapefruit juice increase the 
bioavailability threefold (Milton et al., 1989; Charbit et al., 
2002) and therefore it is recommended that halofantrine be 
taken on an empty stomach with only water to avoid poten-
tially toxic concentrations. For patients with severe malaria, 
the bioavailability of oral administration of halofantrine is 
reduced by 50% (Watkins et al., 1995).

The pharmacokinetics of halofantrine and N-desbutyl-
halofantrine are stereoselective. After oral administration to 
malaria patients, (+)-enantiomer achieved higher plasma 
concentrations than (−)-enantiomer (Gimenez et al., 1994).

5b.  Drug distribution

The pharmacokinetic parameters of halofantrine and 
N-desbutyl-halofantrine are summarized in Table 179.1 and 
Table 179.2, respectively. The terminal elimination half-life 
of oral halofantrine ranges from 1 to 5 days (see Table 179.1) 
and is longer for N-desbutyl-halofantrine (5 vs. 1.7 days) 
(Charbit et al., 2002). Halofantrine has a large apparent vol-
ume of distribution of approximately 50 l/kg (Kolade et al., 
2008). For intravenous halofantrine administered to malaria 
patients, the terminal elimination half-life was only 14.4 hours 
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during the acute phase of infection and 7.5 hours during 
convalescence (Krishna et al., 1993).

Halofantrine is extensively metabolized by presystemic 
cytochrome CYP3A4 into the metabolite desbutyl, and is 
also extensively distributed to the body tissues (Brocks and 
Mehvar, 2003).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Presumably the principal pharmacokinetic determinant of 
halofantrine is similar to that of lumefantrine, with thera-
peutic efficacy in patients with P. falciparum malaria depen-
dent on the drug’s area under the concentration-time curve 

(AUC) (see Chapter 171, Lumefantrine); however, this is not 
certain. Certainly, higher plasma concentrations of halofan-
trine are associated with prolongation of the QT interval 
(Nosten et al., 1993). This association is weaker for its metab-
olite, desbutyl (Wesche et al., 2000).

5d.  Excretion

The transformation of halofantrine to desbutyl-halofantrine 
is mediated principally via CYP3A4 (Halliday et al., 1995; 
Baune et al., 1999). Neither halofantrine nor Ndesbutyl-
halofantrine are excreted in any appreciable amounts in the 
urine (Milton et al., 1989). Most of the drug is excreted in 
the feces (Karbwang and Na Bangchang, 1994).

Table 179.1. Pharmacokinetic parameters for oral dosing of halofantrine in humans.

Dose Subjects (n) Cmax (ng/ml) Tmax (h) t1/2 (days) AUC0–∞ (ng·ml/h) Reference

500-mg single dose Healthy volunteers  
(n = 15)

179 — — 17,450a Kolade et al., 2008

500-mg single dose Healthy volunteers  
(n =8)

430 6 3.8 32,000 Bassi et al., 2004

500-mg single dose Healthy volunteers  
(n =12)

91 6.1 1.7 2800b Charbit et al., 2002

250-mg single dose Healthy volunteers  
(n = 6)

184 6 3.4 3900 Milton et al., 1989

8 mg/kg every 6 hours—
total three doses

Children with UM  
(n = 10)

940 15 1.3 32,200 Watkins et al., 1995

Children with SM  
(n = 7)

520 15 0.7 16,800

8 mg/kg every 6 hours—
total three doses

Adults with UM  
(n = 12)

1192 16 4.7 60,600 Karbwang et al.,  
 1991

aAUC0–336h.
bAUC0–168h.

Abbreviations: AUC: area under the concentration-time curve; SM: severe malaria; t1/2: elimination half-life; UM: uncomplicated malaria.

Table 179.2. Pharmacokinetic parameters of N-desbutyl-halofantrine after oral administration of halofantrine in humans.

Dose Subjects (n) Cmax (ng/ml) Tmax (h) t1/2 (days) AUC0–∞ (ng·h/ml) Reference

500-mg single dose Healthy volunteers 
(n = 15)

124 — — 13,341a Kolade et al., 2008

500-mg single dose Healthy volunteers 
(n = 8)

370 10 — 22,400 Bassi et al., 2004

500-mg single dose Healthy volunteers 
(n = 12)

35 10.7 5.1 3200b Charbit et al., 2002

250-mg single dose Healthy volunteers 
(n = 6)

79 16 — 8760 Milton et al., 1989

8 mg/kg every 6 hours—
total three doses

Children with UM 
(n =10)

220 24 — 25l0c Watkins et al., 1995

Children with SM 
(n = 5)

70 72 840c

8 mg/kg every 6 hours—
total three doses

Adults with UM 
(n = 8)

397 55 4.9 48,500 Karbwang et al., 1991

aAUC0–336h.
bAUC0–168h.
cAUC0–24h.

Abbreviations: AUC: area under the concentration-time curve; SM: severe malaria; t1/2: elimination half-life; UM: uncomplicated malaria.
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5e.  Drug interactions

The absorption of halofantrine is increased markedly by the 
co-administration of food. A fatty meal increased both the 
Cmax and AUC of halofantrine sixfold and threefold, respec-
tively (Milton et al., 1989). Furthermore, in animal models, 
clearance of halofantrine is influenced by plasma lipopro-
teins, which results in a sharp rise in circulating plasma levels 
in the postprandial state (Humberstone et al., 1998). Con-
versely, in healthy volunteers, co-administration with kola-
nut, a caffeine-containing nut, reduced both the Cmax and 
AUC of halofantrine and its desbutyl metabolite (halofan-
trine: Cmax 179 vs. 98 ng/ml; AUC 17,450 vs. 11,821 ng/ml/h; 
N-desbutyl-halofantrine: Cmax 124 vs. 62 ng/ml; AUC 13,341 
vs. 7359 ng·h/ml) (Kolade et al., 2008).

Halofantrine is metabolized to its desbutyl metabolite via 
CYP3A4. In healthy volunteers, co-administration of grape-
fruit juice, which inhibits CYP3A4, resulting in a decrease in 
metabolism, increased the AUC of halofantrine by 2.8-fold 
and the Cmax by 3.2-fold (Charbit et al., 2002).

Interactions with the other anti-malarials (notably meflo-
quine, amodiaquine, tetracycline, and sulfadoxine–pyrimeth-
amine) have also been investigated. In rabbits, pre-treatment 
with mefloquine increased the plasma concentration of halo-
fantrine by two fold to sixfold, resulting in increased poten-
tial for cardiotoxicity (Lightbown et al., 2001). In healthy 
volunteers, co-administration with tetracycline increased the 
plasma concentration of halofantrine twofold to threefold 
and the elimination half-life from 3.8 to 6.6 days (Bassi et al., 
2004). Prior administration of amodiaquine in healthy vol-
unteers did not alter the pharmacokinetics of either halo-
fantrine or N-desbutyl-halofantrine (Omoruyi et al., 2007). 
Co-administration with sulfadoxine–pyrimethamine increased 
the AUC0–6h by 1.7-fold for halofantrine and its metabolite 
(Hombhanje, 2000). Halofantrine has been shown to inhibit 
CYP2D6, contributing to potential drug interactions with 
substrates for this enzyme (Simooya et al., 1998).

6. ADVERSE REACTIONS AND TOXICITY

Apart from its cardiotoxicity (see next section), halofantrine 
was generally well tolerated, with the most frequently 
reported adverse events being gastrointestinal effects (diar-
rhea and abdominal pain) and cough (Watkins et al., 1988; 
Taylor and White, 2004).

6a.  Cardiotoxicity 

The most serious adverse reaction of halofantrine relates to 
QTc prolongation, and torsades de pointes (Castot et al., 
1993; Karbwang et al., 1993; Monlun et al., 1993; Nosten et 
al., 1993; Monlun et al., 1995), as well as PR prolongation 
and heart block (Nosten et al., 1993; Sowunmi et al., 1998). 
Electrocardiographic changes occur within 48 hours, gener-
ally resolve after 72 hours, and are usually asymptomatic 
(Sowunmi et al., 1998). However, there have been more  
than 20 reports of sudden cardiac death after halofantrine 

administration (Schuster and Canfield, 1989; ter Kuile et al., 
1993; Malvy et al., 2000; Taylor and White, 2004). Although 
adverse events are more marked in patients with congenital 
prolongation of QT syndrome (Toivonen et al., 1994), halo-
fantrine reliably induces QT prolongation in humans with 
normal QT intervals (Monlun et al., 1995) as well as in ani-
mals (Batey et al., 1997). The apparent cardiotoxicity is dose 
dependent, enhanced by previous mefloquine exposure and 
related to circulating plasma concentrations of halofantrine 
(Nosten et al., 1993; Lightbown et al., 2001). It is important 
to note that the presence of clinically significant QTc prolon-
gation at therapeutic doses of halofantrine highlights the fact 
that the cardiotoxicity is not a result of overdosing (Karbwang 
et al., 1993; Touze et al., 1996; Sowunmi et al., 1999; Touze et 
al., 2002). Furthermore, because plasma concentrations of 
halofantrine vary considerably among individuals, and the 
cardiotoxicity is concentration dependent, the toxicity of 
halofantrine in an individual cannot be predicted, even 
among those in whom a baseline electrocardiogram (ECG) is 
recorded (Taylor and White, 2004; White, 2007).

The mechanism of QTc prolongation is poorly under-
stood but postulated to be via inhibition of the delayed recti-
fier potassium channel (Tie et al., 2000). It is interesting to 
note that the active metabolite desbutyl-halofantrine appears 
not to be cardiotoxic, and has been investigated as a potential 
alternative anti-malarial with a safer toxicity profile (Wesche 
et al., 2000). Efforts were made to address the use of novel 
methods of drug delivery to reduce halofantrine’s cardiotoxic 
potential (Leite et al., 2007), but these do not appear to be 
ongoing.

6b.  Fetal toxicity

Although halofantrine is not teratogenic in rabbits and rats, 
preclinical studies in these species have demonstrated 
embryo toxicity at doses of 30–60 mg/kg (Karbwang and  
Na Bangchang, 1994). Halofantrine should be avoided in 
pregnancy.

6c.  Phototoxicity

Halofantrine is associated with cutaneous phototoxicity, skin 
rashes, and pruritus (Salako et al., 1990; Taylor and White, 
2004).

7. CLINICAL USES OF THE DRUG

7a.  Treatment of uncomplicated 
Plasmodium falciparum malaria

The only clinical indication for halofantrine was for the treat-
ment of uncomplicated falciparum malaria. Clinical studies 
demonstrated good efficacy in clinical studies of a three-dose 
regimen over 18 hours with a total dose of 24 mg/kg, with 
parasite clearance complete with 24–72 hours and good effi-
cacy against chloroquine-resistant strains of P. falciparum 
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(Boudreau et al., 1988; Watkins et al., 1988; Wirima et al., 
1988; Clerinx and Taelman, 1993; Khan et al., 2006). In early 
clinical trials, before the routine use of polymerase chain 
reaction (PCR) methods to distinguish true recrudescence 
from reinfection, high recurrence rates (> 15%) were 
reported in patients remaining in an area of malaria trans-
mission after treatment (Salako et al., 1990). However, trials 
of returning travelers with malaria not exposed to reinfec-
tion demonstrated almost 100% cure rates (Coulaud et al., 
1986; Hau et al., 2004). The notable exception is a study from 
Thailand in an area with high levels of mefloquine resistance, 
where failure rates reached 25% by day 28 (ter Kuile et al., 
1993). Increasing the total dose of halofantrine to 72 mg/kg 
improved cure rates to 90% but was associated with high 
rates of cardiotoxicity.

Halofantrine is no longer prescribed for the treatment of 
malaria because of its significant and potentially fatal cardio-
toxicity, variable bioavailability, and cross-resistance to meflo-
quine, and the impractical recommendation for the repeat 
dose a week later for nonimmune patients. WHO guidelines 
no longer recommend halofantrine, even as a second-line 
anti-malarial agent (WHO, 2006).
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Primaquine

Michael D. Edstein and G. Dennis Shanks

1. DESCRIPTION

Primaquine, a synthetic racemic 8-aminoquinoline deriva-
tive, is the only anti-malarial drug in current use for the 
radical cure of Plasmodium vivax and Plasmodium ovale 
malaria. It prevents relapses of liver-stage parasites by eradi-
cating the dormant liver forms (hypnozoites). It is active 
against the pre-erythrocytic stages of malaria parasites in the 
liver (causal prophylactic activity) but has low activity against 
asexual blood stages of the parasite. Primaquine is sporonto-
cidal and gametocytocidal (reproductive stages in mosquito 
and blood, respectively) against all species of human plas-
modia and is therefore used to decrease the transmission of 
infection, particularly Plasmodium falciparum malaria. A 
number of reviews of primaquine use in malaria have been 
published (Baird et al., 2003; Baird and Hoffman, 2004; Baird 
and Rieckmann, 2003; Brueckner et al., 2001; Collins and 
Jeffery, 1996; Griffith et al., 2007; Hill et al., 2006; John et al., 
2012). Primaquine is also used in the treatment of Pneu
mocystis jirovecii pneumonia (PCP), a fungal infection com-
monly occurring in people with acquired immunodeficiency 
syndrome (AIDS) and, more rarely, among individuals with 
immunosuppression due to other causes.

The structural formula of primaquine is 8-(4-amino- 
1-methylbutylamino)-6-methoxyquinoline (Figure 180.1). Its  
molecular formula is C15H21N3O, it has a molecular weight of 
259. Primaquine is administered as a racemic mixture of D 
and Lisomers (Brocks and Mehvar, 2003). Primaquine tab-
lets are given in the form of the diphosphate salt containing 

either 13.2 mg (~ 7.5 mg base) or 26.3 mg (~ 15 mg base). 
Primaquine is soluble in water.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

MALARIA

P. vivax infection is characterized by the occurrence of 
relapses that result from the activation of liver-stage dormant 
forms, known as hypnozoites. At varying intervals, hypno-
zoites may resume multiplication within hepatocytes, and 
develop into schizonts. Merozoites are released into the 
bloodstream by schizont rupture to then invade red blood 
cells. The likelihood of relapse by P. vivax and the duration 
between primary infection and relapse appear to be related 
to latitude and seasonal abundance of malaria vectors (Baird 
and Rieckmann, 2003). In general, strains from tropical 
regions such as Southeast Asia and Oceania have a high risk 
of relapse (~ 80% risk) and are associated with earlhy primary 
infection followed by multiple relapses at short intervals of 
4 to 6 weeks (Baird et al., 1997; Cogswell, 1992; Garnham, 
1988; White, 2002). Strains from temperate regions such as 
Korea are less likely to relapse (~ 30% risk), and relapses tend 
to occur at longer intervals (> 6 months) after infection.

Tissue schizontocidal activity 
The Pacific theater in World War II created an urgent need 
for the development of a drug to prevent relapses of P. vivax 
malaria. In 1944, the US Army focused on the development 
of primaquine, an analog of pamaquine, the first 8-amino-
quinoline drug produced in the 1920s. Primaquine proved to 
be at least three times more active against pre-erythrocytic 
(Arnold et al., 1954) and four to six times more active against 
the tissue stages of P. vivax than pamaquine, but only about 
half as toxic (Edgcomb et al., 1950). Large-scale safety and 
efficacy studies of primaquine were carried out in the early 
1950s, when relapsing P. vivax malaria emerged as a major 
problem in military personnel returning from the Korean Figure 180.1. Chemical structure of primaquine. 
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War (Alving et al., 1953; Coatney et al., 1953). A program of 
administering 15 mg of primaquine base daily for 14 days 
along with weekly chloroquine (300 mg base) to US military 
personnel during their return voyage to the United States 
from Korea was highly successful in preventing the reintro-
duction of malaria into the United States (Archambeault, 
1954). The relapse rate after treatment of acute attacks of 
Korean P. vivax malaria with a 3-day course of chloroquine 
(25 mg/kg) and 15 mg of primaquine daily for 14 days was 
reduced to less than 1% when this approach was used (Alving 
et al., 1953).

Blood schizontocidal activity 
Although primaquine has marked tissue schizontocidal activ-
ity against P. vivax malaria, it shows poor activity as a blood 
schizontocide against P. falciparum. In healthy volunteers 
infected with blood stages of the P-F-6 strain of P. falciparum 
from Panama, a 14-day course of 30 mg of primaquine per 
day failed to clear the infection in 75% of subjects (Arnold et 
al., 1955). A higher dose of 45 mg daily also failed to clear 
parasitemia. In addition, the addition of primaquine to chlo-
roquine does not alter the clearance and recurrence of asexual 
parasitemia of chloroquine-resistant strains of P. falciparum 
(Baird et al., 2002). The poor in vivo activity of primaquine 
against P. falciparum has been further confirmed in vitro, 
with primaquine being 7.4- and 10-fold less active than qui-
nine and chloroquine, respectively (Basco et al., 1999).

In contrast to P. falciparum, primaquine shows activity 
against asexual blood stages of P. vivax. At a daily dose of 45 
mg for 14 days, primaquine was 80% effective in curing vol-
unteers infected with the Chesson strain of P. vivax; efficacy 
declined to 20% when the dose was reduced to 22.5 mg daily 
(Edgcomb et al., 1950). In Thai patients infected with P. vivax 
malaria, 15 mg or 30 mg primaquine daily for 14 days cleared 
parasitemia in all subjects, but parasite clearance times were 
significantly longer than after treatment with either chloro-
quine alone or chloroquine plus primaquine (Pukrittayakamee 
et al., 1994; Wilairatana et al., 1999).

Sporontocidal and gametocytocidal activity 
Primaquine possesses clinically useful sporontocidal and 
gametocytocidal properties and thus blocks malaria trans-
mission. Single doses as low as 30 mg primaquine are effec-
tive against mature gametocytes of P. falciparum (Jeffery et 
al., 1956; Rieckmann et al., 1968). The gametocytocidal effect 
of primaquine is evident within 2–3 days after primaquine 
treatment and sporontocidal action is observed within 12 
hours of drug administration.

Primaquine has also been studied in a mass drug admin-
istration setting. Mass drug administration using primaquine 
was a key intervention in China’s malaria elimination pro-
gram and remains one of the few drugs considered for public 
health indications for malaria (Hsiang et al., 2013; Newby et 
al., 2015). Marked reductions in the prevalence of P. falci
parum from 18.6% to 2.9% (Kaneko et al., 1989), and from 
14% to 1% (Doi et al., 1989) were observed after a single dose 
of 45 mg of primaquine administered with sulfadoxine–  

pyrimethamine. When 45 mg of primaquine was adminis-
tered weekly for 9 weeks as part of a mass drug administration 
with chloroquine and sulfadoxine–pyrimethamine, P. falci
parum was successfully eliminated from an island of Vanuatu 
(Kaneko et al., 2000). Recently, the prevalence of gameto-
cytes of P. falciparum was found to be significantly lower 
in  Tanzanian children on day 14 after treatment with the 
artemisinin-based combination therapy (ACT) of artesunate– 
sulfadoxine–pyrimethamine plus a single dose of primaquine 
(0.75 mg/kg) than with the ACT alone (3.9% vs. 62.7%) 
(Shekalaghe et al., 2007). The World Health Organization 
(WHO) now recommends that along with ACT, a single dose 
of 0.25 mg of primaquine per kilogram be given to patients 
(excepting pregnant women and children younger than 6 
months) with P. falciparum malaria to kill gametocytes and 
thus prevent transmission. Individual testing for glucose- 
6-phosphate dehydrogenase (G6PD) deficiency is not required 
when single-dose, low-dose primaquine is administered 
(Global Malaria Program, 2015).

Causal prophylactic activity 

Primaquine has causal prophylactic activity (all parasites 
killed in the liver, which prevents any blood infection occur-
ring) against both P. falciparum and P. vivax when given 
during the incubation period. A single dose of 30 mg of pri-
maquine administered on day 1 was found to prevent the 
development of parasitemia in healthy volunteers bitten on 
day 0 with mosquitoes infected with P. falciparum (Arnold 
et al., 1955). Lower efficacy was found when the dose was 
reduced to 15 mg on day 1. However, a single dose of 45 mg 
administered on day 5 did not prevent P. falciparum malaria. 
With regard to P. vivax malaria, 30 mg of primaquine daily 
beginning on the day before mosquito-induced infections 
and continuing for the next 7 days prevented the develop-
ment of the Chesson strain in healthy volunteers (Arnold et 
al., 1954). 

PNEUMOCYSTIS JIROVECII PNEUMONIA

The combination of clindamycin and primaquine has shown 
excellent activity in in vitro studies and in the rat model of  
P. jirovecii infection, formerly known as Pneumocystis carinii 
(Queener et al., 1988). Primaquine in combination with clin-
damycin is currently used as a second-line treatment for  
P. jirovecii infections of moderate severity, particularly when 
co-trimoxazole intolerance exists. It is also a salvage regimen 
for patients in whom standard treatment with co- trimoxazole 
or pentamidine has failed (Smego et al., 2001).

2b.  Emerging resistance and 
cross-resistance

Primaquine-resistant or primaquine-tolerant strains of P. 
vivax are clinically recognized using a definition whereby 
a patient relapses after receiving a standard regimen of pri-
maquine (15 mg daily for 14 days). Early clinical studies 
against strains of P. vivax from Korea showed that parasites 
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from this region were highly susceptible to 15 mg of pri-
maquine daily for 14 days (total dose 210 mg) (Alving et al., 
1953; Coatney et al., 1953; Edgcomb et al., 1950). However, 
other studies performed during the 1950s and more recent 
studies have shown that the 15-mg regimen is less effective 
for radical cure of P. vivax infections acquired in the New 
Guinea area of the southwest Pacific (Baird and Hoffman, 
2004; Ehrman et al., 1945; Jelinek et al., 1995).

In early studies the efficacy of primaquine was tested 
against the Chesson strain, which had been isolated from an 
American soldier infected in New Guinea in 1944 (Ehrman 
et al., 1945), using mosquito challenge studies in non- 
immune volunteers. At the time, the Chesson strain was 
known to be more difficult to cure than any other strain of  
P. vivax, and to have a shorter monthly relapse interval com-
pared with the late relapsing Korean strains (Coatney et al., 
1950; Garnham et al., 1975). In these studies in non-immune 
individuals, relapse rates were observed to range from 15% 
with 20 mg daily (Cooper et al., 1953) to 21% with 15 mg 
daily (Arnold et al., 1955) and 32% with 15 mg daily (Coatney 
and Getz, 1962).

After it became apparent that a regimen of 15 mg of pri-
maquine daily for 14 days was insufficient to reliably effect 
radical cure of the Chesson strain of P. vivax, studies using 
higher doses were undertaken. Doses of 22.5, 30, and 60 mg 
of primaquine per day for 14 days with quinine therapy were 
found to be curative in all subjects infected with the Chesson 
strain (Edgcomb et al., 1950). Administration of 20 or 30 mg 
of primaquine per day for 7 days with chloroquine therapy 
resulted in relapse rates of 90% and 80%, respectively 
(Cooper et al., 1953). In an review of primaquine treatment 
failures observed in studies carried out some 50 years earlier, 
Baird and Hoffman (2004) reported that relapse occurred in 
25% of subjects after treatment with chloroquine or quinine 
plus 15 mg of primaquine daily for 14 days, whereas only 3% 
of subjects treated with higher-dose primaquine regimens of 
22.5 or 30 mg daily for 14 days relapsed. It is possible that 
some of the primaquine failures may have been due to cyto-
chrome P-450 (CYP) 2D6 polymorphisms and the inability of 
some individuals to metabolize the drug (Bennett et al., 2013).

3. MECHANISM OF DRUG ACTION

Although the exact mechanism of action of primaquine is 
not well understood, it appears to cause morphologic changes 
and physiologic alterations in plasmodial mitochondria 
(Boulard et al., 1983; Goheen et al., 1993; Lanners, 1991). 
Although the mitochondrial function of plasmodia is incom-
pletely understood (Fry and Beesley, 1991), the malaria par-
asite requires mitochondrial energy production for survival 
(Ginsburg et al., 1986). It remains to be elucidated which 
mitochondrial processes are affected by primaquine. One 
proposed mechanism is through the formation of an active 
quinoline diquinone metabolite that mimics ubiquinone, 
leading to interruption of the parasite mitochondrial elec- 
tron transport chain, and to cessation of ubiquinone-linked 
pyrimidine synthesis in hypnozoites (Gutteridge et al., 1979). 

Primaquine may also produce highly reactive metabolites 
that act by generating oxygen free radicals, which kills the 
malaria parasite (Clark et al., 1989; Fletcher et al., 1988). It 
has been difficult, however, to test whether such redox active 
metabolites actually exist. Inadvertently, proof of the require-
ment for oxidative metabolite of primaquine came from 
a   P. vivax vaccine study. When trying to cure liver-stage 
infections of two volunteers in this study, it was found that 
they continued to relapse despite being given adequate pri-
maquine (Bennett et al., 2013). Further investigation showed 
that these volunteers were either poor or intermediate meta-
bolizers of primaquine because they carried CYP2D6 alleles 
predictive of reduced or absent enzyme activity. Further 
work with CYP2D knockout studies in mice infected with 
Plasmodium berghei and humanized CYP2D6 (knockout/
knock-in) mice showed that CYP2D6 was indeed the critical 
metabolic enzyme that determined activity against liver-stage 
parasites (Pybus et al., 2013; Potter et al., 2015). The presumed 
oxidative metabolite was thought to be a quinone-imine pro-
duced by CYP2D6 after an initial metabolic step by medicated 
monoamine oxidase (Pybus et al., 2012). These reactions 
were partially sterospecific and more favorable toward the 
(+) enantiomer of primaquine (Fasinu et al., 2014). These 
discoveries may explain the difficulty in curing some patients 
with P. vivax relapses, despite multiple courses of primaquine, 
because of lack of metabolism of the drug (Bright et al., 2013; 
Ingram et al., 2014).

The mechanism of action of primaquine against Pneumo
cystis jirovecii is not known (Lee, 2006).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

MALARIA

Radical cure of malaria 
For radical cure of P. vivax and P. ovale malaria, primaquine 
is usually given after a standard treatment course of chloro-
quine (25 mg base/kg over 3 days) to eliminate the asexual 
blood stages. This drug combination strategy is referred to as 
a radical cure, defined as the complete eradication of para-
sites from the body, particularly the residual hypnozoite 
forms in the liver. Both primaquine and chloroquine are 
given orally. The standard adult dose of primaquine is 15 mg 
(0.25 mg/kg) daily for 14 days. The current US Food and 
Drug Administration (FDA)–approved primaquine regimen 
is 15 mg daily for 14 days. This regimen, approved in 1952, 
is historically based on the high effectiveness of the 15-mg 
course in the treatment of US military personnel infected 
with P. vivax during the Korean War. At this dose, clinically 
significant primaquine-induced hemolysis in G6PD-deficient 
patients was deemed unlikely.

However, in Southeast Asia, particularly in Indonesia and 
Oceania, a higher dose of 30 mg (0.5 mg base/kg) daily for 14 
days is generally recommended. Clyde and McCarthy (1977) 
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demonstrated that regimens of 30 mg daily for 14 days and 
60 mg daily for 7 days were equally effective in achieving rad-
ical cure against the “primaquine-tolerant” Chesson strain 
of P. vivax. This translated to a total dose of 420 mg for a 
70-kg adult (6 mg/kg) or 0.5 mg of primaquine per kilogram 
daily for 14 days. Several studies (Duarte et al., 2001; Goller 
et al., 2007; Schwartz et al., 2000; Signorini et al., 1996) 
showed that a low body weight–adjusted dose of primaquine 
is major factor associated with relapse. These studies pro-
vided further justification for a weight-adjusted dose of 
 primaquine to a total dose of 6 mg/kg (30 mg/day); for indi-
viduals weighing > 70 kg, the duration of treatment should 
be extended to achieve the desired total dose. A review of all 
relapsing malaria treated in Queensland Australia over 12 
years provided further evidence that a total estimated dose 
of > 420 mg of primaquine is required to cure P. vivax 
malaria (Townell et al., 2012). Based on a literature review 
including nearly 60,000 patients treated with primaquine, 
the critical total dose required to kill residual liver parasites 
to stop relapses was estimated to be > 5 mg/kg (John et al., 
2012).

After evaluating the historical findings of the variable 
responses to standard primaquine therapy, the US Centers 
for Disease Control and Prevention (CDC, 2005) has now 
recommended 30 mg daily for 14 days for radical cure and 
terminal prophylaxis of P. vivax malaria (Hill et al., 2006). 
For individuals with mild variants of G6PD deficiency, 45 
mg of primaquine (0.75 mg/kg) may be given once a week 
for 8  weeks (Alving et al., 1960; Brewer and Zarafonetis, 
1967; Myat Phone et al., 1994).

Prophylaxis of malaria 
For the prevention of malaria, the adult dose is 30 mg of 
 primaquine daily commencing 1 day before exposure and 
continuing for 7 days after departure from a malaria- 
endemic area (CDC, 2005; Hill et al., 2006). It is necessary to 
give the drug only for 7 days after return to a non–malaria- 
endemic area because of the causal prophylactic activity of 
primaquine.

Terminal prophylaxis of malaria 
An eradication course of primaquine may be given to pre-
vent relapses of P. vivax and P. ovale malaria that might 
occur after the cessation of prophylaxis. Administration 
should start during the last 2 weeks of, or just after com-
pletion of, suppressive chemoprophylaxis. Terminal pro-
phylaxis with primaquine should not be routinely given to 
all returning tourists, but may be indicated for long-term 
travelers or persons with a very high risk of exposure to 
P. vivax and P. ovale in areas where malaria transmission is 
intense, and thus who are at high risk of relapse or delayed 
primary attack (Brown, 1993; Hill et al., 2006). In areas with 
relative primaquine sensitivity such as Korea, the adult dose 
is 15 mg daily for 14 days; in areas with relatively pri-
maquine-resistant P. vivax, such as Oceania, 30 mg daily 
for 14 days is the appropriate dose. Alternative regimens for 

postexposure presumptive treatment depend on the toler-
ance of the medicine in the particular population tested. In 
203 Australian soldiers it was possible to administer the 
required amount of primaquine over a single week by giving 
30 mg twice a day for 7 days (Ebringer et al., 2011). Although 
tolerated with food, 30 mg twice a day did seem to be the 
highest tolerated dose in this population. Directly observed 
therapy had a distinct advantage over self-administered 
medication when tested along the Thai–Myanmar border 
(Takeuchi et al., 2010).

Prevention of malaria transmission 
Primaquine has retained its ability to kill gametocytes of 
P.  falciparum, including strains that are highly resistant to 
chloroquine and other anti-malarial drugs. Gametocytocidal 
treatment is given only for treatment of P. falciparum malaria 
in areas with low or moderate malaria transmission. Its 
objective is the elimination of residual gametocytes after 
effective blood schizontocidal treatment in order to block 
further transmission to mosquitoes. For this purpose, a sin-
gle dose of 45 mg (0.75 mg/kg) is sufficient (Bennett et al., 
2013).

Primaquine’s anti-transmission potential in killing both 
blood and liver parasites has been of particular interest since 
the global revival of malaria elimination programs (Wells et 
al., 2010; White, 2013). Breaking the chain of transmission 
requires not only rendering the gametocytes in the blood not 
infectious to mosquitoes but also eliminating the hypno-
zoites in the liver so that there are no subsequent relapses. 
The strong epidemiologic case for malaria elimination has to 
be balanced against the risk of severe adverse events, partic-
ularly hemolysis in G6PD-deficient individuals (Ashley et al., 
2014). Field studies in African children have indicated that 
measurable hemoglobin loss is not limited to those with 
G6PD deficiency but can also be seen in G6PD-normal indi-
viduals (Shekalaghe et al., 2010). Although single doses of 
primaquine have been used in conjunction with the treat-
ment of P. falciparum malaria to kill gametocytes, this is not 
adequate to eliminate P. vivax relapses (Smithuis et al., 2010). 
The practical difficulties of introducing single-dose, low-dose 
(0.25 mg/kg) primaquine as a gametocide when treating fal
ciparum malaria cases are large, especially in sub-Saharan 
Africa (Chen et al., 2015). Field studies of very low dose (9 
mg in adults) primaquine in Cambodia do suggest that such 
an intervention in conjunction with other drugs and control 
measures may be effective in limiting P. falciparum trans-
mission, particularly multidrug-resistant malaria (Song et 
al., 2010). The rationale for using single-dose primaquine 
to limit transmission has been collected and is now part of 
WHO policy (White et al., 2012). 

PNEUMOCYSTIS JIROVECII PNEUMONIA

The dose for the treatment of mild to moderate Pneumocystis 
pneumonia is clindamycin (450–600 mg given intravenously 
or orally every 6–8 h) and primaquine (15–30 mg daily given 
orally) (Fishman, 1998).
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4b.  Newborn infants and children

RADICAL CURE, PROPHYLAXIS, TERMINAL 
PROPHYLAXIS, AND PREVENTION OF 
TRANSMISSION OF MALARIA 

Primaquine may be used in children of any age using a 
weight-adjusted dose. The pediatric dose should never 
exceed the recommended maximum adult dose. Primaquine 
should be administered to children only after they have been 
screened for G6PD deficiency.

4c.  Pregnant and lactating mothers

Because primaquine can potentially cause hemolytic disease 
in a G6PD-deficient fetus, primaquine is generally contrain-
dicated in pregnancy. Even if a pregnant woman has normal 
G6PD levels, the fetus may not. There are no controlled data 
of primaquine use in human pregnancy, but no cases of con-
genital defects have been reported, although the drug does 
cross the placenta (FDA, 2016). After delivery, women can be 
treated with primaquine as recommended for nonpregnant 
adult patients (Griffith et al., 2007). Among lactating moth-
ers given 0.5 mg/kg/day primaquine for malaria prophylaxis, 
no drug-related side effects were noted in their nursing 
infants (aged at least 28 days), although low but measurable 
levels of this drug were found in breast milk and infant 
plasma. The very small amounts of anti-malarial drugs trans-
ferred in breast milk are insufficient to provide adequate pro-
tection against malaria in the infants (FDA, 2016). Breastfed 
infants should be tested for G6PD deficiency before pri-
maquine is given to the mother (Hill et al., 2006).

4d.  Those requiring altered dosages

There are no data to indicate that primaquine dosing needs 
alteration in patients with hepatic or renal impairment.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The absorption of primaquine from tablets is rapid and vir-
tually complete, with a mean bioavailability of 96% (Mihaly 
et al., 1985). The elimination kinetics of primaquine is mono- 
exponential, with an elimination half-life of about 6 hours 
in healthy Caucasian and Asian subjects (Bangchang et al., 
1994; Mihaly et al., 1985; Ward et al., 1985). A summary of 
the pharmacokinetic properties of primaquine is outlined in 
Table 180.1.

5b.  Drug distribution

The Cmax and Tmax of primaquine are reached about 2 hours 
after an oral dose. Primaquine exhibits linear and first-order 

kinetics over the dose range of 15–45 mg (Mihaly et al., 
1985). The mean Cmax and AUC of primaquine are, respec-
tively, 53 ng/ml and 0.5 µg/h/ml after a 15-mg dose, 104 ng/
ml and 1.2 µg/h/ml after a 30- mg dose, and 176 ng/ml and 
1.7 µg/h/ml after a 45-mg dose in healthy volunteers. No dif-
ferences were seen in the Cmax, Tmax, and AUC of primaquine 
after the first and last dose of a 14-day regimen of 15 mg daily 
in Thai volunteers (Ward et al., 1985) or in Indian patients 
infected with P. vivax malaria (Bhatia et al., 1986). The rel-
atively low plasma concentration of primaquine is largely 
attributable to its extensive distribution into body tissues, 
with an apparent volume of distribution of 200–300 l and 
a systemic clearance of primaquine varying between 20 and 
40 l/h (Bangchang et al., 1994; Mihaly et al., 1985; Ward et 
al., 1985).

The metabolism of primaquine is complex and difficult to 
study owing to the several biologically reactive groups in its 
structure, the instability of the intermediates produced, and 
the amphoteric nature of these intermediates (Brueckner et 
al., 2001; Idowu et al., 1995). In humans, primaquine under-
goes rapid and extensive metabolism to the inert carboxypri-
maquine (Mihaly et al., 1984). Plasma carboxyprimaquine 
concentrations are about 10 times higher than those of the 
parent compound and, based on AUC values, the proportion 
of the primaquine dose converted to carboxyprimaquine 
is  unaffected by dose administered (Mihaly et al., 1985). 
Carboxyprimaquine is eliminated more slowly (~ 15 h), and 
accumulates with daily administration (Binh et al, 2009; 
Kim et al., 2004; Mihaly et al., 1985). Studies with carbon 14 
(14C)–labeled primaquine have shown that during the first 
24 hours after an intravenous dose to healthy volunteers, less 
than 5% of the plasma radioactivity is due to primaquine, 
38% to carboxyprimaquine, and the remainder to unidenti-
fied metabolites (Mihaly et al., 1985). Hydroxylated and 
acety lated metabolites have not been found in humans 
(Bang chang et al., 1992; Mihaly et al., 1984; Vasquez-Vivar 
and Augusto, 1992). Primaquine and carboxyprimaquine do 
not concentrate in red blood cells, with mean whole blood to 
plasma ratios of 0.81 for primaquine and 0.84 for carboxy-
primaquine (Mihaly et al., 1985).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Similar to mefloquine and quinine, the pharmacokinetics of 
primaquine are altered during malaria infections, with an 
increase in Cmax and a reduction in the clearance of the drug 
(Edwards et al., 1993; Kim et al., 2004; Ronn and Bygbjerg, 
1993). Plasma concentrations of acute phase proteins are 
known to increase during malaria infection (Mansor et al., 
1991). Because primaquine binds to alpha1-acid glycopro-
teins (Kennedy and Frischer, 1990), increased plasma bind-
ing would be expected to result in increased total plasma 
concentrations of primaquine.

The pharmacokinetics of primaquine were found to be 
comparable between G6PD-normal and G6PD-deficient Thai 
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volunteers (Bangchang et al., 1994). The pharmacokinetic 
profile of primaquine was also similar among healthy male 
and female Vietnamese and Australian subjects after a single 
30-mg dose (Cuong et al., 2006; Elmes et al., 2006). However, 
steady-state pharmacokinetics of primaquine in healthy 
Vietnamese subjects administered 30 mg of primaquine 
daily for 14 days revealed that females had significantly 
lower plasma clearance of primaquine compared with males 
(0.31 l/h/kg vs. 0.55 l/h/kg) (Binh et al, 2009). Sex differences 
in hepatic metabolism of primaquine may play a role in the 
pharmacokinetic properties of primaquine between females 
and males. These findings of females have a higher exposure 
to primaquine may put them at increased risk of toxicity to 
primaquine. 

Most pharmacokinetic studies of primaquine have been 
carried out in fasting healthy volunteers. Recently, the phar-
macokinetics of primaquine were determined in Vietnamese 
volunteers in the fasting and fed states. When compared with 
fasting state values, food containing ~ 28 g of fat increased 
the Cmax of primaquine by 1.23-fold and the AUC by 1.12-
fold (Cuong et al., 2006). The modest increase in bioavail-
ability of primaquine with food is unlikely to cause an increase 
in the incidence and severity of adverse effects associated 

with the drug. However, in addition to the recommendation 
that primaquine be taken with food to minimize abdominal 
discomfort, increased primaquine concentrations due to co- 
administration with a fatty meal may lead to higher anti- 
malarial efficacy.

There is very little information on the use of primaquine 
in children, and no data are available on its pharmacokinetic 
properties in this age group.

5d.  Excretion

In a healthy volunteer given a tracer oral dose of 14C-labeled 
primaquine, 64% of the radiolabel dose was excreted in urine 
by 143 hours, with only about 3.6% of the dose recovered as 
unchanged primaquine (Mihaly et al., 1984). No carboxy-
primaquine was detected in urine, suggesting that it may be 
further metabolized before excretion.

5e.  Drug interactions

Primaquine inhibits hepatic drug-metabolizing enzyme sys-
tems, both in vitro and in vivo, with the potential for drug 
interaction of clinical importance. In healthy volunteers the 

Table 180.1. Pharmacokinetic parameters of primaquine in humans.

Dose Subjects (n)
Cmax

(ng/ml)
Tmax

(h)
t½

(h)
AUC

(µg/h/ml)
CL/F
(l/h) Reference

15-mg single oral 
dose

Healthy Caucasian adult 
volunteers (5)

 53 ± 25 2 ± 1 5.9 ± 2.1 0.5 ± 0.1 31.2 ± 7.0 Mihaly et al., 1985

30-mg single oral 
dose

Healthy Caucasian adult 
volunteers (5)

104 ± 25 3 ± 1 7.4 ± 2.5 1.2 ± 0.2 27.3 ± 5.3 Mihaly et al., 1985

45-mg single oral 
dose

Healthy Caucasian adult 
volunteers (5)

176 ± 43 2 ± 1 6.7 ± 0.5 1.7 ± 0.4 27.1 ± 5.5 Mihaly et al., 1985

15-mg single oral 
dose

Healthy Thai adult 
volunteers (5)

 65 ± 34 2 ± 1 4.4 ± 1.4 0.47 ± 0.23 37.6 ± 15.5 Ward et al., 1985

15 mg daily for 
14 days 

Healthy Thai adult 
volunteers (5)

 66 ± 27 2 ± 1 4.3 ± 1.5 0.44 ± 0.23 41.2 ± 21.0 Ward et al., 1985

45-mg single oral 
dose

Healthy Thai adult 
volunteers (9)

167
(range,
113–532)

2
(range, 
1–4)

6.1
(range, 
1.7–16.1)

33.1
(range, 
17.6–49.3)

Edwards et al., 1993

45-mg single oral 
dose plus quinine 
sulfate (10 mg/kg 
three times daily)

Thai adult patients with 
P. falciparum malaria 
(14)

233
(range,
144–489)

4
(range, 
2–8)

4.9
(range, 
2.8–9.1)

19.4
(range,  
 9.3–24.7)

Edwards et al., 1993

15-mg single oral 
dose

Healthy Thai adult 
G6PD-normal 
volunteers (13)

 58 ± 8 2.2 ± 0.6 6.4 ± 1.9 0.55 ± 0.07 Bangchang et al.,  
 1994

15-mg single oral 
dose

Healthy Thai adult 
G6PD-deficient 
volunteers (13)

 56 ± 7 2.2 ± 0.6 6.3 ± 2.7 0.52 ± 0.09 Bangchang et al.,  
 1994

15-mg single oral 
dose

Indian adult patients with 
P. vivax malaria (7)

 51 ± 21 2.3 ± 1.1 5.6 ± 1.0 0.48 ± 0.26 37.6 ± 14.7 Bhatia et al., 1986

15 mg daily for 
14 days

Indian adult patients with 
P. vivax malaria (7)

 50 ± 14 2.1 ± 0.9 5.8 ± 0.9 0.49 ± 0.19 37.1 ± 16.5 Bhatia et al., 1986

Values are means (±SD) or medians [range].
Abbreviation: G6PD: glucose-6-phosphate dehydrogenase.
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metabolic clearance of antipyrine, a probe for hepatic CYP 
metabolism, is significantly reduced in the presence of pri-
maquine (Back et al., 1983). Studies with human liver micro-
somes have suggested that the interaction between antipyrine 
and primaquine may be due to primaquine inhibiting CYP1A2 
(Bapiro et al., 2001; Li et al., 2003). Inhibition by primaquine 
of CYP1A2 could potentially decrease the plasma concentra-
tions of drugs such as tricyclic antidepressants, antipsychotics, 
benzodiazepines, and warfarin that are metabolized by the 
isozyme (Hill et al., 2006). The clinical relevance of these 
potential interactions is not known. Although studies with 
human liver microsomes have indicated that mefloquine 
inhibits the metabolism of primaquine (Bangchang et al., 
1992), a clinical study undertaken in healthy volunteers taking 
mefloquine did not show evidence of alteration of the phar-
macokinetics of primaquine or carboxyprimaquine (Edwards 
et al., 1993). Quinine, artemether, artesunate, and chloroquine 
did not significantly alter the metabolism of primaquine in 
an in vitro microsome system (Bangchang et al., 1992).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Gastrointestinal side effects 

Gastrointestinal disturbances typically associated with pri-
maquine therapy include nausea, abdominal cramps, anorexia, 
epigastric distress, and vomiting. The severity and frequency 
of these adverse effects is related to the amount of primaquine 
ingested (Clayman et al., 1952; Clyde, 1981). Abdominal 
pain is usually the first symptom to appear. After ingestion  
of a 15-mg dose, gastrointestinal discomfort is uncommon 
(~ 3%). At 30 mg daily, mild to moderate abdominal cramps 
can occur, particularly if the drug is taken on an empty stom-
ach (Clayman et al., 1952). With a dose of 60 mg, the fre-
quency of gastrointestinal disturbance is ~ 33%. Larger doses 
up to 240 mg base daily may cause severe and persistent 
abdominal cramps, nausea, and vomiting. Even at high 
doses, abdominal discomfort due to the drug can be miti-
gated by taking the drug with food (Clayman et al., 1952). 
Krudsood et al. (2008) reported that primaquine given in a 
regimen of 30 mg twice a day for 7 days to Thai subjects was 
well tolerated with no significant adverse events including 
gastrointestinal discomfort.

6b.  Hemolytic anemia 

The most serious toxic effect of primaquine is anemia from 
acute intravascular hemolysis among people with G6PD 
deficiency. The mechanism of primaquine-induced hemoly-
sis in G6PD-deficient individuals is not known. Several stud-
ies have indicated that metabolites of primaquine, possibly 
hydroxylated forms, may be responsible for hemolysis in 
sensitive individuals (Baird et al., 1986; Fletcher et al., 1988). 
Because of the risk of hemolysis in G6PD-deficient people, 
G6PD status must be determined before administration of 
primaquine, and individuals with G6PD deficiency should 
not receive primaquine. If primaquine is administered to 

individuals with unknown G6PD status, it should be promptly 
discontinued if evidence suggestive of hemolytic anemia is 
observed (darkening of the urine, marked fall of hemoglobin, 
increased reticulocyte count).

The degree of hemolysis induced by primaquine in G6PD-
deficient individuals varies with the type of G6PD deficiency 
and the quantity of primaquine administered. In individuals 
with the African variant A− form of G6PD deficiency, 15 mg 
daily for 14 days generally produces a mild, self-limiting, and 
asymptomatic anemia owing to hemolysis of older red blood 
cells. In these subjects, hemolysis usually starts 3–4 days after 
the first dose of primaquine and lasts about 7 days. The 
African variant A− may be found in up to 10–15% of Africans 
or African Americans. A 45 mg weekly dose of primaquine 
over 8 weeks does not cause clinically significant hemolysis 
in variant A– individuals (Brewer and Zarafonetis, 1967). 
However, serious hemolysis may occur in individuals with 
the Mediterranean and Asian variant B− forms and can result 
in progressive, potentially fatal hemoglobinemia and hemo-
globinuria (Clyde, 1981). High levels of hemolysis have been 
reported in variant B−individuals after a primaquine course 
of 15 mg daily (Aung Than et al., 1970) or 45 mg single dose 
(Pannacciulli et al., 1969; Reeve et al., 1992).

6c.  Methemoglobinemia 

Primaquine is an oxidant drug that converts hemoglobin 
to methemoglobin. A mild, self-limiting and asymptomatic 
methemoglobinemia can be detected in most individuals 
taking primaquine. Methemoglobin levels up to 11.2% of 
total hemoglobin have been observed in healthy Caucasians 
(Clayman et al., 1952), and in 5.8% of Indonesian subjects 
after 30 mg daily (Fryauff et al., 1995). Although clinical cya-
nosis becomes apparent when methemoglobin values rise 
over 15% (Hall et al., 1986), methemoglobin levels of up to 
25% are usually well tolerated. In severe cases, cyanosis may 
be treated with either 300 mg of methylene blue or cessation 
of primaquine (Clyde, 1981). Methemoglobinemia is less 
pronounced among G6PD-deficient individuals compared 
with subjects with normal G6PD levels because the older red 
blood cells, which are the most susceptible to oxidative stress, 
are also the most susceptible to hemolysis. Primaquine should 
not be given to patients with nicotinamide adenine dinucle-
otide (NADH) methemoglobin reductase deficiency (Cohen 
et al., 1968; Coleman and Coleman, 1996).

6d.  Neuropsychiatric disturbances 

Neuropsychiatric changes appear to be rare, with only a sin-
gle case report of depression and psychosis after primaquine 
administration (Schlossberg, 1980). No significant impact of 
primaquine on psychomotor performance (serial reaction 
time, logical reasoning, serial subtraction, or multitask per-
formance), mood, sleepiness, or fatigue was observed among 
healthy volunteers administered 30 mg daily for 7 days (Paul 
et al., 2003).
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6e.  Other adverse events 

Other known adverse effects that occasionally occur with 
primaquine use are headache, visual disturbances, and intense 
itching. Arrhythmias have also been rarely reported.

6f.  Contraindications 

As noted earlier, because primaquine can potentially cause 
hemolytic disease in a G6PD-deficient fetus, it is contraindi-
cated in pregnancy. Likewise, because few data are available 
on its excretion in breast milk, breastfeeding mothers should 
not be administered primaquine unless the infant has tested 
negative for G6PD deficiency (Hill et al., 2006).

Primaquine may be contraindicated in people with ill-
nesses that manifest a tendency to granulocytopenia such as 
lupus erythematosus and rheumatoid arthritis (Brennecke et 
al., 1951), but the rationale for this concern is questionable 
(Hill et al., 2006). No alterations in white blood cell counts 
have been observed among subjects taking primaquine at 
30 mg daily (Hockwald et al., 1952; Jones et al., 1953). As a 
precaution, however, patients receiving drugs that depress 
bone marrow activity or induce hemolysis should not use 
primaquine (Clyde, 1981).

As quinacrine appears to potentiate the toxicity of anti- 
malarials that are structurally related to primaquine, the use 
of quinacrine in patients receiving primaquine is contraindi-
cated. Similarly, primaquine should not be administered to 
patients who have received quinacrine recently, as toxicity is 
increased.

6g.  Overdosage 

Symptoms of overdosage of primaquine include abdominal 
cramps, vomiting, burning epigastric distress, central ner-
vous system and cardiovascular disturbances, cyanosis, met-
hemoglobinemia, moderate leukocytosis or leukopenia, and 
anemia. The most striking toxic effects are granulocytopenia 
and acute hemolytic anemia in sensitive persons. Acute 
hemolysis occurs, but patients recover completely if the drug 
is discontinued.

7. CLINICAL USES OF THE DRUG

7a.  Radical cure and terminal prophylaxis of 
P. vivax malaria

The therapeutic efficacy of primaquine for the eradication 
of hypnozoites is enhanced by blood schizontocides such as 
chloroquine or quinine (Alving et al., 1955). In subjects 
administered mosquito-induced infections of the Chesson 
strain, the cure rate was 21% using quinine (a short-acting 
drug) to eliminate the blood stages followed by 15 mg of pri-
maquine daily for 14 days. When the same primaquine regi-
men was co-administered with quinine or chloroquine, the 
cure rate increased to 95% and 74%, respectively. These find-
ings suggest that primaquine should be co-administered with 

chloroquine or quinine to achieve the best response when 
the drug is given to effect radical cure. Another option is to 
use a short-acting artemisinin derivative as the blood schi-
zontocidal with primaquine (Dao et al., 2007; Krudsood et 
al., 2008; Silachamroon et al., 2003; Wilairatana et al., 1999). 
The rapid action of artemisinin derivatives against blood 
stages of P. vivax leads to a highly beneficial clinical response 
among patients, with symptom resolution occurring at a sig-
nificantly faster rate than with chloroquine (Phan et al., 2002; 
Pukrittayakamee et al., 2000).

Assessment of the efficacy of primaquine for this indi-
cation is difficult for a number of reasons. For long-acting 
drugs such as chloroquine, differentiating between the blood 
schizontocide and primaquine failure in patients with recur-
rent P. vivax malaria is difficult. It is generally accepted that 
the recurrence of P. vivax parasitemia ≥ 30 days after prima-
quine treatment is best clinically explained by primaquine 
failure (Murphy et al., 1993; Phillips et al., 1996). In this 
respect, increasing reports of chloroquine-resistant P. vivax 
malaria in Oceania (Rieckmann et al., 1989), Southeast Asia 
(Baird et al., 1991; Myat Phone et al., 1993; Phan et al., 2002; 
Sutanto et al., 2010), the Indian subcontinent (Garg et al., 
1995; Srivastava et al., 2008), Africa (Ketema et al., 2011), 
and the Americas (Alecrim et al., 1999; Canessa et al., 1992; 
Phillips et al., 1996) are concerning. Furthermore, the anti- 
relapse effectiveness of primaquine is difficult to determine 
because recurrence of malaria can be due to recrudescence of 
the same parasites that caused the acute infection, reinfec-
tion with a different strain, or relapse from hypnozoite stages 
(White, 2002). Recently, molecular studies have shown that 
P. vivax populations emerging from hypnozoites commonly 
(> 50%) differ from the populations that caused the acute 
primary infection (Chen et al., 2007; Imwong et al., 2007).

Over the past 25 years there has been increasing reports of 
primaquine-resistant or primaquine-tolerant strains of P. vivax 
to the standard primaquine therapy of 15 mg daily from var-
ious geographic areas, including North Asia (Na et al., 1999; 
Yi et al., 1998), Southeast Asia (Bunnag et al., 1994; Loo-
areesuwan et al., 1997), Oceania (Jelinek et al., 1995; Miura et 
al., 2005), South America (Alvarez et al., 2006; Arias and 
Corredor, 1989; Duarte et al., 2001; Garavelli and Corti, 
1992), the Middle-East (Spudick et al., 2005), the Indian-
subcontinent (Rajgor et al., 2003; Rombo et al., 1987), and 
sub-Saharan Africa (Jelinek et al., 1995; Schwartz et al., 2000; 
Smoak et al., 1997). In Thailand, P. vivax relapse rates rang-
ing from 7% to 25% after standard primaquine treatment 
have been reported (Luxemburger et al., 1999; Puk rit ta-
yakamee et al., 1994; Walsh et al., 2004). It should be empha-
sized that to reduce the risk of relapse, higher doses of 
primaquine need to be given. As noted earlier, Bunnag et al. 
(1994) showed a 7.7-fold reduction in the relapse rate by 
increasing the primaquine dose from 15 mg to 22.5 mg daily 
(18.4% vs. 2.4%) for 14 days.

The concern over compliance with the 14-day regimen to 
prevent relapses has led to the assessment of shorter courses 
of primaquine. Various studies in Pakistan, India, and Brazil 
have shown that a 5-day regimen of 15 mg of primaquine 
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daily is significantly less effective in preventing relapses than 
the 14-day course (Gogtay et al., 1999; Rowland and Durrani, 
1999; Villalobos-Salcedo et al., 2000). A study in Thailand 
showed that a 5-day course of artesunate followed by a higher 
primaquine dose of 30 mg daily for 5, 7, 9, or 11 days progres-
sively improved the 28-day cure rates with values of 85%, 89%, 
94%, and 100%, respectively (Krudsood et al., 2008). Seven-
day primaquine courses of 45 mg daily (Dao et al., 2007) and 
60 mg daily (Krudsood et al., 2008) were found to be effica-
cious and well tolerated for treatment of P. vivax infections 
in Vietnam and Thailand, with 28-day cure rates of 94% 
and 96%, respectively. In another Thai study, the cumulative 
28-day relapse rate for 7-day regimens of primaquine only 
for the radical cure of P. vivax malaria was significantly lower 
in patients treated with 60 mg daily of primaquine (7% ; 95% 
confidence interval [CI]: 2–24%) compared with 30 mg daily 
of primaquine (29%; 95% CI: 16–49%) (Pukrittayakamee et 
al., 2010). These 7-day high-dose primaquine regimens are 
worthy of further evaluation because the 28-day follow-up 
period captures the majority of relapses in Southeast Asia 
(Baird et al., 1997; White, 2002).

For G6PD-deficient subjects, for pregnant women (when 
it is not possible to ascertain the G6PD status of the fetus), 
and for those individuals who have well documented failure 
with 30 mg of primaquine daily for 14 days, there is cur-
rently no alternative therapy. The risk of relapse in these 
patients should be managed with suppressive therapy with 
chloroquine or mefloquine for at least 4 weeks, preferably 
8  weeks (Baird and Hoffman, 2004). These patients must 
receive medical counseling regarding the risk of relapse 
beyond 8 weeks.

Clinical studies of primaquine in the elderly (65 years and 
older) to determine whether they respond differently from 
younger subjects have not been performed. Because no age- 
specific problems have been documented to date, no special 
precautions are advised in the use of primaquine in elderly 
patients.

7b.  Prophylaxis of malaria infections

Primaquine is an effective causal prophylactic agent against 
both P. falciparum and P. vivax malaria by killing the para-
sites as they develop in the liver. In the 1990s, clinical trials 
of  primaquine for prophylaxis were conducted in Kenya, 
Indonesia, and Columbia. In semi-immune Kenyan chil-
dren, primaquine was equally as effective as doxycycline 
(50 mg daily) and mefloquine (125 mg weekly) in preventing  
P. falciparum infections, and more effective than chloroquine 
(150 mg weekly) plus proguanil (200 mg daily) (Weiss et al., 
1995). The protective efficacies relative to placebo were 85% 
for primaquine, 84% for doxycycline, 77% for mefloquine, 
and 54% for chloroquine plus proguanil. In Indonesia, the 
protective efficacy of primaquine (30 mg daily) relative to 
placebo was 95% for P. falciparum and 90% for P. vivax in 
adult non-immune Javanese transmigrants (Fryauff et al., 
1995). These findings in Kenya and Indonesia were further 
corroborated by Soto et al. (1998) in Columbia, where the 

protective efficacy of primaquine (30 mg daily) was 94% for 
P. falciparum and 85% for P. vivax in Columbian soldiers.

In addition to being an effective prophylactic agent, pri-
maquine was found to be well tolerated and safe in the pro-
phylaxis trials in Kenya, Indonesia, and Columbia. In the 
trial undertaken among Kenyan children, there were no sig-
nificant differences in adverse events between the placebo- 
and drug-treated groups. In the Indonesian subjects taking 
daily primaquine therapy for 52 weeks, there were no dif-
ferences between the placebo and primaquine groups in the 
number of complaints reported to the health clinic, and 
 biochemical and hematologic tests showed no evidence of 
toxicity with chronic daily primaquine use. The mean methe-
moglobin level was 5.8% among subjects in the primaquine 
group, and the primaquine-induced methemoglobin appeared 
to be mild, self-limited, and well tolerated without symptoms 
or signs of cyanosis.

A major advantage of primaquine over other suppressive 
drugs such as mefloquine and doxycycline is that it only 
needs to be taken for 7 days after the individual has left the 
malarious area. The CDC now lists primaquine as a possible 
option for the prevention of malaria at a dosage of 0.5 mg/kg/
day to a maximum daily dose of 30 mg (Hill et al., 2006).

7c.  Pneumocystis jirovecii pneumonia

In a randomized, double-blind trial comparing trimetho-
prim–sulfamethoxazole, dapsone–trimethoprim, and clin-
damycin–primaquine in 181 patients with AIDS with mild to 
moderate PCP, the rates of dose-limiting toxicity, therapeutic 

failure, ability to complete 21 days of therapy, and survival 
did not differ among the three treatment combinations 
(Safrin et al., 1996). Rash was the most frequent manifesta-
tion of dose-limiting toxicity in all three treatment groups 
(19% of trimethoprim–sulfamethoxazole recipients, 10% of 
dapsone–trimethoprim recipients, and 21% of clindamycin–
primaquine recipients). Serious hematologic toxicities (ane-
mia, neutropenia, or methemoglobinemia) occurred more 
than twice as commonly among in patients receiving clinda-
mycin–primaquine (11% of trimethoprim–sulfamethoxaz-
ole recipients, 12% of dapsone–trimethoprim recipients, and 
28% of clindamycin–primaquine recipients). Thus, for an 
individual patient, the side effect profile is the main determi-
nant of the choice of therapy (Fishman, 1998).

Smego et al. (2001) carried out a meta-analysis on 27 pub-
lished clinical drug trials of the relative efficacy of alternative 
agents in AIDS patients with PCP infection compared with 
standard treatment with trimethoprim–sulfamethoxazole or 
pentamidine. Of the salvage regimens examined, the com-
bination of clindamycin–primaquine was the most successful 
for patients in whom standard therapy failed. Approximately 
90% of patients with PCP refractory to trimethoprim– 
sulfamethoxazole or pentamidine or both had a good clini-
cal response to clindamycin–primaquine. It is unclear why 
therapy with clindamycin–primaquine shows a significantly 
 better response rate compared with other salvage regimens. 
Variables such as the duration of failed standard treatment, 
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the severity of pneumonia, or the type of underlying disease 
did not appear to account for the differences among the sal-
vage regimens.

The uses of primaquine are summarized in Table 180.2.
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Tafenoquine

G. Dennis Shanks

1. DESCRIPTION

Tafenoquine (SB252263, previously known as WR 238605) is 
an investigational 8-aminoquinoline that is being co-devel-
oped as an antimalarial medication by Medicines for Malaria 
Venture and GlaxoSmithKline with the historical support of 
the US Army. Its structure is 2,6-dimethoxy-4-methyl- 
5-([3-trifluoromethyl]-phenoxy)-8-([4-amino-1-methylbu-
tyl]amino) quinoline, as shown in Figure 181.1, with a for-
mula of C24H28F3N3O3 ∙ C4H6O4 and a molecular weight of 
581.58 (succinate salt). It is better tolerated and can be given 
in higher dosages than its analog, primaquine. In clinical 
trials, tafenoquine has typically been formulated in tablet 
form containing 150, 200, or 400 mg of free base (188, 250, 
or 500 mg of succinate salt). Tafenoquine kills all stages of 
the malaria parasite and has demonstrated activity against 
Plas mo dium falciparum and Plasmodium vivax in humans, 
as well as Plasmodium cynomolgi, Plasmodium berghei, and 
Plas modium fragile in animals. Tafenoquine’s possible clini-
cal indications could include the chemoprophylaxis of 
malaria, treatment of relapsing malaria, and blocking of 
malaria transmission. Its most common adverse events are 
gastrointestinal intolerance and transient elevation of liver 
enzymes, especially at the highest tolerated doses. Like 

primaquine, tafenoquine can cause severe hemolysis in per-
sons deficient in glucose-6-phosphate dehydrogenase (G6PD) 
and causes a reversible elevation of methemoglobinemia. Its 
mechanism of action is unknown.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Laboratory (Cooper et al., 1994; Pradines et al., 2006; Russell 
et al., 2003) and clinical studies (Hale et al., 2003; Lell et al., 
2000; Llanos-Cuentas et al., 2014; Nasveld and Kitchener, 
2005; Nasveld et al., 2002, 2010; Shanks et al., 2001a, 2001b; 
Walsh et al., 2004a, 2004b) have indicated that tafenoquine is 
capable of preventing infection and killing P. falciparum and 
P. vivax. Although it probably also inhibits Plasmodium ovale 
and Plasmodium malariae, there are no data to confirm this 
hypothesis. In laboratory animal tests, tafenoquine has been 
shown to be effective for the treatment of infection with the 
following plasmodia species: P. berghei, P. cynomolgi, and  
P. fragile (Dutta et al., 1989; Peters et al., 1993). Tafenoquine 
kills all stages of the malaria parasite and has demonstrated 
activity against P. falciparum and P. vivax in humans, as well 
as P. cynomolgi, P. berghei, and P. fragile in animals.

Tafenoquine has been investigated in the laboratory as a 
possible drug combination component to treat multidrug- 
resistant P. falciparum (Peters et al., 2003; Ramharter et al., 
2002). Aotus (owl monkey) studies using a chloroquine- 
resistant strain of P. vivax have indicated that tafenoquine 
may be useful for the prevention and treatment of drug- 
resistant P. vivax malaria originating in areas such as 
Melanesia and Indonesia (Cooper et al., 1994; Obaldia et al., 
1997). 8-Aminoquinolines, such as tafenoquine and pri-
maquine, are the only class of antimalarials proven to eliminate 
the residual liver parasites (hypnozoites) of relapsing malaria 
such as P. vivax. Tafenoquine appears to be particularly well 
suited for the treatment and elimination of relapsing malaria 
based on studies in nonhuman primates (Dutta et al., 1989; 
Puri and Dutta, 2003) and more recently in human trials 
(Llanos-Cuentas et al., 2014; Walsh et al., 2004b). The ability Figure 181.1. Chemical structure of tafenoquine succinate. 
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of tafenoquine to kill all forms of Plasmodium parasites in 
the mosquito, liver, and blood has led some to suggest that 
there may be a public health role for tafenoquine in trans-
mission blocking and parasite eradication if a dose low 
enough to overcome the G6PD deficiency toxicity issue can 
be identified (Coleman, 1990; Coleman et al., 1992; Lanners, 
1991; Ponsa et al., 2003).

2b.  Emerging resistance and 
cross-resistance

Tafenoquine has not been used outside clinical trials and 
therefore there is no information about emerging drug 
resistance. The ability of the drug to kill gametocytes, which 
are the sexual stage of the parasite in the blood, may provide 
a theoretical impediment to the evolution of drug resistance 
by blocking the transmission of parasites into mosquitoes.

3. MECHANISM OF DRUG ACTION

The mechanism of action of all 8-aminoquinolines is uncer-
tain. Because the oxidative action of this class of drugs 
appears to be linked to their efficacy, it is thought that their 
mechanism of action may involve selective action on para-
sitized erythrocytes and hepatocytes, as has been shown as 
the possible mechanism of action and possible evolution of 
G6PD variants (Cappadoro et al., 1998). 

Findings with cytochrome 2D6 limited primaquine meta-
bolism suggest that tafenoquine may have an oxidative metab-
olite that is therefore the active molecule. However, recent in 
vitro and clinical data do not support this hypothesis. If the 
analogy with primaquine were correct, one could expect that 
persons with some cytochrome genetic polymorphisms would 
not have their malaria relapses prevented by tafenoquine (Li et 
al., 2014). However, the published (retrospective) genetic data 
showed that whereas this was probably true for primaquine, 
the opposite was observed for tafenoquine, where relapses 
only occurred in those predicted to have normal 2D6 metabo-
lizer status (St Jean et al 2016). Further studies are required.

Other suggested modes of action of primaquine and its ana-
logs, such as tafenoquine, include drug-induced mitochondrial 
dysfunction or inhibition of receptor recycling by endosomes 
(Hiebsch et al., 1991; Van Weert et al., 2000). 8-Aminoquinolines 
are the only drug class currently in use that can kill residual 
liver parasites that are metabolically inactive pending onset 
of relapse infection (Shanks and Edstein, 2005). Tafenoquine 
also demonstrates activity against blood-stage parasites, pre-
sumably through its ability to inhibit hematin polymeriza-
tion (Peters et al., 1993; Ven ner strom et al., 1999).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Tafenoquine remains investigational pending further clinical 
studies. However, it had already been administered to more 

than 4000 people as of 2015 based on information from 
GlaxoSmithKline’s most recent investigator brochure (Glaxo-
SmithKline, 2015). Based on studies published to date, it 
seems likely that the adult dose for malaria chemoprophy-
laxis will probably be 200 mg base per week (Hale et al., 2003; 
Lell et al., 2000; Shanks et al., 2001b). Tolerance studies sug-
gested that the maximum single tolerated dose would be 400 
mg base (Brueckner et al., 1998a, 1998b). However, in at least 
one study 600 mg base was well tolerated (Green et al., 2014). 
Nevertheless, some subjects have experienced gastrointesti-
nal adverse events after ingestion of a single 400-mg dose 
(Edstein et al., 2007; Walsh et al., 2004a). No parenteral for-
mulation of tafenoquine currently exists. Tafenoquine alone 
has been studied to treat acute vivax malaria with 3 days of 
therapy using 400 mg per day as either a single or split dose. 
However, fever clearance was not as fast as with chloroquine 
(Nasveld and Kitchener, 2005; Nasveld et al., 2002). Clinical 
trials of tafenoquine in combination with fast-acting blood 
schizonticidal drugs such as chloroquine have indicated that 
a 300-mg single dose will be adequate for treatment of relaps-
ing malaria (Llanos-Cuentas et al., 2014).

4b.  Newborn infants and children

The only pediatric information available is from an African 
chemoprophylaxis trial in schoolchildren 12 years of age and 
older (Lell et al., 2000). Tafenoquine had not been given to 
young children as of 2017, but there are plans for pediatric 
trials with a 50-mg free base equivalent dispersible tablet.

4c.  Pregnant and lactating mothers

There are no data available regarding the use of tafenoquine 
in pregnancy or among breastfeeding mothers (Rajapakse et 
al., 2015). However, similar to primaquine (see Chapter 180, 
Primaquine), tafenoquine should not be used in pregnancy 
or in breastfeeding mothers unless the G6PD status of both 
the mother and infant are known.

4c.  Those requiring altered dosages

There is no information available on any altered dosage regi-
mens in the elderly or in patients with hepatic or renal 
impairment.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Tafenoquine is slowly absorbed after oral administration, 
with maximum plasma concentrations usually observed 12 
hours after ingestion. Plasma concentrations then decline in 
an apparently mono- or bi-exponential manner, with a termi-
nal elimination half-life ranging from 11 to 35 days. Tafe no-
quine has a large volume of distribution (approximately 2500 l)  
and a low oral clearance (5 l/h) (GlaxoSmithKline, 2015). 
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The plasma protein binding of tafenoquine in humans is very 
high (≥ 99.5%), without evidence of concentration depen-
dence as determined by equilibrium dialysis. Food increases 
drug absorption an average of 41% and 31% based on area 
under the concentration-time curve (AUC) and Cmax, respec-
tively (GlaxoSmithKline, 2015). 

5b.  Drug distribution

The single-dose pharmacokinetics of tafenoquine are linear 
over the dose range 4–1200 mg base (Brueckner et al., 1998b; 
Green et al., 2014) There was an approximately dose-propor-
tional increase in tafenoquine plasma concentrations after 
multiple weekly dosing of 200 and 400 mg in the fasted state 
(GlaxoSmithKline, 2015). In pharmacokinetic (PK) studies 
in people receiving 200 mg of tafenoquine twice daily for 3 
days, the mean plasma tafenoquine concentration 12 hours 
after the last dose was 737 ± 118 ng/ml in males (n = 76) and 
581 ± 113 ng/ml in females (n = 11) (Edstein et al., 2007). A 
population PK study was undertaken in 490 Australian sol-
diers in East Timor who received 200 mg of tafenoquine 
daily for 3 days as a loading dose followed by 200 mg weekly 
for 6 months. Typical values of the first-order absorption rate 
constant (Ka), clearance (CL), and volume of distribution 
(Vd) were 0.243/h, 0.056 l/h/kg, and 23.7 l/kg, respectively, 
with a mean elimination half-life of 12.7 days. A positive 
linear association between weight and both CL and Vd was 
found, but this did not warrant dosage adjustments (Charles 
et al., 2007). In a population PK modeling study of tafeno-
quine concentration-time data, the population pharmaco-
kinetics were well described by a two-compartment model, 
with first-order absorption and elimination from the central 
compartment (St Jean et al 2016). Gender and body weight 
were identified as statistically significant covariates for sys-
temic tafenoquine clearance (CL) and apparent central vol-
ume of distribution (Vd), respectively (GlaxoSmithKline, 
2015; Green et al., 2014).

After single- and multiple-dose oral administration, 
tafe no quine whole-blood concentrations are approximately 
60–75% higher than corresponding plasma values, reflecting 
an accumulation of drug in the erythrocytes (Glaxo Smith-
Kline, 2015). Little is known about drug tissue distribution in 
humans, but animal studies have indicated that tafenoquine 
is concentrated in tissues, particularly the adrenal cortex, 
liver, lungs, spleen, and small intestine.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Although it is not possible to determine a blood concentra-
tion that correlates with chemoprophylactic protection using 
tafenoquine therapy, there are indications that the few pro-
phylactic failures that have occurred are among people  
who had low blood concentrations compared with those 
(Kitchener et al., 2007; Walsh et al., 2004a) who did not 
develop malaria infection. This has been reported in those 

receiving tafenoquine both for the prevention of relapse as 
part of vivax malaria treatment (Kitchener et al., 2007; Walsh 
et al., 2004b) and for chemoprophylaxis (Edstein et al., 2003). 
Furthermore, efficacy and exposure data from a dose- ranging 
study were used to conduct exposure-response analyses for 
tafenoquine in subjects with vivax malaria (Green et al., 
2014). The odds of being relapse free (at 6 months) increased 
approximately 51% (95% confidence interval [CI]: 25–82%) 
for each 25-unit increase in AUC above the median value 
of 54.5 μg/h/ml. Simulations indicated that the tafenoquine 
300-mg dose would result in high probability of being relapse 
free at 6 months. Hence, this dose was selected for further 
study in phase III studies of relapse prevention in vivax 
malaria (Tenero et al., 2015).

5d.  Excretion

Tafenoquine is metabolized in the rat by several metabolic 
pathways including O-demethylation, N-dealkylation, N-oxi- 
dation, and oxidative deamination, as well as C-hydroxylation 
of the 8-aminoalkylamino side chain (Idowu et al., 1995). 
Tafenoquine is slowly excreted from the body, primarily in 
the feces (GlaxoSmithKline, 2015). 

5e.  Drug interactions

Because of the potential of tafenoquine to induce cyto-
chrome P-450 enzymes, a study was undertaken to investi-
gate the interaction of desipramine and tafenoquine. No 
clinically relevant differences in the desipramine pharmaco-
kinetics were observed with or without tafenoquine (Glaxo-
SmithKline, 2015). Despite an observed increase in the Cmax 
and AUC of tafenoquine when co-administered with the 
artemisinin combination therapy Eurartesim (dihydroarte-
mether–piperaquine), no dose adjustment is deemed likely 
to be necessary. Co-artem (artemether–lumefantrine) was 
co-administered with tafenoquine in the same study, and 
again no dose adjustment is deemed to be necessary (Green 
et al., 2015).

6. ADVERSE REACTIONS AND TOXICITY

Adverse events documented during tafenoquine administra-
tion resemble those seen with primaquine. Higher dosages of 
tafenoquine are tolerated by approximately a factor of 10 com-
pared with primaquine. Gastrointestinal tolerance is usually 
the dose-limiting factor during dose escalation (Brueckner et 
al., 1998b). People with G6PD deficiency are at risk of severe 
hemolysis if given tafenoquine (Shanks et al., 2001b).

6a.  Hematologic side effects

Two cases of G6PD hemolysis have been described in African 
women when tafenoquine was administered on the basis of 
an incorrect G6PD blood test result. One female manifested 
hemoglobinuria after 3 days of tafenoquine (1200 mg total), 
and required a 2-unit blood transfusion. She subsequently 
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stabilized without further hemolysis after the initial event 
(Shanks et al., 2001b). She was later determined to be hetero-
zygous for the A-G6PD variant (202,376G). Another asymp-
tomatic woman was found to have experienced an acute 3-g 
drop in hemoglobin after administration of tafenoquine. 
Volunteer testing of an additional six A-G6PD-deficient 
females in the United States showed that very small doses of 
tafenoquine in the range of a few milligrams are tolerated 
without hemolysis (GlaxoSmithKline, 2015). More recently, 
two subjects heterozygous for known G6PD-deficient geno-
types were recruited into the cardiac safety study (Vanua 
Lava and A variants with 81% and 102% G6PD activity com-
pared with the site median). Maximum decreases in hemo-
globin of 2.1 and 1.9 g/dl−1 were observed; these were without 
any clinical symptoms or sequelae (Green et al., 2014; Llanos- 
Cuentas et al., 2014).

Drug-induced methemoglobinemia is a known adverse 
effect of 8-aminoquinolines (Brueckner and Fleckenstein, 
1991). There was an apparent dose- and duration-related 
accumulation of methemoglobin in those receiving tafeno-
quine, but this did not result in any people requiring treat-
ment with methylene blue. Peak levels of methemoglobin 
were 12% in vivax malaria patients receiving 300 mg daily 
for 7 days (Walsh et al., 2004b). Lower doses now selected for 
further study in the vivax radical cure program appear to 
be associated with much lower methemoglobin levels. In the 
cardiac safety study, 300 mg of tafenoquine only caused a 
0.2% mean change from baseline value, with similar findings 
in the dose ranging study TAF112582 (DETECTIVE) (Green 
et al., 2014; Llanos-Cuentas et al., 2014).

6b.  Gastrointestinal side effects

Fasted volunteers administered tafenoquine at doses from 
300 to 600 mg experience gastrointestinal adverse events 
(heartburn, flatulence, vomiting, diarrhea) not observed 
in placebo recipients (Brueckner et al., 1998b). Most large 
chemoprophylactic field trials of tafenoquine have reported 
gastrointestinal adverse events that were not significantly 
different from those observed in subjects receiving placebo 
(Hale et al., 2003; Lell et al., 2000; Shanks et al., 2001b). How-
ever, in a study of 87 Australian soldiers who were adminis-
tered a single 400-mg dose of tafenoquine, gastrointestinal 
side effects were greater than when the 400 mg was split into 
two 200-mg doses. Gastrointestinal adverse events were 
more common among females than males, although split 
dosing of 400 mg of tafenoquine (i.e. two 200-mg doses) was 
well tolerated in both sexes (Edstein et al., 2007). In the car-
diac safety and phase IIb studies in which 300- and 600-mg 
doses were administered to fed healthy volunteers and to 
patients with vivax malaria (respectively), the 300-mg dose 
was well tolerated compared with placebo arms. In both 
studies, increased rates of diarrhea were observed with the 
600-mg dose (16% vs. 7% in the placebo arm of the latter 
study) (Green et al., 2014; Llanos-Cuentas et al., 2014).

Transient elevations of liver function enzymes have been 
occasionally observed during tafenoquine administration 

(Hale et al., 2003). These changes were asymptomatic, unre-
lated to tafenoquine dosage, and diminished progressively 
while drug administration continued. In single-dose studies 
this has been associated only with doses higher than 300 mg.

6c.  Ocular side effects

Some Australian soldiers receiving 200 mg of tafenoquine 
weekly for 6 months developed evidence of corneal epithelial 
deposits (vortex keratopathy). None of them developed im - 
pairment of vision, and all deposits resolved spontaneously 
over several months of observation (GlaxoSmithKline, 2015). 
Ophthalmologic consultants felt that the corneal changes 
were benign, fully reversible, and similar to those seen with 
other drugs, such as chloroquine. In single-dose studies 
no ocular effects have been noted, both in the cornea and 
retina. 

6d.  Hypersensitivity reactions

Two hypersensitivity reactions to tafenoquine occurred in 
the cardiac safety study, manifesting as late onset urticaria 
(GlaxoSmithKline, 2015; Green et al., 2014).

6e.  Risks in pregnancy and fetal toxicity

There are no examples described of fetal toxicity in humans. 
However, fewer than 20 women have been reported to have 
inadvertently received tafenoquine in pregnancy (Glaxo-
Smith Kline, 2015). 

7. CLINICAL USES OF THE DRUG

Tafenoquine was designed to be a long-acting, better- 
tolerated primaquine substitute (Peters, 1999). Clinical stud-
ies to date have confirmed this generalization, suggesting 
that the eventual uses of this still-investigational drug may 
be for the chemoprophylaxis of malaria, for the treatment of 
malaria (in the first instance of relapsing malaria), and possi-
bly in public health applications, such as malaria transmis-
sion blocking. Although tafenoquine has been shown to have 
in vitro activity against Leishmania and Trypanosoma spe-
cies, there have been no clinical studies to date that would 
support its use for infection with these organisms.

7a.  Malaria chemoprophylaxis

Primaquine has been successfully used for malaria chemo-
prophylaxis with daily administration of an adult dose of 
30 mg (Baird et al., 1995, 2003; Baird and Hoffman, 2004; 
Baird et al., 2001). It is important to note that primaquine 
mediated causal prophylaxis—meaning that infections were 
aborted in the liver before parasites entered the blood. This is 
in significant distinction to other chemoprophylactic agents, 
such as mefloquine, which work through suppression and 
eventual cure of blood-stage infection. Causal prophylaxis is 
desirable owing to the practical advantages of being able to 
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discontinue medication soon after leaving the endemic area 
without fear of recrudescence or later relapse. The expected 
improvement in patient compliance with causal prophylaxis 
regimens, rather than suppressive programs that require 2–4 
weeks of medication after leaving the malarious area, should 
result in improved effectiveness of causal chemoprophylaxis 
regimens.

Tafenoquine is presumed to work in an identical way to 
primaquine, because both are 8-aminoquinolines. To date, 
five field malaria chemoprophylaxis trials have been con-
ducted (Kenya, Gabon, Ghana, Thailand, East Timor), and 
all have suggested that tafenoquine is a safe, well-tolerated 
medication, suitable for weekly malaria chemoprophylaxis in 
individuals who have normal G6PD status (Hale et al., 2003; 
Lell et al., 2000; Nasveld et al., 2010; Shanks et al., 2001b; 
Walsh et al., 2004b). Three doses of tafenoquine over sequen-
tial days showed substantial protection for up to 2 months, 
suggesting that such short-course preventive therapy might 
be used in short-term travelers (Shanks et al., 2001a).

Three phase II dose-ranging studies of tafenoquine che-
moprophylaxis have been undertaken in Africa (Hale et al., 
2003; Lell et al., 2000; Shanks et al., 2001b). In the first trial, 
undertaken in 249 Kenyan villagers around Lake Victoria, 
two tafenoquine regimens (200 and 400 mg weekly) and a 
3-day loading regimen followed by placebo were tested 
against placebo in an area of very high P. falciparum trans-
mission (Shanks et al., 2001b). After three daily loading doses, 
volunteers were given their assigned medications for up to 13 
weeks. Those receiving 1200 mg of tafenoquine over 3 days 
followed by weekly placebo showed 68% efficacy (95% CI: 
53–79%) compared with the placebo group, until 10 weeks 
after the last ingestion of tafenoquine. Those who received 
200 mg of tafenoquine weekly had a protective efficacy of 
86% (95% CI: 73–93%), and those receiving 400 mg of 
tafenoquine weekly showed 89% (95% CI: 77–95%) protec-
tion. In Gabon, 426 individuals between 12 and 20 years of 
age received either placebo or tafenoquine base 25, 50, 100, 
or 200 mg weekly for 10 weeks (Lell et al., 2000). The calcu-
lated protective efficacies in Gabon compared with placebo 
after 10 weeks were 0% (95% CI: 0–60%), 80% (95% CI: 
29–96%), 93% (95% CI: 53–100%), and 100% (95% CI: 
71–100%) for the 25-, 50-, 100-, and 200-mg weekly regi-
mens, respectively. In Ghana, the same tafenoquine dosage 
regimens were tested in 513 adults for 13 weeks. The calcu-
lated protective efficacies in Ghana compared with placebo 
after 13 weeks were 32% (95% CI: 20–43%), 84% (95% CI: 
75–91%), 87% (95% CI: 78–93%), and 86% (95% CI: 76–92%) 
for the 25-, 50-, 100-, and 200-mg weekly regimens, respec-
tively. In Ghana there was also an active comparator group 
receiving 250 mg of mefloquine weekly; in this group a pro-
tective efficacy of 86% (95% CI:, 72–93%) was observed.

Two chemoprophylaxis trials of tafenoquine have been 
undertaken in Asia (Nasveld et al., 2010; Walsh et al., 2004a). 
In Thailand, 205 soldiers on border guard duty were given 
either 400 mg of tafenoquine over 3 days followed by 400 mg 
monthly for up to 5 consecutive months or placebo. The pro-
tective efficacy in the tafenoquine group was 96% (95% CI: 

76–99%) for P. vivax and 100% (95% CI: 60–100%) for P. fal-
ciparum infection. Australian soldiers deployed on peace-
keeping operations in East Timor received either 200 mg 
of  tafenoquine weekly (n = 492) or 250 mg of mefloquine 
weekly (n = 162) for 6 months after an initial 3-day loading 
regimen (Nasveld et al., 2010). There was no placebo group 
in the Australian soldier study, and no malaria infections 
occurred in either group while in the malaria-endemic area. 
In the year after return to Australia, there were four cases of 
P. vivax infection in the tafenoquine group, and one in the 
mefloquine group, indicating essentially identical protection, 
because the mefloquine group had been given 2 weeks of pri-
maquine (15 mg twice daily for 14 days) after leaving East 
Timor (Nasveld et al., 2010). In all the aforementioned che-
moprophylaxis trials, the incidence of adverse events in 
those receiving tafenoquine was not different from that in 
those receiving placebo. There have been no further chemo-
prophylaxis trials, although the US and Australian militaries 
remain interested in such an indication.

7b.  Malaria treatment

PRESUMPTIVE TREATMENT

The difference between treating an acutely ill person with 
relapsing malaria and giving presumptive treatment to pre-
vent an attack of malaria is clear, even though there are few 
practical differences from the viewpoint of the pharmacist. 
People who have been exposed extensively to relapsing 
malaria, such as P. vivax, are at high risk of developing an acute 
attack once the residual parasites in the liver start to infect the 
blood. In such cases, one often gives a presumptive course of 
treatment (also known as eradication therapy) of 8-amino-
quinoline to avoid any future attacks once the individual has 
left the malaria-endemic area (Baird and Hoffman, 2004).

Dose ranging of tafenoquine was undertaken in Thailand 
in patients with vivax malaria who had all been acutely 
treated with a course of chloroquine (Walsh et al., 1999b, 
2004). A variety of regimens of tafenoquine (300 mg daily for 
7 days, 600 mg daily for 3 days, 600 mg single dose) were 
tried in comparison with placebo and primaquine with the 
goal of preventing subsequent relapses. The estimated pro-
tective efficacy in comparison to chloroquine and a 15-mg 
daily primaquine regimen for 14 days was 93% (95% CI: 
7–99%) for chloroquine combined with any of the tafeno-
quine regimens (Walsh et al., 2004b).

Tafenoquine has been tested in Australian soldiers return-
ing from Papua New Guinea as a primaquine replacement 
(Nasveld et al., 2002). Three days of tafenoquine either as 400 
mg daily single (n = 292) or split dose (n = 86) was compared 
with the then-standard regimen of 14 days of primaquine at 
22.5 mg daily (n = 214). After 1 year of follow-up in Australia, 
1.9% of the tafenoquine groups and 2.8% of the primaquine 
group had experienced a relapse of vivax malaria. In a study 
undertaken among soldiers returning from East Timor, three 
regimens including tafenoquine 200 mg single dose for 3 days  
and two 400-mg regimens were compared with the standard 
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2 weeks of primaquine (Elmes et al., 2008). When the infor-
mation on > 1500 soldiers was combined, it was found that 
malaria relapses occurred in 7.9%, 3.1%, 4.9%, and 7.5% of 
those receiving tafenoquine at 400 mg once daily for 3 days, 
200 mg twice daily for 3 days, or 200 mg once daily for 3 days 
or 22.5 mg of primaquine daily for 14 days, respectively. The 
relapse rates were essentially equivalent, but there was an 
apparent advantage to using the shorter course of therapy 
with tafenoquine to improve compliance (Elmes et al., 2008).

Phase III multicenter trial DETECTIVE II is ongoing, 
with the aim of generating the evidence that a single 300-mg 
dose of tafenoquine (delivered as two 150-mg tablets), when 
used in combination with a fast-acting blood schizonticidal 
such as chloroquine, can achieve adequate rates of radical 
cure in patients with acute P. vivax infection (Llanos-Cuentas 
et al., 2014).

TREATMENT OF ACUTE RELAPSING MALARIA

Tafenoquine has been used in combination with chloroquine 
as treatment for acute vivax malaria. Two Australian soldiers 
were successfully treated with 800 mg of tafenoquine given 
over 3 days for acute vivax malaria, with parasite clearance 
from the blood occurring by day 4 (Nasveld and Kitchener, 
2005). Twenty-seven additional soldiers received an initial 
3-day course of chloroquine followed by a 3-day course 
of tafenoquine (200 mg daily), then by 200 mg weekly for 
8  weeks (Kitchener et al., 2007). Only 1 of the 27 soldiers 
(3.7%) relapsed after 6 months of observation in Australia.

7c.  Potential public health uses to reduce 
malaria transmission 

Tafenoquine is known to kill gametocytes, which are the sexual 
stage of the malaria parasite that infects mosquitoes (Coleman, 
1990; Coleman et al., 1992). In addition, tafenoquine ingested 
in the mosquito’s blood meal can prevent the development of 
the transmission form of the parasite, known as sporozoites. 
Tafenoquine has been tested for its  transmission-blocking 
potential in membrane-fed mosquitoes by adding the drug to 
human blood containing gametocytes. Tafenoquine was shown 
in such an in vivo–in vitro system to block the formation of 
mosquito-stage parasites, a result that suggests transmission 
blocking activity (Ponsa et al., 2003). There exists the potential 
to use tafenoquine in a low- endemicity area of limited geo-
graphic extent (perhaps an island) to curtail transmission and 
perhaps even lead to malaria eradication, but this concept 
has not been tested. In addition, given the concern regarding 
administration to G6PD-deficient individuals and current 
focus on generating safety data for the 300-mg single dose, it 
is unclear if this dose would be high enough to achieve trans-
mission blocking in the mosquito midgut.

One public health application that might apply to tafeno-
quine is its use in either focused or mass drug administra-
tion. This is when an entire population is given antimalarial 
medication presumptively, regardless of symptoms, to decrease 
the numbers of parasites in that population (Von Seidlein 
and Greenwood, 2003). The ability of tafenoquine to kill all 

forms of the malaria parasite makes it an attractive choice for 
such a niche use. However, the drug-induced hemolytic reac-
tions in G6PD-deficient people would make this difficult in 
many if not most malarious areas unless rapid ways to access 
a person’s G6PD status become available. Most recent studies 
have been done with single doses of primaquine (see Chapter 
180) to try to interrupt transmission. Successful use of mass 
drug administration focused on residual pockets of trans-
mission has nearly completely eliminated indigenous malaria 
from China.
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1. DESCRIPTION

Atovaquone (566C80 or 2-[trans-4-(4′-chlorophenyl)cyclo-
hexyl]-3-hydroxy-1,4-naphthoquinone; Figure 182.1) is a 
hydroxynaphthoquinone antiprotozoal agent. It was a 
product of research carried out at the Wellcome Research 
Laboratories in the 1980s that sought to exploit differences in 
respiratory chain-linked electron transport between plasmo-
dial and mammalian cells (Hudson, 1984, 1988). This work 
was a continuation of studies on the potential anti-malarial 
effects of naphthoquinones, which, stimulated by shortages 
in the supply of quinine during World War II (Fieser et al., 
1948), had started some 50 years earlier but lost impetus with 
the development and deployment of chloroquine. The subse-
quent development of chloroquine resistance among malar-
ial strains gave impetus to the search for alternative agents.

Atovaquone was found to have ubiquinone antagonist 
properties and, through consequent electron transport 
blockade, to interfere with de novo pyrimidine biosynthesis. 
It was active against Plasmodium falciparum strains resistant 
to conventional anti-malarial drugs (Gutteridge, 1989), had 
causal prophylactic properties (Davies et al., 1989), and had 
better oral bioavailability than earlier chemically related 
compounds such as menoctone (Hudson 1984, 1988). The 
sensitivity of mammalian cells to hydroxynaphthoquinones 
is several orders of magnitude less than that of Plasmodium 
species, and mammalian cells can circumvent blockade 
of pyrimidine biosynthesis by salvage of free pyrimidines, 

something that plasmodial parasites cannot do (Gutteridge, 
1989). These observations suggested a wide therapeutic index.

In initial dose-ranging studies in Thailand, atovaquone 
given as anti-malarial monotherapy showed good tolerability 
and a satisfactory initial reduction in parasitemia, but the 
28-day cure rate was only 67%, regardless of duration of 
therapy (Looareesuwan et al., 1996). In addition, in vitro 
sensitivity studies showed that parasites taken from patients 
at the time of recrudescence were much less susceptible to 
atovaquone than those taken before treatment (Looareesuwan 
et al., 1996). To protect the drug from rapid development of 
parasite resistance, and building on in vitro studies dem-
onstrating synergy with proguanil (Canfield et al., 1995), 
 atovaquone–proguanil was assessed in further field trials 
(Loo areesuwan et al., 1996) and selected for development as a 
fixed combination (see Chapter 183, Proguanil and Chloro-
proguanil, and Chapter 184, Atovaquone–Proguanil).

Reports of the potency of atovaquone against other 
microorganisms followed soon after its initial development 
as an anti-malarial agent. The first such reports concerned 
Pneumocystis jirovecii (Hughes et al., 1990) and documented 
its successful use for treatment of human immunodeficiency 
virus (HIV)–infected Pneumocystis jirovecii pneumonia (PCP) 
patients (Dohn et al., 1991) and in patients with Toxoplasma 
gondii infection (Araujo et al., 1991). Subsequently, useful 
activity was reported against Leishmania donovani infection 
(Croft et al., 1992), babesiosis (Hughes and Oz, 1995), and 
microsporidiosis (Anwar-Bruni et al., 1996). However, there 
are suggestions that resistance to atovaquone may also 
develop in these infections (Pfefferkorn et al., 1993; Walker 
and Meshnick, 1998; Baatz et al., 2006).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

MALARIA PARASITES

The atovaquone concentration required to inhibit growth of 
asexual forms of P. falciparum in vitro by 50% (IC50) depends Figure 182.1. Chemical structure of atovaquone. 
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on the presence or absence of mutations in the parasite gene 
coding for cytochrome b (Cytb; see section 3, Mechanism of 
drug action). One of the first in vitro studies of the activity 
of atovaquone found IC50 values < 0.001 μg/ml (< 1.8 nM), 
regardless of the chloroquine sensitivity status, in a variety 
of African isolates and clones of P. falciparum (Basco et al., 
1995). There was no association between the IC50 for atova-
quone and that of the other anti-malarial drugs used, indicat-
ing a lack of cross-resistance. These findings were confirmed 
in a subsequent study using African isolates (Gay et al., 
1997). However, Asian isolates used in this second study 
showed higher IC50, and there were significant associations 
with IC50 values for other anti-malarial drugs, including arte-
misinin derivatives (Gay et al., 1997). 

In the original field studies of atovaquone monotherapy 
performed in Thailand (Looareesuwan et al., 1996), recru-
descent parasites had IC50 values up to 1000 times those of 
pretreatment parasites. Similar high-grade atovaquone resis-
tance induced by mutagenesis in mice infected with Plasmo
dium yoelii (Srivastava et al., 1999) or Plasmodium berghei 
(Syafruddin et al., 1999) was found to be associated with Cytb 
mutations. In P. falciparum, single or double point mutations 
in parasite Cytb confer atovaquone resistance with a 25- to 
10,000-fold reduction in parasite susceptibility (Korsinczky 
et al., 2000). Molecular modeling has shown that these muta-
tions involve a putative atovaquone binding site in malaria 
parasite Cytb (Korsinczky et al., 2000).

There is evidence from studies in animals (Peters et al., 
1975; Davies et al., 1989a, 1989b) and in humans (Shapiro et 
al., 1999) that atovaquone is active against pre-erythrocytic 
stages of Plasmodium species. It may also inhibit the devel-
opment of early-stage gametocytes (Fleck et al., 1996), ooki-
nete formation from mature gametocytes (Fowler et al., 
1995), and sporogony (Fowler et al., 1994).

The epidemiologic consequence of the development of 
atovaquone resistance in plasmodia in vivo has been called 
into question. Parasites with mutations in the mitochondrial 
DNA-encoded cytB gene are able to survive exposure to 
atovaquone, but at the cost of the ability to survive in the 
mosquito (Goodman et al., 2016). 

PNEUMOCYSTIS JIROVECII

Drug sensitivity cannot be monitored directly using conven-
tional methodology in P. jirovecii (previously carinii) from 
humans, because P. jirovecii has not been able to be cultured 
in vitro. The IC50 of atovaquone against P. jirovecii isolated 
from immunosuppressed rats and maintained in short-term 
cultures was found to range from 0.1 to 3.0 μg/ml (Ittarat et 
al., 1995). The mean IC50 estimated using depletion of ade-
nosine diphosphate (ADP) in a similar culture system was 
1.54 μg/ml (Cushion et al., 2000), whereas the IC50 for inhi-
bition of p-aminobenzoate incorporation into folates by 
atovaquone was observed at the lower level of 0.5 μg/ml 
(Comley et al., 1991).

Failure of atovaquone to cure PCP appears to be related 
to mutations in the Cytb gene, which encodes a subunit of 
the cytochrome bc1 complex (Walker et al., 1998; Kessl et al., 

2004). The relatively high frequency of these mutations may 
be a consequence of the location of Cytb on the mitochon-
drial genome, where mutation rates are usually higher than 
in the nucleus. However, because atovaquone resistance can-
not be explained by Cytb gene mutations in all cases, other 
mechanisms that are yet to be identified may be in operation 
(Kaneshiro, 2001).

TOXOPLASMA GONDII

The first studies to assess the in vitro effect of atovaquone on 
strains of T. gondii found that tachyzoite replication was 
inhibited fully by a relatively wide range of concentrations, 
from 0.002 to 2 μg/ml (Araujo et al., 1991; Romand et al., 
1993). One group of researchers found less between-strain 
variability, perhaps because of differences between the in 
vitro conditions under which the experiments were per-
formed (Meneceur et al., 2008). This same group suggested 
that the threshold for resistance should be 0.14 μg/ml based 
on the log-normal distribution of IC50 values, which corre-
sponds to 0.1% of strains (or the geometric mean plus 3.3 
standard deviations) (Meneceur et al., 2008). Mutagenesis 
can produce strains that are 20-fold more resistant to atova-
quone than wild-type parasites, perhaps by inducing changes 
in Cytb (Pfefferkorn et al., 1993). However, no such strains 
have been identified from clinical isolates. The drug concen-
tration range required to kill bradyzoites within cysts is 
higher than those for tachyzoites at 50–100 μg/ml (Araujo 
et al., 1991).

OTHER ORGANISMS

In a study of the in vitro activity of atovaquone against pro-
mastigotes of Leishmania chagasi, a > 90% reduction in  viable 
promastigotes was observed with atovaquone concentrations 
≤ 3.13 μg/ml in culture media, but this value rose to ≤ 25 μg/
ml in the presence of fetal calf serum (Jernigan et al., 1996). 
Atovaquone has also been shown to be active against L. don
ovani amastigotes in mouse peritoneal macrophages in vitro 
with an IC50 of 11 μg/ml (Croft et al., 1992). Consistent with 
these observations, and in the light of plasma concentrations 
achieved after therapeutic doses (see section 4, Mode of drug 
administration and dosage), animal experiments (Croft et 
al., 1992; Cauchetier et al., 2000, 2003) and human trials 
(Sundar et al., 1998) have shown that atovaquone possesses 
only partial activity against leishmaniasis when administered 
as sole therapy. Evaluation of Leishmania tropica isolates 
from patients infected in Afghanistan showed variable in 
vitro susceptibility to atovaquone–proguanil (Plourde et al., 
2012). In atovaquone-resistant strains of Leishmania infan
tum generated in vitro by stepwise drug pressure, alterations 
in membrane cholesterol content and permeability appear to 
be major contributors to the resistant phenotype (Cauchetier 
et al., 2002).

At a concentration of 0.4 μg/ml, atovaquone completely 
inhibits growth of Babesia gibsoni in culture (Matsuu et al., 
2004), and babesiosis in animals responds to atovaquone 
monotherapy (Hughes and Oz, 1995; Pudney and Gray, 1997). 
However, the response in humans treated with atovaquone 
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alone can be incomplete (Gupta et al., 1995; Hatcher et al., 
2001), and, as with malaria, recrudescent parasites are much 
less sensitive to retreatment (Wittner et al., 1996; Matsuu et 
al., 2004).

Atovaquone has relatively weak or no activity against 
Encepha litozoon cuniculi (Beauvais et al., 1994), Entero cy
tozoon bieneusi (Anwar-Bruni et al., 1996; Molina et al., 
1997), and Cryptosporidium parvum (Rohlman et al., 1993). 
In C. parvum, this finding is consistent with the absence of 
a mitochondrial genome, and thus Cytb (Mather et al., 2007). 
There is some evidence that atovaquone possesses activity 
against Entamoeba histolytica and Entamoeba dispar, as well 
as Trichomonas vaginalis, but the clinical significance is 
unknown (Hutchinson and Miller, 2005).

3. MECHANISM OF DRUG ACTION

Atovaquone has a structure similar to ubiquinone (coen-
zyme Q), which is part of the inner mitochondrial mem-
brane and passes electrons from dehydrogenase enzymes to 
the cytochrome bc1 complex (Sun et al., 1992). This process 
requires binding at the ubihydroquinine (Qo) domain on 
Cytb, a process that is inhibited by atovaquone (Fry and 
Pudney, 1992). Molecular modeling has provided insights 
into why atovaquone binds much more avidly to plasmodial 
than mammalian Cytb (Srivastava et al., 1999) in addition to 
demonstrating that mutations associated with parasite resis-
tance are clustered around the putative binding site (Kor-
sinczky et al., 2000). The malaria parasite has an obligate 
requirement for de novo pyrimidine synthesis (Hammond et 
al., 1985). Key enzymes in this process such as dihydrooro-
tate dehydrogenase depend on the integrity of the parasite’s 
electron transport chain, and malaria parasites are thus sus-
ceptible to the effects of atovaquone on Cytb. In turn, parasite 
DNA synthesis is impaired and parasite death results. It has 
also been reported that inhibition of the electron transport 
chain by atovaquone may also inhibit the production of 
purines (Bulusu et al., 2011; Cobbold et al., 2016).

Specific point mutations in Cytb that are associated with 
in vivo resistance of P. falciparum to atovaquone occur in the 
region spanning codons 271–284 (Korsinczky et al., 2000; 
Schwobel et al., 2003). Studies of mitochondria from strains 
of the murine Plasmodium, P. berghei ANKA with known 
susceptibility or resistance to atovaquone, and characterized 
mutations in this region confirmed that these mutations 
were responsible for the observed drug resistance (Siregar et 
al., 2015). Polymorphisms at codon 268 have been used in 
molecular surveillance for resistance (Gil et al., 2003; Wich- 
mann et al., 2004a), and, in most cases of recrudescence, 
Y268S, Y268N, or Y268C mutations are found (Musset et 
al., 2006a). However, the presence of a mutant 268 codon has 
not been observed in all cases of treatment failure (Wichmann 
et al., 2004b; Musset et al., 2006b).

Another possible mechanism of action for atovaquone in 
Plasmodium relates to its effects on the parasite inner mito-
chondrial membrane electropotential. In a study involving 
intact erythrocytes infected with P. yoelii, atovaquone promptly 

collapsed the membrane electrical potential whereas chloro-
quine and tetracycline did not (Srivastava et al., 1997). 
Atovaquone had no effect on the equivalent mammalian 
mitochondrial membrane potential, confirming its selectivity. 
The events that ensue may include initiation of programmed 
apoptotic cell death (Srivastava et al., 1997). However, less 
ordered consequences, such as cell lysis and widespread dis-
integration of essential homoeostasis mechanisms, leading 
to necrosis are also possible.

It has been assumed that the major mechanism of action 
of atovaquone against other parasites, which have much 
higher IC50 values than malaria parasites (see section 2, Anti- 
microbial activity) is also through Cytb. The evidence is, 
however, indirect. There is an association between Cytb 
mutations and P. jirovecii treatment or prophylaxis failure 
in humans (Walker et al., 1998; Kazanjian et al., 2001; Kessl 
et al., 2004), but this should not be assumed as causal, and 
other mechanisms, such as interference with the biosynthesis 
of ubiquinone, have been postulated (Kaneshiro et al., 2001). 
Cytb mutations are also associated with atovaquone-resistant 
strains of T. gondii (McFadden et al., 2000) and B. gibsoni 
(Matsuu et al., 2006).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Atovaquone monotherapy is available as treatment for, and 
prevention of, P. jirovecii pneumonitis in adolescents and 
adults who are intolerant of trimethoprim–sulfamethoxazole. 
It is formulated as a suspension (Wellvone, Wellcome) con-
taining 750 mg of atovaquone per 5 ml with a recommended 
dose of 750 mg twice daily with food for 21 days as treatment 
or 1500 mg as a single daily dose for prevention, or in spe-
cial circumstances in patients with P. jirovecii pneumonitis 
(for those with difficulty swallowing and inability to eat two 
meals per day). It can be combined with pyrimethamine 25 
mg daily plus leucovorin, or with sulfadiazine 2–4 g daily for 
T. gondii encephalitis, as alternative treatment and chronic 
maintenance therapy of AIDS-associated opportunistic 
infec tions (Masur et al., 2014).

4b.  Newborn infants and children

Although the safety and efficacy of atovaquone suspension 
have not been adequately established in pediatric patients, it 
can be used as prophylaxis to prevent a first episode of 
opportunistic disease in HIV-exposed and HIV-infected 
infants and children or to prevent recurrence of opportu-
nistic disease (after chemotherapy for acute disease) among 
HIV-infected infants and children. In both cases it is given as 
an alternative to first-line trimethoprim–sulfamethoxazole 
for PCP or T. gondii infection when this regimen cannot be 
tolerated (Siberry et al., 2013). The recommended dose for 
children aged 1–3 months and > 24 months is 30 mg/kg body 
weight by mouth daily, and for children aged 4–24 months, 
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45 mg/kg body weight by mouth daily. For T. gondii, pyri-
methamine (1 mg/kg body weight or 15 mg/m2 body surface 
area to a maximum of 25 mg daily) can be added along with 
leucovorin (5 mg orally every 3 days).

4c.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

No dose adjustment is required for patients receiving atova-
quone monotherapy who have mild to moderate renal 
impairment. There are no data on use of atovaquone in 
patients with severe renal dysfunction; however, because 
there is minimal renal excretion, no harm is expected.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Although there is no information regarding the use of atova-
quone in patients with impaired hepatic function, owing to 
postulated enterohepatic recirculation, caution is advised in 
patients with severe hepatic impairment.

ELDERLY PATIENTS

Although there is limited reported clinical experience in 
subjects older than 65 years with atovaquone monotherapy, 
there is no need for dose adjustment when atovaquone–
proguanil is given as malaria prophylaxis to the elderly 
(McKeage and Scott, 2003).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Atovaquone is strongly lipophilic and consequently has poor 
water solubility. It was initially formulated as a tablet which, 
when given to healthy volunteers and HIV-infected patients, 
showed low and variable dose-related absorption, which 
decreased significantly at single doses ≥ 750 mg (Hudson et 
al., 1991; Hughes et al., 1991; Rolan et al., 1994). Concomitant 
fat intake was shown to increase the rate and extent of absorp-
tion, with up to a threefold increase in the area under the con-
centration-time curve (AUC) and a fivefold increase in the 
maximum plasma concentration (Cmax) (Hughes et al., 1991; 
Rolan et al., 1994). However, the absolute oral bioavailability 
was estimated to be only 23% in a study of HIV-infected adult 
volunteers given 750 mg with food (Lavelle et al., 1994).

After several years of use of atovaquone tablet mono-
therapy, it was observed that its therapeutic success in HIV-
infected patients with PCP was directly related to plasma 
atovaquone concentrations (Hughes et al., 1993). A steady- 
state concentration of > 15 μg/ml in non-severe cases was 
associated with a > 95% response rate, but this was difficult 
to attain (Hughes et al., 1993). Atovaquone tablets were 
therefore replaced in the mid-1990s by a suspension, which 
is significantly better absorbed (Cotton, 1995). The absolute 
bioavailability of a 750-mg single dose of suspension given 
with food to HIV-seropositive volunteers was found to be 
approximately twice that of the same dose administered in 

tablet form (46% vs. 21%) (Lavelle et al., 1994). In a study of 
HIV-infected volunteers given a single 500-mg dose of sus-
pension in the fasting state, the mean Cmax of 5 μg/ml was 
reached at a Tmax of approximately 2 hours (Dixon et al., 
1996), whereas the Cmax in healthy volunteers given 450 mg 
in tablet form was ≤ 0.3 μg/ml (Hudson et al., 1991). Giving 
the suspension formulation with food increases bioavailability 
up to doses of 1000 mg (Dixon et al., 1996). There are no phar-
macokinetic studies of atovaquone suspension in children.

In healthy volunteers given the fixed combination of 250 
mg of atovaquone and 100 mg of proguanil as a single dose, 
the mean atovaquone Cmax was 1.4 μg/ml at a Tmax of 3.3 hours 
(Thapar et al., 2002), whereas giving four times this dose 
increases the mean Cmax to approximately 12 μg/ml (Beerahee, 
1999; van Vugt et al., 1999). There is no pharmacokinetic 
interaction between the two drugs at these doses (Gillotin et 
al., 1999). There are few studies of atovaquone pharmacoki-
netics in malaria patients. Nevertheless, atovaquone in tablet 
form given alone for malaria is slowly and variably absorbed, 
with no evidence of dose-related relative bioavailability up to 
doses of 1 g (Hussein et al., 1997). In children with malaria, the 
median Cmax after 17 mg of atovaquone per kilogram given in 
combination with proguanil was 1.4 μg/ml at a Tmax of 6 hours 
(Sabchareon et al., 1998), suggesting that pediatric dose regi-
mens provide similar plasma concentrations to those in adults.

Atovaquone is extensively bound to plasma proteins 
(> 99.9%) and is not metabolized in humans (Spencer and 
Goa, 1995; Rolan et al., 1997).

5b.  Drug distribution

In multiple-dose studies, mean values of Cmax are 2–4 times 
those observed after a single dose (Hudson et al., 1991, 
Thapar et al., 2002). However, there does not appear to be 
accumulation of atovaquone when administered in recom-
mended daily dosing regimens (Thapar et al., 2002). The 
mean apparent volume of distribution relative to bioavail-
ability (Vd/F) was 2.8–5.8 l/kg in fasted healthy volunteers 
given 75–1000 mg (Beerahee, 1999), and higher at 8.1 l/kg in 
children with falciparum malaria given 20 mg/kg (Sabchareon 
et al., 1998). The plasma–whole blood ratio is approximately 
2:1, suggesting that atovaquone does not distribute preferen-
tially into erythrocytes (Beerahee, 1999); cerebrospinal fluid 
(CSF)/plasma ratios after repeated administration are < 0.01, 
indicating that little atovaquone crosses the blood–brain bar-
rier (Spencer and Goa, 1995).

In a population pharmacokinetic analysis of atovaquone 
conducted in patients with falciparum malaria, neither 
CL/F nor V/F was significantly affected by age, gender, or 
co-administration with proguanil, pyrimethamine, or tetra-
cycline (Hussein et al., 1997).

As noted earlier, atovaquone is extensively bound to 
plasma proteins (> 99.9%) and is not metabolized in humans 
(Spencer and Goa, 1995; Rolan et al., 1997). These factors 
contribute to its long terminal elimination half-life (t1/2) 
which has mean values between 39 and 94 (Shapiro et al., 
1999; van Vugt et al., 1999) hours in studies of adults and 
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between 32 and 60 (Hughes et al., 1998; Sabchareon et al., 
1998) hours in studies of infants and children. These ranges 
may reflect differences in the clinical state of the subjects, 
formulation, assay methodology, and pharmacokinetic mod-
eling, but dose, frequency of administration, dietary status, 
and proguanil co-administration do not appear important 
(McKeage and Scott, 2003). There is also evidence that atova-
quone is subject to enterohepatic recirculation (Rolan et al., 
1997). This may also contribute to the long t1/2 and therefore 
account for the variability in t1/2 observed in different studies 
through concomitant drugs and conditions that may affect 
excretion of atovaquone into bile and its subsequent reab-
sorption. A heavier body weight is associated with a longer 
t1/2, whereas poorly defined pharmacogenetic factors may be 
a further significant influence (Hussein et al., 1997).

In a study of patients with AIDS administered 750 mg of 
atovaquone three times daily (Hughes et al., 1993), the mean 
steady-state Cmax (13.9 μg/ml) was significantly lower than 
in asymptomatic HIV-infected volunteers given the same 
regimen (37.9 μg/ml) (Hughes et al., 1991). Although this 
suggests disease-related changes in bioavailability, the dis-
crepancy may also reflect differences in the fat content of the 
meals with which the drug was taken (McKeage and Scott, 
2003). Available data on the pharmacokinetic profile of 
atovaquone undertaken in small numbers of immunocom-
promised children suggest that daily doses of ≥ 30 mg of the 
suspension formulation per kilogram are required to achieve 
a steady-state Cmax at or above a therapeutic target of > 15 μg/
ml. Of note, however, marked between-subject variability in 
plasma concentration profiles has been observed (Spencer 
and Goa, 1995; Hughes et al., 1998).

Although there do not appear to be disease-related effects 
on the pharmacokinetics of atovaquone in malaria-infected 
subjects, children appear to have a larger Vd/F and shorter 
terminal elimination t1/2 than adults (Sabchareon et al., 
1998). In studies in Asia (McGready et al., 2003b) and Africa 
(Na-Bangchang et al., 2005) of atovaquone–proguanil in 
pregnant women in the second or third trimesters, there was 
a > 50% reduction in Cmax and AUC after the third dose in 
comparison with nonpregnant women. This finding could 
reflect decreased bioavailability, an expansion of volume of 
distribution, and/or an increased clearance in pregnant 
patients with malaria, and it suggests that atovaquone–
proguanil doses should be increased in pregnancy. 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

When atovaquone is used to treat non-severe PCP, a steady-
state plasma concentration > 15 μg/ml is associated with a  
> 95% response rate (Hughes et al., 1993). As noted earlier, 
there is also some evidence that plasma concentrations are 
associated with mortality in both PCP (Hughes et al., 1993) 
and cerebral toxoplasmosis (Torres et al., 1997). To exceed 
this target threshold with recommended doses, the drug 
should be given with food. In one study, a standard breakfast 
containing 23 g of fat and a high-fat meal with 46 g increased 

the atovaquone AUC by 3.3 and 3.9 times, respectively 
(Rolan et al., 1994), compared with taking the drug on an 
empty stomach. The form in which the fat is given and the 
timing of its administration relative to drug dosing may be 
important. Butter is a complex emulsion of fats and water, 
and emulsions seem to improve absorption more than solu-
tions such as corn oil; giving the fat before the drug may 
stimulate bile flow, which may also enhance absorption and 
enterohepatic recirculation (Rolan et al., 1994).

In a study assessing post-treatment efficacy using mos-
quito transmission and in vitro asexual stage development 
assays (Butcher and Sinden 2003), sera from volunteers 
treated with atovaquone–proguanil retained activity against 
P. falciparum for up to 6 weeks compared with a pharmaco-
kinetic t1/2 of around 70 hours. Administration of atovaquone 
monotherapy replicated this finding and an atovaquone- 
resistant strain was not inhibited by post-atovaquone sera. 
These data were later confirmed (Edstein et al., 2005) and 
suggest that the biologic activity of atovaquone extends well 
beyond that predicted by its pharmacokinetic profile. How-
ever, persistence of atovaquone in plasma at low concentra-
tions for long periods may also increase the risk of parasite 
resistance (Butcher and Sinden 2003).

Even with the suspension formulation of atovaquone and 
its recommended administration with food, there is signifi-
cant variability in absorption and thus steady-state plasma 
concentrations. This is a further argument for its combina-
tion with proguanil for malaria, although the addition of a 
third drug such as artesunate (van Vugt et al., 2002; see 
Chapter 169, Artemisinins) may shorten fever duration and 
parasite clearance times, as well as reduce the risk of parasite 
resistance. The issue of variable absorption may contribute to 
the incomplete response to monotherapy observed in babe-
siosis (Gupta et al., 1995; Hatcher et al., 2001), and supports 
combination with azithromycin for this indication (Krause 
et al., 2000; Raju et al., 2007).

5d.  Excretion

The main route of elimination of atovaquone is through the 
liver, with < 1% of the drug excreted in urine (Spencer and 
Goa, 1995). Mean values for clearance relative to bioavail-
ability were 2.9–4.0 l/h in fasted healthy volunteers given 
75–1000 mg (Beerahee, 1999), and approximately 3.6 l/kg in 
children with falciparum malaria given 20 mg/kg (Sabchareon 
et al., 1998).

5e.  Drug interactions

Because atovaquone is highly protein-bound, its administra-
tion with other highly bound drugs might theoretically result 
in clinically significant interactions. However, there is little 
evidence for this. For example, no such interaction was 
observed between atovaquone and phenytoin (Davis et al., 
1996). A range of common medications that are likely to be 
given with atovaquone, including antiemetics, antacids, 
nonsteroidal anti-inflammatory drugs, and antibiotics such 
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as erythromycin, do not alter the atovaquone steady-state 
Cmax (Spencer and Goa, 1995). Fluconazole and prednisolone 
increase the atovaquone steady-state Cmax by 2–3 μg/ml, 
whereas paracetamol, acyclovir, opiates, antidiarrheals, laxa-
tives, cephalosporins, benzodiazepines, metoclopramide, 
tetracyclines, and rifampicin reduce the steady-state Cmax by 
> 3.4 μg/ml (Spencer and Goa, 1995). Interactions with 
these drugs, especially rifampicin, may promote subthera-
peutic plasma atovaquone concentrations and thus contrib-
ute to treatment failure. Two small clinical studies evaluated 
potential drug–drug interactions between atovaquone and 
antiretrovirals. Efavirenz, lopinavir–ritonavir, and atazanavir–
ritonavir were found to reduce atovaquone exposure as mea-
sured by area under the curve by 46–75% in comparison 
with healthy volunteers after a single dose of atovaquone–
proguanil (van Luin et al., 2010). The mechanism is proposed 
to be increased glucuronidation of atovaquone. In contrast, 
in a study of HIV-infected volunteers on stable antiretroviral 
treatment or on no treatment given 750 or 1500 mg of atova-
quone liquid twice daily for 14 days, levels of atovaquone 
in patients taking atazanavir/ritonavir were not significantly 
reduced in comparison with those not on antiretroviral 
therapy. Consistent with the previous study, patients taking 
efavirenz had reductions in atovaquone concentrations of 
44–47% (Calderon et al., 2016). The consistency of the find-
ing of reduced atovaquone levels in patients receiving efa-
virenz indicates that this should be taken into account for 
patients on this drug; it is unclear what the case is for patients 
on protease inhibitor therapy. If possible, alternative agents to 
atovaquone are likely to be preferable. Although zidovudine 
has no effect on steady-state plasma atovaquone concentra-
tions, there is a 33% increase in the AUC of zidovudine, 
which may be due to inhibition of hepatic glucuronidation, 
which may increase the risk of bone marrow toxicity (Lee et 
al., 1996).

Concurrent administration of atovaquone and rifampicin 
increases the average steady-state plasma concentration of 
rifampicin by 37%, whereas co-administration of atovaquone 
and rifabutin results in a reduction in the steady-state plasma 
concentrations of both drugs without the need for dose 
adjustment (Hutchinson and Miller, 2005). Although small 
reductions in the plasma concentrations of trimethoprim 
and sulfamethoxazole (Falloon et al., 1999), and azithromy-
cin (Ngo et al., 1999), occur when given with atovaquone, the 
clinical significance of these changes is uncertain.

In vitro studies using HEK293 cells overexpressing ade-
nosine triphosphate (ATP) binding cassette (ABC) transport-
ers showed that, along with numerous other anti-malarial 
agents, atovaquone inhibited the activity of the breast cancer 
resistance protein (BRCP/ABCG2) at nanomolar concentra-
tions compatible with prophylactic or therapeutic clinical 
use. BRCP is responsible for the export of xenobiotics from 
cells. Atovaquone has been reported to increase levels of the 
antiretrovirals etravirine and saquinavir, drugs that may 
potentially be substrates for BRCP. There are other drugs that 
are subject to BRCP-mediated transport, namely fluoro- 

quinolones, methotrexate, kinase inhibitors, and statins. These 
drugs may be predicted to have drug–drug interactions with 
atovaquone via its inhibition of BRCP, although this has not 
been studied (Rijpma et al., 2014). 

6. ADVERSE REACTIONS AND TOXICITY

Atovaquone tablets and suspension have a similar adverse 
event profile (Spencer and Goa, 1995). In general, atova-
quone has at least as good tolerability relative to comparator 
treatments, and relatively few withdrawals from clinical tri-
als have been attributed to drug side effects. In trials of PCP 
or T. gondii infection (Hughes et al., 1991; Kovacs, 1992; 
Hughes et al., 1993; Dohn et al., 1994; Epstein et al., 1994; 
Torres et al., 1997), the most common adverse effects 
attributed to atovaquone were fever (up to 40%), rash (up to 
23%), nausea (up to 22%), diarrhea (up to 21%), insomnia 
(up to 19%), headache (up to 18%), vomiting (up to 14%), 
cough (up to 14%), abdominal pain (up to 10%), sweating 
(up to 10%), asthenia (up to 8%), dizziness (up to 8%), anxi-
ety (up to 7%), anorexia (up to 7%), abnormal liver function 
(up to 7%), pruritus (up to 5%), dyspepsia (up to 5%), neu-
tropenia (up to 3%), and constipation (up to 3%). For a num-
ber of these symptoms (such as fever, cough, and sweating), 
it is difficult to differentiate drug- versus disease-specific 
effects.

Uncommon and relatively severe adverse effects reported 
in clinical trials have included liver toxicity and skin rashes 
(erythema multiforme and toxic epidermal necrolysis) 
(Spencer and Goa, 1995). Neuropsychiatric effects, such as 
strange and vivid dreams, insomnia, dizziness and vertigo, 
anxiety, and depression, have also been reported (Hogh et al., 
2000; Overbosch et al., 2001). 

6a.  Safety in pregnancy

Studies in rats have shown that atovaquone given alone or in 
combination with proguanil is not teratogenic and does not 
cause reproductive toxicity when given in allometric doses 
up to 2–3 times the estimated human exposure with rec-
ommended regimens, whereas maternal and fetal toxicity 
have been reported in rabbits given atovaquone but not 
 atovaquone–proguanil (Hutchinson and Miller, 2005). Fetal 
effects in the atovaquone studies may have been a result of 
the drug or may have been secondary to maternal toxicity. 
Because of these data, and the lack of adequate studies in 
pregnant women, atovaquone alone and in combination with 
proguanil should be administered during pregnancy only 
if the potential benefit outweighs the risk to the fetus. There 
have, however, been studies of atovaquone–proguanil in 
women in the second and third trimesters of pregnancy that 
have not raised significant safety concerns (McGready et al., 
2003a, 2003b, 2005; Na-Bangchang et al., 2005; McGready et 
al., 2006). Because of a lack of data in lactation, atovaquone 
and atovaquone–proguanil are not recommended in breast-
feeding mothers.
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7. CLINICAL USES OF THE DRUG

7a.  Treatment of Pneumocystis jirovecii 
pneumonia

After an initial open-label study showing that atovaquone in 
tablet form was efficacious as treatment for mild to moderate 
PCP (Falloon et al., 1991), further randomized comparative 
trials with rigorously defined clinical and radiologic end points 
were performed. In one study, response rates at one month 
with atovaquone (18%) were lower than with trimethoprim–
sulfamethoxazole (6%) (Hughes et al., 1993), but there was a 
lower adverse event rate with atovaquone (7% vs. 20%) 
(Hughes et al., 1995). Although the mortality rate was higher 
in the atovaquone group (8.1% vs. 2.5%), this was mainly a 
result of unrelated complications of AIDS such as sepsis. In a 
smaller-scale trial of atovaquone versus pentamidine, response 
rates were lower in the atovaquone group (29% vs. 17%), but 
again adverse events were less frequent than in those allo-
cated to pentamidine (4% vs. 36%) (Dohn et al., 1994). Death 
rates were similar (14% in both cases). In both of these trials, 
alternative therapy was required less often in atovaquone- 
treated patients. However, in situations in which patients 
failed to respond to conventional therapy, they were also less 
likely to respond to atovaquone (Spencer and Goa, 1995).

7b.  Prevention of Pneumocystis jirovecii 
pneumonia

Support for use atovaquone in the prevention of PCP comes 
from several clinical trials. The first, a multicenter, open- 
label, randomized trial, compared daily atovaquone suspen-
sion 1500 mg with daily dapsone 100 mg in HIV-infected 
patients aged 13 years or older who could not tolerate 
 trimethoprim–sulfamethoxazole (El-Sadr et al., 1998). There 
was a similar incidence of PCP in both groups (15.7 cases per 
100 person-years in those assigned atovaquone and 18.4 cases 
per 100 person-years in those assigned dapsone). Although 
the relative risk of death was equivalent in the two groups, 
atovaquone was better tolerated in drug-naive patients. In a 
second trial (Chan et al., 1999), atovaquone suspension (750 
mg and 1500 mg once a day) was compared with aerosolized 
pentamidine (300 mg once a month) in  subjects with HIV 
infection who were intolerant to trimethoprim, sulfonamides, 
or both. Although there were no differences in incidence of 
PCP (26%, 22%, and 17%, respectively) or mortality (20%, 
13%, and 18%, respectively) among the groups, adverse events 
were more frequent in the two atovaquone arms.

In a pediatric phase I dose-escalating safety and pharma-
cokinetic study (Hughes et al., 1998), atovaquone suspension 
was assessed in infants and children aged 1 month to 12 
years. Although dosages of 30 mg/kg/day were adequate to 
achieve an average steady-state concentration > 15 μg/ml 
in children aged 1–3 months and 2–12 years, a dosage of 45 
mg/kg/day was required to achieve this target concentration 
in infants 3–24 months of age.

Primary prophylaxis for PCP is currently recommended 
for HIV-infected adults and adolescents who have a CD4 cell 
count < 200 cells/mm3 or a history of oropharyngeal candi-
diasis; those with a CD4 percentage < 14% or those with a 
history of an AIDS-defining illness who do not otherwise 
qualify should also be considered for prophylaxis (Masur et 
al., 2014). Patients should continue to receive primary or 
secondary prophylaxis until their CD4 count increases to  
> 200 cell/mm3 for more than 3 months while on highly 
active antiretroviral therapy (HAART). In infants and chil-
dren, prophylaxis should be administered beginning at 4–6 
weeks of age and discontinued for those later found not to 
be infected with HIV (Siberry et al., 2013). Those with HIV 
infection, or whose status cannot be determined, should 
continue to receive prophylaxis for the first year of life. 
Subsequent prophylaxis should be based on age-specific 
CD4 count thresholds. Children with a history of PCP should 
receive lifelong prophylaxis according to this guideline.

7c.  Treatment and prophylaxis of 
toxoplasmosis

In initial small-scale noncomparative trials of atovaquone for 
cerebral toxoplasmosis (Kovacs, 1992; Lafeuillade et al., 1993; 
Spencer and Goa, 1995), therapy with atovaquone 750 mg 
given four times daily to patients with HIV infection led to 
a  partial or complete radiologic response in 37–88% of 
patients. In a subsequent larger study, 93 patients with AIDS 
and toxoplasma encephalitis who were intolerant of, or fail-
ing, standard therapy (pyrimethamine plus sulfadiazine or 
clindamycin) were treated with atovaquone tablets 750 mg 
four times daily for 18 weeks (Torres et al., 1997). During the 
first 6 weeks, most patients had a complete or partial clinical 
or radiologic response, but, by week 18 only 37% and 15%, 
respectively, remained clinically or radiologically improved. 
Plasma atovaquone concentrations were positively associated 
with clinical and radiologic responses and inversely with 
death. In a small-scale study of immunocompetent adult 
patients with clinical and serologic evidence of ocular toxo-
plasmosis, the same atovaquone regimen was associated with 
a favorable response in all cases (Pearson et al., 1999). Despite 
a lack of relevant studies, atovaquone is recommended as 
alternative prophylaxis of T. gondii in both adolescents and 
adults (Masur et al., 2014) and children (Siberry et al., 2013).

7d.  Malaria

Atovaquone has an established place in combination with 
proguanil for the prevention and treatment of falciparum 
malaria (see Chapter 184, Atovaquone-Proguanil, for discus-
sion of this).
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1. DESCRIPTION

Proguanil (N1-[p-chlorophenyl]-N5-iso-propyldiguanide) 
(Figure 183.1) was synthesized by Imperial Chemical 
Industries (ICI) just before the end of World War II as part 
of the company’s biguanide anti-malarial drug development 
program. It was more active than quinine against avian 
malaria and had a wider therapeutic index (Curd et al., 
1945). Reports regarding its use in both prevention and 
treatment of malaria in humans started to appear a few years 
later (Covell et al., 1949; De Rook, 1949; Maegraith and 
Andrews, 1949). Unfortunately, there were also relatively 
early reports of proguanil resistance in both Plasmodium fal-
ciparum (Seaton and Adams, 1949) and Plasmodium vivax 
(Seaton and Lourie, 1949), and its use as an anti-malarial 
drug declined. 

Chlorproguanil (N1-[3,4-dichlorophenyl]-N5-iso-propyl-
digua nide) (see Figure 183.1) was synthesized at ICI from 
the parent drug proguanil by chlorination of its phenyl ring 
(Curd et al., 1950). Because it was more potent than proguanil 
and had a longer duration of action, it was hoped that small 

weekly doses would provide effective anti-malarial chemo-
prophylaxis (Robertson, 1957a). Initial clinical studies were 
carried out at a time when the use of proguanil was waning 
(Charles, 1961; Robertson, 1957a) and parasite resistance also 
developed (Bjorkman et al., 1980), with the result that clini-
cal use of chlorproguanil was much less than of proguanil. 

Research identifying the potential of combination anti- 
malarial therapy starting in the 1960s led to a resurgence of 
interest in the use of both proguanil and chlorproguanil. 
Proguanil was first combined with dapsone (Black, 1973) 
and chloroquine (van der Kaay et al., 1984) as chemopro-
phylaxis. Later, in vitro studies demonstrating synergy with  
ato vaquone (Canfield et al., 1995) suggested a potentially 
impor tant new treatment for acute falciparum malaria. In 
the case of chlorproguanil, in vitro synergy with dapsone 
was observed in the late 1980s (Watkins et al., 1988), leading 
to attempts to develop this combination further (LapDap, 
Glaxo SmithKline) as well as chlorproguanil–dapsone– 
artesunate (Dacart, GlaxoSmithKline) as inexpensive treat-
ments in areas where chloroquine-resistant P. falciparum is 
prevalent (Winstanley, 2001).

Figure 183.1. Chemical structure of 
proguanil, chlorproguanil, and their active 
metabolites.
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2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

MALARIA PARASITES

The concentration required to inhibit growth of P. falciparum 
in vitro by 50% (IC50) depends on the biguanide drug or 
metabolite and the presence of mutations in the parasite gene 
coding for the dihydrofolate reductase (DHFR) enzyme (see 
section 3, Mechanism of drug action). Both proguanil and 
chlorproguanil can be considered as prodrugs in that they 
are metabolized to the more active compounds cycloguanil 
(4,6-diamino-1-[p-chlorophenyl]-1,2-dihydro-2,2-dimethyl- 
s-triazine) and chlorcycloguanil (4,6-diamino-1-[3,4-dichlo-
rophenyl]-1,2-dihydro-2,2-dimethyl-s-triazine), respectively. 
Most of the published in vitro data relate to the activity of 
these metabolites.

In a study from Africa, the IC50 for cycloguanil derived 
from isolates taken from symptomatic untreated older chil-
dren and adults with P. falciparum monoinfections with a 
parasitemia of at least 0.1% and polymerase chain reaction 
(PCR)–confirmed wild type parasite dhfr was < 15 nM in all 
cases (Basco, 2002). For parasite strains with combinations 
of the dhfr mutations N51I, C59R, and S108N, most IC50 val-
ues were above this cut-point. Although other studies have 
yielded similar data, the threshold for resistance is some-
times set higher at > 50 nM (Le Bras and Durand, 2003). In 
the Comoros Union and Madagascar (Randrianarivelojosia 
et al., 2004), most local P. falciparum strains had an IC50 < 20 
nM indicating sensitivity, whereas in the Congo (Pradines et 
al., 2006a), Tanzania (Schapira, 1984), and Senegal (Pradines 
et al., 2006b), almost all strains had an IC50 > 100 nM, consis-
tent with resistance. In general, the mean IC50 of cycloguanil 
increases with the number of dhfr mutations (Nzila-Mounda 
et al., 1998).

In the case of proguanil, the IC50 is substantially higher 
than for its cycloguanil metabolite, with values typically in 
the range of 20–70 μM for laboratory-adapted and local 
strains with no known resistance (Fidock et al., 1998; Khosit-
nithikul et al., 2008). It is interesting to note that these values 
are 10-fold to 40-fold greater than those found when culture 
media are depleted of folic acid and p-aminobenzoic acid 
(Canfield et al., 1993). The IC50 for chlorcycloguanil is even 
lower than that of cycloguanil, albeit from a limited number 
of studies, with most strains from sensitive areas showing 
values < 1 nM (Nzila-Mounda et al., 1998; Watkins et al., 
1988). There is, however, evidence that chlorcycloguanil par-
asite sensitivity also wanes with the number of dhfr muta-
tions. A study from Kenya showed median IC50 values close 
to 40 nM for double and triple mutant parasites, and an IC50 
of 88 nM for a quadruple mutant isolate with I164L as well as 
N51I, C59R and S108N (Kiara et al., 2009).

OTHER PARASITES

Proguanil has been used to treat babesiosis in animals 
(Fowler et al., 1972) and the combination of atovaquone and 

proguanil was used successfully in a patient with acquired 
immunodeficiency syndrome and a Babesia microti infection 
that had proved refractory to other therapies (Vyas et al., 
2007). A case report of regression of cutaneous leishmaniasis 
in a soldier taking atovaquone–proguanil anti-malarial pro-
phylaxis led to an assessment of the in vitro susceptibility of 
isolates of Leishmania tropica (Plourde et al., 2012). There 
were variable levels of susceptibility in the presence of the 
combination but no data for either drug alone. There are no 
other published data on the in vitro activity of proguanil  
and related compounds against non-Plasmodium protozoan 
parasites. 

2b.  Emerging resistance and 
cross-resistance

Mutations in dhfr, the target enzyme of proguanil and chlor-
proguanil, are widespread; therefore use of either drug as a 
single agent cannot be relied on for either prophylaxis or 
treatment of malaria.

3. MECHANISM OF DRUG ACTION

The anti-malarial activity of proguanil and chlorproguanil, 
and their respective active metabolites cycloguanil and 
chlorcycloguanil, depends on inhibition of parasite DHFR 
without similar inhibition of the equivalent host enzyme. 
The amino acid sequence of DHFR in P. falciparum has only 
27% homology with human DHFR (Hyde, 1990). Although 
humans have a requirement for folate from the diet, P. falci-
parum has both an endogenous synthetic pathway and the 
ability to utilize preformed host folate. Folate requires reduc-
tion to tetrahydrofolate (THF) for biologic activity. THF is a 
cofactor in a variety of metabolic processes including thymi-
dylate and purine synthesis which, among other effects, are 
essential for DNA synthesis.

In the parasite, DHFR controls de novo folate synthesis, 
mediates the salvage of exogenous folate derivatives by 
reducing them to THF, and recycles dihydrofolate by reduc-
ing it to THF so that it can re-enter the folate pool (Nzila, 
2006). DHFR inhibitors are thought to compete with dihy-
drofolate through reversible binding to the active site. The  
in vitro activity of DHFR inhibitors is reduced by the pres-
ence of folic acid or folinic acid. Indeed, in a study of 
Gambian children with falciparum malaria, the failure rate 
after  sulfadoxine–pyrimethamine was significantly higher 
among those given folic acid than among those given pla-
cebo (van Hensbroek et al., 1995). 

With the widespread introduction of any anti-malarial 
drug, there is the likelihood of selection of mutant resistant 
strains. Antifolate drugs including proguanil and chlor-
proguanil are no exceptions, but data relating the presence of 
specific dhfr mutations to both resistance in vitro and failure 
of treatment and prophylaxis in vivo can be inconsistent. The 
principal dhfr mutation associated with resistance to cyc-
loguanil is the S108N substitution found in Africa and in 
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Southeast Asia (Le Bras and Durand, 2003), with S108T also 
reported to occur in Papua New Guinea (Reeder et al., 1996) 
and South America (Basco et al., 1995). The most frequent 
additive mutations are N51I and C59R, but A16V (Yuthavong 
et al., 2000), I164L (Kiara et al., 2009; Krudsood et al., 2005), 
and E192G (Hankins et al., 2001) can also contribute to or be 
independently predictive of treatment failure. In some stud-
ies, the triple mutation S108N, I51L, and C59R appears to be 
selected by chlorproguanil use (Curtis et al., 2002), but in 
others there is no such association (Kublin et al., 2002). 
Multiple mutations diminish the efficacy of the DHFR enzyme 
and thus affect the fitness of the parasite in the absence of 
drug pressure (Sirawaraporn et al., 1997), which suggests 
that there may be reversion to wild-type dhfr in areas in 
which antifolate drug pressure has been removed. 

There is evidence that proguanil, as distinct from its active 
metabolite cycloguanil (Foote et al., 1990; Peterson et al., 
1990), may have mechanisms of action against malaria para-
sites other than through DHFR–thymidylate synthase inhi-
bition. This evidence includes (1) experiments in which  
P. falciparum transformed with a variant form of human 
DHFR showed no decrease in the level of susceptibility to 
proguanil (Fidock and Wellems, 1997); (2) different sensitiv-
ity profiles of proguanil and cycloguanil against a range of 
parasite strains in vivo (Robertson, 1957b; Schmidt et al., 
1952), an observation that is not explained by rates of metab-
olism of proguanil to its metabolite (Smith et al., 1961); (3)
marked synergy between proguanil and atovaquone against 
P. falciparum in vitro, which was not seen for cycloguanil–
atovaquone (Canfield et al., 1995); and (4) in vitro data show-
ing that the combination of atovaquone and proguanil may 
act synergistically to selectively uncouple P. falciparum mito-
chondria by reducing the electropotential across the inner 
mitochondrial membrane (Srivastava and Vaidya, 1999). 

Proguanil is not considered to have significant activity 
against the hypnozoite form of P. vivax. However, an observa-
tional study has shown relatively good efficacy of  atovaquone– 

proguanil in preventing relapse without primaquine treatment 
(Mavrogordato and Lever, 2012), raising the possibility that 
the parasite has an atovaquone- and/or proguanil-sensitive 
phase within the liver before hypnozoite development.

4.  MODE OF ADMINISTRATION AND 
DOSAGE

4a.  Adults

Both proguanil and chlorproguanil are oral medications 
developed for chemoprophylaxis or treatment for malaria. 
There are no parenteral preparations, so they are not indi-
cated for severe malarial infections. 

Proguanil as the hydrochloride salt is available in 100-mg 
scored tablets (Paludrine, AstraZeneca). It is also marketed 
in combination with atovaquone (Malarone, Glaxo Smith-
Kline) in adult (250 mg of atovaquone plus 100 mg of pro-
gua nil hydrochloride) and pediatric (Malarone Junior; 62.5 
mg of atovaquone plus 25 mg of proguanil hydrochloride) 
unscored tablet formulations. The recommended doses of 
atovaquone–proguanil are shown in Table 183.1. Doses should 
be taken with food or a milky drink to enhance absorption.

Chlorproguanil is no longer manufactured as a single 
anti-malarial agent. It has recently been developed in fixed 
co-formulations with dapsone and dapsone–artesunate with 
a dose of chlorproguanil of 1.25 mg/kg daily for 3 days. In 
2008, GlaxoSmithKline and the Medicines for Malaria 
Venture decided to terminate the further development of 
both combinations and to recall stocks already distributed 
(WHO, 2008). This decision was based on data from two 
phase III clinical trials assessing their efficacy and safety, 
which found significant reductions in hemoglobin levels in 
patients with glucose-6-phosphatase dehydrogenase (G6PD) 
deficiency. In malaria-endemic sub-Saharan Africa, there is a 
high prevalence of G6PD deficiency (10–25% of the popula-
tion) and limited availability of screening tests (WHO, 2008). 

Table 183.1. Doses of atovaquone–proguanil for the prevention and treatment of malaria.

Adults and children > 40 kga Children ≤ 40 kg in body weightb

Prophylaxis

1 Malarone tablet daily < 11 kg—not indicated

11–20 kg—1 Malarone Junior tablet daily

21–30 kg—2 Malarone Junior tablets daily

31–40 kg—3 Malarone Junior tablets daily

Treatment

2 Malarone tablets twice daily for 3 days 
OR
4 Malarone tablets daily for 3 days

< 5 kg—not indicated

5–8 kg—2 Malarone Junior tablets daily for 3 days

9–10 kg—3 Malarone Junior tablets daily for 3 days

11–20 kg—1 Malarone tablet daily for 3 days

21–30 kg—2 Malarone tablets daily for 3 days

31–40 kg—3 Malarone tablets daily for 3 days

aMalarone tablets contain 250 mg of atovaquone plus 100 mg of proguanil hydrochloride.
bMalarone Junior tablets contain 62.5 mg of atovaquone plus 25 mg of proguanil hydrochloride.
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In addition, in a four-arm trial that included chlorproguanil–
dapsone–artesunate as well as amodiaquine–artesunate, 
dihydroartemisinin–piperaquine, and artemether–lumefan-
trine, chlorproguanil–dapsone–artesunate was significantly less 
efficacious than the other three regimens (Four Artemisinin-
Based Combinations Study Group, 2011).

4b.  Newborn infants and children

Pediatric dosing schedules are listed in Table 183.1.

4c.  Pregnant and lactating mothers

Proguanil is considered safe in pregnancy (McGready et al. 
2005) (see section 6a, Adverse Reactions and Toxicity). There 
are no adequate studies in women for determining infant 
risk when using this medication during breastfeeding; hence 
the potential benefits should be weighed against the possible 
risks before use of this medication in breastfeeding patients 
(FDA, 2016).

4d.  Those requiring altered dosages

There is evidence that, in patients with renal impairment, 
atovaquone–proguanil administration is associated with a 
significant increase in plasma concentrations of both progua-
nil and cycloguanil (McKeage and Scott, 2003). Because it is 
impossible to selectively reduce the dose of the proguanil 
component of a fixed combination, atovaquone–proguanil 
should not be given in patients with renal failure (Amet et al., 
2013). When proguanil is given as a separate part of chemo-
prophylaxis with chloroquine, the dose can be reduced in 
parallel with the estimated glomerular filtration rate (eGFR). 
The usual adult dose of 200 mg/day can be used for an eGFR 
≥ 60 ml/min, with doses of 100 mg/day, 50 mg every 2 days, 
and 50 mg every week for patients with an eGFR of 30–59, 
15–29, and < 15 ml/min, respectively (Amet et al., 2013). The 
last dose can also be used for patients on regular hemodialy-
sis or chronic ambulatory peritoneal dialysis.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS 

5a.  Bioavailability

Because there are no intravenous formulations, the absolute 
bioavailability of proguanil and chlorproguanil is unknown. 
Proguanil is absorbed rapidly after oral administration. The 
time to maximum plasma concentration (Tmax) is ≤ 4 hours 
in most subjects (Bygbjerg et al., 1987; Chiluba et al., 1987; 
Wattanagoon et al., 1987). In healthy volunteers given a  
200-mg dose of proguanil, the mean maximal plasma con-
centration (Cmax) reaches 150–170 ng/mL (Edstein et al., 
1990; Wattanagoon et al., 1987). Proguanil is 75% plasma 
protein bound (Edstein et al., 1990).

Chlorproguanil is also promptly absorbed, reaching Tmax 
in ≤ 6 hours (Veenendaal et al., 1988; Winstanley et al., 

1997). In healthy volunteers given an 80-mg dose of chlor-
proguanil, the mean Cmax was 37 ng/ml (Veenendaal et al., 
1988). In children with uncomplicated falciparum malaria 
given a similar dose (1.2 mg/kg), the mean Cmax was higher at 
95 ng/ml (Winstanley et al., 1997). Chlorproguanil is 63% 
protein bound to alpha1-acid glycoprotein and albumin 
(Winstanley et al., 1997).

5b.  Drug distribution 

The pharmacokinetic properties of proguanil are similar in 
healthy subjects and patients with malaria (Edstein et al., 
1997). Administration of proguanil with atovaquone does 
not alter its single-dose pharmacokinetic properties (Edstein 
et al., 1996). Elimination of proguanil is, however, reduced in 
extensive metabolizer (EM) phenotypes (see later) at steady 
state after multiple dosing (Thapar et al., 2002). Proguanil 
has an apparent volume of distribution at steady state relative 
to bioavailability (Vss/F) of approximately 30 l/kg (Edstein 
et al., 1990), and has a renal clearance (CL/F) of 1.3 l/h/kg 
(Chiluba et al., 1987; Edstein et al., 1990; Veenendaal et al., 
1988). It has a mean terminal elimination half-life (t1/2) of 17 
hours (Bygbjerg et al., 1987; Edstein et al., 1996, 1997; 
Sabchareon et al., 1998; van Vugt et al., 1999; Wattanagoon et 
al., 1987). In the second and third trimesters of pregnancy, 
the plasma proguanil concentration is reduced by approxi-
mately 50% owing to increases in both total apparent volume 
of distribution (Vd/F) and CL/F, suggesting that higher doses 
should be used (McGready et al., 2003b). 

The metabolites of proguanil are cycloguanil and 
4- chlorophenylbiguanide. Cycloguanil reaches a Cmax 3–6 
hours after an oral dose of proguanil (Bygbjerg et al., 1987; 
Edstein et al., 1988), whereas the Cmax of 4-chlorophenyl-
biguanide occurs approximately 3 hours later (Bygbjerg et 
al., 1987). Cycloguanil concentrations are lower that than 
those of proguanil, comprising approximately 30% of total 
plasma drug concentrations (Bygbjerg et al., 1987; Edstein et 
al., 1988; Wattanagoon et al., 1987). Plasma concentrations 
of 4-chlorophenylbiguanide are approximately one quarter 
those of cycloguanil (Wattanagoon et al., 1987). The plasma 
protein binding of cycloguanil is unknown. Its t1/2 is 12–16 
hours (Edstein et al., 1988; Wattanagoon et al., 1987). 

The metabolism of proguanil to cycloguanil is catalyzed 
by enzymes of the cytochrome P-450 group (CYP2C19 and, 
to a lesser extent, CYP3A4), the activities of which are sub-
ject to genetic polymorphisms. Individuals can be character-
ized as either EMs or poor metabolizers (PMs). The PM 
phenotype is found in 2–5% of Caucasians and Africans, but 
at higher frequencies (18–23%) in Asians (Goldstein, 2001; 
Ward et al., 1991). There have been a number of CYP2C19 
polymorphisms identified that are associated with the PM 
phenotype (Coller et al., 1997; Desta et al., 2002; Gold- 
stein, 2001). Although PMs have relatively high plasma 
proguanil concentrations and correspondingly low cyclo-
gua nil concentrations (Bolaji et al., 2002; Coller et al., 1997; 
Edstein et al., 1994), there is no clinical evidence suggesting 
that PMs are at a greater risk of failure when administered 
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proguanil for prophylaxis or treatment of malaria (Desta et 
al., 2002).

Malaria does not appear to influence the pharmacokinetic 
properties of chlorproguanil (Simpson et al., 2006) which 
are similar in adults and children (Winstanley et al., 1997). 
Chlor proguanil has a Vd/F of 17 l/kg (Winstanley et al., 
1997) and has a CL/F of 1.2 l/h/kg (Veenendaal et al., 1988; 
Winstanley et al., 1997). It has a mean terminal t1/2 of 13–18 
hours (Edstein and Veenendaal, 1987; Veenendaal et al., 
1988; Winstanley et al., 1997).

As with proguanil, chlorproguanil metabolism to chlor-
cycloguanil is partly through CYP2C19 (Wright et al., 1995). 
Although polymorphisms of the gene coding for this enzyme 
determine PM and EM phenotypes, there is no evidence that 
PMs are at increased risk of treatment failure (Skjelbo et al., 
1996). Chlorcycloguanil is 28% plasma protein bound (to 
albumin and not alpha1-acid glycoprotein) (Winstanley et 
al., 1997). After typical treatment doses of chlorproguanil 
and using high-performance liquid chromatography assays, 
chlorcycloguanil has proved difficult to measure except in 
EMs who have a Cmax that ranges between 10 and 30 ng/ml 
(Winstanley et al., 1997). The mean clearance relative to both 
bioavailability and proportion of parent drug metabolized 
(CL/F) have been estimated at 3.72 l/h/kg and the Vd/F at 
12.76 l/kg (Simpson et al., 2006). It is likely that the impaired 
formation of cycloguanil from proguanil through inhibition 
of CYP2C19 activity by estrogen (McGready et al., 2003c) 
also affects chlorcycloguanil pharmacokinetics and that 
higher doses should be used in pregnancy as a result.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Phase II clinical studies of atovaquone as monotherapy in 
falciparum malaria in Thailand in the early 1990s showed a 
suboptimal 28-day cure rate of 67%, and the results of in 
vitro parasite drug sensitivity studies revealed a marked 
decrease in atovaquone susceptibility at the time of recrudes-
cence compared with pre-treatment levels in the same patient 
(Looareesuwan et al., 1996). This led to the search for a suit-
able partner drug to preserve the effectiveness of atovaquone. 
In vitro studies showed that the quinoline drugs and artemis-
inin derivatives were antagonistic with atovaquone but that 
the biguanides and tetracyclines were synergistic (Canfield 
et al., 1995). Proguanil was the best potential partner drug 
and displayed even greater synergy than its active metabo-
lite cycloguanil. As outlined in section 3, this suggests that 
proguanil has anti-malarial activity independent of DHFR 
and complementary to that of atovaquone.

The ideal combination anti-malarial therapy has been 
suggested to include at least one drug that clears asexual 
forms rapidly, and at least one with a long elimination t½ (> 4 
days) (Nosten and Brasseur, 2002). Neither proguanil (see 
section 5b, Drug distribution) nor atovaquone (Hussein et al., 
1997) has a t1/2 longer than 3 days. However, in the absence 
of mutations conferring high-level resistance to atovaquone 

(Musset et al., 2006), the efficacy of a 3-day course of atova-
quone-proguanil is high (Looareesuwan et al., 1999). This 
could reflect atovaquone biologic activity that extends well 
beyond that predicted by its pharmacokinetic profile 
(Butcher and Sinden, 2003; Edstein et al., 2005).

Before the decision was made to terminate development 
of chlorproguanil–dapsone–based combinations, careful 
phar  macokinetic-pharmacodynamic (PK-PD) assessment 
(Watkins et al., 1997; Winstanley et al., 1997) indicated that 
they had great promise against chloroquine-resistant falci-
parum malaria. There was, however, the prediction from 
population PK-PD modeling that chlorproguanil–dapsone 
would be ineffective against strains of P. falciparum with the 
I164L dhfr mutation (Simpson et al., 2006). This suggested 
that resistance could emerge if the combination were 
deployed widely, especially where other antifolate drugs such 
as pyrimethamine were being used, with a resultant increase 
in selection pressure.

There have been long-held concerns regarding the activity 
of antifolate drugs against P. vivax (Young and Burgess, 
1959). However, the efficacy of chlorproguanil–dapsone in 
this setting was assessed in parallel with chloroquine and 
sulfadoxine-pyrimethamine in a comparative study of vivax 
malaria in Afghanistan and Pakistan (Leslie et al., 2007). 
Chlorproguanil–dapsone had the highest 28-day failure rate 
at 9.9%. Although this is likely to reflect the relatively short 
elimination t1/2 of the component drugs relative to those of 
the other therapies, even a small increase in this failure rate 
would, based on WHO criteria (WHO, 2003), threaten the 
viability of chlorproguanil–dapsone in areas with predomi-
nant vivax malaria.

5d.  Excretion 

Approximately 60% of a dose of proguanil is excreted in the 
urine as unchanged drug (Bygbjerg et al., 1987; Chiluba et 
al., 1987; Edstein, 1986; Edstein et al., 1988; Maegraith et al., 
1946; Taylor et al., 1987; Watkins et al., 1987). Elimination of 
chlorproguanil is predominantly via metabolism, with 45% 
of a single dose excreted in the urine (Simpson et al., 2006).

5e.  Drug interactions

Magnesium trisilicate reduces proguanil bioavailability by 
> 50% (Onyeji and Babalola, 1993). Co-administration of 
proguanil slows and reduces the bioavailability of cloxacillin 
(Babalola et al., 2002). In one case report (Armstrong et al., 
1991), the effect of warfarin was potentiated by proguanil, 
suggesting that caution should be exercised when these 
drugs are taken together. There are no similar reported drug 
interactions with chlorproguanil.

Because the metabolism of proguanil to cycloguanil and 
chlorproguanil to chlorcycloguanil is mediated principally 
by CYP2C19, co-administered drugs that inhibit the activity 
of this enzyme may attenuate anti-malarial activity. Consis-
tent with this substrate interaction, cimetidine (Kolawole et 
al., 1999) and fluvoxamine (Jeppesen et al., 1997) impair the 
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metabolism of proguanil to cycloguanil and 4-chlorophenyl-
biguanide. A further example is provided by the proton 
pump inhibitor omeprazole, which approximately halves 
proguanil bioactivation to cycloguanil (Funck-Brentano et 
al., 1997). Data relating to antiretroviral therapies appear 
inconsistent. For example, in vitro evidence (Xu and Desta, 
2013) and some in vivo data (Soyinka and Onyeji, 2010) sug-
gest that the anti-retroviral efavirenz should also inhibit 
CYP2C19 activity and reduce cycloguanil formation, but 
several studies in humans have shown that it is, to the con-
trary, an inducer (Michaud et al., 2012; van Luin et al., 
2010). Between-study differences in factors such as dose 
regimens and frequencies of polymorphisms in CYP2C19 
could underlie these apparent discrepancies, suggesting 
that carefully conducted local studies should be performed 
if proguanil is to be administered with other drugs that have 
potential clinically significant effects on CYP450 enzyme 
activity.

6. ADVERSE REACTIONS AND TOXICITY

Both proguanil and chlorproguanil have a relatively good 
safety record, although most of the use of these drugs was 
before the era of formal postmarketing surveillance. Most 
adverse event reports have been with proguanil, probably 
because it has been used significantly more than chlor-
proguanil. The most frequently reported adverse effects of 
proguanil are stomatitis and oral ulceration (Daniels, 1986); 
serious reactions including urticaria and blood dyscrasias 
such as thrombocytopenia and renal failure–associated 
 pancytopenia are rare (Boots et al., 1982; Eriksson et al., 
1991). In a questionnaire study of 4158 Danes who returned 
post-travel questionnaires and who took chloroquine alone, 
chloroquine–proguanil, or mefloquine alone as anti-malarial 
chemoprophylaxis (Petersen et al., 2000), anorexia, nausea, 
vomiting, abdominal pain, mouth ulcers, vertigo, and 
depres sion were all more frequent among those taking 
 chloroquine–proguanil compared with those taking chloro-
quine alone. 

Adverse effects associated with atovaquone–proguanil 
that could relate to either component drug or both in combi-
nation include abdominal pain, anorexia, nausea, diarrhea, 
headache, and cough (Looareesuwan et al., 1999). Neuro-
psychiatric effects, such as strange and vivid dreams, insom-
nia, dizziness and vertigo, anxiety, and depression have also 
been reported (Hogh et al., 2000; Overbosch et al., 2001). 

6a.  Safety in pregnancy

Proguanil, chlorproguanil, and cycloguanil are not embryo-
toxic or teratogenic in rats (Chebotar, 1974) and studies in 
pregnant women have not raised any significant safety con-
cerns (Fleming et al., 1986; Keuter et al., 1990; McGready  
et al., 2005, 2003a, 2003b, 2006; Mutabingwa et al., 1993; 
Na-Bangchang et al., 2005; Wangboonskul et al., 1993). 
Although some of these studies involved atovaquone–
proguanil, there are data relating to the possible maternal 

and fetal toxicity in animals exposed to atovaquone 
(Hutchinson and Miller, 2005). These observations and 
the  lack of adequate studies in pregnant women mean that 
atovaquone–proguanil should be administered during preg-
nancy only if the potential benefit outweighs the risk to the 
fetus. Mainly because of limited safety data on atovaquone–
proguanil, the combination should not be given to lactating 
women who are nursing infants weighing less than 5 kg 
(Boggild et al., 2007). 

7. CLINICAL USES OF THE DRUGS

Proguanil has an established place in combination with 
atovaquone for the prevention and treatment of falciparum 
malaria. Unfortunately, the relative expense of the atova-
quone component means that cheaper or subsidized alter-
natives, such as artemisinin combination therapies, will be 
preferred in many developing countries. Indeed, the cost of 
atovaquone–proguanil means that it is not reimbursed in 
some developed countries with government coverage of 
basic health care (Atovaquone + proguanil, 2002).

7a.  Malaria chemoprophylaxis

The effectiveness of daily atovaquone–proguanil as chemo-
prophylaxis has been assessed in a meta-analysis of 6 of 10 
identified studies, which found a prophylactic efficacy of 
95.8% and a better safety profile and better tolerability than 
comparator regimens (Nakato et al., 2007). It can be used on 
a milligram-per-kilogram basis in children who weigh at 
least 11 kg (Boggild et al., 2007).

Proguanil can still be prescribed as a single agent in vari-
ous countries, but its recommended use in this form is as a 
daily dose together with weekly chloroquine for chemopro-
phylaxis in chloroquine-resistant malaria as an alternative 
regimen to atovaquone–proguanil, mefloquine, or doxycy-
cline (The Medical Letter, 2004). Chloroquine–proguanil is 
regarded as safe in pregnancy, although folic acid supple-
mentation is recommended in this situation (Luzzi and Peto, 
1993). The quantity of proguanil found in breast milk is 
small, and so the drug can also be safely used by lactating 
women (Luzzi and Peto, 1993).

In a Cochrane Database systematic review of 10 treatment 
trials involving a total of 2345 participants with uncompli-
cated falciparum malaria (Osei-Akoto et al., 2005), atova-
quone–proguanil had significantly fewer treatment failures 
at 28 days after commencement of treatment than chloro-
quine, amodiaquine, or mefloquine (relative risk ≤ 0.22 in 
each case). There were insufficient data to allow a valid com-
parison of atovaquone–proguanil with sulfadoxine–pyri-
methamine, artesunate–mefloquine, quinine–tetracycline, or 
dihydroartemisinin–piperaquine–trimethoprim–primaquine, 
but there were no statistically significant differences in cure 
rates between treatments in these latter trials (Osei-Akoto et 
al., 2005). Adverse events with atovaquone–proguanil treat-
ment were mainly common symptoms of malaria (Osei-
Akoto et al., 2005). Only a small number of genetically 
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confirmed P. falciparum treatment failures have been re- 
ported to date (Boggild et al., 2007). Atovaquone–progua nil 
is also recommended as treatment for suspected chloroquine- 
resistant P. vivax infections acquired in Indonesia or Papua 
New Guinea (Griffith et al., 2007).

There are no current clinical uses for chlorproguanil 
because it not produced as a single agent and is no longer 
under development in combination with dapsone with or 
without artesunate (WHO, 2008). In addition, although a 
Cochrane Database systematic review of six trials involv-
ing  3352 patients carried out in 2004 showed that chlor-
proguanil–dapsone was generally at least as effective as 
sulfadoxine–pyrimethamine (Bukirwa et al., 2004), it was 
also associated with more discontinuations due to toxicity. 
Even when artesunate was added to chlorproguanil–dapsone, 
this triple combination was less efficacious than other readily 
available and safer artemisinin combination therapies (Four 
Artemisinin-Based Combinations Study Group, 2011). 
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1. DESCRIPTION

Atovaquone was the first hydroxynaphthoquinone suitable 
for the treatment of Plasmodium falciparum infection (Davies 
et al., 1989). Unfortunately, early treatment failure rates were 
as high as 30% (Looareesuwan et al., 1996; Chiodini et al., 
1995); among those who had recrudescent infection, para-
sites were approximately 1000- to 10000-fold more resis-
tant (Happi et al., 2006) than they had been pre- treatment. 
Accordingly, a partner drug was sought to reduce the rate  
of treatment failure and limit the emergence of resistance.  
In 1996 the highly synergistic combination atovaquone–
progua nil was registered as an anti-malarial agent. Although 
safe and effective, atovaquone–proguanil is expensive com-
pared with other anti-malarials, a factor that limits its use in 
endemicity.

Atovaquone–proguanil is a fixed-dose combination prod-
uct for the prophylaxis and treatment of uncomplicated P. 
falciparum and Plasmodium vivax infection. It is marketed 
under the trade name Malarone (GlaxoSmithKline). 

The chemical name of atovaquone is trans-2-(4-[4-chlo-
rophenyl]cyclohexyl)-3-hydroxy-1,4, and the molecular for-
mula is C22H19CIO3. The molecular weight is 366.84 (Fry et 
al., 1992; GlaxoSmithKline, 2015). Proguanil’s chemical name 
is 1-(4-chlorophenyl)-5-isopropyl-biguanide hydrochloride; 
its molecular formula is C11H16ClN5∙HCl, and its molecular 
weight is 290.20 (GlaxoSmithKline, 2015) (Figure 184.1).

Atovaquone’s mechanism of action is via inhibition of 
the mitochondrial electron transport chain (Fry et al., 1992; 
Srivastava et al., 1997); proguanil’s mechanism of action is 
via inhibition of the dihydrofolate reductase enzyme and 
potentiation of atovaquone (Srivastava et al., 1999; Glaxo-
Smith Kline, 2015).

Individually, atovaquone and proguanil are used in the 
treatment of infection with Pneumocystis, Toxoplasma, and 
other protozoans. Details of their clinical pharmacology are 
addressed in Chapter 184, Atovaquone–Proguanil, and Chap  -
ter 183, Proguanil and Chlorproguanil.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

P. falciparum and P. vivax have been shown to be susceptible 
to the combination of atovaquone and proguanil in clinical 
studies. Case reports and case series have reported effective 
treatment of Plasmodium ovale and Plasmodium malariae 
with atovaquone–proguanil.

Multiple studies have shown widespread susceptibility of 
P. falciparum to atovaquone–proguanil.

A total of 477 pre-treatment African isolates of P. falci-
parum were taken from French travelers and assessed for 
the molecular markers of resistance. No resistance to atova-
quone–proguanil was detected by phenotypic or genotypic 

Figure 184.1. Chemical 
structure of atovaquone and 
proguanil–hydrochloride. 
(Reproduced with permission 
from GlaxoSmithKline, 2015.)
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testing (Musset et al., 2006b). Successfully treated patients had 
half-maximal inhibitory concentration (IC50) to atovaquone 
of 0.15–6.8 nM. Based on this study, the authors suggest that 
the atovaquone resistance threshold to discriminate atova-
quone–proguanil in travelers should be 0–30 nM for suscep-
tible parasites and > 1900 nM for resistant parasites (Musset 
et al., 2006b). One late clinical failure was observed during 
the 6-year survey period. Parasite isolates after failure had 
a mutation affecting codon 268 of cytochrome b and were 
associated with an IC50 of 8230 nM to atovaquone (Musset et 
al., 2006a). 

The prevalence of resistance mutations was assessed in 
295 samples from Nigeria, Malawi, and Senegal. Samples 
were tested for two different mutations of the cytochrome b 
enzyme associated with atovaquone treatment failures—
Asn268 and Ser268. None of the samples carried the Ser268 
mutation. However, 5 of 111 P. falciparum samples from 
Nigeria demonstrated the Asn268 mutation in P. falciparum 
in an area of Africa not exposed to atovaquone (Happi et al., 
2006).

Eighty-three P. falciparum isolates from four different 
multidrug-resistant areas of Thailand collected between 1998 
and 2005 were subject to in vitro susceptibility to atova-
quone–proguanil using a modified radioisotopic method. 
The mean atovaquone–proguanil IC50 was 3.4 nM, with a 
range of 0.83–6.81 nM. Proguanil demonstrated a mean IC50 
of 36.5 μM, with a range of 21.2–49.6 μM (Khositnithikul 
et al., 2008). No isolate showed evidence of the 268 codon 
mutation in cytochrome b. 

The presence of the resistance-associated mutations 
Asn268 and Ser268 was assessed in 504 samples collected 
from a surveillance network for imported malaria that covers 
approximately 12% of imported malaria in western and cen-
tral Europe. Most infections were acquired in West Africa 
(54.2%), and the majority of patients (82%) did not receive 
prophylaxis. One isolate had 268Ser. There were no cases 
of  268Tyr. Fifty-eight of these patients were treated with 
atovaquone–proguanil, and 268Ser was present in one of five 
treatment failures (Wichmann et al., 2004).

Clinical studies have demonstrated that atovaquone–
proguanil has activity against blood stages of P. vivax 
(Looareesuwan et al., 1996). Sixteen Indonesian adults resid-
ing in nonmalarial areas before migration to Papua, and 
therefore presumed to be non-immune, were treated for P. 
vivax infection with 3 days of atovaquone–proguanil (1000 
mg/400 mg) followed by 30 mg of primaquine base for 14 
days. Fever resolved in a mean 0.8 days, parasitemia resolved 
in a mean 2.5 days, and no patients had recurrence at 28 days 
(Lacy et al., 2002). An open-label study in Thailand assessed 
the response of 46 patients with P. vivax to atovaquone–
proguanil followed by primaquine for 14 days (Looareesuwan 
et al., 1999b). Patients cleared their parasitemia in 2–6 days; 
out of 35 patients who were followed up over 12 weeks, 2 
patients had relapse.

The susceptibility of atovaquone–proguanil to P. ovale,  
P. malariae, and Plasmodium knowlesi has not been assessed 
in a large clinical trial. However, successful treatment of 

cases of P. ovale, P. malariae, and P. knowlesi has been 
reported (Kimura et al., 2012; Radloff et al., 1996a; Ehrhardt 
et al., 2013). 

OTHER PARASITES

Both atovaquone and proguanil have activity against proto-
zoans. More detailed descriptions of their individual use can 
be found in Chapter 184 and Chapter 183, respectively. 
Atovaquone–proguanil was used successfully in the treat-
ment of Babesia microti infection in a patient infected with 
human immunodeficiency virus in whom other treatments 
had failed (Vyas et al., 2007). Regression of Leishmania trop-
ica in response to atovaquone–proguanil malarial prophylaxis 
was described in a single case report (Plourde et al., 2012).

2b.  Emerging resistance and 
cross-resistance

In vitro resistance to atovaquone–proguanil was first docu-
mented in 2002 (Fivelman et al., 2002). It was demonstrated 
in a P. falciparum isolate taken from a 45-year-old Nigerian 
male resident of the United Kingdom after failure of a 3-day 
treatment course of atovaquone–proguanil on return from a 
4-week visit to Lagos, Nigeria. The mean IC50 values of this 
isolate to atovaquone and proguanil were 1888 and 420 nM, 
respectively. Genetic analysis of the isolate showed a muta-
tion that resulted in amino acid substitution of Tyr268Asn in 
the cytochrome b gene product. 

Mutations in the cytochrome b gene appear to induce 
resistance to atovaquone and to the combination of atova-
quone–proguanil (Fivelman et al., 2004). However, whereas 
mutations in the dihydrofolate reductase gene confer resis-
tance against proguanil (Fidock et al., 1997), they do not 
confer resistance to the combination (Fivelman et al., 2004). 
This likely relates to the dual mechanism of action of 
proguanil when used in combination with atovaquone (see 
section 3, Mechanism of drug action, for greater detail). 
The Tyr268Asn mutation, and subsequent Tyr268Ser and 
Tyr268Cys mutations in the cytochrome b gene, have been 
shown to be molecular markers of resistance. Emergence of 
these molecular markers of resistance in patients in whom 
treatment with atovaquone–proguanil has failed has been 
documented in a number of cases (Musset et al., 2006b; Savini 
et al., 2008; Legrand et al., 2007).

A number of treatment failures have occurred in the 
absence of known associated molecular markers of resistance 
(Farnert et al., 2003; Wichmann et al., 2004; Wurtz et al., 
2012; Contentin et al., 2011). Limited correlation with these 
mutations has called into question their usefulness for resis-
tance screening (Meshnick and Trumpower, 2005). However, 
atovaquone is highly lipophilic, and failure to take it with 
fatty food can cause treatment to fail in the absence of para-
site resistance. This is due to the low oral bioavailability and 
subtherapeutic levels of atovaquone (Musset et al., 2006a).

Case reports of treatment failure with atovaquone–
proguanil are provided in Table 184.1.
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3. MECHANISM OF DRUG ACTION

Atovaquone is a selective and potent inhibitor of the mito-
chondrial election transport chain in plasmodia. Inhibition 
of cytochrome c and individual respiratory chain complexes 
has demonstrated that the prime site of action for atova-
quone is the cytochrome bc1 complex (Fry et al., 1992). It 
was further elucidated that atovaquone mimics endogenous 
ubiquinone and inhibits electron transfer by binding to cyto-
chrome b (Fry et al., 1992). It also inhibits dihydroorotate 
dehy drogenase (DHOD) an enzyme that catalyzes the meta- 

bolism of dihydroorotate to orotate, resulting in inhibition of 
pyrimidine synthesis (Ittarat et al., 1994) (see Chapter 182 
for a complete description of atovaquone’s mechanism of 
action). The activity of proguanil as a single agent is via its 
metabolite cycloguanil, which inhibits DHFR (Hyde, 1990). 
DHFR is required for de novo synthesis of folate, which 
enables salvage of exogenous folate derivatives for use in the 
folate pool (Nzila, 2006) (see Chapter 183 for complete 
description of proguanil’s mechanism of action). 

The clinical effectiveness of the combination atovaquone–
proguanil in uncomplicated falciparum malaria appears 

Table 184.1. Case reports of treatment failure with atovaquone–proguanil.

Pathogen
Region of 
acquisition Resistance mechanism Clinical impact Reference

Plasmodium 
falciparum

Nigeria, Africa Tyr268Asn and antifolate pyrimeth-
amine resistance

Recrudescence at 28 days Fivelman et al., 2002

P. falciparum Kenya, Africa Tyr268Ser and cycloguanil resistance Recrudescence after 30 days Schwartz et al., 2003

P. falciparum Mali, Africa Tyr268Ser, proguanil resistance not 
assessed

Recrudescence after 28 days Schwöbel et al., 2003

P. falciparum West Africa Tyr268Ser and triple mutation in DHFR 
gene

Recrudescence on day 13 David et al., 2003

P. falciparum Ivory Coast, Africa Wild type 268 and DHFR gene No initial response Farnert et al., 2003

P. falciparum Ivory Coast, Africa Tyr268Ser Recrudescence on day 28 Farnert et al., 2003

P. falciparum Kinshasa, Africa Wild type 268, proguanil resistance not 
assessed

Initial response; recrudes-
cence on day 16

Wichmann et al., 2004

P. falciparum Gambia, Africa Wild type 268 Recrudescence on day 21 Wichmann et al., 2004

P. falciparum Kenya and 
Tanzania, Africa

Wild type 268 Recrudescence on day 21 Wichmann et al., 2004

P. falciparum Nigeria, Africa Wild type 268 Early treatment failure Wichmann et al., 2004

P. falciparum Kinshasa, Africa Wild type 268 Recrudescence on day 21 Wichmann et al., 2004

P. falciparum West Africa Day 1 wild type 268 isolate at day 15 
Tyr268Ser

Recrudescence on day 15 Kuhn et al., 2005

P. falciparum Nigeria, Africa I258M Plucinski et al., 2014

P. falciparum Ivory Coast, Africa Wild type 268, three cycloguanil 
resistance mutations

Early treatment failure Wurtz et al., 2012

P. falciparum Guinea, Africa Wild type 268 Recrudescence on day 20 Contentin et al., 2011

P. falciparum Delhi, India Tyr268Cys Recrudescence on day 18 Perry et al., 2009

P. falciparum Mozambique, 
Africa

Tyr268Ser Recrudescence on day 28 Rose et al., 2008

P. falciparum Comoros Wild type at day 1, Tyr268Ser at day 23
Multiple mutations in DHFR gene

Recrudescence on day 23 Savini et al., 2008

P. falciparum Mali, Africa Wild type 268 Treatment failure day 3 Musset et al., 2006a

P. falciparum Ivory Coast, Africa Wild type 268 Treatment failure day 7 Musset et al., 2006a

P. falciparum Mali, Africa Wild type 268 Treatment failure day 11 Musset et al., 2006a

P. falciparum Burkina, Africa Day 1 Tyr268Asn, Day 22 Tyr268Cys Treatment failure day 22 Musset et al., 2006a

P. falciparum Burkina, Africa Day 1 not done, Day 25 Tyr268Ser Treatment failure day 25 Musset et al., 2006a

P. falciparum Guinea, Africa Day 1 wild type, Day 26 Tyr268Ser Treatment failure day 26 Musset et al., 2006a

P. falciparum Ivory Coast, Africa Day 1 wild type, Day 26 Tyr268Cys Treatment failure day 26 Musset et al., 2006a

P. falciparum Ivory Coast, Africa Day 1 wild type, Day 39 Tyr268Ser Treatment failure day 39 Musset et al., 2006a

P. falciparum Mali, Africa Wild type 268 Treatment failure day 3 Musset et al., 2006a

P. falciparum Burkina, Africa Day 1 wild type, Day 28 Tyr268Ser Treatment failure day 28 Musset et al., 2006a

P. falciparum Maripasoula, 
French Guiana

Wild type 268 at day 1 and Tyr268Ser at 
day 24

Recrudescence at day 24 Legrand et al., 2007

P. falciparum Kinshasa, Africa Wild type 268 Treatment failure day 28 Durand et al., 2008



4. Mode of drug administration and dosage 3139

counterintuitive in the context of the mechanism of action 
of proguanil, given that (1) oxidative conversion of proguanil 
to its active metabolite cycloguanil is mediated by particular 
isoforms of the cytochrome P-450 pathway, of which about 
20% of the Asian and African populations are deficient 
(Helsby et al., 1993; Ward et al., 1991), and (2) atovaquone–
proguanil was effective in treatment of uncomplicated falci-
parum malaria in Thailand, where the strains of malaria 
were previously shown to be highly resistant to proguanil 
(Loo areesuwan et al., 1996). These results suggested the pos-
sibility of synergy between atovaquone and proguanil, which 
was subsequently elucidated by Srivastava et al. (1999). When 
administered together, proguanil potentiates the action of 
atovaquone independent of its metabolite cycloguanil. In 
vitro studies demonstrated that atovaquone could collapse 
membrane potential with an EC50 of 75 nM (where EC50 is 
the concentration at which 50% of the maximal effect is 
observed). The addition of proguanil reduced the EC50 of 
atovaquone approximately sevenfold. This effect was not 
achieved with alternate inhibitors of DHFR and appeared to 
be unique to proguanil. Proguanil’s synergistic effect more 
likely relates to its activity as a biguanide (Srivastava et al., 
1999).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Recommended dose and administration of atovaquone–
proguanil for adults, for children, and in populations requir-
ing altered dosing are provided in Table 184.2.

4a.  Adults

The combination drug atovaquone–proguanil is available in 
oral formulation for the chemoprophylaxis and treatment 
of uncomplicated malaria. Each atovaquone–proguanil tablet 
(Malarone) contains 250 mg of atovaquone and 100 mg of 
proguanil hydrochloride. Each pediatric atovaquone–proguanil 
(Malarone Pediatric) contains 62.5 mg of atovaquone and 
25 mg of proguanil hydrochloride (Glaxo SmithKline, 2015). 
If vomiting occurs less than 1 hour after administration, the 
dose should be repeated. Atovaquone–proguanil should be 
accompanied by the consumption of a fatty meal (23 to 26.5 g 
of fat) to improve atovaquone absorption (GlaxoSmithKline, 
2015; Gillotin et al., 1999). Administration of atovaquone 
with a fatty meal increases the bioavailability concentration 
fivefold (GlaxoSmithKline, 2015). 

Table 184.2. Doses of atovaquone–proguanil for the prevention and treatment of malaria.

Atovaquone–proguanil Treatment for 3 consecutive days Prophylaxis, once daily

Routine dosages

Adults
2 Malarone tablets twice daily or  
 4 Malarone tablets daily (1000–250 mg)

1 Malarone tablet daily (250–100 mg)

Children
< 5 kg Not indicated Not indicated

5–8 kg 2 Malarone Junior tablets daily (125–50 mg) Not indicated

9–10 kg 3 Malarone Junior tablets daily (187.5–75 mg) Not indicated

11–20 kg 1 Malarone tablet daily (250–100 mg) 1 Malarone Junior tablet daily (62.5–25 mg)

21–30 kg 2 Malarone tablets daily (500–200 mg) 2 Malarone Junior tablets daily (125–50 mg)

31–40 kg 3 Malarone tablets daily (750–300 mg) 3 Malarone Junior tablets daily (187.5–75 mg)

> 40 kg 4 Malarone tablets daily (1000–250 mg) 1 Malarone tablet daily (250–100 mg)

Altered dosages

Impaired renal function
30–90 Cr Cl No dose adjustment No dose adjustment

< 30 Cr Cl Contraindicated Contraindicated

Impaired hepatic function
Mild to moderate hepatic impairment No dose adjustment No dose adjustment

Severe hepatic impairment Not recommended Not recommended

Pregnancy and lactating women
Pregnancy category C Pregnancy category C

No dose adjustment No dose adjustment

The elderly
No dose adjustment No dose adjustment
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4b.  Newborn infants and children

Atovaquone–proguanil is licensed for use as prophylaxis and 
treatment of malaria in children weighing more than 11 kg. 
Dosage recommendations for children who weigh less than 
11 kg have been made by independent expert committees 
(Boggild et al., 2007). For treatment of malaria in children 
weighing 5–8 kg and 9–10 kg, doses are 125/50 mg and 
187.5/75 mg, respectively. When used as chemoprophylaxis, 
it should be taken 1 to 2 days before exposure, during expo-
sure, and for 7 days after departure from the malarial risk 
area (Boggild et al., 2007; GlaxoSmithKline, 2015). There are 
no studies assessing atovaquone–proguanil in children with 
renal failure or hepatic impairment.

4c.  Pregnant and lactating mothers

The safety profile of atovaquone–proguanil has not been 
established in pregnancy. Pregnant women in their second or 
third trimester have lower plasma maximal plasma concen-
tration (Cmax) and area under the concentration-time curve 
(AUC) compared with healthy volunteers (McGready et al., 
2003; Na-Bangchang et al., 2005). There are no specific rec-
ommendations for altered dosage in pregnancy (Glaxo-
Smith Kline, 2015).

4d.  Those requiring altered dosages

Atovaquone–proguanil should not be administered to 
patients with severe renal impairment (< 30 ml/min creati-
nine clearance [CrCl]), because in these patients there is a 
significant increase in the plasma concentration of proguanil 
and its metabolite cycloproguanil (McKeage and Scott, 
2003). No dose adjustment is required for patients with CrCl 
≥ 30 ml/min. Atovaquone–proguanil has not been studied in 
patients with severe hepatic impairment, and it is not recom-
mended for patients with severe hepatic impairment (Glaxo-
SmithKline, 2015). Thirteen patients with mild to moderate 
hepatic impairment (Child-Pugh A and B) demonstrated 
similar peak plasma concentrations to those seen in healthy 
volunteers (Boggild et al., 2007). The elimination half-life of 
atovaquone was increased in patients with moderate hepatic 
impairment (Boggild et al., 2007). 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

There is no apparent pharmacokinetic interaction between 
atovaquone and proguanil when administered together 
(Gillotin et al., 1999). The time to maximal plasma concen-
tration is 3 hours for both drugs when administered together 
in healthy subjects (Gillotin et al., 1999). Co-administration 
of atovaquone–proguanil (1000 mg/400 mg) achieved a 
mean Cmax of 11.5 μg/ml and 509.4 ng/ml, respectively 
(Gillotin et al., 1999). When administered as chemoprophy-
laxis at a dose of 250/100 mg, atovaquone demonstrated 
daily marked variation, which is possibly attributable to its 

highly lipophilic and poor aqueous solubility (Rolan et al., 
1994). 

5a.  Bioavailability

Because no parental formulations are available, assessment 
of its bioavailability is not possible. 

5b.  Drug distribution

Over 99% of atovaquone is protein bound; it has an apparent 
volume of distribution of 8.8 l/kg (GlaxoSmithKline, 2015). 
It has an elimination half-life of 2–3 days in adults and 1–2 
days in children (GlaxoSmithKline, 2015; Gillotin et al., 
1999; Thapar et al., 2002). The shorter elimination half-life 
in children is unaffected by the dose or co-administration 
of food or proguanil (Thapar et al., 2002; Gillotin et al., 1999; 
Hussein et al., 1997). 

Proguanil is 75% protein bound and widely distributed 
in tissues, with an apparent volume of distribution for adults 
31–110 kg that ranges between 1617 and 2502 l/kg (Glaxo-
SmithKline, 2015). In pediatric patients weighing 11–56 kg, 
the apparent volume of distribution ranged between 462 and 
966 l/kg (GlaxoSmithKline, 2015). Proguanil is concentrated 
in red blood cells, which results in fivefold higher concentra-
tions of proguanil when whole-blood concentration is com-
pared with serum concentration (GlaxoSmithKline, 2015).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Atovaquone is highly lipophilic, and its absorption is highly 
dependent on co-administration with a fatty meal, whereas 
proguanil is well absorbed regardless of food intake (Glaxo-
SmithKline, 2015). Given that absorption of atovaquone 
depends on its being taken with a fatty meal, patients with 
diarrhea or vomiting should be considered for alternate ther-
apy (GlaxoSmithKline, 2015). Atovaquone–proguanil dis-
plays causal activity against P. vivax and P. ovale (Berman et 
al., 2001) but no activity against the liver-stage hypnozoites. 
This resulted in high relapse when P. vivax was treated with 
atovaquone–proguanil alone (Looareesuwan et al., 1996). 

Patients treated for P. vivax or P. ovale with atovaquone–
proguanil should then receive a course of primaquine ther-
apy for radical cure (Lacy et al., 2002). An over-representation 
of treatment failures has been observed in patients weighing 
more than 100 kg (Musset et al., 2006a; Durand et al., 2008). 
This may relate to the increased oral clearance and volume of 
distribution in patients > 100 kg in comparison to a patient 
weighing 70 kg (Durand et al., 2008).

5d.  Excretion

Atovaquone is excreted almost entirely in the bile, with < 1% 
excreted in the urine. It undergoes minimal metabolism, and 
94% of the drug can be recovered unchanged in the feces 
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(Rolan et al., 1997; GlaxoSmithKline, 2015). The elimination 
half-life of atovaquone is 59 hours when administered in 
combination with proguanil (Gillotin et al., 1999). Between 
40% and 60% of proguanil is eliminated by renal excretion.

The elimination half-life of proguanil was 14.5 hours 
when administered with atovaquone (Gillotin et al., 1999). 
Proguanil is metabolized to cycloguanil by enzymes of the 
cytochrome P-450 group. Certain genetic polymorphisms 
in the P-450 group are associated with poor metabolism of 
proguanil to cycloproguanil (Goldstein 2001; Ward et al., 
1991), but this does not appear to affect the anti-malarial 
activity of atovaquone–proguanil in combination (Looaree-
suwan et al., 1999a).

5e.  Drug interactions

Atovaquone is highly protein bound but does not appear to 
displace other highly protein-bound drugs, so clinically sig-
nificant interactions as a result of displacement are unlikely 
(GlaxoSmithKline, 2015). Published drug interactions with 
atovaquone–proguanil are described in Table 184.3.

6. ADVERSE REACTIONS AND TOXICITY

Atovaquone and proguanil have both individually been 
demonstrated to be safe, well- tolerated drugs. Both drugs 
had been in use for decades before their use as a combination 
drug. These adverse reactions that can accompany atova-
quone–proguanil during prophylaxis and treatment include 
abdominal pain, headache, anorexia, nausea, vomiting, 
diarrhea, and coughing (Loo areesuwan et al., 1996). Neuro- 
psychiatric symptoms of anxiety, vivid dreams, vertigo, 
 dizziness, and insomnia have also been associated with 
atovaquone–proguanil use (Hogh et al., 2000; Overbosch et 
al., 2001). Transient elevation of hepatic transaminases 
(alanine aminotransferase [ALT], aspartate aminotransfer-
ase [AST] >100 U/l) has been associated with atovaquone–
proguanil use; the majority of cases resolved within 28 days 
(Looareesuwn et al., 1999a). An episode of acute hepatitis 

has also been reported in association with 25 days of prophy-
lactic use of atovaquone–proguanil (Griesha ber et al., 2005). 
Generalized seizure has rarely been associated with atova-
quone–proguanil use (Llanos-Cuentas et al., 2001; Borrmann 
et al., 2003). Atovaquone–proguanil has been noted to cause 
allergic-type reactions, ranging from rash, pruritus, and urti-
caria to anaphylaxis (Hogh et al., 2000; Over bosch et al., 2001; 
Ling et al., 2002; Looareesuwan et al., 1999a). Adverse reac-
tions to atovaquone–proguanil administered for prophylac-
tic purposes and as treatment are shown in Table 184.4. In 
many cases the placebo arm in these studies often had com-
paratively high rates of adverse events, suggesting that they 
relate to acute malaria rather than drug side effect.

6a.  Risks in pregnancy and breastfeeding

The safety of atovaquone–proguanil has not been established 
in pregnancy. It is a category C drug in pregnancy and should 
be used only if the expected benefits to the mother outweigh 
the risks to the fetus (GlaxoSmithKline, 2015). In a small 
study of atovaquone–proguanil treatment of uncomplicated 
P. falciparum in 26 women in their third trimester of preg-
nancy, the drug was well tolerated and no physical abnor-
malities were identified at birth (Na-Bangchang et al., 2005). 
A large cohort study from the Danish Medical Birth Regis- 
try found no significant association between exposure to 
atovaquone–proguanil in early pregnancy and the risk of 
any major birth defect (Pasternak et al., 2011). Atovaquone–
proguanil is not recommended for nursing mothers 
(GlaxoSmithKline, 2015), as proguanil is excreted in human 
milk in small quantities (GlaxoSmithKline, 2015). 

7. CLINICAL USES OF THE DRUG

7a.  Malaria chemoprophylaxis

The effectiveness of atovaquone–proguanil has been assessed 
in a number of trials but is often assessed as a secondary end 
point in non-immune individuals owing to the requirement 

Table 184.3. Drug interactions with atovaquone–proguanil.

Drug Class Mechanism Impact Reference

Tetracyclines Increased clearance of 
atovaquone

40% reduction in plasma concentration of 
atovaquone

The Medical Letter, 2000

Rifampicin Mechanism of interaction not 
established

50% reduction in plasma concentration of 
atovaquone

The Medical Letter, 2000

Metoclopramide Mechanism of interaction not 
established

Reduction in bioavailability and absorption 
of malarone

GlaxoSmithKline, 2015

Zidovudine Inhibition of glucuronidation Increase in zidovudine plasma levels when 
administered with atovaquone

Lee et al., 1996

Coumarin-based 
anticoagulants

Mechanism of interaction not 
established

Proguanil may potentiate effect of coumarin- 
based anticoagulants

Armstrong et al., 1991

Efavirenz Mechanism uncertain Decrease in levels of atovaquone Nixon et al., 2013

Etoposide Mechanism of interaction not 
established

Increase in etoposide area under the curve 
when administered with atovaquone

Van de Poll et al., 2001
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of a prohibitively large sample size for primary assessment. 
Adverse events and tolerability are more commonly used as 
primary end points. The duration of chemoprophylaxis in 
these studies ranged from 4 to 20 weeks.

NON-IMMUNE INDIVIDUALS

Atovaquone–proguanil has been evaluated in four ran-
domized trials for efficacy in chemoprophylaxis of malaria 
in  non-immune adults and children (Hogh et al., 2000; 
Overbosch et al., 2001; Ling et al., 2002; Lacy et al., 2002). In 
these randomized trials it demonstrated efficacy in chemo-
prophylaxis of 96–100% for P. falciparum and 84% for P. vivax. 

In a randomized open-label trial, atovaquone–proguanil 
was comparable to chloroquine–proguanil as chemoprophy-
laxis in 221 non-immune children aged 2–17 years (Camus 
et al., 2004); no cases of malaria occurred (Camus et al., 
2004). An-open label trial of 175 subjects aged 16–65 years 
in South Africa during the malaria season demonstrated a 
prophylactic success rate of 97% (van der Berg et al., 1999). 
The mean duration of drug exposure during this study was 
8.9 weeks.

In the first of the randomized trials, atovaquone–
proguanil (n = 540) was assessed in comparison to chloro-
quine–proguanil (n = 543) in an equivalence trial of 1083 
adults in non-immune travelers to South America or Africa 
(Hogh et al., 2000). A surrogate marker of malaria exposure 
(circumsporozoite protein antibodies) was assessed at day 28 
as the efficacy end point. The minimum efficacy for preven-
tion of malaria was estimated at 100% for atovaquone–
proguanil and 70% for chloroquine–proguanil. Overbosch et 

al. (2001) conducted a randomized, double-blind efficacy 
study of atovaquone–proguanil versus mefloquine for che-
moprophylaxis. Subjects were enrolled from 15 different 
travel clinics in the Netherlands, Germany, the United 
Kingdom, Canada, and South Africa. Subjects were 3 years 
of age or older and weighed 11 k or more. Subjects who trav-
eled to malaria-endemic areas for up to 28 days underwent 
follow-up at days 7, 28, and 60 after their return for assess-
ment of malaria exposure and adverse drug effects. The mean 
duration of treatment was 28 ± 8 days. Treatment with atova-
quone–proguanil was better tolerated than treatment with 
mefloquine, with less headache (19% vs. 32%; p = 0.04) and 
fewer neuropsychiatric symptoms (14% vs. 29%; p = 0.001). 
Gastrointestinal symptoms (16% vs. 19%; p = 0.159) and 
itching (2% vs. 3%; p = 0.657) were similar in both groups. 
Efficacy was evaluated as a secondary end point, but there 
were no confirmed cases of malaria in either arm of this 
study.

A randomized double-blind placebo-controlled trial study 
of atovaquone–proguanil versus placebo was conducted in 
297 participants who migrated from areas of nonendemicity 
in Indonesia to Papua (high malaria endemicity) ≤ 26 months 
before commencement of the study (Ling et al., 2002). Malaria 
parasites occur in the region in a ratio of ~ 2:1:0.1:< 0.001 for 
P. falciparum/P. vivax/P. malariae/P. ovale. Volunteers were 
aged 12–65 years and were treated with radical curative ther-
apy (atovaquone–proguanil 1000/250 mg daily 3 days fol-
lowed by 30-mg tablets containing primaquine base, daily for 
14 days before commencement of the prophylactic phase. The 
protective efficacy of atovaquone proguanil was estimated at 

Table 184.4. Adverse reactions described in published reports of atovaquone–proguanil using prophylaxis and treatment doses.

Adverse reaction Frequency (%) References

Common

All neuropsychiatric (symptoms include headache, strange or 
vivid dreams, dizziness, anxiety, depression, sleeplessness, 
and visual disturbance)

10–66% Hogh et al., 2000; Schlagenhauf et al., 2003

Severe neuropsychiatric  0.03% Schlagenhauf et al., 2003

Diarrhea  2–32% Fuacher et al., 2002; Petersen et al., 2003

Headache  2–32% Overbosch et al., 2001; Sabchareon et al., 1998

Vomiting  2–29% Looareesuwan et al., 1999a; Radloff et al., 1996

Abdominal pain  2–28% Looareesuwan et al., 1999a; Mulenga et al., 1999

Cough 10–14% Faucher et al., 2002; Borrmann et al., 2003

Dizziness  5–14% Simons et al., 2005; Thybo et al., 2004

Sore throat  8% Looareesuwan et al., 1999a

Oral ulcers  4–6% Hogh et al., 2000; Overbosch et al., 2001

Unusual interactions but clinically important

Stevens-Johnson Syndrome N/A Emberger et al., 2003

Generalized seizure N/A Llanos-Cuentas et al., 2001; Boorman et al., 2003

Pruritic or exfoliative skin rash N/A Ling et al., 2002

Anaphylaxis N/A Looareesuwan et al., 1999

Intractable diarrhea N/A Overbosch et al., 2003

N/A = Not applicable to report frequency.
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93% overall, 84% for P. vivax, and 96% for P. falciparum. 
In  a randomized placebo-controlled trial of atovaquone–
proguanil as chemoprophylaxis for up to 20 weeks in 295 
patients in Papua, Indonesia, only 3 developed P. falciparum 
malaria (Lacy et al., 2002); in the group of patients taking 
placebo, 35 developed P. falciparum parasitemia.

SEMI-IMMUNE INDIVIDUALS

There have been three randomized, double-blind placebo- 
controlled trials of the prophylactic efficacy of atovaquone–
proguanil in semi-immune individuals, and one to assess the 
impact of atovaquone–proguanil on the immunogenicity of 
cholera and typhoid vaccines. These trials have demonstrated 
a protective efficacy of 95–100% in semi-immune individu-
als (Shanks et al., 1998; Lell et al., 1998; Sukwa et al., 1999; 
Faucher et al., 2002). 

A double-blind placebo-controlled trial to assess efficacy, 
safety, and tolerability of atovaquone–proguanil in western 
Kenya, an area with endemic malaria, showed 100% efficacy 
of atovaquone–proguanil (Shanks et al., 1998). Assessment 
was conducted in 198 adults in one of three groups who 
received (1) atovaquone–proguanil at 250/100 mg/daily (n = 
68), (2) atovaquone–proguanil 500/200 mg/daily (n = 65), or 
(3) placebo (n = 65) for 10 weeks. The treatment was well 
tolerated, with commonly reported adverse reactions at stan-
dard dose of dyspepsia (4%), gastritis (6%), and abdominal 
pain (5%), although there was no significant difference with 
placebo. The efficacy end point was the proportion of sub-
jects who developed parasitemia during the prophylaxis 
period. Parasitemia developed in 52% of those taking pla-
cebo and none of the subjects taking atovaquone–proguanil, 
correlating with a 100% efficacy for the prevention of malaria 
in this cohort.

A randomized placebo-controlled trial to assess the safety 
and efficacy of atovaquone–proguanil for malaria prophy-
laxis was undertaken in of 320 children (4–16 years of age) 
living in Gabon (Lell et al., 1998). After a curative course of 
3  days of atovaquone–proguanil, 125 received a weight- 
adjusted prophylactic dose of atovaquone–proguanil and 
140 received placebo for 12 weeks. There were three with-
drawals (2 were lost to follow-up and 1 withdrew consent) in 
the placebo group and 10 (7 lost to follow-up and 3 protocol 
violations) in the atovaquone–proguanil group. There were 
no cases of malaria in the atovaquone–proguanil group and 
25 cases in the placebo group during the chemosuppressive 
phase. Children in the atovaquone–proguanil group had 
similar frequencies of abdominal pain (33%), headache 
(14%), vomiting (7%), and nausea (2%) as the placebo group.

Sukwa et al. (1999) conducted a randomized double-blind 
placebo-controlled trial to assess the efficacy, safety, and tol-
erance of atovaquone–proguanil for the chemoprophylaxis 
of falciparum malaria in adult patients (18–65 years of age) 
in Zambia. In total, 274 were randomized to atovaquone–
proguanil (n = 136) or placebo (n = 138). Thirty of these 
patients were lost to follow-up (16 atovaquone–proguanil 
and 14 placebo), 22 had protocol violations (14 atovaquone–
proguanil and 8 placebo), and 9 withdrew consent (4 

atovaquone–proguanil and 5 placebo). No patients withdrew 
owing to an adverse event. Commonly reported adverse 
events were headache (4%), abdominal pain (3%), and diar-
rhea (1%), although the rates of these adverse reactions were 
higher in the placebo group. In total, 41 patients in the pla-
cebo group developed parasitemia and 2 in the atovaquone–
proguanil group developed parasitemia. The estimated 
efficacy for atovaquone–proguanil was 95%.

In a double-blind placebo-controlled trial to assess the 
impact of atovaquone–proguanil on the immunogenicity 
of  cholera and typhoid vaccines in 330 Gabonese children 
(4–16 years of age), no significant difference in adverse 
events including headache, abdominal pain, cough, fever, 
vomiting, or diarrhea was observed between atovaquone–
proguanil and placebo (Faucher et al., 2002). The efficacy of 
atovaquone–proguanil was estimated at 96.9%.

7b.  Treatment of uncomplicated malaria

Atovaquone–proguanil is suitable for treatment of uncom-
plicated P. falciparum malaria in adults and children. 
Standard treatment for adults consists of 1000 mg/250 mg 
atovaquone–proguanil for 3 days. Dose adjustments are 
required based on weight for children and for adults with 
significant renal impairment (see Table 184.2). 

There have been multiple randomized comparative trials 
assessing atovaquone–proguanil at standard dose for the 
treatment of uncomplicated malaria (1000 mg of atovaquone 
and 250 mg of proguanil) (Radloff et al., 1996b; de Alencar et 
al., 1997; Bustos et al., 1999; Bouchaud et al., 2000; Llanos-
Cuentas et al., 2001; van Vugt et al., 2002). The curative effi-
cacy (clinical cure at 28 days) in these trials ranged between 
87% and 100% in adults. 

There have been two comparative trials in pediatric 
cohorts assessing the efficacy of atovaquone–proguanil in 
relation to halofantrine and amodiaquine (Anabwani et al., 
1999; Borrman et al., 2003). The 28-day cure rate ranged 
between 93.8% and 95% in children. 

Atovaquone–proguanil appears to be efficacious in areas 
of multidrug-resistant P. falciparum, demonstrating similar 
efficacy in these regions (Looareesuwan et al., 1999a; Krud-
sood et al., 2007). 

Artesunate has also been used in combination with atova-
quone–proguanil in two clinical trials. In the first, a random-
ized open-label three-arm trial on the northwest border of 
Thailand of patients with uncomplicated P. falciparum (area 
of multidrug-resistant P. falciparum), 533 patients received 
artesunate–mefloquine, 533 received atovaquone–proguanil– 
artesunate, and 530 received atovaquone–proguanil (van 
Vugt et al., 2002). Polymerase chain reaction–confirmed 
recrudescence occurred in 13 of the artesunate–mefloquine, 
3 of the artesunate–atovaquone–proguanil, and 15 of the 
atovaquone–proguanil patients. All regimens were gener-
ally well tolerated, although the artesunate–atovaquone–  
progua nil regimen was superior. In the second of these trial,  
338 Cameroonian children 5 years or younger were random-
ized to artesunate–amodiaquine, atovaquone–proguanil, or 
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artesunate–atovaquone–proguanil (Tahar et al., 2014). 
Atovaquone–proguanil demonstrated a clinical cure rate 
of  79.7% in the intention-to-treat population. Artesunate–
atovaquone–proguanil was the superior treatment, with a 
95% cure rate.
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1. DESCRIPTION

Paromomycin is a member of the neomycin group of amino-
glycosides with a broad spectrum of activity against Gram-
positive and Gram-negative bacteria, and certain protozoa 
and cestodes. It differs from neomycin by having a hydroxyl 
group in place of the amino group at position 6′. Like other 
aminoglycosides, it acts by ribosomal binding and inhibition 
of protein synthesis.

Alternative names for paromomycin have been used his-
torically, including the generic names aminosidine, catenu-
lin, crestomycin, estomycin, hydroximycin, monomycin A, 
neomycin E, and paucimycin. It is marketed under the trade 
names Gabbromicina, Gabromicina, and Gabromycin for 
parenteral products; Gabbroral, Gabromycin, Kapseal, Hum-
a tin, and Pargonyl for oral products; and Leshcutan for the 
topical product. 

Paromomycin sulfate consists of a mixture of sulfate salts 
produced by the growth of strains of Streptomyces rimosus 
var. paromomycinus. As the amounts of sulfate in the end 
product vary by up to 10% or more, the label of paromomy-
cin injection currently marketed expresses potency in terms 
of paromomycin base; 15 mg of paromomycin sulfate per 
kilogram is equivalent to 11 mg of paromomycin base per 
kilogram.

The chemical name for paromomycin sulfate is O-2,6-
diamino-2,6-dideoxy-β-l-idopyranosyl-(1 → 3)-O-β-d-ribo- 
fura nosyl-(1 → 5)-O-(2-amino-2-deoxy-α- → -glucopyrano-
syl-[1 → 4])-2-deoxystreptamine sulfate and its empiric for-
mula is C23H45N5O14 ∙ H2SO4. Its molecular weight is 615.65 
(base) and 896.86 (sulfate), and its molecular structure is 
shown in Figure 185.1. It is heat-stable up to 120°C for up to 
24 hours but loses activity at temperatures over 130°C.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The spectrum of activity of paromomycin encompasses most 
Gram-negative and many Gram-positive bacteria, some 

protozoa, and some cestodes (Coffey et al., 1959; Botero, 
1970). It is notable as the most potent antiprotozoal among 
the aminoglycosides, and the only one with clinically impor-
tant activity against Leishmania. In addition, it has activity 
against Mycobacterium tuberculosis and nontuberculous 
myco bacteria (Kanyok et al., 1994). 

Like most aminoglycosides, it is poorly absorbed from the 
gut; therefore, oral administration is restricted to the clearing 
of susceptible bacteria, protozoa, and cestodes from the 
intestinal lumen. Paromomycin sulfate is marketed as an oral 
treatment for amebiasis and to decrease bacterial load of the 
gut in advanced liver disease (Humatin; Pfizer, New York, 
NY). Oral paromomycin has therapeutic efficacy against 
Giardia lamblia (Gardner and Hill, 2001), Entamoeba histo
lytica (Stauffer and Ravdin, 2003), and Cryptosporidium par
vum (Abubakar et al., 2007), as well as against Taenia spp. 
(Botero, 1970).

Kanyok et al. (1994) demonstrated that paromomycin has 
in vitro and in vivo activity against M. tuberculosis and 
Mycobacterium avium. However, its early bactericidal activ-
ity in patients with tuberculosis was weak, similar to that of 

Figure 185.1. Molecular structure of paromomycin.
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streptomycin (Donald et al., 2000), and it has not been further 
developed as an anti-tuberculosis agent. Its current role in sys-
temic treatment is confined to treatment of leishmaniasis.

Various in vitro studies have shown that paromomycin 
is  active against both the extracellular promastigote and 
intracellular amastigote forms of the Leishmania parasite 
(Neal and Croft, 1984; Gebre-Hiwot et al., 1992; Neal et al., 
1995; Maarouf et al., 1998). These earlier studies showed that 
the median effective dose (ED50) of paromomycin against 
Leishmania donovani amastigotes ranges from 10 to 50 µM. 
These studies were mainly conducted by infecting mouse 
and THP-1–derived macrophages. A later study by Seifert 
et al. (2010) showed that ED50 values varied by macrophage 
type. In that study, the ED50 for human peripheral blood 
monocyte-derived macrophages was 80–105 μM, but still 
lower than the corresponding values from mouse and THP-1–
derived macrophages used as comparators (Seifert et al., 2010). 

The ED50 and ED90 values also vary geographically. In a 
study comparing regions of high and low endemicity in 
India, ED50 and ED90 values were significantly higher in iso-
lates from high-endemicity regions (Prajapati et al., 2012). 
Nevertheless, experimental data obtained with mouse mod-
els and naturally infected dogs (the zoonotic reservoir for the 
parasite) demonstrated that paromomycin is effective against 
L. donovani (Neal et al., 1995; Buffet et al., 1996; Gangneux et 
al., 1997; Poli et al., 1997; Vexenat et al., 1998; Williams et al., 
1998).

2b.  Emerging resistance and 
cross-resistance

There are no recent data on bacterial resistance to paromo-
mycin, as it is now rarely used to treat bacterial infections. 
There are also no recent data on resistance in gastrointestinal 
parasites.

Although all species of Leishmania are susceptible in vitro 
to paromomycin and resistance in the clinical setting has not 
yet been demonstrated, strains of L. donovani in Sudan and 
northwest Ethiopia may be intrinsically less susceptible in 
vivo to paromomycin than strains in India and Kenya. In lab-
oratory cultures, paromomycin resistance is readily induced 
in vitro. Maarouf et al. (1998) selected L. donovani promasti-
gotes resistant to paromomycin by increasing drug pressure, 
El-On et al. (1991) produced resistant Leishmania major, and 
Fong et al. (1994) produced resistant Leishmania tropica.

Unlike paromomycin-resistant bacteria, paromomycin- 
resistant L. donovani did not carry mutations in the 30S ribo-
somal subunit, but displayed reduced drug uptake due to 
reduced binding to the cell surface (Jhingran et al., 2008). In 
a proteomic study reported by Chawla et al. (2011), proteins 
associated with intracellular vesicular trafficking of paromo-
mycin were up-regulated in resistant strains of L. donovani, 
suggesting that another mechanism of resistance is seques-
tration of the drug.

The activity of paromomycin differs between amastigotes 
and promastigotes, with amastigotes being more susceptible 

(Kulshrestha et al., 2011). This has implications for suscepti-
bility testing, because in humans only the amastigote stage is 
exposed to drug pressure, but susceptibility testing is com-
monly carried out on promastigotes. In vitro resistance was 
more easily induced in amastigotes than promastigotes, 
being seen after only two selection cycles. This did not persist 
into the promastigote stage; the reverse was observed when 
resistance was induced in promastigotes (Hendrickx et al., 
2012). 

When only paromomycin was used to select for resis-
tance, the resulting resistance was stable in the absence of 
continuing drug pressure, and the resistant parasites were 
still infective to macrophages in vitro and to golden hamsters 
in vivo (Hendrickx et al., 2012). However, when paromomycin 
was used in combination with other anti-leishmanial agents, 
the induced resistance was unstable (García-Hernández et 
al., 2012). In the same study, García-Hernández et al. (2012) 
also demonstrated experimental cross-resistance to trivalent 
antimonials in paromomycin-resistant L. donovani amastig-
otes, and a strain with double resistance to amphotericin B 
and paromomycin exhibited cross-resistance to miltefosine 
at both the amastigote and promastigote stages. 

There is evidence that clinically important secondary 
resistance of Leishmania can occur. Leishmania aethiopica 
strains isolated after 60 days of paromomycin injections from 
patients with diffuse cutaneous leishmaniasis (CL) were 
three to five times less sensitive to the drug in vitro than 
those isolated before treatment (Teklemariam et al., 1994). 
Paromomycin-resistant L. donovani did not appear to suffer 
a fitness cost compared with wild-type parasite (Hendrickx 
et al., 2015).

To delay the emergence of resistance, experts in leish-
maniasis have repeatedly emphasized the need to use paro-
momycin in combination with other anti-leishmanial agents 
for treatment of visceral leishmaniasis (VL). Despite use of 
combinations, García-Hernández et al. (2012) reported suc-
cessful experimentally induced resistance in L. donovani 
pro ma  stigotes with paromomycin-containing combinations, 
and have shown that resistance is transmitted to the amasti-
gote stage. 

The risk of secondary resistance is highest among VL 
patients co-infected with human immunodeficiency virus 
(HIV), who have very high rates of relapse. If resistance 
mutations are stable, transmission from such patients would 
lead to primary resistance in others. It has been proposed 
that the distribution of paromomycin and other drugs for 
leishmaniasis should be restricted to the public sector, where 
their use can be controlled (Sundar and Murray, 2005). 

2c.  In vitro and in vivo synergy and 
antagonism

A number of in vitro studies have demonstrated synergy 
when paromomycin is combined with other anti-leishmanial 
drugs, in particular antimonials. Neal et al. (1995) showed that 
paromomycin and sodium stibogluconate are synergistic in 
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vitro and additive in a mouse model of VL, and Rezaei Riabi 
et al. (2013) showed a synergistic effect with meglumine anti-
moniate in vitro against L. tropica amastigotes. Synergy has 
been confirmed in clinical trials, with the combination of 
paromomycin and sodium stibogluconate being more effec-
tive than monotherapy with either drug (Chunge et al., 1990; 
Seaman et al., 1993; Thakur et al., 2000a). 

In a systematic study of interactions between anti-leish-
manial drugs, Seifert and Croft (2006) reported miltefosine 
and paromomycin to be additive in vitro and synergistic in a 
mouse VL model. A synergistic effect was similarly seen in 
vitro when paromomycin was used in two-drug combina-
tions with miltefosine and amphotericin B against Leishmania 
amazonensis; with meglumine antimoniate and amphoteri-
cin B against Leishmania braziliensis; and with miltefosine, 
amphotericin B, and azithromycin against Leishmania infan
tum chagasi (de Morais-Teixeira et al., 2014). Synergy 
allowed the use of low-dose paromomycin when combined 
with low-dose oral miltefosine or parenteral meglumine 
antimoniate in an in vivo hamster model of L. braziliensis CL 
infection (de Morais-Teixeira et al., 2015). This is of clinical 
relevance because some Leishmania species that cause New 
World CL, such as L. braziliensis, are often less sensitive to 
paromomycin monotherapy. Use of lower doses of systemic 
anti-leishmanials also reduces the risk of toxicity, which is 
common with anti-leishmanial antimonials.

3. MECHANISM OF DRUG ACTION

The anti-bacterial action of paromomycin relates to its bind-
ing to the A-site in helix 44 of the 16S RNA component of the 
30S ribosomal subunit. This binding induces a conforma-
tional change, following which ribosomal discrimination is 
disabled and protein synthesis impaired. The binding site 
is  highly conserved, thus explaining its broad antibacterial 
spectrum. Because paromomycin is cationic, it associates 
easily with the anionic components of the bacterial cell wall, 
facilitating its uptake. This is true also in Leishmania, in 
which it has been shown that paromomycin associates with 
the negatively charged lipophosphoglycan and paraflagellar 
proteins on the promastigote cell surface (Jhingran et al., 
2009; Chawla et al., 2011).

In Leishmania, the 6′ hydroxyl group of paromomycin 
confers a particular affinity for leishmanial 16S ribosomal 
RNA (Fernández et al., 2011; Shalev et al., 2013). It has been 
proposed, on the basis of proteomic studies, that after bind-
ing at the cell surface, paromomycin enters the cell by endo-
cytosis, after which binding to ribosomes occurs (Chawla et 
al., 2011).

There is debate as to whether cytosolic or mitochondrial 
leishmanial ribosomes are targeted by paromomycin. 
Whereas Maarouf et al. (1997) reported that L. donovani may 
be killed through inhibition of parasite metabolism and 
mitochondrial respiration, another study by Horvath et al. 
(2002) on Leishmania tarentolae did not find any effect of 
paromomycin on mitochondrial protein synthesis. More 
recent work using bacterial chimeric ribosomes, where the 

bacterial A-site was replaced with the corresponding leish-
manial ribosomal RNA sequences, has however shown that 
it is cytosolic, rather than mitochondrial, ribosomes that are 
the target (Hobbie et al., 2011).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Paromomycin sulfate 15 mg/kg is equivalent to paromomy-
cin base 11 mg/kg. For VL, paromomycin is administered 
intravenously or intramuscularly. The usual dose is intra-
muscular paromomycin sulfate 14–16 mg/kg/day (i.e. 11 
mg/kg/day base) for 21 days, although a number of regimens 
have been used (Table 185.1 and Table 185.2).

Topical paromomycin sulfate (15%) has been used in a 
number of dosage regimens and with various vehicles for the 
treatment of CL. These are summarized in Table 185.3.

The usual oral dose of paromomycin for intestinal ame-
biasis and giardiasis is 25–35 mg/kg daily (administered in 
three doses with meals for 5–10 days) for adults and chil-
dren. As adjunctive therapy in adults with hepatic coma to 
reduce intestinal bacterial growth, the dose is 4 g daily in 
divided doses for 5–6 days.

Although oral paromomycin is active against tapeworms 
(e.g. Taenia solium, Taenia saginata, Hymenolepis nana, and 
Diphyllobothrium latum), it has been superseded by more 
effective anthelmintics. The dosage regimens used in the 
small number of studies that have been undertaken have 
varied (see section 7, Intestinal cestode infections).

4b.  Newborn infants and children

Similar to adults, children are treated for intestinal amebiasis 
with 25–35 mg of oral paromomycin per kilogram daily 
(administered in three doses with meals for 5–10 days). 
Paromomycin sulfate appears to be safe in children and 
infants. In a large phase IV trial of parenteral paromomycin 
in India that included 494 participants, no significant adverse 
events were observed in the 4% of the study population who 
were younger than 5 (Sinha et al., 2011). Because the half-life 
of parenterally administered drug may be significantly pro-
longed in newborns, there is no recommendation for use in 
this age group.

4c.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

In general, for drugs that are eliminated by the kidneys, 
including aminoglycosides, the dose is reduced to match any 
reduction in glomerular filtration rate (GFR). In anephric 
patients, the plasma concentration is increased 30- to 40-fold 
compared with that found in individuals with normal renal 
function. Because nephrotoxicity and ototoxicity are related to 
the concentration to which the aminoglycoside accumulates, 
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3154 Paromomycin

it is essential to reduce the dose of these drugs in patients 
with impaired renal function, and consider alternatives.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Because the drug is not appreciably metabolized by the liver, 
no dosage adjustment is likely to be necessary, but data to 
support this recommendation are lacking.

PATIENTS WITH HEART FAILURE

Cardiac dysfunction should require changes in dosing of 
paromomycin only when it is associated with renal dysfunc-
tion (see section 4c, Those requiring altered dosages—
Patients with impaired renal function).

ELDERLY PATIENTS

Advanced age is associated with reduced GFR, so reduced 
elimination can be anticipated in older individuals.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Paromomycin is poorly absorbed from the gut. After intra-
muscular injection, peak plasma concentrations are achieved 
within 0.5–1.5 hours. The average half-life is 2–3 hours. 
Plasma protein binding is negligible.

5b.  Drug distribution

The pharmacokinetic profile of a single intramuscular dose 
of either 12 or 15 mg/kg was examined by Kanyok et al. 
(1997) in 16 healthy normal volunteers. Dose-proportional 
pharmacokinetic profiles were found between the two doses, 

with no significant differences observed in dose-adjusted 
area under the curve (AUC), Cmax (21.6 vs. 23.4 µg/ml), Tmax 
(1.19 vs. 1.51 h), time from injection of drug to its detection 
in blood (Tlag) (0.23 vs. 0.20 h), apparent clearance, renal 
clearance, elimination rate constant, and elimination half-
life (2.21 vs. 2.64 h). The volume of distribution was higher in 
the 15 mg/kg than in the 12 mg/kg dosing group (0.35 vs. 
0.41 l/kg, p = 0.04). However, this difference is unlikely to be 
clinically significant (Kanyok et al., 1997).

Population pharmacokinetic data were obtained during 
a large phase III study of VL treatment in India (Sundar et 
al., 2007). Paromomycin sulfate 15 mg/kg was administered 
by intramuscular injection daily for 21 days, and drug levels 
were measured on days 1, 8, 15, 21, and 22. The dataset 
included 448 patients: 291 males (5–54 years, 12–68 kg) and 
157 females (5–50 years, 11–55 kg). Paromomycin was shown 
to have linear pharmacokinetics, which were unchanged 
over the 21 days of therapy. Mean plasma concentrations 
1 hour after intramuscular injection were 18.3–20.5 µg/ml; 
24-hour trough concentrations were 1.31–4.53 µg/ml. No 
differences were seen in mean plasma concentrations in chil-
dren (5–15 years of age) versus adults, in males versus 
females, or on day 1 versus day 21.

Kshirsagar et al. fitted a single-compartment model with 
first-order absorption and elimination to the pharmacoki-
netic data. The population estimate for apparent clearance 
was 4.06 l/h, apparent volume of distribution 15.3 1, and 
absorption rate constant 2.11/h. The absorption and elimina-
tion half-lives were 0.33 and 2.62 hours, respectively. Inter-
individual variability in apparent clearance was estimated at 
31%, and the volume of distribution was directly propor-
tional to body weight (0.40 l/kg) (Kshirsagar et al., 2006). 
They therefore concluded that the pharmacokinetic profile 
does not differ between children and adults, between sexes, 

Table 185.2. Summary of clinical trials of parenteral paromomycin sulfate for the treatment of cutaneous leishmaniasis.

Citation, location Type of study
Sample 
size Dose, administration Adverse events

Efficacy 
(patients cured)

Soto et al. (1994), 
Colombia

New World CL, 
randomized 
clinical trial

(1) 30
(2) 29
(3) 30

(1)  Paromomycin i.m. 12 mg/
kg/day × 7 days

(2)  Paromomycin i.m. 12 mg/
kg/day × 14 days

(3)  Paromomycin i.m. 18 mg/
kg/day × 14 days

(1)  2/30: elevated AST 
(2)  1/29: elevated AST

At 12 months
(1) 10%
(2) 45%
(3) 50%

Hepburn et al., (1994), 
Belize (treated in 
United Kingdom)

New World CL, 
randomized 
clinical trial

(1) 17
(2) 17

(1)  Paromomycin i.v. 14 mg/kg/
day × 20 days

(2)  SbV i.v. 20 mg/kg/day × 
20 days

(1)  1/17: myalgia; 1/17: rash
(2)  17/17, myalgia; 3/17, 

headache; 6/17, loss of 
appetite; 1/17, rash

(1) 59%
(2) 88%

Correia et al. (1996), 
Brazil

New World CL 
caused by 
Leishmania 
braziliensis, 
randomized 
clinical trial

(1) 15
(2) 15
(3) 16

(1)  Pentamidine i.m. 4 mg/kg 
every 2 days for 8 injections

(2)  Paromomycin i.m. 20 mg/
kg/day × 20 days 

(3)  SbV i.m. 10 mg/kg/day × 
20 days 

(1)  6/15: myalgia; 14/15: 
generalized symptoms

(2)  2/15: myalgia; 10/15: 
generalized symptoms

(3)  8/16: myalgia; 12/16: 
generalized symptoms

(1) 87%
(2) 93%
(3) 87%

Abbreviations: AST: aspartate aminotransferase; CL: cutaneous leishmaniasis; i.m.: intramuscularly; i.v.: intravenously; SbV: pentavalent antimonial.
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on multiple dosing, or between Indian patients and American 
healthy male volunteers. The volume of distribution is con-
sistent with its distribution throughout the extravascular 
fluid. Measurable concentrations are achieved in bone, syno-
vial fluid, and peritoneal fluid. Penetration into the central 
nervous system is negligible, and only low concentrations are 
achieved in bronchial secretions.

In a pharmacokinetic study of topical paromomycin 15%, 
the maximum drug concentrations in plasma after 20 days of 
administration in 13 patients with CL were up to five times 
greater than on day 1 (mean 1000 on day 20 vs. 331 ng/ml 
on day 1), but were only 5–9% of those after intramuscular 
injection at a dose of 15 mg/kg (Ravis et al., 2013). The 
AUC0–24 at day 1 was 2180 ± 2621 ng/h/ml, and at day 20, 
8575 ± 7268 ng/h/ml.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are very few data correlating clinical efficacy with the 
pharmacokinetic parameters of paromomycin.

5d.  Excretion

Glomerular filtration by the kidneys accounts for almost all 
(99%) of the elimination of parenterally administered paro-
momycin. It is excreted unchanged in the urine and com-
pletely eliminated after 24 hours.

5e.  Drug interactions

The concurrent use of paromomycin with potent diuretics, 
such as ethacrynic acid or furosemide, should be avoided, 
because these diuretics may by themselves cause ototoxicity. 
In addition, when administered intravenously, diuretics may 
enhance aminoglycoside toxicity by increasing the amino-
glycoside concentration in serum and in specific tissues.

6. ADVERSE REACTIONS AND TOXICITY

Like all aminoglycosides, the most important adverse drug 
reactions associated with parenteral paromomycin are ves-
tibular, cochlear, and renal toxicity. Risk factors associated 
with the development of aminoglycoside toxicity include 
impaired renal function, high daily dose, high total dose, 
high plasma concentrations, dehydration, and concurrent 
exposure to other ototoxic and/or nephrotoxic agents. 

The frequency of toxic reactions is very low at the doses 
used to treat VL in patients with normal renal function and 
normal auditory and vestibular systems, and with careful 
patient monitoring (see Table 185.1). Transient rises in 
hepatic transaminases are, however, commonly seen when 
paromomycin is used for treatment of VL. It is unclear as to 
whether these represent a drug effect or a drug–disease inter-
action. No nephrotoxicity has been reported at the dose or 
duration used for VL. Although ototoxicity is infrequently 

encountered (< 1%), audiometric function has not been 
tested in most studies. 

Adverse reactions associated with oral paromomycin 
include nausea, abdominal cramps, and diarrhea in patients 
receiving doses > 3 g daily. With the topical formulation, 
adverse reactions including erythema, local pain, edema, 
and contact dermatitis have been reported (Kim et al., 2009).

6a. Potential risk in pregnancy

Aminoglycosides cross the placenta and may accumulate in 
fetal plasma and amniotic fluid. Insufficient data are available 
regarding the use of paromomycin in pregnant women. No 
reproductive toxicity has been observed in animals, and in a 
pharmacovigilance study of parenteral paromomycin for VL, 
all four pregnant patients delivered healthy babies (Sinha et 
al., 2011). 

Oral paromomycin can be used for the treatment of giar-
diasis in pregnancy because the compound is minimally 
absorbed from the gastrointestinal tract (Gardner and Hill, 
2001). All results to date have indicated that paromomycin 
use during lactation does not produce adverse effects in 
mothers or their infants, provided they have normal renal 
function.

7. CLINICAL USES OF THE DRUG

The current principal uses of paromomycin are to treat 
patients with VL and CL, gastrointestinal parasitic infec-
tions, and refractory trichomoniasis and to decrease gut 
bacterial burden in patients with hepatic coma.

7a.  Visceral leishmaniasis

The anti-Leishmania properties of paromomycin were first 
recognized by Kellina and confirmed by Neal (Kellina, 1961; 
Neal, 1968). Later clinical studies confirmed excellent in 
vivo therapeutic activity of parenteral paromomycin in VL 
(Chunge et al., 1990; Scott et al., 1992). At present, paromo-
mycin is manufactured by Gland Pharma in India, where it is 
produced according to good manufacturing practice as a 
solution for injection (375 mg/ml paromomycin base in 2-ml 
ampoules) and sold on a not-for-profit basis. It is extremely 
cost-effective for the treatment of VL, costing $7450 to treat 
1000 patients, based on calculations done in the high- 
endemicity state of Bihar in India (Olliaro and Sundar, 2009).

Several studies have been published on paromomycin 
monotherapy and in combination with other drugs, for treat-
ment of VL. These are summarized in Table 185.1. The most 
important randomized controlled study is that by Sundar et 
al. (2007), which showed noninferiority to amphotericin B 
with a cure rate of 95%, and which led to the inclusion of 
paromomycin in the WHO Model List of Essential Medicines 
for the treatment of VL, and its licensing in India. A similar 
outcome was obtained in a phase III clinical trial in Bangla-
desh (Jamil et al., 2015). The licensing of paromomycin was a 
significant milestone because there is established resistance 
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Table 185.3. Summary of clinical studies of topical paromomycin sulfate for the treatment of cutaneous leishmaniasis.

Citation, location
Species of Leishmania, 
type of study

Sample 
size

Dose, administration (paromomycin 
generally applied twice daily)

Efficacy 
(patients cured)

el-Safi et al. (1990), Sudan L. major, randomized 
clinical trial

(1) 40
(2) 20

(1)  Topical paromomycin 15% × 10 days
(2)  Placebo

(1) 75–78%
(2) 47–50%

el-On et al. (1992), Israel L. major, randomized 
clinical trial

(1) 39
(2) 15

(1)  Topical paromomycin 15% in 12% or 5% 
methylbenzethonium chloride × 10–20 
days

(2)  Placebo

(1) 74%
(2) 27%

Bryceson et al. (1994), UK 
imported cases

Old World CL, various 
species, case series

27 Paromomycin 5–15% + methylbenzethonium 
chloride 12%, in WSP, or cetrimide cream, or 
wool fat, or + urea 10% for up to 12 weeks

85%

Asilian et al. (1995), Iran L. major, randomized 
clinical trial

(1) 126
(2) 125

(1)  Topical paromomycin 15% + urea 10% in 
WSP twice daily for 2 weeks

(2)  Placebo twice daily for 2 weeks

(1) 68%
(2) 68%

Ben Salah et al. (1995), 
Tunisia

L. major, randomized 
clinical trial

(1) 57
(2) 58

(1)  Topical paromomycin 15% × 2 weeks
(2)  Placebo

(1) 75%
(2) 56%

Neva et al. (1997), Honduras L. mexicana, L. chagasi, 
randomized clinical 
trial

(1) 23
(2) 30

(1)  Topical paromomycin 15% + urea 10% in 
WSP 3 times daily for 4 weeks

(2)  Placebo 3 times daily for 4 weeks

(1) 1%
(2) 0.5%

Ozgoztasi and Baydar (1997), 
Turkey

L. tropica, randomized 
clinical trial

(1) 40
(2) 32

(1)  Paromomycin 15% + methylbenzethonium 
chloride 12% × 15 days

(2)  Ketoconazole 400 mg/day p.o. × 30 days

(1) 38%
(2) 22%

Soto et al. (1998), Colombia Mainly L. braziliensis 
panamensis, 
randomized clinical 
trial

(1) 59
(2) 30
(3) 30

(1)  Paromomycin 15% + methylbenzethonium 
chloride 12% + SbV × 7 days

(2)  Placebo + SbV × 7 days
(3)  Paromomycin 15% + methylbenzethonium 

chloride 12% + SbV × 3 days

(1) 58%
(2) 53%
(3) 20%

Arana et al. (2001), 
Guatemala

L. braziliensis (75%), 
L. mexicana (25%), 
randomized clinical 
trial

(1) 35
(2) 33

(1)  Paromomycin 15% + methylbenzethonium 
chloride 12%

(2)  Placebo

(1) 88%
(2) 39%

Asilian et al. (2003), Iran L. major, randomized 
clinical trial

(1) 108
(2) 108

(1)  Topical paromomycin 15% × 4 weeks
(2)  Topical paromomycin 15% × 2 weeks + 

placebo × 2 weeks

(1) 74%
(2) 59%

Faghihi and Tavakoli-kia 
(2003), Iran

L. major, randomized 
clinical trial

(1) 48
(2) 48

(1)  Topical paromomycin 15% × 3 months
(2)  Intralesional SbV

(1) 17%
(2) 42%

Armijos et al. (2004), Ecuador Several Leishmania 
species, randomized 
clinical trial

(1) 40
(2) 40
(3) 40
(4) 31

(1)  Paromomycin 15% + methylbenzethonium 
chloride 12% × 30 days

(2)  Paromomycin 15% + 10% urea × 30 days
(3)  Systemic SbV × 10 days
(4)  SbV × 20 days

(1) 48%
(2) 40%
(3) 81%
(4) 84%

Iraji and Sadeghinia (2005), 
Iran

L. major, randomized 
clinical trial

(1) 30
(2) 35

(1)  Topical paromomycin 15% + 10% urea × 
30 days

(2)  Placebo (10% urea)

(1) l7%
(2) 17%

Shazad et al. (2005), Iran L. major, randomized 
clinical trial

(1) 30
(2) 30

(1)  Topical paromomycin 15% × 20 days
(2)  Intralesional antimonial (SbV)

(1) 68%
(2) 66%

Moosavi et al. (2005), Iran L. major, randomized 
clinical trial

100 (1)  Intralesional SbV × 4 injections
(2)  Paromomycin 15% + 10% urea × 30 days

(1) 100%
(2) 86%

Asilian and Davami (2006), 
Iran

L. major, randomized 
clinical trial

(1) 20
(2) 20
(3) 20

(1)  Topical paromomycin 15% × 28 days
(2)  Phototherapy
(3)  Placebo

(1) 41%
(2) 94%
(3) 13%

Ben Salah et al. (2009), 
Tunisia and France

L. major, randomized 
clinical trial

(1) 50
(2) 42

(1)  Topical paromomycin 15% + 0.5% 
gentamicin

(2)  Placebo

(1) 94%
(2) 71%

Ben Salah et al. (2013), 
Tunisia

L. major, randomized 
clinical trial

(1) 129
(2) 128
(3) 126

(1)  Topical paromomycin 15% + 0.5% 
gentamicin once daily × 20 days

(2)  Topical paromomycin 15% once daily × 20 
days

(3)  Vehicle control

(1) 81%
(2) 82%
(3) 58%
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to antimonial anti-leishmanials in highly endemic regions  
of India. Since then, there has been interest in the Indian 
subcontinent in shorter treatment courses and combination 
therapies. Combination therapies are of increasing impor-
tance because they are less likely to promote drug resis-
tance  and depletion of the already small anti-leishmanial 
armamentarium.

Shorter treatment courses are generally preferred because 
they increase compliance. However, a randomized open- 
label trial in India showed that 14 days of treatment with 11 
mg of parenteral paromomycin per kilogram per day gave 
significantly lower final cure rates when compared with stan-
dard 21-day treatment (Sundar et al., 2009). Short-course 
therapy was also attempted with a parenteral paromomycin–
amphotericin B combination that demonstrated noninferi-
ority with a 98% cure rate in comparison to amphotericin B 
alone, which had a cure rate of 93% (Sundar et al., 2011).

The largest published experience with paromomycin is 
the report by Melaku et al. This report analyzed data on more 
than 3000 VL patients in south Sudan who were treated with 
a 17-day combination regimen of paromomycin plus sodium 
stibogluconate; 97% of these patients survived treatment. 
Compared with 1268 patients treated with sodium stiboglu-
conate monotherapy for 30 days, survival was greatly improved 
with a 17-day course of paromomycin in combination with 
sodium stibogluconate (Melaku et al., 2007). 

Notwithstanding the promising findings reported by 
Melaku et al., it has been shown that there is wide geographic 
variation in paromomycin susceptibility of VL-causing Leish
mania species in East Africa, particularly in Sudan, where 
cure rates were significantly lower than in Kenya and Ethiopia 
(Hailu et al., 2010). The overall efficacy of paromomycin 
(63%) was also significantly inferior to that of sodium stibo-
gluconate (92%). However, when paromomycin was used 
in combination with sodium stibogluconate in the same 
countries and in Uganda, the cure rate with combination 
therapy for 17 days did not differ significantly when com-
pared with sodium stibogluconate monotherapy for 30 days 
(Musa et al., 2012). These results suggest that combination 
anti- leishmanial therapy containing paromomycin should be 
strongly considered for treating East African VL, especially 
on account of the benefit of a shorter duration of therapy. 
The efficacy of paromomycin–sodium stibogluconate com-
bination therapy is, however, lower in VL relapses in East 

Africa, as demonstrated by a retrospective cohort study in 
Sudan where cure rates of 77% were reported compared with 
93% in primary VL (Atia et al., 2015). 

7b.  Cutaneous leishmaniasis

Paromomycin in methylbenzethonium chloride (MBCL) 
ointment is licensed as a topical treatment for L. major CL in 
Israel (Leshcutan; Teva, Israel). It has also been administered 
parenterally for CL since 1985 (el-On et al., 1985), but out-
comes in earlier trials of parenteral paromomycin were 
poorer than in treatment of VL (see Table 185.2). These results 
can be explained by the poorer distribution of parenteral 
paromomycin to skin sites with high parasite burden, and 
the fact that some species of Leishmania, particularly those 
that cause New World CL, are intrinsically less susceptible 
to paromomycin. Despite this, a meta-analysis by Kim et al. 
found no difference between parenteral paromomycin and 
parenteral meglumine antimoniate in New World CL (Kim 
et al., 2009). Currently, parenteral paromomycin is mainly 
used for New World CL, but research on paromomycin for 
treating CL has shifted to trials of topical preparations, which 
allow greater drug delivery to CL lesions.

The majority of trials of topical paromomycin, while of 
poor quality (see Table 185.3), indicate a trend toward inferi-
ority when compared with topical antimonial therapy for 
treatment of New World CL (Khatami et al., 2007; González 
et al., 2009). One trial showed that topical paromomycin was 
less efficacious than phototherapy in Old World CL (Asilian 
and Davami, 2006). However, the vehicle to which paromo-
mycin is added plays a crucial role in determining efficacy, 
and optimizing the vehicle may have the benefit of shorten-
ing treatment duration. Paromomycin in MBCL ointment 
has been shown to be more efficacious than without the vehi-
cle (Kim et al., 2009). Apart from MBCL, other vehicles for 
topical paromomycin have included wool fat, water, white soft 
paraffin, and 10% urea. However, two randomized clinical 
trials using 10% urea as a vehicle demonstrated no superior-
ity over placebo (Asilian et al., 1995; Ben Salah et al., 1995). 

A preparation of paromomycin in 0.5% gentamicin, WR 
279,396, was developed by the Walter Reed Army Institute 
for Research in the United States and demonstrated a cure 
rate of 81% in a phase III trial in patients with L. major CL in 
Tunisia (Ben Salah et al., 2013). A further benefit is that 

Citation, location
Species of Leishmania, 
type of study

Sample 
size

Dose, administration (paromomycin 
generally applied twice daily)

Efficacy 
(patients cured)

Sosa et al. (2013), Panama L. panamensis, 
randomized clinical 
trial

(1) 15
(2) 15

(1)  Topical paromomycin 15% + 0.5% 
gentamicin 

(2)  Topical paromomycin 15%

(1) 87%
(2) 60%

Ben Salah et al. (2014), 
Tunisia

Old World CL, no 
identification to 
species level, 
randomized clinical 
trial

(1) 24
(2) 24

(1)  Topical paromomycin 15% + 0.5% 
gentamicin with occlusive polyurethane 
dressing

(2)  Topical paromomycin 15% + 0.5% 
gentamicin with gauze and tape dressing

(1) 71%
(2) 92%

Abbreviations: CL: cutaneous leishmaniasis; PO: orally; SbV: pentavalent antimonial; WSP: white soft paraffin.
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systemic drug exposure after 20 days was less than 10% of 
parenteral paromomycin at a dose of 15 mg/kg daily (Ravis 
et al., 2013). Levels of paromomycin achieved in the dermis 
with this preparation were shown to be in the range shown 
by Neal et al. (1995) to be cidal in vitro against L. major 
amastigotes (Ben Salah, et al., 2014). 

Paromomycin is hydrophilic and thus insoluble in hydro-
phobic ointments, reducing penetration of topical paromo-
mycin through intact skin. Alternative drug delivery systems, 
such as liposomes, are being studied. In experiments using 
BALB/c mice, liposomal preparations of paromomycin 
increased absorption and were efficacious in experimental  
L. major infection (Jaafari et al., 2009; Carneiro et al., 2010).

Side effects of topical paromomycin are uncommon and 
are mainly related to application-site reactions. These include 
itching, erythema, edema, and tenderness. In phase II and III 
trials of WR 279,396, no systemic toxicity was observed, and 
erythema was the main adverse effect (Ben Salah et al., 2009, 
2013; Sosa et al., 2013).

7c.  Mucocutaneous leishmaniasis

There are data on the use of paromomycin in mucocutaneous 
leishmaniasis. Two Brazilian case series of patients with muco-
cutaneous leishmaniasis treated with 16 mg of parenteral 
paromomycin per kilogram per day for 20 days reported 
cure rates of 48–67% (Romero et al., 1996, 1998). However, a 
randomized controlled trial in Peru using 14 mg of paromo-
mycin per kilogram per day did not show efficacy, and no 
patients were cured (Llanos-Cuentas et al., 2007; Table 185.4). 

7d.  Intestinal protozoal infections

Because of its poor absorption from the gut, oral paromomy-
cin is used as a luminal amebicide to clear amoebic cysts, as 
well as in the treatment of other gut bacterial and parasitic 
infections, such as giardiasis.

Oral paromomycin is available in many countries as cap-
sules containing paromomycin sulfate equivalent to 250 mg 
of paromomycin. The efficacy data for oral paromomycin 
mainly date from the 1950s to the 1970s, and data from 
randomized controlled trials comparing paromomycin with 
other agents are lacking.

A retrospective cohort study of 145 patients with E. histo
lytica amebiasis in Japan found that 11 patients with amoebic 
colitis cleared the parasite at the end of 9–10 days of treatment 
with paromomycin monotherapy at a dose of 1500 mg daily 

(Kikuchi et al., 2013). However, these patients had minimal 
to no symptoms, and paromomycin monotherapy is not rec-
ommended for gastrointestinal amebiasis. The main adverse 
effect reported in this study was diarrhea, which affected 14% 
of participants.

A study of in vitro paromomycin susceptibility in Dien
tamoeba fragilis showed a minimal lethal concentration 
(MLC) of > 500 μg/ml, indicating that paromomycin is not 
likely to be effective against this parasite (Nagata et al., 2011). 
This is at variance with an earlier study in which an MLC of 
16 μg/ml was reported. However, the earlier study used a 
nonpathogenic strain rarely encountered in humans (Chan 
et al., 1994). Nevertheless, in a retrospective cohort study in 
the Netherlands that included 61 patients treated with 1500 
mg of paromomycin daily for 7–10 days, a parasite clearance 
rate of 98% was reported. Of note, however, the clearance 
rate in untreated cases was relatively high at 41% (van 
Hellemond et al., 2012). Two smaller studies with participant 
numbers of 15 and 5 also showed high cure rates with paro-
momycin of 80% and 100%, respectively (Vandenberg et al., 
2007; Stark et al., 2010).

7e.  Intestinal cestode infections

Paromomycin is rarely prescribed for infections with cesto-
des, such as T. solium, T. saginata, H. nana, and D. latum, 
because more effective treatments are available. Salem and 
El-Allaf (1969) reported cure rates of 89–100% in a study 
that included 145 patients infected with T. saginata and 49 
with H. nana. In a Colombian cohort consisting of 30 patients 
with T. solium or T. saginata and 3 with H. nana, an overall 
cure rate of 93% was reported. Half the cohort received 40 
mg of paromomycin per kilogram daily for 5 days, and the 
remainder received 75 mg/kg as a single dose up to a maxi-
mum of 4 g (Botero, 1970).

7f.  Prevention of bacterial overgrowth in 
hepatic encephalopathy

Oral paromomycin at a dose of 4 g daily in divided doses for 
5–6 days may be used as adjunctive therapy in adults with 
hepatic coma to reduce intestinal bacterial growth.

7g.  Trichomoniasis

The use of intravaginal paromomycin cream for the treat-
ment of trichomoniasis has been reported in a case series of 

Table 185.4. Summary of clinical trials of parenteral paromomycin sulfate for the treatment of mucocutaneous leishmaniasis.

Citation, location Type of study
Sample 
size Dose, administration Adverse events

Efficacy 
(patients cured)

Llanos-Cuentas et 
al. (2007), Peru

L. braziliensis, 
randomized 
clinical trial

(1) 21
(2) 17

(1)  Paromomycin i.m. 14 mg/
kg/day × 20 days

(2)  SbV i.m. 20 mg/kg/day × 
28 days

(1)  9/21: arthralgia; 
8/21: myalgia

(2)  11/17: arthralgia; 
11/17: myalgia

(1) 0%
(2) 47%

Abbreviations: i.m.: intramuscularly; SbV: pentavalent antimonial.
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four patients with refractory trichomoniasis. Two cases 
required intravaginal paromomycin combined with high-
dose oral tinidazole (Tayal et al., 2010; Nyirjesy et al., 2011; 
Tayal, 2016). 
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Nitazoxanide

David Reynoso and A. Clinton White, Jr.

1. DESCRIPTION

Nitazoxanide is a nitrothiazolyl–salicylamide derivative and 
belongs to the thiazolide class. The chemical structure is 
2-acetyloxy-N-(5-nitro-2-thiazolyl) benzamide, and the 
molecular formula is C12H9N3O5S (Figure 186.1). The molec-
ular weight is 307.28 g/mol. The benzamide structure resem-
bles niclosamide, a drug used to treat tapeworm infections, 
whereas the nitrothiazolyl ring shares homology with the 
nitroimidazole drugs metronidazole and tinidazole (see 
Chapter 99, Metronidazole, and Chapter 100, Tinidazole). 
Nitazoxanide was first described in 1975 by Jean Francois 
Rossignol at the Pasteur Institute in Paris, France, and origi-
nally was developed as a veterinary anthelmintic. Initial human 
studies in the 1980s revealed its efficacy in treating human 
tapeworm infections (Rossignol and Maisonneuve, 1984). 
Subsequent in vitro and clinical studies have demonstrated an 
unusually broad antimicrobial spectrum that transcends taxo-
nomic classes, with activity against protozoan parasites, hel-
minths, anaerobic bacteria, mycobacteria, and viruses. A series 
of controlled trials conducted by Romark Laboratories estab-
lished the efficacy of nitazoxanide for the treatment of giar-
diasis and cryptosporidiosis in immunocompetent patients, 
leading to approval in the United States for the treatment of 
Cryptosporidium species and also Giardia infections. The drug 
is also approved in many Latin American and Asian coun-
tries for the treatment of a range of intestinal helminths.

Nitazoxanide is marketed under a wide range of brand 
names throughout Latin America and south Asia: Alinia 

(Romark Laboratories, FL) is the only U.S. Food and Drug 
Administration (FDA)–approved formulation in the United 
States. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Nitazoxanide is active against a wide range of microorgan-
isms in vitro, in animal models, and in human trials (Table 
186.1). For some of these organisms, it has useful clinical 
activity (see section 7, Clinical uses of the drug).

PROTOZOAN PARASITES

Nitazoxanide inhibits the growth of Cryptosporidium par
vum and Cryptosporidium hominis in vitro (Theodos et al., 
1998). Whereas nitazoxanide and its main active metabolite, 
tizoxanide, seem to mostly target extracellular sporozoites, 
tizoxanide glucuronide appears to be effective against the 
intracellular stages of the parasite (Gargala et al., 2000). 
Studies in animal models have confirmed the antiparasitic 
activity of nitazoxanide (Blagburn et al., 1998; Theodos et al., 
1998; Li et al., 2003). However, activity was limited in gam-
ma-interferon knockout mice (Theodos et al., 1998).

Nitazoxanide inhibits the in vitro growth of Giardia intesti
nalis (also known as Giardia lamblia and Giardia duodenalis) 
(Bernal-Redondo et al., 2004). One in vitro study found tizo-
xanide to be eight times as active as metronidazole against 
metronidazole-susceptible Giardia isolates and twice as active 
against a metronidazole-resistant isolate (Adagu et al., 2002). 

Nitazoxanide and tizoxanide are approximately twice as 
active as metronidazole in vitro against Entamoeba histolyt
ica. Furthermore, nitazoxanide and tizoxanide are active 
against Entamoeba isolates resistant to metronidazole (Adagu 
et al., 2002).

Nitazoxanide has some in vitro and clinical activity against 
Cystoisospora belli, Blastocystis hominis, Cyclospora cayetan
ensis, and Enterocytozoon bieneusi (see Table 186.1 and sec-
tion 7, Clinical uses of the drug).Figure 186.1. Structure of nitazoxanide.
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In vitro studies have suggested some effect of nitazoxanide 
on Trichomonas vaginalis (Adagu et al., 2002; Cedillo-Rivera 
et al., 2002). However, experimental treatment of three 
patients, two of whom had metronidazole-resistant infec-
tions, did not lead to even a temporary improvement of the 
infection (Dan and Sobel, 2007).

Nitazoxanide inhibits the growth of Leishmania donovani 
promastigotes in vitro and significantly decreases the para-
site burden in vivo in the spleen and liver of infected mice 
(Zhang et al., 2010). However, anti-leishmanial activity was 
observed at relatively high doses of nitazoxanide, with 
half-maximal inhibitory concentration (IC50) of 25 μg/ml in 
vitro and 100 μg/ml in vivo. Nitazoxanide inhibits Leishmania 
infantum viability in vitro, with IC50 in promastigotes of 
42.7 μg/ml (95% confidence interval [CI]: 28.8–63.5 μg/ml), 

and IC50 of 6.8 μg/ml [95% CI: 6.5–7.1 μg/ml] against intra-
cellular amastigotes (Mesquita et al., 2013); the activity of 
nitazoxanide is additive in combination with current anti- 
leishmanial drugs in vitro (Mesquita et al., 2014). 

HELMINTHS

Nitazoxanide has activity against some cestodes (tape-
worms), and was originally developed as a veterinary tape-
worm drug (Rossignol and Maisonneuve, 1984). Studies in 
mice demonstrated that nitazoxanide in combination with 
albendazole killed the larval stage of Taenia crassiceps, a 
finding that suggested activity in cysticercosis (Palomares-
Alonso et al., 2007). However, Gonzalez et al. found that oral 
nitazoxanide had no cysticidal efficacy in pigs naturally 
infected with Taenia solium, as compared with albendazole, 

Table 186.1. Antimicrobial susceptibility to nitazoxanide.

Organism Susceptibility Reference

Protozoa IC50 (µg/ml) IC90 (µg/ml)

Cryptosporidium spp. ~ 1 ~ 10 Theodos et al., 1998; Gargala et al., 2000

Giardia lamblia 0.004 0.067 Cedillo-Rivera et al., 2002

Entamoeba histolytica 0.017 0.776 Cedillo-Rivera et al., 2002

Trichomonas vaginalis 0.034 2.046 Cedillo-Rivera et al., 2002

Leishmania donovani 25 Zhang et al., 2010

Leishmania infantum
 Promastigotes 42.7 Mesquita et al., 2013

 Intracellular amastigotes 6.8 Mesquita et al., 2013

Gram-positive bacteria MIC range (µg/ml)

Clostridium difficile 0.015–2 Dubreuil et al., 1996; Musher et al., 2006; Pankuch and 
Appelbaum, 2006; Hecht et al., 2007

Metronidazole-resistant 
C. difficile strains

0.03–0.5 Freeman et al., 2011

Peptostreptococcus spp. 0.06–4 Dubreuil et al., 1996; Pankuch and Appelbaum, 2006

Eubacterium spp. 0.25–4 Dubreuil et al., 1996; Pankuch and Appelbaum, 2006

Bifidobacterium spp. 0.125– >  32 Dubreuil et al., 1996; Pankuch and Appelbaum, 2006

Staphylococcus aureus Dubreuil et al., 1996

 Aerobic incubation   32–64

 Anaerobic incubation    2–4

Gram-negative bacteria

Helicobacter pylori 0.06–8 Megraud et al., 1998; Guttner et al., 2003

Bacteroides fragilis 0.03–4 Dubreuil et al., 1996; Pankuch and Appelbaum, 2006

Mycobacteria

Mycobacterium tuberculosis   12–28 Shigyo et al., 2013

Viruses EC50 (µg/ml)

Rotavirus 0.3–2.0 Rossignol and El-Gohary, 2006; La Frazia et al., 2013

Adenovirus 0.2 Rossignol and El-Gohary, 2006

Influenza A viruses 0.9–3.2 Belardo et al., 2015

Japanese encephalitis virus 0.12 Shi et al., 2014

Coronavirus 1.0 Cao et al., 2015

Abbreviations: EC: effective concentration; IC: inhibitory concentration; MIC: inhibitory concentration.
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oxfendazole, praziquantel, or combined albendazole–prazi-
quantel (Gonzalez et al., 2012).

Studies in murine and in vitro models have demonstrated 
parasitostatic and, in combination with albendazole, parasit-
icidal effects of nitazoxanide against the larvae and vesicles 
of the potentially lethal parasites Echinococcus multilocularis 
(Stett ler et al., 2003, 2004; Reuter et al., 2006) and Echino coc
cus granulosus (Walker et al., 2004).

Nitazoxanide has activity against the trematode (fluke 
worm) Fasciola hepatica, and against globally important 
soil-transmitted nematodes (roundworms), including Ascaris 
lumbricoides, Trichuris trichiura, Ancylostoma duodenale, 
and Strongyloides stercoralis. Data from murine studies found 
that nitazoxanide treatment significantly reduced the num-
ber of live Toxocara canis larvae found in the brain of mice 
(Delgado et al., 2008). Although nitazoxanide was reported 
to be highly active in vitro against Trichuris muris (Silbereisen 
et al., 2012), it had poor efficacy in vivo in two well- established 
parasite-rodent models of helminthiasis, having no effect on 
worm burdens in mice infected with the whipworm T. muris 
or hamsters infected with the hookworm Ancylostoma cey
lanicum, either as monotherapy or in combination with stan-
dard anthelmintics (Tritten et al., 2012).

BACTERIA

Nitazoxanide shows in vitro activity against a wide range 
of  anaerobic bacteria, including Clostridium difficile and 
Peptostreptococcus species, Helicobacter pylori, and a number 
of other metronidazole-susceptible organisms (Dubreuil et 
al., 1996; McVay and Rolfe, 2000; Hecht et al., 2007; Freeman 
et al., 2011). Freeman et al. evaluated the in vitro efficacy of 
nitazoxanide against a panel of 127 C. difficile strains isolated 
from patients in England, including epidemic metronidazole- 
resistant strains (metronidazole minimum inhibitory con-
centration [MIC] 4–16 μg/ml), and found that nitazoxanide 
was highly active against all C. difficile strains tested (MIC 
0.03–0.5 μg/ml), irrespective of their susceptibility to metro-
nidazole (Freeman et al., 2011). 

Nitazoxanide is more active than metronidazole against 
some anaerobic species with decreased susceptibility (Bac
teroides fragilis, Eubacterium species, and Bifidobacterium 
species) or resistance (Propionibacterium species) to metro-
ni dazole (see Table 186.1). Nitazoxanide lacks activity against 
aerobic Gram-positive or Gram-negative bacteria with the 
exception of Staphylococcus aureus when grown under 
anaerobic conditions (Dubreuil et al., 1996)—although the 
clinical relevance of this observation is uncertain.

MYCOBACTERIA

Nitazoxanide has bactericidal activity in vitro against repli-
cating and nonreplicating Mycobacterium tuberculosis (de 
Car valho et al., 2009), with a mechanism of action that involves 
disruption of its membrane potential and pH homeostasis 
(de Carvalho et al., 2011). Furthermore, it is active in vitro 
against M. tuberculosis bacilli at different stages of growth in 
aerobic and hypoxic conditions (Piccaro et al., 2013). The 

median bactericidal MIC against 50 clinical isolates of M. tuber
culosis was 16 μg/ml (range 12–28 μg/ml) (Shigyo et al., 2013). 

VIRUSES

Surprisingly, nitazoxanide is active in vitro and in vivo against 
a number of viral pathogens, including hepatitis C virus 
(HCV), hepatitis B virus (HBV), influenza virus, rotavirus, 
norovirus, adenovirus, coronavirus, and Japanese encephali-
tis virus (JEV) (Rossignol and El-Gohary, 2006; Rossignol et 
al., 2006a; Korba et al., 2008; Rossignol et al., 2009a; Rossignol 
et al., 2009b; Sleeman et al., 2014; Shi et al., 2014; Belardo et 
al., 2015; Cao et al., 2015). The mechanisms of action of 
nitazoxanide against viruses are multiple and distinct from 
one another, and are briefly discussed individually here. 

Hepatitis viruses
Nitazoxanide inhibits HCV and HBV replication in vitro 
(Korba et al., 2008), and in patients with chronic HCV 
(Rossignol et al., 2008, 2009a, 2010). In HCV-infected cells, 
nitazoxanide induces phosphorylation of dsRNA-activated 
protein kinase (PKR), activating an effector of innate and 
cellular antiviral immunity known as eIF2α (eukaryotic 
translation initiation factor 2 alpha), which halts viral pro-
tein synthesis (Elazar et al., 2009). Ashiru et al. (2014) 
expanded this mechanism to other members of the Fla vi-
viridae family, and showed that in addition to PKR phos-
phorylation and eIF2α activation, nitazoxanide induces 
endoplasmic reticulum (ER) stress by directly altering intra-
cellular calcium mobilization. 

Influenza viruses
In cultured cells infected by a wide range of influenza viruses, 
nitazoxanide inhibits maturation of viral hemagglutinin 
(HA) at the post-translational level (Rossignol et al., 2009b). 
Nitazoxanide inhibits the replication of oseltamivir-resistant 
influenza A (H3N2) variant viruses in vitro, with IC90 of 
1 uM (0.3 μg/ml) (Sleeman et al., 2014). Belardo et al. con-
firmed and extended the anti-influenza spectrum of nitazox-
anide, showing that nitazoxanide is active in vitro against an 
extensive group of human and avian influenza A (H1N1, 
H3N2, H5N9, H7N1) viruses, causing significant inhibition 
of viral replication, with IC50 from 0.9 to 3.2 uM across influ-
enza A viruses, including amantadine- and oseltamivir- 
resistant strains. Moreover, nitazoxanide is synergistic in 
combination with oseltamivir and zanamivir against select 
H1N1 and H5N9 strains in vitro (Belardo et al., 2015). 

Rotavirus
Cell culture experiments with rotavirus have demonstrated 
that tizoxanide is cytoprotective and inhibits viral replication 
(Rossignol et al., 2006a). La Frazia et al. investigated the 
mechanism of antirotavirus activity of nitazoxanide and 
found that nitazoxanide and tizoxanide inhibited human and 
simian rotaviruses in vitro by interfering with viral morpho-
genesis. Specifically, nitazoxanide interferes with the inter - 
action of rotavirus nonstructural proteins NSP5 and NSP2, 
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altering the size and architecture of viroplasms and blocking 
virus dsRNA replication and packaging. These investigators 
reported IC50 values of nitazoxanide between 0.3 and 2 μg/ml 
in multiple cell lines—concentrations that are attainable in 
the serum and gastrointestinal tracts of humans treated with 
oral nitazoxanide (La Frazia et al., 2013). 

Other viruses 

Cao et al. conducted an in vitro screen of 727 compounds 
(NIH Clinical Collection) and found that nitazoxanide has 
potent activity against a recombinant murine coronavirus, 
mouse hepatitis virus (MHV). Specifically, nitazoxanide 
blocked MHV infection and N protein expression in a dose- 
dependent manner, with an IC50 of 1 micromolar, all decreas-
ing viral replication by 6-log at 10 micromolar (Cao et al., 
2015). Finally, nitazoxanide inhibits JEV replication (IC50 
0.12 μg/ml) and protects mice from a lethal challenge dose 
of JEV at doses of 50–100 mg/kg/day for up to 25 days (Shi et 
al., 2014). The mechanism of action of nitazoxanide against 
JEV has not been explored but is presumed analogous to that 
of other flaviviruses, such as HCV.

2b.  Emerging resistance and 
cross-resistance

In vitro nitazoxanide resistance has been generated in two 
Giardia strains (Müller et al., 2007, 2008), but resistance to 
nitazoxanide has not been reported clinically (Leitsch, 2015).

Nitazoxanide appears effective for treatment of some met-
ronidazole-resistant organisms, including metronidazole- 
resistant C. difficile (Musher et al., 2007) and resistant strains 
of H. pylori (Megraud et al., 1998). Nitazoxanide resistance 
has not been detected either after long-term exposure of  
H. pylori strains to the drug in vitro or among strains isolated 
from patients after failed treatment (Megraud et al., 1998; 
Guttner et al., 2003). However, metronidazole resistance 
developed in vitro in some H. pylori strains that were exposed 
to either metronidazole or nitazoxanide (Megraud et al., 
1998). Mutations of either the cofactor or the enzyme itself 
that mediates the mechanism of action of nitazoxanide (see 
section 3, Mechanism of drug action) are not likely to lead 
to  development of resistance because they would not only 
inhibit nitazoxanide activity, but most probably also alter the 
functional activity of the complex, with a potentially lethal 
outcome for the microorganism itself (Hoffman et al., 2007). 
However, other mechanisms of drug resistance, such as efflux, 
drug modification, increased target expression, or upregula-
tion of protective factors, such as heat-shock proteins, may 
contribute to the development of resistance and will require 
further studies (Hoffman et al., 2007; Müller et al., 2008).

3. MECHANISM OF DRUG ACTION

In susceptible protozoa and anaerobic bacteria, nitazoxanide 
appears to exert its action by acting as a noncompetitive 

inhibitor of pyruvate–ferredoxin oxidoreductase (PFOR), 
which is involved in electron transfer and is essential for 
anaerobic energy metabolism. Nitazoxanide prevents pyru-
vate from binding to the thiamine pyrophosphate cofactor, 
inhibiting an early step of the PFOR reaction because the for-
mation of CO2 and acetyl-coenzyme A is blocked (Hoffman 
et al., 2007). Nitazoxanide inhibits the PFOR of anaerobic 
parasites (Giardia, T. vaginalis, and E. histolytica), anaerobic 
bacteria (C. difficile and Clostridium perfringens), and H. pylori 
and Campylobacter jejuni (Hoffman et al., 2007). The DNA-
derived PFOR protein sequence of Cryptosporidium appears 
to be similar to that of Giardia (Romark Laboratories, 2005). 
How ever, interference with the PFOR enzyme-dependent 
electron transfer reaction may not be the only pathway 
by which nitazoxanide exhibits antimicrobial activity. It is 
speculated that nitazoxanide may also inhibit secretion of 
prostaglandin E2 (PGE2) and nitric oxide and inhibit cyclo-
oxygenase-1 (COX-1) and COX-2 enzymes; thus, part of its 
effects may be due to anti-inflammatory properties.

As mentioned earlier, the mechanisms of action against 
viruses are multiple and varied. By targeting host functions 
rather than directly targeting the virus, nitazoxanide is 
believed by some to present a high barrier to the develop-
ment of resistance (Keeffe et al., 2009). Against nematodes, 
nitazoxanide acts on the avr-14 chloride ion channel in a 
manner similar to ivermectin (Somvanshi, 2014).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

In the United States, nitazoxanide is available as a strawberry- 
flavored suspension (100 mg in 5 ml) and in tablet form (500 
mg). Nitazoxanide should be taken with food to increase its 
bioavailability. It is approved by the FDA for the treatment of 
diarrhea caused by Giardia or Cryptosporidium in immuno-
competent patients (Romark Laboratories, 2005). A con-
trolled-release preparation (300 mg) is under development 
as a treatment for influenza. 

4a.  Adults

For adults and children older than 12 years, the recom-
mended dose is one 500-mg nitazoxanide tablet every 12 
hours with food or 25 ml of oral suspension (500 mg of 
nitazoxanide) every 12 hours with food for 3 days.

4b.  Newborn infants and children

For children aged 1–3 years, the dose is 5 ml of oral suspen-
sion (100 mg of nitazoxanide) every 12 hours with food for 
3 days. For children aged 4–11 years, the recommended dose 
is 10 ml of oral suspension (200 mg of nitazoxanide) every 
12 hours with food for 3 days. Although it is not an FDA-
approved practice, studies have enrolled younger children 
without noting additional adverse events (Rossignol et al., 
2006a; Hussien, 2013).
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4c.  Those requiring altered dosages

IMMUNOCOMPROMISED PATIENTS

Several studies have suggested that immunocompromised 
patients with cryptosporidiosis (e.g. HIV-positive patients) 
may require a longer duration of treatment and/or higher 
doses for treatment of cryptosporidiosis (Rossignol et al., 
1998b; Amadi et al., 2002; Rossignol, 2006). A study in 
Zambian children showed that the standard 3-day course 
of treatment with nitazoxanide was not sufficient to achieve 
a response in severely malnourished HIV-infected children. 
However, some of these children benefited from a second 
course of treatment with the same dose (Amadi et al., 2002). 
In HIV-infected Mexican patients, treatment with both 500 
and 1000 mg of nitazoxanide twice daily for 14 days led to 
better parasitologic cure rates than placebo (Rossignol et al., 
1998a). The results of a large compassionate use study sug-
gest that 500 mg of nitazoxanide could be administered twice 
daily until clinical symptoms resolve and oocysts are elimi-
nated from the stool (Rossignol, 2006). Doses may be esca-
lated to 1000 mg twice daily to accelerate or improve 
parasitologic response. However, a trial of double the FDA-
recommended dose for 28 days failed to demonstrate efficacy 
in children with AIDS (Amadi et al., 2009). 

PATIENTS WITH IMPAIRED RENAL OR HEPATIC 
FUNCTION

The pharmacokinetics of nitazoxanide in the elderly and in 
patients with compromised renal or hepatic function have 
not been studied. Therefore nitazoxanide should be adminis-
tered with caution to patients with hepatic, biliary, and/or 
renal disease.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Drug levels after administration of the nitazoxanide sus-
pension are 70% of those achieved with tablets (Romark 
Laboratories, 2005). If nitazoxanide is taken with food, the 
bioavailability of the drug is greatly increased, with this effect 
being greater for the tablets than for the suspension (Romark 
Laboratories, 2005). Nitazoxanide is rapidly deacetylated 
(half-life of 6 minutes) into its main active metabolite, 
tizoxanide, of which over 99% is bound to plasma proteins 
(Broekhuysen et al., 2000). Tizoxanide is further glucuroni-
dated to tizoxanide glucuronide, which can be found in 
human plasma, urine, and bile (Broekhuysen et al., 2000).

5b.  Drug distribution

Pharmacokinetic (PK) parameters for nitazoxanide are sum-
marized in Table 186.2 and Table 186.3. Two placebo- controlled 
double-blind studies have been conducted in healthy adult 
volunteers to assess the pharmacokinetics and pharma co- 
dynamics of nitazoxanide and its metabolites (Stockis et al., 
2002a, 2002b). If nitazoxanide is given as a single dose, tizox-
anide and tizoxanide glucuronide reach similar peak plasma 
concentration levels (if given with food, mean of Cmax is 
between 10 and 17.5 µg/ml depending on the dose), but 
tizoxanide glucuronide is cleared more slowly (Stockis et al., 
2002a). Food intake nearly doubles the area under the curve 
(AUC) for tizoxanide and tizoxanide glucuronide, but 
decreases the rate of absorption (Stockis et al., 2002a). The 

Table 186.2. Pharmacokinetic values for nitazoxanide and its active metabolites tizoxanide and tizoxanide glucuronide—single 
doses of nitazoxanide (given with food).

Cmax (µg/ml) Tmax (h)
AUC0–24h 

(µg × h/ml) t1/2 (h)

Tizoxanide

500 mg 1.9 (1.1–2.5)  3.5 (2.0–6.0)   3.9–11.3 1.2

1 g 15.9 (11.3–22.5)  4.0 (2.0–6.0)  76.7 (44.7–132) 1.2

2 g 15.8 (13.0–19.2)  3.0 (1.5–6.0) 110.0 (88.0–139) 2.3

3 g 10.0 (7.4–13.5)  5.5 (1.5–7.0)  95.3 (60.0–152) 2.9

4 g 17.5 (11.5–26.5)  8.0 (1.5–11.0) 192.0 (99.5–370) 4.2

Tizoxanide glucuronide

500 mg Not done Not done Not done Not done

1 g 17.5 (12.6–24.4)  5.0 (5.0–8.0) 128.0 (77.7–211) 2.0

2 g 14.4 (11.4–18.3)  5.0 (5.0–7.0) 162.0 (130–202) 2.9

3 g 11.3 (8.09–15.9)  8.0 (6.0–9.0) 144.0 (96.2–216) 3.9

4 g 14.9 (10.8–20.6) 10.5 (4.0–12.0) 208.0 (134–322) ≥ 9.7

Cmax and AUC0–24h (normalized to a 1-g dose) are geometric means (mean ± standard deviation); t1/2 values are medians.
Abbreviations: AUC: area under the curve; Cmax: peak concentration; t1/2: elimination half-life; Tmax: time to peak concentration.
Source: Modified from Stockis et al. (1996) and Stockis et al. (2002a), with permission.
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AUC is approximately proportional to the dose administered 
in the range of 1000–3000 mg, with a trend toward a nonlin-
ear increase above 4000 mg. The apparent elimination half-
life for both metabolites increases steadily with higher doses 
(Stockis et al., 2002a). The clearance for total tizoxanide 
(tizoxanide plus tizoxanide glucuronide) remains approxi-
mately constant for single doses of 500–3000 mg (5.5 l/h) 
(Broekhuysen et al., 2000; Stockis et al., 2002a), but decreases 
by approximately 50% at the 4000-mg single-dose level (2.7 
l/h) (Stockis et al., 2002a), probably owing to solubility-limited 
or transport-limited elimination processes, which become 
apparent only at the higher dose level (Stockis et al., 2002a).

The PK profile was also assessed in healthy adult volun-
teers at doses of 500 and 1000 mg given twice daily for 7 days 
(Stockis et al., 2002b). Repeated oral administration of 500 
mg of nitazoxanide did not influence the pharmacokinetics 
of tizoxanide, and only slightly influenced that of tizoxanide 
glucuronide. For both metabolites, the Tax was very similar 
between single and repeated doses, and no accumulation of 
these metabolites occurred (Stockis et al., 2002b). In con-
trast, at the 1000-mg dose, both the peak concentration 
(Cmax) and the AUC of tizoxanide after repeated administra-
tion reached 168% of the values after a single dose, whereas 
Tmax values did not significantly change. For tizoxanide glu-
curonide, the Cmax and AUC after the last dose were 157% 
and 147%, respectively, of that after a single dose, and the 
Tmax values were unaffected (Stockis et al., 2002b). The appar-
ent plasma half-life of tizoxanide did not change with 
repeated administration at 500 mg twice-daily, but increased 
fourfold after 7 days of the 1000-mg dosing regimen. For 
tizoxanide glucuronide, the apparent plasma half-life 

increased with repeated administration at both dosing levels. 
For both metabolites, the trough levels were higher in the 
morning than in the evening (Stockis et al., 2002b). Overall, 
at the 1000-mg twice-daily dose regimen the bioavailability 
of tizoxanide and tizoxanide glucuronide was increased by 
50–70%, indicating significant accumulation of these metab-
olites (Stockis et al., 2002b).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There is no information available regarding the clinically 
important PK–pharmacodynamic (PD) parameters of 
nitazoxanide.

5d.  Excretion

Nitazoxanide is rapidly metabolized in vivo, with the metab-
olites excreted 33% in the urine and 66% in the feces 
(Broekhuysen et al., 2000). Both tizoxanide and tizoxanide 
glucuronide are found in the urine and bile, whereas only 
tizoxanide is detected in the feces, indicating significant 
intestinal deconjugation (Broekhuysen et al., 2000).

5e.  Drug interactions

Knowledge of drug–drug interaction with nitazoxanide is 
limited. Because tizoxanide is highly bound to plasma protein 
(> 99.9%), other drugs with high plasma protein binding and 
narrow therapeutic indices should be co-administered with 

Table 186.3. Pharmacokinetic values for nitazoxanide and its active metabolites tizoxanide and tizoxanide glucuronide—repeated 
doses of nitazoxanide (given with food).

Dose Cmax (µg/ml) Tmax (h)

AUC∞ after first 
AUC12 after last 
dose (µg × h/ml) t1/2 (h)

Tizoxanide

0.5 g bid

Single 10.4 (8.65–12.6) 3.0 (2.0–4.0)  41.8 (36.1–48.4) 1.3 (1.2–1.4)

Repeated  9.05 (7.13–11.5) 3.5 (2.0–5.0)  48.7 (36.0–65.9) 1.8 (1.3–2.6)

1 g bid

Single 14.4 (10.8–19.2) 2.0 (2.0–4.0)  85.9 (68.8–107) 1.5 (1.4–1.7)

Repeated 24.2 (20.3–28.7) 4.0 (2.0–5.0) 144 (105–198) 6.4 (4.7–8.2)

Tizoxanide glucuronide

0.5 mg bid 

Single 10.4 (9.11–11.9) 4.5 (4.0–6.0)  64.7 (52.4–80.0) 1.9 (1.5–2.0)

Repeated 12.2 (9.41–15.8) 5.0 (3.0–6.0)  83.1 (55.0–126) 5.6 (1.5–9.0)

1 g bid

Single 16.8 (13.2–21.5) 5.0 (5.0–8.0) 144 (117–177) 2.8 (2.1–3.4)

Repeated 26.4 (23.8–29.3) 5.0 (3.0–6.0) 212 (174–258) 3.5 (3.2–5.9)

Cmax and AUC are geometric means (mean ± standard deviation); t1/2 values are medians (range).
Abbreviations: AUC: area under the curve; Cmax: peak concentration; t1/2: elimination half-life; Tmax: time to peak concentration.
Source: Adapted from Stockis et al. (2002b).
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caution (Romark Laboratories, 2005). In vitro, tizoxanide 
has no significant inhibitory effect on cytochrome P-450 en- 
zymes, and therefore no significant interactions are expected 
(Romark Laboratories, 2005).

6. ADVERSE REACTIONS AND TOXICITY

Nitazoxanide is generally well tolerated. When healthy male 
volunteers received low doses (500 mg twice daily) of 
nitazoxanide over 7 days, adverse side effects were not sig-
nificantly different from those after placebo (Stockis et al., 
2002b). With higher doses over an extended period of time 
(1000 mg twice daily for 7 days) or single ascending doses 
(500–4000 mg), a dose-related increase in adverse side effects 
was observed (Stockis et al., 1996, 2002a). Common side 
effects include mild gastrointestinal symptoms, such as loose 
stools, abdominal pain, nausea, vomiting, dyspepsia, and tem-
porarily positive Hemoccult test results, as well as  yellow–
green–colored urine and headache. No significant changes in 
the electrocardiogram (ECG), vital signs, or laboratory tests 
have been reported (Stockis et al., 1996, 2002a, 2002b).

Reproduction studies in rats (using doses up to approxi-
mately 26 times the clinical adult dose adjusted for body sur-
face area) and in rabbits (using approximately twice the 
clinical adult dose adjusted for surface area) have revealed no 
evidence of nitazoxanide being associated with impaired fer-
tility or harm to the fetus; therefore nitazoxanide is classified 
as a category B drug in pregnancy (Romark Laboratories, 
2005). There are, however, no adequate and well-controlled 
studies in pregnant women. It is not known whether nitazox-
anide is excreted in human milk. Because many drugs are 
excreted in human milk, caution should be exercised when 
nitazoxanide is administered to nursing mothers (Romark 
Laboratories, 2005).

7. CLINICAL USES OF THE DRUG

7a.  Cryptosporidiosis

Nitazoxanide is approved in the United States to treat cryp-
tosporidiosis in immunocompetent patients older than 12 
months.

Three placebo-controlled trials have demonstrated signif-
icant clinical activity in HIV-negative subjects (Rossignol et 
al., 2001a; Amadi et al., 2002; Rossignol et al., 2006b). In an 
initial study in Egypt (Rossignol et al., 2001a), adults and 
children with persistent diarrhea and Cryptosporidium oocysts 
in stool were treated with nitazoxanide (adults and adoles-
cents > 12 years, 500 mg twice daily; children 4–11 years, 200 
mg twice daily; children 1–3 years, 100 mg twice daily for 3 
days) or placebo. At 7 days, 67% were cured in the nitazoxa-
nide group (no diarrhea or oocysts in stool) compared with 
22% in the placebo arm. In a second study of infected adults 
and adolescents in Egypt, a 3-day course of therapy led to 
cure in 93% compared with 37% with placebo, with no dif-
ference in results between tablet or suspension formulations 
(Rossignol et al., 2006b). In a study of children hos pitalized 

in Zambia with severe malnutrition and chronic cryptospo-
ridiosis, 52% of those receiving a 3-day course of nitazoxa-
nide had clinical resolution and eradication of oocysts from 
stool compared with 14% for placebo (Amadi et al., 2002). 
No deaths occurred in the nitazoxanide group compared 
with four in the placebo arm (p < 0.05). Those in whom treat-
ment failed received a further course of the drug, with an 
additional 92% clinical response rate; oocysts were eradi-
cated in 50% of those patients. These findings suggest that 
the standard dose may not be adequate in severe cases 
(Amadi et al., 2002).

The activity of nitazoxanide in HIV-infected patients with 
cryptosporidiosis is less clear. In an initial, open-label study 
performed in Mali, a 7-day treatment with 500 mg of nitazox-
anide twice daily successfully eradicated or reduced oocyst 
shedding by more than 95% in more than 50% of stage 4 
AIDS patients, and diarrhea improved in most of the suc-
cessfully treated patients (Doumbo et al., 1997). Nitazoxanide 
appeared to be more effective in mild infections and less so 
in moderate to severe infections (Doumbo et al., 1997). In 
a placebo-controlled trial in adult Mexican HIV-positive 
patients with cryptosporidiosis, nitazoxanide (either 500 or 
1000 mg twice daily for 14 days) was superior to placebo, but 
the effect was limited to those with CD4+ cell counts above 
50/mm3 (Rossignol et al., 1998b). In studies in Zambian chil-
dren and in patients with advanced HIV infection, nitazox-
anide was no better than placebo (Rossignol et al., 1998a; 
Amadi et al., 2002, 2009). Thus, the efficacy of the drug in 
patients with severe immunodeficiency appears limited. In 
the first Zambian study, however, treatment of HIV-positive 
children with an additional 3 days of open-label nitazoxa-
nide led to clinical improvement in 77% and to parasitologic 
response in 25% of children in whom previous treatment had 
failed (Amadi et al., 2002). However, a subsequent study of 
higher doses for 28 days also failed to demonstrate signifi-
cant improvement (Amadi et al., 2009). In an uncontrolled 
open-label compassionate use study of nitazoxanide among 
HIV patients in the United States (median duration of treat-
ment 62 days), 59% of subjects had a sustained clinical 
response while on therapy (Rossignol, 2006). Although 
nitazoxanide may play a role as an adjunct to effective antiret-
roviral therapy, it should never be used instead of effective 
antiretroviral therapy.

7b.  Giardia infection (giardiasis)

Nitazoxanide is approved in the United States to treat giardi-
asis in immunocompetent patients older than 12 months. 
Consistent with the reported in vitro activity of nitazoxanide 
against Giardia, high-dose nitazoxanide (1500 mg twice 
daily for 30 days) was successful in the treatment of an AIDS 
patient with metronidazole- and albendazole-resistant giar-
diasis (Abboud et al., 2001). In a placebo-controlled study in 
adults, a 3-day course of nitazoxanide significantly reduced 
the duration of diarrhea and shedding of parasites (Rossignol 
et al., 2001b). A trial in Peruvian children comparing treat-
ment with nitazoxanide suspension with metronidazole sus- 
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pension demonstrated that a 3-day course of nitazoxanide 
(children aged 2–3 years, 100 mg twice daily; 4–11 years, 200 
mg twice daily) was equivalent to a standard 5-day course 
of metronidazole (children aged 2–5 years, 125 mg twice 
daily; 6–11 years, 250 mg twice daily) in reducing the dura-
tion of diarrhea and resulted in a similar parasitologic cure 
rate (Ortiz et al., 2001). However, another study suggested 
that nitazoxanide is inferior to single-dose treatment with 
tinidazole for giardiasis (Escobedo et al., 2008). It is interest-
ing to note that a recent retrospective study found that 50% 
of patients with metronidazole-resistant giardiasis who were 
treated with nitazoxanide later required further treatment; 
in contrast, 0% of those treated with mepacrine required 
further treatment (Nabarro et al., 2015). 

7c.  Amebiasis

Nitazoxanide has been used against a wide range of pro-
tozoal infections but has been studied in only a few well- 
designed controlled trials. Nevertheless, nitazoxanide may 
be effective in amebiasis.

In a placebo-controlled study, a 3-day regimen with 
nitazoxanide twice daily achieved high clinical and microbio-
logic response rates in patients with diarrhea and Entamoeba 
organisms in their stool (Rossignol et al., 2001b). However, 
this study did not distinguish E. histolytica and Entamoeba 
dispar. A second study compared nitazoxanide (age ≥ 12 
years, twice daily 500 mg; 4–11 years, twice daily 200 mg; 1–3 
years, twice daily 100 mg; for 3 days) with placebo in adults 
and children infected with E. histolytica (Rossignol et al., 
2007). Overall, there was a 94% response rate to the drug 
(compared with 44% for placebo). In an open-label, clinical 
study a 10-day course of 500 mg of nitazoxanide twice daily 
was found to be effective in the treatment of amebic liver dis-
ease; all 17 patients responded to therapy, with resolution of 
all clinical symptoms before the end of treatment (Rossignol 
et al., 2007).

7d.  Cystoisospora belli infections 
(isosporiasis)

In a clinical trial in Mali, a 7-day course of nitazoxanide 500 
mg twice daily successfully treated infection with C. belli in 
an HIV-infected patient (Doumbo et al., 1997). However, 
treatment failure was reported in a case of chronic isosporia-
sis in an immunocompetent patient treated with 1000 mg of 
nitazoxanide twice daily for 15 days. Treatment failure may 
have been due to malabsorption associated villous atrophy 
caused by the underlying infection rather than resistance of 
the parasite to the drug (Bialek et al., 2001).

7e.  Other protozoal infections

In a trial conducted among Egyptian children and adults 
with diarrhea and enteritis associated with B. hominis infec-
tion, a 3-day standard course of treatment with nitazoxanide 
led to significant reduction in the duration of symptoms and 

parasite shedding compared with placebo (Rossignol et al., 
2005).

Although in vitro studies have suggested that nitazoxa-
nide may have some effect on T. vaginalis, experimental 
treatment of three patients, two of whom had metronida-
zole-resistant infections, did not lead to even a temporary 
improvement of the infection (Adagu et al., 2002; Cedillo-
Rivera et al., 2002; Dan and Sobel, 2007).

Nitazoxanide may have some clinical activity against  
C. cayetanensis and E. bieneusi. Treatment of Mexican chil-
dren infected with C. cayetanensis with nitazoxanide cured 
the disease in most of the cases (Diaz et al., 2003). Similarly, 
one case report described a complete clinical and parasito-
logic response in an adult AIDS patient with E. bieneusi 
who was treated with nitazoxanide 1000 mg twice daily for 
60 consecutive days (Bicart-See et al., 2000).

To date, two case reports have documented the successful 
use of nitazoxanide to achieve complete resolution of cutane-
ous leishmaniasis lesions (L. donovani and Leishmania trop
ica), without relapse after 6 months (Gurgen et al., 2011; 
Dhawan et al., 2015). Nitazoxanide has not been evaluated in 
clinical trials against leishmaniasis. 

7f. Cestodes (tapeworms)

Nitazoxanide may be effective against a broad variety of hel-
minths, but most of the results are from open-label studies.

Nitazoxanide was first studied in human patients for the 
treatment of tapeworm infections (Taenia saginata and 
Hymenolepis nana) (Rossignol and Maisonneuve, 1984). A 
study in India revealed that a 3-day regimen of nitazoxanide 
(> 14 years, 500 mg twice daily; 5–14 years, 20 mg/kg body 
weight per day) effectively treated even niclosamide- and 
praziquantel-refractory T. saginata infection (Lateef et al., 
2008).

In an open-label study in Mexican children (Diaz et al., 
2003), nitazoxanide successfully treated 80% of the children 
infected with H. nana. However, some children were not 
cured even after repeated treatment. These children had 
higher parasite burdens. Nevertheless, egg counts were sig-
nificantly reduced even in the patients who were not cured. 
In a second open-label study, a 75% cure rate was reported 
(Chero et al., 2007). In an open-label study in Egypt, nitazox-
anide therapy eradicated H. nana infection in 85% of study 
subjects (Abaza et al., 1998). In a controlled trial in Peruvian 
children, a standard 3-day course of nitazoxanide produced 
cure rates comparable to single-dose praziquantel (25 mg/
kg) (Ortiz et al., 2002).

Pérez-Molina et al. combined nitazoxanide and albenda-
zole in five patients with disseminated cystic echinococcosis 
(CE) in whom prior surgical and anti-parasitic therapies had 
failed, and reported clinical or radiologic improvement in 
two patients with extensive soft tissue and lung disease, but 
without bony involvement; the three nonresponders all had 
bony involvement (Pérez-Molina et al., 2011). In contrast, 
nitazoxanide has shown no efficacy against alveolar echino-
coccosis (AE) in human patients (Tappe et al., 2009). 
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7g. Nematodes (roundworms)

Early clinical studies of nitazoxanide against soil-transmitted 
helminthiases reported high rates of cure and egg-reduction 
(Romero Cabello et al., 1997; Abaza et al., 1998; Ortiz et al., 
2002; Diaz et al., 2003). Two studies (Abaza et al., 1998; Diaz 
et al., 2003) found excellent cure rates after treatment with 
nitazoxanide for A. lumbricoides (95–100%), for T. trichiura 
(86–100%), and for Enterobius vermicularis (95–100%). In a 
third study, a lower cure rate was noted for cases of A. lum
bricoides and T. trichiura infections with high worm burdens 
(Romero Cabello et al., 1997). In an open- label study, the 
cure rate for A. duodenale was 96% (Abaza et al., 1998).

In a study undertaken among Peruvian children, the 
therapeutic efficacy of nitazoxanide was compared with that 
of albendazole in infection with either A. lumbricoides or  
T. trichiura. The results indicated that the standard 3-day 
course of nitazoxanide led to cure rates comparable to that 
achieved with a standard single dose of albendazole (400 mg) 
for the treatment of A. lumbricoides infection. In case of light 
T. trichiura infection, cure rates after treatment with nitazox-
anide were higher than after a single dose of albendazole 
(Ortiz et al., 2002). In a second randomized trial in which 
nitazoxanide was compared with mebendazole in patients 
with intestinal helminths, similar cure rates for A. lumbri
coides and T. trichiura were noted (Davila-Gutierrez et al., 
2002).

In contrast, a double-blind, randomized, placebo- 
controlled trial against T. trichiura compared single-dose 
nita zoxanide 1000 mg, albendazole 400 mg, a combination 
of nitazoxanide–albendazole, and placebo and found that 
nitazoxanide had no therapeutic efficacy (Speich et al., 2012). 
This trial reported a cure rate of only 6.6%, and an egg- 
reduction rate of 13.4% for nitazoxanide monotherapy, as 
compared with 14.5% and 45.6% for albendazole monother-
apy, respectively, and no improvement with the combination 
(Speich et al., 2012). It is possible that single-dose nitazox-
anide lacks the efficacy of longer regimens owing to PK 
properties, explaining the vastly divergent results between 
single- and multiple-dose nitazoxanide in human trials. 
Indeed, Hu et al. compared nitazoxanide with albendazole, 
ivermectin, and pyrantel against representative soil- 
transmitted helminths and found that nitazoxanide exhibits 
all-or-nothing effect. In vitro IC50 values for nitazoxanide at 
4 days were consistent with previous reports—31.6 μg/ml for 
A. ceylanicum, 4.7 μg/ml for Ascaris suum, 1.6 μg/ml for  
T. muris, and 6.5 μg/ml for Heligmosomoides bakeri—but did 
not translate to efficacy in single-dose in vivo studies, sug-
gesting that nitazoxanide must surpass a given threshold for 
efficacy, one that may be achievable only with multiple doses 
over several days (Hu et al., 2013). 

7h.  Trematodes (fluke worms)—Fasciola 
hepatica infection

Experimental treatment with 500 mg nitazoxanide twice 
daily for 7 days led to clinical improvement in an adolescent 
Egyptian patient with chronic F. hepatica infection. Parasitologic 

examination of stool became negative for ova, and sonogra-
phy showed a complete normalization picture after treatment 
(Rossignol et al., 1998a). In similar subsequent open-label 
trials undertaken in Egyptian patients with F. hepatica infec-
tion, an 82% cure rate was reported (Rossignol et al., 1998a). 
A double-blind, placebo-controlled study that was carried 
out in Peruvian adults and children infected with F. hepatica 
reported lower cure rates (60% in adults and 40% in chil-
dren). Although these rates were significantly better than 
those with placebo (Favennec et al., 2003), the response rates 
were lower than those described with triclabendazole (Millan 
et al., 2000; Graham et al., 2001). Zumaquero-Ríos et al. 
(2013) reported a cure rate of 94.0% for nitazoxanide (500 
mg orally twice daily for 7 days) against F. hepatica infection 
in schoolchildren in Mexico. The discordant parasitologic 
cure rates among the various clinical studies in fascioliasis 
may be due to geographic differences in liver fluke strains 
and burden of infection. More studies are needed to clarify 
whether nitazoxanide may be an alternative where tricla-
bendazole is not available or F. hepatica is resistant to 
triclabendazole.

7i.  Clostridium difficile infections

After preclinical studies that demonstrated efficacy of nita-
zoxanide in a hamster model of C. difficile colitis (McVay 
and Rolfe, 2000), a randomized clinical trial in hospitalized 
patients with primary C. difficile colitis compared treatment 
with nitazoxanide (500 mg twice daily for 7 or 10 days) ver-
sus treatment with metronidazole (250 mg four times daily 
for 10 days). 

The study showed that nitazoxanide was well tolerated, 
and at least as effective as metronidazole for treatment of pri-
mary C. difficile–associated diarrhea. Response rates were 
89.5% with nitazoxanide and 82.4% with metronidazole, and 
relapse rates at 31 days were 34% and 42%, respectively 
(Musher et al., 2006). In a second prospective open-label 
study of 35 patients in whom a previous 14-day course of 
metronidazole had failed, nitazoxanide 500 mg administered 
twice daily for 10 days cured 66% of the patients (Musher 
et al., 2007). A double-blind, randomized controlled trial in 
50 patients with primary and recurrent C. difficile infection 
found nitazoxanide (500 mg twice daily for 10 days) to be 
noninferior to vancomycin, with clinical resolution rates 
of 94% with nitazoxanide, and 87% with vancomycin, and 
relapse rates at 31 days of 11.0% and 22.0%, respectively 
(Musher et al., 2009). A similar open-label, randomized 
study confirmed the comparable efficacy of nitazoxanide 
with vancomycin in recurrent C. difficile infection (Basu et 
al., 2010). Thus, nitazoxanide may represent an alternative to 
metronidazole or vancomycin for the treatment of primary 
and recurrent C. difficile colitis.

7j.  Helicobacter pylori infections

The increase in H. pylori resistance to metronidazole led to 
clinical trials that have included nitazoxanide-containing 
regimens for the treatment of peptic ulcer associated with  
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H. pylori infection (Megraud et al., 1998; Yamamoto et al., 
1999; Guttner et al., 2003; Basu, et al., 2011). In an open-label 
trial performed among Egyptian patients, a cure rate of 
83% was reported with a treatment regimen that included 
nitazoxanide 1000 mg twice daily for 7 days with the proton 
pump inhibitor omeprazole (Megraud et al., 1998). Similarly, 
a  randomized, open-label study in 270 patients with 
 endoscopy-proven H. pylori gastritis compared standard 
clarithromycin-based triple therapy with a novel four-drug 
regimen of levofloxacin, omeprazole, doxycycline, and 
nitazoxanide 500 mg orally twice daily (LOAD), and found 
significant improvement in H. pylori eradication with the 
LOAD regimen (89%; 161/180 patients) as compared with 
standard therapy (73%; 66/90 patients) (Basu et al., 2011). A 
similar clinical cure rate of 89% was found in a retrospective 
study of 111 patients with H. pylori treated with azithromy-
cin, cefixime, and nitazoxanide (500 mg orally twice daily for 
3 days), although in this study H. pylori infection was not 
confirmed histopathologically, and cure was defined as symp-
tom resolution and not by H. pylori eradication (Ramos-
Soriano et al., 2015). By contrast, in a trial undertaken among 
Australian patients in whom previous standard proton pump 
inhibitor–based combination therapies had failed, mono-
therapy with nitazoxanide 1000 mg twice daily for 10 days 
failed to eradicate H. pylori (Guttner et al., 2003). Development 
of resistance was not observed in either of the studies. In 
vitro resistance to metronidazole was noted in some strains 
after contact with either metronidazole or nitazoxanide 
(Megraud et al., 1998). However, nitazoxanide is active in 
vitro against metronidazole-resistant strains (Megraud et al., 
1998; Yamamoto et al., 1999). Whether nitazoxanide rep-
resents an alternative agent in eradication therapy for H. pylori 
infection requires further investigation.

7k.  Specific viral infections

HEPATITIS C VIRUS

Three clinical studies by Rossignol et al. found efficacy of 
nita zoxanide in patients with chronic HCV (Rossignol et 
al., 2008, 2009a, 2010). The first found improved clinical 
responses with nitazoxanide monotherapy as compared with 
placebo in patients with chronic HCV genotype 4. In this 
study, 4 of 23 patients (17%) treated with nitazoxanide 
achieved sustained virologic responses (SVRs), as compared 
with 0 of 24 patients (0%) who received placebo (Rossignol et 
al., 2008). The efficacy of nitazoxanide was subsequently 
evaluated as a 12-week lead-in therapy, followed by combi-
nation with then-standard pegylated interferon (PEG-IFN) 
and ribavirin regimens. An open-label, randomized study 
found an SVR rate of 79% in 28 patients with chronic HCV 
genotype 4 who received a nitazoxanide-containing regimen, 
in comparison with 50% in 40 patients who received standard 
PEG-IFN and ribavirin (p = 0.023) (Rossignol et al., 2009a). A 
subsequent study demonstrated that a 4-week lead-in period 
was as efficacious as 12 weeks (Rossignol et al., 2010).

In contrast, other prospective trials evaluating nitazoxa-
nide alone or in addition to traditional PEG-IFN and riba- 

virin regimens in patients with chronic HCV infection did 
not report improvements in HCV viral load (Laufer et al., 
2011), or in virologic response (Amorosa et al., 2013; Shehab 
et al., 2014). However, the advent of HCV-specific antivirals 
with sustained viral responses > 95% has raised standards for 
HCV treatments, and the role of nitazoxanide is therefore 
unclear.

INFLUENZA VIRUS 

A multicenter, randomized, phase IIb/III, placebo-controlled 
trial evaluated the efficacy of nitazoxanide in 624 patients 
aged 12–65 years with influenza-like symptoms for less than 
48 hours. In patients with proven influenza, nitazoxanide 
600 mg orally twice daily for 5 days significantly reduced the 
median duration of symptoms by 21 hours as compared with 
placebo (p = 0.0084). A smaller reduction was observed with 
nitazoxanide 300 mg orally twice daily, a difference that was 
not statistically significant (Haffizulla et al., 2014). Symptom 
alleviation was independent of acetaminophen use, and par-
alleled a significant reduction in influenza virus titers in 
nasopharyngeal swabs. Although the reduction in symptom 
duration is comparable to that achieved with neuraminidase 
inhibitors, the results from this trial are limited by its exclu-
sion of hospitalized patients, children, patients older than 
65 years, and other patients at high risk of severe influenza. 
Clinical trials are ongoing to confirm the efficacy of nitazox-
anide against influenza in high-risk individuals and will eval-
uate the combination of nitazoxanide and oseltamivir. Trials 
evaluating empiric nitazoxanide in nonspecific viral respi-
ratory illnesses are expected, given that nitazoxanide also 
reduced symptom duration by 17 hours as compared with 
placebo in the subset of patients without an identifiable viral 
pathogen (p = 0.021) (Haffizulla et al., 2014). 

ROTAVIRUS AND OTHER VIRAL CAUSES OF  
ACUTE GASTROENTERITIS

A randomized, double-blind, placebo-controlled study in 
Egypt investigated the efficacy of nitazoxanide in acute gas-
troenteritis caused by rotavirus in 38 malnourished children 
5 months to 7 years of age. Nitazoxanide (7.5 mg/kg as oral 
suspension given twice daily for 3 days) led to a significant 
reduction in the duration of illness in severe rotavirus diar-
rhea (Rossignol et al., 2006a). These findings were confirmed 
by a randomized, double-blind, placebo-controlled study 
undertaken in Egyptian adults, whereby standard therapy 
with nitazoxanide (500 mg twice daily for 3 days) signifi-
cantly shortened the duration of illness caused by rotavirus 
(Rossignol and El-Gohary, 2006). In this study, a shorter 
duration of symptomatic diarrheal illness due to norovirus 
and adenovirus was also reported, but the study was not 
powered to demonstrate efficacy in norovirus- or adenovirus- 
associated gastroenteritis (Rossignol and El-Gohary, 2006). 
Siddiq et al. reported a case of a patient with refractory acute 
myelogenous leukemia (AML) and severe acute norovirus 
gastroenteritis who was treated successfully with nitazoxanide 
500 mg twice daily by mouth for 7 days and who exhibited 
dramatic improvement in diarrheal symptoms by 24 hours 
(Siddiq et al., 2011). 
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NONSPECIFIC INFECTIOUS DIARRHEAL  
SYNDROME

Citing the clinical efficacy of nitazoxanide against a wide 
range of targets, including protozoal, bacterial, and viral gas-
trointestinal pathogens, some investigators have advocated 
for empiric use of nitazoxanide in diarrhea syndromes of 
unknown cause that are presumed infectious (Rossignol et 
al., 2012). As justification for bypassing diagnostic-driven 
therapeutics, these investigators highlighted the cost and the 
time before availability of results in diagnostic-driven thera-
peutics, and the relative yield of causative organism (20–60% 
of infectious diarrhea cases). A randomized, double-blind, 
placebo-controlled clinical trial at a single institution in Peru 
evaluated the efficacy and safety of empiric nitazoxanide in 
100 cases of pediatric infectious diarrhea (Rossignol et al., 
2012). This study found a significant decrease in duration 
of symptoms in all subjects treated with nitazoxanide com-
pared with placebo (23 vs. 103.5 h; p < 0.001). Symptom res-
olution within 7 days occurred in 45 of 50 (90%) 
nitazoxanide-treated patients, as compared with 27 of 50 
who received placebo (54%). Although no pathogen was 
identified in the stools of 38 of 100 subjects (38%), these 
patients nevertheless had a shorter duration of illness com-
pared with those treated with placebo (23 vs. 127 h; p < 
0.001). Where causative organisms were identified, G. lam
blia (32%; 32/100) and rotavirus (12%; 12/100) were the 
most prevalent pathogens. In keeping with the known spec-
trum of nitazoxanide, nitazoxanide treatment failed in all 
four patients with Escherichia coli as the causative organism, 
whereas in patients with giardiasis, duration of illness was 
reduced significantly with nitazoxanide compared with pla-
cebo (5 vs. 71 h; p < 0.001). Although patients with rotavirus 
and adenovirus who received nitrazoxemial had shorter ill-
ness duration with nitazoxanide, these findings were not 
statistically significant. These investigators concluded that 
nitazoxanide may be valuable therapy for diarrheal syn-
dromes of multiple causes. However, it may be prudent to 
pursue unequivocal confirmation of the efficacy of nitazox-
anide in large, well-designed, adequately powered, multi-
center, randomized trials before broadly repurposing 
nitazoxanide. Indeed, Arun Babu and Venkatesh appropri-
ately noted that most cases of pediatric diarrhea are self- 
limiting, and that broad use of nitazoxanide across all cases 
of pediatric infectious diarrhea may be irrational and unnec-
essary (Arun Babu et al., 2010).
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1. DESCRIPTION

Spiramycin was isolated by Pinnert-Sindico et al. (1955) 
from a strain of Streptomyces ambofaciens in France. It is a 
macrolide that has been used extensively in that country, but 
experience with it in the United Kingdom, North America, 
and Australia has been limited. It is now marketed in Europe 
(France, Germany, Italy, Spain), Canada, and Mexico. It is 
not commercially marketed in other jurisdictions but may 
be imported as required. In the United States, application to 
the Food and Drug Administration (FDA) is required for 
use. Trade names include Rovamycin (Sanofi/Aventis), Pro- 
va mi cina, Rovamycine, Rovamycine-250, Rovamycine-500, 
Rova mycina, Rovamicina, and Spiramycine Coquelusedal. 
Spiramycin is co-formulated with metronidazole in Europe 
under the trade name of Rodogyl.

Spiramycin is a 16-membered lactone ring macrolide 
with a molecular weight of 843.1. It is formulated as 250- or 
500-mg capsules (Canada) or tablets (Europe, Mexico). Rec-
tal (250, 500, 750 mg) and parenteral (500 mg) adipate 
preparations are marketed in Europe.

The chemical formula of spiramycin is C43H74N2O14; its 
molecular mass is 843.053 g/mol. The chemical structure is 
shown in Figure 187.1.

2. ANTIMICROBIAL ACTIVITY

Although spiramycin has a spectrum of activity similar to 
that of erythromycin (see Chapter 59, Erythromycin), it is 
now primarily used as an alternative agent to treat Toxoplasma 
gondii infection during pregnancy or when other first-line 
agents are inappropriate. A summary of the antibacterial 
activity of spiramycin is shown in Table 187.1.

2a.  Routine susceptibility

The antibacterial activity of spiramycin is similar to that of 
erythromycin (see Chapter 59, Erythromycin), with activity 
against many Gram-positive (Streptococcus pyogenes and vir-
idans group, staphylococci, Corynebacterium, Listeria, Clostri- 

dium) and Gram-negative (Neisseria meningitidis, Bordetella 
pertussis, Legionella pneumophila, Campylobacter) pathogens, 
Mycoplasma pneumoniae, spirochetes, Chlamydia species, 
Ureaplasma, and T. gondii (Robertson et al., 1981; Chabbert, 
1988; Chang and Pechère, 1988a, 1988b; Derouin and 
Chastang, 1988; Orfila et al., 1988; Araujo et al., 1991; Wong 
and Remington, 1994; Rubinstein and Keller, 1998; Drugs, 
2008). Most Enterobacteriaceae, the genus Pseudomonas, 
and Bac teroides species are reliably resistant.

Rickettsia rickettsii and Rickettsia conorii are sensitive to 
josamycin (see Chapter 63, Josamycin and Rosaramicin), but 
not to spiramycin (Raoult et al., 1988). Cryptosporidium spe-
cies appear somewhat sensitive to spiramycin in vivo (Fayer 
and Ungar, 1986; Soave and Armstrong, 1986; Moskovitz et 
al., 1988).

2b.  Emerging resistance and 
cross-resistance

Streptococcus pneumoniae, Neisseria gonorrhoeae (Spiramy- 
cin in the treatment of gonorrhoea, 1970), and Haemophi- 
lus influen zae have developed some resistance to spiramycin, 
such that susceptibility cannot be assumed. Although 

Figure 187.1. Chemical structure of spiramycin.
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macrolide (including spiramycin) resistance in S. pneumo-
niae is increasing, there is evidence that spiramycin has 
activity against some erythromycin-resistant strains (Klug-
man et al., 1998). This appears to be dependent on the 
mechanism of erythromycin resistance: strains carrying the 
erm(A) gene appear to have high rates of cross-resistance 
(Mazzariol et al., 2007). Spiramycin is used in the veterinary 
setting, and this has been associated with appearance of 
resistant Campylobacter species in animals raised for meat 
production (Aarestrup et al., 1997), with consequent con-
cerns for transmission to humans. Data have shown signifi-
cant resistance in agents of periodontitis in the United States, 
especially Fusobacterium nucleatum (Rams et al., 2011).

3. MECHANISM OF DRUG ACTION

The mechanism of action of spiramycin is probably via 
reversible binding of the 50S subunit of bacterial ribosomes, 
resulting in blockage of transpeptidation and/or transloca-
tion, with subsequent inhibition of protein synthesis. In most 
settings, it is bacteriostatic (Rubinstein and Keller, 1998).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

The dose of spiramycin can be expressed in milligrams or 
international units: 1 mg = 3000 IU.

4a.  Adults

ORAL ADMINISTRATION

For routine antibacterial uses, 1–2 g twice daily or 500 mg to 
1 g three times daily is recommended. For severe infections, 
up to 2.5 g twice daily may be used.

Pregnant women with newly acquired acute toxoplasmo-
sis in the first trimester should receive 1 g three times daily in 
the first trimester for placental prophylaxis to prevent fetal 
infection. 

Women infected after the first trimester (who have a 
higher rate of transmission to the fetus) should be given oral 
pyrimethamine 25–50 mg/day plus sulfadiazine 2–4 g/day 
and folinic acid 5–20 mg/day for 3 weeks, alternating with 
3  g of spiramycin per day every for 3 weeks until delivery 
(Daffos et al., 1988).

Once intrauterine infection is established, spiramycin is of 
no further use and a continuous pyrimethamine–sulfadiazine 
regimen should be given (Couvreur et al., 1993).

PARENTERAL ADMINISTRATION

For routine antibacterial use, 500 mg three times daily by 
slow intravenous injection is recommended. For severe 
infec tions, up to 1 g three times daily may be used.

RECTAL ADMINISTRATION

For routine antibacterial use, two or three 750-mg supposito-
ries are given every 24 hours.

4b.  Newborn infants and children

Children weighing more than 20 kg should receive 25 mg/kg 
body weight orally twice daily or 16.7 mg/kg three times 
daily for common bacterial infections.

Neonates with asymptomatic congenital toxoplasmosis 
may be given oral pyrimethamine 0.5–1 mg/kg/day plus 
sulfadiazine 50–100 mg/kg/day, and folinic acid 5–10 mg 
on alternate days, for the first month, and then alternating 
monthly with 50–100 mg of spiramycin per kilogram until 
12 months after delivery (Gras et al., 2005). Other groups 
recommend a Sulfadiazine–pyrimethamine–folinic acid reg-
imen alone for all neonates regardless of clinical status 
(Mcleod et al., 2006). 

Neonates with symptomatic congenital toxoplasmosis 
may be given oral pyrimethamine 0.5–1 mg/kg/day plus sul-
fadiazine 50–100 mg/kg/day and folinic acid 5–10 mg on 
alternate days for the first 6 months, and then alternating 
monthly with 50–100 mg of spiramycin per kilogram plus 
pyrimethamine–sulfadiazine–folinic acid until 18 months 
after delivery (Gras et al., 2005).

For routine antibacterial use, neonates can be treated with 
a rectal preparation—usually one 250-mg suppository per 
5 kg of body weight every 24 hours. Children up to 12 years 
of age should receive two or three 500-mg suppositories 
every 24 hours. Children older than 12 years should receive 
the adult dose.

Table 187.1. In vitro spectrum of activity of spiramycin.

Bacteria MIC (μg/ml)

Staphylococcus aureus
Susceptible strains 0.25

Inducible MLSB-R strains    1–128

Constitutive MLSB-R strains 128

Streptococcus pyogenes 0.06–2

Streptococcus mitis 0.06–2

Streptococcus mutans 0.125–2

Streptococcus sanguis 0.5–2

Streptococcus viridans 0.06

Streptococcus pneumoniae 0.50

Enterococcus spp.    2–4

Neisseria meningitides    1–2

Neisseria gonorrhoeae    1–2

Moraxella catarrhalis    1–4

Haemophilus influenzae   16–32

Legionella spp.    1–4

Bacteroides spp. 0.06–8

Peptostreptococcus spp. 0.125–32

Clostridium perfringens    2–8

Mycoplasma pneumoniae 0.05–1

Chlamydia spp. 0.06–4

MIC: minimal inhibitory concentration; MLSB-R: macrolide–lincosamide–
streptogramin B-resistant.

Reproduced with permission from Brook (1998).
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4c.  Pregnant and lactating mothers

Spiramycin is administered to pregnant mothers for the 
benefit of the fetus (prevention of intrauterine infection). 
Nevertheless, spiramycin crosses the placenta, and fetal 
blood levels approximate 50% of the corresponding maternal 
serum levels (Stray-Pedersen, 1992, 1993). Spiramycin is not 
teratogenic to fetuses and is safe in pregnant women, fetuses, 
and newborn infants (Stray-Pedersen, 1992, 1993; Gorbach 
et al., 1992). Spiramycin is excreted in breast milk of lactating 
mothers (Reynolds, 1993).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Dose adjustment is necessary only when glomerular filtra-
tion rate (GFR) falls below 10 ml/min, when the interval 
should increase to daily or every other day (Amsden, 2005).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Spiramycin should be used with caution in patients with 
impaired liver function or biliary obstruction because elimi-
nation will be reduced.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Oral bioavailability ranges between 30% and 40% (Rubinstein 
and Keller, 1998). Administration with food reduces oral 
bioavailability by 50% and delays the time to peak serum 
concentration (Frydman et al., 1988). The mean half-life 
after oral administration is 5.5–8.0 hours, and the Cmax is 
0.4–1.4 mg/l (Rubinstein and Keller, 1998). The half-life after 
intravenous administration is 4.5–6.2 hours in young adults 
(18–32 years), but is prolonged to 9.8–13.5 hours in the 
elderly (73–85 years) (Frydman et al., 1988). The half-life 
after rectal administration is about 8 hours. Spiramycin is 
10–25% protein bound.

5b.  Drug distribution

Peak serum levels are 2.3 μg/ml after 500 mg given intrave-
nously, 1 μg/ml after 1 g given orally, and 1.6 μg/ml after 500 
mg given rectally in children (Frydman et al., 1988). Serum 
levels of spiramycin during continuous oral administration 
of 3 g/day in adults ranged from 1.6 to 2.8 μg/ml (Chabbert, 
1955). Hudson et al. (1956) administered oral spiramycin to 
26 adults with a loading dose of 2 g followed by 1 g every 
6 hours. Serum levels measured 2, 4, and 6 hours after each 
dose ranged from 1.0 to 6.7 μg/ml. After the patients had 
received 11 doses, the lowest serum level detected was 2 μg/
ml, indicating that some accumulation had occurred after 
treatment for 3 days. According to MacFarlane et al. (1968), 

serum and tissue spiramycin concentrations are maximal 
after treatment for 7 days.

Spiramycin is well distributed in tissues such as lungs, 
bronchi, tonsils, sinuses, and female pelvic organs. Tissue 
levels remain elevated even when serum levels have fallen 
significantly. Spiramycin is also concentrated inside human 
cells (polymorphs and macrophages), as well as bacterial 
cells. Salivary spiramycin levels reach 1.3–4.8 times the levels 
found in serum (Kamme et al., 1978). Biliary levels are 15–40 
times serum levels. The drug crosses into breast milk and 
reaches five times the maternal serum concentration in pla-
cental tissue, but reduced transfer across the placenta results 
in levels in the fetus of about 50% of the corresponding 
maternal level. At the dose given to pregnant women (3 g/
day), maternal serum levels average 1.69 μg/ml (Garin et al., 
1968; Schoondermark-Van de Ven et al., 1994). Penetration 
into the cerebrospinal fluid (CSF) at clinically useful levels 
does not occur. Hence, spiramycin is not indicated for treat-
ment of meningitis or Toxoplasma encephalitis (Ruf and 
Pohle, 1991). Spiramycin diffuses poorly into large collec-
tions of tissue fluid (Davey et al., 1987).

The combined preparation of spiramycin–metronidazole 
yields similar serum levels of spiramycin in mice compared 
with spiramycin monotherapy, but brain tissue levels of spi-
ramycin are increased. This correlated with reduced Toxo-
plasma organism load in a murine chronic toxoplasmosis 
model (Chew et al., 2012).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Concentration of spiramycin in respiratory tissues may 
explain its clinical efficacy in respiratory tract infections 
(Brook, 1998). The postantibiotic effects of spiramycin 
against Staphylococcus aureus have been shown to be supe-
rior to those observed with erythromycin (Brook, 1998). It is 
assumed that the clinical efficacy of spiramycin is similar to 
that of erythromycin, being dependent on the area under the 
curve (AUC)/minimum inhibitory concentration (MIC) ratio, 
but this is yet to be proven (see Chapter 59, Erythro mycin).

5d.  Excretion

Only 4–20% of an orally administered dose can be recovered 
from the urine (Rubinstein and Keller, 1998). There is signif-
icant biliary excretion, with biliary levels being 15- to 40-fold 
higher than serum. Overall, about 80% of an administered 
dose is excreted in bile; enterohepatic recycling does occur.

5e.  Drug interactions

Spiramycin has not been implicated as causing significant 
drug interactions by interfering with the hepatic metabolism 
of other drugs (Ludden, 1985). Unlike erythromycin, spira-
mycin does not induce cytochrome P-450 isoenzymes, and 
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hence does not induce significant interactions with other 
drugs, such as theophylline or cyclosporine.

Spiramycin has increased the elimination half-life of 
L-dopa and carbidopa in healthy volunteers, possibly because 
of effects on intestinal motility (Brion et al., 1992).

6. ADVERSE REACTIONS AND TOXICITY

Cross-sensitivity has been described in patients who are 
hypersensitive to other macrolides (erythromycin, azithro-
mycin, clarithromycin, troleandomycin, dirithromycin, and 
josamycin). Isolated spiramycin hypersensitivity with toler-
ance to other macrolides has also been reported (Sanchez-
Morillas et al., 2007).

Gastrointestinal side effects (nausea, vomiting, dry mouth, 
and abdominal pain), particularly if high doses are used, are 
most common. Occasionally skin rashes and pruritus may 
occur, including at least one report of a patient developing 
urticaria. Asthma has been reported after occupational expo-
sure to spiramycin in the pharmaceutical industry (Davies 
and Pepys, 1975; Moscato et al., 1984). Contact dermatitis has 
been described by several veterinary surgeons (Hjorth and 
Roed-Petersen, 1980). Thrombocytopenia has been reported 
infrequently.

There is a report of atypical antibiotic-associated colitis 
associated with spiramycin therapy (Di Febo et al., 1982); 
Biermann et al. (1988) reported a case of pseudomembra-
nous colitis caused by spiramycin.

Rare side effects include cholestatic hepatitis (Saab and 
Mroueh, 2002), QT prolongation with dysrhythmia (Stramba-
Badiale et al., 1997), acute colitis, ulcerative esophagitis, 
thrombocytopenia (Buhl and White, 1992), and oxidative 
hem o lysis (Sarma, 1997).

Spiramycin has not been shown to be teratogenic and has 
been safely administered to pregnant women. Desensitization 
to spiramycin has been successfully performed during preg-
nancy (Nucera et al., 2002).

7. CLINICAL USES OF THE DRUG

The most common indication for spiramycin use worldwide 
is in the preemptive treatment of acute toxoplasmosis in 
pregnancy. Spiramycin has also been used in treatment of 
bacterial infections in countries where it is marketed for 
many of the indications for which erythromycin is generally 
recommended. Because there are many alternative agents 
available for use in these bacterial infections, spiramycin is 
usually not needed.

7a.  Toxoplasmosis in pregnancy

Treatment protocols for the use of spiramycin in pregnancy 
are based on the fact that there is a delay between maternal 
toxoplasma infection, subsequent placentitis, and eventual 
infection of the unborn fetus. Treatment of the mother with 
spiramycin can be considered as fetal prophylaxis with the 
aim of preventing placental and subsequent fetal infection. 

Table 187.2 summarizes the treatment protocols for pregnant 
women and neonates.

Various uncontrolled studies have shown reduction in 
transmission rates by spiramycin of up to 68% in the first 
trimester, 65% in the second trimester, and 32% in the third 
trimester in treated newly infected pregnant women (Hohl-
feld et al., 1980; Daffos et al., 1988; Remington and Desmonts, 
1990; Couvreur et al., 1993). As the fetal infection rate rises 
with each trimester, and the apparent effect of spiramycin 
falls, several European centers do not rely on spiramycin 
alone for the third trimester and add pyrimethamine and 
sulfadiazine to the regimen. Most studies have relied on his-
torical controls, because very few studies have had a placebo 
arm, and some ethics committees have deemed them to be 
unethical in this setting (McLeod et al., 2006). Meta-analyses 
have not been able to confirm a significant reduction in 
transmission resulting from these regimens (SYROCOT et 
al., 2007), almost certainly because of the of very small num-
bers of untreated patients to use as comparator. There is also 
no evidence that in countries with extensive early toxoplasma 
screening and treatment programs a reduced rate of trans-
mission or clinical disease is apparent compared with coun-
tries with less stringent programs (Gilbert et al., 2001). Until 
placebo-controlled trials are conducted, we are best guided 
by the larger uncontrolled trials (which have demonstrated a 
significant benefit).

A nonrandomized comparative study of 255 live-born 
prenatally infected infants demonstrated a significant reduc-
tion (odds ratio [OR]: 0.28) in fetal transmission with treat-
ment initiated within 4 weeks of maternal infection, whether 
spiramycin or sulfadiazine plus pyrimethamine was used, 
compared with no treatment (OR: 2.33) (Gras et al., 2005). A 
subsequent study from Brazil showed reduction in the rate 
of symptomatic babies with maternal treatment using spira-
mycin (Rodrigues et al., 2014).

It is suggested that if fetal infection is clinically estab-
lished, spiramycin is of no further use and fetal treatment by 
maternal administration of sulfadiazine plus pyrimethamine 
plus folinic acid or termination of the pregnancy are the 
remaining management options. This is supported by data 
from a study that showed that T. gondii could be cultured 
from 83% of placentas of infected mothers treated with spi-
ramycin versus 32% of those treated with sulfadiazine plus 
pyrimethamine (Bessieres et al., 2001). In contrast, a non-
randomized comparative study of 154 pregnancies was 
unable to show any difference in outcome with continuous 
spiramycin during pregnancy, compared with the usual 
alternating regimen (Vergani et al., 1998). Other studies have 
also not been able to show any superiority of sulfadiazine–
pyrimethamine (Cortina-Borja et al., 2010; Li et al., 2014).

After delivery, asymptomatic neonates are usually given 
alternating cycles of sulfadiazine plus pyrimethamine plus 
folinic acid and spiramycin to prevent development of symp-
tomatic infection. Symptomatic neonates are treated with 
sulfadiazine–pyrimethamine–folinic acid only.

Use of spiramycin in toxoplasma-infected pregnant 
women can delay the development and avidity switching of 
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specific antibodies, thereby affecting laboratory investigation 
of toxoplasmosis (Meroni et al., 2009). Use of this antibiotic 
can also alter the performance characteristics of other labo-
ratory tests, such as polymerase chain reaction (Rodrigues et 
al., 2014).

7b.  Toxoplasma chorioretinitis

A nonrandomized German study of 44 patients showed no 
difference in efficacy between treatment with spiramycin 
alone compared with combined sulfadiazine plus pyrimeth-
amine, but the former had fewer side effects and hence may 
be an alternative if the standard therapy produces unaccept-
able toxicities (Hacker et al., 1998). A case series of spiramycin 
treatment of chorioretinitis in pregnant women showed clini-
cal responses with this agent (Brydak-Godowska et al., 2015). 

7c.  Dental infections and gingivitis

In Europe, spiramycin is commonly combined with metroni-
dazole and has been shown to be efficacious in dental infec-
tions (Poulet et al., 2005).

7d.  Upper respiratory tract infections

A randomized study of 33 patients with sinusitis did not 
show any difference in clinical response between patients 
treated with spiramycin or doxycycline, although the power 
of the study was low (Rubinstein and Keller, 1998).

A randomized controlled trial of 299 children with tonsil-
litis showed similar response rates with 5 days of spiramycin 
compared with 7 days of penicillin V (Gendrel et al., 1997). 
Spiramycin has also been assessed in one study for otitis 
media (Mgbor and Umeh, 2002).

7e.  Pertussis

Spiramycin is one of several macrolides with good activity in 
treatment of pertussis (Ward et al., 2005).

7f.  Lower respiratory tract infections

Spiramycin was shown in an open-label study to have similar 
efficacy to clarithromycin in 125 patients with lower respira-
tory tract infections (LRTIs) (Rocha et al., 1999). A study of 
93 patients with LRTI showed similar efficacy of spiramycin 
2 g/day compared with amoxicillin 500 mg three times a day 
(Rubinstein and Keller, 1998). Another study showed statis-
tically improved responses in elderly patients with LRTI 
treated with spiramycin 2 g/day compared with erythromy-
cin 2 g/day, with side effects being much more frequent in 
the erythromycin group (De Cock and Poels, 1988). A study 
comparing treatment of 221 patients with LRTI did not find 
any significant difference in outcome of patients treated with 
spiramycin 2–3 g/day or doxycycline 100 mg/day (Biermann 
et al., 1988).

Spiramycin has been used as an alternative to penicillin G 
for streptococcal and pneumococcal infections, and also for 

Table 187.2. Recommended spiramycin regimens for pregnant women or newborn infants.

Indication Spiramycin regimen Adjunctive therapy References

Acute toxoplasmosis in 
pregnancy (1st trimester), 
no fetal infection

1 g three times daily (mother) None Hohlfeld et al., 1989; Daffos et 
al., 1988; Remington and 
Desmonts, 1990; Couvreur 
et al., 1993

Acute toxoplasmosis in 
pregnancy (3rd trimester), 
no definite fetal infection

3 g of spiramycin per day for 3 
weeks alternating with  
pyrimethamine–sulfadiazine– 
folinic acid until delivery 
(mother)

Pyrimethamine 25–50 mg/day plus 
sulfadiazine 2–3 g/day and folinic 
acid 5–20 mg/day for 3 weeks 
alternating with spiramycin 
(mother)

Hohlfeld et al., 1989; Daffos et 
al., 1988; Couvreur et al., 
1993; Montoya et al., 2010 

Intrauterine fetal 
Toxoplasma infection 
confirmed

Nil Pyrimethamine 25–50 mg/day plus 
sulfadiazine 2–3 g/day and folinic 
acid 5 mg/day continuously until 
delivery (mother)

Couvreur et al., 1993

Postdelivery treatment: 
asymptomatic infant

50–100 mg/kg of spiramycin  
alternatingly monthly with  
pyrimethamine–sulfadiazine– 
folinic acid from 2 to 12 
months of age (infant)

Pyrimethamine 0.5–1 mg/kg/day plus 
sulfadiazine 50–100 mg/kg/day and 
folinic acid 5–10 mg on alternate 
days for the first month and then 
alternating monthly spiramycin until 
12 months of age (infant)

Hohlfeld et al., 1989; Daffos et 
al., 1988; Remington and 
Desmonts, 1990; Couvreur 
et al., 1993; McAuley et al., 
1994; Gras et al., 2005.

Postdelivery treatment: 
symptomatic infant

50–100 mg/kg of spiramycin 
alternating monthly with  
pyrimethamine–sulfadiazine– 
folinic acid from 7 to 18 
months of age (infant)

Pyrimethamine 0.5–1 mg/kg/day plus 
sulfadiazine 50–100 mg/kg/day and 
folinic acid 5-10 mg on alternate 
days for the first 6 months and then 
alternating monthly with spiramycin 
until 18 months of age (infant)

Hohlfeld et al., 1989; Daffos et 
al., 1988; Remington and 
Desmonts, 1990; Couvreur 
et al., 1993; Gras et al., 
2005; Montoya et al., 2010
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the treatment of staphylococcal infections. Despite its infe-
rior antibacterial activity compared with erythromycin, cli-
nicians, mainly in France, have obtained good results with 
spiramycin for all these infections (Kernbaum, 1982; De 
Cock and Poels, 1988; Modai, 1988). This may be explained 
by specific pharmacologic properties of this drug. In one 
uncontrolled trial, intravenous spiramycin in a dosage of 
1.0 g every 8 hours had equivalent efficacy to intravenous 
erythromycin for the treatment of pneumonia caused by any 
of the Legionella species (Mayaud et al., 1988). Spira mycin 
given in nine doses (a 2-g loading dose followed by 1 g every 
12 hours for 4 days) to 59 healthy adult nasopharyngeal 
carriers of meningococci resulted in reductions in carriage 
of 85% and 59%, respectively, on the 2nd and 12th post- 
treatment days. It was concluded that spiramycin may be an 
effective alternative to rifampicin (see Chapter 126, Rifam-
picin [Rifampin]) for the chemoprophylaxis of secondary 
meningococcal disease (Engelen et al., 1981).

7g.  Sexually transmitted diseases

A 14-day regimen of spiramycin 2 g/day was as efficacious as 
doxycycline 100 mg/day for treatment of 133 patients with 
chlamydial urethritis (Dylewski et al., 1993). In another trial, 
spiramycin appeared to be a satisfactory treatment for non-
gonococcal urethritis in men, mainly caused by Chlamydia 
trachomatis (Segev et al., 1988). Spiramycin was also initially 
successfully used in the treatment of gonorrhoea (Spiramycin 
in the treatment of gonorrhoea, 1970), but resistance has 
subsequently reduced its effectiveness.

7h.  Helicobacter pylori infection

Spiramycin, as part of a regimen including bismuth and 
metro nidazole, was shown to be as effective as a tetracycline- 
based regimen in a randomized trial of 183 patients with 
Helicobacter pylori infection (Olafsson et al., 1999).

7i.  Cryptosporidiosis

Spiramycin has been reported to be active in cryptosporidio-
sis, but controlled studies in adults have not confirmed this 
effect (Abubakar et al., 2007). A controlled study in young 
children with this disease showed that spiramycin 75 mg/kg/
day in two divided doses for 5 days was no better than pla-
cebo (Wittenberg et al., 1989). In a report of an outbreak of 
Cryptosporidium diarrhea in a bone marrow transplantation 
unit, four patients were treated with spiramycin 3 g/day, with 
three of the four patients responding with cessation of diar-
rhea and excretion of Cryptosporidium oocysts during ther-
apy. However, simultaneous marrow engraftment may have 
contributed to their recovery (Martino et al., 1988). Case 
reports exist of the use of spiramycin to treat extraintestinal 
Cryptosporidium infection in immunodeficient patients. 
These include a 17-year-old boy with congenital hypogam-
maglobulinemia who developed Cryptosporidium sinusitis 
(Davis and Heyman, 1988) and a bone marrow transplant 

patient with pulmonary cryptosporidosis (Kibbler et al., 
1987). In the first patient, symptoms resolved after spiramy-
cin therapy; in the second, spiramycin appeared to eradicate 
Cryptosporidium from the lungs, but the patient died from 
cytomegalovirus (CMV) pneumonitis.

7j.  Trachoma

In a study of hyperendemic trachoma in children, treatment 
for 6 weeks with topical ointment containing 1% rifampi-
cin, oxytetracycline, or spiramycin, similar cure rates were 
obtained. However, re-culture 7 months later revealed a 27% 
positive culture rate for the spiramycin-treated group, whereas 
the rate for the other groups was less than 2% (Darougar et 
al., 1980).
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Fumagillin

James Pollard

1. DESCRIPTION

Fumagillin is an amebicide and anti-infective agent first iso-
lated in 1949 from the fungus Aspergillus fumigatus (Ander-
son, 1952). It is water insoluble. The chemical formula is 
C26H34O7; the molecular weight is 458.6, its chemical struc-
ture is shown in Figure 188.1.

Fumagillin was initially trialled in the early 1950s and 
was found to be a highly effective treatment for Entamoeba 
histolytica (Killough et al., 1952). It has minimal antibacterial 
or antifungal action. Over recent years, fumagillin has been 
effectively used in the treatment of gastrointestinal microspo-
ridiosis (Conteas et al., 2000; Champion et al., 2010) and 
microsporidial keratoconjunctivitis (Rosberger et al., 1993; 
Liu and Weller, 1996) in patients with HIV/AIDS or immuno-
suppression after transplant. Fumagillin has similarly been 
used for treatment of microsporidial keratoconjunctivitis in 
otherwise immunocompetent patients, typically in the set-
ting of contact lens use (Theng et al., 2001). Fumagillin is not 
approved for systemic use in the United States (Lefkove et al., 
2007).

Fumagillin bicyclohexylammonium salt, a water-soluble 
form of the drug, is used to control microsporidial disease 
due to Nosema apis in honeybees (Liu and Weller, 1996). 
Fumagillin is also a notable inhibitor of angiogenesis and is 
being investigated as an antitumor agent (Dezube et al., 1998; 
Liu et al., 1998); extension of use to treat other gastrointesti-
nal parasitic diseases is also being investigated (Kulakova et 
al, 2014).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

AMEBAE

Fumagillin is an effective therapy against E. histolytica. After 
initial reports by McCowen et al. (1951) of its in vitro activity, 
subsequent clinical use was successful. Killough et al. (1952) 
reported successful eradication of E. histolytica from the 

gastrointestinal tract in a cohort of 22 patients. The use of 
fumagillin subsequently declined because of the drug’s toxic-
ity and the availability of better-tolerated drugs, such as tini-
dazole (see Chapter 100, Tinidazole) and metronidazole (see 
Chapter 99, Metronidazole; see section 7, Clinical uses of the 
drug). Similarly, fumagillin has shown promise in treating 
Giardia lamblia resistant to first-line therapies, but further 
research is required before it could be considered for routine 
use (Kulakova et al, 2014).

MICROSPORIDIA

In vitro activity of fumagillin has been assessed against 
Encepha litozoon intestinalis and Vittaforma corneae as surro-
gates for Enterocytozoon bieneusi (because E. bieneusi cannot 
be grown in the laboratory setting) (Didier et al., 1998). In 
these studies, fumagillin displayed minimum inhibitory 
concentrations (MICs) of 0.52 and 0.81 ng/ml against these 
 species, respectively. Data are not directly available for E. bie
neusi, but, using a severe combined immunodeficient (SCID) 
mouse model, Feng et al. (2009) demonstrated good activity 
of fumagillin and related analogs against E. bieneusi, with 
reduced spore formation. Using an in vitro model, Beauvais 
et al. (1994) have also shown that fumagillin suppresses in 
vitro proliferation of Encephalitozoon cuniculi. Fumagillin 
has good in vivo activity against ocular microsporidial infec-
tion (Diesenhouse et al., 1993; see section 7, Clinical uses of 
the drug).

Figure 188.1. Chemical structure of fumagillin.

Kind Kind 

Kind 

Kind 
Kind 

Kind 

Kind 

Kind 



3184 Fumagillin

OTHER PATHOGENS

Reports of fumagillin and fumagillin-analog activity against 
chloroquine-resistant Plasmodium falciparum led to explora-
tion of its therapy for malaria (Chen et al., 2009).

Fumagillin suppresses HIV-1 infection of macrophages in 
vitro through the inhibition of viral protein R (Vpr), but the 
clinical relevance of this observation is unclear (Watanabe et 
al., 2006).

2b.  Emerging resistance and 
cross-resistance

Although there is in vitro evidence of inducible resistance 
to fumagillin among E. histolytica isolates (Nakamura, 1961), 
there are no clinical trials to substantiate this in vivo. It is 
likely that treatment relapses are related to the drug’s inhibi-
tory, rather than parasiticidal, effect on this pathogen rather 
than true resistance (Diesenhouse et al., 1993).

3. MECHANISM OF DRUG ACTION

The mechanism of action of fumagillin is thought to relate 
to inhibition of RNA synthesis and/or alteration of the DNA 
content of the organism (Diesenhouse et al., 1993; Chan et 
al., 2003), thereby resulting in interference with the meront 
and sporont stages of parasitic proliferation. Fumagillin and 
its derivatives bind and inhibit methionine amino peptidase 
type 2 (MetAP2) (Upadhya et al., 2006).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Intestinal microsporidiosis is generally treated with oral 
fumagillin 60 mg/day in three divided doses for 14 days 
(Molina et al., 2000).

For the treatment of microsporidial keratoconjunctivitis, 
the dosage is not clearly defined, with a number of case 
reports and case series having used varying dosages and reg-
imens. (Rosberger et al., 1993; Garvey et al., 1995; Theng et 
al., 2001; Moon et al., 2003). Regimens have been based on 
ocular solution concentrations of 3–10 mg/ml, with one or 
two drops instilled in the affected eye(s) every 30–60 min-
utes initially, reducing to administration every 2 hours after 
onset of symptom improvement (usually no later than 48 h), 
then further increasing dosing intervals over the subsequent 
days to weeks, eventually leading to sustained dosing every 
4–6 hours. The treatment duration for immunocompetent 
hosts is usually approximately 6 weeks. Treatment may be 
indefinite in immunocompromised hosts.

For gastrointestinal E. histolytica inflation, early studies 
found highest rates of eradication using doses of 50 mg/day 
in three divided doses (Killough et al., 1952). Lower doses 
were also trialed (between 5 and 30 mg/day), but these lower 
doses resulted in significant rates of relapse.

4b.  Newborn infants and children

There are no data regarding the use of fumagillin (either oral 
or topical) in infants and children.

4c.  Pregnant and lactating mothers

There are no reliable data on the use of fumagillin in preg-
nant and lactating mothers. 

4d.  Those requiring altered dosages

There are no reliable data on the use of fumagillin in patients 
with impaired renal or hepatic function.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

There are few data available regarding the bioavailability and 
drug distribution of fumagillin, in either its oral or topical 
formulations. For ocular fumagillin, the initial onset of clin-
ical response occurs between 1 and 7 days, with peak clinical 
response at 2–6 weeks (Diesenhouse et al., 1993; Rosberger 
et al., 1993). The exact mechanism of excretion of fumagillin 
is uncertain.

Little is known about fumagillin drug interactions. A case 
report of two patients with renal transplants suggests that 
fumagillin increased clearance of tacrolimus by over 50% 
(Arzouk et al., 2006).

6. ADVERSE REACTIONS AND TOXICITY

Typical adverse effects of orally administered fumagillin 
include nausea, vomiting, anorexia, and abdominal cramps 
(Schindel, 1954; Garvey et al., 1995; Molina et al., 1997, 
2000). Bone marrow toxicity has also been reported, includ-
ing neutropenia (Malewitz, 1953) and thrombocytopenia; 
this resolves with cessation of fumagillin. However, throm-
bocytopenia has been a key adverse effect that has limited the 
clinical use of fumagillin (Molina et al., 1997, 2000; Upadhya 
et al., 2006). Vertigo and dizziness have been reported in 
small numbers of patients. There is a case report of aseptic 
meningitis after fumagillin use in an immunosuppressed 
renal transplant patient (Audemard et al., 2012).

There have been no current reports of local or systemic 
toxicity with ocular fumagillin use. This includes data from 
patients receiving topical fumagillin therapy to the eye for 
longer than 12 months (Garvey et al., 1995).

7. CLINICAL USES OF THE DRUG

7a.  Amebiasis

Fumagillin has been mostly superseded in the treatment of 
amebiasis, including E. histolytica, by drugs with superior 
side effect profiles, such as metronidazole and tinidazole (see 
Chapter 99, Metronidazole). Nevertheless, efficacy against 
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this disease was reported in the 1950s by a number of authors 
using oral doses of 10–40 mg/day (Anderson, 1952; Arm-
strong, 1953; McHardy et al., 1953; Malewitz, 1953; Oliver-
Gonzalez and Dobal, 1953; Schindel, 1954). Schindel (1954) 
described three cases in detail and reviewed the literature at 
that time. Given these reports, fumagillin may be considered 
for use in patients in whom therapy with metronidazole (and 
similar agents) has failed, but close monitoring for adverse 
reactions is necessary.

7b.  Gastrointestinal infection with 
microsporidia

Microsporidia are small single-celled, obligate intracellular 
parasites that are now considered to be fungi rather than 
lower eukaryotic protozoa. Among the 14 microsporidia 
species known to infect humans, E. bieneusi and E. intestina
lis are the most common, and are associated with diarrhea 
and systemic disease, especially among immunosuppressed 
patients such as those with HIV infection (Didier, 2005). 
Fumagillin is broadly effective against Encephalitozoon spe-
cies and E. bieneusi (Molina et al., 1997; Conteas et al., 2000; 
Didier, 2005).

Molina et al. (1997) reported the potential efficacy of 
fumagillin against E. bieneusi in patients with HIV infection 
in 1997 in a prospective open-label phase II multicenter 
study of 60 patients that assessed 10 agents and treatment 
regimens for activity against this pathogen. Only fumagillin 
cleared E. bieneusi from stool as well as from intestinal biopsy 
samples. However, all 4 patients who received fumagillin 
ceased therapy because of drug-induced thrombocytopenia. 
These patients remained free of infection after a mean 
 follow-up of 10 months (see section 6, Adverse Reactions 
and Toxicity).

Subsequently, these authors reported a large dose- 
escalation study of oral fumagillin for microsporidiosis in 
HIV-infected patients (Molina et al., 2000). Among the 29 
enrolled patients, 21 (72%) were cleared of infection. Four 
dosing groups were assessed: 10, 20, 40, and 60 mg/day. 
However, all patients receiving doses ≤ 40 mg/day relapsed 
within 6 weeks. Among patients treated with 60 mg/day, 
8 of 11 remained parasite free on follow-up over almost 12 
months. Thirteen patients reported abdominal cramps, vom-
iting, and diarrhea during the study, and 3 patients had fum-
agillin withdrawn because of side effects. Thrombocytopenia, 
neutropenia, and hyperlipasemia were most common. Based 
on these findings, the authors suggested that fumagillin 60 
mg/day for 14 days was appropriate for the treatment of  
E. bieneusi infections.

Molina et al. (2002) subsequently described a randomized 
double-blind placebo-controlled trial of fumagillin (60 mg/
day orally for 2 weeks) in 12 patients with chronic E. bieneusi 
infection—10 with AIDS and 2 who were transplant recipi-
ents. Efficacy was assessed by evaluations for clearance of 
microsporidia in stool specimens. Patients in whom the infec - 
tion did not initially clear received open-label fumagillin for 

2 weeks. Clearance of microsporidia was observed in all six 
patients in the fumagillin group versus 0 of 6 in the placebo 
group (p = 0.002). Microsporidia cleared in all 6 placebo 
recipients after they were switched to fumagillin therapy. 
Treatment was associated with improved intestinal absorp-
tion (D-xylose) and Karnofsky performance scores, as well as 
decreased loperamide use and reduced total stool weight. 
Serious adverse effects (neutropenia and thrombocytopenia) 
were noted in three patients treated with fumagillin and one 
placebo subject. As raised by Carr and Cooper (2002), some 
of the clinical improvement observed among patients with 
AIDS may have been related to the introduction of highly 
active antiretroviral therapy (HAART), which is known to be 
associated with reduced rates of diarrhea as immune recon-
stitution occurs. Nevertheless, this did not explain all the 
improvement reported by Molina et al. (2002).

Other authors have also described similar rates of clinical 
efficacy in transplant recipients with microsporidiosis 
(Lanternier et al., 2009). Lanternier et al. (2009) described a 
renal and hepatic transplant recipient with microsporidiosis 
due to E. bieneusi; both had complete clinical resolution with 
a short course (7 days) of fumagillin. Both patients devel-
oped drug-induced thrombocytopenia, which resolved with 
drug cessation. The authors also reviewed 18 other cases 
of microsporidiosis in transplant recipients. Mohindra et al. 
(2002) described a case of disseminated E. cuniculi in a renal 
transplant recipient who clinically improved with oral alben-
dazole and topical fumagillin, but subsequently developed 
(autopsy proven) central nervous system infection with this 
pathogen and died, despite transplant nephrectomy and 
withdrawal of immunosuppression.

7c.  Microsporidial keratoconjunctivitis

Numerous authors have reported on the successful use of 
topical fumagillin for the treatment of microsporidial kerato-
conjunctivitis due to Encephalitozoon hellem and E. cuniculi 
(Diesenhouse et al., 1993; Rosberger et al., 1993; Wilkins et 
al., 1994; Garvey et al., 1995; Liu and Weller, 1996; Lowder 
et al., 1996; Theng et al., 2001; Chan et al., 2003; Lewis et al., 
2003). The drug is effective in both immunocompetent and 
immunocompromised patients (including AIDS patients), as 
well as in patients with infections resulting from contact lens 
use and idiopathic cases (Lewis et al., 2003).

In the normal hosts, fumagillin results in resolution of 
ocular microsporidial infection and symptoms within 2 
weeks to 2 months, although residual scarring of the cornea 
may persist (Chan et al., 2003). However, when used in 
immunocompromised patients, despite rapid resolution of 
symptoms (particularly pain and light sensitization), cessa-
tion of fumagillin is often followed by recurrence of symp-
toms. These typically continue with an indefinite course of 
twice or four times daily administration (Diesenhouse et al., 
1993).

Fumagillin was unsuccessful for treatment of keratitis due 
to microsporidia of the species Trachipleistophora anthropop
thera in an HIV-infected Thai patient; ultimately, penetrating 
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keratoplasty was required (Pariyakanok and Jongwutiwes, 
2005).

7d.  Other uses

Current research on fumagillin is as a “backbone” for molec-
ular development of compounds targeting signaling in cell 
development, differentiation, and tumorigenesis via human 
type 2 methionine aminopeptidase (Zhang et al., 2006). It 
has been suggested that fumagillin may stimulate suicidal 
erythrocyte death (Zbidah et al, 2012). 

Synthetic analogs (TNP-470) of fumagillin include inhib-
itors of angiogenesis (Sin et al., 1997; Liu et al., 1998; Lefkove 
et al., 2007). These have been investigated to control the growth 
of anaplastic thyroid carcinoma (Hama et al., 1997) and Kaposi 
sarcoma (Dezube et al., 1998) with mixed success.
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Furazolidone (Furazolidine)

Jaslyn Doshi and Paul M. Griffin 

1. DESCRIPTION

Furazolidine (also called furazolidone) is a synthetic nitrofuran 
derivative with broad-spectrum antiprotozoal and antibacte-
rial activity. It is closely related to nitrofurantoin (see Chapter 
97, Nitrofurans: Nitrofurazone, Furazidine, and Nitrofuran-
toin), an antibiotic used principally for the treatment of urinary 
tract infections (Chamberlain, 1976; Good man et al., 1985).

First used in veterinary medicine in 1952 and shown to be 
effective in humans later that decade (Yurchenco et al., 1953; 
Rogers et al., 1956; Furazolidone, 1959), furazolidone has 
been marketed under a large number of brand names. Some 
examples include Furasian by Asian Pharm in Thailand; 
Furoxona by Boehringer Ingelheim in Chile, Venezuela, and 
Mexico; and Furoxone in the United States, Norwich-Eaton 
Pharmaceuticals. The availability of furazolidone is now lim-
ited; it is available in compounding pharmacies and via special 
access schemes only (Drugs for parasitic infections, 2008).

Furazolidone has a relatively simple structure (Figure 
189.1) with the chemical name N-(5-nitro-2-furfurylidene)-3-
amino-2-oxa-zolidone and the molecular formula C8H7N3O5. 
The molecular weight of furazolidone is 225.16 g/mol.

Furazolidone demonstrates activity against a wide range 
of bacteria and some protozoa, and has been used mostly to 
treat a broad range of gastrointestinal tract infections, includ-
ing giardiasis and cholera; it has also been used to treat 
trichomoniasis. In the 1990s, concerns were raised about the 
carcinogenic potential of furazolidone in animal studies 
(Kobierska-Szeliga and Czeczot, 1994; Vroomen et al., 1998). 
It is still in use in veterinary medicine, especially in poultry 
in some countries, including in the Middle East and Asia. In 

the United States and most European countries, the adminis-
tration of furazolidone to food-producing animals is now 
prohibited (Ali, 1999). In 1998 the World Health Organization 
Supreme Board of Drugs and Medical Devices withdrew 
approval for all formulations of furazolidone because many 
other safer and more effective alternatives were available 
(World Health Organization, 2001). Approval for the drug 
has also been withdrawn by the FDA in the United States and 
the European Medicines Agency. More recently, evidence 
has emerged to support the use of furazolidone in combina-
tion with other drugs as rescue therapy for treatment- 
refractory Helicobacter pylori infection (Gerrits et al., 2006; 
Felga et al., 2008; Abbas et al., 2008; Cheng and Hu, 2009), 
although there :is ongoing debate regarding its safety and 
efficacy for this indication also (De Francesco et al., 2009a, 
2009b; see section 7, Clinical uses of the drug).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Furazolidone is active against a wide range of bacterial and 
protozoal pathogens, acting by interfering with bacterial 
and protozoal enzyme systems. Its spectrum of activity 
includes, but is not limited to, H. pylori, Giardia intestinalis, 
Blastocystis hominis, Trichomonas species, Escherichia coli, 
Vibrio cholerae (although the majority of isolates are now 
resistant), Campylobacter jejuni, Enterobacter aerogenes, Sal
monella species, Shigella species, Proteus species, staphylo-
cocci, strep tococci, and enterococci (Carlson et al., 1983).

2b.  Emerging resistance and 
cross-resistance

Although H. pylori is usually susceptible to furazolidone, 
isolates with an increased minimum inhibitory concentra-
tion (MIC) have been reported. The frequency of resistance 
varies from 2–4% (Mendonca et al., 2000; Kwon et al., 2001) 
up to 8.7% in a subsequent report (Su et al., 2006). A higher 

Figure 189.1. Chemical structure of furadolidine 
(furazolidone). 
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furazolidone resistance rate is seen in Iranian children (9%) 
(Rafeey et al., 2007). The mechanism of resistance is not fully 
elucidated but appears to differ from that mediating metro-
nidazole resistance (see Chapter 99, Metronidazole). Strains 
with knockouts of rdxA, frxA, and fdxB, which are known to 
confer resistance to metronidazole, remain sensitive to fura-
zolidone. Furthermore, furazolidone demonstrates activity 
against metronidazole-resistant strains (Mendonca et al., 
2000). Mutations in porD and oorD genes have been found in 
furazolidone-resistant isolates, and, although both of these 
genes seem necessary for survival of H. pylori, a reduction 
in function is likely to confer low-level resistance not only to 
furazolidone, but also to nitrofurantoin and metronidazole 
(Kwon et al., 2001; Su et al., 2006).

Resistance of V. cholerae to a number of antibiotics includ-
ing furazolidone is increasing. After an epidemic of cholera 
in Iran in 2005, Keramat et al. (2008) published data demon-
strating that 100% of 60 isolates tested were resistant to fura-
zolidone. Of the nine different antibiotics investigated, 
furazolidone was the least active. Similar high rates of resis-
tance have also been reported in other studies in Iran 
(Pourshafie et al., 2002), as well as in several other studies 
(Glass et al., 1980; Garg et al., 2000).

An increase in the furazolidone MIC was demonstrated in 
strains of Salmonella gallinarum isolated from an outbreak of 
infection in poultry (Smith et al., 1981) and in animal studies 
of E. coli isolated from the intestines of chickens fed the drug 
(Kobe et al., 1996). Although furazolidone-resistant mutants 
have also been described in clinical isolates of diarrheagenic  
E. coli, generally low mutation frequencies are reported, 
demonstrating the low potential of this antimicrobial agent for 
selecting resistant mutants (Martínez-Puchol et al., 2015).

Resistance has been induced in Giardia by several mecha-
nisms in vitro (Townson et al., 1992).

Little, if any, cross-resistance is known to occur between 
nitrofurans and other antimicrobials (Paul et al., 1952; 
Mercer et al., 1971). However, cross-resistance among the 
nitrofurans furazolidone, nitrofurantoin, and nitrofurazone 
has been reported (Paul et al., 1952; Shenderov et al., 1972).

3. MECHANISM OF DRUG ACTION

The bactericidal activity of furazolidone appears to be medi-
ated by gradual inhibition of monoamine oxidase and inter-
ference with a number of bacterial enzyme systems, especially 
those involved in aerobic and anaerobic metabolism of glucose 
and pyruvate (Green, 1948a, 1948b; Asnis and Gots, 1951).

Although the nitrofurans may interfere with cell wall 
synthesis, this mechanism of action does appear to be the 
primary mode of action (Waterbury et al., 1965).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Furazolidone occurs as a yellow, essentially odorless, crystal-
line powder with a bitter aftertaste. Commercial prepara-
tions are in the form of an oral suspension or 100-mg scored 

tablets, both marketed under a number of different brand 
names. The drug needs to be dispensed and stored in tightly 
closing light-resistant containers, given that exposure to light 
can cause the product to darken (Roberts Pharma ceutical 
Corporation, 1996).

Furazolidone tablets may be crushed and given in a 
spoonful of corn syrup (Ponce de Leon, 1957; Roberts Phar-
maceutical Corporation, 1996).

4a.  Adults

In general,, furazolidone is administered in a dose of 100 mg 
four times daily, with durations of therapy varying depend-
ing on indication. However, the daily dose of furazolidone 
should generally not exceed 8.8 mg/kg because of the pos-
sibility of inducing nausea and vomiting (Roberts Pharma-
ceutical Corporation, 1996).

For the treatment of giardiasis, the recommended dura-
tion is 7–10 days (Wolfe, 1992; Roberts Pharmaceutical 
Corporation, 1996).

For gastroenteritis or traveler’s diarrhea, a shorter dura-
tion of the same dose has been shown to be effective. In early 
studies, in general, four doses were administered over 24 
hours (Massa, 1959; Rowell et al., 1960), whereas in later 
studies a longer course of 5 days was favored (DuPont et al., 
1984; Prado Camacho, 1989). Even if a satisfactory clinical 
response is not attained within 7 days in the treatment of 
diarrhea, the manufacturer recommends that furazolidone 
be discontinued (Roberts Pharmaceutical Corporation, 1996).

A number of regimens have been studied for the treat-
ment of H. pylori infection. In the majority, furazolidone was 
administered at a dose of 100 mg twice daily for 1 week, with 
some studies reporting a higher dose of 200 mg twice daily.

4b.  Newborn infants and children

Furazolidone is not recommended for use in infants younger 
than 1 month of age, because of the possibility of inducing 
hemolytic anemia as a result of immature enzyme systems 
(glutathione instability) in the early neonatal period (Roberts 
Pharmaceutical Corporation, 1996). Of the many drugs 
available for the treatment of giardiasis, furazolidone is the 
only drug available in liquid form, a property that makes it 
useful for treatment of infants and young children (Murphy 
and Nelson, 1983). The dose in children is 1.25–1.5 mg/kg 
four times a day for 7–10 days (Murphy and Nelson, 1983; 
Wolfe, 1992).

For the treatment of diarrhea and gastroenteritis, a variety 
of dose regimens have been used, ranging from 5.5 mg/kg in 
four divided doses per day for 2–5 days (Rowell et al., 1960) 
to 10 mg/kg/day in three or four divided doses over 24 hours 
(Ponce de Leon, 1957).

4c.  Pregnant and lactating mothers

No data regarding altered dosages are available for this 
population.
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4d.  Those requiring altered dosages

No information is available on the relationship of age to the 
effects of furazolidone in geriatric patients. There are no data 
available on the use of furazolidone in renal or hepatic 
impairment or obesity.

Owing to the wide variety of drug interactions (see sec-
tion 5e, Drug interactions), dosages of sedatives, antihista-
mines, tranquilizers, and narcotics should be reduced during 
furazolidone therapy.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

A number of early studies employing primitive techniques 
reported that furazolidone was poorly absorbed, and that 
most of the drug was either metabolized in the gut or excreted 
intact in feces (Paul et al., 1960b; White, 1989). Later studies, 
including those in which high-performance liquid chroma-
tography (HPLC) and radiolabeled drug were used, and, in 
addition, reports of the successful treatment of typhoid fever 
demonstrated that the drug is well absorbed (Chakraborty, 
1961; Ananthasubramanian et al., 1975; Tatsumi and Taka-
hashi, 1982; Valadez-Salazar et al., 1989; White, 1989). In a 
study in rats, Tatsumi and Takahashi (1982) demonstrated 
that 95.8% of the radioactivity from a dose of 10 mg/kg was 
recovered from urine and feces over 7 days, with most recov-
ered in the first 24 hours. The detection of a significant level 
of radioactivity in the bile of rats with biliary fistulae suggests 
that some portion of the radioactivity recovered from feces 
derives from drugs that had been subject to biliary excretion. 
Although Tatsumi and Takahashi were unable to demon-
strate the proportion of fecal radioactivity that could be 
attributed to absorption, the sum of urinary and biliary 
radioactivity in the rats with fistulae indicated a minimum 
rate of absorption of approximately 75% (Tatsumi and 
Takahashi, 1982). Once furazolidone is absorbed, it is 
thought that the drug is rapidly and extensively metabolized 
in tissues, because only a small percentage of the ingested 
dose is able to be recovered intact in urine and feces, and 
only a low concentration of the drug is present in plasma 
(Valadez-Salazar et al., 1989; White, 1989). Given the degree 
of metabolism, it is difficult to ascertain the fraction of 
absorbed radioactivity in radiolabeled drug studies that is 
due to the parent drug; therefore the bioavailability is diffi-
cult to estimate (Tatsumi and Takahashi, 1982; White, 1989). 
Human studies have confirmed that furazolidone is well 
absorbed, being detectable in serum 30 minutes after oral 
administration, reaching a maximum plasma concentration 
within the first 3 hours and having a half-life of 4.87 hours. 
The maximum plasma concentration achieved after a 200-
mg oral dose was 340 ng/ml (Calafatti et al., 2001). This 
study also demonstrated that treatment with omeprazole 
altered the bioavailability of furazolidone, probably by an 
effect on absorption kinetics or first-pass metabolism.

5b.  Drug distribution

The extensive metabolism also makes it difficult to deter-
mine accurately the distribution of furazolidone. In one 
study, Valadez-Salazar et al. (1989) measured furazolidone 
levels in several biologic fluids by HPLC. The amount of 
furazolidone excreted in the urine was small, an observation 
in accordance with previous studies, showing that the drug 
is almost completely reabsorbed in the renal tubules of rats 
(Paul et al., 1960b). Furazolidone achieved consistently higher 
levels in cerebrospinal fluid (CSF) than serum, with a mini-
mum CSF/serum ratio of 1.02 at 2 hours in one patient, up 
to  a ratio of 5.95 at 4 hours in another. Furazolidone was 
detected in only trace amounts in the saliva. Evidence from 
animal models indicates that 3.2–13% of the furazolidone 
dose ingested is excreted in feces (Paul et al., 1960b). 
Experimental studies in rats, dogs, and chickens showed 
concentrations of 0.5–3.6 mg/l in bile, lymph, milk, and CSF, 
albeit after doses higher than are used in humans (Paul et al., 
1960a; Valadez-Salazar et al., 1989; White, 1989).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The clinically important pharmacokinetic and pharmaco-
dynamic features of furazolidone are not certain.

5d.  Excretion

Because furazolidone is extensively metabolized, little of the 
drug is excreted unchanged. Radiolabeled drug studies have 
shown that up to 65% of an oral dose of furazolidone or its 
metabolites is excreted in the urine. In rat studies using 
radiolabeled furazolidone, virtually all of the radioactive 
dose is recovered, with between 13% and 18% recovered 
from feces, and the rest from urine (Kotun, 1985).

The main route of metabolism of nitrofuran compounds 
including furazolidone is thought to be via progressive 
reduction of the nitro group, likely mediated by cytochrome 
P-450 reductase. A variety of intermediate products are pro-
duced as furazolidone is metabolized, the nature of which 
appears to be determined, in part, by the cell type under 
investigation (Vroomen et al., 1987a, 1987b, 1990; De Angelis 
et al., 1999).

5e.  Drug interactions

In the 1960s, furazolidone was shown to be an inhibitor of 
monoamine oxidase activity (Palm et al., 1967; Pettinger et 
al., 1968). This has been confirmed in studies that have 
shown that furazolidone produces a substantial increase in 
brain serotonin levels in rats (Karamanakos et al., 2007). 
Although not confirmed in any clinical studies, these seroto-
nergic properties mean that furazolidone should be used 
with caution in patients concurrently treated with selective 
serotonin reuptake inhibitors, monoamine oxidase inhibi-
tors, or any other medications that have a high probability of 
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inducing serotonin syndrome (Karamanakos, 2008). Ideally, 
furazolidone should not be used within a minimum of 14 
days of discontinuation of therapy with a monoamine oxi-
dase inhibitor (Roberts Pharmaceutical Corporation, 1996).

A case of acute psychosis occurring shortly after the initia-
tion of furazolidone therapy in a patient taking amitriptyline 
and other medications (Aderhold and Muniz, 1970) supports 
the requirement for caution in the co-administration of fura-
zolidone with psychoactive medications. Co-administration 
of indirect or mixed acting sympathomimetics and mono-
amine oxidase inhibitors has resulted in serious hypertension. 
These drugs should therefore not be taken with furazolidone. 
Opioid analgesics are another class of medications that have 
a recognized interaction with monoamine oxidase inhibi-
tors, resulting in a severe and unpredictable potentiation of 
their effects, so it is recommended that these drugs should 
not be used during or within 14 days of the administration 
of furazolidone.

It is recommended that patients taking furazolidone avoid 
consuming alcohol within 4 days of taking the drug, because 
cases of a disulfiram-like reaction have been reported, char-
acterized by flushing, a slight fever, dyspnea, and, in some 
instances, a sense of constriction in the chest (Kolodny, 1962; 
Phillips and Hailey, 1986).

As with all other monoamine oxidase inhibitors that 
are known to prevent gastrointestinal and liver metabolism 
of  tyramine and other pressor amines, the ingestion of 
 tyramine-containing foods with furazolidone should be lim-
ited. If this interaction occurs, pressor sensitivity can be 
increased 2- to 10-fold, resulting in hypertension with flush-
ing, chills, and tachycardia (Brown and Bryant, 1988).

6. ADVERSE REACTIONS AND TOXICITY

Patients with glucose-6-phosphate dehydrogenase deficiency 
may experience a mild reversible hemolytic anemia if treated 
with furazolidone. Therefore, these patients should be 
observed closely while receiving the drug, and it should 
be discontinued if any evidence of hemolysis occurs.

Furazolidone is known to occasionally tint the urine a 
brown color.

In a review of the literature published to 1989 that 
reported on 10,443 patients treated with furazolidone in 191 
publications, adverse reactions to the drug were experienced 
by 864 (8.3%) of patients (Altamirano and Bondani, 1989). 
The number of adverse reactions reported was 1178, with 
some patients reporting multiple reactions. By far the most 
common adverse reactions to furazolidone were gastrointes-
tinal in nature, occurring in 8% of patients treated. These 
included nausea with or without vomiting, abdominal pain, 
and diarrhea. Some of these patients had received doses that 
were higher than recommended, and most of them had gas-
trointestinal infections whereby symptoms attributed to the 
drug may have been a result of the underlying disease being 
treated. Gastrointestinal intolerance is decreased if furazoli-
done is administered with food. This rate of gastrointestinal 
symptoms relating to furazolidone therapy compares favorably 

with other drugs used to treat gastrointestinal infections, 
such as metronidazole (7–20%), chloramphenicol (10%), 
co-trimoxazole (3–26%), and ampicillin (5–17%). Neurologic 
reactions were the next most common, occurring in 1.34% 
and comprising headache (0.72%), vertigo (0.3%), and giddi-
ness (0.23%). Other neurologic side effects, including insom-
nia, psychomotor agitation, and neurotoxicity, were rarely 
observed and accounted for less than 0.1% of all adverse 
reactions. Systemic reactions occurred at a frequency of 0.56%, 
with the most common being fever in 0.34%. No cases of 
anaphylaxis could be found in the literature. Although serum 
sickness has been reported (Wolfe and Moede, 1978), the 
reviewers were suspicious that the yellow dye tartrazine may 
have been the cause. Cutaneous reactions have been reported, 
as with essentially all drugs, but appeared to be quite rare, 
occurring in 0.54% of patients treated. Toxic epidermal 
necrolysis (TEN) was described in a case report of a patient 
on furazolidone and levofloxacin, in which furazolidone was 
thought to induce the potential of levofloxacin to cause TEN 
by causing cell cytotoxicity via oxidative stress (Varma et 
al., 2013). Hematologic reactions, including leukopenia and 
changes in hemoglobin, were reported in 0.36% of the total 
sample. Cardiovascular adverse reactions were uncommonly 
reported, with an incidence of 0.11%. These included pos-
tural hypotension and palpitations, with no clinically signifi-
cant adverse cardiovascular events reported. Mild respiratory 
symptoms were also uncommonly reported, and were mostly 
asthma-like in nature. Hepatic and renal complications were 
each reported with an incidence of 0.06%.

In contrast to most other agents used for the treatment of 
gastrointestinal infections, furazolidone has been reported 
to not alter the normal intestinal flora (Massa, 1959; Minitz, 
1960).

6a.  Mutagenicity and carcinogenicity

Nitrofurans have long been known to be strong mutagenic 
agents (Kobierska-Szeliga and Czeczot, 1994). This has been 
confirmed for furazolidone (and nitrofurazone) using the 
Ames test and SOS chromotest in strains of Salmonella typh
imurium and E. coli (Gajewska et al., 1990; Kobierska-Szeliga 
and Czeczot, 1994; Basak, 1995). The potential mutagenicity, 
genotoxicity, and carcinogenicity of furazolidone led to the 
prohibition of its administration to food-producing animals 
(Evaluation of certain veterinary drug residues in food, 1993; 
Ali, 1999).

Furazolidone has shown evidence of carcinogenic activity 
in several studies involving chronic, high-dose oral adminis-
tration to rodents. Promotion of the development of mam-
mary neoplasia was demonstrated in rats, whereas in mice, 
furazolidone caused significant increases in the incidence 
of malignant lung tumors (Ali, 1983, 1989). The potential 
mutagenic properties of furazolidone are thought to be 
related to its ability to induce apoptosis in mitochondrial sig-
naling pathways as shown in an in vitro study on human 
hepatic cell lines (Deng et al., 2015). The relevance of these 
animal findings, particularly in relation to short-term 
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therapy in humans, is not established but has been a cause for 
concern.

6b.  Overdose 

The drug is unlikely to constitute a hazard in acute overdose. 
In severe overdose, early gastric lavage may be beneficial. 
There is no specific antidote. Treatment should be symptom-
atic and supportive. To counteract hypotensive episodes, 
direct-acting vasopressor agents should be administered. 
Indirect vasopressors should be avoided. Hypertensive crises 
should be treated with phentolamine or parenteral 
chlorpromazine.

6c. Risks in pregnancy

Furazolidone is classed as category C according to the FDA’s 
pregnancy category system. Therefore it should be given only 
if the potential benefit justifies the potential risk to the fetus. 
It is not known whether furazolidone crosses the placenta.

Although there is little information in the literature on the 
hazard of the drug in pregnancy, in one early study the oral 
administration of furazolidone at a dose of 50 mg/kg for 7 
days to pregnant rabbits caused fetal death in utero and abor-
tion (Jackson and Robson, 1957).

In animal models furazolidone is excreted into breast 
milk, but data are lacking in humans. Given the possibility of 
hemolytic anemia due to glutathione instability in the early 
neonatal period, breastfeeding while being treated with fura-
zolidone is not recommended.

7. CLINICAL USES OF THE DRUG

7a.  Helicobacter pylori infection and peptic 
ulcer disease

Despite the documented high efficacy of the standard thera-
peutic regimen for H. pylori, usually comprising omeprazole, 
amoxicillin, and clarithromycin, treatment failure is observed 
in 10–20% of patients (Gisbert and Pajares, 2002; Parente et 
al., 2003; Gerrits et al., 2006; Malfertheiner et al., 2007). The 
reasons for this are many and include low patient adherence 
with treatment recommendations as well as bacterial resis-
tance to antimicrobial agents, especially in developing coun-
tries (Graham et al., 1992; Houben et al., 1999; Treiber et al., 
2002; Gerrits et al., 2006;). Given the high rates of sensitivity 
of H. pylori to furazolidone, it has been an attractive alterna-
tive to conventional antimicrobial agents as a component of 
salvage regimens. However, a limitation of its widespread use 
is the relatively high incidence of significant adverse effects 
reported, mostly from European studies (Altamirano and 
Bondani, 1989), and studies using higher doses of 200 mg 
twice daily, or even thrice daily (Roghani et al., 2003; Rah-
mani et al., 2015). Unfortunately, when lower doses of 100 
mg twice daily are used, the frequency of successful eradica-
tion is variable (50–78%) (Coelho et al., 2000, Hajaghamo 

hammadi et al., 2014). It seems that the place of furazolidone 
in the treatment of H. pylori is as a component of third-line 
treatment when previous therapy with first- and second- 
line treatments has failed and no antibiotic sensitivity results 
are available from culture to guide therapy (Collins et al., 
2006; Safaralizadeh et al., 2006; Vilaichone et al., 2006; 
Khatibian et al., 2007). A number of triple- and quadruple- 
therapy regimens have been proposed, including furazolidone 
with other agents such as a proton pump inhibitor, amoxicil-
lin, bismuth, and a tetracycline for durations ranging from 7 
to 14 days (Megraud, 2004; Gerrits et al., 2006; Safaralizadeh 
et al., 2006; Daghaghzadeh et al., 2007; Abbas et al., 2008; 
Machado et al., 2008; Felga et al., 2008; Zullo et al., 2012; Xie 
et al., 2014; Mokhtare et al., 2015). A meta-analysis reported 
that side effects of regimens containing furazolidone were 
more frequent than with standard therapies, with an overall 
prevalence of 34.7% (Buzas and Jozan, 2007).

Concerns remain regarding the safety of furazolidone, 
given the potential genotoxic and carcinogenetic effects. 
This, coupled with the relatively low efficacy and high rate of 
side effects in most studies, has led some to question whether 
furazolidone is truly safe and effective for this indication (De 
Francesco et al., 2009a, 2009b).

7b.  Infectious diarrhea and gastroenteritis

In the late 1950s, trials were undertaken with furazolidone 
for the treatment of infectious diarrhea in humans on 
account of its bactericidal effects on a range of organisms, 
including many species of Enterobacteriaceae, and its suc-
cessful use in the treatment of animal salmonelloses, for 
which it was shown to be superior to common antibiotics 
and sulfonamides (Smith, 1955; Ponce de Leon, 1957). A 
num ber of small studies showed very promising results, with 
cure rates exceeding 80%, high levels of tolerability, and few, 
if any, toxic or allergic side effects (Ponce de Leon, 1957; 
Massa, 1959; Schneierson and Bryer, 1959; Rowell et al., 
1960). Its broad-spectrum nature made it particularly useful 
in resource-poor settings and for travelers for whom stool 
cultures were difficult to obtain (Massa, 1959; Schneierson 
and Bryer, 1959; Rowell et al., 1960; Sklar, 1960; Chakraborty, 
1961; Phillips and Hailey, 1987).

More recent studies have continued to demonstrate effi-
cacy. In a 1995 study in children, Dutta et al. (1995) demon-
strated that, despite nalidixic acid having a significantly 
higher cure rate than furazolidone for the empirical treat-
ment of acute invasive diarrhea, the cure rate with furazoli-
done was 85%. These data indicate that furazolidone remains 
a potentially useful drug, particularly given the decreasing 
efficacy of nalidixic acid against shigellosis in many countries 
(Dutta et al., 1995). 

In South America it is considered an alternative treatment 
to the commonly prescribed antibiotics for diarrhea in chil-
dren, because of the increasing levels of resistance to com-
monly used antibacterial agents, its activity against most 
Enterobacteriaceae, and its low cost (Martínez-Puchol et al., 
2015).
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Although promising results were initially reported in 
children (Rabbani et al., 1991), current available evidence 
suggests that furazolidone is not effective for treatment of 
cholera (Rabbani et al., 1989). Furthermore, the majority of 
V. cholerae isolates now seem to be resistant (see section 2b, 
Emerging resistance and cross-resistance).

7c.  Giardiasis

Furazolidone has demonstrated efficacy in giardiasis, with 
cure rates reported to be 75–90% (Webster, 1960). In general, 
this efficacy is inferior to the most commonly used agent, 
metronidazole, which in one study had a cure rate of 90%, 
compared with 80% for furazolidone (Bassily et al., 1970). 
It is clinically highly effective when administered for 7–10 
days, but shorter courses yield lower cure rates (Leitsch, 
2015). Furazolidone is still potentially useful in patients 
unable to tolerate tablets (e.g. infants and children) because 
it is the only drug available in liquid form for the treatment 
of giardiasis (Murphy and Nelson, 1983).

7d.  Trichomoniasis

Furazolidone has long been known to possess significant 
trichomonacidal activity (Sears and O’Hare, 1988). Later, it 
was shown to be effective in killing both metronidazole- 
susceptible and metronidazole-resistant isolates of Tricho
monas vaginalis, and it appears to be superior to tinidazole 
for this indication (Narcisi and Secor, 1996).

7e.  Other uses

A number of small studies have shown that furazolidone 
may be an option for the treatment of opportunistic proto-
zoal infections in immunosuppressed patients, including 
those with HIV infection.

Dionisio et al. (1995) first demonstrated the efficacy of 
furazolidone in intestinal microsporidiosis caused by Entero
cytozoon bieneusi in three patients with AIDS. In a subse-
quent study, the same authors found that the clinical benefit 
seen after treatment with furazolidone of six patients with 
AIDS with intestinal infection with E. bieneusi may have 
been due to damage to the developmental stages of the para-
site, causing partial inhibition of reproduction (Dionisio et 
al., 1997). In a further study, again undertaken by the same 
authors, lasting remission was demonstrated in severely 
immunocompromised patients with AIDS treated for E. bie
neusi infection with a combination of furazolidone plus 
albendazole (Dionisio et al., 1998).

In an immunosuppressed rat model, furazolidone, but 
not nitrofurantoin, was moderately effective in the therapy of 
Pneumocystis jiroveci (Walzer et al., 1991). It exhibited only 
weak activity as a prophylactic agent for Pneumocystis jiroveci 
pneumonia. However, the toxic effects observed in rats 
caused by the high doses required discouraged further inves-
tigation of the use of furazolidone for this indication (Walzer 
et al., 1991).

Furazolidone has also demonstrated in vitro activity 
against B. hominis (Dunn and Boreham, 1991). However, 
further studies have indicated that even when combined 
with nitazoxanide, furazolidone had little to no effect on 
Blastocystis (Roberts et al., 2015), and controversy still 
remains as to the pathogenicity of the organism and whether 
it requires treatment (Kurt et al., 2016).
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Diloxanide Furoate

Jared E. Eisemann and Paul M. Griffin

1. DESCRIPTION

Diloxanide furoate is a luminal amebicide first synthesized in 
1956 and marketed primarily under the brand name Fura
mide by Boots in the United Kingdom. It is now not com
mercially available in most countries in this form (including 
Australia, Canada, and the United States). Diloxanide is mar
keted as diloxanide furoate, which is the ester of 2furoic acid 
and diloxanide, a dichloroacetamide derivative with a relatively 
simple structure (Figure 190.1). It has also been marketed by 
Abbott as Entamizole, a coformulation that contains diloxa
nide furoate combined with metronidazole.

The chemical name of diloxanide furoate is 4(Nmethyl
2,2dichloroacetamido)phenyl2furoate, and the molecular 
formula is C14H11Cl2NO4. The molecular weight of diloxa
nide furoate is 328.1 g/mol. The molecular structure is shown 
in Figure 190.1.

Diloxanide furoate has been used alone as a primary agent 
in the treatment of asymptomatic intestinal amebiasis caused 
by Entamoeba histolytica (Botero, 1964; Wolfe, 1973; Pehrson 
and Bengtsson, 1983; Boots, 1994). Of the three main lumi
nal amebicides currently available—diloxanide furoate, iodo   
qui nol, and paromomycin—it is now suggested by many that 
paromomycin should be the drug of first choice for this indi
cation (McAuley and Juranek, 1992; Blessmann and Tan nich, 
2002).

Diloxanide furoate may also be used concurrently or 
sequentially with other agents, such as nitroimidazoles, in 
the treatment of invasive or extraintestinal forms of amebia
sis and giardiasis (Qureshi et al., 1997) (see Chapter 99, 
Metronidazole, and Chapter 100, Tinidazole).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Diloxanide furoate is active against the protozoan parasite  
E. histolytica within the intestinal lumen. It is used for treat
ing asymptomatic (or only mildly symptomatic) patients 

passing cysts. Patients should ideally be confirmed to be 
infected with E. histolytica rather than the morphologically 
identical but nonpathogenic ameba species Entamoeba dis
par or Entamoeba moshkovskii (Knight, 1980; WHO/PAHO/
UNESCO, 1997; Haque et al., 2003; Ayed et al., 2008). The 
drug is not effective in patients with invasive amebic colitis 
and is of no value in treating extraintestinal amebiasis 
because it has little or no activity outside the intestinal lumen 
(Botero, 1964). Diloxanide furoate has been shown in vitro to 
have little or no effect on other intestinal protozoan parasites 
including Dientamoeba fragilis (Nagata et al., 2012) and Blas
tocystis hominis (Zierdt et al., 1983).

2b.  Emerging resistance and 
cross-resistance

No clinically relevant drug resistance to diloxanide furoate 
has been identified. However, reports of failed treatment with 
metronidazole and differences in drug susceptibilities suggest 

Figure 190.1. Chemical structure of diloxanide and 
diloxanide furoate.
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that the development of drug resistance in E. histoly tica is 
possible (Bansal et al., 2004, 2006). A proposed mechanism 
of resistance may be Pglycoprotein–mediated drug efflux 
pumps, which remove hydrophobic drugs from the parasite 
cytosol. In vitro studies have been conducted on a strain  
of emetineresistant E. histolytica that possessed cross 
resistance to the other hydrophobic luminal amebicides, 
diloxanide and iodoquinol, but not to the tissue amebicides, 
chloroquine and metronidazole, which are more polar. The 
emetine resistance was able to be reversed in vitro by calcium 
and sodium channel blockers, which are known to inhibit 
the function of Pglycoprotein transporters (Samuel son et 
al., 1992). Since the identification of other morphologically 
identical but nonpathogenic species of Entamoeba, namely  
E. dispar, it has been suggested that preventing indiscrimi
nate treatment of nonhistolytica species is one means of 
reducing the chance of the development of drug resistance 
(Bansal et al., 2006; Pritt and Clark, 2008).

3. MECHANISM OF DRUG ACTION

The mechanism of action of diloxanide is unknown. It 
destroys the trophozoites of E. histolytica that eventually 
form cysts. The cysts are then excreted. Structurally, it is 
related to chloramphenicol and it may act in a similar way 
by blocking protein synthesis (Knight, 1980).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Diloxanide furoate was marketed as “Furamide” by Amdi 
pharm in the United Kingdom, but after a recent acquisition 
of Amdipharm by Concordia International there does not 
appear to be an ongoing supply of this formulation. Elsewhere 
the drug is available via a number of special access schemes 
or through specialist compounding pharmacies. Admini
stration with food is recommended.

A combination preparation containing 500 mg of dilox
anide furoate and 400 mg of metronidazole has been mar
keted as “Entamizole” by Abbott in India. Entamizole is 
available as an offwhite, pillowshaped, filmcoated tablet, 
and as a pinkcolored syrupy suspension with fruit flavor. 
Each 10 ml of suspension contains 250 mg of diloxanide 
furoate and 200 mg of metronidazole.

4a.  Adults

A 10day course comprising one 500mg tablet three times 
per day is recommended for the treatment of asymptomatic 
E. histolytica cyst carriers (Wolfe, 1973; Boots, 1994; Ravdin, 
1995). If required, a second course of treatment may be pre
scribed. In general, the recommended dose and duration of 
treatment are the same, whether the drug is used alone for 
asymptomatic cyst passers or in conjunction with other ther
apy for symptomatic or invasive disease. Shorter courses 
have also been used, combining diloxanide with other drugs. 
A 5day course of 500 mg of diloxanide furoate in combin 

ation with 400 mg of metronidazole given three times per 
day was shown to be efficacious in the treatment of symp
tomatic amebiasis, with or without dysentery, and also to be 
effective for treatment of adults with symptomatic giardiasis 
(Latonio, 1987; Qureshi et al., 1997; Abbott India, 2007). 
This regimen has also been shown to be effective for amebic 
liver abscess (Powell et al., 1973).

4b.  Newborn infants and children

The pediatric dose for asymptomatic E. histolytica is 20 mg/
kg body weight daily in three divided doses for 10 days 
(Wolfe, 1973). Doses of 25 mg/kg daily in three divided doses 
for 10 days have also been used (Botero, 1964; Rubidge et al., 
1970). Diloxanide furoate is not recommended for use in 
children weighing less than 25 kg.

4c.  Pregnant and lactating mothers

There are no reliable data on the use of diloxanide furoate in 
pregnant or lactating mothers; hence the drug should prob
ably be avoided during pregnancy (see section 6b, Use in 
pregnancy). It is not known whether diloxanide is distrib
uted into breast milk, although no problems in humans have 
been reported (FDA, 2016).

4d.  Those requiring altered dosages

The only contraindication to the use of diloxanide furoate is 
a hypersensitivity to this drug. There is no need for dosage 
reduction in the elderly or patients with impaired renal or 
hepatic function.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The gastrointestinal absorption of diloxanide, the luminally 
active drug, is reduced when administered as the furoate 
ester formulation, therefore leading to higher concentrations 
of the prodrug diloxanide furoate in the bowel lumen for a 
longer period of time (Botero, 1964; Wolfe, 1973). In the gut, 
diloxanide furoate is largely, if not completely, hydrolyzed 
into diloxanide and furoic acid under the combined action of 
bacterial and gut esterases (Osisanya, 1986; Gadkariem et al., 
2004). Over 90% of diloxanide is then absorbed. It is the 
remaining 10% of unabsorbed diloxanide that persists in 
the gut lumen that exerts the antiamebic activity of the drug.

5b.  Drug distribution

After absorption of an estimated 90% of the hydrolyzed 
diloxanide, it is very rapidly conjugated to a glucuronide. It is 
thus present in peripheral blood almost wholly as its glucu
ronide conjugate, with only ~ 1% remaining in plasma as free 
diloxanide.
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5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

After the investigation of a number of derivatives, the furoate 
ester was found to be more efficacious and less toxic than 
the parent compound diloxanide, because it is more slowly 
absorbed from the intestinal lumen, therefore providing 
higher concentrations in the bowel lumen for a longer period 
of time (Marsden, 1960; Botero, 1964; Wolfe, 1973).

5d.  Excretion

After hydrolysis, absorption, and glucoronidation of diloxa
nide furoate, the glucuronide conjugate is rapidly excreted in 
the urine (Dubey et al., 1965). The remaining 10% of unab
sorbed drug is excreted in the feces as diloxanide.

5e.  Drug interactions

No clinically significant drug interactions are known.

6. ADVERSE REACTIONS AND TOXICITY

Excessive flatulence is the only commonly reported adverse 
effect, occurring in up to almost 90% in some studies (Wolfe, 
1973; McAuley et al., 1992). There is some evidence that acti
vated charcoal may be beneficial in controlling this effect 
(Felix et al., 1962). The only other significant side effects 
include nausea in approximately 5%, anorexia in approxi
mately 3%, and diarrhea and abdominal cramping, each 
occurring at a frequency of approximately 2% (Wolfe, 1973).

6a.  Overdose

The drug is unlikely to constitute a hazard in overdosage. 
In severe overdosage, early gastric lavage is recommended. 
There is no specific antidote. Treatment should be symptom
atic and supportive.

6b. Risk in pregnancy

The safety of diloxanide furoate during pregnancy and lacta
tion has not been established, and use during these periods 
should therefore be avoided. According to the manufacturer, 
studies in New Zealand white rabbits given diloxanide furo
ate in doses of 120 or 300 mg/kg of body weight per day from 
days 1–29 of pregnancy did not demonstrate embryotoxic 
or teratogenic effects. A similar lack of embryotoxicity was 
reported in rats given the same dose from the days 1–20.

7. CLINICAL USES OF THE DRUG

7a.  Treatment of asymptomatic Entamoeba 
histolytica cyst excretion

Amebiasis is an infection caused by the protozoal organism 
E. histolytica and is one of the most common parasitic 

infections worldwide, affecting almost 500 million people 
and resulting in over 100,000 deaths a year (Walsh, 1986; 
Swords and Cantey, 2002). These figures may be overesti
mates, however, given that they are based primarily on exam
ination of the stool for ova and parasites, a technique that 
does not permit differentiation of E. histolytica from the non
pathogenic, morphologically indistinguishable E. dispar and 
E. moshkovskii (Haque et al., 2003). Fewer than 10% of indi
viduals who are infected with E. histolytica develop invasive 
colitis or extraintestinal disease. It is still not clear whether 
all noninvasive asymptomatic infections should be treated 
(Farthing, 2006). In areas where the parasite is not endemic, 
asymptomatic E. histolytica infections should be treated 
because of the potential for invasive disease and to limit 
transmission (Jackson, 1987; Haque et al., 2003). Some 
believe that, given the high rates of infection in highly 
endemic areas, it is not appropriate or costeffective to screen 
or treat all asymptomatic cyst passers. An exception to this 
approach is patients predisposed to develop severe disease, 
including pregnant women, very young children, and patients 
who are malnourished or being treated concurrently with 
corticosteroids (Ravdin and Stauffer, 2005). Others argue 
that, given the potential for progression to invasive disease, 
all individuals with asymptomatic infection should be treated 
regardless. Outbreaks of refractory intestinal amoebiasis 
within institutional care facilities have been successfully 
managed by treatment of asymptomatic carriers of E. histo
lytica with diloxanide furoate (Fujishima et al., 2010; Nishise 
et al., 2010). Amebicides are classified according to their site 
of action, which can be in the bowel lumen, mucosa, and/or 
extraintestinal tissues. Diloxanide furoate is one of the three 
principal luminal amebicides that exhibit little or no activity 
in the bowel wall or extraintestinal tissues. Of the luminal 
amebicides, diloxanide furoate was favored for many years 
because of its safety and effectiveness, with cure rates in 
asymptomatic carriers exceeding 90% (Woodruff and Bell, 
1960; Forsyth, 1962; Wilmot et al., 1962; Botero, 1964; Wolfe, 
1973; Knight 1980). It is now suggested, however, that paro
momycin (a nonabsorbable aminoglycoside; see Chapter 
185, Paromomycin) should be the firstline agent of choice, 
particularly given that it is not absorbed in the bowel and is 
therefore more likely to be safe for the treatment of pregnant 
women. Furthermore, it is effective in a shorter duration of 
therapy (7 days as opposed to 10), has reasonable efficacy, 
even in symptomatic individuals, and is more widely avail
able (McAuley and Juranek, 1992; McAuley et al., 1992; 
Blessmann and Tannich, 2002; Farthing, 2006; van Hal et 
al., 2007; Gilbert et al., 2008).

Anande et al. (2008) studied a novel preparation of muco
adhesive microspheres of diloxanide furoate conjugated to 
concanavalinA, which adheres to glycoproteins on the cyst 
wall of E. histolytica. Although this study focused on phar
macologic properties of the conjugated drug, it may lead to 
new preparations of diloxanide furoate that could overcome 
some of the shortcomings of the drug compared with paro
momycin. Iodoquinol (diiodohydroxyquin), another luminal 
agent, is also well tolerated, but requires 20 days of therapy 
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and is contraindicated in patients with hepatic failure or 
allergy to iodine (Reed, 1992; see Chapter 191, Iodoquinol 
and quinacrine).

7b.  Treatment of invasive or  
extraintestinal amebiasis

In acute amebic dysentery or extraintestinal disease, diloxa
nide furoate is inadequate as a single agent for treatment. It 
should be used either concurrently with, or subsequent to, 
other agents that have activity in the bowel wall and tissues, 
especially the liver. In general, a nitroimidazole (either 
metronidazole [see Chapter 99, Metronidazole] or tinidazole 
[Chap ter 100, Tinidazole]) is given initially, because these 
drugs possess activity in all tissues. A luminal amebicide such 
as diloxanide furoate is then administered to eradicate intes
tinal infection, regardless of whether the organism is found 
in the stool, because nitroimidazoles have limited activity 
against cysts and are almost completely absorbed from the 
small bowel. These drugs, therefore, have an effect as intralu
minal amebicides only if the organisms are in close  proximity 
to the colonic mucosa (Kanani and Knight, 1972; Powell et 
al., 1973; Irusen et al., 1992; Ravdin, 1995; Drugs for para
sitic infections, 2008). Although unusual, reinfection can 
occur if luminal agents are not used. The dose and duration 
of diloxanide furoate therapy is the same whether it is being 
used solely in the treatment of asymptomatic cyst passers 
or after use of other agents in invasive disease. In a number 
of studies, the coformulation of metronidazole with diloxa
nide furoate (Entamizole) has been shown to be effective 
when used in a shorter 5day course (Latonio, 1987; Qureshi 
et al., 1997). Nitazoxanide, a newer antiparasitic drug, has 
some advantages over other, more longstanding therapies in 
that it is at least as potent in vitro as metronidazole against 
metronidazolesensitive isolates of E. histolytica, and main
tains activity against isolates that have reduced susceptibility 
to metronidazole (Adagu et al., 2002; Rossignol et al., 2007; 
see Chapter 186, Nitazoxanide).

7c.  Treatment of giardiasis

Combined preparations of diloxanide furoate and metroni
dazole have also been shown to be effective in the treatment 
of giardiasis (Qureshi et al., 1997). However, there is insuffi
cient evidence to determine whether this regimen is more 
effective than metronidazole alone for treatment of giardiasis 
(see Chapter 99, Metronidazole).

7d.  Blastocystis hominis and  
irritable bowel syndrome

Diloxanide furoate, used in conjunction with trimethoprim–
sulfamethoxazole and secnidazole, was shown in a small 
pilot study to be moderately effective for the clearance of  
B. hominis in patients with irritable bowel syndrome (Nagel 
et al., 2014). There was, however, no clinical correlation with 

patient symptoms and rates of parasite clearance, and the use 
of this combination regimen in the treatment of B. hominis 
remains investigational.
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Iodoquinol and Quinacrine

James Pollard and James McCarthy

Iodoquinol and quinacrine are luminal antiprotozoal agents 
that have activity against Entamoeba histolytica and Giardia 
lamblia, respectively, but are now rarely used in most settings 
because of the availability of other, more active and less toxic 
agents.

IODOQUINOL

1. DESCRIPTION

Iodoquinol, also known as diiodohydroxyquin, is a halogenated 
8-hydroxyquinolone (C9H5I2NO) with a molecular weight of 
397.0 g/mol; the chemical structure is shown in Figure 191.1.

Iodoquinol displays active amebicidal activity within the 
lumen of the intestine against the cyst phase of E. histolytica 
(Samuelson et al., 1992), although the exact mechanism of 
its action is uncertain. For Dientamoeba fragilis, a minimum 
amebicidal concentration of 128 µg/ml appears to be neces-
sary to ensure efficacy (Chan et al., 1994).

Although there are few data available regarding resistance 
to iodoquinol, Samuelson et al. (1992) reported some 
cross-resistance in vitro between emetine-resistant strains 
of E. histolytica and iodoquinol.

The usual dose of iodoquinol for adults is 650 mg three 
times daily for 20 days, and for children the dose is 30–40 
mg/kg/day in three divided doses (to a maximum of 1950 
mg/day) for 20 days. Children are more likely to experience 
side effects and should be monitored closely for visual 
changes (see section 2, Toxicity and clinical uses of the drug). 
Iodoquinol should not be used in pregnancy because of the 
risk of iodine toxicity to mother and fetus (Samuel and Barry, 
1998).

2.  TOXICITY AND CLINICAL USES OF THE 
DRUG

The antiprotozoal action of iodoquinol requires luminal con-
tact between the drug and the parasite, although details 
regarding the necessary luminal concentration are less clear. 
In general, iodoquinol shows 83% efficiency in eradicating 

luminal E. histolytica cysts after a single course of therapy, 
although repeat courses may be required (Millet et al., 1983). 
Treatment of a series of patients with abdominal pain asso-
ciated with carriage of D. fragilis was reported to result in 
clearance in 100%, but symptom resolution in only 67% 
(Lagacé-Wiens et al., 2006).

Although toxicity is uncommon when iodoquinol is used 
at recommended doses (Chemotherapy of protozoal infec-
tions, 2008), a key limiting feature of the drug has been its 
toxicity profile, which includes optic neuritis and peripheral 
neuropathy. The major serious side effect described is sub-
acute optic neuritis and optic atrophy among iodoquinol 
recipients, with the frequency possibly increasing after pro-
longed use (Chemotherapy of protozoal infections, 2008). 
Peripheral neuropathy has also been reported (Chemotherapy 
of protozoal infections, 2008), as have seizures in children 
(Fisher et al., 1993). Because iodoquinol contains iodine, it 
may affect measurements of thyroid function, and it should 
be used with caution in patients with preexisting thyroid 
dysfunction and avoided in patients with iodine allergy 
(Moon and Oberhelman, 2005). Other common side effects 
include nausea and vomiting, which may be limited by 
ensuring adequate hydration and regular small meals, as well 
as skin rash, urticaria, and/or pruritus, headache, and peri-
anal itch (Moon and Oberhelman, 2005).

Although effective, because of the potential side effects 
the use of iodoquinol is now limited to second-line therapy 
for eradication of intraluminal cysts of E. histolytica 
(Chemotherapy of protozoal infections, 2008), the drug 
having been superseded by paromomycin (see Chapter 184, 

Figure 191.1. Chemical structure of iodoquinol.
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Paromomycin). Because iodoquinol is active only in the gut 
lumen, it has no role in the treatment of amebic liver abscess 
or other invasive forms of amebic infection, which should be 
treated with an imidazole such as metronidazole (see Chapter 
90, Metronidazole) (Jong, 2002). Likewise, in observational 
studies iodoquinol has not demonstrated usefulness for 
treatment of Blastocystis infection (Roberts et al., 2014).

QUINACRINE

1. DESCRIPTION

Quinacrine, also known as mepacrine hydrochloride, was 
synthesized by scientists at Bayer in Germany in 1931. It was 
one of the first synthetic antimalarial substitutes for quinine 
but was later superseded by chloroquine because of the lat-
ter’s more favorable toxicity profile. During World War II, it 
was marketed as Mepacrine or Atabrine, and it has been used 
for malaria chemoprophylaxis. More recently, it has been 
used as an antiprotozoal agent because it has activity against 
G. lamblia as well as Plasmodium species. However, quina-
crine is now rarely used to treat giardiasis because of the 
drug’s toxicity and the superiority of metronidazole for this 
indication (see Chapter 99, Metronidazole) (Upcroft and 
Upcroft, 2001). Quinacrine has also been used for the treat-
ment of tapeworm, but it has been replaced for this indica-
tion by newer, less toxic agents. It is an acridine derivative 
that is both water and alcohol soluble, with the chemical for-
mula C23H30ClN3O and a molecular weight of 400.0 g/mol; 
the chemical structure is shown in Figure 191.2.

Although resistance among Giardia species to quinacrine 
is not well described, it is thought to involve active drug 
exclusion and inhibition of NADH oxidase (Upcroft and 
Upcroft, 2001).

Although the exact mechanism of the anti-parasitic action 
of quinacrine is unknown, it binds to DNA in vitro by inter-
calation between adjacent base pairs, inhibiting transcription 
and translation to RNA. However, DNA binding may not 
be its key mechanism of action because quinacrine does not 
appear to localize to the nucleus of Giardia trophozoites.

The recommended dose of quinacrine for giardiasis is 
300 mg orally per day in three divided doses, for 5–7 days. If 
failure to eradicate occurs, a second course may be given 
after 1 week. For children, the recommended dose is 2 mg/kg 
body weight three times per day for 5–7 days.

There are insufficient data to guide dose adjustment in 
patients with renal or hepatic impairment, or in obese 
patients. Because quinacrine crosses the placenta, it should 
not be used in pregnancy.

Quinacrine is rapidly absorbed from the gastrointestinal 
lumen, with a time to peak concentration of 1–3 hours, 
although its bioavailability is unquantified (Sanofi, 1995). It 
has a large volume of distribution and is slowly excreted 
by  the kidney, taking up to months to be fully excreted 
(Mepacrine hydrochloride, 1995).

2.  TOXICITY AND CLINICAL USES OF 
THE DRUG

The most prominent adverse effects of quinacrine are nausea, 
vomiting, and diarrhea; children are particularly susceptible 
(Gardner and Hill, 2001). Other common effects are dizzi-
ness and headache. Idiosyncratic effects include skin and 
urine discoloration (Wolfe, 1973). Acute psychosis is a 
well-recognized side effect, occurring in 0.4% of soldiers 
treated with the drug for malaria (Gaskill, 1947); this side 
effect is more common among patients with a pre-existing 
psychiatric condition (Lindenmayer and Vargas, 1981).

Quinacrine is no longer used for the prophylaxis and treat-
ment of malaria because of its toxicity profile (Looareesuwan 
et al., 1988). However, quinacrine is a well-recognized sec-
ond-line drug for treatment of G. lamblia infection, with 
reported cure rates of up to 95% (Wolfe, 1973). In recent 
studies, it has been proposed as salvage therapy for refractory 
giardiasis (Mørch et al., 2008; Nabarro et al., 2015).

There has also been a renewed interest in the use of quin-
acrine because of its activity against prions, such as those 
causing Creutzfeldt–Jakob disease. However, results have 
not been encouraging (Collins et al., 2002; Collinge et al., 
2009). Quinacrine has also been used as a pleural sclerosing 
agent for malignant and nonmalignant pleural effusions 
(Dikensoy and Light, 2005), as well as an agent in nonsurgi-
cal sterilization (Sokal et al., 2008).
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1. DESCRIPTION

Benznidazole is an antiparasitic agent active against Try
pano soma cruzi, the causative organism of American 
trypano somiasis or Chagas disease. Benznidazole (N-benzyl-
2-nitroimidazole acetamide) is a nitroimidazole. Its chemical 
formula is C12H12N4O3 and its chemical structure is shown 
in Figure 192.1.

Benznidazole was previously marketed under the names 
Rochagan, Ragonil, and Radanil, and until recently was 
manufactured by Hoffman La-Roche. Global production of 
benznidazole was temporarily discontinued in 2011, how-
ever the drug is currently being manufactured in Brazil in 
partnership with the Drugs for Neglected Diseases Institute 
by Laboratório Farmacêutico de Pernambuco (LAFEPE), and 
in Argentina in partnership with the Pan American Health 
Association by Laboratório Endocrínico Argentino (ELEA) 
under the trade name “Abarax” (Dias, 2014).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Benznidazole is active against both the extracellular trypo-
mastigote and intracellular amastigote stage of T. cruzi 
(Castro et al., 2006; Maya et al., 2007). It also possesses some 
in vitro antibacterial activity, especially against anaerobic 
and microaerophilic bacteria (Hof, 1989). However, the 
 significant toxicity associated with the use of benznidazole 
(see below under 6, Toxicity), in addition to the availability 
of numerous alternative treatment options, has limited the 
use of benznidazole as an antibacterial agent in clinical 
practice.

2b.  Emerging resistance and 
cross-resistance

Treatment failure in Chagas disease is thought to be due in 
part to benznidazole-resistant T. cruzi. The extent to which 

this is an acquired trait or merely reflects the diversity in 
the level of susceptibility in the natural parasite populations 
is not known. In vitro benznidazole resistance has been 
observed in T. cruzi in association with deletion of copies of 
the gene encoding NAD(P)H flavin oxidoreductase [Try
pano soma cruzi Old Yellow Enzyme (TcOYE)] and resultant 
decreased levels of oxidoreductase (Murta and Romanha, 
1998). The other enzymes that confer antioxidant defense 
(e.g. superoxide dismutase and tryparedoxin peroxidase) 
in  the parasite have been found in high concentrations in 
benznidazole-resistant strains of T. cruzi (Nogueira et al., 
2006; Nogueira et al., 2009). A novel ATP-binding cassette 
transporter gene (TcABCG1) has recently been found to be 
overexpressed in strains of naturally benznidazole resistant 
T. cruzi (Zingales et al., 2015). As demonstrated by Mejia 
and colleagues, in vitro benznidazole resistance can also be 
readily induced. By submitting strains of T. cruzi to increas-
ing concentrations of benznidazole, a benznidazole-resistant 
population was able to be generated. The benznidazole- 
resistant T. cruzi clones were found to have acquired muta-
tions in the gene encoding a mitochondrial nitroreductase 
(TcNTR), an enzyme important in converting benznidazole 
into its active, trypanocidal form (Mejia et al., 2012). Benz-
nidazole resistance may also be associated with resistance to 
alternate trypanocidal agents (Filardi and Brener, 1987).

Resistance patterns may vary according to geographic 
location. A study of benznidazole-treated mice infected with 
23 strains of T. cruzi from the western Brazilian Amazon 
demonstrated a wide variation in clinical response (Teston 
et al., 2013). A highly resistant strain of T. cruzi with very 

Figure 192.1. Chemical structure of benznidazole.
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low cure rates after treatment with benznidazole has been 
reported from Colombia (Camandaroba, 2003). 

Murine models of T. cruzi infection have shown that a 
benznidazole-resistant population of T. cruzi can be selected 
for in infected mice treated with prolonged courses of benz-
nidazole. These drug-resistant clones appear to be as viru-
lent, causing similar levels of parasitemia and mortality to 
wild-type strains (Murta and Romanha, 1998). 

Despite the increasing understanding of the mechanisms 
of benznidazole resistance, the correlation between in vitro 
sensitivity testing and clinical outcome may not be reliable. 
In a Brazilian study of seven patients with chronic Chagas 
disease who were treated with benznidazole, comparison of 
the pretreatment half-maximum inhibitory concentrations 
(IC50) of parasites from cured and non-cured showed no cor-
relation with clinical outcome (Moreno et al., 2010).

2c.  In vitro synergy and antagonism

As discussed in Chapter 193, Nifurtimox, in vitro studies 
have demonstrated that the amino acid analog buthionine 
sulfoximine increases the trypanocidal activity of benz-
nidazole (Foundez et al., 2005). Combination therapy with 
benz nidazole and ketoconazole in mice has been shown 
to  increase trypanocidal activity against T. cruzi parasites 
with moderate benznidazole resistance (Araújo et al., 2000). 
How ever, the clinical relevance of these observations is 
unclear.

3. MECHANISM OF DRUG ACTION

Benznidazole is a prodrug and requires nitroreductase (NTR)-
catalyzed activation within the parasite to exert its trypano-
cidal effects. Two enzymes with NTR activity have been 
identified in T. cruzi: Trypanosoma cruzi Old Yellow Enzyme, 
an NAD(P)H flavin oxidoreductase, and nicotinamide ade-
nine dinucleotide, a reduced (NADH)-dependent mitochon-
drial type 1 NTR (Mejia et al., 2012). The subsequent reduced 
benznidazole metabolites kill T. cruzi by covalent binding to 
DNA, protein, and lipids within the parasite (Maya et al., 2003; 
Murta et al., 2006). Proinflammatory cytokines (especially 
IFN-γ) appear to enhance the trypanocidal activity of 
benznidazole by improving phagocytosis (Romanha et al., 
2002). This may explain why treatment with benznidazole is 
more effective in acute infection, when cytokine levels are 
likely to be at their highest. Unlike nifurtimox, the genera-
tion of nitroanion radicals with subsequent production of 
toxic reduced oxygen metabolites plays only a minor role in 
the trypanocidal effect of benznidazole (Castro et al., 2006).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Benznidazole is administered orally twice daily after meals, 
to minimize gastrointestinal side effects. It comes as 50 mg 
and 100 mg tablets that are both double-scored for more 

precise dosing in children and adolescents (Dias et al., 2014). 
A parenteral form is not available.

4a.  Adults

The recommended dose for adults and children > 12 years 
of age is 5–7.5 mg/kg/day in two divided doses (Bern et al., 
2007); however, population pharmacokinetic modeling 
suggests that doses as low as 2.5 mg/kg daily are adequate 
to  achieve trough benznidazole concentrations within the 
accepted therapeutic range (Soy et al., 2015).

4b.  Newborn infants and children

The recommended dose for children younger than 12 years 
is 5–7.5 mg per day orally in two divided doses (Bern et al., 
2007).

4c.  Pregnant and lactating mothers

There are no reliable data on the use of benznidazole in preg-
nant and lactating mothers.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL OR  
HEPATIC FUNCTION

No data are available regarding dose adjustment in patients 
with significant hepatic or renal dysfunction.

ELDERLY PATIENTS

No specific information is available on the use of benznida-
zole in the elderly.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

A population pharmacokinetic model derived from 49 adult 
T. cruzi infected patients administered benznidazole at a 
dose of 2.5 mg/kg twice daily has been developed. The 
pharmacokinetics of benznidazole was best described by a 
one-compartment linear model with first-order absorption 
and first-order elimination. This model estimated apparent 
clearance to be 1.73 liters/hour and apparent volume of 
 distribution to be 89.6 liters (Soy et al., 2015). A pediatric 
pharmacokinetic model has also been developed. Altcheh 
and colleagues studied 38 T. cruzi–infected children aged 
between 2–12 years of age (mean 7.3 years) receiving benzni-
dazole at a dose of 5–8 mg/kg/day (mean dose 6.4 mg/kg/
day) in two divided doses. Median clearance was estimated 
to be 1.54 liters/hour and median volume of distribution was 
found to be 23.2 liters. Steady state benznidazole concentra-
tions were found to be inversely proportional to age, most 
likely as a result of increased drug clearance. Interestingly, 
lower benznidazole plasma concentrations were not associ-
ated with therapeutic failure (Altcheh et al., 2014).
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5a.  Bioavailability

Benznidazole has high oral bioavailability (> 90%) and is 
widely distributed throughout the body. Over 40% of the drug 
is bound to plasma proteins (Raaflaub and Ziegler, 1979).

5b.  Drug distribution

After oral administration of benznidazole to healthy volun-
teers, peak concentrations are seen after 3–4 hours. The 
mean peak plasma concentration after a 100-mg dose was 
2.54 μg/ml (Raaflaub and Ziegler, 1979). The half-life of 
benznidazole is approximately 12 hours in healthy adult 
volunteers (Raaflaub and Ziegler, 1979), however may be as 
long as 36 hours in T. cruzi–infected adults (Soy et al., 2015).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are no data yet available correlating the clinical efficacy 
of benznidazole with the drug’s pharmacokinetic/pharmaco-
dynamic parameters.

5d.  Excretion

Preclinical studies demonstrated that benznidazole is pri-
marily metabolized in the liver, with approximately 5% of 
the drug excreted unchanged in the urine (Workman et al., 
1984).

5e.  Drug interactions

Data from a rat model suggests that concurrent alcohol 
consumption with benznidazole may induce nitroreductive 
enzyme activity in liver microsomes, potentially enhancing 
the toxicity of benznidazole (de Mecca et al., 2013; Castro 
et al., 2006). There are few other data currently available 
regarding possible drug interactions with benznidazole.

6. ADVERSE REACTIONS AND TOXICITY

The likelihood of developing adverse drug reactions to benz-
nidazole appears to increase with age. Children treated with 
benznidazole (especially those under the age of 7) tolerate 
the drug well and any reactions that occur are generally mild 
and do not necessitate treatment interruption (Altcheh et al., 
2011).

In adults, dermatologic side effects are the most com-
monly reported adverse effects of benznidazole. Cutaneous 
reactions appear to be idiosyncratic rather than dose related 
and are thought to be mainly Th2-mediated delayed hyper-
sensitivity phenomena (Salvador et al., 2015). Approximately 
30% of patients develop a photosensitive rash, usually during 
the first 2 weeks of treatment. The rash is usually mild and 
generally does not require treatment interruption. Rarely, a 
hypersensitivity dermatitis can develop leading to exfoliative 
skin eruptions, generalized edema, fever, lymphadenopathy, 

myalgia, and arthralgia (Castro et al., 2006). In these instances, 
temporary cessation of treatment is recommended. The 
HLA-B*3505 allele may be associated with more severe skin 
toxicity (Salvador et al., 2015).

Gastrointestinal upset, most frequently nausea, can occur in 
the initial phase of treatment. These symptoms almost always 
resolve spontaneously without a need for dose reduction.

Arthralgia and inflammatory arthritis (often polyarticular) 
have been described, usually occurring 4–5 weeks after the ini-
tiation of therapy. The arthritis may be severe enough to result 
in treatment interruption or cessation (Aldasoro et al., 2015).

Benznidazole can cause bone marrow suppression, re- 
 sulting in agranulocytosis and thrombocytopenic purpura. 
These side effects increase in frequency with the cumulative 
dose administered (Prata, 2001). Cessation of treatment is 
recommended if these toxic effects occur.

Paresthesia and peripheral neuropathy have also been 
described with the use of benznidazole (Castro et al., 2006). 
Again, these adverse effects appear to be dose dependent and 
are usually reversible, but may take many months to resolve 
(Cançado, 2002; Bern et al., 2007).

6a.  Fertility and carcinogenesis

In animal models, the administration of high-dose benzni-
dazole (100 mg/kg per day) has been observed to cause 
gonadal toxicity. Inhibition of spermatogenesis and degener-
ative changes in the ovaries is thought to be due to covalent 
binding of reduced benznidazole metabolites to proteins and 
phospholipids within the gonads (Bernacchi et al., 1986; De 
Castro et al., 1989). Like nifurtimox (see Chapter 193, Nifur-
timox), benznidazole has been associated with carcinogenic 
effects in animals. However, benznidazole use has not been 
linked to an increased risk of malignancy in humans (Coura 
and de Castro, 2002).

6b.  Risks in pregnancy

When administered to pregnant rats, benznidazole rapidly 
crosses the placenta. Its reactive metabolites covalently bind 
not only to maternal but also to fetal proteins, raising concerns 
of possible teratogenicity. As a result, the use of benznidazole 
is not recommended during pregnancy (Castro et al., 2006). 

Benznidazole readily passes into the breast milk of lactat-
ing animals (Castro et al., 2006). An Argentinian study of 12 
lactating women with chronic Chagas disease treated with 
benznidazole 5–8 mg/kg/day (median 5.65 mg/kg/day) and 
their breastfed infants (all younger than 8 months), found a 
median benznidazole breastmilk:plasma ratio of 0.52. The 
breastfed infants were estimated to have received 0.65 mg/
kg/day of benznidazole (approximately 12% of the maternal 
dose). Despite a high incidence of maternal adverse drug 
reactions, none were observed in the breastfed infants. All 
infants were followed up for at least 6 months and were not 
found to have any change in their behavior, weight progress, 
or any other effects potentially attributable to benznidazole 
(Garcia-Bournissen et al., 2015). 
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7. CLINICAL USES OF THE DRUG

7a.  Acute-phase Chagas disease

There are no randomized controlled trials on the use of benz-
nidazole in acute-phase Chagas disease. A recent retrospective 
series described 11 cases of acute-phase Chagas disease in 
the Amazon region of Brazil, where patients were treated 
with 5–7 mg/kg benznidazole for 60–90 days. All direct 
parasitologic tests (quantitative buffy coat, hemoculture, 
and xenodiagnosis) became negative after 60 days in 10 of 
the 11 patients and remained negative throughout the 4-year 
follow-up period. However, all patients were persistently 
positive for T. cruzi–specific antibodies, albeit with falling 
titers. Despite persistent seropositivity, no significant cardiac 
sequelae (based on serial electrocardiograms and echocar-
diograms) were seen (Pinto et al., 2009). In contrast, another 
series of 21 cases of acute-phase Chagas disease treated with 
benznidazole 5–10 mg/kg per day for at least 32 days demon-
strated persistently negative seroconversions (i.e. a change 
from a positive to negative anti-T. cruzi antibody result) in 
76% of patients for up to 13 years after treatment; however, this 
study did not describe other markers of parasitological response 
(e.g. hemoculture or xenodiagnosis) (Cançado, 2002).

7b.  Indeterminate-phase and chronic 
symptomatic Chagas disease

Similar to nifurtimox (see Chapter 193, Nifurtimox), much 
debate exists regarding the use of trypanocidal therapy in 
indeterminate-phase and chronic Chagas disease. A ran-
domized double-blind clinical trial that compared benzni-
dazole (7.5 mg/kg/day for 60 days) with placebo in 129 
adolescents with indeterminate-phase Chagas disease found 
significantly higher negative seroconversion rates (using a  
T. cruzi ELISA test) after 3 years of follow-up in patients 
receiving benznidazole (58% vs. 5%) (Andrade et al., 1996)—
an effect which persisted in those patients who could be fol-
lowed for a further 3 years (de Andrade et al., 2004). However, 
xenodiagnosis and hemoculture were not performed at base-
line or during follow-up in this study. Another randomized 
controlled trial that compared benznidazole (5 mg/kg/day 
for 60 days) with placebo in 106 Argentinean schoolchildren 
with indeterminate-phase Chagas disease demonstrated 
similar negative seroconversion rates. In addition, xenodiag-
nosis undertaken 48 months after treatment was positive in 
only 4.7% of the benznidazole-treated children, compared 
with 51.2% among the children who received placebo (Sosa 
Estani et al., 1998). In a nonrandomized clinical trial that 
compared benznidazole (5 mg/kg/day for 30 days) with pla-
cebo in adults with indeterminate-phase Chagas disease, the 
investigators concluded that treatment with benznidazole 
prevented or slowed the progression of cardiomyopathy (Viotti 
et al., 2006).

A recent randomized controlled trial of 78 adult patients 
with chronic Chagas disease compared the antitrypanso-
somal activity of benznidazole at a dose of 150 mg bd with 

high (400 mg bd) and low-dose (100 mg bd) posaconazole. 
Patients in all three arms were treated for 60 days and were 
followed up for 40 weeks. All patients had reverse transcrip-
tion polymerase chain reaction (rt-PCR) assay for T. cruzi 
DNA performed regularly during both the treatment and 
follow-up period. Benznidazole proved to be superior to 
both high- and low-dose posaconazole, with a per-protocol 
analysis demonstrating a treatment failure rate of 5.9%, 80%, 
and 90%, respectively (Molina et al., 2014).

An eagerly anticipated multicenter randomized con-
trolled trial studying the utility of benznidazole in chronic 
Chagas cardiomyopathy has recently been published. 2854 
patients from a number of South American countries (Argen-
tina, Bolivia, Brazil, Colombia, and El Salvador) with Chagas 
cardiomyopathy were randomized to receive either benznida-
zole or placebo for a period of 40–80 days. Although initially 
dosed at 5 mg/kg/day, due to issues with drug production 
and availability, benznidazole dosing was modified in 2009 
to a fixed dose of 300 mg per day. Of the 1896 patients tested 
at baseline, 60.5% had T. cruzi kinetoplast DNA detected 
in their blood via PCR. Patients treated with benznidazole 
demonstrated significantly increased rates of conversion 
from positive to negative T. cruzi PCR but unfortunately this 
did not significantly reduce cardiac sequelae during the min-
imum 5-year follow-up period (Morillo et al., 2015). 

7c.  Congenital Trypanosoma cruzi infection

Although congenital infection with T. cruzi has been suc-
cessfully treated with benznidazole, the use of this drug for 
this indication has not been prospectively studied. Case 
series data from Argentina, Brazil, and Bolivia have demon-
strated excellent long-term parasitologic and serologic cure 
rates after treatment of T. cruzi–infected neonates with 
benznidazole (up to 10 mg/kg/day) for 60 days (Luquetti et 
al., 2005; Moya et al., 2005; Suárez et al., 2005).

7d.  Treatment of Trypanosoma cruzi 
reactivation in immunosuppressed 
individuals

Reactivation of chronic infection with T. cruzi can occur 
during immunosuppression and in those co-infected with 
HIV (see Chapter 193, Nifurtimox). In the setting of reac-
tivated Chagas disease in HIV coinfection, the Centers for 
Disease Control and Prevention (CDC) currently recom-
mends treatment with benznidazole (5–8 mg/kg per day) for 
30–60 days (CDC, 2009). This may result in regression of 
meningoencephalitic lesions, which are a feature of HIV-
associated Chagas disease reactivation and attenuate myo-
carditis (Prata, 2001).

In a retrospective cohort study of 64 heart transplant 
recipients with chronic Chagas disease, an association 
between the degree of immunosuppression (especially the 
use of mycophenolate mofetil) and risk of Chagas disease 
reactivation was observed. Reactivation episodes were 
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treated with benznidazole (5–10 mg/kg/day) for 60 days. Of 
the 17 patients who were found to have reactivated Chagas 
disease, eight died—although only one of these deaths was 
attributed to Chagas disease itself (Campos et al., 2008). 
Similarly, in a prospective study in Argentina, 6/22 patients 
with chronic Chagas disease who underwent bone mar- 
row transplantation developed acute Chagas disease, likely 
secondary to reactivation. Reactivation was more common 
in allogeneic bone marrow transplantation, presumably 
due to the more pronounced immunosuppression required. 
Reactivated Chagas disease was treated with benznidazole 
(5 mg/kg/day) for 30–60 days, with cure of infection in all 
patients (Altclas et al., 2005).

The role of secondary prophylaxis with benznidazole in 
the setting of immunosuppression is not clear given the 
ill-defined duration and likely toxicity concerns with long-
term use. An expert committee of the Pan American Health 
Organization in 2000 recommended the use of benznidazole 
(5 mg/kg three times per week) as secondary prophylaxis 
(Ferreira, 2002). However, the most recent CDC guidelines 
state: “whether secondary prophylaxis or chronic mainte-
nance therapy should be used in HIV-infected patients with 
latent Chagas disease is unclear” (CDC, 2009).

7e.  Prophylaxis and/or treatment of 
Trypanosoma cruzi infection following 
blood transfusion, solid organ 
transplantation, or accidental 
laboratory inoculation

Significant percutaneous or mucosal exposure to blood or 
bodily fluids from a patient infected with T. cruzi, or to tissue 
cultures containing T. cruzi, warrants postexposure prophy-
laxis. Based on a Brazilian consensus meeting in 1996, the 
recommended postexposure prophylaxis is benznidazole 
(7–10 mg/kg/day) for 10 days (Filho et al., 1997).

Optimal management of T. cruzi seropositive transplant 
donors or recipients has not been examined in randomized 
controlled trials. In a prospective follow-up study of small 
numbers of recipients of bone marrow from T. cruzi– 
seropositive donors who were treated with benznidazole for 
30 days prior to bone marrow harvesting, none of the bone 
marrow recipients developed Chagas disease within the ini-
tial 3-month follow-up period (Altclas et al., 2005). In other 
studies, prophylactic benznidazole treatment of solid organ 
transplant recipients who received organs from T. cruzi– 
seropositive donors minimized the incidence of Chagas 
disease in the recipient (Sousa et al., 2004; D’Albuquerque 
et al., 2007). An Argentinian study of nine liver transplant 
recipients from T. cruzi–infected donors found that without 
prophylactic treatment, two of the nine recipients developed 
asymptomatic T. cruzi parasitemia within the first 4 months 
of transplantation. Both of these patients were successfully 
treated with a 60-day course of benznidazole (McCormack 
et al., 2012). Regardless of whether prophylactic therapy is 
given, it is generally accepted that these patients must be 

followed up closely to detect T. cruzi infection, to ensure that 
treatment is commenced at an early stage.
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1. DESCRIPTION

Nifurtimox is a nitrofuran derivative that was developed 
specifically for the treatment of American trypanosomiasis 
(Chagas disease) (Packachanian, 1957). It was shown to be 
the most active and least toxic of this group of agents in pre-
clinical studies, and was evaluated in clinical trials in the 
1960s and subsequently marketed for use in Chagas disease 
in Latin America in the late 1960s and early 1970s. Although 
the use of nifurtimox for Chagas disease has decreased with 
the availability of benznidazole, a potentially more active and 
less toxic agent (see Chapter 192, Benznidazole), there has 
been a resurgence of interest in and use of nifurtimox for the 
treatment of second-stage human African trypanosomiasis 
(HAT) caused by Trypanosoma brucei gambiense. In addi-
tion, the drug is being evaluated as an investigational anti-
neoplastic agent.

Although the manufacture of nifurtimox was halted in 
1997, production was recommenced in 2000, primarily to 
fulfil commitments to provide it for compassionate use and 
clinical trials in T. b. gambiense infection. In 2007, 2.5 million 
nifurtimox tablets (an estimated 30,000 treatment courses) 
were donated to the World Health Organization (WHO) by 
the manufacturer for the treatment of Chagas disease (WHO, 
2007) and in 2009, the manufacturer committed to donat-
ing 400,000 tablets of nifurtimox per year through 2014 as  
a component of combination therapy for second-stage  
T. b. gam biense infection (Yun et al., 2010) (see below under 
7, Clinical uses of the drug).

Nifurtimox is manufactured by Bayer and marketed 
under the trade name Lampit. Its IUPAC name is N-(3-
methyl-1,1-dioxo-1,4-thiazinan-4-yl)-1-(5-nitrofuran-2-yl) 
methanimine. Its molecular formula is C10H13N3O5S, and its 
molecular weight is 287.3 g/mol. The chemical structure is 
shown in Figure 193.1. Reduction of the nitro group of nifur-
timox occurs within the trypanosome and is essential for its 
activity (see below under 3, Mechanism of drug action). 
Related compounds that contain the nitro moiety (e.g. nitro-
furazone) also exhibit in vitro activity against T. cruzi (Cere-
cetto and Gonzalez, 2002).

2. ANTIMICROBIAL ACTIVITY

Nifurtimox demonstrates in vitro and in vivo activity against 
a number of kinetoplastidaes, including the epimastigote, 
trypomastigote, and amastigote stages of T. cruzi and the try-
pomastigote stage of T. b. gambiense (Haberkorn and Gön-
nert, 1972; Haberkorn, 1979).

2a.  Routine susceptibility

TRYPANOSOMA CRUZI

American trypanosomiasis (Chagas disease) is caused by 
infection with the flagellated protozoan Trypanosoma cruzi. 
Chagas disease is endemic in many Latin American coun-
tries, and it was estimated that 5.7 million individuals world-
wide were infected with T. cruzi in 2010, representing a 
significant decline in prevalence commensurate with the 
rollout of effective vector control and treatment programs 
(Rassi et al., 2010; Bern 2015). Transmission is predomi-
nantly via the arthropod vector (triatomid bugs), which 
inoculate feces containing the infective metacyclic trypo-
mastigote form of T. cruzi when taking a blood meal from 
a mammal. Infection can also occur congenitally, via blood 
or blood product transfusion or organ transplantation, via 
ingestion of food contaminated with triatomid feces, and 
rarely via percutaneous exposure to T. cruzi cultures in the 
laboratory. Reactivation of clinically inapparent infection can 
occur in immunosuppressed patients (e.g. patients receiving 
corticosteroid therapy, those with hematologic malignancy or 
HIV/AIDS, or following organ transplantation).

Figure 193.1. Chemical structure of nifurtimox.
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Although acute infection with T. cruzi is often asymptom-
atic, a nonspecific febrile illness may occasionally be recog-
nized, often accompanied by an inflammatory lesion at the 
site of the inoculation (chagoma), or, if the inoculation 
occurs on the face, focal facial swelling with regional lymph-
adenitis (Romana sign). Spontaneous clinical improvement 
occurs in 95–99% of patients without treatment. However, 
most untreated patients remain chronically infected and 
intermittently parasitemic (indeterminate phase), and be- 
tween 10% and 40% of these patients progress to the irrevers-
ible chronic symptomatic phase of the infection, which 
manifests as chronic Chagasic cardiomyopathy (CCC) or 
gastrointestinal disease resulting from damage to the auto-
nomic nervous system, with manifestations ranging from 
achalasia to megaesophagus or megacolon. Reactivation of  
T. cruzi infection occurs in approximately 25% of patients 
who undergo heart transplantation for CCC (Campos et al., 
2008); however, survival in such patients does not appear to 
be affected (Bocchi and Fiorelli, 2001; Kransdorf et al., 2013).

An experimental model for the study of potential mecha-
nisms of drug resistance in acute T. cruzi infection is avail-
able (Murta et al., 1998). However, this test is slow and labor 
intensive, and is available only in specialized research labora-
tories. Moreover, because there is a paucity of pharmaco-
kinetic and pharmacodynamic data on nifurtimox, clinical 
outcomes of drug therapy are difficult to assess. Therefore 
routine susceptibility testing for nifurtimox in T. cruzi infec-
tion would likely be of limited clinical applicability.

TRYPANOSOMA BRUCEI

Human African trypanosomiasis (HAT; sleeping sickness) is 
caused by infection with T. brucei, a hematogenous flagel-
lated protozoan found only in Africa and transmitted by the 
bite of tsetse flies (Glossina spp.). It is estimated that there are 
10,000 new cases of HAT per year. There has been a signifi-
cant decline in disease burden following the enhancement 
of vector control and treatment programs in many affected 
countries (WHO, 2006; Simarro et al., 2011). Two subspecies 
of T. brucei cause infection in humans: T. b. gambiense, an 
exclusively human pathogen found in western and central 
Africa that generally causes a subacute infection, and T. b. 
rhodesiense, primarily an animal pathogen found in eastern 
and southern Africa that causes more acute and rapidly pro-
gressive disease. Acute (first-stage) infection involves the 
bloodstream and lymphatic system, and often goes unrecog-
nized. However, some patients develop a noticeable lesion 
at the site of the bite (trypanosomal chancre). Second-stage 
infection is characterized by development of progressive 
neurologic dysfunction caused by central nervous system 
invasion by the parasite, and is uniformly fatal without 
treatment.

In vitro susceptibility testing of T. b. gambiense and T. b. 
rhodesiense to nifurtimox and other antitrypanosomal com-
pounds can be performed using [3H] hypoxanthine incor-
poration assays and long-term viability assays in reference 
laboratories (Iten et al., 1995; Wilkinson et al., 2008). How- 
ever, the authors are unaware of a method for performing 

susceptibility testing of T. b. gambiense in the routine clinical 
microbiology laboratory.

2b.  Emerging resistance and 
cross-resistance

Strains of T. cruzi demonstrate variable responses to nifurti-
mox in vitro. This variability occurs in isolates from sylvatic 
reservoirs and vectors as well as in isolates from populated 
regions where nifurtimox is used in the treatment of Chagas 
disease. Thus drug response appears to be associated with the 
T. cruzi strain and the geographic location from where the 
isolate is obtained (Andrade et al., 1985; Filardi and Brener, 
1987; Nozaki et al., 1996; Murta et al., 1998; Camandaroba 
et al., 2003). Clinical reports of cases of acute and chronic  
T. cruzi infection refractory to nifurtimox are well described. 
Furthermore, there is evidence suggesting that rates of para-
sitologic clearance following nifurtimox and benznidazole 
therapy is higher in regions where T. cruzi appears more sus-
ceptible to these agents in vitro compared to regions where  
in vitro response rates are lower (Cerisola et al., 1970; Murta 
et al., 1998; Camandaroba et al., 2003). However, because  
clinical details are scant in these reports, it is difficult to 
determine whether failure of nifurtimox therapy is due to anti- 
microbial resistance or is the result of other factors, such as 
suboptimal adherence to therapy or patient-to-patient vari-
ability in pharmacokinetic and pharmacodynamic parameters.

Similarly, although cases of T. b. gambiense infection that do 
not respond to or relapse following nifurtimox therapy (alone 
or in combination with other agents) are also well described, 
the reasons for treatment failure are currently unknown.

Consistent with current understanding of the mecha-
nism of action of nifurtimox and other nitro-containing 
compounds, loss of the gene encoding a mitochondrially 
localized NADH-dependent type I nitroreductase (NTR) in 
T. cruzi either by drug selection or by gene deletion is suffi-
cient to cause in vitro resistance to the trypanocidal effects of 
both nifurtimox and benznidazole. The loss of a single NTR 
allele in T. brucei confers similar cross-resistance without 
affecting the organisms’ growth rate or ability to infect cell 
lines (Wilkinson et al., 2008). Furthermore, levels of intra-
cellular free thiols negatively correlate with susceptibility of 
several T. cruzi forms and strains to nifurtimox and benzni-
dazole (Maya et al., 1997).

2c.  In vitro synergy and antagonism

Although nifurtimox is currently used in combination with 
other antitrypanosomal agents for treatment of T. b. gam
biense infection, there are no published data on in vitro syn-
ergy or antagonism between nifurtimox and other agents.

Buthionine sulfoxamin (BSO), an amino acid analog that 
inhibits the synthesis of glutathione and trypanothione, has 
been shown to enhance in vitro susceptibility of all forms 
of  T. cruzi to both nifurtimox and benznidazole (Maya et 
al., 2004; Faundez et al., 2005). In addition, administration of 
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BSO has cured T. b. brucei infection in the mouse model (Arrick 
et al., 1981). The use of BSO in combination with currently 
available antitrypanosomal drugs, such as nifurtimox, as a syn-
ergistic or “drug-sparing” agent, has been proposed. However, 
to date there have been no published studies that have evaluated 
this treatment approach in either Chagas disease or HAT.

3. MECHANISM OF DRUG ACTION

The precise mechanism whereby nifurtimox and other 
nitro-containing compounds exert their trypanocidal activity 
is incompletely understood. As with other nitro- containing 
drugs, the metabolic reduction of the nitro group is consid-
ered to be critical for the activity of nifurtimox, as well as 
being responsible for many of its adverse effects. Nifurtimox 
enters the trypanosome by an unknown mechanism, where 
it is reduced under aerobic conditions in the cytoplasm by a 
type II nitroreductase (single electron reduction), and also 
within the mitochondria by a NADH-dependent type II 
nitro reductase and, under anaerobic conditions, prostaglan-
din F2α synthetase (a two-electron reduction). These reac-
tions result in the generation of reactive oxygen species 
and active amino groups that can damage DNA and other 
cellular macro molecules (McCalla et al., 1971; Streeter and 
Hoener, 1988; Kubata et al., 2002). Until recently, it was 
believed that trypanosomes are relatively deficient in 
enzymes to protect themselves against “oxidative stress” gen-
erated by reactive oxygen species (e.g. catalase, glutathione 
peroxidase, and xanthine oxidase) (Do Campo and Stoppani, 
1979; Do Campo, 1990; Maya et al., 1997). However, it has 
now been demonstrated that T. cruzi and T. brucei contain 
cytosolic and mitochondrial peroxiredoxins, hemoperoxidases, 

and superoxide dismutases that can detoxify reactive oxy-
gen species (Wilkinson et al., 2000; Wilkinson et al., 2002a; 
Wilkinson et al., 2002b; Prathalingham et al., 2007; Wilkinson 
et al., 2008). This work has indicated that alkylation of cellu-
lar macromolecules by metabolites of nifurtimox and deple-
tion of intracellular levels of thiol “scavenger molecules” (e.g. 
glutathione, trypanothione, and metallothionein) are likely 
to be the predominant mechanisms of antitrypanosomal 
activity. Marked morphologic changes and reduced num-
bers of bloodstream trypomastigotes can be demonstrated 
shortly after the administration of nifurtimox (Haber korn 
and Gömnnert, 1972).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Nifurtimox is supplied as 30-mg and 120-mg tablets. There is 
no parenteral formulation available. While the manufacturer 
recommends a three times a day dosing regimen, both twice-
daily or four times a day regimes are recommended by some 
authorities.

Table 193.1 summarizes current published recommenda-
tions regarding the dose and duration of nifurtimox therapy 
in Chagas disease as well as prophylaxis against Chagas dis-
ease following exposure. For adults (and children ≥ 17 years 
of age) the dose recommended by the manufacturer is 8–10 
mg/kg/day in three divided doses.

At present, nifurtimox is not licensed for use in T. b. gam
biense infection. However, the 17th Expert Committee on 
the Selection and Use of Essential Medicines of the WHO 

Table 193.1. Commonly used dosing schedules for nifurtimox in Chagas disease.*

Indication Commonly recommended doses Suggested duration

Acute-phase Chagas disease Neonates–10 years old: 15–20 mg/kg/day 60–90 days

11–16 years old: 12.5–15 mg/kg/day 

Adults: 8–10 mg/kg/day

Intermediate-phase Chagas disease As per acute-phase Chagas disease 60–120 days

Chronic-phase Chagas disease As per acute-phase Chagas disease 60–120 days

Congenital Chagas disease 15–20 mg/kg/d 60–90 days

Trypanosoma cruzi infection following blood 
transfusion

As per acute-phase Chagas disease Uncertain: nifurtimox has been given 
for up to 120 days

Trypanosoma cruzi infection following organ 
transplantation

As per acute-phase Chagas disease Uncertain: nifurtimox has been given 
for up to 4 months

Trypanosoma cruzi exposure following laboratory 
accident

As per acute-phase Chagas disease 10–15 days

Reactivation of Trypanosoma cruzi infection 
following immunosuppression

As per acute-phase Chagas Disease Uncertain

Organ transplantation from a donor with known 
Chagas disease

As per acute-phase Chagas Disease Donor: 14 days prior to donation

Recipient: 14 days following 
transplantation

*The manufacturer recommends dosing three times daily following meals (Lampit Production Information).
Source: Adapted from a variety of sources, including WHO, Pan American Health Organization, and Centers for Disease Control recommendations (WHO 

Technical Report Series, 2002; Organizacion Panamericana de la Salud/Organizacion Mundial de la Salud, 2009; Centers For Disease Control and Prevention, 
2011) and a multinational consensus guideline (Bern et al., 2007).
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has recently recommend the inclusion of nifurtimox in the 
Essential List of Medicines at a dose of 5 mg/kg three times 
daily for 10 days in combination with eflornithine (i.e. as per 
the nifurtimox–eflornithine combination therapy [NECT] 
protocol) for the treatment of second-stage T. b. gambiense 
infection (WHO Technical Report Series, 2009).

4b.  Newborn infants and children

For neonates and children less than 11 years of age, the dose 
of nifurtimox recommended for Chagas Disease by the man-
ufacturer and WHO is 15–20 mg/kg/day in three divided 
doses. In children aged 11–16 years, the recommended dose 
is 12.5–15 mg/kg/day in three divided doses (Carlier et al., 
2011). The manufacturer recommends that the dose be 
administered to breastfeeding infants and small children by 
pulverizing the tablets and mixing the powder with a small 
amount of food, which is then given before the meal (Lampit 
Product Information).

No specific information is available on the use of nifurti-
mox in premature neonates.

4c.  Pregnant and lactating mothers

The manufacturer’s product information states that nifurti-
mox should not be given during pregnancy (Lampit Product 
Information). Although there is no evidence in animal mod-
els that nifurtimox is teratogenic, mutagenic and carcinogenic 
effects have been demonstrated, and chromosomal changes 
have been described in children who have received nifurti-
mox (see below under 6, Adverse reactions and toxicity).

Nifurtimox appears in breast milk following the adminis-
tration of the drug to lactating animals (Castro et al., 2006). 
While there is no information regarding use of nifurtimox in 
lactating women, the drug is frequently administered to neo-
nates with congenital infection and to young children with 
acute and indeterminate-phase Chagas disease (see below 
under 7, Clinical uses of the drug).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

In a study of the pharmacokinetics of nifurtimox adminis-
tered as a single oral dose of 15 mg/kg in seven patients with 
chronic renal failure (CRF) undergoing hemodialysis with a 
creatinine clearance of < 10 ml/min, Cmax and AUC were sig-
nificantly greater, and clearance of the drug was significantly 
delayed compared with data from a historical cohort of 
healthy volunteers. However, the mean serum half-life of the 
drug was not significantly prolonged (3.53 vs. 2.95 hours) 
(Gonzalez-Martin et al., 1992). It is unknown whether de- 
layed clearance of nifurtimox in these patients was due to 
reduced hepatic metabolism or impaired renal excretion of 
the drug. The manufacturer recommends that nifurtimox 
“not be given to patients with renal failure due to the lack of 
data in this patient group” (Lampit Product Information).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

No specific information is available on the use of nifurtimox 
in individuals with impaired hepatic function.

ELDERLY PATIENTS

No specific information is available on the use of nifurtimox 
in the elderly.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Pharmacokinetic studies of radiolabeled nifurtimox in rats 
and dogs suggest that the drug is well absorbed from the 
gastrointestinal tract following oral administration (Duhm 
et al., 1972). Although the manufacturer recommends dos-
ing after meals, there are no published data on the effects of 
food on the pharmacokinetic profile of nifurtimox in humans 
(Lampit Product Information).

Following the administration of a single 15-mg/kg oral 
dose of nifurtimox to healthy human volunteers, the Cmax was 
0.75–3 µg/ml and occurred 1–3 hours following administra-
tion (Medenwald et al., 1972; Paulos et al., 1989). In one 
study, the mean plasma half-life of nifurtimox was measured 
at 2.95 ± 1.19 hours (Paulos et al., 1989). When administered 
at a dose of 5 mg/kg three times daily, serum levels of nifur-
timox 3 hours following ingestion of the dose were between 
0.7–1.0 µg/ml (Medenwald et al., 1972).

5b.  Drug distribution

Relatively low concentrations of nifurtimox appear in the 
plasma of rats and dogs and the serum of humans following 
oral administration, presumably as a result of extensive first-
pass hepatic metabolism (Duhm et al., 1972; Medenwald et 
al., 1972; Paulos et al., 1989). The concentration of nifurti-
mox in various tissues following oral administration in these 
studies was also relatively low (Duhm et al., 1972; Medenwald 
et al., 1972). It is presumed that nifurtimox crosses the 
blood–brain barrier in humans, as it is detectable in the brain 
of animals after oral dosing, central nervous system adverse 
effects are not uncommon (see below under 6, Adverse reac-
tions and toxicity), and the drug is active in second-stage 
(CNS) T. b. gambiense infection. However, there are no data 
on drug or drug metabolite concentration in human cerebro-
spinal fluid or brain.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are no published data regarding the pharmacodynamic 
effect of nifurtimox in humans. In vitro studies have demon-
strated that intracellular growth of T. cruzi is inhibited at 
concentrations of 10 µM, trypomastigote penetration into 
cells is inhibited by nifurtimox at higher concentrations 
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(10–100 µM), and host cell toxicity is seen at concentrations 
above 100 µM (Bock et al., 1969). Although these data sug-
gest that nifurtimox demonstrates concentration-dependent 
activity in vivo, no clinical studies have been performed to 
confirm this.

5d.  Excretion

Less than 1% of an orally administered dose of nifurtimox 
appears unchanged in urine, suggesting extensive hepatic 
metabolism prior to excretion (Medenwald et al., 1972). 
Animal studies of radiolabeled nifurtimox suggest that meta-
bolites of nifurtimox are excreted in the urine (Duhm et al., 
1972). It is unknown whether significant amounts of the 
drug are excreted in feces.

5e.  Drug interactions

No information is available regarding the interaction of 
nifurtimox with other drugs or foods. However, intolerance 
to alcohol has been described in patients taking nifurtimox, 
and the product information states that “it is recommended 
to absolutely avoid the ingestion of alcoholic beverages in 
order to prevent possible side-effects” (Lampit Product 
Information).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Preclinical toxicity studies

This subject has been previously summarized in some detail 
(Castro et al., 2006). Mutagenicity of nifurtimox was 
described in bacterial test systems (Nagel, 1987). In animal 
models, toxicity appears to affect tissues that are considered 
most susceptible to the effects of reactive oxygen species, 
such as the brain and testes. For example, central nervous 
system symptoms (which were generally reversible) were 
common in rats and dogs given high doses of nifurtimox 
(100 mg/kg) over a long period of time, and were associated 
with spongiosis, glial cell proliferation, and decreased neu-
ron counts. Similar doses also resulted in testicular atrophy 
and complete inhibition of spermatogenesis in rats (Hoffman, 
1972). It has been shown that nifurtimox is metabolized 
within the rat heart, resulting in biochemical and cellular 
changes that may potentially contribute to impaired cardiac 
infection in chronic Chagas disease (Bartel et al., 2007). 
Nifurtimox has also been associated with increased tumor-
igenesis and carcinogenesis in rats and rabbits (Steinhoff 
and Grundmann, 1972; Teixeira et al., 1990; Teixeira et al., 
1994).

6b. Clinical toxicity

The paucity of well-designed prospective placebo-controlled 
randomized clinical trials of the use of nifurtimox, and the 
suboptimal documentation of adverse effects in clinical stud-
ies when nifurtimox has been compared with placebo, make 

it difficult to determine whether adverse effects reported with 
the use of the drug are caused by the drug or by the infection 
itself. However, given what is known about the mechanism of 
action of nifurtimox (i.e. formation of reactive oxygen spe-
cies and binding of metabolites to cellular components) and 
the requirement for prolonged administration of the drug to 
ensure efficacy, it is unsurprising that a number of adverse 
effects have been commonly reported.

In early evaluations of nifurtimox in acute and chronic 
Chagas disease, adverse effects were documented in up to 
two-thirds of children and adolescents and in up to 85% of 
adults (Wegner and Rohwedder, 1972a; Wegner and Roh-
wed der, 1972b; Castro, 2000). The most common adverse 
effects described in these studies were gastrointestinal, and 
included anorexia, nausea, vomiting, abdominal pain, and 
weight loss. In addition, central nervous system symptoms, 
including “nervous excitation,” psychosis, vertigo, seizures, 
insomnia, and paresthesia, were also relatively common. 
Peripheral neuropathy is also common, and appears to be 
related to the cumulative dose of the drug (Brener, 1979). 
Rash, myalgia, and anaphylaxis have also been described in 
these studies. Permanent discontinuation of drug adminis-
tration owing to adverse effects was required in a significant 
proportion of these patients, including one-quarter of adults 
(Wegner and Rohwedder, 1972a; Wegner and Rohwedder, 
1972b; Castro, 2000; Castro et al., 2006). Similar adverse 
effects have been described in clinical trials of nifurtimox, 
either as monotherapy or as a component of combination 
therapy for treatment of HAT (Pepin et al., 1989; Pepin et al., 
1992); these were more prominent when higher doses of the 
drug were administered. It is not known if any intervention 
can reduce the probability or severity of adverse effects. In 
general, most adverse effects appear less common and less 
severe in children, who are generally able to tolerate higher 
doses of the drug per kilogram of body weight, at least in the 
asymptomatic phase of infection (Bianchi et al., 2015). In 
a  retrospective uncontrolled study where the efficacy and 
adverse effect profile of nifurtimox and benznidazole were 
compared in Brazilian adults with chronic Chagas disease, 
severe adverse effects requiring discontinuation of the drug 
were documented in 6/8 (75%) patients who received nifur-
timox compared with 17/41 (42%) of patients receiving 
benznidazole, suggesting that nifurtimox is less well toler-
ated than benznidazole, at least in this patient group (Levi et 
al., 1996). Significant adverse effects (including weight loss 
and neurological, constitutional, musculoskeletal, or derma-
tological effects) were also reported with the use of nifur-
timox in a cohort of adult Latin American migrants being 
treated in Switzerland, resulting in a treatment cessation rate 
of 43.8% (Jackson et al., 2010).

Although little is known about the effects of long-term 
nifurtimox therapy on hepatic, renal, and hematopoietic 
function, elevation in liver enzymes or bilirubin and suppres-
sion of bone marrow function were documented in earlier 
clinical trials in Chagas disease, and have been occasionally 
reported subsequently (Wegner and Rohwedder, 1972a; Weg - 
ner and Rohwedder, 1972b; Jackson et al., 2010). Hemolytic 
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anemia, in association with glucose-6-phosphate dehydroge-
nase deficiency, has been described (Van Voorhis, 1990).

Although the manufacturer’s product information states 
that patients taking nifurtimox should “absolutely avoid the 
ingestion of alcoholic beverages in order to prevent possible 
side-effects” (Lampit Product Information), the nature of 
any interaction between alcohol and nifurtimox is unclear.

An increased rate of nonrandom chromosomal abnor-
malities has been described in children receiving nifurtimox 
for the treatment of Chagas disease (Gorla et al., 1989). 
However, it is unknown whether children or adults who are 
treated with nifurtimox are more likely prone to develop 
malignancy.

Although the potential use of drug delivery nanoparticles 
to increase the efficacy and potentially reduce the toxicity 
of nifurtimox has been investigated (Gonzalez-Martin et al., 
1998), no such product is currently available.

7. CLINICAL USES OF THE DRUG

7a.  Treatment of Chagas disease

Nifurtimox is currently licensed for use in several Latin 
American countries for the treatment of Chagas disease. In 
the United States, nifurtimox is classified by the FDA as an 
“investigational drug” and is available from the Centers for 
Disease Control and Prevention (CDC, 2011). Nifurtimox is 
considered second-line therapy to benznidazole (see Chapter 
192, Benznidazole) in the treatment of Chagas disease in 
many countries, mainly because of its adverse effect profile.

Several reviews of the use of antitrypanosomal drug ther-
apy in Chagas disease have been published over the past 30 
years (Brener, 1979; Marr and Docampo, 1986; Coura, 1996; 
Cerecetto and Gonzalez, 2002; Bern et al., 2007; Bern, 2015). 
In general, the sooner T. cruzi infection is treated following 
infection, the more likely the patient will clear the parasite. It 
is generally recommended that all patients with acute-phase 
Chagas disease, children and young adults with indeterminate- 
phase Chagas disease, and those with congenital T. cruzi 
infection or reactivation of T. cruzi infection associated with 
immunosuppression should receive antitrypanosomal ther-
apy. Those exposed to T. cruzi via blood or blood product 
transfusion, organ transplantation, or following a laboratory 
accident should also receive treatment.

In contrast, it remains unclear whether antitrypanosomal 
therapy with either nifurtimox or benznidazole is of value in 
adult patients with indeterminate or chronic-phase Chagas 
disease, particularly in the latter group with advanced car-
diac or gastrointestinal disease. In 1998, a panel of experts 
convened by WHO recommended that with the exception of 
specific groups of patients, including those with severe CCC 
or gastrointestinal disease, pregnant women, and those with 
hepatic or renal impairment, all individuals with T. cruzi 
infection should be treated with either nifurtimox or benzni-
dazole, irrespective of their clinical stage of disease or the 
interval since acquiring the infection (OPS/OMS, 1998). 
Subsequently, another WHO expert committee recommended 

that treatment of chronic-phase Chagas disease “should be 
given only in areas where vectorial transmission has been 
interrupted and where it is feasible to complete the 60-day 
treatment under medical supervision” (WHO Technical 
Report Series, 2002). More recently, the authors of a system-
atic review of treatment in Chagas disease have recom-
mended that adults aged 19–50 years with chronic-stage 
Chagas disease, but without advanced CCC or severe gastro-
intestinal disease, should be offered antitrypanosomal ther-
apy, largely based on evidence from a study that suggested 
that treatment with benznidazole may prevent the develop-
ment or retard the progression of CCC. For patients aged 
over 50 years, the authors suggest that treatment should be 
considered optional (Bern et al., 2007; Bern, 2015).

Table 193.1 summarizes current recommendations regard-
ing the dose and duration of nifurtimox therapy in Chagas 
disease.

EVALUATION OF RESPONSE TO THERAPY

A variety of laboratory methods have been used to evaluate 
parasitologic response to nifurtimox therapy in the treat-
ment of Chagas disease, including serology, blood film 
examination, xenodiagnosis, hemoculture, and detection of 
T. cruzi DNA by polymerase chain reaction (PCR) (Junqueira 
et al., 1996; Britto et al., 2001). All of these methods have 
limitations and none is sufficiently sensitive or specific to be 
used alone for this purpose. At present, there is no consensus 
regarding which method or combination of parasite detec-
tion methods should be used to monitor response to therapy, 
nor how testing should be performed following apparently 
successful therapy. However, a “negative seroconversion” (i.e. 
transition from seropositivity to seronegativity) in acute 
Chagas disease is generally considered to be predictive of 
long-term parasitologic response. There is also no consensus 
as to how to monitor the long-term clinical impact of treat-
ment (e.g. serial ECG, echocardiography, or gastrointestinal 
imaging). In addition, when nucleic acid amplification has 
been used to identify T. cruzi DNA in blood, it has been 
demonstrated that xenodiagnosis may considerably underes-
timate the proportion of patients with chronic-phase Chagas 
disease who remain parasitemic following treatment, and 
that PCR-based methods may be more accurate in determin-
ing response to therapy (Britto et al., 2001; Viotti et al., 2014).

ACUTE-PHASE CHAGAS DISEASE

There are no published large, well-designed randomized 
controlled trials on the use of nifurtimox in the treatment of 
acute-phase Chagas disease. A number of prospective and 
retrospective trials were performed in the 1960s and 1970s to 
evaluate the use of nifurtimox for this indication. However, 
the variable size and quality of these studies, as well as incon-
sistent case definitions, the nonstandard and often insensi-
tive methods used for parasitologic and clinical evaluations 
of response to therapy, and variations in the duration and 
nature of post-therapy surveillance (including significant 
numbers of patients lost to follow-up) make interpretation  
of these studies difficult. Nonetheless, most studies have 



7. Clinical uses of the drug 3217

demonstrated a significantly greater rate of parasitologic 
response in nifurtimox-treated patients than in those receiv-
ing placebo. For example, in an Argentinian study, 550 chil-
dren and adults with acute Chagas disease were treated with 
nifurtimox for 120 days (15 mg/kg/day in children, 7–10 mg/
kg/day in adults) and outcomes compared with 55 patients 
who received placebo. Eighty-one percent of patients treated 
with nifurtimox tested seronegative for T. cruzi antibodies 
2 years after completion of therapy, compared with 0% in the 
placebo group. All 55 patients with negative T. cruzi serology 
following therapy had a negative xenodiagnostic test, com-
pared with five of nine who remained seropositive following 
therapy (Cerisola et al., 1970). Similarly, a multicenter study 
of nifurtimox (≤ 10 years, 15–20 mg/kg/day for 90 days; 
11–16 years, 12.5–15 mg/kg/day for 90 days; ≥ 17 years, 8–10 
mg/kg/day for 120 days) in acute Chagas disease demon-
strated that the mean duration of parasitemia (defined as 
disappearance of parasitemia as determined by microscopic 
examination of blood films, but not xenodiagnosis) was sig-
nificantly shorter in patients receiving nifurtimox (41 vs. 80 
days); 81% of nifurtimox-treated patients either did not develop 
antiT. cruzi antibodies or became seronegative following in - 
stitution of therapy, whereas 100% of placebo-treated patients 
remained seropositive (Wegner and Rohwedder, 1972a). In 
addition, in a later study, the time to resolution of clinical 
manifestations of acute Chagas disease (e.g. fever, tachycar-
dia, oculoganglionic syndrome, chagoma, and localized 
edema) was shorter in nifurtimox-treated patients (Wegner 
and Rohwedder, 1972a). However, in a study of 13 patients 
with acute Chagas disease that used the same treatment reg-
imen as the Argentinian study, less than 50% of subjects 
became xenodiagnosis-negative after treatment (Rassi and 
Ferreira, 1971). This is in keeping with the findings of in vitro 
studies that suggest that response to nifurtimox may be vari-
able depending on the geographical location and/or the strain 
of T. cruzi (see above under 2b, Emerging resistance and 
cross-resistance).

INDETERMINATE-PHASE AND CHRONIC 
SYMPTOMATIC CHAGAS DISEASE

Interpretation of published studies of the use of nifurtimox 
in the indeterminate and chronic phases of Chagas disease is 
challenging for the same reasons outlined above. In a recent 
systematic review of published clinical trials of drug therapy 
in chronic asymptomatic (i.e. indeterminate-phase) Chagas 
disease, a single small randomized double-blind placebo- 
controlled trial was identified that compared nifurtimox 5 
mg/kg twice daily for 30 days, benznidazole 5 mg/kg twice 
daily for 30 days, and placebo for the treatment of indetermi-
nate-stage Chagas disease in 77 Brazilian adults (Villar et al., 
2002). Although interpretation of this study is significantly 
limited by its small size, the high dropout rate (17% loss to 
follow-up), the relatively short duration of treatment com-
pared with what is usually recommended in chronic Chagas 
disease, the lack of documentation of clinical findings before 
and after therapy, and short duration of follow-up (12 
months), 90% of patients treated with nifurtimox met the 

definition of “parasitological cure” compared with 98% 
treated with benznidazole. The overall parasitologic cure rate 
in the placebo group of this study was 66%, which was a non-
significant difference compared with either nifurtimox or 
benznidazole; however, a negative xenodiagnosis test follow-
ing therapy was significantly more likely in the group that 
received nifurtimox than in to those who received placebo 
(19/27 vs. 1/23; odds ratio [OR]: 14.82; 95% confidence 
interval [CI]: 4.82–45.59). In addition, there were no sero-
conversions to negative in any patients in this study, and sig-
nificant ECG and imaging changes were not seen in study 
participants (Coura et al., 1997). Therefore, although “para-
sitologic outcomes” appeared better in patients receiving 
treatment (either benznidazole or nifurtimox), there was 
no evidence that the clinical course of the patient was altered 
by treatment, and the authors of the systematic review con-
cluded that the data were “not sufficient to address the rela-
tionship between parasitic-related and clinical outcomes” 
(Villar et al., 2002).

Somewhat confusingly, a more recent systematic review 
of published clinical trials of drug therapy for the treatment 
of “late-stage, symptomatic Chagas disease” identified the 
same study that was included in the review of indeterminate- 
phase Chagas disease discussed above, despite the fact that 
this study did not include patients with chronic symptomatic 
Chagas disease (Reyes and Vallejo, 2005). The conclusion  
of the authors of this systematic review was that there was 
“insufficient evidence of efficacy of nitrofurans or imida- 
zoles in the treatment of chronic Chagasic cardiomyopathy 
(CCC).”

Several other uncontrolled studies of the use of nifurti-
mox in indeterminate-phase or chronic-phase Chagas dis-
ease have been reported (Wegner and Rohwedder, 1972a; 
Wegner and Rohwedder, 1972b; Levi et al., 1996; Bianchi et 
al., 2015). In addition to the usual limitations of these types 
of studies, case definitions, dose and duration of treatment, 
duration of follow-up, and diagnostic methods varied sig-
nificantly, which limit their applicability.

CONGENITAL T. CRUZI INFECTION

Because of the potential for teratogenic effects, treatment 
with nifurtimox for Chagas disease in pregnant women is 
currently not recommended (Carlier et al., 2011). The prob-
ability of mother-to-child transmission of T. cruzi infection 
in published studies is highly variable (0.7–21%), and appears 
to be dependent on a number of maternal and child factors. 
Children born to mothers known to have T. cruzi infection 
should have investigations performed (e.g. umbilical or 
peripheral blood examination for trypanosomes and/or 
antiT. cruzi IgM antibody testing) to determine whether the 
infection has been transmitted. In three uncontrolled retro-
spective studies, early treatment of T. cruzi infected neonates 
with nifurtimox for up to 60 days resulted in parasitologic 
cure and persistent T. cruzi seronegativity in > 90% of cases 
followed for up to 2 years (Moya et al., 1985; Freilij and 
Altcheh, 1995; Blanco et al., 2000). Nifurtimox was generally 
well tolerated in these studies.
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TREATMENT OF T. CRUZI REACTIVATION IN 
IMMUNOSUPPRESSED INDIVIDUALS

Reports of the use of antitrypanosomal therapy in this set-
ting is limited to case reports or small case series, and this 
issue has not been systematically studied. Nonetheless, most 
experts consider nifurtimox to be second-line therapy to 
benznidazole for this indication. The optimal duration of 
antitrypanosomal therapy in this setting is unknown. Recent 
consensus guidelines have recommended that preemptive 
antitrypanosomal therapy be considered in asymptomatic  
T. cruzi–infected patients with HIV infection, or in those 
with “impending immunosuppression” (Bern et al., 2007). 
However, primary prophylaxis against reactivation of T. cruzi 
infection is not routinely administered following heart trans-
plantation for CCC in transplant centers in Brazil (Campos 
et al., 2008) or in known T. cruzi-seropositive organ trans-
plant recipients in Argentina (Altclas et al., 2008). Instead, 
early detection of reactivation using sensitive methods, such 
as PCR, followed by directed treatment is considered more 
appropriate (Altclas et al., 2008; Campos et al., 2008).

7b.  Prophylaxis following blood transfusion, 
organ transplantation, or accidental 
laboratory inoculation with T. cruzi

The use of antitrypanosomal therapy in these settings is lim-
ited to retrospective case reports or small case series and has 
not been studied systematically. Nifurtimox has been used in 
the treatment of T. cruzi infection acquired via blood trans-
fusion (Grant et al., 1989; Nickerson et al., 1989; Young et al., 
2007), and following organ transplantation (CDC, 2002; Kun 
et al., 2009). In most cases, relatively rapid parasite clearance 
from the blood was observed. However, a number of patients 
died shortly after being diagnosed with T. cruzi infection, 
and chagasic myocarditis was considered to be the cause of 
death in at least one case. Nifurtimox is generally considered 
second-line therapy to benznidazole (where it is available) 
for these indications. See Table 193.1 for a summary of treat-
ment recommendations.

7c.  Human African trypanosomiasis

Following the publication of small case series that suggested 
that nifurtimox may be clinically useful for the treatment of 
late-stage T. b. gambiense infection, two small prospective 
uncontrolled studies were undertaken to evaluate the use of 
nifurtimox as monotherapy for treatment of second-stage  
T. b. gambiense infection in patients who had failed to 
respond or who relapsed following treatment with arsenical 
compounds (Pepin et al., 1989; Pepin et al., 1992). Although 
these studies demonstrated excellent initial parasitological 
response rates, relapse occurred in > 50% of patients who 
received therapy with standard doses of nifurtimox (12–17 
mg/kg/day for 60 days) (Pepin et al., 1989; Pepin et al., 1992) 
and in more than one-third of patients who received high- 

dose, short-course nifurtimox therapy (24–37 mg/kg/day for 
30 days) (Pepin et al., 1992).

In spite of these initially disappointing results, the wide-
spread emergence of melarsoprol resistance (see Chapter 195, 
Melarsoprol), the significant risk of fatal melarsoprol-induced 
CNS toxicity and the significant expense and logistical chal-
lenges entailed in administering intravenous melarsoprol or 
eflornithine for prolonged durations in resource-poor settings 
stimulated research into the use of nifurtimox in combination 
with other agents for the treatment of late-stage T. b. gambi
ense infection. NECT and nifurtimox–melarsoprol combi-
nation therapy have been evaluated in three randomized 
controlled trials (Priotto et al., 2006; Bisser et al., 2007; 
Priotto et al., 2007), and in and a prospective cohort study 
(Checci et al., 2007). These studies were conducted under 
extremely challenging circumstances (i.e. in areas of military 
conflict or in the setting of rapidly changing prevalence of  
T. b. gambiense infection owing to the effect of concomitant 
disease control programs).

A four-arm, open, randomized trial performed in the 
Democratic Republic of Congo compared the safety and effi-
cacy of standard-dose melarsoprol therapy (three 3-day courses 
of melarsoprol 3.6 mg/kg/day, 1 week between courses) was 
completed with 10-day incremental-dose melarsoprol ther-
apy (total dose 16.2 mg/kg), 14-day nifurtimox monotherapy 
(15 mg/kg/day in three divided doses), and melarsoprol–
nifurtimox combination therapy (melarsoprol 0.6 mg/kg i.v. 
day 1, 1.2 mg/kg i.v. day 2, followed by 8 days of melarsoprol 
at 1.2 mg/kg/day and nifurtimox 15 mg/kg/day in two 
divided doses) in 278 patients aged > 15 years with second- 
stage T. b. gambiense infection (Bisser et al., 2007). The trial 
was discontinued owing to political instability before recruit-
ment targets could be reached, and data regarding 24-month 
cure rates were incomplete for approximately one-third of 
patients who were lost to follow-up after their initial 
post-treatment assessment. However, in an intention-to-
treat analysis, no relapses were detected in the melarsoprol–
nifurtimox group, including 46 patients who were assessed 
at 24 months or more post treatment. In comparison, high 
relapse rates were observed in the standard-dose melarsop-
rol group (10%), the incremental-dose melarsoprol group 
(24.3%), and the nifurtimox monotherapy group (36%) at 
post-treatment assessments. This study confirmed earlier 
findings that nifurtimox should not be used as monotherapy 
in this infection. Other than an increased frequency of phle-
bitis among patients receiving standard melarsoprol therapy 
(presumably because of the need for repeated or prolonged 
i.v. cannulation), adverse effects were similar in the four 
treatment groups.

In a three-arm, randomized, open-label trial conducted 
in Uganda, the safety and efficacy of three different treat- 
ment regimens were compared: melarsoprol–eflornithine, 
melarsoprol–nifurtimox, and NECT (oral nifurtimox 15 mg/
kg/day [adults] or 20 mg/kg/day [children] in three divided 
doses for 10 days, i.v. melarsoprol 1.8 mg/kg/day for 10 days, 
and eflornithine 400 mg/kg/day in four divided doses for 7 
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days) in 54 patients ≥ 5 years of age (Priotto et al., 2007). The 
trial was terminated early because of unacceptable toxicity 
in  the melarsoprol–nifurtimox group. Although the small 
sample size limited interpretation of results, in an intention-
to-treat analysis the cure rate at 24 months was higher in 
the  NECT group (94.1%) than in the groups that received 
 melarsoprol–eflornithine (78.9%) and melarsoprol– nifurtimox 
(44.4%), and adverse events were less frequent and less severe 
in patients receiving NECT (Priotto et al., 2006). Following 
termination of this study, the investigators continued a pro-
spective cohort study of NECT (at the same doses/durations 
used in the randomized controlled trial) in 31 further 
patients from the same region. When data on 48 patients 
(4–62 years) who received NECT in the two studies were 
combined, 93.8% of patients were cured at 24-month 
 follow-up by intention-to-treat analysis. Adverse events, 
including eflornithine-related neutropenia, were generally 
mild and self-limiting, with only one patient requiring ther-
apy cessation (Checci et al., 2007).

In addition, a randomized open-label trial conducted in 
the Democratic Republic of Congo compared short-course 
NECT (eflornithine 400 mg/kg/day in two divided doses for 
7 days [i.e. 14 infusions] and nifurtimox 15 mg/kg/day in 
three divided doses for 10 days) with eflornithine mono-
therapy (400 mg/kg/day for 14 days [i.e. 56 infusions]) in 
107 patients aged ≥ 15 years. High (> 90%) cure rates were 
observed in both groups 18 months following treatment 
(Priotto et al., 2007). This study was powered to demonstrate 
the noninferiority of NECT to eflornithine monotherapy, 
but failed to meet recruitment targets because of a slow 
enrolment rate. Subsequently, a multicenter extension of this 
study that met the original recruitment target of 280 patients 
confirmed the noninferiority of NECT compared with 
14-day monotherapy (Priotto et al., 2009). Major drug- 
related adverse events (mostly neutropenia) and adverse-
event related treatment interruptions were more commonly 
seen in the eflornithine monotherapy group. 

On the basis of evidence suggesting that short-course 
NECT may have advantages over traditional 14-day eflorni-
thine monotherapy with regard to serious adverse effects and 
healthcare resource utilization, the 17th Expert Committee 
on the Selection and Use of Essential Medicines recom-
mended that nifurtimox be added to the WHO Model List 
of Essential Medicines as part of NECT for T. b. gambiense 
infection (WHO, 2009). Subsequent to this, two prospective 
pharmacovigilance and efficacy studies involving a total of 
2364 patients (which included 362 children and a small 
number of pregnant women) have supported the favorable 
findings of the randomized controlled trials regarding the 
relative safety and efficacy of NECT in real-world settings; 
serious adverse effects were uncommonly seen (Schmid et 
al., 2012, Franco et al., 2012). 

The optimum duration of follow-up following treatment 
of second-stage T. b. gambiense infection with nifurtimox- 
containing combination therapy is unknown. However, in 
most clinical studies of NECT, patients have been followed 

with serial clinical and cerebrospinal fluid examinations for 
18 months to 2 years in order to detect relapses. Although 
relapse rates were low overall (1.8%) 1 year after NECT 
administered in the real-world setting, six of these relapses 
occurred in children < 15 years of age, emphasizing the 
importance of follow-up in this group (Franco et al., 2012). 
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1. DESCRIPTION

Suramin is a polysulfonated naphthylamine derivative of 
urea (Voogd et al., 1993; Pepin and Milord, 1994). It was first 
used for the treatment of sleeping sickness in 1922. It is 
closely related to the chemical dyes trypan red, trypan blue, 
and afridol violet. In the early twentieth century, researchers 
analyzed approximately 2000 compounds for trypanocidal 
activity and selected these compounds (Voogd et al., 1993).

Suramin, 8-(3-benzamido-4-methylbenzamido)naphtha-
lene-1,3,5, trisulfonic acid (C51H40N6O23S6, molecular weight 
1297.3 g/mol), is a large, water-soluble, colorless molecule 
with six highly negatively charged moieties; it binds with 
high avidity to many serum proteins (Voogd et al., 1993; 
Denise and Barrett, 2001). Its chemical structure is shown in 
Figure 194.1. Any minor modification to this structure changes 
the antitrypanosomal properties dramatically (Voogd et al., 
1993). As with the physiologic dyes, suramin does not cross 
intact membranes, leading to much research about how sur-
amin enters the trypanosome (de Koning, 2001; Pal et al., 
2002).

Suramin has activity against two chronic parasitic infec-
tions, human African trypanosomiasis (HAT; sleeping  
sickness) and onchocerciasis (river blindness), but is now 
only in clinical use for the former. It has been extensively 

investigated for use as an inhibitor of reverse transcriptase in 
patients with HIV, as an antineoplastic agent against a wide 
range of cancers, and for other conditions such as pemphigus 
and hereditary angioneurotic edema (Voogd et al., 1993). 
However, hindered by a lack of efficacy in clinical trials and 
the high toxicity observed at doses required for clinical activ-
ity, suramin is not currently used for these latter indications.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

HUMAN AFRICAN TRYPANOSOMIASIS

Human African trypanosomiasis (HAT) is a serious public 
health threat to more than 60 million people in sub-Saharan 
Africa (WHO, 2000). The disease was largely controlled in 
the 1960s, when reported cases declined dramatically by 
screening at-risk populations and use of vector control 
(WHO, 2000; Legros et al., 2002). Owing to breakdown of 
control systems, years of conflict in many countries, disrup-
tion of health infrastructure, and population displacement, 
the disease re-emerged in the 1980s (Legros et al., 2002). At 
present, approximately 25,000 new cases are reported to the 
World Health Organization (WHO) each year, with an esti-
mated true incidence of disease closer to 300,000 (WHO, 

Figure 194.1. Chemical 
structure of suramin. 
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2006). Renewed commitment has been made by affected 
nations to eradicate this disease (WHO, 2007a). As a result 
of increased efforts, the number of reported cases in 2009 
dropped below 10,000 for the first time in 50 years, with an 
estimated actual number of cases below 20,000 per year 
(WHO, 2016). In 2014 there were 3796 cases recorded.

Two subspecies of flagellated protozoa in the Trypano-
somatidae family cause distinct subtypes of clinical disease 
(Bruckner and Labarca, 2007). West African (Gambian) try-
panosomiasis is caused by Trypanosoma brucei gambiense 
and occurs in West and Central Africa. East African 
(Rhodesian) trypanosomiasis is caused by T. b. rhodesiense. 
Both infections are transmitted by the bite of an infected 
Glossina spp. (tsetse fly), and are endemic only in areas where 
these are found. Each subspecies has a particular relationship 
with certain Glossina biogroups, resulting in the distinct geo-
graphical distribution of these infections across Africa. T. b. 
gambiense predominantly infects humans, with only few ani-
mals infected in endemic areas, whereas T. b. rhodesiense is a 
zoonosis and has extensive animal reservoirs. Humans are 
thought to be infected when other hosts are not available as a 
food source or when their occupation brings them in close 
contact with Glossina flies; for example, farmers, firewood 
collectors, and game wardens (Burri and Brun, 2009).

The clinical features of the two forms of HAT are summa-
rized in Table 194.1. Although the two forms of HAT share a 
similar pathogenesis, with parasites first disseminating through 
lymph and blood during the first stage of infection, they dif-
fer in many important respects, including presentation and 
clinical manifestations, and response to treatment.

East African HAT is an acute form of sleeping sickness, 
progressing to the second (central nervous system [CNS]) 
stage rapidly over weeks, leading to death if untreated.

West African HAT is a chronic illness, with relapsing fevers, 
lymphadenopathy, and other systemic symptoms in the first 
stage, usually followed by an asymptomatic period. Even-
tually, months to years later, trypanosomes invade the CNS 
and the disease progresses to a chronic meningoencephalitis, 
with characteristic mental state changes and progressive 
coma (Burri and Brun, 2009).

Diagnosis of HAT can be made by various methods 
including serology or direct visualization of the parasites in 
blood, lymph, or cerebrospinal fluid. However, no generally 
available method enables species diagnosis. It is not possible 
to differentiate the two subspecies of T. brucei on morpho-
logic grounds by microscopy. If a diagnosis cannot be made 
on clinical grounds, epidemiologic information based on the 
country where infection has likely occurred must be relied 
upon. Only Uganda is endemic with both species of African 
trypanosomiasis. For a detailed discussion about the diagno-
sis and management of HAT, see section 7, Clinical uses of 
the drug.

Suramin has activity against both forms of T. brucei that 
cause sleeping sickness. It has no clinical use for South 
American trypanosomiasis, caused by T. cruzi (Voogd et al., 
1993). A variety of parasite enzymes have been reported to 
be inhibited by suramin across a broad concentration range 
from 1–100 μΜ (Voogd et al., 1993). Pharmacokinetic stu-
dies indicate that the concentrations achieved in plasma are 
approximately 1000 times the trypanocidal level in vitro 
(WHO, 1998).

ONCHOCERCA VOLVULUS

Onchocerciasis is a chronic parasitic infection caused by the 
filarial nematode Onchocerca volvulus. Larval forms are 
transmitted by the bite of an infected black fly of the Simulium 
genus (WHO, 1995; Simonsen, 2009). The term “river blind-
ness” is used because the habitat for black fly breeding is 
in areas near fast-flowing streams and rivers. The disease is 
endemic across large parts of Africa and Yemen. Over 6–12 
months, the larvae develop into adult worms that live in deep 
subcutaneous or intramuscular layers (Murdoch, 2016). The 
adult female produces microfilariae which migrate through 
subcutaneous tissues causing the clinical manifestations of 
onchocerciasis, including skin nodules, pruritic dermatitis, and 
the most devastating symptoms of ocular onchocerciasis. Each 
female can produce 1000–3000 offspring per day over a life-
time, which can be up to 15 years (Murdoch, 2016). Infection 
results in skin disease (onchodermatitis) and eye disease 
(affecting both the anterior and posterior segments of the eye).

Table 194.1. Features of the two forms of human African trypanosomiasis (HAT).

Feature Gambian (West African) Rhodesian (East African)

Agent Trypanosoma brucei gambiense Trypanosoma brucei rhodesiense
Main vectors Glossina palpalis, fuscipes Glossina mortisans group

Distribution West and Central Africa East Africa

Biotype tsetse Riverine—forested rivers, shores Savannah—shrubs and trees

Reservoir Anthroponosis—mainly human disease, few 
animal hosts

Anthropozoonosis—extensive animal reservoirs, game, 
and cattle

Disease Chronic—late CNS involvement Acute—early CNS involvement

Duration Months to years 3–9 months

Parasitemia Low High

Diagnosis Node aspirate, CSF Blood, CSF

At-risk population Rural endemic communities Endemic—at-risk occupations and safari tourists

Abbreviations: CNS, central nervous system; CSF, cerebrospinal fluid.
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Suramin has activity against O. volvulus, being one of a few 
drugs with macrofilaricidal effect (WHO, 1995). However, with 
the introduction of ivermectin (see Chapter 204, Iver mectin 
and Moxidectin) and the significant toxicity of suramin (par-
ticularly nephrotoxicity; see section 6, Toxicity), suramin is no 
longer used for treatment of onchocerciasis (Simonsen, 2009).

OTHER NOVEL OR EMERGING ACTIVITY

Suramin has recently been reported to have activity against 
other agents in laboratory and animal models, raising possi-
ble therapeutic value for these infections in the future. Viral 
pathogens studied include dengue virus, norovirus, entero-
virus 71 (EV71), chikungunya, and Rift Valley fever virus. 
Parasites include Leishmania and the zoonotic Trypanosoma 
species, T. lewisi and T. evansi. Activity against Mycobacterium 
tuberculosis has been reported. In dengue virus infection, the 
NS3 protein is essential for replication, and in a screening 
assay suramin was identified as a significant non-competitive 
inhibitor of the helicase activity of NS3 (Basarannacharya 
and Vasudevan, 2014). Suramin has been demonstrated to 
inhibit norovirus replication by inhibiting norovirus-RNA–
dependent RNA polymerase (Mastrangelo et al., 2012; Croci 
et al., 2014). Viral entry of EV71 was shown to be inhibited 
by a suramin derivative termed NF449 (Nishimura et al., 
2015; Arita et al., 2008). This inhibits virus attachment to tar-
get cells and blocks interaction with two receptors, P-selectin 
ligand (PSGL-1), which is expressed on and modulates inter-
action with white blood cells, and heparin sulfate, modulat-
ing interaction with many other cells. Suramin derivatives 
NF110 and NM16 also inhibited virus attachment. Suramin 
was also shown to reduce mortality in mice infected with 
EV71 and reduce peak viremia in rhesus monkeys (Ren et 
al., 2014). The naphthalenetrisulfonic acid group of suramin 
was shown to bind to the viral capsid (Ren et al., 2014). The 
mode of activity was shown to be blocking entry of EV71 to 
host cells as well as possibly inhibiting a later stage of the 
replication life cycle (Wang et al., 2014).

In an in vitro study of chikungunya virus, suramin demon-
strated diminished cytopathic effect, reduced viral RNA and 
viral release, and cell-to-cell transmission (Ho et al., 2015; 
Albulescu et al., 2015). This work showed that suramin also 
blocked fusion of the virus to host cells. Suramin also may 
inhibit Sindbis and Semliki Forest virus (Albulescu et al., 2015). 
Rift Valley fever virus is inhibited by suramin by binding to 
the RVFV nucleocapsid protein (Ellenbecker et al., 2014).

Suramin has been demonstrated to partially inhibit a surface 
protein of Leishmania infantum, a cause of visceral leishman-
iasis, termed rLicNTPDase-2, a natural ectonucleotidase that 
helps to salvage purines (Vasconcellos et al., 2014). This led to 
lower levels of both parasite adhesion and infection of macro-
phages and its identification as a possible target for drug design.

In M. tuberculosis infection, RecA is important for DNA 
repair and synthesis, and suramin has been found to be a 
potent inhibitor in vitro, including in drug-resistant strains 
(Nautiyal et al., 2014).

A number of publications report a lack of suramin activity 
against important pathogens. In a mouse model of Chagas 

disease caused by T. cruzi, suramin actually enhanced the 
inflammatory response and reduced the efficacy of the ref-
erence drug, benznidazole (Santos et al., 2015). An animal 
trypanosome, T. lewisi, a parasite of rats, has rarely been 
reported in humans; an in vitro evaluation found suramin 
was not effective (Dethoua et al., 2013). However, a case 
report of human infection with T. evansi, which usually 
infects cattle, camels, and horses, documented successful 
treatment with suramin, causing a rapid response and lasting 
cure (Chau et al., 2016).

2b.  Emerging resistance and 
cross-resistance

Drug resistance can be induced in experimental models, and 
has been reported in animal trypanosomes closely related to 
T. brucei (de Koning, 2001). Reports of resistance in humans 
from the field are rare, despite the drug having been used for 
over 80 years for this indication (Barrett, 2003; Barrett and 
Gilbert, 2006). There is evidence that resistance is a stable 
phenotype, being present in T. evansi isolates from Sudan 
20 years after suramin was withdrawn (Barrett and Gilbert, 
2006). However, clinical failure often represents incorrect 
staging of patients with second-stage disease, where infec-
tion is refractory to suramin because of its lack of CNS pen-
etration. Evaluation of early reports of resistance is hampered 
by difficulty in differentiating whether reported failures were 
in fact due to early unrecognized CNS invasion (see section 
7, Clinical uses of the drug).

In a laboratory study using an in vivo mouse model, two 
T. b. rhodesiense isolates from sleeping sickness patients in 
Tanzania were associated with relapse of infection after treat-
ment with suramin at a dose of 5 mg/kg (Kibona et al., 2006). 
These isolates were susceptible to suramin when mice were 
treated with a dose of 10 and 20 mg/kg, closer to the recom-
mended dose in humans. No isolate tested resistant to sura-
min in vitro, and furthermore, the IC50 and MIC values of 
these wild-type isolates were much lower than laboratory 
reference strain with known resistance. There are no reports 
of clinical failure of suramin for the treatment of early stage 
disease in this region (Kibona et al., 2006).

The exact mechanisms of possible drug resistance are yet 
to be studied in detail. Postulated mechanisms have included 
alteration to the uptake of low-density lipoprotein (LDL), 
drug exclusion, or alterations of drug metabolism (de Koning, 
2001). Interference with steps in the endocytic pathway leads 
to decreased suramin sensitivity in a model (Alsford et al., 
2012).

There are no reports of cross-resistance with any other 
antitrypanocidal compounds, either in laboratory or in field 
strains (de Koning, 2001; Barrett, 2003).

2c.  In vitro synergy and antagonism

As there have been no drugs licensed for use in trypanoso-
miasis for almost 30 years, recent research has focused on 
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using existing drugs in new regimens, variations of old regi-
mens, and combination regimens of available drugs (Legros 
et al., 2002). Animal studies have provided insights into the 
use of older antitrypanosomal medications and the explo-
ration of possibilities with newer agents. There are several 
reports of combination chemotherapy in experimental 
models of African trypanosomiasis, including suramin with 
eflornithine (Bacchi et al., 1994), suramin with bleomycin, 
diamidines, and arsenical agents (Clarkson et al., 1983; Bacchi 
et al., 1994). Other combinations with promising synergistic 
activity in animal models include the combination of sura-
min with nifurtimox, metronidazoles, and 5- nitroimidazoles 
(Pepin and Milord, 1994). The combination of a single high 
dose of suramin (40 mg/kg) followed 5 days later by high-
dose oral metronidazole (500 mg/kg) five times daily cleared 
the brain of infected mice 28 days after experimental infec-
tion (Raseroka and Ormerod, 1985b). Using laboratory 
strains known to be resistant to single drugs, various com-
binations of antitrypanocidal drugs were trialed in mice 
(Bacchi et al., 1994). Of note, infection with a melarsoprol- 
resistant strain responded to eflornithine plus suramin.

Suramin was administered in combination with megazol, 
a 5-nitroimidazole in a murine model of advanced CNS dis-
ease (Enanga et al., 1998). Although 2 of 30 mice relapsed, 
the pathologic changes were reversed 2 months after treat-
ment. In a further experiment, the combination of suramin 
and megazol was found to be effective in early second-stage 
disease, whereas either drug used alone was ineffective 
(Darsaud et al., 2004). Recent studies have, however, shown 
megazol to be mutagenic, which may slow or halt its devel-
opment as an antitrypanosomal agent (Bouteille et al., 2003).

In a study of early infection in mice at the time of try-
panosomal passage across the blood–brain barrier, suramin 
given by intraperitoneal injection up to day 15 after infection 
was curative. However, if administration was delayed until 
day 21 when CNS invasion was more established, it was not 
(Amin et al., 2008). The addition of minocycline, an agent 
known to reduce trypanosome brain invasion, given with 
subcurative doses of suramin resulted in a trend toward 
delayed relapse, suggesting that further studies of minocy-
cline combination therapy are required (Amin et al., 2008).

The timing of combination therapy may be important, as 
illustrated by a study of mice with CNS disease using a 
combination of topical melarsoprol gel and intraperitoneal 
suramin (Jennings et al., 2002). When given simultaneously, 
infection was cured in five of six mice, whereas if melarsop-
rol was administered 3 or 7 days after suramin therapy was 
unsuccessful (1/6 and 0/6 cured, respectively). These are 
intriguing results, but much further study will have to be 
performed to assess the clinical relevance in humans.

3. MECHANISM OF DRUG ACTION

Suramin is a large molecule and is highly biologically active. 
The mechanism of action responsible for its trypanocidal 
action is not well understood. The drug has complex cellu- 
lar pharmacology, possibly explaining the diverse range of 

biologic activity and toxicities observed. Suramin inhibits a 
diverse range of biologic enzymes of both mammalian and 
protozoan origin. These include dihydrofolate reductase, 
thymidine kinase, acid phosphatase, acid pyrophosphatase, 
phospholipase A1, and glycolytic enzymes (Docampo and 
Moreno, 2003; Nok, 2003). The target trypanosomal enzymes 
are located in structures including the plasma membrane, 
flagellar pocket membrane, and the digestive apparatus such 
as the lysosome (Voogd et al., 1993). Glucose is the sole 
energy source for the trypanosome, and complex inhibition 
of glycolytic enzymes may occur in the cytoplasm, in the 
mitochondrion, in an organelle called the glycosome, or by 
inhibiting their entry into the glycosome (Harder et al., 2001; 
Bouteille et al., 2003; Docampo and Moreno, 2003). It has 
been known for many years that the trypanosomicidal effect 
of suramin is relatively slow (Hawking and Sen, 1960). More 
recent rat studies have shown that even at the highest toler-
ated dose of suramin, trypanosomal growth continues expo-
nentially in the bloodstream for at least 6 hours (Fairlamb 
and Bowman, 1980). Suramin inhibits the activity of many 
enzymes that probably have no relation to its antiparasitic 
effect, including hyaluronidase, urease, hexokinase, fuma-
rase, and trypsin (Pepin and Milord, 1994).

It has been postulated that suramin enters the trypano-
some by endocytosis. However, uptake by cells exceeds the 
rate that would be expected by this alone (Fairlamb and 
Bowman, 1980; de Koning, 2001). As suramin binds avidly 
to serum proteins, including LDL, it was thought it may enter 
the trypanosome via receptor-mediated endocytosis while 
bound to LDL (Vansterkenburg et al., 1993; Nok, 2003). 
Other results have favored alternative hypotheses (Pal et al., 
2002), including a return to the endocytosis theory with an 
additional phase of rapid drug release from cells (Barrett and 
Gilbert, 2006), or via invariant surface glycoprotein ISG75 
receptor-mediated endocytosis (Alsford et al., 2012). In a 
recent study investigating suramin targets, it was found these 
were restricted to proteins from the surface proteome and 
endosomal system (Zoltner et al., 2015). A model has been 
proposed whereby suramin binds to ISG75 and is delivered 
via endocytosis to the lysosome, where cathepsin-L (catL), a 
deubiquitylating enzyme, releases the drug.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Suramin is prepared as a powder in 1 g vials and reconsti-
tuted with sterile water for intravenous administration to a 
concentration of 10%. It should not be administered intra-
muscularly or subcutaneously, as it causes severe inflamma-
tion and necrosis (Pepin and Milord, 1994). The duration of 
administrations should not exceed 30 minutes, as the drug 
degrades rapidly (Pepin and Milord, 1994).

Patients should be under medical supervision and the 
drug should be administered in hospital, with full supportive 
care available, including adrenaline (epinephrine), parenteral 
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antihistamines, and corticosteroids (e.g. hydrocortisone). 
Patients should be observed for at least 24 hours after admin-
istration of each dose of medication (WHO, 1995). All doses 
should be given by slow intravenous injection.

Because of the risk of a rare but severe idiosyncratic 
reaction, it is recommended that a test dose of 100–200 mg 
suramin be administered in 2 ml of sterile water for injection 
before administering the full treatment dose. A recom-
mended method of administration is to inject a few micro-
liters of the test dose, then wait at least 1 minute; then inject 
the next 0.5 ml over 30 seconds and wait 1 minute, then 
inject the remainder over several minutes.

TREATMENT OF HAT CAUSED BY  
T. B. RHODESIENSE

All regimens should be preceded by a test dose of suramin. 
The WHO-recommended protocol for radical cure of early 
or hemolymphatic stage HAT is shown in Table 194.2 (WHO, 
1995). This protocol involves giving 5 mg/kg on day 1, 10 
mg/kg on day 3, followed by 20 mg/kg on days 5, 11, 17, 23, 
and 30. A maximum dose of 1 g should not be exceeded at 
each dose (Burri and Brun, 2009; US Pharmacopeia, 2009).

A simplified regimen also endorsed by the WHO entails 
administering 1 g as the normal dose for adults on days 1, 3, 
7, 14, and 21 (WHO, 1998; US Pharmacopeia, 2009).

Suramin is sometimes used as a lead-in therapy prior to 
melarsoprol for second-stage disease caused by T. b. rhode-
siense (WHO, 1995). This regimen is used in an attempt to 
reduce the risk of reaction to melarsoprol, perhaps by reduc-
ing or eliminating circulating trypanosomes from the blood. 
Another theory proposed to explain the putative protective 
effect of suramin is that it inhibits activity of the P-glycoprotein 
transporter of the blood–brain barrier, thus preventing 
removal of the second-stage drug from the brain (Enanga et 
al., 1998; Sanderson et al., 2007). There is a paucity of evi-
dence to support this strategy, and this regimen is not uni-
versally recommended (Burri and Brun, 2009; Krishna and 
Stich, 2016). The regimen for suramin administration before 
melarsoprol treatment for second-stage disease is shown in 
Table 194.2.

TREATMENT OF ONCHOCERCIASIS

Suramin has been used for the treatment of onchocerciasis, 
but since the highly successful introduction of ivermectin 

(see Chapter 204, Ivermectin and Moxidectin), suramin is 
no longer recommended. Previously recommended dosing 
schedules are described in earlier versions of the WHO pre-
scribing information, in which a total of 66.7 mg/kg was 
administered over six weekly doses (WHO, 1995). An alter-
nate protocol included giving 1 g as a weekly dose up to a 
total of 4 g (Voogd et al., 1993). Suramin is no longer recom-
mended for onchocerciasis because of the high incidence of 
severe reactions, especially in patients with ocular disease, 
owing to the risk of serious ocular complications such as 
optic atrophy (Voogd et al., 1993; WHO, 1995).

4b.  Newborn infants and children

There are no studies of the use of suramin in children or 
infants (Edwards and Breckenridge, 1988). Suramin should 
be used with caution because of its high inherent toxicity. 
The appropriate weight-based recommendations should be 
followed (see Table 194.2), including the administration of a 
test dose of 100–200 mg. As no adequate pharmacologic 
studies have been conducted in this patient group, it is essen-
tial to observe carefully for any signs of drug toxicity, includ-
ing regular clinical and biochemical monitoring.

4c.  Pregnant and lactating mothers

Suramin has not been studied in pregnant women, but ani-
mal studies have shown that suramin may cause birth defects 
or death of the fetus. For a potentially fatal infection such as 
trypanosomiasis, it has been recommended that suramin be 
used during pregnancy only when there is no suitable alter-
native available. See section 6h, Teratogenicity, for a further 
discussion regarding the use of suramin in pregnancy. It is 
not known whether suramin passes into breast milk (FDA, 
2016).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Suramin is known to cause renal dysfunction, and in partic-
ular, proteinuria (Pepin and Milord, 1994). This has been 
demonstrated in rats with histopathologic changes seen in the 
cortex and medulla after prolonged administration (Soldani et 

Table 194.2. Suramin dosing schedules for adults and children recommended by the World Health Organization for human African 
trypanosomiasis (HAT).

Treatment regimen

Day of treatment

1 3 5 11 17 23 30

Radical cure 5 mg/kg 10 mg/kg 20 mg/kg 20 mg/kg 20 mg/kg 20 mg/kg 20 mg/kg

Administration before 
melarsoprol treatment

5 mg/kg 10 mg/kg 20 mg/kg

1 3 7 14 21

Simplified regimen for adults 1 g total dose 1 g total dose 1 g total dose 1 g total dose 1 g total dose

Source: Reproduced with permission from WHO (1995).
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al., 1992). There are case reports of patients receiving sura-
min for metastatic cancer who developed acute renal impair-
ment for which no other apparent cause could be discovered 
(Figg et al., 1994; Smith et al., 1997). Renal function was 
reported to return to normal after drug cessation. A report of 
15 patients who received suramin as part of a phase I study 
for prostate cancer demonstrated mild hypophosphatemia in 
all 15 patients by day 42, and prolonged phosphatemia in two 
patients who developed a full Fanconi syndrome (Rago et 
al., 1994). The cumulative dose of suramin was much higher 
when used as a chemotherapy agent, and the degree of neph-
rotoxicity is usually mild and transient when used for HAT 
(Burri and Brun, 2009). It is recommended to perform uri-
nalysis before the administration of each dose of suramin, 
and repeat it each week during treatment (WHO, 1995). If 
moderate proteinuria is present, a reduction in dose is 
required. However, if heavy proteinuria is present accom-
panied by urinary casts, suramin therapy should be ceased 
(WHO, 1995). In patients with pre-existing renal impair-
ment, there are no data to guide treatment decisions. Suramin 
is likely to worsen pre-existing impairment, but given the 
lack of suitable alternatives, this consideration should be 
weighed against the overall condition of the patient.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

There are no specific recommendations for the use of sura-
min in the presence of hepatic impairment. Suramin is 
known to cause liver function derangement, including ele-
vated bilirubin and hepatic aminotransferases (Hawking, 
1978; Voogd et al., 1993). WHO prescribing information rec-
ommends against using suramin in patients with severe liver 
disease who may not tolerate the side effects (WHO, 1995). 
At present, this presents a clinical dilemma, as there are no 
less toxic alternatives for hemolymphatic stage T. b. rhode-
siense, and HAT is universally fatal if left untreated.

ELDERLY PATIENTS

There is no information to specifically guide the use of sura-
min in the elderly, other than those that relate to impaired 
renal or hepatic function. Patients who are severely mal-
nourished or debilitated are said to be at risk of suramin tox-
icity, but there are no specific guidelines for dose adjustment 
in this group (WHO, 1995).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

The original studies of the pharmacokinetic and pharmaco-
dynamic properties of suramin were conducted years before 
the development of modern tools to accurately measure the 
drug’s concentration (Hawking, 1978). In the 1980s, investi-
gation of suramin as an antiretroviral drug for HIV led to 
renewed study of its clinical pharmacology. Although clini-
cal trials of suramin in HIV infection were unsuccessful, this 
information has provided a greater understanding of its use 
for other indications. High-performance liquid chromato-
graphy (HPLC) assays have now been developed for suramin, 

allowing accurate quantification of drug in biologic fluids 
(Collins et al., 1986; Tong et al., 1990).

5a.  Bioavailability

Suramin is not absorbed when given orally, partly because 
it forms stable complexes with protein (Voogd et al., 1993; 
WHO, 1995). It causes intense irritation and necrosis when 
given intramuscularly, so it must be given intravenously 
(Edwards and Breckenridge, 1988; Voogd et al., 1993). Sura-
min is highly bound to plasma proteins, measured at 99.7% 
in one study, which was near the limit of quantitation of the 
assay (Hawking, 1978; Collins et al., 1986).

5b.  Drug distribution

Pharmacologic parameters of suramin have been studied in 
subjects with HIV, malignancy, and those being treated for 
onchocerciasis (Hawking, 1978; Collins et al., 1986; Jodrell 
et al., 1994; Chijioke et al., 1998; Ryan et al., 2002). In a study 
of ten male patients with onchocerciasis in Nigeria, suramin 
plasma concentrations were measured during treatment 
with the then WHO-recommended regimen, comprising a 
test dose of 3.3 mg/kg followed by weekly infusions of grad-
ually increasing doses of suramin (WHO, 1995; Chijioke et 
al., 1998). The median volume of distribution was 20.6 litres, 
median plasma clearance 6.2 ml per hour, and median termi-
nal elimination half-life 91.8 days. No patient had a peak 
plasma concentration greater than 300 mg/ml, the level above 
which serious hematologic and neurologic toxicity is reported 
to be more likely (Stein et al., 1989; La Rocca et al., 1990).

Similar results were obtained in a small study of four 
HIV-infected patients, using a dosing schedule identical to 
that used for HAT (Collins et al., 1986). After the last dose, 
the plasma half-life was 44–54 days—among the longest of 
half-lives to be recorded for a drug in humans. The mean 
residence time was 53–65 days (measured in three patients). 
The total plasma levels were greater than 100 µg/ml for sev-
eral weeks. The volume of distribution ranged from 31 to 46 
liters (three patients). Total body clearance was 0.34–0.49 
ml/min (measured in three of four patients) and renal clear-
ance 0.3 ml/min.

In a study of six patients from Ghana with onchocerciasis 
who were administered radiolabeled suramin, the mean 
volume of distribution was 98.6 liters, higher than in other 
studies (Edwards et al., 1986). The calculated mean plasma 
clearance was 0.072 liters per hour, and the terminal half-life 
was 36 days.

Early reports on the pharmacokinetic properties of sura-
min indicated large inter-subject variability in pharmaco-
kinetics (Pepin and Milord, 1994), a finding that has been 
confirmed in subsequent studies (Eisenberger and Reyno, 
1994; Chijioke et al., 1998). The significance of this variabil-
ity in a finite course of treatment such as that used for HAT 
is unknown. However, this variability may be significant  
for patients experiencing toxicity; for example, when a pro-
longed elimination half-life in the order of 1028 days was 
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observed in one patient (renal function not reported) (Chi-
jioke et al., 1998).

The drug is widely distributed in tissues, with a concen-
tration similar to plasma, with the exception of the brain. 
Suramin does not cross the blood–brain barrier in sufficient 
quantities to reach trypanocidal levels (Hawking, 1978). This 
is thought to be a result of its large molecular size, its high 
negative charge at physiologic pH. and its low lipophilic 
properties (Voogd et al., 1993; Sekhar et al., 2014). Experi-
mental models have shown that suramin can reach specific 
parts of the CNS (Voogd et al., 1993; McNally et al., 2000; 
Sanderson et al., 2007), and suramin has been shown to clear 
early infection with T. b. rhodesiense from the brain of 
infected mice (Raseroka and Ormerod, 1985a). Despite this, 
levels achieved are insufficient to provide useful clinical 
effect as the sole therapy for second-stage sleeping sickness.

Suramin is preferentially concentrated in the kidney and 
the adrenal gland, with concentrations approximately double 
other tissues and between 3- and 20-fold, respectively (Voogd 
et al., 1993). Suramin also accumulates in the reticulo-
endothelial system, including the Küpffer cells of the liver 
(Edwards and Breckenridge, 1988).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are no studies that have assessed the association 
between the clinical efficacy of suramin and its pharmaco-
kinetic and pharmacodynamic features.

5d.  Excretion

Metabolites of suramin have not been found in plasma in 
two studies using a range of methods, including HPLC 
(Collins et al., 1986) or detection of radiolabeled drug 
(Edwards et al., 1986). Although urinary excretion accounts 
for the majority of drug removal from the body (Collins et 
al., 1986), small amounts of suramin have been detected in 
feces (4.5%), suggesting a biliary route of elimination (Edwards 
et al., 1986).

5e.  Drug interactions

There are few studies reporting clinically relevant drug–drug 
interactions with suramin. Suramin acts as an inhibitor of 
alpha-thrombin in vivo, leading to a concern about potential 
interactions with anticoagulant medications (Monteiro et al., 
2004). In a phase I study where the interaction with warfarin 
was studied, only a minor adjustment was required to the 
warfarin dose (Meyer et al., 2001). As suramin is highly pro-
tein bound, it might be expected that drugs affecting protein 
binding or plasma protein levels would alter activity. One 
study addressing this in the chemotherapy context failed to 
demonstrate any difference in protein binding of suramin in 
the presence of tamoxifen or several corticosteroids, includ-
ing dexamethasone, hydrocortisone, or prednisone (Driscoll 
et al., 1996).

6. ADVERSE REACTIONS AND TOXICITY

6a.  Serious immediate idiosyncratic 
reactions

An immediate idiosyncratic reaction after suramin injection 
is well recognized. This is characterized by a systemic syn-
drome including nausea, vomiting, hemodynamic com-
promise, and syncope (Voogd et al., 1993; WHO, 1998). 
Although deaths have been reported, the exact role of sura-
min in these cases is unknown (Bouteille et al., 2003). Severe 
idiosyncratic reactions are rare (1/2000 to 1/4500 patients) 
(Voogd et al., 1993; Pepin and Milord, 1994). In one large 
review of 620 patients given melarsoprol, four patients died 
shortly after receiving an initial dose of suramin (Pepin et al., 
1989). The authors stated that it was not possible to ascribe a 
causative role of suramin, as all four patients arrived mori-
bund. Nevertheless, the authors advocated the administra-
tion of empiric corticosteroid therapy in such circumstances 
before suramin administration.

Owing to the possibility of the severe immediate reaction 
described above, it is recommended that a test dose of 100–
200 mg of suramin be administered slowly. The first full dose 
is then given 24 hours later (see section 4, Mode of drug 
administration and dosage) (WHO, 1995).

Febrile reactions are common after the first injection, 
presumably because of trypanosome lysis, analogous to the 
Jarisch–Herxheimer reaction well recognized in syphilis, 
and are not a reason to discontinue treatment (Pepin and 
Milord, 1994).

6b.  Adrenal insufficiency

Primate studies have demonstrated both biochemical and 
histologic effects of suramin on the adrenal gland (Feuillan  
et al., 1987). Adrenal insufficiency has been observed in 
patients treated with suramin for dermatologic conditions, 
malignancy, and HIV (Voogd et al., 1993; Kobayashi et al., 
1996). However, the cumulative dose used for these indica-
tions was much higher than that used for HAT. Neverthe - 
less, adrenal insufficiency has been reported in HAT, with 
improvement in adrenal function after completion of ther-
apy, suggesting that the infection itself may have had a caus-
ative role in the process (Reincke et al., 1994). In a study of 72 
patients in Uganda, a high frequency of adrenocortical 
impairment was reported (27%) as assessed by short syn-
acthen testing; no correlation with suramin or melarsoprol 
administration was reported (Heppner et al., 1995). Overall, 
the evidence of adrenal toxicity using the current HAT regi-
mens is equivocal.

6c.  Hematologic and immunologic effects

Suramin appears to induce an immunosuppressive effect and 
has been reported to lead to an increased frequency of intra-
venous catheter site infection (Voogd et al., 1993). These 
effects are poorly understood. The complement system is 



3232 Suramin

inhibited by suramin, in particular C1q, the initial step in 
the activation of the complement system (Voogd et al., 1993). 
There are several reports of suppression of tissue injury in 
experimental models. Suramin appears to suppress T-cell 
activity and interaction with other components of the 
immune system, and produces thymic atrophy in an animal 
model (Voogd et al., 1993). It has been reported that suramin 
inhibits the CD40–CD154 co-stimulatory inter action re- 
quired for T-cell activation (Margolles-Clark et al., 2009). 
Response to Listeria monocytogenes injected intra peritoneally 
depended on the timing of administration of  suramin. When 
administered concomitantly or 1 day before the bacterial 
injection, increased bacterial growth was observed, whereas 
more host resistance was seen when suramin was given 8 
days before (Brandely et al., 1986).

Clinical trial experience of hematologic toxicities includes 
thrombocytopenia (Tisdale et al., 1996), neutropenia (Cheson 
et al., 1987), and coagulation disturbances (Horne et al., 
1992). Suramin has been found to inhibit multiple coagula-
tion factors, but in particular it is an irreversible inhibitor of 
factor V.

6d.  Neurotoxicity

Suramin has been reported to cause a severe polyneuropathy 
in four of 38 patients receiving therapy for underlying malig-
nancies (La Rocca et al., 1990). Two patients experienced 
progressive limb weakness and bulbar and respiratory 
involvement requiring ICU management in a pattern re - 
sembling the Guillain-Barré syndrome. An association was 
found between neurologic toxicity and peak plasma drug 
level, with 40% of those with a level > 350 µg/ml experienc-
ing toxicity. In another study of patients treated for prostate 
cancer, there was a trend toward less neurotoxicity among 
those with lower plasma concentrations (Eisenberger and 
Reyno, 1994).

6e.  Nephrotoxicity

Suramin is known to accumulate in the renal tubules. Pro-
teinuria and casts are commonly seen while patients are on 
therapy, but changes are generally transient and reversible. 
Patients should be monitored with regular urinalysis together 
with clinical and biochemical assessments of renal function 
while on therapy.

6f.  Skin reactions

Various forms of adverse skin reactions have been reported, 
including generalized pruritus, urticaria, papular eruptions, 
desquamation, and cutaneous hyperesthesia (Hawking, 1978; 
Voogd et al., 1993). Twelve of 20 patients treated for meta-
static prostate cancer developed erythematous maculopapu-
lar lesions on the trunk and extremities, but therapy could be 
continued.

6g.  Other reactions

Suramin has also been reported to cause hyperglycemia, 
arthritis, headache, lymphadenopathy, nausea, vomiting, hep-
atitis, and jaundice (Pepin and Milord, 1994). In addition, 
there are reports of corneal toxicity in patients treated with 
high doses of suramin for HIV and malignancy (Voogd et al., 
1993).

6h.  Teratogenicity

Suramin has been evaluated as an antineoplastic agent for a 
wide range of malignancies (Stein et al., 1989; Eisenberger 
and Reyno, 1994), and as such it has been recognized as a 
potential teratogen. Despite the drug being used for many 
years, there have been no reported cases of fetal malforma-
tion or fetal death in humans.

The teratogenic effect of suramin on chick embryos has 
been evaluated in several studies. In one study of chick 
embryos exposed to suramin, only 50% survived and among 
these a range of serious morphological abnormalities were 
observed (Manner et al., 2003). Rodent studies have demon-
strated that although suramin does not cross the placenta, it 
causes a range of abnormalities, including renal malforma-
tions and hydrocephalus (Hawking, 1978; Freeman and Lloyd, 
1986). This teratogenicity during organogenesis has been 
attributed to an effect on yolk sac function, but may also be 
due to other effects such as inhibition of receptor–ligand 
binding and cellular enzymes (Freeman and Lloyd, 1986; 
Voogd et al., 1993).

It has been recommended that suramin therapy should be 
avoided in pregnancy unless the risk outweighs the benefits 
(US Pharmacopeia, 2009; FDA, 2016). However, there are 
no alternatives for patients with T. b. rhodesiense infection, as 
melarsoprol cannot be used in pregnancy (WHO, 1995).

7. CLINICAL USES OF THE DRUG

7a.  Human African Trypanosomiasis (HAT)

Treatment recommendations for HAT differ according to the 
causative species (T. b. gambiense vs. T. b. rhodesiense) and 
the stage of infection. A summary of recommended agents 
used for HAT is shown in Table 194.3. Drugs used to treat the 
first (hemolymphatic) stage do not penetrate the CNS. All 
patients with HAT therefore require disease staging by lum-
bar puncture to determine if CNS invasion has occurred. 
Cerebrospinal fluid (CSF) examination should include para-
sitologic examination in addition to biochemical and cell 
counts. Consensus criteria have been reached for the diagno-
sis of a positive CSF in a clinical trial setting to determine 
eligibility for treatment groups (WHO, 2007b). However, 
these may not be useful at a practical clinical level. Patients 
who have occult CNS disease who do not receive second-stage 
treatment are at high risk of relapse (Wellde et al., 1989). 
Therefore a low threshold should be applied for classifying 
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a CSF examination as abnormal. Diagnostic criteria for CSF 
examination have been suggested as follows (Barrett et al., 
2003; Lejon and Buscher, 2005):

• Patients with first-stage disease should have no trypano-
somes detected in the CSF and white blood cell (WBC) 
count < 5 cells/µl CSF.

• Patients should be treated for CNS involvement (sec-
ond-stage disease) if trypanosomes are detected in the 
CSF, if the CSF WBC count is ≥ 5 cells/µl, or if there is an 
abnormal CSF protein concentration (although it is worth 
noting the CSF findings alone are non-specific and may 
occur with many other processes, which must be excluded 
if clinically suspected).

• Raised IgM level in CSF is the most sensitive marker of 
CNS involvement, although not routinely available (Lejon 
and Buscher, 2005).

It has been suggested by some authors that performing 
lumbar puncture should be delayed until day 5 of treatment, 
after circulating parasites have cleared, to minimize the the-
oretical risk of contaminating the CSF with trypanosomes 
(Moore et al., 2002).

Although suramin has been used successfully since 1922 
for the treatment of early-stage disease due to both T. b. rhod-
esiense and T. b. gambiense, with cure rates close to 100%. 
However, reports of failures began to emerge among patients 
in the Belgian Congo with early-stage Gambian HAT of up 
to 30% (Pepin and Milord, 1994). Although it is not clear if 
these clinical failures were due to drug failure, both for this 
and other reasons, suramin is now rarely used for early-stage 
disease caused by T. b. gambiense. These reasons include the 
need for intravenous administration, cost, toxicity, and the 
availability of a suitable, effective alternative—namely, pent-
amidine (see Chapter 197, Pentamidine). How ever, there are 
no randomized controlled trials comparing suramin to pent-
amidine for the treatment of either form of HAT. Another 
reason to prefer pentamidine over suramin is the reports of 
patients co-infected with O. volvulus experiencing sudden 
shock and postural hypotension following treatment with 
suramin (Bouteille et al., 2003).

A study of the use of suramin in combination with pent-
amidine among 616 patients with early-stage T. b. gambiense, 

which for a period of 30 years was the recommended regi-
men in Zaire, demonstrated a relapse rate of 7.5% (Pepin and 
Khonde, 1996). This combination was considered by some 
to be less toxic, and to result in fewer relapses than suramin 
monotherapy (WHO, 2007b). However, as stated above, the 
currently recommended drug for early stage T. b. gambiense 
infection is pentamidine (WHO, 1998).

Suramin remains the most effective antitrypanosomal 
antimicrobial for first-stage infection with T. b. rhodesiense. 
Patients with this form of disease are often unwell, and the 
administration of a toxic drug in this setting entails many 
challenges. Suramin is thought to be more effective than 
pentamidine for this form of disease (WHO, 1986; Pepin 
and Milord, 1994).

As noted above, it is critical to clinically stage every 
patient diagnosed with HAT to select appropriate therapy. 
A study from Kenya is illustrative, in which 50 patients were 
treated with suramin without a staging lumbar puncture 
(Wellde et al., 1989). Within 3 years, 49% experienced a 
relapse, compared with only 2 of 29 (7%) patients treated 
after a clear CSF examination (CSF WBC < 6 cells/ml). In a 
review of all patients treated at one institution in Tanzania 
for T. b. rhodesiense during 1985, 31% of early-stage patients 
treated with suramin eventually relapsed, as well as 7 of 11 
(64%) patients who received suramin with borderline CSF 
abnormalities (WBC count 7–10/ml) (Veeken et al., 1989).

In a prospective study analyzing novel CSF markers of 
early subclinical CNS invasion, 60 patients with hemolym-
phatic-stage T. b. gambiense infection were treated with sur-
amin because of a shortage of pentamidine in the Democratic 
Republic of Congo (Lejon et al., 2007). All patients had CSF 
examined at diagnosis, with no visible trypanosomes and a 
CSF WBC count ≤ 5 cells/µl, and were treated with a stan-
dard course of suramin. They were followed with repeat lum-
bar punctures at 24 hours after completion of treatment and 
again at 3, 6, 12, 18, and 24 months. Fourteen of 60 patients 
experienced a relapse (23%); nine occurred ≥ 24 months 
post-completion of treatment. Relapses were significantly 
associated with intrathecal IgM synthesis (sensitivity 76%, 
specificity 93%, positive predictive value [PPV] 75%, nega-
tive predictive value [NPV] 93%), a high CSF IgM concen-
tration (sensitivity 78%, specificity 76%, PPV 50%, NPV 
92%), and a high CSF interleukin 10 concentration (sensitiv-
ity 42%, specificity 87%, PPV 50%, NPV 83%). This study 
suggests that sensitive markers of  neuro-inflammation in 
CSF may detect those at risk for treatment failure with early- 
stage disease, and that failures attributed to suramin may not 
be true drug failure, but instead relate to insufficient accuracy 
of currently available diagnostic tests (Lejon and Buscher, 
2005). Similar results were reported in an earlier study using 
pentamidine (Lejon et al., 2003). Point-of-care tests have 
recently been developed and are being evaluated for routine 
use in the field.

Suramin has been used as a prophylactic agent for HAT, 
with a duration of protection of 2–3 months owing to its 
extraordinarily long half-life. However, this practice is no 

Table 194.3. First-line treatment options to treat human African 
trypanosomiasis (HAT).*

Stage
West African 
trypanosomiasis

East African 
trypanosomiasis

Stage 1 (hemolymphatic) Pentamidine Suramin

Stage 2 (CNS) NECT Melarsoprola

Abbreviations: CNS, central nervous system; NECT, nifurtimox–eflornithine 
combination therapy.

*If first-line therapies are not available or are unsuitable, seek local expert 
advice regarding alternative options.

aCo-administer with corticosteroids. 
Source: Adapted with permission from Krishna and Stich (2016).
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longer recommended because of the need for intravenous 
therapy, toxicity (especially nephrotoxicity), and the possi-
bility of masking late-stage disease (Apted, 1980; Voogd et 
al., 1993).

COMBINATION THERAPY

In a complex case report from Zambia, a 37-year-old patient 
presented with second-stage infection due to T. b. rhode-
siense which relapsed several times over the course of 3 years 
after receiving multiple regimens, including melarsoprol and 
high-dose oral metronidazole (Foulkes, 1996). Finally, a dra-
matic response was observed to a standard course of 5 g sur-
amin in combination with high-dose oral metronidazole, 
with normal CSF noted at 12 months’ follow-up. This report 
raised the possibility of a synergistic effect of suramin with 
metronidazole. Initial improvement was also observed in 
another patient given smaller doses of suramin—however, 
the patient relapsed (Arroz and Djedje, 1988). These cases 
build on the limited data that suramin does gain access to 
certain regions of the CNS, such as the choroid plexus.

In many countries there has been a practice of suramin 
pretreatment prior to melarsoprol for CNS-stage disease, 
with the rationale of reducing the risk of reactive encepha-
lopathy with melarsoprol treatment. There is also a view that 
this may prevent trypanosomes inadvertently entering the 
CNS during a staging lumbar puncture. An initial phase of a 
trial looking at the safety and efficacy of the 10-day melar-
soprol schedule for T. b. rhodesiense disease assessed suramin 
pretreatment in 30 patients compared to direct treatment 
with melarsoprol in 30 patients (Kuepfer et al., 2012). Those 
who received suramin had more adverse events than those 
who did not (63.3% vs. 23.3%, p = 0.0018) and no benefit 
could be discerned from this practice. The second phase of 
the trial was undertaken with suramin pretreatment omitted 
from the protocol. 

Clinical reports of alternative regimens using suramin are 
scarce. There is one report from Rwanda of a 19-year-old stu-
dent with unequivocal CSF evidence of second-stage infec-
tion who was treated with suramin 1 g intravenously weekly 
for 5 weeks and eflornithine 800 mg/kg/day i.v. for 2 weeks, 
followed by 400 mg/kg/day i.v. for 4 days (Taelman et al., 
1996). This was followed with oral eflornithine 300 mg/kg/
day for 10 days. The patient was cured of infection, and CSF 
parameters returned to normal by 3 months and remained 
normal at 2-year follow-up. The authors advise caution inter-
preting this case report, as there are widespread reports of 
resistance to eflornithine in T. b. rhodesiense.

A further report of this combination from the same group 
details six cases with T. b. rhodesiense infection with CNS 
involvement, treated with a standard course of suramin in 
conjunction with intravenous eflornithine (Clerinx et al., 
1998). Therapy with the latter drug commenced 1 week after 
the first suramin dose given at a dose of 800 mg/kg/day for 14 
days, followed by an oral course of eflornithine for 21 days 
(two patients received 21 days i.v. followed by 14 days oral 
eflornithine). Treatment was effective in three of six patients, 
with follow-up to 3 months (limited by civil war). The 

remaining three patients remained clinically well, but two 
later relapsed with trypanosomes in the CSF and one had an 
isolated high CSF WBC count; all were retreated with sura-
min and melarsoprol with success. The authors advise against 
this regimen and raise the possibility that resistance to eflor-
nithine was the underlying cause for treatment failure.

Case reports of sleeping sickness in travelers, the military, 
and immigrants highlight the need for prompt access to sur-
amin (Ginsberg et al., 1986; Moore et al., 2002; Gopala-
krishnan and Easow, 2003; Faust et al., 2004; Uslan et al., 
2006; Croft et al., 2007; Darby et al., 2008). Access to drugs 
used for HAT can be difficult at short notice in developed 
countries that seldom encounter cases of sleeping sickness 
(Moore et al., 2002; Darby et al., 2008). Suramin is not 
licensed for use in many countries, including the United 
States, Canada, the UK, and Australia.

7b.  Onchocerciasis

Although suramin remains the only macrofilaricide available 
for clinical use against O. volvulus, it has no current role in the 
treatment of onchocerciasis because of the unacceptable fre-
quency of side effects (Voogd et al., 1993; Awadzi et al., 1995).

Suramin was unacceptable for mass treatment of com-
munities because of the high rate of toxicity, and is now no 
longer used in the WHO program for individuals with 
oncho cerciasis since the introduction of ivermectin (see 
Chapter 204, Ivermectin and Moxidectin ). In comparison 
with suramin, intermittent treatment with ivermectin reduces 
the clinical burden in individuals and reduces transmissi-
bility by reducing circulating microfilariae.
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Melarsoprol

Jonathan Darby

1. DESCRIPTION

Melarsoprol is a melaminophenyl-based trivalent organic 
arsenical introduced as an antitrypanosomal drug for the 
treatment of human African trypanosomiasis (HAT) in 1949 
(Barrett and Gilbert, 2006). Experimental work commenced 
with arsenical agents for treatment of HAT as early as 1904, 
with the agent tryparsamide introduced in 1919 (Wery, 1994; 
Maser et al., 2003). Although this was the first antitrypano-
somal agent that crossed the blood–brain barrier, it was only 
effective against Trypanosoma brucei gambiense, not T. bru-
cei rhodesiense. Unfortunately, widespread resistance reduced 
the utility of this drug. In 1940, the synthesis of the arsenic 
compound melarsen oxide led to the successful development 
of melarsoprol in 1949 (Friedheim, 1949).

Melarsoprol is a combination of melarsen oxide and a 
heavy metal chelating agent called BAL (British anti -Lewisite) 
or dimercaprolpropanol (Friedheim, 1949; Bouteille et al., 
2003). This combination reduces toxicity without diminish-
ing efficacy (Bouteille et al., 2003). Melarsoprol is effective 
against both T. brucei gambiense and T. brucei rhodesiense 
(Friedheim, 1951). Melarsonyl potassium, another trivalent 
arsenical, was used for many years and remains of interest 
because of its water solubility and the fact that it is amend-
able to intramuscular injection (Wery, 1994). However, pro-
duction of this drug has been discontinued because it was 
considered to be more toxic and less effective than melar-
soprol (Pepin and Milord, 1994).

Melarsoprol is highly lipophilic and insoluble in water, 
alcohol, or ether (Docampo and Moreno, 2003). The com-
mercial preparation is thus dissolved in propylene glycol as a 
5-ml ampoule at a concentration of 3.6%; each 5 ml contains 
180 mg (36 mg/ml) of active compound (Wery, 1994). The 
chemical formula of melarsoprol is C12H15AsN6OS2; its 
molecular weight is 398.3 g/mol; the chemical structure is 
shown in Figure 195.1.

Recent studies have shown that melarsoprol is rapidly 
metabolized to active compounds, the first of which is 
melarsen oxide (p-[4,6-diamino-s-triazinyl-2-yl]aminophenyl 
arsenoxide) (Keiser and Burri, 2000). Other metabolites have 

been difficult to characterize because of the level of binding of 
these compounds to plasma and cerebrospinal fluid proteins 
(see section 5, Pharmacokinetics and pharmacodynamics).

Melarsoprol is not licensed in many developed countries 
but may be obtained from institutions such as the Centers 
for Disease Control (CDC) in the United States on a compas-
sionate use basis. Melarsoprol is highly toxic, with an overall 
treatment-related mortality of approximately 5%, so it is 
important that treating clinicians have familiarity with its 
use. Before the drug is used, an appropriate assessment must 
be made of the likely causative subspecies of trypanosome, 
treatment stage, possible side effects, appropriate dosing, 
suitable alternative treatment, and the availability of moni-
toring during therapy.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Melarsoprol is active against the second stage of both forms 
of sleeping sickness, T. brucei rhodesiense and T. brucei gam-
biense. Trypanosomes lyse rapidly after exposure to the drug. 
Owing to its complex metabolism, several derivatives of 
melarsoprol have been tested for their trypanocidal activity 
(Keiser et al., 2000). In vitro, the trivalent arsenicals, melarsen 
oxide, melarsoprol, and phenylarsen are highly active, with 
the pentavalent form of melarsen and the inorganic arsenic 
oxide less active. The two non-arsenic chemical constituents 

Figure 195.1. Chemical structure of melarsoprol. 
Melarsoprol is a combination of melarsen oxide and the 
heavy metal chelating agent dimercaprol (C3H5OH(SH)2).
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of the commercial preparation of melarsoprol—melamine 
and dimercaprol—are inactive (see Table 195.1).

Melarsoprol has been found to have weak in vitro activity 
against T. lewisi, an animal trypanosome that has been 
reported to rarely infect humans and is not the treatment of 
choice (Dethoua et al., 2013).

Given the high incidence of patients infected with human 
immunodefiency virus (HIV) in many areas endemic for 
HAT, the effect of melarsoprol on HIV-1 replication was 
studied (Barat et al., 2011). In monocyte-derived dendritic 
cells the replication of HIV-1 is stimulated via an increase in 
efficacy of the reverse transcription process, and also renders 
cells susceptible to HIV-2 infection. The significance of this 
observation is likely to be low given the short-term use of 
melarsoprol.

2b.  Emerging resistance and 
cross-resistance

Melarsoprol remained an effective drug for HAT for many 
years, with low rates of failure (5–8%) consistently reported 
for the treatment of T. brucei gambiense (Pepin and Milord, 
1994; Brun et al., 2001). In a study where isolates were col-
lected during the intervals 1960–1995 and 1999–2004 from 
several countries in West and Central Africa and compared 
for in vitro resistance, no significant differences in suscepti-
bility were observed (Likeufack et al., 2006). In recent years, 
however, an alarming rise in the rates of failure has been 
reported in several locations: 19–40% in the Democratic 
Republic of Congo (Brun et al., 2001; Robays et al., 2008), 
25% in Angola (Stanghellini and Josenando, 2001), and 30% 
in Uganda (Legros et al., 1999a) (see section 7, Clinical uses 
of the drug).

There is controversy over whether the rates of treatment 
failure following melarsoprol therapy are different for late 
stage T. brucei rhodesiense. Rates of 5–10% were reported 
from Tanzania, Uganda, Zambia, and Kenya (Pepin and 
Milord, 1994), but in recent years there have been very few 
reports of melarsoprol-refractory T. brucei rhodesiense cen-
tral nervous system (CNS) disease (Foulkes, 1996; Kibona 
et al., 2006). In vitro drug sensitivity assays performed on 
drug-resistant cryopreserved isolates of T. brucei rhodesiense 

stored between 1960 and 1985 revealed that the sensitivity 
of these isolates to melarsoprol was approximately tenfold 
lower than that of melarsoprol-sensitive isolates, with IC50 
values ranging from 15.3–25.4 ng/ml compared with 1.3–3.3 
ng/ml, respectively (Brun et al., 2001). Further testing of resis-
tant isolates performed in a mouse model confirmed that 
melarsoprol failed to cure infection using drug doses result-
ing in levels similar to those achieved in humans (Brun et al., 
2001). In contrast, no in vitro evidence of resistance to melar-
soprol was observed in T. brucei gambiense isolates collected 
from relapsing patients in Côte d’Ivoire from between 1985 
and 1990, or from recent isolates in Uganda (Brun et al., 2001).

In animal trypanosomiasis, extensive work has been per-
formed and similar studies have revealed differences between 
sensitive and resistant isolates of 100- to 1000-fold for vari-
ous drugs (Brun et al., 2001). The IC50 values were all low, 
and there was no difference in values between relapsing and 
cured subjects. However, the more recent isolates from 
Uganda have been shown to be less sensitive than isolates 
from Côte d’Ivoire. In patients from Uganda, plasma and 
cerebrospinal fluid (CSF) levels were measured 24 hours 
after the last dose of melarsoprol, and were virtually the same 
in those receiving treatment for the first time as for a relapse 
(Brun et al., 2001). In a more recent study, the same group 
characterized 18 T. brucei gambiense isolates from Sudan, an 
area where high treatment failure has led to the abandon-
ment of melarsoprol (Maina et al., 2007). The investigators 
found no evidence of resistance, either by in vitro phenotypic 
testing or genetic analysis.

Reports of treatment failure are difficult to characterize 
accurately. Possible causes of treatment failure include inad-
equate dosing, incorrect staging, host factors (e.g. HIV 
co-infection), reinfection, and true drug resistance (see sec-
tion 7, Clinical uses of the drug). Whole-genome sequencing 
has been applied to four pairs of field isolates before and after 
relapse, and based on SNP genotyping the isolates were 
deemed the same strain (Richardson et al., 2015). This has 
been corroborated by another group, who also reported no 
correlation between parasite genotype and treatment out-
come with melarsoprol (Pyana et al., 2015). This supports 
relapse rather than reinfection as a cause of recurrent disease.

Knowledge of the resistance mechanism to arsenical 
drugs has improved markedly over recent years. Trypano-
somes are incapable of de novo synthesis of purines and rely 
on salvage from their mammalian hosts via two high-affinity 
receptors designated P1 and P2 (Kaminsky and Mäser, 2000). 
P1 transports adenosine and inosine, and P2 transports 
adenosine, adenine, and also the melaminophenyl arsenicals 
and diamidines (Carter and Fairlamb, 1993; Carter et al., 
1995). Strains of T. brucei, displaying high levels of resistance 
to arsenicals, show dramatically reduced P2 transporter 
function (Carter and Fairlamb, 1993). The molecular mecha-
nism for this resistance has now been established with the 
discovery of a gene in T. brucei that encodes the P2 trans-
porter, termed TbAT1 (Mäser et al., 1999). Six-point muta-
tions that confer amino acid changes on the transporter 
protein have been identified, all of which result in the loss of 

Table 195.1. In vitro activity of melarsoprol and related 
compounds against a laboratory strain of Trypanosoma brucei 
rhodesiense.

Compound tested MIC

Melarsoprol 6.5 ng/ml

Melarsen oxide 6.5 ng/ml

Melarsen 50 μg/ml

Phenylarsen 1 ng/ml

Arsenic oxide 111 ng/ml

Melamine > 100 μg/ml

Dimercaprol 11 μg/ml

Source: Adapted with permission from Keiser et al., 2000.
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its ability to transport adenosine (Mäser et al., 1999; de 
Koning, 2001). When the mutated gene was expressed in the 
yeast Saccharomyces cerevisiae, the wild-type TbAT1 permit-
ted import of melarsoprol, whereas the mutated gene did not 
(Mäser et al., 1999).

Mutations in this receptor were first demonstrated in clin-
ical isolates in 1999, with further reports subsequently con-
firming these observations (Legros et al., 1999b; Mäser et al., 
1999; Matovu et al., 2001a; Nerima et al., 2007). One report 
was notable for demonstrating a cluster of isolates from dif-
ferent regions (southeastern Uganda, northwestern Uganda, 
and Angola) with an identical set of point mutations in 
the  TbAT1 gene (Matovu et al., 2001a). These resistance- 
conferring mutations were also seen in both subspecies; 
most were isolates of T. brucei gambiense and one isolate was 
T. brucei rhodesiense, but all had the same set of mutations. 
Many isolates from relapsed patients (approximately 30%) 
had wild-type TbAT1, suggesting that another mechanism of 
melar soprol resistance may be present.

Homozygous knockouts of TbAT1 in trypanosomes show 
different degrees of relatively low resistance (two- to three-
fold) to agents such as melarsoprol and pentamidine (Matovu 
et al., 2003). Although this is low compared with that seen in 
resistant parasites, this level of resistance may be sufficient 
for parasites to escape the effect of low levels of melarsoprol 
that occur in the CSF. However, this also raises the possibility 
of alternate pathways for uptake of these drugs or different 
mechanisms altogether (Mäser et al., 2003; Matovu et al., 
2003; Luscher et al., 2006).

A second mechanism for melarsoprol resistance has also 
been described, mediated by multidrug efflux pump in the 
ABC transporter superfamily (Mäser and Kaminsky, 1998; 
Shahi et al., 2002; Alibu et al., 2006). This protein, termed 
TbMRPA, functions to extrude drug–glutathione complexes 
from the cytosol (Luscher et al., 2006). When overexpressed, 
TbMRPA decreased melarsoprol susceptibility by a factor of 
five- to tenfold (Shahi et al., 2002; Alibu et al., 2006). In a 
model of resistance combining the two known mechanisms, 
the double mutant showed the highest level of melarsoprol 
resistance. However, at physiological pH, the overexpression 
of the TbMRPA efflux pump produced more resistance than 
the deletion of the TbAT1 gene (Luscher et al., 2006). The 
effects of both mechanisms were additive rather than syner-
gistic for all drugs analyzed.

The relative contribution of resistance mediated by these 
mechanisms to ongoing reports of treatment failure in sleep-
ing sickness is unknown (Mäser et al., 2003). In a report 
from Uganda where field isolates of T. brucei gambiense with 
high MIC values were tested for TbAT1 mutations, despite 
the majority of isolates carrying wild-type TbAT1, several 
TbAT1 mutations were detected (Matovu et al., 2001b). How - 
 ever, this may have been an underestimate, as the restriction 
fragment length polymorphism method employed could 
only detect 1/11 previously described mutations (Mäser et 
al., 1999; Matovu et al., 2001b). Current evidence supports a 
stronger clinical link with TbAT1 mutations than TbMRPA 
hyperexpression as mediating melarsoprol resistance, but 

this may change in the future as further analysis of treatment 
failure isolates is undertaken.

Other possible mechanisms of resistance unrelated to 
drug transport may also apply (Mäser et al., 2003). In one 
report, melarsen resistance was associated with a reduction 
in lipoic acid content in the parasite (Fairlamb et al., 1992). 
Melarsoprol has also been shown to induce apoptosis in can-
cer cell lines (Mäser et al., 2003). Being refractory to apopto-
sis is a well-known property of chemotherapy-resistant tumor 
cell lines, and apoptosis has been described as a response of 
trypanosomes to drugs (Mäser et al., 2003). Further work is 
needed to determine if resistance to apoptosis is a significant 
phenomenon in trypanosomes resistant to melarsoprol.

Testing for resistance in vitro has been described in 
research settings for many years, but it is time consuming 
and not routinely available clinically. Two assays have 
recently been reported that provide some hope that the 
detection of resistance may be possible in a timely manner at 
the point of care, although currently these have only been 
assessed under “proof of concept” conditions. The first inves-
tigation targeted the P2 transporter function with a fluores-
cent diamidine compound, DB99 (Stewart et al., 2005). A 
range of isolates from the T. brucei group was used to analyze 
the performance of the test. This molecule fluoresces brightly 
when associated with DNA and also carries a recognition 
motif for the P2 transporter, allowing entry into wild-type 
trypanosomes. Mice were infected with trypanosomes, and 
parasitized blood was mixed with DB99, air-dried on slides, 
and viewed under a fluorescence microscope. Sensitive strains 
of laboratory and clinical strain began to fluoresce within 
1 minute, whereas drug-resistant strains from the field and 
laboratory (i.e. genetically manipulated TbAT1 knockout 
strain or drug-selected variants) fluoresced significantly later 
(Stewart et al., 2005). These results correlated well with 
in vitro testing of sensitivity to cymelarsan, a water-soluble 
melarsoprol analog. Although this method requires the pres-
ence of only a few parasites, some bloodstream forms fluo-
resce better than others. The authors suggest assessing the 
morphology of isolates by bright field microscopy in parallel 
with this test (Stewart et al., 2005).

A subsequent report utilizes allele-specific PCR (AS-PCR) 
targeting mutations in the TbAT1 gene, encoding for the P2 
transporter (Nerima et al., 2007). Of 105 clinical isolates 
from Uganda, 11 had mutant TbAT1, and 94 were wild type. 
The test results were concordant with in vitro sensitivity tests 
in all cases. A significant methodologic caveat of such geno-
typing methods is that mixed/heterogenous patterns can 
occur, indicating either mixed infection with two strains or 
a single clone with heterozygous genotype (Nerima et al., 
2007). While the AS-PCR enables detection of a mutant, it is 
unable to determine if the infection is mixed or heterozy-
gous. This may not be clinically relevant, as studies have 
shown that a mixed pattern confers clinical resistance to 
melarsoprol (Nerima et al., 2007). The AS-PCR method is 
4.3 times cheaper than RFLP, is less time consuming, and 
may be amenable to field testing as a tool to determine risk of 
melarsoprol treatment failure (Nerima et al., 2007). 
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CROSS-RESISTANCE
Many studies of laboratory-induced cross-resistance have 
been carried out, but only a few have used field isolates 
(Bernhard et al., 2007). The reported cross-resistance pheno-
types are complex (Kaminsky and Mäser, 2000). There are 
reports of isolates cross-resistant to compounds within the 
class of melaminophenyl arsenicals, suggesting a common 
resistance mechanism (de Koning, 2001). The most clinically 
relevant is cross-resistance of melarsoprol with pentamidine 
(see Chapter 197, Pentamidine). Possible explanations of 
cross-resistance are a common point of entry into the try-
panosome via the P2 transporter, and the role of the multi-
drug efflux pump in both, TbMRPA (Luscher et al., 2006).

In a recent study of T. brucei rhodesiense isolate from 
Tanzania, 35 clinical isolates were screened for resistance and 
13 were selected for further testing (Kibona et al., 2006). Two 
were found to show a resistance phenotype in a mouse model 
and had correspondingly high IC50 and MIC values. These 
two isolates were also found to be resistant to diminazene, a 
diamidine drug (related to pentamidine) used to treat animal 
trypanosomiasis, but not to suramin or isometamidium. 
Cross-resistance may be explained by mutations in the gene 
encoding this receptor. However, in a mouse model of drug- 
induced resistance, melarsoprol-induced resistant isolates had 
lost the TbAT1 gene, whereas the pentamidine- selected popula-
tion had not (Bernhard et al., 2007). The mechanism of melar-
soprol and pentamidine cross-resistance and its frequency 
has not been fully defined. There is currently no evidence of 
cross-resistance of melarsoprol to suramin or eflornithine.

The T. brucei aquaglyceroporin 2 drug transporter 
(TbAQP2) has now been found to render cells sensitive to 
both melarsoprol and pentamidine (Baker et al., 2012) and 
genetic changes to the TbAQP2 gene to cause reduced suscep-
tibility to pentamidine and melarsoprol (Munday et al., 2014). 
More recent studies have found that this is caused by rear-
rangements of the aquaglyceroporin 2 and 3 genes (TbAQP2 
and TbAQP3) to form a novel chimera, accompanied by 
TbAQP2 gene loss (Graf et al., 2013). This chimerization was 
further evaluated in vitro using a field isolate of T. brucei gam-
biense where cross-resistance to melarsoprol and pentamidine 
was demonstrated (Graf et al., 2015). A functional analysis of 
the TbAT drug transporter using a structural model of this 
protein indicated a complex genetic basis for resistance, entail-
ing alterations in the transporter proteins at sites responsible 
for proposed interaction with the substrate (Munday et al., 
2015). The authors proposed that multiple mutations are likely 
to be required to render the drug transporter defective.

It is possible that resistance to diamidine drugs may 
develop in animal reservoirs, given their extensive veterinary 
use for treatment of animal trypanosomiasis, and then con-
fer cross-resistance to arsenicals and pentamidine in humans 
(Barrett and Fairlamb, 1999; Kibona et al., 2006).

2c.  In vitro synergy and antagonism

Synergy between eflornithine and melarsoprol has been 
reported in experimental murine models. In a mouse model 

of T. brucei brucei, mice with late-stage disease were perma-
nently cured with a combination of eflornithine and lower- 
dose melarsoprol than usually required (Jennings, 1988a). 
Other observations included improved efficacy of melarso-
prol when it was administered at the end of the eflornithine 
regimen, and the absolute requirement for a minimum of 
14 days of eflornithine in this model. Eflornithine acts by 
inhibiting ornithine decarboxylase, a critical enzyme required  
for the formation of trypanothione, which is a spermidine– 
glutathione conjugate (see Chapter 229, Stavudine). As 
melarsoprol is thought to inhibit trypanothione, it is possible 
that a reduced ability to replenish the supply of this molecule 
potentiates its effect (Fairlamb, 1990). The mechanism of 
melarsoprol action and the contribution of trypanothione 
inhibition have recently been thrown into question. Thus this 
explanation of synergy may not be correct (Wang, 1995). 
Eflornithine relies on an effective immune system to clear the 
trypanosomes from the circulation and central nervous sys-
tem, further complicating this interaction (Jennings, 1988b). 
Potentiation of the effect of eflornithine is also seen when it 
is combined with many other arsenicals in vitro (Jennings, 
1988b).

3. MECHANISM OF DRUG ACTION

Despite being in clinical use for 60 years, the mechanism of 
action of melarsoprol is still not completely understood. The 
two main proposed mechanisms, inhibition of trypanothi-
one and the disruption of glycolysis, may both play a role.

Melarsoprol is lipophilic, and therefore diffuses freely 
across membranes. It accumulates within trypanosomes and 
is actively taken up by a nucleoside transporter, called P2 
(Burchmore et al., 2002). An in vitro study where the purine 
substrates for this receptor, adenosine and adenine, signifi-
cantly delayed parasite lysis by melarsen oxide in a dose- 
dependent manner (Carter and Fairlamb, 1993; Barrett and 
Barrett, 2000). This effect was also seen in the presence of 
dipyridamole, a known nucleoside transport inhibitor. As 
noted above, mutations of this receptor confer resistance to 
arsenicals (see 2b, Emerging resistance and cross-resistance).

Lysis of trypanosomes is rapid after exposure to arseni-
cals. One cellular target is trypanothione (N1,N8-bis- 
glutathionylspermidine), a dithiol which performs a role 
analogous to glutathione in mammalian cells (Fairlamb et 
al., 1989; Pepin and Milord, 1994; Burchmore et al., 2002). 
Melarsoprol binds irreversibly to trypanothione, resulting 
in a stable adduct compound termed MelT (Fairlamb et al., 
1989). This compound is an inhibitor of the intracellular 
enzyme trypanothione reductase, thus rendering the try-
panosome vulnerable to damage by free radicals (Fairlamb 
et al., 1989; WHO, 1998). Evidence against this proposed 
mechanism comes from the observation that arsenicals 
interact more tightly with other thiols, including lipoic acid, 
and only a small proportion of trypanothione is conjugated 
with the drug (Fairlamb et al., 1992; Burchmore et al., 2002).

A second proposed mode of action of melarsoprol is in hi-
bition of trypanosome glycolysis (Wang, 1995). A specific 
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interaction between the arsenical cymelarsan, used in animal 
trypanosomiasis, and glycerol-3-phosphate dehydrogenase 
has been reported (Denise and Barrett, 2001). However, in 
another study, cell lysis was shown to occur before ATP lev-
els became highly depleted, raising doubt of this being the 
only mechanism of action of melarsoprol (Burchmore et al., 
2002).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The original schedule for melarsoprol administration was 
designed empirically without any guidance from pharmaco-
kinetic studies or results of efficacy studies (Burri et al., 1994; 
Pepin and Milord, 1994). This consisted of several series/
cycles of three to four doses on consecutive days, with an 
interval of 7–10 days between series (see Table 195.2) (Burri 
et al., 1994; WHO, 1995). Within each series, the daily dose 
generally increases gradually to a maximum of 3.6 mg/kg 
(0.1 ml/kg), up to a maximum of 200 mg (5.6 ml) per day. 
The rationale proposed for this regimen was a presumed 
reduction in toxicity. This protocol was the WHO-approved 
treatment regimen until recently (WHO, 1998). Various 
countries use different variations of this regimen; these differ 
depending on which of the two subspecies of T. brucei is 
responsible for the infection (WHO, 1995). Some authors 
recommend variations in the number of treatment cycles 
based on the CSF white blood cell (WBC) count, ranging 
from two to four cycles, as proposed originally by Neujean 
(Pepin et al., 1994; Bouteille et al., 2003). In one study, this 
variation in dose was found to be unnecessary, as no increase 
in treatment failure was observed in patients with the highest 
CSF WBC counts who received a melarsoprol dose similar to 
other patients (three series of three injections) (Pepin et al., 
1994).

Owing to the inherent toxicity of melarsoprol, patients 
require hospital admission for the duration of treatment (25–
36 days). Because of this, patient adherence can be difficult 
(Pepin and Milord, 1994; Burri et al., 2000). Based on several 
studies, an alternate treatment schedule for melarsoprol was 
proposed in 1993 (Burri et al., 1993). Studies in sheep sug-
gested that 25–50% of the recommended dose in humans 
may be sufficient, and even studies of single-dose melarsop-
rol demonstrated a high cure rate (Pepin and Milord, 1994). 
A pharmacokinetic study in humans and computer simula-
tions suggested an alternative treatment schedule of ten con-
secutive doses using 30% less drug than standard schedules 
(see Table 195.2) (Burri et al., 1993). Further studies in mon-
keys comparing the older empiric and new alternative melar-
soprol regimens suggested that drug concentrations achieved 
in the CSF were higher with the alternative schedule. This 
was despite the fact that higher doses were used in the 
empiric arm of the study (Burri et al., 1994). The efficacy and 
safety of the new regimen was shown in pilot testing of 
patients in Zaire (now Democratic Republic of Congo) (Burri 
et al., 1995) in a large-scale randomized controlled trial in 
Angola (Burri et al., 2000; Schmid et al., 2004) and then else-
where in Africa (Schmid et al., 2005). With similar safety and 
efficacy, the major advantages of the alternate regimen are 
shorter duration of hospitalization, lower cumulative drug 
exposure, and improved cost-effectiveness (see below under 
7, Clinical uses of the drug) (Moore, 2005).

The new melarsoprol regimen of 10 consecutive days of 
2.2 mg/kg (see Table 195.2) has subsequently been widely 
introduced. It was endorsed by the International Scientific 
Council for Trypanosomiasis Research and Control in 2003 
and is now included in World Health Organization recom-
mendations (WHO, 2007).

Melarsoprol must be injected intravenously with extreme 
care, as the solvent propylene glycol is an extreme irritant 
and will cause severe tissue damage if extravasation occurs 
(WHO, 1986). The preparation causes a chemical phlebitis, 

Table 195.2. Treatment schedules for melarsoprol to treat late-stage Human African trypanosomiasis (doses in mg/kg).a,b

Regimen Cycle 1 Cycle 2 Cycle 3

Day 1 2 3 4 11 12 13 14 21 22 23 24

Old graded-dosec 1.2 2.4 3.6 3.6 1.2 2.4 3.6 3.6 1.2 2.4 3.6 3.6

Day 1 2 3 – 10 11 12 – 19 20 21 –

Old fixed-dosed 3.6 3.6 3.6 – 3.6 3.6 3.6 – 3.6 3.6 3.6 –

Day 1 2 3 4 5 6 7 8 9 10

New concise single cycle regimene 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2

aSome of these regimens are no longer endorsed and are examples only. Older regimens varied greatly, and four cycles of melarsoprol therapy were used in 
some countries instead of three. Prophylactic corticosteroids are now generally recommended in conjunction with all melarsoprol regimens for late-stage 
disease.

bAll treatment regimens included pre-treatment with suramin for T. b. rhodesiense (see Chapter 194, Suramin, for doses) or pentamidine for T. b. gambiense (see 
Chapter 197, Pentamidine, for doses).

cWHO, 1986.
dAs used in Bisser et al., 2007.
eBurri et al., 2000.
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and it is very common for veins to be damaged in the course of 
treatment. In young patients, it may be difficult to find suitable 
veins for drug administration toward the end of the course, 
and venous damage may be permanent (Jennings et al., 1993).

Patients in poor general condition have been reported to 
respond unfavorably to melarsoprol, and this should be 
taken into account when using the drug (Pepin and Milord, 
1994). It is a highly toxic drug, and any underlying chronic 
comorbidity may exacerbate this toxicity (WHO, 1998).

Eflornithine and nifurtimox have been introduced for 
the treatment of second-stage disease caused by T. brucei 
gambiense (West African sleeping sickness) (see Chapter 
196, Eflornithine and Chapter 193, Nifurtimox). Emerging 
evidence suggests the combination of eflornithine and nifur-
timox, an agent used previously for Chagas disease in South 
America, may be most effective and less toxic than melar-
soprol. This nifurtimox–eflornithine combination therapy 
(NECT) is now the preferred regimen for this form of disease 
(Kennedy, 2008; WHO, 2016), and nifurtimox was recently 
listed as an essential drug by the World Health Organization 
(WHO, 2009) (see Chapter 193, Nifurtimox). Eflornithine is 
ineffective against T. brucei rhodesiense, meaning that melar-
soprol remains the only effective drug against second-stage 
East African sleeping sickness (Chappuis, 2007).

4b.  Newborn infants and children

Dosing schedules are similar to those described for adults.

4c.  Pregnant and lactating mothers

Studies of melarsoprol have not been done in humans during 
pregnancy and it is not known whether melarsoprol is dis-
tributed into breast milk (FDA, 2016).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL OR  
HEPATIC FUNCTION

There are no data regarding dosage recommendations for 
patients with impaired renal or hepatic function. Melarsoprol 
has rarely been associated with renal and hepatic toxicity and 
should be used with extreme caution in this setting (Gherardi 
et al., 1990; WHO, 1995). In one study, no relationship 
between melarsoprol dose, creatinine clearance, and urinary 
arsenic output was reported (Harrison et al., 1997). It has 
been estimated that only 10–20% of melarsoprol is excreted 
by the kidneys (Pepin and Milord, 1994).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Despite being in clinical use since 1949, a paucity of pharma-
cologic data was available for melarsoprol until 1993, when 

investigations using modern drug assays were published 
(Burri et al., 1993). Melarsoprol is administrated exclusively 
by the intravenous route. Although small amounts of drug 
are absorbed after ingestion, this is not clinically useful.

5b.  Drug distribution

Melarsoprol is distributed widely because of its inherent high 
lipophilic nature (Burchmore et al., 2002). Ongoing interest 
remains in improving understanding of how much drug 
reaches the CNS, given the unique efficacy of melarsoprol  
for second-stage sleeping sickness. Following intravenous 
admini stration, melarsoprol cannot be detected in the CSF 
by high-performance liquid chromatography (HPLC) or 
atomic absorption spectroscopy (AAS) (Keiser et al., 2000; 
de Koning, 2001), but low concentrations can be detected by 
bioassay (Burri et al., 1993; Keiser et al., 2000). Arsenic was 
not detected by AAS at any time point in the CSF of five 
patients in one study (Keiser et al., 2000).

As melarsoprol is highly toxic and is used for late-stage 
disease, it is not possible to perform studies of pharmaco-
logic parameters in healthy volunteers. The first modern 
study of basic pharmacokinetic properties of melarsoprol 
was conducted using serum and CSF samples from 19 
patients with advanced-stage T. brucei gambiense in Côte 
d’Ivoire (Burri et al., 1993). All patients received pretreat-
ment with pentamidine followed by the graded empirical 
schedule of melarsoprol, consisting of three series of injec-
tions gradually increasing in dose daily over 4 days, with an 
interval of 7–10 days between series (Table 195.2) (see sec-
tion 4, Mode of drug administration and dosage). Melarsoprol 
levels were measured by two indirect methods: (1) AAS, a 
measure of overall arsenic content, and (2) bioassay, which 
measures overall trypanocidal activity (Burri et al., 1993). 
Maximum serum concentrations were observed after the 
fourth dose of each series: 5–6 µg/ml. At 120 hours after the 
last injection, the level had decreased to a mean of 0.22 µg/ml 
(± 0.08 µg/ml). The mean terminal elimination half-life was 
approximately 35 hours. The volume of distribution was cal-
culated to be > 100 liters, and clearance was 50 ml/min. Large 
inter-patient variability was noted in CSF concentrations, 
varying from 260 ng/ml to below the limit of detection. CSF 
levels were 50 times lower than those measured in serum. 
Previous studies using older methods had demonstrated CSF 
levels to be 0.5–5% of simultaneously measured serum levels 
(Pepin and Milord, 1994). As melarsoprol has an MIC of 
6.5 ng/ml for trypanosomes (Table 195.1), it is likely that 
such low levels of drug, even for a brief duration, are suffi-
cient to kill the organisms.

The results of these basic pharmacokinetic investigations 
provided an opportunity for the authors to model various 
dose regimens of melarsoprol. One proposed regimen con-
sisted of a single course of 10 days of consecutive therapy 
with 2.16 mg/kg of melarsoprol (to a maximum of 108 mg/
day) (Burri et al., 1993). The total amount of melarsoprol in 
a treatment course for a patient of 50 kg or over was reduced 
from 1620 to 1080 mg. The peak serum levels were predicted 



6. Adverse reactions and toxicity 3243

to be slightly lower than those achieved with existing ther-
apy (4.8 compared with 6.3 µg/ml). However, a serum level 
of > 1 µg/ml would be maintained over a longer period—a 
potential therapeutic benefit in terms of CSF levels (Burri et 
al., 1993). In regimens with treatment interruptions, drug 
concentrations drop to virtually undetectable levels, poten-
tially impairing pathogen clearance.

A study by the same authors in uninfected monkeys sup-
ported the observations made in humans (Burri et al., 1994). 
Basic pharmacokinetic parameters determined included 
the mean residence time in serum of 18 hours, a volume of 
distribution of 3.6 l/kg, and a clearance of 3.5 ml/min/kg. 
The pharmacokinetic parameters achieved in serum and 
CSF were measured using two drug regimens—the original 
empirical schedule (WHO, 1986) and the alternate schedule 
(Burri et al., 1993). Serum levels of melarsoprol were calcu-
lated to decrease to very low levels between cycles in the 
empirical schedule, whereas a moderate level was main-
tained during a treatment course using the alternate sched-
ule. This observation has been continued in a human study, 
where levels decreased to almost zero between treatment 
series (Burri et al., 1993).

All CSF drug concentrations measured were very low, 
including some below the limit of detection. Trough levels 
were higher among those who were treated with the alternate 
schedule. The half-life of melarsoprol in the CSF was calcu-
lated to be 120 hours, although the exact value could not be 
calculated, as steady state was not reached. Maximum CSF 
levels were calculated to occur about 10 hours after intra-
venous administration of the drug (Burri et al., 1994).

Using a modern technique to measure arsenic by HPLC, 
Keiser et al. (2000) reported discrepant results to the bio-
assay data, suggesting that melarsoprol may be converted to 
active metabolites (Bronner et al., 1998). To determine the 
nature of these metabolites and measure their pharmacoki-
netic properties, a study was conducted using samples from 
five patients treated with melarsoprol in Angola, using the 
schedule of 10 doses of 2.2 mg/kg given at 24-hour intervals 
(Keiser et al., 2000). As measured by HPLC, the half-life of 
melarsoprol is less than 30 minutes, compared with 35 hours 
as measured by bioassay, indicating the formation of active 
metabolites (Keiser et al., 2000). Levels of melarsen oxide as 
measured by HPLC appeared rapidly, reaching a peak by 15 
minutes, with a half-life of 3.9 hours (Keiser et al., 2000). The 
clearance of melarsen oxide was 21.5 ml/min/kg. In vitro 
studies have shown that at room temperature, melarsoprol 
slowly breaks down, with a half-life of 3 days, suggesting 
the possibility of an enzymatic process in vivo (Nok, 2003). 
Further experiments demonstrated that most of the residual 
arsenic is present in the protein pellet of centrifuged human 
serum and CSF samples, and is irreversibly bound to pro-
teins larger than 20 kDa (e.g. albumin and alpha-1 glycopro-
tein) (Keiser et al., 2000). This product is not able to be 
resolved by HPLC, but activity remains as measured by bio-
assay. It may be melarsen oxide or an as yet undescribed 
metabolite (Keiser et al., 2000). This metabolite may act as 
a  reservoir from which an active arsenical compound is 

released slowly, explaining the observed prolonged activity 
of melarsoprol (Nok, 2003).

A novel HPLC method, termed HPLC/ICPMS, has been 
described incorporating an element (arsenic) selective capa-
bility at low levels of detection (Raber et al., 2013). Study of 
blood spiked with melarsoprol found the major breakdown 
product to be melarsen. In serum, within 30 hours 10% of 
melarsoprol is converted to melarsen, whereas in whole 
blood most is bound to proteins, and only 1% is converted 
to melarsen. In another study it was reported that melarsen 
oxide binds strongly to human hemoglobin via the free cys-
teinyl groups of the alpha- and beta-chain (Baumann et al., 
2013). This may explain the ability of the drug to enter the 
CNS, and also as a potential mechanism of the encephalopa-
thy syndrome, mediated by an immune reaction to arsenical 
compounds bound to proteins.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are no data comparing the clinical efficacy of melarsoprol 
with its pharmacokinetic and pharmacodynamic parameters.

5d.  Excretion

Older studies relying on total arsenic levels revealed that 
30–60% of a melarsoprol dose was excreted within 48 hours, 
and none thereafter (Pepin and Milord, 1994). This consisted 
of 70–80% in feces and 10–20% in urine. More recent studies 
have demonstrated that the biliary excretion of arsenic fol-
lowing administration of melarsoprol to rats is rapid, with 
approximately 55% of the dose excreted within 100 minutes 
(Gregus and Gyurasics, 2000). Melarsoprol increased the bil-
iary output of glutathione by sixfold and lowered the hepatic 
glutathione content by 27%. This may be relevant in states of 
glutathione depletion, such as acute or chronic impairment 
of hepatic function, and may be a factor in drug interactions.

In a study of 28 patients treated with melarsoprol, the 
relationship between renal excretion and dose was examined 
(Harrison et al., 1997), with total arsenic content used as a 
surrogate of melarsoprol concentration. No correlation was 
found between creatinine clearance, melarsoprol dose, or 
arsenic output in urine. The total urinary arsenic excretion 
was 356–511 µg, as measured for a 24-hour period 24–48 
hours after the last dose of melarsoprol in each treatment 
course.

5e.  Drug interactions

There are no data available regarding drug–drug interactions 
for melarsoprol.

6. ADVERSE REACTIONS AND TOXICITY

The initial enthusiasm for melarsoprol therapy in HAT has 
been tempered by the significant toxicity associated with its 
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use. These include infusion-related toxicity, early and late 
manifestations, and especially acute reactive encephalopathy.

6a.  Reactive encephalopathy

A severe CNS reaction, termed post-treatment reactive 
encephalopathy (PTRE) or reactive arsenical encephalopa-
thy (RAE), has been recognized as a complication of therapy 
with melarsoprol for many years (Robertson, 1963; Blum 
et al., 2001). It is observed in 5–9% of melarsoprol-treated 
patients, with a case fatality of up to 50% (Pepin and Milord, 
1994; WHO, 1998; Kennedy, 2008). Thus approximately 5% 
of patients receiving melarsoprol therapy are expected to die 
during the course of therapy as a result of the drug.

The clinical picture of PTRE is typified by a rapid deterio-
ration in the level of consciousness, often with seizures. Over 
a short period, pulmonary edema and behavioral and psy-
chotic symptoms may develop. If death ensues, it usually 
occurs rapidly, within 24–48 hours (Pepin and Milord, 1994). 
This reaction is thought to be more common with advanced-
stage T. brucei rhodesiense than T. brucei gambiense, and has 
been reported to occur in up to 18% of patients from East 
Africa (Pepin and Milord, 1994).

The reaction usually occurs at a typical time point during 
treatment. With the old melarsoprol regimen, it usually 
occurred at the end of the first series of injections, during the 
next interval, or during the second series (Pepin and Milord, 
1994). Delayed reactions have also been reported after the 
completion of therapy (Bouteille et al., 2003). Using the new 
regimen of 10 consecutive days, the reaction is most often 
observed near the end of the treatment course, from day 
8–10 (Schmid et al., 2005).

In a review of 1083 patients in Zaire treated with melar-
soprol for advanced stage T. brucei gambiense, a rate of reac-
tive encephalopathy was reported as 5.9%, with a case fatality 
rate of 67% (Pepin et al., 1995). Risk factors for the develop-
ment of encephalopathy were the presence of trypanosomes 
in the CSF before treatment (odds ratio [OR]: 1.69; 95% con-
fidence interval [CI]: 0.99–2.90, p = 0.05) and a CSF WBC 
count ≥ 100 cells/mm3 (OR: 1.74, CI: 1.01–3.02, p = 0.045). 
For patients receiving prednisolone with a CSF WBC count 
of 6–19, 20–29, and ≥ 100 cells/mm3, the frequency of 
encephalopathy was 7.7%, 9.2%, and 15.4%, respectively 
(Pepin et al., 1989). This association of encephalopathy with 
CSF WBC count was also observed in studies from the 1950s 
(Pepin and Milord, 1994). The use of prednisolone appeared 
to be protective, whereas a nonsignificant reduction in inci-
dence was observed if a lower total dose of melarsoprol was 
given to patients with a CSF WBC count ≥ 100 cells/mm3 
(see section 7, Clinical uses of the drug).

In a study of 588 patients in Angola, including 500 who 
were randomized to standard or concise protocol melarsoprol, 
the rate of encephalopathy was 5.8%, among whom 38.2% 
died (Burri et al., 2000; Blum et al., 2001). No factors in the 
patients’ condition before treatment were associated with risk 
of encephalopathy. However, development of the following 
features during treatment was significantly associated with the 

occurrence of PTRE: febrile reactions (risk ratio [RR]: 11.5; 
95% CI: 5.8–22.7), headache (RR: 2.5; 95% CI: 1.3–4.9), 
bullous eruptions (RR: 4.5; 95% CI: 1.3–15.7), and systolic 
hypertension (RR: 2.6; 95% CI: 1.0–7.0) (Blum et al., 2001). 
Importantly, there was no difference in the frequency of 
encephalopathy between the two treatment schedules (Burri 
et al., 2000). There was also no association observed between 
encephalopathy and the presence of trypanosomes in the 
CSF or a CSF WBC count of ≥ 100 (Blum et al., 2001). 
Notably, HIV infection was not routinely assessed in this 
study but among the small number of HIV-infected patients 
assessed, outcomes were poor compared with HIV-negative 
patients (Blum et al., 2001).

Despite many studies on the pathogenesis of PTRE, its 
cause remains unknown (Pepin and Milord, 1991; Kennedy, 
2006). The histopathologic changes in the brain of patients 
with this reaction vary from a hemorrhagic process to a 
purely inflammatory appearance (Robertson, 1963). Men-
ingo encephalitis is a typical feature of late-stage sleeping 
sickness and includes inflammation of the leptomeninges 
and a diffuse perivascular white matter mononuclear infil-
trate, including lymphocytes, plasma cells, and macrophages 
(Kennedy, 2004). Pathognomonic Mott cells (modified plasma 
cells containing eosinophilic inclusions of IgM) are present 
in the white matter (Adams et al., 1986). Reactive encepha-
lopathy is thought to be an exacerbation of this process 
(Kennedy, 2004).

The role of melarsoprol in PTRE is supported by the obser-
vation of patients treated with melarsoprol for leukemia who 
developed seizures (Soignet et al., 1999). Although reactive 
encephalopathy is not generally seen with other drugs, it has 
been rarely reported with suramin (Burri and Blum, 1996), 
eflornithine (Chappuis et al., 2005), and nifurtimox (Blum et 
al., 2001). The pattern of seizures seen after eflornithine ther-
apy are said to be distinct from the reactive encephalopathy 
observed with melarsoprol (Pepin and Milord, 1994).

ROLE OF PREDNISOLONE IN PREVENTION OF 
REACTIVE ENCEPHALOPATHY

The potential role of prophylactic corticosteroids in preven-
tion of reactive encephalopathy has been examined in several 
studies. In a small, randomized trial in 1974 among patients 
with T. brucei rhodesiense (18 patients in each arm), it was 
concluded that steroids were ineffective. However, this study 
had limited statistical power (Foulkes, 1975; Pepin et al., 
1989). In a subsequent observational study using a retro-
spective control group with approximately 200 patients in 
each arm, no difference in outcome was observed with the 
use of corticosteroids. However, the dose was not specified, 
the pattern of suramin pretreatment varied, and the melar-
soprol regimen used differed widely between groups (Pepin 
et al., 1995).

In an early retrospective study from Zaire, a significant 
reduction in mortality was reported with the use of prophy-
lactic prednisolone (Pepin et al., 1985). In a subsequent large 
randomized controlled trial involving 620 patients with 
advanced stage T. brucei gambiense infection, subjects were 
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randomized after receiving a single dose of suramin to either 
melarsoprol alone or melarsoprol with prednisolone (Pepin 
et al., 1989). The melarsoprol regimen used was the older 
dose schedule with treatment cycles separated by drug-free 
intervals. Prednisolone therapy (1 mg/kg to a maximum of 
40 mg/day) was begun the day before melarsoprol com-
menced and continued daily until after the second cycle was 
completed, and then rapidly weaned over 3 days. Prednisolone 
was then readministered during the third cycle and weaned 
again over 3 days after the last dose of melarsoprol. The rate 
of encephalopathy was significantly reduced in the melarsop-
rol + prednisolone arm compared with melarsoprol alone, 
with 12 (4.1%) versus 35 (11.4%) cases of PTRE, respectively 
(p = 0.002). The frequency of other adverse reactions asso-
ciated with melarsoprol was similar in the two groups, and 
the reduction in incidence of encephalopathy was seen in 
all strata of CSF WBC counts. A reduction in encephalitis- 
associated mortality was observed, although the difference 
was not statistically significant (2.8% vs. 6.2%, p = 0.07).

A larger retrospective review of 1083 patients undertaken 
by the same researchers (including some patients enrolled in 
the clinical trial mentioned above) reported similar conclu-
sions (Pepin et al., 1989). The administration of prednisolone 
was associated with a significant reduction in the incidence 
of encephalopathy (3.5% vs. 9.4%; OR: 0.35; 95% CI: 0.20–
0.61; p < 0.0001) and mortality (OR: 0.52, CI: 0.30–0.9) 
(Pepin et al., 1995).

Given these findings, most authors now recommend the 
use of prophylactic prednisolone with melarsoprol for CNS 
involvement with both T. brucei gambiense and T. brucei 
rhodesiense, given the pathologic process is the same for both 
pathogens (Pepin and Milord, 1994; Burri and Brun, 2009; 
Krishna and Stich, 2016). 

TREATMENT OF REACTIVE ENCEPHALOPATHY

Once PTRE occurs, the management consists of temporary 
cessation of melarsoprol, intravenous corticosteroids, anticon-
vulsants, intravenous hydration, antipyretics, and suppor tive 
measures, including general medical care and intensive sup-
port, if available (Kennedy, 2008). The use of mannitol and 
adrenaline has been reported, but their efficacy is unproven 
(Bouteille et al., 2003). Treatment with dimercaprol, a heavy 
metal chelating agent (and component of melarsoprol), has 
been shown to be of no benefit, and possibly to be harmful 
(Pepin et al., 1995). The antioxidants, anthocyanins from 
Kenyan purple tea, and coenzyme-Q10, have been studied in 
a mouse model and found to ameliorate reactive encepha-
lopathy from melarsoprol with less neuroinflammation, 
micro glial activation, and disruption of the brain paren-
chyma (Rashid et al., 2014).

Those who survive PTRE require melarsoprol to be 
recommenced if they have T. brucei rhodesiense infection, as 
there is currently no other effective alternative treatment for 
advanced East African HAT (Kennedy, 2004). For T. brucei 
gambiense, patients may now receive alternative regimens if 
they are available (see Chapter 196, Eflornithine and Chapter 
193, Nifurtimox).

6b.  Other neurologic toxicities

Melarsoprol has been associated with a peripheral neuropa-
thy in up to 10% of patients, including significant morbidity 
(Pepin and Milord, 1994). One clinicopathologic report 
 suggested a process similar to Guillain-Barré syndrome 
(Gherardi et al., 1990), with the difference between this 
report and a typical Guillain-Barré being the presence of 
initial proximal demyelination with delayed distal axonal 
damage. In support of this, high levels of arsenic were found 
in the anterior horn of the spinal cord compared with none 
detected in peripheral nerves. Clinically, the neuropathy 
presents as a glove-and-stocking sensory peripheral neuro-
pathy, followed by motor weakness if melarsoprol is not 
withheld (Pepin and Milord, 1994). High-dose thiamine is 
recommended to improve symptoms, and if successful, 
melarsoprol should be reintroduced (Pepin and Milord, 
1994). There was no reduction observed in the incidence of 
peripheral neuropathy when prednisolone prophylaxis was 
given (Pepin et al., 1989). It has been suggested that polyneu-
ropathy is a direct toxic effect of the arsenical component of 
melarsoprol; it can occur up to 39 days after the first dose 
(Gherardi et al., 1990). In reports of patients without sleep-
ing sickness treated with arsenic, acute toxicity was reported 
in four patients in the form of a Guillain-Barré-like syn-
drome. Electrophysiologic testing revealed similar findings, 
suggestive of an acquired segmental demyelinating poly-
radiculoneuropathy with evolution into features of a distal 
dying-back neuropathy (Donofrio et al., 1987).

A multifocal inflammatory neurologic syndrome was 
reported in a returned traveler from Kenya and Tanzania 
treated with melarsoprol for advanced-stage infection caused 
by T. brucei rhodesiense (Kumar et al., 2006). The patient 
developed ascending paresthesia, gait disturbance, and long-
tract signs in her lower limbs 4 weeks after the melarsoprol 
course was completed. Magnetic resonance imaging (MRI), 
revealed diffuse changes in her cervical spine, cerebellum, 
brainstem, and subcortical white matter. Nerve conduction 
studies were unremarkable, and CSF WBC count had im- 
proved compared with that at diagnosis (164–11 WBC/µl). 
Significant improvement was seen with pulse-dose methyl-
prednisolone, 1 g daily for 5 days. Repeat MRI over the next 
few months demonstrated a relapsing and remitting course 
of lesions, particularly in the brain. However, a steady clini-
cal improvement was noted and the patient was asymptom-
atic at 6 months’ follow-up. It was felt that this resembled a 
multifocal inflammatory leukoencephalopathy seen follow-
ing several other medications (Kumar et al., 2006).

A second similar report of a returned traveler from South 
Africa with late-stage T. brucei rhodesiense who “relapsed” 
1 month following a course of melarsoprol and was re-treated 
with a second course at higher dose (Braakman et al., 2006). 
She represented with symptoms of headache, fever, psycho-
logic symptoms, and increased somnolence. However, it is 
unclear if this represented a relapse of infection. The CSF 
WBC count had reduced from 81 at diagnosis to 47 cells/ml 
at time of relapse, and no trypanosomes were seen in the CSF 
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on the second occasion, whereas the protein level rose sig-
nificantly from 0.54 to 1.13 g/l. During the second course  
of treatment, her condition deteriorated dramatically, with 
 progressive weakness leading to complete paralysis and 
coma. Postmortem examination revealed widespread lymph-
oplasmacytoid perivascular inflammation, with extensive 
demyelination and axonal damage in the cerebral white mat-
ter. The radiologic findings and histopathology of the brain 
were said to correlate with advanced late-stage HAT, whereas 
the peripheral neuropathy may have been secondary to 
melarsoprol toxicity (Braakman et al., 2006).

Tremor is also common with melarsoprol, but is usually 
benign.

6c.  Other toxicities

Acute febrile reactions after melarsoprol infusion are com-
mon. These may be isolated or associated with a reactive 
encephalopathy (Pepin and Milord, 1994). The reaction has 
been thought to represent trypanosomal lysis causing a reac-
tion similar to the Jarisch–Herxheimer observed with the 
treatment of syphilis.

Infusional reactions, including inflammation or tissue 
necrosis, around the i.v. site are common and are related to 
the solvent propylene glycol (Pepin and Milord, 1994). 
Melarsoprol must be injected with extreme care to ensure no 
extravasation occurs. Use of a fine bore needle is recom-
mended by some to minimize this risk (Robertson, 1963).

Patients may develop skin reactions, including pruritus or 
rash involving a severe exfoliative dermatitis (1%), urticaria, 
or bullous eruptions (Docampo and Moreno, 2003). These 
reactions have been reported to be more common with the 
use of the 10-day regimen of melarsoprol (see Table 195.2) 
but responded to treatment with topical corticosteroid ther-
apy (Burri et al., 2000; Pepin and Mpia, 2006).

Rarely, serious toxicity may occur later in the course of 
treatment and may be dose-related (WHO, 1998). This 
includes cardiac (myocardial damage), renal (Gherardi et al., 
1990), and hepatic dysfunction and agranulocytosis (WHO, 
1998; Blum et al., 2001; Bouteille et al., 2003). The cause of 
isolated reports of sudden death is unknown and may be 
due to cardiac arrhythmias or a rapidly progressive enceph-
alopathy (Pepin and Milord, 1994). Other less common 
reactions include vomiting and diarrhea, abdominal or chest 
pain, malaise, albuminuria, hypertension, and conjunctivitis 
(WHO, 1995; WHO, 1998). Hypersensitivity reactions have 
reportedly been successfully treated with corticosteroids, 
and gradual reintroduction of melarsoprol has been possible 
with a desensitization protocol (WHO, 1995).

6d.  Teratogenicity

There are no formal reports of melarsoprol use in pregnant 
women. The risk of untreated sleeping sickness to the mother 
and unborn baby must be taken into account. Melarsoprol 
has been reportedly used in several pregnant women with no 
adverse effects on the newborn (Pepin and Milord, 1994). 

This use has been discouraged in the past, as melarsoprol is 
known to interfere with cellular function, and experimental 
studies in oncology have shown the drug to interfere with 
apoptosis (WHO, 1995; FDA, 2016).

7. CLINICAL USES OF THE DRUG

As melarsoprol is used primarily to treat HAT, this section 
focuses entirely on this indication.

Melarsoprol was introduced as a highly effective treat-
ment of HAT in 1949, but treatment regimens were not rig-
orously evaluated until many years later (Burri et al., 1993; 
Keiser and Burri, 2000; Keiser et al., 2000). Unfortunately, 
severe side effects have limited the drug’s use (see section 6, 
Toxicity) (Pepin and Milord, 1994). The introduction of the 
10-day treatment regimen and the combination use of melar-
soprol with eflornithine and nifurtimox have resulted in 
improved outcomes.

Many other infectious diseases endemic in the same regions 
of Africa as HAT may cause neurological manifestations, 
including malaria, HIV infection, tuberculosis, toxoplasmosis, 
viral encephalitis, cryptococcal meningitis, brucel losis, typhoid 
fever, lymphoma, and schistosomiasis—thus conclusively 
establishing a diagnosis of HAT is crucial (Kennedy, 2008; 
Burri and Brun, 2009). As patients with T. brucei rhodesiense 
often have high levels of parasitemia, some authors recom-
mend delaying diagnostic lumbar puncture until after one or 
two doses of suramin to prevent the introduction of circulat-
ing trypanosomes into the CSF (Pepin, 2007). Pretreatment 
of patients with an agent exclusively active against the blood 
phase of HAT, such as suramin or pentamidine, with the 
intention of reducing the risk of reactive encephalopathy to 
melarsoprol, has been popular for many years (Robertson, 
1963; Pepin and Milord, 1994; WHO, 1995). However, some 
authors consider there to be little evidence to support or 
refute this approach (Krishna and Stich, 2016).

After successful treatment, most authorities suggest that 
clinical follow-up with both blood and CSF monitoring for 
signs of relapse should be conducted at 6-monthly intervals 
for 2 years (Kennedy, 2008; Burri and Brun, 2009; Krishna 
and Stich, 2016). Relapse is defined as the detection of try-
panosomes in blood or CSF or a rise in the CSF WBC count. 
The presence of trypanosomes in a lymph node aspirate 
appears to be an independent risk factor for failure of melar-
soprol treatment (Pepin et al., 2002). Other investigational 
methods for detecting HAT relapse include analysis of sleep 
patterns using polysomnography and cerebral MRI. The 
latter appears useful in the initial diagnosis of late-stage 
HAT, but may also have a role in follow-up (Kennedy, 2008). 
A summary of the relapse rates from selected studies of 
advanced stage T. brucei gambiense treated with melarsoprol 
is shown in Table 195.3.

7a.  Early clinical studies of HAT

Melarsoprol treatment regimens that gave incremental daily 
doses over a week, spaced with intervals of 7–10 days, was 
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standard therapy for many years (see section 4, Mode of drug 
administration and dosage). Regimens differed slightly for 
infection caused by each of the two subspecies of trypano-
some, but there were few efficacy data available to guide 
treatment decisions. Subsequently, successful therapy with 
shorter-course series were reported for T. brucei gambiense 
in Zaire, such as three rather than four cycles of three injec-
tions (Pepin and Milord, 1994). Even among patients with 
> 100 WBC in their CSF, no apparent increase in relapse rate 
was observed (Pepin et al., 1994). In Kenya, where T. brucei 
rhodesiense is endemic, the response observed was related to 
the total dose administered (Wellde et al., 1989); among 269 
patients treated with melarsoprol, 2/140 (1.4%) given > 30 ml 
total dose (1.08 g) relapsed, compared with 11/115 (9.6%) 
given < 30 ml. Thus a typical regimen resulted in the admin-
istration of a cumulative dose of approximately 45 ml. 
Subsequent pharmacokinetic studies have suggested that the 
currently recommended protocol of 10 consecutive days of 
melarsoprol is more appropriate (Burri et al., 1995).

7b.  Clinical studies of 10-day  
melarsoprol regimen

Several studies of a 10-day melarsoprol regimen have been 
conducted in patients infected with T. brucei gambiense and 
lay the foundation for this to now be the favored regimen. 

The 10-day schedule was piloted in 11 patients from Zaire 
and compared with 23 control patients identified retrospec-
tively through the national treatment program (Burri et al., 
1995). All 11 patients were discharged well and there were 
no relapses over 2 years of follow-up, compared with the 
standard schedule in which one death occurred during treat-
ment, 20 were discharged cured, and two patients had signif-
icant morbidity. The rate of adverse reactions was similar, 
with slightly lower incidence of encephalopathy but more 
minor reactions in the short-course therapy group (Burri et 
al., 1995).

A large randomized trial was then conducted in Angola 
with 250 patients randomized to the standard 26-day sched-
ule of three series of four daily injections at doses slowly 
increasing from 1.2–3.6 mg/kg within each series, versus the 
new schedule of ten daily doses of 2.2 mg/kg (Burri et al., 
2000). The number of patients experiencing adverse events 
requiring treatment interruption or withdrawal was 40 ver-
sus 47, respectively; with 50 versus 2 patients, respectively, 
deviating or withdrawing from treatment. Parasitologic cure 
was 100% in both groups 24 hours after completing treat-
ment; the frequency of encephalopathy was the same (14 
patients [5.6%] in each group), and at 30 days the death rates 
were equal (six deaths [2.4%] in each group—all due to 
encephalopathy). Minor adverse reactions such as skin reac-
tions were more common with the new 10-day schedule  
(7 vs. 18, p = 0.024). However, all were reported to be 

Table 195.3. Reported relapse rates from selected studies of advanced stage Trypanosoma brucei gambiense treated with melarsoprol.

Reference Country
Study 
period

No. 
patients Treatment failure n (%) Mortality n (%)

Doua and Yapo, 1993 Gôte d’lvoire 1988–1991  350 12 (3.7%) 20 (5.7%)

Pepin et al., 1994 Zaire* 1983–1990 1083 63 (6.2%) 62 (5.7%) (during treatment)

Legros et al., 1999a Uganda Sept. 1995– 
Aug. 1996

 428 130 (30.4%) 19 (4%) (during treatment) 
+ 15 before first follow-up

Burri et al., 2000 and 
Schmid et al., 2004†

Angola Not stated  500 12 (3%) at 1 year, 23 (5%) 
at 2 years

12 (4.8%) (during treatment)

Stanghellini and 
Josenando, 2001

Angola 1998 4841 25% of subset of patients 
in M’banza Congo within 
1 month (actual figure 
not stated)

Not stated

Schmid et al., 2005‡ 7 African countries June 1999– 
June 2002

2020 144 (7.1%) 5.9% (during treatment)

Pepin et al., 2005 Zaire (Nioki Province) 1982–2001 2221 135 (6.4%) 116 (5.2%)

Bisser et al., 2007 Zaire (Equateur 
Province)

1998  278 7/69 (10.1%) of those 
given old regimen#

No deaths during treatment, 
5 deaths after treatment

17/70 (24.2%) of those 
using 10-day graded 
regimenƒ

3 deaths during treatment, 
6 deaths after treatment

Robays et al., 2008 Zaire (Equateur Nord 
Province)

2001–2003 4925 959 (19.5%) Not stated

Method of reporting varies so relapse number and % may not reflect true % of total number of patients, taking into account factors such as follow-up rates.
*Zaire, now Democratic Republic of Congo
†As part of a large randomized controlled trial of standard vs. 10-day regimen.
‡New treatment schedule consisted of 10 consecutive days of melarsoprol 2.2 mg/kg.
#Older regimen: Three series each with 3 days of 3.6 mg/kg, separated by 7-day interval.
ƒ10-day graded regimen consisted of 0.6 mg/kg day 1, 1.2 mg/kg day 2, and 1.8 mg/kg days 3–10.
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manageable. The 2-year follow-up results were published 
separately (Schmid et al., 2004). Of 442 patients available for 
follow-up after 1 year, 12 patients had relapsed (7 vs. 5, 
respectively); whereas after 2 years, 23 (5%) had relapsed (11 
vs. 12, respectively; no statistical difference). Thus the new 
10-day schedule was at least as efficacious, with a similar rate 
of toxicity to the older empirical regimen (Moore, 2005).

Further studies of the 10-day regimen have been under-
taken in multiple countries under natural field conditions 
involving a total of 2020 patients (Schmid et al., 2005), with 
most also receiving prophylactic corticosteroid treatment 
(see section 6, Toxicity). Overall, 88.8% of patients received 
ten doses in total. Most nonadherence resulted from severe 
adverse events, which were most common from days 8–10 
of treatment. During treatment, 119 (5.9%) patients died at 
an average of 9 days into treatment; 80 (67.2%) of these 
deaths were related to encephalopathy. The cure rate 24 hours 
after completing treatment course was 93.9%. However, only 
49.4% of patients apparently cured at discharge underwent 
follow-up assessment. Of those who were assessed and 
underwent lumbar puncture, 144 (7.1% of total study) were 
diagnosed as having relapsed.

In a further study in Zaire, 389 patients were randomized 
to one of three melarsoprol regimens: 3.6 mg/kg for all doses, 
given as three series of three injections separated by 1-week 
intervals; 2.16 mg/kg doses over 10 consecutive days; or 
three series of three doses graded incrementally from 1.8 to 
3.6 mg/kg separated by 1-week intervals (Pepin and Mpia, 
2006). The new regimen entailing ten daily injections was as 
effective as the traditional older regimen. Although the rate 
of convulsions was higher among those receiving the graded 
regimen than in other groups (7/70 [10%] vs. 11/319 [3.4%], 
p = 0.03), the rates of altered consciousness did not differ. 
The 2-year probability of relapse was 5.4%, 7.4%, and 
25.0% for the standard, new, and graded regimens, respec-
tively (p < 0.001). Cutaneous reactions were more common 
with the new regimen, reinforcing an observation made pre-
viously (Burri et al., 2000).

Graded dosing was popular for many years, and until 
recently remained one of the recommended protocols by the 
WHO (Pepin and Mpia, 2006). However, more recent infor-
mation now suggests that such graded dosing regimens result 
in a higher rate of relapse and should be abandoned (Bisser et 
al., 2007; Pepin, 2007).

The major significance of these studies demonstrating 
equivalent efficacy of the shorter 10-day regimen is the 
reduced cumulative dose of drug administered, the shorter 
duration of hospitalization, and improved cost-effectiveness. 
In addition, the management of reactive encephalopathy 
(8.7% of patients in the multinational trial) may be easier 
(Schmid et al., 2005).

To assess the safety and efficacy of the 10-day regimen in 
T. brucei rhodesiense disease where there is no effective alter-
native to melarsoprol, two small trials across Tanzania and 
Uganda were pooled and reported together (Kuepfer et al., 
2012). The aim was to design two sequential trials: a proof-
of-concept trial to investigate adverse events followed by a 

larger trial to confirm these results, using historical patients 
as controls. The first phase of 60 patients included two 
arms—30 patients pretreated with suramin and 30 receiving 
melarsoprol as initial therapy. Suramin pretreatment had 
historically been given in several countries in the hope of 
reducing the risk of reactive encephalopathy, and as pretreat-
ment prior to a staging lumbar puncture to reduce the theo-
retical risk of seeding the CNS with trypanosomes. The 
results indicated a similar rate of reactive encephalopathy in 
the trial group (11.2%) compared to historic data (13%), with 
equivalent case fatality rates (8.4 vs. 9.3%). Hospitalization 
time was reduced from 29 to 13 days (p < 0.0001) per patient. 
No benefit was found with suramin pretreatment.

To improve the solubility or melarsoprol and hence the 
oral absorption, and to reduce toxicity, two melarsoprol cyclo-
dextrin inclusion complex formulations have been studied in 
a murine infection model (Rodgers et al., 2011). Both formu-
lations studied (melarsoprol hydroxypropyl-β-cyclodextrin 
and randomly-methylated-β- cyclodextrin) were adminis-
tered orally once daily for 7 days and found to cure CNS dis-
ease in mice with no overt toxicity noted. Endpoints included 
parasite load in the CNS MRI changes. Arguments for and 
against developing these formulations as licensed therapeu-
tics have been made. Although the clear benefits of safety 
and oral availability show promise (Kennedy, 2012), the long 
path to regulatory approval for a new drug and other alterna-
tives in the pipeline represent barriers (Burri, 2012).

The WHO now recommend NECT as first-line therapy 
for second stage HAT caused by T. brucei gambiense (Barrett 
and Croft, 2012; WHO, 2016), with a Cochrane meta- 
analysis supporting this recommendation (Lutje et al., 2013).

7c.  Combination therapy with melarsoprol 
and eflornithine

Combinations of drugs to treat HAT have been studied for 
many years, but only recently have promising results emerged. 
Studies comparing melarsoprol to eflornithine mono therapy 
in T. b. gambiense have now resulted in a change to first-line 
therapy recommendations by some authors (see Chapter 
194, Suramin) (WHO, 2009; Krishna and Stich, 2016; WHO, 
2016).

In vitro studies have demonstrated evidence of increased 
activity of melarsoprol with eflornithine (Jennings, 1988a). 
However, the first clinical report was from Equatorial Guinea 
in a 26-year-old patient with late-stage T. brucei gambiense 
disease (Simarro and Asumu, 1996). After relapsing several 
times with melarsoprol and once with oral eflornithine, the 
patient was treated with a combination of the two drugs. As 
intravenous access was difficult, eflornithine was adminis-
tered orally. Follow-up to 2 years with repeat lumbar punc-
ture indicated no relapse. A trial was conducted in Zaire 
among 42 such patients who relapsed after melarsoprol ther-
apy for late-stage T. brucei gambiense infection (Mpia and 
Pepin, 2002). They were treated with intravenous eflorni-
thine (100 mg/kg every 6 hours for 4 days) followed by three 
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daily injections of melarsoprol (3.6 mg/kg). There were 
two  deaths during treatment (4.8%), and over 2 years of 
 follow-up, two patients relapsed (after 13 and 19 months). 
The 2-year probability of cure was 93.3%. The death rate in 
this study was similar, with a treatment toxicity of 6.4% seen 
in another trial using 7 days of eflornithine monotherapy for 
relapsed disease (Mpia and Pepin, 2002). As there was no 
control group, it is not known if efficacy observed was attrib-
utable to synergy or to the short duration of eflornithine, as 
3 days of melarsoprol alone would not generally have been 
considered effective in this setting (Mpia and Pepin, 2002).

In a retrospective analysis of patients treated at a Médecins 
Sans Frontières (MSF) treatment center in southern Sudan, 
708 patients received melarsoprol and prophylactic pred-
nisolone between 2001–2002, of whom 251 received intra-
venous eflornithine (Chappuis et al., 2005). Mortality of 
patients receiving melarsoprol and prednisolone compared 
to eflornithine alone was 25 (3.5%) versus 2 (0.8%), respec-
tively. Using Cox proportional hazard, the adjusted relative 
risk of death was 0.2 (95% CI: 0.04–0.89) for those receiv-
ing eflornithine. Almost all melarsoprol-related deaths were 
related to encephalopathy (92%). Reactive encephalopathy 
occurred in one patient receiving eflornithine. There were no 
statistically significant differences in post-treatment relapse 
(9  vs. 16 patients, respectively) or death (one vs. 6 patients, 
respectively) between the eflornithine and melarsoprol groups 
during 12-month follow-ups. The nonrandomized nature of 
this study precludes firm conclusions being drawn, but eflor-
nithine therapy appeared to offer some treatment advantages.

In another study from an MSF-supported program in 
Zaire, a retrospective analysis was reported among patients 
treated in 2001–2005 with three treatment protocols: stan-
dard melarsoprol therapy using three series of incremental 
doses over 3 days, spaced by 7 days; short-course melarsop-
rol therapy over 10 days; and intravenous eflornithine 6 
hourly over 14 days (Balasegaram et al., 2006). Melarsoprol 
was standard therapy for the first half of the observation 
period, and eflornithine was reserved for those most unwell. 
With emerging treatment success, the first-line protocol was 
changed to eflornithine for the second half of the study 
period. The study patients differed with respect to many 
baseline characteristics, with eflornithine patients more 
likely to have trypanosomes present in their CSF and a higher 
CSF WBC count (p < 0.001). Despite this, the number of deaths 
during treatment (5/288, 1.7%) was significantly lower 
among those treated with eflornithine compared with those 
treated with standard melarsoprol (15/311, 4.8%) and among 
those treated with short-course melarsoprol (4/62, 6.5%; p = 
0.06). The relapse rate at 1 year was 8.1% for eflornithine, 14% 
for standard melarsoprol, and 15.5% for short-course melar-
soprol. Based on a multivariate analysis, compared with the 
eflornithine group, the standard and short-course melarsoprol 
group had an adjusted odds rate of death of 2.87 (p = 0.04) and 
3.90 (p = 0.05), respectively. Compared with eflornithine ther-
apy, the hazard ratio (HR) of relapse was 6.65 (95% CI: 2.61–
16.94) and 2.47 (95% CI: 1.22–5.03) for the short-course and 
standard melarsoprol arms, respectively.

A summary report from nine MSF programs assessing the 
effectiveness of melarsoprol and eflornithine in Angola, 
Republic of Congo (Zaire), Sudan, and Uganda, suggested 
that the case fatality rate (CFR) during treatment was similar 
for standard and short-course melarsoprol (4.9% and 4.2%, 
respectively) compared with 1.2% for eflornithine (Balase-
garam et al., 2009). Survival at 1 year was > 90% among eflor-
nithine-treated patients at all sites except one, whereas it was 
< 90% for melarsoprol, except at two sites.

Results of a cost-effectiveness analysis indicated that 
melarsoprol was slightly more cost effective than eflornithine 
(Robays et al., 2008).

7d.  Combination therapy with melarsoprol 
and other agents

Small, randomized open-label trials have been undertaken 
with other melarsoprol combinations including melarsoprol 
plus nifurtimox for T. brucei gambiense infection (Priotto et 
al., 2006). However with the promising results of the combi-
nation of eflornithine and nifurtimox that have now been 
published, the interest in melarsoprol-containing regimes 
has waned.

The most recent report is another open-label, randomized 
trial of 278 patients comparing four regimens: standard (old) 
regimen melarsoprol (three series of 3-day treatment with 
7-day intervals between series); a 10-day incremental-dose 
melarsoprol regimen (0.6 mg/kg on day 1, increasing gradu-
ally to 1.8 mg/kg/day); the same 10-day incremental-dose 
melarsoprol regimen plus oral nifurtimox on days 3–10 (7.5 
mg/kg twice daily); and nifurtimox monotherapy for 14 days 
(5 mg/kg orally three times per day) (Bisser et al., 2007). 
Prophylactic corticosteroids were not used. The rate of adverse 
events was significant but similar between groups. Reactive 
encephalopathy occurred in all groups and was responsi- 
ble for all treatment-related deaths. Relapses occurred in all 
groups, except for the melarsoprol–nifurtimox combination 
arm. This study was designed as an equivalence trial, using a 
threshold of 15% to determine non-inferiority. The authors 
concluded that this is the first demonstration that combina-
tion melarsoprol–nifurtimox is superior to standard melar-
soprol monotherapy (Bisser et al., 2007). However, this 
finding has been questioned (Pepin, 2007). When these 
results were reanalyzed based on non-inferiority criteria, the 
regimen of melarsoprol + nifurtimox was found to be non- 
inferior, but the combination was not statistically superior to 
alternative regimens (Woodrow et al., 2007). Despite this, 
the combination of melarsoprol + nifurtimox shows great 
promise and is likely to be a useful treatment option, partic-
ularly in cases of treatment-refractory disease. Nifurtimox 
monotherapy has been previously reported to be inferior to 
other agents used to treat HAT, and this study supported this 
view (Pepin, 2007). Graded dosing with melarsoprol is no 
longer favored because of a higher rate of relapse, and it has 
been recommended that in further studies, the standard 
10-day regimen of 2.2 mg/kg should be employed (Pepin, 
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2007). Combination therapy may be beneficial to reduce the 
frequency of primary treatment failure that has been reported 
recently. Further studies have been performed using melar-
soprol-free regimens, which show great promise.

7e.  Melarsoprol therapy in children

There are very few reports on the clinical presentation or 
treatment outcome of HAT among children. The main con-
temporary report comes from southern Sudan and describes 
119 preschool children (< 6 years) treated from 2000–2002 
(Eperon et al., 2007). Pentamidine was used for the 56 (47%) 
who presented in first-stage HAT disease and melarsoprol 
for the 63 (53%) children with second-stage disease. 
Melarsoprol-associated reactive encephalopathy was less fre-
quent than in older age groups: 0–5 years, 2/60 (3%); 6–15 
years, 24/230 (10%); > 15 years, 95/738 (13%) (p = 0.07). 
However, the mortality of those with encephalopathy was 
higher in the younger age groups: 100%, 38%, and 24%, 
respectively (p = 0.03). Other treatment-related adverse 
effects were more frequent in the < 6-year age group, includ-
ing macular rash, jaundice, and skin necrosis at injection site 
(p < 0.05).
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1. DESCRIPTION

Eflornithine is the most recent antitrypanosomal agent to be 
developed and introduced into clinical use. It is a small mole-
cule compared with other antitrypanosomal agents currently 
available, with a chemical structure of alpha-difluoromethy-
lornithine (DFMO) (see Figure 196.1). It has a molecular 
weight of 182.2 g/mol, and its molecular formula is 
C6H12F2N2O2. It is presented as a racemic mixture of the L- 
and D-enantiomers of alpha-DFMO, with the L-enantiomer 
believed to be the most biologically active, as demonstrated 
in mammalian cells (> 20 times activity compared with D-) 
and in cultured Trypanosoma brucei parasites (Jansson et al., 
2008).

Eflornithine is water soluble and readily crosses the 
blood–brain barrier, making it an effective drug for late-stage 
sleeping sickness (WHO, 1995).

Eflornithine was originally developed in 1981 as a chemo-
therapeutic agent (Legros et al., 2002; Wallace et al., 2003). It 
was “rationally designed” as an inhibitor of ornithine decar-
boxylase, a key enzyme in polyamine metabolism. Despite 
demonstrating great promise in experimental studies of 
various malignancies, its development has stalled because 
of a lack of clinical efficacy (Sjoerdsma and Schechter, 1984; 
Wallace and Fraser, 2004). Eflornithine was found to have 
activity against African trypanosomes, and has now been 
examined in preclinical, pharmacologic, and clinical studies, 
supporting these initial findings (see section 7, Clinical uses 
of the drug). It was registered by the US Food and Drug 
Administration (FDA) in 1990 for use in second-stage dis-
ease caused by T. brucei gambiense (Nightingale, 1991), the 
only new agent for human African trypanosomiasis for 50 

years (Legros et al., 2002). Recent studies have established 
eflornithine as the preferred alternative to the more toxic 
drug melarsoprol in the treatment of advanced-stage sleep-
ing sickness caused by T. brucei gambiense, or West African 
human African trypanosomiasis (HAT) (Chappuis et al., 2005; 
Balasegaram et al., 2006a; Balasegaram et al., 2009; WHO, 
2016). Unfortunately, the East African subspecies T. brucei 
rhodesiense is inherently resistant to this drug (Bellofatto et 
al., 1987; Iten et al., 1995; Iten et al., 1997).

Although eflornithine is available as both oral and intra-
venous formulations, current recommendations based on 
studies demonstrate higher efficacy of the intravenous prepa-
ration, and this formulation should be used in preference 
(WHO, 1995; WHO, 2016). It is administered every 6 hours 
over 14 days, which presents a challenge in many areas where 
sleeping sickness is endemic. The greatest barrier to eflorni-
thine implementation in HAT programs across Africa is 
cost, which is significantly higher than other available drugs. 
Owing to lobbying from non-government organizations 
such as Médicines Sans Frontières (MSF) and Epicentre 
(Wickware, 2002), an agreement has been signed between 
the World Health Organization (WHO) and drug manu-
facturers whereby drugs for treatment of HAT have been 
donated to the WHO, and stock distribution and supply is 
controlled by MSF (WHO, 2002).

Combination therapy using eflornithine with other anti-
trypanosomal agents such as suramin, melarsoprol, and 
nifurtimox has been investigated. Promising results have 
been published on the use of oral nifurtimox and intra venous 
eflornithine (Priotto et al., 2009, Checchi et al., 2007; Priotto 
et al., 2006). This combination is now the preferred option 
for second-stage West African sleeping sickness caused by 
T.  brucei gambiense, and has been incorporated into the 
WHO Essential Medicines List (Opigo and Woodrow, 2009; 
WHO, 2009). This efficacy has been confirmed in two large 
observational cohorts in field conditions (Schmid et al., 2012; 
Alirol et al., 2013).

The management of patients with sleeping sickness is 
complex, and clinicians not familiar with this disease should 
consult an expert for advice. Every patient requires an Figure 196.1. Chemical structure of eflornithine (DFMO). 
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assessment of disease stage with a lumbar puncture as part of 
the diagnostic evaluation. Other important factors include 
the likely causative subspecies of trypanosome, possible side 
effects, appropriate dosing, suitable alternative treatment, 
and monitoring during therapy. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

T. brucei gambiense is routinely sensitive to eflornithine, and 
the introduction of this drug has provided patients with 
either melarsoprol toxicity or refractory disease, a much-
needed alternative. In many guidelines, eflornithine is now 
recommended as first-line therapy because of its safer toxic-
ity profile (Balasegaram et al., 2009; WHO, 2009; Krishna 
and Stich, 2016).

Isolates of T. brucei rhodesiense are innately refractory to 
eflornithine, as demonstrated in vitro (Iten et al., 1995) and 
by several reports of clinical failure from countries including 
Kenya and Rwanda (Bales et al., 1989; Taelman et al., 1996; 
Brun et al., 2001). The proposed explanation for the differ-
ence in sensitivity is the shorter half-life of the target enzyme 
ornithine decarboxylase in T. brucei rhodesiense compared 
with T. brucei gambiense (Brun et al., 2001) (see section 3, 
Mechanism of drug action).

T. lewisi, an animal trypanosome rarely reported to infect 
humans, has been shown in an animal model to respond to the 
prolonged combination of 28 days nifurtimox–eflornithine 
combination therapy (NECT) (Dethoua et al., 2013).

2b.  Emerging resistance and 
cross-resistance

As mentioned above, T. brucei rhodesiense is innately resis-
tant to eflornithine—this is strictly a case of drug tolerance, 
rather than resistance (Maser et al., 2003). An early in vitro 
study demonstrated resistance in trypanosomes to be medi-
ated by overexpression of the target enzyme ornithine decar-
boxylase (Bellofatto et al., 1987). Early studies demonstrated 
reduced in vitro susceptibility of clinical isolates of T. brucei 
rhodesiense to eflornithine (Bacchi et al., 1990). However, 
activity was observed when the drug was tested at much 
higher concentrations than could be achieved in the CSF of 
humans (Iten et al., 1995). All T. brucei gambiense isolates 
tested from West Africa were susceptible. Although differ-
ences in other polyamine enzymes were reported (Bacchi et 
al., 1993), it has been demonstrated that differences in orni-
thine decarboxylase enzymatic activity between T. brucei 
rhodesiense and T. brucei gambiense are responsible for this 
differential susceptibility (Iten et al., 1997). Enzyme activity 
was found to be three times higher in T. brucei rhodesiense, 
and a higher turnover rate of the enzyme was reported, with 
a half-life of 4.3 hours compared with 18 hours in T. brucei 
gambiense. As the genes encoding ornithine decarboxylase 
differ by only a single silent nucleotide, differences in enzyme 
activity presumably must be caused by differences in the 

gene regulation or post-transcriptional processing (Kamin-
sky and Mäser, 2000).

In a study from Uganda where T. brucei gambiense isolates 
were tested for melarsoprol and eflornithine resistance, the 
minimum inhibitory concentration (MIC) values for DFMO 
ranged from 1.1 to 6.3 μg/ml, which were within the suscep-
tible range (Matovu et al., 2001). In comparison, the T. bru-
cei rhodesiense isolates tested had MIC values between 25 
and 50 μg/ml.

The mechanism by which eflornithine enters the trypano-
some has been elucidated. Some authors had suggested entry 
was via passive diffusion (Bitonti et al., 1986), while others 
had demonstrated a saturable process typical of transport- 
associated uptake (Phillips and Wang, 1987). In vitro studies 
of eflornithine-resistant T. brucei brucei indicate that resis-
tant parasites accumulate less eflornithine and more orni-
thine decarboxylase, the substrate for the eflornithine target 
enzyme, than the drug-sensitive population (Phillips and 
Wang, 1987). It was not determined whether this was because 
of reduced uptake or increased efflux (Denise and Barrett, 
2001). A subsequent study failed to reproduce this observa-
tion (Bellofatto et al., 1987). Based on eflornithine being an 
amino acid, a systematic analysis of the amino acid trans-
porters in eflornithine-resistant strains revealed that the 
TbAAT6 transporter was lost (Vincent et al., 2010; Barrett 
and Croft, 2012; Barrett et al., 2011). In this study the drug 
target enzyme, ornithine decarboxylase, was not mutated in 
resistant compared to susceptible cell lines (Vincent et al., 
2010). Using RNA interference technology, knockdown of this 
gene in wild-type trypanosomes caused resistance (Vincent 
et al., 2010).

In a study by Bellofatto et al. (1987), an alternate mecha-
nism was demonstrated in vitro. A T. brucei isolate selected 
for high-level resistance to eflornithine had a higher orni-
thine decarboxylase mRNA level but not an increased gene 
copy number, suggesting that transcriptional regulatory 
mechanisms were mediating resistance.

The detection of true resistance in the field has not been 
definitively confirmed, despite widespread use of eflorni-
thine (Alsford et al., 2013). In a large randomized trial of 7- 
versus 14-day eflornithine therapy for advanced stage T. brucei 
gambiense, an association was identified between treatment 
in Uganda and treatment failure (Pepin et al., 2000). Of four 
isolates tested from northwestern Uganda, two displayed 
reduced in vitro susceptibility to eflornithine (Pepin et al., 
2000). HIV testing was not systematic in this study and it is 
possible that HIV co-infection may have played a role.

2c.  In vitro synergy and antagonism

Eflornithine has been used extensively in combination with 
other agents to enhance CNS activity against HAT and has 
shown improved in vivo efficacy and synergy. Combinations 
studied include suramin, melarsoprol, the chemotherapeutic 
agent bleomycin, and a range of experimental agents (Bacchi 
et al., 1982; Clarkson et al., 1983; Clarkson et al., 1984; Bacchi 
et al., 1987a; Bacchi et al., 1987b; Demey, 1987; Bacchi et al., 
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1994; Bacchi and Yarlett, 2002). Often the agents acting alone 
had no or minimal effect in the mouse model, but high cure 
rates were observed in combination. It is thought that, rather 
than acting via a common biochemical pathway, eflornithine 
acts by correcting polyamine metabolic derangements in the 
host. There is evidence that brain injury is associated with 
raised levels of polyamines, and that eflornithine may help to 
reduce this imbalance (Bacchi and Yarlett, 2002). Eflornithine 
may also enhance the penetration of other agents into the 
CNS, as only a single or reduced number of doses of the other 
agent appear to be required to cure infection (Bacchi and 
Yarlett, 2002). The timing of administration of the compan-
ion drug with eflornithine also appears to be crucial, but 
results are conflicting, with some reporting improved effect 
when the companion drug is administered at the start of the 
course and others reporting better results if it is given toward 
the end (Jennings, 1988; Bacchi et al., 1994).

In another study it was demonstrated that eflornithine 
crosses the healthy blood–brain barrier poorly in mice, and 
penetration was improved with suramin but not melarsop-
rol, pentamidine, or nifurtimox (Sanderson et al., 2008). In 
this murine model, the blood–brain barrier remained func-
tional until late in the course of infection. Other polyamine 
analogs and antagonists are in development (e.g. AdoMet 
decarboxylase inhibitors) for use alone or in combination 
with eflornithine (Bitonti et al., 1985; Bacchi et al., 1987b; 
Bacchi et al., 1992; Bacchi et al., 1996). The clinical efficacy of 
eflornithine combinations has only recently been studied, with 
reports of eflornithine combined with suramin, melarsoprol, 
and nifurtimox (see section 7, Clinical uses of the drug).

An in vitro study employing metabolomics has revealed 
that the combination of eflornithine and nifurtimox fails to 
show synergy in trypanosomal activity. The changes are 
rather additive (Vincent et al., 2012). Synergy has been 
demonstrated with eflornithine and cysteine protease inhib-
itors, which may lead to further investigation of these small 
molecules as a treatment alternative (Steverding, 2015).

3. MECHANISM OF DRUG ACTION

Eflornithine is an enzyme-activated irreversible inhibitor of 
the enzyme ornithine decarboxylase (ODC), one of the key 
enzymes in the polyamine biosynthetic pathway (Kaminsky 
and Mäser, 2000). Ornithine decarboxylase converts ornithine 
to putrescine, the first step in the synthesis of the cellular 
proteins spermidine and spermine (Bacchi et al., 1980; Har-
der et al., 2001). These proteins are essential for growth, as 
they affect nucleic acid synthesis and contribute to the regu-
lation of protein synthesis, including conformational stabi-
lizers for nucleic acids (McCann and Pegg, 1992; Pepin and 
Milord, 1994; Bacchi and Yarlett, 2002). As an ornithine 
analog, eflornithine acts as a suicide inhibitor, binding 
covalently to ODC and completely inactivating this enzyme 
(McCann and Pegg, 1992). The depletion of putrescine and 
spermidine leads to the arrest of proliferation (Bacchi et al., 
1983; Wallace and Fraser, 2004). In a rodent model the mech-
anism of action of eflornithine was determined to be via an 

active metabolite that inhibited ODC by alkylating a nucle-
ophilic residue (Pegg et al., 1987). This molecule bound 
irreversibly to the enzyme, in keeping with the functional 
inactivation observed.

The ornithine pathway of polyamine synthesis is present 
in all eukaryotic cells (McCann and Pegg, 1992). Eflornithine 
has similar affinity for both mammalian and trypanosomal 
enzymes (Denise and Barrett, 2001). The reason for its spec-
ificity against the parasitic enzyme is the difference in the 
half-life of ODC in trypanosomes compared with mamma-
lian cells (Ghoda et al., 1990; Wang, 1995). Mammalian ODC 
contains a C-terminal sequence which signals for rapid 
 degradation of the enzyme by the 26S proteasome (Ghoda et 
al., 1990; Bacchi and Yarlett, 2002). As noted above, eflorni-
thine is ineffective against T. brucei rhodesiense, the causative 
agent of East African sleeping sickness. This was demon-
strated in vivo (Iten et al., 1995) and later confirmed to be a 
result of the faster turnover of ODC in T. brucei rhodesiense 
of 4 hours, compared with 18 hours for T. brucei gambiense 
(Iten et al., 1997).

Polyamine metabolism in trypanosomes also differs from 
that in mammalian cells in that spermidine is combined with 
two molecules of glutathione to form trypanothione (Fair-
lamb and Cerami, 1992). The function of trypanothione is  
to confer resistance to oxidative stress. After eflornithine 
admini stration, trypanosomes were shown to have a 40–60% 
reduction in trypanothione content (Wang, 1995). Other 
effects on the parasite include an elevation in levels of 
S-adenosylmethionine (dAdoMet)—a protein involved in 
the polyamine pathway—and its respective enzyme dAdoMet 
decarboxylase, to 50 times normal (Bacchi and Yarlett, 2002). 
Some trypanosome strains appear capable of taking up extra-
cellular polyamines in vitro to support cellular functions, 
possibly limiting the efficacy of eflornithine. A better under-
standing of exogenous polyamine uptake in trypanosomes is 
needed (Nishimura et al., 2006).

Administration of eflornithine causes a morphologic 
change in the circulating trypanosomes, from the long 
slender form capable of replicating to a short stumpy non- 
dividing form (de Gee et al., 1984; Giffin et al., 1986; Giffin 
and McCann, 1989). The drug effects are reversed by admin-
istration of putrescine in vitro and in vivo (Giffin et al., 1986; 
Wang, 1995). Short stumpy forms of trypanosomes are 
unable to change their variable surface glycoproteins, which 
are crucial to evading the host immune system, and are thus 
cleared from the circulation (Wang, 1995).

The first report on the effect of eflornithine on trypanoso-
mal infection in mice demonstrated cure of T. brucei brucei 
infection when the drug was added to drinking water (Bacchi 
et al., 1980). A later study demonstrated complete cure of 
infected mice with central nervous system (CNS) involve-
ment (Bacchi et al., 1987b). This inhibitory effect was 
reversed in vivo with the co-administration of polyamines, 
leading to the conclusion that eflornithine was cytostatic 
(Nathan et al., 1981; Bacchi et al., 1982). Circulating try-
panosomes are seen following eflornithine administration 
for up to 4 days (Burri and Brun, 2003), and a functional 



3256 Eflornithine

immune system is required to complete killing of trypano-
somes affected by eflornithine (de Gee et al., 1983; Bitonti et 
al., 1986; Wang, 1995; Denise and Barrett, 2001). This was 
demonstrated in vivo using an immunosuppressed mouse 
model where efficacy of drug treatment was greatly reduced, 
and was related to antibody response to trypanosomal vari-
able surface glycoprotein (de Gee et al., 1983). In a similar 
study using dexamethasone to induce immunosuppression 
in rats, parasites were initially cleared by eflornithine to the 
same degree as in control rats. However, all immunosup-
pressed rats relapsed with fulminant infection on average 
20 days after the initial inoculation (Bitonti et al., 1986). In 
addition, a difference between the groups in antibody 
response was seen, with parasite-specific antibody levels 
being much higher in the immunocompetent rats. Athymic 
mice cleared infection and did not relapse, suggesting that 
the antibody response may be a T cell–independent B cell 
response (Bitonti et al., 1986). The requirement for an effec-
tive immune response may be clinically relevant when treat-
ing HAT in patients with immunosuppression (see section 7, 
Clinical uses of the drug).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Eflornithine is used for late-stage West African sleeping sick-
ness caused by T. brucei gambiense, when it may be adminis-
tered by the intravenous or the oral route. Initial studies of 
eflornithine where an oral formulation was used demon-
strated high relapse rates (Milord et al., 1992). This was 
mainly among children, where levels were found to be lower 
than adults receiving the same weight-based regimen (Milord 
et al., 1993). The differences in serum and cerebrospinal fluid 
(CSF) levels were postulated to be a result of a higher clear-
ance of the drug in children (Milord et al., 1993; Burri and 
Brun, 2003). Subsequent studies revealed a much lower relapse 
rate among melarsoprol-refractory and first- treatment 
patients of 5.3% and an overall mortality of 6.9% (Burri and 
Brun, 2003). However, there remained a trend toward an 
increase in relapse rate with the oral formulation, including 
among children < 12 years of age (Milord et al., 1992). Given 
the high failure rate seen when eflornithine was adminis-
tered orally as monotherapy, this route of administration 
is  currently not recommended (Milord et al., 1992; WHO, 
1998; Krishna and Stich, 2016). This is unfortunate as there is 
a desperate need for effective oral therapy for this condition 
to assist administration (Van Nieuwenhove, 2000).

Instead, the recommended dose for adults when used as 
the sole agent is 100 mg/kg given intravenously at 6-hourly 
intervals for at least 14 days (WHO, 1995; WHO, 1998, 
WHO, 2016). The drug is manufactured as eflornithine hydro-
chloride, and packaged as a 200-mg/ml solution in a 100-ml 
ampoule. An ampoule is diluted with 400 ml normal saline 
and the appropriate dose and volume then administered over 
45 minutes (WHO, 1995). More recently, a volume of 250 ml 

of normal saline and a prolonged infusion time of 2 hours 
have been recommended (WHO, 2002) and this method was 
recently used in a large randomized trial (Priotto et al., 2009).

The exact duration of therapy required for successful treat-
ment of second-stage HAT with eflornithine is unknown (Van 
Bogaert and Haemers, 1989). As it is a trypanostatic drug, suf-
ficient time is required for immune mechanisms to clear par-
asites. A variety of durations of treatment (most 14 days) have 
been investigated. More recent trial results suggest a shorter 
duration may be adequate when eflornithine is used in combi-
nation (see section 7, Clinical uses of the drug). It was com-
mon practice in some countries to complete a further 2- to 
3-week course with oral eflornithine after the 2 weeks of intra-
venous therapy (Milord et al., 1993), although the added ben-
efit of this regimen has not been established in clinical trials.

An alternate dosing schedule has been proposed, using 
200 mg/kg intravenously every 12 hours. However, this regi-
men was shown to be inferior to the standard regimen 
because of a higher rate of relapse (Milord et al., 1992). Some 
have suggested that higher doses than are currently used 
should be investigated to achieve adequate CSF levels to reli-
ably clear parasites (Na-Bangchang et al., 2004).

The duration of eflornithine therapy may be shortened 
if given in combination with oral nifurtimox. However, the 
requirement for intravenous administration of eflornithine 
still remains (see section 7, Clinical uses of the drug) (Priotto 
et al., 2009). In a recent trial, an eflornithine regimen consist-
ing of 200 mg/kg intravenously every 12 hours for 7 days, in 
combination with oral nifurtimox (15 mg/kg/day, every 8 
hours for 10 days), a 97% cure rate was demonstrated. This 
combination has become the preferred option and has 
already been incorporated into the WHO Essential Medicines 
List (Opigo and Woodrow, 2009; WHO, 2016).

During therapy, blood smears and lymph node aspirates 
should be undertaken if possible to investigate for the presence 
of trypanosomes until consistently negative, and thereafter 
weekly during treatment (WHO, 1995). It is recommended 
that a CSF examination be repeated after treatment comple-
tion and at regular intervals (e.g. 6-monthly) for up to 2 years 
(WHO, 1995).

4b.  Newborn infants and children

The recommended dose for children is higher than for adults, 
at 150 mg/kg at 6-hourly intervals, intravenously, for 14 days 
(Burri and Brun, 2003). The requirement for intravenous 
access and hospitalization for 2 weeks represents a major 
burden on the patient, family, and healthcare system in set-
tings where HAT is endemic. The clinical outcomes in a 
cohort of 95 children treated with eflornithine 150 mg/kg 
intravenously 6-hourly (as a component of a larger trial of 
1055 patients) were reported by Priotto et al. (2008). Com-
pared with adults, children did not experience a higher rate 
of toxicity, and there no differences in efficacy. However, 
children who presented with stupor developed more severe 
reactions to eflornithine (odds ratio [OR]: 9.3; 95% confi-
dence interval [CI]: 2.5–34.2) (Priotto et al., 2008). 
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In two large NECT observational cohorts, children were 
included and treated using the adult doses of 200 mg/kg 
twice daily. The combination was reported to be better toler-
ated in children than adults in both trials (Schmid et al., 
2012; Alirol et al., 2013). See efficacy data in section 7a, 
Clinical uses of the drug.

4c.  Pregnant and lactating mothers

Eflornithine should not be given to pregnant or lactating 
mothers because of concerns regarding interference with 
embryogenesis (see section 6, Toxicity) (WHO, 1995; FDA, 
2016). In an observational cohort using NECT, the treatment 
protocol for pregnant women diagnosed with second stage  
T. brucei gambiense infection was 7 days of intramuscular 
pentamidine, 4 mg/kg/day with NECT administered after 
delivery (Alirol et al., 2013). In another study the described 
administration of NECT to pregnant (14 patients) and breast-
feeding women (33 patients) was reported (Schmid et al., 
2012). Although treatment outcomes were satisfactory, adverse 
events were more common. Pregnant women more com-
monly reported vomiting, asthenia, or headache, whereas 
breastfeeding women showed increased incidence of agita-
tion. Effects on the unborn fetus were not reported, but no 
serious adverse events were reported in children of breast-
feeding mothers. 

Eflornithine is listed as FDA category C. Decreased sper-
matogenic effects and impaired fertility were found in rats 
and rabbits at doses equivalent to one-half the recommended 
human dose. Adequate and well-controlled studies in humans 
have not been done. Eflornithine should only be used during 
pregnancy if the potential benefit justifies the potential risk 
to the fetus, such as in the meningoencephalitic stage of 
African trypanosomiasis, which has a high mortality rate if 
left untreated. It is not known whether eflornithine is distrib-
uted into breast milk (FDA, 2016).

4d.  Those requiring altered dosages

There are no data currently available regarding dosage rec-
ommendations for patients with impaired renal or hepatic 
function.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

More information is available regarding the basic pharma-
cology of eflornithine in comparison with other antitrypano-
somal agents, since it is the most recently developed and 
FDA-approved agent. Modern assays to accurately measure 
the concentration of eflornithine in biologic fluids have been 
developed (Huebert et al., 1997; Hanpitakpong et al., 2003).

5a.  Bioavailability

A study of six healthy human volunteers administered eflor-
nithine in single intravenous doses of 5 and 10 mg/kg, and 

orally in doses of 10 and 20 mg/kg (Haegele et al., 1981), 
revealed peak plasma levels occurred, on average, 4 hours 
(range 1.5–6 hours) after oral doses, with the bioavailability 
of an oral 10 mg/kg dose being 54%. In this study, the amount 
of drug absorbed was directly proportional to the dose given 
(Haegele et al., 1981)—results supported by the demonstra-
tion of linear pharmacokinetics over a broad dose range 
(Creaven et al., 1993). However, one study demonstrated 
nonlinear kinetics at higher doses (Griffin et al., 1987). In 
rats, the bioavailability of the different enantiomers was cal-
culated to be 41% and 62% for the L- and D-enantiomer, 
respectively (Jansson et al., 2008). Another study in humans 
demonstrated the bioavailability of the L-enantiomer to  
be 52% lower than the D-enantiomer (Jansson-Löfmark  
et al., 2015). Eflornithine has negligible protein binding 
(Na-Bangchang et al., 2004).

5b.  Drug distribution

The mean apparent volume of distribution of eflornithine in 
healthy volunteers is 0.34 l/kg, corresponding to 24 l for a 
body weight of 70 kg (Haegele et al., 1981). In patients treated 
with eflornithine for CNS disease, the volume of distribution 
was measured at 0.47–2.66 l/kg (Na-Bangchang et al., 2004).

Eflornithine is a hydrophilic molecule, with a high molec-
ular mass. Although it is hydrophilic, it still has the ability to 
cross the blood–brain barrier well, facilitating its clinical 
activity in CNS diseases (Milord et al., 1993). Its ability to 
cross the blood–brain barrier was demonstrated in pharma-
cokinetic studies on rats and dogs (Levin et al., 1983). Early 
studies of patients treated for late-stage T. brucei gambiense 
demonstrated high CSF levels, with a mean CSF/serum ratio 
of 0.91 in adults (Milord et al., 1993). In this study, the CSF 
concentration of drug was lower in children, with a CSF/
serum ratio of 0.41 (p < 0.005). The mean CSF levels in chil-
dren < 12 years old and adults were 25.1 and 68.9 nmol/ml, 
respectively (p < 0.001). As a result of this study, the recom-
mended dose for children has been increased. In other 
 studies, it has been reported that CSF/serum ratios range 
from 0.13 to 0.51 (Doua et al., 1987; Taelman et al., 1988). 
The increased permeability of the blood–brain barrier in 
chronic meningoencephalitis likely increases CSF penetra-
tion (Burri and Brun, 2003). In a more recent study, the 
trough CSF concentration was a median 11% (range 7–23%) 
of serum levels after repeated oral administration (Na- 
Bangchang et al., 2004). It was postulated that this low level 
may be due to the polarity of the drug and hence lower rates 
of diffusion, or alternatively because of an active efflux mech-
anism (Na-Bangchang et al., 2004).

It is unknown if eflornithine is excreted into breast milk 
(Burri and Brun, 2003).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

In healthy volunteers, the decay of plasma concentrations 
follows first-order kinetics with a mean half-life (t1/2) of 199 
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± 6 minutes (Haegele et al., 1981). In a study using samples 
from patients treated for late-stage T. brucei gambiense infec-
tion, the terminal elimination half-life (t1/2) varied widely, 
from 1.8 hours to 30.7 hours (Na-Bangchang et al., 2004), 
and differed between healthy volunteers and subjects with 
HAT infection. It was postulated that changes in volume 
of distribution and clearance observed in acute trypanoso-
mal infection may have been responsible for this difference 
(Na-Bangchang et al., 2004). This had been previously 
demonstrated in an animal model where infected animals had 
Cmax values twice that of healthy mice (Loiseau et al., 1997). In 
the study by Na-Bangchang et al. (2004), patients were admin-
istered oral eflornithine 100 or 125 mg/kg every 6 hours for 
14 days. Mean trough and average plasma eflornithine con-
centrations during steady state varied between 189–448 and 
234–528 nmol/ml in the 100- and 125-mg/kg dose groups, 
respectively. However, in another study of orally adminis-
tered eflornithine, the pharmacokinetics of the enantiomers 
differed, and was attributed to different intestinal absorption 
profiles, with clearance of the L- and D-enantiomers being 
17.4 and 8.23 l/h, respectively (Jansson-Löfmark et al., 2015).

The CSF concentrations at steady state varied between 
22.3 and 64.7 nmol/ml. A trend has been reported for lower 
plasma and CSF levels in patients with treatment failure, 
although this was not statistically significant (Na-Bangchang 
et al., 2004). A threshold of 50 nmol/ml has been suggested 
as the target CSF concentration of eflornithine to achieve 
clinical efficacy (Na-Bangchang et al., 2004). This was origi-
nally observed by Milord et al. (1993), who reported CSF 
trough concentrations at or below 50 nmol/ml in patients 
who relapsed after eflornithine therapy.

The distribution of eflornithine enantiomers to the CSF 
was not found to be stereo-selective (Jansson-Löfmark et al., 
2015). In a reassessment of the enantiospecific pharmacoki-
netic and pharmacodynamic parameters in a trial of late-stage 
T. brucei gambiense disease where oral eflornithine was admin-
istered, the best predictor of cure was not CSF concentration, 
but rather area under the curve (AUC) of L-eflornithine of 
≥ 800 h.umol/l (Jansson-Löfmark et al., 2015). 

5d.  Excretion

Renal clearance after intravenous administration of eflorni-
thine in healthy volunteers was calculated to be 1 ml/min/kg 
and accounted for more than 80% of the drug elimination—
most of it as unchanged drug (Haegele et al., 1981). Total 
body clearance was 1.20 ml/min/kg. The proportion of 
unchanged drug excreted in urine within 24 hours was about 
45% after oral and 80% after intravenous administration. In 
patients treated with eflornithine for late-stage disease, the 
total body clearance varied between 0.064 and 0.156 l/h/kg 
(Na-Bangchang et al., 2004).

5e.  Drug interactions

No clinically important drug interactions have been reported. 
However, other considerations may be important given the 

high incidence of toxicity seen, including seizures, and hema-
tologic abnormalities. If patients are taking medications that 
predispose to these conditions, clinicians should be vigilant 
for their occurrence.

6. ADVERSE REACTIONS AND TOXICITY

Eflornithine is generally less toxic than the other drugs com-
monly used for sleeping sickness, including pentamidine, 
suramin, and melarsoprol. However, side effects are frequent, 
potentially severe, and need to be managed appropriately. In 
some respects, the toxicity profile of eflornithine is similar 
to that of cytotoxic drugs used for the treatment of cancer 
(Burri and Brun, 2003). In general, reactions increase in 
frequency and severity with dose and duration of therapy,  
and are related to the underlying general condition of the 
patient (Milord et al., 1992; Burri and Brun, 2003). However, 
they are generally reversible after treatment is ceased. The 
common adverse reactions observed in clinical studies are 
bone marrow toxicity, seizures, and alopecia; gastrointesti- 
nal side effects are seen especially when the drug is orally 
administered.

6a.  Neurologic toxicity

In contrast with melarsoprol, reactive encephalopathy (see 
Chapter 195, Melarsoprol) has been rarely reported during 
treatment with eflornithine for late-stage sleeping sickness 
caused by T. brucei gambiense. In a retrospective study from 
southern Sudan, where 708 patients were treated with melar-
soprol and prophylactic prednisolone, with a subgroup of 
251 receiving intravenous eflornithine (Chappuis et al., 2005), 
encephalopathy was seen in 80 (11.3%) patients receiving 
melarsoprol, compared with only 1 (0.4%) receiving eflorni-
thine (p < 0.001).

The seizures seen during eflornithine therapy are distinct 
from those observed in reactive encephalopathy occurring 
during melarsoprol therapy (Pepin and Milord, 1994). 
Seizures are observed in about 7% of patients receiving eflor-
nithine but are usually brief and generally occur early (1–3 
days) after commencing therapy (Pepin and Milord, 1994). 
The incidence of seizures has been reported to be higher 
(8–18%) in other studies (Schechter and Sjoerdsma, 1987; 
Kazyumba et al., 1988). The period of post-ictal confusion 
lasts several hours at most, and eflornithine therapy can gen-
erally be recommenced the next day without complication 
(Blum et al., 2001). Recent trial data have demonstrated 
9–12% of patients experienced seizures, depending on the 
eflornithine regimen used (Priotto et al., 2009). In two recent 
descriptions of field experience, seizures were reported in 
9% of 629 patients in one NECT cohort (Schmid et al., 2012) 
and 4% of 684 patients in another (Alirol et al., 2013). The 
latter study included cases diagnosed by active case finding, 
which may explain the lower observed rates.

Seizures are thought to be a direct toxic effect of the drug 
(Pepin and Milord, 1994). Patients who had seizures had 
higher CSF drug levels than patients who did not (Doua et 
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al., 1987; Milord et al., 1993). An association was also seen 
with previous melarsoprol therapy (Milord et al., 1993). A 
range of other neurologic and psychologic symptoms has 
been reported in isolation; these include auditory hallucina-
tions, insomnia, and psychosis (Pepin and Milord, 1994).

6b.  Bone marrow toxicity

This is the most frequent form of toxicity encountered with 
eflornithine, with about 50% of patients experiencing some 
form of bone marrow toxicity (Pepin and Milord, 1994; Burri 
and Brun, 2003). In a large series of 207 patients treated with 
eflornithine for late-stage T. brucei gambiense sleeping sick-
ness, the most common bone marrow toxicities included 
leukopenia (53%), which was usually mild and did not pre-
dispose to secondary infections (Milord et al., 1992; Pepin 
and Milord, 1994); anemia which was also common (43%) 
but usually reversible and not requiring transfusion support 
(Milord et al., 1992), and thrombocytopenia, which was 
thought to be caused by a disturbance of megakaryocyte 
development (Abeloff et al., 1984) and was more commonly 
observed when eflornithine was used in trials for cancer che-
motherapy and for Pneumocystis jirovecii pneumonia in HIV 
patients than for HAT (Abeloff et al., 1984; Pepin and Milord, 
1994). In a more recent study, rates of anemia, neutropenia, 
and thrombocytopenia were 8.5%, 33.1%, and 4.3%, respec-
tively, when using the standard 14-day regimen of eflornithine 
(Priotto et al., 2009). When a shorter regimen (7 days) of 
eflornithine was used in combination with nifurtimox, the 
incidence of anemia, leukopenia, and thrombocytopenia were 
7.0%, 15.5%, and 1.1%, respectively (Priotto et al., 2009).

6c.  Gastrointestinal side effects

Gastrointestinal side effects are observed in 10–39% of cases, 
and include anorexia, nausea, vomiting, and an osmotic 
diarrhea (Burri and Brun, 2003). Diarrhea is generally dose- 
related and resolves with completion of therapy. These side 
effects are particularly common when eflornithine is admin-
istered orally. Histopathologic changes have been studied in 
the gastrointestinal tract in animal models, and include glan-
dular inflammation and cystic intestinal crypts (Burri and 
Brun, 2003). Upper gastrointestinal side effects have been 
frequently reported in a large randomized trial assessing 
eflornithine with nifurtimox–eflornithine in combination. 
However, these side effects were not dose-limiting (Priotto 
et al., 2009).

The two reports of field experience with NECT demon-
strated gastrointestinal adverse events to be the most com-
monly reported, with 61% of patients in one trial experiencing 
at least one side effect—most commonly vomiting (43%) 
(Schmid et al., 2012). Vomiting was seen in 38% of all patients 
(265 of 684) in another NECT field study, with children 
experiencing this more frequently (49%, 59 of 120 aged < 15 
years) (Alirol et al., 2013). In both studies the authors rein-
forced the recommendation to closely monitor for nausea 
and vomiting to allow re-administration of oral nifurtimox if 

vomiting occurs within 30 minutes of the nifurtimox dosage, 
which was reportedly required in 6.5% of cases (Schmid et 
al., 2012).

6d.  Fetal toxicity

Eflornithine therapy has been reported to cause spontaneous 
abortion, although the relative contribution of the drug and 
the underlying trypanosomal infection in these cases is 
unknown (Van Nieuwenhove et al., 1985; Van Bogaert and 
Haemers, 1989; Pepin and Milord, 1994). In mice, rats, and 
rabbits, eflornithine has been shown to cause abortions in 
early pregnancy and to cause organ-specific developmental 
defects in later gestation (Fozard, 1987; Pepin and Milord, 
1994). Eflornithine did not show any mutagenic effects in 
an in vitro study using bacteria (Burri and Brun, 2003). The 
requirement for polyamines for the replication of neurones 
in the developing brain has been noted, and the depletion 
of these by eflornithine arrests cell maturation (Slotkin and 
Bartolome, 1986). In rats, eflornithine was shown to interfere 
with neuronal migration, exogenesis, and synaptogenesis, 
leading to a disruption of the cytoarchitectural organization 
of the developing brain (Slotkin and Bartolome, 1986).

6e.  Other side effects

Reversible ototoxicity has been reported when eflornithine 
was used at high doses, such as in a trial of chemoprevention 
for colorectal cancer (Love et al., 1998). A cumulative dose  
of 150 g/m2 was suggested as the threshold above which 
hearing loss may occur (Van Bogaert and Haemers, 1989; 
Croghan et al., 1991). Ototoxicity has been reported only 
rarely in HAT studies (Taelman et al., 1987), perhaps because 
of the reported long duration of therapy before this side 
effect was observed in eflornithine chemotherapy trials 
(median 93 days to onset) (Pasic et al., 1997).

Alopecia occurs in 5–10% of cases, usually toward the end 
of the treatment course (Burri and Brun, 2003). Other side 
effects include fatigue, joint pain, dizziness, insomnia, fever, 
and headache (Creaven et al., 1993).

7. CLINICAL USES OF THE DRUG

7a.  Human African trypanosomiasis due to 
Trypanosoma brucei gambiense

Eflornithine was approved for use in HAT in 1990 by the US 
FDA, and in 1991 by the European Committee for Proprietary 
Medicinal Products (Nightingale, 1991; Kuzoe, 1993). Before 
this the only option for patients with late-stage T. brucei gam-
biense infection was the toxic drug melarsoprol (see Chapter 
195, Melarsoprol). This toxicity was a major deterrent for 
community participation in screening programs (Robays et 
al., 2007), an active method of control in many countries 
(WHO, 1998).

The first clinical reports of the efficacy of eflornithine 
were published in the early 1980s when it was used on 
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compassionate grounds for melarsoprol-refractory HAT. 
Thus many of these patients were in poor condition before 
eflornithine treatment (Pepin and Milord, 1994). Other rea-
sons for the poor performance of the drug in early reports 
included the poor tolerability of the oral formulation, higher 
treatment failure rates (probably due to the oral route of 
administration), and that children required a higher dose 
than that initially used (Pepin et al., 1987; Milord et al., 1992; 
Milord et al., 1993). Since then, several trials have shown 
eflornithine to be effective for the treatment of second-stage 
disease caused by T. brucei gambiense, including cases that 
are refractory to melarsoprol (Van Nieuwenhove et al., 1985).

Limitations of eflornithine include the need for frequent 
infusions over 2 weeks and the expense, with the cost of 
treatment per patient in Africa estimated to be about $500, 
including $210 for the drug (Kuzoe, 1993). The high cost was 
a major hurdle to the deployment of the drug. However, a 
cost analysis has demonstrated that overall, eflornithine is 
a cost-effective alternative (Robays et al., 2008). A concerted 
effort, led by MSF, has secured funding for eflornithine 
and  other first-line drugs in HAT programs across Africa, 
and has led to the establishment of a network to promote 
access to appropriate drugs and to monitor resistance (Etche-
gorry et al., 2001; WHO, 2002). A new regimen using eflor-
nithine in 12-hourly doses for only 7 days, in combination 
with oral nifurtimox (see Chapter 193, Nifurtimox), shows 
great promise, as it is easier to administer, and it has been 
endorsed as the preferred treatment regimen (Opigo and 
Woodrow, 2009; Priotto et al., 2009; WHO, 2009). Eflor-
nithine alone is now recommended as alternate first-line 
therapy for second-stage disease caused by T. brucei gambi-
ense and for relapsed first-stage disease after pentamidine 
or suramin, or relapsed second-stage disease after melarso-
prol (Krishna and Stich, 2016). Unfortunately, many patients 
are still receiving melarsoprol (70% in some areas), even 
though eflornithine is available free of charge to treatment 
agencies (WHO, 2009). 

An additional benefit with the introduction of eflorni-
thine is an easing of the need for accurate staging of patients 
with HAT. Despite no clear consensus on the definition of 
second-stage sleeping sickness, it has been demonstrated 
that patients treated with pentamidine for “first-stage” T. 
brucei gambiense who have a CSF white blood cell (WBC) 
count of 6–10/mm3 have a higher rate of relapse than those 
with CSF WBC counts < 5/mm3 (Balasegaram et al., 2006b). 
The availability of eflornithine has resulted in changes in pol-
icy whereby a more stringent threshold for CSF WBC counts 
is now applied, as the dilemma of using a toxic drug such as 
melarsoprol should no longer be an issue (Balasegaram et al., 
2006b).

Eflornithine is trypanostatic, acting by depleting the cell 
of essential polyamines and producing a state of dormancy 
until the parasites are eliminated by the host immune 
response (Wang, 1995; see section 3, Mechanism of drug 
action); treatment relies on an effective antibody response to 
clear infection (de Gee et al., 1983; Bitonti et al., 1986). There 
are no specific clinical reports addressing the use of eflorni- 

thine in HIV-infected patients, although such information 
would be very useful. A brief mention of four such patients 
in the context of a clinical trial described a poor outcome 
(Milord et al., 1992).

CLINICAL TRIALS—MONOTHERAPY

An early study from Sudan reported the outcome in 20 
patients with T. brucei gambiense infection, 18 of whom had 
late-stage disease including 16 who were refractory to melar-
soprol (Van Nieuwenhove et al., 1985). They were treated 
with a long course of oral eflornithine at a dosage of 400 mg/
kg/day for 5–6 weeks. The dosages were chosen based on 
phase I studies of eflornithine in cancer chemotherapy as 
well as on anticipated blood levels predicted to inhibit para-
site ornithine decarboxylase (Van Nieuwenhove et al., 1985). 
Several patients with first-stage or early second-stage were 
treated with a lower dose of 200 mg/kg/day with success. Of 
13 patients with second-stage disease who were followed up, 
there were three relapses.

An early report from Belgium described five patients 
treated for infection with T. brucei gambiense, including 
three with late stage and two with early stage, using various 
intravenous and oral regimens of eflornithine (Taelman et 
al., 1987). All patients were from Zaire (now Democratic 
Republic of Congo); the combination of intravenous and oral 
eflornithine used for up to 60 days (in one patient) resulted 
in cure in all five. One patient had a dramatic recovery from 
prolonged coma, and by day 7 she was awake and lucid. 
This led to eflornithine being called “the resurrection drug” 
(Wickware, 2002).

In Côte d’Ivoire, eflornithine was used to treat 14 cases 
of late-stage T. brucei gambiense sleeping sickness, including 
12 considered refractory to melarsoprol (Doua et al., 1987). 
Treatment was initially administered intravenously for 14 
days followed by oral medication for 21–28 days. A clinical 
response was reported in all patients. However, one patient 
died from a pulmonary infection during treatment. Adverse 
effects, although frequent, did not necessitate cessation of 
therapy in any patient. Unfortunately, follow-up information 
was only available for four patients, but at 2 years these 
patients remained well.

In an open-label trial, 26 patients who had melarsoprol- 
refractory late-stage T. brucei gambiense sleeping sickness 
were treated with eflornithine in Zaire for late-stage T. 
brucei gambiense sleeping sickness (Pepin et al., 1987). The 
regimen of eflornithine was 100 mg/kg intravenously every 
6 hours, followed by a course of oral therapy (300 mg/kg/day 
in four divided doses). Although five patients (19%) died 
during or shortly after treatment, all were in poor general 
condition at presentation. This on-treatment mortality has 
not been subsequently observed (Pepin and Milord, 1994). 
Of the 21 patients who survived treatment, no relapses were 
observed.

The same group then proceeded to a larger open-label 
trial of three different eflornithine regimens in 207 patients: 
group I (37 patients) administered 100 mg/kg intravenously 
every 6 hours for 14 days, followed by 75 mg/kg every 
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6  hours for 21 days; group II (150 patients), administered 
200 mg/kg intravenously every 12 hours for 14 days; and 
group III (20 patients), administered 75 mg/kg orally every 
6 hours for 35 days (Milord et al., 1992). Although a mixture 
of new and relapsing cases were included in each group, there 
was a clinical priority at the time for eflornithine treatment 
of patients either with advanced neurologic impairment or 
children among whom it was desired to avoid the toxicity of 
the alternative treatment, melarsoprol. The mortality during 
or just after treatment was very low—only four (2%)—and 
the overall relapse rate was 9% (13/152) among patients who 
were followed for at least 1 year. This study demonstrated the 
inferior efficacy of the twice-daily intravenous regimen; ten 
relapses (9%) occurred in this group compared with none 
(0%) in those receiving the 6-hourly intravenous regimen. In 
addition, patients receiving the exclusively oral regimen in 
group III had a high relapse rate (3/20, 19%), indicating the 
poor efficacy of this approach. The non-randomized nature 
of this study precluded more definitive conclusions. Relapse 
was also seen more commonly among children < 12 years 
of age (4/19, 21%) than adults (9/133, 7%; RR: 3.1; 95% CI: 
1.06–9.12, p = 0.06) (Milord et al., 1992). A pharmacokinetic 
analysis of samples taken from 63 patients in this study 
demonstrated that children had lower serum and CSF con-
centrations, and a lower CSF/serum ratio than adults (see 
section 5, Pharmacokinetics and pharmacodynamics) (Milord 
et al., 1993). The risk of relapse was higher among patients 
receiving treatment for the first time, rather than after failing 
melarsoprol (12/86, 14% vs. 1/66, 1.5%; RR: 9.21; 95% CI: 
1.23–69.05; p = 0.02). This is confounded by the fact that 
melarsoprol relapses were unevenly distributed, with most 
treated in group I, the most aggressively treated group.

This study also reported briefly on four patients seropos-
itive for HIV treated during the trial; two relapsed shortly 
after eflornithine therapy, one died shortly after treatment, 
and one died at home 2 years after therapy of AIDS compli-
cations. The treatment regimens these patients received were 
not recorded (Milord et al., 1992).

A review spanning a decade of experience treating sleep-
ing sickness in Côte d’Ivoire, during which time many dif-
ferent regimens were utilized, included 126 patients treated 
with a variety of intravenous and oral combinations of eflor-
nithine (Doua and Yapo, 1993). During treatment 3.2% (four 
patients) died, with another four dying soon after, only one 
due to toxicity possibly related to eflornithine. Overall, there 
were only two relapses after treatment.

A review was undertaken by the WHO to collate the 
results of multiple smaller reports of clinical experience with 
eflornithine. This involved all patients treated for T. brucei 
gambiense in studies in Africa between 1981 and 1991, total-
ing 711 patients, of whom 675 (94.9%) were late stage (WHO, 
1998). Of these, 5.3% relapsed, 6.9% died during or shortly 
after treatment, and 0.8% were nonresponders. Among 378 
patients followed for at least 12 months, a higher relapse rate 
was seen in children (35.7%) than in adults (6.7%).

To assess whether a shorter course of eflornithine would 
cure patients relapsing after melarsoprol therapy, a study was 

undertaken that enrolled 47 patients who received a 7-day 
course of eflornithine, given 100 mg/kg intravenously 6-hourly 
(Khonde et al., 1997). After treatment, four patients died—
two were thought to be related to sleeping sickness. Only 
one patient subsequently relapsed, a 5-year-old child, with 
an overall relapse rate of 6.5%.

A comparative study was undertaken by Pepin et al. (2000) 
to assess the efficacy of a 7- versus 14-day course of eflorni-
thine, in new or relapsing patients with late-stage T. brucei 
gambiense sleeping sickness. The potential benefits were 
reduced cost and health-system utilization. This was a multi-
center trial in Congo, Côte d’Ivoire, the Democratic Republic 
of Congo, and Uganda, and randomized 321 patients who 
received either 7 or 14 days of eflornithine, dosed at 100 mg/
kg 6-hourly in both arms (Pepin et al., 2000). Among newly 
treated cases, the probability of cure at 2 years was signifi-
cantly lower with the 7-day course than the 14-day course, 
with 86.5% and 97% of patients cured, respectively (OR of 
treatment failure: 6.72; 95% CI: 1.5–31.0, p = 0.003). Among 
relapsing cases, the probability of cure at 2 years for the 7- 
and 14-day courses was 94% and 100%, respectively. Factors 
significantly associated with a higher risk of treatment failure 
were a positive lymph node aspirate, a CSF WBC count ≥ 100 
cells/mm3, treatment undertaken in Uganda, and trypano-
somes present in the CSF (Pepin et al., 2000). The overall 
mortality was 1.1% among new cases and 6.4% among 
relapsing cases. More deaths occurred among those who had 
seizures than for those who did not (4/17, 23.5% vs. 2/303, 
0.7%; p < 0.001). Whether this is attributable to eflornithine 
toxicity or a marker of more advanced disease is not known. 
As a result of these findings, it has been recommended that a 
7-day course is sufficient for the treatment of relapse following 
melarsoprol (Krishna and Stich, 2016). This is biologically 
plausible, as relapsing cases with chronic meningoencephali-
tis have a more permeable blood–brain barrier, which may 
facilitate increased drug penetration into the brain (Philip et 
al., 1994). In addition, the cost savings are potentially sub-
stantial, and therefore may allow a greater number of patients 
to be treated.

In summary, eflornithine has been shown to have at least 
equivalent efficacy with melarsoprol for the treatment of 
late-stage disease caused by T. brucei gambiense, with a sig-
nificantly superior toxicity profile, including, importantly, 
a  reduced mortality during treatment. This effect has been 
demonstrated in smaller observational studies (Chappuis et 
al., 2005), a randomized trial of 311 patients (Balasegaram et 
al., 2006a), and a large retrospective review of MSF programs 
(Balasegaram et al., 2009) (see Chapter 195, Melarsoprol).

In a review of patients treated in the MSF program in 
southern Sudan, the clinical outcomes among 1055 patients 
treated with eflornithine for second-stage disease with T. bru-
cei gambiense were reported (Priotto et al., 2008). During 
treatment, 1.7% (16/924 evaluable patients) died, with an 
overall cure rate of 88% and a relapse rate of 7.6% (70/924). 
An important finding was that most relapses and disease- 
related deaths occurred after 12 months (65.8%, 52/79). Risk 
factors for relapse included being of male gender (incidence 
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rate ratio: 2.42; 95% CI: 1.47–3.97) and having a high CSF 
WBC count of 20–99 × 109/l (2.35, 1.36–4.06). The outcome 
among a small pediatric cohort within this study is discussed 
above (see section 4, Mode of drug administration and 
dosage).

CLINICAL TRIALS—COMBINATION THERAPY

Given that eflornithine has a unique mode of action, a short 
half-life, is trypanostatic rather than trypanocidal, and possibly 
is less effective in immunocompromised individuals, the emer-
gence of resistance is a concern (Moore, 2005)— combination 
therapy is therefore of interest to improve efficacy and in 
preventing or delaying the development of resistance.

The results of several clinical trials using eflornithine in 
combination for T. brucei gambiense have now been pub-
lished (see Table 196.1). The first report of possible synergy 
between eflornithine and melarsoprol in humans was in a 
patient who relapsed after several courses of melarsoprol 
with proven return of trypanosomes and elevated CSF WBC 
count (Simarro and Asumu, 1996). After a course of oral 
eflornithine in conjunction with a repeat course of melarsop-
rol, he was cured and remained well at 2-year follow-up. In a 
larger series, 42 patients with melarsoprol-refractory disease 

were treated with sequential intravenous eflornithine 100 
mg/kg every 6 hours for 4 days, followed by three daily injec-
tions of melarsoprol at a dose of 3.6 mg/kg (Mpia and Pepin, 
2002). Although two patients died during therapy (4.8%), the 
2-year probability of cure was 93.3% (38 patients).

In a randomized open-label trial, three combination 
treatments were studied: eflornithine and melarsoprol, eflor-
nithine and nifurtimox, and melarsoprol and nifurtimox 
(Priotto et al., 2006). The two arms with eflornithine had 
the highest cure rates, with the combination of intravenous 
eflornithine and oral nifurtimox (17 patients) displaying no 
treatment-related deaths and a cure rate of 94.1% (see 
Chapter 195, Melarsoprol). The trial enrolled only 54 patients, 
as it was prematurely stopped when a higher than expected 
rate of adverse events and deaths was observed in the melar-
soprol + nifurtimox arm. Despite this, the significantly better 
outcome in the eflornithine-containing regimens led to fur-
ther studies being performed evaluating these regimens.

A case series was published from Uganda of 31 patients 
treated with the combination of eflornithine and nifurtimox 
(Checchi et al., 2007). No deaths occurred during treat-
ment and a high success rate was reported overall. During 
follow-up, two patients died of conditions that were deemed 

Table 196.1. Summary of trials using eflornithine in combination with another anti-trypanosomal agent for late-stage T. brucei gambiense 
sleeping sickness.

Reference Country Study design
Total no. 
patients

Regimen (number 
of patients) Cure

Mortality during 
treatment

Mpia and Pepin, 
2002

DRC Prospective observational 
cohort. Melarsoprol-
refractory patients

 42 Melarsoprol plus 
eflornithinea (42)

 93.3% 2/42 (4.8%)

Priotto et al., 
2006

Uganda Open label, randomized  54 Melarsoprol plus 
nifurtimox (18)

 44.4% 4/18 (22.2%)

Melarsoprol plus 
eflornithine (19)

 78.9% 1/19 (5.3%)

Nifurtimox plus 
eflornithine (17)

 94.1% 0/17 (0%)

Checchi et al., 
2007

Uganda Prospective observational 
cohort

 31 Eflornithine plus 
nifurtimox

100%b 0

Priotto et al., 
2007

RC Open label, randomized 103 Eflornithine (51)  94.1% 1

Eflornithinec plus 
nifurtimox (52)

 96.2% 0

Priotto et al., 
2009

RC and DRC Open label, randomized 286 Eflornithine (143)  91.6% 3/143 (2.1%)

Eflornithined plus 
nifurtimox (143)

 96.5% 1/143 (0.7%)

Schmid et al., 
2012

DRC Open label, phase IIIb 
study (observational 
cohort)

629 Eflornithined plus 
nifurtimox (629)

 98.4% (in 
hospital)

10/629 (1.6%)
24 month follow-up data 

yet to be published

Alirol et al., 
2013

DRC Retrospective observa-
tional cohort

684 Eflornithined plus 
nifurtimox (684)

 94.6% 1/684 (0.15%)

Abbreviations: DRC, Democratic Republic of Congo; RC, Republic of Congo
Note: Follow-up period variable between reports. Eflornithine 400 mg/kg/day i.v. 6-hourly for 14 days unless stated.
a400 mg/kg/day i.v. 6-hourly for 4 days only.
bNo reported relapses, however two deaths occurred during follow-up which were deemed unrelated.
c400 mg/kg/day i.v. 6-hourly for 7 days only.
d400 mg/kg/day i.v. 12-hourly for 7 days only.
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unrelated to the treatment or disease. The cure rate was 
reported as either 100% or 90.3%, depending on whether a 
per-protocol or intention-to-treat analysis was used, respec-
tively (Checchi et al., 2007). Significant adverse events were 
reported in five patients, and neutropenia was a common find-
ing (9/31), as observed in previous studies of eflornithine.

These studies led to a randomized trial of nifurtimox–
eflornithine combination therapy compared with eflorni-
thine monotherapy for late-stage T. brucei gambiense sleeping 
sickness. A randomized open-label phase III trial was begun 
in Nkay, Republic of Congo (Priotto et al., 2007) and then 
extended as a multicenter trial to include three additional 
sites in the Democratic Republic of Congo (Priotto et al., 
2009). In the trial, eflornithine was administered as the stan-
dard regimen of 400 mg/kg/day intravenously, divided into 
6-hourly doses and compared with a combination of eflorni-
thine + nifurtimox (NECT). In the combination arm eflorni-
thine administration was simplified, being given intravenously 
at 400 mg/kg/day in 12-hourly doses in addition to nifurti-
mox in a dosage of 15 mg/kg/day orally, divided into 8-hourly 
doses. The aim was to assess a shorter, simpler regimen to 
improve treatment accessibility for remote areas with limited 
resources (Priotto et al., 2007). In the first report of 103 
patients enrolled, high cure rates were observed in both 
arms: 94.1% (48/51) and 96.2% (50/52) for eflornithine alone 
and nifurtimox–eflornithine arms, respectively (Priotto et 
al., 2007). One patient died 30 days after commencing treat-
ment in the eflornithine arm because of septic shock related 
to neutropenia. In total, there were four relapses, two in each 
arm, all confirmed by routine follow-up lumbar puncture 
demonstrating a raised CSF WBC without trypanosomes 
(one at 12 months and three at 18 months). The frequency of 
adverse drug reactions was high, with 25.5% (13) of patents 
in the eflornithine group and 9.6% (five) of the nifurtimox–
eflornithine group experiencing a severe reaction. However, 
treatment suspension was only required in two patients and 
one patient, respectively, in these groups.

Further results of the multicenter trial have been pub-
lished, amounting to 286 patients randomized to either eflor-
nithine or nifurtimox–eflornithine (Priotto et al., 2009). This 
trial was designed as a non-inferiority trial with a margin for 
difference in cure rates of 10%. Previous studies have demon-
strated the high efficacy of eflornithine monotherapy, and 
the non-inferiority design was deemed appropriate given 
the potential practical advantage that the alternate regimen 
offers (Opigo and Woodrow, 2009). It was undertaken as a 
multicenter study, included routine lumbar puncture at reg-
ular intervals, and achieved a high follow-up rate of 93% at 
18 months. The overall cure rates in the eflornithine and 
nifurtimox–eflornithine arms using per-protocol analysis 
were 91.7% and 97.7%, respectively (difference –6.0%, one-
sided 95% CI: –1.5; p < 0.0001). The outcomes differed only 
slightly when a more stringent intention-to-treat analysis 
was used: 91.6% and 96.5% for the eflornithine and nifurti-
mox–eflornithine arms, respectively (difference –4.9%, one-
sided 95% CI: –0.3; p < 0.0001). A worst-case scenario 
post-hoc analysis where all patients with no follow-up at 18 

months were considered failures yielded similar results (81.1 
vs. 86.0%, difference –4.9, CI: 0.02, p = 0.0003). Thus, the 
eflornithine–nifurtimox arm demonstrated non-inferiority 
to eflornithine monotherapy. There were four deaths during 
treatment; three (2.1%) in the eflornithine group, all attributed 
to septic shock after severe neutropenia, and one (0.7%) in the 
nifurtimox–eflornithine group from respiratory distress syn-
drome. Relapses occurred in ten patients—eight (5.7%) in the 
eflornithine arm and two (1.4%) in the nifurtimox– eflornithine 
arm (p = 0.029, for 10% non- inferiority margin).

Although a high frequency of adverse reactions was 
observed in both groups, major reactions were more frequently 
reported in the eflornithine group than in the nifurtimox–
eflornithine arm (41, 28.7% vs. 20, 14.0%; p = 0.002). The 
adverse reactions more common in the eflornithine group 
were fever, infections, neutropenia, hypertension, and diar-
rhea. In the report from the Republic of Congo, neutropenia 
and anemia were reported to be almost three times more fre-
quent in the eflornithine group (Priotto et al., 2007). A higher 
frequency of neutropenia (33.1% vs. 15.5%, p = 0.001) and 
a slightly higher incidence of anemia (8.5% vs. 7.0%, p = 
0.645) were reported in the eflornithine group than in the 
nifurtimox–eflornithine combination arm (Priotto et al., 
2009). This is consistent with the reduced dose of eflornithine 
administered in the eflornithine–nifurtimox group. Adverse 
events significantly more common in the eflornithine– 
nifurtimox group included nausea and vomiting (48.3% vs. 
20.3%), anorexia (25.2% vs. 14.0%), and tremor (6.3% vs. 
0.7%). A concern that the oral absorption of nifurtimox may 
be affected by the high incidence of upper gastrointestinal 
side effects did not eventuate. However, it was observed that 
the concomitant administration of both drugs exacerbated 
upper gastrointestinal symptoms (possibly by a central 
mechanism), suggesting that alteration in the timing of 
medication may be beneficial (Priotto et al., 2009).

The results of this combination trial have changed recom-
mended treatment regimens for second-stage West African 
sleeping sickness. This approach has already been endorsed 
by the WHO with the inclusion of NECT on its list of 
Essential Medicines (WHO, 2009; WHO, 2016), and is now 
adopted as first-line treatment in all endemic countries 
(Eperon et al., 2014). Challenges to implementation include 
cost, need for hospitalization, labor-intensive nursing, and 
logistics required (Eperon et al., 2014). It is hoped that this 
more practical treatment regimen will be easier to adhere to, 
inhibit the emergence of resistance, and offer a highly effec-
tive therapeutic option to patients in need of a better treat-
ment regimen for West African HAT.

Field use of NECT for second-stage disease caused by  
T. brucei gambiense in the Democratic Republic of Congo 
has been described in two large cohorts. The first is a multi-
center, open-label, phase IIIb study who presented to six 
treatment facilities (Schmid et al., 2012). The treatment of 
629 patients was described, including 100 children under 12 
years, after screening 726 patients. Ninety-seven patients 
were excluded from the analysis mainly because of first-stage 
HAT (46 patients), failure to return (n = 16), or unknown 
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reasons (n = 14). Of all patients treated, 98.4% were dis-
charged alive after treatment completion (619/629), with 10 
patients dying during therapy, 8 because of their advanced 
condition prior to diagnosis, and 1 unlikely related to treat-
ment. In this cohort were 14 pregnant and 33 breastfeeding 
women, with good outcomes reported. All breastfeeding 
women were discharged alive, but one pregnant woman died 
during treatment. A study limitation is that no long-term 
 follow-up was reported after hospital discharge, but this was 
planned in the future. Adverse events were common, with 
92% experiencing at least one, and 13% patients at least one 
severe event. However, the incidence and range was in keep-
ing with previous reports, most commonly gastrointestinal 
(61%), neurologic (34%), and metabolic (26%) adverse events. 
Although statistical significance was not reported, pregnant 
women were more likely to experience the following adverse 
events: gastrointestinal (93%), neurologic (57%), especially 
headache (36%), and asthenia (57%). Breastfeeding women 
experienced more fever (42%), asthenia (27%), and agitation 
(12%). In this study, 100 children were treated and all were 
discharged alive, including 35 aged 0–4 years and 65 aged 
5–11 years. There were 84 cases of relapse. The median length 
of hospital stay was 16 days.

Another observational cohort of the field experience with 
NECT in two hospitals included a total of 1482 patients with 
HAT, and 690 with second-stage disease (Alirol et al., 2013). 
Only six patients were excluded: five pregnant women treated 
with pentamidine as per treatment protocol, and one patient 
received eflornithine monotherapy due to hepatic insuffi-
ciency. This study is likely to have included less severe cases, 
as 254 (37.1%) were detected by active screening; 23 patients 
were relapse cases. Only one patient died during therapy 
(0.15%), of a reactive encephalopathy likely to be secondary 
to NECT. At least one adverse event was experienced by 86% 
of all patients and 82 of 120 children < 15 years (67.5%). 
Children experienced more vomiting (49% vs. 38%), but 
overall, NECT was better tolerated in children. Vomiting was 
the most common major adverse event (32/70 events, 45.7%), 
while the rate of seizures was low (11/70 events, 15% of major 
events, but only 4.1% of all patients). Follow-up in this study 
was reported with 6- and 12-month data available in 49% 
and 34% of those available for analysis, respectively. Relapses 
were uncommon with 14 cases detected; 9 at 6 months and 
5 at 12 months of follow-up. The overall cure rate was 94.6% 
for whom an outcome was available. A higher relapse rate 
was observed when NECT was used as retreatment for 
relapse (7.1%) than as first-line therapy (1.8%). No resistance 
testing was reported. Prior treatment given in those who 
were being retreated included pentamidine (n = 18), eflorni-
thine monotherapy (n = 5), and one unknown.

Collectively, these two observational studies provide 
increased confidence in using NECT as first-line therapy 
in the field, and have demonstrated efficacy, safety, and ease 
of administration. They also contribute much-needed infor-
mation in populations not represented in clinical trials, such 
as children, pregnant and breastfeeding women, and relapsed 
patients.

7b.  Human African trypanosomiasis due to 
Trypanosoma brucei rhodesiense

A 19-year-old Rwandan student with T. brucei rhodesiense 
infection and evidence of CNS involvement was successfully 
treated with a combination of standard course suramin 
and eflornithine intravenously for 2 weeks at high dose (800 
mg/kg/day), followed by an oral course for 10 days (Taelman 
et al., 1996). This report engendered some enthusiasm for 
eflornithine as a treatment for East African sleeping sickness. 
However, further reports indicated high failure rates (Bales 
et al., 1989). Further cases of T. brucei rhodesiense were 
treated in Rwanda with suramin plus eflornithine (dose as 
above) commencing 1 week after the first suramin injection, 
with three of six patients failing treatment at 3 months of 
follow-up (Clerinx et al., 1998). Based on these reports and 
important information from in vitro studies (see section 2, 
Antimicrobial activity), further studies using eflornithine for 
T. brucei rhodesiense have not been performed.

7c.  Malaria

Following the success of eflornithine as a treatment for HAT, 
the potential activity of eflornithine in other parasitic diseases, 
including malaria, has been investigated. Polyamine metabo-
lism in Plasmodia is more complex than in mammalian cells, 
and as a rapidly proliferating organism, malaria parasites are 
dependent on an abundant supply of polyamines (Muller et 
al., 2008). In plasmodia, the two key enzymes, S-adenosyl-
methio nine decarboxylase and ornithine decarboxylase, are 
arranged on a bifunctional protein (Muller et al., 2008). 
Although eflornithine was shown to not have any useful activ-
ity as an antimalarial, other inhibitors of polyamine metabo-
lism are the subjects of ongoing research (Muller et al., 2008).

7d.  Pneumocystis jirovecii infection

Eflornithine was investigated as an agent for the treatment of 
Pneumocystis jirovecii pneumonia (PJP or PCP) (Chin et al., 
1996), particularly in HIV-infected patients (Sahai and Berry, 
1989; Vohringer and Arasteh, 1993). The target enzyme, 
ornithine decarboxylase, is the same as in trypanosomes 
owing to the similarity of metabolism between these organ-
isms (Saric and Clarkson, 1994). Initial use was undertaken 
on a compassionate basis in patients failing other therapies. 
However, overall response rates were poor (35%) (Sahai and 
Berry, 1989). When compared with the current first-line 
therapy, trimethoprim–sulfamethoxazole (see Chapter 92, 
Trimethoprim and trimoprim-sulfamethoxazole (cotrimox-
azole), eflornithine was found to be inferior (Smith et al., 
1992), and with the discovery of other more effective agents, 
eflornithine is no longer used for this indication.

7e.  Use in oncology

Eflornithine was initially investigated as a chemotherapeutic 
agent (Wallace and Fraser, 2004). Promising results were 
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seen using rodent models (Sjoerdsma, 1981; Pegg and 
McCann, 1982; Sjoerdsma and Schechter, 1984), and the 
drug has been a useful tool for the study of cellular pathways; 
in particular, the role of ODC in cancer (Shantz and Levin, 
2007). Despite initial optimism, the drug failed to demon-
strate any clinically significant antitumor effects in a range 
of clinical trials (Sjoerdsma and Schechter, 1984; Wallace 
and Fraser, 2004).

A remaining area of active investigation is the use of 
eflornithine as a chemopreventive agent (Gerner and Mey-
skens, 2004). A trial for colorectal cancer prevention is 
underway, using eflornithine and sulindac, a nonsteroidal 
anti- inflammatory drug (NSAID). The rationale for this is 
that polyamine genes are downstream targets of commonly 
mutated genes in colonic adenomas and cancers (Gerner et 
al., 2007). An example is familial adenomatous polyposis; the 
target of the adenomatous polyposis coli (APC) tumor sup-
pressor gene includes ODC, and loss of APC function leads 
to dysregulated ODC production (Gerner et al., 2005).

7f.  Other uses

Eflornithine is currently used as a second-line therapy for the 
treatment of hirsutism (Radosh, 2009). A topical preparation 
(15% eflornithine) was shown to be superior to placebo in 
reducing the amount of unwanted hair in females, and had  
< 1% systemic absorption (Balfour and McClellan, 2001). It 
is rarely used as monotherapy, but rather as an adjuvant in 
conjunction with systemic hormonal therapy (e.g. oral con-
traceptive pill) or laser/photoepilation (Blume-Peytavi and 
Hahn, 2008).

Apart from malignant conditions, the polyamine pathway 
has been investigated as a therapeutic target for several other 
disease processes (Wallace and Fraser, 2004; Shantz and 
Levin, 2007). This arises from emerging evidence that poly-
amines play a role in resistance to apoptosis, and that eflorni-
thine may enhance resistance to apoptotic stimuli (Flamigni 
et al., 2007). Target cells of interest are diverse and include 
cardiac cells, stem cells, chondrocytes, macrophages, and 
intestinal epithelial cells (Flamigni et al., 2007).
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1. DESCRIPTION

Pentamidine isethionate (trade names: Lomidine, Pentam, 
Pentam 300, Pentacarinat, NebuPent, Pneumopent) is a pos-
itively charged aromatic diamine. Pure pentamidine is color-
less, appearing as needle-shaped crystals, but is presented as 
a white powder for reconstitution for medicinal use. The 
molecular weight of pentamidine isethionate is 592.7 g/mol 
and the molecular formula is C23H36N4O10S2. Pentamidine 
base (C19H24N4O2) has a molecular weight of 340.42 g/mol; 
the chemical structure is shown in Figure 197.1 (Srikrishnan 
et al., 2004). Its Inernational Union of Pure and Applied 
Chemistry (IUPAC) name is 4-[5-(4-carbamimidoylphenoxy) 
pentoxy] benzenecarboximidamide; 2-hydroxyethanesulfonic 
acid. The molecule is composed of a central pentanediol 
chain that is planar, with two aromatic diamidines, one at 
each end of the pentadiol chain. The flexibility and structure 
of the molecule allow the aromatic rings to interact with the 
bases of nucleic acids of pathogens and hosts. It is formulated 
for parenteral use and aerosolization.

Pentamidine was originally developed because of its anti-
trypanosomal activity (King et al., 1937; Lourie and War-
ring ton, 1939). Pentamidine is active against Pneumocystis 
jirovecii as third-line treatment, and as second-line prophy-
laxis for P. jirovecii pneumonia (PJP). Pentamidine is also 
active against Trypanosoma brucei gambiense stage I (hemo-
lymphatic) human African trypanosomiasis (HAT). Penta-
midine is a third-line treatment for Leishmania donovani 
infection (Old World leishmaniasis; kala-azar) and may have 
a role in secondary prophylaxis in AIDS patients. Pentami- 
dine is active against American tegumentary (cutaneous 

and mucocutaneous) leishmaniasis (Tuon et al., 2008). Drug 
repositioning studies that investigate possible new uses for 
licensed drugs have found that pentamidine has in vitro anti-
cancer effects against renal cell cancer, melanoma, and gli-
oma (Smith et al., 2010; Jung et al., 2011; Qiu et al., 2012; 
Zerbini et al., 2014; Capoccia et al., 2015). In a Drosophila 
model, pentamidine reverses splicing defects of myotonic 
dystrophy and rescues contractility and rhythmicity of myo-
tonic dystrophy heart dysfunction (Warf et al., 2009; Chak-
raborty et al., 2015).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Pentamidine at 0.1 µg/ml (100 ng/ml) inhibits growth of  
P. jirovecii in an in vitro assay (Cushion et al., 1985). 

Pentamidine is active against Leishmania species, including 
L. donovani (visceral leishmaniasis) (Old World leishmaniasis, 
kala-azar), and American tegumentary (cutaneous/mucocu-
taneous) leishmaniasis caused by L. braziliensis, L. guyanensis, 
L. amazonensis, L. panamensis, L. mexicana, and L. peruana 
(Tuon et al., 2008). Pentamidine (and pentavalent antimony) 
require functioning T cells for activity against L. donovani in 
a murine model, in contrast to amphotericin B and milte-
fosine that have leishmanicidal activity against amastigotes 
even in the absence of functioning T cells (Murray et al., 
1993; Murray and Delph-Etienne, 2000).

Pentamidine is active against the hemolymphatic stage of 
T. brucei gambiense, the cause of West African sleeping sick-
ness (Doua et al., 1996; Bray et al., 2003). Since pentamidine 

Figure 197.1. Molecular structure of pentamidine 
isethionate. 
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crosses the blood–brain barrier poorly (see below under 5b, 
Drug distribution), it is not recommended for the treatment 
of T. brucei complex central nervous system disease (stage II, 
CNS disease). However, pentamidine is effective as a prophy-
lactic agent against T. brucei gambiense when given as a 
6-monthly i.m. injection (Van Hoof et al., 1945; Bray et al., 
2003). Pentamidine is not effective against T. cruzi.

Pentamidine shows in vitro antifungal activity and exhib-
its synergistic activity in combination with azoles against 
azole-resistant Candida (St-Germain, 1990) and in vitro 
activity against Fusarium (Lionakis et al., 2003). No convinc-
ing animal model data are available to support pentamidine 
use for treatment of these infections (Lionakis et al., 2006).

2b.  Emerging resistance and 
cross-resistance

Pentamidine resistance in Leishmania spp. is multifacto-
rial, being mediated by several energy-dependent molecular 
pumps that alter transport of pentamidine into and out of the 
parasite (Barrett and Fairlamb, 1999; Basselin et al., 2002; 
Bray et al., 2003; Matovu et al., 2003). Modification of three 
different transporter proteins responsible for trafficking 
of pentamidine can mediate resistance, including an ATP-
binding cassette (ABC) transporter, pentamidine resistance 
protein 1 (PRP1), and a P-glycoprotein homolog that causes 
efflux of pentamidine from the parasite (Bray et al., 2003; 
Coelho et al., 2007). Pentamidine-susceptible L. infantum 
amastigotes can be rendered pentamidine-resistant by trans-
fecting them with PRP1 genes. The calcium channel blocker 
verapamil (at therapeutic concentrations) can reverse the 
effect of the PRP1 gene, restoring in vitro pentamidine sus-
ceptibility. In T. brucei gambiense, mutations in an aquaporin 
gene (aquaglyceroporin TbAQP2) have been identified that 
confer cross-resistance to both pentamidine and melamino-
phenyl arsenic drugs (melarsoprol/cymelarsan) (Baker et al., 
2012; Graf et al., 2013; Munday et al., 2014). Pentamidine 
binds to wild-type aquaglyceroporin in nanomolar concen-
trations and inactivates the porin channel activity that helps 
maintain osmotic balance and bidirectional flux of solutes. 
The mutations inhibit binding of pentamidine to this chan-
nel protein (Song et al., 2016).

3. MECHANISM OF DRUG ACTION

Pentamidine and chemically similar compounds are concen-
trated in pathogens (most extensively studied in trypano-
somes) by ATP-dependent transporter complexes such as 
the amino-purine transporter, P2 (Denise and Barrett, 2001; 
Bray et al., 2003). The drug has been shown to bind to DNA 
and RNA, and to inhibit protein synthesis, induce apoptosis 
through respiratory chain inhibition, modify ubiquitin, as 
well as to cause inhibition of a range of enzymes (Miletti  
and Leibowitz, 2000; Zhang et al., 2000; Zhang et al., 2002; 
Mehta and Shaha, 2004; Nguewa et al., 2005; Mukherjee et 
al., 2006; Roberts et al., 2007; Singh and Dey, 2007; Sun and 

Zhang, 2008). Studies using Saccharomyces cerevisiae have 
demonstrated that pentamidine interacts with transfer RNA 
(tRNA), inserting its aromatic rings between tRNA base 
pairs. The interaction disrupts normal hydrogen binding that 
maintains secondary and tertiary tRNA structure (Sun and 
Zhang, 2008). This altered structure both changes anticodon 
recognition and prevents charging of specific tRNA mole-
cules with their cognate amino acid. Inhibition of protein 
synthesis is one of multiple perturbations resulting from this 
interaction with tRNA.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

There is no oral formulation of pentamidine. It can be admin-
istered by the parenteral or aerosol routes.

4a.  Adults

Pentamidine can be administered parenterally at a dose of 4 
mg/kg, usually by intravenous infusion over at least 2 hours. 
Pentamidine is diluted in either 5% dextrose or normal saline 
(0.9%). A typical 300-mg dose (4 mg/kg) for intravenous 
infusion can be diluted in 50 ml (6 mg/ml) to 250 ml (1.2 
mg/ml) (Anonymous, 2014). The drug can be given by intra-
muscular injections (300 mg in 3–5 ml sterile water) (Mallory 
et al., 1987; Soto-Mancipe et al., 1993), but sterile abscess 
formation may occur at the injection site (Cheung et al., 
1993). Intramuscular injections should be given using the 
z-track method (Pullen, 2005).

Aerosolized pentamidine (300 mg) is given for prophy-
laxis of PJP and must be given with nebulizers that generate 
small particles 1–2 μm diameter (e.g. Respirgard II or equiv-
alent) to ensure efficacy. Pretreatment with bronchodilators 
is advised. Flow rate (e.g. 8 l/min) is important for correct 
dose delivery. Optimal pulmonary distribution is observed 
when the aerosolization is administered to patients in a 
recumbent position. Pentamidine delivery to the upper lobes 
may be reduced in patients sitting upright (Baskin et al., 
1990; Conte et al., 1990; Conte, 1991; Ilowite et al., 1991).

4b.  Newborn infants and children

Intravenous pentamidine (4 mg/kg) has been successfully 
used for therapy of PJP in children (Siegel et al., 1984). 
Inhaled nebulized pentamidine has been used successfully 
to prevent PJP in children at risk (Principi et al., 1996). The 
Centers for Disease Control (CDC) recommends 300 mg 
given via Respirgard II nebulizer for children > 5 years 
(Mofenson et al., 2009). Aerosolized pentamidine appears to 
be effective in children < 5 years age (including an 8-month-
old). The doses ranged from 60 mg every 2 weeks to 150 mg 
per month (Katz and Rosen, 1991; Principi et al., 1996). Intra- 
venous pentamidine has been used effectively as  second-line 
PJP prophylaxis in children who have undergone hemato-
poietic stem cell transplantation, including children less 
than 2 years of age (31 patients). The dose of pentamidine 
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isethionate used was 4 mg/kg that was dosed every 2 weeks. 
Children < 40 kg were administered a more dilute infusion 
with a drug constituted at a concentration of 2 mg/ml com-
pared with the standard concentration of 6 mg/ml. Delivery 
of the drug at the more dilute 2 mg/ml concentration was not 
associated with hypotension in contrast to the standard 
6-mg/ml concentration. Data for pharmacokinetic studies in 
children are not available (Levy et al., 2016). Pentamidine 
dosed intravenously every 3 or 4 weeks also appears to be 
effective for PJP prophylaxis in children (Kim et al., 2008; 
Orgel and Rushing, 2014; Clark et al., 2015).

4c.  Pregnant and lactating mothers

Few data from human studies are available to guide therapy 
in pregnancy. Pentamidine is an FDA class C drug, and 
advice is to delay use until after the first trimester if possible, 
with the proviso that pentamidine be used in pregnancy only 
if the potential benefit justifies the potential risk to the fetus 
(CDC, 2013). Similar advice pertains to breastfeeding. 

Pentamidine does not appear to cause fetal malforma-
tions in rats that received 4 mg/kg on days 6–11 of gestation 
(151 fetuses), with 20 mg/kg on days 6–8 of gestation (196 
fetuses), or with 20 mg/kg on days 9–11 of gestation (157 
fetuses). Fetuses were examined for neural tube defects, 
defects of the palate, heart, and major blood vessels, lungs, 
liver, kidneys, ureters, and bladder and abdominal wall 
defects. Radiological examinations were made of cranial, 
vertebral, and long bones. No malformations were found 
in  any of the 711 fetuses at autopsy (207 controls and 504 
treated). A single unilateral kidney agenesis was recognized 
in the 4-mg/kg group. Fetal resorption was increased in 
pregnant rats (dams) that received 4 mg/kg pentamidine (26 
resorptions vs. 14 resorptions in the control group). Days 
6–11 gestation in rats corresponds to days 7–22 gestation 
in humans (Hill, 2016). Rat pharmacokinetic studies in late 
pregnancy (day 18 gestation corresponding to approximately 
day 58 in humans) following 40 mg/kg infusions (10 times > 
than maximum human dose) found that significant pentam-
idine levels were present in all fetal tissues including brain 
(dams had no detectable brain pentamidine) (Little et al., 
1991). In contrast, in vitro pentamidine perfusion of human 
cotyledons showed no placental transfer of pentamidine 
when given at therapeutic concentrations (2 µg/ml) (Harstad 
et al., 1990). In these perfusion studies only small amounts 
of pentamidine crossed the placenta at maternal perfusion 
concentrations that were tenfold greater than achieved at a 
4-mg/kg dose (Fortunato and Bawdon, 1989). Pentamidine 
is concentrated in the placenta, and could potentially alter 
placental function (Fortunato and Bawdon, 1989). 

4d.  Those requiring altered dosages

No adjustment of pentamidine dose is required for patients 
with renal impairment or undergoing dialysis, as only 2–11% 
of excretion is by renal mechanisms (Conte, 1991; Bronner et 
al., 1995).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The bioavailability of pentamidine when administered par-
enterally is high, as it does not require enzymatic modifica-
tion. In AIDS patients, the mean elimination half-life of 
intravenous pentamidine was 6.2 ± 1.2 hours (mean ± stan-
dard deviation [SD]) (Conte et al., 1987a; Conte et al., 1987b). 
In this patient population, the terminal elimination half-life 
after the last dose was 12.0 ± 2.3 days (mean ± SD) (Conte, 
1991). The terminal elimination half-life after the last dose of 
pentamidine in patients with T. gambiense sleeping sickness 
was similar, with a median of 11 days (Bronner et al., 1995). 
Only insignificant amounts of pentamidine enter the sys-
temic circulation when the drug is administered by aerosol-
ization (approximately 5%).

Pentamidine is rapidly sequestered in tissue, and the frac-
tion that is protein bound in serum has been reported to be 
55–69% (Navin et al., 1987; Kotthaus et al., 2011).

5b.  Drug distribution

The maximum concentration (Cmax) reached in plasma fol-
lowing intravenous infusion of 3 mg/kg pentamidine was 
730 nmol/l (249 ng/ml), and following intravenous infusion 
of 4 mg/kg pentamidine, the Cmax was 923 nmol/l (313 ng/
ml) (Conte, 1991; Bronner et al., 1995; see Table 197.1). The 
area under the curve (AUC; 0–168 h) calculated following a 
single 4-mg/kg intravenous infusion of pentamidine (median 
dose 3.9 mg/kg) was 4506 ± 2051 nM/lh (mean ± SD); 
median AUC (0–168 h) was 4014 nM/lh (Bronner et al., 1995). 
Following parenteral administration of pentamidine, the vol-
ume of distribution (steady state) ranges from 3500 ± 3800 
liters to 11,817 ± 4510 liters (mean ± SD), compatible with 
extensive tissue binding (Conte, 1991; Bronner et al., 1995).

Animal studies in rats demonstrate that pentamidine is 
concentrated in liver (8.0 µg/g) and kidney (10.2 µg/g) at 
therapeutic levels 24 hours after a 4-mg/kg intramuscular 
dose, with low levels in lung tissue (0.8 µg/g) (Waldman et al., 
1973). Similar tissue distribution of pentamidine was found 
after intraperitoneal dosing at 10 mg/kg, e.g. kidney (52 µg/g), 
liver (28 µg/g), spleen (11 µg/g), and lung (5 µg/g) (Waalkes et 
al., 1970). Aerosolized pentamidine at doses of 20–100 mg/kg 
resulted in virtually no detectable pentamidine in liver and 
kidneys, but the 5-µM particle size used in the experiments 
would not have reached the alveoli (Wald man et al., 1973).

Human autopsy studies have determined pentamidine 
concentrations in tissue using a bioassay. An initial report 
from four patients (three AIDS patients and one acute leuke-
mia patient) who received intravenous pentamidine at 4 mg/
kg found therapeutic concentrations in liver (23–300 µg/g), 
spleen (28–368 µg/g), kidney (8.5–123 µg/g), and adrenal 
gland (19–92 µg/g). Detectable lung tissue levels of pentami-
dine (42–56 µg/g) were present after four doses (Bernard et 
al., 1985). A larger study of 22 AIDS patients confirmed 
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these findings with therapeutic levels measured in liver, kid-
ney, adrenal, and spleen tissue. Lung tissue had detectable 
levels after a 1-gram total dose of pentamidine (15–32 µg/g). 
Pentamidine distribution into brain tissue appears to be 
dose dependent. Brain tissue was assayed for pentamidine in 
17/22 patients. Six patients who received 3632 ± 1540 (mean 
± SD) mg total dose had detectable pentamidine (3.5 ± 1.4 
µg/g [mean ± SD]). In contrast, 11 patients who received a 
total dose of 1728 ± 943 mg (mean ± SD) had no detectable 
pentamidine in brain tissue (Mann Whitney U test p = 0.02). 
Brain tissue pentamidine could be detected in two of the six 
patients at 240 days (total dose 3080 mg) and 373 days (total 
dose 2970 mg) after the last dose of pentamidine (Donnelly 
et al., 1988). These two patients also had detectable pentami-
dine (expressed as means) in liver (3.9 µg/g), kidney (4.1 
µg/g), and adrenal gland (10.8 µg/g). Muscle and bone dis-
tribution have not been reported in humans.

Pentamidine does not readily cross the blood–brain bar-
rier, and cerebrospinal fluid (CSF) levels are 0.5–0.8% of 
plasma levels (Bronner et al., 1991). Pentamidine is therefore 
unreliable therapy for trypanosomal infection that involves 
the CNS (stage II HAT, or sleeping sickness) (Nok, 2003).

Aerosolized pentamidine accumulates at significant con-
centrations in lung segments as evidenced by bronchial lavage 
specimens collected 24 hours post treatment. Penta midine 
deposition is dependent on nebulizer type, air flow, and patient 
position. Only small amounts of pentamidine can be detected 
in serum after aerosol therapy (see section 5c below). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

In patients receiving aerosolized pentamidine at a dose of 
300 mg (4 mg/kg) in 5 ml of water using a Respirgard II neb- 

ulizer (flow rate 10 l/min, pressure 44 psi, 25 min duration), 
22.22 ± 4.31 mg (mean ± SD) pentamidine was deposited in 
the lungs (7.4% of the starting dose). Ninety-seven percent of 
deposition of pentamidine is achieved by 19 minutes of inha-
lation (Ferretti et al., 1994). However, lower flow rates are 
associated with slower pentamidine deposition rates and 
lower total amounts of pentamidine deposition, e.g. 6 l/min 
flow rate (when using a dose of 150 mg pentamidine in 3 ml 
of water) results in 4.34 ± 0.63 mg of pentamidine (mean ± 
standard error of mean) lung deposition (O’Doherty et al., 
1990). Nine milligrams of pentamidine deposited in the lungs 
monthly is considered to be an effective prophylactic dose 
for PJP (O’Doherty et al., 1990). When comparing serum 
concentrations of pentamidine after administration of 4 
mg/kg pentamidine by the parenteral or aerosolized route, 
the peak levels were, respectively (mean ± 1 SD), 260 ± 88.2 
ng/ml versus 13.84 ± 11.84 ng/ml. At 24 hours following 
aerosolization, no pentamidine can be detected in the serum 
(Conte and Golden, 1988). 

The trough level of pentamidine rises in a linear fashion 
following daily administration of 3 mg/kg/day doses over 10 
days from 4–40 ng/ml (Conte, 1991). The terminal half-life 
of intravenously administered pentamidine is about 12.0 ± 
2.3 days (Donnelly et al., 1988; Conte, 1991; Bronner et al., 
1995). Pentamidine is slowly released for long periods (i.e. 
6  weeks–6 months), despite very low serum levels (Conte, 
1991; Bronner et al., 1995). This pharmacokinetic property 
may help to explain why pentamidine has been an effective 
agent for prophylaxis against West African trypanosomal 
infection when given every 6 months by intramuscular injec-
tion (Bray et al., 2003) and for treatment of stage I West 
African trypanosomal infection (Bronner et al., 1991). 
Additionally, despite low serum levels, susceptible pathogens 
concentrate pentamidine to several orders of magnitude 
higher than serum levels using energy-dependent active 

Table 197.1. Pharmacokinetics of pentamidine by route of administration.

Initial dose* Subjects (no.) Cmax nM/l Tmax (h) T1/2 elim (h) AUC µmol l–1h VSS kL ± 1 SD Reference

3 mg/kg i.v. Adult HIV PJP (6) 730 ± 240** 2 288 ± 55 2.2 ± 0.62** 3.5 ± 3.8 (Conte, 1991)

3 mg/kg i.v. Adults on HD (4) 810 ± 540** 2 NA 1.7 ± 0.69** 12.4 ± 3.9 (Conte, 1991)

4 mg/kg i.v. Adults on HD (5) 670 ± 320** 2 NA 2.2 ± 0.46** 34.4 ± 45.3 (Conte, 1991)

3.9 mg/kg i.v. Adults HIV PJP (6) 513 ± 174 NA NA 2.3 ± 0.89 NA (Lidman et al., 1994)

3.9 mg/kg i.v. Adults treated for 
T. gambiense (11)

923 (median) NA 265 (median) 4.0 (median) 11.9 (median) (Bronner et al., 1995)

4 mg/kg 
nebulized

Adult HIV patients (6) 40.7 ± 35.0** 0.63 ± 0.16 NA NA NA (Conte and Golden, 
1988)

4 mg/kg i.m. Adult HIV patients 
PJP (6)

614 ± 141** 0.67 ± 0.26 9.4 ± 2.0 NA 2.7±1.0 (Conte et al., 1986)

Initial dose expressed by route (i.v., i.m., nebulized). Subjects are described (number). 
Maximum concentration expressed in nanomol/l (Cmax nM/l ± 1 SD); time of maximal concentration in hours (Tmax [h]); half-life during the terminal elimination 

phase (T½ elim [h] ± 1 SD); area under the curve (AUC µmol l-1h ± 1 SD); volume of distribution at steady state in kiloliters ± 1 standard deviation (VSS kl ± 1 
SD); PJP, Pneumocystis jirovecii pneumonia; NA, not available.

*Doses are in mg/kg of pentamidine isethionate (MW 592.7)
**Pentamidine concentrations expressed as ng/ml were converted to nanomolar/micromolar units using the molecular weight of the free base of pentamidine 

(340.42 g/mol) as the conversion factor (free base was used to produce the HPLC standard concentration curve).
Source: Data from Bronner et al., 1995; Conte, 1991; Conte and Golden, 1988; Conte et al., 1986; Lidman et al., 1994.
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transport (De Koning, 2001; de Koning, 2001; Denise and 
Barrett, 2001; Bray et al., 2003; de Koning et al., 2004). 

5d.  Excretion

Renal excretion accounts for 2–11% of plasma clearance 
(Conte, 1991; Bronner et al., 1995). The metabolic fate of 
pentamidine is unclear. Evidence of clinically important cyto-
chrome P450 interactions with pentamidine is unclear. In 
vitro studies using pooled human liver microsomes show only 
small effects with CYP1A2, CYP2A6, CYP2C9, CYP2C19, 
CYP2D6, CYP2E1, and CYP3A4 (Burenheide et al., 2008).

5e.  Drug interactions

Pentamidine may potentiate the effects of other drugs that have 
identifiable toxicities, such as aminoglycosides and calcineurin 
inhibitors, and should be used with care when co-administered 
with them. Co-administration of parenteral pentamidine with 
a variety of drugs may be associated with cardiotoxicity, mani-
fested by QT prolongation, torsades de pointes, and cardiac 
arrest. The list of co-administered drugs that can produce car-
diotoxicity is extensive and includes foscarnet, antipsychot-
ics, macrolides, fluoroquinolones, cotrimoxazole, astemizole,  
cisapride, tricyclic antidepressants, class I, Ia, and II anti-
arrhythmic agents, and antimalarials such as mefloquine and 
chloroquine, isoflurane, enflurane, and fluconazole (Micro-
medex, 2016). Specific drug interactions must be sought prior 
to administration of parenteral pentamidine. Foscarnet and 
pentamidine should not be administered together because of 
increased risk of hypocalcemia and renal failure (Youle et al., 
1988).

6. ADVERSE REACTIONS AND TOXICITY

Pentamidine has well-known and clinically important toxic-
ities (Youle et al., 1988; Montgomery et al., 1990; Perronne et 
al., 1990; Sutton and Domrongkitchaiporn, 1993; al-Ghamdi 
et al., 1994; Assan et al., 1995; Kleyman et al., 1995). Mito-
chondria are damaged by pentamidine, and mitochondrial 
damage may be a common pathway for cellular damage that 
results in organ toxicity (Zhang et al., 2000).

Renal damage is a common side effect of pentamidine, 
largely by induction of tubular damage. Metabolic conse-
quences of pentamidine toxicity include hyper- and hypogly-
cemia (Perronne et al., 1990; Assan et al., 1995), hyper- and 
hypokalemia (Kleyman et al., 1995), hypocalcemia, hypo-
magnesemia (al-Ghamdi et al., 1994), and liver enzyme eleva-
tion. Pancreatitis is another common side effect of paren teral 
pentamidine (Zuger et al., 1986; Sauleda et al., 1994). Hypo-
tension may occur with infusion, and it is recommended that 
patients be in a recumbent position when receiving the drug. 
QT prolongation, mediated by blockade of the human ether-
a-go-go (hERG) cardiac potassium chan nel (so named for 
Drosophila with the homologous ERG mutation that exhib-
its “rapid shaking of legs following exposure to [diethyl] ether” 

[Kaplan, 1969; Kaplan and Trout, 1969]). This blockade may 
lead to torsades de pointes, with potentially life-threatening 
arrhythmias (Kuryshev et al., 2005; Dennis et al., 2007). 
Hematologic effects are seen commonly and include throm- 
bocytopenia and neutropenia. Frequent monitoring (usually 
daily) of electro lytes and glucose blood counts should be 
undertaken during courses of pentamidine. Rashes and 
thrombophlebitis are also commonly seen. Sterile abscesses 
can occur with intramuscular injections (Cheung et al., 1993).

Aerosolized pentamidine should be administered in a 
safely ventilated area because of the risk of exposure to 
healthcare workers from pentamidine droplets (Montgomery 
et al., 1990), and to prevent transmission of undiagnosed 
tuberculosis in patients with T-cell suppression who are 
receiving inhaled pentamidine for PJP prophylaxis (Calder et 
al., 1991). Aerosolized pentamidine can precipitate broncho-
spasm (Katzman et al., 1992), and this complication may be 
particularly severe in patients with underlying chronic lung 
disease (Macesic et al., 2016). Care should be taken to pre-
treat patients with bronchodilators prior to administration of 
aerosolized pentamidine. Pentamidine at 0.1–1000 nM con-
centration caused contraction of smooth muscle in a dose- 
dependent manner in an in vitro study of guinea pig and 
human airway rings (bronchi of 1–3 mm inner diameter). 
Both guinea pig and human airway rings approached 40% of 
the contractility induced by acetylcholine. The pentamidine 
effect could be inhibited by atropine. The authors postulated 
that ipratropium bromide might be an effective pretreatment 
for those having aerosolized pentamidine (Biyah et al., 1996).

7. CLINICAL USES OF THE DRUG

7a.  Treatment of Pneumocystis jirovecii 
infection

Pentamidine remains a third-line agent for parenteral treat-
ment of acutely ill patients with PJP (PaO2 less than 70 
mmHg on room air). Pentamidine is administered at 4 mg/
kg/day by intravenous infusion over at least 2 hours for  
21 days with corticosteroids (e.g. prednisone 40 mg twice 
daily for 5 days, 40 mg daily for 5 days, 20 mg daily for 11 
days). Trimethoprim–sulfamethoxazole (15 mg/kg/day of 
the trimethoprim component in three divided doses) is  
the preferred treatment (see Chapter 92, Trimethoprim and 
trimethoprim-sulfamethoxazole [cotrimoxazole]).

Intravenous clindamycin 900 mg every 8 hours plus 30 
mg primaquine orally daily (patient must not be G6PD defi-
cient) is an appropriate second-line therapy for those patients 
unable to take sulfa drugs (see Chapter 85, Clindamycin and 
lincomycin). Trimetrexate (see Chapter 95, Trimetrexate) is 
effective but expensive, and causes significant bone marrow 
toxicity, requiring concomitant leucovorin rescue.

Aerosolized pentamidine for treatment of PJP is inferior 
to parenteral pentamidine, and is not recommended (Conte, 
Hollander, and Golden, 1987; Conte al., 1990; Soo Hoo et al., 
1990).
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7b.  Prophylaxis of Pneumocystis jirovecii 
infection

Pentamidine given via nebulizer (Respirgard II) remains an 
effective agent for prophylaxis of PJP for patients at risk who 
are unable to take trimethoprim–sulfamethoxazole prophy-
laxis. Distribution of inhaled pentamidine droplets 1–2 μm 
diameter is best achieved with the patient recumbent. An 
occasional consequence of inadequate delivery of pentami-
dine to the lungs in patients sitting or standing upright 
during aerosolized therapy is the development of focal upper 
lobe PJP. This atypical location may delay diagnosis. Because 
inhaled pentamidine is confined to the lungs with virtually 
no systemic distribution, patients with advanced immune 
suppression who receive inhaled pentamidine are at risk 
of developing extrapulmonary pneumocystis infection. The 
risk of extrapulmonary pneumocystis infection is 1.3% per 
100 patient-years of treatment in HIV patients, but in an 
autopsy study of HIV patients occult extrapulmonary infec-
tion was identified in 2.5% of subjects (Witt et al., 1991; 
Bartlett and Hulette, 1997; Ng et al., 1997).

Extrapulmonary infection of the liver with pneumocystis 
may be associated with profound hypoalbuminemia and 
ascites. Extrapulmonary pneumocystis may also involve sites 
such as the heart, brain, adrenals, skin, lymph nodes (local or 
generalized), ear (middle ear and auditory canal), eye (choroid-
itis), thyroid, small intestine, and bone marrow (Raviglione, 
1990; Coker and Peters, 1991; Magliocco et al., 1991; Sachs et 
al., 1991; Witt et al., 1991; Bierhoff et al., 1996; Bartlett and 
Hulette, 1997; Ng et al., 1997; Villanueva et al., 1997; Kallen 
and Wallace, 1998; Tan et al., 1998; Patel et al., 1999). Patients 
with undiagnosed tuberculosis undergoing aerosolized pent-
amidine therapy may inadvertently transmit tuberculosis 
(Calder et al., 1991). Patients with underlying chronic lung 
disease appear to have increased risk of bronchospasm when 
receiving inhaled pentamidine (Macesic et al., 2016).

Intravenous pentamidine (300 mg) starting 6 days prior 
to allogeneic hematopoietic stem cell transplantation in 
adult patients and repeated every 28 days until standard pro-
phylaxis with trimethoprim sulfamethoxazole is begun was 
reported to be an effective prophylactic regimen for PJP in a 
study of 113 patients (Lim et al., 2015). Similarly, intravenous 
pentamidine has been shown to be effective in children (4 
mg/kg), including children less than 2 years of age (see sec-
tion 4b, Newborn infants and children) when given every 
2  weeks to every 4 weeks. Lower concentration (2 mg/ml) 
infusions have been recommended for children < 40 kg to 
reduce the risk of hypotension and arrhythmia (Levy et al., 
2016).

7c.  Treatment and prophylaxis of human 
African trypanosomiasis (HAT)

Stage I disease caused by T. brucei gambiense (West Africa) 
can be treated with 4 mg/kg/day pentamidine administered 
intravenously or intramuscularly for 7 days (Doua et al., 

1996). In a study of 58 patients with a variety of early-stage 
CNS involvement, three relapses were noted after 1 year, and 
two deaths (both unrelated to HAT or treatment) occurred. 
Overall, the cure rate among the 52 patients followed for 
2 years was 94%. The authors considered pentamidine to be 
similar to melarsoprol (see Chapter 188, Melarsoprol) and 
eflornithine (see Chapter 189, Eflornithine) in its tolerability 
and availability (Doua et al., 1996). Frequent early invasion 
of the CNS that occurs in T. brucei rhodesiense infection 
makes pentamidine an unreliable choice for treatment of 
East African trypanosomiasis.

Pentamidine can be used as prophylaxis for West African 
HAT (T. brucei gambiense) given as a 4 g/kg intramuscular 
injection every 6 months in endemic areas. This strategy 
was important in eliminating this disease from many parts of 
West Africa (Bray et al., 2003).

Pentamidine is not effective against T. cruzi (American 
try panosomiasis).

7d.  Treatment and prophylaxis of  
visceral leishmaniasis

Pentamidine is a second-line agent for visceral infection with 
L. donovani (kala-azar). The recommended dose of pentam-
idine is 2–4 mg/kg/day for up to 15 days. Local data on clin-
ical response to antileishmanial agents, including pentavalent 
antimony, are useful for selection of the appropriate agent. 

Secondary prophylaxis of visceral leishmaniasis with 
intravenous pentamidine given every 4 weeks at a dose of 4 
mg/kg to immunocompromised patients with HIV infection 
appeared to reduce recurrence rates significantly compared 
with historical controls. An ongoing prospective trial has 
shown visceral leishmaniasis disease–free survival of 79% 
and 71% at 6 and 12 months, respectively, compared with 
expected relapse rates of 50–100% in the absence of second-
ary prophylaxis. Patients with CD4 counts < 50 × 109/l have 
the highest rates of relapse even when receiving antiretro-
viral therapy. Pentamidine requires the contribution of T cell 
immunity for control of leishmania amastigotes in animal 
models (Murray et al., 1993).

7e.  Treatment of tegumentary (cutaneous, 
mucocutaneous, New World) 
leishmaniasis

While New World cutaneous and mucocutaneous leishman-
iasis (caused by infection with L. braziliensis, L. guyanensis, 
L. amazonensis, L. panamensis, L. mexicana, or L. peruana) is 
usually treated with pentavalent antimony, pentamidine has 
been shown in a meta-analysis to result in a similar rate of 
cure (about 75%) (Tuon et al., 2008). In Suriname, cutaneous 
leishmaniasis caused by L. guyanensis has been treated using 
4 mg/kg pentamidine isethionate dosed on days 1, 3, and 7 
(standard 7-day regimen). PCR testing of skin biopsies has 
predicted cure at 6 weeks post treatment. Cure rate is approx-
imately 75% (Mans et al., 2015). In a non-inferiority clinical 
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trial, 7 mg/kg on days 1 and 3 was compared with standard 
therapy of 4 mg/kg on days 1, 3, and 7 and concluded that the 
3-day treatment should not be recommended over the stan-
dard therapy (Patel and Lockwood, 2009; Diro et al., 2015; 
Hu et al., 2015). 
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1. DESCRIPTION

Antimony, in the form of tartar emetic (antimony potassium 
tartrate), was used until the late nineteenth century to treat 
fevers, pneumonia, and inflammatory conditions before being 
abandoned owing to toxicity (Duffin and Campling, 2002). 
Antimonials were reintroduced, in a pentavalent form, in the 
early twentieth century to treat parasitic infections. Sodium 
stibogluconate (SSG) and meglumine antimoniate (MGA) are 
pentavalent antimonial (Sb5+) derivatives of phenylstibonic 
acid. Pentavalent antimonials have been first-line treatment for 
cutaneous leishmaniasis (CL), mucocutaneous leishmaniasis 
(ML) and visceral leishmaniasis (VL) since the early twentieth 
century and remain in widespread use in endemic regions. 
Emerging resistance and the availability of less toxic, although 
much more costly, alternatives is now limiting the use of anti-
monials in some locations and in higher income countries.

The exact chemical structure and composition of the clin-
ical formulations is yet to be fully elucidated. Antimony (Sb, 
from Latin stibium) is complexed with the sugar N-methyl-
D-glucamine in MGA and with D-gluconic acid in SSG with 
proposed structures as shown in Figure 198.1 (Frezard et al., 
2009). In solution, these are thought to exist as a mixture of 
oligomeric complexes with a predominance of zwitterionic 
species and the general formula (Sb-ligand)n-ligand or 
(Sb-ligand)n giving a range of molecular weight from 100–
4000 Da (Berman and Grogl, 1988; Frezard et al., 2009).

SSG is available in branded (Pentostam, GlaxoSmithKline, 
UK) and several generic forms, of which one has been 
approved by the World Health Organization (WHO; Albert 
David Ltd., Kolkata, India). There is no significant difference 
between these formulations, which show equivalent efficacy 
and safety in all forms of leishmaniasis (Sundar and Chat-
terjee, 2006). However, caution must be exercised when 
using antimony from uncertified manufacturers, as there 
have been reports of fatal cardiotoxicity associated with bad 
batches (Sundar et al., 1998). The toxicity of some batches 
may be due to higher residual levels of trivalent antimony 
(Sb3+) or contamination with arsenic and lead (Kato et al., 
2014). Meglumine antimoniate (Glucantime; Sanofi, France) 
and SSG have similar efficacy and side-effect profiles 
(Bermudez et al., 2006; Hailu et al., 2010; Soto et al., 2004). 
English-speaking countries primarily use SSG, whereas MGA 
is favored in Brazil and French-speaking countries (Amato 
et al., 2008).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Pentavalent antimonial agents are broadly effective against 
all Leishmania species, although species and strain variation 
has been demonstrated both in vitro and clinically. As yet, 
there is no reference standard for interpretation of in vitro 

Figure 198.1. Proposed chemical structures of the 
predominant antimony–ligand complexes of 
meglumine antimoniate (364 Da) and sodium 
stibogluconate (365 Da). (Reprinted under the 
creative commons license from Frezard et al., 2009.)
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susceptibility testing, with wide variation dependent on 
choice of host cell and culture conditions (Seifert et al., 2010). 
No one method has been applied broadly to determine global 
patterns of resistance. Promastigote, amastigote-macrophage, 
and axenic amastigote culture methods have been used to 
perform in vitro susceptibility testing. Of these, the 
amastigote- macrophage intracellular model is generally 
accepted as being more representative of the in vivo situation 
than promastigote assays; isolates require significant adap-
tation before being suitable for axenic culture and testing 
(Ait-Oudhia et al., 2011). These methods are technically 
demanding, although advances in culture techniques and 
imaging protocols have allowed the development of high- 
throughput assays with a focus on drug discovery (Dagley et 
al., 2015; Nuhs et al., 2015). A novel approach using a single 
critical concentration to categorize susceptible and resistant 
isolates has been proposed and subsequently applied to a 
large number of clinical isolates. However, intra- and inter-
species variation in wild-type susceptibility would require 
careful validation before this method can be applied univer-
sally (Fernandez et al., 2014).

2b.  Emerging resistance and 
cross-resistance

Drug resistance in leishmaniasis may manifest as delayed 
parasite clearance, slow or no clinical response, as with 
relapsed disease after apparent clinical cure that presents as 
recurrence, or with progression to mucocutaneous involve-
ment in South American CL, or as post-kala-azar dermal 
leishmaniasis (PKDL) following VL. Identification of a clini-
cally resistant phenotype is further complicated by the need 
to account for treatment failure due to host factors such as 
immune deficiency and variation in drug elimination rate, as 
well as parasite factors, i.e. species-related intrinsic sensitiv-
ity and drug factors, especially the differences in treatment 
regimens both historically and geographically (Croft et al., 
2006).

In most parts of the world, around 90% of previously 
untreated patients with VL respond to Sb5+ (Murray, 2004). 
However, in Bihar, north India, and the adjacent district in 
the Terai region of Nepal, widespread antimonial resistance 
is present, manifesting as 60% primary treatment failure 
despite escalation of both the daily dose and duration of 
therapy (Chakravarty and Sundar, 2010). It is likely that this 
has arisen as a result of misuse of Sb5+, with the majority 
of patients receiving intermittent or incomplete treatment 
(Sundar et al., 1994). Association of resistance and poor 
treatment outcomes has also been attributed to environmen-
tal exposure to higher levels of arsenic (Perry et al., 2013). 
Selection of resistance is mostly a concern in areas of 
 human-to-human transmission where widespread treatment 
increases drug pressure within the parasite population as a 
whole. This is most significant in VL caused by L. donovani 
in India, but may also be relevant for CL L. tropica (Hadighi 
et al., 2006; Singh et al., 2006). Increased selection pressure 

may also occur within a zoonotic transmission cycle where 
the reservoir hosts—in particular, dogs—are also being ex- 
posed to pentavalent antimonials (Gramiccia et al., 1992). 
Regional variation in treatment response of New World CL 
to Sb5+ has been described and is summarized below (7b, 
Cutaneous leishmaniasis) but it is unclear at present whether 
this represents intrinsic or acquired resistance within certain 
species or zymodemes, and how these have evolved and 
migrated (Fernandez et al., 2014).

Correlation between clinical resistance and in vitro phe-
notype has been demonstrated in some settings but not con-
sistently. Of note, isolates from regions of high resistance in 
Bihar were found to have a significantly higher median effec-
tive dose (ED50) in an amastigote-macrophage model than 
those in lower resistance regions; on an individual basis, 
ED50 highly correlated with clinical outcome (Lira et al., 
1999). Genetic markers of in vitro resistance have been iden-
tified for laboratory-adapted strains but again have been 
 difficult to apply in a predictive capacity for field isolates 
(Torres et al., 2013). This is in part due to the wide variety 
of resistance mechanisms including decreased drug uptake, 
decreased conversion of Sb5+ to highly active Sb3+, and 
increase synthesis of drug target leading to sequestration 
or  efflux (Kaur and Rajput, 2014). Studies of genetic bases 
of  resistance are hindered by incomplete understanding of 
the control of gene expression in Leishmania, which in the 
absence of regulator genes depends on epigenetic modifiers 
of transcription, variations in gene copy number or gene 
dosage, and by post-transcriptional modifications (Leprohon 
et al., 2015). Transcriptomic studies have reinforced the con-
cept that treatment failure does not necessarily imply drug 
resistance. New insights into the parasite’s ability to influence 
and subvert the host’s immune response may represent an 
alternate mechanism (Cantacessi et al., 2015).

3. MECHANISM OF DRUG ACTION

The clinical significance of direct activity of Sb5+ in its pen-
tavalent state remains unclear, but the following observations 
and proposed mechanisms of action were recently reviewed 
(Frezard et al., 2009). Pentavalent antimony but not Sb3+ has 
been shown to directly inhibit DNA topoisomerase I. It has 
also been shown to form complexes with ribose- containing 
biomolecules including ribonucleosides. These complexes 
could interfere with purine metabolism and deplete ATP and 
GTP, consistent with early descriptions of drug activity being 
medicated by via inhibition of glycolysis. The rate of complex 
formation increases at acidic pH and so may be particularly 
relevant within the macrophage phagolysosome where Leish
mania amastigotes reside and multiply. Pentavalent anti-
mony may also exert an effect by an indirect mechanism 
through inhibition of host tyrosine phosphotases leading to 
increased cytokine levels and immune cell activity (Pathak 
and Yi, 2001).

The predominant activity of pentavalent antimonials is 
thought to be due to the action of Sb3+. Trivalent antimony  
is orders of magnitude more toxic than Sb5+, both to the 
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parasite and to humans (Roberts et al., 1995). The level of 
residual Sb3+ in clinical preparations is unresolved, with esti-
mates varying from 0.2–31.4% depending on the analytical 
method used (Salaun and Frezard, 2013). The contribution 
of this residual Sb3+ to drug activity is therefore unclear. 
However, conversion of Sb5+ to Sb3+ has been demonstrated 
in macrophages, possibly due to the activity of glutathione, 
the predominant mammalian thiol (Hansen et al., 2011). 
Amastigotes in axenic culture and in amastigote- macrophage 
models are much more sensitive to Sb5+ than promastigotes. 
This is due to both increased uptake and efficient conversion 
to the highly active Sb3+ (Croft and Yardley, 2002).

Aquaglyceroporins (AQPs) are known to transport triva-
lent metalloids. Aquaglyceroporin 1 (AQP1) has been identi-
fied in Leishmania and has been shown to mediate uptake of 
Sb3+ into the parasite (Gourbal et al., 2004). Once inside the 
parasite, the primary target is believed to be a specific thiol 
redox pathway. Trypanothione synthetase and trypanothi-
one reductase are components of thiol pathway metabolism 
in Leishmania, a pathway common to all parasites of the 
Trypanosomatidae family but absent in the mammalian host 
(Baiocco et al., 2009). Trypanothione reductase maintains 
the main thiols in Leishmania parasite, especially trypanoth-
ione, in a reduced state. Trypanothione, possibly in conjunc-
tion with thiol-dependent reductase-1, promotes reduction 
of Sb5+ to Sb3+ (Denton et al., 2004). Trivalent antimony then 
binds with high affinity to the active site of TR, profoundly 
inhibiting the thiol reduction potential of the cell (Baiocco et 
al., 2009). This exposes the parasite to oxidative stress by the 
reactive oxidative species produced by the host macrophage 
and facilitates killing of the parasite (Baiocco et al., 2009). A 
separate target of Sb3+ may be zinc finger proteins involved in 
DNA repair, leading to DNA fragmentation and ultimately 
apoptosis (Frezard et al., 2009).

The expression of AQP1 in Leishmania was shown to be 
downregulated in antimony-resistant clinical isolates from 
Nepal. Transfecting AQP1 into resistant field isolates of  
L. donovani reversed in vitro resistance to SSG, suggesting 
a role for AQP1 in antimony resistance (Croft et al., 2006). 
Resistance to Sb5+ has also been associated with increased 
production of thiols including trypanothione and glutathi-
one. Thiol-Sb3+ complexes may be sequestered within the 
parasite’s own vacuole or actively pumped out. ATP-binding 
cassette (ABC) transporters belonging to the multidrug 
resistance–related protein (MRP) subfamily are involved in 
thiol-associated efflux and in metal resistance in mammalian 
cells (Rai et al., 2013). Increased activity of ABC transporters 
may explain selection of antimonial resistance in the set-
ting  of environmental arsenic exposure (Perry et al., 2013). 
Increased production of the multidrug resistance–related 
protein A (MRPA), a homolog of P-glycoprotein A, has been 
observed in Sb5+ clinical isolates, and appears to confer anti-
mony resistance by increasing sequestration and subsequent 
expulsion of thiol-Sb3+ complexes (Singh et al., 2014). Up- 
regulation of MRPA has also been associated with in vitro 
resistance to miltefosine and paromomycin (Bhandari et al., 

2014; Perez-Victoria et al., 2011). Cross-resistance between 
pentamidine and Sb3+ but not Sb5+ has been observed in vitro, 
and was attributed to the closely related ABC transporter 
protein, pentamidine resistance protein 1 (Coelho et al., 
2003). The clinical significance of these in vitro findings is 
unresolved, with variable baseline expression and capacity 
for upregulation observed between species (Kaur and Rajput, 
2014). Upregulation of heat shock proteins including ubiqui-
tin has been demonstrated in resistant field isolates; ubiqui-
tin aids in clearance of cellular proteins that have suffered 
oxidative stress and so may help counter the toxic effects of 
Sb3+ (Kazemi-Rad et al., 2013).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The optimal dose and dosage regimen of pentavalent anti-
monials has yet to be fully defined. Formal dose-finding 
studies for each of the indications have never been under-
taken, and dose regimens are therefore based on accumulated 
clinical experience. The quality of clinical trials to guide dose 
selection is variable, and there is a paucity of appropriately 
powered, randomized, placebo-controlled trials. Cutaneous 
disease has a variable clinical course and frequently self-
cures. Further, the response of individual species, or indeed 
the same species from separate geographic localities, can 
vary. For the treatment of visceral disease, issues of relapse 
and resistance are relevant to selection of dose regimens, as 
is the issue of cumulative toxicity, frequently observed in 
longer courses, particularly in patients in poor general con-
dition with advanced visceral disease.

Dosage is usually prescribed in Sb5+ equivalents (mg/kg/
day) with dosage and duration of treatment varying depend-
ing on whether the disease is visceral, cutaneous, or mucocu-
taneous. Sodium stibogluconate (as Pentostam) is supplied 
in 6-ml and multidose 100-ml bottles. Meglumine antimo-
niate (as Glucantime) is available in 5-ml vials. By analysis of 
dried weight, 100 mg of SSG contains 33 mg of Sb, whereas 
100 mg of MGA contains 28 mg of Sb, so that preparations 
of SSG are equivalent to 100 mg/ml of Sb5+ whereas MGA 
preparations contain 85 mg/ml. 

A once-daily schedule is recommended, with no benefit 
shown from using continuous infusion or divided daily doses 
(Oster et al., 1985). Evidence to date suggests that a regi-
men of 20 mg/kg/day is more efficacious than regimens with 
lower daily doses (Herwaldt and Berman, 1992). Limiting 
the daily dose to a maximum of 850 mg is no longer recom-
mended by WHO, although studies in obesity are lacking, 
and so no guidance exists as to whether actual or ideal body 
weight should be used.

Intravenous and intramuscular routes are considered 
equivalent. The intravenous route is preferable owing to the 
large volume of drug to be administered (Herwaldt and Ber-
man, 1992). For logistical reasons, however, intramuscular 
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injection of neat drug is most commonly used worldwide 
with volumes greater than 10 ml split over two sites. For 
intravenous administration, the appropriate drug dose is 
mixed with 50 ml of 5% dextrose in water and infused over 
at least 10 minutes. 

For intralesional injection in CL, 0.5–5 ml of the neat par-
enteral formulation is injected into the base of the lesion 
until the entire lesion is swollen and complete blanching of 
the margins is observed (Blum et al., 2014). Daily, second- 
daily, and weekly regimens have been described, with injec-
tions repeated for up to 12 weeks until healing is observed 
(Karamian et al., 2015; Minodier and Parola, 2007). 

Administration using a mesotherapy gun reduced the 
duration of successful therapy and was well tolerated (Kashani 
et al., 2010).

A summary of dosage recommendations is shown in 
Table 198.1.

MONITORING DURING THERAPY

All patients receiving systemic therapy should have monitor-
ing as outlined in Table 198.1. Those over 60 years of age, 
overweight persons, or those patients with underlying car-
diac, hepatic, or renal disease should have more frequent 
monitoring throughout the course of treatment (Herwaldt 
and Berman, 1992). Patients should be counseled to avoid 
other hepatotoxins, especially alcohol, during treatment.

4b.  Newborn infants and children

Dosing in children is similar to in adults, although there are 
some data suggesting that higher doses may be needed 
because for the same weight-adjusted doses of antimony 
administered intramuscularly in the form of MGA, children 
appear to have lower area under the curve (AUC) and lower 
peak concentrations than adults, owing to higher rates  
of renal clearance (Cruz et al., 2007). There is minimal 

information regarding the use of antimonials in children less 
than 6 months old and neonates.

4c.  Pregnant and lactating mothers

Pentavalent antimonials should be avoided during preg-
nancy, as they have been associated with spontaneous abor-
tion, preterm deliveries, and hepatic encephalopathy (Adam 
et al., 2009; Miah et al., 2010). The safety or intralesional Sb5+ 
in pregnancy has not been established. The benefit of treating 
CL during pregnancy is probably outweighed by the risk of 
adverse effects of therapy. Topical therapy with alternative 
agents may be considered, or treatment deferred until after 
delivery (WHO, 2010). With VL the risk of congenital infec-
tion increases the benefit of treatment (Mescouto-Borges et 
al., 2013). However, if systemic therapy for leishmaniasis is 
required during pregnancy, liposomal amphotericin should 
be considered (Figueiro-Filho et al., 2004). 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL AND  
HEPATIC FUNCTION

Given the high risk of side effects and the variable treatment 
response in CL, treatment with Sb5+ is not recommended for 
those over the age of 50 or if there is any established organ 
dysfunction (WHO, 2010). Preexisting renal and hepatic 
dysfunction is common in VL, and would be expected to 
improve with effective chemotherapy. In a patient with sig-
nificant renal impairment, drug excretion was shown to still 
be primarily via the urine at a rate matching the patient’s glo-
merular filtration rate (16 ml/min). Despite the prolonged 
half-life of 15 hours as compared to 2 hours in normal renal 
function, there was no significant rise in residual plasma lev-
els and no severe adverse effects over 28 days of therapy with 
25 mg/kg/day of MGA (Buffet et al., 1995). The authors 

Table 198.1. Dosing recommendations for use of pentavalent antimonials in various forms of leishmaniasis.

Visceral leishmaniasis Cutaneous leishmaniasis Mucosal leishmaniasis

Dose 20 mg/kg/day 20 mg/kg/day 20 mg/kg/day

Duration of therapy 28 days (4 weeks) minimum 20 days. Minimal data on duration of 
treatment for L .mexicana, L. tropica, 
and L. major. Study suggestive of good 
response to 10-day treatment duration 
limited by small numbers and predomi-
nance of L. panamensis. (Wortmann et 
al., 2002)

28 days

Follow-up Clinical and laboratory follow up 
at 1.5, 3, 6, and 12 months 
after completion of therapy

Best indicator of cure is freedom 
from clinical relapse for ≥ 6 
months after treatment 
(Herwaldt and Berman, 1992)

Cutaneous lesions may not heal completely 
until weeks after completion of therapy. 
Re-evaluate 6 weeks after treatment 
complete. Monitor for 1 year for signs of 
relapse. If lesions have not reduced by at 
least 75% 6 weeks after treatment, 
consider retreatment. (Herwaldt and 
Berman, 1992)

Initial response to therapy should 
be determined 3 months after 
the end of therapy. Follow up 
for several years for relapse. 
High rate of treatment failure, 
especially for more severe 
disease (Herwaldt and Berman, 
1992)
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suggest adjusting dosage to creatinine clearance, but no spe-
cific guidelines exist. Given the potential renal and hepato-
toxic effects of pentavalent antimonials, extreme care should 
be exercised when using these agents in patients with pre-
existing organ dysfunction, and an increased frequency of 
monitoring will be required if antimonial treatment is con-
sidered necessary. 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

Despite its clinical use for over 50 years, data on the pharma-
cokinetic profile of pentavalent antimonials are limited. Most 
of the existing studies have included a small number of oth-
erwise healthy young adults, with only one study focusing on 
children (Cruz et al., 2007). 

5a.  Bioavailability

Neither SSG nor MGA are active when administered by 
mouth, although innovative formulations using amphiphilic 
complexes may make this possible in the future (Fernandes et 
al., 2013). Intramuscular administration yields a pharmaco-
kinetic profile similar to intravenous injection, with no signif-
icant difference between SSG and MGA (Chulay et al., 1988).

5b.  Drug distribution

Rapid absorption and distribution occurs following intra-
muscular injection, with peak serum concentration (Cmax) at 
1.3–2 hours of 38.8 mg/l following a 20 mg/kg dose. (Chulay 
et al., 1988; Vasquez et al., 2006). Elimination can be 
described as rapid early clearance of a 0.2–0.3 l/kg compart-
ment, consistent with extracellular water, with a half-life of 
around 2 hours followed by slower clearance of an effective 
3.6–6.6 l/kg compartment that is likely to represent intracel-
lular retention, with a half-life of 33–76 hours (Cruz et al., 
2007; Vasquez et al., 2006; Zaghloul et al., 2010).

Accumulation occurs with repeated daily administration 
such that trough serum levels rise between two- and four-
fold, achieving steady state 10–14 days into treatment 
(Chulay et al., 1988; Zaghloul et al., 2010). Other pharmaco-
kinetic parameters appear stable over prolonged therapy, 
with minimal changes in rate of absorption, clearance, and 
despite accumulation only a marginal increase in AUC 
(Zaghloul et al., 2010).

Equilibration of antimony levels in blood and in active 
skin lesions occurs around 4 hours after intramuscular injec-
tion of 600 mg Sb5+ (al Jaser et al., 1995). Peak tissue concen-
tration was 5 ng/mg, approximately 40% lower than the 
observed Cmax in blood; clearance was slower, resulting in a 
similar overall AUC (al Jaser et al., 1995). Antimony levels of 
8–70 ng/mg were found in skin biopsies a day after comple-
tion of 20 days treatment (Dorea et al., 1990). Distribution to 
other organs of particular relevance in VL has not been char-
acterized in humans.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Pharmacokinetic/pharmacodynamic targets have not been 
defined for Sb5+. In a single study, daily dosing appeared 
more effective than continuous infusion, suggesting Cmax 
may be more important than Cmin given the same AUC (Oster 
et al., 1985).

5d.  Excretion

Reported urine recovery has been variable from 96% of the 
dose in the first 6 hours after intravenous administration and 
80% 6 hours after intramuscular administration to 39% over 
24 hours in a more recent study (Rees et al., 1980; Zaghloul 
et al., 2010). Direct renal clearance explains the rapid early 
elimination phase, the rate of which approximates glomeru-
lar filtration rate (Cruz et al., 2007). Inherent higher renal 
clearance in children (aged 3–6 years) was seen to reduce 
AUC0–24 by 42% (111 vs. 190 mg.h/l) and peak concentration 
by 12% (32.7 vs. 38.8 mg/l) when compared to adults given 
the same weight-based dose (20 mg/kg) of MGA (Cruz et al., 
2007). Overall renal excretion is believed to account for more 
than 90% of total drug clearance.

5e.  Drug interactions

There are few data available regarding drug interactions with 
the pentavalent antimonials—hence caution should be exer-
cised if other agents are being co-administered.

6. ADVERSE REACTIONS AND TOXICITY

Systemic administration of Sb5+can be associated with seri-
ous adverse effects that include cardiac and pancreatic toxic-
ity. Serious adverse effects appear more frequently in HIV 
co-infected individuals (see below under 7, Clinical uses of 
the drug). Incidence appears to be similar between SSG and 
MGA (Oliveira et al., 2011). Despite the frequency of minor 
adverse effects, safe administration has been demonstrated 
without the requirement of inpatient management for most 
returned travelers (Wise et al., 2012). Routine close monitor-
ing is recommended, as outlined in Table 198.2. Toxicity is 
likely to be due to compromise of thiol homeostasis by Sb3+, 
leading to increased susceptibility to oxidative stress and 
subsequent apoptosis due to the formation of reactive oxy-
gen species (Kato et al., 2014). One study reported apparent 
systemic conversion of Sb5+ to Sb3+ maintaining around 
20% of the total antimony in the trivalent form (Vasquez et 
al., 2006). However, it remains unclear where and how this 
conversion takes place and what factors may influence accu-
mulation of Sb3+. Accurately measuring residual Sb3+ in 
therapeutic preparations remains problematic with differ-
ent methodologies giving 100-fold variation in estimated 
concentrations (Salaun and Frezard, 2013).

Intralesional administration is frequently associated with 
local adverse effects, predominantly pain, a burning sensation, 
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and erythema. Nausea and vomiting may occur in a minority 
of patients. In a study of 105 patients, no changes in hematolog-
ical parameters or renal and liver function tests were observed 
over 10 weeks of treatment (Esfandiarpour et al., 2012).

6a.  Hepatitis

Therapy with Sb5+is associated with hepatitis, usually mani-
festing as asymptomatic elevation of ALT during therapy, 
which occurs in up to 50% of those treated (Herwaldt and 
Berman, 1992). However, these abnormalities generally 
resolve despite continued treatment and normalize by 6 weeks 
after treatment completion.

6b.  Cardiotoxocity

Pentavalent antimony therapy is associated with cardiotoxic-
ity, manifesting as electrocardiographic (ECG) changes that 
occur gradually during the course of treatment, and occur 
more frequently in those treated with higher doses for a 
longer duration (Herwaldt and Berman, 1992). The most 
common changes observed are flattening and/or inversion of 
T waves. At doses greater than 20 mg/kg/day and duration 
more than 30 days, a prolongation of corrected QT interval 
(mean 0.5 ± 0.04 sec) and concaving of ST segments is also 
observed (Herwaldt and Berman, 1992). Deaths attributed 
to cardiotoxicity have rarely been reported, usually when 
the dose of the drug exceeded 20 mg/kg/day and there was 

evidence of underlying cardiac disease (Herwaldt and Ber-
man, 1992). Cardiotoxicity was the predominant cause of 
severe toxicity and death with poor quality batches of generic 
SSG (Sundar et al., 1998). Limited data suggest that ECG 
changes gradually return to normal 1–6 weeks after treat-
ment is ceased. It is recommended that consideration should 
be given to ceasing or reducing the treatment dose in the 
event of patients developing prolonged QTc interval >  0.5 
seconds or concave ST segment changes (Herwaldt and Ber-
man, 1992).

6c.  Pancreatitis

It has been well recognized for a long time that patients 
treated with pentavalent antimonials frequently experience 
abdominal pain, nausea, and vomiting, particularly early in 
the course of treatment. More recently, antimonials used in 
standard treatment regimens have been recognized to con-
sistently cause pancreatitis (Gasser et al., 1994), manifesting 
across a spectrum from asymptomatic elevation of amylase 
and lipase, through symptomatic pancreatitis requiring 
hyper alimentation support, to one reported death in an 
immune-suppressed patient (Gasser et al., 1994). However, it 
appears that many patients can be safely treated through an 
episode of chemical pancreatitis (Gasser et al., 1994). There 
is no correlation between the presence of symptoms and  
the extent of the rise of amylase/lipase with persistence of 
enzyme abnormalities at 3–6 months follow-up.

Table 198.2. Suggested monitoring and management of adverse effects from systemic pentavalent antimonial therapy.

Adverse effect Management/follow-up

Cardiac toxicity with reversible ECG changes in 30–60%
•  T wave and ST segment changes
•  Prolongation of QTc (16%)
•  Fatal arrhythmias (not seen in CL treatment using ≤ 20 mg/

kg/day)
•  Hypokalemia associated with risk of arrhythmia

ECG at least weekly
Increase frequency of ECGs if QTc longer than 0.45 sec and consider 

dose reduction
Interruption of treatment if:

•  Significant arrhythmia
•  QTc longer than 0.5 sec (age adapted limits for children)
•  Concave ST segment

Potassium weekly

Reversible hepatotoxicity seen in 50%
•  Fulminant hepatotoxicity has not been described

Transaminases weekly
Interrupt treatment if transaminases > 5 × ULN

Cytopenias: anemia, leukopenia (7%), thrombocytopenia (8%) Weekly full blood count

Pancreatitis which may be:
•  Very early in treatment, usually symptomatic
•  Progressive during course of therapy, may be asymptomatic, 

serum levels of amylase and lipase may decline despite 
continued therapy

Serum amylase and lipase after 48 h of treatment and then weekly
Treatment interruption regardless of symptoms if:

•  serum amylase > 4 × ULN or
•  serum lipase > 15 × ULN

Resume therapy once trend significantly back toward the normal 
values

Subjective complaints: musculoskeletal (50%), headache (24%), 
gastrointestinal complaints (17%), pain at intramuscular 
injection site (64%)

Consider use of nonsteroidal anti-inflammatory agents for symptom-
atic relief

Consider symptomatic pancreatitis

Rare complications: glomerulonephritis, acute renal failure, 
peripheral neuritis, exfoliative dermatitis, herpes zoster, 
hypersensitivity syndrome

Weekly examination of urine and serum creatinine

Abbreviations: ULN, upper limit of normal; ECG, electrocardiogram; QTc, corrected QT interval; CL, cutaneous leishmaniasis
Source: Adapted from Blum et al., 2014
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It has been suggested that antimonial therapy be halted if 
serum amylase rises > 4-fold the upper limit of normal, or if 
serum lipase rises > 15-fold the upper limit of normal, espe-
cially if the rise if rapid and associated with symptoms 
(Gasser et al., 1994). If interruption of treatment is required 
and symptoms settle with substantial improvement in 
enzyme levels, re-challenge may be attempted and is usually 
well tolerated (Gasser et al., 1994). 

6d.  Hematologic side effects

Anemia, thrombocytopenia, and leukopenia are known to 
occur as side effects of SSG therapy but are reversible on ces-
sation of treatment and rarely require treatment interruption 
(Aronson et al., 1998; Herwaldt and Berman, 1992).

6e.  Other common side effects

Arthralgia, myalgia, anorexia, and headaches are commonly 
reported side effects and usually develop in the later part of 
treatment (Aronson et al., 1998; Wise et al., 2012), but are 
rarely sufficiently severe to necessitate treatment cessation. 
The incidence of these generalized adverse effects is compa-
rable to those from systemic pentamidine (Oliveira et al., 
2011). Symptomatic relief may be achieved with judicious 
use of nonsteroidal anti-inflammatory drugs. A single case 
report documented use of glucocorticoids when nonsteroi-
dal anti-inflammatory drugs were contraindicated, with 
remarkable effect including reversal of ECG changes (Brostoff 
and Lockwood, 2012). Cutaneous manifestations due to SSG 
have been reported to vary from generalized erythematous 
papules to small vesicular pruritic lesions on the palmar or 
interdigital aspects of the hands (Aronson et al., 1998). 
Precipitation of herpes zoster virus has also been reported, 
especially toward the end of treatment or during the early 
convalescent phase, and may be related to drug-induced 
lymphopenia (Wortmann et al., 1998). Renal toxicity has 
been reported during systemic Sb5+ therapy due to acute 
tubular necrosis or acute interstitial nephritis (Balzan and 
Fenech, 1992; Vikrant et al., 2015). 

7. CLINICAL USES OF THE DRUG

Several treatment guidelines for leishmaniasis have been 
published in the last decade, although systematic review has 
highlighted the heterogeneity of the available clinical data 
(Blum et al., 2014; Hodiamont et al., 2014; Reveiz et al., 2013; 
WHO, 2010). Treatment is selected based on the clinical sce-
nario and further refined according to the region of acquisi-
tion and by identification of the infecting species. Although 
this may obscure some of the regional variation, descriptive 
pooling of species level data has been attempted with a sum-
mary presented in Table 198.3 (Hodiamont et al., 2014). 
Pentavalent antimony is gradually being replaced by less 
toxic agents that require shorter durations of therapy and 
that are active against emerging antimony resistance. In 
endemic areas, it remains first line as intralesional therapy 

for Old World CL and when systemic administration is 
required for Old World CL or New World CL and ML 
(WHO, 2010). For East African VL, Sb5+ is recommended as 
first-line therapy as a single agent or in combination with 
paromomycin (WHO, 2010). In returned travelers with 
access to liposomal amphotericin or miltefosine, the utility 
of Sb5+ is practically limited to intralesional administration 
(Hodia mont et al., 2014).

7a.  Visceral leishmaniasis (kala-azar)

Visceral leishmaniasis is caused by the L. donovani complex. 
L. donovani is found in northeastern India, southeastern 
Nepal, and central Bangladesh as well as in East Africa, 
where transmission is predominantly human-to-human. 
Zoonotic transmission of L. infantum occurs in Mediter-
ranean regions, the Middle East, western Asia, and in the 
New World, predominantly in Brazil, where it was formerly 
known as L. chagasi (WHO, 2010). Cure rates of VL with Sb5+ 
are around 90% worldwide (Murray, 2004). The exception to 
this is Bihar, north India, where there is a high rate of resis-
tance of L. donovani to antimonials such that amphotericin B 
has replaced Sb5+ as first-line therapy (Sundar and Chatterjee, 
2006). Amphotericin B is also used in Mediterranean coun-
tries as first-line therapy, not because of resistance but 
because of its efficacy in VL and the availability of lipid for-
mulations that permit shorter and less toxic treatment regi-
mens (Murray, 2004).

The recommended dose of Sb5+ is 20 mg/kg once daily, with 
no upper limit, for a total of 30 days (Sundar and Chatterjee, 
2006). Lower daily doses, shorter courses, and intermittent 
treatment schedules are not recommended because of the per-
ceived increase in risk of promoting resistance, particularly 
in regions of human-to-human transmission. 

Post-kala-azar dermal leishmaniasis a is dermatological 
manifestation following treatment for VL due to L. donovani. 
It is characterized by refractoriness to Sb5+, and may provide 
a significant reservoir for transmission of resistance in India 
(Singh et al., 2006). Previous recommendations to treat for 
more than 4 months with Sb5+ have now been replaced in 
South Asia by regimens containing amphotericin or milte-
fosine. East African PKDL has a more favorable natural his-
tory and often self-resolves within a year. Treatment is 
indicated for young children as well as adults with severe, 
disfiguring disease or concomitant uveitis. For these cases, 
Sb5+ 20 mg/kg/day for up to 2 months is suggested (Sundar 
and Chatterjee, 2006).

Combination therapies have been used to shorten the 
duration of therapy, reduce toxicity, and theoretically delay 
emergence of resistance. In a multicenter phase III trial for 
East African VL, paromomycin 15 mg/kg (11-mg base) com-
bined with Sb5+ 20 mg/kg for 17 days was found to be equiv-
alent both in terms of efficacy and adverse effects to SSG 
alone for 30 days (Musa et al., 2012). As PKDL represents an 
aberrant immune response, combination of Sb5+ with immu-
notherapy using L. major-BCG vaccination has been pro-
posed with good effect observed in Sudan (Musa et al., 2008).
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Alternative treatment options to pentavalent antimony 
for VL include oral miltefosine (see Chapter 199, Miltefosine), 
intramuscular paromomycin (see Chapter 185, Paromomy-
cin), and intravenous amphotericin (Berman, 2008). Other 
agents under evaluation for treatment of VL include the 
azoles (ketoconazole and fluconazole) and immunomodu-
lators such as interferon-gamma (IFNγ) and sitamaquine 
(Sun dar and Chatterjee, 2006).

HIV CO-INFECTION

The serious adverse effects of Sb5+, including cardiotoxicity 
and pancreatitis, occur more frequently in HIV-co-infected 
individuals. Early mortality rate is estimated to be three 
times higher when treated with Sb5+ as compared to liposo-
mal amphotericin (Cota et al., 2013). Therefore if other treat-
ment options are available, Sb5+ should be avoided in HIV-VL 
co-infected patients (WHO, 2010). Although primary pro-
phylaxis is not indicated, in Mediterranean countries sec-
ondary prophylaxis is recommended following induction 
therapy for patients with zoonotic VL to maintain  disease- 
free status, at least until CD4 recovery is maintained > 200 
cells/μl for 6 months (WHO, 2010). Although data are lim-
ited, Sb5+ therapy given as 20 mg/kg/day every 3–4 weeks can 
be used for prophylaxis (WHO, 2010).

7b.  Cutaneous leishmaniasis

More than 90% of cases of leishmaniasis manifest as cutane-
ous forms of the disease (Tuon et al., 2008). Cutaneous dis-
ease in the Old World is caused predominantly by L. major 

and L. tropica and rarely by L. donovani complex. L. aethiop
ica causes CL in the East African highlands and is more com-
monly associated with diffuse cutaneous leishmaniasis, a 
disseminated form that is more resistant to treatment and 
has a high relapse rate (WHO, 2010). 

Cases of uncomplicated Old World CL can be defined as 
immunocompetent patients with up to three lesions with 
diameters < 30 mm in areas that are not cosmetically disfigur-
ing, i.e. not on the head and neck or over joints (WHO, 2010). 
Spontaneous resolution occurs with most cases within a year 
and wound management alone may be acceptable (Blum et 
al., 2014). An exception is CL originating from Afghanistan, 
which has a much lower rate of spontaneous resolution (van 
Thiel et al., 2010). Intralesional therapy with Sb5+ speeds up 
resolution in the majority of cases, and combination with 
cryotherapy is likely to further reduce the time to healing 
(Asilian et al., 2004). The optimal number of intralesional 
interventions has not been defined. In a study of weekly intral-
esional MGA for predominantly L. tropica CL in Iran, five 
patients were cured with complete healing of the ulcer after 
1–4 weeks, 18 after 5–8 weeks, and 118 required 9–12 weeks of 
therapy (Karamian et al., 2015). Ultimately, all patients receiv-
ing intralesional therapy in this study were cured despite con-
cerns of emerging antimonial resistance and poor treatment 
response of L. tropica to systemic Sb5+ in the region (Hadighi et 
al., 2006). In contrast, 59 of 74 (64%) patients with New World 
CL in Brazil responded to a single intralesional dose, with a 
further 12 (16%) requiring a second dose 2 weeks later, and in 
Bolivia 31 of 30 (70%) responded to three doses given on days 
1, 3, and 5 (Oliveira-Neto et al., 1997; Soto et al., 2013).

Table 198.3. Species-directed therapy, pooled efficacy of parasitological cure from randomized controlled trials, and observational studies.

Region Species Diagnosis Treatment Pooled efficacy (95% CI)

Old World L. donovani VL from South Asia Systemic Sb5+  66% (58–74%)

VL from East Africa Systemic Sb5+  89% (85–93%)

CL Local Sb5+ 100% (98–100%)

L. infantum VL child Systemic Sb5+  98% (94–100%)

CL Local Sb5+ + cryotherapy 100% (68–100%)

L. tropica CL Local Sb5+ + cryotherapy  78% (69–86%)

Local Sb5+  76% (56–91%)

Complex CL Systemic Sb5+  46% (33–59%)

L. major CL Local Sb5+ + cryotherapy  83% (69–94%)

Local Sb5+  86% (59–100%)

Complex CL Systemic Sb5+  69% (51–84%)

New World L. infantum VL Systemic Sb5+ 100% (85–100%)

L. mexicana CL Systemic Sb5+  89% (91–98%)

L. amazoensis CL Systemic Sb5+ 100% (97–100%)

L. braziliensis CL Systemic Sb5+  78% (67–87%)

Local Sb5+  70% (52–83%)

MCL Systemic Sb5+  53% (40–65%)

Systemic Sb5+ + pentoxifylline*  97% (81–100%)

L. panamensis CL Systemic Sb5+  75% (63–85%)

Abbreviations: CI, confidence interval; VL, visceral leishmaniasis; CL, cutaneous leishmaniasis; MCL, mucocutaneous leishmaniasis; Sb5+, pentavalent antimony
*Pentoxifylline, oral 3 × 400 mg/day 
Source: Adapted from Hodiamont et al., 2014.
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Localized CL due to L. aethiopica responds to cryotherapy 
or standard regimen systemic Sb5+ (Negera et al., 2012). 
However, based on a small number of cases, prolonged ther-
apy is recommended for diffuse CL caused by L. aethiopica 
using a combination of paromomycin 15 mg/kg (11 mg/kg of 
base) per day plus Sb5+ 20 mg/kg/day for 60 days or more and 
continuing for several weeks after clinical cure (WHO, 2010).

Intralesional hypertonic (7–10%) saline may be as effec-
tive as intralesional Sb5+ with cure rates of 93% in Sri Lankan 
L. donovani CL and 96% for CL in Iraq (Ranawaka et al., 
2015). Other local therapies may be as effective as intra-
lesional Sb5+ including thermotherapy, which requires spe-
cialist equipment, and topical 15% paromomycin with 12% 
methylbenzethonium chloride ointment (Blum et al., 2014). 

For complicated Old World CL, systemic therapy with 
miltefosine or amphotericin is preferred (Blum et al., 2014). 
Historically poor response rates to systemic Sb5+ may be due 
to underdosing, particularly in children (Karamian et al., 
2015). When systemic Sb5+ is required, 20 mg/kg/day is rec-
ommended, although the optimal duration of therapy (10 
or 20 days) is unclear (WHO, 2010). Addition of allopurinol 
15–20 mg/kg/day to a 20-day course of systemic Sb5+ signifi-
cantly increased cure rates for L. tropica (46% vs. 24%) 
(Esfandiarpour et al., 2012), but not for L. major (80% vs. 
74%) (Momeni et al., 2002). More promising is the combina-
tion of systemic Sb5+ and pentoxifylline 400 mg tds for 20 
days, increasing cure rate of L. major CL from 52–81% 
(Sadeghian and Nilforoushzadeh, 2006).

Mucocutaneous disease complicates < 5% of New World 
L. Viannia complex infections, most commonly those due to 
L. V. braziliensis complex and rarely with L. V. guyanensis 
complex (WHO, 2010). 

New World CL has traditionally been treated with sys-
temic Sb5+ because of the slower healing rate and the risk of 
progression. Recognition of the differences between Leish
mania and Viannia subgenera and subsequent reanalysis of 
the risk of ML in comparison to the adverse effects and 
inconvenience of systemic Sb5+ therapy has changed practice 
and recommendations (Blum et al., 2012). Intralesional Sb5+ 
will not treat occult metastatic infection, but is now an 
accepted option in uncomplicated New World CL due to 
non-Viannia species and Viannia infection with a low risk 
of progression. Intralesional Sb5+ for single lesions < 30 mm 
diameter was found to provide an 80% cure rate for L. brazil
iensis in Brazil and 70% in Bolivia (Oliveira-Neto et al., 1997; 
Soto et al., 2013). The major caveat to these studies is that 
follow-up was limited, and the lifetime risk of ML following 
this therapy is unknown. Long-term follow-up is therefore 
advised as early detection and treatment of ML improves 
prognosis (Blum et al., 2014). Combination with flash cryo-
therapy has not been studied, but given the apparent benefit 
in Old World CL should be considered when available 
(Hodiamont et al., 2014).

Systemic therapy with Sb5+ is recommended for the treat-
ment of complicated CL (lesions that are large, multiple, or 
potentially disfiguring on face or joints) and Viannia infec-
tion acquired in Bolivia. A Cochrane review identified 

conflicting results regarding the optimal duration of therapy, 
with some studies finding no benefit of 20 days over 10 days, 
although 7 days appears inferior (Gonzalez et al., 2009; 
Wortmann et al., 2002). The recommended dose is 20 mg/
kg/day for 20 days (WHO, 2010). In individual studies, poor 
responses of some species have been identified in some 
countries but there is no consistent pattern of Sb5+ failure. 
For example, systemic Sb5+ was studied in Guatemala and 
response rates were significantly better for L. braziliensis 
(96% cure) than L. mexicana (57%), whereas in southeast 
Mexico all 48 cases with L. mexicana were cured using the 
same therapy (Navin et al., 1992; Vargas-Gonzalez et al., 
1999). L. guyanensis from northeast Brazil was found to have 
a decreased response rate to systemic Sb5+ with only 57% 
cured in an observational study (Chrusciak-Talhari et al., 
2011). In contrast, L. guyanensis had the best response rate 
(93% cure) in Peru, where L. braziliensis (69%) and L. peru
viana (71%) responded poorly (Llanos-Cuentas et al., 2008). 
Overall, miltefosine and amphotericin offer similar cure 
rates to systemic Sb5+, while pentamidine and ketoconazole 
may be effective for some species (Blum et al., 2014; Soto 
et al., 2001). Of note, L. braziliensis acquired in Guatemala 
responded poorly to miltefosine clinically and in vitro, while 
Sb5+ retained activity (Fernandez et al., 2014).

Imiquimod, a synthetic low molecular weight imidazol–
quinoline compound that acts as an immunomodulator, has 
been studied as an adjuvant agent with pentavalent antimony 
for treatment of CL. In a study of 20 patients in Peru with CL, 
the combination of MGA 20 mg/kg/day for 20 days plus 
imiquimod 7.5% topical cream was more efficacious at com-
pletion of 20 days’ treatment than MGA alone (72% vs. 57%). 
This superior efficacy was also apparent at 3 months (100% 
vs. 57%) (Arevalo et al., 2007).

Immunomodulation by vaccination and immunotherapy 
with granulocyte–macrophage colony-stimulating factor 
(GM-CSF) have also been investigated for CL. Treatment 
with a combination of SSG 20 mg/kg/day for 20 days and 
GM-CSF given as two injections of 200 μg GM-CSF 1 week 
apart was associated with faster ulcer healing than SSG and 
placebo (49 vs. 110 days), suggesting that combination ther-
apy may enable reduction of the duration of antimony ther-
apy, thereby reducing drug toxicity (Almeida et al., 1999). 
Other forms of immunomodulatory therapy, including BCG 
vaccination, have also been used (Convit et al., 2003).

7c.  Mucocutaneous leishmaniasis

New World ML has a natural history of progressive destruc-
tion of the nasal septum and soft and hard palates causing 
facial disfiguration and respiratory disturbance (Amato et 
al., 2007). Standard treatment of New World ML is pen-
tavalent antimony 20 mg/kg/day for 30 days, and has been 
reported to result in a mean cure rate of 88% (Amato et al., 
2008). However, there is a high rate of late treatment failure 
with relapses in around 19% of patients over 3–10 years 
(Machado et al., 2007). Pentamidine is less effective than 
MGA for ML caused by L. braziliensis, and has a significant 
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toxicity profile and evidence of development of resistance 
that limits its clinical use (Amato et al., 2008).

Although adjuvant immunotherapy has been investigated 
for CL, studies in ML are limited. A study in Brazil involving 
patients with drug-refractory ML showed promising results 
using a vaccine consisting of a combination of leishmanial 
recombinant antigens and GM-CSF followed by pentava- 
lent antimony for those with incomplete response. All six 
patients achieved complete clinical cure and remained free of 
relapse at 5-year follow-up (Badaro et al., 2006). Combination 
of the oral immunomodulating agent pentoxifylline and 
pentavalent antimony has shown promising results in both 
treatment-naive and -refractory patients with ML. In a ran-
domized double-blind trial, Sb5+ administered at 20 mg/kg/
day with pentoxifylline 400 mg tds orally was compared with 
a course of Sb5+ and placebo in treatment-naive patients. 
Cure rates at 90 days were reported as 82% (9 of 11 patients) 
for combination therapy, compared with 42% (5 of 12 
patients) among those treated with pentavalent antimony 
alone (Machado et al., 2007). Those treated with the combi-
nation also healed faster (mean 83 days compared with 145 
days), and remained free of relapse at 2 years (Machado et al., 
2007). Similarly, in treatment-refractory patients with severe 
ML administered the same combination of pentavalent anti-
mony and pentoxifylline, eight of ten had complete cure by 
60 days and remained free of relapse at 12 months (Lessa et 
al., 2001). Conventional or liposomal amphotericin has also 
been reported to have achieved a good response rate in a 
limited number of patients with ML (Blum et al., 2014).
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1. DESCRIPTION

Miltefosine (hexadecylphosphocholine) is an alkylphos-
phocholine (APC) lipid analog. It was initially developed as 
an oral antineoplastic agent but was abandoned owing to 
dose-limiting gastrointestinal toxicity. It was subsequently 
found to have useful activity at tolerable dosages against a 
range of microorganisms, including protozoa and fungi. 
Clinically, its activity against Leishmania species has received 
the most attention, as it represented the first effective oral 
agent for that group of organisms. It was first registered for 
the treatment of (visceral) leishmaniasis in 2002.

Miltefosine is available in oral formulation in 10- and 
50-mg capsules (Impavido, Paladin Laboratories Inc., 
Quebec, Canada). Miltefosine was included in the World 
Health Organization (WHO) essential medicines list for 
leishmania treatment in March 2011 (WHO, 2010; Monge-
Maillo and Lopez-Velez, 2015), and was FDA approved for 
treatment of leishmaniasis in 2014 (FDA, 2014). It is also 
available in topical formulation for the treatment of cutane-
ous leishmaniasis and cutaneous breast cancer metastases 
(Miltex, Baxter, USA). The hemolytic activity of the drug 
precludes intravenous administration (Agresta et al., 2003). 
It has the chemical formula C21H46NO4P and a molecular 
weight of 407.57. Miltefosine is amphiphilic, with a structure 
consisting of a zwitterionic headgroup and a hydrocarbon 
tail (see Figure 199.1).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Interpretation of in vitro data regarding miltefosine is com-
plicated by the use of different units and susceptibility testing 
protocols. For ease of comparison in the following discus-
sion, MIC and EC50 values given in µM have been converted 
to µg/ml by multiplying the former by a factor of 0.41. 
Significant figures have been maintained and the original 
value placed in parentheses.

GRAM-POSITIVE AEROBIC BACTERIA

Miltefosine triggers autolysis of Streptococcus pneumoniae 
and other Streptococcus species producing the LytA-like 
autolysin at concentrations greater than 2.5 µM (Llull et al., 
2007). The MIC for these organisms ranges from 2–8 µg/ml 
(Llull et al., 2007). Miltefosine also has moderate in vitro 
activity against Staphylococcus aureus, with MICs of 18 µg/
ml (44 µM) and 9.0 µg/ml (22 µM) for methicillin- susceptible 
and methicillin-resistant strains, respectively (Obando et al., 
2007).

FUNGI

Miltefosine has in vitro activity against a broad range of 
pathogenic yeasts and molds (see Table 199.1). Antifungal 
activity encompasses Candida species, as well as difficult to 
treat fungi such as Scedosporium, Fusarium, and Zygomycetes. 
There is very little difference between the MIC and the min-
imum fungicidal concentration for most fungi, indicating 
fungicidal activity (Widmer et al., 2006). Oral administra-
tion of miltefosine in a mouse model of cryptococcosis 
increased survival and reduced fungal burden (Widmer et 
al., 2006). However, miltefosine exhibited limited efficacy in 
a subsequent mouse model of cryptococcal meningoenceph-
alitis and disseminated cryptococcosis (Wiederhold et al., 
2013). Testing of the activity of miltefosine against common 
dermatophytes indicates equivalent in vitro efficacy to itracon-
azole and a broader spectrum of activity (see Table 199.1) 
(Tong et al., 2007).

PROTOZOA

The activity of miltefosine against protozoa is summarized in 
Table 199.2. An early study by Croft et al. (1987) demonstrated 

Figure 199.1. Chemical structure of miltefosine.
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that miltefosine is active in vitro against intracellular Leish
mania donovani amastigotes in a mouse macrophage model, 
with an ED50 of 5 µg/ml. Miltefosine was also highly active in 
vivo when administered subcutaneously in a dose of 100 mg/
kg per day for 5 days to L. donovani-infected BALB/c mice 
(Croft et al., 1987). Further studies in the BALB/c mouse 
model demonstrated that oral treatment with miltefosine 
was active against L. infantum. Furthermore, the drug was 
superior to sodium stibogluconate (SSG) as determined by 
clearance of Leishmania from the bone marrow and spleen 
(Kuhlencord et al., 1992). This activity against L. infantum 
was validated in a BALB/c mouse model of visceral leish-
maniasis (VL) (Le Fichoux et al., 1998). Five days of oral 
miltefosine led to a 94% and 78% reduction in amastigote 
load in the liver and spleen, respectively—activity that was 

superior to pentavalent antimony. The inhibition of Leish
mania growth was shown to last 8 weeks compared with con-
trol mice (Le Fichoux et al., 1998).

Leishmania susceptibility to miltefosine is species specific 
and life cycle stage specific, with a lower IC50 values in gen-
eral against extracellular promastigotes than intracellular 
amastigotes. For example, one study demonstrated ED50 val-
ues in the range 0.15–5.34 µg/ml (0.36–13.1 µM) against  
promastigotes of different species compared with 1.07–15.31 
µg/ml (2.63–37.57 µM) against intracellular amastigotes 
(Esco bar et al., 2002). L. donovani was the most susceptible 
organism in the clinically important amastigote stage, fol-
lowed by L. aethiopica, L. tropica, L. mexicana, L. panamen
sis, and L. major (Escobar et al., 2002). L. major in particular 
was significantly less sensitive than all other species (p < 0.05).

Table 199.1. Summary of susceptibility data for miltefosine against fungi.

Organism
MIC90 

(µg/ml; No. isolates)
Range 
(µg/ml) Reference

Pathogenic yeasts

Candida albicans 2.0 (n = 14) 1.0–2.0 Widmer et al., 2006

Candida parapsilosis 8.0 (n = 10) 2.0–8.0 Widmer et al., 2006

Candida glabrata 4.0 (n = 10) 2.0–4.0 Widmer et al., 2006

Candida krusei 2.0 (n = 10) 2.0–4.0 Widmer et al., 2006

Candida tropicalis NA (n = 10) 2.0–4.0 Widmer et al., 2006

Cryptococcus neoformans 2.0 (n = 29) 0.25–4.0 Widmer et al., 2006

Cryptococcus gattii 2.0 (n = 38) 0.5–2.0 Widmer et al., 2006

Filamentous fungi

Aspergillus fumigatus 2.0 (n = 10) 2.0 Widmer et al., 2006

Aspergillus flavus 16.0 (n = 10) 2.0–16.0 Widmer et al., 2006

Aspergillus terreus 8.0 (n = 10) 2.0–8.0 Widmer et al., 2006

Fusarium solani 4.0 (n = 10) 2.0–4.0 Widmer et al., 2006

Scedosporium apiospermum 4.0 (n = 10) 2.0–4.0 Widmer et al., 2006

Scedosporium prolificans 4.0 (n = 10) 4.0 Widmer et al., 2006

Bipolaris australiensis 4.0 (n = 6) 2.0–4.0 Widmer et al., 2006

Exophiala jeanselmei NA (n = 2) 2.0–4.0 Widmer et al., 2006

Exophiala spinifera NA (n = 2) 2.0 Widmer et al., 2006

Paecilomyces lilacinus NA (n = 8) 2.0–4.0 Widmer et al., 2006

Absidia corymbifera NA (n = 6) 2.0–16.0 Widmer et al., 2006

Rhizopus spp. NA (n = 4) 2.0–16.0 Widmer et al., 2006

Cunninghamella bertholletiae NA (n = 4) 2.0–4.0 Widmer et al., 2006

Dimorphic fungi

Coccidioides posadasii (filamentous phase) NA (n = 22) 1–4 Brilhante et al., 2015

Histoplasma capsulatum (filamentous phase) NA (n = 40) 0.25–2 Brilhante et al., 2015

Histoplasma capsulatum (yeast phase) NA (n = 13) 0.125–1 Brilhante et al., 2015

Sporothrix brasiliensis NA 1–2 Borba-Santos et al., 2015

Dermatophyes

Trichophyton rubrum 1.0 (n = 20) 0.25–2 Tong et al., 2007

Trichophyton mentagrophytes 2.0 (n = 18) 0.25–2 Tong et al., 2007

Trichophyton tonsurans 1.0 (n = 16) 0.25–1 Tong et al., 2007

Epidermophyton floccosum NA (n = 5) 0.25–1 Tong et al., 2007

Microsporum spp. 1.0 (n = 12) 0.25–2.0 Tong et al., 2007

Abbreviation: NA, not available.
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The susceptibility of L. donovani to miltefosine was reported 
again in a study testing 24 clinical isolates from patients with 
VL in Nepal, with EC50 values ranging from 0.04–8 µg/ml 
(Yardley et al., 2005). This is in contrast to the wide range of 
values reported when 14 clinical isolates from patients with 
cutaneous leishmaniasis in Peru were tested. Only four iso-
lates were susceptible, all L. (V.) lainsoni (EC50 range 1.89–
3.37 µg/ml), with the miltefosine-resistant isolates identified 
as L. (V.) braziliensis (seven isolates, EC50 range 21.3–30.0 
µg/ml), L. (V.) guyanensis (two isolates, EC50 range 8.4–30.0 
µg/ml), or L. (L.) mexicana (one isolate, EC50 > 30.0 µg/ml) 
(Yardley et al., 2005). Four of these miltefosine-resistant iso-
lates either did not respond or relapsed following treatment 
with pentavalent antimony (Yardley et al., 2005). Fernàndez 

et al. (2014) reported a high prevalence of miltefosine resis-
tance among L. (V.) braziliensis strains circulating in Colombia. 
Miltefosine is also active against L. amazonensis (Santa-Rita 
et al., 2004; Garcia Bustos et al., 2014). Susceptibility testing is 
summarized in Table 199.1.

Miltefosine shows good activity against intracellular 
Trypansoma cruzi amastigotes. An in vitro study suggests 
that intracellular T. cruzi amastigotes are more susceptible to 
miltefosine than L. donovani, but that extracellular T. cruzi 
trypomastigotes are less sensitive to miltefosine than to 
Gentian violet (Croft et al., 1996). Miltefosine retains cyto-
toxic activity against strains of T. cruzi that are partially or 
completely resistant to benznidazole (Saraiva et al., 2002).

Miltefosine has low-level activity against T. brucei, with 
significantly higher MIC values than traditional agents, such 
as melarsoprol and suramin (Croft et al., 1996; Konstantinov 
et al., 1997). Daily miltefosine offered a modest in vivo sur-
vival benefit in a mouse model of T. brucei brucei infection, 
which was augmented by concomitant phenylbutzone, given 
with the aim of displacing miltefosine from protein binding 
(Konstantinov et al., 1997).

APCs have an in vitro amebicidal effect on Entamoeba his
tolytica, though APCs with alkyl tails consisting of 18–22 
carbon atoms are more active than miltefosine, which has an 
alkyl tail with 16 carbon atoms (Seifert et al., 2001). The EC90 
for miltefosine against E. histolytica was approximately twice 
that of metronidazole for one strain tested (SFL-3) and 
equivalent for the other (HM-1:IMSS) (Seifert et al., 2001).

Miltefosine shows useful amebicidal activity against three 
different clinical Acanthamoeba species (A. castellanii, A. len
ticulata, and A. polyphaga) (Walochnik et al., 2002; McBride 
et al., 2005). Although it is active against both cysts and tro-
phozoites, Acanthamoeba trophozoites are more susceptible 
than cysts (Walochnik et al., 2002). This may explain the 
presence of viable organisms after 1 week of culture in a 
drug-free environment when initially exposed to miltefosine 
at a concentration of less than 16 µg/ml (40 µM) (Schuster et 
al., 2006). Despite the in vitro activity of miltefosine against 
Acanthamoeba, it may be less active in vivo, with a study in a 
rat amebic keratitis model showing that four of six rats 
treated with miltefosine had persisting corneal abscesses 
after 21 days (Vasseneix et al., 2006). A more recent study 
found miltefosine superior to propamidine isethionate plus 
polyhexanide for the treatment of Acanthamoeba keratitis in 
a hamster model (Polat et al., 2012).

Miltefosine causes lysis of Balamuthia mandrillaris at a 
concentration of 16 µg/ml (40 µM) (Schuster et al., 2006). 
Similarly, for Naegleria fowleri the MIC of miltefosine is 16 
µg/ml (40 µM) and minimum amebicidal concentration 
(MAC) is 22 µg/ml (55 µM) (Schuster et al., 2006). Miltefosine 
treatment resulted in higher survival rates than amphoteri-
cin B in a mouse model of meningoencephalitis due to  
N. fowleri (Kim et al., 2008).

Miltefosine has some activity against Plasmodium falci
parum that may be mediated by inhibition of P. falciparum 
phosphoethanolamine methyltransferase (Pfpmt), an enzyme 
that produces phosphocholine from phosphoethanolamine 

Table 199.2. Summary of susceptibility data for miltefosine 
against protozoa.*

Organism ED50 (µM) Reference

Leishmania

Leishmania donovani
Promastigotes  0.36–0.45 Escobar et al., 2002

Amastigotes  3.32–4.56 Escobar et al., 2002

Leishmania aethiopica
Promastigotes  1.16–2.76 Escobar et al., 2002

Amastigotes  2.63–4.92 Escobar et al., 2002

Leishmania tropica
Promastigotes  0.55–1.74 Escobar et al., 2002

Amastigotes  5.82–10.23 Escobar et al., 2002

Leishmania mexicana
Promastigotes  2.37–12.71 Escobar et al., 2002

Amastigotes  6.83–10.12 Escobar et al., 2002

Leishmania panamensis
Promastigotes  1.30–3.72 Escobar et al., 2002

Amastigotes 10.63 Escobar et al., 2002

Leishmania major
Promastigotes  4.80–13.10 Escobar et al., 2002

Amastigotes 31.56–37.17 Escobar et al., 2002

Leishmania amazonensis
Promastigotes  3.4a Santa-Rita et al., 2004

Amastigotes  9.0a Santa-Rita et al., 2004

Trichomonas

Trichomonas vaginalis 14.5a Rocha et al., 2014

Trypanosoma

Trypanosoma cruzi 
amastigotes

 0.5 Croft et al., 1996

Trypanosoma brucei  
brucei trypomastigotes

35.5 Croft et al., 1996

Trypanosoma brucei 
rhodesiense 
trypomastigotes

47.0 Croft et al., 1996

*Only a limited number of isolates were assessed for each species, so ED50 
values are indicative only. The relevant value in µg/ml can be calculated 
by multiplying the µM value by a factor of 0.40757.

aIC50 (µM).
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(Pessi et al., 2004). Miltefosine concentrations of 50 and 100 
µM inhibit Pfpmt by approximately 50% and 90%, respec-
tively (Pessi et al., 2004). The IC50 for miltefosine against 
drug-sensitive P. falciparum in human erythrocytes was 33 
µg/ml (80 µM) (Pessi et al., 2004). 

Miltefosine is effective in vitro against Trichomonas vagi
nalis and shows cytotoxic activity against metronidazole- 
resistant strains (Blaha et al., 2006; Rocha et al., 2014).

2b.  Emerging resistance and 
cross-resistance

As discussed below, in vitro miltefosine resistance has been 
attributed to reduced inward translocation, increased efflux, 
and altered fatty acid and sterol metabolism in Leishmania. 
Concern has been expressed about the potential for clinically 
important emergence and dissemination of miltefosine resis-
tance given the relative ease of inducing drug-resistant 
strains of Leishmania in vitro, and the drug’s long terminal 
half-life and consequent potential exposure of organisms to 
subtherapeutic concentrations for prolonged periods (Seifert 
et al., 2003; Perez-Victoria et al., 2006b; Dorlo et al., 2008). 
However, while treatment failure is reported to be increasing 
in India and Nepal, miltefosine resistance has not yet been 
established as the predominant causal factor (Sundar et al., 
2012; Rijal et al., 2013; Vanaerschot et al., 2014).

Leishmania donovani develops resistance to miltefosine 
through the loss of function of either LdMT (a P-type 
ATPase) or LdRos3 (a specific b-subunit), two proteins that 
interact at the plasma membrane to mediate inward trans-
location of the drug in both promastigote and amastigote 
stages (Perez-Victoria et al., 2003a; Perez-Victoria et al., 2003b; 
Perez-Victoria et al., 2006a; Perez-Victoria et al., 2006b; 
Coelho et al., 2012; Shaw et al., 2016). Resistance is conferred 
by single, independent loss-of-function point mutations in 
the LdMT gene (Perez-Victoria et al., 2003b). This mecha-
nism does not confer cross-resistance to other antileishma-
nial drugs (Seifert et al., 2007).

Various members of the ATP-binding cassette (ABC) 
transporter superfamily can mediate miltefosine resistance 
via active drug efflux (Perez-Victoria et al., 2001; Castanys-
Munoz et al., 2007). For example, an experimental L. infan
tum mutant with overexpression of the LiABCG4 gene 
encoding the LiABCG transporter had lower intracellular 
concentrations of miltefosine and a doubling of the IC50 
compared with the wild-type strain (Castanys-Munoz et al., 
2007). Furthermore, ABC transporter inhibitors can over-
come miltefosine resistance (Perez-Victoria et al., 2006c).

Finally, alteration of fatty acid and sterol metabolism has 
been described in miltefosine-resistant L. donovani promas-
tigotes (Rakotomanga et al., 2005). Among other changes, 
the organisms had a lower content of unsaturated phospho-
lipid alkyl chains, which effected membrane fluidity and 
reduced the ability of miltefosine to insert into the external 
monolayer (Rakotomanga et al., 2005).

With regard to miltefosine resistance among fungi, in vitro 
resistance selection studies with Saccharomyces cerevisiae 

implicated disruption of yeast metacaspase (Mca1) mediated 
by MCA1 mutation (Biswas et al., 2014). Miltefosine resis-
tance is also induced in S. cerevisiae by deletion of Lem3p, a 
drug transporter equivalent to LdMT-LdRos3 in leishmania 
(Zuo et al., 2011).

2c.  In vitro synergy and antagonism

In vitro, miltefosine shows some synergy with SSG against 
L. donovani, but indifferent interactions with amphotericin B, 
sitamaquine, and paromomycin (Seifert and Croft, 2006). 
This contrasts with in vivo data from a mouse model in the 
same study, which demonstrated synergy when miltefosine 
was combined with amphotericin B or paromomycin, but 
not with SSG (Seifert and Croft, 2006). No combinations 
showed antagonism (Seifert and Croft, 2006). The interac-
tion between miltefosine and sitamaquine was indifferent in 
a mouse macrophage model (Seifert et al., 2011). With regard 
to New World leishmaniasis, in vitro synergism was observed 
for the combinations of paromomycin plus miltefosine 
against both L. (L.) amazonensis and L. (L) infantum chagasi 
(de Morais-Teixeira et al., 2014).

Imbert et al. (2014) evaluated the combination of milte-
fosine and voriconazole for in vitro synergy against 33 fila-
mentous fungi, including Aspergillus spp., Scedosporium 
apiospermum, and Fusarium solani. Using a complete inhibi-
tion endpoint, all interactions but one were indifferent 
(Imbert et al., 2014). There is in vitro synergy between milte-
fosine and sterol biosynthesis inhibitors, such as voriconazole 
and ketoconazole, against T. cruzi (Lira et al., 2001; Santa-
Rita et al., 2005). Combination therapy with edelfosine 
(another alkylphospholipid) and ketoconazole disrupts the 
plasma membrane, reservosomes, and mitochondria of  
T. cruzi epimastigotes to a greater degree than either drug 
alone (Santa-Rita et al., 2005).

3. MECHANISM OF DRUG ACTION

Miltefosine is an analogue of phosphatidylcholine (PC), the 
prominent phospholipid of the eukaryotic cell membrane. 
While not fully understood, several mechanisms have been 
proposed to explain miltefosine’s activity against protozoa: 
(1) disruption of lipid metabolism and other metabolic 
pathways; (2) induction of apoptosis-like cell death; and 
(3) insertion directly into the organism cell membrane.

Miltefosine disrupts lipid metabolism and PC synthesis in 
particular (Lux et al., 1996; Lira et al., 2001). It inhibits de novo 
synthesis of PC by direct inhibition of phosphatidylethanol-
amine–PCN-methyltransferase in T. cruzi epimastigotes and 
L. donovani promastigotes (Lira et al., 2001; Rakotomanga et 
al., 2007). PC is the predominant phospholipid component 
of these cells. This synthetic pathway is not the major source 
of PC in mammalian cells, thus providing an explanation of 
the selective antimicrobial activity of miltefosine (Lira et al., 
2001; Rakotomanga et al., 2007). Elsewhere in the lipid bio-
synthesis pathway, miltefosine also inhibits choline transport 
into L. major promastigotes (Zufferey and Mamoun, 2002) 
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and alkyl-specific acyl coenzyme A acyltransferase, which is 
involved with remodeling of ether lipids (Lux et al., 2000).

Various other molecular targets have been proposed. 
Miltefosine inhibits Na+-ATPase and protein kinase C in the 
plasma membrane of T. cruzi epimastigotes (Saraiva et al., 
2009), but has no activity against protein kinase C in L. don
ovani promastigotes (Azzouz et al., 2007). Miltefosine also 
inhibits the activity of L. donovani hexokinase, an enzyme 
involved with carbohydrate metabolism, and superoxide dis-
mutase (Azzouz et al., 2007).

Miltefosine induces apoptosis of L. donovani promastig-
otes and of both extracellular and intracellular amastigotes 
(Paris et al., 2004; Verma and Dey, 2004; Azzouz et al., 2006). 
Programmed cell death, in association with activation of 
 cellular proteases and DNAse, is also induced in arsenite- 
resistant L. donovani exposed to miltefosine (Verma et al., 
2007). Mitochondria and cytochrome C oxidase, specifically, 
may be the target mediating apoptosis (Luque-Ortega and 
Rivas, 2007).

Direct insertion of miltefosine, an amphiphilic molecule, 
within the plasma membrane by miscibility is another pos-
sible mechanism of action (Santa-Rita et al., 2000; Rakoto-
manga et al., 2004). This mechanism may predominate at 
high drug concentrations in LdMT-deficient Leishmania 
organisms, when entry into the organism is inhibited (Rako-
tomanga et al., 2005).

With regard to fungi, the mechanism of action is not fully 
elucidated. Miltefosine-induced apoptosis-like cell death in 
S. cerevisiae is mediated via interaction with the Cox9p sub-
unit of cytochrome c oxidase (COX) and activation of meta-
caspase (Mca1) (Zuo et al., 2011; Biswas et al., 2014). 

Miltefosine is structurally similar to phospholipase B, a 
virulence determinant for Candida albicans and Crypto
coccus neoformans (Obando et al., 2007; Kesson et al., 2009). 
Phospholipase B is also produced by Scedosporium prolifi
cans and other filamentous fungi (Kesson et al., 2009). 
Inhibition of phospholipase B may contribute to miltefosine’s 
antifungal activity but is unlikely to be the primary mecha-
nism; its inhibition occurs only at high concentrations 
(Obando et al., 2007; Zuo et al., 2011).

Several immunomodulatory effects of miltefosine have 
been described in the context of antineoplastic and anti-
microbial activity. Miltefosine’s antitumor activity against 
human breast cancer is mediated by activated macrophages, 
and is dependent on interleukin 6 (IL-6) and tumor necrosis 
factor (TNF) (Eue, 2001). Successful treatment of post-kala-
azar dermal leishmaniasis with miltefosine in a 14-year-old 
boy was associated with elevated levels of IFNg and CD40 
(Ansari et al., 2008). However, in mouse models, the antipar-
asitic activity of miltefosine is not influenced by deficiencies 
in T cells, macrophage activation, TNF or nitric oxide, or a 
scid phenotype (Murray, 2000; Murray and Delph-Etienne, 
2000; Murray et al., 2000; Escobar et al., 2001; Saraiva et al., 
2002). This suggests that the mechanism of action of milte-
fosine is mediated by a direct antiparasitic effect.

Another notable effect of miltefosine is its ability to inhibit 
IgE-dependent mast cell activation, possibly via interruption 

of cell membrane lipid rafts (Weller et al., 2009). In vitro, 
miltefosine inhibits release of histamine and TNF from mast 
cells. In vivo support for this effect is provided by the obser-
vation that topical application of 6% miltefosine significantly 
reduced the size of both the wheal and erythemata following 
skin prick testing to known allergens in allergic volunteers 
(Weller et al., 2009).

An extensive review of the mechanism action and resis-
tance of miltefosine and other alkylphospholipids in cancer 
chemotherapy can be found elsewhere (van Blitterswijk and 
Verheij, 2008).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The recommended oral dosage of miltefosine for the treat-
ment of leishmaniasis is 1.5–2.5 mg/kg for 28 days (European 
Summary of Product Characteristics, 2008). 

Miltefosine is FDA approved for treatment of leishman-
iasis in adults and adolescents at least 12 years of age who 
weigh at least 30 kg. The treatment regimen for patients who 
weigh 30–44 kg is one 50-mg oral capsule of miltefosine 
twice a day (total of 100 mg per day) for 28 consecutive days. 
The dose for patients who weigh more than 44 kg is one 
50-mg capsule three times a day (total of 150 mg per day) for 
28 consecutive days (FDA, 2014; CDC, 2016).

4b.  Newborn infants and children

In children aged 2–11 years, a total daily dose of 2.5 mg/kg, 
administered in two divided doses, is well tolerated and effi-
cacious (Bhattacharya et al., 2004; Bhattacharya et al., 2007). 
Dorlo et al. (2012c), however, suggested that dosing based on 
this recommendation is too low, and proposed an alternate 
algorithm based on allometric scaling by fat-free mass.

Insufficient data to exists recommend the use of miltefos-
ine in children less than 2 years of age.

4c.  Pregnant and lactating mothers

Miltefosine is contraindicated in pregnant women, and 
women of reproductive age should have a negative preg-
nancy test prior to commencing miltefosine. Contraception 
is recommended during treatment with miltefosine and for 
5 months following completion of treatment. Miltefosine is 
not compatible with breastfeeding, and nursing mothers are 
advised to not breastfeed during the treatment or for 5 
months after treatment completion (FDA, 2014; CDC, 2016).

4d.  Those requiring altered dosages

There is a paucity of data to guide dosing in individuals with 
impaired renal or hepatic function, neonates, or the elderly. 
Miltefosine was found to be safe in an outpatient setting 
in India, where treatment of VL was undertaken in patients 
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with a creatinine level up to three times above the upper limit 
of normal (Bhattacharya et al., 2007). In the same study, 
patients with VL commencing miltefosine with baseline 
abnormalities in liver function showed a general reduction 
in these parameters over the course of therapy. Data are not 
available regarding appropriate dosing in obese patients, in 
whom a maximum dose of 150 mg could equate to signifi-
cantly less than 2.5 mg/kg (Berman, 2005).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Miltefosine crosses the intestinal epithelium by both active 
transcellular translocation and passive concentration- 
dependent paracellular mechanisms (Menez et al., 2007a; 
Menez et al., 2007b). It is believed to reversibly open epithe-
lial tight junctions (Menez et al., 2006). Although bioavail-
ability calculations in humans are impeded by an inability to 
administer intravenous miltefosine, early animal studies 
demonstrated bioavailability of 82% and 94% in rats and 
dogs, respectively (Marschner et al., 1992; Sindermann and 
Engel, 2006).

The pharmacokinetic profile of miltefosine approximates 
a two-compartment disposition model, with a first elimina-
tion half-life of 7 days and a terminal elimination half-life of 
31 days (Dorlo et al., 2008). The median plasma concentra-
tion of miltefosine 5–6 months after cessation of treatment 
for Old World cutaneous leishmaniasis in predominantly 
male Dutch military personnel was 17.5 ng/ml (Dorlo et al., 
2008).

Miltefosine is 95–98% protein bound in human plasma.

5b.  Drug distribution

A single dose has a time to peak plasma concentration (tmax) 
of 8–24 hours. A 28-day treatment course of 100 mg/day 
resulted in a mean maximum concentration (Cmax) of 70 µg/
ml, occurring on day 23 (Berman, 2005). However, the median 
plasma concentration in young, predominantly male, mili-
tary personnel in the last week of treatment (150 mg/day) 
was 30.8 µg/ml (Dorlo et al., 2008). Other smaller studies 
have documented lower Cmax values (Dorlo et al., 2012a).

Miltefosine is widely distributed throughout the body, 
with levels highest in the kidneys, intestinal mucosa, liver, 
and spleen (Sindermann and Engel, 2006). Tissue-to-serum 
ratios of miltefosine concentration after 11 days of treatment 
in a rat model were, from highest to lowest, 6.6 for kidney, 
4.3 for lung, 3.2 for liver, 2.3 for the small intestine, and 1.3 
for spleen and brain tissue (Kotting et al., 1992). These results 
supported findings from an earlier mouse study (Breiser et 
al., 1987).

Miltefosine penetrates the central nervous system (CNS) 
in rats (Marschner et al., 1992). The cerebrospinal fluid (CSF) 
miltefosine concentration in an 11-year old child with gran-
ulomatous amebic encephalitis (GAE) was 0.4 μg/ml after 5 

days of treatment with miltefosine by nasogastric tube at a 
dose of 50 mg twice daily (2.65 mg/kg/day) (Roy et al., 2015).

Although the excretion of miltefosine in breast milk has 
not been directly studied, it is likely to be present in breast 
milk (Sindermann and Engel, 2006).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Minimal information is available with regard to key clinically 
relevant pharmacokinetic and pharmacodynamic features of 
miltefosine.

5d.  Excretion

Less than 0.2% of miltefosine is excreted unchanged in the 
urine. Metabolism of miltefosine is primarily mediated by 
phospholipase D, yielding choline, phosphocholine, and 
1,2-diacylphosphatidylcholine (Breiser et al., 1987; van Blit-
terswijk and Verheij, 2008).

5e.  Drug interactions

Miltefosine is not a cytochrome P450 substrate, and as a 
result is neither an inducer nor inhibitor of that enzyme sys-
tem (Sindermann and Engel, 2006).

It has been proposed that miltefosine could alter the bio-
availability of other drugs by opening epithelial tight junc-
tions and by inhibiting gastrointestinal P-glycoprotein (Menez 
et al., 2006). P-glycoprotein is a membrane ATPase involved 
with drug efflux. Among its substrates are a number of pro-
tease inhibitors and non-nucleoside reverse transcriptase 
inhibitors used to treat HIV infection (Menez et al., 2006). It 
is therefore possible that miltefosine may increase the bio-
availability of these drugs.

6. ADVERSE REACTIONS AND TOXICITY

In the only phase IV trial of miltefosine therapy, 8.2% of 
patients reported adverse effects in the first week of treat-
ment, with incidence falling to 3.2% in the fourth week. 
Nausea and vomiting were the most prominent complaints 
(Bhattacharya et al., 2007). Thirteen patients (1%) were 
hospitalized during treatment, nine due to gastrointestinal 
adverse effects with associated dehydration. One patient 
developed a macular rash, epistaxis, hemoptysis, and severe 
nausea and vomiting (Bhattacharya et al., 2007).

In a randomized, placebo-controlled, double-blind multi-
center trial, the only adverse effects significantly associated 
with miltefosine (p ≤ 0.05) were nausea, vomiting, and a rise 
in creatinine (Soto et al., 2004).

6a.  Gastrointestinal toxicity

Nausea and vomiting are the most frequently reported 
adverse effects of miltefosine, but are usually transient if the 
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drug is dosed at 2.5 mg/kg/day up to a 150 mg maximum 
(Sundar et al., 1998). When used at this dose for treatment of 
patients with cutaneous leishmaniasis, miltefosine was asso-
ciated with nausea and vomiting (36% and 31% compared 
with 9% and 5% in the placebo arm) (Soto et al., 2004). In 
the majority of patients, these symptoms were not severe 
and lasted for 1–2 days (Sundar et al., 2002). In early, dose- 
finding studies, severe diarrhea and vomiting were reported 
only in patients receiving 200 or 250 mg daily (Sundar et al., 
1998). The gastrointestinal adverse effects of miltefosine may 
be ameliorated by administration with fatty foods.

Dose-related “motion sickness,” defined as gastrointesti-
nal unease associated with lack of balance, was reported in 
6–77% of Colombian soldiers being treated for cutaneous 
leishmaniasis, but has not been widely reported elsewhere 
(Soto et al., 2001).

6b.  Hepatotoxicity

Miltefosine therapy was not associated with significant eleva-
tion in liver enzymes when compared with placebo; indeed, 
hepatic enzyme levels were reported to fall during treatment 
for VL (Soto et al., 2004; Bhattacharya et al., 2007). A mild 
and transient elevation (less than 2.5-fold elevation above the 
upper normal limit) of transaminases is observed in approx-
imately one-third of patients, typically peaking during week 
2 and resolving by week 4 of treatment (Bhattacharya et al., 
2007). A greater elevation is seen in 5.7% of patients (Bhat ta-
charya et al., 2007).

6c.  Nephrotoxicity

Treatment with miltefosine is associated with an increase in 
creatinine, with 33% of patients affected compared with 9% 
for placebo (p = 0.003) (Soto et al., 2004). The increase is, how-
ever, usually mild and transient, with significant nephrotoxic-
ity reported rarely. However, one patient receiving 250 mg/day 
for VL developed fatal nephrotoxicity (Sundar et al., 1998).

Baseline renal impairment does not appear to predispose 
to miltefosine nephrotoxicity; of 220 patients commencing 
miltefosine for VL with renal impairment (with serum creat-
inine levels up to three times above the upper limit of nor-
mal), deterioration in renal function was noted in only four 
and an improvement occurred in the majority of patients 
(Bhattacharya et al., 2007).

6d.  Pulmonary toxicity

One case of acute interstitial pneumonitis has been attributed 
to miltefosine (Silva et al., 2013). The patient had chronic kid-
ney disease and responded well to miltefosine withdrawal.

6e.  Pancreatitis

Pandey et al. (2013) reported a 41-year old patient who 
developed acute necrotizing pancreatitis 11 days after com- 

mencing miltefosine for VL, and concluded that miltefosine 
may have been implicated.

6f.  Skin rash

Macular rash and Stevens–Johnson syndrome have been 
rarely reported complications of treatment with miltefosine.

6g.  Male fertility

In rats, high doses of miltefosine (8.5 mg/kg) resulted in 
reversible testicular atrophy (Sindermann and Engel, 2006). 
In adult males, however, spermatogenesis during and at the 
end of 28 days of treatment, as well as reproductive perfor-
mance assessed up to 7 years after treatment, were not 
affected (Sindermann and Engel, 2006).

6h.  Fetal toxicity and breastfeeding

Miltefosine poses an embryotoxic, fetotoxic, and teratogenic 
risk at subtherapeutic doses during early embryonic devel-
opment in rats and rabbits (Sindermann and Engel, 2006). In 
the absence of data to the contrary in humans, miltefosine 
is contraindicated during pregnancy. In addition, given the 
drug’s prolonged elimination half-life and embryotoxicity 
at low concentrations, it has been suggested that pregnancy 
should be avoided for at least 5 months following completion 
of treatment (Dorlo et al., 2008). A more recent study with a 
human reproductive safety threshold exposure limit using 
animal-to-human dose conversion concluded that post- 
treatment contraceptive cover should be continued for 4 
months following 28-day miltefosine treatment regimens, 
and for 2 months following shorter miltefosine treatment 
courses (Dorlo et al., 2012b).

In a phase IV study, two women became pregnant shortly 
after completion of treatment (2 weeks and 3 months post 
treatment). Both pregnancies resulted in healthy babies 
without birth anomaly (Bhattacharya et al., 2007).

As it is likely to be excreted in breast milk, miltefosine 
should not be used while women are breastfeeding (European 
Summary of Product Characteristics, 2008).

6i.  Sjögren–Larsson syndrome

The use of miltefosine is contraindicated in Sjögren–Larsson 
syndrome, a genetic condition in which the oxidation of 
long-chain fatty alcohols is defective (Sindermann and Engel, 
2006).

7. CLINICAL USES OF THE DRUG

Evidence of clinical efficacy of miltefosine outside neoplastic 
disease is limited to therapy of leishmaniasis and a number 
of case reports of treatment of infection with free-living 
amoebae and Scedosporium spp. 
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7a.  Leishmaniasis

As a relatively well-tolerated oral agent, miltefosine is a via-
ble option for the treatment of both cutaneous and visceral 
leishmaniasis, particularly since therapy with other antileish-
manial agents is hampered by high rates of adverse events, 
increasing resistance, expense, and the requirement for 
administration by a parenteral route (WHO, 2010; FDA, 
2014; CDC, 2016). Excellent cure rates for VL in India, 
Nepal, and Bangladesh have been achieved with miltefos-
ine. However, clinical failures have recently been reported 
(Monge-Maillo and Lopez-Velez, 2015). These highlight the 
need for more trials to assess the benefits of combination 
therapy (Copeland and Aronson, 2015).

Miltefosine was approved in March 2014 by the US Food 
and Drug Administration (FDA) for the treatment of cutane-
ous, mucosal, and visceral leishmaniasis. The FDA approval 
was quite specific on the indications for miltefosine with 
regards to Leishmania species (see sections on visceral, 
mucosal, and cutaneous leishmaniasis) and gives guidance 
on age and weight considerations (FDA 2014; CDC, 2016). 

The Centers for Disease Control and Prevention (CDC) 
have recently updated their recommendations for treatment 
of leishmaniasis. The CDC guideline for health professionals 
outlines the treatment options (including miltefosine) for 
various Leishmania species and includes treatment recom-
mendations for visceral, cutaneous, and mucosal disease 
(CDC, 2016).

Treatment recommendations from the WHO Expert 
Com mittee for the different species and the different 
manifestations of leishmania include recommendations for 
dosing of miltefosine in children aged 2–11 years of age 
(WHO, 2010).

Although miltefosine shows activity against most Leish
mania species, its efficacy varies across geographic regions, 
even within the same species. Currently, the main indica-
tions are for the treatment of (1) VL in India and Ethiopia; 
(2) New World cutaneous disease limited to infection caused 
by Leishmania (V.) braziliensis, L. (V.) panamensis, and  
L. (V.) guyanensis; and (3) post-kala-azar dermal leishmani-
asis. While there is increasing evidence of a possible role for 
miltefosine in the treatment of other forms of leishmaniasis, 
it remains a second-line agent (WHO, 2010; Monge-Maillo 
and Lopez-Velez, 2015). Table 199.3 summarizes treatment 
recommendations for leishmaniasis. 

VISCERAL LEISHMANIASIS

Visceral leishmaniasis (VL) is caused by L. donovani in 
India and Africa, L. infantum in the Mediterranean region 
(Old World), and L. chagasi/infantum in Brazil (New World) 
(WHO, 2010). Miltefosine is considered the only highly 
active oral agent for VL. In March 2014, the US FDA 
approved it for treatment of VL caused by L. donovani in 
adults and adolescents. CDC guidelines suggest the use of 
miltefosine for VL caused by other species (e.g. L. infantum) 
would constitute off-label use, as would treatment of children 

less than 12 years of age (FDA 2014, CDC, 2016). The WHO 
guidelines and a review by Monge-Maillo include recom-
mendations for treating children aged 2–11 years of age 
(WHO, 2010; Monge-Maillo and Lopez-Velez, 2015). Treat-
ment recommendations are summarized in Table 199.3.

MILTEFOSINE AS MONOTHERAPY

Initial efficacy and tolerability studies of oral miltefosine 
were performed in India, where resistance to current thera-
peutic agents is common. The initial phase I/II dose escala-
tion trial demonstrated that oral miltefosine showed rapid 
activity in Indian VL, with long-term cure achieved in nine 
of ten patients treated with a dose of 100–150 mg/day, which 
was well tolerated (Sundar et al., 1998). Three subsequent 
phase II studies were undertaken to evaluate miltefosine 
therapy of Indian VL. The initial study confirmed that 100–
150 mg/day for 28 days was efficacious for VL, including 
infections unresponsive to pentavalent antimony, with 44/45 
(98%) of patients cured at 6 months (Kumar et al., 1999). In 
a phase II multicenter dose and schedule-finding study of 
120 patients, a cure rate of 93% was reported among patients 
either receiving 50 mg/day for 6 weeks or 50 mg/day for the 
first week followed by 100 mg/day for the next 3 weeks. The 
cure rate was 97% among patients who received 100 mg/day 
or 100 mg/day for the first week followed by 150 mg (Jha et 
al., 1999). In the final phase II trial, courses of treatment 
shorter than 28 days were evaluated, with a daily regimen of 
100 mg miltefosine administered for 2, 3, or 4 weeks to 18 
patients for each arm of the study. The cure rates were 16/18 
(89% confidence interval [CI]: 65–99%) with the 2-week reg-
imen and 18/18 (100% CI: 85–100%) among those treated 
for either 3 or 4 weeks (Sundar et al., 2000).

In an open-label, multicenter, randomized phase III study, 
miltefosine was compared with amphotericin B for the treat-
ment of Indian VL. The study enrolled 299 VL patients 12 
years or more and treated with miltefosine at a dose of 50 mg 
(body weight < 25 kg) or 100 mg (body weight > 25 kg) daily 
for 28 days, as well as 99 patients treated with amphotericin 
B at the dose of 1 mg/kg every second day for a total of 15 
infusions. At treatment completion, 100% parasitologic cure 
was achieved in both groups of patients (miltefosine, n = 293; 
amphotericin B, n = 96). At the 6-month follow-up, relapses 
had occurred in nine patients (3%) in the miltefosine group, 
while none had relapsed in the amphotericin B group. The 
final intention-to-treat cure rate was 94% for miltefosine 
(282/299) and 97% for amphotericin B (96/99) (Sundar et al., 
2002). These clinical trials suggest that oral miltefosine is a 
safe and effective therapy for VL in patients aged above 12 
years (Sundar and Olliaro, 2007).

A phase IV trial of miltefosine in an outpatient setting was 
undertaken for the treatment of Indian VL, 742 adults and 
428 children (aged 2–11 years) were enrolled. Among the 
1084 patients who completed 4 weeks of therapy, initial cure 
was reported in 1055. Nine hundred and seventy-one (85.8%) 
patients returned for the final cure assessment at 6 months 
after treatment, with a final cure rate reported of 82% and 
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95% by intention-to-treat and per-protocol analysis, respec-
tively. The per-protocol cure rates of 97% in adults and 94% 
in children were identical to those observed in studies among 
hospitalized patients (Bhattacharya et al., 2007). The treat-
ment failure rate was approximately 3.4% in adults and 6.5% 
in children (p = 0.04.) Of note, efficacy was particularly low 
among young males (Bhattacharya et al., 2007; Berman, 
2008). A subsequent phase IV trial in Bangladesh when 977 
adults and children were enrolled demonstrated an 85% cure 
rate with a standard miltefosine regime (Rahman et al., 
2011). A clinical trial performed in Ethiopia among patients 
with VL demonstrated a high initial cure rates (88%) and 
lower 6-month cure rates (60%) (Ritmeijer et al., 2006). This 
study population had a high prevalence of HIV infection and 
is described in detail in the section on HIV and Leishmania. 
Reliable data for treatment of VL from Latin America and 
the Mediterranean region have not been published (Ritmeijer 
et al., 2006; Monge-Maillo and Lopez-Velez, 2015). 

Pediatric use
Although the original trials of miltefosine for the treatment 
of leishmaniasis in India enrolled patients greater than 12 
years of age, a phase I/II dose-ranging study in a pediatric 
population demonstrated that oral miltefosine was safe and 
approximately 90% effective. Thirty-nine children (< 12 years 
of age) with VL were treated with oral miltefosine daily for 
28 days; 21 patients received 1.5 mg/kg/day and 18 patients 
2.5 mg/kg/day. The per-protocol cure rates were equivalent: 
90% (19/21) in the 1.5 mg/kg/day group and 88% (15/17) in 
the 2.5 mg/kg/day group (Sundar et al., 2003).

In a phase II study evaluating the efficacy and tolerability 
of miltefosine in India, 80 children with VL (mean age 7.8 
years), including 19 patients who had failed to respond to a 
previous course of antimony, patients were treated for 28 
days with miltefosine at a dose of 2.5 mg/kg (Bhattacharya et 
al., 2004). All 79 children who completed therapy achieved 
initial cure; one patient was lost to follow-up, and three 
patients relapsed. The final cure rate was 94% (75/80; 95% 
CI: 87–97) on intention-to-treat, basis and 96% (75/78; 
95% CI: 90–98) on per-protocol analysis (Bhattacharya et al., 
2004; Sundar and Olliaro, 2007)

In another study, 64 Indian children (aged 1–14 years) 
with VL were treated with miltefosine 2.5 mg/kg. The chil-
dren were categorized into two groups: 44 patients who had 
not received prior antileishmanial drug therapy and 20 who 
had received prior antileishmanial therapy. The final cure 
rate at 6 months was 93.2% and 95% in the first and second 
groups, respectively (Singh et al., 2006).

Failure rates with monotherapy
Miltefosine has been used for the treatment of VL in the 
Indian subcontinent for over a decade. Studies are now 
demonstrating a reduced cure rate at 6 months and 12 
months with an increase in rates of relapse (Monge-Maillo 
and Lopez-Velez, 2015). Sundar describes a cohort of 567 
patients treated for VL with miltefosine. Cure at the end of 
treatment was 97.5%, but at 6 months the cure rate was 90.3% 

(Sundar et al., 2012). In a separate study undertaken in 
Nepal, patients treated for VL with miltefosine had an initial 
cure rate of 95.8%. However, relapse rates at 6 and 12 months 
were 10.8 and 20%, respectively. Age < 12 years was identified 
as a risk factor for relapse (Rijal et al., 2013). Ostyn subse-
quently compared the clinical records of 78 relapsed patients 
to 775 patients without relapse, all of whom were treated 
with miltefosine. Younger age and male gender were associ-
ated with relapse. This highlights the need for further trials 
in children to determine safety, efficacy, and pharmacokinet-
ics of miltefosine in this group (Ostyn et al., 2014). Dorlo et 
al. (2014) demonstrated that achieving adequate exposure 
to miltefosine is a significant and critical factor for success 
of VL treatment, and that children often have low plasma 
concentrations of miltefosine with usual dosing regimens. 
Prajapati demonstrated that the effective miltefosine dose for 
90% killing of L. donovani were higher for isolates from 
endemic versus non-endemic regions, indicating a suscep-
tibility difference between regions. This raises the need for 
monitoring, and for a consideration of multidrug treatment 
(Prajapati et al., 2012). Due to the reduced efficacy of drugs 
and the potential for emerging resistance, Sundar (2015) 
proposed monotherapy for treatment of leishmaniasis should 
be reconsidered.

Combination therapy
In a 2014 article discussing strategies to overcome anti leish-
manial drug unresponsiveness, Sundar et al. (2014) high-
lighted the success of combination treatment. The potential 
benefits of combination therapy include reducing the dura-
tion of treatment, resulting in improved compliance; reduced 
toxic effects and cost; and the potential to reduce the 
probability of selection of drug-resistant parasites (WHO, 
2010). 

In Bihar, India, home to nearly half of the world’s burden 
of VL, where drug resistance has compromised the efficacy 
of pentavalent antimony, Sundar et al. (2008) undertook a 
study of single-infusion liposomal amphotericin B (L-AmB), 
followed by 7–14 days of miltefosine. In this randomized 
trial, a total of 226 subjects were enrolled into five treatment 
groups. Subjects were treated with 5 mg/kg L-AmB alone 
(n = 45), 5 mg/kg L-AmB followed by miltefosine for 14 days 
(n = 45), 10 days (n = 46), or 7 days (n = 45), or 3.75 mg/kg 
L-AmB followed by miltefosine for 14 days (n = 45). Nine 
months after treatment, final cure rates were similar in all 
five groups. Although the cure rate was not statistically sig-
nificantly different in the four groups, a trend toward higher 
cure rates with continuance therapy was observed, particu-
larly in the group receiving the lower dose of L-AmB, sug-
gesting that further dose-finding studies are worthwhile.

Subsequent studies in India by Sundar and colleagues 
have demonstrated the effectiveness of combination regimes 
(Sundar et al., 2011a; Sundar et al., 2011b). The combination 
of single dose L-AmB (5 mg/kg) plus miltefosine for 7 days, 
or paromomycin plus miltefosine for 10 days was non- 
inferior to standard treatment (1 mg/kg amphotericin B 
infusion on alternate days for 30 days, total dose 15 mg/kg) 
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with fewer adverse events. Cure rates were 93% for the stan-
dard L-AmB group, 97.5% for L-AmB and miltefosine group, 
and 98.7 % for the miltefosine and paromomycin group 
(Sundar et al., 2011a). A further study by Sundar et al. 
(2011b) assessed the administration of one dose of L-AmB 
(5 mg/kg) and miltefosine (2.5 mg/kg/day) for 14 days. The 
intention-to-treat analysis demonstrated 124 of 135 enrolled 
patients were cured at 6 months. The per protocol cure rate 
was 124 of 127 (97.6%) at 6 months. 

HIV-associated visceral leishmaniasis
Treatment of VL in HIV-positive patients is difficult, and is 
frequently complicated by high relapse rates. The optimal 
duration for both primary infection and for secondary pro-
phylaxis (maintenance therapy) is not known (Monge-Maillo 
and Lopez-Velez, 2015). The combination of liposomal 
amphotericin and miltefosine has been described in compas-
sionate use; clinical trials are underway to help determine its 
role (Jarvis and Lockwood, 2013; Diro et al., 2014; Copeland 
and Aronson, 2015).

Reports of VL treatment among HIV-infected subjects 
due to L. infantum in Europe provide some data to guide 
therapy. Sindermann et al. (2004) reported on the outcome of 
treatment of 39 HIV-positive patients with VL who were 
infected with miltefosine in a compassionate use program 
after failure of standard therapy. Initial response was achieved 
after a single treatment course (with mean duration of 1 
month) in 41% of patients, with another 23% of patients 
showing an improvement in parasitologic and clinical sta-
tus. A similar response was observed after retreatment. For 
patients with an initial response, the median disease-free 
interval ranged from 4–5 months. One patient received 
miltefosine as maintenance therapy for 2 years (Sindermann 
et al., 2004). In a study from Spain, the outcome of compas-
sionate use of miltefosine for the treatment of VL in HIV 
infection has been reported (Troya et al., 2008). Despite 
symptomatic improvement with miltefosine therapy, none of 
the four patients treated were cured.

The first trial using miltefosine in Africa compared it with 
pentavalent antimony (SSG) for the treatment of VL in an 
Ethiopian population with a high prevalence of HIV infec-
tion (Ritmeijer et al., 2006). Five hundred and eighty patients 
were randomized to receive either oral miltefosine (100 mg/
day for 28 days) or intramuscular SSG (20 mg/kg/day for 
30 days). The initial response rates were equivalent (88%). At 
6-month follow-up, cure rates by intention-to-treat analysis 
were 60% and 65% for the miltefosine and SSG groups, 
respectively. The mortality rate was lower in the group treated 
with miltefosine (6% vs. 12% for SSG). When considering 
only patients who could be traced, the cure rate at 6 months 
was approximately 94% for both miltefosine and SSG 
(Ritmeijer et al., 2006). Among HIV-positive patients, milte-
fosine was judged safer but less effective than SSG, with 46% 
of those with confirmed HIV infection who received milte-
fosine being cured versus 57% of those receiving SSG.

Miltefosine may have a role in secondary prophyla- 
xis after initial treatment of VL in HIV-infected patients 

(Marques et al., 2008). After an initial therapeutic course of 
miltefosine or liposomal amphotericin B, patients were treated 
with miltefosine, 50 mg three times/week, until reaching 12 
months disease free and a CD4 T-cell count greater than 
250/mm3. Of the five patients reported in this retrospective 
review, one was lost to follow-up, one died 8 months after 
cessation of miltefosine due to a bleeding gastroduodenal 
Kaposi sarcoma, and the other three remained free of leish-
maniasis 8–28 months after discontinuation of miltefosine 
(Marques et al., 2008). A case report from Spain demon-
strated the successful use of miltefosine and itraconazole 
as maintenance therapy in an HIV-positive patient with VL 
(Bar ragan et al., 2010).

CUTANEOUS AND MUCOSAL LEISHMANIASIS

Old World cutaneous leishmaniasis is primarily caused by  
L. major and L. tropica, whereas New World cutaneous dis-
ease is predominantly caused by either L. braziliensis com-
plex or L. mexicana complex. Whereas most of the Old 
World species cause benign cutaneous disease, New World 
species cause a spectrum of disease ranging from mild cuta-
neous disease to severe, disfiguring mucosal disease (Soto et 
al., 2001; WHO, 2010). Mucosal leishmaniasis is most com-
monly associated with L. braziliensis and so is generally lim-
ited to South America. Mucosal leishmaniasis can also rarely 
be caused by L. panamensis, L. guyanensis, L. amazonensis,  
L. major, L. tropica, and L. infantum. Diffuse cutaneous leish-
maniasis is a rare presentation of leishmaniasis caused by  
L. aethiopica in Africa and L. braziliensis, L. (L.) amazonen
sis, L. (L.) mexicana, and L. (V.) braziliensis in Latin America 
(Zerpa et al., 2007). 

The FDA-approved indications for cutaneous leishmania-
sis are limited to infection caused by three particular species, 
all of which are New World species in the Viannia subgenus 
—namely, Leishmania (V.) braziliensis, L. (V.) panamensis, 
and L. (V.) guyanensis. Even for these species, the effective-
ness of miltefosine has been variable in different geographic 
regions. According to the FDA, use of miltefosine for treat-
ment of infection caused by other Leishmania species in the 
New World or by any species in the Old World would consti-
tute off-label use, as would treatment of children (FDA, 
2014).

Old World cutaneous leishmaniasis 
A number of reports describe the successful use of miltefos-
ine for Old World cutaneous leishmaniasis. These include 
one case due to L. major acquired in Tunisia, treated success-
fully with a dose of 150 mg daily for 28 days (Stojkovic et al., 
2007), treatment of one case of L. major and one case of  
L. infantum (Dorlo et al., 2011) and two cases due to L. infan
tum acquired in Spain (Ruiz-Villaverde et al., 2007; Neub et 
al., 2008). In a retrospective observational study of 34 Dutch 
military personnel returning from Afghanistan with L. major 
infection, treatment was successful in 30 patients treated 
with miltefosine (van Thiel et al., 2010). Keynan et al. (2008) 
describe the successful treatment of L. tropica with miltefos-
ine among Canadian soldiers returning from Afghanistan. 



7. Clinical uses of the drug 3303

In a randomized, controlled trial performed in Iran 
among 63 subjects, 28 days of oral miltefosine, given orally at 
a dosage of 2.5 mg/kg/day for 28 days, was compared with 14 
days of intramuscular pentavalent antimony (meglumine) 
for the treatment of L. major cutaneous leishmaniasis (Mohe-
bali et al., 2007). Three months after treatment, cure rates 
by intention-to-treat analysis were equivalent (81.3% vs. 
80.6%). No relapses were reported in either group at 6 months’ 
follow-up (Mohebali et al., 2007). 

More information is required regarding species-specific 
cure and relapse rates before miltefosine can be considered 
as first-line treatment in Old World cutaneous leishmaniasis 
(Stojkovic et al., 2007; Monge-Maillo and Lopez-Velez, 2015).

New World cutaneous and mucocutaneous 
leishmaniasis
The role of miltefosine in the treatment of New World cuta-
neous leishmaniasis has not been established due to the dif-
ferent cure rates in different clinic trials. Current evidence 
only supports its use of miltefosine for the treatment of New 
World cutaneous leishmaniasis in specific geographical areas, 
and for specific species where studies have shown success 
(Monge-Maillo and Lopez-Velez, 2015). 

The efficacy of miltefosine in New World cutaneous leish-
maniasis was first demonstrated in a study of 72 soldiers with 
Colombian cutaneous leishmaniasis (Soto et al., 2001), 
where L. panamensis predominates. In this open-label phase 
I/II trial, subjects received miltefosine at 50–100 mg/day for 
3 weeks or 133–155 mg/day for 3–4 weeks. The trial demon-
strated per-protocol cure rates of 66% (21/32 patients) and 
the 94% (30/32 patients) for the 50–100 mg/day and 133–150 
mg/day group. This compared with historical per-protocol 
cure rates for antimony-based agents of 93% (Soto et al., 2001).

Subsequently, a placebo-controlled trial of miltefosine 
(2.5 mg/kg/day orally for 28 days) was performed for New 
World cutaneous leishmania in Colombia and Guatemala 
(Soto et al., 2004). In Colombia, where L. V. panamensis is 
common, the per-protocol cure rates for miltefosine and pla-
cebo were 91% (40/44 patients) and 38% (9/24), respectively. 
These values were similar to those expected with pentavalent 
antimony, the standard of care. In Guatemala, where L. V. bra
ziliensis and L. mexicana mexicana are common, the per- 
protocol cure rates were 53% (20/38) for miltefosine and 21% 
(4/19) for placebo, both inferior to the historic cure rates of 
over 90% expected with pentavalent antimony (Soto et al., 
2004). In a further trial undertaken among a Colombian 
army population with cutaneous leishmaniasis caused by  
L. braziliensis or L. panamensis, a per-protocol cure rate of 
69.8% was reported for miltefosine and 85% for meglumine 
antimoniate (MA) (Velez et al., 2010).

In contrast, the efficacy of miltefosine for treatment of 
cutaneous disease due to L. braziliensis in Bolivia appears to 
be greater (Soto et al., 2008). In a comparative study of oral 
miltefosine (2.5 mg/kg/day for 28 days) and intramuscular 
antimony (20 mg/kg/day for 20 days), cure rates for evalu-
able patients at 6 months’ follow-up were equivalent: 88% 
(36/41) for miltefosine and 94% (15/16) for antimony. 

However, the clinical response was more rapid with antimony: 
at 1 month following therapy, skin lesions had disappeared 
in all 16 patients treated with antimony (one subsequently 
relapsed), whereas lesions had disappeared in 70% (31/44) of 
patients treated with miltefosine (Soto et al., 2008).

In a study of Bolivian mucocutaneous leishmaniasis caused 
by L. braziliensis where patients were treated with miltefos-
ine (2.5 mg/kg/day for 28 days), an overall cure rate of 71% 
was reported (Soto et al., 2007). The cure rate was 83% (30/36 
patients) for patients with mild disease (affecting nasal skin 
and mucosa) and 58% (21/36) for patients with more exten-
sive disease (involving the palate, pharynx, and larynx). 
Although not a randomized study, this outcome was similar 
to studies reporting treatment with amphotericin B (45 mg/
kg over 90 days), and equivalent to historical cure rates when 
parenteral pentavalent antimony had been used for mild and 
extensive disease in neighboring Peru (Soto et al., 2007). In a 
subsequent study of mucosal leishmaniasis in Bolivia where 
the duration of miltefosine therapy was increased from 4 to 6 
weeks, the overall cure rate was slightly higher at 75% (Soto 
et al., 2009).

In Brazil, a trial of miltefosine treatment for cutaneous 
leishmaniasis caused by L. braziliensis demonstrated a cure 
rate of 75%, and was more effective than pentavalent anti-
mony (Machado et al., 2010). A study from Manaus, Brazil 
demonstrated the superiority of miltefosine (74.1% cured) 
compared with pentavalent antimony (53.9% cured) for 
treatment of cutaneous leishmaniasis caused by L. guyanen
sis (Chrusciak-Talhari et al., 2011). Harms et al. (2011) 
described 5 of 8 patients (63%) treated with miltefosine were 
cured in a cohort of returned travelers with cutaneous leish-
maniasis caused by L. braziliensis.

This encouraging response to miltefosine in Bolivian and 
Brazilian cutaneous leishmaniasis is in contrast to reports 
of treatment of cutaneous leishmaniasis due to L. braziliensis 
in Guatemala, where a per-protocol cure rate of 53% was 
reported (mucocutaneous disease was excluded from the 
study) (Soto et al., 2004). Thus it appears that miltefosine 
is effective for cutaneous and mucocutaneous L. braziliensis 
disease in Bolivia, but not Guatemala.

One case report documents successful treatment of two 
subjects who had acquired cutaneous L. braziliensis in Costa 
Rica using miltefosine at a dose of 100 mg/day for 28 days 
(Wohrl et al., 2008). However, in keeping with the geographic 
variation noted above, miltefosine therapy failed to cure a 
traveler who acquired cutaneous, mucosal, and possibly 
 visceral L. braziliensis infection in Bolivia, and who was 
eventually cured with liposomal amphotericin (Mings et al., 
2009). These trials overall suggest a variation in geographical 
intrinsic sensitivity of L. braziliensis strains to miltefosine 
across different regions.

In a recent trial, the performance of miltefosine and MA 
was evaluated in a pediatric population (aged 2–12 years) in 
Colombia with New World cutaneous leishmaniasis where  
L. panamensis and L. guyanensis predominate in the study 
locations. Miltefosine had an 83% cure rate, and was non 
inferior to MA (Rubiano et al., 2012). 
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DIFFUSE CUTANEOUS LEISHMANIASIS

Diffuse cutaneous leishmaniasis (DCL) is a rare manifesta-
tion of leishmaniasis whereby patients are unable to mount 
an effective immune response to leishmania and present with 
parasite-laden nodules (Zerpa et al., 2007). An initial case 
report described successful treatment of DCL due to L. mex
icana in a patient from Venezuela using a 120-day course of 
miltefosine (Zerpa et al., 2006). However, in a subsequent 
study of 16 DCL patients in Venezuela, the drug was rela-
tively ineffective, with only one patient remaining relapse 
free 1 year after treatment with miltefosine (2.0–2.5 mg/kg 
for 75–218 days) (Zerpa et al., 2007). While retreatment with 
a second cycle of miltefosine resulted in a response in 7/12 
relapsed patients, all developed new lesions within 1 month 
of cessation of miltefosine. Some patients developed lesions 
during treatment, suggesting the selection of resistance (Zerpa 
et al., 2007).

A further case report documents treatment of a 35-year-
old man with DCL due to L. (L.) mexicana with 4 months of 
oral miltefosine (50 mg three times daily). Although treat-
ment resulted in a clinical and parasitologic response, he 
relapsed 2 months after stopping therapy and lesions were 
refractory to further treatment (Calvopina et al., 2006).

One case report documents successful treatment of DCL 
due to L. major in an HIV-infected patient from Burkina 
Faso, Africa, where an 18-month course of miltefosine was 
administered. At the time of diagnosis of leishmaniasis, the 
patient’s CD4 count was 10 cells/mm3. Antiretrovirals and 
miltefosine were commenced. He remained relapse free 2 
years after the commencement of antiretroviral therapy and 
miltefosine (Schraner et al., 2005).

POST-KALA-AZAR DERMAL LEISHMANIASIS

Post-kala-azar dermal leishmaniasis (PKDL), a sequela of 
VL seen predominantly in Sudan and India, is characterized 
by macular, maculopapular, and nodular lesions on the 
face, trunk, and upper limbs (Sundar et al., 2006). Treatment 
of PKDL with miltefosine has been described in a number of 
case reports. In India, one patient responded to 3 months of 
miltefosine and was free of lesions at 12 months’ follow-up 
(Sundar et al., 2006), while another patient treated for 54 
days had no evidence of recurrence at 6 months (Ramesh  
et al., 2008). A 14-year-old Indian boy showed no evidence  
of recurrence 18 months after treatment with miltefosine 
(Ansari et al., 2008).

Two African HIV-positive patients with PKDL were suc-
cessfully treated with miltefosine for 28 days without relapse 
at 6 months in the setting of improving CD4 counts (Belay et 
al., 2006). An HIV-positive man in Spain with VL and PKDL 
who initially relapsed after treatment with liposomal ampho-
tericin B and SSG responded to several months of miltefos-
ine, with no evidence of recurrence after 15 months (Rihl et 
al., 2006).

Larger studies from India demonstrate success with mil-
tefosine therapy. The first describes 26 patients with PKDL 
treated with miltefosine 50 mg thrice daily for 60 days or 

twice daily for 90 days. The cure rate was 96% with no relap-
ses at 12 months (Ramesh et al., 2011). In the second study, 
Sundar describes 33 patients with PKDL treated for 12 weeks 
with miltefosine 50 mg twice daily, with a cure rate of 96.6% 
(Sundar et al., 2015).

7b.  Free-living ameba

Miltefosine has activity in vitro and in experimental models 
of infection with Acanthamoeba, Balamuthia, and Naegleria 
infection. These free-living ameba (FLA) cause infections 
including primary amebic meningoencephalitis (PAM) 
caused by Naegleria fowleri and GAE caused by Balamuthia 
mandrillaris and Acanthamoeba  species.  Despite several 
drugs having in vitro activity against FLA, mortality from 
these infections remains > 90% despite treatment with 
combinations of drugs. Given emerging evidence, in August 
2013, miltefosine became available from the CDC as an 
investigational drug for the treatment of FLA infections used 
in combination with other antimicrobial drugs (CDC, 2013; 
Cope, 2013).

Given the relatively recent recognition of this activity and 
their rarity, clinical experience is limited to case reports. 

NAEGLERIA FOWLERI 

The successful treatment with miltefosine of PAM due to 
N.  fowleri in a 12-year-old girl was reported (Linam et al., 
2015). The patient received amphotericin B, fluconazole, 
rifampin, azithromycin, dexamethasone, and miltefosine, 
with complete neurological recovery (Linam et al., 2015). 
This was the third documented survivor of PAM in North 
America, and the first with miltefosine as part of the treat-
ment regime. Subsequently Cope et al. (2016) have described 
the use of miltefosine in combination with amphotericin, flu-
conazole, azithromycin, and rifampicin for the treatment of 
two cases of PAM due to N. fowleri, with one fatal and one 
surviving case (with significant neurological deficits). Dunn 
et al. (2016) recently described successful treatment of PAM 
in a 12-year-old due to N. fowleri where miltefosine was used 
in combination with amphotericin, fluconazole, azithromy-
cin, and rifampicin. 

BALAMUTHIA MANDRILLARIS AND 
ACANTHAMOEBA SPECIES 

Several case reports describe miltefosine use for the treat-
ment of GAE caused by  B. mandrillaris and Acan tha 
 moeba species. 

Martinez described the first successful treatment of GAE 
caused by B. mandrillaris with miltefosine in a Peruvian 
woman. She received 7 months of miltefosine, albendazole, 
and fluconazole, with complete recovery (Martinez et al., 
2010). Miltefosine was used in the successful treatment and 
neurological recovery of a 4-year-old girl from Queensland, 
Australia with GAE caused by B. mandrillaris (Moriarty et 
al., 2014). The child initially received flucytosine, fluco-
nazole, azithromycin, pentamidine, sulfadiazine, and mil-
tefosine. At the time of publication the oral regime of 
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fluconazole, azithromycin, and miltefosine was ongoing 
(Moriarty et al., 2014).

Transmission of B. mandrillaris through solid organ trans-
plantation has been described on several occasions (Gupte 
et al., 2014). Gupte describes a liver transplant recipient who 
died soon after transplantation. A diagnosis of GAE was 
made at autopsy. The four other donor recipients were  
B. mandrillaris antibody–positive, and were treated with com - 
binations of miltefosine, pentamidine, azithromycin, alben-
dazole, sulfadiazine, and fluconazole. All four were alive and 
asymptomatic at 24 months (Gupte et al., 2014). CSF drug 
level testing during the treatment of a child with fatal GAE 
caused by B. mandrillaris demonstrated penetration of the 
blood–brain barrier to a limited extent (Roy et al., 2015).

Clinical experience with miltefosine and treatment of 
Acanthamoeba species is increasing. Webster et al. (2012) 
recently report on a 38-year immunocompetent soldier who 
presented with seizures and was diagnosed with GAE caused 
by Acanthamoeba species. He was successfully treated with a 
combination of voriconazole and miltefosine. 

Two case reports of GAE caused by Acanthamoeba in 
renal transplant patients have been described, both with fatal 
outcomes. Salameh reports the use of miltefosine in com-
bination with pentamidine, sulfadiazine, flucytosine, fluco-
nazole, and azithromycin in a 64-year-old female renal 
transplant patient. The patient’s condition deteriorated 
despite therapy, and she passed away (Salameh et al., 2015). 
Zamora et al. (2014) report on the treatment of a 64-year-
male renal transplant patient with sulfadiazine, fluconazole, 
flucytosine, azithromycin, and miltefosine who passed away 
despite aggressive therapy. A separate case report describes 
the use of miltefosine in a 53-year-old man with chronic 
graft-versus-host disease complicating allogenic bone mar-
row transplantation for acute lymphocytic leukemia, who 
developed disseminated infection with Acanthamoeba (Kaul 
et al., 2008). The patient died despite treatment with multiple 
agents, including miltefosine (Kaul et al., 2008).

In contrast, a 25-year-old CD4-lymphopenic, HIV-
negative Indian man with miliary tuberculosis and tubercu-
lous meningitis with coincident Acanthamoeba GAE and 
Acanthomoeba skin lesions was initially treated with five-
drug antituberculous medication (including streptomycin) 
and intravenous trimethoprim-sulfamethoxazole and fluco-
nazole for the Acanthamoeba (Aichelburg et al., 2008). With 
a deteriorating mental state despite radiologic resolution 
of the tuberculosis, liposomal amphotericin and flucytosine 
were added. The patient’s deterioration continued until 
miltefosine (topical and oral) and amikacin (intravenous and 
intrathecal) were commenced, in conjunction with surgical 
excision of the CNS abscesses (Aichelburg et al., 2008; 
Walochnik et al., 2008). The patient recovered and was well 
2 years later.

An in vivo study of rats demonstrated the combination of 
miltefosine-polyhexamethylene biguanide combination was 
highly effective for the topical treatment of Acanthamoeba 
keratitis (Polat et al., 2014). No human trials have been 
reported.

Miltefosine has in vitro antiparasitic activity against 
Trypanosoma cruzi, Entamoeba histolytica, Giardia lamblia, 
and Trichomonas vaginalis (Seifert et al., 2001; Luna et al., 2009; 
Eissa and Amer, 2012; Rocha et al., 2014; Timko et al., 2015). 
There are no clinical studies published where miltefosine has 
been used to treat these pathogens.

7c.  Fungal infections

Very few case reports describe the use of miltefosine as an 
antifungal agent in humans. There are no clinical studies to 
guide the use of miltefosine in Fusarium, Cryptococcus, or 
Rhizomucor infections. However, there is in vitro data to 
suggest activity against these fungal infections (Biswas et al., 
2013). Wiederhold et al. (2013) described limited activity of 
miltefosine in murine models of Cryptococcus meningo-
encephalitis and disseminated Cryptococcus, and suggested 
caution with using this agent for the treatment of C. neofor
mans infections.

Three case reports describe the incorporation of miltefos-
ine into the treatment regimen for Scedosporium prolificans 
infections in humans. Kesson et al. describe an 8-year-old 
immunocompetent girl with multiple compound fractures 
complicated by S. prolificans osteomyelitis of the pelvis, 
septic arthritis of the hip, and myositis of adjacent muscles. 
Aggressive surgical intervention in association with cas-
pofungin, terbinafine, and voriconazole and adjunctive 
 interferon-gamma failed to control the infection. A response 
occurred only after the addition of miltefosine (2 mg/kg/day, 
divided three times daily) with ongoing terbinafine and 
voriconazole (Kesson et al., 2009). A case of complicated 
sternal S. prolificans osteomyelitis (post coronary artery 
bypass surgery) was described by Ferguson et al. Miltefosine 
was commenced in addition to voriconazole and caspo-
fungin after failure to control the infection with antifungals 
and multiple surgical procedures (48 in total). The patient 
developed multiple complications including acute kidney 
injury requiring dialysis and extracorporeal circuit clotting. 
The patient had ongoing fungal mediastinitis and was dis-
charged to hospice care (Ferguson et al., 2013). Trubiano et 
al. (2014) describe the treatment of disseminated S. prolifi
cans infection in a relapsed acute myeloid leukemia patient. 
Miltefosine was used in conjunction with terbinafine and 
posaconazole for a period when voriconazole could not be 
used due to interactions with chemotherapy. The decision to 
use miltefosine was based on a study demonstrating in vitro 
synergy of miltefosine, voriconazole, and posaconazole against 
S. prolificans (Biswas et al., 2013).

7d.  Antitumor activity

Given its poor tolerability at oral dosages required for cancer 
chemotherapy, miltefosine has been principally used as topi-
cal treatment for skin metastases of breast cancer and cuta-
neous lymphoma. A review concluded that in breast cancer 
patients, the application of 6% miltefosine solution applied 
topically to superficial fungating breast lesions (smaller than 
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1 cm) may slow disease progression in those who have 
received prior radiotherapy, surgery, hormonal therapy, or 
chemotherapy (Adderley and Holt, 2014). Clinical prospects 
for alkylphosphocholines in cancer management are discussed 
elsewhere (van Blitterswijk and Verheij; 2008; Pachioni Jde et 
al., 2013).
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Albendazole

John Horton

1. DESCRIPTION

Albendazole is a benzimidazole carbamate anthelmintic 
that was originally synthesized by Smith Kline and French 
Animal Health. It was initially developed as a veterinary 
anthelmintic but subsequently was registered for human use 
in 1982. It is currently marketed as Zentel/Eskazole (Albenza 
in the United States) by the originators, although a very large 
number of generic products are available, especially in devel-
oping countries.

Albendazole is a white/buff amorphous solid, stable at 
ambient temperatures, insoluble in water, and soluble in 
dimethyl sulfoxide and acetic acid, strong aqueous acids, and 
bases. The addition of a co-solvent (e.g. an alcohol) increases 
solubility. It has the chemical formula methyl 5-propylthio- 
1H-benzimidazol-2-yl carbamate (C12H15N2O2S) with a 
molecular weight of 265.3; the molecular structure is shown 
in Figure 200.1.

Albendazole given orally is used to treat a wide variety 
of both intestinal and systemic helminth infections; it has 
also been shown to have activity against Giardia intestinalis 
and some microsporidial infections. Owing to its insolubility, 
parenteral preparations have not been produced. The prin-
cipal mechanism of action appears to be through the inhibi-
tion of parasite beta-tubulin polymerization, although there 
are a number of important downstream effects such as fuma-
rate reductase inhibition and interruption of energy pathways 
that result in parasite death.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Unlike bacteria and fungi, and some protozoa, in vitro sus-
ceptibility testing is not possible for most metazoan para-
sites. These are generally impossible to culture in vitro, at 
least for routine sensitivity testing, and activities have been 
arrived at by empirical testing in vivo in humans or by extrap-
olation from the doses used for domestic animal species. 
Albendazole has a very broad spectrum of activity, being 

effective against most human nematode and cestode parasite 
species, but with lesser activity against trematode species, 
although this is one of its principal uses in veterinary medi-
cine. It has also been shown to be clinically effective against 
G. intestinalis and some microsporidia parasites.

2b.  Emerging resistance and 
cross-resistance

Resistance to benzimidazole anthelmintics results, at least 
in part, from mutations in the beta-tubulin gene, and thus it 
is expected that, if resistance occurs, it will affect most or all 
anthelmintics of this class. Resistance to albendazole and 
related benzimidazole anthelmintics has been extensively 
studied in domestic animals (Lacey and Gill, 1994), and high 
levels of resistance have now been reported for most impor-
tant veterinary helminth species to such an extent that these 
drugs became of little use against cattle and sheep helminth 
infections within a few years of their introduction (Behm 
and Bryant, 1985; Geerts et al., 1997). There are three prob-
able reasons for this. First, there are no generally accepted 
or applied in vitro methods for the testing of anthelminthic 
activity, thus making assessment of any drug failures very 
difficult. The evidence for resistance in animals is generally 
based on evidence of falling efficacy in monitored animal 
populations rather than laboratory data. Second, the con-
ditions required for resistance selection (heavy infection 
pressure on the host combined with frequent drug ther-
apy), although they occur in domestic—particularly farm—
animals, do not currently occur in human populations. There 
is, however, concern that drug exposure in the context of the 

Figure 200.1. Molecular structure of albendazole.
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global scale soil-transmitted helminth control and lymphatic 
filariasis elimination programs might be sufficient to cause 
drug resistance, especially in species that are less effectively 
treated by albendazole and to a lesser extent, mebendazole. 
Finally, the kinetics of albendazole in ruminants (sheep/ 
cattle) where resistance has been seen is markedly different 
from man. Because of drug recycling through the rumen, the 
half-life of albendazole is extended to 48 hours or more 
(compared with 7–8 hours in man), thus exposing the hel-
minths to prolonged high concentrations of drug. Although 
this increases efficacy against certain species of animal hel-
minth (e.g. Fasciola hepatica), it also increases drug pressure 
substantially.

In humans, definitive evidence of clinical resistance is 
lacking. However, there is a suggestion that resistance to ben-
zimidazole anthelmintics may be occurring because of their 
increasing use in global public health programs. In Mali, 
studies of hookworm infection efficacy suggested that meben-
dazole was less effective, but albendazole remained fully 
effective when it was substituted. This was attributed to 
resistance to mebendazole, but it should be recognized that 
mebendazole has always been less that 100% active in hook-
worm (especially Necator americanus) infection (De Clercq 
et al., 1997). A further study conducted in Australia showed 
very poor efficacy of pyrantel, presumed to be a result of 
continued use in enclosed communities, but albendazole 
remained fully effective (Reynoldson et al., 1997). The prob-
lem with such studies is that there are no baseline and few 
solid longitudinal data to support the claims of resistance. A 
better case can be made for increasing levels of mebendazole 
resistance in the heavily treated area of Pemba Island, 
Tanzania, where there is some evidence of reduced efficacy 
against hookworm (Albonico et al., 2002; Albonico et al., 
2003). Work by Schwab et al. (2005) has suggested that 
where benzimidazoles have been used extensively in human 
populations, such as within the lymphatic filariasis control 
programs, there is evidence of an increased frequency of 
resistant alleles of the beta-tubulin gene. Although not exten-
sive, this would confirm the findings in the clinical setting. 
Of interest, therefore, is a prospective study in Haiti, Panama, 
and Kenya to assess the beta-tubulin gene frequencies in 
Ascaris, hookworm, and Trichuris (Diawara et al., 2013). 
Polymorphisms at position 200 in hookworm and position 
167 in Ascaris did not appear to affect efficacy, and there was 
no evidence of increased frequency of the resistant allele 
after treatment for these parasites. In contrast, for Trichuris 
there was a highly significant increase in the frequency of the 
position 200 polymorphism following treatment, associated 
with increased drug failure. The inferior parasitological effi-
cacy of albendazole against Trichuris may therefore be fuel-
ing resistance.

The question of developing drug resistance to Echinococcus 
has been raised by researchers. The prolonged and/or inter-
mittent drug regimen used clinically provides ideal circum-
stances for the development of resistance. However, although 
it is possible that resistance could develop within an indi-
vidual, resulting in reducing the efficacy of the drug against 

individual cysts, transmission to other individuals would 
not occur, as human infection represents a dead end for the 
parasite.

As in vitro cultivation of protozoa is possible, attempts 
have been made to induce resistance to albendazole, specifi-
cally in Giardia. Morgan et al. (1993) failed, probably because 
the extreme sensitivity of the parasite to albendazole leads to 
parasite death, even at very low concentrations. Edlind et al. 
(1990) were also unable to produce resistance to mebenda-
zole. However, production of clones with reduced sensitivity 
to albendazole has recently been achieved by exposure to 
sublethal concentrations of albendazole, and this has been 
associated with up-regulation in RNA expression levels. Of 
note, there was no evidence of mutations in the beta-tubulin 
gene sequence (Argüello-García R et al., 2009). It remains 
to be seen whether, with clinical use of albendazole for 
treatment of giardiasis, resistant strains will arise.

3. MECHANISM OF DRUG ACTION

A common mode of action for all benzimidazoles has been 
proposed based on an interaction with beta-tubulin. The 
drugs selectively bind to nematode tubulin, inhibiting tubu-
lin polymerization, thus preventing the formation of micro-
tubules and so stopping cell division. Impaired uptake of 
glucose, leading to depletion of glycogen and reduced stores 
of ATP, has also been noted (Borgers and De Nollin, 1975; 
Lacey, 1990). This has been hypothesized to be also attribut-
able to the loss of cytoplasmic microtubules. The effect on 
microtubules has been observed in developing helminth 
eggs, where it prevents hatching (Lacey et al., 1987), thus 
explaining the ovicidal effect observed (Van den Bossche et 
al., 1982; Maisonneuve et al., 1985; Lacey et al., 1987). In 
addition, the benzimidazoles have been shown to inhibit 
mitochondrial fumarate reductase that is specific for hel-
minths (Sheth, 1975). The efficacy of albendazole in G. intes
tinalis infections and in some microsporidial infections is 
considered to be due to a similar mechanism of tubulin inhi-
bition (MacDonald et al., 2004), although recent work has 
suggested that the principal action is a result of increased 
oxidative stress, leading to DNA damage (Martínez-Espinosa 
et al., 2015).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Albendazole is only administered orally, either as tablets con-
taining 200 or 400 mg of the drug or as a 2% or 4% suspen-
sion. Dosage regimens depend on the infecting species. The 
maximum recommended dosage in humans, irrespective of 
total body weight, is 800 mg/day in two divided doses for 
most infections, although double this dose has been used for 
the management of microsporidial diarrhea in AIDS (Blan-
shard et al., 1992; Dieterich et al., 1994; Molina et al., 1998; 
Tremoulet et al., 2004).
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4b.  Newborn infants and children

For intestinal helminth infections, no dose adjustment is 
required for children aged 2 years and over; i.e. the same 
dose as used in adults and children. For children between 
1  and 2 years of age, a dose of 200 mg is recommended, 
although data to guide therapy in this age group are limited. 
In the absence of data, treatment of children below the age 
of 1 year is not recommended.

4c.  Pregnant and lactating mothers

Albendazole, in common with most other benzimidazoles, 
has been shown to be teratogenic in animals, although expo-
sure levels, especially with doses normally used for intestinal 
helminths, is considerably greater than in humans. However, 
use in pregnant and potentially pregnant women should be 
avoided unless the benefits outweigh the risk. It should be 
noted that studies of single doses in women in Sierra Leone 
did not show evidence of an increased frequency of fetal 
malformation (Torlesse and Hodges, 2000). It has been sug-
gested that treatments given in the second and third trimes-
ters of pregnancy may be used with care (see section 6a, 
Pregnancy, for more detail).

Although albendazole has been shown to be excreted in 
breast milk, the amounts are likely to be too low to be of clin-
ical significance.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Although there are no clinical data on dose adjustment in 
renal impairment, given the fact that handling of the drug is 
largely by hepatic metabolism, dose adjustment is likely to be 
unnecessary in this setting.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

There is a paucity of data regarding the use of albendazole in 
patients with significant hepatocellular disease. In one study 
of five patients with echinococcosis and significant extrahe-
patic biliary obstruction, both absorption and clearance of 
albendazole and its active metabolite, albendazole sulfoxide, 
were significantly delayed, and Cmax was doubled (Cotting et 
al., 1990).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Albendazole is poorly absorbed in oral administration, with 
perhaps only 5–10% of the drug being absorbed. Due to the 
insolubility and a lack of paranetrial formulation of the drug, 
formal bioavailability studies have not been possible. For the 
treatment of intestinal helminth species, drug absorption is 
not necessary, since albendazole acts directly on the parasites 

in the intestinal lumen. However, for systemic parasites, 
absorption is required and extended treatment is generally 
required to produce sufficient active drug (in this case alben-
dazole sulfoxide, the primary metabolite of albendazole; 
Figure 200.1) for efficacy. Thus, when used to treat systemic 
infection, albendazole acts as a prodrug, with albendazole 
sulfoxide the principal active drug that is analyzed in phar-
macokinetic studies. In humans, albendazole sulfoxide has 
an elimination half-life of 8–12 hours and is moderately 
bound to plasma proteins (70%) (Marriner et al., 1986). It 
is  widely distributed throughout the body and has been 
detected in urine, bile, liver, cyst wall, cyst fluid, and cere-
brospinal fluid (CSF) (Moskopp and Lotterer, 1993). The 
concentration of albendazole sulfoxide in plasma is highly 
correlated with that measurable in liver, lung, and cyst fluid 
(Saimot et al., 1983).

A second metabolite, albendazole sulfone, is also produced 
in vivo, but is inactive. Plasma concentrations of albendazole 
sulfone were below detectable limits (< 0.02 μg/ml) in one 
investigation (Marriner et al., 1986). In two additional stud-
ies, concentrations of albendazole sulfone were detectable 
after single-dose administration. However, maximal concen-
trations were on average only 10–25% of those of albenda-
zole sulfoxide (Guan et al., 1990; Delatour et al., 1991b).

5b.  Drug distribution

Following single oral dose administration in healthy sub-
jects, plasma concentrations of albendazole are negligible or 
below detectable limits (Marriner et al., 1986; Delatour et al., 
1991a). Average maximal plasma concentrations (Cmax) of 
albendazole sulfoxide have ranged from 0.13 to 0.25 μg/ml 
after single oral doses of 400 mg albendazole in healthy sub-
jects when administered in the fasted state (Table 200.1). The 
area under the curve (AUC) for albendazole sulfoxide and 
albendazole sulfone have been compared after single-dose 
administration of albendazole. The mean AUC of albenda-
zole sulfoxide was 7.3-fold higher than that of albendazole 
sulfone (Delatour et al., 1991b). The pharmacokinetic profile 
of the drug in children appears to be similar to that in adults 
(Okelo et al., 1993).

Similar to that reported in healthy subjects, albendazole 
has been rarely detected in plasma of hydatid or neurocystic-
ercosis patients after single and multiple doses (Morris et al., 
1983; Morris et al., 1985; Marriner et al., 1986; Hurtado et 
al., 1989; Cotting et al., 1990; Steiger et al., 1990; Jung et al., 
1992; Sánchez et al., 1993; Valois et al., 1994). Concentrations 
of the sulfone metabolite have generally been below detect-
able levels or negligible (Morris et al., 1985; Marriner et al., 
1986; Cotting et al., 1990, Zeugin et al., 1990). In one study 
in patients with neurocysticercosis, plasma concentrations 
of albendazole sulfone were on average 13% (range 0–45%) 
of those for albendazole sulfoxide (Valois et al., 1994). In an 
additional study in patients with cysticercosis, concentra-
tions of albendazole sulfone were somewhat higher (Guan 
et al., 1990). Average peak concentrations of albendazole 
sulfoxide and albendazole sulfone were 0.401 ± 0.183 and 
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0.220 ± 0.137 μg/ml, respectively, based on mean concentra-
tion–time profiles.

Maximal plasma concentrations of albendazole sulfoxide 
are typically achieved 2–5 hours after oral dosing of alben-
dazole in healthy subjects and in patients being treated for 
hydatid, a disease of neurocysticercosis (see Table 200.1). 
The apparent elimination half-life of albendazole sulfoxide 
is also similar between healthy subjects and patients, with 
mean values ranging from 8 to 12 hours in the majority of 
studies. With few exceptions, the Cmax and AUC values of 
albendazole sulfoxide were similar in healthy subjects and 
adult patients after single oral doses of albendazole. Mean 
albendazole sulfoxide AUC (0–8) values ranged from 2.00 
to 2.78 μg⋅hr/ml in healthy subjects compared with 1.09 
μg⋅hr/ml in patients with hydatid disease following single 
oral doses of 400 mg albendazole (Table 200.1). This differ-
ence is less than the overall variability in AUC, suggesting no 
significant differences between groups. Among patients with 
hydatid disease with evidence of extrahepatic obstruction, 
the absorption and elimination of albendazole is significantly 
prolonged (Cotting et al., 1990). Mean values for albendazole 
sulfoxide tmax and t1/2 in this group were 10 and 31.7 hours, 
respectively (Table 200.1).

The steady-state pharmacokinetics of albendazole sulfox-
ide were examined in patients with neurocysticercosis (n = 
10) after administration of either 5 mg/kg three times daily 
or 7.5 mg/kg twice daily for 7 days (Sánchez et al., 1993). 
Although steady-state trough concentrations of albendazole 
sulfoxide tended to be higher following twice-daily dosing of 
albendazole (range 0.27–2.23 μg/ml) than three times daily 
dosing (range 0.16–1.12 μg/ml), considerable fluctuations 
were noted such that these differences were not significant. 
Although the mean maximal plasma concentration of alben-
dazole sulfoxide with twice-daily dosing was also slightly 
higher (about 13%) than that observed with three times 
daily dosing, significant overlap was noted between regimens 
(Table 200.1).

Considerable variability has been noted in the pharmaco-
kinetics of albendazole sulfoxide, presumably because of its 
poor and erratic oral absorption. The intersubject variability 
(as determined by s.d./mean) was on average 40% (range 
12–75%) for albendazole sulfoxide and variation in Cmax, and 
was higher 70% (range 17–138%) for albendazole sulfoxide 
AUC (Table 200.1). Variable absorption can be further noted 
by the erratic albendazole sulfoxide plasma concentrations 
profile.

Results indicated that the pharmacokinetic profile of 
albendazole sulfoxide has been examined in a crossover 
fashion following administration of suspension and tablet 
formulations of albendazole (Penicaut et al., 1983). The phar-
macokinetic parameters for albendazole sulfoxide were sim-
ilar between formulations (Table 200.1). These results suggest 
that the poor absorption characteristics of albendazole are 
not formulation related.

Dose–proportionality was examined in male onchocer-
ciasis patients between 800 mg (n =18) and 1200 mg (n =14) 

of albendazole (Hoaksey et al., 1991). Albendazole was 
administered for 3 days with a fatty breakfast. Mean values 
for albendazole sulfoxide AUC (0–72) were 14.3 and 20.9 
μg⋅h/ml for the 800- and 1200-mg doses, respectively, indi-
cating approximate proportionality over this dose range.

There were no consistent trends for increasing or decreas-
ing trough plasma concentrations of albendazole sulfoxide 
following 4–5 days of repeat administration of albendazole 
(5 mg/kg three times daily) in patients with brain cysticer-
cosis, suggesting attainment of steady-state conditions (Jung 
et al., 1992). This is consistent with an elimination half-life 
of 8–12 hours. Albendazole sulfoxide crosses the blood–
brain barrier and reaches levels approximately 43% of plasma 
levels (Jung et al., 1990b). The concentrations of albendazole 
sulfoxide in CSF varies as a function of the pharmacokinetics 
of the drug. Other factors, such as age, gender, and intracra-
nial inflammation, do not appear to be significant contribu-
tors to this variability. The high concentrations of albendazole 
sulfoxide attained in CSF likely explains the high efficacy of 
albendazole in the treatment of neurocysticercosis (Sotelo 
and Jung, 1998). However, insufficient data are available to 
estimate a value for the minimum effective concentration.

Initial investigations of the effect of fat on the oral absorp-
tion of albendazole in healthy volunteers showed a 3.5-fold 
increase in albendazole sulfoxide AUC in one subject when 
albendazole was administered with olive oil in milk (Marriner 
et al., 1986). The remaining three subjects showed little 
change. The increased oral absorption with a fatty meal has 
been subsequently verified in two separate studies. Lange et 
al. (1988) studied single-dose pharmacokinetics of albenda-
zole sulfoxide when administered with a high-fat breakfast 
(estimated 40 g fat) compared with the fasted state in hydatid 
disease patients (Lange et al., 1988). Systemic exposure was 
increased when albendazole was administered with a fatty 
meal, with albendazole sulfoxide Cmax, and AUC values on 
average approximately 5-fold higher than the fasted state 
(see Table 200.1). In a subsequent study in healthy Sudanese 
men, a similar effect of fat on absorption of albendazole was 
reported (Homeida et al., 1994). Albendazole sulfoxide Cmax 
and AUC values were 6- to 8-fold higher when albendazole 
was administered with a high-fat breakfast than in the fasted 
state (Table 200.1).

Significant quantities of this metabolite are measurable in 
lung and liver tissues, and in hydatid cyst fluid obtained at 
surgery (Saimot et al., 1983; Morris et al., 1987; Guermouche 
et al., 1988). Cyst concentrations are considerably higher 
than those obtained with mebendazole (Morris and Gould, 
1982). The active metabolite is also excreted in bile (Wen et 
al., 1994).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are few data to directly correlate the clinical activity 
of albendazole with its pharmacokinetic and pharmacody-
namic parameters.
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5d.  Excretion

Urinary excretion appears to be a minor elimination path-
way in humans. Following oral dosing, 0.09–0.88% of the 
dose was recovered in urine as albendazole sulfoxide over 
the initial 24 hours (Marriner et al., 1986). The renal clear-
ance of albendazole sulfoxide was estimated as 8.1 ± 4.5 ml/
min in healthy subjects (Marriner et al., 1986). In a separate 
study in neurocysticercosis patients, albendazole sulfoxide 
renal clearance was similarly low and was, on average, 19 ± 
9.7 ml/min (Sánchez et al., 1993). Albendazole sulfoxide con-
centrations in bile are similar to those achieved in plasma, 
suggesting that this may be the predominant elimination 
pathway (Saimot et al., 1983).

Albendazole is extensively metabolized in the liver, and 
also probably at the level of the gut mucosa (Villaverde et 
al., 1995; Nagy et al., 2002). Albendazole is prochiral and 
undergoes biotransformation in the liver to albendazole 
S  (–) sulfoxide mediated by both flavin monooxygenases 
and cytochromes P450 (principally CYP3A4); production of 
albendazole R (+) sulphoxide is catalyzed by microsomal fla-
vin mixed-function oxidases (el-Amri et al., 1987; Delatour 
et al., 1991b; Moroni et al., 1995; Rawden et al., 2000). This 
metabolic pattern is similar to that observed in cattle, sheep, 
rats, and mice, in which the identities of metabolites in urine 
have been established by nuclear magnetic resonance and 
mass spectrometry after oral administration (Gyurik et al., 
1981).

The proportion of each enantiomer in plasma is species 
dependent, with R (+) albendazole sulfoxide predominating 
in man (Delatour et al., 1990; Delatour et al., 1991a). Studies 
in patients with neurocysticercosis show that albendazole 
R (+) sulfoxide accumulates in CSF in concentrations about 
three times that of albendazole S (–) sulfoxide; the total con-
centration of the enantiomers was approximately 20 times 
higher than those observed for albendazole sulfone (Taka-
yanagui et al., 2002). There are no data regarding the relative 
biologic activity of the enantiomers of albendazole sulfoxide.

Biotransformation of albendazole to albendazole S (–) 
sulfoxide has also been demonstrated in gut epithelium 
(Redondo et al., 1999). Furthermore, this metabolite is 
actively excreted from the enterocyte directly into the intes-
tinal lumen, suggesting that the low bioavailability of alben-
dazole in blood may not be completely due to poor 
absorption. P-glycoprotein, an efflux pump that is encoded 
by the multidrug resistance gene MDR1, shares considerable 
overlap in substrates with CYP3A, and earlier work sug-
gested a direct and specific interaction between benzimidaz-
oles and P-glycoprotein (Nare et al., 1994). However, further 
study indicates that the interaction is probably not clinically 
important for albendazole (Merino et al., 2002).

In a rat liver model, albendazole sulfoxide is oxidatively 
metabolized by CYP2C to albendazole sulfone, an inactive 
metabolite (Souhaili-El Amri et al., 1988a; Souhaili-El Amri 
et al., 1988b). This metabolite has been identified in human 

tissues as well, and the metabolism in human liver is pre-
sumed to be similar. In humans, hydrolysis of the carbamate 
moiety and oxidation of the sulfur atom, the alkyl side chain, 
and the aromatic ring have all been observed to occur. Very 
little of the parent drug is excreted unchanged. Five major 
metabolites have been identified in human urine by thin-
layer chromatography: methyl [5-(propylsulfonyl-1H- 
benzimidazol-2-yl)] carbamate, methyl [6-hydroxy 5-(n- 
propylsulfonyl-1H-benzimidazole -2-yl)] carbamate, methyl 
[5-(n-propylsulfinyl)-1H-benzimidazole-2-yl)] carbamate,  
5-(n-propylsulfonyl)-1H-benzimidazole-2-yl amine, and  
5-(n-propyl-sulfinyl)-1H-benzimidazole-2-yl amine. Other 
hydroxylated sulfated or glucuronidated derivatives have 
also been identified as minor metabolites (Penicaut et al., 
1983).

5e.  Drug interactions

Taking albendazole with a fatty meal increases its absorption 
by 2- to 6-fold (Lange et al., 1988; Awadzi et al., 1994; Nagy 
et al., 2002). This is frequently used as a strategy to increase 
albendazole sulfoxide levels in the treatment of hydatid dis-
ease. The steady-state trough concentration of albendazole 
sulfoxide in blood is increased by, on average, 56% (range 
–9% to 592%) when administered concurrently with 8 mg 
dexamethazone (Jung et al., 1990a), and the Cmax by 2.8-fold 
and the AUC0–∞ by 4.5-fold when administered concurrently 
with praziquantel (Homeida et al., 1994). These data have 
been largely confirmed by Lima et al. (2011) in normal vol-
unteers, while Garcia et al. (2011) found less impact in neu-
rocysticercosis patients who were also taking anticonvulsants 
routinely. The interactions with dexamethazone and with 
praziquantel may be considered beneficial because the drugs 
are commonly co-administered. Although the co-adminis-
tration of cimetidine has been reported to improve the bio-
availability of albendazole approximately twofold in hydatid 
cyst fluid and bile (Wen et al., 1994), more recent work has 
demonstrated that cimetidine does not increase the bioavail-
ability of the drug, as determined by the Cmax of albendazole 
sulfoxide (Schipper et al., 2000). However, cimetidine did 
reduce the significant interindividual variability of the maxi-
mal concentration (Cmax) of albendazole sulfoxide from 
72% to 14%, and significantly inhibited albendazole sulfox-
ide breakdown, as indicated by the prolongation of its elimi-
nation half-life from 7.4 ± 3.3 hours to 19.0 ± 11.7 hours. 
Administration of the drug with grapefruit juice results in an 
increase in Cmax of over threefold (Nagy et al., 2002), an effect 
attributed to the inhibition of CYP3A4 in the gut mucosa. A 
significant reduction in albendazole disposition (AUC and 
Cmax) has been found with longer, but not short term treat-
ment with albendazole in patients receiving ritonavir (Corti 
et al., 2009). Therefore prolonged therapy with full-dose 
albendazole (800 mg/day) may result in reduced efficacy in 
patients also receiving drugs with known effects on the cyto-
chrome P450 system (such as phenytoin and ritonavir).
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6. ADVERSE REACTIONS AND TOXICITY

In mice, oral administration of albendazole produces no 
deaths at the maximum achievable dose of 5 g/kg. In ham-
sters, the oral LD50 is greater than 10 g/kg, whereas in rats it is 
lower at 1.5 g/kg. Repeated high-dose studies have been per-
formed in rats, mice, and dogs, with the toxicities observed 
depending on the species, sex, dose, and duration of treat-
ment. A general weight loss was observed when high doses 
(48 or 168 mg/kg) were administered over 4 weeks to female 
rats. A reduction in size of ovaries was commonly observed, 
and liver weight was seen to increase. In dogs administered 
these dosages, increases in serum alkaline phosphatase 
and bone marrow toxicity evidenced by pancytopenia were 
observed. Likewise, in rodent studies involving long-term 
exposure to albendazole, hepatic and bone marrow toxicity 
have been observed. In rodent studies, albendazole did not 
influence male fertility.

A detailed analysis of the toxicology of albendazole based 
on published data and company files has been published by 
Dayan (2003).

Single-dose or short-course (less than 7 days) albendazole 
therapy in humans is largely without side effects, with the 
overall frequency of side effects attributable to the drug 
reported to be approximately 1% (Horton, 2000). Occas-
ionally, symptoms may arise due to the migration of dying 
Ascaris lumbricoides parasites. Likewise, it is difficult to sep-
arate the occasional gastrointestinal, central nervous system 
(CNS), or allergic symptoms that may be attributable to the 
drug from those due to the death of helminth parasites, with 
subsequent antigen release and immune response. In one 
study of over 700 patients in whom a placebo was compared 
with albendazole, the incidence of side effects was equivalent 
in both groups (Olds et al., 1999). Similarly, in an analysis 
of a large number of studies of combination treatment with 
albendazole and either ivermectin or diethylcarbamazine 
(DEC) for lymphatic filariasis, adverse events associated with 
albendazole alone were very uncommon, whereas side effects 
were seen with the combinations due to death of circulating 
microfilaria, since they were only present in infected patients, 
but not in those without microfilaria (Horton et al., 2000).

More prolonged courses of therapy, as administered for 
cystic and alveolar echinococcosis, have been associated 
with liver function abnormalities and bone marrow toxicity 
(Horton, 2000). This has led to the recommendation that 
when prolonged use is anticipated, the drug should be 
administered in treatment cycles of 28 days on therapy fol-
lowed by 14 days off therapy. This approach to minimizing 
toxicity has recently been questioned, with one investigator 
advocating continuous therapy along with regular monitor-
ing of liver function and blood counts (Reuter et al., 2000). It 
should be recognized that many of the side effects of treat-
ment of large parasitic organisms are the result of damage 
or death of the organisms, resulting in the release of large 
amounts of antigen, and it is likely that much of the toxicity 

seen, for example liver enzyme abnormalities in liver echino-
coccosis, is due to this (Teggi et al., 1995; Teggi et al., 1997). 
Indeed, it has been suggested that increases in liver enzymes 
may be evidence of effective treatment (Junghans et al. 2008).

6a.  Risks in pregnancy

In rats, albendazole and albendazole sulfoxide are embryole-
thal, teratogenic, and fetotoxic at doses above 6 mg/kg/day. 
In rabbits, evidence of teratogenicity is observed at 30 mg/
kg/day (Dayan, 2003). These observations have led to the 
advice that albendazole therapy is contraindicated in preg-
nancy. However, in Sierra Leone, studies of single-dose 
albendazole therapy in pregnant women with hookworm 
infection demonstrated significant improvement in anemia 
and iron status without any observed increase in frequency 
of fetal loss or malformation (Torlesse and Hodges, 2000). 
This has led to a recent re-evaluation of the previous warn-
ing not to use the drug in pregnancy. In contrast, a large clin-
ical study in Uganda examining treatment effects in pregnant 
mothers in the third trimester has raised questions over the 
wisdom of such an approach; benefits such as improved 
response to immunization were not observed, and there 
was an increased incidence of atopic eczema (Ndibazza et 
al., 2012). In a review of 49 cases of albendazole administra-
tion to women in the first trimester of pregnancy, no cases of 
congenital abnormalities were reported (Bradley and Horton, 
2001). In the two cases studied in which neonatal death 
ensued, the deaths were not considered likely attributable to 
the albendazole exposure. Despite these observations, pru-
dence should be observed in the administration of this drug 
to pregnant or potentially pregnant females, especially in the 
first trimester, unless the benefit significantly outweighs the 
potential and not accurately quantified risk.

Although albendazole metabolites can be detected in 
breast milk following standard therapeutic doses, these are 
considered to be too low to be of clinical importance (Abdel-
tawab et al. (2009).

7. CLINICAL USES OF THE DRUG

Albendazole is generally considered to be the treatment of 
choice for single and mixed infections with the common 
intestinal nematodes. In the following sections, clinical trials 
are referred to where data are available for individual patients 
before and after treatment. Details of the publications and 
the findings summarized below may be found in Horton 
(2000). More recently, a large number of studies have been 
reported of treatments in communities where clearly defined 
individual pre- and post-treatment data are not given. 
Despite this, the general findings for communities generally 
match those of the clinical trials.

In contrast to intestinal infections, the treatment of sys-
temic infections with parasitic nematodes, cestodes, and tre-
matodes is more problematic. In the case of albendazole, the 
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active moiety is albendazole sulfoxide, which results from 
metabolism of the parent following absorption. For several 
conditions, and for several reasons, extended dosage regi-
mens are required. These include the limited bioavailability 
of the drug and relatively poor penetration of further barri-
ers, such as cyst walls or the blood–brain barrier.

The clinical uses of albendazole are summarized in Table 
200.2. Albendazole and mebendazole have been compared 
in 12 studies of the treatment of intestinal infections. Alben-
dazole was used in 11 of these studies at the recommended 
400-mg single dose, whereas mebendazole was used either as 
a single 500-mg dose or at 200 mg daily for 3 days. Overall, 
albendazole appears more effective for Ascaris and hook-
worm, but the 3-day dosing with mebendazole is probably 
more effective for curing Trichuris infections. The efficacy 
of albendazole was substantially better against Necator infec-
tions, as has been suggested by Holzer and Frey (1987).

7a.  Hookworm

Sixty-eight studies report treatment results for the two hook-
worm species in 6272 subjects using a single dose of 400 mg 
albendazole. Overall, a mean cure rate of 77.7% with an egg 
reduction rate of 87.8% is apparent. Separation of the two 
species (where the information was provided) showed that 
efficacy in Ancylostoma infections (cure rate 538/586; 91.8%) 
was better than in Necator americanus (cure rate 2606/3547; 
75.0%). This differential efficacy has been reported with other 
anthelmintic agents.

Twenty of the above studies report solely on 1699 children 
between 2 and 15 years of age, 1152 of whom were cured 
(67.8%). Further examination of this lower efficacy in chil-
dren shows that although efficacy is similar for Ancylostoma 

infections (adult 91.7% [455/496]; children 90.8% [69/76]), 
there is an age differential with Necator infections, the cure 
rate being 80.9% (1604/1983) in adults compared with only 
67.0% (1022/1525) in children. In children under 2 years of 
age, two studies, both using a single 200-mg dose of alben-
dazole, are reported, with a cure rate of 84.1% (53/63). 
Hookworm (Necator) infection in young children is uncom-
mon, and low intensities of infection are usually encoun-
tered. Although complete cure was not necessarily achieved, 
substantial reduction in egg count was observed. In older 
children and adults, results are significantly inferior using a 
200-mg dose. Studies in infected volunteers suggest that 400 
mg twice daily for several days may kill migrating Necator 
larvae (Cline et al., 1984). For doses other than that currently 
recommended, it can be seen that in general, an increase 
in duration in dosing from 1 day to 3 days provides some 
increase in efficacy, particularly with Necator, whereas in- 
crease in number of doses or total dose on a single day has a 
less pronounced effect.

Despite the widespread use of benzimidazole anthelmintics 
in mass treatment programs for soil-transmitted helminths 
and lymphatic filariasis, there appears to be little evidence for 
deteriorating efficacy, with high cure rates and egg reduction 
rates being reported.

7b.  Trichuriasis

Fifty-seven studies involving 4301 patients with Trichuris 
trichiura infection have been reported using a single 400-mg 
dose of albendazole. Twenty-one of these, with 1930 patients, 
involved only children. Overall, 2050 patients (47.7%) were 
cured at follow-up, normally at 14 or 21 days or greater. The 
overall egg reduction rate in those not cured was 75.4%. In 

Table 200.2. Summary of accepted/approved doses and durations of albendazole for the treatment of various helminth and protozoan 
species.

Condition Usual daily dose Duration

Ascaris, hookworm, Trichuris, Enterobius 400 mg 1 day

Strongyloides, Taenia, Hymenolepsis 400 mg 3 days

Clonorchis 400 mg 7 days

Cutaneous larva migrans (animal hookworms) 400 mg 1–3 to 7 days

Echinococcus granulosus 400 mg × 2 28 days in cycles or continuous for 3 months or more

Echinococcus multilocularis 400 mg × 2 Continuous

Taenia solium cysticercosis 400 mg × 2 7–14 (–30) days

Capillaria philippinensis (P. hepatica) 400 mg 10 days

Gnathostoma spinigerum 400 mg 10–14 days

Trichinella 400–800 mg 7–14 days

Toxocara canis 400 mg 14–21 days

Loa loa 400 mg × 2 3–21 days

Mansonella perstans 400 mg × 2 10 days

Onchocerca volvulus 400 mg 3–7 days

Filaria: Wuchereraria bancrofti, Brugia malayi 400 mg 1 day in combination with DEC or ivermectin

Giardia 400 mg 5 days

Microsporidia: Encephalitozoon intestinalis, 
E. cuniculi, and other species

800 mg or greater 14 days (Encephalitozoon type microsporidia) to continuous 
(Enterocytozoon bieneusi) dependent on species
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all, 539/1930 (27.9%) of the children were cured by a single 
dose compared with 1477/2371 (62.3%) of adults.

There is some evidence that increasing the doses, and par-
ticularly using longer dosing regimens (e.g. increasing treat-
ment duration from 1 to 3 days), results in increased efficacy. 
Unlike some other infections, however, this effect is not as 
pronounced, and is probably influenced more by the inten-
sity of infection. The disparity between adults and children 
in efficacy is pronounced, as the most intense and problem-
atic infections are seen in the 5–15 year cohort. The poor effi-
cacy of albendazole against Trichuris is a cause for concern, 
and recent evidence suggests that this may be selecting for 
increased frequency of resistant genotypes (Diawara et al., 
2013) due to mass daily administration. 

7c.  Ascariasis

Sixty-four studies, including 5127 patients with A. lumbri
coides infection, have been reported using a single 400-mg 
dose of albendazole, including 17 studies with 2118 children 
between 2 and 15 years included. Cures at 14–21 days or 
more were recorded from 4848 patients (94.6%), with an egg 
reduction rate of 98.6% among those not cured. In the pedi-
atric group, 2024 (95.6%) were cured. With regimens other 
than a single dose of 400 mg, the effect of increasing the dose 
or duration of treatment is not pronounced because of the 
high efficacy of the recommended single dose and the very 
high egg reduction rate. In children, particularly those under 
2 years of age (Pamba et al., 1987), a single dose of 200 mg 
is likewise highly effective. While it appears that globally 
Ascaris remains very sensitive to albendazole, there are 
reports of locations where it seems relatively ineffective 
(Cabada et al., 2014), despite it remaining highly effective 
in areas close by.

7d.  Enterobiasis

Studies in which the appropriate diagnostic test—the “Scotch 
tape test”—to examine perianal skin for eggs of Enterobius 
vermicularis, are somewhat limited in number and size. This 
infection is most commonly encountered in young children, 
with adults rarely affected, and this group is less commonly 
investigated. Twenty-seven studies recorded data on the 
treatment of E. vermicularis in 903 patients. Cure was 
recorded in 883 patients (97.8%) with a single 400-mg dose 
of albendazole.

7e.  Strongyloidiasis

The recommended dose of albendazole for Strongyloides ster
coralis infection is 400 mg daily for 3 days (Chitchang et al., 
1984; Archibald et al., 1993; Liu and Weller, 1993; Beeching 
and Gill, 1995). Diagnosis, and therefore proof of cure, is 
problematic in this infection as infective larvae may be pres-
ent in only low numbers in stool, requiring repeated use of 
a coproculture method (such as the agar plate method) or 
specific concentration method (the Baermann method) to 

reliably diagnose infection. Nineteen studies, including 479 
patients, are reported using this 3-day dosing regimen. Cures 
were seen in 298 patients (62.2%) at 14–21 days post treat-
ment. A number of other regimens have been tested, mostly 
with multiple day dosing. Although a single 400-mg dose has 
been reported to be effective in several studies (69.3% cure), 
follow-up in several of these studies was short, and the para-
sitologic methods were generally not appropriate for evalu-
ation of strongyloidiasis. Today, ivermectin is considered 
to  be the treatment of choice for single infections with 
Strongyloides (Liu and Weller, 1993; Datry et al., 1994), with 
single doses being substantially more effective than even a 
7-day course of albendazole (Suputtamongkol et al., 2011). 
However, if treatment of multiple intestinal helminth infec-
tions is required, especially if hookworm is included, alben-
dazole should be used in addition.

7f.  Hymenolepsiasis

Hymenolepis nana is principally an infection of young chil-
dren, and is normally treated with an anticestode drug such 
as praziquantel. Unlike Taenia infections, eggs rather than 
proglottids are detected in stools, and therefore a prolonged 
follow-up is not required. Two hundred and seventy-seven 
cases in 11 studies are reported, of whom 190 (69.5%) were 
apparently cured by albendazole 400 mg daily for 3 days. 
Two studies report substantial egg reductions in those not 
cured. It is unclear from the reported studies whether com-
plete cure was achieved, as follow-up was short (Chitchang et 
al., 1984). Shorter courses, particularly 400-mg single-dose, 
do not appear to produce a significant cure rate.

7g.  Taeniasis (Taenia solium and Taenia 
saginata)

Treatment with albendazole 400 mg for 3 days is reported 
from seven studies and 131 patients, 111 (84.7%) of whom 
were cured. However, only three studies report follow-up at 
sufficient durations, i.e. 2–3 months, to permit the demon-
stration of proglottids rather than eggs in the stools of 
patients not cured by the treatment. In these studies (Jagota, 
1986; De Kaminsky, 1991), 91/109 (83.5%) of subjects were 
cured. With single 400-mg doses, a lower cure rate (64.8%) 
was achieved overall. In the three studies with extended 
 follow-up, the cure rate was 68.2%. In the single study using 
an 800-mg single dose, cure was achieved in 86.5%, but 
 follow-up was only for 1 month. Although the usual single- 
dose administration usually used in mass drug administra-
tion campaigns would be unlikely to impact significantly on 
Taenia prevalence in highly endemic communities, a 3-day 
regimen repeated three times resulted in elimination within 
an affected village (Ash et al., 2015).

7h.  Neurocystercercosis

Cysticercosis is caused by infection with the larval stage of 
the pork tapeworm T. solium through ingestion of eggs, 
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whereas ingestion of larval cysticerci leads to intestinal tape-
worm infection. Albendazole has been shown to be effective 
in the treatment of adult T. solium in the intestine. Although 
the efficacy of albendazole against isolated T. solium cystic-
erci has not been demonstrated, and there is a paucity of data 
on its effect on cysts in the only animal host, the pig, available 
human clinical data indicate that it is effective in human cys-
ticercosis. There is an extensive literature on the use of alben-
dazole for the treatment of neurocysticercosis to support its 
use for this indication. In initial studies, the regimen used in 
ecchinococcosis—400 mg twice-daily for 28 days in a single 
cycle—was shown to be highly effective (Escobedo et al., 
1987). Subsequently, investigators reduced the dose duration 
to 7 days without loss of efficacy (Verdugo, 1991; Cruz et al., 
1995; Garcia et al., 1997; Mehta et al., 1998; Del Brutto et al., 
1999). Although attempts have been made to reduce this still 
further, and some data exist to support efficacy, a 1-week 
course is now generally used for uncomplicated neurocystic-
ercosis with single or multiple cysts. Dexamethazone is gen-
erally co-administered to suppress the local inflammation 
caused by death of the parasite. In cases of racemose cystic-
ercosis or giant cerebral cysts, a longer course of treatment is 
required (Del Brutto and Sotelo, 1990; Del Brutto, 1999). It 
has been further shown that treatment reduces the long-term 
risk of seizure (a frequent problem in the post-treatment 
period), and enables the reduction of antiepileptic treatment 
in those initially presenting with epilepsy (Garcia et al., 
1997). There remains controversy over whether single cysts 
should be treated, since these may spontaneously die over 
time (Lowalekar, 1992; Baranwal et al., 1998; Garg and Nag, 
1998; Garg et al., 2000; Singhi et al., 2000). The balance of 
opinion is now that treatment is unnecessary for cysts that 
enhance on contrast-enhanced computerized tomography 
(i.e. have inflammation around them and are therefore 
dying), but non-enhancing lesions should be treated, as they 
can be destroyed under controlled conditions.

Response to treatment with albendazole is variable, and in 
patients with multiple cysts some may disappear while oth-
ers remain. Overall, about 60% of cysts resolve but they may 
leave residual scarring, resulting in seizures. Combinations 
of albendazole and praziquantel have been investigated on 
the basis that they act in different ways (Garcia et al., 2014). 
Complete resolution at 6 months was seen in 64% of patients 
following 10 days combined treatment compared with 37% 
who received albendazole 15 mg/day.

7i.  Chlonorchiasis

Opisthorchis viverrini is confined to Southeast Asia, where 
substantial numbers of the rural population may be infected. 
Doses of 400 mg bid for 3–7 days were found to be effective 
in reducing egg counts substantially and eliminating infec-
tion of the population (Chen et al., 1984; Pungpark et al., 
1984). In vivo studies of efficacy against Clonorchis sinensis in 
rats and dogs has shown that albendazole markedly reduces 
worm burden (Liu et al., 1991). Clinical experience using 
3- and 7-day regimens showed that the 7-day regimen was 

more effective in producing complete cure, although egg 
reduction was pronounced (> 90%) at the lower dose. How-
ever, studies have shown variable efficacy (Rossignol and 
Maisonneuve, 1984; Cao et al., 1985).

7j.  Cutaneous larva migrans

This clinical syndrome covers infection of the subdermal 
tissues with the larvae of animal hookworms, most notably 
Ancylostoma braziliense, Ancylostoma caninum, and Uncinaria 
stenocephala. Although the condition is fairly common in 
tropical countries and in returning tourists, the infecting 
species is rarely identified. Albendazole has been shown to 
be effective in eliminating the infection following oral dosing 
with 400 mg as a single dose for 3–5 days (Jones et al., 1990; 
Marangi et al., 1990; Orihuela and Torres, 1990; Davies et al., 
1993). Some authors suggest that even a single dose may be 
effective (Torres et al., 1989), whereas others report that a 
longer course of treatment (400 mg daily for 7 days) is neces-
sary in complicated and more extensive cases (Veraldi and 
Rizzitelli, 1999; Veraldi et al., (2012). A comparative study by 
Caumes et al. (1993) of single-dose albendazole versus iver-
mectin suggested that ivermectin was much more effective. 
Symptoms resembling cutaneous larva migrans may also 
occur in hookworm (Necator and Ancylostoma) and in stron-
gyloidiasis when larvae penetrate skin (ground itch). Cline 
et al. (1984) demonstrated that albendazole shows efficacy 
against migrating larvae of Necator americanus.

7k.  Echinococcosis

CYSTIC ECHINOCOCCOSIS

Evidence of the efficacy of albendazole in cystic hydatid dis-
ease has accrued over many years, beginning with the origi-
nal descriptions of successful treatment (Morris et al., 1983; 
Saimot et al., 1983; Gil-Grande et al., 1993; Nahmias et al., 
1994). Nevertheless, guidelines for use of the drug for this 
condition are based on a number of small clinical studies, 
most of which are uncontrolled. In general, doses of 400 mg 
twice daily have been shown to be effective when continued 
for a period of 3 months or more (Gil-Grande et al., 1993). In 
most studies, treatment has been given in cycles of 28 days, 
with a 14-day break between cycles. The rationale for this 
dose regime arose from initial uncertainty of the safety of 
albendazole given continuously when the first studies were 
designed. This has remained the standard approach, although 
with increased experience there is less concern over continu-
ous treatment, and several specialist centers now use contin-
uous treatment without major problems (Teggi et al., 1993). 
The most common side effects encountered have been tran-
sient liver function abnormalities in up to 20% of cases, and 
alopecia (5%). The abnormalities in liver function tests may 
be due, in part or whole, to local reactions resulting from the 
death of the parasite (Teggi et al., 1995; Teggi et al., 1997). 
However, reports of significant hepatotoxicity suggest a 
direct drug effect as well (Morris and Smith, 1987). Rarely, 
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bone marrow toxicity has been observed. Details of the clin-
ical evidence has been reviewed in detail by Horton (1989); 
Horton (1997), and more recently by Junghans et al. (2008).

Four large studies have reported comparative efficacy of 
albendazole therapy for hydatid disease with a significant 
number of patients (Davis et al., 1986; Davis et al., 1989; 
Issacs et al., 1987; Todorov et al., 1992; Teggi et al., 1993). 
Overall response to albendazole has been 75.5% compared 
with 58.2% in patients receiving mebendazole. This response 
was achieved using a substantially lower daily dose and 
much shorter duration of treatment. In terms of individual 
cyst response, 72.3% of 665 cysts were recorded to have 
improved, with 48.1% disappearing; improvement was noted 
in 57.6% of 516 cysts treated with mebendazole, with 27.9% 
disappearing.

Albendazole treatment is recommended as part of any 
intervention, whether surgical or using direct endoscopic 
approaches to cyst treatment (puncture, aspiration, injec-
tion, reaspiration [PAIR] or variants) by the WHO Informal 
Working Group on Echinococcosis in addition to simple 
chemotherapy, based on MRI classification (WHO-IWGE, 
2003; Junghans et al., 2008; Brunetti et al., 2010).

ALVEOLAR ECHINOCOCCOSIS

Alveolar echinococcosis is a much rarer condition in 
humans, occurring principally in isolated pockets in north-
ern temperate zones and limited by the zoonotic vectors 
(foxes) and natural hosts (voles). There is some evidence that 
the range is extending, especially in Europe (Deplazes, 2006). 
Notwithstanding the rarity of this condition, and thus the 
limited human treatment experience, a number of small 
studies indicate that albendazole, when given for prolonged 
periods, is potentially effective (Liu et al., 2009; Breson-
Hadni et al., 2000). Available evidence indicates that alben-
dazole is only parasitostatic in most cases, and actual cure 
is uncommon. It has therefore been suggested that in most 
cases, and in the absence of toxicity, treatment should be 
lifelong. The regimen most often used is the same as for cys-
tic echinococcosis but, as the condition left untreated is 
lethal, continuous treatment without breaks is recommended 
(Meilinger et al., 2013). As a result of the use of albendazole 
together with surgical intervention (Kadry et al., 2005), the 
5- and 10-year survival rates have improved substantially in 
the last two decades (Amman et al., 1999).

7l.  Capillariasis

Capillaria philippinensis infection was formerly a cause of 
outbreaks of severe, sometimes lethal, intestinal infections 
in Southeast Asian island communities. It has become rarer 
in recent years. The only formal study conducted in the 
Philippines showed albendazole to be effective at a dose of 
400 mg daily for 10 days in 15 of 16 patients (Cross and 
Basaca-Sevilla, 1987). Other case reports confirm the efficacy 
(Bhaibulaya and Kobwanthanakan, 1984; Chichino et al., 
1992; Austin et al., 1999, and more recently Bair et al., 2004). 
Although the activity of the drug against the geographically 

more widespread C. hepatica has not been formally estab-
lished in clinical trials, albendazole has been shown to signifi-
cantly reduce egg production in mice (Markus and Cheetham, 
1985). A single case report from Brazil suggests that similar 
dose regimens may be effective in human infection (Sawa-
mura et al., 1999).

7m.  Gnathostomiasis

Man is an end-stage host for this zoonotic infection. 
Although originally considered to be confined to Southeast 
Asia and to a small focus in Latin America, sporadic reports 
of Gnathostoma spinigerum infection indicate that it is far 
more widespread and can occur anywhere if raw or partially 
cooked freshwater fish is consumed. The migrating larvae 
can cause severe, sometimes lethal, damage to organs. 
Albendazole was the first drug demonstrated to be effective 
in clinical disease (Kraivichian et al., 1992; Suntharasamai et 
al., 1992; Houston, 1994; Jelinek et al., 1994; Vargas et al., 
1998). The dose used ranges from 400 mg daily for 10 days to 
800 mg for 21 days. More recently, studies of the comparative 
efficacy of albendazole and ivermectin have been reported 
(Kraivichian et al., 2004; Nontasut et al., 2005). Doses of 
albendazole 400 mg twice daily for 21 days and ivermectin 
0.2 mg/kg for 2 days led to different results in these two stud-
ies, although both drugs were effective. Given the simpler 
dosage regimen, ivermectin is probably to be preferred if it 
is available.

7n.  Trichinosis

Trichinella spiralis is a larval nematode infection in man and 
animals resulting from autoinfection from adults in the 
intestine invading the body and encysting in the muscles. 
Infection in man results from ingestion of meat containing 
larvae. It is uncommon but is worldwide in distribution. 
Because meat inspection is generally effective, it is rare, 
and clinical studies of outbreaks are few (Jongwutiwes et al., 
1998). However, in a study undertaken in Poland (Kociecka 
et al., 1989), albendazole administered in a dose regimen 
of  800 mg for 6 days was effective in over 90% of cases. 
Importantly, both intestinal adults and the migrating larvae 
that are responsible for symptoms were eliminated. A com-
parative study by Fourestie et al. (1988) suggested that longer 
duration of treatment was more effective. Since then, there 
have been several reports of outbreaks where albendazole 
400 mg twice-daily has been successfully used, such as in 
Canada (Schellenberg et al., 2003), China (Wang et al., 1998) 
and most recently in Korea (Jeong et al., 2015). Albendazole 
had similar efficacy to thiabendazole for trichinosis in one 
French study, but was preferred because of its lower rate of 
side effects (Cabie et al., 1996). Albendazole is usually given 
with prednisolone, which substantially improves the muscu-
lar pain associated with encysting larvae. In outbreaks where 
contaminated meat sources are identified, all who have con-
sumed the meat should be treated, irrespective of symptoms. 
(Faber et al., 2015).
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A single case of T. pseudospiralis treated effectively with 
albendazole has been reported (Andrews et al., 1994). There 
have been outbreaks due to other Trichinella species in recent 
years where benzimidazoles have been used to good effect 
(Schellenberg et al., 2003; Akkoc et al., 2009).

7o.  Toxocariasis

Infection with this zoonotic ascarid nematode parasite 
results in the so-called visceral larva migrans syndrome in 
man. It is often only when vital organs are involved that 
infection becomes apparent; thus asymptomatic infections 
are common throughout the world. The most common clin-
ical syndrome is blindness due to invasion of the eye. In 
addition, it is one cause of unexplained eosinophilia and 
weight loss. In a comparative study of albendazole and thia-
bendazole, albendazole (15 mg/kg [approximately 400 mg] 
twice daily for 5 days) was shown to be of equivalent efficacy, 
whereas reduction in eosinophilia (a measure of active 
infection) in the group receiving albendazole was superior to 
thiabendazole (Sturchler et al., 1989). Similar results were 
reported in an open study by Delgado (1988). Most of the 
lietature consists of more complex cases which have con-
firmed the clinical activity of albendazole for treatment of 
this infection (Scaglia et al., 1989; Bhatia and Sarin, 1994; 
Carles et al., 1994; Van Laethem et al., 1994; Barisani-
Asenbauer et al., 2001). Recently, one center in Belgium has 
reviewed all their cases accumulated over a 13-year period 
and found that a 5-day treatment was generally sufficient 
except in complicated neurological cases (Van Den Broucke 
et al., 2015).

7p.  Loiasis

Loa loa (eye worm) infection is encountered mainly in cen-
tral and west Africa and has become a problem in the man-
agement of lymphatic filariasis due to occasional but severe 
CNS reactions when ivermectin is used (Gardon et al., 1997). 
Albendazole has been shown to be effective in the treatment 
of loiasis using doses of 400–800 mg daily in divided doses 
for 3–7 days (Klion et al., 1993; Klion et al., 1999; Tsague-
Dongmo et al., 2002; Tabi et al., 2004). Because the reactions 
to ivermectin occur in patients with very high microfilarial 
loads (> 30,000 mf/ml), albendazole mass treatment has been 
proposed to reduce the heavy burdens (Pion et al., 2015). 

7q.  Mansonellosis

Infections with Mansonella perstans are generally asymp-
tomatic, but are encountered in Africa and South America 
as a chance finding. Although data are limited, albendazole 
in a dose of 400 mg twice daily for 7 days appears to show 
efficacy against the adult worms but not against microfilariae 
(Sanguigni et al., 1990; Van den Enden et al., 1992; Lipani 
et  al., 1997; Duong et al., 1998). A comparative study of 
albendazole, ivermectin, and the combination suggested that 
neither drug alone had any effect on microfilaria, but the 

combination produced a reduction (Asio et al., 2009a; Asio 
et al., 2009b). Thus, long-term follow-up, as with all filarial 
diseases, is needed to document an effect (Horton, 1998).

7r.  Onchocerciasis

Onchocerca volvulus, the cause of “river blindness,” is preva-
lent across a large part of West Africa; ivermectin is the treat-
ment of choice. Although the use of albendazole as a single 
dose has been shown to be ineffective as a microfilaricide, 
multiple doses do affect the adult worms, causing reduction 
in the production of microfilaria through a partial sterilizing 
effect (Cline et al., 1992; Awadzi et al., 1995). Although the 
use of albendazole is not recommended for the treatment of 
single infection, the sterilizing effect may be synergistic in 
control areas, particularly if ivermectin resistance becomes 
a clinically significant problem (see Chapter 204, Ivermectin 
and moxidectin).

7s.  Lymphatic filariasis

Albendazole has been investigated as a potential macrofilari-
cide against the filarial species causing lymphatic filariasis 
(mainly Wucheraria bancrofti in Africa and Brugia malayi in 
Southeast Asia). Although studies in animal models were not 
promising, a clinical study in Sri Lanka showed that although 
albendazole had little effect on microfilaremia, patients 
exhibited symptoms similar to those seen with DEC, and 
microfilaria levels fell slowly over many months (Barduagni 
et al., 1991; Jayakody et al., 1993), suggesting an effect on the 
adult worms. Therefore, although albendazole might not be 
used alone for the treatment of lymphatic filariasis in pa-
tients, it was considered to be a useful partner for the exist-
ing microfilaricidal drugs, ivermectin and DEC. Subsequent 
work demonstrated that even with single 400-mg doses, the 
microfilarial load fell with time, and when combined with 
either ivermectin or DEC, synergism was apparent, with 
absence of microfilariae over periods of a year or more 
(Ismail et al., 1998; Ismail et al., 2001). Further studies 
(Addiss et al., 1997; Dunyo et al., 2000) confirmed this, and 
analysis of the adverse effects in many studies showed that 
the combination was safe, with no additional morbidity 
resulting from the addition of a second drug (Horton et al., 
2000). Furthermore, the addition of ivermectin to alben-
dazole improved the efficacy against Trichuris and other gut 
nematodes, providing an additional benefit (Beach et al., 
1999; Belizario et al., 2003). Although albendazole is not 
considered to be an effective treatment for Wucheraria or 
Brugia on its own, it is now used extensively in combination 
with ivermectin in Africa, and DEC elsewhere in public 
health programs for the control of lymphatic filariasis world-
wide (Ottesen et al., 1999). In a Cochrane review (Critchley et 
al., 2005), it was concluded that there is insufficient evidence 
to confirm or refute whether albendazole co-administered 
with DEC or ivermectin is more effective than DEC or iver-
mectin alone in clearing microfilariae or killing adult worms. 
The authors further concluded that although albendazole 
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combined with ivermectin appears to have a small effect on 
clearance of microfilaremia, this observation has not been 
consistently demonstrated in published clinical trials. Despite 
this, there is widespread evidence from countries imple-
menting lymphatic filariasis control programs that multiple 
rounds of mass treatment have reduced the prevalence of the 
infection (Rebollo and Bockarie, 2013). Importantly, there is 
evidence that combination treatment can potentially reverse 
lymphatic damage caused by B. malayi infection (Shenoy et 
al., 2009), and that higher doses of albendazole in combina-
tion with either DEC or ivermectin can eliminate adult worm 
nests in the lymphatics (Kar et al., 2015).

7t.  Giardiasis

Despite being used principally for helminth parasites, the 
excellent safety profile of albendazole has led investigators 
to look at other parasitic diseases, including those caused by 
protozoa. Although albendazole has been shown to have 
little or no efficacy in the majority (e.g. malaria, amebiasis, 
toxoplasmosis, cryptosporidiosis), it has been shown to be 
clinically effective in giardiasis and microsporidiosis.

Clinical studies suggested that albendazole might be effec-
tive against Giardia infections because the parasites con-
tained giardins, proteins analogous to tubulin (Zhong et al., 
1986). In vitro studies (Edlind et al., 1990; Meloni et al., 1990; 
Morgan et al., 1993) showed that albendazole was some 15- 
to 30-fold more potent than metronidazole and tinidazole, 
and appeared to be giardiacidal rather than giardiastatic 
in  its action. This activity was confirmed first in mice 
(Reynoldson et al., 1991) and then in man (Hall and Nahar, 
1994; Dutta et al., 1994; Misra et al., 1995; Reynoldson et al., 
1998). Clinical studies have shown that the anti-giardia effect 
of albendazole is dose related. The recommended dose is 
400 mg for 5 days, although longer courses may be required 
(Alizadeh et al., 2006; Karabay et al., 2004). It appears to be 
more effective in children and in patients in areas where 
Giardia is common, and therefore they would be expected 
to have some level of immunity. In travelers from devel-
oped countries, the efficacy appears to be more variable. 
Solaymani-Mohammadi et al. (2010) conducted a meta- 
analysis of efficacy and safety of albendazole and metronida-
zole in Giardia infections and concluded that while both 
were equivalently effective, albendazole was to be preferred 
on grounds of better tolerance and ease of use.

7u.  Microsporidiosis

Microsporidial diarrhea caused by Enterocytozoon bieneusi 
was originally described in AIDS patients, and efficacy of 
albendazole was reported in a case series by Blanshard et al. 
(1992). Later clinical trials and reports disputed this effect, 
and it was only when another microsporidian, Encephalito
zoon (Septata) intestinalis, was described that it became clear 
that it was probably this species that gave rise to the original 
report. It has since been shown that albendazole 400 mg 
twice daily is effective treatment for infection with this species 

(Molina et al., 1998), as it is for microsporidian species other 
than E. bieneusi. Treatment of infection with the latter spe-
cies remains problematic, although high-dose chronic alben-
dazole may keep the diarrhea under control. Albendazole is 
also effective at a dose of 15 mg/kg twice daily in immuno-
competent children with microsporidian diarrhea (Tremoulet 
et al., 2004) and in adults with chronic traveler’s diarrhea 
(Wichro et al., 2005).
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1. DESCRIPTION

Mebendazole is a benzimidazole carbamate anthelmintic, 
originally synthesized by Janssen Pharmaceutica Research 
Laboratories in Belgium. It was initially developed as a vet-
erinary anthelmintic but was subsequently registered for 
human use. It is currently marketed as Vermox by Johnson 
and Johnson, although a large number of generic products 
whose bioequivalence seems to be variable are available, 
especially in developing countries.

Mebendazole is a white to slightly yellow, odorless pow-
der stable at ambient temperatures, insoluble in water, alco-
hol, or chloroform, but soluble in dimethyl sulfoxide, acetic 
and formic acids, and strong aqueous acids and bases. It has 
the chemical formula methyl 5-benzoyl-1H-benzimidazol- 
2-ylcarbamate (C19H13N3-O3), with a molecular weight of 
295.3. The molecular structure of mebendazole is shown in 
Figure 201.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Unlike bacteria and fungi, and some protozoa, in vitro sus-
ceptibility testing is not possible for metazoan parasites. 
These are generally impossible to culture in vitro, and activ-
ities have been arrived at by empirical testing in vivo in 
humans or by extrapolation from related veterinary species. 
Mebendazole has a broad spectrum of activity, being effec- 
tive against most human nematode and cestode parasite 
species, but is less active against trematode species. It has 

also been shown to have activity in giardiasis, although the 
evidence is conflicting.

2b.  Emerging resistance and 
cross-resistance

In the only published report of resistance in humans, a place-
bo-controlled randomized trial conducted in Mali among 
103 subjects with hookworm infection (Necator americanas), 
a single dose (500 mg) of mebendazole did not reduce par-
asite burdens as greatly as has been reported elsewhere 
(DeClercq et al., 1997). An egg hatch assay performed on 
clinical isolates of N. americanus from this site demonstrated 
that they were more resistant to benzimidazoles than to a 
laboratory-maintained strain that had not been exposed to 
anthelmintics. Although some methodologic weaknesses in 
this study have been raised (Geerts et al., 1997), the wide-
spread nature of benzimidazole resistance in livestock high-
lights the importance of this issue. Since the number of 
people exposed to benzimidazoles globally has been increas-
ing in recent years through a number of control programs, 
there is concern that a situation similar to that in livestock 
will occur in which resistance of gut nematodes becomes 
widespread. A better case can be made for increasing levels 
of mebendazole resistance in the heavily treated area of 
Pemba Island, Tanzania, where there is some evidence of 
reduced efficacy of benzimidazoles (especially mebendazole) 
against hookworm (Albonico et al., 2002; Albonico et al., 
2003). Work by Schwab et al. (2005) has suggested that where 
benzimidazoles have been used extensively in human popu-
lations, such as in the lymphatic filariasis control programs, 
there is evidence of an increased frequency of resistant alleles 
of the beta-tubulin gene. Although this finding does not 
represent conclusive evidence of resistance, such mutations 
would confirm clinical evidence of resistance.

3. MECHANISM OF DRUG ACTION

A common mode of action for all benzimidazoles has been 
proposed, based on an interaction with beta-tubulin. The Figure 201.1. Molecular structure of mebendazole.
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drugs selectively bind to nematode tubulin, inhibiting tubu-
lin polymerization, thus preventing the formation of micro-
tubules and so stopping cell division. Impaired uptake of 
glucose, leading to depletion of glycogen and reduced stores 
of ATP, has also been noted (Lacey, 1990; Borgers and De 
Nollin, 1975), which has been hypothesized to be also attrib-
utable to the loss of cytoplasmic microtubules. The effect 
on microtubules has been observed in developing helminth 
eggs, where it prevents hatching (Lacey et al., 1987), thus 
explaining the observed ovicidal effect of benzimidazoles 
(Van den Bossche et al., 1982; Maisonneuve et al., 1985; 
Lacey et al., 1987). The benzimidazoles have been shown 
to also inhibit the mitochondrial fumarate reductase that is 
specific for helminths (Sheth, 1975).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Mebendazole is available as tablets containing either 100 or 
500 mg of the drug. The most widely investigated regimens 
use the 100-mg tablet, which is usually given twice daily for 
3 days. However, there is no clear rationale for this regimen, 
and it is generally considered that for gastrointestinal nema-
tode infections, a single dose is preferable, especially because 
benzimidazole anthelmintics are being used increasingly in 
mass treatment campaigns. Further work has shown that a 
single 500-mg dose is effective against the common gastro-
intestinal nematodes. These regimens are used in both adults 
and children (≤ 2 years) without any dosage adjustment. The 
tablets may be chewed, swallowed, or crushed and mixed 
with food. No special precautions such as fasting or purging 
are required. Additional or more frequent dosage may be 
advised in certain conditions such as echinococcosis.

4b.  Newborn infants and children

Mebendazole has not been fully evaluated in children less 
than 2 years of age, but the drug appeared to be well tolerated 
when given to children under 24 months as part of a geo-
helminth control program in Zanzibar (Albonico et al., 1994). 
Furthermore, in a study of 317 children under 2 years of age, 
adverse effects were no more frequent in the week after a sin-
gle 500-mg dose of mebendazole than for placebo (Montresor 
et al., 2002).

4c.  Pregnant and lactating mothers

In common with all other benzimidazole compounds, 
mebendazole is known to be teratogenic in animals, and 
therefore use in pregnant and potentially pregnant women 
should be avoided unless the benefits outweigh the risks. It 
should be noted that studies of single doses in women in Sri 
Lanka and Peru have suggested that treatments given in the 
second and third trimesters of pregnancy may be used with 
care (see section 6a, Use in pregnancy, for more detail). There 

are no available data on excretion of mebendazole in breast 
milk. There is a single report that mebendazole inhibited lac-
tation (Rao, 1983), but this has not been confirmed recently.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

There are no clinical data on dose adjustment in renal im - 
pairment. As mebendazole is largely metabolized in the 
liver, and dosage regimens are short, dose adjustment is not 
likely to be required in most cases. However, the metabolites 
are excreted principally in the urine, in patients receiving 
long-term, high-dose therapy for echinococcosis, there 
could be accumulation of metabolites. Therefore care should 
be taken and drug levels obtained if possible to allow dose 
modification.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Although there are a lack of data regarding the use of meben-
dazole in patients with significant hepatocellular disease, 
some authorities have advised caution during long-term 
therapy in patients with hepatic echinococcosis, because 
metabolism may be impaired in such patients leading to ele-
vated levels of parent drug and possible toxicity (Edwards 
and Breckenridge, 1988). Although this issue has not been 
rigorously investigated, the wide interindividual variability 
in metabolism may explain some of the effects observed. In 
addition, it should be noted that increased drug levels of 
albendazole sulfoxide have been observed when albenda-
zole has been used to treat patients with biliary obstruction 
(Cotting et al., 1990). It was also noted that plasma con-
centrations of mebendazole were higher in a patient with 
cholelithiasis than in normal subjects (Munst et al., 1980).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

For the treatment of intestinal helminth species, absorption 
of mebendazole is not required because it acts directly on the 
parasites within the gut lumen. However, for mebendazole 
to be effective against tissue parasites, absorption must occur. 
Taken at therapeutic doses, the bioavailability of the tablet 
formulation of mebendazole is only 1–2%. However, using 
tracer doses of [3H]-mebendazole administered orally and 
intravenously, the absolute bioavailability was estimated to 
be 22% (Dawson et al., 1985), with a very short half-life. The 
low apparent bioavailability of parent mebendazole is attrib-
utable to both the very poor aqueous solubility of the formu-
lation and the high level of first-pass metabolism in the liver, 
with presystemic metabolism estimated to be as high as 80%. 
As mass balance or formal bioavailability studies have not 
been performed with treatment formulations, it is impossi-
ble to determine whether the low levels of drug observed are 
due to poor absolute bioavailability or to rapid metabolism 
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and excretion. In a study of healthy male volunteers, meben-
dazole was distribution in the ratio of 63% in plasma and 
36.7% in the cellular fraction. In plasma the drug is highly 
protein bound (~ 95%). Taking the drug with fatty food 
increases the bioavailability of mebendazole, and it was 
noted that measurable levels (17–134 nmol/l) of mebenda-
zole were apparent only after fatty food (Munst et al., 1980).

5b.  Drug distribution

Mebendazole can be measured in a number of tissues, most 
notably the liver, and in echinococcal cysts, where the con-
centrations correlated well with the free mebendazole plasma 
concentrations 4 hours after dosing (Luder et al., 1985). The 
concentration of mebendazole-related material in liver tissue 
is significantly higher than in fatty tissue or parasite material 
from patients with cystic echinococcosis.

The drug crosses the blood–brain barrier. The cerebro-
spinal fluid concentration in one patient receiving 200 mg/kg 
daily was 8.6 µg/l, compared with a maximum serum con-
centration of 93 µg/l.

There is significant interindividual variability in bio-
availability and metabolism of mebendazole. In a group of 
patients treated with mebendazole for hydatid disease with a 
10-mg/kg oral dose, the half-life of the drug ranged from 2.8 
to 9 hours, the time to peak plasma concentrations ranged 
from 1.5 to 7.25 hours, and the peak concentration ranged 
from 17.5 to 500 µg/l (Braithwaite et al., 1982).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are few data to directly correlate the clinical activity 
of mebendazole with its pharmacokinetic and pharmacody-
namic parameters.

5d.  Excretion

A large proportion (about half) of the absorbed dose is 
excreted in the urine as conjugated and unidentified metab-
olites, as estimated using tracer doses (Dawson et al., 1985). 
However, it is also believed that a significant portion of the 
absorbed dose is excreted in the bile as metabolites, and this 
can be compromised by cholestasis (Witassek et al., 1983).

Mebendazole is predominantly metabolized in the liver. 
The two major metabolites are the amide hydrolysis prod-
uct (2-amino-5-benzoylbenzimidazole), and the product of 
ketone reduction, (methyl-5[α-hydroxybenzyl]-2-benzimid-
azole carbamate). Conjugates of these and an additional 
metabolite of mebendazole have been found in bile together 
with a conjugate of the parent drug. However, these metabo-
lites comprise only a small proportion of drug metabolites 
excreted in the urine, accounting for only 0.03% of the dose. 
The major unconjugated urinary metabolite is the product 
of both ketone reduction and hydrolysis, (2-amino-5(6)
[α-hydroxybenzyl]benzimidazole), and accounts for 87% 
of unconjugated material in urine (0.9% of the dose). In 

contrast to albendazole, the metabolites of mebendazole are 
not believed to have significant anthelmintic activity. How-
ever, the unconjugated alcohol metabolite may play a role in 
embryotoxicity (Gottschall, 1990).

5e.  Drug interactions

Although the co-administration of cimetidine has been 
reported to improve the bioavailability of mebendazole 
(Bekhti and Pirotte, 1987), in another study, the significant 
variability of absorption led the investigators to question this 
finding (Luder et al., 1986). Co-administration of the anti-
convulsants phenytoin and carbamazepine, drugs known to 
induce the hepatic cytochrome P450 system, resulted in 
lower plasma levels of mebendazole (Luder et al., 1986). 
Mebendazole did not appear to alter theophylline kinetics 
in studies of normal volunteers (Adebayo and Mabadeje, 
1988; Schneider et al., 1990). Although no other significant 
drug interactions have been reported, prolonged therapy with 
high-dose mebendazole should be approached cautiously in 
patients receiving other drugs with known effects on the 
cytochrome P450 system (such as ritonavir).

6. ADVERSE REACTIONS AND TOXICITY

Taken as a single 500-mg dose or for 3 days in a dose of 100 
mg twice daily, mebendazole is largely without side effects. 
Case reports exist of erratic migration of Ascaris lumbricoides, 
mild gastrointestinal upset, transient abdominal pain, and 
diarrhea (Chavarria et al., 1973; Pereira et al., 1979; Muttalib 
et al., 1981; Albonico et al., 1994). When the drug has been 
given at high doses for prolonged periods for treatment of 
cystic or alveolar echinococcal disease (50 mg/kg for 3–4 
weeks), side effects reported have included severe abdominal 
pain, elevated transaminase levels, central nervous system 
disturbance (vertigo, headache), alopecia, and bone marrow 
depression, including neutropenia (Miskovitz and Javitt, 1980; 
Levin et al., 1983; Kammerer and Schantz, 1984; Fernández-
Bañares et al., 1986; Reuter et al., 2000).

6a. Risks in pregnancy

In rats, mebendazole is teratogenic at doses of 40 mg/kg (Van 
den Bossche et al., 1982). In a survey of 170 women who took 
mebendazole in the first trimester of pregnancy, the rate 
of  congenital abnormalities, fetal loss, or neonatal death 
was not significantly higher than that observed in the general 
population (Cowden and Hotez, 2000). In a second series 
of  112 exposures, only one congenital malformation was 
observed (hand malformation) (Cowden and Hotez, 2000). 
In a third large retrospective study sponsored by the World 
Health Organization, over 7000 Sri Lankan women who had 
accidentally taken mebendazole during pregnancy were 
studied (de Silva et al., 1999). An overall beneficial effect was 
observed, with a significantly lower rate of stillbirth and peri-
natal death observed among those who took the drug com-
pared with those who did not, reflecting a likely effect of 
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improved iron status (de Silva et al., 1999). However, there 
was a trend toward a higher incidence of major congenital 
defects among those who took the drug during the first tri-
mester, with a rate of 2.5% observed in those who took the 
drug versus 1.5% among those who did not (odds ratio of 
1.66; 95% confidence interval 0.81–3.56). Thus it is consid-
ered that care should be taken in using mebendazole in the 
first trimester or in potentially pregnant females. In another 
placebo-controlled study undertaken in Peru among women 
in the second and third trimesters of pregnancy, no differ-
ence from placebo was observed other than a beneficial effect 
on birth weight, whereby the frequency of very low birth 
weight was decreased among those treated with mebenda-
zole. Mebendazole can therefore be used with care in later 
pregnancy (Larocque et al., 2006).

7. CLINICAL USES OF THE DRUG

Mebendazole is generally considered to be effective for the 
treatment of single and mixed infections with the common 
intestinal nematodes. The normal dose used is either 100 mg 
twice daily for 3 days or, more recently, as a single dose of 
500 mg. There is extensive evidence for the efficacy of meben-
dazole against A. lumbricoides, hookworms (Necator ameri
canus and Ancylostoma duodenale), and Trichuris trichiura. 
Early clinical studies on the efficacy of mebendazole were 
small and used methodologies that would today be consid-
ered inadequate. Furthermore, the studies generally failed to 
differentiate between the two species of hookworm. Although 
data from many of these early studies support the efficacy of 
mebendazole, only studies published since 1980 have been 
included here to support doses or levels of efficacy or to indi-
cate where there have been changes from the older material. 
A summary of the clinical uses and doses of mebendazole is 
shown in Table 201.1.

7a.  Ascariasis

Ascaris lumbricoides is one of the easier intestinal helminths 
to treat, and it is very sensitive to most anthelmintics, includ-
ing the benzimidazoles. Mebendazole is used at a dose of 100 

mg twice daily for 3 days or, when available, a single 500-mg 
dose. Efficacy has been invariably 95–100%, and is accompa-
nied by high reductions in the number of eggs excreted in the 
feces. Recent studies from several countries have shown that 
the originally reported high efficacy persists, with high cure 
and egg reduction rates (Levecke et al., 2014; Steinmann et 
al., 2011). However, Adugna et al. (2007) report that cure 
rates have fallen to only 90% in an area where there has been 
extensive use of benzimidazoles.

7b.  Trichuriasis

Trichuris trichiunra inhabits the lower intestine, and the 
poorer cure rates that have been seen with many anthelmin-
tics have been attributed to lower drug exposures and dilu-
tion effects in the colon. Early studies of both mebendazole 
and albendazole suggested that efficacy was low, but more 
recent data suggest that mebendazole, both as a single dose 
or with the standard 100 mg twice-daily regimen, may be 
more effective than first believed. Given the dilution hypoth-
esis, more frequent dosing would make sense. Legesse et al. 
(2004) reported that the 3-day regimen using the originator 
product was 90% effective, with an egg reduction rate of 99%. 
Jackson et al. (1998), using the single 500-mg dose regimen, 
reported an 85% cure rate with a somewhat lower egg reduc-
tion. In contrast, Sorensen et al. (1996) reported poor cure 
rates, below 25%. In two recent large studies covering seven 
countries, efficacy to a single 500-mg dose ranged from 
40–70%, whereas the same dose given for 3 days was more 
effective (71%) (Levecke et al., 2014; Steinmann et al., 2011). 
It is important to note, however, that unlike other intestinal 
helminth infections, anthelmintic efficacy is inversely related 
to the initial egg load, although this is less pronounced with 
mebendazole than albendazole (Levecke et al. 2014). Thus 
although mebendazole may be effective for trichuriasis, it is 
necessary to follow patients carefully after treatment.

7c.  Hookworm

The standard dose for treatment of hookworm infection is 
either 100 mg twice daily for 3 days or 500 mg as a single 

Table 201.1. Summary of accepted/approved doses and durations for various helminth species.

Condition Usual daily dose and duration

Enterobius 100 mg single dose repeated 2–4 weeks later

Ascaris, hookworm, Trichuris 500 mg × 1 day or 100 mg bid × 3 days

Strongyloides 100 mg bid × 3–28 days

Trichostrongylus 100 mg bid × 3 days

Echinococcus granulosus 20–50 mg/kg for 3–6 months, continuous

Echinococcus 20–50(–200) mg/kg, probably lifelong

Multilocularis
Capillaria philippinensis (P. hepatica) 200 mg bid × 20 days

Angiostrongylus 10 mg/kg daily × 14 days (with corticosteroids)

Trichinella 50 mg/kg × 7 days

Toxocara canis 20–25 mg/kg daily × 10–20 days

Mansonella perstans 100 mg bid × 21–28 days
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dose. Unfortunately, early studies of mebendazole efficacy in 
hookworm infection failed to differentiate the two species of 
human hookworms, N. americanus and A. duodenale, which 
are known to respond differently to antihelmintics. The less 
common species, A. duodenale, seems to be quite sensitive to 
benzimidazoles, including mebendazole, and cure rates of 
90% can be achieved, with equivalent egg reduction rates. In 
contrast, drug responses in infection with the more common 
N. americanus are lower, and it therefore appears that the 
original reports of high efficacy may have resulted from stud-
ies that included a larger proportion of A. duodenale. It is 
now recognized that the efficacy of mebendazole against 
N. americanus is lower than that seen when albendazole is 
used. For example, Sorensen et al. (1996) reported cure rates 
of 29% and 78% for mebendazole and albendazole, respec-
tively. Similarly, Jongsuksuntigul et al. (1993) reported a 
cure rate of 30% with 500 mg mebendazole and 84% with 
400 mg albendazole, both given as a single dose. Essentially 
similar results (mebendazole 29% vs. albendazole 69%) 
were obtained by Steinmann et al. (2011) in Yunan, People’s 
Republic of China—while using mebendazole 500 mg for 
3 days there was an improvement in efficacy (mebendazole 
54% vs. albendazole 92%). In a meta-analysis by Levecke et 
al. (2014) of the results from studies in six countries, overall 
better efficacies were reported (mebendazole 80% vs. alben-
dazole 96%). The most intensive longitudinal surveillance of 
anthelmintic activity has been conducted in Tanzania, where 
there has been continuous use of mebendazole over many 
years. There has been concern that resistance in N.  ameri
canus may be occurring, as even the comparatively modest 
cure rates appear to be deteriorating (Albonico et al., 2003). 
However, since mebendazole is apparently more effective 
than albendazole against trichuriasis, and mixed infections 
of intestinal helminths are common, the choice of drug needs 
to be made on the basis of the infecting species.

7d.  Strongyloidiasis

Infection with Strongyloides stercoralis occurs mostly in wet 
tropical regions, but can also be found in returning travelers. 
A small number of veterans of conflicts in endemic areas 
develop chronic infections that can be difficult to treat. 
Benzimidazole anthelmintics have been used for many years 
and have been reported to be effective and well tolerated. The 
usual dose of mebendazole is 100 mg twice daily for 3 days, 
which is sufficient to kill the adult worms. However, it does 
not kill the auto-infecting larvae, and more prolonged dos-
ing is necessary to effect a complete cure. In one study 
(Shikiya et al., 1991), a regimen of 100 mg twice daily for 
28 days led to a 74% cure rate at 6 months (immediate cure 
rates being over 95%). However, a significant incidence of 
liver function abnormalities was observed. Interestingly, 
this same group showed 100% efficacy with a sequential 
treatment of thiabendazole followed by mebendazole. Cur-
rently, single-dose ivermectin (see Chapter 204, Ivermectin 
and moxidectin) is considered the treatment of choice for 
strongyloidiasis.

7e.  Trichostrongyliasis

This infection is not commonly encountered clinically, 
although it is found in many rural agricultural communities 
within the Middle East and Latin America. Since its pathoge-
nicity in man is unclear, there are few data on its efficacy. A 
single case report exists documenting the efficacy of meben-
dazole in trichostrongyliasis, using a dose of 100 mg twice 
daily for 3 days (Farahmandian et al., 1977).

7f.  Enterobiasis

Enterobius vermicularis is almost universally sensitive to all 
anthelmintics, although it remains a problem to treat be- 
cause it is a condition of families, and repeated reinfection 
from other family members is commonplace. Benzimidazole 
anthelmintics are the drugs of choice over the older drugs, 
although these are still effective. Single 100-mg doses of 
mebendazole are well tolerated by all ages and are effective 
with cure rates of close to 100%. Treatment of the whole fam-
ily, repeated 2–4 weeks later, is necessary to ensure cure of 
the whole family group. Recent studies have confirmed the 
continued efficacy of mebendazole and the need for treat-
ment of the whole family (Nikolic et al., 1995; Yang et al., 
1997).

7g.  Cystic and alveolar echinococcosis

Until the mid-1970s when mebendazole became available, 
there was no treatment for echinococcosis other than surgery. 
Mebendazole was tried in infection with both Echinococcus 
granulosus and E. multilocularis with some success. However, 
albendazole has now largely replaced mebendazole for this 
indication. Of note, mebendazole does not have any signifi-
cant activity against any of the intestinal cestodes. Because 
absorption of mebendazole is poor, and rapid biotransfor-
mation to inactive metabolites occurs in the liver, very large 
doses are needed. Doses used have ranged from 20 mg/kg to 
as high as 50 mg/kg/day, with the occasional patient receiv-
ing up 200 mg/kg in cases of severe or extensive disease 
(Messaritakis et al., 1991). Treatment duration has usually 
been continuous for 3–6 months. The early studies suggested 
that mebendazole was effective and probably parasitostatic, 
although at this stage only severe, inoperable cases were 
studied (Muller et al., 1982). No benefit of an intermittent 
treatment course has been found (Gil Grande et al., 1993). 
Importantly, a number of clinical studies have compared 
the efficacy of mebendazole and albendazole (which has an 
active systemic metabolite). In the largest of these, nearly 500 
patients who had been treated and followed up for many 
years in Rome are reported (Franci et al., 1999). This series, 
using only continuous therapy with both drugs, documents 
the acute and long-term responses to treatment of patients 
with cystic Echinococcus in a wide variety of sites. Although 
a significant clinical response to mebendazole was observed 
in 56% of subjects treated, the response was significantly 
higher (82%) with albendazole. Similar results have been 
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obtained in several smaller comparative series (Todorov et 
al., 1992). This, coupled with the extremely large doses of 
mebendazole that are required and their cost, makes alben-
dazole the treatment of choice. However, not all patients 
respond, and mebendazole may represent a second-line drug. 
Furthermore, albendazole is not available in every endemic 
country. The overall management of cystic echinococcosis is 
reviewed in detail in Junghans et al. (2008).

Although substantially fewer data are available on the effi-
cacy of mebendazole for treatment of alveolar echinococco-
sis, two significant studies have been published (Rausch et 
al., 1986; Ammann et al., 1999). Results of these two studies, 
reporting many years of follow-up, indicate that mebenda-
zole (and albendazole) may not kill the parasite. As alveolar 
disease is invasive, long-term (probably lifelong) treatment 
is therefore necessary. Nevertheless, 10-year survival in this 
group of patients has been extended from 6% from before 
the use of chemotherapy to 80% at present. It is not possible 
to define dose regimens for alveolar echinococcosis, as this 
will depend on the individual case. However, doses are simi-
lar to those used for cystic disease.

7h.  Trichinosis

Trichinella spiralis is a larval nematode infection in man and 
animals, resulting from autoinfection from adults in the 
intestine invading body and encysting in the muscles. 
Infection in man results from ingestion of meat containing 
larvae. It is uncommon, but is worldwide in distribution. 
Because meat inspection is generally effective, T. spiralis is 
rare and clinical studies of outbreaks are few. Mebendazole 
has been used to eradicate adult worms from the intestine, 
and less successfully to treat the migrating larvae. High doses 
are needed (50 mg/kg for 7 days) for efficacy (Horstmann et 
al., 1982; Levin, 1983), and lower doses, even when taken for 
longer periods of time, are less effective (Mittermayer and 
Spaldonova, 1981). Although no direct comparative clinical 
studies exist, it would appear that albendazole has more 
effect on the encysted larvae, with much greater cure rates 
(Kociecka et al., 1989), and is therefore preferred. Mebendazole 
has been used as post-exposure prophylaxis with good 
results in a number of outbreaks in Europe, the most recent 
being in 2013 (Faber et al., 2015). However, information on 
the dose and duration used is unclear, and appears to vary 
widely.

7i.  Angiostrongyliasis

The rat lungworm (Angiostrongylus cantonensis) is the princi-
pal cause of eosinophilic meningitis or meningoencephalitis 
worldwide. It is endemic in Taiwan and the Asia-Pacific area. 
Although there is not much literature to support the use 
of  mebendazole for this condition, there are a number of 
reports of effective treatment using 10 mg/kg daily for 2 weeks 
combined with prednisolone 60 mg/day (Chotmongkol et 
al., 2006). However, it appears that relapse is common and 
repeated treatment may be necessary (Tsai et al., 2001).

7j.  Capillariasis

Capillaria philippinensis infection was formerly a cause of 
outbreaks of severe, sometimes lethal, intestinal infections in 
Southeast Asian island communities. It has become more 
rare in recent years. The efficacy of mebendazole was estab-
lished in the 1970s when a dose of 200 mg twice daily for 
20 days was found to be effective in the majority (> 80%) of 
patients (Singson et al., 1975). Attempts to reduce the dose–
duration were unsuccessful (Basaca-Sevilla and Cross, 1985). 
Today, albendazole is preferred because of the simpler and 
shorter dosing regimen (Cross and Basaca-Sevilla, 1987).

7k.  Mansonellosis

Limited data exist on the efficacy of mebendazole in Man
sonella perstans infection. Van Hoegaerden et al. (1987) 
reported 100% cure rates following doses of 100 mg twice 
daily for 21 days. Diethylcarbamazine (DEC) (see Chapter 
205, Diethylcarbamazine) is considered the drug of choice 
for this infection, but it has to be used with great care in 
M.  perstans–endemic areas where onchocerciasis may be 
co-endemic. A comparative study of a number of different 
anthelmintics in microfilaremic patients suggested that 
mebendazole may in fact be superior to DEC and is clearly 
safer in onchocerciasis-endemic areas (Bregani et al., 2006).

7l.  Toxocariasis

Mebendazole, 20–25 mg/kg daily for 10–20 days, was com-
pared with the then gold standard, DEC, to establish whether 
it is effective for the management of visceral larva migrans 
caused by Toxocara species (Magnaval, 1995). Although the 
clinical response was similar, mebendazole therapy appeared 
to be more effective at lowering specific antibodies when 
measured 1 month after treatment, and was generally better 
tolerated. Although mebendazole is likely preferred over DEC, 
albendazole would appear to be simpler to use (Sturchler et 
al., 1989). However, there has been no direct comparison of 
the two benzimidazoles.
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Thiabendazole and 
Flubendazole

John Horton

THIABENDAZOLE

1. DESCRIPTION

Thiabendazole, also known as tiabendazole, is a benzimid
azole anthelmintic synthesized in 1961 by Merck Sharpe & 
Dhome. It was the original “benzimidazole” anthelmintic, 
with several hundred analogs being developed in subsequent 
years by animal health companies. About 20 of these were 
eventually approved for animal use, of which five (alben
dazole, mebendazole, triclabendazole, thiabendazole, and 
flubendazole) were eventually developed and approved for 
human use. Although it remains commercially available as 
Mintezol (MSD), its availability is currently very limited 
owing to its toxicity and the availability of more effective and 
safer compounds. Thiabendazole is a white, odorless powder 
that is insoluble in water and only slightly soluble in alcohol. 
It has the chemical formula 2(4′thiazolyl)benzimidazole 
(C10H7N3S) with a molecular weight of 201.3. Its molecular 
structure is shown in Figure 202.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Unlike bacteria and fungi and some protozoa, in vitro sus
ceptibility testing is not possible for metazoan parasites. 

These are generally impossible to culture in vitro, at least for 
routine sensitivity testing, and activities have been arrived at 
by empirical testing in vivo in humans or by extrapolation 
from the doses used for related veterinary species.

2b.  Emerging resistance and 
cross-resistance

Thiabendazole was widely used in sheep for the treatment 
of trichostrongyliasis until resistance emerged in the early 
1970s. This is now a significant problem worldwide (Chartier 
et al., 2001). No reports of drug resistance exist in humans. 
Given this very limited use compared with newer benzimid
azole anthelmintics, resistance to thiabendazole is unlikely 
to occur in human helminth infections.

3. MECHANISM OF DRUG ACTION

Although the exact mechanism of anthelmintic activity of 
thiabendazole has not been fully elucidated, it is likely that its 
mode of action is similar to that of other benzimidazole 
drugs, namely inhibition of polymerization of parasite beta 
tubulin (see Chapter 200, Albendazole). The drug has been 
shown to inhibit the helminthspecific enzyme fumarate 
reductase (Criado et al., 1987). In animals, thiabendazole has 
antiinflammatory, antipyretic, and analgesic effects, which 
may explain its usefulness in dracunculiasis and trichinosis.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The usual dose of thiabendazole is determined by actual 
weight, but some treatment regimens are parasite specific. 
The appropriate doses are summarized in Table 202.1.Figure 202.1. Molecular structure of thiabendazole.
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4b.  Newborn infants and children

Evidence for safety and efficacy in children weighing under 
10 kg is lacking. Since other anthelmintics have much 
improved sideeffect profiles, these should be considered as 
preferred alternatives.

4c.  Pregnant and lactating mothers

Evidence for safety and efficacy during pregnancy and lacta
tion is lacking. Since other anthelmintics have much improved 
sideeffect profiles, these should be considered as preferred 
alternatives.

4d.  Those requiring altered dosages

There are no data available on alterations to dosages in the 
presence of hepatic or renal disease.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Given the age of thiabendazole and that it has been largely 
superseded by safer and more effective benzimidazoles, few 
data on its pharmacokinetic profile exist. Unlike most ben
zimidazoles, thiabendazole is rapidly absorbed from the gas
trointestinal tract, but can also be absorbed through the skin. 
While bioequivalence studies have not been performed, as 
a parenteral preparation is not available, the proportion of 
administered drug that is absorbed is likely to be much 
higher than for other benzimidazoles.

5b.  Drug distribution

After administration of a single oral dose, plasma levels peak 
within 1–2 hours, and most of the drug is cleared from the 
plasma within 8 hours (Hardman et al., 2001). The drug 
should be taken after meals to reduce the gastrointestinal 
side effects.

As central nervous system side effects are common follow
ing thiabendazole administration, it is likely that the volume 
of distribution is high and that the parent compound or a 
metabolite can cross the blood–brain barrier.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are no data to directly correlate the clinical activity of 
thiabendazole with its pharmacokinetic and pharmacody
namic parameters.

5d.  Excretion

Thiabendazole is extensively metabolized in the liver via 
hydroxylation to 5hydroxythiabendazole before ultimately 
being excreted, principally as glucuronide or sulfate conju
gates of 5hydroxythiabendazole. Within 48 hours, 87% of an 
oral dose of thiabendazole is excreted in urine and 5% is 
excreted in feces, most of the dose being excreted within the 
first 24 hours. It is unclear whether thiabendazole is signifi
cantly excreted into breast milk (Hardman et al., 2001).

5e.  Drug interactions

Coadministration of thiabendazole in patients taking the
ophylline can result in an increase in theophylline levels of 
greater than 50% (Sugar et al., 1980; Schneider et al., 1990; 
Upton, 1991). Therefore serum levels of theophylline should 
be monitored closely. No other information on interactions 
is available.

6. ADVERSE REACTIONS AND TOXICITY

There are little data available on the preclinical toxicity of 
thiabendazole. However, its recent use as a fungicide in the 
citrus industry and the detection of high concentrations in 
fruit has led to an investigation of its genotoxic and aneu
genic properties. Thiabendazole has now been shown to have 
activity in most tests of genetic toxicity (Carballo et al., 2006; 
Santovito et al., 2011). 

Clinically, the most frequently encountered side effects 
include anorexia, nausea, vomiting, diarrhea, headache, and 
dizziness. These occur more frequently in adults than in 
children. Neurologic side effects include drowsiness, visual 
disturbances, giddiness, and in some patients a “sense of 
impending doom.” Therefore, activities requiring mental 
alertness should be avoided during a course of thiabendazole 
therapy. Hepatotoxicity, including evidence of parenchymal 
damage, has been observed. Angioneurotic edema and 
Stevens–Johnson syndrome occur much less commonly. 
An asparaguslike odor is imparted to the urine that resolves 
within 24 hours of discontinuing medication.

6a. Risk in pregnancy

Thiabendazole has not been shown to have embryotoxic or 
teratogenic effects in studies in rabbits or rats given 2.5–15 
times the usual human dose (Lankas and Wise, 1993). How
ever, in one study in mice in which up to ten times the usual 
human dose was administered, cleft palate and bone defects 
were observed at frequencies greater than in control animals 

Table 202.1. Doses of thiabendazole according to body weight.

Weight Each dose/tablet
Each dose/
suspension

10 kg/30 lb 0.25 g (0.5 tablet)  2.5 ml

20 kg/50 lb 0.5 g (1 tablet)  5 ml

30 kg/75 lb 0.75 g (1.5 tablets)  7.5 ml

40 kg/100 lb 1 g (2 tablets) 10 ml

50 kg/125 lb 1.25 g (2.5 tablets) 12.5 ml

> 60 kg/> 150 lb 1.5 g (3 tablets) 15 ml
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(Ogata et al., 1984), but further study attributed it to mater
nal toxicity (Lankas et al., 2001). Caution is therefore 
required for any use in pregnant patients, especially in the 
first trimester. Although it is unknown whether thiabenda
zole passes into human breast milk, no problems have been 
reported in breastfeeding infants.

7. CLINICAL USES OF THE DRUG

Although there is an extensive literature on the use of thia
bendazole for the treatment of a wide range of intestinal and 
systemic helminth parasites of humans (Cuckler and Mrezey, 
1966), the availability of equally effective drugs with much 
better sideeffect profiles has rendered this drug rarely used. 
Its use is therefore now restricted to a few more problematic 
parasitic infections.

7a.  Strongyloidiasis

Strongyloidiasis is caused by infection with Strongyloides 
stercoralis, which has the ability to replicate in the human 
host, thus permiting cycles of autoinfection leading to chronic 
disease that can last for several decades. A 3day course of 
thiabendazole 25 mg/kg p.o. bid (maximum, 3 g/day) is effi
cacious against chronic infection with S. stercoralis, but 
retreatment may occasionally be required (Gann et al., 1994) 
and is often hindered by side effects. Ivermectin appears 
to be at least as effective, is easier to use, and has the advan
tage of a much better sideeffect profile (see Chapter 204, 
Ivermectin and moxidectin) (IgualAdell et al., 2004; Bisoffi 
et al., 2011).

7b.  Cutaneous larva migrans

This clinical syndrome refers to infection of the subdermal 
tissues with the larvae of animal hookworms, most notably 
Ancylostoma brasiliense, A. caninum, and Uncinaria steno
cephala. Both oral and topical thiabendazole are effective for 
treatment for cutaneous larva migrans. The oral regimen is 
25 mg/kg p.o. bid (maximum, 3 g/day) for 2 days (Caumes et 
al., 1993). Thiabendazole suspension (500 mg/5 ml) applied 
topically three times daily for at least 7 days is efficacious 
(Katz and Hood, 1966) with cessation of track extension, but 
relief of symptoms occurs more slowly (Caumes et al., 1993; 
Davies et al., 1993). Albendazole and ivermectin are at least 
as effective and are not accompanied by as many side effects.

7c.  Visceral larva migrans

Thiabendazole has demonstrated efficacy in patients with 
visceral larva migrans (VLM), administered as 25 mg/kg p.o. 
bid (maximum, 3 g/day) for 7 days. It has been replaced by 
albendazole (Magnaval and Charlet, 1987) for the treatment of 
VLM owing to treatmentlimiting side effects. Furthermore, 
in a small study of 34 patients with either VLM or ocular 
larva migrans, albendazole appeared to be of superior effi
cacy (Sturchler et al., 1989).

7d.  Capillariasis

Thiabendazole has been used to treat both intestinal and 
hepatic capillariasis. Early clinical studies of intestinal cap
illariasis reported a dramatic response on stool egg counts 
with the use of thiabendazole 25 mg/kg per day or 1 g/day for 
30 days (Whalen et al., 1971). However, this enthusiasm was 
tempered by side effects that became more intolerable with 
the prolonged course of therapy, thus resulting in early dis
continuation of therapy and frequent relapses (Cross, 1992). 
Thiabendazole has been replaced by albendazole as the pre
ferred treatment for intestinal capillariasis. Occasional case 
reports of treatment of hepatic capillariasis support a possible 
role for thiabendazole (Sawamura et al., 1999), but limited 
data prevent a general recommendation.

7e.  Dracunculiasis

Dracunculiasis (guinea worm infection) caused by Dracun
culus medinensis is now a rare infection owing to the World 
Health Organization (WHO)sponsored eradication pro
gram. Thiabendazole, administered as 50 or 100 mg/kg daily 
for 2 days, was as effective as metronidazole for the treatment 
of dracunculiasis (Kale et al., 1983). Treatment with either 
agent was somewhat effective in relieving symptoms and 
healing the skin ulcers. However, the drug was only margin
ally effective in leading to complete expulsion of the worm 
(Belcher et al., 1975; Sastry et al., 1978). Thus the limited effi
cacy and poor tolerability made the agent a poor tool for 
mass chemotherapy campaigns.

7f.  Trichinosis

Thiabendazole 25 mg/kg twicedaily for 5 days (Campbell 
and Blair, 1974; Watt et al., 2000) has been recommended 
for the treatment of trichinosis and probably eliminates the 
adult worms in the intestine. Of note, however, its effect on 
larvae in muscle is thought to be more antiinflammatory 
than anthelmintic. In studies comparing thiabendazole with 
albendazole in two large outbreaks of trichinosis in France, 
no significant difference in outcomes was observed, although 
albendazole was better tolerated (Fourestie et al., 1988; Cabie 
et al., 1996).

FLUBENDAZOLE

1. DESCRIPTION

Flubendazole is a benzimidazole anthelmintic synthesized 
in 1969 by Janssen Pharmaceutica (Beerse, Belgium). It is 
an analog of mebendazole in which the benzoyl group is 
replaced by a pfluorobenzoyl group. Flubendazole is a 
white/offwhite, odorless powder that is insoluble in water 
and only slightly soluble in alcohol and other organic solvents. 
It has the chemical formula methyl N[6(4fluorobenzoyl)
1Hbenzimidazol2yl]carbamate (C16H12FN3O3) with a 
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molecular weight of 313.3. Its molecular structure is shown 
in Figure 202.2.

It was initially introduced as a veterinary anthelmintic for 
use against intestinal nematodes in domestic ruminants and 
was subsequently developed as Fluvermal by Janssen Phar
maceutica as a human anthelmintic. Today its principal use 
in veterinary medicine is for the treatment of intestinal hel
minth species in pigs and poultry, with relatively little use 
in other domestic species. It is also used for the treatment of 
human intestinal nematodes, but is far less widely available 
than either albendazole or mebendazole. Like all benzimid
azole anthelmintics, the principal mechanism of action 
appears to be through the inhibition of parasite betatubulin 
polymerization, although there are a number of important 
downstream effects such as fumarate reductase inhibition 
and interruption of energy pathways that result in parasite 
death.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Unlike bacteria and fungi, and some protozoa, in vitro sus
ceptibility testing is not possible for most metazoan parasites. 
Human helminth parasites are generally difficult to culture 
in vitro, at least for routine sensitivity testing, and activities 
have been arrived at by empirical testing in vivo in humans 
or by extrapolation from the doses used for domestic animal 
species. Flubendazole has a broad spectrum of activity, being 
effective against most human nematode parasite species. 
There has been less investigation of other potential targets 
than for the other benzimidazole anthelmintics.

2b.  Emerging drug resistance

Flubendazole was initially used in sheep and cattle for the 
treatment of intestinal nematodes until resistance emerged 
to most benzimidazoles in the 1980s. Since then flubenda
zole has been used principally for the treatment of intesti
nal nematodes in pigs, and occasional resistance has been 
reported, especially against Oesophagosomum dentatum 
(Bauer and Gerwert, 2002). No reports of drug resistance 
exist in humans. Given the lower level and restricted indi
cations compared with some of the newer benzimidazole 
anthelmintics, resistance to flubendazole is unlikely to occur 
in human helminth infections.

3. MECHANISM OF DRUG ACTION

Although the exact mechanism of anthelmintic activity of 
flubendazole has not been fully elucidated, it is likely that 
its mode of action is similar to that of other benzimidazole 
drugs, namely inhibition of polymerization of parasite beta 
tubulin (see Chapter 200, Albendazole). It inhibits microtu
bular assembly in intestinal cells of nematodes and potentially 
the tegumental cells of cestodes. This is shown by disappear
ance of cytoplasmic microtubules, accumulation of secretory 
granules in the cytoplasm due to a block in their transport, 
leading to an impaired coating of the cellular membrane and 
decreased digestion and absorption of nutrients. Irreversible 
lytic degeneration of the cell, due to the accumulation of 
hydrolytic and proteolytic enzymes, results in the death of 
the parasite. Recent work using Echinococcus ganulosus cysts 
has shown that there are a number of different effects in this 
parasite, including an increase in cytosolic free calcium, a 
decrease in tubulin transcripts, a reduction of mitochondrial 
malate dehydrogenase (mMDH) expression, and a signifi
cant decrease in glycogen levels which suggest that there are 
multiple targets in addition to effects on tubulin polymeriza
tion (Cumino et al., 2009).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Unlike albendazole and mebendazole, which are registered 
globally, the use of flubendazole as a human anthelmintic 
appears to be largely restricted to Frenchspeaking territo
ries. Flubendazole is available as either 100mg tablets or 
500mg chewable tablets, and as a drinkable 20% suspension. 
The usual dose for intestinal nematode infections is either a 
single 500mg dose or 100 mg twice daily for 3 days. 

4b.  Newborn infants and children

Flubendazole is not normally given on a weight basis, so the 
same dosage as for adults is used. A 20mg/ml suspension is 
available for children who are unable to take tablets. Evidence 
for safety and efficacy in children weighing under 10 kg is 
lacking. 

4c.  Pregnant and lactating mothers

There are no studies in humans that have shown an effect on 
pregnancy or fetuses, but given the demonstration of terato
genic effects in recent studies (see Section 6a), care should 
be taken in women who are potentially pregnant or in the 
first trimester of pregnancy. As with other benzimidazoles, 
flubendazole in its currently available formulation can be 
used with care in later pregnancy. There are no data on the 
excretion of flubendazole in human breast milk or its safety 
in breastfeeding infants.

Figure 202.2. Molecular structure of flubendazole. 
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4d.  Those requiring altered dosages

There are no data available on alterations to dosages in the 
presence of hepatic or renal disease.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Flubendazole is very poorly soluble in aqueous systems, such 
as in the gastrointestinal tract, which results in a low dissolu
tion rate and very low absorption. This is reflected by a high 
fecal excretion of unchanged parent drug. While bioequiva
lence studies have not been performed, as a parenteral prepa
ration is not available, the proportion of administered drug 
that is absorbed is likely to be low. 

5b.  Drug distribution

Within 4 days of an experimental 10mg/kg dose of radiola
beled flubendazole, dogs excreted more than 80% in the feces 
and less than 10% in the urine. Parent flubendazole accounted 
for more than 90% of the fecal residue, but the residue in 
urine consisted almost exclusively of metabolites. Due to the 
low absorption and firstpass metabolism, the maximum 
concentrations of flubendazole in plasma following the 
10mg/kg dose were lower than 10 ng/ml and were reached 
at 24–48 hours after dosing. The plasma halflife of flubenda
zole and its metabolites was about 16 hours in the dog. Oral 
administration of flubendazole in chewable tablets at the 
therapeutic dose of 22 mg/kg results in low plasma concen
trations. At 2–8 hours after administration, maximum plasma 
concentrations of flubendazole not exceeding 20 ng/ml are 
reached. Considerable interindividual variation in plasma 
concentrations may occur, and the feed regimen may influ
ence tmax. 

Pigs treated orally with a single dose of 5 mg/kg were 
slaughtered at 24, 48, and 72 hours after treatment. Plasma 
concentrations determined by HPLC were 20, 30, and < 10 
ng/ml. Tissue levels in the liver, kidney, and muscle were 
about 10 ng/g tissue up to 72 hours after treatment. In fat, 
60–70 ng/g was found, indicating the relatively high fat solu
bility of flubendazole (Michiels et al., 1977b).

In man, maximal plasma concentrations attained at 1–4 
hours after dosing were lower than 5 ng/ml even after a dose 
of 2 g. The absorption of oral flubendazole in man was mark
edly enhanced when the drug was taken together with a meal. 
Peak concentrations of 0.35 and 0.74 ng/ml were obtained 
for 100mg and 2000mg doses taken 2 hours before a meal 
and 4.06 ng/ml for a 2000mg dose taken after a meal con
sisting of three slices of bread with ham, eggs, and milk 
(Michiels et al., 1982). Therefore for the treatment of sys
temic localized helminths it is recommended that fluben
dazole be given during or after a meal. It is clear that the 
absorption of flubendazole is completely dose independent, 
probably because absorption is limited by extremely poor 

solubility of the drug in the contents of the gastrointestinal 
tract (Michiels et al., 1982). In patients with cystic echino
coccosis who have received multiple high doses of fluben
dazole, high concentrations of flubendazolerelated material 
(assessed by radioimmunoassay, which does not distinguish 
parent from conjugated compounds) are found in bile (Piens 
et al., 1984).

Since flubendazole is considered to be potentially useful 
as a macrofilaricide, attempts have been made to reformulate 
it using modern approaches to improve solubility. Although 
studies have not been carried out in man, systemic exposure 
in pigs to the hydrolysed metabolite (the only metabolite in 
this species) was significantly increased (e.g. area under the 
curve [AUC] from 3.5 µg.h/ml for the standard formulation 
to 23 µg.h/ml for a cyclodextrinbased formulation following 
a single dose of 2 mg/kg). While this and related formula
tions may not be progressed, it demonstrates the potential 
to improve systemic exposure (Ceballos et al., 2015). Similar 
increases in plasma levels were seen in both rats and jirds 
(Ceballos et al., 2014).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are no data to directly correlate the clinical activity 
of flubendazole with its pharmacokinetic and pharmacody
namic parameters.

5d.  Excretion

Flubendazole undergoes extensive firstpass metabolism in 
the liver through hydrolysis of the carbamate and reduction 
of the ketone before ultimately being excreted, principally as 
glucuronide or sulfate conjugates in the bile and urine. Within 
48 hours, 80% of an oral dose of flubendazole is eliminated in 
feces and 5% is excreted in the urine, most of the dose being 
excreted within the first 24 hours. It is not known whether 
flubendazole or its metabolites are excreted in breast milk. 

5e.  Drug interactions

There are no data on drug–drug interactions reported in the 
literature.

6. ADVERSE REACTIONS AND TOXICITY

The initial evaluation of flubendazole was reported by Thien
pont et al. (1978) and summarizes work that was conducted 
over the previous decade when toxicology testing was far less 
rigorous. The acute oral toxicity of flubendazole was evalu
ated in mice, rats, and guinea pigs with LD50s exceeding 
2.56 g/kg. In chronic toxicity tests in rats and dogs, no side 
effects were observed either histopathologically or clinically. 
The poor solubility of flubendazole may account for the 
absence of effects in formal toxicity testing. 

It is unclear what genotoxicity tests were undertaken 
when flubendazole was first introduced, but it was probably 
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limited to an Ames test in which flubendazole is negative. 
However, because of increased use of flubendazole in poultry 
and its potential for use as a macrofilaricide, studies have 
been repeated to modern standards with investigation of 
different cell lines. In common with other benzimidazoles, 
flubendazole has been found to be genotoxic. The ability to 
induce chromososomal aberration, cytotoxicity, and trans
formation in mammalian cell lines was clearly demonstrated 
by Huang et al. (1994). Subsequent work associated with the 
development of formulations with enhanced bioavailability 
has shown that the aneugenic and clastogenic activity of 
flubendazole is similar to that of other benzimidazoles 
(Tweats et al., 2015). Therefore the apparent absence of geno
toxicity is probably a function of poor bioavailability rather 
than a difference in activity. 

6a. Risk in pregnancy

The original studies conducted in the 1970s suggested that 
flubendazole was devoid of teratogenic activity. Doses up to 
40 mg/100 g food (~ 40 mg/kg body weight) given to rats 
from day 6 through to day 15 of pregnancy produced no tera
togenic effects. Flubendazole also had no effect on either male 
or female fertility. No differences were observed between con
trol and the doses (up to 40 mg/kg) in female rats with regard 
to mortality, pregnancy, weight, and food consumption. 
Litter size, weight at birth, weight gain during a 3week post
natal period, and survival rate were considered to be normal 
in all groups treated with 40 mg/kg/day from day 16 of gesta
tion through a 3week lactation period. No teratogenic effects 
were observed in rabbits treated orally by gavage at doses of 
10 and 40 mg/kg from day 6 through day 18 of pregnancy.

However, later studies using unenhanced flubendazole 
showed that it was embryotoxic above 10 mg/kg, induced 
skeletal malformations at 40 mg/kg, and was embryolethal 
above 160 mg/kg (Yoshimura, 1987). Using whole embryo 
culture to investigate the embryotoxicity of an enhanced bio
availability formulation, culture concentrations above a no 
observed effect level (NOEL) of 0.25 μg/ml showed a wide 
range of different abnormalities very similar to those seen 
with albendazole (Longo et al., 2013). Subsequent evaluation 
of this formulation in vivo indicated a NOEL of 2 mg/kg/day 
with malformation, reduced embryonic growth at 2.46 mg/
kg/day, and embryolethality at 6.32 mg/kg/day (Longo et al., 
2014). 

7. CLINICAL USES OF THE DRUG

Flubendazole is generally considered to be effective for the 
treatment of single and mixed infections with the common 
intestinal nematodes. The normal dose used is either 100 mg 
twice daily for 3 days or, more recently, as a single dose 
of 500 mg. There is good evidence for the efficacy of fluben
dazole against Ascaris lumbricoides, hookworms (Necator 
americanus and Ancylostoma duodenale), and to a lesser 
extent against Trichuris trichiura. Early clinical studies on the 
efficacy of flubendazole were small and used methodologies 

that would today be considered inadequate. Although data 
from many of these early studies all support the efficacy of 
flubendazole, only the few studies published since 1980 have 
been included here to support doses or levels of efficacy or to 
indicate where there have been changes from the older mate
rial. There is no information on the efficacy of flubendazole 
for other intestinal helminth infections. Flubendazole was 
investigated as a treatment for echinococcosis in the early 
1980s, and as a macrofilaricide. 

7a.  Ascariasis

Ascaris lumbricoides is one of the easier intestinal helminths 
to treat, and it is very sensitive to most anthelmintics, includ
ing the benzimidazoles. Flubendazole is used at a dose of 100 
mg twice daily for 3 days or, when available, a single 500mg 
dose. Efficacy has been invariably 95–100%, and is accompa
nied by very high reductions (> 95%) in the number of eggs 
excreted in the feces. Studies have shown that the originally 
reported high efficacy persists, with high cure and egg reduc
tion rates (Kan, 1983; Min et al., 1986). 

7b.  Trichuriasis

Trichuris trichiura inhabits the lower intestine, and the poor 
cure rates that have been seen with many anthelmintics have 
been attributed to lower drug exposures and dilution effects 
in the colon. Flubendazole is no different in this respect, and 
although higher or more frequent dosing appears to improve 
efficacy, cure rates and egg reduction rates remain less than 
optimal. In addition, efficacy is lower in patients who are 
more heavily infected. Yangco et al. (1981) compared fluben
dazole and mebendazole and found good and comparable 
cure rates (~ 90%) in a small number of patients. Similar 
results were obtained by Blechman et al. (1982), who reported 
a 98% reduction in egg count using a 200mg dose for 3 days. 
In contrast, Kan (1983) obtained poor results in Malaysian 
patients using a number of different 1 and 2day regimens 
and doses, the maximum cure rate being only 65%. 

7c.  Hookworm

The standard dose for treatment of hookworm infection is 
either 100 mg twice daily for 3 days or 500 mg as a single 
dose. Unfortunately, early studies of flubendazole efficacy in 
hookworm infection failed to differentiate the two species of 
human hookworms, N. americanus and A. duodenale, which 
are known to respond differently to antihelmintics. The less 
common species, A. duodenale, seems to be quite sensitive 
to benzimidazoles, including flubendazole, and cure rates of 
80–90% can be achieved, with equivalent egg reduction rates. 
In a study in Thailand, where Necator is the predominant 
hookworm species, egg reduction rates of 88% and 96% were 
achieved with doses of 300 mg twice in 12 or 24 hours, respec
tively (Bunnag et al., 1980). Since then, there has been no 
new work that might show whether flubendazole is actually 
superior to mebendazole for the treatment of hookworm.
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7d.  Strongyloidiasis

There is only one published report of the use of flubendazole, 
using a dose of 300 mg daily for 3 days, for treatment of 
stronglysis, resulting in a cure rate of 43% (Penot et al., 1978). 
Currently, singledose ivermectin (see Chapter 204, Iver
mectin and moxidectin) is considered the treatment of 
choice for strongyloidiasis.

7e.  Enterobiasis

Enterobius vermicularis is almost universally sensitive to all 
anthelmintics, although it remains a problem to treat because 
it is a condition of families, and repeated reinfection from 
other family members is commonplace. A single 500mg 
dose of flubendazole is well tolerated and is effective with a 
cure rate of close to 100% (Min et al. 1986). Treatment of 
the whole family, repeated 2–4 weeks later, is necessary to 
ensure that reinfection does not occur within the group.

7f.  Cystic echinococcosis

Until the mid1970s when flubendazole and the other ben
zimidazoles became available, there was no treatment for 
echinococcosis other than surgery. An initial study of the 
pharmacokinetics of flubendazole in patients about to 
undergo surgery for echinococcosis failed to show that the 
drug penetrated cysts (Saimot et al., 1981). A second study 
(Piens et al., 1984) confirmed that flubendazole concentra
tions in cyst membranes and fluid were very low (~ 3 ng/mg), 
which mirrored the plasma concentrations. Despite these 
findings, flubendazole was tried in infection with Echino
coccus granulosus with limited success (Davis et al., 1986). 
Flubendazole was used as 1g tablets containing 500 mg 
flubendazole base at a dose of 1.5–4.0 g daily (37.5–54.5 
mg/kg) for 3 months. Flubendazole proved to be less effec
tive than either mebendazole or albendazole, with only one 
of six patients showing improvement. Of note, flubendazole 
does not appear to have any significant activity against any of 
the intestinal cestodes of man, and data on equivalent species 
in animals is very limited. Although the clinical efficacy of 
flubendazole is very poor, there continues to be interest in 
the compound, largely because its efficacy in vitro and in ani
mal models appears to be very good (Cumino et al., 2009; 
Ceballos et al., 2009; Ceballos et al., 2013). It is suggested that 
if bioavailablity could be improved by pharmaceutical means, 
then flubendazole could again be considered for echinococ
cosis. There are no data on the efficacy of flubendazole in 
alveolar echinococcosis. 

7g.  Cysticercosis

A number of animal studies have suggested that flubenda
zole might be useful in cysticercosis caused by larval Taenia 
solium, but to date there is only one study of its efficacy 
(TellezGiron et al., 1984). This was conducted at a time when 
the benzimidazoles were being extensively investigated for 

systemic helminthic infections. Twelve cases were treated 
with 40 mg/kg/day in divided doses for 10 days; all showed 
clinical improvement, and in two there was complete resolu
tion of the cysts. However, the established efficacy of both 
albendazole and praziquantel for neurocysticercosis has 
meant that these findings have never been repeated.

7h.  Trichinosis

Data on treatment of Trichinella spp. are limited to experi
mental studies in laboratory animals and veterinary use. 
Under these conditions it appears to be more effective than 
albendazole at eliminating both intestinal adults and larvae 
encysted in the muscles (Chung et al., 2001). There is one 
report from Korea of the use of a combination of albendazole 
and flubendazole for treating Trichinella contracted from eat
ing badger meat; three patients were treated for 15–30 days, 
but the doses used are not stated (Sohn et al., 2000).

7i.  Capillariasis

Capillaria philippinensis infection was formerly a cause of 
outbreaks of severe, sometimes lethal, intestinal infections in 
Southeast Asian island communities. Intestinal capillariasis 
now only occurs occasionally, probably as a result of zoo
notic infection with avian species rather than with C. philip
pinensis. One case in Egypt was successfully treated with 200 
mg flubendazole twice daily for 30 days (Youssef et al., 1989); 
another case in the Philippines failed treatment and was even
tually cured after many months of mebendazole (Alcantara 
et al., 1985). 

7j.  Toxocariasis

Although a number of reports of experimental infections in 
a variety of natural and laboratory animals exist, there is 
only a single report of human treatment, in which a dose of 
50 mg/kg/day was used for 6 days, apparently with success 
(Lelong et al., 1986).

7k.  Filariasis

Many anthelmintic compounds were investigated by WHO
Macrofil in the 1970s in a search for drugs with macrofilari
cidal activity. Among the benzimidazoles, flubendazole stood 
out as being active in a number of the in vivo screens used at 
the time (Denham et al., 1979; Denham 1980; Denham and 
Brandt 1980). Since it was known that flubendazole was 
poorly bioavailable, and oral administration failed to show 
an effect, a parenteral formulation in an oily base was devel
oped for use in a study in onchocerciasis compared to DEC 
100 mg twice daily for 14 days, the standard treatment at the 
time. Flubendazole was given intramuscularly, 750 mg weekly 
for 5 weeks (DominguezVasquez et al., 1983). In those 
treated with DEC, microfilarial counts fell initially, accom
panied by symptoms consistent with microfilarial death, 
but then recovered, whereas with flubendazole microfilarial 
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counts fell slowly over a 6 12month followup, without sig
nificant systemic symptoms, suggestive of a pure macrofilari
cidal activity. While flubendazole was effective as a potential 
macrofilaricide, the intramuscular injections caused large 
sterile abscesses. Since then, investigations have focused 
on the various animal models available, all of which have 
confirmed that flubendazole has macrofilaricidal potential 
(reviewed in Ceballos et al., 2014). While the parenteral 
approach was clearly unacceptable clinically, an alternative 
was to increase the oral bioavailability of flubendazole. A 
number of different formulations have been developed which 
achieve this in animal models (Ceballos et al., 2014), but the 
increased systemic toxicity that results, especially in terms 
of genotoxicity, probably means that this may never be pro
gressed, despite its clear promise.
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Triclabendazole

John Horton

1. DESCRIPTION

Triclabendazole is a benzimidazole carbamate anthelmintic 
that was originally synthesized by Ciba-Geigy, now Novartis. 
It was initially developed as a veterinary anthelmintic and 
was first used for the treatment of human fascioliasis in 1986 
(Wessely et al., 1988). The use of triclabendazole was 
expanded in Iran in 1989 during an epidemic of fascioliasis 
near the Caspian Sea, where studies demonstrated its toler-
ability and superior efficacy over other agents. In 1990, the 
Division of Control of Tropical Diseases (CTD) of the World 
Health Organization (WHO) and the pharmaceutical com-
pany Ciba-Geigy concluded a Memorandum of Understand-
ing to conduct additional clinical trials of triclabendazole for 
the treatment of fascioliasis and paragonimiasis. In 1997, 
based on the remarkable success of these trials, the WHO 
Expert Committee on the Use of Essential Drugs recom-
mended that the drug be included in the Essential Drugs List 
(WHO, 1998a). The process of registering triclabendazole for 
human use is under way in countries where fascioliasis is 
endemic (first registered in Egypt in 2000). It is currently 
marketed as Egaten/Fasinex by the originators.

Triclabendazole occurs as a white, odorless powder that is 
virtually insoluble in water but readily soluble in alcohol. It 
has the chemical name -6-chloro-5-(2,3-dichlorophenoxy)- 
2-(methylthio)-benzimidazole (C14H9Cl3N2OS), with a molec-
ular weight of 359.7. Its molecular structure is shown in 
Figure 203.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Although most benzimidazoles have broad-spectrum anthel-
mintic activity in humans, they exhibit minimal or no activ-
ity against Fasciola hepatica. In contrast, the anthelmintic 
activity of triclabendazole is highly specific for all stages of 
Fasciola spp. and Paragonimus spp. with little activity against 
nematodes, cestodes, and other trematodes (Fairweather and 
Boray, 1999).

2b.  Emerging resistance and 
cross-resistance

Resistance to triclabendazole in veterinary use was first 
reported in 1995 in Australia (Overend and Bowen, 1995). It 
has subsequently been reported in the UK (Mitchell et al., 
1998; Thomas et al., 2000) and the Netherlands (Moll et al., 
2000) and is now probably global in extent. The exact mech-
anism of resistance remains to be identified (Brennan et al., 
2007). Recent work suggests that resistance may be produced 
by a single base pair mutation in Fasciola glutathione trans-
ferase (GST) (Fernandez et al., 2015). Occasional clinical 
resistance in humans has been reported (Gil et al. 2014).

3. MECHANISM OF DRUG ACTION

Electron microscope studies on F. hepatica using the active 
sulfoxide metabolite of triclabendazole, triclabendazole sulf-
oxide, support a microtubule-inhibiting mode of action 
(Robinson et al., 2001), which in turn has far-reaching effects 
of the structure and function of, in particular, the parasite’s 
reproductive organs (Hanna, 2015). The beta-tubulin protein 
of F. hepatica has a glutamic acid residue at position 82 and 
threonine residue at position 91, residues specific to F. hepat-
ica and not seen in beta-tubulin proteins of other nematodes, 
cestodes, or vertebrates that have been studied (Robinson et 
al., 2001). Structural studies indicate that triclabendazole sulf-
oxide, unlike other benzimidazoles, assumes a non-planar 
U-shaped configuration, whereas other benzimidazoles are 
flat or L-shaped. Together with other Fasciola-specific amino 
acid differences, the primary sequence of fluke beta-tubulin 

Figure 203.1. Molecular structure of triclabendazole.
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may cause the benzimidazole-binding region of trematode 
tubulin to adopt a unique three-dimensional structure that 
may not accommodate L-shaped benzimidazoles (Kwa et al., 
1993). Although the classical benzimidazoles, such as meben-
dazole, bind to F. hepatica beta-tubulin, they do so at reduced 
affinity, possibly explaining their lack of activity against 
F.  hepatica (Fetterer, 1986; Fairweather and Boray, 1999). 
Interestingly, other benzimidazole carbamates, such as alben-
dazole, do show activity in multigastric domestic animals, 
probably because of a substantially longer half-life in these 
species. Thus the selective activity of triclabendazole in 
humans can be attributable to the structure of the drug 
enabling it to bind to the variant shape of beta-tubulin of 
F. hepatica (Robinson et al., 2001). Triclabendazole sulfoxide 
is also a potent inhibitor of protein synthesis and has been 
shown to disrupt the tegument of both mature and immature 
stages of F. hepatica (Souhaili-El Amri et al., 1988; Stitt et al., 
1995). This feature may provide another explanation for the 
unique spectrum of anthelmintic activity of triclabendazole.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The recommended dose of triclabendazole for the treatment 
of human fascioliasis is a single dose of 10 mg/kg adminis-
tered after food (Picot et al., 1992; WHO, 1998b). In severe 
infections, a second identical dose is recommended 12 hours 
later (WHO, 1998b). Recently, in a large study in Peru (Maco 
et al., 2015), excellent cure rates in children were shown 
using two doses of 7.5 mg/kg with a 12-hour interval.

Two dosing regimens have been shown to be effective for 
the treatment of human pulmonary paragonimiasis due to 
Paragonimus mexicana and P. westermani: the optimal dose 
appears to be 20 mg/kg divided into two equal doses and 
administered 12 hours apart and with food (WHO, 1998b). 
Alternative dose regimens include 10 mg/kg body weight 
administered every 12 hours after food for two doses, or 5 
mg/kg body weight daily for 3 days (Calvopina et al., 1998; 
Calvopina et al., 2003). Moderate success with a single dose 
of 10 mg/kg body weight administered after food has been 
reported (Ripert et al., 1992). Patients whose sputum sam-
ples demonstrated eggs 90 days after treatment were success-
fully retreated using the 3-day regimen.

4b.  Newborn infants and children

Data in children are very limited, but carefully administered, 
weight-based dosing can be tried with the above adult regi-
mens in children over 4 years of age.

4c.  Pregnant and lactating mothers

While there is no evidence of teratogenic effects in animal 
studies, no studies in pregnant women exist to support its 

safe use. Therefore, in common with all benzimidazole drugs, 
triclabendazole should only be used for severe infections in 
pregnant women where the benefit is considered to outweigh 
the risk. Although triclabendazole is excreted in breast 
milk, there is no evidence to suggest toxicity in breastfeeding 
infants.

4d.  Those requiring altered dosages

No clinical data are available to guide dose adjustment in 
renal insufficiency, but given the short course of therapy and 
extensive hepatic metabolism of triclabendazole, dose adjust-
ment is unlikely to be necessary. Data are lacking regarding 
use of triclabendazole in hepatic insufficiency.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Triclabendazole is rapidly absorbed after oral ingestion 
(Lipkowitz and McCracken, 1991). The administration of 
triclabendazole with food enhances drug absorption and 
results in a threefold increase in plasma area under the curve 
(AUC) of the parent drug and twofold increases in the AUC 
of its active sulfoxide metabolite and the inactive sulfone 
metabolite (Lecaillon et al., 1998). Both the sulfoxide and 
sulfone metabolites are highly protein-bound at > 99% (Lip-
kowitz and McCracken, 1991).

5b.  Drug distribution

Like albendazole, triclabendazole undergoes extensive first-
pass metabolism in the liver and is converted into the active 
metabolite triclabendazole sulfoxide and then to triclaben-
dazole sulfone (Lecaillon et al., 1998). Plasma concentrations 
of triclabendazole sulfoxide greatly exceed that of the parent 
compound. Indeed, after oral administration, triclabendazole 
can only just be detected in plasma, whereas both metabolites 
are present at high levels (Lehr and Damm, 1986; Lecaillon et 
al., 1998).

Although food enhances the absorption of the triclaben-
dazole, it also shortens the elimination half-life of the 
metabolites. The elimination half-life of the active metabo-
lite triclabendazole sulfoxide is 11.2 (± 4.1) hours when the 
drug is taken with food, and 18.9 (± 11.6) hours without 
food (Lecaillon et al., 1998). The elimination half-life of the 
sulfone metabolite when the drug is administered with and 
without food is 11.8 (± 6.9) hours and 18.9 (± 11.6) hours, 
respectively (Lecaillon et al., 1998). Although there needs to 
be a balance between higher systemic exposure and increased 
rate of elimination, dosing with food appears to provide the 
best response, and is now recommended. Infection with F. 
hepatica does not alter the pharmacokinetics of triclabenda-
zole sulfoxide (El-Tantawy et al., 2007).
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5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are no data to directly correlate the clinical activity of 
triclabendazole with its pharmacokinetic and pharmacody-
namic parameters.

5d.  Excretion

As noted above, triclabendazole undergoes extensive first-
pass metabolism in the liver and is converted into the active 
metabolite triclabendazole sulfoxide.

5e.  Drug interactions

No data exist regarding drug–drug interactions. As noted 
above, absorption is significantly enhanced when the drug is 
taken with food.

6. ADVERSE REACTIONS AND TOXICITY

In laboratory studies using high doses of triclabendazole, 
marked bone marrow depression and increased serum alka-
line phosphatase have been observed in rats and dogs. In 
laboratory animals, there was no evidence of dose-related 
mortality or carcinogenicity.

In human subjects, headache and dizziness have been 
reported, with 12.5% of patients receiving a dose of 5 mg/kg 
daily for 3 days reporting headache lasting less than 5 days, 
whereas 20% of patients receiving 10 mg/kg twice-daily for 
1 day reported headache (Calvopina et al., 1998).

Adverse events in humans after treatment for fascioliasis 
include epigastric pain (50–80%), pain in the right hypo-
chondrium (30%), biliary colic (50%), urticaria (37%), and 
nausea and vomiting (28%) (WHO, 1998b). Abdominal 
pain, lasting less than 5 days, was reported by 21.5% of 
patients receiving triclabendazole 5 mg/kg daily for 3 days, 
6.7% receiving 10 mg/kg twice-daily for 1 day, and 31.3% 
receiving a single dose of 10 mg/kg for paragonimiasis 
(Calvopina et al., 1998). The right upper quadrant abdominal 
pain that is commonly reported after receiving triclabenda-
zole for fascioliasis is relieved by oral spasmolytics and has 
been attributed to the expulsion of dead or dying worms 
from the hepatobiliary tract (Apt et al., 1995; Lecaillon et al., 
1998; el-Karaksy et al., 1999). This is supported by ultra-
sound studies that have demonstrated dilated intrahepatic 
bile ducts caused by transient biliary obstruction associated 
with expulsion of dying worms. Further support for this 
hypothesis comes from the treatment of paragonimiasis in 
which gastrointestinal side effects are much less frequent, 
with only 2/77 patients (2.6%) having abdominal pain when 
treated with 10 mg twice in 1 day (Calvopina et al., 2003).

Fever has been reported in 6.3% of patients within 4 days 
of treatment for paragonimiasis. No reports of derangement 
of liver function tests, renal function, or hematologic indices 

have been reported during treatment of humans for this 
condition.

Unlike the other benzimidazole drugs, triclabendazole 
has not been shown to cause birth defects in animal studies. 
However, no data exist regarding its safety in pregnant 
women. Given the established teratogenicity of other ben-
zimidazole drugs in the first trimester of pregnancy, the use 
of triclabendazole in pregnant patients should be reserved 
for severe infections. Although triclabendazole passes into 
breast milk, no reports of toxicity in infants exist.

7. CLINICAL USES OF THE DRUG

7a.  Fascioliasis

Fascioliasis, an infection due to the liver flukes F. hepatica 
and F. gigantica, is normally a disease of domestic herbivo-
rous animals, such as sheep, cattle, and goats, which are the 
normal hosts. Man is an accidental host, infection resulting 
from eating uncooked, and usually unwashed, aquatic vege-
tables (such as watercress) on which the infective stage of the 
parasite has encysted.

The appearance of symptoms depends upon the intensity of 
the infection. These may develop within a few days of inges-
tion of larvae as the trematodes penetrate the hepatic capsule, 
and usually include fever and abdominal pain, but gastro-
intestinal complaints and urticaria may also occur. Once 
parasites have reached the bile ducts, matured, and begun to 
produce eggs, a prominent eosinophilia may be the only sign 
of illness. However, in the chronic phase of infection, inflam-
mation caused by the relatively large-sized adult worms may 
result in bile duct obstruction manifesting as biliary colic, epi-
gastric pain, jaundice, and abdominal tenderness. With long-
standing chronic infection, the liver is usually enlarged and 
tender to palpation, and symptoms of chronic liver inflam-
mation may occur. Cholelithiasis is a common complication.

Triclabendazole is effective against all stages of Fasciola 
spp. It has been successfully used in the early, invasive phase 
of the infection (Picot et al., 1992; Graham et al., 2001). 
Several clinical studies have been carried out on the treat-
ment of chronic fascioliasis with triclabendazole, enrolling 
over 600 patients in Bolivia, Chile, Cuba, Egypt, Iran, and 
Peru (Apt et al., 1995; WHO, 1998b; el-Karaksy et al., 1999; 
Millan et al., 2000; Talaie et al., 2004). These studies suggest 
that the optimal dose for fascioliasis is 10 mg/kg body weight. 
The drug was well tolerated, with the only side effect in the 
treatment of fascioliasis being a transient biliary obstruction 
due to dying worms (Richter et al., 1999; Millan et al., 2000). 
Treatment provides immediate relief to infected individuals, 
and on a population basis, reduces the prevalence and inten-
sity of infection (el-Morshedy et al., 1999), thus potentially 
reducing the spread of parasite eggs in the environment. A 
comparison of the standard 10 mg/kg single dose with two 
doses of 7.5 mg/kg in children showed good tolerability, the 
main side effect being biliary colic occurring in about 25% of 
treated individuals (Maco et al., 2015).
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7b.  Paragonimiasis

Humans develop infection with the lung fluke Paragonimus 
westermani and related species by ingesting infective meta-
cercariae encysted in the muscles and viscera of crayfish and 
freshwater crabs. Once the immature parasites reach the 
duodenum, they excyst, penetrate the gut wall, and travel 
through the peritoneal cavity, diaphragm, and pleural space 
to reach the lungs. Adult lung flukes are 7–12 mm in length 
and are found encapsulated in the bronchioles. When matur-
ing flukes lodge in lung tissues, they cause hemorrhage and 
necrosis, resulting in cavity formation. As the adults produce 
eggs, the cavities rupture, and eggs are either expectorated 
with sputum or swallowed and passed to the outside envi-
ronment with feces. Patients with pulmonary paragonimiasis 
usually present with cough productive of brownish sputum 
or frank hemoptysis associated with peripheral blood eosin-
ophilia. Pulmonary paragonimiasis is diagnosed by the 
detection of parasite ova in sputum and/or stools.

There have been three clinical trials on the treatment of 
paragonimiasis with triclabendazole involving 261 people 
in Cameroon and Ecuador (Ripert et al., 1992; Calvopina et 
al., 1998). The optimal treatment regimen for paragonimia-
sis is 10 mg/kg, given twice in a single day, producing 100% 
cure at 9 months. A single 10-mg/kg dose appears marginally 
less effective. Although the drug of choice for the treatment 
of paragonimiasis remains praziquantel 25 mg/kg three times 
a day for 3 days, clinical studies in Ecuador (Calvopina et al., 
1998; Calvopina et al., 2003) have clearly demonstrated that 
triclabendazole is equally effective and well tolerated, with a 
lower, simpler dosing regimen.
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INTRODUCTION

The macrocyclic lactone class of antibiotics has been a signif-
icant addition to human and veterinary medicine since 
their discovery some 30 years ago. They exhibit a broad spec-
trum of activity against a range of nematodes and arthro-
pods, are active at low concentration, and have a wide margin 
of safety. They are classified into two major subfamilies—the 
avermectins and milbemycins. The differences are based on 
the presence or the absence of a sugar motif and protonation 
at C-13. Although the avermectins were the first to be com-
mercialized, the milbemycins were discovered earlier, with 
milbemycin first identified in 1972 (Takiguchi et al., 1980). 
This chapter focuses on ivermectin and moxidectin—the 
two macrocyclic lactones of greatest relevance to human clin-
ical use.

IVERMECTIN

1. DESCRIPTION

Ivermectin is a derivative of avermectin, produced by the 
soil-dwelling actinomycete Streptomyces avermitilis. Isolated 
from a soil sample taken from a golf course in Japan, the 
drug was developed over 12 years in a collaboration between 
William Campbell of Merck and Satoshi Omura of the 
Kitasato Institute in Japan. The impact of ivermectin on 
human health is attested to by the award of the 2015 Nobel 
Prize in Medicine. 

Ivermectin is marketed under the brand names Stromectol 
(Merck) in the United States, Mectizan (Merck) in Canada, 
Ivexterm (Valeant Pharmaceuticals International) in Central 
America, and also with many generics available. Topical 
0.5% and 1% formulations are marketed in the United 
States under the names Sklice (Sanofi-Pasteur) and Soolantra 
(Galderma), respectively. Ivermectin exists as an odorless 
off-white powder with high lipid solubility but poor solu-
bility in water. It is a mixture of at least 80% C48H74O14 (22, 
23-dihydroavermectin B1a) and no more than 20% C47H72O14 

(22, 23-dihydroavermectin B1b) with an average molecular 
weight of 875.1g/mol (Figure 204.1). The hydrogenation of 
avermectin B1 at the C22–23 linkage confers increased activ-
ity against Haemonchus contortus, an important veterinary 
parasite. It was this discovery that resulted in its selection for 
commercial development (Campbell, 1993). When ivermec-
tin was found to be extremely effective against the cattle par-
asite Onchocerca cervicalis, this led to the exploration of the 
drug for treatment of human onchocerciasis (Campbell et al., 
1983). Since its introduction in 1987, more than 2 billion doses 
have been administered, primarily donated by Merck under 
the Mectizan Donation Program (www.mectizan.org). 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The activity of ivermectin is summarized in Table 204.1. 
Ivermectin is a broad spectrum endecotcide that acts on 
invertebrate chloride channels, resulting in paralysis. It is the 
drug of choice for the treatment of onchocerciasis, strongy-
loidiasis, and cutaneous larva migrans. Although highly 
active against the intestinal helminths Ascaris lumbricoides 
and Strongyloides stercoralis, ivermectin is only variably effec-
tive in trichuriasis and has little clinically significant activity 
against hookworms. For ectoparasites, it is routinely used in 
the treatment of scabies, and topical formulations have been 
marketed for head lice and rosacea. The observation that 
mosquitoes are also susceptible to ivermectin via blood meals 
has led to recent exploration regarding its potential as a vector 
control agent for reducing malaria transmission (Ouedraogo 
et al., 2015). 

2b.  Emerging resistance and 
cross-resistance

Owing to overuse of ivermectin as a single agent for control 
of parasites in cattle, resistance to ivermectin rapidly devel-
oped in H. contortus (Sangster, 1996), and is now widespread 

http://www.mectizan.org
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Figure 204.1. Chemical structure of ivermectin.
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Table 204.1. Routine susceptibility of ivermectin against pathogens of importance to humans.

Organism Activity Recommended dose

Helminths

Intestinal nematodes of humans
Strongyloides stercoralis1 Drug of choice 200 µg/kg

Multiple doses may be required in hyperinfection/HTLV I2

Ascaris lumbricoides Highly effective 150–200 µg/kg

Trichuris trichiura Not effective

Enterobius vermicularis Not effective

Human hookworms
Ancylostoma duodenale Not effective

Necator americanus Not effective 

Lymphatic filarial parasites

Wuchereria bancrofti Best used with a macrofilaricidal agent

Brugia malayi Best used with a macrofilaricidal agent

Other filarial infections
Onchocerca volvulus1 Drug of choice 150 µg/kg, repeated at 6- to 12-month intervals 

Loa loa Effective Contraindicated in patients with high microfilaremia

Mansonella streptocerca Effective 150 µg/kg, repeated at 6- to 12-month intervals

Mansonella ozzardi Effective 150 µg/kg, repeated at 6- to 12-month intervals

Mansonella perstans Not effective

Other nematode infections

Gnathostoma spp. Not highly effective

Cutaneous larva migrans Effective

Arthropods

Sarcoptes scabiei1 Effective 200 µg/kg, repeated after 7–14 days
Multiple doses may be required in crusted scabies

Pediculus humanus capitis1 Effective 200–400 µg/kg or topical 0.5%a 

Rosacea (Demodex folliclorum)1 Moderately effective Topical 1%, daily

1Approved by the United States Food and Drug Administration for this indication.
2HLTV 1 = Human T-Lymphotropic virus 1.
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in veterinary medicine. Although ivermectin was released 
for the mass treatment of onchocerciasis nearly 30 years ago 
(Lindley, 1987), reports of suboptimal responses to the drug 
have been fairly recent (Ali et al., 2002; Awadzi et al., 2004b; 
Osei-Atweneboana et al., 2007) (Table 204.2). This manifests 
as rapid repopulation of microfilariae after treatment, sug-
gesting that the effect of ivermectin on fecundity in adult 
female Onchocerca volvulus is diminishing, although host 
factors have also been implicated in suboptimal responses 
(see section 5c, Clinically important pharmacokinetic and 
pharmacodynamic features). Firm parasitologic and epide-
miologic evidence of ivermectin resistance was documented 
in O. volvulus in 2007 (Osei-Atweneboana et al., 2007), and 
phenotypic assessment of these cases confirmed a reduced 
embryostatic effect of the drug in adult female worms (Osei-
Atweneboana et al., 2011). A strategy to combat emerging 
ivermectin resistance in O. volvulus by targeting the Wolbachia 
endosymbionts with doxycycline prior to ivermectin suc-
cessfully halts embryogenesis in “poor responders” and sig-
nificantly increases treatment efficacy (only 2.5% patients 
microfilariae positive at 12 months compared to 54.5% in 
placebo) (Debrah et al., 2015). 

Several single nucleotide polymorphisms in the beta- 
tubulin gene were found in resistant O. volvulus (Osei-
Atweneboana et al., 2012), and observations of ivermectin 
selection on tubulin are supported by other studies of oncho-
cerciasis (Eng and Prichard 2005; Bourguinat et al., 2006), and 
in ivermectin-resistant H. contortus (Eng et al., 2006). Iver-
mectin selection is also evident at O. volvulus P-glycoprotein 
and other ATP-binding cassette (ABC) transporter genes 
(Ardelli and Prichard, 2004). In some ivermectin-resistant 
veterinary nematodes, mutation to glutamate gated chloride 
channels is observed (Dent et al., 2000; Njue et al., 2004). 
However, this resistance mechanism has not been seen in 
parasites of human importance. 

There exist several reports of ivermectin treatment failure 
in scabies, namely crusted scabies, which involves hyper- 

infestation of Sarcoptes scabiei and requires aggressive treat-
ment involving multiple doses of ivermectin (Currie and 
McCarthy, 2010). Clinical and in vitro resistance in S. scabiei 
has been documented (Currie et al., 2004), and mites col-
lected from patients in scabies endemic communities demon-
strated increasing longitudinal tolerance to the drug in vitro 
(Mounsey et al., 2009) (Table 204.2). Mites collected from 
patients before and after treatment show increased expres-
sion of P-glycoprotein and glutathione-S transferase genes, 
implicating increased drug efflux and detoxification in the 
developing resistance (Mounsey et al., 2010). In vitro expo-
sure studies in Pediculus humanus has also been shown to 
increase ABC transporter and cytochrome P-450 expression 
(Yoon et al., 2011), although clinical ivermectin resistance 
has not yet been documented in head or body lice. 

As expected, cross-resistance is observed with related mac-
rocyclic lactones such as moxidectin (Prichard et al., 2012). 
Recent work with the free-living nematode Caenorhabditis 
elegans has shown that exposure to increasing doses of iver-
mectin resulted in the development of a stable multidrug 
resistance phenotype with cross-resistance to the related 
drug moxidectin and to other anthelmintics, levamisole and 
pyrantel, but not albendazole (James and Davey, 2009).

3. MECHANISM OF DRUG ACTION

Ivermectin activates glutamate-gated chloride channels, with 
the subsequent influx of chloride ions resulting in hyper-
polarization and paralysis, particularly of the nematode pha-
ryngeal muscle (Cully et al., 1994). While glutamate-gated 
chloride channels appear to be the primary target, ivermec-
tin also interacts with other ligand gated chloride channels, 
such as gamma-aminobutryic acid (GABA) channels. While 
GABA receptors are present in the mammalian central ner-
vous system (CNS), the affinity of the drug for the bind-
ing sites in nematode tissue is about 100 times greater than 
that observed in mammalian tissues. The ABC transporter 

Table 204.2. Ivermectin resistance in parasites of human importance.

Pathogen
Typical resistance 
observations

Mechanism of 
resistance

Resistance 
widespread or 
limited to outbreaks 
and case reports Clinical impact References

Onchocerca 
volvulus

Suboptimal 
responses to 
routine treatment, 
defined as > 10 
mf/skin snip after 
> 9 rounds of 
ivermectin

Beta-tubulin 
polymorphism?

Reduced embryostatic 
effect in adult 
female worms

Limited to reports in 
endemic regions 
of Ghana, full 
extent unknown 
due to limited 
monitoring

None at present, 
continued monitor-
ing and understand-
ing that alternative 
treatments may be 
needed for future 
control

Ali et al., 2002; Awadzi et al., 
2004a; Awadzi et al., 
2004b; Osei-Atweneboana 
et al., 2007; Osei-
Atweneboana et al., 2011; 
Osei-Atweneboana et al., 
2012

Sarcoptes 
scabiei

Clinical and in vitro 
treatment failure, 
evidence of 
increasing 
tolerance in vitro

Overexpression of 
P-glycoprotein, 
glutathione 
S-transferases?

Limited to case 
reports in crusted 
scabies

Combination therapy 
with topical acaricide 
and keratolytic 
therapy recom-
mended for severe 
cases

Currie et al., 2004; Mounsey 
et al., 2009; Currie and 
McCarthy, 2010; Mounsey 
et al., 2010)
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P-glycoprotein is important in preserving the blood–brain 
barrier and preventing accumulation of ivermectin in 
brain tissue (Mayer, 2000). In knockout mice deficient for 
P-glycoprotein in the apical membrane of brain capillary 
endothelial cells, the LD50 of ivermectin was 100-fold lower 
than in wild-type mice (Schinkel et al., 1994). Collies and 
other breeds of dogs are unusually susceptible to the toxic 
effects of ivermectin owing to a mutation in the canine 
multidrug-resistance gene, designated mdr-1 (Roulet et al., 
2003; Neff et al., 2004). Increased P-glycoprotein expression 
and enhanced drug efflux have been reported with increas-
ing age, but this has not been investigated in detail (Leith et 
al., 1997; Leith et al., 1999). In line with these observations, 
concerns regarding the risk of neurotoxicity in cases of blood 
brain barrier underdevelopment currently preclude ivermec-
tin use in infants, although use of the drug has been reported 
in this group with no adverse events (Becourt et al., 2013). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Please refer to Table 204.3 for ivermectin mode of drug 
administration and dosage.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Key pharmacokinetic features of ivermectin are summarized 
in Table 204.4. Ivermectin is available for human use as an 
oral (3-mg or 6-mg tablet) or topical (0.5% or 1% lotion) for-
mulation. When applied topically, there is minimal systemic 

absorption, as reflected by maximum concentration (Cmax) 
and area under the curve (AUC) values several orders of 
magnitude lower than after oral administration (Table 204.4). 
The bioavailability of ivermectin is increased twofold when 
consumed with food (Guzzo et al., 2002). While ivermectin 
bioavailability was reported to increase with intake of beer 
(Shu et al., 2000), a more recent study of subjects from areas 
of mass drug administration found that routine consump-
tion of food or alcohol did not have a significant effect 
on  ivermectin pharmacokinetics (Homeida et al., 2013). 
Whether ivermectin is given as a tablet, capsule, or an aque-
ous ethanol solution, the rate of absorption is the same 
(Edwards et al., 1988). A second rise in plasma levels occurs 
6–12 hours after the initial dose, suggesting enterohepatic 
recycling (Baraka et al., 1996). Plasma protein binding is 
93%, primarily to albumin (Klotz et al., 1990).

5b.  Drug distribution

Because it is a highly lipophilic drug, ivermectin is distrib-
uted widely throughout the body, including fat and skin 
(Baraka et al., 1996). As expected, highest levels were found 
in fat, with lower levels in subcutaneous fascia (Baraka et al., 
1996) and little accumulation in the brain owing to the action 
of the Pgp efflux transporter in the blood–brain barrier. 
(Edwards, 2003). The volume of distribution in the central 
compartment (Vc) has been measured at 3.5 l/kg after oral 
administration of 12 mg of ivermectin (Krishna and Klotz, 
1993). In patients with onchocerciasis, the pharmacokinet-
ics, volume, and tissue distribution of ivermectin were simi-
lar to that reported in healthy controls (Okonkwo et al., 1993; 
Baraka et al., 1996). Studies of ivermectin in breast milk from 
four lactating women found a mean Cmax of 14 ng/ml, and 

Table 204.3. Ivermectin mode of administration and dosage. 

Oral Other

Routine dosages

Adults 3- and 6-mg tablet, 150–200 µg/kg, 
depending on clinical indication

Topical 0.5% or 1%, depending on 
clinical indication

Children (> 5 and/or weighing >15 kg) 3- and 6-mg tablet, 150–200 µg/kg Topical 0.5%

Newborn infants, children < 5 years of 
age and/or <15 kg

Contraindicated due to a lack of safety data, 
although some have argued its safety1 

Topical 0.5% approved for infants 
over 6 months old

Altered dosages

Impaired renal function No alteration due to insignificant renal 
handling

No alteration

Impaired hepatic function No data available, but lack of side effects at 
high doses2

As ivermectin is metabolized by the liver, 
caution should be exercised3 

No alteration

Pregnancy and lactating women Altered dose would not be necessary, but 
contraindicated in these groups

No alteration, use on a case-by-case 
basis

The elderly No alteration No alteration

1Goa et al., 1991.
2Guzzo et al., 2002.
3Stromectol product label.
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Tmax of 6.5 hours, representing about 37% of levels in serum, 
with an absolute infant dose predicted to be less than 2.7 µg/
kg (Ogbuokiri et al., 1993).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

ONCHOCERCIASIS

The contribution of host factors and altered pharmacokinetic 
profiles to suboptimal treatment responses in onchocerciasis 
have been explored. Pion et al. (2011) found that males had 
higher repopulation of microfilariae after treatment, which 
was suggested as possibly occurring due to increased bio-
availability and retention of the drug in females, who have a 
higher proportion of adipose tissue. Significant differences 
in allele frequency in P-glycoprotein and CYP3A were found 
in a small number of suboptimal responders, suggesting that 
altered host metabolism and efflux may play a role in iver-
mectin efficacy (Kudzi et al., 2010). No association has been 
found between the plasma concentration of ivermectin and 
the occurrence of adverse reactions (Njoo et al., 1995).

STRONGYLOIDIASIS

The ability to achieve adequate drug levels of ivermectin in 
patients with disseminated strongyloidiasis is a serious prob-
lem, as paralytic ileus and malabsorption may preclude oral 
administration and limit absorption of the drug. Moreover, 
patients often present with hypoalbuminemia, limiting drug 
binding and thus further altering pharmacokinetics. Very 
low plasma levels have been described after oral administra-
tion, for example in one patient only 1 ng/ml after ingesting 
a total dose of 1000 µg/kg over three consecutive days (Marty 
et al., 2005). Subcutaneous administration of a veterinary 
formulation at 200 µg/kg is more successful, although there 
is still a wide variation in reported plasma levels (Barrett et 
al., 2016). Of note, however, are reports of accumulation 

of the drug following the cessation of parenteral treatment, 
likely due to depot formation and prolonged release via the 
subcutaneous route (Marty et al., 2005; Donadello et al., 
2013; van Westerloo et al., 2014). In some patients this 
accumulation was seen together with the development of 
CNS symptoms, some severe (Donadello et al., 2013; van 
Westerloo et al., 2014) (see section 6, Toxicity), although the 
cause or mechanisms are not understood, especially as over-
all plasma levels did not exceed that of healthy controls. 

SCABIES

The levels of ivermectin were measured on the surface of the 
skin after a single 12-mg oral dose (n = 5) (Haas et al., 2002). 
Distribution to the skin was in concentrations equivalent to 
plasma, although there were marked differences between oily 
and non-oily areas of skin, consistent with the lipophilic 
nature of the drug. From this the authors contended that 
suboptimal treatment efficacy for scabies may be a concern 
for those with dry skin. Indeed, treatment failures have been 
observed in the treatment of scabies in older individuals 
(Fujimoto et al., 2014).

5d.  Excretion

Ivermectin is metabolized in the liver via the cytochrome 
P450 isozyme CYP3A4 (Zeng et al., 1998). It is both a sub-
strate for, and inhibitor of, the transporter Pgp (Schinkel et 
al., 1994; Molento et al., 2004) at concentrations consistent 
with doses used in mass treatment campaigns (Lespine et al., 
2006). The elimination half-life of the metabolites of iver-
mectin is longer than that of the parent drug, at about 3 days 
(Njoo et al., 1995). It is not known whether the metabolites 
have antiparasitic activity. Less than 1% of the drug is excreted 
in the urine as 3′-O-demethyl-22, 23-dihydroavermectin 
B1a and 23-dihydroavermectin B1a. The remainder is excreted 
as metabolites in the feces, mainly as monosaccharide deriv-
atives (Fink and Porras, 1989).

Table 204.4. Key pharmacokinetic parameters of ivermectin and moxidectin in humans.

Oral ivermectin 
(tablet)1 Topical ivermectin3–4

Oral moxidectin 
(Range)5–9

T½ (hours) 13.4–21 0.5%: not calculated
1%: 145 hours10

700–1139 

Cmax (ng/ml) 23.5–50 0.5%: 0.24 ng/ml 
1%: 2.1 ng/ml

56–87

Tmax (hours) 3.6–10.3 0.5%: 15.9
1%: 10 

2.3–5.8 

AUC (0-∞), ng.hr/ml 17242 0.5% 6.7
1%: 35 (AUC0–24)

3024–5673

1From Gonzalez Canga et al 2007. Combined data from healthy adult subjects receiving 12 mg oral tablet.
2From Guzzo et al., 2002. Fasted volunteers receiving 30 mg oral.
3From Hazan et al., 2013.
4Soolantra (1% ivermectin) product information sheet.
5–9From moxidectin trials on healthy adult volunteers, single 8- to 10-mg oral dose. Compiled from Cotreau et al. 2003; Korth-

Bradley et al. 2011; Korth-Bradley et al. 2012a; Korth-Bradley et al. 2012b; Korth-Bradley et al. 2013.
10After daily dose for 28 days.
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5e.  Drug interactions

The mass distribution of ivermectin has been so successful 
that similar eradication campaigns using albendazole and 
azithromycin have been developed. Integration of these 
campaigns into a single elimination strategy is beginning to 
occur, and is based on mass administration of a three-drug 
combination (Coulibaly et al., 2013). While little pharma-
cokinetic interaction is observed between albendazole and 
ivermectin (Awadzi et al., 2003), the inclusion of azithromy-
cin increased ivermectin AUC and Cmax by 31% and 27%, 
respectively (Amsden et al., 2007). A population model 
developed to analyze drug interaction data suggest the Cmax 
of ivermectin achieved in the interaction phase would not 
exceed 201 ng/ml (El-Tahtawy et al., 2008). On the other 
hand, studies on the combination of levamisole, albendazole, 
and ivermectin showed evidence of significant drug inter-
actions, where the Cmax of albendazole was decreased, levels 
of  ivermectin substantially increased, and adverse events 
observed (Awadzi et al., 2004c), suggesting this combination 
should be avoided. These findings were supported in a recent 
study in sheep, where the three-drug combination resulted 
increased ivermectin bioavailability, with a 58% increase in 
Cmax and 71% increase in AUC (Suarez et al., 2014). Although 
not extensively studied in humans, it is reasonable to assume 
that drugs that act on P-glycoprotein or CYP3A4 would 
result in alterations to ivermectin pharmacokinetics (Lespine 
et al., 2012). This is supported by animal studies; for exam-
ple, ketoconazole, a P-glycoprotein inhibitor, caused modest 
but significant increases in AUC in sheep and dogs (Hugnet 
et al., 2007; Alvinerie et al., 2008). 

6. ADVERSE REACTIONS AND TOXICITY

Ivermectin is well tolerated and adverse reactions are infre-
quent, as demonstrated by its continued use in mass treat-
ment campaigns for nearly 30 years. Although ivermectin 
does not normally cross the blood–brain barrier in verte-
brates, high-dose animal studies and observations of human 
overdose have reported signs and symptoms of central ner-
vous system toxicity, including emesis, mydriasis, and ataxia 
(Edwards, 2003). No fatalities have been reported from 
human overdose. No significant toxicity was observed after 
administration of up to ten times (2000 µg/kg) the recom-
mended therapeutic dose (Guzzo et al., 2002), demonstrat-
ing a wide margin of safety. The major adverse reactions 
relate to the death of the parasite and subsequent immune 
reaction to the released antigens, and are termed Mazzotti 
reactions. They occur primarily in filariasis (Table 204.5), 
although a single case report exists for crusted scabies (Ito, 
2013). These reactions include skin rash or itching, fever, 
myalgia, malaise, lightheadedness, and occasionally severe 
symptomatic postural hypotension (SSPH). In the typical 
case of SSPH, the pulse and blood pressure are normal while 
recumbent. On standing for a few minutes, there is dizzi- 

ness, weakness, or lightheadedness, and the patient becomes 
restless or confused; occasionally syncope occurs. Recovery 
usually follows rapidly when the patient remains recumbent, 
and no specific treatment is necessary. SSPH has been 
described after treatment with virtually all microfilaricides 
(Awadzi, 2003). It is generally not considered serious because 
it is readily reversible. The severity of such side effects is 
related to the intensity of parasite infection; adverse effects 
are generally mild, self-limiting, and only occasionally 
require symptom-based treatment with antipyretics or anti-
histamines (De Sole et al., 1989). 

Rare but severe complications of ivermectin therapy for 
onchocerciasis include encephalopathy in patients with 
heavy Loa loa infection (> 30,000 microfilariae/ml blood), 
characterized by confusion, urinary incontinence, lethargy, 
and coma. Although the number of subjects reported to 
experience this were small, it has been suggested that severe 
adverse events (SAEs) caused by ivermectin in loiasis may 
be associated with polymorphism at the P-glycoprotein 
encoding mdr-1 gene (Bourguinat et al., 2010). The risk of 
SAEs led to the temporary suspension of ivermectin distri-
bution in regions where the two filarial infections are co- 
endemic. Distribution resumed in these areas in 2004 after 
the development of a tiered diseisation strategy (Addiss et al., 
2003). Encephalopathy has also been reported after iver-
mectin treatment in dissemination strongyloides hyperin-
fection (Turner et al., 2005; Donadello et al., 2013), but direct 
causation is difficult to establish due to the high mortality 
and co-morbidities observed in this condition. A recent case 
report documented significant accumulation (30 ng/g) of 
ivermectin in the brain up to 14 days post treatment, consis-
tent with observed neurotoxicity, and culminating in coma 
and death of the patient. The underlying mechanisms were 
not determined, but was not found to be associated with 
common mdr-1 mutations (van Westerloo et al., 2014). This 
suggests that careful monitoring of serum levels and conser-
vative dosing is required in cases of severe disseminated 
strongyloidiasis.

6a.  Hypersensitivity reactions

A single case of hepatitis associated with ivermectin use has 
been reported (Veit et al., 2006), but there are no other 
reports of significant immune reactions with this agent.

6b.  Pregnancy and fetal toxicity

Not surprisingly, the use of ivermectin in mass treatment 
campaigns occasionally results in the inadvertent adminis-
tration of ivermectin to pregnant women. Retrospective anal-
ysis found no increased risk with ivermectin exposure in 
pregnancy (Pacque et al., 1990; Chippaux et al., 1993; Gyapong 
et al., 2003). A randomized controlled trial compared effi-
cacy and safety of albendazole and ivermectin in women in 
the second trimester of pregnancy, finding no adverse events 
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(Ndyomugyenyi et al., 2008). Until larger studies are under-
taken, administration of the drug to pregnant women is still 
not advised. However, the established teratogenicity of the 
alternative treatment for strongyloidiasis (the benzimidazole 
drug, albendazole) suggests that ivermectin would be the 
drug of choice if life-threatening hyperinfection occurred in 
a pregnant woman. Operational constraints and the absence 
of observed toxicity in human studies have resulted in the 
decision not to exclude lactating women from mass treat-
ment programs. 

7. CLINICAL USES OF THE DRUG

7a.  Onchocerciasis

Ivermectin is the drug of choice for the treatment of oncho-
cerciasis. Early randomized controlled trials showed an 
enhanced treatment efficacy, fewer adverse reactions, and 
delayed repopulation of microfilariae compared to diethyl-
carbamizine (Greene et al., 1985; Lariviere et al., 1985) (Table 
204.6). Examination of adult worms revealed interuterine 

Table 204.5. Adverse reactions observed with ivermectin.

Frequency (%) Comments

Mazzotti-type reactions associated with treatment of filariasis

Common
Cutaneous symptoms Pruritus: 27.51; 55.62

Rash: 22.71; 422

Any cutaneous reaction: 33

Mazzotti effects relate to the 
death of the parasite in filariasis

Severity of symptoms generally 
relates to the burden of 
microfilariae 

Increased standing pulse rate 35.62

Hypotension 26.72

Fever 22.61

2.63

Less common
Lymph node tenderness or enlargement 2–112

1.13

Pain/myalgia/arthralgia 9.32

5.63

Severe symptomatic postural hypotension 
(SSPH)

1.11

2.22

0.13

Defined as decrease in MAP by 
> 35 mmMg, subject cannot 
stand still for 2 minutes after  
> 5 minutes supine2

Other Adverse Events

Skin itching, rash Scabies: 1.41 
Strongyloidiasis: 2.8, 0.91

Edema Onchocerciasis: 1.2–3.21; 2.63

Gastrointestinal symptoms Strongyloidiasis 
Abdominal pain 0.9; 41

Anorexia, constipation, vomiting: 0.9 
Nausea, diarrhea: 1.8
Scabies: < 1

Neurologic symptoms Strongyloidiasis
Dizziness: 2.81

Somnolence, vertigo, tremor: 0.91

Chest pain Strongyloidiasis: 41

Rare but clinically significant adverse events
Encephalopathy in Loa loa coinfection Associated adverse events include pain, conjunctival 

hemorrhage, dyspnea, urinary and/or fecal 
incontinence, difficulty standing/walking, 
confusion, lethargy, stupor, seizures, coma

Generally only observed with very 
high mf levels (< 30,000 mf/ml)2 

1Stromectol product label 2 (Awadzi et al., 2014), 3 (De Sole et al., 1989).
2Ducorps et al., 1995.
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sequestration and degeneration of microfilariae, explaining 
its embryostatic effect (Awadzi et al., 1986). Administered as 
a single oral dose of 150 µg/kg, ivermectin has a rapid effect 
on microfilariae, which cause most of the ocular and cutane-
ous manifestations of this disease. Most of the microfilariae 
disappear by the end of the first week of therapy; within 
1 month after treatment with ivermectin, the skin microfi-
larial loads decrease by 95–99% (Basanez et al., 2008). The 
embryostatic action persists for several months, keeping the 
microfilarial burden at a very low level for up to 1 year post 
treatment. Together, these effects result in a dramatic reduc-
tion of morbidity and transmission intensity. Higher doses 
(up to 800 µg/kg) do not enhance treatment efficacy, and 
have been reported to cause an increase in ocular adverse 
events (Gardon et al., 2002). Ivermectin is not macrofilari-
cidal, even at doses up to 1.6 mg/kg (Awadzi et al., 1999), but 
does appear to reduce the longevity of adult worms when 
treatments are repeated every 1–3 months (Duke et al., 1990; 
Gardon et al., 2002). As adult worms may live more than 10 
years, repeated doses of ivermectin may be required every 
6–12 months for the life of the adult worm. After > 20 years 
of semiannual treatment with high coverage in some regions 
of Central America, onchocerciasis transmission has reached 
elimination targets and mass drug administration (MDA) 
was halted in 2011 (Richards et al., 2015). In Africa, ambi-
tious elimination targets have been set, but it is unlikely that 
current annual MDA programs can achieve this with research 
focused on modeling different treatment frequency, and 
alternative strategies such as new drugs (especially with 
macrofilaricidal properties) or combinations of existing drugs 
(Mackenzie et al., 2012).

Ivermectin is generally well tolerated, but as noted above 
(see section 6, Toxicity), patients with high levels of micro-
filaria in the skin may have significant post-treatment reac-
tions, including postural hypotension, and thus should be 
observed for up to 36 hours after treatment. Additionally, 
individuals heavily coinfected with L. loa (> 30,000 micro-
filariae/ml blood) can develop encephalopathy.

7b.  Lymphatic filariasis

A single dose of ivermectin is microfilaricidal against Wucher-
eria bancrofti—with a single oral dose of 10–20 µg/kg, micro-
filaremia disappears for up to 3 months (Kumaraswami et al., 
1988). With higher doses (150–400 µg/kg) microfilaremia 
takes longer to return, and this degree of parasitemia is lower 
than baseline (Richards et al., 1991; Eberhard et al., 1992). 
Ivermectin is not macrofilaricidal, even at high doses (Dreyer 
et al., 1996), and is inferior to diethylcarbamazine (DEC) in 
producing sustained reductions in microfilaremia (Tisch et 
al., 2005) (Table 204.6). However, in areas co-endemic for 
onchocerciasis, treatment regimens that include DEC are 
contraindicated as a result of adverse reactions. In such areas 
the recommended regimen is 200–400 µg/kg ivermectin plus 
400 mg albendazole (Gyapong et al., 2005). Increasing dose 
and treatment frequency was not found to enhance efficacy 
(Tafatatha et al., 2015). In areas free of onchocerciasis, 

combining ivermectin with DEC (6 mg/kg) results in a 
greater reduction in community microfilarial levels than 
either drug alone (Tisch et al., 2005), and this combination 
currently appears to be the most effective regimen for lym-
phatic filariasis. A recently published pilot study (n = 24) 
indicates that the triple drug combination was more effective 
than albendazole and DEC alone (Thomsen et al., 2015). 

Although the efficacy of ivermectin in lymphatic filariasis 
due to infection with Brugia malayi and B. timori is less well 
studied, the drug appears to be less effective than against 
W.  bancrofti. Single doses of ivermectin, even as high as 
400 µg/kg, result in slower clearance of microfilaremia, and 
this effect is short-lived (Shenoy et al., 1992). However, this 
dose results in a significant reduction in microfilaremia, and 
this lower level of microfilaremia remains suppressed for up 
to 2 years. The addition of albendazole to both DEC and iver-
mectin treatment does not increase the efficacy of ivermectin 
against Brugia spp. (Shenoy et al., 1999).

7c.  Loiasis

The effect of ivermectin against L. loa appears similar to that 
seen in Brugian filariasis. High doses of the drug (400 µg/kg) 
are required to clear microfilaremia (Martin-Prevel et al., 
1993), with a standard 200 µg/kg dose reducing microfilariae 
load by 80% at 10 days post treatment (Richard-Lenoble et 
al., 1988). Multiple monthly doses were required to achieve 
sustained decreases (Kombila et al., 1998). As noted above 
(section 6, Toxicity), serious adverse events—including fatal 
encephalopathy—have occurred after the administration of 
ivermectin for the mass treatment of onchocerciasis in areas 
endemic for loiasis. This led to a temporary suspension of 
ivermectin distribution in these areas, but this has now 
resumed, following institution of a tiered strategy (Addiss et 
al., 2003). Serious adverse effects have been confined to indi-
viduals with high levels of microfilaremia (> 30,000 mf/ml); 
ivermectin should therefore be used with extreme caution in 
these patients.

7d.  Other filarial infections

A single oral dose of 150 µg/kg ivermectin resulted in sus-
tained suppression of microfiladermia in patients infected 
with Mansonella streptocerca (Fischer et al., 1999), and in a 
significant reduction of intensity and prevalence of infection 
in M. ozzardi (Nutman et al., 1987), with microfilariae reduc-
tions sustained up to 12 months (Basano Sde et al., 2014). In 
three trials, ivermectin was found to have limited efficacy 
against M. perstans (Bregani et al., 2006; Asio et al., 2009b; 
Asio et al., 2009a).

7e.  Cutaneous larva migrans

Cutaneous larva migrans (CLM) is a zoonosis usually caused 
by hookworms of dogs (Ancylostoma caninum) or cats (A. 
braziliense). Ivermectin has been reported to be 100% effec-
tive for this infection when given at a dose of 150–200 µg/kg 
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once daily for 1–2 doses (Caumes et al., 1993). A recent eval-
uation of 62 cases of CLM found that 95% responded with 
a single dose of 200 µg/kg, with higher efficacy in creeping 
dermatitis compared to folliculitis manifestations (Vanhaecke 
et al., 2014). 

7f.  Gnathostomiasis

Ivermectin, given as 200 µg/kg for 2 days, is effective for the 
treatment of gnathostomiasis, with a reported cure rate of 
100% in one study (Nontasut et al., 2005). When adminis-
tered as a single dose of 200 µg/kg, outcomes were variable, 
with cure reported at 41% and 92%, respectively (Nontasut 
et al., 2000; Bussaratid et al., 2006). In another study, when 
single-dose ivermectin was compared to 21 days of albenda-
zole, reported efficacy was 76% for ivermectin (Kraivichian 
et al., 2004) (Table 204.6). 

7g.  Intestinal helminths

ASCARIASIS, HOOKWORM, TRICHURIS, 
ENTEROBIASIS

Ivermectin is safe and highly effective against A. lumbri-
coides. A single dose of 100–200 µg/kg results in > 98% cure 
(Beach et al., 1999; Wen et al., 2008) (Table 204.6). For other 
soil-transmitted helminths, single-dose treatment with iver-
mectin is less effective. For Trichuris trichiura the cure rate 
after a single dose of 50–200 µg/kg ranges from 11% to 67% 
(Freedman et al., 1989; Beach et al., 1999; Wen et al., 2008). 
In this infection, combination with albendazole appears to 
result in a greater efficacy than when either agent is used 
alone (Beach et al., 1999; Belizario et al., 2003). Ivermectin 
is of limited use in hookworm infection. Although treat-
ment with ivermectin results in a reduction of worm burden, 
it does not usually result in cure (Freedman et al., 1989; 
Naquira et al., 1989; Beach et al., 1999; Wen et al., 2008) 
(Table 6). Efficacy of single dose ivermectin against Enterobius 
vermicularis is similarly low (Wen et al., 2008) (Table 204.6). 
A comparison of Nigerian villages where > 10 years of annual 
ivermectin treatment had been delivered, a significant reduc-
tion in the community prevalence of Ascaris (3% vs. 12%) 
and Trichuris (6% vs. 10%), but not hookworm, was shown 
compared to untreated villages (38% vs. 42%) (Gutman et al., 
2010). 

STRONGYLOIDIASIS

Ivermectin is the drug of choice for the treatment of Stron-
gyloides stercoralis. Administration of a single 200 µg/kg dose 
to children with uncomplicated infections resulted in a cure 
rate of 83% (Marti et al., 1996). This finding is consistent 
with other clinical data (Datry et al., 1994; Gann et al., 1994), 
where ivermectin was shown to be superior to albendazole, 
even at higher doses of the latter drug (Suputtamongkol et 
al., 2011). Efficacy rates are similar to that observed with 
thiabendazole, but with fewer adverse effects (Gann et al., 
1994; Bisoffi et al., 2011). To increase the likelihood of cure, 

most experts recommend extending the treatment to an 
additional dose given on the next day or 7–10 days later. 
Repeated courses of treatment may be needed in individu-
als with impaired cellular immunity, particularly patients 
infected with HTLV-I (Zaha et al., 2004). Although uncom-
plicated infections are readily and easily treated with orally 
administered drug, patients with disseminated strongyloidi-
asis (hyperinfection syndrome) present significant challenges 
(see sections 5c, Clinically important pharmacokinetic and 
pharmacodynamic features and 6, Toxicity). 

7h.  Ectoparasites

SCABIES

Although only formally recommended as a second-line 
alternative to topical permethrin in the United States and 
Australia, ivermectin is highly effective for the treatment of 
infestation due to S. scabiei. In a meta-analysis of random-
ized controlled trials, single-dose ivermectin was slightly 
inferior to topical permethrin (Strong and Johnstone 2010), 
but consideration should be given to the poor adherence to 
topical application and the advantages of an oral treatment 
(La Vincente et al., 2009). The recommended dose is 200 
µg/kg orally, with a second dose to be given 7–14 days later. 
Lower doses may be less effective (Glaziou et al., 1993; 
Chouela et al., 1999; Ly et al., 2009). Topical 1% formulations 
have also been evaluated (Chhaiya et al., 2012). Ivermectin is 
particularly useful for the management of scabies in institu-
tional outbreaks, or in cases of crusted scabies, where multi-
ple doses are recommended depending on clinical severity. 
Success has been reported against recalcitrant severe crusted 
scabies using a regimen of up to seven doses of ivermectin (at 
least 200 µg/kg per dose given on days 0, 1, 7, 8, 14, 21, and 
28) together with topical benzyl benzoate (full body applica-
tion initially every 2–3 days) and topical keratolytic creams 
(Currie and McCarthy 2010). Ivermectin has been used for 
scabies mass drug administration with success (Lawrence et 
al., 2005; Haar et al., 2014; Romani et al., 2015). In these 
community settings ivermectin was found to be superior to 
permethrin (Romani et al., 2015) (Table 204.6), but not sig-
nificantly different from benzyl benzoate (Haar et al., 2014). 
Conversely, ivermectin MDA was less successful in an 
Australian indigenous community, but this was confounded 
by a large proportion of untreated visitors to the community 
and by the likely occurrence of a scabies outbreak at the 
12-month follow-up period (Kearns et al., 2015). 

ROSACEA

Ivermectin shows clinical efficacy in the treatment of rosa-
cea. Although the mechanism of action is unknown, an 
acaricidal effect on Demodex spp. mites and concomitant 
reduction in inflammation is likely. For this indication, iver-
mectin has been recently approved by the FDA as a 1% topi-
cal cream. After 12 weeks of daily treatment, significant 
reduction in inflammatory lesions was observed relative 
to  control (Stein et al., 2014), with prolonged treatment 
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(40 weeks) resulting in continued improvement (Stein Gold 
et al., 2014).

PEDICULOSIS

Ivermectin is effective against head lice, with oral and topi-
cal formulations evaluated. Multiple doses of 200 µg/kg 
were effective against body lice (Foucault et al., 2006), and 
two doses of 400 µg/kg were superior to 0.5% malathion 
(Chosidow et al., 2010) (Table 204.6). Oral formulations are 
used off-label, whereas a topical 1% lotion is available in the 
United States, with its efficacy documented at 74% (Pariser et 
al., 2012) (Table 204.6).

MOXIDECTIN

1. DESCRIPTION

Moxidectin (C37H53NO8) (Figure 204.2) is a semisynthetic 
milbemycin macrocyclic lactone derived from the fermen-
tation of Streptomyces cyanogriseus. It was first isolated as 
nemadectin (F-29249α) from a soil sample in Victoria, 
Australia around 1983, and chemically modified by the 
addition of a methoxime moiety at C-23 to form moxidec-
tin (Prichard et al., 2012). Moxidectin exists as a crystalline 
white-yellow powder, and is highly lipophilic with low solu-
bility in water (0.0043 g/l). Its molecular weight, 639.82 g/
mol, is considerably less than that of ivermectin. Moxidectin 
is registered in veterinary practice as an endectocide and is 
available in a variety of formulations from several manufac-
turers (injectable, oral, pour-on [Cydectin, Virbac], Quest, 
Proheart [Zoetis]). Moxidectin has a similar mechanism of 
action to ivermectin, although it is possible that slightly dif-
ferent or additional binding sites may exist (Prichard et al., 
2012). Importantly, as it is a relatively poor substrate for 
P-glycoproteins, moxidectin can be used safely on animals 
sensitive to ivermectin, such as mdr1-deficient collies. It is 
not registered for use in humans but is under development 
for the treatment of onchocerciasis, and in future could also 
be considered for other conditions where ivermectin is 
indicated.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Moxidectin has a similar profile to ivermectin for the para-
sites studied to date. In veterinary practice it is the drug of 
choice for the treatment of macrocyclic lactone-susceptible 
nematodes of sheep and cattle, including Haemonchus spp., 
Ostertagia ostertagi, Cooperia spp., ascarids, lung worm, and 
small strongyles of horses. In dogs and cats it is used as a 
heartworm preventative, and has activity against roundworm 
and hookworm. For ectoparasites it is active against mange 
mites (including Sarcoptes, Psoroptes, Demodex), Boophilus 
microplus, and biting and sucking lice. For humans, efficacy 

has only been documented against O. volvulus, and in vitro 
and in vivo studies in mice demonstrate macrofilaricidal and 
microfilaricidal activity against Brugia malayi (Schares et al., 
1994; Verma et al., 2014). 

2b.  Emerging resistance and 
cross-resistance

Resistance to moxidectin is not as widespread as ivermectin 
resistance, and moxidectin can often be used effectively 
against ivermectin resistant parasites. Reports of resistance 
are increasing, however, in several sheep and cattle nema-
todes, including H. contortus (Love et al., 2003; Van den 
Brom et al., 2013), Teladorsagia circumcincta (Sargison et al., 
2010) and C. oncophora (Bartley et al., 2012). Recent surveys 
of sheep and cattle farms in Europe document the extent 
of moxidectin resistance (Geurden et al., 2015; Martinez-
Valladares et al., 2015), and reduced efficacy of moxidectin 
has been observed in parasites of red deer (Cervus elephus) 
after 20 years of intensive use (Mackintosh et al., 2014). 
Moxidectin and ivermectin resistance has been confirmed 
in heartworm, Dirofilaria immitis (Bourguinat et al., 2015). 

As for ivermectin, mechanisms of moxidectin appear to 
be complex and multigenic. Certainly while cross-resistance 
exists between the two macrocyclic lactones, there are also 
notable differences. For example, as P-glycoproteins have 
reduced efflux of moxidectin, then P-glycoprotein–related 
resistance can be expected to differ between the two drugs, 
and this has been demonstrated in vivo in H. contortus 
(Godoy et al., 2015). As such, resistance to moxidectin may 
develop at a slower rate than has been observed with iver-
mectin (Prichard et al., 2012).

3. MECHANISM OF DRUG ACTION

Like ivermectin, the primary action of moxidectin is thought 
to be via activation of glutamate-gated chloride channels 

Figure 204.2. Chemical structure of moxidectin.
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(GluCls) in invertebrates, leading to flaccid paralysis, as 
well as activity on related ligand gated ion channels. While 
it is widely accepted that these drugs share the same mode 
of action, differences between ivermectin and moxidectin 
activity are evident, likely relating to differences in their 
molecular structure. For example, comparative treatments in 
the model organism Caenorhabditis elegans result in differ-
ent phenotypic effects on pharyngeal pumping and motility, 
suggesting that the drugs may be acting on different GluCl 
subunit binding sites. Significantly, a triple GluCl deletion 
strain of C. elegans highly resistant to ivermectin still retains 
some sensitivity to moxidectin, reinforcing the theory that 
subunit targets may differ (Ardelli et al., 2009; Bygarski et 
al., 2014). This is also reflected in the activity of moxidectin 
on mammalian GABA(A) receptors, with reduced potentia-
tion by moxidectin compared to ivermectin (Menez et al., 
2012) and reduced neurotoxicity even in the absence of 
P-glycoprotein–mediating effects (Menez et al., 2012; Janko 
and Geyer, 2013). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Moxidectin is not registered for human use, and no formula-
tions are commercially available. In phase II clinical trials for 
onchocerciasis it was administered at a dose of 2 mg, 4 mg, or 
8 mg (34–136 µg/kg) in a 2-mg tablet formulation (Awadzi et 
al., 2014). Phase I studies on healthy male volunteers received 
8 mg in 2-mg tablets (Korth-Bradley et al., 2012a). The first-
in-man studies (n = 37) utilized a dose-escalating study 
design of 9–36 mg (~ 150–600 µg/kg (Cotreau et al., 2003). 
Korth-Bradley et al. (2012b) administered liquid and tablet 
formulations of 10 mg to healthy male volunteers (n = 58) in 
sterile water or 2-mg tablets. 

4b.  Newborn infants and children

No studies have been reported for moxidectin on infants or 
children, with all human trials undertaken on adult subjects 
only. 

4c.  Pregnant and lactating mothers

In phase I safety studies on lactating women (n = 12) 8 mg 
(~  125 µg/kg) was administered in 2-mg tablets with no 
adverse events (Korth-Bradley et al., 2011). However, further 
studies on infants are required to understand the effects of 
relative doses in breast milk in infants. 

4d.  Those requiring altered dosages

No studies have been undertaken, but a similar profile to 
ivermectin would be anticipated. 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The bioavailability of moxidectin has been assessed in human 
subjects in several safety and tolerability studies, and key 
pharmacokinetic properties are listed in Table 204.4. Owing 
to its high lipophilicity, moxidectin has exceptional bioavail-
ability, with rapid absorption (2–6 hours), a large volume 
of  distribution, and very long half-life (> 30 days). This is 
markedly different to ivermectin, which has a shorter half-
life (~ 14–20 hours) and lower volume of distribution. 

The first-in-man study assessed ascending doses of mox-
idectin in fed and fasted subjects. Administration of high- 
fat food with moxidectin resulted in significantly increased 
bioavailability and delayed absorption (Tmax) (Cotreau et 
al., 2003). Subsequent studies confirmed this, with a 44% 
increase in AUC and significantly delayed absorption after 
consumption of a high-fat meal (Korth-Bradley et al., 2012a). 
A comparison of oral formulations found that bioavailability 
was increased by 28.8% when administered in a liquid for-
mulation relative to tablets (Korth-Bradley et al., 2012b). 

5b.  Drug distribution

Moxidectin is rapidly absorbed and extensively distributed 
throughout the body. Although minimal studies have been 
undertaken in humans, moxidectin is expected to be prefer-
entially distributed to and sequestered in adipose tissue, and 
slowly eliminated from the body as the drug is released back 
to systemic circulation (Korth-Bradley et al., 2012a). Early 
studies in cattle revealed that the highest accumulation of 
moxidectin was in abdominal and back fat, followed by lower 
amounts in liver and bile, kidney, and muscle. Only very low 
residues were present in the brain. When topically adminis-
tered to cattle, moxidectin is retained in the skin at high con-
centrations, suggesting the formation of drug depots in this 
tissue, although the concentration of drug varied at different 
locations, likely related to the level of blood flow and the lipid 
content of the skin at different anatomical sites (Sallovitz et 
al., 2003). As expected with a lipophilic drug, moxidectin 
is eliminated in breast milk. One study has assessed this in 
human subjects with a mean AUCmilk/AUCplasma ratio of 1.8, 
mean absolute infant dose of 0.06 mg and mean relative 
infant dose of 8.7% (Korth-Bradley et al., 2011). While this 
confirms that moxidectin was more concentrated in breast 
milk than plasma, this ratio was much lower than that 
reported in other species (4.2–18.5) (Prichard et al., 2012). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Moxidectin has been directly measured in H. contortus col-
lected from treated cattle, in line with the high concentra-
tions recovered from the GI target tissues (Lloberas et al., 
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2013). Interestingly, the accumulation of moxidectin in the 
parasite was significantly lower than that observed for iver-
mectin or abamectin, although efficacy on this parasite was 
higher. High moxidectin concentrations were achieved in 
cattle skin for up to 7 days post administration, suggesting 
sustained activity against ectoparasites such as mites and 
ticks, although skin lipid content may influence this (Sallo-
vitz et al., 2003). The implications of altered GluCl subunit 
binding in laboratory strains or in vitro studies are unclear, 
especially as the native arrangement of receptor subunits in 
different organisms is not well understood. The interactions 
of moxidectin with other ligand-gated ion channels have 
not been characterized. However, it is widely observed that 
differential toxicity between ivermectin and moxidectin is 
observed in some invertebrates, most notably dung beetles 
(insensitive to moxidectin [Floate et al., 2002]) and Anopheles 
(100-fold less sensitive to moxidectin [Butters et al., 2012]). 
This could have implications for the development of mox-
idectin for other indications, particularly those involving the 
control of arthropods, in that there is incomplete overlap in 
the spectrum of activity of these macrocyclic lactones. 

In pigs, the rate of moxidectin elimination was signifi-
cantly affected by body composition, with moxidectin less 
persistent in thinner animals (Craven et al., 2002). A study 
of moxidectin association with plasma lipoproteins from a 
range of species suggested that plasma lipid disorders may 
influence drug distribution, particularly in humans (Bassissi 
et al., 2004). Women with higher weight and BMI had a 
reduced elimination in milk compared to their leaner coun-
terparts, possibly due to increased partitioning of moxidec-
tin to adipose tissue (Korth-Bradley et al., 2011). Numbers 
in this study were low, so this factor requires further 
assessment. 

5d.  Excretion

Initial studies in cattle reveal that moxidectin and its metab-
olites are primarily excreted in bile and eliminated from 
the  body via the feces, with approximately 3% of the drug 
excreted in the urine. The major metabolites were monohy-
droxylated derivatives, with a lower proportion of dihydrox-
ylated metabolites (Zulalian et al., 1994). A large component 
of moxidectin was excreted intact in feces (58% by day 28), 
but a higher rate of moxidectin metabolism was suggested in 
horses, with only 44% of the parent compound excreted by 
day 75 (Perez et al., 2001).

5e.  Drug interactions

The antidiarrheal agent loperamide increased systemic bio-
availability and delayed clearance of moxidectin (Lifschitz et 
al., 2002). Moxidectin is commonly combined with imida-
cloprid for additional protection against fleas in dogs and 
cats. The co-administration of the P-glycoprotein modulator 
quercetin enhanced moxidectin bioavailability (Dupuy et al., 
2003), but conversely, verapamil was found to have no effect 
(Molento et al., 2004). Moxidectin was not found to cause 

alteration to CYP3A4 activity, and based on this, clinical 
metabolic drug–drug interactions with CYP3A4 substrates 
are unlikely to occur (Korth-Bradley et al., 2013).

6. ADVERSE REACTIONS AND TOXICITY

Moxidectin has been administered to over 1000 human study 
participants to date, with no evidence of drug-related SAEs, 
and like ivermectin, the drug appears to have a wide margin 
of safety and tolerability. It is of note, however, that in the 
first-in-man study, a conservative decision was made to not 
proceed with the high dose (54 mg) cohort due to a very 
small number of mild-moderate adverse events in the 36-mg 
group, with the rationale that 54 mg was well above the ther-
apeutic range anticipated for onchocerciasis. These events 
appeared to be CNS related (dizziness, lethargy), but after 
unblinding and analysis there was no association found 
between the frequency of adverse events and the adminis-
tered dose (Cotreau et al., 2003). In subsequent safety studies 
moxidectin was well tolerated, with no clinically apparent 
changes or drug-related adverse events (Korth-Bradley et 
al., 2011; Korth-Bradley et al., 2012a; Korth-Bradley et al., 
2012b). In phase II and III studies on participants infected 
with O. volvulus, the majority of adverse events were Mazzotti 
associated (see Table 204.5), and accordingly these reactions 
were more likely to occur in people with a moderate or high 
microfilarial density. In both trials, a significantly higher 
proportion of Mazzotti reactions were observed in the 8-mg 
moxidectin groups than the ivermectin-treated group, and 
this may relate to the more rapid killing of the parasite. All 
Mazzotti reactions were mild or moderate and resolved with-
out treatment (Opoku et al., 2013; Awadzi et al., 2014). These 
studies excluded patients from L. loa–endemic areas. 

In animal toxicity studies, the LD50 of orally administered 
moxidectin was 118 mg/kg and 120 mg/kg in male mice and 
rats, respectively. Subcutaneous administration resulted in a 
higher LD50 (285 mg/kg), with dermal LD50 in rabbits greater 
than 2000 mg/kg. There was no evidence of organ toxicity or 
tumorgenicity (Fort Dodge Animal Health, 2005). As mox-
idectin is an agonist of mammalian GABA receptors, the 
potential for neurotoxicity exists. However, moxidectin is 
predicted to have a wider margin of safety compared to iver-
mectin due to poor affinity for P-glycoproteins and differ-
ences in accumulation in the brain and binding affinity with 
GABA receptors (Menez et al., 2012). In P-glycoprotein–
deficient mice, moxidectin had a 2.7-fold lower neurotoxic 
potential than ivermectin, although levels of the two drugs 
in the brain was equivalent. This suggests reduced binding 
affinity of moxidectin to CNS receptors (Janko and Geyer, 
2013). Similar findings were observed by Menez et al. (2012), 
where a 5-fold higher LD50 was observed with moxidectin, 
even in the absence of a functioning P-glycoprotein barrier. 
Differences in relative toxicity are further evidenced by the 
fact that mdr-1–deficient dogs that are highly sensitive to 
ivermectin can safely receive equimolar doses of moxidec-
tin without apparent toxicity (Paul et al., 2000). Thus it is 
theoretically possible that the potential for SAEs related to 
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P-glycoprotein deficiency may be reduced with moxidectin 
treatment; for example if L. loa encephalopathy is indeed 
associated with human mdr-1 polymorphism (Bourguinat et 
al., 2010), or in pediatric populations, but this would require 
careful consideration and further research (for discussion 
refer to Prichard et al., 2012). 

6a.  Hypersensitivity reactions

There have been no recorded hypersensitivity reactions in 
human trials with moxidectin. An injectable formulation of 
moxidectin heartworm preventative (Proheart 6) was recalled 
from the United States market in 2004 due to concerns 
regarding increased adverse event reports, primarily involv-
ing allergic or neurologic reactions. However, after an exten-
sive review of worldwide databases, marketing of the product 
was continued for other countries. Discordant views were 
held by the manufacturer and the US FDA regarding the asso-
ciation of adverse events with Proheart-6 administration. As 
the rates of reported adverse events declined after the formu-
lation was refined, it was possible that these apparent hyper-
sensitivity reactions may have been due to residual solvents 
rather than moxidectin. Moreover, as over 50% animals were 
concurrently vaccinated or administered other medication, 
epidemiologic findings were confounded (Fort Dodge Ani-
mal Health, 2005). Overall, this data was not considered to 
be of enough concern to impede human drug development 
(World Health Organization, 2008). In 2008 the Proheart 6 
product was returned to US markets. 

6b.  Risks in pregnancy and fetal toxicity

No human studies have been conducted, and clinical trials 
have excluded pregnant and lactating women. Reproductive 
toxicity tests have been undertaken in rats and rabbits with 
statistically significant increases in fetal malformation and 
toxicity only at maternally toxic doses (10 mg/kg/day; 
no observed adverse effect level 5 mg/kg/day). From these 
studies moxidectin was determined to be neither teratogenic 
nor a developmental toxicant (Fort Dodge Animal Health, 
2005).

7. CLINICAL USES OF THE DRUG

As moxidectin is not registered for human use, there are no 
current clinical indications for this drug, although it is cur-
rently under development for the treatment of onchocerci-
asis. Due to its superior bioavailability when compared to 
ivermectin, it is anticipated that its persistent activity may 
lead to the requirement for fewer rounds of annual mass 
treatment and more sustainable, permanent disruption of 
O. volvulus transmission (Awadzi et al. 2014).

Outcomes of clinical studies with onchocerciasis-infected 
participants have yielded favorable results relative to iver-
mectin. A phase II study (ClinicalTrials.gov NCT00300768) 
involved a single oral dose of 2 mg, 4 mg, or 8 mg moxidectin 
(n =127) versus 150 µg/kg of oral ivermectin. The reduction 

in microfilarial density at follow-up was significantly higher 
in the 8-mg moxidectin group than the ivermectin group, 
with > 98% annual reduction compared to 88%. Not only 
were these overall reductions higher, they were achieved at a 
faster rate with moxidectin regardless of dose (Awadzi et al. 
2014). The subsequent phase III study (ClinicalTrials.gov 
NCT0070998) was completed in 2012, and compared 8 mg 
moxidectin (n = 978) with 150 µg/kg ivermectin (n = 494). 
Statistically significant reductions in microfilarial skin den-
sity (p < 0.0001) were achieved in the moxidectin group 
compared to ivermectin at all follow-up points. Modeling 
based on the phase II and III data suggest a 69% reduction 
in transmission compared to ivermectin could be achieved 
with moxidectin annual mass treatment (Turner et al. 2015).
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1. DESCRIPTION

Diethylcarbamazine (DEC) is a piperazine derivative discov-
ered in 1947. It has the chemical formula of N, N-diethyl- 
4-methyl-1-piperazinecarboxamide dihydrogen citrate. It is 
a white powder that is soluble in water and is stable even in 
conditions of high heat (Ottesen, 1985). Trade names for 
DEC include Hetrazan, Notezine, and Banocide.

It is predominantly used as an antifilarial agent, and 
although effective, its exact mechanism of action has not 
been determined. It is available as 50- and 100-mg tablets. In 
veterinary preparations, it is available as 50-, 100-, 200-, and 
300-mg tablets. Its molecular structure is shown in Figure 
205.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

LYMPHATIC FILARIASIS

DEC is highly active against the microfilaria of Wuchereria 
bancrofti, Brugia malayi, and B. timori (Ottesen, 1985). A 
single dose of DEC causes a rapid, significant decline in 
microfilariae numbers, with animal studies demonstrating 
significant killing of microfilariae within 30 minutes of 
administration (Horii and Aoki, 1997). The effectiveness 
of  DEC against microfilariae of W. bancrofti has been 

demonstrated in multiple community-based studies and 
randomized trials (Diallo et al., 1986; Meyrowitsch et al., 
1996; Bockarie et al., 1998; see below under 7, Clinical uses 
of the drug).

While DEC is rapidly microfilaricidal, it demonstrates 
suboptimal effectiveness against the adult worm of W. ban-
crofti, which is thought to correlate with the return of micro-
filariae after treatment (Ottesen, 1985).

DEC appears to be effective against both B. timori and 
B.  malayi, although evidence is more limited (Fan, 1992; 
Hakim et al., 1995).

ONCHOCERCA VOLVULUS

DEC is rapidly effective against microfilariae of Onchocerca 
volvulus, but has very limited activity against adult worms 
(Awadzi and Gilles, 1980). However, the drug is contrain-
dicated because of the risk of significant adverse reactions, 
termed the Mazzotti reaction (see below under 7, Clinical 
uses of the drug).

LOA LOA

DEC is effective against both the microfilariae and adult 
worms of Loa loa, although evidence is limited. DEC causes 
rapid clearance of microfilarial. Adult worms will remain 
alive in 20–60% of patients treated with DEC, and repeated 
administrations may be required (Boussinesq, 2006).

INTESTINAL NEMATODES

DEC has some activity against Ascaris lumbricoides (Belizario 
et al., 2003), Trichuris trichiura (Ismail and Jayakody, 1999; 
Belizario et al., 2003), and hookworm (Oqueka et al., 2005), 
but this does not appear to be particularly useful clinically 
(see below under 7, Clinical uses of the drug).

2b.  Emerging resistance and 
cross-resistance

There is little evidence for the emergence of resistance to 
DEC in microfilariae. However, with increasing use in mass Figure 205.1. Molecular structure of diethylcarbamazine.
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drug administration programs, ongoing vigilance for the 
emergence of resistance is needed. Importantly, long-term 
mass treatment regimens have not led to complete eradica-
tion in some instances, which raises the concern of resistance 
(Esterre et al., 2001). A histologic study of nodes removed 
after treatment with DEC revealed that both live intact and 
degenerating adult W. bancrofti worms were present in the 
same tissue, suggesting variable susceptibility to DEC. One 
possible explanation for this varied susceptibility would be 
drug resistance (Figueredo-Silva et al., 1996; Noroes et al., 
1997). However, whether this is the case remains uncertain.

3. MECHANISM OF DRUG ACTION

The precise mechanism of action of DEC is not well under-
stood. The response to DEC is significantly more rapid in vivo 
than in vitro, supporting the observation that host factors are 
important, and that the action of DEC may be mediated 
through enhanced host immune mechanisms. DEC attaches 
to and alters the surface of microfilariae, thereby facilitat-
ing the adherence of immune cells, leading to destruction 
of microfilariae through antibody-mediated effects and by 
improved function of both neutrophils and eosinophils 
(Srivastava et al., 1984; King et al., 1983; Chandrashekar et 
al., 1984; Piessens and Beldekas, 1979). In vitro studies have 
demonstrated that DEC induces morphologic changes to 
infective larvae of W. bancrofti, with reduced motility, loss 
of the microfilarial sheath, significant neuromuscular alter-
ation, formation of vacuoles, and dissolution of cytoplasm 
(Alves et al., 2005). This finding has been replicated in vivo in 
samples collected from microfilariae retrieved from patients 
40 minutes after treatment with DEC (Florencio and Peixoto, 
2003; Peixoto et al., 2004). It has been demonstrated that 
DEC may reduce the fertility of adult female worms, as 
demonstrated by a reduction in intrauterine embryos, sug-
gesting that DEC affects embryogenesis (Peixoto, 2004; 
Gunawardena et al., 2005). The use of fluorescent DEC ana-
logs in a B. malayi model has demonstrated that DEC accu-
mulates in adult filarial worms, specifically in the pharynx, 
esophagus, and nerve ring of adults. In male worms it also 

accumulates in the testes, and in females the vulva (Junnila et 
al., 2007).

McGarry et al. (2005) demonstrated the important role of 
the arachidonic acid pathway for the in vivo effect of DEC, 
requiring the 5-lipoxygenase, cyclooxygenase and inducible 
nitric oxide pathways for activity against B. malayi micro-
filariae in a murine model. DEC has an effect on both host 
endothelial and parasite eicosanoid production, and it 
appears that these changes may result in vasoconstriction 
and amplified host defenses including immune cell adher-
ence and cytotoxic activity (Kanesa-thasan et al., 1991; 
Maizels, 1992; Tripathi et al., 2006). The effect of DEC on 
arachidonic acid metabolism has led to its investigation as a 
treatment for a variety of other conditions. In vivo studies of 
asthma have demonstrated morphologic alterations in pul-
monary cells that led to increased surfactant synthesis and 
secretion (Florencio et al., 2005). In a recent animal study, 
the anti-inflammatory effect of DEC was investigated in a 
murine model of alcohol-induced liver injury, with findings 
suggestive of a beneficial effect on the pathogenesis of alco-
holic liver disease (Rodrigues et al., 2015). Similarly, DEC 
appeared to affect the pathogenesis of pulmonary arterial 
hypertension in an animal model, an effect that was postu-
lated to be due to its nonspecific anti-inflammatory action 
(Al-Husseini et al., 2015).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

DEC is administered orally either in tablet form or as medi-
cated salt, although topical preparations have been produced. 
A number of dosage regimens using the tablet formulation 
have been recommended, depending on the disease being 
treated and the clinical situation (see Table 205.1).

LYMPHATIC FILARIASIS

A standard treatment for lymphatic filariasis entails daily 
doses of 6 mg/kg, in two to three divided doses for 12 

Table 205.1. Uses and doses of diethylcarbamazine (DEC).

Infection Dosage

Lymphatic filariasisa 6 mg/kg per day in two or three divided doses for 12 days

Wuchereria bancrofti
Brugia malayi
Brugia timori

Mass drug administrations regimens for lymphatic filariasis 6 mg/kg as a single doseb (± single dose albendazole) or 
300 mg as a single doseb (± single dose albendazole) or 
6 months to a year of DEC-medicated salt

Loa loa (loiasis) 6 mg/kg/day divided into three doses for 12 days

Tropical pulmonary eosinophilia 6 mg/kg/day divided into three doses for 21 days

aA 4- to 6-week course of doxycycline in a dose of 200 mg/day to treat endosymbiont Wolbachia leads to a higher rate of cure than DEC alone. 
Doxycycline is contraindicated in children and pregnant women (Anon, 2007).

bAnnual administration over 4–6 years.
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consecutive days, in combination with oral doxycyline for 
the following 4–6 weeks. Some guidelines recommend dose 
escalation to reduce inflammatory reactions (Sanford Guide 
to Antimicrobial Therapy; Bartlett JG, 2017). Single doses 
of 6 mg/kg of DEC have also been shown to be effective in 
reducing microfilaremia in multiple community-based erad-
ication trials (Ramzy et al., 2006; Kimura and Mataika, 1996), 
and hence form the basis of mass drug administration pro-
grams. Mass drug administration regimens using a single 
annual dose of 300 mg in adults and 150 mg in children have 
been widely deployed in the global alliance to eliminate fila-
riasis. This dose can be repeated at 6- or 12-month intervals 
with a probable additional benefit. In one study, consecutive 
12-day dosing of 6mg/kg versus single dose of 6mg/kg, and 
three times a day dosing of 2mg/kg were compared. Results 
indicated that the reduction in microfilaremia at 1 and 3 
months was less with a single dose of DEC, but at 1 year all 
regimens were equally effective (Andrade et al., 1995). In a 
meta-analysis of studies where 12-day dosing was compared 
to single-dose DEC or to single-dose ivermectin, it was 
reported that both DEC regimens suppressed microfilarial 
counts, but that standard 12-day treatment with DEC 
appeared to be the most effective in suppressing microfilare-
mia at the 2-year follow-up. However, numbers evaluated at 
the later time point were small (Cao et al., 1997). An alterna-
tive regimen that has shown to be effective is monthly low-
dose (100 mg) administration of DEC (Meyrowitsch et al., 
2004). While some authors suggest that 12 consecutive days 
of 6 mg/kg DEC is superior to a single dose in terms of clear-
ance of microfilaremia (Taylor et al., 2010), others point out 
that these regimes are equally as effective in terms of reduc-
ing microfilaremia and killing adult worms (Gyapong et al., 
2005). There is no randomized controlled trial demonstrat-
ing conclusive evidence to establish which dosing strategy is 
superior.

LOA LOA

The recommended treatment is 6 mg/kg/day DEC for 12 
consecutive days (Anon, 2007). Patients with a high load of 
microfilariae may experience significant adverse events (see 
below under 6, Toxicity). A high proportion of patients will 
require either single or multiple further treatments (Klion et 
al., 1994).

MEDICATED SALT

Common cooking salt medicated with 0.1–0.6% DEC has 
been used successfully in mass treatment regimens for lym-
phatic filariasis. It has been estimated that the inclusion of 
DEC in cooking salt would lead to a mean daily intake of 
DEC of 21.4 mg per individual, leading to a yearly cumula-
tive dose of 7.8 g. In a small, hospital-based study, the use 
of salt led to a progressive decline in microfilarial levels over 
1 year (Shenoy et al., 1998b).

TOPICAL ADMINISTRATION

DEC is absorbed topically. A lotion containing DEC was 
effective in reducing the microfilarial count in onchocercia- 

sis. However, it was less effective than oral therapy, and led 
to higher incidence of side effects (Taylor et al., 1980). Topical 
administration is not recommended unless as part of the 
“Mazzotti patch test” for onchocerciasis, where a mixture 
containing DEC is prepared as a skin lotion, applied to the 
skin, and covered for 24–48 hours (see below under 7, 
Clinical uses of the drug).

4b.  Newborn infants and children

In a Brazilian study, a single dose of 6 mg/kg was found to be 
effective in 61% of children and adolescents as treatment 
of W. bancrofti infection (Rizzo et al., 2007). In mass drug 
administration, various class dosage schedules have been 
investigated. This has included six age class dosages: 1–2 years, 
50 mg; 3–4 years, 100 mg; 5–8 years, 150 mg; 9–11 years, 
200 mg; 12–14 years, 250 mg; and above 14 years, 300 mg.

A simplified three-age dosing schedule has been demon-
strated to lead to similar results with equivalent safety (Pani 
et al., 2005): 2–4 years, 100 mg; 5–14 years, 200 mg; and 
above 14 years, 300 mg.

4c.  Pregnant and lactating mothers

There are no data on the use of DEC in pregnant or lactating 
mothers.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

As DEC is primarily renally excreted, it is likely that dosage 
adjustment will be necessary in patients with renal impair-
ment (e.g. CLCr: < 50 ml/min), but no specific recommenda-
tions are available. Similarly, no data are available regarding 
necessary dose adjustments for patients requiring hemodial-
ysis or peritoneal dialysis. 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

DEC is well absorbed after oral administration. In a study of 
14 subjects, DEC was detectable in plasma in the majority of 
patients at 20 minutes and undetectable at 36–48 hours, with 
peak blood levels after 1–2 hours (Shenoy et al., 2002). DEC 
is not significantly bound to plasma proteins. The DEC con-
centration over time profile after administration of a single 
dose of 6 mg/kg is shown in Figure 205.2.

5b.  Drug distribution

DEC is rapidly distributed throughout body fluids and 
quickly equilibrates with all body tissues (Ottesen, 1985; 
Shenoy et al., 2002). The pharmacokinetic properties of 
DEC as reported in two studies are presented in Table 205.2. 
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Of note, the study by Bolla et al. (2002) reported pharmaco-
kinetic data while studying twice-daily dosing of DEC, and 
thus used a dose significantly lower than recommended for 
single-daily dosing (6 mg/kg). Two studies have demon-
strated a second peak in DEC concentration between 3 and 
9  hours. However, the reason for this has not been deter-
mined (Edwards et al., 1981; Bolla et al., 2002). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are no data to directly correlate the clinical activity of 
DEC with its pharmacokinetic parameters.

5d.  Excretion

DEC is primarily renally excreted. Renal excretion is influ-
enced by urine pH, with a shorter half-life in acidic urine 
(Edwards et al., 1981). Alkalinization of urine with sodium 
bicarbonate commenced before and continued during treat-
ment with DEC resulted in an increase in DEC concentra-
tion and prolonged half-life (Awadzi et al., 1986a).

5e.  Drug interactions

Little is known regarding drug interactions, although the 
drug is often administered in combination with ivermectin 
or albendazole, with no increase in toxicity reported. The 
pharmacokinetics and pharmacodynamics of DEC appear to 
be unaffected by the co-administration of albendazole when 
given as single doses (Shenoy et al., 2002). Pharmacokinetic 
studies performed on 24 subjects receiving DEC for lym-
phatic filariasis found that the absorption, drug levels, and 
clearance of DEC were not significantly altered by the co- 
administration of ivermectin (Thomsen et al., 2016).

6. ADVERSE REACTIONS AND TOXICITY

DEC is well tolerated in patients not infected with filarial 
parasites. The adverse effects reported after administration 
of DEC are largely attributable to the disease being treated. 
High doses of DEC (> 1 g) have been associated with gastro-
intestinal toxicity (Ottesen, 1985). Rat studies revealed that 
profound bradycardia was induced with DEC when given in 
overdose at 1000 mg/kg. This effect did not occur at 500 mg/kg 

Figure 205.2. Diethylcarbamazine (DEC) concen- 
tration over time after administration of a single 
dose of 6 mg/kg. (From Shenoy et al., 2002.)
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Table 205.2. Pharmacokinetic properties of diethylcarbamazine.

Parameter

Reference

Shenoy et al., 2002 Bolla et al., 2002

Number of patients 14 12

Dose Single dose 6 mg/kg 150 mg

Cmax (ng/ml) 1930 (1813–2093) 500 ± 228

tmax (hour) 3.0 (2.0–3.0) 2.3 ± 0.7

T1/2 (hour) 9 (7.6–10.2) 14.6 ± 6.7

AUC (ng/ml hour) 23,850 (21,648–28,090) 5334 ± 1854
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but did occur at a dose of 750 mg/kg (Hunsinger et al., 1993). 
Common side effects include drowsiness, headache, and gas-
trointestinal symptoms. 

6a.  Side effects associated with the 
treatment of filariasis

Although mild to moderate adverse effects are common 
among patients with filariasis who are treated with DEC, in 
large studies the frequency of severe adverse effects is very 
low (Bockarie et al., 2002). Systemic reactions frequently 
reported include fever, headache, joint pain, dizziness, and 
nausea. There is a correlation between the microfilarial level 
and the risk of systemic reactions (Haarbrink et al., 1999a). 
In a comparison of the side effects of DEC and ivermectin, 
it was observed that up to 75% of subjects treated with DEC 
had generally mild and tolerable side effects, including fever, 
headache, weakness, and myalgia, which correlated with the 
pretreatment microfilarial levels. Side effects are less appar-
ent on subsequent drug administration. Increasing the dose 
above 6 mg/kg has been reported to result in a significant 
increase in adverse events (Kimura and Mataika, 1996). 
Adverse systemic reactions are believed to be due to the 
release of inflammatory mediators (mainly cytokines), which 
increase with higher microfilarial burden (Taylor et al., 
2001). Microfilaremic patients have a significant rise in 
inflammatory mediators after treatment with DEC, specifi-
cally interleukin 6 and soluble tumor necrosis factor receptor 
(Haarbrink et al., 1999b). There is a suggestion that treat-
ment of brugian filariasis is associated with an increased fre-
quency of side effects (Supali et al., 2002).

Filarial nematodes are infected with Wolbachia endosym-
biont bacteria. Laboratory studies and small clinical trials 
have demonstrated that after treatment of filariasis, Wolbachia 
and their breakdown products are released into the blood, 
possibly potentiating the immune inflammatory response 
(Bandi et al., 2001; Cross et al., 2001).

Local genital effects including inguinal or scrotal pain are 
relatively common, being observed in one study in 12 of 37 
patients treated with DEC; these relate to the effect of DEC 
on the adult worm (Ismail et al., 1996). A tender nodule may 
develop in the first week of treatment, usually in the scrotal 
lymph vessels. These usually resolve spontaneously, although 
abscesses can rarely evolve (Ottesen, 1985). Scrotal nodules 
have been found to occur in 45.5% of patients, and hematu-
ria in 31.8% (Dreyer et al., 1995).

DEC is often used in mass drug administration regimens 
in endemic areas. Retrospective surveys of compliant patients 
in such programs have found a complication rate of approxi-
mately 15%. However, when patients were closely followed 
for 6 days post-treatment, this rate was as high as 63%. Of 
note, only 6% of subjects reported moderate to severe reac-
tions (Babu et al., 2006).

6b.  Side effects associated with the 
treatment of Onchocerca volvulus 
infection

Treatment of patients who are infected with O. volvulus can 
result in significant side effects, collectively known as the 
Mazzotti reaction, manifested as a severe pruritic skin rash 
associated with systemic symptoms such as lymphadenop-
athy, fever, and arthralgia. Ocular complications include 
visual field constriction, optic nerve pallor, chorioretinitis, 
anterior uveitis, and punctate keratitis (Greene et al., 1983; 
Stephenson and Wiselka, 2000). DEC induces more sig-
nificant ocular side effects than ivermectin, including an 
increased rate of punctate opacities in the cornea (Greene 
et al., 1985), thus meaning that ivermectin is the preferred 
drug. 

6c.  Side effects associated with the 
treatment of Loa loa infection

Adverse events such as itching, rash, headache, and fever can 
occur in up to 50% of patients, with the severity correlating 
with the patient’s microfilarial load. A potentially fatal enceph-
alopathy can occur in patients with high microfilarial loads. 
Although the critical parasitemia threshold for neurological 
complications had been reported as 50,000 microfilariae/ml, 
cases of encephalitis have occurred in patients being treated 
for loiasis with lower parasitemia (Carme et al., 1991). This 
side effect has also been documented with other treatments 
of L. loa, such as ivermectin (Twum-Danso, 2003).

6d. Risk in pregnancy

DEC is generally considered to be safe in pregnancy, with no 
human reports of teratogenicity. Animal studies in rats and 
rabbits have revealed no teratogenic effects. However, owing 
to the lack of specific information, administration of DEC is 
not recommended in pregnancy, and pregnant patients have 
been excluded from the majority of large  clinical trials. It is 
unknown if DEC is excreted in breast milk.

7. CLINICAL USES OF THE DRUG

The various clinical uses of DEC are summarized in Table 
205.1.

7a.  Lymphatic filariasis

DEC is rapidly microfilaricidal but has a limited effect on 
adult worms. Although there is significant interindividual 
variation in response, the reduction in microfilariae persists, 
with a significant decline in the microfilarial count, evident 
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at 12 months after treatment (Andrade et al., 1995; Stolk et 
al., 2005). A placebo controlled double-blind trial demon-
strated that DEC for 13 days was more effective than iver-
mectin at eradicating bancroftian filariasis at 3 months after 
treatment, although accompanied by more side effects (Sabry 
et al., 1991). This was confirmed in another comparison of 
DEC and ivermectin in asymptomatic carriers of W. ban-
crofti. The efficacy of DEC against adult worms is approxi-
mately 40–50%, as judged by ultrasound studies. There is 
evidence that DEC improves lymphatic obstruction, result-
ing in improved lymphedema, with approximately 45% of 
patients having a reduction in edema at 90 days when treated 
for 12 days at 6 mg/kg, associated with foot care (Kerketta et 
al., 2005). However, studies have suggested that low-dose 
continuous treatment with DEC for 1 year did not offer sig-
nificant benefit over comprehensive foot care in terms of pre-
vention of acute attacks of adenolymphangitis (Shenoy et al., 
1999b). Monthly DEC also failed to reduce the number of 
acute attacks of adenolymphangitis (Shenoy et al., 1998a).

Scrotal ultrasound has been used to monitor the effect of 
DEC on adult worms. In 19 of 39 adult male patients who 
received either 6 or 12 mg/kg of DEC, the adult worms 
became undetectable on ultrasound. Of note, no additional 
beneficial effect was observed by increasing the dose above 
6 mg/kg or by administering repeated doses (Noroes et al., 
1997). Circulating W. bancrofti antigen can be used as a marker 
for adult worm infection. Repeated 6-mg/kg prolonged (12-
day) courses of DEC at 0, 6, 12, and 18 months failed to 
demonstrate a consistent reduction in circulating antigen 
levels. Two years after treatment, only 26% of patients showed 
clearance of antigenemia, although the median level of anti-
genemia was 21% of the pretreatment value (Freedman et al., 
2001). Biopsies of inflammatory scrotal nodules taken after 
treatment with DEC have revealed the death of adult worms, 
with significant surrounding inflammation (Dreyer et al., 
1995). Scanning electron microscopy of adult worms treated 
with DEC has demonstrated very little morphologic differ-
ence between worms from untreated patients and those 
from a patient treated with a single dose of DEC. However, 
early sampling after treatment does not take into account the 
effect of ongoing immune response (Oliveira-Menezes et al., 
2007).

The geographical distribution of filariasis has significant 
overlap with high-prevalence areas of HIV infection (Nielsen 
et al., 2006). Twenty-seven patients with HIV and filarial 
co-infection were treated with DEC and were found to have 
a significant decline in HIV viral load at 12 weeks after treat-
ment, as well as effective treatment of their microfilariae 
(Nielsen et al., 2007).

DEC appears to be effective against both B. timori and 
B. malayi (Fan, 1992; Hakim et al., 1995). In Malaysia, where 
90% of reported cases of lymphatic filariasis are caused by 
B. malayi, a single dose of 6 mg/kg DEC was compared with 

a course of six daily doses of 6 mg/kg. Both regimens were 
effective in controlling brugian filariasis, as judged by the 
effect on microfilaremia. The prevalence of microfilariae was 
reduced from 24.7% to 6.9% at 19 months after an initial 
treatment with a single dose of DEC, and from 22.8% to 2.7% 
at 19 months with a 6-day course (Hakim et al., 1995). In a 
small study undertaken in Indonesia, DEC was more rapidly 
effective for clearance of B. timori microfilariae compared with 
W. bancrofti. However, these patients suffered an increased 
frequency of adverse events (Supali et al., 2002).

MASS DRUG ADMINISTRATION

In a dose of 300 mg, DEC has been used extensively as part 
of mass drug administration programs for elimination of lym-
phatic filariasis, and has been found to lead to a significant 
public health improvement in terms of elimination of the 
disease (Das et al., 2001; Ramaiah et al., 2002; El-Setouhy et 
al., 2007; Goldman et al., 2007; Nandha et al., 2007; Ramaiah 
et al., 2007a). In longitudinal studies, DEC has been reported 
to be effective when administered in long-term repeated doses 
over 10 years (Ramaiah et al., 2007b). A 5-year follow-up 
study also found a significant drop in microfilarial levels, 
and in some areas it even appears to have eliminated the par-
asite (Ramzy et al., 2006). It thus appears that repeated single 
doses of DEC are effective in controlling or even eliminating 
filariasis (Ramaiah et al., 2002).

COMBINATION THERAPY WITH ALBENDAZOLE

The addition of albendazole to DEC for treatment of lym-
phatic filariasis is controversial in terms of its added benefit, 
with trials finding conflicting results. In combination with 
albendazole, DEC was an effective treatment of schoolchil-
dren in Haiti infected with W. bancrofti, hookworm, Ascaris, 
and Trichuris, with reduced prevalence of all four diseases. 
However, DEC only added additional benefit to treatment of 
W. bancrofti (Fox et al., 2005). In community-based studies, 
the combination of DEC with albendazole was found to be 
more effective than DEC alone in reducing lymphatic filarial 
infections (Rajendran et al., 2006; Sunish et al., 2006). An 
ultrasound study demonstrated that combined treatment 
using DEC (6 mg/kg) with albendazole (400 mg) led to the 
killing of 92% of adult worms after 24 months, with no addi-
tional benefit observed for a 7-day treatment regimen com-
pared with a single treatment (Hussein et al., 2004). However, 
in a study in Egyptian adults, it was observed that multi-dose 
DEC and albendazole given daily for 7 days was more bene-
ficial than single-dose treatment, with a significant improve-
ment in clearance of microfilariae. Inactivation of adult worm 
nests was seen in 24 of 29 patients on serial ultrasound, with 
no difference observed between single or multi-day dosing 
(El Setouhy et al., 2004). 

Not all trials have demonstrated an improved outcome 
by combining DEC with albendazole. In a trial in Papua New 
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Guinea, no significant difference at 12 and 24 months in 
microfilarial prevalence was found with DEC combined with 
albendazole versus DEC treatment alone when both were 
given as a single treatment (Bockarie et al., 2007). This finding 
was replicated in an Indian study where DEC in combination 
with placebo was compared with DEC and albendazole. No 
difference between the groups was observed in terms of 
safety or outcome (Kshirsagar et al., 2004). In a randomized 
trial performed in Kenya, annual single-dose DEC was com-
pared to single-dose albendazole and combination DEC plus 
albendazole over a 2-year period. No significant difference in 
W. bancrofti microfilaremia was observed between DEC alone 
and combination treatment; the reduction in circulating anti-
genemia was, however, significantly greater in the combina-
tion group (Wamae et al., 2011). In a study in India examining 
single-dose DEC compared with single-dose albendazole 
and combination therapy with DEC and albendazole, there 
was no significant difference observed in circulating filarial 
antigen levels at the 3-year time point, suggesting similar 
macrofilaricidal effect (Hoti et al., 2010). In a study of 47 
men randomly assigned to DEC (6 mg/kg single dose) alone 
or DEC in combination with albendazole (400 mg), no differ-
ence between groups was found up to 1 year after treatment as 
measured by microfilarial suppression. However, 1 year after 
treatment, 22% of original adult worm nests were still detect-
able by ultrasound in those who received DEC alone, com-
pared with 56.4% in those who received DEC in combination 
with albendazole. The authors suggested that the addition 
of  albendazole appeared to decrease the macrofilaricidal 
effect of DEC against W. bancrofti (Dreyer et al., 2006). In a 
Cochrane review it was concluded that the evidence for the 
use of DEC and albendazole in combination for the specific 
therapy of filariasis is lacking (Critchley et al., 2005). Regard-
less of this, the combination, via the broad-spectrum anthel-
mintic effects of albendazole on soil-transmitted nematodes 
(Rajendran et al., 2006), has led the World Health Organi-
zation to recommend the combined use of albendazole and 
DEC in mass drug administration in yearly cycles in pro-
grams aimed at the elimination of lymphatic filariasis.

The combination of DEC and albendazole has been found 
to be effective for the treatment of B. timori, with 69 of 96 
subjects testing negative for microfilariae 1 year after a single 
dose of 6 mg/kg combined with 400 mg albendazole (Fischer 
et al., 2003). Annual combined mass drug administration has 
been assessed, microfilarial from 26.8% to 3.8% following 
two annual cycles of DEC 6 mg/kg and 400 mg albendazole 
(Oqueka et al., 2005). The same combination is also effective 
against B. malayi, with a 96% reduction in microfilariae at 
12 hours and 47% amicrofilaremic at 12 months (Shenoy et 
al., 1999a).

COMBINATION THERAPY WITH IVERMECTIN

A community study comparing DEC alone or in combination 
with ivermectin found that both regimens were effective. 
However, the combination was significantly more effective 
at decreasing microfilarial levels (Bockarie et al., 1998). A 

systematic review of treatment for lymphatic filariasis found 
that single-dose combination treatment with DEC and iver-
mectin exhibited the greatest effect on microfilarial preva-
lence at 12 months compared with single doses of DEC or 
albendazole or ivermectin, and also compared with DEC 
plus albendazole and ivermectin plus albendazole combina-
tions. Results were similar when examining drug efficacy in 
field trials. It was noted, however, that the paucity of reliable 
and comparable studies hinders conclusive evidence (Tisch 
et al., 2005). 

COMBINATION THERAPY WITH ALBENDAZOLE AND 
IVERMECTIN

A recent pilot study performed in Papua New Guinea com-
pared single-dose DEC and albendazole with DEC plus 
albendazole and ivermectin in the treatment of W. bancrofti 
infection. They found that triple therapy resulted in a more 
rapid elimination of microfilariae from peripheral blood and 
an associated greater reduction in circulating antigen levels. 
All participants treated with the triple drug regimen were 
amicrofilaremic up to 2 years following treatment, in contrast 
with DEC and albendazole alone, where therapy failed to 
clear microfilariae in most participants at 12 and 24 months 
after treatment. However, triple therapy was associated with 
a higher rate of mild to moderate adverse events (Thomsen 
et al., 2016). The same investigators are currently evaluating 
triple therapy with DEC, albendazole, and ivermectin in a 
randomized phase II clinical trial, to help determine whether 
this combination is more effective in eliminating or steriliz-
ing the adult worms compared to conventional treatment 
with DEC and albendazole (ClinicalTrials.gov, 2013).

COMBINATION THERAPY WITH DOXYCYCLINE

Doxycycline is effective at depleting the Wolbachia endo-
symbiotic bacteria present in microfilariae and has been 
shown to have activity against both the adult worms and 
microfilariae of W. bancrofti (Taylor et al., 2005). In one study, 
the combination of DEC (6 mg/kg) and albendazole (400 mg) 
was used to treat patients infected with B. malayi 4 months 
after receiving an initial treatment course of doxycycline 
(100 mg/day for 6 weeks). Those patients who received dox-
ycycline before treatment with DEC and albendazole had a 
higher clearance of microfilaremia at 1 year and a lower rate 
of adverse effects than those who did not (Supali et al., 2008). 
Mand et al. (2009) performed a placebo-controlled trial in 
India examining shorter-duration doxycycline treatment prior 
to single-dose DEC in male participants with asymptomatic 
bancroftian filariasis. They found that 21 days of doxycycline 
compared with 10 days of doxycycline or placebo was sig-
nificantly better in reducing microfilaremia, with all patients 
amicrofilaremic at 12 months after treatment, compared with 
42.9% in the 10-day doxycycline group and 37.5% of those 
receiving placebo. There was a strong trend toward signifi-
cantly lower circulating antigen levels in the 21-day doxycy-
cline group compared with placebo, however, this did not 
reach statistical significance. They also found a significant 

http://www.ClinicalTrials.govNCT00300768
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reduction in number of worm nests and dilation of suprates-
ticular lymphatic vessels as assessed by ultrasonography in 
the group treated with 21 days of doxycycline. A small, ran-
domized double-blind trial was conducted in Thailand, com-
paring single-dose DEC (300 mg) together with single-dose 
doxycycline (200 mg) or placebo for the treatment of bancrof-
tian filariasis. They found significantly lower filarial antigen 
levels and decreased incidence and severity of adverse events 
in the group treated with DEC and doxycycline compared 
with DEC and placebo (Sanprasert et al., 2010). 

DIETHYLCARBAMAZINE-MEDICATED SALT

DEC-medicated salt has been subject to investigation as a 
means of control of filariasis since its initial use in Brazil in 
1967 (Adinarayanan et al., 2007; Lammie et al., 2007). A very 
large population-based intervention reduced the microfi-
larial rate to less than 1% in multiple counties in the Fujian 
Province in China (Liu et al., 1992). A Cochrane review in 
2007 suggested that providing communities with DEC-
fortified salt for 1 year results in a greater reduction in prev-
alence of microfilaremia than single-dose DEC, semiannual 
DEC, or standard 12-day dosing of DEC. However, many of 
these studies are community-based and there is therefore a 
significant risk of confounding variables. The need for high 
coverage in a community has also been emphasized. Although 
the adverse event frequency was consistently reported as low, 
in many of the studies there was limited active surveillance 
for side effects (Adinarayanan et al., 2007). DEC has now 
been used extensively as a fortified salt for mass treatment 
with large, effective reductions in microfilarial prevalence 
(Adinarayanan et al., 2007; Lammie et al., 2007).

7b.  Onchocerciasis

DEC was previously used extensively as treatment for this 
disease. However, despite its rapid effect against microfilariae 
of O. volvulus (Awadzi and Gilles, 1980), it has little effect 
against adult worms and requires slow-dose escalation because 
of adverse effects (see above under 6, Toxicity). The drug is 
now contraindicated for the treatment of onchocerciasis for 
this reason. DEC is also less effective than ivermectin (see 
Chapter 204, Ivermectin and moxidectin) at maintaining a 
decreased microfilarial count in onchocerciasis 6–12 months 
after treatment (Awadzi et al., 1986b; Diallo et al., 1986).

However, the reaction to DEC to detect O. volvulus infec-
tion has been used as a provocative diagnostic test both 
orally and in the form of a patch test (the Mazzotti test). In 
the patch test, a concentration of DEC at 20% appears to be 
more effective than lower concentrations. It is applied to the 
skin and covered with adhesive tape or a bandage. The test 
can then be “read” at 24–48 hours, and the local reaction 
graded depending on severity (Ozoh et al., 2007). The sensi-
tivity of this test has been variably reported at between 30% 
and 92% for onchocerciasis. Recently, the patch test was used 
to check for recrudescence of onchocerciasis in West Africa. 
It was found to have equivalent sensitivity to skin snip; a 10% 

DEC solution had a sensitivity of 44% at 24 hours and 89% 
at 48 hours, while a 20% solution had 78% sensitivity at 24 
hours and 100% at 48 hours. However, it was considerably 
less sensitive than skin snips that were analyzed by PCR for 
the presence of parasitic DNA (Toe et al., 2000). The oral 
Mazzotti test entails the administration of a 50-mg test dose 
of DEC followed by observation for any clinical reaction of 
pruritus or rash within 24 hours. A clinical reaction is a pos-
itive response suggesting the patient is infected with O. vol-
vulus (Keystone and Davies, 1992). This test should only be 
undertaken after a negative slit lamp eye examination so as 
to prevent eye damage in subjects with occult eye disease. 
DEC-containing transdermal patches are under investiga-
tion as a suitable option for large-scale identification of 
patients infected with O. volvulus in endemic areas (Awadzi 
et al., 2015). 

7c.  Loiasis

DEC is recommended for treatment of loiasis. A long-term 
follow-up (2–15 years) of expatriate visitors found that 38% 
were cured after a single course of therapy, with a further 16% 
cured after two courses. Ten percent of patients remained 
symptomatic despite more than four courses of DEC (Klion 
et al., 1994). DEC has been successfully used as prophylaxis 
against L. loa in endemic areas. A weekly dose of 300 mg of 
DEC reduced both clinical disease and seropositivity for 
antifilarial antibody (Nutman et al., 1988). Reliable compar-
isons between DEC and other drugs in terms of efficacy in 
treating loiasis cannot be made, as only retrospective data are 
available.

7d.  Infections due to intestinal nematodes

DEC has been demonstrated to reduce faecal egg output in 
A. lumbricoides. However, the absolute efficiency is not well 
documented. A small Tanzanian study demonstrated a 
decrease in fecal egg output in Ascaris-infected children, 
although the reduction was not statistically significant 
(Meyrowitsch and Simonsen, 2001). In animals, higher doses 
than that used in humans have been shown to be effective 
treatment of Ascaris infection (Meyrowitsch and Simonsen, 
2001). In a trial comparing multiple anthelminthic agents, 
DEC was inferior to albendazole and ivermectin at reducing 
Ascaris infection rates and egg counts at 180 and 360 days 
post treatment (Belizario et al., 2003).

As treatment for T. trichiura infection, combination ther-
apy of DEC and albendazole does not confer additional ben-
efit to treatment with albendazole alone (Ismail and Jayakody, 
1999; Belizario et al., 2003). In the study cited above, it was 
also observed that treatment with DEC led to no significant 
decline in hookworm egg output (Meyrowitsch and Simon-
sen, 2001). Although other studies have demonstrated effec-
tive treatment of hookworm with the combination of DEC 
and albendazole in mass drug administration programs, this 
effect could be explained by the well-known efficacy of 
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albendazole alone against hookworm (Oqueka et al., 2005). 
In Haitian children it was demonstrated that DEC alone was 
less effective than albendazole alone in reducing the preva-
lence of infection with Ascaris, Trichuris, and hookworm 
(Fox et al., 2005).

7e.  Tropical pulmonary eosinophilia

Tropical pulmonary eosinophilia results from a pulmonary 
hypersensitivity reaction to filarial parasites. DEC is ex- 
tremely effective for treatment of tropical pulmonary eosino-
philia, with nearly all patients experiencing symptom relief 
within 2 weeks. The recommended dose is 6 mg/kg daily for 
21 days. Relapse can occur, as can chronic pulmonary insuf-
ficiency (Ong and Doyle, 1998).
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Pyrantel and Oxantel Pamoate

Steven Kopp and Jennifer Keiser

1. DESCRIPTION

Pyrantel, E-1,4,5,6-tetrahydro-1-methyl-2-[2-(2-thienyl)
vinyl]-pyrimidine, is an imidazothiazole-derived tetrahy-
dropyrimidine. Its anthelmintic activity was first identified 
in 1966 (Austin et al., 1966). It has been used as a broad- 
spectrum anthelmintic in both veterinary and human medi-
cine since the 1970s (Kopp et al., 2007b). In humans, it is 
clinically useful for therapy of three major nematode infec-
tions: hookworm (Ancylostoma duodenale and Necator amer-
icanus), roundworm (Ascaris lumbricoides), and pinworm 
(Enterobius vermicularis). In addition, pyrantel pamoate 
appears to have activity against Trichinella spiralis and 
Trichostrongylus spp. Pyrantel pamoate is available as a tablet 
(including chewable) or oral suspension; common prepara-
tions include Combantrin (Pfizer), Antiminth (Goerig), and 
Pyrantrin (Niemeth). 

Pyrantel pamoate is often combined with its m-oxyphenol 
analogue, oxantel, 3-[(E)-2-(1-methyl-1,4,5,6-tetrahy- 
dropyrimidin-2-yl)ethenyl]phenol, pamoate to broaden its 
spectrum against whipworm (Trichuris trichiura) infections. 
The trichuricidal activity of oxantel pamoate was first 
described in 1972 (Howes, 1972). Oxantel pamoate lacks 
activity against hookworm or roundworms (Speich et al., 
2014). The combination of pyrantel pamoate and oxantel 
pamoate was developed and marketed for human helminth 
infections in Colombia, Peru, and the Phillipines (Quantrel; 

Pfizer). However, it is no longer produced.
Pyrantel and oxantel pamoate act in a similar way to 

levamisole, activating the worm’s nicotinic acetylcholine 
receptors to achieve an excitatory blockade with subsequent 
spastic paralysis and expulsion from the gastrointestinal tract 
(Robertson et al., 1994). The pamoate salt of pyrantel (also 
referred to as embonate) and oxantel have a molecular weight 
of 594.68 and 604.65 g/mol, respectively. Both compounds 
have very poor solubility in water (Courtney and Roberson, 
1995). Aqueous solutions of pyrantel salts are prone to pho-
toisomerization when exposed to light, resulting in reduced 
potency. The chemical structures of pyrantel and oxantel are 
given in Figure 206.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine Susceptibility

HOOKWORMS

While both species of human hookworms, Ancylostoma duo-
denale and Necator americanus, are susceptible to pyrantel, 
N. americanus is reportedly less sensitive (Kale et al., 1982). 
It has also been reported that in heavy infection with either 
species, multiple dosing may be required to achieve a satis-
factory outcome (World Health Organization, 2000) (see 
under 4, Mode of drug administration and dosage for details). 
Placebo-controlled trials have reported that a single 10 mg/kg 
dose of pyrantel to reduce hookworm egg counts by 56.4–
75.0% (Keiser and Utzinger, 2008). 

ASCARIS LUMBRICOIDES

Pyrantel pamoate is highly effective against Ascaris lumbri-
coides, with cure rates approaching 100% in clinical trials 
(Farahmandian et al., 1977; Kale et al., 1982). It has been 
observed that the administration of pyrantel pamoate every 
3–4 months as part of mass drug administration programs, 
even at low doses, substantially reduces the prevalence of 
ascariasis (World Health Organization, 2000). While the 
drug has activity against immature forms of A. lumbricoides 
(Arfaa and Ghadirian, 1977; Peng et al., 2002), precise thera-
peutic efficacies have not been determined. To date, cure 
rates in excess of 85% have been observed in all documented 
placebo-controlled trials (Keiser and Utzinger, 2008). 

Figure 206.1. Chemical structure of pyrantel and oxantel 
pamoate.
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ENTEROBIUS VERMICULARIS, TRICHINELLA 
SPIRALIS, AND TRICHOSTRONGYLUS SPP.

Pyrantel pamoate maintains a high concentration into the 
colon, and has a high efficacy against Enterobius vermicu-
laris. While it is also reported to be effective against adult 
Trichinella spiralis (Martinez et al., 1968), there is no evi-
dence supporting activity against the larvae of this species 
in muscle tissue. Pyrantel pamoate is also effective in the 
treatment of Trichostrongyliasis (Bell and Nassif, 1972).

TRICHURIS TRICHIURA

Oxantel pamoate has a high efficacy against infections with 
T. trichiura, which was confirmed in recent clinical trials 
conducted on Pemba island,Tanzania (Speich et al., 2014; 
Speich et al., 2015; Moser et al., 2015). At 20 mg/kg, oxantel 
pamoate showed significantly higher cure and egg reduction 
rates compared to mebendazole (Speich et al., 2014). A sub-
sequent dose-finding study defined an optimum therapeutic 
dose range of 15–30 mg/kg oxantel pamoate. Among chil-
dren treated with 25 mg/kg oxantel pamoate, the cure rate 
was 60%, and egg-reduction rate was 97.5%. Oxantel pamoate 
is therefore an attractive partner drug in combination with 
pyrantel pamoate or albendazole (Speich et al., 2015) to 
cover the major human soil-transmitted helminths. 

2b.  Emerging resistance and 
cross-resistance

A single report of pyrantel treatment failure against 
Ancylostoma duodenale exists (Reynoldson et al., 1997). This 
community-based study found that administration of pyran-
tel as a single 10 mg/kg dose to individuals naturally infected 
with A. duodenale had little effect on estimated hookworm 
burdens. The validity of these results have been questioned 
due to the omission of an untreated control group and the 
lack of attempted in vitro confirmation (Geerts and Gryseels, 
2000). Hence there is no conclusive evidence that any of the 
human-infecting nematode species targeted by pyrantel have 
developed resistance to this drug. In spite of this, it is worth 
noting that resistance to pyrantel has been well documented 
in nematodes infecting domestic animal species—namely, 
pigs (Roepstorff et al., 1987), horses (Drudge et al., 1988), and 
canines (Kopp et al., 2007a). The mechanism of resistance to 
anthelmintics that act as nicotinic agonist drugs, including 
pyrantel, levamisole, morantel, and oxantel, remains poorly 
understood (Wolstenholme et al., 2004). 

3. MECHANISM OF DRUG ACTION

Pyrantel pamoate and oxantel pamoate are agonists at the 
nematode nicotinic acetylcholine receptor. The drugs bind 
this receptor with greater affinity and less reversibility than 
acetylcholine, resulting in an excitatory blockade at the 
neuromuscular junction (Robertson et al., 1994). The ensu- 
ing sustained spastic paralysis results in expulsion of the 

worm from the gastrointestinal tract (Courtney and Rober-
son, 1995). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults and children

Pyrantel pamoate is available for oral administration only as 
tablets, chewable tablets, and liquid suspension. For A. lum-
bricoides, E. vermicularis, a single dose of 11 mg base/kg is 
used for both adults and children. For intestinal hookworm 
infections, a single dose of 11 mg/kg is recommended for 3 
days. Oxantel pamoate is currently not commercially avail-
able. A dose-finding study has shown that a high trichuri-
cidal efficacy is observed with 25 mg/kg oxantel pamoate 
(Moser et al., 2015).

4b.  Newborn infants and children

Safety and efficacy of pyrantel pamoate is not established in 
children < 2 years of age. Use of oxantel pamoate in infants 
under 6 months of age is not recommended because use in 
this age group has not been established.

4c.  Pregnant and lactacting mothers

Pyrantel pamoate has a pregnancy category of C. Repro-
duction studies in animals have shown no teratogenic effects 
of oxantel pamoate. Both drugs should be used during preg-
nancy only if benefits justify risks to the fetus and only when 
no alternative management is appropriate. 

4d.  Those requiring altered dosages

For infections with N. americanus, the recommended dose is 
20 mg base/kg daily for 2 days for both adults and children 
(Chege et al., 1974). Where a heavy hookworm infection is 
suspected, the appropriate dosage should be administered 
on 2 or 3 consecutive days (World Health Organization, 
2000).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Due to their low water solubility, pyrantel pamoate and 
oxantel pamoate are poorly absorbed from the gastrointesti-
nal tract (Kimura and Kume, 1971; Pfizer Quantrel® Insert). 
This ensures that the drugs maintains a high concentration 
into the intestinal lumen, potentiating their activity against 
parasites such as Enterobius vermicularis and T. trichiura. 
Because the drugs are poorly absorbed, data on plasma half-
life and protein binding are not available.
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5b.  Drug distribution

Following a standard dose, serum levels of pyrantel pamoate 
reach a peak of between 26 and 37 ng/ml after 2 hours. 
AUC0–9 (area under the curve, 0–9 hours) values of between 
77 and 120 h ng/ml have been reported (Fasanmade et al., 
1994), representing the total amount of drug absorbed post- 
administration. In a comparative study, no significant differ-
ence in the maximal plasma concentration or AUC0–9 values 
was noted between the tablet and suspension forms of pyra-
ntel pamoate (Fasanmade et al., 1994). There is little data 
available on the distribution of the drug in body tissues. After 
a single dose of 750 mg in adults, peak oxantel pamoate serum 
concentrations are achieved at 2–4 hours post-treatment 
(Pfizer Quantrel® Insert). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Since the gastrointestinal tract is the sole site of pyrantel and 
oxantel pamoate’s action, little characterization of the phar-
macokinetic properties of these drugs has been required. The 
selective activity of the drugs against nematode nicotinic 
acetylcholine receptors over human nicotinic acetylcholine 
receptors is believed to be due to minor differences in recep-
tor structure. It is known that the phosphorylation state of 
nematode nicotinic acetylcholine receptors influences the 
binding of pyrantel, and that the response to this binding is 
dependant upon several processes downstream of the recep-
tor (Martin and Robertson, 2007). 

5d.  Excretion

URINE

Between 4% and 7% of an administered pyrantel dose is 
excreted in the urine either in an unchanged state, or as a 
series of polar metabolites (Kimura and Kume, 1971). 

About 6–8% of the total oxantel dose is found in human 
urine following a dose of 10 mg/kg, and 0.5–1.8% following 
a dosage of 50 mg/kg (Pfizer Quantrel® Insert).

FECES

In excess of 50% of an administered pyrantel dose is excreted 
unchanged in the feces (Kimura and Kume, 1971).

INACTIVATION IN THE BODY 

The small proportion of pyrantel pamoate that is absorbed by 
the body is partially metabolized by the liver (PDR, 2004). 

Analysis of metabolites has been largely confined to labora-
tory animals, where it has been shown that metabolites are 
largely polar in nature and excreted in the urine (European 
Agency for the Evaluation of Medicinal Products, 1998). 
Hepatic metabolism of pyrantel is rapid (PDR, 2004). No 
data are available for oxantel pamoate.

LACTATION

While there are no data on the excretion of pyrantel pamoate 
and oxantel pamoate in breast milk, it is likely to be negli-
gible due to low systemic absorption of the drug. 

5e.  Drug interactions

Pyrantel pamoate antagonizes the anthelmintic piperazine 
(Terada et al., 1983), therefore these drugs should not be 
administered concurrently. No drug interactions with oxan-
tel pamoate have been described. 

6. ADVERSE REACTIONS AND TOXICITY

Pyrantel pamoate has a high therapeutic index. However, 
minor side effects can be expected in up to 20% of patients 
(Fossati, 1980). Nausea, abdominal discomfort, dizziness, 
diarrhea, headache, and vomiting are the most common side 
effects encountered. Less common side effects include skin 
reactions (pruritis, urticaria), drowsiness, fever, anorexia, 
and paresthesia (Bagheri et al., 2004; Fossati, 1980). It should 
be noted that most of these effects have been reported 
through basic surveys and not in placebo-controlled trials. 
Oxantel pamoate was well tolerated in recent clinical trials; 
no moderate or serious adverse events were reported by any 
child. Abdominal pain was the most commonly observed 
adverse event (Moser et al., 2015).

6a. Risks in pregnancy

Teratogenic effects were not observed in studies on rats 
(Owaki et al., 1971), and it is unlikely that the drug is harm-
ful during pregnancy. It is recommended, however, that 
oxantel and pyrantel pamoate should only be given to preg-
nant women if the potential benefit justifies the potential risk 
to the patient or fetus. 

7. CLINICAL USES OF THE DRUG

Pyrantel and oxantel pamoate are useful in the treatment of 
a number of parasitic gastrointestinal infections (see Table 
206.1).
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Activity against tissue-arrested larvae is not established

Necator americanus 20 mg/kg Daily for 2 days If heavy infection suspected, the dosage regimen can be 
extended to 20 mg/kg daily for 3 days

Ascaris lumbricoides 11 mg/kg Single dose In mass drug administration programs, a dose of 2.5 mg/
kg every 3–4 months has been reported to signifi-
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1. DESCRIPTION

Praziquantel—originally EMBAY 8440—was developed and 
subsequently marketed by Bayer as Biltricide (McMahon, 
1981). It is a pyrazinoisoquinoline derivative, with the 
full chemical name of 2-cyclo-hexylcarbonyl-1,2,3,6,7,11b- 
hexahydro-4H-pyrazino[2,1-a] isoquinolin-4-one. Its molec-
ular formula is C19H24N2O2 and its molecular weight is 
312.41. The chemical structure of praziquantel is shown in 
Figure 207.1.

Pyrazinoisoquinoline derivatives were first evaluated by 
Merck in the 1970s as potential tranquilizers before being 
passed on to Bayer and subject to a veterinary screening pro-
cess (Groll, 1984). Praziquantel was found to be active against 
a wide range of trematode and cestode helminths (Andrews 
et al., 1983), and was the most active of a group of over 400 
related compounds. The drug was initially developed for 
veterinary use before being developed for use in humans. 
Praziquantel is currently the mainstay of treatment for schis-
tosomiasis and opisthorchiasis.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

TREMATODE HELMINTHS

The introduction of praziquantel in the mid-1970s repre-
sented a significant advance in anthelminthic chemotherapy, 
allowing the safe and effective therapy of many previously 

untreatable parasite infections. Praziquantel was the first drug 
active against Schistosoma japonicum, and additionally has 
become the mainstay of therapy for African schistosomiasis 
caused by S. mansoni and S. haematobium.

Cure rates of 100% have been reported with single-dose 
therapy of clonorchiasis and opisthorchiasis (Horstmann 
et al., 1981; Chen and Hsieh, 1982; Kuang et al., 1984; Lee, 
1984). A detailed study has demonstrated that the adult 
worms of Clonorchis sinensis, Opisthorchis viverrini, S. japon
icum, Metagonimus yokogawai, and Paragonimns westermani 
all develop tegumental vacuolization when incubated in vitro 
with praziquantel (Mehlhorn et al., 1983). Such tegumental 
damage is time and concentration dependent, with O. viver
rini susceptible to this effect at all concentrations and P. wes
termani being the least susceptible. However, all of these 
parasites are successfully eliminated by praziquantel in vivo 
(Horstmann et al., 1981). Praziquantel has recently been 
demonstrated to have some activity against the European 
liver fluke (Opisthorchis felineus) in an animal model (Pakha-
rukova et al., 2015). It has no significant activity against the 
liver flukes Fasciola hepatica and F. gigantica.

CESTODE HELMINTHS

Praziquantel has documented efficacy against a wide variety 
of taenid cestodes in both veterinary and human medicine. 
Single-dose therapy is reliably effective against intestinal 
infections caused by cestodes of the genera Taenia, Hymeno
lepis, and Diphylobothrium (de Silva et al., 1997; Craig and 
Ito, 2007). Praziquantel has some efficacy in the treatment 
of viable subarachnoid and ventricular cysticercosis cysts 
(Garcia et al., 2002). It has been used in combination 
with either mebendazole (Salto et al., 1991) or albendazole 
(McManus et al., 2003) in echinococcosis, with reported suc-
cess, although no comparative clinical trials are available. 
Case reports and small series are emerging, suggesting that 
PZQ may have a role in the treatment of pulmonary (Li et al., 
2015) or other non-cerebral manifestations of sparganosis 
(Cheng, et al., 2014; Ho et al., 2013; Oh et al., 2014), although 
surgical removal remains the recommended treatment of 
choice (Hong et al., 2013).Figure 207.1. Chemical structure of praziquantel.
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NEMATODE WORMS

Praziquantel has little if any activity against nematode worms, 
although one field study demonstrated a reduction in the 
prevalence of hookworm infection following population- 
based treatment of schistosomiasis with praziquantel 
(Utzinger et al., 2002). It also has no activity against filarial 
parasites, such as Mansonella perstans (Bregani et al., 2006).

2b.  Emerging resistance and 
cross-resistance

Praziquantel remains the mainstay intervention for both 
individual therapy of schistosomiasis and community con-
trol programs. The potential for the development of resis-
tance is therefore real, particularly in some regions of Africa 
where control programs in areas with intense transmission 
have resulted in heavy population exposure to the drug. 
Although a number of reports of praziquantel resistance 
have been published (Fallon and Doenhoff, 1994; Fallon et 
al., 1995; Ismail et al., 1996; Ismail et al., 1999), the consen-
sus is that these studies have not indicated the development 
of clinically relevant resistance. Several issues need to be 
considered when interpreting such reports. First, infections 
frequently include worm populations of mixed age. That is, 
within any infected individual, worms may range in age from 
new schistosomulae to worms that could have been present 
within the host for decades (Ross et al., 2002). As noted 
above, praziquantel is not active against juvenile worms aged 
between 3 and 26 days post-infection (Xiao and Catto, 1989). 
There is currently no technology available to differentiate 
between treatment failure due the presence of a “young” 
(3–26 days old) infection and actual drug resistance. Thus, 
those patients with numerous reinfections in regions of high 
transmission are likely to have worms of mixed ages, with a 
proportion of their worm burden aged 3–26 days at the time 
of treatment. This may explain why those with heavy or 
recent infections are less likely to be cured with single-dose 
therapy, as was described in northern Senegal (Fallon et al., 
1995). Second, praziquantel therapy does not confer resistance 
to reinfection (McManus, 1999; McManus, 2005; Fenwick 
and Webster, 2006). Therefore a proportion of apparent treat-
ment failures may be due to reinfection depending on the 
timing of the “test of cure,” and also on regional intensity of 
transmission (Gryseels et al., 2001).

Nevertheless, reports exist of S. mansoni and S. haemato
bium infections from regions of Egypt and Kenya with 
heavy praziquantel exposure that have not responded to 
multiple treatment courses (Ismail et al., 1999; William et al., 
2001a; William et al., 2001b). Notwithstanding the above 
discussion, there is some laboratory evidence indicating that 
praziquantel-tolerant worms may have altered tegumental 
architecture—potentially limiting the effect of praziquantel 
(William et al., 2001a). More recent work has demonstrated 
ED50 values for praziquantel to be threefold greater in puta-
tively resistant strains than in a susceptible field strain (Cioli 

et al., 2004). Praziquantel resistance can also be induced 
in  the laboratory following exposure of miracidia within 
Biompha laria sp. snails to the drug (Lotfy et al., 2015). Some 
putatively-resistant laboratory-passaged strains have evolved 
in the absence of praziquantel-induced selective pressure 
(Cioli et al., 2004)—suggesting that the potential for the 
development of praziquantel resistance exists in some field 
strains. Follow-up studies of subjects living in high-trans-
mission regions in rural China who have had numerous 
treatment courses of praziquantel have demonstrated pre-
served efficacy (90% cure rates) compared with first-time 
treatment in new endemic regions (Yu et al., 2001). Other 
work from Kenya in a region of intense S. haematobium 
transmission demonstrated substantial year-to-year variation 
in the efficacy of praziquantel, but did not demonstrate a sig-
nificant trend for emerging resistance (King et al., 2000).

Multiple treatment courses over 10 or more years have 
been administered to many communities in regions of 
intense transmission for all three major pathogenic schisto-
somes in North Africa and China (Yu et al., 2001; Ismail et 
al., 2002; Fenwick and Webster, 2006) without demonstrable 
loss of efficacy (King et al., 2000; Wang, et al., 2010). 

Recent work has demonstrated that laboratory exposure 
of S. mansoni to praziquantel increases the expression of 
the ATP-dependent multidrug efflux pumps SmMRP1 and 
SMDR2 (Kasinathan et al., 2010). Inhibition or knockdown 
of these multidrug-resistant (MDR) efflux pumps restores 
susceptibility to praziquantel (Kasinathan, et al., 2014) and 
supports their potential as not only a site of action for prazi-
quantel, but as putative targets for novel antischistosomal 
drug research and development (Greenberg, 2013; Green-
berg, 2014). 

This is an important issue, as praziquantel is the only 
readily deployed antischistosomal drug available. Because 
worm reproduction is sexual with a relatively long genera-
tion time, if resistance does develop in human populations, it 
is likely to take many years to become an important clinical 
and public health issue (King et al., 2000).

3. MECHANISM OF DRUG ACTION

In schistosomiasis, praziquantel kills eggs and is active 
against juvenile schistosomulae less than 3 days old, and 
against adult worms over 26 days old (Xiao and Catto, 1989). 
The drug appears to cause tetanic contraction and tegumen-
tal vacuolization. Consequently, affected adult worms detach 
from the vein wall and die. Trematode Ca2+ channels appear 
to play a critical role in the mode of action of praziquantel 
(Ruenwongsa et al., 1983; Greenberg, 2005; Jeziorski and 
Greenberg, 2006). Schistosomes express two Ca2+ channel 
beta subunit subtypes, a structurally conventional beta- 
subunit, and a variant beta-subunit (Ca-varβ), with differing 
functional properties. Susceptibility to praziquantel appears 
to be conferred by drug action on the Ca-varβ subunit, and 
the effect appears to be inhibited by calcium channel block-
ers, such as nifedipine, in vitro (Pica-Mattoccia et al., 2007). 
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Experimental mutations of the Ca-varβ subunit entailing 
deletion of the first 46 amino acids abrogates sensitivity to 
intracellular Mg2+-ATP and Na+ ions (Kohn et al., 2003a; 
Kohn et al., 2003b; Greenberg, 2005). Conversely, coexpres-
sion of Ca-varβ in mammalian cells with the appropriate 
alpha1-subunit confers praziquantel susceptibility to these 
otherwise resistant cells (Kohn et al., 2003a; Kohn et al., 
2003b; Greenberg, 2005). Likewise, deletion of two serine 
residues at positions 225 and 235 in the constitutive rat 
beta2a Ca-channel subunit abolishes normal interaction with 
the alpha1-subunit, and confers praziquantel susceptibility 
on the rat cells (Kohn et al., 2003a; Kohn et al., 2003b). There 
is evidence demonstrating that Ca-varβ orthologus are found 
in other praziquantel-sensitive platyhelminths, such as the 
pork tapeworm Taenia solium (Jeziorski and Greenberg, 
2006). These variant beta-subunits may therefore represent 
a platyhelminth-specific gene family.

Disruption of the actin cytoskeleton also appears to be a 
crucial mode of action of praziquantel, given that the drug’s 
antischistosomal activity can be abolished in vitro by pre-
incubation of adult worms with cytochalasin D—an actin- 
depolymerizing agent (Pica-Mattoccia et al., 2007).

Immune-mediated worm killing may also play a signifi-
cant role in the in vivo activity of praziquantel. The efficacy 
of the drug as determined by worm burden reduction can be 
reduced by up to 80% in B cell–depleted mice (Brindley and 
Sher, 1987). It was subsequently demonstrated that IgG and 
IgM antibodies specific for a 200-kDa glycoprotein expressed 
in disrupted tegumental tubercles of treated worms restore 
the anthelmintic activity of praziquantel when transferred 
to B cell–depleted mice (Brindley et al., 1989; Brindley and 
Sher, 1990). It is likely that these two hypotheses are compat-
ible, and that worm killing is achieved by a combination of 
drug and immune-mediated killing.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Praziquantel is most widely marketed under the trade name 
Biltricide. Each 600-mg white/yellow tablet is scored three 
times, allowing doses as low as 150 mg. Praziquantel has 
been “off patent” since 1994 in most countries, facilitating 
generic manufacture and a consequent reduction in drug 
costs to as little as AU$0.45 (0.22 pound sterling, US $0.35) 
per dose. Other praziquantel preparations include Cysticide 
(500 mg), Cesol (150 mg), and Cestox (150 mg) (all from 
Merck), and Distocide (600 mg) and Cestocide (150 mg) 
from Shin Poong. Current dosage recommendations are 
listed in Table 207.1.

4b.  Newborn infants and children

Pediatric doses are similar to those for adults (see Table 
207.1).

4c.  Pregnant and lactating mothers

No data regarding altered dosages are available for this pop-
ulation. In a recently published trial, 370 pregnant women 
were randomly assigned to receive placebo (n = 184), or 
praziquantel (n = 186). No difference in birthweight, reacto-
genicity, or in key safety outcomes including abortion, fetal 
death in utero, and congenital anomalies were observed 
(Olveda et al., 2016). The results of this study support the 
safety of this drug in pregnancy. It is currently recommended 
that breastfeeding be withheld for 24–48 hours after treat-
ment of the mother with praziquantel because it can take up 

Table 207.1. Current treatment recommendations for the use of praziquantel.

Organism Dose Frequency

Blood flukes Schistosoma japonicum 20 mg/kg tds 1 day

Schistosoma mansoni 20 mg/kg bid 1 day

Schistosoma haematobium 20 mg/kg bid 1 day

Liver flukes Clonorchis sinensis 25 mg/kg tds 2 days

Opistorchis viverrini 25 mg/kg tds 2 days

Intestinal fluke Metagonimus yokogawai 20 mg/kg twice 4-h interval

Fasciolopsis buski 25 mg/kg tds 1 day

Lung fluke Paragonimus westermania 25 mg/kg tds 3 days

Intestinal cestodes Taenia solium 5–10 mg/kga Once

Neurocysticercosisb Complex (see text)

Taenia saginata 5–10 mg/kg Once

Hymenolepis nana 25 mg/kg Once

Diphylobothrium latum 25 mg/kg Once

aImportant to exclude concomitant eye/central nervous system disease.
bSecond-line therapy.
bid, twice-daily; tds, three times daily, h, hour.
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to 4 days for praziquantel metabolites to be completely 
cleared after an oral dose. A fully breastfed infant may there-
fore ingest approximately 0.1% of the weight-adjusted mater-
nal dose in one feed (Putter and Held, 1979). For a wider 
discussion regarding the safety of praziquantel use in preg-
nancy and breastfeeding, see section 6c, Toxicity.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Praziquantel does not accumulate in renal failure, although 
its metabolites can. Data are restricted to case reports only 
and demonstrate an absence of additional toxicity when 
standard doses are administered to patients with renal failure 
(Pehrson et al., 1983). Currently, it is recommended that 
standard praziquantel doses be prescribed in the context of 
renal failure or renal replacement therapy.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Severe hepatic insufficiency (Child class C) is associated 
with a doubling of the absorption half-life of praziquantel—
potentially attributable to intestinal mucosal edema. The 
elimination half-life and increases in both maximum con-
centration in plasma (Cmax) and total drug exposure are 
attributable to a reduction in drug metabolism. However, 
these do not appear to correlate with an increased risk of 
significant drug toxicity (see below under 5b, Drug distri-
bution) (Mandour et al., 1990; Watt et al., 1991; el Guiniady 
et al., 1994). Standard doses can therefore be administered 
to patients with severe hepatic dysfunction. It remains to be 
demonstrated if dose reductions are curative in this context.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Praziquantel is well absorbed but undergoes extensive first-
pass hepatic clearance with the (inactive) metabolites excreted 
in the urine—mostly as trans-4-hydroxypraziquantel (West-
hoff and Blaschke, 1992) and 8-hydroxypraziquantel (Schep-
mann and Blaschke, 2001). The fraction of the drug absorbed 
is 75–100% of the oral dose in rats, dogs, monkeys, and 
humans (Frohberg and Schulze Schencking, 1981). The Cmax 
variable (200–2000 ng/ml) (Cioli and Pica-Mattoccia, 2003). 
The Cmax is achieved after 30–120 minutes in animals and 3–4 
hours in humans (Leopold et al., 1978). Praziquantel should 
be given with food to maximize bioavailability—a carbohy-
drate-rich meal enhances absorption in humans (Mandour 
et al., 1990; Castro et al., 2000). Grapefruit juice approxi-
mately doubles both the area under the concentration–time 
curve (AUC) and Cmax (Castro et al., 2002).

Therapeutic drug monitoring is not necessary for prazi-
quantel. Its pharmacokinetics appear dose dependent, with 
both the AUC and Cmax increasing 20-fold with a 10-fold 
increase in dose (Mandour et al., 1990).

5b.  Drug distribution

Praziquantel has a plasma elimination half-life of 1–1.5 
hours in humans. It undergoes appreciable first-pass hepatic 
metabolism (Cioli and Pica-Mattoccia, 2003). Metabolism 
is primarily by the cytochrome P450 3A4 and 2B1 isoforms 
(Giorgi et al., 2001). Severe hepatic insufficiency can cause 
a doubling of the elimination half-life to 2.5 hours and a 4- 
to  5-fold increase in both Cmax and total drug exposure 
(Mandour et al., 1990; Watt et al., 1991). These pharmaco-
kinetic parameters are increased proportionate to the degree 
of hepatic dysfunction (el Guiniady et al., 1994) but occur 
without significant additional toxicity.

The pharmacokinetic and pharmacodynamic profiles of 
praziquantel do not appear to be altered significantly in preg-
nancy (WHO Joint Expert Committee, 2003). Praziquantel 
and its principal metabolites diffuse passively into human 
breast milk and are found at levels about 25–30% of those in 
maternal plasma (Putter and Held, 1979).

Cerebrospinal fluid (CSF) praziquantel concentrations 
have been determined in one study of patients treated for 
neurocysticercosis (Jung et al., 1990). Mean CSF concentra-
tions (0.398 μg/ml) were approximately 25% of serum con-
centrations (1.640 μg/ml) after a dose of 50 mg/kg. The 
investigators noted large variations in serum and CSF prazi-
quantel concentrations that did not correlate with clinical 
efficacy (Jung et al., 1990).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are few data correlating the clinical efficacy of prazi-
quantel with its pharmacokinetic and pharmacodynamic 
parameters.

5d.  Excretion

Praziquantel excretion is predominantly as metabolites, with 
a proportion of parent drug passed in urine. In humans, 
about 80% of a dose is excreted in the urine as metabolites—
trans-4-hydroxypraziquantel (Westhoff and Blaschke, 1992) 
and 8-hydroxypraziquantel (Schepmann and Blaschke, 2001) 
—within 4 days. Ninety percent of these metabolites are 
excreted within the first 24 hours (el Guiniady et al., 1994).

5e.  Drug interactions

Co-administration of chloroquine, phenytoin, rifampicin, 
dexamethasone, or carbamazepine can substantially decrease 
bioavailability by cytochrome P450 (CYP3A4) induction, to 
the point at which treatment failures have been reported 
(Bittencourt et al., 1992; Masimirembwa et al., 1994; Ridtitid 
et al., 2002).

Conversely, CYP3A4 inhibition increases both Cmax and 
total drug exposure. Indeed, co-administration of keto-
conazole has been suggested as a potential praziquantel- 
sparing strategy to reduce treatment cost (Ridtitid et al., 
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2007). Praziquantel increases the exposure to co-adminis-
tered albendazole (Pawluk et al., 2015)—an interaction of 
uncertain clinical significance.

6. ADVERSE REACTIONS AND TOXICITY

6a.  Preclinical studies

Unlike many older anthelmintics, praziquantel was subject 
to extensive toxicologic studies during its preclinical devel-
opment (Frohberg, 1984). The LD50 of orally administered 
drug is 2454 mg/kg in mice, 2840 mg/kg in rats, and 1050 
mg/kg in rabbits (Frohberg, 1984). In repeated dose toxicity 
studies, no drug-related lesions were identified at necropsy 
in rats treated with praziquantel at doses up to 1000 mg/kg/
day for 4 weeks or in beagle dogs administered doses up to 
180 mg/kg/day for 13 weeks.

In extensive trials of mutagenicity performed by various 
groups and employing a variety of test systems, no induction 
of point mutations, gene conversion, DNA repair, sister 
chromatid exchanges (SCEs), or X-linked recessive lethal 
mutations were observed (Frohberg, 1984). Similarly, studies 
of fetal or maternal toxicity in animals and teratogenicity 
studies using up to 300 mg/kg/day in rats and rabbits have 
not revealed any potential reproductive toxicity (Frohberg, 
1984). No harmful effects on fertility were identified in these 
animal studies. Embryotoxicity studies in mice, rats, and 
rabbits were also negative (Frohberg, 1984). However, one 
group demonstrated in vitro induction of micronuclei and 
chromosomal abnormalities in Syrian hamster embryonic 
(SHE) cells, and in cultured lymphocytes from some human 
subjects (Montero and Ostrosky, 1997). They also demon-
strated potential excess fetal death and reabsorption when 
high-dose praziquantel was administered to pregnant rats 
between the 6th and 10th days of gestation. The drug is free 
of carcinogenic effect in rats or hamsters treated for 104 and 
80 weeks, respectively (Frohberg, 1984).

In summary, original reports and their evaluations by drug 
licensing agencies have cleared praziquantel of significant 
toxic potential.

6b.  Clinical studies

Adverse effects reported to follow praziquantel have been 
largely benign and transient (McMahon and Kolstrup, 1979; 
McMahon, 1981; Chen et al., 1985; el Masry et al., 1988). 
These include abdominal discomfort or pain, nausea, vomit-
ing, diarrhea, dizziness, asthenia, headache, and occasionally 
drowsiness (McMahon and Kolstrup, 1979; McMahon, 1981; 
Chen et al., 1985; el Masry et al., 1988). These occur predom-
inantly on the day of administration, and completely resolve 
within 24 hours. Driving, the operation of heavy machinery, 
and other tasks that require mental attention should be 
avoided for 24 hours after taking praziquantel.

Patients with heavy infections may potentially experience 
more troubling abdominal side effects (Chen et al., 1983; 
Polderman et al., 1984; el Masry et al., 1988; Stelma et al., 

1995; Berhe et al., 1999; Kabatereine et al., 2003). There are 
infrequent reports of fever, rash, arthralgias, and myalgias, 
but a clear hypersensitivity syndrome has not been described 
in humans. Indeed, most side effects are likely to be a conse-
quence of the host immune response to dying worms and 
subsequent antigen release. There are rare reports of convul-
sions and cardiac arrhythmias following treatment of schis-
tosomiasis. However, it is unclear if there is any relationship 
with pre-existing cardiac or neurologic involvement or occult 
cysticercosis.

In neurocysticercosis, meningitis, seizures, confusion, and 
focal neurologic abnormalities are reported, frequently com-
mencing 2–3 days after praziquantel therapy (Spina-Franca 
et al., 1982; van Dellen and McKeown, 1988; Overbosch, 
1992). These side effects are attributed to the host inflamma-
tory response to the dead/dying worms. These effects usually 
respond to and are likely to be prevented by corticosteroid 
and anticonvulsant therapy.

Praziquantel is contraindicated in ophthalmic and spinal 
cysticercosis, as the secondary inflammatory response may 
lead to blindness or paralysis. Ophthalmic disease should be 
excluded before using praziquantel to treat cysticercosis.

6c. Risks in pregnancy and lactation

Praziquantel is listed as pregnancy category B1, as it has been 
taken by pregnant women without observable adverse fetal 
effects, and with animal studies failing to demonstrate 
adverse fetal effects. Recently, the World Health Organiza- 
tion has adopted an informal recommendation sanctioning 
treatment of pregnant women with praziquantel (Friedman 
et al., 2007).

Limited animal studies demonstrate that maternal schis-
tosomiasis reduces litter size and birth weight and results in 
increased maternal mortality and decreased infant survival 
(Friedman et al., 2007). Early preclinical data in various lab-
oratory animal models (Frohberg and Schulze Schencking, 
1981; Frohberg, 1984; Frohberg, 1989) and subsequent vet-
erinary field experience suggest that praziquantel is safe in 
pregnancy.

The human data on the use of praziquantel in pregnancy 
and lactation are derived almost exclusively from the treat-
ment of schistosomiasis (WHO Joint Expert Committee, 
2003). Pregnant women are no less susceptible to schistoso-
miasis-induced end organ damage than nonpregnant women 
(Olds, 2003; Friedman et al., 2007). The disease-associated 
gastrointestinal blood loss, iron deficiency anemia, protein- 
losing enteropathy, nutritional compromise, and anemia of 
chronic disease (Ross et al., 2002), combined with endome-
tritis, are either individually or collectively sufficient to cause 
an adverse pregnancy or fetal outcome (Olds, 2003; Friedman 
et al., 2007). Therefore inordinate delays in therapy seem 
unjustified when there is little apparent harm associated with 
therapy (Olds, 2003).

Recent retrospective (Adam et al., 2004) and prospective 
studies (Adam et al., 2005) of women living in schistosomiasis- 
endemic areas exposed to praziquantel during all stages of 
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pregnancy have failed to demonstrate any increase in adverse 
pregnancy outcomes compared with matched controls. Both 
studies can be criticized for the small number of pregnant 
subjects exposed to praziquantel (n = 88 and 25, respec-
tively). The WHO International Monitoring Centre for 
Adverse Drug Event Monitoring at Uppsala, Sweden, has no 
reports of reproductive toxicity associated with praziquantel 
use in pregnancy (WHO Joint Expert Committee, 2003). The 
absence of maternal or fetal adverse outcomes from prazi-
quantel treatment of schistosomiasis during pregnancy has 
been confirmed in a recent prospective randomized study 
from the Philippines (Olveda et al., 2015), with larger num-
bers (n = 184 in the placebo group and 186 in the treatment 
group), effectively supporting the WHO position.

Currently, it is recommended that breastfeeding be with-
held for 24–48 hours after treatment of the mother with 
praziquantel. In humans, praziquantel metabolites are com-
pletely cleared within 4 days of an oral dose. A fully breastfed 
infant may therefore ingest approximately 0.1% of the 
weight-adjusted maternal dose in one feed (Putter and Held, 
1979). Even temporary cessation of breastfeeding could poten-
tially, and probably inappropriately, influence some women 
in resource-poor settings to decline treatment because of 
safety concerns that are yet to be demonstrated. Based upon 
the data supporting the broad therapeutic index of prazi-
quantel, it would seem difficult to justify withholding of 
treatment for lactating women with schistosomiasis or to 
withhold breastfeeding during treatment (Olds, 2003).

7. CLINICAL USES OF THE DRUG

7a.  Schistosomiasis

Praziquantel is currently the mainstay of treatment for trem-
atode worm infections in individuals, and is a critical part 
of  community-based control programs for schistosomiasis 
and opisthorchiasis. It is active against the four schistosomes 
pathogenic to humans (S. mansoni, S. japonicum, S. haema
tobium, and S. mekongi). Praziquantel is the first chemother-
apeutic agent available with activity against S. japonicum. 
One study has suggested that the presence of hepatic fibrosis 

does not reduce the likelihood of cure following praziquantel 
treatment of S. mansoni infection (Homeida et al., 1988).

The efficacy of praziquantel has been evaluated in numer-
ous field trials, in comparative studies, both in comparison to 
other antischistosomal agents and in placebo-controlled 
studies (see Table 207.2). The earliest African studies demon-
strated cure rates, as defined by absence of egg shedding 4–6 
weeks after chemotherapy, of 68% for S. mansoni and 77% for 
S. haematobium after 40 mg/kg as a single dose (Omer, 1981). 
Dose-ranging studies in the field in Africa have demon-
strated inferiority of 10 mg/kg compared with higher doses 
(Flanigan et al., 1989). However, no statistically significant 
difference in cure rates has been demonstrated for 40 mg/kg 
(either as a single or as divided doses) praziquantel com-
pared with 20 mg/kg for African schistosomiasis (McMahon 
and Kolstrup, 1979; Kardaman et al., 1983; Gryseels et al., 
1987; Flanigan et al., 1989).

Cure rates for S. mansoni in field studies have been 
reported to range from 44% (Kardaman et al., 1983) to 96% 
(Guisse et al., 1997) in two studies in different regions of 
Sudan. S. haematobium cure rates range from 47% (Pugh 
and Teesdale, 1984) to 85% (McMahon and Kolstrup, 1979). 
They also made the observation, subsequently replicated 
by others (Massoud et al., 1984; van Lieshout et al., 1999; 
Utzinger et al., 2000), that high baseline egg burdens (cor-
relating with infection intensity) correlated inversely with 
likelihood of cure.

McMahon (1981) later demonstrated that in S. haema
tobium infection, retreatment of patients remaining egg- 
positive at 6 months with praziquantel resulted in cure rates 
of 85% at 1 year. Cure rates for S. mansoni also increase with 
retreatment of those with persisting egg-positivity (Utzinger 
et al., 2000).

Others have reported 1-year cure rates of 74% for S. man
soni (Taddese and Zein, 1988). In one study, the long-term 
cure rate in both children and adults infected with S. man
soni was addressed (Gryseels et al., 1987). After single-dose 
treatment with 40 mg/kg, 91% of adults were egg negative 
after 3 months compared with 78% of children—a statisti-
cally significant difference. These cure rates were similar to 
those achieved with oxamniquine, but the authors favored 

Table 207.2. Field trials of praziquantel for schistosomiasis.

Organism Dose Cure rate Reference

Mixed S. mansoni and S. haematobium 40 mg/kg 66% S. mansoni; 77% S. haematobium Omer, 1981

S. mansoni 40 mg/kg 84% Kardaman et al., 1983

2 × 20 mg/kg 96%

S. mansoni 20 mg/kg 47% Gryseels et al., 1987

30 mg/kg 67%

40 mg/kg 86%

S. mansoni 40 mg/kg 96% Taddese and Zein, 1988

S. haematobium 40 mg/kg 95% Pugh and Teesdale, 1984

S. haematobium 40 mg/kg 63% Wilkins and Moore, 1987

S. japonicum 60 mg/kg 89.2% Santos et al., 1984

S. japonicum 40 mg/kg 90% Yu et al., 2001
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praziquantel on the basis of cost-effectiveness and tolerabil-
ity. Those not cured usually benefit from a substantial fall 
in worm burden and egg production—frequently a 90% or 
greater egg burden reduction (Kardaman et al., 1983; Gry-
seels et al., 1987; Guisse et al., 1997). Individuals still shed-
ding viable eggs can be retreated with the same dose—usually 
successfully.

Two small clinical studies suggest that the clinical efficacy 
of praziquantel against either S. haematobium (Mwanakasale 
et al., 2003) or S. mansoni (Karanja et al., 1998) is not com-
promised by HIV-1 coinfection.

As noted above, praziquantel was the first drug shown 
to be active against S. japonicum. Studies of praziquantel for 
the treatment of S. japonicum infection have been larger with 
increased statistical power. Phase III studies (Santos et al., 
1984) demonstrated that a praziquantel dose of 60 mg/kg 
(usually in two or three divided doses on 1 day) resulted in a 
cure rate of 89.2%, which was maintained at 6 months.

Praziquantel treatment of children effectively reduces, 
and frequently reverses, schistosomiasis-associated morbid-
ity from iron-deficiency anemia (Olds et al., 1999; Taylor et 
al., 2001) and facilitates catch-up growth (Stephenson et al., 
1989). Treatment of S. japonicuminfected children has been 
reported to result in recovery from cognitive impairment 
(Nokes et al., 1999) that has been associated with either the 
chronic illness and nutritional compromise or occult cere-
bral infection in Asian schistosomiasis.

Reversal of hepatic and urinary tract fibrosis after prazi-
quantel therapy is an issue in need of further study. As prazi-
quantel kills eggs, it is plausible that the reduced inflammatory 
stimulus may result in less fibrosis, or potentially some rever-
sal (Xiao and Catto, 1989). There is some evidence from field 
studies employing standardized ultrasound techniques and 
semiquantitative measures of fibrosis that early hepatic fibro-
sis from S. mansoni (Frenzel et al., 1999; Richter, 2000) and 
S. japonicum (Li et al., 2000; Richter, 2000) and early urinary 
tract abnormalities from S. haematobium (Hatz et al., 1998; 
Richter, 2000) may improve following treatment and cure—
particularly if reinfection is avoided and the patient is aged 
under 18 years (Berhe et al., 2008. 

The dose of praziquantel recommended for the treatment 
of S. japonicum is 20 mg/kg totally dissolved solids (tds) for 
1  day, whereas a lower dose of 20 mg/kg bid for 1 day is 
recommended for the other schistosome species pathogenic 
for humans. For logistical reasons, community control pro-
grams of African schistosomiasis usually employ a single 
40-mg/kg dose.

7b.  Clonorchiasis and opisthorchiasis

Currently, praziquantel is recommend by the World Health 
Organization as the drug of choice for clonorchiasis and 
opisthorchiasis at a dose of 25 mg/kg tds for 2 days. In the 
early 1980s clinical and field trials first verified the in vivo 
efficacy of praziquantel against C. sinensis. In a dose-ranging 
study undertaken in over 8000 subjects, single-day therapy 
in a dose of 40 mg/kg was compared with 30 mg/kg taken 

twice 5 hours apart and 30 mg/kg taken three times at 
5-hourly intervals (Lee, 1984). Cure rates were 87.1%, 94.9%, 
and 91.9% respectively. Chen and Hsieh (1984) confirmed 
these high cure rates using a dose regimen of 25 mg/kg three 
times a day for 2 consecutive days, and demonstrated that 
all patients treated with the 2-day protocol remained egg 
negative at 1-year follow-up. Two randomized double-blind, 
placebo-controlled trials undertaken in the mid-1980s con-
firmed cure rates of 97–100% with the three-dose regimen 
for patients with clonorchiasis/opisthorchiasis (Jong et al., 
1985; Yangco et al., 1987). Lower doses (20–25 mg/kg once) 
of praziquantel are associated with inferior cure rates and 
should not be used in these infections. Low cure rates have 
been reported from Vietnam, where a schedule of 25 mg/kg 
daily for 3 days was employed (Tinga et al., 1999). Lower 
cure rates have also been reported with heavier infections 
with higher worm burdens (Qian et al., 2015).

As with schistosomiasis, long-term cure rates are very 
likely to be influenced by the intensity of transmission, as 
other authors have not been able to demonstrate such high 
rates (Hong et al., 1998), and recommended retreatment 
of communities at regular intervals is part of a community 
control strategy.

A phase II clinical trial of a single dose of a sustained- 
release praziquantel preparation (at 30 mg/kg) in the treat-
ment of clonorchiasis showed a cure rate of only 60% (Choi 
et al., 2006). Given the current complexity of the dose regi-
men for the treatment of clonorchiasis, a sustained-release 
praziquantel preparation would appear advantageous, and 
further development of this approach is anticipated.

Recommended praziquantel dosage recommendations 
for various major food-borne trematode infections are sum-
marized in Table 207.3.

7c.  Other foodborne trematode infections

The lung fluke, P. westermani, is susceptible to a more intense 
dosing schedule of praziquantel (25 mg/kg tds for 3 days). A 
series of smaller studies in Korea and Germany (Rim et al., 
1981; Wegner, 1984) demonstrated that 71.4% of patients 
were cured with 25 mg/kg tds for 1 day. A cure rate of 85.7% 
was observed with a 2-day regimen at the same dose, and all 
patients were cured after 3 days of treatment. In one open- 
label trial, praziquantel (25 mg/kg tds for 3 days) showed 
inferior egg clearance rates (81.8%) compared with a single 
day of 20 mg/kg bid of triclabendazole (94.2%) in patients 
with P. mexicana infection (Calvopina et al., 1998). Currently, 
triclabendazole (see Chapter 203, Triclabendazole) is the 
recommended first-line therapy of paragonimiasis.

The first field trial of praziquantel in subjects with 
Fasciolopsis buski infection was undertaken in Thailand in 
the early 1980s (Bunnag et al., 1983). Doses ranging from 15 
to 40 mg/kg were compared. All subjects were cured, with 
gastrointestinal side effects being more frequent in subjects 
treated at the higher dose. Cure of M. yokogawai infection 
is achieved with two doses of 20 mg/kg praziquantel (Rim et 
al., 1978).
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7d.  Taeniasis and cysticercosis

Intestinal taeniasis (Taenia solium and T. saginata) is effec-
tively treated with lower doses of praziquantel (2.5–10 mg/
kg) (Moreira et al., 1983; Zwierz and Machnicka, 1985; 
Pawlowski, 1990; Bouree, 1991). Furthermore, the drug is 
effective in patients with infections who have failed to 
respond to niclosamide (Vermund et al., 1986). Neurocys-
ticercosis should be excluded before treatment of intestinal 
taeniasis with praziquantel (Garcia et al., 2005).

In vitro, praziquantel has more potent activity against 
T. solium and T. crassiceps cysts than albendazole sulfoxide 
(the active metabolite of albendazole) (Palomares et al., 2004). 
Studies in pigs with cysticercosis demonstrated that acute 
drug-induced cyst injury was followed by a host-mediated 
inflammatory reaction that gradually eliminated the cysts 
(Flisser et al., 1990). Praziquantel was the first drug with 
demonstrated efficacy against cysticercosis when given at 
a  dose of 50 mg/kg daily for 15 days. Other groups have 
demonstrated in small trials and case series that shorter 
courses, such as 50 mg/kg for 8 days or 25 mg/kg for three 
doses at 2-hourly intervals, are effective (Lopez-Gomez et al., 
2001). In another study, cure was achieved in patients with 
giant subarachnoid cysts treated with 100 mg/kg daily for 
1  month, and neurosurgery was avoided in 11 patients in 
whom neurosurgery was considered the standard of care 
(Proano et al., 2001). Owing to the inflammatory reaction 
that frequently follows chemotherapy, it is recommended 
that praziquantel be given with dexamethasone 0.1 mg/kg 
for the first 8 days of therapy. Dampening the host immune 
response is critical to reduce the risk of secondary cerebral 
edema or seizures. Unfortunately, dexamethasone therapy 
has a detrimental effect on the bioavailability of praziquantel 
(Sotelo and Jung, 1998), but not albendazole. Currently, the 
optimal dose of praziquantel for neurocysticercosis remains 
undefined.

In general, determining the efficacy of cysticidal agents in 
neurocysticercosis has proven difficult in older controlled 
trials and meta-analyses (Garg, 1997), partly because of 
the host-mediated immune response sterilizing many cysts 
spontaneously and also because of variability in clinical trial 
endpoints and follow-up duration. A meta-analysis of 11 
randomized trials with objective measures of therapeutic out-
come (Del Brutto et al., 2006) demonstrated that cysticidal 

therapy facilitated better resolution of colloid and vesicular 
cysticerci (69% vs. 55%; p = 0.006) and a reduction in recur-
rent seizures from 37% to 14% (p < 0.001). The comparative 
efficacies of praziquantel and albendazole are incompletely 
defined. A meta-analysis of six clinical trials of patients 
with parenchymal neurocysticercosis with viable cysts that 
compared both drugs demonstrated significantly improved 
seizure control and total cyst disappearance following alben-
dazole therapy (Matthaiou et al., 2008). There was no differ-
ence observed between albendazole and praziquantel in the 
reduction of cyst numbers, adverse events, or intracranial 
pressure (Matthaiou et al., 2008). This meta-analysis has 
been criticized on grounds of insufficient statistical power, 
inconsistencies in drug doses in both arms, and variable 
duration of follow-up. A recent randomized prospective trial 
of patients with parenchymal neurocysticercosis comparing 
10 days of combined albendazole (15 mg/kg per day) plus 
praziquantel (50 mg/kg per day), standard albendazole (15 
mg/kg per day), or increased dose albendazole (22·5 mg/kg 
per day) starts to address these issues (Garcia et al., 2014). 
Enhanced parasite killing without increased treatment-related 
adverse effects was observed in the combination treatment 
group compared with either drug alone. Reduced seizure 
activity was observed subsequently in patients with complete 
cyst destruction (Garcia et al., 2014). Long-term follow-up 
studies are eagerly awaited—especially to determine if com-
bination therapy is associated with reduced morbidity from 
calcified cysts and also to determine the role of combination 
therapy in patients with subarachnoid cysts. 

7e.  Hymenolepiasis

Early in vitro studies of Hymenolepis diminuta, H. microstoma, 
and H. nana demonstrated concentration-dependent killing 
by praziquantel at concentrations from 0.1 μg/ml (Thomas 
and Gonnert, 1977; Andrews and Thomas, 1979). This was 
associated with similar tegumental changes and tetanic con-
tractions described in schistosomiasis (Andrews and Thomas, 
1979). In the first reported field trial of praziquantel for 
Hymenolepis spp. infection (Schenone, 1980), parasitologic 
cures were documented in 64 (98.5%) of 65 children who 
received 25 mg/kg. Cure rates appeared to be dose depen-
dent, with cure rates of 93.8% and 76% at lower doses (15 
and 10 mg/kg, respectively). More recent larger studies 

Table 207.3. Praziquantel dose recommendations for major foodborne trematode infections.

Organism Dose Duration References

Liver flukes Clonorchis sinensis 25 mg tds 2 days Jong et al., 1985; Yangco et al., 1987

Opisthorchis filenis 25 mg tds 2 days Jong et al., 1985; Yangco et al., 1987

Opistorchis viverrini 25 mg tds 2 days Jong et al., 1985; Yangco et al., 1987

Lung flukes Paragonimus westermania 25 mg tds 3 days Calvopina et al., 1998

Intestinal flukes Fasciolopsis buski 15 mg/kg Once Bunnag et al., 1983

Metagonimus yokogawai 20 kg/kg Twice, 4 hours apart Rim et al., 1978

Heterpohyes heterophyes 20 mg/kg Once el-Hawy et al., 1988

aCurrently, triclabendazole is recommended first-line therapy of paragonimaisis (Keiser et al., 2005).
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have described similar cure rates (Awadalla et al., 1991; 
Sirivichayakul et al., 2000), with praziquantel being signifi-
cantly more effective than mebendazole (98% vs. 59%) in one 
Egyptian study (Awadalla et al., 1991). Praziquantel (25 mg/
kg) appeared to be more effective than nitazoxanide (100 or 
200 mg bid for 3 days) in Peruvian children with hymenole-
piasis (Juan et al., 2002). One case report of a human H. 
diminuta indicates that a larger total dose of praziquantel 
(25 mg/kg daily for 5 days) may be necessary to achieve cure 
(Tena et al., 1998).

7f.  Echinococcosis

Praziquantel has no activity as monotherapy against cystic 
echinococcosis. One small trial of combined praziquantel 
and albendazole for 6 months in 19 patients compared with 
22 historical controls who received albendazole alone showed 
a superior rate of cyst disappearance (47.4% vs. 36.4%) at up 
to 3 years’ follow-up (Mohamed et al., 1998). This observation 
remains to be confirmed. Of note, praziquantel has a well- 
recognized effect on the pharmacokinetics of albendazole, 
increasing serum and intracyst concentrations of albenda-
zole sulfoxide by inhibition of hepatic catabolism (McManus 
et al., 2003). The relevance of this observation to clinical effi-
cacy is yet to be established.
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Oxamniquine and Metrifonate

Paul B. Bartley

OXAMNIQUINE

1. DESCRIPTION

Oxamniquine (Mansil and Vansil, from Pfizer)—developed 
as UK 4271—was first described in 1969 (Richards and 
Foster, 1969) as a metabolite of a compound then known as 
UK 3883 (2-isopropylami-nomethyl-6-methyl-7-nitro-1,2,3,4- 
tetrahydroquinoline). Oxamniquine is 1,2,3,4-tetrahydro- 
2-isopropylaminomethyl-7-nitro-6-quinolylmethanol. It is 
a derivative of hycanthone (Richards and Foster, 1969). The 
chemical structure is shown in Figure 208.1.

The drug has been used for the treatment of Schistosoma 
mansoni, but has now been largely replaced by praziquantel 
in most regions (see Chapter 207, Praziquantel).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Oxamniquine is a narrow-spectrum drug that is active only 
against S. mansoni. It is ineffective against S. japonicum in 
animal models, and early human studies demonstrated no 
efficacy against either S. haematobium or S. matthei (Pitch-
ford and Lewis, 1978). Animal studies suggest that male 
worms are preferentially killed by oxamniquine. Surviving 
single female worms then cease laying eggs, effectively halt-
ing the pathogenesis of schistosomiasis. The majority of the 
antischistosomal activity of Oxamniquine is due to its S-(+) 

enantiomer, while its R-(–) enantiomer has modest activity 
at high concentration (Taylor et al., 2015).

2b.  Emerging resistance and 
cross-resistance

Strains of S. mansoni were identified as early as 1986 in 
Brazil, Puerto Rico, and Kenya that were resistant to oxam-
niquine, and in some cases also hycanthone and niridazole 
(Bruce et al., 1987). These strains do not appear to lack repli-
cation fitness and can be maintained in the laboratory (Bruce 
et al., 1987). Some strains isolated from patients who had 
failed multiple oxamniquine courses have been studied in 
laboratory animals (Conceicao et al., 2000), and have shown 
a relative excess of male worm survival following drug expo-
sure. Recent work has demonstrated that the schistosome- 
encoded 32-kDa sulfotransferase responsible for the 
esterification and activation of oxamniquine is absent from 
oxamniquine-resistant strains of S. mansoni (Pica-Mattoccia 
et al., 2006). This sulfotransferase is not detectable in either 
S. haematobium or S. japonicum, both species being intrin-
sically oxamniquine resistant (Pica-Mattoccia et al., 2006). 
Crossbreeding experiments have demonstrated that vertical 
transmission of oxamniquine resistance occurs in an auto-
somal recessive fashion (Geerts and Gryseels, 2000). Where 
resistance that has been observed, it tends to occur in indi-
vidual cases rather than affecting whole communities (Geerts 
and Gryseels, 2000). Sophisticated molecular genetic 
approaches have attributed sporadic field-derived and labo-
ratory-selected oxamniquine resistance to a qualitative trait 
locus near the tip of S. mansoni chromosome 6, with to a loss 
of function mutation in the parasite sulfotransferase gene 
Smp_089320 (Valentim et al., 2013).

3. MECHANISM OF DRUG ACTION

In susceptible S. mansoni strains, oxamniquine is believed 
to require activation by a parasite-encoded sulfotransfer-
ase  to an electrophilic ester that alkylates parasite DNA Figure 208.1. Chemical structure of oxamniquine.
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(Pica-Mattoccia et al., 1997; Pica-Mattoccia et al., 2006), 
resulting in contraction and paralysis of the worms and even-
tual detachment from terminal venules in the mesentery, and 
subsequent death. It is also hypothesized that its mechanism 
of action is related to an anticholinergic effect that increases 
the parasite’s motility, as well as inhibition of synthesis of 
nucleic acids. Immature worms (< 28 days post infection) are 
relatively refractory to the effect of oxamniquine, with an 
ED50 30 times greater than that of 7-week-old parasites (Pica-
Mattoccia and Cioli, 2004). The drug is also more effective 
in bisexual infections than in single-sex infections (Pica-
Mattoccia and Cioli, 2004). Tetanic contractions were 
observed with in vitro incubation of adult worms of all 
ages—even with sublethal oxamniquine concentrations 
(Pica-Mattoccia and Cioli, 2004). Although oxamniquine 
acts mainly on male worms, it also induces minor changes in 
a small proportion of females. Like praziquantel, it promotes 
more severe damage of the dorsal tegument than the ventral 
surface. The drug causes the male worms to shift from the 
mesenteric circulation to the liver, where host responses cause 
their final elimination (Pica-Mattoccia and Cioli, 2004). It is 
believed that changes caused to female worms are reversible 
and are due primarily to discontinued male stimulation rather 
than to any direct drug effect. Passive serum transfer experi-
ments in mice suggest that immune serum augments the 
schistosomicidal activity of oxamniquine (Doenhoff, 1989).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Oxamniquine is available as either a 250-mg capsule or 
50-mg/ml syrup. It is marketed as Mansil in South America 
(deVClarke et al., 1976) and Vansil in Africa (Pitchford and 
Lewis, 1978). The shelf life of the capsules and syrup is 5 and 
3 years, respectively (Foster, 1987). Both preparations need 
to be stored in closed containers away from light. It has been 
recommended that the drug be taken on an empty stomach 
(deVClarke et al., 1976), although this has not been the sub-
ject of rigorous study.

Oxamniquine is used mostly in Brazil. It is no longer mar-
keted in Africa because of the commercial predominance of 
praziquantel (Geerts and Gryseels, 2000).

Oxamniquine is generally used in an oral dose of 15 mg/
kg body weight twice daily for 1 day in adults, although regi-
mens vary (see below under 7, Clinical uses of the drug) 
(Katz et al., 1976; Foster, 1987). Overall, oxamniquine appears 
to be as effective as praziquantel for the treatment of only 
S.  mansoni infection, provided a total dose of 30 mg/kg is 
used (Saconato and Atallah, 2000). 

4b. Newborn infants and children

Doses of 20 or 40 mg/kg/day have been used in children in 
Africa, with the latter dose preferred by some authors (Abdel 
Rahim et al., 1988).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

In healthy volunteers, peak plasma concentrations (1–4.3 
mg/l) are achieved 1–4 hours after oral administration 
(Kokwaro and Taylor, 1991). The plasma elimination half-life 
(t1/2) is 1–2.5 hours (Kokwaro and Taylor, 1991). Daneshmend 
and Homeida (1987) demonstrated that schistosomiasis 
patients have similar mean area under the concentration–
time curve (AUC), t1/2, and mean time to peak plasma 
 concentration (tmax) to healthy control subjects. However, 
infected patients had a significantly reduced maximum con-
centration (Cmax) (p = 0.04). There was no correlation between 
disease severity and oxamniquine pharmacokinetic values 
(Daneshmend and Homeida, 1987).

5b.  Drug distribution

Animal models have demonstrated that oxamniquine is 
widely distributed throughout the body, with a steady-state 
volume of distribution of 7.9 ± 4.5 and 2.1 ± 0.5 l/kg in 
rabbits and rats, respectively (Kokwaro et al., 1996). 
Oxamniquine pharmacokinetics was studied following oral 
administration of 750, 1000, or 1250 mg (equivalent to 
approximately 15 mg/kg) to five healthy Kenyan African 
volunteers (Kokwaro and Taylor, 1991).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are no data to correlate the clinical activity of oxam-
niquine with its pharmacokinetic and pharmacodynamic 
parameters. Oxamniquine’s pharmacokinetic parameters in 
schistosomiasis patients are similar to those in healthy vol-
unteers (Taylor et al., 2015; Wilby et al., 2013) in the absence 
of severe hepatic dysfunction.

5d.  Excretion

The metabolism of oxamniquine has been studied in the 
mouse, rat, hamster, rabbit, rhesus monkey, dog, and man 
(Kaye and Woolhouse, 1976; Daneshmend and Homeida, 
1987; Kokwaro et al., 1996). Urinary excretion is a major 
route of elimination in man. Two major metabolites are 
formed in the liver, the major one arising from oxidation 
of the 6-hydroxymethyl group to a carboxyl group, and the 
other by oxidation of the side chain to give the 2-carboxylic 
acid (Kaye and Woolhouse, 1976). The 2-carboxylic acid 
metabolite is detectable only in trace amounts in human 
urine (Kaye and Woolhouse, 1976).

5e.  Drug interactions

There are few data regarding drug–drug interactions given 
the current limited use of this agent.
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6. ADVERSE REACTIONS AND TOXICITY

In general, oxamniquine is well tolerated. Dizziness, drowsi-
ness, and headache have been infrequently reported; those 
affected should not drive or operate heavy machinery for 24 
hours after treatment. A brief fever in the 24 hours following 
treatment is not uncommon. In Egypt only, sustained fever 
of 38–39°C for 2–5 days has been reported (Foster, 1987). No 
explanation for this observation has been proffered, and the 
fever appears to occur in the absence of aberrant pharmaco-
kinetics or excessive immune complex production (Foster, 
1987).

Drowsiness and euphoria are rare side effects at conven-
tional doses but are frequent at higher doses (over 60% of 
patients given 15 mg/kg as a single dose) (Katz et al., 1976). 
Vomiting and abdominal discomfort also appear to occur in 
a dose-dependent relationship (Katz et al., 1976). Although 
some patient groups may need close monitoring, there are 
few contraindications. There are infrequent reports of gener-
alized seizures in patients with a history of epilepsy, with 14 
cases reported from 9 million patients treated up to 1987 
(Foster, 1987). Monitoring is recommended for 48 hours 
after treatment. Hallucinations and significant psychiatric 
complications occur at a frequency of approximately 0.4% 
(Foster, 1987). A peripheral blood eosinophilia is commonly 
observed after therapy and peaks at about 7–10 days post 
treatment. It may occur in conjunction with scattered pul-
monary infiltrates, elevated serum aminotransferases, and 
increased circulating immune complexes, consistent with 
the hypothesis that this is a response to debris released from 
dead or injured schistosomes.

An early parenteral form of oxamniquine given by intra-
muscular injection was associated with significant pain at the 
injection site (Katz et al., 1973; Rees et al., 1975) and is no 
longer available. There are no data on the safety of oxam-
niquine for the treatment of schistosomiasis in pregnancy.

7. CLINICAL USES OF THE DRUG

7a.  Schistosoma mansoni infection

Oxamniquine was first used for schistosomiasis in clinical 
trials in Africa and Brazil as a parenteral formulation. Small 
clinical studies demonstrated some clinical efficacy in 
immunologically naive patients with acute schistosomiasis 
(Katayama fever), consistent with in vitro activity against 
juvenile schistosomes (de Clarke, 1980; Foster, 1987).

In a small Brazilian study, a single dose of 7.5 mg/kg intra-
muscular was well tolerated and all subjects were cured, as 
defined by cessation of fecal egg shedding (Katz et al., 1973). 
Katz et al. (1976) later undertook extensive dose-ranging 
studies in both adults and children in Brazil. Single-dose ther-
apy ranged from 10 to 15 mg/kg in adults and children, while 
two split doses ranging from 7.5 to 10 mg/kg were trialed 
only in children. In the single-dose study, cure rates in adults 
ranged from 79% to 94% at 15 mg/kg, while they rose to 
around 86% in all split-dose regimens. Cure rates in children 

with single-dose therapy in that study were disappointing at 
30–60% (Katz et al., 1976). Similar results were reported from 
Africa (deVClarke et al., 1976), where cure rates of 82% were 
associated with a dose of 15 mg/kg twice daily for 2 days 
(total dose, 60 mg/kg). In agreement with the Brazilian study, 
the investigators reported that the majority of treatment fail-
ures occurred in children weighing less than 30 kg  (deVClarke 
et al., 1976). Two potential explanations for treatment failure 
in African pediatric populations are relative underdosing and 
incorrect diagnosis. In other studies where oxamniquine was 
dosed at 800 mg/m2 body surface area (Axton and Garnett, 
1976), cure rates of 66% among children were reported. One 
group (deVClarke et al., 1976) suggested that inadequate 
speciation led to missed diagnoses of mixed S. mansoni and 
S. haematobium infections, therefore confounding some of 
the early African pediatric data. In addition, children appear 
to have a greater component of their worm burden from 
recent infections, which are more likely to be oxamniquine 
refractory (Pica-Mattoccia and Cioli, 2004).

When treated with 40–60 mg/kg over 2 days, cure rates of 
over 80% can be expected. In those not cured, fecal egg shed-
ding can be reduced by over 90% (Foster, 1987). It is likely 
that cure is not related to infection intensity (Foster, 1987). 
In patients with late-stage hepatosplenic disease who have 
confirmed parasitologic cure, over half have significant but 
not complete regression of hepatosplenomegaly (de Clarke, 
1980; Foster, 1987). Patients with established schistosomal 
glomerulopathy do not have an improvement in renal func-
tion following parasitologic cure despite a reduction in cir-
culating immune complexes (Foster, 1987).

In more recent clinical trials, oxamniquine dosed at 15 
mg/kg daily for 2 days has been compared with praziquantel 
—usually at a single dose of 40 mg/kg (de Rezende, 1985; 
Creasey et al., 1986; da Cunha and Pedrosa, 1986; da Silva 
et al., 1986; Gryseels et al., 1987; Zwingenberger et al., 1987; 
Taddese and Zein, 1988; Gryseels and Nkulikyinka, 1989; 
Butterworth et al., 1991; Ferrari et al., 2003). Cure rates in 
groups treated with oxamniquine were generally not signifi-
cantly different from those in patients treated with prazi-
quantel, with the endpoint of cessation of fecal egg shedding. 
Oxamniquine, administered in appropriate divided doses to 
a total of 40 mg/kg, resulted in cure of 86% of children and 
97% of adults at 6 weeks (Gryseels et al., 1987; Taddese and 
Zein, 1988). However, neurotoxicity was observed frequently 
in such patients, and single-dose therapy is logistically eas-
ier in field settings (Taddese and Zein, 1988; Gryseels and 
Nkulikyinka, 1989). If the clearance of eggs from rectal 
biopsy specimens (the more sensitive parasitologic tech-
nique) is used as the determinant of cure, praziquantel cure 
rates remain at up to 96% (equivalent to fecal microscopy 
results), whereas the apparent oxamniquine cure rate falls 
from 90% (fecal microscopy) to 42% (da Cunha and Pedrosa, 
1986; Ferrari et al., 2003).

Overall, in routine field and clinical settings, oxamniquine 
is as effective as praziquantel for the treatment of only S. man-
soni infection provided a total dose of 30 mg/kg is used 
(Saconato and Atallah, 2000; Danso-Appiah et al., 2013).
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METRIFONATE

1. DESCRIPTION

Metrifonate (trichloforon; Bilarcil) is an organophosphate 
compound that was first developed as an insecticide and 
later used for the treatment of Schistosoma haematobium 
infection.

Metrifonate is a prodrug that is converted nonenzymati-
cally at physiologic pH to the potent cholinesterase (ChE) 
inhibitor dichlorvos (2,2-dichlorovinyl dimethyl phosphate, 
DDVP). DDVP inhibition of rat erythrocyte ChE is not 
reversible by repeated washing (Holmstedt et al., 1978; 
Nordgren et al., 1978). The chemical formula is C4H8Cl3O4P, 
and the structure of metrifonate is shown in Figure 208.2.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

In vitro, dichlorvos is an equally potent inhibitor of both 
S. mansoni and S. haematobium acetylcholinesterases (Holm-
stedt et al., 1978). However, metrifonate shows clinical effi-
cacy only against S. haematobium (Talaat, 1964a; Forsyth and 
Rashid, 1967; Holmstedt et al., 1978).

3. MECHANISM OF DRUG ACTION

The molecular basis of metrifonate’s action remains in - 
completely understood. Metrifonate has anticholinesterase 
activity, but this does not completely explain the drug’s 
mechanism of action.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The standard dose of metrifonate for S. haematobium is 7.5–
10 mg/kg on three occasions at 14-day intervals (Danso-
Appiah et al., 2008).

Table 208.1 summarizes the doses used in early trials of 
metrifonate therapy for S. haematobium infection.

4b.  Newborn infants and children

There are few data available regarding the use of metrifonate 
in children and infants.

4c.  Those requiring altered dosages

There are minimal data available regarding whether dosage 
adjustments are required in patients with renal or hepatic 
impairment.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The drug is administered orally, with peak plasma concen-
trations of the parent drug, metrifonate, and its active 
metabolite, dichlorvos, attaining ~ 30 µmol and 0.3 µmol/l, 
respectively, within 1 hour of a single dose of 10 mg/kg 
(Holmstedt et al., 1978). The plasma elimination t1/2 of both 
compounds is 1.5–2.0 hours. The bioavailability of metri-
fonate is unaffected by taking the drug with or without food 
(Heinig and Sachse, 1999).

5b.  Drug distribution

There are no large studies of the pharmacokinetics or phar-
macodynamics of metrifonate in healthy volunteers. Data 
have been extrapolated from early field trials and recent 
studies in patients with Alzheimer disease (AD) (Pettigrew 
et al., 1998). The standard dose for S. haematobium is 7.5–10 
mg/kg on three occasions at 14-day intervals (Danso-Appiah 
et al., 2008). Data from the field are not directly comparable 
with the dose regimens trialed in AD, which ranged up to 
80 mg daily for 26 weeks (Gélinas et al., 2000). This dose- 
ranging study in AD patients compared four treatment doses 
after a loading dose. All metrifonate doses were well toler-
ated. Mean AUC and Cmax for both metrifonate and DDVP 
increased in relation to dose (Pettigrew et al., 1998). Metri-
fonate and DDVP had similar, largely dose-independent 
mean values for time to Cmax (tmax) and t1/2. Accumulation of 
either metrifonate or DDVP was minimal after long-term Figure 208.2. Chemical structure of metrifonate.
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Table 208.1. Early trials of metrifonate therapy for 
S. haematobium infection.

Oral 
dose 
(mg/kg) Schedule Reference

5 Daily for 12 days Abdalla et al., 1965

5 Daily for 12 days Hanna et al., 1966

5 Daily for 23 days Talaat, 1964a

10 Daily for 6 days Talaat, 1964b

20 Every 48 hours, three doses Talaat, 1964a

7.5 Every 2 weeks, five doses Katz s et al., 1968

10 Every 2 weeks, three doses Forsyth and Rashid, 1967

7.5 Every 2 weeks, three doses Davis and Bailey, 1969

7.5 Every month, three doses Reddy et al., 1975

7.5 Every 2 weeks, three doses Jewsbury et al., 1977

Source: Adapted with permission from Holmstedt et al., 1978.
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administration. After 21 days of treatment, mean percentage 
erythrocyte ChE inhibition was 14% for the placebo group, 
and ranged in a dose-dependent fashion from 35% to 82% 
for the four treatment groups (Pettigrew et al., 1998).

There are no data on the excretion of metrifonate in breast 
milk.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are minimal data linking the clinical efficacy of met-
rifonate to its pharmacokinetic and pharmacodynamic 
parameters.

5d.  Excretion

Less than 1% of the drug is excreted unchanged in the urine. 
Disruption of the phosphonate bond is the major catabolic 
pathway of metrifonate, with 65% of administered drug 
recovered as a trichloroethylglucuronide conjugate from the 
urine (Holmstedt et al., 1978). 0-Demethylation followed by 
phosphonate cleavage is the other major catabolic pathway 
and has been described in rat brain homogenates (Holmstedt 
et al., 1978). DDVP is demethylated to dimethyl DDVP, with 
concurrent methylation of glutathione catalyzed by glutathi-
one S-methyltransferase in the cytosol of the liver and lung. 
The major pathway of metrifonate catabolism observed in 
the rat also occurs in pigs, mice, hamsters, and humans 
(Holmstedt et al., 1978; Nordgren et al., 1978).

5e.  Drug interactions

There are few data available regarding co-administration of 
metrifonate with other agents.

6. ADVERSE REACTIONS AND TOXICITY

Most adverse events associated with metrifonate are re- 
stricted to gastrointestinal toxicity, and are usually mild and 
transient.

Extensive monitoring in early clinical trials demonstrated 
an expected fall in plasma and erythrocyte ChE, but no other 
biochemical, hematologic, or cardiovascular problems. The 
decreased ChE activity could be reversed with pralidoxime, 
and cholinergic symptoms were relieved with atropine 
(Holmstedt et al., 1978).

Human cases of neurotoxicity, predominantly presenting 
as a late peripheral neuropathy, were reported in overdose 
suicide attempts in the Former Soviet Union (Johnson, 1981). 
No other comparable cases have been reported. Animal 
studies suggest that neurotoxicity only arises from doses 
many times above the LD50.

The largest reported single oral dose administered was 
72 mg/kg (Talaat, 1964a; Holmstedt et al., 1978), which led to 
significant side effects including severe vomiting, colicky 
abdominal pain, and muscular weakness that resolved over 
3 days, with atropine sulfate administered 6-hourly for the 

first 2 days. The same paper reported that 33 mg/kg caused 
similar symptoms that resolved over 3 hours with 1 mg of 
intramuscular atropine. A dose of 15 mg/kg produced in- 
testinal colic in three of six male volunteers (Forsyth and 
Rashid, 1967), which settled within 24 hours. Some choliner-
gic side effects have been observed in schistosomiasis patients 
given 5 mg/kg daily for 12 days (Hanna et al., 1966).

6a.  Animal studies

The LD50 for metrifonate in rats ranges from 250 mg/kg 
when given by intraperitoneal administration to 650 mg/kg 
when administered orally. Similar values have been obtained 
for mice and guinea pigs (Holmstedt et al., 1978). The acute 
toxicity of metrifonate, expressed as LD50 in rats, is low com-
pared with other organophosphate insecticides, such as para-
thion (3–6 mg/kg) or methylparathion (12–16 mg/kg). 
Metrifonate has a very low dermal toxicity (LD50 > 2800 mg/
kg) compared with DDVP (LD50 75–900 mg/kg) (Holmstedt 
et al., 1978). This is probably explained by differences in lipid 
solubility between the two compounds.

The acute toxic effects of high doses in mammals result in 
clinical findings typical of cholinergic drug effects. Complete 
recovery usually occurs within a few hours. Maximum inhi-
bition of brain ChE after intraperoneal administration of 
metrifonate to rats occurred within 15 minutes (Nordgren 
et al., 1978). The rate of recovery is dose dependent, with 
100% of brain ChE recovery 1 hour after 25 mg/kg compared 
with 75% 5 hours after 125 mg/kg (Nordgren et al., 1978).

Subacute and chronic organ toxicity has been reported in 
livestock after use of the commercial insecticide preparation, 
trichlorfon (Holmstedt et al., 1978). These initial reports 
describe cardiac and liver necrosis, interstitial nephritis, and 
hemorrhagic infarction of the adrenal glands. Longer-term 
studies, in which 500–1000 ppm of metrifonate was fed to 
rats and dogs for up to two years, failed to demonstrate sig-
nificant clinical, biochemical, hematologic, or histopathologic 
abnormalities, apart from a 20% reduction in whole-blood 
ChE activity (Holmstedt et al., 1978). When given to rats (by 
mouth, intramuscular, or intraperoneal) at doses of 15–30 
mg/kg two to three times per week for the lifespan of the 
animals, an excess of malignant tumors (mostly sarcomas of 
the liver and spleen) was observed, compared with controls 
given saline injections (Holmstedt et al., 1978; Nordgren et 
al., 1978). Myeloproliferative changes were also observed. 
Such toxicities have not been reported in humans to date.

6b.  Mutagenicity and embryotoxicity

Embryotoxicity and teratogenicity has been evaluated in 
laboratory animals with mixed results. It is associated with 
embryotoxicity in rats and hamsters after administration on 
days 7–11 of gestation at 400 mg/kg/day by gavage feeding 
(Staples and Goulding, 1979). Mice, however, appeared rela-
tively resistant to the embryotoxic effects, but a significant 
increase in the incidence of cleft palates was observed from 
exposure on days 10–14. More recent work suggests that the 
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mouse preimplantation and pregestation embryos are able to 
recover from metrifonate toxicity (Tian et al., 2000) to pro-
duce normal term fetuses. However, guinea pig pups and 
piglets demonstrate cerebellar hypoplasia following in utero 
exposure to Dipterex (Knox et al., 1978; Hjelde et al., 1998; 
Mehl et al., 2000). Cerebellar DNA alkylation and inhibition 
of DNA repair by trichlorfon is believed to be the mecha-
nism of this hypoplasia (Mehl et al., 2000).

6c.  Risks in pregnancy and lactation

There is a paucity of data regarding the safety of metrifonate 
in pregnancy (Monson and Alexander, 1984). There is one 
published case report of a Liberian infant born with hydro-
cephalus and meningomyelocele after the mother was treated 
with 450 mg of metrifonate at week 5 and then again at week 
8 of pregnancy (Monson and Alexander, 1984). Another 
report documents a cluster of 11 (of 15) live births from a 
Hungarian village in 1989–1990 with various congenital 
abnormalities including Down syndrome (Czeizel et al., 1993; 
Czeizel, 1996). A subsequent case–control study demon-
strated a significant association between Down syndrome 
and the consumption of fish with high levels (100 mg/kg) of 
triclorfon contamination. All mothers of Down syndrome–
affected offspring had measurable blood levels of triclorfon 
(Czeizel et al., 1993; Czeizel, 1996). There are no data on the 
excretion of metrifonate in breast milk. Metrifonate should 
therefore not be used in either pregnancy or lactation.

7. CLINICAL USES OF THE DRUG

The use of metrifonate has now greatly diminished because 
it has been demonstrated to be inferior clinically, economi-
cally, and operationally to praziquantel for the treatment of 
schistosomiasis (see Chapter 207, Praziquantel) (Feldmeier 
and Chitsulo, 1999), particularly because of the requirement 
for multiple doses, the risk of poor compliance with second 
and third doses, and the potential for overdose. Metrifonate 
has been withdrawn from the WHO Model List of Essential 
Medicines (Cioli, 2000; Utzinger and Keiser, 2004). Prazi-
quantel is the mainstay drug for the treatment of schistoso-
miasis throughout the world, and metrifonate is currently 
unavailable for the treatment of schistosomiasis (Danso-
Appiah et al., 2008).

7a.  Schistosoma haematobium infection

Metrifonate was initially used as an insecticide, which then 
led to the treatment of the ectoparasites of farm animals. 
Initial in vitro studies suggested activity against schistosomes, 
hookworm, Ascaris spp., and Trichuris spp. (Holmstedt et 
al., 1978). The vast majority of information obtained on the 
human use of metrifonate comes from the treatment of 
schistosomiasis—in particular, S. haematobium infection.

Many of the early trials (see Table 208.1) were conducted 
using the commercial insecticide form, Dipterex (Talaat, 
1964a; Talaat, 1964b; Abdalla et al., 1965; Hsiao et al., 1975; 

Holmstedt et al., 1978). The standard dose of 7.5–10 mg/kg 
given three times at 14-day intervals has been used exten-
sively and is mostly well tolerated (Forsyth and Rashid, 1967; 
Davis and Bailey, 1969; Rugemalila and Eyakuze, 1981; Feld-
meier and Doehring, 1987). Adverse effects are mainly as a 
result of cholinergic stimulation and include fatigue, muscu-
lar weakness, tremor, sweating, salivation, fainting, abdomi-
nal colic, diarrhea, nausea, vomiting, and bronchospasm.

More recent field trials where the recommended dose of 
7.5–10 mg/kg for three doses at 14-day intervals was used 
demonstrated cure rates (cessation of urinary egg shedding) 
ranging from 20% to 60% (Feldmeier et al., 1982; Pugh and 
Teesdale, 1983; Wilkins and Moore, 1987; Aden Abdi and 
Gustafsson, 1989). Reduction in egg burdens of over 95% at 
1 month were also reported in all trial subjects not cured. 
These reductions in egg shedding appear to be maintained 
for at least 6 months (Aden Abdi and Gustafsson, 1989), and 
are accompanied by reductions in hematuria from 50–75% 
of study populations to less than 20% (King et al., 1988; King 
et al., 1990). Proteinuria rates fall by similar percentages, 
and ultrasound-determined bladder wall thickening is also 
substantially reduced (King et al., 1988; King et al., 1990). 
Nutritional indices including hemoglobin measurements 
improve (Stephenson et al., 1985a; Stephenson et al., 1985b) 
after metrifonate treatment, independently of the presence of 
either hookworm or malaria. Infection intensity at baseline 
does not appear to influence response to metrifonate (Feld-
meier et al., 1982). One group has demonstrated equivalent 
responses of S. haematobium and S. mansoni infections in 
infection exclusively restricted to the urinary tract (Doehring 
et al., 1986), suggesting that the anthelminthic effect of met-
rifonate is confined to the vesical plexus. This hypothesis 
remains to be confirmed.

As noted above, the use of metrifonate greatly diminished 
after it was demonstrated to be inferior operationally to 
praziquantel (see Chapter 207, Praziquantel) (Feldmeier and 
Chitsulo, 1999), and the drug has subsequently been with-
drawn from the WHO Model List of Essential Medicines 
(Cioli, 2000; Utzinger and Keiser, 2004).

A review of the limited comparative data available demon-
strates that metrifonate (10 mg/kg every 2 weeks for three 
doses) is of equivalent efficacy to praziquantel (40 mg/kg as a 
single dose) for S. haematobium infection (Danso-Appiah et 
al., 2008), despite its more complex dosing schedule and 
potential for reduced adherence. This has resulted in calls 
for metrifonate to be made available as an option for the 
treatment of patients with S. haematobium infection (Danso-
Appiah et al., 2008). Metrifonate should not be used in 
communities or individuals with recent exposure to either 
organophosphate insecticides or within 48 hours of receiv-
ing a nondepolarizing neuromuscular blocking agent.

7b.  Alzheimer disease

In recent years, metrifonate has been trialed in patients with 
AD. However, the report to the US FDA that approximately 
20 of the 3000 patients with AD in clinical studies of metri- 
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fonate in AD developed “asthenia, myasthenia, and malaise” 
and that “four patients with muscular weakness received 
respiratory support” led to the cessation of clinical develop-
ment of metrifonate for this indication (AlzForum, 2005; 
Lopez-Arrieta and Schneider, 2006).
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1. DESCRIPTION

Niclosamide is an antihelminthic commercially available in 
Germany marketed under the trade name of Yomesan by 
Bayer. It was available until recently in the UK by the same 
brand name and until approximately 10 years ago in the 
United States under the brand name Niclocide.

Niclosamide is a chlorinated salicylamide of relatively 
simple structure (see Figure 209.1) with the chemical name 
2′,5-dichloro-4′-nitrosalicylanilide and the molecular for-
mula is C13H8Cl2N2O4. The molecular weight of niclosamide 
is 327.12 g/mol.

Niclosamide has been used primarily for the treatment of 
taeniasis and other tapeworm infestations. More recently, its 
use has declined owing to the increased use of praziquantel 
(see Chapter 207, Praziquantel). It is not entirely obsolete, 
however, having been retained on the Model List of 
Medications by the World Health Organization, primarily 
because of its safety profile in pregnant women and children, 
and for use in Taenia solium carriers with neurocysticercosis, 
where it is less likely than praziquantel to cause seizures.

It is still in use as a molluscicide for snail vector control 
under the trade name Bayluscid and is also under inves-
tigation for novel applications, including the coronavirus 

SARS-CoV, the causative agent of severe acute respiratory 
syndrome (Wu et al., 2004). More recently, niclosamide 
has  been shown to possess trypanocidal activity in vitro 
(Merschjohann and Steverding, 2008).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Niclosamide is known to be active against a number of intes-
tinal cestodes or tapeworms, including Diphyllobothrium 
latum (broad or fish tapeworm), Hymenolepsis nana (dwarf 
tapeworm), H. diminuta (rat tapeworm), Taenia saginata 
(beef tapeworm), T. solium (pork tapeworm), and Dipylidium 
caninum (dog and cat tapeworm). Because it is not absorbed 
and is active only against adult forms, its use is confined to 
luminal adult tapeworm infections and is therefore not effec-
tive against tissue cestode infections, such as cysticercosis 
and echinococcosis (Niclocide Product Information, 1982; 
Yomesan Package Insert, 1988; El-Masry et al., 1974; Jones, 
1979; Garcia et al., 2003; Katz, 1977).

Niclosamide was considered the drug of choice for the 
treatment of T. saginata infection, having an efficacy of 
approximately 90% in early studies (Perera et al., 1970). 
Treatment failures were not infrequently encountered, how-
ever, and multiple courses were often required, with some 
patients remaining unresponsive despite this (Vermund et al., 
1986). Quinacrine demonstrated greater efficacy, although 
this drug is relatively less well tolerated. Subsequently, prazi-
quantel has become the treatment of choice (see Chapter 
207, Praziquantel) (Koul et al., 1999). More recently, nita-
zoxanide has been shown to be efficacious in patients with 
T. saginata that was resistant to treatment with niclosamide, 
praziquantel, or both (Lateef et al., 2008).

2b.  Emerging resistance and 
cross-resistance

No data are available regarding rates or mechanisms of 
resistance.Figure 209.1. Chemical structure of niclosamide.
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3. MECHANISM OF DRUG ACTION

The mechanism of action of niclosamide is thought to be due 
to the inhibition of adenosine triphosphate (ATP) produc-
tion and subsequent interference with energy metabolism. 
This may be due to the inhibition of oxidative phosphoryla-
tion or an ability to stimulate ATPase. Niclosamide shows 
structural similarity to dinitrophenol (DNP), enabling it to 
uncouple oxidative phosphorylation in the mitochondria of 
the parasite during electron transport from NADH to flavo-
protein (Bueding, 1969; James and Gilles, 1985; Goldsmith 
and Heyneman, 1989; Frayha et al., 1997). Niclosamide also 
exerts an effect by inhibiting the uptake of glucose, a prop-
erty shared with other anticestodal anthelmintics, including 
praziquantel. This may occur directly or as a result of reduced 
ATP production (James and Gilles, 1985).

Studies demonstrate that the scolex and proximal seg-
ments are killed on contact with the drug. The scolex of the 
tapeworm, loosened from the gut wall, may be digested in 
the intestine, and thus may not be identified in the feces even 
after extensive purging (Ahkami and Hadjian, 1969; Niclo-
cide Product Information, 1982; Pearson and Hewlett, 1985).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Niclosamide is available as creamy-yellow, vanilla-flavored 
500-mg tablets. It is very important that the palatable tablets 
are thoroughly chewed and then swallowed down with water. 
The tablets may also be taken broken up in a little water. For 
small children, it is advisable to grind the tablets as finely as 
possible and mix the powder with a little water. If consti-
pated, thorough cleansing of the bowels is necessary before 
treatment. Dietetic measures are not necessary (Yomesan 
Package Insert, 1988).

As niclosamide is not absorbed, no effect can be ex- 
pected in infections due to cestode larvae (cysticerci) lodg-
ing in extraintestinal tissue, including cysticercosis and 
echinococcosis.

4a.  Adults

Infections with beef tapeworm (T. saginata), pork tape-
worm (T. solium), and fish tapeworm (D. latum) can be 
adequately treated with a single dose of 2 g. A drastic saline 
purge (e.g. sodium sulfate, magnesium sulfate, or electrolyte- 
polyethyleneglycol salt) should be given 2 hours after (and 
potentially also prior to) the niclosamide dose to ensure a 
rapid and complete expulsion of the worm (Jeri et al., 2004). 
Without purgation, the parasite is excreted in pieces over the 
next few days (Yomesan Package Insert, 1988). The require-
ment for purgatives in the treatment of T. solium has been 
disputed based on concerns for the increased risk of inter-
nal and external autoinfection, person-to-person transmis-
sion, and dehydration or electrolyte imbalance (Richards 
and Schantz, 1985).

For infections with the dwarf tapeworm (H. nana) and rat 
tapeworm (H. diminuta), a 7-day course is recommended, 

comprising 2 g on day 1 followed by 1 g daily for another 
6 days (Yomesan Package Insert, 1988).

4b.  Newborn infants and children

For children aged 2–6 years, the dose is reduced to half that 
of adults, and in children under 2 years the dose is one- 
quarter the adult dose using the identical schedule as per the 
indications above.

Therefore for beef tapeworm (T. saginata), pork tape-
worm (T. solium), and fish tapeworm (D. latum) a single dose 
of 1 g for children aged 2–6 years and 500 mg for children 
less than 2 years of age should be used (Yomesan Package 
Insert, 1988).

For infections with the dwarf tapeworm (H. nana) and rat 
tapeworm (H. diminuta), a 7-day course is recommended, 
comprising of 1 g on day 1 followed by 500 mg for another 
6 days for children aged 2–6 years. In children under 2 years, 
an initial dose of 500 mg on day 1 followed by 250 mg daily 
for a further 6 days is the recommended regime (Yomesan 
Package Insert, 1988).

4c.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

As niclosamide is not appreciably absorbed from the gastro-
intestinal tract, it may be given safely to patients with hepatic, 
biliary, and renal dysfunction without dose adjustment 
(Yomesan Package Insert, 1988). The only contraindication 
is a hypersensitivity to niclosamide.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Niclosamide is not significantly absorbed from the gastroin-
testinal tract and therefore has negligible bioavailability (Hecht 
and Gloxhuber, 1960; Goodman et al., 1985). The drug 
should probably not be taken with alcohol since its absorp-
tion may be enhanced by the co-administration and increase 
the risk of adverse effects (Ofori-Adjei and Dodoo, 2004).

5b.  Drug distribution

Given its negligible absorption, the distribution of niclosa-
mide is not significant. The metabolic fate of the small amount 
of drug that is absorbed is unknown, but is presumed to be 
metabolized via the liver, possibly to less active forms.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

As the gastrointestinal tract is the sole site of action for 
niclosamide and the drug is not absorbed, no studies have 
been undertaken to assess the clinically important pharma-
cokinetic and pharmacodynamic parameters for this agent.
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5d.  Excretion

Niclosamide is entirely excreted in the feces, since it is not 
absorbed (Katz, 1977).

5e.  Drug interactions

No data are available regarding the interaction of niclosamide 
with other drugs (Niclocide Product Information, 1982). It 
has been suggested in one review that, because niclosamide 
is soluble in alcohol, its absorption may be enhanced by the 
co-administration of alcohol, therefore raising the possibility 
of dose-related adverse effects. Although this eventuality has 
not been reported, it is recommended that alcohol intake 
is restricted during treatment with niclosamide (Ofori-Adjei 
and Dodoo, 2004).

6. ADVERSE REACTIONS AND TOXICITY

Side effects following administration of niclosamide are gen-
erally mild disturbances of the gastrointestinal tract and have 
been reported to include nausea/vomiting in 4.1%, abdomi-
nal discomfort including loss of appetite in 3.4%, and diar-
rhea in 1.6%. Other reported side effects in decreasing order 
of frequency include drowsiness, dizziness, or headache, skin 
rashes (including pruritus ani), oral irritation, fever, rectal 
bleeding, weakness, bad taste in the mouth, sweating, palpi-
tations, constipation, alopecia, edema of an arm, backache, 
and irritability. All side effects are mild or moderate and 
transitory, and do not necessitate discontinuation of the 
treatment (Niclocide Product Information, 1982; Yomesan 
Package Insert, 1988).

In a report prepared by Ofori-Adjei and Dodoo (2004) for 
the WHO/PSM Expert Committee on the Selection and Use 
of Essential Medicines meeting in 2005, 84 reports of suspec-
ted adverse drug reactions to niclosamide were identified in 
the WHO database from 1975 until 2004, involving 173 reac-
tions from 16 countries. The most common adverse reactions 
were those involving skin and appendages (41), gastrointes-
tinal tract (37), and cardiovascular system (28). There were 
nine reports of anaphylactic shock and anaphylactoid reac-
tions. A recent review of adverse events to anthelmintics in 
the French national pharmacovigilance database revealed that 
adverse drug reactions in nine subjects were reported 
between 1985 and 1999 (Bagheri et al., 2004). These com-
prised abdominal pain and vomiting (n = 3), dizziness (n = 
2), and one each of polymorphic erythema, sweating, and 
anaphylactoid reaction.

Toxic effects are not expected from overdosage given the 
limited absorption of niclosamide. However, insufficient data 
are available, so for safety reasons the usual therapeutic mea-
sures for treatment of poisoning should be applied (gastric 
lavage, symptomatic therapy) (Yomesan Package Insert, 1988).

6a. Risks in pregnancy

Niclosamide is listed as category B drug in pregnancy (all 
trimesters) by the US Food and Drug Administration. 

Reproductive studies in rabbits and rats at doses of 25 times 
the human therapeutic dose and in mice at 12 times the 
human therapeutic dose have revealed no evidence of 
impaired fertility or harm to the fetus. As there are, however, 
no adequate and well-controlled studies in pregnant women, 
the drug should be used in pregnancy only if clearly indi-
cated (Niclocide Product Information, 1982).

7. CLINICAL USES OF THE DRUG

7a.  Luminal adult tapeworm infections

Niclosamide is effective for the treatment of luminal adult 
tapeworm infections and is relatively inexpensive. However, 
the use of niclosamide has declined to the point at which it is 
now difficult to obtain in most countries. It has been mostly 
superseded by praziquantel, which has proven to be not only 
efficacious, including in cases where treatment with niclosa-
mide has failed (Koul et al., 1999), but better tolerated and 
simpler to dose in some indications (see Chapter 207, Prazi-
quantel). Furthermore, as praziquantel is absorbed from the 
gastrointestinal tract, it is active in cysticercosis.

Early studies have shown niclosamide to be efficacious 
in up to 90% of patients in a single dose for beef tapeworm 
(T. saginata), pork tapeworm (T. solium), and fish tapeworm 
(D. latum) (Perera et al., 1970). However, treatment failures 
have been well documented, including following multiple 
courses (Vermund et al., 1986).

The theoretical risk of autoinfection with T. solium result-
ing in cysticercosis is of concern. Some investigators have 
suggested that during niclosamide therapy for intestinal tae-
niasis, breakdown of gravid proglottids is accelerated, thereby 
precipitating a sudden release of eggs into the intestinal 
lumen (Perera et al., 1970). The patient may therefore be at 
increased risk of acquiring cysticercosis either by internal 
autoinfection from reverse peristalsis, sweeping the released 
eggs into the proximal intestine, where the chemical environ-
ment promotes hatching, or by external autoinfection from 
inadvertent ingestions of eggs passed in the feces. In con-
trast, praziquantel does not seem to cause rapid degeneration 
of gravid proglottids (Rim et al., 1979).

Niclosamide is now second-line therapy behind prazi-
quantel for the treatment of dwarf tapeworm (H. nana) and 
rat tapeworm (H. diminuta) infections primarily because only 
a single dose of praziquantel is required, compared with seven 
daily doses of niclosamide (Pearson and Hewlett, 1985).

The current role of niclosamide was discussed at the 
WHO Expert Committee on the Selection and Use of 
Essential Medicines meeting in March 2005. During the 
previous meeting in 2003, it was recommended that niclosa-
mide be reviewed for possible fast-track deletion at the sub-
sequent meeting in 2005. Submissions urging the retention 
of niclosa mide were received from the WHO Department of 
Communicable Diseases, Surveillance and Response. The 
committee noted that niclosamide is effective for the treat-
ment of cestode infections. It was estimated that in Latin 
America, 75 million people live in endemic cysticercosis 
areas and approximately 400,000 have symptomatic disease 
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(Bern et al., 1999). A review sponsored by the WHO Quality 
Assurance and Safety of Medicines team confirmed that no 
major safety concerns had been raised from the use of 
niclosamide, it is not absorbed from the gastrointestinal 
tract, and it is not contraindicated in pregnant women or 
children. It was the opinion of this committee that the effi-
cacy and safety of niclosamide in treating T. solium carriers 
in the presence of neurocysticercosis are advantageous over 
praziquantel because niclosamide does not increase the like-
lihood of seizures. The committee therefore recommended 
that niclosamide be retained on the Model List as a reserve 
medicine and also for patients in endemic areas presenting 
with epileptic seizures which could be caused by cysticerco-
sis and among whom the use of praziquantel is not advisable 
(see Chapter 207, Praziquantel) (World Health Organization, 
2005).

7b.  Treatment of human trematode 
infections

Although less widely documented, niclosamide has also been 
used for the treatment of human intestinal trematode para-
sites Fasciolopsis buski, Heterophyes heterophyes, and Meta
gonimus yokogawa (Khalil et al., 1964; Suntharasamai et al., 
1974; Goldsmith and Heyneman, 1989). As with its use in 
tapeworm infections, niclosamide has been superseded by 
praziquantel for this indication (el-Hawy et al., 1988).

7c.  Molluscicide for snail vector control

Niclosamide, marketed under the name Bayluscid, has been 
shown to control water snails, which are the intermediate 
host of schistosomes, the causative organisms of schistoso-
miasis. The molluscicide also controls those snails that serve 
as intermediate hosts of fascioliasis and other trematode 
infections. Application of Bayluscid is also effective against 
snail eggs and the free-living stages of schistosoma, miracidia, 
and cercariae. The product is toxic to snails and snail eggs at 
low concentrations if properly applied. It is less toxic to fish 
and nontoxic to humans and other animals.

7d.  Other uses

INHIBITION OF CORONAVIRUS SARS-COV

A sole in vitro study published in 2003 demonstrated the 
inhibition of replication of the coronavirus that causes severe 
acute respiratory syndrome, SARS-CoV (Wu et al., 2004). To 
date, there have been no in vivo studies to confirm this effect, 
and currently niclosamide remains one of many compounds 
under investigation for this application (De Clercq, 2006).

TRYPANOCIDAL ACTIVITY

Given the limited number of chemotherapeutic agents avail-
able for African trypanosomiasis, there has been interest in 
a  recent report describing in vitro trypanocidal activity 

by niclosamide (Merschjohann and Steverding, 2008). The 
concentrations of niclosamide required to reduce parasite 
growth rate by 50% and to kill all parasites was in the low- 
and mid-micromolar ranges for T. brucei and T. congolense, 
respectively. The authors concluded that, although not cur-
rently suitable for clinical use in the treatment of trypanoso-
miasis, mainly because of its poor absorption and low plasma 
concentration, niclosamide could potentially serve as a 
platform for the development of analogs with improved 
bioavailability.

ANTICANCER ACTIVITY

There has been significant research recently on the antican-
cer activity of niclosamide (Li et al., 2014). Niclosamide has 
been shown to inhibit the Wnt/β-catenin, mTORC1, STAT3, 
NF-κB, and Notch signaling pathways, and to target mito-
chondria in cancer cells to induce cell cycle arrest, growth 
inhibition, and apoptosis. The anticancer activity of niclosa-
mide has been established in both in vitro and in vivo mod-
els. However, further studies are required. 
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1. DESCRIPTION 

Permethrin has the chemical name 3-phenoxyphenylmethyl 
(±)-cis, trans-3-(2,2-dichloroethenyl),2,2-dimethylcyclopro-
panecarboxylate; the empirical formula is C21H20Cl2O3; the 
molecular weight, 391.3. Permethrin is a synthetic pyre-
throid, and occurs as a mixture of cis and trans isomers 
(Taplin and Meinking, 1996). Synthetic pyrethroids are 
structural derivatives of the naturally occurring pyrethrins, 
extracted from the flowers of Chrysanthemum cinerarifolium. 
In some countries, including the United States, only formula-
tions having the 25:75 cis:trans ratio are approved for human 
use because the cis isomer has higher mammalian toxicity 
than the trans isomer (Taplin and Meinking, 1996). The 
cis:trans compositions of permethrin products not approved 
for human use may differ. Permethrin was first formulated by 
Michael Elliott and colleagues at the Rothampstead Experi-
mental Station (U.K.) in 1973, and, although it was not the 
first active synthetic pyrethroid produced, its high activity 
as an insecticide plus its photostability and thermostability 
made it suitable for commercial development (Elliott et al., 
1973). The chemical structure of permethrin is shown in 
Figure 210.1.

Permethrin is insoluble in water, but soluble in alcohol, 
vegetable oils, and most organic solvents (Taplin and 
Meinking, 1996). It is commonly formulated as 1% perme-
thrin combined with isopropyl alcohol as a cream rinse, 
lotion, or mousse for treating head lice, and is commercially 
available under many trade names (Quellada, Kwell, Nix, 
Lyclear  Crème Rinse, Infectopedicul, and generic), or as 

5% permethrin cream for treating scabies (Lyclear, Elimite, 
Acticin, and generic).

Permethrin is used topically to kill all three species of 
parasitic lice in humans (Pediculus humanus var. capitis, 
P. humanus var. corporis, and Phthirus pubis), and scabies 
mites (Sarcoptes scabiei). Permethrin is also used for killing 
mosquitoes and pest insects in close proximity to humans, 
in smoke (mosquito coils), aerosols (insect sprays), impreg-
nated clothes (for prevention of malaria, trombidiosis, ticks, 
and body lice), and impregnated bednets, or it is applied 
to  internal walls of dwellings, to kill mosquitoes in order 
to  control vector borne diseases and to control bed bug 
infestations.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

HEAD LICE (PEDICULUS HUMANUS VAR. CAPITIS)

Permethrin has excellent activity against head lice (Pediculus 
humanus var. capitis), except where resistance has emerged 
(Frankowski, 2004; Burgess, 2005; Durand et al., 2012). It 
was first trialed for treating pediculosis in a randomized 
double-blind controlled trial in 1983 in Panama (Taplin et 
al., 1986). In its initial formulations, permethrin showed 
some ovicidal effect (Ares Mazas et al., 1985; Taplin et al., 
1986). However, this appeared to be lost in subsequent for-
mulations (Burgess, 1995). A systematic review of ran-
domized trials from the twentieth century found that 1% 
permethrin cream rinse was the only topical treatment to 
have efficacy above 90% (see section 7, Clinical uses of the 
drug) (Vander Stichele et al., 1995). From the mid-1990s, 
reports of reduced efficacy began to appear, and these were 
subsequently shown to be a result of increasing permethrin 
resistance (see section 2b, Emerging resistance and cross- 
resistance). A Cochrane systematic review acknowledged that 
although permethrin was comparable to other neurotoxic 
pediculicides (malathion and synergized pyrethrin), local 
resistance patterns negated any general recommendations Figure 210.1. Chemical structure of permethrin. 
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(Dodd, 2000; 2001). The frequency of resistance conferred by 
the “knockdown resistance gene” has increased progressively 
in the North American head lice population; in 2009 resis-
tance was greater than 97% (Yoon et al., 2014), in some loca-
tions in 2015 it had reached 100% (Gellatly et al., 2016). The 
rapidly changing situation makes the conclusions of the sys-
tematic reviews about the efficacy of permethrin in treating 
pediculosis outdated. Dimeticones/cyclomethicones are now 
more effective than permethrin (Feldmeier, 2014). This has 
been recognized by many public health authorities who now 
recommend dimeticones as the treatment for pediculosis 
rather than permethrin, especially in areas where permethrin 
resistance is common.

BODY OR CLOTHING LICE (PEDICULUS HUMANUS 
VAR. CORPORIS)

Although 1% permethrin powder has been recommended 
for the treatment of body lice (Gratz, 1985), there appear to 
be no publications documenting its efficacy. Permethrin kills 
body lice when impregnated into clothing as a preventive 
measure (Sholdt et al., 1989). Permethrin-impregnated under-
wear reduced the incidence of body lice in homeless men in 
France for two weeks (Benkouiten et al., 2014).

PUBIC LICE (PHTHIRUS PUBIS)

Permethrin has activity against pubic lice, although only one 
published trial has documented this (Kalter et al., 1987). A 
case report documented a case of refractory pubic lice, resis-
tant to pyrethrin synergized with piperonyl butoxide in vivo 
and in vitro, which responded clinically to 5% permethrin 
(Speare and Koehler, 2001). An in vitro study showed that 
5% permethrin killed pubic lice within 14 minutes (Ragheb 
et al., 1995).

SCABIES MITES (SARCOPTES SCABIEI)

Permethrin has better activity against scabies than lindane 
(Goldust et al., 2013a; Rezaee et al., 2015) and crotamiton 
(Pourhasan et al., 2013). In a Cochrane systematic review 
of treatments for scabies that included six randomized con-
trolled trials it was concluded that permethrin was the most 
effective topical treatment for scabies (Strong and Johnstone, 
2007). Topical ivermectin has efficacy comparable to that 
of permethrin against scabies if administered twice (Goldust 
et al., 2013b; Chhaiya et al., 2012).

2b.  Emerging resistance and 
cross-resistance

HEAD LICE

Resistance of head lice to permethrin in developed market 
economies and some emerging economies is well documented 
(Burgess et al., 1995; Mumcuoglu et al., 1995; Rupes et 
al.,  1995; Picollo et al., 1998; Downs et al., 1999a; 1999b; 
Hemingway et al., 1999; Pollack et al., 1999; Lee et al., 2000; 
Picollo et al., 2000; Downs et al., 2002; Meinking et al., 2002; 

Gao et al., 2003; Hunter and Barker, 2003; Vassena et al., 
2003; Yoon et al., 2003; Kristensen et al., 2006; Durand et al., 
2007; Kasai et al., 2009; Tolozoa et al., 2010; Bouvresse et 
al., 2012; Yoon et al., 2014; Gellatly et al., 2016). Permethrin 
resistance has also been demonstrated in the embryos of 
head lice eggs (Cueto et al., 2008). In Israel, permethrin- 
resistant lice were detected three years after permethrin 
became available; no resistance was detected before its intro-
duction (Hemingway et al., 1999). Hunter and Barker (2003) 
in Australia showed that the level of permethrin resistance 
varies between schools in the same city.

In the United States, widespread permethrin resistance 
in head lice has been documented, with prevalence varying 
according to location, from 45% to 100% (Gao et al., 2003; 
Gellatly et al., 2016). Mutations in the louse kdr gene (see 
section 3, Mechanism of drug action) were tightly linked, 
and were more prevalent than phenotypic permethrin resis-
tance. Resistance to permethrin is inherited as a recessive 
trait in lice (Gao et al., 2003). In a survey of head lice in Japan 
that used genotyping to uncover kdr mutations associated 
with resistance, resistant head lice were reported in 11 of the 
22 prefectures surveyed (Kasai et al., 2009). A quadruple 
mutant haplotype (D11E, M815I, T929I, L932F) was found 
to be widespread. The frequency of resistance genes was 
8.7%, but as the specimens were submitted by health profes-
sionals and the public, selection bias was likely and the true 
prevalence of resistance genes is not known. 

PUBIC LICE AND BODY LICE

There are no reports of permethrin-resistant pubic lice. The 
patient described in the only case report of insecticide- 
resistant pubic lice responded to 5% permethrin (Speare and 
Koehler, 2001). In the first report of body lice resistant to 
permethrin, a permethrin resistance genotype was detected 
in body lice in France, and an increase in frequency of resis-
tance from 45% to 71% when men wore permethrin impreg-
nated underwear for 45 days (Benkouiten et al., 2014). 

SCABIES MITES 

Permethrin is still effective in curing scabies (Sharma and 
Singal, 2011; Chhaiya et al., 2012; Goldust et al., 2012; Abdel-
Raheem et al., 2016). A 5% formulation is usually applied. 
Decreased efficacy of permethrin in curing scabies is uncom-
mon, although mites collected from patients with a poor 
therapeutic response to permethrin in Australia demon-
strated in vitro resistance (Walton et al., 2004). A polymerase 
chain reaction (PCR)–based test used to detect kdr muta-
tions showed a single point mutation in the voltage-sensitive 
sodium channel (VSSC) gene in permethrin-resistant S. sca-
biei var. canis (Pasay et al., 2008). This kdr mutation could be 
a useful target to survey for permethrin resistance in S. sca-
biei. In addition, a study has documented a role for meta-
bolic degradation as a mechanism of permethrin resistance 
in scabies (Pasay et al., 2009). A study in France found no kdr 
resistance genes in scabies mites (Andriantsoanirina et al., 
2014).
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3. MECHANISM OF DRUG ACTION

Permethrin is a neurotoxic pesticide that interacts with the 
voltage-sensitive sodium channel (VSSCs) in cell membranes 
of insect neurons, altering their normal gating kinetics and 
disrupting nerve function (Narahashi, 1996; Soderlund et al., 
2002). Permethrin prolongs sodium channel activation and 
inhibits sodium channel inactivation, allowing a prolonged 
sodium current (Narahashi, 1996). This causes a depolariz-
ing after-potential that results in repetitive firing of the neu-
ron. Synaptic transmission is also disrupted (Narahashi, 
1996). The overall effect of permethrin is to produce hyper-
excitability in neurons, and to increase their firing rates (Ray, 
2001). When parasitic lice susceptible to permethrin were 
exposed to the drug in vitro, a rapid onset of incoordina-
tion, tremor, contortions, and loss of the righting reflex was 
observed, and followed by decreased response to stimuli 
and cessation of gut peristalsis (the authors’ personal obser-
vations). Scabies mites exposed to permethrin show inco-
ordination, tremor, and finally loss of movement (Speare, 
personal observations).

Resistance to permethrin can occur through several mech-
anisms: decreased effect on the sodium channel or increased 
metabolism. The most common and significant mechanism 
of resistance is mediated by changes in the amino acid com-
position of the VSSC proteins encoded by the kdr gene (Yoon 
et al., 2008), referred to as knock-down resistance. In perme-
thrin-resistant head lice, four amino acid substitutions in the 
para-orthologous sodium channel protein’s alpha subunit have 
been identified (Tomita et al., 2003a; 2003b). The role of these 
mutations in conferring resistance was subsequently con-
firmed through site-directed mutagenesis of the genes in 
standard in vitro resistance models; three of the mutations 
were shown to confer resistance to pyrethroids, with the T929I 
mutation being the most significant (Yoon et al., 2008). The 
T929I mutation may be similar to the super-kdr trait identi-
fied in other insects, a genetic trait whereby permethrin sen-
sitivity is almost completely abolished (Yoon et al., 2008). In 
the United States the loss of efficacy of a permethrin formu-
lation (Nix) from 1998 to 2013 corresponded to an increase 
in the frequency of kdr mutations (Gellatly et al., 2016). 

PCR protocols have been developed to detect the two 
tightly linked kdr mutations, T929I and L932F (Gao et al., 
2003; Kim et al., 2004). The T929I mutation is the principal 
mutation resulting in loss of permethrin sensitivity in head 
lice (Clark et al., 2009). Quantitative sequencing has also 
been used to detect kdr resistance genes at the population 
level, and can be used as a screening tool, owing to its speed, 
simplicity and accuracy (Clark et al., 2009; Gellatly et al., 
2016). Additional tools that have been described include 
real-time PASA (rtPASA) (PCR amplification of specific allele) 
and serial invasive signal amplification reaction (SISAR) 
(Clark, 2009). All these tools can be used to screen popula-
tions of lice for permethrin resistance. A survey in Japan 
for kdr genes was undertaken using the so-called SNaPshot 
method to detect a quadruple mutant haplotype (D11E, 

M815I, T929I, and L932F) (Kasai et al., 2009). Surveys have 
shown that the frequency of kdr resistance varies with coun-
try and with location within a country, but in general is much 
higher in developed countries (Durand et al., 2012; Yoon et 
al., 2014; Gellatly et al., 2016). 

The occurrence of resistance to permethrin via kdr bal-
ancing mutations has not been associated with any fitness 
disadvantage among head lice (Takano-Lee et al., 2003; Yoon 
et al., 2006), possibly owing to the occurrence of two balanc-
ing mutations that occur in association with kdr mutations 
(Yoon et al., 2008). What this means in practice is that lice 
resistant to permethrin can compete equally with perme-
thrin-sensitive lice, and can persist in the population without 
ongoing insecticide selection pressure.

The role of metabolic resistance to permethrin with 
increased rates of breakdown of the pesticide, as opposed 
to kdr resistance mechanisms, is less important in head lice. 
Although head lice have cytochrome P450–dependent mono-
oxygenase and glutathione S-transferase detoxifying systems, 
permethrin resistance mediated via these enzyme systems 
has been demonstrated only for the former. Monooxygenase-
mediated resistance to permethrin was detected in head lice 
in Israel, but this was not sufficient to account for the degree 
of resistance detected, which was largely kdr mediated (Hem-
mingway et al., 1999). The addition of piperonyl butoxide 
(PBO), an oxygenase-blocking compound, did not decrease 
resistance because the monooxygenase contribution to over-
all resistance in these lice was low. However, a population of 
lice in the United States did show monooxygenase-mediated 
resistance that was overcome by the addition of PBO (Lee et 
al., 2000). A strong positive correlation was demonstrated 
between the level of permethrin resistance and P450 activity 
in head lice in Argentina (González Audino et al., 2005). 
Glutathione S-transferase–mediated resistance to dichloro-
diphenyltrichloroethane (DDT) was also detected in head 
lice from Israel, but this was not associated with resistance to 
permethrin (Hemmingway et al., 1999). Increased activity 
levels of permethrin specific and nonspecific esterases were 
detected in head louse populations from Buenos Aires 
(Barrios et al., 2010), but it appeared that resistance was 
medicated by kdr rather than esterases. In this study, the per-
methrin resistance ratio of resistance to permethrin in head 
lice versus resistance in a reference population ranged from 
71.8 to 556 (Barrios et al., 2010).

Metabolic degradation appears to have a role in mediating 
acaricide resistance in scabies mites. In a recently published 
study, a statistically significant decrease in the survival of 
permethrin-resistant canine scabies mites was noted when 
insecticide synergists were used in combination with per-
methrin compared with permethrin alone (p < 0.0001). 
This was associated with increased enzyme activity in resis-
tant mites compared with sensitive mites (Pasay et al, 2009). 
In an experimental study, the addition of the glutathione 
S-transferase (GST) inhibitor diethyl maleate restored in vitro 
permethrin susceptibility, confirming GST involvement in 
permethrin detoxification (Mounsey et al., 2010).
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4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Permethrin is administered only by the topical route. The 
dosage and application for infants, children, and adults are 
identical. For treatment of scabies, a cream formulation con-
taining 5 g/100 g (5%) is used. For the treatment of parasitic 
lice, a concentration of 1% is the most commonly available, 
being formulated as a lotion, shampoo, or mousse. Body lice 
live on the clothes, not the body per se, but come to the skin 
to feed. Hence, treatment of body lice entails application of 
insecticide to the body as well as strategies to kill lice in the 
clothes.

4a.  Adults

HEAD LICE (PEDICULOSIS)

The product should be applied to all head hair, from roots 
to tip. Most insecticidal products are applied to hair for 10 to 
30 minutes and then washed off. Retreatment is advised in 
7 days. As permethrin does not kill embryos in eggs, newly 
hatched lice can start to emerge immediately after treatment. 
Residual permethrin on the hair may kill these lice. However, 
exposure to levels of residual permethrin too low to kill lice 
may facilitate the development of permethrin resistance. To 
reduce the likelihood of treatment failure due to hatching of 
eggs after insecticidal treatment, the viable eggs of head lice 
should be removed mechanically by use of effective fine 
tooth combs (Speare et al., 2007). Manufacturers typically 
recommend the combing of the hair with a fine-toothed 
comb (nit comb) to remove lice. However, if the lice are 
completely sensitive, this step is only needed to remove via-
ble eggs. The domestic and school environments do not need 
to be treated to control head lice (Speare et al., 2002; Speare 
et al., 2014). Placing pillow slips in a hot wash or hot clothes 
dryer may decrease a small risk to zero (Speare et al., 2003; 
Izri and Chosidow, 2006).

PUBIC LICE (PHTHIRIASIS)

Pubic lice can be found on any hair on the body, including 
eyelashes and the hair on the head (Klaus et al., 1994; Lai et 
al., 2005). Therefore, for treatment to be effective it must be 
applied to all sites where lice are present. Most products are 
applied for 10 to 30 minutes and then washed off. Retreatment 
is advised in 7 days. Mechanical removal of any hairs con-
taining eggs (shaving is an option) is recommended. Pubic 
lice on eyelashes can be treated with a 1% permethrin prod-
uct if it is applied directly to the lice with a cotton swab 
(Klaus et al., 1994); an alternative is oral ivermectin (see 
Chapter 204, Ivermectin and Moxidectin). One case was 
treated with petrolatum jelly applied to eyelashes followed 
by 1% permethrin shampoo for 10 minutes (Karabela et al., 
2015). There are no clinical studies of the treatment of 
phthiriasis palpebrarum.

BODY OR CLOTHING LICE

As body lice spend most of their lifespans in the clothes and 
less time on the body, the focus of control is to kill or remove 
lice and eggs on the clothes, as well as killing the few lice 
found on the body. Permethrin 1% dusting powder is typi-
cally used in mass treatment situations in which replacement 
of clothes is difficult (such as in complex emergencies). The 
powder is applied in a dose of 30–50 g to adults and half 
that for children (Raoult and Roux, 1999). However, dusting 
powder has long been recognized as wasteful—as far back as 
1919 (Moore and Hirschfelder, 1919). For individual treat-
ment, clothes can be removed and replaced with louse-free 
clothes, and 1% permethrin lotion or 5% permethrin cream 
applied to the body and head. A trial of underwear impreg-
nated with permethrin in homeless men in France showed 
efficacy for two weeks (Benkouiten et al., 2014).

SCABIES

Permethrin cream (5%) must be applied to all skin, including 
skin folds, nails, subungual areas, palms, soles, ears, face, and 
scalp (Buffet and Dupin, 2003). For scabies, manufacturers’ 
instructions typically state that the topical permethrin cream 
should not be applied to the head. This is unfortunate as a 
small percentage of patients have mites on the head (Johnson 
and Mellanby, 1942). This will result in mites on the head 
escaping the insecticide and in treatment failure (Duran et 
al., 1993; Alinovi and Pretto, 1994; Dourmishev et al., 1998; 
Farrell et al., 2002; Anbar et al., 2007; McLucas et al., 2007). 
Hence, it is appropriate to advise application to the head as 
well. Permethrin cream should be left on the skin for 8–12 
hours (Buffet and Dupin, 2003). Retreatment is usually per-
formed in 7 days.

Permethrin is also used to treat crusted scabies in combi-
nation with oral ivermectin (see Chapter 204, Ivermectin 
and Moxidectin).

4b.  Newborn infants and children

Application and dosing for children are the same as for adults 
(see section 4a, Adults). 

4c.  Pregnant and lactating mothers

There are no special instructions for pregnant mothers, with 
application and dosing being the same as for other adults 
(see section 4a, Adults, under Mode of drug administration 
and dosage). However, there are some toxicity issues in preg-
nancy (see sections 6c and 6d, in Adverse Reactions and 
Toxicity).

4d.  Those requiring altered dosages

No change in application or dosing is required for patients 
with impaired renal or hepatic function.
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5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Because of its low volatility, permethrin applied topically 
enters the body only through the transdermal route. Dermal 
absorption is slow, and only 2% of the topically applied dose 
is absorbed (Meinking and Taplin, 1996). Permethrin appears 
to accumulate in the epidermis (Ray and Foreshaw, 2000), as 
a longer half-life has been reported in animal models when 
the drug has been administered by dermal as opposed to oral 
exposure. Permethrin is rapidly metabolized and excreted in 
the urine as inactive metabolites, a process that is faster than 
dermal absorption (Tomalik-Scharte et al., 2005). Wearing 
permethrin impregnated clothes resulted in higher daily 
excretion of metabolites, but calculated maximum perme-
thrin uptake was clearly well below the acceptable daily 
intake (Rossbach et al., 2010). 

5b.  Drug distribution

After absorption, permethrin is widely distributed in tissues, 
particularly fat and skin, and reaches a steady state in a few 
days with daily application (Appel et al., 2008).

Elimination kinetics are biphasic, with most of the 
absorbed permethrin eliminated in a rapid first phase (Appel 
et al., 2008). Permethrin persists longer in fat than in other 
tissues (Casida et al., 1983). The second phase of elimina-
tion is determined by release from fatty tissue at low con-
centrations. The half-lives of permethrin in animals and 
humans appear to be similar, with the first phase being sev-
eral hours and the second being a few days (Appel et al., 
2008). Metabolism of the trans-isomer is much faster than 
that of the cis-isomer of permethrin. In a case of attempted 
suicide with 20% permethrin, blood clearance of trans- 
permethrin was more rapid than that of cis-permethrin 
(Gotoh et al., 1998). Trans-permethrin became undetectable 
within 25 hours after admission, whereas cis-permethrin was 
detected at 10 days. The distribution half-lives of the trans 
and cis isomers were 5.08 and 4.82 hours, respectively; the 
elimination half-life of cis was 67.9 hours (Gotoh et al., 1998). 
After dermal application, the amount absorbed is generally 
negligible: 0.5% of the applied dose (Appel et al., 2008), but 
may increase to 2% if the permethrin is left on the skin for 
several days (Meinking and Taplin, 1996). Elimination is gen-
erally complete after 1 week (Tomalik-Scharte et al., 2005), 
although this may be prolonged (to 2 weeks) in some indi-
viduals (van der Rhee et al., 1989).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are no data correlating the pharmacokinetic and phar-
macodynamic parameters of permethrin with its clinical 

efficacy, other than data pertaining to the concentration of 
the drug at the site of activity.

5d.  Excretion

In humans, metabolism of pyrethroids is rapid and occurs 
via several routes, but the most important is ester hydrolysis 
or cytochrome P450-mediated oxidation, with rates of detox-
ification dependent on isomeric configuration (Wolansky 
and Harrill, 2008). Two isomeric forms (cis and trans) of 
3-(2,2-dichlorovinyl)-2,2-dimethyl cyclopropane carboxylic 
acid (cis- and trans-DCCA) and 3-phenoxy benzyl alcohol 
are produced after hydrolysis (Appel et al., 2008). The com-
pound 3-phenoxy benzyl alcohol is oxidized to 3-phenoxy 
benzoic acid (3-PBA). Various sites in the parent molecule 
and the metabolites are hydroxylated, and this is followed by 
conjugation and urinary excretion as glucuronides, sulfates, 
or acetates (Appel et al., 2008). Mean elimination half-lives 
for the three metabolites, cis-DCCA, trans-DCCA, and 3-PBA, 
in orally exposed volunteers were 4.5, 5.4, and 5.7 hours 
respectively (Ratelle et al., 2015). Over the 84 hour period 
post-ingestion, 43–46% of administered molar doses were 
excreted in urine as trans-DCCA (molar % of trans-perme-
thrin) and 3-PBA (Ratelle et al., 2015). In a survey of perme-
thrin exposure in pregnant women in the Caribbean, these 
three main urinary permethrin metabolites were detected 
(Dewailly et al., 2014). A model to estimate the exposure 
dose via analysis of urinary metabolites has been developed 
(Côté et al., 2014).

5e.  Drug interactions

There are few data regarding drug–drug interactions with 
permethrin, although it could be speculated that agents that 
impact on cytochrome P450-mediated metabolism could have 
an effect on permethrin concentrations.

6. ADVERSE REACTIONS AND TOXICITY

Permethrin, like all synthetic pyrethroids, is a recognized 
neurotoxin. Only a small fraction of the dermally applied 
dose is absorbed, and metabolism and elimination of perme-
thrin are rapid. Therefore, systemic exposure and toxicity 
after dermal application are very low (Tomalik-Scharte et 
al., 2005). The toxicity of permethrin is determined by the 
cis:trans ratio, as the cis isomer has a greater toxicity (Appel 
et al., 2008).

The World Health Organization’s Acceptable Daily Intake 
(ADI) for permethrin is 50 µg/kg body weight (BW) per day 
(FAO/WHO, 1999), assumed mainly to be through foods. For 
clothes impregnated by dipping, a maximum dermal uptake 
of 0.68 µg/kg BW/day has been calculated based on a wear-
ing period of 24 hours/day, a permethrin concentration of 
325 mg/m2 and a dermal absorption rate of 2% (Rossbach et 
al., 2010). German reference values for the particular urinary 
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metabolites are cis-DCCA, 1 µg/l; trans-DCCA, 2 µg/l, and 
3-PBA, 2 µg/l (Rossbach et al., 2010).

LD50 of permethrin injected intracerebrally in rats was 
>  860 and 11 µg/g for trans and cis isomers, respectively 
(Soderlund et al., 2002). The oral median lethal doses (LD50) 
in rats were 6000 and 220 mg/kg body weight for the 20:80 
and 80:20 cis–trans isomeric mixtures, respectively (WHO, 
1990; IARC, 1999). Only the 25:75 cis–trans isomeric mix-
ture is approved for use in humans in most developed coun-
tries (Taplin and Meinking, 1996).

In animals and humans, permethrin poisoning is mani-
fested by acute CNS excitation, with fine motor tremor, reflex 
hyperexcitability, sympathetic activation, and parasthesia with 
dermal exposure (Ray and Foreshaw, 2000). Acute, sublethal 
exposure to permethrin in mammals causes restlessness 
and hyperexcitability, followed by locomotor ataxia, tremor, 
mydriasis, diarrhea, and general depression (Wolansky and 
Harrill, 2008). In an experimental rat model, low-dose per-
methrin increased neuronal excitation and branching mor-
phogenesis of neurons (Harrill et al., 2008). The significance 
of this finding for humans is unknown.

Permethrin can be absorbed orally, transdermally, and by 
inhalation. Although the general population is most com-
monly exposed to permethrin via ingestion of foods (Appel 
et al., 2008), therapeutic exposure is almost exclusively by 
dermal exposure. A case report documents a patient who 
applied 5% permethrin cream and did not wash for 10 hours 
who developed neck dystonia for 24 hours (Coleman et al., 
2005). Application of 5% permethrin cream to scabies patients 
did not result in oxidative stress, although application of 1% 
lindane lotion did have the result (Oberoi et al., 2007).

There have been no reports of death associated with cor-
rect use of therapeutic permethrin products. Deaths have been 
reported from ingestion of agricultural products containing 
permethrin, xylene, and surfactants, but the case fatality rate 
in this setting is also low (Gotoh et al., 1998; Yang et al., 
2002).

Positive exposure–response trends for agricultural per-
methrin, and end-stage renal disease was found in pesticide 
applicators in the United States (Lebov et al., 2016). 

In cats, acute permethrin poisoning is treated by intrave-
nous lipid emulsion, methocarbamol, decontamination, and 
supportive therapy (Brückner and Schwedes, 2012; Kuo and 
Odunayo, 2013; De Groot, 2014). 

6a.  Common side effects

The incidence of adverse events due to use of head lice prod-
ucts containing permethrin is low, and serious adverse events 
are very uncommon (< 1 per 10,000) (Andrews et al., 1992). 
In a survey of 22,362 treatments with permethrin for head 
lice in the United States, an incidence of 2.2 adverse events 
per 1000 was reported (Andrews et al., 1992), similar to the 
frequency reported in therapeutic trials (2.5/1000) (Meinking 
and Taplin, 1996). The risk of adverse effects increased 4-fold 
among patients with a history of allergy, and almost 3-fold 
for females compared with males (Andrews et al., 1992). 

For 5% permethrin cream, the incidence of adverse events 
reported to the manufacturer was 6 per 100,000 units dis-
tributed (Meinking and Taplin, 1996). Contact dermatitis 
can occur, but its incidence is very low: 1.2 cases per 1,000,000 
treatments for 5% permethrin (Meinking and Taplin, 1996).

6b.  Paresthesia

Paresthesia, referred to as the “synthetic pyrethroid cutane-
ous sensation,” can develop within 30 minutes after appli-
cation of permethrin in some individuals (Flannigan et al., 
1985). This manifests as burning, tingling, itching, or other 
sensation, and is more common in areas with higher cutane-
ous sensory innervation, such as the face and genitals (Wilks, 
2000). This appears to be a direct effect of permethrin on 
intracutaneous nerve endings, with repetitive firing causing 
the paresthesia. The frequency of this effect correlates with 
the applied dose (Flannigan et al., 1985). Symptoms peak at 
about 8 hours after application, and disappear within 24 
hours (Flannigan et al., 1985). In the experimental situation, 
this reaction can be prevented by use of vitamin E acetate 
(1 mg) applied topically (Flannigan et al., 1985). In early tri-
als, paresthesia was reported by 3% of subjects treated for 
pediculosis with 1% cream rinse (DiNapoli et al., 1988), but 
the incidence has been much lower in a survey of users and 
in other clinical trials (Andrews et al., 1992; Meinking and 
Taplin, 1996).

6c. Risks in pregnancy

Permethrin cream (5%) for the treatment of scabies in preg-
nancy is safe (Mytton et al., 2007). Similarly, topical use of 
permethrin for the treatment of head lice infestation in preg-
nancy is also safe (Kennedy et al., 2005). Although no terato-
genic effect has been reported following therapeutic use of 
permethrin, there is a single case report of congenital acute 
myeloid leukemia, with an 11q23/MLL gene rearrangement, 
after heavy use of aerosolized permethrin during pregnancy 
by a mother with arachnophobia (Borkhardt et al., 2003). 
Congenital leukemia is frequently associated with maternal 
exposure to potential toxins. Permethrin (50 μM for 24 hours) 
caused rearrangement of the MLL gene in vitro using the 
BV173 cell line—adding experimental weight to the epide-
miologic evidence (Borkhardt et al., 2003). There is evidence 
of pregnant women in developed and developing countries 
using permethrin; exposure is higher in women in the Carib-
bean and China than in United States, Canada, or Germany 
(Dewailly et al., 2014). There are no epidemiological studies 
to define permethrin exposure thresholds for health risks for 
pregnant women.

6d. Risks in breastfeeding

There are reports of permethrin being found in breast milk in 
Africa, Europe, and South America (Zehringer and Herman, 
2001; Bouwman et al., 2006; Corcellas et al., 2012). The con- 
centrations in Swiss human milk were low and did not exceed 
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the standard set for cows milk in Switzerland (Zehringer and 
Herman, 2001). In the African survey in a malarious area 
where permethrin-impregnated bed nets are used for pre-
vention of malaria, 60% of breast milk samples contained 
permethrin, but none exceeded the maximum residual level 
of permethrin in milk of 100 µg/l (FAO/WHO, 2009). A 
three country survey (Spain, Colombia, and Brazil) found 
permethrin to be common in breast milk, but levels were low 
and estimated daily intake for infants below threshold levels 
(Corcellas et al., 2012).

7. CLINICAL USES OF THE DRUG

7a.  Head lice (Pediculus humanus var. 
capitis)

Permethrin, formulated in topical preparations (shampoo, 
cream rinse, lotion, or mousse), is a safe option for the treat-
ment of head lice (Frankowski, 2004; Burgess, 2005). How- 
ever, its clinical utility is compromised by the presence of 
widespread resistance and it is no longer recommended as 
the treatment of first choice (Durand et al., 2012).

Permethrin was first trialed for treating pediculosis in a 
randomized double-blind controlled trial in 1983 in Panama 
(Taplin et al., 1986). A single treatment with 1% permethrin 
cream rinse had a cure rate of 97% at day 14. In five trials 
undertaken between 1983 and 1993 involving 1173 sub-
jects, cure rates at 14 days remained high (98%) (Taplin and 
Meinking, 1996). Similar high efficacy after a single treat-
ment was reported by others (Brandenburg et al., 1986; 
Bowerman et al., 1987; DiNapoli et al., 1988). In its initial 
formulations, permethrin showed some ovicidal effect (Ares 
Mazas et al., 1985; Taplin et al., 1986). However, this appeared 
to have been lost in subsequent formulations (Burgess, 1995). 
The killing effect against lice that had hatched after treatment 
was thought to be a result of residual permethrin on hair 
(Ares Mazas et al., 1985; Taplin et al., 1986), which provided 
residual activity lasting for 10 or more days (Hubbell et al., 
1988). A systematic review of randomized trials from the 
twentieth century found that 1% permethrin cream rinse 
was the only topical treatment to have efficacy above 90% 
(Vander Stichele et al., 1995). In a subsequent Cochrane sys-
tematic review it was reported that topical permethrin was 
no more effective for treatment of pediculosis than other 
compounds (Dodd, 2000). However, this review was sub-
sequently withdrawn (Dodd, 2007). From the mid-1990s, 
reports of reduced efficacy began to appear, and these were 
subsequently shown to be a result of permethrin resistance 
(see section 2b, Emerging resistance and cross-resistance).

7b.  Pubic lice (Phthirus pubis) and body lice

For pubic lice, in relation to which resistance is less of a 
problem than for head lice, permethrin is a good option for 
therapy (Clinical Effectiveness Group, 1999). However, there 
is only one clinical study of treatment of pubic lice with per-
methrin. A single treatment of 1% permethrin cream rinse 

(Nix) applied from umbilicus to knees for 10 minutes, com-
bined with fine-toothed combing, achieved a cure rate of 
57% when assessed 10 days after treatment (Kalter et al., 
1987). A case report of pubic lice resistant to pyrethrin with 
PBO in vivo and in vitro responded clinically to 5% perme-
thrin (Speare and Koehler, 2001).

For body lice, the mainstay is treatment of clothing with 
insecticide (Heukelbach and Feldmeier, 2004). Permethrin is 
one of several suitable choices for this purpose (Gratz, 1985). 
Impregnation of underwear with permethrin in homeless 
men kept them body lice–free for two weeks (Benkouiten et 
al., 2014).

7c.  Scabies (Sarcoptes scabiei)

Permethrin cream (5%) is the topical therapy of choice for 
treatment of scabies (McCarthy et al., 2004). Although resis-
tance has been reported (Pasay et al., 2009), this has been 
confined to settings where the drug is used in community 
control programs.

The initial randomized controlled trial of 5% permethrin 
cream for scabies demonstrated cure rates after a single treat-
ment of 48% and 91% at 2 and 4 weeks, respectively, with 
similar cure rates being reported with lindane, at 13% and 
65%, respectively (Taplin et al., 1986). In a subsequent ran-
domized controlled trial, cure rates reported at one month 
were 91% and 86%, for 5% permethrin and 1% lindane, 
respectively (Schultz et al., 1990). The first randomized con-
trolled trial in children aged two months to five years 
reported cure rates of 30% and 89% at 2 and 4 weeks, respec-
tively, for permethrin, compared with 13% and 60% for cro-
tamiton (Taplin et al., 1990). Reduction of pruritus and 
secondary bacterial skin infection was greater in the perme-
thrin group. A Cochrane systematic review of treatments for 
scabies that included six randomized controlled trials con-
cluded that permethrin appeared to be the most effective 
topical treatment for scabies (Strong and Johnstone, 2007).
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Lindane and Malathion

Jorg Heukelbach, Richard Speare, Essam S. Shaalan, Deon V. Canyon

INTRODUCTION 

Although lindane and malathion have been widely used for 
treatment of ectoparasite infections of humans (scabies, and 
body, head, and pubic lice), because of concerns regarding 
significant toxic side effects and resistance, their use has sig-
nificantly declined. Indeed, the medical use of lindane has 
been prohibited in an increasing number of countries, and in 
some it has been abandoned in agricultural use. Other coun-
tries have allowed lindane to remain registered as a prescrip-
tion drug, even though it is no longer permitted to be used in 
agriculture. In 2002, the sale of lindane for the treatment of 
scabies and head lice was prohibited in California, and in 2003 
the U.S. Food and Drug Administration (FDA) issued a warn-
ing on its use and downgraded it to second-line treatment for 
pediculosis and scabies (FDA, 2003). These guidelines were 
updated in 2015. Lindane remains registered in the United 
States as a second-line therapy for scabies and lice infesta-
tions. The European Union prohibited the use of lindane as 
an insecticide in late 2007, and at that time it was withdrawn 
from sale as therapy (van den Hoek et al., 2008). The World 
Health Organization (WHO) has classified lindane as “mod-
erately hazardous” (WHO, 2004). The long-term environ-
mental stability of lindane has resulted in its being considered 
for inclusion in the list of persistent organic pollutants (POPs). 
Persistant organic pollutants are substances persisting in the 
environment that pose a risk to human health. 

Malathion was removed from the market twice because 
of problems relating to its prolonged application time, flam-
mability, odor, and low sales (Abramowicz, 1999; Meinking, 
1999). In 1999, malathion was reapproved by the FDA for the 
treatment of head lice (Burkhart, 2004), and continues to be 
available.

LINDANE

1. DESCRIPTION

Lindane (gamma-hexachlorocyclohexane; benzene hexachlo-
ride) is an organochlorine insecticide named after the Dutch 

chemist Teunis van der Linden (1884–1965), who was the 
first to isolate the alpha-, beta-, and gamma-isomers of hexa-
chlorocyclohexane in 1912 (Roos et al., 2001). It exists as 
a  colorless crystalline substance; its molecular formula is 
C6H6Cl6, and its molecular weight is 290.8; the chemical 
structure is shown in Figure 211.1. It is used in human med-
icine for treatment of lice infestations and scabies. It is also 
used as an insecticide in forestry, on fruit and vegetable 
crops, and for seed treatment, in part because it degrades 
slowly in the environment (WHO, 2004).

Names of topical treatments for head lice and acaricides 
that include (or included) lindane are Jacutin, Kwell, Quel-
lada, Gammexane, Gammalin, Gamene, Gamiso, Gamex, 
Gexane, Lindafor, Lindatox, Lorexane, Streunex, Viton, and 
Atan. In some pediculides and acaricides, the manufacturers 
have removed lindane and substituted another insecticide 
(such as permethrin, in Kwell and Quellada), but did not 
change the trade name.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The insecticidal activity of lindane was first observed during 
World War I, when soldiers who had been exposed to lin-
dane vapor used as a war gas were found to have uniforms 
free of body lice (Burgess, 1995). However, only in the 1940s 
was the substance systematically investigated for its efficacy 
against lice and mites (Slade, 1945; Busvine, 1946; Busvine et 
al., 1948; Kornblee and Combes, 1950). Treatment of human 

Figure 211.1. Chemical structure of lindane. 
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scabies with 1% lindane cream was reported for the first time 
in 1948 (Cannon and McRae, 1948; Wooldridge, 1948).

In the 1950s it was approved by the FDA for treatment of 
scabies and lice infestations, and subsequently used as a first-
line medication for these indications. Lindane was a more 
effective pediculicide than dichlorodiphenyltrichloroethane 
(DDT), commonly used in these times, and replaced it in the 
following years (Wooldridge, 1948; Burgess, 1995; Roos et 
al., 2001). Since then, lindane has been used in formulations 
of 0.3% and 1% for the treatment of head lice, body lice, and 
scabies (Spuhler, 1954; James, 1972; Burgess, 1994; Roos et al., 
2001).

Burckhardt and Spuhler (1955) observed that none of the 
eggs of head, body, and pubic lice treated with lindane 
hatched (Burckhardt and Spuhler, 1955). Thus, lindane was 
the first pediculicide to show an ovicidal effect in vitro. How-
ever, in more recent studies, the ovicidal effect was reported 
to be lower, with about 30% of eggs hatching (Meinking et 
al., 1986).

2b.  Emerging resistance and 
cross-resistance

HEAD LICE

Resistance of head lice to lindane was first reported by 
Maunder (1971) in the U.K. and subsequently in the Nether-
lands (Bloomers and van Lennep, 1978), although these 
reports were questioned by Kucirka et al. (1983). Resistance 
of head lice to 1% lindane has increased rapidly (Meinking 
and Taplin, 1996). For example, in one series of studies, lin-
dane was reported to kill all lice after 3 hours in 1984, whereas 
in 2000, using similar methods and study areas, efficacy had 
fallen to 61%, and an even lower ovicidal activity was obser-
ved (24%) (Meinking et al., 1986; Meinking et al., 2001). In 
another in vitro study in the United States comparing five 
head lice products, lindane was reported to be the least effec-
tive, killing only 17% of lice collected after 3 hours, as com-
pared with 100% kill obtained with products containing 
malathion and pyrethrins/piperonyl butoxide (Meinking et 
al., 2002). In this same study, head lice collected in Panama, 
and presumably exposed to less insecticidal selection pres-
sure, were more susceptible to lindane (efficacy of 61%).

BODY (CLOTHING) LICE

In a WHO survey in 1955–1956, body lice were mostly sus-
ceptible to lindane (0.25% and 0.5%), except for some pop-
ulations in South Africa, Yugoslavia, Norway, Egypt, Hong 
Kong, and Japan (Wright and Brown, 1957). Resistance to 
lindane in a second survey that included a product having a 
higher lindane concentration (2.5%) was reported in Egypt, 
the Middle East, and Sudan (Wright and Pal, 1965). No fur-
ther studies of resistance of body lice to lindane appear to 
have been carried since the mid-1960s.

PUBIC LICE

No reports of pubic lice resistant to lindane have been 
published.

SCABIES MITES

The possibility of lindane resistance in scabies mites was 
raised in the 1980s (Hernandez-Perez, 1983), and confirmed 
in the 1990s (Purvis and Tyring, 1991; Roth, 1991; Judd, 
1993). It continues to be reported (van den Hoek et al., 
2008). In New Zealand, during a period of three years (1990–
1992), a dramatic increase of treatment-resistant scabies 
was observed. The cure rates observed in clinical practice 
dropped from 100% in 1990 to 73% in 1991, and to 28% in 
1992 (Judd, 1993). Taplin et al. (1986a) described low cure 
rates of lindane (65%) in the treatment of scabies in a 
resource-poor community in Panama, but observed that in 
nearby communities, where the people were not previously 
exposed to lindane, cure rates were > 90%, indicating the 
development of lindane resistance.

3. MECHANISM OF DRUG ACTION

Lindane has neurotoxic properties and kills insects by 
 overstimulation of the parasite’s nervous system, leading to 
hyperexcitation, paralysis, and eventually death (Sauviat and 
Pages, 2002). It is an inhibitor of the gamma-aminobutyric 
acid (GABA)–regulated chloride channels in inhibitory 
synapses (Publicover and Duncan, 1979; Fishman and 
Gianutsos, 1988; Ogata et al., 1988; Hawkinson et al., 1989; 
Rivera et al., 1998; Roos et al., 2001). The specific activity of 
the gamma-isomer of hexachlorocyclohexane (the other iso-
mers lack insecticidal activity) suggests that it interacts with 
the lipoprotein structure of insects (Kearns, 1956).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

If used at all, lindane (1% topical lotion, cream, or shampoo) 
is indicated as a second-line therapy only in patients with 
intolerance to other compounds, or in case of treatment fail-
ure with other acaricides and pediculocides.

4a.  Adults

In the United States, one of the countries where lindane is 
still registered for use in humans, the FDA revised product 
labeling guidelines and limited the amount of lindane in 
single- use containers, as a result of reports of toxicity from 
postmarketing surveillance (Anon, 2005). Packaging size is 
now limited to two ounces (60 ml) to minimize the risk of 
inappropriate use and subsequent toxic reactions.

SCABIES

For the treatment of scabies, the product should be applied to 
skin from the neck down and washed off after 8–12 hours. 
However, this regimen will fail to treat mites on the head. Of 
note, in case of treatment failure, application should not be 
repeated, owing to the cumulative toxicity of the drug. The 
product should be applied on dry skin, as bathing or shower-
ing before application may increase percutaneous absorption. 
Absorption is also increased in the presence of skin damage 
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such as psoriasis and atopic dermatitis. Thus, lindane is con-
traindicated if the skin is damaged.

HEAD LICE

For the treatment of head lice, the product should be applied 
to hair, left on for 4–10 minutes, then rinsed off with water.

PUBIC LICE

For the treatment of pubic lice, the product should be 
applied to pubic hair and adjacent hairy areas and washed off 
after 8 hours (lotion/cream) or rinsed after 10–20 minutes 
(shampoo).

4b.  Newborn infants and children

Lindane should be avoided in infants and children. According 
to the FDA, lindane-containing products are contraindicated 
in premature infants.

4c.  Those requiring altered dosages

Lindane should be avoided in the elderly, individuals of < 50 
kg body weight, and during pregnancy. As lindane is excreted 
in breast milk (Senger et al., 1989), it should not be used 
in  breastfeeding mothers. According to the FDA, lindane- 
containing products are contraindicated in individuals with 
known seizure disorders and those patients with increased 
risk of seizures, such as individuals with history of head 
trauma, tumors of the central nervous system, severe hepatic 
cirrhosis, or excessive alcohol abuse.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a. Bioavailability

Lindane is absorbed percutaneously to a considerable extent, 
enters the blood circulation, and is excreted in the urine 
(Lange et al., 1981). Absorption and transdermal penetration 
depend on the formulations used, varying from 10% (hydro-
philic bases) to 90% (lipophilic carriers) (Feldmann and 
Maibach, 1974; Nitsche et al., 1984; Moody and Ritter, 1989; 
Franz et al., 1996; Roos et al., 2001). Thus, lipid formulations, 
by increasing absorption, are more toxic than those formu-
lated as dispersions in water (Albro and Thomas, 1974; 
Solomon et al., 1977). 

5b. Drug distribution

Lindane is detectable in the peripheral blood of infants and 
children after topical application, with peak concentrations 
attained 6 hours after application (Gins burg et al., 1977; 
Ginsburg and Lowry, 1983).

In mice and rats, 14C-lindane is rapidly absorbed from the 
gastrointestinal tract after oral ingestion, and extensively dis-
tributed throughout the body, being found in fat, brain, kid-
ney, liver, adrenals, and ovaries, with highest concentrations 

in the fat tissue (Litterst and Miller, 1975; Solomon et al., 
1977; WHO, 2004).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are no data to directly correlate the clinical activity 
of lindane with its pharmacokinetic and pharmacodynamic 
parameters.

5d. Excretion

The elimination half-life of lindane in humans is 21–26 hours 
(Roos et al., 2001; WHO, 2004). In one study, 9.3% of lindane 
dissolved in acetone, applied to the skin of human subjects, 
was excreted in the urine during the following 5 days 
(Feldmann and Maibach, 1974).

The metabolism of lindane in mammals proceeds along 
a pathway of stepwise dehydrogenation, dechlorination, and 
dehydrochlorination, which may be followed by conjugation 
with sulfate or glucuronide (WHO, 2004). In rats and mice, 
lindane is metabolized to chlorobenzols and chlorophenols 
(Roos et al., 2001). The major route of elimination is urine, 
but metabolites are also excreted in feces.

6. ADVERSE REACTIONS AND TOXICITY

Reports documenting the toxicity of lindane are abundant. 
They began soon after lindane-containing products were 
marketed (da Motta, 1950; Dallemagne and Gerebtzoff, 1950; 
Dallemagne et al., 1950; Doisy and Bocklage, 1950; Fitzhugh 
et al., 1950; Herken, 1950; Klosa, 1950; Lendle and Schnei-
der, 1950). The most commonly reported adverse effects after 
topical use include local sensitivity reactions, burning, itch-
ing, and rash; vapors may irritate the eyes, nose, and throat. 
Acute toxic effects reported after topical use or oral ingestion 
include dizziness, headache, nausea, vomiting, diarrhea, tre-
mor, dysarthria, weakness, convulsions, seizures, blindness, 
dyspnea, cyanosis, circulatory collapse, and coma (Danop-
oulos et al., 1953; Attygalle and Fernando, 1959; Starr and 
Clifford, 1972; Lee and Groth, 1977; Solomon et al., 1977; 
Pramanik and Hansen, 1979; Rasmussen, 1981; Shacter, 
1981; Bargman, 1982; Telch and Jarvis, 1982; Cattabeni et al., 
1983; Davies et al., 1983; Berry et al., 1987; Solomon, 1988; 
Tenenbein, 1991; Fischer, 1994; Aks et al., 1995; Boffa et al., 
1995; Budavari et al., 1996; Bhalla and Thami, 2004; Anon, 
2005; Singal and Thami, 2006).

Franz et al. (1996) compared the percutaneous absorption 
and toxicity of lindane and permethrin, and concluded that 
5% permethrin cream is 40 times less likely to cause toxic 
effects than 1% lindane lotion. After percutaneous absorp-
tion, lindane exerts its toxic effects by inducing oxidative 
stress (Sauviat and Pages, 2002). Several oxidative stress 
parameters, such as malondialdehyde, erythrocyte super-
oxide dismutase, and catalase levels were elevated in patients 
treated for scabies with topical lindane (Oberoi et al., 2007).

The most severe adverse effects of lindane are due to 
central nervous system toxicity. Death has occurred in rare 
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Table 211.1. Clinical trials assessing the effectiveness of lindane for the treatment of scabies, head lice, and pubic lice. Results between 
studies are not comparable as study design, inclusion criteria, number of applications, formulations of products, outcome measures, and 
follow-up periods differed considerably.

Reference Type of study and intervention
Number of study 
participants followed up

Cure rate at final 
assessment

Scabies

Appel, 1950 Open nonrandomized comparative trial 27 (lindane) 96% (lindane)

1% lindane vs 20% benzyl benzoate vs 10% 
crotamiton

44 (benzyl benzoate) 84% (benzyl benzoate)

Two topical applications 33 (crotamiton) 61% (crotamiton)

Burckhardt and Spuhler, 
1955

Open uncontrolled trial 85 (of 170 enrolled) 100%

1% lindane

Single topical application

Chouela et al., 1999 Double-blinded randomized comparative trial 24 (lindane) 96% (lindane)

1% lindane vs oral ivermectin 19 (ivermectin) 95% (ivermectin)

Single topical application/single oral dose

Haustein and Hlawa, 
1989

Open nonrandomized comparative trial

1% lindane (adults) and 0.3% lindane 
(children)—two topical applications—vs

40 (1% lindane); 21 (0.5% 
lindane)

93% (1% lindane)

5% permethrin (adults) and 2.5% permethrin 
(children)—one topical application)—vs

43 (5% permethrin); 28 
(2.5% permethrin)

91% (0.5% lindane)

20% benzyl benzoate (adults) and 10% benzyl 
benzoate (children)—three topical 
applications

31 (20% benzyl benzoate); 
31 (10% benzyl 
benzoate)

100% (5% permethrin)

100% (2.5% permethrin)

100% (20% benzyl benzoate)

100% (10% benzyl benzoate)

Madan et al., 2001 Open randomized comparative trial 85 (lindane) 44.4% (lindane)

1% lindane vs oral ivermectin 83 (ivermectin) 82.6% (ivermectin)

Single topical application/single dose

Schultz et al., 1990 Observer-blinded randomized comparative 
trial

205 (lindane) 86% (lindane)

1% lindane vs 5% permethrin 199 (permethrin) 91% (permethrin)

Single topical application Pruritus persisted in 14% 
(permethrin group) and 
25% (lindane group)

Singalavanija et al., 
2003

Observer-blinded randomized comparative 
trial

50 (lindane) 91% (lindane)

0.3% lindane vs 10% sulfur ointment 50 (sulfur) 92% (sulfur)

Topical applications

Taplin et al., 1983a Community-based intervention study Total population of 178 Prevalence dropped from 46 
to 0.6%Single topical application of 1% lindane to 

entire population

Taplin et al., 1983b Open uncontrolled trial 51 (2 h) 82% (2 h)

Single topical application 1% lindane in 
different treatment schedules (2, 6, and 
12–24 h)

48 (6 h) 96% (6 h)

60 (12–24 h) 98% (12–24 h)

Taplin et al., 1986a Observer blinded randomized comparative 
trial

1% lindane vs 5% permethrin 24 (lindane) 65% (lindane)

Single topical application 27 (permethrin) 91% (permethrin)

Zargari et al., 2006 Double-blinded randomized comparative trial

1% lindane vs 5% permethrin 47 (lindane) 49% (lindane)

Two topical applications (1 week apart) 52 (permethrin) 85% (permethrin)

Pediculosisa

Bowerman et al., 1987 Open randomized comparative trial 99 (lindane) 76% (lindane)

1% permethrin vs 1% lindane 195 (permethrin) 98% (permethrin)

Single topical application
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cases, even after topical application (Danopoulos et al., 1953; 
Davies et al., 1983). Danopoulos et al. (1953) described 
severe toxic reactions and death following exposure to lin-
dane. After application of 40% lindane to household envi-
ronments and people (bed linen, clothes, skin), 79 individuals 
developed toxic reactions, including headache, vertigo, diar-
rhea, and central nervous symptoms. Blindness and convul-
sions occurred, and one person died as a result of liver and 
kidney damage (Danopoulos et al., 1953).

Although toxic effects are most commonly reported 
among patients who have used the product incorrectly, there 
are also reports of toxic reactions among those who used it 
according to the manufacturer’s guidelines.

In the period from 1998 to 2003, the Centers for Disease 
Control and Prevention (CDC) identified 870 cases of unin- 

tentional oral ingestion in the United States (Anon., 2005). 
None of the cases resulted in death. In most cases (778; 91%), 
the severity of the poisoning was low, with high-grade toxic-
ity being reported in only eight cases. Symptoms and signs 
included oral irritation (19%), nausea (18%), vomiting (59%), 
abdominal cramps (4%), cough (4%), and seizures (3%).

Chronic exposure to lindane has been associated with 
hepatic damage and deranged liver function, alopecia, and 
cardiotoxicity (Haustein, 1968; Schuttmann, 1968; Abdel 
Kader et al., 1971; Sauviat and Pages, 2002).

Research on the possible carcinogenic potential of lin-
dane in humans has not established a definite carcinogenic 
effect (Fitzhugh et al., 1950; Nagasaki et al., 1971; Hanada 
et al., 1973; Herbst et al., 1975; Ito et al., 1975; Weisse and 
Herbst, 1977; Kashyap et al., 1979; Rasmussen, 1981; Shacter, 

Reference Type of study and intervention
Number of study 
participants followed up

Cure rate at final 
assessment

Brandenburg et al., 
1986

Observer-blinded randomized comparative 
trial

251 (lindane) 85% (lindane)

1% lindane vs 1% permethrin 257 (permethrin) 99% (permethrin)

Single topical application

Burckhardt and Spuhler, 
1955

Open uncontrolled study 92 (pediculosis pubis) 100% (pediculosis pubis)

1% lindane 16 (pediculosis capitis): 16 100% (pediculosis capitis)

Single topical application

Pediculosis pubis and capitis

Fusia et al., 1987 Open nonrandomized comparative trial 66 (lindane) 88% (lindane)

1% lindance vs pyrethrin/piperonyl butoxide 92 (pyrethrin) 95% (pyrethrin)

Number of applications not reported

Ha et al., 2000 Open uncontrolled study 294 94%

1% lindane

Two topical applications (7–10 days apart)

Kalter et al., 1987 Open randomized comparative trial (pediculo-
sis pubis)

25 (lindane) 60% (lindane)

1% lindane vs 1% permethrin 28 (permethrin) 57% (permethrin)

Single topical application

Mathias et al., 1984 Open randomized comparative trial 33 (lindane) 88% (lindane)

Newsom et al., 1979 1% lindane vs 0.5% malathion 29 (malathion) 93% (malathion)

Single topical application

Open randomized comparative trial 15 (lindane) 100% (lindane)

1% lindane vs pyrethrin/piperonyl butoxide 15 (pyrethrin) 100% (pyrethrin)

Single topical application

Pediculosis pubis

Sim et al., 2003 Open nonrandomized comparative trial 69 (lindane) 91% (lindane)

1% lindane vs 1% lindane + oral trimethoprim/
sulfamethoxazole

45 (lindane + trimethoprim/
sulfamethoxazole)

98% (lindane + trimethoprim/ 
sulfamethoxazole)

Two topical applications (2 weeks apart)/12 
days oral administration

Smith and Walsh, 1980 Open randomized comparative trial 15 (lindane) 100% (lindane)

1% lindane vs pyrethrin/piperonyl butoxide 15 (pyrethrin) 100% (pyrethrin)

Pubic lice

Taplin et al., 1986b Nonrandomized double-blinded comparative 
trial

30 (lindane) 43% (lindane)

1% lindane vs 1% permethrin 29 (permethrin) 97% (permethrin)

aIf not otherwise stated, studies refer to head lice infestations.
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1981; Vesselinovitch and Carlborg, 1983; Dich et al., 1997; 
Roos et al., 2001; Tisch et al., 2005; Cocco et al., 2007). In a 
long-term cohort study involving more than 140,000 indi-
viduals, of whom 1146 were exposed to lindane for therapeu-
tic purposes, 43 cases of cancer were observed when only 
30.2 were expected (Friedman, 1997). However, owing to 
confounders and other methodologic problems, the author 
concluded that “there is still no persuasive evidence from 
studies of humans that lindane, as ordinarily used clinically, 
is carcinogenic in humans” (Friedman, 1997). However, the 
author also commented that “evidence is also insufficient to 
assert that lindane is not carcinogenic in humans.” Other 
studies on a possible increased risk of breast cancer due to 
lindane did not show any causal association (Calle et al., 
2002; Muir et al., 2004; Mills and Yang, 2006). In general, it 
can be said that evidence supporting an association between 
lindane exposure and cancer in humans is weak and often 
confounded by other factors, such as exposure of agricultural 
workers to other potential carcinogenic substances.

Although other authors have suggested that lindane expo-
sure is associated with a range of hematologic toxic effects, 
including aplastic anemia, thrombocytopenia, leukopenia, 
pancytopenia, and leukemia (Jedlicka et al., 1958; Loge, 
1965; Woodliff et al., 1966; West, 1967; Hoshizaki et al., 1969; 
Berry et al., 1987; Rauch et al., 1990; Parent-Massin et al., 
1994; Shouche and Rathore, 1997; Ahamed et al., 2006), this 
association has been controversial and available data are 
inconclusive (Scott et al., 1959; Woodliff et al., 1966; Milby 
et al., 1968; Milby and Samuels, 1971; Morgan et al., 1980; 
Mead, 1982; Roos et al., 2001).

In experimental animals, lindane exposure resulted in 
alterations in the level of stress proteins and oxidative stress 
parameters in liver, heart, and testes (Junqueira et al., 1986; 
Junqueira et al., 1988; Videla et al., 1990; Samanta and 
Chainy, 1997; Sujatha et al., 2001; Ananya et al., 2005; 
Saradha et al., 2008). After topical application and oral inges-
tion, the activity of liver enzymes (such as glutathione-  
S-transferase and cytochrome P450) was elevated in rats 
(Oesch et al., 1982; Parmar et al., 2003; WHO, 2004). In the 
rat model, lindane induced gamma-glutamyl-transpepitdase 
in the liver (Chandar and Nagarajan, 1984). Increased activ-
ity of liver enzymes has also been reported after topical use 
of lindane in humans (Feldmann and Maibach, 1974; Chang 
et al., 1994). Lindane exposure also decreased humoral and 
cell-mediated immune responses in experimental animals 
(Saha and Banerjee, 1993; Banerjee et al., 1996). In patients 
with lindane poisoning, cytokine levels were also altered; 
IL-2, IL-4, and TNF-alpha levels were elevated, whereas IFN-
gamma levels were reduced (Seth et al., 2005).

Apart from the toxic effects of lindane on the central ner-
vous system, in animal models it has been reported to cause 
depression of hematopoiesis, porphyria, toxic effects on the 
peripheral nervous system, testicular atrophy and hypertro-
phy, fatty degeneration and necrosis in kidneys, liver tumors, 
and fatty degeneration of the liver (Dallemagne et al., 1950; 
Nagasaki et al., 1971; Dikshith and Datta, 1972; Grzycki and 
Zarebska, 1973; Hanada et al., 1973; White and Larrabee, 

1973; Desi, 1974; Simon and Siklosi, 1974; Herbst et al., 1975; 
Solomon et al., 1977). After topical treatment with 1% lin-
dane, 50% of adult rabbits showed central nervous system 
signs; juvenile rabbits had convulsions, and half of them died 
(Hanig et al., 1976). Lindane also exhibited fetotoxicity in 
animal models, but no teratogenic effects have been observed 
(Palmer et al., 1978a; Palmer et al., 1978b; Khera et al., 1979; 
Rasmussen, 1981; Dalsenter et al., 1996; Dalsenter et al., 1997; 
Pages et al., 2002).

Median lethal dose (LD50) values after oral application 
range between 56 and 480 mg/kg body weight in mice, and 
between 88 and 300 mg/kg body weight in rats (Solomon et 
al., 1977; Roos et al., 2001; WHO, 2004). The LD50 values 
after dermal administration to laboratory animals range 
from 300 to 1000 mg/kg body weight (Solomon et al., 1977; 
WHO, 2004). The LD50 in humans was estimated to range 
between 150 and 430 mg/kg body weight (Roos et al., 2001). 
The human toxicology of lindane has been recently reviewed 
(Nolan et al., 2012).

7. CLINICAL USES OF THE DRUG

On account of the unfavorable toxicity profile and the avail-
ability of safer alternatives, such as permethrin-containing 
products, for therapy of head lice and scabies, many experts 
consider that the clinical use of lindane should be restricted. 
However, others consider lindane to be safe if treatment 
instructions are followed strictly. An overview of clinical 
studies is provided in Table 211.1.

7a.  Pediculosis

In general, the pediculicidal and ovicidal activity of lindane 
is lower than that of permethrin, pyrethrin, and malathion, 
particularly in more recent studies. This may reflect more 
appropriate study designs and/or reduced susceptibility of 
lice to lindane treatment. An overview of clinical studies 
assessing the effectiveness of lindane in the treatment of head 
lice and body lice infestations is presented in Table 211.1.

7b.  Scabies

Permethrin is regarded as the first-line therapy for scabies, 
but lindane is still prescribed in some countries because of its 
low cost and availability (Bhalla and Thami, 2004). Similar to 
pediculosis resistance, resistance in scabies mite populations 
has been described. An overview of clinical studies evaluat-
ing lindane for treatment of scabies is given in Table 211.1. 
Overall, lindane has been shown to be inferior to permethrin 
and ivermectin (Rezaee et al., 2015; Park et al., 2015; Goldust 
et al., 2013)

7c.  Other uses

When it was discovered, lindane was tested orally in humans 
for the treatment of enterobiasis, but, owing to toxicity, this 
therapeutic indication was discarded immediately (Graeve 
and Herrnring, 1951; Solomon et al., 1977).
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MALATHION

1. DESCRIPTION

The organophosphorous compound malathion, diethyl 
(dimethoxy thiophosphorylthio) succinate, or S-[1,2-
di(ethoxycarbonyl)ethyl]-O,O-dimethyl-phosphorothioate, 
is a yellow to deep brown liquid with an odor of garlic. 
Malathion has a spectrum of activity such that it is a suitable 
acaricide and pediculicide. It is not volatile and is slightly sol-
uble in water, alcohols, and aromatic solvents, but of limited 
solubility in petroleum oils. It remains biologically active for 
approximately two years if stored unopened in a cool, shaded, 
and well-aired environment at 68–86°F. It is available in a 
variety of formulations, such as emulsifiable concentrate, 
wettable powder, dustable powder, and ultra–low volume liq-
uid formulations. It also is often formulated with many other 
insecticides.

Malathion is a broad-spectrum organophosphate insecti-
cide. It was one of the earliest organophosphate insecticides 
developed, being introduced into the United States in 1950 
by the American Cyanamid Company (Brown et al., 1993), 
and first registered in 1956 in the United States, where it is 
still in use (U.S. EPA, 2008). It is primarily used against agri-
cultural pests, stored product insects, and mosquitoes. In 
humans, it is used as a treatment for human lice and scabies 
(Roos et al., 2001). Malathion was introduced in 1971 to the 
U.K. for the treatment of head lice (Downs et al., 1999).

Malathion is also known as carbophos (Russia), maldison 
(Argentina), and mercaptothion (Australia and New Zea-
land). In the United States, it is distributed as Ovide lotion, a 
prescription-only drug. The empirical formula of malathion 
is C10H19O6PS2 and its molecular weight is 330.36 daltons; the 
chemical formula is shown in Figure 211.2.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Formulations containing synthetic insecticides were first 
introduced for control of head lice in the 1940s, and for the 
past 60 years application of insecticide-based treatments has 
been an effective way of dealing with head lice infections 
(Burgess, 2001). Malathion was first approved for head louse 
control as a 0.5% lotion (Prioderm, Ovide) two decades ago 
(Meinking, 1999; Gao et al., 2006). It has since been used 
successfully in Europe, the U.K., and the United States. 
Malathion is considered as the most effective ovicide among 
commercial pediculicides (Taplin et al., 1982; Meinking et 
al., 2001). In studies conducted over the last 20 years in the 
United States, it has been reported to be approximately 
98% ovicidal. However, the ovicidal activity of other mala-
thion products marketed outside the United States has been 
reported to be lower (Frankowski, 2004). It is also effective 
in controlling lice resistant to permethrins, pyrethrins, and 
pyrethroids (Mein king et al., 2002; Yoon et al., 2003; Yoon et 
al., 2004).

2b.  Emerging resistance and 
cross-resistance

The first cases of head lice resistant to malathion were 
reported in the U.K. in 1971 (Downs et al., 1999). Since then, 
head lice resistance has increased rapidly (Witkowski and 
Charles Parish, 2002; Yoon et al., 2004; Gao et al., 2006). 
However, a susceptibility study showed that malathion 5% 
lotion retains useful activity in areas with intermediate resis-
tance, such as Wales (Roberts et al., 2000). Hunter and Barker 
(2003) found that the degree of head lice susceptibility to 
malathion varied substantially among school children in 
Australia, suggesting that resistance is variable. Similarly, 
Downs et al. (2002) found that head lice collected from 
school children from six centers were significantly different 
in their response to malathion after 2 hour exposure tests. In 
a study in the United States, in which the efficacy of several 
over-the-counter and prescription pediculicides was com-
pared, it was reported that Ovide lotion, 0.5%, was the fast-
est and most effective, killing 88% of lice at 10 minutes and 
100% at 20 minutes (Meinking, 2004). Hill (2006) reported 
that, of the pediculicides available over the counter in the 
U.K., those based on malathion were more effective than 
pyrethroids. Lebwohl et al. (2007) also observed that, in the 
United States the pattern of pediculicide resistance varies, 
with lice having become increasingly resistant to pyrethroids 
and lindane but not to malathion.

An important consideration in interpretation of such 
conflicting results is that the reported efficacy of malathion 
may depend on its formulation (Burkhart and Burkhart, 
2006) and mode of use. The pediculicidal or ovicidal activity 
of malathion in a shampoo formulation or nonalcoholic 
vehicle differs from that of malathion in an alcoholic lotion 
(such as Prioderm®). Alcohols are good vehicles for the 
transport of active ingredients through the holes of the louse 
operculum and spiracles (Meinking, 1999). A mixture of mal-
athion with other insecticides represents another approach to 
overcoming head lice resistance. For example, in a study 
undertaken in the U.K., a mixture of malathion and natural 
pyrethrum (1:10) overcame malathion resistance in a resis-
tant strain (Downs et al., 1999). A residual activity of mala-
thion against head lice is due to its binding to sulfur atoms in 
the hair (Jones and English, 2003).

Although the first cases of human body lice resistance to 
malathion were reported ca. 40 years earlier in Burundi by 
Miller et al. (1972) and Sholdt et al. (1976), resistance is less 
problematic for pubic and body lice. Since 1996, there have 

Figure 211.2. Chemical structure of malathion. 
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not been any studies in the English literature that have docu-
mented significant treatment failure in the management of 
Phthirus pubis (Wendel and Rompalo, 2002).

Published studies on malathion as a scabicide (Morley, 
1977; Elgart, 1999; Scott, 1999; Wendel and Rompalo, 2002; 
Scheinfeld, 2004; Connolly, 2008) are very limited, compared 
with its use as pediculicide. Malathion-resistant scabies 
has, however, been observed (Heukelbach and Feldmeier, 
2004).

3. MECHANISM OF DRUG ACTION

Similar to other organophosphorous (OP) insecticides, 
malathion irreversibly inhibits the enzyme acetylcholines-
terase (AChE), causing death of the insect by inducing nerve 
hyperexcitability and exhaustion (Meinking, 1999; Maroni et 
al., 2000; Gao et al., 2006). Detailed reviews of the mecha-
nism of action of organophosphorous insecticides have been 
published (Maroni et al., 2000; Aluigi et al., 2005). Malathion 
exhibits toxic effects in humans through the inhibition of 
AChE in the nervous system. When malathion is present, 
AChE is phosphorylated and inactivated, and is no longer 
able to catalyze the hydrolysis of acetylcholine into choline 
and acetic acid. The resulting accumulation of endogenous 
acetylcholine is responsible for the typical signs and symp-
toms (muscarine-like effects and nicotine-like effects) that 
occur after acute poisoning (cholinergic overstimulation 
syndrome).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Malathion is recommended as a first-line treatment for 
head lice by the British National Formulary, the Medical 
Entomology Centre, and the U.S. NHS Health Information 
Service (Practice, 1999). Furthermore, a recent comparative 
study to evaluate both pediculicidal and ovicidal activity of 
five head lice products used in the period between 1984 and 
2000 indicated that all lice treated with Ovide lotion (0.5% 
malathion) were dead within 10 minutes, and none of the 
eggs hatched (Meinking et al., 2001). Jones and English 
(2003) recommended malathion as a second-line therapy 
because of the flammability of the formulation, reserving it 
for treatment of pyrethroid-refractory cases.

4a.  Adults

Ideally, all close contacts of an infected individual with 
pediculosis or scabies should be treated (Burgess, 2001). 
Head lice infestation is best treated with a lotion or liquid 
formulation rather than a shampoo because a shampoo is 
too dilute to be effective. Treatment with topical malathion 
should be avoided in persons with allergies, asthma, epilepsy, 
open wounds, or preexisting medical conditions. Patients 
with eczema or otherwise damaged skin should be treated 

with aqueous rather than alcoholic preparations (Connolly, 
2008). Particular care should be taken to avoid accidental 
ingestion or contact with eyes. Malathion use should be 
avoided during pregnancy (see section 6, Adverse reactions 
and toxicity). Individuals with broken or injured skin should 
avoid malathion treatment because even limited skin dam-
age significantly increases the permeability coefficient (Kp) 
(Nielsen et al., 2007).

HEAD LICE

The malathion formulation is best applied to dry hair for 
10 minutes, the hair then allowed to dry naturally, with the 
product washed off after 12 hours. Another application a 
week later is recommended (Meinking, 1999; Burgess, 2001; 
Connolly, 2008) to kill nymphs emerging from eggs that sur-
vive a single application. The second application increases 
cure level to more than 90% (Mumcuoglu, 2006). Malathion 
can be used as a 0.5% lotion (Prioderm) or, more appropri-
ately, as a 0.5% liquid in small children or in patients with a 
background history of asthma or eczema.

BODY LICE

After a shower, the patient should be treated topically with 
a malathion formulation from head to toe, with the product 
left on for 8–14 hours and then washed off, so that any over-
looked louse coming back to feed is killed. Patients’ clothes, 
bedding, and linen should be washed in hot water.

PUBIC LICE

The pubic louse, P. pubis, appears to be the most treatment- 
refractory human louse. It is important to treat all hairy areas 
of the body with the malathion formulation. All products 
available for head and pubic lice are too irritating and/or 
dangerous to use for controlling P. pubis palpebrarum, crab 
lice infesting eyelashes (Meinking, 1999). If it is necessary to 
treat for infestation at this site, malathion 1% can be com-
bined with mechanical treatment (Charfi et al., 2005).

SCABIES

A single application of malathion 0.5% aqueous lotion pro-
vides effective therapy for scabies mites at both develop-
mental stages and adult scabies mites. Treatment should be 
applied to the whole body surface, including the neck, scalp, 
and ears, but not the eyes, and left on for 8–12 hours, usually 
overnight (Bignell, 2005) and then washed off. It is also 
important to treat sexual partners and avoid sexual activity 
during the treatment period, and to treat close household 
contacts to prevent reinfection.

4b.  Newborn infants and children

Malathion should not be used in children under two years of 
age, and caution is needed when using in children under six 
years (Potts, 2001).
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5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Malathion is absorbed percutaneously (Chang et al., 1994). 
Brand et al. (2005) reported that decreasing the malathion 
application time reduced the transdermal absorption. Sig-
nificantly less malathion was absorbed when Ovide was 
applied for 0.5 hours (0.36 ± 0.14%) versus an 8-hour appli-
cation (1.02 ± 0.41%). Maroni et al. (2000) reported a mean 
absorbed dose of malathion of 26 mg/day.

5b.  Drug distribution

The elimination half-life of malathion in humans is 6–7 hours 
after exposure (Tuomainen et al., 2002).

Blood screening can be used to monitor malathion expo-
sure and/or toxicity in humans (Liu and Pleil, 2002; Gergov 
et al., 2003), while monitoring for a change in plasma and 
red blood cell cholinesterase activity is a bioindicator of mal-
athion toxicity (Moeller and Rider, 1962; Baker et al., 1978; 
Maroni et al., 2000). Any drug entering the bloodstream is 
rapidly degraded, even if ingested (Moeller and Rider, 1962; 
Baker et al., 1978).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are no data to directly correlate the clinical activity of 
malathion with its pharmacokinetic and pharmacodynamic 
parameters.

5d.  Excretion

Urine is the major route of malathion elimination in humans 
(Drevenkar et al., 1979). Urinalysis represents another reli-
able method for detecting malathion toxicity and exposure 
(Vasilic et al., 1999; Cruz Marquez et al., 2001; Cocker et 
al., 2002; Olsson et al., 2003; Barr et al., 2005). Excretion of 
the malathion metabolite, malathion monocarboxylic acid 
(MMA), is rapid, reaching a maximum level at about 6–7 
hours after exposure (Tuomainen et al., 2002). Addition- 
ally, measurement of dimethylthiophosphate (DMTP) and 
dimethyldithiophosphate (DMDTP) in human urine can be 
used in biologic monitoring of human malathion toxicity, 
and may represent the most practical method to estimate the 
internal accumulation of malathion (Maroni et al., 2000). 
The urinary excretion of DMTP and DMDTP was estimated 
to be 1 mg/72 hours at dermal exposure levels, yielding 
an absorbed dose equivalent to the acceptable daily intake 
(ADI).

Malathion metabolites are also excreted in human feces, 
as reported in an exploratory study conducted among 2-day-
old neonates (Ostrea et al., 2002).

5e.  Drug interactions

Given the topical use of malathion, no drug interactions are 
expected unless there is concomitant use of other topical 
agents.

6. ADVERSE REACTIONS AND TOXICITY

Both the U.S. Environmental Protection Agency (EPA) and 
the WHO consider malathion as a slightly toxic compound 
with low acute mammalian toxicity (Brown et al., 1993; 
Maroni et al., 2000). When applied in accordance with the 
rate of application and safety precautions specified on the 
label, malathion can be used without posing unreasonable 
risks to human health or the environment. At high doses, it 
can overstimulate the nervous system, causing nausea, dizzi-
ness, or confusion; at very high doses poisoning can lead to 
convulsions, respiratory paralysis, and death (Casey and Vale, 
1994; Yamashita et al., 1997).

Many cases of malathion toxicity have been reported 
since its first use in children and adults (Goldman and Teitel, 
1958; Namba et al., 1971; Baker et al., 1978). Following oral 
ingestion, the acute toxicity of malathion can result in death, 
as has been reported to have occurred in deliberate over-
dose (Ganguly and Bhattacharyya, 1973; Lewin et al., 1973; 
Chaturvedi et al., 1983). Important manifestations of acute 
toxicity include delayed onset respiratory paralysis and 
delayed polyneuropathy (Karalliedde and Senanayake, 1988). 
Accidental poisoning occurring after ingestion of malathion 
as syrup or a liquid oral medication leads to the rapid devel-
opment of symptoms (15 minutes in children) after ingestion, 
consisting of coma, pulmonary edema, miosis, hypersaliva-
tion, muscle flaccidity, fasciculations, reduction in blood 
cholinesterase activity, and fecal and urinary incontinence 
(Goldman and Teitel, 1958; Namba et al., 1971). The acciden-
tal ingestion or inhalation of malathion can damage mucosal 
epithelial cells of the upper aerodigestive tract (Tisch et al., 
2007). Furthermore, low dosages (25–50 mg/kg) of mala-
thion disrupted rat behavior without significant reduction in 
cholinesterase activity (Kurtz, 1977). The ADI of malathion 
is 0.3 mg/kg body weight (Maroni et al. 2000).

Malathion has been reported to cause allergic responses 
in some exposed people and in guinea pigs (Cushman and 
Street, 1983).

As malathion is similar to other neurotoxic pesticides, 
most of its toxicity is related to the central nervous system 
through the inhibition of AChE. Studies in animals suggest 
that the neurotoxicity of malathion is heightened in infancy, 
with toxicity occurring at dose levels that ranged from 1.8- to 
5.1-fold lower (mean 2.6-fold lower) in the 2- to 3-week-old 
rat compared with dose levels leading to toxicitiy manifesta-
tions in adult rats (Vidair, 2004). Exposure of neonatal mice 
to malathion via lactation was reported to inhibit the activity 
of brain AChE (Preve da Silva et al., 2006). These findings 
also suggest that clinically significant amounts of malathion 
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Table 211.2. Clinical trials assessing the efficacy or effectiveness of malathion for the treatment of head lice and scabies. Results between 
studies are not directly comparable as study design, inclusion criteria, number of applications, formulations of products, outcome 
measures, and follow-up periods differed considerably.

Reference Type of study and intervention

Number of study 
participants 
followed up Cure rate at final assessment

Pediculosis

Burgess et al., 2007 Randomized, controlled, assessor blind trial 30 (malathion) 33.3% (malathion)

0.5% malathion liquid vs 4% Dimeticone 43 (dimeticone) 69.8% (dimeticone)

Two applications 7 days apart of either 
dimeticone or malathion

Chosidow et al., 
1994

Blinded randomized comparative controlled 
trial

95 (malathion) 95% (malathion)

0.5% malathion vs 0.3% d-phenothrin 
lotions

98 (d-phenothrin) 39% (d-phenothrin)

Single topical application

Fan et al., 1999 Open nonrandomized comparative trial 103 (malathion) 93.4%

Malathion 5% vs permethrin 1% vs 
bioallethrin 0.66%

83 (permethrin) 97.3%

Single topical application 91 (bioallethrin) 94.1%

Mathias et al., 1984 Open randomized comparative trial 33 (lindane) 88% (lindane)

1% lindane vs 0.5% malathion 29 (malathion) 93% (malathion)

Single topical application

Meinking et al., 2001 Open nonrandomized comparative trial (malathion) 100% lice mortality within 10 min and 
100% ovicidal activity

Malathion 5% vs permethrin 1% diluted and 
undiluted vs pyrethrin RID and A-200 vs 
lindane 1% shampoo

(permethrin diluted) 100% lice mortality after 1 h and 81% 
ovicidal activity

Single topical application (permethrin undiluted) 100% lice mortality within 30 min and 
89% ovicidal activity

Pyrethrin (RID) 53% lice mortality after 3 h and 69% 
ovicidal activity

Pyrethrin (A-200) 100% lice mortality after 1 h and 83% 
ovicidal activity

(lindane shampoo) 61% after 3 h and 24% ovicidal activity

Meinking et al., 2004 Open observer-blinded randomized 
comparative trial

41 (malathion) 98% of patients were free of lice and 
viable nits at day 15

Malathion 0.5% applied for 20 min vs 
permethrin 1% applied for 10 min

22 (permethrin) 55% of patients were free of lice and 
viable nits at day 15

Single topical application and, if necessary, 
another one at day 8 follow-up

Meinking et al., 2007 Open, randomized, investigator-blinded, 
time-ranging comparative trial

51, 40, and 32 in 30, 
60, and 90 minutes, 
respectively (0.5% 
malathion gel)

98%, 93% and 86% for 30, 60, and 90 
min malathion gel, respectively

0.5% malathion gel applied for 30, 60, and 
90 min vs Ovide lotion (0.5% malathion) 
applied 10–12 h vs Nix crème rinse (1% 
Permethrin) applied for 10 min

28 in Ovide lotion 
(0.5% malathion)

97% for Ovide lotion

Single topical application in day l on 
different treatment schedule (30, 60, and 
90 min) for malathion gel particularly, and 
patients with live lice on the day 8 ± 1 
evaluation were retreated with the same 
product for the same application duration

10 in Nix crème (1% 
permethrin)

45% for Nix crème
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can be excreted in human milk during lactation. Studies 
in experimental animals have also reported that malathion 
affects cholinergic functions during embryonic development 
(Aluigi et al., 2005).

Studies in humans have shown that chromosomal aberra-
tions, sister chromatid exchanges, and mitotic indices were 
observed in human peripheral leukocytes treated in vitro 
with different concentrations (0.02, 0.2, 2, and 20 µg/ml) of 
malathion (Balaji and Sasikala, 1993). Zeljezic and Garaj-
Vrhovac (2002) found that the mean value of sister chroma-
tid exchange and number of cells with higher sister chromatid 
frequency in a population of workers occupationally exposed 
to a mixture of insecticides including malathion was signifi-
cantly higher than in the control group. However, Titenko-
Holland et al. (1997) concluded that malathion has a 
relatively low potential to cause chromosome damage in vitro, 

and that corresponding doses (5–100 µg/ml for 48 hours) are 
much higher than ones that even professional applicators of 
insecticides are likely to be exposed to in vivo. Consequently, 
the potential risk of chromosome damage for malathion 
exposure in vivo is therefore considered to be relatively low. 
In vitro studies of the genotoxicity of malathion and its ana-
logs, malaoxon and isomalathion, indicated that malathion 
is a potential mutagen and carcinogen (Błasiak et al., 1999). 
The reported genotoxicity of malathion may be a conse-
quence of its metabolic biotransformation to, or the presence 
of, malaoxon and/or isomalathion, as well as other unspeci-
fied impurities in commercial formulations of malathion.

These findings suggest that technical grade malathion is a 
potent genotoxic agent and may be regarded as a potential 
germ cell mutagen also. Although direct toxic effect of mala-
thion on human reproductive organs has not been reported, 

Reference Type of study and intervention

Number of study 
participants 
followed up Cure rate at final assessment

Oliveira et al., 2007 Open, comparative, in vitro trial In each of the five 
groups, 50 adult 
fully vital lice were 
tested

Nyda L and Prioderm killed all head lice 
after 5 min. The efficacy of Nyda L 
was better than of Lyclear. Lice 
treated with Hedrin resurrected after 
several hours and did not show a 
significantly higher mortality com-
pared with the control group after 
24 h

Nyda L, a new pediculicide containing a 
high concentration of dimeticone vs 
Hedrin containing 4% dimeticone, Lyclear 
containing 1% permethrin, and Prioderm 
containing 1% malathion and a negative 
control group

Head lice were immersed in the undiluted 
products for 3 min, washing off products 
after 20 min. The lice were monitored at 
different points in time (5, 10, 20, 30, 60, 
120, and 180 minutes and 6 and 24 hours)

Scabies

Burgess et al., 1986 Observer-blinded nonrandomized compara-
tive trial

77 (malathion) 92.3%

0–5% malathion in aqueous emulsion vs 
25% benzyl benzoate emulsion

35 (benzyl benzoate) 68.8%

Single topical application at the beginning 
to adults (2), children (98), and infants less 
than 2 years (12), and another one for 
partially cured after a week. Treatments 
were allocated semi-alternately, two 
patients given malathion to one given 
benzyl benzoate

Hanna et al., 1978 Observer blinded noncomparative trial 30 (0.5% malathion 
liquid)

83% cured

0.5 % malathion liquid

Single topical application to 29 patients (18 
men and 11 women) and two applications 
to one patient then weekly follow-up and 
treatment if necessary

Thianprasit and 
Schuetzenberger, 
1984

Open noncomparative trial 0.5% malathion lotion 83.33%

0.5% malathion lotion

Single topical application to 24 patients (13 
men and 11 women). The assessment of 
dermatologic response made 7th and 
14th day follow-up
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it has been reported that organophosphorous pesticides 
decrease sperm quality (Recio-Vega et al., 2007), and mala- 
thion has been reported to affect the motility of spermatozoa 
(Betancourt et al., 2006). Epidemiologic studies assessing 
maternal exposure to individual pesticides and abortion, 
fetal death, or congenital defects, while inconclusive, suggest 
an association between the pesticides and these adverse out-
comes (Garcia, 2003). Another study reported that pesticide 
exposure poses a risk to pregnant women (Goldman et al., 
2004). The most specific study on the influence of malathion 
on pregnant women and their offspring reported that mala-
thion metabolites could be identified in the meconium of 
2-day-old neonates (Ostrea et al., 2002). In rats, malathion is 
more toxic to newborn rats than to the pre-weaning rats and 
adults when it is orally administered (Lu et al., 1965).

Thus, malathion use should be avoided during pregnancy. 
Although malathion produced teratogenic effects on zebra-
fish embryos (Cook and Paradise, 2005; Fraysse et al., 2006), 
frog embryos (Snawder and Chambers, 1989; Bonforti et 
al., 2004), and chick embryos (Wyttenbach and Thompson, 
1985), little or no teratogenic potential has been observed 
in mammals, such as rabbits (Machin and McBride, 1989). 
There are no data available on teratogenic effects on humans.

Although in one histopathologic study on the carcino-
genic capacity of malathion and its oxygen analog malaoxon 
in rats and mice, no carcinogenic potential was observed 
(Huff et al., 1985); in another study (Reuber, 1985) it was 
reported that both chemicals were carcinogenic in Osborne-
Mendel and Fischer-344 rats.

7. CLINICAL USES OF THE DRUG

A summary of clinical studies assessing the effectiveness of 
malathion in the treatment of head lice and scabies infesta-
tions is presented in Table 211.2. Although it is recom-
mended as a first-line treatment for head lice in the U.K. and 
the United States (Practice, 1999), on account of the increas-
ing prevalence of resistance and the flammability of some 
formulations, it is generally considered as a second-line 
agent, being reserved for treatment of pyrethroid-refractory 
cases (Roos et al., 2001).

Although there are numerous clinical trials of treatment 
of head lice infestations with malathion, there have been no 
trials published on the use of malathion for the treatment of 
body and pubic lice. Malathion has also been licensed and 
prescribed for use in scabies (Connolly, 2008), but is consid-
ered as an alternate treatment option for this indication 
(Elgart, 1999), behind permethrin, which is recommended 
as the first-line agent for management of scabies (Roos et al., 
2001).
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Crotamiton

Bart J. Currie

1. DESCRIPTION

Crotamiton (chemical name: N-ethylcrotono-o-toluidide or 
N-ethyl-o-methylphenyl-2-butenamide; trade names include: 
A-Bite, Acomexol, Congen, Crotamitex, Crotan, Crotanol, 
Crotaphil, Crotorax, Eurax, Euraxil, Moz-Bite, Scabicin, 
Ulex, Uracin, Youlifu, Veteusan) is an unclassified acaricide 
(scabicide) and insecticide used topically in human and 
veterinary medicine (Domenjoz, 1946; Couperus, 1949; 
Budavari et al., 1996).

The substance is a colorless, yellowish oil, soluble in meth-
anol and ethanol. Its empirical formula is C13H17NO, its 
molecular weight is 203.28, and the molecular structure is 
shown in Figure 212.1.

Crotamiton is available for topical use only as a cream or 
lotion. It is used for the treatment of scabies caused by the 
mite Sarcoptes scabiei, for other mite infestations, for head 
and pubic lice infestations, and for the symptomatic treat-
ment of pruritus. Formulations available on the market usu-
ally contain 10% crotamiton. It was first commercialized by 
Geigy, and marketed for the treatment of scabies in 1946 
(Burckhardt and Rymarowicz, 1946; Domenjoz, 1946; Roos 
et al., 2001). Crotamiton has been confused with crotamine, 
a myotoxin from the venom of the South American rattle-
snake Crotalus durissus terrificus.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

In 1946, Domenjoz described the in vitro efficacy of crotam-
iton in killing the rabbit ear mite Psoroptes cuniculi. Thirty 
minutes after immersion in 2% crotamiton, all mites were 
dead (Domenjoz, 1946). Years later, in vitro and clinical stud-
ies demonstrated the efficacy of crotamiton against Sarcoptes 
scabiei and Demodex mites. One study suggested efficacy 
against head lice (Karacic and Yawalkar, 1982) and another 
against pubic lice (Ragheb et al., 1995). As summarized in 

the Cochrane Database of Systematic Reviews (Strong and 
Johnstone, 2007), the clinical efficacy of crotamiton for the 
treatment of scabies is inferior to that of topical permethrin, 
which has largely replaced crotamiton as the primary ther-
apy globally, with oral ivermectin also now increasingly used. 

2b.  Emerging resistance and 
cross-resistance

Presumptive resistance of scabies mites to crotamiton has 
been clinically documented. Roth (1991) described a case of 
scabies that failed therapy with 1% lindane lotion and 10% 
crotamiton cream. In this case report, crotamiton had been 
applied nightly for one week without any response, and after 
application of 1% permethrin, the lesions disappeared (Roth, 
1991). Another author reported two cases of scabies infesta-
tion not responding to crotamiton treatment that were later 
treated successfully with topical lindane (Coskey, 1979). 
However, the nature and extent of the resistance is not known 
as there are only a few published case reports available, and 
no studies have systematically assessed resistance patterns of 
scabies mites in vitro.

3. MECHANISM OF DRUG ACTION

The mechanism of action of crotamiton is not known.

Figure 212.1. The molecular structure of crotamiton.
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4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The 10% crotamiton cream or lotion should be applied thor-
oughly to the skin of the entire body surface, after a shower 
or bath. Special attention is required to not overlook skin 
folds, creases, and interdigital spaces. One should trim fin-
gernails and apply under the nails (one can use a toothbrush, 
which should be disposed of after use). The compound 
should not be applied on inflamed skin, in the eyes, or to oral 
mucosa. Application should be repeated after 24 hours and 
the drug washed off 48 hours or later after the reapplication 
(Brown et al., 1995). Extending the duration of treatment to 
daily for up to five days increases cure rate and may be bene-
ficial in some cases. If new lesions appear or itching persists 
more than 2 to 4 weeks after initial treatment then retreat-
ment can be given, although alternative therapeutic options 
should be considered.

However, repeated application without bathing is often not 
feasible in practice, especially in tropical settings, where sca-
bies infestation is often endemic, and where topical treatment 
with permethrin or oral treatment with ivermectin is  now 
preferred therapy (Taplin et al., 1991; Heukelbach and Feld-
meier, 2006; Chosidow, 2006; Currie and McCarthy, 2010).

4b.  Newborn infants and children

The dosage and application in infants and children are simi-
lar to those in adults. Daily applications for up to five days 
may be beneficial in some cases and retreatment can be given 
as early as 7–10 days after the initial treatment if required, 
although alternative therapeutic options should be consid-
ered if treatment is unsuccessful.

Crotamiton was commercialized before modern dermato-
toxicologic methods were established, and serious adverse 
events have not been evident in decades of use, including in 
infants and young children. Concern over the possibility of 
percutaneous absorption of pyrethroids, benzyl benzoate, 
and lindane, and limited data on safety of oral ivermectin, 
have resulted in recommendations by many scabies treat-
ment guidelines of use of crotamiton or sulfur compounds in 
infants, although systematic safety and efficacy data are scant 
(Taplin et al., 1990). However, given the superior efficacy of 
permethrin (Strong and Johnstone, 2007), 5% permethrin 
cream is increasingly being used in children 2 months of age 
or older (Chosidow, 2006; Currie and McCarthy, 2010). 

4c.  Pregnant and lactating mothers

There are no animal reproduction studies, and it is not known 
if crotamiton can cause fetal harm when used topically by the 
mother or if it is excreted in breast milk. Nevertheless, there 
are limited treatment options for scabies in pregnancy and 

in lactating mothers. Crotamiton and sulfur compounds 
have been used in pregnancy and lactating mothers as an 
alternative to other more recently marketed acaricides, some 
of which have neurotoxic potential. However, given the supe-
rior efficacy of permethrin (Strong and Johnstone, 2007), 5% 
permethrin cream is increasingly being used in pregnancy 
and in lactating mothers.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

There are only a few studies assessing percutaneous absorp-
tion of crotamiton lotion after topical application in volun-
teers, but overall absorption appears to be low. In one study 
between 4.3% and 8.8% of the total applied dose was excreted 
in the urine, depending on the application protocol (Dika et 
al., 2006). The half-life absorption in that study ranged from 
60 minutes to 2.7 hours, and after the first dose the elimina-
tion half-life varied between 24.5 and 30.9 hours. Percu-
taneous absorption decreased after repeated applications. 
There was no significant difference in absorption between 
normal skin and a diseased skin model.

5b.  Drug distribution

After application of 500 mg crotamiton, plasma levels after 
30 minutes were about 10 ng/ml and approached maximum 
levels of 20 ng/ml within one day (Schuster et al., 1992). 
Reapplication on consecutive days did not further increase 
plasma concentrations in that study. In another study, the 
levels of crotamiton in plasma and its urinary excretion after 
topical application of 18 g of 10% crotamiton lotion to three 
volunteers indicated a relatively low absorption (Sioufi et al., 
1989). Mean plasma concentration reached a peak after 6 
hours of about 400 nmol/l, and urinary excretion was < 1% 
of the applied dose.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are no data that directly correlate the clinical activity 
of crotamiton with its pharmacokinetic/pharmacodynamic 
parameters.

5d.  Excretion

Any crotamiton that is absorbed appears to be excreted in 
the urine.

5e.  Drug interactions

Given the topical route of crotamiton use, no drug interac-
tions are expected.
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6. ADVERSE REACTIONS AND TOXICITY

Crotamiton appears safe in animal studies. The LD50 in the 
rat after subcutaneous injection is 1630 mg/kg, and no toxic 
effects were reported after multiple applications to large areas 
of excoriated skin (cited in Roos et al., 2001). In a historical 
study, no local reactions, and no hematotologic or nephro-
toxic effects, were observed in the animal model (Domenjoz, 
1946). The LD50 in mice in that study was determined as 1600 
mg/kg, and in rats 1500 mg/kg (Domenjoz, 1946).

Side effects of crotamiton in humans are rare, but can 
include irritation of skin, rash, and pruritus. In a study of 50 
infants and children < 2 years of age that entailed repeated 
applications over 3–5 consecutive days of 10% crotamiton 
cream or lotion, no topical or systemic side effects were 
reported (Cubela and Yawalkar, 1978). In another trial under-
taken in 50 infants and small children, no significant side 
effects were reported (Konstantinov et al., 1979). No derange-
ments of blood counts, urine examinations, and liver func-
tion tests were reported in the latter patient population. In a 
clinical trial that included 63 participants, a maculopapular 
exanthem was observed in one participant (Tausch, 1999).

6a.  Hypersensitivity reactions

Although allergic sensitization can occur, clinically relevant 
allergic contact dermatitis to crotamiton-containing creams 
is very uncommon, and has been described in only a few 
cases (Bereston, 1952; Hausen and Kresken, 1988; Baptista 
and Barros, 1992; Hara et al., 2003; Oiso et al., 2003a; Oiso 
et al., 2003b). In a recent case, exacerbation of contact der-
matitis following use of crotamiton resulted in a diagnosis of 
underlying chronic pemphigus (Mori et al., 2014). 

6b.  Overdose

Accidental oral ingestion may cause burning sensation in the 
mouth, irritation of esophageal and gastric mucosa, nausea, 
vomiting, and abdominal pain. An older report described 
development of cyanosis in a child of 2.5 months of age fol-
lowing excessive topical application of crotamiton cream 
(Arditti and Jouglard, 1978). In another case report, drows-
iness, convulsions, and coma were observed in a 23-year- 
old woman after intentional oral ingestion of crotamiton 
(Meredith et al., 1990). The patient recovered after 6 days.

6c.  Carcinogenicity

There are no data available regarding long-term carcinoge-
nicity in animals. 

7. CLINICAL USES OF THE DRUG

7a.  Scabies

The first clinical study assessing the efficacy of crotamiton 
in treating scabies was published in 1946 by Geigy, the maker 

of Eurax. The company performed an uncontrolled open 
study of 252 individuals, and high cure rates were reported 
(Burckhardt and Rymarowicz, 1946). Since then, several 
clinical trials have been performed, of differing quality in 
study design and with different outcomes. In most compara-
tive studies, crotamiton was shown to be less effective than 
lindane and permethrin (Strong and Johnstone, 2007; Roos 
et al., 2001). However, owing to its perceived low toxicity 
and low potential for causing skin irritation, crotamiton is 
still often prescribed for infants and small children.

In a randomized controlled trial, a 10% crotamiton cream 
cured only 6 of 47 (13%) children aged between two months 
and five years of age with scabies, after a single application 
(Taplin et al., 1990). After four weeks, the cure rate (defined 
as the complete absence of clinical lesions and mites) was 
60%, significantly lower than among children treated with 
5% permethrin cream (89% cure). Relief of pruritus was also 
greater in the permethrin group. Effectiveness may be higher 
when a second treatment is applied after 24–48 hours with no 
bathing in the interval, as recommended by the crotamiton 
manufacturer, and other trials have shown increased cure 
rates after repeated application of crotamiton. For example, 
in a small randomized comparative double-blind trial com-
paring Crotamitex (n = 30) and Euraxil (n = 33) lotions (both 
containing 10% crotamiton) applied for five consecutive 
days, efficacy was found to be 100% after 12–15 days in both 
groups (Tausch, 1999). However, in that study, the primary 
outcome measure was based on microscopic detection of live 
mites only, a method with low sensitivity for detecting active 
scabies, and thus cure rates were probably overestimated.

In an open comparative trial, Amer and el-Gharib (1992) 
reported cure rates of 98%, 88%, and 84% for treatment on 
two consecutive days with 5% permethrin, 10% crotamiton, 
and 1% lindane, respectively. Konstantinov et al. (1979) 
reported cure in all 50 enrolled infants and children treated 
with applications of 10% crotamiton cream or lotion on five 
consecutive days. Whether this cure rate is likely to be repro-
ducible in uncontrolled settings is uncertain, as bathing 
was not permitted during the treatment period. Indeed, in 
another trial performed exclusively in infants and small chil-
dren, cure rates following three applications of 10% crotami-
ton cream and lotion were 36% and 60%, respectively (Cubela 
and Yawalkar, 1978). Cure rates increased in a subgroup 
treated on five consecutive days. However, the sample size 
in this study was very small, and the outcome measures were 
not well described.

Three recent randomized comparative studies from the 
same group in Iran have supported the lower efficacy of cro-
tamiton in comparison to that of newer acaricides. In 350 
randomized patients, 10% crotamiton cream prescribed twice 
daily for 5 days (but not supervised) was compared with 5% 
permethrin cream given on 2 occasions with a 1-week inter-
val (Pourhasan et al., 2013). Outcomes were evaluated at 
2 and 4 weeks, with the treatment repeated at the 2-week 
follow-up if inadequate response was observed. Perceived 
cure rates from crotamiton and permethrin, respectively, were 
45% and 70% at the 2-week follow-up, and 65% and 85% at 
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the 4-week follow-up (after the treatment was repeated in 
those with an inadequate response).

In a related study of 320 randomized patients, 10% crota-
miton cream prescribed twice daily for 5 days (but not super-
vised) was compared with a single dose of oral ivermectin 
200 µg/kg body weight (Goldust et al., 2014a). Outcomes 
were evaluated at 2 and 4 weeks, with the treatment repeated 
at the 2-week follow-up in cases of inadequate response. 
Perceived cure rates from crotamiton and oral ivermectin, 
respectively, were 46.8% and 62.5% at the 2-week follow-up, 
and 62.5% and 87.5% at the 4-week follow-up after the treat-
ment was repeated in those with an inadequate response.

In the third study, of 340 randomized patients, 10% crota-
miton cream prescribed twice daily for 5 days (but not super-
vised) was compared with 1% topical ivermectin given on 
2  occasions with a 1-week interval (Goldust et al., 2014b). 
Outcomes were evaluated at 2 and 4 weeks, with the treat-
ment repeated at the 2-week follow-up in case of inadequate 
response. Perceived cure rates from crotamiton and topical 
ivermectin, respectively, were 41.2% and 64.7% at the 2-week 
follow-up, and 64.7% and 82.3% at the 4-week follow-up 
(after the treatment was repeated).

There are methodological problems in many studies of 
scabies therapy (Strong and Johnstone, 2007), in particular 
uncertainty of the sensitivity and specificity of diagnostic cri-
teria for inclusion and for assessment of cure. In addition, 
in vitro studies of S. scabiei sensitivity to, and primary and 
acquired resistance patterns for, the various acaricides are 
very limited. Nevertheless available data support 5% perme-
thrin (see Chapter 210, Permethrin) and oral ivermectin (see 
Chapter 204, Ivermectin and Moxidectin) as being superior 
to crotamiton for primary therapy for scabies, as has been 
recommended in reviews of scabies therapy over the last 2 
decades (Konstantinov et al., 1979; Estes, 1982; Wolf and 
Wolf, 1988; Taplin et al., 1991; Chosidow, 2000; Scheinfeld, 
2004; Johnston and Sladden, 2005; Karthikeyan, 2005; Heu-
kelbach and Feldmeier, 2006; Chosidow, 2006; Strong and 
Johnstone, 2007; Currie and McCarthy, 2010).

Crotamiton or sulfur compounds remain the recom-
mended therapy for scabies in infants under 2 months in most 
guidelines, although 5% permethrin cream is likely to increas-
ingly be recommended for this age group as well as for preg-
nant and lactating women. A potential future use of crotamiton 
may materialize when permethrin and/or ivermectin resis-
tance emerges, as is predicted to occur with increasing use 
of these agents globally (Mounsey et al., 2010; Fischer et al., 
2012). Multiple doses of crotamiton are likely to be required, 
such as daily or twice daily use, and direct supervision of top-
ical application may overcome the problems of adherence to 
therapy that have been evident from prior studies. 

7b.  Other uses

Crotamiton has been used in the treatment of mite infesta-
tions other than S. scabiei infestation. A case of otoacariasis 
caused by a histiostomatid mite was successfully treated with 
crotamiton ear drops for 1 week (Al-Arfaj et al., 2007).

While not considered the primary therapy for rosacea, 
crotamiton 10% has been successfully used in the manage-
ment of some cases of rosacea and in rosacea-like conditions, 
most notably when there is a high concentration of the mite 
Demodex folliculorum such as occurs with Demodex derma-
titis (Purcell et al., 1986; Abd-El-Al et al., 1997; Forton et al., 
1998; Pallotta et al., 1998; Rebora, 2002; Bikowski and Del 
Rosso, 2009; Parodi et al., 2011).

Some studies have shown efficacy in the treatment of 
pediculosis with 10% crotamiton. A single application of cro-
tamiton successfully treated 96% of 49 patients with head lice 
(Karacic and Yawalkar, 1982). In Europe, crotamiton has 
been commonly used for treatment of head lice infestations 
and pruritus (Ippen and Uter, 1991). Crotamiton has also been 
successfully used to treat pubic lice (Ragheb et al., 1995). 

Crotamiton has long been considered to have a clinically 
useful antipruritic effect (Couperus, 1949; Tausch, 1999; 
Holme and Mills, 2001), although some have questioned 
its efficacy as an antipruritic agent (Smith et al., 1984; Schein-
feld, 2004). In a recent study of inhibitory effects on various 
pruritogen-induced scratching behaviors in mice, topical 
10% crotamiton moderately inhibited histamine-, serotonin-, 
and PAR-2 agonist–induced scratching behaviors (Sekine et 
al., 2012).
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Aciclovir and Valaciclovir

Renee-Claude Mercier and Gregory Mertz

1. DESCRIPTION

Aciclovir is an acyclic nucleoside analog of guanine used pre-
dominantly for the treatment of herpesvirus infections. The 
discovery of aciclovir demonstrated for the first time that 
compounds could be made that blocked replication of DNA 
viruses without inhibiting cellular DNA synthesis (Elion, 1993).

Also known as acyclovir or acycloguanosine and having 
the chemical formula 9-(2-hydroxyethoxymethyl) guanine, 
aciclovir was marketed under the trade name Zovirax, ini-
tially by Burroughs Wellcome and now by its successor by 
merger, GlaxoSmithKline. Aciclovir is also available as a 
generic drug and manufactured by many companies world-
wide. Aciclovir is a deoxynucleoside analog, similar to idox-
uridine (see Chapter 222, Idoxuridine) and vidarabine (see 
Chapter 218, Vidarabine and Figure 218.1). It was selected 
from a number of analogs in which the cyclic carbohydrate 
moiety was replaced by an acyclic side chain. In aciclovir,  
the deoxyribose component of deoxyguanosine has been 
replaced by a hydroxyethoxymethyl substituent on the 
purine ring (Elion et al., 1977; Schaeffer et al., 1978). Con- 
centrations of aciclovir are reported in both micrograms per 
milliliter (μg/ml) and micromoles (μΜ), but the latter can 
be approximately converted to micrograms per milliliter by 
dividing the micromolar concentration by four (1 μg/ml = 
4.44 μΜ).

Aciclovir is available in intravenous, oral, and topical 
preparations (ophthalmic ointment and water-soluble cream 
for mucocutaneous use).

The most important prodrug of aciclovir that has been 
developed and is now in clinical use is valaciclovir. Vala-
ciclovir (also known as BW256U87 or valacyclovir, and mar-
keted under the trade name Valtrex by GlaxoSmithKline) is 
the hydrochloride salt of the l-valyl ester of aciclovir, which 
was developed originally by Wellcome Research Laboratories. 
This aciclovir prodrug is rapidly and virtually completely con-
verted to aciclovir after oral administration. As oral adminis-
tration of valaciclovir results in aciclovir plasma levels nearly 
equivalent to those achieved by intravenous administration, 
its efficacy is superior to that of oral aciclovir for the treatment 

of zoster and equivalent to oral aciclovir in the treatment of 
first and recurrent episodes of genital herpes. The oral dosing 
regimen of valaciclovir is more favorable than that of aciclo-
vir. Valaciclovir is available as 0.5- or 1.0-g caplets; the 1.0-g 
caplet is scored and can be broken in half.

The chemical name of valaciclovir is 2-[(2-amino-1, 
6-dihydro-6-oxo-9H-purin-9-yl)methoxy]-ethyl l-valinate 
hydro chloride. Aciclovir constitutes 69.4% of the molecular 
weight of valaciclovir base (Weller et al., 1993a). The molec-
ular weight of valaciclovir is 324.34; the chemical structure is 
shown in Figure 213.1. Ganciclovir (see Chapter 215, Gan-
ciclovir and valganciclovir) is closely related to aciclovir and 
differs by having an additional CH2OH on the side chain.

2. ANTIMICROBIAL ACTIVITY

Drug susceptibility testing systems for viruses are still poorly 
standardized. The plaque reduction assay is the most widely 
accepted method but is laborious to perform and the results 

Figure 213.1. Chemical structure of aciclovir and valaciclo-
vir, the l-valyl ester of aciclovir 2-([(2-amino-l, 6-dihydro-6-
oxo-9H-purin-9-yl)methoxy]ethyl-l-valinate hydrochloride).
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are often not available in time to alter clinical management. 
Antiviral susceptibility results are usually reported as the 
50% effective concentration (EC50) or the 90% effective con-
centration (EC90); the latter is conceptually similar to the 
accepted bacteriologic minimum inhibitory concentration 
(MIC) and is widely considered to be more clinically relevant 
than the EC50 (Safrin et al., 1994c), especially in immuno-
compromised patients (Dekker et al., 1983). Because in vitro 
susceptibility testing to aciclovir can be influenced by a num-
ber of factors, the results of such tests may vary among differ-
ent laboratories. Rapid screening tests have been developed 
to assess aciclovir susceptibility within 3 days (Safrin et al., 
1994a; Tebas et al., 1995) but are not widely validated. The 
antiviral activity of valaciclovir is entirely due to its in vivo 
product, aciclovir, and hence its in vivo antiviral activity is 
identical to that of acyclovir.

2a.  Routine susceptibility

HERPESVIRUSES

Herpes simplex virus
Aciclovir is active against many human herpesviruses in vitro 
and against some infections produced in animals by these 
viruses (Table 213.1). Herpes simplex virus (HSV) types 1 
and 2 (HSV-1 and HSV-2) are the most susceptible to aciclo-
vir of all human herpesviruses, and type 1 and 2 are about 
equally susceptible (Collins and Bauer, 1979; Crumpacker et 
al., 1979; McLaren et al., 1982). In one study with HSV-1, 
aciclovir was 160-fold more active than vidarabine and 
10-fold more active than idoxuridine (Schaeffer et al., 1978). 
Concentrations of aciclovir necessary to reduce plaques by 
50% in tissue culture are in the range of 0.02–13.5 μg/ml for 
HSV-1 and 0.01–9.9 μg/ml for HSV-2 (Schaeffer et al., 1978; 
Crumpacker et al., 1979; Andrei et al., 1992; Weinberg et al., 
1992). Barry and colleagues (1985) at Wellcome Research 
Laboratorie tested aciclovir sensitivity of 1417 HSV clinical 
isolates (two thirds of which were type 2); the EC90 of type 1 

isolates was 0.9 μg/ml and the EC50 was 0.2 μg/ml; the corre-
sponding values for type 2 isolates were 2.2 and 0.7 μg/ml.

A number of early animal studies validated the safety and 
efficacy of aciclovir, given topically or systemically, for HSV 
infections. Aciclovir protected mice against infection after 
intracerebral inoculation (Schaeffer et al., 1978; Park et al., 
1979a; Collins and Oliver, 1982; Kern et al., 1982). Pro phy-
lactic and therapeutic aciclovir was also effective in animal 
models of cutaneous and genital infections (Klein et al., 
1979; Park et al.; 1979b, Park et al., 1980; Hill et al., 1982; 
Kern 1982; Kern et al., 1983). When administered subcuta-
neously as a single dose to mice infected intraperitoneally 
with HSV-1, penciclovir (the active nucleoside analog in 
the oral prodrug famciclovir) was active at a 10-fold lower 
dose than aciclovir (Sutton and Boyd, 1993; see Chapter 214, 
Fam ciclovir and penciclovir). When human immunoglobulin 
was combined with aciclovir, there was enhanced protection 
against HSV in mice (Cho and Feng, 1980). In rabbits, aciclo-
vir was effective topically and systemically for HSV keratitis 
(Schaeffer et al., 1978; Bauer, 1982; Trousdale and Nesburn, 
1982), and it protected against neonatal infection (Sicher and 
Oh, 1981). However, chronic oral administration of aciclovir 
did not prevent recurrence of viral shedding or clinical cor-
neal disease in rabbits with experimental HSV keratitis 
(Kaufman et al., 1983). In guinea pigs, aciclovir therapy pre-
vented experimental genital herpes (Alenius et al., 1982; Kern, 
1982; Landry et al., 1982) and protected against neural dis-
ease in hamsters (Van Ekdom and Versteeg, 1982). The use of 
aciclovir may prevent latent HSV infection in animals (Klein 
et al., 1979; Park et al., 1979b; Park et al., 1980; Kern et al., 
1983) and continuous aciclovir therapy can prevent in vitro 
reactivation of HSV virus in latently infected murine and 
human ganglia, but it is not effective in eradicating latent 
virus (Klein et al., 1979; Klein et al., 1981; Lewis et al., 1983).

Other herpesviruses
Varicella-zoster virus (VZV) is susceptible to aciclovir, with 
an EC50 ranging from 0.12 to 10.8 μg/ml for most clinical and 

Table 213.1 Susceptibility of viruses to aciclovir

Virus Range IC50 (μg/ml) References

Herpes simplex-1 0.02–13.5a Schaeffer et al. (1978), Crumpacker et al. (1979), Andrei et al. (1992), 
Weinberg et al. (1992)

Herpes simplex-2 0.01–9.9a Schaeffer et al. (1978), Crumpacker et al. (1979), Andrei et al. (1992), 
Weinberg et al. (1992)

Varicella-zoster 0.12–10.8a Crumpacker et al. (1979), Biron and Elion (1980), GlaxoSmithKline (2012), 
Preblud et al. (1984)

Cytomegalovirus 2.25–> 50a Crumpacker et al. (1979), Tyms et al. (1981), Elion (1993)

Epstein-Barr virus 0.01–2.2a Van der Horst et al. (1987), Bacon and Boyd (1995)

HHV-6      6–24b Yoshida et al. (1998)

HHV-7    121–128b Yoshida et al. (1998)

HHV-8     60–80 μMa Kedes and Ganem (1997)

Herpesvirus simiae (Cercopithecine 
herpesvirus 1)

  1000 ± 210 μMa Focher et al. (2007)

aConcentration of drug required to inhibit by 50% the growth of virus in cell culture (IC50) (60–80 μM is approximately 13.5–18.1 μg/ml; 1000 ± 210 uM is approx-
imately 225.2 ± 47.3 μg/ml).

bDot-blot antigen detection method.
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laboratory strains. Aciclovir is also active against the Oka 
vac cine strain of VZV, with a mean EC50 of 1.35 μg/ml (Crum-
packer et al., 1979; Biron and Elion, 1980; Mylan Pharma-
ceuticals, 2012; Preblud et al., 1984). The selectivity index 
of aciclovir for VZV clinical isolates is lower than that for 
sorivudine (BV-araU); but higher than that for cidofovir 
(HPMPC), ganciclovir, and adefovir (PMEA); and equiva-
lent to that of penciclovir (Andrei et al., 1995; Machida et al., 
1995).

Aciclovir inhibits Epstein-Barr virus (EBV) replication 
with half-maximal inhibitory concentration (IC50) of 0.01–
2.2 μg/ml (Van der Horst et al., 1987; Bacon and Boyd, 1995), 
but it has no effect on latent cellular infection (Pagano and 
Datta, 1982) and does not inhibit the development of EBV-
associated B-cell lymphoma in infected mice (Boyle et al., 1992).

In vitro, human cytomegalovirus is more resistant to aci-
clovir than other members of the human herpesvirus group, 
with an EC50 value ranging from 2.25 to > 50 μg/ml (Crum-
packer et al., 1979; Tyms et al., 1981; Elion, 1993). The drug 
is not effective in the treatment of guinea pigs infected with 
guinea pig cytomegalovirus (CMV) (Lucia et al., 1984). The 
mean EC50 concentration of aciclovir required to inhibit is 
approximately 40 μM (approx. 9.0 μg/ml) (Fletcher et al., 
1991).

Aciclovir is much less active in vitro against human herpes-
virus 6 (HHV-6) than cidofovir, foscarnet, and ganciclovir 
(Akesson-Johansson et al., 1990; Burns and Sandford, 1990; 
Reymen et al., 1995; Yoshida et al., 1998). For example, in 
one study the EC50 for HHV-6 ranged from 6 to 24 μg/ml for 
aciclovir compared with 0.3–1.2 μg/ml for cidofovir. In vitro 
studies have shown that aciclovir is largely inactive against 
HHV-7, with EC50 values of 121–128 μg/ml (well above achiev-
able plasma concentrations in humans), and it is also rela-
tively inactive against HHV-8, with EC50 values of 60–80 μM 
(approx. 13.5–18.1 μg/ml) (Kedes and Ganem, 1997; Yoshida 
et al., 1998).

A number of animal herpesviruses, including equine her-
pesvirus, turkey herpesvirus and Marek disease virus, were 
also inhibited by aciclovir in vitro (Samorek et al., 1987; Garre 
et al., 2007), while feline herpesvirus 1 was relatively resistant 
(van der Meulen et al., 2006). Herpesvirus simiae is also aci-
clovir susceptible, and aciclovir given intravenously shortly 
after inoculation of herpesvirus simiae protected rabbits 
against fatal infection (Boulter et al., 1980).

OTHER VIRUSES OR MICROORGANISMS

Aciclovir does not inhibit replication of the poxvirus vaccinia 
(De Clercq et al., 1980). It has little effect on adenoviruses or 
on RNA viruses, such as rhinoviruses, yellow fever, measles, 

respiratory syncytial viruses, and influenza viruses (Schaeffer, 
1978). Aciclovir has been found to inhibit the replication of 
hepatitis B virus in cell lines, possibly related to the increase 
in HLA class I molecules induced on the surface of the cells 
after exposure to aciclovir (Takehara et al., 1992), but it has 
no activity clinically. Aciclovir has no effect on Pneumocystis 
carinii in the rat model (Walzer et al., 1992) or against Sal
monella species in vitro (Sperber et al., 1993).

2b.  Emerging resistance and 
cross-resistance

There are two major mechanisms underlying the development 
of resistance of HSV strains to aciclovir. Thymidine kinase 
(TK) gene mutations, which result in enzyme deficiency or 
decreased drug affinity, and/or alterations in viral DNA poly-
merase, which decrease drug affinity, are mechanisms of 
resistance observed in HSV-1, HSV-2, and VZV (Levin et 
al., 2004; Burrel et al., 2013; Table 213.2). The most common 
mechanism of resistance seen in both immunocompetent 
and immunosuppressed patients is TK gene mutation result-
ing in enzyme deficiency (Englund et al., 1990; Burrel et al., 
2013; Gaudreau et al. 1998). The development of viruses with 
insertions or deletions in the TK gene usually results in 
production of a truncated, enzymatically inactive protein 
(TK-negative mutants). Nucleotide substitutions in the TK 
gene can also produce one or more premature stop codons, 
likewise resulting in a truncated, inactive TK protein (TK- 
negative mutant). More commonly, such nucleotide substitu-
tions lead to a TK enzyme with reduced ability to phosphor-
ylate aciclovir or a TK with altered substrate specificity, able 
to phosphorylate thymidine but not aciclovir (TK-altered 
mutants) (Ellis et al., 1987). Mutations have been described 
in codons 105, 217, 336, 520, and 668 of the TK gene asso-
ciated with the development of resistance (Kit et al., 1987; 
Chatis and Crumpacker, 1991; Palu et al., 1992; Rechtin et 
al., 1995). HSV strains that are resistant to aciclovir by virtue 
of TK mutations are susceptible to tenofovir and cidofovir 
(drugs that are already monophosphorylated and do not 
require a TK for their intracellular activity) and to foscarnet, 
which directly inhibits the DNA polymerase. HSV strains 
that have DNA polymerase mutations can also be resistant to 
aciclovir (Snoeck et al., 1994; Chibo et al., 2002; Morfin and 
Thouvenot, 2003; Stranska et al., 2004).

Much less commonly, resistance to aciclovir may develop 
due to mutations in only the viral DNA polymerase (Field et 
al., 1980; Knopf et al., 1981; Coen et al., 1982; Crumpacker, 
1988; Collins et al., 1989; Collins and Darby, 1991). A single 
point mutation in the DNA polymerase gene has been detected 

Table 213.2. Mechanisms of resistance of HSV to aciclovir

Target gene Mutation Result

Thymidine kinase (TK) Insertions/deletions Truncated TK protein (TK deficient)

Substitutions Truncated TK protein (TK negative)

Substitutions Altered substrate specificity (TK altered)

DNA polymerase Insertion/deletions Decreased DNA polymerase sensitivity to aciclovir
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in a clinical isolate of HSV that resulted in resistance to both 
aciclovir and foscarnet (Hwang et al., 1992).

Aciclovir resistance among HSV isolates has been a con-
cern since failure of aciclovir therapy secondary to emergence 
of resistance to aciclovir in immunocompromised hosts was 
first reported in the early 1980s (Burns et al., 1982; Crum-
packer et al., 1982; Sibrack et al., 1982; Wade et al., 1982a; 
McLaren et al., 1983; Wade et al., 1983a; Straus et al., 1984; 
Erlich et al., 1989a). About 90% of aciclovir-resistant HSV in 
HIV-infected patients is due to HSV-2, and it usually causes 
extensive local mucocutaneous disease but only rarely dis-
seminates in patients with a very advanced stage of immu-
nosuppression (CD4 count of < 100 cells/μl) (Safrin, 1993). 
Fortunately, with the advent of highly active antiretroviral 
therapy (HAART) and the concomitant reduction in the 
number of HIV-infected patients with advanced disease, the 
authors’ experience is that aciclovir-resistant HSV infections 
have become much less common when HAART is available. 

Despite widespread use of aciclovir over the past 25 years, 
the prevalence of aciclovir-resistant HSV infections remains 
low among immunocompetent patients (Fife et al., 1994; 
Danve-Szatanek et al., 2004; Stranska et al., 2005; Ziyaeyan et 
al., 2007). Mathematical modeling by Blower et al. (1998) 
indicated that even with a high prevalence of HSV-2 infec-
tions and a high frequency of treatment, it would take 50 
years for the prevalence of aciclovir-resistant HSV-2 to reach 
2%. Part of this phenomenon can be attributed to the virus’s 
ability to revert to wild type in the absence of antiviral drug and 
the sustained existence of sensitive virus in latency (Leung 
and Sacks, 2000).

HSV cultures often contain heterogeneous populations 
of susceptible and resistant HSV strains (Parris and Harring-
ton, 1982; Christophers and Sutton, 1987; Nugler et al., 1992). 
Moreover, strains of HSV have been detected among clinical 
isolates that are resistant to high concentrations of aciclovir 
before exposure to the drug; these are resistant possibly due 
to alterations in the DNA polymerase gene locus (Parris and 
Harrington, 1982). Variation in susceptibility of HSV (types 
1 and 2) to aciclovir among clinical isolates before exposure 
to the drug has been confirmed by larger studies (Dekker et 
al., 1983; McLaren et al., 1983).

Although there are several reports of the emergence of 
strains of HSV resistant to aciclovir associated with both intra-
venous and oral treatment with the drug, in both adults and 
children, the incidence and prevalence of these strains remain 
very low in immunocompetent patients (Burns et al., 1982; 
Crumpacker et al., 1982; Sibrack et al., 1982; Wade et al., 1982a; 
McLaren et al., 1983; Wade et al., 1983a; Straus et al., 1984; 
Fife et al., 1994; Stranska et al., 2005). Aciclovir-resistant HSV 
strains are most commonly seen in immunocompromised 
patients (Erlich et al., 1989b; Stranska et al., 2005), whereas 
immunocompetent patients are highly unlikely to present 
with aciclovir-resistant HSV infection (Barry et al., 1985; 
Pottage and Kessler, 1995). A study conducted in France over 
a 3-year period reported a 0.32% prevalence of aciclovir resis-
tance among immunocompetent patients (Danve-Szatanek 
et al., 2004). The same study compared the prevalence in immu- 

nocompetent patients and immunocompromised patients and 
found that bone marrow transplant patients had the highest 
prevalence of aciclovir resistance at 10.9%; HIV-infected 
patients had a prevalence of 4.2%, and overall the immuno-
compromised group had a prevalence of 3.6%. In persons with 
immunodeficiency, resistant strains of HSV were initially iden-
tified with increasing frequency, but the prevalence has now 
been stable at approximately 5% based on several reports 
(Englund et al., 1990; Nugler et al., 1992; Collins and Ellis, 1993; 
Christophers et al., 1998). Aciclovir-resistant HSV strains in 
immunocompromised patients frequently fail to respond to aci-
clovir: In immunocompetent patients no correlation has been 
established between aciclovir resistance and clinical course, 
largely because TK mutants are less virulent (Collins and Ellis, 
1993; Leung and Sacks, 2000; Danve-Szatanek et al., 2004).

The low incidence of aciclovir resistance associated with 
chronic therapy has been confirmed in long-term studies 
(Mertz et al., 1988a; Englund et al., 1990). No laboratory evi-
dence of resistance was found in a study of more than 1100 
immunocompetent individuals receiving up to 6 years of 
aciclovir for suppression of recurrent genital herpes (Baker, 
1994). In another study of similar individuals taking aciclo-
vir for 6 years, the median EC50 of the participants’ isolates to 
aciclovir after cessation of therapy was 0.79 μg/ml, with only 
3.5% of isolates considered resistant, defined as an IC50 of ≥ 3 
μg/ml (Fife et al., 1994). Even in an immunocompromised 
population the incidence of aciclovir resistance was low (Eng-
lund et al., 1990; Tang and Shepp, 1992; Boivin et al., 1993).

There is virtually complete cross-resistance between aciclo-
vir and penciclovir among HSV strains (Safrin and Phan, 1993) 
although it is not universal (see Chapter 214, Fam ciclovir and 
penciclovir). Cross-resistance is also nearly universal between 
aciclovir and bromovinyl deoxyuridine (BVDU). Although 
there are reports of isolates with resistance to both foscarnet 
and aciclovir (Birch et al., 1990; Hwang et al., 1992; Safrin et 
al., 1994b), cross-resistance is generally not observed between 
aciclovir-resistant TK mutants and vidarabine, foscarnet, 
or cidofovir because the compounds do not require intra-
cellular monophosphorylation or do not require activation 
by HSV TK. If co-resistance is found, it must be due to DNA 
polymerase mutations, with or without co-existing TK muta-
tions (Fardeau et al., 1993). Aciclovir-resistant TK mutants 
of HSV are often cross-resistant to ganciclovir, whereas aci-
clovir-resistant polymerase mutants more commonly retain 
sensitivity to ganciclovir (Coen, 1991).

Aciclovir-resistant mutants of VZV can be selected by 
serial tissue-culture passage in the presence of the drug; this 
resistance also results from qualitative or quantitative alterations 
in virus-specified TK or DNA polymerase (Biron et al., 1982). 
Early investigators were unable to detect the development of in 
vivo resistance to aciclovir in VZV isolates from patients receiv-
ing the drug for acute zoster (Cole and Balfour, 1986).

In subsequent studies, especially in patients with advanced 
HIV infection with chronic VZV infections, aciclovir-resistant 
isolates with deficient TK or with a TK with altered substrate 
specificity have been identified (Safrin et al., 1991b; Boivin et 
al., 1994). Multiple mutations within TK have been associated 
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with aciclovir resistance of VZV. These include single nucle-
otide substitutions within highly conserved binding sites, 
resulting in the introduction of a premature termination 
codon and the production of a truncated TK protein, as well 
as random nucleotide deletions and insertions, resulting in 
amino acid substitutions in the TK protein (Talarico et al., 
1993; Boivin et al., 1994) or DNA polymerase (Sawyer et al., 
1988a). Cross-resistance of aciclovir-resistant strains of VZV 
to penciclovir has been reported, but similar to aciclovir- 
resistant strains of HSV, the development of cross-resistance 
is not universal (Hasegawa et al., 1995; see Chapter 214, Fam -
ci  clovir and penciclovir).

2c.  In vitro synergy and antagonism

In vitro, human interferon-alpha has been found to be syner-
gistic with aciclovir against HSV (Stanwick et al., 1981; Ham-
mer et al., 1982; O’Brien et al., 1990; Taylor et al., 1994). 
Synergy between interferon-alpha and aciclovir has also been 
demonstrated against CMV (Smith et al., 1983). A combina-
tion of aciclovir and vidarabine given topically or systemi-
cally was more effective than the individual drugs in limiting 
the development of HSV infection in hairless mice; given 
systemically, the combination also reduced the frequency of 
latent infection (Park et al., 1984). Vidarabine and aciclovir 
are also synergistic when tested against mice infected intra-
vaginally with HSV-2 (Crane et al., 1984). A combination of 
vidarabine and aciclovir may be synergistic against VZV 
(Biron and Elion, 1982) and is synergistic against most isolates 
of human CMV (Spector and Kelley, 1985). These obser va tions 
are interesting but have no clinical relevance. 

The combination of aciclovir and zidovudine showed addi-
tive to synergistic inhibition of CMV in vitro (Snoeck et al., 
1992). This result has been partially confirmed by a small clini- 
cal study (Sha et al., 1991), although in this author’s own 

clinical experience if this effect is present it is not clinically 
noticeable. Ribavirin has been found to potentiate the effect 
of aciclovir against HSV-1 in cell culture and in rabbits 
(Pancheva, 1991). Inhibitors of thymidylate synthetase and 
dihydrofolate reductase have been reported to potentiate the 
antiviral activity of aciclovir in vitro (Pritchard et al., 1993a; 
Pritchard et al., 1993b). Although inhibitors of the ribonu-
cleotide reductase of HSV potentiate the activity of aciclovir 
in vitro and in mice, this combination has been associated 
with a lack of response in humans (Safrin et al., 1993a; Safrin 
et al., 1993b). Unfortunately, the clinical relevance of these in 
vitro findings remains unknown and the use of combination 
therapy is not part of the standard therapeutic approach with 
aciclovir, perhaps because the drug is so effective on its own.

3. MECHANISM OF DRUG ACTION

Aciclovir is a prodrug because it must be triphosphorylated 
intracellularly to become active, and aciclovir triphosphate 
is  a potent, largely irreversible inhibitor of the DNA poly-
merases of HSV types 1 and 2 and VZV, but it has a relatively 
low toxicity for normal host cells. Because valaciclovir is con-
verted to aciclovir in vivo, its mechanism of antiviral action 
is identical to that of aciclovir.

A number of phenomena account for the 300- to 3000-
fold difference between toxicity of aciclovir for HSV and 
VZV and the host cell (Elion, 1982). The most important of 
these is the fact that aciclovir is selectively activated in HSV- 
or VZV-infected cells but remains virtually inactive in unin-
fected cells. HSV and VZV both encode a specific TK enzyme 
(Figure 213.2) that monophosphorylates the drug (Fyfe et al., 
1978; Biron and Elion, 1980); aciclovir is not a substrate for host 
cellular TK (although phosphorylation does occur to a small 
extent by some other enzymes, possibly through the action of 5′ 
nucleotidase) (Cioe et al., 1992). Aciclovir monophosphate is 

Figure 213.2. Mechanism of action of aciclovir against herpes simplex virus (HSV). Aciclovir is metabolized to the mono-
phosphate (MP) in herpes simplex-infected cells by virus-specified thymidine kinase aciclovir; the monophosphate is then 
converted to the diphosphate and triphosphate (TP) by cellular enzymes. Aciclovir triphosphate inhibits herpes simplex DNA 
polymerase and is incorporated into replicating DNA; because ACV lacks an open OH moiety, chain termination occurs. 
(Reproduced with permission from Balfour (1983b).) 
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then rapidly converted to aciclovir diphosphate and triphos-
phate by cellular enzymes. Guanylate kinase is responsible 
for converting aciclovir monophosphate to the diphosphate, 
an efficient process because the monophosphate form does 
not accumulate in cells (Miller and Miller, 1980). A number 
of cellular enzymes, including phosphoglycerate kinase, nucleo-
side diphosphate kinase, and phosphoenol pyruvate kinase, can 
convert aciclovir diphosphate to the active triphosphate form 
(Miller and Miller, 1982). The amount of aciclovir triphos-
phate formed in HSV- or VZV-infected cells is 40- to 100-
fold greater than the amount formed in uninfected cells, and 
this difference is the principal reason for the excellent thera-
peutic ratio of aciclovir. In addition, the inhibition of cellular 
DNA polymerases alpha, delta, and epsilon by aciclovir tri-
phosphate is significantly weaker than the inhibition of the 
viral DNA polymerase by the drug (Ilsley et al., 1995).

Aciclovir triphosphate tends to persist in cells because cell 
membranes are highly permeable to the unphosphorylated 
aciclovir but are impermeable to the triphosphate (Pagano 
and Datta, 1982). Consequently, blood levels of aciclovir are 
not an accurate guide of aciclovir activity in cells. 

This selectivity of aciclovir for cells expressing herpes-
virus TK is also the basis for gene therapy of cancer cells (see 
section 7h, Gene therapy using the HSV thymidine kinase).

Aciclovir triphosphate acts on the viral polymerase, which 
is essential for replication of the herpesvirus DNA genome. 
Aciclovir triphosphate competes with deoxyguanosine tri-
phosphate as a substrate for the viral DNA polymerase, but 
in a nonlinear fashion (reviewed in Elion, 1993). Because the 
competitive inhibition is not complete, some aciclovir triphos-
phate is incorporated into the growing DNA chain. Aciclovir 
lacks the 3-hydroxyl group necessary for accepting the incom-
ing nucleotide triphosphate necessary for further DNA chain 
elongation, thus viral DNA synthesis is terminated. The virus 
DNA polymerase becomes inactivated as a result of its complex-
ing with the terminated DNA chain. As a consequence of this 
mechanism of action, aciclovir is effective only against actively 
replicating virus and does not eliminate latent viral genomes.

The antiviral activity of aciclovir is restricted to viruses 
that specify a TK capable of recognizing aciclovir as a sub-
strate. Although vaccinia virus expresses a virion-specified 
TK during infection, the vaccinia enzyme does not phos-
phorylate aciclovir (St Clair et al., 1980).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Aciclovir is available in several formulations, whereas valaci-
clovir is available only orally. Aciclovir formulations include:

• Aciclovir powder for reconstitution as an i.v. prepara-
tion: Vials contain lyophilized aciclovir sodium (equiv-
alent to 500 or 1000 mg aciclovir) for i.v administration. 
Each 500- or 1000-mg vial should be reconstituted by 
adding 10 or 20 ml, respectively, of sterile water for injec-
tion. The final concentration is 25 mg aciclovir per ml, but 

it must be diluted further (to ≤ 7 mg/ml) before being 
administered intravenously.

• Aciclovir solution for injection: Preservative-free vials 
contain aciclovir sodium for injection at a concentration 
of 25 mg/ml (20- or 40-ml vial) or 50 mg/ml (10- or 
20-ml vial).

• Oral preparations: Aciclovir capsules contain 200 mg. 
Aciclovir tablets contain 200, 400, or 800 mg. Aciclovir 
suspension contains 200 mg/5 ml (bottles of 480 ml). 
Valaciclovir tablets: contain 500 mg or 1000 mg.

• Topical aciclovir preparations: 
   Ointment: Each gram contains 50 mg of aciclovir (5%). 

It is available as 5-, 15-, and 30-g doses.
   Cream: Each gram contains 50 mg of aciclovir (5%) 

w/w cream in a water-miscible base ontaining propyl-
ene glycol. It is available as a 5-g dose and combined 
with 1% hydrocortisone.

   Ophthalmic ointment: Each gram contains 30 mg aci-
clovir (3% aciclovir).

   Buccal tablet: 50 mg.

4a. Adults

INTRAVENOUS ADMINISTRATION

The content of the aciclovir 500- and 1000-mg vials should 
be reconstituted with 10 and 20 ml of sterile water for injec-
tion, respectively. The calculated dose should be removed 
from the vial and resuspended in an appropriate intravenous 
solution to an infusion concentration of 7 mg/ml or lower. A 
number of solutions are compatible and recommended for 
the delivery of aciclovir, including dextrose 5% with or 
without sodium chloride 0.225%, 0.45%, or 0.9%; lactated 
Ringer’s injection; sodium chloride 0.9%; and sterile water for 
injection. Higher concentrations have been associated with 
phlebitis and injection site inflammation (GlaxoSmithKline, 
2003). The aciclovir solution should be given over 1 hour to 
prevent renal tubular damage (Campos et al., 1992). The rec-
ommended doses and indications are summarized in Table 
213.3. In obese patients (body mass index ≥ 30 kg/m2) the 
dose should be based on ideal body weight as opposed to 
total body weight (Glaxo Smith  Kline, 2003).

For severe initial episodes of genital HSV infection in 
immunocompetent patients ≥ 12 years old, the recommended 
dose is 5 mg/kg body weight, given intravenously every 8 
hours for 5–7 days. The dosage for immunocompromised 
patients 12 years or older with mucocutaneous herpes simplex 
infections is 5 mg/kg body weight, given intravenously every 
8 hours for 7 days. Oral aciclovir, valaciclovir, or famciclovir are 
more commonly prescribed for genital HSV infections, with 
intravenous therapy being reserved for severe cases of primary 
HSV in immunocompetent persons or for the treatment of 
more complicated cases of recurrent disease in immunocom-
promised patients (see Section 7, Clinical uses of the drug).

For HSV encephalitis, the dosage for adults and children 
≥ 12 years is 10 mg/kg body weight given intravenously every 
8 hours for at least 10 days. Although valaciclovir is not 
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approved and only minimally studied for treatment of HSV 
encephalitis, the blood levels achieved with oral valaciclovir 
(1 g three times daily) produces serum and cerebrospinal fluid 
(CSF) levels of aciclovir similar to those seen with intravenous 
aciclovir and well above the levels required to inhibit HSV 
replication (Cunha and Baron, 2017; Pouplin et al., 2011). 

In immunocompromised patients with severe recurrent 
VZV infection (shingles), the dosage for adults and children 
≥ 12 years is 10 mg/kg body weight given intravenously every 
8 hours for 7 days, and for children < 12 years is 20 mg/kg/

dose every 8 hours for 7 days. Immunocompetent patients 
should preferably receive oral therapy with valaciclovir or 
aciclovir if treatment is judged necessary. 

In the case of primary VZV infection (chickenpox) in an 
immunocompromised adult or child, a dose of 10 mg/kg of 
aciclovir intravenous every 8 hours is recommended.

ORAL ADMINISTRATION

The recommended doses and indications of oral administra-
tion of aciclovir are summarized in Table 213.3.

Table 213.3. Aciclovir/Valaciclovir dosing recommendations

Type of infection Drug Route and dosagea Comments

Genital HSV

Initial episode Aciclovir 400 mg p.o. three times per day for 7–10 days Preferred route in normal host

200 mg p.o. five times per day for 7–10 days

5 mg/kg i.v. every 8 hours for 5–7 days Reserved for severe cases

Valaciclovirb 1 g p.o. twice a day for 7–10 days

Recurrent episode Aciclovir 400 mg p.o. three times per day for 5 days Limited clinical benefit

800 mg p.o. three times per day for 2 days

800 mg p.o. twice a day for 5 days

Valaciclovir 500 mg p.o. twice a day for 3 days

1 g p.o. once a day for 5 days

Suppression Aciclovir 400 mg p.o. twice daily Reduce recurrences by 70–80%

Valaciclovir 500 mg p.o. once a day Less effective than acyclovir or other 
valaciclovir regimen in patients with  
≥ 10 episodes per year

1 g p.o. once a day

Mucocutaneous HSV

Immunocompromised host Aciclovir 400 mg p.o. 5 times per day for 7–14 days

5 mg/kg i.v. every 8 hours for 7 daysc Use ideal body weight in obese patients

5% ointment topically every 6 hours for 7 days For minor lesions only

HSV encephalitis

Aciclovir 10 mg/kg i,v, every 8 hours for 14–21 daysd Alternative therapy: vidarabine

Neonatal HSV

Aciclovir 20 mg/kg i.v. every 8 hours for 14–21 days Alternative therapy: vidarabine

Varicella

Normal host Aciclovir 20 mg/kg p.o. four times per day for 5 days Maximum dose 800 mg/dose

Valaciclovir 20 mg/kg p.o. three times daily for 5 days Maximum of 1 g three times daily)

Immunocompromised host Aciclovir 10–12 mg/kg i.v. every 8 hours for 7 daysd From Whitley and Gnann (1993)

Zoster

Normal host Aciclovir 800 mg p.o. five times per day for 7–10 days Preferably initiate within 48 hours of onset 
of rashValaciclovirb 1 g p.o. three times per day for 7 days

Immunocompromised host Aciclovir 800 mg p.o. five times per day for 7 days Not severe; if progression switch to i.v.

10–12 mg/kg i.v. every 8 hours for 7–14 daysd Severe. From Whitley and Gnann (1993)

Ophthalmicus Aciclovir 800 mg p.o. five times per day for 10 days

Valaciclovirb 1 g p.o. three times per day for 10 days

aThe doses are for adults with normal renal function unless otherwise noted.
bHigher blood levels and less frequent dosing with oral valaciclovir favor the prodrug rather than oral aciclovir.
cAciclovir dose of 250 mg/m2 of body surface area or 10 mg/kg should be given to children under 12 years of age.
dAciclovir dose of 500 mg/m2 of body surface area or 20 mg/kg should be given to children under 12 years of age.
Source: Adapted from CDC (2015).
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Current recommendations for HSV are based on the US 
Centers for Disease Control and Prevention (CDC) sexually 
transmitted infections guidelines published in 2015. For ini-
tial episodes of genital herpes, the recommended dose of aci-
clovir is 400 mg three times a day or 200 mg every 4 hours 
during waking hours (i.e. five tablets per day) or valaciclovir 
1 g twice daily for 7–10 days. Although the data are scant, 
presumably similar doses would be effective for initial epi-
sodes of orofacial herpes.

For persons with frequent recurrences of genital herpes 
(generally ≥ 6 annually), the recommended daily suppressive 
dose of aciclovir is 400 mg twice daily. In a classic dose-ranging 
study, Mindel et al. (1988) found that efficacy was increased by 
increasing the frequency of administration and by increased 
daily dose. A dose of 400 mg twice daily was less effective in 
suppressing recurrences of genital herpes than 200 mg taken 
four times per day. However, the convenience of twice-daily 
dosage for most patients results in greater compliance than 
four times daily therapy. Once-daily dosing of aciclovir, even 
with a relatively large dose of 800 mg, was relatively ineffec-
tive in patients on suppressive therapy; an annual discussion 
should be held to ascertain whether further suppressive 
therapy is warranted. The recommended suppressive dose of 
valaciclovir ranges from 500 mg to 1 g once daily. The higher 
dose is recommended for patients with ≥ 10 episodes per 
year. No dose-ranging data are available for suppressive ther-
apy of frequently recurrent orofacial HSV (admittedly a rare 
problem) or at other sites (e.g. herpes gladiatorum), but pre-
sumably similar doses should be effective. Short-term, pro-
phylactic suppressive aciclovir (400 mg twice daily) has also 
been used to prevent recurrences of labial HSV in skiers, the 
recurrences presumably triggered by ultraviolet light expo-
sure (Spruance et al., 1988).

Patient-initiated therapy is commonly used to manage 
recurrent HSV disease that is insufficiently troubling to require 
suppressive therapy. The patient is given a supply of aciclovir 
or valaciclovir adequate for several treatment courses, with 
instructions to commence therapy at the earliest symptom or 
sign of a recurrence. The recommended doses for treatment 
of recurrent genital HSV are either aciclovir 400 mg three 
times daily or 800 mg twice daily for 5 days or 800 mg three 
times daily for 2 days or valaciclovir 500 mg twice daily for 
3 days (CDC, 2015).

For patients with shingles, especially elderly patients with 
moderate to severe manifestations, aciclovir or valaciclovir 
should be commenced as soon as possible after the onset 
of rash (definitely within 72 hours) using a dose of aciclovir 
800 mg five times per day, or valaciclovir 1 g three times daily 
and continued for a period of 7–10 days. Although not yet 
universally licensed for the following indications, aciclovir is 
used by a number of clinicians in these circumstances: adults 
with primary varicella (chickenpox) who are well enough to 
take oral therapy, commencing treatment within the first 24 
hours; unvaccinated children older than 12 years of age with 
primary varicella (chickenpox) or in children with a pre-
existing chronic cutaneous or pulmonary disorder (American 

Academy of Pediatrics, 2015); and some immunocompro-
mised children with varicella (although intravenous therapy 
is usually preferred).

TOPICAL ADMINISTRATION

Aciclovir has been used as a 5% ointment in polyethylene 
glycol (Spruance et al., 1982), and a 5% cream in propylene 
glycol (Fiddian et al., 1983) for the treatment of herpes labi-
alis. Topical preparations have also been used to treat genital 
herpes. Topical therapy of first-episode genital herpes is dra-
matically less effective than oral or intravenous therapy, and 
as such it is not recommended for this indication by most 
authorities. In some domains (e.g. Australia) topical aciclovir 
is available without prescription, which encourages patients 
to use relatively ineffective treatment over effective treatment. 
Topical therapy of recurrent genital herpes with the 5% oint-
ment is ineffective, and treatment with the cream is only mar-
ginally effective. The buccal tablet is used in the treatment of 
recurrent herpes labialis in immunocompetent adults. The 
tablet should be applied within 1 hour after the onset of the 
prodromal symptoms and before appearance of the lesions. 
The tablet should be applied to the upper gum above the inci-
sor tooth on the same side of the mouth as the prodromal 
symptoms. Light pressure should be applied to the tablet to 
hold in place.

The 3% aciclovir ophthalmic ointment is used to treat her-
pes simplex or VZV ocular keratitis, often in conjunction 
with systemic therapy. In patients with HSV or VZV infec-
tions near but not involving the eye (e.g. trigeminal zoster or 
eczema herpeticum of the face), topical aciclovir for the eye 
is usually combined with systemic therapy (with either aci-
clovir itself, valaciclovir, or famciclovir). All patients with HSV 
or VZV infections either threatening the eye or with active eye 
involvement should be seen by an ophthalmologist.

4b.  Newborn infants and children

INTRAVENOUS ADMINISTRATION

The aciclovir dosage for mucocutaneous HSV in children 
younger than 12 years is 10 mg/kg/dose every 8 hours for 
7 days.

For HSV encephalitis, the dosage for children 3 months to 
12 years is 10–20 mg/kg every 8 hours. Neonatal HSV infec-
tions should be treated with a dose of 20 mg/kg every 8 hours 
(Kimberlin et al., 2001).

In immunocompromised patients with severe herpes zos-
ter (shingles), the dosage for children < 12 years is 20 mg/kg 
every 8 hours for 7 days. Based on limited clinical experience, 
Gould et al. (1982) suggested that a dosage of 10 mg/kg every 
8 hours for neonates and one of 250 mg/m2 every 8 hours for 
children over 1 month of age were effective and safe. Cur rently 
a dose of 500 mg/m2 (or 10 mg/kg) i.v. given every 8 hours is 
recommended for infants and children.

One study gave neonatal patients aged 4 days to 2 months 
aciclovir by 1-hour infusion at dosages of 5, 10, and 15 mg/kg 
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every 8 hours. Predictable and consistent maximum and 
minimum serum concentration (Cmax and Cmin) levels were 
obtained at 5 mg (Cmax 7.5 μg/ml; Cmin 1.3 μg/ml), 10 mg 
(Cmax 15.3 μg/ml; Cmin 2.53 μg/ml) and 15 mg (Cmax 21.5 μg/
ml; Cmin 3.43 μg/ml) (Hintz et al., 1982). Englund et al. (1991) 
studied the pharmacokinetic of aciclovir in neonates and 
found that aciclovir accumulated in premature babies and in 
those with hepatic or renal dysfunction. More recently a pop-
ulation pharmacokinetic study in premature babies demon-
strated that aciclovir clearance increased 4.5-fold from 25 to 
41 weeks of gestation (Sampson et al., 2014). Proposed dos-
ing based on these results is summarized in Table 213.4.

ORAL ADMINISTRATION

For oral dosing of aciclovir for HSV in children, see section 
4a, Adults.

Although not yet universally licensed for the following 
indications, oral aciclovir for VZV is commonly used under 
these circumstances: children older than 12 months with pri-
mary varicella and a preexisting chronic cutaneous or pul-
monary disorder (American Academy of Pediatrics, 2015) and 
some immunocompromised children with varicella (although 
intravenous therapy is usually preferred). Valaci clo vir is not 
indicated for children younger than 2 years of age. Valaciclovir 
oral suspension (25 or 50 mg/ml) can be prepared from 
500-mg Valtrex caplets using the instructions from the man-
ufacturer (Mylan Pharmaceuticals, 2012).

4c.  Pregnant and lactating mothers

Aciclovir is not teratogenic in animals (Tucker, 1982). The 
safety of aciclovir in pregnant women has not been established 
through controlled clinical trials, although the drug has been 
given to large numbers of pregnant women and published 
data do not indicate increased adverse effects or fetal abnormal-
ities related to its use in pregnancy (Brown and Baker, 1989; 
Andrews et al., 1992; Horowitz and Hankins, 1992; Spangler 
et al., 1994). If the potential benefits to the mother outweigh 
possible risks to the infant, the drug may be administered to 
women during pregnancy. 

Limited data suggest that aciclovir is excreted in human 
milk. In one report, a lactating woman was treated with 800 
mg of aciclovir for 7 days. On days 6 and 7 aciclovir concentra-
tions in random breast milk samples ranged from 4.2 to 5.8 
μg/ml. The infant was estimated to ingest 1% of the maternal 
dose (approximately 0.7 mg/kg/day) (Taddio et al., 1994). In 
another report, breast milk concentrations were 3.2-fold higher 
than serum levels in a lactating mother receiving oral aciclo-
vir (Meyer et al., 1988). Thus the drug should be administered 
to nursing mothers if the benefit to the mother is considered to 
clearly outweigh any potential risk to her infant.

When aciclovir was given to 15 pregnant women in a dose 
of 200 or 400 mg every 8 hours from week 38 of gestation 
until delivery, the drug was found to have similar pharmaco-
kinetics to that found in other studies of nonpregnant adults, 
and there was no accumulation in the fetus (mean maternal/
infant plasma ratio at delivery was 1.3) (Frenkel et al., 1991; 
Kimberlin et al., 1998).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Dosing recommendations in renal insufficiency are given in 
Table 213.5 (oral aciclovir) and Table 213.6 (valaciclovir).

Because aciclovir ( the product of the valaciclovir prod-
rug) is cleared mainly by the kidneys, higher serum levels of 
the drug are achieved in patients with renal failure, and its 
serum half-life is prolonged compared to patients with nor-
mal renal function. Renal excretion of aciclovir is impaired 
in patients with severe renal dysfunction, and there is a fairly 
good correlation between total body clearance of aciclovir 
and the estimated glomerular filtration rate (eGFR) based  
on creatinine clearance (CrCl). For adult patients with eGFR 
of 25–50 and 10–25 ml/minute, a dose of 5 or 10 mg/kg i.v. 
should be given at intervals of 12 and 24 hours, respectively. 
For patients with a creatinine clearance of 0–10 ml/minute, 
a dose of 2.5 or 5 mg/kg (i.e. half the recommended dose) is 
given every 24 hours (Blum et al., 1982; Mylan Pharma ceu ti-
cals, 2012). As with aciclovir, the dose of valaciclovir may 
need to be reduced if the creatinine clearance is < 50 ml/minute 
(GlaxoSmithKline, 2013). 

The half-life of aciclovir during hemodialysis is 5.4 hours 
(Krasny et al., 1982), and there is a 45–60% decrease in plasma 
concentrations after a 3- to 6-hour dialysis period; a dose 
should therefore be administered after each dialysis (Laskin 
et al., 1982a; Almond et al., 1995; Leikin et al., 1995). Results 
from a small open study suggest that even aciclovir 800 mg 
twice daily may result in neurotoxicity due to high aciclovir 
plasma concentrations in dialysis-dependent individuals, and 
the authors of this report recommend a 400 mg loading dose 
followed by 200 mg twice daily to maintain mean plasma lev-
els of > 6 μM (approx. 1.35 μg/ml); a further loading dose of 
400 mg should be given after dialysis (Almond et al., 1995). 
There is negligible removal of the drug by peritoneal dialysis 
(Davenport et al., 1992). In patients receiving continuous 

Table 213.4. Target attainment rate for proposed dosing 
regimensa

Dose (mg/kg)
PMA 

(weeks) n

% Participants 
≥ 3 μg/ml

CmaxSS C50SS CminSS

20 every 12 hours < 30 218 100 97 89

20 every 8 hours    30–< 36 373 98 94 75

20 every 6 hours    36–41 409 96 86 56
aTarget attainment of ≥ 3 μg/ml chosen based on IC50 < 1 μg/ml and 30–50% 

of plasma aciclovir concentration reaches the cerebrospinal fluid. All doses 
are a 1-hour infusion. 

Abbreviations: PMA: postmenstrual age; CmaxSS: aciclovir maximum concen-
tration at steady state; C50SS: steady-state plasma concentration at 50% of 
the dosing interval; CminSS: minimum concentration at steady state ≥ 3 μg/ml.

Source: Adapted from Sampson et al. (2014).
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arteriovenous hemofiltration, a dose of 3.5 mg/kg/day is rec-
ommended while dosing in patients undergoing continuous 
venovenous hemo dia lysis or hemofiltration should be 5–7.5 
mg/kg (ideal body weight) daily (Trotman et al., 2005). 
Patients receiving valaciclovir and requiring hemodialysis or 
continuous ambulatory peritoneal dialysis (CAPD) should 
be dosed as per a CrCl < 10 ml/ minute (i.e. 500 mg once 
daily), with an extra dose after hemodialysis to replace the 
dialyzed drug. Patients undergoing continuous arteriovenous 
hemofiltration (CAVH) should be dosed as per a CrCl of 
10–50 ml/minute (i.e. 1 g every 12–24 hours) (Gilbert et al., 
2007).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

In patients with moderate or severe hepatic impairment, the 
rate of conversion of valaciclovir to aciclovir is reduced. 
However, there is no requirement to modify the dose of valac-
iclovir in patients with cirrhosis (GlaxoSmithKline, 2013).

ELDERLY PATIENTS

In a study of 32 patients > 60 years old taking oral aciclovir, 800 
mg five times per day, trough plasma concentrations of aci clo- 
 vir were three times higher than reported values for younger 

subjects and were higher even in patients with normal renal 
function. However, there was no evidence of accumulation 
of aciclovir. Concomitant diuretic use was associated with 
significantly higher concentrations, probably as a result of 
competition between aciclovir and the diuretic for active 
renal secretion sites (Wood et al., 1994a). For geriatric 
patients, the mean AUC of valaciclovir-derived aciclovir was 
33–50% higher than in younger recipients (Smiley et al., 
1996). Moreover, the elimination half-life of aciclovir after 
administration of valaciclovir was slightly longer in healthy 
geriatric patients than in healthy volunteers (3.11 ± 0.51 vs. 
2.91 ± 0.63 hours). However, no specific dose adjustments 
are recommended in geriatric patients with normal renal 
function.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Compared with intravenous administration, the oral bio-
availability of aciclovir is generally fairly poor (15–20% with 
200–400 mg given every 4 hours), is quite erratic, and absorp- 

Table 213.5. Aciclovir dosage modification in patients with renal impairment

Normal dosage regimen
Creatinine clearance 

(ml/min/1.73 m2)

Adjusted dosage regimen

Dose (mg) Dosing interval

> 10 200 No change: every 4 hours, five times daily

   0–10 200 Every 12 hours

 400 mg every 12 hours > 10 400 No change: every 12 hours

   0–10 200 Every 12 hours

 800 mg every 4 hours > 25 800 No change: every 4 hours, five times daily

  10–25 800 Every 8 hours

   0–10 800 Every 12 hours

Sources: Reproduced with permission from GlaxoWellcome (Zovirax product information); and also de Miranda and Blum (1983).

Table 213.6. Valaciclovir dosing in patients with renal dysfunction

Indications
Normal dosage regimen 
(CrCl ≥ 50 ml/minute)

CrCl (ml/miute)

30–49 10–29 < 10

Orofacial HSV infection; do not 
exceed 1 day of treatment

Two 2-g doses every 12 
hours

Two 1 g doses 
every 12 hours

Two 500 mg doses 
every 12 hours

500 mg single dose

Genital herpes: initial episode 1 g every 12 hours No reduction 1 g every 24 hours 500 mg every 24 hours

Genital herpes: recurrent 
episode

500 mg every 12 hours No reduction 500 mg every 24 hours 500 mg every 24 hours

Genital herpes: suppressive 
therapy

Immunocompetent patients 1 g every 24 hours No reduction 500 mg every 24 hours 500 mg every 24 hours

Alternate dose for immuno-
competent patients with  
≤ 9 recurrences/year

500 mg every 24 hours No reduction 500 mg every 48 hours 500 mg every 48 hours

HIV-infected patients 500 mg every 12 hours No reduction 500 mg every 24 hours 500 mg every 24 hours

Herpes zoster 1 g every 8 hours 1 g every 12 
hours

1 g every 24 hours 500 mg every 24 hours

Source: Reproduced with permission from us.gsk.com/products/assets/us_valtrex.pdf. Accessed 16 February 2016.

http://us.gsk.com/products/assets/us_valtrex.pdf
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tion tends to decrease with increasing doses (Straus et al., 
1982). Absorption of oral aciclovir is not affected by food or 
antacid medications. Topical administration fails to produce 
detectable aciclovir serum levels unless it is applied to large 
areas of skin (Whitley et al., 1984). Topical application to 
external genital lesions does not result in detectable levels in 
cervicovaginal secretions (Corey et al., 1982a). Plasma pro-
tein binding of aciclovir is low, 9–33% (mean 15.4%) (Blum 
et al., 1982).

To improve on the poor oral bioavailability of aciclovir, 18 
amino acid esters of aciclovir were synthesized and tested by 
GlaxoSmithKline (Beauchamp et al., 1992). The l-valyl ester, 
valaciclovir hydrochloride, resulted in highest oral bioavail-
ability of aciclovir (Crooks and Murray, 1994). Valaciclovir 
is absorbed by intestinal dipeptide transporters, including 
human intestinal peptide transporter 1 (hPEPT-1), followed 
by hydrolysis of valaciclovir to aciclovir by esterases in the gut 
lumen, intestinal wall, and liver (Kim et al., 2003; MacDougall 
and Guglielmo, 2004; Lai et al., 2008; Figure 213.3).

In monkeys, the bioavailability of aciclovir derived from 
orally administered valaciclovir is 67% ± 13% (de Miranda 
and Burnette, 1994). In humans, aciclovir bioavailability after 
an oral valaciclovir dose of 1.0 g ranged from 51.3 to 54.2%, 
threefold to fivefold higher than the bioavailability of oral 
aciclovir (Wang et al., 1993; Soul-Lawton et al., 1995). Food 
does not have a consequential effect on absorption of valaci-
clovir or its conversion to plasma aciclovir; a high-fat break-
fast increased the AUC of valaciclovir-derived aciclovir by 
only 22% (GlaxoSmithKline, data on file; FDA New Drug 
Application 20-487/S-005).

Valaciclovir is rapidly and virtually completely converted to 
aciclovir after oral administration by first-pass metabolism in 
either the liver or the intestine (Weller et al., 1993a; Jacobson et 
al., 1994). As a consequence, the plasma concentration levels 
of unmodified valaciclovir are extremely low (≤ 0.004 μg/ml) 
to undetectable 3 hours after oral administration in humans 
(Jacobson et al., 1994; Soul-Lawton et al., 1995), and less than 
1% of orally administered valaciclovir is recovered unchanged 
in urine. Aciclovir is detected in plasma within 15 minutes after 
administration of oral valaciclovir (Jacobson et al., 1994).

It is interesting that valaciclovir is more efficiently metab-
olized to aciclovir when given orally than intravenously. Fol- 
lowing intravenous valaciclovir, 95% of the dose was found 
in the urine, with 23% of that being unchanged valaciclovir 
(Burnette and de Miranda, 1994), whereas only 1% of an oral 

dose of valaciclovir appeared unchanged in the urine (Jacob-
son et al., 1994).

The pharmacokinetic variables of aciclovir and valaciclo-
vir are summarized in Table 213.7.

The following data were compiled by pooling results from 
10 small pharmacokinetic studies of intravenous aciclovir 
(Blum et al., 1982). After administration of single doses of 0.5, 
1.0, 2.5, 5.0, 10.0, and 15.0 mg/kg i.v. to adults via constant 
infusion over a period of 1 hour, the peak serum level was 
reached at the end of the infusion and was in proportion to 
the dose; mean peak levels for these doses were 1.0, 2.1, 4.2, 
8.8, 14.6, and 22.7 μg/ml, respectively. High intersubject varia-
tion at some of these doses generally reflected a variability 
of renal function among the patients. When the same doses 
were given to adults every 8 hours, steady-state peak serum 
concentrations resulted that were similar to those after a sin-
gle dose, indicating that there is little accumulation at these 
doses. For doses of 2.5, 5.0, 10.0, and 15.0 mg/kg every 
8 hours, the steady-state peak serum concentrations (trough 
levels in parentheses) were 5.1 (0.5), 9.8 (0.7), 20.7 (2.3), and 
23.6 (2.0) μg/ml, respectively. In children given 250 mg/m2 
(about 5 mg/kg) and 500 mg/m2 (about 10 mg/kg) every 8 
hours, the mean steady-state Cmax values of 10.3 and 20.7 μg/
ml, respectively, were nearly identical to those of adults.

As indicated, the oral absorption of aciclovir is poor. 
Consequently, serum levels after oral administration are sub-
stantially lower than those reached after intravenous aciclo-
vir. When an oral dose of 200 mg is given to adults, a Cmax of 
0.35–1.0 μg/ml (mean 0.6) is found 1.5–1.75 hours later. 
Serum levels then fall in a linear fashion, with a half-life of 
about 3 hours (Van Dyke et al., 1982). With oral administra-
tion of aciclovir, serum levels reach a steady state after 1 day 
of multiple dosing; mean peak concentrations of 0.5, 1.2, and 
1.3 μg/ml and trough levels of 0.3, 0.6, and 0.8 μg/ml occur 
on day 6 after 200-, 400-, and 600-mg doses every 4 hours, 
respectively. Mean peak aciclovir levels after one dose were 
58–77% of the steady state peak level, and steady state trough 
levels were 50–62% of the peak levels. It appears that the net 
absorption of the drug is nearly proportional to dose in the 
200- to 600-mg dose range (de Miranda and Blum, 1983).

In patients with renal impairment who receive a single 
intra venous dose of aciclovir, resultant serum levels decline 
in a biphasic manner, suggesting the drug is distributed  
as in a two-compartment model. The half-life of its terminal 
elimination (beta phase) is about 3 hours, and this increases 

Figure 213.3. Pharmacokinetics of 
aciclovir and valaciclovir. Oral adminis-
tration of valaciclovir yields systemic 
aciclovir through uptake by dipeptide 
transporters in the gut lumen and by 
esterases present in the gut lumen, 
intestinal wall, and liver. More than 95% 
of administered valaciclovir is converted 
to aciclovir. (Adapted with permission 
from MacDougall and Guglielmo 
(2004).)
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to about 18 hours in anuric patients (Lietman, 1982). After 
an oral dose of 800 mg, administered to patients with end-
stage oliguric renal failure, peak plasma levels of 12.54 ± 1.76 
μM (approx. 2.82 ± 0.40 μg/ml) were achieved at 3 hours, 
with a half-life of 20.2 hours and a mean plasma level of 
6.29 μM after 18 hours (Almond et al., 1995). The mean 
half-life of aciclovir during hemodialysis has been variably 
reported to range from 5.7 to 10 hours and is also consider-
ably prolonged in patients on CAPD (13.2 ± 4.7 hours) 
(Mylan Pharmaceuticals, 2012; Burgess and Gill, 1990). Intra-
peritoneal dosing has been found to provide approximately 
60% bioavailability (Burgess and Gill, 1990). In a small study, 
plasmapheresis did not significantly alter aciclovir pharma-
cokinetics (Chavanet et al., 1990a).

5b.  Drug distribution

Aciclovir appears to be widely distributed in tissues and body 
fluids. Wade et al. (1982b) studied tissue aciclovir concentra-
tions obtained at autopsy in five patients. The average level in 
the lung was 131% of the simultaneous serum level, and in 
one patient the drug was still detectable in lung tissue 6 days 
after discontinuation of treatment. Levels in the heart and 
liver were similar to those in the lung, but levels in the renal 
medulla and cortex were 10-fold higher than the serum level. 
Aciclovir concentrations in the brain and spinal cord were 
variable, being 25–70% of the concomitant serum level.

In limited studies of CSF from adults and children, con-
centrations of aciclovir ranging from 0.2 to 4 μg/ml have been 
detected, which were 13–50% of the simultaneous serum level 
(Blum et al., 1982; Lycke et al., 1989). Higher CSF penetra-
tion has been reported in patients receiving probenecid with 
aciclovir (Chavanet et al., 1990b).

Following a 200-mg oral dose of aciclovir, a mean salivary 
level of 0.1 μg/ml was found after 2.2–2.5 hours, about 13% 

of concomitant serum levels. There was poor correlation 
between aciclovir levels in vaginal secretions and concomi-
tant serum levels, but they were about 76% of those in the 
serum (Van Dyke et al., 1982). After an intravenous dose, of 
5 mg/kg every 8 hours, aciclovir could not be detected in sal-
ivary or vaginal wash samples during the first 24 hours of 
therapy; thereafter it was found in virtually all samples. The 
mean concentration in saliva was 0.27 μg/ml and that in cer-
vicovaginal fluid 0.43 μg/ml. Aciclovir was often present in 
saliva and vaginal fluid up to 24 hours after discontinuing the 
drug (Corey et al., 1983a). Semen/plasma ratios after two 
and five times daily dosing have been reported as 1:4 and 4:2, 
respectively (Douglas et al., 1988).

During intravenous infusion and oral dosing with aciclo-
vir, concentrations of the drug in varicella-zoster vesicle fluid 
are approximately equal to serum levels (Spector et al., 1982; 
de Miranda and Blum, 1983). Topical administration of aci-
clovir 5% ointment and cream have been found to provide 
48-fold higher levels of the drug within the epidermis than 
those found after oral administration. However, at the basal 
level of the epidermis (the target site of infection) oral ther-
apy provides 2- to 3-fold higher concentrations than topical 
therapy (Parry et al., 1992). The binding of aciclovir to serum 
proteins is 9–22% (mean 15.4%) (Blum et al., 1982).

Aciclovir given to women late in the third trimester of 
preg nancy accumulates in the amniotic fluid (Frenkel et al., 
1991). Aciclovir concentrations in the umbilical vein were lower 
than corresponding maternal plasma concentrations, with a 
maternal plasma to umbilical vein ratio of 1.3 in 10 pregnant 
women receiving 400 mg three times daily (Kimberlin et al., 
1998). The level of aciclovir in breast milk of a lactating 
mother receiving oral aciclovir has been reported to be 3.2-
fold higher than serum levels (Meyer et al., 1988).

When oral aciclovir in a dose of 400 mg (250–650 mg/m2) 
five times daily was given to 10 children (aged 3–15 years), 

Table 213.7. Aciclovir pharmacokinetics resulting from various dosing regimens of valaciclovir and aciclovir

Oral dose

Intravenous 
aciclovir dose

Mean plasma aciclovir pharmacokinetic variables

ReferenceValaciclovir Aciclovir
Cmax 

(μg/ml)
tmax 

(hours)
Daily projected 
AUC (μg/ml/h)

Plasma 
half-life (hours)

200 mg 5/day 0.8  12

800 mg 5/day 1.6  24

1.0 g given once 5.5 1–2  19 2.8 Jacobson (1993)

250 mg 4/day for 10 days 2.1  23

500 mg 4/day for 10 days 3.7  41

1 g 4/day for 10 days 5.0  68 Weller et al. (1993a)

1.5 g 4/day for 10 days 6.4  92

2.0 g 4/day for 10 days 8.4 2 112 3.3 Jacobson (1993); 
GlazoSmithKline 
(data on file)

5 mg/kg every 
8 hours

9.8  54

10 mg/kg every 
8 hours

23 107

Abbreviations: Cmax: peak plasma concentration; tmax: time to maximum plasma concentration; AUC: area-under-the-concentration-time curve.
Source: Data from Jacobson (1993), unless otherwise noted.
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peak serum levels were 0.79–3.4 μg/ml, trough levels were 
0.5–3.1 μg/ml (Novelli et al., 1984), and levels did not differ 
whether the drug was taken with or without food (Novelli 
et al., 1985). These data are supported by a second study in 
which the mean peak serum level in children receiving 600 
mg/m2 (aged 6 months to 6.9 years) or 300 mg/m2 (< 2 
months of age) of an oral aciclovir suspension was 0.99 ± 
0.38 or 1.88 ± 1.11 μg/ml, respectively, with the mean AUC 
being 5.56 ± 2.17 and 6.54 ± 4.32 μg/ml/h, respectively 
(Sullender et al., 1987).

Concentrations of aciclovir of 1.7 μg/ml have been detected 
in the aqueous humor of patients after topical administration 
to the eye (Collum et al., 1982). The drug also reaches the 
aqueous humor after oral administration (Brigden et al., 1983).

The tissue distribution of oral valaciclovir-derived aciclo-
vir is the same as for aciclovir. In the rat, oral valaciclovir 
resulted in the highest concentrations of aciclovir in the 
stomach, small intestine, kidney, liver, lymph nodes, and skin. 
Aciclovir was detected in all of these tissues within 20 min-
utes of oral administration of the prodrug (Burnette and de 
Miranda, 1994).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The plaque reduction assay is considered to be the gold standard 
for evaluating the susceptibility of viral isolates to antiviral drugs 
in a phenotypic manner (Piret and Boivin, 2011; Frobert et al., 
2008). The concentration of drug at which 50% of viral replica-
tion is inhibited in cell culture, the EC50, determines the results 
of a plaque reduction assay. In vitro plaque reduction studies 
have shown that aciclovir EC50 aciclovir concentrations for 
HSV-1, HSV-2, and VZV to range from 0.02 to 1.9 μg/ml, 0.3 
to 2.9 μg/ml, and 0.8 to 5.2 μg/ml, respectively (Mandell et 
al., 2015). Numerous clinical studies suggest that an impor-
tant criteria for efficacy is time above the EC50 (Spruance et 
al., 1996; Saiag, et al., 1999; Reitano et al., 1998; Schiffer et 
al., 2013; Johnston et al., 2010). In 987 immunocompetent 
patients, dosing regimens of valaciclovir 500 mg twice daily 
and valaciclovir 1000 mg twice daily were compared in the 
treatment of recurrent genital HSV (Spruance et al., 1996). 
Both dosing regimens were found to be effective in reducing 
the duration of the HSV episode when compared to placebo. 
The two dosing regimens had equivalent efficacy. Saiag and 
colleagues (1999) compared self-administration of valaciclo-
vir 1000 mg once daily to valaciclovir 500 mg twice daily 
during an episode of recurrent genital HSV in 922 immuno-
competent patients. They found both regimens were equiva-
lent in reducing episodic duration and pain. High-dose therapy 
does not appear to have additional benefit in treating episodic 
HSV. The study did not evaluate the correlation between clini-
cal results and serum drug levels. A large  placebo-controlled 
trial of 1479 immunocompetent patients with genital HSV 
(Reitano et al., 1998) evaluated different dosing regimens for 
HSV prophylaxis and showed a clear dose- response relation-
ship. The recurrence-free rates after 1 year of treatment with 
valaciclovir at 250, 500, or 1000 mg daily were 22%, 40% and 

48%, respectively; with aciclovir AUCs of 4.95, 10.35, and 
18.13 mg/h/l, respectively. A regimen of valaciclovir 250 mg 
given twice daily had a greater recurrence-free rate (50%) 
than did valaciclovir 500 mg once daily or valaciclovir 1000 
mg once daily, even though the aciclovir AUC was only 12.39 
mg/h/l. This suggests that maintaining exposure above inhib-
itory concentrations is important for efficacy, but more data 
are needed to confirm these findings. Moreover, HSV-1 and 
-2 are inhibited by low concentrations of aciclovir; therefore, 
attaining higher serum concentrations than those obtained 
with oral aciclovir probably adds little to no benefit in treatment 
of mucocutaneous HSV in the normal host. However, VZV 
requires higher drug levels for inhibition, and this probably 
explains the superior efficacy of oral valaciclovir and famciclo-
vir versus oral aciclovir for treatment of zoster (Beutner et 
al., 1995). 

5d.  Excretion

After oral administration, 10–15% of aciclovir is excreted 
unchanged in the urine and 15–25% is excreted unchanged 
in the feces (Straus et al., 1982).

After intravenous administration the principal route for 
the clearance of aciclovir is via the kidneys, and the mean 
urinary recovery of the unchanged drug was 60 + 12% 
(Whitley et al., 1982a). Spector et al. (1981) demonstrated 
that the percent of urinary recovery of aciclovir ranged from 
32.7 to 57.5%, with a mean of 44.7%. Urinary elimination of 
the recovered aciclovir occurs rapidly; about 60% of the drug 
is excreted by 6 hours, and more than 99% by 24 hours. The 
renal clearance of aciclovir, 173–353 ml/min/1.73 m2, greatly 
exceeds creatinine clearance, indicating that tubular secre-
tion of the drug is occurring (de Miranda et al., 1982).

In anuric patients, aciclovir is slowly cleared from the body 
by nonrenal routes. Studies in humans given radiolabeled 
aciclovir intravenously showed that 71–99% of an adminis-
tered dose was excreted in the urine, but up to 14.1% of the 
dose was excreted in the urine as the inactive metabolite, 
9-carboxymethoxymethylguanine (CMMG). Unchanged uri-
nary aciclovir proportions ranged from 62% to 91% of the 
dose (de Miranda et al., 1982).

Less than 2% of an intravenous dose is excreted in feces 
and only trace amounts are found in expired air (de Miranda 
et al., 1982).

5e.  Drug interactions

Aciclovir and valaciclovir interact with only a rather small 
number of drugs (Table 213.8). When aciclovir is infused 
after a 1-g oral dose of probenecid, the serum concentrations 
are increased and the serum half-life of aciclovir is slightly 
prolonged, probably because probenecid inhibits the drug’s 
tubular secretion (Laskin et al., 1982b).

Aciclovir has been shown to decrease plasma concentra-
tions of phenytoin, fosphenytoin, and valproic acid, increas-
ing the potential for seizure activity. A case report from Italy 
demonstrated a decrease in phenytoin and valproic acid trough 
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levels from 17 and 32 μg/ml before aciclovir treatment to 5 
and 22 μg/ml after aciclovir, respectively (Parmeggiani et al., 
1995).

Tenofovir and aciclovir may compete for renal tubular 
secretion; therefore, an increase in plasma concentration of 
either drug may be observed in patients receiving both drugs 
concomitantly. Adverse effects of tenofovir (nephropathy, diz-
ziness, diarrhea) and aciclovir (nausea, vomiting, dizziness) 
should be searched for scrupulously (Viread product infor-
mation, 2006).

Aciclovir, a CYP1A2 inhibitor, may increase the plasma 
concentration of tizanidine, a centrally acting skeletal muscle 
relaxant and alpha-2 adrenergic agonist, metabolized by 
the CYP1A2 isozyme. Co-administration should be avoided 
because it may result in excessive sedation and hypotension 
(Zanaflex product information, 2006).

A minimal increase in the risk of toxicity has been reported 
when aciclovir is used in combination with zidovudine (Cooper 
et al., 1991), however, these drugs are commonly co-prescribed 
without clinical problems. No pharmacokinetic interaction 

Table 213.8. Aciclovir drug interactions 

Aciclovir When ACV is given with indicated drug

Comment and referenceDrug class Effect on ACV Effect on other drug

Probenecid (1 g) t½ and AUC increased Unknown Small effect was seen with i.v. 
probenecid; Laskin et al. (1982b)

Antiepileptics

Phenytoin Decreased trough levels from 
17 to 5 μg (70% decrease)

Unknown Monitor antiepileptic serum concen-
trations; Parmeggiani et al. (1995)

Fosphenytoin Decreased trough levels Unknown Monitor antiepileptic serum concen-
trations; Parmeggiani et al. (1995)

Valproic acid Decreased trough levels from 3 
to 22 μg (31% decrease)

Unknown Monitor antiepileptic serum concen-
trations; Parmeggiani et al. (1995)

NSAIDs

Ketoprofen Renal clearance < twofold; t½ > 
four- to fivefold. 

Unknown, probably none Data from rats only, but probably 
extractable; Gwak et al. (2005)

Naproxen Renal clearance < twofold; t½ > 
four- to fivefold. 

Unknown, probably none Data from rats only, but probably 
extractable; Gwak et al. (2005)

Immunosuppressants

Mycophenolate Cmax, tmax, and AUC0-∞ all 
increased

Aciclovir–valacyclovir may 
increase the serum concen-
tration of mycophenolate; 
mycophenolate may increase 
the serum concentration of 
aciclovir–valaciclovir

Giminez et al. (2004) 

Antivirals

Foscarnet May enhance the nephrotoxic 
effect of aciclovir–valaciclovir

Tenofovir Aciclovir–valaciclovir levels 
increased

Tenofovir levels increased Gilead Sciences Inc. (2016) 

Vaccines

Varicella virus vaccine Aciclovir–valaciclovir may 
diminish the therapeutic 
effect of varicella virus 
vaccine

When possible, avoid use of aciclovir 
or valaciclovir within the 24 hours 
before administration of the 
varicella vaccine and avoid use of 
these antiviral agents for 14 days 
after vaccination

Zoster vaccine Aciclovir–valaciclovir may 
diminish the therapeutic 
effect of zoster vaccine

When possible, discontinue antiviral 
agents with anti-zoster activity (i.e. 
aciclovir, valaciclovir, famciclovir) 
for at least 24 hours before and 
14 days after receiving a live 
attenuated zoster vaccine.

Abbreviations: ACV: Aciclovir; t½: half-life; AUC: area-under-the-concentration-time curve; NSAIDs: nonsteroidal anti-inflammatory drugs; Cmax: maximum con-
centration; tmax: time to Cmax.
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has been demonstrated between the two drugs (Hollander et 
al., 1989; Rajaonarison et al., 1992).

Gluckman et al. (1983) showed that oral absorption of 
aciclovir was unaltered in patients receiving chemotherapy; 
after a 200-mg dose, mean serum levels at 2, 4, and 6 hours were 
0.37, 0.25, and 0.16 µg/ml, respectively. 

The pharmacokinetics of digoxin was not affected by 
co-administration of valaciclovir 1 g three times daily. The 
pharmacokinetics of aciclovir after a single dose of 1 g valaciclo-
vir was unchanged by co-administration of digoxin (two doses 
of 0.75 mg), single doses of aluminium- or magnesium-based 
antacids, or multiple doses of thiazide diuretics (Smiley et 
al., 1996). Aciclovir Cmax and AUC after a single dose of 1 g of 
valaciclovir increased by 8% and 32%, respectively; after a 
single dose of cimetidine (800 mg), by 22% and 49%, respec-
tively; after probenecid (1 g), and after a combination of 
cimetidine and probenecid, by 30% and 78%, respectively, 
primarily owing to a reduction in renal clearance of aciclovir 
(De Bony et al., 2002). These effects were not considered to 
be of clinical significance in subjects with normal renal func-
tion (FDA New Drug Application 20-487/S-005).

6. ADVERSE REACTIONS AND TOXICITY

Aciclovir is generally quite free of serious adverse reactions 
(Keeney et al., 1982), even when taken daily for many years 
(Mertz et al., 1988b; Kaplowitz et al., 1991; Tilson et al., 1993; 
Table 213.9). This is quite remarkable, considering that many 
antiviral drugs have significant toxicity. In general, the 
adverse reactions with valaciclovir are entirely similar to 
those seen with its metabolite, aciclovir. Preclinical toxicol-
ogy studies with valaciclovir in animals showed no toxicity 
separate to that expected from the active metabolite (Smiley 
et al., 1996).

6a.  Nephrotoxicity

In animals, a rapid intravenous bolus injection of aciclovir 
necessarily generates very high levels in plasma, which can 
cause aciclovir to precipitate in the lower nephrons of the 
kidney, resulting transient impairment of renal function. 
This is due to the relatively low solubility of aciclovir in urine 
(Tucker, 1982). Aciclovir nephrotoxicity is one of the most 
serious potential complications of the drug. In a study of 
children receiving high-dose intravenous aciclovir for HSV 
encephalitis, fluid restriction was associated with nonoliguric 
renal insufficiency, which resolved within 1 week of cessation 
of the drug. Intratubular aciclovir crystalluria was considered 
to be the likely underlying pathology (Bianchetti et al., 1991). 
Birefringent, needle-shaped crystals of aciclovir have been 
described in the urine of some patients with  aciclovir-induced 
nephrotoxicity (Peterslund et al., 1988; Sawyer et al., 1988b) 
but are not present in other patients with aciclovir-induced 
acute tubular necrosis (Becker et al., 1993). 

In one review, 10% of patients who had been given the 
drug by rapid (bolus) intravenous injections developed rises 
in serum urea or creatinine (Keeney et al., 1982). Risk of 
renal impairment from aciclovir crystals is markedly reduced 
if the drug is infused intravenously over a period of an hour, 
the patient is adequately hydrated, and the dosage regimen is 
adjusted for renal function (Brigden et al., 1982; see section, 
4d, Those requiring altered dosages). Weight-based dosing of 
i.v. aciclovir should be based on ideal body weight because 
aciclovir is hydrophilic. Numerous case reports have described 
aciclovir-induced renal failure when actual body weight was 
used to calculate i.v. aciclovir dosing in obese patients (Her- 
nandez et al., 2009; Seedat and Winnett, 2012). Adverse renal 
effects can be prevented by maintenance of sufficient hydra-
tion to result in urine output of approximately 1 l/g of aciclo-
vir administered (solubility in water 1–3 mg/ml) (Keeney et 
al., 1982). Findings by Bean and Aeppli (1985) also suggest 
that elevated serum creatinine levels are more frequent if 
the peak serum aciclovir level exceeds 25 μg/ml. Rapidly 
progressive, nonoliguric acute renal failure responding to 
cessation of the drug has been reported in patients taking 
oral aciclovir for zoster or HSV encephalitis (Rashed et al., 
1990; Johnson et al., 1994). 

A large retrospective cohort of 160,915 patients found 
there to be a relative risk of acute kidney injury of 1.00 (95% 
confidence interval [CI]: 0.83–1.21) in patients receiving oral 
aciclovir and valaciclovir (n = 76,269) when compared to 
famciclovir, which has not been associated with acute kidney 
injury (Lam et al., 2013). 

6b.  Neurotoxicity

Neurotoxicity has been closely linked with high serum con-
centrations of aciclovir, and its metabolite CMMG usually 
develops 24–48 hours after peak serum concentrations. There 
is some evidence that the metabolite is causative (Feldman 
et al., 1988; Haefeli et al., 1993; Rashiq et al., 1993; Das et al., 
2006; Helldén et al., 2006). Neurotoxicity has been described 

Table 213.9. Side effects reported with aciclovir and valaciclovir

Side effect

% of patients

Aciclovir, 
i.v. 

Aciclovir, 
p.o. Valaciclovir

Malaise/fatigue 12 8

Inflammation or phlebitis at 
the injection site

9

Transient elevations of serum 
creatinine or BUN

   5–10a < 1

Nausea and/or vomiting 7    2–5     5–15

Diarrhea    2–3

Itching, rash, or hives 2

Headache 2    13–35

Elevation of transaminases    1–2     1–4

Anemia, neutropenia, throm- 
bocytopenia, thrombocy-
tosis, leukocytosis, and 
anorexia, hematuria

< 1 < 1 < 1

aHigher incidence occurred usually following rapid (< 10 minutes) i.v. 
infusion.
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in association with aciclovir therapy in patients with end-
stage renal disease (Johnson et al., 1985; Gill and Burgess, 
1990; Davenport et al., 1992). Tomson et al. (1985) described 
psychiatric side effects, including hallucinations and depres-
sion, in adult patients with chronic renal failure after the  
use of aciclovir in doses higher than those recommended. 
Neuro logic findings associated with intravenous aciclovir 
treatment include lethargy, agitation, tremor, disorienta- 
tion, dysarthria, ataxia, myoclonus, hyperesthesia, hypera-
cusis, transient hemi paresthesia, seizures, and coma (Wade 
and Meyers, 1983; Johnson et al., 1985; Johnson et al., 1994; 
Rajan et al., 2000). Improvement or resolution of symptoms 
occurs within 2 weeks after cessation of aciclovir therapy. An 
abnormal electroencephalogram is a consistent feature. In a 
retrospective analysis, Das et al. (2006) reported that 15% of 
167 renal transplant recipients treated with oral valaciclovir 
developed neuropsychiatric effects, mainly hallucinations and 
confusion, within a mean of 4 days after the start of valaciclo-
vir prophylaxis; these were rapidly reversible on cessation of 
therapy. 

6c.  Gastrointestinal toxicity

Of 23 patients given intravenous aciclovir for zoster, nearly 
half had two or more of the following symptoms: nausea, 
vomiting, abdominal pain, and light-headedness. These symp-
toms appeared to be associated with peak serum aciclovir 
levels in excess of 25 μg/ml (Bean and Aeppli, 1985). In a 
more recent study, adverse gastrointestinal symptoms devel-
oped in 8% of patients with genital herpes who were treated 
with a high dose (4 g/day) of oral aciclovir (Wald et al., 1994). 
There is at least one report of aciclovir-associated colitis 
(Moshkowitz et al., 1993). In a phase I study of valaciclovir 
dosed at either 1 or 2 g four times daily for 30 days, the main 
reported side effects were gastrointestinal, with nausea, vom-
iting, diarrhea, and abdominal pain in up to one third of 
patients; no renal or neurologic side effects were noted, but 
4 patients developed grade 3 or 4 neutropenia. None of the 
side effects observed appeared to be drug related (Jacobson 
et al., 1994).

6d.  Hemopoietic toxicity

In vitro aciclovir has little effect on human bone marrow in 
concentrations < 50 μg/ml (McGuffin et al., 1980; Parker et 
al., 1982). Bean and Fletcher (1985) described neutropenia 
in three immunocompromised patients who were given high-
dose aciclovir therapy and who also had received mye lotoxic 
agents within the previous 30 days. More recently neutropenia 
has been well described in association with aciclovir therapy 
(30 mg/kg/day) in an infant (Feder et al., 1995). Megaloblastic 
hemopoiesis without detectable changes in the peripheral blood 
may occur (Amos and Amess, 1983). A child developed tran-
sient leukopenia and erythroblastopenia during intravenous 
aciclovir therapy that responded promptly to cessation of ther-
apy (Tuncer et al., 1989).

6e.  Thrombotic microangiopathy

In an AIDS Clinical Trials Group (ACTG) study (Trial 204) of 
patients with advanced HIV infection randomized to receive 
oral prophylaxis against cytomegalovirus disease (with vala-
ciclovir 2 g four times per day or aciclovir, either high dose, 800 
mg, four times daily, or low dose, 400 mg, twice daily), mani-
festations resembling thrombotic microangiopathy developed 
significantly more frequently in the valaciclovir-treated sub-
jects compared with those receiving oral aciclovir, and there 
was a trend toward earlier mortality in those who received 
high-dose valaciclovir (Bell et al., 1997; Feinberg et al., 1998). 
There are no reports of this adverse reaction in immunocom-
petent patients treated with valaciclovir doses up to 3 g/day; 
doses of up to 3 g/day have been used in patients with HIV 
infection and doses of up to 8 g/day have been used in renal 
and bone marrow transplant patients without any apparent 
increase in the risk of thrombotic microangiopathy (Lowance 
et al., 1999; Ljungman et al., 2002; Winston et al., 2003; Reischig 
et al., 2008). Nonetheless, doses of valaciclovir > 3 g/day should 
be used with caution in immunocompromised patients and 
should generally not be used in patients with advanced HIV 
infection.

6f.  Effects on immune responses

Aciclovir has minimal effects on human lymphocytic cell 
responses in vitro (Wingard et al., 1983). Systemic treatment 
with aciclovir diminishes the humoral antibody response to 
HSV in patients with initial episodes of genital herpes (Corey 
et al., 1983b; Bernstein et al., 1984); it also appears to delay 
the development and diminish the peak of in vitro lympho-
cyte transformation responses to inactivated HSV antigens 
in such patients (Lafferty et al., 1984). Long-term chemosup-
pression also suppresses HSV IgG antibody concentrations 
(Erlich et al, 1988). These alterations probably occur because 
aciclovir treatment, especially long-term chemosuppression, 
reduces both the frequency and duration of viral shedding 
and hence antigenic stimulation. Clinical presentation and 
subsequent immunologic response of the first recurrences 
of genital herpes are unaltered after aciclovir treatment of 
the initial episode, but the immunologic response in patients 
with an existing compromised immune response is unknown 
(Lafferty et al., 1984).

6g.  Dermatologic toxicity

Allergic contact dermatitis attributed to aciclovir or the pro-
pylene glycol in aciclovir cream has been reported infre-
quently (Valsecchi et al., 1990; Goday et al., 1991; Kim and 
Kim, 1994). Rarely cutaneous vesicular eruptions may occur 
in patients receiving aciclovir (Buck et al., 1993). Successful 
aciclovir desensitization has been reported in a patient with 
recurrent mucocutaneous HSV infection who developed 
angioedema with oral aciclovir therapy (Henry et al., 1993). 
Topical aciclovir may cause transient burning when applied 
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to genital lesions; this is more frequent with first episodes of 
genital herpes than with recurrent episodes and is more fre-
quent in women than in men (Corey et al., 1982a). In gen-
eral, topical application to genital lesions is well tolerated 
(Fiddian et al., 1983). Mild superficial punctate epithelial 
staining can occur after treatment with the ophthalmic oint-
ment, but this disappears a few days after the drug is discon-
tinued (Laibson et al., 1982).

6h.  Embryotoxicity

Administration of very high doses (50–100 mg/kg) of aciclo-
vir to pregnant rats can result in a high rate of resorptions 
of fetuses, and malformations of the skull, vertebral column, 
and tail (Chahoud et al., 1988; Stahlmann et al., 1988). Lower 
doses of aciclovir have been associated with abnormal devel-
opment of the fetal thymus (Foerster et al., 1992; Stahlmann 
et al., 1992). The GlaxoSmithKline registry of pregnancy out-
comes after prenatal maternal exposure to aciclovir was 
closed in 1999 after enrolling 1246 cases, with 756 exposures 
to aciclovir occurring in the first trimester. Aciclovir doses 
ranged from 200 to 2800 mg p.o. daily and up to 45 mg/kg i.v. 
daily. Only 2% of infants had a birth defect (similar to sur-
veillance data in pregnancies with no aciclovir exposure) 
and no specific pattern was noted (GlaxoSmithKline, 1999). 
Although virtually all reports of the use of aciclovir during 
pregnancy suggest no toxicity, one case of fetal diastemato-
myelia, a rare spinal condition, was diagnosed in a fetus 
exposed to aciclovir at the time of implantation (Gubbels et 
al., 1991).

6i.  Other side effects

Because aciclovir for injection has a relatively high pH (9–11), 
local irritation occurs if it extravasates into surrounding tis-
sues (Keeney et al., 1982; Robbins et al., 1993). Thrombo-
phlebitis and local inflammation at the site of injection are 
reported in 9% of the patients receiving intravenous aciclovir 
(GlaxoSmithKline, 2003). Experience in one patient indi-
cated that a high-concentration infusion of aciclovir (12 mg/
ml) may have caused vesiculation at the infusion site (Syl-
vester et al., 1986). Fever, pulmonary infiltrates, and a pleural 
effusion have been described in an elderly man after com-
mencement of aciclovir; cessation of the drug resulted in 
clinical improvement (Pusateri and Muder, 1990).

6j.  Aciclovir overdoses

In reported cases of aciclovir overdose, including in neo-
nates, no toxicity has been observed (McDonald et al., 1989). 
The major exception is when aciclovir levels accumulate due 
to poor renal function; there have been a number of cases of 
neurotoxicity associated with elevated aciclovir plasma levels 
in patients with renal failure (Gill and Burgess, 1990; Daven-
port et al., 1992; Leikin et al., 1995).

7. CLINICAL USES OF THE DRUG

Aciclovir, or its prodrug valaciclovir, are highly effective and 
very safe for treatment or prevention of all HSV and VZV 
infections. Intravenous aciclovir is indicated for the treat-
ment of severe primary genital HSV infections in immuno-
competent persons, for primary or recurrent mucocutaneous 
infections in immunocompromised patients, for HSV enceph-
alitis, for life-threatening HSV infections in neonates, and 
for treatment of VZV in immunocompromised patients or 
severe VZV in any patient. Although not FDA-approved indi-
ca tions (off-label use), intravenous aciclovir is also effective 
for treatment of other serious HSV and VZV infections, such 
as eczema herpeticum. 

Oral aciclovir and valaciclovir are indicated for the treat-
ment of genital herpes—primary or recurrent disease or 
chronic suppression (chemosuppression) of recurrences—
for immunocompetent patients with herpes zoster (shingles), 
and for the treatment of VZV in immunocompetent patients 
(Mylan Pharmaceuticals, 2012; GlaxoSmithKline, 2013). Aci -
clovir is also indicated for prevention of herpes labialis 
recurrences triggered by sun or possibly by other stimuli. 
Valaciclovir is also now indicated for treatment of herpes 
labialis. Several off-label or investigational uses for aciclovir 
and valaciclovir have been described in the literature and 
include treatment or prevention of recurrent HSV infections 
at nongenital sites (e.g. orofacial) and prevention of HSV 
reactivation in HIV-positive patients, hematopoietic stem 
cell transplant patients, and during periods of neutropenia 
in patients with acute leukemia.

7a.  Herpes simplex infections

MUCOCUTANEOUS HERPES SIMPLEX INFECTIONS

Genital infections
Initial or primary episodes of genital herpes. For initial 
epi sodes of genital herpes, aciclovir is very effective when 
administered intravenously at a dose of 5 mg/kg every 8 hours 
for 4–5 days (Mindel et al., 1982; Corey et al., 1983a; Peacock 
et al., 1988; Figure 213.4). The duration of viral shedding, 
time to complete healing of lesions, and duration of local and 
systemic symptoms were all markedly decreased by aciclovir 
therapy if the treatment begins with 7 days of lesion onset. 
Formation of new genital lesions was also dramatically 
reduced after therapy was initiated and the complications of 
the disease were reduced. Neither intravenous nor oral aci-
clovir treatment of initial genital HSV infections influenced 
the frequency or duration of subsequent reactivation, indi-
cating that the treatment of first-episode disease occurs too late 
to have an effect on ganglionic latency (Corey et al., 1983b; 
Mertz et al., 1984).

Managing recurrent HSV infections with aciclovir, 
whether by episodic treatment or long-term chemopro-
phylaxis, also does not influence the natural history of the 
disease. Neither the interval between recurrences nor their 
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duration severity is altered by oral or intravenous aciclovir 
therapy.

For oral treatment of initial episodes of genital herpes, 
aciclovir is given at a dose of 400 mg three times daily or 200 
mg five times daily for 10 days or until the lesions have 
resolved. Although efficacy data are based on early studies 
that used the five times daily dosing regimen, there is now 
substantial clinical experience with administering 400 mg 
three times daily, the dosing regimen recommended in CDC 
sexually transmitted disease (STD) treatment guidelines (Nil-
sen et al., 1982; Bryson et al., 1983; Salo et al., 1983; Mertz 
et al., 1984; CDC, 2015). For first episodes of genital herpes 
(primary herpes), oral aciclovir therapy was associated with 
reduced duration of viral shedding, shorter duration of symp-
toms and signs of the disease, and reduced occurrence of new 
lesions. All HSV-associated genital lesions, including procti-
tis, respond to aciclovir (Rompalo et al., 1988). In one study, 
the mean time to seroconversion was longer in patients treated 
with aciclovir than in controls (Ragab et al., 1989), although 
other investigators have not detected any alteration in anti-
body response by aciclovir therapy. Valaciclovir is also an 
effective treatment for initial episodes of genital herpes. In a 
multicenter, double-blind, randomized controlled trial of 
patients with an initial episode of genital herpes, presenting 
within 72 hours of lesion onset, there was no clinically signif-
icant difference between a 10-day course of valaciclovir (1.0 g 
twice daily) and aciclovir (200 mg five times daily) in terms 
of time to healing, viral shedding, time to loss of pain, and 
other symptoms (Fife et al., 1997).

Episodic therapy of recurrent genital herpes. Recurrent 
genital herpes is almost invariably less severe than the initial 
attack, and hence the period of required treatment is shorter 
(2–5 days). The first efficacy studies used 200 mg five times 
daily for 5 days or until the lesions resolved (Nilsen et al. 
1982). However, subsequent studies, comparing 800 mg twice 
daily for 5 days and 800 mg three times daily for 2 days with 
200 mg five times daily for 5 days, have shown equal efficacy 
(Goldberg et al., 1988; Wald et al., 2002). There is substantial 
clinical experience with the dose of 400 mg three times daily, 
although it has not been tested in controlled trials. The 2015 

CDC (2015) STD treatment guidelines recommend aciclovir 
400 mg orally three times daily or 800 mg orally twice daily 
for 5 days or 800 mg three times daily for 2 days (Table 213.3). 

Valaciclovir (1.0 g twice daily for 5 days) has been com-
pared with aciclovir (200 mg five times daily for 5 days) and 
placebo for the treatment of recurrent genital herpes in 
another multicenter, double-blind, randomized international 
trial. More than 1200 patients who presented within 24 hours 
of developing symptoms or signs of recurrent disease were 
enrolled in the study. Valaciclovir was equivalent to aciclovir 
in reducing the median time to healing (4.8 days for each), 
and both were superior to placebo (5.9 days) (Tyring et al., 
1998). In a dose-ranging trial comparing valaciclovir 0.5 
and 1.0 g twice daily for 5 days with placebo in almost 1000 
other wise healthy subjects, both doses of valaciclovir were 
equally effective (Spruance et al., 1996). In another random-
ized trial, treatment with 1.0 g once daily for 5 days was 
equivalent to 0.5 g twice daily for 5 days for episodic therapy 
of recurrent genital herpes (Saiag et al., 1999). Shorter 
courses of valaciclovir (0.5 g twice daily for 3 days) and aci-
clovir (800 mg by mouth three times daily for 2 days) have 
also been shown to be effective for the treatment of recurrent 
genital herpes (Leone et al., 2002; Wald et al., 2002), although 
these regimens have not been compared head to head. 
Treatment of recurrent genital herpes infections with oral 
aciclovir shortens the period of viral shedding and the time 
to complete healing of genital lesions. Even though these 
findings were statistically significant, in an individual patient 
with recurrent herpes they often translate to only subtle 
 clinical improvement. If episodic therapy is used, the patient 
should be given enough medication to treat at least three 
recurrences and should be instructed to start therapy at  
the first sign of symptoms or lesions (Goldberg et al., 1986; 
Whatley and Thin, 1991). Patient-initiated therapy may be 
the treatment of choice for persons with infrequent recur-
rences of genital herpes because early treatment improves 
the response to antiviral therapy and may reduce transmis-
sion to sex partners.

With respect to a pregnant woman in labor with active 
genital herpes (either an initial episode or a recurrence), there 

Figure 213.4. Clearance of HSV from patients 
with primary genital lesions who are treated with 
aciclovir given intravenously, orally, or topically. 
(Adapted with permission from Corey et al. 
(1983b).) 
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are now good data regarding the benefit of aciclovir or valac-
iclovir therapy in reducing the risk of genital herpes lesions 
and viral shedding at the time of delivery as well as the need 
for cesarean section (Haddad et al., 1993; Scott et al., 1996; 
Sheffield et al., 2006). In a small study of pregnant women 
given aciclovir late in the third trimester, the drug prevented 
transmission of the virus to the neonate in four of five cases 
(Haddad et al., 1993). In a larger study, in which 46 pregnant 
women with first episodes of genital herpes during preg-
nancy were randomized to receive oral aciclovir 400 mg 
three times per day or placebo from week 36 of pregnancy 
until delivery, none of the 21 aciclovir recipients and 9 of the 
25 placebo recipients had clinical evidence of recurrent gen-
ital herpes at delivery (p = 0.002). Cesarean section was 
required in 36% of the placebo-treated group for recurrent 
genital herpes and in none of the aciclovir group; there was 
no evidence of herpes infection in any neonate (Scott et al., 
1996).

Chemosuppression of recurrent genital herpes and 
asymp tomatic shedding. Numerous controlled clinical tri-
als have demonstrated that oral aciclovir and valaciclovir are 
also useful for the suppression of frequently recurring genital 
herpes (chemosuppression) (Douglas et al., 1984; Mindel et 
al., 1984; Reichman et al., 1984; Straus et al., 1984; Kinghorn 
et al., 1985; Thin et al., 1985; Reitano et al., 1998). Chemo-
suppression is usually reserved for patients who are having 
≥  6 recurrences per year, although the guidelines are not 
firm. Unlike episodic therapy, which does have any effect on 
the frequency of recurrences, continuous therapy with aci-
clovir markedly reduces the frequency of recurrences during 
therapy (Mattison et al., 1988; Mertz et al., 1988b). However, 
aciclovir does not completely suppress asymptomatic shed-
ding of HSV (Bowman et al., 1990; Wald et al., 1996), and 
thus the virus may be transmitted to sexual partners in the 
absence of symptoms. In a double-blind study of 34 women 
with less than a 2-year history of genital herpes, placebo recip-
ients shed HSV on 83 of 1439 days (5.8%) compared with 6 of 
1611 days (0.37%) in aciclovir recipients (Wald et al., 1996). 
Further, when suppressive therapy is discontinued, recur-
rences invaria bly return, often within weeks. 

In direct comparisons, oral aciclovir and valaciclovir appear 
equally effective for the suppression of asymptomatic shed-
ding (Gupta et al., 2004). However, one study suggested that 
valaciclovir may be somewhat more effective than famciclo-
vir for chemosuppression, with famciclovir-treated patients 
having a shorter time to a virologically confirmed recurrence 
(hazard ratio [HR]: 2.15; 95% CI: 1.00–4.60), and a higher 
proportion of days with asymptomatic shedding (3.2% of 
days among famciclovir recipients compared with 1.3% of 
days among valaciclovir recipients) (Wald et al., 2006).

Mindel et al. (1988) performed an extensive dose-ranging 
study evaluating aciclovir chemosuppression in patients with 
frequently recurring genital herpes (Figure 213.5). Efficacy at 
preventing recurrences was increased by increasing the dose 
of aciclovir and decreasing the interval between doses. A 
dose of 200 mg twice daily was almost as effective as the con-
ventional dose of 400 mg twice daily. Mostow et al. (1988) found 

that 800 mg of aciclovir in a single daily dose prevented 28% 
of recipients from developing any recurrence over a 2-year 
period, but Mindel et al. (1988) reported that 800 mg once 
daily was less effective than 400 mg twice daily. In a separate 
study, an oral regimen of 400 mg three times daily for 2 days 
a week was less effective than a daily regimen in preventing 
genital herpes (Straus et al., 1986). The CDC (2015) STD treat-
ment guidelines recommend aciclovir 400 mg orally twice a 
day for suppression of genital herpes in normal hosts.

Continuous aciclovir suppression given to large numbers 
of patients with frequently recurrent genital herpes for peri-
ods in excess of 5 years has provided evidence that the drug 
is well tolerated and not associated with serious adverse reac-
tions or cumulative toxicity (Mertz et al., 1988a; Kaplowitz et 
al., 1991; Goldberg et al., 1993; Baker 1994; Fife et al., 1994). 
A progressive decrease in the number of recurrences per year 
has been reported with long-term suppressive therapy (Gold-
berg et al., 1993), but this may just reflect the natural history 
of the disease because there was no placebo arm beyond the 
first year of this study. There are no contraindications to aci-
clovir chemosuppression other than allergy or intolerance to 
aciclovir itself.

Valaciclovir chemosuppression (0.5 g given once daily) in 
immunocompetent patients with a history of genital herpes 
was shown to dramatically decrease symptomatic episodes 

Figure 213.5. Efficacy of aciclovir prophylaxis for recurrent 
genital herpes: effect of dose and dosing interval. 
(Reproduced with permission from Mindel et al. (1988).)
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and asymptomatic shedding and to significantly decrease the 
risk of transmission of genital herpes to the susceptible part-
ner (Figure 213.6). This study was limited to herpes simplex- 
discordant in heterosexual, monogamous couples in which 
the infected partner had fewer than 10 episodes of genital 
herpes per year (Corey et al., 2004)

A polyethylene glycol ointment containing 5% aciclovir 
was used in several randomized, controlled trials for both 
recurrent and initial episodes of genital herpes (Corey et al., 
1982a; Corey et al., 1982b; Reichman et al., 1983; Thin et al., 
1983). This ointment was applied to lesions four to six times 
daily, but not to the vagina or cervix. Although treatment 
reduced local symptoms and signs of primary genital herpes 
in some cases, and the duration of viral shedding was shorter, 
it was substantially less effective than oral or intravenous 
therapy. In recurrent episodes of genital herpes, topical aci-
clovir used shortly after onset of lesions reduced viral shed-
ding but had virtually no effect on time to healing or reducing 

new lesion formation. When compared with oral or intra-
venous therapy of first-episode or recurrent genital herpes, 
topical therapy offers minimal benefit and its use is discour-
aged (CDC, 20015).

Herpes labialis
Treatment of patients with recurrent herpes labialis during 
the prodromal phase with oral aciclovir (200 or 400 mg  
five times per day) for 5 days reduces the pain of the lesions 
and the time to crusting by about 30% (Raborn et al., 1987; 
Spruance et al., 1990). Furthermore, high-dose, short-course 
therapy with valaciclovir (2 g by mouth every 12 hours for 
two doses and famciclovir 1500 mg in one dose or 750 mg 
every 12 hours for two doses) has been shown to be effective 
(Spruance et al., 2003; Spruance et al., 2006), and valaciclovir 
is now approved for this indication. For patients with fre-
quent episodes of herpes labialis, valaciclovir chemosuppres-
sion, at a dose of either 500 mg or 1.0 g once daily, significantly 

Figure 213.6. Prevention of HSV transmission between discordant partners by valaciclovir therapy. Kaplan-Meier plots of 
time to acquisition of HSV infection among susceptible sexual partners of people with genital HSV-2 infection according to 
the source partner’s treatment group. (a) The time to acquisition of either HSV-1 or -2 infection among susceptible partners. 
The hazard ratio for those whose source partner was taking valaciclovir compared with placebo was 0.45 (95% confidence 
interval [CI]: 0.24–0.84; p = 0.01). (b) The time to the development of symptoms of genital HSV-2 infection among suscepti-
ble partners. The hazard ratio for those whose source partner was taking valaciclovir was 0.24 (95% CI: 0.08–0.75; p = 0.008). 
(c) The time to acquisition of HSV-2 infection among susceptible partners. The hazard ratio for those whose partner was 
taking valaciclovir was 0.52 (95% CI: 0.27–99; p = 0.04). (d) The time to HSV-2 infection among susceptible partners accord-
ing to sex. (Adapted with permission from Corey et al. (2004).)
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prolonged the time to first recurrence compared with pla-
cebo (Baker and Eisen, 2003; Gilbert, 2007). Baker and Eisen 
(2003) noted that treatment with valaciclovir 0.5 g once daily 
in patients with a history of four or more episodes in the pre-
vious year increased the time to first recurrence to 13.1 weeks 
compared to 9.6 weeks in placebo-treated patients (p = 0.016). 
Similarly, in a study of patients with a history of at least three 
episodes in the previous year, the median time to first recur-
rence was >180 days in subjects who received valaciclovir 1 g 
once daily versus 81 days in subjects who received episodic 
therapy (p = 0.021) (Gilbert, 2007). There are a number of 
studies supporting the use of suppressive aciclovir therapy to 
prevent recurrences of herpes labialis, particularly after nat-
ural or experimental ultraviolet light exposure (Green et al., 
1985; Thomas et al., 1985; Spruance et al., 1988; Spruance et 
al., 1991; Rooney et al., 1992; Rooney et al., 1993). A dose of 
400 mg twice daily was used in these efficacy studies. There 
are no studies of aciclovir (oral or parenteral) for primary 
herpetic gingivostomatitis or long-term studies of aciclovir 
chemosuppression for frequently recurring herpes labialis 
(admittedly, a rare disease). However, given the equivalent sus-
ceptibilities of HSV-1 and HSV-2, it is reasonable to assume 
that either aciclovir or valaciclovir would be effective in those 
contexts, and there is certainly anecdotal experience suggest-
ing efficacy.

In patients with recurrent herpes labialis, studies of sup-
pressive therapy using a variety of aciclovir ointments or 
creams have provided mixed but predominantly disappoint-
ing results. Spruance et al. (1982) used 5% aciclovir ointment 
with polyethylene glycol as the vehicle in a controlled trial; 
reduced excretion of virus from lesions occurred only in 
patients who started treatment within 8 hours of the onset 
of lesions, and no clinical benefit was observed. Spruance et 
al. (1984) showed in another trial that topical 10% aciclovir 
in polyethylene glycol was of no benefit in recurrent herpes 
labialis, despite initiation of treatment in the prodrome or 
erythema stage of the disease. These findings showing lack of 
efficacy were confirmed by the same group in a more recent 
study, when 5% aciclovir was applied eight times daily with-
out evidence of suppression (Spruance et al., 1991). Some what 
better results were obtained by Fiddian and Ivanyi (1983) 
using a 5% ointment for recurrent herpes labialis; although 
treatment shortened the duration of lesions by about only 
1 day, it greatly increased the number of abortive lesions. The 
poor results obtained using the polyethylene glycol oint-
ments are probably due to the poor skin penetration of this 
formulation (Freeman et al., 1986). A 5% aciclovir cream 
using propylene glycol, which allows better penetration of 
the skin, produced better results in other controlled trials 
(Fiddian et al., 1983; Van Vloten et al., 1983). 

Topical aciclovir was also studied in a unique topical vehi-
cle, ethosome, which is a liposomal carrier in patients with 
recurrent herpes labialis due to HSV-1. Aciclovir in etho-
some cream significantly shortened the time for the herpetic 
lesion to crust compared with the standard aciclovir in poly-
ethylene glycol cream and with placebo. Adverse events were 
similar among the groups (Horwitz et al., 1999).

A double-blind, placebo-controlled trial compared ionto-
phoretic application of 5% aciclovir cream with placebo in 
200 patients with a history of recurrent herpes labialis of 
three or more episodes per year. The aciclovir arm had a sig-
nificantly shorter healing time of the erythema and papule/
edema stage than the placebo arm. Adverse events were no 
different between the two groups (Morrel et al., 2006). When 
treatment was started early in the course of the infection, the 
time for healing of ulcers was shortened and the percentage 
of lesions progressing beyond the papular stage was reduced. 
The drug had no effect on the development of new lesions. 
In contrast, Shaw et al. (1985) found that 5% aciclovir cream 
had no therapeutic benefit over placebo 40% propylene glycol 
cream in patients with recurrent herpes labialis; they specu-
lated whether the cream base itself may be beneficial.

However, all topical treatments have been significantly 
less effective than systemic therapy (oral or intravenous), at 
least those who were subjected to randomized trials, and 
most authorities strongly recommend systemic therapy. 

Herpetic whitlow
Herpetic whitlow responds to aciclovir suppressive therapy 
and treatment (Laskin, 1985; Schwandt et al., 1987). It is safe 
to presume that recurrent HSV in other locations (e.g. her-
pes gladiatorum) would also respond to aciclovir treatment 
and/or chemosuppression.

Mucocutaneous herpes simplex in 
immunocompromised patients
Controlled studies have demonstrated that treatment with 
aciclovir decreases the duration and severity of reactive, muco-
cutaneous HSV infections in immunocompromised patients; 
these infections cause considerable morbidity and occasion-
ally result in death due to dissemination. These trials involved 
patients with underlying malignancies or recipients of bone 
marrow, cardiac, or renal transplants (Chou et al., 1981; Mitchell 
et al., 1981; Meyers et al., 1982; Straus et al., 1982; Wade et al., 
1982a). In most studies, aciclovir was given intravenously at 
either 5 or 10 mg/kg every 8 hours for 5–7 days. Termination 
of viral shedding was reduced in parallel with clinical response, 
but later recurrences of HSV infections were not prevented. 
The currently recommended dose for treatment of muco-
cutaneous HSV in immunocompromised patients is 5 mg/kg 
body weight, three times daily, given intravenously.

An intravenous aciclovir dose of about 5 mg/kg every 
8–12 hours for several weeks has also been highly effective in 
controlled trials to prevent HSV infections in immunosup-
pressed patients (Saral et al., 1981; Hann et al., 1983; Prentice 
and Hann, 1983; Saral et al., 1983; Anderson et al., 1984). How-
ever, when a lower dose of intravenous aciclovir (250 mg/m2 
once daily) was given for 4 weeks to bone marrow transplant 
recipients, protection from HSV recurrences was incomplete, 
although there was some delay in their appearance; this was 
clinically unacceptable compared with the regimens described 
earlier (Shepp et al., 1985a). Mild clinical infections or viral 
shedding may occur after discontinuation of prophylaxis (Saral 
et al., 1981; Saral et al., 1983). A well-controlled study in bone 
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marrow transplant recipients with recurrent mucocutaneous 
HSV lesions showed that oral aciclovir, given at a dose of 400 
mg five times daily for 10 days, shortened the period of viral 
shedding and reduced new lesion formation, pain, and time 
to healing; the results compared well with previous data from 
intravenous studies (Shepp et al., 1985b).

Oral aciclovir has also been used with some success to 
prevent mucocutaneous HSV infections in immunosuppressed 
patients (Straus et al., 1982; Prentice and Hann, 1983). Excellent 
results were obtained by Gluckman et al. (1983) who used an 
oral dose of 200 mg every 6 hours from 8 to 35 days after 
transplantation in a randomized, placebo-controlled controlled 
study of 39 bone marrow transplant recipients. Protection 
against HSV infection was complete in the treated group, 
whereas 13 of 19 placebo-treated patients developed HSV 
infections. Protection from HSV recurrence ceased as soon 
as aciclovir was stopped. In another randomized, placebo- 
controlled trial involving bone marrow transplant recipients, 
aciclovir (400 mg 5 times daily) was begun 1 week before 
transplantation and was continued for a total of 5 weeks; 5 
of  24 patients receiving aciclovir developed HSV infection 
during prophylaxis (two of these were asymptomatic and the 
other three were not compliant), compared with 17 infec-
tions in 25 patients receiving placebo (p = 0.001) (Wade et 
al., 1984). Oral aciclovir (200 mg four times daily) has also 
been used successfully to prevent HSV infections in renal 
transplant recipients (Pettersson et al., 1985). Aciclovir does 
not appear to influence the development of graft-versus-host 
disease (Saral, 1993).

A combination of intravenous and orally administered 
aciclovir was used by Lundgren et al. (1985) as prophylaxis 
against herpes simplex infections in bone marrow transplant 
recipients. An intravenous dosage of 250 mg/m2 twice daily 
for 5 days was given before transplantation. By 5 weeks after 
transplantation, 400 mg orally three times daily (children 
younger than 6 years, 200 mg three times daily) was substi-
tuted and continued until 6 months after transplantation. Of 
22 placebo-treated patients, there were 10 acute HSV infec-
tions and 5 bouts of varicella-zoster. Among aciclovir-treated 
patients there was only 1 episode of HSV infection.

A number of studies have documented the efficacy of aci-
clovir for suppression of HSV replication and shedding in 
patients with HIV infection. One goal of these studies was 
to suppress genital ulceration, which is known to accelerate 
transmission of HIV (Abu-Raddad et al., 2008), but unfortu-
nately, although ulceration and HSV shedding have been 
reduced, the goal of reducing HIV transmission has not con-
sistently been achieved (Celum et al., 2008; Watson-Jones 
et al., 2008). Studies showing suppression of HSV replication 
and/or reactivation of genital herpes with aciclovir or valaci-
clovir chemosuppression have been published (Zuckerman 
et al., 2007; Celum et al., 2008; Cowan et al., 2008; Dunne et 
al., 2008). Several of these studies have also shown decreased 
plasma or genital HIV viral load while on therapy (Nagot et 
al., 2007; Zuckerman et al., 2007; Dunne et al., 2008), but 
other studies have not (Cowan et al., 2008). In two controlled 
trials conducted before highly active antiretroviral therapy 

was available, valaciclovir 0.5 g twice daily was more effective 
than valaciclovir 1.0 g once daily, but equivalent to aciclovir 
400 mg twice daily for chemosuppression of recurrent ano-
genital herpes simplex infections in HIV-infected subjects. 
Furthermore, valaciclovir and aciclovir appeared similar in 
efficacy for episodic treatment of recurrent anogenital herpes 
episodes (Conant et al., 2002). In a placebo-controlled trial in 
HIV-infected patients with recurrent genital herpes, chemo-
suppression with valaciclovir 0.5 g twice daily markedly 
increased the number of recipients who had no episodes 
from 26% among placebo recipients to 65% among valaciclo-
vir recipients (relative risk [RR]: 2.5; 95% CI: 1.8–3.5), and 
the median time to the first recurrence was significantly 
longer (> 180 days) in the valaciclovir-treated patients com-
pared to placebo patients (59 days) (De Jesus et al., 2003). Of 
note, there were no episodes of thrombotic microangiopathy in 
this study (a concern because of the valaciclovir study referred 
to earlier (see section 6, Adverse reactions and toxicity). 

All these studies also established the safety of aciclovir 
and valaciclovir in this patient population. Patients with HIV 
infection with recurrent genital herpes should be offered pro-
phylactic aciclovir or valaciclovir therapy if warranted by the 
frequency of their recurrences, similar to the HIV-uninfected 
patient.

Topical aciclovir ointment (5% in polyethylene glycol) 
was used to treat mucocutaneous HSV infections in immu-
nocompromised patients; the time for total healing of lesions 
was not altered, and a systemic comparator was not used, but 
the duration of viral shedding and pain was reduced (Whitley 
et al., 1982b). Results from a later trial using the same oint-
ment for a similar patient population were more encouraging; 
compared with a placebo-treated group, aciclovir recipients 
had accelerated clearance of virus and more rapid resolution 
of pain and enhanced healing (Whitley et al., 1984); however, 
the study did not have a systemic arm for comparison. In a 
small trial, the topical use of a 5% aciclovir cream (40% pro-
pylene glycol) was ineffective in preventing recurrent HSV 
infection with and without erythema multiforme (Fawcett et 
al., 1983). Based on the results of these studies, topical aciclo-
vir has limited use (Whitley and Gnann, 1993).

ACICLOVIR-RESISTANT HERPES SIMPLEX VIRUS

The rate of aciclovir resistance in immunocompetent patients 
is low, reported to be < 1% (Stranska et al., 2005; Bacon et al., 
2002). Most cases of aciclovir-resistant HSV strains have 
resulted from long-term prophylaxis or treatment of cutane-
ous lesions in highly immunosuppressed patients (van Vel-
zen et al., 2013; Levin et al., 2004). The rate of resistance in 
immunosuppressed patients range from 4% to 7% (Stranska 
et al., 2005; Christophers et al., 1998; Englund et al., 1990), 
with the highest rates (7–14.3%) found in bone marrow 
transplant patients (Stranska et al., 2005; Chen et al., 2000). 
Although the majority of aciclovir-resistant HSV have been 
from cutaneous lesions, there have been a number of recent 
case reports describing encephalitis caused by aciclovir-resistant 
viruses (Schepers et al., 2014; Kakiuchi et al., 2013; Schulte et 
al., 2010). Other disease states, such as meningoencephalitis 
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and esophagitis due to aciclovir-resistant HSV have been 
reported (Sacks et al., 1989; Gateley et al., 1990). Viral iso-
lates that are resistant to aciclovir are always resistant to 
valaciclovir because the activity of valaciclovir is due to its 
conversion to aciclovir. 

In adult and pediatric patients with HIV infection and 
other causes of immunosuppression, including bone marrow 
transplantation and hematologic malignancies, aciclovir- 
resistant HSV strains can cause chronic lesions that are 
unresponsive to aciclovir therapy but usually responsive to 
foscarnet treatment because the usual cause of the resistance 
is TK mutations (Chatis et al., 1989; Erlich et al., 1989a; 
Englund et al., 1990; Ljungman et al., 1990; Safrin et al., 1990; 
Safrin et al., 1991a; Hardy, 1992; Verdonck et al., 1993; Bal-
four et al., 1994). Based on a randomized, controlled trial, 
foscarnet is probably the preferred drug for treatment of 
aciclovir- resistant strains of HSV, as the vast majority of 
those isolates will be resistant due to TK mutations and will 
be fully susceptible to foscarnet (Erlich et al., 1989a; Safrin et 
al., 1991a). Topical trifluorothymidine with or without inter-
feron-alpha benefited some patients with aciclovir-resistant 
HSV (Birch et al., 1992; Murphy et al., 1992; Kessler et al., 
1996) but this is not recommended by these authors because 
systemic therapy is so effective. Cidofovir has resulted in a 
clinical response in one patient with aciclovir-resistant herpes 
genitalis, although renal toxicity prevented completion of 
therapy (Lalezari et al., 1994; see Chapter 216, Cidofovir and 
brincidovir). Rare HSV isolates that are both aciclovir and fos-
carnet resistant have been identified in HIV-infected patients 
with chronic clinically significant disease (Safrin et al., 1994b).

Shedding of aciclovir-resistant HSV by immunocompe-
tent patients has been noted (Kost et al., 1993). Aciclovir-
resistant isolates of HSV have very rarely been identified in 
persons receiving long-term suppressive therapy for genital 
herpes but are generally not considered to be of any clinical 
significance and are not usually associated with treatment 
failure. However, there are rare case reports that indicate the 
potential of these resistant isolates to be clinically relevant 
(Pottage and Kessler, 1995). An otherwise healthy young man 
developed recurrent genital herpes that was not suppressed 
by aciclovir therapy (Kost et al., 1993). There is another report 
of a young man who had no prior history of genital herpes 
who presented with cutaneous and visceral dissemination of 
aciclovir-resistant HSV-2 infection developing 2 weeks after 
unprotected sexual intercourse. After failing to improve with 
intravenous aciclovir, he responded to foscarnet therapy 
(Jones and Paul, 1995). Transmission of aciclovir-resistant HSV 
has also been reported in a neonate who subsequently devel-
oped stridor due to laryngeal infection (Nyquist et al., 1994).

OCULAR INFECTIONS DUE TO HERPES SIMPLEX

Three percent aciclovir ophthalmic ointment is effective 
treatment for HSV keratitis (Jones et al., 1979; Shiota, 1982). 
In controlled studies, aciclovir ophthalmic ointment has been 
equally as or more effective than topical vidarabine (Laib son 
et al., 1982; Young et al., 1982), equally as effective as trifluoro-
thymidine (La Lau et al., 1982), and superior to idoxuridine 

(Collum et al., 1982). Aciclovir ophthalmic ointment has been 
used successfully to treat herpetic keratitis caused by viral 
strains clinically resistant to vidarabine and idoxuridine (McGill 
and Tormey, 1982). Because aciclovir penetrates the cornea 
and is of low toxicity, may be useful for deeper stromal eye 
infections, which require long-term medication (Collum et 
al., 1982; Falcon, 1983). In patients with ocular HSV infec-
tions, aciclovir administered as suppressive oral treatment of 
400 mg twice daily reduces recurrences from 32% to 19% 
over a 1-year period (Herpetic Eye Disease Study Group, 1998).

HERPES SIMPLEX ENCEPHALITIS AND 
DISSEMINATED INFECTIONS

Herpes encephalitis

Herpes encephalitis is probably the most serious HSV infec-
tion because it routinely causes severe, permanent brain 
damage and/or death (Table 213.3). Intravenous aciclovir is 
the only drug approved for the treatment of herpes simplex 
encephalitis, based on the pivotal trial comparing aciclovir 
with the then standard therapy, vidarabine (which unfortu-
nately had never been subjected to a placebo-controlled 
trial) (Skoldenberg et al., 1984). This randomized, compara-
tive trial enrolled all patients in Sweden with herpes enceph-
alitis, and of the 53 confirmed cases, 27 were treated with 
aciclovir (l0 mg/kg every 8 hours) and 24 with vidarabine (15 
mg/kg daily) for 10 days. Mortality was 19% in the aciclovir- 
treated group versus 50% in the vidarabine group; after 6 
months of observation, 56% of the aciclovir-treated patients 
had returned to normal life compared with 13% of  vidarabine- 
treated patients; those dying or having severe sequelae were 
33% and 76%, respectively (Skoldenberg et al., 1984).

In a parallel US study (Whitley et al., 1986), all cases of 
herpes encephalitis were confirmed by brain biopsy, whereas 
in Sweden a variety of methods were used to confirm it; 
in the US study 32 patients were treated with aciclovir and 
37 with vidarabine, using the same dosage regimens used in 
Sweden. The results of the US study were very similar to the 
Swedish study, with 28% mortality in aciclovir recipients 
compared with 54% in vidarabine recipients (Figure 213.7). 
However, despite optimal aciclovir therapy, neurologic sequelae 
of herpes encephalitis are common, especially in patients 
with severe pretherapy neurologic deficits (Gordon et al., 1990).

Aciclovir therapy should begin as soon as herpes simplex 
encephalitis is suspected clinically and certainly before diag-
nostic investigations have been completed. Because of the 
low toxicity of intravenous aciclovir and the wide availability 
and high sensitivity and specificity of detecting HSV DNA in 
the cerebrospinal fluid by polymerase chain reaction (PCR), 
there is virtually no need for a brain biopsy to confirm the 
diagnosis. A second course of aciclovir therapy is recom-
mended for the few patients who relapse with herpes enceph-
alitis (Nicolaidou et al., 1993). A study in Japan showed that 
7 out of 27 children diagnosed with herpes encephalitis treated 
with aciclovir relapsed with an encephalitic illness. The total 
dose of aciclovir was lower in the group who relapsed than 
in the group who did not, and for 5 out of the 7 children who 



3472 Aciclovir and Valaciclovir

relapsed, a second course of aciclovir was effective (Ito et al., 
2000).

Intravenous aciclovir is the approved, and generally used, 
drug for treatment of HSV encephalitis. However, there are 
case reports that indicate the blood and CSF levels with oral 
valaciclovir (1 g three times daily) are equivalent to those 
seen with intravenous aciclovir and well above the levels nec-
essary to inhibit HSV replication (Pouplin et al., 2011; Cunha 
et al., 2017). There is good reason for considering valaciclo-
vir therapy rather than intravenous aciclovir in developing 
countries because a course of valaciclovir is about 20 times 
less expensive than intravenous aciclovir (Pouplin et al., 2011). 

Pouplin and colleagues (2011) under took a clinical trial 
(with ethics permission) treating HSV encephalitis in Viet-
nam with valaciclovir. Four patients had definite HSV enceph-
alitis and received a full 3-week course of therapy with 
valaciclovir, 1 g three times daily. The 2-hour postdose con-
centration of aciclovir (mean 28 ± 10 μM; approx. 6.30 ± 2.25 
μg/ml) remained stable from day 2 to the end of treatment. 
The CSF levels of aciclovir ranged between 6.5 ± 4.5 μM and 
4.2 ± 3.8 μM, which compares favorably with prior studies of 
CSF concentrations seen in patients in high-dose intrave-
nous aciclovir (Lycke et al.,2003). These concentrations are 
above the EC50 for HSV strains (0.1–3.9 μM). It was reassur-
ing that all four patients recovered completely from the HSV 
encephalitis (Pouplin et al., 2011).

Skelly and collaborators (2012) treated three cases of HSV 
encephalitis who were given valaciclovir after initial therapy 
with intravenous aciclovir; one patient did well but two  
had persistent lymphocytosis in the CSF (no PCR results 
reported) and required ongoing therapy. Unfortunately the 
details of that study are not available. In another study, 87 
patients with HSV encephalitis (PCR positive) were ran-
domly given either valaciclovir (2 g three times daily) or pla-
cebo for 90 days, starting after the normal 3-week treatment 
with intravenous aciclovir. There were no differences between 

the two groups, suggesting that either valaciclovir was not 
effective or no therapy altered the outcomes after the initial 
3-week course of intravenous aciclovir (Gnann et al., 2015). 

Neonatal infections
Neonatal HSV may be divided in three main categories for 
therapeutic and prognostic considerations: localized skin, eye, 
and mouth (45% of the cases); CNS with or without skin, eye, 
and mouth (30%); and disseminated disease (25%). Overlap 
exists among the categories, by which, for example, a neonate 
may present with both CNS involvement and disseminated 
disease to other organs (Kimberlin et al., 2007). Both aciclovir 
and vidarabine have been found to be of benefit for treat-
ment of these neonatal infections. In a multicenter, blind, 
randomized study of intravenous aciclovir (30 mg/kg/day) 
with vidarabine for the treatment of neonatal HSV infection 
(encephalitis in 71 babies and disseminated disease in 46), 
no difference was found in outcome in terms of morbidity or 
mortality between the two drugs. Both medications were tol-
erated well without serious toxicities (Whitley et al., 1991). 
Despite these results, vidarabine has a toxicity profile that is 
much worse than that of aciclovir, and it is difficult to obtain 
the parenteral form; for those reasons aciclovir is always pre-
ferred. In a subsequent open trial, treatment with aciclovir 
60 mg/kg/day (20 mg every 8 hours) for 21 days was more 
effective than 30 mg/kg/day in neonates with central nervous 
system (CNS) and disseminated disease when compared to 
outcomes in the previous study (Kimberlin et al., 2001). 

Herpetic laryngitis and tracheitis causing stridor and respi-
ratory distress in a neonate with HSV-2 infection resolved 
after a prolonged course of aciclovir (Vitale et al., 1993).

Disseminated herpes simplex infection in adults
Disseminated HSV infections presenting with fever and symp-
toms or signs of mucocutaneous dissemination and/or vis-
ceral involvement, especially fulminant hepatitis, may occur 
in pregnant women or other more profoundly immunocom-
promised patients. Although controlled trials have not been 
performed, treatment with intravenous aciclovir appears to 
reduce the risk of death (Johnson et al., 1992; Mudido et al., 
1993; Wolfsen et al., 1993; Greenspoon et al., 1994).

BELL’S PALSY

Although there has been a recognized association between 
herpes simplex infections and facial paralysis, up until recently 
there has been no consensus about treatment (Theil et al., 
2001; Stjernquist-Desatnik et al., 2006). Oral aciclovir and 
glucocorticoids has been the mainstay of therapy, often given 
in combination, but two Cochrane reviews concluded that 
insufficient data exist to support the use of either corticoste-
roids or antivirals for Bell’s palsy (Salinas et al., 2004; Allen 
and Dunn, 2004). Sullivan and collaborators (2007) initiated 
a study of patients who presented within 72 hours after the 
onset of Bell’s palsy, using a double-blind, placebo-controlled, 
randomized, factorial design to test the efficacy of aciclovir 
400 mg orally five times daily and prednisolone 25 mg twice 
daily. At 3 months, 205/247 (83%) of patients who received 

Figure 213.7. Comparison of survival in patients with 
herpes simplex encephalitis treated with vidarabine or 
aciclovir. (Adapted with permission from Whitley et al. 
(1986).) 

0 3 6 9
Months

p = 0.008

12 15 18

100

80

60

40

20

0

Su
rv

iv
al

 (%
)

Aciciovir (n = 32)

Vidarabine (n = 37)



7. Clinical uses of the drug 3473

prednisolone had recovered facial function compared with 
152/239 (63.6%) of those who did not receive prednisolone 
(p < 0.001). Of those receiving aciclovir, 173/243 (71.2%) had 
a positive response compared with 184/243 (75.7%) who did 
not receive aciclovir (p = 0.5), indicating that aciclovir therapy 
had no benefit. At the 9-month follow-up, the proportions of 
patients who recovered facial function were 237/251 (94.4%) 
for those treated with prednisolone and 200/245 (81.6%) for 
those not so treated (p < 0.001) and 211/247 (85.4%) in those 
given aciclovir compared with 226/249 (90.8%) for the group 
who did not (p = 0.1). Therefore, it is clear that prednisolone 
significantly improves the probability of recovery from Bell’s 
palsy at 3 and 9 months, whereas aciclovir has no effect given 
either alone or combined with prednisolone (Table 213.10). 
It is unclear whether an increased dose of aciclovir 800 mg 
five times daily such as those used against zoster sine herpete 
would have improved outcome in the aciclovir group. The 
possibility of patients having zoster sine herpete was not ruled 
out by Sullivan et al. (2007).

Valaciclovir 1 g three times daily for 7 days and 50 mg of 
prednisone for 5 days followed by a 5-day taper led to better 
outcome in 56 patients with Bell’s palsy (idiopathic peripheral 
facial nerve paralysis) when compared with 56 retrospective 
controls who received no treatment (Axelsson et al., 2003). 
In a subsequent prospective, controlled trial, valaciclovir 
0.5 g twice daily for 5 days plus prednisolone 60 mg daily for 
5 days followed by a 5-day taper was significantly more effec-
tive than prednisolone alone in patients with Bell’s palsy (Hato 
et al., 2007). All patients also received mecobalamin for 
6 months or until resolution of paralysis, and patients with 
virologic evidence of zoster sine herpete (8% of the total) 
were excluded from the analysis (Hato et al., 2007). However, 
in a similar study of Bell’s palsy that did not exclude patients 
with VZV (zoster sine herpete), treatment with valaciclovir 
500 mg twice daily with prednisolone 60 mg daily for 5 days 
followed by a 5-day taper was no more effective than pred-
nisolone alone (Kawaguchi et al., 2007). In this study, how-
ever, there was a trend toward higher rates of recovery in 
patients with HSV-1 reactivation who were treated with valac-
iclovir plus prednisolone when compared with treatment 
with prednisolone alone.

Patients with vestibular neuronitis were studied in a pro-
spective, randomized, controlled trial that showed methyl-
prednisolone treatment significantly improved recovery of 
peripheral vestibular function. Neither treatment with vala- 

 ci clovir alone nor did the addition of valaciclovir to methyl-
prednisolone improve the outcomes (Strupp et al., 2004).

OTHER HERPES SIMPLEX INFECTIONS

In two young men with eczema herpeticum Woolfson and 
colleagues (1984) attributed a salubrious clinical response to 
treatment with oral aciclovir in a dosage of 100–200 mg five 
times daily. Robinson et al. (1984) described two patients 
with genital herpes complicated by eczema herpeticum who 
responded to oral treatment with aciclovir. Subsequently there 
have been other reports supporting the use of aciclovir for 
eczema herpeticum (Niimura and Nishikawa, 1988; Parker 
and Guin, 1993).

Erythema multiforme is often precipitated by preceding 
HSV infection and may be prevented by long-term suppres-
sive therapy with aciclovir or by patient-initiated aciclovir 
therapy at the onset of recurrence of infection (Schofield et 
al., 1993; Choy et al., 1995). This has been confirmed by results 
from a randomized, double-blind placebo-controlled study 
of 20 patients with more than four episodes of HSV-induced 
erythema multiforme yearly; continuous aciclovir suppres-
sive therapy completely abolished recurrences (Tatnall et al., 
1995). Occasionally, erythema multiforme may be precipitated 
by EBV infection; successful treatment with oral aciclovir 
has been described, even though aciclovir is relatively inac-
tive against EBV (Drago et al., 1992). Aciclovir has also been 
found to be of clinical benefit in patients with Stevens-
Johnson syndrome triggered by HSV infection (Detjen et al., 
1992).

A report of two toddlers with atypical croup due to HSV-1 
that responded promptly to aciclovir therapy is available (Inglis, 
1993); nonetheless, HSV would be a very unusual cause of 
croup overall. Pharyngitis and/or esophagitis due to either 
HSV type in both adults and children with no evidence of 
underlying immunosuppression responded to therapy with 
aciclovir (Lambert and Eastham, 1987; Galbraith and Shafran, 
1992; McMillan et al., 1993). Although extremely rare, HSV 
pneumonia responsive to aciclovir therapy has been reported 
in young adults who have no evidence of immunodeficiency 
(Martinez et al., 1994).

7b.  Varicella-zoster virus infections

VZV INFECTION IN THE IMMUNOCOMPETENT HOST

Aciclovir is effective treatment for zoster in normal adults; 
debate continues regarding who should receive treatment. 
Benefits of aciclovir therapy have been seen in clinical trials 
in which patients were started on therapy within 72 hours of 
the onset of lesions (Table 213.3).

Intravenously administered aciclovir benefited patients 
with zoster in early open clinical studies (Selby et al., 1979; 
Spector et al., 1982; Van der Meer and Versteeg, 1982; Ack-
land et al., 1983). Results of controlled trials have confirmed 
these clinical impressions (Peterslund et al., 1981; Bean et 
al., 1982; Esmann et al., 1982; McGill et al., 1983; Huff et al., 
1988). In otherwise normal patients with zoster, intravenous 

Table 213.10. Comparison of prednisolone or aciclovir treatment 
of Bell’s palsy

Time after 
treatment of 
acute episode

Percent of subjects whose facial function 
had recovered

Prednisolone treated Aciclovir treated

Yes No Yes No

3 months 83 64 71 76

9 months 94 82 85 91

Source: Data from Sullivan et al. (2007).
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doses of 5–10 mg/kg, or 500 mg/m2 (8.6–14.9 mg/kg), every 
8 hours have been employed for periods of about 5 days. Most 
trials showed accelerated healing of skin lesions, decreased 
duration of pain in the acute phase, prevention of develop-
ment of new lesions during therapy, and reduction in dura-
tion of viral shedding, without reduction in postherpetic 
neuralgia (Peterslund et al., 1981; Bean et al., 1982; Esmann 
et al., 1982; McGill et al., 1983; Huff et al., 1988). Intravenous 
aciclovir remains the treatment of choice for patients with 
cutaneous or visceral dissemination of varicella-zoster virus, 
whether primary (chickenpox or varicella) or reactivated (zos-
ter) infection. 

Orally administered aciclovir is far more commonly used 
to treat zoster in the immunocompetent host than intrave-
nous therapy. Early experience with 19 otherwise healthy 
adults with zoster suggested that an oral dosage of aciclovir 
of 200 mg five times daily for 5 days may arrest the infection 
if given within 24 hours of the rash appearing (Finn and 
Smith, 1984). McKendrick and colleagues (1984) were scep-
tical as to whether this dose was adequate and reported on 
their controlled trials in which higher oral doses were used; 
in 41 otherwise healthy adult patients entered within 72 
hours of the onset of rash, a dose of 400 mg five times daily 
for 5 days suppressed new lesion formation but differences in 
other indices did not achieve significance. In another trial in 
which 40 similar patients were given 800 mg five times daily 
for 7 days, there was a reduction in the duration of vesicles 
and time to first and complete crusting and reduction in pain 
severity during the first week (Morton and Thomson, 1989). 
The currently recommended dose of aciclovir for immuno-
competent patients with zoster is 800 mg given five times per 
day (Huff et al., 1988; Wood et al., 1988). Therapy should be 
commenced as early as possible after the development of 
rash (within 48 hours) and little effect is observed if therapy 
is begun more than 72 hours after the lesions have appeared 
(Wood et al., 1988).

While it is clear from controlled studies that aciclovir ther-
apy can reduce both the severity and duration of acute pain 
associated with zoster, studies on the efficacy of aciclovir in 
preventing postherpetic neuralgia have produced conflict-
ing results (Van den Broek et al., 1984; Wood et al., 1988; 
Mc Kenrick et al., 1989; Benoldi et al., 1991; Huff et al., 1993). 
A meta-analysis of treatment studies with oral aciclovir did 
show a statistically significant impact on postherpetic neu-
ralgia (Wood et al., 1996). Subsequently, a controlled com-
parison of oral valaciclovir versus oral aciclovir showed that 
valaciclovir had a greater effect on postherpetic neuralgia 
than aciclovir, accelerating the resolution of pain. Median 
pain durations of 38 and 44 days for the valaciclovir groups 
versus 51 days for aciclovir (p ≤ 0.03) (Beutner et al., 1995).

In another trial, 400 patients who had zoster for less than 
72 hours were randomized to receive aciclovir in a dose of 
800 mg five times per day for 7 or 21 days together with 
either prednisolone or placebo. Both longer therapy and the 
addition of prednisolone produced only very slight benefits 
when compared with the standard treatment of 7 days of aci-
clovir alone (Wood et al., 1994b). Whitley et al. (1996) pub- 

lished results from a randomized, placebo-controlled study 
involving 208 immunocompetent patients older than 50 years 
with localized zoster who were enrolled within 72 hours of 
onset. Patients randomized to receive aciclovir and prednis-
olone had accelerated time to cessation of acute neuritis com- 
pared with those who received either aciclovir alone or no 
active therapy, although resolution of chronic pain was not 
significantly different from that in the other groups. In the 
latter study, the clinical benefit from the addition of predni-
sone to aciclovir therapy, which included more rapid resolu-
tion of acute pain, return to normal activity, and cessation of 
analgesic therapy, was limited to persons with moderate to 
severe pain at presentation. As such, the use of prednisone 
should be considered in persons without contraindications  
to corticosteroids who present with moderate to severe post- 
zoster pain.

A multicenter, double-blind, international trial in 1141 
immunocompetent patients aged over 50 years compared the 
efficacy of valaciclovir, given in a dose of 1.0 g three times 
daily for 7 or 14 days, with that of aciclovir administered in a 
dose of 800 mg five times daily for 7 days. Only patients pre-
senting within 72 hours of onset of rash and with localized 
zoster were included in the study. Valaciclovir was superior 
to aciclovir in accelerating pain relief; the median times to 
cessation of acute pain in the 7- and 14-day valaciclovir 
recipients were statistically equivalent (38 and 44 days); how-
ever, both were significantly better than the 51 days observed 
in the aciclovir arm. The proportion of patients with pain at 
6 months was also less in the valaciclovir group than in aci-
clovir recipients (19.3% and 26%, respectively). There was no 
difference between valaciclovir and aciclovir in time to cessa-
tion of new lesion formation (3 days) and time to more than 
50% crusting of lesions (5 days). Those randomized to the 
valaciclovir arm also used less analgesia and had less time 
away from work than patients receiving aciclovir (Beutner et 
al., 1995; Smiley et al., 1996). Plasma concentrations of aci-
clovir were significantly higher throughout the dosing period 
in valaciclovir recipients than in those treated with aciclovir 
(Beutner et al., 1995; Figure 213.8).

In a randomized controlled trial comparing valaciclovir 1 g 
three times daily with famciclovir 500 mg three times daily 
for 7 days in immunocompetent adults older than 50 years of 
age, there were no significant differences in healing rates or 
time to resolution of pain (Tyring et al., 2000). Similarly, vala-
ciclovir and brivudin (see Chapter 217, Brivudin; not avail-
able in the USA) appeared equally effective for the treatment 
of zoster in immunocompetent adults (Wassilew, 2005). In 
the immunologically normal patient with acute zoster, orally 
administered corticosteroids should be considered for those 
who have moderate or severe pain at presentation and have 
no contraindications to steroid treatment (Whitley et al., 1996).

ZOSTER OPHTHALMICUS

Clinical trials of zoster in immunocompetent adults have 
typically been limited to patients with lesions present for 72 
hours or less. Oral aciclovir treatment of zoster ophthalmi- 
cus reduced the risk of complications, including uveitis and 
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keratitis, particularly if commenced within 48 hours of onset 
of rash (Cobo et al., 1986; Harding and Porter, 1991; Whitley 
and Gnann, 1992). However, treatment as late as 7 days after 
onset of lesions may still be beneficial (Cobo, 1988). Therefore, 
experts agree that all patients with zoster ophthalmicus 
should always be treated, even if lesions have been present 
for more than 72 hours (Dworkin et al., 2007). The justifi-
cation for this is the risk of severe ocular complications, 
including scarred lids with malfunction; ptosis; conjunctivi-
tis; episcleritis or scleritis; keratitis; iridocyclitis; hemorrhagic 
retinitis; acute retinal necrosis; choroiditis; papillitis; retrob-
ulbar neuritis; optic atrophy; Argyll Robertson pupil; partial 
or complete third, fourth, or sixth nerve palsy; isolated 
pupillary paralysis; internuclear ophthalmoplegia; glaucoma; 
orbital apex syndrome; postherpetic neuralgia; and sympa-
thetic oph thalmia (Dworkin et al., 2007). Nevertheless, this 
is not a universal view, with some clinicians being guided by 
the extent of clinical involvement at the time of assessment. 
Management of zoster ophthalmicus should include care by 
an ophthalmologist; treatment guidelines for the ophthalmo-
logic management of herpes zoster ophthalmicus have been 
reviewed (Dworkin et al., 2007). Famciclovir (see Chapter 214, 
Famciclovir and penciclovir), valaciclovir, or intravenous aci-
clovir is recommended. 

In one early study, topical administration of aciclovir to 
the eye controlled ocular complications of zoster, whereas 
intravenous therapy did not have an effect (McGill et al., 
1983). In a double-blind, randomized comparison of topical 
aciclovir versus topical betamethasone investigators found 
topical aciclovir therapy was superior to topical glucocorti-
coids because aciclovir shortened the duration of treatment 
and was associated with fewer recurrences. Although the 
time to resolution of corneal epithelial disease was shorter in 
aciclovir recipients, this benefit was not seen in patients with 
uveitis or scleritis (McGill and Chapman, 1983). Marsh and 
Cooper (1991) reported topical aciclovir alone was ineffec-
tive in controlling ocular inflammation. Topical antivirals alone 
are not recommended because of lack of efficacy, whereas 
topical or systemic steroids, mydriatic/cycloplegia and ocular 

pressure-lowering agents may be indicated, depending on 
ocular complications. 

Acute retinal necrosis due to varicella-zoster virus, whether 
the patient is immunocompetent or immunocompromised, 
should be treated with intravenous antiviral therapy. Although 
oral valaciclovir therapy (1 g three times daily for 4–6 weeks) 
has reportedly been used in the immunocompetent host after 
10–14 days of intravenous aciclovir, this approach has not 
been studied in controlled trials (Dworkin et al., 2007).

ZOSTER IN THE IMMUNOCOMPROMISED HOST

For immunocompromised patients with localized zoster who 
can take oral medications, there is a growing body of clinical 
experience, as well as limited published data, suggesting that 
valaciclovir is safe and effective in this setting (Dworkin et 
al., 2007). In general, immunocompromised patients should 
be treated even if lesions have been present for more than 72 
hours, especially if new lesions have recently appeared, and 
treatment may need to be continued for more than the rec-
ommended 7–10 days if lesions are not completely crusted in 
that time frame (Dworkin et al., 2007).

Intravenous aciclovir markedly reduces the frequency of 
cutaneous dissemination and the risk of visceral complica-
tions of zoster in immunocompromised patients (Whitley et 
al., 1982c; Balfour et al., 1983a). In less severely immunocom-
promised patients with uncomplicated disease (e.g. involving 
one dermatome or less, no trigeminal neuralgia), oral aciclo-
vir may be initiated at a dose of 800 mg five times per day for 
7 days. If progression occurs while on oral aciclovir, then a 
switch to intravenous aciclovir should be made. Aciclovir 
prophylaxis in bone marrow transplant recipients has been 
found to lower the risk of VZV reactivation and to reduce 
mortality in some studies (Perren et al., 1988; Sempere et al., 
1992; Masaoka et al., 1993), but not in others (Han et al., 1994).

When aciclovir was compared with vidarabine to treat 
VZV infections in severely immunocompromised patients, 
aciclovir was found to be more effective than vidarabine in 
preventing dissemination of infection, in promoting cuta-
neous healing, and in relieving pain (Shepp et al., 1986). In 

Figure 213.8. Plasma aciclovir concen-
trations during one dosing interval in 
patients with zoster treated with oral 
valaciclovir or oral aciclovir. Subjects were 
given valaciclovir 1.0 g three times daily 
for 7 days (VACV-7), valaciclovir l.0 mg 
three times daily for l4 days (VACV-l4), or 
aciclovir 800 mg five times daily for 7 days 
(ACV-7). (Adapted with permission from 
Beutner et al. (1995).) 
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another study, in which patients had disseminated zoster at 
entry, aciclovir and vidarabine had similar efficacy (Whitley 
et al., 1992). Aciclovir was effective for the treatment of immu-
nocompromised patients with varicella-zoster meningoen-
cephalitis; clinical response was noted by day 3 of therapy, 
and virus could not be cultured from vesicles and CSF at the 
end of 7 days of treatment (Steele et al., 1983).

Treatment of progressive outer retinal necrosis with intra-
venous aciclovir or ganciclovir (thought to be due to VZV in 
patients with late-stage HIV infection) has met with only lim-
ited success (Pavesio et al., 1995; Pinnolis et al., 1995). The 
condition may be unilateral or bilateral and is rapidly pro-
gressive with widespread retinal involvement and often retinal 
detachment with ultimately complete loss of vision. Although 
optimal therapy has not been defined, there are case reports 
of successful therapy with combination therapy with intra-
venous ganciclovir and foscarnet, often with the addition of 
intravitreal therapy (Galindez et al., 1996; Spaide et al., 1996; 
Meffert et al., 1997; Perez-Blazquez et al., 1997; Ciulla et al., 
1998; Scott et al., 2002).

In contrast to rapidly progressive retinal necrosis, acute 
retinal necrosis generally responds well to intravenous aci-
clovir or oral valaciclovir, decreasing spread to the noninfected 
eye and improving symptoms and visual acuity within 2–4 
weeks of treatment (Palay et al., 1991; Emerson et al., 2006). 
Finally, patients with advanced HIV infection with varicella 
zoster retinopathy may require chronic suppressive therapy 
to prevent recurrences (Johnston et al., 1993).

CONGENITAL OR NEONATAL VARICELLA

Primary varicella infection in the first and second trimester 
of pregnancy carries a 2% risk of congenital varicella syn-
drome. The most common manifestation of congenital vari-
cella syndrome is skin lesions in 70% of the cases and limb 
hypoplasia in 46–72%. Other abnormalities that can occur 
after congenital varicella syndrome include neurological 
abnormalities such as microcephaly, cortical atrophy, hydro-
cephaly, and mental retardation in 48–62% of the neonates. 
Eye problems are reported in 44–52% of the newborns, and 
7–24% of cases presented with muscle hypoplasia; develop-
mental delay; and gastrointestinal, genitourinary, or cardio-
vascular abnormalities (Sauerbrei and Wutzler, 2007). The 
disease is not usually associated with active viral replication 
in infants who developed the congenital varicella syndrome 
and thus aciclovir therapy is rarely useful in this situation 
(Arvin, 1993). However, women who acquire primary vari-
cella during pregnancy should be treated with oral aciclovir, 
which has been classified as a pregnancy category B drug 
(Mylan Pharmaceuticals, 2012). 

Moreover, if a woman acquires primary varicella infection 
5 days before or 2 days after delivery, the newborn will be at 
risk of disseminated varicella infection. Disseminated vari-
cella infection develops when the virus infects a newborn 
before the transfer of protective maternal antibodies. This 
overwhelming viral infection leads to death in 25% of cases. 
Both varicella zoster immunoglobulin and intravenous aci-
clovir should be administered at birth if there is evidence of 

varicella with complications, such as pneumonia, encephali-
tis, hepatitis, or coagulation disorder (Arvin, 1993; Sauerbrei, 
2007). Although varicella zoster immunoglobulin reduces 
the risk of complications, in one study administration of zos-
ter immunoglobulin alone (without antiviral drug therapy) 
at birth to 118 infants with perinatal exposure failed to pre-
vent severe varicella in 14% (Miller et al., 1989), hence the 
recommendation to co-administer with aciclovir.

VARICELLA OR ZOSTER IN THE PEDIATRIC 
IMMUNOCOMPROMISED HOST

Aciclovir therapy, administered intravenously, substantially 
decreases morbidity and mortality in immunocompromised 
children with varicella. Although there are studies support-
ing its use (Novelli et al., 1984; Meszner et al., 1993), oral aci - 
clovir therapy is not indicated for the treatment of varicella 
in immunocompromised children.

In an early open trial of four immunocompromised chil-
dren with zoster after bone marrow transplantation, treatment 
with aciclovir (500 mg/m2 every 8 hours for 5 days) resulted 
in rapid improvements in lesions and rapid relief of pain 
(Serota et al., 1982). The same regimen was used in a placebo- 
controlled trial to treat localized and disseminated zoster in 
immunocompromised patients (Balfour et al., 1983a). Progres-
sion of lesions was halted even in patients whose therapy was 
delayed for 3 days after the onset of rash. However, there were 
fewer complications if the drug was given within the first 3 
days of development of lesions, and in that case there was accel-
erated clearance of virus from lesions (Balfour et al., 1983a).

The efficacy of intravenous aciclovir was further described 
in reports of two controlled trials in immunosuppressed 
children with varicella when a dose of 500 mg/m2 (about 12 
mg/kg) every 8 hours for 7 days was used. Aciclovir improved 
the clinical condition of the children and reduced time to 
crusting (Prober et al., 1982; Nyerges et al., 1988). However, 
administration of aciclovir together with varicella-zoster immu-
noglobulin to children with organ transplants who were exposed 
to varicella did not provide complete protection in one report 
(Lynfield et al., 1992). There is a case report describing the 
efficacy of intravenous aciclovir therapy in an immunosup-
pressed adolescent with disseminated multifocal leukoen-
cephalitis due to VZV (Herrold and Hahn, 1994).

VARICELLA IN IMMUNOCOMPETENT CHILDREN 
AND ADOLESCENTS

A well-controlled study from the University of Minnesota 
docu mented the safety of aciclovir for treating varicella in 
immunocompromised children at a dose of 20 mg/kg and 
the superior efficacy of this dose over 10 or 15 mg/kg, in 
terms of decreasing the number of skin lesions, shortening 
the time to healing, and decreasing the severity and duration 
of fever and other constitutional symptoms (Balfour et al., 
1990; Balfour, 1993). In subsequent studies, it became appar-
ent that morbidity and mortality are higher in adolescents 
than in young children with varicella, and the infected ado-
lescents are more likely to cause secondary and tertiary cases 
in household members than infants. In two studies of varicella 
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in children, aciclovir was given (20 mg/kg for children; 800 mg 
for adolescents, both four times per day for 5 days commenc-
ing within 24 hours of onset of rash). Aciclovir reduced the 
number of lesions, reduced the time to cessation of new 
lesion formation and defervescence, and accelerated healing 
of the lesions compared to placebo. In addition there was no 
alteration in antibody response as a result of therapy, thereby 
ensuring relative immunity to future VZV infection (Dunkle 
et al., 1991; Balfour et al., 1992). In both these trials aciclovir 
was safe and well tolerated. Aciclovir did not decrease the risk 
of transmission of the virus within the household (Feldman, 
1993), nor did it reduce the duration of absence from school 
(American Academy of Pediatrics, 2015).

In an open, noncomparative multicenter study of children 
with varicella aged 3 months to 2 years were given aciclovir 
(80 mg/kg/day in four divided doses for 4–6 days). When the 
therapy was started < 24 hours after the appearance of the 
rash, aciclovir resulted in a rapid defervescence, resolution of 
itch and other constitutional symptoms, and cessation of new 
lesions with acceleration of healing of existing lesions (Chiodo 
et al., 1995).

For varicella cases, the American Academy of Pediatrics’ 
Committee on Infectious Diseases recommends treatment 
with oral aciclovir in otherwise healthy people with increased 
risk of moderate to severe disease due to being > 12 years of 
age; having chronic cutaneous or pulmonary diseases; receiv-
ing chronic salicylate therapy to prevent of Reye’s syndrome; 
or receiving short, intermittent, or aerosolized courses corti-
costeroids. Aciclovir 20 mg/kg orally given four times per 
day for 5 days should be initiated within 24 hours of the rash 
(American Academy of Pediatrics, 2015). In one nonran-
domized study, postexposure prophylaxis of family members 
using aciclovir (40 or 80 mg/kg/day in four divided doses for 
7 days) prevented or modified varicella infection, even when 
administered late in the incubation period. In 25 exposed 
children or infants who received aciclovir 7–9 days after expo-
sure to the index case in the family, 16% developed varicella 
and 4% had fever, compared with 25 controls, all of whom 
developed disease and over two thirds developed fever; 84% 
of aciclovir recipients seroconverted (Asano et al., 1993).

VARICELLA IN IMMUNOCOMPETENT ADULTS

Several controlled studies have found that both intravenous 
and oral aciclovir therapy, if commenced early following the 
onset of rash, can decrease the time to healing, the duration 
of fever, the maximum number of lesions, the virus titer within 
the vesicles, and the severity of symptoms of immunocompe-
tent adults with varicella (Al-Nakib et al., 1983; Feder, 1990; 
Wallace et al., 1992). Treatment must be initiated within the 
first 24 hours of lesions for aciclovir to be efficacious (Wallace 
et al., 1992).

Although there are no controlled studies to prove efficacy, 
treatment of adults with varicella complicated by pneumonia 
using intravenous aciclovir is strongly supported by case 
reports and uncontrolled studies (Schlossberg and Littman, 
1988; Haake et al., 1990). Varicella pneumonia in a pregnant 
woman is potentially life-threatening and must be treated 

with intravenous aciclovir (Boyd and Walker, 1988; Haake et 
al., 1990; Smego and Asperilla, 1991; Arvin, 1993).

ACICLOVIR-RESISTANT VZV INFECTION

In both adult and pediatric patients with advanced HIV infec-
tion, chronic, hyperkeratotic papules due to aciclovir-resistant 
VZV have been reported (Pahwa et al., 1988; Linnemann et 
al., 1990; Lokke-Jensen et al., 1993; Colebunders et al., 1994; 
Lyall et al., 1994). Meningo-radiculoneuritis due to aciclovir- 
resistant VZV has also been reported in a patient with late-
stage HIV infection (Snoeck et al., 1994). Foscarnet is the 
drug of choice for aciclovir-resistant zoster (Safrin et al., 
1991b). Topical trifluorothymidine alone or in combination 
with interferon-alpha may also be of benefit in cases of aci-
clovir resistance (Birch et al., 1992; Rossi et al., 1995); how-
ever, given the superior efficacy of foscarnet in this situation, 
it should be used preferably.

7c.  Cytomegalovirus infections

Because CMV is less much less susceptible to aciclovir than 
either HSV or VZV, this drug is ineffective for treatment of 
CMV infections (Plotkin et al., 1982; Wade et al., 1982b; 
Wade et al., 1983b; Shepp et al., 1984; Table 213.3). Although 
some studies have shown that aciclovir prophylaxis decreases 
the frequency of symptomatic CMV infections after trans-
plantation, including heart, kidney, and bone marrow 
(Gluckman et al., 1983; Meyers et al., 1988; Balfour et al., 1989; 
Fletcher et al., 1991; Elkins et al., 1993; Legendre et al., 1993; 
Mollison et al., 1993; Dunn et al., 1994), aciclovir failed to 
prevent CMV infection or disease in other studies, especially 
in liver transplant recipients (Bailey et al., 1993; Wong et al., 
1993; Bacigalupo et al., 1994; Singh et al., 1994; Boeckh et al., 
1995; Winston et al., 1995; Barkholt et al., 1999). Aciclovir is 
generally considered to be markedly inferior to ganciclovir 
as prophylaxis against CMV infection or disease in this pa-
tient population, according to the latest guidelines from the 
American Society of Transplantation and American Society 
of Transplant Surgeons (Razonable et al., 2013; Duncan et al., 
1994; Martin et al., 1994). Valaciclovir at a dose of 2 g orally 
four times daily (adjusted for renal function) for 90 days 
reduced the incidence and delayed onset of CMV disease 
and reduced the incidence of acute rejection when compared 
with placebo treatment and in renal transplant recipients 
(Lowance et al., 1999). Hallucinations and confusion were 
more common in valaciclovir recipients but were not treat-
ment limiting. In another prospective study, both oral valac-
iclovir (2 g four times daily) and oral ganciclovir (1 g three 
times daily) significantly reduced CMV disease incidence, 
but the rejection rate was significantly lower in the oral 
valaciclovir group compared with both oral ganciclovir and 
deferred therapy (Reischig et al., 2005). In a retrospective, 
nonrandomized study, there was no difference in CMV 
infection or acute rejection in patients treated with valaciclo-
vir 2 g four times daily versus those treated with oral ganciclo-
vir 1 g three times daily (Yango et al., 2003). Both valaciclovir 
prophylaxis and preemptive therapy with valganciclovir were 
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equally effective in preventing CMV disease after renal trans-
plantation (Reischig et al., 2008). Preemptive therapy involves 
initiation of therapy based on laboratory evidence of CMV 
replication (increases in CMV DNA or antigens in blood cells 
or plasma) before development of symptoms. Finally, in an 
analysis of 23 renal transplant patients who developed CMV 
antigens or DNA in blood during or at the end of oral valaciclo-
vir prophylaxis, ganciclovir resistance (by UL97 genotyping) 
was detected in only 1 out of 23 (Alain et al., 2004), suggest-
ing that valaciclovir prophylaxis did not foster development 
of ganciclovir-resistant CMV strains.

The most recent guidelines for prevention, preemptive treat-
ment, and treatment of CMV infection in solid organ trans-
plant by the American Society of Transplantation and the 
American Society of Transplant Surgeons recommend oral 
ganciclovir and valganciclovir as preferred agents for pro-
phylaxis, but valaciclovir is listed as an alternative for pro-
phylaxis (but not treatment) of CMV in kidney transplant 
recipients only (Razonable et al., 2013). Oral aciclovir has 
also been used in a number of studies of patients undergoing 
solid organ transplantation to prevent CMV infection and 
disease (Pay et al., 1993; Prentice et al., 1994). The data from 
these studies suggest that, although in some cases aciclovir 
can prevent infection or delay the development of disease, it 
is inferior in efficacy to ganciclovir (see Chapter 215, Gan ci-
clovir and valganciclovir). However, there are two drugs cur-
rently under investigation for prevention of CMV infections, 
both unlikely to cause the neutropenia that is so common 
with ganciclovir or valganciclovir, and it is likely that at least 
one will become available for clinical practice (see Chapter 
220, Letermovir and Chapter 223, Maribavir). 

The current guidelines for preventing opportunistic infec-
tions among hematopoietic stem cell transplant recipients 
recommend as tertiary-line agents aciclovir or valaciclovir as 
prophylactic therapy in allogeneic hematopoietic stem cell 
transplant recipients (engraftment to day 100 post-transplant, 
i.e., phase II) (Tomblyn et al., 2009). Aciclovir 500 mg/m2 i.v. 
three times per day or 800 mg orally four times daily and 
valaciclovir 2 g three to four times daily both in combination 
with screening for CMV are listed as a recommended agents, 
although not one of the first- or second-line agents. Published 
data showed that high-dose aciclovir (10 mg/kg i.v. every 
8 hours or 500 mg/m2) prevented CMV disease (Meyers et 
al., 1988; Prentice et al., 1994). Aciclovir or valaciclovir should 
not be used for preemptive therapy of CMV infections devel-
oping after autologous hematopoietic stem cell transplantation 
because of its lack of efficacy (Boeckh et al., 1995; Boeckh et 
al., 1998).

To further support such recommendations several other 
studies have investigated the role of aciclovir and valaciclo- 
vir in hematopoietic stem cell transplant recipients. In one 
study, hematopoietic stem cell transplant recipients were 
treated with intravenous aciclovir (500 mg/m2 for 28 days) 
and then were given either valaciclovir 2 g four times daily  
or aciclovir 800 mg four times daily until week 18 post- 
transplantation. CMV infection or disease developed in 28% 
(102) of the valaciclovir-treated patients versus 40% (143) of 

the oral aciclovir-treated patients (p < 0.001) (Ljungman et 
al., 2002). In another trial, CMV-seropositive patients who 
received an allogenic bone marrow transplant were treated 
with intravenous aciclovir (500 mg/m2 for 28 days) followed 
by either valaciclovir (2 g four times daily; n = 83) or intrave-
nous ganciclovir (5 mg/kg every 12 hours for 7 days followed 
by ganciclovir 6 mg/kg daily for 5 days a week; n = 85) to day 
100 (Winston et al., 2003). CMV infection occurred in 12% 
of the oral valaciclovir-treated patients versus 19% of those 
on intravenous ganciclovir (p = 0.9), and CMV disease occurred 
in 2 patients on valaciclovir and 1 patient receiving intrave-
nous ganciclovir (p = 0.6).

In a study of 93 patients with symptomatic HIV infection, 
high-dose aciclovir failed to suppress the excretion of CMV 
in urine; of potential importance in this patient population, 
aciclovir therapy was not associated with the development of 
ganciclovir-resistant strains of CMV (Drew et al., 1995). In a 
small, open-label study of patients with HIV-related CMV 
retinitis who were treated with intravenous aciclovir (10 mg/
kg of body weight every 8 hours) following a course of ganci-
clovir induction therapy, the median time to disease progres-
sion was only 32 days, suggesting that aciclovir is inactive 
and inferior to ganciclovir or foscarnet (Sha et al., 1991). The 
ACTG phase III clinical trial 204 evaluated the efficacy of 
valaciclovir (2.0 g four times daily) versus oral aciclovir (800 
mg four times daily or 400 mg twice daily) for prevention of 
CMV end-organ disease in HIV- and CMV-co-infected indi-
viduals with < 100 CD4 cells/μl. This study was conducted 
before the availability of highly active combination antiretro-
viral therapy. A total of 1227 patients were enrolled, with a 
median CD4 count of 32 cells/μl. The study was prematurely 
stopped after the interim data analysis by an independent 
monitoring board revealed a trend toward earlier mortality 
in those randomized to receive valaciclovir compared to the 
aciclovir group (p = 0.06). However, compared with patients 
given aciclovir, the risk of confirmed CMV disease was reduced 
by 33% with valaciclovir, and the time to confirmed CMV 
disease was significantly longer in the valaciclovir group (p = 
0.03). Patients receiving valaciclovir were more likely to dis-
continue study medication than aciclovir recipients, and there 
was a higher incidence of gastrointestinal side effects in those 
receiving valaciclovir (Feinberg et al., 1998). The explanation 
for the apparent increase in mortality is unknown.

7d.  Epstein–Barr virus infection 

In vitro activity of aciclovir against Epstein-Barr virus has 
been demonstrated; however, its clinical application is lim-
ited due to its lack of activity in latent cellular infection (Van 
der Horst et al., 1987; Bacon and Boyd, 1995; Table 213.1). 
Hanto et al. (1982) reported a patient with EBV-associated 
polyclonal B-cell lymphoproliferative disease after renal trans-
plantation, whose disease underwent regression on two occa-
sions after treatment with intravenous aciclovir, before finally 
succumbing to the illness. However, intravenous aciclovir was 
of no apparent benefit in other reported cases of life-threaten-
ing EBV infection (Sullivan et al., 1982; Sakamoto et al., 1992). 
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In patients with infectious mononucleosis, intravenous aci-
clovir transiently interrupted virus excretion in the orophar-
ynx, but clinical features of the disease were largely unaffected 
(Pagano et al., 1983; Andersson et al., 1985). A subsequent, 
randomized, placebo-controlled study of oral aciclovir in 
120 patients with acute infectious mononucleosis showed 
that aciclovir therapy had absolutely no effect on symptoms 
or signs of infection but did partially suppress EBV shedding 
in the oropharynx (Van der Horst et al., 1991). Similarly, in 
patients with asymptomatic HIV infection, treatment with 
high-dose oral aciclovir did not eliminate persistent EBV 
infection in the oropharynx (Luxton et al., 1993). Oral hairy 
leukoplakia may respond to oral aciclovir (Resnick et al., 1988; 
Lozada-Nur and Costa, 1992; Laskaris et al., 1995), although 
patients frequently develop recurrences after cessation of 
therapy (Herbst et al., 1989).

7e.  Hepatitis B virus infection

Two large multicenter, randomized trials have failed to demon-
strate any benefit of aciclovir alone or any enhancement of 
concurrent interferon-alpha, on HBe antigen seroconversion 
in patients with chronic hepatitis B infection (Alexander et 
al., 1986; Alexander et al., 1987; Berk et al., 1992). 

7f.  Human immunodeficiency virus

Recent in vitro studies have shown, surprisingly, that aciclo-
vir has some activity against HIV at concentrations achiev-
able in vivo, if it is activated by HSV thymidine kinase (Lisco 
et al. 2008; McMahon et al, 2008; Stapleton and Balfour, 
2008). In HIV-infected patients not receiving potent combi-
nation antiretroviral therapy, several studies have shown a 
modest anti-HIV effect of aciclovir or valaciclovir, as mea-
sured by decreases in plasma and anogenital HIV viral load 
(Nagot et al., 2007; Zuckerman et al., 2007; Dunne et al., 
2008). However, another study failed to show an aciclovir effect 
on HIV viral loads, although showing the expected effect on 
HSV shedding (Cowan et al., 2008). In a study of persons in 
southern and eastern Africa dually infected with HIV-1 and 
HSV-2 who were not on antiretroviral therapy and had CD4 
cell counts ≥ 250 μl, treatment with oral aciclovir 400 mg 
twice daily reduced the risk of HIV disease progression by 
16% (p = 0.03) when compared to placebo treatment (Ling-
appa et al., 2010). Similarly, in HIV-1/HSV-2 dually infected 
patients treated with aciclovir 400 mg twice daily or placebo 
in Rakai, Uganda, participants with a baseline viral load of 
50,000 copies/ml or more and baseline CD4 cell counts between 
300 and 400 cells/μl had reduced progression to either a CD4 
count of less than 250 cells/μl or initiation of antiretroviral 
therapy (0.62, 0.43–0.96; p = 0.03) (Reynolds et al., 2012).The 
mechanism of the aciclovir effect in vivo is not understood; it 
could be a direct anti-HIV effect of aciclovir (see studies 
cited earlier) or due to suppressing opportunistic HSV infec-
tions, decreasing the infection-driven immune activation, 
and increased HIV replication. Oral aciclovir therapy in doses 
of 800 mg four times per day has been used in conjunction 

with zidovudine in patients with HIV infection and, although 
not associated with a reduced risk of CMV disease, in some 
studies the combination therapy has been associated with 
improved survival (Cooper et al., 1993; Stein et al., 1994; 
Youle et al., 1994; Apolonio et al., 1995). Although the impact 
of aciclovir therapy on survival was not consistent and has 
not been evaluated in patients on present-day combination 
antiretroviral therapy, a meta-analysis of eight studies of high-
dose aciclovir with mono- or dual-nucleoside antiretroviral 
therapy demonstrated a survival benefit among HIV-infected 
persons who received aciclovir (Ioannidis et al., 1998). The 
mechanism of this effect is likewise unclear. However, a 1995 
observational study of over 1000 persons with advanced HIV 
infection failed to confirm these data (Gallant et al., 1995).

For patients whose HIV infection can be controlled by 
combination antiretroviral therapy, aciclovir’s effect on HIV, 
whatever the mechanism, may be unmeasurable. However, it 
is appropriate to use aciclovir to suppress recurrences of HSV 
or VZV in this patient population (Strick et al., 2006). HSV-2 
reactivation has been associated with transient increases in 
HIV-1 RNA levels in plasma (HIV viral load), and HIV-1 is 
shed from genital ulcers caused by HSV-2 (Mole et al., 1997; 
Schacker et al., 1998). Activated CD4 lymphocytes, a major 
cell for HIV replication, are present in HSV-infected lesions, 
and HSV proteins lead to activation of latent HIV-1 (Mosca 
et al., 1987; Golden et al., 1992; Margolis et al., 1992; Koelle 
et al., 2002). Finally, the risk of HIV acquisition is increased 
by antecedent HSV-2 infection (Stamm et al., 1988; Wald et 
al., 2002; Corey et al., 2004; Freeman et al., 2006).

Although neither aciclovir nor penciclovir (the active 
principle of famciclovir) have activity against HIV-1, it has 
been proposed that treatment of HSV infection could decrease 
genital or plasma HIV-1 levels through decreased activation 
of CD4+ lymphocytes during clinical or subclinical shedding 
of HSV and/or through decreased activation of latent HIV-1 
by HSV proteins (Nagot et al., 2007; Zuckerman et al., 2007). 
High-dose oral aciclovir also led to a significant decrease in 
plasma HIV-1 RNA levels in HSV-2/HIV-1 seropositive patients 
treated in Seattle between 1994 and 1996 (Schacker et al., 2002). 
Although interest in this approach decreased somewhat after 
the introduction of present-day generally safe and highly- 
active antiretroviral therapy, interest is now again increasing, 
particularly as it may apply to resource-poor settings.

Two controlled trials, one in females in Burkina Faso and 
one in males in Peru, have reported a half-log (threefold) 
reduction in plasma HIV-1 RNA levels in HSV-2/HIV-1 sero-
positive persons with CD4+ cell counts > 200 cells/μl who 
were treated with valaciclovir 500 mg twice daily without anti-
retroviral therapy (Nagot et al., 2007; Zuckerman et al., 2007). 
Recent placebo-controlled trials of aciclovir chemosuppres-
sion reduced recurrences of genital HSV and incidence of 
herpes zoster but did not decrease transmission of HIV 
(Celum et al., 2010; Barnabas et al., 2015).

Human herpesvirus 8, previously known as Kaposi’s 
 sarcoma-associated herpesvirus (KSHV), is the cause of AIDS-
associated Kaposi’s sarcoma and AIDS-associated body- 
cavity-based B-cell lymphomas (Kedes and Ganem, 1997). 
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Examination of a large database revealed the risk for Kaposi’s 
sarcoma was lower in patients who had been treated with 
foscarnet but not with aciclovir (Jones et al., 1995). At pres-
ent, however, no antiviral therapy is recommended for the 
treatment of Kaposi’s sarcoma.

7g.  Other viruses

Intravenous aciclovir was administered to patients with chronic 
HCV hepatitis or to patients with chronic delta virus hepati-
tis without any appreciable long-term beneficial effect (Pappas 
et al., 1985; Berk et al., 1991). Herpesvirus simiae may respond 
to aciclovir (Holmes et al., 1990). Aciclovir therapy has been 
reported to provide no benefit in children with juvenile respi-
ratory papillomatosis (Morrison and Evans, 1993), although, 
when combined with surgery, other investigators have found 
that a 6-month course of aciclovir (400 mg/day in patients 
under 5 years and 800 mg/day in those over 5 years) resulted 
in clinical remission in 75% of children during a mean fol-
lowup period of 18 months (Kiroglu et al., 1994). Neither 
orogenital ulceration associated with Behçet’s syndrome nor 
idiopathic aphthous stomatitis is responsive to aciclovir  
therapy (Davies et al., 1988; Wormser et al., 1988). However, 
patients with acute myeloid leukemia who were receiving 
induction chemotherapy and who received oral aciclovir 
800 mg/day had significantly fewer intraoral ulcers, exclud-
ing the soft palate, and less acute necrotizing ulcerative gin-
givitis, than placebo-treated control patients (Bergmann et 
al., 1995). In a double-blind, placebo-controlled trial, treat-
ment with aciclovir of 27 patients with symptoms attribut-
able to chronic fatigue syndrome did not result in clinical 
benefit (Straus et al., 1988).

In light of the important role of genital ulcer disease, par-
ticularly genital HSV infection, in driving HIV prevalence in 
Africa (Abu-Raddad et al., 2008) and evidence that aciclovir 
and valaciclovir therapy may reduce HIV-1 viral load (Nagot 
et al., 2007; Zuckerman et al., 2007; Dunne et al., 2008), it has 
been suggested that therapy to reduce the frequency of geni-
tal HSV episodes and HIV-1 viral load might reduce trans-
mission of HIV by persons infected with both HIV-1 and 
HSV-2. However, in a large, placebo-controlled trial con-
ducted in Africa in over 3400 couples in which one partner 
had dual infection with HIV-1 and HSV-2, had a CD4 cell 
count of 250 cells/μl or more and was not on antiretroviral 
therapy, treatment of the dually infected partner with aciclo-
vir (400 mg orally twice daily) did not reduce the risk of 
transmission of HIV-1 to the partner without HIV-1 infec-
tion, despite decreases in both HIV viral load and the occur-
rence of genital ulcers due to HSV-2 in the aciclovir-treated 
partner (Celum et al., 2010).

7h.  Gene therapy using the HSV  
thymidine kinase

Aciclovir has been used in vitro to kill tumor cells transfected 
with the TK of HSV-1 as part of a gene therapy strategy (Caruso 
and Klatzmann, 1992; Golumbek et al., 1992; see also Chap- 

ter 215, Ganciclovir and valganciclovir). Put simply, the tumor 
cells that have been mutagenized to express viral TK are then 
capable of monophosphorylating aciclovir, while cellular 
enzymes di- and triphosphorylate the drug, which in the 
form of the triphosphate acts on cellular DNA synthesis to 
prevent cell replication or induce apoptosis. The clinical 
relevance of these data is unclear at present although other, 
more toxic drugs that also require TK like cytosine deami-
nase, may be effective (Qiu Y et al., 2012).
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1. DESCRIPTION

The antiviral agent penciclovir is a synthetic acyclic guanine 
analog that inhibits the replication of several herpesviruses. 
Structurally, it is very similar to aciclovir; however, these two 
drugs differ in pharmacokinetics and antiviral effects (Tyring, 
1998). Penciclovir (9-(4-hydroxy-3-hydroxymethylbut-1-yl) 
guanine) has poor oral absorption, which led to the develop-
ment of famciclovir (2-[2-(2-amino-9H-purin-9-yl)ethyl]-1,3- 
propanediol diacetate), a penciclovir prodrug with enhanced 
bioavailability. When administered orally, famciclovir is read-
ily absorbed and thereafter rapidly metabolized to penciclovir, 
resulting in therapeutic blood levels of the latter. Penci clovir 
inhibits herpesvirus replication by selectively inhibiting her-
pes-viral DNA polymerase without affecting mammalian DNA 
polymerases. Famciclovir is approved in most countries for 
treatment of infections due to herpes simplex and varicella- 
zoster viruses.

Famciclovir (as Famvir) is available for oral administra-
tion as tablets of 125, 250, or 500 mg. A topical cream is mar-
keted as Denavir.

The molecular formula of penciclovir is C10H15N5O3; its 
molecular weight is 253.26. The molecular formula of famci-
clovir is C14H19N5O4; its molecular weight is 321.3. The struc-
tures of penciclovir and famciclovir are shown in Figure 214.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

HERPESVIRUSES

Penciclovir is active in vitro against herpes simplex virus types 
1 and 2 (HSV-1 and HSV-2), varicella-zoster virus, and Epstein-
Barr virus (SmithKline Beecham, personal communication; 
Bacon and Boyd, 1995), with very limited activity against 
cytomegalovirus (Boyd and Safrin, 1993). Based on concen-
trations of the drug inhibiting virus replication by 50% in vitro 
(EC50), penciclovir is more active against HSV types 1 and 2 
than varicella-zoster virus (VZV). There are marked differences 
in reported EC50 values, depending on the cell line used in the 

analysis; thus several sources have been included in Table 
214.1. In experimental animal models of HSV-1 infection, fam- 
 ciclovir has been found to be superior to aciclovir (Ashton et 
al., 1994). Human clinical trials have found famciclovir and 
aciclovir to be equivalent, although adherence may be improved 
with famciclovir because it is given three times daily rather 
than five times daily, as is the case for aciclovir (Loveless et 
al., 1997; Shafran et al., 2004), although comparable to valac-
iclovir, which is given twice daily. 

HEPATITIS B VIRUS

Penciclovir has in vitro activity against duck hepatitis B virus 
(DHBV), with an EC50 value of 0.7 ± 0.1 μΜ (approx. 0.18 ± 
0.02 μg/ml). Antiviral activity persisted after the removal of 

Figure 214.1. Chemical structure of famciclovir and 
penciclovir. 

N

N N

N

NH2

O CH3

O

OH3C

O

Famciclovir

N

N
HN

N

OH
OH

H2N

O

Penciclovir



3494 Famciclovir and Penciclovir

extracellular penciclovir because of the long intracellular 
half-life of penciclovir triphosphate (Shaw et al., 1996). Penci- 
clovir is also active against human hepatitis B virus (HBV) 
(Shaw et al., 1996). Oral famciclovir inhibited DHBV repli-
cation in infected ducklings (Tsiquaye et al., 1994). Chron-
ically DHBV-infected ducks treated with either famciclovir 
or penciclovir suppressed DHBV replication as measured by 
plasma viral DNA and DNA polymerase. After cessation of 
treatment, there was a delay of only 2–8 days before plasma 
levels of these markers of DHBV replication began to increase 
again (Tsiquaye et al., 1996). In clinical trials of famciclovir 
in patients with HBV infection, the results have been decid-
edly mixed; the consensus is that famciclovir is effective 
but substantially less so than drugs such as lamivudine, ade-
fovir, and tenofovir (Berenquer et al., 2001; Manns et al., 
2001; Matthews et al., 2001; Lai et al., 2002; Wolters et al., 
2002). However, famciclovir may rarely have a role in patients 
with lamivudine-resistant virus (Tang et al., 2002).

2b.  Emerging resistance and 
cross-resistance

Resistance to penciclovir is uncommon, although the frequency 
of cases is increasing with the widespread use of antiviral drugs 
over the past two decades. Antiviral drug resistance is most 
commonly seen in the immunocompromised subset of patients, 
and it appears that the frequency of penciclovir-resistant 
cases is similar to the number of reported aciclovir-resistant 
cases (Sarisky et al., 2003). Clinical recovery does not appear 
to be influenced when resistant viral strains are isolated from 
immunocompetent patients (Reusser, 1996). Strains of HSV 
and VZV resistant to both penciclovir and aciclovir usually 
have mutations in the viral thymidine kinase (TK) and much 
less commonly in DNA polymerase genes. Viral strains resis-
tant to aciclovir may or may not be also penciclovir resistant 
(Boyd et al., 1987). When clinical isolates of HSV resistant to 
aciclovir or foscarnet were tested for susceptibility to penci-
clovir in vitro, penciclovir remained relatively active against 
foscarnet-resistant strains (Boyd and Safrin, 1993; Safrin and 
Phan, 1993). A recent paper reported that thymidine kinase–
negative (TKN) mutants were the dominate mechanism of 

penciclovir resistance in HSV strains (Bacon et al., 2003). 
Similarly, aciclovir-resistant strains of VZV may show cross- 
resistance to penciclovir, although some aciclovir-resistant 
strains may remain sensitive to penciclovir (Talarico et al., 
1993; Has egawa et al., 1995). Cross-resistance between aciclovir 
and penciclovir, although not always present, is a genuine dan-
ger to consider when treating patients with aciclovir-resistant 
HSV or VZV strains; as a consequence, drugs not dependent 
on TK for intracellular monophosphorylation (e.g. cidofovir 
and tenofovir) or drugs not dependent on any modification 
that act directly on the viral DNA polymerase (e.g. foscarnet) 
should be used until full antiviral susceptibility data are 
available.

3. MECHANISM OF DRUG ACTION

Famciclovir is an oral prodrug of the antiviral agent penci-
clovir (diacetyl 6-deoxy analog of penciclovir). It is effec-
tively metabolized in the liver and intestinal walls, where two 
acetyl groups are removed to give 6-deoxy-penciclovir, which 
is then oxidized at the 6-position of the purine ring to form 
penciclovir (Vere Hodge and Perkins, 1989; Vere Hodge et al., 
1989; Vere Hodge, 1993; Vere Hodge et al., 1993; Vere Hodge 
and Cheng, 1993).

Penciclovir exerts its antiviral effects by inhibiting DNA 
polymerase, in a similar manner to that of aciclovir. (Balzarini 
et al., 1994). In addition, both drugs share relative higher 
affinity for viral DNA polymerase than for host DNA poly-
merases. (Iisley and Lee, 1995) Within herpesvirus-infected 
cells, penciclovir is phosphorylated to form initially a mono-
phosphate compound, a process dependent wholly on the 
HSV- and VZV-specific TK enzymes. Subsequently penci-
clovir monophosphate is converted to a diphosphate and 
then finally a triphosphate, transformations mediated by 
host cell enzymes (Vere Hodge and Perkins, 1989; Figure 
214.1). Penciclovir triphosphate is structurally similar to the 
nucleotide deoxyguanosine triphosphate (dGTP) and there-
fore competitively inhibits the effects of viral DNA poly-
merase (Earnshaw et al., 1992; Vere Hodge and Cheng, 1993; 
Bacon, 1996). Whereas aciclovir, which lacks hydroxyl groups 
in the acyclic chain required for viral extensions, generates 

Table 214.1. Susceptibility of herpes viruses to penciclovir.

Herpesvirus Mean IC50 (μg/ml)a References

Herpes simplex-1 0.16–1.76 (range) Leary et al. (2002)

0.4 Boyd et al. (1987); Perry and Wagstaff (1995)

Herpes simplex-2 0.34–3.13 (range) Leary et al. (2002)

1.5 Boyd et al. (1987); Perry and Wagstaff (1995)

Varicella-zoster 3.1 Boyd et al. (1987); Perry and Wagstaff (1995)

1.2 Shiraki et al. (1993)

Cytomegalovirus 52 Boyd et al. (1987); Perry and Wagstaff (1995)

18 Bacon (1996)

Epstein-Barr virus 10 Boyd et al. (1987); Bacon and Boyd (1995); Bacon et al. (1996a); 
Bacon et al. (1996b); Boon and Griffin (1996)

aMean 50% inhibitory concentration by plaque reduction assay.
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DNA chain termination, penciclovir possesses two hydroxyl 
groups on the acyclic side chain and thus can be incorpo-
rated into the viral DNA, potentially affording limited elon-
gation. (Earnshaw et al., 1992).

The intracellular half-life of penciclovir is 9–10 hours in 
VZV-infected cells, 10 hours in cells infected with HSV-1, 
and 20 hours in cells infected with HSV-2 (Earnshaw et al., 
1992; Physician’s Desk Reference, 2006)—in all cases substan-
tially longer than the plasma half-life. The level of penciclo-
vir triphosphate in infected cells is approximately 100-fold 
higher than that of aciclovir triphosphate, although the affin-
ity of penciclovir triphosphate for the DNA polymerases of 
herpes simplex type 1 or 2 is of the order of 100-fold less than 
that of aciclovir triphosphate (Boyd, 1993). In addition, the 
phosphorylation of penciclovir occurs more rapidly in infected 
cells than the phosphorylation of aciclovir (Vere Hodge and 
Perkins, 1989).

In addition to its anti-herpesvirus effects, famciclovir has 
been shown to have activity against human hepatitis B viruses 
in cell culture assays and in animals (Shaw et al., 1996). The 
mechanism of penciclovir’s anti-HBV effects is similar to 
that of antiherpetic effects. Famciclovir (penciclovir triphos-
phate) becomes an active inhibitor against HBV polymerase 
by competing with dGTP. Furthermore, it has been suggested 
that penciclovir acts as a chain terminator for HBV DNA 
poly merase activities (Severini et al., 1995). Penciclovir phos-
phorylation occurs independently from the presence of the 
HBV; accordingly, the drug is phosphorylated in both HBV-
infected and -noninfected cells. Therefore, the affinity of pen-
ciclovir as an anti-HBV agent depends on the specificity of 
the triphosphates for the HBV DNA polymerase relative to 
the human DNA polymerases (De Clercq, 1999).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Famciclovir is approved by the US Food and Drug Admin-
istration (FDA) for the treatment of zoster (secondary der-
matomal VZV infection) and HSV infections in adults. 
Recommended doses are summarized in Table 214.2.

4b.  Newborn infants and children

The efficacy and safety of famciclovir has not been estab-
lished in pediatric patients. The results of two studies of the 
pharmacokinetic profile and safety of famciclovir were insuf-
ficient. The first study was of children 1 to <12 years of age 
with clinically suspected HSV or varicella zoster virus (VZV) 
infection (Sáez-Llorens et al., 2009). The second study was 
of infants aged 1 to 12 months with suspicion or evidence of 
herpes simplex virus infection (Blumer et al., 2010). Although 
the studies did not establish efficacy or safety of famciclovir, 
they derived dosing regimens for pediatric patients. Despite 
this, at least some authorities recommend famciclovir as an 
alternative therapy for treatment of HSV or VZV infections 
in children ≥ 12 years old (Dekker and Prober, 2001).

4c.  Pregnant and lactating mothers

Famciclovir is a pregnancy category B drug. Adequate, well- 
controlled studies of famciclovir use in pregnant women have 
not been conducted. In regard to breastfeeding, penciclovir is 
excreted in the breast milk of rats at higher concentrations 
than in the plasma after oral famciclovir administration. How - 
ever, it has not been determined whether it is excreted in 
human breast milk. Famciclovir should be used during preg-
nancy and breastfeeding only when the benefits are consid-
ered to clearly outweigh any potential risks to the fetus or 
infant.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Renal clearance and the plasma elimination rate constant of 
penciclovir decrease linearly with reduction of renal func-
tion. Boike and colleagues (1994a) gave a single oral dose of 
famciclovir 500 mg to patients with mild, moderate, and 
severe renal impairment as well as to subjects with normal 
renal function. Compared to subjects with normal renal func-
tion, subjects with a creatinine clearance (CrCl) of < 30 ml/
minute had a mean area-under-the-concentration-time curve 
(AUC) that was 10-fold higher and a plasma elimination rate 
constant that was 4-fold lower. Therefore, dosage adjustment 

Table 214.2. Recommended dosage for treatment of reactivation of varicella-zoster infection (zoster) and herpes simplex virus 1 and 2 
infection.

Zoster Herpes labialis Genital herpes

Treatment of primary episode 500 mg three times a day 
for 7 days

250 mg three times a day for 
7–10 days (commonly used)a

250 mg three times a day for 7–10 days 
(commonly used)a

Treatment of recurrences 500 mg three times a day 
for 7 days

1500 mg once 1 g twice a day for 1 day

Suppression N/A 250 mg twice a daya 250 mg twice a day for up to 1 year

Immunocompromised patient N/A 500 mg twice a day for 7 days 500 mg twice a day for 7 days

aNot FDA approved.
Abbreviation: N/A: not applicable.
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is recommended when giving famciclovir to patients with 
creatinine clearance values < 60 ml/minute owing to the altered 
renal excretion of the drug (see Table 214.3).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION AND 
THE ELDERLY

Famciclovir dosing does not need to be adjusted in elderly 
patients or in patients with well-compensated hepatic dysfunc-
tion (Fowles and Pue, 1993; Pratt, 1993; Boike et al., 1994b; 
reviewed in Perry and Wagstaff, 1995). In subjects with 
hepatic impairment, the famciclovir–penciclovir maximum 
concentration (Cmax) is lower and the time to maximum con-
centration (tmax) is delayed compared to normal subjects. 
However, no dosage adjustment is required for individuals 
with well-compensated liver disease because the extent of 
systemic availability is similar to that of healthy subjects (Boike 
et al., 1994b).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Famciclovir has much greater oral bioavailability (77%) than 
its active metabolite, penciclovir (5%). After oral administra-
tion of famciclovir, rapid, extensive, and consistent absorp- 

tion occurs in the wall of the upper intestine. The consistent 
absorption is in part due to the drug’s prolonged stability in 
duodenal contents (Crumpacker, 1996). Famciclovir is effec-
tively metabolized in the liver and intestinal walls, where two 
acetyl groups are removed to give 6-deoxy-penciclovir, which 
is then oxidized at the 6-position of the purine ring to form 
penciclovir (Vere Hodge and Perkins, 1989; Vere Hodge et 
al., 1989; Vere Hodge, 1993; Vere Hodge et al., 1993; Vere 
Hodge and Cheng, 1993). Other inactive metabolites are 
formed including 6-deoxy-penciclovir, monoacetylated penci-
clovir, and 6-deoxy monoacetylated penciclovir (Simpson and 
Lyseng-Williamson, 2006). 

In healthy male subjects the plasma elimination half-life 
of penciclovir is approximately 2 hours after both intrave-
nous doses of penciclovir and oral doses of famciclovir (125, 
250, 500, or 750 mg) (Simpson and Lyseng-Williamson, 2006; 
Novartis Pharmaceuticals, 2016). Over the concentration 
range of 0.1–20 µg/ml, plasma protein binding by penciclo-
vir is < 20%. Although the penciclovir Cmax decreased and the 
tmax was delayed when administered with food, famciclovir 
may be taken without regard to meals because there was no 
effect on the extent of systemic availability of penciclovir 
(Novartis Pharmaceuticals, 2016). Because the conversion of 
6-deoxy-penciclovir to penciclovir is catalyzed by an alde-
hyde oxidase, co-administration of a drug metabolized by this 
enzyme could cause potential drug interactions, although no 

Table 214.3. Recommended dosing of famciclovir in patients with reduced renal function.

Indication: normal dosage regimen
Creatinine clearance
(mL/min)

Adjusted dosage 
regimen (mg) Dosing interval

Single-day dosing regimens

Recurrent genital herpes: 1000 mg every 12 hours 
for 1 day

> 60
40–59 
20–39 
< 20
Hemodialysis

1000
 500
 500
 250
 250

Every 12 hours for 1 day
Every 12 hours for 1 day
Single dose
Single dose
Single dose following dialysis

Recurrent herpes labialis: 1500 mg single dose > 60
40–59 
20–39 
< 20
Hemodialysis

1500
 750
 500
 250
 250

Single dose
Single dose
Single dose
Single dose
Single dose following dialysis

Multiple-day dosing regimens

Herpes zoster 500 mg every 8 hours > 60
40–59 
20–39 
< 20
Hemodialysis

 500
 500
 500
 250
 250

Every 8 hours
Every 12 hours
Every 24 hours
Every 24 hours
Following each dialysis

Suppression of recurrent genital herpes: 250 mg 
every 12 hours 

40–59 
20–39 
< 20
Hemodialysis

 250
 125
 125
 125

Every 12 hours
Every 12 hours
Every 24 hours
Following each dialysis

Recurrent orolabial or genital herpes in HIV-infected 
patients: 500 mg every 12 hours 

40–59 
20–39 
< 20
Hemodialysis

 500
 500
 250
 250

Every 12 hours
Every 24 hours
Every 24 hours
Following each dialysis

Source: Novartis Pharmaceuticals, 2016.
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significant drug interactions with famciclovir have been noted 
(Gill and Wood, 1996; see also section 5e, Drug interactions).

No pharmacodynamic studies have been undertaken with 
famciclovir. 

5b.  Drug distribution

The pharmacokinetics of penciclovir is linear and dose pro-
portional. Oral administration of single famciclovir doses 
from 125 to 750 mg resulted in a proportional increase in the 
plasma concentration and AUC of penciclovir, whereas tmax 
and the elimination half-lfe (t½) remained constant (Pue et al., 
1994). Similar results were seen when oral famciclovir was 
administered as a single dose ranging from 125 to 1000 mg 
(Novartis Pharmaceuticals, 2016). Accumulation of the drug 
after multiple doses does not occur as evidenced by simi- 
lar AUC values after single doses and multiple doses (Simp-
son and Lyseng-Williamson, 2006).

Extensive distribution into the tissues is evidenced by a 
volume of distribution of 1.08–1.5 l/kg (Crumpacker, 1996; 
Novartis Pharmaceuticals, 2016). 

The pharmacokinetics of penciclovir in HIV-infected 
individuals after administration of a single oral dose of fam-
ciclovir 500 mg was similar to that of healthy individuals 
(Novartis Pharmaceuticals, 2016).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

As with many antivirals, there are few data correlating the 
clinical activity of famciclovir with its pharmacokinetic- 
pharmacodynamic (PK-PD) parameters, other than its clini-
cal activity requiring achievable serum concentrations of 
penciclovir.

5d.  Excretion

The deacetylation and oxidation of famciclovir yields active 
penciclovir and other inactive metabolites, including 6-deoxy- 
penciclovir, monoacetylated penciclovir, and 6-deoxy mono-
acetylated penciclovir. These inactive metabolites are found 
in the urine at 5%, 0.5%, and 0.5% of the oral dose of famci-
clovir. Because these transformations are so complete, vir-
tually no famciclovir is detected in urine or plasma. Both 
penciclovir and its inactive precursor, 6-deoxy-penciclovir, 
are primarily excreted by the kidneys via glomerular filtra-
tion and tubular secretion (Pue and Benet, 1993). Renal 
clearance accounted for 74.5% ± 8.8% of total plasma clear-
ance in 48 healthy male volunteers who had been given intra-
venous penciclovir. In this study the mean plasma clearance 
of penciclovir was 36.6 l/hour. A larger study in healthy male 
volunteers (n = 109) showed a renal excretion of 27.7 l/hour 
after oral administration of a single 500-mg dose of famci-
clovir. A radiolabeled 500-mg single oral dose of famciclovir 
was administered to healthy subjects; 60% of the dose was 
recovered in the urine within 6 hours and 73% of the dose 
was recovered within 72 hours. The remaining 27% was recov- 

ered in the feces. Penciclovir was the major metabolite (60%) 
found in blood or urine after multiple doses of either 500 or 
1000 mg of famciclovir were given to healthy subjects every 
8 hours for 5 days (Filer et al., 1994).

5e.  Drug interactions

Because penciclovir is primarily renally excreted and excretion 
depends on tubular secretion, concurrent use with drugs that 
are significantly eliminated by active renal tubular secretion, 
such as probenecid, may lead to increased plasma penciclovir 
concentration, although clinically significant interactions have 
not been observed.

No clinically significant alterations of the pharmacokinet-
ics of single-dose 500 mg famciclovir were observed after 
pretreatment with multiple doses of allopurinol, cimetidine, 
theophylline, or zidovudine (Novartis Pharmaceuticals, 2016). 
Similarly, the pharmacokinetics of multiple oral doses of 
famciclovir was not significantly altered by the administra-
tion of multiple doses of digoxin; in turn, the steady-state 
pharmacodynamics of digoxin was not affected by the co- 
administration of famciclovir. After a single oral dose of 500 
mg famciclovir, the pharmacokinetics of zidovudine was not 
significantly altered (Simpson and Lyseng-Williamson, 2006; 
Novartis Pharmaceuticals, 2016).

6. ADVERSE REACTIONS AND TOXICITY

Adverse effects have been evaluated in immunocompetent 
patients treated with famciclovir for zoster (famciclovir, 250–
750 mg three times a day), genital herpes recurrences (fam-
ciclovir, 1000 mg twice daily), suppression of genital herpes 
(famciclovir, 125 mg once daily to 250 mg three times a day), 
and herpes labialis (famciclovir, 1500 mg once or 750 mg 
twice daily). In all treatment groups headache and gastrointes-
tinal symptoms were the most common side effects (Novartis 
Pharmaceuticals, 2016).

Analysis of safety data from 13 clinical trials showed that 
headache, nausea, and diarrhea were the most common adverse 
effects, but with a frequency similar to that seen in placebo- 
treated subjects (Saltzman et al., 1994). In a study by Chosi- 
dow et al. (2001), famciclovir was found to be as safe as 
 aciclovir in immunocompetent patients with recurrent geni-
tal herpes infection, because the frequency, nature, and 
severity of adverse events did not differ between the two 
treatment groups. Other studies showed oral famciclovir 
250 mg twice daily had an adverse event profile similar to 
that of the placebo (Tyring et al., 2003). For the treatment of 
zoster, a similar nature and prevalence of adverse events were 
found in famciclovir 250 mg three times a day compared to 
brivudin 125 mg once daily, each given for 7 days (Wassilew, 
2005; see Chapter 217, Brivudin).

Adverse events after administration of famciclovir (500 mg 
twice daily) were compared with those of aciclovir (400 mg 
five times per day) in HIV-infected subjects. The rate of 
adverse events was similar, with headache, nausea, and diar-
rhea being the most common in both treatment groups. A 
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randomized, double-blind, multicenter, aciclovir-controlled 
study of famciclovir for the treatment of zoster in patients 
who were immunocompromised after bone marrow, solid 
organ transplantation, or cancer chemotherapy showed fam-
ciclovir had a safety profile and efficacy similar to those of 
aciclovir (Tyring et al., 2001).

During postapproval use of famciclovir, reported adverse 
effects included urticaria, serious skin reactions (erythema 
multiforme), jaundice, thrombocytopenia, dizziness, hallu-
cinations, and confusion. Voluntary reporting of these adverse 
events and an unknown sample size do not allow for esti-
mates of frequency.

6a.  Hypersensitivity reactions

Although allergic reactions to famciclovir are very unusual, 
it should not be administered to individuals with a known 
hypersensitivity to the product or its components or to Dena-
vir (penciclovir cream).

6b.  Fertility, pregnancy, and breastfeeding

As mentioned earlier, famciclovir is a pregnancy category B 
drug. No adverse effects were observed in studies conducted 
to evaluate the effects of oral famciclovir on embryo and fetal 
development in rats and rabbits and the effects of intrave-
nous penciclovir in rats alone. However, adequate studies 
have not been conducted in pregnant women. 

In regard to breastfeeding, penciclovir is excreted in the 
breast milk of rats at higher concentrations than in the 
plasma after oral famciclovir administration. However, it has 
not been determined whether it is excreted in human breast 
milk. Because animal studies are not always predictive of 
human response, famciclovir should be used during preg-
nancy and breastfeeding only when the benefits are considered 
to clearly outweigh any potential risks to the fetus or infant. 

Novartis Pharmaceuticals has set up the Famvir Preg-
nancy Registry to monitor maternal–fetal outcomes in preg-
nant women exposed to famciclovir. A doctor may register 
patients by calling 888-669-6682 in the USA.

A total of 130 otherwise healthy men with normal sperm 
profiles and recurrent genital herpes were evaluated in two 
placebo-controlled trials. After 18 weeks of treatment with 
famciclovir 250 mg twice a day or placebo, no evidence of 
significant effects on sperm count, motility, or morphology was 
seen during treatment or during an 8-week followup period.

6c.  Carcinogenicity and mutagenesis

Animal studies on rats and mice of a strain with a known 
propensity toward developing mammary adenocarcinoma 
found an increased incidence of mammary adenocarcinoma 
in female rats who received high-dose famciclovir (600 mg/
kg/day) equivalent to 1.1–4.5 times human systemic expo-
sure at the recommended oral dose. No increased tumor 
incidence was seen in male or female rats treated with doses 
of up to 600 mg/kg/day (Novartis Pharmaceuticals, 2016).

7. CLINICAL USES OF THE DRUG

Famciclovir is used for treatment and suppression of HSV 
infections as well as for treating zoster and varicella. In addi-
tion to these FDA-approved indications, it has also shown 
very limited activity in the treatment of HBV infections, but 
it is not recommended for this indication.

7a.  Herpes simplex viruses

Famciclovir treatment accelerates the healing of both orola-
bial and genital herpes lesions by 1–2 days when compared 
with placebo (Sacks et al., 2005; Aoki et al., 2006; Hull et al., 
2006; Spruance et al., 2006). For treatment to result in maxi-
mum benefit, it is best to begin therapy at the first symptom 
or sign of disease, because viral replication is greatest at this 
time. Ideally, patients would begin therapy within 24 hours 
of the onset of symptoms (Tyring et al., 2006). One reason 
famciclovir may be preferable to other nucleoside analog 
antivirals for the treatment of herpes simplex infections is 
its dosing profile. In a randomized, double-blind, placebo- 
controlled trial of 701 patients with orolabial herpes, Spruance 
and his collaborators (2006) found a single 1.5 g dose of fam-
ciclovir reduced healing time from 6.2 to 4.4 days compared 
to placebo.

For treatment of genital herpes, Aoki et al. (2006) found a 
regimen of 1 g twice daily for a single day reduced healing 
time of nonaborted lesions (i.e. those that did not progress 
beyond the papule stage) by 1.8 days and of all lesions by 1.5 
days compared with placebo.

Abudalu et al. (2008) compared single-day famciclovir 
therapy (1 g given twice) with a 3-day course of valaciclovir 
(500 mg twice daily) for recurrent genital herpes and showed 
that the efficacy of the two regimens was entirely equivalent. 
It is interesting, however, that there was more toxicity in the 
famciclovir group than in the valaciclovir group with respect 
to headache (7.8% vs. 4.4%, respectively) and nausea (6.2% 
vs. 4.7%), although the overall incidence of adverse reactions 
was similar (23.2% vs. 22.3%). Most adverse reactions were mild 
or moderate in intensity, short-lived, and did not require inter-
vention. Such convenient therapy may lead to better patient 
compliance and, therefore, improved management of recur-
rent herpes outbreaks (Whitley et al., 2006; Tyring et al., 
2007). In addition, single-day therapy initiated at the onset of 
symptoms places a greater amount of antiviral drug into the 
system at the height of viral replication.

Chemosuppression of recurrent herpes simplex infections 
is typically reserved for patients with frequent and/or severe 
outbreaks, traditionally > 6/year. The approved dose of fam-
ciclovir for chemosuppression is 250 mg twice daily for 
immunocompetent patients, and for this indication it has 
shown similar efficacy to aciclovir and valaciclovir (Martinez 
et al., 2008). The famciclovir chemosuppression regimen has 
been shown to be quite successful, with 79–86% of subjects 
remaining recurrence free at 6 months and up to 72% at 12 
months of therapy (Diaz-Mitoma et al., 1998; Tyring et al., 
2003; Lebrun-Vignes et al., 2007).
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It is well known that infectious HSV can appear and be 
transmitted to others in the absence of clinical lesions (Vinh 
and Aoki, 2006). In one study, famciclovir therapy reduced 
genital and oral HSV shedding from 11.4% of days during 
the placebo period to 4.7% of days while taking suppressive 
doses (Leone et al., 2007). Therefore, suppressive therapy has 
the potential additional benefit of reducing the spread of 
HSV among serodiscordant couples (those in which one part- 
ner is infected with HSV and the other is not).

Famciclovir has been used successfully to treat resistant 
cases of erythema multiforme (Wetter and Davis, 2010). In a 
recent series of three herpes-associated erythema multiforme 
cases that failed valaciclovir and multiple immunosuppres-
sive therapies, famciclovir showed dramatic improvements 
(Routt and Levitt, 2014).

The suspicion that Bell’s palsy is caused by HSV has led to 
trials of antiviral therapy. A recent study showed that the rate 
of recovery in patients with severe facial palsy was signifi-
cantly higher in patients who received prednisolone plus 
famciclovir than in patients who received prednisolone plus 
aciclovir (Kim et al, 2016).

7b.  Varicella-zoster virus

Famciclovir is also indicated for the treatment of zoster in 
immunocompetent adults who start therapy within 72 hours 
of onset of the rash, with the recommended dose being 500 mg 
three times daily for 7 days. For this indication famciclovir 
has similar efficacy to aciclovir, with a more favorable dosing 
regimen (three times daily vs. five times daily). Its efficacy is 
also equivalent to that of valaciclovir. Famciclovir has also 
been shown to be effective and safe for the treatment of zos-
ter in patients with HIV infection (Dworkin et al., 2007).

Timely treatment of zoster with famciclovir significantly 
shortens the periods of acute pain and virus shedding and 
duration of rash. The drug has also been shown to decrease 
the incidence and severity of postherpetic neuralgia (PHN) 
and zoster-associated pain in both short- and long-term 
followup (Pavan-Langston, 2008). In comparison with other 
nucleoside analog antiviral drugs, famciclovir has efficacy 
and safety similar to valaciclovir in speeding the resolution 
of zoster-associated pain and reducing the frequency and 
severity of PHN. Patients receiving famciclovir for their 
acute zoster outbreak were found to have PHN resolution in 
half the time of those who received placebo, thereby result-
ing in an average 3.5-month reduction in duration of pain 
(Tyring, 1996; Sra and Tyring, 2004). Another more recent 
comparative study showed that famciclovir has similar effi-
cacy to aciclovir in the treatment of herpes zoster while pro-
viding a well-tolerated, cost-effective, and convenient dosage 
and a reduced duration of PHN (Gopal et al., 2013). In 
another study, zoster-associated pain was monitored in a 
cohort of 764 with herpes zoster until pain resolution, up to 
1 year after the start of famciclovir 1500 mg/day for 7 days. 
This study showed a decrease in the number of patients with 
zoster-associated pain during the followup period and a per-
sistence of PHN of 4%, which is lower than other published 

reports (Imafuku et al., 2014). A more recent study compared 
the relative efficacy of famciclovir, valaciclovir, and brivudin 
in terms of acute pain relief in patients with shingles. All three 
antiviral drugs were effective in treating pain in acute zoster. 
There was no significant difference in effectiveness in patients 
with mild and moderate herpes zoster. However, in severe 
cases (involving > 70% of the dermatomal region), a signifi-
cant reduction in intensity of pain was observed on day 3 in 
the brivudin group, on day 7 in the famciclovir group, and at 
2–3 weeks in the valaciclovir group (Yaldiz et al., 2016).

Famciclovir is also equivalent to aciclovir for the treatment 
of ophthalmic zoster (Tyring et al., 2000; Tyring et al., 2001).

7c.  Hepatitis B virus infection

Although famciclovir has in vitro, in vivo, and clinical activ-
ity toward HBV, it is insufficiently active compared to current 
HBV antivirals. Consequently, famciclovir is not approved 
and generally not recommended for treatment of patients 
with chronic HBV infection. If used in this context because 
of a suspected or dominant HBV strain resistant to antiviral 
drug, it should be combined with at least one other HBV 
antiviral with a different resistance genotype.

Initial studies of famciclovir for treatment of chronic HBV 
infection were promising, with one reporting a significant 
decrease in HBV DNA levels in 74% of patients receiving 
famciclovir for at least 6 months after liver transplantation 
(Manns et al., 2001; Villamil, 2002). However, a study by 
Rayes et al. (2001) showed approximately 80% of famciclovir 
treatment courses were marked by viral breakthrough. Similar 
disappointing results were recorded by other investigators 
(Berenquer et al., 2001; Lai et al., 2002). Lamivudine, another 
nucleoside analog that is superior to famciclovir for the treat-
ment of chronic HBV infection, is also limited by viral break-
through over time (owing to the development of resistance), 
although to a much lesser degree than famciclovir (see 
Chapter 228, Lamivudine. In one study, the combination of 
lamivudine and famciclovir was better than famciclovir alone; 
78% of patients who failed to respond to famciclovir therapy 
became HBV DNA negative after treatment with lamivudine 
(Rayes et al., 2001; Villamil, 2002). However, other studies 
concluded that famciclovir added little to lamivudine ther-
apy (Matthews et al., 2001; Wolters et al., 2002). Combination 
therapy with lamivudine and famciclovir has also been tested 
in HIV-infected patients with acute and reactivated HBV 
infection (Panos et al., 2007). Although the sample size was 
small (four patients), the impressive reduction in transami-
nase levels without adverse events suggests that further 
investigation might be warranted. Famciclovir may have a 
role in patients with lamivudine-resistant virus (Tang et al., 
2002), although tenofovir appears more potent (see Chapter 
232, Tenofovir).
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1. DESCRIPTION

Ganciclovir (GCV) (9-[[2-hydroxy-1-(hydroxymethyl)-
ethoxy]methyl] guanine) is a synthetic acyclic nucleoside 
analog of guanine. GCV sodium is marketed by Roche Lab- 
oratories under the trade names Cytovene and Cymevene. 

Valganciclovir (VGCV), marketed under the trade name 
Valcyte, is a prodrug of GCV that facilitates its oral absorp-
tion. VGCV is the hydrochloride salt of the l-valyl ester of 
GCV, and it exists as two diastereomers; it is also available 
rapidly deesterified and completely converted to GCV after 
oral administration. Valcyte is available as a 450-mg tablet 
for oral administration. A flavored, 50 mg/ml oral solution 
for children is also available (Pescovitz et al., 2007; Genentech, 
2015).

GCV and VGCV are currently the drugs of choice for the 
management of cytomegalovirus (CMV) disease. Oral VGCV, 
the prodrug of GCV, has largely replaced intravenous GCV 
as the preferred administration route, although GCV remains 
available for intravenous and intravitreal injection.

The molecular formula of GCV is C9H12N5NaO4. The molec-
ular weight of the sodium salt is 277.22. Thus 1 µg/ml is approx-
imately equal to 3.6 µM. The molecular formula of VGCV is 
C14H22N6O5, and it has a molecular weight of 390.83. The 
chemical structures of GCV and VGCV are shown in Figure 
215.1. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

GCV has activity against most herpesviruses and certain 
other DNA viruses (Martin et al., 1983; see Table 215.1). In 
clinical studies, GCV has been shown to be active against 
CMV and herpes simplex virus (HSV) infections. GCV is a 
prodrug and requires triphosphorylation inside of infected 
cells to have antiviral activity. The antiviral effects of GCV last 
for only the duration that GCV triphosphates remain within 
infected cells. Thus, like all antiviral drugs, GCV inhibits rep-
lication of viruses and is therefore virustatic (Mar et al., 1983).

CYTOMEGALOVIRUS

When tested in vitro in viral plaque reduction assays, using 
CMV DNA synthesis or viral yield as end points, GCV inhib-
ited the laboratory-adapted AD169 and Towne strains of 
CMV as well as clinical isolates with half maximum effective 
concentration (EC50) values of sensitive strains ranging from 
0.1 to 9 µM (0.025–2.28 µg/ml) (Tocci et al., 1984; Plotkin et 
al., 1985; Rush and Mills, 1987; Prichard et al., 1990; Andrei 
et al., 1991; Boivin et al., 1993; Freitas et al., 1993a; Hamzeh 
et al., 1993). The mean EC50 ranges from 1.7 to 5.9 µM, well 
within the plasma concentrations of drug that can be achieved 
clinically (Plotkin et al., 1985; Cole and Balfour, 1987; Boivin 
et al., 1993). The EC90 for GCV against the AD169 strain has 
been variably reported to range from 0.5 to 19 µM (Neyts et 
al., 1990; Freitas et al., 1993a) and from 0.6 to 16 µM for clini-
cal isolates (Plotkin et al., 1985). Although the concentrations 
of GCV that cause cellular toxicity are generally considerably 
higher than those required for antiviral activity, this is not true 
for bone marrow progenitor cells, which appear to be espe-
cially sensitive to the drug. The EC50 for GCV against bone 
marrow colony-forming cells is approximately 2.7 ± 0.5 µM 
(Sommadossi and Carlisle, 1987). GCV is 10- to 25-fold more 
active against CMV than aciclovir using plaque reduction 
assays (Tyms et al., 1984; Cole and Balfour, 1987) but is less 
effective against CMV in vitro than cidofovir (Shigeta et al., 
1991; see Chapter 216, Cidofovir and brincidofovir).

Figure 215.1. Chemical structure of ganciclovir. 
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HERPES SIMPLEX VIRUS

Although herpes simplex virus (HSV) is inhibited by low 
concentrations of GCV, there are differences in susceptibility 
among HSV strains, and variable results have been obtained 
depending on the cell types and method used (Smith et al., 
1982a). In vitro, GCV is more potent than aciclovir against 
HSV type 1 (HSV-1) and HSV type 2 (HSV-2). Collins and 
Oliver (1985) reported that the mean EC50 of GCV was 
approximately 3-fold higher for HSV-2 than for HSV-1 (1.67 
and 0.57 µM, respectively). The reported EC50 of GCV for 
strains of HSV-1 and -2 as measured by plaque reduction 
assays ranged from 0.2 to 2.4 µM (Smee et al., 1983; Smee et 
al., 1985b; Pulliam et al., 1986), although the mean EC50 for 
HSV-2 has been as high as 10 µM in some reports (Faulds 
and Heel, 1990). The EC90 for GCV against HSV-1 in a micro-
titer virus yield reduction assay was 0.7 µM (Prichard et al., 
1990). Other investigators have found a marked reduction 
(up to 300,000-fold) in virus titers and viral DNA levels when 
HSV-1-infected Vero cells were cultured in the presence of 
5–30 µM GCV (Chun and Park, 1987; van der Horst et al., 
1987).

Intraperitoneal GCV given to mice with an intraperito-
neal HSV-2 infection provided moderate protection against 
systemic infection (Yang and Datema, 1991). Several groups 
have shown that GCV prophylaxis prevented the develop-
ment of herpetic lesions in a HSV-2 murine model at a dose 
of 5–10 mg/kg (Klein and Friedman-Kien, 1985; Smee et al., 
1985b). In addition, GCV prevented encephalitis due to murine 
HSV-1 in doses of less than 10 mg/kg and herpetic vaginitis 
at a daily dose of 50 mg/kg (Smee et al., 1983; Smee et al., 
1985b). Early studies (Fraser-Smith et al., 1983) showed that 
treating guinea pigs with GCV commencing within 3 hours 
of intravaginal inoculation of HSV-2 prevented the develop- 

ment of primary infection in 33% of animals, whereas a 
24-hour delay after inoculation resulted in a 100% infection 
rate. GCV given by intravitreal injection or by eye drops did 
not completely protect rabbits from retinitis caused by exper-
imental HSV-1 infection (Naito et al., 1991; Flores-Aguilar et 
al., 1994), although in an earlier report 0.3% GCV ointment 
given five times daily for 4 days to rabbits infected with HSV 
was effective in preventing lesions (Shiota et al., 1987).

VARICELLA–ZOSTER VIRUS

GCV inhibited the replication of varicella–zoster virus (VZV), 
with mean EC50 values ranging from 0.6 to 8 µM (Field et  
al., 1983; Collins and Oliver, 1985). Matthews and Boehme 
(1988) reported that GCV had similar efficacy to aciclovir in 
inhibiting the replication of VZV. GCV improved the out-
come of simian VZV infection of African green monkeys 
when administered at a dose of 10 mg/kg twice daily for 10 
days (Soike et al., 1987).

EPSTEIN–BARR VIRUS

GCV is more active against Epstein–Barr virus (EBV) than 
aciclovir. The EC50 of GCV for EBV is 0.05–1 µM, most com-
monly assessed by inhibition of genome replication, with an 
EC90 of 3–5 µM (Cheng et al., 1983b; Lin et al., 1984; Lin et 
al., 1986; Yao et al., 1993). GCV suppresses replication of 
EBV in human lymphoblastoid cells during 70 days of con-
tinuous exposure in culture without eradicating the infec-
tion; upon removal of the drug, genome copy number returns 
to baseline (van der Horst et al., 1987). Although GCV has a 
prolonged inhibitory effect on active viral DNA replication, 
replication of episomal virus is unaffected by GCV because 
it does not require a virus-encoded DNA polymerase (Lin et 
al., 1984). GCV therapy inhibited the development of B-cell 
lymphomas in severe combined immunodeficiency (SCID) 
mice engrafted with human peripheral blood lymphocytes 
and subsequently infected with EBV (Boyle et al., 1992).

HUMAN HERPESVIRUS TYPE 6

GCV has been reported to inhibit the in vitro replication of 
human herpesvirus type 6 (HHV-6) with an EC50 of 1–4 µM 
(Agut et al., 1989; Russler et al., 1989; Burns and Sandford, 
1990), although other investigators have found higher EC50 
values around 25 µM (Akesson-Johansson et al., 1990) with 
only partial inhibition of viral expression (Streicher et al., 
1988).

ADENOVIRUSES

Several strains of adenoviruses (subgenus D) have been shown 
to be susceptible to GCV in vitro, although it has only limited 
activity against other human adenoviruses. GCV has been 
reported to have some activity against human adenovirus 
type 5 that is associated with severe ocular disease (Wildner 
et al., 2003). As assessed by plaque reduction, the ED50 was 
47 µM. Three weeks of topical GCV (3%) treatment of eyes 
of cotton rats inoculated with this adenovirus strain resulted 
in a statistically insignificant trend toward virus suppression 
when compared with placebo (Trousdale et al., 1994).

Table 215.1. Selected viruses shown to be susceptible to GCV.

Virus
Mean EC50 
value (µM) References

Cytomegalovirus 1.7–5.9 Plotkin et al. (1985); Cole 
and Balfour (1987); 
Boivin et al. (1993)

Herpes simplex virus 
type 1

0.57 Collins and Oliver (1985)

Herpes simplex virus 
type 2

1.67 Collins and Oliver (1985)

10 Faulds and Heel (1990)

Epstein–Barr virus 0.05–1 Cheng et al. (1983b); Lin 
et al. (1984)

Varicella–zoster virus 0.6–8 Field et al. (1983); Collins 
and Oliver (1985)

Human herpesvirus 
type 6

  1–4 Agut et al. (1989); Russler 
et al. (1989)

24 Akesson-Johansson et al. 
(1990)

Human herpesvirus 
type 8

2.7–4 Kedes and Ganem (1997)

5.1 Medveczky et al. (1997)

Adenovirus 47 Trousdale et al. (1994)

1 μg/ml is equivalent to approx. 3.6 μM.
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HUMAN HERPESVIRUS TYPE 8

HHV-8, also known as Kaposi’s sarcoma-associated virus, 
has been associated with Kaposi’s sarcoma and Castleman 
disease. To assess the effectiveness of antiviral therapy, a real-
time polymerase chain reaction (PCR) assay of HHV-8 plasma 
viral load (the amount of HHV-8 DNA in plasma) has been 
developed (Sergerie and Boivin, 2003; Friedrichs et al., 2004). 
This assay has shown that GCV is only moderately effective 
against HHV-8. In vitro drug susceptibility assays further 
highlight the modest activity of GCV against HHV-8, with 
reported ED50 values of 2.7–4 µM (Kedes and Ganem, 1997) 
and 5.1 µM (Medveczky et al., 1997). What remains to be 
determined is why the HHV-8 DNA load reduction by active 
antiviral drugs like GCV does not always correlate with clin-
ical outcome (Boivin et al., 1999). In a brief report assessing 
the use of GCV to treat multicentric Castleman disease in 
three HIV-infected patients, two patients had a reduction  
in the frequency of flares and in detectable HHV-8 DNA 
while the third patient recovered from an acute episode (Cas- 
per et al., 2004).

OTHER VIRUSES

Duck hepatitis B virus replication in primary hepatocytes 
was inhibited by GCV during continuous short-term treat-
ment of the cultures, but GCV was less efficient in inhibiting 
replication during longer-term exposure (Shaw et al., 1994). 
GCV treatment of ducks congenitally infected with duck 
hepatitis B qualitatively decreased serum virus DNA levels, 
although circulating duck hepatitis B virus surface antigen 
levels did not decline (Luscombe et al., 1994). Markers of 
hepatitis B virus infection, including hepatitis B virus DNA 
and viral DNA polymerase, have been reported to fall to 
undetectable levels in patients during therapy with GCV 
(Locarnini et al., 1989). 

GCV has no activity against HIV-1 (Causey, 1991; Cox et 
al., 1993). There has been one report that the human papova-
virus Creutzfeldt-Jakob virus, the causative agent of progres-
sive multifocal leukoencephalopathy, responded to GCV in 
vitro when human fibroblasts were co-infected with CMV 
(Heilbronn et al., 1993). Aujeszky disease virus (pseudora-
bies virus) is sensitive to GCV in vitro, with a mean EC50 in 
mouse embryo fibroblasts of 6 µM (Field, 1985). GCV is 
superior to aciclovir against pseudorabies virus in vivo (Rol-
linson and White, 1983); a dose of 60 mg/kg/day protected 
mice from encephalitis caused by this virus (Rollinson, 
1987). Herpesvirus simiae (B virus) is relatively resistant to 
GCV in vitro, with an EC50 in the range of 14.5–23.5 µM in 
Vero cells (Focher et al., 2007). Available evidence suggests 
that GCV has no activity against human papillomavirus, or 
any RNA virus, including influenza (Crumpacker, 1996).

2b.  Emerging resistance and 
cross-resistance

Repeated cell culture passage of CMV in increasing concen-
trations of GCV or the chronic administration of GCV to 
immunocompromised patients may lead to the emergence of 

GCV-resistant strains of CMV. In vitro passage of CMV in 
GCV for up to 5 weeks did not alter the susceptibility of the 
isolate (Cole and Balfour, 1987), but longer passage through 
increasing concentrations of GCV up to 100 µM elicited 
resistant mutants (Biron et al., 1986). GCV-resistant strains 
of CMV are generally defined as strains having an EC50 of > 6 
µM (Crumpacker et al., 1996). GCV-resistant strains of CMV 
are cross-resistant to aciclovir, even at the highest doses.

Resistance has been related to impaired monophosphory-
lation of GCV in some reports (Lurain et al., 1992; Baldanti 
et al., 1995). GCV resistance can arise from mutations in 
either the UL97 gene, which codes for CMV kinase (func-
tionally homologous to the thymidine kinase [TK] gene of 
HSV), or the UL54 gene, which codes for DNA polymerase 
gene (herpes simplex and CMV) (Crumpacker et al., 1984; 
St Clair et al., 1984; Sullivan et al., 1992a). Mutations in the 
UL97 gene are more commonly associated with the develop-
ment of resistance in clinical isolates than mutations in the 
DNA polymerase gene. The UL97 mutations reduce the intra- 
cellular phosphorylation of GCV, resulting in low-level GCV 
resistance (Limaye, 2002; Chou, 2008). Mutations at codons 
460, 594, and 595 have been described in drug-resistant iso-
lates (Lurain et al., 1994; Baldanti et al., 1995; Chou et al., 1995; 
Wolf et al., 1995); they have not been found in susceptible 
strains. Several reported mutations in the DNA polymerase 
gene of CMV (G987A and L501I) also confer GCV resistance. 
Although cross-resistance to cidofovir (Lurain et al., 1992) 
and foscarnet (Tatarowicz et al., 1992) has been described for 
CMV, other investigators have found that GCV-resistant 
strains remain susceptible to these drugs as well as to vidara-
bine, cidofovir, fialuridine, and the fluoroarabinose cytidine 
analog 2′-fluoro-5-iodo-aracytosine (Biron et al., 1986; Biron, 
1991; Drew et al., 1991; Stanat et al., 1991). A complete sum-
mary of specific mutations involved in CMV resistance to 
GCV is provided in Table 215.2. 

CMV strains that are clinically resistant to GCV and whose 
resistance has been confirmed by in vitro testing or genotyp-
ing have been described in transplant and AIDS patients 
(Stanat et al., 1991; Avery, 2008; Razis et al., 1994). Clinical 
CMV strains resistant to GCV almost invariably have muta-
tions in the UL97 gene (mutations that render them unable 
to monophosphorylate GCV) and less frequently in the UL54 
DNA polymerase gene (making the enzyme nonsusceptible 
to inhibition by GCV triphosphate; the latter are often also 
associated with UL97 mutations (Drew et al., 2001). A study 
noted that GCV resistance decreased from 28% before 1996 
to less than 9% after 1996 in a population of HIV-infected 
patients (Martin et al., 2007). The authors attributed this de- 
crease to increased usage of VGCV (with its much better oral 
bioavailability than GCV) and possibly to better CMV control 
due to patients being on highly active antiretroviral therapy. 

Ganciclovir resistance is now clinically more prevalent in 
transplant patients than in those with advanced HIV disease. 
Among 301 patients who received a solid organ transplant 
and had CMV prophylaxis with VGCV, the incidence of UL97 
mutations was 1.9% after 100 days of prophylaxis (Boivin et 
al., 2004). In another observational study, 6.2% of 65 solid 
organ transplant recipients who developed delayed-onset pri- 



2. Antimicrobial activity 3505

mary CMV disease after receiving valaciclovir prophylaxis 
had confirmed UL94 or UL54 resistance mutations (Eid et 
al., 2008b). One report noted a new viral UL97 mutation that 
conferred a 15-fold greater GCV resistance in an allogeneic 
stem cell recipient receiving VGCV (Marfori et al., 2007). 
Reddy et al. (2007) reviewed their experience with GCV-
resistant CMV infections in lung transplant recipients. CMV 
infection occurred in about half of transplanted patients (113 
of 210), with GCV resistance developing in 6 of the 113 treated 
patients. All CMV strains had UL97 mutations, with three 
also having UL54 (polymerase) mutations. 

GCV resistance should be suspected when clinical disease 
relapses or progresses while a patient is receiving GCV or 

VGCV. Genotypic assays for CMV mutations associated with 
GCV resistance are now available in commercial laborato-
ries. Guidelines for the treatment of GCV-resistant CMV 
disease are available for transplant patients (Kotton et al., 
2013; Tomblyn et al., 2009). For patients with HIV-associated, 
GCV-resistant CMV disease, continuously updated treatment 
guidelines are available online (AIDSinfo, nd).

Mutations in the DNA polymerase of HSV that map to a 
2.2-kilobase-pair region are responsible for the development 
of HSV resistance to GCV (Crumpacker et al., 1984; St Clair 
et al., 1984). High-level GCV resistance emerges with muta-
tions in HSV UL54, which results in changes to the catalytic 
subunit of the DNA polymerase; these mutations also result 

Table 215.2. CMV mutations conferring resistance to GCV.

Amino acid 
mutation

Fold increase 
EC50 References

CMV UL97 mutations

L405P 2.5 Chou (2010)

M460Ia 5 Chou et al. (2002)

M460T 9.3 Chou (2010)

M460V 8.3 Chou et al. (2002)

V466G 3.5 Lurain and Chou (2010)

C518Y 12 Chou (2015)

H520Q 10 Chou et al. (2002)

P521L 17 Chou (2015)

del 591-594     3–10 Chou et al. (2002)

del 591-607 6.2 Chou et al. (2002)

C592G 2.9 Chou et al. (2002)

A594E 3 Chou (2010)

A594G 13.5 Lurain and Chou (2010)

A594P NA Lurain and Chou (2010)

A594T 2.7 Chou et al. (2002)

A594V 8.3 Chou et al. (2002)

L595F 15.7 Chou et al. (2002)

L595S 9.2 Chou et al. (2002)

L595W 5.1 Chou et al. (2002)

del 595 13.3 Lurain and Chou (2010)

del 595-603 8.4 Lurain and Chou (2010)

E596G 2.3 Chou et al. (2002)

G598S NA Lurain and Chou (2010)

K599T 5.3 Lurain and Chou (2010)

del 600 1.9 Chou et al. (2002)

del 601 NA Lurain and Chou (2010)

del 601-603 11 Lurain and Chou (2010)

C603R 3.6–8.3 Chou (2010)

C603S 1.9 Chou (2010)

C603W 8 Chou et al. (2002)

C607F 1.9 Chou et al. (2002)

C607Y 12.5 Chou et al. (2002)

A613V 2.3 Chou (2015)

E655K 1.7 Chou (2015)

CMV UL54 polymerase mutations 

D301N 2.6 Chou et al. (2003

N408D 4.9 Cihlar et al. (1998)

Amino acid 
mutation

Fold increase 
EC50 References

N408K 4.2 Lurain and Chou (2010)

N408S 3.1 Chou (2015)

N410K 2.9 Chou et al. (2003

F412C 4.2 Lurain and Chou (2010)

F412V 4.3 Cihlar et al. (1998)

D413A 6.5 Lurain and Chou (2010)

D413E 4.8 Chou et al. (2003)

D413N 3.8 Chou (2015)

L501I 6 Cihlar et al. (1998)

T503I 2.9 Chou et al. (2003)

K513E 5 Cihlar et al. (1998)

K513N 6 Lurain and Chou (2010)

K513R 3.7 Chou (2015)

L516R 2.1 Chou et al. (2003)

I521T 3.1 Lurain and Chou (2010)

P522A 3 Lurain and Chou (2010)

P522S 3.1 Cihlar et al. (1998)

del 524 3.5 Chou (2015)

V526L 5.5 Chou (2015)

C539G 3.1 Chou (2015)

L545S 3.5 Cihlar et al. (1998

E756K 3.5 Chou et al. (2003)

I726T 2 Chou (2015)

L773V 3 Chou (2015)

L776M 2.5 Lurain and Chou (2010)

V781I     1–4 Cihlar et al. (1998); Chou (2010)

V787L 2.4 Lurain and Chou (2010)

L802M 1.1–3.5 Cihlar et al. (1998)

A809V 2.6 Lurain and Chou (2010)

V812L 2.5 Lurain and Chou (2010)

T813S 2.5 Lurain and Chou (2010)

T821I 4.5 Cihlar et al. (1998)

A834P 5.4 Lurain and Chou (2010)

G841A 3.2 Lurain and Chou (2010)

G841S 2.2 Chou (2015)

del 981-982 8.3 Lurain and Chou (2010)

A987G 5.3 Lurain and Chou (2010)

aBoldface type indicates the most common UL97 mutations.
Abbreviations: NA: data not available.
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in cross-resistance to both foscarnet and cidofovir (Chou et 
al., 1995; Chou et al., 2003). Treatment with aciclovir does not 
appear to induce GCV resistance (Drew et al., 1995). HSV-1 
develops resistance to GCV more slowly than to aciclovir, 
requiring continuous exposure in vitro to GCV at a concen-
tration of 30 µM for 70 days compared with 14 days of aciclo-
vir for resistant variants to emerge (van der Horst et al., 1987).

2c. In vitro synergy and antagonism

Although GCV does synergize with other antivirals, none of 
the combinations has been established in humans and their 
use in humans is rare. 

Foscarnet and GCV are synergistic against human and 
murine CMV and murine HSV in vitro (Smith et al., 1982b; 
Manischewitz et al., 1990) with up to 27-fold improvement 
in efficacy of GCV when the two drugs are used in combina-
tion and additive in an in vivo murine model (Freitas et al., 
1989). The combination of GCV and nalidixic acid was more 
effective than either drug alone in inhibiting the replication 
of duck hepatitis B virus in the livers of infected ducks (Wang 
et al., 1995). Recombinant human interferon-beta and GCV 
are strongly synergistic in their activity against simian VZV 
infection in monkeys, with up to a 100-fold decrease in 
 interferon-beta and 10-fold less GCV required to achieve an 
effective dose compared with monotherapy (Soike et al., 1987). 
Recombinant human interferon-alpha and GCV were found 
to be highly synergistic against HSV-1 and HSV-2 in human 
fibroblast cultures (Moran et al., 1985). Synergy has also been 
demonstrated between recombinant murine interferon-alpha 
and GCV both in vitro (Eppstein and Marsh, 1984) and when 
administered to mice infected with HSV-2, the effective dose 
of each drug being reduced 10-fold when given in combina-
tion (Fraser-Smith et al., 1985).

GCV has been found to antagonize the antiretroviral activ-
ity of both zidovudine and didanosine in vitro, increasing the 
EC50 of these drugs by 3- to 6-fold; antagonism occurred at 
drug concentrations well below cytotoxic levels (Medina et al., 
1992). Furthermore, some investigators have found that zid-
ovudine antagonizes the effects of GCV against human CMV 
in vitro; in this study, zidovudine also reduced the efficacy 
of GCV in a guinea pig model (Feng et al., 1993). However, this 
finding remains controversial because a number of other 
investigators found the opposite: Zidovudine has been reported 
to have an additive to synergistic effect with GCV against labo-
ratory-adapted strains and clinical isolates of CMV in vitro 
(Snoeck et al., 1992; Freitas et al., 1993a; Roche Laboratories, 
data on file). There is no antagonism of the antiviral activity 
of GCV by its use in combination with amphotericin B, keto-
conazole, dapsone, or co-trimoxazole (Pecyk et al., 1989; Freitas 
et al., 1993b).

3. MECHANISM OF DRUG ACTION

GCV’s structure and mechanism of action are similar to aci-
clovir. The antiviral activity of GCV depends on its intracel-
lular triphosphorylation (Cheng et al., 1983b; Field et al., 

1983). Initial phosphorylation to GCV monophosphate is 
rate limiting and is mediated by the CMV UL97 gene prod-
uct, a protein kinase (phosphorylating serine and threonine 
residues) that efficiently monophosphorylates GCV but not 
aciclovir (Littler et al., 1992; Sullivan et al., 1992a; Sullivan et 
al., 1992b; He et al., 1997). There are only minimal levels 
of the triphosphorylated drug within uninfected cells, indi-
cating that infected cells preferentially phosphorylate GCV 
by the CMV-encoded protein kinase. After this step, cellular 
kinases complete the phosphorylation to the di- and triphos-
phorylated GCV, the active compound.

Cellular kinases are responsible for the subsequent di- and 
triphosphorylation of GCV. These cellular kinases include 
guanylate kinase, deoxyguanosine kinase, and phosphoglyc-
erate kinase and are induced in cells infected with human 
CMV, further accelerating the production of the antiviral 
form of GCV (Boehme, 1984; Meijer et al., 1984; Matthews and 
Boehme, 1988). Levels of GCV triphosphate are 10- to 100-fold 
higher in CMV-infected versus uninfected cells (Biron et al., 
1985; Freitas et al., 1985). In vitro experiments suggest that 
GCV triphosphate is slowly dephosphorylated in CMV- and 
HSV-infected cells, with 40–70% of original drug concentra-
tions being detected 18–24 hours after the drug is removed 
and an intracellular half-life of > 6 hours (Biron et al., 1985; 
Smee et al., 1985a). This accumulation of GCV triphosphate 
within infected cells and, perhaps more important, the capac-
ity of the CMV UL97 gene product to initiate GCV, but not 
acyclovir, phosphorylation explain GCV’s superiority over 
aciclovir against CMV.

GCV triphosphate blocks the replication of CMV by inhib-
iting viral DNA synthesis by several mechanisms, competing 
with deoxyguanosine triphosphate (dGTP) for incorpora-
tion into DNA and thereby inhibiting the viral DNA poly-
merase as well as incorporating into the growing chain of viral 
DNA and markedly inhibiting its elongation (Frank et al., 1984; 
St Clair et al., 1987). Because GCV contains hydroxyl groups 
similar to the 3′ and 5′ hydroxyl groups of endogenous nucle-
otides, chain elongation is not completely terminated but can 
continue very slowly after GCV triphosphate incorporation 
(Frank et al., 1984; Reardon, 1989). This is in contrast to aci-
clovir, which only has the 3′ hydroxyl group and, when incor-
porated, causes chain termination. The continuation of viral 
DNA synthesis by incorporated GCV results in the produc-
tion of short fragments of CMV DNA that accumulate within 
the nucleus but are not packaged or released as infectious 
virions (Hamzeh and Lietman, 1991). Chain termination is 
apparently reversible because chain elongation continues when 
the drug is removed (Matthews and Boehme, 1988).

GCV triphosphate is an excellent substrate for CMV DNA 
polymerase, competitively inhibiting this enzyme with respect 
to dGTP with an inhibitory constant (Ki) of 1.7 µM; cellular 
DNA polymerases are inhibited with a significantly higher Ki 
of 17 µM (Freitas et al., 1985). 

In the case of cells infected by HSV or VZV, viral TK is 
responsible for the initial phosphorylation of GCV (Cheng et 
al., 1983a; Smee et al., 1983; Ashton et al., 1982). GCV tri-
phosphate also selectively inhibits the DNA polymerases of 
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HSV, with Ki values of 0.5–1 µM; the Ki value for cellular alpha 
DNA polymerase is 35- to 50-fold higher (Germer shausen et 
al., 1983; St Clair et al., 1984), which is the basis for a new strat-
egy for the treatment of tumors by gene therapy (Macri and 
Gordon, 1994). Strains of HSV with mutations in the virus- 
specified TK that cause aciclovir resistance are also resistant 
to GCV (Elion et al., 1977). Although the enzyme responsible 
for phosphorylation of GCV in EBV-infected cells remains 
uncertain, it is clear that the drug is preferentially phosphory-
lated in infected versus uninfected cells and that phosphor-
ylation of GCV is more efficient than phosphorylation of 
aciclovir (Datta and Pagano, 1983; Lin et al., 1986).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Details of standard dosing regimens with intravenous GCV 
and oral VGCV are provided in Table 215.3. Induction ther-
apy with GCV or VCGV for patients with HIV-related CMV 
retinitis is usually administered for just 14–21 days, followed 
by maintenance therapy until adequate immune reconstitu-
tion occurs (usually defined as an absolute CD4+ T-cell count 
> 100 cells/µl for 6 months). For other HIV- and transplant- 
related CMV end organ diseases, induction therapy is given 
until there is significant clinical improvement, then mainte-
nance therapy is continued until adequate immune recon-
stitution to prevent disease relapse has occurred. More 
information on duration of treatment is provided in section 
7, Clinical uses of the drug.

INTRAVENOUS ADMINISTRATION

GCV sodium is packaged in glass vials as a lyophilized pow-
der containing 500 mg of GCV and 46 mg of sodium. The 
powder is reconstituted in 10 ml sterile water for injection 
(without preservatives) to achieve a final concentration of 

50 mg/ml. GCV is then further diluted in normal saline or 
5% dextrose in water before infusion. GCV is classified as a 
hazardous medication and requires precautions when prepar-
ing or administering the medication, including latex gloves, 
safety glasses, and a mask to prevent inhalation or direct con-
tact with skin or mucous membranes. Ideally, solutions should 
be prepared in a fume hood.

Owing to the high pH of the intravenous preparation of 
GCV, tissue damage may occur if this is administered intra-
muscularly or subcutaneously. Frequent hematologic moni-
toring is advised during the induction phase of therapy and 
on a weekly basis during maintenance because of the high 
frequency of hematologic toxicity with GCV. Renal function 
should also be regularly measured because the drug is elimi-
nated largely by renal excretion (see section 4d, Those requir-
ing altered dosages; Table 215.3).

GCV has been shown to be stable in parenteral nutrient 
solution containing 1–5% amino acids for at least 3 hours 
(Johnson et al., 1994). When reconstituted with sterile water 
to a concentration of 50 mg/ml, the manufacturer has shown 
stability for up to 12 hours at room temperature. Before 
administration, GCV should be further diluted in normal 
saline or 5% dextrose in water to final drug concentrations of 
1–10 mg/ml, which remains stable when stored at 4–25°C for 
28–35 days (Silvestri et al., 1991; Mole et al., 1992; Paras ram-
puria et al., 1992).

ORAL ADMINISTRATION

VGCV has replaced oral GCV for oral therapy because of its 
markedly improved oral bioavailability compared with GCV 
(3–5.6% vs. 61%) (Jacobson et al., 1987; Jung and Dorr, 1999). 
For example, patients with immediate sight-threatening lesions 
of CMV retinitis can be treated with oral VGCV 900 mg 
twice daily along with a single intravitreal GCV injection. For 
more peripheral retinal lesions not immediately threatening 
visual acuity, treatment may be started with VGCV 900 mg 
twice daily for 14–21 days followed by 900 mg daily. VGCV 

Table 215.3. Adulta induction and maintenance dosing regimens for GCV and VGCV.

Creatinine 
clearance  
(ml/minute)

Induction regimen Maintenance regimen

GCV VGCV GCV VGCV

Dose  
(mg/kg)

Interval 
(hours)

Dose 
(mg)

Interval 
(hours)

Dose 
(mg/kg)

Interval 
(hours)

Dose 
(mg)

Interval 
(hours)

≥ 70b 5 12 900 12 5 24 900 24

50–69c 2.5 12 450 12 2.5 24 450 24

25–49d 2.5 24 450 24 1.25 24 450 48

10–24 1.25 24 450 48 0.625 24 450 72e

< 10 1.25 48f Not recommended 0.625 48f Not recommended

aPediatric dosing: For GCV, follow adult dosing guidelines, except for neonates in whom 6–7.5 mg/kg have been used instead of 5 mg/kg. For VGCV, data sug-
gest 16 mg/kg leads to similar drug exposure as 900 mg VGCV in adults, and dosing should be based on body surface area and estimated creatinine clearance 
using the modified Schwartz formula (see Genentech, 2015).

bCreatinine clearance ≥ 60 ml/minute for VGCV.
cCreatinine clearance 40–59 for VGCV.
dCreatinine clearance 25–39 for VGCV.
eTwo times weekly.
fThree times weekly after dialysis.
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tablets must be taken with food because it markedly improves 
absorption.

ADMINISTRATION BY INTRAVITREAL INJECTION

For CMV retinitis, GCV can also be given by intravitreal 
injection using a 30-gauge needle under topical anesthesia 
on an outpatient basis (Henry et al., 1987; Morlet et al., 
1993). Mercury bag decompression of the eye for 10–15 min-
utes before administration has been reported to reduce the 
elevation in intraocular pressure associated with the injec-
tion and to reduce the level of discomfort (Morlet and Young, 
1993). The usual dose of GCV administered by intravitreal 
injection is 200–400 µg in 0.1 ml, given twice weekly until 
resolution of acute disease, then once weekly as maintenance 
therapy. To prepare the injection, GCV sterile lyophilized 
powder is reconstituted with 5 ml preservative-free sterile 
water for injection to yield a 100 mg/ml solution, then fur-
ther diluted with sterile normal saline (typical final concen-
trations of 2–4 mg/ml) (Henry et al., 1987; Ussery et al., 
1988; Cochereau-Massin et al., 1991). In a small uncon-
trolled pilot study, intravitreal GCV at a dose of 2 mg in 0.1 
ml for maintenance treatment of patients with AIDS-related 
CMV retinitis effectively suppressed retinitis without evidence 
of retinal toxicity (Young et al., 1992). A smaller volume of 
injection has also been used (350 µg in 50 µl) with similar 
efficacy to previous studies using volumes of 0.1 ml and 
with reportedly less associated discomfort (Baudouin and 
Gastaud, 1992). More recently, even smaller volumes (2.0 mg 
of GCV in 40 µl for twice weekly induction therapy and 
1.0  mg in 20 µl for weekly maintenance injections) has 
been reported to be effective for CMV retinitis patients in 
resource-limited settings. In this particular study, GCV pow-
der was reconstituted with 10 ml preservative-free sterile 
water to yield a final concentration of 50 mg/ml and injected 
without further dilution (Teoh et al., 2012). Currently, most 
ophthalmologists with expertise in this area will administer 
2.0–2.5 mg of GCV in a volume of 0.04–0.05 ml.

ADMINISTRATION WITH A GCV  
INTRAOCULAR DEVICE

Formerly, a device providing sustained-release of GCV with 
a core of GCV within layers of proprietary polymer could 
also be used for CMV retinitis treatment; unfortunately, it is 
no longer available. It was surgically implanted in the vitre-
ous, maintaining local therapeutic concentrations for up to 
8  months; GCV was released from the device in a linear 
manner at rates of 1–5 µg/hour (Martin et al., 1994). 

TOPICAL ADMINISTRATION

GCV 0.15% ophthalmic gel is marketed under the trade name 
Zirgan (Bausch & Lomb) in the USA and as Virgan (Laboratoires 
Théa) in other countries. It is indicated for the treatment of 
acute herpes simplex keratitis. The typical dosing regimen is 
1 drop in the affected eye five times daily until the corneal 
ulcer heals, and then 1 drop three times daily for 7 days. Systemic 
exposure is thought to be minimal, as the maximum daily dose 
is approximately 0.04% and 0.1% of the typical oral VGCV 

and i.v. GCV doses, respectively. GCV ophthalmic gel has 
been used in animal studies in concentrations ranging from 
0.0125% to 0.2% (Castela et al., 1994), and it gained its approval 
after FDA review of pooled data from three randomized tri-
als showing noninferiority compared to aciclovir 3% oph-
thalmic ointment in patients with corneal dendritic ulcers 
(Package Insert, Zirgan).

4b.  Newborn infants and children

Neonates (2–49 days) with symptomatic CMV infection who 
received a single intravenous infusion over 1 hour of 4 or 6 
mg/kg, GCV were found to have serum concentrations that 
increased in proportion to dose. The mean elimination half-
life was 2.4 hours, and the mean total body clearance was 
similar for the 4 and 6 mg/kg dose groups: 189 ± 28 and 213 
± 21 ml/kg/h, respectively, and increasing with age (Trang et 
al., 1993). The apparent volume of distribution was 669 ± 70 
and 749 ± 59 ml/kg for the 4 and 6 mg/kg doses, respectively, 
and increased with increasing weight (Trang et al., 1993). In 
children with heart, kidney, or liver transplant, elimination 
half-lives range from 2.8 to 6 hours, depending on patient 
age (Genentech, 2015).

Based on a pharmacokinetic study of 24 neonates ranging 
in age from 8 to 34 days, it was suggested that a 16 mg/kg 
dose of VGCV oral solution results in similar drug exposure 
(AUC 27 mg/h/l) as GCV 6 mg/kg i.v. (AUC 21 mg/h/l). Both 
were similar to the drug exposure in adults receiving 900 mg 
oral VGCV (AUC 27.1 mg/h/l) or 5 mg/kg i.v. GCV (AUC 
25.4 mg/h/l) (Acosta et al., 2007).

In a study of 20 children (mean age 8.6 ± 5.5 years), the 
majority post–renal transplantation, trough levels of GCV were 
assessed 57 times for therapeutic drug monitoring (Vetha-
muthu et al., 2007). Administered as intravenous GCV, oral 
GCV, or oral VGCV, mean GCV troughs were 0.60 ± 0.09 
µg/ml although 10 patients with low levels required a dose 
increase. Concentrations showed substantial inter- and 
intra patient variability, suggesting the need for drug moni-
toring, particularly because pediatric experience is limited.

Oral VGCV has been FDA approved for pediatric patients 
aged 4 months to 16 years for prevention of CMV disease when 
undergoing kidney or heart transplant. Dosing should be based 
on body surface area and estimated creatinine clearance 
using the modified Schwartz formula (Genentech, 2015).

Oral VGCV has not gained FDA approval for treatment of 
congenital CMV; however, the commercially available pow-
der for oral solution (which must be reconstituted in purified 
water by a pharmacist as described in the package insert 
before dispensing) displayed similar pharmacokinetics to 
that of intravenous GCV while achieving comparable clinical 
outcomes (Kimberlin et al., 2008). There is also experience 
using oral VGCV as preemptive therapy for CMV reactivation 
in pediatric stem cell transplant recipients (Atay et al., 2015).

There is only very limited experience with GCV therapy 
in children under 12 years of age, and the optimum dose of 
intravenous GCV has not been established. Daily doses of 
7.5–10 mg/kg daily divided into two or three doses have been 
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used for induction therapy, and doses of 2.5–5 mg/kg daily 
have been used for maintenance therapy (US Pharmacopeia, 
2001). Although not indicated for the treatment of congeni-
tal infection, such infants have been treated with GCV at a 
dose of 7.5 mg/kg by intravenous infusion over 1 hour twice 
daily for 2 weeks followed by 10 mg/kg three times weekly 
for 3 months, with good clinical results (Nigro et al., 1994). 
However, because of the long-term risks of carcinogenicity 
and gonadal toxicity, extreme caution should be exercised when 
considering treatment of children with GCV. 

In premature children or neonates, no dosage adjustments 
are necessary for intravenous GCV, and serum concentrations 
were found to increase in proportion to dose (see section 5b, 
Drug distribution).

4c.  Pregnant and lactating mothers

After intravenous infusion, GCV crosses the placenta by sim-
ple diffusion (Gilstrap et al., 1994). Using an ex vivo human 
placental cotyledon model with maternal concentrations of 1 
and 10 µg/ml of GCV, the fetal concentrations were 17% and 
19%, respectively, of maternal levels (Gilstrap et al., 1994).

VGCV and GCV carry a boxed warning stating that they 
may cause temporary or permanent inhibition of spermato-
genesis and may cause human birth defects. Animal repro-
duction studies have shown adverse effects on the fetus, but 
there are no well-controlled studies in humans. As a result of 
its placental transfer, GCV is embryotoxic, with documented 
adverse effects on rabbit and mice fetuses (Genentech, 2015). 
There is one reported case of a pregnant renal allograft recipient 
who developed serious CMV infection and had amniotic fluid 
positive for CMV DNA and who refused to consider preg-
nancy termination; she was treated with GCV and delivered 
a healthy child free of CMV infection (Puliyanda et al., 2005).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Intravenous administration of GCV results in significantly 
different kinetics in patients with renal impairment than in 
those with normal renal function because GCV is eliminated 
virtually exclusively by renal excretion. In patients with sig-
nificant renal dysfunction, the plasma half-life of GCV is 
prolonged, peak plasma concentration is increased, and clear-
ance is decreased. 

Administration of 5 mg/kg of GCV in a 1-hour intrave-
nous infusion to a patient with renal failure resulted in a 
markedly elevated peak plasma level of 20 µg/ml, and a long 
elimination half-life of 6.3 hours, with a decreased total body 
clearance of 35.5 ml/minute (Swan et al., 1991). The total 
body clearance of GCV in patients requiring hemodialysis is 
approximately 5% of that calculated for individuals with nor-
mal renal function. In such patients the serum half-life ranges 
from 5 to 28 hours, and the terminal half-life of GCV is increased 
approximately threefold when compared with persons with 
normal renal function (Sommadossi et al., 1988; US Pharma- 

 copeia, 2001). In patients with renal failure, dosages of GCV 
of 5 mg/kg every 48 hours resulted in peak and trough serum 
levels of 16.1 ± 2.4 and 5.5 ± 0.5 µg/ml, respectively, with a 
volume of distribution at steady state of 0.64 ± 0.09 l/kg 
(Bastien et al., 1994). In a single case report, decreasing the 
infusion dose to 1.25 mg/kg three times weekly at the end of 
dialysis resulted in a peak plasma level of 3.7 µg/ml, with a 
steady-state level of 2.6 µg/ml for nearly 40 hours (Com bar-
nous et al., 1994). In 44 HIV-infected patients with CMV 
infection and various stages of renal dysfunction, the GCV 
half-life in renal failure was 68.1 hours compared to 3.5 hours 
in 12 healthy controls (Czock et al., 2002). Approximately 50% 
of the GCV was removed by hemodialysis.

When administered by intravenous infusion in a dose of 5 
mg/kg every 48 hours to anuric patients requiring hemodial-
ysis, the elimination half-life is 18.9 ± 2.2 hours, with a vol-
ume of distribution at steady state of 0.68 ± 0.10 l/kg (Boulieu 
et al., 1993). These observations are supported by a separate 
report of an anuric elderly patient requiring hemodialysis who 
was given 1.5 mg/kg GCV daily by intravenous infusion. The 
elimination half-life in this patient was 23.3 hours (Rello, 1990). 
In another case report of an anuric patient requiring hemodi-
alysis, the total plasma clearance was 0.05 ml/min/kg with an 
elimination half-life of 132 hours (Combarnous et al., 1994).

A single hemodialysis session removes 50–60% of plasma 
GCV (Lake et al., 1988; Sommadossi et al., 1988; Swan et al., 
1991; Combarnous et al., 1994; Czock et al., 2002), indicating 
that the drug should be administered by intravenous infu-
sion at the end of dialysis. Intravenous GCV should be used 
because the dose is often less than 450 mg, the size of VGCV 
tablets. Although VGCV can be formulated as an oral solu-
tion, there is no evidence to support specific dosing recom-
mendations for patients undergoing hemodialysis. The intra- 
venous dose of GCV in patients requiring hemodialysis should 
not exceed 1.25 mg/kg every 24 hours. Measurement of drug 
levels in patients with renal failure receiving GCV may be an 
option because the methodology is available (Hedaya and 
Sawchuk, 1990; Boulieu et al., 1991a; Boulieu et al., 1991b).

Specific dosage adjustments for both VGCV and intrave-
nous GCV required for patients with renal insufficiency are 
provided in Table 215.3.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

GCV undergoes virtually no hepatic metabolism (Fletcher et 
al., 1986). Although VGCV undergoes some of its hydrolysis 
to valine and GCV in the liver, the safety and efficacy of VGCV 
have not been studied in patients with hepatic impairment.

PATIENTS WITH BONE MARROW SUPPRESSION

GCV therapy (whether as oral VGCV or intravenous GCV) 
should be withheld in patients whose neutrophil count is < 500 
cells/µl or who develop severe thrombocytopenia (platelet 
count of < 25,000/µl), until the neutrophil count is > 750 cells/µl 
and the platelet count is > 50,000/µl. GCV-induced neutrope-
nia can be reversed in most patients by concomitant admin-
istration of granulocyte colony-stimulating factor (G-CSF) 
in a relatively low dose (Jacobson et al., 1992).
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RACE AND GENDER

Based on only limited data, there appears to be a lower steady-
state Cmax and lower AUC of GCV in African American and 
Hispanic patients than in white patients (Roche, data on file). 
However, no dosage changes are recommended.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The absorption of oral GCV is very poor. Early studies showed 
6% bioavailability after a single oral dose of 10 mg/kg or 1000 
mg (Jacobson et al., 1987). Because there is now a pro-drug 
of GCV (VGCV) with good oral absorption, GCV itself is 
invariably given intravenously. 

Orally administered VGCV is rapidly hydrolyzed to GCV 
via intestinal and hepatic esterases with a Cmax of 5.61 ± 1.52 
µg/ml and plasma t½ of 0.47 hour, providing an absolute 
GCV bioavailability of 60.9% (Jung and Dorr, 1999). The 
mean steady-state peak serum levels of GCV achieved with 
multiple doses of 450 mg/day were 3.1 µg/ml, with an AUC 
of 10.3 µg/h/ml. GCV Cmax and AUC were increased to 3.28 
µg/ml and 12.7 µg/h/ml, respectively, when VGCV was given 
with or after food, showing that its oral bioavailability was 
increased by 30% when given with food (Brown et al., 1999). 
As shown in Table 215.4, when 900 mg VGCV is given once 
daily, the GCV AUC is similar to that achieved with a 5 mg/
kg intravenous dose of GCV (Genentech, 2014; Genentech, 
2015). GCV is not significantly bound to serum proteins; bind-
ing of GCV is in the range of 1–2% (Genentech, 2015).

5b.  Drug distribution

INTRAVENOUS ADMINISTRATION

Key pharmacokinetic data for intravenously administered 
GCV and orally administered VGCV are listed in Table 215.4. 
In the absence of renal impairment, there is no accumulation 
of GCV in plasma with chronic administration at doses of 
5 mg/kg twice daily (Fletcher et al., 1986). Sequential admin-
istration of GCV (3.75 mg/kg daily) and foscarnet (60 mg/kg 
daily) did not alter the plasma clearance or volume of distri-
bution of either drug (Aweeka et al., 1995).

After intravenous administration, GCV is widely distrib-
uted in tissues, with good intraocular penetration, without 
evidence of accumulation (Fletcher and Balfour, 1989). Data 

obtained from sampling tissues at autopsy from patients who 
had received intravenous therapy have demonstrated highest 
concentrations of the drug in the kidneys, with 10-fold lower 
levels in the lung, liver, brain, testes, and blood obtained from 
the heart (Shepp et al., 1985). GCV is able to cross the blood–
brain barrier, and levels within the cerebrospinal fluid are in 
the range of 24–67% of concomitant serum levels (Shepp et 
al., 1985; Fletcher et al., 1986).

ORAL ADMINISTRATION

As noted earlier, orally administered VGCV is rapidly hydro-
lyzed to GCV. Relevant pharmacokinetic data are noted in 
Table 215.4 (Genentech, 2015).

Few studies have investigated VGCV pharmacokinetics  
in solid organ transplant recipients or allogeneic stem cell 
transplant patients. A mean GCV AUC of 49.9 µg/h/ml was 
observed in 240 solid organ transplant patients who received 
900 mg VGCV daily (Wiltshire et al., 2005a; Wiltshire et al., 
2005b). In allogeneic stem cell recipients, 40% greater GCV 
concentrations were observed in 28 evaluable patients who 
received VGCV 900 mg twice daily than in those patients 
who received intravenous GCV 5 mg/kg twice daily (Einsele 
et al., 2006). In another pharmacokinetic study conducted in 
allogenic stem cell transplant patients with gastrointestinal 
graft-versus-host disease, 900 mg VGCV produced GCV phar-
macokinetics equivalent to 5 mg/kg intravenous GCV (Win-
ston et al., 2006).

INTRAVITREAL CONCENTRATIONS OF GCV AFTER 
INTRAVENOUS AND INTRAVITREAL INJECTION 

Levels of GCV in the vitreous fluid after intravenous admin-
istration range from 44% to 65% of those in the serum (Daikos 
et al., 1988), and the half-life of GCV in vitreous fluid is about 
13 hours (US Pharmacopeia, 1995). Intravenous infusion of 
GCV results in good intraocular penetration, with the mean 
reported intravitreal concentration of GCV being 0.93 ± 0.39 
µg/ml in one study performed in CMV retinitis patients 
undergoing vitrectomy for retinal detachment (Kuppermann 
et al., 1993). In another study of 52 patients with CMV reti-
nitis and retinal detachment who were undergoing vitrectomy, 
the mean vitreous GCV concentrations in patients receiving 
intravenous GCV induction and maintenance therapy were 
1.22 ± 0.38 and 0.85 ± 0.49 µg/ml, respectively (Arevalo et al., 
1995). Neither of these studies examined the impact of intra-
ocular retinitis activity, a variable that could substantially impair 
the integrity of the blood–retinal barrier, at the time of sam-
pling. Thus it is possible that during active retinitis, intra- 

Table 215.4. Mean GCV and VGCV pharmacokinetic measures.

Drug (dose) Cmax (μg/ml) tmax (hours) AUC (μg/h/ml) Vd (l/kg) t½ (hours)
Renal clearance 

(ml/min/kg)

GCV (5 mg/kg) 9.46 ± 2.02 NR 26.5 ± 5.9 0.74 ± 0.15 3.81 ± 0.71 2.99 ± 0.67

VGCV (900 mg) 5.61 ± 1.52 1–3 29.1 ± 9.7 NR 4.08 ± 0.76 3.21 ± 0.75

Abbreviations: Cmax: maximum concentration; tmax: time to maximum concentration; AUC: area-under-the-concentration-time curve; Vd: volume of distribution; 
t½: half-life; NR: data not reported for this formulation. 1 μg/ml of ganciclovir is equivalent to approx. 3.6 μM.
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vitreal GCV levels are higher than reported. This is particu-
larly plausible given the fact that retinal detachments occur 
most commonly after CMV retinitis lesions have healed.

In rabbits, an intravitreal injection of 400 µg resulted in intra-
vitreal levels that exceeded the EC50 of CMV for over 60 hours 
(Schulman et al., 1986). Intravitreal administration of 200 µg of 
GCV to a patient with HIV-related CMV retinitis resulted in 
vitreous and aqueous humor GCV levels of 1.2 and 0.66 µg/
ml, respectively, and no systemic absorption of the drug. The 
estimated elimination half-life of GCV from the vitreous was 
13.3 hours, with the intravitreal level remaining above the 
IC50 of CMV for approximately 62 hours after a single dose 
(Henry et al., 1987). The use of liposome-encapsulated GCV 
has been reported to decrease the required number of intra-
vitreal injections (Akula et al., 1994).

CORNEAL CONCENTRATIONS AFTER  
TOPICAL ADMINISTRATION

GCV ophthalmic gel achieves corneal levels that are higher 
than the IC50 of GCV for HSV-1 (Castela et al., 1994).

5c.  Clinically important pharmacodynamic 
features

As with many antivirals, there are few data correlating the 
concentration of GCV and VGCV with its antiviral activity, 
other than the fact that adequate concentrations of GCV at 
the site of disease are necessary to achieve any efficacy. Most 
efficacy studies assume these concentrations should be greater 
than at least the EC50 of GCV for the relevant viral pathogen. 
Mean EC50 levels for selected viruses are listed in Table 215.1.

5d.  Excretion

As noted earlier, the major route of elimination of GCV is via 
the kidneys, by both glomerular filtration and tubular secre-
tion. In one report, the total clearance of the drug after intra-
venous infusion exceeded the creatinine clearance by a factor 
of 2.4 (Fletcher et al., 1986). Virtually all of an intravenous 
dose of GCV is excreted unchanged in the urine (Sommadossi 
et al., 1988; Markham and Faulds, 1994).

5e.  Drug interactions

Clinically important adverse drug interactions are described 
in Table 215.5. GCV and zidovudine are poorly tolerated 
because of additive or synergistic bone marrow toxicity, with 
only 5 of 29 patients able to take zidovudine at a dose of 600 
mg daily in conjunction with GCV, and only 1 of 10 patients 
able to continue zidovudine at a dose of 1200 mg daily in 
combination with GCV (Hochster et al., 1990; Jacobson et 
al., 1993). Prolonged pancytopenia has been reported in an 
AIDS patient receiving both drugs (Jacobson et al., 1988b). 
Synergistic cytotoxicity has been reported in human cell lines 
exposed to physiologically relevant concentrations of zid-
ovudine and GCV (Prichard et al., 1991). No alteration was 

found in pharmacokinetics of either GCV or zidovudine when 
used in combination in one clinical trial (Hochster et al., 1990). 
However, two studies of intravenous GCV observed increases 
in the apparent clearance of zidovudine (Burger et al., 1994) 
and possible decreases in the AUC and peak plasma concen-
trations of zidovudine (Jacobson et al., 1988b). However, data 
from the manufacturer, shown in Table 215.5, show that con-
comitant administration may lead to decreased GCV AUC 
and increased zidovudine AUC (Genentech, 2014; Genen tech, 
2015).

It may be difficult to distinguish overlapping toxicity pro-
files of medications with GCV or VGCV from true phar-
macokinetic drug interactions. Drugs with similar toxicity 
profiles that may lead to additive toxicity, with minimal or no 
pharmacokinetic interactions, when co-administered include 
amphotericin B, dapsone, doxorubicin, flucytosine, pentam-
idine, trimethoprim–sulfamethoxazole, mycophenolate mofetil, 
vinblastine, and vincristine and probably zidovudine (Gen-
en tech, 2014). Unexpected, because foscarnet is not known 
to be myelosuppressive, neutropenia was more common in 
one report of patients who received combination therapy 
with GCV and foscarnet than in patients treated with alter-
nating therapy with these agents or with either drug alone 
(Dieterich et al., 1993b). Co-administration of GCV with 
other myelosuppressive drugs should be avoided or monitored 
carefully.

All the studies focusing on didanosine and GCV drug 
interactions have used the buffered didanosine formulation and 
oral GCV capsules, both of which are no longer available. As 
no studies have been conducted with didanosine capsules 
and VGCV, extrapolating from the buffered formulation may 
not be possible. Probenecid increases GCV AUC by 53%, 
while reducing renal clearance by 22% (Package Insert, Valcyte).

GCV does not alter cyclosporine serum levels in cardiac 
transplant patients (Cantarovich and Latter, 1994). Increased 
serum creatinine was noted in patients receiving intravenous 
GCV and oral cyclosporine or amphotericin B; however, no 
change in cyclosporine levels were observed (Genentech, 
2014). While there is no change in mycophenolate mofetil or 
GCV levels when co-administered in patients with normal 
renal function, patients with renal impairment should be 
monitored for increased toxicity because levels of both drugs 
may be increased (Genentech, 2015).

Table 215.5. Potential drug interactions with GCV.

Interacting drug Effect on GCV PK
Effect on interacting 
drug PK

Didanosine AUC ↓ 21 ± 17% AUC ↑ 70 ± 40%

Mycophenolate 
mofetil

No effect No effect

Probenecid AUC ↑ 53 ± 91% N/A

Trimethoprim t½ ↓ 15% Cmin ↑ 12%

Zidovudine AUC ↓ 17 ± 25% AUC ↑ 19 ± 27%

Abbreviations: AUC: area-under-the-concentration-time curve; N/A: not 
applicable; t½: half-life; Cmin: minimum concentration.
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6. ADVERSE REACTIONS AND TOXICITY

Most GCV toxicity data have been derived from studies of 
patients receiving intravenous GCV; adverse events related 
to the no longer available oral formulation of GCV and 
VGCV and intraocular administration will be considered 
separately. With systemic administration, the effective dose 
of GCV is only slightly below the toxic dose, and as a conse-
quence adverse reactions with GCV are common and often 
interfere with treatment. 

A summary of GCV and VGCV toxicity data is shown in 
Table 215.6; reported rates of adverse effects are based on pooled 
data from multiple small studies (Genentech, 2014; Genen-
tech, 2015).

6a.  Hematological toxicity

The major toxicity of GCV is bone marrow suppression, pre-
dominantly resulting in neutropenia and to a lesser extent 
thrombocytopenia, but rarely affecting erythrocytes or mono-
cytes (Anonymous, 1995). GCV should generally not be admin-
istered to patients with < 500 neutrophils/µl or with < 25,000 
platelets/ml. The prevalence of bone marrow suppression varies 
widely, depending on the route of administration, the dose, 
underlying illness, and the definition of neutropenia. The 
development of neutropenia has been reported to be inde-
pendent of the duration of treatment, plasma drug levels, or 
baseline neutrophil count (Reed et al., 1988b), although other 
investigators have associated neutropenia in marrow trans-
plant recipients, with mean peak and trough plasma levels 
of GCV exceeding 50 and 10 µM, respectively (Shepp et al., 
1985). In an analysis of all adverse reactions reported from 655 
patients treated with intravenous GCV in the USA in clinical 
trials up until late 1990, neutropenia (defined as < 1000 cells/
µl) occurred overall in 42% of patients with late-stage HIV 
infection, 41% of bone marrow transplant recipients, and 7% 
of heart allograft recipients; thrombocytopenia (< 50,000/µl) 

was reported in 57% of bone marrow allograft recipients, in 
13% of late-stage HIV infected patients, and in 8% of heart 
transplant patients (Roche, data on file). These data are sup-
ported by smaller studies in which GCV-associated neutro-
penia occurred more frequently in bone marrow transplant 
recipients than in other transplant patients (60% vs. 35%, 
respectively) (Erice et al., 1987), and in which neutropenia 
(< 1000 cells/ml) was more commonly observed in patients 
with late-stage HIV infection (55%) than in transplant recip-
ients (20%) (Winston et al., 1988).

In patients with HIV-related CMV gastrointestinal dis-
ease being treated with GCV, 5 mg/kg every 12 hours, mod-
erate neutropenia (500–1000 cells/µl) and severe neutropenia 
(< 500 cells/µl) have been reported in 13% and 3% of patients, 
respectively (Chachoua et al., 1987).

Neutropenia is usually reversible on cessation of GCV 
treatment (Jabs et al., 1987; Reed et al., 1988b), although cases 
of irreversible neutropenia and death have been reported 
(Roche, data on file). Granulocytopenia most commonly devel-
ops during the second week of GCV therapy and is a risk 
factor for bacteremia, bacterial pneumonia, and pulmonary 
aspergillosis (Miller et al., 1994; Przepiorka et al., 1994; Shepp 
et al., 1994). 

In a placebo-controlled study of bone marrow transplant 
recipients who received GCV for CMV prophylaxis, 6 mg/kg 
either daily or 5 days/week, reversible neutropenia (< 1000 
cells/µl) developed in 58% of treated patients compared with 
28% in the placebo group (Winston et al., 1993). In two studies 
of recipients of allogeneic marrow transplants who received 
5  mg/kg GCV daily to prevent CMV infection posttrans-
plant, 30% developed neutropenia (< 750 cells/µl) compared 
with 0–8% of the patients receiving placebo (Goodrich et al., 
1991; Goodrich et al., 1993). GCV treatment of CMV pneu-
monia in bone marrow transplant recipients (7.5 mg/kg daily 
for 14 days) was associated with dose-limiting neutropenia 
(< 500 cells/µl), requiring cessation of treatment in 12% of 
patients (Reed et al., 1988b). GCV appears to be less commonly 
associated with neutropenia in pediatric bone marrow trans-
plant recipients than in adults (Roberts et al., 1993).

It is somewhat surprising that there does not appear to be 
a higher incidence of indwelling catheter–related bacterial 
infections in patients who receive GCV compared with fos-
carnet (Stanley et al., 1994). Combination therapy using GCV 
with recombinant granulocyte–monocyte colony-stimulating 
factor (GM-CSF) or G-CSF has reduced the proportion of 
patients unable to continue GCV because of severe neutro-
penia (Hardy, 1991; Miles et al., 1991; Jacobson et al., 1992; 
Hardy et al., 1994).

Thrombocytopenia has been reported in 19% of AIDS 
patients receiving 7.5 mg/kg GCV daily as maintenance ther-
apy (Buhles et al., 1988). Anemia, reported as possibly related 
to GCV, occurred in approximately 2% of treated patients.

The mechanism of GCV marrow toxicity appears to be 
related to direct cytotoxicity to hematopoietic precursors. In 
vitro, ganciclovir inhibits granulocyte–macrophage colony- 
forming cells with an EC50 of 2.7 ± 0.5 µM and IC90 of 35.7 ± 
3.6 µM (Sommadossi and Carlisle, 1987). Although other 

Table 215.6. Reported toxicity rates derived from pooled data of 
intravenous GCV and oral VGCV.

Adverse event

Patients treated 
experiencing the described 

toxicity (%)

GCV VGCV

Neutropeniaa 13–26  5–19

Thrombocytopeniab  8–57  6–18

Anemiac  8–26  8–31

Catheter infection  9–11  0–3

Diarrhea 10–44 16–41

Nausea 14  8–30

Vomiting 15 15

Headache 5  9–22

aDefined as absolute neutrophil count < 500 × 106/1.
bDefined as platelet count < 50 × 109/1.
cDefined as hemoglobin < 9.5 g/dl or < 8 g/l.
Sources: Genentech (2014); Genentech (2015).
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investigators have reported higher EC50 values (approximately 
40 µM) for GCV-induced inhibition of colony-forming units 
by human granulocyte–macrophage progenitor cells (Snoeck 
et al., 1990), this value is still markedly lower than reports of 
GCV cytotoxicity on non-bone marrow-derived cells. Non-
bone marrow-derived cell lines are more resistant to GCV 
cytotoxicity, with cell proliferation and cellular DNA synthe-
sis being inhibited at drug concentrations 100- to 500-fold 
higher than those required for antiviral efficacy (Neyts et al., 
1990). GCV has also been reported to inhibit the prolifera-
tive responses of lymphocytes to phytohemagglutinin and 
CMV antigens by more than 50% when the drug was tested 
at clinically relevant concentrations (Bowden et al., 1987).

6b.  Carcinogenesis and mutagenesis

GCV was carcinogenic in mice after oral doses of 20–1000 
mg/kg daily. At the highest doses GCV was associated with 
malignancies of the reproductive organs and liver, but it was 
not carcinogenic at doses of 1 mg/kg daily. GCV was teratogenic 
in rabbits at doses calculated to be similar to those recom-
mended for humans (Roche, data on file). Fetal resorptions 
occurred in approximately 85% of rabbits and mice when 
they received twice the human exposure based on AUC values. 

There are little outcome data from GCV treatment of preg-
nant women who had systematic followup of fetal outcomes, 
thus the potential risks (which must be extrapolated from 
animal studies) and potential benefits must be considered 
thoroughly before using GCV in this situation. The investi-
gational drugs letermovir (see Chapter 220, Letermovir) and 
maribavir (see Chapter 223, Maribavir) may make treatment 
of CMV infections in pregnant women somewhat easier. 

It is recommended that women not pregnant but of child-
bearing potential use effective contraception during GCV 
treatment and for 30 days after VGCV treatment. 

6c.  Gonadal toxicity

In preclinical studies GCV was found to inhibit spermato-
genesis potently in rats and dogs and to decrease fertility in 
male and female mice. In male patients (mostly with those 
with HIV infection, and many of whom had preexisting hor-
monal abnormalities), there was no significant alteration in 
levels of serum testosterone, follicle-stimulating hormone, or 
luteinizing hormone associated with GCV therapy. However, 
the manufacturer recommends that gonadal toxicity be assumed 
until further clinical data are available (Roche, data on file). 
Consequently, men should be advised to practice barrier con- 
traception during and for at least 90 days after VGCV treat-
ment (Genentech, 2015).

6d.  Central nervous system toxicity

In open-label compassionate-use trials of GCV involving over 
5000 patients, central nervous system toxicity was reported 
in 5% (Syndman, 1988; de Armond and Doreman, 1990). Sei- 
zures have been reported as a probable complication of GCV 

therapy, commencing 1 month after initiation of the drug, 
resolving only on discontinuation of GCV and recommenc-
ing with rechallenge (Barton et al., 1992). In an analysis of 
toxicities in the trial comparing GCV with foscarnet for 
treatment of CMV retinitis, seizures were equally common in 
both patient groups (Anonymous, 1995). There are several 
case reports of psychiatric disturbance, possibly attributable 
to GCV therapy, in patients with renal insufficiency. Symp-
toms such as nightmares, visual hallucinations, delirium, and 
agitation have been reported and are said to cease on cessa-
tion of the drug; one patient recurred with rechallenge, rein-
forcing the relationship between GCV and hallucinations 
and agitation in this case (Chen et al., 1992). Psychosis with 
auditory and visual hallucinations has been observed in asso-
ciation with GCV therapy in a patient with normal kidney 
function (Hansen et al., 1996). Hallucinations and confusion 
were reported in a pediatric patient who achieved very high 
GCV levels with VGCV therapy in the setting of renal insuf-
ficiency (Peyriere et al., 2006).

6e.  Overdose

Reported toxicities associated with overdoses of intravenous 
GCV include irreversible pancytopenia, reversible neutrope-
nia, hepatic and renal toxicity, and seizures. Peritoneal dialysis, 
hemodialysis, hydration, exchange transfusion, or treatment 
with colony-stimulating factors may be useful and prevent 
the development of adverse events (Roche, data on file).

6f.  Other adverse reactions

Hepatotoxicity has rarely been only reported with GCV or 
VGCV. One patient with late-stage HIV infection treated 
with GCV was reported to have a marked elevation of hepatic 
transaminases and alkaline phosphatase that resolved when 
GCV was discontinued and recurred on rechallenge (Shea et 
al., 1987). In another report, GCV was again potentially linked 
with hepatotoxicity in five patients, although other drugs known 
to alter liver function had been administered in all cases 
(Figge et al., 1992). Ventricular tachycardia has been reported 
in two patients with late-stage HIV infection receiving GCV, 
with recurrence of the arrhythmia on rechallenge with car-
diac monitoring (Cohen et al., 1990). Other adverse reactions 
that may be caused by GCV include fever (6%); rash (6%); 
nausea, vomiting, or diarrhea (4–6%) (Buhles et al., 1988); 
impaired renal function; and hypotension (Keay et al., 1988).

6g.  Toxicity related to oral administration

Preclinical studies in mice using doses of oral GCV of up to 
1000 mg/kg daily for 1 year demonstrated no drug-related 
events at a dose of 1 mg/kg daily. However, higher doses admin-
istered to mice and dogs were associated with the develop-
ment of testicular atrophy, with an increased incidence of 
abnormal morphology of spermatozoa (at a dose of 20–1000 
mg/kg daily) and of tumors of the clitoris and stomach (1000 
mg/kg daily). Longer therapy was associated with a range of 
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epithelial, vascular, and hemopoietic tumors. In dogs admin-
istered up to 6 mg/kg daily for 1 year, toxicities included low 
leukocyte counts (at a dose of 6 mg/kg daily), and at doses of 
0.6–6 mg/kg daily a reduced cellularity of the bone marrow, 
testicular atrophy, and decreased sperm counts were noted, 
all of which were completely or partially reversible after ces-
sation of the drug (Roche, data on file). In men, VGCV may 
cause temporary or permanent inhibition of spermatogenesis, 
with animal data suggesting fertility suppression in females 
(Genentech, 2015).

In a randomized study of 160 AIDS patients with newly 
diagnosed CMV retinitis, patients received 21 days of VGCV 
or intravenous GCV and then received 7 days of the corre-
sponding maintenance therapy before patients were assessed 
for CMV progression by retinal photographs. The frequency 
of adverse reactions was clinically similar in the VGCV and 
intravenous GCV groups (Genentech, 2015), unsurprising 
because oral VGCV is converted to systemic GCV. The fre-
quency of neutropenia was 11% in the VGCV-treated group 
and 13% in those given intravenous GCV. With 79 patients 
per arm, a statistical difference was not reported. The only 
difference between the two arms was the frequency of cathe-
ter-related infections (3% in the VGCV recipients compared 
with 11% in those given intravenous GCV). A pooled sample 
from two clinical studies reported 27% neutropenia, 26% ane-
mia, and 6% thrombocytopenia out of 370 patients (Genen-
tech, 2015).

6h.  Adverse reactions and toxicity of ocular 
administration 

Intravitreal GCV was administered to rabbits one to three 
times weekly at a dose of up to 400 µg per injection without 
evidence of GCV-induced toxicity (Roche, data on file). 
Although toxicity associated with intravitreal injections of 
GCV in humans is relatively uncommon (Henry et al., 1987), 
a number of complications have been reported, including 
retinal detachment (Ussery et al., 1988; Cochereau-Massin et 
al., 1991), retinal artery occlusion (Teoh et al., 2012), and intra-
vitreal hemorrhage (Cochereau-Massin et al., 1991); how-
ever, it was unclear whether these adverse reactions were due 
to the GCV or the intravitreal injection, which is known to 
be associated with these complications. In a single case report 
of accidental intravitreal administration of 40 mg/0.1 ml of 
GCV, immediate surgery was unable to prevent permanent 
retinal damage and blindness (Saran and Maguire, 1994).

6i.  Toxicity in pediatric patients

The need for GCV drug monitoring in children is high-
lighted by a case report of a 13-year-old boy with acute lym-
phoblastic leukemia (Peyriere et al., 2006). The patient was 
being treated for CMV retinitis with 450 mg VGCV every 2 
days. When creatinine clearance decreased to 20 ml/minute, 
the patient developed hallucinations and mental confusion, 
thought to be related to VGCV. A trough level of GCV obtained 
2 days after the last dose was 2.6 µg/ml. After the acute neuro- 

toxicity resolved, VGCV was reinitiated at 225 mg twice 
weekly with no recurrence of symptoms.

7. CLINICAL USES OF THE DRUG

GCV and VGCV are indicated for prevention or preemptive 
therapy of CMV disease in high-risk transplant recipients 
and in the treatment of CMV end-organ disease in patients 
with late-stage HIV infection. This activity was first demon-
strated in the late 1980s (Collaborative DHPG Treatment Study 
Group, 1986). GCV and VGCV have also been used for treat-
ing CMV end-organ disease in other immunocompromised 
patients.

7a.  Cytomegalovirus infection in patients 
with HIV infection

Before the advent in the late 1990s of effective combination 
antiretroviral drug regimens for treating HIV, CMV end organ 
disease was one of the most common opportunistic infec-
tions affecting patients with advanced HIV disease. In one 
trial of oral GCV prophylaxis that enrolled patients with 
advanced HIV disease in whom CMV disease was excluded 
at entry, 26% of placebo arm subjects developed CMV dis-
ease (92% of whom had retinitis) by 12 months of followup 
(Spector et al., 1996). 

CMV RETINITIS

Randomized trials have shown that both intravenous GCV 
and oral VGCV are effective for treating CMV retinitis in 
patients with end-stage HIV infection (Anonymous, 1992; 
Anonymous, 1994; Martin et al., 2002). Both GCV and VGCV 
have been used to treat other CMV end-organ diseases in 
patients with end-stage HIV infection (e.g. gastrointestinal and 
neurologic); however, there are few efficacy data available. 

For treatment of CMV disease in patients with HIV infec-
tion, most experts use an initial induction regimen of twice-
daily dosing (5 mg/kg intravenous GCV or 900 mg VGCV 
orally) for 2–3 weeks to treat new CMV retinitis and for 3–6 
weeks to treat other CMV end-organ diseases. However, after 
stabilization, life-long once-daily maintenance therapy must 
be given unless the patient’s immune system can be reconsti-
tuted by combination antiretroviral therapy. The current expert 
consensus is that such maintenance therapy can be discontin-
ued in patients whose CMV disease symptoms have resolved 
or stabilized and whose absolute CD4+ T-cell count has been 
sustained at > 100 cell/µl for at least 6 months. While there is 
less experience with intravitreal administration, this appears 
to be an effective alternative for maintenance administration 
of the drug in areas where VGCV is unavailable. For other 
forms of CMV disease in this patient population, either GCV 
and VGCV appears to have efficacy. Maintenance therapy 
may not be required for localized gastrointestinal disease.

Although GCV and foscarnet are equally efficacious in treat-
ing CMV retinitis (Moyle et al., 1992; Anonymous, 1992), in 
one study patients treated with foscarnet were reported to 
survive longer than GCV recipients (12.6 vs. 8.5 months, 
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respectively) (Anonymous, 19924). The benefits of foscarnet 
in that study were probably due to its effect on HIV infection, 
and those benefits would not be relevant in the current era 
when such patients are on combination antiretroviral ther-
apy. The SOCA study was one of the first to measure clinical 
progression based on funduscopic photographs assessed by 
independent investigators. In another study, patients treated 
with GCV initially responded faster than those treated with 
foscarnet, but the eventual rates of response did not differ 
(Moyle et al., 1992).

In the era before effective combination antiretroviral ther-
apy became widely available (i.e. before about 1995), there was 
a debate as to whether patients with peripheral, non-sight- 
threatening CMV retinitis would benefit from GCV therapy, 
and the debate continued until a clinical trial was designed to 
specifically address this question. Spector et al. (1993) found 
that patients with peripheral retinitis who were randomized 
to receive immediate therapy with intravenous GCV 5 mg/kg 
twice daily for 14 days followed by maintenance therapy of 
5 mg/kg daily had a median time to progression of 49.5 days 
compared with only 13.5 days in the group whose therapy 
was deferred until their disease progressed (see Figure 215.2). 
This study also used independent assessments of fundus pho-
tography to determine time to progression. Thus all patients 
with HIV-related CMV retinitis, regardless of whether the 
lesions are peripheral or central, should be offered therapy. 
The median progression rates for patients receiving GCV is 
11.5 µm of retinal progression per day (range 0–25 µm) while 
that for untreated patients is 24 µm (range 0–164 µm) per day 
(Holland and Schuler, 1992). Nevertheless, in resource-limited 
settings where combination antiretroviral therapy is available 
to patients and VGCV is not, it is still an open question as to 
whether intravitreal GCV therapy is necessary or beneficial 
for patients whose CMV retinitis is limited to the peripheral 
retina, who can immediately initiate antiretroviral therapy 
after retinitis is diagnosed, and in whom immune reconstitu-
tion may make such invasive treatment unnecessary. On the 
other hand, in April 2015, VGCV was included in the 19th 
World Health Organization Model list of essential medica-
tions because even with local intravitreal GCV therapy, the 
short-term mortality associated with HIV-related CMV reti-
nitis in resource-limited settings (28%) is comparable to that 

associated with HIV-related disseminated cryptococcal infec-
tion (Tun et al., 2014).

Combination therapy using both GCV and foscarnet has 
been evaluated in a multicenter randomized controlled trial 
among patients who had persistently active CMV retinitis or 
whose retinitis had relapsed on therapy. By funduscopic pho-
tography, combination therapy was found to be the more 
effec tive therapy for controlling retinitis than a strategy of 
reinduction with high dose GCV or foscarnet with median 
times to progression of 4.3 months versus 1.3 and 2.0 months 
(Anonymous, 1996). Combination foscarnet and GCV ther-
apy is well tolerated, with no significant increase in renal, 
bone marrow, or other toxicity. Foscarnet alone or in combi-
nation with GCV has proved useful for patients with clini-
cally resistant retinitis who have laboratory evidence of GCV 
resistance (Flores-Aguilar et al., 1993). In a small phase I 
study, combining CMV immunoglobulin with GCV did not 
improve the efficacy of that drug for treatment of CMV reti-
nitis in patients with AIDS (Jacobson et al., 1990).There have 
been several reports of infants and children with CMV reti-
nitis who responded favorably to GCV therapy (Salvador et 
al., 1993; Peters et al., 1995). Combination therapy using GCV 
and foscarnet in a child with HIV-related CMV retinitis 
unresponsive to monotherapy with either drug has also been 
reported to be effective (Butler et al., 1992).

Intravitreal injection of GCV has been used in patients 
intolerant of or having no access to GCV. In an early study by 
Heinemann (1989), stabilization of retinitis occurred in all of 
7 patients treated with intravitreal injections of GCV (1200 
µg in six divided doses) as induction therapy followed by 200 
µg/week maintenance therapy. Success with this approach was 
observed in another study, in which treatment of 44 patients 
with unilateral CMV retinitis (55%) or bilateral disease (45%) 
using intravitreal GCV at a dose of 400 µg per injection led to 
healing after a mean of 6.6 (range 4–14) injections per eye. 
After 8 weeks of maintenance therapy (1 injection per week) the 
relapse rate was 53%. Involvement of the other eye occurred 
in 11% and systemic disease in 16% of patients (Cochereau-
Massin et al., 1991). Suppression of retinitis in 78% of treated 
eyes after intravitreal administration of GCV has also been 
reported in patients who were unable to tolerate intravenous 
GCV or who had retinitis unresponsive to intravenous GCV 

Figure 215.2. Kaplan–Meier estimates of the 
proportion of patients with progression of 
retinitis when given immediate versus deferred 
GCV therapy (p = 0.001 by the log-rank test). 
(Reproduced with permission from Spector et al. 
(l993).)
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therapy (Ussery et al., 1988). However, one group has reported 
that intravitreal therapy alone failed to improve CMV retinitis 
(Orellana et al., 1990).

Given the risk of disease in the contralateral eye, prudent 
clinicians should consider using oral VGCV to prevent disease 
in the unaffected eye while using intravitreal GCV. Current 
standard of practice in resource-poor areas where VGCV is 
not available involves treating active CMV retinitis with 
intravitreal GCV until the absolute CD4 count has risen to 
above 100 cells/µl for at least 3 months. In areas where VGCV 
is available, the current standard of practice for using intrav-
itreal GCV is limited to a single dose administered at the 
time of CMV retinitis diagnosis only in those patients who 
have immediately sight-threatening retinitis (i.e. adjacent to 
the macula or optic nerve head), with therapy continuing 
with VGCV or with intravenous GCV in patients unable to take 
drugs by mouth. Although there are no randomized, con-
trolled trials documenting the efficacy of intravitreal GCV in 
immunosuppressed patients other than those with late-stage 
HIV infection, case series and single-center studies support 
its efficacy (Langner-Wegscheider et al., 2010; Agarwal et al. 
2014). Because most cases of HIV-associated CMV retinitis 
now occur in resource-limited settings where neither GCV 
nor VGCV are available, the intravitreal route of administra-
tion has become the most common route of administration, 
globally, for this condition (Tun et al., 2011). Although no 
longer being manufactured, efficacy of an implanted intravit-
real GCV-eluting device was established in several small stud-
ies and then confirmed in two multicenter randomized trials 
(Musch et al., 1997; Martin et al., 1999).

CMV GASTROINTESTINAL DISEASE

Treatment of AIDS-related CMV gastrointestinal disease with 
intravenous GCV may be associated with a more lasting 
response than is seen with CMV retinitis; esophagitis, gastri-
tis, duodenitis, and adrenalitis, which are less common than 
retinitis as presentations of CMV disease in patients with 
late-stage HIV infection, respond favorably to intravenous 
GCV therapy and may be associated with prolonged periods 
of remission in the absence of maintenance therapy (Dietrich 
et al., 1998; Wilcox and Schwartz, 1992; Fujii et al., 1994; 
Zucker et al., 1994; Sanhes et al., 1995; Wilcox et al., 1995). 
Oropharyngeal ulceration due to CMV responds well to GCV, 
and in one small series, patients did not require maintenance 
therapy (French et al., 1991).While the response to therapy 
in patients with gastrointestinal CMV infection lasts longer 
than that in patients with retinitis, the proportion of patients 
who have a clinical response appears to be lower. In one ret-
rospective analysis, GCV therapy resulted in resolution of 
pain and diarrhea in only 73% and 64% of the treated patients, 
respectively, whereas stabilization or improvement in retini-
tis occurred in ~ 82% (Jacobson et al., 1988c). GCV has also 
been used effectively to treat CMV enterocolitis in young 
infants (Lim et al., 1988). 

Wasting associated with disseminated CMV infection has 
been reported to respond to GCV with improvement in body 
cell mass, weight, and energy (Kotler, 1991). In two reports, 
therapy with GCV did not correct liver function test abnor- 

malities in patients with cholestasis possibly attributable to 
CMV infection (Jacobson et al., 1988a; van der Ende et al., 
1992). Suspected CMV pancreatitis and subsequent relapses 
have been successfully treated with GCV (Colebunders et al., 
1994).

CMV NEUROLOGIC DISEASE

A small proportion of patients with end-stage HIV infection 
develop central nervous system CMV disease, such as encepha-
litis, polyradiculitis, or myelitis. 

Polyradiculopathy has been reported to improve after pro-
longed therapy with GCV, providing the CMV isolate is sus-
ceptible to the drug; however, the likelihood of success may 
be lower in advanced cases (de Gans et al., 1990; Miller et al., 
1990; Cohen et al., 1993; Kim and Hollander, 1993). In a study 
of 23 patients with lumbosacral polyradiculopathy, GCV ther-
apy often caused worsening of symptoms for the first few 
weeks of therapy, but was generally associated with clinical 
stabilization (So and Olney, 1994). Combination foscarnet 
and ganciclovir therapy was reported to be of clinical benefit 
for this condition in two cases (Karmochkine et al., 1994). 

GCV is reported to have some beneficial effects in the 
treatment of CMV ventriculoencephalitis, although some 
patients developed cerebral disease while receiving intrave-
nous GCV for other indications, and other patients died of 
cerebral disease despite intravenous GCV therapy (Schwarz 
et al., 1990; Price et al., 1992; Kalayjian et al., 1993; Berman 
and Kim, 1994; Mastroianni et al., 1994; Salazar et al., 1995). 
Although viral replication in the central nervous system may 
be reduced by GCV, complete suppression does not appear to 
be possible, based on data from a few patients (Cinque et al., 
1995). However, combination therapy with both GCV and 
foscarnet was reported to result in a clinical response rate of 
74% among 31 HIV patients with CMV encephalitis (n = 17) 
or myelitis (n = 14) (Anduze-Faris et al., 2000). Combination 
therapy using GCV and foscarnet followed by alternating 
therapy with these agents as maintenance treatment also 
resulted in clinical improvement in a patient with CMV enceph-
alitis that was resistant to GCV alone (Peters et al., 1992). 
There is one report of successful treatment using GCV in an 
HIV-infected patient with meningoencephalitis due to VZV 
(Poscher, 1994). 

CMV PNEUMONITIS

CMV pneumonitis, an uncommon condition in patients with 
late-stage HIV infection, has been reported to respond to 
GCV (Eng et al., 1992). Similarly, CMV infection of the  larynx, 
an extremely rare condition in HIV-infected patients, has 
been reported to respond slowly to GCV therapy (Marelli et 
al., 1992).

PREEMPTIVE CMV TREATMENT OF CMV VIREMIC, 
HIV-INFECTED PATIENTS

A few studies have more recently evaluated preemptive treat-
ment in HIV-infected patients (Wohl et al., 2009; Mizushima 
et al., 2013; Mattioni et al., 2015). The largest of these was the 
prospective double-blind placebo-controlled trial conducted 
by Wohl et al. (2009). Patients with HIV, most of whom were 
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receiving combination antiretroviral therapy, were included 
in the study if they had a CD4 count < 100 cells/µl, HIV viral 
load > 400 copies/ml, and were CMV seropositive without 
evidence of end-organ disease. Following enrollment, patients 
were screened for CMV viremia, and if positive, they were 
randomized to receive oral VGCV (900 mg twice a day for 3 
weeks, followed by 900 mg daily) or placebo. Of 338 patients 
enrolled, 68 developed viremia, and 47 were randomized (24 
to VGCV and 23 to placebo). Among the viremic subjects ran-
domized to VGCV or placebo, median absolute CD4 count 
was 12 cells/µl, and 79.7% reported they were currently taking 
antiretroviral therapy. A total of 10 subjects developed CMV 
end-organ disease, 4 in the VGCV group and 6 in the placebo 
group. A total of 15 patients died (7 in the VGCV group and 8 in 
the placebo group); no deaths were considered directly associ-
ated with CMV. Due to the low incidence of disease, there 
was insufficient power to detect a significant difference between 
the groups; and the authors concluded that preemptive treat-
ment does not appear to benefit patients with persistently low 
CD4 cell counts. Two subsequent single-center retrospective 
studies have evaluated the impact of preemptive treatment  
in similar populations, but they have had mixed results. The 
study conducted by Mizushima et al., (2013) included 126 
HIV-infected, treatment-naive patients with CMV viremia. 
Of those, 30 received preemptive CMV treatment (regimens 
were determined by clinician preference, but the majority 
received GCV i.v.). CMV end-organ disease was diagnosed 
in statistically significantly fewer patients receiving preemp-
tive treatment than those not receiving it (31% vs. 10%; haz-
ard ratio [HR]: 0.286; 95% confidence interval [CI]: 0.087– 
0.939; p = 0.039). No difference in mortality was observed 
between the two groups. Mattioni et al. (2015) reviewed the 
outcomes of 71 HIV-infected patients with documented 
CMV viremia but no end-organ disease. Of those, 16 received 
preemptive treatment (regimen based on prescriber prefer-
ence, but most received VGCV). When adjusted for baseline 
CD4 count and CMV viral load, there was an insignificant 
trend toward reduced risk of the composite outcome of CMV 
end-organ disease and death (HR: 0.25; p = 0.13). Patients 
receiving preemptive treatment experienced substantial drug 
toxicities, most commonly neutropenia and anemia.

7b.  Cytomegalovirus infection in 
hematopoietic cell transplant recipients 

CMV infection or reactivation can result in life-threatening 
disease in hematopoietic cell transplant (HCT) recipients, 
particularly in CMV-seronegative recipients who are given 
CMV-seropositive, T-cell-depleted, or HLA-mismatched bone 
marrow grafts or stem cells (Ljungman et al., 1994; Milano et 
al., 2011). Prevention of CMV infection in CMV-seronegative 
transplantation patients is possible by use of seronegative 
donors and leuko-depleted blood products (Zaia, 1993). 

PROPHYLAXIS VERSUS PREEMPTIVE THERAPY

Most transplant centers limit a prophylactic antiviral approach 
(i.e., initiating GCV or VGCV in HCT recipients before trans-
plantation or at the time of engraftment) to patients at very 

high risk for opportunistic CMV disease and apply a preemp-
tive antiviral treatment approach, in which patients are mon-
itored frequently for CMV DNA or CMV pp65 antigen in 
blood after transplantation, and treat only those who become 
viremic with GCV or VGCV. Detailed international consen-
sus guidelines for each approach have been developed by a 
panel of clinical experts (Tomblyn et al., 2009), but there is 
no consensus on which is the most appropriate approach for 
specific patients. 

A series of trials conducted in the 1990s demonstrated the 
efficacy of the prophylactic approach in the HCT setting. In 
one regimen, prophylactic treatment of CMV-seropositive 
patients with intravenous GCV (2.5 mg/kg every 8 hours) for 
7 days before transplantation and then 6 mg/kg daily for 
5 days/week after transplantation significantly reduced CMV 
infection (defined as a positive viral culture, seroconversion, 
or positive histologic findings), which occurred in 8 of 40 
(20%) in treated patients versus 25 of 45 (56%) of placebo 
recipients (p < 0.001). There was also a trend toward a lower 
rate of CMV disease in the prophylaxis group (Winston et 
al., 1993). Using a similar approach, GCV prophylactic treat-
ment given before transplantation at a dose of 6 mg/kg 
to CMV-seropositive recipients and after transplantation to 
HCT recipients who were seropositive or who had received a 
transplant from a seropositive donor, was found to markedly 
reduce the rate of symptomatic CMV infection. Only 1 of 40 
(2.5%) GCV recipients developed symptoms, compared with 
untreated historical controls, in whom 23 of 39 (59%) devel-
oped symptomatic disease (von Bueltzingsloewen et al., 1993). 
In another approach, GCV prophylaxis administered after 
transplantation was superior to placebo in preventing the 
development of positive CMV cultures (3% vs. 45%, respec-
tively) and disease (0% vs. 29%, respectively) during the first 
100 days posttransplant (Goodrich et al., 1993).

While no randomized trials have been published com-
paring oral VGCV to intravenous GCV in HCT recipients, 
logic (because VGCV is converted to GCV at concentrations 
equivalent to intravenous administration) and several uncon-
trolled studies suggest similar efficacy in preventing CMV 
infection or disease (Ayala et al., 2006; Busca et al., 2007; van 
der Heiden et al., 2006). Independent of the presence of intes-
tinal graft-versus-host disease complicating HCT, the AUC 
of GCV after standard VGCV dosing to HCT patients is 
greater than that after standard intravenous GCV dosing; 
however, there appears to be no increase in toxicity with VGCV 
compared to intravenous GCV (Einsele et al., 2006).

Although prophylactic therapy significantly reduced the 
risk of early CMV disease in this patient population, reacti-
vation was commonly seen after cessation of prophylaxis within 
1 year after transplantation, suggesting that T-lymphocyte-
mediated responses to this virus are still suppressed (Li et al., 
1994). Because the hematologic toxicity of prolonged GCV 
therapy and the development of more rapid and sensitive 
diagnostic techniques (detection of CMV pp65 antigenemia 
and detection of CMV DNA by PCR amplification) for detect-
ing reactivated CMV infection (Boeckh et al., 2004; Allice et 
al., 2008; Gerna et al., 2008), a preemptive approach to pre-
venting CMV disease began to be favored.



3518 Ganciclovir and Valganciclovir

In the largest randomized trial of prophylactic versus pre-
emptive therapy in the pre-VGCV era, 226 HCT recipients 
were randomized at engraftment to receive placebo or intra-
venous GCV until day 100 (Boeckh et al., 1996). In patients 
who developed CMV pp65 antigenemia, open-label GCV was 
initiated. More patients in the preemptive group developed 
CMV disease before day 100; however, there was no signifi-
cant difference in CMV disease by day 180 after transplan-
tation or thereafter. CMV-related death, transplant survival, 
and neutropenia were not significantly different between the 
groups, and early invasive fungal infections occurred more 
frequently in the prophylactic group.

A subsequent randomized double-blind placebo-controlled 
study was performed to evaluate continuous prophylaxis with 
oral VGCV 900 mg daily or placebo in 184 allogeneic HCT 
recipients (Boeckh et al., 2015). Those who became CMV 
viremic received open-label GCV, VGCV, or foscarnet (i.e. 
preemptive therapy). The primary end point was a composite 
outcome of CMV disease, invasive bacterial or fungal infec-
tions, or death by 270 days posttransplantation. While CMV 
viremia rates were lower in in the prophylaxis group com-
pared to those given preemptive treatment (11% vs. 36%; p < 
0.001), there was no difference in rates of CMV disease, other 
invasive infections, or death (20% vs. 21%; p = 0.9). Both groups 
had high rates of severe neutropenia (absolute neutrophil count 
< 500 cells/µl), but the rate was significantly higher in the 
VGCV than the placebo group (55% vs. 40%; p = 0.04). The 
investigators concluded that either VGCV prophylaxis or pre - 
emptive therapy is an effective strategy in preventing late CMV 
disease.

TREATMENT OF CMV END-ORGAN  
DISEASE IN HCT PATIENTS 

Once CMV pneumonitis is established in HCT recipients, 
GCV given either alone or with glucocorticoids has resulted 
in either only minor or no clinical benefit (Shepp et al., 1985; 
Reed et al., 1986; Aulitzky et al., 1988; Winston et al., 1988; 
Reed et al., 1990; Enright et al., 1993), despite evidence of 
virologic efficacy. In one open-label trial, CMV viruria and 
viremia ceased after 4 days of GCV treatment in all 10 patients 
with cultures initially positive from these sites, yet only 1 
patient survived the pneumonia (Shepp et al., 1985). This is 
in contrast to CMV pneumonitis in patients after solid tissue 
transplants or other forms of immunosuppression, where 
there is clinical benefit from GCV therapy (Winston et al., 
1988). Other manifestations of CMV disease after HCT in 
both children and adults, including gastrointestinal, retinal, 
and disseminated disease without pneumonitis, are more 
responsive to GCV monotherapy than those with pulmonary 
disease (Rosecan et al., 1986; Reed et al., 1988b; Gudnason et 
al., 1989; Reed et al., 1990; Engelhard et al., 1993).

Retinitis, a rare manifestation of CMV disease in HCT 
recipients, has been reported to improve with GCV therapy 
(Kaulfersch et al., 1989). Some authors note an increasing 
incidence of retinitis in HCT recipients and that the disease 
tends to be progressive and associated with a high morbidity 
(Crippa et al., 2001; Larsson et al., 2002; Xhaard et al., 2007; 
Eid et al., 2008a).

Letermovir (Chapter 220, Letermovir) and maribavir (Chap-
ter 223, Maribavir) are recently developed alternative anti-CMV 
agents that have each demonstrated efficacy in a randomized 
prophylaxis trial for HCT recipients without the hematologic 
toxicity associated with GCV and VGCV administration. 

7c.  Cytomegalovirus infection in solid organ 
transplant recipients

As with HCT, CMV infection or reactivation can cause life- 
threatening disease in recipients of transplanted solid organs. 
Active CMV infection is also a risk factor for organ rejection. 
Risk factors for serious disease are similar to those in HCT, and 
prevention of CMV infection in CMV-seronegative patients 
who receive solid organ transplants is advocated via use of 
seronegative donors and leuko-depleted blood products. As 
with HCT, there are prophylactic and preemptive treatment 
approaches to preventing CMV disease, and there is substan-
tial variability in the clinical application of these two strate-
gies among different transplant centers as well as for different 
organs transplanted. Detailed international consensus guide-
lines for each approach have been developed by a panel of 
clinical experts (Kotton et al., 2013). 

PREVENTION OF CMV INFECTION AND DISEASE IN 
RENAL TRANSPLANT RECIPIENTS

The incidence of CMV infection in CMV-seronegative recip-
ients of renal transplants from seropositive donors is 70–90%, 
with 50–60% developing symptoms (Farrugia and Schwab, 
1992). This subpopulation of renal transplant recipients 
 constitutes the major group at risk of CMV disease; however, 
CMV seropositive recipients are also at risk for reactivation. 
Most therapeutic approaches are designed to prevent CMV 
disease in the few months after transplantation when immu-
nosuppression is maximal. 

Some method for CMV prevention is recommended for 
all kidney transplant recipients except those in which both the 
donor and recipient are seronegative. Generally, universal 
prophylaxis or preemptive therapy are considered effective 
options, though universal prophylaxis tends to be preferred 
in high-risk transplant recipients (e.g. CMV-seronegative 
recipients of a kidney from a CMV-seropositive donor).

VGCV has replaced GCV for prophylaxis based on results 
of a trial in which 110 patients were randomized to receive 
VGCV 900 mg daily for 2 weeks (n = 23) or 3 months (n = 
46) or intravenous GCV 5 mg/kg (n = 41) for 2 weeks while 
receiving induction immunosuppression (Said et al., 2007). 
Patients were followed for a minimum of 6 months post-
transplantation. The incidence of the presence of CMV DNA 
in plasma with fever was higher in the VGCV 2-week arm 
(30.4%) than in either the 3-month arm (8.7%) or intrave-
nous GCV arm (14.6%). At 3 and 6 months, renal function 
was worse in the VGCV 2-week arm than the other two arms. 

A randomized double-blind trial of 318 CMV seronega-
tive kidney transplant recipients with seropositive donors 
compared outcomes in patients receiving VGCV 900 mg 
once daily for 100 days versus 200 days (Humar et al., 2010). 
The longer duration of therapy was associated with lower 
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rates of CMV viremia (50.9% vs. 37.4%; p = 0.015) as well 
as confirmed CMV disease at the 1-year followup (36.8% vs. 
16.1%; p < 0.001). The lower incidence of confirmed disease 
was sustained at 2 years (38.7% vs. 21.2%; p < 0.001). There 
was no observed difference in survival or graft rejection. As 
a result, the most common practice in seronegative recipi-
ents of seropositive kidney transplants is universal prophy-
laxis with VGCV for 6 months.

Witzke et al. (2012) performed a randomized prospective 
trial to evaluate CMV prophylaxis strategies in 296 CMV-
seropositive kidney transplant recipients (168 of whose donors 
were seropositive and 128 seronegative). Patients were ran-
domized to receive 100 days of VGCV prophylaxis (n = 146) 
or preemptive treatment (n = 150). At 1 year, rates of CMV 
viremia (38.7% vs. 11%; p < 0.0001) and confirmed disease 
(12.7% v.s 4.1%; p = 0.01) were lower in the prophylaxis 
group. Rates of graft rejection were similar. There was no evi-
dence of higher late-onset infections, but a 4-year followup is 
under way. 

In another randomized study comparing prophylactic 
versus preemptive VGCV therapy in renal transplantation 
(Khoury et al., 2006), 59% of 49 preemptive-therapy patients 
developed CMV viremia compared with 29% of 49 patients 
in the prophylaxis arm (p = 0.004). However, symptomatic 
infection was more common in the prophylaxis group, with 
5 patients developing any symptoms compared to 1 patient in 
the preemptive group. Neutropenia occurred in 4% of patients, 
with no difference in bacterial infections noted between arms. 
Therapy costs were 7% greater with the prophylaxis arm com- 
pared to the preemptive arm.

TREATMENT OF CMV DISEASE IN RENAL 
TRANSPLANT RECIPIENTS

GCV is effective for the treatment for systemic CMV disease 
in renal transplant patients (Guerin et al., 1989; Buturovic-
Ponikvar et al., 1992; de Koning et al., 1992; Jordan et al., 1992). 
A series of studies of renal transplant recipients who had 
CMV disease showed that 99% of patients recovered with GCV 
therapy, and even 30% with ventilator-dependent pneumo-
nitis survived (Syndman, 1988; Jordan et al., 1992; Sawyer et 
al., 1993). GCV therapy has been reported to be useful in the 
treatment of severe CMV disease, even when administered 
during renal allograft rejection treatment (de Koning et al., 
1992). Cultures for CMV usually become negative within 3 
days of commencing GCV (van den Berg et al., 1992). Similar 
to heart transplant patients, renal allograft survival is lower 
in patients who develop CMV infection (Nevins and Dunn, 
1992), although this has not been found in all studies (Dunn 
et al., 1991). Quantitation of CMV DNA in peripheral blood 
leukocytes by PCR has provided a threshold value (≥ 1000 
copies/ml) that is highly predictive for symptomatic infec-
tion (Kuhn et al., 1994).

A large study assessed GCV treatment options in 381 
solid organ transplant recipients (kidney 74%, liver 7%, heart 
6%) with CMV disease who were randomized to VGCV 900 
mg twice daily or GCV 5 mg/kg i.v. for 21 days. All patients 
then received VGCV 900 mg daily to complete 28 days of 
treatment (Asberg et al., 2007). Viral suppression and treat- 

ment success rates were comparable at days 21 and 49, as 
were rates of adverse drug reactions. No differences in effi-
cacy or tolerability were noted among different organ trans-
plant recipients. Thus it is not surprising that oral VGCV is 
comparable in efficacy and tolerability to intravenous GCV 
for the initial treatment of CMV disease in solid organ trans-
plant patients.

PROPHYLAXIS AGAINST CMV INFECTION  
OR DISEASE IN HEART, LUNG, AND LIVER 
TRANSPLANT RECIPIENTS

As donors of heart, lung, or liver are scarce, matching of donor 
and recipient on the basis of CMV serology before transplan-
tation remains highly desirable but is not always feasible (Novick 
et al., 1990; Stratta et al., 1991a). while the data strongly support 
the value of prophylactic GCV in preventing CMV-related 
disease in the high-risk recipient, long courses of the drug 
have still been associated with failure and subsequent mor-
bidity and mortality (Manez et al., 1995). Some of the trials 
are described in the following discussion. Two prospective 
studies of oral VGCV for preemptive therapy or treatment of 
CMV disease in a range of solid organ transplant recipients 
concluded that it was as effective as intravenous GCV (Len et 
al., 2008; Asberg et al., 2009).

Heart transplantation
In a multicenter randomized placebo-controlled study of heart 
transplant patients, prophylactic treatment of CMV-seropositive 
recipients with GCV (5 mg/kg i.v. every 12 hours from days 
1 to 14 posttransplant and then 6 mg/kg daily for 5 days/week 
for the next 2 weeks) reduced the incidence of CMV disease 
compared with placebo (Merigan et al., 1992). Among those 
recipients who were CMV-seropositive, CMV disease occurred 
during the first 120 days after heart transplantation in 26 of 56 
patients assigned to placebo versus 5 of 56 patients assigned to 
GCV (p < 0.001). Among CMV-seronegative patients, CMV 
disease occurred in 5 of 17 assigned to placebo and 7 of 20 
assigned to ganciclovir (p > 0.1). (Merigan et al., 1992). 
Observational results using VGCV show comparable efficacy 
(Devyatko et al., 2004).

Lung transplantation
CMV is a common opportunistic pathogen in patients receiv-
ing lung transplants, causing significant morbidity and mor-
tality. Early studies of CMV prophylaxis reported conflicting 
results (Ladurie et al., 1991; Duncan et al., 1992; Duncan et 
al., 1994). In a trial of GCV prophylaxis for pediatric lung 
transplantation, poor efficacy was observed, with symptom-
atic CMV disease developing in 75% of patients despite 4 
weeks of prophylactic GCV after lung transplantation (Arm-
itage et al., 1995). However, Duncan et al. (1994) subsequently 
completed a randomized trial of GCV (5 mg/kg daily for 5 
days/week) versus aciclovir (3.2 g daily) given for 90 days 
after an initial course of therapy with GCV from weeks 1 to 3 
posttransplantation, which demonstrated a significantly lower 
incidence of CMV infection, defined by viral shedding, 
seroconversion, or histopathology during the first year post-
transplantation among those assigned to GCV. The median 
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infection-free duration was 97 days and 268 days for aciclo-
vir and GCV, respectively (p < 0.015). Solidoro et al. (2008) 
compared historical controls given prophylactic aciclovir for 
12 months posttransplant, with recipients receiving CMV 
hyperimmunoglobulin and GCV, the latter given only from 
weeks 3 to 6. Titers of herpesviruses, including CMV in 
bronchoalveolar lavage cultures, were reduced in the GCV 
arm, and the incidence of lymphocytic bronchitis was also 
lowered (2% vs. 11%), but the incidences of acute rejection 
episodes and CMV pneumonia were not altered significantly. 
Despite these mixed results, it has become standard of practice 
to administer some type of prophylactic regimen based on the 
high risk of infection in these patients and positive outcomes 
in other solid organ transplant patients (Kalil et al., 2005).

More recent studies have evaluated the optimal duration 
of prophylaxis in this high-risk group. One study found a 
reduced incidence of CMV infection (75% vs. 33%; p < 0.05) 
and disease (44% vs. 13%; p < 0.05) when their cohort of 
seronegative recipients of seropositive donors received 12 
months of VGCV, though this was compared to a historical 
control (Jaksch et al. 2009). Palmer et al. (2010) conducted a 
randomized double-blind placebo controlled trial to evaluate 
efficacy of standard compared to extended duration of oral 
VGCV prophylaxis in lung transplant recipients. Of the 136 
patients enrolled, 66 were randomized to receive the stan-
dard duration (3 months VGCV, followed by 9 months of 
placebo), and 70 were included in the extended duration (12 
months of VGCV). Patients receiving extended prophylaxis 
had reduced rates of CMV disease at 300 days after random-
ization (32% vs. 4%; p < 0.001). The longer duration of ther-
apy was also associated with lower rates of viremia (64% vs. 
10%; p < 0.001) and decreased severity of infection (110,000 
vs. 3,200 CMV DNA copies/ml; p = 0.009). Both groups had 
similarly low rates of late CMV infection or disease at 6 
months after study completion (3% in the prolonged arm 
and 2% in the standard arm). No difference was observed in 
rates of graft rejection or resistant infections.

An open-label, pilot study of GCV prophylaxis in nine 
children aged 6–18 years who had undergone primary lung 
transplantation was conducted by Spivey et al. (2007). Intra- 
venous GCV was given for 12 weeks posttransplantation due 
to donor and/or recipient CMV seropositivity. Based on pro-
tocol-defined criteria, no subject developed CMV pneumo-
nitis although four patients had a positive CMV culture from 
bronchoalveolar lavage fluid. The incidence of CMV pneumo-
nitis decreased from 20% to 0% and CMV viremia decreased 
from 32% to 11% by using the 12-week GCV regimen. The 
extended duration of therapy was generally well tolerated, 
although 56–78% of patients reported some degree of nausea, 
emesis, diarrhea, or anorexia, and five patients developed an 
intravenous catheter-related infection. While this study is pre-
liminary, further studies need to be conducted to further elu-
cidate GCV efficacy and safety in the pediatric population.

Liver transplantation
Although prophylaxis against CMV disease is undoubtedly 
also of value in this patient population, there is no recom- 

mended regimen, and there have been no randomized trials 
comparing prophylaxis to preemptive therapy. In one of the 
largest retrospective studies that focused exclusively on liver 
transplantation, involving 61 patients who received VGCV 
prophylaxis and 48 who received preemptive VGCV, the 
incidence of CMV viremia was 4.9% and 50.0% (p < 0.001)  
in the prophylactic and preemptive cohort, respectively, at 
3 months posttransplantation (Onor et al., 2013). However, 
rates of CMV tissue-invasive disease, organ rejection, hospi-
tal readmission, and mortality did not significantly differ 
between the two cohorts. 

There are little data from prospective randomized trials 
limited to liver transplantation. However, Paya et al. (2004) 
enrolled 364 solid organ transplant patients, of whom 177 
received liver transplantation and 120 received kidney trans-
plantation, into a double-blind randomized study comparing 
the efficacy and tolerability of VGCV prophylaxis beginning 
10 days after transplantation to that of the previously avail-
able oral formulation of GCV. Patients received either VGCV 
900 mg once daily or oral GCV 1000 mg three times daily 
within 10 days of transplant, and therapy was continued for 
100 days after transplantation. At 12 months, the incidence 
of CMV disease was 17.2% and 18.4% for the VGCV and oral 
GCV recipients, respectively. Viremia was reduced signifi-
cantly in patients who received VGCV but that effect was not 
sustained at 12 months. The incidence of neutropenia was 
greater in VGCV recipients (8.2% vs. 3.2%), but discontinu-
ation rates were similar. 

Of note, at 6 months followup, the incidence of CMV dis-
ease in the valganciclovir and ganciclovir arms of this trial 
differed by organ type in the intent-to-treat analysis: 19% 
versus 12% for liver recipients, 6% versus 23% for kidney, 6% 
versus 10% for heart, and 0% versus 17% for kidney–pancreas 
patients, suggesting potential harm of a strategy of universal 
VGCV prophylaxis in liver transplantation. However, none of 
these subset differences was statistically significant, nor was 
there an organ type difference at 12 months. Experts continue 
to recommend VGCV use after liver transplantation (Razon-
able et al., 2013). 

In a study enrolling liver transplant recipients to compare 
VGCV preemptive therapy to another cohort of patients who 
received oral GCV preemptive therapy, both antivirals were 
equally effective in reducing antigenemia with no patient in 
either group developing disease (Singh et al., 2005).

Of note, a US National Institutes of Health–sponsored 
prospective study is being conducted in six transplant cen-
ters to compare the efficacy and safety of antiviral prophy-
laxis versus preemptive therapy in CMV donor-seropositive/
recipient-seronegative liver transplant recipients.

TREATMENT FOR CMV DISEASE IN HEART, LUNG, 
LIVER, AND PANCREAS TRANSPLANT RECIPIENTS

GCV is effective in treating serious CMV disease in liver (Paya 
et al., 1988; Lumbreras et al., 1992), kidney (Paya et al., 1988), 
and heart and/or lung transplant recipients (Keay et al., 
1988). The usual dose of GCV is 5 mg/kg given intravenously 
twice daily for 10–30 days, with an average duration of 
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therapy of 14 days. Clinical response, as measured by resolu-
tion of fever, usually occurs within 2–9 days (mean 5.3 days) 
(Paya et al., 1988). Relapses can often be successfully retreated 
with GCV.

Liver transplantation
GCV treatment has a high success rate in liver transplant 
patients with CMV disease (Stein et al., 1988; Savage et al., 
1989; Stratta et al., 1989; Lumbreras et al., 1992). In one ret-
rospective analysis, 74% of patients who developed CMV 
disease responded to GCV therapy, with ~ 20% developing 
recurrent disease within 3 months. The 18-month survival 
after GCV therapy was 76%, similar to that of patients who 
did not develop disease due to CMV infection (Stratta et al., 
1991b).

Heart and/or lung transplantation
GCV treatment is associated with an 80–90% survival in 
heart and heart–lung transplant recipients with serious CMV 
disease, including pneumonitis, gastrointestinal disease, ret-
initis, and disseminated infection (Keay et al., 1988; Watson 
et al., 1988; Cerrina et al., 1991; Cooper et al., 1991; Smythe 
et al., 1991; Kirklin et al., 1994). The onset of CMV disease 
ranges from 3 weeks to 18 months after heart transplantation 
(Cooper et al., 1991). While treatment often results in prompt 
resolution of symptoms, in one study the disease recurred in 
up to 37% of patients and required repeated GCV therapy 
(Arabia et al., 1993), although others report a much lower 
incidence of relapse (Cooper et al., 1991). Acute rejection is 
reportedly more common in patients who develop CMV dis-
ease than those who do not, despite GCV therapy (Cooper et 
al., 1991; Steinhoff et al., 1991).

7d.  Cytomegalovirus infections in  
normal adults

Although exceedingly rare, CMV encephalitis, esophagitis 
and pneumonitis has been reported in young adults with no 
apparent immune compromise. Cases of apparently immu-
nocompetent people have been reported to respond favor-
ably to GCV therapy (Pantoni et al., 1991; Manian and Smith, 
1993; Altman et al., 1995; Lopez-Contreras et al., 1995). 
However, given GCV’s potential for severe, possibly irrevers-
ible, gonadal toxicity (see section 6c, Gonadal toxicity), clini-
cians should be certain that the condition putatively caused 
by CMV is not likely to be self-limited before administering 
the drug.

7e.  Congenital cytomegalovirus infection

CMV is now the most common serious, congenital infection 
that occurs outside of resource-limited settings. In the USA, 
an estimated 8000 infants are born yearly with congenital 
CMV disease (Fowler et al., 1992). Cognitive impairment 
and hearing loss are the most important sequelae. CMV-
seronegative mothers are at highest risk for having a child 

with congenital CMV disease. To date, no vaccine has been 
approved by a regulatory agency for CMV prevention in sero - 
negative young women. 

Intravenous GCV is not licensed for congenital CMV, and 
early case reports had mixed results. Randomized trials have 
suggested efficacy when GCV is used to treat symptomatic 
neonates. Kimberlin et al., (2003) reported infants treated 
with 6 weeks of GCV 6 mg/kg i.v. every 12 hours had less 
deterioration in hearing and fewer neurological abnormali-
ties at 6 and 12 month followup when compared to infants 
receiving no treatment. Similarly, in a study by Oliver et al., 
(2009), neonates with symptomatic congenital CMV were 
randomized to receive 6 weeks of GCV (n = 48) or no treat-
ment (n = 52). When evaluated at 6 and 12 months, the GCV 
group showed fewer neurologic developmental delays on 
standardized evaluations compared to the untreated infants.

As with intravenous GCV, oral VGCV, has not gained 
FDA approval for treatment of congenital CMV; however, 
the pharmacokinetics of a commercially available VGCV 
solution is similar to that of intravenous GCV while achiev-
ing comparable clinical outcomes (Kimberlin et al., 2008). A 
retrospective study of 23 infants with congenital CMV infec-
tion suggested that a treatment regimen of 6 weeks of intra-
venous ganciclovir followed by oral VGCV up to age 12 
months was safe and reasonably effective, and better than 
historical controls (Amir et al., 2010). A recent randomized 
clinical trial evaluated VGCV efficacy in symptomatic neo-
nates. The investigators enrolled 96 neonates with gestational 
age ≥ 32 weeks and postnatal age ≤ 30 days. The infants were 
randomized to receive oral VGCV 16 mg/kg twice daily for 
6  weeks (n = 47) or 6 months (n = 49). Those receiving 
6 months of treatment were more likely to have improved 
or have normal hearing at 12 months compared with those 
treated for 6 weeks (73% vs, 57%, respectively; p = 0.01) and 
24 months (77% vs. 64%, respectively; p = 0.04). They also 
had modestly improved scores on neurodevelopmental 
screening tests (Kimberlin et al., 2015).

7f.  Other viral infections

Data on GCV therapy of other viral infections have generally 
been documented only in case reports or small series, with 
no randomized placebo controlled trials. Herpesvirus simiae 
infection resulting in subtle features of brainstem encephali-
tis was reported to respond to GCV therapy in one case 
(Davenport et al., 1994). GCV administered in combination 
with recombinant interleukin 2 to a young girl with chronic 
active EBV infection resulted in clearance of the viral genome 
from her peripheral blood mononuclear cells and symp-
tomatic improvement (Ishida et al., 1993).  GCV was used 
successfully to treat a bone marrow transplant patient with 
meningoencephalitis due to EBV (Dellemijn et al., 1995). A 
total of 12 symptomatic patients with elevated antibody titers 
to both HHV-6 and EBV were treated with a 6-month course 
of VGCV; 75% experienced near-resolution of their symp-
toms (Kogelnik et al., 2006). Combined therapy with GCV 
and foscarnet has been reported to successfully control 
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hepatitis B virus replication in a patient with a severe recur-
rence of that infection after liver transplantation (Angus et 
al., 1993). This report was followed by a pilot study involving 
nine patients with post-transplant hepatitis B infection who 
were treated with GCV for 3–10 months. Hepatitis B virus 
replication was reduced, as assessed by serum and hepatic 
hepatitis B virus DNA levels, and serum alanine aminotrans-
ferase levels declined (Gish et al., 1996).

7g.  Solid tumor-targeted gene therapy

Gene therapy using cells transfected with a so-called suicide 
gene followed by treatment with GCV is an area of active 
investigation in oncology. The principle is to make tumor 
cells susceptible to chemotherapy by transfecting them with 
a gene that activates a cytocidal drug. GCV has almost no 
effect on normal cells because they lack the enzyme required 
for its initial phosphorylation step (monophosphorylation; 
subsequent phosphorylation steps to the triphosphate are 
mediated by normal cellular enzymes), and only GCV tri-
phosphate is cytotoxic. Transfection of the herpes simplex 
TK gene into tumor cells by an adenovirus vector makes the 
cells susceptible to GCV, as the TK initiates the phosphoryla-
tion cascade; subsequent treatment with intravenous GCV 
selectively kills the TK-expressing tumor cells. This strategy 
is being investigated for the treatment of pleural mesotheli-
oma, glioblastoma multiforme, and prostatic cancer. A total 
of 21 patients with pleural mesothelioma received a high 
dose of an adenovirus encoding the HSV TK followed by 
intravenous GCV. Posttreatment antibodies to the adenovirus 
were noted in a majority of patients, but two patients with 
long-term followup were noted to have had a clinical response 
(Sterman et al., 2005). In an early phase I/II study, patients with 
progressive or recurrent glioblastoma multiforme received the 
HSV TK vector followed by intravenous GCV. Although a clin-
ical response was noted, approximately half the patients experi-
enced serious adverse events, possibly related to the treatment 
modality (Prados et al., 2003). In a phase I study, the adenovirus 
vector was directly injected into the tumor of patients with pros-
tatic cancer that locally recurred after hormonal therapy. Of 
these, 5 patients had a decrease in the serum concentration of 
prostate-specific antigen (PSA), and 1 patient had a prolonged 
clinical response. In addition, the authors describe a significant 
prolongation of the median PSA doubling time (an indication 
of slowed tumor growth) from 2.9 to 6.2 months (Nasu et al., 
2007). More recently, tumor-specific Salmonella engineered to 
carry TK was demonstrated to effectively treat human lym-
phoma xenografts when co-administered intratumorally or 
intravenously with GCV in mice lacking a functional adap-
tive immune system (Massa et al., 2013). A review of this 
topic is available (Karjoo et al., 2016).
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Cidofovir and Brincidofovir
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1. DESCRIPTION

1a.  Cidofovir

The antiviral properties of (S)-1-(3-hydroxy-2-phospho nyl-
methoxypropyl)cytosine (HPMPC; cidofovir [CDV]) were 
first reported in 1986 (De Clercq et al., 1986). Nine years 
after it was first described as an antiviral agent active against 
cytomegalovirus (CMV) and other DNA viruses, the intra-
venous form of CDV was approved (in 1996) for the systemic 
treatment of CMV retinitis in patients with HIV infection 
and AIDS. It was marketed by Gilead Sciences under the 
trade name of Vistide, and in June 2010 the patent expired. In 
March 2013, InnoPharma (which was acquired by Pfizer in 
July 2014) launched the generic equivalent of Vistide). The 
generic formulation of CDV developed by InnoPharma was 
marketed in the USA by Mylan. Also, Emcure Pharmaceuticals 
manufactures generic CDV injection for Heritage Phar ma-
ceuticals in India.

The chemical structure of CDV is shown in Figure 216.1. 
CDV is a close congener of (S)-9-(3-hydroxy-2phos pho nyl -
methoxypropyl)adenine (HPMPA), which was the first acy-
clic nucleoside phosphonate to be described with broad 
spectrum activity against DNA viruses (De Clercq et al., 
1986). This compound can be considered a hybrid between 
acyclic nucleo side analogs, such as (S)-9-(2,3-dihydroxy- 
propyl)adenine (DHPA), which was previously described 
having broad- spectrum antiviral activity, and a pyrophos-
phate analog such as phosphonoformic acid (foscarnet; see 
Chapter 219, Foscarnet). Adefovir (PMEA) (see Chapter 
255, Adefovir dipivoxil) was developed in parallel with 
HPMPA, whereas CDV was derived from HPMPA by simply 
substituting a pyrimidine (cytosine) for the purine (adenine) 
moiety.

In regular nucleotides (nucleoside phosphates), the phos-
phate group is attached through an ester bound (-P-O-C-) to 
the nucleoside, as for example, when a phosphate group has 
been added to aciclovir, forming aciclovir monophosphate 
(ACV-MP), as happens in cells infected with herpes sim-
plex virus (HSV) or varicella-zoster virus (VZV) expressing 

virus-encoded thymidine kinase (TK). The acyclic nucleoside 
phosphonates possess a phosphonate group attached to the 
acyclic nucleoside moiety through a stable PC bond. In con-
trast to the phosphate group, a phosphonate group cannot be 
cleaved off by cellular hydrolases (esterases). Furthermore, 
the presence of a phosphonate group attached to these nucle-
oside analogs allows them to by-pass the first phosphoryla-
tion step on the way to triphosphorylation, a step required 
for the activation of the ‘classic acyclic nucleoside analogs, 
such as aciclovir and ganciclovir.

The discovery of acyclic nucleoside phosphonates like CDV, 
adefovir, and tenofovir represented a breakthrough in the 
treatment of DNA viruses and retroviruses.

1b.  Brincidofovir

To overcome the nephrotoxicity of CDV, Hostetler’s group 
synthesized alkoxy-alkyl esters of CDV and its cyclic form, 
cyclic-CDV (c-CDV) (Beadle et al., 2002). In these prodrugs 
a natural fatty acid (lysophosphatidylcholine) molecule is 
used as carrier to facilitate drug adsorption in the gastroin-
testinal tract. These alkoxy-alkyl esters of CDV and c-CDV 
are much more active in vitro than the parent compounds 
against several herpesviruses, including HSV, VZV, CMV, 
Epstein-Barr virus (EBV), human herpesviruses (HHV) types 
6–8, and poxviruses. A 2.5- to 4-log increase in antiviral activ-
ity against human CMV replication in vitro was observed. 
These alkoxy-alkyl esters of CDV are also more active against 
adenovirus, polyomavirus, and papillomavirus than unmod-
ified CDV (Hartline et al., 2005; Hostetler et al., 2006; Rand-
hawa et al., 2006). In addition, these derivatives show improved 
oral bioavailabilities in mice of 88–97%, compared to < 5% for 
CDV. Studies with radiolabeled compound confirm increased 
cell penetration (10- to 20-fold) and higher intracellular lev-
els (100-fold) of diphosphorylated CDV (the active form of 
the compound) in cells exposed to alkoxy-alkyl esters of CDV 
than those measured after treatment of the cells with CDV 
(Aldern et al., 2003).

Brincidofovir (BrinCDV; hexadecyloxypropyl-CDV [HDP- 
CDV; CMX001]) (see Figure 216.1) was originally designed 
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in response to the need for oral prophylaxis or treatment of 
smallpox in case variola virus was used as a weapon in bio-
terrorism. CMX-001 is now being developed by Chimerix, 
under the name of BrinCDV, for the treatment of a range of 
viral infections, including smallpox and other DNA viruses. 
BrinCDV has been given US Food and Drug Administration 
(FDA) fast track designation to speed development for the 
prevention of human cytomegalovirus (HCMV), the treat-
ment of adenovirus, and the treatment of smallpox. This drug 
is currently being evaluated in phase III trials for the preven-
tion of HCMV infection in transplant recipients.

This chapter concentrates on the properties of CDV and its 
investigational oral derivative BrinCDV.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Cell cultures studies show that CDV is active against a broad 
range of DNA viruses, including adenoviruses, herpesviruses, 

iridoviruses, hepadnaviruses, papillomaviruses, polyomavi-
ruses, and poxviruses (Table 216.1). All herpesviruses of human 
and veterinary importance are inhibited by CDV at concentra-
tions achievable in vivo. Particularly important is the activity 
of CDV against adenoviruses, polyomaviruses, and papillo-
maviruses for which there is currently no other active anti-
viral agent. CDV is also effective against HSV and VZV strains 
resistant to aciclovir due to mutations in the viral thymidine 
kinase; against HCMV mutants with alterations in the viral 
UL97 gene, the product of which is responsible for the initial 
activation of ganciclovir through monophosphorylation; 
against EBV, for which no antiviral treatment is currently 
available; and against poxviruses, including smallpox (variola) 
virus, which is considered as a possible bioterrorism agent 
and for which there are no well-established antiviral agents.

Because BrinCDV is the oral version of CDV, it is expected 
to possess an activity spectrum similar to that of CDV. Given 
its oral bioavailability and safer (nephro)toxicity, BrinCDV 
could replace CDV in future therapeutic regimens for all 
these indications. However, a striking finding was the reported 
activity of BrinCDV against Ebola virus, a RNA virus, in 

Figure 216.1. Chemical structure of HPMPC (cidofovir), its natural nucleotide, its prodrug BrinCDV, and its 5-aza derivatives.
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multiple human cell lines (McMullan et al., 2016). Unlike 
the mechanism of action for BrinCDV against DNA viruses, 
phosphorylation of CDV to the diphosphate was not neces-
sary to inhibit Ebola virus. Instead, the anti–Ebola virus 
activity required the lipid moiety of BrinCDV. Furthermore, 
activity against Ebola virus was observed for several hexade-
cyloxypropyl-nucleotide conjugates. In agreement with these 
findings, the active metabolite of BrinCDV (i.e. CDV) was 
reported to have a narrow therapeutic window of efficacy 
against Ebola virus (6.25–25 μM) when assessed in an in vitro 
model of Ebola Zaire replication with transcription-competent 
virus like particles (McCarthy et al., 2016). 

HERPESVIRUSES

Cytomegalovirus

The first in vitro study of CDV’s activity toward HCMV was 
reported in 1988, comparing CDV to the reference antivirals 
(ganciclovir and foscarnet) and to HPMPA (Snoeck et al., 
1988). All compounds were active, and the concentration of 
drug effective for HCMV plaque formation by 50% (EC50) for 
CDV and HPMPA were 0.1 and 0.3 μg/ml, respectively (com-
pared to 1 μg/ml for ganciclovir and 10 μg/ml for foscarnet). 
These compounds were cytotoxic, with 50% cytotoxicity con-
centration (CC50) values ranging from ~ 10 μg/ml for HPMPA 

Table 216.1. The antiviral spectrum of cidofovir (CDV).

Viral family Species susceptible References

Adenoviridae Human adenoviruses (different serotypes) Baba et al. (1987b); Gordon et al. (1991); Morfin et al. (2005); 
Naesens et al. (2005)

Mouse adenovirus Lenaerts et al. (2005)

Herpesviridae Herpes simplex type 1 (HSV-1) (TK+ and TK− strains) Andrei et al. (1992); De Clercq et al. (1987)

Herpes simplex type 2 (HSV-2) (TK+ and TK− strains) Andrei et al. (1992); De Clercq et al. (1987)

Varicella-zoster virus (VZV) (TK+ and TK− strains) Andrei et al. (1995b); Baba et al. (1987a); De Clercq et al. 
(1987); Snoeck et al. (1992)

Human cytomegalovirus (HCMV) Andrei et al. (1991); Shigeta et al. (1991); Snoeck et al. (1988); 
Snoeck et al. (1991)

Epstein-Barr virus (EBV) Baba et al. (1987b); Friedrichs et al. (2004); Lin et al. (1991)

Human herpesvirus 6 (HHV-6) Agut et al. (1989); Manichanh et al. (2000); Reymen et al. (1995)

Human herpesvirus 7 (HHV-7) De Clercq et al. (2001); Zhang et al. (1999)

Human herpesvirus 8 (HHV-8) Kedes and Ganem (1997); Neyts and De Clercq (1997); 
Zoeteweij et al. (1999)

Simian varicella virus (SVV) Soike et al. (1991)

Equine herpesvirus type 1 (EHV-1) Awan and Field (1993); Gibson et al. (1992)

Bovine herpesvirus type 1 (BHV-1) and type 2 Gilliam and Field (1993)

Feline herpesvirus (FHV) Fontenelle et al. (2008)

Caprine herpesvirus (CHV) Tempesta et al. (2007b)

Murine cytomegalovirus (MCMV) Smee et al. (1995a); Smee et al. (1995b); Wan et al. (2005)

Rat cytomegalovirus (RCMV) Stals et al. (1991)

Guinea pig cytomegalovirus (GPCMV) Li et al. (1990)

Rhesus rhadinovirus (RRV) Coen et al. (2013)

Herpesvirus saimiri (HVS) Coen et al. (2013)

Murine γ-herpesvirus 68 (MHV-68) Coen et al. (2013); Neyts and De Clercq (1998)

Iridoviridae African swine fever virus Gil-Fernandez et al. (1987)

Poxviridae Variola virus (VARV) Baker et al. (2003); De Clercq (2002); Safrin et al. (1997)

Molluscum contagiosum virus (MCV)

Vaccinia virus (VACV)

Cowpox virus (CPV)

Monkeypox virus (MPV)

Camelpox virus (CMLV)

Orf virus

Papillomavirus Human papillomavirus (HPV): different types Andrei et al. (1998); Andrei et al. (2000b); Johnson and 
Gangemi (2003); Johnson and Gangemi (1999)

Cottontail rabbit papillomavirus (CRPV) Duan et al. (2000)

Polyomavirus Human polyomavirus: BK virus and JC virus Bernhoff et al. (2008); Farasati et al. (2005); Randhawa et al. 
(2006)

Murine and primate polyomavirus Andrei et al. (1997); Lebeau et al. (2006)

Abbreviation: TK: thymidine kinase. 
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to ≥ 100 μg/ml for the other three compounds. Based on the 
CC50/EC50 ratio (toxicity/efficacy ratio or selectivity index), 
CDV emerged as having the best selectivity index at 1000, 
compared to 100 for ganciclovir, 30 for HPMPA, and 10 for 
foscarnet. CDV was also shown to be more potent than 
ganciclovir in vitro against clinical strains of HCMV (Andrei 
et al., 1991; Shigeta et al., 1991). The selectivity of CDV was 
also reflected at the viral DNA synthesis level; the drug was 
found to inhibit HCMV DNA synthesis at an EC50 of 0.1 μg/
ml, which was 1000-fold lower than the CC50 for cellular DNA 
synthesis (Neyts et al., 1991). In addition, neutral and alka-
line sucrose gradient analysis of HCMV DNA isolated from 
CDV-treated HCMV-infected cell cultures revealed that CDV 
does not cause (detectable) single- or double-strand break-
age of HCMV DNA (Neyts et al., 1991). EC50 values for inhi-
bition of HCMV replication assessed by DNA hybridization 
and flow cytometry confirmed the superior potency of CDV 
and HPMPA compared to ganciclovir and foscarnet (Snoeck 
et al., 1988). 

Several groups have studied the antiviral effect of CDV in 
a lethal model of severe combined immunodeficient (SCID) 
mice infected with murine CMV (MCMV) (Table 216.2). 
According to the first study reported by Neyts et al. (1993), a 
single intraperitoneal dose of CDV of 1.0 mg/kg resulted in 
90% survival. Ganciclovir proved considerably less effective 
than CDV, even on daily injection at a dose of 25 mg/kg (68% 
survivors). Similarly, the efficacy of CDV was studied in x-ray-
treated bone marrow transplanted rats infected with rat CMV. 
The minimal effective dosage required to prevent mortality 
from rat CMV infection was a single dose of CDV at 2 mg/kg 
body weight compared to ganciclovir therapy twice daily at 
20 mg/ml for 5 days (Stals et al., 1993a). Furthermore, a sin-
gle dose of 20 mg/kg of CDV, injected at 6 hours after infec-
tion, was found to suppress rat CMV-induced pneumonitis 
markedly, as evidenced histologically by less severe lung 
pathology and by a complete reduction of virus titers in lung 
tissues (Stals et al., 1993a).

BrinCDV is highly active in vitro against HCMV, with an 
EC50 of 0.3 nM and a CC50 of 320 nM, resulting in a selectiv-
ity index of 3 × 106 in the human embryonic lung fibroblasts 
MRC-5, resulting in ~ 3-log increase in activity compared to the 
parent drug CDV (Beadle et al., 2002). A similar enhancement 
in antiviral activity was also noted against laboratory HCMV 
strains and several clinical strains, including  ganciclovir- 
resis tant isolates bearing mutations in the UL97 protein kinase 
and UL54 (DNA polymerase) genes (Beadle et al., 2002). A 
2–3.3 log10 increase in activity for BrinCDV over CDV was 
found for various laboratories and clinical HCMV isolates in 
human foreskin fibroblasts (Williams-Aziz et al., 2005).

The activity of BrinCDV against murine, rat, and guinea 
pig CMV was 75- to ~ 350-fold higher than that of CDV 
(Beadle et al., 2002). The efficacy of oral BrinCDV was also 
tested in SCID mice that had either human fetal retinal tissue 
or human fetal thymus/liver implants that were infected with 
HCMV (Bidanset et al., 2004). The implants were infected 
with HCMV, and 24 hours later the mice were treated with 
BrinCDV at 5 or 10 mg/kg/day daily for 28 days. The drug 
reduced HCMV infection in the fetal retinal implants, with 7% 

positive for HCMV in the treatment arm versus 71% positive 
in the untreated arm. A dose of 5 mg/kg/day of BrinCDV 
eliminated HCMV infection in 100% of the thymus/liver 
implants at 28 days.

The efficacy of oral treatment with BrinCDV against 
MCMV infections in BALB/c mice was also determined, 
showing that the drug at 2.0–6.7 mg/kg body weight provided 
significant protection when daily treatments were initiated 24– 
48 hours after viral inoculation (Kern et al., 2004). BrinCDV 
administered twice weekly or as a single dose of 1.25–10 mg/
kg reduced mortality when treatment was initiated at 24, 48, 
or, in some cases, 72 hours after viral inoculation. Virus titers 
in different organs and blood were reduced 3- to 5- logs, which 
was comparable to CDV given intraperitoneally, indicating 
that BrinCDV given orally was as effective as parenteral CDV 
for the treatment of experimental MCMV infection.

Herpes simplex viruses
CDV inhibits replication of HSV 1 (HSV-1) and 2 (HSV-2) 
in cell culture with EC50 values in the range of 0.1–0.5 μg/ml 
in human embryonic lung cells (Andrei et al., 1995a; Snoeck 
et al., 1994a). CDV EC50 values for HSV-1 and HSV-2 depend 
on the cell line used for testing; hence EC50 values in the range 
of 6–25 μg/ml have been reported in HeLa and primary 
rabbit kidney cells (Andrei et al., 1992). CDV also inhibited 
HSV-1 and HSV-2 replication in primary human keratino-
cytes in monolayers and in three-dimensional cultures 
(Andrei et al., 2005a). Thymidine kinase–deficient strains of 
HSV-1 and HSV-2 that are resistant to aciclovir have CDV 
EC50 values that are 3- to 20-fold lower than those of wild-
type strains (i.e. they show enhanced susceptibility) (Andrei 
et al., 2005a; De Clercq et al., 1987; Maudgal and De Clercq, 
1991a; Mendel et al., 1995). The mechanism of this effect is 
uncertain, but may be due to these strains altering intracel-
lular deoxycytidine triphophosphate concentrations (Mendel 
et al., 1995; see section 3, Mechanism of drug action).

CDV has been shown to be effective therapy for experi-
mental mucocutaneous HSV-1 and HSV-2 infections in sev-
eral animal models (i.e. virus inoculated by the intracutaneous, 
intravaginal, intranasal, or corneal routes) and systemic infec-
tions (see Table 216.2). CDV was given either topically (i.e. in 
cream or eye drops for mucocutaneous infections) or system-
ically (i.e. by subcutaneous, intraperitoneal, or intravenous 
injection for either mucocutaneous or systemic infections). 
CDV proved active against both wild-type and TK-deficient 
strains of HSV. CDV also appeared to be very efficient in pre-
venting caprine herpesvirus-induced lesions and virus shed-
ding in experimentally infected goats (Tempesta et al., 2007a; 
Tempesta et al., 2007b).

From a veterinary viewpoint, CDV offers significant poten-
tial for the treatment of various herpesvirus infections in 
cattle and horses because it has proven effective in different 
animal models (i.e. intranasal or intracerebral equine her-
pesvirus-1 infection in mice, intranasal equine herpesvirus-1 
infection in horses, intranasal bovine herpesvirus-1 infec-
tion in calves, and intravaginal bovine herpesvirus-2 infec-
tion in guinea pigs) (Gibson et al., 1992; Gilliam and Field, 
1993). Furthermore, topical ophthalmic application of CDV 



2. Antimicrobial activity 3535

on experimentally induced primary ocular feline herpesvi-
rus (FHV) infection in cats resulted in significant decrease in 
the amount of viral shedding and severity of the disease (Fon- 
tenelle et al., 2008).

In a plaque reduction assay in MRC-5 cells, the activity 
of BrinCDV against HSV was 100- to 280-fold greater than 
that of CDV (Beadle et al., 2002). When evaluated in human 
foreskin fibroblasts, the EC50 values for BrinCDV were in the 
range of 0.009–0.06 µM, which was 34- to 633-fold lower 
than CDV’s values (Williams-Aziz et al., 2005). 

The efficacy of BrinCDV compared to aciclovir was eval-
uated in BALB/c mice inoculated intranasally with HSV-1 or 
HSV-2 (Quenelle et al., 2010). BrinCDV was effective in 
reducing mortality at 5–1.25 mg/kg administered orally once 
daily, even when treatments were delayed 48–72 hours after 
viral inoculation. Organ samples obtained from mice treated 
with BrinCDV had titers 3–5 log10 plaque-forming units per 
gram of tissue (including five different regions of the brain) 
lower than samples obtained from mice treated with acy-
clovir. After oral administration of 14C-BrinCDV, detectable 
concentrations of drug-related radioactivity were measured 
in the central nervous system of mice, indicating that the 
drug penetrates the blood–brain barrier. BrinCDV was supe-
rior to acyclovir and emerged as a potent inhibitor of HSV 
replication in disseminated infections and central nervous 
system infections.

BrinCDV was shown to potentiate the efficacy of acyclo-
vir against HSV infection both in vitro and in BALB/c mice 
inoculated with the virus intranasal and dosed orally for 7 
days beginning 72 hours after viral inoculation (Prichard et 
al., 2011). Aciclovir at 30 mg/kg twice daily and BrinCDV at 
5 mg/kg given once daily synergistically reduced mortality 
(Quenelle et al., 2007).

Varicella-zoster virus 
CDV is active in vitro against VZV, and both wild-type and 
thymidine kinase-deficient mutant viruses have CDV EC50 
values of ~ 0.2 μg/ml in human embryonic lung cells (De 
Clercq et al., 1987; Snoeck et al., 1992). CDV was also active 
against wild-type and TK-deficient VZV clinical isolates and 
is more effective than acyclovir and foscarnet but less potent 
than brivudin (BVDU) or sorivudine (BVaraU) (Andrei et al., 
1995b; Snoeck et al., 1994b). The potent and selective activity 
of CDV against VZV was shown in organotypic epithelial raft 
cultures of human keratinocytes (Andrei et al., 2005b). The 
efficacy of CDV for treatment of VZV infections has been 
demonstrated in African green monkeys infected with sim-
ian varicella virus (SVV) (Soike et al., 1991; Table 216.2).

The anti-VZV activity of BrinCDV was 4 log10 greater than 
that of CDV in human foreskin fibroblasts (BrinCDV EC50 of 
0.0004 µM vs. CDV EC50 of 0.5 µM) (Williams-Aziz et al., 2005).

Epstein–Barr virus 
CDV has been reported to be active against EBV with an EC50 
value of ~ 0.01 μg/ml. CDV was the most active of all acyclic 
nucleoside phosphonates tested (De Clercq et al., 1987; Lin et 
al., 1991). CDV was also more active in inhibiting EBV DNA 
synthesis than aciclovir, ganciclovir, or brivudin (Friedrichs 

et al., 2004). In a lethal immunosuppressive model in mice, 
CDV provided significant protection (as measured by delay 
in time of mortality and reduction in virus titers in the lungs) 
against murine gamma herpesvirus 68 (MHV-68), a rodent 
virus related to EBV (Neyts and De Clercq, 1998). CDV was 
highly effective in a mouse model of intranasal infection with 
MHV-68 in BABLB/c mice through significant inhibition of 
viral replication and dissemination (Coen et al., 2013). 

The activity of CDV against EBV and three different ani-
mal gamma herpesviruses was recently reported (Coen et al., 
2013). The concentrations required to reduce EBV DNA syn-
thesis by 50% and 90% (EC50 and EC90) in the EBV latently 
infected P3HR-1 cell line stimulated to lytic replication with 
phorbol esters were 1.9 and 20 µM, respectively, for CDV 
compared to 0.3 and 5.2 µM, respectively, for BrinCDV. 

Human herpesviruses types 6, 7, and 8 
The comparative efficacy of over a dozen antiviral agents 
against HHV types 6–8 has been reviewed (De Clercq et al., 
2001). CDV emerged as one of the most potent and selective 
drugs against HHV-6 as measured by inhibition of virus- 
induced cytopathic effect or viral DNA synthesis, with EC50 
values in the range of 2–3 μg/ml in human T-lymphoblast 
cells and of 0.25 μg/ml in cord blood lymphocytes. These 
data were in good agreement with those previously reported 
(Agut et al., 1989; Manichanh et al., 2000; Reymen et al., 
1995). The activity of CDV against HHV-7 was evaluated 
in several cell types, with EC50 values in the range of 11–18 
μg/ml, which were three- to fivefold and four- to sevenfold 
higher than the EC50 values observed for adefovir and PFA, 
respectively (De Clercq et al., 2001; Zhang et al., 1999). CDV 
was also active against HHV-8 (Kaposi’s sarcoma-associated 
herpesvirus, KSHV), with EC50 values from 0.01 to 2 μg/ml, 
higher than most other drugs tested (Kedes and Ganem, 1997; 
Neyts and De Clercq, 1997; Zoeteweij et al., 1999). More 
recently, the concentrations required to reduce HHV-8 DNA 
synthesis by 50% and 90% in the KSHV latently infected 
BCBL-1 cell line stimulated to lytic replication with phorbol 
esters were 1.3 and 2.2 µM, respectively, for CDV compared 
to 0.7 and 59 µM, respectively, for BrinCDV (Coen et al., 
2013). In this assay, the selectivity index for CDV was ~ 600 
compared to > 125 for BrinCDV.

An enhanced activity of BrinCDV with respect to CDV 
against HHV-6A or HHV-6B replication in HSB-2 and Molt-3 
cells by DNA hybridization was demonstrated (Williams-Aziz 
et al., 2005). The magnitude of increase for over the activity 
of the parent compound was of 900-fold for HHV-6A and 
771-fold for HHV-6B (EC50 2.7 and 0.003 µM [HHV-6A] and 
5.4 and 0.0007 µM [HHV-6B] for, respectively, CDV and its 
oral pro drug). Activity of HDP-CDV compared to CDV on 
different HHV-6 strains selected for CDV, ganciclovir, or 
ganciclovir–foscarnet resistance in MT4 cells, also demon-
strated a 712–1211 greater activity for BrinCDV relative to 
the parental unmodified drug. 

CDV also has pronounced activity against the EBV-
associated nasopharyngeal carcinoma grown in nude mice by 
causing apoptosis (Murono et al., 2001; Neyts et al., 1998), 
decreased EBV oncoproteins, and enhanced radiosensitivity 
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Table 216.2. Efficacy of cidofovir (CDV) in different models of herpesvirus infections.

Human 
herpesvirus 
disease being 
represented Virus Animal model 

Route of CDV 
administration Evidence for efficacy References

Herpes labialis HSV-1 or 
HSV-2

Intracutaneous 
infection in 
mice

Topical Suppression of all manifestations of 
the disease (skin lesions, paralysis of 
the hind legs, and mortality) if CDV 
was administered at concentrations 
as low as 0.1, 0.3, or 1%

De Clercq and Holy (1991)
Yang and Datema (1991)

Mucocutaneous 
HSV infections 
in the immuno-
compromised 
host

TK- HSV-1 Intracutaneous 
infection in 
athymic nude 
mice

Topical / 
intraperitoneal

Suppression of infection if CDV was 
administered 0.1 or 0.3% or 
intraperitoneally at 100 or  
250 mg/kg/day

De Clercq and Holy (1991)

Genital herpes HSV-2 Intravaginal 
infection in 
mice and 
guinea pig

Topical Reduced vaginal viral replication 
regardless of time of initiation of 
therapy if mice were treated with 5, 
1, or 0.5% CDV three times daily, 
beginning 6 or 24 hours after virus 
inoculation

Bravo et al. (1993)

Herpetic keratitis HSV-1 (TK+ 
or TK−)

Intracorneal 
infection in 
rabbits

Topical Complete healing of the keratitis 
lesions with eye drops of CDV 0.2% 
(equal efficacy if instilled 1, 3, or 
9 times per day). Treatment was 
started on day 4 postinoculation, 
when epithelial lesions had appeared 
in all eyes, and continued for 5 
consecutive days

Maudgal and De Clercq 
(1991a); Maudgal and 
De Clercq (1991b)

Herpetic retinitis HSV-1 Intravitreal 
infection 
(retinitis) in 
rabbits

Intravitreal Significant delay in retinitis in animals 
that received a single intravitreal 
injection of CDV (100 µg/0.1 ml) up 
to 1 month before the inoculation of 
the virus 

Up to 8 months delay in appearance 
of retinitis in animals that received 
a dose of 1000 µg/ml in a lipo-
some-encapsulated formulation

Flores-Aguilar et al. (1994)

Besen et al. (1995)

Herpetic 
encephalitis 

HSV-1 or 
HSV-2

Intracerebral 
infection in 
mice

Intraperitoneal Significant and dose-dependent 
protection at doses ranging from 
5 to 400 mg/kg/day; the protective 
effect of CDV (at 200 mg/kg/day) 
was accompanied by a complete 
inhibition of virus multiplication in 
the brain

De Clercq and Holy (1991)

Varicella-zoster Simian 
varicella 
virus

Intratracheal 
infection in 
African green 
monkeys

Intravenous Suppression of viremia and virus- 
associated rash and mortality

Soike et al. (1991)

Systemic CMV 
infections in the 
immunocom-
promised host

Murine 
CMV

Intraperitoneal 
infection in 
SCID mice

Subcutaneous / 
intraperitoneal

Doses of 1, 3.2, and 10 mg/kg/day (for 
10 days) administered subcutane-
ously increased the mean survival 
time by 15–30 days (GCV proved 
much less effective)

CDV given intraperitoneally proved far 
superior to ganciclovir in delaying 
the onset of the disease and 
increasing the lifespan of the 
MCMV-infected mice

Smee et al. (1992)

Neyts et al. (1992)
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in EBV-related malignancies (Abdulkarim et al., 2003). 
Inhibitors of ribonucleotide reductase enhanced CDV-induced 
apoptosis in EBV-transformed epithelial cells (Wakisaka et al., 
2005).

Animal herpesviruses 
CDV has proved to be active at clinically achievable con cen-
trations against several animal herpesviruses, including SVV, 
equine herpesvirus type 1 (EHV-1), bovine herpes-virus type 
1 (BHV-1), BHV-2, caprine herpesvirus (CHV), FHV, murine 
cytomegalovirus (MCMV), rat cytomegalovirus (RCMV), 
guinea pig cytomegalovirus (GPCMV), MHV-68, rhesus 
rha  dinovirus (RRV), and herpesvirus saimiri (HVS) (De Clercq, 
2007; De Clercq and Holy, 2005; Li et al., 1990; Smee, 2008; 
Smee et al., 1995a; Stals et al., 1991; Table 216.1). Some of 
these viruses have been used as surrogate models to demon-
strate the in vivo antiviral efficacy of CDV.

ADENOVIRUSES

In general, the reported EC50 values of CDV against adeno-
virus fall in the range of 4.6–17 μg/ml, at the high end of 
clinically achievable concentrations (de Oliveira et al., 1996; 
Kaneko et al., 2001; Kodama et al., 1996), although lower 
EC50 values have been reported by some researchers (in the 
range of 0.02–2.8 μg/ml) (Baba et al., 1987b; De Clercq et al., 
1987; Naesens et al., 2005). In contrast to ribavirin, which is 
active only against C-group adenoviruses (see Chapter 259, 
Ribavirin and viramidine), CDV is a relatively potent inhibi-
tor of adenovirus serotypes from all species, with EC50 values 
between 5.4 and 25.5 μg/ml in HEp-2 cells (Morfin et al., 
2005). CDV was evaluated against adenovirus reference 
strains representing serotypes of each of the six species and 
against clinical isolates. Susceptibility to CDV was comparable 
between species with a narrow range of EC50 values (17–81 
mM). CDV is also active against mouse adenovirus type 1, 

Human 
herpesvirus 
disease being 
represented Virus Animal model 

Route of CDV 
administration Evidence for efficacy References

CMV encephalitis Murine 
CMV

Intracerebral 
infection in 
mice 

Subcutaneous A single intraperitoneal dose of CDV 
of 1 mg/kg resulted in 90% survival 
rate; CDV proved far superior to 
ganciclovir delaying the onset of the 
disease and increasing the lifespan 
of MCMV-infected mice

Neyts et al. (1993)

Systemic CMV 
infections in 
AIDS patients

Murine 
CMV

Intraperitoneal 
infection in 
SCID mice

Intraperitoneal Treatment with either CDV or ganci-
clovir reduced mortality and viral 
replication in target organs; however, 
CDV was as effective as ganciclovir 
at one-fifth the ganciclovir dose. 
Moreover, when a single dose (100 
mg/kg) of CDV was administered 
24 hours before MCMV infection, it 
suppressed virus replication at 7 and 
14 days postinfection, thus resulting 
in a significant prolongation of life

De Castro et al. (1991)

CMV pneumonitis 
in bone marrow 
transplant 
recipients

Rat CMV Infection in 
irradiated, 
allogenic 
bone marrow- 
transplanted 
rats

Intraperitoneal The minimal effective dosage required 
to prevent mortality from RCMV 
infection was a single dose of CDV at 
2 mg/kg of body weight compared 
with ganciclovir therapy twice daily 
at 20 mg/kg/day for 5 days; CDV 
was more effective than ganciclovir 
in reducing virus titers in internal 
organs and in RCMV-induced 
histopathologic lesions

A single dose of 20 mg/kg of CDV, 
injected 6 hours postinfection 
suppressed RCMV-induced pneumo-
nitis markedly (less severe lung 
pathology and complete reduction 
of virus titers in the lung tissue)

Stals et al. (1991)

Stals et al. (1993b)

Abbreviations: HSV: herpes simplex virus; TK: thymidine kinase; SCID: severe combined immunodeficiency; MCMV: murine cytomegalovirus; RCMV: rat 
cytomegalovirus.
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which has been used as a murine model of human adenovi-
rus infection (Naesens et al., 2005). CDV was active against 
mouse adenovirus type 1 infection in SCID mice (Lenaerts et 
al., 2005).

BrinCDV is very potent against adenovirus serotypes 3, 5, 
7, 8, and 31 (Hartline et al., 2005). BrinCDV rescued Syrian 
hamsters that were immunosuppressed with cyclophospha-
mide from a lethal challenge with adenovirus serotype 5 
(Ad5) (Toth et al., 2008). The antiviral drug provided pro-
tection both when administered prophylactically and when 
given up to 2 days after intravenous exposure to Ad5 and 
acted by reducing adenovirus replication in key target organs. 
In a later study using this model, CDV and BrinCDV proved 
excellent activity against Ad5 pathology and replication in 
the liver, even when administered therapeutically starting at 
3 days postchallenge with Ad5, while ribavirin lacked activ-
ity (Tollefson et al., 2014).

POXVIRUSES

CDV inhibits vaccinia virus replication in vitro at an EC50 of 
4 μg/ml, while the EC50 of HPMPA was 0.7 μg/ml (De Clercq 
et al., 1987). Further in vitro studies confirmed the activity of 
CDV against vaccinia virus as well as against several other 
orthopoxviruses—for example, cowpox, camelpox, monkey-
pox, and variola (smallpox) viruses. In fact, of all poxviruses 
evaluated for their susceptibility to CDV, variola virus proved 
to be one of the most susceptible (Baker et al., 2003; De 
Clercq, 2002; Keith et al., 2003; Kern, 2003). CDV is also effec-
tive against parapoxviruses, a group of viruses that cause orf 
in sheep and goats, pseudocowpox in cattle and skin lesions 
in deer, seals, squirrels, and camels (Nettleton et al., 2000). A 
study from Brazil has confirmed the activity of CDV against 
vaccinia virus as well as against the Brazilian zoonotic pox-
virus, Cantagalo virus (Jesus et al., 2009).

Vaccinia virus, other orthopoxviruses, and orf virus were 
shown to replicate efficiently in three-dimensional epithelial 
raft cultures, using human or lamb keratinocytes, giving his-
tological pictures comparable to that described for the skin 
biopsy specimens of the corresponding diseases. In these con-
ditions, CDV and numerous acyclic nucleoside analogs related 
to CDV exhibited the expected selective antiviral activity (Dal 
Pozzo et al., 2007; Duraffour et al., 2007; Snoeck et al., 2002).

The activity of CDV against orthopoxviruses has been 
assessed in several animal models using mice (most fre-
quently), rabbits, or monkeys (Smee, 2008; Smee and Sidwell, 
2003). Treatment of vaccinia virus infections has been well 
studied in models involving infection either of scarified skin, 
or resulting from intravenous, intraperitoneal, intracerebral 
or intranasal virus inoculation (see Table 216.3). Cowpox 
virus has been used in intranasal or aerosol infection studies 
to evaluate the treatment with CDV of lethal respiratory 
infections. Rabbitpox, monkeypox, and variola (smallpox) 
viruses have been employed to a lesser extent than the other 
viruses. The efficacy of topical CDV against orf virus in lambs 
has been described (Scagliarini et al., 2007). Two reviews 
have extensively revised the activity of CDV and other drugs 
active against orthopoxviruses in animal models (Smee, 2008; 

Smee and Sidwell, 2003). CDV prophylaxis of nonhuman pri- 
mates exposed to large quantities of monkeypox virus or 
variola virus completely protected the animals, with no signs 
of illness and control of viral replication in blood, while the 
placebo-treated animals had > 850 lesions and levels of virus 
in blood > 107 genomes/ml. CDV treatment as late as 48 hours 
after infection also reduced viral load and lesions count (Hug-
gins et al., 2004).

While CDV required 40–50 µM to inhibit the replication 
of vaccinia virus Copenhagen strain or cowpox virus Brighton 
strain by 50%, BrinCDV was active at 0.6–0.8 µM, resulting 
in a 58- to 75- fold increase in activity for BrinCDV (Kern 
et al., 2002). In addition, the EC50 values for BrinCDV in a 
plaque reduction assay in human foreskin fibroblast ranged 
from 0.2 to 1.2 µM for different vaccinia virus strains com-
pared to 10–46 µM for CDV. BrinCDV inhibits the replica-
tion of other poxviruses at substantially lower concentrations 
compared to CDV (EC50 values for BrinCDV and CDV, 
respectively, were 0.10 and 27.3 µM for variola Bangladesh 
strain, 0.5 and 12 µM for ectromelia virus, 0.5 and 39 µM for 
rabbitpox virus, and 0.0016 and 0.98 µM for orf virus) (Dal 
Pozzo et al., 2007; Hostetler, 2009). BrinCDV proved effica-
cious and superior to CDV in the treatment of poxvirus 
infections in several animal models of infection, including lethal 
models of vaccinia virus and cowpox virus, both when the drug 
was given prophylactically and therapeutically (Quenelle et al., 
2004b; Smee et al., 2004b; Table 216.3). Marked activity of 
BrinCDV was found in a lethal aerosol challenge model with 
ectromelia virus (the causative agent of mousepox) infection 
in mice (Buller et al., 2004; Parker et al., 2008a; Parker et al., 
2008b). BrinCDV was also effective in the treatment of mon-
keypox virus infection in STAT1-deficient mice (Stabenow et 
al., 2010).

Notably, a synergistic efficacy of BrinCDV and ST-246 (an 
orally bioavailable drug that inhibits orthopoxvirus intra-
cellular maturation) (Duraffour et al., 2015; Yang et al., 2005) 
was reported against vaccinia and cowpox virus replication in 
cell culture and in mice with a systemic cowpox virus infec-
tion (Quenelle et al., 2007).

Treatment with BrinCDV after virus exposure was effec-
tive in protecting New Zealand white rabbits from mortality 
after intradermal infection with rabbitpox virus. The rabbit-
pox virus model used had important similarities to human 
smallpox, including an incubation period, generalized sys-
temic disease, the occurrence of lesions (which can be used 
as a sign for starting therapy), and natural animal to animal 
transmission (Rice et al., 2011b). The rabbitpox virus model 
was also employed to test the efficacy of the lipophilic deriv-
ative of CDV as a prophylactic and early disease antiviral 
(Rice et al., 2011a). In a recent report, the efficacy of three 
potential regimens of BrinCDV, including a “humanized” 
regimen consisting of an induction dose of 20 mg/kg fol-
lowed by two maintenance doses of 5 mg/kg in the rabbitpox 
virus model, was investigated (Trost et al., 2015). The results 
of this research demonstrated that the three-dose regimen, 
with administrations spaced at 48-hour intervals and initiated 
individually at the first observation of secondary lesions, led  
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to a significant survival improvement compared to placebo- 
treated rabbits. The difference between the groups receiving 
the 5/5/5 mg/kg BrinCDV dose and placebo was not signi- 
ficant, although a trend toward a benefit in survival was 
observed. As survival was not substantially improved in ani-
mals receiving the 20/20/20 mg/kg high-dose regimen, the 
20/5/5 mg/kg dose was chosen as the optimized dose for 
evaluation in a pivotal study according to FDA guidance pro-
vided in the draft animal rule. Due to the inability to conduct 
traditional clinical trials, the FDA has applied for develop-
ment of antivirals for treatment of smallpox under the “ani-
mal rule” using efficacy data generated in well-characterized 
animal models of smallpox together with human safety data. 
Pharmacokinetic studies with the efficacious dose regimen 
of 20/5/5 mg/kg produced exposure to the active antiviral 
metabolite (i.e. CDVpp) in peripheral blood mononuclear 
cells (PBMCs) of rabbits that was equivalent to or lower than 
exposures in humans given doses under evaluation for other 
indications (HCMV and adenovirus infections).

Papillomaviruses
The activity of CDV against human papillomavirus (HPV) 
positive cells was tested in HPV-33 transfected keratinocytes 
and human cervical carcinoma-derived cell lines containing 
either the oncogenic HPV-16 or HPV-18. CDV inhibited 
proliferation of HPV-positive cell lines in a dose- (0.5–100 
μg/ml) and time- (3–10 days) dependent fashion when com-
pared to normal keratinocytes (Andrei et al., 1998). The anti-
proliferative effect of CDV against HPV-positive cells was later 
confirmed by other groups (Johnson and Gangemi, 2003; 
Johnson and Gangemi, 1999). Cervical carcinoma cells do 
not productively express HPV; they contain an integrated 
viral genome that expresses the E6 and E7 HPV oncopro-
teins. Therefore, CDV has an antiproliferative effect on HPV-
transformed cells, rather than an antiviral effect per se. CDV 
also inhibits SV40- and adenovirus-transformed cells, and 
CDV was the most potent antiproliferative agent among sev-
eral compounds tested (Andrei et al., 1998). 

The preliminary results obtained in the cottontail rabbit 
papillomavirus model indicated that CDV could offer some 
therapeutic solutions for the treatment of lesions caused by 
HPV. Indeed, complete and permanent remissions of papil-
loma lesions have been achieved after topical gel applications 
as well as direct intralesional or intravenous injections of 
CDV (Christensen et al., 2000; Duan et al., 2000). In rabbits 
infected with cottontail rabbit papillomavirus, Duan et al. 
demonstrated that topical CDV was very effective at inhibit-
ing papillomavirus-induced wart growth if it was initiated 
early in infection, especially with low titers of inoculum (Duan 
et al., 2000).

The activity of BrinCDV and two other related compounds, 
octadecyloxyethyl-CDV (ODE-CDV) and oleyloxyethyl-CDV 
(OLE-CDV), with that of unmodified CDV was evaluated 
against both HPV− and HPV+ cervical cancer cells (Hostetler 
et al., 2006). The antiproliferation activity in CaSki (HPV-
16), HeLa (HPV-18), and Me-180 (HPV-68) cells and the 
activity in C33A cells, a cervical cancer cell line lacking HPV, 

and nonmalignant primary human foreskin fibroblast cells 
was investigated. In cervical cancer cells, HDP-CDV was the 
least active of the three compounds, being 18 to 1,230 times 
more active than CDV itself. OLE-CDV and ODE-CDV were 
500 to 17,000 times more potent than CDV in CaSki, Me-180, 
HeLa, and C33A cervical cancer cells, as determined by pro-
liferation assays. Cell cycle analysis indicated that the CDV 
analogs interfere with passage of dividing cells through the 
S phase. ODE-CDV and OLE-CDV were 500 to 17,000 times 
more active than CDV in inhibiting the growth of cervical 
cancer cells and showed selectivity for cervical cancer cells 
versus nonmalignant human foreskin fibroblast cells.

Polyomaviruses 
Andrei et al. (1997) were the first to report inhibition of 
murine and simian polyomavirus replication by CDV. Of 
several antiviral agents evaluated, CDV emerged as the only 
active and selective compound. Its activity was later com-
pared to several classes of acyclic nucleoside phosphonates 
(Lebeau et al., 2007). CDV inhibited the human polyomavi-
rus, BK virus, with an EC50 of 64 μg/ml, probably above the 
plasma levels achievable in humans (Randhawa et al., 2006). 
Farasati et al. (2005) reported the inhibitory concentration 
(63.9 µg/ml), effective concentration (36.3 µg/ml), and selec-
tivity index (2.3) for CDV against BK virus in cell culture 
(Farasati et al., 2005).

When the effects of CDV on BK virus replication were 
investigated in primary human renal proximal tubule epithe-
lial cells (RPTECs), the drug inhibited the generation of viral 
progeny in a dose-dependent manner, yielding a 90% reduc-
tion at 40 µg/ml (Bernhoff et al., 2008). Early steps, such as 
receptor binding and entry, were unaffected and neither was 
initial large T-antigen transcription and expression. Subsequent 
intracellular viral DNA replication, however, was reduced by 
> 90%. Late viral mRNA and corresponding protein levels 
were also 90% reduced. In uninfected RPTECs, CDV reduced 
cellular DNA replication and metabolic activity by 7% and 
11%. Although BKV infection increased DNA replication 
to 142% and metabolic activity to 116%, respectively, these 
parameters were reduced by CDV to levels of uninfected 
untreated RPTECs. These results showed that CDV inhibits 
BK virus DNA replication downstream of large T-antigen 
expression. CDV was also shown to selectively inhibit the 
replication of BV virus not only in RPTECs but also in 
human renal cortical epithelial (HRCE) cells (Topalis et al., 
2011).

CDV inhibited gene expression and DNA replication of 
BK virus in salivary gland cells infected with an isolate recov-
ered from an HIV patient (Jeffers-Francis et al., 2015). CDV 
treatment also resulted in statistically significant inhibition 
of BK virus progeny release from salivary gland cells.

BrinCDV effectively inhibited polyomavirus BK replica-
tion in primary human renal tubular epithelial cells, where 
it had a more rapid and enduring effect on BKV DNA and 
infectious progeny at 96 hours postinfection than CDV 
(Rinaldo et al., 2010) and in primary human urothelial cells 
(Tylden et al., 2015).
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Table 216.3. Efficacy of cidofovir (CDV) in different models of poxvirus infections.

Animal model
Route of CDV 
administration Evidence for efficacy Reference

Intranasal or aerosol-
ized cowpox virus 
infection in mice

Subcutaneous One inoculation of CDV 100 mg/kg on day 0, 2, or 4 resulted in 
90–100% survival; treatment on day 0 reduced peak pulmonary 
virus titers 10- to 100-fold, reduced the severity of viral pneumoni-
tis, and prevented pulmonary hemorrhage; the same dose on 
day −6 to 2 protected 80–100% of infected mice, whereas one 
inoculation on day −16 to −8 or day 3–6 was partially protective.

A single dose of CDV 100 mg/kg administered on the day of 
infection was 80–100% protective when given on day 0, 1, 2, 3, 
or 4 after infection; lung virus titers (determined on day 4 of the 
infection) were significantly reduced in groups treated on day 0, 
1, or 2

Bray et al. (2000)

Smee et al. (2002b)

Intranasal Single treatment of CDV 5-40 mg/kg 24 hours after virus exposure 
afforded 80–100% protection from lethal infection and significant 
reduction in viral titers in the lung tissue

Smee et al. (2003)

Aerosol Single treatment of CDV 1–5 mg/kg 1 day before or 2 hours after 
infection showed efficacy as measured by changes in body and 
lung weight, lung viral titers, pulmonary pathology, and survival

Treatment with CDV was successful in protecting against lethal 
intranasal cowpox infection; a dose in the range of 0.5–5 mg/kg 
was protective when given before (day −1), the day of (day 0) or 
after (day +1 or +2) infection; an 80% survival rate was observed 
when mice were treated 2 days before challenge

Bray et al. (2002)

Roy et al. (2003)

Intraperitoneal Treatment for 5 consecutive days starting 24 hours after infection 
with CDV at 30 mg/kg per dose was 100% effective in preventing 
mortality

CDV 160, 80, or 40 mg/kg as a single dose 24 hours after virus 
exposure afforded 100% protection from lethal infection and 
significant reduction in viral titers in the lung tissue

CDV 6.7 mg/kg once daily for 5 days beginning 24 or 48 hours after 
viral inoculation, afforded 100% protection from lethal infection; 
even when treatment was started 72 hours postinfection, CDV 
treatment resulted in 66% protection

CDV 5 or 10 mg/kg administered daily beginning on day −5, −3, 
or −1 through day 0 (the viral inoculation day) afforded 93% 
protection from lethal infection; a single dose of 30 mg/kg CDV 
1 day before viral inoculation or 1 day after infection resulted in 
100% protection

CDV 100 mg/kg once a day on days 1 and 2 after infection resulted 
in 100% protection from lethal infection and significant reduction 
in viral titers in the lungs

CDV 100 mg/kg/day for 2 days starting 24 hours after virus exposure 
led to survival and suppression of tissue virus titers in animals 
suffering from either a lethal upper respiratory tract infection or 
both upper and lower respiratory tract infection

Smee et al. (2002a)

Smee et al. (2003)

Quenelle et al. (2003)

Knorr et al. (2006)

Smee et al. (2008)

Intranasal or aerosol-
ized vaccinia virus 
infection in mice

Intraperitoneal Treatment with CDV 160, 80, or 40 mg/kg as a single dose 24 hours 
after virus exposure afforded 70% protection from lethal infection

Treatment with CDV 5 mg/kg once daily for 5 days beginning 24, 48, 
or 72 hours after viral inoculation, afforded 73–100% protection 
from lethal infection

CDV 100 mg/kg/day for 2 days significantly reduced mortality and 
viral titers in lungs

Smee et al. (2003)

Quenelle et al. (2003)

Knorr et al. (2006)

Intranasal Single treatment of CDV 5–40 mg/kg 24 hours after virus exposure 
afforded 70–80% protection from lethal infection and significant 
reduction in viral titers in lung tissue

Smee et al. (2003)

Intraperitoneal cowpox 
virus infection in mice

Intraperitoneal CDV 100 mg/kg once a day on days 1 and 2 after infection resulted 
in significant protection from lethal infection and significant 
reduction in viral titers in the lungs

CDV 25 or 100 mg/kg once a day before infection resulted in 
significant reduction of virus replication in several organs

Knorr et al. (2006)

Goff et al. (2007)

Intraperitoneal vaccinia 
virus infection in mice

Intraperitoneal CDV 100 mg/kg/day for 2 days afforded 60% protection from lethal 
disease and significant reduction in viral titers

Knorr et al. (2006)
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Animal model
Route of CDV 
administration Evidence for efficacy Reference

Intravenous, intranasal, 
or intraperitoneal 
vaccinia virus 
infection in SCID 
mice

Subcutaneous CDV at doses ranging from 1 mg/kg/day for 5 days to 20 mg/kg/
twice a week significantly delayed death

Neyts et al. (1993)

Intranasal cowpox virus 
infection in SCID 
mice

Subcutaneous Treatment every 3 days with CDV 100 mg/kg through day 30 of the 
infection resulted in significant delay in the time of death but final 
mortality

Treatment with CDV 100 mg/kg/dose starting on day 0 and 
repeating the dose every 3 days resulted in delay of time of 
death but not in protection from lethal infection

Smee et al. (2002b)

Bray et al. (2000)

Cutaneous cowpox 
virus infection in 
hairless mice 

Intraperitoneal Hairless mice treated with CDV 50 mg/kg beginning 24 hours after 
viral inoculation, three times weekly for 1 week, had significantly 
reduced lesion-day AUC values and mean peak lesion scores

Quenelle et al. (2004a)

Cutaneous vaccinia 
virus infection in 
hairless mice or 
athymic nude mice

Intraperitoneal/topical Hairless mice treated with CDV 50 mg/kg starting 24 hours post- 
inoculation of the virus once a day for 7 days or topically with 5% 
CDV three times a day for 7 days had a significantly lower 
lesion-day AUC values and mean peak lesion scores

Topical treatment with 1% CDV initiated at the day of infection or 
at day 1 postinfection for 5 days completely protected against 
virus-induced cutaneous lesions and against associated mortality; 
systemic treatment with CDV 100 mg/kg three or five times per 
week initiated at 14 days postinfection caused healing and 
regression of the lesions

CDV 100 mg/kg once a day on days 1 and 2 after infection resulted 
in protection from lethal infection and significant reduction in viral 
titers in the lungs

Topical 1% CDV cream twice daily for 7 days in immunocompromised 
mice (hair-less mice treated with cyclophosphamide) was much 
more effective in reducing the severity of primary lesions and the 
number of satellite lesions than was parenteral CDV at 100 mg/kg/
day given every 3 days; both forms of treatment delayed death; 
topical drug treatment markedly reduced virus titers in the skin 
and snout, whereas parenteral treatment did not

Quenelle et al. (2004a)

Neyts et al. (2004)

Knorr et al. (2006)

Smee et al. (2004a)

Footpad ectromelia 
virus inoculation in 
mice

Intraperitoneal CDV 5 mg/kg/dose in mice starting 24 hours after infection had mild 
disease (reduced inflammation and footpad swelling) but showed 
a 100% recovery; animals receiving higher doses of CDV 20 or 
100 mg/kg/day had mild footpad swelling and 100% recovery

CDV 100 mg/kg/day daily for 5 days starting 1 day after infection 
with a mouse interleukin-4 producing virus causing host immune 
dysfunction and severe disease, delayed but could not prevent 
death from systemic infection

Robbins et al. (2005)

Intranasal ectromelia 
virus inoculation in 
mice

Intraperitoneal CDV 5 mg/kg on day 0 and at 1.25 mg/kg on day 3 protected 100% 
of animals from lethality

Parker et al. (2008b)

Aerosolized monkeypox 
virus infection in 
monkeys

Intravenous CDV 5 mg/kg once on the day of infection resulted in significantly 
reduced mortality and completely protected the animals from 
clinically and laboratory signs of disease

Huggins et al. (1998)

Intratracheal monkey-
pox virus infection in 
monkeys

Intraperitoneal CDV 5 mg/kg every other day for 5 days or six doses starting 1 day 
after infection resulted in significantly reduced mortality and 
reduced numbers of cutaneous monkeypox lesions

Stittelaar et al. (2006)

Intravenous monkeypox 
virus infection in 
monkeys

Intravenous CDV 5 mg/kg given before or up to 2 days after infection led 
to complete protection with no signs of illness and control of 
viral replication in blood

Huggins et al. (2004); 
Huggins et al. (2006); 
Huggins et al. (2003)

Intravenous variola virus 
infection in monkeys

Intravenous CDV 5 mg/kg given before or up to 2 days after infection led 
to complete protection with no signs of illness and control of 
viral replication in the blood 

Huggins et al. (2004); 
Huggins et al. (2006); 
Huggins et al. (2003)

Hind thighs orf virus 
scarification in lambs

Topical Topical 1% CDV administered for 4 consecutive days resulted 
in milder lesions that resolved more quickly than untreated lesions. 
The scabs of the treated animals contained significantly lower 
amounts of viable virus, meaning there should be less contamina-
tion of the environment with virus than would normally occur

Scagliarini et al. (2007)

Abbreviations: SCID: severe combined immunodeficiency; AUC: area-under-the-concentration-time curve.
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The lipid-ester derivative of CDV at concentrations 
between 0.01 and 0.1 μM caused minimal cytotoxic effects in 
human fetal brain SVG cells, used to evaluate the activity 
against JC virus (Jiang et al., 2010). BrinCDV resulted in a 
dose-dependent decrease in the number of JC virus–infected 
cells and nearly eliminated virus-infected cells during an 
established infection. In addition, treatment with this drug 
resulted in a 60% reduction in viral DNA copy number 
during initial infection, suggesting that suppression of JC 
virus infection by BrinCDV is likely due to inhibition of 
virus DNA replication. This study demonstrated that the drug 
suppresses JC virus infection at concentrations that have 
limited toxicity to human brain cells. In contrast, CDV was 
not found to have a significant effect in decreasing active JC 
virus replication and multiplication in the human neuroglial 
cell line SVG, which is capable of sustaining a persistent JC 
virus infection (Hou and Major, 1998).

The activity of BrinCDV regarding JC virus replication in 
human brain progenitor-derived astrocytes (PDAs) and and 
in the simian virus 40 (SV40) large-T-antigen-expressing 
COS-7 cells was studied up to 7 days postinfection (Gosert 
et al., 2011). Supernatants from BrinCDV-treated PDAs dem- 
onstrated a drug concentration–dependent decrease in viral 
loads and infectivity, whereas the drug had only a modest 
effect on host cell metabolism but reduced overall bromode-
oxyuridine (BrdU) incorporation. In PDA at 7 days postin-
fection, the EC50 was 5.55 nM, the CC50 was 184.6 nM, and 
the selectivity index was 33.3. In COS-7 cells, JCV replication 
was faster and the EC50 was 18-fold higher than that in PDA. 
It was concluded that BrinCDV inhibits in vitro JC virus rep-
lication at concentrations that can be attained by oral admin-
istration without significant side effects in the clinic.

Antitumor activity for tumors not induced by 
oncogenic viruses

CDV demonstrated remarkable activity as an antitumor agent 
for tumors not linked to oncogenic viruses, including mela-
noma B16 in mice (Redondo et al., 2000). Potent inhibition 
of polyomavirus-induced hemangioma formation in rats 
that could not be explained by an antiviral mechanism was 
reported (Liekens et al., 1998). The drug also proved active 
in mice against hemangiosarcomas originating from a poly-
omavirus-transformed cell line that does not produce poly-
omavirus (Liekens et al., 2001). Inhibitory effects of CDV on 
virus-independent vascular tumors originated by basic fibro-
blast growth factor 2 (FGF2) overexpressing endothelial cells 
(FGF2-T-MAE) were also reported and were due via inhibi-
tion of FGF2 expression and signaling (Liekens et al., 2007). 
The inhibitory effect of CDV on the growth of these tumors 
was attributed to induction of apoptosis (see Section 3, 
Mechanism of drug action).

Recently, it was shown that CDV possesses potent antineo-
plastic activity against both HCMV+ and HCMV− glioblasto-
mas and combination therapy, with CDV and radiotherapy 
significantly extending the survival of mice bearing intracranial 
glioblastoma tumors (Hadaczek et al., 2013). A promising and 

feasible strategy to improve treatment outcomes for different 
tumor types, both viral and nonviral in origin, appears to be 
a combination of CDV and radiation therapy (Andrei et al., 
2015).

2b.  Emerging resistance and 
cross-resistance 

HERPESVIRUSES

Currently there is no conclusive evidence of selection of 
HCMV (or other viruses) resistant to CDV in patients receiv-
ing treatment with CDV. Clinical failure of CDV has not 
been related to the emergence of drug-resistant strains. As a 
consequence, all information about CDV resistance mutations 
derives from viruses selected by in vitro passage in increasing 
concentrations of the drug.

HSV-1 strains resistant to CDV had V573M, R700M, or 
K960R mutations in the viral DNA polymerase. Mutant 
viruses showed an increase in EC50 values of 8- to 10-fold 
compared to the wild-type virus (Andrei et al., 2007a; Andrei 
et al., 2000a). The pathogenicity of the V573M mutant was 
markedly reduced compared with the parental virus; if this 
finding is also true in humans, it may mean that even if CDV-
resistant mutant viruses arise in vivo, they may not be associ-
ated with disease progression. More over, mutants resistant to 
the HPMP derivatives remained sensitive to foscarnet and 
aciclovir, while different degrees of cross-resistance between 
PME derivatives, foscarnet, and aciclovir were reported 
(Andrei et al., 2007a; Andrei et al., 2000a; Gilbert et al., 2002). 
Most of the DNA polymerase mutations conferring resis-
tance to foscarnet have also been cross-resistant to the PME 
derivatives, but some HSV polymerase mutations have been 
linked to resistance to foscarnet and susceptibility to PME 
derivatives (Andrei et al., 2007a). A CDV-resistant HSV-1 
with an R700M polymerase mutation was hypersensitive to 
foscarnet (it had a 4-fold decrease in EC50 values compared 
to the wild-type reference strain). These data support the 
possible use of CDV in the treatment of foscarnet-resistant 
HSV infections. Indeed, CDV has proven efficacious in the 
treatment of aciclovir-resistant and/or foscarnet-resistant 
HSV-associated disease (LoPresti et al., 1998; Safrin et al., 
1997; Snoeck et al., 1994a).

Human CMV variants selected for CDV resistance by in 
vitro passage were cross-resistant to ganciclovir. Because 
CDV is not a first-line therapy for HCMV infections due to 
its renal toxicity, selection of strains resistant to the com-
pound has been an extremely rare event, and they appear to 
arise primarily during long-term administration of ganciclo-
vir (Gilbert and Boivin, 2005; Smith et al., 1997). Mutations 
conferring resistance to CDV cluster in specific regions of 
the HCMV DNA polymerase, either in the 3′-5′ exonuclease 
domain or in the polymerase catalytic domain, that are con-
served among alpha-like DNA polymerases and show simul-
taneous cross-resistance to ganciclovir (Baldanti and Gerna, 
2003; Chou, 1999; Gilbert et al., 2002; Gilbert and Boivin, 
2005; Lurain and Chou, 2010; Topalis et al., 2016a). CDV- 
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resistant mutants of murine CMV had DNA polymerase 
mutations identical or similar to those seen in CDV-resistant 
HCMV (Scott et al., 2005). 

The majority of the HCMV polymerase mutants resistant 
to CDV and ganciclovir remain susceptible to foscarnet; con-
versely, HCMV strains with polymerase mutations mediat-
ing foscarnet resistance are not generally cross-resistant to 
CDV while some of them show cross-resistance to ganciclo-
vir (Baldanti et al., 1996; Cihlar et al., 1998a; Cihlar et al., 
1998b). However, multidrug-resistant HCMV strains have 
been isolated in immunocompromised patients (Scott et 
al., 2004; Springer et al., 2005) emphasizing the need for 
new treatment options such as maribavir (see Chapter 223, 
Maribavir) and letermovir (see Chapter 220, Letermovir) 
(Chemaly et al., 2014; Stoelben et al., 2014; Stuehler et al., 
2015; Zegri et al., 2015). Furthermore, previously unrecog-
nized mutations in the HCMV polymerase gene continue to 
be isolated from patients receiving antiviral therapy (Hantz 
et al., 2013). Most ganciclovir-resistant clinical isolates of 
HCMV have mutations in the UL97 gene, whereas those 
selected by in vitro passage have DNA polymerase mutations 
(Gilbert and Boivin, 2005; Lurain and Chou, 2010). The 
UL97 gene product mediates the initial monophosphoryla-
tion of ganciclovir, required for it to be further phosphory-
lated to the active triphosphate. Because CDV is a nucleotide 
analog (a nucleoside monophosphate) it does not require the 
UL97 gene product for initial phosphorylation. Ganciclovir-
resistant isolates carrying a mutation in UL97 are thus sus-
ceptible to CDV, whereas those carrying DNA polymerase 
mutations are cross-resistant to CDV in vitro.

An in vitro selected BrinCDV-resistant HCMV mutant 
demonstrated one mutation, D542E in UL54 DNA poly-
merase (James et al., 2013). A recombinant virus with this 
novel D542E mutation showed reductions in susceptibility of 
greater than 10-fold to BrinCDV and CDV, but no resistance 
to foscarnet or ganciclovir. Analysis of replicative fitness 
showed that both the BrinCDV-resistant and the D542E recom-
binant viruses had a smaller plaque phenotype and slower 
replication kinetics than their respective parent viruses. 

VACCINIA VIRUS

Vaccinia virus strains selected for CDV resistance by in vitro 
passage have mutations in the viral DNA polymerase (Andrei 
et al., 2006). These mutations are located within the 3′–5′ 
exonuclease (A314T) and the polymerase (A684V) catalytic 
domains. Marker transfer experiments showed that either 
mutation alone could confer a drug-resistant phenotype, 
although the degree of resistance in viruses with single muta-
tions was significantly lower than the virus encoding both 
mutations. The A314T recombinant virus was hypersuscep-
tible to phosphonoacetic acid, whereas the A684V mutation 
appeared to increase resistance to phosphonoacetic acid, and 
both mutations resulted in no change in susceptibility (Andrei 
et al., 2006). All the CDV-resistant viruses exhibited reduced 
virulence in mice, showing that these DNA polymerase 
mutations are linked to reduced fitness in vivo (Andrei et al., 
2006). These data are supported by experiments showing 

that CDV can protect mice against a lethal intranasal chal-
lenge, with the drug-resistant virus bearing both mutations 
(Andrei et al., 2006). Kornbluth et al. (2006) described a CDV-
resistant vaccinia virus with five mutated codons centered on 
an N-terminal region of the E9L polymerase gene associated 
with 3′-5′ exonuclease activity. Transfer of the mutant E9L 
gene into wild-type vaccinia virus by marker rescue sufficed 
to confer the resistance phenotype. E9L mutations occurred 
sequentially during passage in CDV, and an H296Y/S338F 
double mutant that conferred an intermediate CDV resis-
tance phenotype was identified. In vitro, the marker-rescued 
CDV-resistant vaccinia virus containing all five mutations 
grew nearly as well as wild-type vaccinia virus. However, the 
virulence of this virus for mice was reduced; 10- to 30-fold 
more CDV-resistant virus than wild-type virus was required 
for lethality after intranasal challenge. Becker et al. (2008) 
isolated several vaccinia virus strains that had 3- to 7-fold 
increases in their EC50 for CDV. These mutant viruses had 
previously undescribed polymerase mutations as well as a 
mutation in another gene of uncertain function. They were 
also attenuated for mice.

ADENOVIRUS 

CDV-resistant adenovirus strains generated by in vitro pas-
sage also had mutations in conserved regions of the adenovi-
rus DNA polymerase predicted to be involved in nucleotide 
binding (Kinchington et al., 2002).

3. MECHANISM OF DRUG ACTION

3a.  Cellular uptake and intracellular 
transformation

Like other nucleoside and nucleotide analogs, CDV must be 
phosphorylated before becoming active. In contrast to nucle-
oside analogs (which are not phosphorylated and enter cells 
by the nucleoside transport carrier system or by passive dif-
fusion), the negative charge of the phosphonate moiety of CDV 
(and other acyclic nucleoside phosphonates) significantly 
impairs their cellular uptake, because their membrane trans-
port is an active process. It seems clear that CDV enters the 
cells via fluid-phase endocytosis because its cellular entry is 
time and temperature dependent (virtually halted at 41°C) 
and also affected in the expected way by microtubule inhibi-
tors (colchicines) or stimulants (phorbol myristate acetate). 

Once internalized, CDV may accumulate in lysosomes. 
Protonation of the negative charge on the phosphonyl group 
in CDV may permit its diffusion across the lysosome mem-
brane into the cytoplasm (Connelly et al., 1993). Once in the 
cytoplasm, CDV needs only two phosphorylation steps to be 
converted to its active diphosphoryl derivative (CDVpp) (see 
Figure 216.2A). The two phosphorylation steps are carried 
out by cellular enzymes (Cihlar and Chen, 1996). UMP/CMP 
kinase 1 (UMP/CMPK1) catalyzes the first step of phosphor-
ylation (CDV to CDVp); whereas the second step (CDVp 
to  CDVpp) is catalyzed by nucleoside diphosphate kinase, 
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pyruvate kinase, or creatinine kinase. CDVpp can be used by 
the choline phosphate cytidyltransferase to form the CDVp-
choline adduct, according to the reaction: CDVpp + choline 
phosphate → CDVp-choline + pyrophosphate (Cihlar and 
Chen, 1996). As a consequence of its phosphorylation solely 
by cellular enzymes, CDV is independent of the first phos-
phorylation step, which, for nucleoside analogs such as 
 aciclovir, penciclovir, and ganciclovir, is catalyzed by the 
HSV- or VZV-encoded thymidine kinase or the HCMV-
encoded protein kinase UL97. As expected, the phosphory-
lation of CDV was the same in infected and uninfected 

cells, indicating that neither viral enzymes nor viral-induced 
enzymes are required for its activation (Bronson et al., 1990). 
This is the mechanistic explanation for CDV’s activity against 
thymidine kinase–deficient HSV and VZV mutants and UL97 
HCMV mutants.

CDV diphosphate, like other acyclic nucleoside phospho-
nates, has a long intracellular half-life, which allows much 
less frequent dosing than would be predicted from plasma 
half-lives. The intracellular levels of CDVp and CDVpp show 
a biphasic decline with half-lives of ~ 24 and ~ 65 hours (Aduma 
et al., 1995; Ho et al., 1992). This is most probably due to the 

Figure 216.2. Mechanism of activation of CDV and BrinCDV (HDP-CDV). (a) Once inside the cells, CDV needs to be acti-
vated by cellular enzymes. The UMP/CMP kinase 1 (UMP/CMPK1) catalyzes the conversion of CDV to CDV-monophosphate 
(CDVp), which is then further phosphorylated to the active form, CDV-diphosphate (CDVpp), by nucleoside diphosphate kinase, 
pyruvate kinase, or creatine kinase. CDVp-choline is considered to serve as an intracellular reservoir for the mono- and diphos-
phate derivatives of CDV. The diphosphate derivative of CDV (i.e. CDVpp) interacts with the viral DNA polymerase as either 
competitive inhibitor with respect to the natural substrates (i.e. dCTP), or alternative substrate (thus leading to incorporation 
into DNA). CDV has a hydroxyl function in the acyclic side chain that would allow further chain elongation. For human cyto-
megalovirus (HCMV), chain termination occurs when two consecutive CDVpp are incorporated in the growing DNA chain. (b). 
BrinCDV uptake is very fast because it spontaneously inserts into cell membranes, translocates to the inner membrane leaflet, 
and desorbs readily to be metabolized by phospholipase C to produce CDV, which is then phosphorylated to CDVpp.
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accumulation of the CDVp-choline metabolite, which has a 
half-life of ~ 87 hours, and may be considered to be a reser-
voir or depot form of CDV (Ho et al., 1992).

The active form of BrinCDV, which can be considered a 
prodrug, is CDV; BrinCDV therefore requires conversion to 
CDV (see Figure 216.2B). To evaluate the mechanisms respon-
sible for increased antiviral activity of BrinCDV compared to 
CDV, 14C-labeled CDV and BrinCDV were incubated with 
MRC-5 human lung fibroblasts, and cell uptake and anabolic 
phosphorylation of the compounds to the active metabolites 
were measured (Aldern et al., 2003). The uptake of CDV 
increased very slowly over 24 hours reaching levels of 3.6 
picomoles/well, consistent with uptake by fluid phase endo-
cytosis. In contrast, BrinCDV uptake increased rapidly over 
6 hours and progressively to 24 hours, achieving cellular lev-
els of 187 picomoles/well, representing an increase of 52-fold 
versus CDV (see Figure 216.3). The AUC for BrinCDV was 
41-fold greater than that of CDV. Because the uptake profiles 
for BrinCDV and HDP-(S)-HPMPA were very similar, it was 
suggested that the hexadecyloxypropyl lipid moiety (not the 
nucleoside polar head group) is driving cellular uptake due to 
the propensity of these compounds to insert spontaneously 
into the phospholipid bilayer membrane of cells (Hostetler, 
2009).

Increased entry of BrinCDV into the cells appeared to be 
insufficient to explain the marked increases in antiviral activ-
ity that it is noted for BrinCDV. To be active, BrinCDV needs to 
be hydrolyzed to CDV by a cellular phospholipase C followed 
by anabolic phosphorylation to its diphosphate form (CDVpp). 
When the levels of CDV, CDVp, and CDVpp were measured 
after exposure of MRC-5 cells to 10 µM CDV or BrinCDV, a 
100-fold increase in CDVpp was found in BrinCDV-exposed 

cells. When cells were exposed to BrinCDV for 24 hours and 
then the compound was washed out, the disappearance of 
CDVpp in the cell was slow with a half-life of about 7 days, 
suggesting the possibility of infrequent dosing in vivo (Aldern 
et al., 2003; Hostetler, 2009). Cellular metabolism studies com-
paring CDV with its hexadecyloxypropyl derivative indicate 
that the cell uptake and conversion of BrinCDV to CDVpp is 
0.5 log greater than that of unmodified CDV (see Figure 
216.4); these findings may account for the greater antiviral 
activity of BrinCDV. The slow uptake of CDV can be explained 
by its poor penetration of the cell membranes due to the dual 
negative charge at physiologic pH and the slow nature of 
fluid phase endocytosis (Hostetler, 2009). BrinCDV uptake, 
on the other hand, is very rapid because it spontaneously 
inserts into cell membranes, translocates to the inner mem-
brane leaflet, and desorbs readily to be metabolized by phos-
pholipase C and phosphorylated to its CDVpp (Hostetler, 
2009).

3b.  Antiviral activity

CDVpp interferes with viral replication by inhibiting DNA 
synthesis via two separate mechanisms. CDVpp is a compet-
itive inhibitor of many viral DNA polymerases, competing 
with the natural substrate, deoxycytidine triphosphate (dCTP). 
CDVpp is also an alternative substrate for viral DNA poly-
merases and is then incorporated into the growing DNA chain 
after removal of the pyrophosphate group (De Clercq and Holy, 
2005). Incorporation of CDV into the growing DNA chain 
slows or arrests DNA synthesis. 

The specificity of CDV’s antiviral activity derives in part 
from a higher affinity of CDVpp for viral DNA polymerases 
than for host cell polymerases. The inhibitory constant (Ki) 
of binding affinity of CDVpp for the HCMV DNA poly-
merase is of 6.6 mM, which is 8–80 times greater than the 
CDV inhibitory constant for human DNA polymerases (Ki 
for DNA polymerase-alpha is 51 mM; for DNA  polymerase- 
beta, 520 mM; for DNA polymerase-gamma, 299 mM) 
(Cherrington et al., 1994; Ho et al., 1992; Xiong et al., 1996). 
The inhibition constants of CDV for other herpesviruses 
have also been determined; the Ki values against HSV-1 and 
HSV-2 polymerases are, respectively, 0.86 and 1.4 mM, pro-
viding a selective binding affinity of up to 600-fold for the 
viral enzymes compared to the human DNA polymerases 
(Ho et al., 1992).

Understanding the mechanism of CDV’s antiviral effects 
clarifies why HSV strains resistant to aciclovir and related 
drugs due to thymidine kinase mutations have an increased 
susceptibility to CDV. This difference appears to be due to 
these viruses inducing smaller increases in the intracellular 
concentration of dCTP in infected cells than wild-type 
viruses (Mendel et al., 1995). Because CDV is a competitive 
inhibitor of dCTP incorporation into HSV DNA, the lower 
concentrations of dCTP in cells infected with thymidine 
kinase–deficient HSV strains than in those infected with wild-
type strains enhances the inhibitory effects of CDV diphos-
phate against HSV DNA polymerase.

Figure 216.3. Uptake of 14C-labeled drugs by MRC-5 
human embryonic lung fibroblasts following incubation 
with CDV or BrinCDV at 10 µM. (Data from Aldern et al. 
(2003).)
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The effect of CDV incorporation into HCMV DNA var-
ies, but it generally inhibits polymerase activity (Xiong et al., 
1997; Xiong et al., 1996). The HCMV polymerase incorpo-
rates CDV into DNA with correct fidelity, and as DNA elon-
gation continues after incorporation of CDV, it takes up an 
internal position in the growing DNA chain. The HCMV 
DNA polymerase-associated 3′–5′ exonuclease cannot excise 
CDV from the 3′ end due to the phosphonate group in incor-
porated CDV. Incorporation of a single molecule of CDV 
slows HCMV DNA synthesis by 31%; incorporation of two 
molecules of CDV separated by one or two natural nucleo-
tides drastically slows down DNA synthesis whereas incor-
poration of two consecutive molecules of CDV causes DNA 
chain termination, the most efficient of all CDV’s antiviral 
effects. Thus CDV can interfere with HCMV DNA synthesis 
in a number of ways, the most efficient being DNA chain ter-
mination after incorporation of two consecutive CDV mole-
cules at the 3′ end. The inhibition of HCMV DNA polymerase 
by CDVpp and the inability of HCMV DNA polymerase to 
excise incorporated CDV from DNA may account for the 
potent and long-lasting anti-HCMV activity of CDV (Xiong 
et al., 1997).

Magee and collaborators studied the effect of CDVpp on 
vaccinia virus DNA polymerase (Magee et al., 2008; Magee et 
al., 2005). CDVpp is a poor substrate for the vaccinia enzyme 
relative to the natural substrate, dCTP, and hence the com-
petitive inhibition mechanism for this virus is minimal com-
pared with HCMV. CDVpp is incorporated into DNA by 
the vaccinia virus polymerase, and CDVpp inhibited primer 
extension and proofreading reactions catalyzed by highly 
purified vaccinia virus DNA polymerase in a cell-free sys-
tem. Incorporation of one CDV molecule into vaccinia DNA 
slightly decreases the rate of chain extension and causes pre-
mature chain termination (Magee et al., 2005). DNA synthe-
sis is also profoundly inhibited when two consecutive molecules 
of CDV are incorporated into the 3′ end of the primer strand, 
similarly to the effects of CDV on HCMV DNA polymerase. 
Watanabe and Tamaki (2008) demonstrated that 20–50 mM 
of CDVpp also inhibited molluscum contagiosum DNA poly - 
merase activity.

The mechanism by which CDV inhibits replication of 
polyomaviruses and papillomaviruses has been recently 
reviewed (Andrei et al., 2015). As these viruses do not encode 
a DNA polymerases, the mechanism of inhibition in these 
viruses is quite different from that of herpesviruses and 
poxviruses.

3c.  Antitumor activity

The anti-HPV activity of CDV may be explained, at least in 
part, by a specific inhibitory effect of the compound on rap-
idly dividing cells, and the presence of the HPV genome 
might enhance the sensitivity of the cells to CDV. When var-
ious cell lines not containing HPV (i.e. human melanomas, 
lung carcinomas, colon carcinomas, breast carcinomas) were 
tested, CDV showed an antiproliferative effect, albeit to a lower 

Figure 216.4. Comparison of metabolite levels found in 
MRC-5 cells after exposure to 14C-labeled CDV or BrinCDV 
(10 µM) after different times of exposure. (Data from 
Aldern et al. (2003).)
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extent than that observed for HPV-positive cells (Andrei et 
al., 1998; Snoeck et al., 2001a).

In HPV-transformed cells, CDV caused cell death by apop-
tosis (Andrei et al., 2000b). Induction of apoptosis in CDV-
treated cells was associated with accumulation of cells in the 
S-phase and increase in the levels of the tumor-suppressor 
proteins p53 and pRb (retinoblastoma protein) and of the 
cyclin-dependent kinase inhibitor p21/WAF-1. Thus CDV 
was shown to restore the function of p53 and pRb, which are 
neutralized by the oncoproteins E6 and E7, respectively, in 
HPV-transformed cells (Andrei et al., 2000b). In addition, 
CDV was shown to reduce E6 and E7 expression in cervical 
carcinoma HPV-18 positive cells and head and neck squamous 
carcinoma cells at the transcriptional level with subsequent 
reactivation of p53 and pRb (Abdulkarim et al., 2002). Com- 
bining CDV with irradiation both in vitro and in xenografted 
nude mice resulted in a marked radiosensitization in HPV-
positive cells, which was not observed in HPV-negative cells 
(Abdulkarim et al., 2002). CDV treatment proved beneficial in 
reducing the pathology caused by HPV-positive cervical xeno-
grafts grown in athymic nude mice (De Schutter et al., 2013a).

Recently it was shown that the combination of CDV and 
radiation had a potent antiangiogenic effect, inducing E6 
inhibition, restoration of p53, and reduction of the proangio-
genic phenotype of HPV-18 positive cells associated with 
vascular endothelial growth factor (VEGF) inhibition (Amine 
et al., 2006). CDV also enhanced the radiation-induced apop- 
tosis in EBV-positive cells and in EBV-related cancer xeno-
grafts (Abdulkarim et al., 2003). CDV induces a downregula-
tion of the EBV oncoprotein LMP1, associated with a decrease 
of the antiapoptotic Bcl-2 protein and an increase of the 
proapoptotic Bax protein in Raji (Burkitt lymphoma) and C15 
(nasopharyngeal carcinoma) cells (Abdulkarim et al., 2003).

The inhibitory activity of CDV in endothelial cells over-
expressing basic fibroblasts growth factor (FGF2-T-MAE) also 
results from the specific induction of apoptosis (Liekens et 
al., 2007). In addition, CDV treatment of FGF2-T-MAE cells 
resulted in a pronounced upregulation of the tumor-suppres-
sor protein p53. However, the expression of Bax and Bcl-2 
remained unchanged, and CDV did not induce the release  
of cytochrome c from the mitochondria. Therefore, CDV 
appeared to inhibit the growth of FGF2-T-MAE cells via 
inhibition of FGF2 expression and signaling (Liekens et al., 
2007). 

CDV was demonstrated to induce double-stranded DNA 
damage; only normal cells were capable of activating a DNA 
damage response and repair the damage via homologous 
recombination (considered a very faithful mechanism of 
DNA repair) (De Schutter et al., 2013c). When the efficiency 
of CDV incorporation into genomic DNA in different cell 
types was investigated, higher amounts of CDV were incor-
porated in the genomic DNA of transformed epithelial cells 
(including HPV-positive cervical carcinoma cells) compared 
to primary human keratinocytes, despite the fact that the 
levels of intracellular CDV metabolites were not significantly 
different among the normal and transformed cell types 

investigated. The ability of CDV incorporation into cellular 
DNA to activate DNA damage response pathways due to 
increased DNA breaks, which prompt an elevated tumor cell 
apoptotic response, was also described in glioblastoma cells 
(Hadaczek et al., 2013).

On the other hand, it appears that CDV is able to trigger 
several signaling pathways in tumor cells, in both HPV-
positive and HPV-negative cells, such as Rho GTPase signal-
ing and acute phase response, which may also contribute to 
its antitumor efficacy and selectivity (De Schutter et al., 2013c).

In vitro acquisition of resistance to CDV in the cervical 
carcinoma cell line SiHa was found to involve several cellular 
functions and pathways linked to cell death, cell growth and 
differentiation, cellular movement, metabolism, tissue devel-
opment, and inflammatory response (De Schutter et al., 2013b). 
CDV-resistant SiHa cells had reduced growth in vitro and in 
a mouse xenograft model, triggering reduced inflammation 
as measured by a reduced production of mice- and human- 
derived cytokines, a diminished effect on chemical and 
hematologic parameters, lower number of cells in the spleen 
and lesser splenomegaly compared to parental cells (Topalis 
et al., 2016b). Acquisition of resistance to CDV in tumor cells 
appeared to be a multifactorial process, implicating different 
mechanisms in distinct cell lines. It is important that alter-
ations in CDV metabolism were found in two cervical carci-
noma cell lines selected for CDV resistance emerging via 
impairment of UMP/CMPK1 activity due to mutations or 
down regulation of gene expression

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

For treatment of CMV retinitis in patients with HIV infection, 
CDV should be given intravenously at 5 mg/kg once weekly for 
2 weeks followed by 5 mg/kg intravenously once every other 
week. Renal function should be monitored before initiation of 
CDV therapy and also 48 hours after each dose; concomitant 
administration of oral probenecid and intravenous hydration 
are required to minimize drug-related nephrotoxicity.

Treatment guidelines have been developed to decrease the 
risks of nephrotoxicity in patients receiving CDV. These 
include avoidance of intravascular volume depletion, hydra-
tion with 1–2 l of saline before intravenous CDV infusion 
(with repeated hydration using up to an additional 2 l during 
or after the infusion if tolerated), and avoidance of concur-
rent administration of potentially nephrotoxic drugs (Safrin 
et al., 1997). Oral probenecid must be given at a dose of 2 g 
3 hours before each CDV infusion, 1 g 2 hours after each 
infusion, and 1 g 8 hours after the completion of each infu-
sion (Plosker and Noble, 1999; Safrin et al., 1997).

Before an intravenous CDV infusion, a washout period of 
at least 7 days is necessary after the use of potentially nephro-
toxic agents, such as aminoglycosides, pentamidine, ampho-
tericin B, foscarnet, nonsteroidal antiinflammatory agents, and 
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contrast dye. Initiation of treatment with CDV is contrain-
dicated in patients with baseline renal insufficiency (serum 
creatinine ≥ 1.5 mg/dl, creatinine clearance ≤ 55 ml/minute 
or urine protein > 2+). The drug should be discontinued in 
case of serum creatinine ≥ 0.5 mg/dl or 3+ proteinuria; dose 
reduction from 5 to 3 mg/kg is indicated for serum creati-
nine increases of > 0.3–0.4 mg/dl (Safrin et al., 1997).

CDV is currently approved only for intravenous adminis-
tration; however, the compound has been used off-label top-
ically as a 3% or 1% cream formulated in different bases. No 
oral formulations are currently available.

4b.  Newborn infants and children

Safety and effectiveness of cidofovir in children have not been 
studied. The use of cidofovir in children with HIV infection 
warrants extreme caution due to the risk of long-term car-
cinogenicity and reproductive toxicity of this drug. Conse-
quently, treatment of children with cidofovir should be 
undertaken only after careful evaluation of the risks and ben-
efits (Gilead Sciences, 2010). 

4c.  Pregnant and lactating mothers

Cidofovir is an FDA category C drug because cidofovir was 
embryotoxic and also maternally toxic in rats and rabbits at 
relatively low doses. An increased incidence of fetal external, 
soft tissue, and skeletal anomalies (meningocele, short snout, 
and short maxillary bones) occurred in rabbits at a high dose 
(1.0 mg/kg/day), which was also maternally toxic. Because 
there are no adequate and well-controlled studies in preg-
nant women, cidofovir should be used during pregnancy 
only if the potential benefits justifies the potential risk to the 
fetus.

As for nursing mothers, it is not known whether cidofovir 
is excreted in human milk. Because many drugs are excreted 
in human milk and because of the potential for adverse reac-
tions as well as the potential for tumorigenicity shown for 
cidofovir in animal studies, cidofovir should not be adminis-
tered to nursing mothers (Gilead Sciences, 2010). 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Brody and colleagues (1999) reported on the pharmacoki-
netic properties of CDV in patients with renal insufficiency. 
A significant correlation was observed between creatinine 
clearance and CDV clearance in patients with varying degrees 
of renal insufficiency, indicating the necessity to adjust the 
CDV dose in patients with kidney disease to ensure compa-
rable drug exposure based on serum levels. Although CDV is 
contraindicated in subjects with impaired kidney function, 
the authors provide theoretical dosing guidelines for this pop-
ulation of patients, recommending reduced doses of CDV 
that would produce the required systemic exposure to CDV 
(see Table 216.4).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

INTRAVENOUS OR SUBCUTANEOUS 
ADMINISTRATION

CDV is very poorly absorbed orally and hence is always given 
parenterally, usually intravenously. Given by this route, CDV 
exhibited dose-independent pharmacokinetic features (Cundy 
et al., 1995). The clinical pharmacokinetic properties of CDV 
after single-dose intravenous infusion of CDV with and with-
out probenecid have been reviewed based on data compiled 
from three phase I/II studies in 43 HIV-infected patients 
without CMV infection or with asymptomatic CMV retinitis 
(Cundy et al., 1999). A single intravenous infusion at the 
 recommended dosage (5 mg/kg, with concomitant oral pro-
benecid) in six patients resulted in the following median 
 values: peak serum concentration (Cmax) of 19.6 ± 7.18 mg/l, 
area- under-the-concentration-time curve from zero to infin-
ity (AUC0–∞) of 40.8 ± 8.97 mg/l/h, creatinine clearance (based 
on serum creatinine concentration) of 0.138 ± 0.036 l/h/kg, 
renal clearance of 0.096 ± 0.031 l/h/kg, steady state volume  
of distribution of 0.39 ± 0.13 l/kg, and plasma elimination 
half-life (t½beta) of 2.2 ± 0.5 hour (Plosker and Noble, 1999). 
Sub cutaneous administration of CDV produces exposure 
equivalent to that observed after intravenous administration 
(Cundy, 1999). CDV does not bind significantly to plasma 
proteins (Cundy, 1999).

TOPICAL OR INTRALESIONAL ADMINISTRATION

Although CDV is approved only for intravenous treatment of 
HCMV retinitis in AIDS patients, due to its broad spectrum 
of activity toward DNA viruses, CDV has also been used 
either intralesionally or topically for treatment of DNA virus 
infections. Little data are available concerning the systemic 
distribution of CDV after intralesional or topical application. 

Table 216.4. Theoretical dosing strategy to maintain normal 
serum AUC in patients with renal impairment function.

Creatinine clearance  
(ml/min/kg)

Dose 
(mg/kg)

Estimated AUC
(mg/h/l)a

1.3–1.8 5 47–67

1.0–1.2 4 55–66

0.8–0.9 3 54–61

0.7 2.5 57

0.5–0.6 2 53–62

0.4 1.5 56

0.2–0.3 1 48–65

0.1 0.5 52

aProjected AUC values are based on dose and clearance for a 70-kg person. 
The same dose should be administered for both induction and mainte-
nance therapy. Induction doses should be given once per week and main-
tenance doses every other week.

Abbreviation: AUC: area-under-the-concentration-time curve.
Source: Reprinted with permission from Brody et al. (1999).
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Available data suggest the resulting serum concentrations are 
very low compared with intravenous administration.

The bioavailability of CDV was studied in New Zealand 
white rabbits after topical administration to normal and abraded 
skin (Cundy et al., 1997). Concentrations in kidney after top-
ical administration of CDV to intact, normal skin were < 4% 
of those after intravenous dosing, and topical application led 
to negligible systemic exposure to CDV. However, the topical 
bioavailability and penetration of CDV was enhanced in 
abraded skin compared to intact skin (Cundy et al., 1997). 
It is therefore recommended to consider the possibility of 
systemic exposure to CDV after its application to abraded 
skin be considered.

CDV serum concentrations were measured in a study of 
intralesional CDV in patients with severe laryngeal papillo-
matosis (Snoeck et al., 1998). The 17 patients received a total 
of 121 CDV injections (drug concentration 2.5 mg/ml). Of 
these, 3 patients had five samples taken for serum CDV 
concentrations. The drug could be detected in the sera of 
2  patients: in one case the serum CDV concentration was 
0.36 μg/ml 10 minutes after injection; in the second case the 
serum levels were carried out on three different occasions, 
and the drug could be detected at 5, 10, and 15 minutes after 
injection; the concentrations of CDV were 0.59, 0.60, and 
0.42 μg/ml, respectively. The third patient, and other samples 
from the first two patients, all had undetectable CDV con-
centrations (limit of detection: 0.2 μg/ml sample).

A later study in children and adults demonstrated that 
CDV plasma levels and the AUC were dose dependent in 
children, but not in adults, after local injection of CDV in respi-
ratory papillomatosis (Naiman et al., 2004). CDV plasma 
concentration was evaluated at 10 and 45 minutes or at 10 and 
60 minutes after injection. A linear relationship was found 
between plasma concentration and dose in children (mean 
dose: 1.2 mg/kg; mean CDV plasma levels: 0.91 and 0.81 μg/
ml) but not in adults (mean dose: 0.2 mg/kg; mean plasma 
levels: 0.21 and 0.31 μg/ml) (Naiman et al., 2004). From this 
study, it was also concluded that the CDV plasma levels were 
below those leading to toxicity, and the levels and the AUC 
were dose dependent in children but not in adults. Diffusion 
from the injected site was the greatest and most unpredict-
able among adults (Naiman et al., 2004). Because of the great 
individual variation in diffusion in adults, it is recommended 
that topical CDV be used at a lower dose than the recommended 
intravenous dose to prevent any risk of systemic toxicity.

INTRAVESICAL ADMINISTRATION

The pharmacokinetics and safety of CDV administered via 
the intravesicular route to patients with hemorrhagic cystitis 
after allogeneic hematopoietic stem cell transplantation was 
evaluated (Aitken et al., 2016). Patients with obvious hema-
turia and confirmed BK or adenovirus viruria after trans-
plantation were prospectively enrolled in an open-label 
phar macokinetic study. Three hours after an oral probenecid 
dose (2 g), CDV (2.5–5 mg/kg in 50–100 ml of normal saline) 
was given via a transurethral catheter for up to 2 hours of 
dwell time. Serial plasma samples were obtained over 24 hours 

and assayed for CDV concentrations. Six subjects with base-
line serum creatinine < 1.4 mg/dl were enrolled. Mean values 
for volume of distribution, clearance, and elimination half-
life were, respectively, 19.5 l, 5.6 l/hour, and 2.8 hours. Compared 
with the reported AUC0–24 for an equivalent intravenous dose 
of CDV, intravesicular instillation of the drug resulted in 
1–74% of the corresponding systemic exposure. Only two 
patients were able to tolerate a 2-hour dwell time, and one 
patient developed a > 50% increase in serum creatinine within 
7 days of administration. Considering that intravesicular 
administration of CDV resulted in highly variable systemic 
exposures, the safety and efficacy of intravesicular CDV should 
be evaluated before routine use.

ORAL ADMINISTRATION

Acyclic nucleoside phosphonates possess a double negative 
charge at physiologic pH, resulting in poor oral bioavailabil-
ity; enter the cells very slowly by endocytosis; and have the 
tendency to concentrate in the renal proximal tubules, caus-
ing nephrotoxicity. To improve the pharmacokinetics of this 
class of antivirals, the dual negative charges were masked 
with dipivoxil on adefovir or with disoproxil fumarate on 
teno  fovir by Gilead Sciences. An alternative strategy to 
improve the pharmacokinetics and antiviral properties of 
acyclic nucleoside phosphonates, developed by Hostetler’s 
group, is based on the mask of acyclic nucleoside phospho-
nates as partially metabolized phospholipids. To design lipid 
analogs of this class of compounds with increased oral adsorp-
tion in the small intestine and improved cellular uptake and 
metabolism, the focus was given to lysophospholipid analogs 
because they can easily cross cellular membranes and desorb 
into the cytoplasm, where they are metabolized to their 
diphosphate forms. BrinCDV was designed to look like 
 lysophosphatidylcholine, a natural phospholipid metabolite, 
which is considerable adsorbed without hydrolysis. 

Oral administration of equimolar doses (17.8 μmole/kg) 
of [2-14C]-CDV or [2-14C]-BrinCDV to mice gave substan-
tially greater plasma levels with BrinCDV than with CDV. 
The Cmax for CDV was 0.8 μM and that of BrinCDV was 
2.3  μM; the AUC for BrinCDV was 12-fold greater than 
that of CDV. For BrinCDV, the relative oral bioavailability 
was estimated to be 88% and the t½ was 14.9 hours (Ciesla et 
al., 2003). Analysis of the plasma showed that about 50% of 
the radioactivity was intact CDV.

The CMX001-102 study was a randomized double-blind, 
placebo-controlled, parallel group, dose-escalating study in 
healthy volunteers designed to evaluate the safety and phar-
macokinetic parameters of BrinCDV after single and multi-
ple doses (Painter et al., 2012). BrinCDV was given orally as 
single doses ranging from 0.25 to 2.0 mg/kg body weight and 
multiple doses ranging from 0.1 to 1.0 mg/kg (three total 
doses, administered every 6 days). A total of 54 subjects (18 
in the placebo group and 36 in the BrinCDV group) enrolled 
and completed the single-dose phase of the study. In the 
multidose phase of the study, 30 individuals (10 assigned to 
receive placebo and 20 assigned to receive the active drug) 
were enrolled and 28 subjects completed the study. Of the 2 
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subjects who were withdrawn, one was due to adverse events 
and one due to a positive urine test for opiates. After a single 
dose, BrinCDV was readily absorbed, with the time to maxi-
mum plasma drug concentration (tmax) ranging from 2 to 3 
hours. Maximum plasma drug concentration and systemic 
exposure (AUC0–∞) increased approximately in proportion to 
doses over the range of 0.025 to 2.0 mg/kg. The t½z increased 
with increasing dose, ranging from 6.15 hours at 0.025 mg/
kg to 32.7 hours at 1.5 mg/kg, likely due to better definition 
of the elimination phase at higher doses. The rate of appear-
ance of CDV in plasma after a single dose of BrinCDV depended 
on the absorption rate of BrinCDV and the rate of conver-
sion of BrinCDV to CDV. The tmax of CDV ranged from 7 to 
15 hours and the Cmax of CDV increased somewhat less than 
in proportion to the dose, but the AUC increased approxi-
mately in proportion to the dose. The t½z increased from 24.2 
hours at 0.2 mg/kg to 63 hours at 2 mg/kg (again presumably 
because of a better definition of the elimination phase at 
higher doses). CDV exposure (AUC0–last) was dose propor-
tional. BrinCDV was undetected in urine, whereas CDV was 
detected as an elimination product of BrinCDV. In the 
plasma of all multidose subjects who were randomized to 
active study drug, quantifiable concentrations of BrinCDV 
were measured. A dose-proportional increase in plasma phar-
macokinetic (PK) parameters (Cmax and AUC) was generally 
found after BrinCDV administration over a range of 0.1 to 1.0 
mg/kg. After the third dose of BrinCDV, no significant accu-
mulation of the drug was observed after repeat dosing at 6-day 
intervals. Similar to BrinCDV, dose- proportional kinetics for 
CDV AUC values were seen on both day 0 and day 12.

5b.  Drug distribution

After a single intravenous CDV dose of 5 mg/kg with probe-
necid, the steady-state volume of distribution was 0.53 l/kg 
(Plosker and Noble, 1999). No information is available about 
specific tissue distribution. No studies have been performed 
on CDV distribution following topical administration of the 
drug.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Given parenterally, CDV exhibits dose-independent phar-
macokinetic features (Cundy et al., 1995). No pharmacody-
namic information is available for CDV. However, it should 
be noted that pharmacokinetic variables of plasma CDV do 
not reflect the in vivo duration of action of CDV because the 
antiviral effect depends on the intracellular concentrations 
of the active phosphorylated metabolites in cells (De Clercq, 
2003).

5d.  Excretion

More than 90% of an intravenous dose of CDV is recovered 
unchanged in the urine over 24 hours and there is no signif-
icant metabolism of the drug (Cundy, 1999). Concomitant 
oral probenecid results in a decrease in renal clearance of 

CDV and decreases the incidence of nephrotoxicity, indicat- 
ing that CDV is eliminated from the systemic circulation by 
both glomerular filtration and active tubular secretion (Cundy, 
1999). Tubular secretion of CDV (as well as adefovir and 
tenofovir) is mediated primarily by the human renal anion 
transporter hOAT1 (SLC22A6), with a minor contribution 
of hOAT3 (Uwai et al., 2007).

5e.  Drug interactions

Probenecid decreases the renal absorption of CDV and 
decreases its nephrotoxicity. It is possible that other drugs 
excreted by glomerular filtration and/or tubular secretion 
might also alter the renal excretion of CDV, but no data sup-
port that supposition.

Other nephrotoxic drugs (e.g. aminoglycosides, foscarnet, 
amphotericin B, dye contrast) cause synergistic nephrotoxic-
ity with CDV, and their co-administration is contraindicated, 
unless the benefits of co-administration would outweigh the 
potential harms.

6. ADVERSE REACTIONS AND TOXICITY

Most toxicity issues associated with CDV relate to its use in 
intravenous regimens.

6a.  Nephrotoxicity

CDV administration has caused nephrotoxicity in most spe-
cies in which it has been studied, including mice, rats, guinea 
pigs, rabbits, and monkeys. Guinea pigs appeared to be par-
ticularly susceptible to CDV-induced nephrotoxicity (Lalezari 
et al., 1995; Li et al., 1990; Polis et al., 1995; Safrin et al., 
1997). Animal studies have shown that less frequent dosing 
schedule (no more than once a week) may reduce the poten-
tial for nephrotoxicity while maintaining efficacy (Soike et 
al., 1991) and that the effects of CDV on proximal tubular 
cells could be ameliorated by concomitant administration 
of probenecid while CDV levels in other tissues remained 
unaffected (Cundy, 1999). Nephrotoxicity from CDV was 
also observed during the initial clinical studies with CDV in 
HCMV-infected patients (Lalezari et al., 1995; Lalezari et al., 
1996; Polis et al., 1995). Patients receiving weekly intra-
venous CDV at doses of 0.5 or 1.0 mg/kg did not have 
 evidence of significant drug-related nephrotoxicity (serum 
creatinine levels of ≥ 2.0 mg/dl) or other clinical or labora-
tory adverse reactions. CDV-related nephrotoxicity, similar 
to that seen in preclinical animal studies, was observed solely 
in patients with AIDS who received doses of 3.0 or 10.0 mg/
kg (Lalezari et al., 1996). In the Lalezari study, 12% of 
 cidofovir-treated patients had proteinuria, and 5% developed 
rises in serum creatinine concentration. In the parallel SOCA-
ACTG study, azotemia to some degree developed in 10 of 38 
CDV-treated patients (26%); the rates were equivalent in the 
low-dose and high-dose groups (Anonymous, 1997). Both of 
these studies used hydration and probenecid therapy to reduce 
the incidence of nephrotoxicity. In a retrospective study of 
patients with allogeneic stem cell transplants receiving CDV 
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for HCMV infections, about 25% of patients developed renal 
toxicity. More than half of these patients still showed signs of 
toxicity even after cessation of CDV treatment (Ljungman et 
al., 2001).

CDV nephrotoxicity is manifested by proteinuria; glycos-
uria; decreased serum phosphate, uric acid, and bicarbonate; 
increased serum creatinine; and degeneration and necrosis 
of the proximal renal tubule cells (Lalezari et al., 1994; Safrin 
et al., 1997). Proteinuria and creatinine elevations were dose 
proportional and were at least partially reversible after discon-
tinuation or interruption of therapy in most patients (Lalezari 
et al., 1997a; Lalezari et al., 1995; Lalezari et al., 1996; Lalezari et 
al., 1997b; Polis et al., 1995). The sequence of urine and serum 
chemistry abnormalities associated with CDV-related neph-
rotoxicity identified in the phase I/II clinical trials, as well  
as observations of the prolonged antiviral effect, led to 
modifications in the treatment regimen. This modified reg-
imen included concomitant administration of probenecid 
and hydration and extended dosing intervals (Lalezari et al., 
1996).

CDV nephrotoxicity is due to the fact that active uptake of 
the compound at the basolateral membrane of renal proxi-
mal tubular cells is faster than the efflux of CDV at the lumi-
nal side (i.e. into the urine), thereby causing accumulation of 
CDV or its metabolites in renal tubular epithelial cells (Cihlar 
et al., 1999). The human organic anion transporter 1 (hOAT1) 
was shown to interact with CDV as well as other acyclic 
nucleoside phosphonates, and it plays a critical role in the 
organ-specific toxicity of CDV (Cihlar et al., 2001; Cihlar et 
al., 1999; Ho et al., 2000). A more recent study showed that 
CDV (as well as adefovir and tenofovir) were substrates of 
hOAT3 and hOAT1, but quantitatively hOAT1 appeared to 
be the major renal transporter for these drugs (Uwai et al., 
2007).

In addition to intravenous hydration, accumulation of 
CDV in the renal tubular cells can be prevented by an infre-
quent treatment schedule; it should not be given in doses 
higher than 5 mg/kg (intravenously) once weekly for 2 weeks, 
followed by 5 mg/kg fortnightly. Co-administration of pro-
benecid, an inhibitor of organic anion transport that interferes 
with the transporter-mediated tubular uptake of CDV, also 
diminishes nephrotoxicity by decreasing the concentration 
of CDV and its metabolites in renal tubular epithelial cells 
(Lalezari et al., 1995; Lea and Bryson, 1996). Oral probenecid 
co-administration protected monkeys that received chronic 
intravenous CDV (Soike et al., 1991). Treatment guidelines 
have been developed to minimize the risk of nephrotoxicity, 
especially in patients with preexisting renal disease.

Masking of one of the negative charges on the phospho-
nate of CDV by esterification with HDP substantially reduced 
kidney uptake, which is the major dose-limiting toxicity of 
intravenous CDV in humans because the compound is con-
centrated by the organic anion transporter in renal proximal 
tubule cells (Izzedine et al., 2005). 

The study CMX001-202 demonstrated that BrinCDV was 
well tolerated at all doses, with no dose-limiting toxicity (Painter 
et al., 2012). It is important to note there was no evidence of 
nephrotoxicity or myelotoxicity. Only CDV was detected in 

urine, indicating that untransformed BrinCDV is not elimi-
nated by urinary excretion.

6b.  Uveitis

Uveitis was observed after intravenous CDV treatment in AIDS 
patients with HCMV retinitis who received highly active anti-
retroviral therapy (HAART) (Cochereau et al., 1999). Toxicity 
typically resolves with the discontinuation of CDV therapy.

6c.  Hematological toxicity

CDV probably has no hematologic or immunologic toxicity 
at the doses customarily used. However, in a study by Lalezari 
et al. (1997b), 6 (15%) of 41 CDV-treated patients developed 
neutropenia, which was also noted in the SOCA-ACTG study 
(Anonymous, 1997). The neutropenia observed in some AIDS 
patients on CDV was not dose related; rates during mainte-
nance treatment with either 5 or 3 mg/kg were similar to one 
another and similar to the rates observed in patients with 
advanced AIDS who were not receiving agents with obvious 
bone marrow toxicity (Lalezari et al., 1997b). CDV did not 
inhibit colony formation by human granulocyte- macrophage 
progenitor cells (Snoeck et al., 1990), lymphocyte responses to 
T-cell mitogens, or delayed-type hypersensitivity responses 
at drug concentrations that were therapeutic in animal model 
studies (Simecka et al., 1992).

6d.  Other adverse reactions

It is worth noting that administration of probenecid to reduce 
CDV nephrotoxicity may produce adverse reactions of its own. 
In one study, 56% of patients had adverse reactions attributable 
to probenecid (fever, chills, nausea, rash), and three of the 
41 patients discontinued treatment because of probenecid reac-
tions (Lalezari et al., 1997b). Similar observations were made 
in the SOCA-ACTG study (Anonymous, 1997).

6e.  Carcinogenesis

CDV was carcinogenic in rats. In a 26-week toxicology study 
evaluating once weekly subscapular subcutaneous injections 
of CDV in rats, mammary adenocarcinomas developed at 
doses as low as 0.6 mg/kg per week. In a 26-week intravenous 
toxicology study in which rats received 0.6, 3, or 15 mg/kg 
CDV once weekly, a significant increase in mammary adeno-
carcinomas in female rats as well as a significant incidence of 
Zymbal gland carcinomas in male and female rats were seen 
at the highest dose but not at the lower two doses. According 
to these studies, CDV should be considered to be a carcinogen 
in rats as well as a potential carcinogen in humans (Gilead 
Sciences, 2010).

6f.  Spermatogenic effects

Although CDV inhibited spermatogenesis in rats and mon-
keys, no adverse effects on fertility or reproduction were seen 
after once-weekly intravenous injections of CDV in male rats 
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for 13 consecutive weeks at doses up to 15 mg/kg per week. 
CDV was embryotoxic (reduced fetal body weights) in rats at 
1.5 mg/kg per day and in rabbits at 1.0 mg/kg per day, doses 
that were also maternally toxic after daily intravenous dosing 
during the period of organogenesis. In rabbits, an increased 
incidence of fetal external, soft tissue, and skeletal abnormal-
ities occurred at the high dose (1.0 mg/kg per day) that was 
also toxic to the mothers.

6g.  Adverse effects associated with topical 
cidofovir administration

Systemic side effects from topical or intralesional CDV 
administration are extremely rare, although local reactions 
(i.e. inflammatory responses) may occur at the application 
site (Zabawski 2000; Zabawski and Cockerell, 1998). In a phase 
II study of 1% CDV gel given topically for anogenital warts, 
the adverse reactions in the CDV and placebo-treated groups 
were comparable (Snoeck et al., 2001b).

Inflammation and/or erosions may occur at the site of 
application of CDV cream in patients (Calista, 2000b). Such 
erosions invariably heal and may actually reflect an effective 
response of the viral lesions to CDV treatment. In addition, 
topical application should not exceed a concentration of 1%. 
If CDV is applied at too high concentration over a too large 
surface of abraded skin, there is a risk of systemic toxicity, as 
illustrated by a case of acute renal failure in a bone marrow 

transplant recipient who was treated with topical CDV 4% 
for 12 consecutive days (Bienvenu et al., 2002).

7. CLINICAL USES OF THE DRUG

CDV is licensed for the treatment of HCMV retinitis in AIDS 
patients; however, it has been studied and used off-label for 
the treatment of several other DNA virus infections. The var-
ious uses of CDV are summarized in Table 216.5.

7a.  Human cytomegalovirus infections: 
patients with HIV infection

Cytomegalovirus retinitis is unusual in HIV-1 infected indi-
viduals unless the CD4 lymphocyte counts fall below 50 cells/
ml. Because of the introduction of combination antiretrovi-
ral chemotherapy for HIV-1 infection, HCMV retinitis has 
become a rare condition in developed countries. However, 
detection of HCMV in blood in HIV-1-infected patients has 
been associated with a poor prognosis, even in the era of 
patients receiving effective antiretroviral therapy (Deayton et 
al., 2004).

The activity of CDV in HCMV infections was first evalu-
ated in two phase I/II clinical studies (Lalezari et al., 1995; 
Polis et al., 1995; Safrin et al., 1997). These two studies were 
open-label dose-escalation studies in which HIV-infected 
patients with asymptomatic HCMV excretion were treated 

Table 216.5. Clinical uses of cidofovir (CDV): those either approved or supported by clinical data.

Route of administration Clinical indication

Systemic (intravenous) •  HCMV retinitis in AIDS patients (approved)
•  HSV-1, HSV-2, and VZV infections, particularly those that are resistant to acyclovir 

and/or foscarnet
•  CMV infections, particularly those that are resistant to ganciclovir due to mutations in 

the UL97 gene
•  EBV, HHV-6, HHV-7, and HHV-8 (Kaposi’s sarcoma) infections
•  Polyomavirus infections due to JC virus (progressive multifocal leukoencephalopathy) 

and polyoma BK virus (hemorrhagic cystitis and polyomavirus associated nephropathy)
•  Systemic adenovirus infections
•  Recalcitrant virus warts

Topical (gel/cream) •  Mucocutaneous HSV-1 or HSV-2 infections, particularly those that are resistant to 
acyclovir and/or foscarnet

Topical (gel/cream or injection) •  Human papillomavirus-associated papillomatous lesions
–  recurrent laryngeal papillomatosis
–  anogenital warts
–  common warts
–  cervical, vulvar, anal, penile intraepithelial neoplasia

Intralesional •  Virus warts

Systemic (intravenous) or topical (gel/cream) •  Molluscum contagiosum, orf and other poxvirus infections such as monkeypox and 
smallpox 

•  Complications of smallpox vaccine (vaccinia)

Topical (eyedrops) •  Keratoconjunctivitis due to HSV or adenovirus

Topical (intravitreal) •  CMV retinitis

Intravesical •  BK virus and adenovirus hemorrhagic cystitis

Abbreviations: HSV: herpes simplex virus; VZV: varicella-zoster virus; EBV: Epstein-Barr virus; HHV: human herpesvirus; CMV: cytomegalovirus.
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with doses of intravenous CDV, ranging from 0.5 to 10 mg/
kg. In these studies, antiviral activity could be shown in urine 
and semen at doses above 3 mg/kg while none of the patients 
evaluated cleared HCMV from blood.

Subsequently, two randomized controlled phase II/III 
clinical studies have been conducted to investigate the effect 
of the drug on median time to progression to HCMV retini-
tis in patients with AIDS (Lalezari et al., 1997b; Anonymous, 
1997). In the trial by the Studies of Ocular Complications of 
AIDS Research Group in collaboration with the AIDS Clinical 
Trials Group (SOCA-ACTG), patients with untreated HCMV 
retinitis were randomized to immediate treatment with one 
of two different doses of CDV or to deferred treatment given 
if and when retinitis progressed. The CDV groups received 
CDV at either a high dose (5 mg/kg once weekly for 2 weeks 
followed by 5 mg/kg every 2 weeks) or a low dose (5 mg/kg 
once weekly for 2 weeks followed by 3 mg/kg every 2 weeks). 
To minimize nephrotoxicity, both doses of CDV were given 
with the recommended hydration and probenecid. Both CDV 
regimens delayed the progression of previously untreated 
HCMV retinitis. The median time to progression in the deferred 
group was 21 days; it was 64 days in the low-dose group, and 
the median time to progression was not reached in the high-
dose group. After 3 weeks of CDV therapy, the frequency of 
HCMV viruria fell from about 65% to about 30% in both CDV 
treatment groups, while it was unchanged in the deferred 
group at 67%. Blood cultures were positive in roughly a third 
of patients, and viremia was not affected by CDV therapy 
(Anonymous, 1997).

In the study by Lalezari et al. (1997b), patients with the 
same characteristics as the SOCA-ACTG study subjects were 
randomized to receive either CDV (at the high dose used in 
the SOCA-ACTG study) or deferred treatment. The median 
time to progression in the deferred treatment group was sim-
ilar to that in the SOCA-ACTG study, 22 days (95% confi-
dence interval [CI]: 10–27) and for the treated group was 120 
days (95% CI: 40–134). In this study, three of the eight centers 
participating performed HCMV cultures on their patients, 
and there was a decrease in the proportion of patients who 
were HCMV culture positive, but details as to whether the 
cultures were of blood, or urine, or both were not provided. 
Because the incidence of HCMV extraocular disease in this 
population was low, as it has been in other clinical trials of 
drugs to treat HCMV infections, no information about the 
utility of CDV for treatment of HCMV infections at other 
sites was obtained.

Intravenous CDV was then evaluated in 150 patients with 
AIDS and HCMV retinitis that had progressed or was per-
sistently active despite treatment with ganciclovir, foscarnet, 
or both (Lalezari et al., 1998). This study compared two main-
tenance doses (3 or 5 mg/kg every two weeks) after an initial 
induction of 5 mg/kg once weekly for 2 weeks. Concomitant 
probenecid and intravenous hydration were administered 
with each CDV dose. CDV delayed progression of HCMV ret-
initis for these patients. Median time to retinitis progression, 
as assessed by retinal photography, was not reached in the 
5 mg/kg group, and was 49 days in the 3 mg/kg group. Based 

on the better results obtained with the 5 mg/kg maintenance 
therapy, this schedule was chosen as standard treatment 
for HCMV retinitis in AIDS patients. Maintenance therapy 
at 3 mg/kg every two weeks was recommended for patients 
with mildly impaired renal function or for those previously 
treated with nephrotoxic drugs (Safrin et al., 1997).

Another SOCA-ACTG study compared CDV given intra-
venously to ganciclovir intraocular implant plus oral ganciclo-
vir. The two treatments were similarly effective in controlling 
HCMV retinitis in patients with AIDS also receiving highly 
active combination antiretroviral chemotherapy (Anonymous, 
2001). Retinitis progression occurred at a rate of 0.67 per 
person-year in the ganciclovir group and 0.71 per person-year 
in the CDV group. Similarly, no differences in a loss of visual 
acuity were observed between the ganciclovir and CDV groups.

Combination therapy with intravenous CDV and oral 
ganciclovir was studied in eight AIDS patients with HCMV 
retinitis included in a phase I study (Jacobson et al., 1999). 
Three patients developed limiting adverse ocular effects 
whereas only one patient had retinitis progression. No fur-
ther study was designed to explore a more optimal schedule 
of administration.

Intraocular administration of CDV has been tested as a 
possible option, but due to the frequent occurrence of severe 
adverse effects, this approach was abandoned (Plosker and 
Noble, 1999).

7b.  Human cytomegalovirus  
infections—transplant recipients

Ljungman et al. (2001) conducted an extensive retrospective 
study of 82 patients to collect information on the role of 
CDV in treatment of HCMV infections in allogeneic stem 
cell transplant recipients. The indications for therapy were 
HCMV disease (20 patients), primary preemptive therapy 
(24 patients), and secondary preemptive therapy (38 patients). 
Half of the patients treated for HCMV disease (pneumonia, 
gastrointestinal disease, hepatitis, and encephalitis) including 
9 of 16 with HCMV pneumonia responded to CDV therapy. 
Further, 25 of 38 patients given secondary preemptive ther-
apy (treatment based on early laboratory evidence of HCMV 
infection or reactivation) and 62% of the patients in whom 
CDV was used as primary preemptive therapy responded to 
therapy. About 25% of patients developed renal toxicity; for 
more than half of these patients, the condition persisted after 
cessation of the treatment. Ljungman et al. (2001) recom-
mended additional studies, to clarify the potential role of CDV 
in the preemptive therapy of HCMV infections in this group 
of patients. They considered CDV as second-line treatment 
for those patients failing to answer classic anti-CMV treat-
ment based on ganciclovir and/or foscarnet.

Other studies targeting similar groups of patients have 
been conducted, all with a relative small number of patients, 
but suggesting similar conclusions (Cesaro et al., 2005; Chak-
rabarti et al., 2001). In another prospective study of 56 hema-
topoietic stem cell transplant recipients of whom 14 were 
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treated with preemptive CDV, the authors concluded that CDV 
could be used as first-line therapy, especially in patients with 
low HCMV DNA concentrations in plasma. Early adminis-
tration of CDV was not complicated by renal toxicity, and the 
relatively infrequent dosing required with CDV (weekly or 
every other week) allowed many of the patients to be treated 
in an outpatient setting (Bosi et al., 2002). A similar observa-
tion was reported by Platzbecker et al. (2001); a moderate tox-
icity rate was reported, mostly renal, but always reversible.

Taken together, the data from these studies suggest that 
the role of CDV for patients with bone marrow and stem cell 
transplants developing HCMV infections should probably be 
defined on the basis of additional, larger studies. However, 
these are unlikely to be funded by the manufacturer, given 
the imminent expiry of the CDV patents; CDV analogs (e.g. 
CMX001) may replace CDV for these indications (Beadle et 
al., 2002; Bidanset et al., 2004).

BrinCDV has been evaluated for its safety and anti-
HCMV activity in patients who had undergone allogeneic 
hematopoietic-cell transplantation (Marty et al., 2013). In 
this study a total of 230 adult HCMV-seropositive transplant 
recipients from 27 centers were enrolled and randomly 
assigned to oral administration of BrinCDV or placebo. The 
patients were randomized to evaluate the study drug in five 
sequential dose-escalating placebo-controlled cohorts and 
were given BrinCDV after engraftment for 9–11 weeks, until 
week 13 posttransplantation. Analysis of HCMV DNA in 
plasma was performed weekly by polymerase chain reaction 
(PCR); patients in whom HCMV DNA was detected at a level 
that required treatment discontinued BrinCDV and received 
preemptive treatment against HCMV infection. The primary 
end point was a HCMV event (defined as HCMV disease or 
a plasma HCMV DNA level > 200 copies/ml when the study 
drug was discontinued). Approximately 42% of patients in 
the placebo arm had positive HCMV DNA during treatment 
administration; for the patients receiving BrinCDV, the per-
centages by dosage were 40% on 40 mg/week, 22% on 100 
mg/ week, 18% on 200 mg/week, 7% on 200 mg twice weekly, 
and 8% on 100 mg twice weekly. The incidence of HCMV 
events was significantly lower among patients who received 
BrinCDV 100 mg twice weekly than those who received pla-
cebo; and this dose was well tolerated. The most common 
adverse event in patients receiving BrinCDV at doses of 
200 mg weekly or higher was diarrhea, making the dose limit 
200 mg twice weekly. It is important to note that myelosup-
pression and nephrotoxicity were not observed. Notably, in 
this study, mutations known to be associated with drug resis-
tance were not detected in BrinCDV-treated subjects. The 
identified substitutions the HCMV DNA polymerase did not 
alter the sensitivity to HCMV antivirals in vitro, indicating 
that these changes are linked to interstrain variability unre-
lated to BrinCDV resistance.

The results of a phase III randomized double-blind 
placebo- controlled, parallel-group, multicenter study of the 
safety, tolerability, and efficacy of BrinCDV for the preven-
tion of HCMV in seropositive hematopoietic stem cell trans-
plant recipients, called SUPPRESS, were reported by Chimerix 
last year (clinical trial NCT01769170). The primary end 

point for SUPPRESS (i.e. prevention of clinical CMV infec-
tion through the first 24 weeks posttransplant) was not 
achieved. A clear antiviral effect was seen at the end of the 
on-treatment period at week 14 after transplantation, consis-
tent with the antiviral effect of BrinCDV observed in the 
phase II study. However, at week 24 pottransplantation, the 
proportion of patients with clinically significant HCMV infec-
tion was similar in the BrinCDV (51%) and placebo (51%) 
groups. The failure of the SUPPRESS study to achieve the 
primary end point could be explained by the higher number 
of confirmed cases of graft-versus-host-disease (GvHD) in 
the BrinCDV group, which meant the higher use of cortico-
steroids than in the placebo arm. The use of corticosteroids 
and other immunosuppressive therapies for management 
of GvHD increases the risk of infection, including HCMV 
infections.

In light of the unexpected negative results obtained in the 
SUPPRESS clinical trial, Chimerix paused enrollment for 
two other phase III trials of BrinCDV for the prevention of 
HCMV in kidney transplant patients, SUSTAIN (clinical trial 
NCT02439970) and SURPASS (clinical trial NCT02439957), 
for which enrollment was initiated in October 2015. In the 
SUSTAIN trial, 750 patients who are HCMV seronegative 
(R−) who received a HCMV positive (D+) kidney were 
planned to be evaluated. The SURPASS trial was designed to 
evaluate 520 HCMV seropositive (R+) kidney transplant 
recipients. The goals of these studies was to demonstrate the 
ability of BrinCDV to preventing HCMV disease versus the 
current standard of care and to show a potential positive 
impact of the drug on improved graft function.

7c.  Herpes simplex virus infections

CDV was initially described as a topical drug for the treat-
ment of severe, mucocutaneous, antiviral drug-resistant HSV 
infections in two immunocompromised patients (Snoeck 
et al., 1993; Snoeck et al., 1994a). The first patient had an 
aciclovir-resistant HSV-2 infection and the second, an HSV-1 
infection resistant to both aciclovir and foscarnet. Lesions of 
both patients responded completely to local applications of 
1% CDV cream, but recurrences with wild-type virus were 
observed after treatment. In both patients the wild-type viruses 
were successfully treated with aciclovir but in the patient 
presenting with mucocutaneous HSV-2, anogenital infection 
relapsed with an aciclovir-resistant HSV that was successfully 
treated with CDV. CDV-resistant virus was never detected. 
Similar cases successfully treated with intravenous CDV have 
been reported (Kopp et al., 2002; Lalezari et al., 1994). The 
lesions responded to the therapy, and any relapses seen after 
treatment interruption responded to retreatment with CDV.

Two studies evaluated the CDV susceptibility of HSV iso-
lates recovered from allogeneic stem cell transplant patients 
(Chakrabarti et al., 2000; Chen et al., 2000). In these two 
studies, none of the clinical strains isolated (including iso-
lates resistant to aciclovir and/or foscarnet) were resistant in 
vitro to CDV, even those isolated from patients without a 
complete clinical response to CDV therapy (only three out 
of seven patients achieved complete response) (Chen et al., 
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2000). Several other case reports mentioned successful treat-
ment with topical or systemic CDV in similar conditions (De 
Clercq, 2003; Snoeck and De Clercq, 2002). A recent case 
report described successful use of CDV for treatment of 
coinfection with polyomavirus BK and antiviral-resistant HSV 
(Andrei et al., 2007b).

A randomized, double-blind, placebo-controlled trial of 
CDV gel for the treatment of aciclovir-unresponsive HSV 
infections in 30 patients with AIDS showed that CDV ther-
apy accelerated healing, shortened the duration of viral shed-
ding, and reduced pain (Lalezari et al., 1997a). CDV (0.3% or 
1%) or placebo gel was applied once daily for 5 days. A total 
of 10 of 20 CDV-treated and none of 10 placebo-treated 
patients had complete healing or > 50% decreased area (p = 
0.01); 30% of CDV-treated patients and none of placebo 
recipients had complete healing. Viral shedding ceased in 
13 of 15 CDV-treated and in none of the 9 placebo-treated 
patients. For CDV-treated patients, median time to complete 
or good response was 21 days and median time to negative 
viral culture was 2 days.

A study in nonimmunocompromised patients with recur-
rent genital herpes compared three potencies of CDV gel 
(1%, 3%, and 5%) with a placebo. The study gel was applied 
once within 12 hours of lesions appearing. CDV gel signifi-
cantly reduced the median time to negative virus culture in a 
dose-dependent manner (3 days in the placebo group versus 
2.2, 1.3, and 1.1 days in the 1%, 3%, and 5% CDV gel treat-
ment groups, respectively); although there was a trend toward 
a reduction in the median time to complete healing (5.0 days 
in the placebo group versus 4.3, 4.1, and 4.6 days in the 1%, 
3%, and 5% CDV gel treatment arms, respectively) the differ-
ences were not significant (Sacks et al., 1998).

7d.  Epstein-Barr virus infections

Epstein-Barr virus (EBV) infections are associated with 
lympho proliferative disorders, a life-threatening complication 
of hematopoietic stem cell transplantation. Posttransplant 
lym phoproliferative disorders (PTLDs) represent a heteroge-
neous group of abnormal lymphoid proliferation related to 
EBV reactivation. A case was reported in which treatment 
with CDV together with rituximab (anti-CD20 monoclonal 
antibody) led to complete remission of an EBV-associated 
lymphoma of the central nervous system (Hanel et al., 2001). 
A similar observation was reported a few years later with, in 
addition, intrathecal injection of methotrexate and methyl-
prednisolone in a patient who developed EBV-related PTLD 
with central nervous system involvement (Nozzoli et al., 2006).

Based on these case reports, a large study was conducted 
in hematopoietic stem cell transplant recipients with EBV-
associated lymphoproliferative disorders, a life-threatening 
complication in this group of patients. Meerbach et al. (2008) 
studied a combination of rituximab and CDV as preemptive 
therapy for stem cell transplant patients with early laboratory 
evidence of EBV reactivation. Of the 123 patients screened 
prospectively for EBV reactivation, 31 (25%) developed > 103 
EBV genomic DNA copies per 105 peripheral blood mono-
nuclear cells (PBMC) (all but 1 of these patients had preexist- 

ing evidence of EBV infection). A total of 3 patients developed 
lymphoproliferative disease, with > 105 EBV DNA copies per 
105 PBMC and EBV DNA in plasma (increases in EBV DNA 
were seen 1–4 weeks before clinical findings). Of these, 2 
patients responded to CDV and rituximab with dramatic 
decreases (> 1000-fold) in EBV DNA and survived, whereas 
the remaining patient died of lymphoma. Subclinical EBV 
reactivation was seen in 24 cases (103.4 to 104 copies of EBV 
DNA per 105 PBMC), and they responded to decreased immu-
nosuppression. Another 4 patients who were asymptomatic but 
had persistently very high EBV DNA concentrations (≥  104.9 
copies per 105 PBMC) were given preemptive treatment with 
CDV and rituximab without decreasing immuno suppression, 
and EBV DNA concentrations in PBMC decreased remark-
ably (no further information provided by the authors) (Meer-
bach et al., 2008). Taken together, these reports suggest that a 
combination of rituximab and CDV may be a safe and effec-
tive treatment for EBV-associated PTLD.

Studies in a murine model suggested that CDV might be 
effective treatment for EBV-related nasopharyngeal carci-
noma (Neyts et al., 1998). Two patients treated by local injec-
tions of CDV into the nasopharyngeal tumor were reported 
as having responded to the treatment. There was a reduction 
in the tumor cell population but no clear antiviral activity 
(no change in EBV-DNA copy number), suggesting an anti-
proliferative effect rather than an antiviral effect (Yosh izaki et 
al., 2008). There is also anecdotal evidence of the efficacy of 
CDV in the treatment of oral hairy leukoplakia, which is due 
to EBV infection (Lalezari et al., 1995).

7e.  Human herpesvirus 8 infections 
(Kaposi’s sarcoma) 

Human herpesvirus 8 is the cause of several proliferative 
diseases of which Kaposi’s sarcoma is probably the most 
frequent and best known. The limited case studies of CDV 
therapy of Kaposi’s sarcoma concluded that CDV was inac-
tive, even when injected directly into the cutaneous tumor 
(Hammoud et al., 1998; Little et al., 2003; Simonart et al., 
1998a; Simonart et al., 1998b). In contrast, complete remis-
sion has been reported in patients with primary effusion 
lymphoma (a B-cell malignancy associated with Kaposi’s sar-
coma) who were treated with CDV intracavity. This may be 
explained by the higher amount of cells undergoing lytic rep-
lication in primary effusion lymphoma compared to Kaposi’s 
sarcoma (Halfdanarson et al., 2006; Luppi et al., 2005; Stingaciu 
et al., 2010).

7f.  Adenoviruses infections

In immunocompromised patients, especially those with 
hematopoietic stem cell transplants, adenoviruses are a fre-
quent cause of morbidity and mortality, and CDV is the only 
approved antiviral drug that has consistent activity toward 
adenoviruses. Invasive adenovirus disease is fatal in > 50% of 
allogeneic stem cell transplant recipients. Several case reports 
(Ribaud et al., 1999) and small uncontrolled studies (Bor-
digoni et al., 2001; Hoffman et al., 2001; Legrand et al., 2001; 
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Ljungman et al., 2003; Neofytos et al., 2007) emphasize the 
potential usefulness of CDV for the treatment of adenovirus 
infections.

Ribaud and collaborators (1999) reported treatment with 
intravenous CDV (5 mg/kg/week for 2 weeks and then every 
2 weeks for a total of five doses, with concomitant probene-
cid) successfully suppressed adenovirus disease in an alloge-
neic stem cell transplant recipient. This case report was the 
first indication that CDV might be effective for treatment of 
adenovirus infections (Ribaud et al., 1999). In a phase I/II 
study, seven children immunosuppressed due to allogeneic 
stem cell transplantation who developed adenovirus gastro-
intestinal diseases, including one patient who also had hem-
orrhagic cystitis, were treated with CDV (5 mg/kg i.v. once 
weekly for 3 weeks and then every 2 weeks). Diarrhea, cysti-
tis, and fever improved in five patients in whom the virus also 
became undetectable (by cell culture and by PCR), despite 
the persistence of immunodeficiency (Legrand et al., 2001).

In a retrospective study of 303 patients who had under-
gone allogeneic stem cell transplantation, 35 were identified 
with posttransplant adenovirus infection (Bordigoni et al., 
2001). Among them, 22 received specific therapy with ribavirin 
(18 patients), vidarabine (1 patient), or CDV (3 patients). The 
two patient groups (treated and untreated) were not compara-
ble because the former included more patients with risk fac-
tors. Among treated patients, 7 survived: 3 of 13 who received 
ribavirin alone and 2 of 3 who received CDV. Ribavirin and 
vidarabine were ineffective options, particularly for patients 
who are at high risk of acquiring disseminated adenovirus 
disease. In contrast, CDV appeared to be an encouraging 
approach if initiated early.

In a prospective trial to evaluate CDV in the treatment of 
adenoviral infections in allogeneic stem cell transplant recip-
ients, eight patients were enrolled on a dosage schedule of 
1 mg/kg three times weekly (Hoffman et al., 2001). All patients 
achieved long-term viral suppression and clinical improve-
ment; no dose-limiting nephrotoxic effects were noted, and 
discontinuation of the drug was not necessary in any of the 
patients.

Ljungman et al. (2003) reported on a retrospective analy-
sis of 45 patients treated with CDV for adenovirus infections 
in 10 centers. The success rate was 63% in patients with defi-
nite adenovirus disease compared to 77% in patients with 
probable disease and 81% when CDV was given as preemp-
tive therapy for an asymptomatic adenovirus infection. Renal 
toxicity was seen in 31% of the patients, but was described as 
mild and reversible.

In a study including 6 consecutive cases of invasive ade-
novirus disease treated with CDV among 84 allogeneic adult 
stem cell transplant recipients (incidence 7.1%), it was con-
cluded that early treatment of adenovirus disease with CDV 
inhibited viral replication and reduced mortality in this patient 
population (Neofytos et al., 2007). CDV was administered 
intravenously at 5 mg/kg per dose every 2 weeks (1–7 doses). 
The primary manifestations of adenovirus disease were hep-
atitis, colitis, and nephritis. All patients had detectable ade-
novirus plasma viral loads (assessed by quantification of 

adenovirus DNA), with peak values from 5 × 105 to 2 × 108 
copies/ml. Only 1 of 5 patients (20%) who received at least 
two doses of CDV died with active adenovirus disease. Another 
4 patients improved within days of treatment with CDV 
(documented by clinical criteria and reduction in adenovirus 
viral loads).

Anderson et al. (2008) reported a prospective study assess-
ing preemptive CDV therapy of high-risk adenovirus infec-
tions (include isolation of adenovirus from multiple body 
sites and adenoviremia) in children undergoing allogeneic stem 
cell transplantation. Children developing high-risk adenovi-
rus infections were treated preemptively with CDV 1 mg/kg/
day three times weekly for 3 weeks. A total of 7 (18%) of the 
38 subjects developed high-risk adenovirus infections within 
100 days of transplantation, and the adenovirus infections in 
all 7 patients resolved without renal toxicity. CDV was not 
completely effective in clearing viral cultures or in prevent-
ing subsequent detection of adenovirus from a single site. 
Nevertheless, none of these patients was retreated, and the 
infection resolved spontaneously.

Adenovirus infections after transplantation have been doc-
umented in all categories of solid organ transplant recipients 
and can cause asymptomatic infection or lead to dissemi-
nated disease, graft dysfunction, and death. As in hemato-
poietic stem cell recipients, adenovirus infections in solid 
organ transplant recipients appear to be more common in 
pediatric patients and some data are available on CDV treat-
ment as case reports or case series: one renal transplant 
patient with hemorrhagic cystitis (Keswani and Moudgil, 
2007), one liver transplant recipient with disseminated ade-
novirus (Carter et al., 2002), four lung transplant recipients 
with adenovirus pneumonia (Doan et al., 2007), and two 
liver transplant recipients with disseminated adenovirus and 
acute respiratory distress syndrome (Wallot et al., 2006). In 
most of these studies, the use of CDV appeared to be asso-
ciated with clinical improvement and viral clearance, with-
out dose-limiting toxicity. However, Seidemann et al. (2004) 
report that three orthoptic liver transplant recipients with 
disseminated disease and high viral loads died despite the 
initiation of CDV therapy. It is likely that fewer solid organ 
transplant recipients than those receiving stem cells will need 
to be treated, but in cases of disseminated disease, therapy 
may be beneficial.

Eight immunosuppressed patients (three hematopoietic 
stem cell recipients, two liver–small bowel transplant recipi-
ents, one liver transplant recipient, one patient with SCID, 
and one patient with a T-cell deficiency) with adenoviremia 
and invasive adenovirus disease were monitored for response 
to CDV treatment (5 mg/kg/week for 2 weeks, then every other 
week) (Leruez-Ville et al., 2004). Five patients clearly responded 
clinically and virologically to CDV (median decrease in the 
adenovirus load 1.4 log10 DNA copies/ml after the first CDV 
infusion, and 3.0 log10 copies/ml after the second infusion; 
the virus was no longer detected in blood samples after a 
median duration of 92 days). The three other patients had 
persistent but stable viral loads and finally died. Of note, 
there was a delay between onset of symptoms and initiation 
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of CDV therapy in the five patients who had a good outcome 
(median interval 5 days) and the three patients who died 
(median interval 18 days).

Despite topical CDV having been proven effective against 
adenovirus and HSV keratoconjunctivitis in animal models, 
it has not been intensively pursued for the corresponding 
indications in human beings. There is a case report of the 
successful use of 0.2% CDV in the treatment of the acute 
phase of adenoviral conjunctivitis (Gordon et al., 1996), but 
a larger study failed to show statistical significant benefit of 
topical CDV 1% in patients with adenoviral conjunctivitis 
(Hillenkamp et al., 2002).

The majority of the published data on the therapeutic use 
of CDV for adenovirus disease suffer from major limitations, 
including small and heterogeneous patient cohorts, different 
time points of treatment, variable organ involvement and 
retrospective analysis (Matthes-Martin et al., 2013). Despite 
these limitations, CDV is currently the primary antiviral 
agent for the treatment of adenovirus infections in immuno-
compromised patients with adenovirus disease, despite the 
fact that this drug can be associated with substantial nephro-
toxicity. For induction therapy, CDV is used at a dose of 
5  mg/kg/week for 2 weeks and 5 mg/kg every other week 
thereafter or 1 mg/kg three times a week (Matthes-Martin et 
al., 2013). 

Data on the clinical effectiveness of BrinCDV against ade-
novirus infections are still very limited. The lipid conjugate 
of CDV eradicated a disseminated adenovirus serotype 2 
infection in a pediatric allogeneic hematopoietic stem cell 
transplant patient (Paolino et al., 2011). In a retrospective 
study that included 13 patients who received BrinCDV as 
salvage therapy for disseminated disease, no serious adverse 
events were attributed to BrinCDV therapy (Florescu et al., 
2012). The overall survival after starting therapy in respond-
ers (n = 9) and nonresponders (n = 4) to BrinCDV was sig-
nificantly different (median survival was 196 days in the 
complete responders and 54.5 in the nonresponders).

BrinCDV is being evaluated for safety and efficacy against 
adenovirus infection. A phase III open-labeled multicenter 
study of the safety and efficacy of BrinCDV in the treatment 
of early versus late adenovirus infection trial was initiated 
in  March 2014 by Chimerix (clinical trial NCT02087306, 
AdVise study). Preliminary clinical data appeared to be 
promising and support further clinical testing (Wold and 
Toth, 2015). These preliminary results from 26 subjects 
enrolled in the pilot portion of AdVise showed mortality 
rates of < 40% across subjects with limited and disseminated 
adenovirus. These are lower mortality rates than those in the 
literature for disseminated adenovirus disease. Furthermore, 
adenovirus viremia was suppressed to undetectable levels in 
over half of enrolled subjects. No new safety concerns were 
identified (Grimlet et al., 2015).

7g.  Poxvirus infections

CDV almost certainly has clinical utility for treatment of pox-
virus infections, based on in vitro and animal models, although 

it is not approved by regulatory agencies for that indication 
and clinical data are minimal and limited to case reports.

CDV has been stockpiled for possible use in the therapy 
and short-term prophylaxis of smallpox in case of a bioter-
rorism attack (Cono et al., 2003). Further, in the event that 
vaccinia immunization is reinstituted, anti-poxvirus agents 
should be effective for treatment of vaccination complications 
(e.g. progressive disseminated vaccinia, vaccinia gangreno-
sum). Based on the data obtained in experimental animal 
models, CDV may be expected to be effective in the therapy 
as well as the pre- and postexposure prophylaxis of smallpox, 
monkeypox, and vaccinia virus infections in humans.

Monkeypox has been considered as an emerging zoonosis 
after the virus was introduced into the USA, and infected 
prairie dogs in turn infected clusters of patients in the Midwest 
(Anderson et al., 2003; Bernard and Anderson, 2006; Di Giulio 
and Eckburg, 2004; Kile et al., 2005). Although there are no 
clear clinical data on the usefulness of CDV in such patients, 
CDV can be used if there is emergence of a monkeypox out-
break because CDV was found to decrease morbidity and 
mortality associated with this infection in two animal mod-
els (Smee, 2008; Smee and Sidwell, 2003). Primates treated 
with a single dose of CDV on the day of infection were com-
pletely protected from clinical and laboratory signs of dis-
ease (Huggins et al., 1998; Huggins et al., 2006).

The clinical data supporting the efficacy of CDV for treat-
ment of patients with recalcitrant molluscum contagiosum is 
relatively strong, albeit also based only on case series. Meadows 
and collaborators (1997) reported three HIV-infected patients 
with extensive molluscum contagiosum, two of whom received 
intravenous CDV and one of whom received topical CDV. 
The two patients were given CDV for HCMV retinitis, and 
over the 1–2 months of therapy, the molluscum contagiosum 
lesions resolved completely. At 1 month after beginning ther-
apy with topical CDV (3% cream; once daily, 5 days per week 
for 2 weeks), the lesions regressed completely. Moderate 
inflammation appeared during the second week of therapy; 
but 1 month after therapy, neither molluscum contagiosum 
lesions nor residual inflammation was noted (Meadows et al., 
1997). Topical application of CDV as a 1% or 3% cream also 
resulted in complete and durable resolution of extensive mol-
luscum contagiosum lesions in a boy with Wiskott-Aldrich 
syndrome (Davies et al., 1999), in two otherwise healthy chil-
dren (Zabawski and Cockerell, 1999) and in two HIV-infected 
children (Toro et al., 2000). Two case reports demonstrated 
the efficacy of intravenous CDV in the treatment of giant 
molluscum contagiosum in immunocompromised patients 
(Erickson et al., 2011; Foissac et al., 2014).

A case of giant orf (ecthyma contagiosum) in an immuno-
suppressed patient was successfully treated with CDV (Geerinck 
et al., 2001). Topical treatment with 1% CDV cream (five 
cycles of 5 days with and 5 days without treatment) resulted 
in complete resolution of the lesion, with only granulation 
left. After some signs of recurrence, the lesion was treated 
with another two courses of CDV cream, affording a com-
plete cure. Contrary results were obtained in another case 
in which topical and intralesional CDV treatment failed to 
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resolve progressive orf virus lesions in a 73-year-old woman 
with non-Hodgkin’s lymphoma (Lederman et al., 2007). The 
patient’s orf virus infection was successfully treated with top-
ical imiquimod, despite progression of her malignancy.

BrinCDV has been used to manage a disseminated vac-
cinia virus infection in a patient who was vaccinated for 
smallpox and later found to have leukemia (Lederman et al., 
2012). The patient was treated for 21 days with vaccinia 
immunoglobulin, oral and topical ST-246, and granulocyte 
colony-stimulating factor (G-CSF). Although the patient 
developed ST-246 resistance during treatment, he had reso-
lution of progressive vaccinia. However, the recovery cannot 
be exclusively ascribed to BrinCDV because the patient was 
treated with multiple agents.

7h.  Papillomavirus infections

Numerous high-quality studies have shown that topical CDV 
is effective treatment for warts, although these studies do not 
dissociate the antiviral effects of the drug from the antiprolif-
erative effects (see section 3, Mechanism of drug action).

The efficacy of topical CDV for treatment of anogenital 
HPV infections was first shown in three AIDS patients with 
severe relapsing penile, perigenital, intraanal, or vulvar con-
dylomata. After topical applications of CDV, the lesions com-
pletely regressed, and the patients remained disease free during 
the 6–12 months of followup (Snoeck et al., 1995).

Two further randomized placebo-controlled trials showed 
that topical CDV (1% cream) was effective for treatment of 
genital warts in AIDS patients (Matteelli et al., 2001) and 
nonimmunocompromised patients (Snoeck et al., 2001b). 
CDV (1% gel) was effective for treatment of anogenital warts 
in a phase II double-blind placebo-controlled study, and the 
side effects in the CDV and placebo-treated groups were 
comparable (Snoeck et al., 2001b).Among 30 immunocom-
petent patients, 19 received CDV and 11 received placebo. A 
total of 9 (47%) of 19 patients in the CDV group had a com-
plete response (total healing), compared with none of the 
patients in the placebo group (p = 0.01, Fisher exact test). 
None of the patients in the CDV group experienced progres-
sion of the disease, compared with 5 (45%) of 11 patients in 
the placebo group. The side effects for both groups were 
comparable (Snoeck et al., 2001b). A randomized placebo- 
controlled single-blind crossover pilot study of either 1% CDV 
cream or placebo applied once daily 5 days a week for 2 
weeks followed by 2 weeks of observation was performed in 
HIV-infected patients (Matteelli et al., 2001). The study com-
pared 12 treatment rounds of CDV with 6 rounds of placebo. 
A reduction of more than 50% in the total wart area was 
achieved by 7 CDV treatments (58%), as compared with 
none in the placebo regimen. Local reactions occurred in 10 
of the 12 patients treated with CDV compared to none of the 
6 subjects in the placebo group. It was concluded that for  
the initial clearance of anogenital warts in HIV-infected 
patients, 1% CDV cream is significantly more effective than 
vehicle cream.

An open randomized prospective study indicated that 1% 
topical CDV gel was more effective than surgical excision by 

electrocautery in preventing recurrences of genital warts in 
patients with AIDS, whereas the combination of the two 
approaches was most effective in clearing lesions completely 
and in reducing the relapse rate (Orlando et al., 2002).

A group of patients treated with CDV for anogenital con-
dylomata was compared with a group treated by electrocoag-
ulation; the authors concluded that topical applications of 
CDV were active in a majority of patients with such lesions 
(Coremans et al., 2003). Following these studies, CDV may 
be recommended as a valuable adjuvant to the surgical treat-
ment of anogenital condylomata (Coremans et al., 2003). 
CDV has increasingly been used as therapy for severe recur-
rent anogenital warts associated with the low-risk HPV types 
(Coremans and Snoeck, 2009; Gormley and Kovarik, 2012). 
The potential role of topical CDV in maintaining remission 
of giant condyloma acuminatum in an immunocompromised 
host, used in conjunction with surgical excision and high-
dose interleukin 2 immunotherapy, has been also described 
(Nambudiri et al., 2013).

CDV formulated as a gel proved also safe and effective for 
the treatment of HPV-related epithelial hyperplasia in the 
oral cavity in HIV-positive patients (Calista, 2000a; Collette 
and Zechel, 2011; Husak et al., 2005) 

An initial study with CDV 1% topical gel also pointed to 
its efficacy in the treatment of grade III cervical intraepithe-
lial neoplasia (CIN III) (Snoeck et al., 2000). In this study of 
15 women with biopsy-proven CIN II–III, CDV 1% in gel 
was applied three times every other day on the cervix before 
the cervix was removed surgically. The histology of 7 women 
showed a complete response, 5 patients had a partial response 
characterized by the persistence of CIN II–III lesions, 1 patient 
had a dysplasia of lower grade (CIN I), and 2 patients did not 
show differences in the histology. Of the 7 patients with com-
plete response histologically, 4 showed complete clearance of 
the virus as determined by PCR. CDV was not toxic to the 
normal epithelium. CDV 1% gel was able partially or com-
pletely to inhibit cervical dysplasia lesions after only three 
applications (every other day). Other case reports have con-
firmed the successful treatment with topical CDV of intraepi-
thelial neoplasias, such as multiple vaginal and anal neoplasias 
in a renal recipient (Bonatti et al., 2007), and recurrent vul-
var neoplasia resistant in an immunocompetent woman 
(Koonsaeng et al., 2001). 

Results of a phase II double-blind prospective placebo- 
controlled study of topical treatment of CIN II+ by CDV has 
been reported (Van Pachterbeke et al., 2009). A total of 53 
women with a biopsy-proven CIN II+ were randomly assigned, 
6 weeks before their scheduled conization, either three appli-
cations of 2% CDV in IntraSite gel or placebo. Of these, 48 
patients (23 CDV and 25 placebo) were treated and followed 
according to the protocol. A total of 14 of the 23 cones were 
free of any CIN (60.8%) in the CDV-treated group, whereas 
only 5 of 25 cones were free of any CIN (20%) in the placebo 
group (p < 0.01). More frequent viral clearance in the CDV 
group was seen than in the placebo group, but the difference 
was significant only when evaluated by in situ hybridization 
and not by Hybrid Capture 2. No systemic toxicity was 
observed and cervicovaginal side effects of CDV were limited 
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(not statistically different from placebo). It was concluded 
that the medical topical treatment with CDV could not be 
considered at this point as a replacement for conization, but 
the drug is a promising candidate for topical chemotherapy 
of CIN II+ lesions and a larger prospective randomized study 
is needed to confirm the results.

In a recent pilot clinical trial, the efficacy of 1% topical 
CDV cream for the treatment of anal high-grade squamous 
intraepithelial lesions (HSILs) in HIV-infected individuals 
was evaluated (Sendagorta et al., 2016). The study drug was 
applied intraanally three times/week for 4 weeks. The pri-
mary end point was complete remission at week 12, defined 
as clinical and histological remission. At 12 weeks, in the 
intention-to-treat population, 10 out of 16 patients had 
achieved complete remission and at 24 weeks, 7 of the 10 
patients remained in complete response, but 2 out of 10 patients 
presented with HSILs. Of the patients with persistent HSIL at 
12 weeks, 3 subjects improved at 24 weeks (partial response 
in 1 and complete remission in 2). Also, the mean number 
of HPV genotypes decreased from 5.2 to 2.7 at 12 weeks. 
Although local adverse effects were frequent (81%), there 
were no discontinuations because of adverse events, and it 
was concluded that 1% topical CDV could be an appropriate 
alternative therapy in HIV-infected patients with anal HSIL.

The activity, safety, and feasibility of CDV and imiquimod 
(an immunomodulatory) for treatment of vulvar intraepithe-
lial neoplasia have been recently evaluated in a multicenter 
open-label randomized phase II trial (Tristram et al., 2014). 
Patients were allocated to topical treatment with either 1% 
CDV or 5% imiquimod to be self-applied three times a week 
for a maximum of 24 weeks. The primary end point was a 
histologically confirmed complete response at the posttreat-
ment assessment visit 6 weeks after the end of treatment (a 
maximum of 30 weeks after treatment started). Analysis of 
the primary end point was by intention to treat. A total of 
180 participants were enrolled in the study: 89 patients were 
randomly allocated CDV and 91 were assigned imiquimod. 
At the posttreatment assessment visit, a complete response 
had been achieved by 41% patients allocated CDV and by 
42% patients assigned imiquimod. Adverse events were 
reported in 37% of CDV-treated patients and 46% of patients 
allocated imiquimod. Thus CDV and imiquimod proved active, 
safe, and feasible for treatment of vulval intraepithelial neo-
plasia and warrant further investigation in a phase III setting 
and represent effective alternatives to surgery for female patients 
with vulval intraepithelial neoplasia after exclusion of occult 
invasive disease.

Severe lesions, such as Bowenoid papulosis of the penis in 
an AIDS patient, responded to topical CDV application (Snoeck 
et al., 2001a). Several other studies or case reports are sum-
marized elsewhere (De Clercq, 2003). Topical CDV has also 
proved effective as treatment for verruca vulgaris that did not 
respond to repeated conventional therapies (Zabawski et al., 
1997). These patients remained completely free of lesions for 
more than 40 weeks (Zabawski and Cockerell, 1998). Local 
(intralesional) injection of CDV has also been shown to be 
an effective treatment for cutaneous warts, although the data 
are based solely on small case series (Blouin et al., 2012; 

Broganelli et al., 2012; Moore and Kovarik, 2015). Recalcitrant 
cutaneous warts were reported to resolve with intravenous 
CDV treatment (Cusack et al., 2008; Grone et al., 2006; McAleer 
and Bourke, 2011).

The first patient treated with CDV for an HPV lesion was 
a woman with hypopharyngeal and esophageal tumor induced 
by HPV-16 and -18 (Van Cutsem et al., 1995). The patient 
had failed to respond laser treatment and was injected locally 
with CDV several times, resulting in a complete remission. 
CDV was given at 1.25 mg/kg directly into the tumor at seven 
different occasions during a period of 5 months. The first four 
injections were given at an interval of 1 week at the level of the 
hypopharynx. The next three injections were given at an inter-
val of 3–5 weeks. During the fourth to the seventh session, 
half of the dose was injected into the hypopharyngeal and the 
other half into the esophageal tumor. Three further injections 
of CDV were administered at the level of the esophageal tumor 
2 months later with 2-week intervals. After CDV treatment, 
the lesions became smaller and flat until they completely 
disappeared. A localized relapse was successfully treated, also 
with CDV, more than 5 years later (Van Cutsem et al., 1995).

Laryngeal papillomatosis is another clinical presentation 
of HPV-induced lesions characterized by a high relapse rate 
and necessitating frequent intervention, sometimes in very 
young children. The potential of CDV to treat such lesions 
has been demonstrated in a report including a case series of 
17 patients with severe recurrent laryngeal papillomatosis 
(Snoeck et al., 1998). CDV at a concentration of 2.5 mg/ml 
was injected directly in the different laryngeal papillomatous 
lesions. Complete disappearance of the papillomatosis was 
observed in 14 patients; 4 patients who relapsed were suc-
cessfully treated again with CDV. Of the 3 remaining patients, 
one progressed while under treatment with CDV after an 
initial marked response; another patient with a very aggres-
sive and extensive disease originally had a partial remission 
and remained stable for more than 1 year after the last injec-
tion; and the final patient was lost to followup after four 
injections. The mean duration of treatment for patients who 
remained disease free after treatment was 3.3 months (range: 
1–8 months), with a mean duration of complete remission of 
13.6 months (range: 2–27 months). Treatment was well toler-
ated, and no significant side effects were noted. It was con-
cluded that intratumoral injections of CDV for the treatment 
of severe laryngeal papillomatosis was a powerful new thera-
peutic approach for this disease. These initial observations 
were confirmed in other studies, both for adults and children, 
and intralesional CDV appeared to be especially promising 
when combined with surgery (Goon et al., 2008; Naiman et 
al., 2003; Pontes et al., 2006; Pudszuhn et al., 2007; Shi et al., 
2008; Snoeck, 2006; Soma and Albert, 2008).

CDV has also been used systemically for the treatment of 
pulmonary lesions (dissemination) of recurrent respiratory 
papillomatosis (RRP), or alone, or in combination with other 
adjuvant therapies. For some patients, the lesions disap-
peared, whereas for others there was a slowdown in the pro-
gression of the lesions (Armbruster et al., 2001; Dancey et  
al., 2000; de Bilderling et al., 2005; Gelinas et al., 2008; Van 
Valckenborgh et al., 2001).
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The application of CDV as adjuvant therapy for severe 
cases of RRR has been documented by several investigators 
(Derkay et al., 2013; Derkay and Wiatrak, 2008; Ksiazek et 
al., 2011; Mikolajczak et al., 2012). Despite some anecdotal 
reports documenting serious adverse reactions in off-label 
use of CDV in patients with RRP, a multicenter, retrospective 
chart review involving 16 hospitals from 11 countries world-
wide with data on 635 RRP patients (of whom 275 were 
treated with CDV) found no clinical evidence for more long-
term nephrotoxicity, neutropenia, or laryngeal malignancies 
after intralesional administration of CDV (Tjon Pian Gi et 
al., 2013). CDV remains the principal option for adjuvant 
treatment of patients with RRP of all ages whose disease is 
difficult to manage with surgery alone. Furthermore, CDV 
represents an alternative to reduce the risks of frequent sur-
gical debulking and airway obstruction in both children and 
adults with recurrent or severe disease (Derkay et al., 2013). 
Currently, this drug is recognized as an adjuvant therapy for 
the management of severe RRR (Graupp et al., 2013; Tjon 
Pian Gi et al., 2013). A type-specific real-time PCR to mea-
sure HPV-6 and HPV-11 DNA loads in CDV-treated patients 
with RRR indicated that CDV therapy significantly reduced 
viral load after intralesional application (Mikolajczak et al., 
2012). 

Although CDV has been reported to be ineffective in the 
treatment of epidermodysplasia verruciformis (a rare inher-
ited disease characterized by widespread HPV infection of 
the skin) (Preiser et al., 2000), a more recent study docu-
mented its efficacy when administered topically against epi-
dermodysplasia verruciformis caused by novel HPV types 
(Dar wich et al., 2011).

Several other case reports of immunocompromised or 
nonimmunocompromised patients documented the efficacy 
of topical 1% CDV cream or intralesional injections of a 
CDV solution (2.5 mg/ml) given directly into dermatological 
lesions with an Akra Dermojets (Briand et al., 2008; Calista, 
2000b; Davis et al., 2000; Stragier et al., 2002). Spectacularly 
large verruca vulgaris lesions on the hands and feet of two 
renal transplant recipients were treated with CDV (Bonatti et 
al., 2007). One of the patients was successfully treated with 
intralesional CDV for 3 months and maintenance therapy 
with CDV ointment, resulting in complete regression after 
1 year. The other patient was treated with topical CDV and 
significant regression of the warts was achieved after 16 weeks 
of treatment. After a 1-year interval, this patient developed 
lesions again and received a second treatment course, achiev-
ing complete response. In the same study, a patient suffering 
from a donor-derived verrucae vulgaris on both transplanted 
hands also responded to 1% CDV gel.

7i.  Polyomavirus infections  
(BK and JC viruses)

Human beings are the only host for polyomavirus hominis 
types 1 and 2, better known as BK and JC virus, respectively. 
Polyomavirus disease is rare and limited to individuals with 
impaired immune functions (Jiang et al., 2008). Although 

these data are based solely on case reports, CDV does appear 
to be effective, albeit inconsistently, for treatment of human 
polyomavirus infections.

BK virus–associated hemorrhagic cystitis is a common 
clinical problem in bone marrow transplant recipients but is 
considered rare in other immunosuppressed patient popula-
tions. Several case reports have shown the usefulness of CDV 
administered intravenously or locally by bladder instillation 
in the treatment of BK virus hemorrhagic cystitis in alloge-
neic stem cell transplant recipients. Held et al. (2000) reported 
an allogeneic hematopoietic stem cell transplant recipient 
with BK virus–associated hemorrhagic cystitis and concom-
itant HCMV reactivation, in whom treatment with intrave-
nous CDV resulted in a sustained suppression of HCMV 
replication and a significant reduction of BK viruria and clini-
cal improvement. The beneficial effect of CDV treatment was 
also shown in a bone marrow transplant recipient suffering 
from a concomitant acyclovir-resistant HSV infection and BK 
virus–related hemorrhagic cystitis, as demonstrated by heal- 
ing of the mucosal lesions associated with HSV and the reso-
lution of hemorrhagic cystitis without signs of toxicity (Andrei 
et al., 2007b). Other reports described the successful treatment 
of hemorrhagic cystitis with systemic or intravesicular CDV, 
with elimination or decrease in the urine viral load (Bridges 
et al., 2006; Gonzalez-Fraile et al., 2001; Gorczynska et al., 2005). 
However, CDV failures have also been described, mostly in 
case reports (Barouch et al., 2002; Palandri et al., 2005). For 
example, an HIV-infected patient with non-Hodgkin’s lym-
phoma in whom BK virus–associated hemorrhagic cystitis 
developed had BV virus in the urine (quantified by immuno-
cytochemistry) and showed no response to CDV (2 weekly 
infusions of 5 mg/kg) (Barouch et al., 2002).

In a larger study, 19 hematopoietic stem cell transplant 
recipients were treated with low-dose CDV (1 mg/kg without 
probenecid weekly) for BK virus–associated hemorrhagic 
cystitis (Savona et al., 2007). The patients received a mean 
of  4.5 weekly doses of CDV (range three to eight doses). 
Hemorrhagic cystitis developed at a mean of 68.7 days after 
transplantation (18–215 days). A clinical response was detected 
in nearly all patients (16/19, 84%), and 9/19 patients (47%) 
had a measurable microbiological response. A total of 5 patients 
with renal dysfunction resolved after completion of the ther-
apy and removal of other nephrotoxic agents.

That weekly low-dose CDV is a safe treatment option for BK 
virus–associated hemorrhagic cystitis was also shown in a 
recent study performed in seven children (Faraci et al., 2009). 
Clinical response without adverse events was observed in all 
patients receiving CDV (1 mg/kg per week without probene-
cid) and significant reduction of urinary viral load was seen in 
five out of six patients 2 weeks after the end of CDV treatment. 
CDV has been used mostly systemically for the management of 
BK virus–associated hemorrhagic cystitis, although intravesi-
cal instillation of CDV has been employed to manage the infec-
tion in hematopoietic stem cell transplant recipients (Cesaro et 
al., 2013; Ganguly et al., 2010; Kos ken vuo et al., 2013).

A recent study demonstrated that CDV clearance and the 
mean estimated glomerular filtration rate in renal transplant 
recipients with persistent BK virus viremia without nephrop- 
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athy were linearly related irrespective of probenecid admin-
istration (Momper et al., 2013). Based on this relationship, 
the systemic exposure to CDV in individual patients can be 
predicted and may be used to evaluate exposure–response 
relationships to optimize CDV dosing regimen for BK virus 
infection. A recent retrospective study of CDV treatment 
of BK virus–associated hemorrhagic cystitis after allogeneic 
hematopoietic stem cell transplantation concluded that CDV 
is an effective therapy but requires very precise renal func-
tion management to avoid toxicity (Philippe et al., 2016).

BK virus–associated nephropathy has become recognized 
as an important cause of allograft dysfunction in renal trans-
plant recipients, and despite reduction in immunosuppres-
sion, 30–40% of recipients ultimately progress to allograft loss. 
CDV used systemically in very low doses (0.25–1 mg/kg per 
dose weekly or every 2 weeks) was an effective treatment for 
patients with BK virus nephropathy; BK virus DNA cleared 
from blood and urine and renal function stabilized (Bjorang 
et al., 2002; Farasati et al., 2005; Kadambi et al., 2003; Keller 
et al., 2003; Vats et al., 2003). 

A retrospective study by Kuypers et al. (2005) evaluated 
the effect of lowering immunosuppressive drug therapy on 
graft function, viral load, and graft outcome in 21 renal trans-
plant recipients with BK virus interstitial nephritis. Of these, 
8 patients received adjuvant low-dose intravenous CDV 
therapy (0.5–1.0 mg/kg) weekly for a total of minimum 4 to 
maximum of 10 weeks concomitant with hydration and pro-
benecid. BK virus infection caused irreversible deterioration 
of renal function in all patients, but renal function stabilized 
after adjuvant treatment with CDV, and no graft loss occurred 
in any of the CDV-treated patients. No CDV related renal tox-
icity occurred. In contrast, 9 of 13 patients who received no 
adjuvant CDV therapy lost their graft after median 8 months. 
Similarly, Araya and colleagues (2006) reported on 3 kid-
ney transplant recipients diagnosed with BK virus allograft 
nephropathy who received intermediate-dose intravenous 
CDV (0.75–1.0 mg/kg per dose) without probenecid and 
without concomitant nephrotoxicity. All 3 patients showed a 
marked drop in BK viral loads during treatment, with com-
plete clearing of viremia in 2 patients.

Several reports point to the efficacy of CDV for treat-
ment of progressive multifocal leukoencephalopathy (PML), 
caused by JC polyomavirus, in patients with HIV infection, 
given at the dosage regimen recommended for the treatment 
of HCMV retinitis in HIV-infected patients (Taoufik et al., 
1998). In a series of 12 AIDS patients, JC viral loads in the 
cerebrospinal fluid (CSF) correlated with survival time, sug-
gesting that JC viral load in CSF could be considered a prog-
nostic marker for the clinical outcome of PML. CSF JC viral 
load decreased and then became undetectable in 1 PML 
patient receiving intravenous CDV treatment, starting 2 
months after the onset of PML symptoms. A total of 11 infu-
sions of CDV concomitant with saline prehydration and oral 
probenecid were given during a period of 4 months. Treat-
ment with CDV was associated with clinical improvement. 
These results showed that CSF JC viral load may be useful as 
a prognostic marker and in monitoring the effectiveness of 
anti-JC virus therapies in PML patients (Taoufik et al., 1998).

In HIV-infected individuals, the clinical course of PML is 
almost invariably fatal, and no approved treatment is avail-
able for this condition. Cytarabine (cytosine arabinoside) 
was shown to be ineffective for treatment of PML (De Luca et 
al., 1999b), despite earlier anecdotal reports suggesting effi-
cacy of cytarabine. A successful resolution of PML after com-
bination of cytarabine and CDV has been reported; although 
CDV may well have been the major factor contributing to the 
successful resolution of PML in this patient (Chocarro et al., 
2000). In another case report, the combination of cytarabine 
and CDV proved highly efficacious in PML associated with 
autoimmune systemic disorders (Terrier et al., 2007).

In a multicenter comparative study of HIV-infected 
patients with histologically or virologically proven PML, 26 
patients were treated with combination antiretroviral ther-
apy only and 14 patients were treated with antiretroviral 
drugs plus CDV. CDV added to HAART resulted in a more 
effective control of JC virus replication, with improved neu-
rological outcome and survival compared to antiretroviral 
therapy alone (De Luca et al., 2000). Subsequently, a number 
of other investigators have reported the substantial clinical, 
virological, and neuroradiological improvement in various 
other AIDS patients with PML after the addition of CDV to 
a combination anti retroviral drug regimen (Brambilla et al., 
1999; De Luca et al., 1999a; Portilla et al., 2000; Razonable et 
al., 2001; Razonable and Emery, 2004; Salmaggi et al., 2001; 
Zimmermann et al., 2001). However, some other studies 
have failed to demonstrate a beneficial effect of CDV for the 
treatment of PML (Angelini et al., 2001; Haider et al., 2000; 
Kraemer et al., 2006).

In a single-center observational study of the effect of CDV 
on HIV-associated PML, the 1-year cumulative probability 
of being alive was 62% in the CDV group and 53% in the 
group treated only with antiretrovirals (Gasnault et al., 2001). 
After adjustment to the baseline for JC viral load in CSF, CD4 
cell count, and expanded disability-status scale, another ben-
efit with respect to survival was observed in patients who 
were given CDV. Addition of CDV to antiretroviral therapy 
did not afford significant benefit in neurological outcomes, 
particularly in patients with an early worsening (Gasnault 
et al., 2001). In a retrospective study, Kraemer et al. (2006) 
analyzed the survival of 33 patients with AIDS-associated 
PML proven by detection of JC virus DNA in CSF, biopsy, or 
at autopsy. The cumulative survival was significantly longer  
in patients treated with antiretroviral drugs than in untreated 
patients, independently of whether CDV was given. In com-
parison to antiretroviral therapy alone, the combination of 
antiretroviral drugs and CDV showed no significant increase 
in survival. In a multicenter observational study, De Luca et 
al. (2008) analyzed raw data pooled from one prospective 
and five cohort studies. A total of 370 HIV-infected patients 
with PML, diagnosed between 1996 and 2008 and treated 
with combination antiretroviral therapy with or without CDV, 
were included in the analysis (all studies had already pub-
lished results, but additional patients and followup data from 
four studies were considered in this report). Approximately 
64% of the PML cases were confirmed by histopathology or 
JC virus DNA detection in CSF; 185 (50%) received CDV 
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(median five cycles). During 463 person-years of followup, 
167 PML-related deaths occurred, and the estimated 1-year 
survival was 0.56. In multivariate models stratified by cohort 
and adjusted for type of diagnosis and relevant prognostic 
confounders, CDV treatment did not influence PML-related 
mortality or residual disability.

Thus the usefulness of CDV for the treatment of PML  
in HIV-positive patients is rather controversial, with some 
studies supporting a therapeutic efficacy of CDV. However, 
its activity was not proven in a multicohort analysis (De Luca 
et al., 2008). Similarly, some studies report efficacy in HIV-
negative patients (Naess et al., 2010; Viallard et al., 2007; 
Viallard et al., 2005), and others note a lack of activity (Osorio 
et al., 2002). If one considers that restoring the immune 
response in the host is one of the crucial steps in PML therapy 
in HIV-negative individuals and highly active antiretroviral 
therapy is the first treatment option for PML in HIV-positive 
patients, the immune status of the patient, the time of the addi-
tion, and the dose of CDV administered may indeed have an 
impact on the response to treatment.

CDV therapy also proved active in two immunocompro-
mised patients with productive infection of two novel 
human polyomaviruses (trichodysplasia spinulosa-associated 
polyomavirus and Merkel cell polyomavirus) when the drug 
was administered topically (Santesteban et al., 2015; van 
Bohee men et al., 2015; van der Meijden et al., 2010; Wanat 
et al., 2013) or intravenously (Maximova et al., 2013). 

Reports on the usefulness of CDV for polyomavirus- 
associated infections have given contradictory results: CDV 
was associated with beneficial effects in some studies, whereas 
other studies failed to demonstrate CDV efficacy. One issue is 
the inconsistency in the results reported for CDV in the ther-
apy of human polyomavirus–associated diseases. It can be 
hypothesized that the pathology resulting from the relative 
contributions of viral replication and host response in human 
polyomavirus–associated diseases may explain, at least in part, 
why the efficacy of CDV may vary among different patients. 
The diverse human polyomavirus pathologies are the conse-
quence of diverse viral and immunological processes that 
drive the disease (Dalianis and Hirsch, 2013). For some human 
polyomavirus pathologies (i.e. BK-associated hemorrhagic 
cystitis and progressive multifocal leukoencephalopathy), a 
reduction in viral load may be a good marker of efficacy of an 
antiviral drug because these pathologies are associated with 
high levels of viral replication. However, in cases of auto- 

immune or oncogenic pathology that is independent (or semi- 
independent) of viral replication, other markers for drug 
efficacy need to be developed.

Most predisposing risk factors for BK virus reactivation 
and development of BK virus–associated nephropathy are 
directly or indirectly associated with the function and activ-
ity of the immune response. Issues to be considered include 
age of the patient and of the donor, viral co-infections, place-
ment of urethral stents, the degree of HLA mismatch, epi-
sodes of acute rejection, BK virus–specific antibody status, 
male sex, and white ethnicity; being on immunosuppressive 
therapy and its intensity are the most important risk factors 
(Babel et al., 2011). As these factors might trigger or promote 

viral replication and increase susceptibility to BK virus–
associated nephropathy, they may affect the efficacy of adju-
vant therapies, such as CDV. A comparison of the available 
data from case series and retrospective studies is further 
complicated by differences in the type of immunosuppres-
sive therapy, patient’s characteristics, CDV doses (varying 
from 0.25 to 1 mg/kg), duration of treatment (3–10 weekly 
cycles) and use of probenecid (Kuypers, 2012).

A reduction of immunosuppression (which facilitates rees-
tablishment of BK virus–specific immunity) is used to prevent 
graft failure in many patients (Babel et al., 2011). However, this 
approach does not work in all individuals, raising questions 
about the reasons patients respond differently after treatment 
with comparable protocols. Based on the pathogenesis of BK 
virus–associated nephropathy, a reduction of immunosup-
pression can lead to a beneficial outcome only at an early stage 
of infection, and reduction of immunosuppressive therapy 
can be damaging in patients with persistent, uncontrolled 
BK virus replication and may not be considered a thera peutic 
option. Thus a reduction of immunosuppression to improve 
antiviral immunity appears to be more harmful than bene-
ficial in patients with long-lasting BK virus infection, and  
this may also impact the effects of adjuvant therapies such  
as CDV.

Of particular relevance in the treatment of PML is the 
question of whether CDV crosses the blood–brain barrier. 
Product labeling provides no information on penetration of 
the drug into the central nervous system (CNS) after intrave-
nous administration (Gilead Sciences, 2010). A point that 
needs to be mentioned is the challenge of diagnosing PML in 
patients with sarcoidosis because neurosarcoidosis presents 
a similar pathology to that seen in PML. Neurosarcoidosis is 
usually treated with steroid therapy, but this treatment results 
in enhancement of JC virus replication in PML. Therefore, a 
misdiagnosis of PML may explain the lack of activity of CDV 
in patients previously receiving steroid therapy (Granot et 
al., 2009; Volker et al., 2007). Some reports demonstrated the 
efficacy of CDV alone (De Raedt et al., 2008) or in combina-
tion with the antidepressant mirtazapine (a blocker of recep-
tors used by JC virus to infect human glial cells) (Ellrichmann 
et al., 2016; Owczarczyk et al., 2007; Park et al., 2011) as ther-
apy for PML in patients with sarcoidosis who did not receive 
previous steroid treatment. Furthermore, the combination of 
CDV and mirtazapine was found to be helpful in the treat-
ment of PML in HIV-negative patients (Ripellino et al., 2011).

Although supportive care has been the standard of treat-
ment for hemorrhagic cystitis for many years, several clinical 
studies have demonstrated successful use of CDV for BK 
virus hemorrhagic cystitis after hematopoietic stem cell trans- 
plantation not only in adults but also in children (Cesaro et 
al., 2013; Gaziev et al., 2010; Savona et al., 2007). Important 
factors in the pathogenesis of hemorrhagic cystitis involve 
severe immunosuppression together with urothelial damage 
due to conditioning and radiation (which creates a favorable 
environment for viral replication and leads to an augmenta-
tion in immunological signals and antigen presentation) and 
the attack of virus-infected urothelial cells by donor T-cells. 
Additional risk factors for hemorrhagic cystitis include donor 
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origin, noncoding control region (NCCR) viral mutants, 
treatment with antithymocyte globulins, and type of condi-
tioning. All these factors may influence the response to adju-
vant therapies.

BrinCDV can be considered as an alternative of CDV for 
the treatment of polyomavirus infections in humans. A case 
of polyomavirus-associated nephropathy in a severely immu-
nocompromised hematopoietic stem cell transplant recipient 
was successfully managed with BrinCDV without reduction 
of immunosuppression (Papanicolaou et al., 2015). In a young 
pediatric kidney transplant recipient, renal function was pre-
served in association with the use of BrinCDV to treat BK 
virus nephropathy without serious adverse events associated 
with the use of the drug (Reisman et al., 2014).
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Brivudin

Erik De Clercq

1. DESCRIPTION 

Brivudin (BVDU) was originally synthesized in 1976 at the 
chemistry department of the University of Birmingham (UK) 
by Barr, Jones and Walker, as a potential radiation-sensitizing 
agent, assuming that it would be incorporated into DNA. The 
potent and selective activity of brivudin against herpes simplex 
virus type 1 (HSV-1) was first mentioned at the Federation 
of European Biochemical Societies Symposium “Antime-
tabolites in Biochemistry, Biology and Medicine,” held in 
Prague in 1978) (De Clercq et al., 1979a). The further devel-
opment of the drug was outlined by De Clercq (2004). 

BVDU and its closely related congener IVDU [(E)-5-(2-
iodovinyl)-2′-deoxyuridine] proved more potent against HSV-1 
than all other antiherpes compounds, including aciclovir (De 
Clercq et al., 1979b). Brivudine is a uridine analog with the 
chemical name (E)-5-(2-bromovinyl)-2′-deoxyuridine, formula 
C11H13BrN2O5 and molecular weight 333 (Figure 217.1). As a 
nucleoside analog, it inhibits synthesis of DNA, inhibiting 
replication of the DNA genomes of DNA viruses (e.g. herpes-
viruses) at much lower concentrations than the concentra-
tions affecting human DNA polymerases.

BVDU is sold widely in Europe and South and Central 
America under a variety of trade names (Table 217.1). 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

VIRUSES

The antiviral spectrum of BVDU is shown in Table 217.2 and 
Figure 217.2. 

Although BVDU has excellent activity toward varicella- 
zoster virus (VZV), this potency can be superseded by the 
bicyclic nucleoside analog BCNA (Andrei et al., 2005b; Figure 
217.3), a compound originally synthesized by McGuigan et 

Figure 217.1. Brivudin (BVDU) [(E)-5-(2-bromovinyl)-2′-
deoxyuridine (BVDU)]. (Reprinted with permission from 
De Clercq (2004).)

Table 217.1. International brand names for brivudin

Region or country Brand name

Germany Zostex, Menavir

Germany, Poland, Slovenia Premovir

Austria Mevir

Austria, Turkey Zostex

Italy Brivirac, Zecovir

Belgium Zerpex

Portugal Bridic

Spain Nervinex

Switzerland Brivex

Luxembourg Zerpex, Zonavir

Czech Republic Zostevir

Slovakia Zovudex

Estonia, Latvia, Lithuania Brivumen

Bulgaria, Greece Brivir

Croatia, Serbia Brivuzost

Bosnia, Herzegovina Virocid

Romania Brival

Central Americaa Brivox

Argentina Zostevir, Zostydol

aCosta Rica, Dominican Republic, El Salvador, Guatemala, Honduras, 
Nicaragua, Panama. 
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al. (2000). This compound is active against only VZV, and it 
is completely inactive against HSV and all other viruses (De 
Clercq, 2003). This drug’s mechanism of action has never been 
completely resolved, other than for its dependence on the 
VZV-encoded thymidine kinase. The BCNA prodrug Cf1743 
5′-valine ester (FV-100) (Figure 217.3) has been recognized 
as the most potent and selective anti-VZV agent reported to 
date (Migliore, 2010). FV-100 has proceeded to phase II clin-
ical studies (Pentikis et al., 2011). It fulfills all requirements 
for being a successful successor of BVDU, and it has no risk 
for enhancing the toxicity of 5-fluorouracil.

Although BVDU tends to have lower 50% effective con-
centration (EC50) values toward gamma herpesviruses (Epstein-
Barr virus, etc.) than other nucleoside antiviral drugs, it failed 
to show activity in a mouse model of murine gamma herpes-
virus-68 infection for unclear reasons (Neyts and De Clercq, 
1998). However, a kidney transplant patient with Epstein-Barr 
virus (EBV) encephalitis was apparently successfully treated 
with BVDU (Lahmer et al., 2010). 

Sauerbrei and colleagues (2005, 2006) have created mono-
phosphorylated derivatives of BVDU and other nucleoside 
analogs. These drugs are nucleotides, similar to cidofovir (see 

Figure 217.2. Antiviral activity spectrum of BVDU. (Adapted with permission from De Clercq (2004).)
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Table 217.2. Antiviral spectrum of brivudin

Susceptible viruses IC50 Reference
Insusceptible 
viruses Reference

HSV-1 2.4 ± 1.4 μM Coen et al. (2014) HSV-2 De Clercq (1984a)

VZV CMV De Clercq (1984a)

EBV Lin et al. (1983) HHV-5

HHV-8 2.4 μg/ml  
 (≈ 2.4 μM)

HHV-8 Freidrichs et al. (2004)

HHV-8 0.6 ± 0.3 μM HHV-8 Neyts and De Clercq (1997)

MHV-68 0.09 ± 0.06 μM Neyts and De Clercq (1998) HHV-6 Reymen et al. (1995)

SHV-1 HHV-7 Zhang et al. (1999)

Bovine herpesvirus 1

SVV

HVS 5.7 ± 4.5 μM

Herpesvirus platyrrhinae

Bovine herpes mammillitis virus Harkness et al. (1986)

Macropodid herpesvirus 1 Smith and Whalley (1998)

Abbreviations: IC50: half-maximal inhibitory concentration; HSV: herpes simplex virus; VZV: varicella-zoster virus; CMV: cytomegalovirus; EBV: Epstein-Barr virus; 
HHV: human herpesvirus; MVH: murine gamma herpesvirus; SHV: suid herpesvirus; SVV: simian varicella virus; HVS: herpesvirus saimiri.
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Chapter 216, Cidofovir and brincidofovir), and they have a 
broader spectrum than nucleosides because the initial mono-
phosphorylation, usually dependent on viral kinases, has 
already occurred. Two in vitro studies from this group have 
shown that monophosphorylated BVDU and other nucleotides 
have activity toward poxviruses, including vaccinia. None-
theless, cidofovir was more active than the BVDU nucleo tide 
and it also had a better therapeutic ratio than BVDU (Sauer-
brei et al., 2005; Sauerbrei et al., 2006). Cidofovir has been 
shown to be active in primate models of poxvirus infection 
(Smee, 2008). 

CANCER

BVDU has some evidence of anticancer activity (Congiatu et 
al., 2005; Cappellacci et al., 2008; Heinrich et al., 2011; Zhang 
et al., 2012), but the author is unaware of any completed or 
currently contemplated clinical studies.

2b.  Emerging resistance and 
cross-resistance

Resistance to BVDU in HSV and VZV has been shown to be 
mediated by mutation in the thymidine kinase (TK) (Fyfe, 
1982; Bleymehl, et al., 2011; Andrei et al., 2005a) or in the 
DNA polymerase (Bleymehl et al., 2011). Andrei et al. (2005a) 
showed that most, but not all mutations in TK resulted 
in  high-level resistance (~ 100- to 1000-fold increase in 
half-maximal inhibitory concentration [IC50]) to BVDU and 

aciclovir. It is not surprising that these mutants retained sus-
ceptibility to foscarnet, which is a DNA polymerase inhib itor 
that does not depend on any intracellular transformation 
(Andrei et al., 2005a). Resistance in gamma herpesviruses 
(Kaposi’s sarcoma-associated herpesvirus [KSHV] and EBV) 
has also been shown to arise from mutations in thymidine 
kinase and possibly the DNA polymerase (Bley mehl et al. 
2011), although Brum and colleagues (2010) created a BHV-5 
strain lacking both TK and glycoprotein E that replicated 
normally in cell culture . Mutant TK prevents the required 
mono- and diphosphorylation of the drug, and poly merase 
mutations allow DNA synthesis in the presence of BVDU 
(see section 3, Mechanism of drug action). 

3. MECHANISM OF DRUG ACTION

The exquisite potency of BVDU against HSV-1 and VZV, in 
comparison with the potency of other antiviral compounds, 
including aciclovir, has been demonstrated with various clin-
ical isolates of HSV-1 (Andrei et al., 1992) and VZV (Andrei 
et al., 1995). The mechanism of action of BVDU against HSV-1 
and VZV is depicted in Figure 217.4. The selectivity of BVDU 
for HSV-1 and VZV depends on a specific phosphorylation 
by the virus-encoded TK to the 5′-monophosphate (BVDU- 
MP) and 5′-diphosphate (BVDU-DP) (Descamps and De 
Clercq, 1981). BVDU-DP is further phosphorylated by cellu-
lar kinase(s)—that is, nucleoside 5′-diphosphate (NDP) kinase, 
to BVDU 5′-triphosphate (BVDU-TP). BVDU-TP can then 

Figure 217.3. The bicyclic nucleoside analog (BCNA) Cf1743 and its prodrug FV-100. FV: fermavir. (Redrawn with permission 
from De Clercq (2004).)
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interact with the viral DNA polymerase, either as a competi-
tive inhibitor with respect to the natural substrate (dTTP) 
(Allaudeen et al., 1981) or as an alternative substrate, allowing 
the incorporation of BVDU-TP (as its 5′-monophosphate) 
into the growing DNA chain (Figure 217.4). This incorpora-
tion may affect both the stability and the functioning of the 
DNA during the subsequent replication and transcription 
processes. In fact, a close correlation has been found between 
the incorporation of BVDU into HSV-1 DNA, DNA integ-
rity, and viral infectivity (Mancini et al., 1983; Balzarini et al., 
1990a).

A remarkable property of BVDU is that it is a highly potent 
inhibitor of HSV-1 but not of HSV-2, so that it can be used 
as a marker for differentiating HSV-2 from HSV-1 strains (De 
Clercq, 1984a). The reason for the differential sensitivity of 
HSV-1 and HSV-2 toward BVDU resides in the fact that the 
HSV-2-encoded thymidine kinase, unlike its HSV-1 coun-
terpart, is unable to phosphorylate BVDU-MP to BVDU-DP 
(Fyfe, 1982), consequently reducing the supply of the active 
metabolite (BVDU-TP) (Ayisi et al., 1984) needed to inter-
fere with viral DNA synthesis. BVDU-MP itself may act as an 
alternate substrate (Barr et al., 1983) or inhibitor (Yokota et 
al., 1994) of thymidylate synthase, but it is not certain that 
the interaction of BVDU-MP with thymidylate synthase con- 
tributes to the antiviral activity of the compound.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

BVDU is available only for oral administration, and the only 
indications established by clinical trials are for HSV-1 and 
VZV infections—both chickenpox (disseminated VZV) and 
zoster (shingles , cutaneous VZV). 

The usual dosage for adults is 125mg once daily for 7 days, 
although doses as high as 125 mg every 4 hours for 5 days has 
been used for severe infections, especially in immunocom-
promised patients (Wutzler et al., 1995; Figure 217.5). 

4b.  Newborn infants and children

The dosage for children has been less studied, but a typical 
BVDU dose is 1.6–5 mg/kg (equal to 72–225 mg/day for a 
15-kg child) three times daily for 5 days (Gann, 2007). An 
older, prospective, randomized study was started to deter-
mine whether aciclovir or brivudin is preferable. The trial 
was conducted in 43 immunocompromised children who were 
randomly assigned to receive aciclovir intravenously (n = 22) 
at a dose of 1500 mg/m2/day or brivudin orally (n = 21) at a 
dose of 15 mg/kg/day (equal to 225 mg/day for a 15-kg child) 

Figure 217.4. Mechanism of action of BVDU showing the sequence of phosphorylation required before intracellular activity. 
(Redrawn with permission from De Clercq (2004).)
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(Heidl et al., 1991). In all children, the general status improved 
within 2 days. The eruption of new lesions stopped within 
1–5e days, fever stopped within 1–9 days, complete remission 
occurred within 5–6 days after introduction of the virus-
tatic therapy. There was no difference in therapeutic efficacy 
between aciclovir and brivudin. Two children in each group did 
not respond to the medication. No myelo-, hepato-, or nephro-
toxic side effects due to aciclovir or brivudin were observed. All 
obviously immunocompromised children with varicella or zos-
ter may be treated with aciclovir or brivudin (Heidl et al., 1991).

BVDU has not been definitively shown to be safe for neo-
nates or older children.

4c.  Pregnant and lactating mothers

There are no data on pregnant or lactating women, and hence 
the drug should not be used in these contexts.

4d.  Those requiring altered dosages

There are no data on the use of brivudin in patients with sig-
nificant hepatic or renal dysfunction.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a. Bioavailability and drug distribution

The pharmacokinetics of BVDU were recently established by 
Peng and colleagues (2011), using an LC-MS-MS system to 
quantify BVDU in plasma with a range from 5.5 to 2836 μg/l. 
BVDU was rapidly absorbed after oral administration (the 
Cmax is ~1 hour) and nearly completely absorbed from the gut; 
it undergoes first-pass metabolism in the liver, where the 
enzyme pyrimidine phosphorylase quickly splits off the sugar 

component, leading to a bioavailability of 30%. The resulting 
metabolite is bromovinyluracil (BVU), which does not have 
anti viral activity. BVU is also the only metabolite that can be 
detected in the blood plasma (Jasek, 2007; Mutschler and 
Schäfer-Korting, 2001). BVDU is almost completely (> 95%) 
bound to plasma proteins. The terminal half-life (t½) of 
BVDU is 16 hours. 

5b.  Clinically important pharmacokinetic 
and pharmacodynamic features

No rigorous investigations have assessed whether the dose of 
BVDU impacts its efficacy for treatment of HSV-1 or VZV.

5c. Excretion 

In terms of excretion, 65% of BVDU is found in the urine 
and 20% in the feces, mainly in form of an acetic acid deriv-
ative (which is not detectable in the plasma) but also in other 
water soluble metabolites (which are urea derivatives). Less 
than 1% is excreted in form of the original compound (Jasek, 
2007). The pharmacokinetic parameters of BVDU are sum-
marized in Table 217.3 (Peng et al., 2011). 

5d.  Drug interactions

Serious and potentially fatal adverse reactions have occurred 
when brivudin is co-administered with either 5-fluorouracil 
or its derivatives (i.e. capecitabine). See section 6, Adverse 
reactions.

6. ADVERSE REACTIONS AND TOXICITY

BVDU is generally well tolerated at the doses and durations 
generally used for treatment of herpesvirus infections, although 

Figure 217.5. Multicentered double-blind randomized study of oral brivudin (open columns) versus intravenous aciclovir 
(tinted columns) for treatment of severe herpes zoster in cancer patients, showing pain scores with time. (Adapted with 
permission from Wutzler et al. (1995).)
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some patients may have gastrointestinal discomfort, nausea, 
vomiting, diarrhea, or headache. There are single case reports 
of delirium and acute hepatitis due to brivudin (Mottu et al., 
2009; Gonen et al., 2012); where there were compounding 
factors in these cases is not clear. 

By far and away the most serious adverse reactions feared 
for BVDU, based on what has been especially observed with 
its arabinosyl counterpart, are due to its interactions with 
co-administered 5-fluorouracil or capecitabine. In these situ-
ations, fatalities and severe adverse reactions have occurred 
(Garcia Fernandez et al, 2013; Mottu et al., 2009; Baena Canada 
et al., 2013; Baena Cañada et al., 2010; Ratz Bravo et al., 2009). 
The reactions with 5-fluorouracil occur because BVDU can 
be recognized as substrate by thymidine phosphorylase, which 
converts BVDU to BVU [(E)-5-(2-bromovinyl)uracil], which 
is as such inactive as an antiviral agent, but can be reconverted 
to BVDU through a pentosyl transfer reaction with any 5-  
substituted-2′-deoxyuridine, including 2′- deoxythymidine as 
the pentosyl donor (Desgranges et al., 1984). BVU was also 
found to irreversibly inhibit dihydrothymine dehydrogenase 
(DPD), which initiates the degradation of thymine as well as 
5-fluorouracil (Desgranges et al., 1986). The combination of 
BVDU with 5-fluorouracil was shown to increase the anti tumor 
activity of 5-fluorouracil in cancer patients (Keizer et al., 1994) 
and tumor models in mice (Iigo et al., 1988; Iigo et al., 1990).

The prescription of BVDU in the treatment of VZV infec-
tions is accompanied by the precaution that, due to its con-
version to BVU, it might enhance the toxicity of 5-fluorouracil. 
For BVDU itself, any deleterious effects resulting from the 
toxicity of 5-fluorouracil have not been described (although 

their concomitant use remains to be strictly contraindicated). 
However, the co-administration of BVaraU (sorivudine), the 
arabinofuranosyl counterpart of BVDU, with 5-fluorouracil 
prodrugs, led to a number of casualties in Japanese patients 
(Nakayama et al., 1997; Okuda et al., 1997; Okuda et al., 1998; 
Yan et al., 1997; Diasio, 1998; Ogura et al., 1998; Kana mitsu 
et al., 2000; Nishiyama et al., 2000), which obviously heralded 
the end of the medical use of BVaraU (sorivudine) in the 
treatment of VZV infections.

7. CLINICAL USES OF THE DRUG

7a.  Herpes zoster and other herpes virus 
infections

BVDU has been studied primarily in relation to treatment of 
zoster, although there are case reports of other infections due 
to other, fully susceptible viruses (HSV-1, EBV). The efficacy 
of BVDU for zoster appears to be greater than for aciclovir or 
famciclovir–penciclovir, based on prospective randomized 
clinical trials. 

The first randomized, multicenter double-blind trial of 
BVDU compared to aciclovir was conducted in 48 cancer 
patients with zoster of less than 72 hours of duration. The 
author was a participant in that trial. BVDU was given orally 
at about 7.5 mg/kg/day (one 125 mg tablet given four times 
per day for 5 days), with aciclovir given intravenously at 
30  mg/kg/day for 5 days; each group had 24 subjects. The 
masking was done by giving the BVDU patients intravenous 
saline, and the aciclovir group placebo tablets identical to 
BVDU. The two treatment groups were comparable in terms 
of age, gender, underlying malignancy (10 patients in each 
group had Hodgkin’s disease), extent of chemotherapy or 
radiotherapy, extent of rash before treatment, and general 
severity scores. The two treatment regimens had similar, sta-
tistically significant outcomes with the exception of the pain 
score, which improved faster with BVDU (p = 0.02) (Wutzler 
et al., 1995; Figure 217.5). The outcomes were analyzed in 
terms of zoster progression, new skin lesion formation by 
day 3 and day 6, cutaneous dissemination, and mucosal 
involvement; all these variables were equivalent in the two 
groups (p > 0.35 in all variables). In terms of side effects, the 
only major difference was transient nausea, which was more 
common in the BVDU group (5 subjects vs. 1 subject); there 
was one instance of protracted nausea, one of vomiting, and 
one of diarrhea in the BVDU group, with none in the aciclo-
vir group. 

Table 217.3. Pharmacokinetic parameters of brivudin after a 
single oral tablet (125 mg)

Pharmacokinetic parameter
Brivudin values(mean ± 

standard deviation)

Cmax_ (μg/l) 1820 ± 532

tmax (hours) 0.95 ± 0.62

t½ (hours) 19 ± 2.36

AUC0–48h (μg∙h/l) 7344 ± 2490

AUC0–∞ (μg∙h/l) 8422 ± 2738

Cl/F (l/hour) 15.9 ± 4

Vd/F (l) 437 ± 120

Abbreviations: Cmax: maximum concentration; tmax: time to reach Cmax; t½: 
half-life; AUC: area-under-the-concentration-time curve; Cl/F: clearance; 
Vd/F: volume of distribution.

Source: Reprinted with permission from Peng et al. (2011). 

Table 217.4. Comparative incidence of postherpetic neuralgia in subjects with shingles after oral treatment with brivudin versus aciclovir.

BVDU Aciclovir

Number of subjects 309 299

Dose 125 mg given once daily 800 mg given 5 times daily

Percent of subjects with postherpetic neuralgia 32.7% 43.5% p = 0.0063 (chi square)

Source: Data from Wutzler et al. (1995).
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In later studies, BVDU (oral treatment at a once daily 
dose of 125 mg) was compared with aciclovir at 800 mg given 
5 times per day (Wassilew and Wutzler, 2003); the end point 
was the incidence of postherpetic neuralgia (PHN). The rel-
ative risk for patients with herpes zoster to experience PHN 
was 25% lower with BVDU than with aciclovir (Wassilew 
and Wutzler, 2003; Table 217.4). When BVDU (125 mg once 
daily for 7 days) was compared with famciclovir (250 mg three 
times daily for 7 days), the brivudin-treated group showed a 
greater reduction in PHN (20%, overall; 31.5% in elderly 
patients) (Wassilew, 2005; Figure 217.6).

7n.  Issues related to  
(E)-5-(2-bromovinyl)uracil

In BVDU and BVaraU, the (E)-5-(2-bromovinyl)uracil can 
be considered as the crucial pharmacophore determining 
their specific antiviral activity against HSV-1 and VZV. Many 
other synthesized compounds that share the same pharma-
cophore demonstrate the same antiviral propensity (to the 
extent that it was examined) (De Clercq, 2004). A typical 
example is beta-l-1-[5-(E-2-bromovinyl)-2-(hydroxymethyl)-
1,3-(dioxolan-4-yl)uracil] (l-BHDU). This compound was 
reported to prevent VZV replication in a SCID-hu mouse 
model and not to interfere with 5-fluorouracil catabolism 
(De et al., 2014). Reports are available on the (E)-5-(2-
bromovinyl)uracil containing nucleoside analog (De Clercq 
2004; Balzarini et al., 1990b; Spadari et al., 1995; Choi et al., 
2000; Basnak et al., 1998; Degrève et al., 1997; Satoh et al., 
1998; Kitano et al., 1999; Bamford et al., 1990; Ichikawa et 
al., 1999; Tino et al., 1993; Soike et al., 1994; Onishi et al., 
2000; Guenther et al., 2002; Russ et al., 2003; De Clercq et al., 
1986; De Clercq et al., 1992; Bernaerts et al., 1989; Farrow et 
al., 1990; Kumar et al., 1990). 
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Discontinued Herpesvirus 
Agent: Vidarabine

Suzanne M. Crowe and John Mills

1. DESCRIPTION

Vidarabine (also known as adenine arabinoside, Ara-A, or 
VDB) is a purine analog that in vitro inhibits the replication 
of a wide range of DNA viruses, particularly herpes simplex 
and varicella-zoster, and some oncogenic RNA viruses (De 
Garilhe and De Rudder, 1964). The chemical name is 9-beta-d- 
arabinofuranosyl-adenine. The chemical structure is shown 
in Figure 218.1.

VDB was originally developed as an anticancer agent in 
1960 (Lee et al., 1960) and activity against DNA viruses was 
recognized in 1964. It was the first drug to have proven anti-
viral efficacy when given systemically to humans, effectively 
beginning the era of antiviral drugs, now numbering over 70 
(De Garilhe and De Rudder, 1964; Whitley et al., 1976). How-
ever, although VDB was reasonably efficacious against her-
pes simplex and varicella-zoster virus infections, the toxicity 
of VDB is such that it is no longer clinically useful for human 
use, and it was withdrawn from the market in 2001. VDB has 
been replaced by aciclovir and many other more potent and 
less toxic antiviral drugs.

A fluorinated analog of VDB, fludarabine (Fludara), is 
approved for the treatment of cancer (Koduvayur et al., 2016).

2. ANTIMICROBIAL ACTIVITY

The reported activity of VDB against herpes simplex (HSV) 
and vaccinia virus in 1964 was subsequently followed by evi-
dence of activity against cytomegalovirus (CMV) and Rous 
sarcoma virus, some strains of adenovirus, and hepatitis B virus 
(De Garilhe and De Rudder, 1964; Miller et al., 1968; Schabel, 
1968; Wigand, 1979; Miller et al., 1968; Schabel, 1968; Hirsch 
and Swartz, 1980; Hess et al., 1981; Kitabayashi et al., 1994).

The in vitro activity of VDB includes strains of HSV types 
1 and 2, which are resistant to idoxuridine and bromovinyl-
deoxyuridine (Shannon, 1975; Wilber and Docherty, 1994; 
Schinazi, 1987). Against clinical isolates of HSV, VDB was 
less potent (50% effective concentration [EC50] 11 μg/ml) 
than aciclovir and bromovinyldeoxyuridine (EC50 ranging 
from 0.02 to 0.9 μg/ml) (Andrei et al., 1992). A more recent 
study showed that VDB was synergistic with aciclovir against 
HSV but only against strains susceptible to both agents (Suzuki 
et al., 2006). The in vitro data were supported by the efficacy 
of VDB for the treatment of experimental HSV encephalitis in 
mice (Schinazi, 1987).

Using an unusual assay system, VDB was more active against 
varicella-zoster virus (VZV) (EC50 1.0–3.5 μg/ml) than aci-
clovir (EC50 2.5–50 μg/ml) and of similar efficacy to trifluo-
rothymidine (EC50 1.2–5.0 μg/ml); VZV was more susceptible 
to VDB than HSV (Berkowitz and Levin, 1985; Gephart and 
Lerner, 1981). It is not surprising that VDB was found to 
have a much lower selectivity index against VZV than aciclo-
vir or penciclovir (Machida et al., 1995). Aciclovir-resistant 
strains of VZV were susceptible to VDB; the mean EC50 of 
4 clinical isolates was 1.4 μM (Schinazi et al., 1986; Jacobson 
et al., 1990).

In two studies human CMV was inhibited by VDB at low 
concentrations in cell culture, and foscarnet-resistant strains 
were also susceptible, although the therapeutic margin was 
narrow (Verheyden, 1988; Sullivan and Coen, 1991), but other Figure 218.1. Chemical structure of vidarabine.
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studies suggest that VDB was relatively inactive toward CMV 
(Gephart and Lerner, 1981).

VDB was active against hepatitis B virus (HBV) using a 
human hepatoblastoma cell line that continuously synthe-
sizes HBV DNA (Ueda et al., 1989). But in ducks or wood-
chucks chronically infected with HBV, only high, poorly 
tolerated doses of VDB were shown to inhibit viral replica-
tion (Omata et al., 1986; Hirota et al., 1987; Fourel et al., 1992). 
VDB was inactive against HIV-1 (Balzarini et al., 1986).

3. MECHANISM OF DRUG ACTION

VDB exerts its antiviral effect by inhibiting DNA synthesis. 
Like other nucleoside analogs VDB is a prodrug, requiring 
sequential intracellular phosphorylation to the triphosphate, 
mediated exclusively by cellular enzymes, for it to be able to 
inhibit viral DNA polymerases. In this respect, VDB differs 
in an important way from, and lacks the selectivity of, aciclo-
vir and penciclovir, as the phosphorylation of the latter anti-
viral drugs is initiated only by herpesvirus thymidine kinases 
in infected cells, not by cellular kinases (see Chapter 213, 
Aciclovir and valaciclovir). As a consequence, intracellular 
levels of VDB triphosphate are high in all cells, causing sys-
temic toxicity, whereas intracellular levels of aciclovir and 
penciclovir triphosphates are high only in herpesvirus-infected 
cells.

VDB triphosphate also inhibits mammalian cell DNA 
poly merases, but to a somewhat lesser degree than the virus- 
specified enzymes (Le Page, 1973; Shannon, 1975; Muller et 
al., 1977); as a consequence, VDB is also incorporated into 
both cellular and viral DNA during DNA synthesis, making 
toxicity likely (Muller et al., 1977). In vivo, the major anti-
viral activity was mediated by VDB, which had considerably 
more activity than arabinosyl hypoxanthine (Shannon, 1975; 
Sloan, 1975; Bryson and Connor, 1976; Gephart and Lerner, 
1981).

Studies in ducks infected with duck hepatitis B virus have 
shown that the mechanism of action of VDB against hepad-
navirus replication is through inhibition of the HBV DNA 
polymerase (which is a reverse transcriptase), resulting in a 
decrease in the “mature” forms of the viral DNA. There is, 
however, no effect on hepatitis B virus supercoiled DNA (Omata 
et al., 1986).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

VDB is no longer available in any form; no dosage was estab-
lished for humans.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

VDB is rapidly deaminated to arabinosyl hypoxanthine within 
erythrocytes by the enzyme adenosine deaminase (Kinkel 
and Buchanan, 1975). Levels of arabinosyl hypoxanthine in 

erythrocytes parallel those in serum, and the cerebrospinal 
fluid levels are approximately 35% of serum levels. During a 
12-hour infusion, arabinosyl hypoxanthine levels are in the 
range 3–6 μg/ml, and levels of the parent compound are < 0.4 
μg/ml. The predominant route of excretion is via the kidneys, 
and there is no evidence of fecal excretion of VDB or its metab-
olites. No pharmacodynamic studies have been undertaken. 

6. ADVERSE REACTIONS AND TOXICITY

Although early animal studies with VDB suggested that it 
might be minimally toxic, as soon as human usage became 
common it became evident that VDB was associated with 
unacceptable toxicity affecting multiple organs. 

At therapeutic VDB doses of ≥ 15 mg/kg daily, neutrope-
nia and thrombocytopenia are common and pancytopenia 
and megaloblastic changes can occur. Neurologic findings 
such as hallucinations, confusion, psychosis, tremors, ataxia, 
myoclonus, dysarthria, aphasia, neuralgia, seizures, and coma 
have been reported.; Gastrointestinal side effects include 
anorexia, nausea, vomiting, and diarrhea, and elevated liver 
enzymes have also been noted. Weakness, fatigue, weight loss, 
rash, and thrombophlebitis at the site of intravenous injec-
tion can occur. Hyponatremia and the syndrome of inap-
propriate secretion of antidiuretic hormone have also been 
related to VDB therapy (Whitley et al., 1976; Whitley et al., 
1982a; Whitley et al., 1982b; Whitley et al., 1982c; Lauter et 
al., 1976; Ross et al., 1976; Sacks et al., 1979; Meyers et al., 
1982; Sacks et al., 1982; Vilter, 1986; Feldman et al., 1986; Safrin 
et al., 1990; Safrin et al., 1991; Arzuaga et al., 1994; Bevilacqua, 
1994). A severe and prolonged polyneuropathy occurred after 
a 12-week course of VDB in patients with chronic hepatitis B 
infection (Guardia et al., 1986), and hepatic failure has been 
reported after VDB therapy combined with prednisolone for 
treatment of chronic HBV infection (Buti et al., 1987).

7. CLINICAL USES OF THE DRUG

Several placebo-controlled studies of VDB treatment of HSV 
encephalitis showed an apparent reduction in death rates 
and improved long-term outcomes of treated individuals 
compared to placebo or no treatment; VDB also reportedly 
had little toxicity (Whitley et al., 1977; Whitley et al., 1981). 
However, in two randomized studies comparing VDB with 
aciclovir in patients with HSV encephalitis, aciclovir was 
found to be far superior to VDB in terms of survival and long- 
term morbidity; aciclovir also had fewer adverse reactions 
than VDB (Sköldenberg et al., 1984; Whitley et al., 1986). 
VDB-treated neonates with HSV infection had lower mor-
tality and fewer sequelae than those treated with placebo 
(Whitley et al., 1980), but a later study comparing aciclovir 
with VDB showed that these two drugs had equivalent effi-
cacy in terms of both long-term morbidity and mortality, but 
the incidence of neutropenia and thrombocytopenia was five 
times higher in the VDB-treated group than in those receiv-
ing aciclovir (Whitley et al., 1991).
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VDB was also used successfully in the treatment of aciclo-
vir-resistant HSV infection in bone marrow transplant recip-
ients (Ljungman et al., 1990). However, a randomized trial 
in which foscarnet was compared with VDB for the treat-
ment of aciclovir-resistant, mucocutaneous HSV infections in 
patients with AIDS, found that foscarnet therapy was supe-
rior to VDB in terms of a higher rate of healing, a shorter time 
to healing, and significantly less toxicity (Safrin et al., 1991).

VDB treatment of varicella-zoster virus (VZV) infection 
in immunocompromised patients was shown to be effective 
in a number of early studies (Whitley et al., 1976; Whitley et 
al., 1982b; Whitley et al., 1982c). However, when aciclovir 
was compared with VDB for VZV infections in immuno-
compromised patients, aciclovir was clearly superior to VDB 
in all studies reported (Shepp et al., 1986; Vilde et al., 1986; 
Whitley et al., 1992; Wagstaff et al., 1994).

Although VDB appeared to have efficacy in the treatment 
of CMV retinitis in one early study (Pollard et al., 1982), 
other investigators have reported lack of efficacy (Ch’ien et 
al., 1974; Baublis et al., 1975; Rytel and Kauffman, 1976; Marker 
et al., 1980; Meyers et al., 1982; Mills et al., 1988), which was 
consistent with the in vitro data (Gephart and Lerner, 1981).

Treatment of chronic HBV infection using VDB alone or 
in combination with interferon-alpha was not superior to 
interferon-alpha monotherapy in terms of clinical outcome 
(Scully et al., 1986; Garcia et al., 1987; Schalm, 1994), although 
one case was apparently successful (Kitabayashi et al., 1994).
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Foscarnet
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1. DESCRIPTION

Foscarnet, also known as phosphonoformate, usually abbre-
viated as FOS and occasionally abbreviated as PFA, is an 
organic analog of inorganic pyrophosphate. Foscarnet is a 
broad inhibitor of viral DNA polymerases, including both 
DNA-dependent and RNA-dependent enzymes (the latter 
usually termed reverse transcriptases). Consequently it is 
active against DNA viruses, including herpes simplex virus 
types 1 and 2 (HSV-1 and HSV-2), cytomegalovirus (CMV), 
varicella-zoster virus (VZV), Epstein-Barr virus (EBV), and 
human herpesviruses types 6 and possibly 8 (HHV-6 and 
HHV-8) (Helgstrand et al., 1978; Mesri et al., 1996; Wagstaff 
and Bryson, 1994). In addition, it inhibits the reverse tran-
scriptases of hepadnaviruses, including human and duck 
hepatitis B viruses, and primate immunodeficiency viruses 
such as HIV-1 and HIV-2 (Sandstrom et al., 1985; Sarin et al., 
1985). It also interferes with mRNA synthesis of influenza 
viruses (Stridh et al., 1979; Oberg, 1983; Strid et al., 1989). 
Clinically, it is used to treat herpesvirus infections, especially 
those resistant to the usual antiviral drugs and, almost never, 
for treatment of multidrug-resistant HIV infection.

The chemical name for foscarnet is trisodium phospho-
noformate hexahydrate, and it is marketed in solution by 
Clinigen Healthcare Ltd. under the brand name Foscavir 
(foscarnet solution). The molecular weight of foscarnet is 
300.1 (1 µM = 0.3 µg/ml) and the chemical structure is shown 
in Figure 219.1.

Foscarnet is available for intravenous injection in water, 
pH 7.4, with 24 mg of trisodium phosphonoformate hexahy-
drate per milliliter (Foscavir injection); it is dispensed in 
500-ml glass bottles (each milliliter of the pH 7.4 solution 
contains 24 mg or 80 µM of foscarnet). 

Prodrugs of foscarnet have been synthesized in an effort 
to increase oral absorption and tolerability, but they have not 
been studied clinically (Mills and Wu, 2004; Shirokova et al., 
2004), and a liposomal preparation for intraocular use has 
been developed, but it also has not undergone clinical trials 
(Claro et al., 2009). Russo and colleagues (2014) developed 
foscarnet–chitosan nanoparticles that released foscarnet in 
cell culture, inhibiting replication of CMV and not causing 
any cytotoxicity, but that foscarnet preparation also has not 
undergone any clinical trials. A scleral plug has been devel-
oped for treatment of CMV retinitis with foscarnet and 
ganciclovir (Peng et al., 2010), but this too has not under-
gone clinical trials.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

As noted, foscarnet inhibits nearly all classes of human 
 herpesviruses ,including HSV-1 and -2, VZV, CMV, EBV, 
HHV-6, and possibly HHV-8. It also inhibits primate immu-
nodeficiency viruses (HIV-1 and -2), simian immunodefi-
ciency virus (SIV), and human and duck hepatitis viruses 
(see Table 219.1).

CYTOMEGALOVIRUS

Foscarnet at 0.3–0.8 µM inhibited the DNA polymerase of 
cytomegalovirus (CMV) by 50% (Oberg, 1983; Eriksson and 
Schinazi, 1989). The 50% effective concentration (EC50) of 
foscarnet required to inhibit replication of human CMV 
strain Ad-169 in cell culture was somewhat higher, 102–130 
µM, and the EC50 increased with increasing multiplicity of 
infection (Wahren and Oberg, 1980; Manischewitz et al., 1990). 
Others report lower EC50 concentrations, ranging from 6 to 
55 µM when measured by inhibition of plaque formation 
or cytopathology using laboratory strains of CMV (Wahren 
and Oberg, 1980; Andrei et al., 1991; Neyts et al., 1991). For 
clinical isolates of CMV, the EC50 for inhibition of replication 
is in the range 108–270 µM, generally being 1.5- to 8-fold 
more resistant than the laboratory strains (Oberg, 1989; Figure 219.1. Chemical structure of foscarnet.
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Manischewitz et al., 1990; Gerna et al., 1994; Chrisp and 
Clissold, 1991; Wagstaff and Bryson, 1994).

HERPES SIMPLEX VIRUSES

Foscarnet inhibits HSV-1 and 2 with EC50 values of 0.4–3.5 
µM for HSV-1 and 0.6–22 µM for HSV-2 (Helgstrand et al., 
1978; Eriksson and Oberg, 1979; Ostrander and Cheng, 1980).

VARICELLA-ZOSTER VIRUS

The IC50 of foscarnet required to inhibit the DNA polymerase 
of VZV is 0.4 µM (Oberg, 1989). Foscarnet was active against 
virtually all strains of VZV tested (Andrei et al., 1995).

OTHER HUMAN HERPESVIRUSES

In vitro, foscarnet inhibits all human herpesviruses that have 
been tested, including EBV, HHV-6, and HHV-8. Foscarnet, 
cidofovir, and ganciclovir were all active against EBV, at EC50 
values of 14, 0.29, and 0.28 µg/ml, respectively (approx. 46, 1 
and 1 μM) (Ballout et al., 2007).

Both foscarnet and cidofovir inhibited HHV-6 type A 
replication in glial cells, whereas aciclovir and ganciclovir 
were inactive (Akhyani et al., 2006). In a range of antiviral 
drugs including foscarnet (the others being aciclovir, penci-
clovir, ganciclovir, brivudin, and cidofovir), foscarnet was 
the most active against HHV-6 and was also active against 
HHV-7 and HHV-8 (De Clercq et al., 2001). Some support 
for the in vivo activity of foscarnet against HHV-6 comes 
from two reports; one of a patient with meningitis with bilat-
eral uveitis due to HHV-6 who recovered after foscarnet 

therapy (Maslin et al., 2007) and another case of a patient 
immunosuppressed for a hematopoietic stem cell transplant 
with a systemic HHV-6 infection that was rapidly controlled 
with foscarnet (Gregg et al., 2014; see section 7, Clinical uses 
of the drug).

Using a cell line latently infected with HHV-8, Kedes and 
Ganem (1997) assessed the ability of foscarnet to block pro-
duction of the virus after active replication was induced by 
phorbol esters. HHV-8 was susceptible to foscarnet, ganci-
clovir, and cidofovir, with EC50 values of 80–100, 2.7–4.0, and 
0.5–1.0 µM, respectively. Another study also evaluated fos-
carnet, ganciclovir, and cidofovir for their inhibitory activity 
against HHV-8 in a lymphoma cell line; EC50 values were 97, 
5.1, and 0.05 µM, respectively, but none of these drugs elim-
inated HHV-8 episomes (Medveczky et al., 1997). Foscarnet 
inhibited production of HHV-8 infection of primary micro-
vascular endothelial cells, but only interferon-alpha inhibited 
expansion of latently infected cells. Overall, interferon-alpha 
was thought to be a more effective antiviral strategy for 
HHV-8 infection than an antiviral drug (Krug et al., 2004). 
However, the in vivo evidence for the activity of foscarnet 
against HHV-8 is decidedly mixed (see section 7, Clinical 
uses of the drug).

HUMAN IMMUNODEFICIENCY VIRUS

Foscarnet inhibits HIV-1 and -2 and SIV (Sarin et al., 1985; 
Vrang et al., 1988). The concentration of foscarnet required 
to inhibit the HIV-1 reverse transcriptase by 50% was < 2 µM 
(Sarin et al., 1985), and complete inhibition of enzyme activity 

Table 219.1. Viruses susceptible to clinically achievable concentrations of foscarnet.

Virus IC50 (μM) References

HSV-1 or -2 10–130 Package Insert, Foscavir

10–45 Helgstrand et al. (1978); Eriksson and Oberg (1979); Ostrander 
and Cheng (1980)

Aciclovir-resistant HSV due to thymidine 
kinase deficiency

67 Package Insert, Foscavir

Varicella-zoster virus 42–85 Andrei et al. (1995)

Cytomegalovirus 50–800; mean 269 Package Insert, Foscavir

34 Eriksson and Schinazi (1989)

102–130 Wahren and Oberg (1980); Manischewitz et al. (1990)

6–55 Wahren and Oberg (1980); Neyts et al. (1991); Andrei et al. (1991)

108–270 Oberg (1989); Manischewitz et al. (1990); Gerna et al. (1994)

Epstein-Barr virus 47 Ballout et al. (2007)

HHV-6 4–15 De Clercq et al. (2001)

HHV-7 10–25 De Clercq et al. (2001)

HHV-8 (Kaposi’s sarcoma–associated 
herpesvirus)

120 De Clercq et al. (2001)

80–100 Kedes and Ganem (1997)

97 Medveczky et al. (1997)

HIV < 2 Sarin et al. (1985)

10–25 Sandstrom et al. (1985); Eriksson and Schinazi (1989); Koshida et 
al. (1989)

30 Cox et al. (1994)

Human hepatitis B virus 10–100 Oberg (1983)

Abbreviations: IC50: half-maximal inhibitory concentration; HSV: herpes simplex virus; HHV: human herpesvirus.
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has been achieved at 5 µM (Sandstrom et al., 1985). Replication 
of HIV-1 in H9 T-cell lines was inhibited by 50% by foscarnet 
in concentrations ranging from 10 to 25 µM (Sandstrom et 
al., 1985; Koshida et al., 1989). In peripheral blood mononu-
clear cells, HIV was inhibited by a mean concentration of 
foscarnet of 29.7 µM (Cox et al., 1994). Foscarnet was active 
against acute HIV-1 infection of cultured human macro-
phages, but like zidovudine and other reverse transcriptase 
inhibitors, was inactive toward chronically infected macro-
phages (Crowe et al., 1989). Foscarnet reversibly inhibits cell 
growth by 50% at concentrations of approximately 1000 µM, 
significantly higher concentrations than those required for 
inhibition of virus replication (Stenberg and Larsson, 1978).

The in vitro data showing that HIV-1 is susceptible to fos-
carnet have generally been confirmed by in vivo studies. For 
example, 10 HIV-infected patients received 50 mg foscarnet 
three times daily for 4 weeks, resulting in a 2.1 log10 decrease 
in the HIV RNA concentration in plasma (HIV viral load), 
from 4.7 to 2.6 log10 RNA copies/ml. HIV viral load returned 
to baseline within a week of stopping therapy (Bergdahl et 
al., 1998). Other clinical trials have confirmed the in vivo 
activity of foscarnet against HIV (Jacobson et al., 1991b; 
Devianne-Garrigue et al., 1998).

HEPADNAVIRUSES

The human hepatitis B virus (HBV) DNA polymerase (a 
reverse transcriptase) was inhibited by 10–100 µM foscarnet 
(Oberg, 1983), and both human and duck HBV were suscep-
tible to foscarnet (Sherker et al., 1986; Fourel et al., 1994; 
Civitico et al., 1996). In vivo studies have confirmed the in 
vitro studies, with foscarnet therapy, resulting in decreases 
in HBV DNA in plasma as well as reductions in HBeAg and 
improving liver function tests (Han et al., 2005).

OTHER VIRUSES

Foscarnet, at a concentration of 20 µM, inhibited the RNA 
polymerase of influenza virus (Helgstrand et al., 1978; Stridh 
et al., 1979; Oberg, 1983; Strid et al., 1989). Replication of 
influenza virus was inhibited by 400 µM foscarnet (Oberg, 
1983). Rotavirus replication in MA104 cells was inhibited by 
foscarnet in a dose-dependent manner, with inhibition of 
both plus- and minus-strand RNA synthesis (Rios et al., 1995). 
There are no in vivo data.

2b.  Emerging resistance and 
cross-resistance

CYTOMEGALOVIRUS

There are numerous reports of foscarnet-resistant strains 
of CMV, induced by either culturing wild-type isolates in 
increasing foscarnet concentrations in vitro (Sullivan and 
Coen, 1991; Gilbert et al., 2011) or in clinical isolates from 
patients treated with foscarnet or ganciclovir (Knox et al., 1991; 
Leport et al., 1993; Jabs et al., 1998; Cihlar et al., 1998; Chou et 
al., 1997; Chou et al., 1998; Gilbert et al., 2002; Weinberg et 
al., 2003; Springer et al., 2005; Ducancelle et al., 2005 & 2007; 

Lurain and Chou, 2010; Komatsu et al., 2014). In general, the 
frequency of these resistant CMV strains from foscarnet- 
treated patients appears to be relatively low, with Weinberg’s 
data indicating the risk of foscarnet resistance increases from 
13% after 6 months of treatment to 37% after 1 year of ther-
apy (Tachedjian et al., 1994; Weinberg et al., 2003). 

All known mutations mediating phenotypic resistance to 
foscarnet are located in the DNA polymerase (UL54) gene 
(Smith et al., 1997; Lurain et al., 2001; Komatsu et al., 2014). 
UL97 mutations in CMV only mediate resistance to ganci-
clovir, a drug requiring initial intracellular monophosphory-
lation by the UL97 gene for it to be transformed into its 
active, triphosphate form (Lurain et al., 2001; Smith et al., 
1997). These UL97 mutations never affect susceptibility to 
foscarnet. In contrast, polymerase (UL54) mutations are 
invariably found in CMV strains resistant to foscarnet, but 
these mutations may mediate cross-resistant to ganciclovir  
(a nucleoside analog) or cidofovir (a monophosphorylated 
nucleo side, called nucleotide) depending on the specific 
UL54 mutation, and they are usually seen only in strains 
highly resistant to foscarnet (Gilbert et al., 2011). On the 
other hand, the UL54 mutations that confer ganciclovir resis-
tance usually appear after prolonged treatment with that drug, 
usually also mediate cidofovir resistance, but only occasion-
ally confer foscarnet resistance. 

Multiple mutations in the UL54 gene have been found  
in CMV strains resistant to foscarnet (Table 219.2). Both 
single mutations and multiple mutations are associated with 
resistance, with a tendency for higher level resistance to be 
associated with multiple mutations (Gilbert et al., 2011). 
However, the complexity of the relation between molecular 
changes and the degree of resistance in the CMV strain 
under study was emphasized in studies by Weinberg, Smith 
and their colleagues (Weinberg et al., 2003; Smith et al., 
1997) as well as in review articles (Chou and Hakki, 2011; 
Komatsu et al., 2014). The problem is that even strains of 
CMV apparently made resistant to foscarnet on the basis of a 
single polymerase mutation almost always harbor multiple 
polymorphisms in the polymerase gene, and the influence of 
these polymorphisms on drug resistance is seldom known 
(Hakki and Chou, 2011; Komatsu et al., 2014). This problem 
is emphasized by differences in the degree of resistance (usu-
ally assessed as fold increase compared with wild-type virus) 
among strains with the same main mutation (Komatsu et al., 
2014). 

Although an increasing number of CMV strains have 
been sequenced to determine the relationship between UL54 
or UL97 mutations and antiviral drug resistance, that number 
is insufficient to reliably associate the relationship between 
signature resistance mutations (as in Table 219.2) and drug 
resistance at a phenotypic level, given the background of 
multiple mutations considered to be possible polymorphisms 
(Komatsu et al., 2014). Phenotypic resistance of HIV-1 strains 
to multiple antiretroviral drugs and the efficacy of these 
drugs for treating specific HIV-1 strains has been, and is con-
tinually being, assessed quite rigorously by analysis of genomic 
mutations, but that high level of certainty is based on analysis 
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many thousands of strains. As of 2015, the Stanford University 
HIV-1 resistance database (2015) has treatment outcome 
data on 93,726 patients from whom 81,888 protease, 88,996 
reverse transcriptase, and 9,593 integrase genes from isolates 
have been sequenced and published. The CMV landscape is 
orders of magnitude behind that of HIV. 

Polymerase mutations reported to be associated with 
foscarnet resistance include V715M and E756K mutations 
(inducing high-level foscarnet resistance) and K415R + S291P 
(producing a 5- to 10-fold increase in foscarnet EC50 for CMV) 
(Ducancelle et al., 2005; Ducancelle et al., 2006; Ducancelle 
et al., 2007). 

In an important study, development of UL54 mutations 
was forced by passaging two CMV strains (laboratory strain 
AD169 and a clinical isolate) in cell culture in the presence 
of either foscarnet or ganciclovir. Each mutation was trans-
ferred to a reference CMV strain by a complex procedure 
using bacterial artificial chromosomes, and the susceptibility 
of the mutated strains were assessed in a standardized plaque 
reduction assay (Gilbert and Boivin, 2005; Gilbert et al., 
2011). A total of 18 mutations were discovered, 14 of which 
had not previously been associated with drug resistance. 
These mutations appeared to act by altering the flexibility of 
the polymerase rather than directly altering the polymerase 

Table 219.2. CMV polymerase mutations reported to cause foscarnet resistance.

Mutations
Foscarnet 

effecta

Cross-resistance 
to GCV or CDVb Reference(s)

Single mutations

N495K 3.4 None Ducancelle et al. (2005); Ducancelle et al. (2006); Ducancelle et al. (2007) 

T552N 2.6 1.9 Gilbert et al. (2001); Clinigen Healthcare (2014) 

Q578H/L   4,5 2.5–3.0 Chou (2011); Clinigen Healthcare (2014)

S585A 2.7 1.5 Gilbert et al. (2011); Clinigen Healthcare (2014)

D588N/E 2.3–9.0 None Cihlar et al. (1998); Springer et al. (2005); Clinigen Healthcare (2014)

F595I 2.0 1.3 Gilbert et al. (2011); Clinigen Healthcare (2014)

T700A 5.8–10 None Boutolleau et al. (2012); Ducancelle et al. (2007); Clinigen Healthcare (2014)

V715M   2–70 None Ducancelle et al. (2005); Ducancelle et al. (2007); Weinberg et al. (2003); 
Clinigen Healthcare (2014)

E756K/D/Q   4–30 2.5–3.0 Gregg et al (2014); Chou (2003); Chou (2005); Ducancelle et al. (2005); 
Komtasu et al. (2014); Weinberg et al. (2003); Clinigen Healthcare (2014)

L773V 4.5 2.5–3.0 Chou et al. (2014); Clinigen Healthcare (2014)

L776M N/A Yes Clinigen Healthcare (2014)

V781I 4.0–7.0 None Cihlar et al. (1998); Weinberg et al. (2003); Clinigen Healthcare (2014)

V787L 2.4–6 < 1.8 Gilbert et al. (2011); Weinberg et al. (2003); Clinigen Healthcare (2014)

L802M 2.7–3.2 None–2.6 Chou et al. (1997); Gilbert et al. (2011); Cihlar et al. (1998); Clinigen 
Healthcare (2014)

Q807A N/A N/A Clinigen Healthcare (2014)

A809V 6.3 2.6 Chou et al. (1998); Clinigen Healthcare (2014)

V812L 4      6–10 Clinigen Healthcare (2014)

T813S N/A N/A Chou et al. (2007); Clinigen Healthcare (2014)

T821I 21 1.9–4.5 Clinigen Healthcare (2014)

A834P 6.4 3.0–5.4 Scott et al. (2007); Clinigen Healthcare (2014)

T838A N/A N/A Springer et al. (2005); Clinigen Healthcare (2014)

G841A/S N/A ~ 3 Chou (2005 and 2007); Clinigen Healthcare (2014)

M844T/V N/A N/A Clinigen Healthcare (2014)

del 981-982   3–5      6–8 Chou (et al. (2000); Clinigen Healthcare (2014)

V946L 2.4 None Gilbert et al. (2011); Clinigen Healthcare (2014)

Double mutations

V812L + D588N 4      4–6 Springer et al. (2005)

K415R + S291P   5–10 N/A Ducancelle et al. (2005)

V781I + P522S   6–9 N/A Weinberg et al. (2003)

P522A + G841A   2–3 N/A Erice et al. (1997)

T552N + 957F 5.5 None Gilbert et al. (2011)

S585A + 500N 2.7 2.4 Gilbert et al. (2011)

aApproximate fold increase in 50% effective concentration (EC50) compared with wild-type virus (1.0), if available
bFold increase in EC50, if cross-resistance was present.
Abbreviations: GCV: ganciclovir ; CDV: cidofovir; N/A: not available.
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active site (Gilbert et al., 2011). Passaging CMV in increasing 
concentrations of ganciclovir resulted in 11 CMV strains 
with polymerase mutations, 10 with single mutations, and 1 
with double mutations (L545S + P829S). Of these 11 strains, 
5 had high-level (> 2.0) resistance to ganciclovir and 4 were 
highly resistant to cidofovir, but only 2 (18%) of the 11 strains 
with UL54 mutations had high-level foscarnet resistance, 
which was due to two single UL54 mutations (V787L and 
V964L); it is interesting that both of these strains were largely 
fully susceptible to ganciclovir and cidofovir. In contrast, 
passage in increasing concentrations of foscarnet (effectively 
primary foscarnet therapy) resulted in 13 CMV strains with 
nine single mutations and four double mutations. Of these 
13 strains, 6 were highly resistant to ganciclovir and 10 (77%) 
were resistant to foscarnet. Of the latter 10 strains, 7 had high-
level resistance and 3 were resistant to foscarnet and cross- 
resistant to either ganciclovir or cidofovir (Gilbert et al., 2011). 

Gilbert’s data clearly show that if CMV disease is treated 
primarily with foscarnet, and if it results in foscarnet resis-
tance, that resistance is invariably due to UL54 mutations. In 
contrast primary ganciclovir therapy is much less likely to 
drive primary foscarnet resistance because resistance is usu-
ally due to the mutations in the UL97 monophosphorylating 
gene, which never alters foscarnet efficacy. However, pro-
longed ganciclovir therapy as sometimes used in patients with 
significant immunosuppression (e.g. for lung transplantation) 
may drive both UL97 and UL54 mutations, potentially result-
ing in foscarnet resistance. This situation was documented in 
a recent paper on treatment of CMV in patients with lung 
transplants (Minces et al., 2014). 

Rapid development of foscarnet-resistant CMV on the 
basis of a E756K UL54 mutation without a prior ganciclovir- 
induced UL97 mutation was seen in a highly immunosup-
pressed patient with a hematopoietic stem-cell transplant 
(Gregg et al., 2014), a situation in which ganciclovir is often 
contraindicated because of neutropenia. 

Three CMV isolates resistant to both ganciclovir and fos-
carnet each contained a well-known ganciclovir resistance 
mutation in the viral UL97 phosphotransferase sequence as 
well as a mutation (A809V) in conserved region 3 of the poly-
merase gene (Chou et al., 1998). A recombinant virus con-
taining only the A809V mutation showed 6.3-fold increased 
foscarnet resistance and 2.6-fold increased ganciclovir resis-
tance. Further experience has shown that this mutation is 
common in FOS-treated patients and a clinically significant 
viral genetic marker for decreased susceptibility to both fos-
carnet and ganciclovir (Chou et al., 1998). Scott and colleagues 
(2007) studied three CMV isolates from patients failing  
to respond to foscarnet or ganciclovir. A novel polymerase 
mutation, A834P, was identified that conferred ganciclovir, 
cidofovir, and foscarnet resistance; it has also been found fre-
quently in foscarnet-treated patients. A CMV strain recov-
ered from two pediatric hematopoietic stem cell transplant 
recipients that was resistant to both ganciclovir and foscarnet 
had novel polymerase mutations (T838A) and D588N) and 
showed significantly decreased fitness in vitro (Springer et 
al., 2005).

Chou et al. (2005) used a new marker transfer technique 
to insert 10 novel polymerase mutations (9 observed in clin-
ical isolates) into recombinant CMV strains. Mutations E756K, 
and E756D, which are not located in recognized functional 
polymerase domains, each conferred foscarnet resistance to 
the recombinant virus (Chou et al., 2003). Further phenotyp-
ing of CMV polymerase region 3 mutations from clinical 
specimens showed that T813S and G841A each conferred 
foscarnet resistance and increased ganciclovir resistance by 
approximately threefold; adding the UL97 mutation C592G 
increased ganciclovir resistance to approximately sixfold 
(Chou et al., 2007). A two-codon deletion in the polymerase 
(981–982) also mediated combined ganciclovir, cidofovir, 
and foscarnet resistance (Chou et al., 2000). It is not surpris-
ing that foscarnet salvage therapy of multidrug-resistant HIV 
infection in one patient also resulted in the development of 
CMV resistance due to a T700A mutation in UL54 (Boutol-
leau et al., 2012).

Some understanding of the role of specific mutations in 
mediating resistance or hypersusceptibility of the CMV poly-
merase to foscarnet at a molecular level is now available (Tches-
nokov et al., 2006) with the caveats mentioned earlier.

There was no cross-resistance of CMV strains between 
the failed investigational drug maribavir, at least in the small 
series studied (Drew et al., 2006), nor was there cross-resistance 
with another investigational drug, letermovir (Goldner et al., 
2014), which was expected because resistance to letermovir 
primarily maps to the terminase gene UL56 (Chou, 2015).

HERPES SIMPLEX VIRUSES

Foscarnet-resistant HSV strains (see Table 219.3) have been 
defined by some investigators as having reduced susceptibil-
ity (at the EC50 level) to concentrations of foscarnet > 100 µg/
ml (approximately 330 µM) (Safrin et al., 1994a), whereas 
others use a cut-off of 400 µM (Drew, 1996). It is generally 
agreed that these phenotypic drug resistance assays may be 
difficult to perform, and results are not always predictive of 
the clinical response of the drug (Wagstaff and Bryson, 1994). 

Because aciclovir and famciclovir are the drugs most 
commonly used to treat HSV infections, most resistance is 
to those drugs, and that resistance is almost invariably medi-
ated by thymidine kinase mutations. Such strains would be 
fully susceptible to foscarnet (Stranska et al., 2004; Stranska 
et al., 2005; Birch et al., 1990; Verdonck et al., 1993). Foscarnet 
resistance is uncommon in unselected HSV isolates, account-
ing for 5% in a screen of 320 clinical isolates from 197 patients 
(Safrin et al., 1994b). Consequently, foscarnet-resistant HSV 
strains with polymerase mutations (Schmit and Boivin, 1999) 
are relatively rare and often associated with clinical failure 
of  both drugs related to long-term treatment of resistant 
HSV infections in immunocompromised patients (Birch et al., 
1992; Chen et al., 2000). 

Foscarnet-resistant clinical isolates of HSV may retain sus- 
ceptibility to penciclovir (Safrin and Phan, 1993), cidofovir 
(Bryant et al., 2001), or to trifluridine (Birch et al., 1992). A 
foscarnet-resistant HSV-2 strain has been isolated from a 
patient treated with foscarnet and zidovudine whose strain 
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of HIV remained sensitive to foscarnet due to the unique 
relationship between these two drugs (Tachedjian et al., 1994). 
An unusual foscarnet-resistant strain of HSV had poly merase 
mutations and showed decreased susceptibility to adefovir 
(Bestman-Smith and Boivin, 2002). 

HSV-1 polymerase mutations mediating foscarnet resis-
tance have been identified by several investigators (Hwang et 
al., 1992; Hwang et al. 2004; Saijo et al. 2005). Mutations 
mediating foscarnet and other antiviral drug resistance in 
HSV strains and have been summarized (Piret and Boivin, 
2014; Table 219.3). 

OTHER HERPESVIRUSES

Aciclovir-resistant isolates of VZV that are thymidine kinase 
deficient or that have an altered substrate specificity are also 
susceptible to foscarnet in vitro (Boivin et al., 1994). Piret 
and Boivin (2014) summarized the mutations mediating VZV 
resistance to foscarnet and those with cross-resistance to 
other antiviral drugs (Table 219.4). These in vitro data have 
been supported by small case series showing healing of 
lesions and resolution of virus shedding in patients with aci-
clovir-resistant, thymidine kinase–altered VZV infections 
(Safrin et al., 1991a; Levin et al., 2003; Hatchette et al., 2008). 
Foscarnet-resistant variants of VZV that have been devel-
oped by in vitro passage (Visse et al., 1999) or recovered from 
patients (Visse et al., 1998) have mutations in the virion 
DNA polymerase. Of seven resistant strains generated by in 
vitro passage, the mutations were in domain II (R665G, 
V666L, or Q692R) or domain III (R806S, L809S) of the poly-
merase. Drug resistance in clinically acquired strains of VZV 
has been developed by passage in vitro in increasing concen-
trations of aciclovir or foscarnet (Bleymehl et al., ????). The 
resulting three resistant strains were 38–213 times more 

Table 219.3. Polymerase mutations thought to mediate 
foscarnet resistance in HSV-1 and HSV-2.

Virus
Single 
mutations

Resistance to 
other agents

HSV-2 E250Q ACV

HSV-1 E597D ACV or CDV

HSV-1 S599L ACV or CDV

HSV-1 A605V ACV or CDV

HSV-1 Q618H ACV or CDV

HSV-1 D672N ACV or CDV

HSV-1 R700M/G ACV or CDV

HSV-1 L702H ACV or CDV

HSV-1 V714M ACV, possibly CDV

HSV-1 V715G/M ACV or CDV

HSV-1 A719T/V ACV, possibly CDV

HSV-1 HSV-2 S724T/N ACV or CDV 

HSV-2 S725G ACV or CDV

HSV-2 S729N ACV or CDV

HSV-2 Q732R ACV or CDV

HSV-1 E771Q ACV

HSV-1 L774F ACV or CDV 

HSV-1 L778M ACV, possibly CDV 

HSV-1 D780B ACV or CDV 

HSV-1 L782I ACV or CDV 

HSV-2 L783M ACV, possibly CDV

HSV-2 D785N ACV or CDV

HSV-1 E798K ACV or CDV

HSV-1 L802F ACV, possibly CDV

HSV-1 V813M ACV or CDV

HSV-1 V817M ACV or CDV

HSV-1 Y818C ACV, possibly CDV

HSV-1 T821M ACV, possibly CDV 

HSV-1 G841C/S ACV or CDV 

HSV-2 T844I ACV, possibly CDV

HSV-1 R842S ACV or CDV

HSV-2 L850I ACV, CDV

HSV-1 S889A ACV or CDV

HSV-1 F891C/Y ACV or CDV 

HSV-1 V892M ACV or CDV

HSV-1 D907V ACV or CDV 

HSV-1 A910V/T ACV or CDV

HSV-2 D912V ACV or CDV

HSV-1 Y941H ACV or CDV 

HSV-1 V958L ACV or CDV 

HSV-1 R959H ACV or CDV 

HSV-1 K960R ACV or CDV

HSV-1 N961K ACV

HSV-1 W998L ACV or CDV

HSV-1 L1007M ACV

HSV-1 I1028T ACV

Abbreviations: HSV: herpes simplex virus; ACV: aciclovir; CDV: cidofovir.
Source: Data from Piret and Boivin (2014) and Clinigen Healthcare (2014).

Table 219.4. Polymerase mutations thought to mediate 
resistance of VZV to foscarnet and other antiviral drugs.

Single mutations 
associated with 
foscarnet resistance

Resistance to 
other agents Reference

E512K Piret and Boivin (2014)

E662E ACV Piret and Boivin (2014)

K662Q Bleymehl et al. (2011)

R665G Piret and Boivin (2014)

V666L ACV Piret and Boivin (2014)

D668T ACV Piret and Boivin (2014)

V680A Bleymehl et al. (2011)

A684V Bleymehl et al. (2011)

Q692R Piret and Boivin (2014)

L767S ACV Piret and Boivin (2014)

A773V Bleymehl et al. (2011)

I804T Bleymehl et al. (2011)

R806S Piret and Boivin (2014)

M808V ACV Piret and Boivin (2014)

L809S Piret and Boivin (2014)

M874I ACV Piret and Boivin (2014)

Abbreviations: VZV: varicella-zoster virus; ACV: aciclovir.
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resistant to aciclovir, > 4800 more resistant to brivudin, and 
13–32 times more resistant to foscarnet (foscarnet IC50 val-
ues were 41.9, 58.7, and 63.7 μM on initial isolation and 811, 
1327, and 1321 μM after selection). Multiple open reading 
frames were assessed for changes by polymerase chain reac-
tion (PCR) amplification and sequencing, and all strains had 
changes in the thymidine kinase and polymerase regions. 
The investigators found sox foscarnet-resistant mutations: 
five in the polymerase gene and one in thymidine kinase 
(L92M). The latter mutation was puzzling because foscarnet 
exposure should not exert pressure on the thymidine kinase 
(TK) gene. 

Two HHV-6 strains made resistant to foscarnet by in vitro 
passage had four mutations in the virion polymerase, T435R, 
H507Y, C525S, and F292S. In a cell-free assay of the virion 
polymerase, each mutation increased foscarnet resistance 
(Bonnafous et al., 2007). Known HHV-6 mutations mediat-
ing resistance to foscarnet are summarized in Table 219.5 
(Piret and Boivin, 2014). 

No strains of other herpesviruses resistant to foscarnet 
have been reported.

HUMAN IMMUNODEFICIENCY VIRUS

Strains of with reduced sensitivity to foscarnet have been 
identified by passage in culture in the presence of increasing 
concentrations of the drug and from a patient with AIDS on 
long-term foscarnet therapy (Mellors et al., 1995; Tachedjian 
et al., 1995). It is interesting that foscarnet-resistant strains of 
HIV also showed impaired fitness (Tachedjian et al., 1998b). 
Mutations in three reverse transcriptase codons (E89K, L92I, 
and S156A) and in codons W88S/G, Q161L, and H208Y, 
were also found, and their role in foscarnet resistance was 
confirmed by site-directed mutagenesis (Mellors et al., 1995; 
Tachedjian et al., 1995; Tramontano et al., 1998). Other 
investigators have described foscarnet-resistant reverse tran-
scriptase enzymes with mutations in codons V90A/T/G and 
E89G that were cross-resistant to the active metabolites of 
zalcitabine, didanosine, and zidovudine but that, at least in 
the case of the codon 90 mutation, remained susceptible to 
nevirapine and other nonnucleoside reverse transcriptase 
inhibitors (Prasad et al., 1991; Im et al., 1993). Nakano et al. 

(1997) used clonal selection and molecular evolutionary tech-
niques to identify foscarnet-resistant strains of HIV-1 due to 
the unique reverse transcriptase mutation R172K.

Foscarnet-resistant strains of HIV have been shown by 
several investigators to be hypersusceptible to zidovudine 
and nevirapine, with unaltered sensitivity to didanosine and 
zalcitabine (Mellors et al., 1995; Tachedjian et al., 1995; Smith 
et al., 2006). Mutations that confer foscarnet resistance can 
suppress zidovudine resistance (Tachedjian et al., 1996); as a 
consequence, HIV-1 variants resistant to both foscarnet and 
zidovudine are uncommon. In the extremely rare patients 
who are given long-term combination therapy with these drugs, 
the resulting dually resistant viruses have multiple reverse tran-
scriptase mutations (Tachedjian et al., 1998a). Conversely, 
viruses resistant to zidovudine, and those with multiple thy-
midine analog mutations (TAMs), were hypersusceptible to 
foscarnet (Tachedjian et al., 1996; Mathiesen et al., 2007); 
these in vitro data were supported by in vivo studies showing 
that foscarnet therapy of HIV infection was more effective 
against HIV strains having more than three preexisting TAMs 
than it was against strains with fewer TAMs (Charpentier et 
al., 2008).

Some elements of the interaction between foscarnet and 
chain-terminating nucleoside analogs such as zidovudine 
are now understood. The HIV reverse transcriptase can 
unblock a chain-terminated DNA strand by phosphorolytic 
cleavage of the chain-terminating nucleotide (e.g. zidovudine 
monophosphate). Reverse transcriptase mutations mediating 
zidovu dine resistance increase phosphorolytic (unblocking) 
activity, whereas mutations mediating foscarnet resistance 
decrease it (Meyer et al., 2003).

Zidovudine and didanosine mutants of feline immuno-
deficiency virus that were selected in culture showed cross- 
resistance to foscarnet and increased sensitivity to zalcitabine 
(Gobert et al., 1994).

2c.  In vitro synergy and antagonism

A number of in vitro studies have found additive or synergis-
tic activity of foscarnet with other antiviral drugs, including 
those with the same target as foscarnet (viral DNA polymerases), 
and against viruses otherwise susceptible to foscarnet.

Synergistic inhibition of replication of CMV in vitro by 
combinations of ganciclovir and foscarnet has been reported 
(Manischewitz et al., 1990). Combinations of foscarnet and 
trifluorothymidine have also been shown as synergistic 
(Spector et al., 1983). Likewise, work in Hirsch’s laboratory 
suggested that combinations of foscarnet with most CMV-
active antiviral drugs would be either additive or synergistic 
(Manion et al., 1996). Although a review of clinical studies 
showed additive or synergistic interactions between foscarnet 
and ganciclovir (consistent with previous studies), but there 
was only a suggestive clinical benefit for combination therapy 
with foscarnet (Drew et al., 2006). Although additive or syner-
gistic antiviral effects against CMV have been observed when 
combining foscarnet with ganciclovir or cidofovir (Manion et 

Table 219.5. Polymerase (U38 gene) mutations thought to 
mediate resistance of HHV-6 to foscarnet and other antiviral 
drugs.

Mutation(s)
Resistance to 
other drugs References

F292S Bonnafous et al. (2007)

T435R Bonnafous et al. (2007)

H507Y Bonnafous et al. (2007)

C525S Bonnafous et al. (2007)

R798I GCV, CDV Piret and Boivin (2014)

A961V (U69 gene) + 
M138V (U38 gene)

GCV, CDV Piret and Boivin (2014)

Abbreviations: HHV: human herpesviruses; GCV: ganciclovir; CDV: cidofovir.
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al., 1996), the clinical evidence for additive or synergistic 
effects is weak (Drew, 2006).

The combination of foscarnet and penciclovir was syner-
gistic against HSV-1 and additive against type HSV-2 (Sutton 
et al., 1992). No other in vitro or clinical data are available.

HIV-1 replication has been reported to be additively or 
synergistically inhibited when foscarnet is combined with 
zidovudine (Eriksson and Schinazi, 1989; Koshida et al., 1989; 
Chrisp and Clissold, 1991; Snoeck et al., 1992) or with either 
didanosine or zalcitabine (Palmer et al., 1996), and an addi-
tive or synergistic effect has been found between foscarnet and 
interferon-alpha (Hartshorn et al., 1986; Degre and Beck, 
1994). Some evidence for at least additive activity was found 
in a small clinical trial in which HIV-infected patients who 
were on zidovudine for a minimum of several months were 
given a short course of intravenous foscarnet; patients expe-
rienced a decline in plasma HIV virus concentration (in this 
case, assessed by p24 antigenemia) (Jacobson et al., 1988).

Additive inhibition of the duck hepadnavirus in vitro was 
shown by combinations of ganciclovir and foscarnet at clini-
cally achievable concentrations (Civitico et al., 1996).

A recent report has suggested that valproic acid inhibits 
the antiviral effect of foscarnet (as well as that of ganciclovir 
and cidofovir) when human CMV is grown in human umbil-
ical vein endothelial cells (Michaelis et al., 2008). Whether 
this is of in vivo significance has not been assessed.

3. MECHANISM OF DRUG ACTION

Foscarnet inhibits the DNA polymerases (both DNA depen-
dent and RNA dependent, the latter usually called reverse 
transcriptases) of several virus families. Unlike nucleoside and 
nucleotide antiviral drugs, foscarnet does not require intra-
cellular alteration for its activity.

Foscarnet inhibits the DNA polymerase of herpesviruses 
by binding at a site where pyrophosphate is removed as the 
DNA chain grows by addition of nucleoside triphosphates 
(Sarin et al., 1985; Oberg, 1986). Addition of a deoxynucleo-
side triphosphate to the growing DNA chain releases a pyro-
phosphate during this process. Foscarnet selectively inhibits 
the viral DNA polymerase, without significantly inhibiting 
other cellular enzymes (Wagstaff and Bryson, 1994). Similarly, 
foscarnet inhibits the reverse transcriptase of HIV-1 (Sarin  
et al., 1985) and duck hepatitis virus (Sherker et al., 1986). 
Inhibition is reversed when infected cells are no longer exposed 
to the compound.

Studies have analyzed the effect of various inhibitors on 
the steps of HIV-1 reverse transcription (Hooker et al., 2001). 
Foscarnet and a nucleoside analog inhibited both early and 
late synthesis of single negative-strand DNA. At the molecular 
level, the mechanism of action of foscarnet appears to be to 
stabilize the HIV reverse transcriptase in a pretranslocational 
state (before adding the nucleotide triphosphate), trapping it 
there (Marchand et al., 2007; Meyer et al., 2007). Susceptibility 
to foscarnet was reduced by reverse transcriptase mutations, 
such as E89K, which are biased toward the posttranslational 

state. In contrast, a bound nucleotide traps the reverse tran-
scriptase in a posttranslational state, so it continues to add to 
the DNA chain (Marchand et al., 2007).

The hydrophobicity of the amino acid at position 90 of 
reverse transcriptase has been described as being critical for 
binding of foscarnet to the enzyme (Im et al., 1993). However, 
this may not be correct, as codon 90 is not located within the 
deoxyribonucleotide triphosphate (dNTP) binding site. The 
mechanism is most likely due to template binding reposi-
tioning, as described for mutations within codons 88, 92, and 
156 (Tachedjian et al., 1995).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

INTRAVENOUS ADMINISTRATION

For induction therapy in patients infected with susceptible 
viruses it is recommended that foscarnet be given in a dose 
of 120–180 mg/kg/day in two or three divided doses for 2–3 
weeks of induction therapy and at 90–120 mg/kg/day for 
maintenance therapy (see Table 219.6). Foscarnet dosing 
must be adjusted for renal function (see section 4d, Those 
requiring altered dosages). Because foscarnet has extremely 
poor oral absorption and poor oral tolerability at the doses 
required, it must be administered by controlled intravenous 
infusion, the only approved route of administration. In addi-
tion, because it is an irritant and associated with thrombo-
phlebitis, foscarnet is preferably administered via a central 
venous catheter, and via a peripheral vein only if that route 
is unavailable. The drug does not need to be diluted before 
administration via a central line, but must be diluted to 12 
mg/ml with 5% dextrose in water (a 1:2 dilution) if it is to be 

Table 219.6. Recommended doses of foscarnet for treatment of 
HSV and VZV infections, and for induction and treatment of CMV 
infections. 

CrCl
ml//min/kg

HSV or VZV 
treatment

CMV 
induction

CMV 
maintenance

dose (mg/kg) 
every 8 hours

dose (mg/kg) 
every 8 hours Daily dose

> 1.6 40 60 90–120

1.4–1.6 37 55 90–120

1.2–1.4 33 49 78–104

1.0–1.2 28 42 75–100

0.8–1.0 24 35 71–94

0.6–0.8 19 28 63–84

0.4–0.6 14 21 57–76

< 0.4 Not 
recommended

Not 
recommended

Not 
recommended

Abbreviations: HSV: herpes simplex virus; VZV: varicella-zoster virus; CMV: 
cytomegalovirus; CrCl: creatine clearance.

Source: Data from Clinigen Healthcare (2014). 
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administered via a peripheral venous line (Clinigen Health-
care, 2014). Foscarnet should be infused over 1–2 hours (2 
hours for doses > 60 mg/kg) and absolutely must not be given 
by rapid injection (seizures and/or serious electrolyte abnor-
malities may result; see section 6, Adverse reactions and tox-
icity). The incidence of central venous catheter-related sepsis 
is similar for ganciclovir and foscarnet (Stanley et al., 1994).

Two studies have attempted to reduce the dose of foscar-
net used for preemptive therapy. Narimatsu and colleagues 
(2007) retrospectively studied a reduced dose of foscarnet 
(30 mg/kg twice daily) for preemptive therapy of CMV vire-
mia in elderly patients who had received reduced-intensity 
cord blood transplants . The outcome of this study is hard to 
ascertain with certainty, but it appears to be unsatisfactory. 
In contrast, another study in patients receiving haploidenti-
cal hematopoietic stem cell transplants used a somewhat 
higher dose of foscarnet for preemptive treatment of CMV 
infection (60 mg/kg/day; one half to one third of the normal 
dose) (Wang et al., 2009). This dose appeared to achieve 
good outcomes (see section 7b, Preventive or preemptive 
treatment of CMV infections in patients with immunosup-
pression not related to HIV infection).

For patients with normal renal function, foscarnet may be 
administered at a dose of up to 200 mg/kg by continuous 
intravenous infusion over 24 hours. A bolus of 20 mg/kg 
given over 30 minutes is administered at the start of therapy. 
More commonly, an intermittent infusion of 60 mg/kg over 
1 hour is given every 8 hours, or 90–100 mg/kg over 2 hours 
is given every 12 hours. This high-dose induction therapy for 
the treatment of CMV retinitis is continued for 14–21 days.

The optimum regimen (dose and duration of foscarnet) 
for maintenance therapy for CMV retinitis in patients with 
AIDS is not known with certainty, but depends substantially 
on the response of CD4 count to concurrent antiretroviral 
therapy. Patients with CD4 counts > 100 cells/µl generally have 
no further need for maintenance therapy (Waib et al., 2007), 
whereas those with CD4 counts < 50 cells/µl generally require 
ongoing maintenance therapy with foscarnet or another 
CMV-active antiviral drug, such as valganciclovir (see Chap-
ter 215, Ganciclovir and valganciclovir). The current recom-
mendations for maintenance therapy are shown in Table 219.6. 
A portable infusion device may make outpatient foscarnet 
therapy practical (Bicart-See et al., 1997).

TOPICAL ADMINISTRATION

Individual clinic-formulated preparations of topical foscar-
net were used for the treatment of recurrent genital herpes 
infections in early clinical trials. Compared with a placebo, 
topical foscarnet did not improve time to healing, but did 
shorten duration of viral shedding and resulted in a higher 
proportion of individuals who had no symptoms after 1 day 
of therapy (Sacks et al., 1987). Although there is no approved 
formulation of topical foscarnet, local pharmacies have pre-
pared foscarnet, usually as a cream or gel with 1–3% foscarnet, 
and case series have suggested efficacy (Bernstein et al., 1997; 
Smith et al., 1997; Javaly et al., 1999). Addition of detergents 

to the topical foscarnet appeared to improve efficacy (Piret et 
al., 2000a; Piret et al., 2001).

INTRAVITREAL ADMINISTRATION

Studies in animals have demonstrated the safety of intravit-
real injections of foscarnet (Berthe et al., 1994; Turrini et al., 
1994). Intravitreal foscarnet has been safely administered 
either alone or in combination with ganciclovir to people 
with CMV or HSV retinitis (Pearson et al., 1993; Lieberman 
et al., 1994; Velez et al., 2001; Ausayakhun et al., 2005; King 
et al., 2007). Intravitreal foscarnet has been associated with 
clinical improvement with no systemic absorption, and it 
is well tolerated with no retinal toxicity (Diaz-Llopis et al., 
1992). Doses of 2.4 mg per injection given twice weekly for 
3 weeks during induction and once weekly for maintenance 
therapy have been reportedly effective in uncontrolled trials 
(Diaz-Llopis et al., 1994).

4b.  Infants and children

The safety and efficacy of foscarnet therapy for children have 
not yet been established in rigorous clinical trials. However, 
numerous case reports or case series of infants and children 
treated with foscarnet have shown reasonable efficacy and no 
unusual toxicity to the drug (Bueno et al., 2002; Khurana et al., 
2005; Shereck et al., 2007; Mareri et al., 2015; Nigro et al., 2004). 

4c.  Pregnant and lactating mothers

Foscarnet is a US Food and Drug Administration (FDA) cat-
egory C drug for use in pregnancy. Administration of high 
doses (up to 150 mg/kg) to rats or rabbits during mating and 
gestation resulted in a slight increase in skeletal abnormali-
ties in the offspring (Clinigen Healthcare, 2014). There are no 
satisfactory studies in pregnant women. As a consequence, 
foscarnet should be used in pregnancy only if clearly needed 
and the expected benefits outweigh any risks. Foscarnet is 
excreted in rat breast milk, but there are no data in humans.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

The dose of foscarnet varies with renal function and must be 
modified based on a weight-adjusted creatinine clearance 
(CrCl) (Table 219.7). Foscarnet should not be used in patients 
with severe renal dysfunction (creatinine clearance < 0.4 ml/kg/
min). Foscarnet has been successfully given to a patient under-
going renal dialysis, at an initial dosage of 60 mg/kg after each 
dialysis treatment. Thereafter, plasma concentrations of foscar-
net were monitored weekly, and dosage adjusted to maintain 
peak plasma levels of 500–800 µM (MacGregor et al., 1991).

Foscarnet clearance by conventional hemodialysis aver-
ages 183 ml/minute, increasing to 253 ml/minute during 
high-flux dialysis. A single round of dialysis by either method 
removed 37–38% of a dose (Aweeka et al., 1999). In com-
parison, a small study by Sam et al. (2000) showed that the 
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clearance of foscarnet by hemodialysis was about 89 ml/minute. 
For patients undergoing foscarnet induction and receiving 
hemodialysis, the recommended dose is 50 mg/kg once daily; 
for maintenance therapy, the dose is 65 mg/kg once every 48 
hours (both dosed after dialysis). Foscarnet is not recom-
mended for use in patients undergoing continuous ambula-
tory peritoneal dialysis (CAPD) by some authors (Gilbert et 
al., 2007), whereas others suggest a similar dose to that used 
for patients with a glomerular filtration rate (GFR) < 10 ml/
minute (Aronoff et al., 1999; see section 5d, Excretion).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Because foscarnet is exclusively excreted by the kidneys, no 
adjustment needs to be made in the presence of hepatic insuf-
ficiency, although patients with severe liver disease can develop 
renal insufficiency, which would mandate dose adjustment.

THE ELDERLY

No studies of the efficacy or safety of foscarnet in patients 
over age 65 years have been conducted, although the pattern 
of efficacy and safety observed in patients of that age who 
have been treated is consistent with that seen in younger 
patients (Clinigen Healthcare, 2014). However, as elderly 
individuals may have underlying renal insufficiency requiring 
dosage adjustment, tests of renal function with dose adjust-
ments as necessary should be conducted frequently.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Foscarnet is very poorly absorbed by mouth, and the doses 
required to overcome the poor oral absorption are also 
poorly tolerated. Mean bioavailability by the oral route in six 
asymptomatic HIV-infected subjects was between 7% and 10%; 
reducing gastric acidity (which causes foscarnet to decom-
pose) with ranitidine increased absorption to only 10–17% 
(Barditch-Crovo et al., 1998). The blood levels achieved in 
these studies of oral dosing were mostly below the limit of 
detection of the assay system (33 µM); even after blocking 
gastric acidity with ranitidine only 8 of 30 plasma samples 
tested showed detectable foscarnet.

The pharmacokinetics of foscarnet after intravenous admin-
istration has been found to vary widely between patients 
(Lietman, 1992; Taburet et al., 1992; see Tables 219.8, 219.9, 
and 219.10). The variation in plasma levels of foscarnet may 
be partly attributed to interactions between plasma phos-
phate and the drug, resulting in variations in their sequestra-
tion in bone (Sjovall et al., 1989; Wagstaff and Bryson, 1994). 
After a single infusion of foscarnet at a dose of 90 mg/kg, the 
plasma concentrations varied from 297 to 1775 µg/ml (990–
5920 µM) with a mean (± SD) of 766 ± 400 µg/ml (Hengge et 

Table 219.7. Foscarnet therapy guidelines for patients with renal dysfunction.

A. Induction

CrCI 
(ml/min/kg)

HSV equivalent to CMV equivalent to

80 mg/kg/day total 
(40 mg/kg every 
12 hours)

120 mg/kg/day total 
(40 mg/kg every 
8 hours)

180 mg/kg/day total
(60 mg/kg every (90 mg/kg every 
8 hours)  12 hours)

> 1.4 40 every 12 hours 40 every 8 hours 60 every 8 hours 90 every 12 hours

> 1.0–1.4 30 every 12 hours 30 every 8 hours 45 every 8 hours 70 every 12 hours

> 0.8–1.0 20 every 12 hours 35 every 12 hours 50 every 12 hours 50 every 12 hours

> 0.6–0.8 35 every 24 hours 25 every 12 hours 40 every 12 hours 80 every 24 hours

> 0.5–0.6 25 every 24 hours 40 every 24 hours 60 every 24 hours 60 every 24 hours

> 0.4–0.5 20 every 24 hours 35 every 24 hours 50 every 24 hours 50 every 24 hours

< 0.4 Not recommended Not recommended Not recommended Not recommended

B. Maintenance

CrCI (ml/min/kg)

CMV equivalent to

90 mg/kg/day (once daily) 120 mg/kg/day (once daily)

> 1.4 90 every 24 hours 120 every 24 hours

> 1.0–1.4 70 every 24 hours 90 every 24 hours

> 0.8–1.0 50 every 24 hours 65 every 24 hours

> 0.6–0.8 80 every 48 hours 105 every 48 hours

> 0.5–0.6 60 every 48 hours 80 every 48 hours

≥ 0.4–0.5 50 every 48 hours 65 every 48 hours

< 0.4 Not recommended Not recommended

Abbreviations: CrCl: creatine clearance; HSV: herpes simpled virus; CMV: cytomegalovirus.
Source: Data from Cinigen Healthcare (2014).
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al., 1993). During continuous administration of 230 mg/kg 
daily for 10–21 days, steady-state concentrations of foscarnet 
in plasma ranged between 75 and 529 µM (Sjovall et al., 
1988; Sjovall et al., 1989; Fanning et al., 1990). Steady-state 
concentrations of foscarnet during continuous intravenous 
administration are similar to those achieved with intermittent 
infusions.

In a study of HIV-infected patients with CMV disease 
who received 90 mg/kg of foscarnet twice daily by intrave-
nous infusion for 14 days, the mean peak and trough levels 
(± SD) were 605 ± 118 and 52 ± 59 µM, respectively (Taburet 

et al., 1992). The steady-state concentration of foscarnet in 
plasma was 218 ± 86 µM. In this same study, the plasma half-
life of foscarnet was 3.4 hours. Owing to this relatively short 
half-life, there was no accumulation of the drug in plasma.

Aweeka and colleagues (1989) conducted a rigorous study 
of the pharmacokinetics of intravenous foscarnet in HIV-
infected patients being treated for CMV retinitis with an 
induction dose of 60 mg/kg given every 8 hour. Kidney func-
tion did not change during the 2 weeks of study. Foscarnet 
maximum concentration (Cmax) on day 3 varied nearly three-
fold between 306 and 876 µM, and the Cmax values were vir-
tually unchanged on day 14, varying between 272 and 699 
µM (see Table 219.9). The mean plasma half-life (t½) of fos-
carnet was 4.5 hours and the mean volume of distribution 
was 0.74 l/kg. The plasma clearance rates observed by Aweeka 
et al. (1989) were virtually the same as that reported by 
Castelli et al. (1997) in a study comparing twice-daily with 
thrice-daily foscarnet infusions (see Tables 219.8 and 219.9); 
the mean plasma half-life of foscarnet observed in the Castelli 
study was 2–3 hours, whereas it was 4.5 hours in the Aweeka 
report. Dieterich and colleagues (1997) found that foscarnet 
pharmacokinetics in HIV-infected patients being treated for 
CMV gastrointestinal disease were similar to that found by 

Table 219.8. Pharmacokinetic variables of foscarnet in patients with normal renal function.

Dose 
(mg/kg) Frequency Duration 

Cmax (μM)
± SD

Cmin (μM) 
± SD

Steady-state 
(μM)a

t½ (h) 
± SD

AUC0–24 
(μM/min/kg) 

± SD
Vd 

(l/kg) Reference

90 Once Once 990–5920 2556 ± 1334 Hengge et al. (1993)

230 Daily ≥ 10 days 75–529 Sjovall et al. (1988)

90 Every 12 hours 14 days 605 ± 118 52–59  218 ± 60 Taburet et al. (1992)

90 Every 12 hours ≥ 21 days 648 ± 124 44 ± 18 2.8 ± 0.5 5003 ± 1041 0.42 Castelli et al. (1997)

60 every 8 hours ≥ 21 days 619 ± 118 66 ± 27 2.4 ± 0.5 5138 ± 893 0.46 Castelli et al., (1997)

a1 μM  is approximately equal to 0.3 μg/ml.
Abbreviations: Cmax: maximum concentration; SD: standard deviation; Cmin: minimum concentration; t½: half-life; AUC: area-under-the-concentration-time curve; 

Vd: volume of distribution.

Table 219.9. Pharmacokinetic variables of intermittent infusion of foscarneta.

Subject no.

Concentration of foscarnet in plasma (μM)a

Plasma clearance 
(ml/min/kg)

Plasma 
half-life 
(hours)

Volume of 
distribution (l)Day 3 Day 14

Peak Trough Peak Trough Day 3 Day 14 Day 14 Day 14

1 382  63 506 101 2.6 1.9 3.7 0.60

2 306  62 272  57 3.6 3.6 6.6 2.00

3 544  98 608 139 1.1 1.1 3.5 0.34

4 720 117 639 225 1.1 1.1 4.9 0.45

5 368  91 348  92 1.9 1.9 5.7 0.96

6 876 116 699 121 1.5 1.5 3.4 0.44

7 520 147 493 199 0.9 0.9 5.0 0.37

8 359  86 395  75 1.7 1.7 3.3 0.49

Mean 509  98 495 126 1.7 1.7 4.5 0.74

Standard error  71  10  57  21 0.2 0.3 0.4 0.21

aFoscarnet was given at a dose of 60 mg/kg every 8 hours, and plasma samples were taken at relevant time points for foscarnet concentrations as assessed by 
reverse-phase liquid chromatography. 1 μM  is approximately equal to 0.3 μg/ml.

Source: Adapted with permission from Aweeka et al. (1989).

Table 219.10. Effects of renal dysfunction on foscarnet 
pharmacokinetic variables.

Change in foscarnet variables with 
decreasing renal function 

Creatinine clearance 
(ml/minute)

> 80 50–80 25–49 10–24

Foscarnet clearance 
(ml/min/kg)

2.1 1.3 0.5 0.4

Foscarnet half-life 
(hours) mean (SD)

1.9 (0.1) 3.4 (0.9) 13 (4) 25 (19)
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Aweeka et al. (1989). It is not surprising that foscarnet phar-
macokinetic variables are altered by changes in kidney func-
tion (Table 219.10). 

Studies in cell-free systems have shown that foscarnet is 
not bound significantly to human plasma proteins, with 
binding of only 14–17% at concentrations from 1 to 1000 µM 
(Clinigen Healthcare, 2014).

5b.  Drug distribution

Although the pattern of deposition of foscarnet in humans 
has not been studied, it is clear from studies in mice and 
from human pharmacokinetic studies that a significant pro-
portion of the dose of foscarnet accumulates in bone and 
cartilage. In mice, approximately 30% of foscarnet is retained 
in these tissues (Helgstrand et al., 1978). Extrapolating from 
elimination and clearance values in humans, it would appear 
that up to 22% of a dose is taken up into bone (Wagstaff and 
Bryson, 1994).

The steady-state volume of distribution in patients receiv-
ing 90 mg/kg twice daily or 60 mg/kg three times daily was 
0.34–2 l/kg, with a mean of 0.74 l/kg (Aweeka et al., 1989; 
Taburet et al., 1992); the figures were similar in another study, 
although the body weights of the patients were not given 
(Dieterich et al., 1997). 

The diffusion of foscarnet into CSF has been examined in 
27 HIV-infected patients receiving intravenous foscarnet at 
various dosages. The median cerebrospinal fluid (CSF) con-
centration of foscarnet was 80 µM, with a median CSF to 
plasma ratio of 0.27 (Raffi et al., 1993). A separate study in 
which 26 patients were given a single 90 mg/kg intravenous 
infusion of foscarnet resulted in a mean CSF to plasma ratio 
of 0.23 ± 0.16 (Hengge et al., 1993).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Balfour and colleagues (1996) compared four different doses 
of foscarnet with no therapy in HIV-infected patients with 
asymptomatic CMV or HIV viremia (Table 219.11). A total 
of 27 subjects who had received a median of 22 months of 
single or combination nucleoside antiretroviral therapy were 

enrolled; they had median CD4 counts of 20/μl (range: 1–89); 
Effects on CMV viremia were assessed by end point dilution 
microcultures, CMV pp65 antigenemia, and CMV DNA con- 
centrations in peripheral blood leukocytes; effects on HIV-1 
viremia were quantified by end point cell dilution microcul-
ture, serum p24 antigen assay, and HIV viral load. A total of 
22 subjects were given intravenous foscarnet for 10 days at 15 
mg/kg every 8 hours, 30 mg/kg every 8 hours, 45 mg/kg every 
12 hours, and 90 mg/kg every 12 hours, or were untreated. 
The effect of foscarnet on CMV antigenemia correlated well 
with foscarnet Cmax, as well as with the foscarnet daily dose 
and area-under-the-concentration-time curve (AUC); HIV 
viral load did as well (Table 219.11). The data also suggested 
that dosing every 8 hours (at lower foscarnet total doses) was 
better than every 12 hours; effects on HIV viral load were 
similar (Balfour et al., 1996). 

A dose-ranging study showed that increasing the foscar-
net dose increased the time to relapse of CMV retinitis in 
HIV-infected patients who very likely were receiving inade-
quate antiretroviral therapy (Jacobson, 1992a). In patients 
receiving 120 mg/kg/day time to relapse was more than 123 
days, whereas in those receiving 90 mg/kg/day it was 95 days, 
and with 60 mg/kg/day, 90 days. A second study of 32 HIV-
infected patients with previously untreated CMV retinitis 
showed that foscarnet maintenance doses of 120mg/kg/day 
resulted in a longer time before the retinitis progressed than 
doses of 90mg/kg/day (mean time before progression of 
retinitis of 336 and 157 days, respectively) (Jacobson et al., 
1993). These patients also were not receiving effective combi-
nation antiretroviral therapy. These trends were confirmed 
by a more detailed, retrospective analysis in which progres-
sion CMV retinitis progression rates were determined by 
comparisons of baseline and followup retinal photographs 
(Holland et al., 1995). However, a further study by Jacobson 
and co-workers (1994) showed no difference in survival or 
time to retinitis progression in 156 patients with previously 
treated CMV retinitis who received 60, 90, or 120 mg/kg fos-
carnet per day as maintenance therapy.

Drusano and colleagues (1996) studied the pharmacody-
namics of foscarnet in HIV-infected patients with CMV ret-
initis who were given varying doses of maintenance foscarnet 
(60–120 mg/kg once daily). These patients were also unlikely 

Table 219.11. Foscarnet pharmacodynamics: effects of varying doses of foscarnet on the response to CMV and HIV infections. 

Virus Assay used

Median percent change from baseline in the assays used

Dosed every 8 hoursa Dosed every 12 hoursa

All 
subjects Untreated

15 mg/kg 
(n = 4)

30 mg/kg 
(n = 4)

45 mg/kg 
(n = 5)

90 mg/kg 
(n = 4)

CMV DNA (viral load) −98 −97 −96 −72 −85 +383

Microculture −83 −96 −98 −99 −93 +55

HIV RNA (viral load) −12  −1 −21 −13 −13 +55

p24 antigen −32 −49 −25 −56 −39 +7.1

aAll subjects were treated for 10 days.
Abbreviation: CMV: cytomegalovirus.
Source: Data from Balfour et al. (1996). 
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to be taking effective, combination antiretroviral therapy The 
end point of the study was time to progression of CMV reti-
nitis in relation to dose and foscarnet AUC. The AUC varied 
widely among patients, but higher AUCs increased the inter-
val before retinitis relapsed. The presence of CMV viremia 
was a bad prognostic sign and was a prime determinant of a 
shorter period before retinitis relapsed (Drusano et al., 1996). 
Bregante and colleagues (2000) assessed different induction 
and maintenance doses in allogenic bone marrow subjects 
with CMV infections for efficacy (Table 219.12). In this pop-
ulation, the best efficacy was doses of 120 mg/kg/day for both 
induction and maintenance. 

 INFANTS AND CHILDREN

There are no data on the pharmacokinetics or pharmacody-
namics of foscarnet in neonates, infants, or children, although 
the drug has been used in a moderate number of children. 

Two published case reports provide data on dosing fos-
carnet treatment in infants (Marei et al., 2015; Nigro et al., 
2004). Nigro and colleagues (2004) successfully treated an 
infant with congenital CMV infection and resulting liver 
fibrosis with foscarnet, 60 mg/kg given three times daily for 
3 weeks followed by 100 mg/kg three times a week for 3 
months. At 2 months after cessation of treatment the child’s 
liver was free of CMV DNA by PCR, and 10 years later the 
child had normal hepatic and neurologic function. Knorr 
and colleagues (2007) reported a 24-week premature baby 
who presented with CMV-related hematophagocytic lym-
phohistiocytosis on the 8th day of life. Treatment with gran-
ulocyte colony-stimulating factor and ganciclovir for 3 weeks 
was unsuccessful, and the child was switched to foscarnet, 
100 mg/kg/day with methylprednisone. Within a week the 
neutrophil and platelet counts began to rise and they nor-
malized after 3 weeks of foscarnet therapy, which was free of 
any side effects. At 18 months age the child was reviewed and 
was normal. 

OCULAR PHARMACOLOGY

Intravitreal foscarnet pharmacokinetics has been studied (Diaz-
Llopis et al., 1994). After intravitreal injection of 2.4 mg fos- 

carnet in two patients, the reported levels of foscarnet in 
vitreous were 896 and 75 µM at approximately 23 and 43 
hours postinjection (Diaz-Llopis et al., 1994). In a larger 
study in which vitreous samples were obtained from 60 eyes 
(52 patients), the mean concentrations of foscarnet in the vit-
reous of patients receiving induction or maintenance therapy 
by intravitreal injection were 189 ± 177 and 163 ± 167 µM, 
respectively; the mean vitreous to plasma ratio was 1.43 (Arevalo 
et al., 1995).

The pharmacokinetics of intravitreal foscarnet was stud-
ied in rabbits by López-Cortés et al. (2000). After an intravit-
real dose of 1 mg of foscarnet, foscarnet concentrations in 
the retina were about a quarter of those in the vitreous. One 
hour after administration, mean foscarnet concentrations in 
the vitreous and retina were 944 and 217 µg/g fluid or tissue, 
respectively, decreasing to 74 and 17 µg/g at 72 hours after 
injection. Within 26 hours, levels of foscarnet had fallen below 
the EC50 for most strains of CMV; in contrast, intravitreal 
ganciclovir levels remained above the EC50 for more than 60 
hours (Figure 219.2). In another study, a single intravenous 
dose of foscarnet (120 mg/kg) in rabbits resulted in retinal lev-
els higher than vitreous levels (Loépez-Cortés et al., 2001).

Claro et al. (2009) studied the pharmacokinetics of intravit-
real foscarnet in rabbits (as a solution and encapsulated in lip-
somes, and not available for treatment of humans). Compared 
with foscarnet solution, liposomal foscarnet achieved thera-
peutic levels in the retina for over 72 hours, far longer than 
foscarnet solution, while also reaching the vitreous humor 
with adequate levels to treat CMV infection (see Table 219.13).

5d.  Excretion

Foscarnet is not significantly metabolized and is primarily 
excreted unchanged in urine, probably solely by glomerular 
filtration (Sjovall et al., 1988; Sjovall et al., 1989). A study by 
Noormohamed et al. (1997) showed that foscarnet was not 
secreted by renal tubular epithelial cells, as had been previ-
ously thought because its clearance was not retarded by pro-
benecid; the authors concluded that foscarnet was eliminated 
only by glomerular filtration.

Plasma clearance of foscarnet after intravenous adminis-
tration was 130–160 ml/minute, whereas renal clearance was 
approximately 90 ml/minute (Taburet et al., 1992). In another 
study (Aweeka et al., 1989), plasma clearance of foscarnet was 
similar, with a mean of 1.7–1.9 ml/min/kg (range: 0.9–3.6). 
Foscarnet has a long terminal-phase elimination half-life, 
which may be attributed to slow release from bone.

Aweeka and colleagues (1999) conducted a rigorous phar-
macokinetic study of foscarnet in patients with normal renal 
function or varying degrees of renal insufficiency and those 
on hemodialysis. The mean plasma half-life of foscarnet was 
1.9 hours in normal subjects and increased to 25 (± 19) hours 
in patients with renal failure not on dialysis. Foscarnet clear-
ance by conventional hemodialysis averaged 183 ml/minute, 
increasing to 253 ml/minute during high-flux dialysis. A 
single round of dialysis by either method removed 37–38% 
of a single dose. A small study by Sam et al. (2000) showed 

Table 219.12. Foscarnet pharmacodynamics: dose-ranging study 
of foscarnet prophylaxis of CMV infections following allogeneic 
bone marrow transplantation.

Group

Induction 
dose  

(mg/kg/day)

Maintenance 
dose 

(mg/kg/day)

CMV antigenemia after 
transplantation

% 
Antigenemic

No. of 
subjects

1  60  30 80 5

2 120  60 50 4

3 120  90 60 5

4 120 120 18 6

Abbreviation: CMV: cytomegalovirus.
Source: Reproduced with permission from Bregante et al. (2000).
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that the clearance of foscarnet by hemodialysis was about 89 
ml/minute.

Alexander et al. (1996) studied the disposition of foscar-
net during continuous cyclic and continuous ambulatory 
peritoneal dialysis in a single patient. Foscarnet plasma half-
lives during these two types of dialysis were 41 and 45 hours, 
respectively, much longer than the plasma half-life observed 
by the same investigators in patients with normal renal func-
tion (4.5 hours) and half that seen in anuric patients at a time 
when they were not on dialysis. The authors suggested that 
foscarnet dosing needed to be individualized during perito-
neal dialysis.

5e.  Drug interactions

Because the kidneys are the main target of foscarnet toxicity, 
giving foscarnet with other drugs known to be nephrotoxic 
(e.g. aminoglycoside antimicrobials, amphotericin, parenteral 
pentamidine) substantially increases the risk of decreasing 
renal function (and thereby increasing serum foscarnet con-
centrations). Close monitoring of renal function is generally 
required in patients receiving foscarnet, and co-administration 
with effective doses of other nephrotoxic drugs usually man-
dates daily renal function testing.

No drugs should be infused simultaneously with foscar-
net. Ganciclovir and foscarnet co-therapy do not alter the 
plasma clearance or volume of distribution of either drug 
(Aweeka et al., 1995). However, these drugs are not compati-
ble and cannot be infused together.

Two studies showed that zidovudine and didanosine have 
no interactions with foscarnet and vice versa (Aweeka et al., 
1992; Taburet and Singlas, 1996); this limited evidence sug-
gests that foscarnet therapy would not alter the pharmacoki-
netics of nucleoside antiretroviral drugs, nor would they alter 

foscarnet pharmacokinetics. Information on other classes of 
antiretroviral drugs is absent. 

Foscarnet should not be given to patients receiving intrave-
nous pentamidine because both drugs may cause hypocalce-
mia and renal insufficiency. The concomitant administration 
of intravenous pentamidine and foscarnet has been associ-
ated with severe, potentially fatal hypocalcemia (Youle et al., 
1988). Similarly, there is a recommendation that foscarnet 
should not be given to patients receiving amphotericin B, 
because of a potential increased risk of renal impairment (Reus-
ser et al., 1992). Liposomal amphotericin has not been studied. 

6. ADVERSE REACTIONS AND TOXICITY

The major toxicities of foscarnet are summarized in Table 
219.14. A review of 63 patients who had received reduced-
dose foscarnet for CMV infections in the context of cord 
blood transplantation summarizes most of the data on fos-
carnet toxicity (Narimatsu et al., 2007).

6a.  Nephrotoxicity

The most common and usually the most clinically significant 
adverse effect of foscarnet therapy is nephrotoxicity, with up 
to 25% of patients developing dose-limiting renal impair-
ment (Jacobson, 1992b; Narimatsu et al., 2007). Continuous 
infusion is associated with a higher risk of nephrotoxicity 
than intermittent (twice or three times daily) administration 
(Chrisp and Clissold, 1991). Nyberg and colleagues (1989) 
described five renal transplant patients with nephrotoxicity 
due to foscarnet, which was associated with high fever in all 
cases. The temperature normalized quickly when foscarnet 
was withdrawn, but the serum creatinine continued to rise for 
a further 3 days or so. Foscarnet-induced renal impairment 

Figure 219.2. Foscarnet concentrations in 
plasma and ocular tissues and fluids after 
intravenous administration to rabbits. A 
single dose of foscarnet was administered 
to 32 rabbits, and fluids and tissues were 
assayed at the times shown (1 μM  is 
approximately equal to 0.3 μg/ml). 
(Redrawn with permission from López-
Cortéz et al. (2000).)
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is almost always reversible on cessation of the drug (Seidel et 
al., 1993).

The mechanism of foscarnet nephrotoxicity is not entirely 
clear. It may be related to precipitation of crystals, of either 
pure foscarnet or foscarnet complexed with calcium and/or 
sodium, in glomerular capillaries, proximal tubules, and the 
renal interstitium; or other mechanisms have not been elim-
inated (Deray et al., 1989; Beaufils et al., 1990; Trolliet et  
al., 1995; Maurice-Estepa et al., 1998; Justrabo et al., 1999; 
Zanetta et al., 1999). Renal biopsies in five renal transplant 
recipients with foscarnet nephrotoxicity showed tubulointer-
stitial nephritis, with degenerative changes in the tubular epithe-
lial cells as well as tubular calcium deposits and an infiltration 

of the interstitium by mixed mononuclear and polymorpho-
nuclear leukocytes (Deray et al., 1989; Nyberg et al., 1989). 
More recent studies have shown that foscarnet inhibits the 
membrane-associated carbonic anhydrase hCA IV, which is 
highly abundant in the kidneys. The authors hypothesized 
that inhibition of this enzyme might explain some of the 
renal adverse effects of foscarnet (Rusconi et al., 2004).

The most commonly used laboratory test for monitoring 
renal function in patients being treated with foscarnet is 
serum creatinine, with increases reflecting decreases in cre-
atinine clearance. Acute, sudden renal failure is rarely seen in 
foscarnet-treated patients, and even less common are nephro-
genic diabetes insipidus (which has also been seen in animal 
models) and nephrotic syndrome with hematuria (Farese et 
al., 1990; Hoch et al., 1995; Conn et al., 1996; Zanetta et al., 
1999). Foscarnet is a specific inhibitor of both intestinal and 
renal brush border Na-Pi co-transport system, and inhibi-
tion of this system by foscarnet causes phosphaturia in rats 
(and presumably also in humans) (Loghman-Adham et al., 
1993; Loghman-Adham and Motock, 1996). This effect of 
foscarnet is certainly relevant to its effects on divalent cations 
(discussed later in the chapter); whether it is related to its 
nephrotoxic effects is unknown.

The incidence of renal toxicity can be reduced by frequent 
monitoring of creatinine clearance, dosage adjustment, and 
careful hydration (Deray et al., 1989; Jacobson, 1992b). To 
minimize nephrotoxicity, adequate hydration must be pro-
vided during administration of foscarnet. In the absence of a 
contraindication, 0.75–1.0 l of normal saline should be given 
intravenously before administration of foscarnet during 
induction or maintenance therapy. In an uncontrolled study, 
Deray and colleagues (1989) found that a total of 2.5 l of saline 
given during the night before foscarnet therapy and during 
the course of induction treatment appeared to prevent neph-
rotoxicity. In another study, 81 HIV-infected patients who 
were scheduled to receive foscarnet for treatment of CMV 
retinitis were randomized to receive concomitant hydration, 
either orally or intravenously. There were no differences 
between the two groups in the incidence of nephrotoxicity 
for the first 10 days, but subsequently the serum creatinine 
increased more in those given oral hydration (Cheung et al., 
2000). If the creatinine clearance during foscarnet therapy 
falls below 0.4 ml/min/kg, it is recommended that foscarnet 
therapy be discontinued (see also Table 219.7).

6b.  Electrolyte disturbances

Both hypocalcemia and hypercalcemia have been reported 
in patients receiving foscarnet, but hypocalcemia is far more 
common (Ringden et al., 1986; Youle et al., 1988; Jacobson et 
al., 1989; Palestine et al., 1991; Gazzard, 1992; Noormohamed 
et al., 1996; Barba et al., 1998). The more common effect of 
foscarnet therapy is a transient, dose-related decrease in  
the serum level of ionized calcium after intravenous infusion 
of foscarnet; this has been postulated as causing some of  
the neurologic reactions seen in these patients, such as pares-
thesias, muscle spasms tremors, arrhythmias, and seizures 

Table 219.13. Ocular pharmacokinetics of foscarnet solution.

Variable

Foscarnet in

Vitreous Retina

Initial dose 0.960 mg

Mean residence time (hours) 18.74 21.66

Mean absorption timea (hours) 2.91

Half-life (hours) 53 21

AUC0–72 (mg/h/ml) 19 8.7

aMean time of the drug was present in the absorption area of the vitreous 
or retina.

Abbreviation: area-under-the-concentration-time curve.
Source: Data from Claro et al. (2009).

Table 219.14. Major toxicities associated with foscarnet therapy.

Adverse effect Presentation

Renal Tubulointerstitial nephritis

Elevated serum creatinine and decreased 
creatinine clearance

Acute renal failure

Nephrogenic diabetes insipidus

Nephrotic syndromes

Phosphaturia

Calciuria

Electrolyte Low serum ionized calcium, presenting as:

Paresthesia

Tremor

Arrhythmias

Convulsions

Dystonic reactions

Hypo/hypercalcemia

Hypo/hyperphosphatemia

Hypomagnesemia

Hypokalemia

Hematologic Anemia

Neutropenia

Cutaneous Genital ulceration

Other skin rashes

Vascular Thrombophlebitis
Intraarterial or venous crystallization with 

multiorgan failure
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(Ringden et al., 1986; Jacobson et al., 1989; Jacobson, 1992b; 
see section 6c, Neurologic complications). Both rapid intra-
venous infusion and high doses of foscarnet appear to increase 
the risk of low levels of ionized calcium (Lor and Liu, 1994). 
The total serum calcium and 24-hour urinary calcium excre-
tion are often normal, despite low levels of ionized calcium in 
serum (Lor and Liu, 1994). It is likely that the low ionized 
serum calcium is due to complexing of foscarnet (which is 
a  phosphate) with ionized calcium (Jacobson et al., 1991a; 
Jacobson, 1992b). Symptomatic hypocalcemia can usually be 
relieved rapidly by reducing the flow rate of the infusion or 
giving it with calcium gluconate (Gazzard, 1992). Giving rel-
atively large doses of intravenous magnesium sulfate did not 
alter either the hypocalcemia itself or symptoms related to it 
(Huycke et al., 2000).

Foscarnet may also cause hypocalcemia and/or hypomag-
nesemia by another mechanism, through increasing renal 
excretion of both calcium and magnesium (Jacobson et al.,  
1989; Palestine et al., 1991; Gearhart and Sorg, 1993; Loghman- 
Adham et al., 1993; al-Ghamdi et al., 1994). Decreases in serum 
levels of Ca2+ or Mg2+ have also been associated with neuro-
logic clinical findings, including muscle twitches, tremulous-
ness, and anxiety. Drugs such as pentamidine, which also 
accelerate urinary excretion of these cations, may augment the 
effect of foscarnet (al-Ghamdi et al., 1994). The concomitant 
administration of intravenous pentamidine and foscarnet 
has been associated with severe, potentially fatal hypocalce-
mia (Youle et al., 1988). Foscarnet-induced hypokalemia has 
been reported as well (Malin and Miller, 1992). As with renal 
function, electrolytes must be monitored frequently during 
foscarnet induction and maintenance therapy. These adverse 
reactions are usually transient if foscarnet therapy is with-
held briefly.

6c.  Neurologic toxicity

Seizures have been observed in patients receiving foscarnet 
(Lor and Liu, 1994). A decrease in ionized serum calcium 
has been postulated as the cause of the seizures (see section 
6b, Electrolyte disturbances). Paresthesias or, rarely, dystonic 
reactions, may occur related to foscarnet infusions, and in 
association with low serum ionized calcium (Jacobson, 1992b; 
Dubow et al., 2008). In an early study, foscarnet plasma levels 
above 400 µg/ml (approximately 166 μM) in a uremic patient 
were associated with hallucinations, tremor, and abnormal 
liver function tests (Ring  den et al., 1986). A patient who 
developed foscarnet-induced acute renal failure also devel-
oped polyneuritis (Chate lain et al., 1998).

6d.  Hematologic toxicity

The development of a mild, unexplained anemia has been 
observed in up to 33% of patients receiving foscarnet in 
 clinical trials (Jacobson et al., 1989; Palestine et al., 1991; 
Anonymous, 1995b). Neutropenia has also been reported, 
although very rarely severe enough to warrant cessation of 
treatment (Clinigen Healthcare, 2014).

6e.  Cutaneous toxicity

Genital irritation and ulceration are probably the most com-
mon dermatologic adverse effects of foscarnet therapy, and 
they have been described in both men (glans penis) and 
women (vulva) (Evans and Grossman, 1992; Lacey et al., 
1992; Brockmeyer et al., 1993; Caumes et al., 1993; Gross 
and Dretler, 1993). They have also been seen in children 
(Hick and Prose, 2010). The incidence of penile ulceration is 
higher in uncircumcised males (Gazzard, 1992). In some cir-
cumstances, oral ulceration has also been observed (Schiodt, 
1997). The ulceration resembles a fixed drug eruption, but 
this has not been supported by histologic findings (Van der 
Pijl et al., 1990).

The cause of ulcerations associated with foscarnet therapy 
is unknown. High concentrations of unmetabolized foscar-
net in urine may cause irritation (Jacobson, 1992b); in addi-
tion, crystals of foscarnet in capillaries or arterioles may lead 
to the development of ulcers (Beaufils et al., 1990).

Foscarnet can also cause other types of skin eruptions, 
such as eosinophilic folliculitis and toxic epidermal necroly-
sis (Wharton et al., 1999; Roos and Albrecht, 2001; Narimatsu 
et al., 2007).

6f.  Superficial thrombophlebitis

The administration of foscarnet via a peripheral vein is asso-
ciated with a high incidence of local irritation and devel-
opment of thrombophlebitis. The incidence is increased if 
foscarnet is not diluted before administration.

6g.  Other adverse effects

Nausea and other gastrointestinal symptoms often occur in 
patients receiving foscarnet, but do not usually require any 
modification of therapy (Palestine et al., 1991). Foscarnet has 
been associated with reversible cardiac dysfunction (Brown 
et al., 1993), although this appears to be rare. Inhibition of 
vascular smooth muscle contraction by inhibition of calcium 
release from intracellular stores has been reported in animal 
models (Paspaliaris et al., 1993); the authors are not aware of 
similar findings in humans. Several recent publications have 
shown that intravascular crystals of foscarnet may form, 
causing adverse reactions up to multiorgan failure (Philip-
ponnet et al., 2015; Tischler et al., 2012); crystallization has 
also been seen with intravitreous foscarnet (Martinez-Castillo 
et al., 2012). 

One study suggested that some of the adverse reactions of 
foscarnet might be due to its inhibiting generation of cyclic 
nucleotides critical for cell signaling, but this hypothesis 
remains untested in vivo (Kudlacek et al., 2001).

7. CLINICAL USES OF THE DRUG

The only regulatory agencies (US Food and Drug Adminis- 
tration, Australian Therapeutic Goods Administration, etc) 
approved indications for intravenous foscarnet are for the 
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treatment of CMV retinitis in patients with AIDS, as mono-
therapy, and in combination with ganciclovir for patients 
who have relapsed after monotherapy with either drug. It 
is also approved for mucocutaneous infections in immuno-
compromised patients due to aciclovir-resistant strains of 
HSV. Both of these indications are supported by excellent 
clinical data. 

In most centers, ganciclovir or valganciclovir (see Chapter 
215, Ganciclovir and valganciclovir) would be the drug of 
first choice for the treatment of CMV infections, regardless 
of the patient population, with foscarnet being reserved for 
patients who are intolerant of ganciclovir or who have devel-
oped ganciclovir resistance. The new drug letermovir (an 
investigational drug at this writing; see Chapter 220, Leter-
movir) has been shown to prevent CMV disease (Chemaly et 
al., 2014), and further studies may well document a thera-
peutic role in the future. Likewise, foscarnet therapy is almost 
exclusively used for infections by aciclovir-resistant HSV and 
VZV, with good data supporting its efficacy, and it has been 
used successfully for treatment of drug-resistant strains of 
HHV-6, likewise in small studies or case reports. Foscarnet is 
virtually never used for treatment of HIV or hepatitis B virus 
infections because it makes little sense to treat an incurable, 
systemic infection with a toxic drug that can be delivered 
only intravenously, although it has been shown to be active 
against those viruses in vivo. 

Topical foscarnet (on the skin, or on the cornea of the eye 
or by intravitreal administration) is now very rarely used for 
treating infection by any herpesvirus. The evidence for efficacy 
of topical therapy compared with systemic therapy is fair at 
best. For HSV keratitis, foscarnet’s efficacy is equivalent to 
trifluridine, aciclovir, and ganciclovir (Wilhelmus, 2015).

7a.  Treatment of CMV infections in  
HIV-infected patients

In HIV-infected patients, foscarnet is generally effective ther-
apy for CMV infections of all tissues and organs, including 
the eye, gastrointestinal tract (esophagitis, duodenitis, pan-
creatitis, and colitis), and the nervous system (encephalitis, 
myelitis). The efficacy of foscarnet for these indications was 
established preliminarily in a ground-breaking phase II open- 
label study in HIV-infected subjects with CMV viremia 
showing that a 14-day course of foscarnet (100 mg/kg every 
12 hours) reduced or eliminated CMV markers in the blood 
(Salmon-Ceron et al., 1999). To some extent this could be con-
sidered a preemptive therapeutic strategy because achieving a 
negative blood culture during foscarnet therapy reduced the 
subsequent risk of CMV disease (odds risk [OR]: 2.64; p = 0.02).

CMV RETINITIS

In untreated patients with advanced HIV infection, CMV 
retinitis will usually progress rapidly, with a mean time to 
progression of 22 days (see Figure 219.3) and a range of 2–6 
weeks (Palestine et al., 1991). Retinitis in patients with posi-
tive blood or urine cultures for CMV progresses more rap-
idly than those with negative cultures (Anonymous, 1997). 
Therapy with foscarnet, given either as 60 mg/kg every 8 

hours or as a continuous infusion of 230 mg/kg daily after an 
initial bolus, results in clinical responses that are evident as 
early as the third day of therapy (Walmsley et al., 1988; Kat-
lama et al., 1992). In patients with CD4 lymphocyte counts  
< 100/µl, relapse will almost always occur without mainte-
nance therapy often within a month of cessation of therapy 
(Walmsley et al., 1988). Patients who achieve a sustained rise 
in CD4 counts to ≥ 100/µl as the result of antiretroviral 
therapy, may not need maintenance therapy (Waib et al., 
2007). When treated with 60 mg/kg every 8 hours for 2–3 
weeks followed by maintenance therapy of 90 mg/kg daily, 
the mean time to progression in patients with CD4 counts 
< 100/µl ranges from 6.7 to 13.3 weeks (Palestine et al., 1991; 
Jacobson 1992a; Jacobson 1992b; see Figure 219.3). Patients 
who fail foscarnet therapy rarely have foscarnet-resistant 
strains of CMV (Anonymous, 1997).

Compared with ganciclovir (see Chapter 215, Ganciclovir 
and valganciclovir) for the treatment of CMV retinitis, fos-
carnet has certain advantages and disadvantages. The Study 
for the Ocular Complications of AIDS, a multicenter, ran-
domized comparative trial of ganciclovir versus foscarnet 
undertaken in the era before potent combination antiretro-
viral therapy, found that both drugs had similar efficacy and 
were associated with similar times to progression of retinitis. 
However, there was a survival advantage for patients ran-
domized to receive foscarnet (Anonymous, 1992; Anonymous 
1994; see Figure 219.4). These findings were confirmed in  
a separate study (Polis et al., 1993) and may possibly be 
explained by the established antiretroviral activity of fos-
carnet in vivo, compared with ganciclovir, which has none 
(Jacobson et al., 1988; Fletcher et al., 1994; Kaiser et al., 1995; 
Anonymous 1995a), and in vitro (Sandstrom et al., 1985; Sarin 
et al., 1985). However, a subsequent study of 279 patients 
with persistently active or relapsed retinitis found no sur-
vival advantage of foscarnet over ganciclovir or the over the 
combination of both drugs (Anonymous, 1996). It is unlikely 
that the antiretroviral and life-prolonging effects of foscarnet 
would be significant in the current population of HIV-infected 

Figure 219.3. Progression of CMV retinitis over time in 
patients receiving immediate foscarnet treatment or no 
(delayed) treatment. (Reproduced with permission from 
Palestine et al. (1991).)
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patients receiving present-day, highly effective combination 
antiretroviral therapy.

Practical disadvantages associated with foscarnet therapy 
are that the drug must be given daily for maintenance ther-
apy, whereas ganciclovir may be given only five or even three 
times per week (Hall et al., 1991), and intravenous ganciclo-
vir can be avoided by using oral maintenance valganciclovir, 
which has efficacy equivalent to intravenous ganciclovir. The 
toxicity profiles of these two drugs differ: neutropenia is 
common with ganciclovir, whereas foscarnet very rarely causes 
significant neutropenia (Clinigen Healthcare, 2014); foscar-
net causes renal damage but ganciclovir does not. However, 
dose-limiting toxicity is more likely with foscarnet than with 
ganciclovir, and patients must be more closely monitored 
than with ganciclovir or valganciclovir. 

Combination therapy using ganciclovir and foscarnet has 
been found to be of benefit in patients with clinically resis-
tant CMV retinitis in a number of open, uncontrolled studies 
in adults and children (Coker et al., 1991; Butler et al., 1992; 
Dieterich et al., 1993a; Flores-Aguilar et al., 1993; Kupperman 
et al., 1993; Weinberg et al., 1994), as well as in a randomized 
multicenter controlled trial of patients with persistently active 
or relapsed CMV retinitis in which combination therapy was 
superior to either ganciclovir or foscarnet monotherapy in 
delaying time to progression as assessed by fundus photogra-
phy (Anonymous, 1996). CMV replication also appears to be 
well controlled in patients receiving either com bination or 
alternating therapy with ganciclovir and foscarnet when cumu-
lative weekly doses of each drug are lower than standard 
monotherapy maintenance regimens, although this has not 

yet been tested in a large, multicenter randomized controlled 
trial (Jacobson et al., 1994; Peters et al., 1994). Induction and 
maintenance regimens for foscarnet have varied (see section 4a, 
Adults). Quality of life is less with combination therapy than 
with monotherapy, although some patients are opting for one 
drug to be given by intravenous administration and the other 
drug to be received by intravitreal administration (see section 
7d, Treatment of aciclovir-resistant HSV and VZV infections). 

GASTROINTESTINAL DISEASE

Besides the retina, gastrointestinal disease is the most fre-
quent site of CMV infection in patients with AIDS, with the 
colon and esophagus being the most commonly involved 
sites. Gastrointestinal CMV infections respond well to fos-
carnet therapy. Reported response rates are as high as 90% 
and relapses after induction therapy are substantially less 
common than with retinitis (maintenance therapy was sel-
dom used, even in patients not receiving antiretroviral ther-
apy) (Nelson et al., 1991; Blanshard, 1992; Dieterich et al., 
1993b; Colebunders et al., 1994; Wilcox et al., 1995; Dieterich 
et al., 1997). Response to therapy usually occurs within 2–3 
weeks of initiating therapy (Reusser et al., 1992). Treatment 
of patients with acute CMV hepatitis resulted in clinical and 
biochemical resolution of their disease within 3 weeks of 
therapy. Only a transient response was observed in patients 
in this same study who received foscarnet treatment for scle-
rosing cholangitis (Blanshard, 1992).

In an open-label comparative study, HIV-infected patients 
with symptomatic CMV gastrointestinal disease (and not 
receiving combination, potent antiretroviral therapy) were 
randomized to receive ganciclovir (n = 22) or foscarnet (n = 
26). Responses were assessed clinically, endoscopically, his-
tologically, and by enumeration of CMV inclusions in biop-
sies. The complete or good clinical response rates, and the 
response rates based on reduction in CMV inclusions on 
biopsy, were the same in both groups (73%), and endoscopi-
cally determined response rates were also statistically equiv-
alent (85% and 83%, respectively). In this study, maintenance 
therapy did not appear to prevent progression of disease to a 
significant extent, as the time to progression was 16 weeks in 
those receiving maintenance therapy compared with 13 weeks 
in those not so treated (Blanshard et al., 1995).

Another open-label study comparing ganciclovir with fos-
carnet treatment for CMV gastrointestinal disease in 29 HIV- 
infected patients also showed equivalent efficacy of the two 
drugs based on reduction in CMV viremia (100% in the gan- 
ciclovir group vs. 93% in the foscarnet group), loss of CMV 
in intestinal mucosa (92% vs. 83%, respectively) and clinical 
response (87% vs. 93%) (Gerna et al., 1997).

Parente and Bianchi Porro (1998) conducted a random-
ized, controlled trial comparing foscarnet with ganciclovir 
therapy for HIV-infected patients with CMV esophagitis. A 
total of 23 patients with newly diagnosed esophagitis were 
randomized to receive foscarnet (n = 11) or ganciclovir (n = 
10). The two groups were well matched for age, gender, CD4 
counts, duration of AIDS, and severity of symptoms. Marked 
endoscopic improvement occurred in an equivalent propor-
tion of subjects (73% of those treated with foscarnet and 

Figure 219.4. Cumulative probability of mortality among 
patients assigned to foscarnet or ganciclovir treatment for 
CMV retinitis. Mortality was significantly higher in the 
ganciclovir group (p = 0.006 by the log-rank test). The 
numbers of patients at risk at each time point are shown 
at the bottom of the figure. (Reproduced with permission 
from Anonymous (1992).)
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70% of those given ganciclovir); inclusion bodies disappeared 
from biopsies in 55% and 50%, respectively; and symptoms 
improved equally as well (82% vs. 80%, respectively). Adverse 
events were qualitatively different, but quantitatively and clin-
ically equivalent, in the two groups. The authors concluded 
ganciclovir and foscarnet were equally safe and effective for 
treatment of CMV esophagitis in patients with AIDS (Parente 
and Bianchi Porro, 1998).

Combination therapy of CMV infections with ganciclovir 
and foscarnet was evaluated in an open, prospective trial in 
patients with gastrointestinal infection (N = 7) or retinitis 
(N = 7). Five of the patients with gastrointestinal infections 
had a remission, as did 5 of those with retinitis. No new tox-
icities were seen with the combination (Salberger et al., 1994). 
However, as noted by Drew (2006), there is no substantive evi-
dence that combination therapy is better than monotherapy.

NEUROLOGIC DISEASE

Anduze-Faris et al. (2000) conducted an open, noncompara-
tive study of combined foscarnet and ganciclovir for neuro-
logic disease in HIV-infected subjects before the era of highly 
active combination antiretroviral therapy. A total of 31 patients 
with CMV encephalitis or myelitis were given foscarnet 90 
mg/kg and ganciclovir 5 mg/kg i.v. twice daily for 3–6 weeks 
followed by maintenance therapy at the same doses once daily. 
Of the 31 patients treated, 23 (74%) responded during the 
induction phase by improvement or stabilization of disease 
and were put on maintenance therapy. During the mainte-
nance phase, CMV disease progressed in 10 patients, with 
a  median time to relapse of about 4 months. Note that 10 
patients had at least one drug discontinued during the induc-
tion phase because of toxicity.

An HIV-infected patient who developed CMV polyradi-
culitis while receiving ganciclovir did not respond to therapy 
with foscarnet (de Gans et al., 1990), although there are other 
case reports of foscarnet being used with success for that 
condition (Manji et al., 1992; Domingo et al., 1994; Corral  
et al., 1996). CMV ventriculoencephalitis has also been 
reported to respond poorly to foscarnet (Salazar et al., 1995), 
although this may in part relate to difficulty in making the 
diagnosis, thus delaying specific therapy until late in the 
course of the disease. In two case reports of patients with 
CMV encephalitis that was refractory to ganciclovir alone, 
the patients received a 3- to 6-week combination of foscarnet 
and ganciclovir with documented success (Enting et al., 1992; 
Peters et al., 1992). Combination therapy with ganciclovir 
and foscarnet for CMV polyradiculomyelitis has also been 
reported (Kar mochkine et al., 1994).

7b.  Preventive or Preemptive Treatment 
of CMV infection in patients with 
immunosuppression not related to  
HIV infection 

PREVENTATIVE TREATMENT

Ample clinical data support the efficacy of foscarnet for pre-
vention of CMV viremia in patients with iatrogenic immuno- 

deficiency. However, in general, most authorities recommend 
initiating treatment with ganciclovir or valganciclovir, and 
using foscarnet only for patients who cannot tolerate that 
drug or for patients with ganciclovir-resistant CMV infections 
(Bueno et al., 2002). The International Herpes Management 
Forum has issued guidelines for the diagnosis and management 
of CMV infections in solid organ and stem cell transplant recip-
ients (Razonable and Emery, 2004). The investigational drug 
letermovir has been shown to be active for this indication 
(Chemaly et al., 2014), and it may well be widely used if it is 
generally approved by regulatory agencies. 

Foscarnet has been shown to prevent CMV infection in 
seropositive bone marrow transplant recipients. In one trial, 
patients received intermittent intravenous foscarnet at a dose 
of 40 mg/kg every 8 hours from 7 days before to 30 days 
after transplant, then 60 mg/kg/day for another 45 days. No 
patient developed CMV disease (Reusser et al., 1992). This 
finding was supported by another study in which foscarnet 
lowered the risk of CMV infection compared with historic 
controls (Bacigalupo et al., 1994a).

Ippoliti et al. (1997) gave prophylactic foscarnet (60 mg/
kg once daily) to 39 adults who had received a bone marrow 
transplant and were unable to tolerate ganciclovir because  
of either prior ganciclovir-induced neutropenia or delayed 
engraftment. Foscarnet was continued until the contraindi-
cations to ganciclovir therapy had resolved, and ganciclovir 
prophylaxis was then resumed. Foscarnet was well tolerated, 
but 6 (15%) of the patients given foscarnet prophylactically 
had detectable CMV infection and the overall mortality was 
5%. The authors concluded that foscarnet administration 
was a safe and effective method for preventing CMV infec-
tions in this group of patients (Ippoliti et al., 1997).

Shereck et al. (2007) studied alternate-day foscarnet–
ganciclovir prophylaxis of CMV infections in 53 children 
and adolescents receiving allogeneic stem cell transplants who 
were at risk for CMV infections because either donors or the 
patients were CMV seropositive. None of the patients devel-
oped CMV disease, 5% had hematologic toxicity requiring 
discontinuation of ganciclovir, and 25% required discon-
tinuation of foscarnet because of electrolyte abnormalities or 
nephrotoxicity.

Bregante and colleagues (2000) conducted a dose-finding 
study of foscarnet prophylaxis of CMV infections after allo-
genic bone marrow transplantation. Foscarnet was given in a 
complex dosing scheme, a high dose during induction for 1 
month and then a further 2 months of maintenance therapy. 
There was a clear dose–response relationship in terms of pre-
vention of CMV antigenemia (see Table 219.12). Increased 
serum creatinine was seen in 15 patients, and in 9 the drug 
had to be discontinued. Renal dysfunction resolved in all 
patients when foscarnet was discontinued.

PREEMPTIVE TREATMENT OF CMV INFECTION IN 
TRANSPLANT RECIPIENTS

Much clinical data support the efficacy of foscarnet for pre-
emptive treatment of CMV viremia (treatment on evidence of 
CMV viremia before clinical disease occurs) in patients with 
iatrogenic immunocomprimise. General recommendations 
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are to initiate treatment with ganciclovir or valganciclovir and 
to use foscarnet only for patients who cannot tolerate that 
drug or who have ganciclovir-resistant CMV infections 
(Bueno et al., 2002). Guidelines for the diagnosis and manage-
ment of CMV infections in solid organ and stem cell trans-
plant recipients are available from the International Herpes 
Management Forum (Razonable and Emery, 2004).

Asakura et al. (2010) reported a multisite experience with 
238 hematopoietic stem cell transplant patients who had 
received foscarnet as preemptive therapy for CMV infection 
on the basis of detecting CMV antigenemia. More than half 
of the patients given foscarnet had previously received ganci-
clovir, and the foscarnet therapy was justified on the basis  
of apparent CMV resistance to ganciclovir or neutropenia. 
Unfortunately the use of foscarnet in this study did not fol-
low the usual guidelines because the dose ranged from 7 to 
216 mg/kg/day, with a median dose of 90 mg/kg/day. Despite 
the unusual dosing, the outcomes were quite good, with anti-
genemia resolving in 77% of patients, improving in 13%, 
remaining the same in 7%, and worsening in only 3%. There 
were no cases of CMV disease. The authors noted a dose 
response to foscarnet; the rate of antigen resolution was lower 
in individuals who received < 80 mg/kg/day. There was 
remarkably little foscarnet toxicity. 

In another study, of 25 patients who had received alloge-
neic bone marrow transplants and had developed CMV vire-
mia, 12 were given preemptive therapy with foscarnet and 13 
with ganciclovir. Both agents were effective in clearing CMV 
antigenemia, with slightly over half in each group becoming 
antigen negative; no data on prevention of disease were pro-
vided (Bacigalupo et al., 1994b). Renal toxicity was more com-
mon in the foscarnet-treated patients, but required cessation 
of therapy in only one.

Narimatsu and colleagues (2007) retrospectively studied a 
reduced dose of foscarnet (30 mg/kg twice daily) for preemp-
tive therapy of CMV viremia in elderly patients who had 
received reduced-intensity cord blood transplants. Of the 63 
patients who developed CMV antigenemia, 29 received pre-
emptive foscarnet therapy. Although it is difficult to tell from 
the report, this regimen did not seem effective because 11 
patients had to discontinue foscarnet for toxicity, 7 patients 
who tolerated therapy died without developing CMV dis-
ease, and 3 developed CMV enterocolitis. In contrast, one 
study in patients receiving haploidentical hematopoietic stem 
cell transplantation for treatment of cancer used an equiva-
lent dose of foscarnet, but one still half or a third of the nor-
mal dosage—for preemptive treatment of CMV infection 
(Wang et al., 2009). Patients were given prophylactic ganci-
clovir and aciclovir, but if they developed CMV antigenemia 
they were switched to foscarnet. Of the 16 patients with anti-
genemia, 8 patients had fever and 1 patient had fever with nau-
sea, vomiting, and diarrhea and was diagnosed with CMV 
colitis (indicating that this study included treatment rather 
than purely preemptive therapy). All 16 patients tested nega-
tive for CMV antigenemia within 7 to 21 days (median, 12 
days) after initiation of low-dose foscarnet therapy, and after 
6–24 months of followup, only one patient relapsed (Wang et 
al., 2009). 

Takami et al. (2007) gave intravenous foscarnet as pre-
emptive therapy for CMV reactivation to 10 recipients of 
unrelated cord blood transplants who were unable to receive 
ganciclovir because of cytopenias or poor prior response to 
that drug. CMV antigenemia resolved with clinical illness in 
9 patients, but 1 developed fatal CMV disease. The authors 
concluded that foscarnet remained an effective alternative in 
this situation.

Moretti et al. (1998) conducted a randomized trial com-
paring ganciclovir with foscarnet for preemptive therapy of 
CMV infections (those who developed CMV viremia) in 
patients receiving allogeneic stem cell transplants. A total of 
20 patients were randomized to receive foscarnet (90 mg/kg 
every 12 hours) and 19 patients to receive ganciclovir (5 mg/
kg every 12 hours), both given for 15 days. Doses of these 
drugs were reduced for rising creatinine or neutropenia, 
respectively; equivalent proportions of patients in each group 
had dose reductions. Viremia cleared slightly (but not sig-
nificantly) faster in the foscarnet-treated group, and there 
were fewer failures in the foscarnet group than in the ganci-
clovir group (3/20 vs. 8/19; p = 0.082, Fisher exact test). The 
authors concluded that the drugs were probably equivalent 
for preemptive therapy of CMV viremia in that patient pop-
ulation (Moretti et al., 1998).

A similar but larger study was conducted by Reusser and 
colleagues (2002) in the Infectious Diseases Working Party 
of the European Group for Blood and Marrow Transplan- 
tation. They randomized 213 stem cell transplant recipients 
with CMV viremia to receive preemptive foscarnet (n = 110) 
or ganciclovir (n = 103). Event-free survival (the primary 
outcome measure) in the two groups was equivalent: 66% 
in  the foscarnet group and 73% in the ganciclovir group. 
Antiviral efficacy was also equivalent in the two groups, 
with 5 patients in each developing CMV disease. Adverse 
reactions were different, with neutropenia occurring in 11% 
of ganciclovir- treated patients compared with 4% of those 
on foscarnet, whereas azotemia worsened in 2% and 5%, 
respectively, and hypocalcemia occurred in 22% and 4% 
(p = 0.001), hypomagnesemia in 17% and 6% (p = 0.006), 
hypokalemia in 17% and 6%, and hypophosphatemia in 6% 
and 0% (p = 0.01) (Reusser et al., 2002). The authors con-
cluded that the two drugs had equal efficacy for this indica-
tion and qualitatively different toxicity, although clinically 
of similar significance.

Bacigalupo et al. (1996) studied 32 stem cell transplant 
recipients with CMV antigenemia who were given preemp-
tive therapy with ganciclovir combined with foscarnet in an 
open, noncomparative trial. Subjects were given foscarnet, 
180 mg/kg/day, and ganciclovir, 10 mg/kg/day, for 2 weeks 
followed by alternate-day therapy for an additional 2 weeks; 
the doses were adjusted for creatinine clearance and neutro-
phil counts, respectively. All 32 patients cleared CMV anti-
genemia by day 15, although antigenemia recurred in 5 
patients on maintenance therapy and in 14 patients off main-
tenance therapy. A total of 6 patients died and 26 survived  
for > 100 days after transplant. The authors concluded that, 
in comparison with historical controls, combination therapy 
gave better outcomes than monotherapy.
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In contrast, a subsequent randomized controlled trial of 
ganciclovir alone versus ganciclovir plus foscarnet (each at 
half dose) for preemptive therapy of CMV infection (based 
on CMV viremia) in 48 transplant recipients showed clearly 
that combination therapy (at least at this dose) was unsuit-
able (Mattes et al., 2004). It was reported that 71% of patients 
in the ganciclovir arm cleared their CMV viremia compared 
with only 50% in the combination arm (p = 0.12), and toxic-
ity was greater in the combination therapy arm. This study 
supports Drew’s (2006) contention that the evidence for bet-
ter outcomes after combined therapy compared with mono-
therapy for CMV infections is weak.

7c.  Treatment of CMV infections in patients 
with immunosuppression unrelated to 
HIV infection 

CMV RETINITIS

Although not approved by regulatory agencies for the indica-
tion, some clinical evidence supports the efficacy of foscarnet 
for treatment of CMV retinitis in patients with immunosup-
pression of other causes. 

Ohta and colleagues (2001) studied three children who 
had received hematopoietic stem cell transplants from HLA-
mismatched donors and who developed CMV retinitis. Because 
these patients had developed progressive retinitis while on 
ganciclovir therapy, they were presumed to be ganciclovir- 
resistant and were given foscarnet, 60 mg/kg every 8 hours. 
Retinitis resolved quickly in all three cases. Intravitreal fos-
carnet combined with systemic ganciclovir was used to treat 
CMV retinitis in a premature infant (Tawse and Baumal, 
2014).Wong and co-workers (2010) studied 74 patients who 
had 81 eyes with acute retinal necrosis (ARN). The mean age 
patients with HSV ARN was 34 years but it was 51 for those 
with VZV ARN. In patients with VZV ARN intravitreal fos-
carnet reduced the rate of retinal detachment by 40% (p = 
0.08) compared with those given nothing (Wong et al., 2010). 
A middle-aged man with acute retinal necrosis caused by 
VZV was also treated with intravitreal foscarnet. He had 
failed initial intravenous aciclovir therapy and subsequent 
intravenous foscarnet had to be discontinued after 1 day due 
to renal failure. Intravitreal foscarnet was given weekly with 
marked improvement in his condition (Lee et al., 2011). 
Another patient with acute retinal necrosis in the setting of 
HSV encephalitis failed initial intravenous aciclovir therapy 
but the intravitreal foscarnet resulted in “immediate clinical 
improvement” (Patel et al., 2010). 

OTHER CMV INFECTIONS

Foscarnet has been used to treat nonocular CMV infections 
in HIV-negative patients with mixed success. A recent review 
pointed out that although virtually all stem-cell transplant 
patients with CMV infections received initial ganciclovir for 
treatment, about a third of them had to be switched to fos-
carnet because of neutropenia or development of CMV resis-
tance (Bacigalupo et al., 2012). Comparative studies have 

shown that foscarnet is equally as effective as ganciclovir, 
albeit often more toxic. 

Hubacek et al. (2009) reported a young patient immuno-
suppressed because of an unrelated hematopoietic stem cell 
transplantation. Initial preemptive monotherapy (begun on 
the basis of levels of CMV DNA in plasma of 1,000 to 10,000 
copies/ml) with ganciclovir, valganciclovir, cidofovir, and 
foscarnet (90 mg/kg/day) was unable to control the CMV 
viral load, and after 6 months the CMV viral load increased, 
and the patient began complaining of headache and poor 
vision. A lumbar puncture was performed and analysis of the 
CSF showed CMV DNA to be 2,600,000 copies/ml, and ocu-
lar exam showed CMV retinitis. Initial treatment with cido-
fovir and ganciclovir was unsuccessful, and the clinicians 
found that the patient’s CMV strain had become resistant to 
ganciclovir on the basis of phosphotransferase (UL97) muta-
tions. Consequently, treatment was changed to a combina-
tion of cidofovir (5 mg/kg/week) and foscarnet (120 mg/kg/
day) with CMV hyperimmunoglobulin, which successfully 
cured the patient (Hubacek et al., 2009). 

A dose-ranging study of foscarnet for the treatment of CMV 
infections in bone marrow and renal graft recipients found 
there was clinical improvement in 70% of patients (Ring den 
et al., 1986). A study designed to evaluate the efficacy of fos-
carnet for the treatment of CMV infection in bone marrow 
transplant recipients demonstrated a clinical improvement in 
approximately half of the patients. However, all patients with 
interstitial pneumonia died despite foscarnet therapy (Aschan 
et al., 1992). Bone marrow transplant recipients with ganciclovir- 
resistant CMV infections were reported to respond well to 
foscarnet therapy (Razis et al., 1994). On the other hand, a 
more recent study showed long-term ganciclovir may select 
both UL97 and UL54 mutations, thereby generating foscar-
net-resistant CMV strains causing pneumonitis that responds 
poorly to foscarnet (Gilbert et al., 2011; Minces et al., 2014). 
Likewise, a study by Isada et al. (2002) painted a fairly gloomy 
picture of the efficacy of foscarnet for treatment of ganciclovir- 
resistant CMV infections in patients who had received solid 
organ transplants (chiefly lung and kidney). Only 1 of 10 
patients treated with foscarnet survived.

Reddy and colleagues (2007) reported experience in treat-
ing CMV infections in lung transplant recipients. Of 210 
lung transplant recipients studied over a 4-year period, 113 
(54%) developed CMV infections, with 6 of those (5%) being 
caused by ganciclovir-resistant CMV strains. All patients had 
UL97 (phosphotransferase gene) mutations, and 3 also had 
UL54 (polymerase gene) mutations (the latter may have been 
foscarnet resistant; the former would not have been). All 
patients were treated with a combination of ganciclovir and 
foscarnet, or foscarnet alone for ganciclovir-resistant infec-
tions, and the CMV viral load was reduced in all patients. In 
15 of 25 transplant patients with ganciclovir-resistant CMV 
infection, replacing ganciclovir with foscarnet therapy resolved 
the infection in 87% (Reusser et al., 1996).

Yaari and co-workers (2010) described two cases of severe 
CMV-related thrombocytopenia in otherwise-healthy women 
who had acute CMV mononucleosis. Foscarnet therapy 
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markedly improved platelet numbers in both patients. One 
patient was cured with foscarnet therapy but the other received 
a prophylactic splenectomy despite excellent platelet counts. 

Congenital or postpartum CMV infections have only 
rarely been treated with foscarnet (Nigro et al., 2004; Knorr 
et al., 2007). Hence it is recommended that foscarnet be used 
in infants only if they have failed therapy with ganciclovir 
(Lackner et al., 2008; Mareri et al., 2015) or cannot tolerate 
that drug for other reasons (Schleiss and McVoy, 2004; Michaels, 
2007).

7d.  Treatment of aciclovir-resistant HSV 
and VZV infections

SYSTEMIC TREATMENT OF HSV AND  
VZV INFECTIONS

Foscarnet is useful for the treatment of mucocutaneous HSV 
or VZV infections in patients with HIV-infection or other 
immunocompromising conditions who are resistant to aci-
clovir or famciclovir (Safrin et al., 1990; Safrin et al., 1991a). 
Treatment should commence within 7–10 days if aciclovir- 
resistant infection with HSV or VZV is suspected and should 
continue for at least 10 days or until lesions are healed 
(Balfour et al., 1994).

The first randomized controlled trial assessing the efficacy 
of any antiviral drug for treatment of a drug-resistant virus 
was conducted under the aegis of the AIDS Clinical Trials 
Group (Safrin et al., 1991b). That study compared vidarabine 
(15 mg/kg daily) with foscarnet (40 mg/kg every 8 hours) for 
treatment of 14 patients with HIV-infection and aciclovir- 
resistant mucocutaneous herpes simplex infection, that diag-
nosis was assessed clinically by failure to respond to 10 days 
of high-dose, intravenous aciclovir. All HSV isolates were 
resistant to aciclovir and susceptible to both vidarabine and 
foscarnet by in vitro testing. The HSV lesions healed within 
10–42 days in all 8 patients randomized to foscarnet (the 
investigational drug), whereas vidarabine (at the time, the 
only drug approved for treatment of aciclovir-resistant HSV 
strains) was discontinued in all 6 patients assigned to receive 
it, owing to lack of any clinical or virologic response (Safrin 
et al., 1991b).

Multiple other case reports and case series have con-
firmed these earlier data showing the efficacy of foscarnet for 
the treatment of mucocutaneous infections due to aciclovir- 
resistant, foscarnet-susceptible strains of HSV. The clinical 
contexts in which this treatment has been effective include 
patients with HIV infection (Erlich et al., 1989), bone mar-
row transplant recipients (Verdonck et al., 1993; Reusser et 
al., 1996), and allogeneic stem cell transplant recipients (Chen 
et al., 2000). However, failures of therapy have occurred, even 
when the HSV strains were susceptible to foscarnet by in vitro 
testing (Chen et al., 2000; Frangoul et al., 2007). The impor-
tance of laboratory testing of HSV strains for foscarnet sus-
ceptibility was emphasized by data showing that none of 
seven patients infected with HSV strains dually resistant to both 
aciclovir and foscarnet responded to foscarnet, whereas five of 

seven patients with aciclovir-resistant, foscarnet- susceptible 
HSV strains did respond (Chen et al., 2000). Similar results 
were reported by Danve-Szatanek et al. (2004), who reported 
that only 61% of patients with aciclovir-resistant, foscarnet- 
susceptible HSV lesions responded to foscarnet.

Chilukuri and Rosen (2003) recommended a staged 
approach to management of suspected aciclovir-resistant HSV 
cutaneous lesions, starting therapy by increasing the dose of 
aciclovir (or using valaciclovir) and then adding topical tri-
fluorothymidine if the lesion is accessible; only if it remains 
unresponsive is foscarnet therapy initiated at 40 mg/kg every 
8 hours.

Two cases of acute retinal necrosis (with unspecified under-
lying conditions) due to aciclovir-resistant HSV-2 infections 
have been reported in children; they responded to intrave-
nous foscarnet with satisfactory outcomes (Khurana et al., 
2005).

Foscarnet-resistant strains of HSV-2 have been recovered 
from patients unresponsive to foscarnet therapy or in whom 
lesions developed while undergoing foscarnet therapy. It is 
interesting that in three patients, treatment with aciclovir 
monotherapy or in combination with foscarnet resulted in 
healing (Safrin et al., 1994c). Topical cidofovir (see Chapter 
216, Cidofovir and brincidofovir) may be of use in patients 
with mucocutaneous lesions due to aciclovir- and foscarnet- 
resistant HSV (Snoeck et al., 1994).

Foscarnet-resistant multidermatomal zoster has been 
reported in a patient with advanced HIV infection (Fillet et 
al., 1995). This condition often presents with atypical kera-
totic papular skin lesions, especially in the setting of HIV 
infection with significant immunosuppression (Lokke-Jensen 
et al., 1993). An open-label study found that foscarnet was 
effective in the treatment of thymidine kinase-deficient or 
-altered strains of VZV that were resistant to aciclovir (as 
opposed to those with polymerase mutations) (Safrin et al., 
1991a). Breton et al. (1998) retrospectively studied 13 con-
secutive patients with advanced HIV infection (mean CD4 
count, 20/µl) who had infections due to aciclovir-resistant VZV 
strains (based on clinical criteria) and who were treated with 
foscarnet. Complete healing was seen in 10 (77%) of these 
patients, but 5 relapsed at a median of 110 days after cessa-
tion of foscarnet therapy. No susceptibility testing was con-
ducted in this study, and some of the nonresponders could 
have had polymerase mutations mediating dual aciclovir and 
foscarnet resistance.

Other case reports and case series confirm the efficacy of 
foscarnet for the treatment of aciclovir-resistant VZV infec-
tions in the setting of patients with immunodeficiency caused 
by a variety of illnesses or treatments, including hematopoi-
etic stem cell transplantation (Hatchette et al., 2008) and can-
cer chemotherapy with disseminated Oka-strain VZV vac cine 
(Levin et al., 2003).

TOPICAL OR INTRAVITREAL TREATMENT OF HSV, 
VZV OR CMV INFECTIONS

Topical therapy of mucocutaneous HSV lesions is of ques-
tionable efficacy compared with systemic therapy, regardless 
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of the antiviral drug used, and the evidence for topical foscar-
net is consistent with the data for other drugs given topically. 

Clinic-initiated topical foscarnet was used for the treat-
ment of recurrent genital HSV infection in early clinical tri-
als. Compared with a placebo, topical foscarnet did not 
improve time to healing, but did shorten duration of viral 
shedding and resulted in a higher proportion of individuals 
who had no symptoms after 1 day of therapy (Sacks et al., 
1987). Jones and Paul (1997) reported a patient with AIDS and 
aciclovir-resistant HSV infection who recovered after treat-
ment with topical foscarnet. Javaly et al. (1999) treated 20 
HIV-infected patients with AIDS and mucocutaneous HSV 
infections (no susceptibility testing was performed) with a 
1% foscarnet cream five times a day for a mean duration of 
35 days. Of these, 8 lesions healed completely and a further 5 
had excellent or good responses. It was not surprising that 5 of 
the 20 patients developed new HSV lesions at sites other than 
those being treated topically while enrolled in the study. Studies 
by Piret and colleagues (2000a, 2000b, 2001) in a murine model 
of mucocutaneous HSV infections suggest that modifying the 
vehicle by addition of a detergent (sodium lauryl sulfate) or by 
addition of polyoxypropylene– polyoxyethylene polymer might 
increase the efficacy of topical antivirals, but no clinical trials 
have been conducted of these novel formulations.

For treatment of HSV keratitis, topical foscarnet was 
equivalent to topical therapy with the standard drugs trifluri-
dine, aciclovir, and ganciclovir (Behrens-Baumann, 1992; Cao, 
2001), although a Cochrane Collaboration review came to the 
conclusion that this evidence was based on too small a num-
ber of studies (Wilhelmus, 2015). 

Case reports of intravitreal foscarnet treatment of retinitis 
due to HSV or VZV, with or without systemic therapy, also 
indicate that the treatment was safe and effective (Zambarakji 
et al., 2002; Chau Tran et al., 2003; King et al., 2007). A recent, 
retrospective study of 74 patients (81 eyes) with acute retinal 
necrosis due to either VZV or HSV strongly suggested that 
intravitreal foscarnet markedly reduced the incidence of ret-
inal detachment, especially in the case of VZV infections (Wong 
et al., 2010).

Intravitreal foscarnet does seem to have some efficacy for 
treatment of CMV retinitis, but it is generally less effective 
than systemic therapy. In addition, because CMV retinitis is 
invariably part of a systemic CMV infection (usually in con-
trast to HSV or VZV retinitis), topical therapy does not pro-
tect other organs that are at risk for infection (an unaffected 
contralateral eye, nervous system, or gut). Consequently, intra-
vitreal foscarnet has generally been used only for patients 
treated with intravenous foscarnet who cannot continue 
because of unacceptable toxicity, lack of intravenous access, 
or who refuse intravenous therapy. 

Intravitreal foscarnet injections were shown to be safe in 
animal studies (Berthe et al., 1994; Turrini et al., 1994), and 
intravitreal foscarnet has been safely administered either alone 
or in combination with ganciclovir to patients with CMV 
retinitis (Pearson et al., 1993; Lieberman et al., 1994). Intra-
vitreal foscarnet improves CMV retinitis, is not systemically 
absorbed, and is well tolerated with no retinal toxicity (Diaz- 

Llopis et al., 1992). Doses of 2.4 mg per injection given twice 
weekly for 3 weeks during induction and once weekly for 
maintenance therapy have been reported as effective in uncon-
trolled trials (Diaz-Llopis et al., 1994). 

Ausayakhun et al. (2005) reported their experience with 
intravitreal foscarnet in Thai HIV-infected patients with 
CMV retinitis. Induction therapy consisted of two intra-
vitreal injections a week until the lesions were inactive. Main- 
tenance therapy consisted of one injection a week until 
relapse, at which point the patients were reinduced. In 301 
foscarnet-treated eyes, visual acuity remained stable in 184 
(61%), improved in 16 (5%), and decreased in 101 (34%). The 
median time to progression of retinitis was 15 weeks, not 
 dissimilar to the data from trials of systemic foscarnet or 
ganciclovir. As has been the experience with intravitreal 
administration of other antivirals for CMV retinitis, retinitis 
developed in the untreated eye in 35% of the patients during 
treatment of the first eye.

7e.  Foscarnet for management of EBV, 
HHV-6, or HHV-8 infections and 
Kaposi’s sarcoma

Although the in vitro data suggest that EBV, HHV-6, and 
HHV-8 are susceptible to foscarnet, the clinical data are 
decidedly mixed. Although taken together the clinical data 
do suggest some efficacy, there is a strong possibility of pub-
lication bias. The exceptions to this rule are the epidemiologic 
studies on the effect of foscarnet therapy on the incidence of 
Kaposi’s sarcoma.

EPSTEIN-BARR VIRUS INFECTION

In three patients with posttransplant EBV-associated lymph-
oproliferative disorders who did not respond to or were not 
eligible for reduced immunosuppression, foscarnet therapy 
resulted in complete remission (Oertel et al., 2002). In two 
patients with HIV infection who also had EBV-related lym-
phoproliferative disorders unresponsive to cancer chemother-
apy, 3 weeks of foscarnet therapy achieved complete regression 
of the lymphomatous gastrointestinal tumors (Schneider et 
al., 2000). Another patient developed rapid progression of 
EBV-associated Hodgkin’s disease without underlying dis-
ease after foscarnet therapy was discontinued (Schramm et 
al., 2000). Afshar et al. (2011) reported a patient with bilat-
eral lung transplants who developed posttransplant lymph-
oproliferative disorder (PTLD) generally considered to be 
due to EBV infection. Both the recipient and the donor had 
evidence of EBV infection. About 6 months after transplan-
tation, the patient developed a febrile illness thought to be 
due to PTLD. The authors improved the PTLD by decreasing 
immunosuppression, but the EBV infection was not affected 
by that change; EBV genomes were present in the blood at  
a level of 871,000 copies/ml. Despite further decreases in 
immunosuppression and ganciclovir therapy the EBV infec-
tion worsened, peaking at a level of 10,200,000 copies/ml. At 
that juncture foscarnet therapy was implemented (90 mg/kg/
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day), and within 5 weeks EBV genomes were no longer detect-
able in blood. Foscarnet was discontinued, and the patient 
made a full recovery over the ensuing 9 months.

HHV-6 INFECTION

There are no prospective, controlled trials of managing HHV-6 
infection with foscarnet. However, the case reports cited here 
strongly suggest that the in vitro activity of foscarnet toward 
this virus also applies in vivo. 

Zerr et al. (2002) assessed the in vivo antiviral effects of 
ganciclovir or foscarnet on HHV-6 in the cerebrospinal fluid 
of 11 hematopoietic stem cell transplant recipients, six of 
whom had signs of central nervous system dysfunction. Both 
ganciclovir and foscarnet reduced HHV-6 DNA concentra-
tions in serum and cerebrospinal fluid. Seeley et al. (2007) 
at the University of California at San Francisco described 9 
patients with acute limbic encephalitis after allogeneic stem 
cell transplantation, 6 of whom had HHV-6 DNA identified 
in cerebrospinal fluid. Patients treated with either ganciclovir 
or foscarnet appeared to improve, but HHV-6 was consid-
ered to be of uncertain pathogenetic significance. 

Preemptive foscarnet therapy was studied prospectively 
for reduction in HHV-6 disease in 15 patients receiving stem 
cell transplants (Ishiyama et al., 2011). Of the 15 subjects in 
the study, 12 developed plasma HHV-6 DNA and 7 of had 
concentrations ≥ 500 copies/ml plasma, despite the preemp-
tive foscarnet. However, only one of the patients developed 
HHV-6 disease, a case of mild limbic encephalitis that  
started shortly after the preemptive foscarnet. The authors 
concluded that preemptive foscarnet was effective at reduc-
ing HHV-6 disease in stem cell transplant recipients. Another 
study of preemptive foscarnet in stem cell transplant recipi-
ents used a dramatically lower dose of foscarnet (50 mg/kg/
day) than normal (120–180 mg/kg/day) to avoid adverse 
reactions (Ogata et al., 2013). This dose had no effect on the 
presence or concentration of HHV-6 DNA in plasma or on 
the incidence of HHV-6 encephalitis. These two studies indi-
cate that the preemptive dose of foscarnet needs to be equiv-
alent to the therapeutic dose. 

Maslin et al. (2007) treated a child with HHV-6 uveitis with 
systemic foscarnet followed by ganciclovir, and the patient 
recovered. A stem cell transplant recipient with HHV-6 enceph-
alitis associated with massive intrathecal viral burden was 
treated with cidofovir followed by foscarnet, and HHV-6 was 
cleared completely from the central nervous system (Pohl-
mann et al., 2007). An immunocompetent adult with severe 
HHV-6 encephalitis was recovered after treatment with fos-
carnet and ganciclovir (Troy et al., 2008). Ishio and collabo-
rators (2015) report a patient with HHV-6 pneumonitis who 
was cured with foscarnet therapy. 

HHV-8 INFECTION, KAPOSI’S SARCOMA, AND 
CASTLEMAN’S DISEASE

The epidemiologic data supporting an effect of foscarnet 
therapy on Kaposi’s sarcoma are reasonably convincing. A 
retrospective study to assess whether prior treatment of HIV-
infected patients with AIDS (not receiving highly active 

combination antiretroviral therapy) with either ganciclovir 
or foscarnet protected against the development of Kaposi’s 
sarcoma was conducted by Mocroft and colleagues (1996). 
Prior treatment with either drug appeared to decrease equally 
the risk of subsequent development of Kaposi’s sarcoma (rel-
ative hazard ratio [HR]: 0.38; p < 0.05), whereas aciclovir 
therapy had no effect (relative HR: 1.1). Another retrospec-
tive study assessing the risk of progression of Kaposi’s sar-
coma suggested that prior visceral involvement with Kaposi’s 
sarcoma increased the risk (OR: 2.8; p < 0.05), whereas prior 
foscarnet therapy decreased the risk (OR: 0.24; p < 0.05); no 
other risk factors, including prior ganciclovir therapy, influ-
enced progression (Robles et al., 1999). A more recent, large 
epidemiologic study by a team from the US Centers for 
Disease Control and Prevention does support the efficacy 
of foscarnet (as well as combination antiretroviral therapy) 
in preventing the occurrence of Kaposi’s sarcoma in patients 
with HIV infection, presumably as the result of foscarnet’s 
activity toward HHV-8 (Jones et al., 2000). This group stud-
ied a total of 37,303 subjects for 72,238 patient-years over the 
period 1990–1998 and assessed whether antiretroviral ther-
apy, aciclovir, ganciclovir, or foscarnet had an impact on the 
occurrence of Kaposi’s sarcoma. Antiretroviral therapy 
reduced the incidence of Kaposi’s sarcoma by 50% (rate ratio 
[RR]: 0.5; 95% confidence interval [CI]: 0.3–0.8) when com-
pared with no therapy; of the other antivirals studied, only 
foscarnet reduced the risk for Kaposi’s sarcoma (RR: 0.6; 95% 
CI: 0.4–1.0).

The clinical data supporting the efficacy of foscarnet for 
the treatment of HHV-8 infection per se are quite mixed. An 
open study of 5 patients with AIDS-related Kaposi’s sarcoma 
demonstrated a response to foscarnet treatment (180 mg/kg 
i.v. daily for 10 days), with long periods of remission post-
therapy (Morfeldt and Torssander, 1994). Boivin et al. (1999) 
treated 17 patients with HIV-infection and CMV disease 
who also had HHV-8 DNA in peripheral blood leukocytes 
with either ganciclovir (n = 13) or foscarnet (n = 4). Neither 
treatment reduced the proportion of samples with HHV-8 
DNA or (in 5 patients receiving ganciclovir and 2 receiving 
foscarnet) the amount of HHV-8 DNA in leukocytes, while 
significantly reducing CMV DNA concentrations (by ≥ 1000-
fold in all cases). Low et al. (1998) reported a patient with 
AIDS-related Kaposi’s sarcoma, HHV-8 viremia, and a hemo-
phagocytic syndrome with pancytopenia. HHV-8 DNA disap-
peared from peripheral blood mononuclear cells but persisted 
in pleural fluid and tumor biopsies, and the hemophagocytic 
syndrome improved dramatically. Cessation of foscarnet 
therapy resulted in reappearance of the illness and HHV-8 
DNA in blood mononuclear cells. Menges and Pees (1999) 
reported an HIV-infected patient with HHV-8-positive Kaposi’s 
sarcoma of the pancreas who underwent complete remission 
in response to paclitaxel and foscarnet. Luppi et al. (2002) 
reported a similar case in the context of kidney transplant–
associated immunosuppression that responded clinically 
and virologically to foscarnet and decreases in immunosup-
pressive therapy. Bossini et al. (2005) reported another simi-
lar case treated with a short course of foscarnet and liposomal 
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doxorubicin; the renal transplant patient experienced per-
manent resolution of HHV-8 viremia, the hemophagocytic 
syndrome, and the Kaposi’s sarcoma lesions.

Senanayake et al. (2003) at Prince of Wales Hospital in New 
South Wales, Australia, reported a case of an HIV-uninfected 
patient who developed both multicentric Castleman’s disease 
(also associated with HHV-8) and Kaposi’s sarcoma with 
HHV-8 viremia, which rose and fell congruently with the 
activity of the Castleman’s disease. The patient was treated 
with sequential corticosteroids and viral and cancer chemo-
therapy. Antiviral therapy with foscarnet and then cidofovir 
had no effect on HHV-8 buffy coat DNA concentrations or the 
clinical course of either disease, whereas cancer chemotherapy 
and corticosteroids resulted in some clinical improvement.

7f.  Treatment of hepatitis B virus infections

Although foscarnet has demonstrable in vivo activity in 
patients with chronic hepatitis B virus infection (Han et al., 
2005), other drugs, such as tenofovir, lamivudine, and ente-
cavir, can be given orally, are equally or more effective than 
foscarnet, and have substantially less toxicity (see Chapter 
232, Tenofovir; Chapter 228, Lamivudine; and Chapter 254, 
Entecavir). Hence foscarnet therapy is rarely justified for this 
condition.

Patients in varying stages of coma due to fulminant hepa-
titis caused by hepatitis B infection have been reported to 
respond to foscarnet therapy, with complete recovery in 8 of 
10 cases in one study (Hansson et al., 1991). This success 
supports an earlier case report in which a patient with fulmi-
nant hepatitis B received a loading dose of 20 mg/kg, fol-
lowed by a continuous infusion of 24–41 mg/kg daily for 13 
days resulting in clinical improvement (Price et al., 1986).

In chronic carriers of hepatitis B virus, with HBe antigen-
emia and HBV DNA in plasma, a continuous infusion of fos-
carnet at a dose of 216 mg/kg daily for 7 days, then 60 mg/kg 
every 8 hours for 2 weeks, resulted in only modest antiviral 
activity (Bain et al., 1989). Foscarnet treatment of three addi-
tional patients with chronic hepatitis B infection resulted in 
only minor antiviral efficacy, although the dose may have 
been lower than optimum (Schvarcz et al., 1994). There is a 
case report of a liver transplant patient with recurrence of 
severe hepatitis B infection who responded to foscarnet used 
in combination with ganciclovir (Angus et al., 1993). However, 
a lack of sustained efficacy of combination ganciclovir and 
foscarnet for recurrent hepatitis B infection post–liver trans-
plant has also been reported (Singh and Gayowski, 1995).

7h.  Treatment of HIV infection

Foscarnet is unquestionably active against HIV, on the basis 
of in vitro testing and in vivo phase I studies (Sandstrom et 
al., 1985; Sarin et al., 1985; Vrang et al., 1988; Crowe et al., 
1989; Koshida et al., 1989; Jacobson et al., 1991b; Cox et al., 
1994; Bergdahl et al., 1998; Devianne-Garrigue et al., 1998). 
However, the requirement for intravenous administration and 
the high rate of nephrotoxicity (and other adverse reactions) 

with this drug mean that its use in the clinic is generally 
restricted to an extremely small proportion of patients with 
multidrug-resistant strains of HIV. As many new drugs for 
HIV with new targets have come on the market since 1996 
(see section 4.2, Agents active against the human immuno-
deficiency virus) it is likely that the already very restricted 
use of foscarnet for treatment of HIV infection will decline 
still further. 

The only recent use of foscarnet to treat HIV infection 
that the authors are aware of is a case report giving a 3-week 
course of foscarnet with zidovudine, dolutegravir, rilpivirine, 
didanosine, and abacavir to a patient with a multidrug- 
resistant HIV infection that was not controlled by conven-
tional therapy for over 6 years (Leporrier et al., 2014). That 
short foscarnet regimen drove the HIV viral load to unde-
tectable levels, allowing the patient to continue on a more 
conventional regimen (abacavir, didanosine, rilpivirine, and 
dolutegravir), which maintained an undetectable HIV viral 
load for > 1 year while the CD4 count increased from < 50  
to 250. 

Canestri et al. (2006) enrolled 11 HIV-infected patients 
who had failed therapy with ≥ 3 antiretroviral drug classes 
(NRTI, NNRTI, and PI) as evidenced by HIV viral loads of  
> 50,000 copies/ml plasma and CD4 counts < 100/μl, into 
an open study in which foscarnet was added to the existing 
three-drug combination antiretroviral regimen. Patients were 
given 5 g of foscarnet (approximately 70 mg/kg) twice daily 
for 6 weeks. One patient withdrew at week 2 because of renal 
toxicity. In the remaining 10 patients the viral load decreased 
by a median of nearly 100-fold at week 2, and was nearly that 
(−1.79 log10) at week 6. After 12 weeks the viral load had 
increased to an approximate 10-fold reduction from base-
line, suggesting the development of HIV strains resistant to 
foscarnet or the other antiretroviral drugs (a possibility that 
was not investigated by the authors), and the median increase 
in CD4 lymphocytes was 60/μl. 

In a similar study, Mathiesen et al. (2004) treated seven 
patients with multidrug-resistant HIV with intravenous fos-
carnet for up to 8 weeks; at the end of a 2-week induction 
course, there was a mean decrease in HIV RNA concentra-
tions in plasma (HIV viral load) by 1.8 log10 (range, 1.2–3.2 
log10) and an increase in CD4 lymphocyte counts by up to 
132 cells/μl. HIV viral load increased rapidly on cessation of 
foscarnet therapy.

Antiretroviral drug options for HIV-2 are more limited 
than those for HIV-1, and a recent case report has docu-
mented the in vivo efficacy of foscarnet for treatment of 
 multidrug-resistant HIV-2 (Stegmann et al., 2010). The patient 
was a 64-year-old man who had 13 years of  single-drug and 
combination antiretroviral therapy without ever reducing 
his HIV-2 viral load consistently to undetectable levels. He 
had multiple mutations in the reverse transcriptase, integrase 
and protease domains thought to be mediating multidrug 
resistance, and his most recent regimen of abacavir, lamivu-
dine, raltegravir, and ritonavir-boosted darunavir left him 
with an HIV viral load of between 1,000 and 10,000 copies/
ml plasma. Foscarnet (80 mg/kg twice daily) was added to 
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this regimen along with zidovudine (to which he was highly 
resistant based on genotype and past usage) and his HIV-2 
viral load dropped to undetectable within 2 weeks. At that 
point the foscarnet was continued but the antiretroviral 
drugs were changed to zidovudine, lamivudine, maraviroc, 
etravirine, and ritonavir-boosted lopinavir. On that regimen 
his viral load remained undetectable, and it continued unde-
tectable when the foscarnet was stopped after 4 months.

Acknowledgment: Professor Sunwen Chou of the Depart ment 
of Infectious Diseases, Oregon Health & Science University, 
Portland, Oregon, USA, kindly reviewed this chapter and 
made substantial changes. 

REFERENCES

Afshar K, Rao AP, Patel V et al. (2011). Use of foscarnet therapy for EBV 
infection following control of PTLD with enhancement of cellular 
immunity in a lung-transplant recipient. J Transplant. 

Akhyani N, Fotheringham J, Yao K et al. (2006). Efficacy of antiviral com- 
pounds in human herpesvirus-6-infected glial cells. J Neurovirol 12: 284.

Alexander AC, Akers A, Matzke GR et al. (1996). Disposition of foscarnet 
during peritoneal dialysis. Ann Pharmacother 30: 1106.

al-Ghamdi SM, Cameron EC, Sutton RA (1994). Magnesium deficiency: 
pathophysiologic and clinical overview. Am J Kidney Dis 24: 737.

Andrei G, Snoeck R, Reymen D et al. (1995). Comparative activity of 
selected antiviral compounds against clinical isolates of varicella  
zoster virus. Eur J Clin Microbiol Infect Dis 14: 318.

Andrei G, Snoeck R, Schols D et al. (1991). Comparative activity of selected 
antiviral compounds against clinical isolates of human cytomegalovirus. 
Eur J Clin Microbiol Infect Dis 10: 1026.

Anduze-Faris BM, Fillet AM, Gozlan J et al. (2000). Induction and mainte-
nance therapy of cytomegalovirus central nervous system infection in 
HIV-infected patients. AIDS 14: 517.

Angus P, Richards M, Bowden S et al. (1993). Combination antiviral therapy 
controls severe post-liver transplant recurrence of hepatitis B virus 
infection. J Gastroenterol Hepatol 8: 353.

Anonymous (1995a). Antiviral effects of foscarnet and ganciclovir therapy  
on human immunodeficiency virus p24 antigen in patients with AIDS 
and cytomegalovirus retinitis. Studies of Ocular Complications of AIDS 
Research Group in collaboration with AIDS Clinical Trials Group. J Infect 
Dis 172: 613.

Anonymous (1996). Combination foscarnet and ganciclovir therapy vs 
monotherapy for the treatment of relapsed cytomegalovirus retinitis in 
patients with AIDS. The Cytomegalovirus Retreatment Trial. Studies of 
Ocular Complications of AIDS Research Group in Collaboration with the 
AIDS Clinical Trials Group. Arch Ophthalmol 114: 23.

Anonymous (1997). Cytomegalovirus (CMV) culture results, drug resistance, 
and clinical outcome in patients with AIDS and CMV retinitis treated 
with foscarnet or ganciclovir. Studies of Ocular Complications of AIDS 
(SOCA) in Collaboration with the AIDS Clinical Trial Group. J Infect Dis 
176: 50.

Anonymous (1994). Foscarnet–ganciclovir cytomegalovirus retinitis trial. 4. 
Studies of Ocular Complications of AIDS Research Group in collabora-
tion with AIDS Clinical Trials Group. Ophthalmology 101: 1250.

Anonymous (1995b). Morbidity and toxic effects associated with ganciclovir 
or foscarnet therapy in a randomized cytomegalovirus trial. Studies of 
Ocular Complications of AIDS Research Group in collaboration with 
AIDS Clinical Trials Group. Arch Int Med 155: 65.

Anonymous (1992). Mortality in patients with the acquired immunodeficiency 
syndrome treated with either foscarnet or ganciclovir for cytomegalovirus 
retinitis. Studies of Ocular Complications of AIDS Research Group in 
collaboration with AIDS Clinical Trials Group. N Engl J Med 326: 213.

Arevalo JF, Gonzalez C, Capparelli EV et al. (1995). Intravitreous and plasma 
concentrations of ganciclovir and foscarnet after intravenous therapy in 
patients with AIDS and cytomegalovirus retinitis. J Infect Dis 172: 951.

Aronoff GR, Berns JS, Brier ME et al. (1999). Antimicrobials. In Aronoff GR, 
Berns JS, Brier ME, eds. Drug Prescribing in Renal Failure. Dosing 
Guidelines for Adults. 5th ed. Philadelphia: American College of 
Physicians.

Asakura M, Ikegame K, Yoshihara S et al. (2010). Use of foscarnet for 
cytomegalovirus infection after allogeneic hematopoietic stem cell 
transplantation from a related donor. Int J Hematol 92: 351.

Aschan J, Ringden O, Ljungman P et al. (1992). Foscarnet for treatment of 
cytomegalovirus infections in bone marrow transplant recipients. Scand 
J Infect Dis 24: 143.

Ausayakhun S, Watananikorn S, Ngamtiphakorn S, Prasitsilp J (2005). Intra- 
vitreal foscarnet for cytomegalovirus retinitis in patients with AIDS.  
J Med Assoc Thai 88: 103.

Aweeka FT, Gambertoglio JG, Kramer F et al. (1995). Foscarnet and ganci- 
clovir pharmacokinetics during concomitant or alternating maintenance 
therapy for AIDS related cytomegalovirus retinitis. Clin Pharmacol Ther 
57: 403.

Aweeka F, Gambertoglio J, Mills J, Jacobson MA (1989). Pharmacokinetics 
of intermittently administered intravenous foscarnet in the treatment of 
acquired immunodeficiency syndrome patients with serious cytomega-
lovirus retinitis. Antimicrob Agents Chemother 33: 742.

Aweeka F, Gambertoglio JG, van der Horst C et al. (1992). Pharmacokinetics 
of concomitantly administered foscarnet and zidovudine for treatment 
of human immunodeficiency virus infection (ACTG protocol 053). 
Antimicrob Agents Chemother 36: 1773.

Aweeka FT, Jacobson MA, Martin-Munley S et al. (1999). Effect of renal 
disease and hemodialysis on foscarnet pharmacokinetics and dosing 
recommendations. J Acquir Immune Defic Syndr Hum Retrovirol 20: 350.

Bacigalupo A, Boyd A, Slipper J (2012). Foscarnet in the management of 
cytomegalovirus infections in hematopoietic stem cell transplant patients. 
Expert Rev Anti Infect Ther 10: 1249.

Bacigalupo A, Bregante S, Tedone E et al. (1996). Combined foscarnet–
ganciclovir treatment for cytomegalovirus infections after allogeneic 
hemopoietic stem cell transplantation (Hsct). Bone Marrow Transplant 
18 (Suppl 2): 110.

Bacigalupo A, Tedone E, Van Lint MT et al. (1994a). CMV prophylaxis with 
foscarnet in allogeneic bone marrow transplant recipients at high risk  
of developing CMV infections. Bone Marrow Transplant 13: 783.

Bacigalupo A, van Lint MT, Tedone E et al. (1994b). Early treatment of CMV 
infections in allogeneic bone marrow transplant recipients with foscar- 
net or ganciclovir. Bone Marrow Transplant 13: 753.

Bain VG, Daniels HM, Chanas A et al. (1989). Foscarnet therapy in chronic 
hepatitis B virus E antigen carriers. J Med Virol 29: 152.

Balfour HH, Benson C, Braun J et al. (1994). Management of acyclovir-resistant 
herpes simplex and varicella-zoster virus infections. J AIDS 7: 254.

Balfour Jr HH, Fletcher CV, Erice A et al. (1996). Effect of foscarnet on 
quantities of cytomegalovirus and human immunodeficiency virus in 
blood of persons with AIDS. Antimicrob Agents Chemother 40: 2721.

Ballout M, Germi R, Fafi-Kremer S et al. (2007). Real-time quantitative PCR 
for assessment of antiviral drug effects against Epstein–Barr virus 
replication and EBV late mRNA expression. J Virol Meth 143: 38.

Barba R, Gomez-Rodrigo J, Marco J et al. (1998). Transient foscarnet- 
induced hypercalcaemia. AIDS 12: 1930.

Barditch-Crovo PA, Petty BG, Gambertoglio J et al. (1998). The effect of 
increasing gastric pH upon the bioavailability of orally-administered 
foscarnet. Antivir Res 38: 209.

Beaufils H, Deray G, Katlama C et al. (1990). Foscarnet and crystals in 
glomerular capillary lumens. Lancet 336: 755.

Behrens-Baumann W (1992). Phosphonoformate (foscarnet, PFA) versus 
trifluorthymidine in the treatment of keratitis dendritica in the human.  
A double-blind, randomized, preliminary trial. Acta Ophthalmol 
(Copenh) 70: 690. 

Bergdahl S, Jacobsson B, Moberg L, Sonnerborg A (1998). Pronounced 
anti-HIV-1 activity of foscarnet in patients without cytomegalovirus 
infection. J Acquir Immune Defic Syndr Hum Retrovirol 18: 51.

Bernstein DI, Schleupner CJ, Evans TG et al. (1997). Effect of foscarnet cream 
on experimental UV radiation-induced herpes labialis. Antimicrob Agents 
Chemother 41: 1961.



3612 Foscarnet

Berthe P, Baudouin C, Garraffo R et al. (1994). Toxicologic and pharmacoki-
netic analysis of intravitreal injections of foscarnet, either alone or in 
combination with ganciclovir. Invest Ophthalmol Vis Sci 35: 1038.

Bestman-Smith J, Boivin G (2002). Herpes simplex virus isolates with reduced 
adefovir susceptibility selected in vivo by foscarnet therapy. J Med Virol 
67: 88.

Bicart-See A, Obadia M, Gonzalez C et al. (1997). Foscarnet administered 
by portable infusion device in AIDS patients with CMV infection. AIDS 
Patient Care STDS 11: 76.

Birch CJ, Tachedjian GN, Doherty RR et al. (1990). Altered sensitivity to 
antiviral drugs of herpes simplex virus isolates from a patient with the 
acquired immune deficiency syndrome. J Infect Dis 162: 731.

Birch CJ, Tyssen DP, Tachedjian G et al. (1992). Clinical effects and in vitro 
studies of trifluorothymidine combined with interferon-alpha for treat- 
ment of drug-resistant and -sensitive herpes simplex virus infections.  
J Infect Dis 166: 108.

Blanshard C (1992). Treatment of HIV-related cytomegalovirus disease of the 
gastrointestinal tract with foscarnet. J AIDS 5: S25.

Blanshard C, Benhamou Y, Dohin E et al. (1995). Treatment of AIDS-associated 
gastrointestinal cytomegalovirus infection with foscarnet and ganciclovir; 
a randomised comparison. J Infect Dis 172: 622.

Bleymehl K, Cinatl J, Schmidt-Chanasit J (2011). Phenotypic and genetic 
characterization of varicella-zoster virus mutants resistant to acyclovir, 
brivudine and/or foscarnet. Med Microbiol Immunol 200: 193. 

Boivin G, Edelman CK, Pedneault L et al. (1994). Phenotypic and genotypic 
characterisation of acyclovir-resistant varicella zoster viruses isolated 
from persons with AIDS. J Infect Dis 170: 68.

Boivin G, Gaudreau A, Toma E et al. (1999). Human herpesvirus 8 DNA  
load in leukocytes of human immunodeficiency virus-infected subjects: 
Correlation with the presence of Kaposi’s sarcoma and response to 
anticytomegalovirus therapy. Antimicrob Agents Chemother 43: 377.

Bonnafous P, Naesens L, Petrella S et al. (2007). Different mutations in the 
HHV-6 DNA polymerase gene accounting for resistance to foscarnet. 
Antivir Ther 12: 877.

Borst EM, Hahn G, Koszinowski UH, Messerle M (1999). Cloning of the 
human cytomegalovirus (HCMV) genome as an infectious bacterial 
artificial chromosome in Escherichia coli: a new approach for construc-
tion of HCMV mutants. J Virol 73: 83 

Bossini N, Sandrini S, Setti G et al. (2005). Successful treatment with lipo- 
somal doxorubicin and foscarnet in a patient with widespread Kaposi’s 
sarcoma and human herpes virus 8-related, serious hemophagocytic 
syndrome, after renal transplantation. [in Italian] G Ital Nefrol 22: 281.

Boutolleau D, Canestri A, Burrel S et al. (2012). Emergence of cytomega-
lovirus resistance to foscarnet in a patient receiving foscarnet salvage 
therapy for multidrug-resistant HIV infection. J Clin Virol 54: 194.

Bregante S, Bertilson S, Tedone E et al. (2000). Foscarnet prophylaxis of cyto- 
megalovirus infections in patients undergoing allogeneic bone marrow 
transplant (BMT): a dose-finding study. Bone Marrow Transplant 26: 23.

Breton G, Fillet AM, Katlama C et al. (1998). Acyclovir-resistant herpes zos- 
ter in human immunodeficiency virus-infected patients: Results of fos- 
carnet therapy. Clin Infect Dis 27: 1525.

Brockmeyer NH, Hengge UR, Mertins L et al. (1993). Foscarnet treatment  
in various cytomegalovirus infections. Int J Clin Pharmacol Ther Toxicol 
31: 204.

Brown DL, Sather S, Cheltlin MD (1993). Reversible cardiac dysfunction 
associated with foscarnet therapy for cytomegalovirus esophatitis in  
an AIDS patient. Am Heart J 125: 1439.

Bryant P, Sasadeuz J, Carapetis J et al. (2001). Successful treatment of 
foscarnet-resistant herpes simplex stomatitis with intravenous cidofovir 
in a child. Pediatr Infect Dis J 20: 1083. 

Butler KM, De Smet MD, Husson RN et al. (1992). Treatment of aggressive 
cytomegalovirus retinitis with ganciclovir in combination with foscarnet in 
a child infected with human immunodeficiency virus. J Pediatr 120: 483.

Bueno J, Ramil C, Green M (2002). Current management strategies for the 
prevention and treatment of cytomegalovirus infection in pediatric 
transplant recipients. Paediatr Drugs 4: 279. 

Cao K. Clinical research on treatment of herpes simplex keratitis with fos- 
carnet sodium eye drops. Ophthalmology in China [Yanke] 10: 343.

Caumes E, Gatineau M, Bricaire F et al. (1993). Foscarnet induced vulvar 
erosion. J Am Acad Dermatol 28: 799.

Canestri A, Ghosn J, Wirden M et al. (2006). Foscarnet salvage therapy 
for patients with late-stage HIV disease and multiple drug resistance. 
Antivir Ther 11: 561.

Castelli F, Tomasoni L, Zeroli C et al. (1997). Comparison of pharmacokinet-
ics and dynamics of two dosage regimens of foscarnet in AIDS patients 
with cytomegalovirus retinitis. Eur J Clin Pharmacol 52: 397.

Charpentier C, Laureillard D, Sodqi M et al. (2008). Foscarnet salvage therapy 
efficacy is associated with the presence of thymidine-associated mutations 
(TAMs) in HIV-infected patients. J Clin Virol 43: 212.

Chatelain E, Deminiere C, Lacut JY, Potaux L (1998). Severe renal failure and 
polyneuritis induced by foscarnet. Nephrol Dial Transplant 13: 2368.

Chau Tran TH, Cassoux N, Bodaghi B, Lehoang P (2003). Successful 
treatment with combination of systemic antiviral drugs and intravitreal 
ganciclovir injections in the management of severe necrotizing herpetic 
retinitis. Ocul Immunol Inflamm 11: 141. 

Chen Y, Scieux C, Garrait V et al. (2000). Resistant herpes simplex virus type 
1 infection: an emerging concern after allogeneic stem cell transplanta-
tion. Clin Infect Dis 31: 927.

Chemaly RF, Ullmann AJ, Stoelben S et al. (2014). Letermovir for cytomegalovirus 
prophylaxis in hematopoietic-cell transplantation. N Engl J Med 370: 1781.

Cheung TW, Jayaweera DT, Pearce D et al. (2000). Safety of oral versus intra - 
venous hydration during induction therapy with intravenous foscarnet in 
AIDS patients with cytomegalovirus infections. Int J STD AIDS 11: 640.

Chilukuri S, Rosen T (2003). Management of acyclovir-resistant herpes 
simplex virus. Dermatol Clin 21: 311.

Chou S (2011). Phenotypic diversity of cytomegalovirus DNA polymerase 
gene variants observed after antiviral therapy. J Clin Virol 50: 287.

Chou S (2015). Rapid in vitro evolution of human cytomegalovirus UL56 
mutations that confer letermovir resistance. Antimicrob Agents 
Chemother [ePub ahead of print].

Chou S, Ercolani RJ, Sahoo MK et al. (2014). Improved detection of emerg- 
ing drug-resistant mutant cytomegalovirus subpopulations by deep 
sequencing. Antimicrob Agents Chemother 58: 4697.

Chou S, Lurain NS, Thompson KD et al. (2003). Viral DNA polymerase 
mutations associated with drug resistance in human cytomegalovirus. 
J Infect Dis 188: 32.

Chou S, Marousek G, Guentzel S et al. (1997). Evolution of mutations 
conferring multidrug resistance during prophylaxis and therapy for 
cytomegalovirus disease. J Infect Dis 176: 786.

Chou S, Marousek G, Parenti DM et al. (1998). Mutation in region III of  
the DNA polymerase gene conferring foscarnet resistance in cyto- 
megalovirus isolates from 3 subjects receiving prolonged antiviral 
therapy. J Infect Dis 178: 526.

Chou S, Miner RC, Drew WL (2000). A deletion mutation in region V of the 
cytomegalovirus DNA polymerase sequence confers multidrug resis- 
tance. J Infect Dis 182: 1765.

Chou S, Marousek GI, Van Wechel LC et al. (2007). Growth and drug resis- 
tance phenotypes resulting from cytomegalovirus DNA polymerase 
region III mutations observed in clinical specimens. Antimicrob Agents 
Chemother 51: 4160.

Chou S, Van Wechel LC, Lichy HM, Marousek GI (2005). Phenotyping of cyto- 
megalovirus drug resistance mutations by using recombinant viruses 
incorporating a reporter gene. Antimicrob Agents Chemother 49: 2710.

Chrisp P, Clissold SP (1991). Foscarnet. A review of its antiviral activity, 
pharmacokinetic properties and therapeutic use in immunocompro-
mised patients with cytomegalovirus retinitis. Drugs 41: 104.

Cihlar T, Fuller MD, Cherrington JM (1998). Characterization of drug 
resistance-associated mutations in the human cytomegalovirus DNA 
polymerase gene by using recombinant mutant viruses generated from 
overlapping DNA fragments. J Virol 72: 5927.

Civitico G1, Shaw T, Locarnini S (1996). Interaction between ganciclovir and 
foscarnet as inhibitors of duck hepatitis B virus replication in vitro. 
Antimicrob Agents Chemother 40: 1180.

Claro C, Ruiz R, Cordero E et al. (2009). Determination and pharmacokinetic 
profile of liposomal foscarnet in rabbit ocular tissues after intravitreal 
administration. Exp Eye Res 88: 528.



7. Clinical uses of the drug 3613

Clinigen Healthcare (2014). Product information—Foscavir. dailymed.nlm 
.nih.gov/dailymed/fda/fdaDrugXsl.cfm?setid=a09299d5-9c55-4cef-aed0 
-3a6a45532289&type=display. Accessed 3 October 2015. 

Coker RJ, Tomlinson D, Horner P et al. (1991). Treatment of cytomegalovirus 
retinitis with ganciclovir and foscarnet. Lancet 338: 574.

Colebunders R, Van den Abbeele K, Fleerackers Y et al. (1994). Two AIDS 
patients with life-threatening pancreatitis successfully treated, one with 
ganciclovir the other with foscarnet. Acta Clin Belg 49: 229.

Conn J, Colman P, Brown G et al. (1996). Nephrogenic diabetes insipidus asso- 
ciated with foscarnet—a case report. J Antimicrob Chemother 37: 1179.

Corral I, Quereda C, Cobo J et al. (1996). Cytomegalovirus polyradiculopathy 
treated successfully with foscarnet. Eur J Clin Microbiol Infect Dis 15: 428.

Cox SW, Aperia K, Sandstrom E et al. (1994). Cross resistance between AZT, 
ddI and other antiretroviral drugs in primary isolates of HIV-1. Antivir 
Chem Chemother 5: 7.

Crowe SM, McGrath MS, Elbeik T et al. (1989). Comparative assessment of 
antiretrovirals in human monocyte-macrophages and lymphoid cell lines 
acutely and chronically infected with the human immunodeficiency virus. 
J Med Virol 29: 176.

Danve-Szatanek C, Aymard M, Thouvenot D et al. (2004). Surveillance net- 
work for herpes simplex virus resistance to antiviral drugs: 3-year follow-up. 
J Clin Microbiol 42: 242.

De Clercq E, Naesens L, De Bolle L et al. (2001). Antiviral agents active 
against human herpesviruses HHV-6, HHV-7 and HHV-8. Rev Med Virol 
11: 381.

de Gans J, Portegies P, Tiessens G et al. (1990). Therapy for cytomegalovirus 
polyradiculomyelitis in patients with AIDS: Treatment with ganciclovir. 
AIDS 4: 421.

Degre M, Beck S (1994). Anti-HIV activity of dideoxynucleosides, foscarnet 
and fusidic acid is potentiated by human leukocyte interferon in blood 
derived macrophages. Chemotherapy 40: 201.

Deray G, Martinez F, Katlama C et al. (1989). Foscarnet nephrotoxicity: 
mechanism, incidence and prevention. Amer J Nephrol 9: 316.

Devianne-Garrigue I, Pellegrin I, Denisi R et al. (1998). Foscarnet decreases 
HIV-1 plasma load. J Acquir Immune Defic Syndr Hum Retrovir 18: 46.

Diaz-Llopis M, Chipont E, Sanchez S et al. (1992). Intravitreal foscarnet for 
cytomegalovirus retinitis in a patient with acquired immune deficiency 
syndrome. Am J Ophthalmol 114: 742.

Diaz-Llopis M, Espana E, Munoz G et al. (1994). High dose intravitreal 
foscarnet in the treatment of cytomegalovirus retinitis in AIDS. Br  
J Ophthalmol 78: 120.

Dieterich DT, Poles MA, Dicker M et al. (1993b). Foscarnet treatment of 
cytomegalovirus gastrointestinal infections in acquired immunodefi-
ciency syndrome patients who have failed ganciclovir induction. Am J 
Gastroenterol 88: 542.

Dieterich DT, Poles MA, Lew EA et al. (1993a). Concurrent use of ganci- 
clovir and foscarnet to treat cytomegalovirus infection in AIDS patients. 
J Infect Dis 167: 1184.

Dieterich DT, Poles MA, Lew EA et al. (1997). Treatment of gastrointestinal 
cytomegalovirus infection with twice-daily foscarnet: a pilot study of 
safety, efficacy, and pharmacokinetics in patients with AIDS. Antimicrob 
Agents Chemother 41: 1226.

Domingo P, Puig M, Iranzo A et al. (1994). Polyradiculopathy due to cyto- 
megalovirus infection; report of a case in which an AIDS patient responded 
to foscarnet therapy. Clin Infect Dis 18: 1019.

Drew L (1996). Cytomegalovirus resistance to antiviral therapies. Am J Health 
Syst Pharm 53 (Suppl 2): S17.

Drew WL (2006). Is combination antiviral therapy for CMV superior to mono- 
therapy? J Clin Virol 35: 485.

Drew WL, Miner RC, Marousek GI, Chou S (2006). Maribavir sensitivity of 
cytomegalovirus isolates resistant to ganciclovir, cidofovir or foscarnet. 
J Clin Virol 37: 124.

Drusano GL, Aweeka F, Gambertoglio J et al. (1996). Relationship between 
foscarnet exposure, baseline cytomegalovirus (CMV) blood culture and 
the time to progression of CMV retinitis in HIV-positive patients. AIDS 
10: 1113.

Dubow JS, Panush SR, Rezak M, Leikin J (2008). Acute dystonic reaction 
associated with foscarnet administration. Am J Ther 15: 184.

Ducancelle A, Alain S, Petit F et al. (2007). Development and validation of  
a non-radioactive DNA polymerase assay for studying cytomegalovirus 
resistance to foscarnet. J Virol Methods 141: 212.

Ducancelle A, Champier G, Alain S et al. (2006). A novel mutation in the 
UL54 gene of human cytomegalovirus isolates that confers resistance  
to foscarnet. Antivir Ther 11: 537.

Ducancelle A, Gravisse J, Alain S et al. (2005). Phenotypic characterisation 
of cytomegalovirus DNA polymerase: a method to study cytomegalo-
virus isolates resistant to foscarnet. J Virol Methods 125: 145.

Enting R, De Gans J, Reiss K et al. (1992). Ganciclovir/foscarnet for 
cytomegalovirus meningoencephalitis in AIDS. Lancet 340: 559.

Erice A, Gil-Roda C, Perez JL et al. (1997). Antiviral susceptibilities and 
analysis of UL97 and DNA polymerase sequences of clinical cyto-
megalovirus isolates from immunocompromised patients. J Infect  
Dis 175:1087.

Eriksson B, Oberg B (1979). Characteristics of herpes virus mutants resistant 
to phosphonoformate and phosphonoacetate. Antimicrob Agents 
Chemother 15: 758.

Eriksson BF, Schinazi RF (1989). Combinations of 3′-azido-3′-deoxythymidine 
(zidovudine) and phosphonoformate (foscarnet) against human immuno- 
deficiency virus type 1 and cytomegalovirus replication in vitro. Antimicrob 
Agents Chemother 33: 663.

Erlich KS, Jacobson MA, Koehler JE et al. (1989). Foscarnet therapy for 
severe acyclovir-resistant herpes simplex virus type-2 infections in 
patients with the acquired immunodeficiency syndrome (AIDS). An 
uncontrolled trial. Ann Intern Med 110: 710.

Evans LM, Grossman ME (1992). Foscarnet-induced penile ulcer. J Am Acad 
Dermatol 27: 124.

Fanning MM, Read SE, Benson M et al. (1990). Foscarnet therapy of cyto- 
megalovirus retinitis in AIDS. J AIDS 3: 472.

Farese RVJ, Schambelan M, Hollander H et al. (1990). Nephrogenic diabetes 
insipidus associated with foscarnet treatment of cytomegalovirus retinitis. 
Ann Intern Med 112: 955.

Fillet AM, Visse B, Caumes E et al. (1995). Foscarnet resistant multidermato-
mal zoster in a patient with AIDS. Clin Infect Dis 21: 1348.

Fletcher CV, Collier AC, Rhame FS et al. (1994). Foscarnet for suppression 
of human immunodeficiency virus replication. Antimicrob Agents 
Chemother 38: 604.

Flores-Aguilar M, Kuppermann BD, Quiceno JI et al. (1993). Pathophysiology 
and treatment of clinically resistant cytomegalovirus retinitis. Ophthal- 
mology 100: 1022.

Fourel I, Saputelli J, Schaffer P, Mason WS (1994). The carbocyclic analog of 
2′-deoxyguanosine induces a prolong inhibition of duck hepatitis B virus 
DNA synthesis in primary hepatocyte cultures and in the liver. J Virol 
68: 1059.

Frangoul H, Wills M, Crossno C et al. (2007). Acyclovir-resistant herpes 
simplex virus pneumonia post-unrelated stem cell transplantation: a 
word of caution. Pediatr Transplant 11: 942.

Gazzard BG (1992). Foscarnet therapy in persons with AIDS: clinical research 
and management considerations. J AIDS 5: S1.

Gearhart MO, Sorg TB (1993). Foscarnet induced severe hypomagnesemia 
and other electrolyte disorders. Ann Pharmacother 27: 285.

Gerna G, Baldanti F, Sarasini A et al. (1994). Effect of foscarnet induction 
treatment on quantitation of human cytomegalovirus (HCMV) DNA in 
peripheral blood polymorphonuclear leukocytes and aqueous humor  
of AIDS patients with HCMV retinitis. Antimicrob Agents Chemother 
38: 38.

Gerna G, Sarasini A, Baldanti F et al. (1997). Quantitative systemic and local 
evaluation of the antiviral effect of ganciclovir and foscarnet induction 
treatment on human cytomegalovirus gastrointestinal disease of patients 
with AIDS. Italian Foscarnet GID Study Group. Antiviral Res 34: 39.

Gilbert C, Azzi A, Goyette N et al. (2011). Recombinant phenotyping of 
cytomegalovirus UL54 mutations that emerged during cell passages in 
the presence of either ganciclovir or foscarnet. Antimicrob Agents 
Chemother 55: 4019.

Gilbert C, Bestman-Smith J, Boivin G (2002). Resistance of herpesviruses to 
antiviral drugs: clinical impacts and molecular mechanisms. Drug Resist 
Updat 5: 88.

http://www.dailymed.nlm.nih.gov/dailymed/fda/fdaDrugXsl.cfm?setid=a09299d5-9c55-4cef-aed0-3a6a45532289&type=display
http://www.dailymed.nlm.nih.gov/dailymed/fda/fdaDrugXsl.cfm?setid=a09299d5-9c55-4cef-aed0-3a6a45532289&type=display
http://www.dailymed.nlm.nih.gov/dailymed/fda/fdaDrugXsl.cfm?setid=a09299d5-9c55-4cef-aed0-3a6a45532289&type=display


3614 Foscarnet

Gilbert C, Boivin G (2005). New reporter cell line to evaluate the sequential 
emergence of multiple human cytomegalovirus mutations during in 
vitro drug exposure. Antimicrob. Agents Chemother 49: 4860.

Gilbert DN, Moellering RC, Eliopoulos GM, Sande MA (2007). The Sanford 
Guide to Antimicrobial Therapy. Sperryville, VA: Antimicrobial Therapy.

Gobert JM, Remington KM, Zhu YQ, North TW (1994). Multiple drug resistant 
mutants of feline immunodeficiency virus selected with 2′,3′-dideoxyinosine 
alone and in combination with 3′-azido-3′-deoxythymidine. Antimicrob 
Agents Chemother 38: 861.

Goldner T, Hempel C, Ruebsamen-Schaeff et al. (2014). Geno- and phenotypic 
characterization of human cytomegalovirus mutants selected in vitro after 
letermovir (AIC246) exposure. Antimicrob Agents Chemotherap 58: 610. 

Gregg K, Hakki M, Kaul DR (2014). UL54 foscarnet mutation in an hema - 
topoietic stem cell transplant recipient with cytomegalovirus disease. 
Transpl Infect Dis 16: 320. 

Gross AS, Dretler RH (1993). Foscarnet induced penile ulcer in an uncir- 
cumcised patient with AIDS. Clin Infect Dis 17: 1076.

Hakki M, Chou S (2011). The biology of cytomegalovirus drug resistance. 
Curr Opin Infect Dis 24: 605. 

Hall AJ, Jennens ID, Lucas R et al. (1991). Low frequency maintenance 
ganciclovir cytomegalovirus retinitis. Scand J Infect Dis 23: 43.

Han YX, Xue R, Zhao W et al. (2005). Antiviral therapeutic efficacy of fos- 
carnet in hepatitis B virus infection. Antivir Res 68: 147.

Hansson BG, Riesbeck K, Nordenfelt E et al. (1991). Successful treatment  
of fulminant hepatitis B and fulminant hepatitis B and D coinfection 
explained by inhibitory effect on the immune response? Prog Clin Biol 
Res 364: 421.

Hartshorn KL, Sandstrom EG, Necimeger D et al. (1986). Synergistic 
inhibition of human T cell lymphotropic virus type III replication in  
vitro by phosphonoformate and recombinant alpha-A interferon. 
Antimicrob Agents Chemother 30: 189.

Hatchette T, Tipples GA, Peters G et al. (2008). Foscarnet salvage therapy 
for acyclovir-resistant varicella zoster: report of a novel thymidine kinase 
mutation and review of the literature. Pediatr Infect Dis J 27: 75.

Helgstrand E, Eriksson B, Johansson NG et al. (1978). Trisodium phosphono-
formate, a new antiviral compound. Science 201: 819.

Hengge UR, Brockmeyer NH, Malessa R et al. (1993). Foscarnet penetrates 
the blood barrier; rationale for therapy of cytomegalovirus encephalitis. 
Antimicrob Agents Chemother 37: 1010.

Hick RW, Prose N (2010). Penile erosions associated with foscarnet therapy 
in a child. Pediatr Dermatol 27: 302. 

Hoch BS, Shahmehdi SJ, Louis BM, Bipner HI (1995). Foscarnet alters anti- 
diuretic hormone-mediated transport. Antimicrob Agents Chemother 
39: 2008.

Holland GN, Levinson RD, Jacobson MA (1995). Dose-related difference in 
progression rates of cytomegalovirus retinopathy during foscarnet 
maintenance therapy. AIDS Clinical Trials Group Protocol 915 Team.  
Am J Ophthalmol 119: 576.

Hooker CW, Lott WB, Harrich D (2001). Inhibitors of human immunodefi-
ciency virus type 1 reverse transcriptase target distinct phases of early 
reverse transcription. J Virol 75: 3095.

Hubacek P, Keslova P, Formankova R et al. (2009). Cytomegalovirus 
encephalitis/retinitis in allogeneic haematopoietic stem cell transplant 
recipient treated successfully with combination of cidofovir and fos- 
carnet. Pediatr Transplant 13: 919.

Huycke MM, Naguib MT, Stroemmel MM et al. (2000). A double-blind 
placebo-controlled crossover trial of intravenous magnesium sulfate  
for foscarnet-induced ionized hypocalcemia and hypomagnesemia in 
patients with AIDS and cytomegalovirus infection. Antimicrob Agents 
Chemother 44: 2143.

Hwang CB, Ruffner KL, Coen DM (1992). A point mutation within a distinct 
conserved region of the herpes simplex virus DNA polymerase gene 
confers drug resistance. J Virol 66: 1774.

Hwang YT, Zuccola HJ, Lu Q, Hwang CB (2004). A point mutation within con- 
served region VI of herpes simplex virus type 1 DNA polymerase confers 
altered drug sensitivity and enhances replication fidelity. J Virol 78: 650.

Im GJ, Tramontano E, Gonzalez CJ, Cheng YC (1993). Identification of the 
amino acid in the human immunodeficiency virus type 1 reverse transcriptase 
involved in the pyrophosphate binding of antiviral nucleoside triphos- 

phate analogs and phosphonoformate implications for multiple drug 
resistance. Biochem Pharmacol 46: 2307.

Ippoliti C, Morgan A, Warkentin D et al. (1997). Foscarnet for prevention of 
cytomegalovirus infection in allogeneic marrow transplant recipients 
unable to receive ganciclovir. Bone Marrow Transplant 20: 491.

Isada CM, Yen-Lieberman B, Lurain NS et al. (2002). Clinical characteristics 
of 13 solid organ transplant recipients with ganciclovir-resistant 
cytomegalovirus infection. Transpl Infect Dis 4: 189. 

Ishio T, Endo T, Okada K et al. (2015). Human herpesvirus-6 pneumonitis 
around the engraftment of cord blood transplantation following fos- 
carnet prophylaxis in a patient with acute leukemia. Case Rep Hematol.

Ishiyama K, Katagiri T, Hoshino T et al. (2011). Preemptive therapy of human 
herpesvirus-6 encephalitis with foscarnet sodium for high-risk patients 
after hematopoietic SCT. Bone Marrow Transplant 46: 863.

Jabs DA, Enger C, Forman M, Dunn JP (1998). Incidence of foscarnet resis- 
tance and cidofovir resistance in patients treated for cytomegalovirus 
retinitis. The Cytomegalovirus Retinitis and Viral Resistance Study 
Group. Antimicrob Agents Chemother 42: 2240.

Jacobson MA (1992a). Maintenance therapy for cytomegalovirus retinitis in 
patients with acquired immunodeficiency syndrome: foscarnet. Am J 
Med 92: 26S.

Jacobson MA (1992b). Review of the toxicities of foscarnet. J AIDS 5: S11.
Jacobson MA, Causey D, Polsky B et al. (1993). A dose-ranging study of 

daily maintenance intravenous foscarnet therapy for cytomegalovirus 
retinitis in AIDS. J Infect Dis 168: 444.

Jacobson MA, Crowe S, Levy J et al. (1988). Effect of foscarnet therapy  
on infection with human immunodeficiency virus in patients with AIDS.  
J Infect Dis 158: 862.

Jacobson MA, Gambertoglio JG, Aweeka FT et al. (1991a). Foscarnet-
induced hypocalcemia and effects of foscarnet on calcium metabolism. 
J Clin Endocrinol Metab 72: 1130.

Jacobson MA, ODonnell JJ, Mills J (1989). Foscarnet treatment of cyto - 
megalovirus retinitis in patients with the acquired immunodeficiency 
syndrome. Antimicrob Agents Chemother 33: 736.

Jacobsen MA, van der Horst C, Causey DM et al. (1991b). In vivo additive 
antiretroviral effect of combined zidovudine and foscarnet therapy for 
human immunodeficiency virus infection (ACTG Protocol 053). J Infect 
Dis 163: 1219.

Jacobson MA, Wulfsohn M, Feinberg JE et al. (1994). Phase II dose ranging 
trial of foscarnet salvage therapy for cytomegalovirus retinitis in AIDS 
patients intolerant of or resistant to ganciclovir (ACTG protocol 093). 
AIDS Clinical Trials Group of the National Institute of Allergy and 
Infectious Diseases. AIDS 8: 451.

Javaly K, Wohlfeiler M, Kalayjian R et al. (1999). Treatment of mucocutane-
ous herpes simplex virus infections unresponsive to acyclovir with 
topical foscarnet cream in AIDS patients: A phase I/II study. J Acquir 
Immune Defic Syndr 21: 301.

Jones JL, Hanson DL, Dworkin MS, Jaffe HW (2000). Incidence and trends in 
Kaposi’s sarcoma in the era of effective antiretroviral therapy. J Acquir 
Immune Defic Syndr 24: 270.

Jones TJ, Paul R (1995). Disseminated acyclovir-resistant herpes simplex 
virus type 2 treated successfully with foscarnet. J Infect Dis 171: 508.

Justrabo E, Zanetta G, Martin L et al. (1999). Irreversible glomerular lesions 
induced by crystal precipitation in a renal transplant after foscarnet 
therapy for cytomegalovirus infection. Histopathology 34: 365.

Kaiser L, Perrin L, Hirschel B et al. (1995). Foscarnet decreases human 
immunodeficiency virus RNA. J Infect Dis 172: 225.

Karmochkine M, Molina JM, Scieux C et al. (1994). Combined therapy with 
ganciclovir and foscarnet for cytomegalovirus polyradiculomyelitis in 
patients with AIDS. Am J Med 97: 196.

Katlama C, Dohin E, Caumes E et al. (1992). Foscarnet induction therapy for 
cytomegalovirus retinitis in AIDS: Comparison of twice-daily and three- 
times-daily regimens. J AIDS 5: S18.

Kedes DH, Ganem D (1997). Sensitivity of Kaposi’s sarcoma-associated 
herpesvirus replication to antiviral drugs. Implications for potential 
therapy. J Clin Invest 99: 2082.

Khurana RN, Charonis A, Samuel MA et al. (2005). Intravenous foscarnet in 
the management of acyclovir-resistant herpes simplex virus type 2 in 
acute retinal necrosis in children. Med Sci Monit 11: CS75.



7. Clinical uses of the drug 3615

King J, Chung M, DiLoreto Jr DA (2007). A 9-year-old girl with herpes 
simplex virus type 2 acute retinal necrosis treated with intravitreal 
foscarnet. Ocul Immunol Inflamm 15: 395.

Knorr B, Kessler U, Pöschl J et al. (2007). A haemophagocytic lyphohistio-
cytosis (HLH)-like picture following breastmilk-transmitted cytomegalo-
virus infection in a preterm infant. Scand J Infect Dis 39:173. 

Knox KK, Drobyski WR, Carrigan DR (1991). Cytomegalovirus isolate resistant 
to ganciclovir and foscarnet from a marrow transplant patient. Lancet 
337: 1292.

Komatsu TE, Pikis A, Naeger LK, Harrington PR (2014). Resistance of human 
cytomegalovirus to ganciclovir/valganciclovir: a comprehensive review 
of putative resistance pathways. Antiviral Res 101: 12.

Koshida R, Vrang L, Gilljam G et al. (1989). Inhibition of human immunodefi-
ciency virus in vitro by combinations of 3′-azido-3′-deoxythymidine and 
foscarnet. Antimicrob Agents Chemother 33: 778.

Krug LT, Pozharskaya VP, Yu Y et al. (2004). Inhibition of infection and repli- 
cation of human herpesvirus 8 in microvascular endothelial cells by 
alpha interferon and phosphonoformic acid. J Virol 78: 8359.

Kudlacek O, Mitterauer T, Nanoff C et al. (2001). Inhibition of adenylyl and 
guanylyl cyclase isoforms by the antiviral drug foscarnet. J Biol Chem 
276: 3010.

Kuppermann BD, Flores-Aguilar M, Quiceno JI et al. (1993). Combination 
ganciclovir and foscarnet in the treatment of clinically resistant cyto- 
megalovirus retinitis in patients with acquired immunodeficiency syn- 
drome. Arch Ophthalmol 111: 1359.

Lacey HB, Ness A, Mandal BK (1992). Vulval ulceration associated with fos- 
carnet. Genitourin Med 68: 182.

Lackner A, Acham A, Alborno T et al. (2008). Effect on hearing of ganciclovir 
therapy for asymptomatic congenital cytomegalovirus infection: four to 
10 year follow up. J Laryngol Otol 123: 391. 

Lee MY, Kim KS, Lee WK (2011). Intravitreal foscarnet for the treatment of 
acyclovir-resistant acute retinal necrosis caused by varicella zoster virus. 
Ocul Immunol Inflamm 19: 212.

Leporrier J, Etienne M, Chapuzet C et al. (2014). Association of dolutegravir 
and rilpivirine, enhanced by foscarnet induction, in effective salvage anti- 
retroviral therapy. J Clin Virol 60: 428. 

Leport C, Puget S, Pepin JM et al. (1993). Cytomegalovirus resistant to 
foscarnet; clinicovirologic correlation in a patient with human immuno- 
deficiency virus. J Infect Dis 168: 1329.

Levin MJ, Dahl KM, Weinberg A et al. (2003). Development of resistance to 
acyclovir during chronic infection with the Oka vaccine strain of varicella- 
zoster virus, in an immunosuppressed child. J Infect Dis 188: 954.

Lieberman RM, Orellana J, Melton RC (1994). Efficacy of intravitreal foscar- 
net in a patient with AIDS. N Engl J Med 330: 868.

Lietman PS (1992). Clinical pharmacology: foscarnet. Am J Med 92: 8S.
Loghman-Adham M, Levi M, Scherer SA et al. (1993). Phosphonoformic  

acid blunts adaptive response of renal and intestinal Pi transport.  
Am J Physiol 265: F756.

Loghman-Adham M, Motock GT (1996). Use of phosphonoformic acid to 
induce phosphaturia in chronic renal failure in rats. Ren Fail 18: 855.

Lokke-Jensen B, Weismann K, Mathiesen L et al. (1993). Atypical varicella 
zoster infection in AIDS. Acta Derm Venereol 73: 123.

López-Cortés LF, Ruiz-Valderas R, Lucero-Munoz MJ et al. (2000). Intravitreal,  
retinal, and central nervous system foscarnet concentrations after rapid 
intravenous administration to rabbits. Antimicrob Agents Chemother 
44: 756.

López-Cortés LF, Pastor-Ramos MT, Ruiz-Valderas R et al. (2001). Intravitreal 
pharmacokinetics and retinal concentrations of ganciclovir and foscarnet after 
intravitreal administration in rabbits. Invest Ophthalmol Vis Sci 42: 1024.

Lor E, Liu YQ (1994). Neurologic sequelae associated with foscarnet therapy. 
Ann Pharmacother 28: 1035.

Low P, Neipel F, Rascu A et al. (1998). Suppression of HHV-8 viremia by 
foscarnet in an HIV-infected patient with Kaposi’s sarcoma and HHV-8 
associated hemophagocytic syndrome. Eur J Med Res 3: 461.

Lurain NS, Chou S (2010). Antiviral drug resistance of human cytomegalo-
virus. Clin Microbiol Rev 23:689.

Lurain NS, Weinberg A, Crumpacker CS, Chou S (2001). Sequencing of 
cytomegalovirus UL97 gene for genotypic antiviral resistance testing. 
Antimicrob Agents Chemother 45: 2775. 

Luppi M, Barozzi P, Rasini V et al. (2002). Severe pancytopenia and hemo- 
phagocytosis after HHV-8 primary infection in a renal transplant patient 
successfully treated with foscarnet. Transplantation 74: 131.

MacGregor RR, Graziani AL, Weiss R et al. (1991). Successful foscarnet 
therapy for cytomegalovirus retinitis in an AIDS patient undergoing 
hemodialysis: rationale for empiric dosing and plasma level monitoring. 
J Infect Dis 164: 785.

Malin A, Miller RF (1992). Foscarnet-induced hypokalaemia. J Infect 25: 329.
Manion DJ, Vibhagool A, Chou TC et al. (1996). Susceptibility of human 

cytomegalovirus to two-drug combinations in vitro. Antivir Ther 1: 237.
Manischewitz JF, Quinnan GVJ, Lane HC et al. (1990). Synergistic effect of 

ganciclovir and foscarnet on cytomegalovirus replication in vitro. 
Antimicrob Agents Chemother 34: 373.

Manji H, Malin A, Connolly S (1992). CMV polyradiculopathy in AIDS— 
suggestion for new strategies in treatment. Genitourin Med 68: 192.

Marchand B, Tchesnokov EP, Gotte M (2007). The pyrophosphate analogue 
foscarnet traps the pre-translocational state of HIV-1 reverse transcrip-
tase in a Brownian ratchet model of polymerase translocation. J Biol 
Chem 282: 3337.

Mareri A, Lasorella S, Lapadre et al. (2015). Anti-viral therapy for congenital 
cytomegalovirus infection: pharmacokinetics, efficacy and side effects. 
J Matern Fetal Neonatal Med 29: 1657.

Martínez-Castillo S, Marín-Lambíes C, Gallego-Pinazo R et al. (2012). Crystal- 
lization after intravitreous foscarnet injections. Arch Opthalmol 130: 658. 

Maslin J, Bigaillon C, Froussard F et al. (2007). Acute bilateral uveitis associated 
with an active human herpesvirus-6 infection. J Infect 54: e237.

Mathiesen S, Dam E, Roge B et al. (2007). Long-term foscarnet therapy 
remodels thymidine analogue mutations and alters resistance to 
zidovudine and lamivudine in HIV-1. Antivir Ther 12: 335.

Mathiesen S, Roge BT, Weis N et al. (2004). Foscarnet used in salvage 
therapy of HIV-1 patients harbouring multiple nucleotide excision 
mutations. AIDS 18: 1076.

Mattes FM, Hainsworth EG, Geretti AM et al. (2004). A randomized, con- 
trolled trial comparing ganciclovir to ganciclovir plus foscarnet (each at 
half dose) for preemptive therapy of cytomegalovirus infection in trans- 
plant recipients. J Infect Dis 189: 1355.

Maurice-Estepa L, Daudon M, Katlama C et al. (1998). Identification of crys- 
tals in kidneys of AIDS patients treated with foscarnet. Am J Kidney Dis 
32: 392.

Medveczky MM, Horvath E, Lund T, Medveczky PG (1997). In vitro antiviral 
drug sensitivity of the Kaposi’s sarcoma-associated herpesvirus. AIDS 
11: 1327.

Mellors JW, Bazmi HZ, Schinazi RF et al. (1995). Novel mutations in reverse 
transcriptase of human immunodeficiency virus type 1 reduce suscep- 
tibility to foscarnet in laboratory and clinical isolates. Antimicrob Agents 
Chemother 39: 1087.

Menges M, Pees HW (1999). Kaposi’s sarcoma of the pancreas mimicking 
pancreatic cancer in an HIV-infected patient. Clinical diagnosis by 
detection of HHV 8 in bile and complete remission following antiviral 
and cytostatic therapy with paclitaxel. Int J Pancreatol 26: 193.

Mesri EA, Cesarman E, Arvanitakis L et al. (1996). Human herpes virus-8/
Kaposi’s sarcoma-associated herpesvirus is a new transmissible virus 
that infects B cells. J Exp Med 183: 2385.

Meyer PR, Matsuura SE, Zonarich D et al. (2003). Relationship between 
3′-azido-3′-deoxythymidine resistance and primer unblocking activity in 
foscarnet-resistant mutants of human immunodeficiency virus type 1 
reverse transcriptase. J Virol 77: 6127.

Meyer PR, Rutvisuttinunt W, Matsuura SE et al. (2007). Stable complexes 
formed by HIV-1 reverse transcriptase at distinct positions on the 
primer-template controlled by binding deoxynucleoside triphosphates 
or foscarnet. J Mol Biol 369: 41.

Michaelis M, Ha TA, Doerr HW, Cinatl Jr J (2008). Valproic acid interferes 
with antiviral treatment in human cytomegalovirus-infected endothelial 
cells. Cardiovasc Res 77: 544.

Michaels MG (2007). Treatment of congenital cytomegalovirus: where are 
we now? Exp Rev Anti Infect Ther 5: 441.

Mills R, Wu GZ (2004). Synthesis and evaluation of novel prodrugs of foscarnet 
and dideoxycytidine with a universal carrier compound comprising a 
chemiluminescent and a photochromic conjugate. J Pharm Sci 93: 1320.



3616 Foscarnet

Minces LR, Nguyen MH, Mitsani D et al. (2014). Ganciclovir-resistant cyto- 
megalovirus infections among lung transplant recipients are associated 
with poor outcomes despite treatment with foscarnet-containing regimens. 
Antimicrob Agents Chemother 58:128. 

Mocroft A, Youle M, Gazzard B et al. (1996). Anti-herpesvirus treatment and 
risk of Kaposi’s sarcoma in HIV infection. Royal Free/Chelsea and West- 
minster Hospitals Collaborative Group. AIDS 10: 1101.

Moretti S, Zikos P, Van Lint MT et al. (1998). Foscarnet vs ganciclovir for 
cytomegalovirus (CMV) antigenemia after allogeneic hemopoietic 
stem cell transplantation (HSCT): a randomised study. Bone Marrow 
Transplant 22: 175.

Morfeldt L, Torssander J (1994). Long term remission of Kaposi’s sarcoma 
following foscarnet treatment in HIV-infected patients. Scand J Infect 
Dis 26: 749.

Nakano T, Morozumi H, Inuzuka S et al. (1997). Clonal selection of HIV  
type 1 variants associated with resistance to foscarnet in vitro: con- 
firmation by molecular evolutionary analysis. AIDS Res Hum Retrovir  
13: 563.

Narimatsu H, Kami M, Kato D et al. (2007). Reduced dose of foscarnet as 
preemptive therapy for cytomegalovirus infection following reduced- 
intensity cord blood transplantation. Transplant Infect Dis 9: 11.

Nelson MR, Connolly GM, Hawkins DA et al. (1991). Foscarnet in the treat- 
ment of cytomegalovirus infection of the esophagus and colon in patients 
with the acquired immune deficiency syndrome. Am J Gastroenterol  
86: 876.

Neyts J, Snoeck R, Schols D et al. (1991). Sensitive, reproducible and con- 
venient fluorometric assay for the in vitro evaluation of anticytomegalo-
virus agents. J Virol Methods 35: 27.

Nigro G, Sali E, Anceschi MM et al. (2004). Foscarnet therapy for congenital 
cytomegalovirus liver fibrosis following prenatal ascites. J Matern Fetal 
Neonatal Med 15: 325.

Noormohamed FH, Youle MS, Higgs CJ et al. (1997). Renal excretion and 
pharmacokinetics of foscarnet in HIV sero-positive patients: effect of 
probenecid pretreatment. Br J Clin Pharmacol 43: 112.

Noormohamed FH, Youle MS, Tang B et al. (1996). Foscarnet-induced 
changes in plasma concentrations of total and ionized calcium and 
magnesium in HIV-positive patients. Antivir Ther 1: 172.

Nyberg G, Svalander C, Blohme I et al. (1989). Tubulointerstitial nephritis 
caused by the antiviral agent foscarnet. Transplant Int 2: 223.

Oberg B (1983). Antiviral effect of phosphonoformate (PFA, Foscarnet 
sodium). Pharmacol Ther 19: 387.

Oberg B (1989). Antiviral effects of phosphonoformate (PFA, foscarnet 
sodium). Pharmacol Ther 40: 213.

Oberg B (1986). Molecular basis of foscarnet action. In Lopez C, Roizman B, 
eds. Human Herpesvirus Infections. New York: Raven Press.

Oertel SH, Anagnostopoulos I, Hummel MW et al. (2002). Identification of 
early antigen BZLF1/ZEBRA protein of Epstein–Barr virus can predict 
the effectiveness of antiviral treatment in patients with post-transplant 
lymphoproliferative disease. Br J Haematol 118: 1120.

Ogata M, Satou T, Inoue Y et al. (2013). Foscarnet against human herpes - 
virus (HHV)-6 reactivation after allo-SCT: breakthrough HHV-6 encepha- 
litis following antiviral prophylaxis. Bone Marrow Transplant 48: 257.

Ohta H, Matsuda Y, Tokimasa S et al. (2001). Foscarnet therapy for ganciclovir- 
resistant cytomegalovirus retinitis after stem cell transplantation: effec- 
tive monitoring of CMV infection by quantitative analysis of CMV mRNA. 
Bone Marrow Transplant 27: 1141.

Ostrander M, Cheng YC (1980). Properties of herpes simplex virus type 1 
and type 2 DNA polymerase. Biocheim Biophys Acta 609: 232.

Palestine AG, Polis MA, De SMD et al. (1991). A randomized, controlled trial 
of foscarnet in the treatment of cytomegalovirus retinitis in patients with 
AIDS. Ann Intern Med 115: 665.

Palmer S, Harmenberg J, Cox S (1996). Synergistic inhibition of human 
immunodeficiency virus isolates (including 3′-azido-3′-deoxythymidine- 
resistant isolates) by foscarnet in combination with 2′,3′-dideoxyinosine 
or 2′,3′-dideoxycytidine. Antimicrob Agents Chemother 40: 1285.

Parente F, Bianchi Porro G, Italian Cytomegalovirus Study Group (1998). 
Treatment of cytomegalovirus esophagitis in patients with acquired 
immune deficiency syndrome: a randomized controlled study of foscarnet 
versus ganciclovir. Am J Gastroenterol 93: 317.

Paspaliaris V, Mai X, Leaver DD (1993). Foscarnet inhibits vascular smooth 
muscle contraction. Life Sci 53: 1227.

Patel P, Ahmed E, Subramanian ML (2010). Intravitreal foscarnet therapy for 
acyclovir-resistant acute retinal necrosis after herpes simplex encephali-
tis. Opthalmic Surg Lasers Imaging 9: 1.

Pearson PA, Jaffe GJ, Ashton P (1993). Intravitreal foscarnet for cytomegalo-
virus retinitis in a patient with acquired immunodeficiency syndrome. 
Am J Ophthalmol 115: 686.

Peng YJ, Wen CW, Chiou SH, Liu SJ (2010). Sustained release of ganciclovir 
and foscarnet from biodegradable scleral plugs for the treatment of 
cytomegalovirus retinitis. Biomaterials 31: 1773.

Peters M, Schurmann D, Bergmann F et al. (1994). Safety of alternating 
ganciclovir and foscarnet maintenance therapy in human immunodefi-
ciency virus (HIV) related cytomegalovirus infections. An open labeled 
pilot study. Scand J Infect Dis 26: 49.

Peters M, Timm U, Schurmann D et al. (1992). Combined and alternating 
ganciclovir and foscarnet in acute and maintenance therapy of human 
immunodeficiency virus-related cytomegalovirus encephalitis refractory 
to ganciclovir alone. A case report and review of the literature. Clin 
Invest 70: 456.

Philipponnet C, Michel PA, Daudon M (2015). Intravascular foscarnet crystal 
precipitation causing multiorgan failure. Am J Kidney Dis 65: 152.

Piret J, Boivin G (2014). Antiviral drug resistance in herpesviruses other than 
cytomegalovirus. Rev Med Virol 24: 186.

Piret J, Desormeaux A, Cormier H et al. (2000a). Sodium lauryl sulfate 
increases the efficacy of a topical formulation of foscarnet against 
herpes simplex virus type 1 cutaneous lesions in mice. Antimicrob 
Agents Chemother 44: 2263.

Piret J, Desormeaux A, Gourde P et al. (2000b). Efficacies of topical 
formulations of foscarnet and acyclovir and of 5-percent acyclovir 
ointment (Zovirax) in a murine model of cutaneous herpes simplex  
virus type 1 infection. Antimicrob Agents Chemother 44: 30.

Piret J, Lamontagne J, Desormeaux A, Bergeron MG (2001). Efficacies of  
gel formulations containing foscarnet, alone or combined with sodium 
lauryl sulfate, against establishment and reactivation of latent herpes 
simplex virus type 1. Antimicrob Agents Chemother 45: 1030.

Pohlmann C, Schetelig J, Reuner U et al. (2007). Cidofovir and foscarnet for 
treatment of human herpesvirus 6 encephalitis in a neutropenic stem 
cell transplant recipient. Clin Infect Dis 44: e118.

Polis M, de Smet MD, Baird BF et al. (1993). Increased survival of a cohort  
of patients with acquired immune deficiency syndrome and cytomega-
lovirus retinitis who received sodium phosphonoformate (foscarnet).  
Am J Med 94: 175.

Prasad VR, Lowry I, de Los Santos T et al. (1991). Isolation and characteriza-
tion of dideoxyguanosine triphosphate-resistant mutant of human 
immunodeficiency virus reverse transcriptase. Proc Natl Acad Sci U S A 
88: 11363.

Price JS, France AJ, Moaven LD et al. (1986). Foscarnet in fulminant hepatitis. 
Lancet 2: 1273.

Raffi F, Taburet AM, Ghaleh B et al. (1993). Penetration of foscarnet into cerebro- 
spinal fluid of AIDS patients. Antimicrob Agents Chemother 37: 1777.

Razis E, Cook P, Mittelman A, Ahmed T (1994). Treatment of ganciclovir 
resistant cytomegalovirus with foscarnet: a report of two cases occur- 
ring after bone marrow transplantation. Leuk Lymphoma 12: 477.

Razonable RR, Emery VC (2004). Management of CMV infection and disease 
in transplant patients. Herpes 11: 77.

Reddy AJ, Zaas AK, Hanson KE, Palmer SM (2007). A single-center experience 
with ganciclovir-resistant cytomegalovirus in lung transplant recipients: 
treatment and outcome. J Heart Lung Transplant 26: 1286.

Reusser P, Cordonnier C, Einsele H et al. (1996). European survey of herpes - 
virus resistance to antiviral drugs in bone marrow transplant recipients. 
Infectious Diseases Working Party of the European Group for Blood and 
Marrow Transplantation (EBMT). Bone Marrow Transplant 17: 813.

Reusser P, Einsele H, Lee J et al. (2002). Randomized multicenter trial of 
foscarnet versus ganciclovir for preemptive therapy of cytomegalovirus 
infection after allogeneic stem cell transplantation. Blood 99: 1159.

Reusser P, Gambertoglio JG, Lilleby K et al. (1992). Phase I–II trial of fos- 
carnet for prevention of cytomegalovirus infection in autologous and 
allogeneic marrow transplant recipients. J Infect Dis 166: 473.



7. Clinical uses of the drug 3617

Ringden O, Lonnqvist B, Paulin T et al. (1986). Pharmacokinetics, safety and 
preliminary clinical experiences using foscarnet in the treatment of cyto- 
megalovirus infections in bone marrow and renal transplant recipients.  
J Antimicrob Chemother 17: 373.

Rios M, Munoz M, Spencer E (1995). Antiviral activity of phosphonoformate 
on rotavirus transcription and replication. Antiviral Res 27: 71.

Robles R, Lugo D, Gee L, Jacobson MA (1999). Effect of antiviral drugs used 
to treat cytomegalovirus end-organ disease on subsequent course of 
previously diagnosed Kaposi’s sarcoma in patients with AIDS. J Acquir 
Immune Defic Syndr Hum Retrovirol 20: 34.

Roos TC, Albrecht H (2001). Foscarnet-associated eosinophilic folliculitis in a 
patient with AIDS. J Am Acad Dermatol 44: 546.

Rusconi S, Innocenti A, Vullo D et al. (2004). Carbonic anhydrase inhibitors. 
Interaction of isozymes I, II, IV, V, and IX with phosphates, carbamoyl 
phosphate, and the phosphonate antiviral drug foscarnet. Bioorg Med 
Chem Lett 14: 5763.

Russo E, Gaglianone N, Baldassari S (2014). Preparation, characterization 
and in vitro antiviral activity evaluation of foscarnet-chitosan nanoparti-
cles. Colloids Surf B Biointerfaces 118: 117.

Sacks SL, Portnoy J, Lawee D et al. (1987). Clinical course of recurrent genital 
herpes and treatment with foscarnet cream: results of a Canadian multi- 
center trial. J Infect Dis 155: 178.

Safrin S, Assaykeen T, Follansbee S et al. (1990). Foscarnet therapy for acyclovir- 
resistant mucocutaneous herpes simplex virus infection in 26 AIDS 
patients: preliminary data. J Infect Dis 161: 1078.

Safrin S, Berger TG, Gilson I et al. (1991a). Foscarnet therapy in five patients 
with AIDS and acyclovir-resistant varicella-zoster virus infection. Ann 
Intern Med 115: 19.

Safrin S, Crumpacker C, Chatis P et al. (1991b). A controlled trial comparing 
foscarnet with vidarabine for acyclovir-resistant mucocutaneous herpes 
simplex in the acquired immunodeficiency syndrome. The AIDS Clinical 
Trials Group. New Engl J Med 325: 551.

Safrin S, Elbeik T, Mills J (1994b). A rapid screen test for in vitro susceptibility 
of clinical herpes simplex virus isolates. J Infect Dis 169: 879.

Safrin S, Elbeik T, Phan L et al. (1994a). Correlation between response to 
acyclovir and foscarnet therapy and in vitro susceptibility result for 
isolates of herpes simplex virus from human immunodeficiency 
virus-infected patients. Antimicrob Agents Chemother 38: 1246.

Safrin S, Kemmerly S, Plotkin B et al. (1994c). Foscarnet-resistant herpes 
simplex virus infection in patients with AIDS. J Infect Dis 169: 193.

Safrin S, Phan L (1993). In vitro activity of penciclovir against clinical isolates 
of acyclovir-resistant and foscarnet resistant herpes simplex virus. 
Antimicrob Agents Chemother 37: 2241.

Saijo M, Suzutani T, Morikawa S, Kurane I (2005). Genotypic characterization 
of the DNA polymerase and sensitivity to antiviral compounds of foscarnet- 
resistant herpes simplex virus type 1 (HSV-1) derived from a foscarnet- 
sensitive HSV-1 strain. Antimicrob Agents Chemother 49: 606.

Salazar A, Podzamczer D, Rene R et al. (1995). Cytomegalovirus ventriculo-
encephalitis in AIDS patients. Scand J Infect Dis 27: 165.

Salmon-Ceron D, Fillet AM, Aboulker JP et al. (1999). Effect of a 14-day 
course of foscarnet on cytomegalovirus (CMV) blood markers in a 
randomized study of human immunodeficiency virus-infected patients 
with persistent CMV viremia. Agence National de Recherche du SIDA 
023 Study Group. Clin Infect Dis 28: 901.

Salzberger D, Stoehr A, Helse W et al. (1994). Foscarnet and ganciclovir combina- 
tion therapy for CMV disease in HIV infected patients. Infection 22: 197.

Sam R, Patel SB, Popli A et al. (2000). Removal of foscarnet by hemodialysis 
using dialysate-side values. Int J Artif Organs 23: 165.

Sandstrom E, Kaplan J, Byington RE et al. (1985). Inhibition of human T-cell 
lymphotropic virus type III in vitro by phosphonoformate. Lancet 1: 1480.

Sarin PS, Taguchi Y, Sun D et al. (1985). Inhibition of HTLV-III/LAV replication 
by foscarnet. Biochem Pharmacol 34: 4075.

Schiodt M (1997). Less common oral lesions associated with HIV infection: 
prevalence and classification. Oral Dis 3 (Suppl 1): S208.

Schleiss MR, McVoy MA (2004). Overview of congenitally and perinatally 
acquired cytomegalovirus infections: recent advances in antiviral 
therapy. Expert Rev Anti Infect Ther 2: 389.

Schmit I, Boivin G (1999). Characterization of the DNA polymerase and 
thymidine kinase genes of herpes simplex virus isolates from AIDS 

patients in whom acyclovir and foscarnet therapy sequentially failed. 
J Infect Dis 180: 487.

Schneider U, Ruhnke M, Delecluse HJ et al. (2000). Regression of Epstein–
Barr virus-associated lymphoproliferative disorders in patients with 
acquired immunodeficiency syndrome during therapy with foscarnet. 
Ann Hemalol 79: 214.

Schramm C, Schlaak JF, Galle PR (2000). Rapid development of Epstein–Barr 
virus-associated Hodgkin’s disease after cessation of foscarnet therapy 
in an HIV-infected patient. Int J STD AIDS 11: 609.

Schvarcz R, Hansson BG, Lernestedt JO, Weiland O (1994). Treatment of 
chronic replicative hepatitis B virus infection with short term continuous 
infusion of foscarnet. Infection 22: 330.

Scott GM, Weinberg A, Rawlinson WD, Chou S (2007). Multidrug resistance 
conferred by novel DNA polymerase mutations in human cytomegalo-
virus isolates. Antimicrob Agents Chemother 51: 89.

Seeley WW, Marty FM, Holmes TM et al. (2007). Post-transplant acute limbic 
encephalitis: Clinical features and relationship to HHV6. Neurology 69: 
156.

Seidel EA, Koenig S, Polis MA (1993). A dose-escalation study to determine 
the toxicity and maximally tolerated dose of foscarnet. AIDS 7: 941.

Senanayake S, Kelly J, Lloyd A et al. (2003). Multicentric Castleman’s disease 
treated with antivirals and immunosuppressants. J Med Virol 71: 399.

Shereck EB, Cooney E, van de Ven C et al. (2007). A pilot phase II study of 
alternate day ganciclovir and foscarnet in preventing cytomegalovirus 
(CMV) infections in at-risk pediatric and adolescent allogeneic stem cell 
transplant recipients. Pediatr Blood Cancer 49: 306.

Sherker AH, Hirota K, Omata M et al. (1986). Foscarnet decreases serum 
and liver duck hepatitis B virus DNA in chronically infected ducks. 
Gastroenterology 91: 818.

Shirokova EA, Jasko MV, Khandazhinskaya AL et al. (2004). Uncharged AZT 
and D4T derivatives of phosphonoformic and phosphonoacetic acids as 
anti-HIV pronucleosides. J Med Chem 47: 3606.

Singh N, Gayowski T (1995). Lack of sustained efficacy of combination 
ganciclovir and foscarnet for hepatitis B virus recurrence after liver 
transplantation. Transplant 59: 1629.

Sjovall J, Bergdahl S, Movin G et al. (1989). Pharmacokinetics of foscarnet 
and distribution to cerebrospinal fluid after intravenous infusion in 
patients with human immunodeficiency virus infection. Antimicrob 
Agents Chemother 33: 1023.

Sjovall J, Karlsson A, Ogenstad S et al. (1988). Pharmacokinetics and absorp- 
tion of foscarnet after intravenous and oral administration to patients 
with human immunodeficiency virus. Clin Pharmacol Ther 44: 65.

Smith IL, Cherrington JM, Jiles RE (1997). High-level resistance of cyto- 
megalovirus to ganciclovir is associated with alterations in both the 
UL97 and DNA polymerase genes. J Infect Dis 176: 69. 

Smith RA, Anderson DJ, Preston BD (2006). Hypersusceptibility to substrate 
analogs conferred by mutations in human immunodeficiency virus type 
1 reverse transcriptase. J Virol 80: 7169.

Snoeck R, Andrei G, Gerard M et al. (1994). Successful treatment of 
progressive mucocutaneous infection due to acyclovir and foscarnet 
resistant herpes simplex virus with (S)-1-(3-hydroxy-2- phosphonylme-
thoxypropyl)cytosine (HµMPC). Clin Infect Dis 18: 570.

Snoeck R, Andrei G, Schols D et al. (1992). Activity of different antiviral  
drug combinations against human cytomegalovirus replication in vitro. 
Eur J Clin Microbiol Infect Dis 11: 1144.

Spector SA, Tyndall M, Kelley E (1983). Inhibition of human cytomegalovirus 
by trifluorothymidine. Antimicrob Agents Chemother 23: 113.

Springer KL, Chou S, Li S et al. (2005). How evolution of mutations con- 
ferring drug resistance affects viral dynamics and clinical outcomes  
of cytomegalovirus-infected hematopoietic cell transplant recipients.  
J Clin Microbiol 43: 208.

Stanford University HIV Drug Resistance Database (nd). hivdb.stanford.edu/
cgi-bin/Summary.cgi. Accessed 1 September 2015. 

Stanley HD, Charlebois E, Harb G, Jacobson MA (1994). Central venous 
catheter infections in AIDS patients receiving treatment for cytomega-
lovirus disease. J AIDS 7: 272.

Stegmann S, Manea ME, Charpentier C et al. (2010). Foscarnet as salvage 
therapy in HIV-2-infected patient with antiretroviral treatment failure.  
J Clin Virol 47: 79.

http://www.hivdb.stanford.edu/
http://www.hivdb.stanford.edu/


3618 Foscarnet

Stenberg K, Larsson A (1978). Reversible effects on cellular metabolism and 
proliferation by in sodium phosphonoformate. Antimicrob Agents 
Chemother 14: 727.

Stranska R, Schuurman R, Nienhuis E et al. (2005). Survey of acyclovir- 
resistant herpes simplex virus in the Netherlands: prevalence and 
characterization. J Clin Virol 32: 7.

Stranska R, van Loon AM, Polman M et al. (2004). Genotypic and pheno-
typic characterization of acyclovir-resistant herpes simplex viruses 
isolated from haematopoietic stem cell transplant recipients. Antivir 
Ther 9: 565.

Strid S, Ekstrom C, Datema R (1989). Comparison of foscarnet and foscarnet 
esters as anti-influenza virus agents. Chemotherapy 35: 69.

Stridh S, Helgstrand E, Lannero B et al. (1979). The effect of pyrophosphate 
analogues on influenza virus RNA polymerase and influenza virus multi- 
plication. Arch Virol 61: 245.

Sullivan V, Coen DM (1991). Isolation of foscarnet-resistant human cyto - 
megalovirus patterns of resistance and sensitivity to other antiviral 
drugs. J Infect Dis 164: 781.

Sutton D, Taylor J, Bacon TH et al. (1992). Activity of penciclovir in com- 
bination with azidothymidine, ganciclovir, acyclovir, foscarnet and 
human interferons against herpes simplex virus replication in cell 
culture. Antivir Chem Chemother 3: 85.

Taburet AM, Katlama C, Blanshard C et al. (1992). Pharmacokinetics of fos- 
carnet after twice-daily administrations for treatment of cytomegalovirus 
disease in AIDS patients. Antimicrob Agents Chemother 36: 1821.

Taburet AM, Singlas E (1996). Drug interactions with antiviral drugs. Clin 
Pharmacokinet 30: 385.

Tachedjian G, French M, Mills J (1998a). Coresistance to zidovudine and 
foscarnet is associated with multiple mutations in the human immuno-
deficiency virus type 1 reverse transcriptase. Antimicrob Agents 
Chemother 42: 3038.

Tachedjian G, Hooker DJ, Gurusinghe AD et al. (1995). Characterisation of 
foscarnet-resistant strains of human immunodeficiency virus type 1. 
Virology 212: 58.

Tachedjian G, Hoy J, McGavin K, Birch C (1994). Long-term foscarnet therapy 
not associated with the development of foscarnet-resistant human 
immunodeficiency virus type 1 in an acquired immunodeficiency 
syndrome patient. J Med Virol 42: 207.

Tachedjian G, Mellors JW, Bazmi H, Mills J (1998b). Impaired fitness of 
foscarnet-resistant strains of human immunodeficiency virus type 1. 
AIDS Res Hum Retrovir 14: 1059.

Tachedjian G, Mellors J, Bazmi H et al. (1996). Zidovudine resistance is 
suppressed by mutations conferring resistance of human immunodefi-
ciency virus type 1 to foscarnet. J Virol 70: 7171.

Takami A, Mochizuki K, Ito S (2007). Safety and efficacy of foscarnet for 
preemptive therapy against cytomegalovirus reactivation after 
unrelated cord blood transplantation. Transplant Proc 39: 237.

Tawse KL, Baumal CR (2014). Intravitreal foscarnet for recurring CMV retinitis 
in a congenitally-infected premature infant. J APPOS 18: 78. 

Tchesnokov EP, Gilbert C, Boivin G, Gotte M (2006). Role of helix P of the 
human cytomegalovirus DNA polymerase in resistance and hypersus-
ceptibility to the antiviral drug foscarnet. J Virol 80: 1440.

Tischler V, Schuurmans MM, Boehler A, Gaspert A (2012). Crystal precipitation 
and granulomatous inflammation in multiple organs after foscarnet 
therapy in a lung transplant recipient. J Heart Lung Transplant 31: 
1037. 

Tramontano E, Piras G, Mellors JW et al. (1998). Biochemical characteriza-
tion of HIV-1 reverse transcriptases encoding mutations at amino acid 
residues 161 and 208 involved in resistance to phosphonoformate. 
Biochem Pharmacol 56: 1583.

Trolliet P, Dijoud F, Cotte L et al. (1995). Crescentic glomerulonephritis and 
crystals within glomerular capillaries in an AIDS patient treated with 
foscarnet. Am J Nephrol 15: 256.

Troy SB, Blackburn BG, Yeom K et al. (2008). Severe encephalomyelitis in an 
immunocompetent adult with chromosomally integrated human herpes- 
virus 6 and clinical response to treatment with foscarnet plus ganciclo-
vir. Clin Infect Dis 47: e93.

Turrini B, Tognon MS, de Caro G, Secchi AG (1994). Intravitreal use of foscar- 
net; retinotoxicity of repeated injections in the rabbit eye. Ophthal Res 
26: 110.

Van der Pijl J, Frissen PHJ, Reiss P et al. (1990). Foscarnet and penile ulceration. 
Lancet 335: 286.

Velez G, Roy CE, Whitcup SM et al. (2001). High-dose intravitreal ganciclovir 
and foscarnet for cytomegalovirus retinitis. Am J Ophthalmol 131: 396.

Verdonck LF, Cornelissen JJ, Smit J et al. (1993). Successful foscarnet therapy 
for acyclovir-resistant mucocutaneous infection with herpes simplex virus 
in a recipient of allogeneic BMT. Bone Marrow Transplant 11: 177.

Visse B, Dumont B, Huraux JM, Fillet AM (1998). Single amino acid change 
in DNA polymerase is associated with foscarnet resistance in a varicella- 
zoster virus strain recovered from a patient with AIDS. J Infect Dis 178 
(Suppl 1): S55.

Visse B, Huraux JM, Fillet AM (1999). Point mutations in the varicella-zoster 
virus DNA polymerase gene confers resistance to foscarnet and slow 
growth phenotype. J Med Virol 59: 84.

Vrang L, Oberg B, Lower J et al. (1988). Reverse transcriptases from human 
immunodeficiency virus type 1 (HIV-1), HIV-2, and simian immunodefi-
ciency virus (SIVMAC) are susceptible to inhibition by foscarnet and 
3′-azido-3′-deoxythymidine triphosphate. Antimicrob Agents Chemother 
32: 1733.

Wagstaff AJ, Bryson HA (1994). A reappraisal of its antiviral activity pharma- 
cokinetic properties and therapeutic use in immunocompromised patients 
with viral infections. Drugs 48: 199.

Wahren B, Oberg B (1980). Reversible inhibition of cytomegalovirus replication 
by phosphonoformate. Intervirology 14: 7.

Waib LF, Bonon SH, Salles AC et al. (2007). Withdrawal of maintenance therapy 
for cytomegalovirus retinitis in AIDS patients exhibiting immunological 
response to HAART. Rev Inst Med Trop Sao Paulo 49: 215.

Walmsley S, Chew E, Read SE et al. (1988). Treatment of cytomegalovirus 
retinitis with trisodium phosphonoformate hexahydrate (Foscarnet).  
J Infect Dis 157: 569.

Wang H, Zhu L, Xue M et al. (2009). Low-dose foscarnet preemptive therapy 
for cytomegalovirus viremia after haploidentical bone marrow transplan- 
tation. Biol Blood Marrow Transplant 15: 519.

Weinberg A, Jabs DA, Chou S et al. (2003). Mutations conferring foscarnet 
resistance in a cohort of patients with acquired immunodeficiency 
syndrome and cytomegalovirus retinitis. J Infect Dis 187: 777.

Weinberg DV, Murphy R, Naughton K (1994). Combined daily therapy with 
intravenous ganciclovir and foscarnet for patients with recurrent cyto- 
megalovirus retinitis. Am J Ophthalmol 117: 776.

Wharton JR, Laughlin C, Cockerell CJ (1999). Toxic epidermal necrolysis 
occurring as a consequence of treatment with foscarnet. Cutis 63: 333.

Wilcox CM, Straub RF, Schwartz DZ (1995). Cytomegalovirus esophagitis in 
AIDS; a prospective evaluation of clinical response to ganciclovir therapy. 
Am J Med 98: 169.

Wilhelmus KR (2015). Antiviral treatment and other therapeutic interven- 
tions for herpes simplex virus epithelial keratitis. Cochrane Database 
Syst Rev CD002898. Published online 9 January 2015.

Wong R, Pavesio CE, Laidlaw DA et al. (2010). Acute retinal necrosis: the 
effects of intravitreal foscarnet and virus type on outcome. 
Ophthalmology 117: 556.

Yaari S, Koslowsky B, Wolf D et al. (2010). CMV-related thrombocytopenia 
treated with foscarnet: a case series and review of the literature. 
Platelets 21: 490.

Youle MS, Clarbour J, Gazzard B et al. (1988). Severe hypocalcaemia in AIDS 
patients treated with foscarnet and pentamidine. Lancet 1: 1455.

Zambarakji HJ, Obi AA, Mitchell SM (2002). Successful treatment of varicella 
zoster virus retinitis with aggressive intravitreal and systemic antiviral 
therapy. Ocul Immunol Inflamm 10: 41. 

Zanetta G, Maurice-Estepa L, Mousson C et al. (1999). Foscarnet-induced 
crystalline glomerulonephritis with nephrotic syndrome and acute renal 
failure after kidney transplantation. Transplantation 67: 1376.

Zerr DM, Gupta D, Huang ML et al. (2002). Effect of antivirals on human 
herpesvirus 6 replication in hematopoietic stem cell transplant recipients. 
Clin Infect Dis 34: 309.



3619

220

Letermovir

Samuel L. Aitken, Rob Saunders, Roy F. Chemaly, Gerhard Ehninger

1. DESCRIPTION

Letermovir is the first representative of the nonnucleoside 
3,4 dihydro-quinazoline class of human cytomegalovirus 
(HCMV) viral terminase complex inhibitors (Verghese and 
Schleiss, 2013). Originally developed by Bayer AG (Wup-
pertal, Germany), with further preclinical and clinical devel-
opment through phase II by AiCuris GmbH & Co. KG 
(Wuppertal, Germany), letermovir is now under development 
by Merck & Co. (Kenilworth, NJ, USA). Letermovir is now in 
phase III development for the prevention of HCMV infection 
in allogeneic hematopoietic cell transplant (HCT) recipients 
(clinical trials NCT02137772). Owing to its development 
history, letermovir is variously known as BAY 73-6327, 
AIC246, and MK-8228. The chemical name of letermovir is 
2-((4S)-8-fluoro-2-(4-(3-methoxyphenyl)piperazin-1-yl)- 
3-(2-methoxy-5)-trifluoromethyl)phenyl)-4H-quinazolin-
4-yl)acetic acid (PubChem Open Chemistry Database, 2016), 
the molecular formula is C29H28F4N4 O4, and its molecular 
weight is 572.55 g/mol. The chemical structure is shown in 
Figure 220.1.

The group of 3,4 dihydro-quinazolines were initially iden-
tified as a potential anti-HCMV compounds through high- 
throughput screening, with letermovir discovered following 
detailed analysis of structure–activity relationships (Lischka 
et al., 2010). Letermovir has a unique mechanism of action, 
targeting proteins of the terminase complex (pUL56). Leter-
movir is currently available for investigational use as a 240-
mg film-coated tablet. Due to poor solubility, an intra venous 
formulation solubilized in hydroxypropyl beta- cyclodextrin 
(HPβCD) was developed and is available for use in phase III 
trials (Kropeit et al., 2013a). An oral solution was evaluated 
in phase I trials and is in continued development for pediat-
ric use (Kropeit et al., 2010).

Letermovir has been granted US Food and Drug Admini-
stration (FDA) fast track status for the treatment of HCMV 
infection in the USA, and it has orphan drug designation in 
both the USA and European Union for the treatment and the 
prevention of HCMV. Early phase II results for letermovir 

as a treatment and prophylactic against HCMV in transplant 
recipients are promising in terms of both its efficacy and 
especially its safety profile (Chemaly et al., 2014; Stoelben et 
al., 2014). Depending on the results of the ongoing, large-
scale phase III trial, preengraftment prophylaxis in HCT 
patients may be possible, and it is likely that letermovir will not 
have the associated, and in some cases treatment- limiting, 
toxicities of ganciclovir (Chemaly et al., 2014) and may even 
allow preengraftment use in HCT recipients (Griffiths and 
Emery, 2014). 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

HUMAN CYTOMEGALOVIRUS

Letermovir is highly active against clinical and laboratory 
strains of HCMV (AD169 and Davis) with 50% effective 
 concentration (EC50) values of 4–5 nM (Lischka et al., 2010; 

Figure 220.1. Chemical structure of letermovir.

O

O

O

O

NN

H

N

N
F

F

F

F



3620 Letermovir

Gold ner et al., 2011; Marschall et al., 2011). Letermovir 
demonstrated approximately 400-fold greater potency than 
ganciclovir against two HCMV strains in both cell cytopathic 
effect reduction assays (CPE-RAs) and green fluorescence 
reduction assays (GFP-RAs), with EC50 values ranging from 
3.8 to 5.0 nM (Goldner et al., 2011; Lischka et al., 2010). The 
relatively stable EC90 values (range: 5.0–7.1 nM) in compari-
son to the EC50 values in the GFP-RA assays are evidence of 
a steep dose–response curve (Lischka et al., 2010). In con-
trast to maribavir, the potency of letermovir does not appear 
to be significantly affected by the human fibroblast line used 
in antiviral assays (Chou et al. 2006; Lischka et al., 2010). 

In traditional plaque reduction assays against 17 clinical 
HCMV isolates, the letermovir EC50 ranged from 0.9 to 3.1 
nM, and letermovir was approximately 1000-fold more potent 
than ganciclovir against the same strains (Marschall et al., 2011). 
After removal of letermovir from the cell culture medium, 
HCMV viral replication rapidly resumes and reaches levels 
similar to that of untreated controls within less than 48 hours. 
In comparison, viral levels in ganciclovir-treated cells did not 
return to those seen in untreated cells until approximately 
100 hours after removal, suggesting that the postantiviral 
effect of letermovir is probably less prolonged than other anti - 
viral agents (Lischka et al., 2010). Letermovir also demon-
strates an ability to reduce the spread of virus in co-cultivated 
fibroblasts, reducing the number of new cells infected at 5 
days by approximately 10-fold versus untreated cells (Lischka 
et al., 2010). 

OTHER VIRUSES

Letermovir is inactive against all other viruses tested, includ-
ing alpha-herpesviruses, non-HCMV beta-herpesviruses, 
gamma-herpesviruses, adenovirus, hepatitis B virus, hepati-
tis C virus, retroviruses, and orthomyxoviruses (Marschall et 
al., 2011). The simple reason for this inactivity is that the 
letermovir is active against a protein group (the terminase 
subunit) that is not found in other known viruses (see sec-
tion 3, Mechanism of drug action). 

2b.  Emerging resistance and 
cross-resistance

RESISTANCE MECHANISMS

Studies have shown that the HCMV terminase complex (which 
includes pUL56 and pUL89, and possibly the portal protein 
pUL104), which is the target for letermovir, has a low fre-
quency of natural polymorphisms (interstrain identity > 97.7% 
at both nucleotide and amino acid levels), making it likely 
that most, if not all, natural strains of HCMV are susceptible 
to letermovir (Pilorgé et al., 2014). Further, letermovir’s 
mechanism of action (see section 3, Mechanism of action) is 
completely different from the mechanisms of existing nucle-
oside and nucleotide antivirals, such as ganciclovir and cido-
fovir (see Chapter 215, Ganciclovir and valganciclovir and 
Chapter 216, Cidofovir and brincidofovir) and also from 
direct polymerase inhibitors like foscarnet (see Chapter 219, 

Foscarnet). Consequently, cross-resistance with other, cur-
rently available HCMV antiviral drugs is highly unlikely. The 
unlikeliness of this has been substantiated by a case report 
showing that an HCMV strain resistant to ganciclovir, cido-
fovir, and foscarnet remained susceptible to letermovir (Kaul 
et al., 2011). 

Laboratory development of letermovir-resistant HCMV 
strains by serial passage in subinhibitory concentrations of 
letermovir as well as single-step resistance selection assays led 
to the creation of letermovir-resistant HCMV mutants har-
boring polymorphisms in the UL56 gene, coding for a sub-
unit of the HCMV terminase complex (Goldner et al., 2014). 
After genetic recombination into the laboratory AD169 HCMV 
strain, UL56 mutations V231L, V236M, R369M, R369G, and 
R369S lead to 5- to 50-fold increases in letermovir EC50, while 
the L241P and C325Y mutations increased the EC50 218- and 
8,796-fold, respectively. In addition, the A345S polymorphism 
in the UL89 gene was noted in two resistant isolates, although 
prior studies demonstrated that this polymorphism does not 
influence viral susceptibility to letermovir (Bradley et al., 
2009; Lischka et al., 2010). Resistance-conferring mutations 
in other subunits of the terminase complex (i.e. UL89, UL51) 
or portal proteins (pUL104), were not observed (Goldner et 
al., 2014; see Table 220.1). Studies by Goldner and co-work-
ers (2011) showed that a single conservative L241P or R369S 
amino acid substitution was necessary and sufficient to pro-
duce letermovir resistance in vitro. 

A separate serial-passage study of a derivative of the AD169 
strain, T4138, re-created six of the seven resistance-conferring 
UL56 mutations (Chou, 2015). Multiple novel polymorphisms 
in UL56 were also identified, leading to variable fold changes 
in the letermovir EC50. L51M, V231A, T244K, and F261L all 
led to less than 4-fold changes; V263L, E237D, L257I, F261C, 
Y231C, and M329T resulted in 4- to 15-fold increases; and 
C325F and C325R led to > 3000-fold increases in the EC50. 
Several strains with multiple mutations were also derived. 
Excluding the high-level C325F/R resistance polymorphisms, 
multiple mutations conferred higher degrees of resistance 
than any individual polymorphism alone. Mutations gener-
ally appeared in a stepwise process, with the low-level resistance 
UL56 polymorphism F261L appearing at low concentrations 
of letermovir and being replaced by polymorphisms confer-
ring higher degrees of resistance at increasing letermovir 
concentrations. In comparison to foscarnet, mutations con-
ferring resistance to letermovir appears at earlier stages of 
serial passaging and do not affect viral fitness, indicating that 
letermovir may have a lower genetic barrier to resistance than 
other anti-HCMV antivirals (Goldner et al., 2014; Chou, 2015). 
Table 220.1 contains a list of identified UL56 mutations and 
their associated resistance profile. 

Multiple naturally occurring polymorphisms in UL56 have 
been identified in isolates that have never been exposed to 
letermovir or other HCMV terminase inhibitors (e.g. ben-
zimidazole d-ribonucleosides) although the region is highly 
genetically conserved among clinical isolates (Champier et 
al., 2008; Pilorgé, et al., 2014). The sensitivity of HCMV har-
boring two naturally occurring polymorphisms in a highly 
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conserved region of the UL56 gene (spanning AA 230–370) 
was assessed based on the known association of this gene 
with letermovir resistance (Goldner et al., 2014; Goldner et 
al., 2015). In comparison to a wild-type strain, both the 
D242G and A327V mutations were not found to confer resis-
tance to letermovir, and in fact drug sensitivity was increased 
two- to threefold with no alterations in viral fitness (Goldner 
et al., 2015). 

EMERGENCE OF RESISTANCE

The impact of the unusually steep dose–response curve for 
letermovir in vitro has been suggested as a mechanism pro-
tecting against the development of resistance in vivo, pre-
sumably by reducing the dose window for active selection 
of resistance mutations (Lischka et al., 2016). In contrast, 
studies by Chou (2015) have shown the rapid emergence 
of  high-grade letermovir-resistant mutants in engineered 
HCMV viral strains, which may be interpreted as predictive 
of a low barrier to resistance. 

Breakthrough HCMV infections while on letermovir were 
observed during the phase II trial of letermovir for the pre-
vention of HCMV in hematopoietic cell transplant recipients 

(Chemaly et al., 2014). The corresponding clinical HCMV 
isolates underwent focused sequencing of the UL56 gene and 
were phenotypically characterized to assess for leter movir 
resistance (Lischka et al., 2016). Six unique UL56 mutations 
were identified in five isolates out of the 15. On phenotypic 
characterization, the observed L134V, Q228H, R410G, and 
D414N UL56 mutations did not lead to decreased letermovir 
sensitivity (Lischka et al., 2016). The S227I mutation led to a 
5-fold increase in sensitivity to letermovir, in concordance 
with previously described findings that other mutations in 
the AA 230–370 region may be associated with hypersensi-
tivity to letermovir (Goldner et al., 2015; Lischka et al., 2016). 
The previously characterized V236M mutation was found in 
only one patient who was receiving the lowest dose in the 
phase II study (60 mg/day; less than a quarter of the thera-
peutic dose being used for ongoing phase III trials, ≥ 240 mg/
day); this isolate had a 46-fold increase in letermovir EC50 
compared to wild-type virus in accordance with prior in 
vitro work (Goldner et al., 2014; Lischka et al., 2016). This 
patient was subsequently successfully treated with ganciclo-
vir, indicating the lack of cross-resistance (Chemaly et al., 
2014). Further, no resistant HCMV strains have been seen 
in subjects in phase II or III studies receiving letermovir at 
doses of ≥ 240 mg/day, and achieved full suppression of 
breakthrough HCMV viremia in HSCT recipients (Lishka 
et al., 2016). 

CROSS-RESISTANCE

As letermovir and other licensed anti-HCMV antivirals have 
different target sites, cross-resistance between letermovir 
and other compounds is simply not expected. The ability 
of resistance polymorphisms to existing anti-HCMV DNA 
polymerase inhibitors to confer cross resistance to letermo-
vir was assessed in 63 clinical HCMV strains from immuno-
compromised patients (Pilorgé, et al., 2014). A total of 30 
strains were resistant to ganciclovir, cidofovir, and foscar- 
net, alone or in combination. Polymorphisms in the UL56, 
UL89, and UL104 genes were no more common among 
drug- resistant isolates than drug-sensitive isolates, indicat-
ing that resistance to DNA polymerase inhibitors does not 
lead to cross-resistance to letermovir. Mutations that confer 
resistance to other, structurally unrelated, inhibitors of the 
HCMV terminase complex (i.e. BAY 38-47766 and the ben-
zimidazole d-ribonucleosides) are at distinct sites in the 
UL56 gene and o not confer cross-resistance to letermovir 
(Goldner et al., 2011). The activity of letermovir against 
HCMV isolates harboring various UL97 and UL54 muta-
tions and in vitro resistance to ganciclovir and/or cidofovir 
was also confirmed against laboratory-derived isolates,  
with letermovir EC50  values ranging from 1.6 to 5.1 nM and 
at generally lower values than those observed in wild-type 
isolates (Lischka et al., 2010; Marschall et al., 2011). Two 
investigational benzimidazole ribonucleoside HCMV termi-
nase inhibitors (BDCRB and TCRB) and the structurally 
 distinct sulfonamides (e.g. BAY 38-4766) do not show 
cross-resistance with letermovir, indicating the exquisite 
specificity of that drug to pUL56 (Goldner et al., 2011). 

Table 220.1. Genotype and in vitro phenotype of identified UL56 
polymorphisms.

UL56 amino acid 
substitution (genotype)

Letermovir EC50 

(nM) (phenotype)

Fold change 
in EC50 vs. 

wild-type HCMV

C325Fa 21,000 > 3,000

C325Ra 20,000 > 3,000

C325Ya 20,000 > 3,000

D414Nb 3 0.9

E237Da 58 10

F261Ca 25 4.4

F261La 16 2.8

LI34V/Q228Hb 1.8 0.6

L241Pa 550 96

L257Ia 28 4.9

L51Ma 4.3 0.8

M329Ta 25 4.4

R369Gc 60 13

R369Mc 110 23

R369S,d 370 81

R410Gb 1.2 0.4

S227Ib 0.6 0.2

T244Ka 19 3.3

V231Aa 12 2.1

V231La 29 5.1

V236Mc 90 19

V263La 80 14

Y321Ca 26 4.6

aData from Chou (2015).
bData from Lischka et al. (2016).
cData from Goldner et al. (2014).
dPresent with A345S mutation in UL89.
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2c. In vitro synergy and antagonism 

Because the viral polymerase inhibitors (e.g. ganciclovir) and 
letermovir inhibit sequential steps in HCMV replication, a 
synergistic effect might be expected. Indeed, letermovir dem-
onstrates additive antiviral effects against HCMV in vitro 
when combined with the DNA polymerase inhibitors aciclo-
vir, cidofovir, or ganciclovir, with conflicting results seen 
when used in combination with foscarnet (Wildum et al., 
2015). True synergy was not seen with any combinations of 
letermovir with these polymerase inhibitors. No in vitro 
synergism or antagonism toward HCMV is observed when 
leter movir is combined with any approved HIV antiviral 
drug, and likewise, no synergism or antagonism is seen with 
letermovir in combination with HIV antiviral drugs against 
HIV (Wildum et al., 2015).

3. MECHANISM OF DRUG ACTION

Early studies of the mechanism of action of letermovir 
showed that it acts late in the viral replication cycle (Lischka 
et al., 2010). Broadly speaking, letermovir prevents the cleav-
age of long viral concatamers into genomic units, resulting 
in  accrual of these immature viral DNA concatamers, and 
thereby interrupting viral replication (Goldner et al., 2011). 
Letermovir is an inhibitor of the pUL56 subunit of the 
HCMV heterodimeric viral terminase complex (Goldner et 
al., 2011). HCMV multiplication involves replication of the 
genome into repetitive concatemers of viral DNA, which is then 
resolved into unit-length genomes through a process involv-
ing the terminase complex. This complex process is not fully 
understood, but involves cutting viral DNA at specific pack-
aging signals (e.g. the pac motif) and eventually results in the 
transfer of the unit-length viral genome via preformed pro-
capsids (Bogner, 2002; Borst et al., 2013; Griffiths and Emery, 
2014). The small terminase subunit, pUL89, is responsible 
for cutting the DNA strand. The large terminase subunit, 
pUL56, enables binding to the pac motif and serves as an 
ATPase to provide energy for DNA translocation into the pro-
capsid (Bogner, et al., 1998; Goldner et al., 2011). In addition, 

interaction between pUL56 and pUL104 allows for associa-
tion of the terminase complex with the viral procapsid (Dittmer 
et al., 2005). The addition of letermovir to HCMV viral culture 
results in impaired viral replication, reduces the formation 
of properly formed viral genomes, and prevents migration of 
the procapsid from the nucleus (Goldner et al., 2011; Figure 
220.2). Notably, letermovir has no effect on the synthesis 
of viral proteins or DNA. Due to this unique mechanism of 
action that does not prevent viral DNA synthesis, HCMV 
DNA may remain detectable for extended periods in patients 
receiving therapeutic letermovir (e.g. in plasma) and may 
necessitate surrogate-based monitoring techniques for effi-
cacy (Stoelben et al., 2014; Hebart et al., 2010).

Because the HCMV terminase has no mammalian coun-
terpart, off-target activity is considered unlikely, a conclu-
sion supported by an in vitro selectivity index of > 15,000 
(Verghese and Schleiss, 2013). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Letermovir is being administered in ongoing clinical trials as 
a film-coated oral tablet or by a fluid suitable for intravenous 
infusion solubilized by HPβCD. Early trials evaluated single 
oral doses ranging from 5 to 320 mg or single intravenous 
doses ranging from 120 to 960 mg in healthy volunteers 
(Kropeit et al., 2010; Kropeit et al., 2012; Kropeit et al., 2013). 
Although phase II trial data indicate that 240 mg daily is 
effective for preventing HCMV reactivation in HCT recipi-
ents, daily oral or intravenous doses of 480 mg (or 240 mg  
for patients receiving cyclosporine) are being evaluated in 
phase III trials based on revised pharmacokinetic modeling 
(Randi Leavitt, Merck & Co., personal communication, 2015; 
Chemaly et al., 2014). In the phase II trial of preemptive ther-
apy for HCMV reactivation in renal transplant recipients, oral 
doses of 80 mg daily or 40 mg twice daily were similarly 
effective (Stoelben et al., 2014).

Figure 220.2. Mechanism of action of letermovir. Letermovir selectively binds to the pUL56 subunit of the viral terminase 
complex, preventing the cutting of replicated HCMV DNA into genome-length fragments. As a result, replication and viral 
maturation are impaired without inhibiting DNA formation. (Redrawn with permission from Goldner et al. (2011).)
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4b.  Newborns and infant children

No data are available on the administration of letermovir to 
infants or children.

4c.  Pregnant and lactating mothers

No data are available on the administration of letermovir to 
pregnant and lactating mothers. 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

There are no established dosage adjustments for letermovir 
in patients with renal dysfunction, although the evidence is 
that renal dysfunction increases its plasma concentrations. 
Multiple-dose letermovir pharmacokinetics were evaluated 
in patients with varying degrees of renal impairment (Kropeit 
et al., 2014). For patients with moderate renal impairment, 
the steady-state area-under-the-concentration-time curve for 
24 hours (AUC0–24) was increased 92% and the maximum 
concentration (Cmax) was increased 25% compared to healthy 
controls, while in patients with severe renal dysfunction the 
AUC0–24 and Cmax were increased 42% and 6%, respectively. 
The clinical significance of increased letermovir exposure in 
patients with renal dysfunction is unclear, and the ongoing 
phase III trial makes no dosage adjustments for patients with 
renal dysfunction. A single case report describes the use of oral 
letermovir in a patient receiving hemodialysis with no apparent 
effects on letermovir concentrations (Kaul et al., 2011).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

No established dosage adjustments for patients with hepatic 
dysfunction exist. A multiple-dose study of letermovir phar-
macokinetics was performed in patients with Child-Pugh 
classes B (moderate, 60 mg per day) and C (severe, 30 mg per 
day) hepatic dysfunction (Kropeit et al., 2013b). The steady-
state AUC0–24 increased 81% and 382% for patients with Child-
Pugh Class B and C, respectively, while the Cmax increased 
37% and 234%, respectively. The significance of increased 
letermovir exposure in patients with hepatic dysfunction is 
unknown, and this group of patients is excluded from evalu-
ation in the current phase III study.

THE ELDERLY

No data on the administration of letermovir are available in 
other special populations of interest, including the elderly.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The absolute oral absorption of letermovir (obtained by com- 
paring oral versus intravenous dosing) is not available. 
Healthy volunteer data indicate that orally administered leter - 
movir was rapidly absorbed, reaching Cmax at a median of 1.5 

hours (tmax) (Kropeit et al., 2010). After a single oral dose, the 
mean terminal elimination half-life was 10 hours; this value 
did not significantly vary in multiple dose studies or with  
the dosage chosen. (Kropeit et al., 2010). Co-administration 
with food decreased the rate and extent of letermovir absorp-
tion: Cmax decreased by 24%, and tmax delayed by 4 hours; how- 
ever, the overall exposure (AUC0-–4) was unaffected. Slightly 
greater proportional increases in exposure were observed when 
single doses were escalated from 5 to 240 mg, although no 
additional exposure was observed when doses were increased 
beyond 240 –320 mg (Kropeit et al., 2010). A comparison of 
once-daily versus twice-daily administration suggested that 
there was an accumulation factor of about 1.2. Exposure was 
higher in females than males at the 180 and 240 mg doses. 
These data suggest a saturable absorption mechanism may 
play a role in letermovir bioavailability (Kropeit et al., 2010). 
Letermovir is highly protein bound and EC50 and EC90 values 
must take plasma binding into account (Stoelben et al., 2014).

Intravenous pharmacokinetics were studied in healthy 
adult volunteers who were given single doses from 30 to 960 
mg and multiple doses of 240 mg/day. After a single intrave-
nous dose of 480 mg, a mean Cmax of 27,328 ng/ml was 
reached, corresponding to an AUC0–last of 37,839 ng/h/ml 
(Kropeit et al., 2012; Kropeit et al., 2013). As single intrave-
nous doses were increased from 30 to 480 mg, Cmax increased 
proportionately, whereas AUC increased supraproportion-
ally. Cmax increased about 3% and AUC about 22% after mul-
tiple dosing. Mean clearance of letermovir decreases from 
13.7 to 5.7 l/hour, and the mean terminal half-life increases 
from 11 to 18 hours (Kropeit et al., 2012; Kropeit et al., 
2013a). Both the elimination half-life and AUC are increased 
after a week of daily dosing with 240 mg i.v., reaching a mean 
terminal elimination half-life of 28 hours and a 22% increase 
in AUC (Kropeit et al., 2013a). 

The observed oral and intravenous pharmacokinetics, 
particularly the prolonged half-life after multiple doses, sup-
port a once-daily dosing schedule of letermovir. 

5b.  Drug distribution

No specific information is available on the distribution of 
letermovir to specific tissues. The apparent volume of distri-
bution decreases from 252 to 116 l as single intravenous doses 
are increased from 30 to 480 mg, indicating that a saturable 
tissue compartment may be present (Kropeit et al., 2012).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

As noted previously, in vitro studies demonstrated a sharp 
dose–response curve as letermovir concentrations increased 
in tissue culture. This effect was confirmed in a mouse xeno-
graft model, where the ED50 was only slightly lower than the 
ED90 (3 vs. 8 mg/kg/day, respectively), contrasting with val-
ganciclovir, which demonstrated an ED50 of 16 mg/kg/day 
but did not reach the ED 90  at the highest dosing regimen, 100 
mg/kg/day (Lischka et al., 2010). A phase II study of HCT 
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recipients by Chemaly and colleagues (2014) showed that 
true virologic prophylaxis failure was reduced in all letermo-
vir treatment groups from 29% in those receiving placebo to 
17% in those receiving 60 mg/day, 8% in those receiving 120 
mg/day, and to 0% in those receiving 240 mg/day, thus show-
ing 60 and 120 mg daily doses to be suboptimal (Chemaly et 
al., 2014). In a phase II study of preemptive HCMV treat-
ment in 26 renal transplant recipients and one HCT recipient, 
letermovir doses of 40 mg orally twice daily and 80 mg once 
daily resulted in concentrations well above the viral EC90 
(adjusted for plasma protein binding), preventing assessment 
of a dose–response curve in vivo (Stoelben et al., 2014). 

5d.  Excretion

A mass-balance study demonstrated that letermovir is mini-
mally metabolized and is excreted primarily as unchanged 
parent drug that is excreted from the biliary tract into feces 
(Kropeit et al., 2014; Kropeit et al., 2015; Randi Leavitt, Merck 
& Co., personal communication, 2015).

5e.  Drug interactions

In vitro experiments have shown that letermovir inhibits  
several enzymes in the human cytochrome P-450 system, 
including CYP2B6 (half-maximal inhibitory concentration 
[IC50]: 38 μM), CYP2C8 (IC50: 0.22 μM), and CYP3A4/5 
(IC50: 35 μM) (McCormick et al., 2011). Accordingly, healthy 
volunteers receiving letermovir had a about a 2-fold increase 
in exposure to both tacrolimus and midazolam, whereas 
the cyclosporine AUC and Cmax were both increased about 
3-fold (McCormick et al., 2011). The pharmacokinetics of 
mycophenolic acid is unaffected by letermovir, although co- 
administration may lead to a clinically insignificant increase 
in letermovir AUC (Marshall et al., 2015). Similarly, leter-
movir doses of 240 or 480 mg/day had no effect on elimina-
tion of digoxin, which is a P-glycoprotein substrate, and only 
minor effects on absorption or initial distribution; digo xin 
Cmax was reduced 22%, and AUC was reduced by 12% 
(Scheuenpflug et al., 2013). 

Congruent with these data, dose adjustments of immuno-
suppressant drugs have not been required in any patients 
exposed to letermovir through phase II, compassionate use 
studies, or the ongoing phase III trial; however, further clini-
cal experience is required to adequately assess the impact of 
letermovir on the pharmacokinetics of these essential drugs 
(Kaul et al., 2011; McCormick et al., 2011; Chemaly et al., 2014; 
Stoelben et al., 2014). For example, cyclosporine, an inhibitor of 
P-glycoprotein, causes a significant, dose- dependent increase 
in letermovir exposure (Randi Leavitt, Merck & Co., personal 
communication, 2015). Depending on the cyclosporine and 
letermovir dosing schedule studied, co-administration increases 
the letermovir AUC by 90–240% and Cmax by 70–170%, indi-
cating the need to alter letermovir dosage in patients receiving 
concomitant cyclosporine. The ongoing phase III trial man-
dates a dose adjustment from 480 to 240 mg daily in patients 
who are receiving cyclosporine. In a report of compassionate 
use of letermovir in a lung transplant patient receiving tacro- 

limus, letermovir caused only minimal effects on steady state 
trough levels of tacrolimus, without the need for dose adjust-
ment (AiCuris, data on file). 

6. ADVERSE REACTIONS AND TOXICITY

Based on letermovir’s mechanism of action, minimal direct 
cytotoxicity is expected. Toxicity assays performed in various 
human cell lines showed selectivity indices (toxicity/efficacy 
ratios) ranging from 12,903 to 28,015, anticipating a low 
potential for human toxicity (Lischka et al., 2010). Phase I 
data indicate that single intravenous doses of 960 mg, twice 
the maximum dose being studied in clinical trials, are well 
tolerated with no observable toxicities (Kropeit et al., 2010; 
Kropeit et al., 2013). No dose-dependent adverse events, 
including viral signs or any apparent effects on hematology 
or clinical laboratory variables or ECGs, have been identified 
up to the end of phase II (Melendez and Razonable, 2015; 
Verghese and Schleiss, 2013). 

A small phase II trial of 26 renal transplant recipients 
and one HSCT recipient with HCMV reactivation evaluated  
the safety of letermovir at 40 mg orally twice daily or 80 mg 
once daily in comparison to local standard of care. No severe 
adverse events were observed in this study and only 3 patients 
experienced five mild adverse events (gastroenteritis, naso-
pharyngitis, creatinine increase, dyspnea, and dyspepsia) 
thought to be only potentially related to letermovir (Stoelben 
et al., 2014).

In large a randomized placebo-controlled phase II study of 
HCMV prophylaxis in 131 HSCT recipients who were given 
letermovir single oral doses of 60, 120, or 240 mg daily or 
placebo, drug-attributable severe adverse events occurred at 
a similar rates in the letermovir and placebo groups (24% vs. 
30%) (Chemaly et al., 2014). Gastrointestinal adverse events 
(including diarrhea, nausea, and vomiting, whether drug 
attributable or not) occurred at a similar rate in patients who 
received letermovir versus placebo (66% vs. 61%). Infections, 
primarily HCMV reactivation, were less common among leter - 
movir recipients (59% vs. 76%). Largely due to this effect, the 
discontinuation of the study drug was twice as frequent in 
the placebo group as in the letermovir arm (58% vs. 26%). 
No other potential safety signals were identified, although 
notably, the dose being studied in the phase III trial was not 
evaluated in this phase II trial (Chemaly et al., 2014). 

The small sample size in both trials limit the ability to 
fully assess the toxicity profile of letermovir; however, these 
early data indicate that letermovir is well tolerated in this 
high-risk population. Limited open-label pharmacokinetic 
analyses show a similar safety profile in patients with both 
hepatic and renal dysfunction (Kropeit et al., 2013b; Kropeit 
et al., 2014). There are no data in other populations, includ-
ing pregnant women and children.

7. CLINICAL USES OF THE DRUG

Currently no regulatory body (e.g. FDA or EMA) has 
approved letermovir for any use; therefore, it is an investiga-
tional drug, at present being studied specifically for the pre- 
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vention of HCMV infections in HCMV-seropositive HSCT 
recipients (clinical trial NCT02137772). However, based on its 
novel mechanism, safety profile, and lack of cross- resistance 
with other anti-HCMV agents, letermovir may be an effec-
tive agent for HCMV prevention or therapy in a number of 
clinical settings. Specifically, letermovir avoids the treatment- 
limiting adverse reactions of ganciclovir and valganciclovir 
(neutropenia) (see Chapter 215, Ganciclovir and valganci-
clovir) or those of cidofovir or foscarnet (renal dysfunction) 
(see Chapter 216, Cidofovir and brincidofovir and Chapter 
219, foscarnet). The myelosuppressive effects of ganciclovir 
principally prevent its use during the preengraftment period, 
a time of particular vulnerability for HSCT patients and 
when a safer HCMV chemoprophylactic drug would be very 
useful (Griffiths and Emery, 2014).

7a.  Prevention of HCMV infection after 
stem cell transplantation

The safety and potential efficacy of letermovir in 131 adult 
CMV-seropositive allogeneic HSCT recipients was studied in 
a phase II, multicenter, multinational, randomized, placebo- 
controlled dose-ranging study (Chemaly et al., 2014). Patients 
were randomized to receive letermovir (60, 120, or 240 mg 
orally daily) or a matching placebo for up to 12 weeks. Viral 
reactivation was common among placebo recipients and 
occurred in 29% of this group. After excluding patients with 
evidence of viral reactivation after randomization but before 
receipt of the study drug, reactivation was significantly reduced 
in the 120- and 240-mg dosage arms (8% and 0%, respec-
tively) versus placebo (29%). The insignificant protective 
effect of the 60-mg dose (17% reactivation rate) and progres-
sive reduction with increased daily dosing support a strong 
dose-dependent effect of letermovir on HCMV reactivation 
in this population. It is interesting that no patients in this 
study developed HCMV end-organ disease. These findings, 
in combination with the apparently wide safety margin of 
letermovir, have led to a higher dose (480 mg daily) being 
studied in the ongoing phase III trials.

7b.  Preemptive treatment of HCMV 
infection after kidney transplant 

A smaller phase II trial was initially planned as an evaluation 
of the potential effect of letermovir in HCT recipients with 
HCMV viremia; however, logistical issues led to a change 
of the target population to renal transplant recipients after 
the enrollment of only one HSCT recipient (Stoelben et al., 
2014). A total of 26 renal transplant recipients and 1 HSCT 
recipient were enrolled at 10 European centers after identifi-
cation of HCMV viremia; they were randomized to receive 
letermovir at either 40 mg orally twice daily, 80 mg once 
daily, or therapy as per local standard of care. Overall, 50% 
of patients in the letermovir groups had viral clearance at 
day 15 of therapy in comparison to 28.6% of patients who 
received standard of care and, notably, no patients in either 
arm developed HCMV end-organ disease. Although these 

results are promising, no phase III studies are currently reg-
istered to further explore this use. 

7c.  Other HCMV infections

A single case report describes the effect of letermovir in a 
lung transplant recipient with multidrug resistant HCMV 
infection involving multiple organs (lung, colon, and retina) 
(Kaul et al., 2011). The patient had clinically failed ganciclo-
vir, foscarnet, cidofovir, leflunomide, and artesunate, and the 
virus had multiple resistance mutations identified in UL54 
and UL97. After 16 days of oral letermovir at 120 mg/day 
by mouth, plasma concentrations of letermovir were at the 
lower end of what was observed in the phase I trials; conse-
quently, the dose was increased to 240 mg orally daily. A 
reduction in the viral load was demonstrated after 28 days of 
treatment with letermovir, with subsequent improvement of 
HCMV-associated end-organ damage.

Additional data on the use of letermovir in patients with 
HCMV disease or reactivation are unavailable. Given the 
safety profile of the drug, relatively low genetic barrier to 
resistance, and steep dose–response curves, 240 mg or 480 
mg daily may be available, after successful phase III clinical 
trials, for the treatment of active HCMV infection. 
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Trifluridine (Trifluorothymidine)

John Mills

1. DESCRIPTION

Trifluridine, also known as trifluorothymidine, is a fluori-
nated pyrimidine nucleoside analog of thymidine and related 
to idoxuridine. It differs from thymidine in having three 
fluorine atoms in the place of three hydrogen atoms in the 
methyl group. It is distributed by Monarch Pharmaceuticals 
(Bristol, TN, USA) under the brand name Viroptic and by 
other generic pharmaceutical companies. It is available as a 
sterile ophthalmic solution that contains 1% trifluridine in 
an aqueous solution with acetic acid and sodium acetate 
(buffers), sodium chloride, and thimerosal 0.001% (added as 
a preservative). The pH range is specified as 5.5–6.0 and 
osmolality is approximately 283 mOsm. The chemical name 
is 1-[4-hydroxy-5-(hydroxymethyl)oxolan-2-yl]-5- (trifluo-
romethyl) pyrimidine-2,4-dione. The chemical formula is 
C10H11F3N2O5, and the molecular weight is 296.21. The chem- 
ical structure is shown in Figure 221.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Trifluridine has activity against herpes simplex virus types 1 
and 2 (HSV-1 and HSV-2), varicella-zoster virus (VZV), cyto - 
megalovirus (CMV), vaccinia virus, and some strains of 
adenoviruses.

HERPES SIMPLEX VIRUSES

Trifluridine was first shown to have antiviral activity in 1964, 
with studies showing it was active against both wild-type and 
idoxuridine-resistant HSV strains infecting rabbit corneas 
(Kaufman and Heidelberger, 1964). 

Contemporaneously trifluridine was shown to be active 
against tumors in mice (Heidelberger and Anderson, 1964). 
Further in vitro studies showed that the antiherpes activity of 
trifluridine was variable, with results depending on the host 
cell used in the assay (Abghari et al., 1994). The antiviral 
index (ratio of the concentration of drug inhibiting viral 

replication to that causing cytotoxicity) of trifluridine against 
HSV was between 10 and 100 (Wingard et al., 1983).

Trifluridine is synergistic with adenine arabinoside and 
methoxymethyldeoxyuridine and shows additive effects with 
aciclovir and foscarnet against herpes simplex types 1 and 2 
(Schinazi and Nahmias, 1982; Ayisi et al., 1985). Docosanol 
also augments inhibition of HSV replication by trifluridine 
(Marcelletti, 2002).

Aciclovir-resistant strains of HSV-1 on the basis of reduced 
or absent thymidine kinase (TK) activity may remain sus-
ceptible to trifluridine (Field et al., 1981; Hiok-Hee and 
Chee-Leok, 2006; Zhang et al., 2007), although in studies 
by Fardeau and colleagues (1991), strains that were made 
TK deficient by serial passage in the presence of a number 
of nucleoside analogs (e.g. aciclovir, idoxuridine) were also 
resistant to trifluridine. Synergy between trifluridine and 
interferon-alpha has been demonstrated for clinical isolates 
of HSV that are resistant to aciclovir and foscarnet (Birch et 
al., 1992), although other investigators have reported a lack 
of synergy between these two drugs (Taylor et al., 1991).

Trifluridine at 0.01 μg/ml (≈ 0.03 μM) inhibited bovine 
HSV-1 in plaque-reduction and yield-reduction assays, in 
which aciclovir was inactive even at concentrations of 1000 
μg/ml (Babiuk et al., 1983). Topical aciclovir was superior to 
trifluridine and adenine arabinoside in the treatment of guinea 

Figure 221.1. Chemical structure of trifluridine.
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pigs with cutaneous HSV infection (Burkhardt and Wigand, 
1983). In rabbits, trifluridine was less effective than aciclovir 
in treating experimental herpetic keratitis (Bauer, 1982). In 
another study, trifluridine was found to be more effective 
in  the rabbit model of herpetic keratitis than penciclovir 
and similar to cidofovir (Kaufman et al., 1998). And a later, 
careful study of topical cidofovir, aciclovir, and trifluridine 
for experimental herpes simplex ocular keratitis in rabbits 
showed that 1% cidofovir was generally superior to 3% aci-
clovir and 1% trifluridine, with aciclovir being slightly better 
than trifluridine at those concentrations (Romanowski et al., 
1999; Table 221.1). 

VARICELLA-ZOSTER VIRUS

Trifluridine was among the first antiviral drugs shown to be 
active against varicella-zoster virus (De Clercq and Field, 2006). 
Bromovinyldeoxyuridine (brivudin) had additive antiviral 
activity with trifluridine against several strains of varicella- 
zoster when assessed by plaque reduction or infectious center 
assays (Biron and Elion, 1982).

CYTOMEGALOVIRUS

The half-maximal inhibitory concentration (IC50) values of 
trifluridine for murine and human CMV have been reported 
as 0.22 and 0.012 μM, respectively, with an in vitro therapeu-
tic ratio of 108 (Wingard et al., 1981). However, there are 
large variances in the reported trifluridine IC50 values for 
CMV. Other investigators have found that trifluridine did 
not inhibit the viral cytopathic effect of CMV in a plaque 
reduction assay at concentrations below 50 μM (Lang and 
Cheung, 1982), and another study reported a high IC50 value 
of 0.57 μM against clinical isolates and 2.1 μM against the 
AD169 laboratory-adapted strain (Spector et al., 1983). Aci-
clovir and foscarnet have been found to be additive or syner-
gistic when used in combination with trifluridine against 
laboratory-adapted and clinical strains of human CMV in 
vitro, and they were found additive with human fibroblast 
interferon (at a concentration of 25 U/ml) (Spector et al., 1982; 
Spector et al., 1983).

CANCER

The anticancer activity of trifluridine in animals was discov-
ered contemporaneously with the antiviral activity of the drug 

(Heidelberger and Anderson, 1964), with its antitumor activ-
ity in humans being demonstrated less than a decade later 
(Dexter et al., 1972). Relatively recently a novel formulation 
of trifluridine combined with the trifluridine-metabolizing 
enzyme inhibitor tipiracil hydrochloride to increase trifluri-
dine blood levels (TAS-102), has been shown to have signifi-
cant anticancer activity in humans (Overman et al., 2008; 
Yoshino et al., 2012; Mayer et al., 2015). 

2b.  Emerging resistance and 
cross-resistance

Resistance to drugs with a mechanism of action similar to 
that of trifluridine has been seen in patients treated with aci-
clovir and penciclovir–famciclovir. However, there are no data 
on resistance specifically to trifluridine used to treat ocular 
herpes infections. 

3. MECHANISM OF DRUG ACTION

Trifluridine, like other nucleoside analogs, is a prodrug that 
must be phosphorylated intracellularly to the triphosphate 
form before it becomes active. Trifluridine is monophos-
phorylated by a cellular thymidine kinase, and then further 
converted to the triphosphate, likewise by cellular enzymes. 
In this respect, trifluridine differs significantly from idoxuri-
dine (Chapter 222, Idoxuridine), aciclovir (Chapter 213, Aci-
clovir and valaciclovir) and penciclovir–famciclovir (Chapter 
214, Famciclovir and penciclovir), all of which are mono-
phosphorylated efficiently only in herpesvirus-infected cells 
by the virus-specified thymidine kinase. This difference is 
potentially a positive—for example, trifluridine inhibits rep-
lication of CMV, which lacks a traditional thymidine kinase, 
thereby confirming that phosphorylation of trifluridine 
depends wholly on host cell kinases (Wingard et al., 1981). 
However it is also a negative because the drug is active in 
both normal and virus-infected cells, potentially leading to 
more toxicity than drugs like aciclovir. 

Trifluridine monophosphate is an inhibitor of thymidylate 
synthetase, resulting in depletion of intracellular thymidine 
nucleotides. This slows viral and host cell DNA syn theses. 
In addition, trifluridine specifically inhibits viral replication 
through inhibiting viral DNA polymerases by two separate 

Table 221.1. Comparative efficacy of cidofovir, aciclovir, and trifluridine for treatment of experimental HSV-1 keratitis in rabbitsa

1% cidofovir 0.5% cidofovir 3% aciclovir 1% trifluridine Control vehicle

Mean ocular titer of HSV-1 (pfu/ml) 50b 250b 230b 1,500b 140,000

% of days with HSV-1 detected 28c 36c 60c 176 127

Mean days of HSV-1 shedding 4.1d 5.1d 8.2 9.7 9.6

Mean keratitis score 0.0c 0.3 0.3 0.7 2.3

Mean days to resolution of keratitis 4.5d 5.3d 7.0 7.9 13.2

aA total of 80 rabbits were used; they were dosed twice daily, starting 2 days after infection. 
bBetter than control (p < 0.05).
cBetter than trifluridine or control (p < 0.05).
dBetter than aciclovir, trifluridine and control (p < 0.05).
Source: Data from Romanowski et al. (1999).
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mechanisms. As a thymidine analog, trifluridine competi-
tively inhibits the incorporation of the natural nucleotide, thy-
midine triphosphate, into the growing DNA strand. However, 
like aciclovir triphosphate (see Chapter 213, Aciclovir and 
valaciclovir), trifluridine is also incorporated into the grow-
ing DNA chain, and the DNA with incorporated trifluridine 
binds irreversibly to the polymerase enzyme, irreversibly 
inhibiting further DNA synthesis. Herpesvirus DNA poly-
merases have a higher affinity for trifluridine triphosphate 
than the DNA polymerases of mammalian cells, resulting in 
the preferential incorporation of the analog into viral DNA 
as opposed to host cell (e.g. human) DNA.

In the case of trifluridine’s activity against cancer, the drug 
(in combination with thymidine phosphorylase as TAS-102) 
is massively misincorporated into cancer cell DNA, resulting 
in DNA strand breaks and sustained G2 phase arrest (Tanaka 
et al., 2014; Matsuoka et al., 2015). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Trifluridine alone is used only topically and because systemic 
absorption is negligible, it can be used in adults, and chil-
dren. Use in pregnancy is not advised.

OPHTHALMIC ADMINISTRATION

The recommended dose of trifluridine is one or two drops 
every 2 hours (up to nine drops per day) while awake (although 
the conjunctival sac will usually accommodate only one drop). 
This should continue until reepithelialization is complete. At 
that time, the dose should be decreased to one drop every 
4 hours while awake for an additional 7 days.

MUCOCUTANEOUS ADMINISTRATION

Trifluridine has been used successfully to treat mucocutane-
ous HSV infection (both genital and elsewhere on the skin) 
and varicella-zoster virus infections that are resistant to aci-
clovir and foscarnet, although it is not approved for this indi-
cation and there are only case reports supporting its efficacy 
in this situation.

In one method, lesions were cleansed with hydrogen per-
oxide, and a thin layer of trifluridine ophthalmic solution 
(1%) was then applied every 8 hours to the entire surface of 
the affected area, which was then covered with a nonadsorb-
able dressing containing polymyxin B and bacitracin or other 
antibacterial ointment (Kessler et al., 1996). An alternative 
method is to mix K-Y jelly (Johnson & Johnson) containing 
10% methyl cellulose with 1% trifluridine ophthalmic solu-
tion in a ratio of 1:2 to achieve a final concentration of 0.67% 
trifluridine (Craig McArthur, Alfred Hospital, Melbourne, 
personal communication; Birch et al., 1992). Trifluridine 1% 
solution has also been directly applied to cutaneous lesions 
four times daily with success (Rossi et al., 1995). However, use 
of topical trifluridine for mucocutaneous herpesvirus infec-
tions should be considered only if systemic antiviral drugs 
fail. 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

The half-life of trifluridine in the vitreous after intravitreal 
injection (200 μg) in rabbits was 3.15 hours, and the vitreous 
concentration remained above the IC50 for CMV for about 30 
hours (Pang et al., 1992).

Penetration of trifluridine into the eye when applied to 
the cornea was not enhanced by the use of collagen shields 
with intact epithelium, whereas in the corneas with abnor-
mal epithelium, drug penetration was higher but variable (Kus- 
ter et al., 1998). Topically administered trifluridine readily 
penetrates the cornea, and penetration may be increased in 
the presence of reduced corneal integrity or local infection. 
A twofold increase in the penetration of trifluridine was 
observed in the absence of corneal epithelium (US Pharma-
copeia Drug Information, 2005).

Systemic absorption of trifluridine after topical adminis-
tration on the eye appears to be negligible. The major metab-
olite determined by in vitro perfusion studies, 5-carboxy- 
2′-deoxyuridine, is not detected in the aqueous humor or 
in plasma after topical administration (Pavan-Langston and 
Nelson, 1979).

Trifluridine does not cross the blood–brain barrier (Rand 
et al., 1986). It has been administered topically to the eye 
concurrently with a number of ophthalmic preparations, 
including chloramphenicol, dexamethasone, prednisolone, 
hydrocortisone, atropine sulfate, scopolamine hydrobromide, 
homatropine hydrobromide, pilocarpine, and epinephrine 
hydrochloride without adverse interaction.

Trifluridine (as in the TAS-102 formulation) is rapidly 
absorbed orally, at least in part because of vigorous uptake 
through small intestinal epithelial cells via nucleoside trans-
porter 1 (Takahashi et al., 2015). A phase I study of trifluri-
dine (as in TAS-102) pharmacokinetics showed that systemic 
concentrations of trifluridine increased linearly with increas-
ing oral doses (Doi et al., 2012). Plasma trifluridine concen-
trations tended to increase with repeated administrations, and 
after 12 days of daily treatment the trifluridine area-under- 
the-concentration-time curve (AUC0–10) was about 2.6 times 
higher than that measured on day 1. The pharmacokinetic 
variables of trifluridine after repeated administration were 
equivalent to those seen after a single administration. As 
expected, neutrophil counts decreased as plasma trifluridine 
concentrations increased as assessed by maximum concen-
tration (Cmax) (r = −0.678; p < 0.001) or AUC0–10 (r = −0.753; 
p < 0.001) (Doi et al., 2012). Another phase I study of oral 
administration of TAS-102 done largely in white patients had 
similar results (Hong et al., 2006).

Hong and co-workers (2006) studied 12 patients who 
completed the PK phase of the study (6 received the 50 mg/
m2/day dose, 4 the 60 mg/m2/day dose, and 2 the 100 mg/m2/
day dose). Trifluridine appeared rapidly in plasma, with Cmax 
values from 9,100 to 13,000 ng/ml (with increasing oral doses 
of 50, 60 and 100 mg/m2/day) being found at time of maxi-
mum concentration (tmax) from 0.5 to 1.3 hours after admin-
istration of a single dose. AUC0–24 also increased proportionately 
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with dose (from 15,900 to 27,100 ng/h/ml). After 14 days  
of treatment, there were little changes in tmax, small increases 
(< 15%) in Cmax, but AUC0–24 increased from double to nearly 
triple the single dose values. The half-life (t½) of decline in 
plasma concentrations was about 1.5 hours, with no signifi-
cant change with dose or duration of treatment. Again only 
small amounts of 5–15% of the dose were found in urine, 
indicating that drug disposition was largely nonrenal (Hong 
et al., 2006). 

6. ADVERSE REACTIONS AND TOXICITY

After ocular instillation, the most common adverse effect 
of trifluridine is mild, transient stinging. Punctate keratopathy, 
resulting in blurred vision and intense conjunctival hyperemia, 
has been reported in association with trifluridine treatment in 
patients with dendritic keratitis (La-Lau et al., 1981). That 
study also showed two cases hyperemic conjunctivitis after 
trifluridine administration (2% ointment) for herpetic kera-
titis (La-Lau et al., 1982). Corneal toxicity of trifluridine has 
been reported (Turner and Beckingsale, 2013). Increased intra-
ocular pressure and hypersensitivity with itch, redness, and 
swelling have been observed infrequently (US Pharmacopeia 
Drug Information, 2005). Cross-hypersensitivity between 
trifluridine and idoxuridine or vidarabine is rare (Carmine et 
al., 1982). Intraocular trifluridine given by intravitreal injec-
tion (200 μg/0.1 ml) to rabbits resulted in no evidence of tox-
icity (Pang et al., 1986). Trifluridine has been found to be 
cytotoxic and mutagenic when assessed in a mammalian cell 
mutagenesis assay (Marquardt et al., 1985). Adenocarcinomas, 
hemangiosarcomas, and ovarian and prostate tumors devel-
oped with increased frequency in rats administered trifluri-
dine in doses of 1.5–15 mg/kg/day (US Pharmacopeia Drug 
Information, 2005). 

Trifluridine is listed as pregnancy category C by the US 
Food and Drug Administration (FDA) owing to fetal toxicity 
at high doses in animal studies. Subcutaneous doses of triflu-
ridine up to 5 mg/kg daily (23 times the estimated human 
exposure) given to rats and rabbits were not teratogenic. How- 
ever, at doses of 2.5 and 5 mg/kg daily in rats and 2.5 mg/kg 
daily in rabbits, fetal toxicity (delayed skeletal ossification) 
occurred. Doses of 2.5 and 5 mg/kg daily in rabbits caused 
increased fetal death or resorption. Doses of 1 mg/kg daily 
(equivalent to 5 times the estimated human exposure) were 
at the no-effect level for rats and rabbits. No teratogenic or 
embryotoxic effects were noted after topical 1% trifluridine 
application to the eyes of pregnant rabbits on the 6th to the 18th 
days of pregnancy. Trifluridine injected directly into the yolk 
sac of chicken eggs has been shown to be teratogenic. 

Clinical trials of trifluridine in humans (combined with a 
trifluridine-metabolizing enzyme inhibitor tipiracil hydro-
chloride as TAS-102) have shown that the drug frequently 
causes nausea, vomiting, diarrhea, and asthenia as well as pan - 
cytopenia, liver dysfunction, and kidney disfunction (Mayer 
et al., 2015). 

7. CLINICAL USES OF THE DRUG

Overall, trifluridine is a highly effective topical therapy for ker-
atoconjunctivitis due to HSV infection, and it is justifiably one 
of the commonest antiviral drugs prescribed for this indica-
tion. A recent Cochrane Collaboration study of anti virals for 
treatment of herpetic ocular epithelial keratitis came to the 
conclusion that trifluridine and acyclovir were more effective 
than idoxuridine or vidarabine and that both drugs had similar 
therapeutic effectiveness (Wilhelmus, 2015). Unfortunately, this 
encyclopedic review found no studies comparing topical triflu-
ridine with topical cidofovir for HSV keratitis. 

Because of its activity toward herpes simplex and varicella- 
zoster viruses resistant to viral thymidine kinase–activated anti-
viral drugs (aciclovir, valaciclovir and famciclovir–penciclovir), 
trifluridine can be used topically for the treatment of muco-
cutaneous lesions (eyes or skin) caused by those pathogens. 
However, in many cases systemic therapy—for example, with 
foscarnet (Chapter 219, Foscarnet) or cidofovir (Chapter 
216, Cidofovir and brincidofovir)—may be more effective than 
topical therapy. 

More recently trifluridine (when combined with a trifluri-
dine-metabolizing enzyme inhibitor tipiracil hydrochloride 
as TAS-102) has been shown to have significant antitumor 
activity (Overman et al., 2008; Yoshino et al., 2012; Mayer et 
al., 2015). 

7a.  Keratoconjunctivitis due to herpes 
simplex virus infections

Topical trifluridine is indicated and approved for the treat-
ment of primary keratoconjunctivitis and epithelial keratitis 
due to HSV-1 and HSV-2, and it has been shown to be 
equally as effective as topical aciclovir in recent Cochrane 
Collaboration reviews (Wilhelmus, 2015; Wilhelmus, 2008). 
In the USA, trifluridine is one of the most commonly used 
treatments for primary epithelial keratitis or keratoconjunc-
tivitis due to HSV types 1 and 2.

In comparative studies, predominantly in patients with 
dendritic ulcers, trifluridine (1% solution) has been found to 
be efficacious in over 90% of cases, with activity similar to 
vidarabine, bromovinyldeoxyuridine (brivudin), and idoxu-
ridine (Van-Bijsterveld and Post, 1980; Carmine et al., 1982; 
Power et al., 1991). In a study of 34 patients with HSV dendritic 
keratitis, trifluridine was found to be superior to debride-
ment alone; débridement in combination with trifluridine 
offered no advantage over antiviral therapy alone (Par lato et 
al., 1985).

Both of the two available randomized clinical trials com-
paring aciclovir and trifluridine for treatment of herpetic 
keratitis suggest that the two drugs are approximately equiv-
alent. However, the small size of both studies may have 
masked significant differences between the two drugs. One 
multicenter, double-blind trial compared treatment of her-
pes keratitis in 38 subjects given 7 days of either aciclovir (3% 
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ointment) or trifluridine (2% ointment). All of the 20 sub-
jects treated with aciclovir healed within 10 days (mean: 5.0 
days; range: 2–9 days) while 2 of the 18 subjects given triflu-
ridine failed treatment after 21 days. Healing in the remain-
ing trifluridine group seemed to be slower (mean: 6.6 days; 
range_ 3–20 days) than that achieved with aciclovir, but the 
difference was not statistically significant. All subjects had 
some corneal abnormalities, but the trifluridine group also 
had two cases of hyperemic conjunctivitis (La-Lau et al., 
1982). A subsequent trial by a Scandinavian group enrolled 
50 patients with herpetic keratitis, half being treated with 3% 
aciclovir ointment and the other half with 2% trifluridine 
ointment. The length of treatment was different in each patient, 
being somewhat longer in the aciclovir group (6.7 days) than 
in the trifluridine group (5.9 days), albeit this difference was 
not statistically significant. A total of 2 (8%) of the 25 patients 
in the aciclovir group and 1 (4%) in the trifluridine group 
failed therapy after 14 days of treatment. No clinically signif-
icant adverse effects were noted (Hovding, 1989). A careful 
study of topical cidofovir, aciclovir, and trifluridine for 
experimental HSV conjunctivitis in rabbits showed that 1% 
cidofovir was generally superior to 3% aciclovir and 1% tri-
fluridine, and that aciclovir might also be superior to trifluri-
dine (Romanowski et al., 1999; Table 221.1). However, the 
author of this chapter was unable to find any human study 
comparing cidofovir with either aciclovir or trifluridine for 
any viral keratitis, and there is no registered topical formula-
tion of cidofovir (it must be made up using the intravenous 
formulation). 

Human recombinant interferon-alpha eye drops given in 
combination with trifluridine eye drops resulted in no thera-
peutic advantage compared with trifluridine monotherapy 
(Sundmacher et al., 1987), although an article that reviewed 
most of the previous studies concluded that there was some 
benefit to added interferon-alpha (Wilhelmus, 2008).

Trifluridine has been found in open studies to be useful 
for the treatment of patients with HSV keratitis unrespon-
sive to idoxuridine or vidarabine, when used alone or in 
combination with interferon (Carmine et al., 1982; Soriano 
et al., 1992).

7b.  Aciclovir- and foscarnet-resistant 
mucocutaneous herpes simplex and 
varicella-zoster virus infections

Trifluridine is not approved for the treatment of infections 
due to aciclovir- or foscarnet-resistant HSV infections, and 
there have been no placebo-controlled trials for those indi-
cations. However, single case reports and a published pilot 
study support its use for these difficult-to-treat cases (Rossi 
et al., 1995; Kessler et al., 1996; Turner and Beckingsale, 
2013).

Topical trifluridine has been found to be effective treat-
ment of severe mucocutaneous HSV infections that were 
resistant to aciclovir and foscarnet (Birch et al., 1992). This 

topical treatment has been used successfully for anogenital, 
facial, and other cutaneous lesions (Birch et al., 1992; Kessler 
et al., 1996). A total of 7 patients (29%) had complete healing 
of lesions, and the estimated median time to complete heal-
ing in this group was 7.1 weeks. An additional 7 patients had 
≥ 50% reduction in lesion area, and the estimated median time 
to 50% healing was 2.4 weeks. A total of 10 (42%) patients 
discontinued treatment for reasons other than primary treat-
ment failure and 7 (29%) for failure to respond to therapy. In 
addition, 8 patients (33%) developed new lesions outside the 
treatment area while enrolled in the study, reflecting the local 
nature of this therapy (Kessler et al., 1996). Similarly, 1% tri-
fluridine ophthalmic solution was found to be effective in a 
recurrent perianal aciclovir-resistant HSV-2 infection (Mur-
phy et al., 1992). In an immunosuppressed patient with a 
lung transplant, trifluridine cured aciclovir-resistant HSV 
keratitis but with the adverse effect of causing corneal toxic-
ity (Turner and Beckingsale, 2013). Trifluridine has also been 
used successfully in combination with interferon-alpha for 
treatment of aciclovir-resistant HSV infections (Birch et al., 
1992). Interferon-alpha can be included in this preparation 
at a concentration of 2 million U/ml (Craig McArthur, Alfred 
Hospital, Melbourne, personal communication, 2006; Birch 
et al., 1992). While ocular infections with these resistant HSV 
strains can be cured with topical therapy, cutaneous infec-
tions are likely to respond better to systemic treatment with 
cidofovir or foscarnet. 

Patients with aciclovir-resistant varicella-zoster virus infec-
tions have also been reported to improve clinically with topical 
trifluridine therapy used in combination with intralesional 
interferon-alpha-2b (given twice weekly in a total dose of 10 
million U/week). This regimen was used because the patient 
was intolerant of foscarnet. The hyperkeratotic lesions flat-
tened after 5 weeks of therapy and cleared completely after 
3 months of therapy, with no recurrence over 6 months after 
treatment (Rossi et al., 1995). Again, these lesions are likely 
to respond better to systemic therapy. 

7c.  Cancer

A novel formulation of trifluridine (paired with a trifluridine- 
metabolizing enzyme inhibitor tipiracil hydrochloride to 
increase trifluridine blood levels; TAS-102), has been shown 
to have significant anticancer activity and is being studied in 
clinical trials that, so far, have shown success through phase 
III (Overman et al., 2008; Yoshino et al., 2012; Mayer et al., 
2015). The phase III clinical trial enrolled 800 patients with 
biopsy-confirmed adenocarcinoma of the colon or rectum 
who had failed at least two previous rounds of conventional 
chemotherapy (Mayer et al., 2015). Subjects were random-
ized in 2:1 ratios to TAS-102 versus placebo therapy (534 
received TAS-102 and 266 placebo), and they were stratified 
by several tumor characteristics. TAS-102 (35 mg/m2) or pla-
cebo were administered in cycles of twice daily, 5 days/week 
for 2 weeks followed by 2 weeks of rest, with these 4-week 
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cycles being repeated based on efficacy and tolerance. The 
primary end point was survival, with secondary end points 
of progression-free survival and first radiographic detection 
of progression. The two groups were well matched for all 
variables. TAS-102-assigned patients were treated for a mean 
of 13 weeks (median 6.7) while those receiving placebo were 
treated for a mean of only 7 weeks (median 6.8). The median 
survival of subjects receiving TAS-102 was 7.1 months com-
pared with 5.3 months for those receiving placebo (p < 0.001). 
The superiority of TAS-102 was evident in all cancer groups 
and throughout the period of the 18-month trial. Adverse 
reactions were much more common in the subjects receiving 
TAS-102 than in those receiving placebo, including nausea, 
vomiting, diarrhea, fatigue, neutropenia, thrombocytopenia, 
and anemia, with evidence of damage to the liver and kidneys. 
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John Mills

1. DESCRIPTION

Idoxuridine (C9H11IN2O5; 5-iodo-2′-deoxyuridine; IUdR; IDU) 
is an analog of the pyrimidine nucleoside thymidine. It was 
synthesized in 1959 by William Prusoff (1959) as a possible 
antitumor agent and was later shown to inhibit replication of 
herpes simplex and vaccinia viruses in cell culture (Herrman, 
1961). Subsequently, clinical trials by Kaufman (1962) docu-
mented idoxuridine’s beneficial effects in patients with herpes 
simplex virus (HSV) keratitis, and this remains ido xuri dine’s 
only clinical indication. Even for this limited indication, the 
use of idoxuridine is diminishing, as other drugs (e.g. aciclo-
vir), also delivered topically, are more effective and poten-
tially less toxic (Balderson, 2015). 

Idoxuridine is of considerable historical interest because 
it was the first antiviral drug to be widely used clinically for 
topical treatment of herpes keratitis (De Clercq and Field, 
2006). For a few years before 1975, it was given systemically 
as treatment for herpes simplex encephalitis, and numerous 
anecdotes and case series suggested that it shortened recovery 
and reduced long-term disability from this disease. However, 
when a placebo-controlled clinical trial was finally conducted, 
intravenous idoxuridine was shown to have no salutary effect 
on the course or outcome of herpes simplex encephalitis, 
despite frequent and severe adverse reactions in other organ 
systems (Boston Interhospital Virus Study Group, 1975).

Idoxuridine is marketed under a number of trade names 
including Dendrid, Herplex, Herpid, Stoxil, Idoxene, and 
Virudox (De Clercq, 2004). The molecular weight of idoxuri-
dine is 354.1. The chemical structure is shown in Figure 222.1.

Idoxuridine is available as an ophthalmic solution that 
contains not less than 0.09% and not more than 0.11% idox-
uridine, or as an ophthalmic ointment that contains not less 
than 0.45% and not more than 0.55% idoxuridine (US Phar-
macopeia, 2005).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

In vitro, idoxuridine inhibits the replication of several DNA 
viruses, including HSV, varicella-zoster virus, cytomegalovi-
rus, and vaccinia (Marks, 1974; Baba, 1986; Verheyden, 1988).

HERPES SIMPLEX VIRUS

In cell culture, idoxuridine is active against all tested wild-
type HSV (types 1 and 2 and animal viruses) (Marks, 1974; 
Suzutani et al., 1988) (see Table 222.1). Against feline herpes 
simplex type 1, the concentration of idoxuridine required to 
inhibit plaque numbers by 50% (IC50) was 4.3 μM, compared 
with 58 μM for aciclovir (Maggs and Clarke, 2004). Although 
the concentration of idoxuridine (or fluorodeoxyuridine) 
required to inhibit HSV replication in cell culture was gener-
ally significantly less than that of aciclovir in most studies, 
idoxuridine’s clinical utility was substantially vitiated by the 
fact that the cytotoxic concentration was only ~ 10 times the 
effective concentration (this ratio is the called therapeutic 
index). For example, Crumpacker et al. (1979) showed that 
aciclovir had an IC50 of 0.15 ± 0.09 μM against 17 HSV-1 
isolates, for 10 HSV-2 isolates it was 1.62 ± 0.76 μM and for 
4 isolates of varicella-zoster virus it was 3.75 ± 1.30 μM; in 
contrast, there were no cytopathic effects on cell cultures at 
concentrations ~ 100 times higher (200 μM) (Crumpacker 
et al., 1979). Likewise, aciclovir had a therapeutic index of 
1250 against HSV-1 in cell culture (Park, 1982). Considering Figure 222.1. Chemical structure of idoxuridine.
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the low therapeutic index of idoxuridine, it was not surpris-
ing that the activity of this drug in cell culture systems was 
only erratically replicated in experimental animal models of 
HSV infection (De Clercq et al., 1976; Lefkowitz, 1976; Steffen-
hagen, 1976). Idoxuridine has been reported to be five times 
less active in human keratinocytes infected with HSV-1 in 
vitro than in guinea pig embryo cells, possibly attributable 
to the fact that the enzyme responsible for its catabolism, 
thymidine phosphorylase, has significantly greater activity in 
human than in guinea pig embryo cells (Reuveni et al., 1991). 
Animals infected with equine HSV-2 resulting in ocular dis-
ease have responded to ophthalmic medication with 0.5% 
idoxuridine (Collinson, 1994).

VARICELLA-ZOSTER VIRUS

Idoxuridine was active against varicella-zoster virus in cell 
culture (Baba, 1986). Strains of varicella-zoster virus resis-
tant to idoxuridine have been identified, and similar to aci-
clovir, these strains have a mutant thymidine kinase that fails 
to respond to monophosphorylate idoxuridine (Shigeta, 1986).

VACCINIA VIRUS

The IC50 for idoxuridine against two vaccinia virus strains, 
Bratislava and RIIPD, ranged from 0.58 to 0.85 μM in cell 
culture (Remichkova et al., 2006). The same investigators 
also showed substantial synergy between idoxuridine and 
cidofovir. Ido xuri dine was active against TK+ vaccinia, but 
not TK− strains (Smee, 2008). 

CANCER

In vitro data indicate that idoxuridine might be useful sys-
temically for treatment of cancer, in combination with other 
chemotherapeutic agents (Pressacco et al., 1994). However, 
the author is unaware of any clinical trials using idoxuridine 
for this indication. 

2b.  Emerging resistance and 
cross-resistance

Mutant HSV strains resistant to idoxuridine may develop 
both in vitro and in vivo. The strains identified to date have 
had viral thymidine kinase gene mutations that either decrease 
enzyme activity or alter its substrate specificity (Renis and 

Buthala, 1965; Katz et al., 1972). As a consequence, cells 
infected with these virus strains fail to respond to mono-
phosphorylate idoxuridine. HSV-1 strains resistant to idoxu-
ridine have been elicited following passage of virus through 
rabbits treated with the drug. Therapeutic failure was gradual. 
By the seventh passage, the resistant virus exhibited approx-
imately 5% of the thymidine kinase activity of the parental 
strain, and was cross-resistant to bromovinyl deoxyuridine 
(0.5%) and aciclovir (3%) but not to adenine arabinoside 
(3%) or ganciclovir (3%) (Fardeau et al., 1991; Fardeau et 
al., 1993). Evidence of resistance to both aciclovir and idox-
uridine has been found in clinical isolates of HSV-1 from 
patients with herpes labialis who have had no prior antiviral 
exposure (Katz et al., 1991). Idoxuridine was active against 
TK+ vaccinia, but not TK− strains (Smee, 2008). 

2c.  In vitro synergy and antagonism

The combination of idoxuridine with interferon-alpha synergis-
tically inhibited the replication of herpes simplex type 1 in cell 
culture (Happonen et al., 1990a), and substantial synergy was 
also shown between idoxuridine and cidofovir (Smee, 2008). 
Neither of these combinations have been tested in humans.

3. MECHANISM OF DRUG ACTION

The chemical structure of idoxuridine, a nucleoside analog, 
closely approximates that of thymidine, one of the four nucle-
osides that make up DNA (the genetic material of herpesviruses 
and poxviruses). Like other nucleoside analogs, idoxuridine 
is a prodrug that must be triphosphorylated before it is active. 
Idoxuridine, like aciclovir (see Chapter 213, Aciclovir and 
valaciclovir) and famciclovir (see Chapter 214, Famci clovir 
and penciclovir), is significantly monophosphorylated only in 
herpesvirus-infected cells by a virus-specified thymidine kinase. 
This is also the case with vaccinia virus (Smee, 2008). The drug 
is subsequently di- and triphosphorylated by cellular enzymes. 
Idoxuridine triphosphate inhibits the synthesis of DNA in 
normal human tissue cells and in DNA viruses. Idoxuridine 
triphosphate competes with thymidine, an essential constitu-
ent of DNA, and it inhibits thymidylic phosphorylase and the 
virus-coded DNA polymerases required for the incorporation 
of thymidine into viral DNA (Kuli kowski, 1994). Substitution 

Table 222.1 Antiviral activity of idoxuridine and other nucleoside analogs

Virus
Inoculum size 
(if known) Idoxuridine

5-fluoro-
deoxy-uridine Aciclovir Penciclovir Reference

HSV 10 TCID50 0.2–8 μg/ml Marks (1974)

HSV 100 TCID50 0.3–40 μg/ml Marks (1974)

HSV-1 ID50 = 0.08 μM ID50 = 0.4 μM Suzutani (1988)

HSV-2 ID50 = 0.13 μM ID50 = 0.7 μM Suzutani (1988)

VZV 0.1–1 μg/ml 0.8–7 μg/ml Baba (1986)

FHSV-1 IC50 = 4.3 μM IC50 = 58 μM IC50 = 14 μM Maggs and Clarke (2004)

Abbreviations: HSV: herpes simplex virus; VZV: varicella-zoster virus; feline herpesvirus type 1; TCID50: tissue culture infectious dose, 50%.
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of 0.1–1% of the thymidine residues in the DNA of varicella- 
zoster virus by idoxuridine inhibits the replication of the virus 
(Yokota et al., 1987). Idoxuri dine is incorporated into both viral 
and mammalian DNA. The antiviral activity of idoxuridine can 
be reversed by exogenous thymidine.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Idoxuridine is no longer used systemically because of its sig-
nificant toxicity and lack of clinical efficacy (Boston Inter-
hospital Virus Study Group, 1975). Its use even for ophthalmic 
infections is diminishing because other drugs (e.g. aciclovir) 
are more effective (Balderson, 2015). 

It is available as an 0.1% ophthalmic solution or as an 0.5% 
ophthalmic ointment (US Pharmacopeia, 2005). If ido xuri-
dine solution is used, one drop is placed in the infected eye 
hourly during the day and every 2 hours during the night; the 
frequency of instillation may be halved as improvement occurs. 
The ointment, which is more convenient for the patient, 
should be instilled every 4 hours during the day, with the last 
instillation at bedtime. Both forms of treatment should be 
continued for 3–5 days after healing becomes complete, but 
the total period of treatment should usually not exceed 21 
days. Corticosteroids may be instilled into the eye with idox-
uridine, but they are contraindicated in uncomplicated kera-
titis. Antibiotics and atropine may be instilled together with 
idoxuridine, if necessary.

4b.  Newborn infants and children

There are no data relating to doses in newborn infants and 
children.

4c.  Pregnant and lactating mothers

Idoxuridine is not recommended for pregnant and lactating 
women as there are no data; aciclovir should be used instead.

4d.  Those requiring altered dosages

There are no data relating to patients who may need altered 
doses.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

Idoxuridine is no longer used systemically and has only lim-
ited penetration of the cornea, owing to poor permeability of 
the polar drug across the lipoidal epithelial layer of the cor-
nea (Narurkar and Mitra, 1989). Corneal penetration appears 
to be due to passive diffusion, not to a specific nucleoside or 
nucleotide transporter (Majumdar et al., 2003). Levels of idox-
uridine in the stratum corneum of guinea pig skin peak 1–3 
hours after topical application and then gradually decline 

over the next 3–24 hours (Sheth, 1987). When glycyrrhizin 
gel is used as a carrier, the idoxuridine preparation pene-
trates the skin more effectively than the commercial oint-
ment (Segal and Pisanty, 1987; Touitou et al., 1988). 

6. ADVERSE REACTIONS AND TOXICITY

Most first-generation antiviral nucleosides (including idoxu-
ridine and trifluorothymidine) were poorly selective for 
virus-infected cells and proved to be too toxic for systemic 
administration; they are now used only for topical applica-
tion (De Clercq and Field, 2006). Instillation in the eye may 
occasionally cause an allergic reaction or inflammation with 
resultant pain and pruritus in the eye or eyelids (Pavan-
Langston, 1975; Amon and Hanifin, 1976; Panda et al., 1995). 
If idoxuridine is instilled more frequently than recom-
mended, small defects may appear on the cornea, in which 
case the drug should be discontinued. Follicular conjunctivitis 
and punctate keratopathy have been reported (Naito et al., 
1987). Boric acid should not be used in the eye with idoxuri-
dine because interactions between boric acid and inert ingre-
dients present in some formulations of idoxuridine result in 
precipitation (US Pharmacopeia, 2005).

Idoxuridine therapy is not recommended in pregnancy as 
fetal malformations and chromosomal aberrations have been 
reported in rabbits and mice treated with the drug (admit-
tedly at far higher systemic exposure than would result from 
topical ophthalmic therapy in humans). Side effects from 
mucosal therapy are reportedly minimal (Happonen et al., 
1990b; Spruance et al., 1990).

7. CLINICAL USES OF THE DRUG

Idoxuridine is still used occasionally for topical therapy of 
ocular HSV infections, although since 1995 it has largely been 
largely superseded by other topical and systemic antivirals, 
such as aciclovir (see Chapter 213, Aciclovir and valaciclovir) 
and triflurothymidine (see Chapter 221, Trifluridine [trifluo-
rothymidine]). Likewise the use of idoxuridine for nonocu-
lar mucocutaneous infections due to herpes simplex and 
varicella-zoster viruses has been superseded by topical aci-
clovir or by systemic administration of aciclovir, valaciclovir, 
or famciclovir (see Chapter 214, Famciclovir and penciclovir).

Seth and colleagues (2004) showed that idoxuridine formu-
lated in liposomal gels retained more drug than plain lipo-
somes and had improved skin retention of drug compared 
with plain idoxuridine gels because the drug was entrapped 
in the liposomal vesicles. Although a clinical study suggested 
the liposomal formulation had improved efficacy for topical 
treatment of HSV-1 and HSV-2 infections (Seth et al., 2004), 
no further work has been done on this preparation. The only 
comparative clinical trial of idoxuridine looked at topical 40% 
idoxuridine in dimethyl sulfoxide (DMSO) versus oral aci-
clovir for the treatment of zoster. Although the topical idox-
uridine in DMSO was found to be better than oral aciclovir 
in 7 of the 14 clinical variables studied (Aliaga, 1992), no fur-
ther work with the preparation was conducted because of 
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concerns about the safety of DMSO and improved manage-
ment strategies for zoster (see Chapter 213, Aciclovir and 
valaciclovir and Chapter 214, Famciclovir and penciclovir).

7a.  Ocular keratitis due to herpes simplex 
virus infection

Topical idoxuridine is an accepted treatment regimen for 
keratitis due to HSV (Kaufman et al., 1962; Patterson et al., 
1963; Laibson and Leopold, 1964). It is of some use for the 
treatment of acute dendritic ulcers, but is of no proven value 
for deep stromal ulcers or for the corneal inflammation follow-
ing herpetic keratitis. Other topical medications, particularly 
 trifluorothymidine (see Chapter 221, Trifluridine [trifluoro-
thymidine]) and aciclovir (Chapter 213, Aciclovir and valac-
iclovir) appear to be more effective for the treatment of herpes 
keratitis. In cases of stromal keratitis or keratouveitis, either 
topical adenine arabinoside (vidarabine) (Pavan-Langston, 
1975) or topical aciclovir is preferable. The 5-year recurrence 
rates for cases of acute herpes simplex keratitis treated with 
oral aciclovir are significantly lower (17.5%) than those in 
patients treated with idoxuridine (52.9%) (Uchio et al., 1993; 
Uchio et al., 1994). In uncomplicated herpetic keratitis, 1% 
idoxuridine ointment has been found to be inferior to 2% tri-
fluorothymidine ointment, 3% aciclovir ointment, and 1% 
bromovinyl deoxyuridine (BVDU) in randomized double- 
blind trials (Panda et al., 1995; Balderson, 2015). The herpes 
keratitis cure rates for idoxuridine, trifluorothymidine, aci-
clovir, and BVDU were 60%, 90%, 90%, and 95%, respectively, 
with average healing times of 13.4, 8.9, 8.5, and 7.5 days, 
respectively (Panda, 1995). Other randomized trials have 
also found that trifluorothymidine and aciclovir are better 
than idoxuridine; about five times as many patients healed 
within 1 week with trifluorothymidine or aciclovir than with 
idoxuridine (Wil helmus, 2000).

Prophylactic instillation of idoxuridine into the eye may 
be indicated if herpes lesions are adjacent to the eye, and 
sometimes when topical corticosteroids are used in the eye 
for other purposes. HSV strains may become resistant to 
idoxuridine in vitro and in vivo), and this may explain the 
failure of this drug in the treatment of recurrent HSV kerati-
tis. Idoxuridine has no effect on HSV within nerve ganglia 
serving the eye, thus allowing these ganglia, particularly the 
trigeminal ganglion, to become reservoirs for the virus to 
reinfect the cornea and conjunctiva. BVDU (see Chapter 
217, Brivudine) has been reported to promote healing in 
ocular disease resistant to therapy with idoxuridine (Maudgal 
and De Clercq, 1991).

7b.  Ocular keratitis of other etiologies

Idoxuridine is of no value for adenoviral keratoconjunctivi-
tis, but it may be effective for varicella-zoster keratitis (Pavan-
Langston and McCulley, 1973). In these diseases, the rapid 
synthesis of viral DNA in the superficial part of the cornea is 
more sensitive to idoxuridine than in the slowly proliferating 
corneal cells.

7c.  Herpes simplex labialis

Although topical aciclovir, or systemic aciclovir, famciclovir 
or valaciclovir is considered first-line therapy for herpes sim-
plex labialis, there is some clinical evidence to support the 
use of topical idoxuridine in this clinical setting. In a ran-
domized double-blind , patient-initiated study involving 301 
immunocompetent patients with recurrent herpes simplex 
labialis, topical treatment with 15% idoxuridine in DMSO was 
superior to control (DMSO solution in two concentrations) in 
shortening the mean duration of pain and the mean time to 
crusting of lesions, particularly when treatment was com-
menced during the prodromal phase (Spruance et al., 1990). 
Nonetheless, because of the safety and convenience of current 
topical and systemic therapies, and concerns about the safety 
of DMSO, this formulation has not been further developed.

7d.  Genital condyloma acuminatum

Hasumi et al. (1984) used 0.25% idoxuridine in an ointment 
base to treat sexually transmitted papillomavirus infection; 
treatment was effective in curing lesions in all 6 patients and 
there were no side effects; in 5 patients treated with a placebo 
ointment, there was no improvement. This open study was 
followed by a randomized double-blind, placebo-controlled 
trial in which there was complete regression of lesions in 
11/14 patients treated with idoxuridine ointment (0.25%) 
twice daily for 14 days but no regression of lesions in the 10 
who applied a placebo ointment (Hasumi, 1987). In a larger 
study, 40 patients with resistant penile warts for a mean 
duration of more than 12 months were treated with carbon 
dioxide laser plus 0.5% idoxuridine cream twice daily. After 
14 days of treatment, complete healing occurred in 80% of 
patients; nonresponders were retreated for another 14 days, 
and, after 4 or 12 weeks, complete healing was observed in 
87.5% and 85% of patients, respectively (Happonen et al., 
1990a). In another study of 50 patients with genital warts of 
less than 3 months’ duration, complete healing was achieved 
in 76% of those randomized to apply 0.5% cream twice daily 
for 14 days compared with 36% of those randomized to apply 
0.25% cream (Happonen, 1990b). Because there are no data 
as to whether idoxuridine inhibits replication of human pap-
illomaviruses, it is quite likely that the efficacy of idoxuridine 
for treatment of warts is mostly related to its cytotoxic effects 
(Prusoff, 1959), rather than any specific antiviral activity.
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Maribavir

Sunwen Chou

1. DESCRIPTION

Maribavir is an orally bioavailable benzimidazole l-riboside 
antiviral drug, with a spectrum of activity essentially limited 
to human cytomegalovirus (CMV) and Epstein-Barr virus 
(EBV). It is a potent and specific inhibitor of the CMV UL97 
kinase. Maribavir is the generic name for 5,6-dichloro-2- 
(isopropylamino)-1-beta-l-ribofuranosylbenzimidazole, 
with the chemical structure as shown in Figure 223.1. The 
molecular weight is 376.24. Investigational drug code names 
include (BW)1263W94, GW257406X, VP41263, and SHP620 
reflecting sequential changes in corporate ownership. Over 
the past 20 years, maribavir has undergone various clinical 
trials as an experimental CMV antiviral drug. Earlier phase I 
and II trials showed anti-CMV activity with an acceptable 
adverse effect profile. Unsuccessful phase III trials of low-dose 
maribavir for prevention of CMV infection in transplant 
patient populations ended in 2009, followed a few years later 
by phase II CMV treatment trials at higher doses, which were 
announced as successful in 2015. There is continued clinical 
interest in this compound because of its distinct antiviral tar-
get, oral bioavailability and favorable toxicity profile, although 
its optimal therapeutic role remains to be determined.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The published literature on antiviral susceptibility usually 
reports drug concentrations in micromolar (μM) units, whereas 
the pharmacology literature usually uses μg/ml (1 μM = 0.376 
μg/ml).

HUMAN CYTOMEGALOVIRUS

Clinical isolates and laboratory strains of CMV are suscepti-
ble to maribavir, but inhibitory concentrations vary, depend-
ing on strains, cell culture conditions, and methods (Biron et 
al., 2002; Williams et al., 2003; Chou et al., 2006). No gener-
ally accepted standards have been established either for test-
ing methods or susceptible cut-off drug levels. In traditional 

plaque reduction assays, the drug concentration required for 
50% reduction of CMV growth (EC50) ranged from 0.54 μM 
(Biron et al., 2002; Lalezari et al., 2002) to 19 μM (Williams 
et al., 2003) for the same laboratory strain, AD169. Lowering 
the cell culture incubation temperature from 37° to 34°C 
reduced the EC50 value from 19 to 3 μM (Williams et al., 
2003). When viral growth inhibition is measured by DNA 
hybridization and viral infectivity yield reduction assays, the 
EC50 values are generally lower, ranging from 0.06 to 0.12 μM 
for strain AD169 (Biron et al., 2002; Chou et al., 2004); by a 
flow cytometric assay, it was 0.2 μM (McSharry et al., 2001); 
and by a reporter-based yield reduction assay, it was 0.14 μM 
in lung fibroblasts and 13 μM in skin fibroblasts (Chou et al., 
2006), illustrating the strong impact of cell culture conditions. 
Another laboratory strain, Towne, was reported to have plaque 
reduction EC50 values ranging from 0.3 to > 44 μM (Evers  
et al., 2002; Williams et al., 2003; Drew et al., 2006), likely 
reflecting cell culture differences. Numerous clinical CMV 
isolates have been tested and found to be susceptible to mari-
bavir, with EC50 values similar to those of the laboratory 
strains (McSharry et al., 2001; Biron et al., 2002; Lalezari et 
al., 2002; Williams et al., 2003; Drew et al., 2006). 

EPSTEIN-BARR VIRUS

The replication of EBV DNA was inhibited when assessed in 
a Burkitt lymphoma cell line (Akata) latently infected with 
the virus, with EC50 values estimated at 0.15–1.1 μM (Zacny 

Figure 223.1. Chemical structure of maribavir.
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et al., 1999). Assays based on quantitation of fluorescent cells, 
DNA, or viral antigen in a different cell line gave EC50 values 
of 4–10 μM (Williams et al., 2003). These antiviral potencies 
are similar or superior to that of aciclovir when tested in 
parallel.

OTHER VIRUSES

Maribavir was tested in cell culture against a variety of ani-
mal and human herpesviruses (Williams et al., 2003) and  
no antiviral activity was detected against herpes simplex, 
 varicella-zoster, human herpesvirus 6, human herpesvirus 8, 
and several animal cytomegaloviruses. The U69 kinase of 
human herpesvirus 6 appears to be inhibited by maribavir, 
but viral replication was not meaningfully inhibited in prolif-
erating cells (Prichard et al., 2011).

2b.  Emerging resistance and 
cross-resistance

Serial propagation of CMV in cell culture with increasing 
concentrations of maribavir results in mutations of the viral 
UL97 kinase gene (Biron et al., 2002; Chou et al., 2007; Chou 
and Marousek, 2008; Chou et al., 2012) and the UL27 gene 
(Komazin et al., 2003; Chou et al., 2004; Chou, 2009). UL97 
mutations V353A, L397R, T409M, and H411L/N/Y individ-
ually confer moderate to high-level resistance to maribavir 
(9- to > 200-fold increases in EC50), and combinations of 
mutation V353A with one of those at codons 409 or 411 con-
fer > 150-fold increases in EC50 (Chou et al., 2007; Chou and 
Marousek, 2008). These mutations cluster at the conserved 
ATP binding region of the UL97 kinase and probably impair 
the binding of maribavir as an inhibitor (Chou and Marousek, 
2008). Diverse UL27 mutations, including stop and frame-
shift mutations predicting loss of function, confer low-grade 
maribavir resistance (2- to 5-fold increases in EC50), prob-
ably by altering a function that is unfavorable in the absence 
of UL97 kinase activity because UL27 mutations sponta-
neously develop during propagation of UL97 kinase knock-
out strains (Chou, 2009). Recent studies suggest that UL27 
normally acts to upregulate the cyclin-dependent kinase 
inhibitor p21(Cip1) (Reitsma et al., 2011; Bigley et al., 2015). 
UL27 and UL97 mutations may combine to confer a higher 
overall level of maribavir resistance (Chou et al., 2012).

In two clinical case reports (Strasfeld et al., 2010; Schubert 
et al., 2013), the use of maribavir as salvage therapy of CMV 
infection with high circulating viral loads resulted in the rel-
atively rapid emergence (after 1–2 months) of the same UL97 
mutations T409M, H411Y, and H411N. Salvage therapy in 
35 subjects resulted in five more maribavir-resistant CMV 
strains, all involving UL97 mutations T409M or H411Y (Alain 
et al., 2015). While T409M and H411Y/N are emerging as 
the most common maribavir resistance mutations in clinical 
practice, the number of cases is still too small to assess the 
incidence of resistance in various treatment settings. No UL27 
maribavir resistance mutations have yet been documented in 
clinical specimens, and no genotypic evidence of maribavir 
resistance was noted in prophylaxis trials (Chou et al., 2012).

Because of different mechanisms of action, cross-resistance 
was not expected with maribavir and existing CMV DNA 
polymerase inhibitors (ganciclovir, foscarnet, and cidofovir) 
(McSharry et al., 2001; Biron et al., 2002; Drew et al., 2006) 
as well as letermovir (Goldner et al., 2011). UL54 pol gene 
mutations that confer resistance to polymerase inhibitors 
have no effect on maribavir susceptibility (Drew et al., 2006). 
UL97 mutations that emerge after exposure to ganciclovir 
preferentially involve codons 460, 520, or 590–607 and show 
no maribavir cross-resistance (Drew et al., 2006; Lurain and 
Chou, 2010; Shannon-Lowe and Emery, 2010), while UL97 
mutants selected after maribavir exposure as listed earlier 
remain susceptible to ganciclovir (Chou and Marousek, 2008). 
However, some atypical UL97 mutations can confer dual 
maribavir and ganciclovir resistance. Mutations that knock 
out UL97 kinase activity (e.g. involving the critical residue 
K355) inherently confer resistance to both drugs because the 
phosphorylation of ganciclovir is impaired and there is no 
kinase activity left to be inhibited by maribavir (Chou et al., 
2013). Such mutants are severely growth impaired and have 
not been authenticated in clinical specimens. Of greater 
interest is a p-loop mutation F342S in the UL97 ATP binding 
domain, selected in vitro by serial passage with the nucleoside 
analog cyclopropavir, which confers ganciclovir and maribavir 
cross-resistance without major growth impairment (Chou et 
al., 2013). Such p-loop mutations have not yet been reported in 
clinical specimens but are not looked for in the current geno-
typic resistance assays for ganciclovir resistance. 

2c.  In vitro synergy and antagonism

Maribavir is expected to antagonize the antiviral action of 
ganciclovir by blocking the initial UL97-mediated phosphory-
lation of ganciclovir that is necessary for its antiviral action. 
This antagonism has been experimentally demonstrated by 
checkerboard assays and fractional inhibitory concentrations 
(Chou and Marousek, 2006), but was not detected in earlier 
studies (Evers et al., 2002; Selleseth et al., 2003) probably 
because of differences in cell cultures and assay methods. 
Direct biochemical evidence that maribavir blocks ganciclo-
vir phosphorylation in infected cells has not been published, 
but current information suggests that combined therapy with 
maribavir and ganciclovir is inadvisable.

Maribavir–foscarnet and maribavir–cidofovir combina-
tions showed neither synergy nor antagonism by checker-
board assays (Chou and Marousek, 2006). This is compatible 
with the finding of an additive interaction of the same drug 
pairs when analyzed using a different method (Selleseth et 
al., 2003), and different from the finding of synergy in a third 
study (Evers et al., 2002). Overall data indicate that mariba-
vir may be combined with either foscarnet or cidofovir with-
out concern for therapeutic antagonism.

3. MECHANISM OF DRUG ACTION

Maribavir is a specific ATP-competitive inhibitor of the CMV 
UL97 kinase, active at nanomolar concentrations in assays 
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using expressed enzyme (Biron et al., 2002; Shannon-Lowe 
and Emery, 2010). In the absence of functioning UL97 
kinase, whether as a result of a gene knockout or inhibition 
by maribavir, viral replication is severely impaired, with an 
abnormal cell culture cytopathic effect characterized by the 
nuclear aggregation of excess amorphous viral proteins, 
including the tegument protein pp65 (Prichard et al., 2005; 
Prichard, 2009). Impaired UL97 function appears to cause a 
defect in viral encapsidation (Wolf et al., 2001) and/or egress 
of viral particles from the nucleus (Krosky et al., 2003a). In 
addition, viral DNA synthesis may also be reduced (Wolf et 
al., 2001; Biron et al., 2002). CMV replication is not com-
pletely shut off in the absence of the UL97 kinase; the widely 
varying maribavir EC50 values under different assay condi-
tions suggest that host cells can variably substitute for the 
normal function of UL97.

The CMV UL97 kinase phosphorylates many host cell 
and viral substrates (Oberstein et al., 2015). For example, it 
can phosphorylate the cell cycle regulator Rb (mimicking 
the action of cyclin-dependent kinases) (Hume et al., 2008); 
nuclear lamin proteins and viral nuclear egress components 
encoded by UL50 and UL53 (Milbradt et al., 2010; Sharma et 
al., 2015); and viral proteins encoded by genes UL44 (Krosky 
et al., 2003b; Marschall et al., 2003), UL69 (Thomas et al., 
2009), UL83 (Becke et al., 2010), and UL97 (autophosphory-
lation) (He et al., 1997), among others. The relative impor-
tance of the various phosphorylation targets to overall UL97 
biological function remains ill-defined. 

The exact mechanism of action of maribavir against EBV 
is unresolved. In treated cell cultures, maribavir inhibits the 
phosphorylation of the viral protein EA-D, a processivity 
factor for the viral DNA polymerase (Zacny et al., 1999; Wang 
et al., 2009). However, maribavir did not directly inhibit the 
EBV kinase BGLF4, which is capable of phosphorylating EA-D, 
when assayed using plasmid expression vectors (Gersh burg  
and Pagano, 2002) or by autophosphorylation of the purified 
enzyme (Gershburg et al., 2004). In Akata cells, maribavir 
treatment resulted in widespread reduction of EBV transcripts, 
especially a subset of gamma transcripts (Wang et al., 2009), an 
effect that is also observed with BGLF4 knockout virus (White-
hurst et al., 2013), suggesting that maribavir action is somehow 
linked to BGLF4 inhibition and/or its downstream effects. 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Maribavir has been administered in clinical trials as an oral 
tablet only. Phase I clinical trials included a wide range of 
single doses from 50 to 1600 mg (Wang et al., 2003) and daily 
doses up to 2400 mg (Lalezari et al., 2002). After a phase II 
trial, it was concluded that low doses of 100 mg twice daily 
were suitable for prophylaxis (Winston et al., 2008), but 
phase III trials conducted using this dosage were unsuc-
cessful (Marty et al., 2011; Winston et al., 2012). Subsequent 
phase II treatment trials used much higher doses of 400 to 
1200 mg twice daily.

4b.  Newborn infants and children

There are no available data on the administration of mariba-
vir in infants and children.

4c. Pregnant and lactating mothers

There are no data available on the use of maribavir in preg-
nant and lactating mothers.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

The pharmacokinetics of maribavir have been studied in 
subjects with varying degrees of renal impairment (Swan et 
al., 2007), including creatinine clearances as low as 12 ml/
minute, but excluding those undergoing dialysis. Because the 
pharmacokinetics of unmetabolized maribavir (maximum 
concentration [Cmax], area-under-the-concentration-time curve 
[AUC], half-life [t½]) were little affected by renal function, no 
dose adjustment was deemed necessary within the range of 
renal function studied. There was some accumulation of the 
pharmacologically inactive N-dealkylated metabolite, of unde-
termined clinical significance.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION  
AND THE ELDERLY

No guidelines for dose adjustment have been published for 
patients with impaired hepatic function or for the elderly.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

After oral administration, maribavir is rapidly absorbed to 
reach peak plasma concentrations within 1–3 hours; at least 
30–40% of the dose is absorbed as judged by the amount 
of metabolites recovered in the urine (Lalezari et al., 2002; 
Wang et al., 2003). Over a dose range of 100–1600 mg, the 
Cmax of maribavir increases slightly less than proportionally 
to the dose and the AUC increases slightly more than pro-
portionally to the dose (Wang et al., 2003). With a 100-mg 
dose, the single-dose Cmax in healthy individuals was 3.3 μg/
ml (8.8 µM) and after 12 hours, the plasma concentration 
was ~ 10% of the Cmax (Wang et al., 2003). In a phase III trial 
using 100 mg twice daily, the Cmax was 5.8 ± 3.1 µg/ml and 
Cmin was 1.9 ± 1.6 µg/ml after 4 weeks (Marty et al., 2011). 
Maribavir is cleared from the plasma with a t½ of 3–5 hours. 
It is highly (98%) protein bound (Koszalka et al., 2002). 
Administration with a high-fat meal delayed the time to max-
imal drug concentration by about 2 hours and decreased the 
Cmax by about 30%.

5b.  Drug distribution

No human data have been published on the distribution of 
maribavir to sites such as cerebrospinal fluid (CSF), eye, 
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lung, or breast milk. The only data are from preclinical stud-
ies in monkeys showing that drug levels in brain, CSF, and 
vitreous humor were 4–20%, 1–2%, and < 1% of plasma lev-
els, respectively (Koszalka et al., 2002). In a phase I clinical study 
(Lalezari et al., 2002), maribavir concentrations in semen sam-
ples were similar to average plasma concentrations.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Even at relatively low doses, achieved total plasma drug con-
centrations over the dosing interval appear adequate when 
compared with the lower range of EC50 values in CMV sus-
ceptibility assays. However, because maribavir is highly pro-
tein bound, the 50-fold lower concentrations of unbound 
drug potentially affect tissue distribution and therapeutic 
efficacy. It has been estimated that dosages of up to 800 mg 
three times daily may be needed to maintain unbound drug 
concentrations above plaque reduction EC50 values for the 
entire dosing interval (Wang et al., 2003). Further, maribavir 
antiviral potency in vitro is highly affected by cell culture 
conditions, including the cell type and metabolic state (tem-
perature, cell cycle, and growth status) (Biron et al., 2002; 
Williams et al., 2003; Chou et al., 2006). Under permissive cell 
culture conditions, maribavir EC50 for CMV can be ~ 100-
fold greater than under restrictive conditions. The in vivo 
correlates of these observations are uncertain, particularly 
for antiviral efficacy at diseased tissue sites. Observed clinical 
antiviral effects were similar with low and high doses in 
phase I (Lalezari et al., 2002) and phase II (Winston et al., 2008) 
studies, but phase III prophylaxis trials at low doses failed 
(Marty et al., 2011; Winston et al., 2012). There are inade-
quate data for dose optimization in the treatment of tissue- 
invasive CMV disease, such as pneumonia, gastrointestinal 
disease, and retinitis.

Because of observed in vitro synergy of maribavir with 
cellular kinase and metabolic inhibitors that modulate the 
growth condition of host cells (Chou et al., 2006; Hertel et al., 
2007), one might postulate a role for combined treatment 
with these drugs; however, no meaningful clinical data cur-
rently exist.

5d.  Excretion

Maribavir is extensively metabolized by N-dealkylation of 
the isopropylamino side chain of the benzimidazole (Wang 
et al., 2003); laboratory studies with human liver microsomal 
preparations identified cytochrome P450 isozymes of the 
CYP3A4 subfamily as most likely responsible for this con-
version (Koszalka et al., 2002). Glucuronidation of maribavir 
or its N-dealkylated metabolite may also occur, but human 
data have not been published (Wang et al., 2003). Preclinical 
studies in rats and monkeys suggest that biliary excretion 
is  a major pathway for maribavir clearance (Koszalka et al., 
2002). In normal human subjects, 30–40% of an administered 
oral dose is recovered in urine collected over 24 hours, almost 
all of it as the N-dealkylated metabolite (Wang et al., 2003).

5e.  Drug interactions

Because CYP3A4 appears to be the major maribavir-metab-
olizing enzyme, there are potential drug interactions with 
CYP3A4 inhibitors, such as azole antifungals, macrolide anti-
biotics, and HIV protease inhibitors, or CYP3A4 inducers, 
such as rifampicin and efavirenz. Phase I clinical trials exam-
ined the pharmacokinetics of maribavir in HIV-infected 
subjects, many of whom were concomitantly using antifun-
gals and protease inhibitors (Lalezari et al., 2002; Wang et al., 
2003). Overall, the data were not significantly different from 
those of healthy individuals not on these drugs. In healthy 
adults, oral administration of ketoconazole, a potent CYP3A4 
inhibitor, resulted in a 35% decrease in the clearance of mari-
bavir (Goldwater et al., 2008), which is not expected to have 
adverse consequences because of the low observed toxicity of 
maribavir. Co-administration of maribavir resulted in 38–57% 
increased peak and trough tacrolimus levels, probably as 
a result of inhibition of CYP3A4 activity or P-glycoprotein 
(Pes covitz et al., 2009). These perturbations indicate a need 
for therapeutic drug monitoring for tacrolimus, and by exten-
sion for cyclosporine and sirolimus, when used in combina-
tion with maribavir.

Maribavir may have some inhibitory effect on cytochrome 
P450 isozymes, CYP2C19, and CYP2D6, as assessed after 
administration of multiple concurrently administered drug 
probes, including omeprazole (2C19) and dextromethor phan 
(2D6) (Ma et al., 2006). No adverse impact on the pharmaco-
kinetics of voriconazole (a CYP2C19 substrate) was reported 
(Pescovitz et al., 2009).

6. ADVERSE REACTIONS AND TOXICITY

Preclinical toxicity data were favorable and identified no 
specific organ toxicities at clinically relevant doses (Koszalka 
et al., 2002). In clinical trials, the most consistent and char-
acteristic, dose-related adverse effect is a taste disturbance, 
described as a metallic or bitter taste of mild or moderate 
intensity generally occurring within 1 hour of drug admin-
istration and persisting for 3–25 hours after a 400-mg dose 
(Swan et al., 2007). In phase I clinical trials and pharmaco-
kinetic studies, this adverse effect was reported in about 
80% of subjects (Lalezari et al., 2002; Wang et al., 2003; 
Pescovitz et al., 2009). In a phase II trial (Winston et al., 
2008), it was reported by 21% of those receiving 100 mg 
twice daily and 31% of those receiving 400 mg twice daily. 
Other adverse effects reported in phase I dose-escalating 
trials (Wang et al., 2003) included headache (53%), dizzi-
ness or faintness (17%), drowsiness or tiredness (30%), and 
diarrhea (30%). Another phase I trial (Lalezari et al., 2002) 
reported nausea (23%) and skin rash (19%). The phase II 
trial (Winston et al., 2008) reported a lower frequency of 
adverse effects; at the 100 mg twice daily dose, nausea was 
reported in 7%, diarrhea in 4%, and rash in 7% (1 or 2 of the 
28 subjects enrolled). In comparison with current CMV 
DNA polymerase inhibitor drugs, important findings were 
the lack of hematologic toxicity (no differences in frequency 
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of neutropenia between placebo and any dose of maribavir) 
and lack of nephrotoxicity.

There are no human data on the safety of maribavir in preg-
nancy, for either the mother or the fetus.

7. CLINICAL USES OF THE DRUG

As of early 2017, maribavir is an experimental drug with no 
US Food and Drug Administration (FDA) approved indica-
tions. Although the low-dose phase III CMV prevention trials 
failed, new phase III CMV treatment trials are being con-
ducted to follow up on positive findings of recently com-
pleted phase II treatment trials.

7a.  Cytomegalovirus infection

ASYMPTOMATIC VIRAL SHEDDING

A phase I trial studied the antiviral effect of a 1-month course 
of maribavir at doses from 400 to 1200 mg/day in HIV-
infected adult males with asymptomatic CMV shedding in 
urine and semen (Lalezari et al., 2002). The study showed 
that maribavir markedly decreased the asymptomatic shed-
ding of CMV and that this effect appeared to be largely unre-
lated to dose. Maribavir was given at doses of 100, 200, or 400 
mg three times daily, or 600 mg twice daily, with between five 
and seven HIV-infected subjects per group. Results at the 
end of the 28-day drug administration, compared with pre-
treatment data, showed a mean decrease of 3.7 log in semen 
CMV infectivity (plaque count) among those receiving 200 
or 400 mg three times daily, a 2.9-log decrease with 100 mg 
three times daily, and a 3.3-log decrease with 600 mg twice 
daily. 

A randomized, dose-ranging phase II trial in transplant 
recipients was conducted in several European countries in 
2012–2014 to compare the anti-CMV activity of three doses 
of maribavir (400, 800, and 1200 mg) twice daily with that of 
valganciclovir for the treatment of CMV infection without 
end-organ disease (EU Clinical Trials register 2010-024247-
32). Pending publication of results, a regulatory filing from 
the sponsor (Shire, 2015) stated that “maribavir, at all doses, 
was at least as effective as valganciclovir in the reduction of 
circulating CMV to below the limits of assay detection.” Pre-
liminary data have been presented (Maertens et al., 2016) and 
a corresponding phase III trial is planned for launch in 2017. 

PREVENTION OF CMV INFECTION AFTER STEM 
CELL AND SOLID ORGAN TRANSPLANTATION

A phase II safety, tolerability, and antiviral activity study of 
oral maribavir in CMV-seropositive adult allogeneic stem 
cell transplant recipients was conducted as a multicenter, 
ran domized, double-blind, placebo-controlled, dose-ranging 
study and was reported as successful (Winston et al., 2008). 
Patients were enrolled upon successful stem cell engraft-
ment, had no detectable CMV infection (by pp65 antigene-
mia or plasma polymerase chain reaction [PCR] for CMV 
DNA) at baseline, and were not receiving any other anti-CMV 

therapy. Patients were randomized to placebo or maribavir 
doses of 100 or 400 mg twice daily or 400 mg once daily and 
scheduled for up to 12 weeks of treatment. Weekly CMV sur-
veillance was done by testing for pp65 antigenemia or plasma 
CMV DNA and, if positive, the study drug was stopped and 
standard CMV therapy (usually ganciclovir) was started. 
Each study group had 26–28 subjects. At the lowest dose 
of 100 mg, the incidence of CMV infection within 100 days 
after transplant was 39% with placebo and 15% with mariba-
vir (when assessed by pp65 antigenemia), or 46% with pla-
cebo and 7% with maribavir (when assessed by detection of 
plasma CMV DNA). Use of standard anti-CMV therapy was 
reduced from 57% with placebo to 15% with maribavir. All of 
these differences reached statistical significance. There were 
three cases of CMV end-organ disease among placebo recip-
ients and none among maribavir recipients, but the differ-
ence did not reach statistical significance. The lowest dose of 
maribavir (100 mg twice daily), appeared to be as effective as 
the higher doses tested.

Two phase III trials were then completed at the 100 mg 
twice daily dose for CMV prophylaxis in stem cell recipients 
and in liver transplant recipients; both were unsuccessful. 
The study in stem cell recipients (Marty et al., 2011) enrolled 
681 subjects randomized 2:1 to maribavir or placebo, where 
either the donor or recipient was CMV seropositive. Study 
drug administration and virologic monitoring were similar 
to the phase II trial just discussed. The primary end point 
was the incidence of CMV disease at 6 months (about 3 
months beyond the intended period of prophylaxis); by this 
criterion there was no difference between recipients of mar-
ibavir (4.4%) or placebo (4.8%). Because any subjects with 
viral breakthrough on study drug could be given standard 
therapy to prevent CMV disease, such interim treatment 
probably had a strong effect on the primary end point com-
parison. However, the trial failed to confirm the phase II 
findings of a significant reduction in use of standard therapy 
or incidence of infection as detected by plasma CMV DNA, 
although there was a reduced incidence of pp65 antigenemia 
at 100 days (26% with maribavir vs. 35% with placebo; p = 
0.02). The negative results were corroborated by a contempo-
raneous phase II trial in 303 liver transplant recipients ran-
domized to prophylaxis with maribavir or oral ganciclovir 
(1000 mg three times daily) (Winston et al., 2012). Using the 
primary end point of incidence of CMV disease at 6 months, 
noninferiority of maribavir (12%) compared with oral ganci-
clovir (8%) could not be established. When assessed at 100 
days, whether by incidence of CMV disease, detection of 
CMV DNA by PCR or antigenemia, or use of standard ther-
apy, maribavir was definitively worse (p < 0.001) than oral 
ganciclovir as prophylaxis. Although the low dose used in the 
prophylaxis trials has been criticized (Snydman, 2011), no fur-
ther prophylaxis trials using higher doses have been initiated.

TREATMENT OF CMV INFECTION UNRESPONSIVE 
TO EXISTING ANTIVIRALS

Because of its distinct antiviral mechanism, there is strong inter-
est in the role of maribavir in treating active CMV infection 
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that is intolerant of, or resistant to treatment with standard 
antivirals. This “salvage therapy” situation may range from 
asymptomatic infection with lower viral loads to severe end- 
organ disease and/or extreme viral loads, in those with vari-
ous degrees of immunosuppression. Only limited data are 
available from small open label nonrandomized studies, giv-
ing the impression of mixed outcomes dependent on risk 
factors yet to be quantified. 

Avery and colleagues (2010) reported a series of six cases 
of maribavir salvage therapy at 400 mg twice daily involving 
lung, heart, kidney, intestinal, and stem cell transplant recip-
ients. A total of four of the six had documented ganciclovir- 
resistant viral infection, and five patients had symptomatic 
CMV disease, including pneumonitis, enteritis, or retinitis 
(Avery et al., 2010). Starting viral loads ranged from 7,200 to 
1.8 million copies/ml (median 34,600). Treatment duration 
was 15–376 days (median 207). Four of the patients cleared 
their plasma CMV DNA within 6 weeks of therapy. The stem 
cell recipient with pneumonia died at 15 days, despite clear-
ing viral DNA, but disease was stable or resolved in three 
others. The patient with the highest starting viral load 
became the first case of genotypic and phenotypic maribavir 
resistance (Strasfeld et al., 2010) but eventually achieved 
plasma viral DNA suppression with reduced immunosup-
pression. Anecdotally, the patient with the most rapid and 
sustained viral load response was concomitantly receiving 
sirolimus, which synergizes with maribavir in vitro (Chou et 
al., 2006). Dose adjustment was required for sirolimus as 
predicted (Pescovitz et al., 2009). No dose-limiting adverse 
effects were attributed to maribavir.

An open-label program for maribavir salvage therapy in 
Europe has resulted in some preliminary outcome data being 
made public. In 12 solid organ (mainly kidney) or stem cell 
recipients in France, mostly treated with 400 mg twice daily, 
the viral load response to therapy was considered good in 
6 cases and delayed or poor in the rest (Alain et al., 2013). 
Interpretation of outcome was complicated by the concomi-
tant use of foscarnet in several cases. A more recent update 
on 22 solid organ and 13 stem cell transplant recipients 
receiving salvage therapy at 800–1600 mg/day for at least 3 
weeks reported a 60% response rate, as defined by a drop in 
viral load at 3 weeks of > 2 log or to undetectable (Alain et al., 
2015). There were 5 resulting cases of genotypic maribavir 
resistance (14% of the 35 subjects). No clear predictors of 
treatment failure were reported.

A phase II trial of maribavir salvage therapy in stem cell 
and solid organ transplant recipients randomized subjects 
to twice daily doses of 400, 800, and 1200 mg (clinicaltrials 
.gov identifier NCT01611974, active 2012–2014). Entry cri-
teria included plasma viral DNA > 1000 copies/ml. Therapy 
in combination with other CMV antivirals was not permit-
ted. Those with severe gastrointestinal disease or expected 
survival < 6 weeks were excluded. Pending publication of 
results, it was announced by the sponsor (Shire, 2015) that 
“approximately two-thirds of patients across the maribavir 
treatment groups achieved an undetectable plasma CMV 
DNA (viral load) within 6 weeks.” Preliminary data have been 

posted at clinicaltrials.gov. A new phase III trial of twice 
daily 400 mg doses as salvage therapy in transplant recipients 
was initiated at the end of 2016 (clinicaltrials.gov identifier 
NCT02931539).

7b.  EBV infection

The observed in vitro antiviral activity of maribavir on EBV 
replication has not been assessed clinically.
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1. DESCRIPTION

Fomivirsen sodium (Vitravene, IONIS Pharmaceuticals, Carls
bad, CA, and Novartis Pharmaceuticals, Switzerland), is a 
21base phosphorothioate DNA antisense oligonucleotide 
developed for intravitreal injection as a treatment for CMV 
retinitis. The oligonucleotide is designed to be complimentary 
to a cytomegalovirus (CMV) messenger RNA (mRNA) that 
encodes for the major immediate early (IE2) region proteins 
of this virus. It was the first to be developed in its class of a 
group of highly specific and novel therapeutics, antisense oli
gonucleotides and consequently does not have a typical drug 
structure. The sequence of the fomivirsen oligonucleotide is 
5′GCG TTT GCT CTT CTT CTT GCG3′.

Fomivirsen sodium intravitreal injectable (fomivirsen) is 
a white to offwhite, hygroscopic, amorphous powder, with 
the molecular formula C204H243N63O114P20S20Na20 and a mol e
cular weight of 7122. Fomivirsen is available as a sterile, aque
ous, preservativefree and bicarbonatebuffered solution. 
Each milliliter of fomivirsen contains 6.6 mg of the active 
ingredient.

The inactive ingredients in each milliliter of fomivirsen 
are sodium bicarbonate, sodium chloride, sodium carbonate, 
and water (for injection). Sodium hydroxide and/or hydro
chloric acid may be added to adjust pH. Fomivirsen is formu
lated to have an osmolality of 290 mOsm/kg and a pH of 8.7.

Fomivirsen is formulated for intravitreal injection only 
and is approved solely for the local treatment of CMV retinitis 
in patients with advanced HIV infection (i.e. AIDS) who are 
intolerant of or have a contraindication to other treatment(s) 
to CMV retinitis or are insufficiently responsive to other treat
ments for CMV retinitis (Grillone and Lanz, 2001). It has 
also been used off label to treat CMV retinitis in patients not 
infected with HIV, such as those with an underlying immuno
deficiency (solid organ, stem cell, or bone marrow transplant; 
cancer chemotherapy; CD4 deficiency; or other conditions).

Fomivirsen is a member of the first generation of anti
sense oligonucleotides known as phosphorothioates. In this 
class of compounds, one of the oxygen atoms in the phosphate 
backbone is replaced by a sulfur atom. This modification results 

in a negatively charged molecule that is chiral at each phos
phorothioate and serves to stabilize the molecule against DNase 
and RNase degradation, a significant improvement over the 
parent phosphodiester (Cook, 2001).

Improvements in antisense chemistry in the past have 
con veyed increased stability to the molecules, increasing in 
vivo halflives and allowing for less frequent dosing (Crooke, 
2001; Crooke, 2008). Modifying the paired CG motifs by 
cytosine methylation reduces the proinflammatory effects 
that are typically seen with phosphorothioates (Vollmer et 
al., 2002).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The antiviral activity of fomivirsen was investigated against 
multiple clinical strains of human CMV, using plaque reduc
tion assay (Henry et al., 2001). Fomivirsen showed potent 
antiviral activity that was quantitatively similar to ganciclo
vir, foscarnet, and cidofovir. It is important that fomivirsen 
maintained antiviral activity against all isolates, even those 
exhibiting resistance to the DNA polymerase inhibitors (ganci
clovir, foscarnet, and cidofovir). Fomivirsen has no activity 
toward other viruses. 

The 50% effective concentration (EC50) of fomivirsen for 
CMV replication was between 0.1 and 1.0 μM (mean 0.6 μM) 
against all strains of human CMV, regardless of whether they 
were susceptible or resistant to other antiviral drugs (specifi
cally, ganciclovir, foscarnet, and cidofovir) (Henry et al., 2001). 

2b.  Emerging resistance and 
cross-resistance

Development of resistance to fomivirsen is less likely than with 
standard DNA polymerase inhibitors because of its mechanism 
of action. However, according to the package insert originally 
prepared in 1998 for US Food and Drug Admin i stration (FDA) 
review and approval of fomivirsen in the USA (no more 
recent FDA product information is available), it was possible, 
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through persistent fomivirsen selection pressure in vitro, to 
isolate a strain of human CMV that was 10fold less suscep
tible to fomivirsen inhibition than the parent strain. (Package 
Insert, Vitravene, 1998; Mulamba et al., 1998). The molecu
lar and genetic basis for fomivirsen resistance was never elu
cidated; however, there were no sequence changes in the DNA 
region where fomivirsen binds in the resistant CMV strain 
(Mulamba et al., 1998). It remains possible that resistant strains 
may occur in vivo, but none has been identified to date.

Fomivirsen was as active against human CMV isolates that 
were resistant to ganciclovir, foscarnet, and/or cidofovir as it 
was against wildtype virus (Mulamba et al., 1998; Henry et 
al., 2001). This outcome is not surprising because the mech
anism of action of fomivirsen is completely different from 
these DNA polymerase inhibitors.

3. MECHANISM OF DRUG ACTION

Antisense oligonucleotides such as fomivirsen are highly spe
cific and novel therapeutics that are designed to bind to a 
specific sequence in the target mRNA via WatsonCrick base 
pairing. Once hybridized to its target, the oligonucleotide then 
disables or triggers the degradation of the mRNA. Fomi vir
sen inhibits CMV replication by binding to mRNA transcribed 
from a critical immediate early gene region (IE2) of CMV; 
the mRNAfomivirsen complex triggers degradation of the 
mRNA, thereby blocking synthesis of these replication 
essential IE2 proteins and fully interrupting virus replica
tion. The fomivirsen target sequence is unique to CMV, and 
fomivirsen does not bind to any known human mRNA.

The mode of action of fomivirsen is consistent with an 
antisense mechanism, although it is thought there may be 
a  mode of action unrelated to its antisense activity as well 
(Azad et al., 1993; Anderson et al., 1996).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Fomivirsen must be administered only by intravitreal injec
tion, and that allows for a much higher drug concentrations 
at the site of viral replication (retina) than with systemic 
(intravenous or oral) administration. The standard technique 
of intravitreal drug injection by an ophthalmologist, for which 
new guidelines have been established, is always used to deliver 
fomivirsen (Avery et al., 2014). Care must be taken to avoid 
technical problems associated with intravitreal therapy (Aiello 
et al., 2004; Jager et al., 2004). Fomivirsen was never investi
gated for intravenous or oral administration and should not be 
given by those routes. 

Treatment of CMV retinitis with fomivirsen begins with 
an induction phase, followed by a maintenance phase. In the 
induction phase, generally two intravitreal injections of fomi 
virsen (330 μg/0.05 ml) are given 2 weeks apart, followed by a 
maintenance schedule of a single injection every 4 weeks.

There are no published studies or clinical data supporting 
dose adjustments of fomivirsen. Although specific doses and 
dosing regimens were shown to be efficacious in the clinical 
trials conducted in support of fomivirsen approval (Vitravene 
Study Group, 2002a; Vitravene Study Group, 2002b; Vitra
vene Study Group, 2002c), in clinical practice the clinician 
may find it necessary to consider modifications of the 
approved label dosing based on the clinical picture and situ
ation of each individual patient. The dosing schedule depends 
on clinical observation of the CMV retinitis, and the oph
thalmologist may elect to continue an induction course until 
the disease is quiescent. For example, some patients may 
require up to four weekly doses for induction therapy. In 
addition, the maintenance scheduling may also be varied, 
according to the clinical response of the patient or any change 
in the immune status (e.g. a rise in CD4 counts due to anti
retroviral therapy in an HIVinfected patient reducing the 
activity of CMV retinitis).

4b.  Newborn infants and children

There is no experience with fomivirsen in children; presum
ably it could be used in children, at least, if intravitreal injec
tion could be performed safely in the patient and other CMV 
antiviral drugs were not controlling the retinitis. 

4c.  Pregnant and lactating mothers

Animal reproductive studies have not been conducted with 
fomivirsen, and no studies have been conducted in pregnant 
women; hence there are no data on whether fomivirsen would 
cause harm to the fetus or to breastfeeding infants when 
administered to the woman. However, given that the drug is 
confined to the eye, its use during pregnancy or breastfeed
ing could be considered if other options for treating CMV 
retinitis were not available or successful. 

4d.  Patients requiring altered dosages

Because fomivirsen is confined to the eye, patients with renal 
or hepatic disease can be treated at the usual doses without 
affecting those organs. 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Fomivirsen is injected into the vitreous and is not found in 
significant quantities outside of the eye. Within the vitreous, 
bioavailability is 100%. 

5b.  Drug distribution

The drug is probably found only in the eye. Neither unaltered 
fomivirsen nor fomivirsen metabolites were detected in 
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subjects’ plasma samples taken at any time point during a 
human study of intraocular fomivirsen (Grillone, 2001).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The pharmacokinetics of fomivirsen are described in this 
section; as indicated previously, the dosing of fomivirsen is 
driven primarily by assessment of the activity of CMV retini
tis with little reliance on pharmacokinetics. No pharmaco
dynamic studies have been conducted, although the presence 
of high local levels of the drug in the vitreous is considered 
necessary for good clinical efficacy. 

Ocular disposition and clearance of fomivirsen after an 
intra vitreal injection has been studied in rabbits, cynomolgus 
mon keys, and humans. When fomivirsen was administered 
by a single intravitreal injection in rabbits it was cleared rap
idly from the vitreous as a result of metabolism of the parent 
drug (Leeds et al., 1997). Clearance of 14Clabeled fomivirsen 
from the vitreous followed firstorder kinetics with a halflife 
(t½) of 62 hours; within 10 days after dosing only about 20% 
of unchanged fomivirsen remained in the vitreous. In the 
retina the estimated t½ was 79 hours (Leeds et al., 1997). Sim
ilarly, in monkeys, fomivirsen clearance from the vitreous 
was com plete within 14 days. The doses administered were 
roughly equivalent to the 165 and 330μg doses studied in 
humans, with an estimated elimination halflife between 45 
and 78 hours with the products of fomivirsen metabolism 
(multiple chainshortened oligonucleotides) in both the vit
reous and retina (Leeds et al., 1998).

Del Amo and colleagues (2015) have recently conducted 
a massive study of intraocular pharmacokinetics of virtu
ally all medications given by vitreous injection in rabbits. 
Fomivirsen had an intravitreal volume of distribution (Vss ivt) 
of 2.2 ml, clearance rate (Clivt) of 0.027 ml/hour, and t½ of 56 
hours (del Amo et al., 2015); these values were consistent 
with the monkey data of Leeds et al. (1998) described earlier. 
These findings are also within the midrange of other drugs 
given by intravitreal injection with Vss ivt ranging from 0.72 to 
3.14, Clivt from 0.01 to 1.5, and t½ from 0.6 to 143 hours (del 
Amo et al., 2015). 

In humans, the intravitreal pharmacokinetics and plasma 
concentrations of fomivirsen after a single intravitreal injec
tion were evaluated in patients scheduled to undergo surgery 
for placement of a ganciclovir implant. In this openlabel, 
non randomized study, vitreous and plasma samples were 
taken from subjects within 1, 48, 168, or 336 hours after they 
received a single intravitreal injection of either 165 or 330 
mg fomivirsen. Fomivirsen is bound approximately 40% 
by plasma proteins (Package Insert, Vitravene,1998). Vitreal 
clearance of fomivirsen was relatively slow but complete by 
approximately 14 days after injection. Within 1 hour after a 
single intravitreal injection of fomivirsen, the concentration 
of drug in the vitreous ranged from 1.23 to 11.82 μM (165μg 
dose group) to a maximum of 32.7 μM (330μg dose group). 
At 7 days after either a 165 or 330μg dose of fomivirsen, the 

vitreous concentration was 0.07 or 0.27 μM, respectively, and 
by 14 days after injection the concentration in the vitreous 
was below the limit of quantitation (i.e. < 10 nM) (Grillone, 
2001).

Neither unaltered fomivirsen nor fomivirsen metabolites 
were detected in subjects’ plasma samples taken at any time 
point during this study. These results indicate the risk of sys
temic toxicity after a single intravitreal injection of fomivirsen 
is minimal and, based on clinical data from the controlled 
clinical trials with fomivirsen, highly unlikely.

5d.  Excretion

Vitreal clearance of fomivirsen is relatively slow (weeks; 
 discussed earlier) but ultimately complete. Degradation of 
fom i virsen is due to exonucleases in the vitreous, a pro 
cess that sequentially removes residues from the end of the 
oligo nucleotide, resulting in shortened oligonucleotides or 
mononucleotide metabolites. The mononucleotides are gen
erally further metabolized to nucleosides and other prod
ucts (Package Insert, Vitravene, 1998). In animal studies, 
intravitreal injections did not result in fomivirsen quantities 
detectable by the technique used. In monkeys treated every 
2 weeks with fomivirsen for 3 months, small amounts of 
fomivirsen metabolites were seen occasionally in liver, kid
neys, and plasma. Injection of radiotagged fomivirsen in 
rabbit eyes resulted in small amounts of radioactivity in 
urine and feces, but predominantly in exhaled CO2 from 
full metabolism of nucleotides (Package Insert, Vitravene, 
1998). 

5e.  Drug interactions

Given that significant concentrations of fomivirsen are found 
only in the vitreous, no systemic drug interactions are expected. 
Fomivirsen is not recommended if the patient has been treated 
within the last 2–4 weeks with cidofovir (Vistide) because there 
may be an increased risk of inflammation in the eye (Package 
Insert, Vitravene, 1998). No studies have been done of simul
taneous injection of fomivirsen with other drugs that might 
result in drug–drug interactions. 

6. ADVERSE REACTIONS AND TOXICITY

The adverse events reported for fomivirsen during the clini
cal trials were dose and schedule dependent, although there 
does not appear to be a relationship between increasing 
number of injections and the proportion of patients with 
these events. The two most common adverse events reported 
were intraocular inflammation and an increase in intraocular 
pressure (Vitravene Study Group, 2002a). Both the inflamma
tory reactions and the elevated intraocular pressure were tran
sient and successfully treated with medication.

Fomivirsen is contraindicated in patients with a known 
hypersensitivity to the drug, although that appears to be 
uncommon. 
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7. CLINICAL USES OF THE DRUG

Fomivirsen is indicated solely for the local intraocular treat
ment of CMV retinitis. 

CMV retinitis is the most common ocular disease in HIV
infected patients with advanced immunodeficiency and it 
poses a significant visual threat to these patients (Kempen et 
al., 2001; Kempen et al., 2003; Avery et al., 2014; Cunning 
ham et al., 2015; Huang et al., 2015). Although reduced in 
incidence in HIVinfected persons with the advent of highly 
active combination antiretroviral therapy beginning in 
1995–1996, CMV retinitis has by no means disappeared from 
that population (Jabs et al., 2002; Adler et al., 2014; Huang et 
al., 2015). Further, patients immunosuppressed by drug treat
ment (for solid organ or stem cell transplantation) or other 
diseases (especially hematopoietic cancers) are also develop
ing CMV retinitis (Cunningham et al., 2015). A review of 
more than 1,100 patients who had organ transplants from 
1995 to 2005 identified 33 patients with retinal complica
tions, of whom 11 had CMV retinitis (Chung et al., 2007). 
Xhaard et al. (2007) found 312 cases of CMV retinitis in over 
14,000 patients who had received allogeneic hematopoietic 
stem cell transplantation from 1985 to 2001, with an inci
dence of 2.2%, whereas only one case of CMV retinitis was 
diagnosed among 1,306 transplantation patients in an earlier 
time period.

Optimally, patients with CMV retinitis should be treated 
initially with systemic therapy—ganciclovir–valganciclovir 
(see Chapter 215, Ganciclovir and valganciclovir), foscarnet 
(see Chapter 219, Foscarnet), or cidofovir (see Chapter 216, 
Cidofovir and brincidofovir), possibly in combination with 
local therapy (e.g. intravitreal ganciclovir) if warranted. 
However, systemic therapy may not be suitable because of 
preexisting conditions (e.g. severe neutropenia as a contraindi
cation to ganciclovir therapy). Further, the patient may develop 
resistance or adverse reactions to these systemic agents during 
treatment (Jabs et al., 1998a; Jabs et al., 1998b), and resis
tance is associated with an increased risk of adverse ocular 
outcomes (Jabs et al., 2003). An analysis of the susceptibility 

pattern of CMV isolates from blood or urine should be con
sidered when evaluating the choice of therapy for ocular 
CMV infections.

For patients who have developed resistance or intolerance 
to systemic CMV therapy, fomivirsen may be an excellent 
alternative therapy (Vitravene Study Group, 2002c; Biron, 
2006; Schreiber et al., 2009). Fomivirsen therapy may also be 
useful as an adjunct to ongoing systemic therapy if the loca
tion or extent of retinitis warrants it. It may also be used if 
response to systemic therapy is slow.

7a.  Cytomegalovirus retinitis in  
HIV-infected patients

As part of the development program for fomivirsen, several 
clinical trials were initiated in patients with HIV infection, 
all in the era before the widespread use of combination 
antiretroviral therapy. The first of these trials evaluated fomi
virsen treatment in HIVinfected patients with advanced 
immunodeficiency and newly diagnosed CMV retinitis that 
was not immediately sight threatening (Vitravene Study Group, 
2002a; Vitravene Study Group, 2002b). Patients were sequen 
tially assigned, according to a computergenerated random 
ization list, to either immediate treatment with fomivirsen or 
to deferred treatment with close observation. The primary 
efficacy end point in this trial was the time to first progres
sion of retinitis, assessed clinically and by review of standard 
fundus photographs evaluated in a masked fashion by experi
enced ophthalmologists in two independent reading centers. 
Treatment consisted of an intravitreal injection of fomivirsen 
165 μg in 0.05 ml saline. For those patients assigned to the 
immediate treatment group, induction therapy consisted of 
three weekly doses of fomivirsen, followed by a single intrav
itreal injection given every other week (see Table 224.1). 
Treatment or observation was continued for 18 weeks or 
until clinical progression of CMV retinitis. Of the patients 
treated with fomivirsen (n = 18) the median time to first  
progression of CMV retinitis was 71 days compared with 13 
days for patients (n = 10) in the deferred treatment group  

Table 224.1 Summary of fomivirsen clinical trials.

Trial purpose Evaluate drug efficacy/safety Comparison of dosing regimens

Patient population Newly diagnosed or nonsight-threatening CMVRa Reactivation of or persistent CMVRb

Dose fomivirsen 165 μg/0.05 ml Deferred treatment 330 μg/0.05 ml 330 μg/0.05 ml

Number of patients 18 10 37 21

Induction interval Every week, three 
doses

No treatment; observation until 
progression

Every week, three 
doses

Two injections, 2 weeks 
apart

Maintenance interval Every other week No treatment; observation until 
progression

Every other week Monthly

Median time to 
progressiond

71 days 13 days 106 days 267 days

p = 0.0001c p = 0.2179c

a Vitravene Study Group, 2002b.
b Vitravene Study Group 2002c (data from U.S./Brazilian study only; data from the second study not included because sample size was not met.
c Wilcoxon rank sum test.
d Estimated median time to CMVR progession by Kaplan-Meier analysis. 
Abbreviation: CMVR: CMV infection of the retina.
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(p = 0.0001, Wilcoxon ranksum test) (Vitravene Study Group, 
2002b).

Two further clinical trials were conducted to compare 
two different dosing regimens of fomivirsen in patients with 
CMV retinitis in whom the virus was reactivated or was per
sistently active even while they were being treated with sys
temic CMV antiviral drugs (Vitravene Study Group, 2002c). 
As in the previously mentioned study, efficacy assessment in 
these trials consisted of masked evaluations of fundus photo
graphs. Because the patients in these studies had CMV reti
nal disease that was more advanced (i.e. persistently active), 
the dose of fomivirsen used (330 μg/0.05 ml) was double that 
used for newly diagnosed patients. These studies compared a 
more aggressive treatment schedule: an induction phase of 
three weekly injections followed by a maintenance schedule 
of injections every other week with an induction phase of 
two injections given 2 weeks apart followed by monthly injec  
tions as maintenance therapy (see Table 224.1).

The results from these studies evaluated a total of 106 eyes 
in 93 patients and demonstrated that there was no difference 
in treatment outcome between the two regimens. The median 
time to progression ranged from 106 days in one study to 403 
days in the other (Vitravene Study Group, 2002c).

Fomivirsen is approved only for CMV retinitis associated 
with HIV infection, and it is almost always reserved as second 
line therapy for this condition. Fomivirsen may also be con
sidered (offlabel use) to treat selected patients with CMV 
retinitis secondary to other causes of immunosuppression. 
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Zidovudine
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1. DESCRIPTION

Zidovudine, or 3′-azido-3′deoxythymidine, formerly known 
as azidothymidine (AZT; BW A509U), is an analog of the nucle-
oside thymidine. Zidovudine is a potent inhibitor of the HIV 
reverse transcriptase and has proven efficacy in the treat-
ment and prevention of HIV infection. It was the first antiret-
roviral compound to be licensed for the treatment of people 
infected with HIV. The compound was synthesized much 
earlier, however, by Horwitz and colleagues (1964) and sub-
sequently used in anticancer research.

Zidovudine was developed by Burroughs Wellcome and is 
now marketed by ViiV Healthcare (previously by Glaxo-
SmithKline) under the trade name of Retrovir. Zidovudine is 
also available in fixed-dose combinations with other nucleo-
side analog reverse transcriptase inhibitors, such as Combivir 
(zidovudine with lamivudine) and Trizivir (zidovudine with 
lamivudine and abacavir). Generic forms of the drug have 
been produced by a number of companies. In India the main 
companies producing generic zidovudine are Cipla Ltd., 
Aurobindo Pharma, Sun Pharma Laboratories, and Hetero. 
There are a number of generic fixed-dose products, including 
zidovudine with lamivudine (e.g. Duovir and Virocomb). 

The molecular weight of zidovudine is 267.24. The molec-
ular formula is C10H13N5O4 (Retrovir, product information, 
2011). The chemical structure is shown in Figure 225.1. The 

concentration of zidovudine can be expressed in either micro-
molar units (µM) or micrograms per milliliter (μg/ml) (1 µg/
ml is equivalent to 3.7 µM).

Zidovudine is indicated for the treatment and prevention 
of HIV infection, generally given in combination with other 
antiretroviral agents. It is now less commonly used in Australia, 
Europe, and the USA, although patients exist in these areas 
who have been taking zidovudine as part of their combina-
tion therapy with virologic suppression and no clinical evi-
dence of toxicity for 20 years. Zidovudine remains indicated 
for use as first-line antiretroviral therapy in low- and middle- 
income countries (WHO, 2013).

2. ANTIMICROBIAL ACTIVITY

Zidovudine was originally studied as an anticancer agent and 
shows efficacy in the treatment of several virus-associated 
malignancies, including adult T-cell leukemia/lymphoma 
(Bazarbachi and Hermine, 2001; Datta et al., 2006; Kchour et 
al., 2013;Kchour et al., 2009; Ishitsuka et al., 2014) and endemic 
Burkitt’s lymphoma (Kurokawa et al., 2005a; Kurokawa et al., 
2005b). Although antimicrobial use outside the setting of HIV 
is not currently recommended, zidovudine has been reported 
to have activity against some other human pathogens.

2a.  Routine susceptibility

HUMAN IMMUNODEFICIENCY VIRUS

Zidovudine has efficacy in vitro against highly divergent strains 
of HIV-1, including those in group M (major), which are the 
basis of much of the global epidemic, as well as those in the 
less common group O (outlier), which have largely been iso-
lated from African patients (Descamps et al., 1997). HIV-2 is 
also sensitive to zidovudine (Vrang et al., 1988; Pauwels et al., 
1990), although the concentration of zidovudine required to 
inhibit HIV-2 in three human cell lines has been reported 
to be significantly higher than for HIV-1 (Richman, 1987).

Early reports suggested that zidovudine exerted an anti-
viral effect at a concentration of 50–500 nM (Mitsuya et al., Figure 225.1. Chemical structure of zidovudine.
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1985; Nakashima et al., 1986). It is now evident that the con-
centration of the drug required to inhibit HIV-1 replication 
in vitro varies according to the assay used, the strain of HIV-
1, and the multiplicity of infection used. For example, stud-
ies examining the IIIB strain of HIV-1 in MT-4 cells (a T-cell 
line transformed with human T-lymphotropic virus type 1) 
found the half-maximal inhibitory concentration (IC50) of 
zidovudine was 0.004 µM when the multiplicity of infection 
was 0.0002, but this rose to 0.066 µM at a 10-fold higher 
multiplicity of infection (Baba et al., 1987). Studies using H9 
cells (a lymphoblastoid T-cell line) have observed an IC50 of 
zidovudine of around 0.1 µM when assessed by p24 assay 
(Mitsuya et al., 1985), but 71% inhibition of HIV-1 replica-
tion by just 0.0625 µM zidovudine when measured by a vari-
ety of assays including p24, reverse transcriptase activity, and 
virus yield (Medina et al., 1992). In general, 50% inhibition 
of the viral-encoded reverse transcriptase is achieved with 
zidovudine concentrations of around 0.05 µM (0.013 µg/ml), 
but higher concentrations (in the range of 0.35 µM) are 
required to reduce HIV core protein (p24) production by 50% 
in human T-lymphocytes infected with laboratory-adapted 
isolates of HIV (Furman and Barry, 1988). Zidovudine inhib-
its HIV-1 replication in infected MT-4 cells when added 20 
hours after infection (Nakashima et al., 1986), but the effect 
of zidovudine in inhibiting HIV-1 replication is lost after 
10–14 days in H9 cell culture (Johnson et al., 1989).

Significant differences in zidovudine metabolism and 
potency have been observed with different cell lines (Bal-
zarini et al., 1988) and primary cell populations. For example, 
zidovudine is ineffective in chronically infected lympho-
blastoid cell lines, with < 60% inhibition of HIV-1 replication 
achieved even at concentrations of 50 µg/ml (Nakashima et 
al., 1986; Crowe et al., 1989). Although the phosphorylation 
of zidovudine in monocytes and macrophages is 25% or less 
than that of T-lymphocytes (Perno et al., 1988), zidovudine is 
more active in nondividing cells of macrophage lineage than 
in T-lymphocytes or T-lymphoblastic cell lines (Crowe et al., 
1989; Perno et al., 1992b). Over 90% inhibition of acute infec-
tion of cultured monocytes with the DV strain of HIV-1 is 
achieved with 0.01 µg/ml (0.037 µM) zidovudine, but 50 
µg/ml (185 µM) zidovudine produced only 19–55% inhibition 
of HIV replication in chronically infected cells, as assessed 
by p24 assay (Crowe et al., 1989).

The strain of HIV-1 is also important when assessing anti-
viral potency. When the Ba-L strain of HIV-1 is used, the 
IC50 of zidovudine required to prevent infection of cells of 
macrophage lineage is 0.5 µM (Perno et al., 1989). Using  
the macrophage tropic strain HIVAda, pretreatment of 
 monocyte-derived macrophages with 1 µM zidovudine 
resulted in complete inhibition of cell-free infection (St. Luce 
et al., 1993). The reported susceptibility of HIV-1 isolates 
from  zidovudine-naive patients varies, with IC50 values rang-
ing from 0.005 to 0.45 µM (Larder and Kemp, 1989; Land et 
al., 1990; Richman et al., 1990) and IC90 values of 0.002– 
0.2 µM (Mohri et al., 1993; Shafer et al., 1993). Within any 
infected patient there are typically many HIV quasispecies 

with differing genotype and phenotype that will vary in their 
antiviral susceptibility (Richman et al., 1990).

SIMIAN IMMUNODEFICIENCY VIRUS

The reverse transcriptase of simian immunodeficiency virus 
(SIV) is sensitive to zidovudine, with similar inhibition con-
stants for zidovudine and other nucleoside analogs as the 
HIV-1 reverse transcriptase (Vrang et al., 1988; Wu et al., 
1988). Complete inhibition of SIV replication as assessed 
by syncytium formation, reverse transcriptase assay, and viral 
antigen production has been reported with 4 µM zidovudine 
(Tsai et al., 1988). The chimeric virus simian/human immuno-
deficiency virus (SHIV), in which the reverse transcriptase 
gene of SIV is replaced by the reverse transcriptase of HIV-1, 
is also sensitive to nucleoside analogs, including zidovudine 
(Balzarini et al., 1995).

FELINE IMMUNODEFICIENCY VIRUS

Zidovudine has in vitro efficacy against feline immunodefi-
ciency virus (FIV) in primary peripheral blood mononuclear 
cells (PBMCs), but not in chronically infected T-cell lines. 
In animal studies, the combination of zidovudine 75 mg/kg 
orally twice daily together with lamivudine 75 mg/kg orally 
twice daily protected five out of six specific pathogen free 
(SPF) cats against FIV infection when commenced 3 days 
before inoculation but had no clinical benefit in animals 
chronically infected with FIV (Arai et al., 2002). A recent 
randomized trial also showed no benefit from either zidovu-
dine, interferon-alpha or a combination of both compared 
with placebo in domestic cats naturally infected with FIV 
(Stuetzer et al., 2013). Treatment with zidovudine has, how-
ever, been associated with a reduction in FIV viral load in 
naturally infected domestic cats, and this reduction is greater 
when zidovudine is used in combination with lamivudine 
(Gómez et al., 2012).

OTHER RETROVIRUSES

Human T-lymphotropic virus type 1 (HTLV1), equine infec-
tious anemia virus, avian leukosis virus, Moloney murine 
leukemia virus, Friend murine leukemia virus, murine Har-
vey sarcoma virus, and avian myeloblastosis virus are all also 
sensitive to zidovudine (Krieg et al., 1978; Olsen et al., 1987; 
Furman and Barry, 1988; Huang et al., 1990). The replication 
of visna virus is inhibited by zidovudine, but this drug is 
reportedly significantly less potent than zalcitabine and dida-
nosine and of similar potency to stavudine when replication 
is assessed in sheep choroid plexus cells (Thormar et al., 1993).

HERPESVIRUSES

An early report suggests that Epstein-Barr virus is sensitive 
to zidovudine, with an IC50 of 1–10 µM (Lin et al., 1988). In 
vitro data also support a possible role for zidovudine in the 
treatment of human herpesvirus type 8 infections (Gustafson 
et al., 2000). However, zidovudine has no effect on the repli-
cation of cytomegalovirus, varicella zoster virus, and herpes 
simplex viruses types I and 2, the IC50 for each being in excess 
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of 100 µM (Lin et al., 1988). When combined with aciclovir, 
ganciclovir, and foscarnet, potentiation of effect against CMV 
replication is additive to synergistic (Snoeck et al., 1992).

HEPATITIS B VIRUS

Zidovudine triphosphate has been reported to inhibit the 
DNA polymerase of human hepatitis B virus by 50% at a 
concentration of 0.3 µM (Berk et al., 1992). However, others 
have shown zidovudine to have less efficacy in inhibiting 
hepatitis B virus replication in a Hep-G2 hepatoblastoma cell 
line (Aoki-Sei et al., 1991) and no effect on hepatitis B repli-
cation in vivo in either a duck or a woodchuck model (Har- 
itani et al., 1989; Korba et al., 2000). Existing clinical evidence 
does not support zidovudine use in the treatment of chronic 
hepatitis B infection. A randomized trial of adding zidovu-
dine or placebo to interferon-alpha in 24 patients undergoing 
treatment for chronic hepatitis B demonstrated no additional 
antiviral benefit from zidovudine but substantial increases in 
toxicity (Janssen et al., 1993). More recently, no reduction in 
serum hepatitis B DNA levels was observed in 25 patients 
chronically infected with both HIV and hepatitis B treated 
with zidovudine (Gallian et al., 1996).

MYCOPLASMA SPP.

Inhibition of growth of Mycoplasma spp. by zidovudine in vitro 
has been reported by some investigators (Lafeuillade et al., 
1992; Papierok et al., 1992), but not others (Taylor-Robinson 
and Furr, 1992).

ENTEROBACTERIA

One group has shown in vitro evidence of zidovudine having 
bactericidal effects on some enterobacteria, including syner-
gistic activity with gentamicin (Dorleans-Jordheim et al., 2011).

LEISHMANIA AMAZONENSIS

Concentrations of 20–50 µM zidovudine were associated 
with a significant reduction in parasite number in the loga-
rithmic phase of in vitro growth, together with alterations in 
the morphology of Leishmania amazonensis (Araújo et al., 
2011).

2b.  Emerging resistance and 
cross-resistance

When HIV is cultured with increasing concentrations of 
zidovudine in vitro, resistant strains emerge (Larder et al., 
1991a). Zidovudine resistance also occurs in vivo. The origi-
nal report described reduced susceptibility of isolates from 
patients with advanced HIV disease who had received zid-
ovudine for at least 6 months. Sequential analysis of isolates 
from individual patients revealed a progressive loss of sus-
ceptibility (Larder et al., 1989). Subsequent studies confirmed 
the emergence of resistant HIV strains during zidovudine 
therapy in both pediatric and adult patients (Rooke et al., 
1989; Land et al., 1990; Larder et al., 1991b; Dimitrov et al., 
1993; Ogino et al., 1993; Shafer et al., 1993). The development 

of zidovudine resistance predicts disease progression in both 
adult and pediatric patients (Montaner et al., 1993; Ogino et 
al., 1993; Nielsen et al., 1995). In the context of zidovudine 
monotherapy, the dose of zidovudine did not conclusively 
influence the rate of development of resistance (Richman 
et al., 1990). However, resistance developed more rapidly in 
patients with advanced HIV disease and a lower CD4 T-cell 
count (Richman et al., 1990; Montaner et al., 1993). High-
level zidovudine resistance (IC50 ≥ 1 µM) in strains of HIV 
isolated from patients with advanced disease using zidovu-
dine monotherapy was independently associated with an 
increased risk of disease progression or death (Kozal et al., 
1993; D’Aquila et al., 1995).

Zidovudine-resistant strains of HIV emerge due to muta-
tions developing within the reverse transcriptase gene (Lar-
der et al., 1987; Mayers et al., 1992; Sheehy and Dessel berger, 
1993), a process aided by the error-prone nature of the reverse 
transcriptase enzyme itself (Smith et al., 1994b). There are 
different pathways that can lead to reduced susceptibility of 
HIV strains to zidovudine and/or other nucleoside analog 
reverse transcriptase inhibitors. These include altering the 
discrimination between natural substrates (deoxyribonu-
cleotide triphosphate [dNTPs]) and this class of drugs, the 
mechanism involved in the selection of M184V, and the 
Q151M complex of multidrug resistance mutations. A sec-
ond pathway is by pyrophosphorolysis. This is the main 
mechanism by which zidovudine resistance occurs and in 
particular is the mechanism underlying the selection of thy-
midine analog (or associated) mutations (TAMs) (discussed 
later in the chapter). Increasing the pyrophosphorolytic 
activity of reverse transcriptase results in the uncoupling or 
removal of the last chain-terminating nucleoside monophos-
phate residue and allows reverse transcription to once again 
proceed Miller and Larder, 2001; Mendendez-Arias, 2008).

MUTATIONS IN HIV CONFERRING  
ZIDOVUDINE RESISTANCE

Both genotypic and phenotypic assays are available to detect 
resistance to zidovudine, although genotypic assays are most 
commonly used. Genotypic assays determine whether spe-
cific mutations are present that are known to be associated 
with reduced susceptibility of HIV to the specific drug. These 
assays are complicated by the fact that both wild-type virus 
as well as mutated strains can be present in the one clinical 
sample and HIV species can contain various combinations of 
resistance mutations (Kellam et al., 1994).

Amino acid substitutions at least six sites within the 
reverse transcriptase have been shown to occur in the setting 
of a resistant phenotype. These are within codons 41, 67, 70, 
210, 215, and 219 (Larder and Kemp, 1989; Kellam et al., 
1992; Boucher et al., 1993a; Harrigan et al., 1996; Hooker et 
al., 1996). Some of the specific substitutions that have been 
associated with reduced zidovudine susceptibility are sum-
marized in Table 225.1 (Moyle, 1995). 

Mutations signaling the development of zidovudine resis-
tance generally emerge in an ordered pattern and have been 
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detected as early as day 25 of therapy (Loveday et al., 1995). 
Mutations at codon 70 commonly appear first, but may dis-
appear transiently with the subsequent appearance (at a rate 
reported to correlate with CD4 T-cell count) of mutations in 
codon 215 (Boucher et al., 1990; Boucher et al., 1992). HIV 
strains with mutations at only codons 70 and 215 are only 
partially resistant to zidovudine and the 215 (Thr→Phe) 
mutant is less resistant than the 215 (Thr→Tyr) mutant 
(Lacey and Larder, 1994). The subsequent appearance of 
mutations at codons 67 and 219 (in addition to 70 and 215) 
is associated with high-level resistance (Larder et al., 1991a). 
By 76 weeks of zidovudine monotherapy, a mutation at 
codon 41 was described in 12 of 16 patients (Kellam et al., 
1992). Combinations of mutations can result in additive 
resistance (Lacey and Larder, 1994). For example, mutations 
at 41 and 215 together result in a 60- to 70-fold reduction in 
zidovudine sensitivity, while the combined presence of muta-
tions at each of codons 41, 67, 70, 215, and 219 decreases 
susceptibility about 180-fold (Larder, 1994). Other mutations 
associated with zidovudine resistance have been reported, 
including those at codons 44 (Glu→Asp), 210 (Leu→Trp), 
and 369 (Thr→Ile) (Gurusinghe et al., 1995) and at codons 
125 (Leu→rp), 142 (Ile→Val), and 294 (Pro→Thr) (Japour et 
al., 1991). The 210 mutation occurs late and is typically found 
in combination with mutations at 215 and 41 (Harrigan et al., 
1996; Hooker et al., 1996). A similar order has been reported 
for the sequential appearance of mutations produced by 
selective pressure with zidovudine in vitro (Larder et al., 1991a).

Mutations within the connection and RNase H domains 
of reverse transcriptase have been shown to confer reduced 
susceptibility to nucleoside analogs, including zidovudine 
(Ehteshami and Gotte, 2008). For example, a mutation within 
codon 348 (N348I) has been found in more than 12% of 
HIV-1 strains isolated from treatment-experienced patients, 
but fewer than 1% of isolates from treatment-naive individu-
als. This mutation occurs in a region that is not included in 

routine susceptibility tests. However, it is associated clinically 
with a poorer response to zidovudine-containing therapy and 
a twofold to fourfold reduction in zidovudine susceptibility 
when introduced into laboratory strains of HIV (Yap et al., 
2007).

Mutations associated with zidovudine resistance may also 
confer cross-resistance to other nucleoside analogs. An early 
study of isolates from patients on zidovudine monotherapy 
demonstrated zidovudine resistance in association with reduced 
susceptibility to both didanosine and zalcitabine (Mayers et 
al., 1994). There is a case report of a patient who had only 
ever been treated with didanosine who developed mutations 
in HIV isolates associated with zidovudine resistance (Demeter 
et al., 1995). Cross-resistance between zidovudine and stavu-
dine has long been recognized, with 2 of 11  zidovudine- 
resistant isolates from patients on long-term zidovudine 
therapy also resistant to stavudine in one early study (Rooke 
et al., 1991). Several of the mutations associated with zidovu-
dine resistance (including those at codons 41, 67, 210, 215, 
and 219) are so-called TAMs and are also selected by stavu-
dine (Coakley et al., 2000; Pellegrin et al., 2000; White et al., 
2006). HIV-1 strains with TAMs are generally resistant to all 
nucleoside reverse transcriptase inhibitors (White et al., 
2006). Of importance is the observation that individuals who 
develop the K65R mutation (associated with resistance to 
tenofovir, abacavir, didanosine, and lamivudine) do not accu-
mulate TAMs (Martin-Carbonero et al., 2006). Susceptibility 
to protease inhibitors is not affected by mutations associated 
with zidovudine resistance (Otto et al., 1993; Tisdale et al., 
1995).

HIV strains resistant to multiple nucleoside analogs (asso-
ciated with a mutation in codon 151 with or without additional 
mutations at 62, 75, 77, and 116) were initially described in 
patients treated with zidovudine and didanosine in combina-
tion (Shafer et al., 1994). The multidrug resistance mutations 
within the Q151M complex confer resistance to all currently 
approved nucleoside analogs (Iversen et al., 1996; Wensing et 
al., 2015). These multinucleoside analog-resistant mutations 
may occur in up to 3–5% of treatment-experienced HIV 
patients (Schmit et al., 1998; Moyle et al., 2000) and have also 
been reported in pediatric populations (Harada et al., 2007).

Resistance mutations may cease being detectable in plasma 
HIV isolates after cessation of zidovudine therapy, although 
this process is slow, with detection of mutations persisting for 
8–22 months in several reports (Albert et al., 1992; Boucher 
et al., 1993a; Kozal et al., 1994; Smith et al., 1994a; Gurusinghe 
et al., 1995). This may be due to reversion to wild-type virus 
or to the archiving of resistant strains to the resting CD4+ 
T-cell latent reservoir (Persaud et al., 2007).

The susceptibility to zidovudine of resistant HIV strains 
may increase with the development of specific mutations 
associated with resistance to other antiretroviral agents. 
Foscarnet-resistant strains of HIV (with substitutions within 
the reverse transcriptase-encoding pol gene at codons 89, 92, 
or 156, and the dual mutations at 16 and 208) were hyper-
sensitive to zidovudine (Mellors et al., 1995; Tachedjian et 
al., 1995; Tachedjian et al., 1996). Development of mutations 

Table 225.1. Major mutations conferring resistance of HIV to 
zidovudine.

Substitutions in codons

41 Met→Leu

67 Asp→Asn

70 Lys→Arg

210 Leu→Trp

215 Thr→Tyr/Phe

219 Lys→Arg

> Mutation Reduction in zidovudine susceptibilities 
(fold increase in IC50)

70 8

215 16

215 + 41 60–70

215 + 67 + 70 31

215 + 67 + 70 + 41 179

215 + 67 + 70 + 219 166

Abbreviation: IC50: half-maximal inhibitory concentration.
Source: Adapted with permission from Moyle (1995).
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K70G, V75T K219R, and L228R have been shown to cause a 
2- to 20-fold decrease in resistance to zidovudine in individ-
uals receiving foscarnet for more than 12 months (Mathiesen 
et al., 2007). Early reports of the development of a mutation 
at codon 74 (Leu→Val) during didanosine therapy associated 
with increased zidovudine sensitivity (St. Clair et al., 1991) 
have since been confirmed (Frankel et al., 2005). Zidovudine-
resistant strains of HIV may show increased susceptibility 
to this drug when M184V, conferring lamivudine resistance 
(Larder et al., 1995; Trivedi et al., 2008), is acquired, although 
this mutation does not affect zidovudine susceptibility of 
sensitive strains (Tisdale et al., 1993). Similarly, some muta-
tions conferring resistance to nonnucleoside reverse tran-
scriptase inhibitors (NNRTIs) (such as substitutions within 
codons 100 and 181) may suppress resistance to zidovudine 
when co-expressed with mutations that specifically confer 
resistance to zidovudine (Larder, 1992; Byrnes et al. 1994), 
although mutations within codon 181 do not on their own 
alter zidovudine susceptibility (Balzarini et al., 1993). Studies 
exploring the mechanisms underlying zidovudine hypersus-
ceptibility suggest that the deletion of Thr69 within the beta 
3–beta 4 hairpin loop of reverse transcriptase associated with 
the emergence of multidrug resistance is of importance (Kisic 
et al., 2008).

Several reports confirm that strains of HIV with differing 
susceptibility to zidovudine (and other antiretroviral drugs) 
may be isolated from various compartments within a single 
patient (Borderia et al., 2007). Resistant HIV may arise ear-
lier in plasma than in leukocytes, with several investigators 
reporting plasma virus with mutations in the reverse tran-
scriptase associated with zidovudine resistance, while cellu-
lar isolates from the same patient remained genotypically 
sensitive (Kozal et al., 1993; Smith et al., 1993b; Anderson et 
al., 1994; Kaye et al., 1995). Compartmentalization of HIV 
strains has also been documented within various leukocyte 
populations (Potter et al., 2004). Resistant virus has been 
recovered from genital fluids and may occur coincident with 
the development of zidovudine resistance in plasma (i.e. ear-
lier than in blood or seminal mononuclear cells) (Wainberg 
et al., 1993; Kroodsma et al., 1994; Tirado et al., 2004). Post- 
mortem studies have shown that HIV may evolve inde-
pendently in the central nervous system (CNS) of patients on 
antiretroviral therapy, including the development of CNS-
derived HIV strains with mutations in the reverse transcrip-
tase that have been associated with drug resistance (Sheehy 
et al., 1996; Wong et al., 1997; Smit et al., 2004; Burkala et al., 
2005).

Zidovudine-resistant strains of HIV may be isolated from 
some individuals who are zidovudine naive as a result of 
transmission of drug-resistant HIV, with genotypic confir-
mation of mutations including TAMs and Q151M (Erice et 
al., 1993; Mohri et al., 1993; Nájera et al., 1994; Gandhi et al., 
2003; Garcia-Lerma et al., 2004). Transmission of zidovudine- 
resistant strains of HIV has been reported by heterosexual 
and homosexual contact, vertically, through occupational 
exposure and by injection of HIV-infected blood (Conlon et 
al., 1994; Kuritzkes et al., 1994; Siegrist et al., 1994; Veenstra 

et al., 1995; Gandhi et al., 2003). Analysis of viral sequences 
from 822 individuals involved in the Swiss HIV Cohort 
Study who seroconverted between 1996 and 2005 demon-
strated transmitted resistance to at least one antiretroviral 
drug in 7.7%, including 5.5% (95% confidence interval [CI]:, 
3.9–7.1%) of isolates containing mutations associated with 
resistance to a nucleoside analog reverse transcriptase inhib-
itor (Yerly et al., 2007). More recent data on transmitted drug 
resistance in Europe from the SPREAD study has revealed a 
similar rate of transmitted drug resistance of 8.3% between 
2008 and 2010, with nucleoside analog mutations found in 
4.5% (Hofstra et al., 2016). 

Zidovudine resistance occurs in retroviruses other than 
HIV with prolonged zidovudine exposure, including SIV and 
SHIV (Balzarini et al., 1995) as well as FIV (Remington et al., 
1991; Martins et al., 2008). Zidovudine-resistant isolates of 
FIV rapidly revert to a zidovudine-sensitive phenotype when 
passaged in the absence of drug; however, genotypic rever-
sion does not occur (Remington et al., 1994).

2c.  In vitro synergy and antagonism

In vitro antagonism between zidovudine and other antimi-
crobial compounds has been reported (Table 225.2). Zido vu-
dine and stavudine co-administration are not recommended 
due to antagonism. Zidovudine reduces the activity of stav-
udine in human lymphocytes by inhibiting stavudine phos-
phorylation (Ho and Hitchcock, 1989), and stavudine and 
zidovudine have been found to be antagonistic when tested 
against zidovudine-resistant strains of HIV-1 in vitro (Merrill 
et al., 1996). These findings of antagonism between zidovu-
dine and stavudine have been confirmed in patients receiv-
ing both drugs (Havlir et al., 2000). 

Both ganciclovir (Medina et al., 1992) and ribavirin (Vogt 
et al., 1987; Margot and Miller, 2005) have been shown to 
antagonize the effect of zidovudine on HIV replication in vitro. 
Studies investigating the underlying mechanism of antago-
nism between zidovudine and ribavirin show ribavirin does 
not inhibit the formation of intracellular zidovudine triphos-
phate (Aweeka et al., 2007). Zidovudine has been reported to 
antagonize pyrimethamine in mice infected with Toxoplasma 
gondii (Israelski et al., 1989).

Additive or synergistic inhibition of HIV replication is 
observed when the majority of antiretroviral compounds are 
tested in combination with zidovudine (Table 225.3). Synergy 

Table 225.2. Antagonistic in vitro interactions between 
zidovudine and other antimicrobial drugs.

In vitro interactions

Ribavirin and zidovudine

Stavudine and zidovudinea,b

Ganciclovir and zidovudine

Pyrimethamine and zidovudinec

aSome studies show synergism.
bUsing zidovudine-resistant strains of HIV.
cIn a mouse model of Toxoplasma gondii infection.
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between zidovudine and other nucleoside analogs is unlikely 
to be due to synergistic inhibition of reverse transcriptase 
because the triphosphate derivatives of these agents cannot 
bind to reverse transcriptase simultaneously (White et al., 
1993). Nonetheless, synergy is evident against both HIV-1 
and HIV-2 (Cox et al., 1994). This includes reported synergy 
between zidovudine and stavudine against laboratory-adapted 
strains of HIV in T-cell lines (Sorensen et al., 1993), although 
clear in vitro evidence of antagonism between these two 
agents above in this section. Lamivudine and zidovudine 
demonstrate synergistic anti-HIV activity in vitro (Mathez et 
al., 1993; Merrill et al., 1996), as do zidovudine and carbovir 
(an analog of abacavir) (Smith et al., 1993a). Zidovudine 
with either zalcitabine or didanosine synergistically inhibits 
both zidovudine-sensitive and -resistant HIV strains in vitro 
(Dornsife et al., 1991; Johnson et al., 1991; Eron et al., 1992; 
Mathez et al., 1993; Capparelli et al., 2003). Zidovudine is 
also synergistic with drugs of the nonnucleoside reverse 
transcriptase inhibitor class. Evidence suggests that, in addi-
tion to inhibition of excision of zidovudine from the chain- 
terminated template/primers, there is also an important role 
for RNAse H activity (Cruchaga et al., 2005; Radzio and 
Sluis- Cremer, 2008).

A range of protease inhibitors have been shown to exhibit 
additive to synergistic interactions with zidovudine against 
both zidovudine-sensitive and -resistant strains of HIV in 
vitro (Johnson et al., 1992; Kageyama et al., 1992; Lambert 
et al., 1993; Vacca et al., 1994). Additive or synergistic inhi-
bition of HIV replication has also been demonstrated in 
vitro between zidovudine and various nonnucleoside analog 
reverse- transcriptase inhibitors (Richman et al., 1991; Buck-
heit et al., 1993; Chong et al., 1994; Pauwels et al., 1994), 
including some drugs tested against zidovudine-resistant 
HIV variants (Campbell et al., 1993). Three drug combina-
tions (including three nucleoside analogs or two nucleoside 
analogs with a protease inhibitor or a nonnucleoside analog 
reverse transcriptase inhibitor) have also been shown to be 
synergistic in vitro (St. Clair et al., 1995; Merrill et al., 1996; 
Snyder et al., 2000).

Recombinant interferon-alpha, when added to zidovudine; 
to zidovudine and didanosine; to zidovudine, didanosine, 
and saquinavir; or to zidovudine and recombinant CD4, syn-
ergistically inhibits HIV replication in cultured peripheral 
blood mononuclear cells, monocytes, or in human bone mar-
row progenitor cells (Hartshorn et al., 1987; Berman et al., 
1989; Johnson et al., 1990; Johnson et al., 1991; Degré and 
Beck, 1994; Mazzulli et al., 1994). Recombinant interferon- 
beta also acts synergistically with zidovudine, reducing by 4- 
to 1000-fold the amount of zidovudine required to maintain 
maximum inhibition of HIV p24 antigen synthesis in vitro 
(Williams and Colby, 1989).

Additive to synergistic efficacy against HIV replication has 
been demonstrated between zidovudine and foscarnet in MT-4 
cells and against the HIV reverse transcriptase (Eriksson and 
Schinazi, 1989; Koshida et al., 1989; Jacobsen et al., 1991; Kong 
et al., 1991). Granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF), but not macrophage colony-stimulating factor, 
has demonstrated synergism with zidovudine in inhibiting 
HIV-1 replication in monocyte cell lines (Hammer and Gillis, 
1987) and in macrophages (Hammer et al., 1990; Perno et al., 
1992a). An early report found that aciclovir exerted synergism 
with zidovudine in protecting cells from HIV-related cell death 
(Mitsuya and Broder, 1987). No anti retroviral effect of aciclovir 
has been confirmed subsequently, with or without zidovudine.

3. MECHANISM OF DRUG ACTION

Like other nucleoside analog reverse transcriptase inhibitors 
(NRTIs), zidovudine is a nucleic acid derivative that acts as 
an alternative substrate for DNA polymerases. Because of a 
chemical modification at the 3′-hydroxyl group (which nor-
mally forms the 5- to 3-phosphoester bond with the next 
nucleic acid), nucleoside analogs inhibit transcription by 
competing with endogenous nucleic acids for incorporation 
into the growing DNA strand and causing chain termination 
once incorporated (St. Clair et al., 1987; Kakuda, 2000). 
Zidovudine is an analog of thymidine in which the 3′-hydroxy 
group is replaced by an azido group.

Much of the important work on the mechanism of action 
of zidovudine was performed by Furman and his colleagues 
(1986) early after the discovery of its antiretroviral activity. 
Zidovudine enters cells by simple diffusion (Kong et al., 
1992). Before it can exert antiretroviral activity, zidovudine 
then undergoes a series of intracellular phosphorylation steps 
(Figure 225.2) to produce zidovudine triphosphate, which is 
a potent inhibitor of reverse transcriptase (St. Clair et al., 1987).

Phosphorylation of zidovudine by cellular thymidine 
kinase (TK) to the monophosphate derivative occurs in both 
uninfected and HIV-infected cells and is as efficient as phos-
phorylation of thymidine, the native substrate of TK (Km values 
for zidovudine and thymidine are 3.0 and 2.9 µM, respec-
tively) (Furman et al., 1986). Subsequent phosphorylation to 
the diphosphate derivative catalyzed by cellular thymidylate 
kinase is less efficient and a rate-limiting step in zidovudine acti-
vation (Kakuda, 2000). Because of poor substrate specificity of 
zidovudine monophosphate for thymidylate kinase, zidovudine 

Table 225.3. Additive to synergistic interactions with 
zidovudine.a,b

Synergistic interactions

Zidovudine and other antiretroviral agents

Interferon-alpha and zidovudine

Interferon-beta and zidovudine

Foscarnet with zidovudine

Dipyridamole

Recombinant-soluble CD4

Castanospermine

Aciclovirc

aSome studies also show antagonism with stavudine.
bFor both zidovudine-sensitive and -resistant strains of HIV with didanosine, 

zalcitabine, nonnucleoside reverse transcriptase inhibitors, and protease 
inhibitors.

cControversial because data were not able to be confirmed in subsequent 
studies.
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monophosphate accounts for more than 95% of intracellular 
zidovudine (Furman et al., 1986; Agarwal and Mian, 1991). 
The final conversion of zidovudine diphosphate to zidovudine 
triphosphate is by cellular nucleoside diphosphate kinase (Bour-
dais et al., 1996), a step in zidovudine activation that may 
also be rate limiting (Kakuda, 2000).

Zidovudine activity is not entirely specific to reverse tran-
scriptase because it also has activity against some mamma-
lian DNA polymerases. Inhibition of DNA polymerase alpha 
and beta is approximately 100-fold less potent than inhibi-
tion of reverse transcriptase (Furman et al., 1986; Matthes et 
al., 1987; König et al., 1989). More substantial inhibition of 
DNA polymerase delta and epsilon is reported (Nickel et al., 
1992). There are no well-established clinical consequences of 
zidovudine’s inhibition of these cellular enzymes, but some 
zidovudine has been found incorporated into the DNA of 
peripheral blood mononuclear cells of patients previously 
exposed to zidovudine and the cord blood of infants born to 
HIV-infected women using zidovudine (Olivero et al., 1999; 
Olivero et al., 2000). Investigators concluded that long-term 
genotoxicity and/or cytotoxicity may be a possible long-term 
consequence of therapy with zidovudine (or other NRTI) 
(Olivero et al., 1999). Zidovudine also causes significant 
inhibition of DNA polymerase gamma (Konig et al., 1989), 
which is located in the mitochondrion and responsible for 
mitochondrial DNA synthesis. Inhibition of mitochondrial 
DNA synthesis by zidovudine (and other NRTI) is proposed 
as a mechanism underlying many NRTI-associated toxici-
ties (Lewis and Dalakas, 1995; Brinkman et al., 1998; Brinkman 
et al., 1999; Kakuda, 2000). In vitro, zidovudine triphosphate 
inhibits DNA polymerase gamma less efficiently that either 
stavudine (Lim and Copeland, 2001) or zalcitabine triphosphate 
(Chen et al., 1991), consistent with the stronger association 
between stavudine and zalcitabine and side effects attributed to 

mitochondrial toxicity(Lewis and Dalakas, 1995; Brinkman et 
al., 1998; Brinkman et al., 1999; Fleischer et al., 2004; see Chapter 
229, Stavudine and Chapter 227, Zalcitabine).

Because zidovudine can act as a substrate for DNA poly-
merases only after metabolism to the active, triphosphory-
lated form, its efficacy (and potential toxicity) depends on the 
intracellular availability and efficiency of enzymes involved in 
its phosphorylation, rather than just the distribution of the 
parent drug. Complex positive and negative feedback loops, 
not all of which have been characterized, may influence 
the metabolism of NRTI, including zidovudine (Stein and 
Moore, 2001). In addition, the intracellular metabolism of 
NRTI varies with the cell type and whether the cell is acti-
vated or resting. For example, cytosolic thymidine kinase-1, 
an enzyme with high affinity for zidovudine, is expressed 
only during the S-phase of the cell cycle (Kakuda, 2000; Stein 
and Moore, 2001). This may explain the preferential phos-
phorylation of zidovudine by activated cells (Gao et al., 1993; 
Gao et al., 1994). In addition, there is variation between cell 
types in the enzymes used in the phosphorylation of zidovu-
dine. For example, the mitochondrial thymidine kinase (TK2) 
is thought to phosphorylate thymidine (and therefore zido-
vudine) in macrophages but the cytosolic enzyme (TK1) is 
available for this purpose in lymphocytes (Arnér et al., 1992). In 
placental trophoblastic cells and Hofbauer (fetal macrophage) 
cells, zidovudine has been reported to be 50- to 100-fold less 
efficiently phosphorylated to the triphosphate derivative than 
in activated peripheral blood lymphocytes (Qian et al., 1994). 
There is also considerable variability within and between indi-
vidual donors in the ability of their peripheral blood mono-
nuclear cells to activate zidovudine (Veal et al., 1994).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Zidovudine is available for oral dosing in capsules (100 and 
250 mg) and syrup (10 mg/ml) (Table 225.4). Each fixed-
dose combination tablet of Combivir or Trizivir contains 300 
mg zidovudine (Keiser and Nassar, 2007; Marier et al., 2007). 
Zidovudine is also formulated for intravenous administra-
tion (200 mg per 20 ml). It is not suitable for intramuscular 
or subcutaneous injection. Several groups are working on 
novel formulations of zidovudine for targeted central ner-
vous system delivery, including conjugation with ursodeoxy-
cholic acid (Dalpiaz et al., 2012), a thermoreversible gelling 
system (Ved and Kim, 2011) and nanoparticle formulations 
(Saiyed et al., 2010; Mainardes et al., 2010; Kuo and Chung, 
2012; Harilall et al., 2013; Dalpiaz et al., 2014). At the time of 
writing, all are at a preclinical stage of development.

4a.  Adults

ORAL ADMINISTRATION

The current usual oral dose of zidovudine for the treatment 
of HIV in adults is 500–600 mg/day, taken as either 250 or 
300 mg every 12 hours (Table 225.4).

Figure 225.2. Phosphorylation of zidovudine in infected 
and uninfected cells. 
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Zidovudine diphosphate

Zidovudine triphosphate
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Other cellular enzymes
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The recommended zidovudine dose for the treatment of 
HIV has been derived from the results of several randomized 
controlled trials. The first clinical trial of zidovudine in adult 
patients with AIDS or AIDS-related complex (ARC) employed 
initial intravenous therapy followed by oral zidovudine in 
doses ranging from 2 mg/kg every 8 hours up to 10 mg/kg 
every 4 hours (Yarchoan et al., 1986). This work confirmed 
that zidovudine was well absorbed from the gastrointestinal 
tract and associated with only mild side effects at these doses. 
Subsequent clinical trials of oral zidovudine confirmed that 
doses of 1200–1500 mg daily in six divided doses provided 
antiviral, immunologic, and clinical efficacy but were associ-
ated with significant side effects (Fischl et al., 1987; Yarchoan et 
al., 1987; Richman et al., 1987a; Fischl et al., 1990c; described 
in section 6, Adverse reactions and toxicity). The efficacy of 
lower doses of oral zidovudine was therefore investigated. 
Zidovudine 100 mg given every 4 hours was at least as effective 
as 250 mg given every 4 hours and was associated with less 
toxicity in a study comparing survival at 24 months in 524 
patients with a previous diagnosis of AIDS (Pneumocystis 
carinii pneumonia) (Fischl et al., 1990b). Similarly, 500 mg of 
zidovudine per day was as efficacious as 1500 mg per day in 
patients with asymptomatic HIV infection at reducing the risk 
of progression to AIDS (Volberding et al., 1990). An open- 
label, dose-escalating study demonstrated similar clinical and 
antiviral efficacy with zidovudine doses of 300, 600, and 1500 
mg per day in symptomatic individuals who had not yet had an 
AIDS-defining illness, with the highest doses associated with 
greatest toxicity (Collier et al., 1990). A daily oral dose of 150 
mg zidovudine (given as 50 mg every 8 hours) was associated 
with suboptimal virologic and immunologic efficacy com-
pared with doses of 300 and 600 mg/day (Meng et al., 1992).

Based on data including the trials summarized earlier, a 
total daily zidovudine dose of 500–600 mg has been accepted 
as both safe and at least as efficacious as higher doses (Table 
225.4). A twice-daily dosing regimen has been shown to have 
similar virologic efficacy to a four times a day schedule in a 
double-blind randomized trial in asymptomatic patients 
with HIV (Gill et al., 1991). More frequent dosing is there-
fore no longer recommended.

INTRAVENOUS ADMINISTRATION

There are few indications for the use of zidovudine intrave-
nously in the management of HIV infection other than intra-
partum administration for the prevention of mother to child 
transmission (described in detail later in section 4c, Pregnant 
and lactating mothers). In this context, the recommended 
dose is 2 mg/kg i.v. over 1 hour, followed by 1 mg/kg/hour 
until delivery (Connor et al., 1994). Much higher doses (up 
to 20 mg/m2/day as a continuous infusion for 48 hours) have 
been studied in patients with cancer and were well tolerated 
(Marchbanks et al., 1995).

The recommended intravenous dose is 1 mg/kg infused 
over 1 hour. This dose should be administered five or six 
times daily (5–6 mg/kg daily). The intravenous dosing regi-
men equivalent to an oral administration of 100 mg every 4 
hours is approximately 1 mg/kg i.v. every 4 hours (Retrovir, 
product information, 2011). Doses used in adults in a clinical 
trial ranged from 1 mg/kg administered every 8 hours up 
to 5 mg/kg given every 4 hours for 14 days (Yarchoan et al., 
1986). Intravenous zidovudine has also been studied in chil-
dren, demonstrating similar pharmacokinetics and safety 
profile to those described in adults (Balis et al., 1989b; Balis 
et al., 1989c).

Table 225.4. Zidovudine formulations and dosing.a

Oral Intravenous

Available formulations Capsules (100 and 250 mg)
FDC tablets (300 mg zidovudine)
Syrup (10 mg/ml)

Solution (10 mg/ml)

Neonates 2 mg/kg every 6 hours, started within 12 hours of 
birth (continued for 6 weeks for the prevention of 
parent to child transmission of HIV)

1.5 mg/kg every 6 hours

Children 6 weeks to 18 years of age 
with weight at least 4 kg

Weight 4–< 9 kg
 –  24 mg/kg/day in two to three divided doses
Weight 9–< 30 kg
 –  18 mg/kg/day in two to three divided doses
Weight ≥ 30kg
 –  600 mg/day (adult dose) in two to three divided 

doses

120 mg/m2 (to a maximum of 160 mg) 
over 1 hour every 6 hours

Adults weighing at least 30 kg 250 or 300 mg every 12 hours 1–2 mg/kg every four hours

Adults in special circumstances Pharmacokinetics not altered in pregnancy
Renal failure (dialysis or creatinine clearance < 20ml/

minute): 100 mg every 6–8 hours
Hepatic impairment: May impair zidovudine 

clearance, but insufficient data exist to recommend 
dose adjustment

Intrapartum for prevention of parent to 
child transmission of HIV: 2 mg/kg over 
1 hour then 1 mg/kg/hour until delivery

aData are limited for zidovudine use in neonates and children. Recommendations reflect the current Retrovir prescribing information.
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OTHER ROUTES OF ADMINISTRATION

Although zidovudine was safe and showed favorable phar-
macokinetics when administered subcutaneously to rhesus 
monkeys as either a bolus (100 mg/m2) or a continuous infu-
sion for up to 24 hours (25 mg/m2/hour) (Balis et al., 1989a), 
it has not been tested (and is not recommended) for subcuta-
neous or intramuscular injection in humans.

4b.  Newborn infants and children

Recommended dosages of zidovudine in infants are based on 
limited data. Zidovudine elimination appears to be delayed 
in neonates and an oral dose of 2 mg/kg administered every 
6 hours in babies aged less than 2 weeks results in appropri-
ate plasma levels and is well tolerated (Connor et al., 1994). 
Others report use of 4 mg/kg every 12 hours during the first 
week of life as a more convenient regimen in neonates, with 
treatment being initiated 12 hours after birth (Moodley et al., 
2001). Beyond 2 weeks of age, the dose can safely be increased 
to 3 mg/kg given every 6 hours (Boucher et al., 1993b).

The recommended oral dose of zidovudine in pediatric 
patients aged 6 weeks to 12 years of age is 160 mg/m2 every 
8 hours, up to a maximum dose of 200 mg every 8 hours (US 
Food and Drug Administration, 2007; Table 225.4). In chil-
dren weighing > 20 kg, dosage by weight alone is adequate 
when accurate calculation of body surface area is difficult, 
but in smaller children this approach may result in under-
dosing by more than 20% (Weidle et al., 2006).

Zidovudine appears to be safe in children, with similar 
pharmacokinetics as adults in children aged over 1 year 
(McKinney et al., 1990; Balis et al., 1991).

4c.  Pregnant and lactating mothers

Zidovudine is a pregnancy category B3 drug.
There is no alteration in zidovudine pharmacokinetics as 

a result of pregnancy (Chavanet et al., 1989; Lopez-Anaya et 
al., 1991), so no dose adjustment is required (Watts et al., 
1991). The drug crosses the placenta, thus similar concentra-
tions of the drug will be present in both mother and fetus 
(Chavanet et al., 1989; Lopez-Anaya et al., 1990; Schenker et 
al., 1990; Watts et al., 1991).

When zidovudine is used to prevent mother to child 
transmission of HIV, the maternal dose used in PACTG was 
100 mg given orally five times per day until the start of labor, 
although this dosage schedule is not used now for practical 
purposes because knowledge has accumulated that zidovu-
dine pharmacokinetics are not significantly impacted by 
pregnancy. During labor and delivery, intravenous zido-
vudine should be given at a dose of 2 mg/kg over 1 hour 
followed by a continuous intravenous infusion of 1 mg/kg/
hour until clamping of the umbilical cord. The neonatal dose 
of 2 mg/kg given orally every 6 hours starts within 12 hours 
after birth and continues for 6 weeks. Neonates who cannot 
tolerate oral zidovudine may be given intravenous zidovudine 
at a dose of 1.5 mg/kg, infused over 30 minutes, every 6 hours 
(Retrovir, product information, 2011).

4d. Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Pharmacokinetics of zidovudine can be significantly altered 
in the setting of advanced renal impairment, and dose adjust-
ment may therefore be required. A zidovudine dose of 100 
mg three times daily has been shown in a small number of 
patients to be safe and to achieve appropriate plasma levels 
in patients with end-stage renal disease followed for up to 8 
months, including patients on hemodialysis, patients using 
continuous peritoneal dialysis, and a nondialysis patient 
with creatinine clearance (CrCl) of 20 ml/minute (Tartaglione 
et al., 1990; Gallicano et al., 1992; Pachon et al., 1992; Paoli et 
al., 1992). 

In patients with severely impaired renal function(CrCl 
< 15 ml/minute), dosage reduction is recommended (Retrovir, 
product information, 2011). Zidovudine clearance is not 
enhanced by either hemodialysis or peritoneal dialysis suffi-
ciently to warrant supplemental dosing (Singlas et al., 1989; 
Gallicano et al., 1992; Kremer et al., 1992). In patients receiv-
ing hemodialysis, the recommended dose is 100 mg every 
6–8 hours (Retrovir, product information, 2011).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

There are insufficient data to support specific recommenda-
tions for zidovudine dose adjustment in the setting of hepatic 
impairment. However, the available data suggest that zidovu-
dine clearance is substantially reduced in patients with mild 
liver disease as well as those with cirrhosis (Taburet et al., 
1990; Child et al., 1991; Fletcher et al., 1992; Bareggi et al., 
1994; Moore et al., 1995). Dose adjustment may therefore be 
appropriate to avoid accumulation of zidovudine. Increasing 
the time between doses is suggested if signs of intolerance 
occur (Retrovir, prescribing information, 2011).

PREMATURE NEONATES

The pharmacokinetics of zidovudine has been studied in a 
cohort of 38 infants of < 35 weeks’ gestational age (Capparelli 
et al., 2003). The authors recommend that preterm infants 
should receive a zidovudine dose of 1.5 mg/kg i.v. or 2 mg/kg 
oral every 12 hours. This should be increased to every 8 hours 
at 2 weeks of age for infants born at ≥ 30 weeks’ gestation or 
at 4 weeks for infants born at < 30 weeks’ gestation.

ELDERLY PATIENTS

There are no specific data on zidovudine use in elderly patients, 
but no dose adjustment is recommended, unless there are 
other indications (such as impaired renal function) (Retrovir, 
product information, 2011).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

Clinically relevant pharmacokinetic features of zidovudine 
are summarized in Table 225.5.
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5a.  Bioavailability

Gastrointestinal absorption of zidovudine is rapid, with a 
reported bioavailability of 46–69% (Yarchoan et al., 1989; 
Morse et al., 1992; Morse et al., 1993).

Food intake does not have a clinically significant effect on 
zidovudine absorption. A high-fat meal has been shown to 
prolong the time to reach maximum steady-state concentra-
tion and to reduce the peak serum level, but the area-under- 
the-concentration-time curve (AUC) and thus the systemic 
exposure was unaltered (Unadkat et al., 1990; Shelton et al., 
1994). Similarly, a 25-g protein meal has been reported to 
decrease maximum serum zidovudine concentration and 
increase the time to peak concentration without altering the 
extent of absorption, half-life, or renal clearance of zidovu-
dine (Sahai et al., 1992).

Work undertaken in a rat model suggests that zidovudine 
absorption is greatest in the upper gastrointestinal tract com-
pared with the lower jejunum, ileum, or colon (Park and 
Mitra, 1992). Despite this, one study reported reduced bio-
availability of oral zidovudine in association with even a mild 
alteration in bowel habit (Macnab et al., 1993). Additional 
work by the same group, however, confirmed that there is no 
relationship between zidovudine pharmacokinetics and the 
presence of diarrhea, although considerable variation between 
individuals does occur (Macnab et al., 1996). No significant 
associations exist between zidovudine pharmacokinetics and 
any of smoking status, stage of HIV disease, or patient weight 
(in male patients within 20% of ideal weight) (Child et al., 1991; 
Sahai et al., 1994) .

A small amount of protein binding (mainly to albumin) of 
zidovudine occurs. This has been reported to range from 
18% to 38% (Luzier and Morse, 1993).

5b.  Drug distribution

Zidovudine exhibits dose-independent kinetics with oral 
doses up to at least 10 mg/kg (Yarchoan et al., 1986; Cload, 
1989). Peak plasma levels after a single oral dose are achieved 
at about 1 hour and are equivalent to peak levels seen when 
approximately half the dose is administered i.v. over 1 hour 
(Yarchoan et al., 1986; Child et al., 1991; Morse et al., 1992). 
Under steady-state conditions with an oral dose of 200 mg 
given every 4 hours, the peak serum level occurs at 0.5–1.5 
hours and ranges from 2.8 to 8.3 µM (Laskin et al., 1989; 
Yarchoan et al., 1989).

SERUM LEVELS FOLLOWING INTRAVENOUS 
INFUSION OF ZIDOVUDINE

A single i.v. infusion of 1, 2.5, or 5 mg/kg of zidovudine over 
1 hour results in peak plasma concentrations of 1.5–2, 4–6, 
and 6–10 µM respectively, with a half-life of 1 hour (Yarchoan 
et al., 1986). In adults treated with i.v. zidovudine at doses 
of 0.5 or 2.5 mg/kg infused over 1 hour every 4 hours, mean 
serum levels (with blood collected 15 minutes to 4 hours post-
infusion) were 0.3 and 2.9 µM, respectively (Lane et al., 1989). 
In studies of high-dose zidovudine (up to 20 g/m2/day) in 
patients with cancer, zidovudine exposure increased propor-
tionately with increasing dose, although total drug clearance 
was reduced in patients given the highest dose (Marchbanks et 

Table 225.5. Summary of clinically relevant pharmacokinetics of Zidovudine.

Oral dosing and metabolism

Good oral absorption, with total average urinary recovery of zidovudine and metabolites 90% (range 63–95%)

Major route of metabolism is via hepatic glucuronidation

Rapid first pass metabolism reduces oral bioavailability: average oral bioavailability of capsule form (limited data) is 65% (52–75%)

Peak serum concentration within 0.5–1.5 hours

Dose dependent kinetics over a dose range of 2 mg/kg every 8 hours up to 10 mg/kg every 4 hours

Mean half-life approximately 1 hour (range: 0.78–1.93)

Small study (n = 12) in adults using syrup formulations (one similar to that currently marketed) suggest similar oral bioavailability

Effect of food on capsule form: delayed and reduced peak plasma concentration and a small and variable effect on AUC (clinical significance 
is unclear)

Effect of food on syrup form: not known

Zidovudine distribution

In adults, the average CSF/plasma concentration ratio 2–4 hours after dosing is 0.5

Zidovudine is detected in amniotic fluid, fetal blood, and semen

Excretion and dose adjustment

Estimated renal clearance 400 ml/min/70 kg (indicating both glomerular filtration and active tubular secretion)

Plasma protein binding 34–38%

Data are limited in the setting of renal and hepatic impairment and no data exist in the elderly

No supplemental dose needed after hemodialysis or peritoneal dialysis

Abbreviations: AUC: area-under-the-concentration-time curve; CSF: cerebral spinal fluid.
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al., 1995). In pediatric populations, a continuous i.v. infusion 
of 320 mg/m2 /day maintained the plasma concentration of 
zidovudine above 1 µM (Balis et al., 1991).

ZIDOVUDINE LEVELS IN INFANTS AFTER  
ORAL ADMINISTRATION

Zidovudine clearance may be delayed during the first month 
of life compared with adults (Chavanet et al., 1989; Watts et 
al., 1991). This is thought to be due to decreased glucuron-
ide conjugation and renal excretion, which form the major 
mechanisms of elimination of the drug (Balis et al., 1991). 
Infant cord blood zidovudine levels are slightly higher than 
maternal blood levels (Watts et al., 1991), and the half-life 
of zidovudine was 10-fold higher in neonates than in their 
mothers in a phase I study (O’Sullivan et al., 1993). Total 
body clearance of zidovudine increases rapidly with age, 
from a mean of 10.9 ml/kg/minute (serum half-life, 3.12 
hours) in newborns to 19 ml/kg/minute (serum half-life, 
1.87 hours) in infants 14 days or older. The oral bioavail-
ability of zidovudine decreased from 89% in infants younger 
than 14 days to 61% in older infants (Boucher et al., 1993b).

ZIDOVUDINE LEVELS IN PREGNANCY

Although one study of three HIV-infected women receiving 
200 mg of oral zidovudine every 4 horus from 19 weeks of 
pregnancy found that Cmax and AUC were lower during preg-
nancy than postpartum (Watts et al., 1991), the majority 
of  studies suggest that zidovudine pharmacokinetics is not 
altered by pregnancy. In one report, the Cmax values of zid-
ovudine in the third trimester and intrapartum were compa-
rable to levels in nonpregnant women (Sperling et al., 1992). 
A subsequent phase I study of zidovudine in women with 
asymptomatic HIV infection in the third trimester confirmed 
that the total body clearance of zidovudine, mean terminal 
elimination phase half-life, and recovery of zidovudine in urine 
were similar to those in nonpregnant women (O’Sullivan et 
al., 1993). The lack of variation in the time to peak plasma 
concentration (tmax) values suggests that gastric absorption 
of zidovudine is not altered during pregnancy (Watts et al., 
1991; Sperling et al., 1992).

ZIDOVUDINE LEVELS IN PATIENTS WITH  
END-STAGE RENAL DISEASE OR UNDERGOING 
HEMODIALYSIS OR CONTINUOUS AMBULATORY 
PERITONEAL DIALYSIS

Plasma levels of the inactive glucuronide conjugate (the major 
renal metabolite of zidovudine) are markedly increased in 
patients with renal dysfunction, being reported to range 
from 20 to 440 times the plasma zidovudine concentration, 
without known clinical consequences (Garraffo et al., 1989; 
Tartaglione et al., 1990; Balis et al., 1991; Pachon et al., 1992). 
Zidovudine clearance is reduced in end-stage renal disease 
(Paoli et al., 1992), with an estimated half-life of 3.2 hours  
in one study (Pachon et al., 1992). Hemodialysis has been 
found by most investigators to clear the accumulated glucu-
ronide derivative of zidovudine efficiently without substantially 

altering zidovudine levels (Garraffo et al., 1989; Singlas et al., 
1989; Stellbrink et al., 1993). Similarly, although there is sub-
stantial interpatient variability, the available data suggest that 
any effect of peritoneal dialysis on zidovudine clearance is 
negligible (Gallicano et al., 1992; Kremer et al., 1992).

ZIDOVUDINE LEVELS IN PATIENTS  
WITH LIVER DISEASE

There are reports of increased plasma zidovudine concentra-
tion, AUC, and half-life in patients with both mild liver dis-
ease and cirrhosis, findings that have been attributed largely 
to a marked drop in zidovudine clearance (Taburet et al., 
1990; Bareggi et al., 1994; Moore et al., 1995). However, the 
association between zidovudine clearance and hepatic dys-
function is not easily predicted, with one study of single-dose 
zidovudine in eight HIV patients with hemophilia finding no 
clear relationship between zidovudine kinetics and serum 
transaminases (Morse et al., 1989).

DISTRIBUTION OF ZIDOVUDINE IN THE BODY

Zidovudine is widely distributed throughout the body and is 
present in virtually all tissues and fluids.

The estimated steady-state volume of distribution in humans 
is 1.4–1.6 l/kg (Klecker et al., 1987; Blum et al., 1988), with a 
higher value (2.72 l/kg) obtained in one study in which high-
dose zidovudine was administered by i.v. infusion (March-
banks et al., 1995). Drug clearance has been estimated at 1.3 
± 0.3 l/kg/hour with a volume of distribution of 1.4 ± 0.4 l/kg 
(Gitterman et al., 1990).

Zidovudine enters the central nervous system (CNS). In 
cynomolgus monkeys; the concentration of zidovudine in 
brain tissue was approximately one third of that in blood and 
muscle after a single subcutaneous injection of 25 mg/kg 
(Ljungdahl-Stahle et al., 1992). Human studies show that 
zidovudine is able to cross from blood into cerebrospinal fluid 
(CSF) (Klecker et al., 1987) and, based on CSF levels measured 
2–4 hours after a single oral dose or 4 hours after commence-
ment of an i.v. infusion (i.e. not at steady state), the penetra-
tion of zidovudine into CSF is 60–75% (Yarchoan et al., 1986; 
Cload, 1989; Yarchoan et al., 1989). Studies performed under 
steady-state conditions have revealed widely varying CSF 
penetrations of zidovudine. In a study of patients with AIDS 
who had received at least 2 weeks of oral zidovudine at a dose 
of 200–240 mg every 4 hours, the median CSF concentration 
of the drug was 0.47 µg/ml (approx. 1.74 µM), with CSF-serum 
ratios ranging from 8.8% to 120% (Tartaglione et al., 1991a; 
Tartaglione et al., 1991b). Similarly, in another study of 
patients receiving similar oral doses of zidovudine, the mean 
CSF concentration was 0.43 µM (Lane et al., 1989). Other 
investigators have found that penetration of zidovudine into 
CSF is independent of the plasma concentration and that 
CSF levels show little fluctuation over time despite wide fluc-
tuations in plasma levels (Foudraine et al., 1998; Burger et al., 
1993a). In children receiving zidovudine by continuous i.v. 
infusion, the CSF penetration of the drug was found to be 24% 
of plasma concentration in one study (Balis et al., 1989c).
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Entry of zidovudine into brain interstitial fluid is thought 
to occur by transport of the drug from the choroid plexus 
into CSF, diffusion across the ependymal lining of the ventri-
cle and subsequent diffusion into brain tissue. It is not mea-
surably transported across the blood–brain barrier (Terasaki 
and Pardridge, 1988).

As the blood–testes barrier may limit the penetration of 
zidovudine into the testes, it is likely that seminal levels of 
zidovudine are derived from prostatic fluid rather than sem-
inal fluid (Henry et al., 1988; Sikka et al., 1991). A study in 
four asymptomatic HIV-infected men found that both zid-
ovudine and zidovudine glucuronide levels were higher in 
semen than in plasma at all time points other than 1 hour after 
dose (peak plasma level) (Anderson et al., 2000). Similarly, a 
study of 12 HIV-infected men on triple therapy, including 
zidovudine, demonstrated semen zidovudine levels that approx-
imated those of blood plasma early in the dose interval but 
exceeded blood plasma levels later in the dose interval (Pereira 
et al., 2002).

Zidovudine rapidly crosses the placenta by simple diffu-
sion (Bawdon et al., 1992; Dancis et al., 1993). The amount 
of zidovudine which is transferred to the fetal circulation is 
proportional to the level in the maternal blood (Liebes et al., 
1990). Neither zidovudine nor its glucuronide conjugate 
accumulates in the fetus (Bawdon et al., 1992).

Zidovudine enters breast milk. In mice who receive an 
intraperitoneal injection of zidovudine, drug levels 30 min-
utes later in milk are up to 5.5 times the serum concentration 
(Ruprecht et al., 1990). Data from a lactating rat model, how-
ever, suggest that, at steady state, zidovudine enters breast 
milk by simple diffusion, with a plasma/milk ratio of 1.0 ± 
0.29 (Alcorn and McNamara, 2002). In a study of 20 mother–
infant pairs in Botswana, the median concentration of zidovu-
dine in breast milk from women on combination antiretroviral 
therapy was 3.21-fold the median concentration in maternal 
serum (Shapiro et al., 2005).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Zidovudine has a plasma half-life of about 1 hour (Balis et 
al., 1991) and an intracellular half-life of 3–4 hours (Furman 
et al., 1986; Stretcher et al., 1992; Stretcher et al., 1994b). The 
concentration of zidovudine triphosphate (the active metab-
olite) within cells is likely to correlate better with the drug’s 
activity and toxicity than levels of zidovudine in plasma (see 
section 3., Mechanism of drug action). However, although 
methods of measuring levels of phosphorylated zidovudine 
derivatives in peripheral blood mononuclear cells have been 
developed (Stretcher et al., 1991; Barry et al., 1994; Robbins 
et al., 1994), these are not widely available for use in thera-
peutic drug monitoring. The intracellular concentration of 
phosphorylated zidovudine in peripheral blood mononuclear 
cells has been reported to range from 0.33 to 3.54 pmol/106 
cells and to be unrelated to serum zidovudine levels.

Levels did not vary during a 4-hour dosing interval, 
although plasma levels of zidovudine declined. However, the 
level of phosphorylated zidovudine derivatives in peripheral 
blood mononuclear cells declined in the study population 
with increasing duration of therapy (Stretcher et al., 1991; 
Stretcher et al., 1994b). In HIV-infected patients, a positive 
correlation has been documented between the AUC of intra-
cellular phosphorylated zidovudine levels and change in 
CD4 T-cell percentage (response to zidovudine therapy), as has 
a negative correlation between AUC and change in hemoglo-
bin after initiation of therapy (confirming toxicity with higher 
levels) (Stretcher et al., 1994a). In one report, zidovudine was 
phosphorylated more efficiently in HIV-infected patients 
than in healthy volunteers (Barry et al., 1994).

5d.  Excretion

The major route of zidovudine elimination is by hepatic glucu-
ronidation to form the inactive (no antiviral activity) metabolite 
3′-azido-3′-deoxy-5′-O-beta-d-glucopyranuronosylthymidine 
(GAZT) followed by excretion in the urine (Dudley, 1995). In 
addition, < 20% of zidovudine can be recovered unchanged 
in the urine (Cload, 1989).

Zidovudine is thought to undergo both glomerular filtra-
tion and renal tubular secretion because its renal clearance 
(estimated at 400 ml/min/70 kg) exceeds that of creatinine. 
Following i.v. administration, 18 ± 5% of the dose is excreted 
unchanged by the kidney and 60% is converted to GAZT. 
The GAZT is cleared rapidly from the plasma with a half-life 
of about 1 hour (Cload, 1989). There is considerable varia-
tion in the clearance of zidovudine between patients. In a 
useful study by Burger and colleagues (1994a), zidovudine 
clearance was found to be reduced in patients with a lower 
body weight, in women, and in patients with advanced HIV 
infection but did not seem to alter with age or duration of 
zidovudine use.

5e.  Drug interactions

Despite a multitude of studies demonstrating possible alter-
ations in the pharmacokinetics or activity of zidovudine 
when co-administered with other drugs (see also section 2c, 
Synergy and antagonism), there are relatively few drug inter-
actions with zidovudine that are known to be of clinical sig-
nificance. The interaction between zidovudine and stavudine 
(see discussed later in this section), however, means that these 
two agents should not be prescribed together. Potential drug 
interactions with zidovudine are summarized in Table 225.6.

DRUGS THAT HAVE ADDITIVE TOXICITY  
WITH ZIDOVUDINE

The manufacturers warn that co-administration of zidovu-
dine with drugs that are nephrotoxic or cytotoxic or that sup-
press the bone marrow may increase the risk of toxicity; thus 
caution is required (Retrovir, product information, 2011). 
Some examples have been well studied.
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The combination of zidovudine (in doses of 600–1200 
mg/day) with ganciclovir (5–10 mg/kg/day) is rarely toler-
ated, with severe anemia and/or neutropenia in the majority 
of patients with AIDS undergoing treatment for CMV infec-
tion (Hochster et al., 1990; Causey, 1991). Similarly, use of 
co-trimoxazole (in prophylactic doses) with zidovudine has 
been associated with neutropenia grades 3–4 at a rate of 56.3 
cases/100 patient-years in patients commencing combina-
tion antiretroviral therapy in Abidian; despite most of the 
80% of patients using co-trimoxazole at baseline having a 
normal count before the addition of zidovudine (Moh et al., 
2005). Clinicians commonly use these drugs together, but 
with clinical caution and hematologic monitoring. The major-
ity of data suggest that zidovudine use with recombinant 
interferon-alpha is also associated with high rates of hemato-
logic (particularly neutropenia) and nonhematologic (mal-
aise, anorexia, fatigue) toxicity, which may be dose limiting 
(Kovacs et al., 1989; Krown et al., 1990; Krown et al., 1992) 
and are not prevented by the addition of granulocyte- 
macrophage colony-stimulating factor (GM-CSF) (Davey et 
al., 1991). Zido vudine use in combination with cytotoxic 
chemotherapy is associated with high rates of myelotoxicity 
(Gill et al., 1997).

DRUGS METABOLIZED BY GLUCURONIDATION

The co-administration of zidovudine with other drugs metab-
olized by glucuronidation may theoretically increase the 
activity or toxicity of either agent. Drugs that may theoreti-
cally prolong the half-life of zidovudine by this mechanism 
include probenecid, nonsteroidal anti-inflammatory agents, 
narcotic analgesics, and sulfonamide antibiotics (Yarchoan et 
al., 1989). Atovaquone inhibits zidovudine glucuronidation, 
resulting in a significant increase in the zidovudine AUC (Lee 
et al., 1996). In vitro data suggest that probenecid substan - 

tially impairs zidovudine glucuronidation (Sim et al., 1991). 
Further, probenecid increases the amount of unchanged zid-
ovudine excreted in patients’ urine (Kornhauser et al., 1989), 
increases the peak serum concentration and half-life, and 
reduces the time to tmax. In patients with HIV infection tak-
ing 100 mg zidovudine with 500 mg probenecid, the result-
ing concentration-time curves for zidovudine were similar to 
those after 200 mg of zidovudine alone (McDermott et al., 
1992). Several other agents inhibit zidovudine glucuronidation 
in vitro, including chloramphenicol, indomethacin, napro xen, 
ethinylestradiol, testosterone, codeine, morphine, amphoter-
icin B, ketoconazole, miconazole, fluconazole, cyclophospha-
mide, methotrexate, etoposide, and vinblastine (Sim et al., 1991; 
Rajaonarison et al., 1992; Rajaonarison et al., 1993; Sampol et 
al., 1995), but clinical data to support significant interactions 
are generally lacking. In a study of nine patients, the average 
AUC of zidovudine was marginally (1.4-fold) higher in metha-
done recipients than in controls (Schwartz et al., 1992).

Zidovudine may also inhibit the glucuronidation of other 
drugs, and has been shown in a rat model to completely 
inhibit acetaminophen (paracetamol) glucuronidation (Ameer 
et al., 1992). Both in vitro and the majority of in vivo data sup-
port the safety of standard doses of acetaminophen in patients 
receiving treatment with zidovudine (Steffe et al., 1990; Sattler 
et al., 1991; Sim et al., 1991; Burger et al., 1994b). However, 
a case of severe hepatotoxicity has been reported in a patient 
undergoing zidovudine therapy who received 3.3 g of acet-
aminophen over a 24-hour period (Shriner and Goetz, 1992).

INTERACTIONS RELATED TO PHOSPHORYLATION 
OF ZIDOVUDINE TO THE ACTIVE FORM

Zidovudine competitively inhibits the intracellular phosphory-
lation of stavudine in human lymphocytes (Ho and Hitchcock, 
1989; Havlir et al., 2000). Patients treated with zido vudine and 

Table 225.6. Potential drug interactions with zidovudine.

Type of drug that may interact with 
zidovudine

Known examples with 
possible clinical significance Effect

Drugs associated with bone marrow 
suppression

Ganciclovir Severe hematologic toxicity that may necessitate dose 
reduction or a change in therapyCotrimoxazole

Interferon-alpha

Cytotoxic chemotherapy

Drugs that inhibit the glucuronidation of 
zidovudine

Probenecid Increased zidovudine levels (not necessarily associated 
with toxicity)Atovaquone

Methadone

Drugs with glucuronidation inhibited by 
zidovudine

Acetaminophen (paracetamol) Possible increased risk of hepatotoxicity (well tolerated 
in most reports)

Drugs that inhibit zidovudine phosphorylation 
substantially

Ribavirina Clinical significance unknown

Doxorubicina

Drugs with phosphorylation inhibited by 
zidovudine

Stavudinea Theoretical antagonism. Co-administration not 
recommended

Other Ibuprofen Prolonged bleeding time and increased frequency of 
spontaneous hemorrhage in HIV-infected men with 
hemophilia

aBased on in vitro data.
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stavudine, when compared with those receiving zidovudine 
and didanosine, were found to have progressive declines in 
their CD4 counts over 16 weeks of therapy and inferior viral 
load responses (Havlir et al., 2000). These two antiretroviral 
agents are therefore not recommended for combined use. 
Other drugs may inhibit the phosphorylation of zidovudine. 
Ribavirin and doxorubicin inhibit zidovudine phosphory-
lation by > 50%, and each of itraconazole, ganciclovir, and 
 foscarnet have been found to modestly (by 10–15%) inhibit 
phosphorylation (Hoggard et al., 1995).

OTHER DRUG INTERACTIONS WITH ZIDOVUDINE

Other possible clinically relevant interactions with zidovudine 
are reported. Ibuprofen and zidovudine co-therapy in men with 
hemophilia and HIV infection reportedly causes a prolonged 
bleeding time and increased frequency of spontaneous hemor-
rhages (Ragni et al., 1992b). Rifampicin co- administration 
enhances zidovudine clearance and may lower plasma zidovu-
dine levels (Burger et al., 1993b). This effect is not seen with 
rifabutin (Gallicano et al., 1995).

6. ADVERSE REACTIONS AND TOXICITY

The major toxicities reported in association with zidovudine 
therapy are summarized in Table 225.7. One of the mecha-
nisms thought to be important in several of these toxicities 
(including myopathy, lactic acidosis, and lipotrophy) is inhibi-
tion of mitochondrial DNA synthesis and subsequent mito-
chondrial dysfunction (Brinkman et al., 1998; Brinkman et 
al., 1999; see section 3, Mechanism of drug action).

6a.  Hematologic toxicity

Bone marrow suppression (particularly anemia) was the major 
dose-limiting toxicity in early clinical trials of high-dose 
(total daily dose 1000–1500 mg) zidovudine in patients with 
symptomatic HIV infection (Richman et al., 1987a; Walker 
et al., 1988; Cooper et al., 1991; Moore et al., 1991a; Moore et 

al., 1991b). Up to 45% of patients receiving this high dose 
developed anemia or leukopenia requiring dose reduction 
(Richman et al., 1987a). Myelosuppression was more com-
mon in patients with more advanced HIV disease (Richman 
et al., 1987a; Cooper et al., 1993b) and occurred in children, 
as well as adults (Blanche et al., 1988). Rarely, severe pancy-
topenia associated with bone marrow hypoplasia or aplasia 
has been observed and, although some recovery with zid-
ovudine cessation is usual, this may be markedly delayed 
(Gill et al., 1987; Richman et al., 1987a). Pure red cell aplasia 
with maturation arrest of erythroid precursors has also been 
reported (Walker et al., 1988; Cohen et al., 1989).

Anemia and neutropenia are less common (< 10%) in 
asymptomatic individuals with HIV receiving more than 
1000 mg zidovudine daily (Volberding et al., 1990; Koch et 
al., 1992; Cooper et al., 1993a). Severe anemia is rare (< 2% 
at 18 months of continuous therapy) in asymptomatic indi-
viduals treated with total daily doses of 500–600 mg of zid-
ovudine (Gelmon et al., 1989; Volberding et al., 1990; Koch 
et al., 1992). The incidence of anemia (hemoglobin level < 11 
g/dl) after 6 months of therapy in individuals who commence 
zidovudine is 24.3/100 person-years, with predictors of ane-
mia including low CD4 (< 200 cells/µl) and low baseline 
hemoglobin level (Curkendall et al., 2007). Rates of severe 
anemia after commencement of zidovudine in African cen-
ters may be higher than reported in industrialized countries, 
and the risk factors identified include female gender, low 
body mass index or low CD4 T-cell count at baseline, and 
low baseline hemoglobin (Ssali et al., 2006). A large retro-
spective study from Peru also showed that the risk of toxicity 
with zidovudine was increased at low body weight ( < 60 kg), 
and the investigators suggest that weight-based dosing of 
zidovudine should be considered in this setting (Willig et al., 
2010). In Indian communities, mild anemia does not limit use 
of zidovudine for prevention of mother to child transmission 
(Sinha et al., 2007); however, incident anemia was common 
(14.6%) among 1221 patients commencing  zidovudine-based 
HIV therapy at one center, with low baseline CD4 T-cell 
count the main predictor (Dash et al., 2014)

Macrocytosis, which is reversible on cessation of therapy, 
develops within weeks of commencing zidovudine, with 
megaloblastic changes observed in the bone marrow of 
most patients (Richman et al., 1987a; Gelmon et al., 1989; 
Weber et al., 1991). Macrocytosis occurs both in patients 
who become anemic and in those who maintain a normal 
hemoglobin (Walker et al., 1988). It is a useful clinical tool as 
a check that the patient is taking zidovudine (Mugisha et al., 
2012) and may be a useful surrogate marker of clinical effec-
tiveness (Kim et al., 2013). The mean corpuscular volume 
increases gradually to a mean value of 110/µm3 over the first 
5–12 months of therapy before stabilizing (Graham et al., 
1991a) and a gradual fall in hemoglobin also occurs, partic-
ularly in the first 3 months of therapy (Richman et al., 1987b; 
Cooper et al., 1991; Cooper et al., 1993a). 

The mechanism by which zidovudine causes macrocyto-
sis and anemia is not completely understood. Vitamin B12 is 
not typically altered, and red cell folate is unchanged or even 

Table 225.7. Toxicities associated with zidovudine therapy.

Type of toxicity

Major toxicities 
of zidovudine

Bone marrow Anemia

Leukopenia (primarily 
neutropenia)

Musculoskeletal Myopathy

Cardiomyopathy (rare)

Biochemical and 
metabolic

Lactic acidosis

Hepatitis

Other Lipodystrophy syndrome

Lipoatrophy

Less severe 
toxicities of 
zidovudine

Common Nausea, anorexia

Headache

Mood disturbance

Macrocytosis

Uncommon Pigmentation of nails, skin
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increased (Richman et al., 1987a; Baum et al., 1991). Serum 
erythropoietin levels are increased in people receiving zid-
ovudine (Spivak et al., 1989), but the bone marrow appears 
to be refractory to its effects (Spivak et al., 1989; Gallicchio 
and Hughes, 1993). A possible explanation for this is that 
zidovudine down-regulates erythropoietin receptor expres-
sion on bone marrow progenitor cells (Gogu et al., 1992).

Zidovudine-associated leukopenia (primarily neutrope-
nia) is usually restricted to patients with advanced disease, is 
more common in individuals receiving high doses of zidovu-
dine, and generally appears within the first month of therapy 
(Cooper et al., 1991; Koch et al., 1992). Neutropenia is less 
frequently associated with zidovudine in a total daily dose 
of 500–600 mg (Volberding et al., 1990; Koch et al., 1992; 
Cooper et al., 1993b), although it remains a concern and can 
be life-threatening. Thrombocytopenia is a rare side effect of 
zidovudine, with an improvement in platelet count more typi-
cally associated with this drug (Richman et al., 1987a; Cooper 
et al., 1991; Moore et al., 1991a; Chow et al., 1993; Cinque et 
al., 1993).

In large randomized placebo-controlled trials conducted 
in the USA, zidovudine side effects were not different in African 
Americans, Hispanic, and white/non-Hispanic patients with 
early HIV disease (Jacobson et al., 1996). Further data sug-
gest that severe hematological toxicity from zidovudine (in 
current standard doses) may be more common in African 
cohorts than has previously been reported from industrial-
ized countries. About 6% of 206 patients receiving open- 
label zidovudine-based combined antiretroviral treatment 
(cART) in a multicenter African project developed severe 
anemia (Sow et al., 2007). Another open-label study of 498 
patients receiving zidovudine-based cART in Côte d’Ivoire 
observed grade 3–4 anemia at a rate of 9.6 cases/100 per-
son-years of exposure. Furthermore, grade 3–4 neutropenia 
was observed at a rate of 56.3 cases/100 person-years of 
exposure. Most (80%) patients were also on co-trimoxazole 
at baseline, and neutropenia resolved without zidovudine 
cessation in all but 1 case. Cotrimoxazole was ceased due to 
neutropenia in 86 (73%) cases (Moh et al., 2005). Another 
African study found that 6.6% of patients developed grade 4 
anemia at some time in the first 48 weeks of zidovudine-based 
therapy. Female gender and a low baseline hemoglobin, 
CD4 T-cell count, or body mass index were associated with 
increased risk. No association between concomitant Cotrimox-
azole therapy and anemia was observed in this cohort (Ssali 
et al., 2006). Asian patients may also be at increased risk of 
zidovudine-associated anemia. Approximately 13% of 433 
patients receiving zidovudine developed anemia (hemoglo-
bin ≤ 10 g/dl in the first 6 months of therapy in one multi-
center Asian observational study. A low baseline hemoglobin 
was the major risk factor, and prior antiretroviral therapy 
was protective (Huffam et al., 2007).

6b.  Myopathy and cardiomyopathy

Myalgias in association with zidovudine were first described 
in an early placebo-controlled trial (Richman et al., 1987a). 

Since then, it has become recognized that zidovudine can 
cause a true myopathy, including gradual-onset proximal 
muscle weakness and wasting, with pain in about 50% of 
cases (Gertner et al., 1989). Zidovudine myopathy is associ-
ated with chronic therapy (mean 12 months) and may affect 
up to 20% of long-term zidovudine recipients. It is not obvi-
ously dose related, may be more common in patients with a 
low CD4 T-cell count, typically improves within 8 weeks of 
zidovudine cessation, and recurs with rechallenge (Gertner 
et al., 1989; Dalakas et al., 1990; Till and MacDonell, 1990; 
Peters et al., 1993; Lewis and Dalakas, 1995). Serum creati-
nine kinase and aspartate aminotransferase levels are typi-
cally (but not always) elevated 5–25 weeks before the onset 
of symptoms and normalize with zidovudine withdrawal 
(Gert ner et al., 1989; Mhiri et al., 1991; Peters et al., 1993). 
Non steroidal anti-inflammatory agents and prednisolone 
(40–60 mg daily) may relieve symptoms in mild cases, but 
cessation of zidovudine is usually necessary for patients with 
moderate to severe symptoms (Dalakas et al., 1990; Till and 
MacDonell, 1990; Mhiri et al., 1991).

The diagnosis of zidovudine myopathy is not always straight-
forward. It may be difficult to distinguish from myopathies 
caused by HIV itself (Till and MacDonell, 1990; Espinoza 
et al., 1991). Furthermore, 10–20% of patients treated with 
zidovudine for at least 6 months develop an elevated serum 
creatinine kinase (Till and MacDonell, 1990).

Zidovudine myopathy is attributed to mitochondrial tox-
icity. Muscle biopsy often shows little evidence of inflamma-
tion, but striking cytoarchitectural changes and ragged red 
fibers (suggesting abnormal mitochondria and with the num-
ber correlating with symptom severity) are typical (Gonzales 
et al., 1988; Dalakas et al., 1990). Electron microscopy confirms 
muscle mitochondrial changes, with evidence of swelling, 
degeneration, paracrystalline inclusions, glycogen-packed 
sarcoplasm, and lipid droplets (Till and MacDonell, 1990; 
Chen et al., 1992; Peters et al., 1993). Some investigators have 
also found evidence of respiratory chain dysfunction on anal-
ysis of mitochondrial enzymes (Lamperth et al., 1991; Mhiri 
et al., 1991). It is therefore postulated that inhibition of DNA 
polymerase gamma by zidovudine and subsequent mito-
chondrial dysfunction is a major factor in the development 
of zidovudine-associated myopathy (Brinkman et al., 1998; 
Brinkman et al., 1999; Kakuda, 2000).

Although clinical data are lacking, in vitro studies suggest 
that l-acetyl carnitine may have a role in the prevention and 
management of zidovudine-associated mitochondrial myop-
athy. Reduced muscle carnitine levels have been found in 
patients (Dalakas et al., 1994). Further, l-carnitine prevents 
zidovudine-associated mitochondrial destruction (Semino-
Mora et al., 1994b), enhances recovery of zidovudine- 
associated myotubular destruction, and aids the restoration 
of mitochondrial structure in vitro (Semino-Mora et al., 
1994a).

Zidovudine may improve cardiac function in HIV-induced 
cardiac muscle disease (Wilkins et al., 1989) but has also been 
reported to be associated rarely with cardiomyopathy in both 
adults and children (Herskowitz et al., 1992; Domanski et al., 
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1995; Tanuma et al., 2003). This is supported by in vitro data: 
Zidovudine has been reported to inhibits thymidine phos-
phorylation in isolated rodent hearts (Lynx and McKee, 2006; 
Susan-Resiga et al., 2007) and rodents exposed to zidovudine 
monotherapy or zidovudine-containing combination ther-
apy have developed cardiac muscle toxicity (Lamperth et al., 
1991; Lewis et al., 1991; Lewis et al., 2000; Lewis et al., 2001).

6c.  Hepatitis and lactic acidosis

Zidovudine use has been associated rarely with cases of 
severe, acute hepatitis (Dubin and Braffman, 1989; Gradon 
et al., 1992; Shintaku et al., 1993), including one report in 
an infant receiving combination antiretroviral therapy (Pai et 
al., 2000). Two cases of hepatotoxicity and rash have been 
reported in the setting of HIV following postexposure pro-
phylaxis using zidovudine with zalcitabine (Henry et al., 
1996). The precise mechanism of zidovudine hepatotoxicity 
is not known, but zidovudine is a competitive inhibitor of 
thymidine phosphorylation in isolated rat liver mitochondria 
(Lynx and McKee, 2006).

Severe, potentially fatal lactic acidosis with or without 
hepatic steatosis and/or neuromuscular abnormalities has been 
reported in patients treated with nucleoside analog reverse 
transcriptase inhibitors, including patients using zidovudine 
(Acosta and Grimsley, 1999; Chariot et al., 1999; Chattha et 
al., 1993; Freiman et al., 1993; Olano et al., 1995; Sundar et al., 
1997). Risk factors include female gender and obesity (Bol-
haar and Karstaedt, 2007). However, zidovudine is an infre-
quent association with this syndrome. Lactic acidosis in the 
context of HIV infection has more frequently been associ-
ated with stavudine exposure (Boubaker et al., 2001; Arenas-
Pinto et al., 2003; see Chapter 229, Stavudine), and there is 
some evidence that patients who survive stavudine-associated 
lactic acidosis may safely restart combination antiretroviral 
therapy using a zidovudine-based regimen (Lonergan et al., 
2003; Bolhaar and Karstaedt, 2007).

6d.  Lipodystrophy/lipoatrophy

Lipodystrophy syndrome has emerged as a major long-term 
complication of combination antiretroviral therapy and may 
include both morphologic and metabolic (lipid and glucose) 
abnormalities (see Chapter 241, Indinavir, and Chapter 229, 
Stavudine). The syndrome was initially attributed to therapy 
with protease inhibitors (Carr et al., 1998), but it has become 
clear that nucleoside analog reverse transcriptase inhibitors, 
including zidovudine, also contribute. In particular, lipoatro-
phy (subcutaneous fat wasting) has been attributed to the 
mitochondrial toxicity of nucleoside analogs (Brinkman et 
al., 1999; Carr et al., 2000; Mallal et al., 2000).

Lipoatrophy is observed most frequently in patients using 
nucleoside analogs in combination with protease inhibitors. 
Although zidovudine therapy may clearly cause lipoatrophy, 
this toxicity has consistently been observed to occur more 
rapidly and frequently among patients treated with stavudine- 

based, compared with zidovudine-based, combination regi-
mens (Mallal et al., 2000; Saint-Marc et al., 2000; Joly et al., 
2002; Nolan et al., 2003; van der Valk et al., 2004; Dube et al., 
2005; Figure 225.3). Some improvements in lipoatrophy have 
been observed with replacement of stavudine with zidovu-
dine in a combination antiretroviral regimen (McComsey et 
al., 2005).

Zidovudine may also contribute to disorders of glucose 
metabolism seen in lipodystrophy syndrome. A recent study 
of 1594 patients receiving antiretroviral therapy in Thailand 
found that the incidence of diabetes was increased after 1 
year of cumulative zidovudine exposure (adjusted hazard 
ratio of 2.3 vs. no exposure; p = 0.009) (Riyaten et al., 2015). 
Further, data were recently published from the Multicentre 
AIDS Cohort Study showing that hemoglobin A1c may sub-
stantially underestimate glycemia in those with HIV infection, 
and that associations with this effect included macrocytosis 
and being on zidovudine (Slama et al. 2014).

6e.  Gastrointestinal toxicity

Nausea occurs in up to half of those taking zidovudine and 
is usually maximal in the first 6 weeks of therapy. Anorexia 
occurs less commonly (10–12%). Altered taste, although 
reported, occurs with equal frequency in people taking zid-
ovudine and placebo (Richman et al., 1987a). Nonspecific 
midesophageal ulceration has been reported in people with 
advanced disease who were taking zidovudine in a recum-
bent position without fluids (Edwards et al., 1990).

6f.  Cardiovascular side effects

Zidovudine at an oral dose of 100 mg/kg for 35 days was 
associated with arterial stiffening and increased carotid 
intima media thickness in mice (Hansen et al., 2013). A recent 
retrospective study of 24,510 adults with HIV infection in 
the Veterans Health Administration Clinical Case Registry 
found that individuals currently exposed to the antiretroviral 

Figure 225.3. Time to onset of fat wasting in Western 
Australian HIV patients treated with a protease inhibitor 
in combination with a thymidine analog. (Reprinted with 
permission Mallal et al. (2000).)
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combination of zidovudine, lamivudine, and efavirenz had a 
1.60-fold increased risk of cardiovascular events compared 
with those not exposed to this regimen (Desai et al., 2015).

6g.  Central nervous system toxicity

Zidovudine use has been associated with mood disturbance 
in up to 30% of patients (Gelmon et al., 1989), sleep disturbance 
(Richman et al., 1987a), somnolence and coma (Richman 
et al., 1987a; Riedel et al., 1989), and induction of mania in 
individuals with no previous psychiatric history (Wright et 
al., 1989). There is a single case report of headache and focal 
seizures beginning 48 hours after initiation of zidovudine 
200 mg given 4 hours, ceasing with drug withdrawal and 
recurring on rechallenge (Hagler and Frame, 1986).

6h.  Mucocutaneous side effects

Progressive pigmentation of fingernails and toenails was ini-
tially described in African American patients using zidovudine, 
but has also been reported in Hispanic and white patients 
(Furth and Kazakis, 1987; Grau-Massanes et al., 1990; Rahav 
and Maayan, 1992). This typically begins as a bluish discolor-
ation of the lunulae of nails within 2–4 weeks of commencing 
zidovudine and progresses distally at a rate of 2 mm per week 
(Furth and Kazakis, 1987; Greenberg and Berger, 1990). Hyper-
pigmentation of oral mucosa, including the lateral margins 
of the tongue, may occur in association with the nail changes 
(Merenich et al., 1989; Greenberg and Berger, 1990; Tadini 
et al., 1991). It is unclear whether nail pigmentation is related 
to dosage of zidovudine or stage of HIV disease (Tosti et al., 
1990; Rahav and Maayan, 1992). It is due to melanin deposition; 
adrenal function is normal (Merenich et al., 1989; Greenberg 
and Berger, 1990).

Cutaneous hypersensitivity reactions (including maculo-
papular rash with hepatic dysfunction, and nonpruritic blis-
tering and erythematous lesions) have been reported to occur 
1–6 weeks after commencing therapy and to resolve slowly 
with zidovudine cessation. Desensitization can allow subse-
quent zidovudine therapy (Carr et al., 1993). There is also 
a single case report of leukocytoclastic vasculitis in an AIDS 
patient using zidovudine and fluconazole. This resolved with 
zidovudine cessation and recurred 24 hours after rechallenge 
(Torres et al., 1992).

6i.  Rarely reported side effects

There are a number of other side effects that have been 
reported in a small number of patients receiving zidovudine. 
Three cases of zidovudine-induced fever that was confirmed 
by rechallenge have been described, associated in one case with 
IgM antibodies directed against a zidovudine serum protein 
conformational determinant (Jacobson et al., 1989). Hyper-
trichosis of the eyelashes has been reported within 2 weeks of 
commencing zidovudine without an increase in other body hair 
length (Klutman and Hinthorn, 1991). Symptomatic postural 

hypotension was reported in an individual with elevated serum 
zidovudine levels (Loke et al., 1990). Zidovudine-related macu-
lar edema was documented by fluorescein angiography in a 
patient with preexisting, well-controlled uveitis. This com-
menced soon after starting zidovudine and improved with 
cessation of the drug (Lalonde et al., 1991).

6j.  Carcinogenesis and mutagenesis

Concerns about possible carcinogens and mutagenesis in asso-
ciation with zidovudine exist for a number of reasons. As noted 
(see section 3, Mechanism of action), zidovudine inhibits 
several mammalian DNA polymerases and has been found 
incorporated into the DNA of peripheral blood mononu-
clear cells of patients previously exposed and the cord blood 
of infants born to women using zidovudine (Olivero et al., 
1999; Olivero et al., 2000). Zidovudine was not mutagenic, as 
assessed by the Ames Salmonella mutagenicity assay, but in 
an in vitro cytogenic assay using human lymphocytes, chro-
mosomal abnormalities were observed at zidovudine concen-
trations of > 3 mg/ml (Retrovir, product information, 2011). 
Laboratory mice and rats given oral zidovudine in doses 
resulting in drug levels 2- to 20-fold higher than those esti-
mated in humans on the recommended dose of 500 mg per 
day developed vaginal neoplasms after 19 months of exposure 
(squamous cell carcinomas, papillomas, and polyps) (Retrovir, 
product information, 2011). Zidovudine at extremely high 
concentrations of 500 and 1000 µg/ml was found to damage 
DNA in human lym phocytes in vitro (González and Larripa, 
1994). In a study of 11 AIDS patients, increased chromosome 
breakage was observed in peripheral blood mononuclear cells 
of those who had used zidovudine compared with those who 
had not (Retro vir, product information, 2011).

Large epidemiologic studies spanning many years of wide - 
spread use of zidovudine have not found conclusive evidence 
that exposure confers an increased risk of any specific malig-
nancy in humans (Fordyce et al., 2000; Dal Maso et al., 2003; 
Clifford et al., 2005). Data from the US AIDS and Cancer 
registries demonstrate that HIV-associated malignancies are 
typically associated with lower CD4 T-cell counts and rates 
of most have reduced since the introduction of highly active 
antiretroviral therapy (Biggar et al., 2007).

6k.  Pregnancy, fetal, and  
reproductive side effects

Animal data raise some concerns about the safety of zidovu-
dine in pregnancy, but in general these concerns have not 
been realized with clinical use of zidovudine in pregnant, 
HIV-infected women (see section, 7f. Zidovudine use in the 
prevention of HIV transmission). Zidovudine administra-
tion in high doses to pregnant mice was associated with 
pregnancy failure in one study (Toltzis et al., 1991) but not in 
a subsequent report (Sieh et al., 1992). There is in vitro evi-
dence of embryonic toxicity, resulting from failure to develop 
to the blastocyst stage when embryos are exposed to very high 



3674 Zidovudine

concentrations of zidovudine, but not with other nucleoside 
analogs, such as didanosine (Toltzis et al., 1991; Sieh et al., 
1992). No reduction in spermatogenesis or follicular devel-
opment was seen in mice and rats receiving oral zidovudine 
(Sikka et al., 1991; Toltzis et al., 1991). Zidovudine has been 
shown to reduce DNA synthesis of cultured placental tro-
phoblasts and to inhibit secretion of progesterone by these 
cells (Bui et al., 1993). However, in pigtailed macaques who 
received zidovudine during pregnancy, fetal growth was nor-
mal, and there was no evidence of behavioral delay in infants 
(Ha et al., 1994).

Although the safety of zidovudine in pregnancy has not 
been fully established, the available data suggest that zidovu-
dine is safe for both mother and fetus when used in thera-
peutic doses for the prevention of HIV transmission. Many 
of these data come from a large randomized, controlled trial 
of zidovudine versus placebo for the prevention of mother 
to child transmission of HIV known as the Pediatric AIDS 
Clinical Trials Group (PACTG) Study 076 (discussed later 
in the chapter). Rates of treatment discontinuation due to 
toxicity, anemia of at least moderate severity, neutropenia, 
thrombocytopenia, and disturbances of serum electrolytes 
or liver function tests of at least moderate severity were not 
different in women who received zidovudine compared with 
those in the placebo group. There was no evidence of excess 
fetal or neonatal deaths, premature labor, delayed fetal devel-
opment, or excess congenital abnormalities attributable to 
zidovudine exposure. The hemoglobin concentration was lower 
at birth in infants exposed to zidovudine (mean difference 
between groups < 1 g/dl), but this difference had resolved 
by 12 weeks of age (Connor et al., 1994).

Other available data generally support the safety of zid-
ovudine use in pregnancy, although transient lactic acidosis 
is reported in neonates administered zidovudine chemopro-
phylaxis (Scalfaro et al., 1998; Alimenti et al., 2003). In a ret-
rospective study of 43 pregnant women who were prescribed 
oral zidovudine in doses ranging from 300 to 1200 mg per 
day, the drug was well tolerated and not associated with tera-
togenic effects, even with exposure to zidovudine during the 
first trimester (Sperling et al., 1992). In a followup study of 
the offspring of 7 pregnant women who were prescribed 18 
mg/kg zidovudine after the 16th week of gestation, all infants 
developed macrocytosis and two developed anemia, which 
in both cases resolved within the second month of life (Ferra-
zin et al., 1993).

6l.  Long-term followup of HIV-uninfected 
infants exposed to zidovudine 
perinatally

As described in section 3, Mechanism of action, the activity 
of zidovudine (and other nucleoside analog reverse tran-
scriptase inhibitors) on mammalian DNA polymerases raises 
the possibility of long-term genotoxicity and/or cytotoxicity 
after perinatal exposure. Fetal patas monkeys born near term 

to animals exposed to therapeutic-equivalent doses of zido - 
vudine in the second half of pregnancy demonstrate abnor-
mal mitochondria, depleted mitochondrial DNA, and altered 
levels of enzymes involved in oxidative phosphorylation in 
cardiac and skeletal muscle (Gerschenson and Poirier, 2000; 
Gerschenson et al., 2004). Some of the available human data 
also point to mitochondrial dysfunction after perinatal use of 
this class of drugs. Eight HIV-uninfected children from 1,754 
nucleoside reverse transcriptase inhibitor (NRTI) exposed 
mother–child pairs were identified with persistent mitochon-
drial dysfunction in the French National Epidemiological 
Network: a rate much higher than expected from the back-
ground prevalence of constitutional mitochondrial disease, 
which is estimated at up to 1 in 5,000 live births (Blanche 
et al., 1999). Similarly elevated rates of neurologic disorders 
with mitochondrial pathology were reported among French 
children after perinatal NRTI exposure (Barret et al., 2003). 
More recent analysis of 12,888 French children born to 
mothers with HIV infection found that zidovudine exposure 
in the first trimester was significantly associated with con-
genital heart defects (adjusted odds ratio: 2.2) (Sibiude et al., 
2015).

Other available data are more reassuring. In particular, 
long-term followup of 234 children involved in the PACTG 
Study 076 protocol to a median age of 4.2 years found no 
evidence of adverse outcomes in children exposed to zidovu-
dine compared with those in the placebo group in terms of 
height, weight, cognitive function, or developmental stage. 
No malignancies were observed to develop in either group 
(Culnane et al., 1999). Population-based HIV/AIDS surveil-
lance data from 32 states in the USA found no deaths con-
sistent with mitochondrial disorders among children born 
to HIV-infected women in the period 1993–1998 who were 
perinatally exposed to nucleoside analogs, including more 
than 5000 children exposed to zidovudine (Lindegren et al., 
2000). Furthermore, among the 8465 children who were 
classified as HIV uninfected or indeterminate in this cohort, 
mortality before the age of 5 years was lower among those 
who had received antiretrovirals (this consisted of zidovu-
dine monotherapy in 97% of cases) than those who had not 
(Dominguez et al., 2000). Similarly, 395 infants were fol-
lowed up in a randomized trial of zidovudine versus placebo 
from 36 weeks of pregnancy in Thai women with HIV. No 
serious long-term toxicity from zidovudine was observed by 
age 18 months, including no infant with symptoms sugges-
tive of mitochondrial dysfunction and no malignancy in the 
zidovudine exposed group (Chotpitayasunondh et al., 2001).

6m.  Toxicity in HIV-uninfected adults

The short-term toxicity of zidovudine in HIV-uninfected 
adults has been observed in substantial numbers of people 
administered this drug in the setting of postexposure pro-
phylaxis. Generally, zidovudine has been found to be safe in 
this context, despite a report of two cases of hepatotoxicity and 
rash occurring with combined prophylactic use of zidovudine 



7. Clinical uses of the drug 3675

and zalcitabine (Henry et al., 1996). Observation of 224 
health care workers administered ≥ 1000 mg of zidovudine 
daily for 4–6 weeks in Italy found that > 50% experienced 
mild side effects, such as nausea, malaise, fatigue, and head-
ache, which led to drug cessation in 29 cases (13%). More 
serious side effects were uncommon (anemia in 2.5%, neu-
tropenia in 0.5%, and hepatic dysfunction in 1%) and no 
cases were sufficiently severe to result in premature cessation 
of zidovudine (Puro et al., 1992). Subsequent observations of 
American healthcare workers confirmed that minor, revers-
ible adverse effects, such as nausea, malaise, fatigue, and 
headache, are experienced by up to 75% of individuals using 
zidovudine monotherapy as postexposure prophylaxis, with 
associated zidovudine discontinuation rates > 30% (Tokars et 
al., 1993). More recent observation of adverse events among 
individuals prescribed 28 days of combination antiretroviral 
therapy for nonoccupational postexposure prophylaxis also 
found that zidovudine-based regimens were associated with 
high rates of discontinuation of therapy (around 30%) due to 
side effects such as nausea, malaise, and headache (Winston 
et al., 2005).

6n.  Zidovudine overdose

After the intentional ingestion of between 10 and 20 g of zid-
ovudine (100–200 of the 100-mg capsules, and 110–220 mg/
kg body weight) together with unknown quantities of pheno-
barbital and triazolam, an AIDS patient suffered no clinical 
consequences other than transient nystagmus and ataxia. 
The serum level of zidovudine approximately 8 hours post-
ingestion was 24 µg/ml (Spear et al., 1988). In a second case, 
ingestion of a month’s supply of zidovudine led to a serum 
level of 340 µM 2 hours postingestion, but no acute myelo-
toxicity (Valentine et al., 1993). No clinical toxicity was 
observed in a 27-month-old boy who ingested 130 mg zid-
ovudine (10.2 mg/kg or 400 mg/m2) (Moore et al., 1990). A 
f4-day-old infant inadvertently given 10 times the recom-
mended dose of zidovudine for 2 days developed a metabolic 
acidosis that resolved within 24 hours and neutropenia that 
persisted for 5 weeks (Livshits et al., 2011).

7. CLINICAL USES OF THE DRUG

Zidovudine has been removed from the list of preferred anti-
retroviral agents for use in first-line HIV combination treat-
ment regimens in guidelines in USA, Europe, and Australia. 
However, it remains an effective and important agent for use 
in HIV treatment and prevention, remains an alternative 
drug within first-line agents recommended for use by the 
World Health Organization (WHO, 2016), and is widely avail-
able in many resource-limited settings.

The main clinical use of zidovudine is in the treatment 
and prevention of HIV infection. In the context of HIV treat-
ment, zidovudine should be used only as part of cART, gen-
erally made up of three or more antiretroviral drugs. In the 
context of HIV prevention, zidovudine monotherapy remains 

appropriate for the short-term treatment of infants born to 
HIV-infected women. Zidovudine may be prescribed as part of 
dual antiretroviral therapy for HIV postexposure prophylaxis.

Although zidovudine should be used in HIV treatment 
only in the context of cART, there are a wealth of data from 
early monotherapy and dual therapy studies that underpin 
the evolution of current clinical practice. There are specific 
HIV-related conditions that may benefit from inclusion of 
zidovudine in the antiretroviral regimen (see Table 225.8). A 
brief review of the major clinical trials leading to current 
clinical use of zidovudine is provided in the following sec-
tions (see Table 225.9).

7a.  Zidovudine monotherapy

Zidovudine monotherapy rapidly reduces the titer of infec-
tious virus, the level of HIV RNA, and the level of p24 anti-
gen in plasma (Fischl et al., 1987; Parks et al., 1988; Ho et al., 
1989; Volberding et al., 1990; Katzenstein et al., 1992; Piatak 
et al., 1993; Kappes et al., 1995; Loveday et al., 1995). In gen-
eral, a decline of 0.5–0.7 log10 copies of HIV RNA per milli-
liter can be expected with zidovudine monotherapy in a naive 
patient, but the clinical benefit of this may depend on the 
stage of HIV disease. Zidovudine monotherapy was clearly 
shown to be of benefit to people with advanced HIV disease 
in delaying the development of opportunistic infections and 
improving survival. In asymptomatic individuals and those 
with relatively well-preserved CD4 T-cell counts, benefits 
were less clear. Most studies demonstrated a delay in disease 
progression without long-term survival advantages in this 
context. This is consistent with current understanding of the 
rapid development of resistant viral strains (and therefore 
lack of durable treatment benefits) in patients using antiret-
roviral monotherapy.

ZIDOVUDINE MONOTHERAPY STUDIES IN PATIENTS 
WITH ADVANCED (SYMPTOMATIC) HIV INFECTION

The first clinical trial of zidovudine was in 19 patients with 
AIDS or ARC. Two weeks of i.v. therapy followed by oral treat-
ment was associated with clinical (weight gain and clearance 

Table 225.8 Specific complications of HIV infection for 
which there is evidence of clinical improvement with 
zidovudine monotherapy.a

Complications

HIV-associated CNS disease

HIV-associated thrombocytopenia

HIV-associated psoriasis

HIV nephropathy

Peripheral neuropathy caused by HIV infectionb

HIV-associated non-Hodgkin’s lymphomab

aSee text for details and sources of data.
bAnecdotal reports only.
Abbreviation: CNS: central nervous system.
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Table 225.9. Selected randomized trials establishing the role of zidovudine in the treatment and prevention of HIV infection.

Protocol Subjects Intervention Main outcomes Reference(s)

Monotherapy BW 02 282 adults with 
advanced ARC 
or AIDS

RCT comparing zidovudine 
250 mg every 4 hours 
with placebo (advanced 
HIV disease)

Zidovudine associated with:
 – Reduced frequency and 

severity of opportunistic 
infections 

 – CD4 T-cell count increases 
within the first 2 months that 
declined to baseline by 
week 20

 – Decreased mortality (beyond 
18 months of followup)

Fischl et al. 
(1987)

Fischl et al. 
(1989)

ACTG 016 711 adults with 
early ARC (one 
or two symp-
toms) and CD4 
T-cell count at 
least 200 cells/µl 

RCT comparing zidovudine 
200 mg every 4 hours 
with placebo (symptom-
atic, but less advanced 
HIV disease)

Delayed disease progression in 
those with CD4 T-cell count 
≤ 500 cells/µl; no benefit in 
those with CD4 T-cell count 
> 500 cells/µl

Fischl et al. 
(1990c)

ACTG 019 1434 asymptom-
atic adults with 
CD4 T-cell count 
< 500 cells/µl

RCT with three arms
 – Placebo five times daily
 – Zidovudine 100 mg five 

times daily
 – Zidovudine 300 mg five 

times daily (asymptom-
atic HIV disease, but 
with reduced CD4 T-cell 
count)

Study stopped early due to 
delayed disease progression 
with either dose of zidovu-
dine (confirming finding from 
ACTG 016) but no survival 
benefit on delayed followup 
and reduced quality of life 
with zidovudine

Volberding et 
al. (1990)

Volberding et 
al. (1994)

Lenderking et 
al. (1994)

PACTG 076 477 pregnant 
women at 14–34 
weeks of 
gestation with 
CD4 T-cell count 
> 200 cells/µl

RCT comparing placebo 
with zidovudine given as:

 – 100 mg orally five times 
daily during pregnancy

 – 2 mg/kg over 1 hour 
then 1 mg/kg/hour i.v. 
intrapartum

 – 2 mg/kg orally every 4 
hours to infants for 6 
weeks

Zidovudine was associated with 
a 67.5% relative reduction in 
the rate of HIV infection of 
infants at 18 months

Connor et al. 
(1994)

Dual therapy Delta 1 2124 adults with 
AIDS or ARC 
and CD4 T-cell 
count < 350 
cells/µl

RCT with three arms:
 – Zidovudine alone
 – Zidovudine with 

zalcitabine
 – Zidovudine with 

didanosine

71% stopped study drugs early. 
Despite this, 42% reduction in 
mortality with didanosine and 
32% with zalcitabine (vs. 
zidovudine alone) at 30 
months

Anonymous 
(1996)

Triple therapy AI424-007 
Clinical 
Trial Group

810 treatment 
naive adults with 
HIV

RCT comparing zidovudine 
and lamivudine with 
either atazanavir 400 mg 
daily or efavirenz 600 mg 
daily

Both regimens similarly 
effective. Viral load < 400 
copies/ml at 48 weeks in 70% 
(atazanavir) and 64% 
(efavirenz)

Squires et al. 
(2004)

CNAAB3005 562 treatment 
naive adults with 
HIV, stratified by 
baseline HIV 
viral load

RCT comparing zidovudine 
and lamivudine with 
either abacavir 300 mg 
every 12 hours or 
indinavir 800 mg every 
8 hours

Viral load < 400 copies/ml at 48 
weeks in 51% in both arms, 
but in the subset with viral 
load > 100,000 copies/ml at 
baseline, those in the 
abacavir arm did poorly (viral 
load < 400 copies/ml at 48 
weeks in just 31% vs. 45% 
with indinavir)

Staszewski et 
al. (2001)

Abbreviations: ARC: AIDS-related complex; RCT: randomized controlled trial.
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of chronic fungal nail bed infections), immunologic (increase 
in CD4 T-cell counts in three fourths and improved delayed 
type hypersensitivity reaction), and virologic (reversion to 
negative viral cultures of peripheral blood mononuclear cells) 
benefits (Yarchoan et al., 1986). Several randomized, controlled 
phase II trials followed.

A multicenter double-blind trial of zidovudine 250 mg 
orally given every 4 hours versus placebo for 24 weeks (BW-
02) was undertaken in 282 patients with AIDS or advanced 
ARC. Patients in the zidovudine group experienced signifi-
cant reductions in mortality and the frequency and severity 
of opportunistic infections, as well as an increase in CD4 
T-cell count within the first 1–2 months. CD4 T-cell num-
bers declined to baseline in the zidovudine group by week 
20, but a survival benefit persisted beyond 18 months of 
therapy (Fischl et al., 1987; Creagh-Kirk et al., 1988; Fischl 
et al., 1989). Several other groups have confirmed the sur-
vival benefit of zidovudine monotherapy among patients with 
advanced symptomatic HIV infection (Dournon et al., 1988; 
Stambuk et al., 1989; Moore et al., 1992; Vella et al., 1992; 
Ragni et al., 1992a; Saravolatz et al., 1996).

In patients with early ARC (one or two symptoms only) 
the benefits of zidovudine monotherapy were largely confined 
to those with a lower CD4 T-cell count. A randomized double- 
blind trial of zidovudine 200 mg given every 4 hours (ACTG 
016) followed 711 such patients with CD4 T-cell counts ≥ 200 
cells/µl at study entry for 9 months. Delayed disease progres-
sion and improved CD4 T-cell counts were observed in those 
with baseline counts of 200–500 cells/µl, but there were no 
clear benefits in those with more than 500 cells/µl at study 
entry (Fischl et al., 1990c). A study of 2162 patients within 
the multicenter AIDS cohort (MAC) confirmed the mortal-
ity benefits of zidovudine monotherapy in patients with CD4 
T-cell counts in the range of 200–350 cells/µl, regardless of 
symptoms, even after adjusting for the effects of prophylaxis 
for Pneumocystis jiroveci pneumonia (Graham et al., 1991b; 
Graham et al., 1992). However, the survival benefit after 
AIDS in the MAC was greatest among those who initiated 
zidovudine after their AIDS diagnosis (Saah et al., 1994). The 
Veterans Affairs Cooperative Study of 338 symptomatic ARC 
patients with CD4 T-cell counts in the range 200–500 cells/μl 
confirmed that zidovudine monotherapy delayed disease pro-
gression if commenced before an AIDS diagnosis, but found 
that this strategy did not confer a survival benefit (Hamilton 
et al., 1992; Simberkoff et al., 1996).

Several retrospective studies undertaken after zidovudine 
became available for clinical use confirmed that treatment 
with zidovudine conferred some survival benefit on patients 
with AIDS compared with no treatment (Creagh-Kirk et al., 
1988; Moore et al., 1991b; Lundgren et al., 1994).

ZIDOVUDINE MONOTHERAPY STUDIES IN PATIENTS 
WITH EARLY (ASYMPTOMATIC) HIV INFECTION

An early randomized trial compared two doses of zidovu-
dine (total daily doses of 1500 and 500 mg) with placebo in 
1434 asymptomatic HIV patients with CD4 T-cell counts < 500 
cells/μl. This trial was terminated prematurely after 24 weeks 

when an independent review of the data showed that both 
doses of zidovudine delayed disease progression compared 
with placebo (Volberding et al., 1990). However, extended 
followup of the study cohort found no survival benefit asso-
ciated with zidovudine therapy (Volberding et al., 1994; 
Volberding et al., 1995). Of note, zidovudine use was associ-
ated with a reduction in quality of life that approximated the 
improvement in life quality derived from the delay in disease 
progression (Len derking et al., 1994).

Other large, randomized, placebo-controlled trials con-
firmed that zidovudine monotherapy delays disease progres-
sion in asymptomatic patients with HIV infection (Merigan 
et al., 1991; Cooper et al., 1993a; Anonymous, 1994; Mulder 
et al., 1994). This is also supported by observational data from 
a cohort of 936 asymptomatic patients in Italy (Vella et al., 
1994). However, a lack of sustained benefit, including a lack 
of improved survival, has also been confirmed in random-
ized, placebo-controlled trials (Anonymous, 1994; Mannucci 
et al., 1994). Zidovudine monotherapy did not reduce the 
duration of symptoms in primary HIV infection, although 
short-term improvements in CD4 T-cell count occurred in 
one study (Tindall et al., 1991; Kinloch-De Loës et al., 1995).

STUDIES COMPARING ZIDOVUDINE MONOTHERAPY 
WITH MONOTHERAPY WITH ANOTHER 
NUCLEOSIDE ANALOG

Zidovudine (600–1200 mg per day) monotherapy was supe-
rior to zalcitabine (0.75 mg three times daily) monotherapy 
in terms of prolonging survival in a randomized double-blind 
trial in 668 patients with advanced disease and less than 3 
months of prior zidovudine experience (Bozzette et al., 1995). 
Zidovudine (600 mg per day) was also superior to didanosine 
(500 or 750 mg per day) in terms of progression to AIDS, 
new opportunistic infections, and death among 380 patients 
who were zidovudine naive in a randomized trial of mono-
therapy in 617 patients with advanced HIV disease. However, 
in 119 patients who had received 1–8 weeks of prior zidovu-
dine exposure, there was no difference between zidovudine 
and didanosine. In the 118 patients who had received 8–16 
weeks of prior zidovudine therapy, the 500-mg dose of dida-
nosine was associated with less disease progression than zid-
ovudine and the 750-mg dose of didanosine was associated 
with greater survival, although 2 patients in this arm died of 
pancreatitis. Overall there was no significant difference between 
the two didanosine doses (Dolin et al., 1995). Studies involv-
ing patients with more prolonged prior zidovudine exposure 
showed clinical (but not survival) benefits from switching to 
didanosine (Kahn et al., 1992; Spruance et al., 1994; D’Aquila 
et al., 1995; Montaner etal., 1995).

7b.  Zidovudine in combination with  
other nucleoside analogs

Some of the studies examining zidovudine in combination with 
another nucleoside analog versus zidovudine monotherapy 
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included participants who had extensive prior zidovudine 
experience (Fischl et al., 1995; Anonymous, 1996; Hammer 
et al., 1996; Katzenstein et al., 1996; Saravolatz et al., 1996; 
Staszewski et al., 1996). Some study subjects were therefore 
likely to have had zidovudine-resistant HIV strains, making 
interpretation of the variable results complex. However, where 
trials were conducted using zidovudine-naive subjects (or 
those with only minimal prior zidovudine exposure) therapy 
with more than one nucleoside analog has generally been 
found to be superior to monotherapy.

An early dose-ranging trial (ACTG 106) comparing com-
bination therapy of zidovudine (150–600 mg daily) and zal-
citabine (0.015–0.03 mg/kg daily) with zidovudine monotherapy 
(150 mg daily) in 56 patients with advance HIV disease found 
that combinations, including the 600-mg daily dose of zid-
ovudine, were associated with a sustained increase in CD4 
T-cell count. However, the low dose of zidovudine used in 
the monotherapy arm limited the ability to compare mono - 
therapy with combination therapy (Meng et al., 1992). The 
Delta 1 Study was a trial of zidovudine monotherapy or in 
combination with zalcitabine or didanosine in 2124 patients 
with AIDS or ARC or a CD4 count < 350 cells/µl. Despite pre-
mature discontinuation of study medication in 71% of partic-
ipants, the study provided strong evidence for the superiority 
of combination therapy in terms of survival. After a median 
followup time of 30 months, there was a reduction in mortal-
ity of 42% in those treated with zidovudine and didanosine 
and 32% in those treated with zidovudine and zalcitabine com-
pared with the zidovudine monotherapy group (Anonymous, 
1996). An open-label study confirmed the benefits in terms 
of CD4 T-cell count and plasma HIV viral load of higher- 
dose zidovudine and didanosine in combination compared 
with zidovudine monotherapy (Collier et al., 1993). Similarly, 
randomized trials of combination zidovudine and lamivudine 
compared with monotherapy of either drug found superiority 
of combination therapy in terms of CD4 T-cell count rise and 
plasma HIV viral load decline in patients with baseline CD4 
T-cell counts < 500 cells/µl who had minimal prior zidovu-
dine experience (Eron et al., 1995; Katlama et al., 1996). These 
benefits occurred despite the rapid emergence of lamivudine- 
resistant strains of HIV (Larder et al., 1995).

A randomized trial compared combination therapy with 
zidovudine and didanosine with alternating regimens of each 
drug alone in 41 patients with advanced disease. Combination 
therapy was associated with significantly greater and more sus-
tained CD4 T-cell count rises and more weight gain than the 
alternating strategy (Yarchoan et al., 1994). Conversely, a com-
plex phase II study evaluating alternating and intermittent regi-
mens of zidovudine and zalcitabine in 131 HIV patients found 
that alternating regimens were associated with less toxicity 
while providing a sustained weight gain along with antiviral and 
immunologic benefit over 48 weeks (Skowron et al., 1993). In 
HIV-infected children aged 6 months to 13 years, an alternating 
regimen of zidovudine and zalcitabine was associated with 
weight gain but no consistent immunologic or virologic benefit 
over monotherapy (Pizzo et al., 1990).

7c.  Zidovudine with one drug from  
another class

NONNUCLEOTIDE REVERSE  
TRANSCRIPTASE INHIBITORS

Alternating therapy with zidovudine (600 mg per day for 3 
weeks) with nevirapine (200 mg per day for 1 week) in 10 
antiretroviral-naive patients did not prevent the develop-
ment of nevirapine resistance or prolong benefit from this 
drug (de Jong et al., 1994). When nevirapine doses (ranging 
from 12.5 to 200 mg/day) in combination with zidovudine 
(600 mg per day) were compared with nevirapine monother-
apy in 62 patients with CD4 T-cell counts < 400 cells/µl, 
nevirapine-resistant strains of HIV emerged in all patients 
by 8 weeks. Nonetheless, reductions in HIV p24 antigen were 
greatest in those on combination therapy and persisted for 
more than 12 weeks (Cheeseman et al., 1995).

PROTEASE INHIBITORS

A randomized double-blind study compared monotherapy 
with saquinavir (given 600 mg three times daily) or zidovu-
dine (200 mg three times daily) versus combination therapy 
with saquinavir in three doses (75, 200, or 600 mg three 
times daily) plus zidovudine (200 mg three times daily) in 
92 HIV-infected, antiretroviral-naive patients with fewer than 
300 CD4 T-cells/µl. The CD4 counts increased in all treat-
ment groups but were higher and more sustained in the com-
bination therapy arms (Vella et al., 1996).

ACICLOVIR

Combination therapy of zidovudine (600–1000 mg/day) and 
aciclovir (3200–4800 mg/day) was well tolerated but provided 
few, if any, immunologic or virologic benefits compared with 
zidovudine monotherapy in patients with HIV (Surbone et 
al., 1988; Cooper et al., 1991). However, a survival benefit 
has been observed in both randomized placebo- controlled 
trials and observational studies of patients receiving aciclovir 
with zidovudine compared with zidovudine alone (Cooper 
et al., 1993b; Stein et al., 1994; Youle et al., 1994; Apolonio 
et al., 1995). Not all available data support an association 
between aciclovir and improved survival in HIV patients 
(Gallant et al., 1995; Erbelding et al., 1997; Torres et al., 1998; 
Suligoi et al., 2002). The absence of a proven mechanism also 
raises questions about an association. However, a meta- 
analysis of eight randomized trials covering 2947 patient-
years of treatment found that aciclovir use was associated 
with a significantly improved survival among HIV-infected 
patients (Ioannidis et al., 1998).

FOSCARNET

The addition of 30 mg/kg every 8 hours of i.v. foscarnet to a 
total daily dose of 1200 mg oral zidovudine was associated 
with a transient virologic benefit over zidovudine therapy 
in patients with symptomatic HIV infection (Jacobsen et al., 
1991).
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INTERLEUKIN 2
Several studies have demonstrated that subcutaneous or intra-
venous administration of recombinant interleukin 2 in com-
bination with oral zidovudine to patients with HIV infection 
is associated with significant increases in CD4 T-cell num-
bers without a change in viral burden (Teppler et al., 1993; 
Wood et al., 1993; McMahon et al., 1994; Bartlett et al., 1998). 
Similarly, substantial increases in CD4 T-cell numbers have 
been seen in patients administered interleukin 2 together 
with zidovudine and another nucleoside analog in both early 
and later HIV disease (De Paoli et al., 1997; Levy et al., 1999; 
Simonelli et al., 1999; Gougeon et al., 2001).

INTERFERON-ALPHA
Zidovudine and various doses of interferon-alpha have been 
evaluated by several groups for the treatment of HIV-
associated Kaposi’s sarcoma. Several studies have demon-
strated partial or complete tumor responses in 40–65% of 
patients, with the best responses occurring in patients with 
more than 200 CD4 T-cells/µl (Kovacs et al., 1989; Krown et 
al., 1990; Podzamczer et al., 1993; Mauss and Jablonowski, 
1995). In terms of HIV treatment, however, any benefits of 
this combination are only short term and dose dependent 
(Edlin et al., 1992; Krown et al., 1992). No sustained improve-
ment in rates of disease progression or CD4 T-cell decline 
was seen in a multicenter study involving over 400 patients 
(Fernández-Cruz et al., 1995).

COLONY-STIMULATING FACTORS
Several trials evaluated the safety and efficacy of using colony- 
stimulating factors to reduce the hematologic toxicity asso-
ciated with zidovudine. This strategy is not employed today 
because alternative antiretroviral agents with different side 
effect profiles are available for patients affected by significant 
bone marrow suppression from zidovudine. GM-CSF effec-
tively reduced rates of neutropenia with both zidovudine 
monotherapy and with higher- dose combinations of inter-
feron-alpha and zidovudine (Davey et al., 1991; Levine et 
al., 1991; Krown et al., 1992; Hewitt et al., 1993). Although 
GM-CSF used alone can stimulate HIV replication (Perno 
et al., 1992a), in combination with zidovudine it is associated 
with synergistic inhibition of HIV replication (Hewitt and 
Morse, 1992). Granulocyte colony-stimulating factor (G-CSF) 
also reduces zidovudine-associated neutropenia and is not 
associated with increased viral replication (Mueller et al., 1992). 
Recombinant human erythropoietin can effectively reduce 
transfusion requirement of patients with zidovudine-induced 
anemia and can be safely used in combination with G-CSF 
(Fischl et al., 1990a; Miles et al., 1991a; Miles et al., 1991b; 
Henry et al., 1992).

7d.  Zidovudine as a component of triple 
antiretroviral drug combinations

There is now overwhelming evidence that zidovudine use in 
the context of existing HIV infection should be confined to 

cART. The first evidence of the superior and more durable 
efficacy of triple antiretroviral drug combinations emerged 
in the mid-1990s. Even in zidovudine-experienced patients, 
triple therapy (including zidovudine) trials conducted when  
protease inhibitors became available demonstrated sub- 
stantial clinical, immunologic, and virologic benefits from  
antiretroviral therapy, including three agents (Collier et al.,  
1996; D’Aquila et al., 1996; Gulick et al., 1997; Hammer et  
al., 1997). After 3 years of followup, 21 of 31 patients with  
baseline CD4 T-cell counts of 50–400 cells/µl and baseline  
plasma HIV viral load at least 20,000 copies/ml who were  
treated with zidovudine, lamivudine, and indinavir main 
tained a plasma HIV viral load of < 500 copies/ml. The  
median CD4 T- cell count increase in this study was 230  
cells/µl at 3 years (Gulick et al., 2000). At 6 years, 53% of sub- 
jects who remained on study continued to maintain plasma  
HIV viral load < 500 copies/ml (Gulick et al., 2003). It is  
important that the fall in plasma HIV viral load in the first 
8  weeks of triple therapy including zidovudine and indinavir 
is predictive of long-term treatment outcomes (Demeter et 
al., 2001).

Although there is no definitive study demonstrating that 
any one antiretroviral regimen is the optimal initial therapy 
of HIV, several studies have now shown that triple regimens 
including zidovudine and a NNRTI are probably more effec-
tive than those including zidovudine and one of the older 
(less potent) protease inhibitors. A randomized, open-label 
study in 450 HIV-infected patients compared regimens con-
sisting of zidovudine, lamivudine, and indinavir, or zidovu-
dine, lamivudine, and efavirenz, or indinavir and efavirenz. 
Complete suppression was achieved in more patients treated 
with the combination of zidovudine, lamivudine, and efa-
virenz (70%) than in patients treated with zidovudine, lami-
vudine, and indinavir (48%). In addition, significantly more 
patients ceased study medications due to adverse events in 
indinavir-based regimens (Staszewski et al., 1999). ACTG 
384 was a randomized, partially blinded trial in which 620 
treatment-naive patients were allocated to sequential HIV 
therapy regimens in a factorial design. Initial therapy consisted 
of either zidovudine–lamivudine or didanosine– stavudine 
together with either efavirenz or nelfinavir. The primary end 
point was time to failure of the second antiretroviral regi-
men. The combination of zidovudine, lamivudine, and efavirenz 
was associated with delayed virologic failure of both the first 
and second antiretroviral regimen (Robbins et al., 2003). 
Superior efficacy, in terms of number of patients achieving 
viral suppression and equivalent durability of response in those 
who achieved viral suppression using triple therapy includ-
ing a nonnucleoside analog compared with those using an 
older protease inhibitor have also been observed in large cohorts 
of patients initiating HIV treatment (Lucas et al., 2001; Mat-
thews et al., 2002).

With modern protease inhibitors, initial therapy with 
either a NNRTI or a protease inhibitor with two NRTIs is 
probably similarly efficacious. A study in which 810 treatment- 
naive patients with HIV were administered zidovudine and 
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lamivudine plus either atazanavir 400 mg/day or efavirenz 
600 mg/day (the third drug was randomly assigned and pla-
cebo controlled) found that these regimens were equivalent 
in terms of tolerability and both immunologic and virologic 
efficacy. Plasma HIV viral load was < 400 copies/ml at 48 
weeks in 70% of patients receiving atazanavir and 64% of 
those receiving efavirenz (Squires et al., 2004).

Zidovudine use in the context of triple nucleoside analog 
therapy has also been investigated. A large double-blind trial 
randomized 562 antiretroviral-naive patients to receive either 
zidovudine, lamivudine, and abacavir or zidovudine, lami-
vudine, and indinavir as initial HIV treatment. Patients were 
stratified by baseline plasma HIV viral load. Overall, this 
study found that the two regimens were equivalent, with 51% 
of patients in each arm achieving a plasma HIV viral load 
of < 400 copies/ml at week 48. The effects of both treatments 
on CD4 T-cell count were also similar. However, in the sub-
set of patients who had baseline HIV viral load > 100,000 
copies/ml, the triple nucleoside analog combination was 
inferior. Plasma HIV viral load was suppressed to < 50 cop-
ies/ml at week 48 in 45% of such patients in the indinavir 
group versus 31% in the abacavir group (Staszewski et al., 
2001). Triple nucleoside analog combinations are therefore 
not considered optimal first-line HIV therapy.

One study has shown that a combination of zidovudine 
and lamivudine with the CCR5 inhibitor maraviroc was 
non inferior to the combination of zidovudine, lamivudine, 
and efavirenz for patients infected with R5 HIV-1 variants 
(Cooper et al., 2010).

Randomized data are lacking to support the use of zid-
ovudine with more recently introduced antiretroviral agents. 
However, observational data support the efficacy of the triple 
combination of zidovudine with lamivudine and raltegravir 
(an integrase inhibitor) in both treatment-naive and experi-
enced patients (Kang et al., 2013).

Although zidovudine is clearly a very effective agent for 
use in first-line cART with good tissue penetration (includ-
ing CNS) and low rates of serious short-term toxicities in 
currently recommended doses, it is no longer a recommended 
component of first-line HIV therapy in major European, US, 
or Australian guidelines (e.g. Panel on Antiretroviral Guide-
lines for Adults and Adolescents, 2016). Zidovudine has 
fallen out of favor both because of high rates of less-serious 
short-term toxicities (such as nausea malaise and headache) 
and because of the risk of long-term side effects such as mito-
chondrial toxicity and related lipoatrophy. However, the World 
Health Organization (2016) continues to support zidovudine- 
containing triple regimens as alternative first-line HIV treat-
ment options when preferred, tenofovir-based combinations 
are not available (see Chapter 232, Tenofovir). Zidovudine 
also remains an important option in selected clinical cir-
cumstances in the Western world, with particular benefits 
relating to the proven efficacy of this agent in improving HIV- 
associated CNS disease (discussed later in this chapter), safety 
in pregnancy, and efficacy in preventing mother to child 
transmission of HIV (discussed later in this chapter).

7e.  Zidovudine monotherapy for specific 
complications of HIV infection

The early introduction of zidovudine for the treatment of 
patients with HIV infection allowed evaluation of this drug 
in monotherapy for a number of specific HIV-associated 
conditions. Zidovudine was shown to improve the clinical 
status of patients affected by various complications of HIV 
(Table 235.8). Current guidelines recommend that patients 
with HIV requiring treatment should always be offered cART. 
If the patient is affected by an HIV complication that has 
been demonstrated to be zidovudine responsive, some experts 
would advocate inclusion of zidovudine as part of the com-
bination regimen where practical. This is particularly true 
of HIV-associated CNS disease because zidovudine has good 
CNS penetration (see section 5b, Drug distribution) and the 
evidence for the benefits of zidovudine are especially con-
vincing in this setting, as set out in the following section.

HIV-ASSOCIATED CNS DISEASE

Clear benefits from zidovudine in the setting of HIV-
associated CNS disease were evident from soon after this 
drug entered clinical trials. An early report described patients 
with HIV dementia receiving substantial clinical and neuro-
psychometric testing improvements that persisted for up to 
18 months with zidovudine treatment (Yarchoan et al., 1987; 
Yarchoan et al., 1988). Cognitive and motor benefits associ-
ated with zidovudine therapy at various stages of HIV dis-
ease, have since been confirmed in a randomized controlled 
trial of 281 patients with AIDS or ARC (Schmit et al., 1988) 
and in natural history studies (Arendt et al., 1992; Baldeweg 
et al., 1995). The incidence of HIV-related dementia has 
fallen since the widespread availability of zidovudine therapy 
(Bacellar et al., 1994; Portegies, 1995), as has the number of 
cases with neuropathologic evidence of HIV-associated sub-
acute encephalopathy at autopsy (Vago et al., 1993; Gray et 
al., 1994; Maehlen et al., 1995). Cognitive function, develop-
mental delay, and abnormalities reported on CT brain scan 
in HIV-infected children have all also been found to improve 
with zidovudine therapy (Blanche et al., 1988; Brouwers et 
al., 1990; Brivio et al., 1991; McKinney et al., 1991). Acute 
HIV encephalopathy has been reported to respond to zid-
ovudine in both adults and children (Allworth and Kemp, 
1989; Croft et al., 1992).

HIV-ASSOCIATED THROMBOCYTOPENIA

Zidovudine can increase platelet counts in HIV-infected 
patients, including those with HIV-associated thrombocyto-
penia. The mechanism of this effect may be through prolon-
gation of platelet survival, with zidovudine therapy associated 
with decreased plasma levels of glycocalicin, a platelet pro-
tein that correlates inversely with platelet survival (Panzer et 
al., 1989; Boyar and Beall, 1991). The response time may be 
highly variable (median, 9–12 weeks), but bleeding episodes 
resolve with therapy and the positive effects of zidovudine on 
platelet count may persist for more than 18 months even with 
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monotherapy (Chow et al., 1988; Panzer et al., 1989; Mon-
taner et al., 1990; Rarick et al., 1991; Rarick et al., 1993; Cinque 
et al., 1993). Some reports suggest that high doses (1000 mg 
per day) of zidovudine may be more effective at increasing 
platelet count than standard doses (500–600 mg per day) (Boyar 
and Beall, 1991; Landonio et al., 1993), but others have not 
confirmed this (Montaner et al., 1990).

HIV-ASSOCIATED PSORIASIS

HIV-associated psoriasis has been observed to improve sub-
stantially (including complete remission in some cases) with 
commencement of zidovudine monotherapy and to relapse 
in most cases when zidovudine is withdrawn (Feeney and 
Frazer, 1988; Kaplan et al., 1989; Obuch et al., 1992; Duvic et 
al., 1994).

HIV-ASSOCIATED NEPHROPATHY

HIV-associated nephropathy, characterized by focal and 
segmental glomerulosclerosis on histology and by nephritic 
syndrome with rapid progression to end-stage renal failure, 
improves at least transiently with zidovudine monotherapy 
(Lam and Park, 1990; Ifudu et al., 1995). More recent work 
provides strong evidence for the efficacy of combination anti- 
retroviral therapy in this setting (Atta et al., 2006), including 
a case report of HIV-associated nephropathy relapsing with 
cessation of combination therapy (Scialla et al., 2007).

PERIPHERAL NEUROPATHY CAUSED  
BY HIV INFECTION

An early case report documented improved clinical status and 
nerve conduction studies when a patient with HIV-associated 
peripheral neuropathy was treated with zidovudine (Yarchoan 
et al., 1987). Subsequent reports also supported a possible 
role for zidovudine in the management of this condition 
(Dalakas et al., 1988; Markus and Brew, 1998). However, 
although many authors advocate controlling HIV replication 
as an important aspect of managing HIV-induced peripheral 
nerve disease, the introduction of antiretroviral therapy has 
been associated with an increase rather than a reduction in the 
prevalence of peripheral neuropathy among HIV-infected 
patients (Bacellar et al., 1994; Smyth et al., 2007). This increase 
is at least partly attributable to the neurotoxicity of drugs 
such as stavudine (Chapter 229, Stavudine), zalcitabine 
(Chapter 227, Zalcitabine), and didanosine (Chapter 226, 
Didanosine), although high prevalence rates of painful neu-
ropathy are seen even among those on highly active anti-
retroviral therapy (HAART) who have never been exposed 
to any of these three drugs (Ellis et al. 2010).

HIV-ASSOCIATED LYMPHOPROLIFERATIVE 
CONDITIONS

There is a case report of an HIV-infected patient with pul-
monary non-Hodgkin’s lymphoma that regressed during 
zidovudine monotherapy (Baselga et al., 1993). Two patients  
with neurologic manifestations of diffuse infiltrative CD8 
lymphocytosis syndrome in the setting of HIV have also 

been reported to improve with zidovudine (Bachmeyer et al., 
1995).

7f.  Zidovudine use in the prevention  
of HIV transmission

ZIDOVUDINE USE IN HIV POSTEXPOSURE 
PROPHYLAXIS

Zidovudine was found to confer substantial protection against 
HIV infection in a multicenter case-control study comparing 
healthcare workers who became infected (n = 33) with those 
who did not (n = 665) after percutaneous exposure to HIV. 
The odds ratio of acquiring HIV if treated with zidovudine 
was 0.19 (95% CI: 0.06–0.52) (Gerberding, 1996; Cardo et 
al., 1997). Despite the evidence that zidovudine reduces the 
risk of HIV infection after exposure, high rates of early dis-
continuation of therapy due to minor side effects, such as 
malaise, nausea, and headache, have been documented by 
several authors (Puro et al., 1992; Tokars et al., 1993; Forseter 
et al., 1994; Schmitz et al., 1994; Winston et al., 2005). Fur-
thermore, although postexposure prophylaxis reduces the risk 
of HIV infection, there are several well-documented cases of 
HIV infection occurring despite prompt use of antiretrovirals 
(including zidovudine) after exposure (Lange et al., 1990; 
Looke and Grove, 1990; Miller, 1990; Durand et al., 1991; Jones, 
1991; Anonymous, 1993; Palmer et al., 1994; Ippolito et al., 
1999).

Recent HIV postexposure prophylaxis guidelines recom-
mend using a 28-day course of two or three antiretroviral 
drugs, depending on the degree of risk (e.g. Australasian 
Society for HIV Medicine, 2016; US Public Health Service, 
2013). There is no direct evidence available for this strategy 
in the setting of postexposure prophylaxis and no random-
ized trial is ever likely to be undertaken. Rather, this is based 
on the clear superior efficacy of combination therapy in HIV 
treatment (Young et al., 2007). 

ZIDOVUDINE USE IN THE PREVENTION OF PARENT 
TO CHILD TRANSMISSION OF HIV

The majority of HIV transmissions from mother to child 
occur very late in pregnancy or later (de Rossi et al., 1993; 
Kourtis et al., 2001; Kourtis et al., 2006). However, there is 
now clear evidence that antiretroviral therapy given to HIV-
infected pregnant women and their infants can interrupt 
perinatal transmission of HIV (Suksomboon et al., 2007). In 
particular, both animal and human data support the safety 
and efficacy of zidovudine for use in this context.

The pivotal study (Pediatric AIDS Clinical Trials Group 
Study 076) of the efficacy and safety of zidovudine in reduc-
ing the risk of transmission of HIV from mother to child was 
a randomized double-blind placebo-controlled study of 477 
HIV-infected pregnant women between 14 and 34 weeks’ ges-
tation (median at entry 26 weeks) with > 200 CD4 T-cells/μl 
(median at entry, 550 cells/μl) who had not received any pre-
vious antiretroviral therapy during the pregnancy. The women 
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were treated with zidovudine (100 mg orally five times daily 
before delivery, 2 mg/kg i.v. over 1 hour and then 1 mg/kg per 
hour i.v. intrapartum) or placebo, and the neonate received 
2  mg/kg zidovudine (or placebo) orally every 4 hours for 
6 weeks. Approximately one third of the women underwent 
cesarean section. The HIV status was known in 363 of the 
infants. After 18 months, 8.3% of the zidovudine group and 
25.5% of the placebo group were HIV infected. Thus the zid-
ovudine regimen resulted in a 67.5% relative reduction in 
the risk of maternal–infant transmission of HIV (Connor et 
al., 1994). Observational data have since confirmed that the 
PACTG Study 076 protocol also reduces the risk of vertical 
HIV transmission in women with lower CD4 T-cell counts 
(Matheson et al., 1995). Subsequent work has also demon-
strated the importance of commencing infant zidovudine 
therapy as soon as possible (and within the first 48 hours) 
after birth for maximum efficacy (Wade et al., 1998). The 
combination of the PACTG Study 076 zidovudine regimen 
together with elective cesarean section before the onset of 
labor may reduce the rate of perinatal mother to child HIV 
transmission to as low as 1% (Kind et al., 1998; Mandelbrot 
et al., 1998; International Perinatal HIV Group, 1999).

More recent studies have demonstrated that maternal use 
of more potent antiretroviral combinations is more effective 
at preventing HIV transmission to the infant than zidovu-
dine monotherapy (Cooper et al., 2002). A recent study has 
shown clearly that combining extended zidovudine therapy 
(up to 6 weeks of age) with extended nevirapine treatment 
of newborns substantially reduced the incidence of nevira-
pine resistance (Lidström et al., 2010). Documented vertical 
transmission of zidovudine-resistant strains of HIV also sup-
port this approach (Frenkel et al., 1995). Maternal levels of 
plasma HIV RNA correlate with the risk of perinatal HIV 
transmission (Dickover et al., 1996; Garcia et al., 1999). 

7g.  Zidovudine in the treatment of hepatitis 
B and C virus infection

Although there are reports of inhibition of the hepatitis B 
virus DNA polymerase by zidovudine triphosphate in vitro, 
no significant change in levels of hepatitis B virus DNA were 
evident in three studies in which patients with chronic hepa-
titis B virus and HIV infection were treated with zidovudine 
(Marcellin et al., 1989; Gilson et al., 1991; Gallian et al., 
1996). These findings are supported by a study of interfer-
on-alpha and zidovudine combination therapy in patients 
with dual infection with hepatitis B and HIV. Zidovudine did 
not enhance the antiviral effect of interferon-alpha (Janssen 
et al., 1993).

A pilot study examined the efficacy of adding zidovudine 
to interferon-alpha in the treatment of hepatitis C virus. A 
total of 30 patients with chronic hepatitis C infection were 
enrolled for interferon-alpha (3–6 million units per day for 
3 weeks and then three times weekly for 21 weeks) with oral 
zidovudine (500 mg per day, commencing at the beginning 
of week 8 of interferon-alpha therapy). No significant difference 

was observed in rates of undetectable plasma hepatitis C RNA 
at the end of study in the two treatment groups, although 
combination therapy was superior in the subgroup of patients 
with K1-type hepatitis C. Undetectable plasma hepatitis C 
RNA was seen in 5 of 11 (45%) patients treated with combi-
nation therapy versus 4 of 28 (14%) who received interfer-
on-alpha alone (Tsutsumi et al., 1995).

7h.  Zidovudine in the treatment of tropical 
spastic paraparesis

A single case report of human T-lymphotropic virus type 1 
(HTLV1) associated myelopathy responding partially to treat-
ment with a combination of zidovudine and lamivudine exists 
(Hassan et al., 2013).

7i.  Zidovudine in the treatment of 
malignancies

Treatment of HTLV1-associated adult T-cell leukemia- 
lymphoma with zidovudine in combination with interferon- 
alpha has been associated with improved clinical outcomes 
by several groups (Ishitsuka and Tamura, 2014) particularly 
in the leukemic subtypes (Bazarbachi et al. 2010). The addi-
tion of chemotherapy (Hodson et al., 2011) or arsenic 
(Kchour et al., 2009; Kchour et al., 2013) to this combination 
has also been proposed.

In a pilot study of 14 HIV patients with Kaposi’s sarcoma 
herpes virus-associated multicentric Castleman’s disease, 
major clinical responses were seen in 86% after treatment 
with high-dose zidovudine (600 mg orally every 6 hours) 
and valganciclovir (900 mg every 12 hours) (Uldrick et al., 
2011). A retrospective series of 19 cases of aggressive Epstein-
Barr virus–positive non-Hodgkin’s lymphoma (including 
9  cases of AIDS-associated primary CNS lymphoma) sug-
gested clinical outcomes were improved with the addition of 
high-dose zidovudine to methotrexate (Bayraktar et al., 2014). 
Preclinical data may also support a possible role for zidovu-
dine in the therapy of several difficult malignancies, including 
endemic Burkitt’s lymphoma (Kurokawa et al., 2005a), pan-
creatic cancer (Namba et al., 2015), head and neck tumors 
(Mattson et al., 2009), hepatocellular carcinoma (Jeng et al., 
2011), melanoma (Humer et al., 2008), gliomas (Larsen et al., 
2014), and multiple myeloma (Pereira et al., 2013). How- 
ever zidovudine is not indicated for the treatment of any 
malignancy.
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1. DESCRIPTION

Didanosine (2′,3′-dideoxyinosine, ddI) is a synthetic purine 
nucleoside analog that is active against HIV-1 and HIV-2, 
including strains of HIV that are resistant to zidovudine and 
lamivudine. It was the second drug licensed for the treat-
ment of HIV infection and was initially used as monother-
apy, but since 2010 it is no longer recommended by WHO, 
the European AIDS Clinical Society, and the US Department 
of Health and Human services (DHHS) for either initial or 
second-line treatment of HIV infection because of its unfa-
vorable safety profile and the availability of better options. It 
is no longer used in the USA, Europe, or Australia but con-
tinues to have use in low- and middle-income countries, 
including Russia and Ukraine. Although international guide-
lines no longer contain didanosine-containing regimens in 
preferred first- or second-line antiretroviral therapy, there 
is no guidance for management of patients who remain on 
didanosine. In 2012 at least 20 countries spent a total of $1 to 
$2 million on purchasing didanosine (Dziuban et al., 2015).

The drug is marketed by Bristol-Myers Squibb under the 
trade names Videx and Videx EC (Bristol-Myers Squibb, 
2007). The availability of didanosine as enteric-coated cap-
sules (Videx EC) has greatly improved the gastrointestinal 
tolerability of the drug. In India didanosine is marketed by a 
number of pharmaceutical companies. Cipla markets dida-
nosine as Dinex (100 mg), DinexEC (250 and 400 mg), and as 
a fixed-dose combination of didanosine, efavirenz, and lami-
vudine as Odivir. 

The molecular formula of didanosine is C10H12N4O3, its 
molecular weight is 236.2, and its chemical structure is shown 
in Figure 226.1. The concentration can be expressed as in 
micromolars or micrograms per milliliter (1 µg/ml is approx-
imately equivalent to 5 µM).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

HUMAN IMMUNODEFICIENCY VIRUS

Didanosine has generally been found to be less potent as an 
inhibitor of HIV than zidovudine and lamivudine (Hitchcock, 
1993; Mathez et al., 1993), but to have a much higher in vitro 
selectivity ratio (Coplan and Nolan, 1991). Didanosine is 
effective against both HIV-1 and HIV-2 (Richman, 1987; 
Mitsuya and Broder, 1988; Connolly and Hammer, 1992).

A compound that is closely related to didanosine, 2′,3′- 
dideox-yadenosine (ddA) was first synthesized in 1964 (Robins 
and Robins, 1964). In 1985, Mitsuya and Broder (1986, 1987) 
demonstrated the activity of both didanosine and ddA against 
HIV replication. Both didanosine and ddA inhibit HIV rep-
lication in T-lymphocytes and macrophages that are exposed 
to the drug at the time of infection with HIV (Mitsuya and 
Broder, 1986; Perno et al., 1988). In macrophages, the activ-
ity of didanosine against HIV is similar to or greater than 
that of zidovudine (Hitchcock, 1993). 

The half-maximal inhibitory concentration (IC50) of dida-
nosine for HIV ranges from 2.5 to 10 µM (0.5 to 2 µg/ml)  
in activated T-lymphocytes and from 0.01 to 0.1 µM in Figure 226.1. Chemical structure of didanosine and inosine.
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macrophages (Package Insert, didanosine; see Table 226.1). 
These data are supported by the findings of Gao et al. (1994), 
who showed that didanosine is independent of cell activation 
and that activity is associated with higher cellular ratios of 
dideoxynucleoside triphosphate to deoxynucleoside triphos-
phate and thus more potent antiviral activity in resting cells 
such as macrophages. Virtually 100% inhibition of HIV rep-
lication can be achieved in T-lymphocytes and monocyte–
macrophages at a concentration of 20 µM of didanosine 
(Hayashi et al., 1990; Shirasaka et al., 1990). At relatively high 
concentrations (10–100 µM) didanosine reportedly inhibits 
reverse transcription in resting T-lymphocytes (Watson and 
Wilburn, 1992).

OTHER RETROVIRUSES

Didanosine and dideoxyadenosine, in contrast to zidovu-
dine, do not inhibit replication of murine leukemia virus 
(Dahlberg et al., 1987). Compared with zidovudine, dida-
nosine results in only modest inhibition of feline leukemia 
virus (Tavares et al., 1989), including isolates that are resis-
tant to zidovudine (Remington et al., 1991), with reported 
IC50 values of 4.3 µM in a T-cell line and 43.5 µM in a mono-
cytoid cell line (Mukherji et al., 1994). Simian immunodefi-
ciency virus is also inhibited by didanosine (Connolly and 
Hammer, 1992). Moloney murine sarcoma virus is inhibited 
in vitro and in vivo by didanosine (Balzarini et al., 1990). 
Visna virus replication is inhibited by didanosine in vitro, 
although this drug is 10- to 30-fold less effective than zalcit-
abine in inhibiting virus-induced syncytium formation (Thor-
mar et al., 1993). Didanosine and zidovudine can also inhibit 
human foamy virus replication in vitro (Santillana-hayat et 
al., 1996).

HEPATITIS VIRUSES

Didanosine has been reported to inhibit replication of hepa-
titis B and duck hepatitis B viruses in vitro (Fried et al., 1992), 
although in general the antiviral effect has been only modest 
(Aoki-Sei et al., 1991). Didanosine given by the i.v. route has 
been reported to suppress replication of the duck hepatitis B 
virus in chronically infected ducks (Martin et al., 1989).

BACTERIA AND FUNGI

Didanosine has antibacterial activity against nontyphoidal 
Salmonella spp., with an minimum inhibitory concentration 

(MIC) of 2–125 µg/ml (approx. 10–625 μM). Escherichia coli 
was less susceptible to didanosine with MICs ranging from 
31 to > 62.5 µg/ml (Sperber et al., 1993). Didanosine has little 
or no in vitro activity against Pneumocystis jiroveci (Walzer et 
al., 1992). These in vitro data have no clinical relevance.

2b.  Emerging resistance and 
cross-resistance

During didanosine monotherapy, HIV isolates from patients 
emerges with decreased susceptibility to didanosine. Dida-
no sine resistance appears to develop less readily than to 
zidovudine. 

In vitro culture of T-cell lines with suboptimal concentra-
tions of didanosine results in the generation of strains of HIV 
with diminished susceptibility to didanosine but without 
cross-resistance to zidovudine (Gao et al., 1992). By similarly 
culturing cells in the presence of increasing concentrations 
of zalcitabine, variants of HIV that are resistant to both zal-
citabine and didanosine, but not zidovudine, can also be 
generated (Gao et al., 1993a).

Mutations within HIV reverse transcriptase have been 
described in association with the development of resistance 
to didanosine (Table 226.2). St. Clair et al. (1991) were the 
first to describe reduced in vitro susceptibility of HIV to 
didanosine that developed in patients during 12 months of 
didanosine monotherapy, following cessation of zidovudine 
monotherapy. The L74V reverse transcriptase mutation by 
itself conferred only limited resistance to didanosine and was 
associated with limited cross-resistance to zalcitabine, aba-
cavir, and lamivudine but not to zidovudine (St. Clair et al., 
1991). In fact, development of this mutation has been 
reported by some investigators to result in increased suscep-
tibility of zidovudine-resistant strains of HIV to zidovudine 
(St. Clair et al., 1991) but not by others (Eron et al., 1993). 
Emergence of the L74V mutation is independent of zidovu-
dine-related mutations (Masquelier et al., 1995). This L74V 
didanosine signature mutation can also be selected in 
patients failing abacavir, and as a consequence didanosine 
therapy is not a preferred option in those patients (Miller et 
al., 2000; Molina et al., 2005b). L74V also contributes to 
reduced susceptibility to lamivudine (Trivedi et al., 2008). 
Another mutation at this codon L74I may represent a differ-
ent mutation pathway (Wirden et al., 2009).

Table 226.1. In vitro didanosine susceptibility of HIV-1 and HIV-2 variants.

Virus IC50 (uM) References

HIV-1 in activated T-cells 2.5–10b Package Insert, didanosine

HIV-1 in macrophages 0.01–0.1 St. Clair et al. (1991)

Wild-type HIV-1 in cell lines 1.8–2.5 St. Clair et al. (1991)

HIV-1 with mutation L74Va 12–15

HIV-1 with mutations T215Y, K70R, D67N, and L74Va 32–48 St. Clair et al. (1991)

HIV-2 in activated T-cells 0.6–5 Cox et al. (1994)

aSite directed mutagenesis.
bddI molecular weight is 236.2.
Abbreviation: IC50: inhibitory concentration 50%.
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Reverse transcriptase mutation, K65R, can be selected in 
vitro by passage in the presence of increasing concentrations 
of zalcitabine as well as in vivo from patients treated with 
didanosine, abacavir, or tenofovir. This mutation has been 
associated with in vitro didanosine resistance with cross- 
resistance to zalcitabine, abacavir, lamivudine, emtricitabine, 
and tenofovir (Gu et al., 1994; Zhang et al., 1994; Svarovskaia 
et al., 2007; McColl et al., 2008).

The M184V mutation has been found by some investiga-
tors to confer resistance to didanosine in vitro with cross- 
resistance to zalcitabine or lamivudine (Boucher et al., 1993) 
but again not to zidovudine (Gu et al., 1992). In addition, this 
mutation has been detected in isolates from patients receiv-
ing long-term didanosine therapy (Gu et al., 1992). Other 
investigators have found that this same mutation at codon 
184 is associated with up to 1000-fold resistance to lamivu-
dine with only a 4- to 8-fold decrease in susceptibility to dida - 
nosine (Gao et al., 1993b; Tisdale et al., 1993). More recent 
reports, however, have shown that didanosine retains signif-
icant antiviral activity in vivo against HIV-1 isolates carrying 
the M184V mutation (Winters et al., 2003; Molina et al., 2005b; 
Eron et al., 2007).

Combinations of multiple mutations or insertions in the 
reverse transcriptase gene have also been associated with 
multinucleoside reverse transcriptase inhibitor resistance 
(Johnson et al., 2008). The 69 insertion complex consisting in 
a substitution at codon 69 and an insertion of two or more 
amino acids is associated with resistance to all nucleoside 
reverse transcriptase inhibitors when present with one or more 
thymidine analog-associated mutations and can be selected 
by didanosine therapy (De Antoni et al., 1997). The Q151M 
multiresistance complex affects all currently approved nucle-
oside reverse transcriptase inhibitors. Mutations at codons 
62, 75, 77, and 116 are usually associated with the Q151M 
mutation. These mutations have been detected in isolates 
from patients receiving combination therapy with zidovu-
dine, zalcitabine, stavudine, or didanosine (Lacey and Larder, 
1994; Shirasaka et al., 1995; Picard et al., 2001). In addition, 
combinations of thymidine-associated mutations selected by 
the thymidine analogs zidovudine and stavudine are associated 
with cross-resistance to all nucleoside reverse transcriptase 

inhibitors. In vivo studies have shown that the presence of 
three or more of the thymidine-associated mutations M41L, 
D67N, L210W T215Y/F, and K219Q/E are associated with 
resistance to didanosine (Marcelin et al., 2005). However, the 
K70R mutation is not associated with a decreased virologic 
response to didanosine (Molina et al., 2005b).

To guide the use of didanosine in treatment-experienced 
patients, genotypic resistance tests need to be performed 
from plasma HIV-1 RNA to detect reverse transcriptase 
mutations that can be associated with resistance. A number 
of algorithms based on the results of clinical studies can pre-
dict the in vivo response to didanosine according to the 
HIV-1 genotypic resistance patterns (Marcelin et al., 2005; 
De Luca et al., 2007). A scoring system for didanosine resis-
tance mutations has been validated (Assoumou et al., 2008; 
Assoumou et al., 2010). The following mutations were given 
scores as follows: M41L (score of 14), T69D (24), D123S 
(40), T139M (54), I180V (53), M184V (–12), V189I (55), 
Q207K (37), L210W (25), and T215Y (8). HIV strains with 
total mutation scores of < 19 were considered susceptible to 
didanosine; 20–59 intermediate, and > 59 resistant. These 
scores were validated from clinical data showing that viral 
loads decreased by 1.51, 1.11, and 0.46 in didanosine-treated 
patients harboring didanosine-susceptible, -intermediate, and  
-resistant variants, respectively.

Phenotypic resistance tests can also be used to assess did-
anosine resistance in vivo. Unlike with protease inhibitors, 
the establishment of clinically relevant cutoffs for these assays 
is difficult for nucleoside analogs because very small increases 
in phenotypic susceptibility are associated with major differ-
ences in antiviral activity in vivo. HIV-1 strains with less than 
1.3-fold change in phenotypic susceptibility to didanosine in 
vitro seem to remain susceptible in vivo, whereas strains with 
more than a 2-fold increase in phenotypic susceptibility are 
probably resistant (Flandre et al., 2007).

Subtype C strains of HIV may also select for K65R in the 
presence of dual drug combinations, including didanosine, 
tenofovir, abacavir, stavudine, zidovudine, and lamivudine 
(Ntemgwa et al., 2009) The K65R mutation has been reported 
as a single mutant or with Q151M, S68G, or F116Y in a small 
study of individuals infected with subtype C treated with 

Table 226.2. Mutations in the HIV reverse transcriptase gene associated with resistance to didanosine.

Codon 69 insertion complex (M41L, A62V, 69 insert, K70R, L210W, T215Y/F, K219Q/E) affect all nucleoside reverse transcriptase inhibitors 
currently approved by the US FDA (De Antoni et al., 1997)

Codon 151 complex (A62V, V751, F77L, F116Y, Q151M) affects all nucleoside reverse transcriptase inhibitors currently approved by the US 
FDA (Shirasaka et al., 1995; Picard et al., 2001)

Thymidine analog-associated mutations (TAMs: M41L, D67N, K70R, L210W, T215Y/F, K219Q/E) affect all nucleoside reverse transcriptase 
inhibitors currently approved by the US FDA: The presence of three of the mutations M41L, D67N, L210W, T215Y/F, and K219Q/E is 
associated with resistance to didanosine (Marcelin et al., 2005); the presence of K70R or M184V alone does not decrease virologic 
response to didanosine (Molina et al., 2005b)

Mutation K65R may be selected by didanosine (and abacavir) and is associated with decreased susceptibility to didanosine (Winters et al., 
1997; McColl et al., 2008)

Mutation L74V is selected by didanosine (and abacavir) and is associated with decreased susceptibility to didanosine (St. Clair et al., 1991); 
another mutation at this codon (L74I) may also confer reduced susceptibility to didanosine (Wirden et al., 2009)

Source: Modified with permission from Johnson et al. (2008).
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didanosine-based regimens (Doualla-Bell et al., 2006). Other 
authors have reported that the evolution of resistance path-
ways may significantly differ in non-B subtypes under selec-
tive pressure: in another small study of individuals who 
failed a zidovudine and didanosine dual regimen, T215Y was 
followed by D67N, K70R in individuals infected with sub-
type C (Novitsky et al., 2007). A recent African study inves-
tigated the potential use of didanosine-based second-line 
regimens for HIV-infected children after first-line virologic 
failure with an abacavir regimen. Reduced susceptibility to 
didanosine l (69.1%) was due to L74V and to a lesser extent 
K65R mutations (Steegen et al., 2014).

2c.  In vitro synergy and antagonism

Didanosine and zidovudine are synergistic against both 
HIV-1 and HIV-2 in vitro (Dornsife et al., 1991; Johnson et 
al., 1991; Cox et al., 1994). Additive or synergistic interactions 
occur between protease inhibitors and didanosine against 
HIV-1 (Kageyama et al., 1992). Nonnucleoside reverse tran-
scriptase inhibitors are also synergistic with didanosine in 
inhibiting HIV-1 in vitro (Pauwels et al., 1994). Zidovudine, 
didanosine, and lamivudine in combination have greater 
antiviral activity in vitro than double-drug combinations or 
monotherapy (St. Clair et al., 1995). Hydroxyurea (50 µM) 
has been reported to increase the antiretroviral activity of 
didanosine in vitro (Palmer et al., 1999).

Antagonism has been reported between tenofovir and 
didanosine on HIV replication in vitro; lamivudine and aba-
cavir were also antagonistic (Perez-Olmeda et al., 2009).

3. MECHANISM OF DRUG ACTION

Didanosine is the nucleoside analog of the naturally occur-
ring purine inosine. Similar to zidovudine, didanosine exerts 
its major action against HIV by inhibiting the enzyme reverse 
transcriptase and preventing elongation of the newly form-
ing HIV DNA.

2′,3′-Dideoxyadenosine (ddA) is the prodrug of dida no-
sine and is rapidly converted into didanosine by adenosine 
deaminase (see Figure 226.2). It is clear that both didanosine 
and ddA can diffuse into the cell without active transport; 
this is similar to zidovudine but differs from zalcitabine 
(McGowan et al., 1990). Within the cell, ddA may undergo 
several fates. It can be phosphorylated to form ddA mono-
phosphate (ddAMP) by either deoxycytidine kinase or  
adenosine kinase; or it can be deaminated by adenosine dea -
minase to form didanosine, subsequently phosphorylated by 
5′-nucleotidase to dideoxyinosine monophosphate (ddIMP), 
and then converted to ddAMP by adenylosuccinate synthetase 
and adenylosuccinate lyase (Ahluwalia et al., 1987; Cooney 
et al., 1987; McGowan et al., 1990; Carson et al., 1991). Fur- 
ther phosphorylation of ddAMP is required to form the active 
compound, ddA triphosphate (ddATP) (Ahluwalia et al., 
1987). The dideoxyribose sugar moiety can also be cleaved 
from didanosine by the enzyme purine nucleoside phos-
phorylase, forming hypoxanthine and subsequently uric acid 
(Shelton et al., 1992).

Similar to zidovudine, the triphosphate analog of dida-
nosine is able to compete with the naturally occurring purine 
for binding to HIV reverse transcriptase, and to a lesser 
extent cellular DNA polymerase. In addition to binding to 

Figure 226.2. Intracellular metabolism 
of didanosine. 
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the enzyme, didanosine triphosphate can become incorpo-
rated into the growing chain of viral DNA, preventing addi-
tion of further nucleotides through the 5′→3′ phosphodiester 
linkages and thus causing premature termination of the DNA 
chain (Mitsuya et al., 1987).

Unlike zidovudine and zalcitabine, the effects of dida no-
sine are not reversed by the addition of the naturally occur-
ring 2′-deoxynucleoside, even when added in 20-fold excess 
(Mitsuya et al., 1985; McGowan et al., 1990).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Didanosine in its initial formulation was stable at neutral or 
slightly alkaline pH, but rapidly destroyed by exposure to 
acid. Hydrolysis of didanosine at the C–N glycosidic bond 
results in the formation of hypoxanthine and deoxyribose 
with loss of antiretroviral activity (Mitsuya et al., 1990). In 
hydrochloric acid at pH 2 the half-life of the initial formula-
tion of didanosine was only a few minutes (Marquez et al., 
1987).

The current formulation of didanosine as enteric-coated 
capsules protects didanosine from gastric acid. The capsule, 
which contains enteric-coated didanosine beadlets, is dis-
solved in the stomach, but the enteric coating results in the 
liberation of didanosine in the duodenum, where the pH 
becomes neutral or alkaline, and the absorption continues 
throughout the small intestine.

Different formulations of didanosine are available:

Delayed-release capsules, containing enteric-coated bead lets, 
are available for oral administration in strengths of 125, 
200, 250, and 400 mg of didanosine. Enteric coating is 
used to protect didanosine from degradation by stomach 
acid pH. Bottles should be stored below 25°C.

Pediatric unbuffered powder for oral solution: supplied in 
120- and 240-ml bottles containing 2 and 4 g, respectively. 
Bottles should be stored below 30°C. Before dispensing, 
the dry powder is reconstituted with purified water to an 
initial concentration of 20 mg/ml, and then immediately 
mixed with a magnesium-containing antacid (Mylanta II 
liquid) to a final concentration of 5 or 10 mg/ml. This 
solution is stable for 30 days if refrigerated.

4a.  Adults

The recommended dose for adults depends on weight (see 
Table 226.3), with one 400-mg capsule per day or one 200-
mg capsule administered twice daily at 12-hour dosing inter-
vals for patients ≥ 60 kg and one 250-mg capsule per day or 
one 125-mg capsule twice daily at a 12-hour dosing interval 
for patients < 60 kg (Package Insert, didanosine). This dosing 
interval is based on the finding that the intracellular half-life 
of the triphosphate active compound is prolonged when 
compared with the didanosine plasma half-life (Ahluwalia et 
al., 1987; Yarchoan et al., 1989a). Even with the new enteric- 
coated formulation, however, didanosine should be taken on 
an empty stomach at least 30 minutes before a meal.

The dose of 400 mg of didanosine per day is the maximal 
dose. Indeed, previous studies with the tablet formulation 
have shown that higher doses are more likely to be associated 
with adverse reactions without further clinical benefit (Kahn 
et al., 1992). In phase I studies the maximum tolerated dose 
in patients treated for 28–44 weeks was 12 mg/kg daily 
(Cooley et al., 1990a; Darbyshire and Aboulker, 1992).

4b.  Newborn infants and children

Pediatric dosing guidelines are based on average surface area 
(see Table 226.3). For children over 8 months of age, a daily 
dose of 240 mg/m2 didanosine powder for oral solution given 
as once- or twice-daily dosing is safe and effective. For chil-
dren between 2 weeks and 8 months of age the recommended 
daily dose is 200 mg/m2. Dosing recommendations in infants 
younger than 2 weeks of age cannot be made because the 
pharmacokinetics of didanosine in these children is too vari-
able to determine an appropriate dose (Balis et al., 1992).

4c.  Pregnant and lactating mothers

Didanosine is a category B drug. 
In animal studies in rats and rabbits using doses with 12 

times human exposure there was no harm to the fetus. 
During lactation these high doses resulted in mild abnor-
malities, including reduced weigh gain. Fatal lactic acidosis 
resulted from use of didanosine and stavudine together in 
pregnant women. 

Table 226.3. Didanosine dosing in adult and pediatric patients.

Patient population Dose

Adults (body weight)

 > 60 kg 400 mg once daily or 200 mg twice daily

 < 60 kg 250 mg once daily or 125 mg twice daily

Children (body surface area, m2) Dose tablets (powder)a

 < 2 weeks of age No dosing recommendation can be made because didanosine pharmacokinetics is too variable

 2 weeks to 8 months of age 100 mg/m2 twice daily (i.e. 200 mg/m2/day)

 > 8 months of age 120 mg/m2 twice daily ( i.e. 240 mg/m2/day)

aPediatric powder for oral solution.
Source: Bristol-Myers Squibb (2015).
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There have been no adequate studies of didanosine in 
pregnant women so the drug should not be used unless 
potential benefit is considered to outweigh potential harm. 

In two women in their second trimester of pregnancy, a 
single oral dose of 375 mg resulted in no alteration in phar-
macokinetic parameters. However, concentrations in fetal 
sera were < 20% of maternal serum concentrations (Pons et 
al., 1991). In another study, the ratio between the concentra-
tion of didanosine in maternal plasma and that in cord blood 
plasma was only 0.38, much lower than with the other nucle-
oside analogs (Chappuy et al., 2004). Although no dosage 
recommendations exist at present for pregnant women, it is 
likely that didanosine does not cross the placenta as well as 
the other nucleoside analogs.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

In a small study of HIV-infected patients with normal renal 
function and with renal failure requiring hemodialysis, the 
renal clearance of didanosine was reduced and the serum 
half-life was increased in uremic patients. Plasma concentra-
tions were approximately twofold higher in patients with 
renal failure, reflecting reduced elimination (Singlas et al., 
1992). The extraction ratio of didanosine by hemodialysis 
was 53% ± 8%, with a clearance of 107 ± 21 ml/minute 
(Singlas et al., 1992). Didanosine should thus be admin-
istered at the conclusion of hemodialysis. In adults with 
impaired renal function, the dose of didanosine should be 
adjusted to compensate for the slower rate of elimination 
(Bristol-Myers Squibb, 2007; see Table 226.4). 

Urinary excretion is also a major route of didanosine 
elimination in pediatric patients. Although there are insuffi-
cient data to recommend a specific dose adjustment of 
didanosine in this population, a reduction in the dose and/or 
increase in the interval between doses should be considered 
(Bristol-Myers Squibb, 2015).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

It is unknown if hepatic impairment significantly affects did- 
a nosine pharmacokinetics, therefore these patients should 
be monitored closely for didanosine toxicity. During combi-
nation therapy, patients with preexisting liver dysfunction, 

including chronic active hepatitis, have an increased fre-
quency of liver function abnormalities, including severe and 
potentially fatal hepatic adverse events, and should be moni-
tored accordingly (Bristol-Myers Squibb, 2007).

ELDERLY PATIENTS

Studies in the elderly providing the basis for dosage recom-
mendations are limited. In an expanded access program for 
patients with advanced HIV infection, patients aged 65 years 
and older had a higher frequency of pancreatitis than younger 
patients (Bristol-Myers Squibb, 2015). Also, elderly patients 
are more likely to have decreased renal function; therefore, 
care should be taken in dose selection in these patients.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

In adults, didanosine is rapidly absorbed (Knupp et al., 1991). 
Absorption of didanosine is greater in the jejunum than in 
other parts of the intestine (Mirchandani and Chien, 1995); 
colorectal absorption has also been reported (Bram et al., 
1993). The mean oral bioavailability varies with different 
preparations, and in early studies ranged from 17% to 43% 
(Hartman et al., 1990; Knupp et al., 1991; Drusano et al., 
1992a; Pai et al., 1992). It is reported to be 42% ± 12% with the 
capsule formulation (Bristol-Myers Squibb, 2015). Clinically 
important pharmacokinetic data for didanosine are summa-
rized in Table 226.5.

The reported plasma half-life after the administration of a 
400-mg capsule after an overnight fast was short of 1.7 hours 
(Damle et al., 2002a). However, the intracellular half-life is 
much longer, in the range of 8–24 hours, thus significantly 
exceeding that of zidovudine and providing the rationale for 
once- or twice-daily dosing regimens (Ahluwalia et al., 
1987). Binding of didanosine to plasma proteins is minimal 
(5%), allowing adequate tissue distribution (Moreno et al., 
2007). The bioavailability of didanosine enteric-coated beads 
is reduced by 20–25% by food, which can be circumvented 
by taking didanosine on an empty stomach (Damle et al., 
2002b). Further studies have suggested the administration of 
food did not have a significant effect on the antiviral activity 
of didanosine, with mean plasma HIV RNA reductions of 
0.99 log10 copies/ml after 28 days of didanosine monotherapy 
in treatment-naive patients receiving didanosine in a fasting 
state, compared with 0.89 log10 copies/ml when didanosine 
was given with food (p = 0.96) (Sanchez-Conde et al., 2007; 
Hernández-Novoa et al., 2008). This is supported by results 
of the GESIDA3903 trial in which once-daily administration 
of didanosine, lamivudine, and efavirenz with food was non-
inferior to zidovudine–lamivudine and efavirenz (Berenguer 
et al., 2008).

In children, oral administration of 20–180 mg/m2 given as 
a reconstituted powder in saline together with antacid results 
in highly variable bioavailability, with an overall mean value 
of 19–21% bioavailability (Balis et al., 1992; Butler et al., 1991). 

Table 226.4. Recommended dosage of didanosine in adults with 
renal impairment.

Creatinine 
clearance 
(ml/minute)

Dosage by body weight

> 60 kg < 60 kg

≥ 60 200 mg twice daily 125 mg twice daily

30–59 200 mg once daily 125 mg once daily

10–29 125 mg once daily 100 mg once dailya

< 10 100 mg once dailya  75 mg once dailya

aUsing the powder for oral solution.
Source: Bristol-Myer Squibb (2015)
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Peak plasma levels generally occur within 30 minutes, but 
again the levels are extremely variable; the mean peak plasma 
levels ranges from 0.45 µM with oral doses of 20 mg/m2 to 
4.1 µM with oral doses of 180 mg/m2 (Butler et al., 1991). The 
mean peak plasma concentration of didanosine after intrave-
nous administration ranges from 3.1 to 22 µM (approx. 0.6–
4.4 μg/ml), with a mean AUC ranging from 3.4 to 32 µM/h/l 
(Butler et al., 1991). The half-life of didanosine in children older 
than 8 months was 0.8 hour (Bristol-Myers Squibb, 2007).

5b.  Drug distribution

Didanosine can easily be measured in biological samples by 
high-performance liquid chromatography (Carpen et al., 
1990; Frijus-Plessen et al., 1990; Hartman et al., 1990). After 
the administration of a 400-mg capsule of didanosine to fast-
ing adults, the time to maximum concentration (tmax) was 
approximately 2 hours, the maximum concentration was 
(Cmax) 933 μg/ml (approx. 4650 μM), and the area-under-the- 
concentration-time curve (AUC) was 2432 μg/h/ml (Damle 
et al., 2002a). A small decrease in the Cmax and AUC was 
documented when didanosine was given with food, similar 
to that reported with other nucleoside analogs (Damle et al., 
2002b). Linear pharmacokinetic behavior has been reported 
over dose ranges of 0.4–16.5 mg/kg given by the intravenous 
route and 0.8–10.2 mg/kg via oral administration (Knupp 
et  al., 1991). The volume of distribution of didanosine is 
approximately 43.7 l/m2 in adults and 28 l/m2 in children 
older than 8 months (Bristol-Myers Squibb, 2015; Hartman 
et al., 1990; Lambert et al., 1990; Knupp et al., 1991; Pai et al., 
1992; Shelton et al., 1992; Drusano et al., 1992b).

Didanosine has lower penetration into the central ner-
vous system than zidovudine (Morgan et al., 1992). In humans, 
approximately one fifth of the plasma level of didanosine is 
present in cerebrospinal fluid (CSF) when measured 1 hour 
after an i.v. infusion (Hartman et al., 1990). In a pediatric 
study of patients receiving a single oral dose of 90 or 120 mg/
m2, the majority of CSF samples had undetectable levels of 
didanosine, with a minority of patients having CSF concen-
trations less than 20% of serum concentrations (Balis et al., 
1992). Other data suggest higher concentrations in CSF of 
children with a CSF-plasma ratio of 46% (range 12–85%) 
(Bristol-Myers Squibb, 2015). 

Didanosine penetrates well into seminal plasma, with 
detectable concentrations during the whole dosing interval 

(Lowe et al., 2007), which could be higher than in blood plasma 
(Cruciani et al., 2006a). Also, the semen quality in the presence 
of didanosine was within the normal range, except for a 
somewhat reduced sperm motility, warranting further stud-
ies (Becher et al., 2003; Lowe et al., 2007a). However, penetra-
tion of didanosine in the female genital tract was low, with the 
plasma concentration in cervicovaginal fluid being only 21% 
of the plasma concentration, which was lower than zidovu-
dine, lamivudine, or emtricitabine (Dumond et al., 2007).

Didanosine appears to cross the placenta rapidly by sim-
ple diffusion, without accumulation (Bawdon et al., 1992). 
However, some investigators have documented extensive 
placental metabolism of the drug, with 15–50% of didanosine 
reaching the fetal circulation (Pons et al., 1991; Dancis et al., 
1993; Henderson et al., 1994). This is significantly less than 
in the case of zidovudine, and suggests that treatment of an 
HIV-infected pregnant woman with didanosine will result 
in her fetus having lower exposure to this antiretroviral than 
if zidovudine were used (Dancis et al., 1993).

5c.  Clinically important pharmacokinetics 
and pharmacodynamics features

Measuring intracellular levels of dideoxynucleoside triphos-
phate compounds has proven to be very difficult with vari-
able reproducibility (Le Saint et al., 2004). Also no clear 
correlation can be established between intracellular ddATP 
levels and antiviral activity. Didanosine peak plasma concen-
trations and area under the curve decrease by 50% if did-
anosine is administered within 2 hours after a meal (Bristol- 
Myers Squibb, 2015).

5d.  Excretion

Urinary excretion of unchanged didanosine in humans 
accounts for approximately 18% of an administered dose 
(Bristol-Myers Squibb, 2007). Renal clearance of didanosine is 
approximately 223 ± 85 ml/min/m2 (after oral administration) 
and accounts for the elimination of 30–50% of an adminis-
tered dose of didanosine, with an elimination half-life of 1.5 ± 
0.4 hours (Knupp et al., 1991; Shelton et al., 1992; Bristol-
Myers Squibb, 2015). Thus both tubular secretion and glomer-
ular filtration contribute to elimination of didanosine.

Studies both in dogs and using perfused rat livers in vitro 
have confirmed extensive metabolism of didanosine, the major 

Table 226.5. Summary of clinically relevant pharmacokinetic data relating to didanosinea.

The new enteric-coated formulation prevents its degradation by acid in the stomach

Mean bioavailability is approximately 35%; because bioavailability decreases with food, capsules should be taken before meals, although 
the antiviral activity of didanosine seems to be unaffected when the drug is taken with food

Plasma half-life is short, approximately 2 hours, but intracellular half-life is 8–24 hours, allowing for once-daily dosing

Renal clearance is responsible for elimination of up to 50% of drug absorbed

Placental metabolism may reduce fetal exposure

Modest central nervous system penetration (approximately 20% of plasma level)

aSee text for sources.
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metabolites being hypoxanthine, xanthine, uric acid, and 
allantoin (Tay et al., 1991; Wientjes et al., 1991). In humans, 
it is presumed that metabolism of didanosine will be similar 
to that of other endogenous purines. Purine nucleoside 
phosphorylase metabolizes didanosine to hypoxanthine, the 
major metabolite; small amounts of uric acid are subsequently 
formed through the action of xanthine oxidase (Back et al., 
1992; Ray et al., 2004). Measuring plasma uric acid levels in 
patients has even been proposed as a tool to assess patient com-
pliance with didanosine treatment (Richard son et al., 1993).

5e.  Drug interactions 

For a summary of drug interactions refer to Table 226.6.
Didanosine powder oral formulations for children need to 

be administered with a buffer (see section 4, Mode of drug 
administration) to prevent acid-mediated degradation in the 
stomach. This could result in a significant decrease in the oral 
absorption of a number of drugs because of the inter action with 
antacids (dapsone, ciprofloxacin, ketoconazole, itraconazole). 

ANTIFUNGAL DRUGS

With the current oral formulation of didanosine, no clinically 
relevant drug–drug interactions after simultaneous adminis-
tration of didanosine encapsulated, enteric-coated bead for-
mulation and either itraconazole, fluconazole, or ketoconazole 
have been found (Damle et al., 2002c; Damle et al., 2002d).

ANTIRETROVIRAL DRUGS

In humans, co-administration of didanosine and zidovudine 
did not interfere with glucuronidation of zidovudine in one 
study (Rajaonarison et al., 1992) but resulted in a significant 

increase in renal clearance of the glucuronide metabolite, 
which does not have clinical relevance (Sahai et al., 1995). In 
children, co-administration of zidovudine and didanosine 
does not significantly alter zidovudine pharmacokinetics, but 
the AUC of didanosine was reduced by 19%, with unknown 
clinical significance (Gibb et al., 1995). Co-administration of 
didanosine and stavudine does not alter the pharmacokinet-
ics of either drug (Seifert et al., 1994).

Tenofovir can also inhibit purine nucleoside phosphory-
lase-dependent didanosine degradation in vitro, leading to 
increased didanosine levels (Ray et al., 2004). When a cap-
sule of 400 mg of didanosine was dosed with tenofovir in 
healthy subjects, mean didanosine AUC was increased by 
44–60% after fasted or fed administration (Kearney et al., 
2005). Simultaneous administration of a reduced dose of 250 
mg of didanosine with tenofovir in the fasted or fed state 
resulted in didanosine AUC similar to that of the reference 
treatment of 400 mg of didanosine alone (Kearney et al., 
2005). These data indicate that a dose reduction of didanosine 
(from 400 to 250 mg/day) is warranted when it is used with 
tenofovir. Patients receiving this combination should be 
monitored closely for toxicity. Indeed, increased nephrotox-
icity of the combination has been suggested (Gupta, 2008) as 
well as compromised immunologic recovery, with decreas-
ing CD4 cell counts (Negredo et al., 2004; Karrer et al., 2005; 
Negredo et al., 2005), lactic acidosis (Guo and Fung, 2004), 
and pancreatic toxic effects (Martinez et al., 2004). This par-
adoxical decrease in CD4+ T-cell counts with tenofovir and 
didanosine co-administration occurs despite successful viro-
logic suppression (Torti et al., 2007). A reduction in the dose 
of didanosine to 250 mg/day when co-administered with 
tenofovir 300 mg/day allows mitochondrial DNA recovery, 

Table 226.6. Major drug interactions between didanosine (enteric-coated formulation) and other drugs.

Concomitant Drug

Effect on ddI and/or 
concomitant drug 
concentrations Dosage recommendations and clinical comments

Zidovudine In children ddI AUC ↓ 19% No dose adjustment necessary

Tenofovir ddI AUC ↑ 44–60% Contraindicated; despite ddI dose reduction, increased risk of 
lactic acidosis, nephrotoxicity, and decrease in CD4 cell count

Atazanavir (ATV) ± ritonavir 
or cobicistat

With ddI-EC plus ATV (with food): 
ddI AUC ↓ 34%

ATV no change

Administer ATV with food 2 hours before or 1 hour after ddI

Tipranavir (TPV) + ritonavir ddI-EC AUC no change
ddI Cmin ↓ 34%
TPV no change

Separate doses by at least 2 hours

Ganciclovir (oral) ddI AUC ↑ 111%
↓ 21% ganciclovir AUC

Do not co-administer 

Ribavirin ↑ intracellular ddI Contraindicated; do not co-administer; fatal hepatic failure 
and other ddI-related toxicities have been reported with 
co-administration

Buprenorphine No significant effect No dosage adjustment necessary

Allopurinol ddI AUC ↑ 113%
In patients with renal impairment: 

ddI AUC ↑ 312%

Contraindicated; potential for increased ddI-associated toxicities

Modified from the DHHS guidelines for the use of antiretroviral agents in HIV-1-infected adults and adolescents (2015).
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but in patients initially treated with didanosine 400 mg/day 
even the dose reduction was insufficient for recovery of base-
line CD4 counts (Negredo et al., 2008). This combination of 
didanosine and tenofovir has also been associated with an 
increased early rate of virologic failure with rapid selection of 
resistance mutations, and should be therefore avoided (Leon, 
2005).

No clinically significant pharmacokinetics interaction has 
been observed with the combination of didanosine and the 
HIV protease inhibitors, including indinavir (La Porte et al., 
2005). The simultaneous administration of didanosine and 
atazanavir with food resulted in a 34% decreased in dida no-
sine AUC with no atazanavir change (Kaul et al., 2005). Also, 
when co-administered with didanosine, the tipranavir Cmin is 
decreased by 34% (DHHS, 2009). Didanosine and atazanavir 
or tipranavir should thus be separated by at least 2 hours when 
co-administered.

OTHER ANTIVIRAL DRUGS

Ribavirin has been shown by a number of investigators to 
enhance the antiretroviral activity of didanosine in lympho-
cytes and T-cell lines (Balzarini et al., 1990; Balzarini et al., 
1991a; Balzarini et al., 1991b; Hartman et al., 1991). Riba virin 
increases the formation of the active form of didanosine, its 
triphosphate derivative, by inhibiting inosinate dehydroge-
nase, therefore potentially also increasing its mitochondrial 
toxicity (Hartman et al., 1991). There is in vivo confirma-
tion of the clinical significance of this interaction in patients 
receiving ribavirin and interferon for the treatment of hepa-
titis C co-infection with an increased risk for mitochondrial 
toxicity (lactic acidosis, pancreatitis, neuropathy) (Moreno 
et al., 2004; Bani-Sadr et al., 2005a; Bani-Sadr et al., 2005b; 
Bani-Sadr et al., 2008). The co-administration of didanosine 
and ribavirin is therefore not recommended.

Concomitant administration of didanosine and oral gan-
ci clovir resulted in an increased systemic exposure to dida-
nosine of nearly 100% with a small (21%) decrease in 
ganciclovir AUC (Jung et al., 1998). The mechanism for this 
drug interaction is likely to be a direct inhibition by phos-
phorylated metabolites of ganciclovir of purine nucleoside 
phosphorylase, an enzyme involved in the metabolic break-
down of didanosine (Ray et al., 2004). The clinical signifi-
cance of this interaction is unknown, but it is likely to also 
apply to valganciclovir (Tseng and Salit, 2007). These combi-
nations should therefore be used with caution.

NON-ANTIMICROBIAL AGENTS

Allopurinol inhibits xanthine oxidase, an enzyme also involved 
in the degradation of didanosine. This combination is likely 
to increase exposure to didanosine and should also be used 
with caution (Boelaert et al., 2002).

When used in combination with methadone, old buffered 
formulations of didanosine resulted in a significant reduc-
tion in didanosine exposure, requiring an increase in dida-
nosine dose. Such an interaction is no longer observed with 
the new enteric-coated formulation (Bruce et al., 2006).

6. ADVERSE REACTIONS AND TOXICITY

Adverse reactions associated with the administration of did-
a no sine have been well known since the initial clinical  
trials with the drug and explain why today safer alternatives 
are used and didanosine in no longer recommended in 
guidelines.

The most serious toxicity of didanosine is pancreatitis, 
which may be fatal. Other important toxicities include lactic 
acidosis, severe hepatomegaly with steatosis, retinal changes 
with optic neuritis and peripheral neuropathy. The patient 
information leaflet includes a boxed warning about dida-
nosine’s most dangerous adverse reactions: pancreatitis, lac-
tic acidosis, and severe hepatis steatosis. 

Mitochondrial toxicity is the most likely mechanism ex- 
plaining the adverse reactions to didanosine. Mitochondrial 
toxicity is a common feature among nucleoside reverse tran-
scriptase inhibitors such as zidovudine, stavudine, abacavir, 
lamivudine, and didanosine, although the degree of mito-
chondrial damage varies from one drug to another (Brinkman 
et al., 1998). Inhibition of the cellular DNA polymerase- 
gamma by the nucleoside analogs impairs mitochondrial 
DNA synthesis, leading to mitochondrial dysfunction and 
the subsequent clinical manifestations (Lee et al., 2003). 
Target organs for didanosine mitochondrial toxicity are the 
pancreas, the liver, peripheral nerves, and probably also adi-
pose tissue (Brinkman et al., 1999). 

A report from the D:A:D study (2008) of 33,347 patients 
implicated didanosine exposure within the preceding 6 
months (as well as recent abacavir and cumulative protease 
inhibitor exposure) in increasing risk of cardiovascular events. 
Data from the SMART and FHDH ANRS CO4 studies con-
firmed the excess risk for abacavir but not for didanosine 
(Strategies for Management of Anti-Retroviral Therapy/
INSIGHT and D:A:D Study Groups, 2008; Lang et al., 2009).

6a.  Pancreatitis

The most potentially serious toxicity is pancreatitis, which 
may be mild but has been fatal in some patients (Bouvet et al., 
1990; Yarchoan et al., 1990a; Yarchoan et al., 1990b; Bonacini, 
1991; Maxson et al., 1992). Didanosine-induced pancreatitis 
develops most frequently in persons receiving more than 9.6 
mg/kg daily (Yarchoan et al., 1990a) and correlated in one 
study with cumulative dose (Seidlin et al., 1992). Although it 
has been reported to occur in 0.9–2% of patients receiving 
didanosine, in one study clinical pancreatitis developed in 
23% of patients; it should be noted that these patients were 
being treated with 10–12 mg/kg daily (Maxson et al., 1992). 

In phase I clinical trials, 3 of 92 patients developed pan-
creatitis, the time of onset being between 13 and 19 weeks after 
initiating therapy (Rozencweig et al., 1990). Other investiga-
tors have reported a higher incidence and earlier develop-
ment of symptoms (Maxson et al., 1992; Seidlin et al., 1992). 
In the Didanosine Expanded Access Program involving over 
21,000 patients, those with advanced HIV disease (< 50 CD4 
cells/µl and an AIDS diagnosis) had approximately a fivefold 
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higher estimated rate of pancreatitis than those with earlier 
stages of HIV infection (CD4 count > 100 cells/µl and AIDS-
related complex) (Schindzielorz et al., 1994). These data sup-
port an earlier report in which advanced HIV infection, a 
prior history of pancreatitis, and concurrent ingestion of 
alcohol or co-administration of drugs that may cause pan-
creatitis, such as pentamidine, hydroxyurea, sulfonamides, 
and ranitidine, appeared to increase the risk of didanosine- 
induced pancreatitis (Faulds and Brogden, 1992; Yarchoan 
et al., 1992; Foisy et al., 1994). Recent data, obtained by ret-
rospective analysis of fecal elastase measurements in 233 
patients who had been diagnosed with pancreatitis, found no 
association between didanosine and development of pancre-
atitis, whereas co-infection with hepatitis C virus or alcohol 
misuse was significantly associated with pancreatic exocrine 
insufficiency (Martin et al., 2013).

When pancreatitis incidence rates were calculated for sub-
jects enrolled in 20 adult AIDS clinical trial group studies  
conducted from 1989 to 1999 (Reisler et al., 2005), rates of 
pancreatitis in didanosine arms seemed to be dose dependent. 
Overall, pancreatitis rates for the combination of did anosine 
and stavudine were high at 4.16 per 100 person-years for clin-
ical pancreatitis and 6.25 per 100 person-years for clinical and/
or biological pancreatitis (Reisler et al., 2005). The highest 
rates were seen with the combination of indinavir, didanosine, 
and stavudine with or without hydroxyurea. The risk of pan-
creatitis is also increased when didanosine is used in combina-
tion with tenofovir or ribavirin (Martinez et al., 2004; Moreno 
et al., 2004; Bani-Sadr et al., 2005a; Bani-Sadr et al., 2005b; 
Bani-Sadr et al., 2008). Pancreatitis has also been reported in 
pediatric patients (Butler et al., 1991; Butler et al., 1993).

The incidence of pancreatitis is low, however, when dida-
nosine is used in combination therapy in antiretroviral-naive 
patients with high CD4 cell counts. No case of symptomatic 
clinical pancreatitis was reported in a randomized trial of 
286 patients receiving didanosine, emtricitabine, and efa-
virenz after a mean duration of 60 weeks (Saag et al., 2004). 
Only one patient discontinued treatment because of hyper-
amylasemia. In contrast to data from early studies, a recent 
report from EuroSIDA, in which information was collected 
from 2001 to 2006, found a low overall rate in pancreatitis 
without evidence that didanosine or stavudine contributed 
to the etiology (Smith et al., 2008).

Patients with pancreatitis usually present with abdominal 
pain that is accompanied by an increase in serum amylase. 
However, elevations in serum amylase, lipase, or triglycerides 
may precede the development of pancreatic symptoms, and 
asymptomatic elevations have been frequently reported 
(Seidlin et al., 1992; Shelton et al., 1992). Some clinicians 
suggest that therapy should be discontinued if pancreatic 
amylase levels rise to 1.5- to 2-fold above normal (Yarchoan 
et al., 1990a; Yarchoan et al., 1990b). If a patient develops 
an elevated serum amylase level in the absence of pancreatic 
symptoms, the author suggests that a pancreas-specific assay 
should be performed to guide clinical management.

There are case reports of didanosine-related hyperglyce-
mia and diabetes mellitus (Munshi et al., 1994; Vittecoq et 

al., 1994; Chidiac et al., 1995). In an ex vivo perfused canine 
pancreas preparation, arterial pressure and pancreatic oxy-
gen consumption decreased after the administration of 
didanosine (Nordback et al., 1992), but in other animal stud-
ies didanosine has not been directly associated with pancre-
atic toxicity (Grady et al., 1992). The concomitant use of 
didanosine and tenofovir was also associated with a higher 
risk of hyperglycemia, particularly in patients with low body 
weight (Garcia-Benayas et al., 2006). In the D:A:D study, 
exposure to didanosine was associated with an increased risk 
of diabetes, but this was modified after adjusting for other 
factors (De Wit et al., 2008).

6b.  Neurotoxicity

A dose-related, predominantly sensory, bilaterally symmet-
rical peripheral neuropathy is the most frequent major 
adverse reaction and is generally reversible within 3– 5 weeks 
of cessation of therapy (Cooley et al., 1990b; Lambert et al., 
1990; Rozencweig et al., 1990; Yarchoan et al., 1990a; Yarchoan 
et al., 1990b). Dida nosine-associated peripheral neuropathy 
occurs less frequently than zalcitabine-induced neuropathy 
(Fichten baum et al., 1995). In one phase I study, peripheral 
dysesthesia occurred only in patients receiving 19.2 mg/kg 
didanosine daily or more and generally appeared after a 
mean cumulative dose of 2600 mg/kg within the first 12 
weeks of therapy (Kieburtz et al., 1992; Yarchoan et al., 1992), 
although lower mean cumulative doses have been reported 
in association with neuropathy (Rathbun and Martin, 1992). 
The time of onset appears to be related to the dose, with 
patients in phase I studies who received over 50 mg/kg daily 
developing symptoms within 4–7 weeks, and those receiving 
25–45 mg/kg daily developing symptoms generally around 
10 weeks; a single patient who received only 12 mg/kg daily 
became symptomatic at 22 weeks (Rozencweig et al., 1990). 
The earliest symptoms are intermittent numbness, tingling, 
burning, or pain involving the soles of the feet (and much less 
frequently the hands) that progress over 10–14 days to being 
present constantly and involving the lower legs (Kieburtz et 
al., 1992; Yarchoan et al., 1992). Distal vibration, pinprick sen-
sation, and ankle reflexes may be reduced or absent. Nerve 
conduction studies are frequently normal (Shelton et al., 
1992), although a diminished sural sensory amplitude and 
slowed tibial nerve conduction in a symptomatic patient were 
reported (Kieburtz et al., 1992).

Although no predisposing factors were identified in one 
study of patients who developed didanosine-related periph-
eral neuropathy (Fichtenbaum et al., 1995), the manufac-
turer recommends that patients with a history of peripheral 
neuropathy or those receiving potentially neurotoxic drugs, 
such as vincristine, isoniazid, and stavudine, should either 
not be treated with didanosine or should be monitored very 
closely because other studies have suggested that neuropathy 
occurs more frequently in these patients.

The frequency of this peripheral neuropathy is higher in 
patients with low CD4 cell counts and advanced disease 
(Kelleher et al., 1999). This was confirmed in clinical trials of 
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initial therapy in which peripheral neuropathy was a rare 
occurrence. Only 5% of patients receiving didanosine, emtri-
citabine, and efavirenz developed neuropathy after a mean of 
60 weeks of treatment, and < 1% had to discontinue the treat-
ment for this reason (Saag et al., 2004). In the same study, up 
to 13% of patients receiving didanosine and stavudine plus 
efavirenz developed neuropathy. Co-administration of dida-
nosine and stavudine is no longer feasible. No patient taking 
didanosine, lamivudine, and efavirenz for 52 weeks devel-
oped neuropathy in another controlled study (Maggiolo et al., 
2001; Maggiolo et al., 2003). A more recent study suggested 
continued exposure to didanosine and stavudine was not asso-
ciated with worsening symptoms in individuals who had tol-
erated initial treatment with these drugs (Hung et al., 2008). 
These findings support the results of the Delta trial, in which 
patients who developed peripheral neuropathy tended to do so 
shortly after exposure to didanosine or zalcitabine, suggesting 
that cumulative exposure was not a major underlying factor 
and that genetic or other susceptibility of a subgroup of patients 
was important in the pathogenesis (Arenas-Pinto et al., 2008).

Peripheral neuropathy has also been reported in associa-
tion with exposure to didanosine, stavudine, or zalcitabine in 
individuals living in resource-limited settings, including the 
Asia-Pacific region (Wright et al., 2008). In a study of pre-
viously untreated, symptomatic HIV-infected Ugandan and 
Zimbabwean adults initiating zidovudine-based antiretrovi-
ral therapy, current didanosine use independently predicted 
the development of peripheral neuropathy with an adjusted 
hazard ratio of 1.60 (95% confidence interval [CI]: 1.19–2.14) 
(Kiwuwa-Muyingo et al., 2014). 

Mitochondrial toxicity has been implicated as the cause of 
the toxicity to peripheral nerves (Chen et al., 1991). Com- 
pared with stavudine, didanosine seems to be less toxic to 
mitochondria, as assessed by mitochondrial DNA content 
and morphology (Medina et al., 1994; Tsai et al., 1994).

Didanosine has been reported to induce mania in one 
case report (Brouillette et al., 1994).

6c.  Hematologic toxicity

Didanosine is relatively less toxic to human bone marrow pro-
genitor cells than zidovudine, generally requiring a concentra-
tion of greater than 50–100 µM to inhibit 50% of cell growth 
compared with < 5 µM for zidovudine (Molina and Groopman, 
1989; Du et al., 1990; Gallicchio et al., 1993; Hitchcock, 1993). 
These are similar data to those obtained in the canine model 
(Chan et al., 1992). Didanosine also has insignificant effects on 
peripheral blood mononuclear cell mitogenesis, in contrast to 
zidovudine (Heagy et al., 1991). Virtually no hematologic side 
effects are associated with its use in patients (Connolly et al., 
1991). In fact, didanosine therapy has been reported to 
increase hemoglobin, white cell count, and platelet numbers 
compared with baseline estimations (Schacter et al., 1992). 

6d.  Gastrointestinal side effects

Diarrhea was the most frequent adverse reaction to dida-
nosine, reported in some early studies to occur in over 50% 

of patients (Rathbun and Martin, 1992), and was possibly 
related to the citrate–phosphate buffer in the earlier dida-
nosine formulation. The introduction of the enteric-coated 
didanosine beads has virtually eliminated this adverse event. 
This was confirmed in a pilot study that evaluated gastro-
intestinal adverse events before and after switching from the 
buffered tablets to the enteric-coated capsules. Patients expe-
rienced a significant decrease in the rate of nausea, dyspepsia, 
diarrhea, and bloating (Kunches et al., 2001). The improved 
tolerance of enteric-coated didanosine was also confirmed in 
a randomized trial in which the rate of diarrhea over 4 weeks 
was similar among patients receiving didanosine or placebo 
(Molina et al., 2005b).

Xerostomia has been reported in approximately 10% of 
patients enrolled in the Alpha study of didanosine (Valentine 
et al., 1992a), with elevations in the salivary component of 
serum amylase (Valentine et al., 1992b). Other investigators 
who specifically measured salivary flow have documented 
reduced flow in up to one third of patients receiving dida-
nosine (Dodd et al., 1992).

6e.  Lactic acidosis and hepatotoxicity

Elevation of hepatic transaminase levels was observed in 
phase I studies of didanosine (Cooley et al., 1990a). Hepatitis 
has been reported in patients receiving didanosine (Yarchoan 
et al., 1990a; Yarchoan et al., 1990b), and fulminant hepatic 
failure with lactic acidosis has also been associated with 
didanosine therapy (Lai et al., 1991). Didanosine use in com-
bination with ribavirin and interferon for the treatment of 
hepatitis C co-infection has been associated with an increased 
risk for mitochondrial toxicity including lactic acidosis, pan-
creatitis, and neuropathy (Moreno et al., 2004; Bani-Sadr et 
al., 2005a; Bani-Sadr et al., 2005b; Bani-Sadr et al., 2008). 
The co-administration of didanosine and ribavirin is there-
fore not recommended.

Lactic acidosis and severe hepatomegaly with steatosis, 
including fatal cases, have been reported with the use of all 
nucleosides analogs alone or in combination (Lactic Acidosis 
International Study Group, 2007). The majority of these 
cases have been reported in women. Exposure to didanosine 
or stavudine—or even more strongly both— age > 40 years, 
and advanced immunosuppression were independent asso-
ciations (Lactic Acidosis International Study Group, 2007). 
Additional reported risk factors for mortality include low 
body weight (< 45 kg) and high serum lactate level (> 10 
mmol/l). The mortality is high, 7.2% in one study, in HIV 
individuals with symptomatic hyperlactemia receiving anti-
retroviral therapy, usually stavudine and/or didanosine (Mano- 
suthi et al., 2008). Fatal lactic acidosis has also been reported 
in pregnant women who received the combination of didano- 
sine with stavudine and other antiretroviral agents (Sarner 
and Fakoya, 2002). Didanosine use has also been associated 
with asymptomatic hyperlactatemia (Hocqueloux et al., 2003).

Lactic acidosis should be suspected in patients receiving 
didanosine in combination with other nucleoside analogs (in 
particular stavudine) and who complain of nonspecific symp-
toms such as asthenia, gastrointestinal disturbances (nausea, 
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anorexia, abdominal pain), myalgia, paraesthesias, and dys-
pnea. Laboratory findings included abnormal liver function 
tests (elevation of transaminases) and metabolic acidosis 
with an anion gap. An increased blood lactate level confirms 
the diagnosis. All nucleoside analogs should be immediately 
discontinued, and management of patients might require a 
transfer to the intensive care unit for supportive care. In a 
prospective study of nearly 400 patients in Serbia, the inci-
dent rate of developing hyperlactatemia and lactic acidosis in 
HIV-infected patients receiving didanosine was 2.87 per 100 
person-years (95% CI: 0.45–9.25) and 4.31 per 100 person- 
years (95% CI: 1.07–13.91), respectively. When didanosine was 
co-administered with stavudine, the incident rate for develop-
ment of these complications was 10.17 per 100 person-years, 
(95% CI: 1.02–19.76) and 17.39 per 100 person-years, (95% CI: 
1.02–13.05), respectively (Dragovic and Jevtovic, 2012).

Hepatic toxicity, in some cases fatal, has also been reported 
in children receiving didanosine, although it must be noted 
that half of these children were co-infected with hepatitis C 
and all were receiving concurrent medications with known 
associated liver toxicity (Lacaille et al., 1995).

6f.  Noncirrhotic portal hypertension

More recently, noncirrhotic portal hypertension has emerged 
as a rare but life-threatening long-term complication associ-
ated with didanosine use. Patients with prolonged exposure 
to antiretroviral drug regimens including didanosine pre-
sented with persistently elevated aminotransferases levels in 
the absence of hepatitis C and/or B co-infection and of other 
common causes of liver disease (alcohol). Half of these 
patients developed symptomatic liver complications linked 
to portal hypertension such as ascites, portal thrombosis, 
and variceal bleeding (Maida et al., 2006). Didanosine expo-
sure was the only independent predictor of development of 
this adverse event. (Maida et al., 2006; Saifee et al., 2008; 
Vispo et al., 2008). Liver biopsies showed no evidence of 
cirrhosis but nodular regenerative hyperplasia with absence 
of portal veins along with focal fibrous obliteration of small 
portal veins (Mallet et al., 2007; Vispo et al., 2010). This com-
plication is not reversible on didanosine discontinuation and 
may require long-term anticoagulant therapy. Polymorphisms 
at genes coding for enzymes (5′-nucleotidase and xanthine 
oxidase) involved in the purine metabolic pathway have been 
recently associated with noncirrhotic portal hypertension 
(Vispo et al., 2013).

Chronic elevation of liver enzymes has been found in 
patients who were exposed either to short- or to long-term 
didanosine therapy in the D:A:D study (Kovari et al., 2016). 
Cumulative didanosine exposure is also associated with a 
heightened risk of developing end-stage liver disease and /or 
hepatocellular cancer that was noted to decline only 7 years 
after cessation of didanosine (Ryom et al., 2016). 

6g.  Metabolic toxicity

Didanosine is associated with an increase in production of 
reactive oxygen species and reduced mitochondrial function 

without reducing cell survival. These effects are exacerbated 
by even low levels of acetaminophen, and increase the risk of 
oxidative stress-induced liver injury (Blas-Garcia et al., 2016).

Increased uric acid levels (resulting from metabolism of 
didanosine to hypoxanthine and then to uric acid) with no 
related clinical symptoms have been frequently observed in 
patients receiving high doses of didanosine (Rozencweig et 
al., 1990; Connolly et al., 1991; Yarchoan et al., 1992). Measuring 
plasma uric acid levels in patients has even been proposed as 
a tool to assess compliance to didanosine (Richardson et al., 
1993).

Renal tubular dysfunction, with associated fluid, electro-
lyte, and acid–base abnormalities, has been reported with 
didanosine (Crowther et al., 1993). Cases of Fanconi syndrome 
have also been described (Izzedine et al., 2005; D’Ythurbide 
et al., 2007).

When Thai patients were switched from regimens con-
taining didanosine and stavudine to those containing tenofo-
vir and lamivudine as a substudy within the Staccato trial, 
there was a reversal of mitochondrial toxicity and significant 
reductions in lipid levels and lactate levels and reversal of 
lipoatrophy within 48 weeks (Ananworanich et al., 2008).

6h.  Visual disturbances

Didanosine has been implicated as the cause of abnormal 
vision and optic atrophy in a patient who presented with a 
scotoma and visual-evoked potentials consistent with optic 
neuritis (Lafeuillade et al., 1991). Retinal depigmentation has 
been reported in a small number of pediatric patients who 
were receiving high doses (> 300 mg/m2 daily) (Whitcup et 
al., 1992; Whitcup et al., 1994), prompting the recommenda-
tion that children receiving didanosine should have exam-
ination of their retina every 6 months or if they develop 
visual symptoms. Retinal toxicity associated with didanosine 
has also been reported in adults (Gabrielan et al., 2013). 
Didanosine-induced retinopathy seems to be potentially 
reversible in adults (Fernando et al., 2006).

6i.  Lipodystrophy

Fat redistribution syndrome, including central obesity, dors-
ocervical fat enlargement (buffalo hump), peripheral fat 
wasting, facial wasting, and breast enlargement, has been 
observed in patients receiving long-term antiretroviral drugs, 
including didanosine (Grinspoon and Carr, 2005). Although 
mitochondrial toxicity is suspected to be one potential cause 
of lipodystrophy, a causal relationship between didanosine use 
and lipodystrophy has not been clearly established (Brinkman 
et al., 1999; Lowe et al., 2007b). Didanosine has been associ-
ated with the development of gynecomastia, with underlying 
hypoandrogenism in one report (Mira et al., 2004).

6j.  Malignancy

An increased risk of cancer has been suggested in children 
exposed in utero to didanosine. The French perinatal study of 
children born to HIV-infected mothers found cancers in 21 
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of 15,163 children (median age: 9.9 years); didanosine use by 
the mother during pregnancy was associated with one third 
of these cancers in children, suggesting that didanosine can 
result in transplacental oncogenicity (Hleyhel et al., 2016).

The D:A:D study has found that cumulative (per 5 years) 
didanosine exposure is associated with increased rates of 
hepatocarcinoma and end stage liver disease (relative rate: 
1.32 (1.07-1.63) (Ryom et al., 2016).

6k.  Other adverse effects

Potentially fatal rhabdomyolysis has been reported in patients 
taking didanosine (Chariot et al., 1994). 

Didanosine has been implicated as a co-factor in the 
development of cardiac failure in four patients with AIDS 
(possibly due to the high salt content of the preparation 
used), although the contribution of the drug was not proven 
(de Jong and Borleffs, 1992; Willocks et al., 1992). In a study 
of 137 HIV-infected children with cardiac disease, didanosine 
therapy was not associated with the development of cardio-
myopathy (Domanski et al., 1995). Hypertension, thought to 
be secondary to the sodium content in the drug preparation, 
has been reported (Rathbun and Martin, 1992). 

Didanosine has been implicated (but not proven) in caus-
ing Stevens-Johnson syndrome in a patient receiving the 
drug (Parneix-Spake et al., 1992). 

Administration of didanosine to pregnant mice did not 
cause any detrimental effect or malformation in the embryos 
or alter postnatal development (Sieh et al., 1992). However, 
didanosine use in pregnant women has been associated with 
head and neck defects (Sibiude et al., 2014). 

Reduced bone mineral density has been reported in asso-
ciation with tenofovir use and long duration of didanosine 
(Jacobson et al., 2008).

7. CLINICAL USES OF THE DRUG

Didanosine was the second antiretroviral dug approved for 
treatment of HIV infection and has a very different toxicity 
profile and resistance profile from that of zidovudine (see 
Chapter 225, Zidovudine). Up to 1998, it was recommended 
in combination with zidovudine or stavudine as the preferred 
nucleoside reverse transcriptase inhibitor (NRTI) backbone to 
be used for first-line treatment of HIV-infection within regi-
men based on a nonnucleoside reverse transcriptase inhibitor 
(NNRTI) or protease inhibitor. Over the years, because of the 
availability of alternatives with better safety profiles and because 
of the identification of long-term severe toxicities associated 
with its use, didanosine moved from being recommended 
as the “alternative dual NRTI combination with lamivudine 
(3TC) or emtricitabine (FTC)” in 2008 to “combination with 
ddI and 3TC/FTC, or didanosine and tenofovir (TDF) not rec-
ommended “ in 2012 (US Department of Health and Human 
Services Guidelines) Didanosine is no longer recommended 
for second-line regimens, even in resource-limited settings. 
Indeed, didanosine was removed from WHO guidelines in 
2010, whereas it was still as a second-line option in 2006. 

7a.  Human Immunodeficiency Virus-1  
(HIV-1) infection

GENERAL ISSUES

The goal of combination antiretroviral therapy is to decrease 
plasma HIV RNA levels to < 50 copies/ml, a validated surrogate 
end point for clinical efficacy (Hammer et al., 2006). Nucleoside 
analogs remain the cornerstone of antiretroviral therapy. As 
a member of the nucleoside analog class, dida nosine is indi-
cated in combination with other antiretroviral agents for the 
treatment of HIV-1 infection in adults and children.

Most clinical studies with didanosine in highly active anti - 
retroviral therapy (HAART) regimens initially used a combi-
nation with stavudine (d4T) (see Chapter 229, Stavudine), 
which, although showing an intrinsically potent antiretroviral 
effect (Molina et al., 1999), was associated with significant 
toxicity, including pancreatitis, neuropathy, lactic acidosis, 
and lipodystrophy (Chêne et al., 2002; Robbins et al., 2003; 
Saag et al., 2004). This combination has also been implicated 
in the death of several HIV-infected pregnant women sec-
ondary to lactic acidosis (US Food and Drug Administration, 
2001). The combination of didanosine with stavudine is 
therefore no longer recommended.

Limited clinical data are available regarding the use of 
didanosine with other nucleoside analogs in HAART regi-
mens (see Tables 226.7 and 226.8). Indeed, although there is 
a long experience with the combination of didanosine with 
zidovudine as dual nucleoside reverse transcriptase inhibitor 
therapy, there are only a few trials with a triple combination 
using these drugs as the backbone (D’Aquila et al., 1996; Mon - 
 taner et al., 1998), and no data are available for the enteric- 
coated formulation of didanosine.

The combination of didanosine with tenofovir should be 
avoided because of concerns regarding increasing toxicity, 
decreased CD4 cell counts, and poor antiviral activity in 
combination with efavirenz or nevirapine (Leon et al., 2005; 
Torti et al., 2005; see section 6, Toxicity and section 5e, Drug 
interactions). Didanosine should be used at reduced dosage 
(250 mg daily) when co-administered with tenofovir. Limited 
data are also available regarding the combination of dida-
nosine and abacavir, suggesting low antiviral efficacy and poor 
tolerance (Gerstoft et al., 2003).

The dual combination of didanosine with a cytidine ana-
log, either lamivudine or emtricitabine, has been assessed 
within HAART regimens, usually in combination with efa-
virenz in a convenient once-daily regimen. Didanosine 
administered once daily as part of a regimen also including 
lamivudine and efavirenz had similar efficacy to twice-daily 
therapy with zidovudine, lamivudine, and efavirenz as first-
line therapy (Crespo et al., 2009). A similar study, GESIDA 
3903, reported noninferiority of once-daily didanosine with 
lamivudine and efavirenz when compared with zidovudine, 
lamivudine, and efavirenz (Berenguer et al., 2008).

In resource-limited settings didanosine used to be a com-
mon component of second-line drug regimens (Castelnuovo et 
al., 2009). These regimens (which until recently have had WHO 
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approval for combinations including stavudine co- administered 
with didanosine) are, not surprisingly, limited by poor effi-
cacy and tolerability (Canestri et al., 2007).

Clinical experience with these combinations remains lim-
ited, however (see Table 226.8). Therefore, most guidelines 
(DHHS, 2009) considered the combination of didanosine 
with either emtricitabine or lamivudine as an alternative 
choice of dual nucleoside backbone when the preferred com-
binations, which do not include didanosine, cannot be used. 
Furthermore, following the results of the Pearls ACTG 5175 
trial, conducted mostly in resource-limited countries, that 
showed the combination of didanosine, emtricitabine, and 
atazanavir was associated with inferior outcome in antiretro-
viral-naive patients compared with the combination of zid-
ovudine, lamivudine, and efavirenz (Campbell et al., 2012), 
DHHS (2012) guidelines have recommended against the use 
of didanosine plus lamivudine or emtricitabine, and dida no-
sine plus tenofovir for first-line dual NRTI combination. 

TREATMENT-NAIVE PATIENTS

A number of phase I studies of didanosine monotherapy pro-
vided sufficient information for licensing of didanosine as 
the second antiretroviral agent for the treatment of HIV 
infection in the USA by the FDA in 1991 and by the relevant 
authorizing bodies in other countries. Most studies showed 
improvements in surrogate end points, with increases in 
CD4 counts and decline in HIV p24 antigen in the plasma. 
There was also some clinical benefit with increase in weight, 
appetite, and energy level (Yarchoan et al., 1989b; Cooley et 
al., 1990a; Cooley et al., 1990b; Hartman et al., 1990; Lambert 
et al., 1990; Valentine et al., 1990; Connolly et al., 1991). 
However, these benefits were usually modest and short term. 
Randomized controlled trials of dual nucleoside reverse tran-
scriptase inhibitor combinations of zidovudine plus didano- 
sine in either antiretroviral-naive or zidovudine-experienced 
patients were able to demonstrate a survival benefit associated 
with this combination compared with zidovudine monotherapy 
(Delta Coordinating Committee, 1996; Hammer et al., 1996).

The INCAS study was the first to demonstrate, in antiret-
roviral-naive patients, the superior antiviral activity of a 
didanosine-containing triple-drug regimen (nevirapine, dida- 
nosine, and zidovudine) compared with the dual nucleoside 
reverse transcriptase inhibitor combination of didanosine 
and zidovudine (Montaner et al., 1998). In this study, 45% of 
patients in the triple-arm regimen achieved a plasma HIV 
RNA level < 50 copies/ml at week 48 compared with only 6% 
in the dual nucleoside reverse transcriptase inhibitor arm 
(see Table 226.6). The safety of the regimen was, however, 
suboptimal, owing to nevirapine-limiting adverse events such 
as rashes and liver toxicity.

Another pilot study of nevirapine, didanosine, and lami-
vudine among intravenous drug users demonstrated the potent 
antiviral activity of this regimen, which could be administered 
once daily, with 70% of patients reaching a viral load < 500 cop-
ies/ml after 24 weeks (Staszewski et al., 1998).

A number of other trials assessed the combinations of 
didanosine and stavudine with a nonnucleoside reverse tran- 

scriptase inhibitor (nevirapine or efavirenz), a protease inhi- 
bitor (indinavir, nelfinavir, saquinavir/ritonavir), or a third 
nucleoside analog (abacavir or lamivudine) (Gathe et al., 2002; 
Gerstoft et al., 2003; Robbins et al., 2003; Shafer et al., 2003; Van 
Leeuwen et al., 2003). The results of these trials were consistent 
with each other and demonstrated low-antiviral activity of tri-
ple nucleoside analog combinations and overall lower efficacy 
and tolerability of the didanosine plus stavudine combination 
compared with the zidovudine plus lamivudine combination.

After the encouraging results of a pilot study of once-daily 
HAART combining didanosine, emtricitabine, and efavirenz 
(Molina et al., 2000), two large randomized studies fur- 
ther assessed this combination. In the FTC301 study, 571  
antiretroviral-naive patients were randomized to receive a 
regimen of didanosine plus efavirenz combined with either 
emtricitabine and a stavudine placebo or stavudine and an 
emtricitabine placebo (Saag et al., 2004). This study demon-
strated the potent activity of the didanosine, emtricitabine, 
and efavirenz combination, with 78% of patients maintaining 
a plasma HIV RNA level < 50 copies/ml at week 48, which 
was significantly superior to the antiviral activity of the other 
arm (59% < 50 copies/ml). Also, the tolerability of the dida- 
nosine, emtricitabine, and efavirenz combination, was better, 
with no case of lactic acidosis or pancreatitis and a lower 
incidence of peripheral neuropathy (5% vs. 13%) and of clin-
ically defined lipodystrophy (0.4% vs. 6%). The safety and 
efficacy of this combination were also confirmed in a switch 
study in which patients with fully controlled HIV replication 
(HIV RNA < 400 copies/ml) under a protease inhibitor regi-
men were randomized to maintain their protease inhibitor- 
containing regimen or to switch to a once-daily didanosine, 
emtricitabine, and efavirenz combination regimen (Molina 
et al., 2005a). Noninferiority of the switch arm was demon-
strated at week 48, with 90.5% of the patients remaining  
< 400 copies/ml compared with 87.6% in the maintenance 
arm. Also, the proportion of patients with < 50 copies/ml was 
significantly higher (87% vs. 79%) in the once-daily arm.

The combination of didanosine, efavirenz, and lamivu-
dine was also assessed in a number of randomized trials and 
observational studies (Maggiolo et al., 2001; Maggiolo et al., 
2003; Santos et al., 2005; Berenguer et al., 2008). This combi-
nation demonstrated similar antiviral efficacy and safety to 
the combination of zidovudine, lamivudine, and efavirenz.

Data on the long-term efficacy of these combinations of 
didanosine, efavirenz, and emtricitabine or lamivudine are 
now available (Molina et al., 2007; Santos et al., 2008). More 
recently, the results of an ACTG trial (PEARLS/ACTG5175) 
conducted mostly in resource-limited countries became avail-
able and showed that the combination of didanosine, emtric-
itabine, and atazanavir was associated with inferior outcome 
in antiretroviral-naive patients when compared with the rec-
ommended combination of zidovudine, lamivudine, and efa-
virenz (Campbell et al., 2012). Although unboosted atazanavir 
was used in combination with didanosine and emtricitabine in 
this trial and could explain part of these suboptimal results, 
the use of didanosine and emtricitabine is no longer recom-
mended as an option for first-line therapy (DHHS 2015).
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TREATMENT-EXPERIENCED PATIENTS

There have been a number of studies comparing the benefits 
of remaining on zidovudine versus switching to monother-
apy with didanosine or zalcitabine in patients with prior zid-
ovudine experience. In patients with AIDS, AIDS-related 
complex, or a CD4 lymphocyte number < 200 per ml who 
had tolerated zidovudine therapy for at least 16 weeks, 
changing therapy from zidovudine to didanosine slowed dis-
ease progression and improved immunologic and virologic 
markers (Kahn et al., 1992). These results were confirmed in 
other similar trials (Abrams et al., 1994; Spruance et al., 1994; 
Montaner et al., 1995).

Results of ACTG 175 and Delta trials then demonstrated 
the clinical benefits associated with the use of dual nucleo-
side reverse transcriptase inhibitor combinations of zidovu-
dine plus didanosine in zidovudine-experienced patients 
(Delta Coordinating Committee, 1996; Hammer et al., 1996).

In a retrospective analysis of the ACTG 364 trial, the viro-
logic outcome among 104 lamivudine-experienced patients 
was compared between those who switched to a didanosine- 
containing regimen and those who remained on a lamivudine- 
containing regimen (Winters et al., 2003). Patients switching 
to a didanosine-containing regimen had a better virologic 
outcome, suggesting that didanosine retains activity against 
HIV-1 with the M184V mutation. This was confirmed in the 
Jaguar study, a prospective randomized study in which 168 

patients failing their current HAART regimen were ran-
domly assigned to receive didanosine or placebo for 4 weeks 
in addition to maintaining their failing regimen (Molina et 
al., 2005b). Patients with tenofovir in their regimen were 
excluded from the study owing to concerns regarding the 
interaction between didanosine and tenofovir. At baseline, 
median plasma HIV RNA level was 3.8 log10 copies/ml, and 
the median CD4 cell count was 378 cells. Patients had a 
median of four nucleoside-associated mutations. At week 4, 
a statistically significant decrease in viral load of –0.56 log10 
copies/ml was seen in the didanosine arm compared with an 
increase of 0.07 log10 copies/ml in the placebo arm. Overall, 
31% of patients in the didanosine arm reached a plasma 
HIV RNA level < 400 copies/ml. This study allowed a closer 
analysis of the relationship between baseline resistance and 
short-term antiviral response and demonstrated that dida-
no sine retains activity against viruses carrying the M184V 
mutations as well as viruses carrying up to five reverse 
 transcriptase-associated mutations (Molina et al., 2005b). 
Further analyses of this trial helped better identify patients 
who may benefit from a didanosine-containing regimen 
(Marcelin et al., 2005; Flandre et al., 2007).

However, the results of a recent randomized trial in Africa 
assessing three different second-line regimens could not 
demonstrate that the combination of didanosine plus abaca-
vir and lopinavir–ritonavir was noninferior to the standard 

Table 226.8. Pros and cons of NRTI backbones, including didanosine in HAART regimens for antiretroviral naive patients.

Drug combinations Pros Cons

Combinations not recommended as initial therapya

ddI + FTC Once daily Limited data: assessed only with EFV;
Mainly compared to d4T + ddI, not to the other NRTI 

combinations (TDF + FTC)

Potent antiviral activity with EFV Inferior to AZT + 3TC + EFV when combined with 
unboosted atazanavir

Didanosine toxicity profile

ddI + 3TC Once daily Limited data: assessed only with EFV 
Compared only to AZT + 3TC, not the other NRTI 

combinations
ddI toxicity

ddI + d4T Less effective than other combinations (AZT + 3TC, ddI + 
FTC)

Numerous clinical trials Severe toxicity, no longer used

ddI + AZT Limited data with HAART regimen

Assessed only with NVP

Lack of comparative data with other regimens

ddI + TDF Once daily Poor efficacy with EFV or NVP
Severe mitochondrial toxicity and decreasing CD4 counts

ddI + ABC Once daily Limited data with EFV

Poor antiviral efficacy and poor tolerance

ddI + d4T + ABC or 3TC Low pill burden Limited data

Poor antiviral efficacy and tolerance

Triple NRTI regimen not recommended

aDHHS (2015).
Abbreviations: NRTI: nucleoside reverse transcriptase inhibitor; HAART: highly active antiretroviral therapy; ddI, didanosine; FTC, emtricitabine; EFV, efavirenz; 

d4T, stavudine; TDF, tenofovir; AZT, zidovudine; 3TC, lamivudine; d4T: stavudine; NVP, nevirapine; ABC, abacavir.
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of care arm of tenofovir, lamivudine, and lopinavir–ritonavir 
(Ciaffi et al; 2015). Therefore, didanosine, despite its favor-
able resistance profile (see section 2b, Emerging resistance 
and cross-resistance) and its convenience of administration 
(one pill once daily) is no longer recommended for used 
within an optimized antiretroviral regimen in treatment- 
experienced patients. It is, however, still in use in a number 
of countries, including Russia and Ukraine.

USE IN CHILDREN

Didanosine monotherapy was well tolerated in children with 
symptomatic HIV infection, producing clinical, immuno-
logic, and virologic benefits (Pizzo, 1990; Butler et al., 1991). 
Neuropsychological improvement (increased IQ) of treated 
children was observed and found to correlate with serum 
levels (Butler et al., 1991; Balis et al., 1992).

ACTG 152 enrolled 839 children and young adults aged 3 
months to 18 years in a comparison of zidovudine monother-
apy, didanosine monotherapy, or the two drugs in combina-
tion (Englund et al., 1997). Study subjects had less than 6 
weeks of prior antiretroviral therapy. The zidovudine mono-
therapy arm was closed in 1995 owing to a significantly 
higher number of clinical end points in this group than in 
the other arms. Over a median duration of treatment of 20 
months the primary end point of disease progression or 
death was reached by 27% in the zidovudine monotherapy 
arm, 19% in the didanosine monotherapy arm, and 18% in 
the combination arm.

Limited data are available to assess the efficacy and safety 
of didanosine-containing HAART regimens in children. A 
once-daily regimen of emtricitabine, didanosine, and efa-
virenz was evaluated in 37 therapy-naive HIV-infected 
children and adolescents and young adults between 3 and 
21 years (PACTG P1021) (McKinney et al., 2007). Patients 
were followed for 96 weeks on an intention-to-treat basis. 
This regimen appeared to be safe and well tolerated. Virologic 
outcomes demonstrated that 85% achieved viral suppression 
to < 400 copies/ml and 72% to < 50 copies/ml through week 
96. This combination also induced an increase of CD4 cells at 
week 96 by 329 cells (McKinney et al., 2007).

Another single-center study, using a combination of efa-
virenz, abacavir, didanosine, and lamivudine in 36 children, 
has shown an interesting virologic failure-free survival rate 
of 67% after 96 weeks (Scherpbier et al., 2007).

USE AS PROPHYLAXIS

There are only limited data regarding the potential efficacy of 
didanosine in the setting of accidental exposure to HIV (US 
Public Health Service, 2001). Didanosine is not recommended 
for this use.

Similarly, only limited data are available regarding the 
efficacy and safety of didanosine in preventing maternal to 
child transmission. In a study in South Africa, 373 women 
were randomized to receive four different nucleoside reverse 
transcriptase inhibitor regimens (stavudine, didanosine, did- 
a nosine plus stavudine, and zidovudine) from 34 weeks of 
gestation. Medications were continued through delivery and 

for 6 weeks to infants. At week 4, the mean maternal decrease 
in HIV RNA level was more pronounced in the combination 
arm, 1.91 log10 copies/ml, than in the didanosine (1.33 log10 
copies/ml) or the zidovudine arm (0.76 log10 copies/ml). 
However, among the 362 evaluable mother–infant pairs, 11 
infants in the stavudine arm, 10 in the didanosine arm, 5 in 
the zidovudine arm, and 4 in the combination arm were 
HIV-infected by 24 weeks of age (Gray et al., 2006). Although 
treatment with stavudine and didanosine was not associated 
with lactic acidosis in this study, this regimen is not recom-
mended due to major safety concerns (US Food and Drug 
Administration, 2001). The somewhat lower efficacy of 
didanosine in this study could be related to its poor pene-
tration in the placenta circulation (Pons et al., 1991; Dancis 
et al., 1993; Henderson et al., 1994) and consequently dida- 
nosine monotherapy is not recommended for the prevention 
of mother to child transmission. A recent case-control study 
of infants born to mothers given single-dose nevirapine 
showed that treating these newborns for 1 month with the 
combination of zidovudine and didanosine markedly reduced 
the emergence of NNRTI mutations (Lallemant et al., 2010).

Owing to its poor diffusion into the cervicovaginal fluid, 
didanosine is not a suitable agent for preexposure prophylaxis 
(Dumond et al., 2007; see section 5b, Drug distribution).

7b.  Human Immunodeficiency Virus-2 
(HIV-2) infection and hepatitis B 
infection

Although didanosine has in vitro activity against HIV-2 (Rich-
man, 1987; Mitsuya and Broder, 1988; Connolly and Hammer, 
1992), there are no clinical trials reporting the in vivo efficacy 
of combination regimens including didanosine in these patients 
and it is not licensed for this indication.

In two small studies of patients with both HIV infection 
and chronic hepatitis B virus infection or chronic hepatitis B 
infection alone, therapy with didanosine was not associated 
with an appreciable change in hepatitis B virus DNA titers 
(Catterall et al., 1992; Fried et al., 1992).
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Zalcitabine

Suzanne M. Crowe and John Mills

1. DESCRIPTION

The synthetic pyrimidine nucleoside analog zalcitabine 
(2′,3′-dideoxycytidine, ddC) was the third antiretroviral 
agent to be approved in the USA and Europe for the treat-
ment of HIV infection, marketed by Roche under the trade 
name of Hivid. On December 31, 2006, Roche withdrew zal-
citabine from sale in the USA, because newer antiretroviral 
drugs, such as abacavir and tenofovir, were more effective, 
were less toxic, and had more favorable dosing schedules 
than zalcitabine. To the authors’ knowledge, zalcitabine is no 
longer used for the treatment of HIV infection anywhere in 
the world and was the first antiretroviral drug to be with-
drawn from the market

Zalcitabine or 4-amino-1-beta-d-2′,3′-dideoxyribofura-
nosyl-2-(1H)-pyrimidone, has a molecular formula of 
C9H13N3O3 and a molecular weight of 211.22. The chemical 
structure (Figure 227.1) is compared with the natural nucle-
oside, thymidine.

2. ANTIMICROBIAL ACTIVITY

Earliest reports of antiretroviral activity of zalcitabine (Mit-
suya and Broder, 1986; Balzarini et al., 1986) showed both 
HIV-1 and -2 are susceptible to zalcitabine (Mitsuya and 
Broder, 1988; Descamps et al., 1995). Zalcitabine is more 
potent than didanosine (Jeffries, 1989; Hitchcock, 1993; 
Sommadossi, 1993), with a half-maximal inhibitory concen-
tration (IC50) of 30–500 nM. HIV replication is blocked by 
zalcitabine when added up to 48 hours postinfection (Pel le-
grino et al., 1991; Winslow et al., 1994). Studies in macro-
phages (Richman et al., 1987; Perno et al., 1988; Szebeni et al., 
1990; Perno et al., 1992a) found chronically infected macro-
phages are not susceptible to zalcitabine (Perno et al., 1994). 

Zalcitabine also inhibits the replication of human 
T-lymphotropic virus type 1 (Matsushita et al., 1987), murine 
Moloney sarcoma virus (Balzarini et al., 1988a; Balzarini et 
al., 1988b; Rossi et al., 1993), feline leukemia virus (Hoover 
et al., 1989; Polas et al., 1990), feline immunodeficiency virus 

(Gobert et al., 1994), simian type D retrovirus strain 
SAIDS-D/WA (Tsai et al., 1988), human foamy virus (Yvon-
Groussin et al., 2001), possibly duck hepatitis B virus (Yokota 
et al., 1990; Fourel et al., 1994; Kassianides et al., 1989; 
Omata, 1989; Howe et al., 1996), and hepatitis B virus (Ueda 
et al., 1989; Yokota et al., 1991) but not bacteria (Sperber et 
al., 1993; Ostashewski et al., 1993).

Zalcitabine-resistant strains of HIV-1 have been identi-
fied (Shirasaka et al., 1993; Shirasaka et al., 1995a; Husson et 
al., 1993; Richman et al., 1994). Single mutations, K65R or 
151M, may confer some resistance to zalcitabine (Larder, 
1995; Gu et al., 1994a; Zhang et al., 1994; Gu et al., 1994b; Gu 
et al., 1995; Gu et al., 1992; Wainberg et al., 1993). Higher-
level resistance to zalcitabine is associated with multiple 
mutations, including K65R, M184V,151M, L74V, and T69N 
(Fitzgibbon et al., 1992; McLeod et al., 1992).

In general, zidovudine-resistant strains of HIV remain 
susceptible to zalcitabine and didanosine (Larder et al., 1989; 
Richman, 1990a; Richman, 1990b), with exceptions reported 
(Dianzani et al., 1992; Mayers et al., 1994). Zalcitabine cross- 
resistance has been reported (St. Clair et al., 1991; Gao et al., 

Figure 227.1. Chemical structure of zalcitabine (a) com-
pared with deoxycytidine (b). Note that zalcitabine is 
missing the 3′ hydroxyl group present in deoxycytidine, 
which is essential for continued growth of the DNA chain 
once deoxycytidine is incorporated via the phosphate 
chain attached to the 5′ hydroxyl group. 
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1993a; Lacey and Larder, 1994; Boucher et al., 1993; Gao et 
al., 1993c; Schinazi et al., 1993; Tisdale et al., 1993; Kavlick  
et al., 1995; Albrecht et al., 2000; Rusconi et al., 2000). Syner-
gism has been observed between zalcitabine and zidovudine 
(Eron et al., 1992; Mathez et al., 1993; Spector et al., 1989), 
 interferon-alpha (Vogt et al., 1988; Degre and Beck, 1994), 
and saquinavir (Craig et al., 1990; Martin et al., 1991; Johnson 
et al., 1992).

3. MECHANISM OF DRUG ACTION

Zalcitabine is a pyrimidine analog of the nucleoside deoxy-
cytidine (Figure 227.1). Antiretroviral activity of zalcitabine 
depends on the intracellular phosphorylation of zalcitabine 
to the triphosphate (Balzarini et al., 1987; Yarchoan et al., 
1990). Zalcitabine triphosphate reversibly inhibits the HIV 
reverse transcriptase by competing with the natural substrate 
(deoxycytidine). When incorporated into the growing HIV 
complementary DNA chain, it irreversibly inhibits further 
DNA synthesis by causing chain termination (Mitsuya et al., 
1987).

Zalcitabine enters the cell (Plageman et al., 1988; Domin 
et al., 1993) and is sequentially phosphorylated to the mono-, 
di-, and triphosphate derivatives (Whittington and Brogden, 
1992; Cooney et al., 1986; Balzarini et al., 1988b; Chottiner 
et al., 1991; Habteyesus et al., 1991; Chen and Cheng, 1992; 
Kierdaszuk et al., 1992; Gao et al., 1993b; Shirasaka et al., 
1995b; Johnson et al., 1987; Perno et al., 1992b). The half-life 
of intracellular zalcitabine triphosphate ranges from 2.6 to 10 
hours, substantially longer than the plasma half-life of the 
unphosphorylated drug (Starnes and Cheng, 1987; Shelton et 
al., 1993). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Zalcitabine was available as tablets for oral administration 
containing 0.375 or 0.75 mg of the drug, usually adminis-
tered in a dose of 0.75 mg given three times daily. The safety 
and efficacy of zalcitabine in infants and children under the 
age of 13 years with HIV was never fully established, although 
children between 6 months and 13 years of age tolerated dos-
ages of zalcitabine of 0.01–0.04 mg/kg every 6 hours (Pizzo 
1990; Pizzo et al., 1990; Spector, 1994).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

Zalcitabine is stable at gastric pH (Shelton et al., 1993), with 
high oral bioavailability of 70–88% in adults (Klecker et al., 
1988; Yarchoan et al., 1988; Broder, 1990) and 54% in chil-
dren (Pizzo et al., 1990). Jejunal absorption exceeds the ileum 
(Mirchandani and Chien, 1995). Administration of zalcit-
abine with food mildly reduces bioavailability, decreases the 
plasma maximum concentration (Cmax) by 35%, and may 
increase the time maximum concentration (tmax) (Gustavson 

et al., 1990; Nazareno et al., 1995). Zalcitabine is not highly 
protein bound (Morse et al., 1993).

The plasma half-life (t½) of zalcitabine is 1.2 hours (Klecker 
et al., 1988; Kelley et al., 1987). Glomerular filtration and 
tubular secretion are the predominant pathways for zalcit-
abine clearance (Klecker et al., 1988). Zalcitabine is cleared 
more rapidly in children than in adults (Chadwick et al., 1995). 
The mean volume of distribution of zalcitabine at steady state 
is 0.54–0.64 l/kg (Gustavson et al., 1990).

Zalcitabine penetrates cerebrospinal fluid about threefold 
less than zidovudine (Klecker et al., 1988; Yarchoan et al., 
1988; Yarchoan et al., 1989; Morse et al., 1993; Gibbs and 
Thomas 2002). Zalcitabine crosses the placenta (Bawden et 
al., 1992). There are no significant interactions between zal-
citabine and zidovudine or lamivudine (Meng et al., 1992; 
Cammack et al., 1992).

6. ADVERSE REACTIONS AND TOXICITY

A reversible, painful, dose-related peripheral neuropathy 
occurs in a large proportion of patients usually after 2 months 
of treatment, with increased risk in the elderly and those 
with a low CD4 count (Shelton et al., 1993; Yarchoan et al., 
1988; Dubinsky et al., 1989; Merigan et al., 1989; Skowron et 
al., 1993; Fischl et al., 1995; Idoko et al., 2002; Katlama et al., 
2001; Berger et al., 1993; Arenas-Pinto et al., 2008). 

Zalcitabine has additive to synergistic neurotoxicity when 
combined with didanosine (LeLacheur and Simon, 1991) or 
stavudine (Birkus et al., 2002; Walker et al., 2002a). Zalcita bine 
toxicity to peripheral nerves occurs via inhibiting mitochon-
drial DNA synthesis and function (Feldman et al., 1992; Feng 
et al., 2001; Hanes and Johnson, 2008; Reiss et al., 2004; 
Bjerke et al., 2008; Lewis et al., 1992; Chen and Cheng, 1992; 
Werth et al., 1994; Chen et al., 1991; Ono et al., 1989). The 
mitochondrial DNA toxicity scale is zalcitabine > didanosine 
> stavudine > zidovudine > lamivudine = abacavir = tenofo-
vir (Birkus et al., 2002).

Zalcitabine is associated with pancreatitis in 1% of patients 
(Aponte-Cipriani et al., 1993; Underwood and Frye, 1993). 
Potentially fatal lactic acidosis and steatosis rarely occur 
(Wal ker et al., 2004; Walker et al., 2002b; Walker et al., 
2002a). Thrombocytopenia (Inoue et al., 1989; Yarchoan et 
al., 1988; Merigan et al., 1989) and bone marrow progenitor 
cell toxicity may occur (Johnson et al., 1988; Ullman et al., 
1988; Ganser et al., 1989; Blakley et al., 1990; Lewis et al., 
1992; Hitchcock, 1993; Faraj et al., 1994). 

Mucocutaneous reactions, including oesophageal ulcer-
ation, aphthous stomatitis (Indorf and Pegram, 1992; Yar choan 
et al., 1988; McNeely et al., 1989; Merigan et al., 1989; Pizzo  
et al., 1990), and a dose-related maculopapular eruption 
(McNeely et al., 1989; Merigan et al., 1989), have been reported.

7. CLINICAL USES OF THE DRUG

Zalcitabine was used initially as monotherapy in patients 
with advanced HIV infection who failed or were unable 
to tolerate zidovudine (Yarchoan et al., 1988; Bozzette et al., 
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1995; Fischl et al., 1993; Abrams et al., 1994; Bozzette and 
Richman, 1990; Skowron et al., 1993; Darbyshire et al., 2000; 
Revicki et al., 1999a). 

Zalcitabine was also used in dual-therapy combinations, 
usually with zidovudine (Schooley et al., 1996; Meng et al., 
1990; Meng et al., 1992; Fischl et al., 1995; McLeod and 
Hammer, 1992; Saravolatz et al., 1996), and in early triple- 
therapy regimens (Collier et al., 1996; Katlama et al., 2001; 
Mouroux et al., 2000; Nguyen et al., 1993; Morlat et al., 2000; 
Idoko et al., 2002), showing quality of life benefit (Revicki et 
al., 1999b).

The efficacy of half-dose therapy was studied in a group 
of Thai patients, resulting in suboptimal outcomes in all 
variables studied (Kroon et al., 2000). A pediatric study 
concluded that zalcitabine was safe with some virologic and 
immunologic benefit in children when treated for a short 
period of time (Pizzo et al., 1990).

Zalcitabine is no longer in clinical use in any country 
largely because of its high risk of toxicity (peripheral neurop-
athy in particular) and the need for thrice daily dosing.
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1. DESCRIPTION

Lamivudine is the negative enantiomer of 2′-deoxy-3′- 
thiacytidine, the racemic mixture of the two enantiomers 
previously known as both BCH 189 and GR103365X. It is a 
member of the nucleoside analog reverse transcriptase inhibi-
tor class of antiretroviral drugs. This dideoxynucleoside ana-
log of cytidine is a potent inhibitor of HIV-1 and HIV-2,  
as well as of hepatitis B virus. Lamivudine— manufactured 
by GlaxoSmithKline, approved by the US Food and Drug 
Administration (FDA) approved in 1995, and marketed by 
ViiV Healthcare—is registered for the treatment of HIV-1 
infection and hepatitis B virus infection in a number of coun-
tries. Its trade name is Epivir, but it also comes in a number 
of fixed formulations, including with zidovudine (Combivir), 
with zidovudine and abacavir (Trizivir), and with abacavir 
as a single tablet (Kivexa, Epzicom). A tenofovir–lamivudine 
combination tablet, manufactured by Hetero Drugs in India, 
was approved by the FDA for use outside the USA (US Food 
and Drug Administration, 2009). 

In 2014 a single tablet fixed formulation (Triumeq) con-
taining lamivudine, dolutegravir (an integrase strand transfer 
inhibitor) and abacavir was approved by the FDA for the treat-
ment of HIV-1 (US Food and Drug Administration, 2014). 
This was the first single tablet regimen approved by the FDA 
that did not contain tenofovir. Dutrebis, a fixed-dose combi-
nation containing lamivudine and raltegravir, was approved 
by the FDA in 2015 for use in combination with other antiret-
roviral products in adults and pediatric populations with 
HIV-1 infections (US Food and Drug Administration, 2015).

The molecular weight of lamivudine is 229.3. The chemical 
name of lamivudine is (2R-cis)-4-ammo-1-(2-hydroxymethyl-
1,3-oxathiolan-5-yl)-(1H)-pyrimidin-2–1. The compound has 
the molecular formula C8H11N8O3S. The chemical structure 
of lamivudine differs from that of zidovudine in that a sulfur 
atom replaces the 3′ carbon atom of the ribose (see Figure 
228.1). In addition, lamivudine has a beta-l-sugar configura-
tion and carries a cytosine base moiety. The concentration of 
the drug can be reported in micromols or micro grams per 
milliliter (1 μM is approximately equivalent to 0.2 μg/ml).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

HUMAN IMMUNODEFICIENCY VIRUS

Lamivudine inhibits both HIV-1 and HIV-2 in vitro. 
Depending on the strain of HIV-1, viral inoculum, cell type, 
and assay used, the ranking order within the family of nucle-
oside analog reverse transcriptase inhibitors suggests that 
lamivudine has a potency in vitro similar to or less than that of 
zidovudine (Coates et al., 1992b; Mathez et al., 1993; Schinazi 
et al., 1992), greater than didanosine (Mathez et al., 1993), and 
less than emtricitabine (Hazen and Lanier, 2003). Incor-
pora tion of emtricitabine during HIV-1 reverse transcriptase- 
catalyzed RNA-dependent DNA synthesis is 10-fold more 
efficient than incorporation of lamivudine (Feng et al., 1999). 
This variability in potency, however, depends on cell type 
(Hazen and Lanier, 2003).

The positive and negative enantiomers of 2′-deoxy-3′- 
thiacytidine have equal potency against HIV-1, but the nega-
tive enantiomer (lamivudine) is considerably less toxic (Coates 
et al., 1992a). The half-maximal inhibitory concentration 
(IC50) of lamivudine against HIV-1 in CD4-expressing T-cell 
lines ranges from 4 μM to 0.67 μM, and in primary T-lym-
phocytes the range is from 2.5 to 90 nM (Coates et al., 1992b; 

Figure 228.1. Chemical structure of 2′-deoxy-3′-thiacyti-
dine. (a) (+)-Enantiomer, (b) (–)-Enantiomer (lamivudine).
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see Table 228.1). The IC50 for cytotoxicity in these cells is 
0.5–6 μM (Coates et al., 1992b). The IC90 against HIV-1 in 
primary T-lymphocytes has been reported to be 76 nM (Gray 
et al., 1995). The IC50 and IC90 of lamivudine required to pre-
vent HIV-1 replication in monocyte cell lines (U937) are 120 
and 1100 nM, respectively (Coates et al., 1992b). Lamivudine 
has also been found to inhibit HIV-1 replication in other pri-
mary cells, including fetal brain macrophages (Geleziunas et 
al., 1993).

HEPATITIS B VIRUS

Racemic mixtures of the positive and negative enantiomers 
of lamivudine inhibit the replication of hepatitis B virus in 
2.2.15 cells (derived from transfected HepG2 cells) when 
used at a concentration of 2 μM. Episomal and extracellular 
hepatitis B virus DNA decreased in a dose-dependent manner, 
whereas chromosomally integrated hepatitis B virus DNA was 
unchanged (Doong et al., 1991). When investigated as sepa-
rate stereoisomers in 2.2.1.5 cells, the negative enantiomer was 
found to be more active and less toxic than the positive (Chang 
et al., 1992). The phosphorylated form of lamivudine inhibited 
duck hepatitis B virus replication in primary duck hepatocyte 
cultures by viral polymerase chain termination (Severini et al., 
1995). IC50 values of lamivudine against hepatitis B virus 
depend on the type of assay and cell system used. Transient 
transfection of wild-type hepatitis B virus DNA constructs 
using the HepG2 cell line2 resulted in an IC50 of 49 nM (95% 
confidence interval [CI]: 27–89 nM) (Allen et al., 1998).

OTHER VIRUSES

Simian immunodeficiency virus is sensitive to lamivudine 
(Balzarini et al., 1995). Lamivudine did not inhibit the repli-
cation of herpes simplex virus type 1 and 2, varicella-zoster 
virus, human cytomegalovirus, Epstein-Barr virus, influenza 
virus types A and B, respiratory syncytial virus, and human 
rhinoviruses types 2 and 14. The IC50 for each was > 400 μM 
(Coates et al., 1992b).

2b.  Emerging resistance and 
cross-resistance

HUMAN IMMUNODEFICIENCY VIRUS

Lamivudine-resistant variants of HIV-1 have been demon-
strated following in vitro passage of HIV-1 in the presence of 

increasing concentrations of lamivudine (Boucher et al., 
1993; Tisdale et al., 1993). High-level resistance can occur, 
with IC50 values exceeding that of the wild type by more than 
100-fold (Boucher et al., 1993). Resistance develops after as 
few as 10 passages in vitro, with the resistant strains of HIV-1 
able to replicate in culture media containing > 450 μM lami-
vudine (Boucher et al., 1993). In vitro, emergence of resistant 
strains of lamivudine could be delayed by incubation with 
a combination of nonnucleoside inhibitors (Balzarini et al., 
1996).

Several mutations within the reverse transcriptase encod-
ing region of the pol gene have been found to confer resis-
tance of HIV-1 to lamivudine. Substitution of methionine 
to valine or isoleucine at position 184 (M184V and M184I, 
respectively) results in resistance to lamivudine (Boucher 
et  al., 1993; Faraj et al., 1994; Gao et al., 1993; Gu et al., 
1992; Schinazi et al., 1993) and is the signature mutation 
for  lamivudine resistance. The methionine 184 residue in 
HIV-1 reverse transcriptase is part of the YMDD (tyrosine–
methionine– aspartate–aspartate) motif. Within this motif 
are three aspartic acid residues that make up the poly-
merase active site of the reverse transcriptase enzyme 
(Boyer and Hughes, 1995; Tisdale et al., 1993). M184I 
mutants transiently appear in people receiving lamivudine 
monotherapy before the development of M184V (Schuur-
man et al., 1995; Wainberg et al., 1995). Variants of HIV-1 
that are resistant to lamivudine have lower reverse transcrip-
tase activity than wild type (Back et al., 1996). Viruses with 
M184V or M184I have also been identified before commence-
ment of lamivudine therapy (Babic et al., 2006; Oette et al., 
2004).

Lamivudine-resistant variants of HIV-1 develop within 
days after drug exposure (Kavlick et al., 1995; Schuurman et 
al., 1995; Wainberg et al., 1995), both in vitro and in vivo, and 
in patients exposed to both monotherapy and combination 
therapy (Kuritzkes et al., 2000; Larder et al., 1995; Schuurman 
et al., 1995; Wainberg et al., 1995). Despite the detection of 
lamivudine-resistant variants of HIV-1, a residual beneficial 
effect of lamivudine was seen with HIV-1 RNA remaining 
below baseline in some patients (Pluda et al., 1995; Van 
Leeuwen et al., 1995). Further randomized studies in patients 
with lamivudine-resistant virus showed that continuation of 
lamivudine monotherapy compared with stopping all treat-
ment resulted in a better immunologic and clinical outcome 
(Castagna et al., 2006). However, not all studies have reported 

Table 228.1. Lamivudine IC50 and IC90 values with HIV-1, HIV-2, and HBV.

Cell type

HIV-1 HIV-2 HBV

IC50 IC90 IC50 IC90 IC50 IC90

CD4-expressing T cells 4 nM–0.67 µM 0.032–2.3 µM

Primary T-lymphocytes 2.5–90 nM 76 nM

Monocyte cell line U937 120 nM 1100 nM

CEM (T-lymphocyte cell line) 40 nM 130 nM

HepG2 cell line 49 nM —

Abbreviations: HBV: hepatitis B virus; IC: inhibitory concentration.
Sources: Data compiled from Coates (1992b), Gray (1995), and Allen (1998).
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a clinical benefit with maintenance of lamivudine in patients 
with the M184V mutation (Fox et al., 2006). 

Diminished replication fitness of HIV-1 with the M184V 
mutation has been shown in vitro (Miller et al., 1999; Sharma 
and Crumpacker, 1999) and in clinical studies (Maguire et 
al., 2000). This mutation is associated with alteration of  
several mechanisms related to reverse transcriptase func- 
tion, including decreased reverse transcriptase processivity, 
reduced nucleotide-dependent primer unblocking, increased 
fidelity, and impaired viral fitness (Turner et al., 2004). These 
factors, along with altered sensitivity to other drugs, such as 
zidovudine, and the delayed appearance of thymidine analog 
mutations (TAMs), may explain the residual antiviral effect 
and clinical benefit observed with continued use of lamivu-
dine after the emergence of M184V. Other mutations that 
may affect lamivudine resistance include I132M, a rare 
 mut ation in reverse transcriptase, which is associated with 
high-level resistance to nonnucleoside reverse transcriptase 
inhibi tors nevirapine and delavirdine but is associated with 
marked hypersusceptibility to lamivudine and tenofovir 
(Ambrose et al., 2009).

Lamivudine-resistant in vitro–derived isolates remain sus - 
ceptible to didanosine and stavudine (Boucher et al., 1993; 
Miller et al., 1998; Tisdale et al., 1993), but have reduced  
sensitivity to abacavir by four- to eightfold (Miller et al., 1998). 
The presence of the M184V mutation and a single TAM has 
not been shown to result in decreased drug susceptibility to 
didanosine and abacavir (Ross et al., 2004), but in the setting 
of multiple TAMs, significant resistance to abacavir can 
result (Lanier et al., 2004; Tisdale et al., 1997). The presence 
of the M184V mutation itself may delay the accumulation 
of TAMs (Ait-Khaled et al., 2002; Averbuch et al., 2006), and 
the presence of M184V along with TAMs is associated with 
less resistance to zidovudine or stavudine when compared 
with TAMs alone (Ait-Khaled et al., 2002).

Entecavir, approved for the treatment of hepatitis B infec-
tion, has been reported to partially inhibit HIV-1 replication 
in vivo and in vitro. Entecavir appears to select for the same 
M184V mutation and has no activity against the M184V 
mutation in vitro (McMahon et al., 2007).

In the presence of the M184I/V mutation, resensitization 
to some drugs, including zidovudine, stavudine, and tenofo-
vir, has been observed even in the presence of a TAM (Ross 
et al., 2004). The introduction of the M184I/V mutation into 
zidovudine-resistant variants of HIV-1 that have mutations 
at codons 41 and 215 of reverse transcriptase resulted in an 
increase in susceptibility of the virus to zidovudine by 50-fold 
(Boucher et al., 1993). Viral recombination after cellular 
fusion in vitro may also potentially give rise to variants of 
HIV-1 that are dually resistant to both zidovudine and lami-
vudine (Gu et al., 1995), although co-resistance was not 
observed by other investigators during in vitro studies (Lar-
der et al., 1995). Dual resistance to lamivudine and zidovu-
dine has been observed in clinical studies despite the delayed 
emergence of zidovudine-resistant mutations with combination 
therapy compared with zidovudine monotherapy (Kuritzkes 
et al., 2000). A population study of patients receiving zidovu- 

dine plus lamivudine showed that the most common muta-
tions mediating clinical resistance were M41L, K70R, 184V, 
and T215F/Y (Theys et al., 2010). It is interesting that when 
comparing patients who failed tenofovir-emtricitabine therapy 
with those failing tenofovir–lamivudine K70R (p = 0.002), 
M184V (p = 0.031), T215F (p = 0.020), and Y181C (p = 0.005) 
emerged significantly more frequently in lamivudine-treated 
than in emtricitabine-treated patients (Maserati et al., 2010). 
The presence of the M184V mutation also increases sus- 
ceptibility to tenofovir in vitro (Miller et al., 1999; White  
et al., 2002). In addition, reversion of the M184V mutation  
in simian immunodeficiency virus reverse transcriptase is 
selected by tenofovir even in the presence of lamivudine 
(Murry et al., 2003).

There have been no reports to date of the develop- 
ment antiviral resistance in 144 weeks of followup in clinical 
trials of the single-tablet regimen dolutegravir–abacavir–
lamivudine (Walmsley et al., 2015). In vitro, the presence  
of the lamivudine-resistance associated M184I/V mutation 
together with the dolutegravir-resistance associated muta-
tion R263K decreased viral infectiousness compared to 
R263K alone (Singhroy et al., 2015).

HEPATITIS B VIRUS

Lamivudine-resistant duck hepatitis B virus polymerase 
mutants were initially generated by site-directed mutagene-
sis that replaced a methionine with a valine at codon 512 and 
were resistant to lamivudine at concentrations up to 40 μg/
ml (approx. 200 μM) (Fischer and Tyrrell, 1996).

Lamivudine-resistant hepatitis B virus variants were first 
reported in hepatitis B virus-infected individuals who had 
received long-term lamivudine therapy after orthotopic liver 
transplantation (Bain et al., 1996). Similar to lamivudine- 
resistant HIV-1, mutations were observed in the highly con-
served YMDD motif in domain C of the polymerase gene, a 
reverse transcriptase (rt). Sequencing showed that lamivu-
dine-resistant hepatitis B virus was secondary to a single 
mutation in which methionine was substituted for either 
valine or isoleucine at codon 204 (rtM204V/I), an analog to 
lamivudine-resistant HIV-1 (Bartholomew et al., 1997; Ling 
et al., 1996; Tipples et al., 1996). Molecular modeling has 
suggested the resistance of hepatitis B virus mutants to lami-
vudine is based on steric conflict between a branched methyl 
group present in isoleucine–valine at rt204, and a sulfur atom 
in the oxathiolane ring of lamivudine triphosphate (Das et 
al., 2001).

The rtM204V/I variants were then described in immuno-
competent individuals chronically infected with hepatitis B 
virus who had received 52 weeks’ lamivudine therapy (Hon-
koop et al., 1997). One of the first large randomized, con-
trolled trials (RCTs) of lamivudine for the treatment for 
chronic hepatitis B infection reported an incidence of YMDD 
hepatitis B virus mutations in 14% of the cohort after 52 
weeks of therapy (Lai et al., 1998). The prevalence of 
 lamivudine-resistant hepatitis B virus increases significantly 
with the duration of treatment (Lai et al., 2003). After dis-
continuation of lamivudine, lamivudine-resistant hepatitis B 
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virus is rapidly replaced by wild-type hepatitis B virus (Chayama 
et al., 1998).

Subsequently, other lamivudine-associated mutations have 
been described in hepatitis B virus. Replacement of a methi-
onine by leucine in domain B of the polymerase (rtL180M) 
was observed in association with the rtM204V in individuals 
receiving lamivudine (Allen et al., 1998; Niesters et al., 1998). 
Another hepatitis B virus polymerase mutation, rtV173L 
(valine → leucine), was then described in combination with 
rtM204V and rtL180M, with a frequency ranging from 9%  
to 22% (Delaney et al., 2003). Because the polymerase and 
envelope reading frames overlap, this triple mutant in hepa-
titis B virus polymerase led to amino acid substitutions in the 
envelope gene and lowered in vitro binding affinity of hepati-
tis B virus envelope to antihepatitis B virus surface antibody 
(Torresi, 2002). These drug-resistant triple mutants could 
therefore potentially act as vaccine escape mutants (Locarnini 
et al., 2003).

Lamivudine resistance in HIV-hepatitis B virus-co-infected 
individuals has also been observed. The recommended dos-
age of lamivudine is higher for HIV than for hepatitis B virus 
monoinfection (300 and 100 mg/day, respectively). The first 
report was in nine HIV-hepatitis B virus-co-infected indi-
viduals receiving lamivudine therapy (mean 17 months of 
therapy). The mutations included the rtM204V/I in associa-
tion with the rtL180M (Thibault et al., 1999). The incidence 
of lamivudine-resistant hepatitis B virus variants receiving 
300 mg/day lamivudine was reported on average at 20% per 
year (Benhamou et al., 1999; Pillay et al., 2000; Wolters et al., 
2002). When lamivudine had been used long term as part of 
a combined antiretroviral regimen in co-infected individu-
als, rtM204I, rtM204V/I with rtL180M, and the triple muta-
tion rtM204V with rtL180M and rtV174L were all observed, 
with overall prevalence of lamivudine-resistant mutations up 
to 94% after 4 years of therapy (Cooley et al., 2003; Matthews 
et al., 2006). A similar rate of 80% has been recently reported 
in a Chinese cohort after 96 weeks of lamivudine-containing 
combination therapy (Gu et al., 2015). Addition of tenofovir 
to a lamivudine-containing regimen is associated with per-
sistence of lamivudine-resistance mutations (mean time receiv-
ing tenofovir 13.5 months; range: 3–23 months) (Audsley  
et al., 2009). It is important that immune-associated S  
gene HBV mutations (sP120S/T, sG145A/K/R), also termed 
vaccine escape mutations, have been observed in up to 10% 
in the French HIV–HBV cohort study after 36 months of 
 lamivudine-containing therapy, although this was reduced 
with increasing time on tenofovir (Lacombe et al., 2013). 

Adefovir disoproxil has similar efficacy in vitro against 
wild-type and the four major lamivudine-resistant strains of 
hepatitis B virus (rtL180M + rtM204V; rt173L + rtL180M + 
rtM204V; rtM204I; rtL180M + M204I) (Yang et al., 2005). 
However, other in vitro data have suggested that adefovir is 
less active against the lamivudine triple-mutant rt173L + 
rtL180M + rtM204V (Lai et al., 2006) the clinical setting, 
adefovir has been effective against lamivudine-resistant hep-
atitis B virus alone or in combination, with on-going lamivu-
dine treatment in both hepatitis B virus monoinfection and 

HIV/hepatitis B virus coinfection (Benhamou et al., 2001; 
Perrillo et al., 2004; Peters et al., 2004; see Chapter 255, Ade-
fovir dipivoxil).

Telbivudine has high-level cross-reactivity with lamivu-
dine-resistant hepatitis B virus strains in vitro (Yang et al., 
2005; see Chapter 256, Telbivudine). The signature mutation 
associated with telbivudine resistance is rtM204I, which is 
one of the major lamivudine mutations and was detected in 
6.8% of participants receiving telbivudine in a phase III trial 
(Lai et al., 2007). Primary analysis of data has been reported 
from a clinical trial in patients who had received 3–12 months 
of lamivudine therapy and were then randomly assigned to  
a telbivudine switch or to remain on lamivudine. At week 24, 
those receiving telbivudine had a significantly greater reduc-
tion in hepatitis B virus DNA than those who continued on 
lamivudine (Safadi et al., 2007).

Lamivudine-resistant hepatitis B virus has reduced sus-
ceptibility to entecavir in vitro (Yang et al., 2005). Inhibition 
of replication of lamivudine-resistant hepatitis B virus in 
vitro required an increase in the concentration of entecavir 
between 20- and 30-fold (Levine et al., 2002; see Chapter 
254, Entecavir). Development of entecavir resistance requires 
preexisting lamivudine-resistant hepatitis B virus reverse 
transcriptase substitutions M204V and L180M, plus addi-
tional changes at T184, S202, or M250 (Tenney et al., 2004; 
Tenney et al., 2007). A phase III trial of entecavir treatment 
(1 mg/day) of lamivudine-resistant hepatitis B virus reported 
that switching to entecavir for 48 weeks resulted in greater 
improvement in liver histology, normalization of alanine 
aminotransferase (ALT) levels, and reduction in hepatitis B 
virus viral load compared with lamivudine alone for 48 weeks 
(Sherman et al., 2006). However, individuals infected with 
lamivudine-resistant hepatitis B virus have a poorer clinical 
response to entecavir with increased frequency of entecavir 
resistance over time (Colonno et al., 2007; Pap atheodoridis 
et al., 2008; Tenney et al., 2007).

2c.  In vitro synergy and antagonism

Lamivudine is synergistic with a number of antiretrovirals 
against HIV, including zidovudine, stavudine, didanosine, 
saquinavir, indinavir, and nevirapine (Bridges et al., 1996; 
Mathez et al., 1993; Merrill et al., 1996; Snyder et al., 2000). No 
antagonism has been found between tenofovir, abacavir, or 
darunavir, and lamivudine in vitro (De Meyer et al., 2005; 
Ray et al., 2005). Antagonism was observed when ribavirin 
was combined with lamivudine in in vitro studies of HIV-1 
(Margot and Miller, 2005).

3. MECHANISM OF DRUG ACTION

Lamivudine triphosphate inhibits HIV-1 replication via 
competitive inhibition of HIV-1 reverse transcriptase. Chain 
termination occurs when lamivudine triphosphate is incor-
porated into the growing DNA chain in place of deoxycyti-
dine triphosphate (Arts and Wainberg, 1994; Hart et al., 1992). 
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Like didanosine, lamivudine produces higher ratios of dide-
oxycytidine triphosphate than deoxycytidine triphosphate in 
resting cells than in activated cells and is thus more potent 
against HIV-1 in resting cells (Gao et al., 1994).

Lamivudine inhibits hepatitis B virus replication by act-
ing as a chain terminator of DNA polymerase (a reverse tran-
scriptase of hepatitis B virus) activity (Severini et al., 1995). 
The deoxycytidine deaminase-resistant (−) enantiomer of 
2′3′-dideoxy-3′-thiacytidine (lamivudine) is the active stereo- 
isomer that inhibits the replication of hepatitis B virus 
(Chang et al., 1992; Doong et al., 1991; Mansour et al., 1995). 
Lamivudine inhibits the reverse transcription of pregenomic 
RNA to form the hepatitis B virus minus-strand DNA (Sum-
mers and Mason, 1982). In addition, lamivudine suppresses 
the replication of duck hepatitis B virus in primary hepato-
cyte cultures and leads to a reduction of hepatitis B virus 
DNA in the serum of hepatitis B virus infected chimpanzees 
and ducks (Severini et al., 1995; Tyrrell et al., 1993).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Lamivudine is available in an oral formulation (150- or 100-
mg tablets), an intravenous solution (10 mg/ml), and in a 
liquid pediatric formulation. It is also available in combina-
tion with zidovudine as a single tablet (Combivir), with aba-
cavir as a single tablet (Kivexa, Epzicom), and in combination 
with both zidovudine and abacavir as a single tablet (Trizivir). 
The generic formulation triomune (containing lamivudine, 
stavudine, and nevirapine) has been compared with brand 
formulations and found to not be statistically bioequivalent, 
with a mildly reduced maximum concentration (Cmax) and 
area-under-the-concentration-time curve (AUC0–12), although 
exposures were comparable (Byakika-Tusiime et al., 2008).

4a.  Adults

PATIENTS WITH HIV INFECTION

The recommended dose of lamivudine in adults is 4 mg/kg/
day in two divided doses (for those weighing < 50 kg), or 150 
mg twice daily. Alternatively, lamivudine can be given as a 
single daily dose of 300 mg.

PATIENTS WITH HEPATITIS B VIRUS INFECTION

The recommended dose of lamivudine for adults with chronic 
hepatitis B virus (HBV) monoinfection and normal renal 
function is 100 mg/day (Lok and McMahon, 2007).

PATIENTS WITH HIV–HBV CO-INFECTION

The recommended dose of lamivudine for HIV-HBV co- 
infected individuals is 300 mg/day—that is, the dose required 
for treatment of HIV-1. Lamivudine should not be used as 
monotherapy in the setting of co-infection to avoid the selec-
tion of both lamivudine-resistant HIV-1 and hepatitis B virus 
variants (Nunez and Soriano, 2005; Soriano et al., 2005).

4b.  Newborn infants and children

PATIENTS WITH HIV INFECTION

The recommended dose in children is higher than in adults 
because of lower bioavailability (see section 5a, Bio availa-
bility). In children aged 3 months to 12 years, the recom-
mended daily dose is 8 mg/kg daily in two divided doses. 
Lamivudine is available in a liquid formulation and has been 
safely administered to children in the first 6 weeks of life 
(Mirochnick et al., 2005). Limited data are available regard-
ing once-daily dosing in children.

In a study combining four clinical trials of HIV-1-exposed 
or-infected infants, pharmacokinetic modeling found that 
lamivudine clearance doubled by 28 days and that dose 
adjustment was required at this time from 2 to 4 mg/kg every 
12 hours in infants with normal maturation of their renal 
function to provide optimal lamivudine exposure (Tremoulet 
et al., 2007). The recommended dose in neonates is 2 mg/kg 
twice daily increasing to 4 mg/kg twice daily at 1 month of 
age (up to a maximum of 150 mg twice daily).

A study comparing 8 mg/kg once daily versus 4 mg/kg 
twice daily in children aged 2–13 years demonstrated a sim-
ilar AUC between the two dosing regimens (Bergshoeff et al., 
2005), but currently, once-daily dosing is recommended 

only in adolescents older than 16 years and > 50 kg in weight 
(Panel on Antiretroviral Therapy and Medical Management 
of HIV-Infected Children, 2015).

PATIENTS WITH HBV INFECTION

In children with chronic hepatitis B virus monoinfection, the 
recommended dose is 3 mg/kg/day up to a maximum dose 
of 100 mg/day (Lok and McMahon, 2007).

4c.  Pregnant and lactating mothers 

No dosage changes are required for women during pregnancy 
or lactation. See the standard doses in Section 4a, Adults.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

In limited studies of adult patients with impaired renal func-
tion, there is an increase in the AUC, Cmax, and half-life pro-
portional to the decrease in creatinine clearance.

Thus the dosage of lamivudine should be modified in 
patients with renal impairment (see Table 228.2). In a study 
of HIV-1-infected and -uninfected individuals, there was an 
increase in half-life from 11.5 hours in those with normal 
renal function to 20.7 hours in those with severe renal impair-
ment (Heald et al., 1996). Patients with end-stage renal dis-
ease, who receive continuous ambulatory peritoneal dialysis 
(CAPD), automated peritoneal dialysis, or hemodialysis, 
require no supplemental dosing and should follow standard 
dosing reductions for patients with renal dysfunction (Asari 
et al., 2007; Johnson et al., 1998).
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PATIENTS WITH IMPAIRED HEPATIC FUNCTION

There is no evidence that dose modification is necessary in 
individuals with hepatic impairment.

ELDERLY PATIENTS

There have not been any pharmacokinetic studies in the 
elderly, and there are no recommendations by the manufac-
turer to modify dose in this age group.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The mean oral bioavailability of lamivudine in adults was 
assessed in a phase I open-label study of 20 asymptomatic 
HIV-1-infected individuals and found to be 82% (Van Leeu-
wen et al., 1992). In pediatric patients with HIV-1 infection 
(ages ranging from 4.8 months to 16 years, weight ranging 
from 5 to 66 kg), the absolute bioavailability was found to be 
lower than that in adults (66 ± 26% vs. 86 ± 16%). The half-
life is shorter than that in adults (2.0 ± 0.6 and 3.7 ± 1 hours, 
respectively) (Burger et al., 2007). Thus the recommended 
dose in children is higher.

Bioequivalence studies have been performed for the 
fixed-dose combinations of lamivudine–zidovudine (Moore 
et al., 1999), lamivudine–zidovudine–abacavir (Yuen et al., 
2001), and nevirapine–lamivudine–stavudine (Monif et al., 
2006). All these formulations were bioequivalent in the extent 
(AUC) and rate of absorption (Cmax and tmax) to the individual 
brand name drug components (Table 228.3). These fixed-
dose combinations of lamivudine, stavudine, and nevirapine 
have also been used clinically, and followup data to 2 years 
demonstrate adequate safety and efficacy (Laurent et al., 
2007). In studies comparing a once-daily regimen to twice 
daily, once-daily lamivudine was well tolerated, and key 
AUC-related parameters demonstrated pharmacokinetic 
equivalence (Yuen et al., 2004). The pharmacokinetics of 
lamivudine in pregnant women is similar to that in nonpreg-
nant adults.

Despite food slowing the rate of absorption, tmax, and Cmax, 
this was not considered clinically significant. Therefore, these 

combinations can be taken without regard to food (Johnson 
et al., 1999).

5b.  Drug distribution

The concentration of lamivudine in plasma can be measured 
by using automated high-performance liquid chromatogra-
phy–tandem mass spectrometry. This method was developed 
and validated to separate, detect, and quantify lamivudine 
along with other commonly used antiretrovirals, such as 
 zidovudine, stavudine, didanosine, abacavir, and nevirapine 
(Com pain et al., 2005; Mistri et al., 2007).

Single oral doses of lamivudine show linearity over the 
dose range 0.25–10 mg/kg. With chronic dosing, oral lami-
vudine (2 mg/kg twice daily) results in a peak serum concen-
tration (Cmax) of 1.5 ± 0.5 μg/ml, with both Cmax and AUC 
increasing linearly over the dose range of 0.25–10 mg/kg. 
The tmax was 1–1.5 hours in the majority of patients (Johnson 
et al., 1999). Steady-state levels are achieved by day 15 of oral 
therapy. Trough plasma levels have been reported as 0.7 μM 
(0.14 μg/ml) (St. Clair et al., 1995).

In a dose-ranging pharmacokinetic study, the Cmax and 
AUC demonstrated linear pharmacokinetics over single 
doses of 0.25–10 mg/kg administered intravenously (Mueller 
et al., 1998).

In pediatric patients with HIV-1 infection (ages ranging 
from 4.8 months to 16 years, weight ranging from 5 to 66 kg), 
the Cmax is 1.1 ± 0.6 μg/ml. The systemic clearance decreases 
with increasing age. The AUC for children receiving the rec-
ommended dose of 8 mg/kg daily and adults receiving the 
recommended adult dose of 4 mg/kg daily were similar. 
Lamivudine pharmacokinetic parameters were related to age, 
with a study suggesting the age of 6 years to be a cutoff for a 
change in pharmacokinetic parameters of lamivudine (with 
children younger than 6 years having a median AUC 43% 
lower and a median Cmax 47% lower than older children) 
(Burger et al., 2007).

Lamivudine is widely distributed into total body fluid. 
The mean volume of distribution of lamivudine in 20 asymp-
tomatic HIV-infected patients was 96 l, with a mean clear-
ance of 24 l/hour (Hussey et al., 1994). The volume of 
distribution has been found to be independent of the dose 
and to not correlate with body weight.

Compared with other antiretroviral agents, the rank order 
of highest to lowest genital tract concentrations relative to 
blood plasma at steady state are lamivudine (concentrations 
achieved were 411% greater than blood plasma), emtricit-
abine (395%), zidovudine (235%) tenofovir (75%), ritonavir 
(26%), didanosine (21%), atazanavir (18%), lopinavir (8%), 
abacavir (8%), stavudine (5%), and efavirenz (0.4%) (Dumond 
et al., 2007).

In pregnant women, lamivudine has similar maternal 
serum, amniotic fluid, umbilical cord, and neonatal serum 
levels. In a study of 57 pregnant women receiving lamivudine 
as part of their antiretroviral therapy, maternal blood, cord 
blood, and amniotic fluid samples correlated with fetal con-
centrations, and the median concentration in the amniotic 

Table 228.2. Adjustment of dosage of lamivudine in accordance 
with creatinine clearance.

Creatinine 
clearance  
(ml/minute) Recommended dosage of lamivudine

> 50 150 mg twice daily

30–49 150 mg once daily

15–29 150 mg first dose, then 100 mg once daily

5–14 150 mg first dose, then 50 mg once daily

< 5 50 mg first dose, then 25 mg once daily

Reprinted with permission from lamivudine product information, Glaxo 
Wellcome.
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fluid was five times higher than that in maternal plasma 
(Man   delbrot et al., 2001b). Lamivudine freely crosses the 
placenta and is secreted in breast milk (Moodley et al., 1998). 
Lamivudine was found in higher concentrations in human 
breast milk than serum (Shapiro et al., 2005). In a recent 
study, the median breast milk concentration of lamivudine 
in 67 women treated with lamivudine, zidovudine, and nevi-
rapine from 34 weeks’ gestation to 6 months postpartum was 
1214 ng/ml, significantly higher than zidovudine (14 ng/ml) 
and less than nevirapine (4546 ng/ml) (Mirochnick et al., 
2009).

In animal studies, the ratio of lamivudine in cerebrospinal 
(CSF) compared with plasma is higher in lumbar CSF than 
ventricular CSF following an i.v. dose of 20 mg/kg (mean 
of 0.41 and 0.08, respectively) (Blaney et al., 1995). Studies 
of lamivudine penetration of CSF in adults reported a high 
degree of variability with CSF/plasma ratios (%) ranging 
from 4% to 8% (Van Leeuwen et al., 1995) to 6% to 38% 
(Fou draine et al., 1998). When compared with other nucleo-
side reverse transcriptase inhibitors in the same study, the 
CSF/plasma concentration ratio for zidovudine was greater 

than for lamivudine (Foudraine et al., 1998). In a phase I/II 
pediatric dose escalation trial, the CSF/plasma ratio ranged 
from 0% to 40%, with CSF concentrations increasing pro-
portionally to the dose (Lewis et al., 1996; Muel ler et al., 
1998).

In studies in which HIV-1-infected and -uninfected periph-
eral blood lymphocytes were incubated with drug for 4 
hours, the triphosphate derivative of lamivudine comprised 
> 40% of the total intracellular concentration of lamivudine 
(Cammack et al., 1992). The intracellular half-life of lamivu-
dine triphosphate ranges from 10.5 to 15.5 hours (Cammack 
et al., 1992). There is a linear relationship between the extra-
cellular and intracellular concentrations of lamivudine up to 
an extracellular concentration of 10 μM (Gray et al., 1995).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Similar to many other antiretroviral agents, there are few 
data specifically correlating the pharmacokinetic and phar-
macodynamic features of lamivudine with its clinical efficacy, 

Table 228.3. Lamivudine pharmacokinetic data.

Study Population Dosage AUCa Cmax
a

tmax 

(hours) t½ (hours)

Van Leeuwen et al. (1992) (5 dose levelsb) adults, n = 20 4.0 mg/kg 9.23 µg/h/ml 2.65 µg/ml 1.2 —

Burger et al. (2007) children, n = 51 4.0 mg/kg

 ≤ 6 years old (n = 17) 3.71 µg/h/ml 0.98 µg/ml 2.0 3.27

 ≥ 7 years old (n = 34) 6.54 µg/h/ml 1.84 µg/ml 1.5 3.05

Moore et al. (1999) adults, n = 24 150 mg 3TC/300 
mg AZT

 Combined tablet, fasting 6.14 µg/h/ml 1.62 µg/ml 0.91 9.98

 Single component tablets, fasting 6.37 µg/h/ml 1.74 µg/ml 0.91 9.79

 Combined tablet, with food 6.04 µg/h/ml 1.37 µg/ml 1.86 10.52

Yuen et al. (2001) adults, n = 24 300 mg ABC/150 
mg 3TC/300 mg 
AZT

 Combined tablet, fasting 7.31 µg/h/ml 3.29 µg/ml 0.96 1.69

 Single component tablets, fasting 7.39 µg/h/ml 3.23 µg/ml 0.74 1.68

 Combined tablet, with food 6.57 µg/h/ml 2.28 µg/ml 1.93 1.96

Monif et al. (2006) adults, n = 37 200 mg NVP/150 
mg 3TC/30 mg 
d4T 

 Combined tablet, fasting 5.95 µg/h/ml 1.47 µg/ml — —

 Single component tablets, fasting 5.84 µg/h/ml 1.49 µg/ml — —

Yuen et al. (2004) adults, n = 60 total 300 mg

 150 mg twice daily 9.21 µg/h/ml 1.19 µg/ml 1.19 —

 300 mg once daily 8.70 µg/h/ml 1.97 µg/ml 1.09 —

Dumond et al. (2007) adult women,  
 n = 13

300 mg 3TC once 
daily (part of ART 
regimen)

 Blood plasma levels 8.79 µg/h/ml — — —

 Genital tract levels 26.3 µg/h/ml — — —

aThe units for the numerical values for AUC and Cmax have been changed from the original report for consistency with other parameters in this table.
bA total of five dose levels were evaluated; results presented are from the 4 mg/kg arm. 
Abbreviations: AUC: area-under-the-concentration-time curve; Cmax: maximum serum concentration; tmax: time to Cmax; t½: time required for 50% of drug to be 

absorbed/eliminated; 3TC: lamivudine; AZT: zidovudine; ABC: abacavir; NVP: nevirapine; d4t: stavudine; ART: antiretroviral.
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although it is presumed that such efficacy correlates with 
adequate serum and tissue concentrations.

5d.  Excretion

The mean elimination half-life after a single oral dose of 
lami vudine ranges from 4 to 8 hours (Bruno et al., 2001). The 
majority (approximately 70%) of an oral dose of lamivudine 
is excreted unchanged in urine (Van Leeuwen et al., 1992). 
After a single oral dose of lamivudine, the only identified 
metabolite was the trans-sulfoxide derivative, which is also 
cleared by the kidneys, accounting for 5.2% of the dose 
excreted in the urine. Because systemic clearance is predom-
inantly through the renal system, hepatic impairment does 
not affect the pharmacokinetics.

5e.  Drug interactions

Co-administration with zidovudine, didanosine, stavudine, 
abacavir, tenofovir, or nevirapine is not associated with a 
change in the pharmacokinetics of lamivudine (Bergshoeff  
et al., 2005; Kearney et al., 2004), and no toxicities are likely 
as a result of lamivudine co-administration with these drugs. 
Lamivudine would not be expected to interact with the  
protease inhibitors because these interactions are usually 
mediated by cytochrome P450 (CYP) 3A4 enzyme inhibi- 
tion or induction (Barry et al., 1999). Co-administration of  
trimethoprim-sulfamethoxazole with lamivudine has been 
reported to cause an increase in the lamivudine AUC by 43% 
and reduced renal clearance of the drug by 31% (Sabo et al., 
2000).

6. ADVERSE REACTIONS AND TOXICITY

The (–) enantiomer of racemic 2′-deoxy-3′-thiacytidine is 
considerably less toxic than the (+) enantiomer, although 
they are equipotent against HIV-1 and HIV-2 (Coates et al., 
1992a). Lamivudine is associated with relatively few adverse 
reactions.

In an open-label phase I trial of lamivudine in 20 asymp-
tomatic HIV-1-infected people, the main adverse event was 
mild headache (Van Leeuwen et al., 1992). In two phase I/II 
trials of lamivudine (0.5–20 mg/kg daily) in patients with 
AIDS or advanced HIV-1 infection as well as those at earlier 
stages of disease, the only reported symptoms were mild 
headache, insomnia, nausea, diarrhea, and abdominal pain, 
and a trend toward a lower neutrophil count in patients 
receiving the higher doses (Pluda et al., 1995; Van Leeuwen 
et al., 1995). When used in combination with zidovudine in 
patients with predominantly asymptomatic HIV-1 infection, 
adverse events were comparable to those encountered with 
zidovudine monotherapy and of similar incidence (Eron et 
al., 1995).

When lamivudine was used in adult patients with chronic 
hepatitis B virus infection, the drug was well tolerated in 
doses of up to 300 mg/day, with only minor non-dose-related 
adverse reactions reported. Alterations in laboratory tests 

were rarely associated with symptoms, and usually resolved 
with continuation of therapy. These included elevations in 
serum lipase (in 12%) and amylase (in 6%) and transient ele-
vations in creatinine kinase (in 12%). There were no reported 
cases of acidosis, anion gap, myopathy, hepatic decompensa-
tion, or renal impairment (Dienstag et al., 1995).

6a.  Lactic acidosis, pancreatitis, and  
severe hepatomegaly

Lactic acidosis and severe hepatomegaly with steatosis, includ-
ing fatal cases, have been reported with the use of nucleoside 
analogs alone or in combination, including lamivudine and 
other antiretrovirals (Arenas-Pinto et al., 2003). Lamivudine 
has been reintroduced to patients successfully after initial 
cessation of their therapy, particularly in cases of symptom-
atic hyperlactatemia or lactic acidosis in which the toxicity 
is associated with stavudine or didanosine (Lonergan et al., 
2003). While pancreatitis has been reported in association 
with lamivudine use in pediatric patients (discussed later in 
this section), only 9 of 2613 adult patients (0.3%) who 
received lamivudine in clinical trials EPV20001, NUCA3001, 
NUCB 001, NUCA3002, NUCB3002, and B3007 developed 
pancreatitis (lamivudine, product information).

The manufacturer currently recommends that pediatric 
patients with a history of pancreatitis or other significant risk 
factors for the development of pancreatitis should use lami-
vudine with caution. This is based on data from a pediatric 
study in which 14% of the 97 children receiving lamivudine 
monotherapy developed pancreatitis, 3 of whom died (Lewis 
et al., 1996). Increased rates of pancreatitis were not reported 
in a recent study of a large cohort of children treated with 
lamivudine for chronic hepatitis B virus infection (Jonas et 
al., 2008).

6b.  Mitochondrial toxicity

Lamivudine is a weak inhibitor of cellular alpha, beta, and 
gamma DNA polymerases (Hart et al., 1992; Sommadossi et 
al., 1992). Lamivudine demonstrated the least inhibitory activ-
ity of the nucleoside reverse transcriptase inhibitors (zido-
vudine, stavudine, and tenofovir) against DNA polymerases in 
cells from the myeloid lineage (Cihlar et al., 2002). Although 
lamivudine has been shown to inhibit mitochondrial DNA 
(mtDNA) synthesis in T-cell lines, this occurs only when 
cells are incubated with 500 μM lamivudine, 10-fold higher 
than the concentration required to inhibit mtDNA synthesis 
by zidovudine and didanosine (50 μM). The potency for 
inhibition of mtDNA synthesis by the nucleoside reverse 
transcriptase inhibitors tested in vitro for changes in mtDNA 
levels in human hepatoblastoma cells, skeletal muscle cells, 
or renal proximal tubule epithelial cells are didanosine > 
stavudine > zidovudine > lamivudine = abacavir = tenofovir, 
with similar relative effects in the three cell types (Birkus et 
al., 2002). In a similar study, mtDNA replication in human 
HepG2 hepatoblastoma cells was assessed with nucleoside 
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reverse transcriptase inhibitors at concentrations of 0.3–300 
μM (De Baar et al., 2007). Tenofovir had no effect on the 
mtDNA content. In contrast, didanosine and stavudine mark-
edly reduced mtDNA content, whereas abacavir, emtricit-
abine, lamivudine, and zidovudine produced slight increases 
in mtDNA, which may reflect an adaptive cellular response 
to mitochondrial dysfunction (De Baar et al., 2007).

6c.  Carcinogenicity and mutagenicity

Data from long-term carcinogenicity studies are not yet 
available. Based on disposition data, the rat is closest to the 
human and thus most likely the most appropriate animal 
model for toxicity studies. Lamivudine was mutagenic in 
some in vitro studies but did not induce chromosomal dam-
age in bone marrow cells in rats receiving up to 2000 mg/kg. 
In studies of mice treated neonatally, a significant increase in 
thymidine kinase gene mutation was associated with zidovu-
dine use alone or in combination with lamivudine but not 
in the group exposed to lamivudine alone (Von Tungeln et 
al., 2002). In contrast, in vitro exposure of human lympho-
blastoid cells to lamivudine alone resulted in mutants in 
hypoxanthine–guanine phosphoribosyltransferase (HPRT) 
and thymidine kinase enzymes after 3 days, and the fre-
quency of mutations was enhanced with the zidovudine–
lamivudine combination compared with single-drug exposure 
(Torres et al., 2007). In utero exposure of CD-1 mice to 
 lamivudine–zidovudine combination also resulted in HPRT 
mutations in T-cells (Torres et al., 2007). In reproductive 
studies in rats, lamivudine at doses of 45 mg/kg demon-
strated some hepatic toxicity (Pontes et al., 2006).

7. CLINICAL USES OF THE DRUG

Overall, lamivudine is an excellent antiretroviral drug with 
low toxicity and a resistance profile that makes it useful  
in combination with other nucleoside analog reverse tran-
scriptase inhibitors for the treatment of HIV-1; including 
zidovudine-resistant HIV. Lamivudine is also useful in com-
bination with other drugs for the treatment of hepatitis B 
virus infection, with combination therapy reducing the inci-
dence of resistance.

7a.  HIV-1 infection: general issues

Lamivudine is not indicated as monotherapy for the treat-
ment of HIV-1 infection, owing to limited efficacy and rapid 
development of resistance. In current clinical practice, lami-
vudine is predominantly used in combination with other 
nucleoside (nucleotide) analogs, such as zidovudine, tenofo-
vir, or abacavir, together with either a protease inhibitor or 
nonnucleoside reverse transcriptase inhibitor. Pivotal regis-
tration studies for lamivudine as combination therapy included 
the randomized controlled trials NUCA 3001 and NUCB 
3001 in antiretroviral-naive patients and NUCA 3002 and 
NUCB 3002 in antiretroviral-experienced patients (detailed 
in section 7b, HIV infection: combination therapy in adults).

PHASE I/II STUDIES WITH EARLY EFFICACY DATA

In a phase I/II dose-ranging study of lamivudine in 97 
patients with advanced HIV-1 disease (median CD4 count at 
entry 128/μl), lamivudine monotherapy (in doses of 8 mg/kg 
daily or greater) was associated with a transient immuno-
logic and virologic benefit (Pluda et al., 1995). In a phase I/II 
substudy involving 20 patients with asymptomatic or mildly 
symptomatic HIV-1 infection treated with lamivudine (0.5–
20 mg/kg daily), there was approximately a 70% decline in 
HIV-1 RNA and p24 antigen in plasma when measured 3 
days after commencing therapy, with a nadir (95% reduction 
in viral load or a more than 1.3 log10 reduction) recorded 1–2 
weeks after commencing therapy (Schuurman et al., 1995).

7b.  HIV-1 infection: combination  
therapy in adults

Trials assessing the use of lamivudine in combination with 
other agents in adult patients are summarized in Table 228.4.

ANTIRETROVIRAL-NAIVE PATIENTS

Two pivotal RCTs (NUCA 3001 and NUCB 3001) in anti-
retroviral-naive patients demonstrated superiority of com-
bination therapy (zidovudine and lamivudine) compared to 
monotherapy in terms of sustained decline in plasma HIV-1 
RNA and mean increase in CD4 counts above baseline. The 
majority of participants were asymptomatic, with a median 
CD4 count of 352 cells/μl and 260 cells/μl, respectively (Eron 
et al., 1995; Katlama et al., 1996; Staszewski, 1995).

ANTIRETROVIRAL-EXPERIENCED PATIENTS

Two important RCTs (NUCA 3002 and NUCB 3002) in 
antiretroviral-experienced patients demonstrated superiority 
of combination therapy with zidovudine and lamivudine in 
terms of mean log reduction of HIV-1 RNA and increase in 
CD4 count above baseline. Development of resistance (to 
both zidovudine and lamivudine or lamivudine alone) was 
common (Johnson et al., 1995; Stas zewski, 1995; Staszewski 
et al., 1996).

The NUCB 3007 (Caesar) study was a randomized con-
trolled double-blind trial comparing the efficacy and safety 
of lamivudine monotherapy versus lamivudine and loviride 
(an antiviral drug used in clinical trials in the 1990s, but that 
failed to gain marketing approval) versus placebo in the 
treatment of adults with HIV-1 infection with 25–250 CD4 
cells/μl who were concurrently taking zidovudine as mono-
therapy or in combination with either zalcitabine or dida-
nosine. The duration of the study was 52 weeks, with a 
52-week extension during which all patients were offered 
open-label lamivudine and loviride. A total of 1892 patients 
were enrolled into the study, with a median CD4 count on 
study entry of 131 cells/μl. At baseline, 62% were taking con-
current zidovudine monotherapy. Disease progression or death 
was significantly lower for the lamivudine recipients (9%) 
than for placebo (20%) (p < 0.0001). Patients who received 
lamivudine also had a higher increase in CD4 cell counts and 
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greater reductions in plasma HIV-1 RNA. This study was 
stopped after an interim analysis because of the clear clinical 
benefits of lamivudine combination therapy. The use of lovir-
ide did not provide any additional clinical benefit over the 
addition of lamivudine (Cooper et al., 1997).

TRIPLE-COMBINATION REGIMENS

Since publication of the studies just discussed, lamivudine 
has been evaluated in the context of many different antiretro-
viral combinations. Clinical trials using combinations with 
protease inhibitors have included nelfinavir (Gartland and 
Avanti Study Group, 2001), indinavir (Avanti Study Group, 
2000; Staszewski et al., 1999), amprenavir–ritonavir (Bartlett 
et al., 2006), fosamprenavir–ritonavir (Eron et al., 2006), and 
lopinavir–ritonavir (Eron et al., 2006). Triple combinations 
with nonnucleoside reverse transcriptase inhibitors nevirap-
ine and efavirenz have demonstrated sustained virologic and 
immunologic responses (Robbins et al., 2003; Staszewski et 
al., 1999; Van Leth et al., 2004).

Trials of treatment with lamivudine as a part of a triple 
nucleoside reverse transcriptase inhibitor regimen have  
had mixed results. Initial studies of abacavir–lamivudine– 
zidovudine demonstrated equivalence to a protease inhibitor 
and two nucleoside reverse transcriptase inhibitor combina-
tions in antiretroviral-naive (Staszewski et al., 2001) and anti-
retroviral-experienced patients (Katlama et al., 2003). However, 
the combination containing lamivudine– tenofovir–abacavir 
reported a high rate of failure and is now not recommended 
(Hoogewerf et al., 2003). Similarly, three nucleosides were 
shown to be inferior to two (or three) nucleoside reverse 
transcriptase inhibitors combined with a non-nucleoside 
reverse transcriptase inhibitor (Gulick et al., 2004).

Lamivudine as part of a fixed combination with abacavir 
has been compared with its individual components and found 
to be noninferior (Lamarca et al., 2006; Sosa et al., 2005). 
Lamivudine–abacavir did not meet the noninferiority outcome 
(treatment failure for any reason, intention-to-treat analysis) 
in a simplification trial that switched HIV-suppressed partic-
ipants (n = 333) on lamivudine-containing regimens to either 
lamivudine–abacavir or tenofovir– emtricitabine (Martinez et 
al., 2009). This was possibly due to the greater proportion of 
participants discontinuing due to adverse events in the lami-
vudine–abacavir arm, as none had been routinely screened 
for HLA-B*5701 (Martinez et al., 2009). Confliciting results 
have been reported on the efficacy of abacavir–lamivudine  
in treatment-naive individuals. Sax and colleagues (2009) 
reported that virological failure was associated with receiv-
ing lamivudine–abacavir in those participants with higher 
baseline HIV RNA, whereas Smith and colleagues (2009) 
found that no difference in the proportion of those with viro-
logical failure regardless of baseline HIV levels (Achenbach 
et al., 2010).

A fixed-dose combination of lamivudine with dolutegra-
vir and abacavir was compared with combination therapy of 
once-daily efavirenz–tenofovir–emtricitabine in a random-
ized, double-blind phase III trial (the SINGLE study) over 48 
weeks of treatment in 833 treatment-naive adults with HIV-1 

infection (Walmsley et al., 2013). At week 48, the dolutegravir–
abacavir–lamivudine group had a higher proportion of par-
ticipants with HIV RNA < 50 copies/ml, a shorter median time 
to viral suppression, greater increases in CD4 T-cell counts, 
and less discontinuation of therapy due to adverse events. No 
antiviral resistance was detected in the dolutegravir– abacavir–
lamivudine group (Walmsley et al., 2013). More recently, 
results from weeks 96 and 144 of the SINGLE study have 
shown that dolutegravir–abacavir–lamivudine remained non - 
 inferior to efavirenz–tenofovir–emtricitabine, and the main 
driver of noninferiority continued to be the safety profile of 
dolutegravir–abacavir–lamivudine (Walmsley et al., 2015). 
There was no antiviral resistance observed in the dolutegra-
vir–abacavir–lamivudine group throughout 144 weeks of 
followup (Walmsley et al., 2015). Results and baseline demo-
graphics were grouped and analyzed for HIV-positive indi-
viduals (n = 2139) in three dolutegravir phase III studies 
(SPRING-2, SINGLE, and FLAMINGO) (Raffi et al., 2015). 
No significant difference in efficacy (HIV RNA < 50 copies/
ml at week 48) was observed between the two different back-
bones (dolutegravir–abacavir–lamivudine and dolutegra vir–
tenofovir–emtricitabine). Pregnant women were excluded 
from these studies.

QUADRUPLE-COMBINATION REGIMENS

Quadruple therapy containing lamivudine has been studied, 
with most studies showing no difference to standard triple 
therapy (Gulick et al., 2006; Orkin et al., 2005). In a pilot 
study of lamivudine–abacavir–zidovudine and tenofovir in 
antiretroviral-naive patients, a high rate of premature dis-
continuations contributed to the suboptimal virologic response 
(Elion et al., 2006).

SIMPLIFICATION OF ANTIRETROVIRAL THERAPY 
REGIMENS

Simplification enables better adherence via reduction in pill 
burden, reduces drug–drug interactions and toxicities, and 
can provide a cost benefit (Vitoria et al., 2014). Lamivudine 
has been included in number of trials investigating sim-
plified regimens in both treatment-naive and experienced 
individuals. The GARDEL study, a randomized open-label 
noninferiority trial, compared efficacy of treatment between 
dual therapy (ritonavir boosted lopinavir and lamivudine) 
and triple therapy (ritonavir boosted lopinavir, lamivudine, 
and one other NRTI that was selected by the site investigator) 
in treatment-naive individuals (n = 426) (Cahn et al., 2014). 
Dual therapy was noninferior to triple therapy, as assessed by 
proportion of those with virological response rate at 48 weeks. 

Week 24 results from the ATLAS-M study (n = 266) 
showed that dual therapy consisting of ritonavir-boosted 
atazanavir with lamivudine was noninferior to ritonavir- 
boosted atazanavir with two NRTIs in HIV-suppressed, 
treatment-experienced individuals (Fabbiani et al., 2014). 
The SALT study, a randomized open-label noninferiority 
trial, compared ritonavir-boosted atazanavir with lami-
vudine to ritonavir-boosted atazanavir and two NRTIs 
(selected by the site investigators) in treatment-experienced, 
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fully suppressed (HIV RNA < 50 copies/ml for 12 months) 
individuals (n = 286) (Perez-Molina et al., 2015). Dual ther-
apy was noninferior to triple therapy, including sensitivity 
analyses. 

These results have been supported by data from the FREE 
and OLE trials (Arribas et al., 2015; Sprenger et al., 2015). 
The FREE trial involved an initial induction stage in which 
treatment-naive individuals (n = 207) received ritonavir- 
boosted lopinavir with lamivudine and zidovudine. Those 
who achieved viral suppression (HIV RNA < 50 copes/ml  
by weeks 12–24) were then randomized to remain on the 
protease inhibitor (PI) inclusive regimen (n = 59) or to switch 
to abacavir–lamivudine–zidovudine (n = 120) (Sprenger et 
al., 2015). Virological response to abacavir–lamivudine– 
zidovudine was noninferior at week 96, at both HIV RNA < 
400 copies/ml and at < 50 copies/ml. In the OLE trial, partic-
ipants (n = 250) who were virologically suppressed (HIV 
RNA< 50 copies/ml for at least 6 months) and on a stable 
regimen of ritonavir-boosted lopinavir, lamivudine, and one 
other NRTI for at least 2 months were randomized to remain 
on triple therapy or to switch to ritonavir-boosted lopinavir 
and lamivudine. Dual therapy was noninferior to triple ther-
apy, based on maintenance of HIV suppression (< 50 copies/
ml) at 48 weeks of treatment. The PADDLE study examined 
the antiviral efficacy, safety, and tolerability of 48 weeks of 
dual therapy with lamivudine and dolutegravir in treat-
ment-naive HIV-positive individuals (n = 20); the results at 
24 weeks were recently reported. A similar decline in HIV 
RNA was observed after 24 weeks of lamivudine and dolute-
gravir dual therapy compared to previously reported anti-
retroviral therapy with three agents (Figueroa et al., 2015; 
Sued et al., 2016). 

Given that simplification regimens have generally not been 
successful using a PI alone (Arribas et al., 2014), it appears 
that lamivudine plays an important role in these strategies. 
The mechanism of why lamivudine is indeed so effective in 
this setting, in both treatment-naive and -experienced indi-
viduals, remains unclear. 

PATIENTS WITH THE MI84I/V MUTATION

The M184I/V mutation renders HIV-1 less fit and may increase 
susceptibility to other antiretrovirals, such as zidovudine or 
tenofovir. In HIV-1-infected adults failing a lamivudine- 
containing regimen with an M184I/V mutation there have 
been randomized studies to continue or discontinue lami-
vudine. One study reported no added virologic or immu-
nologic benefit of continuing lamivudine (Fox et al., 2006). 
However, other studies of HIV-1-infected patients harboring 
lamivudine-resistant virus reported better immunologic and 
clinical outcome with continuation of lamivudine than com-
plete therapy interruption (Castagna et al., 2006).

In a nonrandomized study of interruption to reverse tran-
scriptase inhibitor therapy, subjects had a rapid increase in 
HIV-1 RNA levels and subsequent loss of the M184/V muta-
tion, suggesting that continuation of lamivudine might main-
tain a drug-resistant viral population with reduced fitness 
(Deeks et al., 2005).

7c.  HIV-1 infection: pregnant women  
and neonates

The effects of lamivudine on reduction of mother to child 
transmission of HIV-1 has been studied extensively (see 
Table 228.4). The Agence Nationale de Recherches sur le 
SIDA (ANRS) 075 study, a nonrandomized trial of the addi-
tion of lamivudine to zidovudine therapy from 32 weeks’ ges-
tation, to delivery, and postpartum to the neonate, reported 
severe adverse effects and emergence of resistance to lamivu-
dine in 52/132 women (Mandelbrot et al., 2001a). The most 
common serious adverse effects in children were neutrope-
nia and anemia, requiring blood transfusion in 9 of 437 and 
premature cessation of treatment in 19 of 437. Two unin-
fected children died at one year as a result of neurologic com-
plications related to mitochondrial toxicity (Mandelbrot et 
al., 2001a). A similar single-arm, open-label, prospective, 
non  randomized study was also conducted, although lamivu-
dine was not given to the neonate. This study reported that 
zidovudine plus lamivudine appeared to be safe and effective 
for prevention of perinatal transmission of HIV-1 (Chaisil-
wattana et al., 2002).

A randomized placebo-controlled trial of three different 
regimens of zidovudine and lamivudine was performed in 
breastfeeding women. Treatment with zidovudine and lami-
vudine from 36 weeks’ gestation, intrapartum, and for 7 days 
postpartum to the infant and mother effectively reduced the 
combined end point of infant mortality and HIV infection at 
6 weeks postdelivery. This outcome was similar for treatment 
with zidovudine and lamivudine intrapartum and postpar-
tum only, although the efficacy of both these regimens was 
reduced by 18 months of followup (Petra Study Team, 2002).

Lamivudine in combination with zidovudine and nevi-
rapine has also been studied in resource-limited settings in 
breastfeeding women to assess reduction of mother to child 
transmission of HIV-1 during breastfeeding. The Mitra Plus 
study was an open-label nonrandomized cohort study in 
which women were treated with zidovudine, lamivudine, 
and nevirapine at 34 weeks of gestation and then continued 
for 6 months postpartum to measure the effect on HIV-1 
transmission via breastfeeding (Kilewo et al., 2009). In the 
Mitra Plus study the cumulative risk of HIV transmission 
up to 6 months after delivery (5%; interquartile range [IQR]: 
2.9–7.1) was approximately half that observed in the breast-
fed infants up to 6 months of age in the Petra trial arm A 
(11.9%; IQR: 7.9–15.8) (Kilewo et al., 2009; Petra Study 
Team, 2002). Similar findings have been reported from ran-
domized controlled studies evaluating infant nevirapine pro-
phylaxis continued for 6 months, versus continuation of 
maternal antiretroviral therapy (including lamivudine) ver-
sus a control group (Chasela et al., 2010; Jamieson et al., 
2012). In this study the use of maternal antiretroviral therapy 
or infant nevirapine for 28 weeks was effective in reducing 
HIV transmission during breastfeeding. In a small study of 
66 women administered antiretroviral therapy for prophy-
laxis of HIV transmission via breastfeeding (all of whom  
had lamivudine in their regimen) there was no reported 
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emergence of resistance mutations in breastmilk (Palombi  
et al., 2012). Breastmilk/plasma concentration ratios were 
0.6 for zidovudine, lamivudine, and nevirapine compared 
with 1.0 for stavudine and 0.4 for lopinavir (Palombi et al., 
2012). Lamivudine levels in the infant blood samples were 
very low (median 18 ng/ml; IQR: 7–35) and no correlation 
was found between drug concentrations and infant hemato-
logical parameters.

Lamivudine has also been studied as an additional agent 
to infant postpartum antiretroviral regimens to prevent intra- 
partum HIV transmission. A randomized controlled study 
of formula-fed infants whose mothers did not receive ante-
natal antiretroviral therapy because of late diagnosis were 
assigned to zidovudine alone; zidovudine and nevirapine (two-
drug group); or zidovudine, nelfinavir, and lamivudine for 2 
weeks (three-drug group) (Nielsen-Saines et al., 2012). Pro-
phylaxis with either two drugs or three drugs was more effec-
tive than zidovudine alone; however, the three-drug regimen 
was associated with greater toxicity.

Resistance mutations to lamivudine have also been reported 
in women receiving short courses to prevent mother to child 
HIV-1 transmission (Clarke et al., 1999; Giuliano et al., 2003). 
Lamivudine use has also been associated with the rapid 
development of lamivudine-resistant strains in up to 40% of 
women at 6 weeks postdelivery (Mandelbrot et al., 2001a). 
The emergence of lamivudine-resistant hepatitis B virus has 
also been reported in pregnant women co-infected with hep-
atitis B and HIV receiving antiretroviral treatment for pre-
vention of mother to child transmission (Galluzzo et al., 2012). 

7d.  HIV-1 infection: children and adolescents

The Pediatric AIDS Clinical Trials Group (PACTG) Protocol 
300 assessed the efficacy of three different antiretroviral reg-
imens in children aged 6 weeks to 15 years of age; lamivudine 
and zidovudine, didanosine alone, or didanosine and zidovu-
dine. Combination therapy with zidovudine and lamivudine 
or zidovudine and didanosine was superior to didanosine 
alone based on clinical and laboratory measures. Weight and 
height growth rates, CD4 cell counts, and HIV-1 RNA con-
centrations showed results favoring zidovudine and lamivu-
dine (Mckinney et al., 1998).

The addition of lamivudine to established stable antiretro-
viral regimens in HIV-1-infected children was assessed in a 
randomized placebo-controlled trial. At 24 weeks, the CD4 
cell count was greater in the lamivudine group by a median 
of 47 cells/μl and HIV-1 RNA was lower by 0.30 log10 copies/
ml (p = 0.03 and 0.002, respectively, compared with the pla-
cebo arm) (Paediatric European Network for Treatment of 
AIDS, 1998).

Fixed-drug combinations of two reverse transcriptase 
inhib itor regimens (abacavir and lamivudine, lamivudine 
and zidovudine, or zidovudine and abacavir) with and with-
out the addition of a protease inhibitor (nelfinavir) have also 
been studied in the pediatric population (Paediatric Euro-
pean Network for Treatment of AIDS, 2002). The primary 
end point was a change in HIV-1 RNA. Children had a median 

CD4 percentage of 22% and a mean HIV-1 RNA concentra-
tion of 5.0 log10 copies/ml. At 48 weeks in the zidovudine–
lamivudine, zidovudine–abacavir, and lamivudine–abacavir 
groups, mean HIV-1 RNA had decreased by 1.71, 2.19, and 
2.63 log10 copies/ml, respectively (p = 0.02 after adjustment 
for baseline factors) (Paediatric European Network for Treat-
ment of AIDS, 2002). The virologic superiority of lamivudine 
and abacavir over zidovudine–abacavir and lamivudine– 
zidovudine was maintained beyond 5 years of age (Green et 
al., 2007). A total of 113 children from the PENTA 5 study 
were involved in a substudy to evaluate the evolution of  
phenotypic and genotypic resistance patterns. Selection of 
lamivudine-resistant virus was most frequent, followed by 
nel  finavir and/or abacavir. In contrast, selection of zidovu-
dine-resistant virus was rare (Gibb et al., 2002).

Lamivudine was also studied in early aggressive treatment 
of HIV-1-infected infants (under 3 months of age) in combi-
nation with stavudine, nevirapine, and nelfinavir (Luzuriaga 
et al., 2004). In this phase I/II trial, improved long-term viral 
suppression was associated with starting therapy at 3 months 
or younger. A recent randomized clinical trial compared 
com mencement of antiretroviral therapy according to CD4 
percentage and clinical symptoms (the WHO guidelines) ver-
sus initiation before 12 weeks of age. This study reported a 
75% reduction in mortality with initiation of antiretroviral 
therapy before 12 weeks of age (Violari et al., 2007).

7e.  Postexposure prophylaxis for HIV-1

Lamivudine is used frequently as part of combination ther-
apy for postexposure prophylaxis (PEP) because it has excel-
lent tolerability and achieves high concentrations in the 
female genital tract compared with plasma after the first dose 
(Dumond et al., 2007; see section 5b, Drug distribution). A 
Cochrane review of PEP in the occupational setting did not 
identify any randomized controlled studies and only one 
case-control study providing evidence for using zidovudine 
monotherapy (Young et al., 2007). However, most interna-
tional guidelines include lamivudine in recommended PEP 
regimens (Almeda et al., 2004; Smith et al., 2005). Lamivudine 
remains part of the preferred backbone regimen recom-
mended by the World Health Organization (2014) for HIV 
PEP in adults, adolescents and children aged 10 years and 
younger. No studies have been performed with lamivudine 
as part of preexposure prophylaxis regimens.

7f.  Hepatitis B virus infection

Lamivudine is useful for the treatment of hepatitis B virus 
infection. Although monotherapy can provide reduction in 
hepatitis B viral load, this effect is not sustained, and combi-
nation therapy is required to prevent the emergence of resis-
tance (Scott and McMahon, 2009). In a meta-analysis of 16 
randomized controlled trials (considered to be underpow-
ered) involving 4431 patients, antiviral therapy was not asso-
ciated with a positive clinical outcome. Moderate quality 
evidence from two additional randomized controlled studies 
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enrolling 318 patients suggested that lamivudine therapy was 
associated with loss of HBeAg. In further studies, pegylated 
interferon-alpha2a when given with lamivudine improved 
HBeAg loss and/or ALT normalization when compared with 
lamivudine alone (Shamliyan et al., 2009). In a meta-analysis 
of 20 randomized controlled trials (8 in HBeAg-negative and 
15 in HBeAg-positive chronic HBV) treatment efficacy at 48 
weeks was greatest with tenofovir in HBeAg-positive chronic 
hepatitis B (CHB) and tenofovir and entecavir in HBeAg-
negative CHB (Woo et al., 2010). Table 228.5 summarizes  
the clinical trials of lamivudine use in nonpregnant adults 
infected with hepatitis B virus.

PHASE I/II STUDIES

A preliminary trial of lamivudine for chronic hepatitis B 
virus infection reported that daily doses of both 100 and 300 
mg suppressed hepatitis B virus DNA to undetectable levels 
(< 4.8 × 105 copies/ml) within 12 weeks (Dienstag et al., 
1995). When used as prophylaxis pre- and post-liver trans-
plantation, lamivudine (100 mg/day) suppressed hepatitis B 
virus DNA replication; however, lamivudine-resistant vari-
ants developed in some individuals on longer-term therapy 
(Bain et al., 1996; Grellier et al., 1996). In a cohort of Chinese 
HbeAg-positive individuals (n = 42), hepatitis B virus DNA 
was suppressed (< 3.0 × 106 copies/ml) after 4 weeks of lami-
vudine therapy, although hepatitis B virus DNA returned to 
pretreatment levels within 3 weeks of treatment cessation 
(Lai et al., 1997). A 6-month dose-ranging study in chronic 
hepatitis B virus infection confirmed earlier data that 100 mg 
lamivudine once daily was well tolerated and suppressed 
hepatitis B virus DNA to undetectable levels (< 4.8 × 105 cop-
ies/ml) (Nevens et al., 1997). Longer-term lamivudine ther-
apy was well tolerated and significantly reduced hepatitis B 
virus DNA replication and ALT; however, by 12 months of 
treatment, 27–68% of individuals had evidence of lamivu-
dine resistance (Hadziyannis et al., 2000; Tassopoulos et al., 
1999).

In addition to suppression of hepatitis B virus DNA, suc-
cessful treatment of hepatitis B virus is also measured by the 
proportion of individuals who undergo hepatitis B virus 
early antigen (HBeAg) or hepatitis B surface antigen (HBsAg) 
seroconversion. HBeAg seroconversion and HBeAg loss after 
lamivudine increased from 8% to 21% following an extended 
(18-month) period of lamivudine retreatment (Dienstag et 
al., 1995; Dienstag et al., 1999).

LAMIVUDINE MONOTHERAPY TRIALS

A placebo-controlled, randomized clinical trial of lamivu-
dine in chronic hepatitis B virus infection reported that 
lamivudine 100 mg/day for 52 weeks led to improved 
hepatic necroinflammatory scores and reduction in progres-
sion of fibrosis (Lai et al., 1998). In addition, HBeAg sero-
conversion, suppression of hepatitis B virus DNA replication 
(< 4.8 × 105 copies/ml), and normalization of ALT levels was 
observed in 16%, 98%, and 72% of individuals, respectively. 
The incidence of YMDD virus mutants was 14% after 1 year. 
A 2-year extension of this trial reported that after a total of 

3 years of lamivudine therapy HBeAg seroconversion, sup-
pression of hepatitis B virus DNA replication (< 4.8 × 105 
copies/ml), and normalization of ALT levels were observed in 
40%, 56%, and 49% of individuals, respectively. Lamivudine-
resistant hepatitis B virus was detected in 57% of the cohort 
after 3 years (Leung et al., 2001).

A multicenter, placebo-controlled, randomized, double- 
blind clinical trial of lamivudine (100 mg/day) for 5 years in 
chronic hepatitis B virus infection and advanced liver disease 
demonstrated that lamivudine decreased liver disease pro-
gression, and reduced the rates of hepatocellular carcinoma 
and hepatic decompensation (Liaw et al., 2004). Lamivudine-
resistant hepatitis B virus was detected in 49% of individuals 
and individuals with lamivudine-resistant hepatitis B virus 
were more likely to have an increase in the Child-Pugh score 
and die for reasons related to clinical end points than those 
who did not develop lamivudine resistance (Liaw et al., 
2004). However, it is important to note that all clinical end 
points were more frequent in the placebo group than in the 
lamivudine arm or in those who developed lamivudine resis-
tance (Liaw et al., 2004).

A Japanese group assessed whether combination therapy 
with lamivudine and adefovir would be effective for patients 
with lamivudine-resistant HBV strains (Inoue et al., 2011). 
Although there was excellent evidence of efficacy (92% with 
undetectable HBV DNA after 4 years of therapy), one patient 
developed multidrug resistant HBV. The authors caution the 
use of that combination in such patients. Adefovir mono-
therapy was also partially effective initially for lamivudine- 
resistant strains of HBV (49% virologic response), but 
resulted in a high incidence (65%) of virologic breakthrough 
due to resistant variants (Lee et al., 2010). Entecavir mono-
therapy of these patients was also relatively unsuccessful, 
with a virologic response of only 45% and with 36% of treated 
patients developing entecavir-resistant HBV strains (Karino 
et al., 2010).

COMBINATION TREATMENT WITH  
INTERFERON-ALPHA/PEGYLATED-INTERFERON

Interferon-alpha is a cytokine with antiviral and immune 
system modulation effects that has been used in the treat-
ment of chronic hepatitis B virus monoinfection since the 
early 1990s (Asselah et al., 2005; Thomas et al., 2003; see 
Chapter 260, Interferon alpha). Interferon-alpha treatment 
of HbeAg-positive individuals resulted in higher rates of 
HBsAg and HBeAg seroconversions and undetectable levels 
of hepatitis B virus DNA than in control groups (Wong et al., 
1993). The combination of interferon-alpha (10 × 106 units, 
administered three times per week s.c.) and lamivudine 
treatment (100 mg/day, orally) improved the rates of HBeAg 
seroconversion most effectively in those with moderately 
elevated ALT levels at baseline (Schalm et al., 2000). In this 
study, the total length of treatment was 24 weeks, which 
included lamivudine alone for the first 8 weeks followed by 
16 weeks of combination therapy. A pilot study of combined 
lamivudine–interferon-alpha treatment (lamivudine alone 
for 8 weeks followed by combination therapy for 44 weeks) 
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for children with chronic hepatitis B virus infection reported 
HBeAg seroconversion in 22% and undetectable levels of 
hepatitis B virus DNA (< 4.8 × 105 copies/ml) in 78% of indi-
viduals (D’antiga et al., 2006).

A multicenter randomized partially double-blinded study 
of either pegylated interferon (PEG-interferon) monother-
apy, PEG-interferon and lamivudine combination therapy, 
or lamivudine monotherapy for 48 weeks in HBeAg-positive 
individuals reported that PEG-interferon monotherapy and 
combination therapy were superior to lamivudine mono-
therapy (Lau et al., 2005). Rates of HBeAg and HBsAg sero-
conversion and sustained virologic and biochemical responses 
to treatment were all higher in the PEG-interferon mono-
therapy and combination therapy treatment arms. There were 
no statistically significant differences between the responses to 
PEG-interferon monotherapy and PEG-interferon–lamivudine 
therapy. A similar study in HBeAg-negative monoinfected 
individuals also found PEG-interferon monotherapy and 
PEG-interferon–lamivudine combination therapy superior 
to lamivudine monotherapy, again with no statistically sig-
nificant differences between the responses to PEG-interferon 
monotherapy and PEG-interferon–lamivudine therapy (Mar - 
cellin et al., 2004). Pretreatment ALT and hepatitis B virus 
DNA levels, age, gender, and hepatitis B virus genotype have 
all been identified in multivariate analyses to be significantly 
associated with response rates to PEG-interferon monother-
apy and PEG-interferon–lamivudine treatment in HBeAg-
negative individuals (Bonino et al., 2007).

CLINICAL TRIALS IN PREGNANCY

Lamivudine treatment during the last 4 weeks of pregnancy 
was initially demonstrated to prevent perinatal transmission 
in three pregnant women (Nunen et al., 2000). Two of the 
infants were HBsAg-positive at birth, but all were negative at 
followup to 12 months. All infants had undetectable hepatitis 
B virus DNA. Long-term lamivudine therapy failed to pre-
vent perinatal transmission in a case report of one female 
who had received lamivudine for 21 months before delivery 
(Kazim et al., 2002). Of children born to eight hepatitis B 
virus–infected pregnant women receiving lamivudine before 
delivery (range: 6–40 days), one (12.5%) remained HBsAg and 
hepatitis B virus DNA positive at 12 months of age (Zon neveld 
et al., 2003). In another cohort, no perinatal transmission of 
hepatitis B virus was observed in 12 children born to hepatitis 
B virus–infected pregnant women receiving lamivudine before 
delivery to followup at 12 months of age (Su et al., 2004).

Lamivudine treatment for hepatitis B virus during preg-
nancy was found to be safe in a large cohort of 150 pregnant 
women, 56 of whom received lamivudine in the third trimes-
ter (Li et al., 2003). Perinatal transmission was reported in 
16% of the neonates at birth, but there was no followup after 
delivery (Li et al., 2003). A more recent study found that lam-
ivudine administered in late pregnancy to highly viremic 
mothers can reduce hepatitis B virus transmission to infants 
who also receive passive/active immunization with recombi-
nant hepatitis B virus vaccine and hepatitis B immunoglobu-
lin (Xu et al., 2009).

Soon after Xu and co-workers (2009) published their 
paper, a meta-analysis and systematic review reported on six 
randomized controlled trials examining lamivudine therapy 
in late pregnancy to interrupt in utero transmission of hepa-
titis B (Shi et al., 2010). Compared with placebo, newborns 
in the treatment group had a 10.7–23.7% lower incidence 
of being hepatitis B surface antigen and/or hepatitis B DNA 
positive soon after birth and a 12.7–33.2% lower incidence of 
being hepatitis B surface antigen and HBV DNA positive at 
9–12 months of age (although only two of the trials reported 
HBV DNA at this later time point). Subsequent to this report, 
a further meta-analysis of lamivudine in late pregnancy 
identified 15 randomized controlled trials including 1693 
mothers (Han et al., 2011). Treatment was efficacious in 
reducing mother to child transmission of hepatitis B (relative 
risk [RR]: 0.33, 95% CI: 0.21–0.53) in mothers with a viral 
load < 106 copies/ml after treatment, but was no longer sig-
nificant in mothers who did not achieve a viral load < 106 
copies/ml after lamivudine treatment (Han et al., 2011). It  
is important that the comparator was receipt of hepatitis  
B immunoglobulin, not the combination of hepatitis B vac-
cine and hepatitis B immunoglobulin. The incidence of 
adverse events was not higher in mothers who received lami-
vudine compared with controls.

Lamivudine use late in pregnancy to reduce perinatal 
transmission has also been compared to telbivudine in highly 
viremic mothers (HBV DNA levels > 106 copies/ml) (Zhang 
et al., 2014). At week 52 in an intention to treat analysis 2.2% 
of infants from the treatment group were hepatitis B surface 
antigen positive compared with 7.6% in the no treatment 
group (p = 0.001). There was no difference in the rate of hep-
atitis B surface antigen positivity between the telbivudine 
arm and the lamivudine arm. The on treatment analysis 
reported no transmissions in the treated group versus a rate 
of 2.84% in the no treatment group. Similar to other studies, 
no safety concerns were identified. 

Many of the clinical studies have not reported on the exis-
tence or emergence of resistance mutations with short treat-
ment courses of lamivudine during pregnancy in women 
with a high hepatitis B DNA. A study using four technologies 
to detect drug resistance found that only ultra-deep pyrose-
quencing was sufficiently sensitive to detect minor viral vari-
ants down to < 1% (Ayres et al., 2014). This study showed 
that lamivudine therapy resulted in increased viral quasispe-
cies diversity and positive selection of hepatitis B variants 
with amino acid substitutions in reverse transcriptase at sites 
associated with primary lamivudine resistance (rtM204I/V 
and rtA181T). 

CLINICAL TRIALS IN CHILDREN AND ADOLESCENTS

Hepatitis B runs an asymptomatic course in most children so 
a conservative approach is often followed. However, lamivu-
dine has been evaluated. A dose-ranging study of lamivudine 
in children aged 2–12 years showed that maximum antiviral 
effect was achieved with a dose of 3 mg/kg body weight 
administered once daily (Sokal et al., 2000). Lamivudine was 
well tolerated and no significant adverse events were reported. 
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A randomized, double-blind, placebo-controlled clinical trial 
of lamivudine in children aged 2–17 years showed a higher 
rate of virologic response in those receiving 52 weeks of 
lamivudine treatment than in the placebo group (Jonas et al., 
2002). Lamivudine treatment was associated with higher rates 
of HBeAg seroconversion, normalization of ALT levels, and 
inhibition of hepatitis B virus DNA (< 7 × 105 copies/ml) in 
26%, 55%, and 61% of individuals, respectively. Lamivudine-
resistant hepatitis B virus was observed in 19% of children 
receiving lamivudine after 52 weeks of treatment. Long-term 
(up to 4years) lamivudine therapy did not result in hepatitis 
B virus DNA clearance, ALT normalization, and HBeAg 
seroconversion in all children, although histologic improve-
ment was observed when pre- and on-treatment liver biop-
sies were compared (Ozgenc et al., 2004). Hepatitis B virus 
DNA became detectable in 67% of the cohort after 4–5 years 
of lamivudine treatment. An open-label 24-month extension 
(Sokal et al., 2006) of a 52-week lamivudine placebo- 
controlled clinical trial (Sokal et al., 2000) reported an inci-
dence of lamivudine-resistant mutations of 64% by the end 
of the 24 months. HBeAg loss and hepatitis B virus DNA 
suppression (< 7 × 105 copies/ml) were observed after 24 and 
36 months of treatment in 30% and 24% of children, respec-
tively (Sokal et al., 2006). The optimal length of treatment 
and durability have not been elucidated, despite demonstra-
tion of safety and efficacy in the short term. A group of 151 
children who received up to 3 years of lamivudine treatment 
were enrolled and randomized to either lamivudine or pla-
cebo and were followed for an additional 2 years. In those 
who achieved virological response, defined as HBeAg nega-
tive and undetectable HBV DNA by the end of three years, 
the durability of HBeAg seroconversion was 82% and > 90%, 
respectively, in those who had received lamivudine for at 
least 2 years (Jonas et al., 2008). Safety data for this study was 
favorable with no effect of treatment on weight or height. 

The long-term therapeutic response to lamivudine in 
children has also been compared to interferon-alpha (Choe 
et al., 2007). A small number of children (n = 40) treated 
with lamivudine were compared to an even smaller number 
of historical controls treated with interferon (n = 19). Followup 
at 2 years after initiation of treatment demonstrated higher 
HBeAg seroconversion in the lamivudine-treated group (65%) 
compared with the interferon-treated group (37%). Sero-
conversion rates were also higher in the younger age group 
(< 7 years). 

Predictors of HBeAg seroconversion in response to lami-
vudine therapy in children has also been examined. In one 
study of 81 children and adolescents who received at least 
6  months of lamivudine therapy, HBeAg seroconversion 
occurred in 49 participants (60.5%) (Hong et al., 2013). In 
65 children monitored for 2 years, seroconversion rates were 
significantly higher in younger individuals, especially those 
younger than 6 years of age and in those with a higher pre-
treatment ALT. A similar observational study from Korea 
demonstrated seroconversion rates of HBeAg of 42% in 60 
children, but with the highest rate in individuals between  
the ages of 6 and 12 years. Similar to the Study by Hong, pre- 

treatment ALT was a positive predictive factor for serocon-
version of HBeAg and HBV-DNA on regression analysis (Koh 
et al., 2007). 

7g.  Coinfection with HIV-1 and  
hepatitis B virus

The efficacy of lamivudine in individuals co-infected with 
HIV and hepatitis B virus was initially examined in a retro-
spective substudy of the CAESAR trial (Dore et al., 1999). 
This study randomized individuals 1:2:1 to placebo, lamivu-
dine (150 mg twice per day), or lamivudine (150 mg twice 
per day) with loviride (100 mg three times per day) in addi-
tion to a current HIV-1 treatment regimen. About 7 % of the 
total study population was HIV-hepatitis B virus co-infected 
(122/1895), of this group 25 received placebo and 97 lami-
vudine (± loviride). Hepatitis B virus DNA was suppressed  
(< 71.4 IU/ml) over the 52-week study period in 40% of 
those receiving lamivudine. There was a trend to greater loss 
of HBeAg (16%), lower mean ALT levels, and a greater nor-
malization of ALT with lamivudine, but these differences did 
not reach statistical significance.

The effect of higher doses of lamivudine (300 mg) on 
 suppression of hepatitis B virus in HIV-hepatitis B virus co- 
infected individuals has been reported in numerous retro-
spective case studies. Two months of 300-mg lamivudine 
administered twice daily was effective in suppressing hepati-
tis B virus DNA to undetectable levels (< 1.5 × 106 copies/ml) 
in co-infected individuals (n = 11) with advanced HIV-1 
infection (Benhamou et al., 1995). There was no significant 
effect on CD4 count or ALT levels. In a 12-month open-label 
study, inhibition of hepatitis B virus replication (< 1.5 × 106 

copies/ml) was reported after 2 and 6 months in 86% and 
96% of the cohort, respectively (Benhamou et al., 1996). The 
dose was initially 300 mg twice daily and was then reduced 
to 150 mg twice daily for 65% of the cohort for a median of 
2.4 months. Results were unaffected by the dose reduction. 
HBeAg seroconversion was achieved in 12.5% of the cohort.

In an open-label study of co-infected individuals receiv-
ing lamivudine (150 mg twice daily) and zidovudine (300 mg 
twice daily) or stavudine (30–40 mg twice daily) for 12–22 
months, hepatitis B virus DNA suppression (< 4.8 × 105 
 copies/ml) was achieved in 94% of the cohort within 6 
months (Carton et al., 1999). ALT levels significantly decreased 
and HBeAg seroconversion occurred in 29% of the cohort. 
Significantly higher CD4 counts were reported in those who 
had HBeAg seroconversion. In a cohort who received lami-
vudine (150 mg twice daily) as part of an anti-HIV regimen 
for 6–27 months, hepatitis B virus DNA suppression was 
achieved in 87% by a median of 4 months (Hoff et al., 2001). 
The rate of HBeAg seroconversion at the end of followup was 
20%, and sustained seroconversion was associated with higher 
baseline CD4 count and lower baseline HIV-1 RNA levels. 
Rebound in hepatitis B virus DNA was observed in 50% (7/14) 
of those who had previously achieved undetectable levels, and 
in all of those who had been compliant with medication (5/7), 
lamivudine-resistant YMDD virus variants were reported. 
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An RCT examining hepatitis B therapy in 36 HIV–HBV 
co-infected individuals commencing highly active antiretro-
viral therapy in Thailand compared HBV-active ART that con-
tained either lamivudine, tenofovir, or the combination of 
lamivudine and tenofovir (Matthews et al., 2008). In the 
HBeAg-positive participants, one third had loss of HBeAg. In 
the total cohort, HBsAg loss occurred in 8% and hepatic flare in 
25% of participants. In the lamivudine monotherapy arm, there 
was a greater proportion of individuals with HBV DNA < 1000 
copies/ml, but also a higher frequency of drug resistance.

A substudy of HIV–HBV individuals in the PHIDISA II 
study found the use of lamivudine-containing ART had no 
impact on the overall mortality and the addition of lamivu-
dine provided little additional benefit over ART itself (Mat-
thews et al., 2011). HBV DNA suppression at 48 weeks of 
treatment was not significantly different between those on 
lamivudine (33%) compared to those on ART with no active 
HBV agents.

In a prospective Chinese study of 522 individuals treated 
with lamivudine-containing ART the prevalence of HBV 
co-infection was 14.6%. The investigators observed a median 
drop in HBV DNA of 2.87  log10 copies/ml after 48 weeks of 
treatment, and 30% of the co-infected individuals had unde-
tectable HBV DNA (Wang et al., 2012).

A retrospective substudy of the HIV–HBV co-infected 
individuals in the ACTG ALLRT cohort examined long-term 
outcomes in treatment-naïve individuals receiving either 
lamivudine-containing ART (mono, n = 65) or lamivudine–
tenofovir or emtricitabine–tenofovir containing ART (dual, 
n = 27). They reported that after 240 weeks of therapy, there 
was no statistically significant difference in HBV suppression 
between the two groups (Kang et al., 2014).

Lamivudine monotherapy is not recommended for indi-
viduals with HIV–HBV co-infection due to the high rate of 
acquiring lamivudine-resistant HBV virus. A tenofovir-based 
HBV-active regimen, in combination with either lamivudine 
or emtricitabine, is the preferred first-line option in HIV–
HBV treatment guidelines. (Australian Society for HIV 
Med i  cine, 2011; European Aids Clinical Society, 2015; US 
Department of Health and Human Services, 2011; Wilkins et 
al., 2013; World Health Organization, 2015)
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1. DESCRIPTION

Stavudine (2′,3′-didehydro-2′3′-deoxythymidine, d4T) is a 
potent inhibitor of HIV reverse transcriptase in vitro. Stavu-
dine is an odorless, relatively water-soluble white crystalline 
solid with a molecular weight of 224 and formula of 
C10H12N2O4, with the chemical structure shown in Figure 
229.1. Drug concentrations are described in micromols or 
micrograms per milliliter (1 μΜ is approximately equivalent 
to 0.2 µg/ml). Stavudine was first synthesized in 1966 by 
Horwitz and co-workers (1966), who were also responsible 
for the synthesis of zidovudine (AZT) (see Chapter 225, Zid-
ovudine) and zalcitabine (ddC) (see Chapter 227, Zalcitabine) 
as well as early antiretroviral therapies against HIV. Stavudine 
has activity against both HIV-1 and HIV-2 and was the fourth 
nucleoside reverse transcriptase inhibitor to become com-
mercially available, marketed as Zerit by Bristol-Myers Squibb. 
Stavudine was licensed for adults by the US FDA in 1994, 
and for children in 1996.

Several generic formulations including co-formulation 
with other antiretroviral drugs became available ahead of the 
patent expiry because BMS issued voluntary licensing of the 
drug in many countries before the expiry of the patent, 
allowing the purchase of these drugs by the large US-funded 
HIV treatment program, the President’s Emergency Plan for 
AIDS Research (PEPFAR). There are also a large number of 
generic brands of stavudine for adults and children, includ-
ing co-formulations. Manufacturers include Cipla, Aurobinda, 

and Ranbaxy. The FDA approved several formulations of 
stavudine for use in the USA in December 2008. There are 
also fixed-dose formulations of stavudine and lamivudine 
and fixed-dose formulations of stavudine, lamivudine, and 
nevirapine. Pediatric formulations have also been developed 
and evaluated in generic fixed-dose combinations of stavu-
dine, lamivudine, and nevirapine (L’Homme et al., 2007).

The drug rapidly fell out of favor in the developed world, 
when long-term mitochondrial toxicity was recognized and 
safer and more convenient antiretroviral alternatives became 
available—for example, tenofovir (See Chapter 232, Tenofo-
vir) for use as part of the backbone of treatment. Initially, the 
price of manufacture of tenofovir was the major reason for 
not moving away from stavudine (Rosen et al., 2008). How-
ever, with widespread patient activism, recommendations 
against the use of the drug by the World Health Organization 
(WHO), and the trend to more affordable availability of 
tenofovir, stavudine use has rapidly fallen in developing 
countries since 2010, largely in favor of tenofovir-containing 
regimens. In South Africa, stavudine was replaced by aba-
cavir (rather than tenofovir) in 2010 as first-line therapy for 
children because of concerns of renal and bone toxicities, 
which may be more evident in growing children than in 
adults. Stavudine use in Europe fell from 11.2% in 2006 to 
0.7% in 2013; initiation of stavudine is seen largely in eastern 
Europe (Podlekareva et al., 2015). Thus stavudine-containing 
regimens still remain important in some parts of the world, 
especially for pediatric patients, because of low cost, short-
term safety profile, and long shelf-life. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

HUMAN IMMUNODEFICIENCY VIRUS

The antiretroviral activity of stavudine was first reported in 
1987 (Baba et al., 1987; Hamamoto et al., 1987; Lin et al., 
1987). Stavudine inhibits the reverse transcriptase of HIV-1 in 
vitro with similar or lower potency compared with zidovudine Figure 229.1. Chemical structure of stavudine. 
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(Balzarini et al., 1989b; Inoue et al., 1989; Mansuri et al., 
1989; Mansuri et al., 1990). The half-maximal inhibitory 
concentration (IC50) ranges from 0.009 to 4.1 µM (mean 0.24 
µM) in peripheral blood lymphocytes and T-cell lines 
(Friedland et al., 1996), and between 0.04 and 0.3 µM in 
monocytes. The selectivity index in peripheral blood mono-
nuclear cells is about 10,000 (Chu et al., 1988). Stavudine has 
activity against both HIV-1 and HIV-2 at similar concen-
trations (Balzarini et al., 1989b; Witvrouw et al., 2004). By 
plaque reduction assay, the IC50 for stavudine in HIV-2-
infected T-cells is 0.09 µM (Bristol-Myers Squibb, 2008). In 
vitro synergistic activity has been documented with lamivu-
dine (Perez-Olmeda et al., 2009). 

OTHER RETROVIRUSES

Human T-lymphotropic virus type 1 (HTLV-1) has been 
shown to be susceptible to stavudine in vitro, along with sev-
eral other nucleoside analogs, with published IC50 ranging 
from 0.06 to 0.10 µM for inhibition of HTLV-1 reverse tran-
scriptase (Garcia-Lerma et al., 2001) to 14.5 µM in a cell cul-
ture model (Hill et al., 2003). However, stavudine has not 
been evaluated for treatment of HTLV-1 infection in clinical 
practice.

Stavudine has activity against Friend virus complex, with 
an IC50 of 1.2 µM, and evidence of in vivo activity with an oral 
dose of 375 mg/kg daily inhibiting disease progression in 
mice (Sidwell et al., 1992). Moloney murine leukemia virus 
is also susceptible to stavudine, with an IC50 of 2.5 µM (100-
fold higher than the concentration of zidovudine required to 
inhibit this virus in the same assay) (Lin et al., 1987).

Stavudine is effective in vitro against the simian (SIV) 
and simian/human immunodeficiency (SHIV) viruses, with 
a 50% effective concentration (EC50) from 0.025 to 0.068 μg/
ml (Witvrouw et al., 2004), but it is about 10-fold less potent 
than zidovudine (Tsai et al., 1990). In an investigation of 
immune activation in SIV-infected rhesus macaques, use of 
stavudine in combination with didanosine, a vaccine, and 
various immunological strategies resulted in fatal acute pan-
creatitis and hyperglycemia (Vaccari et al., 2012). 

Although stavudine has activity against visna virus repli-
cation in sheep choroid plexus cells, it is less potent than 
zalcitabine and didanosine and is equipotent to zidovudine 
(Balzarini et al., 1998). However, stavudine triphosphate is 
more inhibitory to the reverse transcriptase of visna virus 
than zalcitabine triphosphate. This discrepancy may possibly 
be a result of less efficient phosphorylation of stavudine than 
zalcitabine in sheep choroid plexus cells (Thormar et al., 
1993).

Stavudine has exhibited activity using a real-time poly-
merase chain reaction (PCR) based antiviral assay against 
human adenoviruses (HAdV5), with EC50 values ranging 
from 0.08 to 0.12 mM across a multiplicity of adenovirus 
concentrations (Gainotti et al., 2010).

OTHER VIRUSES AND BACTERIA

Unlike many other antiretroviral agents, stavudine has no 
antiviral efficacy against hepatitis B virus in vitro (Lampertico 

et al., 1991; Yokota et al., 1991), nor efficacy against a number 
of common bacteria (Hitchcock, 1991), and very limited activ-
ity against Candida albicans (Ahmadou Ahidjo et al., 2008). 

2b.  Emerging resistance and 
cross-resistance

Laboratory and clinical HIV-1 strains that have been sequen-
tially passaged in T-cell lines in vitro in the presence of 
increasing concentrations of stavudine have developed muta-
tions conferring resistance, with IC50 values 20- to 30-fold 
greater than those of wild-type strains (Gao et al., 1994a). 
In vitro selection of mutations within codon 75 (Val → Thr) 
and codon 50 (Ile → Thr) of the reverse transcriptase gene 
have been described in association with stavudine resistance, 
with a 7- and 30-fold increase in IC50, respectively (Lacey 
and Larder 1994; Najera et al., 1994). Mutations associated 
with stavudine resistance have also been identified in strains 
of HIV-1 from patients exposed only to zidovudine therapy 
(Najera et al., 1994).

These mutations in vivo have proved to be either very rare 
(codon 75), or nonexistent (codon 50). When nucleoside 
resistance mutations were thought to be drug specific, initial 
efforts during the monotherapy era to document stavudine 
resistance proved elusive, with initial hope that resistance 
would not develop at all. However, increasing resistance to 
stavudine has been documented, including resistance to most 
HIV-1 subtypes. 

Modern understanding suggests a number of resistance 
pathways that may be selected by stavudine. The first path-
way, which was documented with stavudine monotherapy 
and in combination with lamivudine, is a series of mutations 
associated with zidovudine resistance, called nucleoside ana-
log mutations or thymidine analog mutations (TAMs), which 
have cross-resistance with all nucleoside and nucleotide 
reverse transcriptase inhibitors. These include M41L, 67N, 
70R, L210W, T215F/Y, and K219E/Q and develop at similar 
rates with stavudine or zidovudine therapy (Kuritzkes et al., 
2004). These can fall into the TAM1 pathway (41L, 210W, 
215Y) or the TAM2 pathway (67N, 70R, 219E/Q). The TAM2 
pathway and a third pathway, where Q151M develops, are 
associated with multidrug resistance mutations. Q151M 
markedly reduces susceptibility to stavudine and all other 
nucleoside analogs, but generally not that of tenofovir. The 
third pathway also involves a multidrug resistance mutation 
(T69SSS), again markedly decreasing activity across all nucle-
osides. A fourth pathway, which can overlap with the Q151M 
mutation, involves K65R. As with zidovudine, the K65R muta-
tion seen with tenofovir resistance seems to confer increased 
susceptibility to stavudine. However, stavudine may select 
for the K65R mutation, especially in nonsubtype-B clades, 
which may compromise tenofovir use in subsequent regimens 
and is one of many reasons advanced for moving tenofovir to 
first-line therapy (Wensing et al., 2015). In a retrospective 
analysis of over 500 patients failing first-line therapy in 
Cambodia, multivariate analysis found that stavudine was 
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more likely to select Q151M and K65R mutations than zid-
ovudine (Nouhin et al., 2013).

Large-scale programs using stavudine in the era of com-
bination antiretroviral therapy have documented patterns of 
resistance in clinical practice. One large pooled analysis from 
research publications reporting over 1800 patients failing 
first-line antiretroviral therapy (ART), including stavudine 
in combination with lamivudine and nonnucleoside reverse 
transcriptase inhibitors, demonstrated that resistance muta-
tions followed the pathways described earlier, with the pres-
ence of different thymidine nucleoside mutations varying 
from 2% to 31%, with 6% having K65R, 5% having Q151M, 
and 3% having the T69SSS mutation complex. Some overlap 
among these categories was observed (Tang et al., 2013). The 
choice of nevirapine or efavirenz within the first-line regi-
men appeared to influence the pattern of resistance develop-
ment: nevirapine (when compared with efavirenz) increased 
the risk of TAMS, K65R, and Q151M. It is interesting that 
the incidence of K65R did not increase with duration of 
stavudine therapy, although other mutations did. Tenofovir 
was more likely to remain active against resistant HIV strains 
that developed during first-line ART containing stavudine 
(Tang et al., 2013). Based on these data, programs were 
advised to preferentially cycle first-line patients failing ther-
apy to tenofovir, in the absence of confirmation of virological 
suppression because most patients would still exhibit suscep-
tibility to tenofovir.

2c.  In vitro synergy and antagonism

Although antagonism has been reported between zidovu-
dine and stavudine, in vitro synergy or additive effect against 
HIV replication has also been observed with this combina-
tion, and it may depend on the ratio of the drugs (Sorensen 
et al., 1993). Stavudine has been reported to be additive 
or synergistic with both zalcitabine and didanosine in vitro 
(Fried land et al., 1996). Additive or synergistic interactions 
have also been found in separate studies between stavudine 
and lamivudine, saquinavir, nevirapine, zidovudine, or 
didanosine (Merrill et al., 1996; Perez-Olmeda et al., 2009). 
Granulocyte-macrophage colony-stimulating factor (GM-CSF) 
has been found to enhance the activity of stavudine in 
 monocyte–macrophage cultures infected with HIV-1 (Perno 
et al., 1989). Addition of 5-fluorouracil to stavudine has been 
shown to lower the EC50 of stavudine against HIV-1 in vitro 
(Gong et al., 1996). Interferon-alpha and stavudine show 
synergistic activity against Friend leukemia virus in vitro 
(Sidwell et al., 1995).

Stavudine was developed in an era of a limited number of 
antiretroviral agents, with limited in vitro synergy studies per - 
formed. Medications that have overlapping toxicity should be 
co-prescribed with caution, particularly when potentiation 
of toxicity has been described (see section 6, Adverse reac-
tions and toxicity).

Zidovudine has been reported to inhibit the phosphory-
lation and thus the activity of stavudine in human lympho-
cytes (Ho and Hitchcock, 1989). This is attributed to the fact 

that thymidine kinase has significantly higher affinity for zid-
ovudine than for stavudine. The drug combination resulted in 
only 3% of control levels of stavudine triphosphate. Merrill 
et al. (1996) have found antagonism between zidovudine 
and stavudine only when using a zidovudine-resistant strain 
of HIV.

Ribavirin inhibits the intracellular phosphorylation of stav-
udine, which leads to a decrease in thymidine kinase activity 
in vitro (Perronne, 2006). However, large clinical trials have 
demonstrated no impact on plasma HIV RNA levels (Salmon-
Ceron et al., 2003). Doxorubicin and methadone similarly has 
been shown to inhibit phosphorylation (Hoggard et al., 1997; 
Rainey et al., 2000). Again, the clinical implications are unclear.

3. MECHANISM OF DRUG ACTION

Stavudine enters the cell by diffusion, is then phosphorylated 
intracellularly to stavudine-5′-triphosphate, a thymidine 
analog, and competes with endogenous deoxythymidine 
triphosphate as a substrate for HIV reverse transcriptase. In 
addition, stavudine causes premature DNA chain-termina-
tion, interfering with 3′-5′-phosphodiester linking of addi-
tional nucleosides. Both mechanisms inhibit viral synthesis 
(Yarchoan et al., 1989).

Stavudine has a different phosphorylation pattern than 
zidovudine, the other antiretroviral thymidine analog avail-
able. Nonthymidine analogs didanosine, zalcitabine, and 
lami vudine are phosphorylated independent of cell activity, 
while both stavudine and zidovudine are preferentially phos-
phorylated within activated cells, due to the presence thy-
midine kinases’ preferential activity in proliferating cells. 
Each of the thymidine analogs is phosphorylated by cellular 
enzymes, including thymidine kinase, to monophospate, 
diphospate, and triphosphate variants, but stavudine is phos-
phorylated intracellularly to its 5′-monophosphate deriva-
tive by the cellular thymidine kinase 300- to 600-fold less 
efficiently than zidovudine, with a Michaelis–Menten con-
stant (Km) of 142 and 14 µM, respectively, in MT-4 cells 
(Balzarini et al., 1989a). In contrast to zidovudine, which tends 
to accumulate as the monophosphate variant, stavudine dis-
tributes equally across all three intracellular forms, initially 
inspiring hope that stavudine may exhibit less toxicity. Both 
thymidine analogs have triphosphate intracellular half-lives 
of about 3.5 hours in peripheral blood mononuclear cells, 
steady-state levels of the triphosphate form of stavudine are 
10- to 50-fold lower than that of zidovudine triphosphate, and 
intracellular and extracellular drug concentrations equili-
brate within 2–3 minutes (August et al., 1991; Gao et al., 1994a). 
In combination, stavudine does not seem to affect zidovudine 
phosphorylation in human peripheral blood mononuclear 
cells (Brody and Aweeka, 1997).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Stavudine is available in a range of capsules, from 15 to 40 
mg, dosed twice daily, as a solution, and in multiple generic 
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co-formulations with lamivudine and nevirapine or efavirenz, 
which were widely used in treatment programs in developing 
countries. The first entrant to the generic market, Cipla, 
manufactured a stavudine–lamivudine–nevirapine combi-
nation treatment to be available for less than US$400/year in 
2001, a time when routine treatment was over US$10,000/
year. Many other generic manufacturers followed suit with 
other formulations.

Bristol-Myers Squibb tested an extended-release formula-
tion of daily stavudine (d4T XR), to address toxicity and to 
reduce dosing, and it was licensed by the FDA at the end of 
2002. The XR version had similar 24-hour drug exposure, 
but a lower peak and significantly higher trough levels, which 
correlate with inhibition of viral replication. Clinical trial 
data at 96 weeks did not show significant improvement in the 
mitochondrial toxicity, and the BMS discontiuned product 
promotion (Brett-Smith et al., 2003; Boyle et al., 2008).

Phase I and II monotherapy studies, which were the norm 
for assessing antiretroviral dosing and potency in the early 
days of nucleoside development, tested stavudine doses up to 
12 mg/kg daily, in patients with advanced HIV; initial toxic-
ity was not seen until a dose above 4 mg/kg, and toxicity, 
predominantly peripheral neuropathy, depended on both 
duration of exposure and dose. Effectiveness of the dose was 
based on declines in plasma p24 antigen, increases in CD4 
count, cellular viremia, and increases in weight, with no effect 
seen at 0.1 mg/kg/day and maximal effect between 0.5 and 
2 mg/kg/day (Skowron, 1995). 

Dual therapy with either lamivudine, didanosine, or pro-
tease inhibitors showed unacceptably high virological failure 
rates in the new era of triple therapy and the advent of non-
nucleoside reverse transcriptase inhibitors. Evaluation of 
combinations of stavudine with other available nucleosides 
and then protease inhibitors and nonnucleoside reverse tran-
scriptase inhibitors rapidly followed; different doses, as low 
as 10 mg twice daily in combination with didanosine have 
been evaluated (Hill et al., 2007; Magula and Dedicoat, 2015). 
Briefly, there was enthusiasm for a combination of stavudine 
with didanosine, with or without hydroxyurea, which was 
significantly cheaper than alternatives, but toxicity and no 
additional virological efficacy meant enthusiasm waned rap-
idly as safer combinations with stavudine became available 
(Ungsedhapand et al., 2004; Zala 2002).

4a.  Adults

The initial recommended dose of stavudine in adults was 
40 mg twice daily for patients weighing > 60 kg, and 30 mg 
twice daily in the lower weight category. A meta-analysis 
demonstrating virological suppression efficacy between the 
two doses, and supported by additional studies from the 
field, led to WHO recommending the 30 mg dose in 2007, a 
move that was rapidly adopted in developing countries as the 
toxicity of stavudine in large programs became apparent 
(Hill et al., 2007; Ait-Mohand et al., 2008; Sanchez-Conde et 
al., 2005; WHO, 2008). A subsequent computer simulation 
using data on intracellular stavudine triphosphate supported 

the dose change for virological suppression (Hurwitz and 
Schinazi, 2011). In many countries, the package insert has 
not been changed to update the dosage, although no current 
guidelines recommend the 40 mg dose. As the price of teno-
fovir fell to levels at which it was not significantly higher than 
that of stavudine (the cheapest nucleoside analog), almost all 
developing countries have switched away from stavudine. 
WHO no longer recommends the use of stavudine in adults. 
Some clinicians will use it as initial therapy in acutely ill 
patients, due to its initial very benign metabolic profile, switch-
ing to safer long-term therapy once patients are stabilized.

Recently, there has been attention paid to dose-reduction 
studies, to address antiretroviral toxicity as well as to reduce 
cost (CADO-2, 2013). Studies have addressed the dose of lami-
vudine, zidovudine, efavirenz, and atazanavir (the first two 
unsuccessfully, the second two successfully). An adult dose- 
reduction study using stavudine 20 mg twice daily, measured 
against tenofovir, has just been completed and results will be 
released in 2017; preliminary data suggest substantial lipoatro-
phy despite the lower dose, although virological suppression 
was maintained (Venter, personal communi cation, June 2016).

A recent Cochrane analysis noted that data to support a 
lower or higher dose of stavudine in terms of virological or tox-
icity data were very limited and did not identify a clear advan-
tage between the two doses. Only three small trials are available 
that compared virologic responses and safety of high-dose ver-
sus low-dose stavudine; none of these studies was performed 
in a resource-limited setting (Magula and Dedi coat, 2015).

4b.  Newborn infants and children

Recent data from the PHACS SMARTT study suggests that 
in utero exposure to stavudine in combination with dida-
nosine results in a significant increase in congenital anoma-
lies, after adjustment (Van Dyke et al., 2016). There are 
limited data on stavudine in infants and children, although 
small studies initially suggested the drug was safe, even at 
higher doses than those used in adults (Kline et al., 1995; 
Kline et al., 1998). However, although reports were delayed 
relative to adult data, similar accumulated side effects to those 
seen in adults confirmed that the drug had significant toxic-
ities in children in some studies (Aurpibul et al., 2008; Cohen 
et al., 2015) , but not in others (Mulenga et al., 2015), although 
the Mulenga study, which was done in Africa, where toxicity 
was similar to that of zidovudine and abacavir, had a fol-
lowup of only just over 2 years. Dosing for children is recom-
mended as 1 mg/kg twice daily; once children have reached 
30 kg in weight, dosing should follow that of adults. WHO 
(2010) recommended against the use of stavudine in children, 
unless no other options are available. A small study has dem-
onstrated that switching to abacavir from stavudine in viro-
logically suppressed pediatric patients is effective (Aur pibul 
et al., 2012). A fruit-flavored solution form is available.

A dose-reduction pharmacokinetic study in children is 
currently under way, to address toxicity issues because there 
are limited antiretroviral options available to children, with 
results anticipated in 2017 (Innes, personal communication).
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Stavudine pharmacokinetics, in combination with lami-
vudine and nevirapine, have been studied in children as 
young as 4 weeks, with similar pharmacokinetic parameters 
in those weighing between 3 and 6 kg when compared to 
heavier children (Fillekes et al., 2012). Treatment in children 
as young as 6 months has been shown to be effective in com-
bination therapy in observational cohorts (Shiau et al., 2013; 
Weigel et al., 2010), although some have suggested higher rates 
of virological failure when using stavudine containing regi-
mens (Kamya et al., 2007). Dosing studies using quartered 
adult medication have allowed for dosing recommendations 
using commonly available adult generics (Corbet et al., 2010). 

4c.  Pregnant and lactating mothers

Stavudine was listed as a pregnancy category C by the FDA, 
before the letter categories were removed at the end of 2014. 

Stavudine can cross the placenta and be transferred to the 
fetus in pregnant rats, resulting in approximately one half of 
the maternal plasma concentration, and stavudine is present 
in the breast milk of lactating rats. 

There is no evidence of teratogenicity using exposures of 
stavudine of 183 and 399 times the exposure levels in humans 
based on maximum concentration (Cmax) when administered 
to rabbits and rats, respectively. Skeletal abnormalities and 
early neonatal mortality (birth to day 4) were increased when 
rats received 399 times the normal human exposure levels. 

In a phase I/II safety and pharmacokinetic trial of stavudine 
in combination with lamivudine in pregnant HIV-infected 
women and their infants (PACTG 332) the phar macokinetic 
parameters of stavudine were similar in pregnant and non-
pregnant women, thus no alteration of drug is considered 
necessary (Wade et al., 2004). 

Fatal lactic acidosis and severe hepatic steatosis have been 
reported in pregnant women receiving stavudine. Note that 
the manufacturer recommends the drug be used during 
pregnancy only if it is considered that the benefit outweighs 
potential risks.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Stavudine requires dose modification in renal failure, including 
dialysis, due to a prolonged plasma half-life (see Table 229.1). 
Neither the Cmax nor the time to maximum concentration (tmax) 

is significantly affected in the setting of renal impairment 
(Bristol-Myers Squibb, 2012). While there are not sufficient 
data to recommend any dose adjustment in children with 
renal disease it is important to note that urinary excretion is 
responsible for most of the elimination of stavudine in pedi-
atric patients (Bristol-Myers Squibb, 2012)

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

No significant change in stavudine pharmacokinetics is seen 
in severe hepatic disease. (Schaad et al., 1997). 

ELDERLY PATIENTS

There are almost no pharmacokinetic data regarding stavu-
dine use in the elderly (Bristol-Myers Squibb, 2012) however 
the common toxicities of neuropathy and lipoatrophy due to 
stavudine show increased prevalence with age (Joly et al., 2002). 

PATIENTS’ GENDER AND ETHNICITY

A population pharmacokinetic analysis found no clinically 
significant differences between males and females or among 
different ethnic populations (Bristol-Myers Squibb, 2012).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Stavudine has excellent oral bioavailability, possibly due to 
the high stability of stavudine at low pH and minimal presys-
temic metabolism. It can be taken without regard for meals. 
Stavudine is rapidly absorbed after oral administration, with 
a mean bioavailability in adults, after a 4 mg/kg dose, ranging 
from 70% to 90% (Dudley et al., 1992; Cretton et al., 1993; 
Kaul and Dandekar, 1993; Neuzil, 1994; Kaul et al., 1993). The 
mean oral bioavailability in HIV-infected pediatric patients 
is 70–80%. These values are consistent with the reported bio-
availability of stavudine in mice and monkeys (Russell et al., 
1990; Cretton et al., 1993).

Generic formulations of stavudine are produced in a num-
ber of countries worldwide; bioavailability varies between dif-
ferent preparations and in different populations, and one 
study demonstrated higher maximum plasma concentration 
of stavudine when compared to recommended levels (Hos-
seini pour et al., 2007). Another study suggested that stav u-
dine levels were lower, using the same generic formulation 
(Byakika-Kibwika et al., 2008). A pediatric study demonstrated 
adequate pharmacokinetic stavudine levels using a generic 
combination (Mukherjee et al., 2014). Several adult and pedi-
atric studies have demonstrated excellent immunological 
improvement and/or virological suppression using stavudine- 
containing generics (Desakorn et al., 2011; Barlow-Mosha et 
al., 2012; Rupali et al., 2012; Anekthananon et al., 2004).

5b.  Drug distribution

Stavudine exhibits linear pharmacokinetics (Kaul et al., 1995). 
After oral administration of a single dose of 40 mg stavudine, 

Table 229.1. Dosage adjustments for stavudine in patients with 
renal dysfunction.

Creatinine 
clearance 
(ml/minute)

Recommended stavudine dose by 
patient weight

> 60 kg < 60 kg

> 50 40 mg every 12 hours 30 mg every 12 hours

26–50 20 mg every 12 hours 15 mg every 12 hours

10–25 20 mg every 24 hours 15 mg every 24 hours

Source: Reprinted with permission from Bristol-Myers Squibb (2008).
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the reported mean peak plasma concentration (Cmax) of the 
drug is 603 ± 160 ng/ml (approx. 0.6 ± 0.2 μg/ml), with the 
area-under-the-concentration-time curve (AUC) of 1246 ± 
230 ng/h/ml (Seifert et al., 1994). Peak plasma concentra-
tions occur within 1–2 hours of oral administration and 
increase in a dose-related manner (Kaul et al., 1995; Peterson 
et al., 1995). Plasma levels of stavudine decline to < 10% of 
Cmax between 5 and 7 hours after administration. Chronic 
dosing does not appreciably alter the pharmacokinetic param-
eters of stavudine (Dudley et al., 1992), and there is minimal 
binding to plasma proteins. The mean apparent volume of 
distribution in humans after a single oral dose is 66 l, and 
there is minimal serum protein binding. The key pharmaco-
kinetic features of stavudine are summarized in Table 229.2. 

The Cmax of stavudine is approximately 2-fold lower when 
taken after a high-fat meal, and the time to Cmax (tmax) is pro-
longed by approximately 2.5-fold (Bristol-Myers Squibb, 
2012). However, the AUC of the drug is unaltered by food. 
Intracellular drug concentration of stavudine is more likely 
to reflect the AUC than the Cmax, hence this pharmacologic 
variation is unlikely to be of clinical significance.

In children, the Cmax and AUC are lower than in adults 
receiving the same weight-adjusted dose, with faster elimina-
tion of stavudine (Kline et al., 1995).

Intravenous administration of stavudine to 44 HIV-infected 
persons, in doses ranging from 0.06 to 1 mg/kg, resulted in a 
peak plasma concentration ranging from 0.09 to1.13 µg/ml, 
and a mean AUC ranging from 0.16 to 2.02 µg/h/ml, both 
increasing in proportion to dose (Bristol-Myers Squibb, 2012).

Radioimmunoassays have been used to accurately mea-
sure stavudine levels in human subjects across a wide thera-
peutic range (Zhou et al., 1996). Serum levels of stavudine 
can also be measured by a variety of other techniques, such 
as reversed-phase high-performance liquid chromatography 
(Burger et al., 1992; Janiszewski et al., 1992). There is consid-
erable patient to patient variation in plasma concentrations 

when each is administered the same dose of drug (Dudley, 
1995). There is equal distribution of stavudine between plasma 
and erythrocytes (Bristol-Myers Squibb, 2012).

The central nervous system penetration of stavudine in 
mice is low, although a single oral dose of 25 mg/kg resulted 
in levels of stavudine in the brain of greater than 0.01 µM, 
potentially sufficient to inhibit the replication of some strains 
of HIV (Russell et al., 1990). In humans, studies suggest that 
stavudine penetrates the cerebrospinal fluid to approximately 
the same extent as zidovudine (see Chapter 225, Zidovudine). 

Cerebrospinal fluid stavudine concentrations reach 40% 
of plasma levels, with mean concentrations exceeding the 
50% effective dose (ED50) of typical clinical isolates of HIV-1 
within 2 hours after a single dose (Haworth et al., 1998). 
How  ever, a study looking at patients, most of whom had neu-
rological disease, on combination therapy found only 20% 
stavudine levels when measured against plasma (Antinori et 
al., 2005). Murine models have suggested that stavudine may 
be less effective in treating neuroinvasive HIV-1 than lami-
vudine or abacavir (Limoges et al., 2000). Oral administra-
tion of stavudine in a dose of 1.3, 3, and 4 mg/kg resulted in 
cerebrospinal fluid levels of 0.08, 0.20, and 0.48 µg/ml at 0.5, 
1.75, and 5 hours, respectively, after the dose; plasma levels 
were not concurrently measured (Dudley et al., 1992). In 
seven children participating in a dose-ranging study (0.125–4 
mg/kg daily) the concentrations of stavudine within cerebro-
spinal fluid varied from 16% to 97% of plasma values (Kline 
et al., 1995).

Ex vivo maternal–fetal placental transfer studies suggest 
that stavudine crosses the placenta by simple perfusion, rap-
idly passing from the maternal to fetal circulation. There 
is  a linear relationship between the mean concentration of  
the drug in the fetal and maternal circulations (Bawdon et 
al., 1994). Plasma stavudine levels obtained from pregnant 
macaques receiving i.v. stavudine and their fetuses would 
suggest that exposure of the fetus to stavudine would be sim-
ilar to that of the mother (Unadkat et al., 1994). The ratio of 
cord blood to maternal stavudine levels is 1 (Chappuy et al., 
2004). 

Stavudine is a low-molecular-weight compound and would 
be expected to be present in breast milk (Briggs et al., 2005). 
The breast milk to plasma concentration ratio for stav u dine 
is 1.73, slightly reduced when compared with lami vudine 
(2.96) but greater than zidovudine (1.17), nevirapine (0.82), 
and nelfinavir (0.21) (Rezk et al., 2007). This approximate 
ratio was confirmed in a subsequent study of 52 women on 
combination treatment, with no stavudine detected in the 
infant (Fogel et al., 2012). Another study showed an equal 
ratio between stavudine breast milk and plasma in women 
treated with stavudine, lamivudine, and nevirapine, again 
with no transmission of stavudine to the breastfed infant 
(Palombi et al., 2012). It seems stavudine, despite concentrat-
ing in breast milk, does not result in significant blood levels 
in the infant.

In a small study, seminal levels of stavudine in patients on 
combination therapy were found to be similar or higher than 
that of plasma (Taylor et al., 2000).

Table 229.2. Clinically important pharmacokinetic features of 
stavudine.

Good oral bioavailability of 70–90%

Rapid absorption, with tmax occurring within 1 hour of dosing

May be taken with food

Up to 40% of oral dose excreted unchanged in urine

Active tubular secretion and glomerular filtration

Cmax and tmax not significantly altered by renal impairment

As creatinine clearance is reduced, oral clearance decreases and 
terminal elimination t½ increase

Stavudine dose should be modified if creatinine clearance is 
reduced

Stavudine dose is not altered in hepatic disease

Negligible binding to serum proteins

Good CNS penetration (3–55% plasma levels)

Toxicity appears to be dose related

Stavudine does not inhibit major cytochrome P-450 isoforms

Abbreviations: Cmax: maximum concentration; tmax: time to maximum con-
centration; t½: half-life; CNS: central nervous system.
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5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are few data specifically correlating the pharmaco-
kinetic and pharmacodynamic features of stavudine with its 
clinical efficacy. The virologic efficacy of stavudine depends 
on the trough concentration of the triphosphorylated form, 
stavudine triphosphate, within the cell. The frequency and 
severity of mitochondrial toxicity attributed to stavudine 
depends on its dose and peak plasma concentration (Domingo 
et al., 2010). Whereas the standard pediatric dose of 1 mg/kg 
given twice daily is associated with high rates of mitochon-
drial toxicity, recent modeling of the intracellular concentra-
tions of stavudine triphosphate in children predicts that 
reducing this standard dose by half would not reduce viro-
logic efficacy but would markedly reduce toxicity (Sy et al., 
2014). 

5d.  Excretion

In monkeys, approximately 50% of the administered oral 
dose of stavudine is recovered unchanged in the urine and 
the rest is not recovered from either urine or feces (Cretton 
et al., 1993; Kaul and Dandekar, 1993). These findings are 
similar to humans, in whom between 34% and 40% of the 
dose of stavudine is excreted unchanged in the urine, and 
there is a plasma elimination half-life ranging from 1 to 1.6 
hours (Dudley et al., 1992; Browne et al., 1993). Renal clear-
ance of stavudine is by both active tubular secretion and 
glomerular filtration. The residual dose of stavudine is likely 
cleaved to form thymine (Dudley, 1995). In vitro experiments 
using isolated hepatocytes to assess the metabolic fate of stavu-
dine demonstrated that stavudine is rapidly cleaved to thy-
mine, which is subsequently converted to beta- aminoisobutyric 
acid (Cretton et al., 1993; Sommadossi, 1995).

5e.  Drug interactions

Stavudine has no inhibitory effect on cytochrome P-450 iso-
forms CYP3A4, 2D6, 2C9, 2C19, and 1A2, thus clinically 
significant drug interactions with medications metabolized 
via the cytochrome pathways are not anticipated. 

Simultaneous use of stavudine and didanosine is contra-
indicated because of the increased frequency of mitochon-
drial toxicity. Fatal lactic acidosis has occurred in pregnant 
HIV-infected women who were taking stavudine with dida-
nosine. Co-prescription of stavudine and ribavirin has been 
associated with an increased risk of mitochondrial toxicities, 
especially lactic acidosis (Torriani et al., 2004). Co-prescription 
of agents known to cause peripheral neuropathy, particularly 
isoniazid and hydroxyurea, should be avoided because of 
their additive toxicity profiles. Fatal and severe pancreatitis 
may develop when stavudine is taken in combination with 
hydroxyurea. Thus the use of stavudine is not recommended 
with didanosine, zalcitabine, or zidovudine due to overlapping 
toxicity or competition for similar thymidine binding sites.

Pharmacokinetic studies have shown no interaction 
between stavudine and a range of antimicrobials commonly 
used for the prevention of HIV-associated opportunistic in - 
fec tions (Piscitelli et al., 1999). Methadone decreases gastro-
intestinal absorption of stavudine and consequently reduces 
AUC and Cmax (Rainey et al., 2000).

6. ADVERSE REACTIONS AND TOXICITY

Stavudine is generally very well tolerated during short courses 
of therapy; however, significant mitochondrial toxicity is 
associated with prolonged use in a dose- and time-dependent 
manner. Although also seen with zidovudine, zalcitabine, 
and didanosine, stavudine has been observed especially 
 fre quently to exhibit clinical toxicity due to its profound 
effects on mitochondria. This reflects nucleoside reverse 
transcriptase inhibitor-related inhibition of mitochondrial 
DNA (mtDNA) polymerase-gamma (Brinkman et al., 1998; 
Kakuda, 2000; Kampira et al., 2014; Nagiah et al., 2015). 
Stavudine is more potent in reducing mtDNA content in 
vitro than didanosine and zidovudine but less potent than 
zalcitabine (Chen et al., 1991; Medina et al., 1994). Inhibition 
of mtDNA polymerase-alpha occurs only with high concen-
trations of stavudine triphosphate (Huang et al., 1992). 
Inhibition of mtDNA polymerase-gamma results in defec-
tive cellular oxidative phosphorylation, which appears to be 
the basis for many of the clinical toxicities of stavudine ther-
apy detailed later in this chapter (Brinkman et al., 1999; 
Kakuda et al., 1999). Alternative or additional mechanisms 
may also contribute, particularly altered expression of vari-
ous metabolic genes (Mallon et al., 2005).

While extensive studies have documented stavudine tox-
icity, the massive move away from use of the drug in both 
developing and developed world situations, has meant that 
research has been displaced away from predictors or markers 
of toxicity, with the widespread availability of safer alterna-
tives. Monitoring of surrogate markers for stavudine toxicity, 
particularly lactate levels, has been of some interest (Lonergan 
et al., 2000). Although hyperlactatemia is a severe and recog-
nized complication of stavudine therapy, mild to moderate 
increases in serum lactate levels have been shown to not be 
predictive of subsequent serious lactic acidosis (John et al., 
2001). Monitoring lactate levels in the asymptomatic patient 
is not recommended.

6a.  Peripheral neuropathy

Stavudine causes a dose-related, predominantly sensory 
peri pheral neuropathy (see Figure 229.2). In early phase I 
trials of stavudine in patients with advanced HIV infection, 
the dose-limiting toxicity of the drug was the development of 
a sensory peripheral neuropathy, which occurred in up to 
55% of patients (Browne et al., 1993). In another open-label, 
dose-ranging study in a similar population, the incidence of 
peripheral neuropathy in patients receiving 0.5 mg/kg daily 
was 17% after 1 year of therapy and 37% in those receiv- 
ing 2 mg/kg daily (Petersen et al., 1995). In a phase III trial, 
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dose-limiting peripheral neuropathy occurred in 15% of 
patients receiving stavudine and 6% of those randomized to 
zidovudine over an 80-week period (Riddler et al., 1995). 
This has been confirmed in numerous studies in the combi-
nation antiretroviral era, in both clinical trials and in large 
observational trials (Hill et al., 2007; WHO, 2009).

A doubling of incident neuropathy among patients treated 
with antiretrovirals when stavudine was used has recently 
been reported (Kiwuwa-Muyingo et al., 2014). The risk of 
stavudine-related peripheral neuropathy is higher in patients 
with a past history of neuropathy. The development of 
peripheral neuropathy is related to both dose and duration 
of treatment and may resolve after discontinuation of stavu-
dine (Murray et al., 1995; Skowron, 1995), Neuropathy, how-
ever, does not completely resolve after discontinuation in all 
patients; in those in whom it does resolve, a lower dose can 
be attempted, with little recurrence (Spruance et al., 1997) 
Continuing therapy in the face of symptoms may lead to per-
manent neuropathy symptoms.

Even previously normal patients receiving short courses 
of stavudine are at considerable risk of developing peripheral 
neuropathy. One study comparing postexposure prophylaxis 
regimens found that 6% of patients receiving a stavudine- 
containing regimen developed symptoms of distal sensory 
neuropathy after 28 days, an effect not seen in regimens con-
taining other nucleoside reverse transcriptase inhibitors 
(Winston et al., 2002). In this study, neuropathy symptoms 
were reversed after the cessation of stavudine.

Combining stavudine with other medications known to 
produce peripheral neuropathy further increases the rate of 
this complication. Co-administration of isoniazid is particu-
larly associated with a higher incidence, with reported rates 
of up to 55% in one retrospective series (Breen et al., 2000). 
TB treatment containing isoniazid (INH) has been associ-
ated with 50% of drug substitutions for stavudine due to peri- 
pheral neuropathy not related to stavudine dose (Westreich 
et al., 2009). The addition of hydroxyurea to stavudine- 
containing regimens increases the frequency of peripheral 
neuropathy (Rutschmann et al., 2000).

Attempts have been made to develop predictive models 
for stavudine-related peripheral neuropathy. A simple algo-
rithm using tumor necrosis factor alpha (TNFα) genotype, 

height, and age has been shown to predict the development 
of peripheral neuropathy in Indonesian patients receiving 
stavudine-containing regimens (Cherry et al., 2007). Other 
predictors of peripheral neuropathy may include specific 
mitochondrial haplogroups, especially haplogroup T (Hul gan 
et al., 2005). Conversely, hemochromatosis gene mutations 
such as C282Y have been associated with a decreased risk 
of peripheral neuropathy (Kallianpur et al., 2006). However, 
these complex, expensive laboratory-based predictions do 
not easily fit in with large-scale public sector primary health-
care programs, and the benefit over simply alerting patients 
to early symptoms of sensory neuropathy has never been for-
mally tested.

The time to resolution of neurologic symptoms depends 
on the previous dose, ranging from a median of 1 week for 
patients receiving 0.1 mg/kg/day to 3 weeks for those receiv-
ing 2 mg/kg daily (Petersen et al., 1995). Some patients develop 
worsening of symptoms after stopping therapy, a phenome-
non also seen with zalcitabine therapy and referred to as “coast-
ing,” Some of this may be due to ongoing mitochondrial 
toxicity and may also be seen with other manifestations of 
this toxicity, such as lactic acidosis and lipoatrophy, which 
may worsen despite discontinuation of stavudine. 

6b.  Metabolic toxicities, including 
lipodystrophy and lipoatrophy

PLASMA LIPIDS

A large number of studies have demonstrated that stavudine 
is associated with worsened lipid and glucose profiles, partic-
ularly elevated low-density lipoprotein (LDL) cholesterol 
and triglycerides (Galli et al., 2002; Estrada and Portilla, 
2011; Menezes et al., 2014). Use of stavudine does not appear 
to alter high-density lipoprotein (HDL) levels. Dyslipidemia 
was found to improve when stavudine was changed to teno-
fovir, with improvement in LDL and triglyceride levels over 
48 weeks of followup (Llibre et al., 2006). Similar improve-
ment was not seen with a change to abacavir, although 
improvement in peripheral fat distribution was observed 
(Moyle et al., 2006). Low-dose stavudine has been associated 
with reduced incidence of dyslipidemia; however, a recent 

Figure 229.2. Occurrence of peripheral neuropathy, 
by dose, during 96 weeks of stavudine treatment. 
(Reprinted with permission from Skowron (1995).) 
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study found that dose reduction was less effective than 
switching to tenofovir (Milinkovic et al., 2007). Dyslipidemia 
has also been found in children treated with stavudine and 
correlates strongly with clinically reported fat redistribution 
(European Paedia tric Lipodystrophy Group, 2004). Changing 
children from a regimen containing stavudine to one con-
taining tenofovir was associated with a decrease in plasma 
lipids over 18 months (Rosso et al., 2008).

LIPODYSTROPHY AND LIPOATROPHY

Lipodystrophy is a syndrome of peripheral fat wasting, cen-
tral fat deposition, and dysregulation of lipid and glucose 
metabolism. Lipodystrophy was first thought to relate pre-
dominantly to protease inhibitor use, but was subsequently 
recognized as a complication of nucleoside reverse transcrip-
tase inhibitor therapy (Carr et al., 2000; Mallal et al., 2000), 
and more recently to successful antiretroviral therapy in the 
context of HIV-related weight loss (de Waal et al., 2013). A 
loss of subcutaneous fat predominates, especially from the 
face, arms, and legs. Lipoatrophy due to apoptosis of subcu-
taneous fat cells is well described in the setting of nucleoside 
reverse transcriptase inhibitor use, most especially stavu-
dine. Lipoatrophy during the use of stavudine is associated 
with mitochondrial DNA dysfunction (Cherry et al., 2002; 
Cherry et al., 2006), abnormalities that have been shown to 
improve with switching to non-stavudine-containing regi-
mens (McComsey et al., 2005). A cross-sectional study in 
South Africa has demonstrated that up to 37% of children 
treated with stavudine develop lipoatrophy (Innes et al., 
2012). A further study has found that plasma levels of stavu-
dine and duration of exposure correlate with lipoatrophy (ter 
Hofstede et al., 2008). A study of long-term nucleoside reverse 
transcriptase inhibitor use found 63% of patients treated 
with stavudine-containing regimens developed lipodystro-
phy during a mean of 2.7 years followup, compared with 19% 
of those treated with zidovudine and none of the control 
group (Saint-Marc et al., 1999). A comparative study of 
stavudine- and tenofovir-containing regimens found a 20% 
vs. 3% incidence of lipodystrophy after 144 weeks of fol-
lowup (Gallant et al., 2004). Abacavir is associated with less 
lipoatrophy when used in place of stavudine, and switching 
from stavudine to abacavir can lead to partial reversal of  
lipo dystrophy without loss of virological control (Martin et al., 
2004; Podzamczer et al., 2007). Dual-energy X ray absorpti-
ometry (DEXA) scans have demonstrated significant improve-
ment in lipoatrophy in the lower extremities, in particular 
after withdrawal of stavudine (Tavassoli et al., 2006). 

Reducing the dose of stavudine increases the level of 
mitochondrial DNA and reduces lactate levels as well as pre-
serves bone mineral density (McComsey et al., 2008). There 
is also evidence that the risk of lipoatrophy and /or periph-
eral neuropathy due to stavudine administration is dose 
related and reduced by lowering the dose of stavudine from 
40 to 30 mg twice daily (McComsey et al., 2008; Pujades-
Rodriguez et al., 2011), although that has not been found  
in all studies (Millinkovic et al., 2007). Extended-release 
stav udine therapy is not associated with reduced risk of 

lipoatrophy (Yang et al., 2005), although other preliminary 
data suggest the risk is significant by 96 weeks.

Chronic mild hyperlactatemia has been associated with 
stavudine use and may frequently be asymptomatic (John et 
al., 2001). When symptomatic, the most common symptoms 
reported are nausea, vomiting, and abdominal pain. Lactic 
acidosis is commonly associated with other metabolic abnor-
malities, particularly hepatic steatosis. Lactic acidosis has 
been reported at rates of between 7% (when used as antire-
troviral monotherapy) and 38% (when used in combination 
with didanosine) (Arenas-Pinto et al., 2003; Ogedegbe et al., 
2003). Lactic acidosis and symptomatic hyperlactatemia may 
be more frequent than these earlier studies suggest because 
of an increased rate of these complications in women. One 
study from Soweto, South Africa, found a rate of 16.1 cases of 
lactic acidosis and 27 cases of symptomatic hyperlactatemia 
per 1000 patient-years in women on highly active antiretro-
viral therapy (> 95% containing stavudine) compared with 
1.2 and 8.7 cases per 1000 patient-years in male patients 
(Bolhaar and Kar staedt, 2007). This may be fatal. A second 
study from South Africa confirmed these findings, with a 
reported incidence of 20.5 cases per 1000 person-years and 
with an associated mortality of 21% (Fabian et al., 2008). This 
is of particular concern given the frequent use of stavudine 
as first-line therapy in the developing world. 

A Guillain-Barré-like syndrome of rapidly progressive 
neuromuscular weakness and lactic acidosis has also been 
associated with stavudine use (Simpson et al., 2004). Many of 
the patients in this series had persistent neurological deficits 
even after cessation of antiretroviral drugs, and in 16% the 
syndrome was fatal. 

Risk factors for the development of hyperlactemia include 
combined stavudine and didanosine use, female gender, 
advanced immune suppression, and possibly ethnicity (Lac-
tic Acidosis International Study Group, 2007).

Stavudine has been associated with an increased rate of 
diabetes mellitus, even over a median followup of less than 
1 year (Brambilla et al., 2003). This finding is confirmed in a 
report from the D:A:D study, in which diabetes was signifi-
cantly associated with both stavudine and, to a lesser extent, 
zidovudine use after adjusting for risk factors underlying 
diabetes as well as lipid levels (De Wit et al., 2008).

In a study of over 500 HIV infected individuals and over 
500 uninfected controls (AGEhIV Cohort Study) stavudine 
exposure was independently associated with development of 
hypertension (odds ratio [OR]: 1.54; 95% confidence interval 
[CI]: 1.04–2.30) , with adjustment for changes in body com-
position, including visceral adiposity and stavudine-induced 
lipoatrophy slightly decreasing the association (van Zoest et 
al., 2016).

6c.  Hepatotoxicity and pancreatitis

Although elevation of liver function tests has been reported 
in 11% of patients participating in a phase I trial of stavudine 
(Browne et al., 1993), other studies suggest that this finding 
is most likely to reflect underlying liver disease rather than 
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drug-related toxicity (Skowron, 1995). Subsequently, hepatic 
steatosis has been described as a relatively common side 
effect with the use of stavudine, with overlap with other 
manifestations of mitochondria toxicity (McComsey and 
Lonergan, 2004; Ongolo-Zogo et al., 2012; Lemoine et al., 
2012). Rat models suggest complex mechanisms for this ste-
atosis and point to mitochondrial dysfunction and decreased 
hepatic cellular transport of lipids (Igoudjil et al., 2007; 
Igoudjil et al., 2008). 

The relationship between stavudine and pancreatitis 
remains controversial. Using stavudine as monotherapy, pan-
creatitis was reported in 1% of patients in clinical trials and 
was associated with 14 deaths, 5 of which were considered 
drug-related (Bristol-Myers Squibb, 2012). In postmarking 
trials, pancreatitis was described as occurring at a rate of 
more than 1 case per 100 patient-years; however, as with all 
the mitochondrial toxicities, pancreatitis occurs more fre-
quently when used in combination with didanosine (Moore 
et al., 2001). The EuroSIDA study group reported no evi-
dence of increased incidence of pancreatitis in association 
with stavudine or didanosine; however, there was a lower 
than expected overall rate of pancreatitis in the years of the 
study (Smith et al., 2008). Other studies have questioned 
whether stavudine is associated with pancreatitis or pancre-
atic dysfunction (Manfredi et al., 2004; Guo et al., 2005). A 
recent literature review suggested an association with anti-
retroviral therapy through different mechanisms, including 
mitochondrial toxicity and hyperlipidemia (Oliveira et al., 
2014).

6d.  Bone marrow toxicity

Stavudine is generally regarded to be less myelotoxic to 
human bone marrow precursor cells in vitro than zidovudine 
(Mansuri et al., 1989; Mansuri et al., 1990; Du et al., 1992). 
This has been reported in children as well as adults (Aurpibul 
et al., 2008). In resource-limited settings, while tenofovir 
would be the first choice, stavudine would be preferable to 
zidovudine in individuals with baseline hemoglobin levels 
of < 80 g/dl. Zidovudine and stavudine have similar effects 
on human progenitor erythrocytes (Mansuri et al., 1989; 
Man suri et al., 1990).

In a phase I trial of stavudine in patients with advanced 
HIV infection, 11% of participants developed anemia that 
required blood transfusion but not discontinuation of stavu-
dine (Browne et al., 1993). In several other studies, there was 
no evidence of dose-related hematologic toxicity (Skowron, 
1995).

Macrocytosis is a feature of stavudine therapy, although 
less common than with zidovudine, and appears to have no 
clinical consequence (Eyer-Silva et al., 2001).

6e.  Teratogenicity

Embryotoxicity has been demonstrated with inhibition of 
blastocyst formation from two-cell embryos in vitro at con-
centrations of 100 µM or higher (Toltzis et al., 1994). How- 

ever, stavudine is nonteratogenic in rats and rabbits, with 
peak plasma concentrations in these animals being up to 400 
times the human exposure (Schilling et al., 1995). A large 
prospective cohort study has concluded that stavudine use 
in pregnancy is not associated with an increased frequency 
of birth defects (Gallant et al., 2004; Watts et al., 2004).

Recent publications from pregnancy registries suggest the 
drug is safe regarding teratogenicity during the prepartum 
period (Liu et al., 2014; Phiri et al., 2014).

6f.  Other adverse effects

Stavudine does not appear to impair renal function (Petersen 
et al., 1995). Adult patients treated with up to 24 times the 
recommended daily dose did not develop any acute toxicity 
(Bristol-Myers Squibb, 2012).

An increased rate of subclinical hypothyroidism has been 
reported with prolonged use of stavudine (Madeddu et al., 
2006) and confirmed elsewhere (Beltran et al., 2003; Silva et 
al., 2015). In a study in India of HIV-infected patients co- 
infected with M tuberculosis, no association was found 
between stavudine and hypothyroidism (Andries et al., 2013), 
with similar findings from a large retrospective study that 
showed hypothyroidism was rare and not associated with 
any specific antiretroviral drug (Madge et al., 2007). 

7. CLINICAL USES OF THE DRUG

Stavudine is indicated for the treatment of HIV-1 and -2, as 
part of combination therapy. It has occasionally been used 
for postexposure prophylaxis, as it is better tolerated than 
previously used zidovudine.

Stavudine has almost disappeared from use in adults 
owing to concerns regarding toxicity, particularly mitochon-
drial toxicities (Office of AIDS Research Advisory Council, 
2009). Stavudine, until recently, was widely used in develop-
ing countries because of its low cost, wide availability, and 
excellent short-term side effect profile. Stavudine is no lon-
ger recommended first-line antiretroviral agent in WHO 
guidelines, and many countries have ceased using it, in either 
adults or children (Clinton Health Access Initiative, 2014). 

Stavudine has been extensively studied, initially as a 
monotherapeutic agent and subsequently as part of combi-
nation antiretroviral therapy. It is not recommended as 
monotherapy.

7a.  Stavudine monotherapy

Studies 002 (AIDS Clinical Trials Group 089) and 003 were 
open-label, nonrandomized dose-ranging and safety studies 
of up to 3 years’ duration in HIV-infected persons with 
symptomatic infection, < 500 CD4 cells/µl, and no active 
opportunistic infection. Stavudine was associated with a 
modest increase in CD4 counts and a decline in HIV p24 
antigen, sustained in the 2 mg/kg daily dose group for 46 
weeks. The maximum tolerated dose was 2 mg/kg daily, with 
the major dose-limiting toxicities being peripheral neuro - 
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pathy and elevation of hepatic transaminases. A total of 41 
subjects were enrolled in study 002 and 43 enrolled in 003, 
but a large number of patients prematurely withdrew from 
both studies (Browne et al., 1993; Murray et al., 1995).

Study 019 was a randomized, double-blind comparison 
of zidovudine (600 mg/day) versus stavudine (40 mg twice 
daily for patients weighing at least 60 kg or 30 mg twice daily 
for those weighing less than 60 kg) in 822 patients with HIV 
infection who had received at least 6 months of zidovudine 
previously and had a CD4 count of 50–500 cells/µl. 

Study 009 was a parallel-track, compassionate-use pro-
gram that enrolled over 13,000 patients with advanced HIV 
infection who were refractory to or intolerant of zidovudine 
and didanosine. Patients were randomized to receive 20 or 
40 mg twice-daily (approximating 0.5 and 1.0 mg/kg daily) 
and those who weighed < 60 kg received 15 or 30 mg. The 
median CD4 count at study entry was 38 cells/µl. In patients 
receiving 40 mg twice daily, only marginal benefit was 
observed in comparison with the lower dose with respect to 
survival and development of AIDS-defining illnesses, with 
no evidence of benefit in Karnofsky scores or weight gain 
(Anderson et al., 1995; Bristol-Myers Squibb, 2008). As the 
incidence of peripheral neuropathy was higher in patients 
receiving 40 mg twice daily, which was highly statistically 
significant, with no evidence of extra efficacy, the dose was 
decreased for all patients to 20 mg twice daily (Simpson and 
Tagliati, 1995; Hill et al., 2007).

7b.  Stavudine combination therapy

A Cochrane Database systematic review was performed to 
consider the efficacy and safety of the initial antiretroviral 
combination of stavudine, lamivudine, and nevirapine, as 
one of the most commonly prescribed regimens worldwide 
(Siegfried et al., 2006). This review found only two studies 
that provided data from randomized controlled trials of this 
combination, one being a small Australian study of 70 
patients and the other being a large multicenter trial enroll-
ing 1216 participants and being conducted in 14 countries. 
Their analysis, largely based on the latter study, found this 
combination provided virological control and that exchang-
ing efavirenz for nevirapine was an equally efficacious option. 
The safety of stavudine could not be well assessed because all 
patients received regimens containing stavudine in the stud-
ies reviewed. However, it is noteworthy that severe periph-
eral neuropathy was observed in all treatment groups, with 
an overall rate of around 3%. A subsequent Cochrane review 
comparing stavudine to zidovudine showed minimal differ-
ences in efficacy or toxicity (Spaulding et al., 2010).

For several years till 2010, due to cost and the availability 
of co-formulated tablets, stavudine in combination with 
lamivudine and nevirapine was the most prescribed regimen 
in developing countries in Africa and Asia. This combination 
with lamivudine and nevirapine has been evaluated in many 
Asian and African observational cohorts (Zhou et al., 2007), 
all of which showed high levels of mitochondrial toxicity 
(Ferradini et al., 2006; Calmy et al., 2006; Pujades-Rodríguez 

et al., 2011). The Treat Asia HIV Observational Database found 
that adverse effects rather than clinical failure were the main 
reason for ceasing stavudine, lamivudine, and nevirapine as 
first-line therapy (Zhou et al., 2007). The combination of sta-
vudine, lamivudine, and nevirapine has also been evaluated 
in a Western context (Tam et al., 2007). 

The main clinical trials of stavudine as part of combina-
tion therapy are discussed in the following paragraphs. 

START 1 was a multicenter randomized open-label study 
comparing stavudine in a dose of 40 mg twice daily plus 
lamivudine plus indinavir with zidovudine plus lamivudine 
plus indinavir in treatment naive subjects (n = 202). Both 
regimens had similar virologic and immunologic efficacy 
(Squires et al., 2000). 

START II was a comparison of stavudine, didanosine, 
and indinavir with zidovudine, lamivudine, and indinavir in 
HIV-infected individuals with < 4 weeks of treatment. The 
stavudine-containing regimen had superior results in terms 
of virologic suppression at 48 weeks compared to the zidovu-
dine-containing regimen, without evidence of more serious 
toxicity emerging in this study caused by the stavudine plus 
didanosine combination (Eron et al., 2000).

INITIO (2006) was an open-label international random-
ized trial comparing the addition of an nonnucleoside 
reverse transcriptase inhibitor, protease inhibitor, or both to 
a stavudine-containing nucleoside reverse transcriptase inhib-
itor backbone. A total of 911 antiretroviral-naive participants 
were randomized to receive stavudine and didanosine plus 
nelfinavir or efavirenz or nelfinavir and efavirenz. Roughly 
one third of subjects had switched from stavudine by the end 
of the 3-year followup period. INITIO found that the most 
effective initial therapy strategy was a nonnucleoside reverse 
transcriptase inhibitor plus two nucleoside reverse transcrip-
tase inhibitors. The addition of a protease inhibitor to this 
regimen was found to result in worse virological control and 
increased adverse events.

In the CLASS study, stavudine, as part of an initial three- 
nucleoside reverse transcriptase inhibitor regimen (stavu-
dine plus lamivudine plus abacavir) was evaluated and com-
pared with strategies consisting of two nucleoside reverse 
transcriptase inhibitors plus a protease inhibitor (amprenavir– 
ritonavir) or two nucleoside reverse transcriptase inhibitors 
plus a nonnucleoside reverse transcriptase inhibitor (efa-
virenz) (Bartlett et al., 2006). In this study, 291 antiretroviral 
drug–naive subjects were randomized to one of the three 
treatment strategies and were followed for 96 weeks. Overall, 
this study found no significant differences in viral load or 
CD4 T-cell improvement; however, analysis of secondary 
end points concluded that there was less genotypic resistance 
and longer duration of virologic suppression in the nonnu-
cleoside reverse transcriptase inhibitor group than the other 
study arms.

In combination with either emtricitabine or lamivudine, 
stavudine was previously included as an alternative option 
for postexposure prophylaxis (PEP) in some guidelines 
(CDC, 2005; SAHCS 2008). However, one study compar- 
ing PEP regimens found that 6% of patients receiving a 
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stavudine-containing regimen developed symptoms of distal 
sensory neuropathy after 28 days, an effect not seen in regi-
mens containing other nucleoside reverse transcriptase 
inhibitors (Winston et al., 2002). 

In the D:A:D study to assess the relative risk of nucleoside 
reverse transcriptase inhibitors to increase myocardial risk, 
stavudine did not emerge as a drug with significant risk (Worm 
et al., 2010).

7c.  Stavudine use in pregnancy and the 
perinatal period

Stavudine is well tolerated in pregnancy (Weinberg et al., 
2011). Small clinical trials and a large observational study 
have evaluated the use of stavudine-containing combination 
therapy in the prevention of mother to child transmission 
(MTCT) (Wade et al., 2004; Black et al., 2008). These studies 
found significant reduction in MTCT with an overall trans-
mission rate of 5% in women receiving antiretroviral therapy. 
No transmission was noted in women who had received 
therapy for more than 7 weeks before delivery. Peripheral 
neu ropathy was uncommonly reported (0.3% of women); 
however, the authors note that women were exposed to sta-
vu dine for only a mean of 10 weeks. 

The co-prescription of stavudine and didanosine is con-
traindicated in pregnancy, due to concerns regarding high 
rates of lactic acidosis.

Epidemiologic studies have suggested an increased rate 
of persistent mitochondrial dysfunction in children exposed 
to nucleoside reverse transcriptase inhibitor in utero (Blanche 
et al., 1999; Poirier et al., 2003). This has occurred most com-
monly during maternal therapy to prevent perinatal HIV 
transmission (Connor et al., 1994). This finding is contro-
versial and has not been reproduced in all studies (Perinatal 
Safety Review Working Group, 2000). 

7d.  Stavudine use in pediatric populations

There have been very few randomized controlled studies of 
stavudine in children. The early Pediatric AIDS Clinical Trials 
Group 327 (PACTG 327) was a study to determine the safety 
and antiviral activity of stavudine with didanosine in 108 
HIV-infected children, whose mean age was 5 years. In this 
study, the drugs were well tolerated over 48 weeks but with 
incomplete virologic suppression (Kline et al., 1998). 

leDEA Southern Africa Pediatric Collaboration reported on 
virologic outcomes of 9543 ART-naive children in Cape town 
and Johannesburg who commenced stavudine–lamivudine or 
abacavir–lamivudine, in combination with either efavirenz 
or ritonavir-boosted lopinavir. After 6 months of therapy, 
there was a significantly greater virologic suppression in the 
children who received a stavudine-containing regimen (70% 
with virologic suppression on stavudine-based ritonavir- 
boosted lopinavir regimen; 86% on stavudine-based efavirenz 
regimen) compared to those receiving an abacavir-containing 
regimen (54% with virologic suppression on abacavir-based 

ritonavir-boosted lopinavir regimen; 78% on abacavir-based 
efavirenz regimen), respectively (Technau et al., 2014).

CHAPAS-3 was an open-label parallel-group randomized 
trial enrolling ART-naive and ART-experienced (on a stavu-
dine-containing regimen for more than 2 years with unde-
tectable viral load) children from Zambia and Uganda who 
were randomized to receive stavudine, zidovudine, or abaca-
vir in fixed-dose combination pills with lamivudine and 
either nevirapine or efavirenz. At 48 weeks, 85%, 80%, and 
81% of children receiving stavudine, zidovudine, and abaca-
vir, respectively, had a viral load < 400 copies/ml, with no 
significant differences in grade 2–4 clinical or grade 3–4 lab-
oratory adverse events (Mulenga et al., 2015).
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1. DESCRIPTION

Abacavir sulfate (also known as 1592U89) is a carbocyclic 
nucleotide analog that received US Food and Drug 
Administration (FDA) approval in 1998 for the treatment of 
HIV infections (Huff ,1999). Abacavir was developed from 
the compound carbovir (NSC 614846), by the addition of a 
6-cyclopropylamino moiety at the 6-position of the purine 
ring (Daluge et al., 1997; Figure 230.1). Although carbovir 
was initially found to have potent in vitro anti-HIV activity 
(Vince et al., 1988; Coates et al., 1991) and was intensively 
researched as a potential antiretroviral drug target, its poor 
oral bioavailability in animal studies (Yeom et al., 1989; 
Huang et al., 1991), unfavorable toxicology profile, and lim-
ited brain penetration (Daluge et al., 1997) precluded further 
clinical development. The 6-cyclopropylamino modifica-
tions to carbovir overcame these pharmacokinetic and toxi-
cologic limitations (Good et al., 1995) while retaining its 
potent antiviral activity (Daluge et al., 1995) In addition, this 
modified carbovir compound retained the improved in vivo 
stability conventionally associated with this structure com-
pared with the other 2′,3′-dideoxynucleotides such as zid-
ovudine, didanosine, zalcitabine, and stavudine (Daluge et 
al., 1997).

Abacavir is therapeutically classified as a nucleoside 
reverse transcriptase inhibitor (NRTI) and is the only 2′- 
deoxyguanosine nucleoside analog in this class used for HIV 
therapy. It is converted intracellularly through a unique 
mechanism to its active triphosphate form, which subse-
quently inhibits the HIV reverse transcriptase enzyme by 
competing with endogenous substrates of deoxyguanosine 
triphosphate (dGTP) for incorporation into the elongating 
proviral DNA chain of a replicating virus. Following this 
incorporation, the guanosine analog acts as a chain termina-
tor and prematurely stops DNA synthesis (Faletto et al., 1997).

Abacavir is manufactured as a hemisulfate salt and is 
available in tablet and oral liquid formulations under the 
trade name Ziagen, marketed initially by GlaxoSmithKline 
and now by ViiV Healthcare. Generic forms of abacavir are 
now available as an oral solution of 20 mg/ml from Cipla, 

Meditab Specialities, Hetero Drugs, and Aurobindo; as 
60-mg tablets from Cipla and Mylan; and as 300-mg tablets 
from Cipla, Mylan, Sun Pharmaceutical Industries, Strides 
Arcolab, Hetero Drugs, and Aurobindo. Abacavir sulfate has 
been co-formulated with lamivudine as Kivexa (UK) and 
Epzicom (USA) and with zidovudine and lamivudine as 
Trizivir . It is now co-formulated with dolutegravir and lami-
vudine (Triumeq) as a single-tablet once daily regimen 
(Walmsley et al., 2013), but there are no generics for this for-
mulation. Generic fixed-dose combinations of abacavir and 
lamivudine are available as 60/30-mg tablets from Aurobindo, 
Mylan, Hetero Drugs and as tablets for oral suspension from 
Cipla and Mylan. Mylan also produces 120/60-mg tablets for 
oral suspension. Fixed-dose combination formulations of 
600/300 mg are available from Aurobindo, Cipla, Mylan, and 
Hetero Drugs. Formulations with zidovudine are available 
from Mylan and 300/150/300 mg co-formulations are avail-
able from Sun Pharmaceutical, Mylan, and Aurobindo. A 
current list of the available drugs is maintained by Global 
Fund (2016). 

Figure 230.1. The structure of (a) abacavir and (b) carbovir. 
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The chemical name of abacavir sulfate is (1S,4R)-4-[2-
amino-6-(cyclopropylamino)-9H-purin-9-yl]-2-cyclopen-
tene-1-methanol sulfate (Figure 230.1); it has a molecular 
weight of 335.366, and the molecular formula C14H18N6O.½ 
H2SO4 (Huff, 1999). The concentration of abacavir can be 
expressed as micromols or in milligrams per milliliter (1 µg/
ml is approximately equivalent to 3.57 µM).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Abacavir is a specific inhibitor of the reverse transcriptase of 
HIV-1 (Table 230.1). It shows a similar spectrum of activity 
against the primate retrovirus simian immunodeficiency 
virus (SIV) and against HIV-2 (Witvrouw et al., 2004). Feline 
immunodeficiency virus is sensitive to abacavir (Bisset et al., 
2002) but in vitro reduction of virus production is < 50% 
(Schwartz et al., 2014).

Compared with the nucleotide reverse transcriptase inhib-
itor tenofovir and the NRTIs lamivudine and emtricitabine, 
abacavir has limited activity against the reverse transcriptase 
of hepatitis B. The half-maximal inhibitory concentration 
(IC50) for abacavir is 3.4 ± 1.4 µM compared with 0.0072 ± 
0.0029 µM for lamivudine (Walters et al., 2003).

The mean IC50 of abacavir for the standard laboratory 
strain of HIVHXB2 is 4 µM in comparison with 0.04 µM for 
zidovudine and 2.1 µM for lamivudine (Daluge et al., 1997). 
There is no significant difference between the levels of activ-
ity of abacavir (IC50 0.26 µM) and zidovudine (IC50 0.23 µM) 
against clinical isolates of HIV-1 (Daluge et al., 1997). The 
reported in vitro toxicity data (50% cytotoxicity concentration 

[CC50]) of abacavir are 160 µM (tested in CEM cells), 140 µM 
(CD4-expressing CEM cells), and 110 µM (bone marrow 
progenitor cells, BFU-E) (Daluge et al., 1997; Melroy and 
Nair, 2005).

2b.  Emerging resistance and 
cross-resistance

Resistance can be determined by genotyping or phenotyp-
ing methods. The gold standard remains phenotypic resis-
tance testing; the most common phenotyping method is the 
Pheno Sense assay from Monogram; however, it is available 
through only a limited number of laboratories. The Pheno-
Sense assay may be superior to alternative assays for deter-
mining drug sensitivities for abacavir as well as for didanosine 
and stavudine (Zhang et al., 2005), but correlation between 
PhenoSense and predicted phenotype based on genotype 
was shown to be high using a large dataset (Van Houtte et al., 
2009). 

Genotyping is now more widely available and is most com-
monly used. Mutations associated with well-documented resis-
tance are published online by the International Archival Society 
(IAS-USA) (iasusa.org/content/drug-resistance- mutations-in-
HIV) and annually as the IAS-USA Drug Resistance Mutations 
Figures and User Notes (Wensing et al., 2014). Genotyping 
assays are currently recommended for testing before treat-
ment of naive HIV-infected subjects and before changing 
therapy after virologic failure (Panel on Antiretroviral Guide-
lines for Adults and Adolescents. 2016).

MOLECULAR BASIS OF RESISTANCE TO ABACAVIR

HIV resistance to abacavir can vary from a 2- to 11-fold 
decrease in susceptibility, depending on the specific mutations 
and the number of mutations. The molecular mechanisms of 
resistance from these mutations within reverse transcriptase 
include enhanced repair with excision and unblocking of the 
phosphorylated nucleoside analog- terminated DNA chain 
or discrimination between the phosphorylated nucleoside 
analog and the native nucleotide, resulting in reduced incor-
poration of abacavir into the DNA chain (Ly et al., 2007). 
Excision repair is the main mechanism associated with resis-
tance found with the thymidine analog mutations (TAMs), 
which include M41L, D67N, K70R, L210W, T215Y/F, and 
K219Q/E/N/R (White et al., 2006). Reduced incorporation 
of the analog into the DNA chain by reduced binding of the 
analog compared with the native nucleotide is the predomi-
nant mechanism for the abacavir resistance mutations (Ray 
et al., 2002). The M184V mutation, which confers resistance 
to both abacavir and lamivudine, is associated with confor-
mational changes at the nucleotide binding site, which can 
then also reduce zidovudine resistance (Boyer et al., 2002). 
Enhanced binding will thus impair the excision and unblock-
ing mechanism and increase zidovudine sensitivity. A simi-
lar inhibition of the excision and repair mechanism exists  
for the K65R mutation (White et al., 2005), a mutation that  
is increasing in frequency (Sluis-Cremer et al., 2007) and is 

Table 230.1. Antiviral activity of abacavir against HIV laboratory 
and primary isolates.

Isolates Median EC50
a

HIV-1IIIB 3700–5800 nM

HIV-1BAL 70–1000 nM

HIV-1MN 316 nMb

HIV-1HXB2 5300 ± 1800 nMc

HIV-1IIIB 1400 ± 320 nMd

HIV-1 clinical isolates (n = 8) 260 ± 180 nM

Clade A (n = 3) 344 (14.8–676) 

Clade B (n = 2) 16.9 (5.9–27.9)

Clade C (n = 3) 8.1 (1.5–16.7)

Clade D (n = 3) 356 (35.7–396)

Clade E (n = 3) 105 (28.1–168)

Clade F (n = 3) 47.6 (5.2–200)

Clade G (n = 3) 51.4 (7.1–177)

Group O (n = 3) 282 (22.4–598)

HIV-2 (n = 4) 24–490 

a Median and range of the 50% effective concentration (EC50), based on ViiV, 
Abacavir product information (2015). 

bHalf-maximal inhibitory concentration (IC50) (Rosenblum et al., 2001).
cMean IC50 ± the standard deviation (Tisdale et al., 1997).
dData from Witvrouw et al. (2004).

http://www.iasusa.org/content/drug-resistance-mutations-in-HIV
http://www.iasusa.org/content/drug-resistance-mutations-in-HIV
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associated with reduced susceptibility of HIV-1 to abacavir 
(Harrigan et al., 2000; Miller et al., 2000). 

MUTATIONS ASSOCIATED WITH IN VITRO AND 
IN VIVO RESISTANCE TO ABACAVIR

An initial indication of the pattern of resistance to abacavir 
was derived from the generation of mutations associated 
with resistance in vitro. The amino acid substitutions of 
K65R, L74V, Y115F, and M184V have been the primary 
mutations associated with resistance of HIV-1 to abacavir in 
vitro (Feng et al., 2005). In addition, the multidrug resistance 
mutation Q151M can confer reduced susceptibility to abaca-
vir (Feng et al., 2005). In vitro selection with abacavir alone 
results in evolution of mutations M184V, Y115F, and K65R 
(Margot et al., 2006). In vitro, selection for two or three 
mutations is needed for resistance. M184V confers a 2- to 
5-fold increase in resistance. L74V, K65R, and Y115F each 
confer 2- to 4-fold increases in resistance. Double and triple 
mutants increase resistance 7- to 11-fold. Cross-resistance 
with didanosine and zalcitabine, but not zidovudine, occurs 
with these mutations (Tisdale et al., 1997).

Resistance develops within 12 weeks in 51% of those 
receiving abacavir monotherapy (Harrigan et al., 2000). In 
the initial dose escalation trial (CNA2001), mutations were 
found in K65R, L74V, or M184V in HIV strains from partic-
ipants, each conferring a 2- to 4-fold increase in resistance. 
In contrast, mutations were found in only 11% of those 
receiving the combination of zidovudine and abacavir (Har-
rigan et al., 2000). The most common mutations were L74V 
and M184V (Harrigan et al., 2000; Miller et al., 2000). The 
presence of M184 depended on treatment with zidovudine 
(Miller et al., 2000). M184V alone is not associated with 
reduced susceptibility to abacavir (Harrigan et al., 2000). 
Abacavir can maintain M184V in vitro (Petrella et al., 2004).

THYMIDINE ANALOG MUTATIONS  
AND ABACAVIR RESISTANCE

Table 230.2 and Table 230.3 show mutations associated with 
reduced susceptibility of HIV-1 strains to abacavir and 
cross-resistance with other nucleoside analog reverse tran-
scriptase inhibitors. Thymidine analog mutations (M41L, 
D67N, K70R, L210W, T215Y/F, and K219Q/E) are selected 
by the thymidine-containing analogs zidovudine and stavu-
dine and confer high-level resistance to these drugs (Brehm 
et al., 2007) as well as resistance to abacavir and lamivudine. 
Individually, the mutations M41L, D67N, and T215Y each 
confer less than 3-fold resistance to abacavir (Garcia-Lerma 
et al., 2004; Garcia-Lerma et al., 2003). When M184V is 
present with a single TAM there is no evidence of any signif-
icant fold increase in resistance to abacavir. This provides 
evidence for the practice of retaining lamivudine and/or aba-
cavir in an antiretroviral regimen despite the presence of the 
M184V mutation (Ross et al., 2004). In a study of 215 iso-
lates, the presence of five TAMs at codons 41, 67, 210, 215, 
and 219 of reverse transcriptase produced median fold 
reductions in susceptibility to abacavir, zidovudine, lamivu-
dine, didanosine, and tenofovir of 4.5, 438, 4.8, 1.4, and 3.6, 
respectively (Bethell et al., 2005). Five TAMs in the 67, 70, 
and 219 pathway (at codons 41, 67, 70, 215, and 219) reduced 
susceptibility to these drugs by 3.0-, 108-, 3.2-, 1.3-, and 2.5-
fold, respectively (Bethell et al., 2005).

K65R AND ABACAVIR RESISTANCE

K65R confers resistance to several nucleoside/nucleotide 
ana logs, particularly tenofovir (see Chapter 232, Tenofovir) 
and abacavir. The reduction in susceptibility of HIV-1 strains 
carrying K65R to abacavir is 5- to 25-fold (Brenner et al., 
2006). Although K65R is selected in vitro by zidovudine  
and other thymidine analog drugs, it does not appear in 

Table 230.2. Mutations associated with resistance to abacavir and cross-resistance with other nucleoside reverse transcriptase inhibitors 
(NRTIs).a

RT amino acid position

41 62 65 67 69 70 75 77 115 116 151 184 210 215 219

ABC K|R L|V Y|F M|V

DDI K|R L|V

FTC K|R M|V

3TC K|R M|V

STV M|L D|N K|R L|W T|YF K|QE

TDF K|R K|R

ZDV M|L D|N K|R L|W T|YF K|QE

Multi-NRTI resistance

TAM M|L D|N K|R L|W T|YF K|QE

69C M|L A|V inst K|R L|W T|YF K|QE

151C A|V V|I F|L F|Y Q|M

aFor each amino acid position the wild-type and mutant amino acid are indicated.
Abbreviations: ABC: abacavir; DDI: didanosine; FTC: emtricitabine; 3TC: lamivudine; STV: stavudine; TDF: tenofovir; ZDV: zidovudine; TAM: thymidine analog 

mutation, 69C: multiresistance 69 complex associated with resistance to all NRTIs except tenofovir; 151C: multiresistance 151 complex, associated with resis-
tance to all NRTIs.

Sources: Data compiled from Brehm et al. (2007, Garcia-Lerma et al. (2004, 2003), Bethell et al. (2005), and Wensing et al. (2014).
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 zidovudine-treated patients. In a large database analysis 
(n  = 60,000) the prevalence of K65R mutation was found 
to have increased from 0.4% in 1998 to 3.6% in 2003 (Parikh 
et  al., 2006). K65R is frequently found in association with 
L74V in individuals receiving abacavir (Harrigan et al., 2000; 
Miller et al., 2000). There is a strong negative association 
between K65R and TAMs M41L, D67N, L210W T215Y/F, 
and K219Q/E, but not Q151M. This suggests that K65R and 
TAMs are antagonistic. K65R and TAMs exhibit bidirec-
tional phenotypic antagonism such that K65R is rare when 
these mutations are present and frequently emerges with zid-
ovudine-sparing combination regimens (Parikh et al., 2006).

THE SELECTION OF ABACAVIR RESISTANCE 
PATHWAYS: INFLUENCE OF ZIDOVUDINE-
CONTAINING REGIMENS

There appear to be two pathways associated with develop-
ment of resistance to abacavir: one involving the develop-
ment of the K65R mutation and the other depending on the 
presence of the TAMs. This is clearly evident in abacavir- 
naive patients, in whom the development of one of two pat-
terns defined by the presence of K65R can be seen (Winston 
et al., 2002). The pathway developing in the absence of  
thymidine analogs includes the K65R mutation whereas the 
second pathway via development of TAMs occurs with zid-
ovudine selection. Within this broad framework, however, 
there may be preferential selection for abacavir- associated 
mutations. The preferred pathway of resistance with abacavir 
is by acquisition of L74I. Addition of zidovudine to the regi-
men selects for L74I and K65R (Gibb et al., 2002; Stone et al., 
2004). M184V most frequently occurs with abacavir alone. 
K65R is the most broadly cross-reactive mutation (Lanier et 
al., 2004). K65R mutant strains of HIV-1 show increased sus-
ceptibility to zidovudine in vitro (White et al., 2005). Teno-
fovir hypersusceptibility may also occur in the presence of 
both K65R and M184V. These mutations do not result in any 
increase in susceptibility to abacavir (White et al., 2002). 

The IAS panel on drug resistance has updated the list of 
resistance mutations to include (1) the K65REN-associated 
pattern; (2) the 69 insertion complex with M41L, A62V 69 
insert, K70R and L210,T215YF, and K219QE, conferring 
resistance to all NRTI including abacavir; (3) the 151 com-
plex with A62V, V75I, F77L, F116Y, and Q151M, conferring 
resistance to all NRTI except tenofovir; and (4) the TAM muta-
tions M41L D67N, K70R, L210W, T215YF, and K219QE, 
conferring resistance to all current NRTI (Wensing et al., 
2014). 

ABACAVIR RESISTANCE IN NONSUBTYPE B STRAINS 
OF HIV-1 AND IN HIV-2

Phenotypic resistance testing has been used to determine  
the susceptibility of non-B isolates from Vietnam and of 
CRF01-AE, CRF01-AG, and subtype C isolates from Cote 
d’Ivoire and India to abacavir. Abacavir resistance in some 
CRF02-AG isolates may be potentially related to associated 
substitutions within HIV-1 reverse transcriptase D123N and 
I135V (Fleury et al., 2006). K65R is not readily detectable in 
HIV-2 strains exposed to abacavir selective pressure (Ntemgwa 
et al., 2009). HIV-2 is associated with frequent selection for 
Q151M. In a small study of HIV-2 isolates from the French 
ANRS HIV-2 cohort, the Q151M mutation affected the phe-
notypic susceptibility only to abacavir and stavudine and not 
to other nucleoside reverse transcriptase inhibitors (Damond 
et al., 2005).

3. MECHANISM OF DRUG ACTION

Abacavir is an NRTI and like the other agents within this 
class needs to be converted to an active triphosphate form for 
it to be active against the reverse transcriptase enzyme of 
HIV-1 (De Clercq, 1992). The mechanism involved in the 
conversion of abacavir to its active triphosphate moiety, 
however, is unique and unlike the activation pathways of the 
other agents within this class (Faletto et al., 1997).

Table 230.3. The evolution of abacavir resistance during antiretroviral therapy.a

ART

Amino acid position of RT
Fold decrease in 
ABC sensitivity41 62 65 67 70 74 75 77 115 116 151 184 210 215 219

ABC, ABC + 3TC × × 5–6

ABC × ~ 2

ABC × 2–3

ABC, ABC + ZDV × × 6–8

ABC × 3

ABC + ZDV + 3TC × × × 2–3

ABC + ZDV + 3TC × ~ 0

ABC + ZDV + 3TC × × × × 6–8

× Low

× × × × Hi, int-hi

aPhenotypic changes shown to occur with mutations at different positions in HIV-1 reverse transcriptase.
Abbreviations: ART: antiretroviral therapy; RT: reverse transcriptase; ABC: abacavir; 3TC: lamivudine; ZDV: zidovudine; hi: high-level resistance; int-hi: = 

 intermediate- to high- level resistance.
Sources: Data compiled from Brehm et al. (2007), Garcia-Lerma et al. (2004, 2003), and Bethell et al. (2005).
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Abacavir is phosphorylated to abacavir monophosphate 
by an enzyme, adenosine phosphotransferase (Daluge et al., 
1997; Faletto et al., 1997), which differs from the nucleoside 
kinases that are generally involved in the first phosphoryla-
tion step of the other NRTIs. Abacavir monophosphate is then 
converted to carbovir monophosphate by cytosolic deami-
nase. Carbovir monophosphate is then anabolized by cellular 
kinases to carbovir diphosphate and then finally to carbovir 
triphosphate, which is a guanosine analog (Figure 230.2).  
An alternative pathway to the formation of carbovir mono-
phosphate is via the conversion of 6-amino-carbovir mono-
phosphate by aminophosphate deaminase; however, the 
contribution of this pathway to the final concentration of 
carbovir triphosphate is thought to be of only minor conse-
quence, with < 2% of abacavir converted to carbovir triphos-
phate via this pathway (Faletto et al., 1997).

Carbovir triphosphate, the active moiety of abacavir, is a 
potent selective inhibitor of HIV reverse transcriptase (White 
et al., 1989; Parker et al., 1991), whereby it competes with 
endogenous dGTP to be incorporated into the extending 
proviral DNA chain of a replicating virus. The inclusion of 
carbovir triphosphate into the nucleic acid chain then acts as 
a chain terminator by preventing the addition of new bases 
to the chain as carbovir triphosphate lacks the free 3′-hydroxyl 
group required for viral DNA chain elongation.

The inhibition constant (Ki) value of carbovir triphos-
phate for reverse transcriptase from clone HXB2 of strain 
HIV-1IIIB was 0.021 µM using calf thymus DNA primer tem- 

plate, which was about one tenth of the Michaelis constant 
(Km) of dGTP 0.26 µM (Daluge et al., 1997). The activity of 
carbovir triphosphate was also highly selective for viral reverse 
transcriptase over mammalian DNA polymerases. The inhi-
bition constant of carbovir triphosphate against DNA poly-
merase alpha, beta, gamma, epsilon (using the same activated 
calf thymus DNA primer template) was 90–2900 times 
higher than the inhibitory constant for reverse transcriptase 
(Daluge et al., 1997). The poor activity of carbovir triphos-
phate against mammalian DNA polymerase was confirmed 
in other DNA polymerase assay systems (Parker et al., 1991). 
This poor inhibitory activity of carbovir triphosphate against 
DNA polymerases has significant clinical implications as the 
pathophysiology of NRTI-associated mitochondrial toxicity 
has been associated with the inhibition of DNA polymerases 
by NRTIs, most notably polymerase γ (Kakuda, 2000).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Abacavir sulfate is available in 300-mg tablets and a straw-
berry–banana flavored 20 mg/ml oral solution. Common 
doses for adults, children and special populations are given 
in Table 230.4. The initial FDA-approved dosage for abacavir 
was 300 mg administered twice daily (GlaxoSmithKline, 2002). 
However, subsequent pharmacokinetic studies demonstrated 

Figure 230.2. The intracellular anabolic pathway of carbovir triphosphate from abacavir (1592U89) in human cells. AMP 
deaminase: aminophosphate deaminase; CBV-MP: carbovir monophosphate; CBV-TP: carbovir triphosphate. (Reprinted with 
permission from Faletto et al. (1997).) 
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that carbovir triphosphate, the active form of abacavir, has a 
long intracellular half-life compared with its plasma elimina-
tion half-life (12.0 vs. 2.6 hours) (Drusano et al., 1998; Harris 
et al., 2002; Piliero, 2004; Hawkins et al., 2005), which raised 
the possibility of a less frequent dosing regimen. In view of 
this, studies were conducted to compare the clinical efficacy 
and safety of once- and twice-daily abacavir in combination 
with other antiretroviral drugs. These studies concluded that 
the once-daily regimen was not inferior in efficacy to the 
twice-daily dosing regimen (Moyle et al., 2005; Sosa et al., 
2005; Lamarca et al., 2006). However, the only double-blind, 
randomized controlled trial that has been conducted revealed 
that there was a significant increase in the risk of severe drug 
hypersensitivity and severe diarrhea in the arm receiving the 
once-daily regimen (Moyle et al., 2005). This has not been 
shown in other open-label trials (Sosa et al., 2005; Lamarca et 
al., 2006). To date, there have been conflicting reports of this 
association (Ruane et al., 2006; Gervasoni et al., 2007). In 
2005, abacavir received FDA approval to be administered in 
a dose of 600 mg once daily in combination with other anti- 
retroviral drugs (GlaxoSmithKline, 2002). To further reduce 
pill burden, abacavir sulfate 600 mg has been co- formulated 
with lamivudine 300 mg (Epzicom and Kivexa), and with 
lamivudine 300 mg and dolutegravir 50 mg (Triu meq) for 
once-daily administration. There is currently no parenteral 
formulation for abacavir.

4b.  Newborn infants and children

The availability of abacavir as a palatable oral solution has 
made this drug a desirable option in the treatment of HIV in 
children. Furthermore, lamivudine, which in combination 
with abacavir has potent antiretroviral activity (Saez-Llorens 
et al., 2001; Paediatric European Network for Treatment of 
AIDS, 2002; Green et al., 2007), is also available in liquid 
formulation, and this combined regimen has reported good 
adherence among pediatric patients (LePrevost et al., 2006; 
Paediatric European Network for Treatment of AIDS, 2010); 
LePrevost et al., 2006).

Abacavir is administered at a dose of 8 mg/kg twice daily 
in children aged 3 months to 16 years, with doses not exceed-
ing 600 mg/day (ViiV, 2015).The Pediatric European Network 

for the Treatment of AIDS (PENTA-13) study group initially 
reported the comparable plasma pharmacokinetics of abaca-
vir administered once and twice daily in children aged 2–13 
years (Bergshoeff et al., 2005) and the ARROW trial in Uganda 
confirmed this observation (Musiime et al., 2010), which 
subsequently led to a less frequent dosing recommendation 
in adults, abacavir is now recommended as a once or twice-
daily regimen in children (ViiV, 2015).

PREMATURE NEONATES

Information regarding the use of abacavir in neonates are 
limited. Preliminary data from the PACTG 321 study found 
that the clearance of abacavir in neonates under 30 days of 
age was substantially lower than in adults and older children 
(Johnson et al., 2000). This study reported that a dosage of 
2 mg/kg in neonates produced area-under-the-concentration- 
time curve (AUC) values that were similar to or greater than 
those achieved with a dosage of 8 mg/kg in older children. 
The use of abacavir in neonates is not well established and 
the drug is currently licensed to be used only in children 
aged 3 months to 16 years (ViiV, 2015).

4c.  Pregnant and lactating mothers

The pharmacokinetics of abacavir has been reported to be 
unchanged in pregnant women taking the drug at a dosage 
of 300 mg twice daily (Mirochnick and Capparelli, 2004; Best 
et al., 2006), and thus no dosage adjustment is necessary 
during pregnancy. This has been confirmed in a population 
based pharmacokinetic analysis. (Fauchet et al., 2014).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Abacavir is extensively metabolized in the liver with only  
< 1% of the unchanged drug appearing in the urine (Chittick 
et al., 1999). In a study evaluating abacavir kinetics (admin-
istered at dosage ranges of 300–600 mg) in five patients with 
varying degrees of kidney dysfunction (creatinine clearance 
60, 40, 25, 20 ml/minute and one patient undergoing hemo-
dialysis), the absorption, elimination, and distribution of 

Table 230.4. Recommended abacavir dosing in adults, children, and special populations.a

Population

Adults Childrenb Neonatesc Pregnancy
Renal 
impairmentd

Hepatic 
impairmente

Dose 600 mg daily 
or 300 mg 
twice daily

8 mg/kg 
twice 
daily

2 mg/kg 
twice 
daily

600 mg daily 
or 300 mg 
twice daily

600 mg/daily 
or 300 mg 
twice daily

200 mg 
twice daily

aDosing is based on either tablet formulations (300 mg) or liquid formulations (20 mg/ml) for pediatric situations. No intravenous formulation is available.
bChildren aged 3 months to 16 years. Maximum daily does should not exceed 600 mg/day.
cNot licensed for children aged < 3 months. Dosage based on single study of premature infants from Johnson et al. (2000).
dNo dose reduction suggested for any degree of renal impairment or dialysis.
eLimited data exist. Dose reduction recommended in mild hepatic impairment; the product is contraindicated for moderate to severe liver disease.
Source: Based on ViiV (2015).
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abacavir were unchanged compared with patients with nor-
mal renal function, whereas a 4-hour hemodialysis session 
with a high-permeability membrane removed 24% of the 
drug. This study recommended that no dosage modifications 
are necessary for abacavir in patients with renal impairment 
and that the drug should be administered after hemodialysis 
to minimize drug loss (Izzedine et al., 2001a). Similar recom-
mendations have been made elsewhere (Foster and Faulds, 
1998; Thompson et al., 1998; Hervey and Perry, 2000; Izze-
dine et al., 2001b).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Abacavir is metabolized by cytosolic alcohol dehydrogenase 
and uridine diphosphate-glucuronyltransferase (Good et al., 
1995; Wyles and Gerber, 2005). There are currently limited 
data on the appropriate abacavir dosage modifications in 
liver impairment. One study compared the pharmacokine- 
tic parameters of abacavir and its two major metabolites, 
5- carboxylate (2269W923) and 5-glucuronide (361W94), in 
nine HIV-positive patients with clinically diagnosed moder-
ate cirrhosis (Child-Pugh score 5–6, mild liver impairment) 
and nine normal control subjects who were matched for age, 
sex, and height. The results showed that the abacavir pharma-
cokinetic profile in patients with cirrhosis was altered, with a 
mean increase of 89% in abacavir AUC and a 58% increase in 
the drug half-life after a single 600-mg dose in the cirrhosis 
group. Abacavir clearance was decreased by 47% in the cir-
rhosis group, whereas the half-life of both metabolites was 
prolonged. This study suggested that a dose of abacavir 150 
mg twice daily be recommended in patients with mild hepa-
tic impairment (Raffi et al., 2000). However, the manufac-
turer’s view differs, recommending 200 mg twice daily (dose 
titrated with oral solution) in patients with mild liver impair-
ment and that the drug is contraindicated in patients with 
moderate and severe liver disease (ViiV, 2015).

ELDERLY PATIENTS

To date, no pharmacokinetic studies have been conducted in 
patients aged 65 years and above.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The high water solubility (> 80 mM at 25°C) and lipophilicity 
(1-octanol–0.1 M sodium phosphate partition coefficient 
[log P] at pH 7.4 = 1.22) of abacavir (Daluge et al., 1997) have 
rendered it an excellent bioavailability profile compared with 
many of the other drugs within the same class (Good et al., 
1995; Daluge et al., 1997; Chittick et al., 1999). The reported 
oral bioavailability for 300-mg abacavir hemisulfate tablets 
after a single dose was 83% (range 63–110%), and was com-
parable to abacavir oral solution (Chittick et al., 1999). The 
mean plasma half-life of oral abacavir ranges from 0.8 to 1.7 
hours (Chittick et al., 1999; Kumar et al., 1999; McDowell et 
al., 1999). However, the intracellular half-life of the drug is 

significantly longer, with the half-life of carbovir triphos-
phate in adults reported to range between 12 and 18 hours 
after once-daily administrations of 600 mg abacavir in com-
bination with other antiretrovirals (Harris et al., 2002; Haw-
kins et al., 2005). Abacavir is 50% protein bound (Chittick et 
al., 1999; Hervey and Perry, 2000), and protein binding is 
independent of drug concentration (GlaxoSmithKline, 2002).

Abacavir may be administered without regard to food 
(Chittick et al., 1999). In the newer fixed drug combination 
(DOL/3TC/ABC) no impacts of food administration were 
noted compared with single drug formulations (Weller et al., 
2014). In a single-dose study, a high-fat meal only slightly 
decreased the area under the AUC0–∞, by 3%, compared with 
fasted individuals. There was a 26% reduction in abacavir 
maximum concentration (Cmax) and a prolonged rate of 
absorption from 0.63 to 1.39 hours in individuals fed a high-
fat meal compared with fasted individuals (Chittick et al., 
1999), but these alterations were consistent with the expected 
effects of delayed gastric emptying after a high-fat meal  
and were not considered to be clinically significant (Hervey 
and Perry, 2000). Food also has no significant effect on the 
extent of absorption and plasma levels of abacavir oral solu-
tion (Chittick et al., 1999), and the drug in liquid form may 
also be taken without regard to food. The AUC0–∞ of abacavir 
solution is also similar to that of tablet forms administered 
in fasted states (5.42 vs. 5.48 mg/l/h) (Chittick et al., 1999).

Concomitant alcohol and abacavir ingestion has been 
shown to prolong the plasma half-life of abacavir because 
ethanol and abacavir share a common metabolic pathway 
(both are substrates of metabolism via the glucuronidation 
pathway). Abacavir has two metabolites: a carboxylate 
(2269W93) metabolite that is formed after metabolism by 
alcohol dehydrogenase (ADH) and a glucuronide (361W94) 
metabolite formed from UDP-glucuronyl transferase activity 
(Good et al., 1995). Alcohol, which is also metabolized by 
alcohol dehydrogenase, shares a metabolic pathway with the 
abacavir parent compound (Zakhari, 2006). In a study to assess 
the interaction of abacavir and alcohol, 25 HIV-positive male 
subjects were enrolled in an open-label, randomized, three-
way crossover study in which the three treatments prescribed 
were abacavir alone 600 mg, ethanol alone 0.7 g/kg, and aba-
cavir 600 mg plus ethanol 0.7 g/kg. The co-ingestion of aba-
cavir and ethanol was found to cause a statistically significant 
increase in abacavir AUC0–∞ of 41%, whereas abacavir Cmax 
and plasma half-life were increased by 15% and 26%, respec-
tively. The urinary excretion of the carboxylate metabolite 
was decreased by 17% (McDowell et al., 2000b). In another 
study, the co-administration of abacavir and ethanol also 
reduced the formation of the carboxylate metabolites by 75% 
(Ravitch et al., 1998a), consistent with an interaction mecha-
nism that indicates a competition between abacavir and alco-
hol for metabolism by alcohol dehydrogenase. The increased 
abacavir plasma level resulting from this interaction is, 
however, not anticipated to pose a safety risk in patients as 
AUC0–∞ and Cmax values twice those resulting from the abaca-
vir–ethanol interaction have been reported after the admin-
istration of 1200 mg abacavir (Kumar et al., 1999). The safety 
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data for this high dose (up to 24 weeks) have been estab-
lished in dose-ranging clinical trials in which a trend toward 
increased nausea and fatigue was reported with the adminis-
tration of abacavir at doses more than 600 mg/day (Staszewski 
et al., 1998). Therefore, other than a possible increased risk 
of nausea and fatigue, the pharmacokinetic interaction of 
alcohol with abacavir is not considered to be clinically signif-
icant, and no dosage modifications are necessary (McDowell 
et al., 2000b).

No other drugs have so far been found to significantly 
influence the absorption of abacavir (de Maat et al.,  
2003). Combined formulations of abacavir–lamivudine 
and abacavir-lamivudine–zidovudine have been shown to 
be bioequivalent to the individual drugs administered sep-
arately, in both fed and fasting states (Yuen et al., 2001; Baker 
et al., 2004).

Although an intravenous formulation for abacavir is not 
commercially available, the pharmacokinetics of a 150-mg 
parenteral dose of abacavir hemisulfate has been studied in 
adults with promising results (Chittick et al., 1999).

5b.  Drug distribution

The key pharmacokinetic parameters of abacavir in adults 
and children are summarized in Table 230.5. Abacavir is rap-
idly absorbed after oral administration, achieving peak plasma 
concentrations between 1.0 and 1.7 hours after administration 
(Kumar et al., 1999). In single- and multiple-dose pharmaco-
kinetic studies, abacavir exhibited a linear pharma cokinetic 
profile over the dosing range 600–1200 mg/day, with AUC0–∞ 
and Cmax increasing proportionally with abacavir dose within 
this range (Kumar et al., 1999; McDowell et al., 2000b). 
Following multiple doses of abacavir 300 mg twice daily for 
4 weeks, the AUC0–∞ achieved was 5.80 mg/l/h (range 5.17–
6.50 mg/l/h), whereas Cmax and oral clearance (Cl/F) were 
2.89 mg/l (2.55–3.27 mg/l) and 862 ml/minute (769–968 ml/
minute), respectively. These parameters differed significantly 
from those measured after a single dose given on the first 
day, but did not differ significantly from levels measured at 
week 12, indicating that drug accumulation occurred after 
the first dose and steady-state plasma concentrations were 
achieved within 4 weeks (McDowell et al., 2000b). The drug 
plasma concentrations achieved with either the single or 
multiple doses, nevertheless, far exceeded the IC50 for HIV-1 
clinical isolates (0.07 µg/ml) (Daluge et al., 1997). In fact, in 
the phase I study of abacavir, concentrations twice that of the 
IC50 were sustained for over 6 hours after a single 300-mg 
dose (Kumar et al., 1999).

The AUC0–∞ and Cl/F of abacavir in solution were similar 
to that of the tablet form (in a fasted state), whereas the Cmax 
values were 11% higher for abacavir solution than for tablet, 
but this difference is not considered to be clinically signifi-
cant (Chittick et al., 1999). The apparent central volume of 
distribution after administration of a 300-mg abacavir tablet 
was reported to range between 75 and 1161 (Chittick et al., 
1999; Jullien et al., 2005a).

In a population pharmacokinetic study evaluating twice-
daily doses of abacavir tablets at 100, 300, and 600 mg, phar-
macokinetic parameters were found to be dose proportional 
across the range of doses evaluated. There were also no sig-
nificant differences in the abacavir pharmacokinetic param-
eters when evaluated in combination with other antiretroviral 
drugs (zidovudine and lamivudine), and no significant 
pharmacokinetic variations with age, gender, or body weight 
(Weller et al., 2000). The latter study was, however, limited by 
a small sample size (n = 41). In another larger population 
pharmacokinetic study (n = 188) evaluating pharmacoki-
netic parameters after twice-daily abacavir at 300 mg, age 
and gender were also not found to significantly influence 
abacavir pharmacokinetic parameters; however, patients 
weighing > 60 kg were found to have a significantly lower 
AUC0–∞ than patients weighing < 60kg (Jullien et al., 2005a). 
The difference in the influence of weight reported in these 
studies could be attributed to the pharmacokinetic model 
chosen to fit the concentration versus time curve, with the 
former study using a one-compartment model and the latter, 
a two-compartment model. No further studies have been 
undertaken to confirm the influence of body weight on drug 
exposure, and the manufacturer’s current dosing recommen-
dation is the same for all adult patients, regardless of weight 
(ViiV, 2015).

Abacavir pharmacokinetics in combination with other 
anti retrovirals has been most studied with lamivudine and 
zidovudine (Ibbotson and Perry, 2003; Dando and Scott, 
2005). In drug regimens in which individual drug formula-
tions of abacavir, zidovudine, and lamivudine were admin-
istered concurrently, abacavir pharmacokinetics has been 
found to be generally unchanged (Wang et al., 1999; de Maat 
et al., 2003). Similarly, after a single dose of the co- formulated 
abacavir 600 mg plus lamivudine 300 mg, abacavir AUC0–∞ 
was the same for both formulations (14.15 µg/ml/h) and the 
Cmax values, although slightly lower for the co-formulation, 
were statistically similar (4.68 vs. 4.94 µg/ml) (Baker et al., 
2004). In fixed-dose triple-combination formulations (aba-
cavir 300 mg plus lamivudine 150 mg plus zidovudine 300 
mg), abacavir pharmacokinetics was also found to be unal-
tered (Cremieux et al., 2001). Abacavir plasma exposure was 
found to decrease by 27% with darunavir–ritonavir but not 
with raltegravir (Jackson et al., 2012). 

The pharmacokinetics of abacavir in children aged 3 
months to 13 years was studied after the administration of 
two single abacavir doses of 4 or 8 mg/kg in the solution 
form (Hughes et al., 1999). Absorption of abacavir was rapid, 
with measurable drug levels detected in the first blood sam-
ple taken 30 minutes post dose. In this study, children receiv-
ing abacavir at 4 or 8 mg/kg had different pharmacokinetic 
profiles from adults receiving abacavir at 300 and 600 mg, 
although these adult doses were comparable on a milligram 
per kilogram dose level based on a mean adult body weight 
of 70 kg. Drug exposures were found to be almost 50% lower 
in children than in adults—least square mean AUC0–∞ 2.57 
(4 mg/kg) or 7.46 (8 mg/kg) versus 4.93 (for 300 mg) or 13.5 
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(for 600 mg) µg/ml h—whereas Cmax values were also lower 
in children, by 15–34% (1.58 or 3.68 vs. 2.38 or 4.36 µg/ml).

The tmax in children (0.5–1.5 hours) fell within the range 
reported in adults (1.0–1.7 hours), although the dosage 
forms used were different, with abacavir administered as an 
oral solution in children and in tablet form in adults. The 
plasma half-life of abacavir in children was much shorter 
than in adults, being 0.93 hour (for 4 mg/kg) or 1.11 hours 
(for 8 mg/kg) versus 1.17 hours (for 300 mg) or 1.66 hours 
(for 600 mg). This combined with a lower AUC corresponded 
to an increase in the apparent plasma clearance in children 
compared to adults (25.62 ml/min/kg for 4 mg/kg or 17.84 
ml/min/kg for 8 mg/kg vs. 12.55 ml/min/kg for 300 mg or 

10.14 ml/min/kg for 600 mg) (Hughes et al., 1999). A popu-
lation pharmacokinetic study of 105 children given a single 
dose of 8 mg/kg abacavir found that abacavir plasma concen-
trations were best described by a one-compartment open 
model with first-order absorption and elimination (Jullien et 
al., 2005b). This study also confirmed the results of (Hughes 
et al., 1999) that the plasma clearance of abacavir is 20–25% 
higher in children than in adults and that this clearance is 
proportional to the body weight of children (aged from 1 
month to 16 years). The increased drug clearance in children 
is the reason pediatric dosage of 8 mg/kg given twice daily is 
double that of adults (300 mg twice daily corresponding to  
4 mg/kg on a milligram per kilogram dose basis in a 70-kg 

Table 230.5. Summary of important pharmacokinetic features of abacavir in adults and children.

Pharmacokinetic 
parameters and 
reference

Dose 
(mg)a Formulation

Mean AUC0–∞ 
(mg/l/h)

Mean Cmax 
(mg/l)

Mean tmax 

(hours) Mean t½

Mean Cl/F 
(l/hour)

Adults

Single-dose administration
Kumar et al., (1999)  100 Succinate salt tabs 0.99 0.58 1.15 0.87 1.94b

 300 Succinate salt tabs 6.00 2.87 1.03 1.18 0.80b

 300 Succinate salt solution 6.02 2.83 0.66 1.52 0.78b

 600 Succinate salt tabs 15.70 4.73 1.71 1.74 0.61b

 900 Succinate salt tabs 25.00 8.10 1.60 1.74 0.56b

Chittick et al., (1999)c 1200 Succinate salt tabs 32.8 9.62 1.56 1.67 0.56b

 300 Hemisulfate salt tabs 5.48 2.58 0.63c 1.37 54.72

 300 (fed) Hemisulfate salt tabs 5.31 1.91 1.39c 1.43 56.52

 300 Hemisulfate solution 5.42 2.92 0.50c 1.29 55.32

Multiple-dose administration
McDowell et al. (2000b)d  200 tid Succinate salt tabs 3.70 2.02 1.31 61.44

 400 tid Succinate salt tabs 7.41 3.48 1.30 54.00

 300 bid Succinate salt tabs 5.80 2.89 1.42 51.72

 600 tid Succinate salt tabs 13.16 4.80 1.42 45.60

Children (3 months–13 years)

Single-dose administration
Hughes et al. (1999) 4 mg/kg Succinate salt solution 2.82 1.69 0.75e 0.98 1.64b

8 mg/kg Succinate salt solution 8.09 3.94 0.87e 1.13 1.13b

Multiple-dose administration
Kline et al. (1999)f 4 mg/kg Hemisulfate solution 5.10 1.98 1.19 20.90

8 mg/kg Hemisulfate solution 9.8 3.71 1.28 19.02

Neonates

Single-dose administration
Johnson et al. (2000) 2 mg/kg Unspecified 13.1 3.1 5.3 0.15b

aAll doses administered in fasting state, unless specified.
bValues in l/h/kg.
cValues reported as geometric least square means except for tmax, which is reported as median.
dParameters reported are after 4 weeks of treatment.
eThe tmax reported as median.
fParameters reported are after 6 weeks of treatment.
Abbreviations: AUC: area-under-the-concentration-time curve; Cmax: maximum concentration; tmax: time to maximum concentration; t½ß: elimination half-life; Cl/F: 

oral clearance.
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adult) (ViiV, 2015). The steady-state (multiple-dose admin-
istration) pharmacokinetic parameters of abacavir admin-
istered as monotherapy and in combination with other 
antiretrovirals in children were also in agreement with ini-
tially derived data from single-dose studies (Kline et al., 
1999).

Data on the pharmacokinetic parameters of abacavir in 
neonates are currently limited. Preliminary data obtained 
from nine neonates (< 30 days of age) indicate that, after a 
single dose of abacavir of 2 mg/kg, mean Cmax is lower (1.31 
µg/ml; range 0.9–1.63 µg/ml) and tmax prolonged (3.1 hours; 
range 1.1–6.1 hours) compared with older children. The 
plasma half-life of abacavir was also prolonged (5.3 hours; 
range 4.0–7.3), and the apparent Cl/F was significantly lower 
(2.52 ml/min/kg; range 1.74–3.0 ml/min/kg), corresponding 
to a lower systemic clearance in neonates (Johnson et al., 
2000). Therefore, 2 mg/kg abacavir in neonates was found to 
yield drug exposures similar to or greater than that achieved 
in older children receiving 8 mg/kg, which is the recom-
mended pediatric dose.

Early animal studies demonstrated good central nervous 
system drug penetration with abacavir (Daluge et al., 1997; 
Ravitch et al., 1998b). This characteristic of abacavir is not 
surprising given its high lipophilicity, although the extent of 
central nervous system penetration is likely to be limited by 
its relatively high plasma protein binding of 50%. In rat mod-
els, drug concentrations with 7–8% of plasma concentrations 
were achieved in the brain 0.5–2 hours after a single 10 mg/
kg intraperitoneal dose of abacavir, whereas in monkeys 
cerebrospinal fluid (CSF)/plasma ratios measured 1 hour 
post dose ranged from 0.16 to 0.19 (Daluge et al., 1997). 
Initial estimates in humans after administration of abacavir 
in a dose of 600 mg twice daily showed a CSF AUC0–12 of one 
third that of plasma (Price et al., 1998). This was later con-
firmed by other studies (McDowell et al., 1999; McDowell 
et al., 2000b; Capparelli et al., 2005). A mass balance study 
of six patients taking a single abacavir oral dose of 600 mg 
achieved CSF AUC0–6/plasma AUC0–6 values of 31% (27–
34%) (McDowell et al., 1999). In this study, CSF AUC0–∞ was 
5.14 µg/ml/h (ratio to plasma = 35%), whereas a Cmax of 1.02 
µg/ml in CSF was achieved in 2.48 hours (tmax), 1 hour longer 
than the plasma tmax (McDowell et al., 1999). In a multiple 
range dose study, the mean CSF abacavir concentration was 
0.14 ug/ml (range 0.09–0.19 µg/ml), twice the IC50 of HIV-1 
clinical isolates, and the CSF/plasma ratio was 0.42 (0.08–
1.73) at 1.5 hours post dose in six patients taking 200 mg 
abacavir three times daily for 4 weeks (McDowell et al., 
2000b). A more recent study of abacavir pharmacokinetics in 
CSF also reported similar CSF to plasma penetration ratios, 
whereas abacavir CSF half-life was found to be significantly 
longer than plasma values (2.5 vs. 1.2 hours). In addition, 
this study showed that CSF abacavir drug entry (Kplasma-to-CSF = 
0.075/hour–1) and elimination (KCSF-to-plasma = 0.28/hour–1) was 
slow, which allowed a prolonged drug exposure above the 
IC50 in the central nervous system compared with plasma 
(Capparelli et al., 2005). However, abacavir CSF/plasma pene- 

tration is lower than that of zidovudine (60%) and stavudine 
(55%) but higher than that achieved by lamivudine (6–11%), 
didanosine (21%), and zalcitabine (20%) (Warren Beach, 
1998).

The uptake of abacavir into brain tissue has been shown to 
be very efficient and exceeds that of the CSF, with approxi-
mately 55 minutes required to achieve IC50 concentrations 
for HIV-1 clinical isolates in the brain after a standard dose 
of 300 mg twice daily (Thomas et al., 2001). However, this 
time to reach effective concentration in the brain may be an 
overestimate because the animal brain perfusion model used 
in this study did not consider the kinetics of abacavir’s intra-
cellular phosphorylation to carbovir triphosphate.

The distribution of abacavir in the male and female geni-
tal tract has been assessed in some detail. The distribution 
in the male genital tract is of interest because antiretroviral 
drugs with poor drug penetration into the male genital tract 
compared with levels achieved in the plasma can lead to viral 
compartmentalization at this anatomic site, and this carries 
transmission implications (Holash et al., 1993; Eron et al., 
1998). Abacavir penetrates the male genital tract soon after 
administration and achieves concentrations 10- to 20-fold 
greater than the in vitro inhibitory concentrations (IC50) in 
seminal fluid. However data suggest that the drug may be 
rapidly cleared at the end of the 12-hour dosing interval 
because only 9 of the 22 semen samples tested in this study 
had detectable abacavir levels at this point (Praag et al., 
2001). This was in contrast to seminal fluid concentrations 
of zidovudine and lamivudine, which have been shown to be 
sustained above plasma levels throughout the dosing interval 
(Pereira et al., 2002).

The penetration of antiretroviral drugs in the female gen-
ital tract was studied in the context of the potential use of 
these drugs for pre-and postexposure prophylaxis (Dumond 
et al., 2007). This concept requires rapid and sufficiently high 
concentration of antiretroviral drugs in the female genital 
tract after the first dose to reduce viral burden at the site of 
inoculation. Based on these indication-specific characteristics, 
abacavir was found to be a poor candidate for nonoccupa-
tional pre-and postexposure prophylaxis because cervico-
vaginal fluid concentrations were low, only 8% of plasma 
concentrations despite detection of genital tract concentra-
tions, within only 4 hours after a single dose (Dumond et al., 
2007).

It is currently unknown if abacavir is excreted in human 
milk. However, given the low molecular weight of the drug, 
its excretion in breast milk is likely (Marks and Spatz, 2003). 
Abacavir is excreted into the milk of lactating rats (ViiV, 
2015). Owing to the lack of evidence regarding the level of 
abacavir excretion in human milk, breastfeeding should be 
avoided in mothers taking abacavir to prevent potential side 
effects from infant exposure to the drug.

Abacavir has demonstrated a high clearance index in 
placental perfusion studies, indicating that the drug readily 
crosses the human placenta by passive diffusion to enter the 
fetal circulation (Bawdon, 1998; Best et al., 2006).
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5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Studies of the correlation of pharmacokinetic parameters 
with antiretroviral efficacy indicate that abacavir AUC0–∞ and 
Cmax are correlated more strongly with the change in HIV-1 
RNA levels from baseline to week 4 of therapy than with the 
change seen in CD4+ T-cell counts over the same period 
(McDowell et al., 2000b; Weller et al., 2000). Dosage incre-
ments of abacavir from 300 mg twice daily to 600 mg twice 
daily resulted in only a small increment in HIV-1 RNA load 
suppression and no significant change in CD4+ T-cell counts 
(Weller et al., 2000).

5d.  Excretion

Abacavir is mainly metabolized in the liver via the alcohol 
dehydrogenase pathway to form two major metabolites: 
5′-carbocyclic acid (2269W93), which is formed by alcohol 
dehydrogenase, and 5′-glucuronide (361W94), which is 
formed after metabolism by uridine diphosphate glucuronyl 
transferase (McDowell et al., 1999). In preclinical animal 
studies, hepatic metabolism was shown to be the primary 
route of elimination, with only 11–13% of the administered 
dose recovered unchanged in the urine (Good et al., 1995). 
This was later confirmed in a mass balance study in which 
the metabolic disposition of abacavir was studied by admin-
istering a 600-mg dose of 14C-labeled abacavir to six HIV- 
1-infected patients. This study showed that 92% of the radio-
activity detected in plasma was attributable to abacavir and 
its two metabolites, whereas penetration of metabolites into 
the CSF was limited. The major route of excretion of abacavir 
and its metabolites was via the kidneys, with 83% of the 
administered dose recovered in the urine and 16% in the feces 
(McDowell et al., 1999). Neither metabolite was reported to 
have antiviral activity (Hervey and Perry, 2000).

5e.  Drug interactions

Abacavir is not a metabolic substrate of the microsomal cyto-
chrome P450 enzyme system, namely the CYP3A4, CYP2D6, 
and CYP2C9 enzymes (Ravitch et al., 1998a), which is 
responsible for the metabolism of many drugs. Thus abacavir 
is generally thought to be devoid of clinically significant 
interactions with other antiretroviral drugs and drugs com-
monly used to treat opportunistic infections in HIV patients 
(de Maat et al., 2003). 

Although there are probably no pharmacokinetic interac-
tions between abacavir and tenofovir, co-administration is 
seldom justified as clinical trials have shown no additivity 
between the drugs (Goicoechea et al., 2010). Other antiretro-
viral drugs that have been assessed for pharmacokinetic 
interactions with abacavir and found to be of no clinical 
 significance include zidovudine (McDowell et al., 2000b) 
and/or lamivudine (Staszewski et al., 1998; Wang et al., 1999; 
Lamarca et al., 2006), atazanavir–ritonavir (Waters et al., 

2007a), amprenavir (Drusano et al., 1998; Schooley et al., 
2001), indinavir (DiCenzo et al., 2003), lopinavir–ritonavir 
(Waters et al., 2007a), efavirenz (DiCenzo et al., 2003), and 
the integrase inhibitor elvitegravir–ritonavir (Ramanathan et 
al., 2007). There are no interactions noted between abacavir 
and newer antiretrovirals including darunavir, etravirine, 
dolutegravir, and maraviroc. There is, however, a caveat for 
co-administration of abacavir with tipranavir. When tipra-
navir–ritonavir 250/200 mg twice daily was added to the 
drug therapy of HIV patients on stable combination antiret-
roviral therapy (cART) regimens, the plasma concentration 
of abacavir was found to fall significantly, with both Cmax and 
AUC0–∞ values decreasing by 44% (Boffito et al., 2006). The 
mechanism of this interaction and its clinical significance are 
yet to be established, and recommendations of dosage adjust-
ments are currently unavailable. Clinicians should, however, 
be aware of this potential alteration of abacavir plasma levels 
when co-administering tipranavir and abacavir.

Abacavir has also been found to increase the clearance of 
methadone when co-administered (Sellers et al., 1999; Bart 
et al., 2001). The exact mechanism of this is not entirely clear 
because methadone is metabolized by the cytochrome P-450 
enzyme pathway, which does not affect abacavir (Bruce et al., 
2006). The reported increase in methadone clearance is 23% 
when administered with abacavir and 35% with abacavir and 
amprenavir (Bart et al., 2001). A slight delay in the rate, but 
not the extent, of abacavir absorption was found when it was 
co-administered with methadone, but this delay was consis-
tent with the delayed gastric emptying effects of methadone 
and no other clinically significant changes in abacavir phar-
macokinetics were reported (Sellers et al., 1999). The decline 
in methadone levels did not lead to withdrawal symptoms 
in any patients in either study; however, given the reported 
wide interindividual variability methadone pharmacokinet-
ics (Eap et al., 2002), patients co-administered methadone 
and abacavir should be monitored closely for symptoms of 
opioid withdrawal and may require an increase in metha-
done doses (Hervey and Perry, 2000; ViiV, 2015).

6. ADVERSE REACTIONS AND TOXICITY

The initial studies of abacavir therapy showed association with 
a number of adverse effects, as summarized in Table 230.6. 
Many of these long-term studies included some adverse 
events seen in common with other nucleoside analog reverse 
transcriptase inhibitors. The incremental effect of addition of 
abacavir to a regimen and comparison with zidovudine with 
a similar background suggests that abacavir is associated 
with few specific adverse events seen with the drug combina-
tions. Postmarket surveillance has reported a limited num-
ber of serious adverse events. Two serious adverse events are 
listed as a black box warning for abacavir. The adverse event 
that is most frequently limiting for abacavir therapy has been 
development of delayed hypersensitivity (DHS) reactions, 
which may be associated with fatal outcomes, particularly 
where there has been rechallenge. The other warning is for 
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the potentially fatal outcome of hyperlactatemia and lactic 
acidosis.

6a.  Mitochondrial toxicity

In general, abacavir has a good metabolic profile, which ini-
tially contributed to its status as a component of the preferred 
initial regimen for therapy in HIV infection in European, 
American, and Australian (Department of Health and Human 
Services) guidelines. It should be noted that abacavir has 
recently been relegated to an alternative rather than pre-
ferred first-line regimen in some of these recommendations 
(see section 7, Clinical uses of the drug). A number of studies 
have compared abacavir with other NRTIs for mitochondrial 
toxicity, which is thought to be the mechanism underlying 
the more serious toxicity of therapy with this class of drug 
(Brinkman et al., 1999). Changes in mitochondrial DNA to 
genomic DNA ratios were suggested as a marker for this tox-
icity (Cote et al., 2002), but other larger studies have failed to 
show a similar correlation within the peripheral blood com-
partment (Hoy et al., 2004). In tissue it is clear that the loss of 
mitochondria is related to the disease in muscle (Haugaard  
et al., 2005), adipose tissue (Pace et al., 2003), and nerves 
(Dala kas et al., 2001). In vitro studies using liver cell lines 
suggest the relative ranking of drugs within this class as 
mitochondrial toxins is zalcitabine > didanosine > stavudine 
> zidovudine > lamivudine = abacavir = tenofovir (Birkus et 
al., 2002). Although the effect of carbovir, the active metabo-
lite of abacavir, was shown to be low compared with zalcit-
abine and didanosine (Parker et al., 1997), subsequent work 
suggested that higher nucleotide excision rates for carbovir 
and zidovudine (see Chapter 225, Zidovudine) may be respon-
sible for these differences (Johnson et al., 2001). However, 
combinations of NRTIs with abacavir may have effects that 
are less predictable, and it has been argued that combinations 
should be adopted only on the basis of clear evidence from 
clinical trials (Venhoff et al., 2007).

6b.  Hyperlipidemia and lipodystrophy

Unlike the thymidine analogs, there is low risk of hyperlipid-
emia and lipodystrophy associated with the use of abacavir. In 
the initial studies of abacavir monotherapy, short-term admin-
istration was not associated with elevated lipids or with 
lipoatrophy. In initial intervention studies in which patients 
were treated with protease inhibitors, there was improvement 
in insulin resistance and in lipid levels but no improvement in 
lipoatrophy when switching from a protease inhibitor to NRTI 
regimen (Carr et al., 2001). However, in the MITOX study, in 
which abacavir was substituted for the NRTI most associated 
with mitochondrial toxicity (stavudine or zidovudine), there 
was a clear reduction in lipoatrophy (Carr et al., 2002). Longer 
studies have demonstrated a similar benefit of this switching 
strategy (John et al., 2003; Moyle et al., 2003; McComsey et  
al., 2004; Martin et al., 2004b) with reductions in lipoatrophy 
or LDL cholesterol or cholesterol/HDL cholesterol (Garcia-
Benayas et al., 2004), or both lipoatrophy and and cholesterol/
HDL ratio. (Podzamczer et al., 2007).

6c.  Lactic acidosis

Although asymptomatic hyperlactatemia is not uncommon 
(Tan et al., 2006), instances of symptomatic lactic acidosis 
while taking abacavir have been rare but potentially fatal 
(Giola et al., 2005). The risk is associated with high basal 
metabolic index, female gender, and pregnancy (Moyle et al., 
2002). A study of reintroduction of less potent inhibitors 
of mitochondrial metabolism after symptomatic episodes of 
hyperlactatemia or lactic acidosis has shown that recurrence 
is rare (45.4 cases per 1000 patient-years) (Lonergan et al., 
2003). The current recommendation is that the NRTIs most 
commonly associated with toxicity (stavudine and didano-
sine) should be replaced with drugs of the class with the low-
est risk of lactic acidosis (abacavir, tenofovir, lamivudine, 
and emtricitabine) (Panel on Antiretroviral Guidelines for 
Adults and Adolescents, 2016).

6d.  Cardiovascular disease

The large observational D:A:D study has shown that therapy 
with protease inhibitors is associated with increased risk of 
myocardial infarction, largely due to the hyperlipidemia 
potentially induced by this class of drugs (Friis-Moller et al., 
2007). Subsequent data on 33,347 patients in 212 centers 
were analyzed for effects within the drug classes and showed 
that there were 517 instances of myocardial infarction in a 
total of 157,912 person-years of followup for an overall rate 
of myocardial infarction of 1.6% over 5 years (Sabin et al., 
2008). The risk of myocardial infarction was significantly 
higher in those currently on abacavir or didanosine. The risk 
was higher in those stratified into the highest risk group, 
according to assessment using the Framingham criteria for 
cardiovascular risk. The excess risk after adjustment for pre-
dicted 10-year risk of coronary artery disease with use of 
either didanosine or abacavir within the previous 6 months 
was still associated with increased risk of myocardial infarc-
tion (Sabin et al., 2008). Although the favorable metabolic 
profile of abacavir may have resulted in selection bias toward 
those with lipodystrophy and highest risk for ischemic heart 
disease, this confounder was considered in the analysis but 
was not responsible for the abacavir effect. Analysis of the 
data obtained during prelicensing studies and reports of 
adverse events by the manufacturer did not suggest a high 
risk of cardiovascular events in those treated with abacavir 
compared with control groups not receiving abacavir (coro-
nary artery events: 3.45 per 1000 patients-years in abacavir- 
treated patients compared with 5.82 in the control group; 
myocardial infarction; 2.04 events per 1000 patient-years in 
the abacavir-treated group compared with 2.36 in the control 
group) (Cutrell et al., 2008). Analysis of data from the 2,752 
subjects randomized to continuous therapy in the SMART 
study population confirmed an increase in risk of cardio vas-
cular events associated with abacavir but not with didanosine 
therapy (SMART/INSIGHT and D:A:D, 2008). A recent 
systema tic review of 27 studies, including observational stud-
ies, suggests an increased risk of cardiovascular events with 
abacavir therapy (odds ratio [OR]: 1.92; 95% confidence 
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interval [CI]: 1.51–2.42) (Bavinger et al., 2013). In a study 
of more than 10,000 HIV-infected veterans abacavir was 
statistically associated with cardiovascular events (OR: 
1.48; 95% CI: 1.08–2.04) but not cardiac failure (Choi et al., 
2011). Conversely, from AIDS Clinical Trials Group data in 
abacavir- treated patients there was no short- or long-term 
increase in cardiovascular risk.

There is currently no putative biological mechanism based 
on animal data, although rats treated for 2 years with abaca-
vir showed an increase in cardiomyopathy. Increase in d-dimer 
and inflammatory markers interleukin 6 (IL-6) and high- 
sensitivity C-reactive protein (hsCRP) was shown to be asso-
ciated with all-cause mortality in the SMART study (Kuller 
et al., 2008). Increases in hsCRP and IL-6 have been found 
in the subset receiving abacavir in the SMART study, and it 
is  thought that an increase in vascular inflammation may 
be contributing to this risk (SMART/INSIGHT and D:A:D, 
2008). Endothelial activation markers are noted to be raised 
in abacavir-treated HIV patients compared to nonabaca vir- 
treated individuals (Hileman et al., 2012). Furthermore, 
platelet aggregation thought to be involved in thrombus for-
mation is higher in abacavir-treatment patients (Satchell et 
al., 2011; Trevillyan et al., 2015).

At present there are inadequate prospective data to deter-
mine if the metabolic advantages of the favorable lipid profile 
of abacavir compared with alternative regimens such as efa-
virenz and protease inhibitors can outweigh the potential 
increased risk of myocardial infarction associated with aba-
cavir therapy. In view of the D:A:D study data indicating 
greatest effect in those at high risk for cardiovascular events 
based on Framingham risk factors, attempts to reduce other 
cardiovascular risk factors are clearly indicated to minimize 
any risk that may be associated with abacavir therapy. As the 
cardiovascular risk of abacavir is the subject of active investi-
gation, current information should be sought (Behrens and 
Reiss, 2010). The current guidelines for therapy have included 
abacavir–lamivudine–dolutegravir combination as one of the 
recommended regimens while noting the risk of myocardial 
infarction and a need for caution in those with high cardio-
vascular risk (Panel on Antiretroviral Guidelines for Adults 
and Adolescents, 2016).

6e.  Neuropathy

Despite high central nervous system (CNS) penetration and 
in vitro data suggesting neuronal toxicity, neuropathy is 
infrequently reported in abacavir-treated patients (Robert-
son et al., 2012) The initial trial of abacavir as monother-
apy or combination therapy in children reported one case 
of hypersensitivity reaction and one case of neuropathy 
(Kline et al., 1999). Neuropathy developed after 7 weeks of 
therapyin a patient who had disseminated Mycobacterium 
avium complex disease and was receiving antimycobacte-
rial therapy at the time. Since this report, neuropathy has 
been an infrequent association, except when abacavir is 
co-administered with other nucleoside analogs known to be 
associated with a high incidence of neuropathy (Gerstoft et 
al., 2003).

6f.  Renal toxicity

In addition to the renal events shown in Table 230.6, some 
serious adverse events such as Fanconi syndrome have been 
described with abacavir (Ahmad, 2006; Bansie and Vreden, 
2012). Results from a recent randomized controlled trial of 
tenofovir–emtricitabine versus abacavir–lamivudine, demon-
strated greater reduction in proteinuria from baseline in the 
abacavir–lamivudine cohort (OR: 0.80; 95% CI: 0.70, 0.91) 
(Wyatt et al., 2014). A similar randomized controlled trial of 
tenofovir–emtricitabine–efavirenz and abacavir–lamivudine–
efavirenz did not demonstrate any differences in estimated 
glomerular filtration rates (eGFRs) (Moyle et al., 2013).

6g.  Abacavir hypersensitivity reactions

The use of abacavir has been limited by the development of 
a T-cell mediated delayed abacavir hypersensitivity reaction 
(AHR) that manifests as fever, rash, and systemic symptoms, 
including cough and respiratory symptoms. Reactions occur 
most commonly within the first 2–3 weeks of therapy and 
generally within 6 weeks (Hetherington et al., 2001; Steel et 
al., 1999) with a reported incidence of 2–9% (Rauch et al., 
2006; Hetherington et al., 2001; Mallal et al., 2008). The ini-
tial diagnostic criteria included fever, rash, gastrointestinal 
symptoms (e.g. nausea, vomiting, diarrhea, or abdominal 
pain), constitutional symptoms (e.g. generalized malaise, 
fatigue, or achiness), and respiratory symptoms (e.g. dyspnea, 
cough, or pharyngitis). These symptoms have been confirmed 
in the more recent prospective study (Mallal et al., 2008). 
Symptoms are generally nonspecific and alternative patholo-
gies, such as influenza, should be excluded (Keiser et al., 2003). 

The use of these criteria allowed the identification of risk 
factors, including race (OR: 5.16) and high CD8 count > 850 
(OR: 3.74) (Easterbrook et al., 2003). Other factors such  
as gender, HIV viral load, and concomitant antiretroviral 
therapy were not related, but other studies have shown that 
 previous antiretroviral therapy reduces the risk of AHR 
(Symonds et al., 2002). The finding of a higher risk in white 
populations than in black populations has been consistent, 
and an HLA association has also demonstrated (Hetherington 
et al., 2002; Mallal et al., 2002). Subsequent work in a num-
ber of populations has shown that the HLA-B*5701 allele is 
associated with abacavir hypersensitivity (Hughes et al., 2004; 
Phillips et al., 2005).

Initial attempts to define the precise genes by mapping 
within the major histocompatability complex (MHC) sug-
gested that a specific B57.1 haplotype carrying the B*5701 
allele was associated with the response and that the presence 
of the linked HSP70hom gene was also required for the 
expression of the hypersensitivity reaction (Martin et al., 
2004a). These initial studies suggested that < 10% of HLA 
B*5701 subjects are tolerant of abacavir. 

IMMUNOLOGIC MECHANISMS FOR ABACAVIR 
HYPERSENSITIVITY REACTION

Studies of the immunologic mechanism underlying the AHR 
showed CD8+ T-cell-mediated recognition of abacavir or its 
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metabolite carbovir (Martin et al., 2004a). In vitro, blood 
mononuclear cells from subjects with B*5701 who were 
exposed to abacavir showed endogenous HSP70 redistribu-
tion and activation of antigen-processing cells, but there was 
increased interferon-gamma production only where there 
was prior sensitization in an AHR (Martin et al., 2007). 
Recent studies suggest that abacavir-naive T-cells are capable 
of producing polyclonal responses to abacavir stimulation in 
HLA-B57*01-positive patients (Chessman et al., 2008; Lucas 
et al., 2015). In vivo skin biopsy after patch tests showed 
CD8+ T-cell infiltration (Phillips et al., 2002). Together with 
the risk associated with high CD8+ T-cell numbers and the 
class I association, this suggested a class I-restricted CD8 
mechanism for disease pathogenesis. Others have suggested 
a role for TH0 or TH2 cytokines such as interleukin 4 (King 
et al., 2005). What is known is that abacavir binds noncova-
lently to the floor of the peptide binding groove of HLA-
B*5701. The initial binding and ensuing AHR does not 
require drug metabolism. The change in the peptide binding 
groove that follows causes an alteration in the repertoire of 
self-peptides that bind and are presented, hence self-peptides 
previously not presented during thymic development and 
T-cell tolerance/anergy are able to induce T-cell responses 
from a collection that were not previously tolerated to self 
(Ostrov et al., 2012; Illing et al., 2012; Norcross et al., 2012; 
Pavlos et al., 2012).

VALUE OF IMMUNOGENETIC SCREENING FOR 
ABACAVIR HYPERSENSITIVITY

The results of the PREDICT-1 study (Mallal et al., 2008) have 
shown there is significant reduction in abacavir reactions in 
a screened population when abacavir is withheld from those 
carrying HLA-B*5701. This double-blind randomized con-
trolled trial of screening for HLA-B*5701 followed an earlier 
retrospective analysis in white populations that had shown a 
benefit of screening for this allele in the avoidance of abaca-
vir hypersensitivity (Rauch et al., 2006; Waters et al., 2007b). 
Patients naive to abacavir (n = 1956) were divided into a pro-
spectively screened group, in which those carrying the pre-
dictive allele were excluded from abacavir therapy, and a 
control group who were treated with abacavir without prior 
screening. After 6 weeks of observation, there was a clear 
reduction in subjects with immunologically confirmed AHR: 
0% in the screening group and 2.7% in the control group. 
There were a number of clinically diagnosed abacavir DHS in 
both the screened and control group, but none in the screen-
ing group was immunologically proven by skin testing. The 
resultant positive and negative predictive value for HLA-
B*5701 screening for abacavir DHS is 47.9% and 100%, 
respectively (Mallal et al., 2008).

TESTING FOR ABACAVIR-SPECIFIC T-CELL 
RESPONSES AFTER HYPERSENSITIVITY REACTION

The immunologic response to abacavir has been shown to be 
mediated by CD8+ T-cells and is associated with positive 
patch test reactions (Phillips et al., 2005). The use of patch 
testing has emerged from the PREDICT-1 study as the best 
correlate with HLA-B*5701-mediated reaction. All those 

with an immunologic reaction as assessed by skin test posi-
tively had HLA-B*5701 for a 100% sensitivity (Mallal et al., 
2008). In contrast, clinically diagnosed but not immunologi-
cally confirmed hypersensitivity was significantly associated 
with concomitant protease inhibitor or nonnucleoside reverse 
transcriptase inhibitor therapy. However, this study also 
found that a significant number of HIV-infected individuals 
carrying HLA-B*5701 are tolerant to abacavir, giving a posi-
tive predictive value of HLA-B*5701 for abacavir hyper-
sensitivity reactions of 49%. Thus, although the confirmed 
immunologic response is entirely restricted by HLA-B*5701, 
other host factors will determine the development of an 
immunologic reaction. Furthermore, in this study no cases 
of immunologically proven abacavir hypersensitivity were 
found other than in those with HLA-B*5701, although oth-
ers have reported skin test–positive reactions in subjects 
lacking HLA-B*5701 (Waters et al., 2007b). The availability 
of skin testing will facilitate recognition of such alleles in 
populations other than whites. The importance of the 57.1 
haplotype (Martin et al., 2004a) was not confirmed in this 
study, with the B57 allele alone being sufficient for the devel-
opment of abacavir hypersensitivity. A recent in vitro study 
has shown the molecular correlates of the permissive B57 
molecule (Chessman et al., 2008). Comparison of B5701 and 
B5703, which differ at two amino acids in the binding cleft, 
indicates that the abacavir response can be abrogated by 
minimal changes in the peptide binding cleft.

METHODS FOR SCREENING FOR HLA-B*5701

Following the results of PREDICT-1, it is now recommended 
that screening is performed in all subjects before commenc-
ing abacavir (Panel on Antiretroviral Guidelines for Adults 
and Adolescents, 2016). Methods for identifying those with 
HLA-B*5701 include generic typing for B17 by serology or 
by flow cytometry, which has the disadvantage of also identi-
fying B58 alleles, which are common in African populations 
but are not associated with abacavir hypersensitivity, which 
is finely restricted to specific B57 molecules (Chessman et al., 
2008). The current gold standard (sequence base typing of 
the HLA-B allele) is laborious and expensive (Pozzi et al., 
1999). The most commonly employed techniques today are 
based on sequence specific primer (SSP) polymerase chain 
reaction (PCR) high-resolution testing to determine if HLA-
B*57 allele is present. Improved methods for allele-specific 
PCR have been developed and have been used in a number 
of centers (Hammond et al., 2007b; Stocchi et al., 2012). 
These allele-specific molecular assays are reliable, decrease 
processing time and reagent costs, and perform well when 
compared with the gold standard of sequence base typing, 
which can identify the B alleles present and thus reliably 
exclude presence of B5701 (Hammond et al., 2007a). The 
SHAPE study examined the predictive value of typing for 
HLA-B*5701 in both white and black populations and 
showed that immunologically confirmed abacavir hypersen-
sitivity, based on skin test responses (Phillips et al., 2002) was 
always associated with this antigen in both groups (Saag et 
al., 2008). The identification of HLA-B*5701 is cost-effective 
where there is a high frequency of this allele, which varies by 
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country and racial group, as indicated in Table 230.7. To pre-
vent one case of AHR 13 patients need to be screened for 
HLA-B*5701. (Schackman et al., 2008). Patch test screening 
is helpful only in patients with a history of AHR (sensitivity 
87%) and thus is not helpful in predicting abacavir adverse 
reactions (Mallal et al., 2008; Shear et al., 2008; Phillips and 
Mallal, 2008). The HLA-B*5701 carriage rate in white popu-
lations is quoted as 5–8%, <1% in African populations, and 
2.5% in African American populations Where this allele is 
uncommon or absent, the current test may not be cost- 
effective. A cost-effectiveness analysis comparing NRTI com-
binations based on abacavir or tenofovir concluded that a 
strategy of screening and use of abacavir would be cost- effective 
only if abacavir had similar efficacy to tenofovir and was avail-
able at a lower cost (Schackman et al., 2008). Rechallenge 
with abacavir after AHR is not recommended (Panel on 
Antiretroviral Guidelines for Adults and Adolescents, 2016).

6h.  Teratogenicity

Abacavir is a class C drug according to the FDA pregnancy 
risk classification. Teratogenicity animal studies in rats have 
reported fetal malformations (fetal anasarca and skeletal 
mal formations) and development toxicities (depressed fetal 
body weight and reduced crown–rump length) when rats 
were given abacavir at doses that produced AUC values 35 
times that of human therapeutic exposure. Embryonic as 
well as fetal and offspring toxicities were also observed when 
500 mg/kg abacavir was administered in rats. In studies 
involving rabbits, no drug-related development toxicities or 
increased fetal malformations were observed when abacavir 

doses producing 8.5 times the human therapeutic exposure 
(700 mg/kg) were administered (Antiretroviral Pregnancy 
Registry Steering Committee, 2015). Data from the Anti-
retroviral Pregnancy Registry, which to date has sufficient 
numbers of reported first-trimester exposures to abacavir to 
be able to detect at least a twofold increase in risk of overall 
birth defects, indicate that there has been no increase in birth 
defects associated with abacavir. The prevalence of birth 
defects with abacavir exposure in the first trimester was 3.0% 
(95% CI: 2.0–4.2%) compared with the general prevalence of 
birth defects of 2.7% in the total US population from Centers 
for Disease Control and Prevention (CDC) surveillance (Anti-
retroviral Pregnancy Registry Steering Committee, 2015). 
Population pharmacokinetic studies have demonstrated no 
differences for age, gestational age, and weight (Fauchet et 
al., 2014). The administration of abacavir during pregnancy 
is still advised only when the potential benefits outweigh the 
risks (ViiV, 2015) because serious hypersensitivity reactions 
have been associated with abacavir therapy in nonpregnant 
individuals. According to older World Health Organization 
(WHO) guidelines— including Option B+, the commence-
ment of cART after the first trimester of pregnancy regard-
less of CD4+ count and continued for life—abacavir was a 
preferred regimen (Cohan et al., 2013). This has been super-
seded by a more recent WHO (2015) statement that all peo-
ple living with HIV should be offered therapy. An analysis of 
the antiretroviral pregnancy registry has demonstrated that 
ABC- and non-ABC-containing regiments have no signifi-
cant differences in non–birth defect event rates (Vannappagari 
et al., 2015).

7. CLINICAL USES OF THE DRUG

Abacavir is a potent NRTI that is useful as part of the nucle-
oside analog backbone within combination antiretroviral 
regimens for HIV infection in both the developed and the 
developing world. The risk of hypersensitivity reactions asso-
ciated with abacavir therapy is now uncommon with the use 
of HLA-B*5701 testing before prescribing abacavir. The D:A:D 
study exposed a potential risk of cardiovascular disease asso-
ciated with abacavir use, which is undergoing  further inves-
tigation. The clinical use of abacavir in the management of 
HIV infection under various conditions is discussed. The  
use of the abacavir–lamivudine combination for treatment 
(Achen bach et al., 2010) and the fixed-dose combination 
abacavir–lamivudine–dolutegravir are also reviewed in the 
following sections (Walmsley et al., 2013).

7a.  Recommendations for use of abacavir in 
published HIV treatment guidelines

The IAS-USA guidelines recommend the use of abacavir plus 
lamivudine as one of the first-line therapies together with a 
nonnucleoside reverse transcriptase inhibitor (NNRTI) (efa-
virenz) or ritonavir-boosted protease inhibitor or an integrase 
inhibitor (Gunthard et al., 2014). Similar recommendations 

Table 230.7. The frequency of HLA-B*570l alleles in different 
populations.

Region Population
HLA B*5701 
frequency (%)

India 5–20

Thailand Thai Dai Lue (NE) ~ 11

Australia White 8

USA White ~8

UK White ~8

South America White 5–7

Western Europe 5–7

Middle East Ashkenazi Jews 5–7

Thailand Urban Bangkok 3.6

Thailand (S) Thai Muslim 3

USA African American ~ 2.5

China NE provinces 2.5

USA Hispanic ~ 2

Mediterranean 1–2

Middle East 1–2

USA Asian ~ 1

Africa Sub-Saharan < 1

China 0

Japan 0

Source: Data from Nolan et al. (2003).
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are found in the US Department of Health and Human 
Services (DHHS) guidelines for the use of antiretroviral 
agents in HIV-1-infected adults and adolescents (Panel on 
Antiretroviral Guidelines for Adults and Adolescents, 2016) 
and European AIDS clinical society (EACS) guidelines 
(Ryom et al., 2016). The British HIV Association guidelines 
prefer tenofovir and emtricitabine and list abacavir and lami-
vudine as an alternative NRTI backbone (Churchill et al., 
2015). These recommendations highlight the risk of hyper-
sensitivity reactions (reduced by HLA-B*5701 testing), the 
reduced efficacy of some abacavir-containing regimens in 
those with high viral load (> 100,000) (Sax et al., 2009), and 
the potential risk of myocardial infarction.

7b.  Initiation of antiretroviral therapy in 
treatment-naïve individuals

The use of abacavir in therapy for naive patients has tracked 
the development of the principles of combination ART. A list 
of the clinical trials that have informed the use of abacavir is 
given in Table 230.8. 

Initial work showed that there was equivalence between 
the two nucleoside analogs lamivudine and zidovudine 
combined with the protease inhibitor indinavir, or combined 
with abacavir (Staszewski et al., 2001). Others confirmed  
this observation (Vibhagool et al., 2004). Direct comparison 
of NRTI-only combinations containing abacavir (abacavir–
lamivudine–zidovudine) and combinations of two NRTIs 
and the nonnucleoside analog reverse transcriptase inhibitor 
efavirenz showed superiority of the combinations with efa-
virenz (DeJesus et al., 2004; Gulick et al., 2004; Gallant et al., 
2005; Schackman et al., 2007). A number of studies have 
looked at combinations of NRTIs with efavirenz (Potard et 
al., 2007; Schackman et al., 2007) or with protease inhibitors 
(Green et al., 2007; Potard et al., 2007), and it is clear that the 
combinations of zidovudine–lamivudine– abacavir are infe-
rior to efavirenz-containing combinations (Schackman et  
al., 2007) and that abacavir–zidovudine is inferior to abacavir– 
lamivudine or zidovudine–lamivudine (Green et al., 2007). 
Once-daily combinations of abacavir–lamivudine–efavirenz 
are equivalent to twice-daily administration of this combina-
tion (Moyle et al., 2005; Cohen et al., 2008).

Although the triple NRTI combination is clearly inferior 
to dual NRTIs plus efavirenz, a small study has shown that a 
combination of four NRTIs may be as effective as dual NRTIs 
with efavirenz or protease inhibitor (Moyle et al., 2006). One 
analysis directly comparing abacavir–lamivudine and teno-
fovir–emtricitabine in combination with efavirenz or ritona-
vir-boosted atazanavir suggested that virologic failure was 
more frequent with the abacavir-containing regimen (Sax 
et al., 2009). However, a similar study with lopinavir did not 
show any difference between these two NRTI combinations 
(Smith et al., 2009). The use of integrase inhibitors in combi-
nation with dual NRTIs is effective; dolutegravir is equally 
effective with abacavir- or tenofovir-based regimens (Raffi et 
al., 2015) Based on data in these and other NRTI studies, the 

most effective initial therapy in untreated HIV-1-infected 
subjects, in terms of achieving virological control, is a ritona-
vir-boosted darunavir with tenofovir–emtricitabine, or inte-
grase inhibitor in combination with two NRTIs containing 
either abacavir or tenofovir and lamivudine or emtricitabine 
(Panel on Antiretroviral Guidelines for Adults and Ado les-
cents, 2016). NNRTI regimens are now considered as alter-
native regimens. 

A number of conditions may affect the choice of initial 
therapy and may mean one or other of the combinations of 
NRTIs and NNRTI or integrase inhibitor are used as first-
line therapy usually with a single table formulation.

7c.  HIV infection and pregnancy

Although there are more extensive data on use of zidovudine–
lamivudine in pregnancy compared to abacavir, the tolerabil-
ity of abacavir means that it is included in the recommended 
first-line NRTI combination (Panel on Anti retro viral Guide-
lines for Adults and Adolescents, 2016). Abacavir, zidovudine, 
and lamivudine are classified as FDA pregnancy group C 
drugs. Abacavir has the disadvantage over regimens contain-
ing zidovudine of requirement for pretreatment screening 
for HLAB85701 before commencing therapy. The National 
Institutes of Health (NIH) recommendations on antiretro-
viral use in pregnancy advise that abacavir be used as a pre-
ferred dual-nucleoside backbone in a combined regimen to 
treat HIV infections but that HLA-B*5701 testing should 
be performed and documented as negative before starting 
(Perinatal HIV Guidelines Working Group, 2015).

7d.  HIV infection and renal disease

Abacavir undergoes nonrenal clearance by hepatic glucuro-
nidation (see section 5d, Excretion). The dose does not need 
to be reduced for impairment of renal function. Renal toxic-
ity and Fanconi syndrome are rare adverse events. Abacavir 
may be a good alternative to tenofovir in patients who have 
impaired renal function (Nishijima et al., 2012), although 
current recommendations suggest that dose reduction and 
careful monitoring will allow the use of tenofovir based reg-
imens. The presence of bone disease and osteopenia may be 
a relative indicator for the use of abacavir rather than tenofo-
vir (Wohl et al., 2014).

7e.  HIV-infected patients with  
neurologic disease

Abacavir has good penetration into the central nervous sys-
tem and, together with zidovudine, has become an important 
component of treatment of HIV encephalopathy. High-dose 
abacavir has been shown to be well tolerated (Saavedra-
Lozano et al., 2006) but abacavir containing four NRTI regi-
mens were no more effective than an efavirenz-containing 
regimen in CNS recovery during initial treatment (Winston 
et al., 2010). Evolution of virus in the central nervous system 
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may be different than that in the peripheral tissues (McCoig 
et al., 2002), and viral sequencing in CSF should be used to 
guide optimal therapy for treatment of patients with HIV 
associated dementia.

7f.  HIV maintenance therapy and 
simplification regimens

Although some studies have suggested there is a benefit in 
switching from a protease inhibitor–containing initial regi-
men to a simplified NRTI regimen, the advent of single tab- 
let combination antiretroviral regimens have reduced the 
impor tance of such approaches (Sweet et al., 2014). Table 
230.9 summarizes studies that have used simplification 
approaches. In most cases there is noninferiority, compared 
with continuing standard regimens and improved compli-
ance and lipid profiles (Opravil et al., 2002; Keiser et al., 
2005). There is, however, a risk of virologic failure, particu-
larly in treatment-experienced patients who have undergone 
initial monotherapy (Opravil et al., 2002; Wolbers et al., 2007). 

Improving lipid profiles and maintained virological sup-
pression are seen with switches from boosted protease inhib-
itors to abacavir–lamivudine and unboosted atazanavir (Pavie 
et al., 2011; Ghosn et al., 2010), but a switch to an abacavir–
lamivudine–dolutegravir from protease inhibitor–containing 
regimens has the additional advantage of reduce pill burden, 
once daily administration (Molina et al., 2015), improved 
lipid levels (Quercia et al., 2015), and improved bone metab-
olism compared to alternative recommended regimens (Tebas 
et al., 2015). 

Although abacavir has been used in most attempts to con-
struct regimens based on NRTIs alone including, particu-
larly, triple NRTI regimens, this use is now largely superseded 
by the availability of new fixed-dose combinations of abaca-
vir with lamivudine and the integrase inhibitor dolutegravir. 
Both this combination and single-class regimens with NRTIs 
have similar advantages for metabolic profile and reduced 
interactions with other class of medications during chemo-
therapy or therapy for tuberculosis. However, as indicated in 
Table 230.9, there is high risk of virological failure for regi-
mens containing only NRTIs, particularly where there is use 
of combined tenofovir, abacavir, and lamivudine, owing to 
the low genetic barrier to resistance of this combination 
(Underwood et al., 2009).

The current recommendations based on results from the 
SMART study are for uninterrupted therapy and initiation 
with once-daily single-tablet regimens, including the abacavir- 
containing regimen of dolutegravir–abacavir– lamivudine 
(Panel on Antiretroviral Guidelines for Adults and Adoles-
cents, 2016).

7g.  HIV salvage therapy

An important component of the management of treatment- 
experienced patients is the use of viral sequencing and his-
tory of mutations (Panel on Antiretroviral Guidelines for 

Adults and Adolescents, 2016). In treatment-experienced 
subjects, the presence of cross-reactivity conferred by NRTI 
mutations, including TAMs and mutations in M184V, means 
abacavir is not usually selected as a critical component of sal-
vage therapy regimens. Abacavir, however, does retain some 
activity in the presence of M184V and one or more TAMs. 
The combination of abacavir plus lamivudine or NNRTI is 
useful in reducing viral fitness and viral load (Deforche et 
al., 2008). Some data suggest that four-drug NRTI regimens 
consisting of abacavir, lamivudine, zidovudine, and tenofo-
vir may be useful in salvage therapy (Latham et al., 2005; 
Balestre et al., 2006; Moyle et al., 2006), but there have been 
few controlled trials in this context of salvage therapy. 
Abacavir is, however, often used as a component of the NRTI 
backbone because it is well tolerated and provides selection 
pressure to maintain mutants of reduced fitness (Deval et al., 
2004). The advent of newer agents, such as dolutegravir, ral-
tegravir, etravirine, and darunavir, has expanded the reper-
toire for salvage therapy, potentially allowing the prescription 
of two fully effective antivirals rather than depending on 
drugs with partial residual activity. Within this context, how-
ever, the use of virtual phenotyping or phenotyping for drug 
sensitivity may allow an NRTI regimen complementary to 
these newer agents, although the correlation between virtual 
phenotype and interpreted genotype is better for NNRTI and 
protease inhibitor combinations than for abacavir (Gallego 
et al., 2004).

7h.  Co-infection with HIV and hepatitis C

Hepatitis C treatment with ribavirin has been reported to be 
affected by the use of abacavir-containing regimens (Vispo et 
al., 2008). This initial study showed there was a reduction in 
sustained virologic response when abacavir was included in 
the NRTI backbone of the regimen; an effect attributed to 
competition between the guanosine analogs abacavir and 
ribavirin. More recent studies have shown no effect in vitro 
(Van den Eynde et al., 2011) and have shown no difference 
between abacavir and other NRTIs (Solas et al., 2012; Smit  
et al., 2015) and outcomes that largely depend on age and 
hepatitis C virus genotype (Laufer et al., 2008). Direct  
comparisons of tenofovir–lamivudine or emtricitabine and 
 abacavir–lamivudine have provided conflicting results, and 
better outcomes are found with tenofovir-containing regi-
mens (45% compared with 29% sustained virologic response 
rate for abacavir) (Mira et al., 2008) or no difference (Amorosa 
et al., 2010).

Early reports of direct-acting agents for the treatment of 
hepatitis C virus (HCV) infection in HIV–HCV co-infected 
individuals suggest abacavir in the antiretroviral regimen 
does not affect HCV responses (Beste et al., 2015). The rec-
ommendation from American Association for Study of Liver 
Diseases, Infectious Diseases Society America, International 
AIDS Societies USA for treatment for co-infection indicate 
the combination of dolutegravir–abacavir–lamivudine does 
not need dose adjustment (AASLD/IDSA/IAS–USA, 2015). 
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Emtricitabine
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1. DESCRIPTION

Emtricitabine (also known as fluorocytidine or FTC) is the 
negative enantiomer of a thio analog of dideoxycytidine with 
a fluorine in the 5 position. Emtricitabine is a potent, syn-
thetic nucleoside reverse transcriptase inhibitor with selec-
tive activity against HIV-1 and HIV-2 and hepatitis B virus 
(HBV). 

The drug was initially synthesized by Triangle Phar ma-
ceuticals (brand name Coviracil) and was subsequently 
marketed by Gilead Sciences as Emtriva in 2004, and more 
recently under the trade name FTC. 

Emtricitabine is available in the following co-formulated 
tablets: with tenofovir disoproxil fumarate (DF) (Truvada); 
with efavirenz and tenofovir DF (Atripla); with cobicistat, 
elvitegravir, and tenofovir DF (Stribild); with rilpivirine and 
tenofovir DF (Complera or Eviplera); and with elvitegravir, 
cobicistat, and tenofovir alafenamide (AF) (Genvoya) which 
are also marketed by Gilead Sciences. Gilead Sciences 
received marketing approval in April 2016 by US and Euro-
pean regulatory agencies for the release of a co-formulated 
tablet of emtricitabine and tenofovir AF (Descovy).

Emtricitabine is approved for the treatment of HIV-1 
infection in a number of countries, including Australia, 
Europe, and the USA. 

The molecular weight of emtricitabine is 247.24. The chem-
ical name of emtricitabine is (2R,5S)-5-fluoro-1-[2-(hydroxy-
methyl)-1,3-oxathialon-5-yl]cytosine. The compound has the 
molecular formula C8H10FN3O3S, and its structure is shown 
in Figure 231.1.

The chemical structure of emtricitabine differs from that of 
lamivudine in that it has a fluorine atom in the 5′ position of 
the pyrimidine ring, as opposed to lamivudine, which has a 
hydrogen atom. Otherwise the beta-l structural configuration 
of emtricitabine [(–)-FTC] is similar to lamivudine [(–)-3TC] 
(Modrzejewski and Herman, 2004; Seshachalam et al., 2007). 
Emtricitabine differs from other cytidine analogs because of 
the fluorine in the 5′ position (Seshachalam et al., 2007).

Emtricitabine is available as capsule for oral administra-
tion containing 200 mg of drug and as an oral solution at a 
concentration of 10 mg/ml. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

HUMAN IMMUNODEFICIENCY VIRUS AND OTHER 
IMMUNODEFICIENCY VIRUSES

Emtricitabine inhibits both HIV-1 and HIV-2 as well as the 
simian and feline immunodeficiency viruses. Emtricitabine 

Figure 231.1. Chemical structures of emtricitabine, 
cytidine, and lamivudine.
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is active in vitro against both laboratory strains of HIV-1 and 
HIV-2 and clinical isolates of HIV-1 (Schinazi et al., 1992a; 
Schinazi et al., 1993; Tisdale et al., 1993). Emtricitabine is 
active against HIV-1 subtypes A, B, C, D, E, F, and G, with 
effective half-maximal inhibitory concentration (IC50) values 
ranging from 7 to 75 nM. The drug is also generally active 
against strains of HIV-2, but the IC50 of emtricitabine against 
HIV-2 is in general approximately fourfold higher than that 
of HIV-1 (Andreatta et al., 2013) and a wider range of IC50 
values, varying from 7 to 1500 μΜ, have been described 
(TGA, 2014). Emtricitabine is between 4 and 10 times more 
potent in vitro than lamivudine against laboratory strains 
and primary clinical isolates of HIV-1 (Wang et al., 2004a; 
Drogan et al., 2010). The antiviral activity of emtricitabine 
has been studied in a number of cell culture systems, includ-
ing peripheral blood mononuclear cells (PBMCs), lympho-
blastoid cell lines, and the MAGI-CCR5 cell line infected 
with laboratory or clinical HIV-1 isolates (mean IC50 1–640 
nmol/l) (Frampton and Perry, 2005). The in vitro antiviral 
activity of emtricitabine in PBMCs, macrophages, and mono-
cytes has been reported to be greater than that of lamivudine 
in some but not all studies (Hazen and Lanier, 2003; Schinazi, 
2003; Frampton and Perry, 2005).

Early studies conducted by Schinazi et al. (1992b) reported 
the potent activity of emtricitabine against simian immuno-
deficiency virus (SIV) and feline immunodeficiency virus (FIV) 
in various cell culture systems as well as human monocytes. 
Shen et al. (2003) reported the effects of emtricitabine in 
combination with tenofovir in SIV-infected macaques, show-
ing that this combination reduced plasma SIV viral load to  
< 100 RNA copies/ml.

HEPATITIS B VIRUS

Early studies conducted by Schinazi et al. (1992a) reported 
the potent activity of emtricitabine against HBV in various 
cell culture systems. Tested in the cultured HepG2 cell line, 
emtricitabine was active against HBV with a 50% effective 
concentration (EC50) of 10 nM (Furman et al., 1992; Schinazi 
et al., 1994).

OTHER VIRUSES

Emtricitabine does not inhibit the replication of herpes sim-
plex viruses types 1 and 2, varicella-zoster virus, Epstein-Barr 
virus, human cytomegalovirus, papillomaviruses, influenza 
viruses types A and B, respiratory syncytial virus, or human 
rhinoviruses.

2b.  Emerging resistance and 
cross-resistance

HUMAN IMMUNODEFICIENCY VIRUSES

The presence of several nucleoside reverse transcriptase inhib-
itor (NRTI) associated mutations, most notably M184V/I, 
but also including M41L, E44D, D67N, T69S, K70R, V118I, 
E138A, L210W, T251Y/F, and K219Q/E, mediate resistance 
of HIV-1 strains to emtricitabine, especially when present 

in combination (Modrzejewski and Herman, 2004). Further, 
the K65R mutation confers moderate resistance to emtricit-
abine, as does the multidrug-resistant HIV-1 genotype that 
contains the T69S insertion (Gu et al., 1994a; Gu et al., 1994b; 
Hertogs et al., 2000).

HIV-1 resistance to emtricitabine typically develops as 
the result of mutations in codon 184 of the HIV reverse tran-
scriptase, usually M184V and, less frequently, M184I. This 
mutation has been observed in strains of HIV-1 selected for 
lamivudine resistance by cell culture passage (Tisdale et al., 
1993), in HIV-1 infected patients (Gao et al., 2000), and in 
SIV strains recovered from monkeys infected with SIV and 
treated with emtricitabine (Van Rompay et al., 2002). By 
itself, the M184V mutation mediates high-level resistance to 
emtricitabine (> 1000-fold reduction in susceptibility), and 
hence the drug’s genetic barrier to development of resistance 
is considered to be low (Andreatta et al., 2015). However, it 
has been shown that the M184V/I mutation also decreases 
the fitness of HIV strains in vitro and in vivo (Paredes et al., 
2009), and that acquisition of an M184V mutation to HIV 
strains already containing a K65R mutation (which contrib-
utes to tenofovir resistance) partially restores susceptibility 
to tenofovir (Andreatta et al., 2015), thus potentially dimin-
ishing the clinical impact of emtricitabine resistance in 
patients. Emtricitabine resistance develops at a higher preva-
lence in individuals with lower pretreatment CD4 cell counts 
and in those not receiving a fixed-dose single-tablet regimen 
(Blanco et al., 2014); while the impact of baseline HIV viral 
load is less clear (TenoRes Study Group 2016). 

Resistance of HIV-2 to emtricitabine is also mediated pre-
dominantly by the M184I mutation, at least based on in vitro 
passage experiments (Andreatta et al., 2013). In vitro resis-
tance testing indicates that isolates resistant to lamivudine 
are virtually always resistant to emtricitabine and vice versa, 
due to the structural similarities of the two compounds 
(Frampton and Perry, 2005). However, despite the similar 
mutations mediating resistance to lamivudine and emtricit-
abine, these mutations emerge at a slower rate and less fre-
quently, and patients are, on average, half as likely to develop 
resistance when treated with emtricitabine compared with 
lamivudine-based combinations (Maserati et al., 2010; Mar-
celin et al., 2012). Tenofovir resistance is also less likely to 
develop when co-administered with emtricitabine rather than 
lamivudine (odds ratio [OR]: 1.48; 95% confidence interval 
[CI]: 1.20–1.82) (TenoRes Study Group, 2016).

HEPATITIS B VIRUS

M204V or M204I mutations in the HBV reverse transcriptase 
enzyme are selected in vitro in the presence of either lamivu-
dine or emtricitabine, documenting the nearly complete cross- 
resistance between these two antiviral drugs (Zoulim, 2005). 
It is important that, although these mutations do not confer 
cross-resistance to some other HBV antivirals, including 
adefovir (see Chapter 255, Adefovir dipivoxil) and tenofovir 
(see Chapter 232, Tenofovir), they do confer intermediate 
resistance to entecavir (Zoulim et al., 2009; see Chapter 254, 
Entecavir).
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Emtricitabine monotherapy for treatment of chronic HBV 
is associated with a high incidence of resistance, which 
appears relatively rapidly, similar to that occurring with 
lamivudine monotherapy. A genotypic analysis study per-
formed after 48 weeks of therapy demonstrated that 12% 
of patients treated with 100 mg of emtricitabine and 6% of 
those with 200 mg developed drug-resistant HBV (Gish et 
al., 2005). This compares to a rate of 9% of resistance to ente-
cavir at 2 years (Coffin and Lee, 2009), and 18% resistance to 
lamivudine at 1 year (Marcellin et al., 2004). Emtricitabine 
resistance develops at a higher rate in HIV co-infected 
patients if emtricitabine is the only anti-HBV active agent in 
the antiretroviral regimen.

2c.  In vitro synergy and antagonism

Emtricitabine had synergistic activity in vitro with stavudine, 
tenofovir, efavirenz, rilpivirine, zidovudine, the integrase 
inhibitors elvitegravir and raltegravir, and the protease inhib-
itors darunavir and atazanavir, along with additive in vitro 
activity in combination with zalcitabine and didanosine 
(Bridges et al., 1996; Borroto-Esoda et al., 2006; Feng et al., 
2009; Kulkarni, et al., 2014). Further, Gilead Sciences report 
in vitro “additive to synergistic effects” when emtricitabine 
was combined with abacavir and lamivudine, the nonnucle-
oside reverse transcriptase inhibitors (NNRTIs) delavirdine 
and nevirapine, and the protease inhibitors amprenavir, nel-
finavir, ritonavir, and saquinavir (Schinazi, 2003; Frampton 
and Perry, 2005; TGA, 2014). 

In 2005, Zoulim reported that, in a hepatoma cell line 
expressing wild-type HBV, an additive effect was observed 
between adefovir and emtricitabine.

3. MECHANISM OF DRUG ACTION

Like other nucleoside analogs, emtricitabine is a prodrug 
that must be triphosphorylated by intracellular enzymes into 
its active form, emtricitabine 5′-triphosphate. Phos phory-
lation is mediated by host cell enzymes. The triphosphate 
inhibits the activity of HIV and HBV reverse transcriptases 
by competing with the endogenous substrate for incorporation 
into the growing DNA chain (Wang et al., 2004a). Incor-
poration of emtricitabine 5′-triphosphate into the viral DNA 
causes chain termination, thereby irreversibly inhibiting 
viral replication. The fact that emtricitabine 5′- triphosphate 
is incorporated more efficiently than lamivudine 5′-triphos-
phate during RNA-dependent DNA synthesis (i.e. reverse 
transcription) is believed to be the contributing factor for the 
greater potency of emtricitabine compared with lamivudine 
(Wang et al., 2004a).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Emtricitabine is currently available only for oral admini - 
stration.

4a.  Adults

The recommended therapeutic dose of emtricitabine in adults 
≥ 18 years for the treatment of HIV infection is 200 mg 
administered once daily or emtricitabine solution 240 mg 
(24 ml) administered once daily.

Although emtricitabine is not approved for the treatment of 
hepatitis B infection in most countries, clinicians who are using 
it for this purpose typically prescribe a dose of 200 mg daily.

Similarly, although the safety and efficacy of emtricitabine 
in patients co-infected with HIV and HBV has not been fully 
evaluated, emtricitabine is frequently used for its dual anti-
viral activity in patients with HIV-1 and HBV co-infection. 
The emtricitabine dose used for this patient population is 
200 mg daily.

4b.  Newborn infants and children

For patients aged 0–3 months, the recommended therapeutic 
dose of emtricitabine solution for treatment of HIV-1 infec-
tion is 3 mg/kg administered once daily. For patients aged 3 
months to 17 years, the recommended therapeutic dose of 
emtricitabine solution is 6 mg/kg up to a maximum of 240 
mg (24 ml) given once daily. For children weighing more 
than 33 kg who can swallow an intact capsule, a 200 mg cap-
sule should be given once daily.

Emtricitabine is not approved for treatment of hepatitis B 
infection in children, and because there are few if any reports 
of it being used, dosing recommendations are not provided 
here. Presumably the doses used for treatment of HIV-1 
infection would be effective.

Currently, there are no pharmacokinetic or safety data 
available for the use of emtricitabine in infants and children 
< 18 years of age who are co-infected with HIV-1 and HBV, 
nor are there any published reports of its use in this popula-
tion; hence dosing recommendations cannot be provided.

4c.  Pregnant and lactating mothers

Emtricitabine levels decrease in the third trimester of preg-
nancy. In one study the area-under-the-concentration-time 
curve for 24 hours (AUC0–24) and maximum concentration 
(Cmax) of emtricitabine were decreased by 25% and 13%, 
respectively (Colbers et al., 2013) in the third trimester com-
pared with postpartum levels. In general these plasma levels 
do not fall below the threshold thought necessary for clinical 
efficacy and so no dose adjustment is recommended. 

Emtricitabine is secreted in human breast milk at a con-
centrations equivalent to 2% of the recommended daily dose 
for neonates who are solely breastfed. Neonatal concentra-
tions resulting from ingestion of breast milk are predicted to 
be 3–12 times higher than the IC50 but 3–12 times lower than 
the minimal expected trough concentration in adults (Cmin) 
achieved after standard oral dosing of emtricitabine (Bena-
boud et al., 2011). This may place a breast-feeding HIV-
infected infant at risk for developing emtricitabine resistance 
if emtricitabine is administered only to the mother.
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4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

The pharmacokinetics of emtricitabine are altered in patients 
with renal impairment. Emtricitabine is primarily eliminated 
by the kidney via glomerular filtration and active tubular 
secretion; therefore, reduction in dosage is recommended for 
patients with impaired renal function, especially for those 
patients whose creatinine clearance is < 50 ml/minute and/or 
those requiring dialysis (Bang and Scott, 2003; TGA, 2014). 
Dosing recommendation for patients with impaired renal 
function are summarized in Table 231.1.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

The pharmacokinetics of emtricitabine have not been stud-
ied in patients with hepatic impairment. However, as emtricit-
abine is not metabolized by liver enzymes, the impact of liver 
impairment should be limited (TGA, 2014). Emtricitabine, 
like many other nucleoside analogs, may in rare cases cause 
hepatic injury, so liver function tests should be monitored 
during therapy.

ELDERLY PATIENTS

The pharmacokinetics of emtricitabine have not been fully 
evaluated in the elderly, but its use has been shown to be gen-
erally safe and effective in this population (Blanco et al., 
2013). A small trial of six subjects ≥ 55 years old found an 
average 19% increase in emtricitabine AUC0–24 and Cmax when 
taken as part of a common regimen with tenofovir and efa-
virenz, or ritonavir boosted atazanavir (Dumond et al., 2013).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The oral bioavailability of emtricitabine 200 mg capsules is 
estimated to be 93%, whereas that of the oral powder (given 
as a solution) is only 73% (TGA, 2014). Tests in which emtric-
itabine was administered with a high-fat meal show slight 
decreases in AUC0–24 (13%) and more substantial decreases 
in Cmax (17–29%), indicating that emtricitabine may be taken 
with or without food, but administration in a fasting-state may 
be wise if central nervous system penetration is particularly 

relevant (Lamorde et al., 2012). Drug exposure was propor-
tional to dose over the range 25–200 mg (TGA, 2014).

The average plasma half-life (t½) of emtricitabine is 10 
hours. However, like other nucleoside analogs, the intracel-
lular half-life is significantly longer than the plasma t½, on 
average 39 hours, which is also longer than the intracellular 
t½ of lamivudine triphosphate, 10.5–15.5 hours. Consequently, 
emtricitabine is eminently suitable for once-daily dosing 
because the half-life of antiviral activity of nucleoside ana-
logs in vivo is primarily a function of their intracellular half-
life (Piliero, 2004).

As with other nucleoside analog drugs, the binding of emtri-
citabine to human plasma proteins in vitro is low (< 4%) and 
independent of concentration over the range of 0.02–200 
µg/ml (TGA, 2014). At peak plasma concentrations, the 
mean plasma–blood drug concentration ratio was ~ 1.0.

5b.  Drug distribution

Time to peak plasma concentrations of emtricitabine (tmax) 
occurs 1–2 hours after an oral dose, indicating rapid absorp-
tion. In a study of 20 HIV-1 infected subjects taking emtric-
itabine 200 mg daily, steady-state plasma emtricitabine Cmax, 
Cmin, and AUC0–24 were 1.8 ± 0.7 µg/ml, 0.09 ± 0.7 µg/ml, and 
10.0 ± 3.1 µg/ml/h, respectively. The mean steady-state plasma 
trough concentration at 24 hours post dose was ≥ 0.09 µg/ml, 
the mean in vitro 90% inhibitory concentration (IC90) value 
for anti-HIV-1 activity (TGA, 2014).

Wang et al. (2004b) studied emtricitabine pharmacoki-
netics in 25 HIV-1-infected children aged between 22 months 
and 17 years. These investigators found that the mean plasma 
concentration–time profiles at each dose level were similar 
across all age groups studied. The plasma emtricitabine con-
centrations for patients given the oral solution were mea-
sured from 30 minutes post dose, and reached a Cmax of 
0.9–1.1 µg/ml for the smallest dose of 60 mg/m2, and 1.5–2.0 
µg/ml 2 hours post dose for the larger 120 mg/m2 dose group 
(Wang et al., 2004b). The authors stated that the capsule 
formation showed marginally higher plasma exposure com-
pared with the oral solution. The t½ was ~ 11 hours across 
all age groups. These pharmacokinetic data indicate that a 
6 mg/kg dose of emtricitabine would produce a plasma AUC 
in children similar to that seen in adults who are receiving a 
200 mg dose (Saag, 2006).

Table 231.1. Dose and dosing interval adjustment in adult patients with renal impairment receiving emtricitabine.

Formulation

Appropriate dose for a given creatinine clearance

≥ 50 ml/minute 30–49 ml/minute 15–29 ml/minute
< 15 ml/minute  
or on hemodialysisa

Capsule (200 mg) 200 mg every 24 hours 200 mg every 48 hours 200 mg every 72 hours 200 mg every 96 hours

Oral solution (10 mg/ml) 240 mg every 24 hours 
(24 ml)

120 mg every 24 hours 
(12 ml)

80 mg every 24 hours 
(8 ml)

60 mg every 24 hours 
(6 ml )

aAssumes a 3-hour hemodialysis session three times per week; If dosing on day of hemodialysis, give dose after dialysis.
Source: Reprinted with permission from the TGA (2014).
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Emtricitabine is widely distributed throughout the body 
to both intracellular and extracellular fluid spaces and unlike 
tenofovir is present in high concentrations in saliva (mean 
ratio of saliva/plasma concentrations ~ 86.9%) (de Lastours 
et al., 2011). Emtricitabine is also detected in high concen-
trations in rectal (rectal tissue/plasma concentration ratio 
4.4), vaginal (vaginal tissue/plasma concentration ratio 7.0), 
and cervical tissue (Patterson et al., 2011). The central nervous 
system penetration of emtricitabine has been incompletely 
studied. In 30 patients receiving emtricitabine, tenofovir and 
a ritonavir boosted protease inhibitor, the mean emtricit-
abine cerebrospinal fluid/plasma concentration ratio was 0.5 
and 0.6 for those on darunavir and atazanavir, respectively 
(Lahiri et al., 2015).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

No clinically significant effects of gender on emtricitabine’s 
pharmacokinetic or dynamic properties have been identified 
(TGA, 2014). One small study of six participants reported on 
average, a 55% shorter t½ in Chinese individuals (mean t½ 
3.38 hours ± 1.20), possibly indicating faster excretion of 
emtricitabine in this population although the clinical impact 
of this finding is unclear (Han et al., 2014).

The in vivo activity of emtricitabine toward HIV-1 was 
evaluated in two clinical trials in which up to 101 untreated 
HIV-infected patients were given emtricitabine monotherapy 
in doses of 25–400 mg/day for 10–14 days (Rousseau et al., 
2001; TGA, 2014). A dose-related antiviral effect was observed, 
with a median decrease from baseline in plasma HIV-1 viral 

load of 1.3 log10 RNA copies/ml at a dose of 25 mg once daily 
and 1.7–1.9 log10 copies/ml at a dose of 200 mg given either 
once daily or twice daily. A dose of 200 mg once daily 
achieved ≥ 95% of maximal antiviral activity. As a conse-
quence, the 200 mg once-daily dose was selected for clinical 
development.

In the case of chronic HBV infection, Gilead Sciences study 
FTCB-101 enrolled 49 patients, who were given emtricit-
abine at doses of 25, 50, 100, 200, or 300 mg daily for 56 days 
and then followed for a month after cessation of treatment 
(Gish et al., 2002). Plasma concentrations were nearly dose 
proportional over the range used (see Figure 231.2), as was 
the AUC0–24, rising from 1.76 µg/ml/h after the 25 mg dose to 
almost 12-fold that amount (17.39 µg/ml/h), at the 300 mg 
dose. There was a clear relationship between dose, Cmax (see 
Figure 231.2), AUC, and the response of HBV viral load over 
the 2-month course of treatment (see Table 231.2). Doses of 
200 mg/day or more appeared to reduce HBV viral load by  
≥ 99.9% over this interval, and ≥ 90% of subjects treated with 
these doses achieved a decline in HBV viral load of over 99% 
(Table 231.2).

Modeling the relationship between dose and efficacy 
showed that the 200 mg dose achieved > 90% of maximal 
activity (Gish et al., 2002).

5d.  Excretion

After administration of 14C-emtricitabine to volunteers, the 
radioactivity was completely recovered in urine (~ 86%) 
and feces (~ 14%). About 13% of the dose was recovered in 
urine as three putative metabolites. The biotransformation of 

Figure 231.2. Mean steady-state plasma concentrations of emtricitabine at five different doses. Abbreviations: qd: once 
daily; IC50, 50% inhibitory concentration. (Redrawn with permission from Gish et al. (2002).)
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emtricitabine includes oxidation of the thiol moiety to form 
the 3′-sulfoxide diastereomers (~ 9% of dose) and conjuga-
tion with glucuronic acid to form 2′-O-glucuronide (~ 4% of 
dose) (Frampton and Perry, 2005). There are no data in rela-
tion to serum levels of any of these three metabolites, and no 
other metabolites were identifiable.

Emtricitabine pharmacokinetics are altered in patients 
with renal impairment. The renal clearance of emtricitabine 
is greater than the estimated creatinine clearance, which sug-
gests that the drug is eliminated by both glomerular filtration 
and active tubular secretion. Therefore, in patients with cre-
atinine clearance < 50 ml/minute, or those patients requiring 
dialysis, dose modification of emtricitabine would be strongly 
encouraged, because the AUC and Cmax values are increased 
as a result of decreased renal clearance (Bang and Scott, 2003; 
TGA, 2014; see section 4c, Altered dosages; see Table 231.1).

5e.  Drug interactions

Emtricitabine at concentrations up to 14-fold higher than 
that seen in vivo does not inhibit in vitro drug metabolism 
mediated by several CYP 450 isoforms, including CYP1A2, 
CYP2A6, CYP 2B6, CYP2C9, CYP2C19, CYP2D6, and 
CYP3A4 (Back et al., 2005; TGA, 2014, fda.gov/cder/foi/
label/2003/21500_emtriva_lbl.pdf). Further, emtricitabine 
does not inhibit the enzymes responsible for glucuronidation 
(TGA, 2014).

Given the relatively neutral interactions of emtricitabine 
with metabolic enzyme systems, it is not surprising that its 
pharmacokinetic interactions with zidovudine, stavudine, 
indinavir, and famciclovir are also essentially neutral and 
appear to be of no clinical significance (TGA, 2014). 

There is some evidence that emtricitabine and tenofovir, 
which are commonly co-prescribed, may affect drug efflux 
transport systems, including P-glycoprotein and multidrug 
resistance-associated proteins, such that the intracellular drug 
level of each agent is increased when administered together 
(Bousquet et al., 2009). This effect may partly explain the 
increased efficacy and decreased development of resistance 
mutations observed with this combination. 

Because emtricitabine is primarily eliminated via renal 
excretion (Zong et al., 2007), there may be interactions between 

emtricitabine and other drugs that are eliminated via renal 
excretion, or agents that affect renal excretion such as tri-
methoprim, that may lead to increased emtricitabine levels, 
although the clinical significance of this interaction is 
unknown (Nakatani-Freshwater and Taft, 2008).

Emtricitabine should not be given concurrently with 
fixed-drug combinations that include emtricitabine (such as 
Truvada or Atripla) or with lamivudine or with fixed-drug 
combinations containing lamivudine (e.g. Combivir, Epizicom, 
and Trizivir, or any of the many generic formulations). There 
are no known interactions between emtricitabine and the 
currently available hepatitis C direct-acting antiviral agents.

Recent information on drug interactions can be found at 
the University of Liverpool’s HIV Drug Interaction Checker 
(hiv-druginteractions.org).

6. ADVERSE REACTIONS AND TOXICITY

Toxicity with emtricitabine is unusual, and in most clinical 
trials the toxicity profile of emtricitabine, like that of lamivu-
dine (see Chapter 228, Lamivudine), has been found to be 
nearly similar to that of the placebo-treated subjects. This 
fact was shown most clearly in a study of emtricitabine (200 
mg daily) compared with placebo for treatment of chronic 
HBV infection, in which there were no differences between 
the drug- and placebo-treated patients for clinical adverse 
events; in addition, the frequency of laboratory abnormali-
ties overall, and of abnormal liver transaminases, was higher 
in the placebo group than in the emtricitabine-treated sub-
jects (Lim et al., 2006).

In cell culture systems, the toxicity of emtricitabine is 
remarkably low. Emtricitabine 5′-triphosphate was a weak 
inhibitor of mammalian DNA polymerase alpha, beta, and 
epsilon and mitochondrial DNA polymerase gamma in vitro 
(TGA, 2014). When studied in vitro using a human hepa-
toma cell line, emtricitabine slightly inhibited cell prolifera-
tion in a dose-dependent fashion but did not stimulate 
lactate production or induce loss of mitochondrial DNA 
when compared with controls (Venhoff et al., 2007). When 
emtricitabine was studied in combination with tenofovir, 
the dose-dependent reduction in cell proliferation observed 
with emtricitabine alone was again observed, but was not 

Table 231.2. Relationship between emtricitabine dose, the resulting AUC0–24, and its activity in patients with chronic HBV infection.

Daily dosea

Steady-state plasma 
AUC0–24 (μg/ml/h)

Mean decline in HBV viral 
load (log10 copies/ml)b

Percent subjects achieving a decline 
in HBV viral load of > 2.0 log10

25 mg (n = 9)  1.76 1.68 43

50 mg (n = 8)  2.81 3.15 88

100 mg (n =11)  6.27 2.65 73

200 mg (n = 9) 12.79 3.04 89

300 mg (n =10) 17.39 3.33 90

aEmtricitabine was given once daily.
bHBV DNA measured by Digene Hybrid Capture II Assay at baseline and again at 56 days. Limit of detection was 4700 copies/ml (3.67 log10 copies/ml).
Abbreviations: AUC: area-under-the-concentration-time curve; HBV: hepatitis B virus.
Source: Adapted from Gish et al. (2002).

http://www.fda.gov/cder/foi/label/2003/21500_emtriva_lbl.pdf
http://www.fda.gov/cder/foi/label/2003/21500_emtriva_lbl.pdf
http://www.hiv-druginteractions.org


6. Adverse reactions and toxicity 3807

increased. When emtricitabine was combined with stavu-
dine in vitro there was no enhancement of stavudine’s toxic-
ity (Venhoff et al., 2007).

In study FTC-301A (a Gilead Sciences–sponsored clini-
cal trial), emtricitabine was compared with stavudine, both 
given with didanosine and efavirenz. The emtricitabine regi-
men was better tolerated than stavudine, wherein treatment- 
limiting adverse events were significantly more prevalent in 
the stavudine (15%) versus the emtricitabine arm (7%) ( p = 
0.005). Adverse events associated with stavudine included 
pancreatitis (n = 4, 1%) and symptomatic hyperlactatemia 
and/or lactic acidosis (n = 7, 2%), whereas skin discoloration 
and cough were more common with emtricitabine.

In study FTC-303, emtricitabine was compared with its 
logical comparator drug, lamivudine, but the antiretroviral 
backbone common to both drugs was variable, consisting of 
either zidovudine or stavudine, plus either a non-NRTI 
(NNRTI) or a protease inhibitor. In this study, the most 
common adverse events that occurred in patients receiving 
emtricitabine were those thought secondary to other anti-
retroviral agents, including headache, diarrhea, nausea, and 
rash, all of which were generally of mild to moderate severity. 
Overall, the rate of adverse events was similar between the 
emtricitabine- and lamivudine-treated groups, 10% and 9%, 
respectively, with all serious adverse events occurring in 2% 
or less of patients. Approximately 1% of emtricitabine-treated 
patients discontinued participation in these two clinical stud-
ies because of these events. All adverse events were reported 
with similar frequency in emtricitabine and control (lamivu-
dine or stavudine) treatment groups with the exception of skin 
discoloration, which was reported with higher frequency in 
the emtricitabine-treated groups.

6a.  Skin hyperpigmentation

In the emtricitabine FTC-934 study in which about 250 
patients received emtricitabine and a further 250 patients 
lamivudine, hyperpigmentation occurred in 7 patients in the 
emtricitabine group and 4 patients in the lamivudine group; 
however, no patient discontinued the study drugs because of 
the hyperpigmentation or any other side-effect attributable 
to these medications.

Skin discoloration due to emtricitabine therapy was chiefly 
manifested by hyperpigmentation on the palms and/or soles, 
with less frequent involvement of nails, the tongue, or other 
sites. The hyperpigmentation was almost always mild (Nelson 

and Schiavone, 2004; Gilead Sciences, data on file). There 
was no association between skin hyperpigmentation and  
other types of skin rash, whether mild or severe (Gilead 
Sciences, data on file). The incidence of skin discoloration in 
 emtricitabine-treated adults compared with other nucleoside 
analogs is summarized in Table 231.3. The overall incidence 
ranged from 2% to 6%. Hyperpigmentation was race-related, 
with an overall incidence in the clinical trials of 8% in blacks, 
4% in Asians, 3% in those of Hispanic origin, and < 1% in 
whites (TGA, 2014; Gilead Sciences, data on file). Hyper-
pigmentation occurs early during treatment and tends not  
to progress. In one trial in Japanese HIV-positive patients 
emtricitabine- associated skin pigmentation had a median 
duration of 112 days (range: 28–315 days) and all had 
resolved at followup (Shirasaka et al., 2011). No patient dis-
continued therapy because of hyperpigmentation.

Hyperpigmentation is more common in children than 
in adults, occurring in 18–32% of emtricitabine-treated chil-
dren and is generally of mild severity (Fleischer, 2007). As 
with adults, no patient discontinued treatment because of 
this reaction. The mechanism and clinical significance of this 
adverse reaction are unknown (TGA, 2014). 

6b.  Diarrhea

A study comparing tenofovir-based postexposure prophylaxis 
with historical controls who had received zidovudine– 
lamivudine (co-formulated as Combivir) also supported diar-
rhea as a specific adverse reaction to emtricitabine as well as to 
tenofovir (Mayer et al., 2007). Diarrhea was the most com-
mon complaint of subjects taking the tenofovir-based regi-
mens: 37.5% when combined with emtricitabine (as Truvada) 
and 31.3% when combined with lamivudine (p > 0.5) com-
pared with 9.8% of those taking zidovudine (p < 0.01). Mild 
abdominal symptoms, including discomfort, pain, or bloat-
ing, were more common in the tenofovir–emtricitabine group, 
whereas nausea and vomiting were more common in those 
receiving zidovudine (Mayer et al., 2007).

6c.  Hepatitis

Reports of hepatitis B reactivation and subsequent severe 
hepatitis, liver decompensation, and death have been 
reported in patients co-infected with HIV-1 and HBV who 
have discontinued emtricitabine, lamivudine, or tenofovir 
therapy (Drake et al., 2004; Sellier et al., 2004; Nuesch et al., 

Table 231.3. Incidence of skin discoloration in adults treated with emtricitabine in clinical trials.

Study FTC-301Aa FTC-303 FTC-302a FTCB-301

Treatment FTC d4T FTC 3TC FTC 3TC FTC Placebo

Number of subjects 286 285 294 146 234 234 167 81

Skin discoloration, number (%) 10 (3%) 1 (< 1%) 5 (< 2%) 2 (< 1%) 14 (< 6%) 3 (< 1%) 4 (< 2%) 1 (< 1%)

aFischer’s exact test for difference in incidence between treatment arms: p < 0.02.
Abbreviations: FTC: emtricitabine; d4T: stavudine; 3TC: lamivudine.
Source: Data from Gilead Sciences (data on file).
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2008). Worsening of chronic HBV infection has also been 
reported in those patients with hepatitis B alone (Mondou 
et al., 2005). Taking these data into consideration, as with 
other antiviral drugs used to treat chronic HBV infection, 
the FDA has issued a black box warning for emtricitabine, 
highlighting this risk (TGA, 2014). It is recommended that 
if emtricitabine (or other HBV antiviral drugs) must be with-
drawn from an HBV-infected patient’s antiretroviral regi-
men, regardless of whether they are HIV infected or not, 
and if these drugs cannot be replaced with one or more drugs 
also active against HBV, then the patient should be moni-
tored for several months with careful clinical followup 
and regular liver function tests to detect hepatic flares and 
decompen sation (Panel on Antiretroviral Guidelines for 
Adults and Adolescents, 2016; TGA, 2014). 

6d.  Altered fertility and teratogenicity

No effects on fertility, sperm count, or embryonic develop-
ment in mice have been observed after administration of 
varying doses (250–1000 mg/kg) of emtricitabine (Szczech et 
al., 2003; Feng et al., 2006). There are no reported changes in 
the incidence of mouse or rabbit embryo or fetal malforma-
tions in detailed toxicology studies of emtricitabine and no 
evidence of teratogenicity (Szczech et al., 2003); however, 
there is a lack of well controlled data from human studies. In 
both short- and long-term animal toxicology studies in mice, 
rats, and monkeys, emtricitabine demonstrates minimal toxic-
ity and has not been found to affect fertility in either male or 
female animal studies (Saag, 2006). 

6e.  Risks in pregnancy

Emtricitabine has been shown in human trials to cross the 
placenta with a cord blood/maternal blood ratio of 0.85 
(range: 0.45–1.07) reported (Flynn et al., 2011). Due to the 
lack of significant fetal toxicity in animal studies the FDA 
and the Australian TGA have classified emtricitabine as 
Category B1 for use in pregnancy. The incidence of fetal mal-
formations was not increased in either mice or rabbits at 
AUC exposures 52–130 times that of human exposures using 
recommended daily doses (TGA, 2014). To date there has 
been no sign of emtricitabine being associated with fetal 
mal formations from human registries. 

7. CLINICAL USES OF THE DRUG

Emtricitabine is currently indicated, in combination with 
other antiretroviral agents, for the treatment of HIV-1 and 
HIV-2 infection in adults aged ≥ 18 years and in children aged 
3 months to 17 years who are naive to antiretroviral medi-
cation or who are changing therapy, where their HIV strain 
remains susceptible to emtricitabine (Panel on Anti retroviral 
Guidelines for Adults and Adolescents, 2016). This indication 
is supported by clinical trials conducted with previously 
untreated and antiretroviral-experienced individuals. Additive 

to synergistic effects are observed when emtricitabine is added 
to nucleoside reverse transcriptase inhibitors, NNRTIs, or 
protease inhibitors (Frampton and Perry, 2005).

As with lamivudine, emtricitabine, although a potent 
nucleo side analog reverse transcriptase inhibitor in its own 
right, is generally combined with another nucleoside or nucleo-
tide analog—for example, zidovudine, stavudine, didanosine, 
abacavir, or tenofovir—to limit the development of resistance 
and allow for durable HIV suppression.

7a.  HIV-1 infection: antiretroviral-naive 
patients

Study FTC-101 was a phase I/II open-label, sequential, dose- 
ranging monotherapy study in 41 HIV-infected patients 
(Rous seau et al., 2001). Five doses were administered (25 mg 
twice daily, 100 mg once or twice daily, and 200 mg once or 
twice daily) for 14 days, and viral kinetics and pharmacoki-
netic variables were measured. The 200 mg once-daily dose 
kept plasma emtricitabine concentrations above the IC90, 
with a 1.92 log10 reduction in HIV RNA at day 14. An analy-
sis demonstrated that, at this dose, 95% of the maximal anti-
viral activity had been observed.

In a phase II dose-ranging study, 82 HIV-infected patients 
with HIV viral loads between 5,000 and 100,000 RNA copies/ 
ml were randomized to one of four regimens, given for 10 
days: emtricitabine 25, 100, or 200 mg once daily or lamivu-
dine 150 mg twice daily (Rousseau et al., 2003). Patients were 
then monitored for an additional 2 weeks. The study’s pri-
mary end points were virologic activity and safety. A signifi-
cantly greater decrease in HIV plasma viral load was seen 
with emtricitabine at 200 mg/day (−1.7 log10 RNA copies/ml) 
than with either of the lower doses (100 mg,−1.5 log10; 25 mg, 
−1.4 log10) or lamivudine (−1.5 log10). More patients who 
received emtricitabine 200 mg/day achieved an undetectable 
plasma HIV RNA viral load (< 400 copies/ml; 9/19, 47%) 
although this did not reach statistical significance in compar-
ison with the other regimens. Taken together, the data from 
these two studies resulted in the 200 mg dose being chosen 
for future clinical development.

The FTC-301A trial was a randomized, double-blind, 
double-dummy noninferiority study conducted by Gilead 
Sciences for the purpose of obtaining regulatory approval for 
emtricitabine for the treatment of HIV infection (Saag et al., 
2004). In this multicenter, multinational study, 571 antiretro-
viral-naive adults were randomized to either emtricitabine 
200 mg once daily or stavudine at standard weight–based 
doses twice daily, along with placebo doses of the opposite 
med ication plus open-label didanosine, and efavirenz (the 
antiretroviral backbone) once daily. Although stavudine (and 
didanosine) were commonly part of initial regimens for 
treatment of antiretroviral-naive patients when the study 
was conducted, these agents are no longer recommended for 
initial therapy (see Chapter 229, Stavudine and Chapter 226, 
Didanosine).
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The FTC-301A trial was continued until the last random-
ized patient completed 48 weeks of therapy. The primary 
end point was virologic response, as defined by the algorithm 
of the FDA for the time to loss of virologic response (US 
Department of Health and Human Services, 2002). After a 
median followup of 60 weeks, the probability of persistent 
virologic response ≤ 50 copies/ml was 76% for the emtricit-
abine arm versus 54% for the stavudine arm (p < 0.001). 
Increases in CD4 cell numbers were significantly different at 
24 weeks (156 vs. 119 cells/µl, respectively; p = 0.01); how-
ever, there was no significant difference in CD4 cell counts 
at 48 weeks (168 vs. 134 cells/µl, respectively; p = 0.15). A 
protocol-planned interim analysis at 24 weeks found patients 
in the emtricitabine arm had a better chance of achieving 
an undetectable HIV viral load (≤ 50 RNA copies/ml) than 
those given stavudine (85 vs. 76%; p = 0.005). Virologic fail-
ure associated with at least one new resistance mutation 
developed in a greater proportion of patients receiving stavu-
dine (11%) than emtricitabine (4%; p = 0.005), and the 
majority of these were mutations associated with resistance 
to NNRTIs.

Since its registration there have been multiple random-
ized controlled trials comparing an emtricitabine-containing 
regimen to an alternative, but it is difficult in the context of 
differing background regimens to determine the attributable 
impact, both in terms of efficacy and side effects, of the 
emtricitabine separate from the effects of the co-administered 
agents. To date there have been three randomized controlled 
trials directly comparing lamivudine with emtricitabine. 
Two in antiretroviral-naive patients, which have been pre-
sented at international conferences but not published, and 
one in treatment-experienced patients described in the fol-
lowing section (Benson et al., 2004).

FTC-302 was a randomized, multicenter, double-blind 
(double-dummy) trial, which enrolled 468 patients in South 
Africa and compared emtricitabine or lamivudine, in combi-
nation with stavudine and either nevirapine (if viral load 
[VL] ≤ 100,000 copies/ml) or efavirenz (if VL ≥ 100,000 cop-
ies/ml) (Sanne et al., 2002). Enrolment into the study was 
terminated early by the Medicine Control Council of South 
Africa and the FDA after protocol violations and a high rate 
of adverse events. This related to 53 patients (17%) who had 
early hepatotoxicity, leading to 2 deaths, all attributable to 
nevirapine (Sanne et al., 2005). Patients who entered the 
study were allowed to continue until the last enrolled patient 
completed 48 weeks of treatment. Each arm had 234 patients, 
with an overall mean baseline CD4 lymphocyte count of 389 
cells/µl and HIV viral load of 4.5 log10 RNA copies/ml. The 
emtricitabine and lamivudine groups were found to be 
equivalent in regard to achieving an undetectable HIV viral 
load (< 50 RNA copies/ml) at week 48 (60.2% and 63.8%, 
respectively), assuming that someone who failed to complete 
the study was a treatment failure. When analyzing the 74 
patients who had pretreatment viral loads of > 100,000 copies/
ml, the probability of virologic failure (VL > 50 RNA copies/
ml) at 48 weeks was lower in those treated with emtricitabine 

(8.1%) compared with those treated with lamivudine (21.1%; 
p = 0.038). The proportion of subjects at 48 weeks who 
had virologic failure associated with genotypic resistance to 
the regimen given was identical (10%) in both groups. Of  
those with resistance, the M184V mutation was observed 
more commonly in the lamivudine group (65%) than in the 
emtricitabine treated group (30%; p = 0.01). Overall, adverse 
events were similar, and apart from the hepatotoxicity men-
tioned earlier, the medications were well tolerated.

The second head-to-head trial of lamivudine versus efa-
virenz was an open-labeled randomized controlled trial  
of 332 antiretroviral-naive HIV-positive adults in Zambia 
(Mulenga et al., 2013). Participants received lamivudine or 
emtricitabine in combination with tenofovir and efavirenz 
and were followed to 48 weeks. Baseline median CD4 cell 
counts (emtricitabine, 142.5 cells/µl, vs. lamivudine, 168.5 
cells/µl; p = 0.115) and HIV viral loads (emtricitabine, 
110,000 copies/ml, vs. lamivudine, 130,000 copies/ml; p = 
0.576) were similar between groups. Virological suppression, 
defined as HIV viral load < 40 copies/ml was achieved in 
90.1% of participants on emtricitabine at both 24 and 48 
weeks. A total of 86.5% and 85.3% of participants on lamivu-
dine achieved virological suppression at weeks 24 and 48, 
respectively. The proportional difference in virologic sup-
pression was −3.6% (97.5% CI: −27.0% to 19.7%) at week 24 
and −4.8% (97.5% CI: −28.1% to 18.4%) at week 48, fulfilling 
criteria for noninferiority of the lamivudine-based regimen. 

A meta-analysis of these two trials and the FTC-303 trial 
(described later) performed in treatment-experienced patients 
found no difference in relative risk for virologic suppres- 
sion (risk ratio [RR]: 1.03; 95% CI: 0.96–1.10) or virological 
failure (RR: 0.93; 95% CI: 0.74–1.18) when lamivudine was 
compared to emtricitabine (Ford et al., 2013; see Figure 
231.3). However, the Dutch AIDS Therapy Evaluation in the 
Netherlands (ATHENA) cohort recently reported an increased 
risk for virological failure in antiretroviral-naive, HIV-1-
infected patients taking lamivudine when compared with 
emtricitabine (Rokx et al., 2015). This nationwide obser-
vational cohort study examined 4,740 antiretroviral-naive 
individuals who initiated antiretroviral therapy with a lami-
vudine- or emtricitabine-containing regimen from 2002 to 
2012. Patients received lamivudine or emtricitabine with 
tenofovir and efavirenz or nevirapine. Overall the two groups 
were reasonably matched, although a higher proportion of 
those receiving emtricitabine were male (88.0% vs. 76.4% of 
those on lamivudine), and emtricitabine-receiving patients 
also had higher median CD4 cell counts (260 vs. 184 cells/µl) 
and lower median HIV RNA levels (82,173 vs. 100,000 
 copies/ml). By week 48, of those receiving tenofovir and efa-
virenz, 10.8% of patients on lamivudine had virologic failure 
compared to 3.6% on emtricitabine (OR: 3.23; 95% CI: 2.17–
4.81; p < 0.001). Of those receiving tenofovir and nevirapine, 
27.0% on lamivudine and 11.0% on emtricitabine had viro-
logic failure at week 48 (OR: 3.00; 95% CI: 1.92–4.72; p < 
0.001). These results remained significant after adjustment for 
CD4 cell count, HIV RNA, and all other covariates associated 
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with virological failure in univariate analysis (Rokx et al., 
2015). In patients with virological failure in whom HIV-1 
genotyping results were available, the proportion of resis-
tance against NRTIs and NNRTIs was not different between 
those on lamivudine or emtricitabine, nor was the preva-
lence of M184V/I mutations.

The discrepancy between the randomized controlled tri-
als results and those of the cohort study may be the result of 
hidden confounders in the cohort that cannot be adequately 
adjusted for or may truly point toward a superiority of emtri-
citabine over lamivudine in antiretroviral-naive patients, but 
to date the level of evidence does not allow for firm conclu-
sions to be made.

There are multiple other trials in which emtricitabine has 
not been specifically investigated, but has been used as the 
backbone regimen in both arms. In most cases emtricitabine 
is co-administered with tenofovir disoproxil fumarate and 
has been shown to be effective for initiation of antiretroviral 
therapy when this is used in combination with atazanavir, 
atazanavir–ritonavir, darunavir–ritonavir, efavirenz, elvite-
gravir–cobicistat, lopinavir–ritonavir, nevirapine, raltegravir, 
rilpivirine, and saquinavir–ritonavir; see the relevant chap-
ters for further details. Emtricitabine has also been studied 
in conjunction with the novel tenofovir formulation, tenofo-
vir alafenamide (TAF), with efficacy demonstrated when co- 
administered with elvitegravir–cobicistat (see Chapter 232, 
Tenofovir). 

7b.  HIV-infection: antiretroviral-
experienced patients

The FTC-303 study was an open-label, randomized, con-
trolled equivalence trial across multiple centers in the USA 
(Benson et al., 2004). Participants were stably suppressed 
(HIV RNA < 400 copies/ml) on a regimen including lamivu-
dine and randomized 2:1 to switch to once-daily emtricit-
abine 200 mg/day or continue on lamivudine twice daily. 
Background medications included either zidovudine or 
stavu dine plus an NNRTI or protease inhibitor. The primary 
end point was virologic failure at 48 weeks The study enrolled 
440 patients with a baseline mean CD4 cell count of 527 
cells/µl and median HIV viral load of 1.7 log10 RNA copies/
ml; 86% of patients had an entry HIV RNA of < 50 copies/ml. 
At 48 weeks, 82% of the emtricitabine-treated patients had 
an HIV viral load of < 400 RNA copies/ml compared with 
77% of those treated with lamivudine combinations ( p = 
0.27); the differences were also insignificant using the more 
rigorous cutoff of < 50 RNA copies/ml. The increase in CD4 
lymphocyte counts was also insignificantly different between 
the emtricitabine (29 cells/ml) and lamivudine (61 cells/µl) 
groups (p = 0.10). The rate of virologic failure was equivalent, 
with 21 (7%) in the emtricitabine and 11 (8%) in the lamivu-
dine groups. Genotypic analysis demonstrated the M184V 
mutation in 20 of 21 patients on emtricitabine (present in 16 
of 18 patients able to be analyzed at baseline), and in 9 of 10 

Figure 231.3. Relative risk of HIV-1 virological failure with lamivudine compared with emtricitabine. Abbreviation: CI: 
confidence interval. (Reprinted with permission from Ford et al. (2013).)
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patients on lamivudine (present in 3 of 4 patients at base-
line). After 4 years, the probability of virologic failure was 
11%, and there was no significant difference between the 
groups according to their original randomization (log rank 
p value 0.96).

In treatment-experienced patients, there have been multi-
ple studies involving emtricitabine that have investigated 
switching stable, effective antiretroviral regimens for sim-
plification, ease of administration, or with the aim of mini-
mizing side effects. One example of these trials is the SWIFT 
trial (Campo et al., 2013), which randomized 311 participants 
who were receiving lamivudine–abacavir and a  ritonavir-  
boosted protease inhibitor to remain on their current regi-
men or switch to open-label tenofovir–emtricitabine while 
remaining on the boosted-protease inhibitor. At week 48 
there was no difference in the proportion of participants with 
an HIV-1 RNA < 200 copies/ml (86.4% in the tenofovir–
emtricitabine arm; 83.3% in the abacavir–lamivudine arm), 
leading to a nonsignificant difference between arms of 3.0% 
(95% CI −5.1 to 11.2). There were, however, more instances 
of virological failure, defined as on-study HIV-1 RNA ≥ 200 
copies/ml on two successive occasions or the last on-study 
HIV-1 RNA ≥ 200 copies/ml, in the abacavir–lamivudine 
arm (11 [7.9%] vs. 3 [1.9%]; p = 0.034). Of the participants 
with HIV-1 RNA levels high enough for genotypic analysis to 
be performed, no resistance mutations to any of the study 
drugs (including no M184V mutations) was detected. There 
were advantageous alterations in lipid levels in those random-
ized to switch that were consistent with the lipid- lowering 
effects known to be attributable to tenofovir alone. The inci-
dence of rash was higher (1.3% vs. 0%) in the tenofovir/
emtricitabine arm, which was accompanied by a slightly 
higher rate of study drug discontinuation (4.5% vs. 1.9%).

As in antiretroviral-naive patients, there are multiple 
studies in treatment-experienced patients in which emtricit-
abine has not been specifically investigated, but has been 
used as the backbone regimen in both arms investigating 
new antiretroviral agents or treatment strategies; these are 
discussed in more detail in the chapters of the corresponding 
antiretroviral agents. In short, emtricitabine has been shown 
to be effective as part of combination antiretroviral therapy 
for treatment-experienced patients when used in combina-
tion with atazanavir, atazanavir–ritonavir, darunavir–ritonavir,  
efavirenz, elvitegravir–cobicistat, lopinavir–ritonavir, nevira-
pine, raltegravir, rilpivirine, and saquinavir–ritonavir; see 
the relevant chapters for further details.

7c.  HIV-I infection in pediatric and 
adolescent populations

The safety and pharmacokinetics of emtricitabine were stud-
ied in a phase I trial of 25 children with oral solution that 
showed the drug was safe and the pharmacokinetics were 
similar to that observed in adults (Wang et al., 2004b). Sub-
sequently, the Pediatric AIDS Clinical Trial Group (PACTG) 
Protocol 1021 study was begun. This phase I/II open-label 

trial enrolled 37 antiretroviral-naive (a history of limited 
perinatal antiretroviral exposure was accepted) children and 
adolescents with a median age of 10.5 years (range 3–21 
years) and a median CD4 lymphocyte count of 310 cells/µl 
(McKinney et al., 2007). The children were given a once-
daily regimen of emtricitabine (6 mg/kg as an oral solution), 
didanosine, and efavirenz, with results reported to 96 weeks 
of treatment. A planned pharmacokinetic analysis of the first 
8 children in this trial demonstrated acceptable emtricit-
abine AUC in comparison with the initial pediatric study 
noted earlier (Wang et al., 2004b). However, based on this 
analysis, the patients receiving liquid efavirenz had AUC val-
ues for efavirenz that were lower than expected (less than the 
10th percentile of older pediatric or adult values). The dosing 
protocol was then increased for 6 of the 8 initial patients, and 
for all subsequent patients. A total of 11 patients discontin-
ued study medications: 2 patients developed rash during the 
first 2 weeks of therapy attributed to efavirenz, 3 patients had 
virologic failure, and 6 patients discontinued for apparently 
nonmedical reasons.

Using an intention-to-treat analysis, 32 (86%) of the 37 
children had plasma HIV viral loads suppressed to < 400 
RNA copies/ml at week 16, and 27 (73%) were suppressed to 
< 50 copies/ml. At week 96, 26 subjects (70%) were suppressed 
to < 50 copies/ml. The CD4 lymphocyte count and percent-
age increased by a median of 329 cells/µl and 18%, respec-
tively, at week 96 (McKinney et al., 2007). Overall, the study 
medications were well tolerated. Despite the limitations of 
this small, noncomparative study, the virologic and immu-
nologic outcomes appear acceptable, suggesting that a sim-
ple, once-daily regimen incorporating emtricitabine may be 
possible for children.

The FTC-203 study was a larger, phase II, open-label, 
multi center study of both antiretroviral-naive and treatment- 
experienced HIV-infected children aged 3 months to 17 
years (Saez-Llorens et al., 2008; TGA, 2014; see Table 231.4). 
Antiretroviral-naive patients were allowed up to 2 months of 
prior treatment (usually as part of postnatal antiretroviral 
therapy) and antiretroviral-experienced patients had to have 
HIV viral loads suppressed to < 400 RNA copies/ml on a 
lamivudine-containing regimen for ≥ 3 months and a CD4 
lymphocyte count of > 200 cells/µl. Antiretroviral-naive 
patients (n = 71) were given emtricitabine, together with a 
regimen of stavudine and lopinavir–ritonavir. The emtricit-
abine was prescribed at 6 µg/kg up to 240 µg using an oral 
solution or as 200 µg capsules for children weighing > 35–40 
kg. Treatment-experienced patients (n = 45) were switched 
from lamivudine to emtricitabine, and their background 
regimen was able to be changed at the investigator’s discre-
tion. The baseline demographics and results for both groups 
are described in Table 231.4.

Patients were followed for a median of 164 weeks, at which 
time 83% and 71% of the antiretroviral-naive patients had 
HIV viral loads < 400 copies/ml and < 50 copies/ml, respec-
tively, whereas the values for the treatment- experienced 
patients were 60% and 50%, respectively. The median increase 
in CD4 lymphocyte counts from baseline to the last visit for all 



3812 Emtricitabine

patients was 123 cells/µl (range: −206 to 408 cells/µl) for anti- 
retroviral-naive patients and 7.5% (range: 1.2–13%) for expe-
rienced patients. An age-adjusted analysis showed an increase 
or no change in CD4 lymphocyte count and CD4 percentage 
in 95% and 94% of the subjects, respectively. Of those who 
met criteria for virologic failure, four of six patients from the 
antiretroviral-naive group had the M184V mutation, none of 
which was present at baseline. The experienced group had 
nine patients with virologic failure; five had baseline genotype 
results available, and all had M184V mutations. At the time 
of failure the M184V mutation was detected in five patients, 
including two with no baseline genotypes available.

7d.  Prevention of mother to child HIV-1 
transmission

Emtricitabine pharmacokinetics have been determined in a 
trial of 38 pregnant women and their neonates (Hirt et al., 
2009). In this trial mothers were administered two tablets of 
Truvada (each containing tenofovir disoproxil fumarate 300 
mg with emtricitabine 200 mg) at initiation of labor followed 
by one tablet daily for 7 days postpartum. After the predeliv-
ery 400mg emtricitabine dose, the median pAUC, Cmax, and 
Cmin in the pregnant women were 4.3 mg/l/h, 1.68 mg/l, and 
0.076 mg/l, respectively. Emtricitabine was shown to have 
good placental transfer (76% cord/maternal blood concen-
trations). Administration of 1 mg/kg of emtricitabine to the 
neonate immediately after birth or 2 mg/kg 12 hours postde-
livery led to neonatal concentrations (AUC: 10.1 mg/l/h and 
10.5 mg/l/h, respectively) comparable to the therapeutic lev-
els observed in adults (Hirt et al., 2009). 

Emtricitabine has been used as part of a combination anti-
retroviral strategy to prevent vertical transmission of HIV-1 
and minimize the development of NNRTI resistance in HIV- 

positive mothers. An open-label trial in Zambia randomized 
400 mothers to a single tablet of Truvada or to no study drug 
immediately postpartum, with the aim of preventing the 
development of NNRTI resistance associated with the use of 
intrapartum nevirapine. At 6 weeks after delivery, the women 
who received Truvada were 53% less likely to have an NNRTI 
mutation compared with the control group (RR: 0.47; 95% 
CI: 0.29–0.76) (Chi et al., 2007). These findings are sup-
ported by a smaller trial in which 38 HIV-infected pregnant 
women were given two tablets of open-label Truvada imme-
diately postpartum followed by one tablet daily for 7 days 
postdelivery (Arrive et al., 2009). In addition to the study 
drugs, women received standard of care zidovudine 300 mg 
twice-daily from 28 weeks gestation to delivery and intrapar-
tum zidovudine. All babies received zidovudine and nevirap-
ine as per WHO guidelines. At day 28 all women were tested 
for viral resistance, and no instances of NRTI or NNRTI resis-
tance mutations were detected. No peripartum HIV transmis-
sion was diagnosed. The following year, the trial was repeated 
with an additional step of neonatal tenofovir–emtricitabine 
dosing with equivalent results (Arrive et al., 2010).

7e.  Preexposure prophylaxis for  
HIV-I infection

Administration of antiretroviral therapy to individuals at 
risk of acquiring HIV has been demonstrated to be effica-
cious for HIV-1 prevention. While the optimal agents and 
dose and dosing interval for preexposure prophylaxis (PrEP) 
are still being determined, the most well-established regimen 
consists of daily fixed-dose combination of tenofovir and 
emtricitabine (Truvada). It is not yet know whether dual 
therapy is required for effective prophylaxis. Animal data 
(consisting of rectal viral challenge models) suggests that 

Table 231.4. Results of 116 children enrolled in the FTC-203 trial of emtricitabine.

Treatment naive 
(n = 71)a

Treatment experienced 
(n = 45)b

Total 
(n = 116)

Baseline characteristics of study groups

Mean age, years (range) 4.8 (0.3–12) 7.4 (1.1–15.9) 5.8 (0.3–15.9)

Median CD4 lymphocyte count, cells/μl (range) 714 (186–1886) 1045 (360–2650) 817 (186–2650)

Median CD4 lymphocyte percentage (range) 19.5 (6.6–37.9) 32.9 (10.9–50.6) 25.3 (6.6–50.6)

Median HIV-1 viral load, log10 RNA copies/ml (range) 5.02 (3.75–5.88) 1.74 (1.7–3.68) 4.53 (1.7–5.88)

Previous ART use, years (range) N/A 4 (1–14) N/A

Outcomes through week 96c

Proportion with HIV-1 RNA < 400 copies/ml 89% 76% 84%

Proportion with HIV-1 RNA < 50 copies/ml 75% 67% 72%

Virologic failured  4% 13%  8%

aAntiretroviral-naive patients were given emtricitabine, together with stavudine and lopinavir–ritonavir. The emtricitabine was prescribed at 6 mg/kg up to 240 
mg using an oral solution or as 200 mg as capsules for children weighing more than 35–40 kg.

bTreatment-experienced patients were switched from lamivudine to emtricitabine and their background regimen was at the investigator’s discretion. 
cIntent-to-treat analysis.
dIncludes subjects who failed to achieve virologic suppression or who rebounded after achieving virologic suppression at the 400 copies/ml lower limit of 

quantification.
Abbreviations: ART: antiretroviral therapy; N/A:, not applicable.
Source: Adapted from Saez-Llorens et al. (2008).
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emtricitabine–tenofovir may provide greater protection 
against HIV than emtricitabine alone (Garcia-Lerma et al., 
2008). A randomized, double-blind, placebo-controlled trial 
of daily oral tenofovir versus tenofovir and emtricitabine in 
4410 heterosexual HIV-1 serodiscordant couples detected 52 
incident HIV infections over the period of followup, equiva-
lent to an incidence of HIV transmission of 0.71 per 100 per-
son-years in the tenofovir arm and 0.48 per 100 person-years 
in the tenofovir–emtricitabine arm. The relative efficacy of 
emtricitabine–tenofovir versus tenofovir alone was not sta-
tistically significant (hazard ratio [HR]: 0.67; 95% CI 0.39–
1.17; p = 0.16), but as the authors conclude, due to the small 
number of HIV transmissions observed, the results cannot 
rule out the potential for a modest benefit of emtricitabine 
in addition to tenofovir for HIV prevention (Baeten et al., 
2014). Administration of PrEP in the setting of undiagnosed 
HIV has the potential to lead to the development of import-
ant resistance mutations. In a randomized placebo- controlled 
PrEP trial in Botswana, a patient with acute HIV infection who 
tested falsely negative at entry screening and was assigned to 
the tenofovir–emtricitabine arm developed an M184V muta-
tion within 1 month of study entry, and the A62V and K65R 
mutations by month 7, leading to significant NRTI resistance 
(Chirwa et al., 2014). In the well-publicized FEM-PrEP trial 
(randomized, blinded, placebo-controlled trial of daily oral 
tenofovir–emtricitabine in women in South Africa, Kenya, 
and Tanzania), there were 5 cases of emtricitabine resistant 
HIV-1 infections detected among 68 seroconverters, a rate 
similar to the expected prevalence of transmitted NRTI resis-
tance in Africa and which the authors conclude indicated the 
lack of excess emtricitabine resistance in the setting of nonad-
herence to PrEP (Grant et al., 2015). While the Partners PrEP 
Study (randomized, double-blind, placebo- controlled trial 
comparing placebo, emtricitabine and tenofovir, and tenofovir 
alone) determined that antiretroviral resistance is uncommon 
in seroconverters on PrEP, it does occur and emtricitabine is 
associated with a greater frequency of resistance mutations 
than is tenofovir in this setting (Leh man et al., 2015).

Intensive research in this field is ongoing. See Chapter 
232, Tenofovir, for a detailed discussion on PrEP. 

7f.  Postexposure prophylaxis for  
HIV-1 infection

Apart from zidovudine (given as monotherapy), there is no 
evidence to support the use of one drug or drug combination 
over another in the setting of sexual or occupational post-
exposure prophylaxis (PEP). Studies evaluating relative effi-
cacy of different antiretroviral drugs and drug combinations 
would require extremely large sample sizes, owing to the rel-
ative inefficiency of HIV transmission in this context; as a 
consequence, no such study has been completed, nor is one 
likely to be completed in the future.

Emtricitabine is an attractive choice for inclusion in a 
combination PEP regimen because of its excellent tolerability 
and once-daily dosing. A study of tenofovir-based sexual PEP 

comparing cases with historical controls who received zid-
ovudine was conducted at one center in the USA (Mayer  
et al., 2008). Of the episodes in which tenofovir was pre-
scribed, 44 patients also received lamivudine (one pill each 
medi cation, once daily) and 72 received emtricitabine (co- 
formulated as Truvada, once daily), corresponding to two 
distinct time periods. All of the 126 courses of zidovudine, 
as historical controls, were co-administered with lamivudine 
(co-formulated as Combivir, twice daily). A third drug, 
usually a protease inhibitor, was used in individual circum-
stances in which the exposure was considered high risk for 
HIV transmission. Approximately 88% of those receiving 
tenofovir–lamivudine completed the 4 weeks of PEP, com-
pared with 72% of those receiving zidovudine–lamivudine 
(p < 0.0001), and none of the patients taking tenofovir inter-
rupted his or her treatment because of adverse events. 
Diarrhea was the most common complaint of those taking 
the tenofovir-based regimens—37.5% for emtricitabine and 
31.3% for lamivudine (p > 0.5), compared with 9.8% of those 
taking zidovudine (p < 0.01). Mild abdominal symptoms, 
including discomfort, pain, or bloating, were more common 
in the tenofovir-emtricitabine group, whereas nausea and 
vomiting were more common in those receiving zidovudine 
(Mayer et al., 2008). Only 3 individuals became infected with 
HIV during or shortly after their course of nonoccupational 
PEP, all in the zidovudine group, which was not statistically 
significant. The participants receiving tenofovir were enrolled 
in two phase IV clinical trials, so they may have received a 
higher level of scrutiny than the patients who were identified 
from the medical records.

7g.  Hepatitis B virus infection

Emtricitabine is not currently approved for the treatment of 
chronic HBV infections. However, emtricitabine shares many 
properties with the closely related compound lamivudine, 
including good in vitro activity against HBV at concentra-
tions that can be achieved in vivo as well as animal studies 
confirming its activity in vivo (Furman et al., 1992; Schinazi 
et al., 1992b; Condreay et al., 1994; Cullen et al., 1997). In 
addition, there is considerable experience with emtricitabine 
for treatment of HBV infection in humans and with the 
emtricitabine–tenofovir combination for treatment of patients 
co-infected with HBV and HIV. Given the extensive and 
congruent data on the in vitro and in vivo experience with 
emtricitabine for treatment of chronic HBV infection in 
humans, it is clear that emtricitabine is an effective drug for 
treatment of this disease (Dienstag, 2008). As a consequence, 
emtricitabine has been in widespread off-label use as a first-
line treatment for HBV infections since its approval (for HIV 
infection) by the US FDA in December 1998 and the Australian 
TGA in December 2003.

Studies that have reported on the efficacy of emtricitabine 
for chronic HBV infection in humans are summarized in 
Table 231.5.

FTCB-101 was a phase I/II, open-label, dose-finding study 
in HBV-infected patients (Gish et al., 2002; see Table 231.2 



3814 Emtricitabine
Ta

b
le

 2
31

.5
. 

St
ud

ie
s 

o
f 

em
tr

ic
it

ab
in

e 
in

 h
ep

at
it

is
 B

 v
ir

us
–i

nf
ec

te
d

 a
d

ul
ts

 w
it

ho
ut

 c
o

nc
o

m
it

an
t 

H
IV

 in
fe

ct
io

n.

R
ef

er
en

ce
 /

 
st

ud
y

St
ud

y 
d

es
ig

n 
an

d
 p

at
ie

nt
 

ch
ar

ac
te

ri
st

ic
s

Tr
ea

tm
en

t
N

o
. o

f 
su

b
je

ct
s

Ti
m

in
g

 o
f 

as
se

ss
m

en
t,

 

w
ee

ks

U
nd

et
ec

ta
b

le
 

H
B

V
 D

N
A

,  

n 
(%

)a
p

 v
al

ue

C
ha

ng
e 

H
B

V
 

D
N

A
 (l

o
g

10
 

co
p

ie
s/

m
l)

p
 v

al
ue

Lo
ss

 H
B

eA
g

, 
n 

(%
)b

p
 v

al
ue

N
o

rm
al

 
A

LT
, 

n 
(%

)c
p

 v
al

ue

Tr
ia

ls
 u

si
ng

 e
m

tr
ic

it
ab

in
e 

as
 m

o
no

th
er

ap
y 

G
is

h 
et

 a
l. 

(2
00

2)
: 

FT
C

B
-1

01
P

ha
se

 I/
II;

 o
p

en
-la

b
el

, d
o

se
-r

an
g

in
g

 
(2

5,
 5

0,
 1

00
, 2

00
, 3

00
 m

g
) t

ri
al

; 
an

ti
vi

ra
l n

ai
ve

FT
C

d
49

8
3/

9 
(3

3)
—

−
3.

04
—

3/
40

 (7
.5

)e
—

23
 (4

0)
e

—

G
is

h 
et

 a
l. 

(2
00

5)
: 

FT
C

B
-1

02
P

ha
se

 II
; r

an
d

o
m

iz
ed

, d
o

ub
le

-b
lin

d
, 

d
o

se
-r

an
g

in
g

 (2
5,

 1
00

, 2
00

 m
g

) 
tr

ia
l; 

na
iv

e 
an

d
 e

xp
er

ie
nc

ed

FT
C

d
98

48
18

/3
3 

(5
5)

—
−

2.
92

—
13

/2
6 

(5
0)

—
27

 (8
4)

—
-

O
p

en
-la

b
el

 e
xt

en
si

o
n 

o
f 

FT
C

B
-1

02
 

w
it

h 
20

0 
m

g
 F

TC
FT

C
77

96
41

 (5
3)

—
—

—
 3

2/
60

 (5
3)

—
65

 (8
5)

—

Li
m

 e
t 

al
. (

20
06

): 
FT

C
B

-3
01

R
an

d
o

m
iz

ed
, p

la
ce

b
o

-c
o

nt
ro

lle
d

, 
tr

ia
l; 

na
iv

e
FT

C
 

16
7

48
91

 (5
4)

 
<

 0
.0

01
−

4.
48

 
0.

00
1

14
 (1

3.
5)

—
9 

(6
5)

 
0.

00
1

P
la

ce
b

o
81

2 
(2

)
—

−
0.

38
—

7 
(1

3.
7)

—
11

 (2
5)

—

Tr
ia

ls
 u

si
ng

 e
m

tr
ic

it
ab

in
e 

as
 p

ar
t 

o
f 

co
m

b
in

at
io

n 
th

er
ap

y 

Li
m

 e
t 

al
. (

20
06

): 
FT

C
B

-2
04

R
an

d
o

m
iz

ed
, p

la
ce

b
o

-c
o

nt
ro

lle
d

, 
m

ul
ti

ce
nt

er
 t

ri
al

; n
ai

ve
 (3

4%
) a

nd
 

ex
p

er
ie

nc
ed

 (6
6%

)

FT
C

–C
LV

82
24

61
 (7

4)
 

0.
11

4
−

1.
8–

2.
3f

n/
s

7/
44

 (1
6)

—
41

 (6
7)

0.
96

8

FT
C

81
53

 (6
5)

—
−

1.
4–

2.
0f

—
4/

41
 (1

0)
—

38
 (6

6)
—

H
ui

 e
t 

al
. (

20
08

)
R

an
d

o
m

iz
ed

, p
la

ce
b

o
-c

o
nt

ro
lle

d
 t

ri
al

; 
na

iv
e,

 a
ll 

H
B

eA
g

-p
o

si
ti

ve
g

FT
C

–A
D

V
 

14
96

11
 (7

8.
5)

0.
03

–5
.3

0
0.

05
2 

(1
4.

3)
0.

65
11

 (7
8.

6)
0.

44

A
D

V
 

16
6 

(3
7.

5)
—

–3
.9

8
—

4 
(2

5)
—

10
 (6

2.
5)

—

B
er

g
 e

t 
al

. (
20

10
)

R
an

d
o

m
iz

ed
, b

lin
d

ed
 t

ri
al

; A
D

V
 

no
nr

es
p

o
nd

er
sh

TD
F–

FT
C

52
48

40
 (7

7)
0.

23
4

−
3.

34
n/

s
4 

(8
)

n/
s

38
 (7

3)
0.

42
3

TD
F

53
35

 (6
6)

—
−

3.
58

—
4 

(8
)

—
35

 (6
7)

—

B
er

g
 e

t 
al

. (
20

14
)

Lo
ng

-t
er

m
 f

o
llo

w
-u

p
 o

f 
B

er
g

 e
t 

al
. 

(2
01

0)
TD

F–
FT

C
44

16
8

33
 (6

5)
0.

32
4

—
—

12
 (2

4)
n/

s
37

 (7
1)

n/
s

TD
F

46
37

 (7
4)

—
—

—
11

 (2
2)

—
36

 (6
8)

—

C
ha

n 
et

 a
l. 

(2
01

4)
R

an
d

o
m

iz
ed

, d
o

ub
le

-b
lin

d
 t

ri
al

; n
ai

ve
 

p
at

ie
nt

s 
w

it
h 

H
B

V
 D

N
A

 ≥
 1

.7
 ×

 1
07  

IU
/m

l

TD
F–

FT
C

62
19

2
47

 (7
6)

0.
01

1
−

6.
70

0.
07

1 
(2

)
—

41
 (7

7.
4)

0.
63

9

TD
F

64
35

 (5
5)

—
−

6.
32

—
4 

(6
)

—
44

 (8
1.

5)
—

Fu
ng

 e
t 

al
. (

20
14

)
R

an
d

o
m

iz
ed

, d
o

ub
le

-b
lin

d
 t

ri
al

, h
ig

h 
H

B
V

 v
ir

al
 lo

ad
 a

nd
 3

TC
 r

es
is

ta
nc

e 
at

 b
as

el
in

e

TD
F

14
1

96
12

6 
(8

9.
4)

0.
43

−
4.

92
0.

57
10

/6
5 

(1
5.

4)
0.

72
99

 (7
0.

2)
0.

94

TD
F–

FT
C

13
9

12
0 

(8
6.

3)
—

−
5.

03
—

9/
68

 (1
3.

2)
—

97
 (6

9.
8)

—

Li
aw

 e
t 

al
. (

20
11

)
R

an
d

o
m

iz
ed

, d
o

ub
le

-b
lin

d
 t

o
le

ra
b

ili
ty

 
tr

ia
l; 

p
at

ie
nt

s 
w

it
h 

d
ec

o
m

p
en

sa
te

d
 

liv
er

 d
is

ea
se

TD
F

45
48

31
 (7

0.
5)

—
−

3.
11

—
3 

/1
4 

(2
1.

4)
—

25
 (5

6.
8)

—

TD
F–

FT
C

45
36

 (8
7.

8)
—

−
3.

92
—

4/
15

 (2
6.

7)
—

31
 (7

5.
6)

—

E
nt

ec
av

ir
22

16
 (7

2.
7)

—
−

3.
4

—
0/

7 
(0

.0
)

—
12

 (5
4.

5)
—

a In
te

nt
io

n-
to

-t
re

at
 a

na
ly

si
s.

 L
ev

el
 o

f 
D

N
A

 d
efi

ne
d

 a
s 

“u
nd

et
ec

ta
b

le
” 

va
ri

ed
 w

it
h 

th
e 

st
ud

y.
b
O

f 
th

o
se

 H
B

eA
g

 p
o

si
ti

ve
 a

t 
b

as
el

in
e.

c L
es

s 
th

an
 o

r 
eq

ua
l t

o
 t

he
 u

p
p

er
 li

m
it

 o
f 

no
rm

al
, b

as
el

in
e 

to
 e

nd
 o

f 
st

ud
y 

as
se

ss
m

en
t.

d
R

es
ul

ts
 d

is
p

la
ye

d
 a

re
 f

o
r 

p
at

ie
nt

s 
w

ho
 r

ec
ei

ve
d

 2
00

 m
g

 o
f 

em
tr

ic
it

ab
in

e.
e O

f 
al

l d
o

se
 g

ro
up

s.
f T

w
o

 a
ss

ay
s 

us
ed

 f
o

r 
re

su
lt

s 
in

 e
ac

h 
g

ro
up

, S
ta

te
d

 fi
g

ur
e 

is
 r

an
g

e 
o

f 
m

ed
ia

n 
va

lu
es

 o
b

ta
in

ed
. D

iff
er

en
ce

 b
et

w
ee

n 
g

ro
up

s 
no

ns
ig

ni
fic

an
t.

g
Tr

ea
tm

en
t 

w
as

 s
to

p
p

ed
 in

 t
ho

se
 w

it
h 

H
B

eA
g

 s
er

o
co

nv
er

si
o

n.
 T

re
at

m
en

t 
ro

llo
ve

r 
in

 a
ll 

p
at

ie
nt

s 
to

 A
D

V
 1

0 
m

g
 m

o
no

th
er

ap
y 

at
 9

6 
w

ee
ks

. A
d

d
it

io
na

l 4
/2

4 
H

B
eA

g
 s

er
o

co
nv

er
te

d
; o

ve
ra

ll 
5 

re
la

p
se

d
 t

o
 H

B
eA

g
-p

o
si

ti
ve

 
d

ur
in

g
 f

o
llo

w
up

.
h If

 v
ir

al
 lo

ad
 w

as
 d

et
ec

ta
b

le
 a

t 
w

ee
k 

24
, p

at
ie

nt
s 

co
ul

d
 s

w
it

ch
 t

o
 T

D
F–

FT
C

 a
rm

; c
o

ns
id

er
ed

 a
 f

ai
lu

re
 in

 in
te

nt
io

n-
to

-t
re

at
 a

na
ly

si
s.

A
b

b
re

vi
at

io
ns

: 
H

B
V:

 h
ep

at
it

is
 B

 v
ir

us
; 

H
B

eA
g

: 
he

p
at

it
is

 B
 e

 a
nt

ig
en

; 
A

LT
: 

al
an

in
e 

am
in

o
tr

an
sf

er
as

e;
 A

R
T:

 a
nt

ire
tr

o
vi

ra
l t

he
ra

p
y;

 F
TC

: 
em

tr
ic

it
ab

in
e;

 C
LV

: 
cl

ev
ud

in
e;

 n
/s

, 
no

t 
si

g
ni

fic
an

t;
 A

D
V:

 a
d

ef
o

vi
r;

 T
D

F:
 t

en
o

fo
vi

r 
d

is
o

p
ro

xi
l f

um
ar

at
e;

 3
TC

: l
am

iv
ud

in
e.

 



7. Clinical uses of the drug 3815

and Table 231.5). A total of 49 patients were enrolled in five 
cohorts and given emtricitabine at doses of 25, 50, 100, 200, 
or 300 mg daily for 56 days and then followed for a month 
after cessation of treatment. Pharmacokinetic, virologic, and 
biochemical variables were monitored. There was a strong 
trend toward increasing antiviral activity in a dose- dependent 
and AUC-dependent manner. At doses of 50 mg or higher, 
approximately one third of all groups had undetectable HBV 
DNA in plasma by the end of the 56-week treatment period. 
Modeling suggested the 200 mg dose for future studies, 
because > 90% of the maximal activity was achieved at this 
dose. Of the 40 patients who were hepatitis B e antigen 
(HBeAg) positive at baseline, 3 lost their eAg and one sero-
converted to hepatitis B e antibody (HBeAb) positivity 
during followup. The percentage of patients with normal 
alanine aminotransferase (ALT) increased during treatment; 
however, the number of patients was too small to determine 
any differences between the groups. Resistance analysis was 
not undertaken.

FTCB-102 was a phase II, randomized, double-blind, 
multi center, dose-ranging study of HBV-infected patients 
(Gish et al., 2005; see Table 231.5). The primary end point of 
this study was the magnitude of decrease in plasma HBV 
DNA at 48 weeks (during the dose-ranging part of the trial); 
this was calculated using an AUC formula (Gish et al., 2005). 
To be eligible, patients had to have HBV DNA detectable in 
plasma and must have been either antiviral naive (65%) or 
had limited exposure to emtricitabine (< 2 months, as part of 
FTCB-101, 35%). A total of 98 patients with median age of 
36 years were randomized to 25, 100, or 200 mg of emtricit-
abine daily for 48 weeks; they then received open-label 200 
mg emtricitabine for a further 48 weeks and for an additional 
6 months after cessation of therapy. Patients were stratified 
by HBV DNA at baseline (< 500 or ≥ 500 MEq/ml) and 
before exposure to emtricitabine. Baseline HBV DNA was 
median 7.58 log10 copies/ml and 79% were HBeAg positive; 
the median baseline ALT was 66 IU/l.

At 48 weeks, the median decrease in HBV viral load (as 
log10 HBV DNA copies/ml) from baseline was statistically 
significant among the 25 mg (2.41 log10 DNA copies/ml), 100 
mg (3.12), and 200 mg (2.92) groups (p value for continuous 
variables = 0.037), as was a calculated derivative of the AUC 
(p = 0.0003). More patients in the 200 mg group achieved an 

undetectable viral load (55%) than in the other groups; how-
ever, this was not statistically significant. A more rapid HBV 
DNA reduction was observed in the 200 mg group than in 
the other groups (see Table 231.5). Of the 77 patients who 
were HBeAg positive at baseline, approximately 23% sero-
converted to anti-HBe at week 48 and 33% at week 96. Only 
1 patient in the 200 mg group lost hepatitis B surface antigen 
(HBsAg) by week 48. The majority of patients had a normal 
ALT (87%) with no dose response relationship seen in terms 
of decline in ALT. Resistance analysis was performed in those 
with an HBV DNA > 4700 copies/ml at week 48, demonstrat-
ing an emtricitabine-associated mutation (M204I/V ± L180M 
and V173L) in 16, 12, and 9% of patients in the 25, 100, and 
200 mg groups, respectively (p = 0.693) (see Table 231.6).  
No analysis was performed to determine if the antiviral- 
experienced patients harbored these mutations at baseline. 
One patient in each group discontinued the study drug, and 
the overall incidence of adverse events was similar between 
dose groups.

At 96 weeks, 53% had an undetectable HBV DNA, 33% 
had developed HBeAb, and 85% had a normal ALT level. At 
96 weeks 18% of patients who received 200 mg emtricitabine 
for the entire 96 weeks were found to have an emtricitabine- 
associated mutation.

Of 78 patients able to be followed after treatment, 15 
(19%) experienced an exacerbation of hepatitis as defined by 
a rise in HBV DNA and ALT (Gish et al., 2005). A total of 
8 were reported as serious adverse events; 1 patient serocon-
verted to HBeAb (lost HBeAg and gained HBeAb) after the 
flare (week 12 of followup); all improved eventually, includ-
ing 4 who received other antiviral therapy (lamivudine) (TGA, 
2014).

The FTCB-301 study was a randomized, double-blind, 
placebo controlled study evaluating the efficacy and safety 
of  emtricitabine 200 mg daily in nucleoside analog-naive 
patients with chronic HBV infection (Lim et al., 2006; see 
Table 231.5). In this multicenter, international study, funded 
and conducted by Gilead Sciences, patients were random-
ized in a 2:1 fashion to receive emtricitabine (n = 167) or 
placebo (n = 81) for 48 weeks. The proportion of subjects 
who were HBeAg positive and HBeAg negative was 62.5% 
and 37.5%, respectively, evenly distributed between the two 
regimens. Baseline demographics were equivalent between 

Table 231.6. Analysis of HBV resistance from emtricitabine-treated patients in clinical trials.

Reference / Trial Treatment
No. of 

subjects Assessment
Resistance 

mutations,a n %

Gish et al. (2005): FTCB-102 FTC  33 48 weeks 3/33 (9)

FTC  33 96 weeks 6/33 (18)

Lim et al. (2006): FTCB-301 FTC 167 48 weeks 20/159 (13)

Lim et al. (2006): FTCB-204b FTC–CLV or placebo 163 24 weeks 14/162 (9)

Hui et al. (2008) ADV–FTC or placebo  30 96 weeks 0/0 (0)

a M2041/V ± L180M and V173L.
b CLV 10 mg (n = 82) or placebo (n = 81).Mutations rates are those not found at baseline. Similar rates in both treatment arms. All but 1 patient with resistance 

had received prior FTC. At baseline 3 patients had detectable mutations.
Abbreviations: FTC: emtricitabine; CLV: clevudine; ADV: adefovir.
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the groups. The primary end points were tolerability and 
improvement in liver histology at 48 weeks; patients under-
went liver biopsy, before and at the end of treatment. All 
patients had an initial liver biopsy, although 9% of patients in 
both groups did not undergo the end-of-treatment biopsy. 
Histologic improvement was defined as a two-point reduc-
tion in the Knodell necroinflammatory score with no wors-
ening in fibrosis.

At 48 weeks, using an intention-to-treat analysis, 103 
(62%) emtricitabine-treated subjects had improved liver his-
tologic findings, compared with 20 (25%) receiving placebo 
(p < 0.001). The proportion of patients with an undetect-
able HBV DNA (< 400 copies/ml) in the emtricitabine and 
 placebo groups was 54% and 2%, respectively (p < 0.001). 
Evaluating those treated with emtricitabine by HBeAg status, 
an undetectable HBV viral load was achieved in 39% and 
79% of HBeAg-positive and -negative patients, respectively. 
In those treated with emtricitabine, the median decrease in 
HBV plasma viral load was 4.48 log10 DNA copies/ml overall; 
4.67 in HBeAg-positive patients and 4.12 in HBeAg-negative 
patients, compared with 0.38 (effectively no change) in the 
placebo-treated subjects (Lim et al., 2006).

Seroconversion to anti-HBe (12%) and HBeAg loss 
occurred with the same frequency in the emtricitabine and 
placebo groups. At the 48- week assessment, the biochemical 
response was significantly greater in the emtricitabine group 
(65% with normal ALT) compared with placebo (25%; p < 
0.001). All 64 patients in the emtricitabine group with an 
HBV DNA > 400 copies/ml at 48 weeks had genotypic anal-
ysis performed, revealing 20 with emtricitabine-associated 
mutations for an overall incidence of 13% (Lim et al., 2006; 
see Table 231.6).

Posttreatment followup data were available in 145 patients 
from the emtricitabine group and 63 patients from the pla-
cebo group. An exacerbation of hepatitis B, or hepatic flare, 
was observed in 33 (23%) and 3 (5%) patients from the 
emtricitabine and placebo groups, respectively. The median 
time to onset of a hepatic flare was 10 weeks. The most seri-
ous adverse event, underscoring the significance of “flares” 
due to treatment interruption, was in a patient who had 
bridging fibrosis at study entry and developed severe hepatic 
decompensation after cessation of emtricitabine requiring 
liver transplantation.

A pooled analysis from trials FTCB-102 and FTCB-301 
evaluated response to emtricitabine in HBV-infected adults 
according to HBeAg status (TGA, 2014). Of 122 HBeAg-
positive patients who received 200 mg emtricitabine for 48 
weeks, the antiviral response was similar across all HBV gen-
otypes (A–D), with 45% becoming HBV DNA undetectable 
(< 4700 DNA copies/ml). The median reduction in HBV 
plasma viral load was 3.1 log10 DNA copies/ml, with 14% 
sero converting to anti-HBe. Histologic improvement, as 
assessed in the FTCB-301 study, was observed in 68% of 
patients. Of 68 HBeAg-negative patients who received 200 
mg emtricitabine for 48 weeks, the antiviral response was also 
seen across all HBV genotypes, with 86% having an unde-
tectable HBV viral load (< 4700 DNA copies/ml). Histologic 

improvement was seen in 71%, and the median reduction in 
HBV viral load was 2.6 log10 DNA copies/ml.

COMBINATION THERAPY FOR HEPATITIS B IN 
HIV-NEGATIVE PATIENTS

Use of emtricitabine in combination with a number of other 
antiviral drugs active against HBV has been investigated in 
HIV-negative participants. 

Co-administration with clevudine
In a randomized, double-blind, placebo-controlled, multi-
center study (FTCB-204), combination emtricitabine– 
clevudine, a pyrimidine nucleoside analog (see Chapter 258, 
Clevudine) was compared with emtricitabine alone (Lim et 
al., 2006; see Table 231.5). This trial was designed as a roll-
over protocol for patients who had completed 48 weeks of 
emtricitabine as part of study FTCB-301. Because clevudine 
inhibits the HBV DNA polymerase associated with positive- 
strand DNA, a mechanism that differs from that of emtricit-
abine (Lim et al., 2006; see section 3, Mechanism of action), 
this difference provides a rationale for combination therapy, 
targeting different sites of action on the viral genome.

Patients were randomized to combination treatment with 
emtricitabine 200 mg plus clevudine 10 mg, both given daily 
(n = 83), or emtricitabine monotherapy (n = 81) for 24 weeks, 
with a further 24 weeks off treatment. Baseline median HBV 
viral load in the study subjects was 6.0 log10 DNA copies/ml, 
with only 9% having an undetectable viral load (< 4700 
 copies/ml). Overall, 52% of patients were HBeAg positive 
(Lim et al., 2006).

An intention-to-treat analysis showed that the proportion 
of subjects in the combination arm with an undetectable 
HBV DNA at 24 weeks (74%) was statistically noninferior to 
emtricitabine monotherapy (65%; p = 0.114); the two groups 
were also equivalent on the basis of quantitative reduction  
in HBV DNA levels. The difference between groups also 
remained insignificant when the analysis was restricted to 
naive patients and by HBeAg status. At 48 weeks of followup 
(24 weeks off treatment) more patients who received combi-
nation therapy had an undetectable HBV DNA (40%) than 
those receiving emtricitabine monotherapy (23%; p = 0.025); 
further, there was a greater median decrease in HBV DNA 
from baseline in the combination therapy group (0.82 log10 
DNA copies/ml) than in the emtricitabine group (0.33, p < 
0.001). The proportion of patients with a normal ALT level 
was similar at 24 weeks; however, it was significantly greater 
at 48 weeks in the combination group (63%) than the mono-
therapy group (42%; p = 0.002). The composite end point of 
undetectable HBV DNA and normal ALT level at 48 weeks 
also favored the combination group, with 30% in this group 
achieving these goals, compared with 14% in the monother-
apy group (p = 0.007). The unexpected prolonged virologic 
and biochemical response seen in the combination arm may 
have been an effect of clevudine, because this was observed 
in phase I/II studies of clevudine monotherapy (Lim et al., 
2006; see Chapter 258, Clevudine). The proportion of subjects 
developing antibodies to HBeAg did not differ significantly 
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between the two groups at 24 weeks (14% of those given 
combination therapy vs. 7% in the monotherapy group) or 
after 24 weeks further followup (combination 16% vs. mono-
therapy 24%).

Genotypic analysis revealed treatment-emergent emtric-
itabine-associated mutations in 14 (9%) patients overall at 24 
weeks; 6 (7%) and 8 (10%) patients receiving combination 
and monotherapy, respectively (see Table 231.6). All except 
one patient had prior exposure to emtricitabine for 1 year 
as part of the FTCB-301 study. At baseline, 3 patients had 
emtricitabine-associated resistance mutations. There was a 
higher rate of posttreatment exacerbation of hepatitis B in 
the monotherapy arm (n = 12, 15%) compared with the com-
bination arm (n = 2, 2%; p = 0.005). This may have been a 
con sequence of prolonged suppression of HBV DNA by clevu-
dine acting as a protective measure, as mentioned earlier. 
Severe hepatic decompensation developed in 1 patient with 
known cirrhosis who received emtricitabine monotherapy; 
the decompensation responded to subsequent therapy with 
lamivudine.

Co-administration with adefovir
A small randomized, placebo-controlled study compared the 
response of 30 antiviral-naive, HBeAg-positive patients to 
combination therapy with emtricitabine and adefovir with 
adefovir monotherapy (Lau et al., 2007). Some researchers 
consider that this might not have been the ideal comparison, 
given that adefovir is considered one of the least potent drugs 
for treatment of HBV (Dienstag, 2008). In this trial focusing 
primarily on HBV viral kinetics and T-lymphocyte responses, 
patients from Hong Kong were randomized to adefovir 10 
mg plus emtricitabine 200 mg (n = 14) or adefovir alone  
10 mg (n = 16) for 48 weeks; the subjects then continued 
treatment for a further 48 weeks in a followup study (Hui et 
al., 2008; see Table 231.5). Therapy was stopped at 96 weeks 
if patients lost plasma HBeAg and HBe antibodies appeared, 
otherwise patients continued on adefovir monotherapy. If 
HBeAg disappeared after 96 weeks, adefovir was continued 
for a further 6 months. Baseline HBV plasma viral load in 
the combination and monotherapy groups was 7.96 and 8.34 
log10 DNA copies/ml, respectively (p = 0.82). Liver biopsy 
was performed at baseline or in the 6 months before study 
entry in 26 individuals, with a median histology activity 
index (HAI) score of 6 (range 5–9) in both groups, and an 
Ishak fibrosis score of 1 (range 0–4) in the combination and 
3 (1–4) in the monotherapy group (difference stated to be 
not significant).

At 96 weeks, HBV viral load was below the limit of detec-
tion (< 300 DNA copies/ml) in more patients receiving com-
bination therapy (79% of 14 patients) than those receiving 
adefovir monotherapy (38% of 16 patients; p = 0.03). The 
median decrease in HBV viral load was greater with combi-
nation therapy, 5.30 log10 DNA copies/ml, than with adefovir 
monotherapy, 3.98 log10 DNA copies/ml (p = 0.05), and the 
maximum decreases occurred earlier in the combination 
arm (by week 32 vs. week 96) All patients had an abnormal 
ALT at baseline, and the rates of ALT normalization were 

similar between groups (combination 79% vs. monotherapy 
63%; p = 0.44). Significantly more patients in the combina-
tion arm than in the monotherapy group achieved the com-
bined end point of normalized ALT and undetectable HBV 
DNA at 96 weeks (79% vs. 38%; p = 0.03). At week 96, the 
proportion of subjects losing plasma HBeAg and developing 
HBe antibodies was similar between the combination (n = 2, 
14.3%) and monotherapy groups (n = 4, 25%; p = 0.65). An 
additional 4 patients seroconverted (HBeAg loss and HBeAb 
gain) on adefovir monotherapy after week 96. All 10 patients 
had an undetectable HBV plasma viral load at the time of 
treatment cessation; however, 5 of the 10 patients experi-
enced a relapse (regaining HepBeAg, ALT increasing to 
twice the upper limit of normal and detectable HBV plasma 
viral load). At a median 10.6 months followup, none of these 
5 patients seroconverted from HBeAg-negative to HBeAg-
positive. In the 20 patients who were consistently HBeAg-
positive, the median HBV plasma viral load was 3.81 log10 
DNA copies/ml, including 5 subjects (25%) in which it was 
undetectable (Hui et al., 2008).

Patients who failed to suppress with detectable HBV DNA 
at 96 weeks (n = 9, all in adefovir arm) and those with viro-
logic breakthrough as defined by > 1 log increase in DNA  
(n = 3 in combination arm, n =1 in adefovir arm) were ana-
lyzed for resistance mutations (Hui et al., 2008; see Table 
231.7). No adefovir or emtricitabine mutations were detected, 
although the study was not powered sufficiently for this end 
point. The earlier, more potent viral suppression achieved by 
combination therapy may be expected to decrease the long-
term incidence of drug resistance, although as noted, adefo-
vir monotherapy was probably not an ideal comparator for 
this trial owing to the relatively weak antiviral activity of this 
drug (see Chapter 255, Adefovir dipivoxil). 

Co-administration with tenofovir 
There is considerable experience in the use of co-adminis-
tered emtricitabine and tenofovir for the control of hepatitis 
B in HIV co-infected patients as described in this section. In 
HBV monoinfection there have been varied results as to the 
benefit of additional emtricitabine compared with tenofovir 
monotherapy in terms of efficacy or the development of viral 
resistance mutations.

In a randomized, double-blind, placebo controlled trial of 
combination emtricitabine–tenofovir (n = 52) versus tenofo-
vir alone (n = 53) in adult HBV monoinfected patients with 
incomplete viral suppression after adefovir therapy, the use 
of combination therapy demonstrated an efficacy similar to 
that of tenofovir monotherapy (Berg et al., 2010). Following 
48 weeks of therapy there were equivalent rates of HBV DNA 
decay and the proportion of patients with suppressed HBV 
DNA was the same (81% in both arms) in the combination 
arm compared to the tenofovir monotherapy arm (see Table 
231.5). This result was not affected by the presence of baseline 
adefovir-associated (specifically rtN236T and or rtA181V/T) 
or lamivudine-associated (rtM204V/I with or without the 
rtL180M and rtV173L) resistance mutations that were pres-
ent in 10% and 12% of participants, respectively. At week 48, 
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92% of patients with lamivudine resistance and 79% without 
had HBV DNA < 400 copies/ml, whereas 80% of patients with 
adefovir-associated mutations and 81% without had HBV 
DNA < 400 copies/ml. No new mutations associated with 
teno fovir or emtricitabine resistance were detected during 
followup.

Of these 105 participants 90 (46/53 tenofovir, 44/52 
emtricitabine–tenofovir) were then followed for 168 weeks, 
with persisting equivalent rates of HBV DNA suppression, loss 
of HBeAg, and normalization of liver function tests across 
arms (Berg et al., 2014; see Table 231.5). These results were 
supported by a similarly designed prospective randomized 
trial in patients with known lamivudine resistance mutations, 
which also demonstrated no difference in treatment outcomes 
between tenofovir and tenofovir– emtricitabine combination 
therapy (Fung et al., 2014). Thus data suggest that addition  
of emtricitabine to tenofovir leads to no improvements in 
long-term viral suppression in HBV-infected patients with a 
suboptimal response to adefovir or preexisting lamivudine 
resis tance mutations.

However an alternative randomized, double-blind multi-
center trial in nucleos(t)ide-naive patients with high HBV 
viral loads (HBV DNA ≥ 1.7 × 107 IU/ml) and normal ALT 
levels demonstrated a superiority of combination therapy 
compared with tenofovir alone. In this multicenter trial, 
participants were randomized to combination therapy with 
tenofovir and emtricitabine (n = 62) versus tenofovir and 
placebo (n = 64) and followed to 192 weeks (Chan et al., 
2014). Although both arms demonstrated potent antiviral 
activity with similar changes in HBV DNA levels, the pro-
portion of participants achieving and maintaining an unde-
tectable HBV viral load at week 192 was significantly higher 
in those receiving tenofovir–emtricitabine compared with 
tenofovir alone (76% vs. 55%; p = 0.011) (see Table 231.5). 
There were no differences detected in serologic or biochem-
ical responses or safety reports between the arms. In the 
 subset of patients who underwent genotypic resistance test-
ing, there were no instances of tenofovir or emtricitabine 
resistance detected within the study population. 

A recent meta-analysis supported the findings of these 
trials, concluding that combination emtricitabine–tenofovir 
led to greater viral suppression when compared with tenofo-
vir alone in patients who were antiviral treatment naive, and 
thus predominantly had wild-type viruses, at both 48 weeks 
(OR: 2.16; 95% CI: 1.06–4.41; p = 0.03) and 192 weeks of 
therapy (OR: 2.60; 95% CI: 1.21–5.6; p = 0.01). Yet there 
appeared to be little additional benefit of emtricitabine above 
that provided by tenofovir alone in the setting of treatment 
experience, or in those with known resistance mutations (48 
weeks OR: 1.34; 95% CI: 0.85–2.10; p = 0.20 and 96 weeks 
OR: 0.85; 95% CI: 0.43–1.70; p = 0.65) (Cui et al., 2015). 

Emtricitabine–tenofovir has also been used to replace or 
used in conjunction with hepatitis B immunoglobulin (HBIg) 
to prevent HBV recurrence after liver transplantation in 
patients with chronic HBV. This was shown to be effective 
in an open-label, randomized controlled trial of 40 patients 
who were stable at least 12 weeks after liver transplantation 

on HBIg prophylaxis. Emtricitabine–tenofovir was added to 
HBIg for 24 weeks in all patients; then those patients who 
had maintained viral suppression were randomized to con-
tinue HBIg and emtricitabine–tenofovir or receive tenofovir–
em tricitabine alone for an additional 72 weeks (Teperman et 
al., 2013). No patient experienced HBV recurrence through 
72 weeks, and ALT values were similar across the two groups.

7h.  HIV and hepatitis B co-infection

HIV infection accelerates progression of HBV-associated liver 
disease and is associated with increased liver related morbidity 
and antiretroviral-related hepatotoxicity. Treat ment of HBV in 
HIV co-infected patients is generally lifelong, although the 
necessity for this has not been demonstrated.

Agents active against both HBV and HIV, such as emtric-
itabine, lamivudine, and tenofovir, should not be used in 
HBV–HIV co-infected patients without a fully suppressive 
antiretroviral regimen because this situation is effectively 
nucleoside analog monotherapy for the HIV and hence resis-
tance to emtricitabine is likely to develop within weeks. 
Equally the majority of co-infected patients with prolonged 
exposure to lamivudine as part of an HIV antiretroviral reg-
imen that does not contain other antiviral drugs active against 
HBV will develop HBV strains resistant to lamivudine (Ben-
hamou, 2006; Ingiliz et al., 2008). As with patients infected 
only with HBV, co-infected patients should ideally be assessed 
with an HBV genotype to look for mutations associated with 
lamivudine and emtricitabine resistance, and alternative treat-
ment should be considered if these are found. Given the high 
incidence of HBV mutations when nucleoside agents are 
used alone, published guidelines for the treatment of co- 
infected patients recommend using at least two HBV-active 
agents where possible (Panel on Antiretroviral Guidelines 
for Adults and Adolescents, 2016). This is supported by 
the results of an open-label, randomized controlled trial of 
16 HIV–HBV co-infected antiretroviral-naive Thai patients 
who were randomized to initial antiretroviral regimens con-
taining emtricitabine (co-administered with zidovudine and 
efavirenz) as the solo HBV-active agent or dual HBV-active 
regimen of emtricitabine and tenofovir (also with efavirenz) 
(Avihingsanon et al., 2010). All participants had HBV DNA 
levels > 100,000 copies/ml (median 8.76 log10 copies/ml) at 
baseline by design and 11 (69%) were HBeAg positive. There 
was a significantly greater reduction in HBV DNA at 48 weeks 
in the combination emtricitabine–tenofovir group (−5.32 log10 
copies/ml; interquartile range [IQR]: −6.19 to 5.13) com-
pared with the emtricitabine alone group (–3.25 log10 copies/
ml; IQR: –5.42 to 2.66; p = 0.003). The proportion of patients 
with an undetectable HBV viral load at week 48 was signifi-
cantly higher in the tenofovir–emtricitabine group than in the 
emtricitabine alone group (90% vs. 33%; p = 0.036).

An analysis has been undertaken of the HIV–HBV co- 
infected patients enrolled in clinical trials studying the safety 
and efficacy of emtricitabine (200 mg once daily) in combi-
nation with other antiretrovirals for treatment of HIV infec-
tion (Gilead Sciences, data on file). A total of 74 co-infected 
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patients from the phase III clinical trials FTC-301A (Saag  
et al., 2004), FTC-302, and MKC-401 (Gilead Sciences, data 
on file) were reviewed.: 52 patients received emtricitabine 
and 22 were controls. Those analyzed were treatment-naive, 
HBsAg-positive at baseline, had received ≥ 6 months of 
emtricitabine therapy, and had HIV viral loads of < 400 RNA 
copies/ml at week 24 (indicating probable adherence to study 
medication). Of the 39 patients who fulfilled these criteria, 
baseline HBV viral loads were undetectable (< 4700 DNA 
copies/ml) in 15, and detectable in 24, with a mean HBV 
viral load of 7.7 log10 DNA copies/ml. Baseline mean HIV 
viral load was 4.6 log10 RNA copies/ml, and the mean CD4 
lymphocyte count was 391 cells/µl. The mean ALT was 107 
IU/l overall, with 10 patients having elevated levels.

Overall, after 24 and 48 weeks of therapy, 45% (n = 9) and 
59% (n = 10) of patients, respectively, had an undetectable 
plasma HBV viral load. The median reduction in HBV viral 
load was 2.51 and 2.72 log10 DNA copies/ml at 24 and 48 
weeks, respectively. Genotypic analysis was limited to 17 of 
the 39 patients with HBV data who completed 48 weeks 
of  emtricitabine. Of the 7 viremic patients at week 48, 5 
had wild-type virus and 1 had the M204M/I emtricitabine- 
resistance mutation.

Limited HBV genotype data are available in HIV–HBV 
co-infected patients. One study evaluated 17 treatment- 
naive, co-infected patients treated with emtricitabine 200 mg 
daily (Gilead Sciences, data on file). After 48 weeks of ther-
apy, 10 patients had an undetectable HBV DNA, 5 had wild-
type virus, and 2 had developed the M204M/I mutation. No 
L180M mutations were observed. 

A nested, prospective cohort study from two randomized 
controlled trials in Cote d’Ivoire of antiretroviral-naive HIV–
HBV co-infected patients commencing antiretroviral therapy 
with regimen containing lamivudine (n = 82) or tenofovir–
emtricitabine (n = 86) demonstrated that efficacy was high 
and the development of antiviral resistance was rare. The 
proportion of patients achieving an undetectable HBV DNA 
level was higher in those receiving tenofovir–emtricitabine 
(94.2%) compared with lamivudine (74.2%). In lamivudine- 
treated patients, 2 developed lamivudine resistance (incidence 
0.9 per 100 person-years), with no instance of emtricitabine 
or tenofovir resistance detected (Boyd et al., 2015).

POSTTREATMENT EXACERBATIONS OF  
HEPATITIS B

A review of three randomized clinical trials summarized the 
incidence and risk factors for exacerbations of hepatitis B 
on withdrawal of emtricitabine monotherapy (Mondou et 
al., 2005). These were defined as an elevation of ALT to 10 
times the nadir achieved during treatment or 20 times the 
upper limit of normal. Hepatic decompensation was defined 
using traditional markers: elevated bilirubin, reduced albu-
min, prolonged international normalized ratio (INR), or 
clinical manifestations. The incidence of posttreatment exac-
erbations ranged from 7% to 23% across the three trials, with 
median time to onset of ~11 weeks (range: 2–25 weeks). In 
one study (Lim et al., 2006), the incidence of exacerbation 

with decompensation among patients with bridging fibrosis or 
cirrhosis was 9% (6 of 70 patients), compared with 0% (0 of 
60 patients) of those without high-grade fibrosis (p = 0.03, 
Fisher’s exact test). Posttreatment exacerbations responded 
well to antiviral therapy, except in 1 patient, mentioned ear-
lier, who required urgent cadaveric liver transplantation and 
survived. Overall, there was no association found between 
end-of-treatment biochemical markers of hepatic dysfunc-
tion, seroconversion to anti-HBe, or development of HBV 
resistance mutations and subsequent hepatic flare.

Another study addressing the issue of interrupted HBV 
therapy was a subanalysis of HIV–HBV co-infected patients 
from Thailand enrolled in the STACCATO trial, receiving 
tenofovir and emtricitabine (Nuesch et al., 2008). This trial ran-
domly assigned patients to continuous treatment or treatment 
interruptions guided by CD4 lymphocyte counts. Overall, 15 
of 16 co-infected patients achieved an undetectable HBV 
viral load during the study. Of those in the group guided by 
CD4 lymphocyte counts, 6 co-infected patients underwent 
one to two (mean, 1.3) on-off cycles. An elevation in trans-
aminases and HBV viremia was seen in 5 or 6 patients; one 
flare was severe. All patients responded to retreatment with 
the same agents.
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1. DESCRIPTION

Tenofovir (TFV) is an acyclic nucleoside phosphonate 
 analog of adenosine 5′-monophosphate and belongs to the 
nucleo tide reverse transcriptase inhibitor (NRTI) class 
of  antiretrovirals. It is converted in vivo by intracellular 
phosphorylation to its active form, tenofovir diphosphate 
(TFV-DP), as shown in Figure 232.1. TFV-DP is a compet-
itive inhibitor of human immunodeficiency virus (HIV) 
reverse transcriptase and is incorporated into the growing 
DNA chain, causing termination (Squires, 2001).

It is active against hepatitis B virus (HBV) by inhibiting 
HBV polymerase through competitive inhibition of dATP 
binding to the enzyme, without chain termination (Delaney 
et al., 2006). TFV is produced by diester hydrolysis from the 
currently licensed prodrugs tenofovir disoproxil fumarate 
(TDF) and tenofovir alafenamide (TAF). 

Tenofovir is manufactured as the prodrug tenofovir diso-
proxil fumarate (TDF) and marketed under the trade name 
Viread by Gilead Sciences, Inc. In India it is marketed by 

Cipla Ltd. as Cipla-tenofovir -300 and by Dr Reddy’s labo-
ratories as Reviro. It is available in several co-formulations: 
Truvada (TDF–emtricitabine; Gilead Sciences), Atripla (TDF–
emtricitabine–efavirenz; Merck, Bristol-Myers Squibb. and 
Gilead Sciences); Eviplera/Complera (TDF– emtricitabine–
rilpivirine; Janssen and Gilead Sciences); and Stribild (TDF–
emtricitabine–elvitegravir–cobicistat; Gilead Sciences). It was 
first registered for the treatment of HIV infection in 2001 
and is a key component of international guidelines, with over 
9 million person-years of use. TDF, previously known as 
bis[POC]PMPA, has a molecular formula of C19H30N5O10 
PC4H4O4 and a molecular weight of 635.52. The full chemical 
name is 9-[(R)-2-[[bis[[(isopropoxycarbonyl)oxy]-methoxy] 
phosphyl] methoxy] propyl] adenine fumarate (1:1). 

TAF, formerly GS-7340, is a prodrug of TFV. It received 
approval by the FDA in November 2015 as part of a fixed-dose 
combination Genvoya (with elvitegravir, cobicistat, emtricit-
abine) for the treatment of HIV-1 in adults and adolescents 
over 12 years. It is converted intracellularly to TFV, delivering 
one tenth the dose of TDF with lower extracellular exposure. 

Figure 232.1. Structure of TFV and its prodrugs TDF and TAF. TFV is phosphorylated to the active TFV-DP. (Reprinted with 
permission from Margot et al. (2015))
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TAF has a molecular formula of C21H29N6O5P and a 
molecular weight of 476.47. The full chemical name is iso-
propyl(2S)-2-[[[(1R)-2-(6-aminopurin-9-yl)-1-methyl-
ethoxy]methyl-phenoxy-phosphoryl]amino]propanoate. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

RETROVIRUSES

Tenofovir is effective against both simian immunodeficiency 
virus (SIV) and all clades of the human immunodeficiency 
virus (HIV-1 and -2). The in vitro susceptibility is summa-
rized in Table 232.1. Since Tsai et al. (1995) demonstrated 
that PMPA prevented SIV infection in macaques, the role of 
tenofovir in the treatment and prevention of HIV has been 
extensively studied.

Tenofovir diphosphate, the active metabolite of TDF, inhib-
its HIV-1 reverse transcriptase (Squires, 2001). It has weak 
inhibitory action against mammalian DNA polymerase alpha 

and beta as well as mitochondrial DNA polymerase gamma, 
which in part explains its favorable therapeutic ratio. Sub-
cutaneous administration of tenofovir reduced SIV levels 
by > 99% within 2 weeks of administration in cynomolgus 
monkeys with chronic SIV infection (Tsai et al., 1997). Intra-
venous tenofovir resulted in rapid reductions in HIV RNA lev-
els in both pig-tailed macaques (Otten et al., 2000) and humans 
(Deeks et al., 1998). When administered orally, however, bio-
availability is poor; hence tenofovir is formulated as the pro-
drugs TDF and TAF. Tenofovir displays antiviral activity in 
vitro against all HIV-1 clades (A, B, C, D, E, F, G, and O) and 
HIV-2 (Callebaut et al., 2015; Palmer et al., 2001). TAF has 
similar antiviral specificity as TFV and TDF, with the most 
potent activity being against HIV and SIV (Callebaut et al., 
2015).

HEPADNAVIRUSES

Tenofovir is a competitive inhibitor of HBV DNA polymerase 
and is active against all tested hepadnaviruses, including 
woodchuck hepatitis virus, duck HBV, and human HBV 

Table 232.1. In vitro susceptibility of SIV, HIV, HBV, and HSV to TFV, TDF, and TAF. 

Virus Formulation IC50 (μM) EC50 (µM)
EC50 

(µg/ml) Cell lines Reference 

Simian immunodeficiency 
virus (SIV)

TFV  29–31

0.35–0.73

PBMC

MT-2, MT-4

Dobard et al. (2012)

Callebaut et al. (2015)

TAF 0.0051–0.0121 MT-2, MT-4 Callebaut et al. (2015)

Human immune deficiency 
virus (HIV-1)

TFV 40

  1–6

0.2–0.6

0.55–2.2

5

0.18–5.0

1.4–3.5

5.0–5.9

MT-2

MT-2,4, PBMC 

MT-2, PBMCs

PBMC (nonB)

CEM, MT-4

Srinivas et al. (1993)

Fung et al. (2002)

Callebaut et al. (2015)

Lee et al. (2005)

Gilead (2001)

TDF 40

 22–40

0.05

MT-2, MT-4, 
PBMC

MT-2

Srinivas et al. (1993) 

Robbins et al. (1998)

Lee et al. (2005)

TAF 0.005

0.005–0.007

MT-2

MT-2, PBMCs

Lee et al. (2005)

Callebaut et al. (2015)

Human immune deficiency 
virus (HIV-2)

TFV 4.9

2.4–3.5

4.9–7.0

MT-4 

CEM, MT-4

Gilead (2001) 

Andreatta et al. (2013)

Balzarini et al. (1997)

TDF 3.4–5.9 MT-4, C3H/3T3 Balzarini et al. (1993)

TAF 0.0018 MT-2, PBMCs Callebaut et al. (2015)

Hepatitis B virus (HBV) TFV 1.1 HepG2 Delaney et al. (2006)

TDF 0.019–0.022 0.02 HepG2 Cui et al. (2015b); 
Delaney et al. (2006)

Herpes simplex virus 
(HSV-1)

TFV

> 1000

132–141 HEL, PHK

MT-2, PBMCs

Andrei et al. (2011)

Callebaut et al. (2015)

TDF 522–600 E6SM

TAF > 1 MT-2, PBMCs Callebaut et al. (2015)

Herpes simplex virus 
(HSV-2)

TFV

   146–278

103–193 MT-2, PBMCs Andrei et al. (2011)

Callebaut et al. (2015)

TDF 244–600 E6SM

TAF 0.424–0.697 MT-2, PBMCs Callebaut et al. (2015)

Abbreviations: TFV: tenofovir; TDF: tenofovir disoproxil fumarate; TAF: tenofovir alafenamide; IC50: half maximal inhibitory concentration; EC50: 50% effective 
concentration; PBMC: peripheral blood mononuclear cells.
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(Delaney et al., 2006; Heijtink et al., 1994; Menne et al., 2005; 
Ying et al., 2000). In in vitro studies tenofovir is converted 
to  tenofovir diphosphate in both HepG2 cells and primary 
human hepatocytes (Delaney et al., 2006). Tenofovir inhibits 
HBV polymerase through competitive inhibition of dATP 
with an inhibition constant (Ki) of 0.18 μΜ and a half- 
maximal inhibitory concentration (IC50) of 0.019–0.022 μM 
(Cui et al., 2015b). It has a long half-life of approximately 95 
hours in hepatic cells and thus is suitable for once-daily 
administration (Delaney et al., 2006). 

TAF is currently being evaluated for hepatic delivery and 
metabolism and was found to have higher TFV-DP levels 
than TDF in dog liver (Murakami et al., 2015). TAF activity has 
been demonstrated against HBV (Agarwal et al., 2015). TAF is 
thought to enter hepatocytes using organic anion-transporting 
polypeptides (OATPs) 1B1 and 1B3, both membrane trans- 
port proteins. It is hydrolyzed primarily by carboxylesterase-1, 
which is highly expressed in human hepatocytes, before being 
converted to TFV and then to TFV-DP. 

HERPESVIRUSES

Tenofovir and TAF have in vitro activity against HSV-2 
(Balzarini et al., 1993; Callebaut et al., 2015). TFV has also 
been shown in a randomized clinical trial, although only as 
a subgroup analysis, to reduce the risk of HSV-2 acquisition 
(Abdool Karim et al., 2015; Celum et al., 2014). 

OTHER VIRUSES

Tenofovir has demonstrated activity against both acute and 
chronic SIV (Tsai et al., 1997; Tsai et al., 1995). It also has 
activity against feline immune deficiency virus infection in 
cats and some other retroviruses (Balzarini et al., 1997). 
Unlike other nucleotide agents such as cidofovir, tenofovir 
does not have activity against, human papillomaviruses,  
adenoviruses, John Cunningham (JCV) or BK viruses, or any 
of the poxviruses (De Clercq, 2003). TFV and TAF do not 
have antiviral activity against adenovirus, dengue, hepatitis 
C, cox sackie B, rhinovirus, vaccinia, influenza A, human 
parainfluenza, respiratory syncytial virus, varicella zoster 
virus, human cytomegalovirus, or HSV-1 (Callebaut et al.,  
2015).

2b.  Emerging resistance and 
cross-resistance

HIV RESISTANCE

When tested in vitro, tenofovir retains activity against a vari-
ety of HIV strains resistant to other nucleoside analogs 
(Harri gan et al., 2002). The in vitro resistance profiles of TFV, 
TDF, and TAF are summarized in Table 232.2. In vitro stud-
ies are usually conducted with TFV, which is more stable 
than TDF in culture medium (Miller, 2004). 

Table 232.2. Resistance profile of TFV, TDF and TAF.

Pathogen

Fold change 
from wild-type 

control Mechanism of resistance
Population 
tested Clinical impact References

TFV

HIV-1 1.0 n/a Treatment-naive 
individuals

97% were within TFV 
susceptibility range

Harrigan et al. (2002)

6.5

  3–4

K65R In vitro Margot et al. (2015)

Wainberg et al. (1999)

2.7–3.2

1.7–2.0

K65R

K65R + M184V

MT-2 cells White et al. (2002)

5.1–5.5 K65R MT-2 cells Margot et al. (2015)

TDF

HIV-1 < 1.4

> 1.4 and < 3.8

≥ 3.8

0, 1, or 2 TAMs

≥ 3 TAMs, without M41L 
or L210W

≥ 3 TAMs + M41L /L210W

GS 902 & 907 
clinical trials

0.2 log10 copies/ml 
decrease in VL vs. 
0.8 log10 copies/ml 
with TAMs

Miller (2004)

3.8 K65R GS 903 Margot et al. (2006)

HBV   5–6 rtA194T polymerase 
mutation

Huh-7 cells Partial TDF resistance 
may result

Amini-Bavil-Olyaee et al. 
(2009)

  2–2.9

1.2–3.2

6.8

rtA181T

rtA181V

rtA181T + N236T

Huh-7 cells Virological failure Villet et al. (2008)

TAF

HIV-1 6.5 K65R MT-2 cells Similar profile to TFV Margot et al. (2015)

Abbreviations: TFV: tenofovir; TDF: tenofovir disoproxil fumarate; TAF: tenofovir alafenamide; HIV: human immunodeficiency virus; TAMs: thymidine analog 
mutations; VL: viral load; HBV: hepatitis B virus.
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Against a large panel of drug-resistant HIV-1 variants, 
only the strains with the K65R reverse transcriptase muta-
tion were resistant to tenofovir (Srinivas and Fridland, 1998). 
When HIV-1 is passaged in increasing concentrations of 
tenofovir, strains emerge with the K65R mutation, which 
have a threefold decrease in susceptibility compared with 
wild-type virus (Wainberg et al., 1999). HIV variants with 
the K65R mutation in the reverse transcriptase have reduced 
in vitro susceptibility to tenofovir, didanosine, and abacavir, 
but when the K65R is combined with an M184V change, sus-
ceptibilities to didanosine and abacavir are further reduced, 
whereas tenofovir susceptibility is heightened (White et  
al., 2002) . This hypersusceptibility to tenofovir in the pres-
ence of lamivudine (3TC)-resistant virus (M184V) has been 
demonstrated by others, with an estimated twofold increase 
in in vitro susceptibility in this setting (Miller et al., 1999). 
The susceptibility profile in relation to mutations is summa-
rized in Table 232.3. 

Tenofovir also selects for the K65R mutation in the HIV-2 
virus (Damond et al., 2004). Other than K65R, the main resis-
tance mutation, another significant resistance mutation is 
K70E. No significant antiviral antagonism is observed when 
tenofovir is combined with a wide variety of other anti-HIV 
agents, including stavudine (d4T), zalcitabine (ddC), zido-
vudine (AZT), didanosine (ddI), 3TC, nelfinavir, ritonavir, 
indinavir, and saquinavir (Mulato and Cherrington, 1997). 

The antiviral efficacy of TDF is unaltered in the presence 
of thymidine analog mutations (TAM) but is decreased in 
the presence of the K65R mutation. In Gilead Study 934 in 
antiretroviral-naive subjects, which compared zidovudine 
plus lamivudine with tenofovir plus emtricitabine, both given 

with efavirenz, no patient developed the K65R mutation over 
48 weeks (Gallant et al., 2006). In a further analysis of the 
data from the 934 study at 144 weeks (Margot et al., 2009), 
baseline resistance to nonnucleotide reverse transcriptase 
inhibitors (NNRTIs) was seen in 11 subjects in each group; 
the 487 subjects without any baseline mutations formed the 
primary efficacy population. A total of 19 of the patients 
treated with tenofovir and 31 of those in the zidovudine arm 
developed virologic failure and were analyzed for resistance 
mutations. None of the patients in the tenofovir group devel-
oped the K65R mutation. The K103N NNRTI-resistance 
mutation was common in both groups; the M184V/I muta-
tion was more common in the zidovudine group (2 vs. 10 
subjects; p = 0.02) and the zidovudine group also had two 
thymidine analog mutations. Of the 11 patients treated with 
the tenofovir regimen who had baseline NNRTI mutations 4 
developed the M184V/I mutation; none developed K65R. In 
Gilead Study 903, also in antiretroviral-naive subjects, the 
rate of the K65R mutation was low, occurring in 8 (2.7%) 
patients in the TDF arm and 2 (0.7%) patients in the stavu-
dine arm (Margot et al., 2006). The majority (7/8) of the 
mutations in the TDF arm occurred in the first 48 weeks of 
the study, and in most cases the mutations were associated 
with efavirenz and lamivudine mutations. No case of K65R 
mutation alone emerged.

In HIV treatment-experienced patients the emergence of 
the K65R mutation is more frequent but still uncommon. In 
Gilead Study 902, in which one of three doses of TDF was 
added to stable highly active antiretroviral therapy (ART) in 
treatment-experienced patients, < 3% K65R prevalence was 
observed by week 96, with most of the emerging mutations 

Table 232.3. Susceptibilities of TFV and TAF.

Pathogen EC50 Resistance mutations

Resistance 
widespread 
or limited to 
outbreaks and 
case reports Clinical impact References

TFV

HIV-1 3.1

9.8

6.3

Wild type

K65R

K65R M184V

MT-2 cells White et al. (2002)

TAF

HIV-1 INSTI-R 0.1–0.2 G140S Y143H Q148H 
E92Q N155H

In vitro Hypersusceptibility Margot et al., (2015)

HIV-1 PI-R 0.4–0.5 I54V V82F L90M M46I 
I54V V82T

In vitro Hypersusceptibility Margot et al., (2015)

HIV-1 NNRTI-R 1.7–2.1 K103N Y181C In vitro Reduced susceptibility Margot et al., (2015)

HIV-1 NRTI-R 2.1–5.4 D67N K70R M184V 
K219E M41L A62V 
K65R V75I F116Y 
Q151M L210W T215Y

In vitro Reduced susceptibility Margot et al., (2015)

Abbreviations: TFV: tenofovir; TAF: tenofovir alafenamide; EC50: 50% effective concentration; HIV: human immunodeficiency virus; INSTI-R: integrase strand 
transfer inhibitor resistant; PI-R, protease inhibitor resistant; NNRTI-R, non-nucleoside reverse transcriptase inhibitor resistant; NRTI-R, nucleos(t)ide reverse 
transcriptase inhibitor resistant.
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linked instead to ongoing thymidine analog use (Margot et 
al., 2003). TDF continued to show good antiviral efficacy in 
this setting. In Gilead Study 907, 94% of subjects tested at 
baseline in a virologic substudy had evidence of reverse tran-
scriptase mutations associated with the use of nucleoside 
analogs (Squires et al., 2003). K65R developed in 5 patients 
in the TDF arm at week 24 and a further 3 in the cross-over 
arm between week 24 and 48 (3% overall), but TDF remained 
effective, even in the setting of ongoing nucleoside analog 
mutational development (McColl et al., 2004). 

The in vitro resistance profile of TAF and TFV are identi-
cal with no significant difference in development of K65R 
mutation or in fold change from wild type between the two 
drugs (Margot et al., 2015). TAF appears to have similar 
resistance profile to TDF in in vitro studies, with K65R being 
the main mechanism of resistance (Mills et al., 2015b). In  
a randomized phase II study comparing TDF to TAF, up  
to 5.8% virological rebound was found with TAF; however, 
no resistance mutations were detected, whereas 3.4% of 
patients in the TDF arm had detectable resistance mutations 
(Sax et al., 2014). In the randomized TAF trials to date, resis-
tance is rare, with 0.7% in TAF and 0.8% in the TDF arms 
developing NRTI-resistance-associated mutations (Margot 
et al., 2016). 

In the setting of preexposure prophylaxis (PrEP), TDF 
resistance is infrequent. Of five placebo-controlled PrEP tri-
als, there were 5 cases of resistance with either M184I/V or 
K65R using standard genotyping analysis identified from 
160 seroconverters (Parikh and Mellors, 2016). However, in 
vitro studies in macaques have demonstrated breakthrough 
infections can occur, while modeling suggests that PrEP con-
tributes to < 5% of total resistance burden (van de Vijver et 
al., 2013). 

HEPATITIS B RESISTANCE

The anti-HBV activity of tenofovir is maintained in the pres-
ence of lamivudine-resistant HBV (Delaney et al., 2006; Yang 
et al., 2004). In the presence of the reverse transcriptase 
N236T mutation associated with adefovir resistance, tenofo-
vir susceptibility is reduced by 4.5- to 14-fold (Brunelle et al., 
2005). In clinical practice, HBV usually remains susceptible 
to tenofovir, partly due to the relatively small change in 50% 
effective concentration (EC50) caused by the resistance muta-
tions and partly due to relatively high doses of TDF used.  
To date there has been no firm confirmation of tenofovir- 
resistant strains of HBV in patients (van Bömmel et al., 2010). 
Two possible cases of tenofovir resistance were reported in 
2005 (Sheldon et al., 2005). In vitro testing of these cases sug-
gested that the presence of the reverse transcriptase A194T 
mutation increased the EC50 of tenofovir by > 10-fold if 
expressed in the presence of lamivudine resistance mutations 
and by 7.6-fold when present in isolation. However, further 
testing by a different group could not demonstrate any 
change in EC50 in the presence of the rtA194T, either with 
or without the presence of lamivudine-resistance mutations 
(Delaney et al., 2006). Further in vitro data have supported a 

partial effect of the A194T mutant on tenofovir efficacy, either 
with or without lamivudine resistance present and demon-
strated that in the presence of precore mutations or basal core 
promoter substitutions, replication efficacy of the mutant is 
restored to wild type. This may have potential implications, 
particularly in the treatment of HBeAg-negative patients 
(Amini-Bavil-Olyaee et al., 2009). See Table 232.2 for a sum-
mary of HBV resistance profile.

Although the A194T mutation has been described in vivo, 
its clinical relevance remains doubtful because its appear-
ance has not been clearly associated with virologic or clinical 
rebound (Dupouey et al., 2012; Sheldon et al., 2005; Yang et 
al., 2004). Similarly, there are conflicting results as to whether 
this mutation confers reduced susceptibility in vitro (Amini-
Bavil-Olyaee et al., 2009; Delaney et al., 2006). Further sur-
veillance for this and other potential TDF-associated mutants 
is ongoing.

3. MECHANISM OF DRUG ACTION

TAF is converted to TFV intracellularly with cathepsin A, 
while TDF undergoes diester hydrolysis to TFV. Intra cel-
lularly, TFV undergoes phosphorylation to TFV-diphosphate 
(DP), the active metabolite that inhibits HIV-1 reverse tran-
scriptase by competing with deoxyadenosine 5′-triphosphate 
and, when incorporated into the growing DNA chain, by 
causing DNA chain termination (Markowitz et al., 2014; 
Squires, 2001). Unlike many other nucleoside analogs, TFV 
cannot be easily removed from the growing DNA chain 
by the ATP-dependent excision mechanism, and this may 
explain why tenofovir (like abacavir and didanosine) is rela-
tively unaffected by thymidine analog mutations (Naeger et 
al., 2002). TFV inhibits HBV polymerase by competitively 
inhibiting binding of dATP to the enzyme, but it is not in cor-
porated and hence does not cause chain termination (Delaney 
et al., 2006). TFV is converted to its diphosphate form not 
only in lymphoid cells but also in human hepatoblast cell lines 
(HepG2 cells) and in primary human hepatocytes (Delaney 
et al., 2006).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

TDF is available in tablet form for oral administration only. 
Each tablet contains 300 mg of tenofovir disoproxil fuma-
rate, equivalent to 245 mg of tenofovir disoproxil. TDF is 
marketed as Viread by Gilead Sciences and is also sold via 
several companies in India (Cipla, Dr Reddy’s Laboratories). 
TDF is also co-formulated with emtricitabine (FTC) as Tru-
vada; with emtricitabine and efavirenz as Atripla; with emtri-
ci tabine and rilpivirine as Eviplera and Complera; and with 
emtricitabine, elvitegravir, and cobicistat as Stribild.

TAF 10 mg is currently available as part of a fixed-dose com-
bination (FDC) co-formulation with elvitegravir–cobicistat–
emtricitabine and is marketed as Genvoya. TAF 25 mg  
has been co-formulated with emtricitabine–rilpivirine and is 
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mar keted as Odefsey. Emtricitabine 200 mg plus TAF 25 mg 
is marketed as Descovy. When combined with boosting 
agents, such as cobicistat or protease inhibitors, a dose of 
10 mg TAF is recommended; otherwise TAF 25 mg should 
be used. 

Dosing recommendations for oral formulations of TFV 
are outlined in Table 232.4.

4a.  Adults

PATIENTS WITH HIV INFECTION

The recommended oral dose for adults who are HIV positive 
is 300 mg TDF once daily, and it can be taken either with or 
without food. TAF reaches maximal activity with 25 mg dos-
ing; however, it is also approved as a 10 mg FDC when 
boosted with cobicistat (Markowitz et al., 2014).

Due to its long intracellular half-life, other routes of TFV 
administration are being evaluated for HIV prevention. The 
CAPRISA study showed reduced HIV acquisition with use 

of 1% topical TFV vaginal gel, and phase III studies are in 
progress (Abdool Karim et al., 2010). Rectally applied TFV 
gel is also undergoing phase II studies in men and transgen-
der women. 

PATIENTS WITH HEPATITIS B INFECTION

The recommended dose for TDF in adults with HBV is 300 
mg once daily with no food restrictions.

4b.  Newborn infants and children

While TDF has been approved by the FDA for use in chil-
dren over 2 years since 2012, it is recommended by the WHO 
only for children over 10 years. Currently there are no FDC 
preparations containing TFV available for children. TDF is 
available as oral powder (40 mg per scoop) and tablets (150, 
200, 250, 300 mg) and is dosed based on weight bands starting 
at 10 kg (Aurpibul and Puthanakit, 2015; see Table 232.4). A 
pharmacokinetic study of age-related differences found that 

Table 232.4. Dosing recommendations for oral formulations of tenofovir.

Drug name TDF (mg)
TDF oral powder (40 

mg/scoopa) daily TAF (mg) 

Routine dosages

Adults and children > 12 years 
(35 kg or more)

300 daily 25 daily 

Children over 2 years Weight (kg)

17 ≤ 22

22 ≤ 28

28 ≤ 35

≤ 35

Tablet (mg)

150

200

250

300

Weight (kg)

10 ≤ 12

12 ≤ 14

14 ≤ 17

17 ≤ 19

19 ≤ 22

22 ≤ 24

24 ≤ 27

27 ≤ 29

29 ≤ 32

32 ≤ 34

34 ≤ 35

≥ 35

Scoop

2

2.5

3

3.5

4

4.5

5

5.5

6

6.5

7

7.5

No data

Newborn infants Not recommended Not recommended No data

Altered dosages

Impaired hepatic function 300 — No data

Impaired renal function:  
CrCl 30–49 ml/minute

 CrCl 10–29 ml/minute

Hemodialysis

Peritoneal dialysis

300 every 48 hours

300 every 72 hours

300 weekly

Unknown, use caution

— Not recommended for eGFR 
< 30 ml/minute

Pregnant and lactating women 300 daily — No data

Boosting agents (r/LPV, r/DRV, 
r/ATZ, cobicistat)

200–250 daily — 10 daily dose recommended with 
boosted PIs or cobicistat

aOne level scoop contains 1 g of powder.
Abbreviations: TDF: tenofovir disoproxil fumarate; TAF: tenofovir alafenamide; CrCl: creatinine clearance; eGFR: estimated glomerular filtration rate; r/LPV: 

ritonavir/lopinavir; r/DRV: ritonavir/darunavir; r/ATZ: ritonavir/atazanavir; PI: protease inhibitor.
Sources: Aurpibul et al. (2015), Gupta et al. (2005), Hill et al. (2014), and Gilead Sciences (2016).
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children and adolescent achieve higher intracellular TFV-DP 
concentrations, with age-related sensitivity to TFV-DP (Baheti 
et al., 2013). TDF is not recommended for use in newborn 
infants. 

TAF has been evaluated in treatment-naive adolescents 
with renal and bone mineral density changes similar to that 
seen in adult studies (Gaur et al., 2016)

4c.  Pregnant and lactating mothers

TDF use in pregnancy has mainly been evaluated in the set-
ting of HBV, predominantly in high endemic countries. In 
a  systematic review of 3622 pregnant women, 93% of 26 
included studies were from China, and 3 studies contained 
the use of tenofovir (Brown et al., 2015). TDF was more 
potent than lamivudine in decreasing perinatal HBV trans-
mission, with no significant adverse events; however, intoler-
ance to TDF was higher than expected (Celen et al., 2013; 
Chen et al., 2015; Greenup et al., 2014) Breastfeeding women 
are advised to cease TDF. There is currently insufficient 
human data on the use of TAF during pregnancy and lacta-
tion for dose recommendations. 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Renal impairment significantly increases tenofovir expo-
sure (maximum concentration [Cmax] and area-under-the- 
concentration-time curve [AUC]), and the dosing of TDF 
should be altered when administered to patients with a base-
line creatinine clearance of < 50 ml/minute (Gallant and 
Deresinski, 2003; see Table 232.4). Although glomerular fil-
tration rate can be used to evaluate renal function, creatinine 
clearance allows a more accurate assessment, particularly 
when monitoring declining renal function. In addition to 
dosage adjustment, renal function should be measured at 
baseline and closely monitored in all patients who com-
mence TDF treatment (Holt et al., 2014; Mocroft et al., 2007). 
Regular monitoring of serum creatinine, phosphate and uri-
nary glucose and protein should be performed. (see section 
6, Adverse reactions and toxicity). The occurrence of pro-
gressive renal impairment in a patient taking TDF warrants 
cessation of TDF, with substitution of an alternative agent and 
investigation for other causes of potential renal impairment.

Tenofovir is effectively removed by hemodialysis (extrac-
tion coefficient 54%) such that a 4-hour hemodialysis session 
will remove approximately 10% of a single 300-mg TDF dose 
(Kearney et al., 2004).

No dosage adjustment of TAF is needed for patients with 
an estimated glomerular filtration rate (eGFR) > 30 ml/minute. 
TAF is not recommended for use in patients with an eGFR of 
< 30 ml/minute. Uninfected subjects with severe renal impair-
ment (eGFR 15–29 ml/minute) given TAF as a 25-mg sin- 
gle dose found Cmax and AUC∞ were 79% and 92% higher, 
respectively, than in uninfected controls with normal renal 
function (eGFR > 90 ml/minute), but the authors did not 

consider this to be clinically meaningful (Custodio et al., 
2016).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

In HIV-uninfected patients with moderate to severe hepatic 
impairment, no significant changes in tenofovir pharma co- 
kinetics were demonstrated (Kearney et al., 2004). There is no 
recommendation for dose reduction in this group.

ELDERLY PATIENTS

TDF and TAF have not been extensively studied in popula-
tions over 65 years.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

See Table 232.5 for a summary of pharmacokinetic and phar-
macodynamics of TFV prodrugs. 

5a.  Bioavailability

TDF has a serum half-life of 17 hours, whereas TFV-DP has 
a long intracellular half-life of up to 150 hours and is active 
in both resting and activated cells (Robbins et al., 1998). TDF 
is marketed with no food restrictions or dietary require-
ments; however, bioavailability is increased to 40% with a 
high-fat meal. Similarly, TAF 25 mg daily results in a 35% 
decrease in AUC when administered in the fasted state, com-
pared with a moderately fatty meal (Vitoria et al., 2016). 

TAF displays linear pharmacokinetics, is rapidly absorbed 
orally, and has similar exposures with single and multiple 
dosing. In comparison to TDF 300 mg, increasing doses of 
TAF by 8, 25, and 40 mg resulted in 97, 86 and 79% lower 
TFV plasma exposures, respectively (Ruane et al., 2013). Cmax 
and AUC0-t values are 0.47 uM and 0.24 uM/hour, respec-
tively (Ruane et al., 2013). In dogs, the half-life of 10 mg TAF 
was 23.2 hours (Lee et al., 2005). Current trials are under way 
to evaluate the pharmacokinetic and bioavailability of TAF 
as a fixed-dose combination, with FTC, darunavir (DRV), 
and cobicistat (COBI) (clinical trial NCT02475135). TAF is 
also a promising candidate being developed as a long-acting 
subdermal implant for HIV prophylaxis, delivering concen-
trations of active metabolite TFV-DP 30 times that required 
for PrEP efficacy (Gunawardana et al., 2015).

5b.  Drug distribution

When studied in vitro over a tenofovir concentration range 
of 0.01–25 µg/ml, binding to human serum or plasma pro-
tein was minimal at < 0.7% and 7.2%, respectively. 14C-labeled 
tenofovir exhibits extensive tissue distribution in rats and 
dogs (Kearney et al., 2004). In humans, after intravenous 
administration of tenofovir 1.0 and 3.0 mg/kg, the volume of 
distribution at steady state was 1.3 ± 0.6 and 1.2 ± 0.4 l/kg, 
respectively, indicating distribution into a volume roughly 
equivalent to total body water (Deeks et al., 1998). 
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TFV has a volume of distribution of 0.813 l/kg, is mini-
mally bound to plasma 7.2%, and has a plasma elimination 
half-life of 12–14.4 hours, with 70–80% excreted unchanged 
in urine (Fung et al., 2002). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The long intracellular half-life and mucosal absorption has 
led to TFV being evaluated for use as vaginal and rectal 
microbicides. Levels of TFV-DP are 1000 times higher in 
vaginal fluids when delivered vaginally, while slow-release 
delivery with vaginal rings allows for monthly rather than 
daily administration (Van Damme and Szpir, 2012). A 1% 
TFV gel had been evaluated as a vaginal formulation; how-
ever, the rate of adverse events was unacceptably high, and  

it has since been reformulated to a dual-compartment 
reduced-glycerine formulation with lower osmolality, pro-
viding more favorable pharmacokinetic and toxicity profiles 
(Hiruy et al., 2015). The optimal delivery mechanism that 
minimizes mucosal toxicity and demonstrates effectiveness 
and acceptability is yet to be determined. 

TFV has low penetration into the cerebrospinal fluid, with 
5% penetration compared to plasma concentrations, which is 
lower than several other NRTIs (Best et al., 2012). This phe-
nomena is thought to be due to efflux via transporters across 
the blood– CSF barrier. TAF results in lower circulating levels 
of TFV (~ 90%) and higher intracellular levels of TFV-DP 
(more than fivefold) than TDF (Agarwal et al., 2015; Markowitz 
et al., 2014; Ruane et al., 2013). In the setting of hepatic delivery, 
TAF has a high hepatic extraction ratio and has efficient hepatic 
uptake, with higher TFV-DP levels compared to TDF in in vitro 
dog studies (Babusis et al., 2013; Murakami et al., 2015).

Table 232.5. Summary of bioavailability, distribution, and excretion of TFV prodrugs.

TDF, 300 mg TAF, 25 mg References

Bioavailability (%)

Adults 25 Barditch-Crovo et al. (2001)

Serum levels

t½ (hours)

Cmax (ng/ml)

AUClast (ng/h/ml)

12.0–17

  207–326 

1690.8–2287

35

223.6–249.5

115.2–153.0

Gallant and Deresinski (2003), Markowitz et al. (2014), 
Fung et al. (2002), Barditch-Crovo et al. (2001), 
Agarwal et al. (2015)

Ruane et al. (2013), Markowitz et al. (2014), Fung et al. 
(2002), Agarwal et al. (2015)

Drug distribution (%)

Lymphatics < 0.01 0.01–0.04 Lee et al. (2005)

Salivary gland < 0.01 0.03 Lee et al. (2005)

Thyroid, pituitary, adrenal < 0.01 < 0.01–0.03 Lee et al. (2005)

Spleen < 0.01 0.17 Lee et al. (2005)

Lung tissue 0.03 0.34 Lee et al. (2005)

Cerebrospinal fluid, spinal cord < 0.01 < 0.01 Lee et al. (2005)

Brain < 0.01 < 0.01 Lee et al. (2005)

Abdominal fat < 0.01 < 0.01 Lee et al. (2005)

Kidney 4.58 3.78 Lee et al. (2005)

Liver 12.40 16.45 Lee et al. (2005)

Pancreas, gallbladder < 0.01 0.01–0.04 Lee et al. (2005)

Stomach 0.11 0.26 Lee et al. (2005)

Testes 0.02 0.02 Lee et al. (2005)

Heart 0.03 0.015 Lee et al. (2005)

Bone marrow < 0.01 < 0.01 Lee et al. (2005)

Skin < 0.01 < 0 .01 Lee et al. (2005)

Skeletal muscle < 0.01 0.01 Lee et al. (2005)

Eye < 0.01 < 0.01 Lee et al. (2005)

Prostate < 0.01 < 0.01 Lee et al. (2005)

Excretion (%)

Urine 23.72 14.73–36 Lee et al. (2005), NIH (2014) 

Bile < 0.01 0.22 Lee et al. (2005)

Feces 40.96 47 Lee et al. (2005)

Abbreviations: TFV: tenofovir; TDF: tenofovir disoproxil fumarate; TAF: tenofovir alafenamide; t½: half-life; Cmax: maximum concentration; AUC: area-un-
der-the-concentration-time curve. 



6. Adverse reactions and toxicity 3831

5d.  Excretion

Tenofovir is predominantly excreted in urine through a com-
bination of glomerular filtration and active tubular secretion. 
After multiple oral doses of 300 mg daily, 32% ± 10% of the 
daily dose is recovered unchanged from urine after 24 hours. 
After intravenous dosing, up to 80% is recovered within 72 
hours of administration (Fung et al., 2002). Competitive elim-
ination for excretion may occur with other compounds, such 
as probenecid. TAF is excreted unchanged in urine (70–80%).

5e.  Drug interactions

Neither tenofovir nor its prodrugs are metabolized by the 
CYP-450 pathway, giving them both a good overall drug 
interaction profile. Due to predominantly renal excretion, 
by a combination of glomerular filtration and active tubular 
secretion, any drug that is also actively secreted in the renal 
tubules (e.g. cidofovir, aciclovir, valaciclovir, ganciclovir, and 
valganciclovir) may alter the concentrations and cause an 
increase in serum levels of tenofovir or the drug concerned. 
Similarly, any drug that results in impaired renal function 
may also increase the levels of tenofovir. Potential drug inter-
actions are summarized in Table 232.6.

TDF does not have any relevant pharmacokinetic drug 
interactions with abacavir, adefovir, lamivudine, emtricit-
abine, efavirenz, nevirapine, methadone, rifampicin, or riba-
virin (Droste et al., 2005; Kearney et al., 2004; Ramanathan 
et al., 2006; Smith et al., 2004). Tenofovir levels are increased 
when prescribed with zidovudine, although the clinical sig-
nificance of this is unknown.

TDF levels are also increased when administered with 
ritonavir-boosted lopinavir, darunavir, and atazanavir (Vitoria 
et al., 2016). The boosting of atazanavir using low-dose rito-
navir increases the AUC and Cmin of atazanavir by 2.3- and 
4-fold, respectively, resulting in adequate atazanavir concen-
trations (von Hentig et al., 2007). Reduced levels of atazana-
vir when tenofovir and unboosted atazanavir are prescribed 
together has potential clinical significance, and ritonavir 
boosting of atazanavir is advised if these two drugs are used 
together (Gilead, 2001; Taburet et al., 2004). 

The antiretroviral activity of TAF has been evaluated in 
vitro and found to have moderate synergy with NRTIs (FTC), 
NNRTIs (efavirenz [EFV], nelfinavir [NVP]), and protease 
inhibitors (atazanavir [ATV], DRV). Strong synergy was 
observed with INSTIs (elvitegravir [EVG], raltegravir [RAL], 
dolutegravir [DOL]). There were no observed antagonistic 
antiviral effects of these antiretroviral agents (Callebaut et al., 
2015). Agents that target host serine proteases, however, have 
the potential for a clinically significant interaction with TAF, 
which is activated by cathepsin A (CatA) mediated enzyme 
activity. In vitro studies suggest an antagonistic effect of HCV 
protease inhibitors (PIs) boceprevir and telaprevir, with a 2.7- 
and 21-fold reduction in the antiviral activity of TAF. Other 
host serine protease-inhibiting compounds, such as factor Xa 
inhibitors, thrombin inhibitors, and sitagliptin, did not inter-
fere with CatA-mediated hydrolysis of TAF (Birkus et al., 2015).

6. ADVERSE REACTIONS AND TOXICITY

Although TDF is generally considered a safe and well-tolerated 
antiretroviral, renal toxicity has emerged as a major concern 
with long-term use. Increases in serum urea and creatinine; 
glycosuria, phosphaturia, proteinuria, and calciuria; serum 
hypophosphatemia; and renal tubular toxicity have been 
observed in several animal species at high doses (Van Rom-
pay et al., 2004). Rat models have shown that TDF impairs 
the electron transport chain and mitochondrial function of 
proximal tubules, causing proximal tubular damage (Rama-
moorthy et al., 2014).

Bone toxicity, manifest as either osteomalacia or decreased 
bone mineral density, has been observed in toxicology stud-
ies of rats, dogs, and monkeys at high doses (> sixfold AUC 
exposure) (Gilead, 2001). The bone abnormalities observed 
ranged from clinically insignificant decreases in bone min-
eral density in rats and dogs to significant but reversible 
osteomalacia in monkeys (Tarantal et al., 1999; Van Rompay 
et al., 2004). 

Animal studies of TDF use for prevention of mother to 
child transmission (MTCT) showed that within 2 months of 
commencing tenofovir treatment, fetal growth was reduced 
in rhesus monkeys, and there was evidence of reduction of 
fetal bone porosity (Tarantal et al., 2002); however, short-
term use of TDF was not associated with adverse effects in 
infant macaques or their subsequent offspring (Van Rompay 
et al., 2004; Van Rompay et al., 2008).

In humans, there have been over 9 million person-years 
of experience with tenofovir since its licensing in 2001 
(Ustianowski and Arends, 2015). The common side effects 
of tenofovir are summarized in Table 232.7. Trials in the set-
ting of HIV usually include other antiretroviral agents as part 
of combination therapy and make the interpretation of TDF-
specific toxicity more difficult. Chronic hepatitis B (CHB) 
studies however allow comparisons of TDF alone to placebo 
or untreated arms and make the interpretation of TDF-
related effects clearer (Wong et al., 2015).

In comparative studies of TDF and TAF, dosage of TAF 
was adjusted from 25 mg to 10 mg in the presence of cobici-
stat or ritonavir boosting, whereas the dose of TDF remained 
unchanged, introducing potential for bias in interpreting the 
differences in toxicity (Sax et al., 2014).

6a. Risks in pregnancy

Tenofovir has been given a category B rating in pregnancy and 
is currently recommended only for the treatment of HIV–HBV 
co-infected pregnant women. For HIV monoinfected preg-
nant women, it is recommended only as an alternative. 

Data from the antiretroviral pregnancy registry spanning 
from January 1, 1989, to January 31, 2015, reports a preva-
lence of birth defects among first-trimester tenofovir expo-
sure of 58/2452 (2.4%; confidence interval [CI]: 1.8–3.0%) 
(TAPRS, 2015) . This rate is within the range reported for 
several other antiretrovirals, the highest being for didanosine 
(4.7%) and lowest for atazanavir (2.2%). This rate represents 
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Table 232.6. Drug interactions.

Drug class Mechanism Impact

TDF

Common 
Protease inhibitors Decreased AUC, Cmax, and Cmin of PIs; 

increased AUC, Cmax, and Cmin of TDF
Potential for TDF-related toxicity 

Didanosine 40–60% increased exposure to ddI via 
inhibition of catabolic enzyme PNP

Increased mitochondrial toxicity, lactic acidosis, 
pancreatitis, impaired CD4 recovery

Co-administration not recommended

Cobicistat Reduces proximal tubular creatinine 
secretion (inhibits cation transporters)

Increased AUC, Cmax, and Cmin of TDF

Reversible increase in serum creatinine with 
apparent reduction in eGFR

Potential for TDF related toxicity

Less common 
NSAIDs: aspirin, celecoxib, 

diclofenac, ibuprofen, naproxen 
piroxicam

Increased concentrations of renally 
excreted drugs

Potential for increased nephrotoxicity

Antibacterials: amikacin, ampicillin, 
cefotaxime, flucloxacillin, 
gentamicin, sulfadiazine, 
vancomycin

Increased concentrations of renally 
excreted drugs

Potential for increased nephrotoxicity

Antifungals: flucytosine, 
amphotericin

Competition with catabolic enzyme 
pathway

Potential for hematological toxicity

Cytotoxics Increased concentrations of renally 
excreted drugs

Potential for increased nephrotoxicity

Antihypertensives: furosemide, 
hydralazine

Increased concentrations of renally 
excreted drugs

Potential for increased nephrotoxicity

Immune modulators: hydroxyurea, 
interferon 

Hepatic decompensation and anemia

Immunosuppressants: ciclosporin, 
mycophenolate, sirolimus, 
tacrolimus

Increased concentrations of renally 
excreted drugs

Potential for increased nephrotoxicity

TAF

Common 
Cobicistat Inhibition of –p glycoprotein Use 10 mg TAF to adjust for boosting effect

Atazanavir ↑ in TAF AUC 91%, Cmax 77% Use 10 mg TAF with boosted PIs

Darunavir ↑ in TAF AUC 5%, Cmax 42% Use 10 mg TAF with boosted PIs

Lopinavir–ritonavir ↑ in TAF AUC 47%, Cmax 119% Use 10 mg TAF with boosted PIs

Less common 
Dolutegravir ↑ in TAF AUC 18%, Cmax 24% Use 25 mg TAF with integrase inhibitors

Rilpivirine ↓ in TAF AUC 4%, Cmax increased 1% Use 25 mg TAF with NNRTIs

Unusual interactions but significant
Rifampicin TAF potentially susceptible to induction

Cobicistat Reduces proximal tubular creatinine 
secretion (inhibits cation transporters)

Reversible increase in serum creatinine with 
apparent reduction in eGFR

Telaprevir

Bocepravir

Potent inhibitors of CatA Potential to affect intracellular metabolism and 
antiviral effect of TAF

Abbreviations: TDF: tenofovir disoproxil fumarate; AUC: area-under-the-concentration-time curve; Cmax: maximum concentration; Cmin: minimum concentration; 
PI: protease inhibitor; ddI: didanosine; PNP: purine nucleoside phosphorylase; NSAIDs: nonsteroidal anti-inflammatory drugs; TAF: tenofovir alafenamide; 
CatA: cathepsin A.

Sources: Birkus et al. (2015), Callebaut et al. (2015), and Vitoria et al. (2016).
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no increase to that reported by the CDC (2015) of 3% for all 
babies born in the USA each year. 

In a systematic review of TDF use during pregnancy, 16 
human studies were included, which predominantly evalu-
ated short-term third-trimester TDF use for prevention of 
MTCT in combination with other ART. Of the serious 
adverse events reported, none was associated with TDF use 
(Wang et al., 2013). 

The largest study to evaluate effects of antenatal TDF on 
growth and bone health was a cohort study of 2029 children, 
which showed a delayed effect on growth at 1 year (Siberry et 
al., 2015). Four smaller studies did not show differences on 
growth, low birth weight, osteomalacia, or rickets. Another 
systematic review evaluated the use of TDF for the preven-
tion of MTCT of HBV in 3622 pregnant women. No differ- 
ences were observed between TDF, lamivudine, or telbivudine 
in terms of congenital malformations, prematurity, and Apgar 
scores (Brown et al., 2015).

6b. Renal impairment

Tenofovir is eliminated from the kidneys through a combi-
nation of glomerular filtration and active tubular secretion. 
In the proximal tubule, tenofovir is taken up by the human 

organic anion transporters (hOATs) 1 and 3 (Uwai et al., 2007). 
The primary efflux mechanism is through multidrug resis-
tance protein type 4 (MRP4) (Ray et al., 2006; Imaoka et al., 
2007). Mechanisms of drug–drug interactions interfering 
with either of these pathways may contribute to the renal 
toxicity observed with TDF. 

Multiple case reports have documented TDF nephrotox-
icity in the form of acute proximal tubulopathy, Fanconi syn-
drome, diabetes insipidus, and impaired glomerular filtration 
(Earle et al., 2004; Hussain et al., 2006; Izzedine et al., 2005; 
Lee and Marosok, 2003; Peyriere et al., 2004; Rollot et al., 
2003; Sax et al., 2007; Schaaf et al., 2003; Verhelst et al., 2002; 
Wood et al., 2009; Yang et al., 2015). Some of these occurred 
with other ARTs such as didanosine or a boosted PI and in 
older patient groups with advanced HIV. 

In addition, several observational cohorts have docu-
mented an association with TDF and renal dysfunction 
(Buchacz et al., 2006; Fux et al., 2007; Gallant et al., 2005a; 
Goicoechea et al., 2008; Overton et al., 2009; Scherzer et al., 
2012). In a large retrospective cohort study of 53,000 CHB 
patients, renal toxicity was compared in TDF-treated versus 
untreated patients and found no increased risk of renal fail-
ure or renal-replacement therapy (Wong et al., 2015). 

An open-label study examined the use of TDF in children 
aged 3–18 years old at 96 weeks. Of the 80 children enrolled, 
those on TDF-containing regimens did not differ in renal or 
bone outcomes at 96 weeks; however, longer-term adverse 
effects were not assessed (Aurpibul et al., 2015).

The frequency of renal impairment (defined as elevations 
in serum creatinine or decreases in creatinine clearance) was 
examined further in large-scale randomized trials involving 
TDF (Izzedine et al., 2005; Schooley et al., 2002; Squires et 
al., 2003; Gallant et al., 2006; Gallant and Moore, 2009; 
Gallant et al., 2008; Gayet-Ageron et al., 2007). No clinically 
significant elevated risk of renal dysfunction for participants 
attributed to TDF-containing regimens was found in these 
studies. 

A systematic review and meta-analysis examined 10,899 
participants enrolled in 17 prospective studies, including 9 
randomized controlled trials that compared TDF- to non- 
TDF-containing regimens or placebo, with followup ranging 
from 24 to 144 weeks. The majority of studies were funded 
partly by industry-affiliated sources and included a mixture 
of treatment-naive and -experienced participants. There was 
large statistical heterogeneity, differences in ART combina-
tions, and statistical evidence of publication bias (Cooper et 
al., 2010). A modest loss of renal function associated with 
TDF was noted; however, there was no increased risk of 
severe proteinuria or hypophosphatemia. Another meta- 
analysis included 22 random control trials (RCTs) of 8,297 
patients, over 48 weeks of followup found decreases in esti-
mated glomerular filtration rate (eGFR) of −3.47 ml/minute 
with TDF (Hemkens et al., 2015). Patient selection for these 
prospective studies may exclude older patients with advanced 
HIV and exposure to older ARTs such as didanosine; obser-
vational studies will capture this group at higher risk for renal 
disease. 

Table 232.7. Adverse reactions and toxicity.

TDF 
frequency (%)

TAF 
frequency (%)

Common (incidence ≥ 5%)

Headache 13–50  4–14

Gastrointestinal 

 Diarrhea

 Nausea

 Vomiting

 9–19

 3–17

 7

10–17

 5–18

 6

Respiratory

 URTI

 Cough

 Bronchitis

 Sinusitis

 Nasopharyngitis

11–13

 5–7

 5

 5

 9

11–16

 7–8

 6

 5

 9

Other

 Insomnia

 Rash

 Pyrexia

 Fatigue

 5–6

 5–18

 5–8

 6–9

 5–7

 6

 5

12

Less common 

Dizziness

Dyspepsia

Myalgia

 4

 4

 3

 5

Unusual but clinically important

Renal impairment  0.2 No long-term data

Abbreviations: TDF: tenofovir disoproxil fumarate; TAF: tenofovir alafenam-
ide; URTI: upper respiratory tract infection.

Sources: Cooper et al. (2010), Gallant et al. (2004); Markowitz et al. (2014), 
Mills et al. (2015a), Sax et al. (2015), and Gilead Sciences (2016).
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In summary, TDF is more likely to result in nephrotoxic-
ity, particularly through proximal tubular damage, and usu-
ally occurs within the first few months of exposure. However, 
the magnitude of clinically relevant renal dysfunction is 
modest. Minor elevations in serum creatinine and reduc-
tions in creatinine clearance are more frequently observed, 
but may be managed with dose adjustment and monitoring 
of renal function and rarely require discontinuation of teno-
fovir (Gupta, 2005; Rodriguez-Novoa et al., 2010). See Table 
232.4 for renal dosing recommendations.

In settings in which renal monitoring is feasible, monitor-
ing of serum creatinine, phosphate, and urinary protein at 
baseline, followed every 3 months for the first year is advised 
(Holt et al., 2014). Published guidelines suggest biannual 
monitoring of renal function, serum phosphate, and assess-
ment for proteinuria and glycosuria in individuals receiving 
TDF, with further evaluation if eGFR < 50 ml/minute. Mea-
surements of eGFR have been validated using both the 
Chronic Kidney Disease Epidemiology Collaboration (CKD-
EPI) equation and the Modification of Diet in Renal Diseases 
4 (MDRD4) formula in the HIV-positive population (Eppenga 
et al., 2014; Ibrahim et al., 2012).

TAF is activated intracellularly, resulting in a 90% lower 
extracellular TFV exposure than TDF. Phase III trials have 
reported 48-week data showing TAF had significantly lower 
proteinuria and mean serum creatinine increases (Sax et  
al., 2015). An open-label switch study of subjects with renal 
impairment (creatinine clearance between 30 and 69 ml/
minute) to elvitegravir–cobicistat–emtricitabine–tenofovir 
ala fenamide (E–C–F–TAF) showed improvements in pro-
teinuria and albuminuria, with minimal change in GFR at 48 
weeks (Pozniak et al., 2015). Longer-term followup is needed 
to assess clinical outcomes such as renal failure. 

6c. Bone toxicity

Tenofovir has been implicated in the development of osteo-
malacia and decreased bone density. In animal models teno-
fovir has been associated with osteomalacia (Van Rompay et 
al., 2004), and isolated cases of osteomalacia have also been 
reported in humans (Parsonage et al., 2005). In Gilead Study 
903, in which 602 antiretroviral-naive subjects were followed 
over 144 weeks, a greater mean percentage decrease in bone 
mineral density (BMD) was observed in the lumbar spines of 
the TDF group (−2.2%) compared with the stavudine group 
(−1.0%), although no differences were seen at the hip 
(Gallant et al., 2004). These abnormalities generally occurred 
during weeks 24–48 and had stabilized by week 144. In addi-
tion, significant elevations in markers of bone metabolism 
(serum bone-specific alkaline phosphatase, serum osteocal-
cin, serum C-telopeptide, and urinary N-telopeptide) were 
seen in the TDF group relative to the stavudine group. These 
biochemical abnormalities suggest that tenofovir may be 
associated with increased bone turnover. In an extended fol-
lowup in Gilead 903 of 86 patients to 288 weeks, no further 
changes in BMD were observed (Cassetti et al., 2007). Bone 
abnormalities were reported in < 0.1% of patients in the 

Expanded Access Program, involving 10,343 patients, and at 
a rate of 1.1 per 100,000 person-years in the postmarketing 
database (Nelson et al., 2007). In a CHB retrospective cohort 
study of 53,000 Asian patients, nucleotide-treated patients 
had a higher risk of hip fracture; however, the actual rate 
was low (0.7 per 1,000 person-years) and was comparable to 
that of the general population (1.2 per 1,000 person-years) 
(Wong et al., 2015). Rate of hip fracture was also found to be 
higher in untreated black CHB patients compared to black 
uninfected persons, indicating that other complex factors, 
such as underlying disease processes, may also contribute to 
this risk (Byrne et al., 2014). Cumulative TDF exposure was 
also found to have a modest effect on osteoporotic fracture 
risk in a retrospective cohort study of 56,660 HIV-infected 
patients with a mean 5.4 years of followup (Bedimo et al., 
2012).

The effects of TDF on bone are particularly important in 
children. Maternal use of TDF has been shown to signifi-
cantly lower neonatal bone mineral content in a study com-
paring 74 TDF exposed neonates to 69 TDF unexposed 
neo nates (Siberry et al., 2015). 

A study of BMD in 15 highly treatment-experienced chil-
dren receiving TDF demonstrated decreases in bone mineral 
density in around 50% of the children, particularly in the 
younger age group (Gafni et al., 2006). The accelerated bone 
turnover in children was suggested as a reason for this find-
ing, and bone parameters in this group should be observed 
carefully. 

Studies on TAF to date suggest an improved bone safety 
profile, measured by spine and hip bone mineral density at 
48 weeks; however, longer-term followup is needed (Mills et 
al., 2015a; Mills et al., 2015b)

6d.  Lactic acidosis and hepatotoxicity

Lactic acidosis and severe hepatomegaly with steatosis, 
including fatalities, have been reported with the use of nucle-
oside analogs alone or in combination. Although no specific 
risk is attached to TDF, all patients with symptoms or signs 
of lactic acidosis or severe hepatotoxicity should have their 
nucleoside therapy reviewed and ceased as necessary, includ-
ing the TDF component.

6e. Lipid metabolism 

TDF is generally associated with a favorable lipid profile and 
has not been clearly implicated in lipodystrophy observed 
with other antiretroviral drugs. In a meta-analysis of 8297 
patients, favorable lipid profiles were noted with TDF arms, 
with reductions in total cholesterol of −18.42 mg/dl, LDL 
cholesterol of −9.53 mg/dl, HDL cholesterol of −2.97 mg/dl, 
and triglycerides of −29.77 mg/dl (Hemkens et al., 2015). 
In a switch study from a TDF- to TAF-containing regimen, 
there were increases in total cholesterol and LDL, whereas 
decreases were observed in those switching from a non-TDF 
to a TAF regimen (Pozniak et al., 2015). The mechanisms of 
the apparent lipid-lowering effect of TDF are unknown and 
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may be related to higher plasma levels of TFV compared  
to TAF.

7. CLINICAL USES OF THE DRUG

7a.  HIV infection

TDF is indicated in combination with other antiretroviral 
agents for the treatment of HIV infection. It is included in 
several guidelines for initial combination therapy as part of 
a dual-nucleoside backbone (Gunthard et al., 2014; Panel on 
Antiretroviral Guidelines for Adults and Adolescents, 2015; 
WHO, 2013). It is available as Viread (TDF; Gilead Sciences), 
and as FDCs as Truvada(TDF–FTC, Gilead Sciences), Atripla 
(TDF–FTC–EFV; Bristol-Myers Squibb, Merck, and Gilead 
Sciences), Eviplera (TDF–FTC–rilpivirine [RPV]; Gilead 
Sciences and Janssen), and Stribild (TDF–FTC–EVG–COBI, 
Gilead Sciences). 

The pivotal clinical trials leading to FDA approval were 
Study 902, a phase II study of TDF (75 mg, 150 mg, 300 mg) or 
placebo and Study 907, a phase III study of TDF (300 mg) ver-
sus placebo with background therapy in treatment- experienced 
patients (Research, 2001; Schooley et al., 2002; Squires et al., 
2003). Evidence for the efficacy and safety of TDF in treat-
ment-naive and experienced adults has been well established 
in several randomized clinical trials, as summarized in Table 
232.8. 

In resource-limited settings, although TDF has been 
included in the WHO guidelines as a part of a first-line regi-
men, AZT and d4T are still commonly used due to cost, 
monitoring, and accessibility. In determining the overall 
efficacy of ART in these settings, factors in addition to viral 
suppression also need to be evaluated. Several large cohort 
studies in resource-limited settings have evaluated the 
inclusion of TDF-containing regimens compared to d4T and 
AZT and found similar clinical and programmatic outcomes 
(Brennan et al., 2014; Chi et al., 2010),while others showed 
superiority in terms of drug substitutions for adverse drug 
reactions and loss from care and mortality (Njuguna et al., 
2013; Velen et al., 2013). Another cross-sectional study sup-
ported the use of TDF regimens but did not advocate switch-
ing from AZT if clinically stable (Labhardt et al., 2015). 

TAF 10 mg is available as part of the FDC Genvoya, 
including elvitegravir, cobicistat, and emtricitabine for the 
treatment of HIV-1 in adults and adolescents over 12 years. 
TAF 25 mg is part of the FDC Odefsey, with emtricitabine 
and rilpivirine. Pivotal trials that led to FDA approval were 
Study 104 and Study 111 in treatment-naive adults and 
switch Study 109 in virologically suppressed adults (Mills 
et al., 2015a; Sax et al., 2015; Wohl et al., 2016). These were 
supported by open-label Study 106 in adolescents and Study 
112, which demonstrated benefits in renal impairment (Gaur 
et al., 2016; Pozniak et al., 2015).

TREATMENT-NAIVE SUBJECTS

Initial efficacy of TDF was demonstrated in Gilead 903 
(Gallant et al., 2004), and noninferiority of TDF/FTC 

compared to other NRTIs was demonstrated in Gilead 934 
(Gallant et al., 2006; Smith et al., 2009). 

Pivotal randomized controlled trials comparing TDF to 
other NRTI-containing regimens showed favorable results 
with TDF compared to abacavir–lamivudine containing reg-
imens in the presence of the same anchor drug for a viral 
load end point at 48–144 weeks (Sax et al., 2011; Sax et al., 
2009). When TDF–FTC was compared to ABC–3TC with 
a  different third agent (EFV and DTG, respectively), the 
ABC–3TC–DTG-containing regimen was superior in terms 
of viral suppression and had fewer discontinuations due to 
adverse effects (Walmsley et al., 2013).

Two meta-analyses have demonstrated the superiority of a 
TDF–FTC-containing regimen with greater efficacy compared 
to other nucleoside analog backbones (Hill and Sawyer, 2009; 
Lee et al., 2014), whereas another showed similar efficacy of 
TDF–FTC compared to ABC–3TC and AZT (Cruciani et al., 
2014; Spaulding et al., 2010). A recent meta-analysis included 
22 randomized controlled trials containing 8297 patients and 
compared the effectiveness of TDF versus any other ART regi-
men (Hemkens et al., 2015). There was no difference in mortal-
ity, AIDS, fracture, CD4 count, or virological failure between 
the groups. TDF-containing regimens significantly reduced 
total cholesterol (−18.42 mg/dl), hip BMD (−1.41%) and 
 glomerular filtration rate (−3.47 ml/minute) at 48 weeks 
followup. 

Triple-nucleoside regimens generally, and specifically those 
containing TDF, are also not recommended for treatment of 
HIV infection. In a randomized, open-label multicenter study 
of TDF or efavirenz with abacavir plus lamivudine fixed-dose 
combination (Kivexa), the study was terminated early after an 
unacceptably high rate of virologic failure in the triple-nucle-
oside arm (Gallant et al., 2005b). Of 102 subjects in the TDF 
arm, 49% demonstrated early virologic nonresponse compared 
with 5% in the efavirenz arm (p < 0.001). Of the subjects fail-
ing the TDF-containing regimen, 98% had the M184I/M/V 
mutations and 54% had the K65R and M184V mutations.

The triple-nucleoside combination of zidovudine, lami-
vudine, and tenofovir has not been associated with early 
virologic failure (Masquelier et al., 2006; Rey et al., 2006) 
and does show reasonable antiviral activity (DART, 2006). 
However, there is currently insufficient evidence to recom-
mend this combination.

Several trials have included a TDF-containing backbone 
regimen in both arms to evaluate new drug classes: pro- 
tease inhibitors (Molina et al., 2008; Ortiz et al., 2008), inte-
grase inhibitors (DeJesus et al., 2012; Eron et al., 2011; 
Lennox et al., 2009; Sax et al., 2012; Clotet et al., 2014; Raffi 
et al., 2013), and NNRTIs (Cohen et al., 2014; Cohen et al., 
2012; Lennox et al., 2014).

The safety and efficacy of TAF has been evaluated in four 
clinical trials with 3171 participants, demonstrating noninfe-
riority and favorable bone and renal side effects (see Table 
232.9). Although TAF has favorable renal profile, with rela-
tively low increases in creatinine and proteinuria, the long-
term effects with this regimen are yet to be realized (Sax et 
al., 2015). 
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Table 232.8. Randomized clinical trials of TDF-containing regimens for the treatment and prevention of HIV.

Study / reference Treatment regimen

No. of 
enrolled 

patients (no. 
of centers) Participant group Outcomes

Treatment of HIV

GS903 
Gallant et al. (2004)

TDF–3TC–EFV vs. 
d4T–3TC–EFV

 602 (81) Naive adults Week 48 HIV RNA < 400 copies/ml: 80% vs. 
84%

Week 48 HIV RNA < 50 copies/ml: 62% vs. 58%

GS934
Gallant et al. (2006)

TDF–FTC–EFV vs. 
ZDV–3TC–EFV

 517 Naive adults Week 48 HIV RNA < 400 copies/ml: 84% vs. 
73%

Week 48 HIV RNA < 50 copies/ml: 80% vs. 70%

Discontinuations: 4% vs. 9%

CD4 increase: 190 vs. 158 cells/mm3

Week 96 HIV RNA > 400 copies/ml: 75% vs. 
62%

Smith et al. (2009) TDF–FTC–rLPV vs. ABC, 
3TC or rLPV

 688 Naive adults Week 48 HIV RNA < 50 copies/ml: 67% vs. 68% 
(ITT)

Sax et al. (2009)

Sax et al. (2011)

TDF–FTC vs. ABC–3TC 
with EFV or rATZ

 1858 Naive adults TLOVR: shorter with ABC–3TC arm (HR: 2.33)

Time to first adverse event: shorter with 
ABC–3TC arm

ASSERT 
Moyle et al. (2013) 

Post et al. (2010)

TDF–FTC vs. ABC–3TC + 
EFV

 385 Naive adults Week 96 change in baseline GFR: ns

Week 96 change from baseline hip BMD: 
−3.5% vs. −2.2%

Week 96 change in baseline TC, HDL, LDL, Trig: 
greater in ABC arm

Gallant et al. (2005b) TDF vs. EFV plus ABC–
3TC as FDC

 340 Naive adults Virologic nonresponse: 49% vs. 5%

TDF arm: 98% had M194V and 54% had K65R 
mutation

Moyle et al. (2006) TDF–ABC–3TC–EFV 
(quadruple) vs. 
ZDV–3TC–EFV (triple)

 114 (3) Naive adults Week 48 HIV RNA < 50 copies/ml: ITT, M = F 
67% vs. 68% (ns)

ALTAIR
Puls et al. (2010)

TDF–FTC–EFV vs. 
TDF–FTC–rATZ vs 
TDF–FTC–ZDV–ABC

 322 Naive adults Week 48 HIV RNA < 20 copies/ml: 95% vs. 96% 
vs. 82%

SAE: n = 15 vs. 15 vs. 30 (ns)

SINGLE
Walmsley et al. (2013)

TDF–FTC–EFV vs. 
ABC–3TC–DTG

 833 Naive adults Week 48 HIV RNA < 50 copies/ml: 81% vs. 88%

Time to median viral suppression: 84 vs. 28 
days

Discontinuation due to AE: 10% vs. 2%

BICOMBO
Martinez et al. (2009)

TDF–FTC switch vs. 
ABC–3TC (SBR)

 333 Switch study Week 48 treatment failure: 13% vs. 19% 

Week 48 virologic failure: 0 vs. 4 patients

Grade 3/4 AE: 6% vs. 14% 

SWIFT
Campo et al. (2013)

TDF–FTC switch vs. 
ABC–3TC (SBR) → + rPI

 311 Switch study TLOVR: noninferior

STEAL 
Martin et al. (2009)

TDF–FTC vs. ABC–3TC  357 Switch study Virologic failure: 3.9% vs. 5.6% (ns)

SNAEs: 1.2 vs. 4.8 per 100 PY

BMD: TDF–FTC 0.16 lower hip T score

A1266073
Dejesus et al. (2009)

TDF–FTC–EFV vs. SBR  300 Switch study Week 48 HIV RNA < 200 copies/ml: 89% vs. 
88% 

Week 48 HIV RNA < 50 copies/ml: 87% vs. 85%

SWEET
Fisher et al. (2009)

TDF–FTC–EFV vs. 
ZDV–3TC–EFV

 234 Switch study Week 48 HIV RNA < 50 copies/ml: 88% vs. 85%

Hb: TDF–FTC–EFV arm 0.37 g/dl higher 

COOL
Girard et al. (2009)

TDF–EFV vs. 
TDF–3TC–EFV

 143 (24) Switch study Week 48 HIV RNA < 50 copies/ml: 81.7% vs. 
97.2% (ITT) 

Week 48 HIV RNA < 50 copies/ml: 90% vs. 
100% (PP)

Noninferiority not demonstrated
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Study / reference Treatment regimen

No. of 
enrolled 

patients (no. 
of centers) Participant group Outcomes

Gilead 902 phase II
Schooley et al. (2002)

Margot et al. (2003)

Stable ART + placebo TDF 
(75, 150, 300 mg) 
added

 189 Experienced (HIV-1 
RNA 400–100 
000 copies/ml)

Mean change in HIV RNA at weeks 0, 4, 24, 48: 
300 mg dose of TDF had greatest effect: 
DAVG4 0.62, DAVG24 −0.58, DAVG48 −0.62 
log10 copies/ml

Mean change in HIV RNA at weeks 48–96: 
sustained reduction with 300 mg TDF

Gilead 907 phase III
Squires et al. (2003)

TDF vs. placebo added to 
stable ART

 552 (75) Experienced (HIV-1 
RNA 400–
100,000 copies/
ml)

Week 24 mean change HIV RNA: −0.61 vs. 
−0.03 log10 copies/ml

Week 24 HIV RNA < 400 copies/ml: 45% vs. 
13%

Clinical AEs: 14% vs. 13%

Gulick et al. (2007) TDF (quad nucleoside) or 
EFV intensification

 170 Experienced on 
ZDV–3TC–ABC

Treatment failure: 21% vs. 15% (ns)

Time to treatment failure: earlier with EFV arm

Prevention of HIV

iPrEx
Grant et al. (2010)

TDF–FTC or placebo 2499 Seronegative MSM HIV-1 infections: 36 vs. 64

44% risk reduction in HIV incidence with 
TDF–FTC

Partners PrEP
Baeten et al. (2012)

Mugwanya et al. (2015)

TDF, TDF–FTC or placebo 
for seronegative partner

4758 couples Heterosexual 
serodiscordant 
couples

HIV-1 infections: 17, 13, 52

HIV incidence: 0.65, 0.50, 1.99 per 100 PY

67% risk reduction in incidence of HIV-1 with 
TDF

75% risk reduction in incidence of HIV-1 with 
TDF–FTC

Decline in GFR vs. placebo: −1.23, −1.59 ml/
min/1.73m2

TDF2
Thigpen et al. (2012)

TDF–FTC or placebo 1219 At risk men and 
women

HIV-1 infections: 9 vs. 24

HIV incidence: 1.2 vs. 6.1 per 100 PY

Efficacy of TDF–FTC: 62.2%

Nausea, vomiting, dizziness: 18.5% vs. 7.1%, 
11.3% vs. 7.1%, 15.1% vs. 11.0%

FEM-PrEP 
Van Damme et al. 

(2012)

TDF–FTC or placebo 2120 HIV-negative 
women

HIV-1 infections: 33 vs. 35

Incidence: 4.7 vs. 5.0 per 100 PY

HR: 0.94 of TDF–FTC group (ns)

CAPRISA 004
Abdool Karim et al. 

(2010)

1% TFV vaginal gel 
vs.-placebo gel

 889 HIV negative 
women

Incidence: 5.6 vs. 9.1 per 100 PY

Reduction in HIV acquisition: 39% overall, 54% 
in high-adherence group

VOICE
Marrazzo et al. (2015)

Oral TDF, oral TDF–FTC, 
1% TFV vaginal gel vs. 
placebo

5029 HIV-negative 
women

Effectiveness: −49.0%, −4.4%, 14.5%

TFV detected in plasma: 30%, 29%, 25%

Bangkok Tenofovir
Choopanya et al. (2013)

Martin et al. (2015)

TDF vs. placebo 2413 HIV-negative PWID 
(17)

HIV-1 infections: 17 vs. 33

Incidence: 0.35 v.s 0.68 per 100 PY

48.9% reduction in HIV incidence

Abbreviations: TDF: tenofovir disoproxil fumarate;3TC: lamivudine; EFV: efavirenz; d4T: stavudine; HIV: human immunodeficiency virus; FTC: emtricitabine; ZDV: 
zidovudine; rLPV: ritonavir-boosted lopinavir; ABC: abacavir; ITT: intent to treat; rATZ: ritonavir-boosted atazanavir; TLOVR: time to loss of virologic response; 
HR: hazard ratio; GFR: glomerular filtration rate; ns: not significant; BMD: bone mineral density; TC: total cholesterol; HDL: high-density lipoprotein; LDL: 
low-density lipoprotein; Trig: triglycerides; FDC: fixed-dose combination; M = F: missing equals failure; SAE: serious adverse event; DTG: dolutegravir; 
AE: adverse effect; SBR: stay on baseline regimen; rPI: ritonavir-boosted protease inhibitor; SNAEs: serious non-AIDS events; PY: patient-years; Hb: hemoglo-
bin; PP: per-protocol analysis; ART: antiretroviral therapy; DAVGx: difference in average at week x; MSM: men who have sex with men; TFV: topical tenofovir 
gel; PWID: people who inject drugs.



3838 Tenofovir

SWITCH STUDIES IN TREATED SUBJECTS WITH 
VIROLOGIC SUPPRESSION

Several studies have demonstrated noninferiority of switch-
ing to a TDF-based regimen (Campo et al., 2013; Dejesus et 
al., 2009; Fisher et al., 2009); while others have shown favor-
able efficacy (Martinez et al., 2009) and safety outcomes 
(Martin et al., 2009). A TDF to TAF switch study also showed 
noninferiority for viral suppression at 48 weeks (Mills et al., 
2015a). These are summarized in Table 232.8 and Table 232.9.

TREATMENT-EXPERIENCED SUBJECTS

Efficacy of TDF has been demonstrated in several studies, 
including switch studies comparing TDF- to ABC-containing 
regimens. In treatment-experienced patients, failing therapy 
(defined as HIV-RNA between 400 and 100 000 copies/ml), 
TDF has been investigated as an addition to stable ART and 
has been shown to result in a greater decrease in HIV RNA 
compared to placebo (Margot et al., 2003; Schooley et al., 
2002; Squires et al., 2003). In children, TDF has been eval- 

uated as part of a salvage regimen and was well tolerated and 
effective (Hazra et al., 2005). 

7b.  Chemoprophylaxis of HIV infection

TDF–FTC was approved by the FDA for PrEP in 2012 for use 
in combination with safer sex practices. The studies leading 
to this approval are summarized in Table 232.9. The long 
half-life and excellent tolerability of TDF make it an ideal 
drug for HIV chemoprophylaxis in the preexposure or post-
exposure situation. Several primate studies originally estab-
lished the effectiveness of tenofovir in preventing simian 
immunodeficiency virus (SIV) and simian/human immuno-
deficiency virus (SHIV) infection after exposure (Subbarao 
et al., 2006; Tsai et al., 1995; Van Rompay et al., 2004). In a 
macaque study, various regimens, including high-dose oral 
TDF with emtricitabine (oral or subcutaneous), were used to 
attempt to block SIV infection during 14 weekly rectal chal-
lenges (Garcia-Lerma et al., 2008). The drugs were given 

Table 232.9. Randomized clinical trials of TAF containing regimens for the treatment and prevention of HIV.

Reference  
(type of study) Treatment regimen

No. of 
enrolled 

patients (no. 
of centers)

Participant 
group Outcomes

Treatment of HIV

Sax et al. (2014)

Phase II

TDF–E–C–F vs. TAF–E–C–F STR  170 Naive adults Week 24 HIV RNA < 50 copies/ml: 89.7% 
vs. 86.6%

Week 48 HIV RNA < 5 0 copies/ml: 87.9% 
v.s 88.4%

Week 48 CD4 improvement: 204 vs. 177

Reduction in CrCl: −10.1 vs. −5.5

Mean change in hip BMD: −2.39% vs. 
−0.62%

Mills et al. (2015b)

Phase II

TDF–FTC–DRV–C vs. TAF–
FTC–DRV–C STR 

 153 Naive adults Week 48 HIV RNA < 50 copies/ml: 84% vs. 
76.7%

Discontinuations: 2% vs. 6.8%

Mean change in hip BMD: −3.82 vs. −0.84

Mean change in spine BMD: −3.62 vs. 
−1.57

GS-US-292-0104/0111

Sax et al. (2015)

Wohl (2016)

Phase III

TDF–E–C–F vs. TAF–E–C–F

TDF–E–C–F vs. TAF–E–C–F

1744 (178) Naive adults Week 48 HIV RNA < 50 copies/ml: 90% vs. 
92% noninferior

Mean serum creatinine increase: 0.12 vs. 
0.08 mg/dl

Median % change proteinuria: 20 vs. −3

Week 96 HIV RNA < 50 copies/ml: 85.2% 
vs. 86.6% noninferior

Median change in CrCl: −7.5 vs. −2.0 ml/
minute

> 25% decrease in CrCl

GS-US-292-0109

Mills et al. (2015a)

Phase III

Switch to E–C–F–TAF STR vs. 
maintain TDF combination 
regimen

1443 (168) Switch study Week 48 HIV RNA < 50 copies/ml: 84% vs. 
76.7%

Abbreviations: TAF: tenofovir alafenamide; TDF: tenofovir disoproxil fumarate; E: elvitegravir; C: cobicistat; F: emtricitabine; STR: single-tablet regimen; HIV: 
human immunodeficiency virus; CrCl: creatinine clearance; DRV: darunavir; BMD: bone mineral density; FTC: emtricitabine.
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either continuously or intermittently at the time of exposure. 
Both TDF-containing regimens (continuous/intermittent) 
provided complete protection from SIV infection in the six 
macaques in each group. Preexposure intravaginal 1% teno-
fovir gel (with or without 5% emtricitabine) in macaques 
prevented SHIV infection, despite repeated (n = 20) intra-
vaginal exposures (Parikh et al., 2009). FTC–TAF has been 
shown to prevent rectal SHIV infection in macaques and is 
feasible to progress to further clinical development for this 
indication (Massud et al., 2016).

In human studies, TDF has been explored as preexposure 
prophylaxis (PrEP) in both oral and topical forms and has 
been found to be safe for use in this setting (Peterson et al., 
2007). Studies of PrEP in heterosexual women in the African 
setting did not demonstrate efficacy; however, adherence was 
low (Marrazzo et al., 2015; Van Damme et al., 2012). There 
have been six randomized trials containing 9849 high-risk 
heterosexual, male–male, and serodiscordant couples evalu-
ating the efficacy of daily TDF and TDF–FTC and intermit-
tently dosed TDF–FTC (Okwundu et al., 2012). Overall 
there was a reduction in the risk of acquiring HIV using 
TDF-containing PrEP (risk ratio [RR]: 0.38) and TDF–FTC 
PrEP (RR: 0.51). Resistant mutations did occur, however 
only when PrEP was taken during undiagnosed early infec-
tion. There has been one case to date of breakthrough multi-
class resistant HIV-1 infection reported during TDF–FTC 
PrEP, emphasizing the need for ongoing surveillance for 
emergent resistance (Knox et al., 2016). 

For postexposure prophylaxis (PEP), TDF–FTC has been 
reported to be safe and well tolerated and is recommended  
as the preferred backbone in this setting (Ford et al., 2015; 
Mayer et al., 2008; Winston et al., 2005). 

Topical tenofovir gel has also been explored as a poten-
tially acceptable, convenient and effective intravaginal micro-
bicide. In macaques, a topical gel containing tenofovir (with 
or without emtricitabine) completely protected the primates 
from vaginal SIV infection (Parikh et al., 2009). The HIV 
Prevention Trials Network Study 050 assessed the safety 
and tolerability of tenofovir vaginal gel in HIV-positive and 
 -negative women in a dose-finding study (Mayer et al., 2006). 
The highest practical dose and frequency was established as 
1% gel used twice daily. Low-serum tenofovir levels were 
observed in 14 out of 25 women, and no systemic toxicity 
was observed. This has been followed with large clinical trials 
that demonstrated the efficacy of tenofovir gel compared to 
placebo in reducing HIV acquisition, with risk reduction 
related to higher adherence (Abdool Karim et al., 2010).

7c.  Hepatitis B infection

TDF was approved in the USA by the FDA for the treatment 
of chronic HBV infection in 2008, but has been widely used 
for this indication in HIV–HBV co-infected individuals 
since 2001.

EXPERIENCE IN HIV–HBV CO-INFECTION

Early evidence of TDF’s clinical efficacy as an anti-HBV agent 
came from data from a subanalysis of HIV–HBV co-infected 

patients in the original Gilead 903 and 907 licensing studies 
(Dore et al., 2004). Several further reports documented the 
anti-HBV efficacy of TDF in open-label use in HIV clinics, 
predominantly in lamivudine-experienced subjects, who 
often have HBV variants resistant to this drug (Nelson et al., 
2003; Nunez et al., 2002; Ristig et al., 2002; Schmutz et al., 
2006; Stephan et al., 2005). The anti-HBV activity of TDF was 
shown in a retrospective cohort of 65 HIV–HBV co- infected 
individuals (Benhamou et al., 2006). 

In a randomized trial of HBV combination (TDF–3TC) 
or monotherapy (TDF or 3TC) in antiretroviral-naive subjects 
initiating ART in Thailand, no benefit was observed with the 
use of TDF combination therapy versus TDF monotherapy 
over the first 48 weeks (Matthews et al., 2008). 

In a cohort of predominantly lamivudine-experienced 
HIV–HBV co-infected individuals, combination therapy with 
TDF and 3TC was associated with a higher likelihood of HBV 
suppression in a cross-sectional analysis than either TDF or 
3TC alone (Matthews et al., 2009). In a study of 52 patients, 
35 of whom were lamivudine experienced, the duration of 
prior lamivudine monotherapy correlated with inability to 
achieve an HBV DNA < 200 copies/ml (Alvarez-Uria et al., 
2009). TDF therapy can reverse liver function abnormalities 
and improve liver histology in co-infected, lamivudine- 
resistant patients (Matthews et al., 2007). 

International guidelines recommend that TDF be included 
in the antiretroviral therapy regimen of all HIV–HBV co- 
infected individuals (Brook et al., 2005; DHHS, 2015; Lok 
and McMahon, 2007; Soriano et al., 2008). The current rec-
ommendation for HIV–HBV coinfection is the use of a TDF-
containing fixed-dose combination (TDF plus lamivudine or 
emtricitabine plus efavirenz) (WHO, 2013). Flares in liver 
disease have been observed if therapy is ceased, and the HBV 
viral load rebounds, and as such, caution must be used when 
TDF is ceased for any reason in HIV–HBV co-infected patients 
(Bessesen et al., 1999).

EXPERIENCE IN HBV MONO-INFECTION 

Early confirmation of the efficacy of TDF for the treatment of 
CHB infection came from a number of studies in which TDF 
was used as rescue therapy for individuals failing treatment 
with other approved drugs, including lamivudine and adefo-
vir. The efficacy of TDF as a rescue therapy for patients fail-
ing adefovir was documented in several case series (Lacombe 
et al., 2006; Schildgen et al., 2004; van Bömmel et al., 2006). 
A total of 20 patients with chronic HBV and prior lamivu-
dine failure were switched to TDF after a poor virological 
response to adefovir (van Bömmel et al., 2006). The median 
decrease in HBV DNA after TDF addition was 3.8 log10 copies/ 
ml, and 95% of subjects became HBV DNA undetectable 
by polymerase chain reaction (PCR). In addition, switching 
subjects to adefovir after being fully virologically suppressed 
on TDF resulted in HBV viral rebound (van Bömmel and 
Berg, 2005). 

Several RCTs have since confirmed the efficacy and safety 
of TDF for treatment naive HBV monoinfection (see Table 
232.10). A systematic review and meta-analyses reviewed all 
published RCTs and compared the efficacies of several CHB 
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treatments over 12 months (Woo et al., 2010). Of 20 eligible 
trials, TDF was found to be the most effective in terms of 
suppression of HBV DNA, alanine aminotransferase (ALT) 
normalization, and hepatitis B e antigen (HBeAg) serocon-
version, while entecavir was more effective in improving 
liver histology. In HBeAg-negative group, TDF was also 
most efficacious in suppression of HBV DNA and improving 
liver histology (Woo et al., 2010). No TDF combination trials 
were assessed in this meta-analysis. It has been subsequently 
been shown that TDF is as effective as monotherapy com-
pared to combination therapy in treatment-experienced CHB 
(Berg et al., 2010). Other TDF combination studies showed 
similar efficacy to the entecavir monotherapy arm, except in 
HBeAg+ subgroups with high HBV DNA (> 108 IU/ml) (Lok 
et al., 2012).

Longer-term open-label studies have also confirmed the 
efficacy of TDF after 5 years of followup in both cirrhotic and 
noncirrhotic patients at baseline, with improvements in his-
tology seen in both groups (Buti et al., 2015a). Safety and 
lack of resistance was also demonstrated at 7 years of fol-
lowup, with 99.3% sustained viral response, 80% normaliza-
tion of ALT, and no reports of resistance (Buti et al., 2015b). 

The first WHO (2015) guidelines for the treatment of 
CHB have been published and recommend either TDF or 
entecavir as first-line treatment in adults. However, in the 
setting of adults with decompensated liver disease, entecavir 
is recommended as first-line treatment, and TDF is reserved 
for those with a history of lamivudine resistance (Sarri et  
al., 2013) To date, TDF has not been directly compared with 
entecavir in this setting. 

Table 232.10. Randomized clinical trials of TDF-containing regimens for the treatment of HBV.

Reference 
(type of study) Treatment regimen

No. of 
enrolled 

patients (no. 
of centers)

Participant group 
treatment status Outcomes

Marcellin et al. (2008)

Study 102, 103

TDF vs. ADV 846

603 (106)

Naive HBV 
monoinfection

HBV DNA < 400 copies/ml + improved 
histology: 71% vs. 49% (HBeAg+) and 
67% vs. 12% (HBeAg=)

HBV DNA < 400 copies/ml: 93% vs. 63% 
(HBeAg−) and 76% vs. 13% (HBeAg+)

Berg et al. (2010) TDF monotherapy vs. 
TDF + FTC

105 ADV experienced 
CHB

Week 48 HBV DNA < 400 copies/ml: 81% 
vs. 81%

Lok et al. (2012) TDF + ETV vs. ETV 
monotherapy

379 Naive HBV 
monoinfection

Week 96 HBV DNA < 50 IU/ml: 76.4% vs. 
83.2% (ns)

HBV DNA < 50 IU/ml (HBeAg+): 80.4% vs. 
69.8%

Subgroup with BL DNA> 108 IU/ml: 79% vs. 
62%

Ke et al. (2014)

Meta-analysis

TDF vs. ETV 844 CHB Week 24 HBV DNA < 400 copies/ml: 50% 
vs .46%

Week 48 HBV DNA < 400 copies/ml: 80% 
vs. 76%

Cui et al. (2015a)

Meta-analysis

FTC–TDF vs. TDF 614 Naive CHB OR of viral suppression on weeks 48, 96, 
192: 2.16, 2.76, 2.60

Abbreviations: TDF: tenofovir disoproxil fumarate; HBV: hepatitis B virus; ADV: adefovir; HbeAg: hepatitis B e antigen; FTC: emtricitabine; CHB: chronic hepatitis 
B; ETV: entecavir; ns: not significant; BL: baseline; OR: odds ratio.

Table 232.11. Randomized clinical trials of TAF-containing regimens for the treatment of HBV.

Reference 
(type of study) Treatment regimen

No. of 
enrolled 

patients (no. 
of centers)

Participant 
group Outcomes

Treatment of HBV

Agarwal et al. (2015)

Phase Ib

TDF or TAF (8, 25, 40, 
120 mg) 

51 Naive CHB HBV DNA log10 mean change at week 4: 
−2.68, −2.81, −2.55, −2.19, −2.76

< 25 mg doses associated with > 92% 
reduction in AUC

Abbreviations: TAF: tenofovir alafenamide; HBV: hepatitis B virus; TDF: tenofovir disoproxil fumarate; CHB: chronic hepatitis B; AUC: area-under-the-concentra-
tion-time curve.
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TDF is recommended as second-line treatment in the set-
ting of prior exposure to lamivudine, entecavir, adefovir, or 
telbivudine; however, the quality of evidence supporting this 
recommendation is low (WHO, 2015).

TAF also has a role in the treatment of CHB, and initial 
studies have demonstrated similar declines in HBV DNA at 
4 weeks compared to TDF (see Table 232.11). A 25 mg dos-
ing has been selected for further clinical development (Agar-
wal et al., 2015).

7d.  Herpes simplex virus 2 

Tenofovir gel has been evaluated through a subgroup analysis 
in the prevention of HSV-2. Although this trial was designed 
to evaluate tenofovir gel for HIV prevention, a substudy to 
evaluate HSV-2 was added when in vitro efficacy data emerged, 
and HSV-2 serostatus was tested retrospectively (Abdool 
Karim et al., 2015). HSV-2 incidence was 10.2 with tenofovir 
gel versus 21.0 cases per 100 person- years with placebo gel, 
with a dose-related effect on HSV-2 risk reduction in women.
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1. DESCRIPTION

Amdoxovir (also known as DAPD, AMDX, or (–)-beta-d-
2,6-diamino-purine dioxolane) was a nucleoside analog 
reverse transcriptase (NRTI) inhibitor that was developed to 
treat HIV-1 infections. Amdoxovir is a prodrug of the purine 
nucleoside analog (–)-beta-d-dioxolane guanosine (DXG). 
Amdoxovir is rapidly deaminated in vivo by adenosine dea-
minase to its active metabolite, DXG (Furman et al., 2001) 
and then phosphorylated to DXG triphosphate, the inhibitor 
of HIV reverse transcriptase. In vitro, DXG has potent anti-
viral activity against wild-type HIV-1, and, more significant, 
against clinical isolates of HIV-that are resistant to nucleo-
side and nucleotide analogs. 

Amdoxovir underwent three phase 1 and four phase I/II 
trials for treatment of HIV-1, which showed that it was effec-
tive in vivo (Murphy et al., 2010). Unfortunately, due to 
concerns by the US FDA and a lack of funding to respond 
to those demands, the development of amdoxovir ceased. 

The molecular weight of amdoxovir is 252.23; the molec-
ular formula is C9H12N6O3. The chemical structures of amdoxo-
vir and DXG are shown in Figure 233.1.

2.  ANTIMICROBIAL ACTIVITY

2a. Routine susceptibility

DXG has potent antiviral activity in vitro against both wild-
type and NRTI-resistant clinical isolates. Multiple studies have 

shown that DXG is significantly more active against HIV-1 
than amdoxovir (Gu et al., 1999; Bazmi et al., 2000; Furman 
et al., 2001; White et al., 2002). DXG triphosphate (DXG-TP) 
is a potent inhibitor of HIV-1 reverse transcriptase, with an 
inhibition constant (Ki) of 0.019 μM (Furman et al., 2001). 
When the potency of DXG was compared with that of other 
nucleoside analogs in vitro against wild-type HIV-1, DXG  
is more active than stavudine, didanosine, and adefovir, 
approx imately equivalent to lamivudine and abacavir but 5- 
to 10-fold lower than zidovudine and emtricitabine (Gu et 
al., 1999; Mewshaw et al., 2002). Amdoxovir and DXG have 
activity against hepatitis B virus (Seigneres et al. 2002; Kim 
et al., 1993; Chin et al., 2001; Ying et al., 2000a) and related 
woodchuck viruses (Menne et al., 2007).

2b.  Emerging resistance and 
cross-resistance

Resistance of HIV-1 to amdoxovir–DXG is mediated by the 
K65R, L74V, and Q151M mutations. Multiple mutations 
result in very high level resistance (Bazmi et al., 2000; White 
et al., 2002; Parikh et al., 2005; Mewshaw et al., 2002; Gu  
et al., 1999; Jeffrey et al., 2001). In the ACTG A5165 clini- 
cal study, consistent with the in vitro studies, four subjects 
with K65R mutations and/or the Q151M complex had a 
minimal response to amdoxovir (Margolis et al., 2007). In 
vitro studies against both laboratory-generated mutant virus 
and clinical isolates suggest that amdoxovir could play an 
important role in patients with HIV strains resistant to some 

Figure 233.1. Chemical structures of DXG 
and amdoxovir.
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NRTIs (specifically, zidovudine, lamivudine, and didanosine 
but probably not tenofovir or abacavir) and probably all  
NNRTIs.

2c. In vitro synergy and antagonism

Amdoxovir in combination with NRTIs (Tremblay et al., 
2003) and in combination with mycophenolic acid (Margolis 
et al., 1999; Chapuis et al., 2000; Ying et al., 2000b; Borroto-
Esoda et al., 2004) shows synergy.

3. MECHANISM OF DRUG ACTION

DXG- TP inhibits HIV reverse transcriptase (RT) by two 
mechanisms. DXG-TP competes with the natural substrate 
2′-deoxyguanosine-TP for incorporation into newly formed 
DNA, reversibly inhibiting RT. Once DXG-TP is incor-
porated, it results in DNA chain termination (Gu et al., 
1999). The complex of the terminated DNA chain with RT is 
irreversible.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Amdoxovir was being developed at the therapeutic dose of 
500 mg twice daily.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

DXG has poor oral bioavailability, about one seventh that  
of oral amdoxovir (RFS Pharma, data on file, 2006). Both 
amdoxovir and DXG reach peak plasma concentrations 
between 1 and 2 hours. Amdoxovir is rapidly eliminated 
from plasma with a half-life of 1–2 hours, primarily due to 
conversion to DXG by adenosine deaminase. DXG has a  
longer plasma half-life, ranging from 4 to 7 hours at steady 
state. Intracellular metabolism of DXG in activated human 
peripheral blood mononuclear cells showed that the major 
metabolite was DXG-TP, with an intracellular half-life of 16 
hours (Hernandez et al., 2007). Plasma DXG concentrations 
exceed plasma amdoxovir concentrations, with a mean area- 
under-the-concentration-time curve (AUC) DXG/amdoxo-
vir ratio of 3:10 (Thompson et al., 2005; Margolis et al., 2007). 
In doses of 100 mg or higher, the plasma concentration of 
DXG was maintained above the in vitro 50% effective con-
centration (EC50) (0.03 μg/ml) over the 12-hour dosing inter-
val (Thompson et al., 2005). Data support that amdoxovir 
could be administered once daily. Renal clearance of amdo-
xovir and DXG is by both glomerular filtration and active 
secretion (Thompson et al., 2005). In cynomolgus monkeys 
given oral radiolabeled amdoxovir, 35% of the dose was 
recovered in the urine and 34% from the stool. Only limited 
studies on drug reactions were reported (Hurwitz et al., 
2010; Hernandez et al., 2007).

6. ADVERSE REACTIONS AND TOXICITY

In vitro studies evaluating the cytotoxicity of amdoxovir and 
DXG showed minimal toxic effects (Kim et al., 1993; Furman 
et al., 2001; Cui et al., 1996). Approximately 200 patients 
were given amdoxovir for up to 96 weeks (either 300 or 500 
mg twice daily). Most adverse reactions reported were mild 
to moderate, and there were no dose-related trends in inci-
dence of adverse events in any of the studies. Two subjects 
died and two experienced serious adverse events during ACTG 
A5118, all considered to be unrelated to study treatment 
(Gripshover et al., 2006). Hyperglycemia was seen in cyno-
molgus monkey toxicity studies (Rigalleau and Gin, 2005) 
and uncommonly in human trials (Thompson et al., 2005; 
Margolis et al., 2007; Gripshover et al., 2006; Murphy et al., 
2010). Lenticular opacities occurred in several cynomolgus 
monkeys, but not in human trials (Gripshover et al., 2006.; 
Margolis et al., 2007). 

7. CLINICAL USES OF THE DRUG

Amdoxovir was investigated for the treatment of HIV infec-
tion in three phase I and four phase I/II clinical trials show-
ing in vivo efficacy. The references for published data from 
these trials, and those supporting the rationale for study 
design are provided (Thompson et al., 2005; Tremblay et al., 
2003; Gripshover et al., 2006; Margolis et al., 1999; Chapuis 
et al., 2000); Margolis et al., 2007; Rapp et al., 2007; White et 
al., 2002; Parikh et al., 2005; Mewshaw et al., 2002; Murphy 
et al., 2010).
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1. DESCRIPTION

Apricitabine (BCH-10618, SPD754, and AVX754) is a deox-
ycytidine nucleoside reverse transcriptase inhibitor (NRTI), 
the (–)-enantiomer of the heterosubstituted analog 2′-deoxy-
3′-oxa-4′-thiocytidine; molecular formula C8H11N3O3S (De 
Muys et al., 1999; Taylor et al., 2000; Figure 234.1). Apri-
citabine is structurally similar to lamivudine, but differs in 
the inversion of the oxygen and sulfur in the furanosyl ring. 
Apricitabine has a molecular weight of 229.26 (1 μΜ = 0.229 
μg/ml) (Wainberg et al., 2007). The drug was developed by 
Avexa, Ltd. (Melbourne, Australia); development ceased in 
May 2010 due to lack of funds, after the results from a phase 
IIb study failed to show apricitabine’s superiority to lamivu-
dine and after unsuccessful partnering negotiations with 
other companies. The inability of Avexa to obtain further 
funding for apricitabine development may also have been 
due to waning commercial interest in drugs of this class, 
given the spectrum of antiretroviral drugs already available 
in 2010–2011. Apricitabine also required twice-daily dosing 
at relatively high drug levels compared to lamivudine.

2. ANTIMICROBIAL ACTIVITY

Apricitabine shows good activity against HIV-1, including 
NRTI-resistant strains (De Muys et al., 1999; Taylor et al., 
2000; Bethell et al., 2005; Gu et al., 2006; Frankel et al., 2007a) 
with a mean half-maximal inhibitory concentration (IC50) of 
25 μΜ against wild-type HIV-1 clinical isolates of subtype B 
and non-B subtypes (Gu et al., 2006). Apricitabine suscepti-
bility was substantially reduced in multidrug-resistant HIV-1 
(insertions at amino acid position 69 and Q151M cluster of 
mutations) (Gu et al., 2006) Thymidine analog mutations 
have little effect on the susceptibility of HIV-1 to apricitabine 
(Bethell et al., 2005). Apricitabine-resistant HIV-1 isolates 
show substantial cross-resistance with other NRTIs (Bethell 
et al., 2005). K65R mutation reduces apricitabine susceptibil-
ity (Cox et al., 2007; Frankel et al., 2007a).

Mutants (K65R, V75L, and M184V) resistant to apricit-
abine are slow to emerge in vitro (Gu et al. 2001a; Gu et al. 

2001b; Oliveira et al., 2007; Cahn and Wainberg, 2010), sup-
ported by short-term clinical use of the drug (Bethell and 
Collins, 2004; Collins et al., 2004; Cahn et al., 2006) and tis-
sue culture studies (Petrella et al., 2004; Oliveira et al., 2007; 
Oliveira et al., 2009). Apricitabine has additive virologic effects 
in vitro in combination with a number of antiretroviral agents 
(Gu et al., 2006).

3. MECHANISM OF DRUG ACTION

Apricitabine is activated by intracellular phosphorylation by 
deoxycytidine kinase (De Muys et al., 1999; Bethell et al., 
2007). The triphosphate form competes with endogenous 
deoxycytidine triphosphate for binding to HIV-1 reverse 
transcriptase (RT). The subsequent incorporation of the tri-
phosphate form into nascent DNA by RT interrupts viral 
replication by terminating the elongation of the DNA chain.

Apricitabine triphosphate is a potent and highly selective 
inhibitor of HIV-1 reverse transcriptase in vitro with an 
inhibitory constant (Ki) for wild-type HIV-1 (0.08 μM) half 
that of lamivudine triphosphate and 150- to 3750-fold lower 
than for human DNA polymerases, including the mitochon-
drial DNA polymerase gamma (De Muys et al., 1999).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Apricitabine was formulated for oral administration in dos-
ages of 600 and 800 mg twice daily for adults.

Figure 234.1. Molecular structure of apricitabine.
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5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

Apricitabine shows high bioavailability after oral administra-
tion, not affected by food, no racemization to the +-enantiomer, 
with 65–80% of an oral dose being excreted in the urine as 
unchanged drug within 24 hours (Holdich et al., 2006; Hol-
dich and Dennis, 2006). Plasma protein binding of the drug 
is low (Sawyer and Cox, 2006). 

Apricitabine is rapidly absorbed after oral administration, 
with the time maximum concentration (tmax) achieved 1.5–2.0 
hours after oral administration (Holdich and Dennis, 2003; 
Holdich et al., 2006; Holdich et al., 2007; Cahn et al., 2008).

Apricitabine exposure increases approximately linearly 
with respect to dose, with a volume of distribution indicating 
good tissue penetration (Holdich et al., 2006). Apricitabine 
was found in the cerebrospinal fluid in rats after oral admin-
istration at approximately 16.5% of the levels found in the 
serum (De Muys et al., 1999). 

Peak intracellular concentrations of apricitabine triphos-
phate are reached 3.5 hours after dosing, and decline with a 
half-life of 6–7 hours (Sawyer and Struthers-Semple, 2006; 
Holdich et al., 2007). Median trough apricitabine triphos-
phate concentrations after twice-daily dosing in HIV-infected 
patients far exceeded the median IC50 against wild-type HIV-1 
(Smith et al., 2007).

Apricitabine is eliminated principally by renal excretion 
(Holdich et al., 2006; Cahn et al., 2008) via glomerular fil-
tration and tubular secretion (Nakatani-Freshwater et al., 
2006; Sawyer and Cox, 2006). The elimination half-life is 
approximately 3 hours (Holdich et al., 2006; Sawyer and 
Struthers-Semple, 2006; Holdich et al., 2007). 

Apricitabine does not inhibit major cytochrome P-450 
isozymes or induce CYP1A2 or CYP3A4 (Sawyer and Cox, 
2006). An important intracellular interaction occurs between 
apricitabine and lamivudine due to competition for intracel-
lular phosphorylation by deoxycytidine kinase (Bethell et al., 
2007). Co-administration of lamivudine reduced the mean 
area-under-the-concentration-time curve (AUC0–12) of intra-
cellular apricitabine triphosphate in peripheral blood mono-
nuclear cells to 15% of the level obtained with apricitabine 
alone (Holdich et al., 2007). Tipranavir, in combination with 
ritonavir, led to clinically nonsignificant increases in plasma 
levels of apricitabine (Cox et al., 2009).

In a rat model, renal excretion of apricitabine was com-
petitively inhibited by trimethoprim (Nakatani-Freshwater 
et al., 2006). However, in healthy volunteers co-administra-
tion of trimethoprim-sulfamethoxazole and apricitabine did 
not increase apricitabine exposure to a clinically significant 
degree (Shiveley et al., 2008).

6. ADVERSE REACTIONS AND TOXICITY

In vitro studies suggest that apricitabine has low cellular (e.g. 
human bone marrow cells) or mitochondrial toxicity (De 
Muys et al., 1999; de Baar et al., 2006; Gu et al., 2006; de Baar 
et al., 2007). No safety concerns were apparent during a 

52-week study of apricitabine (50–1000 mg/kg/day) in mon-
keys (Locas et al., 2004). Apricitabine was well tolerated in 
early clinical studies (Cahn et al., 2006; Holdich et al., 2006; 
Cahn et al., 2011; Holdich et al., 2007), similar to that of 
lamivudine (150 mg twice daily) (Cahn et al., 2011).

7. CLINICAL USES OF THE DRUG

Apricitabine was considered to have a potential niche for treat-
ment of individuals infected with HIV strains with M184V 
and thymidine analog mutations (TAMs), thus for treatment 
of antiretroviral-experienced patients failing therapy con-
taining NRTIs (Bethell et al., 2005; Cox and Southby, 2009).

Apricitabine showed efficacy in two phase II trials, one as 
monotherapy in antiretroviral-naive patients with 10-day viral 
load reductions of −1.65 and −1.58 log10 copies/ml, including 
patients with baseline mutations associated with resistance 
to existing NRTIs (L74V, V75M, or T215F and M41L) (Cahn 
et al., 2006; Collins et al., 2006) and a randomized study com-
paring apricitabine with continued lamivudine in patients 
failing antiretroviral therapy (ART) with an M184V muta-
tion; at 21 days, mean viral load reductions from baseline 
with apricitabine 600 and 800 mg twice daily (−0.9 and −0.71 
log10 copies/ml, respectively) were significantly greater than 
that with continued lamivudine (−0.029 log10 copies/ml) 
(Cahn et al., 2011). The 24-week data were not formally pub-
lished; 70% of patients receiving apricitabine had an unde-
tectable HIV viral load; viral load data in the lamivudine arm 
were not stated in the press release. 

Acknowledgment: The previous version of this chapter, 
published in the 6th edition of Kucers’ The Use of Antibiotics, 
was written by Mark A. Wainberg of McGill University AIDS 
Center, Lady Davis Institute–Jewish General Hospital, Mon- 
treal, Canada. His contribution was substantial and much 
appreciated.

REFERENCES

Antinori A, Perno CF, Giancola ML et al. (2005). Efficacy of cerebrospinal 
fluid (CSF)-penetrating antiretroviral drugs against HIV in the neuro- 
logical compartment: different patterns of phenotypic resistance in  
CSF and plasma. Clin Infect Dis 41: 1787.

Avexa (2010). ASX release: Avexa announces detailed ATC phase III results 
at 24 weeks. avexa.com.au/freestyler/files/Avexa%20announces% 
20detailed%20ATC%20Phase%20III%20results%20at%2024%20weeks 
.pdf. Accessed 25 April 2010.

Bethell R, Collins P (2004). Genotypic and phenotypic analysis of HIV-1 isolates 
from patients after 10 days monotherapy with SPD754. Abstract H-206. 
Paper presened at the 44th Interscience Conference on Antimicrobial 
Agents and Chemotherapy, Washington, DC.

Bethell R, De Muys J, Lippens J et al. (2007). In vitro interactions between 
apricitabine and other deoxycytidine analogues. Antimicrob Agents 
Chemother 51: 2948.

Bethell RC, Lie YS, Parkin NT (2005). In vitro activity of SPD754, a new 
deoxycytidine nucleoside reverse transcriptase inhibitor (NRTI), against 
215 HIV-1 isolates resistant to other NRTIs. Antivir Chem Chemother 
16: 295.

Cahn P, Altcias J, Martins M et al. (2011). Antiviral activity of apricitabine  
in treatment experienced HIV-1-infected patients with M184V who  
are failing combination therapy. HIV Med 12:334.

http://avexa.com.au/freestyler/files/Avexa%20announces%20detailed%20ATC%20Phase%20III%20results%20at%2024%20weeks.pdf
http://avexa.com.au/freestyler/files/Avexa%20announces%20detailed%20ATC%20Phase%20III%20results%20at%2024%20weeks.pdf
http://avexa.com.au/freestyler/files/Avexa%20announces%20detailed%20ATC%20Phase%20III%20results%20at%2024%20weeks.pdf


3852 Apricitabine

Cahn P Cassetti I, Wood R et al. (2006). Efficacy and tolerability of 10-day 
monotherapy with apricitabine in antiretroviral-naïve, HIV-infected 
patients. AIDS 20: 1261.

Cahn P, Rolon M, Cassetti I et al. (2008). Multiple-dose pharmacokinetics  
of apricitabine, a novel nucleoside reverse transcriptase inhibitor, in 
patients with HIV-1 infection. Clin Drug Invest 28: 129.

Cahn P, Sosa N, Wiznia A et al. (2007b). Racivir demonstrates safety and 
efficacy in patients harboring HIV with the M184V mutation and < 3 
TAM. Abstract 488. Paper presented at the 14th Conference on 
Retroviruses and Opportunistic Infections , Los Angeles, CA.

Cahn P Wainberg MA (2010). Resistance profile of the new nucleoside reverse 
transcriptase inhibitor apricitabine. Antimicrob Chemother 65: 213.

Collins P, Shiveley L, Anderson C, Bethell R (2004). Analysis of the geno- 
types of viruses isolated from patients after 10 days monotherapy with 
SPD754. Abstract J-24. Paper presented at the 11th Conference on 
Retroviruses and Opportunistic Infections, San Francisco, CA.

Cox S, Parkin N, Limoli K, Coates J (2007). Antiviral activity of apricitabine  
in vitro against HIV isolates with combinations of NRTI resistance muta- 
tions. Poster 7.1/02. Poster presented at the 11th European AIDS Con- 
ference, Madrid, Spain.

Cox S, Southby J (2009). Apricitabine—a novel nucleoside reverse transcrip- 
tase inhibitor for the treatment of HIV infection that is refractory to 
existing drugs. Expert Opin Investig Drugs 18: 199.

Cox S, Southby J, Linet O et al. (2009). Comparison of the pharmacokinetics 
of apricitabine in the presence and absence of ritonavir-boosted tipra- 
navir: a phases 1 open label, controlled, single centre study. Clin Drug 
Investig 29: 721.

de Baar MP, de Rooij ER, Smolders KG et al. (2007). Effects of apricitabine 
and other nucleoside reverse transcriptase inhibitors on replication of 
mitochondrial DNA in HepG2 cells. Antiviral Res 76: 68.

De Muys J-M, Gourdeau H, Nguyen-Ba N et al. (1999). Anti-human immuno- 
deficiency virus type 1 activity, intracellular metabolism and pharmaco-
kinetics evaluation of 2′-deoxy-3′-oxa-4′-thiocytidine. Antimicrob 
Agents Chemother 43: 1835.

Diallo K, Götte M, Wainberg MA (2003). Molecular impact of the M184V 
mutation in human immunodeficiency virus type 1 reverse transcriptase. 
Antimicrob Agents Chemother 47: 3377.

Frankel FA, Coutsinos D, Xu H, Wainberg MA (2007a). Kinetics of inhibition 
of HIV type 1 reverse transcriptase-bearing NRTI-associated mutations 
by apricitabine triphosphate. Antivir Chem Chemother 18: 93.

Frankel FA, Invernizzi CF, Oliveira M, Wainberg MA (2007b). Diminished 
efficiency of HIV-1 reverse transcriptase containing the K65R and 
M184V drug resistance mutations. AIDS 21: 665.

Gu Z, Allard B, de Muys JM et al. (2006). In vitro antiretroviral activity and in 
vitro toxicity profile of SPD754, a new deoxycytidine nucleoside reverse 
transcriptase inhibitor for treatment of human immunodeficiency virus 
infection. Antimicrob Agents Chemother 50: 62.

Gu Z, Nguyen-Ba N, Mellors J et al. (2001b). In vitro selection and charac- 
terisation of HIV-1 resistance to BCH-10628. Abstract 472. Paper 
presented at the 8th Conference on Retroviruses and Opportunistic 
Infections, Chicago, IL.

Gu Z, Nguyen-Ba N, Ren C et al. (2001a). BCH-10618, a new heterosubsti-
tuted nucleoside analogue against HIV1 infection. Antiviral Therapy 6 
(Suppl 1): 8.

Holdich T, Dennis K (2003). Investigation of the influence of food upon the 
pharmacokinetics of SPD754. Abstract 4.1/6. Paper presented at the 
9th European AIDS Conference, Warsaw, Poland.

Holdich T, Shiveley LA, Sawyer J (2007). Effect of lamivudine on the plasma 
and intracellular pharmacokinetics of apricitabine, a novel nucleoside 

reverse transcriptase inhibitor, in healthy volunteers. Antimicrob Agents 
Chemother 51: 2943.

Holdich L, Shiveley L, Sawyer J (2006). Pharmacokinetics of apricitabine, a 
novel deoxycytidine analogue reverse transcriptase inhibitor, in healthy 
volunteers. Clin Drug Invest 26: 279.

Locas C, Damment S, Ching SV (2004). Safety profile of SPD754 in cynomol- 
gus monkeys treated for 52 weeks. Abstract I-17. Paper presented at 
the 11th Conference on Retroviruses and Opportunistic Infections, San 
Francisco, CA.

Nakatani-Freshwater T, Babayeva M, Dontabhaktuni A, Taft DR (2006). 
Effects of trimethoprim on the clearance of apricitabine, a novel 
deoxycytidine analog reverse transcriptase inhibitor, and lamivudine  
in the isolated perfused rat kidney. J Pharmacol Exp Ther 319: 941.

Panel on Antiretroviral Guidelines for Adults and Adolescents (2006). 
Guidelines for the use of antiretroviral agents in HIV-1 infected adults 
and adolescents. Department of Health and Human Services. aidsinfo.
nih.gov. Accessed 9 November 2007.

Oliveira M, Moisi D, Spiral B et al. (2007). Apricitabine (ATC) does not select 
additional drug resistance mutations in tissue culture in HIV-1 variants 
containing either K65R or M184V or M184V plus thymidine-associated 
mutations (TAMs). Poster 7.1/01. Poster presented at the 11th Euro- 
pean AIDS Conference, 2Madrid, Spain.

Oliveira M, Moisi D, Spira B, et al. (2009). Apricitabine does not select addi- 
tional drug resistance mutations in tissue culture in human immunodefi-
ciency virus type 1 variants containing K65R, M184V, or M184V plus thy- 
midine analogue mutations. Antimicrob Agents Chemother 53: 1683.

Parikh UM, Zelina S, Sluis-Cremer N, Mellors JW (2007). Molecular mech- 
anisms of bidirectional antagonism between K65R and thymidine 
analog mutations in HIV-1 reverse transcriptase. AIDS 21: 1405.

Petrella M, Oliveira M, Moisi D et al. (2004). Differential maintenance of the 
M184V substitution in the reverse transcriptase of human immunodefi-
ciency virus type 1 by various nucleoside antiretroviral agents in tissue 
culture. Antimicrob Agents Chemother 48: 4189.

Sawyer J, Cox S (2006). In vitro pharmacology of apricitabine, a new NRTI 
for HIV. Abstract CDB0446. Paper presented at the XVI International 
AIDS Conference, Toronto, Canada.

Sawyer J, Struthers-Semple C (2006). Pharmacokinetics of apricitabine in 
healthy volunteers and HIV-infected individuals. Abstract TUPE0077. 
Paper presented at the XVI International AIDS Conference, Toronto, 
Canada.

Shiveley L, Struthers-Semple C, Cox S, Sawyer J (2008). Pharmacokinetics  
of apricitabine, a novel nucleoside reverse transcriptase inhibitor, in 
healthy volunteers treated with trimethoprim-sulphamethoxazole.  
J Clin Pharm Ther 33: 45.

Smith P, Forrest A, Brun Y et al. (2007). Disease-based model prediction of 
treatment response to apricitabine for viruses with reduced susceptibil-
ity. Abstract 558. Paper presented at the 14th Conference on Retro- 
viruses and Opportunistic Infections, Los Angeles, CA.

Taylor DL, Ahmed PS, Tyms SA et al. (2000). Drug resistance and drug 
combination features of the human immunodeficiency virus inhibitor, 
BCH-10652 ((±)-2′-deoxy-3′-oxa-4′-thiocytidine, dOTC). Antiviral Chem 
Chemother 11: 291.

Wainberg MA, Cahn P, Bethell RC et al. (2007). Apricitabine: a novel deoxy- 
cytidine analogue nucleoside reverse transcriptase inhibitor for the 
treatment of nucleoside-resistant HIV infection. Antivir Chem Chemother 
18: 61.

Wainberg MA, Sawyer JP, Montaner JS et al. (2005). Challenges for the 
clinical development of new nucleoside reverse transcriptase inhibitors 
for HIV infection. Antivir Ther 10: 13.

http://www.aidsinfo.nih.gov
http://www.aidsinfo.nih.gov


5:2B Nonnucleoside Reverse 
Transcriptase Inhibitors (NNRTIs)



http://taylorandfrancis.com


3855

235

Nevirapine

Jennifer Hoy

1. DESCRIPTION

Nevirapine (previously known as BI-RG-587) is a dipyrido-
diazepinone derivative and a potent and highly specific 
inhibitor of the reverse transcriptase of HIV-1. It has no 
activity against HIV-2 or any other retrovirus. It is a member 
of a class of structurally diverse nonnucleoside reverse tran-
scriptase inhibitor (NNRTI) compounds that share part, or 
all, of the same binding site on the HIV reverse transcriptase 
enzyme. 

A screening program at Boehringer Ingelheim Phar ma-
ceuticals resulted in the discovery of nevirapine (Merluzzi et 
al., 1990). It is marketed by Boehringer Ingelheim under the 
trade name Viramune and is also marketed in several generic 
fixed-dose formulations, mainly by Indian manufacturers 
including Cipla, Aurobindo, and Hetero Labs, in both adult 
and pediatric doses. 

Nevirapine is available for oral administration in immedi-
ate-release tablets containing 200 mg nevirapine, extended- 
release tablets containing either 100 mg or 400 mg nevirap-
ine, and an oral suspension containing 10 mg/ml (50 mg per 
5 ml) nevirapine. The suspension is supplied in 240-ml bot-
tles with a recommended storage temperature of 15–30°C. 
There is no parenteral formulation available. Generic for-
mulations of nevirapine and fixed-dose combinations that 
include nevirapine are produced, and meet US Food and 
Drug Administration (FDA) criteria for average bioequiva-
lence (Ellis et al., 2007; L’Homme et al., 2007; Marier et al., 
2007; Monif et al., 2006; Vezina et al., 2006).

Nevirapine is used in combination with other antiretro-
viral agents (usually two nucleoside analogs) for chronic 
HIV infection and is also used alone or in combination with 
other agents for prevention of mother to child transmission. 
Current guidelines for the treatment of HIV infection in 
adolescents and adults in the resource-wealthy setting do not 
recommend the use of nevirapine-containing regimens for 
initial therapy, even as an alternative regimen (Panel on 
Antiretroviral Guidelines for Adults and Adolescents, 2015). 
Nevirapine-containing regimens are not recommended for 
initial therapy of adult HIV infection in the resource-limited 

setting, unless efavirenz is not available or not tolerated 
(WHO, 2015). For children over the age of 3 years and ado-
lescents, nevirapine-containing regimens are the alternate 
recommended initial regimen. In children under the age of 3 
years, nevirapine (because of its availability in a suspension) 
remains a first-line option in the resource-limited setting 
where lopinavir–ritonavir is not tolerated or available (WHO, 
2013). Nevirapine has a long half-life and can be dosed once 
or twice daily. It has a low genetic barrier to development of 
resistance, and the major toxicities are rash and hepatitis.

The chemical name for nevirapine is 11-cyclopropyl-5,11-
dihydro-4-methyl-6H-dipyrido[3,2-b:2′,3′-e]-[1,4]diazepin- 
6-1. Its molecular formula is C15H14N4O, and its molecular 
weight is 266.3; the structure of nevirapine is shown in Figure 
235.1. The concentration of nevirapine can be expressed in 
micrograms per milliliter or micromols (1 μg/ml is approxi-
mately 3.9 μΜ).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Nevirapine potently inhibits HIV-1 replication in vitro with 
half-maximal inhibitory concentration (IC50) values ranging 
from 15 to 40 nM (0.011 µg/ml) against laboratory and clin-
ical isolates, with low cytotoxicity and thus a high therapeu-
tic index (Grob et al., 1992; Koup et al., 1991; Richman et al., 
1991a). The mean IC50 in enzyme assays ranges from 84 to 

Figure 235.1. Chemical structure of nevirapine (BI-RG-587).
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100 nM (Borroto-Esoda and Boone, 1994; De Clercq, 1998; 
Grob et al., 1992). The median IC50 for wild-type HIV-1 is 
0.01 µg/ml.

Like other NNRTIs, nevirapine is generally not active 
against HIV-1 group O strains, which are naturally resistant 
to this class of drugs (Descamps et al., 1997; Tuaillon et al., 
2004). The drug has no activity against HIV-2 for the same 
reason (Koup et al., 1991; Richman et al., 1991a), although it 
inhibits replication of a chimeric HIV-1/-2 virus in which 
part of the HIV-2 reverse transcriptase gene (the region 
encoding for amino acids 176–190) is replaced with that of 
HIV-1 (Shih et al., 1991).

Nevirapine is inactive against simian immunodeficiency 
virus (SIV). However, when the reverse transcriptase gene 
of SIV is replaced with that of HIV-1 to form a hybrid virus 
(RT-SHIV), nevirapine inhibits its replication in vitro (Bal-
zarini et al., 1995). The drug has no effect on the reverse tran-
scriptase of feline immunodeficiency virus (Merluzzi et al., 
1990).

After initiation of nevirapine monotherapy in HIV-1-
infected individuals, plasma HIV RNA levels remain steady 
for the first 24 hours and then rapidly decline, with a decrease 
of 2 log10 copies/ml (range 1.96–2.43 log10 copies/ml) from 
baseline to 14 days, after which HIV RNA levels increased 
coincident with the detection of Y181C mutants (Havlir et 
al., 1996).

2b.  Emerging resistance and 
cross-resistance

After only 1 passage in vitro in the presence of 1 µM nevirap-
ine and between 6 and 12 passages in the presence of 10 µM 
nevirapine, mutant strains of HIV-1 resistant to the drug can 
be detected (Mellors et al., 1992; Richman et al., 1991b). The 
susceptibility of HIV-1 rapidly declines with subsequent  
passage in the presence of the drug (Figure 235.2). Single 
mutants selected in early passages are replaced by double 
mutants by the 15th passage (Iglesias-Ussel et al., 2002).

The development of resistance results from rapid acquisi-
tion of one or more mutations that cluster in two regions (the 

palm and finger subdomains) of the reverse transcriptase 
gene, all within close proximity of the binding pocket for 
nonnucleoside reverse transcriptase inhibitors adjacent to 
the catalytic site. These clusters are in the vicinity of codons 
180–188 and 100–110 (Larder, 1992; Larder, 1995; Nunberg 
et al., 1991; see Table 235.1). In vitro selection of HIV-1 resis-
tance to nevirapine and subsequent nucleotide sequence 
analysis of resistant strains has identified a single mutation 
within codon 181 (Tyr → Cys) (Y181C) common to all nevi-
rapine-resistant strains of HIV-1 and not present in suscepti-
ble isolates (Mellors et al., 1992). This mutation results in a 
100-fold or greater decrease in susceptibility to nevirapine 
(Richman et al., 1991b). A mutation in codon 188 is also of 
major importance to the development of resistance to nevi-
rapine and, like codon 181, occupies a critical position within 
the nevirapine binding site of the reverse transcriptase 
(Debyser et al., 1993; Grob et al., 1992; Richman et al., 1991b).

The mutations K103N, Y181C, G190A/S, Y188L, and 
V106A/M each reduce nevirapine susceptibility by greater 
than 20- to 50-fold and are considered major nevirapine 
mutations (Wainberg, 2003). Accessory nevirapine muta-
tions include L100I, K101E/P A98G, V108I, V179D/E, 
P225H, F227L, M230L, K238T/N, and N348I and can cause 
low-level resistance to nevirapine (De Clercq, 1996; Table 
235.1). These mutations usually occur in combination with 
the major nevirapine mutations and synergistically reduce 
nevirapine susceptibility (Bacheler et al., 2001; Pelemans et 
al., 1998; Rhee et al., 2006). The M230L mutation can cause 
40-fold resistance to nevirapine (Wainberg, 2003). 

N348I, located in the subdomain of the reverse transcrip-
tase enzyme, is selected by both zidovudine and nevirapine 
and reduces nevirapine susceptibility by 5- to 20-fold (Yap 
et al., 2007). It has been observed that mutations in the con-
nection subdomain and the ribonuclease H subdomain of 
the HIV-1 reverse transcriptase can induce dual resistance 
to both nucleoside and nonnucleoside reverse transcriptase 
inhibitors by a novel mechanism. It is thought that mutations 
in either of these subdomains reduce cleavage and removal 
of ribonuclease H, leading to greater time for the nonnucleo-
side reverse transcriptase inhibitor to dissociate from the 

Figure 235.2. Change in susceptibility of 
HIV-1 to nevirapine when passaged in the 
presence of the drug. (Reprinted with 
permission from Richman et al. (1991b). 
Copyright 1991 by the National Academy 
of Sciences, USA.) 
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reverse transcriptase enzyme, resulting in resumption of 
DNA synthesis. The N348I mutation not only reduces ribo-
nuclease H activity but counteracts the effect of nevirapine of 
increased ribonuclease H removal (Biondi et al., 2010; Niko-
lenko et al., 2010; Radzio and Sluis-Cremer, 2011). The N348I 
mutation is highly prevalent in people treated with reverse 
transcriptase inhibitors compared to treatment-naive individ-
uals, and is selected before appearance of thymidine analog 
mutations (TAMs) (Yap et al., 2012). It confers multiclass 
resistance to nucleoside and nonnucleoside reverse transcrip-
tase inhibitors in about 10% of treatment- experienced indi-
viduals (Hachiya et al., 2008; Hachiya et al., 2009). The Y318F 
mutation is a rare mutation that alone causes a less than 
3-fold reduced susceptibility to nevirapine, but in combina-
tion with K103N, Y181C, or both results in greater than 
60-fold reduction in nevirapine susceptibility (Harrigan et 
al., 2002).

ACQUIRED RESISTANCE

Resistance associated with nevirapine 
monotherapy
HIV-1 isolates from patients receiving nevirapine monother-
apy who developed evidence of resistance to the drug as early 
as 1 week after initiation of therapy had mutations identified 
in codons 103, 108, 181, 188, and 190 (Dueweke et al., 1993; 
Nowak, 1995; Richman, 1994; Richman et al., 1994). Up to 
80% of patients in phase I/II clinical trials develop a muta-
tion within codon 181 by week 8 of nevirapine monotherapy. 
Hence nevirapine has a low genetic barrier to development 
of resistance.

Resistance associated with nevirapine in 
combination therapy
Co-administration of zidovudine with nevirapine prevents 
the emergence of the codon 181 mutation and results in 
selection of other mutations in codons 103, 106, 188, and 190 
(Richman et al., 1994). The use of combination antiretroviral 
therapy significantly reduces the rate of emergence of nevi-
rapine resistance mutations (Conway et al., 2001), presum-
ably by sustaining the inhibition of HIV replication. In 
resource-constrained settings, where access to viral load test-
ing is limited or absent, continuation of a nevirapine-based 
regimen can lead to further accumulation of resistance 
mutations. It has been documented that there is an initial 
phase of rapid accumulation of NNRTI mutations that occur 
close to the time of development of virological failure (1 new 
NNRTI mutation per year of exposure), followed by a period 
of slower accumulation (0.4 new mutations per year of expo-
sure). The Y181C mutation accumulates at a higher rate than 
other nevirapine mutations (Cozzi-Lepri et al., 2012).

The most commonly used nevirapine-based regimens in 
settings in which HIV subtypes C, A, D, and CRF02_AG pre-
dominate include either zidovudine or stavudine with lami-
vudine as a backbone in > 85% of regimens. Virological 
failure occurred at 12 months in 7% of patients overall, with 
NNRTI resistance mutations detected in 63% of those with 
virological failure, K103N in 25%, and Y181C in 24% (Hamers 
et al., 2012). When nevirapine is used in combination with 
zidovudine and didanosine, the most common nevirapine 
resistance mutations selected are Y181C (50%), G190A 
(50%), and K101E (30%), with K103N in 20% and Y188L in 

Table 235.1. Resistance mutations for nevirapine.

Mutation Fold change in nevirapine susceptibility References

Major

K103N/S/T > 20- to 100-fold decrease Bacheler et al. (2000); Harrigan et al. (2002); Richman et 
al. (1994)

Y181C > 100-fold decrease Casado et al. (2000); Harrigan et al. (2002); Richman et al. 
(1991b); Richman et al. (1994)

G190A/S/E/Q > 100-fold decrease Bacheler et al. (2000); Huang et al. (2003); Richman et al. 
(1994)

Y188L/H/C > 100-fold decrease Bacheler et al. (2000); Richman et al. (1994)

V106A/M > 40-fold decrease Balzarini et al. (1998); Richman et al. (1994)

Minor (accessory, usually occur in combination with major mutations)

L100I Usually occurs with K103N ≥ 100-fold decrease Bacheler et al. (2001)

K101E/P 5- to 10-fold decrease Bacheler et al. (2001); Parkin et al. (2006)

A98G 2-fold decrease Winslow et al. (1996)

V108I 2-fold decrease Winslow et al. (1996)

V179D/E 2-fold decrease Casado et al. (2000)

I132M > 10-fold decrease Ambrose et al. (2009)

P225H Usually occurs with K103N ≥ 100-fold decrease Bacheler et al. (2000)

F227L Usually occurs with V106A ≥ 100-fold decrease Balzarini et al. (1998)

M230L 40-fold decrease Wainberg (2003)

K238T/N Usually occurs with K103N ≥ 100-fold decrease Hachiya et al. (2004)

N348I 5- to 20-fold decrease Brehm et al. (2012); Yap et al. (2007); Yap et al. (2012)
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13% (Hanna et al., 2000). In contrast, the most common 
nevirapine resistance mutation selected during virological 
failure of a regimen of stavudine, didanosine, and nevirapine 
was K103N, with Y181C, G190A, and V108I observed less 
frequently (Vidal et al., 2002). In the COMBINE study in 
antiretroviral-naive patients starting treatment with zidovu-
dine, lamivudine, and nevirapine, eight patients experienced 
treatment failure, of whom four (50%) had no resistance 
mutations at the time of virological failure, three had a sin-
gle nonnucleoside reverse transcriptase mutation (Y181C, 
K103N), and one had both an M184V and K103N mutation 
(Ferrer et al., 2003). The combination antiretroviral regimen 
most frequently used in the resource-limited setting is stavu-
dine, lamivudine, and nevirapine, and of those patients with 
subtype C infection experiencing virological failure on this 
regimen, 45% had the N348I mutation (connection subdo-
main), in addition to the common DNA polymerase region 
mutations (Y181C and M184V) (Brehm et al., 2012).

Approximately 15% of patients virologically suppressed 
on a protease inhibitor–containing regimen and then switched 
to a nonnucleoside reverse transcriptase inhibitor regimen 
for simplification or toxicity reasons will subsequently develop 
viral rebound, likely due to archived nucleoside analog muta-
tions, which facilitate the emergence of mutations to the 
nonnucleoside reverse transcriptase component of the regi-
men (Masquelier et al., 2001). Nevirapine resistance muta-
tions occur in the majority of protease inhibitor–experienced 
patients (92%) failing a subsequent nevirapine plus protease 
inhibitor regimen by 24 weeks. The Y181C mutation accounted 
for 76% of nonnucleoside reverse transcriptase inhibitor 
mutations and was seen alone in 15% of isolates. The most 
common combination of mutants was Y181C and K103N in 
23% (Casado et al., 2000). In the setting of virologic failure 
secondary to a nevirapine-containing regimen and switching 
to a NNRTI-containing regimen, nevirapine resistance muta-
tions persist in 70% of patients after 12 months (Joly et al., 
2004; Quiros-Roldan et al., 2002).

Recent data suggest the presence of baseline resistant 
minority variants (Y181C or K103N) double the risk of viro-
logical failure in those initiating a NNRTI-based regimen 
(Boltz et al., 2011; Li et al., 2011), and the minority variant 
detected before initiation of first-line NNRTI-based antiret-
roviral therapy frequently differs from the resistant variants 
detected at virological failure (Li et al., 2013).

Resistance associated with  
non-subtype B HIV-1 strains

The selection of resistance mutations in non-subtype B 
strains exposed to nevirapine is similar to that of subtype B, 
with the exception of increased prevalence of A98G/S and 
V106M in the nonsubtype B and particularly subtype C viruses 
(Deshpande et al., 2007; Grossman et al., 2004). Individuals 
with subtype C infection experiencing virological failure 
with nevirapine-based treatment regimens, 82% had muta-
tions present, of which the Y181C, V106A, K103N, V106M, 
G190A, and V108I predominated (Wallis et al., 2012).

Resistance associated with single-dose 
nevirapine given to prevent mother to  
child transmission

The emergence of mutations after a single dose of nevirapine 
to prevent mother to child transmission has been frequently 
documented and is associated with a relatively high baseline 
maternal HIV viral load, low CD4 cell count, and certain 
HIV subtypes (subtype C or D infection more likely than 
subtype A) (Flys et al., 2006; Toni et al., 2005). Because nevi-
rapine has a long half-life and is eliminated from the body 
slowly, exposure to suboptimal nevirapine levels in maternal 
and infant plasma as well as breast milk for up to 3 weeks 
promotes the rapid selection of nevirapine-resistant viruses. 
Several studies have documented frequencies of acquisition 
of resistance mutations to nevirapine of 15–69% after singe-
dose intervention strategies (Arrive et al., 2007; Chaix et al., 
2007; Chaix et al., 2006; Eshleman et al., 2004b; Eshleman 
and Jackson, 2002; Martinson et al., 2007b). The following 
nevirapine resistance mutations have been selected after a 
single 200-mg dose of nevirapine: K103N, V106A, Y181C, 
Y188C, and G190A (Eshleman et al., 2001a). The Y181C 
mutation is commonly detected first (7 days after single-dose 
nevirapine) and often becomes undetectable at 6–8 weeks, 
when the K103N mutation is most frequently observed 
(Eshleman et al., 2004b). The detection and persistence of 
nevirapine resistance mutations in infants also appears to 
be related to the timing of infection with HIV. For infants 
who acquire HIV in utero, selection of nevirapine resistance 
mutations occurred in 87%, but there was also a rapid rate 
of decay to undetectable levels compared with peripartum 
infection (38% nevirapine resistance mutations that persist 
over time) (Micek et al., 2010). In another study of 429 
infants born to HIV-infected mothers given single-dose 
nevirapine in sub-Saharan Africa, India, and Haiti, of the 17 
infants in whom HIV transmission occurred, 12 were intra-
uterine infections; mutations conferring resistance to nevi-
rapine were detected in 5 (42%) of those with intrauterine 
infection (Hitti et al., 2014). 

The rates of resistance vary according to subtype, with 
30–69% in subtype C, 35% for subtype D, and 19% for subtype 
A (Eshleman et al., 2001a; Eshleman et al., 2006a; Eshleman 
et al., 2005a; Eshleman et al., 2005b; Eshleman et al., 2005c; 
Johnson et al., 2005) , 21% for subtype CRF02_AG, and 16% 
for CRF01_AE (Chalermchockcharoenkit et al., 2009; Toni et 
al., 2005). The resistance mutations that developed in the 
CRF02_AG strains of HIV-1 were L100I, K101E, K103N, 
V106A, and P236L, different from the mutations selected in 
the subtype A, C, and D viruses (Toni et al., 2005).

In addition, nevirapine resistance mutations have been 
detected 4–8 weeks postpartum in the breast milk of 40–65% 
of women infected with subtypes A, C, and D who received a 
single dose of nevirapine for prevention of mother to child 
transmission (Hudelson et al., 2010; Lee et al., 2005; Micek 
et al., 2014). One half of the paired plasma and breast milk 
samples differed in nonnucleoside reverse transcriptase inhib-
itor mutations harbored by strains, and 25% had resistance 
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mutations detected in one compartment only (Lee et al., 
2005). There was no association between pretreatment viral 
load, CD4 cell count, breast milk HIV viral load at 4 weeks or 
HIV subtype and detection of breast milk nevirapine resis-
tance mutations in one study. The presence of nevirapine 
resistance in breast milk was not associated with HIV trans-
mission to the infant, with resistance detected in breast milk 
of 36% of transmitters and 42% of nontransmitters (Hudelson 
et al., 2010). The importance of combination antiretroviral 
therapy for prevention of mother to child transmission of 
HIV is underscored by the acquisition of HIV from breast 
milk after administration of single-dose nevirapine during 
labor and acquisition of NNRTI-resistant HIV for almost 
half the infants infected this way, resulting in persistence of 
pure NNRTI-resistant HIV mutants. Clonal amplification 
of isolates from one mother–infant pair established that the 
breast milk nevirapine-resistant HIV population selected by 
single-dose nevirapine in the mother was the source of nevi-
rapine-resistant HIV in the infant (Permar et al., 2013). The 
strategy of single-dose nevirapine at birth plus nevirapine 
prophylaxis up to 6 weeks of age is more effective than sin-
gle-dose nevirapine alone for prevention of vertical trans-
mission of HIV through breast feeding (27% reduction in 
HIV transmission) (Six Week Extended-Dose Nevirapine 
Study Team et al., 2008). However, this strategy was asso-
ciated with increased selection for, detection of, and per-
sistence of NNRTI mutations in infants uninfected at birth 
who acquired HIV between 2 and 6 weeks of life (84% vs. 50%, 
respectively) and at > 6 weeks (79%); a higher proportion of 
infants receiving extended nevirapine dosing had two or more 
nevirapine resistance mutations (K103N, Y181C, and G190A) 
(Church et al., 2008; Fogel et al., 2013). There was no differ-
ence in rates of selection of nevirapine resistance at 14 weeks 
in infants exposed to extended nevirapine versus extended 
nevirapine plus zidovudine prophylaxis (83% vs. 69%). 
K103N- and Y181C-resistant variants persisted in 83% of 
infants at 6 months and 66% at 12 months (Fogel et al., 2011).

There does not appear to be an increase in detection of 
resistance mutations in subsequent pregnancies when a single 
dose of nevirapine is used in both pregnancies. The preva-
lence of resistance mutations was similar regardless of whether 
women had received a single dose of nevirapine for the first 
pregnancy (33%), whether they had taken two doses in the 
same pregnancy (25%), or whether they had received a single 
dose for the second time in a subsequent pregnancy (27%), 
with the most common mutations being K103N and V106A/M 
(Flys et al., 2008; Kuhn et al., 2006). Long-term persistence of 
the K103N variants that emerged after single-dose nevirap-
ine has been documented in both women and their offspring 
up to 5 years after the dose and in the absence of continued 
NNRTI exposure, and persistence is more likely in those 
with higher viral loads and lower CD4 cell counts (Flys et al., 
2005; Flys et al., 2007; Martinson et al., 2007b; Palmer et al., 
2006). The presence of resistance mutations has been shown 
to decrease the virological response to nevirapine-containing 
combination antiretroviral regimens if initiated within 6 
months after exposure to single-dose nevirapine (Jourdain 

et al., 2004; Lockman et al., 2007). Detection of K103N in 
women after a single dose of nevirapine was associated with 
reduced likelihood of achieving and maintaining virological 
suppression (61% vs. 15% in women with no K103N detected 
after single-dose nevirapine) when nevirapine-based anti-
retroviral therapy was initiated 18–36 months later (Coo-
vadia et al., 2009). The risk of virological failure is greater for 
women after single-dose nevirapine compared with women 
with low frequency detectable nevirapine-resistant variants 
not exposed to single-dose nevirapine (Boltz et al., 2014). 

Establishment of nevirapine-resistant HIV-1 in the latent 
reservoir (resting CD4 T-cells) was identified in 8–14% of 
woman more than 6 months after receipt of a single dose of 
nevirapine intrapartum, resulting in the life-long risk for 
reemergence of nevirapine-resistant virus. Nevirapine resis-
tance (K103N, Y181C, and G190A) after single-dose nevi-
rapine persists longer in cellular DNA than in plasma RNA 
(Wagner et al., 2010; Wind-Rotolo et al., 2009). 

The prevalence of nevirapine resistance was reduced in 
infants by the addition of zidovudine (4 mg/kg twice daily 
for 1 week) to single-dose nevirapine (Eshleman et al., 
2006b) and in mothers when zidovudine and lamivudine 
were commenced after 32 weeks of gestation and single-dose 
nevirapine was given at the beginning of labor (Chaix et al., 
2006). In contrast, the prevalence of nevirapine resistance 
mutations by 6 weeks postpartum was 15% in women on 
standard antiretroviral therapy with predominantly subtype 
B infection who received single-dose nevirapine during labor 
in the Pediatric AIDS Clinical Trials Group Protocol 316, a 
rate not dissimilar to that found in some studies of single- 
dose nevirapine (Cunningham et al., 2002), and detectable 
NNRTI resistance was found in 13% of women taking triple- 
combination antiretroviral therapy that included nevirapine 
(McIntyre, 2006). The use of a 1-month course of zidovudine 
plus didanosine, or 21 days of either dual NRTI treatment 
or lopinavir–ritonavir postpartum, prevented development 
of major NNRTI mutations after a single dose of nevirapine 
during labor (Lallemant et al., 2010; McMahon et al., 2013). 
A meta-analysis of studies determined that the rates of 
NNRTI resistance in infants were 53% after single-dose nevi-
rapine versus 16.5% for those exposed to single-dose nevi-
rapine plus antenatal, intrapartum, postpartum, or postnatal 
zidovudine plus lamivudine (Arrive et al., 2007; Paredes et 
al., 2013).

The use of single-dose nevirapine has not been recom-
mended by WHO for prevention of mother to child transmis-
sion of HIV since 2006; however, some low- and middle-income 
countries continue to use it as a strategy because of cost and 
simplicity. Single-dose nevirapine during labor has largely 
been replaced by Option B+, combination antiretroviral 
therapy for prevention of mother to child transmission of 
HIV as well as benefit to the mother’s own health.

Resistance after treatment interruption
Resistance mutations were detected in 20% of subjects with 
viral suppression who were enrolled in a treatment inter-
ruption study after discontinuation of antiretroviral therapy. 
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Resistance was detected at the time of virologic rebound 
documented 4 weeks after treatment interruption and 
occurred more frequently in those who discontinued treat-
ment with a plasma viral load between 51 and 400 copies/ml 
(45%) than in those with a viral load < 50 copies/ml (14%) at 
the time of discontinuation of treatment (Hare et al., 2008). 
In patients enrolled in the SMART study taking a nevirapine- 
based regimen, 61.3% had detectable levels of nevirapine 4 
weeks after treatment interruption and 16.8% of patients on 
either nevirapine or efavirenz before the treatment interrup-
tion had at least one NNRTI-associated resistance mutation 
(Geretti et al., 2013). Detection of NNRTI resistance muta-
tions (K103N, Y181C, and G190A) was documented in 50% 
of women with virological suppression who ceased combina-
tion antiretroviral therapy ART with zidovudine, lamivu-
dine, and nevirapine postpartum in PACTG 1022 (Ellis et al., 
2011).

Continuation of the nucleoside reverse transcriptase back - 
bone of a nevirapine-containing regimen for a further 5 days 
after discontinuation of nevirapine continues inhibition of 
viral replication during the period of the plasma half-life 
decay of nevirapine and may prevent emergence of muta-
tions associated with nevirapine resistance (Mackie et al., 
2004).

Resistance and viral fitness
A decrease in viral fitness compared with wild-type virus has 
been demonstrated for HIV-1 strains carrying nevirapine 
resistance mutations, with HIV-1 strains carrying the V106A 
mutation having the lowest relative fitness, followed by 
Y188C, then G190A, Y181C, and K103N. Double mutants 
have lower fitness than single mutants (Collins et al., 2004; 
Iglesias-Ussel et al., 2002). Impairment of replication capac-
ity may vary according to the specific mutation. For example, 
G190E exhibits greater impairment of replication capacity 
than other mutations within this codon (Huang et al., 2003).

There is no residual in vivo activity of nevirapine in 
patients with multiple treatment failures and in the presence 
of major NNRTI mutations. The lack of in vivo activity is 
inferred from the lack of increase in plasma viral load and 
decrease in CD4 cell counts after withdrawal of only the 
nonnucleoside reverse transcriptase inhibitor component 
of the antiretroviral regimen (Piketty et al., 2004; Wirden et 
al., 2003).

TRANSMITTED RESISTANCE

Transmitted drug resistance has been described for both the 
Y181C and K103N mutations worldwide (Apisarnthanarak 
et al., 2008; Havlir et al., 1996; Imrie et al., 1997; Schmitz et 
al., 2006). In the setting of acute HIV infection (seroconver-
sion within the last 12 months), transmitted drug resistance 
to nevirapine detected by PhenoSense HIV assay occurred in 
10% of patients, and susceptibility was reduced between 2.5- 
and 10-fold. Genotypic resistance was not reported in this 
study (Little et al., 1999). The mutations A98G and V108I 
occur in about 0.5% NNRTI-naive individuals, and V179D 
occurs in 1–2% of antiretroviral-naive individuals. These 

mutations reduce nevirapine susceptibility by approximately 
2-fold.

Occasional subtype C viruses from treatment-naive indi-
viduals have the G190A substitution, causing high-level 
resistance to nevirapine, due to the presence of naturally 
occurring polymorphisms associated with this subtype 
(Loemba et al., 2002) or the V179D mutation (Church et al., 
2007). In general, nevirapine resistance mutations are rare in 
treatment-naive women infected with subtypes A, C, or D 
(Church et al., 2007).

CROSS-RESISTANCE

Nevirapine is active against both zidovudine-sensitive and 
-resistant and lamivudine-resistant (M184V) strains of 
HIV-1 (Richman et al., 1991a; Tisdale et al., 1993). Cross-
resistance within the NNRTI class is extensive but not abso-
lute. In particular, the second-generation NNRTIs etravirine 
and rilpivirine may be sensitive to nevirapine-resistant HIV 
strains. 

The most common mutation appearing after nevirapine 
failure is the Y181C substitution, which confers high-level 
resistance to nevirapine in 100% of cases (Casado et al., 2000; 
Casado et al., 2002). In comparison, 29% of viral isolates 
with the Y181C mutation remain fully susceptible to efa-
virenz, but only 14% remain susceptible to delavirdine 
(Casado et al., 2000). When the Y181C mutation is present 
without K103N, phenotypic resistance to nevirapine is 
demonstrated in 100% of HIV isolates, but 80% of HIV iso-
lates carrying the same mutations have been shown to be 
phenotypically susceptible to efavirenz. The presence of the 
K103N mutation confers resistance to all first-generation 
NNRTIs (Casado et al., 2000) and precludes the use of efa-
virenz after failure on a nevirapine-containing regimen 
(Casado et al., 2002). Patients with phenotypic susceptibility 
to efavirenz after failing on a nevirapine-containing regimen 
had a significantly greater reduction in viral load (1.24 log10 
vs. 0.49 log10 copies/ml) and higher treatment response rate 
(67% vs. 11%) to an efavirenz-containing regimen than those 
with phenotypic resistance (Casado et al., 2002). In contrast, 
2 of 12 patients (17%) taking an efavirenz-based salvage reg-
imen in the presence of a single NNRTI mutation after fail-
ure of a nevirapine-containing regimen achieved a virologic 
response, but none of those with the Y181C mutation had a 
virological response at 3 months. Early virologic responses 
in the presence of Y181C are observed, but are short-lived 
and generally lost by 8 weeks (Antinori et al., 2002).

Cross-resistance to etravirine and rilpivirine (second- 
generation NNRTIs) occurs in the presence of three or more 
specific NNRTI mutations, with the Y181C mutation con-
ferring a significant contribution to etravirine resistance 
(Madruga et al., 2007; Sluis-Cremer et al., 2010; Vingerhoets 
et al., 2013; Vingerhoets et al., 2010). An analysis of rilpi-
virine resistance in HIV strains from 339 patients, mainly 
infected with subtype B (40.6%) and G (35.4%), failing ther-
apy (90% high level genotypic failure) with a nevirapine- 
based regimen showed that rilpivirine-associated resistance 
mutations were present in 60% of these patients; the most 
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prevalent were Y181C (44.4%), H221Y (16.8%), and K101E 
(9.3%). Approximately 39% of patients were fully susceptible 
to rilpivirine (Theys et al., 2015). In another recent study, 
from Thailand, of 528 HIV-infected patients who failed a 
nevirapine-containing regimen, Y181C was the most common 
resistance-associated mutation (53.4%) and 165 (11.1%) and 
161 (10.9%) of viral isolates were susceptible to etravirine 
and rilpivirine, respectively (Teeranaipong et al., 2016). The 
presence of K103N selected by nevirapine is not associated 
with reduced susceptibility to rilpivirine or etravirine in 
vitro; however, clinical confirmation is required (Melikian  
et al., 2014; see Chapter 238, Etravirine and Chapter 239, 
Rilpivirine).

HYPERSUSCEPTIBILITY

Enhanced susceptibility to NNRTIs (increased drug sensitiv-
ity) of HIV-1 isolates that have undergone both genotypic 
sequencing (mutation analysis) and phenotypic drug suscep-
tibility testing (using the PhenoSense assay) compared with 
wild-type HIV-1 has been reported (Whitcomb et al., 2002). 
NNRTI hypersusceptibility is defined as a IC50 of < 50% of 
the wild-type control IC50. The prevalence of nevirapine 
hypersusceptibility is estimated to be 8–40% among samples 
submitted for resistance testing.

Hypersusceptibility is associated with nucleoside reverse 
transcriptase inhibitor resistance (Shulman et al., 2001; 
Whit comb et al., 2002). To delineate the nucleoside reverse 
transcriptase inhibitor mutations contributing to increased 
NNRTI susceptibility, site-directed mutagenesis studies have 
revealed that combinations of H208Y/T215Y, V118I/T215Y, 
and V118I/H208Y/T215Y, but not the single mutations, are 
associated with hypersusceptibility to nevirapine (Clark et 
al., 2006). However, the multinucleoside reverse transcrip-
tase inhibitor resistance mutation Q151M is associated with 
reduction in nevirapine hypersusceptibility (Whitcomb et al., 
2002).

It is unknown whether in vitro hypersusceptibility consis-
tently translates to superior virologic efficacy and clinical 
response in vivo. Children who received nevirapine- containing 
regimens and had primary resistance mutations to zidovu-
dine at baseline were noted to have significantly greater 
reductions in plasma HIV RNA than those who did not have 
baseline resistance mutations (Eshleman et al., 2001b). It has 
also been demonstrated in adults that the Y181C mutation is 
able to restore partial susceptibility to zidovudine in the set-
ting of zidovudine resistance (Larder, 1992).

2c.  In vitro synergy and antagonism

After intracellular phosphorylation, the nucleoside reverse 
transcriptase inhibitors interact with the substrate binding 
site of the viral reverse transcriptase enzyme, whereas the 
NNRTIs, such as nevirapine, interact with a nonsubstrate 
binding site, located 10 å from the active catalytic poly-
merase site. The two binding sites are spatially and function-
ally associated, such that synergistic activity would be expected 
when the two drug classes are combined (De Clercq, 1998). 

It is thought that binding of NNRTIs to reverse transcriptase 
modulates chain termination by nucleoside reverse tran-
scriptase inhibitors (Basavapathruni et al., 2004). Nevirapine 
has been shown to inhibit the removal of nucleoside analog 
monophosphate entities from the catalytic site, thus maintain-
ing the chain termination effect (Basavapathruni et al., 2004).

Consistent with these mechanistic observations, synergis-
tic interactions have been reported for nevirapine when used 
in vitro in combination with the nucleoside analog reverse 
transcriptase inhibitors zidovudine (Koup et al., 1993; Odri-
ozola et al., 2003; Richman et al., 1991a), didanosine (Gu et 
al., 1995), lamivudine (Gu et al., 1995; Merrill et al., 1996), 
stavudine (Merrill et al., 1996), and SPD754 (Apricitabine) 
(Gu et al., 2006), and with interferon-alpha (Koup et al., 
1993). The N348I mutation reverses the synergistic activity 
normally seen between zidovudine and nevirapine, so it not 
only reduces the activity of each drug alone to HIV-1 but also 
reduces the activity of the combination of drugs (Yap et al., 
2012).

Synergistic activity against HIV-1 has been demonstrated 
in vitro for brecanavir (protease inhibitor) and nevirapine but 
not with the nonnucleoside efavirenz (Hazen et al., 2007); 
however, others have noted additive to synergistic activity in 
vitro for nevirapine and efavirenz (Kollmann et al., 2001). 
Delavirdine and nevirapine in combination have been reported 
to have an antagonistic effect on HIV-1 replication in vitro 
(Gu et al., 1995).

3. MECHANISM OF DRUG ACTION

The NNRTIs are highly specific inhibitors that bind to the 
hydrophobic pocket of the reverse transcriptase enzyme near 
the polymerase catalytic site (Wainberg, 2003). Similar to all 
drugs in the NNRTI class, the action of nevirapine is to 
allosterically and noncompetitively induce conformational 
changes in the reverse transcriptase enzyme through binding 
to the NNRTI binding pocket and inhibition of polymeriza-
tion. Nevirapine is bound in a hydrophobic pocket created 
on contact of the inhibitor with the enzyme in the p66 “palm” 
of reverse transcriptase, near but not overlapping the poly-
merase active site and in contact with the “thumb” subdo-
main of reverse transcriptase (De Clercq, 1993; Kohlstaedt et 
al., 1992; Rodgers et al., 1995; Smerdon et al., 1994; Tantillo 
et al., 1994). NNRTIs bind in a pocket approximately 10 Å 
away from the catalytic site where nucleotides bind. Binding 
induces a conformational change in the p66, which interferes 
with incorporation of the nucleoside triphosphates into the 
viral DNA chain (Spence et al., 1995). Binding of the NNRTIs 
to viral reverse transcriptase enzyme does not affect nucleo-
tide binding or interactions with the deoxynucleotide or 
di-deoxynucleotide inhibitors (Rittinger et al., 1995; Spence 
et al., 1995). As with the other NNRTIs, nevirapine does not 
require intracellular phosphorylation for its activity and is a 
noncompetitive inhibitor of reverse transcriptase (Gu et al., 
1995; Wainberg, 2003).

Complex tertiary folding of HIV-1 reverse transcriptase 
results in noncontiguous sites (such as amino acid residues 
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101, 103, 181, and 188) forming the binding site for nevira-
pine and other second-site reverse transcriptase inhibitors 
(Kilby and Saag, 1996). A number of investigators have 
demonstrated the importance of tyrosine amino acids within 
codons 181 and 188, which are located within the drug- 
binding site of the reverse transcriptase, in determining the 
sensitivity of HIV-1 to nevirapine (Bacolla et al., 1993; Cohen 
et al., 1991; De Clercq, 1993; Grob et al., 1992; Shih et al., 
1991). This binding site is shared by all the NNRTIs, includ-
ing alpha-anilinophenylacetamide (alpha-APA) and tetra-
hydroimidazobenzodiazepinone (TIBO) derivatives, which 
have been shown to roughly overlay each other in models of 
their interaction within the binding pocket (Kroeger Smith 
et al., 1995; Wu et al., 1991). When nevirapine is not present, 
the pocket site is filled by the tyrosines of codons 181 and 
188, and a pocket is formed only when these aromatic side 
chains rotate (Tantillo et al., 1994).

Nevirapine-resistant variants of HIV-1 contain amino 
acid substitutions at positions within the reverse transcrip-
tase that map to residues in close contact with nevirapine 
and prevent the drug from making contact with the enzyme, 
possibly as a result of steric hindrance or by removing mole-
cules that promote favorable enzyme–drug interactions 
(Emini et al., 1994; Smerdon et al., 1994). Nevirapine has a 
decreased affinity for the mutant compared with wild-type 
reverse transcriptase due to a faster inhibitor dissociation 
rate from the wild-type enzyme (Spence et al., 1996).

Some investigators consider that both RNA- and DNA-
dependent polymerase activities of reverse transcriptase are 
inhibited by nevirapine (Tramontano and Cheng, 1992), 
including altering the cleavage specificity of ribonuclease H 
(RNase H) and stimulating the activity of this enzyme 
(Palaniappan et al., 1995). Others consider that only poly-
merase and not ribonuclease H function is affected by this 
group of compounds (Loya et al., 1994). Nevirapine is spe-
cific for the polymerase activity of the reverse transcriptase 
of HIV-1; it does not affect that of HIV-2 (Loya et al., 1994). 
Nevirapine has no effect on gp120–CD4 interaction or enve-
lope glycoprotein processing (Koup et al., 1991).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The recommended dose of nevirapine is 200 mg orally once 
daily for the first 14 days, then 200 mg orally twice daily or 
400 mg once daily using the extended-release formulation. 
Nevirapine can be taken without regard for food. There is no 
parenteral formulation of the drug available.

Nevirapine administration at half dose for the first 2 
weeks is recommended to reduce the frequency of rash (50–
30% of treated individuals) (Antinori et al., 2001). Nevirapine 
induces its own metabolism, resulting in a 1.5- to 2-fold 
increase in apparent clearance during the first 2–3 weeks of 
dosing (Riska et al., 1999). If a mild rash develops during this 
14-day period, it is recommended that dose escalation to 

200  mg twice daily be deferred until the rash has resolved 
(Barreiro et al., 2000b). The lead-in period of 200 mg daily 
must not continue beyond 28 days due to risk of develop-
ment of resistance. If the rash is severe or if Stevens-Johnson 
syndrome develops, the drug should be discontinued imme-
diately (Cattelan et al., 2001). If dosing is interrupted for > 7 
days, nevirapine should be restarted with the 14-day lead-in 
dosing.

Nevirapine should always be administered with at least 
two other active antiretroviral drugs from other classes in 
combination, as nevirapine monotherapy is associated with 
rapid emergence of resistance (Cunningham et al., 2002; de 
Jong et al., 1997). 

4b.  Newborn infants and children

Nevirapine dosage for treatment of HIV infection in pediat-
ric patients aged between 1 month and 8 years is 200 mg/m2 

(body surface area) once daily for 14 days followed by 200 
mg/m2 twice daily. The total dose should not exceed 400 mg 
daily. For children older than 8 years, the dose is 120–150 
mg/m2 (body surface area)/dose (maximum dose of immedi-
ate-release tablets is 200 mg twice daily or extended-release 
tablets 400 mg once daily). For infants between 15 days and 
1 month, the dose is 6 mg/kg twice daily with no lead-in 
period (Panel on Antiretroviral Therapy and Medical 
Management of HIV-Infected Children, 2015; see Table 
235.2). These doses vary slightly from those recommended 
by the manufacturer (Viramune prescribing information, 
2014).

For prevention of perinatal transmission, three single 
doses of nevirapine are given according to birth weight. For 
infants weighing between 1.5 and 2 kg, the dose is 8 mg/kg; 
for neonates with birth weight > 2 kg, the dose is 12 mg/kg 
given at 48 hours after birth, second dose at 48 hours after 
the first, and the third dose at 96 hours after the second dose 
(Panel on Treatment of HIV-Infected Pregnant Women and 
Prevention of Perinatal Transmission, 2015). 

4c.  Pregnant and lactating mothers

Although there have been no well-controlled studies of the 
safety, efficacy, and pharmacokinetics of nevirapine during 
pregnancy, manufacturers report no increase in birth defects 
in women taking standard doses (Viramune prescribing 
information, 2014). Nevirapine exposure has been reported 
in a small recent study to be significantly reduced during 
pregnancy (Olagunju et al., 2016). There is no recommenda-
tion to modify doses of nevirapine for pregnant and lactating 
mothers. Single-dose nevirapine for prevention of mother to 
child transmission is no longer recommended by the US 
Department of Human Services Panel on Treatment of HIV-
Infected Pregnant Women and Prevention of Perinatal Trans-
mission (2015). See section 7d, Prevention of mother to child 
transmission of HIV-1, for more information on the use of 
nevirapine in pregnancy and lactation.
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4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

No dosage adjustment is recommended for patients with 
renal impairment (from mild renal impairment to end-stage 
renal disease) because < 3% of the parent drug is renally 
excreted and > 75% is eliminated as glucuronidated hydroxyl 
metabolites. In a population pharmacokinetic study of nevi-
rapine, no effect of renal function was found on apparent 
clearance of nevirapine (de Maat et al., 2002). There are no 
data available; hence administration of nevirapine is not rec-
ommended for patients with creatinine clearances < 20 ml/
minute unless the individual is undergoing hemodialysis or 
peritoneal dialysis. 

For patients on hemodialysis, nevirapine administration 
should occur after the hemodialysis session because 46.5% 
of nevirapine is extracted in the dialysate (Izzedine et al., 
2001a). An additional dose of 200 mg is recommended after 
each session of dialysis. Pharmacokinetic parameters for 
patients undergoing continuous ambulatory peritoneal dial-
ysis are similar to those for patients with normal renal func-
tion, but the extraction ratio for nevirapine in the peritoneal 
dialysis fluid is 50% (Izzedine et al., 2001b; Taylor et al., 
2000a). A wider discussion of the pharmacokinetics of nevi-
rapine in patients with renal dysfunction is found in section 
5b, Drug distribution.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Severe hepatic dysfunction increases exposure to nevirapine. 
Hepatic transaminase levels > 1.5 times the upper limit of 
normal are associated with a 27% reduction in apparent 
clearance of nevirapine (de Maat et al., 2002) and a 41% 
increase in exposure to nevirapine in patients with cirrhosis 
(Almond et al., 2004). Unbound nevirapine concentrations are 
increased in those in whom the alanine aminotransferase 
(ALT) level is greater than the upper limit of normal, although 

no association between trough levels and ALT level has been 
demonstrated (Almond et al., 2004). After controlling for 
other factors that influence nevirapine exposure in over 100 
women taking nevirapine for more than 4 weeks, a 25% 
increase in nevirapine area-under-the-concentration-time 
curve (AUC) was noted for every twofold increase in ALT 
(Gandhi et al., 2009).

Chronic hepatitis C infection (without cirrhosis) does not 
appear to affect nevirapine pharmacokinetics (Dominguez 
et al., 2010; Nunez et al., 2003; Vogel et al., 2009), whereas 
a nonsignificant trend to higher median nevirapine levels in 
patients with cirrhosis compared with those without has 
been found (Barreiro et al., 2007; Dominguez et al., 2010). 
Nevirapine is contraindicated in the setting of severe hepatic 
impairment (Child-Pugh class B or C) (see Table 235.2). If 
there is clinical evidence of hepatotoxicity associated with 
nevirapine use, the drug should be ceased and not restarted, 
even if hepatic dysfunction resolves (Viramune prescribing 
information, 2014).

SWITCHING FROM EFAVIRENZ TO NEVIRAPINE

Pharmacokinetic studies have shown that patients receiving 
efavirenz who require a switch to nevirapine because of tox-
icity should commence nevirapine at 200 mg every 12 hours 
because those who commence nevirapine with the recom-
mended 200 mg daily for 14 days (the dose-escalation 
period), have mean trough levels below the recommended 
level associated with virological success. In the ACTG A5095 
study, a 24% virological failure rate after the switch from efa-
virenz to nevirapine raised concern about using 200 mg daily 
dosing lead-in followed by 400 mg daily of nevirapine 
(Gelinck and Burger, 2010; Schouten et al., 2010). It is rec-
ommended that when switching from efavirenz to nevirap-
ine the initial dose of nevirapine be 400 mg daily, while 
hepatic enzymes are closely monitored (Parienti et al., 2010; 
Schouten et al., 2010). Efavirenz is an inducer of the P-450 

Table 235.2. Dosage recommendations for nevirapine.

Nevirapine Oral

Routine dosages

Adults 200 mg daily for first 14 days, followed by 400 mg daily (either 200 mg nevirapine twice daily or 
nevirapine XR 400 mg once daily)

Children 
Infants, 15 days–1 month

Children, 1 month–8 years

Children, 8 years and older

6 mg/kg twice daily (no lead-in)

200 mg/m2 once daily for 14 days, followed by 200 mg/m2 twice daily (up to a total dose of 
400 mg per day) oral suspension

120–150 mg/m2 once daily for 14 days, followed by 120–150 mg/m2 twice daily (up to a total 
dose of 400 mg per day) oral suspension or immediate-release or extended-release tablets.

Altered dosages

Impaired renal function No dose adjustment required for creatinine clearance > 20 ml/minute

Hemodialysis Administer daily nevirapine dose after hemodialysis session 

Impaired hepatic function Do not administer nevirapine in moderate to severe (Child-Pugh class B or C) hepatic 
impairment

Pregnancy and lactating women Pregnancy category B; no dose adjustment
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3A4 enzymes, so the metabolism of nevirapine has already 
been induced when efavirenz dosing has been established for 
at least 2 weeks (Winston et al., 2004). Others have shown no 
increase in adverse events when the efavirenz is switched to 
immediate full-dose nevirapine (400 mg daily) without the 
200-mg dose lead-in (Laureillard et al., 2008). 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Nevirapine is readily absorbed (over 90%) after oral admin-
istration in both healthy volunteers and HIV-infected 
patients. Nevirapine is absorbed from the jejunum, ileum, 
and ascending and descending colon with a decreasing rate 
of absorption from jejunum to the descending colon (Macha 
et al., 2009b). Pharmacokinetics after a single dose adminis-
tered as a 50-mg tablet or 50-mg oral solution and an intra-
venous dose reveals that nevirapine is well absorbed after 
oral administration, and there is no significant difference in 
bioavailability between tablet and oral solution formulations 
(93% ± 9% vs. 91% ± 8%) (Lamson et al., 1999). Approximately 
60% of nevirapine is protein bound, predominantly to albumin 

(Cooper and van Heeswijk, 2007). Table 235.3 provides a 
summary of pharmacokinetic parameters.

Food has no apparent effect on absorption of nevirapine, 
nor is absorption significantly altered by concomitant 
administration of didanosine in alkaline buffer (Murphy and 
Montaner, 1996). No significant reduction in concentration 
2 hours after the dose or in the trough concentration of nevi-
rapine, occurred in patients administered nevirapine 200 mg 
twice daily for more than 4 weeks in the setting of chronic 
diarrhea (Weinberg, 2005).

5b.  Drug distribution

SINGLE-DOSE PHARMACOKINETICS

After administration of a single 50-mg tablet to healthy male 
volunteers, the peak concentration (Cmax) was 0.65 ± 0.29 µg/
ml and time to peak concentration (tmax) was 1.3 ± 0.9 hours. 
Near-complete absorption of nevirapine occurs within 6 
hours of dosing. The AUC was 34.5 ± 7.3 µg/ml/h, the sys-
temic clearance was 1.51 ± 0.29 l/h, and the terminal half-life 
(t½) was 51.3 ± 11.0 hours. The estimated steady-state vol-
ume of distribution was 108 l, suggesting that nevirapine is 
extensively distributed into extravascular tissues (Murphy 
and Montaner, 1996). Using bioequivalence criteria, there 

Table 235.3. Pharmacokinetic parameters of nevirapine.

Nevirapine Oral

Bioavailability

Adults 94% after single dose

Terminal half-life 56.7 hours after single dose
20 hours at steady state

Maximum concentration (Cmax) 2 ± 0.4 µg/ml after a single 200-mg dose (0.71 µg/ml in women)
Steady state: 7.88 µg/ml 200 mg twice daily; 6.55 µg/ml 400 mg once daily; 

4.1–4.9 µg/ml nevirapine XR 400 mg once daily

Area-under-the-concentration-time curve (AUC) Steady state: 133 µg/ml/h 200 mg twice daily and 400 mg once daily; 400 
mg XR once daily 82.0–101.0 µg/h/ml

Trough concentration (Ctrough) Steady state: 3.26 µg/ml 200 mg twice daily; 4.44 µg/ml 400 mg once daily; 
2.9–3.6 µg/ml 400 mg XR once daily

Drug distribution

Breast milk Breast milk/plasma concentration ratio 0.60–0.90

Placenta (umbilical cord) Umbilical cord blood/maternal plasma concentration ratio 0.60–1.02

Amniotic fluid Amniotic fluid/maternal plasma concentration ratio 0.53–0.75

cerebrospinal fluid (CSF) CSF/plasma concentration ratio 0.15–0.63

Brain Guinea pig model 60% uptake by cerebrum and 45% by the cerebellum

Peritoneal fluid Peritoneal fluid/plasma concentration ratio 0.50

Dialysate 5% nevirapine dose in dialysate

Saliva Saliva/plasma concentration ratio 0.51

Semen Semen/plasma concentration ratio 0.60

Excretion

Urine 2.7% nevirapine, 81.3% glucuronidated metabolites

Feces 10%

Metabolites 2-hydroxynevirapine glucuronide, 3-hydroxynevirapine glucuronide, 
12-hydroxynevirapine glucuronide, 8-hydroxynevirapine glucuronide, 
3-hydroxynevirapine, 12-hydroxynevirapine
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was no significant difference between nevirapine adminis-
tered as a 200-mg tablet or 200-mg solution (Lamson et al., 
1999). Comparison of plasma concentration time profiles for 
the immediate-release tablet and extended-release formula-
tion revealed that the absorption of nevirapine is prolonged 
when administered as an extended-release tablet. The mean 
time to reach peak plasma concentration of nevirapine is 
> 24 hours with extended-release tablets compared with 6 
hours for immediate-release tablets, and the relative bio-
availability ranged from 70% to 79% (Macha et al., 2009a).

In a pilot dose-ranging study to determine single-dose 
pharmacokinetics of nevirapine (2.5–400 mg) after adminis-
tration to 21 people living with HIV, nevirapine was found to 
be rapidly absorbed, with the tmax being within approximately 
90 minutes of administration, and secondary peaks being 
observed between 3 and 12 hours or between 24 and 28 
hours (higher doses were associated with later secondary 
peaks). Peak concentrations in plasma (and AUC increased 
in proportion to the dose up to 200 mg, but the AUC was less 
than proportional at the 400-mg dose (Cheeseman et al., 
1993).

Single-dose nevirapine administered as a 200-mg dose 
to nonpregnant, healthy, HIV-negative women resulted in a 
median maximum concentration of 0.71 µg/ml (range: 0.36–
1.59 µg/ml) measured on day 3, and an elimination half-life 
of 56.7 hours (range: 25.6–164.1 hours). The median time to 
undetectable plasma levels of nevirapine after the 200-mg 
single dose was 17 days (range: 10–21 days) (Muro et al., 
2005). A similar persistence in nevirapine exposure was seen 
in Thai HIV-infected women who received a single 200-mg 
dose of nevirapine during labor. At 8–14 days after delivery, 
77% of women had nevirapine levels greater than 0.55 µg/ml 
and 56% had detectable nevirapine levels from day 15 to day 
21. Nevirapine was not detectable after day 21 (Cressey et al., 
2005).

The nevirapine elimination half-life is reduced by induc-
tion of the cytochrome P-4503A4 and P-4502B6 isoenzymes 
(e.g. by co-administration of 400 mg carbamazepine with the 
single-dose nevirapine) from 53.9 to 33.8 hours, thereby 
reducing the time to undetectable plasma nevirapine levels 
by approximately 4 days. This has potential clinical implica-
tions for the prevention of mother to child transmission pro-
tocols that use single-dose nevirapine and the subsequent 
development of nevirapine resistance due to prolonged dura-
tion of plasma levels (L’Homme et al., 2006). The effects of 
polymorphisms in P-4502B6 on plasma drug exposure are 
less pronounced after single drug administration of nevirap-
ine compared to steady state and not associated with emer-
gent nevirapine resistance (Chantarangsu et al., 2009a; Haas 
et al., 2009; Vardhanabhuti et al., 2013).

MULTIPLE-DOSE PHARMACOKINETICS

After 2 weeks of dosing with 200 mg once per day, there is a 
twofold increase in the clearance of nevirapine and a reduc-
tion in the half-life from 45 to 30 hours as a result of autoin-
duction of cytochrome P-450 metabolism (Riska et al., 1999). 
In healthy volunteers dosed with 200 mg daily for 14 days 

followed by 200 mg twice daily for 2 weeks, the mean steady-
state nevirapine plasma concentration was 5.5 ± 1.9 µg/ml, 
the mean apparent systemic clearance was 3.29 ± 0.89 l/hour, 
and the volume of distribution was 92.0 ± 19.3 l. The mean 
elimination half-life was 20.0 ± 3.4 hours (Riska et al., 1999).

In a dose-ranging phase I/II study, 62 PLWHIV with CD4 
cell counts < 400 cells/µl received nevirapine (12.5, 50, or 200 
mg/day) alone or in combination with zidovudine (600 mg/
day). The mean steady-state trough levels were 0.23, 1.1, and 
1.9 µg/ml, respectively (Cheeseman et al., 1995). In a second 
study in which the daily dose was increased to 400 mg nevi-
rapine per day, administered over 12 weeks, the mean plasma 
trough level was 15.8 µM (4 µg/ml), exceeding the IC50 of 
resistant HIV-1 (Havlir et al., 1995a).

Comparison of the pharmacokinetics of dosing once daily 
with 400 mg or twice-daily with 200 mg revealed no differ-
ence in the clearance, elimination half-life, or volume of dis-
tribution of nevirapine, but maximum concentrations were 
higher, and trough concentrations lower, with once-daily 
dosing (van Heeswijk et al., 2000a). The trough levels of nevi-
rapine are lower when taken once daily compared with twice 
daily (3.26 compared with 4.44 µg/ml), and the peak concen-
trations were higher (7.88 vs. 6.55 µg/ml). At steady state, the 
total exposure to nevirapine was no different between the 
two dosing regimens (133 µg/ml/h) (Kappelhoff et al., 2005a; 
Molto et al., 2008).

The extended-release tablet was developed to decrease the 
Cmax and increase the Cmin to maintain more favorable plasma 
levels. Steady-state pharmacokinetics of nevirapine immedi-
ate-release (IR) tablets 200 mg twice daily were compared 
with extended-release (ER) tablets at 400 mg once daily in 
48 predominantly white men with HIV infection stable on a 
twice daily nevirapine regimen for at least 12 weeks. Sustained 
plasma concentrations over the 24-hour dosing period were 
noted for the ER formulation. Compared with 200 mg twice 
daily of the IR tablet, ER nevirapine resulted in lower expo-
sure (mean AUC0–24 82.0–101.0 µg/h/ml vs. 103.0–137.0 
µg/h/ml), lower peak concentration (mean Cmax 4.1–4.9 µg/
ml vs. 6.07.3 µg/ml), similar trough levels (mean Cmin 2.9–3.6 
µg/ml vs. 3.2–4.5 µg/ml), but delayed absorption time to 
peak plasma concentrations (mean tmax 6.7–8.6 hours vs. 1.7–
2.0 hours) (Bogner, 2012). Pharmacokinetics were also com-
pared in a clinical trial comparing nevirapine ER 400 mg and 
nevirapine IR 200 mg twice daily in antiretroviral-naive 
patients. At steady state (day 28) the mean trough concentra-
tion was > 3 µg/ml, but the ER nevirapine trough concentra-
tions tended to be 20% lower than the nevirapine IR trough 
levels (Battegay et al., 2011; Gathe et al., 2011). Steady-state 
pharmacokinetics reveal similar findings in children with 
HIV infection aged 3–18 years stable on a nevirapine IR reg-
imen for 6 months. Mean trough concentrations exceeded 
the target of 3.0 µg/ml, and exposure (AUC) of the ER for-
mulation was similar to that of nevirapine IR (Giaquinto et 
al., 2014). 

The pharmacokinetics of cessation of nevirapine was  
evaluated in 10 patients who had been on therapy with nevi-
rapine for 2–71 weeks (mean 20 weeks) before cessation of 
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nevirapine. The mean plasma nevirapine concentration 4–12 
hours after the final 200-mg dose was 4.2 µg/ml (range: 2.4–
6.7 µg/ml). The mean nevirapine elimination half-life was 
24.3 hours (range: 16.2–31.6 hours), and the predicted time 
for nevirapine concentrations to fall < 0.1 µg/ml was 168 
hours (7 days) (range: 108–264 hours) (Mackie et al., 2004). 
It is recommended that the two nucleoside analog drugs 
used in combination with nevirapine be continued for 5–7 
days (and 7–10 days in African adults) and 9 days in children 
after cessation of nevirapine in patients with complete viro-
logic suppression, to prevent “nevirapine monotherapy” and 
the emergence of nevirapine resistance mutations (Cressey 
et al., 2008; Kikaire et al., 2007; Mackie et al., 2004).

Gender differences in peak concentrations of nevirapine 
were noted in a study of HIV-infected men and women 
treated with 400 mg once daily, for over 4 weeks. Although 
trough concentrations were similar, a statistically significant 
higher peak plasma level was noted in the women and was 
attributed to lower lean body mass in this group (Regazzi et al., 
2003). Gender differences have also been noted in apparent 
clearance of nevirapine: 3.97 l/hour for men and 3.02 l/hour 
for women (Kappelhoff et al., 2005b; Zhou et al., 1999); how-
ever, when weight is considered, the difference in clearance 
by gender is no longer significant (de Maat et al., 2002). Body 
weight influences oral clearance (Cl/F) of nevirapine and the 
volume of distribution, with increasing body weight result-
ing in increased clearance of nevirapine and distribution in 
the body. There is a higher risk of subtherapeutic trough 
levels of nevirapine (< 3.0 µg/ml) in individuals weighing 
> 70 kg and in infants weighing < 10 kg (Foissac et al., 2013; 
Molto et al., 2008; Schipani et al., 2011).

Race did not influence the pharmacokinetics of chronic 
dosing with nevirapine in one study, despite the difference 
in hepatic cytochrome P-4503A4 activity between races. A 
nonsignificant reduction in apparent clearance of nevirapine 
of 6% for black patients and 11.4% for Asian patients com-
pared with white patients was noted in a population pharma-
cokinetic study (de Maat et al., 2004). No dose adjustment 
was required for race. In contrast, the T983C and G516T 
genotypes (part of the CYP2B6*18 haplotype) present in 
7–10% of African patients are associated with higher plasma 
levels of nevirapine and lower clearance (Masebe et al., 2012). 
In a pediatric study, the CYP2B6 genetic variants were also 
associated with better immunological responses (Saitoh et 
al., 2007; Wyen et al., 2008). Consideration of the delayed 
clearance of nevirapine in African and Asian populations is 
important when advising on the appropriate way to cease a 
nevirapine-containing regimen.

The steady state pharmacokinetics of generic fixed-dose 
formulation of stavudine, lamivudine, and nevirapine (Trio-
mune 40) were compared with that following administration 
of the branded products in adults with HIV infection in 
Uganda. There was no significant difference in median nevi-
rapine Ctrough levels (3.6 μg/ml with the generic formulation 
compared with 4.5 μg/ml with the branded formulation of 
nevirapine); 69% of adults were on the generic formulation 
and 62% on the branded formulation, with trough levels 

above the recommended 3.0 µg/ml. There were also no  
significant differences in Cmax and AUC0–12 values (Byakika-
Kibwika et al., 2008). 

PHARMACOKINETICS IN PREGNANCY

Pregnancy does not significantly alter the pharmacokinetics 
of nevirapine, and the standard dose of 200 mg twice daily is 
appropriate. The impact of pregnancy on nevirapine phar-
macokinetics has been examined in women receiving nevi-
rapine 200 mg twice daily in the second and third trimesters 
and comparing the pharmacokinetic parameters postpar-
tum. Although there was a trend to a lower AUC for nevirap-
ine during the second trimester compared with values in the 
third trimester and postpartum (mean AUC antepartum was 
56 ± 13 µg/ml/h and 61 ± 15 µg/ml/h postpartum in the same 
women), the difference was not statistically significant (Cap-
parelli et al., 2008). In another study, comparing random 
plasma nevirapine concentrations in pregnant women and 
nonpregnant women, a nonstatistically significantly lower 
concentration was observed (plasma concentrations were a 
median 0.6 µg/ml lower in pregnant women; 5.2 vs. 5.8 µg/ml 
in nonpregnant women), and concentrations were lower in 
the third trimester than in second trimester (medians were 
5.8 vs. 5.0 µg/ml; not statistically significant). but none was 
subtherapeutic (Nellen et al., 2008). In another study, there 
was a 20% reduction in nevirapine maximum and trough 
concentrations in Ugandan pregnant women, resulting in 
66% with a subtherapeutic trough concentration during the 
third trimester, which returned to > 3.0 µg/ml in the post-
partum period in the majority of patients. It was interesting 
that all women had HIV viral load levels < 1000 copies/ml 
during the third trimester (Lamorde et al., 2010).

The pharmacokinetics of nevirapine dosing commenced 
at 38 weeks’ gestation and during labor was similar to that 
seen in nonpregnant women (median exposure to nevira-
pine 11 days) (Mirochnick et al., 2001). When the initial dose 
is administered during labor and delivery, there is an appar-
ent significant increase in systemic clearance and elimination 
half-life and decreased peak concentration and AUC (Miro-
chnick et al., 2000; Mirochnick et al., 1998). The pharmaco-
kinetics of a single 200-mg dose of nevirapine administered 
at the onset of labor was evaluated in 110 Thai women. The 
median nevirapine plasma concentration immediately after 
delivery was 1.695 µg/ml; at 8–14 days, it was 0.068 µg/ml; 
and at 15–21 days, it was 0.051 µg/ml. After 21 days, no 
plasma sample had quantifiable nevirapine present. It was 
estimated that 50% of women would have plasma nevirapine 
concentrations < 0.01 µg/ml at 18 days after dosing (Cressey 
et al., 2005).

Nevirapine readily crosses the placenta and reaches thera-
peutic concentrations in the fetus. Cord blood concentrations 
of nevirapine approximate maternal plasma concentrations 
(median cord blood/maternal blood ratio of 0.91 ± 0.90 after 
steady state achieved; between 0.67 and 0.75 after single-dose 
nevirapine during labor) (Capparelli et al., 2008; Else et al., 
2011; Gingelmaier et al., 2006; Jackson et al., 2006; Musoke  
et al., 1999; van Hoog et al., 2012). Repeated dosing with 
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nevirapine 200 mg twice daily before delivery resulted in sig-
nificantly higher mean cord blood concentrations (2.638 ± 
1.144 µg/ml) compared with dosing only during labor (mean 
cord blood concentration 1.147 ± 0.506 µg/ml). The mean 
infant plasma nevirapine concentration before the 48- to 72- 
hour 2 mg/kg nevirapine dose was also higher when mothers 
were chronically dosed with nevirapine than when they were 
given a single dose in labor (Mirochnick et al., 2001).

The pharmacokinetics of nevirapine in infants born to 
mothers who received a single 200-mg dose of nevirapine 
during labor resulted in a median Cmax of 0.925 µg/ml within 
1–10 hours of delivery (Mirochnick et al., 1998), whereas 
median plasma nevirapine concentrations were 0.595 µg/ml 
immediately before dosing the infant with 2 mg/kg nevira-
pine syrup on day 3 (Musoke et al., 1999), after which the 
nevirapine plasma concentration remained > 0.1 µg/ml level 
for 7 days (Musoke et al., 1999). Lower predose plasma con-
centrations of nevirapine in the neonate after delivery are 
related to lower cord blood concentrations and a shorter 
time interval between maternal dose and delivery. Predose 
nevirapine concentrations were less than the target level in 
100% of infants born 1 hour or less after maternal nevirapine 
dosing and 29% of those born between 1 and 2 hours after 
maternal dosing. For this reason, it is recommended that 
infants born less than 2 hours after maternal single-dose 
nevirapine should receive a 2-mg/kg dose of nevirapine 
immediately after birth (Mirochnick et al., 2003).

PHARMACOKINETICS IN NEONATES

Administration of a 2-mg/kg dose of nevirapine to neonates 
at 48–72 hours after delivery resulted in variable and pro-
longed absorption, with the median time to maximum con-
centration of 8.2 hours (range: 2–26.1 hours), and a median 
elimination half-life of 43.6 hours (range: 23.6–81.6 hours). 
The regimen of a single 200-mg dose of nevirapine adminis-
tered to the mother and a single 2-mg/kg dose administered 
to the infant 2–3 days after delivery maintains nevirapine 
concentrations in the infant > 100 µg/ml throughout the first 
7 days of life (Mirochnick et al., 1998; Pacifici, 2005).

For infants born to mothers who did not receive antiret-
roviral therapy during pregnancy, neonatal dosing with nevi-
rapine (12 mg for neonates > 2 kg and 8 mg for those < 2 kg 
at 0–2, 2–4, and 6–8 days after birth) the median nevirapine 
plasma concentration before the third dose was 0.362 µg/ml; 
after the third dose, the Cmax was 2.286 µg/ml (range: 1.24–
3.81 µg/ml), time to peak concentration was 4 hours (range: 
4–25 hours), and the elimination half-life was 30.2 hours 
(range: 17.8–50.3 hours). At 7 days after the third dose (14 
days of life) the median nevirapine plasma concentration 
was 0.076 µg/ml (range: < 0.025–0.652 µg/ml) (Mirochnick 
et al., 2008).

In newborn infants who acquire nevirapine from cord 
blood after it crosses the placenta, elimination after a single 
200-mg dose administration to the mother during labor is 
prolonged and variable, with a median half-life of 64.9 hours 
(range: 35.4–330.7 hours), possibly due to low activity of the 
cytochrome oxidative enzymes in neonates, which do not 

reach adult levels of activity for several months. Elimination 
tends to increase during the first few days of life (Mirochnick 
et al., 1998; Musoke et al., 1999).

An open-label phase I/II study was performed to assess 
the safety and trough concentrations of nevirapine given 
once weekly at a dose of 8 mg/kg, twice weekly at a dose of 
4 mg/kg, or daily at a dose of 4 mg/kg in breastfeeding 
infants from birth to 6 weeks. All infants received daily 4 mg/
kg dosing with nevirapine from birth to 14 days. Trough 
nevirapine levels were < 0.1 µg/ml in 64% of samples from 
infants in the once-weekly dosing arm (median trough con-
centration: 0.064 µg/ml), in 4.6% of samples in the three 
times weekly dosing arm (median trough concentration: 
0.459 µg/ml), and in none of the samples from the daily dos-
ing arm (median trough concentration: 1.348 µg/ml) (Shetty 
et al., 2003).

PHARMACOKINETICS IN CHILDREN

Single-dose pharmacokinetics was evaluated in 9 children 
aged 9 months to 14 years who were administered nevirapine 
in a suspension (5 and 10 mg/l). The mean Cmax was 0.3, 0.7, 
and 2.9 µg/ml in children who received a single dose of 7.5, 
30, or 120 mg/m2, respectively. The half-life was 30.6 ± 10.2 
hours, and clearance was 0.9 l/m2/h. Multiple-dose pharma-
cokinetics was evaluated in 21 children aged 3 months to 15 
years who received nevirapine at two dose levels of 120 and 
240 mg/m2. Steady-state trough concentrations were lower 
than predicted by single-dose administration as a result of 
increased clearance (by 1.5- to 2-fold), which appeared to be 
age related (more rapid systemic clearance in younger chil-
dren) (Luzuriaga et al., 1996).

Steady-state plasma concentrations of nevirapine in chil-
dren receiving the fixed-dose combination of stavudine, 
lamivudine, and nevirapine (GPO-VIR S30), according to 
weight, at 120–200 mg/m2 were evaluated after 8 weeks of dos-
ing (after autoinduction of metabolism pathways). Tablets 
were either halved or quartered to administer the appropri-
ate dose. The median trough concentration was 5.98 µg/ml, 
the AUC was 78.4 µg/ml/h, the plasma half-life was 25.5 
hours, and the oral clearance was 0.079 l/kg, with a volume of 
distribution of 2.95 l/kg (Chokephaibulkit et al., 2005).

The pharmacokinetics of the fixed-dose combination of 
stavudine (6 mg), lamivudine (30 mg), and nevirapine (50 
mg) (Triomune Baby) or the fixed-dose combination of 
stavudine (12 mg), lamivudine (60 mg), and nevirapine (100 
mg) (Triomune Junior) has been evaluated in African chil-
dren. The mean (range) nevirapine trough concentration was 
6.0 (1.4–16.9) mg/l, peak concentration was 10.0 (3.8–22.5) 
mg/l, and area under the curve was 94.4 (32.1–1232) mg/l/h. 
Nevirapine concentrations were noted to be higher than the 
corresponding adult reference values. Only 6% of children 
had subtherapeutic trough nevirapine levels (L’Homme et al., 
2008a). In contrast 18% of children who received quartered 
multiples of split adult fixed-dose combination tablets were 
found to have subtherapeutic random plasma nevirapine  
levels in one study (Ellis et al., 2007). Another study of 18 
children compared the generic nevirapine with the branded 
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suspension as well as quartered tablet multiples of Triomune 
40 (40 mg stavudine, 150 mg lamivudine, and 200 mg nevi-
rapine) according to weight-based dose recommendation. 
For children weighing 8–12 kg, the Cmax and AUC0–6 were 
28–36% lower with the generic tablet quarters or liquid; for 
those administered the branded formulation of nevirapine,  
> 75% had subtherapeutic concentrations. For children weigh-
ing 18–32 kg, there was no significant difference in pharma-
cokinetics between the generic and branded formulations 
(Kashuba and Swanstrom, 2010). Therapeutic levels of nevi-
rapine were achieved in almost 90% of children when split 
Triomune 30 tablets (30 mg stavudine, 150 mg lamivudine, 
and 200 mg nevirapine) were used; however, the younger 
(lighter) children treated with doses less than one half a  
tablet twice daily Triomune 30 had suboptimal nevirapine 
concentrations, leading to the recommendation that child- 
appropriate formulations be used rather than the less- 
expensive splitting of adult tablets (Poerksen et al., 2010; 
Pollock et al., 2009). Bioequivalence of the generic fixed-dose 
combination and the branded product has been established 
(L’Homme et al., 2007).

PHARMACOKINETICS IN RENAL  
IMPAIRMENT AND DIALYSIS

The pharmacokinetics of nevirapine have been evaluated in 
individual patients with moderate renal impairment (creati-
nine clearance of 60 ml/minute) or end-stage renal disease in 
the setting of hemodialysis and continuous peritoneal dialy-
sis. Moderate renal insufficiency without dialysis was associ-
ated with an elimination half-life, peak concentration, and 
time to maximum concentration similar to those found in 
subjects with normal renal function. The trough level was 
slightly higher than the reference range for normal renal 
function. No dose adjustment is recommended (Izzedine et 
al., 2001a). In a population of 106 women with HIV infec-
tion who were well established on nevirapine therapy, the 
exposure (AUC) to nevirapine was 50% higher in the setting 
of creatinine clearance of < 60 ml/minute, and for each two-
fold increase in creatinine clearance, the nevirapine AUC 
increased by 22% when controlled for other potential factors 
(Gandhi et al., 2009). For a patient undergoing hemodialysis, 
pharmacokinetics on the day of hemodialysis were the same 
as in subjects with normal renal function, but on the day 
without hemodialysis, the time to peak concentration was 
7.1 hours compared with 1.5 hours on a hemodialysis day, 
suggesting a modified oral bioavailability. The extraction 
ratio of nevirapine in the hemodialysate was 46.5%. In con-
trast, nevirapine pharmacokinetics were performed in three 
men stable on nevirapine 200 mg twice daily and undergoing 
hemodialysis. They found no significant difference in phar-
macokinetic parameters on dialysis and nondialysis days and 
no difference compared with expected parameters in patients 
without renal failure. The calculated 5% of nevirapine dose 
cleared by hemodialysis was considered clinically insignifi-
cant (Cramer et al., 2010). It is recommended that adminis-
tration of nevirapine occurs after the hemodialysis session 
(Izzedine et al., 2001a). Among patients undergoing con- 

tinuous ambulatory peritoneal dialysis, pharmacokinetic 
parameters have been reported to be similar to those in sub-
jects with normal renal function, but the extraction ratio for 
nevirapine in the peritoneal dialysis fluid was 50% (Izzedine 
et al., 2001b; Taylor et al., 2000a).

In contrast, hemodiafiltration (blood purification proce-
dure) was used to aid elimination of nevirapine in a man with 
toxic epidermal necrosis secondary to nevirapine. During 
hemodiafiltration, the elimination rate of nevirapine was 
−21.8 ng/ml/h, resulting in a 36% reduction in nevirapine 
levels in 3 hours (Hougardy et al., 2012).

DISTRIBUTION OF THE DRUG IN THE BODY

Nevirapine has been shown to cross the blood–brain barrier 
in rats and monkeys, with cerebrospinal fluid (CSF)/plasma 
ratios of 0.04 when measured 2 hours after oral administra-
tion of 20 mg/kg body weight, and plasma/brain concentra-
tion ratios of 0.8 and 1.4 (Cheeseman et al., 1993). In an in 
situ brain perfusion study in guinea pigs, significant passage 
of nevirapine across the blood–brain barrier and accumula-
tion in the brain (45–60% at 30 minutes) and significant dif-
fusion across the blood–CSF barrier with accumulation in 
the CSF (32% at 30 minutes) were demonstrated (Gibbs et 
al., 2006). In addition, nevirapine was shown to have supe-
rior permeability across the blood–brain barrier compared 
with other antiretroviral agents in an in vitro model using 
brain microvascular endothelial cells (Glynn and Yazdanian, 
1998). In humans, the CSF/plasma ratio ranges from 15% to 
60% (Antinori et al., 2005; van Praag et al., 2002; von Giesen 
et al., 2002) and is stable over time (van Praag et al., 2002). 
The mean CSF concentration of nevirapine 1 hour after a 
200-mg dose administered twice daily was 0.24 µg/ml and 
1  hour after a 400-mg dose administered once daily was 
1.158 µg/ml (Wynn et al., 2002).

Nevirapine readily passes into breast milk at concentra-
tions similar to those in plasma and is 39% protein bound 
(compared with 60–70% in plasma). Total nevirapine peak 
concentration in breast milk at steady state was reported to 
be 2.475–2.742 µg/ml, and free nevirapine peak concentra-
tion was 1.378–1.660 µg/ml in one study (Bennetto-Hood et 
al., 2007). After a single dose of nevirapine (200-mg tablet) 
during labor, with a median time of 5.2 hours between 
administration and delivery, the concentration of nevirapine 
in breast milk at delivery was 1.01 µg/ml (interquartile range 
[IQR]: 0.66–1.36 µg/ml). At 1 week postdelivery, the median 
concentration in breast milk was 0.11 µg/ml (IQR: 0.08–0.21 
µg/ml), and at 2 weeks the median concentration in breast 
milk was 0.017 µg/ml (Kunz et al., 2009). Breast milk/plasma 
nevirapine ratios were between 68% and 90% at steady state 
(Colebunders et al., 2005; Rezk et al., 2008) and 60% (range: 
25–122%) after single-dose nevirapine in labor (Musoke et 
al., 1999). On cessation of nevirapine dosing, the nevirapine 
concentration in breast milk remains above the estimated 
IC95 of wild-type HIV-1 for 5–6 days, with detectable con-
centrations of nevirapine persisting for 17 days (Bennetto-
Hood et al., 2007). The median breast milk/plasma ratio was 
67%, with a median breast milk concentration of 6.795 µg/ml 
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at approximately 4 hours after a maternal dose of nevirapine 
at steady state (median of 18 weeks of dosing, 200 mg every 
12 hours) in another study from Botswana. This breast milk 
concentration was higher than that reported in most studies. 
The median infant serum concentration of nevirapine after 
ingestion of breast milk (median time 40 minutes) was 0.971 
µg/ml (Shapiro et al., 2005).

Nevirapine concentrations in semen are approximately 
60% of those in plasma, with median seminal concentrations 
of 3.1 µg/ml from 0 to 2 hours, 2.68 µg/ml from 2 to 4 hours, 
2.5 µg/ml from 4 to 8 hours, and 3.09 µg/ml from 8 to 12 
hours after a 200-mg dose (range: 1.7 to 9.1 µg/ml over a 
12-hour period after administration of the dose) in patients 
at steady state. The seminal/plasma nevirapine ratios were 
54% at 0–2 hours, 83% at 2–4 hours, 53% at 4–8 hours, and 
61% at 8–12 hours (Taylor et al., 2000b). Nevirapine concen-
trations were similar in testes, prostate, and seminal vesicles 
throughout the dosing period, when split ejaculate samples 
were collected and the first and second fractions of the ejac-
ulate were tested (Chan et al., 2008; van Praag et al., 2001).

After single-dose administration of 200 mg nevirapine to 
63 pregnant women, mean cervicovaginal secretion concen-
trations of nevirapine were found to be 0.742 µg/ml (range: 
0–3.550 µg/ml), with a mean plasma level of 1.742 µg/ml 
(range: 0.5569–3.670 mg/ml) at 0.17–27 hours after adminis-
tration (Harms et al., 2005). There is good transplacental 
transfer of nevirapine with cord-to-mother concentrations 
of 0.60 achieved (Ivanovic et al., 2009).

At steady-state dosing of nevirapine 200 mg twice daily, 
the median plasma/saliva concentration ratio is 0.51, which 
does not change according to time of dose, suggesting that 
saliva could be used a tool to investigate adherence (L’Homme 
et al., 2008b). 

5c.  Clinically important pharmacokinetics 
and pharmacodynamics

A correlation between plasma trough levels of nevirapine 
and virologic response has been demonstrated both in the 
short and in the long term (de Requena et al., 2002; Havlir et 
al., 1995a; Veldkamp et al., 2001b). Steady-state concentrations 
of nevirapine of > 3.5 μg/ml are associated with long-term  
(> 1 year) virologic suppression (Havlir et al., 1995a; Veld-
kamp et al., 2001b). Higher nevirapine plasma concentra-
tions are associated with a more rapid initial decline in HIV 
RNA levels and increased likelihood of achieving undetect-
able plasma viral loads and more durable virologic suppres-
sion (de Requena et al., 2002; Gonzalez de Requena et  
al., 2005; Veldkamp et al., 2001b). A nevirapine trough level 
of > 4.3 µg/ml predicts longer duration of virologic sup-
pression (> 3 years) and reduced likelihood of development 
of primary nevirapine resistance mutations (Gonzalez de 
Requena et al., 2005); a plasma concentration of < 3 µg/ml 
predicts virologic failure with a fivefold greater risk of viro-
logic rebound (de Vries-Sluijs et al., 2003). Although a simi-
lar trough level associated with virologic failure was observed 

in the 2NN study (see section 7a, HIV-1 infection: antiretro-
viral-naive studies), there was no concentration–response 
relationship, and there was a low sensitivity for a cutoff 
trough concentration below which a significant increased 
risk of virologic failure occurred (Leth et al., 2006).

To prevent mother to child transmission of HIV, the target 
concentration of nevirapine is 0.1 µg/ml (10-fold higher than 
the IC50 of wild-type HIV), while trough concentrations > 3.0 
µg/ml are recommended in patients with established HIV 
infection, for complete and durable virologic suppression.

Cellular concentration of nevirapine does not appear to 
correlate well with total plasma levels (coefficient of variation 
of cellular concentration/total plasma concentration ratio of 
101%), suggesting that plasma levels may not be a valid sur-
rogate for cellular concentrations (Colombo et al., 2006). 
There may be active secretion of nevirapine via efflux trans-
port, limiting cellular accumulation of nevirapine.

Conversely, a relationship between plasma levels and tox-
icity has not been definitively established. There was no rela-
tionship between plasma concentrations and adverse events 
in the 2NN trial, nor has a plasma level above which patients 
are at increased risk of adverse events been identified 
(Kappelhoff et al., 2005c), and no difference in week 2 trough 
concentrations of nevirapine was found in those who did or 
did not develop a rash (Launay et al., 2004). However, some 
studies have suggested a relationship between nevirapine lev-
els and adverse events. Random nevirapine levels > 5.3 µg/ml 
were associated with a 2.3-fold increased risk of rash in one 
study (de Maat et al., 2003b), and significantly higher trough 
concentrations were observed in those who developed rash 
in another study (Montaner et al., 2003).

Patients with elevations in the hepatic transaminase (ALT) 
were shown to have significantly higher plasma nevirapine 
unbound trough levels, and patients with increases in the 
gamma-glutaryl transferase (GGT) levels had significantly 
higher plasma nevirapine total and unbound trough levels. 
However, no association between plasma trough nevirapine 
concentrations and ALT elevations was found on logistic 
regression (Almond et al., 2004; Dailly et al., 2004a). In con-
trast, others have shown a significant association between 
nevirapine trough concentrations > 6 µg/ml and greater 
increases in serum transaminase levels (De Requena et al., 
2005; Gonzalez de Requena et al., 2002).

5d.  Excretion

The primary route of metabolism of nevirapine biotransfor-
mation and elimination includes hepatic cytochrome P-450 
metabolism, glucuronide conjugation, and urinary excretion 
of glucuronidated metabolites. Phase 1 biotransformation 
involves generation of hydroxyl metabolites at nevirapine 
positions 2, 3, 8 and 12, by the cytochrome P-450 isoforms 3A, 
2B6, 2D6, 3A4, 2A6, 2C9, 2C19, and 3A5. These phase 1 
metabolites then undergo extensive glucuronidation by UDP-
glucuronosyltransferase before elimination (Marinho et al., 
2014). Less than 5% of the dose is excreted in urine as the par-
ent compound, and 75% of the dose is recovered in urine in 
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the form of glucuronidated hydroxyl metabolites (Riska et 
al., 1999). Urinary metabolites include 2-hydroxynevirapine  
glucuronide (18.6%), 3-hydroxynevirapine glucuronide 
(25.7%), 12-hydroxynevirapine glucuronide (23.7%), 8- 
hydroxynevirapine glucuronide (1.3%) 3-hydroxynevirapine 
(1.2%), 12-hydroxynevirapine (0.6%), and 4-carboxynevi-
rapine (2.4%) (Riska et al., 1999). Sex differences in the gen-
eration of 3-hydroxynevirapine and 12-hydroxynevirapine 
(significantly higher plasma levels of these metabolites in 
women) may explain the difference in nevirapine toxicity 
between men and women (Marinho et al., 2014). 

Nevirapine is metabolized through the cytochrome 
P-4503A4 (56%) and P-4502B6 (32%) isoenzymes (Riska et 
al., 1999). Metabolic autoinduction of hepatic cytochrome 
P-450 by nevirapine occurs with doses of 200 mg/day or 
greater. This results in a decrease in plasma levels of nevira-
pine in the 2 weeks after commencing the drug and a decrease 
in the plasma half-life from 45 to 23 hours, thought to be due 
to autoinduction. Nevirapine autoinduces its metabolism by 
activation of the nuclear receptor, constitutive androstane 
receptor (CAR). The nuclear receptor pregnane X receptor 
(PXR) regulates expression and activity of CYP3A4, so poly-
morphisms in the nuclear receptors can influence nevirapine 
exposure (Brown et al., 2012). After the enzymes have been 
induced by the drug, the pharmacokinetics of nevirapine 
remain linear.

A recent study has shown that the CYP2B6 polymor-
phism T983C genotype (part of the CYP2B6*18 haplotype), 
which is absent in white populations and occurs at a fre-
quency of 7.5–10% in African populations and 15% in an 
Indian population, affects nevirapine concentrations with 
significant increases in plasma nevirapine levels in those 
who are heterozygous and homozygous for the T983C poly-
morphism and also the G516T polymorphism (Brown et al., 
2012; Ramachandran et al., 2009; Wyen et al., 2008). The  
latter polymorphism has also been demonstrated to be asso-
ciated with significantly reduced nevirapine clearance and 
consequently increased nevirapine concentrations in chil-
dren (Saitoh et al., 2007). Although the T983C and G516T 
genotypes of the P-4502B6 enzyme have the major influence 
on plasma concentrations of nevirapine, other polymor-
phisms have also been described. 

5e.  Drug interactions

Many drug interactions occur at the level of different cyto-
chrome P-450 isoenzymes. Nevirapine is both a substrate for 
and induces cytochrome P-4503A4 and 2B6 enzymes (Back 
et al., 2003) but has no significant effect on cytochrome 
P-4501A2, 2D6, 2C9, or 2C19 enzymes (von Moltke et al., 
2001). CYP3A4 is present in gastrointestinal enterocytes as 
well as at the primary site, the liver. In addition, modification 
of activity and expression of active drug transport systems by 
nevirapine are both important in determining the pharma-
cokinetics of nevirapine. P-glycoprotein is not involved in 
nevirapine transport (Stormer et al., 2002) and nevirapine 
does not induce P-glycoprotein expression (Chandler et al., 

2003). Multidrug resistance–related proteins (MRPs) also 
contribute to elimination of drugs and their metabolites as 
efflux transporters. Nevirapine is a weak inhibitor of MRP1, 
MRP2, and MRP3, and a modest inhibitor of the breast can-
cer resistance protein (BCRP/ABCG2), the clinical relevance 
of which has not been determined in clinical studies (Weiss 
et al., 2007a; Weiss et al., 2007b).

Many drug interactions with nevirapine are theoretical 
because formal drug interaction studies have not been per-
formed for all potential interactions with drugs metabolized 
by cytochrome P-4503A4 isoenzymes. It is important to 
check drug interaction websites (e.g. hiv-druginteractions.
org) and the pharmacy for the latest information on interac-
tions. Table 235.4 summarizes important drug interactions 
for HIV-diagnosed patients taking nevirapine.

NUCLEOSIDE/NUCLEOTIDE ANALOG REVERSE 
TRANSCRIPTASE INHIBITORS

No significant interactions have been noted for nevirapine 
with zidovudine (Saag et al., 1994), stavudine (Skowron et 
al., 2004), didanosine (Saag et al., 1994; van Heeswijk et al., 
2000b), lamivudine (Leitz et al., 1998), or tenofovir diso-
proxil fumarate (Droste et al., 2006).

NONNUCLEOSIDE REVERSE  
TRANSCRIPTASE INHIBITORS

The pharmacokinetics of nevirapine are unaffected by co- 
administration with efavirenz when compared with pharma-
cokinetics in historical controls (Kappelhoff et al., 2005b; 
Veldkamp et al., 2001a); however, efavirenz trough concen-
trations are reduced by 36% and the total exposure is reduced 
by 22%, resulting in the need to increase the efavirenz dose 
to 800 mg daily when it is co-administered with nevirapine 
(Veldkamp et al., 2001a). This combination is not recom-
mended. When efavirenz is switched to nevirapine, the 200 
mg once-daily lead-in dosing period may lead to subthera-
peutic levels of nevirapine in 40% of patients because the efa-
virenz will have already caused induction of the P-4503A4 
enzymes (Parienti et al., 2010).

PROTEASE INHIBITORS

Protease inhibitors are predominantly metabolized by the 
cytochrome isoenzymes, in particular P-4503A4, so drug 
interactions can be anticipated with concomitant adminis-
tration with nevirapine. When used with unboosted protease 
inhibitors (i.e. without concomitant low-dose ritonavir), 
there are significant reductions in total exposure (AUC) for 
fosamprenavir (39% reduction in amprenavir AUC) (DeJesus 
et al., 2006), saquinavir hard gel capsule (24% reduction) 
(Sahai et al., 1997), and indinavir (28% reduction) (Murphy 
et al., 1999) but no effect on nelfinavir (Skowron et al., 2004; 
Skowron et al., 1998) or ritonavir (Lamson et al., 1997) 
because their metabolism is not restricted to P-4503A4.

The addition of nevirapine to the fixed-dose combination 
of lopinavir and ritonavir results in a 40–57% increase in 
apparent clearance of lopinavir (Crommentuyn et al., 2005b; 
Dailly et al., 2005; Kityo et al., 2010) and a 39% reduction in 

http://www.hiv-druginteractions.org
http://www.hiv-druginteractions.org
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trough levels of lopinavir (Dailly et al., 2005; Solas et al., 
2004). It is recommended that the dose of lopinavir– ritonavir 
is increased when used in combination with nevirapine. The 
combination of ritonavir-boosted atazanavir and nevirapine 
resulted in a 180% increase in apparent clearance of atazana-
vir and a significant 50–80% reduction in trough concen-
trations of atazanavir (Dailly et al., 2006; Molto et al., 2010; 
Winston et al., 2005). The significant reductions in AUC  
and trough concentrations of amprenavir seen with the co- 
administration of nevirapine and fosamprenavir are dimin-
ished by the addition of ritonavir to the fosamprenavir, such 
that no dose increase is required (Ma et al., 2005). There was 
a 27% mean increase in AUC for nevirapine when co- 
administered with darunavir 300 mg/ritonavir 100 mg twice 

daily, and a 47% mean increase in trough nevirapine concen-
trations with darunavir 400 mg/ritonavir 100 mg, with a 
smaller (18% increase) in Cmax values. A significant increase 
in clearance of darunavir (66%) and decrease in trough 
darunavir concentrations resulted in the recommendation to 
avoid co-administration of these two agents (Dailly et al., 
2013; Dailly et al., 2009; Sekar et al., 2009).

INTEGRASE INHIBITORS

Dolutegravir added to steady state abacavir–lamivudine plus 
nevirapine (> 6 months) in 10 adult patients resulted in a 
significant 19% decrease in the AUC, 34% reduction in 
trough concentrations of dolutegravir, 15% reduction in time 
the terminal half-life of dolutegravir and 23% increase in 

Table 235.4. Significant drug interactions with nevirapine.

Drug or drug class Effect on nevirapine Effect on co-administered drug

Other antiretroviral drugs

Atazanavir–ritonavir AUC ↑ 25% ↓ AUC 40% , ↓Cmin 70%
Do not co-administer

Darunavir–ritonavir AUC ↑ 27%, Cmin ↑ 47% ↑ clearance 66%
Do not co-administer

Lopinavir–ritonavir No data ↓ AUC 22–27%, ↓ Cmin 50–55%

Fosamprenavir–ritonavir Cmin ↑ 22% ↓ AUC 11%, ↓ Cmin 19%

Efavirenz No effect ↓ AUC 28%, ↓ Cmin 32%

Raltegravir No data No data

Dolutegravir No data ↓ AUC 19% ↓ Cmin 34%

Elvitegravir–cobicistat No data No data

Maraviroc No data No effect

Antituberculosis drugs

Rifampicin ↓ AUC 20–58% Do not co-administer
Rifabutin ↓ Ctrough 16% ↑ AUC 17%

Isoniazid ↑ AUC 24%

Clarithromycin No effect ↓ AUC 31%

Bedaquiline No data No change in AUC

Antifungal drugs

Fluconazole ↑ AUC 110% No data

Itraconazole–voriconazole Possible ↑ NVP Possible ↓ itraconazole–voriconazole
Avoid co-administration

Hepatitis C drugs

Dasabuvir plus paritaprevir–ombitasvir–RTV No data Possible ↓ DAAs expected
Do not co-administer

Ledipasvir–sofosbuvir No data No significant effect expected

Simeprevir No data Possible ↓ simeprevir expected
Do not co-administer

Miscellaneous drugs

Ethinyl estradiol–norethindrone ↑ Cmin 17% Ethinyl estradiol ↓ AUC 20%, norethindrone ↓ AUC 19%

Methadone No significant effect Methadone ↓ AUC 37–51%

Buprenorphine No data No significant effect

Artemether–lumefantrine ↓ Cmax 43%, ↓ AUC 46% Artemether ↓ AUC 72%, lumefantrine AUC changes 
conflicting (↓ 25% in one study, ↑ 56% in another)

Abbreviations: ACU: area-under-the-concentration-time curve; Cmin: minimum concentration; Ctrough: trough concentration; NVP: nevirapine; RTV: ritonavir; DAA: 
direct acting antiviral; Cmax: maximum concentration.
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clearance of dolutegravir. Nevirapine had no significant 
impact on peak concentrations or time to achieve Cmax 
dolutegravir. The effect of dolutegravir on nevirapine phar-
macokinetics was not measured in this study (Dailly et al., 
2015).

At this time here are no clinically significant interactions 
anticipated between nevirapine and raltegravir or elvitegravir.

OTHER ANTIRETROVIRAL AGENTS

Nevirapine does not appear to have a clinically significant 
impact on maraviroc pharmacokinetics (Pozniak et al., 2008).

ETHINYL-ESTRADIOL

Nevirapine increases the systemic clearance of ethinyl-estra-
diol significantly, with a 29% reduction in exposure (AUC) 
and half-life, without a change in maximum concentration. 
This may lead to contraceptive failure and breakthrough 
bleeding. Ethinyl-estradiol has no significant effect on steady-
state nevirapine pharmacokinetics (Mildvan et al., 2002). In 
another study, the combined oral contraceptive (containing 
ethinyl-estradiol and desogestrel) had no significant effect 
on trough levels of nevirapine (Landolt et al., 2013). However 
there was a significant 58% reduction in concentration of 
ethinyl-estradiol 24 hours after pill administration with no 
significant reduction in etonogestrel concentration. So there 
was no effect of nevirapine on progesterone levels, which 
remained in the contraceptive effectiveness range (Landolt et 
al., 2014). In contrast, African women established on anti-
retroviral therapy including nevirapine for over 3 months 
and the combined oral contraceptive pill (30 μg ethinyl- 
estradiol/300 mg norgestrel), had levels of ethinyl-estradiol 
and levonorgestrel significantly higher than HIV-positive 
women not on antiretroviral therapy and HIV-negative 
women, taking the same combined oral contraceptive pill 
(Stuart et al., 2011). 

ANTITUBERCULOUS AGENTS

Administration of rifampicin with nevirapine resulted in a 
37–58% reduction in nevirapine plasma levels in a pharma-
cokinetics study, whereas in other small clinical studies of 
patients with tuberculosis, a nonsignificant 20–30% reduc-
tion in nevirapine plasma levels was observed (Dean et al., 
1999; Oliva et al., 2003; Ribera et al., 2001). Rifampicin 
reduces the nevirapine AUC, Cmax, and Cmin by 31%, 36%, and 
21%, respectively (Cohen et al., 2008; Ribera et al., 2001). In 
contrast, when patients who are stable on rifampicin-based 
anti tuberculous therapy commence nevirapine-based anti- 
retroviral therapy, induction of cytochrome P-450 enzymes 
has already occurred by the rifampicin exposure, so the 200-
mg lead-in dose of nevirapine is not required and, if used, 
could result in significant underexposure to nevirapine when 
HIV RNA levels are high (Chang et al., 2009; Lamorde et al., 
2011; Manosuthi et al., 2009). 

There is no associated change in rifampicin levels with 
nevirapine co-administration. One large clinical study from 
Thailand of HIV-infected patients with tuberculosis who were 
treated with a generic fixed-dose combination of stavudine, 

lamivudine, and nevirapine (GPO-VIR) as well as a rifampi-
cin-based tuberculosis regimen revealed a statistically signif-
icant mean reduction in nevirapine plasma concentrations 
of 3.3 µg/ml (from 8.72 to 5.47 µg/ml) and those with lower 
body mass index had lower nevirapine concentrations again 
(Autar et al., 2005). Approximately 15% of patients in this 
study had plasma concentrations < 3.1 µg/ml when rifampi-
cin and nevirapine were co-administered (Autar et al., 2005). 
However, the reduced nevirapine concentration exceeds the 
IC95 for HIV-1, and plasma levels > 3.1–3.4 µg/ml are required 
for optimal therapeutic responses. One prospective cohort 
study comparing responses after 24 weeks in patients treated 
with rifampicin plus nevirapine or nevirapine alone showed 
no difference in virologic or immunologic responses; despite 
trough nevirapine concentrations < 3.4 µg/ml in 24% of 
patients on nevirapine and rifampicin, 82% achieved plasma 
HIV viral loads < 50 copies/ml at 24 weeks (Manosuthi et al., 
2006a). When rifampicin was ceased in this cohort study, 
mean plasma levels of nevirapine significantly increased 
from 5.4 to 6.4 µg/ml, with continued antiviral efficacy and 
no increase in nevirapine-associated adverse events (Mano-
suthi et al., 2007b). There was no statistical difference in effi-
cacy of standard-dose nevirapine regimens (200 mg twice 
daily) versus standard dose efavirenz-based regimens when 
initiated in antiretroviral-naive patients on rifampicin treat-
ment for tuberculosis (HIV RNA < 50 copies/ml at 48 weeks; 
67.6% vs. 77.9%, respectively). However, there was a trend to 
a higher adverse event rate requiring discontinuation of the 
regimen in the nevirapine group (Manosuthi et al., 2008). 
Despite these results, it is not recommended to co-administer 
nevirapine and rifampicin.

When rifabutin is co-administered with nevirapine, a 
16% reduction in nevirapine levels is observed, without a 
significant change in rifabutin levels. The combination can 
be safely administered without dose adjustment (Maldonado 
et al., 1999).

There was no impact of nevirapine on isoniazid concen-
trations when co-administered, but a nonsignificant 24% 
increase in AUC of nevirapine was reported (Bhatt et al., 
2014; Decloedt et al., 2013).

Nevirapine induces a 30% reduction in AUC of clarithro-
mycin and a 34% increase in the 14-hydroxy-clarithromycin 
active metabolite, but the clinical significance of this inter-
action is unclear. There was no effect of clarithromycin on 
nevirapine pharmacokinetics (Ma et al., 2005). There is no 
significant interaction between nevirapine and azithromycin 
(Kuper and D’Aprile, 2000). Isoniazid produces a nonsignifi-
cant 24% increase in AUC0–12 for nevirapine, not thought to 
be clinically significant (Decloedt et al., 2013).

ANTIFUNGAL AGENTS

The co-administration of fluconazole and nevirapine resulted 
in a significant increase in the AUC of nevirapine in one 
study, and one quarter of subjects receiving this combination 
developed marked elevation of hepatic transaminases to 
greater than five times the upper limit of normal. Nevirapine 
did not have an impact on fluconazole pharmacokinetics 
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(Geel et al., 2004). A significant increase (76%) in trough lev-
els of nevirapine has been demonstrated, from 6.5 ± 3.0 µg/
ml in those not receiving fluconazole to 11.4 ± 6.1 µg/ml in 
those taking concomitant fluconazole at either 200 mg or 400 
mg daily, and a 30% increase in exposure (AUC), with a non-
significant trend toward higher trough levels with the higher 
dose of fluconazole. In contrast to the former study, there 
was no difference in prevalence of elevated liver function 
tests between the two groups in these studies (Manosuthi et 
al., 2007a; Wakeham et al., 2010).

Nevirapine caused a 38% reduction in Cmax and a 61% 
reduction in the AUC of itraconazole when co-administered 
in a healthy volunteer study. There was no effect on nevirap-
ine parameters (Jaruratanasirikul and Sriwiriyajan, 2007).

Ketoconazole concentrations were significantly reduced 
(40% reduction in Cmax and 63% reduction in AUC), when 
co-administered with nevirapine, and nevirapine levels 
increased by 15–20% (Lamson et al., 1998).

METHADONE

Injection drug users on stable doses of methadone who initi-
ate antiretroviral treatment with a nevirapine-based regimen 
experience methadone withdrawal symptoms from day 7 to 
8 of therapy. Nevirapine causes a significant reduction (50%) 
in the mean AUC of methadone a 36% reduction in Cmax. The 
mean increase in methadone dose required by initiation of 
nevirapine is 16–22% in some, but not all, patients after 7–10 
days of therapy (Altice et al., 1999; Arroyo et al., 2007; Clarke 
et al., 2001; Stocker et al., 2004). An alternative treatment to 
methadone for opioid dependence is buprenorphine. Minor 
decreases in AUC were observed for buprenorphine due to 
increased clearance of buprenorphine and its metabolite, 
and no effect on nevirapine pharmacokinetics was seen 
when the two drugs were co-administered (McCance-Katz 
et al., 2010).

WARFARIN

There are no formal pharmacokinetic studies examining the 
interaction of the anticoagulant warfarin, which is metabo-
lized by CYP2C9 and nevirapine. However, there are reported 
cases of individuals in whom the international normalized 
ratio (INR) significantly decreased when nevirapine was 
added to stable warfarin therapy, requiring an increase in 
warfarin dose to maintain anticoagulant activity (Dionisio 
et al., 2001).

HERB–DRUG INTERACTIONS

St. John’s Wort causes a 35% increase in the clearance of nevi-
rapine based on population pharmacokinetic analysis of five 
patients taking the combination, probably due to induction 
of both P-4503A4 enzymes and P-glycoprotein. It is recom-
mended that nevirapine not be used in combination with 
St. John’s Wort (de Maat et al., 2001; Izzo, 2004).

MISCELLANEOUS DRUG INTERACTIONS

Clinically and statistically significant reductions in arte-
mether (70% decrease in Cmax and 72% reduction in AUC) 

and dihydroartemesin (45% decrease in Cmax and 37% decrease 
in AUC) exposures and nonsignificant reduction in lume-
fantrine have been reported when co-administered with 
nevirapine. These changes were in addition to a significant 
reduction in nevirapine exposure (both 43% decrease in Cmax 
and 46% decrease in AUC) (Byakika-Kibwika et al., 2012; 
Hoglund et al., 2015). Despite these significant interactions, 
97.6% of 128 patients on stable nevirapine 200 mg twice 
daily, treated for uncomplicated falciparum malaria achieved 
clinical and parasitological responses compared with 82.5% 
response in those taking efavirenz (Maganda et al., 2014). 
Exposure to another antimalarial, amodiaquine and its 
metabolite, is decreased by 30% when co-administered with 
nevirapine (Scarsi et al., 2014).

The use of immunosuppressive drugs in the setting of 
solid organ transplantation in HIV requires therapeutic drug 
monitoring of both the immunosuppressant concentration 
as well as the antiretroviral agent. Nevirapine has no clini-
cally significant effect on either cyclosporine or tacrolimus 
pharmacokinetics, despite the induction of P-4503A4 enzymes 
(Frassetto et al., 2013).

THERAPEUTIC DRUG MONITORING

Determination of nevirapine plasma levels for therapeutic 
drug monitoring can be achieved by high-performance liq-
uid chromatography (HPLC) with ultraviolet detection. This 
method allows simultaneous measurement of other antiret-
roviral agents of the protease inhibitor and NNRTI classes. It 
is specific, accurate (intraday and interday imprecision and 
inaccuracy < 15%), and the lower limit of quantitation for 
nevirapine is 0.40 mg/l (Dailly et al., 2004b). Although ther-
apeutic drug monitoring of nevirapine has not been shown to 
influence treatment outcomes, determination of subtherapeu-
tic levels (< 3.0 µg/ml) may be useful in the resource-limited 
settings where nevirapine use is more common, especially 
for prevention of mother to child transmission. This of 
course will depend on laboratory access to such tests and 
turnaround time of results. A low-cost thin-layer chroma-
tography technique used on saliva specimens (median saliva/
plasma nevirapine ratio 0.5:1) has been developed and eval-
uated in the resource-limited setting with variable results. It 
was found to be sensitive and specific in one study and 
unsuccessful in another (L’Homme et al., 2008b; Lamorde et 
al., 2014) Dried blood spots can also be used for determina-
tion of plasma concentrations of nevirapine using HPLC 
(Kromdijk et al., 2012). Routine therapeutic drug monitor-
ing is not recommended for antiretroviral-naive patients 
prescribed a nevirapine-based regimen. It may be of use 
when drug–drug interactions or patient nonadherence are 
suspected (Crommentuyn et al., 2005a).

6. ADVERSE REACTIONS AND TOXICITY

The most frequent adverse reactions reported in patients 
receiving nevirapine are summarized in Table 235.5 and 
include mild to moderate rash, the risk of which is decreased 
by an escalating dosing regimen on initiation of nevirapine, 
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and hepatotoxicity. Other adverse effects include transient 
sedation, headache, nausea, and vomiting (Havlir et al., 1995a).

6a.  Rash

The most common and important treatment-limiting toxic-
ity is the development of rash. Rashes may be mild (no sys-
temic symptoms, no involvement of mucous membranes, no 
angioedema, no blistering of the skin, or desquamation) or 
severe (severe erythema, urticaria, desquamation, skin blis-
tering, sloughing of the skin, erythema multiforme, mucous 
membrane involvement, constitutional symptoms). Severe 
rashes such as Stevens-Johnson syndrome, erythema multi-
forme, toxic epidermal necrolysis, and DRESS (drug rash 
with eosinophilia and systemic symptoms) occur in 0.3–1% 
of patients prescribed nevirapine (Taiwo, 2006). Severe rash 
has also been reported in HIV-negative individuals pre-
scribed nevirapine as postexposure prophylaxis (Johnson 
and Baraboutis, 2000; Patel et al., 2004). Rash may occur in 

isolation or associated with systemic and hepatic features, 
when it is part of a hypersensitivity reaction.

Rash has been observed in 32–48% of patients who com-
mence nevirapine therapy at a dose of 400 mg/day (Carr et 
al., 1996; Havlir et al., 1995a). However, this incidence has 
been reduced by 50% when a lead-in period of 14 days at half 
dose (i.e. 200 mg/day) is used (Antinori et al., 2001; Barreiro 
et al., 2000b). Rash remains a common adverse reaction, 
despite the 2-week lead-in at half dose, with 22% of patients 
in the INCAS study (see section 7, Clinical uses of the drug) 
experiencing rash, in 4% of whom it was considered severe 
(Montaner et al., 1998). Another study comparing efavirenz 
600 mg daily with nevirapine at two dose administration 
schedules (400 mg daily and 200 mg twice daily and the com-
bination of efavirenz and nevirapine) reported the incidence 
of rash to be 3.8%, 12.3%, 6.5%, and 13.9%, respectively (van 
Leth et al., 2004a).

The rash usually develops between 1 and 4 weeks after 
commencing therapy, but may be delayed in onset and may 

Table 235.5. Adverse reactions and toxicity associated with nevirapine.

Adverse effect Prevalence Comments References

Rash

Maculopapular rash—all 
grades

32–54% (initiate at 400 mg 
daily)

12–22% (initiate with 
14-day 200-mg lead-in 
dosing)

Risk higher in women, Asian 
race, and higher CD4 cell 
count at initiation 

Occurs in the first 4 weeks of 
treatment

Antinori et al. (2001); Barreiro 
et al. (2000b); Dong et al. 
(2012); van Leth et al. 
(2004a); Wit et al. (2001); 
Wit et al. (2008b)

Rash associated with 
systemic symptoms 
(hypersensitivity reaction)

1.5% Immediate and permanent 
discontinuation of nevirapine 
indicated

Murphy (2003)

Stevens-Johnson syndrome, 
toxic epidermal necrolysis 
(TENS), DRESS

0.3–1%
3–4% in black African 

women

Immediate and permanent 
discontinuation of nevirapine 
indicated. 

No difference in incidence 
between initiation at 400 mg 
or initiation with 14-day 
200-mg daily lead-in period

Cattelan et al. (2001); Dong et 
al. (2012); Taiwo (2006)

Hepatotoxicity

Asymptomatic liver function 
test abnormalities

65%
Grade 3–4 increases 1–20%

Transient, spontaneously 
resolve

Dieterich et al. (2004); Ena et 
al. (2003); Sanne et al. 
(2005); Stern et al. (2003); 
van Leth et al. (2004a)

Clinical hepatitis 4–11%
Hepatitis requiring 

discontinuation of 
nevirapine 1–2% 

Risk higher in hepatitis B and/or 
C co-infection, women, 
higher baseline CD4 cell 
counts

Dieterich et al. (2004); Stern 
et al. (2003); Sulkowski et 
al. (2002); Wit et al. (2002)

Rash-associated hepatic 
toxicity

2.2% Risk higher in women and 
higher CD4 cell counts

Baylor and Johann-Liang 
(2004)

Neuropsychiatric effects

Very rare, case reports Vivid dreams, clouded 
conscious state, visual 
hallucinations, depression, 
attempted suicide, delusions

Foster et al. (2003; Wise et al. 
(2002)

Abbreviations: DRESS: drug reaction with eosinophilia and systemic symptoms.
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not be apparent until after 8 weeks of therapy. If the rash 
is  mild (maculopapular rash with no mucous membrane 
involvement or systemic symptoms) and with careful moni-
toring, nevirapine dosing can continue. The rash usually 
abates over 3–5 days, and with this approach, about half of 
patients are able to continue the drug (Barreiro et al., 2000b). 
Nevirapine should always be discontinued if the rash fails to 
improve or worsens. Over 75% of patients will experience 
rash on rechallenge after stopping nevirapine for rash-related 
adverse events (Gangar et al., 2000).

The risk of rash is higher in women and in patients with 
higher CD4 cell counts (Antinori et al., 2001; Wit et al., 
2001). Women have a sevenfold increased risk of rash 
(Bersoff-Matcha et al., 2001; Wong et al., 2001), and Asian 
ethnicity is also a risk factor (Ananworanich et al., 2005; Ho 
et al., 1998; Wit et al., 2008a). Pregnancy does not appear to 
be a risk factor for nevirapine-induced rash (Aaron et al., 
2010). In fact there was no difference in risk of rash or hepa-
totoxicity in pregnant or nonpregnant women initiating 
nevirapine-based antiretroviral therapy to prevent mother to 
child transmission with CD4 counts < 250 cells/µl compared 
with those starting treatment with > 250 cells/µl (9.9% vs. 
8.3%, respectively) in one study and supported by others 
(Coffie et al., 2010; Knobel et al., 2008; Ouyang et al., 2010; 
Peters et al., 2010). Those with undetectable viral load and 
high current CD4 cell counts at the time of switching to nevi-
rapine from another antiretroviral regimen have similar rates 
of hypersensitivity reactions as those naive to treatment and 
low CD4 cell counts (Wit et al., 2008b).

In South African women treated with nevirapine, 54% 
developed rash of any grade while 3% had grade 3 or 4 rash. 
It was apparent that lower nevirapine clearance at week 4 of 
treatment, associated with higher maximum and trough 
plasma nevirapine concentrations and higher AUC were sig-
nificantly associated with the risk of grade 3 or 4 rash. It was 
estimated there was a 50% increase in odds of severe rash for 
every 20% decrease in nevirapine clearance (Dong et al., 2012). 
Other studies have also suggested a relationship between nevi-
rapine exposure and risk of rash (de Maat et al., 2003b), but 
no specific plasma concentration of nevirapine has been 
identified that predicts toxicity (Crommentuyn et al., 2005a; 
Hall and Macgregor, 2007; Kappelhoff et al., 2005c). 

The prophylactic use of corticosteroids has not been 
shown to reduce cutaneous reactions and may increase the 
risk of hypersensitivity reactions (Antinori et al., 2001; 
Knobel et al., 2001; Montaner et al., 2003; Wit et al., 2001). In 
addition, the use of prophylactic antihistamines does not 
reduce cutaneous reactions (Antinori et al., 2001; Knobel et 
al., 2004; Launay et al., 2004).

Hypersensitivity reactions causing Stevens-Johnson syn-
drome and toxic epidermal necrolysis are associated with a 
high mortality (23% in one series) (Cattelan et al., 2001; 
Phan et al., 1999). This may relate to persistent exposure to 
nevirapine due to the long half-life, despite withdrawal of the 
drug at the onset of severe cutaneous reaction. All patients in 
one case–control study initiated nevirapine therapy with the 
200-mg lead-in dosing regimen, and the reaction commenced 

during the 200-mg dosing period in 66% of those who devel-
oped Stevens-Johnson syndrome or toxic epidermal necroly-
sis (Fagot et al., 2001). There is no difference in incidence of 
severe cutaneous hypersensitivity reactions between patients 
initiated on full-dose (400 mg) nevirapine and those initi-
ated on the 200-mg lead-in period for 2 weeks before dose 
escalation to 400 mg daily (D’Aquila et al., 1996). Management 
involves withdrawal of nevirapine and supportive therapy 
with intravenous hydration, antihistamines, corticosteroids, 
parenteral nutrition, and analgesia and is usually associated 
with complete recovery (Metry et al., 2001; Warren et al., 
1998), although a recent report of a fatal case of toxic epider-
mal necrolysis secondary to nevirapine in an elderly male 
draws attention to the importance of monitoring of any 
patient who develops a rash that progresses soon after start-
ing nevirapine (Paik et al., 2016). DRESS complicated by 
meningoencephalitis has been reported secondary to nevi-
rapine (Bourezane et al., 1998; Knudtson et al., 2003; Lan-
zafame et al., 2001).

There is evidence for an immune-mediated mechanism 
for the rash induced by nevirapine. An animal model (female 
brown Norway rat) has been developed in which 100% of rats 
develop skin rash. There is a more rapid onset of rash on 
rechallenge with nevirapine, suggesting an immune- mediated 
mechanism. Partial depletion of CD4+ T-cells results in a 
reduction in the incidence and severity of the rash, whereas 
depletion of CD8+ T-cells increases the severity of the rash 
(Shenton et al., 2005).

Several investigators have suggested a predisposition for 
nevirapine hypersensitivity reaction associated with specific 
HLA markers in the class II region of the major histocompat-
ibility complex. The HLA-Cw8 and HLA-B*1402 haplotypes 
have been reported to be associated with nevirapine hyper-
sensitivity in Sardinian patients (Littera et al., 2006) and 
Japanese patients (Gatanaga et al., 2007). An association 
between HLA-DRB1*0101 and hypersensitivity reaction 
(odds ratio [OR]: 4.8) was reported from an Australian 
cohort, with no significant HLA associations identified for 
isolated rash without systemic or hepatic features (Martin et 
al., 2005). This group extended their observations to show 
that HLA-DRB1*0101 is associated with rash only in the 
presence of hepatitis, while HLA-B*3501 was associated with 
rash regardless of the presence of hepatitis (Keane et al., 
2014). An association between HLA-B*3505 and nevirapine 
rash has also been reported in a case-control study in Thai 
patients (Chantarangsu et al., 2009b). This observation was 
confirmed and extended by another group, who also found 
an association between HLA-DRB1*01 and isolated rash 
without hypersensitivity (Vitezica et al., 2008). There has 
been a single report of Stevens-Johnson syndrome secondary 
to nevirapine in first-degree relatives (mother and son), sup-
porting an HLA association for hypersensitivity reactions 
(Liechty et al., 2005). In the presence of HLA-C*0401, there 
is a reported 17-fold increase in the risk for Stevens-Johnson 
syndrome with the odds ratio for the absolute risk of Stevens-
Johnson syndrome of 5.2 in a Malawi HIV population (Carr 
et al., 2013). Unfortunately, none of these genetic variants 
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has sufficient sensitivity to be a useful clinical marker for risk 
of serious adverse events in patients initiating treatment with 
nevirapine, as the majority of patients experiencing cutane-
ous adverse events were negative for the variant (Yuan et al., 
2011).

The safety of switching to efavirenz in the setting of nevi-
rapine-associated rash has been reported from a review of all 
cases reported in the literature. For patients who have expe-
rienced a rash to nevirapine, the risk of recurrence when 
 efavirenz is substituted is 12.6% (95% confidence interval 
[CI]: 2.7–22.4%) (Mehta and Maartens, 2007). Recurrence of 
severe rash occurred in 8.2% of patients switched to efa-
virenz in the largest reported series (Manosuthi et al., 2006b). 
From these data, it would appear there is only minor cross- 
reactivity between the two drugs with respect to cutaneous 
hypersensitivity. In contrast to these studies, another study 
reported an incidence of rash in 22.2% of patients on nevi-
rapine, with a 40% recurrence rate in those who switched to 
efavirenz (Taiwo, 2006).

The use of nevirapine in women with CD4 counts > 250 
cells/µl and men with > 400 cells/µl is not recommended 
due to the observed enhanced risk of cutaneous and hepatic 
toxicity. 

6b.  Hepatotoxicity

Hepatic abnormalities secondary to nevirapine are usually 
mild, but can be severe, progressive, and fatal. Hepatotoxicity 
usually occurs in the first 6 weeks of treatment (Stern et  
al., 2003). Hepatotoxicity was noted in 8 of 41 (20%) healthy 
volunteers in phase I studies of nevirapine and in 12% of 
individuals who received nonoccupational postexposure 
pro phylaxis and five of eight healthcare workers who received 
nevirapine-based postexposure prophylaxis. Hepatotoxicity 
developed a median of 20 days into nevirapine treatment, 
and all but two cases improved within a median of 22 days 
(14–60 days) (Benn et al., 2001; Johnson et al., 2002; Patel et 
al., 2004; Sha et al., 2000). One healthcare worker developed 
fulminant hepatitis and required a liver transplant 14 days 
after discontinuation of the nevirapine regimen (Patel et al., 
2004).

Asymptomatic liver function test abnormalities occur in 
up to 65% of HIV-infected patients on nevirapine, depend-
ing on the study population, study design, and the definition 
of hepatic toxicity (Dieterich et al., 2004; Ena et al., 2003; 
Law et al., 2003; Manfredi et al., 2005; Martin-Carbonero et 
al., 2003; Martinez et al., 2001; Sanne et al., 2005; Stern et al., 
2003; van Leth et al., 2004a; Wit et al., 2002). These are usu-
ally transient and spontaneously resolve with ongoing nevi-
rapine therapy (Stern et al., 2003). In one third of patients, 
the grade 3–4 hepatotoxicity will resolve while continuing 
nevirapine (Sanne et al., 2005). Any grade of hepatotoxicity 
has been seen in half the patients randomized in clinical tri-
als using nevirapine in Thailand, but severe hepatotoxicity 
occurred in 6% (Law et al., 2003). In a prospective cohort 
study, hepatic transaminases remained in the normal range 
in 20%, whereas grade 1–2 changes (less than five times the 

upper limit of normal) occurred in 65%, and grade 3–4 
changes occurred in 15.6% of patients starting on nevirap-
ine-based therapy (Sulkowski et al., 2002). An analysis of 17 
randomized trials using nevirapine reported an overall rate 
of 10% for increases in serum transaminases of greater than 
five times the upper limit of normal (grade 3–4). Approximately 
two thirds of the liver function test abnormalities were 
asymptomatic (Dieterich et al., 2004; Stern et al., 2003). 
Cohort studies have reported grade 3–4 elevations in hepatic 
transaminases in association with nevirapine use that vary 
from 1% to 15% (Law et al., 2003; Palmon et al., 2002; 
Sulkowski et al., 2002).

Symptomatic liver function test abnormalities (abdominal 
pain, nausea, vomiting, malaise, jaundice, rash, and fever) 
occur in 4–11% of patients on nevirapine (Dieterich et al., 
2004; Prakash et al., 2001; Stern et al., 2003; Sulkowski et al., 
2002). Clinically apparent hepatitis, resulting in nevirapine 
discontinuation in the 2NN study, occurred at a rate of 1.8% 
in those taking nevirapine 400 mg once daily compared with 
1.6% in those taking nevirapine 200 mg twice daily, and 0.3% 
of those randomized to efavirenz (van Leth et al., 2004a). 
Acute hepatitis developed in 2.6% of all patients starting on 
nevirapine-containing therapy at a median of 24 days after 
starting treatment (de Maat et al., 2003a). Severe hepatotox-
icity without hypersensitivity may occur after the first 12 
weeks of therapy (68% in one series) (Clarke et al., 2000; de 
Maat et al., 2005; Sulkowski et al., 2002). Others have shown 
no increased risk of clinically significant liver disease in 
patients treated with long-term nevirapine (at least 3 years) 
(Van Welzen et al., 2012), and one larger cohort study has 
shown a beneficial effect of cumulative nevirapine exposure 
on liver fibrosis progression, with an adjusted odds ratio of 
1.72 (95% CI: 1.15–2.78; p = 0.008) for reduction in fibrosis 
in hepatitis C co-infection (Berenguer et al., 2008). This is 
in contrast to a smaller Spanish study that reported an inde-
pendent association of nevirapine with fibrosis progression 
(Macias et al., 2004).

Risk factors for nevirapine hepatotoxicity include hepati-
tis B and/or C coinfection (Ena et al., 2003; Law et al., 2003; 
Martin-Carbonero et al., 2003; Stern et al., 2003; Sulkowski 
et al., 2002; Van Welzen et al., 2012; Wit et al., 2002), female 
gender (Martin-Carbonero et al., 2003; Wit et al., 2002), 
CD4 cell counts greater than 250 cells/µl for women and 400 
cells/µl for men (Baylor and Johann-Liang, 2004; Stern et al., 
2003), abnormal liver function tests before exposure to nevi-
rapine (Stern et al., 2003; Wit et al., 2002), and concomitant 
use of hepatotoxic drugs. Hepatitis C co-infection is associ-
ated with a 2.5-fold increased risk of hepatotoxicity and ele-
vated baseline hepatic transaminase levels with a 1.5-fold 
increased risk (Martinez et al., 2001). In contrast, two retro-
spective cohort studies have suggested that CD4 cell counts  
< 200 cells/µl are associated with an increased risk of severe 
liver toxicity, as is a baseline CD4 cell count < 50 cells/µl and 
a CD4 cell increase of > 50 cells/µl (Ena et al., 2003; Sulkowski 
et al., 2002). More recently, it has been shown that the inci-
dence of nevirapine toxicity is significantly lower in antiret-
roviral-experienced patients with high CD4 cell counts with 
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undetectable plasma viral load than in naive patients with 
CD4 cell counts above the recommended cutoff range 
(Mocroft et al., 2007; Wit et al., 2008a). It has been suggested 
that the risk of hepatotoxicity is lower in patients who have 
reconstituted their immune systems before switching their 
antiretroviral therapy to a nevirapine-based regimen at 
higher CD4 cell counts than in patients who initiate therapy 
at similar CD4 cell levels (Kumarasamy et al., 2007). However, 
a case of severe Stevens-Johnson syndrome and fulminant 
hepatitis requiring liver transplantation in a woman who 
switched from zidovudine, lamivudine, and tenofovir to 
zidovudine, lamivudine, and nevirapine, when she was viro-
logically suppressed and her CD4 cell count had risen to 695 
cells/µl has been reported (Jao et al., 2010). 

Liver transplantation has been required for both HIV-
positive and -negative individuals secondary to fulminant 
hepatitis and liver failure as part of the hypersensitivity reac-
tion to nevirapine (Buyse et al., 2006; Jao et al., 2010; Patel 
et al., 2004). There have been several deaths from fulminant 
hepatitis and liver failure secondary to nevirapine (Cattelan 
et al., 1999; Sanne et al., 2005). Nevirapine-based therapy has 
also been associated with faster progression of liver fibrosis 
in patients with chronic hepatitis C (Macias et al., 2004).

The hepatic hypersensitivity reaction appears to be 
immune mediated due to a CD4+ cell-mediated response 
to nevirapine-specific antigens. It typically occurs in the first 
6 weeks of treatment in previously naive patients and is more 
common in women with CD4 cell counts > 250 cells/µl or 
men with CD4 cell counts > 400 cells/µl. The risk of rash- 
associated hepatotoxicity is threefold higher in women than 
in men, and the risk ratio of these reactions is 9.8 for women 
with CD4 cell counts > 250 cells/µl compared with those 
with lower CD4 cell counts and 6.4 for men with CD4 cell 
counts> 400 cells/µl compared with those with counts < 400 
cells/µl (Baylor and Johann-Liang, 2004). One study found 
that patients who were virologically suppressed before 
switching to a nevirapine-containing antiretroviral regimen 
did not have a significantly higher risk of hepatotoxicity 
(hepatic transaminases greater than threefold increase above 
baseline) according to current CD4 cell count. The risk  
was 2% if CD4 cell counts were below the recommended cut-
off of 250 cells/µl for women and 400 cells/µl for men and  
4% if above the recommended cutoffs (De Lazzari et al.,  
2008). 

Several studies have shown no association between hepato-
toxicity and nevirapine concentrations (Dong et al., 2012; 
Kappelhoff et al., 2005c). As with the nevirapine cutaneous 
hypersensitivity reaction, an association with HLA-DRB1*0101 
has been reported for hepatotoxicity (Martin et al., 2005). 
HLA-B*5801 and HLA-DRB1*0102 are both independently 
associated with increased risk of hepatotoxicity in a predom-
inantly black South African cohort (Phillips et al., 2013). The 
MDR1 3435C→T polymorphism was significantly associated 
with a reduced risk of nevirapine hepatotoxicity in a South 
African study (Haas et al., 2006). In a resource-limited set-
ting (South Africa), hepatotoxicity from nevirapine was not 
a serious problem (Chu et al., 2010).

6c.  Hyperlipidemia

Treatment with nevirapine is associated with the most favor-
able atherogenic profile of the NNRTI class of antiretroviral 
drugs. Treatment-naive patients on nevirapine-based ther-
apy in the 2NN study experienced a 42% increase in HDL 
cholesterol and a 4% reduction in the total cholesterol/HDL 
cholesterol ratio over 48 weeks. Nevirapine therapy was also 
associated with a 27% increase in total cholesterol, a 25% 
increase in non-HDL-cholesterol, a 35% increase in LDL 
cholesterol, and a 20% increase in triglyceride levels. The 
beneficial changes in lipid profile have been shown to be sig-
nificantly greater than with efavirenz (van Leth et al., 2004b). 
In the Atlantic study comparing nevirapine-based with indi-
navir-based therapy, nevirapine-treated patients experienced 
a 49% increase in HDL cholesterol, a 19% increase in apoli-
poprotein A1, a 38% increase in lipoprotein A1, a 3% increase 
in HDL particle size, and a 14% reduction in total choles-
terol/HDL cholesterol ratio (Clotet et al., 2003; van der Valk 
et al., 2001). For antiretroviral-naive individuals randomized 
to atazanavir–ritonavir versus nevirapine in the ARTEN 
study, treatment with nevirapine was associated with signifi-
cantly greater mean increases in total cholesterol (18.1% vs. 
15.4%), HDL cholesterol (28.4% vs. 14%), LDL cholesterol 
(21.6% vs. 19.1%), and ApoA1 (18.3% vs. 9.6%). Atazanavir–
ritonavir treatment was associated with a greater increase 
in triglyceride levels (35.2% vs. 10.2%). The total cholesterol/
HDL ratio significantly decreased on nevirapine compared 
with atazanavir (Podzamczer et al., 2011).

Although nevirapine is associated with more favorable 
lipid changes compared with efavirenz, the beneficial lipid 
changes may not be maintained beyond 12 months of treat-
ment, when total and LDL cholesterol and triglyceride con-
centrations continue to rise and HDL cholesterol levels 
stabilize. The prevalence of dyslipidemia after 3 years of 
treatment was 73% in one cohort (Liu et al., 2013).

Replacement of the protease inhibitor component of the 
antiretroviral regimen in patients with lipodystrophy syn-
drome and/or dyslipidemia and virologic suppression resulted 
in marked improvements in the atherogenic lipid profiles of 
patients randomized to nevirapine. Significant reductions 
in total cholesterol, LDL cholesterol (25% reduction), tri-
glycerides, and number of circulating LDL particles and 
increases in HDL cholesterol and HDL particle size have been 
consistently reported for both adults and children (Carr et 
al., 2001; Fisac et al., 2005; Martinez et al., 1999; Negredo et 
al., 2002a; Negredo et al., 2002b; Ruiz et al., 2001; Strehlau  
et al., 2012; Tebas et al., 2004). This strategy has also been 
shown to improve the body shape changes associated with 
lipodystrophy by causing reductions in abdominal visceral 
fat (Carr et al., 2001; De Luca et al., 2000). Switching from 
efavirenz to nevirapine has also been associated with signifi-
cant reductions in LDL cholesterol, total cholesterol, and tri-
glycerides (Parienti et al., 2007; Ward and Curtin, 2006). 
However, the addition of lipid-lowering therapy was more 
effective in lowering elevated cholesterol and triglyceride 
levels in patients on a protease inhibitor regimen than a 
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switch to nevirapine (40–45% reduction compared with 
25–28%) (Calza et al., 2005).

Comparing cardiovascular risk factors between women 
randomized to tenofovir disoproxil fumarate plus emtricit-
abine plus lopinavir–ritonavir or to tenofovir disoproxil 
fumarate plus emtricitabine plus nevirapine over 144 weeks 
revealed significantly greater increases in non-HDL lipids 
for the lopinavir–ritonavir group but greater mean increases 
in systolic blood pressure for the nevirapine group (Shaffer 
et al., 2014). There is no significant association between the 
recent or cumulative use of nevirapine and development of 
myocardial infarction (Worm et al., 2010).

6d.  Neuropsychiatry side effects

Central nervous system complications of nevirapine ther-
apy occur less frequently than with efavirenz and include 
headache and somnolence. Vivid dreams (similar to those 
described as an adverse effect of efavirenz) have been uncom-
monly described in patients after initiating nevirapine (Mor-
lese et al., 2002). Other reported neuropsychiatric effects 
include clouding of consciousness and cognitive impairment, 
visual hallucinations, persecutory delusions, attempted sui-
cide, and depression (Foster et al., 2003; Wise et al., 2002). A 
switch from efavirenz to nevirapine is associated with a reduc-
tion in neuropsychiatric side effects with complete resolution 
of depression, anxiety, and fatigue, with or without sleep dis-
turbances, in 75% of patients (Ward and Curtin, 2006).

6e.  Other adverse effects

A case of acute renal failure has been reported as occurring 
secondary to nevirapine therapy. The patient presented with 
a hypersensitivity reaction of fever, rash, and eosinophilia 
but also developed acute renal failure, which was attributed 
to interstitial nephritis, and all symptoms resolved on dis-
continuation of nevirapine (Franceschini et al., 2005). A sin-
gle case of diffuse interstitial pulmonary infiltrates has been 
reported 2–3 weeks after commencing nevirapine. In the first 
2 weeks of nevirapine therapy, the patient had a mild fever 
and dry cough, which progressed with development of rash 
and dyspnea soon after dose escalation of nevirapine to 400 
mg daily. Complete resolution of symptoms and chest radio-
graph abnormalities occurred with cessation of nevirapine 
(Sankatsing and Schouten, 2007). A case of severe ocular 
complication associated with Stevens-Johnson syndrome/
toxic epidermolysis syndrome in a 25-year-old man who 
commenced stavudine, lamivudine, and nevirapine 2 weeks 
before the rash developing. He complained of visual loss, and 
6 weeks after onset of Stevens-Johnson syndrome, he had a 
rapidly progressive conjunctivalization of the cornea, result-
ing in blindness (Schulze Schwering et al., 2013).

6f.  Risks in pregnancy

Nevirapine appears to be reasonably well tolerated in preg-
nancy, with a generally low rate of adverse events, particularly 

when given as a single dose. Maternal deaths due to fulmi-
nant hepatitis have been reported, however, and enrolment 
into Pediatric AIDS Clinical Trials Group (PACTG) 1022 
was suspended when unexpectedly high rates of toxicity 
occurred (Thorne and Newell, 2005). The PACTG study 316, 
in which single-dose nevirapine was administered intrapar-
tum in women on established antiretroviral therapy, reported 
an adverse event rate of 1.8% among 1407 women who were 
assessed 48 hours and 4–6 weeks postpartum (Watts et al., 
2004). The incidence of rash in one study of 235 pregnant 
women of predominantly black African and black Caribbean 
origin was 7.6% and of hepatotoxicity was 5%, (Natarajan et 
al., 2007), and similar rates of adverse events have been 
reported in other cohort studies (Joao et al., 2006; Marazzi 
et al., 2006). Asymptomatic serum liver function test abnor-
malities were seen in 10–20% of pregnant women in Italy 
(Manfredi and Calza, 2007). A Thai study suggested that 
pregnant women had a significantly higher rate of hepato-
toxicity than nonpregnant women (Phanuphak et al., 2007). 
In another retrospective comparative study of 58 pregnant 
women, 19% developed nevirapine-induced hepatotoxicity, a 
rate higher than in their nonpregnant counterparts, although 
the pregnant women had higher CD4 cell counts than the 
nonpregnant women (Timmermans et al., 2005). These rates 
are in stark contrast to a 29% rate of adverse events in 17 
pregnant women randomized to nevirapine in PACTG 1022, 
of whom half were African American (Hitti et al., 2004). Of 
20 women with CD4 cell counts > 250/ml at the time of ini-
tiation of nevirapine-based combination therapy in preg-
nancy, 3 (15%) developed drug hypersensitivity associated 
with hepatitis. No case occurred in the 30% of women who 
started on antiretroviral treatment in the first trimester or in 
the 44% who began treatment in the second trimester. All 
cases occurred in the third trimester (3 of 5 women), but 
numbers are small (Joy et al., 2005). There are reports of 
pregnant women who died from fulminant hepatitis second-
ary to nevirapine (Lyons et al., 2006).

Nevirapine is not recommended for women with CD4 cell 
counts> 250 cells/µl, especially during pregnancy, because of 
the potential increased risk of hepatotoxicity, which can be 
life-threatening (Lyons et al., 2006). It is quite safe to con-
tinue treatment in women who are stable on nevirapine ther-
apy before becoming pregnant (Thorne and Newell, 2005).

6g.  Fetal toxicity

There was no evidence of teratogenicity in studies performed 
in rats and rabbits treated with doses of 50 mg/kg/day and 
300 mg/kg/day nevirapine. No effects on fetal development 
were seen in rats with systemic exposures equivalent to the 
recommended human dose or rabbits with systemic expo-
sure about 50% higher than the recommended human dose. 
Nevirapine has not been reported to cause fetal malforma-
tions. No reports of adverse effects on the fetus have been 
observed from several studies (Bae et al., 2008; Ekouevi et 
al., 2011; Mirochnick et al., 2000). The FDA safety classifica-
tion for nevirapine in pregnancy is category B (reproduction 
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studies in animals failed to demonstrate a risk to the fetus; 
adequate well-controlled studies involving pregnant women 
have not been conducted).

7. CLINICAL USES OF THE DRUG

Nevirapine has been used solely in the setting of HIV-1 
infection. Owing to the rapid emergence of resistance with 
nevirapine monotherapy regardless of initial CD4 cell count, 
viral load, or dose of nevirapine, this drug should be used 
only in combination with other antiretroviral drugs for the 
treatment of HIV-1 infection. Nevirapine in combination 
with two nucleoside/nucleotide analogs is no longer recom-
mended as a preferred or alternative regimen for initial ther-
apy in antiretroviral-naive individuals in European and US 
guidelines (European AIDS Clinical Society, 2015; Panel on 
Antiretroviral Guidelines for Adults and Adolescents, 2015), 
but is an alternative recommended initial regimen for the 
resource-limited setting (WHO, 2015). Clinical trials demon-
strating efficacy of nevirapine, in combination with other 
antiretroviral drugs, are outlined in this section and summa-
rized in Table 235.3.

Early monotherapy studies using 200–400 mg daily nevi-
rapine demonstrated transient viral load reductions (mea-
sured by p24 antigen reductions and later HIV RNA) and 
increases in CD4 cell counts followed by viral rebound with 
the rapid development of resistance (Havlir et al., 1995a). 
This was not prevented by the use of nevirapine in a dose of 
400 mg daily, which resulted in a median decrease in plasma 
HIV RNA 0.5 log10 copies/ml but, by week 12, viral load had 
returned to baseline in the majority, and isolates from all 
participants were resistant to nevirapine) (de Jong et al., 
1997; Havlir et al., 1995b). Alternating treatment with nevi-
rapine and zidovudine (after 8–12 weeks of therapy with 
nevirapine 200 mg daily for 1 week and zidovudine 600 mg 
daily for 3 weeks, HIV isolates were 40- to 1000-fold less sen-
sitive to nevirapine than pretherapy strains) (de Jong et al., 
1994) or the addition of zidovudine to nevirapine (Carr et  
al., 1996; Cheeseman et al., 1995) failed to prevent the emer-
gence of resistance. The consistent finding of unsustained 
virologic effect and rapid development of resistance to nevi-
rapine monotherapy emphasized the need for nevirapine to 
be used as part of a combination therapy for the treatment of 
HIV-1 infection.

7a.  HIV-1 infection: antiretroviral-naive 
studies

First-line treatment for patients with HIV infection includes 
two nucleoside analog reverse transcriptase inhibitors and 
either an NNRTI or a protease inhibitor. There is no differ-
ence in virologic or immunologic responses in antiretroviral- 
naive patients starting on therapy with nevirapine 400 mg 
once daily or 200 mg twice daily (van Leth et al., 2004a) 
after the 2-week lead-in dosing period with 200 mg daily; 
however, treatment discontinuations are greater for patients 

administered 400 mg once daily because of rash and abnor-
mal liver function tests with or without hepatitis. For this 
reason, it is recommended that nevirapine be used in a twice-
daily dosing regimen in patients who are antiretroviral naive. 
Switching to once-daily dosing after several months of  
twice- daily dosing (after establishment of tolerance to the 
regimen) is preferable. A summary of the results of random-
ized controlled trials comparing nevirapine-containing 
antiretroviral regimens with other combination regimens is 
summarized in Table 235.6.

The INCAS trial (study 1046) compared treatment with 
nevirapine (200 mg/day for 14 days and then switching to 
400 mg/day) in combination with zidovudine and didanosine 
versus nevirapine plus zidovudine or zidovudine plus dida-
nosine in 151 HIV-infected patients who were antiretroviral 
naive and had CD4 counts between 200 and 600 cells/µl 
(mean: 376 cells/µl) and a mean plasma HIV RNA of 4.4 log10 
copies/ml (25,704 copies/ml) at baseline. At week 8, there 
was a 2.18 log reduction in HIV RNA in the zidovudine, 
didanosine, and nevirapine arm, compared with a 0.9 log 
reduction in the zidovudine plus nevirapine arm and 1.55 log 
reduction in the zidovudine plus didanosine arm. At week 
16, 68% of the triple-therapy participants had HIV RNA 
levels < 400 copies/ml and 51% maintained virologic sup-
pression to week 52 (45% < 20 copies/ml). No patients treated 
with zidovudine plus nevirapine achieved virologic suppres-
sion at week 52. At week 52, those randomized to receive tri-
ple therapy or zidovudine plus didanosine had significantly 
higher mean CD4 cell increases from baseline (139 and 87 
cells/µl, respectively) than those randomized to receive zid-
ovudine plus nevirapine. There was a nonsignificant trend  
to lower rates of clinical disease progression in the triple- 
therapy arm (Montaner et al., 1998). Further analysis of this 
study revealed that achieving a plasma viral load of < 20  
copies/µl predicted the ability to maintain durable virologic 
suppression (Raboud et al., 1998).

The triple combination of zidovudine, didanosine, and 
nevirapine compared with zidovudine plus didanosine was 
also evaluated in 68 antiretroviral-naive patients with more 
advanced HIV disease (CD4 cell counts < 200 cells/µl) (ISS 
047 study). Median HIV RNA reductions were significantly 
greater in the triple-therapy arm (2.69 log10 vs. 1.05 log10 at 
24 weeks and 1.97 log10 vs. 1.20 log10 at 48 weeks), and the 
median CD4 cell increase was 101 cells/µl compared with 27 
cells/µl (Floridia et al., 1999).

A meta-analysis of participants randomized to zidovu-
dine, didanosine, and nevirapine or to zidovudine plus did-
anosine in these two studies (INCAS and ISS 047) evaluated 
whether baseline viral load was predictive of virologic 
response and whether achievement of plasma HIV RNA < 20 
copies/ml was predictive of sustained virologic response. 
Patients with baseline HIV RNA levels < 100,000 copies/ml 
were significantly more likely to achieve a plasma viral load  
< 400 copies/ml (OR: 2.49) and < 20 copies/ml (OR: 4.76), 
and the relative risk of virologic failure was 0.04 if a plasma 
viral load of < 20 copies/ml was achieved compared with 
those who did not achieve a plasma viral load < 400 copies/ml 
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(Raboud et al., 1999), regardless of baseline CD4 cell count. 
In contrast, a composite analysis of data from six trials of 
antiretroviral-naive patients starting on nevirapine-based 
anti retroviral regimens revealed no difference in virologic 
outcome in regard to high or low baseline viral loads (greater 
than or less than 100,000 copies/ml) (Raffi et al., 2001).

The OzCombo 2 study compared three different nucleo-
side backbones (zidovudine plus lamivudine, stavudine plus 
didanosine, stavudine plus lamivudine) in combination with 
nevirapine in 70 antiretroviral treatment-naive patients. 
There was no statistically significant difference between viro-
logic or immunologic responses or in cessation of study 
drugs due to adverse events (the study may have been under-
powered to detect differences). The mean reductions in viral 

load were 1.29, 2.16, and 1.78 log10 copies/ml, the proportion 
of patients with plasma HIV RNA < 50 copies/ml were 73%, 
68%, and 80%, and the mean increases in CD4 cells were 139, 
113, and 174 cells/μl in the zidovudine plus lamivudine, 
stavudine plus lamivudine, and stavudine plus didanosine 
arms, respectively (French et al., 2002). The Tshepo study 
performed in Botswana was a randomized study using an 
open-label factorial design, which compared three nucleo-
side backbone regimens (zidovudine plus lamivudine, zid-
ovudine plus didanosine, stavudine plus lamivudine) with 
either nevirapine or efavirenz in 450 antiretroviral-naive 
adults. Zidovudine plus didanosine with nevirapine had sig-
nificantly inferior efficacy based on higher virologic failure 
rates compared with the other nucleoside backbones (11% 

Table 235.6. Randomized controlled trials of nevirapine in antiretroviral-naive patients.

Reference
Treatment regimen 
(study arms) Trial

No. of 
patients Study end point Outcome

Montaner et al. 
(1998)

AZT + ddI + NVP
AZT + NVP
AZT + ddI

INCAS  151 Virological suppression 
(proportion with plasma  
VL < 20 copies/ml) at 
52 weeks

51%
0% 
12%
p < 0.001

French et al. (2002) AZT + 3TC + NVP
Stavudine + ddI + NVP
Stavudine + 3TC + NVP

OZCOMBO 2   70 Proportion with plasma  
VL < 50 copies/ml at 
48 weeks

73%
68%
80%
p > 0.05

van Leeuwen et al. 
(2003)

Stavudine + ddI + NVP
Stavudine + ddI + IND
Stavudine + ddI + 3TC

ATLANTIC  298 Proportion with plasma  
VL < 50 copies/ml at 
48 weeks

53.9%
55%
45.9%
p > 0.05

Podzamczer et al. 
(2002)

AZT + 3TC + NVP
AZT + 3TC + NEL

COMBINE  142 Proportion with plasma  
VL < 50 copies/ml at 
52 weeks

75%
60%
p > 0.05

Clumeck et al. 
C2014)

AZT+3TC (or TDF + 
FTC) + NVP

AZT + 3TC (or TDF + 
FTC) + r/LOP

 425 Proportion with virological 
failure (> 50 copies/ml) at 
96 weeks

13%
6%
p = 0.019

Soriano et al. (2011) TDF + FTC + NVP 200 
mg twice daily

TDF + FTC + NVP 400 
mg once daily

TDF + FTC + r/ATZ

ARTEN  569 Proportion with plasma VL  
< 50 copies/ml at 2 con-
secutive times at 48 weeks 
(proportion with treatment 
response)

87.2% (66.5%)
89.4% (67.0%)
85.5% (65.3%)
p > 0.05

van Leth et al. 
(2004a)

Stavudine + 3TC + NVP 
400 mg once daily

Stavudine + 3TC + NVP 
200 mg twice daily

Stavudine + 3TC + EFV
Stavudine + 3TC + NVP 

+ EFV

2NN 1216 Proportion with plasma  
VL < 50 copies/ml at week 
48

(proportion with treatment 
failure)a 

70.0% (46.6%) 
65.4% (43.7%)
70.0% (37.8%)
62.7% (53.1%)
p > 0.05 (p = 0.016)

Gathe et al. (2011) TDF + FTC + NVP IR 
200 mg twice daily

TDF + FTC + NVP XR 
400 mg once daily

VERxVE 1011 Proportion with VL < 50  
copies/ml on 2 consecutive 
occasions at 48 weeks

75.9%
81.0%
(p > 0.05)

aTreatment failure defined as reduction of < 1 log HIV RNA in 12 weeks, plasma HIV RNA > 50 copies/ml after 24 weeks, clinical disease progression, or change 
in allocated treatment, or withdrawal from the study.

Abbreviations: AZT: zidovudine; ddI: didanosine; NVP: nevirapine; VL: viral load; 3TC: lamivudine; IND: indinavir; NEL: nelfinavir; TDF: tenofovir disoproxil fuma-
rate; FTC: emtricitabine; r/LOP: ritonavir-boosted lopinavir; r/ATZ: ritonavir-boosted atazanavir; EFV: efavirenz; NVP IR: nevirapine immediate-release formu-
lation; NVP XR: nevirapine extended-release formulation.
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vs. 2%), resulting in early cessation of the zidovudine plus 
didanosine arm as recommended by the Data Safety Mon-
itoring Board (Bussmann et al., 2009). The combination of 
once-daily didanosine, lamivudine, and nevirapine has also 
been shown to be efficacious (67% with plasma viral loads  
< 50 copies/ml at 12 months and a median CD4 cell count 
increase of 201 cells/μl in one study), with 10% of patients 
discontinuing therapy for adverse events, mainly due to rash 
(Laurent et al., 2011; Ribera et al., 2005).

A small randomized study comparing twice-daily stavu-
dine, didanosine, and nevirapine with twice-daily stavudine 
and once-daily didanosine and nevirapine in treatment- 
naive patients with CD4 cell counts > 500 cells/μl (the Scan 
study) reported equivalent virologic and immunologic 
responses (Garcia et al., 2000). A nonrandomized study of 
once- versus twice-daily nevirapine with a nucleoside analog 
backbone of stavudine plus didanosine (VIRGO study) 
reported a nonsignificant difference in the proportion of 
patients achieving plasma HIV RNA levels < 50 copies/ml at 
24 weeks (55% in the once-daily group compared with 67% 
in the twice-daily group). There were more patients with 
baseline viral loads > 100,000 copies/ml in the once-daily 
nevirapine group (Raffi et al., 2000b).

The addition of nevirapine or hydroxyurea to the triple 
nucleoside analog combination of abacavir, zidovudine, and 
lamivudine was examined in 229 antiretroviral-naive patients 
(no CD4 cell criteria for inclusion) in the CHARM study, and 
nevirapine was found to be associated with significantly less 
treatment failure and more rapid achievement of plasma 
HIV RNA < 50 copies/ml, mainly because of the toxicity of 
hydroxyurea (Blanckenberg et al., 2004).

High rates of early virologic failure in antiretroviral-naive 
patients starting on once-daily treatment with tenofovir and 
didanosine in combination with either nevirapine or efa-
virenz have been reported. After 6 months of therapy, 50% of 
patients in one cohort experienced virologic failure (Leon et 
al., 2005), a rate similar to that seen when a triple nucleoside 
analog regimen, including tenofovir plus lamivudine, was 
used. Once-daily administration of tenofovir, lamivudine, 
and nevirapine was also shown to be inferior and associated 
with high rates of early virologic failure (by week 12) in a 
randomized study comparing once-daily tenofovir (245 mg), 
lamivudine (300 mg), and nevirapine (400 mg) with twice-
daily administration of zidovudine–lamivudine (300 mg/150 
mg) and nevirapine (200 mg twice daily). This study (DAUFIN 
study) was terminated early because of high rates of early viro-
logic failure (8 of 36 patients or 22.2%), and predictors of early 
failure with the once-daily regimen included higher baseline 
viral load and significantly lower baseline CD4 cell count. The 
K65R, Y181C, and G190A mutations occurred commonly 
(Clotet, 2008; Rey et al., 2009). Other groups have reported the 
same high rates of early virological failure for those receiving 
tenofovir plus lamivudine or emtricitabine and nevirapine 
twice daily compared with zidovudine and lamivudine (Lapa-
dula et al., 2008; Scarsi et al., 2016; Tang et al., 2012). 

An open-label randomized trial comparing the fixed- 
dose combination of tenofovir and emtricitabine with either 

nevirapine or ritonavir-boosted atazanavir was stopped early 
because of the high rate of early virologic failure (12 weeks 
after treatment) in the nevirapine arm (three of seven patients 
on nevirapine compared with none of seven in the protease 
inhibitor arm). The three patients with virologic failure all 
demonstrated multiple mutations (Lapadula et al., 2008).

Following the development of the extended-release for-
mulation of nevirapine, the efficacy of nevirapine IR 200 mg 
twice daily was compared with nevirapine ER 400 mg once 
daily, both combined with co-formulated tenofovir and emtri-
citabine, in a randomized double-blind placebo-controlled 
trial that recruited 1011 antiretroviral-naive patients (VERxVE 
trial). Baseline CD4 counts in men were between 50 and 400 
cells/µl, and between 50 and 250 cells/µl in women. Virological 
response, defined as two consecutive viral loads of < 50 copies/
ml 2 weeks apart, was achieved in 81.0% of those randomized 
to nevirapine ER compared with 75.9% in the nevirapine IR 
group. Virological failure occurred in 3.2% of the nevirapine 
ER group and 5.9% of the IR group, whereas treatment failure 
(which includes discontinuation for adverse events as well as 
virological failure) occurred in 19% of the nevirapine ER group 
compared with 24% of the nevirapine IR group. Nevirapine 
ER had noninferior activity to nevirapine IR and a similar 
safety profile (Gathe et al., 2011). 

NEVIRAPINE VERSUS PROTEASE INHIBITORS

Both the Atlantic and the Combine studies reported nevira-
pine-based regimens to be equivalent to unboosted protease 
inhibitor-based therapy in antiretroviral-naive patients.

The Atlantic study compared the nucleoside backbone of 
stavudine plus didanosine, in combination with either nevi-
rapine, indinavir (unboosted), or lamivudine, in 298 treat-
ment-naive patients with CD4 cell counts higher than 200 
cells/μl. Nevirapine was dosed at 400 mg once daily after the 
2-week, 200-mg daily-dose, lead-in period. There was no sta-
tistical difference in the proportion of patients who achieved 
virologic suppression of < 500 copies/ml plasma HIV RNA at 
48 weeks (58.4% nevirapine, 57% indinavir, and 58.7% lami-
vudine), and the proportion achieving a plasma viral load 
of < 50 copies/ml was 53.9%, 55%, and 45.9%, respectively. 
There was no difference in virologic response according 
to baseline viral loads of greater than or less than 100,000 
 copies/ml. The mean CD4 cell increases were approximately 
100 cells lower in the nevirapine arm (139 cells/μl, 238 cells/μl, 
and 233 cells/μl, respectively), but were not statistically dif-
ferent (van Leeuwen et al., 2003).

Nevirapine (200 mg twice daily) was compared with nel-
finavir (1250 mg twice daily) with a nucleoside backbone 
of zidovudine and lamivudine in a randomized trial of 142 
antiretroviral-naive patients in the Combine study. The pro-
portion of patients with plasma viral loads < 50 copies/ml at 
12 months was 75% in the nevirapine arm and 60% in the 
nelfinavir arm (not significantly different), with a CD4 cell 
increment of 162 cells/μl in the nevirapine arm compared 
with 173cells/μl in the nelfinavir arm (not statistically signif-
icant). This study also evaluated HIV RNA in CSF samples 
at baseline, and at 6 months in nine nelfinavir recipients and 
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eight nevirapine recipients. All patients had detectable HIV 
in CSF at baseline, and at 6 months HIV RNA was not detect-
able in either plasma or CSF. Semen from eight virologically 
suppressed patients receiving nevirapine also had no detect-
able HIV RNA (< 200 copies/ml). This small study demon-
strated comparable virologic and immunologic efficacy and 
safety between antiretroviral regimens containing either 
nevirapine or nelfinavir (Podzamczer et al., 2002). There was 
no significant difference in health-related quality of life at 12 
months between the two arms, although there were trends 
toward better profiles in the physical and mental health sum-
maries (Casado et al., 2004).

A case-control study comparing patients starting on a tri-
ple-drug regimen containing either a protease inhibitor (82% 
on indinavir) or an NNRTI (80% on nevirapine), in combi-
nation with nucleoside analogs (56% of patients on indinavir 
had undergone prior nucleoside analog therapy compared 
with 24% in the nevirapine arm) established no difference 
in the virologic efficacy or extent of CD4 cell recovery in the 
first 12 weeks of treatment. After the first 12 weeks of treat-
ment (and CD4 cell redistribution from the periphery to the 
plasma), increases in CD4 cell levels slowed and patients in 
the protease inhibitor arm had significantly greater increases 
in CD4 cell counts in the period between 12 and 48 weeks 
(17.1 ± 14.6 cells/μl per month) than those in the NNRTI 
arm (6.4 ± 8.5 cells/μl per month) (Barreiro et al., 2002). This 
finding has also been reported in antiretroviral-naive patients 
from the retrospective ATHENA cohort, in which patients 
who achieved virologic suppression on either a protease 
inhibitor-based regimen or a nevirapine-based regimen were 
compared. After adjustment for baseline CD4 cell counts, the 
mean absolute CD4 cell increase over 96 weeks was signifi-
cantly greater, at 301 cells/μl, in the protease inhibitor group 
than in the nevirapine group (199 cells/μl); however, there 
was no difference in the differential change in CD4 percent 
from baseline between the two groups, suggesting a differen-
tial effect on the absolute number of T-lymphocytes. The 
smaller increase in CD4 cells was more pronounced if the 
baseline CD4 cell count was < 200 cells/μl (van Leth et al., 
2004c).

A boosted protease inhibitor–based regimen (once daily 
lopinavir–ritonavir) was compared with nevirapine (200 mg 
twice daily) in 425 antiretroviral-naive adults (70% women) 
in a randomized controlled trial in the Congo. The nucleoside 
backbone was the generic co-formulation of zidovudine–
lamivudine unless the patient was hepatitis B co-infected, 
then co-formulated tenofovir and emtricitabine was used. 
The baseline median CD4 cell count was 181 cells/µl, and 
24% of women had baseline CD4 cell counts > 250 cells/µl. 
There was a 25% rate of discontinuation in both study arms 
by week 48. There was no significant difference in the rate of 
treatment failure at week 48 (nevirapine 32% and lopinavir–
ritonavir 29%) or at week 96 (nevirapine 42% and lopinavir–
ritonavir 38%). However in the per protocol analysis there 
was a significantly higher rate of treatment failure (15% on 
nevirapine and 8% on lopinavir–ritonavir) driven by the 
significantly greater rate of virological failure for those on 

nevirapine (11.4% vs. 4.2%). This difference in treatment 
failure persisted through week 96 of the study. There was no 
significant difference between arms for increase in CD4 cells 
(median increase at week 48 was 119 cells/µl for nevirapine 
and 125 cells/µl for lopinavir–ritonavir). The proportion of 
patients with suppressed viral load of < 50 copies/ml was not 
different by arm (68% nevirapine, 67% lopinavir–ritonavir). 
Patients on lopinavir–ritonavir experienced significantly 
more adverse events compared with nevirapine (Clumeck et 
al., 2014). 

The OCTANE 2 trial in 502 African women not previ-
ously exposed to single-dose nevirapine, established equivalent 
efficacy of nevirapine 200 mg twice daily versus lopinavir–
ritonavir 400 mg/100 mg twice daily with co-formulated 
tenofovir and emtricitabine; 17% women assigned to nevi-
rapine and 20% assigned to lopinavir–ritonavir experienced 
virological failure or death (Lockman et al., 2012). For 
women exposed to single-dose nevirapine as part of the pre-
vention of mother to child transmission of HIV, lopinavir–
ritonavir 400 mg/100 mg twice daily is superior to nevirapine 
200 mg twice daily with co-formulated tenofovir and emtric-
itabine (OCTANE 1 trial). This study was stopped prema-
turely following a recommendation by the Data Safety 
Monitoring Board, after recruitment of 241 women with a 
median baseline CD4 count of 139 cells/µl and a median of 
17 months since the most recent exposure to single dose nevi-
rapine. The primary end point was time to virological failure 
(defined as lack of initial virological response, < 1 log10 reduc-
tion in HIV-RNA from baseline or > 400 copies/ml after 
week 24) or death. There was a 23% virological failure rate 
and 3% mortality in the nevirapine group compared with 8% 
virological failure and 1 death in the lopinavir–ritonavir 
group. Increased time for exposure to single-dose nevirapine 
was associated with a decreased difference between the two 
groups in treatment efficacy, such that if more than 24 months 
had elapsed since the last dose of single-dose nevirapine, there 
was no significant difference in virological failure between 
the two groups. Significantly more women with detectable 
nevira pine resistance at baseline experienced virological 
failure on the nevirapine arm compared with the lopinavir–
ritonavir arm, emphasizing the importance of baseline geno-
typic testing for nevirapine resistance if nonnevirapine-based 
regimens are available for use (Lockman et al., 2010).

An open label, randomized noninferiority trial compared 
the efficacy and tolerability of nevirapine with ritonavir- 
boosted atazanavir (ArTEN study). The study randomized 
188 patients to nevirapine IR 200 mg twice daily, 188 patients 
to nevirapine IR 400 mg once daily, and 193 patients to 
ritonavir-boosted atazanavir with a backbone of tenofovir 
plus emtricitabine in a fixed-dose combination. Mean base-
line CD4 cell count was 185 cells/µl, and almost 65% had  
a baseline HIV-RNA level > 100,000 copies/ml. Using an 
intent-to-treat, noncompleter equals failure analysis, 66.8% 
of the combined nevirapine group versus 65.3% of the ataza-
navir group achieved a virological response defined as  
two consecutive HIV RNA levels < 50 copies/ml by week  
48. Noninferiority was established between nevirapine and 
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boosted atazanavir (Soriano et al., 2011). These results were 
replicated in the NEWART study performed in 152 patients 
randomized to either nevirapine 200 mg twice daily or 
ritonavir-boosted atazanavir 300 mg/00 mg plus the fixed-
dose combination of tenofovir and emtricitabine. Virological 
response was achieved in 61.3% of patients on the nevirapine 
arm compared with 64.9% of patients in the boosted atazana-
vir arm (Dejesus et al., 2011). 

NEVIRAPINE VERSUS EFAVIRENZ

The largest randomized study to compare the virologic and 
immunologic efficacy of treatment with nevirapine or efa-
virenz, or the combination of nevirapine plus efavirenz, with 
a nucleoside backbone of stavudine and lamivudine in 
antiretroviral-naive patients was an open-label trial (the 
2NN study). The trial enrolled 1216 patients from five conti-
nents and randomized them to receive nevirapine 400 mg 
once daily, nevirapine 200 mg twice daily, efavirenz 600 mg 
once daily, or nevirapine 400 mg and efavirenz 800 mg once 
daily. Initially designed as a three-arm trial, an additional 
arm of twice-daily nevirapine was added to the once-daily 
arms after 5 months of recruitment. The primary end point 
in this study was the proportion of patients with treatment 
failure (defined as a decline in HIV RNA of < 1 log10 from 
baseline within the first 12 weeks, two consecutive HIV RNA 
measurements > 50 copies/ml after week 24, clinical disease 
progression to an AIDS-defining illness, or death as well as 
change in allocated treatment or withdrawal from the study). 
Overall, there was a statistically significant superior treat-
ment efficacy favoring efavirenz, with the major driver of 
treatment failure in the nevirapine arms being a change of 
assigned treatment, which was highest in the nevirapine plus 
efavirenz arm. The most common reason for discontinuation 
of therapy was adverse events, the rate of which was signi- 
ficantly different between arms: 30% in the combined efavirenz 
plus nevirapine arm, 21.5% in the nevirapine twice-daily arm, 
24% in the nevirapine once-daily arm, and 15.8% in the efa-
virenz arm. There was no statistical difference between arms 
in virologic efficacy (virologic failure occurred in 11.4% 
receiving nevirapine once daily, in 18.9% receiving nevira-
pine twice daily, in 15.3% receiving efavirenz, and in 16.3% 
in the nevirapine plus efavirenz arm) or clinical disease pro-
gression (2.4–3.2%). The proportion of patients who achieved 
plasma HIV RNA levels below 50 copies/ml at week 48 was 
70.0% for nevirapine once daily, 65.4% for nevirapine twice 
daily, 70.0% for efavirenz, and 62.7% for nevirapine plus efa-
virenz. There were similar median increases in CD4 cell 
counts over 48 weeks across arms, with a median increase 
of 150–170 cells/μl. Patients with baseline viral loads of > 
100,000 copies/ml were 1.6 times more likely to experience 
treatment failure, with a difference of 17.3% between those 
with high versus low baseline viral loads. The response to 
treatment also differed by region in which the trial was per-
formed: In Asia and Australia, rates of treatment failure in 
the efavirenz arm were much lower than in all other regions, 
and rates of virologic failure in all arms of the study were 
lower than in Europe, the USA, Canada, and South Africa 

(van Leth et al., 2004a). A post hoc analysis of patients with 
low CD4 cell counts (< 25 cells/μl) compared with patients 
with CD4 cell counts > 200 cells/μl revealed a nonsignificant 
hazard ratio of 1.28 for treatment failure, and for those with 
plasma viral loads > 100,000 copies/ml compared with those 
with viral loads of < 100,000 copies/ml the nonsignificant 
hazard ratio for treatment failure was 1.2. There was no statis-
tically significant difference in treatment failure or virologic 
response between once- or twice-daily nevirapine. There was 
also no statistically significant difference between nevirapine 
and efavirenz in any CD4 cell stratum or plasma viral load 
stratum for virologic failure, although efavirenz did appear 
to perform better than nevirapine in those with CD4 cell 
counts < 25 cells/μl (van Leth et al., 2005).

Another small randomized study (SENC study) compar-
ing nevirapine with efavirenz with a nucleoside backbone 
of stavudine and didanosine in 64 treatment-naive patients 
reported that the proportion of patients with plasma viral 
loads < 50 copies/ml at 48 weeks was 64% in the nevirapine 
group and 74% in the efavirenz group, a difference that was 
not significantly different (the study was underpowered to 
show a difference) (Nunez et al., 2002).

A systematic review and meta-analysis of 38 studies (10 
randomized controlled trials, 15 prospective cohort studies, and 
13 retrospective cohort studies) revealed that efavirenz-based 
regimens are significantly less likely to result in virological 
failure compared with nevirapine-based regimens (risk ratio 
[RR]: 0.85; 95% CI: 0.73–0.99 for randomized controlled tri-
als and RR: 0.65; 95% CI: 0.59–0.71 for observational stud-
ies) (Pillay et al., 2013). There was only marginally superior 
virological suppression for efavirenz regimens (RR:1.04; 95% 
CI: 1.00–1.08) from randomized controlled trials. 

Several cohort studies, including large collaborations 
(HIV-CAUSAL, IeDEA South Africa) have suggested that 
the risk of treatment failure is 1.5- to 2-fold greater for 
patients initiating treatment with a nevirapine-based regi-
men than with an efavirenz regimen (Cozzi-Lepri et al., 
2002; Fox et al., 2012; Keiser et al., 2002; Matthews et al., 
2002). Risk of death and regimen discontinuation were also 
significantly greater for patients treated with nevirapine com-
pared with efavirenz in observational studies, but there was no 
difference in either mortality or treatment discontinuation 
noted in the randomized controlled trials (Pillay et al., 2013; 
HIV-CAUSAL Collaboration, 2012; Nachega et al., 2008). 

When comparing efavirenz- and nevirapine-based regi-
mens in the setting of co-infection with tuberculosis and 
treatment with rifampicin-based antituberculous regimens, 
a systematic review and meta-analysis of five randomized 
controlled trials (Bonnet et al., 2013; Manosuthi et al., 2009; 
Matteelli et al., 2013; Sinha et al., 2013; Swaminathan et al., 
2011) and four cohort studies (Boulle et al., 2008; Manosuthi 
et al., 2008; Shipton et al., 2009; Villar et al., 2011) has 
revealed that, although nevirapine-based regimens were 
associated with significantly higher risk of inability to achieve 
a virological response at < 400 copies/ml (RR: 1.10; 95% CI: 
1.03–1.17), there was only a nonsignificant trend toward 
inferior virological response rates at < 50 copies/ml and no 
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significant difference in mortality or tuberculosis treatment 
outcomes (Jiang et al., 2014). Nevirapine use in the setting of 
tuberculosis was associated with significantly greater adverse 
events and increased risk of discontinuation of assigned 
antiretroviral therapy regimen. While efavirenz-based regi-
mens are preferred for initiation of antiretroviral therapy in 
patients co-infected with tuberculosis and HIV, nevirapine- 
based therapy is considered an acceptable alternative when 
efavirenz is not tolerated (Jiang et al., 2014).

OTHER STUDIES OF NEVIRAPINE-CONTAINING 
REGIMENS

A randomized placebo-controlled trial in 600 antiretrovi-
ral-naive immunodeficient (CD4 cell count < 200 cells/µl) 
Ugandan adults compared co-formulated zidovudine and 
lamivudine with either abacavir or nevirapine. The nevirap-
ine arm had statistically significant superior virological and 
immunological responses compared with the triple nucleo-
side arm (week 48 viral load < 50 copies/ml achieved in 77% 
of those on nevirapine and 62% on abacavir; week 48 mean 
increase in CD4 cell count was 173 cells/µl for nevirapine 
and 147 for abacavir). There was no difference in mortality or 
progression to AIDS, but the nevirapine participants experi-
enced significantly more serious adverse events (Munderi et 
al., 2010). After 24 weeks on the study, participants received 
open-label medication and were randomized to clinical 
monitoring or clinical plus CD4 cell monitoring. Viral load 
testing was performed retrospectively and of those with viro-
logical failure at week 48, 27% were able to achieve resup-
pression of HIV viremia by week 96 without switching 
regimens, most likely due to improved adherence (Gupta 
et al., 2014). High rates of resuppression were also seen in a 
study of zidovudine plus lamivudine with nevirapine or efa-
virenz, with 41% achieving resuppression without a regimen 
switch (Hoffmann et al., 2009). Cohort studies have also 
demonstrated superior and more durable virological responses 
with a nevirapine-containing regimen compared with a tri-
ple nucleoside analog regimen in antiretroviral-naive patients, 
with 76% on nevirapine plus zidovudine and lamivudine 
attaining plasma viral loads below the limit of detection 
compared with 51% on abacavir, zidovudine, and lamivu-
dine (Perez-Elias et al., 2005).

Generic fixed-dose combinations of stavudine, lamivu-
dine, and nevirapine have been evaluated in Médecins Sans 
Fron tiéres HIV/AIDS programs, with virologic and clinical 
outcomes comparable to cohort data from European and US 
settings (Allan et al., 2003; Calmy et al., 2006; Madec et al., 
2007).

Analogous to the situation of exposure to nevirapine 
monotherapy in prophylaxis regimens is the simultaneous 
cessation of all drugs in a combination regimen, includ-
ing nevirapine and dual-nucleoside analogs, in planned or 
unplanned treatment-interruption scenarios, because of the 
different half-lives of the drugs, which result in exposure to 
nevirapine alone as viral replication occurs and the potential 
for development of resistance. Analyses of data from one ret-
rospective cohort of 135 patients with viral load suppression 

before treatment interruption and 17 patients in whom treat-
ment with the same antiretroviral regimen of two nucleoside 
analogs plus nevirapine was reinitiated within a mean period 
of 193 days revealed that 88.2% were able to resuppress the 
viral load to < 50 copies/ml (Yozviak et al., 2002). In contrast, 
women with previous exposure to single-dose nevirapine for 
prevention of mother to child transmission experienced 
greater virological failure or died (26%) after initiating com-
bination antiretroviral therapy with tenofovir, emtricitabine, 
and nevirapine 6 months after the single-dose nevirapine, 
compared to a rate of 8% in those randomized to tenofovir, 
emtricitabine, and lopinavir–ritonavir. In women in the 
same study not exposed to prior nevirapine, the rates of viro-
logical failure or death were the same for the two arms (14%) 
(Lockman et al., 2010).

7b.  HIV-1 infection: antiretroviral-
experienced studies

The ACTG study 241 compared the triple combination of 
nevirapine (200 mg/day for 14 days followed by 400 mg/day) 
in combination with zidovudine plus didanosine versus zid-
ovudine plus didanosine in 398 HIV-infected patients with 
CD4 cell counts of 350 cells/μl or less (median, 136 cells/μl) 
and a mean plasma HIV RNA of 4.6 log10 copies/ml (38,905 
copies/ml) who received at least 6 months of prior nucleo-
side analog therapy (median, 25 months). At 48 weeks, the 
mean CD4 cell count had fallen below baseline in both 
groups (by 8 weeks in the dual nucleoside group and by 
30 weeks in the triple-therapy group) but was significantly 
higher in those randomized to receive combination therapy 
plus nevirapine compared with those randomized to dual 
nucleoside therapy. Viral load reductions from baseline, 
measured by HIV RNA, peaked at week 4 and returned to 
baseline at week 48 in the dual-therapy group and remained 
0.25 log below baseline in the triple-therapy arm. There was 
no difference between the two groups in risk of disease pro-
gression, although this study was not powered to examine 
this as an end point (D’Aquila et al., 1996).

The BI 1037 study compared treatment with the combina-
tion of nevirapine (200 mg/day for the first 14 days and then 
switching to 400 mg/day) and zidovudine versus zidovudine 
monotherapy in 60 HIV-infected patients with CD4 counts 
of 200–500 cells/μl (mean: 373 cells/μl), a mean plasma HIV 
RNA of 4.24 log10 copies/ml (17,378 copies/ml), and between 
3 and 24 months of prior zidovudine therapy (median: 35 
weeks). Those randomized to combination therapy exhibited a 
sustained increase in CD4 cell counts over 24 weeks of study, 
with a mean maximal increase of approximately 55 cells/μl at 
week 8 and falling to baseline at week 28; those randomized 
to continue zidovudine monotherapy exhibited a decline in 
CD4 cell counts (40 cells/μl below baseline at week 28). The 
mean maximal decline in HIV RNA in those receiving com-
bination therapy was 1.6 log10 copies/ml at week 2, rising to 
0.2 log10 copies below baseline by week 8 and then to baseline 
by week 16 (Carr et al., 1996).
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The BI 1090 study was a large international study that 
enrolled 2256 patients (of whom 248 were antiretroviral 
naive, 279 had received zidovudine alone, and 1722 had 
received other nucleoside analogs). Patients were randomized 
to receive either zidovudine and lamivudine plus nevirapine 
in addition to the baseline regimen nucleoside regimen or to 
receive zidovudine and lamivudine plus placebo. There was a 
significantly greater reduction in viral load (1.51 log10) in the 
nevirapine arm than in the comparator arm (0.76 log10 reduc-
tion), and a significantly greater sustained increase in CD4 
cells of approximately 60 cells/μl (Lange, 2003).

Several studies have examined the use of nevirapine in 
patients with prior nucleoside analog and protease inhibitor 
use but no prior exposure to NNRTIs. One small study ran-
domized patients to a new protease inhibitor (nelfinavir) or 
to nevirapine plus nelfinavir with two nucleoside analogs. 
Short-term virologic efficacy was superior for the nevirapine 
(four drug)-containing arm, with 55% attaining a plasma 
HIV RNA below 200 copies/ml compared with 22% in the 
nelfinavir (three-drug) arm. There was no difference in 
improvement in CD4 cell count or clinical progression. One 
quarter of patients developed a rash secondary to nevirapine 
(Jensen-Fangel et al., 2001). Before the availability of the 
newer protease inhibitors with activity against HIV possess-
ing a small number of primary protease inhibitor mutations, 
nevirapine-containing regimens were an attractive option as 
part of a salvage therapy regimen in those who experienced 
virologic failure with a protease inhibitor regimen. A small 
study showed significantly better virologic outcomes for 
patients on indinavir- or ritonavir-based regimens with 
detectable plasma HIV RNA who were switched to nelfina-
vir, saquinavir, or abacavir plus either another nucleoside 
analog or nevirapine (viral load reduction of 2.67 log10 for 
the nevirapine group compared with 0.39 log10) and 56% 
with a plasma viral load of < 50 copies/ml (Deeks et al., 
1999). A salvage regimen of stavudine, nevirapine, nelfina-
vir, and saquinavir was evaluated in another small cohort of 
31 patients who had failed indinavir- or ritonavir-based 
anti retroviral treatment in the NELSANE cohort in Spain. 
Of these patients, 56% achieved a plasma viral load of < 50 
copies/ml at 12 months using an as-treated analysis, while 
31% achieved virological suppression by intention-to-treat 
analysis, where discontinued therapy was considered viro-
logic failure (Casado et al., 2001). Similar results have also 
been reported from other pilot salvage studies after first pro-
tease inhibitor failure in which nevirapine was used in com-
bination with either lopinavir–ritonavir or indinavir (Gulick 
et al., 2001; Harris, 2003).

A large cohort (the EuroSIDA cohort) has also compared 
virologic and clinical outcomes in predominantly antiretro-
viral-experienced patients (only 5% were naive) receiving a 
nevirapine-containing regimen compared with an efavirenz 
regimen. Over one third had a prior AIDS diagnosis and 
most had received at least three nucleoside analog reverse 
transcriptase inhibitors before the NNRTI regimen. The like-
lihood of virologic failure was significantly greater for  
the nevirapine group, with a relative hazard for treatment 

success with efavirenz of 0.57 (95% CI: 0.47–0.69). The 
nevira pine regimen group were more likely to be intravenous 
drug users, to have had a previous AIDS diagnosis, and to 
have used more protease inhibitors in the past (Phillips et al., 
2001). A significantly higher risk of virologic failure among 
patients prescribed a nevirapine-containing regimen com-
pared with efavirenz was also reported from the retrospec-
tive Italian Cohort Naive Antiretrovirals (ICONA) study, in 
which 75% of the 694 patients included were antiretroviral 
experienced (Cozzi-Lepri et al., 2002), and patients failing 
their first protease inhibitor-based antiretroviral regimen in 
the French Hospital Database on HIV; however, there was no 
difference in immunologic or clinical outcomes (Abgrall et 
al., 2007). In contrast the NEEF cohort (a prospective non-
randomized two-arm trial) examined virologic outcomes in 
antiretroviral-experienced patients and found no difference 
(plasma HIV RNA < 50 copies/ml) (Hartmann et al., 2005). 
A small retrospective nonrandomized study of abacavir 
with either nevirapine or efavirenz in a group of treatment- 
experienced patients also suggested significantly greater 
virologic efficacy for efavirenz over nevirapine (viral load 
reduction of 1.96 log10 compared with 0.87 log10 at 24 weeks) 
and immunologic recovery (Moyle et al., 2000).

SIMPLIFICATION STRATEGY STUDIES

The safety and efficacy of switching from nevirapine 200 mg 
twice daily to 400 mg once daily using the immediate release 
form of nevirapine was evaluated in 289 virologically sup-
pressed patients, with a median 42 months of treatment with 
twice-daily nevirapine, in an open-label randomized trial 
(NODy study). By per protocol analysis there was no dif-
ference in efficacy in maintaining virological suppression 
(97.9% nevirapine once daily versus 99.3% twice daily) and 
by intention-to-treat analysis (including hepatic toxicity, the 
primary outcome for this study) the difference was more 
marked where 81.8% were event free in the once-daily dos-
ing arm compared with 93.8% in the twice-daily dosing arm 
(difference: 12%; 95% CI: 4.6–19.4%). By the per protocol 
analysis, once-daily nevirapine was not inferior to twice-
daily dosing (Podzamczer et al., 2009). 

The switch from standard dose of nevirapine 200 mg 
twice daily to nevirapine extended-release nevirapine in 
combination with a co-formulated nucleoside backbone 
(abacavir plus lamivudine or zidovudine plus lamivudine or 
tenofovir plus emtricitabine) was assessed in an open label 
study of 443 virologically suppressed patients, randomized 
2:1 to switch from nevirapine 200 mg twice daily to nevirap-
ine ER 400 mg once daily. Continued virological suppression 
was maintained to 24 weeks in 93.6% of those who switched 
to nevirapine ER compared to 92.6% of those continuing on 
nevirapine 200 mg twice daily, with no difference in severe 
adverse events. Overall adverse events of any grade were 
higher for the nevirapine ER group (75.6% vs. 60.1% for 
nevirapine IR) (Arasteh et al., 2012). A simplification strat-
egy of switching patients from twice-daily regimens (with 
or without nevirapine) to once-daily tenofovir, didanosine, 
and nevirapine was evaluated in patients with suppressed 
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viral load (plasma HIV RNA < 50 copies/ml). Patients were 
randomized to continue their current regimen or to switch 
to the once-daily regimen (of whom 25% were previously on 
nevirapine twice daily). There was no difference in mainte-
nance of virologic suppression between the two strategies, with 
86% in the arm continuing the previous twice-daily regimen 
and 76% in the arm switching to the once-daily nevirapine 
regimen maintaining virologic suppression. Adherence was 
superior in the once-daily arm, but treatment interruptions 
for adverse events were greater in that arm (Negredo et al., 
2004). Switching to tenofovir plus emtricitabine (or lamivu-
dine) with nevirapine for simplification when virologically 
suppressed on another regimen resulted in sustained virologi-
cal suppression in 90%, virological failure in 3%, and discon-
tinuation of the regimen for toxicity in 7% (Llibre et al., 2015). 
The fixed-dose combination of stavudine plus lamivudine 
and nevirapine was recommended by the World Health 
Organization in 2003, resulting in many patients switching 
from an efavirenz-based regimen. An immediate switch from 
efavirenz to full-dose nevirapine (rather than the 14-day 200-
mg daily lead-in ) was well tolerated, with severe adverse events 
occurring in 9% (12% in women) (Laureillard et al., 2008).

Patients with virologic suppression (viral load < 200 copies/ 
ml) on a protease inhibitor–containing regimen were ran-
domized to switch to a simplified regimen containing the 
same nucleoside reverse transcriptase inhibitor component 
plus either nevirapine, efavirenz, or abacavir (NEFA study). 
The primary end point of this study was a composite of 
death, progression to AIDS, or virologic failure (which 
included a change in treatment). Three years after simplifica-
tion, this end point was reached by 33% of patients in the 
nevirapine arm, 46% in the efavirenz arm, and 40% in the 
abacavir arm by intent-to-treat analysis. In the as-treated 
analysis, 7% of patients in the nevirapine arm reached the 
study end point, significantly less than the 10% in the efa-
virenz arm and the 22% in the abacavir arm. Adverse events 
leading to study drug discontinuation were significantly 
lower in the abacavir arm (9%) than with nevirapine (19%) 
and efavirenz (25%). Nevirapine adverse events leading to 
drug discontinuation occurred almost exclusively in the first 
few weeks of the study (Martinez et al., 2007; Martinez et al., 
2003). In the NEFA study, virologic failure was significantly 
associated with prior monotherapy or dual therapy, with 
nucleoside reverse transcriptase inhibitors (OR: 3.4; 95% CI: 
1.7–7.2) compared with those who initiated treatment with 
combination antiretroviral therapy. Thymidine analog muta-
tions were detected in 71% of the nevirapine group who devel-
oped virologic failure (Ochoa de Echaguen et al., 2005). In 
contrast, in a nonrandomized study, virologically suppressed 
patients in the French hospital database on a HIV cohort were 
significantly more likely to have virologic rebound if switched 
to a nevirapine regimen than to an efavirenz regimen (adjusted 
hazard ratio of 1.53; 95% CI: 1.21–1.94) (Abgrall et al., 2006).

Switching to a nevirapine-containing regimen was as 
effec tive as a switch to a triple nucleoside analog reverse 
transcriptase inhibitor regimen in virologically suppressed 
patients on their first protease inhibitor–containing regimen 

(65% of patients switched to the nevirapine regimen and 
63% switched to the triple nucleoside analog regimen main-
tained viral loads of < 50 HIV RNA copies/ml at 48 weeks), 
and both regimens were associated with significant improve-
ments in lipid profile (Bonjoch et al., 2005).

SWITCH STUDIES FOR TOXICITY

Replacement of the protease inhibitor component of the 
antiretroviral regimen in virologically suppressed patients 
with lipodystrophy or dyslipidemia with nevirapine was shown 
to be an effective strategy. The replacement of the protease 
inhibitor component was safe virologically and immunologi-
cally, and resulted in improvement in quality of life. Virologic 
suppression was maintained in patients with lipodystrophy 
switched to a nevirapine regimen, and significant improve-
ments in lipid and glycemic parameters as well as subjective 
improvements in fat redistribution were observed in over 
90% of patients, but no significant objective changes in 
body composition on dual-energy X-ray absorptiometry 
(DEXA) scanning were noted (Martinez et al., 1999; Tebas 
et al., 2004). Similar rates of maintenance of virological 
control were reported in nonrandomized studies of protease 
inhibitor–treated and virologically suppressed patients who 
were switched to either nevirapine or efavirenz regimens 
(Bom menel et al., 2011; Chiesa et al., 2003; Llibre et al., 2015; 
Murphy and Smith, 2002; Raffi et al., 2000a).

The protease inhibitor switch strategy has also been eval-
uated in several randomized controlled trials. The Protease 
Inhibitor-Induced Lipodystrophy Reversal (PIILR) study ran-
domized virologically suppressed patients with lipodystro-
phy on protease inhibitor–based regimens either to continue 
the protease inhibitor regimen or to switch to continue the 
same nucleoside reverse transcriptase inhibitors with nevi-
rapine, abacavir, adefovir plus hydroxyurea. The aggressive 
switch regimen was chosen to maximize the likelihood of 
maintaining virologic suppression. Lipodystrophy did not 
improve over the long-term followup of 120 weeks in this 
study; however, there was a significant reduction in visceral 
fat in those who switched to the nevirapine regimen (Carr et 
al., 2001; Martin et al., 2004). Withdrawing the thymidine 
analog component of the regimen was associated with 
improvement in lipoatrophy, but resulted in a greater risk of 
loss of virologic control (Smith et al., 2002). Similar studies 
randomizing virologically suppressed patients with lipodys-
trophy on a protease inhibitor regimen to either continue the 
current regimen or switch to a nevirapine regimen reported 
no difference in loss of virologic control, an improvement in 
fasting cholesterol and triglycerides in the nevirapine group, 
and no significant changes in body shape abnormalities at 12 
months. Quality of life was reported to be better for nevirapine- 
treated patients (Arranz Caso et al., 2005; Barreiro et al., 
2000a; Calza et al., 2005; Ena et al., 2008; Negredo et al., 2002a; 
Negredo et al., 2002b; Ruiz et al., 2001). A randomized open- 
label study in which patients were switched to nevira pine or 
efavirenz or continued the protease inhibitor regimen reported 
that virologic control was maintained in over 90% of patients 
and mean CD4 cell increases were not different between arms, 
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but the nevirapine-treated patients had favorable lipid changes 
(significant reductions from baseline in total cholesterol 
and low-density lipoprotein cholesterol and triglycerides, 
compared with efavirenz or continued protease inhibitor 
(Negredo et al., 2002a; Negredo et al., 1999).

Switching to a nevirapine plus raltegravir regimen as a pro-
tease inhibitor and nucleoside reverse transcriptase inhibitor–
sparing regimen in virologically suppressed patients changing 
treatment because of toxicity (lipodystrophy), laboratory 
toxicity, or drug–drug interactions was shown to maintain 
virological suppression in 94.1% of patients in a per-protocol 
analysis of a small retrospective cohort study. By intent-to-
treat analysis 82.1% maintained virological suppression at 12 
months, and the majority remained virologically suppressed 
through 36 months (Reliquet et al., 2014).

LONG-TERM EFFICACY AND SAFETY OF 
NEVIRAPINE-CONTAINING REGIMENS

Nevirapine-containing regimens have been established as 
effective and well-tolerated regimens, and the use of these 
regimens often leads to prolonged virologic and immuno-
logic responses. In one cohort study with a median followup 
of 43 months, 76% of antiretroviral-naive patients and 74% 
of antiretroviral-experienced but nevirapine-naive patients 
had plasma viral loads < 50 copies/ml, with 5% of adverse 
events attributable to nevirapine. This study showed that 
long-term exposure to nevirapine (over 4 years) was safe 
(Bonjoch et al., 2006). Over 50% of subjects initiated on a 
nevirapine-containing regimen (with stavudine and didano- 
sine) had sustained and durable virologic and immunologic 
response at 3 years in the VIRGO study. Long-term toxicity 
was attributed to the nucleoside analog component of the 
regimen (Reliquet et al., 2006). Long-term virologic suppres-
sion and maintenance of immunologic control has been 
demonstrated in several cohort studies following patients to 
3 years after the switch from a protease inhibitor regimen 
(Gil et al., 2004). Among patients who switched therapy from 
a protease inhibitor regimen to a nevirapine-containing 
regimen, 92% maintained durable virologic suppression at 3 
years of followup, and had a mean increase in CD4 cell count 
of 90 cells/μl (Gil et al., 2004), and 90% in the NEFA study 
maintained virologic suppression (Martinez et al., 2007). The 
long term durability of nevirapine-based regimens was com-
parable to efavirenz or lopinavir–ritonavir-based regimens in 
the EuroSIDA cohort. The efavirenz and lopinavir–ritonavir 
regimens were associated with lower risk of discontinuation 
for virological failure (48% lower for efavirenz and 63% 
lower for lopinavir–ritonavir) but a higher risk of discon-
tinuation because of toxicity or patient or due to physician 
choice (31% and 66%, respectively) (Reekie et al., 2011).

7c.  HIV-1 infection: nevirapine  
efficacy in children

In a phase I study of 10 children receiving nevirapine mono-
therapy at doses > 240 mg/m2, 50% experienced reductions 

in p24 antigen levels to less than 50% of baseline levels after 
8 weeks. Resistance developed in all children (Luzuriaga et 
al., 1996). Combination therapy with zidovudine, didanosine, 
and nevirapine (ACTG protocol 180) was evaluated in 8 chil-
dren aged 2 months to 16 years and resulted in significant 
reductions in plasma HIV RNA levels of 1.5 log in 7 of 8 
children at 4 weeks, and sustained a 0.5 log reduction to 24 
weeks (Luzuriaga et al., 1997). The use of combination ther-
apy with zidovudine, lamivudine, and nevirapine was exam-
ined in 16 infants aged 15 days to 2 years, and a 2–3 log 
reduction in plasma HIV RNA was observed in 12 of the 16 
infants at 12 weeks of treatment (Mirochnick et al., 2000). 
Three antiretroviral regimens were compared in 52 children 
(aged 1.5–24 months) who were enrolled in PACTG protocol 
356. Children were stratified by age at entry to the study (less 
than or greater than 3 months) and consecutively assigned to 
one of three regimens: zidovudine, lamivudine, and nevira-
pine; zidovudine, lamivudine, abacavir, and nevirapine; or 
stavudine, lamivudine, nelfinavir, and nevirapine. Prior anti-
retroviral therapy had been administered to 46% of the 
mothers and 60% of the infants, the majority of whom had 
received zidovudine monotherapy. Plasma HIV RNA levels 
< 400 copies/ml were achieved in 50% of the children at 48 
weeks, and occurred at a median of 10 weeks after initiation 
of combination therapy. Of those with undetectable plasma 
viral load at 48 weeks, 88% sustained the virologic response 
to 200 weeks and 85% had plasma HIV RNA levels < 50  
copies/ml at 200 weeks. There was no significant difference 
between treatment responses of the three regimens at 16 
weeks; however, statistically significant superior virologic 
response rates were observed among those receiving the 
stavudine, lamivudine, nelfinavir, and nevirapine regimen at 
week 48 (83%) and week 200 (72%). There was no significant 
difference between response rates for zidovudine, lamivu-
dine, and nevirapine or zidovudine, lamivudine, abacavir, 
and nevirapine at week 48 or week 200. There was no signif-
icant association between age at study entry (early or deferred 
therapy for perinatal HIV infection) or prior receipt of 
antiretroviral therapy and of virologic response at week 16 
or 48; however, those in whom therapy was initiated early (at  
< 3 months of age) had a significantly greater virologic suc-
cess rate at week 200 than those in whom the onset of combi-
nation therapy was delayed (Luzuriaga et al., 2004).

Single-dose nevirapine for prevention of mother to child 
transmission of HIV results in selection of resistant virus in 
53% of infants (Arrive et al., 2007), and this may compro-
mise the future use of nevirapine in children. Nevirapine in 
combination therapy regimens in children exposed to a sin-
gle dose of nevirapine for perinatal prevention of HIV was 
evaluated in a randomized study comparing zidovudine and 
lamivudine plus either nevirapine or lopinavir–ritonavir. The 
study was stopped early because significantly more children 
experienced virological failure at 24 weeks in the nevirapine 
arm (40%) compared with the protease inhibitor arm (22%). 
Baseline resistance to nevirapine was detected in 12% of the 
children and was predictive of treatment failure (Palumbo 
et al., 2010). This study emphasizes the fact that nevirapine 
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resistance after failed prophylaxis to prevent mother to child 
transmission of HIV compromises subsequent nevirapine- 
based regimens. Ritonavir-boosted lopinavir-based regimens 
are also superior to nevirapine-based triple therapy regimens 
in children not previously exposed to nevirapine, with simi-
lar rates of virological failure in children aged 2–36 months 
randomized to nevirapine (41%) compared to lopinavir–
ritonavir (19%); 59% of children had evidence of nevirapine 
resistance at the time of virological failure (Violari et al., 
2012). Others have suggested there is a difference in efficacy 
of nevirapine-based treatment when initiated within 6 months 
of single-dose nevirapine compared with 7–12 months, with 
lower rates of virus suppression in the early treatment group.

The relative effectiveness of efavirenz-based regimens ver-
sus nevirapine-based regimens in children aged 3–16 years 
was evaluated in a large retrospective cohort study from 
Africa. Significantly more children experienced virological 
failure (26.4% nevirapine vs. 13.5% efavirenz) or were unable 
to achieve virological suppression (5.2% for nevirapine vs. 
2.6% for efavirenz) on the nevirapine-based regimens, and 
the time to virological failure was shorter for nevirapine 
(Lowenthal et al., 2013). This finding was replicated in the 
IeDEA Southern Africa Collaboration cohort study among 
5500 children initiating antiretroviral therapy. Use of nevi-
rapine in the initial regimen (adjusted HR: 1.77) or exposure 
to prevention of mother to child transmission (adjusted HR: 
1.40) were independently associated with virological failure 
(Davies et al., 2011).

The use of nevirapine in combination with stavudine, 
ritonavir (at antiretroviral active doses), or nelfinavir as sec-
ond-line therapy in 181 children who had failed treatment 
with either didanosine monotherapy (35%) or dual nucleo-
side therapy (predominantly zidovudine and didanosine, 
60%) was evaluated in PACTG protocol 377. No children 
had received prior treatment with protease inhibitors or 
NNRTIs. The proportion of children who attained virologic 
suppression to < 400 copies/ml was 46% for the stavudine, 
nevirapine, and ritonavir regimen; 50% for the stavudine, 
nevirapine, and nelfinavir regimen; and 63% for the stavu-
dine, lamivudine, nevirapine, and nelfinavir regimen, all of 
which were lower than anticipated, considering responses 
in adults. At 24 weeks of therapy, 29% and 30% of children 
in the stavudine, nevirapine, and ritonavir or nelfinavir arm, 
respectively, had discontinued therapy compared with 14% 
in the stavudine, lamivudine, nevirapine, and nelfinavir arm. 
Discontinuation was primarily due to regimen failure for the 
stavudine, nevirapine, and ritonavir arm and intolerance for 
the stavudine, nevirapine, and nelfinavir arm and the stavu-
dine, lamivudine, nevirapine, and nelfinavir arm (Wiznia et 
al., 2000). Nucleoside reverse transcriptase inhibitor muta-
tions were frequent at baseline in this study but were not 
associated with virologic failure. Zidovudine mutations (which 
will affect stavudine activity) were found in 47% of children 
in the virologic failure group and 57% of the children with 
virologic response. The presence of zidovudine mutations 
did not predict virologic failure. Nevirapine resistance muta-
tions were common at virologic failure and occurred more 

frequently in those receiving a three-drug regimen containing 
nevirapine (84%) than in those receiving the four-drug regi-
men (29%), while resistance mutations infrequently devel-
oped to protease inhibitors at virologic failure at 24 weeks 
(Eshleman et al., 2001b).

Optimal combination antiretroviral strategies for clinically 
stable children on monotherapy or dual nucleoside reverse 
transcriptase inhibitor therapy were evaluated in PACTG 
protocol 388, which was a two-step trial. Children who had 
been randomized to zidovudine plus lamivudine and exhib-
ited virologic failure at 12 weeks (plasma HIV RNA > 10,000 
copies/ml) were switched to stavudine, nevirapine, plus rito-
navir. At 24 weeks, 48% of children had plasma HIV RNA  
< 400 copies/ml (almost identical to the response rate to the 
same regimen in PACTG 377, discussed earlier), and this 
response rate was sustained to 48 weeks, when 44% children 
had plasma viral loads < 400 copies/ml (Yogev et al., 2002). A 
cohort study evaluated responses to nevirapine in 74 children, 
in 38% of whom it was the initial combination therapy regi-
men. Plasma HIV RNA levels of < 400 copies/ml were achieved 
in 40% at 24 weeks and sustained in 33% at 96 weeks. The use 
of doses > 300 mg/m2 per day were associated with superior 
virologic and immunologic responses. In this cohort, 20% of 
children experienced rash, which was severe in 5%. No case 
of Stevens-Johnson syndrome occurred (Verweel et al., 2003).

Children (aged 8–14 years) virologically suppressed on a 
protease inhibitor–based regimen with evidence of hyperlip-
idemia or lipodystrophy showed improvement in their lipid 
profile, but no significant changes in body composition or 
lipodystrophy, when the protease inhibitor was substituted 
with nevirapine in a small underpowered single arm study 
(Gonzalez-Tome et al., 2008). Children exposed to single- 
dose nevirapine and who had initiated antiretroviral treatment 
with a lopinavir–ritonavir based regimen were randomized 
to switch to nevirapine regimen or continue the lopinavir–
ritonavir regimen. Before initiation of antiretroviral therapy, 
at a median of 9 months of age, nevirapine resistance muta-
tions were detected in 33% of children and remained archived 
during suppressive therapy in 61% of children after 9 months 
treatment with the protease inhibitor regimen. Virological 
failure occurred in 22% of children randomized to switch  
to nevirapine, compared to 3% maintained on lopinavir– 
ritonavir (Moorthy et al., 2011).

7d.  Prevention of mother to child 
transmission of HIV-1

Potent combination antiretroviral therapy during the second 
and third trimesters of pregnancy, during labor and delivery, 
and administered to the infant for 6 weeks after delivery has 
reduced the transmission of HIV from mother to child to a 
rate of < 2%. In poorly resourced settings, particularly those 
in which there is limited access to antenatal care, short-
course antiretroviral regimens commenced late in pregnancy 
or during labor may be more practical for both breast- 
fed infants and non-breastfeeding populations. Nevirapine 
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is highly lipophilic, has a high bioavailability, is rapidly 
absorbed after oral administration, and has a long half-life 
of > 50 hours after single-dose administration. It rapidly and 
effectively crosses the placenta and into breast milk. All these 
properties together with the logistics of administration and 
adherence to the single dose make it an important option for 
the prevention of mother to child transmission of HIV. The 
least intensive, least expensive cost-effective regimen to pre-
vent mother to child transmission (MTCT) is single-dose 
nevirapine to the mother at the onset of labor and single dose 
to the infant at 48–72 hours after birth (Marseille et al., 1999; 
Sweat et al., 2004).

The first study of short-course nevirapine was evaluated 
in the HIV Network for Prevention Trials (HIVNET 012) in 
Uganda in which 626 mothers were randomized to single- 
dose nevirapine 200 mg at the onset of labor and one dose of 
2 mg/kg nevirapine to their infant within 72 hours of deliv-
ery, or zidovudine 600 mg orally at the onset of labor and 
300 mg every 3 hours until delivery and zidovudine 4 mg/kg 
orally twice daily to the infant for 7 days after birth. Over 
95% of babies were still being breastfed at 16 weeks. The esti-
mated risk of HIV transmission to the infant in the nevirapine 
and zidovudine groups was 8.2% versus 10.4%, respectively, 
at birth, 11.9% versus 21.3% at 6–8 weeks (p = 0.0027), and 
13.1% versus 25.1% at 14–16 weeks (p = 0.0006). Single-dose 
nevirapine in a breastfeeding population was shown to 
reduce the risk of vertical transmission by half compared 
with zidovudine with a hazard ratio of 0.53 (95% CI: 0.36–
0.80) and resulted in an absolute reduction in HIV transmis-
sion of 8.2% at 6–8 weeks. There was no difference in the 
rates of maculopapular rash in mothers or infants between 
the zidovudine and nevirapine groups (Guay et al., 1999). At 
18 months of followup, the estimated risks of HIV infection 
in the infants were 15.7% for nevirapine and 25.8% for zid-
ovudine, a 41% relative risk reduction in HIV transmission, 
and an absolute reduction of 10.1% (Jackson et al., 2003b). 
There was no statistically significant difference in the rates 
of mother to child transmission according to subtype of HIV 
in this study. At 18 months, the cumulative rate of mother 
to child transmission of HIV was 13.2% for subtype A and 
18.3% for subtype D (p = 0.34) (Eshleman et al., 2005a). 
Nevirapine resistance mutations were noted in 18% of women 
6–8 weeks after single-dose nevirapine (done by population 
sequencing, which does not detect minor variants that repre-
sent < 25% of the virus population). Peripartum administra-
tion of single-dose nevirapine reduces breast milk HIV RNA 
and decreases perinatal transmission in the first 6 weeks 
(Bennetto-Hood et al., 2007; Chung et al., 2005; Chung et al., 
2007). The effect of zidovudine administered from 34 weeks’ 
gestation and during labor on breast milk shedding of HIV 
and perinatal transmission was compared with single-dose 
nevirapine at the onset of labor and a single dose to the infant 
at 48–72 hours. Nevirapine was associated with significantly 
greater suppression of breast milk HIV RNA at time points 
of day 8–14 (1.78 vs. 2.48 log10) and day 15–21 (1.90 vs. 2.97 
log10) and a significantly lower HIV-1 perinatal transmission 
rate of 6.8% compared with 30.3% (Chung et al., 2005).

Single-dose nevirapine administered at the onset of labor 
in addition to zidovudine administered during the last tri-
mester of pregnancy, during labor and delivery, and to the 
infant was evaluated in a randomized, double-blind, place-
bo-controlled trial of prevention of mother to child trans-
mission of HIV to non-breastfed infants. At the first interim 
analysis, the estimates of transmission rates were 1.1% (95% 
CI: 0.3–2.2) in the arm in which mother and infant received 
single-dose nevirapine, 2.1% (95% CI: 0.6–3.7) in the arm 
in which the mother received single-dose nevirapine and 
the infant received placebo, and 6.3% (95% CI: 3.8–8.9) in  
the arm in which both mother and infant received placebo. 
The Data Safety Monitoring Board closed the placebo arm of 
the study, and the final per protocol transmission rate was 
1.9% (95% CI: 0.9–3.0) for the nevirapine administered to 
mother and infant arm and 2.8% (95% CI: 1.5–4.1) for the 
nevirapine administered to mother alone arm, which was 
not statistically different (Lallemant et al., 2004). Another 
randomized study assessed the effect of adding single-dose 
nevirapine at the onset of labor in women who had received 
zidovudine from 34 weeks’ gestation (and all infants received 
single-dose nevirapine at birth plus zidovudine for 4 weeks 
after birth) and reported no difference in mother to child 
transmission (4.3% vs. 3.7%, respectively) (Shapiro et al., 
2006).

The efficacy of ultrashort course zidovudine (labor and 
delivery, infant receiving zidovudine 2 mg/kg four times 
daily for 3 days after delivery) added to single-dose nevirap-
ine was evaluated in a randomized, double-blind, placebo- 
controlled trial in 1140 mothers in Zimbabwe, of whom 90% 
breastfed their infants. At birth, 5.1% of infants in both arms 
were HIV infected, and at 6 weeks 14.4% infants in the zid-
ovudine plus nevirapine arm and 16.5% in the nevirapine 
alone arm were infected. There was no significant difference 
between the two treatment arms (Thistle et al., 2007). The 
addition of zidovudine postpartum to maternal and infant 
single-dose nevirapine (no antepartum zidovudine) did not 
confer any benefit in terms of reduction in HIV transmission 
(14.1% of infants randomized to single-dose nevirapine 2 
mg/kg vs. 16.3% of infants randomized to single-dose nevi-
rapine 2 mg/kg plus zidovudine 4 mg/kg twice daily for 7 
days) (Taha et al., 2004).

The South African Intrapartum Nevirapine Trial (SAINT) 
compared the efficacy and safety of nevirapine 200 mg orally 
at the onset of labor plus an additional dose at 48 hours if the 
mother was still in labor, followed by 200 mg administered 
24–48 hours postpartum, with the infant receiving 6 mg of 
nevirapine oral suspension administered 24–48 hours after 
delivery (with infants receiving an additional 6-mg dose if 
they were born within 2 hours of maternal labor), with zid-
ovudine 600 mg and lamivudine 150 mg at the onset of labor 
with 300 mg zidovudine administered every 3 hours and 150 
mg lamivudine administered every 12 hours until delivery, 
and mothers continued on twice-daily zidovudine 300 mg 
and lamivudine 150 mg for 1 week after delivery, while the 
infant received weight-based zidovudine syrup (12 mg if birth 
weight was > 2 kg and 4 mg/kg if < 2 kg) and lamivudine oral 
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solution (6 mg if > 2 kg and 2 mg/kg if < 2 kg) twice daily for 
1 week, commencing 12 hours after birth. Approximately 
45% of women breastfed their infants at birth and 33% at 
8 weeks. Comparing nevirapine prophylaxis with zidovudine 
plus lamivudine revealed no difference in estimated HIV 
infection rates at 8 weeks (12.3% in the nevirapine group and 
9.3% in the zidovudine plus lamivudine group) (Moodley et 
al., 2003). Single-dose nevirapine administered to mother 
and infant resulted in rates of mother to child transmission 
of 13% in programs in resource-limited settings (Ayouba et 
al., 2003; Stringer et al., 2003; Stringer et al., 2004). Several 
studies have reported the successful use of single-dose nevi-
rapine to prevent mother to child transmission in subsequent 
pregnancies (Martinson et al., 2007a; McConnell et al., 2007; 
Walter et al., 2008).

Breastfeeding increases the risk of late HIV transmission 
to the infant with an additional 9% infants becoming infected 
after the intrauterine and intrapartum periods, with one 
study suggesting 30% of all mother to child HIV transmis-
sions after delivery are due to breastfeeding to 24 months of 
age (Breastfeeding and HIV International Transmission Study 
Group et al., 2004). A pooled individual data analysis of five 
randomized trials of infant nevirapine prophylaxis compared 
daily nevirapine for 6 weeks, 14 weeks, or 28 weeks or nevi-
rapine plus zidovudine for 14 weeks with controls. The overall 
estimated 28-week risk of HIV transmission was 5.8%; 4.3% 
for 6 weeks of nevirapine, 3.7% for 14 weeks of nevirapine, 
4.8% for 14 weeks of nevirapine plus zidovudine, and 1.8% 
for 28 weeks of nevirapine. Nevirapine was shown to signi-
ficantly reduce the rate of HIV transmission by 71%, thus 
confirming that extended prophylaxis with nevirapine sig-
nificantly reduces postnatal HIV transmission (Hudgens et 
al., 2013). The postnatal prophylactic efficacy of a maternal 
triple drug antiretroviral regimen (zidovudine, lamivudine, 
and nevirapine) or infant nevirapine was evaluated during 
28 weeks of breastfeeding in over 2000 mother–infant pairs. 
All mothers received a single dose of nevirapine in labor and 
7 days of zidovudine and lamivudine from the onset of labor, 
and all infants received zidovudine and lamivudine for 7 
days. The maternal intervention group received triple ther-
apy with zidovudine and lamivudine plus nevirapine, nelfi-
navir, or lopinavir–ritonavir, and the infant intervention 
group received weight-based daily nevirapine for 18 weeks, 
while a control group had no further prophylaxis from 7 days 
after delivery. The risk of HIV transmission to the infant was 
significantly higher at 5.7% in the control group, compared 
with 2.9% in the maternal combination therapy group and 
1.7% in the infant nevirapine group (Chasela et al., 2010). 
Similar reductions in transmission were reported from the 
Breastfeeding, Antiretrovirals and Nutrition study, in which 
28 weeks of maternal combination antiretroviral therapy or 
infant daily nevirapine were associated with 4% cumulative 
risk of transmission at 48 weeks in both arms compared with 
7% in the control group (Jamieson et al., 2012). A similar 
approach was reported from HPTN 046, in which 1500 
infants were given daily nevirapine from to 6 weeks, and then 
randomized to continue daily nevirapine prophylaxis or pla- 

cebo for 6 months or until breastfeeding ceased. A 54% 
reduction in HIV transmission from 2.4% in the placebo arm 
to 1.1% occurred; however, the frequency of deaths and seri-
ous adverse events did not differ between arms (Coovadia et 
al., 2012; Fowler et al., 2014).

There is no additional benefit of an intrapartum single 
dose of nevirapine plus the administration of a single dose of 
nevirapine to the infant in reduction of transmission of HIV 
from mother to child in women who are receiving antenatal 
combination antiretroviral therapy (Dorenbaum et al., 2002).

A comparison of the efficacy of dosing with either a single 
dose of nevirapine at 2 mg/kg or single-dose nevirapine plus 
zidovudine 4 mg/kg twice daily for 7 days in infants born to 
mothers who received no antepartum or postpartum dosing 
showed a statistically significant reduction in HIV transmis-
sion at 6 weeks for those infants administered zidovudine 
plus nevirapine (12.1% of infants who were HIV negative at 
birth were infected at 6 weeks in the nevirapine arm com-
pared with 7.7% in the zidovudine plus nevirapine group) 
(Taha et al., 2003). A further study in infants of women who 
did not receive any antepartum or postpartum antiretroviral 
therapy compared infant administration of single-dose nevi-
rapine at 2 mg/kg with zidovudine 4 mg/kg twice daily for 
6 weeks. At 6 weeks, the cumulative HIV infection rates were 
11.9% in the nevirapine arm and 13.6% in the zidovudine 
arm, while at 12 weeks the corresponding HIV-1 infection 
rates were 14.3% and 18.1%. In infants uninfected at birth, 
the probability of mother to child transmission at 12 weeks 
was 7.9% for nevirapine and 13.1% for zidovudine. In multi-
variate analysis, the prophylactic use of zidovudine was sig-
nificantly less protective (OR of infection: 1.8; 95% CI: 
1.1–3.2) (Gray et al., 2005).

Nevirapine resistance is readily selected in women who 
receive single-dose nevirapine during labor, due in part to 
the prolonged half-life and monotherapy in women with 
high predose viral loads. Resistance mutations to nevirapine 
have been reported in 15–40% of postpartum women (Cun-
ningham et al., 2002; Eshleman et al., 2004a; Eshleman et al., 
2001c; Jackson et al., 2000; Jourdain et al., 2004) and in 
23–42% of infants in whom HIV transmission occurs (Dabis 
et al., 2005; Eshleman et al., 2001c). With more sensitive 
techniques, up to 75% of women who received single-dose 
nevirapine (Flys et al., 2005; Johnson et al., 2005; Palmer et 
al., 2006) and 78% of infants infected with HIV, nevirapine 
prophylaxis had evidence of nevirapine resistance mutations 
(Eshleman et al., 2005d; Eshleman et al., 2006b; Giuliano et 
al., 2006; Martinson et al., 2007b). Persistence of the K103N 
mutation (initially detected in 42% of women 6–8 weeks 
after receiving single-dose nevirapine) was found in 75% 
women after 2 years, but gradually decreased so that < 10% 
of women still had a detectable K103N mutation at 5 years 
after receiving nevirapine (Flys et al., 2007).

The proportion of women who develop nevirapine resis-
tance is influenced by the HIV subtype. Nevirapine resistance 
emerges most frequently in women infected with subtype C 
(69.2%) compared with subtype D (36.1%; p < 0.0001) or 
subtype A (19.4%; p < 0.0001) (Eshleman et al., 2006a; 
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Eshleman et al., 2005c; Eshleman et al., 2006c; Flys et al., 
2006). A higher proportion of women with HIV subtype D 
than with subtype A developed nevirapine mutations (OR: 
2.93), and the majority had the K103N mutation either alone 
or in combination with other nevirapine mutations (Eshlem an 
et al., 2001a).

Several studies have shown that the addition of 7 days of 
zidovudine alone or in combination with lamivudine, or zid-
ovudine and didanosine with or without lopinavir–ritonavir 
to the peripartum single-dose nevirapine strategy was asso-
ciated with significantly less development of nevirapine 
resistance (Farr et al., 2010; Micek et al., 2012; Van Dyke et 
al., 2012). The development of nevirapine resistance in 
infants is reduced by the combination of zidovudine post-
exposure prophylaxis with infant-only single-dose nevira-
pine (27% vs. 87%) (Eshleman et al., 2006b). A single dose 
of tenofovir plus emtricitabine administered intrapartum 
significantly reduced the detection of nevirapine resistance 
mutations 6 weeks after delivery in women on short-course 
zidovudine and intrapartum nevirapine (RR: 0.47; 95% CI: 
0.29–0.76) (Chi et al., 2007). Reductions in detection of nevi-
rapine resistance have been replicated in several studies using 
different short course regimens of tenofovir and emtricit-
abine without differences in HIV transmission rates (studies 
were underpowered to detect differences in efficacy) (Bena-
boud et al., 2011; Hirt et al., 2009).

The development of resistance with the use of single-dose 
nevirapine is of concern. Virologic failure occurred at 6 months 
in 18.4% of women who received a single dose of nevirapine 
intrapartum, in addition to short-course zidovudine from 
34 weeks’ gestation through to delivery, and in whom combi-
nation antiretroviral therapy was initiated with zidovudine, 
lamivudine, and nevirapine compared with only 5% of women 
who received placebo with zidovudine for prevention of 
mother to child transmission. The significantly higher rates 
of virologic failure in women who received single-dose nevi-
rapine were more pronounced in women who started on 
antiretroviral therapy within 6 months of delivery (41.7% vs. 
0%, respectively) (Lockman et al., 2007). Similar results were 
reported from Thailand, where 51% of women who received 
single-dose nevirapine during pregnancy and then started 
on combination antiretroviral therapy with a nevirapine- 
based regimen experienced virologic failure at 6 months 
compared with 32% of women who did not receive single- 
dose nevirapine during pregnancy (Jourdain et al., 2004). 
Reduction in resistance mutations were also reported in a 
randomized trial comparing zidovudine monotherapy from 
34 weeks of gestation, with single-dose nevirapine during 
labor and daily nevirapine for the infant, with zidovudine, 
lamivudine, and nevirapine from 34 weeks of gestation 
through 6 months postdelivery (75% low-level resistant vari-
ants compared with 18%, respectively) (Lehman et al., 2009).

Of infants who received single-dose nevirapine, 76.9% 
experienced virologic failure at 6 months after initiation of 
combination antiretroviral therapy of zidovudine, lamivu-
dine, and nevirapine (Lockman et al., 2007). It has also been 

shown that mothers who received single-dose nevirapine to 
prevent MTCT had a high risk of failure if treated with 
NNRTI-containing antiretroviral regimens within 12 months 
after childbirth (Stringer et al., 2010).

The World Health Organization now recommends com-
bination antiretroviral therapy for all women regardless of 
CD4 cell count, and for pregnant women diagnosed with 
HIV infection in early pregnancy. Two regimens have been 
recommended for antiretroviral (ARV) prophylaxis for pre-
vention of MTCT for women with HIV who are not eligible 
for treatment according to their CD4 cell count. Option A is 
zidovudine for the mother during pregnancy, single-dose 
nevirapine plus zidovudine and lamivudine for the mother 
at delivery and continued for a week postpartum. Option B 
is triple ARV drugs for the mother during pregnancy and 
throughout breastfeeding, before ceasing; this has now been 
replaced by Option B+, which is to initiate and maintain 
antiretroviral therapy regardless of CD4 cell count with teno-
fovir, emtricitabine, and efavirenz in a single-tablet regimen 
and to continue throughout pregnancy and breastfeeding—
and in fact, to continue for life, with no cessation—and the 
infant should receive 6 weeks of daily nevirapine. Nevirapine 
may be substituted for efavirenz if not tolerated or if there is 
a contra indication (WHO, 2013).

7e.  HIV-1 postexposure prophylaxis

Nevirapine has been shown to be effective in prevention 
of  productive HIV-1 infection in the chimpanzee model. 
Chimpanzees were dosed with one, two, or three 800-mg 
doses before HIV challenge and continued to receive nevi-
rapine for 10–20 days at a dose of 400– 800 mg daily. Viral 
DNA was detected in peripheral blood mononuclear cells 
(evidence of proviral integration) intermittently, but disap-
peared between 13 and 23 months, after which HIV-1 was 
not detected in the chimpanzees (Grob et al., 1997). A phase 
I/II study was performed in healthy HIV-uninfected individ-
uals at high risk of HIV infection to assess the pharmacoki-
netics of 200 mg nevirapine administered once weekly, twice 
weekly, or every second day for 12 weeks. Nevirapine levels 
were above the 50% inhibitory concentration (100 ng/ml) 
over the 12-week period in all subjects and with all regi-
mens evaluated. It was well tolerated and no rash occurred in 
any of the 33 subjects (Jackson et al., 2003a). These studies 
suggest that a nevirapine-containing regimen may be a good 
option for postexposure prophylaxis both in healthcare 
workers and in nonoccupational exposures. However, unac-
ceptably high rates of serious adverse events (grade 3 and 4 
hepatitis and rash) and reports of life-threatening hepatotox-
icity, requiring liver transplantation in one case (Bannaga 
et al., 2013; Benn et al., 2001; Cattelan et al., 1999; Centers 
for Disease Control and Prevention, 2001; Johnson and 
Baraboutis, 2000; Johnson et al., 2002; Sha et al., 2000), led  
to the recommendation that nevirapine is contraindicated 
for both occupational and nonoccupational postexposure 
prophylaxis.
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1. DESCRIPTION

Efavirenz is a widely used agent for treatment of HIV-1 
infection and is a member of the class of nonnucleoside 
reverse transcriptase inhibitors. When administered in com-
bination with other antiretroviral drugs, it suppresses HIV-1 
replication, improves immunologic function, enhances qual-
ity of life, and reduces HIV-related clinical progression and 
mortality; when HIV replication is fully suppressed it pre-
vents onward HIV transmission. Efavirenz, in combination 
with other antiretroviral agents, is still recommended as a 
preferred agent for initial treatment of HIV-1 infection in 
World Health Organization (WHO) guidelines but the avail-
ability of more effective and better tolerated antiretroviral 
agents means that it is now listed as an alternative rather than 
a preferred agent in US, European, and UK guidelines (World 
Health Organization, 2013; Gunthard et al., 2014; British 
HIV Association, 2015; European AIDS Clinical Society 
Guidelines Panel, 2015; Panel on Antiretroviral Guidelines 
for Adults and Adolescents, 2015). The main advantages of 
efavirenz are its potency, convenient dosing (once daily), tol-
erability, and established track record; its chief drawbacks 
are low genetic barrier to resistance (with cross-resistance to 
most of the other nonnucleoside agents) if administered as 
part of an insufficiently potent regimen, neuropsychiatric 
side effects, and its potential contribution to lipodystrophy 
and metabolic syndrome. Lack of established safety in preg-
nancy was an earlier concern but with accumulating clinical 
observations of safe use in humans and risk–benefit consid-
erations, efavirenz is no longer contraindicated in pregnancy 
(see section 6d, Fetal toxicity).

Efavirenz, earlier known as L-743,726 and DMP-266, is a 
benzoxazinone compound that was developed by DuPont 
Merck at Merck Research Laboratories and subsequently 
co-marketed by DuPont Merck Pharmaceuticals (Young  
et al., 1995; Winslow et al., 1996). Its chemical name is (S)- 
6-chloro-4-(cyclopropylethynyl)-1,4-dihydro-4-(trifluoro-
methyl)-2H-3,1-benzoxazin-2-one, its molecular formula is 
C14H9ClF3NO2, and its molecular mass is 315.68. The con-
centration of efavirenz is usually expressed in either ng/ml 

(or µg/l) or nM; to convert from ng/ml to nM, multiply by 
3.16 (i.e. 1 ng/ml is 3.16 nM). The structure of efavirenz is 
depicted in Figure 236.1. 

Efavirenz is a selective nonnucleoside inhibitor of the 
HIV-1 reverse transcriptase and has no activity against cel-
lular alpha, beta, or gamma DNA polymerases. Efavirenz is 
formulated as 50-, 100-, and 200-mg capsules and as 50-, 
100-, 200- and 600-mg tablets; the solution of 30 mg/ml is no 
longer available. Availability of specific formulations varies 
according to the manufacturer and from country to country.

Efavirenz is currently marketed as Sustiva (Bristol-Myers 
Squibb) in the USA, Canada, and some European countries, 
and as Stocrin (Merck Sharp & Dohme) elsewhere. Generic 
versions of efavirenz that have been granted tentative 
approval by the US President’s Emergency Plan for AIDS 
Relief (PEPFAR) through expedited review by the US Food 
and Drug Administration (2016) or listed by the WHO 
Prequalification Program (2015) are manufactured by Indian 
pharmaceutical companies (including Cipla, Aurobindo, Sun 
Pharma [previously Ranbaxy], and Strides Arcolab).

Efavirenz 600 mg is incorporated into a once-daily fixed-
dose combination tablet with tenofovir disoproxil fumarate 
300 mg plus emtricitabine (FTC) 200 mg (co-produced with 
Gilead Sciences) and marketed as Atripla; an equivalent 
generic version is marketed by Indian companies, for exam-
ple Viriday by Cipla (2015). Generic versions of efavirenz 
600 mg co-packaged with lamivudine 150 mg plus zidovudine 

Figure 236.1. Chemical structure of efavirenz. 
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300 mg or lamivudine 150 mg plus stavudine 40 mg are also 
produced by Indian manufacturers.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Efavirenz is a specific inhibitor of the types M and N HIV-1 
reverse transcriptase. It is not active against type O HIV-1 
(Descamps et al., 1997), HIV-2 reverse transcriptase (Tantillo 
et al., 1994), or other human viral RNA- or DNA-dependent 
DNA polymerases. Efavirenz has no activity against animal ret-
roviruses. It has low cytotoxicity with a high therapeutic index.

An initial in vitro study with laboratory-adapted HIV-1 
strains and clinical HIV-1 isolates revealed 95% inhibitory 
concentration (IC95) values of 1–5 nM (0.32–1.6 ng/ml) in 
both T-cell and monocyte/macrophage cell lines (Young et 
al., 1995). A subsequent study of a larger numbers of isolates 
from nonnucleoside reverse transcriptase inhibitor–naive 
patients enrolled in two early efavirenz clinical trials showed 
a median IC50 of 1.6 nM (0.5 ng/ml), with a range of 0.2–3.5 
nM (0.06–1.1 ng/ml) (Bacheler et al., 2001). Efavirenz has 
similar activity against HIV-1 in microglial cells (Albright et 
al., 2000).

2b.  Emerging resistance and 
cross-resistance

GENETIC BARRIER TO RESISTANCE

The ease with which drug resistance develops to an antiretro-
viral agent depends on many factors, of which overall 
potency of the antiretroviral regimen is the most important. 
The concept of a drug’s “genetic barrier to resistance” encom-
passes considerations such as the number of mutations in the 
target gene required to bring about resistance, the speed with 
which these mutations emerge, the degree of resistance con-
ferred by the mutations, and the effect that the mutations 
have on the ability of the virus to replicate (viral fitness). 
When administered as a single agent or as part of an antiret-
roviral regimen that does not adequately suppress HIV repli-
cation, antiretroviral agents with a low genetic barrier to 
resistance rapidly develop high-level resistance in associa-
tion with a single or small number of mutations in the target 
gene, and these mutations have minimal effect on the contin-
ued functioning of the gene product and on viral replication 
overall. Efavirenz is an example of such an agent, as are the 
other nonnucleoside reverse transcriptase inhibitors nevirap-
ine (see Chapter 235, Nevirapine), delavirdine (see Chapter 
237, Delavirdine) and rilpivirine (see Chapter 239, Rilpi-
virine) and the nucleoside reverse transcriptase inhibitors 
lamivudine (see Chapter 228, Lamivudine) and emtricit-
abine (see Chapter 231, Emtricitabine).

EMERGING RESISTANCE IN VITRO AND IN VIVO

Early in vitro studies of efavirenz demonstrated that resistant 
strains could be readily selected when HIV-1 was exposed to 

low efavirenz concentrations (Young et al., 1995). These 
studies were paralleled by early clinical trials, such as DMP-
266,003 and DMP-266,004 (Havlir et al., 1998; Mayers et al., 
1998), in which efavirenz was given as a single drug or as part 
of an incompletely suppressive antiretroviral regimen. Initial 
suppression of HIV-1 replication, indicated by a reduction in 
plasma HIV viral load, occurred promptly but was followed 
within 2–4 weeks by reappearance of viral replication, in 
association with development of in vitro high-level resistance 
(IC95 30- to 50-fold higher than reference strains) (Bacheler 
et al., 2001).

MUTATIONS IN THE REVERSE TRANSCRIPTASE 
GENE MEDIATING RESISTANCE TO EFAVIRENZ

Characteristic mutations in the reverse transcriptase gene 
are associated with development of resistance to efavirenz 
(Stanford University HIV Drug Resistance Database, 2014; 
Wensing et al., 2015). That these mutations truly cause efa-
virenz resistance has been proven in experiments in vitro in 
which the mutations are introduced into the reverse tran-
scriptase gene of drug-sensitive HIV-1 strains by site-directed 
mutagenesis; when these mutated strains are assayed for 
reverse transcriptase activity and viral replicative capacity, 
they are no longer inhibited by efavirenz (Bacheler et al., 
2001).

Mutations in the reverse transcriptase gene that mediate 
efavirenz resistance are listed in Table 236.1. Almost all of 
these mutations affect amino acid residues that are part of 
the efavirenz-binding site of reverse transcriptase. The most 
important mutation occurs at codon 103, where a single 
nucleotide change results in the substitution of asparagine 
for lysine (K103N). This mutation is found in > 90% of 

Table 236.1. Mutations in the HIV-1 reverse transcriptase gene 
associated with resistance to efavirenz.

High-level resistance 
mutationsa Secondary resistance mutations

K103N A98G

Y188L K101P, K101H, K101E

G190S K103S, K103H

L100I V106A, V106M

V108I

V179D

Y181C

Y188C, Y188H

G190A

P225H

M230L

K238T

aExample: 103 refers to the amino acid position, K to amino acid present in 
wild-type virus, and N to substituted amino acid in mutated strain. 

Abbreviations: D: aspartic acid; T: threonine; K: lysine; N: asparagine; Y: 
tyrosine; L: leucine; G: glycine; S: serine; A: alanine; Q: glutamine; E: 
glutamic acid; V: valine; I: isoleucine; C: cysteine; H: histidine; P: proline.

Source: Data from Stanford University HIV Drug Resistance Database (2014) 
and International Antiviral Society-USA drug resistance mutations (Wensing 
et al., 2015).
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patients with efavirenz virologic failure and results in a 25- to 
50-fold decrease in phenotypic susceptibility relative to sen-
sitive wild-type HIV-1 strains (Bacheler et al., 2000; Bacheler 
et al., 2001). Similar high-level resistance is seen with Y188L 
and G190S mutations, but these occur much less commonly 
as isolated mutations than K103N. The L100I mutation also 
mediates high-level resistance in vitro but virtually never 
occurs as an isolated mutation in vivo. The V106M muta-
tion occurs in nonsubtype B HIV-1 and is discussed later 
in  this chapter. Examples of other mutations that emerge 
with efavirenz therapy, almost always in association with 
K103N,  include A98G, K101P, K103S, V106A, V108I, 
V179D, Y188C, G190A, P225H, M230L, and K238T. These 
mutations are associated with lower levels of resistance by 
themselves (when assessed by site-directed mutagenesis) but 
they can act additively or synergistically to increase resis-
tance when present with the primary mutations (Bacheler et 
al., 2001).

Once efavirenz resistance has developed, it persists despite 
withdrawing the source of ongoing selective pressure by 
ceasing nonnucleoside therapy. The K103N mutation can 
still be detected in up to 70% of patients 12–24 months after 
efavirenz has been discontinued (Gianotti et al., 2004; Joly et 
al., 2004). This observation suggests that the K103N muta-
tion does not confer a selective disadvantage on virus sur-
vival and is supported by the normal in vitro replicative 
capacity of HIV-1 strains with this mutation (Deeks, 2001).

ACQUIRED VERSUS TRANSMITTED RESISTANCE

Acquired or secondary efavirenz resistance arises in patients 
who are being treated with efavirenz in whom HIV-1 replica-
tion is not adequately suppressed. The likelihood that resis-
tance will emerge is very low if efavirenz is administered as 
part of a modern potent antiretroviral regimen and the indi-
vidual is adherent to the regimen. For example, in trials of 
treatment-naive patients with no preexisting drug resistance, 
rates of development of resistance to efavirenz were low: 9% 
after 144 weeks of followup in 299 patients treated with efa-
virenz plus tenofovir plus lamivudine in the GS 903 study 
(Gallant et al., 2004); 4% after 96 weeks in 244 patients 
treated with efavirenz plus tenofovir plus emtricitabine in 
the GS 934 study (Pozniak et al., 2006); 6% after 96 weeks 
in 250 patients treated with efavirenz plus lamivudine plus 
either zidovudine, extended-release stavudine or tenofovir in 
the ACTG 5142 study (Riddler et al., 2008); and only 0.8% 
after 48 weeks in 392 patients in the STaR study (GS-US-264-
0110) (Porter et al., 2014).

Patients can also transmit efavirenz-resistant HIV strains 
to their previously uninfected contacts. In studies conducted 
in the UK, Europe, and the USA between 1996 and 2006, the 
prevalence of primary or transmitted resistance to nonnucle-
oside reverse transcriptase inhibitors in previously untreated 
patients with recently acquired or chronic HIV-1 infection 
ranged from 1.7% to 8.1% (Weinstock et al., 2004; Cane et al., 
2005; Wensing et al., 2005; Ross et al., 2007; Wheeler et al., 
2007). Transmitted nonnucleoside drug resistance became 
more commonly recognized over the time of these studies as 

drugs from this class were more widely used and more sensi-
tive methods were used to identify minority drug-resistant 
mutations. A later study of 2,793 isolates from 20 European 
countries collected between 2002 and 2005 showed that the 
overall prevalence of nonnucleoside resistance was only 2.3% 
and that the prevalence fell over the latter period of the study 
(Vercauteren et al., 2009). A French study of 1,318 isolates 
reported a stable rate of nonnucleoside resistance of 3.9–4.0% 
over two 3-year time periods, 2007–2009 and 2010–2012 
(Frange et al., 2015). Similarly, of more than 12,000 isolates 
collected between 2002 and 2009 in the UK, 4.1% were resis-
tant to nonnucleoside agents and this figure remained stable 
over the duration of the study (UK Collaborative Group on 
HIV Drug Resistance et al., 2012). In contrast, in a large US 
study of over 12,000 isolates (10,338 of which could be clas-
sified as recent or established infections) from 20 US cities 
between 2006 and 2009, the prevalence of nonnucleoside 
resistance among the classified cases was 7.8%, was more com-
mon among those with recent infection (11.1%) than estab-
lished infection (6.9%), and increased over time (Ocfemia et 
al., 2012). A 2013 review of all published articles and confer-
ence abstracts related to nonnucleoside resistance in North 
America and Europe generally confirmed these findings; it 
concluded that rates were generally higher in North America 
than in Europe and that rates increased in the late 1990s and 
early 2000s but that in later years rates stabilized or decreased 
in Europe, whereas rates stabilized or increased in the USA 
(Snedecor et al., 2013). 

In studies from Africa, rates of resistance to nonnucleo-
sides have varied from 3.3% among 2436 isolates from six 
African countries (Hamers et al., 2011) to 6.1% from 104 
isolates in Burkina Faso (Tebit et al., 2009). Minority drug- 
resistant mutations have been detected in up to 40% of 
wild-type virus isolates but the clinical significance and rela-
tionship to virological failure needs further investigation 
(Johnson et al., 2008; Paredes et al., 2010).

It is not surprising that preexisting resistance in previ-
ously untreated patients impairs the virologic responses to 
a  nonnucleoside-based treatment regimen (Borroto-Esoda 
et al., 2007; Kuritzkes et al., 2007). Antiretroviral resistance 
testing is recommended as standard of care before initiation 
of antiretroviral therapy (Panel on Antiretroviral Guidelines 
for Adults and Adolescents, 2015) in countries where this 
level of care is affordable and available.

CROSS-RESISTANCE WITH OTHER  
NONNUCLEOSIDE AGENTS

Most efavirenz-resistant isolates are cross-resistant to nevi-
rapine and delavirdine, two other nonnucleoside agents with 
a similar mode of action to efavirenz. Resistance mutations 
are generally shared between these agents, but exceptions are 
the G190A and Y181C mutations, which are seen in patients 
failing nevirapine but rarely emerge with efavirenz treat-
ment. A proportion of isolates with these mutations retain 
phenotypic susceptibility to efavirenz (Casado et al., 2000; 
Bacheler et al., 2001). However, results of treatment with 
efavirenz in patients who have developed these mutations in 
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association with nevirapine failure have been disappointing 
(Shulman et al., 2000; Antinori et al., 2002; Casado et al., 
2002). This may be due to minority virus subpopulations 
harboring the K103N mutation, which are present but at 
levels below the limit of detection of standard genotypic 
resistance tests (Lecossier et al., 2005). Patients who develop 
resistance after treatment with any of one of these three 
drugs cannot usually be treated successfully with another of 
these agents (Delaugerre et al., 2001).

In contrast to nevirapine and delavirdine, efavirenz- 
resistant isolates are not necessarily resistant to the other 
nonnucleoside agents, etravirine and rilpivirine. Etravirine 
resistance requires the presence of 3 or more of 13 specified 
reverse transcriptase mutations, and K103N is not one of 
these mutations (see Chapter 238, Etravirine) (Madruga et 
al., 2007). Similarly, isolates with the K103N mutation are 
usually not resistant to rilpivirine (see Chapter 239, Rilpi-
virine). However, in the ANRS 138-EASIER trial, archived 
rilpivirine mutations (Y181, K101, E138, and others) were 
found among 32% of patients who had earlier failed a nevi-
rapine or efavirenz-based regimen, suggesting that rilpivir-
ine should not be used after failure of a regimen containing 
nevirapine or efavirenz (Gallien et al., 2015). Rilpivirine and 
etravirine-associated E138 mutations were also reported in 
Kenyan patients with non-B HIV-1 subtypes failing efavirenz 
or nevirapine (Vergne et al., 2006; Crawford, 2014).

RESISTANCE IN NON-B HIV-1 SUBTYPES

Most information about nonnucleoside resistance mutations 
comes from studies of subtype B HIV-1, the most common 
HIV-1 subtype in Western countries. However, non-B HIV-1 
subtypes predominate in developing countries, and these 
subtypes contain naturally occurring polymorphisms in the 
reverse transcriptase gene that may result in selection of spe-
cific efavirenz resistance mutations or could influence the 
ease with which resistance to efavirenz and other nonnucle-
oside agents develops (Loemba et al., 2002; Kantor et al., 
2005). For example, Brenner et al. (2003) detected the valine 
GTG polymorphism at codon 106 in 94% of wild-type sub-
type C HIV-1 isolates whereas valine GTA was present in 
97% of subtype B isolates. Under selective pressure by efa-
virenz in vitro, all eight subtype C strains with the GTG 
polymorphism developed the novel V106M (GTG to ATG) 
mutation, and three of these strains, as well as subtype C 
strains from 3 efavirenz-treated patients with V106M, were 
resistant to efavirenz, nevirapine, and delavirdine on pheno-
typic testing. In a study from Israel of polymorphisms at 
nonnucleoside reverse transcriptase inhibitor mutation sites, 
Grossman et al. (2004) found greater natural genetic vari-
ability among 87 treatment-naive patients with HIV-1 sub-
type C strains than among 30 treatment-naive patients with 
subtype B strains. When patients treated with efavirenz were 
examined, V106M and A98G/S mutations were more com-
mon in subtype C than in subtype B strains. These muta-
tions were also observed in a cohort of Indian patients with  
subtype C HIV-1 infection treated with nevirapine or efa-
virenz (Deshpande et al., 2007). In a study of Brazilian 

patients failing antiretroviral therapy, nonnucleoside muta-
tions occurred less commonly in subtype F than in subtype B 
and C strains (Munerato et al., 2010).

NONNUCLEOSIDE HYPERSUSCEPTIBILITY

Phenotypic hypersusceptibility to efavirenz and other non-
nucleoside agents can be demonstrated in up to 30% of 
patients failing nucleoside reverse transcriptase inhibitor 
therapy who have not been treated previously with a non-
nucleoside agent (Shulman et al., 2001; Haubrich et al., 2002; 
Whitcomb et al., 2002; Delgado and Shulman, 2005). Hyper-
susceptibility refers to strains that are more susceptible to 
a  particular drug than wild-type strains; strains hypersus-
ceptible to nonnucleoside reverse transcriptase inhibitors are 
defined as having an IC50 of 0.4- to 0.5-fold less than wild-
type strains (Shulman et al., 2001; Whitcomb et al., 2002). 
Nonnucleoside hypersusceptibility is associated with reverse 
transcriptase mutations at codons 118, 208, and 215, espe-
cially when these are present in combination (Shulman et al., 
2004; Clark et al., 2006). If nonnucleoside resistance muta-
tions are also present, hypersusceptibility mutations appear 
to attenuate their effect—that is, lesser degrees of phenotypic 
nonnucleoside resistance are seen when both classes of 
mutations are present than when major nonnucleoside resis-
tance mutations alone are present.

Studies have reported better CD4 cell count and viral load 
responses, and a reduced rate of virological failure in patients 
with nonnucleoside hypersusceptibility treated with efa-
virenz or nevirapine (Haubrich et al., 2002; Demeter et al., 
2008). However, patients with virological failure and nucleo-
side reverse transcriptase inhibitor mutations would rarely be 
treated with an efavirenz-containing regimen, so in current- 
day practice nonnucleoside hypersusceptibility is not rou-
tinely reported and does not influence choice of antiretroviral 
agents.

3. MECHANISM OF DRUG ACTION

HIV-1 reverse transcriptase is a heterodimer comprising a 
p66 subunit (which carries out the reverse transcription and 
RNA degradation enzymatic functions) and a p51 subunit 
(derived from cleavage of a N-terminal fragment of p66, and 
inactive enzymatically). Efavirenz binds noncompetitively 
to a hydrophobic pocket located in the “palm” and “thumb” 
subdomains of the p66 subunit that is close to but separate 
from the active site of the enzyme and is formed by complex 
folding of p66 (Kohlstaedt et al., 1992; Smerdon et al., 1994; 
Esnouf et al., 1995). The reverse transcriptase binding site 
is common to other nonnucleoside agents nevirapine (see 
Chapter 235, Nevirapine) and delavirdine (see Chapter 237, 
Delavirdine). Binding of these inhibitors does not prevent 
the binding of either the nucleotide substrate or the RNA 
template to p66, but brings about a conformational change in 
p66 that prevents incorporation of deoxyribonucleotide tri-
phosphates (dNTPs) into the growing proviral DNA chain 
(Spence et al., 1995). Amino acids involved in resistance to non-
nucleoside agents such as K103 and Y181 line the binding 
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site pocket, and alterations in these residues prevent drug 
binding by steric hindrance. 

The intrinsic lack of activity of efavirenz, nevirapine, and 
delavirdine against HIV-2 and HIV-1 type 0 is due to the 
presence of naturally occurring Y181I and Y181C mutations, 
respectively (Tantillo et al., 1994; Descamps et al., 1997). 
Efavirenz also inhibits late stages of the HIV replicative cycle 
by enhancing intracellular processing of HIV-1 Gag and 
Gag-Pol polyproteins, with an associated reduction in viral 
particle formation, possibly through premature activation of 
the HIV protease (Figueiredo et al., 2006).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The recommended adult dose of efavirenz is 600 mg orally 
given once daily (Bristol-Myers Squibb, 2015). Administration 
with food increases the absorption of efavirenz, which may 
lead to a higher incidence of side effects, so the dose should 
be taken on an empty stomach just before bedtime. A higher 
dose of 800 mg may be needed if efavirenz is co- administered 
with rifampicin (see section 5e, Drug interactions).

4b.  Newborn infants and children

For adolescents and children, the recommended once-daily 
weight-based doses of capsules and tablets are summarized 
in Table 236.2.

Efavirenz is not recommended for children younger than 
3 years of age or those weighing < 10 kg.

4c.  Pregnant and lactating mothers

Although efavirenz is listed as first-line antiretroviral ther-
apy in WHO guidelines, some countries, including the USA, 
continue to warn that efavirenz use should be avoided in the 
first trimester of pregnancy because fetal harm might occur 
(see section 6d, Fetal toxicity). 

No dose modification is required during pregnancy 
because efavirenz levels are not significantly affected (Hill 
et al., 2014). A pharmacokinetic study enrolling 25 pregnant 
women taking efavirenz who were in their third trimester 
showed a slight increase in efavirenz clearance and decrease 
in trough plasma levels of efavirenz compared with post- 

partum, insufficient to warrant dose adjustment during preg-
nancy (Cressey et al., 2012).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Efavirenz is not excreted by the kidney and therefore dosage 
adjustment is not required in patients with renal failure (Gill 
et al., 2000).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Efavirenz is metabolized in the liver by cytochrome P-450 
enzymes, but pharmacokinetic data concerning efavirenz in 
patients with impaired liver function are limited (Wyles and 
Gerber, 2005). The manufacturer advises that patients with 
mild hepatic impairment can be treated with efavirenz but 
recommends that efavirenz not be administered to patients 
with moderate or severe hepatic impairment (Bristol-Myers 
Squibb, 2015).

One study of 10 non-HIV patients with underlying liver 
disease who were administered a single dose of efavirenz 400 
mg demonstrated a lower maximum concentration (Cmax) 
and a longer elimination half-life than control subjects but a 
normal area under the curve (Fiske et al., 1999). In contrast, 
among 46 patients with compensated liver disease treated 
with efavirenz, patients with cirrhosis had higher plasma lev-
els (3.4 µg/ml) than those without cirrhosis (1.9 µg/ml) and 
were more likely to have levels exceeding the recommended 
upper limit of 4 µg/ml (Barreiro et al., 2007).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Bioavailability of efavirenz has not been fully characterized 
but is thought to be approximately 60%. The mean elimina-
tion half-life is 52–76 hours after a single dose, but efavirenz 
induces its own metabolism so the half-life falls to 40–55 
hours with multiple doses. Efavirenz is highly bound to 
plasma proteins (99.5–99.75%), principally to albumin. Food 
increases efavirenz absorption: a single dose of 600 mg taken 
with food results in an increase in peak plasma efavirenz 
concentrations of 39–51% (capsules) or 79% (tablets) and an 
increase in area under the efavirenz plasma concentration–
time curve of 17–22% (capsules) or 28% (tablets). Efavirenz 
absorption is not known to be affected by other drugs 
(Adkins and Noble, 1998; Bristol-Myers Squibb, 2015).

5b.  Drug distribution

In HIV-1-infected patients treated with efavirenz 600 mg 
once daily at steady state, mean Cmax is 12.9 ± 3.7 µM (4100 ± 
1200 ng/ml), mean minimum concentration (Cmin) is 5.6  
± 3.2 µM (1800 ± 1100 ng/ml), and mean area-under-the- 
concentration-time curve (AUC) is 184 ± 73 µM/hour 

Table 236.2. Efavirenz dosing in children and adolescents.

Weight (kg) Once-daily dose (mg)

10–< 15 200

15–< 20 250

20–< 25 300

25–< 32.5 350

32.5–< 40 400

> 40 600
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(58,100 ± 23,100 ng/ml/h) (Adkins and Noble, 1998). Efa-
virenz demonstrates first-order kinetics over the dose range 
200–600 mg once daily, but a plateau effect occurs with 
doses > 1200 mg once daily, suggesting saturable absorption. 
Efavirenz pharmacokinetic parameters exhibit substantial 
interindividual variability (in excess of 100% for Cmax) but less 
intraindividual variability (20–30%) (Marzolini et al., 2001; 
Barrett et al., 2002; Csajka et al., 2003; Stahle et al., 2004; Burger 
et al., 2006; Khoo et al., 2006; Nettles et al., 2006). Many 
factors, such as genetic background, irregular adherence, drug 
interactions, co-morbidities (e.g. liver disease), and assay 
performance, contribute to this observed variability. Data 
regarding gender differences in efavirenz pharmacokinetic 
parameters are not consistent; a 2007 review concluded that 
there was probably no difference (Ofotokun et al., 2007), but 
other studies have reported a twofold higher volume of dis-
tribution and longer elimination half-life (Mukonzo et al., 
2011) and a 22% higher clearance of efavirenz in women 
than in men (Dhoro et al., 2015).

Intracellular penetration of efavirenz and other antiretro-
viral agents is intrinsic to their antiviral activity. Intracellular 
efavirenz pharmacokinetics, as assessed by drug levels and 
AUC measurements, are similar to plasma pharmacokinet-
ics: the mean ratio of intracellular to plasma AUC0–24 was 1.3 
(range: 0.7–3.3) in one study of 10 patients (Almond et al., 
2005).

The neuropsychiatric side effects commonly experienced 
with efavirenz provide indirect support of its presence in 
the brain, but in comparison with other antiretroviral agents 
such as zidovudine and nevirapine, efavirenz penetrates the 
blood–brain barrier poorly (Wynn et al., 2002; Thomas, 
2004). In one study, 10 patients treated with efavirenz 600 mg 
daily in combination with other antiretroviral agents had a 
mean efavirenz cerebrospinal fluid (CSF) concentration of 
35 nM (range: 6.6–58.9 nM) and a mean CSF/plasma ratio of 
only 0.61% (range: 0.26–0.99%) (Tashima et al., 1999). This 
CSF level approximates the level of free (non-protein-bound) 
efavirenz in plasma and is well in excess of the IC95 of 1–5 nM 
for wild-type HIV strains and the IC90 of 0.7–7 nM required 
to prevent in vitro infection of microglial cells by neurotropic 
HIV strains (Albright et al., 2000). CSF HIV viral load was 
undetectable (< 400 copies/ml) in all 9 patients in whom it 
was measured. In another study of 28 patients (14 treated 
with efavirenz 400 mg daily and 14 treated with 600 mg 
daily), the mean CSF efavirenz concentration was 18 ng/ml 
(57 nM) (90% confidence interval [CI]: 13–25 ng/ml) and 
exceeded the proposed 50% CSF maximal inhibitory con-
centration of 0.51 ng/ml in all patients. In addition, CSF HIV 
viral load was undetectable in all patients (Winston et al., 
2015). Avery et al. (2013) examined levels of both total and 
protein- free efavirenz in plasma and CSF in 13 patients. The 
median total efavirenz concentration in plasma was 2170 
ng/ml, and in CSF was 18 ng/ml (CSF/blood ratio of 0.8%), 
whereas the median protein-free concentration in plasma 
was 4.8 ng/ml and in CSF was 4.1 ng/ml (CSF/blood ratio  
of 85%); efavirenz median protein binding was 99.78%  

in plasma and 76.2% in CSF. In contrast to these studies, 
Antinori et al. (2005) were unable to detect efavirenz in CSF 
from any of 11 patients being treated with the drug; the rea-
son for these discrepant results is unknown.

Adequate genital tract penetration is potentially important 
in limiting sexual transmission of HIV-1 from an infected 
individual and in preventing development of infection in an 
uninfected woman when used as pre- or postexposure pro-
phylaxis. Levels of efavirenz in semen have been reported in 
four studies. Reddy et al. (2002) performed a detailed phar-
macokinetic analysis in 431 blood plasma and 157 seminal 
plasma samples collected from 21 men taking efavirenz-based 
combination antiretroviral therapy (of whom 9 were previ-
ously efavirenz naive and 12 were already being treated with 
efavirenz) over a 40-day period. The mean seminal plasma 
Cmax was 0.4 µM, the mean seminal plasma Cmin was 0.2 µM, 
the median semen/blood ratio averaged over 24 hours was 
0.03, and the semen-blood AUC0–24 was 0.03. As with CSF 
levels of efavirenz, these results may seem relatively modest, 
but at all times over the dosing interval the efavirenz seminal 
plasma level was at least 40-fold higher than the IC90 for wild- 
type virus from these patients. All 9 efavirenz-naive patients 
had detectable HIV-1 in seminal plasma before therapy, and 
8 of these patients had undetectable virus in seminal plasma 
after 40 days of treatment. In another study of blood and 
semen efavirenz levels involving 19 men, efavirenz seminal 
plasma levels were 10% of blood plasma levels. All treated 
patients had undetectable HIV-1 viral loads in seminal plasma 
after 24 weeks of therapy (Taylor et al., 2001). In contrast, 
efavirenz was not detected in semen in two small studies of 
3 and 2 patients (Ghosn et al., 2004; Lowe et al., 2006); in the 
latter study, the efavirenz assay was much less sensitive than 
in the two larger studies, and HIV-1 RNA was not detected 
in either of the seminal plasma samples (Lowe et al., 2006).

Very few studies have examined cervicovaginal fluid lev-
els of efavirenz. In one study of nine women, efavirenz levels 
were only 0.4% of simultaneously measured plasma levels, 
and the cervicovaginal fluid AUC0–24 was only 0.5% of the 
blood plasma AUC0–24, the lowest values of any of the sam-
pled antiretroviral agents (Dumond et al., 2007). Another 
study of three women found that cervicovaginal fluid efa-
virenz levels and the ratio of cervicovaginal fluid to plasma 
levels varied over the dosing interval, with levels of 1570 
ng/ml and a ratio of 0.25 at 3–4 hours after dosing, in com-
parison with levels of < 310 ng/ml and a ratio of < 0.08 at 
8–12 hours after dosing (Min et al., 2004).

Studies of efavirenz levels in other body fluids and tissues 
have not been published.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Efavirenz’s long elimination half-life has potential implica-
tions for development of resistance if antiretroviral therapy 
has to be discontinued for any reason. In general, antiretro- 
 viral treatment should never be stopped once it has been 
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started (except on a short-term basis for unavoidable reasons 
such as surgery or intercurrent illness) because long-term 
treatment interruption is associated with higher rates of 
HIV- and non-HIV-associated morbidity and mortality 
(El-Sadr et al., 2006). However, there may be situations (e.g. 
patient request, despite advice to the contrary) where a 
planned long-term discontinuation is contemplated. Inhibi-
tory efavirenz concentrations persist in plasma for 3 weeks or 
more after efavirenz discontinuation (Ribaudo et al., 2006b), 
so if all three drugs in a typical regimen of two nucleoside/
nucleotide reverse transcriptase inhibitors plus efavirenz are 
discontinued simultaneously, a period of what is effectively 
efavirenz monotherapy results and could lead to the devel-
opment of efavirenz resistance. Possible approaches to this 
problem are to continue the nucleoside/nucleotide agents 
for 1–2 weeks after efavirenz is stopped or to substitute a 
ritonavir-boosted protease inhibitor (which has a shorter 
half-life) for efavirenz for up to 4 weeks (Panel on Anti-
retroviral Guidelines for Adults and Adolescents, 2015).

DRUG CONCENTRATIONS VIA THERAPEUTIC DRUG 
MONITORING AND CLINICAL EFFICACY

The place of therapeutic drug monitoring in routine clinical 
management remains to be firmly established for antiretro-
viral agents, including the nonnucleoside reverse transcrip-
tase inhibitor class. The main aims of monitoring the levels of 
any drug are to maximize the therapeutic potential of the drug 
and minimize its toxic effects. This section focuses on the rela-
tionship between efavirenz blood levels and clinical efficacy, 
and the evidence linking blood levels with drug toxicity will 
be discussed in section 6, Adverse reactions and toxicity.

A number of methods have been described to measure 
efavirenz levels, but the most widely used and best validated 
technique is high-performance liquid chromatography with 
UV detection (Veldkamp et al., 1999).

The usual recommended range for plasma efavirenz levels 
is 1000–4000 ng/ml (3.16–12.6 µmol/l) (Acosta and Gerber, 
2002). The initial data leading to these recommended values 
came from a study of 130 patients treated with combination 
antiretroviral therapy including efavirenz for more than 3 
months (Marzolini et al., 2001). Efavirenz levels were mea-
sured an average of 14 hours after drug intake in all 130 pa- 
tients at baseline and repeated in 85 patients after 3 months, 
and levels were related to clinical failure and toxic effects. 
Virologic failure was observed in 50% of patients with levels 
< 1000 ng/ml, in 22% of patients with levels of 1000–4000 
ng/ml, and in 18% of patients with levels > 4000 ng/ml. The 
risk of toxicity in those with levels > 4000 ng/ml was increased 
threefold relative to those with levels less than this value.

The subsequent literature examining the effect of efa-
virenz blood levels or other pharmacokinetic parameters on 
virologic efficacy has been inconsistent. This is not surpris-
ing when one considers that many factors apart from drug 
levels contribute to the overall success or failure of an anti-
retroviral regimen. For example, if the other antiretroviral 
agents co-administered with the drug of interest are not suf- 

ficiently potent, if the patient does not adhere to the treat-
ment regimen, or if preexisting drug resistance is present, 
treatment failure could occur in the face of normal, high, or 
low efavirenz concentrations. In addition to the study of 
Marzolini et al. (2001) described earlier, other studies report-
ing a positive association between efavirenz levels or expo-
sure and efficacy are summarized in Table 236.3.

Additional studies report mixed findings or no evidence 
of a correlation between efavirenz levels and treatment 
response. First, in a randomized controlled trial (the POPIN 
trial), an approach using therapeutic drug monitoring with 
intensive adherence support was compared with standard 
of care for 122 patients being treated with a nonnucleoside 
or protease inhibitor regimen in a nurse-led clinic. After a 
median of 72 weeks of followup, rates of virologic failure 
were similar in the two treatment arms, and no relationship 
was found between antiretroviral drug levels and risk of fail-
ure in the therapeutic drug monitoring arm (Khoo et al., 
2006). Second, in a substudy of the 2NN study (see section 7, 
Clinical uses of the drug), van Leth et al. (2006) examined 
the relationship of Cmin and AUC0–24 to virologic failure in 
patients randomized to nevirapine (n = 511) or efavirenz 
(n = 312). Although an efavirenz plasma level < 1100 ng/ml 
(3.48 µM) and an AUC0–24 < 40 mg/l/h were associated with 
an increased risk of virologic failure, this effect was largely 
restricted to patients from Thailand, and once adjustment 
was made for geographic region, the association was no lon-
ger significant. Third, the Adult AIDS Clinical Trial Group 
study 398 examined patients who had failed an initial protease 
inhibitor-based regimen; all patients were treated with a back-
bone of efavirenz, amprenavir, abacavir, and adefovir and were 
randomized to receive one of three protease inhibitors or pla-
cebo. In a substudy, efavirenz pharmacokinetic parameters in 
139 patients were examined for their relationship with viro-
logic failure. An increase in the parameter of oral efavirenz 
clearance (Cl/F) was associated with a greater risk of virologic 
failure, but only among patients not previously treated with a 
nonnucleoside agent (Pfister et al., 2003). Last, in a study of 
HIV-TB co-infected Cambodian individuals who received 6 
months of standard TB treatment and efavirenz 600 mg daily, 
efavirenz concentrations < 1000 ng/ml were not associated 
with virological failure (Borand et al., 2014). Taken together, 
these results do not support a role for routine measurement 
of efavirenz levels in assessment of treatment response.

PHARMACOGENETICS

Efavirenz is metabolized by the hepatic cytochrome P-450 
(CYP) oxidase system, chiefly by isoenzyme CYP2B6 and 
to a lesser extent by CYP3A4 (Ward et al., 2003). Single-
nucleotide polymorphisms (SNPs) occur in the gene encod-
ing CYP2B6, which result in varying levels of enzyme activity 
and interindividual differences in the blood levels of or expo-
sure to drugs metabolized by the enzyme (Lang et al., 2001). 
These polymorphisms may contribute to the heterogeneity 
of treatment responses and toxicity observed with efavirenz 
(Rotger et al., 2006; Cressey and Lallemant, 2007).
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Higher plasma concentrations of efavirenz are associated 
with an SNP in the CYP2B6 gene encoding amino acid posi-
tion 516, resulting in a G (glycine) to T (threonine) substitu-
tion. The frequency of the 516G > T allele varies with racial 
background: homozygosity (TT genotype) occurs in 20% of 
African Americans but in only 3% of European Americans 
(Haas et al., 2004). This allele is also more common in ethnic 
Chinese (Xu et al., 2007), Ghanaians (Klein et al., 2005), and 
Zimbabweans (Nyakutira et al., 2007). Other polymorphisms 
affecting CYP2B6 activity have also been identified (Klein 
et al., 2005; Wang et al., 2006; Rotger et al., 2007b).

In the 5097s substudy of ACTG 5095 study (see section 7, 
Clinical uses of the drug), median efavirenz AUC0–24 values 
were 44, 60, and 130 µg/ml/h for patients with GG, GT, and 
TT genotypes, respectively (p < 0.0001) (Haas et al., 2004). 
Similar results were reported in a study of patients with 516G 
> T or other alleles associated with loss or diminished func-
tion of CYP2B6; median AUC0–24 levels were 188.5 µg/ml/h 
for homozygous individuals, 58.6 µg/ml/h for heterozygotes, 
and 43.7 µg/ml/h for noncarriers (p < 0.0001) (Rotger et al., 
2007b). Among 100 patients treated with efavirenz reported 
by Rodriguez-Novoa et al. (2005), efavirenz blood levels were 
elevated in 40% of those with the TT genotype and in 19% of 
those with the GT genotype and were subtherapeutic in 20% 
of those with the wild-type GG genotype. The effect of this 
allele has also studied in patients discontinuing efavirenz 
(Ribaudo et al., 2006b). Estimated elimination half-lives were 
23, 27, and 48 hours for patients with GG, GT, and TT geno-
types, respectively, and levels of efavirenz greater than the IC95 
of wild-type HIV-1 were predicted to persist for a median of 
5.8, 7, and 14 days (p < 0.001) after efavirenz discontinuation 
in patients with GG, GT, and TT genotypes, respectively.

No firm association between CYP2B6 genotype and treat-
ment response has been established. In keeping with other 
studies, a substudy of ACTG 384 (see section 7, Clinical uses 

of the drug) confirmed that plasma efavirenz exposure was 
greater in patients with the TT genotype, but a relationship 
with virologic response to efavirenz was not found (Haas et 
al., 2005). However, when the influence of multiple genetic 
loci was subsequently investigated in the same group of 
patients, using a method known as multifactorial dimension 
reduction, virologic failure was associated with a two-locus 
interaction between a MDR1 polymorphism and 516G > T 
(Motsinger et al., 2006).

Polymorphisms in the multidrug transporter gene MDR1 
(also called ABCB1), which encodes the efflux transport 
P-glycoprotein, have been reported to affect efavirenz expo-
sure, toxicity, or treatment response (Fellay et al., 2002; 
Alonso-Villaverde et al., 2005; Haas et al., 2005; Motsinger et 
al., 2006). This observation is surprising given that efavirenz 
is not a substrate for this protein and the reported polymor-
phism (a C to T substitution at position 3435) does not alter 
the protein’s amino acid sequence. Although the association 
is yet to be firmly established (Cressey and Lallemant, 2007), 
in a recent study of Italian HIV-1 positive patients treated 
with efavirenz, the ABCB1 3435TT genotype (along with 
CYP2B6 516TT) was independently associated with an efa-
virenz concentration 12 hours after administration (C12) of  
> 4000 ng/ml (Cusato et al., 2016).

5d.  Excretion

Efavirenz undergoes hepatic metabolism (discussed in more 
detail in section 5e, Drug interactions), chiefly to an inactive 
8-hydroxy metabolite, which subsequently undergoes glu-
curonidation. Of an administered dose of efavirenz, 14–34% 
is excreted in urine as metabolites and 16–61% is excreted in 
feces, principally in the form of unchanged drug. Less than 1% 
of an administered dose is excreted in unchanged form in the 
urine (Adkins and Noble, 1998; Bristol-Myers Squibb, 2015).

Table 236.3. Studies reporting a positive relationship between serum efavirenz (EFV) levels and virological efficacy.

Study Patients (n) Levels (ng/ml) Outcome Comments

Marzolini et al. (2001) 130 baseline < 1000 50% viral load ≤ 400 Levels 8–20 hours after dose

85 3-month intervals 1000–4000 78% viral load ≤ 400

(226 total samples) > 4000 82% viral load ≤ 400

Csajka et al. (2003) 235 (719 total samples) ≤ 1000 ≤ 65% viral load ≤ 400a Levels 8–20 hours after dose 

≥ 4000 ≥ 85% viral load ≤ 400a

Langman et al. (2002) 33 (240 total samples) < 1000 50% viral load ≤ 500 Pretreated patients

≥ 1000 92% viral load ≤ 500

Mallon et al. (2003) 40 < 1000 < 0.5 log fall in viral loadb Heavily pretreated patients

> 4000 > 1.75 log fall in viral loadb Levels 8–16 hours after dose

Gonzalez de Requena 
et al. (2004)

48 ≤ 3000 42% virologic responsec All patients had failed nevirapine- 
based regimen

> 3000 76% virologic response Levels 12 hours after dose

Stahle et al. (2004) 58 < 2180d 60% viral load ≤ 50 Levels 10–24 hours after dose

> 2180d 90% viral load ≤ 50

aEstimated from Figure 2 in cited source.
bEstimated from Figure 2c in cited source.
cWeek 48 values: virologic response defined as viral load < 50 copies/ml or ≥ 1 log10 fall in viral load.
dCorresponding to 6.9 μmol/l reported in cited source.
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5e.  Drug interactions

Efavirenz is metabolized by hepatic cytochrome P-450 oxi-
dases, mainly the CYP2B6 isoenzyme and to a lesser extent 
CYP3A4 (Hesse et al., 2001; Ward et al., 2003). Efavirenz can 
act as either an inhibitor or inducer of CYP3A4 (induction 
generally prevails), inhibits other CYP isoenzymes such as 
CYP2C9 and CYP2C19 (Fellay et al., 2005), and may induce 
other drug-metabolizing enzymes such as uridine diphosphate 
glucuronosyltransferase (UGT). The end result of this com-
plex situation is that efavirenz can affect the metabolism of a 
large number of drugs metabolized by these enzymes. In turn, 
efavirenz metabolism itself can be affected by CYP2B6 induc-
ers or inhibitors, but (with some important exceptions) there 
are relatively few such agents, so bidirectional interactions 
are less common. The inactive hydroxy efavirenz metabolites 
are conjugated by the UGT pathway, but the clinical signifi-
cance of this in the context of drug–drug interactions has not 
been fully characterized (Bae et al., 2011; Cho et al., 2011).

Drug interactions can occur between efavirenz and other 
antiretroviral agents, or between efavirenz and a large num-
ber of drugs used to treat a wide variety of conditions, includ-
ing HIV-related complications (Ma et al., 2005). It is not 
possible to study formally every potential drug interaction, 
so some listed interactions are based on theoretical consider-
ations or on experience with interactions involving similar 
drugs. To assist with the challenge posed by trying to remem-
ber and keep up to date with the bewildering array of inter-
actions, a number of useful resources are available to the 
prescribing clinician or pharmacist: the University of Liverpool, 
Department of Pharmacology website (hiv-druginteractions. 
org.uk) and the Toronto General Hospital Immunodeficiency 
Clinic website (hivclinic.ca/main/drugs_interact.html) are 
particularly recommended.

Clinically significant drug interactions with efavirenz can 
be divided broadly into those for which co-administration 
of a drug with efavirenz is contraindicated and those that 
necessitate dose modification or closer monitoring of the co- 
administered drug. Contraindicated drugs are listed in Table 
236.4. In most cases, CYP3A4 inhibition by efavirenz results 
in potentially dangerous increases in the levels of these drugs, 
many of which are also contraindicated with HIV-1 protease 
inhibitors for the same reason. These drugs will not be con-
sidered further, and the remainder of the discussion focuses 
on drug interactions in which the effect is less marked but 
still of potential clinical importance.

OTHER ANTIRETROVIRAL AGENTS

Protease inhibitors

Interactions between efavirenz and protease inhibitors arise 
chiefly through the inductive effect of efavirenz on protease 
inhibitor metabolism by CYP3A4 (Barry et al., 1999; Ma et 
al., 2005). In current practice, nonnucleoside agents such as 
efavirenz and a protease inhibitor should not be combined in 
first-line antiretroviral regimens and only rarely in second- 
line or subsequent regimens because of the expanding range 

of other options for this latter indication. However, efavirenz 
may still be administered with a protease inhibitor to the 
occasional patient with nucleoside agent intolerance or exten-
sive antiretroviral resistance. Dosing recommendations are 
described in Table 236.5.

When administered without ritonavir, levels of all protease 
inhibitors are reduced by efavirenz. Low-dose ritonavir given 
in a dose of 100 mg twice daily inhibits CYP3A4 and is used 
to pharmacologically enhance levels of a co- administered pro-
tease inhibitor; it overcomes the inductive effects of efavirenz 
when combined with indinavir given in a dose of 800 mg 
twice daily (Aarnoutse et al., 2002; Aarnoutse et al., 2004) 
or fosamprenavir given in a dose of 700 mg twice daily (Wire 
et al., 2004); a similar effect is noted with ritonavir at a dose 
of 100 mg daily plus atazanavir 300 mg daily (Tackett et al., 
2003). With lopinavir–ritonavir (Kaletra) capsules (133/33 
mg), an increase in the dose from three to four capsules twice 
daily restored lopinavir levels (Hsu et al., 2003; Bergshoeff 
et al., 2005). However, lopinavir–ritonavir capsules have now 
been replaced by tablets (200/50 mg), and the prescribing 
information recommends a dose increase from two tablets 
twice daily to three tablets twice daily only in treatment- 
experienced patients when reduced susceptibility to lopina-
vir is suspected or demonstrated. If the liquid formulation of 
lopinavir–ritonavir is given with efavirenz, the dose should 
be increased to 533/133 mg (or pediatric dosing equivalent) 
twice daily (Bristol-Myers Squibb, 2015). The dose of ritona-
vir should be increased from 200 to 300 mg once daily when 
efavirenz is administered with once-daily fosamprenavir 
(Wire et al., 2004). Although levels of the newer protease 
inhibitors darunavir and tipranavir (both given with low-dose 
ritonavir) are lowered when co-administered with efavirenz, 

Table 236.4. Drugs that should not be administered together 
with efavirenz.a

Astemizole, terfenadineb

Cisapride

Midazolam, triazolam

Ergot alkaloids: dihydroergotamine, ergotamine, ergonovine

Rifapentinec

St. John’s wort

Voriconazoled

Hepatitis C direct-acting agents: boceprevir, simeprevir, elbasvir– 
grazoprevir, ombitasvir–paritaprevir–ritonavir, velpatasvir– 
sofosbuvir

Bepridil

Pimozide

aDosage adjustment or closer monitoring is necessary for many other 
agents; see text and HIV drug interaction websites for details.

bThese agents are no longer available in some countries, such as the USA 
and Australia.

cNot recommended for treatment of HIV-associated tuberculosis; use rifam-
picin or rifabutin instead.

dCo-administration may be possible with dosage modification of voricona-
zole and efavirenz; see text for details.

Sources: Data from from Panel on Antiretroviral Guidelines for Adults and 
Adolescents (2015), University of Liverpool’s HIV Drug Interaction Checker 
(hiv-druginteractions.org), and product information.

http://hivclinic.ca/main/drugs_interact.html
http://www.hiv-druginteractions.org
http://www.hiv-druginteractions.org.uk
http://www.hiv-druginteractions.org.uk
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standard doses of these agents are appropriate (Sekar et al., 
2007). Protease inhibitors have minimal or no effect on efa-
virenz levels.

Nonnucleoside reverse transcriptase inhibitors
Efavirenz levels are decreased by nevirapine (Veldkamp et 
al., 2001) and the dose of efavirenz should be increased to 
800 mg once daily when combined with nevirapine. However, 
there is little if any place for a treatment regimen combining 
these two agents (see section 7, Clinical uses of the drug). 
Efavirenz may cause a significant decrease in plasma concen-
trations of etravirine, and these agents should not be admin-
istered together (Tibotec Therapeutics, 2008).

Chemokine co-receptor antagonists
The CCR5 co-receptor antagonist maraviroc (see Chapter 
253, Maraviroc) is a substrate for CYP3A4. Efavirenz reduces 
maraviroc Cmax by 45%, and the dose of maraviroc should be 
increased to 600 mg twice daily (Glaxo Smith Kline, 2015).

Nucleoside/nucleotide reverse  
transcriptase inhibitors
Given their different routes of metabolism, no significant 
interactions between nonnucleoside and nucleoside/nucleo-
tide agents would be predicted. One report described the 
onset of neuropsychiatric symptoms after initiation of teno-
fovir in nine patients on stable efavirenz therapy (Allavena et 
al., 2006). No significant interaction between tenofovir and 
efavirenz had been noted previously (Droste et al., 2006), but 
a subsequent study reported a possible association between 
an increase in efavirenz exposure and treatment with tenofo-
vir in those with slow-metabolizing CYP2B6 516 phenotypes 
(Rotger et al., 2007a).

Integrase inhibitors
Dolutegravir and raltegravir are metabolized through the 
UGT pathway and do not inhibit or induce CYP isoenzymes. 
However, efavirenz may induce UGT and lowers raltegravir 

AUC and Cmax by 36% and dolutegravir AUC by 59% and 
Cmax by 39%. When co-administered with efavirenz, ralte-
gravir dosing does not need to be altered, but the dose of 
dolutegravir should be doubled to 50 mg twice a day 
(Iwamoto et al., 2008; Song et al., 2014; University of Liver-
pool, 2016). When patients are switched from an efavirenz- 
to a dolutegravir-containing regimen, modeling suggests that 
despite the prolonged half-life of efavirenz and potential for 
induction of dolutegravir metabolism, levels of dolutegravir 
remain well above the IC95 of wild-type isolates and that 
an increase in the dolutegravir dose for a period after the 
changeover is not necessary (Generaux et al., 2014).

Elvitegravir is co-formulated with cobicistat, tenofovir, 
and emtricitabine, and the manufacturer recommends that it 
should not be combined with other antiretroviral products, 
including non-nucleoside agents (Gilead Sciences, 2016). In 
healthy subjects switched from a regimen containing efa-
virenz, levels of elvitegravir were lower than in the absence of 
prior efavirenz for up to 2 weeks, but as with dolutegravir 
(discussed earlier) the levels remained well above the wild-
type IC95 (Ramanathan et al., 2016).

RIFAMPICIN AND RIFABUTIN

Tuberculosis is the most common HIV-related opportunistic 
infection worldwide and the leading cause of death among 
HIV patients in resource-poor countries. With the rapid 
upscaling of antiretroviral therapy in these countries, many 
patients require treatment for both tuberculosis and HIV 
infection, and the issue of drug interactions between antiretro-
viral and antituberculous drugs is of great importance. Most of 
the significant interactions involve the rifamycin agents rifam-
picin and rifabutin (Breen et al., 2006; Centers for Disease 
Control and Prevention, 2013). Rifampin is a powerful inducer 
of CYP3A4, and protease inhibitors are contraindicated with 
rifampicin for this reason. Rifabutin is a less powerful 
CYP3A4 inducer. Weekly rifapentine is not recommended for 
treatment of HIV-associated tuberculosis because of unac-
ceptably high tuberculosis relapse rates (Vernon et al., 1999).

Table 236.5. Dosing of ritonavir-boosted protease inhibitors when administered together with efavirenz 
in adults.

Protease inhibitor Protease inhibitor dose Ritonavir dose

Lopinavir—ritonavir

Tablets, treatment naive 400 mg/100 mg twice daily

Tablets, treatment experienced 600 mg/150mg twice daily

Liquid 533 mg/133 mg twice daily

Atazanavir 300 mg daily 100 mg daily

Fosamprenavir

Daily dosing 1400 mg daily 300mg daily

Twice-daily dosing 700 mg twice daily 100 mg twice daily

Indinavir 800 mg twice daily 100 mg twice daily

Saquinavir 1000 mg twice daily 100 mg twice daily

Darunavir 600 mg twice daily 100 mg twice daily

Tipranavir 500 mg twice daily 200 mg twice daily

Source: Data from Panel on Antiretroviral Guidelines for Adults and Adolescents (2015).
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Rifampin lowers efavirenz blood levels. Lopez-Cortes et 
al. (2002) studied 24 HIV and tuberculosis co-infected 
patients, and the mean efavirenz Cmax, Cmin, and AUC0–24 were 
lowered by 24%, 25%, and 22%, respectively, when rifampi-
cin was added to efavirenz given in a dose of 600 mg once 
daily, an effect that was most marked in patients weighing  
> 50 kg. An increased efavirenz dose of 800 mg daily plus 
rifampicin produced a similar efavirenz exposure to a daily 
efavirenz dose of 600 mg without rifampicin. These findings 
were confirmed in a study comparing 16 patients treated 
with rifampicin and efavirenz administered at a dose of 800 
mg once daily and 13 control patients treated with efavirenz 
600 mg without rifampicin; efavirenz pharmacokinetic para-
meters were similar in the two groups (Matteelli et al., 2007). 
In a study of 84 HIV–tuberculosis patients from Thailand 
who were randomized to receive efavirenz given in a dose of 
600 or 800 mg daily in addition to rifampicin, Manosuthi et 
al. (2005) reported mean efavirenz levels of 3020 ng/ml with 
the 600-mg dose and of 3390 ng/ml with the 800-mg dose; 
efavirenz levels < 1000 ng/ml were more common with the 
600-mg dose, although neither of the differences was statisti-
cally significant.

There is undoubtedly a pharmacologic interaction between 
rifampicin and efavirenz, but its clinical significance is still 
uncertain. In the randomized study reported by Manosuthi 
et al. (2006), HIV treatment outcomes did not differ between 
the groups administered efavirenz in a dose of 600 or 800 mg 
once daily, despite the more favorable pharmacokinetic para-
meters in the latter. Observational studies have reported sim-
ilar results. For example, when 126 Indian HIV– tuberculosis 
patients treated with rifampicin and standard-dose efavirenz 
were compared with 129 HIV patients treated with efavirenz 
alone, there was no difference in the CD4 cell count after 9 
months between the two groups (Patel et al., 2004). A total of 
49 Brazilian AIDS patients with tuberculosis who were treated 
with rifampicin and prescribed efavirenz at the standard 600 
mg once daily dose also had excellent virologic and immuno-
logic outcomes (Pedral-Sampaio et al., 2004). Efavirenz lev-
els were found to be highly variable in 20 African patients 
treated with rifampicin, but satisfactory CD4 cell count 
responses and rates of HIV-1 viral suppression were reported 
(Friedland et al., 2006). When efavirenz in a dose of 800 mg 
once daily was used with rifampicin, Brennan-Benson et al. 
(2005) reported high efavirenz levels, and neuropsychologic 
symptoms led to efavirenz dose reduction or discontinuation 
in 7 of 9 patients.

No firm recommendations can be made concerning efa-
virenz dosing in patients being treated with rifampicin. Most 
clinical studies suggest that an unchanged daily dose of 600 
mg can be given without compromising antiretroviral effi-
cacy. However, most of these studies have been carried out 
in populations in which the findings could have been con-
founded by other factors affecting efavirenz exposure, such 
as CYP2B6 polymorphisms. Some authorities suggest using 
the higher 800 mg once daily dose in patients weighing > 
60  kg (Poz niak et al., 2011), whereas others consider this 
optional (Centers for Disease Control and Prevention, 2013; 

Panel on Antiretroviral Guidelines for Adults and Adoles-
cents, 2015); further studies are needed to resolve this issue 
definitively.

Rifabutin is a less powerful CYP inducer than rifampicin, 
and no efavirenz dose increase is required when it is admin-
istered with rifabutin. However, efavirenz induction of rifab-
utin metabolism leads to a 29% decrease in rifabutin Cmax 
and a 37% lower AUC, necessitating an increase in the usual 
rifabutin dose from 300 to 450 mg daily or from 300 to 600 
mg twice weekly (Benedek et al., 1998; Weiner et al., 2005).

CLARITHROMYCIN

Efavirenz induces the metabolism of clarithromycin, reduc-
ing its Cmax by 26% and its AUC by 39% but increasing the 
Cmax of its active 14-OH metabolite by 49% and AUC by 34%. 
The clinical significance of these changes is unknown, but 
if  available an alternative antibiotic should be considered. 
There is no significant interaction between azithromycin and 
efavirenz.

ANTIFUNGAL AGENTS

Azole antifungal drugs are metabolized by CYP and inhibit 
CYP3A4; voriconazole also inhibits CYP2C9. Efavirenz 
induces the metabolism of ketoconazole and itraconazole 
and reduces their Cmax by 44% and 37% and AUC by 72% and 
49%, respectively (Sriwiriyajan et al., 2007; Bristol-Myers 
Squib, 2015); these agents should not generally be adminis-
tered with efavirenz (Koo et al., 2007). There is no significant 
interaction between efavirenz and fluconazole. The situation 
with voriconazole is complex: voriconazole Cmax and AUC 
are decreased by 61% and 71%, respectively, whereas (contrary 
to what would be expected on the basis of voriconazole’s CYP 
inhibitory activity) efavirenz Cmax and AUC are decreased by 
38% and 44%, respectively. If voriconazole and efavirenz 
have to be taken together, a reduction in the efavirenz dose to 
300 mg once daily and an increase in the voriconazole dose 
to 400 mg twice daily is suggested (Damle et al., 2008). Unlike 
the other azoles, posaconazole is primarily metabolized by the 
UGT pathway. When administered with efavirenz 400 mg 
daily, posaconazole Cmax and AUC are decreased by 45% and 
50%, respectively (Krishna et al., 2009) (presumably through 
induction of UGT), but efavirenz levels are unaffected; these 
agents should not be combined unless no alternative to posa-
conazole exists.

ANTIMALARIAL DRUGS

When co-administered with the antimalarial drug arte-
mether–lumefantrine, efavirenz reduces Cmax and AUC of 
artemether by 21% and 51%, of dihydroartemisinin by 38% 
and 46%, and of lumefantrine AUC by 21% (with no change 
in Cmax) (Huang et al., 2012); similar but more marked 
changes were seen in another study (Byakika-Kibwika et al., 
2012). Efavirenz also interacts with atovaquone–proguanil, 
lowering atovaquone Cmax and AUC by 44% and 75% and 
proguanil AUC by 44% (van Luin et al., 2010). The clinical 
significance of these findings in regard to efficacy of anti-
malarial prophylaxis or treatment is uncertain. Information 
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regarding other antimalarials is limited; chloroquine and 
mefloquine would not be expected to interact with efavirenz, 
but levels of quinine may be decreased.

OPIOID-REPLACEMENT THERAPY

Methadone
Methadone is metabolized by CYP3A4, and its levels are 
reduced by CYP enzyme inducers such as efavirenz (Goure-
vitch and Friedland, 2000; McCance-Katz, 2005). Clarke et 
al. (2001) reported that methadone Cmax fell 49% from 689 to 
358 ng/ml and AUC0–24 decreased by 57% when 11 patients 
on stable methadone therapy were started on efavirenz. With-
drawal symptoms, usually occurring 8 days or more after 
starting efavirenz, occurred in 9 of the 11 patients and neces-
sitated an increase in the maintenance methadone dose. Case 
reports have also described similar findings (Marzolini et al., 
2000; Pinzani et al., 2000). Patients on maintenance metha-
done therapy and their prescribers need to be aware that with-
drawal symptoms may develop if efavirenz is introduced, 
and that increased methadone doses may be required.

Buprenorphine
Buprenorphine is also metabolized by CYP3A4. Bupre nor-
phine levels fall with efavirenz administration, but it is sur-
prising that patients do not experience withdrawal symptoms 
or require increases in buprenorphine dosage (McCance-Katz 
et al., 2006). This may relate to buprenorphine’s long occupa-
tion of its receptor or activity of buprenorphine meta bolites. 
On this basis, buprenorphine would seem to be the preferred 
opioid replacement therapy in patients treated with efavirenz.

LIPID-LOWERING AGENTS

Most HMG-CoA reductase inhibitors (statins) are metabo-
lized by either CYP3A4 (atorvastatin, lovastatin, and simvas-
tatin) or CYP2C9 (fluvastatin and rosuvastatin) (Shitara and 
Sugiyama, 2006), except pravastatin, which is predominantly 
metabolized by glucuronidation (Fichtenbaum and Gerber, 
2002). Efavirenz induces the metabolism of simvastatin, 
atorvastatin, and pravastatin, reducing the AUC0–24 of these 
agents by 58%, 43%, and 40%, respectively (Gerber et al., 
2005); if these agents are used with efavirenz, cholesterol 
levels should be monitored, and the statin dosage adjusted 
accordingly. Lovastatin has not been studied, but would be 
expected to behave in a similar fashion. Rosuvastatin is 
largely excreted unchanged in the feces, and no interaction 
with efavirenz would be anticipated.

Fibrate drugs, such as clofibrate and gemfibrozil, are not 
metabolized by the CYP system and would not be expected 
to interact with efavirenz.

ANTICONVULSANTS

Phenytoin, carbamazepine, and phenobarbital are CYP 
inducers, thereby potentially having bidirectional interac-
tions with efavirenz. Efavirenz reduces carbamazepine Cmax 
and AUC by 20% and 27%, respectively, and efavirenz Cmax 

and AUC are reduced by 21% and 36%, respectively (Bristol-
Myers Squibb, 2015). No formal interaction studies with 
pheny toin have been carried out but in two separate case 
reports, efavirenz levels were decreased in both cases, whereas 
phenytoin levels were decreased in one case but increased in 
the other (Robertson et al., 2005; Spak et al., 2008). Neither 
of these agents should be co-administered with efavirenz if 
at all possible, and use of an alternative anticonvulsant not 
metabolized by CYP, such as sodium valproate (DiCenzo et 
al., 2004) or levetiracetam is preferred, in consultation with 
an expert (Liedtke et al., 2004).

HORMONAL CONTRACEPTIVES

Earlier recommendations were that efavirenz should not be 
taken by women who were pregnant or might become preg-
nant because of reports of teratogenicity in animals but with 
accumulating evidence of safety in pregnancy, these recom-
mendations no longer apply (for a more detailed discussion 
of this topic, see section 6d, Fetal toxicity). The oral hor-
monal contraceptive agents ethinyl estradiol and norethin-
drone are both partly metabolized by CYP3A4, although 
non-CYP glucuronidation is probably the most important 
metabolic pathway. The few available studies of the interac-
tion between efavirenz and the oral contraceptive pill have 
reported variable results. A study in healthy volunteers by 
Joshi et al. (1998) reported increases of 8% in Cmax and of 
37% in AUC for ethinyl estradiol, suggesting that reduced 
efficacy of the oral contraceptive is unlikely. In another study 
of HIV-negative women, efavirenz lowered the 17-deacetyl 
norgestimate (the active metabolite of the progestational 
agent norgestimate) AUC by 64% and the Cmax by 46%, but 
the clinical significance of this is unclear (Sevinsky et al., 
2011). Raised endogenous progesterone levels that suggest 
possible ovulation and reduced contraceptive effectiveness 
have also been reported when a combined oral contracep-
tive pill is used with efavirenz (Landolt et al., 2013). Given 
the conflicting and limited information about the effects of 
efavirenz on the oral contraceptive, women are advised to 
not rely on the oral contraceptive alone and to use a bar-
rier contraceptive method as well (Panel on Treat ment of 
HIV-Infected Pregnant Women and Prevention of Perinatal 
Transmission, 2015). There is no significant interaction 
between efavirenz and the depot progesterone-based con-
traceptive medroxyprogesterone acetate (Cohn et al., 2005; 
Nanda et al., 2007). Use of progestational subdermal implants 
is not recommended because of reports of failure of an 
etonogestrel implant (Implanon) with efavirenz (Matiluko et 
al., 2007) and a higher pregnancy rate with efavirenz-based 
compared with nevirapine- or protease inhibitor–based anti-
retroviral therapy in African woman using a levonorgestrel 
implant (Jadelle) (Perry et al., 2014).

IMMUNOSUPPRESSIVE AGENTS

There is limited information about interactions between 
efavirenz and immunosuppressive drugs such as those used 
in organ transplantation. In contrast to protease inhibitors, 
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where inhibition of CYP results in an increase in blood levels 
of (and a substantial reduction in the dose requirement for) 
ciclosporin, tacrolimus, and sirolimus, blood levels of these 
agents may decrease through CYP induction when co- 
administered with efavirenz (Frassetto et al., 2007; Teicher et 
al., 2007), and close monitoring of blood levels is essential. 
There is no information about an interaction between efa-
virenz and mycophenolate mofetil. Levels of prednisolone 
are decreased by efavirenz (Busse et al., 2008); levels of dexa-
methasone and inhaled corticosteroids, such as fluticasone 
and budesonide, may be similarly affected but these interac-
tions have not been studied.

ANTIPLATELET AND ORAL  
ANTICOAGULANT AGENTS

Interactions between antiplatelet agents and efavirenz are 
complex and detailed studies are lacking. Clopidogrel is 
metabolized by CYP3A4, 2C19, and other CYP isoenzymes 
to an active form, the levels of which are slightly decreased in 
vitro by efavirenz via an overall inhibitory CYP effect, and 
clopidogrel also increases efavirenz levels to a modest degree 
(Jiang et al., 2013). Although prasugrel is metabolized to an 
active form, levels of this form are not increased by the strong 
CYP-inducer rifampicin, and a similar lack of effect would 
be expected with efavirenz. Ticagrelor is metabolized to an 
inactive form by CYP3A4 but rifampicin, and by extension 
efavirenz, has minimal effects on ticagrelor AUC (Toronto 
General Hospital Immunodeficiency Clinic, 2016).

The effect of efavirenz on warfarin levels and its therapeu-
tic effect is unpredictable, and close monitoring is advised. 
Of the novel oral anticoagulants, dabigatran is not metabo-
lized by CYP and would not be expected to interact with 
 efavirenz, whereas both rivaroxaban and apixaban are meta-
bolized by CYP3A4, and their levels could be decreased if 
co-administered with efavirenz (Toronto General Hospital 
Immunodeficiency Clinic, 2016).

OTHER AGENTS

Some direct-acting hepatitis C agents have significant inter-
actions with efavirenz and are listed as contraindicated 
agents in Table 236.4. Sofosbuvir and sofosbuvir plus ledip-
asvir can be safely given with efavirenz, as can both telaprevir 
(rarely used now) and daclatasvir if given at an increased 
dose. This is a very rapidly changing field, and prescribers 
should always consult sources of up-to-date information, such 
as the University of Liverpool’s Hepatitis Drug Interactions 
site at (hep-druginteractions.org).

Diltiazem levels are decreased and dosage adjustment 
may be required, based on clinical response to diltiazem 
(Kaul et al., 2007); other calcium channel blocking agents 
have not been studied. Among selective serotonin reuptake 
inhibitors, sertraline levels are decreased with efavirenz but 
paroxetine and fluoxetine levels are unchanged (Bristol-Myers 
Squibb, 2015).

Agents that have not been studied but may have significant 
interactions with efavirenz based on their known metabolism 

by CYP include erectile dysfunction agents such as sildena- 
fil (concentrations may be decreased); newer antidepressant 
agents such as citalopram, mirtazapine, and venlafaxine 
(concentrations may be decreased); and oral hypoglycemic 
drugs (an interaction with metformin is unlikely, but con-
centrations of sulfonylureas may be increased or decreased) 
(University of Liverpool, 2016).

Among complementary therapy agents, St. John’s wort, an 
herbal extract used as an antidepressant, may increase efa-
virenz clearance and is contraindicated (see Table 236.4), but 
information or dosing recommendations about other alter-
native medicines does not exist.

Little information is available about potential interactions 
with recreational/illicit drugs. No significant interaction 
would be expected with heroin, amphetamine, methamphet-
amine or MDMA (ecstasy) based on the known metabolism 
of these drugs, but interactions are theoretically possible 
with cocaine, gamma-hydroxybutyrate, ketamine, and can-
nabis (Toronto General Hospital Immunodeficiency Clinic, 
2016). Efavirenz has been reported to cause false-positive 
positive rates of over 90% in some urine cannabinoid screen-
ing assays but not in others assays (Blank et al., 2009; 
Oosthuizen and Laurens, 2012; Bristol-Myers Squibb, 2015); 
false-positive results have also been described in some urine 
benzodiazepine screening assays (Blank et al., 2009), a not 
unsurprising finding given the structural similarity between 
efavirenz and benzodiazepines.

6. ADVERSE REACTIONS AND TOXICITY

Efavirenz is generally very well tolerated and < 10% of 
patients enrolled in large clinical trials and cohort studies 
have had to discontinue the medication because of side 
effects (Perez-Molina, 2002). The most commonly reported 
adverse events are early central nervous system symptoms 
and rash; other significant effects include abnormal liver 
function tests, psychiatric symptoms, and hyperlipidemia. 
Other adverse events reported with efavirenz but where a 
causal association or clinical significance is not as well estab-
lished include changes in body fat distribution (lipodystro-
phy), suicidality, cognitive impairment, fetal toxicity, and low 
vitamin D levels.

6a.  Neuropsychiatric toxicity

Efavirenz commonly causes early, short-lived central ner-
vous system symptoms but its use has also been associated 
with more long-lived symptoms and serious psychiatric dis-
orders. The pathogenesis of these effects is unknown; pos-
tulated mechanisms for which there is some supporting 
evidence from in vitro and animal studies include mitochon-
drial damage to neurons and glial cells through induction of 
nitric oxide synthetase (Blas-Garcia et al., 2014; Apostolova 
et al., 2015), a partial agonist effect of efavirenz on 5-HT 2A 
receptors in the brain resembling the effects of lysergic acid 
(LSD) (Gatch et al., 2013), and inhibition of creatine kinase 
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in cerebellum, hippocampus, striatum and cortex (Streck et 
al., 2008).

EARLY-ONSET CENTRAL NERVOUS SYSTEM 
SYMPTOMS

Early-onset central nervous system (CNS) symptoms develop 
in> 50% of patients treated with efavirenz. In an analysis by 
the manufacturer of 1008 patients enrolled in phase II/III 
and phase III trials, reported symptoms (and their frequency) 
included dizziness (28%), anxiety and nervousness (20%), 
insomnia (16%), impaired concentration (8%), somnolence 
(7%), abnormal dreams (6%), and hallucinations (1%) (Bristol- 
Myers Squibb, 2015). These symptoms develop after the first 
or second dose but are usually not severe and lead to treat-
ment discontinuation in only 2–6% of patients (Perez-Molina, 
2002; Clifford et al., 2005; Gazzard et al., 2010; Kenedi and 
Goforth, 2011; Bristol-Myers Squibb, 2015).

These early-onset symptoms are short lived, generally set-
tling after 2–4 weeks, and in the small proportion of patients 
in whom they persist beyond this time the symptoms are 
usually mild and tolerable. In a detailed analysis of nervous 
system symptoms in the ACTG 5097s substudy ACTG 5095 
study (see section 7, Clinical uses of the drug), Clifford et 
al. (2005) reported that patients treated with efavirenz 
complained of more neurologic symptoms and sleep dis-
turbance at week 1 than patients not treated with efavirenz, 
but this difference was no longer apparent at weeks 4, 12, and 
24. Longer-lasting early-onset nervous system symptoms, 
includ ing sleep abnormalities, undoubtedly occur (Nunez et 
al., 2001; Fumaz et al., 2002; Lochet et al., 2003; Fumaz et al., 
2005; Hawkins et al., 2005; Moyle et al., 2006a; Clifford et al., 
2009; Leutscher et al., 2013), but the percentage of affected 
patients falls with time. These symptoms do not usually 
interfere with quality of life or affect overall psychologic sta-
tus; when patients treated with efavirenz are considered as a 
whole, adherence to therapy and overall virologic and immu-
nologic responses are not compromised by these symptoms, 
and quality-of-life measures usually improve, often to a greater 
extent than in a comparator group (Nunez et al., 2001; Fumaz 
et al., 2002; Clifford et al., 2005; Fumaz et al., 2005; Moyle et 
al., 2006a; Clifford et al., 2009; Robertson et al., 2012).

A formal sleep study at baseline and 2 weeks and 3 months 
after starting efavirenz showed a modest reduction in stage 2 
sleep with a corresponding increase in deep sleep (stage 4) 
and a modest increase in rapid eye movement sleep (Moyle et 
al., 2006a); these changes were most marked 2 weeks after 
starting efavirenz but remained different from baseline at 3 
months. In contrast, a study of healthy volunteers who took 
efavirenz for 7 days showed a reduced time to sleep onset, an 
increase in non-rapid eye movement sleep and preservation 
of rapid eye movement sleep (Simen et al., 2015).

Risk factors for early efavirenz treatment discontinuation 
related to neuropsychiatric symptoms were examined in a 
small study of 31 patients by Blanch et al. (2001b). A total of 
4 patients discontinued treatment within 3 months of treat-
ment initiation, and risk factors included a lower level of 
education, fewer baseline central nervous symptoms, better 

baseline physical health, and higher baseline somatization 
scores. Patients remaining on treatment reported an overall 
improvement in physical and psychologic health.

Patients with substance abuse or a history of a psychiatric 
illness are traditionally regarded as challenging to treat and 
might be expected to exhibit more intolerance to early ner-
vous system symptoms, but the reported experience has been 
generally positive (Perez-Molina, 2002). The frequency of 
central nervous system side effects is similar among sub-
stance abusers or those with mental health problems and 
comparator groups (Guest et al., 2002; Juethner et al., 2003; 
Faggian et al., 2005). Treatment discontinuation rates in 
patients switching to efavirenz were higher among injection 
drug users than noninjection drug users in a Swiss HIV 
cohort study (Hirschel et al., 2002), but other studies have not 
demonstrated markedly different discontinuation rates in 
these groups, and the great majority of patients are able to 
remain successfully on efavirenz-containing therapy (Gol den-
berg and Boyle, 2000; Juethner et al., 2003; Faggian et al., 
2005). Patients co-infected with hepatitis C and treated with 
interferon are another special group because depression is a 
frequent side effect of interferon, which could affect efavirenz 
adherence or tolerability (although this will become a less 
 relevant issue with the increasing availability of the highly effec-
tive direct-acting hepatitis C antiviral drugs). In an observa-
tional Spanish study of patients treated with pegy lated interferon 
plus ribavirin that compared an efavirenz with a non-efavirenz 
regimen, mood disorder was more common among patients 
treated with efavirenz (36% vs. 23%), but there was no differ-
ence in depression requiring treatment or antiretroviral discon-
tinuation between the two groups (Quereda et al., 2008).

SERIOUS PSYCHIATRIC SIDE EFFECTS

The relationship between efavirenz and depression and other 
serious psychiatric illnesses, such as other mood disorders 
and psychosis, is less clear-cut than the early-onset, usually 
short-lived, nervous system effects described earlier. In the 
case of depression, studies are often cross-sectional, observa-
tional, or nonrandomized; use varying methods (question-
naires or interview) to diagnose depression; and are liable to 
confounding by factors such as the high background preva-
lence of depression in HIV-infected people, other preexisting 
psychiatric disorders, substance abuse, co-administered psy-
choactive medications, and host genetic background.

The company’s analysis of early-onset nervous system 
symptoms (referred to in the previous section) included the 
rates of more serious psychiatric illnesses in 1008 phase II/III 
and phase III trial patients treated with efavirenz and com-
pared these rates with 635 patients not treated with efavirenz. 
Frequencies in efavirenz and control groups were as follows: 
severe depression (2.4%, 0.9%); suicidal ideation (0.7%, 
0.3%); nonfatal suicide attempts (0.5%, 0); aggressive behav-
ior (0.4%, 0.5%); paranoid reactions (0.4%, 0.3%); and manic 
reactions (0.2%, 0.3%) (Bristol-Myers Squibb, 2015). Mean 
followup was longer in the efavirenz group (2.1 years) than 
in the control group (1.5 years). The statistical significance of 
the differences was not stated.
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Of particular interest and concern is the association 
between suicidality and efavirenz use. In addition to infor-
mation from the manufacturer, previous case reports and 
cross-sectional studies had described severe depression and 
suicidal ideation (Puzantian et al., 2002; Lochet et al., 2003). 
However, this issue came to the fore with the publication 
in 2014 of a study of suicidality in patients enrolled in four 
randomized studies sponsored by the AIDS Clinical Trials 
Group that compared patients treated with efavirenz- 
containing and efavirenz-free regimens (Mollan et al., 2014). 
The rate of suicidality (suicidal ideation, attempted suicide, 
or completed suicide) was 8.08 per 1000 person-years (47 
events) among efavirenz recipients and 3.66 per 1000 person- 
years (15 events) in the efavirenz-free group (hazard ratio 
[HR]: 2.28; 95% CI: 1.27–4.10; p = 0.006); the corresponding 
figures for attempted or completed suicide were 2.90 and 1.2 
per 1000 person-years, a difference that was not statistically 
significant (HR: 2.58; 95% CI: 0.94–7.06; p = 0.065).

Three subsequent studies have questioned the existence of 
an association between suicidality and efavirenz. First, Ford 
et al. (2015) analyzed 42 randomized studies of efavirenz and 
reported that rates of treatment discontinuation due to seri-
ous adverse events, including neurological and psychiatric 
events, did not differ between efavirenz and other antiretro-
viral agents and that there were no suicides reported; the 
reported rate of suicidality with efavirenz was 0.6%, but the 
rate with other agents was not reported. Second, a retrospec-
tive analysis of the FDA Adverse Event Reporting System 
(FAERS) (Napoli et al., 2014) used disproportionality analy-
sis, a technique to identify associations between drugs and 
adverse events and reported that the signal for suicidality 
and efavirenz did not exceed a predetermined threshold, nor 
did the signal for any other antiretroviral agents. Third, death 
from suicides was examined in almost 50,000 participants 
followed for a mean of > 7 years in the D:A:D cohort (Smith 
et al., 2014a). Suicides were recorded in 482 patients and the 
overall incidence was 1.3 per 1000 patient-years of followup; 
relative to suicide incidence in treatment-naive patients, the 
adjusted incidence rate ratio for efavirenz was 0.42 (95% CI: 
0.28–0.63), for other nonnucleoside-based therapy was 0.68 
(95% CI: 0.46–1.0), and for other antiretroviral therapy was 
0.52 (95% CI: 0.37–0.72).

Although the link between suicidality and efavirenz has 
not been proven, concern about this issue, along with the 
availability of equally potent, better-tolerated agents, has 
been a significant factor in the relegation of efavirenz to an 
alternative rather than a preferred agent in antiretroviral 
guidelines from high-income countries and the correspond-
ing move away from efavirenz as first-line therapy by many 
prescribers (see section 7, Clinical uses of the drug).

The issue of suicidality aside, the existence of a relationship 
between efavirenz and depression or other mood disorders 
is uncertain. Some studies support such an association. In 
Merck DMP 266-006, a randomized study of three antiretro-
viral regimens (see section 7, Clinical uses of the drug), the 
incidence of grade 2–4 depressive symptoms was 5% and 4% 
in the two efavirenz-containing arms compared with 2% in 

the efavirenz-free arm (Tashima et al., 2008). In a cross– 
sectional study of 176 patients treated with efavirenz for 
more than 3 months who completed a self-administered 
questionnaire, 23% reported moderate to severe global psy-
chic discomfort, 19.3% reported mood disorders, and 9.2% 
reported suicidal ideation (Lochet et al., 2003). After 4 or 
more weeks of efavirenz treatment, a high rate of treatment 
discontinuation due to depression (10%) was reported by 
Boly et al. (2006) in an observational study of 101 gay men, 
and the discontinuation rate was significantly higher in those 
with a past history of depression (9 of 50 patients) than in 
those without such a history (1 of 51 patients). Another study 
of 20 patients discontinuing efavirenz because of persistent 
neuropsychiatric symptoms including depression reported 
resolution of these symptoms in 15 patients (Ward and Cur-
tin, 2006).

In contrast, a larger number of studies do not report a 
higher incidence of depression with efavirenz. The prospec-
tive, randomized, double-blind ACTG 5097s substudy is the 
largest and most methodologically rigorous evaluation of 
efavirenz nervous system and psychiatric side effects (Clif-
ford et al., 2005). A comprehensive evaluation of neuropsy-
chological function, nervous system symptoms, mood, and 
anxiety was carried out in 201 patients treated with efavirenz 
and 100 patients treated with one of two non-efavirenz- 
containing regimens. No difference in a depression scale 
score was noted between the groups, and the score actually 
fell over the 24-week duration of the study in patients treated 
with efavirenz. A 184-week followup of this study showed no 
evidence of an increased rate of depression in 117 efavirenz 
recipients (Clifford et al., 2009). A randomized study by 
Fumaz et al. (2002) specifically examined neuropsychiatric 
effects in 51 patients treated with an efavirenz-based regi-
men and in 49 patients treated with a protease inhibitor- 
based regimen. It found persistence of early-onset efavirenz 
symptoms (as described earlier) but no evidence of an 
increased risk of depression with efavirenz over the 48-week 
course of the study: overall emotional status (which encom-
passed mood) actually improved in efavirenz recipients. In 
the 48-week randomized ALIZE-ANRS 099 study (Journot 
et al., 2006), no difference was noted in the incidence of 
depressive disorders between 178 patients who switched to 
efavirenz and 177 who remained on protease inhibitor–based 
therapy. Among more than 3000 patients starting combina-
tion antiretroviral therapy in the Spanish CoRIS cohort, inci-
dence of depression fell after starting treatment, both in the 
overall cohort and in patients treated with efavirenz (Gutier-
rez et al., 2014). Other cross-sectional studies have also failed 
to report an association between efavirenz treatment and 
depression (Blanch et al., 2001b; von Giesen et al., 2003; 
Fumaz et al., 2005; Hawkins et al., 2005; Poupard et al., 2007).

The weight of evidence from randomized studies and 
cross-sectional studies does not indicate the existence of 
a significant association between efavirenz and depression. 
However, limited clinical trial evidence, anecdotal experi-
ence, case reports, and company data suggest that depression 
may be an occasional complication of efavirenz therapy, and 
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the recent data about an association between suicidality and 
efavirenz use adds weight to these concerns. From a practical 
point of view, prescribers should remain alert to this possi-
bility, and assessment of mood should form part of the ongo-
ing monitoring of patients taking efavirenz.

Cognitive impairment is another potential side effect of 
efavirenz, but the supporting evidence for an association is 
not strong and further studies are needed (Decloedt and 
Maartens, 2013). In a substudy of the ALTAIR study (see 
section 7, Clinical uses of the drug), overall improvement 
was noted in neurocognitive performance in the three study 
arms but was less marked in patients randomized to efa-
virenz (Winston et al., 2012). A cross-sectional study of 146 
HIV-infected patients, most on antiretroviral therapy, who 
underwent comprehensive neuropsychological evaluation, 
reported that efavirenz was associated with an increased risk 
of neurocognitive impairment in multivariate analysis (odds 
ratio [OR]: 4.0; 95% CI: 1.43–11.2) (Ciccarelli et al., 2011).

Case reports indicate that efavirenz is occasionally associ-
ated with other serious psychiatric side effects. These reports 
usually describe the effect occurring in close temporal rela-
tionship to initiation of efavirenz, sometimes in association 
with high efavirenz blood levels, and resolution or improve-
ment in the effect occurs after efavirenz is stopped. Examples 
include reports of acute psychosis (de la Garza et al., 2001; 
Poulsen and Lublin, 2003), catatonia (Sabato et al., 2002), 
aggressive behavior (Bickel et al., 2005), mania (Blanch et  
al., 2001a; Shah and Balderson, 2003), and recurrence of 
post -traumatic stress disorder (Moreno et al., 2003; Damsa 
et al., 2005).

Relationship of blood levels and 
pharmacogenetics to nervous system toxicity
Efavirenz is metabolized by the hepatic CYP oxidase system, 
chiefly by isoenzyme CYP2B6. High plasma concentrations 
of efavirenz are associated with a polymorphism at CYP2B6 
amino acid position 516, a G (glycine) to T (threonine)  
substitution (see section 5c, Clinically important pharma-
cokinetic and pharmacodynamic features). Additional poly-
morphisms in CYP2B6 and other genes (including other 
CYP and drug transporter genes) also affect efavirenz plasma 
concentrations (Sanchez Martin et al., 2013). There is good 
evidence of an association between the 516G > T polymor-
phism and efavirenz toxicity. In the ACTG 5097s study, 
patients with the slow-metabolizer TT genotype treated with 
efavirenz were significantly more likely to have central ner-
vous system symptoms at week 1 (Haas et al., 2004). Rotger 
et al. (2005) studied 167 efavirenz-treated patients and 
demonstrated that the higher plasma and intracellular efa-
virenz levels seen in patients with the TT genotype were pre-
dictive of neuropsychological toxicity. A Swiss HIV Cohort 
study (Lubomirov et al., 2011) of 272 patients starting treat-
ment with efavirenz found that those with genetic markers of 
toxicity (CYP2B6 516G > T and others) were more than three 
times more likely to discontinue efavirenz during the first 12 
months of treatment than those without these markers. Blood 
levels of efavirenz in Ugandan patients with HIV (some with 

tuberculosis) were higher in Ugandan patients with slow- 
metabolizer genotypes, and the CYP2B6 G > T genotype 
was also associated with early CNS symptoms (Mukonzo et  
al., 2013). Gatanaga et al. (2007) reported high blood levels 
(> 6000 ng/ml) in 16 patients with the TT genotype, but in 
no patients with the GG genotype; 11 patients with the TT 
genotype and 3 other patients with high blood levels under-
went efavirenz dose reduction, of whom 10 reported a subse-
quent improvement in neuropsychological symptoms. The 
slow-metabolizer CYP2B6 genotype has also been noted to 
affect neuropsychometric performance after a single dose of 
efavirenz in healthy volunteers (Johnson et al., 2013). Case 
reports have also described neuropsychological symptoms 
in association with the TT genotype and high blood levels 
(Hasse et al., 2005; Rotger et al., 2005; Mathiesen et al., 2006).

Other nonpharmacogenetic studies and case reports have 
also reported an association between blood levels and CNS 
symptoms, although the specific plasma level associated with 
the increased risk has varied. Marzolini et al. (2001) found 
that an efavirenz level > 4000 ng/ml was associated with  
a threefold risk for development of nervous system symp-
toms. Levels above this cutoff were also associated with 
a  higher risk of CNS side effects in HIV-TB co-infected 
Cambodian patients enrolled in the CAMELIA trial (Borand 
et al., 2014). In a case-control study of 15 patients with 
long-lasting insomnia reported by Nunez et al. (2001), mean 
efavirenz plasma levels (4900 ng/ml) were not significantly 
different from levels in controls (3700 ng/ml), but levels 
≥ 3500 ng/ml were significantly more frequent (13/15, 87%) 
than in controls (17/36, 47%), and in multivariate analysis, 
levels ≥ 3500 ng/ml were an independent risk factor for 
insomnia. Similarly, among 13 patients with efavirenz- 
related insomnia, levels > 4000 ng/ml were almost twice as 
common as in 5 control patients (p = 0.04) (Gallego et al., 
2004). A lower at-risk level of > 2740 ng/ml was associated 
with a greater than fivefold risk for development of neuro-
psychological toxicity in 17 patients followed longitudinally 
by Guttierez et al. (2005). Sanchez Martin et al. (2013) 
demonstrated a correlation between global CNS symptoms 
and high EFV maximum steady-state plasma concentration 
in 119 patients, 39 of whom reported CNS toxicity; median 
trough drug concentrations were 3100 ng/ml and 1710 ng/
ml in those with and without toxicity, respectively.

Other studies have not found an association between 
blood levels and CNS symptoms. Plasma efavirenz levels 
were measured in more than 400 patients assigned to treat-
ment with efavirenz in the 2NN study, and levels were cor-
related with treatment toxicity; no association was found 
between plasma levels and nervous system side effects 
(Kappelhoff et al., 2005). A study of 843 patients in the 
EuroSIDA cohort found that the proportion of patients with 
blood levels > 4000 ng/ml among the 138 patients who dis-
continued efavirenz because of toxicity or patient choice 
(14.5%) was not significantly different from the 705 patients 
who remained on it (14%) (van Luin et al., 2009a), and in a 
subset of patients from the INITIO study, blood levels were 
similar between 35 patients who discontinued efavirenz 
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because of neurological or psychiatric events (2259 ng/ml) 
and 75 patients who did not report such events (2085 ng/ml) 
(Read et al., 2009). A cross-sectional study of 60 efavirenz- 
treated patients failed to detect an association between ner-
vous system symptoms, mood changes, or quality of life and 
blood levels (Fumaz et al., 2005); similarly, a Japanese study 
reported that plasma efavirenz levels in 19 patients who 
experienced early nervous system symptoms were no differ-
ent from levels in 50 patients without symptoms (Taka hashi 
et al., 2007).

Despite some suggestive data, the balance of the available 
evidence does not support a role for the measurement of efa-
virenz blood levels in the assessment or management of 
patients with persistent early-onset nervous system symp-
toms or psychiatric conditions such as depression.

MITIGATION OR PREVENTION OF EFAVIRENZ-
RELATED CNS SYMPTOMS

A variety of strategies have been investigated to reduce efa-
virenz-related CNS symptoms. The first approach is dose 
reduction when treatment is started. In the ENCORE study 
(Puls et al., 2014; Carey et al., 2015; see section 7, Clinical 
uses of the drug), significantly fewer patients starting efa-
virenz at the lower dose of 400 mg daily discontinued efa-
virenz because of a treatment-related adverse event than 
patients receiving the standard dose of 600 mg daily, but the 
frequency of CNS and psychiatric events (including depres-
sion) was similar between the groups. A second approach is 
a stepped-dose introduction of efavirenz. Using 200 mg daily 
for the first week, 400 mg daily for the second week, and 600 
mg daily thereafter, CNS symptoms were reduced at 2 weeks 
compared with standard 600 mg daily dosing, with similar 
virologic efficacy at week 24 (Gutierrez-Valencia et al., 2009). 
A third approach is efavirenz dose reduction in patients 
already on treatment. Among 180 Dutch patients with a 
plasma efavirenz level > 4000 ng/ml but no CNS symptoms 
at the time, 47 patients in whom the efavirenz dose was 
reduced to 400 mg daily had a lower rate of toxicity-related 
discontinuations after 48 weeks (2.3%) than 133 patients 
who remained on 600 mg daily (11.5%); rates of virologic 
suppression were similar in both groups (van Luin et al., 
2009b). In a similar study, efavirenz dose was reduced in 13 
patients on efavirenz 600 mg daily with plasma efavirenz lev-
els above the 75th percentile to 400 mg daily if levels were 
between the 75th and 95th percentiles and to 200 mg daily if 
levels were above the 95th percentile. Target plasma levels 
(1000–4000 ng/ml) were attained and viral suppression was 
maintained in all patients, and neuropsychiatric tolerability 
improved (Fayet Mello et al., 2011). Gatanaga et al. (2007) 
used lower efavirenz doses in patients with the CYP2B6 TT 
genotype who were already receiving efavirenz and reported 
improvement in neuropsychological symptoms in 10 of 14 
patients (11 with the TT genotype and another 3 non-TT 
patients with high plasma efavirenz levels). Using an 
approach known as in vitro in vivo extrapolation to simulate 
pharmacokinetic and pharmacodynamic parameters with 
efavirenz dose reductions, patients with the CYP2B6 GT and 

TT genotypes prescribed 400 mg daily were predicted to 
have similar probabilities of virological efficacy and CNS side 
effects to patients with the wild-type (GG) genotype pre-
scribed 600 mg daily (Siccardi et al., 2012). Finally, a ran-
domized open study of cyproheptadine, a 5-HT 2 receptor 
antagonist, in patients starting efavirenz demonstrated 
improved neuropsychiatric tolerability at 4 weeks (Dabagh-
zadeh et al., 2013); this is an interesting finding given the 
reported partial agonist activity of efavirenz on 5-HT 2A 
receptors in the brain referred to earlier in this section (Gatch 
et al., 2013).

6b.  Skin rash

Skin rash is an early complication of efavirenz. It is usually 
mild and resolves in the face of ongoing efavirenz treatment. 
The frequency and severity of skin rash are much less than 
seen with the other widely used nonnucleoside agent, nevi-
rapine (van Leth et al., 2004a; see Chapter 235, Nevirapine). 
The pathogenesis of the rash probably involves cell-mediated 
immune mechanisms, and an increased risk of rash has been 
associated with HLA-DRB1*01 (Vitezica et al., 2008) and 
polymorphisms in the interleukin-10 gene promoter (Rodri-
gues et al., 2014).

In four early controlled clinical trials of efavirenz, 26% 
(266/1008) of patients developed a skin rash (of any severity) 
compared with 17% (111/635) of patients in control groups 
(Bristol-Myers Squibb, 2015). Only 17 patients (1.7% of all 
patients and 6% of those with rash) discontinued therapy 
because of rash. Most patients developed erythema and pru-
ritus or an erythematous maculopapular eruption of mild to 
moderate (grade 1–2) severity and blistering, moist desqua-
mation, or ulceration (grade 3) occurred in only 9 patients 
(0.9%). The incidence of erythema multiforme, Stevens-
Johnson syndrome or toxic epidermal necrolysis (grade 4) 
was 0.1%. The median time to onset of rash in adults was 11 
days, and the median duration was 16 days. A slightly higher 
rate of grade 3 and grade 4 reactions (3.3%) was reported in 
efavirenz trials in children.

Subsequent large clinical trials in adults (see section 7, 
Clinical uses of the drug, for more information about these 
trials) have indicated a similar incidence and severity of rash 
to these figures. Grade 3–4 cutaneous side effects leading 
to  treatment discontinuation developed in 3.8% of patients 
assigned to efavirenz in the 2NN study (van Leth et al., 2004a), 
in 2% of patients assigned to the two efavirenz treatment 
arms in the ACTG 5124 study (Riddler et al., 2008) and 1% 
in patients receiving efavirenz with tenofovir–emtricitabine 
in the ACTG 5202 study (Daar et al., 2011). The incidence of 
grade 2–4 skin rash in association with efavirenz was 7% in 
the CLASS study (Bartlett et al., 2006), 10% in the AI-424-
034 trial comparing efavirenz with atazanavir (Squires et al., 
2004), 11.9% in the ACTG 384 study (Robbins et al., 2003; 
Shafer et al., 2003), 8% in the ECHO and THRIVE trials 
(Cohen et al., 2012) and 5% in the SINGLE trial (Walmsley  
et al., 2013). In trials in which all patients received an  
efavirenz-containing regimen, the incidence of grade 3–4 
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skin rash was 2.2% in the Gilead 903 study (Gallant et al., 
2004), and incidence of grade 2–4 rash was 4.3% in the Gilead 
934 study (Gallant et al., 2006).

Most patients developing a rash in association with efa-
virenz can safely continue the drug, and the rash will usually 
resolve. Patients should be advised to discontinue efavirenz 
if  mucous membranes are involved (conjunctivitis, mouth 
ulcers), if desquamation or blistering develops, or if the rash 
is accompanied by fever. 

Efavirenz therapy can be safely established in a majority 
of patients who have had to discontinue nevirapine because 
of skin rash. A review of published studies up to 2007 reported 
recurrent skin reactions in 30 (12.6%) of 239 patients who 
had previously developed a rash with nevirapine and were 
switched to efavirenz (Mehta and Maartens, 2007). In a sub-
sequent study, 20 of 109 (18.3%) patients with nevirapine 
rash developed a rash when given efavirenz, and risk factors 
for rash with efavirenz were a low CD4 cell count (< 100/μl) 
and a history of rash with drugs other than nevirapine 
(Kiertiburanakul et al., 2009). In the reverse situation, of 16 
patients switched to nevirapine after a rash with efavirenz, 
8 developed a rash with nevirapine (Mehta and Maartens, 
2007); in a substudy of ACTG 5095, of 18 patients who 
switched to nevirapine because of rash with efavirenz, 8 had 
persistent or recurrent skin symptoms and 4 subsequently 
discontinued nevirapine (Schouten et al., 2010).

There is limited information to suggest that in situations 
in which an efavirenz rash has occurred and an alternative 
antiretroviral agent cannot be prescribed, efavirenz desensi-
tization can be attempted. Case reports have described suc-
cessful efavirenz desensitization using a gradually escalating 
dose of the drug over 7 days (Werner et al., 2004) or 14 days 
(Phillips et al., 2002), or a more rapid 7-hour desensitization 
protocol (Khalili et al., 2012).

6c.  Hepatotoxicity

The assessment of hepatotoxicity of antiretroviral drugs, 
including efavirenz, is complicated by the frequent presence 
of other potential causes of liver injury, such as chronic hep-
atitis B or hepatitis C infection (and the potential modifying 
effect of immune restoration inflammatory syndrome), alco-
hol, nonalcoholic fatty liver disease or co-administered anti-
retroviral agents and other hepatotoxic drugs. Hepatotoxicity 
is usually defined as an increase in aspartate aminotransfer-
ase (AST) or alanine aminotransferase (ALT) levels to 5 times 
the upper limit of normal in those with normal baseline val-
ues, or an increase of 3.5 times above baseline in those with 
abnormal baseline values.

Abnormal liver function tests are an infrequent side effect 
of efavirenz; rates of hepatotoxicity in clinical trials and 
cohort studies have varied from 1% to 8% (Staszewski et al., 
1999; Sulkowski et al., 2002; Martin-Carbonero et al., 2003; 
Shafer et al., 2003; DeJesus et al., 2004; Gallant et al., 2004; 
van Leth et al., 2004a). Hepatotoxicity is less common with 
efavirenz than nevirapine in most studies (Ena et al., 2003; 

Martinez et al., 2003; van Leth et al., 2004a; Macias et al., 
2012), including a meta-analysis (Shubber et al., 2013), but 
some individual studies have reported similar rates (Bruck et 
al., 2008; Chu et al., 2012). Similar rates of hepatotoxicity are 
seen in comparative studies of efavirenz and protease inhibi-
tors (Staszewski et al., 1999; Squires et al., 2004). Efavirenz 
hepatotoxicity is usually mild but rare cases of severe hepati-
tis (Leung et al., 2008) and liver failure leading to liver trans-
plantation have been described (Turkova et al., 2009; 
Qayyum et al., 2012; Fink and Bloch, 2013). Hepatotoxicity 
may occur soon after treatment is started, sometimes in asso-
ciation with rash, when it is believed to be due to a hypersen-
sitivity reaction (although this is much more common with 
nevirapine than with efavirenz) or later in the course of ther-
apy when a direct toxic effect of the drug may be responsible 
(Sulkowski et al., 2002; Martin-Carbonero et al., 2003; Rivero 
et al., 2007). The specific mechanism of hepatotoxicity is 
uncertain; one group has described mitochondrial toxicity 
of efavirenz-treated liver cells (Apostolova et al., 2011; Blas-
Garcia et al., 2014). 

The most important risk factor for hepatotoxicity with 
efavirenz is co-infection with hepatitis B or hepatitis C, which 
results in a two- to sevenfold increased incidence of this 
adverse event (Sulkowski et al., 2002; Ena et al., 2003; Law et 
al., 2003; Martin-Carbonero et al., 2003; Mugusi et al., 2012; 
Manosuthi et al., 2014). Among patients with hepatitis C 
virus infection, one study reported that more advanced fibro-
sis increased the risk of efavirenz hepatotoxicity (Aranzabal 
et al., 2005), whereas other studies did not find this associa-
tion (Neukam et al., 2011; Pineda et al., 2012). A lower risk 
of antiretroviral hepatotoxicity has been described in patients 
who have a sustained virologic response after treatment of 
chronic hepatitis C infection with interferon-alpha and riba-
virin (Labarga et al., 2007). Other risk factors for hepatotox-
icity include alcohol abuse, abnormal baseline liver function 
tests, concurrent treatment with a protease inhibitor (Sul-
kowski et al., 2002; Martin-Carbonero et al., 2003; Manosuthi 
et al., 2014), and the CYP2B6 TT slow-metabolizer genotype 
(Mugusi et al., 2012; Yimer et al., 2012; Manosuthi et al., 
2014). In contrast to nevirapine, risk of efavirenz hepatotox-
icity has not been related to a higher baseline CD4 cell count 
or female gender.

In HIV–TB co-infected patients, the risk of efavirenz hep-
atotoxicity is increased when standard antituberculous che-
motherapy is given. In a large prospective study of Ethiopian 
patients, the risk of hepatotoxicity (any grade) increased 
from 8.8% in patients on efavirenz-based antiretroviral ther-
apy without TB treatment to 24.2% in patients taking both 
efavirenz-based antiretroviral and antituberculous treatment 
(Yimer et al., 2014). A less marked (and nonsignificant) dif-
ference was reported by Mugusi et al. (2012): a 5% risk of 
hepatotoxicity (any grade) in patients on efavirenz-based 
antiretroviral therapy alone and a 10.7% risk with efavirenz- 
based antiretroviral and antituberculous treatment. Com- 
paring hepatotoxicity of efavirenz and nevirapine in patients 
on antituberculous therapy, a higher risk with nevirapine was 
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reported in one study (Mankhatitham et al., 2011) but not in 
others (Swaminathan et al., 2011; Bonnet et al., 2013).

Evidence for a relationship between hepatotoxicity and 
efavirenz blood levels is mixed. The pharmacokinetic sub-
study of the 2NN study, reported an association between 
higher plasma levels of efavirenz and liver enzyme eleva-
tions during the first 6 weeks of treatment (Kappelhoff et al., 
2005); an efavirenz level > 2180 ng/ml was associated with a 
4.4-fold risk of elevated liver enzymes. Yimer et al. (2012) 
also reported a modest, but statistically significant, difference 
in plasma efavirenz levels between those with (1860 ng/ml) 
and those without (1170 ng/ml) hepatotoxicity in a prospec-
tive study of 285 Ethiopian patients. In a study of Cambodian 
HIV–TB co-infected patients, hepatoxicity was associated 
with a plasma level > 4000 ng/ml (Borand et al., 2014). In 
contrast, in another study of 64 HIV-infected patients,  
efavirenz levels did not differ between those with and with-
out underlying liver disease, and neither the frequency  
nor severity of liver function test abnormalities could be  
correlated with plasma efavirenz levels (Katsounas et al.,  
2007).

6d.  Fetal toxicity

Initial evidence suggested that efavirenz was teratogenic, 
specifically causing neural tube defects, and this led to rec-
ommendations in previous versions of treatment guidelines 
that its use should be avoided in pregnant women. However, 
accumulated clinical experience has indicated that the risk of 
teratogenicity is very low, if it exists at all, and most treat-
ment guidelines no longer advise against efavirenz use in 
pregnant women, or in women who may become pregnant.

Initial concerns about teratogenicity were based on ani-
mal studies and human case reports. In a study of pregnant 
cynomolgus monkeys treated with efavirenz at a dose that 
produces plasma drug levels similar to those in humans 
given efavirenz 600 mg once daily, malformations were 
observed in 3 of 20 fetuses/infants from efavirenz-treated 
monkeys compared with none of 20 concomitant controls. 
The abnormalities observed were anencephaly and unilateral 
anophthalmia in one fetus, microphthalmia in another fetus, 
and cleft palate in the third fetus (Bristol-Myers Squibb, 
2015). There are five case reports of neural tube defects and 
one case report of another central nervous system defect 
(Dandy-Walker syndrome) in infants from pregnant women 
who took efavirenz during pregnancy, all of whom were 
exposed in the first trimester. Of the four neural tube defects 
for which information is available, myelomeningocele was 
observed in two infants (De Santis et al., 2002; Fundaro et al., 
2002; Saitoh et al., 2005), anophthalmia with severe oblique 
facial clefts and amniotic banding in one infant (Shanske, 
2012), and encephalocele in one infant (Gudu and Bekele, 
2013).

The Antiretroviral Pregnancy Registry (APR), established 
by US public health agencies and physicians and sponsored 
by industry, receives and analyzes voluntary reports from 

clinicians of women exposed to antiretroviral agents during 
pregnancy and pregnancy outcomes. The January 2015 report 
of prospectively followed cases described 852 live births in 
women exposed to efavirenz in the first trimester. Birth 
defects were observed in 20 infants, including single cases of 
myelomeningocele and anophthalmia. The number of first- 
trimester exposures to efavirenz is sufficient to detect at least 
a twofold increase in risk in overall birth defects, and no such 
increase has been observed. Among women exposed to efa-
virenz in all trimesters, neither the overall frequency nor the 
nature of developmental abnormalities was outside the range 
expected in unexposed pregnancies (Antiretroviral Preg-
nancy Registry Steering Committee, 2015).

The risk of developmental abnormalities with first-trimes-
ter exposure to efavirenz has also been examined in several 
cohort studies. In ACTG protocols 219 and 219C, the rate of 
all congenital defects with efavirenz was 15.6% (Brogly et al., 
2010), but only 32 efavirenz-exposed infants were included, 
compared with the corresponding APR figure of 852 infants. 
A rate of 12.8% was reported in the ACTG P1025 study, but 
again numbers were low: only 47 efavirenz-exposed infants 
(Knapp et al., 2012). In a study from the French Perinatal 
Cohort, the overall risk of birth defects in 372 infants with 
first-trimester efavirenz exposure was not increased; how-
ever, by organ system, 1.1% of exposed versus 0.4% of unex-
posed infants were born with neurological birth defects, a 
statistically significant association by one classification of 
birth defects but not by another (Sibiude et al., 2014).

Other studies have provided reassuring data about the 
lack of fetal toxicity with efavirenz. Neural tube defects or 
an excess of other developmental abnormalities associated 
with first-trimester efavirenz exposure was not reported in 
two small case series from France (12 infants) and Botswana 
(22 infants) (Jeantils et al., 2006; Bussmann et al., 2007), in 
205 infants in the National Study of HIV in Pregnancy and 
Childhood cohort from the UK and Ireland (Townsend et al., 
2009), and in 184 infants in a South African hospital cohort 
(Bera et al., 2010). In serial meta-analyses between 2010 and 
2014, there was no evidence of an increased risk of devel-
opmental abnormalities associated with first-trimester efa-
virenz exposure and only one case of a neural tube defect 
(Ford et al., 2010; Ford et al., 2011; Ford et al., 2014).

Efavirenz is now recommended as first-line antiretroviral 
therapy in WHO guidelines regardless of pregnancy status 
or possibility of pregnancy in the future (World Health 
Organization, 2013; Siberry and Tindyebwa, 2014; World 
Health Organization, 2014). However, 2015 US guidelines 
still advocate caution (Panel on Antiretroviral Guidelines 
for Adults and Adolescents, 2015; Panel on Treatment of 
HIV-Infected Pregnant Women and Prevention of Perinatal 
Transmission, 2015), advising that efavirenz does not need to 
be ceased in women who become pregnant while taking it 
(because most neural tube development has already taken 
place by the time pregnancy becomes apparent), but that 
women should not start treatment with efavirenz if they are 
of child-bearing age and are planning to or may become 
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pregnant, and that if they are already taking efavirenz they 
should practise a reliable form of barrier contraception.

6e.  Metabolic effects

A variety of metabolic effects can complicate antiretroviral 
therapy, including alterations in body fat distribution (lipo-
dystrophy), changes in blood lipids, glucose intolerance, 
increases in lactic acid levels and abnormalities of bone, 
including osteoporosis and osteonecrosis (Nolan et al., 2005; 
Lake and Currier, 2013). The best-recognized metabolic effect 
of efavirenz is hyperlipidemia; there is also some evidence 
of an association between efavirenz and the development of 
lipodystrophy and between efavirenz and alterations in vita-
min D metabolism.

For more information about the clinical trials referred to 
in this section, see section 7, Clinical uses of the drug.

HYPERLIPIDEMIA

The effect of efavirenz (and other antiretroviral agents) on 
the blood lipid profile is confounded by several factors. First, 
blood lipid changes occur as part of the natural history of 
HIV infection in the absence of antiretroviral therapy; these 
alterations include decreases in levels of total cholesterol (TC), 
low-density lipoprotein cholesterol (LDL) and high-density 
lipoprotein cholesterol (HDL) and increases in levels of tri-
glycerides (TGs) in advanced infection (Grunfeld et al., 1992; 
Riddler et al., 2003). Some, but certainly not all, of the lipid 
changes seen with combination antiretroviral therapy repre-
sent a “return toward normal” phenomenon. Second, nucle-
oside agents also contribute to hyperlipidemia, with regimens 
that include stavudine or zidovudine associated with higher 
blood lipid levels than nucleoside regimens without these 
agents (Gallant et al., 2004; Dube et al., 2005; Gallant et al., 
2006), whereas tenofovir disoproxil fumarate is associated 
with lower cholesterol levels. Third, the increasing prevalence 
of higher blood lipids with aging, differences in blood lipid 
levels by race, and the use of lipid-lowering therapy can also 
complicate interpretation of studies examining this issue.

Despite these factors, most studies of lipid changes 
brought about by efavirenz have produced reasonably con-
sistent results (see Table 236.6). Efavirenz is associated with 
the following changes in the blood lipid profile: an increase 
in TC, an increase in HDL (an effect most marked in those 
with a low baseline HDL), an increase in LDL, an unchanged, 
slightly decreased or slightly increased TC/HDL ratio, and 
an increase in fasting TGs (Tashima et al., 2003; Squires et 
al., 2004; van Leth et al., 2004b; Pereira et al., 2006; Haubrich 
et al., 2007; Shikuma et al., 2007).

Whether plasma efavirenz levels are related to develop-
ment of hyperlipidemia is uncertain. In a substudy of the 
PharmAdapt study, 252 patients on antiretroviral therapy 
were prospectively followed with regular measurements of 
drug levels and blood lipids (Clevenbergh et al., 2003). Lipid 
changes were observed with efavirenz as expected, but there 
was no correlation with trough plasma concentrations. In 

contrast, in a prospective cohort study of 36 patients, a direct 
correlation was found between efavirenz levels and increases 
in HDL levels and TC/HDL ratios (Pereira et al., 2006).

Efavirenz versus nonnucleoside reverse 
transcriptase inhibitors
Comparisons between blood lipid changes associated with 
efavirenz and nevirapine have been reported in randomized 
controlled trials and in large cohort studies. The highest 
quality evidence comes from the 2NN study, in which the 
nucleoside backbone comprised stavudine plus lamivudine. 
TC, LDL, TG, and HDL levels rose from baseline to week 48 
in both groups, but with significantly higher TC, TC/HDL 
ratio, and TGs and significantly lower HDL in efavirenz- 
treated patients (van Leth et al., 2004b). On longer followup 
of a subset of these patients, TC, LDL, and TG but not HDL 
levels continued to increase but the differences between the 
nevirapine and efavirenz groups were no longer significant. 
The lipid effects of nevirapine and efavirenz were also exam-
ined in a 48-week randomized trial of nevirapine or efavirenz 
combined with stavudine and lamivudine in HIV–TB co- 
infected patients; the proportions of patients with high levels 
of TC, LDL, and TG and low levels of HDL were significantly 
higher in efavirenz than nevirapine recipients (Mankhatitham 
et al., 2012). Data comparing efavirenz with nevirapine from 
both the D:A:D and Swiss HIV Cohort studies showed 
slightly higher TG levels with efavirenz, similar HDL levels 
and TC/HDL ratios, and slightly higher TC levels with efa-
virenz in the D:A:D but not the Swiss Cohort study (Fontas 
et al., 2004; Young et al., 2005). In the Women’s Interagency 
Health Study, HDL but not LDL or TG levels were signifi-
cantly higher in those taking efavirenz than in non-efavirenz 
users (Anastos et al., 2007), but were not compared directly 
with levels in nevirapine users. Overall, these studies indicate 
that efavirenz and nevirapine have similar effects on lipid 
levels, with a slightly more favorable cardiovascular risk lipid 
profile seen with nevirapine.

The placebo-controlled ECHO and THRIVE and the open- 
label STaR study studies, compared efavirenz or rilpivirine 
given with two nucleoside reverse transcriptase inhibitors 
(nonrandomized tenofovir plus emtricitabine, abacavir plus 
lamivudine, or zidovudine plus lamivudine in THRIVE; 
tenofovir plus emtricitabine for all patients in ECHO and 
STaR). At week 48, LDL and TG did not increase and TC 
increased only minimally above baseline with rilpivirine, 
whereas levels of all increased with efavirenz; however, HDL 
did not increase with rilpivirine but did with efavirenz, so the 
TC/HDL ratio did not differ between groups (Cohen et al., 
2012; Cohen et al., 2014). These differences were maintained 
at the week 96 followup in the ECHO and THRIVE studies 
(Cohen et al., 2013).

The SENSE study randomized patients to efavirenz or 
etravirine, both given with tenofovir plus emtricitabine. 
Patients allocated to etravirine had smaller increases in TC 
and LDL than patients allocated to efavirenz, but HDL in- 
creases were larger with efavirenz and decreases in TC/HDL 



6. Adverse reactions and toxicity 3927

Ta
b

le
 2

36
.6

. 
C

ha
ng

es
 in

 s
er

um
 li

p
id

 le
ve

ls
 in

 s
el

ec
te

d
 r

an
d

o
m

iz
ed

 t
ri

al
s 

o
f 

ef
av

ire
nz

.

St
ud

y
D

ur
at

io
n 

(w
ee

ks
)

Tr
ea

tm
en

t 
re

g
im

en

C
ha

ng
e 

fr
o

m
 b

as
el

in
e 

le
ve

la

R
ef

er
en

ce
TC

LD
L

H
D

L
TC

:H
D

L
TG

s

2N
N

48
d

4T
 +

 3
TC

 +
 E

FV
+

31
.1

+
40

+
33

.7
+

5.
9

+
49

va
n 

Le
th

 e
t 

al
. (

20
04

b
)

d
4T

 +
 3

TC
 +

 N
V

P
+

26
.9

+
35

.4
+

42
.5

−
4.

l
+

20
.1

D
M

P
 2

66
-0

66
b

48
ZD

V
 +

 3
TC

 +
 E

FV
+

20
—

c
+

26
−

4
—

c
Ta

sh
im

a 
et

 a
l. 

(2
00

3)

ZD
V

 +
 3

TC
 +

 ID
V

+
 1

5
—

c
+

8
+

7
—

c

A
C

TG
 3

84
64

(Z
D

V
 +

 3
TC

) o
r 

(d
4T

 +
 d

d
I) 

+
 E

FV
+

31
+

21
d

+
9

—
e

+
25

D
ub

e 
et

 a
l. 

(2
00

5)

(Z
D

V
 +

 3
TC

) o
r 

(d
4T

 +
 d

d
I) 

+
 N

FV
 

+
31

+
25

d
+

4
—

e
+

47

A
I 4

24
-0

34
48

ZD
V

 +
 3

TC
 +

 E
FV

+
20

+
19

+
18

+
 1

.5
+

 1
1

Je
m

se
k 

et
 a

l. 
(2

00
6)

ZD
V

 +
 3

TC
 +

 A
TV

0
−

2
+

8
−

7.
0

−
8

A
C

TG
 5

14
2

96
2 

N
R

TI
f  +

 E
FV

+
21

+
26

d
+

18
−

3.
4

+
12

H
au

b
ri

ch
 e

t 
al

. (
20

07
)

2 
N

R
TI

f  +
 r

/L
P

V
+

21
+

23
d

+
22

−
l.3

+
40

A
C

TG
 5

09
5

24
ZD

V
 +

 3
TC

 +
 E

FV
+

16
.1

+
12

.2
+

27
.2

−
14

+
6.

4
Sh

ik
um

a 
et

 a
l. 

(2
00

7)

ZD
V

 +
 3

TC
 +

 A
B

C
+

5.
1

0
+

18
.8

−
10

.4
−

3.
3

A
C

TG
 5

20
2g

48
A

B
C

 +
 3

TC
 +

E
FV

h
+

1.
03

 m
m

o
l/

l
+

0.
53

 m
m

o
l/

l
+

0.
31

 m
m

o
l/

l
-0

.2
+

0.
17

 m
m

o
l/

l
D

aa
r 

et
 a

l. 
(2

01
1)

A
B

C
 +

 3
TC

 +
 r

/A
TV

+
0.

75
 m

m
o

l/
l

+
0.

34
 m

m
o

l/
l

+
0.

21
 m

m
o

l/
l

−
0.

3
+

0.
24

 m
m

o
l/

l

TD
F 

+
 F

TC
 +

 E
FV

+
0.

57
 m

m
o

l/
l

+
0.

26
 m

m
o

l/
l

+
0.

21
 m

m
o

l/
l

−
0.

3
+

0.
15

 m
m

o
l/

l

TD
F 

+
 F

TC
 +

 r
/A

TV
+

0.
26

 m
m

o
l/

l
+

0.
05

 m
m

o
l/

l
+

0.
12

 m
m

o
l/

l
−

0.
01

+
0.

12
 m

m
o

l/
l

E
C

H
O

 a
nd

 T
H

R
IV

E
g

,i
48

2 
N

R
TI

 +
 E

FV
+

0.
7 

m
m

o
l/

l
+

0.
37

 m
m

o
l/

l
+

0.
27

 m
m

o
l/

l
+

0.
25

+
0.

15
 m

m
o

l/
l

M
o

lin
a 

et
 a

l. 
(2

01
1)

2 
N

R
TI

 +
 R

P
V

+
0.

05
 m

m
o

l/
l

−
0.

02
 m

m
o

l/
l

+
0.

1 
m

m
o

l/
l

+
0.

25
−

0.
08

 m
m

o
l/

l

SE
N

SE
48

TD
F 

+
 F

TC
 +

 E
FV

+
23

.8
+

20
.0

+
30

−
9.

3
—

c
Fa

tk
en

he
ue

r 
et

 a
l. 

(2
10

2)
 

TD
F 

+
 F

TC
 +

 E
TR

+
9.

3
+

7.
7

9.
1

−
6.

8
—

c

ST
A

R
TM

R
K

48
TD

F 
+

 F
TC

 +
 E

FV
+

21
.3

+
18

.4
+

26
.5

−
3.

0
+

27
.3

 
Le

nn
o

x 
et

 a
l. 

(2
00

9)

TD
F 

+
 F

TC
 +

 R
TG

+
6.

3
+

6.
0

+
11

.1
−

6.
1

−
2.

1

G
S-

U
S-

23
6-

01
02

g
48

TD
F 

+
 F

TC
 +

 E
FV

+
0.

49
 m

m
o

l/
l

+
0.

44
 m

m
o

l/
l

+
0.

20
 m

m
o

l/
l

—
j

—
c

Sa
x 

et
 a

l. 
(2

01
2)

TD
F 

+
 F

TC
 +

 E
V

G
 +

 C
o

b
i

+
0.

25
 m

m
o

l/
l

+
0.

26
 m

m
o

l/
l

+
0.

13
 m

m
o

l/
l

—
j

—
c

a P
er

ce
nt

ag
e,

 u
nl

es
s 

o
th

er
w

is
e 

st
at

ed
.

b
N

o
nf

as
ti

ng
 le

ve
ls

.
c N

o
t 

re
p

o
rt

ed
.

d
N

o
n-

H
D

L.
e R

at
io

 r
ep

o
rt

ed
 a

s 
lo

w
er

 w
it

h 
E

FV
 r

eg
im

en
s 

th
an

 N
FV

 r
eg

im
en

s,
 b

ut
 a

ct
ua

l v
al

ue
s 

no
t 

g
iv

en
.

f Z
id

o
vu

d
in

e 
+

 la
m

iv
ud

in
e 

o
r 

ex
te

nd
ed

-r
el

ea
se

 s
ta

vu
d

in
e 

+
 la

m
iv

ud
in

e 
o

r 
te

no
fo

vi
r 

+
 la

m
iv

ud
in

e.
g
A

b
so

lu
te

 c
ha

ng
e 

fr
o

m
 b

as
el

in
e 

(li
p

id
 le

ve
ls

 a
t 

b
as

el
in

e 
no

t 
re

p
o

rt
ed

, s
o

 p
er

ce
nt

ag
e 

ch
an

g
e 

fr
o

m
 b

as
el

in
e 

ca
nn

o
t 

b
e 

ca
lc

ul
at

ed
).

h C
ha

ng
es

 in
 li

p
id

s 
in

 in
d

iv
id

ua
ls

 r
ec

ei
vi

ng
 r

eg
im

en
s 

co
nt

ai
ni

ng
 e

fa
vi

re
nz

 a
re

 in
d

ic
at

ed
 in

 b
o

ld
fa

ce
.

i E
C

H
O

: t
en

o
fo

vi
r 

+
 e

m
tr

ic
it

ab
in

e;
 T

H
R

IV
E

: t
en

o
fo

vi
r 

+
 e

m
tr

ic
it

ab
in

e 
o

r 
ab

ac
av

ir
 +

 la
m

iv
ud

in
e 

o
r 

zi
d

o
vu

d
in

e 
+

 la
m

iv
ud

in
e.

j R
ep

o
rt

ed
 a

s 
no

t 
si

g
ni

fic
an

tl
y 

d
iff

er
en

t 
b

et
w

ee
n 

th
e 

tw
o

 s
tu

d
y 

ar
m

s.
A

b
b

re
vi

at
io

ns
: T

C
: t

o
ta

l c
ho

le
st

er
o

l; 
LD

L:
 lo

w
 d

en
si

ty
 li

p
o

p
ro

te
in

 c
ho

le
st

er
o

l; 
H

D
L:

 h
ig

h 
d

en
si

ty
 li

p
o

p
ro

te
in

 c
ho

le
st

er
o

l; 
TG

s:
 t

ri
g

ly
ce

ri
d

es
; d

4T
: s

ta
vu

d
in

e;
 3

TC
: l

am
iv

ud
in

e;
 E

FV
: e

fa
vi

re
nz

; N
V

P
: n

ev
ir

ap
in

e;
 Z

D
V:

 z
id

-
o

vu
d

in
e;

 I
D

V:
 i

nd
in

av
ir

; 
d

d
I: 

d
id

an
o

si
ne

; 
N

FV
: 

ne
lfi

na
vi

r;
 A

TV
: 

at
az

an
av

ir
; 

N
R

TI
: 

nu
cl

eo
si

d
e/

nu
cl

eo
ti

d
e 

re
ve

rs
e 

tr
an

sc
ri

p
ta

se
 i

nh
ib

it
o

r;
 r

/L
P

V:
 l

o
p

in
av

ir
 p

lu
s 

lo
w

-d
o

se
 r

it
o

na
vi

r;
 A

B
C

: 
ab

ac
av

ir
; 

r/
A

TV
 a

ta
za

na
vi

r 
p

lu
s 

lo
w

-d
o

se
 r

it
o

na
vi

r;
 T

D
F:

 t
en

o
fo

vi
r 

d
is

o
p

ro
xi

l f
um

ar
at

e;
 F

TC
: e

m
tr

ic
it

ab
in

e;
 R

P
V:

 r
ilp

iv
ir

in
e;

 E
TR

: e
tr

av
ir

in
e;

 E
V

G
: e

lv
it

eg
ra

vi
r;

 C
o

b
i; 

co
b

ic
is

ta
t.



3928 Efavirenz

ratios were similar between the two groups (Gazzard et al., 
2011; Fatkenheuer et al., 2012).

Efavirenz versus protease inhibitors 
Individual protease inhibitors have differing effects on lipid 
levels, which are magnified by boosting with low-dose 
ritonavir, so it is not surprising that studies comparing lipid 
changes between efavirenz and protease inhibitors have not 
produced completely consistent results. Table 236.6 summa-
rizes data from the largest randomized studies: the DMP 
266-006 study with unboosted indinavir as comparator 
(Tashima et al., 2003), the ACTG 384 study with nelfinavir as 
comparator (Dube et al., 2005), the BMS AI 424-034 study 
with unboosted atazanavir as comparator (Squires et al., 
2004; Dube et al., 2005; Jemsek et al., 2006), and the ACTG 
5142 study with lopinavir–ritonavir as comparator (Haubrich 
et al., 2007). In the ACTG 5202 study, patients randomized 
to efavirenz had larger increases in TC, LDL, and HDL (and 
a smaller increase in TG among those randomized to abaca-
vir and lamivudine but a similar increase in those random-
ized to tenofovir and emtricitabine) than patients randomized 
to atazanavir–ritonavir; differences in the TC/HDL ratio 
were minimal but favored atazanavir–ritonavir (Daar et al., 
2011).These head-to-head comparisons indicate that lipid 
changes occur with both efavirenz and protease inhibitors, 
and that, although differences between the two classes are 
not substantial, the profile is slightly more favorable with efa-
virenz (a higher HDL level and usually a lower TG level and 
lower TC/HDL ratio), except when efavirenz is compared 
with atazanavir.

Efavirenz versus nucleoside/nucleotide 
regimens 
In comparison with a triple-nucleoside regimen of zidovu-
dine plus lamivudine plus abacavir in the ACTG 5095 study, 
addition of efavirenz to zidovudine plus lamivudine or to the 
triple-nucleoside regimen was associated with larger increases 
at 24 weeks in TC, LDL, and TGs, with similar changes in 
HDL and the TC/HDL ratio (Shikuma et al., 2007; see Table 
236.6). Patients randomized to treatment with a quadruple- 
nucleoside/nucleotide regimen of zidovudine plus lamivu-
dine plus abacavir plus tenofovir had lower TC and TGs after 
48 weeks than patients randomized to zidovudine plus lami-
vudine plus efavirenz (Moyle et al., 2006b).

Efavirenz versus integrase inhibitors 
In the original phase II study, raltegravir at varying doses was 
compared with efavirenz, both given with tenofovir and lami-
vudine. At weeks 24 and 48, TC, LDL, and TG were minimally 
or not increased above baseline in the raltegravir groups but 
were significantly increased in the efavirenz group (Markowitz 
et al., 2007). Smaller increases in HDL were observed with  
raltegravir, so the TC/HDL ratio was similar between the  
two groups. Similar findings were reported in the phase III 
STARTMRK study at week 48 and at later followup times 
(Lennox et al., 2009; Lennox et al., 2010; Rockstroh et al., 2011; 
DeJesus et al., 2012; Rockstroh et al., 2013).

In the phase III trial comparing tenofovir plus FTC plus 
elvitegravir–cobicistat (Stribild) with tenofovir plus FTC plus 
efavirenz, increases in TC, LDL, and HDL were smaller with 
the elvitegravir-containing regimen than the efavirenz regi-
men but the TC/HDL ratios were similar in at week 48 and 
week 144 (Sax et al., 2012; Wohl et al., 2014a).

In the phase II SPRING-1 trial comparing efavirenz with 
varying doses of dolutegravir, each combined with tenofovir 
plus emtricitabine or abacavir plus lamivudine, dolutegravir’s 
effect on lipids was similar to the effects seen in the studies of 
the other integrase inhibitors: smaller increases in TC, LDL, 
and HDL with similar TC/HDL ratios (van Lunzen et al., 
2012; Stellbrink et al., 2013).

Switch studies and effect on lipid profiles 
Antiretroviral switch studies involve virologically suppressed 
patients on stable antiretroviral therapy who change one or 
more antiretroviral agents for reasons of toxicity, tolerability, 
or convenience. Studies of switching to efavirenz, usually from 
a protease inhibitor, have produced variable effects on lipid 
profiles, which are probably accounted for by the heterogene-
ity in factors such as reasons for switching, the specific pre-
vious protease inhibitor treatment, and the co-administered 
nucleoside agents (Barragan et al., 2006). The NEFA study 
randomized patients switching from a protease inhibitor to 
abacavir, efavirenz, or nevirapine; HDL increased and the 
TC/HDL ratio decreased in the efavirenz arm, but TC, non-
HDL, and TGs did not change significantly (Fisac et al., 
2005). Findings of other randomized and cohort studies have 
either been broadly similar (Martinez et al., 2000; Negredo et 
al., 2002; Calza et al., 2005; Vigano et al., 2005; Young et al., 
2005) or have not shown significant lipid profile improve-
ments with switching to efavirenz (Moyle et al., 2001; Estrada 
et al., 2002; Negredo et al., 2002; Bucher et al., 2003; Maggiolo 
et al., 2003b). A switch study in 17 children showed unchanged 
HDL but improvement in TC, LDL, TC/HDL ratio, and TG 
levels (McComsey et al., 2003).

Four studies have examined the effect on blood lipid lev-
els of either switching from efavirenz to nevirapine or etra-
virine or discontinuing efavirenz and not replacing it with 
another medication. First, in a small randomized study of 
patients with high LDL levels on efavirenz, Parienti et al. 
(2007) demonstrated that LDL levels fell but TC, HDL, and 
TG levels did not in patients switched to nevirapine com-
pared with patients who continued efavirenz. Second, an 
observational study of 40 patients switching from efavirenz 
to nevirapine (12 because of hyperlipidemia, the others 
because of persistent nervous system symptoms) reported 
significant decreases in TC, LDL, and TGs and a significant 
increase in HDL (Ward and Curtin, 2006). Third, of 125 
patients switched to etravirine because of regimen intoler-
ance, 35 had previously been treated with efavirenz and 
among these patients, levels of TC and LDL fell, with a trend 
toward a decrease in TG but no change in HDL (Casado et 
al., 2013). In the fourth study, patients treated with a four-
drug regimen of triple-nucleoside therapy plus efavirenz for 
48 weeks were randomized to remain on this regimen or to 
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discontinue efavirenz, and improvements in TC, LDL, and 
TGs were seen in the latter group (Markowitz et al., 2005).

Cardiovascular consequences 
The long-term cardiovascular consequences of these lipid 
changes are uncertain, but the D:A:D study provides some 
reassurance in this regard. This large multinational prospec-
tive cohort study of cardiovascular risk in more than 17,000 
HIV-infected individuals had previously demonstrated an 
increased relative risk of acute myocardial infarction associ-
ated with combination antiretroviral therapy, most of which 
could be attributed to changes in lipid levels secondary to 
antiretroviral therapy (Friis-Moller et al., 2003). This risk is 
small and well and truly outweighed by the benefits of com-
bination antiretroviral therapy but is nevertheless of con-
cern. More recent analyses have examined risk according 
to  antiretroviral class and individual antiretroviral agents; 
nonnucleoside reverse transcriptase inhibitors as a class 
have not been associated with an excess risk of acute myocar-
dial infarction, whereas an increased risk has been observed 
with abacavir, didanosine, lopinavir–ritonavir, and indinavir 
(Friis-Moller et al., 2007; Worm et al., 2010).

LIPODYSTROPHY 

Lipoatrophy (loss of subcutaneous fat in the limbs and face) 
was first associated with the thymidine analogs zidovudine 
and stavudine (see Chapter 225, Zidovudine and Chapter 
229, Stavudine) and early studies did not suggest a contribu-
tory role for efavirenz. For example, Jemsek et al. (2006) 
assessed limb fat in patients randomized to atazanavir or 
efavirenz with a common zidovudine–lamivudine backbone 
and found that mild to modest increases in fat accumulation 
(including limb fat) occurred, with no significant difference 
between treatment arms. Similarly, a substudy of the ACTG 
384 study found that patients treated with zidovudine plus 
lamivudine plus efavirenz had net limb fat gain after week 
32 of the study (2.7% per year) whereas patients treated with 
zidovudine plus lamivudine plus nelfinavir had net limb fat 
loss (−7.9% per year; p = 0.03) (Dube et al., 2007).

In this context, the results of a substudy of ACTG 5142 
were surprising (Haubrich et al., 2009). In two arms of this 
study, patients were randomized to lopinavir–ritonavir or 
efavirenz, with nonrandomized allocation to a nucleoside 
backbone of lamivudine plus either zidovudine, stavudine, 
or tenofovir. The rate of lipoatrophy (defined as 20% or 
greater loss in limb fat) at week 96 was 32% among patients 
randomized to efavirenz but only 19% in patients treated 
with lopinavir–ritonavir. Lipoatrophy was most common 
among patients taking stavudine, but even among patients 
taking tenofovir (an agent not associated with a high risk 
of lipoatrophy) the risk of lipoatrophy was greater with efa-
virenz (8/67 patients; 12%) than with lopinavir–ritonavir 
(3/50; 6%). The increased risk of efavirenz persisted in a 
multi variable logistic regression analysis that controlled for 
nucleoside/nucleotide backbone and baseline covariates, but 
when all six possible combinations of drugs were included in 
the analysis, the combinations of tenofovir plus efavirenz and 

tenofovir plus lopinavir–ritonavir were no longer associated 
with a statistically significantly increased risk of lipoatrophy.

Subsequent studies involving efavirenz combined with 
nucleoside/nucleotide drugs with a low potential for causing 
lipoatrophy have provided reassurance about the low risk of 
lipoatrophy with efavirenz. ACTG 5202 randomized patients 
to efavirenz or atazanavir–ritonavir, and abacavir plus lami-
vudine or tenofovir plus emtricitabine. In a substudy, ACTG 
A5224s, the risk of lipoatrophy (defined as 10% or greater 
in limb fat mass) at week 96 was low with efavirenz and no 
higher than with atazanavir–ritonavir in both the nucleo-
side/nucleotide backbone groups (McComsey et al., 2011b). 
In the STARTMRK study, similarly low rates of lipoatrophy 
at week 96 were described in those randomized to either efa-
virenz or raltegravir plus tenofovir plus emtricitabine (Lennox 
et al., 2010). An observational study of 44 patients treated 
with tenofovir plus emtricitabine and either efavirenz (21 
patients) or lopinavir–ritonavir (23 patients) found that only 
2 patients in each group had > 20% limb fat loss at 48 weeks; 
corresponding numbers for > 10% limb fat loss were 3 and 
5 patients, respectively (Domingo et al., 2014).

Efavirenz has effects in vitro on cultured adipocytes (e.g. 
increased expression of inflammatory cytokine genes and 
impaired adipocyte differentiation and adipogenesis) (Diaz-
Delfin et al., 2011; Domingo et al., 2014; Egana-Gorrono et 
al., 2014), and clinical evidence suggests that efavirenz may 
add to the risk of fat loss when combined with zidovudine 
and stavudine. However, when combined with abacavir and 
tenofovir—nucleosides/nucleotides that by themselves have 
a low risk of fat loss and are preferred agents in all modern- 
day initial antiretroviral regimens—the increased risk of 
lipoatrophy with efavirenz is negligible (de Waal et al., 2013).

6f.  Effects on vitamin D

Vitamin D deficiency (as assessed by blood levels of 25- 
hydroxy vitamin D [25(OH) vit D]) is common in HIV-
infected patients in temperate climates but probably no more 
so than in the general population. In addition to the usual 
risk factors related to lack of exposure to UV light such as 
seasonality, latitude, and dark skin, there is good evidence 
that 25(OH) vit D levels in HIV-infected patients are inde-
pendently reduced by efavirenz (Childs et al., 2012). The 
mechanism is thought to be related to efavirenz’s effect on 
vitamin D metabolism by CYP P-450 enzymes, such as inhi-
bition of CYP2R1, one of enzymes involved in hydroxylation 
of 25(OH) vit D to its active form 1,25 di(OH) vit D, and 
induction of CYP24 which converts 1,25 di(OH) vit D to 
inactive metabolites. Among nonnucleoside reverse transcrip-
tase inhibitors, the effect seems to be specific to efavirenz and 
etravirine (Rockstroh et al., 2010) and is not seen with nevi-
rapine or rilpivirine (Wohl et al., 2014b).

A cross-sectional study of study of HIV-infected patients 
attending a London clinic demonstrated an overall preva-
lence of suboptimal 25(OH) vit D levels (< 75 nmol/l) of 
91%, and in a multivariable analysis of those receiving 
antiretroviral therapy, efavirenz was significantly associated 
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with severe vitamin D deficiency (levels < 25 nmol/l) (Welz 
et al., 2010). Other cross sectional surveys of cohorts from 
the USA (Dao et al., 2011), France (Allavena et al., 2012) and 
Spain (Cervero et al., 2012) have also reported an association 
between vitamin D deficiency and efavirenz. However, some 
studies have not noted this association (Viard et al., 2011; 
Hidron et al., 2015) while others have also described associ-
ations with zidovudine (Fox et al., 2011) and an association 
of higher 25(OH) vit D levels with protease inhibitors (Dao 
et al., 2011; Viard et al., 2011).

The association between efavirenz and lower 25(OH) vit 
D levels has also been noted in longitudinal cohorts and pro-
spective clinical trials. Brown et al. (2010) followed patients 
started on efavirenz-containing and non-efavirenz- containing 
antiretroviral regimens. After a mean of 6–12 months of treat-
ment, 25(OH) vit D levels in the efavirenz group declined 
from baseline by a mean of 12.7 nmol/l relative to the 
non-efavirenz group. An analysis from the ECHO trial found 
that mean 25(OH) vit D levels did not change significantly 
from baseline to week 48 in patients randomized to rilpivir-
ine but decreased by 7.5 nmol/l in patients randomized to 
efavirenz and that the prevalence of severe vitamin D defi-
ciency remained stable with rilpivirine but increased from 
5% to 9% with efavirenz (Wohl et al., 2014b). The MONET 
trial randomized virologically suppressed patients on antiret-
roviral therapy to continuation with darunavir–ritonavir alone 
versus darunavir–ritonavir plus two nucleoside/ nucleotides; 
at the time of the randomization, 25(OH) vit D levels were 
lower among those who had been treated with efavirenz or 
zidovudine, and levels increased to a greater degree at week 
96 among those who stopped efavirenz or zidovudine com-
pared with those who stopped other antiretrovirals (Fox et 
al., 2011).

The clinical significance of lower 25(OH) vit D levels with 
efavirenz is unknown. Some studies of patients with low 
25(OH) vit D treated with efavirenz have suggested an effect 
on bone turnover with higher levels of bone alkaline phos-
phatase (Welz et al., 2010) and parathyroid hormone 
(Cervero et al., 2012) and altered bone biomarkers (Etminani-
Esfahani et al., 2012). Studies of bone mineral density have 
not shown significant differences in randomized trials that 
compare patients treated with and without efavirenz (but 
have not looked at 25(OH) vit D levels specifically) (Brown et 
al., 2009; McComsey et al., 2011a; de Waal et al., 2013; Huang 
et al., 2013). However, a randomized trial of vitamin D3 plus 
calcium supplementation versus placebo in patients starting 
treatment with tenofovir plus emtricitabine plus efavirenz 
showed significantly less bone loss at the hip and spine at 
week 48 in patients randomized to vitamin D3 plus calcium 
supplementation (Overton et al., 2015).

Vitamin D deficiency has also been associated with a 
wide range of other health effects in the general population, 
including cardiovascular disease, hypertension, diabetes, and 
some cancers, all of which are common comorbidities in 
HIV-infected people. Several studies have reported an asso-
ciation between vitamin D deficiency (but not specifically 

related to efavirenz) and clinical events or mortality in HIV 
patients. For example, baseline vitamin D levels were mea-
sured in 1982 HIV patients from the EuroSIDA cohort who 
were followed prospectively for clinical events and death; 
compared with the lowest baseline tertile of 25(OH) vit D 
levels, incidence rate ratios for all-cause mortality in the 
middle and upper tertiles were 0.68 (95% CI: 0.47–0.99) and 
0.56 (95% CI: 0.37–0.83), respectively, and for AIDS events 
were 0.58 (95%CI: 0.39–0.87) and 0.61 (95%CI: 0.40–0.93), 
respectively (Viard et al., 2011). The nature of this associa-
tion, whether it is causal or not, requires further study.

6g.  Other side effects

Other side effects reported with efavirenz include gyneco-
mastia (Jover et al., 2004; Mira et al., 2004; van Ramshorst et 
al., 2013), hyperhidrosis (Fuertes et al., 2009), leukocytoclas-
tic vasculitis (Domingo and Barcelo, 2002), prolonged QTc 
interval (Chinello et al., 2007), torsades de pointes tachycar-
dia (Castillo et al., 2002), severe hypersensitivity reaction 
with renal failure (Angel-Moreno-Maroto et al., 2006; Curry 
et al., 2008), renal calculi (Wirth et al., 2006; Izzedine et al., 
2007), absence seizures (Strehlau et al., 2011), and severe 
vacuolar axonopathy (Kenyon et al., 2012).

7. CLINICAL USES OF THE DRUG

Efavirenz is used only for the treatment of HIV-1 infection. 
Efavirenz-based regimens can reduce the HIV viral load to  
< 50 copies/ml after 48 weeks in up to 80% or more of pre-
viously untreated patients with drug-susceptible virus by 
intention-to-treat analysis. Efavirenz-based regimens are 
equally effective in those with high versus low baseline viral 
loads and in those with low versus high baseline CD4 cell 
counts (Ribaudo et al., 2008). The HIV viral load and CD4 
cell count responses in some of the most important of the 
efavirenz treatment trials are discussed in more detail sub-
sequently and are summarized in Table 236.7 for patients 
assigned to efavirenz.

For many years, efavirenz was a preferred agent (along with 
some ritonavir-boosted protease inhibitors), in combination 
with two nucleoside/nucleotide agents, for initial therapy 
of  HIV-1 infection both in high-income countries and in 
resource-limited settings. The situation has changed in recent 
years. Efavirenz is still widely used in low- and  middle-income 
countries and remains a preferred agent in the 2013 WHO 
HIV/AIDS treatment guidelines (World Health Organization, 
2013; World Health Organization, 2014), but because of the 
superiority of regimens based on an integrase inhibitor 
(reviewed subsequently), efavirenz is now listed as an alter-
native and not a preferred agent for initial antiretroviral ther-
apy in treatment guidelines from high- income countries and 
is used less and less often by clinicians in these countries 
when starting patients on antiretroviral therapy.

Choice of the accompanying nucleoside/nucleotide agents 
and efavirenz dosing is discussed in the following sections. 
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The evidence base for efavirenz-based regimens for initial 
therapy is presented in approximate chronological order, 
beginning with the trials comparing efavirenz with protease 
inhibitor–based regimens, followed by comparison with other 
nonnucleoside reverse transcriptase inhibitors and then focus-
ing particularly on trials comparing efavirenz with integrase 
inhibitors because of the influence these latter trials have had 
on modern-day clinical practice.

7a.  Components of efavirenz-based 
combination antiretroviral therapy

NUCLEOSIDE/NUCLEOTIDE AGENTS 
CO-ADMINISTERED WITH EFAVIRENZ

The preferred nucleoside/nucleotide agent backbone for 
co-administration with efavirenz is the combination of teno-
fovir disoproxil fumarate (TDF) plus emtricitabine (available 
as the fixed-dose combination Truvada) (Panel on Anti- 

 retroviral Guidelines for Adults and Adolescents, 2015). TDF 
plus emtricitabine plus efavirenz can be administered in a 
fixed-dose combination (Atripla) as a single tablet once daily. 
An earlier trial, the Gilead 934 study, demonstrated that 
combination therapy with TDF plus emtricitabine plus efa-
virenz was superior to zidovudine plus lamivudine plus efa-
virenz in terms of virologic suppression, CD4 cell count 
response, and tolerability (Gallant et al., 2006; Pozniak et al., 
2006; Arribas et al., 2007).

Tenofovir alafenamide (TAF) is an alternative tenofovir 
prodrug (see Chapter 232, Tenofovir) that achieves lower 
serum but higher intracellular levels of free tenofovir than 
TDF and, when directly compared with TDF in treatment- 
naive patients (each given together with emtricitabine plus 
elvitegravir–cobicistat), causes less bone and renal tubular 
toxicity (Sax et al., 2015). TAF has not been compared with 
TDF when given with efavirenz and emtricitabine for ini-
tial  therapy, but the two formulations have been compared 
in  a switch study (Mills et al., 2016), which randomized 

Table 236.7. HIV viral load and CD4 cell count responses with efavirenz-based combination antiretroviral therapy: results at 48 weeksa in 
patients assigned to efavirenz treatment arms in major trials of initial antiretroviral therapy.

Study Co-administered NRTIsb

Median 
baseline HIV 

viral load 
(log10)

HIV viral load 
< 50 copies/ml 

at 48 weeksa (%)

Median 
baseline  
CD4 cell 

count (/µl)

CD4 cell 
increase at 

48 weeksa (/µl) Reference

DMP 266-006 ZDV + 3TC 4.77 64 350 201 Staszewski et al. (1999)

ACTG 384 ZDV + 3TC 4.9 94 (24 weeks) 272 166 (all groups) Robbins et al. (2003)

d4T + ddI 5.0 85 (24 weeks) 273 Shafer et al. (2003)

2NN d4T + 3TC 4.7 70 190 160 Van Leth et al. (2004a) 

CNA 30024 ABC + 3TC 4.81 70 267 209 DeJesus et al. (2004)

ZDV + 3TC 4.76 69 258 155

Gilead 903 d4T + 3TC 4.91 80 283 266 (96 weeks) Gallant et al. (2004)

TDF + 3TC 4.91 76 276 261 (96 weeks)

CNA 30021 3TC + daily ABC 4.91 66 264 144 Moyle et al. (2005)

3TC + twice-daily ABC 4.87 68 259 146

CLASS ABC + 3TC 4.90 72 307 194 Bartlett et al. (2006)

INITIO d4T + ddI 4.90 65 221 150 Yeni et al. (2006)

ACTG 5095 ZDV + 3TC ± ABC 4.86 83 242 173 Gulick et al. (2006)

Gilead 934 ZDV + 3TC 5.0 68 241 158 Gallant et al. (2006)

TDF + FTC 5.0 77 233 190

ACTG 5142 3TC + (ZDV, TDF or 
extended-release d4T)

Not stated 89 (96 weeks) 181 241 (96 weeks) Riddler et al. (2008)

STARTMRK TDF + FTC 5 81.9 217 163 Lennox et al. (2009)

ACTG 5202 TDF + FTC 4.65 90 234 163 Daar et al. (2011)

ABC + 3TC 4.7 87 225 188

ECHO TDF + FTC 5 83 257 175 Molina et al. (2011)

THRIVE TDF + FTC or ABC + 3TC 
or ZDV + 3TC

5 82 263 155 Cohen et al. (2011b) 

GS-US-236-0102 TDF + FTC 4.78 84.1 383 206 Sax et al. (2012)

SINGLE TDF + FTC 4.7 81 339 208 Walmsley et al. (2013)

aUnless otherwise indicated.
bNucleoside/nucleotide reverse transcriptase inhibitors.
Abbreviations: ZDV: zidovudine; 3TC: lamivudine; d4T: stavudine; ddI: didanosine; ABC: abacavir; TDF: tenofovir; FTC: emtricitabine.
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virologically suppressed patients on a TDF plus emtricit-
abine-containing regimen to either continue their current 
therapy or switch to TAF plus emtricitabine plus elvitegravir– 
cobicistat. Of a total of 1436 patients, 251 of 376 patients 
treated with TDF plus emtricitabine plus efavirenz at base-
line were switched to TAF plus emtricitabine plus elvitegravir– 
cobicistat. After 48 weeks, 96% of the TAF switch patients 
maintained virological suppression, compared with 90% of 
the TDF continuation patients (p = 0.02). In the overall 
patient population, markers of bone and renal toxicity were 
stable in patients in the TDF group but improved in the 
TAF group. The combination of TAF plus emtricitabine was 
licensed by the FDA in 2016.

Abacavir plus lamivudine (Kivexa) is another effective, 
fixed-dose nucleoside combination that can be administered 
once daily with efavirenz. Abacavir should not be prescribed 
to patients who are positive for the HLA-B*5701 allele on 
pretherapy screening (Mallal et al., 2008;see Chapter 230, 
Abacavir). Abacavir plus lamivudine combined with either 
efavirenz or atazanavir–ritonavir should also not be given to 
patients with a baseline viral load of > 100,000 copies/ml 
because of the higher risk of virologic failure (14%) than with 
tenofovir plus emtricitabine (7%) demonstrated in ACTG 
study 5202 (Sax et al., 2009). Among patients with a baseline 
viral load < 100,000 copies/ml, the two combinations were 
equally effective (Sax et al., 2011). In an earlier trial (the CNA 
30024 study), twice-daily administration of the combination 
of abacavir plus lamivudine plus efavirenz was shown to have 
equivalent antiviral activity but better CD4 cell count responses 
than zidovudine plus lamivudine plus efavirenz (DeJesus et al., 
2004); subsequently, the ZODIAC (CNA 30021) study demon-
strated that once-daily was equivalent to twice-daily abacavir 
plus lamivudine administration (Moyle et al., 2005).

Considerations other than the baseline viral load and 
HLA-B*5701 status will also affect the choice between teno-
fovir plus emtricitabine and abacavir plus lamivudine in an 
individual patient. The convenience of a fixed-dose combi-
nation single tablet regimen is an advantage favoring TDF 
plus emtricitabine. Regarding side effects of abacavir, caution 
should be exercised in patients at high risk of cardiovascular 
disease because of ongoing concerns (which are not fully 
resolved either way) about an increased risk of cardiovascu-
lar events with abacavir (Sabin et al., 2014), and patients with 
known cardiovascular disease should probably not be pre-
scribed abacavir unless no other options exist. Regarding 
side effects of TDF, in both the ACTG 5202 and ASSERT 
studies, patients randomized to TDF plus emtricitabine had 
greater declines in bone mineral density at week 96 than 
patients randomized to abacavir plus lamivudine (McComsey 
et al., 2011a; Moyle et al., 2013) and in the ASSERT study, 
although renal function did not differ between the two 
study arms, renal tubular dysfunction was more common in 
patients allocated to TDF plus emtricitabine (Moyle et al., 
2013). Use of TAF plus emtricitabine is an alternative for 
those with or at risk of bone or renal disease, although the 
advantage of a single-tablet regimen with TDF plus emtricit-
abine plus efavirenz is lost.

EFAVIRENZ DOSE

Lower doses of efavirenz were used in the early phase II 
DMP266-005 study (Gallant et al., 1998), but since its licen-
sure, the standard adult dose of efavirenz used in all clinical 
trials has been 600 mg daily. Recently, two doses of efavirenz, 
400 mg daily and 600 mg daily, were compared when given 
with tenofovir plus emtricitabine in 630 patients from 13 
countries enrolled in the ENCORE trial (Puls et al., 2014; 
Carey et al., 2015). Similar proportions of patients had HIV 
viral load < 200 copies/ml at week 48 (94.1% for efavirenz 
400 mg and 92.2% for 600 mg) and week 96 (90.0% for 
 efavirenz 400 mg and 90.6% for 600 mg). Tolerability was 
significantly improved with the lower dose; percentages of 
patients with drug-related adverse events at weeks 48 and 96 
were 37% and 39% in the 400 mg group and 47% and 48% in 
the 600 mg group and treatment-related discontinuations were 
2% and 13% in the 400 mg group and 6% and 23% in the 600 
mg group. Routine use of a dose of efavirenz 400 mg rather 
than 600 mg daily would have significant cost advantages, 
especially for low- and middle-income countries, but the lower 
dose is not yet recommended in international guidelines.

EFAVIRENZ VERSUS A PROTEASE INHIBITOR  
FOR INITIAL THERAPY

Protease inhibitors with ritonavir boosting: 
randomized controlled trials
Low-dose ritonavir-boosting is now the standard of care when 
protease inhibitors are prescribed (Walmsley et al., 2002), 
and unboosted protease inhibitors are no longer part of 
modern-day antiretroviral regimens. Early studies that com-
pared efavirenz with an unboosted protease inhibitor, such 
as the Merck DMP 266-006 study, a randomized trial of efa-
virenz versus indinvavir, are described later in this chapter.

The first study of efavirenz versus a ritonavir-boosted 
protease inhibitor was the CLASS study, which compared 
efavirenz with ritonavir-boosted amprenavir, each combined 
with abacavir plus lamivudine; in addition, a third triple- 
nucleoside arm (abacavir plus lamivudine plus stavudine) was 
studied (Bartlett et al., 2006). At week 96, there were no signif-
icant differences between efavirenz and ritonavir-boosted 
amprenavir in virological efficacy, CD4 cell count increases, 
overall rates of adverse events, and adverse events leading 
to  treatment discontinuation, although secondary analyses 
favored the efavirenz group. Subsequent to this study, ampre-
navir was withdrawn from the market and replaced by a 
structural analog, fosamprenavir.

ACTG study 5142 compared efavirenz with lopinavir–
ritonavir, the preferred protease inhibitor at the time (Riddler 
et al., 2008), each administered with a nucleoside/nucleotide 
backbone of lamivudine plus either zidovudine, an extend-
ed-release form of stavudine, or tenofovir, the choice of the 
second agent being at the discretion of the investigator. A 
third treatment arm, efavirenz plus lopinavir, was also stud-
ied (discussed later in this chapter). At week 96, significantly 
more patients assigned to efavirenz (89%) had HIV viral  
load levels of < 50 copies/ml than patients assigned to 
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lopinavir–ritonavir (77%), and there was a trend toward 
shorter time to virological failure for lopinavir–ritonavir 
compared with efavirenz-containing regimens. Time to 
treatment-limiting toxicity was similar. The CD4 cell count 
increase was greater with lopinavir–ritonavir (285 cells/µl) 
than with efavirenz-containing regimens (239 cells/µl), and 
among patients with virological failure, resistance to two 
antiretro viral classes was more common with efavirenz than 
with lopinavir–ritonavir.

The Phidisa II trial was notable for two reasons: It was a 
trial of modern-day combination antiretroviral therapy con-
ducted in a resource-limited country (South Africa), and its 
primary outcome was AIDS or death (clinical end point tri-
als of antiretroviral therapy are rare nowadays) (Ratsela et al., 
2010). Patients (n = 1771) were randomized to efavirenz or 
lopinavir–ritonavir combined with zidovudine plus didano- 
sine or stavudine plus lamivudine and followed for a mean 
of 24 months. There was no difference in the primary out-
come between the efavirenz and lopinavir–ritonavir groups; 
for the secondary end points, rates of viral suppression up to 
6 months were higher with efavirenz but thereafter were sim-
ilar while CD4 cell counts were slightly higher in patients 
assigned to lopinavir–ritonavir.

Another study from an African country (Uganda), ran-
domized 389 antiretroviral-naive women between weeks 12 
and 28 of pregnancy to receive either efavirenz or lopinavir–
ritonavir in combination with zidovudine plus lamivudine 
(Cohan et al., 2015). At delivery, virological suppression was 
significantly more common in women assigned to efavirenz 
(97.6% vs. 86% with lopinavir–ritonavir), but only two infants 
(both in the lopinavir–ritonavir arm of the study) acquired 
HIV infection and by 6 months postpartum the difference in 
virological suppression between the groups had narrowed 
(91.0% for efavirenz recipients and 88.4% for lopinavir– ritonavir 
recipients). The lower rates of viral suppression at delivery in 
the lopinavir–ritonavir group may relate to the more rapid 
attainment of a nondetectable viral load during the first 6 
months of therapy with efavirenz than lopinavir–ritonavir, an 
observation made in the Phisida II trial (Ratsela et al., 2010).

Ritonavir-boosted atazanavir subsequently supplanted 
lopinavir–ritonavir as the preferred protease inhibitor on the 
basis of equivalent antiviral potency, improved dosing con-
venience and better tolerability. The ACTG 5202 study com-
pared open-label ritonavir-boosted atazanavir with efavirenz, 
each administered with either placebo-controlled tenofovir 
plus emtricitabine or abacavir plus lamivudine. Efavirenz 
and ritonavir-boosted atazanavir were of equivalent efficacy, 
with slightly fewer safety events and better tolerability of 
atazanavir plus ritonavir in the abacavir plus lamivudine but 
not the tenofovir plus emtricitabine arm (Daar et al., 2011). 
A subsequent analysis of the effect of gender reported a 
higher virological failure rate in women assigned to ataza-
navir plus ritonavir (12.42 per 100 person-years) than in 
women assigned to efavirenz (4.86 per 100 person-years), 
and an increased hazard of virological failure with atazanavir 
plus ritonavir (but not with efavirenz) in women compared 
with men (HR: 1.72) (Smith et al., 2014b).

Protease inhibitors: other randomized studies 

Other smaller randomized trials conducted in a variety of 
countries have reported equivalent or better (but never infe-
rior) outcomes with efavirenz-based compared with protease 
inhibitor-based regimens. The FOCUS study of 171 patients 
from North America reported that those assigned to a regi-
men of two nucleoside agents plus efavirenz were signifi-
cantly more likely to reach an HIV viral load of < 50 copies/
ml at week 48 (71%) than patients assigned to two nucleoside 
agents plus ritonavir-boosted saquinavir (51%) (Montaner et 
al., 2006). CD4 cell count increases were similar, whereas 
more gastrointestinal toxicity was reported in the ritonavir- 
boosted saquinavir group. Maggiolo et al. (2003a) reported 
better virologic responses in patients randomized to one 
of  two efavirenz regimens (zidovudine plus lamivudine or 
didanosine plus lamivudine) than in those receiving nel-
finavir plus zidovudine plus lamivudine. Efavirenz was 
compared with lopinavir–ritonavir (each administered with 
abacavir plus lamivudine) in 126 patients in the LAKE study 
from Spain and Italy, and virological efficacy was similar, 
with larger CD4 cell count increases in the efavirenz group 
(Echeverria et al., 2010). In a similar study of 189 patients 
from Mexico, but using zidovudine plus lamivudine as the 
nucleoside backbone, viral suppression was more common, 
virologic failures were less common, and lipid levels were 
more favorable with efavirenz than lopinavir–ritonavir 
(Sierra-Madero et al., 2010b). In the NORTHIV study of 245 
patients from Sweden and Norway, efavirenz was compared 
with lopinavir–ritonavir and atazanavir plus ritonavir; the 
proportion of patients with HIV viral load < 50 copies/ml 
was higher with efavirenz than lopinavir–ritonavir at week 
48, but by week 144, there were no differences in rates of viral 
suppression between the three groups (Andersson et al., 
2013). The same treatment arms, in combination with teno-
fovir plus emtricitabine, were studied in 89 Spanish patients 
with advanced HIV infection (CD4 cell count < 100/μl) and 
no differences were noted at week 48 in rates of viral suppres-
sion and CD4 cell count increases between efavirenz (85.7% 
and 193 cells/μl), atazanavir plus ritonavir (80% and 197 
cells/μl), and lopinavir–ritonavir (82.8% and 205 cells/μl) 
(Miro et al., 2015).In two arms of the ALTAIR study, 114 
patients were randomized to efavirenz and 105 patients to 
atazanavir plus ritonavir, each combined with tenofovir plus 
emtricitabine, and similar rates of viral suppression (95% 
and 96% viral load < 200 copies/ml) and increases from 
baseline in the CD4 cell count were observed in the two 
groups at week 48 (Puls et al., 2010). Efavirenz and ataza-
navir plus ritonavir (each administered with abacavir plus 
lamivudine) were also compared in a Japanese study of 71 
patients; there were no differences in the rates of viral sup-
pression at week 48 and week 96 (Honda et al., 2011).

Protease inhibitors: cohort studies 

Studies based on large patient cohorts are not as method-
ologically sound as randomized controlled trials because 
comparisons of treatment and other effects within the cohort 
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do not involve randomized groups of patients and bias can 
be introduced (Wood et al., 2003). However, cohorts have 
the advantage of large patient numbers, usually include par-
ticipants with a more representative mix of demographic fea-
tures and HIV risk factors than patients enrolled in clinical 
trials, and with appropriate adjusting can produce valuable 
data about uncommon outcomes that randomized trials are 
often insufficiently powered to evaluate.

Despite their limitations, published cohort studies of ini-
tial antiretroviral therapy support the equivalence or supe-
riority of efavirenz-based versus protease inhibitor–based 
regimens. For example, the Antiretroviral Treatment Colla-
boration Cohort studied death and clinical progression rates 
in 17,666 patients according to initial antiretroviral regimen, 
including 2,254 treated with efavirenz. A total of 1,617 new 
AIDS events and 895 deaths were observed. The relative risk 
of death or an AIDS event was significantly higher with 
ritonavir-boosted protease inhibitors (relative risk [RR]: 
1.45; 95% CI: 1.15–1.81) than efavirenz (RR set at 1) (Anti- 
retroviral Treatment Cohort Collaboration, 2006).

Other cohort studies have reported similar or more favor-
able effects with efavirenz than protease inhibitor–based anti- 
retroviral regimens. The studies favoring efavirenz include 
those from the Swiss HIV Cohort (Friedl et al., 2001; Young 
et al., 2009), the Johns Hopkins HIV Clinic (Lucas et al., 
2001), two London teaching hospital clinics (Matthews et  
al., 2002), three Spanish teaching hospital clinics (Pulido et 
al., 2004), the UK HIV Collaborative Cohort (Smith et al., 
2005), the MASTER Italian cohort (Torti et al., 2005), and 
the US Veterans’ Affairs Cohort (Braithwaite et al., 2007). A 
report of patients with CD4 cell counts of < 200 cells/µl from 
a London hospital cohort showed no difference in CD4 cell 
recovery between efavirenz and protease inhibitor groups 
but did not report HIV viral load results (Waters et al., 2004), 
whereas two separate cohort studies from Italy did not report 
any difference between efavirenz and lopinavir–ritonavir 
(Manfredi et al., 2004; De Luca et al., 2006). The large French 
Hospital Database on HIV reported that the effect of efa-
virenz varied with the comparator protease inhibitor, being 
superior to nelfinavir and indinavir–ritonavir, but equivalent 
to lopinavir–ritonavir (Potard et al., 2007) whereas in the 
ARCA cohort from Italy, treatment discontinuation was less 
common with efavirenz than with lopinavir–ritonavir but 
more common with efavirenz than atazanavir plus ritonavir 
(Di Biagio et al., 2013).

Summary: efavirenz versus a boosted protease 
inhibitor for initial therapy
The evidence indicates that efavirenz-based combination 
antiretroviral therapy is associated with equivalent or superior 
virologic suppression and equivalent or fewer adverse events 
than therapy based on a ritonavir-boosted protease inhibitor. 
In older versions of international treatment guidelines, efa-
virenz-based and ritonavir-boosted protease inhibitor-based 
regimens were both assigned a preferred rating for initial 
treatment of HIV infection, with the choice between the agents 
based on individual patient issues such as convenience of 

dosing, potential drug–drug interactions, concerns about 
specific side effects such as the early onset CNS symptoms 
with efavirenz, and the very low rate of development of resis-
tance with a protease inhibitor–based regimen (an advantage 
for the patient with anticipated compliance difficulties). As 
already pointed out, efavirenz-based regimens have now 
been replaced by integrase inhibitor-based regimens as the 
preferred regimens for initial HIV therapy in high-income 
countries (with ritonavir-boosted darunavir and/or atazana-
vir or as preferred protease inhibitor–based regimens), but in 
countries and regions of the world where integrase inhibitors 
are either not available or not affordable, efavirenz-based 
regimens are still recommended for initial therapy (World 
Health Organization, 2013).

EFAVIRENZ VERSUS OTHER NONNUCLEOSIDE 
REVERSE TRANSCRIPTASE INHIBITORS FOR  
INITIAL THERAPY

Pivotal randomized controlled trials 

The 2NN study was an open-label pivotal randomized con-
trolled trial that compared nevirapine (once daily or twice 
daily), efavirenz, and efavirenz plus once-daily nevirapine, in 
all cases combined with stavudine plus lamivudine (van Leth 
et al., 2004a). The rate of treatment failure at 48 weeks was 
43% in the patients assigned to the two doses of nevirapine, 
38% with efavirenz, and 53% with dual therapy. The differ-
ence between failure rates with efavirenz and nevirapine 
(once daily and twice daily) was not significant, but the dif-
ference between efavirenz and dual-therapy failure rates 
(favoring efavirenz) was significant. Rates of decline in viral 
load to < 50 copies/ml (van Leth et al., 2005b) and CD4 cell 
count responses did not differ between groups. Rates of viro-
logic failure across all treatment groups were slightly higher 
with baseline CD4 counts of < 25 cells/µl versus baseline 
counts of > 200 cells/μl and with baseline HIV viral loads of 
> 100,000 versus < 100,000 copies/ml (van Leth et al., 2005a). 
Rates of serious adverse events were nonsignificantly higher 
in the dual-therapy group but similar between efavirenz and 
nevirapine. As expected from the known toxicity profiles, 
patients assigned to efavirenz experienced more nervous 
system and psychiatric events, whereas patients assigned to 
nevirapine exhibited more skin rash and hepatotoxicity. Of 
note, two patients died of adverse events related to nevira-
pine, one of complications following Stevens-Johnson syn-
drome, and one of fulminant hepatic failure.

The FIRST study, another pivotal randomized controlled 
trial, conducted by the Terry Beirn Community Programs 
for Clinical Research in AIDS (CPCRA), examined clinical 
and immunologic outcomes in treatment-naive patients ran-
domized to two-class (nucleoside agent plus either nonnu-
cleoside agent or protease inhibitor) or three-class (nucleoside 
agent plus nonnucleoside agent plus protease inhibitor) 
strategies (MacArthur et al., 2006). Patients and investigators 
could preselect a specific regimen or elect to be randomized 
to receive agents within each class. The strengths of this study 
were its length of followup (median 60 months) and use of 
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clinical end points, the latter being uncommon in modern 
trials of antiretroviral therapy as already pointed out. In the 
substudy of patients randomized to receive either nevirapine 
(117 patients) or efavirenz (111 patients), there was no differ-
ence between groups in the combined primary outcome of 
viral load > 50 copies/ml after 8 months followup or death; 
there was a trend for lower rates of AIDS and death but 
significantly more adverse events with nevirapine (van den 
Berg-Wolf et al., 2008). In the combined cohort of those 
randomized to receive efavirenz or nevirapine, or choosing 
one of these drugs after declining to enter the substudy, 
 efavirenz-containing regimens were associated with a lower 
risk of virologic failure than those containing nevirapine, 
with similar clinical and immunologic outcomes.

Patients in the small Spanish SENC study were random-
ized to receive either nevirapine (36 patients) or efavirenz 
(31 patients) in combination with didanosine plus stavudine 
(Nunez et al., 2002). At 48 weeks, 74% of patients in the efa-
virenz arm compared with 64% in the nevirapine arm had a 
viral load < 50 copies/ml, a nonsignificant difference; CD4 
cell count increases and adverse events leading to treatment 
discontinuation did not differ.

Randomized trials comparing efavirenz  
and nevirapine in patients being treated  
for tuberculosis 

The antituberculous drug rifampicin is a CYP enzyme inducer 
and lowers drug concentrations and drug exposure parame-
ters of both efavirenz and nevirapine (see Chapter 126, 
Rifampicin and section 5e, Drug interactions), with a greater 
effect on nevirapine than efavirenz. Several studies have 
sought to determine the clinical relevance of this finding, 
which is an important issue in countries where HIV–TB 
co-infection is common because protease inhibitors cannot 
be given with rifampicin and integrase inhibitors (which 
have manageable interactions with rifampicin) are not yet 
widely available in these countries.

The N2R study randomized 142 treatment-naive Thai 
patients to efavirenz 600 mg daily or nevirapine 200 mg twice 
daily (with a 2-week lead in period of 200 mg daily) in com-
bination with stavudine and lamivudine (Manosuthi et al., 
2009), starting after a median of 6 weeks of TB treatment 
with a rifampicin-containing regimen. After 48 weeks of 
antiretroviral therapy (i.e. following completion of TB treat-
ment), virological suppression was similar with efavirenz 
(73.2%) and nevirapine (71.8%), as were CD4 cell count 
increases. At weeks 6 and 12 of antiretroviral therapy, 4.3% 
and 3.1 % of efavirenz recipients and 20.0% and 21.3% of 
nevirapine recipients had plasma levels below the recom-
mended minimum concentration, with greater variability in 
efavirenz than nevirapine concentrations. Low drug concen-
trations were predictive of virological failure at week 48 in 
the group as a whole, but not within each treatment group 
(although numbers were small). Significant hepatotoxicity 
was uncommon with both treatments, but was numerically 
more frequent with nevirapine (Mankhatitham et al., 2011).

A total of 115 southern Indian patients with HIV–TB 
co-infection were randomized to efavirenz 600 mg daily or 
nevirapine 400 mg daily (with a 2-week lead in period of 200 
mg daily) in combination with didanosine and lamivudine, 
starting after 8 weeks of antituberculous therapy (Swamina-
than et al., 2011). Using a composite end point of death, viro-
logical failure, default, or serious adverse event at week 24 
after antiretroviral initiation, treatment success was signifi-
cantly more common in patients assigned to efavirenz (85%) 
than nevirapine (65%), results that led to early termination 
of the trial. The proportion of patients with HIV viral load 
<  400 copies/ml was higher in efavirenz than nevirapine 
recipients at weeks 4, 16, and 24: 70% versus 63%, 96% versus 
76%, and 85% versus 65%, respectively. There was no signifi-
cant difference in CD4 cell count responses, liver enzyme ele-
vations (Padmapriyadarsini et al., 2013), or serious adverse 
events between the groups.

In the CARINEMO trial, efavirenz 600 mg daily or nevi-
rapine 200 mg twice daily (initiated at full dose) adminis-
tered with lamivudine and stavudine were compared in 285 
patients with HIV and TB from Mozambique, starting 4–6 
weeks after commencement of TB treatment (Bonnet et al., 
2013). At week 48, proportions of patients with HIV viral 
load < 50 copies/ml were similar for nevirapine (64.8%) and 
efavirenz (69.8%) but the lower bound of the 95% confidence 
interval for the difference (11.7%) exceeded the prespecified 
10% noninferiority margin. CD4 cell count increases, deaths, 
and rates of grade 3 or 4 hepatotoxicity were similar between 
the groups, but treatment-related discontinuations were more 
common with nevirapine than efavirenz.

A trial from New Delhi, India suggested equivalence of 
efavirenz and nevirapine in HIV–TB co-infected patients 
(Sinha et al., 2013). In this study, 135 patients were random-
ized to start efavirenz 600 mg daily or nevirapine 200 mg 
twice daily (with a 2-week lead in of 200 mg daily) combined 
with zidovudine and lamivudine beginning 2–8 weeks after 
starting TB treatment. There was no difference in rates of 
virological failure during TB treatment and for up to 24 
months after starting antiretroviral therapy; tolerability was 
similar, with no patient discontinuing treatment because of 
efavirenz- or nevirapine-related toxicity.

Finally, limited information (so far published only in 
abstract form) from a trial of 69 HIV–TB co-infected patients 
from Burkina Faso indicates similar rates of virological 
suppression at the end of treatment in those randomized 
to  efavirenz or nevirapine with stavudine plus lamivudine 
(Mat teelli et al., 2013).

These trials and four retrospective observational studies 
comparing efavirenz and nevirapine in patients being treated 
for tuberculosis were the subject of a systematic review and 
meta-analysis (Jiang et al., 2014). The findings were that a 
higher proportion of patients receiving efavirenz had an HIV 
viral load < 400 copies/ml at the end of followup; that there 
was no difference in mortality, TB treatment outcomes, or the 
proportion of patients with an HIV viral load < 50 copies/ml; 
and that more patients discontinued nevirapine because of 
treatment-related toxicity. These results support the WHO 
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HIV–TB and US antiretroviral treatment guidelines (World 
Health Organization, 2013; Panel on Antiretroviral Guide-
lines for Adults and Adolescents, 2015), which recommend 
efavirenz in preference to nevirapine when treating patients 
with tuberculosis; however, nevirapine is a reasonable alter-
native for patients in whom efavirenz cannot be given and 
where integrase inhibitors are not available.

A Cochrane collaboration systematic review of seven ran-
domized controlled trials comparing efavirenz with nevira-
pine published up to 2010, which included trials in HIV–TB 
co-infected patients, and two other small studies not reviewed 
here (one from Mexico published in Spanish and another 
only in abstract form) concluded that differences in viral 
suppression were minor but that efavirenz was less likely to 
cause side effects than nevirapine (Mbuagbaw et al., 2010).

Nonrandomized studies 
A number of nonrandomized, observational or cohort studies, 
some published before publication of the 2NN study, have 
compared nevirapine with efavirenz; in addition to being 
subject to bias, these studies have varied with respect to out-
come measures and patient populations (some have included 
treatment-experienced patients, others only treatment-naive 
patients). Studies from the EuroSIDA cohort (Phillips et al., 
2001), two separate Italian cohorts (Cozzi-Lepri et al., 2002; 
Manfredi et al., 2004), three combined US cohorts (Keiser et 
al., 2002), two separate UK cohorts (Matthews et al., 2002; 
Smith et al., 2005), the Antiretroviral Treatment Collaboration 
Cohort (Antiretroviral Treatment Cohort Collaboration, 2006), 
and the US Veterans’ Affairs Cohort (Braithwaite et al., 2007) 
showed more favorable effects (usually enhanced virologic effi-
cacy) with efavirenz. The HIV-CAUSAL Collaboration study 
examined clinical end points in 15,336 individuals initiating 
an efavirenz regimen and in 8,129 individuals initiating a 
nevirapine regimen; hazards of AIDS-defining illness (HR: 
1.28; 95% CI: 1.09–1.50) and death (HR: 1.59; 95% CI: 1.27–
1.98) were higher in the nevirapine than in the efavirenz 
cohort, and the nevirapine cohort had a smaller CD4 cell count 
increase and a 52% higher virological failure rate at 12 months 
(Cain et al., 2012). Two southern African observational stud-
ies also reported better results with efavirenz than nevirapine. 
In the first, Nachega et al. (2008) reported that adherence was 
higher in 1,822 patients who started efavirenz than in 992 
patients who started nevirapine, and this was reflected in lower 
risk of virologic failure and death in the efavirenz cohort. In 
the second, the largest cohort study published to date, Bock et 
al. (2013) followed 19,441 patients who started efavirenz and 
7,909 who started nevirapine treatment and found that viral 
load suppression at 6 months was higher in the efavirenz 
cohort (adjusted OR: 1.29; 95% CI: 1.05–1.59); mortality did 
not differ, but the mean followup period was only 9.5 months. 
Five other studies have not shown an advantage for efavirenz 
over nevirapine: a study from five German hospital clinics 
(Hartmann et al., 2005), the French Hospital Database on HIV 
(Potard et al., 2007), a study of Thai patients with advanced 
disease (Manosuthi et al., 2004), and two other studies, one 
from a single London hospital clinic and one from India, 

showed no difference in CD4 cell recovery but did not report 
viral load data (Waters et al., 2004; Patel et al., 2006).

A systematic review comparing efavirenz with nevirapine 
analyzed 38 randomized trials and observational cohort 
studies comprising 114,391 patients (Pillay et al., 2013). The 
rate of virological failure was significantly lower with efa-
virenz than nevirapine in both clinical trials (RR: 0.85; 
95%  CI: 0.73–0.99) and observational cohort studies (RR: 
0.65; 95% CI: 0.59–0.71); the rate of virological success also 
favored efavirenz in clinical trials (RR: 1.04; 95% CI: 1.00–
1.08) and in cohort studies (RR: 1.06; 95% CI: 1.00–1.12), but 
this difference was only marginally significant.

Summary: efavirenz versus nevirapine  
for initial therapy 

The weight of the randomized controlled trial and observa-
tional cohort evidence clearly favors efavirenz over nevira-
pine, and this is the basis for efavirenz being ranked ahead of 
nevirapine in treatment guidelines from both the WHO 
(2013) and high-income countries (Gunthard et al., 2014; 
British HIV Association, 2015; European AIDS Clinical 
Society Guidelines Panel, 2015; Panel on Antiretroviral 
Guidelines for Adults and Adolescents, 2015).

RILPIVIRINE VERSUS EFAVIRENZ

Rilpivirine, previously known as TMC278, is another non-
nucleoside reverse transcriptase inhibitor (see Chaper 239, 
Rilpivirine). Like efavirenz it is available as fixed-dose com-
bination product with tenofovir and emtricitabine (Eviplera 
or Complera) for once-daily administration. The evidence 
for its efficacy relative to efavirenz in treatment of HIV infec-
tion comes from one phase II trial and from three phase III 
trials, the ECHO and THRIVE trials (which are often ana-
lyzed together, as discussed later in this chapter) and the 
STaR trial. Switching studies from efavirenz to rilpivirine in 
virologically suppressed patients have also been reported.

Phase II rilpivirine trial: TMC278-002 

The phase IIb industry-sponsored trial randomized treat-
ment-naive patients to one of three rilpivirine doses (25, 50, 
or 75 mg daily) or to efavirenz (600 mg daily), given together 
with nonrandomized zidovudine plus lamivudine or tenofo-
vir plus emtricitabine. At 48 and 96 weeks, rates of viral sup-
pression (< 50 copies/ml) across the rilpivirine dose ranges 
were 76.9–80.0% and 71.4–76.3%, respectively, similar to 
rates with efavirenz, 80.9% and 70.8%, respectively (Pozniak 
et al., 2010). Rilpivirine was well tolerated and was associated 
with lower rates of neuropsychological symptoms, and less 
increase in lipid levels than efavirenz. An open-label fol-
lowup study at week 192, when all patients randomized to 
rilpivirine were receiving a dose of 25 mg daily, reported 
similar findings; the percentage of patients with HIV viral 
load < 50 copies/ml was 59% in the rilpivirine group and 
61% in the efavirenz group (Wilkin et al., 2012). The effect of 
baseline load on comparative efficacy (discussed in the fol-
lowing sections) was not reported in this study.
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Phase III rilpivirine trials: THRIVE and ECHO

THRIVE and ECHO were phase III double-blind double- 
dummy studies that compared rilpivirine 25 mg daily with 
efavirenz 600 mg daily at sites in North and South America, 
Europe, Asia, Australia, and South Africa. The only signifi-
cant difference in study design was that the nucleoside/
nucleotide backbone in THRIVE was made up of investigator- 
selected tenofovir plus emtricitabine, abacavir plus lamivu-
dine, or zidovudine plus lamivudine, whereas in ECHO all 
patients received tenofovir plus emtricitabine.

At week 48, virological efficacy was similar in efavirenz 
and rilpivirine recipients, 83% and 83% in ECHO and 86% 
and 82% in THRIVE, the difference between the treatments 
meeting the prespecified noninferiority criteria (Cohen et 
al., 2011b; Molina et al., 2011; Cohen et al., 2012). Grade 2–4 
adverse events overall as well as rash (mild in both groups) 
and early onset CNS symptoms such as dizziness and abnor-
mal dreams were less common, and lipid increases were 
smaller with rilpivirine. However, virological failure was 
more common with rilpivirine (13% in ECHO and 7% in 
THRIVE) than with efavirenz (6% and 5%), and a combined 
analysis of the two studies showed that this difference 
occurred in patients with a high baseline viral load. For 
patients with a baseline viral load ≤ 100,000 copies/ml, pro-
portions with virological failure were similar for rilpivirine 
and efavirenz (both 5%), but for patients with a baseline viral 
load > 100,000 copies/ml, virological failure was more com-
mon with rilpivirine (17%) than efavirenz (7%) (Rimsky et 
al., 2012). Among virological failures, treatment-emergent 
mutations to nucleoside/nucleotide agents were more com-
mon with rilpivirine (68%) than with efavirenz (32%). In a 
combined analysis that was restricted to patients with a base-
line viral load ≤ 100,000 copies/ml, a significant difference 
was reported in response rates (HIV viral load < 50 copies/
ml) favoring rilpivirine (90%) over efavirenz (82%) (Molina 
et al., 2013). 

A combined analysis of these trials with a 96 week fol-
lowup reported similar findings to the week 48 study (Cohen 
et al., 2013). Response rates were the same in both groups 
(78%), but lower with rilpivirine (68%) than efavirenz (74%) 
in patients with a baseline viral load ≥ 100,000 copies/ml. 
The lower rates of rash and CNS symptoms and smaller 
increases in lipids with rilpivirine noted at week 48 persisted, 
and treatment discontinuations related to adverse events were 
lower with rilpivirine (4%) than efavirenz (9%). Additional 
cases of virological failure between week 48 and 96 occurred 
in only 3% of rilpivirine and 2% of efavirenz recipients 
(Rimsky et al., 2013).

ECHO and THRIVE investigators have also reported 
effects of gender, race, and age (Hodder et al., 2012; Ryan et 
al., 2013); a detailed analysis of neuropsychological adverse 
events (Mills et al., 2013a); and subgroup analyses limited 
to patients who received tenofovir and emtricitabine (Nelson 
et al., 2013b) with a baseline viral load < 100,000 copies/ml 
(Behrens et al., 2014). For more details about these studies, 
see Chapter 239, Rilpivirine.

Phase III rilpivirine trial: StaR 

The STaR study differed from the THRIVE and ECHO stud-
ies in that it was a randomized, open-label study comparing 
treatment with two fixed-dose single-tablet, once-daily regi-
mens, tenofovir plus emtricitabine plus efavirenz and tenofo-
vir plus emtricitabine plus rilpivirine (Cohen et al., 2014). At 
week 48, rilpivirine was noninferior to efavirenz with regard 
to the percentage of patients with HIV viral load < 50 copies/
ml (85.8% vs. 81.6%), but was superior to efavirenz in 
patients with a baseline HIV viral load ≤ 100,000 copies/ml 
(88.8% vs. 81.6%). In patients with a baseline HIV viral load 
> 100,000 copies/ml, response rates overall were numerically 
lower with rilpivirine (79.9%) than efavirenz (81.7%), but 
differences were seen only in patients with a baseline viral 
load > 500,000 copies/ml (72.2% for rilpivirine and 80.0% 
for efavirenz) and not in patients with a baseline viral load 
between 100,000 and 500,000 copies/ml (82.7% and 82.1%, 
respectively). Similar results were reported at week 96 (van 
Lunzen et al., 2016). At week 48, development of resistance 
to the nonnucleoside agent was more common with rilpivir-
ine (4.3%) than with efavirenz (0.8%) and among the rilpi-
virine group, with baseline viral load > 100,000 copies/ml 
(9.0%) than baseline viral load ≤ 100,000 copies/ml (1.9%) 
(Porter et al., 2014). Treatment-related discontinuations were 
more common with efavirenz (8.7%) than rilpivirine (2.7%).

Switch studies: efavirenz to rilpivirine

Studies have examined the role of switching patients who  
are virologically suppressed for at least 3 months on an  
efavirenz-containing regimen to rilpivirine (given with 
tenofovir plus emtricitabine), most commonly for regimen 
simplification or because of efavirenz adverse effects. An 
open-label trial of 49 such patients demonstrated that 46 
maintained virological suppression after 48 weeks, with good 
tolerability, but the specific effect of the switch on neuro-
psychiatric symptoms was not reported (Mills et al., 2013b). 
Another open-label trial, of 40 patients with efavirenz CNS 
toxicity who switched to rilpivirine (published only in abstract 
form), reported that all patients maintained virological sup-
pression, that the rate of grade 2–4 CNS adverse events fell 
from 98% at baseline to 51% at week 12 and that sleep quality 
improved (Nelson et al., 2013a). In a study from the French 
AQUITAINE cohort, 81 patients who had been previously 
treated with efavirenz switched to rilpivirine, 57 because of 
CNS adverse effects; 41 experienced an improvement in neu-
rological side effects and only one patient developed virolog-
ical failure (Cazanave et al., 2015). Other reports of successful 
switching from efavirenz to rilpivirine include 53 patients in 
a Thai cohort (Thamrongwonglert et al., 2016), 91 patients 
in a retrospective Italian study (Gianotti et al., 2015), and 25 
patients in a French study (Gantner et al., 2015). In those 
studies that examined lipid levels, generally favorable changes 
such as reductions in TC and TGs were seen.

Rilpivirine is well tolerated but compared with efavirenz, 
it is less effective and associated with more frequent develop-
ment of resistance in patients with a baseline HIV viral load 
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> 100,000 copies/ml. All treatment guidelines advise that ril-
pivirine should be used only for initial therapy in patients 
with a baseline viral load ≤ 100,000 copies/ml and that 
it should be administered as the fixed-dose combination of 
tenofovir plus emtricitabine plus rilpivirine; in the 2015 US 
Department of Health and Human Services (DHHS) guide-
lines, it is listed as an alternative agent if the baseline CD4 
cell count is > 200/μl (Panel on Antiretroviral Guidelines for 
Adults and Adolescents, 2015), in the 2014 US IAS-USA 
guidelines as a recommended agent (Gunthard et al., 2014), 
in the 2015 UK guidelines as a preferred agent (British HIV 
Association, 2015), and in the 2015 European guidelines as a 
recommended agent if the baseline CD4 cell count is > 200/
μl (European AIDS Clinical Society Guidelines Panel, 2015).

ETRAVIRINE VERSUS EFAVIRENZ

Etravirine is a nonnucleoside agent that was first used in 
combination with antiretrovirals in patients who had failed 
initial and subsequent treatment regimens. It has limited 
cross-resistance with efavirenz and nevirapine (see Chapter 
238, Etravirine).

Experience with etravirine as initial antiretroviral therapy 
is limited to a single trial, the SENSE trial (Gazzard et al., 
2011). This study of 157 patients compared etravirine 400 mg 
daily with efavirenz 600 mg daily, each administered with 
two nucleoside/nucleotides. At week 48, etravirine showed 
noninferior efficacy, with HIV viral load < 50 copies/ml in 
60 of 79 (76%) patients on etravirine and 58 of 78 (74%) on 
efavirenz. The primary outcome of the study was neuropsy-
chiatric events to week 12; at this time, the number of patients 
with at least one grade 1–4 drug-related neuropsychiatric 
adverse event was significantly lower in the etravirine arm 
(13 of 79; 16.5%) than in the efavirenz arm (36 of 78; 46.2%) 
(Nelson et al., 2011). Differences between groups were also 
observed at week 48, with ongoing neuropsychiatric adverse 
events reported in 6.3% of patients in the etravirine arm and 
in 21.5% of patients in the efavirenz arm. Lipid level increases 
(TC, LDL, HDL, and TG) at week 48 were greater for efa-
virenz than etravirine (Fatkenheuer et al., 2012).

Two randomized studies have examined switching from 
efavirenz to etravirine. In both studies, patients had been 
virologically suppressed for at least 3 months, and virological 
suppression was maintained after the switch in all cases. In 
the first study, a double-blind, placebo-controlled UK trial of 
38 patients with efavirenz neuropsychiatric side effects, the 
rate of grade 2–4 CNS adverse events 12 weeks after switch-
ing to etravirine was 60% compared with 81% in those who 
continued efavirenz (Waters et al., 2011). The second study, a 
double-blind Swiss trial, randomized 58 patients with no efa-
virenz side effects to continue efavirenz for 6 weeks or switch 
to etra virine for 6 weeks, then to cross over to the alternate 
treatment for another 6 weeks. Patients did not express a 
preference for one treatment over the other, and there was 
no difference in neuropsychological or sleep scores between 
the groups (Nguyen et al., 2011b); lipid changes after the 
etravirine phase were similar to those seen in the treatment- 
naive study discussed earlier. Observational etravirine switch 

studies that include patients previously treated with efavirenz 
also report maintenance of viral suppression, good tolera-
bility, and improved lipid parameters (Casado et al., 2013; 
Martin- Carbonero et al., 2014).

EFAVIRENZ VERSUS INTEGRASE INHIBITORS AS 
INITIAL THERAPY

Integrase inhibitors are potent and well-tolerated agents with 
few drug interactions, and over the past few years evidence 
has accumulated of their superiority over the previous gold 
standard of efavirenz when combined with two nucleoside/
nucleotide agents for initial antiretroviral therapy. The three 
integrase inhibitors in current use are raltegravir, elvitegra-
vir, and dolutegravir.

Raltegravir phase II trial: Protocol 004 
The first randomized study of an integrase inhibitor for ini-
tial HIV therapy compared raltegravir at doses of 100 mg, 
200 mg, 400 mg, and 600 mg twice daily with efavirenz 600 
mg daily, combined with tenofovir plus lamivudine (Marko-
witz et al., 2007). Viral load reductions to < 50 copies/ml at 
weeks 24 and 48 were similar in the raltegravir arms (85–
95% and 83–88% respectively) to those with efavirenz (92% 
and 87%). Viral load reduction in the first 8 weeks of therapy 
was more rapid with raltegravir, and viral load suppression 
was similar in those with high and low baseline viral loads. 
Patients assigned to three of the four doses of raltegravir 
reported significantly fewer overall treatment-related side 
effects and abnormal dreams and nightmares were less com-
mon in raltegravir than in efavirenz recipients (7% vs. 21% 
and 0% vs. 11%, respectively). Lipid levels were relatively 
unchanged from baseline in the raltegravir group but were 
increased in the efavirenz group. Similar findings were 
reported at week 96 (from week 48 all patients assigned to 
raltegravir were treated with a dose of 400 mg twice daily); 
83% of raltegravir versus 84% of efavirenz recipients achieved 
HIV viral load < 50 copies/ml, raltegravir recipients had 
fewer neuropsychiatric events, and TC and LDL remained 
unchanged from baseline with raltegravir (Markowitz et al., 
2009). At 5 years of followup, similar proportions of the efa-
virenz (68.8%) and raltegravir (63.2%) groups had viral sup-
pression to < 50 copies/ml (Gotuzzo et al., 2012). Between 
weeks 48 and 240, the adverse event profile was similar. Over 
the entire study period, increases in TC and HDL were lower 
with raltegravir than efavirenz, but increases in LDL and TG 
and (small) decreases in TC–HDL were similar.

Raltegravir phase III trial: STARTMRK 
The double-blind double-dummy randomized STARTMRK 
trial compared raltegravir 400 mg twice daily with efavirenz 
600 mg daily, each given with tenofovir plus emtricitabine in 
566 treatment-naive patients. At week 48, 86.1% of the patients 
assigned to raltegravir and 81.9% of patients assigned to efa-
virenz achieved HIV viral load < 50 copies/ml (treatment 
difference: 4.2%; 95% CI: minus 1.9 plus 10.3%), indicating 
the noninferiority (but not superiority) of raltegravir (Len-
nox et al., 2009). At subsequent followup, the percentages of 
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raltegravir and efavirenz patients with HIV viral load < 50 
copies/ml were 81% and 79% at week 96 (treatment differ-
ence: 2%; 95% CI: minus 4 plus 9%) and 75.4% and 68.1% at 
week 156 (treatment difference: 7.3%; 95% CI: minus 0.2 plus 
14.7%) (Lennox et al., 2010; Rockstroh et al., 2011). By week 
196, the treatment difference between raltegravir and efa-
virenz was 9%, with a 95% CI of 2–16%, demonstrating the 
superiority of raltegravir to efavirenz (DeJesus et al., 2012) 
and representing the first time efavirenz had been outper-
formed by another agent. This effect was maintained at the 
close of the study at week 240, with a treatment difference of 
9.5%, with a 95% CI of 1.7–17.3% (Rockstroh et al., 2013).

More rapid viral suppression to < 50 copies/ml was 
achieved with raltegravir, and the mean increase in CD4 cell 
counts was significantly greater with raltegravir than efa-
virenz at all time points (374/μl vs. 312/μl increase at week 
240). Treatment-related adverse events overall were more 
common with efavirenz than raltegravir but serious adverse 
events and discontinuations related to adverse effects of 
treatment occurred with equal frequency. Neuropsychiatric 
events (most of which were mild) were more common with 
efavirenz, an effect that was almost exclusively limited to the 
first 8 weeks of treatment. As already discussed (see section 
6, Adverse reactions and toxicity), mean increases in TC, 
LDL, HDL, and triglyceride levels were significantly smaller 
with raltegravir than efavirenz but the TC/HDL ratio changes 
(a small decrease) were similar; at the end of the study, 9% 
of patients on raltegravir and 15% on patients on efavirenz 
were receiving lipid-lowering treatment . Body composition 
studies with DEXA scanning were done on a subset of 
patients at baseline and during the study; most patients in 
both groups gained body fat, and at week 156 lipoatrophy 
was uncommon (in only 1 of 25 patients on raltegravir and 2 
of 32 patients on efavirenz by DEXA scanning criteria, but 
none of these patients had investigator-reported lipodystro-
phy) (Rockstroh et al., 2011).

Switch studies: efavirenz to raltegravir
Raltegravir is dosed twice daily, so switching from an efa-
virenz-based regimen does not result in regimen simplifica-
tion, and there is relatively limited experience on switching 
for reasons of efavirenz toxicity, probably because other 
integrase inhibitors offer the availability of more convenient 
once-daily dosing. A small cross-over double-blind study, 
the SWITCH-ER study, randomized 57 virologically sup-
pressed patients on an efavirenz-based regimen to switch to 
a raltegravir-based regimen for 2 weeks, then back to efa-
virenz for 2 weeks, or vice versa. More patients preferred the 
raltegravir regimen, and raltegravir use was associated with 
lower stress and anxiety scores and a more favorable lipid 
profile (Nguyen et al., 2011a). An open-label study, so far 
published only in abstract form, switched 40 virologically 
suppressed patients with efavirenz CNS toxicity to raltegra-
vir and reported improvements in CNS symptom scores and 
sleep quality at weeks 4 and 12 with no loss of virological 
control (Yapa et al., 2013). The RASTA study randomized 
40 patients, 12 of whom were taking efavirenz, to raltegravir 

plus either tenofovir plus emtricitabine or abacavir plus 
lamivudine. Two virological failures occurred (prior therapy 
not stated), but otherwise the switch was well tolerated with 
improvements in TC, LDL, and TGs and in neuropsycholog-
ical performance (Fabbiani et al., 2014).

Elvitegravir–cobicistat 
Elvitegravir, unlike raltegravir and dolutegravir, is metabo-
lized by CYP3A4, and its plasma levels are boosted by the 
co-administration of cobicistat, a CYP3A4 inhibitor with no 
intrinsic HIV activity (see Chapter 250, Elvitegravir). Elvite-
gravir and cobicistat are co-formulated with emtricitabine 
and either tenofovir disoproxil fumarate (DF) (Stribild) or 
tenofovir alafenamide (Genvoya).

Elvitegravir phase II trial 
In a small 48-week dose-ranging phase II trial, 71 patients were 
randomized to receive single-tablet regimens of once-daily 
tenofovir DF plus emtricitabine plus elvitegravir–cobicistat 
or tenofovir plus emtricitabine plus efavirenz with matching 
placebo. Comparing tenofovir DF plus emtricitabine plus 
elvitegravir–cobicistat with tenofovir plus emtricitabine plus 
efavirenz, 83% of patients in both groups had HIV viral load 
< 50 copies/ml, and median CD4 cell count increases were 
203/μl and 139/μl. Neuropsychiatric and nervous system 
events were significantly more common and TC, LDL, HDL, 
and TG increases were larger with tenofovir DF plus emtric-
itabine plus efavirenz than with tenofovir plus emtricitabine 
plus elvitegravir–cobicistat (Cohen et al., 2011a).

Elvitegravir phase III trial: GS–US–236–0102 
A phase III trial compared the same regimens studied in the 
phase II trial in 700 treatment-niave patients and results have 
been reported up to 144 weeks (Sax et al., 2012; Zolopa et 
al., 2013; Wohl et al., 2014a). At week 48, 87.6% of tenofovir 
DF plus emtricitabine plus elvitegravir–cobicistat recipients 
and 84.1% of tenofovir plus emtricitabine plus efavirenz recip-
ients suppressed HIV viral to < 50 copies/ml; at week 96, the 
corresponding figures were 84% and 82% and at week 144, 
80.2% and 75.3%. These differences between groups were not 
significantly different at any time point, nor were there dif-
ferences in viral suppression according to baseline viral load. 
CD4 cell count increases from baseline to week 144 were 
larger with the elvitegravir-containing regimen (321/μl) than 
with the efavirenz-containing regimen (300/μl) and viral 
suppression was more rapid with the elvitegravir-containing 
regimen. Among the small number of tenofovir plus emtricit-
abine DF plus elvitegravir–cobicistat patients with virological 
failure, resistance mutations in the integrase gene conferred 
cross-resistance to raltegravir.

Rash and early-onset central nervous system symptoms 
(abnormal dreams, dizziness and insomnia) were less com-
mon and nausea was more common with tenofovir DF plus 
emtricitabine plus elvitegravir–cobicistat than with tenofo-
vir plus emtricitabine plus efavirenz, but treatment-related 
discontinuations were similar. As expected from cobici-
stat’s known effect on inhibition of renal tubular creatinine 
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secretion, increases in serum creatinine and decreases in esti-
mated glomerular filtration rate were seen only with tenofo-
vir DF plus emtricitabine plus elvitegravir–cobicistat, but 
stabilized after 4 weeks. As in the phase II study, increases in 
median TC, LDL, and HDL levels were less with tenofovir 
DF plus emtricitabine plus elvitegravir–cobicistat than with 
tenofovir plus emtricitabine plus efavirenz, but TC/HDL 
ratio changes were the same (−0.3) between the groups, as 
were increases in triglycerides.

Switch studies: efavirenz to elvitegravir 

The STRATEGY-NNRTI trial randomized 434 patients on 
stable therapy with tenofovir plus emtricitabine plus a non-
nucleoside reverse transcriptase inhibitor (efavirenz in 78% 
of patients) to remain on this regimen or switch to co- 
formulated tenofovir DF plus emtricitabine plus elvitegravir–
cobicistat (randomization 1:2) (Pozniak et al., 2014). The 
switch was well tolerated, and after 48 weeks, the proportion 
of patients who maintained a viral load < 50 copies/ml was 
93% in the switch group and 88% in the no-switch group, 
and the rate of virological failure was only 1% in each group. 
Patients who switched from efavirenz reported improvement 
in anxiety scores and in a range of sleep-related symptoms.

Dolutegravir 

Dolutegravir is not metabolized by CYP3A4 and does not 
require co-administration with a pharmacologic booster. It 
has low rates of cross-resistance with raltegravir and elvite-
gravir. Dolutegravir is given once daily and is formulated as a 
single drug or as a fixed-dose combination along with abacavir 
and lamivudine (Triumeq) (see Chapter 251, Dolutegravir).

Dolutegravir phase II trial: SPRING-1 

The SPRING-1 dose-ranging study randomized 205 treatment- 
naive patients to dolutegravir 10 mg, 25 mg, or 50 mg or to 
efavirenz 600 mg daily, each combined with either tenofovir 
plus emtricitabine or abacavir plus lamivudine, the choice of 
the latter at the discretion of the investigator (van Lunzen et 
al., 2012; Stellbrink et al., 2013). Rates of viral suppression to 
< 50 copies/ml at 48 weeks were 88%, 90%, and 91% in the 
dolutegravir arms and 82% in the efavirenz arm, and at 96 
weeks were 79%, 78%, and 88% in the dolutegravir arms and 
72% in the efavirenz arm. As in trials of other integrase 
inhibitors, viral suppression was more rapid with dolutegra-
vir, and CD4 cell count increases from baseline were larger in 
the dolutegravir arms (231/μl and 338/μl) than in the efa-
virenz arm (174/μl and 301/μl) at weeks 48 and 96, respec-
tively. Adverse events of moderate or higher severity were less 
common in the combined dolutegravir arms (8%) than in 
the efavirenz arm (20%), but there was no clear difference in 
regard to any single event or group of events. As anticipated 
from its known effect of inhibiting renal tubular creatinine 
secretion, small nonprogressive increases in creatinine from 
baseline (8 μmol/l) were observed early in dolutegravir par-
ticipants. Changes in fasting lipids mirrored those seen with 
other integrase inhibitors: smaller increases in TC, LDL, HDL, 

and triglycerides and a similar small decrease in TC/HDL 
ratio in dolutegravir participants versus efavirenz participants.

Dolutegravir phase III trial: SINGLE 
After the phase II dolutegravir trial, a large phase III trial 
randomized 833 patients to either dolutegravir 50 mg once 
daily given as a separate tablet with the fixed-dose combina-
tion of abacavir plus lamivudine or to tenofovir plus emtric-
itabine plus efavirenz given as a single tablet once daily 
(Walmsley et al., 2013). At week 48, 88% of participants in 
the dolutegravir-containing arm had viral suppression to  
< 50 copies/ml, compared with 81% of participants in the 
efavirenz-containing arm, a difference of 7% (95% CI: 2–12%); 
not only was abacavir plus lamivudine plus dolutegravir 
noninferior according to the prespecified noninferiority 
margin of −10%, it was also superior to tenofovir plus emtric-
itabine plus efavirenz. In contrast to ACTG 5202, which 
showed inferior activity of abacavir plus lamivudine com-
pared with tenofovir plus emtricitabine when combined with 
either efavirenz or atazanavir plus ritonavir in patients with  
a baseline HIV viral load > 100,000 copies/ml, the propor-
tion of patients with a baseline viral load > 100,000 copies/ 
ml achieving virological suppression was higher (although 
nonsignificantly so) with abacavir plus lamivudine plus 
dolutegravir (83%) than with tenofovir plus emtricitabine 
plus efavirenz (76%). The CD4 cell count increase with the 
dolutegravir-containing regimen (267/μl), was significantly 
higher than the increase with the efavirenz-containing regi-
men (201/μl). No integrase inhibitor mutations were detected 
in the single dolutegravir patient in whom resistance testing 
could be successfully performed after virological failure.

The adverse event profile was very similar to that seen in 
the trials comparing raltegravir or elvitegravir with efavirenz 
referred to earlier, with rash and neuropsychiatric events 
reported significantly more often in efavirenz than dolute-
gravir recipients. The incidence of serious adverse events was 
similar in the treatment arms, but fewer patients assigned to 
abacavir plus lamivudine plus dolutegravir (10; 2%) had to 
discontinue therapy because of an adverse event than patients 
assigned to tenofovir plus emtricitabine plus efavirenz (42; 
10%]; considering only adverse psychiatric events, the corre-
sponding figures were 2 (<1%) and 15 (4%). As in the phase 
II trial, minor early increases in creatinine (10–13 μmol/l) 
occurred in the dolutegravir group.

Followup at week 144, so far only published in abstract 
form (Pappa et al., 2014), showed that abacavir plus lamivu-
dine plus dolutegravir remained superior to tenofovir plus 
emtricitabine plus efavirenz in terms of viral suppression 
(HIV viral load < 50 copies/ml; 71% vs. 63%; difference: 
8.3%; 95% CI: 2–14.6%), increase from baseline in CD4 cell 
count (378/μl vs. 372/μl) and adverse events leading to treat-
ment discontinuation (4% vs. 14%).

Switch studies: efavirenz to dolutegravir 
A study from the UK is examining a switch to dolutegravir 
from efavirenz in virologically suppressed patients with 
grade 2 or greater CNS toxicity associated with efavirenz, but 
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results are not yet published (Clinical trials NCT02285374). 
Efavirenz induces the metabolism of dolutegravir and the 
dose of dolutegravir should be doubled (to 50 mg twice daily) 
when the 2 drugs are co-administered (Bristol-Myers Squibb, 
2015). However, after a switch from efavirenz to dolutegravir, 
pharmacokinetic modeling suggests that it is not necessary 
to increase the dolutegravir dose to cover the period (which 
may be up to 14 days or longer) during which efavirenz 
remains detectable in plasma (Generaux et al., 2014; see sec-
tion 5, Pharmacokinetics and Pharmacodynamics).

EFAVIRENZ VERSUS MARAVIROC AS INITIAL 
THERAPY

A single trial, MERIT, has compared the CCR5 inhibitor 
maraviroc (see Chapter 253, Maraviroc) with efavirenz, each 
given with zidovudine plus lamivudine, in treatment-naive 
individuals with CCR5 tropic virus. In the initial analysis of 
the trial at 48 weeks (Cooper et al., 2010), the percentage of 
patients with HIV viral load < 50 copies/ml was lower with 
maraviroc (65.3%) than efavirenz (69.3%), and the lower 
bound of the 95% confidence interval of the difference 
(−10.9%) did not meet prespecified noninferiority criteria 
(margin less than −10%). However, when baseline samples 
were subsequently retested using a tropism assay with enhanced 
ability to detect minor populations of CXCR4 tropic strains, 
15% of patients initially thought to have CCR5 tropic virus 
were reclassified as having mixed or CXCR4 tropic virus. 
When the 48-week data were reanalyzed excluding these 
patients, treatment response with maraviroc (68.3%) was 
noninferior to efavirenz (68.5%). CD4 cell count increases 
were greater (170/μl vs. 144/μl), treatment-related discon-
tinuations were less common, and lipid changes were less 
marked with maraviroc than efavirenz. At 2 years of fol-
lowup, after which patients could enter an open-label phase, 
and after 3 years of followup of this latter group, rates of viral 
suppression with maraviroc and efavirenz were similar, CD4 
cell count increases were higher with maraviroc and treat-
ment-related discontinuation was less common with maravi-
roc (Sierra-Madero et al., 2010a; Cooper et al., 2014).

A small study examined pharmacokinetic parameters, 
safety, and efficacy when switching from efavirenz to mara-
viroc for 28 days in 12 patients on stable, suppressive 
 efavirenz-based therapy. The switch was well tolerated, and 
all patients maintained virological suppression (Waters et al., 
2015).

7b.  Efavirenz for pediatric HIV infection

The reported experience with efavirenz in children is much 
less extensive than in adults, and in particular randomized 
trials directly comparing efavirenz with other agents have 
not been performed. However, results of published studies 
(trials and cohort studies) indicate that the potency and the 
range of side effects are very similar to those observed in 
adults. Although efavirenz has been approved in the USA for 
use in children older than 3 months of age, the DHHS Panel 
on Antiretroviral Therapy and Medical Management of HIV- 

Infected Children (2015) recommends its use only in chil-
dren older than 3 years of age because of uncertainty about 
its pharmacokinetics below this age. A liquid formulation is 
not commercially available, and in young children, capsules 
may need to be opened and the contents sprinkled on food.

Pediatric ACTG study 382, the first published pediatric 
report of efavirenz as part of combination antiretroviral ther-
apy, was an open-label, noncomparative study of 57 non-
nucleoside- and protease inhibitor–naive children older than 
3 years of age who had previously failed nucleoside therapy 
and were treated with efavirenz (administered as capsules) 
plus nelfinavir plus at least one new nucleoside agent (Starr 
et al., 1999). After 48 weeks, viral load was < 400 copies/ml 
in 76% of children and median CD4 cell count increased by 
74 cells/µl. Treatment was well tolerated; the most common 
adverse events were rash (30%) and diarrhea (18%), only 8 
patients (14%) had nervous system symptoms (which were 
mild and transient), and only 5 patients discontinued treat-
ment because of adverse events. A liquid formulation of efa-
virenz was used in an additional 17 patients subsequently 
enrolled in this trial, with similar results (Starr et al., 2002).

In the first study of efavirenz in treatment-naive children, 
the Pediatric ACTG P1021 study, a once-daily regimen of 
didanosine plus emtricitabine plus efavirenz was adminis-
tered to 37 children older than 3 years of age (McKinney et 
al., 2007). After 96 weeks of followup, 26 of 37 children had a 
viral load < 50 copies/ml. There were only 3 virologic failures 
and only 2 cases of grade 3–4 rash, the cause of the only  
treatment-related adverse event discontinuations in the study.

Other once-daily regimens have been reported. Abacavir 
plus lamivudine plus didanosine plus efavirenz was studied 
in 36 treatment-experienced and treatment-naive Dutch 
children, including 7 children younger than 3 years of age 
(Scherpbier et al., 2007). The regimen was well tolerated with 
virologic suppression (< 50 copies/ml) in 76% and 67% of 
patients after 48 and 96 weeks, respectively, and sustained 
increases in CD4 cell counts. Only 2 children discontinued 
therapy because of treatment-related adverse events. Overall 
rates of rash and nervous system symptoms were not reported. 
A regimen of didanosine plus lamivudine plus efavirenz was 
given to 51 children in Burkina Faso (Hien et al., 2013); at 2 
years of followup, 81.6% of children achieved viral suppres-
sion to < 300 copies/ml, and the combination was well toler-
ated with good levels of adherence.

The PENPACT-1 treatment strategy study randomized 
treatment-naive children or those who had received less than 
56 days prior treatment to two nucleoside agents plus either 
a nonnucleoside agent or a protease inhibitor. The choice of 
the specific nucleoside agents, nonnucleoside agent, and pro-
tease inhibitor was left to the investigator, except that chil-
dren < 3 years randomized to a nonnucleoside were all given 
nevirapine (Babiker et al., 2011); in the nonnucleoside arm, 
61% received efavirenz and 38% nevirapine, and in the pro-
tease inhibitor arm, 49% received lopinavir–ritonavir and 
48% nelfinavir. The trial also randomized patients with viro-
logical failure to switch to another regimen at a low (1,000 
copies/ml) or high viral load (30,000 copies/ml). After 4 years 
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of followup, the proportions of patients with viral suppres-
sion who remained on the originally assigned regimen did 
not differ between the nonnucleoside group (57%) and the 
protease inhibitor group (56%), but separate figures for efa-
virenz and nevirapine were not reported. Including children 
switched from their initial regimen, 82% of children in both 
groups had a viral load < 400 copies/ml after 4 years, with 
similar proportions among those originally treated with efa-
virenz (80%) and nevirapine (84%). Tolerability was similar 
for the nonnucleoside and protease inhibitor groups but was 
not reported for the individual agents.

The PROMOTE study was originally designed to compare 
the incidence of malaria in Ugandan HIV-infected children 
(71% who were treatment naive) who were randomized to 
lopinavir–ritonavir or a nonnucleoside agent (nevirapine for 
all children < 3 years, nevirapine or efavirenz for older chil-
dren), each given with two nucleoside agents (Ruel et al., 
2014). The incidence of malaria was lower in children assigned 
to lopinavir–ritonavir, probably because of a favorable CYP-
mediated interaction between the antimalarial combination 
drug artemether–lumefantrine and lopinavir–ritonavir (Achan 
et al., 2012). Ninety-one children were randomized to receive 
lopinavir–ritonavir and 92 to a nonnucleoside agent, 33 of 
whom were treated with efavirenz and 59 with nevirapine. At 
week 48, the proportion of children who achieved a viral 
load < 400 copies/ml in the lopinavir–ritonavir arm (80%) 
was similar to the nonnucleoside arm (76%), and the corre-
sponding figures in the perprotocol analysis at week 96 were 
89% and 84%, respectively. Separate figures for efavirenz 
versus nevirapine were not reported. Among antiretroviral- 
naive children, CD4 cell count increases were comparable 
between the groups, as were grade 3 and 4 adverse events.

A switch study, similar to those in adults (discussed later 
in this chapter), among 17 children on combination antiret-
roviral therapy with a nondetectable viral load who substi-
tuted a protease inhibitor for efavirenz reported only a single 
case of virologic failure (McComsey et al., 2003). Efavirenz 
was well tolerated, with no treatment-related discontinua-
tions, no cases of rash, and 4 patients with self-limited ner-
vous system symptoms.

Smaller studies of efavirenz in children, including a nucle-
oside-sparing regimen of efavirenz plus lopinavir–ritonavir 
(Fraaij et al., 2004), have reported broadly similar results in 
terms of efficacy and tolerability as the studies already 
described (Engelhorn et al., 2002; Funk et al., 2005).

A large cohort study of 997 children starting antiretro-
viral therapy from the UK/Irish Collaborative HIV Paediatric 
Study compared efficacy and tolerability of three regimens: 
two nucleoside agents and either nevirapine or efavirenz, 
three nucleoside agents and either efavirenz or nevirapine, 
and boosted protease inhibitor based regimens (Duong et al., 
2014). Overall viral load suppression to < 400 copies/ml was 
92% at 12 months. Risk of virological failure at 2 years was 
lowest with a regimen of three nucleoside agents and either 
efavirenz or nevirapine and was similar with the other regi-
mens. Tolera bility of all regimens was good, and treatment 
discontinuation rates at 5 years were low and nonsignificantly 

different at 6.1% for nevirapine-based, 8.3% for efavirenz- 
based, and 9.8% for protease inhibitor–based regimens.

In children older than 3 years of age, efavirenz in combi-
nation with two nucleoside/nucleotide reverse transcriptase 
inhibitors is the preferred nonnucleoside agent (ranked 
equally with a protease inhibitor-based regimen) for treat-
ment of HIV infection in the 2015 US pediatric HIV treat-
ment guidelines, (Panel on Antiretroviral Therapy and Medical 
Management of HIV-Infected Children, 2015) and is the pre-
ferred agent in the 2013 WHO guidelines.

7c.  Efavirenz versus (or use in) regimens 
that are no longer recommended

Efavirenz has been compared with or included in regimens 
that are no longer used in clinical practice and not recom-
mended in treatment guidelines; as such, the following infor-
mation is included chiefly for historical interest.

EFAVIRENZ VERSUS PROTEASE INHIBITORS 
WITHOUT RITONAVIR BOOSTING AS  
INITIAL THERAPY

The Merck DMP 266-006 study randomized patients to efa-
virenz or to unboosted indinavir, each given with zidovudine 
plus lamivudine, or to the combination of efavirenz and 
unboosted indinavir (Staszewski et al., 1999). Before this 
study, the combination regimen of zidovudine plus lamivu-
dine plus indinavir was considered to be the antiretroviral 
regimen of choice. At 48 weeks, results of treatment were 
superior with efavirenz plus zidovudine plus lamivudine: 
virological efficacy was 70% with efavirenz plus zidovudine 
plus lamivudine, 48% with indinavir plus zidovudine plus 
lamivudine, and 53% with efavirenz plus indinavir. CD4 cell 
count increases were similar across the three treatment arms. 
The treatment discontinuation rate because of adverse events 
was higher with indinavir plus zidovudine plus lamivu - 
dine than with efavirenz plus zidovudine plus lamivudine. 
Superiority of efavirenz plus zidovudine plus lamivudine was 
maintained at week 168 (Tashima et al., 2008). A pharmaco-
economics study showed there was a substantial economic 
benefit favoring the three-drug efavirenz regimen (Caro et 
al., 2001).

The six-arm ACTG 384 study compared zidovudine plus 
lamivudine or didanosine plus stavudine, in combination 
with either efavirenz, nelfinavir, or efavirenz plus nelfinavir 
(Robbins et al., 2003; Shafer et al., 2003). The three-drug  
regimen of zidovudine plus lamivudine plus efavirenz was 
associated with the most durable virological response, the 
didanosine plus stavudine arms produced the greatest toxic-
ity, nelfinavir and efavirenz had similar rates of toxicity, and 
CD4 cell count increases did not differ between assigned 
treatments. There was no additional benefit of four-drug 
compared with three-drug regimens. This study confirmed 
the superiority of zidovudine plus lamivudine plus efavirenz 
over other antiretroviral regimens in use at the time.

The design of the INITIO trial was similar to ACTG 384, but 
only one nucleoside combination (didanosine plus stavudine) 
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was studied (Yeni et al., 2006). Higher rates of virological 
suppression at 3 years, and lower rates of treatment discon-
tinuation (overall and due to adverse events) were noted in 
the three-drug efavirenz regimen. CD4 cell count responses 
and numbers of serious adverse events were similar across 
all treatment arms, although time to a treatment-modifying 
adverse event was shorter with efavirenz plus nelfinavir.

Efavirenz was compared with unboosted atazanavir, each 
administered with zidovudine plus lamivudine, in the BMS 
AI 424034 study. Virological efficacy (70% vs. 64%), CD4 cell 
count increases (176/µl vs. 160/µl), and treatment discontin-
uations due to toxicity (6% vs. 8%) were similar in the ataza-
navir and efavirenz treatment arms (Squires et al., 2004).

EFAVIRENZ VERSUS TRIPLE-NUCLEOSIDE THERAPY 
AS INITIAL THERAPY

Initial studies of triple-nucleoside therapy with zidovudine 
plus lamivudine plus abacavir had appeared promising, with 
equivalent or only slightly inferior efficacy to a protease 
inhibitor–based regimen of indinavir plus zidovudine plus 
lamivudine (Staszewski et al., 2001; Vibhagool et al., 2004). 
However, as described below, this triple-nucleoside regimen 
did not perform well in a subsequent study when compared 
with efavirenz-based therapy, and triple-nucleoside therapy 
is no longer listed as an acceptable alternative in treatment 
guidelines. Similar considerations apply to quadruple nucle-
oside/nucleotide therapy.

Treatment-naive patients receiving a common nucleoside 
backbone of zidovudine plus lamivudine were randomized 
in the ACTG 5095 study to one of three arms: efavirenz plus 
placebo, abacavir plus placebo, or efavirenz plus abacavir 
(Gulick et al., 2004). However, a scheduled review by the data 
safety and monitoring board after a median of 32 weeks of 
followup led to a recommendation to stop the triple-nucleo-
side group. At that time, there was a statistically significant 
higher risk of virologic failure in this arm: 82 of 382 subjects 
(21%) versus 85 of 765 (11%) in the two efavirenz arms, 
involving patients with both higher (> 100,000 copies/ml) 
and lower (< 100,000 copies/ml) HIV viral loads. Patients 
on triple-nucleoside therapy were subsequently offered open- 
label efavirenz or the opportunity to participate in a substudy 
comparing addition of efavirenz with addition of tenofovir. 
The results after 3 years of followup in the remaining two 
groups showed no difference in virologic failure, rates of 
nondetectable HIV viral load, CD4 cell count changes, or 
adverse events; addition of abacavir provided no extra bene-
fit to a three-drug regimen of zidovudine plus lamivudine 
plus efavirenz (Gulick et al., 2006). In contrast to the 2NN 
study, virologic response was the same in those with an HIV 
viral load of > 100,000 copies/ml as in those with an HIV 
viral load < 100,000 copies/ml (Ribaudo et al., 2006a).

The QUAD study randomized patients to the two same 
three- and four-drug regimens as in the second phase of 
ACTG 5095 and reported very similar results: no differences 
between the groups in virologic or immunologic responses, 
but more patients in the quadruple-therapy arm discontinued 
treatment (Orkin et al., 2005).

The CLASS study compared efavirenz, ritonavir-boosted 
amprenavir, and triple-nucleoside (abacavir plus lamivudine 
plus stavudine) regimens. Unlike ACTG 5095, the triple- 
nucleoside regimen was not clearly inferior. There were no 
differences in the primary study outcomes of HIV viral load 
< 400 copies/ml or time to treatment failure between the 
three groups, although overall results favored the efavirenz 
regimen (Bartlett et al., 2006).

In a variation on the ACTG 5095 study design, all patients 
in the ESS40013 study were initially treated for 48 weeks with 
zidovudine plus lamivudine plus abacavir plus efavirenz, at 
which time those with virologic suppression were randomized 
to either stop efavirenz and remain on a triple-nucleoside reg-
imen (a “maintenance-induction” approach) or to continue 
the four-drug regimen (Markowitz et al., 2005). After a fur-
ther 48 weeks of followup, the rates of virologic failure and 
CD4 cell count responses were similar between groups, but 
lipid levels fell, adherence was superior, and fewer drug- 
related adverse events were reported in those assigned to  
triple-nucleoside therapy.

A quadruple-nucleoside/nucleotide regimen of zidovu-
dine plus lamivudine (or emtricitabine) plus abacavir plus 
tenofovir has been compared with two or three nucleoside/
nucleotides plus efavirenz in three studies (Moyle et al., 
2006b; Gulick et al., 2007; Puls et al., 2010). In the first of 
these studies, among treatment-naive patients, there were no 
differences between those assigned to zidovudine plus lami-
vudine plus abacavir plus tenofovir and those assigned to 
zidovudine plus lamivudine plus efavirenz at 48 weeks in 
viral load or CD4 cell count responses, and total cholesterol 
and triglycerides were lower in the quadruple-therapy group 
(Moyle et al., 2006b). In the second study, patients originally 
assigned to the inferior triple-nucleoside therapy of zidovu-
dine plus lamivudine plus abacavir in the ACTG 5095 study 
were subsequently randomized to intensify treatment with 
either tenofovir or efavirenz. There were no significant differ-
ences between the tenofovir and efavirenz groups in viral 
load, CD4 cell counts, or treatment tolerability after 72 weeks 
of followup (Gulick et al., 2007). In the third study, the 
ALTAIR study, of patients treated with the quadruple regi-
men of zidovudine plus abacavir plus tenofovir plus emtric-
itabine, a significantly lower percentage had HIV viral load  
< 200 copies/ml (82%) than patients assigned to tenofovir plus 
emtricitabine plus efavirenz (95%) or tenofovir plus emtric-
itabine plus atazanavir plus ritonavir (96%) (Puls et al., 2010).

As with treatment cohort studies that compare efavirenz 
with protease inhibitors or nevirapine, results of similar 
studies comparing efavirenz with triple-nucleoside regimens 
(chiefly zidovudine plus lamivudine plus abacavir), are vari-
able. The triple-nucleoside regimen was not inferior to zid-
ovudine plus lamivudine plus efavirenz in a 24-month study 
from France (Cuzin et al., 2005) nor in the French Hospital 
Database on HIV study (Potard et al., 2007). In contrast, a 
very similar Spanish study (also including zidovudine plus 
lamivudine plus nevirapine) mirrored the ACTG 5095 results, 
with inferiority of the triple-nucleoside regimen (Perez-Elias 
et al., 2005), and UK and Italian cohort studies showed a 
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higher risk of virologic rebound in patients treated with a 
triple-nucleoside regimen than an efavirenz regimen (Cozzi-
Lepri et al., 2002; Smith et al., 2005).

A triple- or quadruple nucleoside (or nucleoside/nucleo-
tide) regimen should be considered only for initial therapy 
under exceptional circumstances. 

EFAVIRENZ PLUS A PROTEASE INHIBITOR, 
NUCLEOSIDE-SPARING, AND OTHER REGIMENS  
AS INITIAL THERAPY

Nucleoside-sparing regimens (usually a combination of a 
nonnucleoside agent and a protease inhibitor, with or with-
out ritonavir boosting) were first studied in response to con-
cerns about the long-term toxicity of nucleoside agents such 
as zidovudine, stavudine, and didanosine. These have been 
replaced by safer agents, such as abacavir (see Chapter 230, 
Abacavir) and tenofovir (see Chapter 232, Tenofovir) and are 
no longer used widely in high-income countries, so the com-
bination of efavirenz and a protease inhibitor should rarely if 
ever need to be used nowadays. For the occasional patient in 
whom it would be desirable to use a nucleoside/nucleotide- 
free regimen for initial therapy (e.g. a patient with cardio-
vascular disease and renal disease, in whom use of neither 
abacavir nor tenofovir is ideal), a regimen incorporating a 
protease inhibitor and an integrase inhibitor would be used, 
and if a nonnucleoside agent were added, there is more evi-
dence for use of etravirine with these agents.

The combination of efavirenz (given at lower doses) and 
indinavir was first studied in an early clinical trial, DMP 266-
003, and exhibited strong and durable antiviral activity (Havlir 
et al., 1998; Riddler et al., 1998).

The Merck DMP 266-006 study included an efavirenz 
plus indinavir arm, and although this combination was viro-
logically inferior to zidovudine plus lamivudine plus efa-
virenz (HIV viral load of < 400 copies/ml in 48% vs. 70%), it 
was equivalent to zidovudine plus lamivudine plus indinavir 
(53%). No differences were noted in CD4 cell count increases 
between the three treatment arms (Staszewski et al., 1999).

In ACTG 5142, one of the three treatment arms was efa-
virenz plus lopinavir–ritonavir. Rates of virologic suppres-
sion at 96 weeks with this regimen (83%) differed little from 
those seen in patients assigned to the more standard efa-
virenz (89%) and lopinavir–ritonavir (77%) regimens (Rid-
dler et al., 2008). The median CD4 cell count increase was 
greater with efavirenz plus lopinavir–ritonavir (268 cells/µl) 
than with efavirenz plus two nucleoside/nucleotides (239 
cells/µl) and similar to the increase with lopinavir–ritonavir 
plus two nucleoside/nucleotides (285 cells/µl). However, 
increased lipid levels were more common in those assigned 
to efavirenz plus lopinavir–ritonavir (Haubrich et al., 2007).

The combination of efavirenz plus lopinavir–ritonavir 
was administered to 65 treatment-naive and 21 treatment- 
experienced patients in an open-label, noncomparative study 
from France (Allavena et al., 2005). Rates of viral suppres-
sion at 48 weeks were 73% and 95% by intention-to-treat and 
on-treatment analyses, but 21 patients (24%) discontinued 
therapy, 7 because of drug-related side effects. The same 

combination was used in a small study of treatment- 
experienced children with nucleoside/nucleotide agent resis-
tance (Fraaij et al., 2004).

The four-drug combination of efavirenz plus a protease 
inhibitor plus two nucleoside agents was first studied in 
ACTG 388, which randomized treatment-naive patients to 
either indinavir, efavirenz plus indinavir, or nelfinavir plus 
indinavir, all in combination with zidovudine plus lamivu-
dine (Fischl et al., 2003). Virologic efficacy was greatest in 
those assigned to efavirenz plus indinavir. However, both the 
ACTG 384 and INITIO studies showed that nelfinavir did 
not confer any extra benefit when added to a regimen of two 
nucleosides (either zidovudine plus lamivudine or didanosine 
plus stavudine) plus efavirenz (Robbins et al., 2003; Shafer et 
al., 2003; Yeni et al., 2006).

7d.  Efavirenz in treatment-experienced 
patients

Efavirenz has little if any role as a component of antiretro-
viral regimens for treatment-experienced patients with viro-
logical failure. A regimen for such patients incorporates agents 
such as integrase inhibitors (see Chapter 249, Raltegravir; 
Chapter 250, Elvitegravir; and Chapter 251, Dolutegravir), 
darunavir or tipranavir (see Chapter 245, Darunavir and 
Chapter 247, Tipranavir), maraviroc (see Chapter 253, Mara-
viroc), etravirine (see Chapter 238, Etravirine) or enfuvirtide 
(see Chapter 252, Enfuvirtide), the number of drugs and the 
specific combination depending on factors such as the num-
ber of failed regimens in the past, the results of genotypic 
resistance testing, and past tolerability of other agents (Panel 
on Antiretroviral Guidelines for Adults and Adoles cents, 2015).

Trials of efavirenz in treatment-experienced patients that 
are in accord with current treatment principles (e.g. exclud-
ing trials with monotherapy or dual-nucleoside therapy 
treatment arms) and that offer important insights or are 
of contemporary clinical relevance are very limited. In the 
ACTG 364 study, protease inhibitor- and nonnucleoside- 
naive patients failing therapy with nucleoside agents were 
randomized to efavirenz or efavirenz plus nelfinavir or nelfi-
navir, together with two nucleosides, at least one of which 
was new (Albrecht et al., 2001). Results of treatment in those 
assigned to efavirenz plus nelfinavir were reasonable, with 
70% of patients attaining a nondetectable viral load at 40–48 
weeks, a higher proportion than in the other two treatment 
arms. This illustrates the importance, now well appreciated, 
of including at least two active agents in a new antiretroviral 
regimen.

Results of earlier studies have also illustrated the limited 
role of efavirenz treatment-experienced patients. In a 
EuroSIDA Cohort study, patients receiving efavirenz as part 
of a second or subsequent regimen were less likely to achieve 
virologic suppression if they had been previously treated 
with either protease inhibitors or nucleoside agents (Phillips 
et al., 2001). Other cohort and observational studies have 
yielded broadly similar and disappointing results (Seminari 
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et al., 1999; Khanna et al., 2000; Shulman et al., 2000; Man-
fredi et al., 2001). The results of three other studies (Walmsley 
et al., 2001; Engel horn et al., 2002; Abgrall et al., 2007) have 
been somewhat more positive, but much inferior to the results 
expected with modern regimens used for antiretroviral treat-
ment failure.

EFAVIRENZ SWITCH STUDIES IN TREATMENT-
EXPERIENCED PATIENTS

Earlier switch studies reported patients on stable antiretro-
viral therapy who switched to efavirenz, usually from a pro-
tease inhibitor–based regimen, for reasons of toxicity or 
dosing convenience. The metabolic results of these studies 
are summarized in section 6, Adverse reactions and toxicity. 
Now adays, most similar studies involve switching to an inte-
grase inhibitor or to another well tolerated agent such as 
rilpivirine, and not switching to efavirenz.

The number of switch studies is large, but the clinical, 
virologic, and immunologic effects of switching are similar 
(Barragan et al., 2006). The NEFA study, the largest random-
ized switch trial, evaluated virologically suppressed patients 
on stable protease inhibitor–containing therapy who were 
randomized to switch to nevirapine, efavirenz, or abacavir 
(Martinez et al., 2003; Martinez et al., 2007). At 12 and 36 
months, rates of virologic treatment failure were low and 
similar between the three groups, but failure was more com-
mon among those who had received nonsuppressive nucleo-
side therapy before being treated with the protease inhibitor 
regimen. Abacavir was the best tolerated of the three switch 
drugs. In a randomized study comparing protease inhibitor 
continuation with a switch to efavirenz or abacavir, virologic 
failure was rare, and CD4 cell count increases were similar in 
all groups, but treatment-related side effects were more com-
mon in those continuing a protease inhibitor (Maggiolo et 
al., 2003b). In another randomized study comparing patients 
continuing a protease inhibitor or switching to nevirapine or 
efavirenz, no difference was noted in treatment discontinua-
tion, virologic failure, or CD4 cell count changes (Negredo 
et al., 2002). Other nonrandomized and cohort studies (Mar-
tinez et al., 2000; Raffi et al., 2000; Rey et al., 2001; Hirschel 
et al., 2002; Molina et al., 2005), including a study in children 
(McComsey et al., 2003), have reported similar findings.

Switching to efavirenz from a protease inhibitor in viro-
logically suppressed patients is safe, is associated with a very 
low rate of virologic failure, and is generally well tolerated 
(Bucher et al., 2003). However, lipid levels do not always 
improve (see section 6, Adverse reactions and toxicity), and 
those studies that have examined body shape changes have 
reported little, if any, beneficial effect on the syndrome of fat 
accumulation (characterized by central adiposity) (Estrada 
et al., 2002; Fisac et al., 2005), and no effect on lipoatrophy.
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Delavirdine

John Mills and Suzanne M. Crowe

1. DESCRIPTION

Delavirdine mesylate, formerly known as U-90152, is a mem-
ber of the bisheteroarylpiperazine (BHAP) class of nonnucle-
oside reverse transcriptase inhibitors discovered at UpJohn 
Laboratories in Kalamazoo, Michigan (Romero et al., 1991; 
Adams et al., 1998). Like other members of its class, it is an 
inhibitor of the HIV-1 reverse transcriptase but is inactive 
against HIV-2 or other retroviruses. Atevirdine (U-87201E) is 
a closely related compound of the same class (χ). Manufac-
tured and previously marketed by Pfizer it is now marketed 
by ViiV Healthcare under the brand name Rescriptor.

The chemical name of delavirdine is 1-[3-[(1-methy-
lethyl)amino]-2-pyridinyl]-4-[[5-[(methylsulfonyl) amino]-
1H-indol-2-yl] carbonyl]-piperazine, monomethan esulfonate. 
The molecular formula of delavirdine is C22H28N6O3S, and the 
molecular weight is 456.565. The chemical structure is shown 
in Figure 237.1. Delavirdine is available as 100- and 200-mg 
tablets; there is no parenteral formulation.

Although delavirdine is approved for the treatment of 
HIV infection in many countries, it is now very rarely used 
in any country because of the need for three times daily 
administration as well as its low barrier for the development 
of resistance.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Like other nonnucleoside reverse transcriptase inhibitors, 
delavirdine is active against HIV-1 but not HIV-2. The sub-
type O (outlier) of HIV-1 may not be inhibited by delavir-
dine (ViiV Healthcare, product information, 2012). 

The antiretroviral activity of delavirdine has been evalu-
ated in HIV-1-infected peripheral blood mononuclear cells, 
T-cell lines, and monocyte-derived macrophages and in 
acutely infected brain microglial cells (Dueweke et al., 1993a; 
Nottet et al., 1994; Peterson et al., 1994; Freimuth et al., 1996). 
The delavirdine half-maximal inhibitory concentration (IC50) 

for inhibition of purified HIV-1 reverse transcriptase activity 
was 0.26–0.29 μΜ (Dueweke et al., 1993a; Fan et al., 1995a). 
Delavirdine inhibits replication of clinical isolates of HIV-1 
(including isolates that are resistant to other classes of 
antiretrovirals) in peripheral blood mononuclear cells with a 
mean IC50 of 0.06 μΜ (range: < 0.0010.69 μΜ) and an IC90 of 
0.1 μΜ (Dueweke et al., 1993a; Nottet et al., 1994; Freimuth, 
1996; see Table 237.1). In acutely infected macrophage cul-
tures, delavirdine inhibits HIV replication with an IC50 rang-
ing from 0.02 to 0.1 μΜ (Dueweke et al., 1993a).

2b.  Emerging resistance and 
cross-resistance

Like all nonnucleoside reverse transcriptase inhibitors, dela-
virdine has a low genetic barrier to resistance, and the com-
mon mutations associated with resistance are common with 
nevirapine and efavirenz.

When passaged in cell culture in the presence of delavir-
dine, HIV-1 rapidly develops resistance to the drug, and the 
resulting HIV-1 strains are 10 to 100 times less susceptible to 
delavirdine than the parental strain (Balzarini et al., 1993a; 
Balzarini et al., 1993b). Combining delavirdine with nevirapine 

Figure 237.1. Chemical structure of delavirdine. 
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does not retard the development of resistance (Balzarini et 
al., 1993b). The commonest mutations mediating delavir-
dine resistance, whether developed by cell culture passage or 
in delavirdine-treated patients, are K103N and Y181C, and 
these mediate cross-resistance to nevirapine and efavirenz 
(Table 237.1). The Y181C mutation increases the delavirdine 
IC50 from 0.26 μΜ (for wild-type HIV) to 8.3 μΜ. Others 
have reported a > 150-fold reduction in susceptibility against 
recombinant reverse transcriptase mutants containing sub-
stitutions in both codons 181 and 188 (Fan et al., 1995a), and 
in codons 103 and 181, suggesting that these residues contrib-
ute to the delavirdine-binding site and that there is a common 
binding site for nevirapine and delavirdine (Freimuth, 1996). 
Indeed, the IC50 of nevirapine and pyridone derivatives against 
a strain of HIV-1 with a mutation in codon 181 is > 60 mM for 
each drug) (Dueweke et al., 1993b; Table 237.1).

A unique mutation at position L100I has been reported in 
association with acquisition of resistance to delavirdine; this 
mutant remained susceptible to nevirapine (Balzarini et al., 
1993b; Balzarini et al., 1993c). Another mutation, P236L, is 
unusual and results in a 70-fold decrease in susceptibility to 
delavirdine without affecting or even increasing susceptibility 
to nevirapine or efavirenz (Dueweke et al., 1993b; Gerondelis 
et al., 1999; Table 237.1). This mutation also reduces viral fit-
ness (Gerondelis et al., 1999). The mechanism of action of 
P236L is complex. This mutation appears to alter the shape 
of the nonnucleoside reverse transcriptase binding pocket,  
preventing close interaction between delavirdine and the 
enzyme and thus conferring delavirdine resistance (Fan et 
al., 1995b). Later studies suggested that this mutation, which 
is far away from the reverse transcriptase active site, actually 
inhibits reverse transcription by reducing RNAseH activity, 
which reduces the rate at which the RNA template is degraded, 
slowing the rate at which the complementary DNA strand 
is synthesized and reducing viral fitness (Gerondelis et al., 
1999). Mutations in codons 228 and 273 have also been 
described (Dueweke et al., 1993b), although they are not 
considered to be clinically important in conferring resistance 
(Freimuth, 1996).

Phenotypic evidence of resistance has been observed in the 
majority of patients treated with delavirdine monotherapy 
within 8 weeks or less of commencing therapy. In a study of 
patients receiving delavirdine in combination with zidovu - 

dine, genotypic evidence of resistance was present in most 
patients within 24 weeks of treatment (ViiV Healthcare, 
product information, 2012). A study comparing therapy of 
HIV-1-infected subjects with zidovudine alone versus zid-
ovudine plus delavirdine found that delavirdine exerted only 
a transient antiviral effect, with delavirdine resistance muta-
tions appearing in > 90% of subjects after only 12 weeks of 
therapy. The K103N mutation, which confers broad cross- 
resistance to nonnucleoside reverse transcriptase inhibitors, 
was found in 85% of the patients (Joly et al., 2000). In a clin-
ical study of delavirdine monotherapy in HIV-infected sub-
jects who had not previously been treated with nonnucleoside 
reverse transcriptase inhibitors, phenotypic resistance to 
delavirdine developed in 28 of 30 subjects within 8 weeks. 
The dominant reverse transcriptase mutations were K103N 
and Y181C, which confer broad resistance to nonnucleoside 
reverse transcriptase inhibitors. P236L, which confers dela-
virdine resistance but hypersusceptibility to other nonnucle-
oside reverse transcriptase inhibitors, developed in < 10% of 
isolates (Demeter et al., 2000). These results were similar to 
those reported previously by another group, who noted that 
mutations in codons 181 and 188 were not seen (Freimuth, 
1996; ViiV Healthcare, product information, 2008).

Several amino acid substitutions at position G190 of 
reverse transcriptase, including G190A, C, Q, S, V, E, and 
T  collectively referred to as G190X substitutions, have been 
associated with markedly reduced susceptibility to nonnu-
cleoside reverse transcriptase inhibitors, especially nevirap-
ine and efavirenz (Huang et al., 2003; Uhlmann et al., 2004). 
In contrast, delavirdine susceptibility of HIV strains with 
these mutations was increased from 3- to 300-fold (i.e. the 
viruses were hypersusceptible to delavirdine) or was only 
slightly decreased (Huang et al., 2003). The replication capac-
ity of viruses with certain G190 substitutions (C, Q, V, T, and 
E) was severely impaired and was correlated with reduced 
virion-associated reverse transcriptase activity and incom-
plete protease processing of the viral Gag polyprotein. These 
defects were the result of inadequate incorporation of the 
Gag-Pol polyprotein into maturing virions. Compensatory 
mutations within the reverse transcriptase and protease genes 
improved replication capacity, processing of the Gag poly-
protein, and reverse transcriptase activity, presumably through 
increased incorporation of Gag-Pol into virions. There was 

Table 237.1. In vitro inhibition of recombinant HIV IIIB, wild type, and strains with various reverse transcriptase mutations by nonnucleoside 
reverse transcriptase inhibitors.

HIV type and 
codon mutation

IC50 (± sd) (µM) for indicated drug and virus

Delavirdine (U-90152) Nevirapine (BI-RG-587) Efavirenz (L-697-661) TIBO (R82913)

Wild type 0.26 ± 0.04 3.1 ± 0.32 0.80 ± 0.08 3.8 ± 0.6

Y181C 8.32 ± 0.70 > 60a > 60a 38 ± 7

K103N 7.7 ± 0.60 > 60a 15 ± 4.1 > 60a

P2361 18 ± 2.1 0.32 ± 0.02 0.11 ± 0.01 0.34 ± 0.15

V181C + P326L > 60a 6 ± 1.0 10 ± 1.6 8.7 ± 1.1

aHighest concentration test.
Abbreviations: IC50: half-maximal inhibitory concentration; sd: standard deviation.
Source: Reprinted with permission from Dueweke et al. (1993b).
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an inverse relationship between the degree of nevirapine and 
efavirenz resistance and the impairment of viral replication 
in viruses with substitutions at G190 (Huang et al., 2003).

Uhlmann et al. (2004) assessed the effect of the specific 
G190A mutation on susceptibility to delavirdine. They stud-
ied 15 patients who after treatment with either nevirapine 
or efavirenz (median exposure of 20 months) developed an 
isolated G190A mutation, or G190A in combination with 
K103N, or K103N alone. Phenotypic and genotypic analyses 
of stored plasma specimens were performed before and after 
the mutations occurred to assess susceptibility. All isolates that 
developed only the G190A substitution became markedly less 
susceptible to nevirapine (125-fold median change) and efa-
virenz (10-fold median change) but were 2.5-fold more sus-
ceptible to delavirdine (Wilcoxon p = 0.06), consistent with 
the data of Huang et al. (2003). Strains with only K103N sub-
stitutions were resistant to all nonnucleoside reverse tran-
scriptase inhibitors, including delavirdine. In the group with 
the double substitution, G190A and K103N, delavirdine sus-
ceptibility decreased 13-fold, whereas susceptibility to nevirap-
ine and efavirenz increased by 239- and 154-fold, respectively 
(Kruskal-Wallis p= 0.009). The authors concluded that the 
presence of a G190A mutation attenuates the phenotypic 
resistance associated with a K103N substitution, although 
resistance was still present. The in vivo significance of the 
increased phenotypic susceptibility to delavirdine is unknown.

2c.  In vitro synergy and antagonism

Delavirdine was synergistic against HIV-1 replication when 
tested in combination with the protease inhibitor U-75,875 
or interferon-alpha (Pagano and Chong, 1995). Both dela-
virdine and atevirdine showed additive to synergistic effects 
with zidovudine against zidovudine-sensitive and -resistant 
strains of HIV-1 (Campbell et al., 1993; Chong et al., 1994). 
Didanosine was additive with atevirdine against didanosine- 
sensitive and -resistant strains of HIV-1 (Campbell et al., 
1993). Three-drug combinations of delavirdine and zidovudine 
with either didanosine or zalcitabine synergistically inhib-
ited HIV-1 replication (Chong and Pagano, 1997). The com-
bination of delavirdine and nevirapine was antagonistic in 
inhibiting HIV reverse transcriptase activity (Gu et al., 1995). 
There was synergistic activity between lamivudine and dela-
virdine (ViiV Healthcare, product information, 2012).

3. MECHANISM OF DRUG ACTION

Delavirdine has a mechanism of action similar to other non-
nucleoside reverse transcriptase inhibitors, including nevi-
rapine (see Chapter 235, Nevirapine).

Similar to nevirapine, delavirdine inhibits the HIV-1 reverse 
transcriptase in a noncompetitive fashion through binding 
to the enzyme at a site distinct from the nucleic acid binding 
site and the site at which nucleoside and nucleotide reverse 
transcriptase inhibitors bind; nonnucleoside inhibitors do 
not cause chain termination and hence their inhibitory effects 
reverse rapidly when the drugs are withdrawn (Dueweke et 
al., 1992; Althaus et al., 1993; Gu et al., 1995).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Delavirdine is administered orally in a dose of 400 mg three 
times daily. The drug may be administered with or without 
food, but if the patient is taking simple antacids, the two 
medications should be separated by at least 1 hour. Although 
no information is available about delavirdine absorption or 
dosing in patients taking H2R antagonists or proton pump 
inhibitors, co-administration with delavirdine is not recom-
mended becasue absorption is diminished in the absence of 
gastric acid (ViiV Healthcare, product information, 2012).

4b.  Newborn infants and children

There are no data available for dosing in the pediatric popu-
lation. The drug has not been studied in subjects younger 
than 16 years.

4c.  Pregnant and lactating mothers

Delavirdine is a category 3 drug, causing teratogenicity in rats, 
with development of ventricular septal defects. It is excreted  
in breast milk at concentrations significantly higher than in 
plasma. Breastfeeding women should not take delavirdine. 

4d.  Those requiring altered dosages

The pharmacokinetics of delavirdine has not been studied in 
patients with any degree of hepatic or renal insufficiency, or 
in subjects > 65 years. Because delavirdine is metabolized 
mainly by the liver, the drug should be used with caution in 
patients with hepatic dysfunction (ViiV Healthcare, product 
information, 2012).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Delavirdine was rapidly absorbed after oral administration, 
with a single-dose mean bioavailability of 85%. The peak in 
plasma concentration (Cmax) occurs in 1 hour. In patients 
receiving 400 mg three times daily, the mean steady-state 
peak plasma concentration (Cmax)was 35 ± 20 μΜ, the trough 
concentration (Cmin) was 15 ± 10 μΜ, and the area-under- 
the-concentration-time curve (AUC) was 180 μM∙h/ml. 
Plasma concentrations tended to be higher in females than 
males, but the differences are not considered to be clinically 
significant (ViiV Healthcare, product information, 2012).

In HIV-infected subjects in the steady-state situation, 
taking delavirdine with food reduced the Cmax by 25% but 
had no effect on the AUC or Cmin (Morse et al., 2003a; ViiV 
Healthcare, product information, 2012).

Delavirdine is best absorbed in an acidic environment (it 
is a weak base with low solubility at pH > 3). Simple antacids, 
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such as those containing aluminum and magnesium, result 
in a decrease in the AUC of delavirdine of approximately 
41% (ViiV Healthcare, product information, 2012). No data 
are available on the effect of H2R antagonists and proton 
pump inhibitors on delavirdine absorption, but it is safe to 
assume that they will reduce it. In a study of HIV-infected 
volunteers with (n = 11) and without (n = 10) gastric hypo-
acidity, delavirdine exposure (Cmax, AUC0–∞, and Cmin) was 
approximately 50% lower and the extent of delavirdine 
metabolism was higher in the subjects with gastric hypoacid-
ity (Shelton et al., 2003b). Administration of delavirdine with 
an acidic solution (orange juice) in the subjects with gastric 
hypoacidity produced a mean gastric pH lower than that 
of water and increased delavirdine absorption by 50–70% 
(Shelton et al., 2003a; Shelton et al., 2003b). In patients with 
Helicobacter pylori infection, eradication of the infection 
increased delavirdine absorption.

Co-administrations of a single dose of buffered didanosine 
with delavirdine decreased the in vivo exposure of delavir-
dine and, to a lesser extent, of didanosine (Morse et al., 1997). 
Drug pharmacokinetics was studied when buffered dida-
nosine tablets (125–200 mg) and delavirdine mesylate (400 
mg) were given separately, when the two drugs were given 
concurrently, and when didanosine was given 1 hour after 
delavirdine. Co-administration reduced the delavirdine Cmax 
by 51% and the AUC0–∞ by 38%. Didanosine pharmaco-
kine tics was also impaired by concurrent administration of 
delavirdine, with the didanosine Cmax decreasing by 31% and 
the AUC0–∞ decreasing by 18% (Morse et al., 1997). In the 
steady-state situation, co-administration of delavirdine with 
didanosine appeared to have no significant effect on absorp-
tion (Morse et al., 2003b). Although the delavirdine Cmax was 
reduced by about 37% by co-administration with didanosine, 
no significant difference was noted for the delavirdine AUC. 
In addition, no differences were noted for didanosine phar-
macokinetic variables. These authors concluded that patients 
could co-administer didanosine and delavirdine as part of 
a combination regimen in an attempt to enhance adherence 
to treatment (Morse et al., 2003b). Although, taken together, 
the clinical significance of the interactions between buffered 
didanosine and delavirdine seem of little clinical conse-
quence, the manufacturer does recommend giving delavir-
dine at least 1 hour before didanosine (ViiV Healthcare, 
product information, 2012).

Delavirdine is extensively bound to plasma proteins 
(approximately 98%), and this proportion remains constant 
over a wide range of delavirdine concentrations (Chaput et 
al., 1996; ViiV Healthcare, product information, 2012).

5b.  Drug distribution

Over total daily doses of 60–1200 mg the steady-state phar-
macokinetics of delavirdine is nonlinear, resulting in a 
40-fold decrease in oral clearance and increase in apparent 
half-life as doses increase (Freimuth, 1996). This is probably 
due to inhibition of the relevant cytochrome P-450 isoenzymes 

by delavirdine (see section 5d, Excretion). In dose-ranging 
studies, trough plasma levels of delavirdine in excess of 10 μΜ 
have readily been achieved, these being > 100 times the IC90 of 
delavirdine for wild-type HIV-1 strains. The plasma half-life 
(t½) of delavirdine increases with dose; mean delavirdine t½ 
after administration of 400 mg three times daily (the recom-
mended dose) was 5.8 hours (range: 2–11 hours). Although all 
studies of delavirdine have used three times daily administra-
tion, with a serum t½ in this range it would seem at least pos-
sible that a twice-daily regimen would be equally effective.

Smith et al. (2005) studied the population pharmacokinet-
ics of delavirdine in the AIDS Clinical Trials Group studies 
ACTG260 and 261. Mean (% coefficient of variation [CV]) 
population estimates of pharmacokinetic variables for dela-
virdine were volume of distribution at steady state 67.6 l (100), 
intrinsic oral clearance 19.8 l/hour (64), concentration at half 
the maximum velocity of metabolism (Vmax) 6.3 μmol/l (69), 
and first-order oral clearance 0.57 l/hour (86). These authors 
also noted that the pharmacokinetic parameters of delavirdine 
exhibited large interpatient variability (although it is not clear 
whether this variability was greater in magnitude than for 
some other antiretroviral drugs, such as protease inhibitors).

Steady-state concentrations of delavirdine in saliva and 
semen were 6% and 2% of plasma concentrations, respec-
tively, in persons receiving 400 or 300 mg of delavirdine 
three times daily. In HIV-infected subjects on a total daily 
delavirdine dose of 600–1200 mg, levels in the cerebrospinal 
fluid (CSF) were 0.4% of plasma levels (ViiV Healthcare, 
product information, 2012).

The pharmacokinetics of delavirdine in children under 
the age of 16 years or in patients with hepatic impairment has 
not been investigated. At a dose of 400 mg three times daily, 
AUC is higher in women (31%) than in men (ViiV Healthcare, 
product information, 2012).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

No clinically important pharmacokinetic/pharmacodynamic 
features have been described for delavirdine.

5d.  Excretion

Delavirdine is metabolized primarily through dealkylation 
catalyzed by CYP3A4 and CYP2D6 and by pyridine hydrox-
ylation catalyzed by CYP3A4 (Voorman et al., 1998a; Voor-
man et al., 1998b; Voorman et al., 2001). Further, because 
delavirdine can partially inhibit CYP2C9, -2C19, -2D6, and 
-3A4, although the degree of inhibition in vivo would be 
subject to a variety of additional factors, delavirdine inhibits 
its own metabolism as well as that of a wide variety of other 
drugs. Delavirdine does not inhibit CYP1A2 or -2E1 (Voor-
man et al., 2001). In volunteers given 14C-labeled delavirdine, 
approximately 44% of the radioactivity was recovered in feces 
and 51% in urine; < 5% of urine radioactivity represented 
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untransformed delavirdine (ViiV Healthcare, product infor-
mation, 2012).

5e.  Drug interactions

Because delavirdine inhibits the cytochrome P-450 enzyme 
system, it has numerous and in some instances complex 
interactions with a variety of drugs that are metabolized by 
those enzymes. Drug interactions of delavirdine are summa-
rized in Table 237.2 and Table 237.3.

ANTIRETROVIRAL DRUGS

Phase I studies showed that there was no apparent pharma-
cokinetic interaction between delavirdine and zidovudine 
(ViiV Healthcare, product information, 2012). Aside from 
the issue of oral absorption when delavirdine and didanosine 
are administered simultaneously, there does not appear to 
be an interaction between these drugs either. Studies of the 
interaction of delavirdine with other nucleoside or nucleo-
tide analog reverse transcriptase inhibitors have not been 
conducted, although it seems likely that the interactions will 
be minimal.

Delavirdine probably increases plasma concentrations of 
most protease inhibitors (Harris et al., 2002). Co-administration 
of delavirdine resulted in a 44% increase in the AUC of indi-
navir and some increase in t½ with no effect on delavirdine 
pharmacokinetics (Ferry et al., 1998). In a study by Kuritzkes et 
al. (2000) in highly drug-experienced patients, switching from 
a zidovudine–lamivudine–indinavir regimen to a zidovudine–
delavirdine–indinavir combination markedly improved 
virologic outcomes (plasma HIV-1 RNA concentrations 
were ≤ 200 copies/ml in 48% of patients receiving the lami-
vudine combination and 83% in those receiving delavirdine, 
p = 0.007. Steady-state plasma indinavir levels were higher 
among patients in the delavirdine arm than among those in 
the lamivudine arm and, perhaps as a consequence, hyper-
bilirubinemia was also more common in the delavirdine arm 
than in the lamivudine arm. These investigators concluded 
that the reason for the better outcome in the delavirdine 
group was primarily its effect on plasma indinavir concentra-
tions, not its antiviral effects per se.

A similar study in a busy New York City private practice 
also showed that adding delavirdine to a failing indinavir- 
based regimen (combined with two nucleoside analog reverse 

Table 237.2. Pharmacokinetic variables for drugs co-administered with delavirdine.

Co-administered 
drug

Dose of 
co-administered 
drug Dose of delavirdine

No. of 
subjects

% Change in pharmacokinetic variables of  
co-administered drug (90% CI)

Cmax AUC Cmin

HIV protease inhibitors

Indinavir 400 mg tid × 7 days 400 mg tid × 7 days 28 ↓ 36a (↓ 52–↓ 14) ↔a ↑ 118a (↑ 16–↑ 312)

600 mg tid × days 400 mg tid × 7 days 28 ↔ ↑53a (↑ 7–↑120) ↑ 298a (104–↑ 678)

Nelfinavirb 750 mg tid × 
14 days

400 mg tid × 7 days 12 ↑ 88 (↑ 66–↑ 113) ↑ 107 (↑ 83–↑ 135) ↑ 136 (↑ 103–↑ 175)

Saquinavir Soft gel capsule 
1000 mg tid

400 mg tid × 28 days 20 ↑ 98c (↑ 4–↑ 277) ↑ 121c (↑14–↑ 340) ↑ 199c (↑ 37–↑ 553)

Nucleoside reverse transcriptase inhibitors

Didanosine 
(buffered 
tablets)

125 or 250 mg bid 
× 28 days 

400 mg tid × 28 days  9 ↓ 20d (↓ 44–↑ 15) ↓ 21d (↓ 40–↑ 5) —

Zidovudine 200 mg tid for > 
38 days

100 mg qid to 400 mg 
tid for 8–10 days

34 ↔ ↔ —

Anti-infective agents

Clarithromycin 500 mg bid × 
15 days

300 mg tid × 30 days  6 — ↑ 100 —

Rifabutin 300 mg qd for 
15–99 days

400–1000 mg tid for 
45–129 days

 5 ↑ 128 (↑ 71–↑ 203) ↑ 230 (↑ 119–↑ 396) ↑ 452 (↑ 246–↑ 781)

aRelative to indinavir 800 mg three times a day without delavirdine.
bPlasma concentrations of the nelfinavir-active metabolite (nelfinavir hydroxyl-t-butylamide) were significantly reduced by delavirdine, which is more than com-

pensated for by increased nelfinavir concentration.
cSaquinavir soft gel capsule 1000 mg three times a day plus delavirdine 400 mg three times a day relative to saquinavir soft gel capsule 1200 mg three times a 

day without delavirdine.
dDelavirdine taken with didanosine (buffered tablets) relative to dose of delavirdine and didanosine (buffered tablets) separated by at least 1 hour.
Abbreviations: CI: confidence interval; Cmax: maximum concentration; AUC: area-under-the-concentration-time curve; Cmin: minimum concentration; ↑: increase; 

↓: decrease; ↔: no significant change; —: no change.
Source: Data from ViiV Healthcare, product information (2008).
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transcriptase inhibitors, usually zidovudine and lamivudine) 
improved virologic control and immune recovery, although 
in this study the investigator attributed the efficacy chiefly 
to the antiviral effects of delavirdine rather than its effect 
on plasma concentrations of indinavir (Bellman et al., 1998). 
This study enrolled 47 HIV-1-infected patients with periph-
eral blood CD4 lymphocyte counts < 300 cells/µl (median 
127), in whom antiretroviral therapy had failed or whose 
condition was deteriorating (median prestudy HIV viral load 
was 5.0 log10 RNA copies/ml). Delavirdine was added to the 
current therapy, and in approximately half of the patients 
zidovudine was replaced with stavudine. The study showed 
that addition of delavirdine to the therapeutic regimen pro-
duced a rapid and sustained decrease in HIV viral load of 
1.1 log10 RNA copies/ml over 6 months; 18–21% of patients 
showed decreases of 2–3 log10 copies/ml and in 33% viral 
load became undetectable (< 2.6 log10 copies/ml). CD4 lym-
phocyte counts increased by 66–90% between 1 and 9 
months (mean increase ~ 60 cells/μl after 6 months). The fact 

that 9% of the subjects developed kidney stones while on 
delavirdine could be taken as evidence for rather high indi-
navir levels in the study subjects.

Delavirdine increased systemic exposure to ritonavir by 
50–80% when the drugs were co-administered, but ritonavir 
had no apparent effect on the pharmacokinetic variables of dela-
virdine (Shelton et al., 2003b). Delavirdine co-administered 
with saquinavir increased the AUC of saquinavir fivefold and 
appeared to modestly increase that of delavirdine (by about 
15%) (ViiV Healthcare, product information, 2012). A study 
by Justesen et al. (2003) showed that co-administration of 
delavirdine with amprenavir (1000 and 450 mg, respectively) 
to healthy volunteers markedly increased the median plasma 
concentration of delavirdine at 12 hours by over 450% (from 
835 to 3944 ng/ml) when compared with a combination with 
a slightly lower dose of delavirdine (600 mg delavirdine and 
600 mg amprenavir) (Justesen et al., 2004). Only small differ-
ences in the amprenavir pharmacokinetic variables (< 25%) 
were seen, although in a previous study this same group had 

Table 237.3. Pharmacokinetic variables of delavirdine when co-administered with other drugs.

Co-administered 
drug

Dose of
co-administered drug Dose of delavirdine

No. of 
subjects

% Change in variables pharmacokinetic variables 
(90% CI)

Cmax AUC Cmin

HIV protease inhibitors

Indinavir 400 or 600 mg tid ± 7 days 400 mg tid ± 7 days  81 No apparent changes based on a comparison with 
historical data

Nelfinavir 750 mg tid ± 7 days 400 mg tid ± 14 days   7 ↓ 27 (↓ 49–↓ 4) ↓ 31 (↓ 57–↑ 10) ↓ 33 (↓ 70–↑ 49)

Saquinavir Soft gel capsule 1000 mg 
tid × 28 days

400 mg tid for 7–28 
days

 23 No apparent changes based on a comparison with 
historical data

Nucleoside reverse transcriptase inhibitors

Didanosine 
(buffered tablets)

125 or 200 mg bid × 
28 days

400 mg tid × 28 days   9 ↓ 32a (↓ 48–↓ 11) ↓ 19a (↓ 37–↓ 6) ↔a

Zidovudine 200 mg tid for ≥ 7 days 400 mg tid for 7–14 
days

 42 No apparent changes based on a comparison with 
historical data

Anti-infective agents

Clarithromycin 500 mg bid × 15 days 300 mg tid × 30 days   6 ↔ ↔ ↔
Fluconazole 400 mg qd × 15 days 300 mg tid × 30 days   8 ↔ ↔ ↔
Ketoconazole Various 200–400 mg tid  26 — — ↑ 50b

Rifabutin 300 mg qd × 14 days 400 mg tid × 28 days   7 ↓ 72 (↓ 61–↓ 80) ↓ 82 (↓ 74–↓ 88) ↓ 94 (↓ 90–↓ 96)

Rifampin 600 mg qd × 15 days 400 mg tid × 30days   7 ↓ 90 (↓ 94–↓ 83) ↓ 97 (↓ 98–↓ 95) ↓ 100

Sulfamethoxazole or 
trimethoprim and 
sulfamethoxazole

Various 200–400 mg tid 311 — — ↔b

Other

Antacid (Maalox TC) 20 ml 300 mg single dose  12 ↓ 52 (↓ 68–↓ 29) ↓ 44 (↓ 58–↓ 27) —

Fluoxetine Various 200–400 mg tid  36 — — ↑ 50b

Phenytoin, 
 phenobarbital, 
carbamazepine

Various 300–400 mg × 3 days   8 — — ↓ by 90%

aDelavirdine taken with didanosine (buffered tablets) relative to doses of delavirdine and didanosine (buffered tablets) separated by at least 1 hour.
bPopulation pharmacokinetic data from efficacy studies.
Abbreviations: CI: confidence interval; Cmax: maximum concentration; AUC: area-under-the-concentration-time curve; Cmin: minimum concentration; ↑: increase; 

↓: decrease; ↔: no significant change; —: no available data.
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suggested that delavirdine slightly inhibited amprenavir 
metabolism (Justesen et al., 2003). The high delavirdine dose 
combination was considered most suitable for clinical use, 
but because of the large interindividual variation in steady-
state concentrations, the authors suggested that the combi-
nation should be supported by therapeutic drug monitoring 
and restricted to certain patients. Contrary results were seen 
in another study, which reported that delavirdine-boosted 
amprenavir trough levels more than 10-fold (Engelhorn et 
al., 2004).

OTHER ANTI-INFECTIVES

Co-administration of delavirdine with either rifabutin or 
rifampicin, inducers of cytochrome P-450, resulted in 5- and 
27-fold increases, respectively, in the clearance of delavir-
dine; rifampicin co-administration decreased trough plasma 
concentrations of delavirdine to < 0.05 μΜ (Borin et al., 1997b; 
Borin et al., 1997c). The rifabutin AUC was increased by 100% 
by co-administration with delavirdine. Co-administration 
of clarithromycin in a dose of 500 mg twice daily resulted in 
a 44% increase in the AUC of delavirdine (ViiV Healthcare, 
product information, 2012). Ketoconazole increased the 
plasma trough concentration of delavirdine by 80%, whereas 
co-administration of fluconazole and delavirdine to healthy 
volunteers showed that there was no effect on the pharmaco-
kinetics of either drug (Borin et al., 1997a).

OTHER DRUGS

Fluoxetine increases the trough plasma concentration of 
delavirdine by about 50% (ViiV Healthcare, product infor-
mation, 2008). Benzodiazepines, antihistamines such as terfen-
adine and astemizole, and antimotility agents such as cisapride 
may all have increased plasma levels if co-administered with 
delavirdine. Anticonvulsants such as phenytoin and pheno-
barbital are predicted to decrease delavirdine plasma con-
centrations (ViiV Healthcare, product information, 2012).

Delavirdine significantly decreased methadone clearance 
and increased the methadone elimination half-life, resulting 
in an increase in AUC of 19% and in Cmin of 29%. The com-
bined effect of delavirdine on the total concentration of 
levo-alpha acetylmethadol (LAAM) and its active metabo-
lites, norLAAM and dinorLAAM, was to significantly increase 
AUC by 43%, Cmax by 30%, and Cmin by 59% while decreasing 
time to maximum concentration (tmax) (McCance-Katz et al., 
2006a). Delavirdine increased buprenorphine concentrations, 
but the effect was not considered clinically significant, and no 
alterations in buprenorphine effects in the volunteers being 
studies were seen (McCance-Katz et al., 2006a; McCance- 
Katz et al., 2006b).

Castro and Gutierrez (2002) report a case of rhabdomy-
olysis with renal failure thought to be due to delavirdine rais-
ing plasma concentrations of atorvastatin.

6. ADVERSE REACTIONS AND TOXICITY

From phase I/II clinical trials of delavirdine, the most fre-
quent adverse reactions were dermatologic. Mild headache, 

nausea, and fatigue have been reported but were not consis-
tently related to delavirdine (ViiV Healthcare, product infor-
mation, 2012).

6a.  Dermatologic toxicity

A rash occurs in 30–45% of patients given delavirdine, 
although in some studies it was reported in < 20% of sub-
jects. It appears to be more commonly seen in patients with 
CD4 counts < 100 cells/μ than in those with CD4 counts  
> 300 cells/µl. In a dose-finding monotherapy study of 113 
subjects, rash developed in 36% (Para et al., 1999). These 
investigators and others have noted that the rashes are often 
transient, and treatment can either be continued until the 
rash fades or be restarted after it fades. In ACTG Study 261, 
30% of 407 subjects receiving delavirdine developed a rash, 
which was severe in only one case (Friedland et al., 1999). In 
another prospective treatment trial, rash occurred in 52% of 
89 subjects given delavirdine (Been-Tiktak et al., 1999). In an 
early phase I/II study, the incidence of rash was 44%; it was 
transient in all cases (Davey et al., 1996).

Rashes usually develop between 1 and 2 weeks after start-
ing delavirdine treatment and are unrelated to dose or plasma 
concentration of drug. The rash is typically diffuse and mac-
ulopapular. Usually there are no associated clinical findings 
although the rash may be pruritic. Dose titration does not 
significantly reduce the risk of rash. In one study comparing 
dermatologic complications of nevirapine and delavirdine, 
the rash due to delavirdine occurred more often but nevira-
pine rashes were more severe and resulted in hospitalization 
more frequently (Gangar et al., 2000). These same authors 
found a high frequency of cross-sensitization between these 
two drugs, suggesting that if a rash was found with one of 
them, the likelihood of it occurring on challenge with the 
other was about 70%.

Stevens-Johnson syndrome has been rarely reported (1 
case in 1000) (Freimuth, 1996).

6b. Other adverse reactions

Nausea is reported in a slightly higher proportion of patients 
receiving delavirdine in combination with didanosine or  
zidovudine than in those receiving either zidovudine or 
didanosine monotherapy. In the ACTG 261 study, gastro-
intestinal side effects were experienced by 33% of patients 
(Friedland et al., 1999). Similarly, slightly more patients 
experience increases in hepatic transaminases when receiv-
ing delavirdine in combination with zidovudine (about 
2.5%) or didanosine (about 5%) than where receiving either 
nucleoside as monotherapy (1–3%) (ViiV Healthcare, prod-
uct information, 2012).

An 8-week study of patients with HIV infection treated 
with delavirdine combined with nucleoside analog reverse 
transcriptase inhibitors showed that the combination in- 
creased plasma cholesterol and high-density lipoprotein 
(HDL) concentrations (Roberts et al., 2002). The long-term 
clinical significance of these changes, especially the alteration 
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in HDL, has not been assessed. No other study of blood lip-
ids in response to delavirdine has been reported.

7. CLINICAL USES OF THE DRUG

Delavirdine is approved in many countries for treatment of 
HIV infection in combination with other antiretroviral drugs 
(e.g. zidovudine and lamivudine, or tenofovir and emtricit-
abine). It is now rarely used. There are insufficient clinical 
data comparing antiretroviral drug combinations including 
delavirdine with currently recommended combinations con-
taining logical comparator drugs (e.g. nevirapine, efavirenz, 
or a ritonavir-boosted protease inhibitor). Further, most of 
the prospective clinical trials of delavirdine compared treat-
ment with two nucleoside reverse transcriptase inhibitors 
(e.g. zidovudine plus lamivudine) with the same nucleoside 
analog combination plus delavirdine (Table 237.4).

The lack of clinical trials with delavirdine conducted to 
the current standard, coupled with unfavorable pharmacoki-
netics (a large total dose and the need for three-times daily 
therapy), a high incidence of skin rash, and multiple and 
complex drug interactions has meant that delavirdine is not 
recommended for first- or second-line therapy and is very 
rarely used in the clinic. 

7a.  HIV-1 infection

DOSE-RANGING, EARLY EFFICACY STUDIES

Para et al. (1999) conducted an open-label, phase Ib dose- 
ranging study of delavirdine monotherapy compared with 
either zidovudine or didanosine for patients with HIV-1 
infection under the aegis of the AIDS Clinical Trials Group 
(ACTG Trial 260; Table 237.4). Delavirdine doses were 
adjusted weekly in the 113 subjects in the trial to achieve 
three different trough concentrations: 3–10, 11–30, or 31–50 
μΜ. Two weeks after starting therapy, the decreases in mean 
HIV load (as log10 RNA copies/ml) in the three delavirdine 
arms were similar (0.87, 1.08, and 1.02 log10 for the low-, 
middle-, and high-target arms, respectively); however, by 
week 8, pooled results from all three delavirdine arms 
showed only a 0.10 log10 reduction. In contrast, for the sub-
jects treated with zidovudine or didanosine, the mean HIV 
viral load reductions at weeks 2 and 8 were 0.67 and 0.55 

log10, respectively. The trial was stopped early, owing to the 
poor sustainability of delavirdine monotherapy (undoubtedly 
because of development of delavirdine-resistant HIV-1 
strains, but not studied at the time). Another study combin-
ing zidovudine with three different doses of delavirdine also 
found that there was an early reduction in HIV viral load 
that was gone by 12 weeks after the start of treatment, and 
by 12 weeks over 70% of viral strains were resistant to dela-
virdine, whereas none were resistant to zidovudine (Been-
Tiktak et al., 1999).

Two phase I/II dose escalation studies have been per-
formed. Triple therapy with delavirdine (100–300 mg four 
times daily), didanosine, and zidovudine was compared with 
didanosine and zidovudine in HIV-infected patients with 
CD4 counts of 100–300 cells/µl (mean: 212/μl at baseline) for 
24 weeks. The patients were a heavily pretreated group, with 
> 90% of participants having received prior zidovudine ther-
apy for a mean duration of 23 months, and > 70% receiving 
prior didanosine or zalcitabine for a mean duration of 10 
months. Within 1 week, those randomized to receive triple 
therapy had a significant increase in CD4 counts and decline 
in plasma HIV RNA levels (HIV viral load). In retrospect, of 
course, it is likely that many of these patients were already 
infected with zidovudine- and didanosine-resistant strains 
of HIV, and hence the addition of delavirdine was effectively 
monotherapy. As a consequence, strains of HIV resistant to 
delavirdine appeared in some patients within 12 weeks of 
starting therapy (because, like other nonnucleoside reverse 
transcriptase inhibitors, the genetic barrier to development 
of delavirdine resistance is very low), and this was reflected 
by the HIV viral load returning toward baseline. However, 
at week 24, a greater proportion of patients randomized to 
receive triple therapy than double therapy had a fivefold or 
greater decline in plasma HIV RNA (44% vs. 13%, respec-
tively) and a greater than 1.0 log10 decline in HIV viral load 
(77% vs. 25%, respectively) (Freimuth, 1996).

In a second study of 34 HIV-1-infected patients with 200–
500 CD4 cells/µl (mean 390/μl) and a mean of 17 months of 
prior zidovudine treatment were given different doses of dela-
virdine (from 100 mg four times daily to 400 mg three times 
daily) in combination with zidovudine for 12 weeks. A CD4 
count increase of > 50 cells/µl occurred in about half the par-
ticipants; a decline in plasma p24 antigen occurred in approxi-
mately one quarter of enrolled patients (Freimuth, 1996).

Table 237.4. Major AIDS clinical trials group (ACTG) studies of delavirdine.

Name of study Design No. of subjects Comments Reference

ACTG 260 Open label dose-ranging phase 1B. 
Delavirdine vs zidovudine vs 
didanosine

113 Early reduction in HIV viral load 
was not sustained

Para et al. (1999)

ACTG 261 Phase II randomized, double-blind, 
multicenter comparison of 
delavirdine plus zidovudine plus 
didanosine vs. dual NRTIs

544 (CD4 100–500, 
< 6 months 
before NRTI 
monotherapy)

Modest antiviral advantage of 
triple therapy vs. dual therapy 
over 48 weeks of followup

Friedland et al. (1999)

Abbreviation: NRTI: nucleoside reverse transcriptase inhibitor.
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Another phase I/II study evaluated the safety, toxicity, 
pharmacokinetics, and antiretroviral activities of two-drug 
and three-drug combinations of delavirdine and conven-
tional doses of nucleoside analogs compared with either 
delavirdine monotherapy or two-drug nucleoside analog 
therapy (Davey et al., 1996). A total of 85 HIV-infected 
patients with CD4 counts of 100–300 cells/μl were enrolled 
in two periods. In the first period patients were randomized 
to receive either zidovudine plus didanosine (group 1) or 
zidovudine plus didanosine plus escalating doses (400–1200 
mg/day) of delavirdine (group 2). In the second period, 
patients were randomized to receive either 1200 mg of dela-
virdine alone per day (group 3) or zidovudine plus 1200 mg 
of delavirdine per day (group 4). Overall, group 2 patients 
(two nucleosides plus delavirdine) demonstrated more sus-
tained increases in CD4 counts and decreases in HIV viral 
load (assessed by concentrations of both plasma RNA and 
p24 antigen and titer of infectious virus) than group 1, 3, or 
4 patients.

In the randomized, double-blind study Protocol 0021, 
718 patients with a mean baseline CD4 count of 334 cells/µl 
and a mean baseline HIV viral load of 5.25 log10 RNA copies/
ml who had received < 6 months of prior zidovudine therapy 
were randomized to receive either zidovudine alone or zid-
ovudine plus delavirdine (200, 300, or 400 mg three times 
daily). There was no significant difference in CD4 count in 
dual therapy versus monotherapy recipients at week 24 of 
therapy. Recipients of delavirdine and zidovudine had a 
greater decline in HIV RNA than zidovudine monotherapy 
recipients (1.0 log10 vs. 0.5 log10 RNA copies/ml plasma) at 
week 4, but there was little difference observed at 24 weeks, 
with those randomized to receive combination therapy hav-
ing approximately a 0.6 log10 level below baseline and the 
monotherapy group being about 0.5 log10 below baseline 
(ViiV Healthcare, product information, 2012).

In study Protocol 0017, delavirdine and didanosine com-
bination therapy was compared with didanosine monother-
apy in a randomized double-blind trial that enrolled 1190 
HIV-infected patients who had a mean baseline CD4 count 
of 142 cells/µl and a mean baseline HIV viral load of 5.77 
log10 RNA copies/ml. After 6 months of treatment, there was 
no significant difference between the two arms in terms of 
survival or progression to AIDS (ViiV Healthcare, product 
information, 2008).

The activity of delavirdine mesylate was evaluated in the 
AIDS Clinical Trials Group study, ACTG261 (Friedland et 
al., 1999). This was a phase II, randomized, double-blind, 
multicenter trial comparing the three-drug combination of 
delavirdine with zidovudine and didanosine with two-drug 
combinations of these drugs. A total of 544 patients with 
CD4 counts between 100 and 500 cells/µl with either no 
prior or < 6 months of monotherapy with zidovudine or 
didanosine were randomized to one of four arms and 
observed on a followup basis for 48 weeks. In those assigned 
to the three-drug regimen, mean short-term (weeks 4–12) 
and long-term (weeks 40–48) changes in CD4 counts from 
baseline were 49.3 ± 8.1 and 65.4 ± 13.4 cells/µl, respectively; 
mean short-term and long-term HIV-1 RNA changes from 
baseline were –1.13 log10 ± 0.12 and – 0.73 ± 0.12 copies/ml, 
respectively. These responses in CD4 cell counts and HIV-1 
RNA levels were better than observed in each of the two-
drug arms at all study points; however, differences were not 
consistently significant. In this study, therapy with delavir-
dine, zidovudine, and didanosine was safe and showed mod-
est, but not always significant, antiviral activity and CD4 cell 
count benefit compared with two-drug regimens with these 
agents.

Analysis of the 1-year data from two separate trials com-
paring protease-sparing regimens with either delavirdine 
(Protocol 0021, Part II) or nevirapine (INCAS study) com-
bined with dual nucleoside analog therapy appeared to show 
that the two drugs had equivalent efficacy based on decreases 
in HIV viral load and rises in CD4 lymphocyte counts 
(Conway, 2000; Table 237.5).
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1. DESCRIPTION

The nonnucleoside reverse transcriptase inhibitor etravirine 
(previous investigational names R165335 and TMC125) is a 
diarylpyrimidine (DAPY) derivative (see Figure 238.1) and 
is a potent and highly specific inhibitor of the reverse tran-
scriptase of the human immunodeficiency virus type 1 
(HIV-1). In limited studies, it has shown significantly weaker 
activity against HIV-2.

This second-generation nonnucleoside reverse transcrip-
tase inhibitor, etravirine, was discovered by Tibotec (in col-
laboration with Janssen Research Foundation) by screening 
thousands of nonnucleoside reverse transcriptase inhibitors 
(NNRTIs) using the MT4 cell line (Pauwels et al., 1990). It is 
marketed as Intelence, originally by Tibotec, then acquired 
by Johnson & Johnson and now part of Janssen-Cilag. 

Despite the wide cross-resistance among first-generation 
nonnucleoside reverse transcriptase inhibitors, such as nevi-
rapine and efavirenz (Delaugerre et al., 2001; Antinori et al., 
2002; Casado et al., 2002; see Chapter 235, Nevirapine, and 
Chapter 236, Efavirenz), etravirine is active against most clin-
ical strains that harbor first-generation nonnucleoside reverse 
transcriptase resistance-associated mutations (Andries et al., 
2004). It shares the same resistance-associated mutations with 
the other DAPY-analog, rilpivirine (Azijn et al., 2010). 

Etravirine has been approved by the US Food and Drug 
Administration (FDA) and other regulatory authorities for 
use in antiretroviral treatment-experienced adults with HIV-1 
infection.

The chemical name for etravirine is 4-([6-amino-5-bromo- 
2-((4-cyanophenyl)amino)-4-pyrimidinyl]oxy)-3,5-dimethyl-
benzonitrile. Its molecular formula is C20H15BrN6O, and its 
molecular weight is 435.28 (1 µg/ml is approximately 2.3 
µM). Etravirine has been reviewed (Johnson and Sara volatz, 
2009).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Etravirine is unlike the first-generation NNRTIs in that it has 
activity not only against HIV-1 but also against HIV-2.

HIV-1

Etravirine potently inhibits laboratory and clinical isolates 
of HIV-1 in cellular assays (peripheral blood mononuclear 
cells, monocytes/macrophages, and the MT4 lymphoblastoid 
cell line) with 50% effective concentration (EC50) values 
ranging from 0.86 to 5.46 nM (Andries et al., 2004). The drug 
shows antiviral activity toward both the most common group 
M viruses (subtypes A, B, C, D, E, F, and G) and the relatively 
rare group O isolates (Andries et al., 2004; Njai et al., 2005). 
This is remarkable because first-generation non-nucleoside 
reverse transcriptase inhibitors have been shown to be rela-
tively ineffective against group O isolates (Descamps et al., 
1997). The susceptibility of group O isolates to etravirine has 
been confirmed (Briz et al., 2009); however, EC50 values are 
significantly higher than against group M isolates (Product 
information, etravirine, 2016). 

The cytotoxicity of etravirine is low (50% cytotoxic con-
centration [CC50] > 100 µM), indicating that etravirine has a 
very wide therapeutic index (> 50,000). Etravirine inhibits 
recombinant HIV-1 reverse transcriptase in enzyme assays 
with median half-maximal inhibitory concentration (IC50) Figure 238.1. Chemical structure of etravirine.
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values of 38–40 nM. At the tested concentrations (up to 100 
nM), etravirine did not inhibit the human DNA polymerases 
alpha, beta, or gamma (Tibotec Therapeutics, 2007; Andries 
et al., 2004).

Etravirine is active against most HIV-1 strains carrying 
single or double reverse transcriptase amino acid substitu-
tions associated with nonnucleoside reverse transcriptase 
inhibitor resistance, with an EC50 < 5nM for most viruses, 
including the double mutants K101E plus K103N and K103N 
plus Y181C, the most common NNRTI resistance-associated 
mutations. Etravirine was still active (EC50 < 100 nM) against 
97% of 1000+ tested clinical strains resistant to at least one of 
the currently marketed nonnucleoside reverse transcriptase 
inhibitors, efavirenz and nevirapine (Andries et al., 2004). 
Etravirine has not shown a decrease in activity when it was 
tested against a vast panel of clinical isolates with resistance- 
associated mutations to nucleoside/nucleotide analog reverse 
transcriptase inhibitors and/or protease inhibitors (Product 
information, etravirine, 2016).

OTHER RETROVIRUSES

The antiviral activity of etravirine against HIV-2 is lower than 
for HIV-1, in the micromolar range, with EC50 values ranging 
from 5.7 to 7.2 µM (i.e. > 1000-fold higher than the EC50 values 
against HIV-1) (Andries et al., 2004). Likewise, etravirine is 
active against simian immunodeficiency virus (SIV) only at 
micromolar concentrations (median EC50 3.3 µM) (Product 
information, etravirine, 2016; Andries et al., 2004).

2b.  Emerging resistance and 
cross-resistance

Etravirine has a higher genetic barrier to high-level resistance 
than first-generation nonnucleoside reverse transcriptase 
inhibitors because it requires a number of mutations before 
susceptibility is reduced significantly (Seminari et al., 2008). 
Consistent with the requirement for multiple mutations to 
achieve high-level resistance, in in vitro selection experiments, 
HIV-1-resistance to etravirine emerged much more slowly 
than resistance to nevirapine and efavirenz (nevirapine- 
resistant strains can be detected after only one passage in 
vitro) (Mellors et al., 1992). The emergence of etravirine- 
resistant strains from wild-type HIV-1 was prevented at etra-
virine concentrations of 40–1000 nM, whereas efavirenz and 
nevirapine did not prevent breakthrough of resistant strains 
even at a concentration of 1000 nM. Breakthrough of resis-
tant virus from NNRTI-resistant HIV-1 was still completely 
inhibited at an etravirine concentration of 1000 nM (Vinger-
hoets et al., 2005).

Both low and high multiplicity of infection experiments 
showed that the emergence of etravirine resistance requires 
multiple mutations, which frequently conferred cross- 
resistance to efavirenz and nevirapine. The mutations selected 
by etravirine in vitro are the known nonnucleoside reverse 
transcriptase inhibitor-associated mutations L100I, Y181C, 
G190E, M230L, and Y318F and the novel mutations V179I 

and V179F. The mutations in codons 181 have been described 
in HIV-1 strains resistant to all nonnucleoside reverse tran - 
scrip tase inhibitors, including pyridinone derivatives, HEPT 
derivatives, BHAP derivatives, and TIBO derivatives (Bal zarini 
et al., 1993a; Balzarini et al., 1993b; Carroll et al., 1994; Taylor 
et al., 1994; Vandamme et al., 1994; Fan et al., 1995). L100I 
mutations have also been reported in association with TIBO 
and BHAP resistance, and the K103N mutation in asso-
ciation with pyridinone and TIBO resistance. Mutations in 
codons 101 and 179 have been associated with extensive 
cross-resistance to all nonnucleoside reverse transcriptase 
inhibitors (Ceccherini-Silberstein et al., 2007). Mutations at 
codon 190 are known to emerge after failure of nevirapine 
(Hanna et al., 2000; Delaugerre et al., 2001; Eshleman et al., 
2001). The Y318F mutation has been reported to be associ-
ated with resistance for nevirapine and efavirenz (Harrigan 
et al., 2002). 

The activity of etravirine was tested against a panel of 
HIV-1 strains that had one or more specific mutations in the 
reverse transcriptase gene. These assays indicated that muta-
tions in codons 101, 138, and 181 seemed to be of major 
importance for resistance to etravirine because the single 
mutations that are associated with a > 3.4-fold decrease in 
etravirine susceptibility (the biologic cut-off for efavirenz) 
were all in the three codons 101, 138, and 181; the specific 
mutations were K101A/P/Q, E138G/Q, and Y181C/I/T/V. 
The impact of individual mutations on resistance depends 
highly on the presence of co-existing mutations, especially 
Y181C. The Y181C and V179F mutations seemed to synergis-
tically decrease the susceptibility of HIV-1 strains to etravirine 
(Vingerhoets et al., 2005; Product information, etravirine, 
2016). The Y181C mutation together with at least one addi-
tional etravirine resistance-associated mutation resulted in 
approximately a 13-fold reduction in susceptibility of the 
HIV-1 strain to etravirine (Poveda et al., 2008). These authors 
also described two novel mutations associated with reduced 
etravirine susceptibility, K101H and E399D.

The requirement for multiple reverse transcriptase muta-
tions to produce etravirine resistance can be explained by the 
fact that this drug, like other diarylpyrimidine analogs, but 
unlike the benzoxazinone efavirenz and the dipyridodiazepi-
none derivative nevirapine, can bind the reverse transcrip-
tase enzyme in multiple conformations and thus escape the 
effects of resistance-associated mutations. Structural studies 
have shown that etravirine can adapt to changes in the struc-
ture of the nonnucleoside reverse transcriptase inhibitor 
binding pocket in several ways, making it potent against 
wild-type and a wide range of drug-resistant mutant HIV-1 
reverse transcriptases (see section 3, Mechanism of drug 
action). In treatment-experienced patients, the presence of 
three or more nonnucleoside resistance mutations at base-
line had a negative impact on the outcome of etravirine 
therapy (Seminari et al., 2008). The requirement for multiple 
reverse transcriptase mutations to significantly blunt the effi-
cacy of etravirine was also shown in the TMC125-C227 
study, described in detail in section 7, Clinical uses of the 
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drug (Ruxrungtham et al., 2008). A natural polymorphism, 
G190A, has been described that is associated with reduced 
susceptibility to etravirine (Briz et al., 2009). 

Studies have reviewed the available algorithms for pre-
dicting resistance to etravirine. The Agence Nationale de 
Recherche sur le SIDA—International AIDS Society (ANRS–
IAS) algorithm, which uses a list of 13 mutations in reverse 
transcriptase and predicts resistance for HIV strains carrying 
3 or more of these mutations, may underestimate the pro-
portion of viruses that are partially resistant to etravirine 
(Cotte et al., 2009).

In the DUET trials, the following 20 mutations were asso-
ciated with a reduced response to etravirine therapy: V90I, 
A98G, L100I, K101E/H/P, V106I, E138A/G/K/Q, V179D/
F/T, Y181C/I/V, G190A/S, and M230L. The K103N muta-
tions, which mediate high-level resistance to first-generation 
nonnucleoside reverse transcriptase inhibitors, was not asso-
ciated with a decreased virologic response to etravirine 
therapy (Tambuyzer et al., 2010; Vingerhoets et al., 2010). 
Subgroup analysis in the DUET trials show that of patients 
with full etravirine sensitivity (defined as ≤ threefold change 
in 50% effective concentration or a weighted genotypic score 
≤ 2) using etravirine at week 48, 74% (< threefold change in 
50% effective concentration) to 77% (genotypic score ≤ 2) 
had a viral load < 50 copies/ml versus 48% and 46%, respec-
tively, in the placebo group (Clumeck et al., 2010). In patients 
who previously failed on and/or were intolerant to efavirenz 
and/or nevirapine and who had plasma HIV-1 RNA < 400 
copies/ml, etravirine resistance associated mutations (Y181C 
plus H221Y, E138K, Y181V) were detected in only 5 of 128 
(4%) patients (Gallien et al. 2015).

As described earlier, most strains resistant to delavir- 
dine, efavirenz, and/or nevirapine are still susceptible to etra-
virine (Vingerhoets et al., 2005). High-level resistance to etra-
virine appears to be relatively uncommon even in patients 
whose strains harbor mutations to efavirenz and nevirapine 
(Llibre et al., 2008). In a study in 169 patients who previously 
failed on and/or were intolerant to efavirenz and/or nevirapine 
and who had plasma HIV-1 RNA < 400 copies/ml, Etra-
virine resistance associated mutations (Y181C plus H221Y, 
E138K, Y181V) were detected in 5 (4%) individuals out of 128 
patients in whom reverse transcriptase gene amplification was 
successful (Gallien et al. 2015). However patients experiencing 
virological failure on etravirine in the DUET trials mostly had 
isolates that were cross-resistant to first-generation NNRTIs 
(84% to efavirenz and 96% to nevirapine compared with 69% 
for efavirenz and 78% for nevirapine at baseline). 

There is a high level of cross resistance between etravirine 
and rilpivirine (Azijn et al., 2010; see Chapter 239, Ril-
pivirine). Of the patients in phase III clinical trials evaluating 
rilpivirine in treatment-naive patients, 90% of isolates from 
patients experiencing virologic failure in the rilpivirine arm 
with phenotypic resistance to rilpivirine were cross-resistant 
to etravirine (Cohen et al., 2011; Molina et al., 2011). The 
mutation E138K associated with rilpivirine resistance also 
confers susceptibility to etravirine (Rimsky et al., 2013). Con-
sequently, etravirine should be avoided in patients failing 

rilpivirine. Summarizing, cross-resistance to first- generation 
NNRTIs is expected, and etravirine should be avoided in 
patients failing rilpivirine. 

No drug resistance could be detected in initial studies 
involving 12 antiretroviral-naive patients who received etra-
virine monotherapy (900 mg twice daily) for 7 days (Gruzdev 
et al., 2003). There is no evidence from in vitro or clinical 
studies for cross-resistance of etravirine with any of the 
nucleoside reverse transcriptase inhibitors. Cross-resistance 
between etravirine and other classes of antiretroviral drugs is 
unlikely, given the different HIV replication targets of these 
compounds. 

There is concern about resistance development in HIV 
non-B subtypes: In 14 of 101 predominantly subtype A1 
infected patients with resistance against nevirapine and efa-
virenz, a substitution at 138 had occurred, a mutation in sub-
type B selected only by etravirine and rilpivirine (Crawford 
et al., 2014), and in a cohort of 726 antiretroviral-naive 
non-B HIV infected patients, the prevalence of etravirine 
resistance-associated mutations in treatment-naive patients 
infected with non-B HIV-1 subtypes was 10%. In most cases 
this had no significant impact on etravirine susceptibility 
(Maïga et al., 2010).

2c.  In vitro synergy and antagonism

Etravirine, like the nonnucleoside reverse transcriptase 
inhibi tors efavirenz and nevirapine, is synergistic with the 
nucleoside reverse transcriptase inhibitor zidovudine in 
vitro, which can be explained by a general mechanism of 
nonnucleoside reverse transcriptase inhibitors inhibiting the 
ATP-mediated removal of nucleoside reverse transcriptase 
inhibitors from the reverse transcriptase active site, thereby 
sustaining chain termination by the latter drug. However, in 
contrast to efavirenz and nevirapine, etravirine also retained 
this synergy in the presence of the most common nonnu-
cleoside reverse transcriptase inhibitor resistance mutations 
(Basavapathruni et al., 2004; Basavapathruni et al., 2006). 
This synergy has also been shown for the nucleoside reverse 
transcriptase inhibitors lamivudine (see Chapter 228, Lami-
vudine) and emtricitabine (see Chapter 231, Emtricitabine). 
No evidence of synergy or antagonism has been found for 
etravirine with the nucleoside reverse transcriptase inhibi-
tors zalcitabine, didanosine, stavudine, and abacavir; the 
nucleotide analog reverse transcriptase inhibitor tenofovir; 
the nonnucleoside reverse transcriptase inhibitors delavir-
dine, efavirenz, and nevirapine; the protease inhibitors indi-
navir, ritonavir, nelfinavir, lopinavir, saquinavir, amprenavir 
atazanavir, darunavir, and tipranavir; and the fusion inhib-
itor enfuvirtide (Andries et al., 2004; Tibotec Therapeutics, 
2007).

3. MECHANISM OF DRUG ACTION

Etravirine is a nonnucleoside reverse transcriptase inhibi-
tor that unlike the other nonnucleoside reverse transcrip-
tase inhibitors (nevirapine, efavirenz, and delavirdine) has 
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activity not only against HIV-1, but also against HIV-2. Like 
other nonnucleoside analog reverse transcriptase inhibitors, 
but unlike the nucleoside analog inhibitors, etravirine does 
not require intracellular phosphorylation for its activity and, 
although it inhibits DNA synthesis by the HIV reverse tran-
scriptase, it does not terminate DNA synthesis (Andries et 
al., 2004; Andries, 2006; Tibotec Therapeutics, 2007).

Etravirine can bind the enzyme reverse transcriptase in 
multiple conformations and thereby escape the effects of par-
ticular drug resistance mutations. All nonnucleoside reverse 
transcriptase inhibitors bind to HIV-1 reverse transcriptase 
in a hydrophobic pocket (the nonnucleoside inhibitor-bind-
ing pocket) with a common “butterfly-like” binding mode 
(Kohlstaedt et al., 1992; Ding et al., 1995; see Figure 238.2a). 
The nonnucleoside binding pocket is elastic, and its confor-
mation depends on the size, specific amino acid sequence, 
and the binding mode of the nonnucleoside reverse tran-
scriptase inhibitor; the overall structure of reverse transcrip-
tase has segmental flexibility that also varies according to the 
nature of the bound nonnucleoside reverse transcriptase 
inhibitor. The conformation characteristics are highly influ-
enced by the presence of mutations in the reverse transcrip-
tase enzyme, potentially hampering the binding of the rather 
inflexible nonnucleoside reverse transcriptase inhibitors 
nevirapine and efavirenz to the binding site. Etravirine, like 
rilpivirine (see Chapter 239, Rilpivirine) is a much more flex-
ible molecule than first-generation nonnucleoside reverse 
transcriptase inhibitors (Andries, 2006; Rodriguez-Barrios 
et al., 2005). As a consequence, it can adapt to changes in the 
nonnucleoside reverse transcriptase inhibitor binding pocket 
in several ways (see Figure 238.2b). First, etravirine can bind 
in at least two conformationally distinct modes; second, 
within a given binding mode, it has torsional flexibility (wig-
gling), permitting access to conformational variants of the 
reverse transcriptase enzyme; and finally, the compact design 

of etravirine permits significant repositioning and reorienta-
tion (translation and rotation) within the pocket (jiggling). 
These characteristics make etravirine a potent drug against 
HIV-1 with wild-type reverse transcriptase and against a wide 
range of drug-resistant mutant HIV-1 reverse transcriptases 
(Das et al., 2004; Rodriguez-Barrios et al., 2005).

When cultured cells were infected with HIV, etravirine 
showed a time of addition versus inhibitory activity profile 
that was similar to that of efavirenz, with a significant loss of 
activity when drug administration was delayed for 7 hours or 
more after infection. This indicates that, as expected, etravir-
ine acts in the first phase of HIV infection, when the reverse 
transcriptase enzyme is active (Andries et al., 2004; Andries, 
2006).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Etravirine is available for only oral administration in 100-mg 
tablets (F060 formulation, developed based on spray-dried 
technology). A tablet of 25 mg of the same formulation has 
been developed for pediatric use. In 2011 the FDA approved 
a 200 mg formulation. Comparable etravirine exposures were 
observed regardless of formulation (25, 100, or 200 mg), 
coated or noncoated tablets, or method of administration 
(i.e. dispersion); 200-mg tablets were rated as easier to swal-
low than 100-mg tablets (Kakuda et al., 2013c).

The initial clinical trials were performed using a hard gel 
capsule containing 50 mg etravirine and 700 mg polyethy-
lene glycol (PEG) 4000. The phase IIb trials were performed 
using the TF035 formulation containing 200 mg etravirine. 
In HIV-1-infected subjects, a dosage of 200 mg twice daily of 
the F060 formulation provided an exposure similar to that 

Figure 238.2. Schematic of HIV reverse transcrip-
tase inhibition by nonnucleoside reverse transcrip-
tase inhibitors. Row 1: Nonnucleoside reverse 
transcriptase inhibitors (light gray) in the hydro-
phobic binding pocket of the HIV-1 reverse 
transcriptase (dark gray). Rows 2 and 3: Mutations 
in the reverse transcriptase are indicated by the 
black triangle and pentagon. A flexible nonnucleo-
side reverse transcriptase inhibitor (like etravirine, 
panel b) is better able to overcome the effects of 
resistance-associated mutations than the more 
rigid, first-generation no-nucleoside reverse trans- 
criptase inhibitors (like efavirenz and nevirapine, 
panel a). (Adapted with permission from Das et al. 
(2004).)
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provided by 800 mg twice daily of the TF035 formulation, 
but with less variability (Product information, etravirine, 
2016).

The recommended dose of etravirine for adults is 200 mg 
twice daily, following a meal. The drug is not licensed by the 
FDA nor EMEA for use in treatment-naive patients (Product 
information, etravirine, 2016).

4b.  Newborn infants and children

A 25-mg tablet of the F060 formulation has been developed 
for pediatric use. The safety and efficacy of etravirine in chil-
dren < 6 years of age or weighing < 16 kg have not yet been 
established. No data are available (Product information, etra-
virine, 2016).

Based on a study in 21 children aged 6–17 years, etravir-
ine 5.2 mg/kg twice daily was selected for clinical studies. 
Mean (standard deviation) maximum plasma concentrations 
in the dosing groups of 4 and 5.2 mg/kg twice daily were 
495 (453) ng/ml and 757 (680) ng/ml, respectively; the area- 
under-the-concentration-time curve (AUC) over 12 hours 
was 4050 (3602) ng/h/ml and 6141 (5586) ng/h/ml, respec-
tively. Statistical and/or qualitative comparisons showed 
comparable exposures with adults and the higher dosing 
group (Königs et al. 2012). The dose of etravirine recom-
mended by the manufacturer for pediatric patients (6 years 
to < 18 years of age and weighing at least 16 kg) is based on 
body weight (see Table 238.1). 

4c.  Pregnant and lactating mothers

Etravirine is classified by the FDA as a category B drug. The 
safety of etravirine in pregnant women has not been studied. 
No teratogenicity has been observed in animal studies. There 
is very limited experience with etravirine in pregnant ani-
mals; a few case reports and case series report the successful 
and safe use of etravirine in pregnant women (Jaworsky et 
al., 2010; Izurieta et al. 2011; Shust et al., 2014). A recent 
study of the pharmacokinetics of etravirine (200 mg twice 
daily) in HIV-infected pregnant women between 18 and 26 
weeks of gestation has demonstrated 1.2- to 1.4-fold higher 
exposure of etravirine during pregnancy compared with 
postpartum levels (Ramgopal et al., 2016). The manufacturer 
recommends that etravirine should be used only in excep-
tional cases during pregnancy, if it is considered that poten-
tial benefits outweigh potential risks (Product information, 
etravirine, 2016). The cord/plasma ratio in a pregnant woman 

using etravirine 200 mg twice daily was 0.51 (Calcagno et 
al. 2013). It is not known whether etravirine is secreted in 
human breast milk. 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Etravirine has not been studied systematically in patients 
with renal dysfunction. However, no dose adjustment is 
required in patients with renal impairment because renal 
elimination is only a minor route of excretion (< 1.2%). As 
etravirine is highly protein bound, the manufacturers do not 
expect significant drug removal by either hemodialysis or 
peritoneal dialysis (Product information, etravirine, 2016). 
However in a patient on hemodialysis, etravirine concentra-
tions were lowered by 29% (Giguère et al., 2009).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

When etravirine 200 mg (F060 formulation) was adminis-
tered to eight patients with mild and eight with moderate 
hepatic impairment (Child–Pugh score of 5–6 [Class A] and 
7–9 [ Class B], respectively), no safety events occurred. The 
maximum concentration (Cmax) and AUC12h were lower  
than in the healthy controls, but this was not considered to 
be clinically relevant (Schöller-Gyüre et al., 2010). Thus no 
dose adjustment is needed in patients with mild to moderate 
hepatic impairment. However, because etravirine is metabo-
lized by the liver and the pharmacokinetics of etravirine have 
not been studied in patients with severe hepatic impairment 
(Child-Pugh score 10–15 [class C]), etravirine is not recom-
mended in patients with severe hepatic impairment (Product 
information, etravirine, 2016). 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The absolute oral bioavailability of etravirine is unknown 
but has been shown to increase significantly when the drug 
was administered after a meal. Investigators showed little dif-
ference between dosing with a light breakfast (croissant), a 
high-fat breakfast, or a standard breakfast (Schöller-Gyüre et 
al., 2008). If given in a fasting state, the mean drug exposure 
is reduced by about half. The time to maximum concentra-
tion (tmax) is between 2.5 and 4 hours (Product information, 
etravirine, 2016).

Etravirine is highly bound to plasma proteins (> 99.8%), 
including albumin and alpha1-acid glycoprotein (AAG). The 
antiviral effect of the drug was not affected by the presence 
of these proteins in high concentrations (Andries et al., 
2004).

Inaccuracy of the measurement of (mainly) lower plasma 
levels of etravirine has been reported: measurement of plasma 
etravirine levels in samples spiked with a known concentra-
tion of drug was inaccurate in 31% of 28 tested laboratories, 

Table 238.1. Dose of etravirine as recommended by the 
manufacturer for pediatric patients.

Weight Dose 

≥ 16–< 20 kg 100 mg twice daily 

≥ 20–< 25 kg 125 mg twice daily 

≥ 25–< 30 kg 150 mg twice daily 

≥ 30 kg 200 mg twice daily 
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which may be a problem because effective plasma concen-
trations are relatively low, in the < 1.0 mg/l range (Burger et 
al., 2014).

5b.  Drug distribution

In a phase I study, 12 patients were administered 900 mg 
(polyethylene glycol [PEG] 4000 formulation) twice daily for 
7 days. A steady-state plasma concentration of etravirine was 
attained within 5 days of treatment, with a mean minimum 
concentration (Cmin) of 246 ng/ml and a Cmax of 419 ng/ml 
(Gruzdev et al., 2003). In another study, 16 patients failing 
a  nonnucleoside reverse transcriptase inhibitor-containing 
anti retroviral regimen (efavirenz or nevirapine) received 
etra virine 900 mg (PEG 4000 formulation) for 7 days, as a 
substitute for the nonnucleoside reverse transcriptase inhib-
itor in their failing therapy. Steady-state pharmacokinetics 
was reached between 5 and 6 days of treatment. The mean 
trough level on day 8 was 200 ng/ml (range: 47–828 ng/ml). 
The mean maximum plasma concentration was 390 ng/ml 
(range: 110–1270 ng/ml) on day 8. The mean elimination 
half-life after the last administration on day 8 was 36 hours 
(Gazzard et al., 2003).

A total of 10 patients with high levels of resistance to 
nucleoside reverse transcriptase inhibitors, nonnucleoside 
reverse transcriptase inhibitors, and protease inhibitors were 
given etravirine 200 mg, darunavir 600 mg, and ritonavir 
100 mg, all twice daily, in combination with two or more 
nucleoside reverse transcriptase inhibitors, and with or with-
out enfuvirtide. After 1–4 weeks, all patients showed modestly 
reduced (30%) exposure to etravirine, which is similar to  
the values previously measured when etravirine was co- 
administered with a boosted protease inhibitor (median 
etravirine AUC and C0h from historical data were 3556 ng/
ml/h and 196 ng/ml/h, respectively), and all patients had an 
etravirine Cmin higher than the median etravirine IC50 for 
wild-type HIV (2 ng/ml) (Boffito et al., 2007).

In a series of 12 patients receiving etravirine, the median 
plasma etravirine concentration was 611.5 (range: 148–991) 
ng/ml and the median cerebrospinal fluid (CSF) concentra-
tion was 7.24 (range: 3.59–17.9) ng/ml; in all cases, CSF con-
centrations were above the IC50 range (0.39–2.4 ng/ml). The 
median etravirine CSF/plasma ratio was 0.01 (range: 0.005–
0.03). All patients with undetectable plasma viral load were 
virologically suppressed in CSF while receiving an etravirine- 
containing regimen (Tiraboschi et al. 2012). However, etra-
virine has high affinity for plasma drug-binding proteins, 
which limits the amount of unbound etravirine available to 
enter the central nervous system (CNS). In a series of 17 
patients, total and unbound median etravirine concentra-
tions in CSF were 9.5 ng/ml (interquartile range [IQR]: 6.4, 
26.4) and 0.13 (IQR: 0.08, 0.27) ng/ml, respectively, and 98.4% 
(IQR: 97.8, 98.8) protein bound in CSF. Total etravirine in 
CSF was 4.3% (IQR: 3, 5.9) of total and 101% (IQR: 76, 160) 
of unbound etravirine in plasma. There were no significant 
correlations between unbound etravirine concentrations  
and concentrations of albumin in plasma or CSF. Unbound 

etravirine concentrations in CSF did not reach the wild-type 
IC50 in any of the 17 subjects. Therefore, unbound etravirine 
may not achieve optimal concentrations to inhibit HIV rep-
lication in the CNS (Nguyen et al. 2013). There is, however, a 
case reporting the clinical benefit of etravirine in the man-
agement of acute HIV meningoencephalitis (Couzigou et al., 
2009). In mice, etravirine has been shown to cross the blood–
brain barrier, with brain/ plasma AUC ratios of 2:5 when 
measured after 3 months of oral administration of 10 or 800 
mg/kg body weight per day. This ratio has been confirmed 
in autoradiography studies in rats; a twofold concentration 
of etravirine was found in the placenta and sevenfold higher 
levels in the mammary gland than in plasma (Product infor-
mation, etravirine, 2016).

Etravirine seems to distribute at adequate levels in either 
seminal fluid or cervicovaginal fluid. In 10 antiretroviral- 
experienced HIV-1 patients, etravirine concentrations in 
seminal fluid reached only 16% of the blood plasma concen-
tration, but were more than 10 times greater than the wild-
type IC50 range (not adjusted for protein binding) (Tiraboschi 
et al. 2013). In a study in 12 HIV-negative men receiving 600 
mg of darunavir, 100 mg of ritonavir, and 200 mg of etravir-
ine twice daily, seminal plasma exposures were lower than 
blood plasma by 83–88%. Protein binding in seminal plasma 
(97% for etravirine) was lower than in blood plasma. Rectal 
tissue exposures were higher than blood plasma by 20- to 
40-fold for etravirine (Brown et al. 2012). Etravirine concen-
trations in 12 HIV-1-infected women receiving an etravir-
ine-containing regimen were (median) 663 ng/ml in blood 
plasma and 857 ng/ml in cervicovaginal fluid; with a cervico-
vaginal fluid/blood plasma etravirine ratio of approximately 
1.2. This good penetration of etravirine may contribute to 
the control of viral replication in the female genital tract 
(Clavel et al., 2012). Cervicovaginal fluid concentrations 
were approximately 1.3-fold higher than in plasma, suggest-
ing this drug may be effective in primary and secondary pre-
vention strategies and could be an important future strategy 
for prevention of mother to child transmission in HIV-
infected pregnant women (Patterson et al., 2011)

5c. Clinically important pharmacokinetic 
and pharmacodynamic features

Currently, no data regarding specific clinically important 
pharmacodynamic features of etravirine are available.

5d.  Excretion

Etravirine is methyl-hydroxylated by the cytochrome P-450 
enzyme system, followed by glucuronidation and then excre-
tion in faeces. Only 1.2% of the administered dose is elimi-
nated in the urine. CYP3A4 and CYP2C (2C9, 2C18, and 
2C19) are the major cytochrome P-450 isozymes involved in 
the metabolism of etravirine (Seminari et al., 2008). Etra-
virine is a substrate and a weak inhibitor of CYP2C9 and 
CYP2C19 and a substrate and inducer of CYP3A4 (the major 
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isoenzyme inhibited by ritonavir) (Schöoller-Gyure et al., 
2008). Thus co-administered drugs that inhibit or induce 
these enzymes may alter etravirine plasma concentrations.

5e.  Drug interactions

The interactions of etravirine with other drugs are summa-
rized in Table 238.2. Additional, detailed and up-to-date 
information about drug interactions can be obtained from 
the excellent drug interactions database run by the University 
of Liverpool (hiv-drug interactions.org).

In vitro, etravirine inhibits the intestinal drug transporter, 
P-glycoprotein (P-gp), as well as being a weak inhibitor of 
CYP2C9 and CYP2C19, and a substrate and inducer of 
CYP3A4 (Seminari et al., 2008; Yanakakis et al. 2012). In vivo 
data combining etravirine with a Cooperstown cocktail (a 
panel of four drug probes used in human pharmacokinetic 
studies to determine the activity of drug metabolizing 
enzymes) have confirmed these effects (Kakuda et al,. 2014a). 
These features complicate drug interactions with etravirine 
because co-administered drugs that inhibit or induce these 
enzymes may alter etravirine plasma concentrations. Fur-
thermore, etravirine may alter plasma levels of drugs that are 
metabolized by the CYP isoenzymes and P-gp. Interactions 
of etravirine co-administered with other drugs are summa-
rized in Table 238.2.

There was no interaction between etravirine (800 mg 
twice daily) and didanosine (400 once daily). In two studies 
of tenofovir administered in a dose of 245 mg once daily and 
etravirine 800 mg and 200 mg twice daily, there was a 
decrease in etravirine levels of 31% and 19%, respectively, 
although these changes were not considered clinically rele-
vant (Davies et al., 2005). No dose alteration is required 
when etravirine and tenofovir are co-administered (Kakuda 
et al., 2009). Interaction with other nucleoside or nucleotide 
reverse transcriptase inhibitors has not been studied but is 
not expected because this class of drugs has a different elim-
ination pathway than etravirine.

Interaction trials with the protease inhibitors showed that 
when atazanavir, indinavir, or saquinavir, not boosted by 
ritonavir, was co-administrated with etravirine, the plasma 
levels of these protease inhibitors decreased to such an extent 
that co-administration was not recommended. Increased 
plasma levels of etravirine were measured when it was co- 
administered with ritonavir-boosted atazanavir or ritonavir- 
boosted lopinavir (due to inhibition of CYP3A4 by the 
ritonavir), but these increases were not considered to be 
 clinically relevant. Ritonavir-boosted lopinavir–saquinavir 
decreases etravirine plasma levels, but this decrease is also 
not considered clinically relevant (Schöller-Gyüre et al., 
2013) Ritonavir-boosted tipranavir and therapeutic-dose 
ritonavir (600 mg twice daily) decrease etravirine levels by 
76% and 46%, respectively, and co-administration of these 
drugs with etravirine is not recommended.

When atazanavir (Orell et al., 2015), darunavir, lopinavir, 
or saquinavir was boosted with ritonavir, the plasma levels 
of these protease inhibitors remained unaltered or trivially 

decreased when co-administered with etravirine (Boffito et 
al., 2007; Schöller-Györe et al., 2007). The pharmacokinetics 
of darunavir–ritonavir administered with etravirine in ado-
lescents resulted in similar exposure to adults (Cressey et al., 
2016). Nelfinavir has not been formally examined in inter-
action studies, but because it is a substrate and inhibitor of 
CYP2C19, its co-administration with etravirine is likely to 
cause increased levels of both drugs. Ritonavir-boosted fosam-
prenavir shows substantially increased plasma concentrations 
when co-administered with etravirine; thus dose adjustment 
for fosamprenavir may be necessary (Vingerhoets et al., 2006; 
Schöller-Gyüre et al., 2008b; Tibotec Thera peu tics, 2007).

Interaction with enfuvirtide has not been formally stud-
ied but is not expected because enfuvirtide has a different 
elimination pathway than etravirine. Population pharmaco-
kinetic analysis confirms this hypothesis (Boffito et al., 2007).

When maraviroc is co-administered with etravirine, no 
dose adjustment of maraviroc or etravirine is necessary 
(Product information, etravirine, 2015).

No clinically relevant changes in plasma levels occurred 
when etravirine was combined with the integrase inhibitors 
raltegravir or eltegravir (Ramanathan et al., 2008). Etravirine 
significantly decreases dolutegravir AUC, Cmax, and Ctrough 
by 70%, 52%, and 88%, respectively, but this effect is miti-
gated by co-administration with a ritonavir-boosted protease 
inhibitor (Song et al., 2011). Etravirine levels are not altered 
by dolutegravir with or without ritonavir-boosted darunavir 
or lopinavir (Product information, etravirine, 2015).

In a trial combining etravirine with efavirenz or nevira pine, 
a significant decrease was seen in etravirine levels. The combi-
nation of two nonnucleoside reverse transcriptase inhibitors 
is not recommended for pharmacokinetic reasons and makes 
no virologic sense because there is no evidence of additive or 
synergistic effects (Product information, etravirine, 2015).

No interaction of etravirine is expected with ribavirin and 
the nucleoside/ nucleotide analogs used for the treatment of 
hepatitis B and C. Co-administration of telaprevir and etra-
virine results in a decrease of telaprevir minimum plasma 
concentration, maximum plasma concentration, and area- 
under-the-concentration-time curve of 25%, 10%, and 16%, 
respectively, unlikely to be clinically relevant. Telaprevir did 
not affect etravirine pharmacokinetics (Kakuda et al., 2014c). 
Co-administration of boceprevir and etravirine decreased 
etravirine AUC, Cmax, and Cmin by 23%, 24%, and 29%, respec-
tively. Boceprevir AUC and Cmax increased 10% and C8 
decreased 12% by etravirine (Hammond et al., 2013). Co- 
administration with the other direct-acting antivirals for 
hepatitis C has not been studied. No interaction is expected 
for ledipasvir and sofosbuvir. Plasma levels of, elbasvir– 
grazoprevir, ombitasvir–paritaprevir–ritonavir and possibly 
dasa buvir and simeprevir are expected to decrease signifi-
cantly due to CYP3A4 induction by etravirine, so co-adminis-
tration of etravirine with these agents is not recommended.

Co-administration with azithromycin is not likely to 
cause any interaction. Combination of etravirine with clari-
thromycin reduces clarithromycin plasma concentrations 
(while etravirine levels remain unaffected) (Kakuda et al., 

http://www.hiv-druginteractions.org
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2014b); hence co-administration of these two drugs is not 
recommended when treating Mycobacterium avium complex 
infections. 

When rifabutin is co-administered with etravirine, both 
etravirine and rifabutin levels are decreased (Kakuda et al., 
2014b). Rifampicin and rifapentine are inducers of CYP450 
and should generally not be co-administered with etravirine 
(Product information, etravirine, 2015). Two cases where 
off-label  etravirine  was used concurrently with antituber-
culous treatment including rifampin (because of the unavail-
ability of alternatives), resulted in a decrease in plasma drug 
concentrations of etravirine  but did not result in treatment 
failure (Gagliardini et al., 2014).

Fluconazole and posaconazole are potent inhibitors of 
CYP3A4 and co-administration with etravirine is likely to 
increase etravirine levels without altering fluconazole or 
posaconazole levels. Itraconazole and ketoconazole are 
potent inhibitors and substrates of CYP3A4 and are likely to 
cause higher levels of etravirine as well. In addition, their 
plasma concentrations may be decreased. Voriconazole is 
a  substrate of CYP2C19 and an inhibitor of CYP3A4 and 
2C: Plasma levels of both drugs may be increased by co- 
administration with etravirine (Product information, etra-
virine, 2015). However, in healthy volunteers no clinically 
relevant pharmacokinetic interactions between etravirine 
and fluconazole or voriconazole were shown; no dose adjust-
ments of fluconazole are required during co-administration 
(Kakuda et al., 2013a).

Co-administration of etravirine with artemether–lume-
fantrine may lower the antimalarial activity of artemether 
and should therefore be used with caution; etravirine levels 
remained unaffected (Kakuda et al., 2013b).

Plasma levels of antiarrhythmic drugs may be decreased 
when co-administered with etravirine. Calcium channel 
blockers, such as nifedipine, are substrates of CYP3A4; 
co-administration with etravirine may result in lower plasma 
levels of the calcium blocker and is not recommended (Product 
information, etravirine, 2015).

Co-administration with anticonvulsants such as carba-
mazepine and phenobarbital has not been studied. Because 
they are inducers of CYP450 and are thus likely to decrease 
etravirine levels, co-administration is not recommended, 
pending data.

Dexamethasone is an inducer of CYP3A4, so this drug 
should be used only topically or by inhalation. No interaction 
is expected with fluticasone, prednisone, or prednisolone. 
Co-administration of etravirine with the systemic immuno-
suppressants ciclosporin, rapamycin, sirolimus, and tacro-
limus is expected to decrease the concentrations of those 
drugs; they should not be co-administered with etravirine 
(Product information, etravirine, 2015).

Ranitidine slightly decreases etravirine levels, and ome-
prazole slightly increases etravirine exposure due to inhibi-
tion of CYP2C19; both can be co-administered without any 
dose adjustment (Schöller-Gyüre et al., 2008a).

Interaction with statins has been studied only for atorvas-
tatin, which is a CYP3A4 substrate. No significant interaction 

was found, although atorvastatin levels are reduced, and 
none is expected for the other statins (Product information, 
etravirine, 2015). 

There was no significant interaction of etravirine with 
methadone, and no dose adjustment of either drug is antici-
pated to be necessary (Schöller-Gyüre et al., 2008b). Etra -
virine has no significant interaction with oral contraceptives; 
thus etravirine is unlikely to inhibit the efficacy of these 
agents (Product information, etravirine, 2008). Etravirine 
may result in decreased levels of sildenafil, and dose adjust-
ment may be required. There was no significant influence on 
etravirine plasma concentrations when co-administered with 
Echinacea purpurea (Moltó et al., 2012). Co-administration 
with St. John’s wort (Hypericum perforatum) is not recom-
mended because significant decreases in etravirine levels 
may occur. Co-administration of etravirine with benzodi-
azepines may result in increased plasma levels of the latter 
drugs. There is no significant interaction with the serotonin- 
reuptake inhibitor paroxetine (Product information, etravir-
ine, 2015).

Concentrations of warfarin may be altered, and dose 
adjustments of warfarin on guidance of the international nor-
malized ratio are recommended when it is co- administered 
with etravirine mediated by a CYP2C9 interaction, resulting 
in over-anticoagulation. A similar effect is anticipated with 
co-administration of etravirine and warfarin (Liedtke and 
Rathbun, 2009; John et al., 2013). No problems occurred 
when combining etravirine with BEACOPP chemotherapy 
for advanced Hodgkin’s lymphoma (Kurz et al., 2015).

Other interactions may be found on the etravirine prod-
uct insert (2015). The most recent update should be checked 
for drug interactions with etravirine.

6. ADVERSE REACTIONS AND TOXICITY

Etravirine is generally very well tolerated. Probably the 
most extensive and useful toxicity data on etravirine come 
from the 24-week and later analyses of the combined DUET 
studies, in which etravirine was compared with a placebo in 
subjects being given optimized background therapy for drug- 
resistant HIV-1 infection. These studies showed that rash 
was the only adverse reaction to occur more often in the etra-
virine-treated patients than in those receiving placebo (Laz-
zarin et al., 2007; Madruga et al., 2007; Deeks and Keating, 
2008; Montaner et al., 2008; see Table 238.3). There were no 
significant differences between the two groups in terms of 
adverse reactions (see Table 238.3). Rash due to etravirine 
was usually mild, often receded if treatment was continued, 
and rarely became sufficiently severe to warrant discontin-
uing therapy. Similar data have been reported for the 
TMC125-C203 Study (Deeks and Keating, 2008; Product 
information, etravirine, 2015).

The overall incidence of rash (any type) was 18% to 21% 
in the patients given etravirine (200 mg twice daily) and 
about half that in the placebo group. Most rashes were grade 
1 or 2, only 1.2% were grade 3 ,and none was of grade 4; 
likewise, there were no cases of Stevens-Johnson syndrome 
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Table 238.2. Interactions of etravirine with other co-administered drugs.

Drug Interaction

Nucleoside and nucleotide reverse transcriptase inhibitors
Didanosine (ddI) etravirine =; ddI = No significant interaction; etravirine AUC increased 11%
Tenofovir (TDF) etravirine ↓; TDF = Changes clinically insignificant; etravirine AUC decreased 

19%; TDF AUC increased 15%
All other NRTIs etravirine =; NRTI = No interactions expected (not studied)

Protease inhibitors
Atazanavir (ATV) (unboosted) etravirine ↑↑; ATV ↓ Co-administration is not recommended owing to low ATV 

plasma level (down 20%); etravirine AUC increased 50%
Atazanavir (DRV) (cobicistat boosted) etravirine ↓; cobicistat ↓; ATV ↓ Co-administration is not recommended because cobicistat 

plasma concentrations and, consequently, atazanavir 
concentrations are expected to decrease significantly

Atazanavir (ritonavir boosted) etravirine ↑; ATV ↓ Changes not clinically significant; etravirine AUC increased 
30%; ATV level down 14%

Cobicistat (used to boost protease 
inhibitors plasma levels) 

cobicistat ↓↓ Co-administration is not recommended owing to low 
cobicistat plasma levels

Darunavir (DRV) (cobicistat boosted) etravirine ↓; cobicistat ↓; DRV ↓ Co-administration is not recommended because cobicistat 
plasma concentrations and consequently darunavir 
concentrations are expected to decrease significantly

Darunavir (DRV) (ritonavir boosted) etravirine ↓; DRV = Changes probably not clinically significant but etravirine AUC 
decreased 37%, DRV AUC up only 6%

Indinavir (IDV) (unboosted) etravirine ↑↑; IDV ↓↓ Co-administration is not recommended because IDV AUC 
decreased 50%; and etravirine AUC increased 50%

Lopinavir (LPV) (ritonavir boosted) etravirine ↑; LPV ↓ Changes not clinically significant; etravirine AUC increased 
17%; LPV AUC decreased 20%

Nelfinavir (NFV) etravirine ↑; NFV ↑ Interaction expected (not studied)
Ritonavir (high dose as sole protease 

inhibitor)
etravirine ↓↓ Co-administration is not recommended owing to low 

etravirine plasma levels
Saquinavir (SQV) (unboosted) etravirine =; SQV ↓↓ Co-administration is not recommended because SQV AUC 

decreased 50%
Saquinavir (SQV) (ritonavir boosted) etravirine ↓; SQV = Changes not clinically significant; SQV AUC decreased 13%
Tipranavir (TPV) (ritonavir boosted) etravirine ↓↓; TPV = Co-administration is not recommended because etravirine 

AUC decreased 76%; TPV AUC increased 18%

Nonnucleoside reverse transcriptase inhibitors
Efavirenz (efavirenz) etravirine ↓↓ Co-administration is not recommended owing to low 

etravirine plasma levels as well as other reasons
Nevirapine (nevirapine) etravirine ↓↓ Co-administration is not recommended owing to low 

etravirine plasma levels as well as other reasons
Rilpivirine etravirine =; rilpivirine ↓ Co-administration is not recommended owing to low 

rilpivirine plasma levels as well as other reasons

Fusion inhibitor
Enfuvirtide (ENF) etravirine =; ENF = No interaction

CCR5 antagonist
Maraviroc (without ritonavir-boosted 

protease inhibitor)
etravirine =; maraviroc ↓↓ Maraviroc should be given in a higher dose of 600 mg twice 

daily
Maraviroc (in combination with ritonavir- 

boosted protease inhibitor)
etravirine =; maraviroc ↑ Maraviroc should be given in a lower dose of 150 mg twice 

daily

Integrase inhibitors
Dolutegravir etravirine =; dolutegravir ↓ Cmax, AUC, Ctrough decreased 52–88% 
Eltegravir (unboosted) etravirine =; eltegravir = No significant interaction
Raltegravir etravirine =; raltegravir ↓ Changes not clinically significant

Nucleoside and nucleotide analogs for hepatitis B and C
Tenofovir etravirine =; nucleotide analog = See entries for nucleoside and nucleotide reverse transcrip-

tase inhibitors
Adefovir, entecavir, lamivudine, ribavirin, 

telbivudine
Interaction unexpected (not studied)
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Drug Interaction

Hepatitis C directly acting antivirals (DAAS)
Boceprevir etravirine ↓; boceprevir = Co-administration: etravirine plasma levels decreased 

23–29%; boceprevir AUC and Cmax increased 10%; Cmin 
decreased 12%; clinical significance unknown

Daclatasvir daclatasvir ↓ Daclatasvir plasma levels expected to decrease due to 
CYP3A4 induction (not studied)

Elbasvir–grazoprevir elbasvir ↓; grazoprevir ↓ Co-administration not recommended because etravirine is 
expected to decrease grazoprevir and elbasvir plasma 
levels due to CYP3A4 induction (not studied)

Ledipasvir–sofosbuvir etravirine =; ledipasvir =; 
sofosbuvir =

Clinically significant interaction unlikely (not studied)

Ombitasvir–paritaprevir–ritonavir ± 
dasabuvir

ombitasvir ↓; paritaprevir ↓; 
ritonavir ↓; dasabuvir ↓

Co-administration contraindicated because etravirine is 
expected to decrease plasma levels of ombitasvir– 
paritaprevir–ritonavir + dasabuvir due to CYP3A4 induction 
(not studied)

Simeprevir simeprevir ↓ Co-administration not recommended because etravirine 
is expected to decrease simeprevir plasma levels due 
to CYP3A4 induction (not studied)

Sofosbuvir etravirine =; sofosbuvir = Clinically significant interaction unlikely (not studied)
Telaprevir etravirine =; telaprevir = No interaction expected 

Other antimicrobial drugs
Artemether–lumefantrine etravirine =; artemether– 

lumefantrine ↓
Artemisinins CYP3A4, 2A6, 2B6 substrates ; lumefantrine 

CYP3A4 substrate
Azithromycin etravirine =; azithromycin== Interaction unexpected (not studied)
Clarithromycin etravirine ↑; clarithromycin ↓ Increased concentration of the metabolite 14-hydroxy-

clarithromycin, but this metabolite is inactive against 
Mycobacterium avium complex (MAC); co-administration 
not recommended during treatment of MAC infection

Peginterferon-alfa etravirine =; peg-IFN-alfa = Interaction unexpected (not studied)
Rifabutin etravirine ↓; rifabutin ↓ Dose adjustment may be necessary
Rifampicin, rifapentine etravirine ↓↓ Co-administration is not recommended owing to lower 

etravirine plasma levels (not studied)
Rifampin etravirine ↓ No treatment failure
Fluconazole etravirine ↑; fluconazole = Potent CYP3A4 inhibitor (not studied)
Itraconazole etravirine ↑; itraconazole ↓ CYP3A4 substrate and potent inhibitor (not studied)
Ketoconazole etravirine ↑; ketoconazole ↓ CYP3A4 substrate and potent inhibitor (not studied)
Posaconazole etravirine ↑ Potent CYP3A4 inhibitor (not studied)
Voriconazole etravirine ↑; voriconazole ↓ CYP2C19 substrate and CYP3A4 and 2C inhibitor (not 

studied)
Anidulafungin etravirine =; anidulafungin = No interaction expected (not studied)
Caspofungin etravirine =; caspofungin ↓ CYP3A4 substrate (not studied)

Cardiovascular drugs
Antiarrhythmics: amiodarone, bepridil, 

disopyramide, flecainide, propafenone, 
systemic lidocaine, mexiletine, quinidine

antiarrhythmics ↓ Concentrations of antiarrhythmics may be decreased (not 
studied)

Anticoagulants: warfarin anticoagulants ↓↑, = Concentrations of warfarin may be affected; adjust dose of 
warfarin based on international standardized ratio (not 
studied)

Calcium channel blockers: felodipine, 
nicardipine, nifedipine

calcium channel blockers ↓ Concentrations of calcium channel blockers (a CYP3A4 
substrate) may be decreased (not studied)

Atorvastatin etravirine =; atorvastatin ↓↓ Concentration of active metabolite 2-hydroxy atorvastatin is 
increased; changes not clinically significant

Fluvastatin etravirine =; fluvastatin ↑ Metabolized by CYP2C9, plasma level of fluvastatin may be 
increased (not studied)

Lovastatin, simvastatin etravirine =; lovastatin, simvasta-
tin, ↓

Concentrations of these statins (CYP3A4 substrate) may be 
decreased (not studied)

Pitavastatin etravirine = Metabolized by CYP2C9, plasma level of pitavastatin may be 
increased (not studied)

Pravastatin etravirine = No interaction expected (not studied)
Rosuvastatin etravirine =; rosuvastatin ↓↑ Concentrations of this rosuvastatin (CYP3A4 substrate and 

metabolized by CYP2C9) may be affected (not studied)
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Drug Interaction

Antiacids
Ranitidine etravirine ↓ Changes not clinically significant
Omeprazole etravirine Changes not clinically significant

Immunosuppressants
Dexamethasone etravirine ↓ Only topical administration of dexamethasone is recom-

mended in combination with etravirine (not studied)
Fluticasone propionate, prednisone, 

prednisolone
etravirine = Changes not clinically significant (not studied)

Cilosporin, rapamycin, sirolimus, tacrolimus all ↓ (?) Concentrations of immunosuppressants may be decreased 
(not studied)

Neuropsychiatric drugs
Anticonvulsants: carbamazepine, (fos)

phenytoin, oxcarbazepine, phenobarbital
etravirine ↓↓; anticonvulsants ↓ Co-administration is not recommended due to lower 

etravirine plasma levels (not studied)
Benzodiazepines: diazepam diazepam ↑ Concentrations of diazepam (metabolized by CYP2C19 

substrate) may be increased (not studied)
Selective serotonin reuptake inhibitors: 

paroxetine
etravirine =; paroxetine = No significant interaction

St. John’s wort etravirine ↓↓ Co-administration is not recommended due to lower 
etravirine plasma levels (not studied)

Methadone etravirine =; methadone = No significant interaction

Other drugs
Oral contraceptives etravirine =; ethinylestradiol ↑; 

norethindrone =
Changes not clinically significant

Sildenafil sildenafil ↓↓ Dose of sildenafil may have to be adjusted
Echinacea purpurea etravirine = Only mild induction of CYP3A by echinacea

Abbreviations: AUC: area-under-the-concentration-time curve; NRTI, nucleoside/nucleotide reverse transcriptase inhibitor; Cmax: maximum concentration; Ctrough: trough 
concentration; Cmin: minimum concentration; INF: interferon.

Symbols: =: no significant change in pharmacokinetics; ↑: increased drug exposure; ↑↑: markedly increased drug exposure; ↓: decreased drug exposure; ↓↓:, markedly 
decreased drug exposure; ↓↑: drug exposure may be either increased or decreased.

Sources: Data compiled from Product information, etravirine (2008b) and other sources in the text. See also the University of California, San Francisco Database of 
Antiretroviral Drug Interactions (hivinsite.ucsf.edu/insite?page=ar-00-02&post=l).

in the phase IIb and phase III studies (Product information, 
etravirine, 2015; Katlama et al., 2010). The incidence of rash 
was slightly higher in females than in males, but the rate of 
rashes resulting in discontinuation of etravirine therapy was 
the same in both sexes. It is interesting that a history of a rash 
associated with nevirapine or efavirenz did not predict an 
etravirine-associated rash (Lazzarin et al., 2007; Madruga et 
al., 2007; Deeks and Keating, 2008; Montaner et al., 2008). 
The experience has been that treatment can be continued 
through most rashes of grade 1 or 2 because they will resolve 
uneventfully. Thus the relatively high rate of occurrence of 
severe rashes associated with the use of nevirapine (Havlir et 
al., 1995) has not been seen with etravirine. In studies com-
pleted to date, severe and potentially life-threatening skin 
reactions, including Stevens-Johnson syndrome, immediate 
hypersensitivity reactions, and erythema multiforme attrib-
utable to etravirine have occurred in very few patients (prob-
ably < 0.1%) (Product information, etravirine, 2015). In 
August 2008, Tibotec Therapeutics notified doctors and 
the FDA of several cases of fatal toxic epidermal necrolysis 
and Stevens-Johnson syndrome, and other hypersensitivity 
reactions with liver failure, attributed to etravirine therapy. 
Obviously, if a severe rash develops, etravirine treatment 

should be discontinued immediately and appropriate ther-
apy initiated along with monitoring of hepatic enzymes.

In the 7-day etravirine monotherapy study in which 12 
patients were given etravirine (at a relatively high dose, 900 
mg twice daily) and were compared with 7 patients given 
placebo, 4 of the etravirine-treated patients developed a tran-
sient neutropenia (neutrophil count between 1000 and 1500/
µl); none of the placebo-treated patients became neutro-
penic. A total of 3 etravirine-treated subjects complained of 
somnolence compared with only 1 of those given placebo. 
All of the other adverse reactions in the etravirine-treated 
group occurred in only 1 subject (e.g. dyspepsia, flatulence, 
fatigue, headache, slight elevation of liver enzymes), and 
many of these were seen at similar frequency in the placebo 
group (Gruzdev et al., 2003). The overall proportion of sub-
jects with adverse reactions was actually higher in the 
 placebo-treated subjects (4/7) than in those given etravirine 
(4/12).

A phase IIb open-label, partially blinded, randomized 
clinical trial (TMC125-C223) studied 199 patients with proven 
genotypic resistance to approved nonnucleoside reverse 
transcriptase inhibitors and with at least three primary 
 protease inhibitor resistance mutations (Nadler et al., 2007). 

http://www.hivinsite.ucsf.edu/insite?page=ar-00-02&post=l
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Study subjects were randomized to receive etravirine 400 or 
800 mg, or placebo, each given twice daily in combination 
with an optimized background regimen. Etravirine did not 
show any dose-related effect on safety or tolerability. There 
was no consistent pattern of neuropsychiatric symptoms. 
Rashes occurred mainly early after the start of etravirine and 
were mild to moderate in severity. The incidence of all types 
of rash was 19.5% in the etravirine-treated subjects (of which 
15.1% were possibly etravirine related, with no significant 
difference between doses) compared with 7.5% in control 
subjects. As the rash led to discontinuation in only 5 subjects 
(3.1%), of whom 4 received etravirine, it is generally recom-
mended that an attempt be made to “treat through” most 
instances of rash that are grade 1 or 2 in severity, rather than 
discontinuing etravirine immediately.

No specific neuropsychiatric symptoms (as commonly 
seen with efavirenz) were seen during the phase IIb and III 
trials (see Table 238.3). Headache and insomnia were the 
most common neuropsychiatric adverse events (12% and 
7% of patients, respectively). Dizziness (4.2%), somnolence 
(1.6%), depression (3.8%), anxiety (2.7%), and sleep disorder 
(1.3%) were all other neuropsychiatric occurring in > 1% of 
the patients using 200 mg twice daily (Product information, 
etravirine, 2015). Abnormal liver function tests were found 
in 5% of patients treated with etravirine, leading to discon-
tinuation in 0.8% of patients (Product information, etravir-
ine, 2015).

Etravirine has also shown to be safe in HIV–hepatitis C 
virus (HCV)-co-infected patients, including those with sig-
nificant liver fibrosis (Casado et al. 2016). Etravirine demon-
strated a similar safety profile to placebo in the subgroup of 
patients co-infected with HIV and HBV and/or HCV in the 
DUET trials (Clotet et al., 2010).

Clinical pancreatitis developed in 0.9% of subjects while 
treated with etravirine. Only half of these cases were consid-
ered to be possibly related to the use of etravirine. None of 
the patients with pancreatitis had to stop etravirine treat-
ment (Product information, etravirine, 2015).

No signs of cardiac toxicity were seen in the patients 
treated with etravirine, and cardiac events occurred in < 1% 
of etravirine-treated subjects, whether considered related to 
etravirine or not (Product information, etravirine, 2015). Etra-
virine does not prolong the QTc interval or induce any other 
clinically relevant changes on electrocardiography (Peeters et 
al., 2008). Etravirine might be beneficial for cholesterol lev-
els. In 31 suppressed HIV-infected patients using a boosted 
protease inhibitor or efavirenz and a statin, 15 (56%) did not 
qualify for statin treatment 12 weeks after switch to etravir-
ine (Ciaffi et al., 2015). In 125 HIV-infected patients who 
switched therapy consisting of efavirenz (n = 34; 28%) and 
ritonavir-boosted protease inhibitors to an etravirine-based 
regimen, there was a significant improvement of lipids, re-
flected by lower total cholesterol and low-density lipoprotein 
levels and lower triglyceride levels (Casado et al., 2013).

Table 238.3. Adverse reactions in the DUET-1 and DUET-2 studies comparing etravirine with placebo in 
patients with antiretroviral drug-resistant strains of HIV-1a

Selected finding

% subjects with indicated finding

Etravirine (n = 599) Placebo (n = 604)

Any adverse reaction, any cause 93 93
Any adverse reaction, grade 3 or 4 25 27
Drug stopped because of an adverse reactionb 5.0b 2.0b

Serious adverse reaction 13 19
Death, any causec 1.3c 1.8
Rash, any severityd 17d 9.0d

Diarrhea, any severity 15 20
Nausea, any severity 14 11
Headache, any severity 9 12
Any nervous system disorder, any severity 15 19
Peripheral neuropathy, ≥ grade 2 2.8 1.8
Any psychiatric disorder, any severity 13 15
Any liver-related adverse event, any severity 5.0 5.0
Any grade 3 or 4 laboratory abnormality 32 32
Elevated transaminases 2.5 1.7
Triglycerides > 750 mg/dl 7.0 4.3
Total cholesterol > 300 mg/dl 5.8 4.1
Low density lipoproteins ≥ 190 mg/dl 5.2 5.4

aBoth groups were also treated concurrently with ritonavir-boosted darunavir and investigator-selected nucleoside reverse transcriptase 
inhibitors and optional enfuvirtide.

bp = 0.007, chi-square test.
cNo deaths thought to be related to etravirine by investigators.
dp = 0.0001.
Source: Adapted from Lazzarin et al. (2007); Madruga et al. (2007); Deeks and Keating (2008); Product information, etravirine (2015); 

and Montaner et al. (2008).



3982 Etravirine

7. CLINICAL USES OF THE DRUG

Etravirine is approved for the treatment of HIV-1 infection, 
and in some jurisdictions, its use is restricted to patients not 
suited for at least some other antiretroviral drugs or classes 
of drugs because of drug resistance or intolerance.

7a.  HIV-1 infection in adults

Like all other antiretroviral drugs, etravirine should be used 
only in combination with other active antiretroviral drugs, and 
similar to other nonnucleoside reverse transcriptase inhibitors 
is considered to be relatively liable to induce resistance in 
HIV without a supportive regimen (Geretti, 2008). Etravirine 
has been used in clinical trials in combination with marketed 
nucleoside reverse transcriptase inhibitors; the fusion inhib-
itor enfuvirtide; and the protease inhibitors darunavir, lopina-
vir, atazanavir, fosamprenavir, and saquinavir, all boosted with 
ritonavir. There is very limited experience of the combina-
tion with the CCR5 blocker maraviroc and the integrase 
inhibitors raltegravir and eltegravir. Clinical trials demon-
strating efficacy of etravirine, and the antiretroviral drugs 
that have been studied in combination with etravirine are 
outlined in this section.

In a phase I study (Gruzdev et al., 2003), 12 HIV-1-
infected antiretroviral-naive patients were randomized to 
1 week of monotherapy with etravirine 900 mg twice daily. In 
these patients, the median plasma HIV-1 RNA elimination 
rate constant was 0.68 per day and the median decline in 
plasma HIV-1 viral load after 7 days was 1.92 log10 RNA cop-
ies/ml. Furthermore, the decline in HIV viral load was quite 
consistent among the 12 study subjects (see Figure 238.3), 
and 8 of the 12 patients achieved a viral load < 400 RNA 
copies/ml within the 7-day treatment. These viral decay 
kinetics were very similar to those obtained in a previous 
study (the ERA Study) using a combination of five different 
antiretro viral agents (Sankatsing et al., 2003), supporting the 

proposition that etravirine is a remarkably potent antiretro-
viral drug.

The efficacy of etravirine against nonnucleoside reverse 
transcriptase inhibitor-resistant HIV-1 strains was first stud-
ied in an open-label phase IIa trial in 16 HIV-1-infected 
patients failing a first-generation nonnucleoside reverse 
transcriptase inhibitor-containing antiretroviral regimen 
(either efavirenz or nevirapine). These patients had the non-
nucleoside in their regimen switched to etravirine. Over the 
ensuing 7 days, HIV viral load in plasma decayed at a rate of 
0.13 log10 HIV-1 RNA copies/ml/day; at the end of the study, 
the median total decrease in plasma HIV-1 RNA was 0.89 
log10 RNA copies/ml (Gazzard et al., 2003). This study sup-
ported the potency of etravirine toward HIV-1 strains resis-
tant to first-generation nonnucleoside reverse transcriptase 
inhibitors.

Etravirine plus an optimized background showed efficacy 
and a favorable safety profile in a phase IIb trial. In this 
open-label, partially blinded, randomized clinical trial 
(TMC125-C223), two dosages of etravirine were studied in 
199 patients with proven genotypic resistance to approved 
nonnucleoside reverse transcriptase inhibitors and with at 
least three primary protease inhibitor mutations. Study sub-
jects were randomized to etravirine 400 or 800 mg, or  
placebo, each given twice daily in combination with an opti-
mized background regimen, consisting of nucleoside reverse 
transcriptase inhibitors and/or boosted lopinavir and/or 
enfuvirtide. The mean change from baseline in plasma HIV-1 
viral load at week 24 was −1.04, −1.18, and −0.19 log10 RNA 
copies/ml for the three study arms, respectively (p < 0.05 for 
both etravirine groups vs. control). Virologic responses were 
not statistically different among etravirine doses (Nadler et 
al., 2007). At week 48, no one in the control group achieved 
HIV-1 RNA < 50 copies/ml, while in the etravirine groups, 
22.5% and 21.5% for 400 and 800 mg twice daily, respectively, 
reached the < 50 copies/ml level, without any dose- dependent 
differences in efficacy or safety (Cohen et al., 2009).

Figure 238.3. Decline in HIV-1 viral load in 
subjects receiving etravirine monotherapy (900 
mg twice daily). The individual results (solid lines) 
and the mean result (solid line with diamonds) are 
shown. (Reprinted with permission from Grudzev 
et al. (2003).)
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A critical phase II, randomized, controlled but open-label 
trial (TMC125-C227) was undertaken in protease inhibitor–
naive patients who had failed their first-line nonnucleoside 
reverse transcriptase inhibitor- containing antiretroviral reg-
imen and who had at least one documented nonnucleoside 
reverse transcriptase inhibitor resistance-associated muta-
tion (at baseline or historical). These patients were random-
ized to receive either high-dose etravirine (800 mg twice 
daily; n = 59), or an investigator-selected protease inhibitor 
(n = 57) (96.5% used a ritonavir-boosted protease inhibitor; 
most of the remainder were probably receiving nelfinavir), in 
combination with two investigator-selected nucleoside reverse 
transcriptase inhibitors. Nucleoside analogs that the patient 
had taken previously were allowed if the patient’s strain was 
susceptible by genotypic testing (Virco BVBA); about a third 
of the nucleosides used in both groups were recycled. The 
number of resistance mutations, to both nonnucleoside and 
nucleoside reverse transcriptase inhibitors, was higher in the 
study subjects from South Africa and Thailand than in those 
from other countries (Ruxrungtham et al., 2008).

In response to efficacy questions raised by one investiga-
tor, the study sponsor (Tibotec) conducted an unplanned 
interim analysis showing that the etravirine-treated group 
had a significantly lower proportion of subjects with unde-
tectable plasma HIV viral load (< 50 RNA copies/ml) than 
those receiving a protease inhibitor. As a consequence, the 
sponsor stopped enrolment in the trial, discontinued etra- 
virine treatment, and switched etravirine-treated subjects to 
a protease inhibitor, a decision supported by the trials Data 

Safety and Monitoring Board (Ruxrungtham et al., 2008). At 
the stopping point, the median duration of treatment for the 
etravirine group was 14 weeks compared with 27 weeks for 
those given a protease inhibitor. After 12 weeks of treatment, 
before the study was stopped, the mean decrease in plasma 
HIV-1 viral load in the protease inhibitor-treated subjects 
was 2.2 log10 RNA copies/ml, whereas in the etravirine- 
treated group it was 1.4 log10 RNA copies/ml (p > 0.05) (see 
Figure 238.4). Subsequently, the etravirine-treated subjects 
had a rebound in plasma HIV-1 viral load toward baseline 
levels, whereas those treated with a protease inhibitor did not 
(Figure 238.4). At week 8, about 30% of the subjects in both 
groups had achieved an undetectable plasma HIV viral load 
(< 50 RNA copies/ml); at week 12, 53% of the patients using 
a protease inhibitor had a plasma HIV-1 viral load that was  
< 50 RNA copies/ml, compared with only 25% of the patients 
being treated with etravirine (p < 0.05) (Ruxrungtham et al., 
2008; Figure 238.4).

Perhaps because the study had been stopped prematurely, 
there were some significant differences between the etravir-
ine- and protease inhibitor-treated groups, with the etravirine 
patients having a lower median CD4 count (180 vs. 245) and 
a higher proportion of subjects in CDC class C (25% vs. 19%) 
(no statistics were provided in the publication). Analysis of 
the baseline resistance data from this study showed that the 
two groups (etravirine and protease inhibitor treated) had 
similar proportions of patients with more than two non-
nucleoside reverse transcriptase inhibitor-related mutations 
(69.5% and 71.9%, respectively), whereas the proportion 

Figure 238.4. Virologic outcomes of study 
TMCl25-C227 comparing etravirine with a protease 
inhibitor in patients on an antiretroviral regimen 
that included a first-generation nonnucleoside 
reverse transcriptase inhibitor. Control: subjects 
treated with a protease inhibitor; TMCl25: etra- 
virine therapy. (Reprinted with permission from 
Ruxrungtham et al. (2008).)
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with more than two nucleoside analog resistance mutations 
was quite different (50.8% and 36.8%, respectively) (Rux-
rungtham et al., 2008). More trenchantly, more subjects in 
the etravirine group had no active nucleosides in the opti-
mized background regimen than in the protease-treated 
group (31% vs. 23%). These subjects would be effectively 
receiving monotherapy with either etravirine or a protease 
inhibitor. A post hoc multivariate analysis of the baseline 
resistance data from the etravirine-treated patients indicated 
that a reduced virologic response was associated with the fol-
lowing baseline characteristics: at least one nonnucleoside 
resistance-associated mutation, the Y181C mutation in asso-
ciation with more than one nonnucleoside mutation, an etra-
virine EC50 for the patient’s HIV-1 strain of > 10, and a higher 
number of nucleoside analog resistance-associated muta-
tions. The response to etravirine was also inversely related 
to the number of etravirine resistance-associated mutations 
(see Figure 238.5). The response to etravirine treatment was 
also substantially diminished in proportion to the number of 
nucleoside reverse transcriptase inhibitor-associated muta-
tions. In the etravirine-treated group after 12 weeks of ther-
apy, the decrease in HIV viral load in those with no 
resistance-associated mutations in the background nucleo-
side analog had an almost 3 log10 decrease in HIV viral load 
(as RNA copies/ml), whereas in those with one to three 
mutations it was only somewhat greater than 1.0 log10, and 
there was no change in HIV viral load in those with more 
than four nucleoside analog resistance-associated mutations 
(Ruxrungtham et al., 2008).

Taken together, these data suggest that the virologic failure 
of etravirine in this study could be substantially, if not com-
pletely, explained by the failure to pair this investigational 
nonnucleoside reverse transcriptase inhibitor with a back- 

ground of effective nucleoside analog reverse transcriptase 
inhibitors (as assessed by susceptibility testing), and by the 
failure to avoid etravirine therapy in those subjects who had 
a substantial number of etravirine resistance-associated muta-
tions (usually more than four).

The DUET 1 and 2 trials were both randomized, double- 
blind, placebo-controlled, phase III trials with similar design 
that showed efficacy and good tolerability of etravirine in 
treatment-experienced patients. In these trials, HIV-1-infected 
patients failing antiretroviral therapy (plasma HIV-1 viral 
load > 5000 RNA copies/ml) with proven resistance to efa-
virenz and nevirapine and with at least three primary prote-
ase inhibitor mutations were randomized to either etravirine 
200 mg or placebo twice daily, in combination with ritonavir- 
boosted darunavir and investigator-selected nucleoside reverse 
transcriptase inhibitors and optional enfuvirtide. Investi- 
ga tors enrolled 612 and 591 subjects in DUET 1 and 2, respec-
tively. After 24 weeks of treatment, 56% and 62% of patients in 
the etravirine group and 39% and 44% of patients in the pla-
cebo group achieved the primary end point of an undetect-
able plasma HIV-1 viral load < 50 RNA copies/ml (p for 
differences, 0.005 and 0.0003, respectively). At week 96, 57% 
of patients in the etravirine group versus 36% in the placebo 
group had a viral load < 50 copies/ml (p < 0.0001); 91% and 
88% of patients, respectively, had maintained this response 
from week 48. Mean increases in the CD4+ T-cell count  
from baseline to week 96 were 128 cells/mm3 with etravirine 
versus 86 cells/mm3 with placebo (p < 0.0001). With the 
exception of rash, which was reported more frequently with 
etravirine than placebo (21% vs. 12%, respectively; p < 
0.0001), the safety and tolerability profile of etravirine was 
similar to placebo over the treatment period (Katlama et al., 
2009; Katlama et al., 2010). Subgroup analysis in patients 

Figure 238.5. The response to 
etravirine in study TMCl25-C227 
was inversely proportional to the 
number of etravirine-associated 
resistance mutations in etravirine- 
treated patients who had previously 
failed an antiretroviral regimen 
containing a first-generation non- 
nucleoside reverse transcriptase 
inhibitor. Control: subjects treated 
with a protease inhibitor; RAMS: 
resistance-associated mutations to 
indicated drug; TMCl25: etravirine 
therapy. (Reprinted with permission 
from Ruxrungtham et al. (2008).)
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with full etravirine sensitivity showed that at week 48 a total 
of 77% of patients in the etravirine group had viral load < 50 
HIV-1 RNA copies/ml versus 48% and 46%, respectively, in 
the placebo group (p < 0.0001) (Clumeck et al., 2010). At 
week 96, 68.3% of the less-treatment-experienced patients 
versus 52.8% of the more-treatment-experienced patients 
reached a plasma viral load < 50 copies/ml. The less- 
treatment-experienced group in this study probably is more 
similar to today’s patients (Anderson et al., 2012). 

Because the potent protease inhibitor darunavir was used 
in many patients included in the DUET-trials, there was 
some concern that the observed efficacy was due to daru-
navir instead of etravirine. However, in an observational 
study in treatment-experienced adults using etravirine plus 
darunavir–ritonavir (n = 999) or an alternative boosted pro-
tease inhibitor (n = 116; pooled European cohort data), no 
difference in response was found (Vingerhoets et al., 2015). 
Furthermore, in a 48-week study in treatment-experienced 
patients receiving etravirine plus a background regimen 
excluding darunavir, virologic failure and adverse event rates 
were consistent with those in the DUET studies combining 
etravirine with darunavir (Arathoon et al., 2014). Finally, in 
patients failing first-line therapy with nevirapine or efavirenz 
(due to either adverse events or virological failure), adminis-
tration of etravirine (once- or twice daily) plus two NRTIs 
(without protease inhibitor) was found to be a suitable 
switch ing strategy (López-Cortés et al., 2014). 

In a trial of the unique combination of maraviroc, etra-
virine, and raltegravir therapy in 28 triple class–experienced 
patients, at 48 weeks 26 (93%) had HIV viral loads < 50 RNA 
copies/ml (Nozza et al., 2010). The authors suggest that if the 
results are similar with longer followup that the regimen 
might be a useful alternative for such patients.

Although licensed for use in combination with at least 
two other antiretroviral drugs, etravirine has shown to be 
effective in NRTI-sparing dual-therapy regimen combined 
with boosted darunavir (Bernardino et al. 2014; Gazzola et 
al., 2014; Portilla et al., 2014; Ruane et al., 2015) and ralte-
gravir (Monteiro et al., 2014).

7b.  HIV-1 infection: pediatric use 

Etravirine is licensed for children > 6 years of age, weighing 
at least 16 kg (see section 4b, Newborn infants and children). 
At week 48 of a phase II, open-label, single-arm study 
(PIANO) of 101 treatment-experienced patients, of whom 
41 were children and 60 adolescents, with screening viral 
load of ≥ 500 HIV-1 RNA copies/ml receiving etravir-
ine 5.2 mg/kg (maximum dose 200 mg) twice daily plus opti-
mized background regimen, 56% of patients (68% children; 
48% adolescents) achieved a virological response (viral load 
< 50 copies/ml) in an intent-to-treat analysis (Tudor-
Williams et al., 2014). Patterns of etravirine resistance in 
adults, adolescents, and children experiencing virologic fail-
ure are similar. The presence of minority etravirine resistance 
associated mutations at baseline was not consistently associ-
ated with treatment failure (Tambuyzer et al., 2015).

In a retrospective study of 23 multidrug-resistant pediat-
ric patients receiving etravirine plus an optimized back-
ground regimen, in which, remarkably, 16 of 23 patients 
(70%) harbored one or more etravirine-associated resistance 
mutations, etravirine-based therapy resulted in18 of 23 (78%) 
achieving an HIV-1 RNA of <50 copies/ml. A sustained anti-
viral response was seen in patients receiving etravirine as one 
of at least two fully active drugs (Briz et al., 2011).

7c.  Overview summary

Etravirine is the first of the second-generation nonnucleo-
side reverse transcriptase inhibitors, a class that has activity 
against strains of HIV-1 that have resistance to nevirapine 
and efavirenz and includes rilpivirine (see Chapter 238, Ril-
pivirine) as well as investigational drugs at much earlier stages 
of development (e.g. IDX899, UK-453,061, and RDEA806). 
Etravirine also has some in vitro activity against HIV-2, albeit 
not tested in patients. It has a higher resistance threshold than 
nevirapine or efavirenz, requiring a number of mutations 
rather than a single mutation for the development of high-level 
resistance. It has a good safety profile, with rash (potentially 
serious) being the most frequent side effect but one that sel-
dom requires cessation of therapy. Drug interactions are 
common as a result of cytochrome P-450 metabolism. 
Although it is highly potent, like other nonnucleoside reverse 
transcriptase inhibitors etravirine needs to be well supported 
in terms of co-administration with an optimized regimen.

In patients who have failed an antiretroviral drug regimen 
containing a first-generation nonnucleoside reverse tran-
scriptase inhibitor (almost always either nevirapine or efa-
virenz), it is reasonably likely that viral susceptibility for 
etravirine is maintained. However, the authors believe that in 
the absence of guidelines supported by clinical trials, etravir-
ine should be considered in this context only if genotypic 
testing shows that the patient’s HIV strain is definitely sus-
ceptible to etravirine; if etravirine is combined with a double 
nucleoside analog reverse transcriptase inhibitor backbone, 
genotypic data must confirm that it is of known efficacy. 
However, it is worth noting that because of the suboptimal 
outcome of the TMC125-C227 study, some authorities 
 recommend that etravirine should not be used with two 
nucleoside reverse transcriptase inhibitors alone and that 
additional active agents should be included in the regimen, 
especially in patients with pretreatment nonnucleoside resis-
tance mutations.

There is insufficient evidence at present to recommend 
etravirine as part of an antiretroviral therapy regimen for 
previously untreated patients with HIV-1 infection, or for 
any patients with HIV-2 infection.
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1. DESCRIPTION

Rilpivirine (TMC278; RPV) is a second-generation, diaryl-
pyrimidine (DAPY)-class, nonnucleoside reverse tran-
scriptase inhibitor (NNRTI) initially developed by Tibotec 
Pharmaceuticals (currently Janssen Pharmaceuticals) for the 
treatment of HIV-1 infection. RPV is marketed as Edurant 
by Janssen Therapeutics, a subsidiary of Johnson & Johnson. 
A fixed-dose combination tablet of (tenofovir disoproxil 
fumarate [TDF], emtricitabine [FTC] and RPV is marketed 
by Gilead as Complera and Eviplera (these two tablets are 
apparently entirely equivalent despite different names). And 
as of early 2016, the USA FDA approved a fixed-dose combi-
nation tablet of TAF (tenofovir alafenamide), FTC, and RPV 
as Odefsey. 

RPV is closely related to etravirine (marketed as Intelence), 
also developed by Janssen Pharmaceuticals (see Chapter 238, 
Etravirine). Rilpivirine’s chemical name is 4-{[4-({4-[(E)-2-
cyanoethenyl]-2,6-dimethylphenyl}amino)-2-pyrimidinyl] 
amino}benzonitrile monohydrochloride, its chemical for-
mula is C22H18N6.HCL, and its molecular weight is 402.88 
(1 ng/ml = 2.78 nM). The compound is highly hydrophobic, 
like many NNRTIs, and is thus poorly soluble in water. Its 
chemical structure is shown in Figure 239.1. Janssen et al. 
(2005) describe the parameters set forward for the develop-
ment of RPV. 

The registered formulation of RPV as a single agent, is an 
orally administered 25-mg tablet branded as Edurant. RPV is 
indicated in combination with other antiviral drugs for the 
treatment of HIV-1 infection in treatment-naive adults. In 
most countries, including the USA and members of the EU, 

this indication is restricted to patients with an HIV viral load 
≤ 100,000. However, many guidelines recommend patients 
seeking treatment with RPV have CD4 counts ≥ 200 cells/μl 
because of increased incidences of virologic failure in sub-
jects with viral load > 100,00 and/or CD4 > 200 (e.g. AIDS Info, 
2015). RPV is approved for use in patients > 12 years old with 
the same viral load and CD4 count parameters mentioned; 
data for patients < 12 years of age are currently unavailable. 

RPV has some features that are good: once-daily dosing; a 
small-size pill because of unique potency; relatively low tox-
icity, which is qualitatively similar to that of efavirenz but 
quantitatively much less than efavirenz; fewer adverse effects 
on cholesterol than efavirenz; and some limitations in terms 
of pretreatment viral loads and CD4 counts as noted earlier. 
RPV it is not recommended as first or second choices for 
initial therapy of treatment-naive patients in the USA (AIDS 
Info, 2015), but it is considered a first-choice drug by the EU 
(European AIDS Clinical Society, 2015). 

In addition to a tablet formulation, three innovative RPV 
formulations with a strong focus on preventing (as opposed 
to treating) HIV infections have been developed. One is RPV 
formulated in 200-nm particles, long-acting RPV (LA-RPV), 
which when given intramuscularly provides good plasma 
levels of RPV over 3 months. (Baert et al., 2009). Preliminary 
studies of this material given to dogs and mice showed half-
lives of 3 months in dogs and 3 weeks in mice, and human 
clinical trials are under way for both preventing HIV infec-
tion and for treatment with other long-acting drugs (dis-
cussed later in this chapter). The second is a topically applied 
rilpivirine, encapsulated in poly lactic-co-glycolic acid (PLGA) 
nanoparticles and delivered in a thermosensitive gel, which 
is liquid at room temperature but highly viscous at body tem-
perature (PLGA-RPV). As an example, this material could be 
used by a woman to coat her cervix before coitus (Kovarova 
et al., 2015). And last, a granular form of RPV is being devel-
oped for pediatric use; initial studies in healthy volunteers 
indicate absorption equivalent or better than tablets (Crauwels 
et al., 2010).

Data on rilpivirine were recently reviewed (Li et al., 2015; 
Kabbara et al., 2015); the review by Ripamonti et al. (2014) is Figure 239.1. Chemical structure of rilpivirine. 
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exceptionally thorough. There are also two good reviews of 
LA-RPV (Williams et al., 2015; Jackson and McGowan, 2015). 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

When tested in vitro against laboratory strains of wild-type 
HIV-1 or clinical isolates replicating in continuous T-cell 
lines, the median 50% effective concentration (EC50) for RPV 
was 0.23 nM (range: 0.14–0.73), in a system in which the 
concentration causing cytotoxicity was > 8000 times higher 
(Azijn et al., 2010). In the same system, the median EC50 val-
ues for nevirapine, efavirenz, and delavirdine were approxi-
mately 20, 0.6, and 0.6 nM, respectively. RPV was also tested 
in vitro against a broad range of primary isolates of group M 
HIV-1 subtypes, including A, B, C, D, F, G, and H and includ-
ing multiple strains; the EC50 values ranged from 0.07 to 
1.01 nM, with a median again at 0.2 nM (Azijn et al., 2010; 
see Table 239.1); the EC90 against group M HIV-1 strains was 
1.12–1.79 nM (0.41–0.66 ng/ml) (EMA Edurant Assessment 
Report, 2011). Group O viruses were less susceptible, with 
EC50 values ranging from 3.1 to 8.5 nM (Azijn et al., 2010). In 
another similar study with the laboratory strain HIV-1 IIIB, 
the median EC50 was 0.73 nM (FDA, 2015). As expected, the 
activity of RPV against an HIV-2 strain was poor, with an 
EC50 value of 5.22 µM and a range from 2.51 to 10.8 µM 
(Azijn et al., 2010; FDA, 2015). 

In the presence of 50% human serum, the EC50 for RPV 
was increased about 18-fold because RPV binding to human 
serum proteins is about 99.7% (Janssen et al., 2005; Azijn et 
al., 2010). The RPV serum concentration that inhibits 90% 
of all M group HIV-1 strains (EC90), accounting for the 

presence of human serum proteins, is 12.1 ng/ml, and that is 
the concentration that should be equal or exceeded for treat-
ment. The calculation is as follows: the EC90 for group M 
(main) viruses was 1.1–1.8 nM (0.41–0.66 ng/ml); this is 
multiplied by 18.5 to correct for binding by serum proteins, 
resulting in a concentration of ≥ 33nM (≥ 12.1 ng/ml) (Mora-
Paris et al., 2014; J. Vingerhoets, personal communication, 
2016). No other viruses are susceptible to RPV. 

2b.  Emerging resistance and 
cross-resistance

RPV was developed specifically to be active against strains of 
HIV-1 with resistance-associated mutations (RAMs) affect-
ing first-generation NNRTIs like nevirapine and efavirenz 
(Janssen et al., 2005). The in vitro data given in Table 239.2 
clearly show that many HIV-1 strains with RAMs that are 
generally resistant to first-generation NNRTI, especially 
nevirapine and efavirenz, are considered fully susceptible to 
RPV (with EC50 values of ≤ 3.7-fold that of wild-type strains); 
examples are the single RAMs K103N and Y181C, which 
mediate significant resistance to efavirenz and nevirapine but 
not to RPV. There is variation in the results of the phenotypic 
assays providing the fold change data (see Table 239.2), which 
is certainly in part due to different assay systems but also due 
to multiple polymorphisms in HIV-1 strains that are not 
known to be associated with resistance (Haubrich et al., 2005). 

It is unfortunate, but perhaps inevitable, that virtually all 
the data on RPV RAMs come from clinical trials in which 
RPV was combined with nucleoside reverse transcriptase in- 
hibitors (NRTIs)—usually tenofovir-DF and emtricitabine—a 
situation allowing NRTI RAMs to add significantly to RPV 
NNRTI RAMs, thereby resulting in biologically relevant RPV 

Table 239.1. In vitro antiviral activities of RPV, EFV, ETR, and NVP against HIV-1 IIIB, HIV-2, and a range of HIV-1 group M recombinant 
clinical isolates.

Viral type 
(subtype)

Median EC50 (Q1–Q3)a

RPV EFV ETR NVP

HIV-1 (IIIB) 0.73 (0.39–0.98) (n = 403)  1.73 (1.14–2.42) (n = 889) 2.73 (2.06–3.49) (n = 927) 34.09 (26.23–44.90) (n = 512)

HIV-1 (A1) 0.44 (n = 1)  0.72 (0.60–0.87) (n = 2) 1.39 (n = 1) 9.32 (n = 1)

HIV-1 (AE) 0.21 (0.20–0.21) (n = 2)  0.53 (0.43–0.65) (n = 2) 0.65 (0.63–0.66) (n = 2) 8.94 (n = 1)

HIV-1(AG) 0.13 (0.10–0.17) (n = 2)  0.53 (0.34–0.81) (n = 2) 0.46 (0.32–0.66) (n = 2) 14.40 (n = 1)

HIV-1(BG) 0.22 (0.20–0.24) (n = 2)  0.70 (0.46–1.06) (n = 2) 0.67 (0.60–0.75) (n = 2) 25.99 (n = 1)

HIV-1 (C) 0.30 (0.18–0.52) (n = 2)  0.31 (0.31–0.31) (n = 2) 0.52 (0.28–0.97) (n = 2) < 4.88 (n = 1)

HIV-1 (D) 0.30 (0.27–0.33) (n = 2)  1.99 (0.96–1.47) (n = 2) 1.13 (1.01–1.26) (n = 2) 24.17 (n = 1)

HIV-1 (F1) 0.21 (0.18–0.26) (n = 2)  0.66 (0.58–0.76) (n = 2) 0.35 (0.13–0.99) (n = 2) 14.88 (n = 1)

HlV-1 (G) 0.14 (0.06–0.34) (n = 2)  0.31 (0.23–0.42) (n = 2) 0.24 (0.21–0.26) (n = 2) 24.63 (n = 1)

HIV-1 (H) 0.24 (0.22–0.25) (n = 2)  0.49 (0.31–0.77) (n = 2) 0.51 (0.26–0.98) (n = 2) 34.14 (n = 1)

HIV-2 (ROD) 5.22 (2.51–10.83) (n = 2) 24.83 (14.49–32.00) (n = 28) 5.67 (3.10–7.34) (n = 30) > 31.25 (n = 9)

aValues are given in nanomolar (nM) concentrations for HIV-1 and in micromolar (mM) concentrations for HIV-2. For MT4 cells, the 50% cytotoxic concentrations 
in cell-based assays (with first- to third quartile values in parentheses) were 5.91 μM (5.02 to 8.31) for RPV in 381 experiments, 40.02 μM (36.46–43.0) for EFV 
in 805 experiments, > 64.00 μM for ETR in 820 experiments, and > 32.00 μM for NVP in 457 experiments. 

Abbreviations: RPV: rilpivirine; EFV: efavirenz; ETR: etravirine; NVP: nevirapine. EC50: 50% effective concentration in a cell-based assay; Q1–Q3: first- to third- 
quartile values; n: number of experiments. 

Source: Reprinted with permission from Azijn et al. (2010). 
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fold changes (≥ 3.7); a common example of that pairing is the 
combination of K101E plus M184V, which results in an HIV 
strain highly resistant to RPV (fold change of 24) (see Table 
239.2). There are little or no clinical data on the RPV muta-
tions that might appear in NRTI-free anti retroviral drug reg-
imens, such as the combination of RPV with cabotegravir 
(Margolis et al., 2015) or with boosted protease inhibitors. 

Assessing RPV RAMs in genotypes from patients is best 
done using the Stanford University HIV Resistance Database 
(hivdb.stanford.edu/index.html; see Table 239.3) or other 
genotypic analysis system, such as the vircoTYPE HIV-1 
resistance test previously offered by Virco BVBA (the cut-off 
fold change value of 3.7 was derived from the Virco Anti- 
virogram assay) or the PhenoSense test offered by Monogram 
Biosciences. 

MUTATIONS DEVELOPED AND ASSESSED IN VITRO

Azijn and colleagues (2010) undertook to introduce RAMs 
in a laboratory strain of HIV-1 (HIV-1 HXB2) and then to 
determine their phenotype in a cell culture system. Those data 
are summarized in Table 239.2 along with data from other 
studies. Only a few single mutations resulted in significant 
resistance to rilpivirine, specifically K101P and Y181V/I; in 
all three instances, there was concurrent resistance to all 
other NNRTIs. 

Asahchop and colleagues (2013) put etravirine and RPV 
selective pressure on HIV-1 NL-4.3 viruses in vitro, some 
wild-type and some with preexisting NNRTI RAMs (K103N, 
which mediates resistance to nevirapine and efavirenz; and 
Y181C, significant mainly for nevirapine and to a lesser 
extent, etravirine) (Azijn et al., 2010) generated by recombi-
nation as well as two clade C HIV-1 viruses with the same 
preexisting mutations. Under selective pressure with RPV 
the HIV-1 NL-4.3 virus initially developed E138K and L100I 
mutations, followed by K101E; the combination of two or 
three of these RAMs would certainly generate clinically rele-
vant RPV-resistant viruses (the mutated HIV causes a fold 
change [FC] in its EC50 towards RPV, in this instance the FC 
> 3.7 indicates an HIV strain 3.7 times more resistant to RPV). 
In the wild-type virus containing Y181C at baseline, only the 
NRTI multidrug-resistant mutation A62A/V was selected, 
one not assessed or seen elsewhere (Azijn et al., 2010; Rimsky 
et al., 2012; Rimsky et al., 2013; Picchio et al., 2014). In the 
viral clones containing E138K/M184I and M184V, no addi-
tional mutations developed under RPV pressure. In contrast, 
clonal viruses containing E138K/M184V or M184I at base-
line developed H221Y or M41L and I135M, respectively, 
under RPV pressure. Neither M41L nor I135M is seen in other 
publications. In wild-type viruses and clade B or C viruses 
containing K103N alone at baseline, E138K or E138G muta-
tions were observed after pressure by either ETR or RPV 
before the appearance of other NNRTI RAMs. In contrast, 
subtype B viruses containing Y181C generated V179I/F or 
A62V/A but not E138K after exposure to ETR or RPV, 
respectively. Subtype C viruses containing Y181C developed 
E138V together with Y188H and V179I under ETR pressure 
(Asah chop et al., 2013). Subsequent data showed that HIV-1 

subtype C strains are intrinsically more resistant to RPV than 
subtype B (Neogi et al., 2016). 

Fofana and collaborators (2013) analyzed reverse tran-
scriptases of subtypes B and CRF02_AG to determine the 
effect of RPV RAMs on the genetic barrier. They studied 25 
substitutions associated with etravirine and rilpivirine resis-
tance at 12 amino acid positions (V90I, A98G, L100I, K101E/
H/P, V106I, E138A/G/K/Q/R, V179D/F/L/T, Y181C/I/V, 
G190A/S, H221Y, F227C, and M230I/L) to determine the 
genetic barrier for these drugs. A total of 267 sequences were 
analyzed (136 from subtype B and 131 from subtype CRF02_
AG). The majority (7/12) of amino acid positions studied 
were conserved between the two HIV-1 subtypes, leading 
to a similar genetic barrier. Different predominant codons 
between the subtypes were observed at 5 of 12 positions (90, 
98, 179, 181, and 227), with an effect on the calculated genetic 
barrier only with V179D and V179F codons (2.5 vs. 3.5 for 
V179D, and 2.5 vs. 5 for V179F, respectively, for subtype B vs. 
subtype CRF02_AG).

Another group passaged wild-type HIV-1 in cell cultures 
exposed to RPV at 10 nM; that resulted in viruses with sub-
stantially higher EC50 values (as shown by growth in high 
concentrations of rilpivirine in cell culture; not assessed 
quantitatively), and they generated up to eight mutations 
including L100I, V106I, Y181C, and M230I (Janssen et al., 
2005). Together any three of these mutations would probably 
result in RPV with a FC > 3.7. These strains were also cross- 
resistant to efavirenz. It is interesting that when HIV-1-
infected cell cultures were maintained in 10 nM rilpivirine, the 
virus did not break through (causing cytopathology) until day 
10, and higher concentrations prevented breakthrough alto-
gether. In contrast, with efavirenz passage under the same 
conditions, the virus broke through within 3 days at efavirenz 
concentrations of 10 and 40 nM and within 6 days even at 
5000 nM (Janssen et al., 2005). Taken together, these data sug-
gest that in vitro the genetic barrier to rilpivirine resistance is 
higher than it is with at least that first-generation NNRTI; this 
is supported by structural studies (Frenkel et al., 2009). 

Xu and collaborators (2013a) conducted an exhaustive 
study of the RAMs of codon E138, assessing activity of the 
mutant reverse enzyme as well as the phenotype of recombi-
nant HIV-1 strains. Reverse transcriptases with the mutant 
codon E138 with A, G, K, R, or Q mutations showed 
decreased susceptibility to RPV with FC ≥ 2.9 times the wild-
type; E138R and E138Q were the worst, increasing the RPV 
FC required for 50% inhibition by approximately 3. The 
E138G FC was 2.2, whereas E183V had wild-type character-
istics. Phenotypic assessment of recombinant HIV-1 strains 
in cell culture showed similar results: E138G, E138R, and 
E138Q were the most resistant to RPV, with FCs of 3.6, 3.7 
and 4.3, respectively, whereas E138V retained a wild-type 
phenotype. Another study by Xu and colleagues (2014) 
showed that E138K combined with the FTC–lamivudine 
(3TC) RAM M184V/I markedly increased resistance to RPV 
(FC up to 8.8) (see Table 239.2). Other studies have shown 
differing data, suggesting that polymorphisms in the reverse 
transcriptase may influence the degree of resistance. 

http://www.hivdb.stanford.edu/index.html
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Table 239.2. Effects of HIV-1 strains with RAMs on the fold changes of rilpivirine and other NNRTIs.

Reverse transcriptase 
mutations

Approximate fold change (FC) in EC50 over wild-type virusa

References and commentsRPV ETR EFV NVP

V90I 1.7 1.5 1.6 4.4 Stanford University (2015): wild-type

L1001 0.9 1.3 20.3 7.3 Janssen et al. (2005)

K101E 2.4 5.3 4.0 not done Rimsky et al. (2012); Anta et al. (2013); Xu et al. 
(2013b); Picchio et al. (2014): RPVb

K101P 52 5.3 72 > 166 Picchio et al. (2014): RPVb

K101Q 1.6 1.4 2.4 2.5

K103N 0.8 0.9 32 > 42 Janssen et al. (2005); Xu et al. (2013b): RPVb

K103S 1.6 0.8 4.8 59

V106N 0.7 n/a 29 30 RPVb

V106A 0.6 0.5 2.0 49

V106M 0.9 0.9 2.6 6.3

V108I 0.7 0.7 1.5 3.1

E138K 2.8 2.6 2.0 1.1 Gatanga et al. (2013); Asahchop et al. (2013); Xu 
et al. (2013a); Kulkarni et al. (2012); Picchio et 
al. (2014): RPVb

E138A 2.5 2.9 1.6 2.3 Gatanga et al. (2013); Asahchop et al. (2013); Xu 
et al. (2013a); Picchio et al. (2014): RPVb

E138G 1.6 2.4 0.9 2.8 Gatanga et al. (2013); Xu et al. (2013a); Picchio et 
al. (2014): RPVb

E138R 3.3 3.6 2.2 4.4 Xu et al. (2013a); Picchio et al. (2014): RPVb

E138Q 2.7 3.0 3.4 5.1 Xu et al. (2013a); Picchio et al. (2014): RPVb

E138S 2.7 2.8 1.4 3.8

V179D 1.7 1.9 2.7 4.6

V179I 2.0 15 1.8 3.0 Rimsky et al. (2012)

V179L n/a n/a n/a n/a Picchio et al. (2014)

V179E 1.2 1.3 5.7 2.1

Y181C 2.7 4.0 2.1 > 43 Janssen et al. (2005); Asahchop et al. (2013); 
Picchio et al. (2014): RPVb

Y181I 15 12.5 1.6 > 66 Picchio et al. (2014): RPVv

Y181V 12.2 15.1 3.0 2,155 Asahchop et al. (2013); Picchio et al. (2014): RPVb

Y188L 2.8–9.2 1.1 43 > 42 Janssen et al. (2005); Picchio et al. (2014): RPVb

G190A 1.1 1.1 8.1 > 87

G190S 0.2 0.2 95 97 Janssen et al. (2005)

H221Y 1.8 1.6 1.6 4.3 Picchio et al. (2014): RPVb

F227C n/a n/a n/a n/a Picchio et al. (2014)

M230I 2.7 3.5 5.0 14 Picchio et al. (2014): RPVb

M230L 3.4 3.6 5.9 20 Picchio et al. (2014): RPVb

M236L 1.1 1.2 1.9 3.4

M230V 2.1 0.8 1.1 1.4

L1001 + K103N 7.0 4.0 > 576 > 43

L100I + M230L 13 95 > 200 > 200

K101E + K103N 2.0 1.8 57 > 42

K101P + K103N 92 5.8 > 200 > 200

K101E + M184V 24 2.7 2.1 > 200

K101E + M184I 4.6    3–4.1 3.8–5 2.1–4.1 Rimsky et al. (2012)

K103N + Y181I 95 16 6.4 > 72 Janssen et al. (2005) 

E138K + M230L 23 19 19 > 64

E138K + M184I 1.6–8.8 2.5–15 1.2–6.7 0.8–2.8 Rimsky et al. (2012); Kulkarni et al. (2012); Xu et 
al. (2014): RPVb

V179D + Y181C 6.0 10.8 9.3 > 72

V179E + Y181C 6.8 31 13 > 72

V179F + Y181C 8.7 159 4.6 > 358

V179F + Y181I 11.4 123 1.0 > 72
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MUTATIONS OCCURRING WITH THERAPY: 
TREATMENT-NAIVE SUBJECTS

Two major phase III clinical trials, ECHO and THRIVE, 
compared rilpivirine with efavirenz, both combined with the 
same backbone (solely tenofovir-DF and emtricitabine in 
ECHO; zidovudine or abacavir with lamivudine were also 
used in THRIVE). The papers by Rimsky and collaborators 
(2012, 2013) on the 48-week and 96-week rilpivirine resis-
tance data from these two studies gives us an indication of 
which rilpivirine RAMs are likely to appear in treatment- 
naive subjects treated with a RPV-containing regimens. A 
total of 62 subjects with viral load failure had at least one 
RPV RAM, and common RPV RAMs—those found twice or 
more—are shown in Figure 239.2. It is interesting that only 
a few RAMs are common in RPV-treated subjects with viral 
load failure; a further 11 RPV RAMs were found three times 
or less. Furthermore, these common single mutations 
increased the EC50 for RPV less than threefold, an increase 
that is not considered to result in clinically significant RPV 
resistance, which is usually considered to be a fold change 
of > 3.7 (Rimsky et al., 2012). However, two or three RPV 

Reverse transcriptase 
mutations

Approximate fold change (FC) in EC50 over wild-type virusa

References and commentsRPV ETR EFV NVP

Y181C + F227C 24 25 12 > 77

Y181C + Y188L 30 6.0 238 > 156

L100I + K103N + E138G 33 21 1,700 > 58

L100I + K103N + T386A 23 12 10,900 12

L100I + K103N + V179L 46 13 5,660 > 72

L100I + K103N + Y181C 81 58 1812 468

L100I + Y181C + V179L 15 34 17 > 205

K101P + K103N + V108I > 162 18 12,900 > 52

K101E + E138K + M184C 9.2 10 3.6 > 200 Balmane et al., 2012

K103N + Y181C + V179L 10.5 15 17 > 430

Y181C + V179F + F227C 554 640 26 > 72

aThe fold change (FC) in EC50 over wild-type virus. All values of FC over 5.0 are highlighted in bold face. 
bResistance mutations listed in the rilpivirine product information (2015). 
Abbreviations: RAMs: resistance-associated mutations; NNRTI: nonnucleoside reverse transcriptase inhibitor; EC50: 50% effective concentration; RPV: rilpivirine; 

ETR: etravirine; EFV: efaviranz; NVP: nevirapine; n/a: data not available.
Source: Additional data from Azijn et al. (2010).

Table 239.3. Overview of resistance-associated mutations affecting nonnucleoside reverse transcriptase inhibitors.a

Codon position 100 101 103 106 138 181 188 190 230

Wild-type amino acid L K K V E Y Y G M

NNRTI 

Nevirapine Ic E/P N/S A/M C/I/V A/S/E L

Efavirenz I E/P N/S A/M C/I/V A/S/E L

Etravirine I E/P A/G/K/Q Cb/I/V L A/S/Eb L

Rilpivirine I E/P A/G/K/Q Cb/I/V L A/S/Eb L

aData indicate increased resistance; figures in boldface indicate the highest level of resistance.
bMutation decreases resistance.
cExample: this RAM is L100I. 
Source: Modified with permission from Stanford University (2015). 

Figure 239.2. Frequency of single RPV resistant mutations 
(RAMs) in patients emrolled in the ECHO or THRIVE phase 
III RPV clinical trials with viral load failure through week 96. 
The fold change (FC) in susceptibility for each RAM, where 
known, is given over the relevant bar; in addition, the fold 
change for four relatively common RAMs as pairs are also 
shown. (Frequency data compiled from Rimsky et al. (2012, 
2013); fold change data from Azijn et al. (2010).) 
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RAMs together, or partnered with NRTI RAMs, can produce 
high-level RPV resistance. For example, the common RPV 
RAMs E138K and K101E increase the RPV FC by < 3-fold, 
which is below the bar for clinically significant resistance. 
However, if these RPV RAMs associate with the NNRTI 
RAM M184I (which by itself induces high-level resistance 
only in lamivudine and emtricitabine), that combination 
results in an RPV FC of 6.5 or 4.6, respectively (Rimsky et al., 
2012). Kulkarni et al. (2012) confirmed that data by using 
site-directed mutation to insert E138K plus M184I into an 
HIV-1 strain, which had a FC of 4.1. Further, in the 48 sub-
jects with viral load failure at 48 weeks, 29 (60%) had E138K 
and/or K101E with M184I/V and a FC of RPV ≥ 4.6 in 27 of 
the 29. The importance of those RAMs in resulting in clinical 
RPV failure is emphasized in Table 239.4. The most common 
combination of NNRTI and NRTI RAMs in the 96-week 
analysis was E138K plus M184I/V, with a FC up to 8.8 
(Rimsky et al., 2013). The same authors previously identified 
15 RAMs at seven codons associated with decreased suscep-
tibility to RPV: K101E/P, E138A/G/K/Q/R, V179L, Y181C/
I/V, H221Y, F227C, and M230I/L (Rimsky et al. 2012); all of 
these RPV RAMs (except V179L and F227C) were identified 
in the recombinant HIV-1 strains produced by Azijn et al. 
(2010). The pattern of mutations seen in the non-B HIV-1 
types was similar to that seen in the dominant B virus 
(Rimsky et al., 2012).

The incidence of viral load failure in the rilpivirine arm, 
compared with the efavirenz arm of ECHO and THRIVE 
increased in subjects with pretherapy viral loads > 100,000, 
and the highest incidence of viral load failure was in subjects 
with baseline viral loads > 500,000 (Rimsky et al., 2013). 
Consequently, rilpivirine is not considered an appropriate 
drug for treatment-naive patients with baseline viral loads 
> 100,000 (FDA, 2015). 

The STaR study was similar to ECHO in that it compared 
RPV with efavirenz, 1:1, both with tenofovir-DT and emtric-
itabine as a backbone, and each with single-tablet regimens 
(Atripla and Eviplera). This study showed that virologic 
failure occurred more often than with RPV (6.1%) than 
 efavirenz (2.3%). That difference was due to patients with a 

baseline viral load > 100,000 because the failure rate for EFV 
and RPV in subjects with pretreatment viral loads ≤ 100,000 
was comparable (6% vs. 8%; p = 0.46); failure rates with viral 
loads > 100,000 were 9% versus 20% (p < 0.0001) (Porter et 
al., 2015a; Cohen et al., 2014). A study looking for low- 
frequency, preexisting mutations using deep sequencing could 
not attribute the differences to that (Porter et al., 2015b). 
Most of the viral load failures, and hence most of the muta-
tions, were observed in the first 48 weeks of the study, with 
few in the following 48 weeks (Porter et al., 2015a). The 
resulting mutations in the 24 RPV-treated patients with viro-
logical failure (viral load > 400) were virtually identical to 
those seen in ECHO and THRIVE; 21 of 24 had NNRTI 
mutations, and 20 had both NNRTI and NRTI mutations. 
The most common NNRTI RAMs were V90I (5 instances), 
E138K (5), Y181C (5), K101E (5), and H221Y (3), with the 
remainder being present in ≤ 2 subjects. Similarly, the com-
mon NRTI RAMs were M184V (8) and K219E (3); all others 
occurred in only a single subject. 

Alvarez et al. (2015) characterized RPV RAMs in 2781 
antiretroviral-naive Spanish patients. E138A was the most 
prevalent RPV RAM, present in 3.4% of patients; this is 
 different from results of the THRIVE and ECHO studies 
because E138A and several other RAMs, were excluded from 
these studies (Vingerhoets et al., 2013; see Figure 239.2). 
E138A is a mutation causing only a minor fold change in all 
NNRTIs, including RPV (see Table 239.1). Using the Stanford 
University (2015) algorithm, 121 (4.4%) subjects had low-
level or intermediate RPV resistance (Alvarez et al., 2015). 

Lambert-Niclot and colleagues (2014) reported the prev-
alence of RPV RAMs in patients failing prior therapy: one 
group failed NRTI with a boosted protease (n = 998) and the 
second failed an NRTI regimen with first-generation NNRTIs 
(n = 3733). The frequency of RPV RAMs was 5.1% in the first 
group, similar to antiretroviral drug–naive patients in this 
study; in the second group, the prevalence of RAMs mediat-
ing efavirenz, nevirapine, or etravirine mutations ranged from 
74% to 79%, while only 58% were resistant to RPV. It is inter-
esting that RPV resistance was less frequent in subtype B 
viruses than in other subtypes (Lambert-Niclot et al., 2014). 

Table 239.4. Most frequent treatment-emergent combinations of NNRTI and NRTI RAMs rilpivirine-treated subjects enrolled 
in ECHO and THRIVE.a

NNRTI RAM NRTI RAMb
No. (%) of subjects 
with combination Median RPV FC

Percent with 
RPV FC ≥ 3.6

E138K M184I 17 (46%) 8.1  88%

E138K M184V  8 (30%) 6.5  75%

E138K + K101E M184I  4 (11%) 3.5  50%

E138K + K101E M184V 2 (5%) 3.5  50%

K101E M184I 2 (5%) 4.6 100%

K101E M184V 1 (3%) 17 100%

aPhase III clinical trials; 48-week analysis.
bSome subjects had additional NRTI mutations (e.g. K219E, K65N/R), which might contribute to increasing the FC.
Abbreviations: NNRTI: nonnucleoside reverse transcriptase inhibitor; NRTI: nucleoside reverse transcriptase; RAM: resistance-associated muta-

tion; RPV: rilpivirine; FC: fold change in RPV EC50.
Source: Data compiled from Rimsky et al. (2012).
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There are subtle differences in RPV RAMs in B versus 
non-B HIV-1 types. Sluis-Cremer and colleagues (2014) 
showed that the E138A mutation occurred more often in 
HIV-1 type C (5.9–7.5%) than in clade B, where it is rare 
(0–2.3%). A review of data in the Stanford University HIV 
Resistance Database showed that E138K and E138Q were 
slightly more common in clade C than B (1.0% and 1.1% vs. 
0.3% 0.6%) (Sluis-Cremer et al., 2014). It is interesting that in 
clade C, E138A/K/Q RAMs caused a FC of 2.9–5.8 (Sluis-
Cremer et al., 2014), whereas their FC in clade B was ≤ 2.8 
(Azijn et al., 2010). Crawford and collaborators (2014) stud-
ied RAMs developing in 617 Kenyan patients on nevirapine- 
or efavirenz-containing antiretroviral regimens who had 
viral loads assessed. Of those who had NNRTI resistance  
(n = 101), 14 (~ 14%) of those developed E138A/G/K/Q 
mutations, all of whom were subtype B viruses. E138 RAMs 
were unique to this subtype, but previously seen relatively 
frequently in subtype B (Alvarez et al. 2015). 

Derache and colleagues (2016) assessed phenotypic and 
genotypic mutations in 38 Thai, South African, Indian, 
Malawian, and Tanzanian subjects infected with type C 
HIV-1 who had virologic failure while receiving either efa-
virenz- or nevirapine-containing treatment regimens (of the 
47 subjects, 39 were on nevirapine). Common NNRTI RAMs 
in this group were Y181C (n = 28), G190A/S (n = 15), K103N 
(n = 13), K101E (n = 10), and V106M/A (n = 5). None of 
these NNRTI RAMs mediate significant resistance to RPV 
(> 3.7), but all except K101E mediated high-level nevirap-
ine resistance. However, 38 of the 47 subjects had M184V/I 
mutations as well, and when combined with the common 
NNRTI RAMs (e.g. K101E plus M184I has an FC of 4.6) 
could mediate significant RPV resistance (see Table 239.2). 
The take-home message was that genotyping subtype C HIV 
strains overestimated RPV and etravirine resistance by 32% 
and 28%, respectively, because about 43% of the patients 
remained susceptible to RPV by phenotype and about 51% 
susceptible to etravirine. Most of the common NNRTI RAMs 
were associated with prior nevirapine usage (but not efa-
virenz). Only Y181C and K101E were associated with RPV 
resistance (Derache et al., 2016). 

MUTATIONS OCCURRING IN PATIENTS ON 
THERAPY: VIROLOGICALLY SUPPRESSED SUBJECTS 
SWITCHED TO RPV-CONTAINING REGIMENS

In general, switch studies—those studying patients who are 
virologically suppressed moving to a rilpivirine-containing 
regimen from a regimen without rilpivirine—appear to be 
generally effective (~ 93% still on the RPV regimen after 1 
year or more) and to have a low incidence of RPV resistance 
(Cazanave et al., 2015; Gianotti et al., 2015; Pinetti et al., 
2015; Palella et al., 2014). When resistance is found, the muta-
tions are similar to those seen in treatment-naive patients. 
Gazaignes and colleagues (2014) switched 281 patients with 
HIV viral loads < 50 to a rilpivirine-containing regimen in 
which there was a 5% incidence of virologic failure. Of the 14 
patients with virologic failure, 7 had their HIV strain genotyped, 
and only previously ecognized RPV RAMs were present. 

Palella and colleagues (2014) simplified treatment of 
patients on a two NNRTIs plus ritonavir-boosted protease 
inhibitor (r/PI) regimen by switching them to co-formulated 
tenofovir, emtricitabine, and RPV (Eviplera®). The study was 
somewhat complicated because a total of 476 subjects were 
randomized, but only smaller numbers were on treatment 
for 24 weeks: about two thirds (297 subjects) to an immedi-
ate switch to TDF–FTC–RPV and the remaining third (152) 
to adding RPV to the two-NNRTI plus PI/r regimen. At the 
24-week evaluation, 93.7% of TDF–FTC–RPV-treated sub-
jects had an HIV viral load < 50 compared to only 89.9% 
of those on a boosted-PI regimen with two NRTI s and RPV 
(p = 0.15). The subjects switched to TDF–FTC–RPV went on  
to a review at 48 weeks. Excluding patients with missing 
data, 93.7% of those switched to TDF–FTC–RPV at 24 weeks 
had a viral load < 50 versus 89.9% (8 cases of nonvirologic 
suppression) of those on boosted-PI regimen plus RPV (p > 
0.001). After 48 weeks the TDF–FTC–RPV group had 7 
 viro logic failures and all had genotyping, with 4 having 
RAMs. The NNRTI mutations seen included E138K, L100I, 
K103N, and V179I, and the NRTI mutations were M184I/V 
(all consistent with other data), and some of the NNRTI 
RAMs were detected before switching (Palella et al., 2014). 
Among the 24 participants with a preexisting K103N RAM 
(mediating resistance only to nevirapine and efavirenz) in 
their historical genotype (while still antiretroviral naive), 18 
were in the immediate switch arm and all were virologically 
suppressed at week 24; of these subjects, 17 were still sup-
pressed at week 48. One participant (1 of 18) who had pre-
existing K103N and V179I/V had virologic failure at week 48 
and developed additional RPV and NRTI RAMs (M184V, 
E138K, and V108V/I) (Palella et al., 2014).

Amiel and colleagues (2014) switched 277 patients with 
HIV viral loads < 40 to co-formulated tenofovir, emtricit-
abine, and RPV (Eviplera). Of all subjects, 55% had a boost-
ed-PI (mainly r/ATV and r/DRV) changed to RPV, 37% 
switched only the NNRTI (predominantly efavirenz), and 
~ 8% switched from raltegravir. The patients with virologic 
failure generally had RAMs associated with rilpivirine resis-
tance in other studies. These included three studied in detail: 
E138Q plus Y181I plus M184V plus M41L plus T215Y but 
with M184V, M41L, and T215Y mutations present at base-
line; the second patient had a M230L with no genotype at 
baseline; the last patient had K101P plus K103N, 225H, and 
M184V, M41L, D67N, K70R, T215F, and T219Q. 

Theys and colleagues (2015) assessed the utility of RPV in 
a series of 1212 patients who had failed nevirapine-based or 
efavirenz-based combination antiretroviral therapy; these 
patients had 80% to 90% genotypic resistance, respectively. 
Forty-seven percent of subjects had RPV RAMs, and the re- 
mainder had preserved RPV activity by genotype. The most 
common RAMs after nevirapine were Y181C (FC 2.7) and 
H221Y (FC 1.8), whereas L100I plus K103N (FC 7.0), Y188L, 
(FC 92), and K101E (FC 2.4) were most common in efa-
virenz-experienced patients (FC values from Azijn et al., 2010). 
Obviously there were more relevant RPV RAMs after efavirenz 
than nevirapine, but overall the efavirenz-treated subjects 



3996 Rilpivirine

had 32% fewer RPV RAMs and a 50% lower risk of predicted 
RPV resistance overall than those treated with nevirapine; it 
was not surprising that most RAMs caused significant resis-
tance in efavirenz and nevirapine (Theys et al., 2015). 

PREVALENCE OF PREEXISTING RPV RAMS

Recent data indicate that preexisting RPV RAMs are not 
common in random specimens from RPV-naive patients 
with HIV infection, regardless of whether they are under 
treatment or not. Reinheimer and colleages (2012) studied 
7295 specimens in the Frankfurt Resistance Database; the 
overall frequency of common resistance mutations was only 
about 5% of all subjects studied (see Table 239.5). Parczew- 
ski and collaborators (2014) assessed the prevalence of 
RPV RAMs in previously untreated patients from northern 
Poland. RPV RAMs were found in 5.3% of sequences, with 
E138A and E138G being the most common (3.7 and 0.8%, 
respectively), followed by K101E (0.4%) and Y181C (0.4%). 
Mutations potentially reducing RPV susceptibility were 
found in 2.5% of sequences, and included V179D (1.6%) and 
G190A (0.8%). Vingerhoets and colleagues (2013) assessed 
the prevalence of 39 RPV RAMs in the pretreatment plasma 
of 1796 subjects screened to enter the previously mentioned 
ECHO or THRIVE phase III clinical trials (1368 who entered 
the trial and 456 who were excluded), and they compared the 
prevalence in those two groups with the Stanford University 
(2015) HIV Resistance Database. Of all subjects studied, 21% 
had at least one of the 39 RPV RAMs, but only 2% had ≥ 2 
RAMs. The overall prevalence of each RAM was as follows: 
V179L, 8.7%; E138A, 2.7%; V106I, 2.7%; K103N, 1.9%; 
V179D, 1.5%; V189I, 1.2%; and < 1% for the other 23 RAMs 
(including otherwise common mutations such as E138K, 
L100I, H221Y, and V90I). It is interesting that all of these 
RAMs individually increased the RPV FC by < 3.0 (the 
increase for significance is > 3.7) (Rimsky et al. 2012). The 
prevalence of individual RAMs in the ECHO and THRIVE 
cohorts closely matched the prevalence in the Stanford 
University HIV Resistance Database, with the only conse-
quential difference being for V179I, which had a prevalence 
in the Stanford database of only 4.4% vs. 8.7% in the cohorts 
(Vingerhoets et al., 2013; Stanford University, 2015). 

Picchio and colleagues (2014) evaluated 15,991 samples 
from HIV-infected subjects submitted to Monogram Bio-
sciences in South San Francisco, California, between January 

2010 and June 2011 for RPV RAMs, a period of time before 
extensive clinical use of RPV. It is well known that Monogram 
is a commercial entity doing HIV testing, and that it tends to 
receive specimens from cases with virological failure (N. Hell-
man, personal communication, 2015), and samples from 
treatment-naive patients are “not always routinely submitted 
for phenotypic testing.” Genotype and phenotype were assessed 
and the samples were analyzed for known rilpivirine RAMs, 
such as K101E/P, E138A/G/K/Q/R, V179L, Y181C/I/V, Y188L, 
H221Y, F227C, and M230I (but note that most of these are 
also found in patients receiving other NNRTIs), as well as the 
NRTI mutation relevant to RPV resistance, M184V/I. The 
Monogram cutoff value for RPV resistance was a FC of > 2.0. 
About 17% of the samples harbored ≥ 1 RPV RAMs (Picchio 
et al., 2014). The prevalence of most single rilpivirine RAMs 
was low (Y181C, 7.1%; H221Y, 3.0%; E138A, 2.8%; K101E, 
2.6%; Y188L, 2.3%; E138G; 1.1%; all other single RAMS were 
≤ 0.8%) and the only mutation with a Monogram FC > 2.0 
was Y188L, which results in an FC from 2.8–9.2 (see Table 
239.2). Combinations of RAMs were uncommon (≤ 0.23%) 
except for K101E plus M184V, which was present in 1.2% of 
specimens and has a FC of 24. 

Jeulin and collaborators (2014) identified a 12.6% preva-
lence of RPV RAMs in their cohort from three departments 
(Meuse, Moselle, and Vosges) in the Lorraine region of 
France. It was no surprise that the prevalence was lower in 
previously untreated patients than those previously exposed 
(10.2% vs. 15.3%). Nearly two thirds of the pretreated patients 
in this cohort had received NNRTIs other than RPV. The 
E138A RPV RAM was the commonest one identified, account-
ing for almost half of RPV RAMs, and its prevalence appeared 
to increase from 3.6 in early 2011 to 9.3% during the first half 
of 2013. As many of the untreated subjects were carrying 
E138A, the authors hypothesized that the RAM was being 
transmitted among a group of sexually active men, and their 
hypothesis was supported by phylogenetic analysis (Jeulin et 
al., 2014). Amiel and colleagues (2014) found RPV RAMs in 
7 (7%) of 196 patients being considered for switching to a 
RPV regimen (TDF–FTC–RPV), all of whom had previously 
been given antiretroviral therapy; there were 4 patients with 
single RAMs (2 E138A; 2 H221Y) and 3 with a combination 
of two or three RAMs. 

Gatanaga and collaborators (2013) discovered an interest-
ing relationship between the prevalence of specific RPV RAMs 

Table 239.5. Prevalence of RPV RAMs in the Frankfurt HIV resistance database.

Mutation

No. of Indicated RAMs in a total of 7295 samples

TOTAL (%)K101E K101P K103N V106A/M/I E138K Y181Ca Y181V/Ib Y188C/H/L G190A/S/E

Single RAM(s) 111 12  970 188 21 434 56  91 251 2134 (29)

Mixturec  46  5  180  85 11 100 13  26  81 547 (7.5)

Both 157 17 1150 273 32 534 69 117 332 2681 (37)

aMixtures do not included Y181V/I. 
bMixtures do not include Y181C.
cA mixture of other amino acid changes at that codon, including wild type.
Abbreviations: RPV: rilpivirine; RAM: resistance-associated mutation.
Sources: Data compiled from Reinheimer et al. (2012) and C. Reinheimer and M. Stuermer (personal communication, 2015). 
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and cytotoxic T lymphocytes (CTLs). Codon 138 is the site 
of several RPV RAMs (E138K/G/A/Q/R/S) but it is also one 
of the putative epitopes of HLA-B*18 CTLs. The authors 
hypothesized that the incidence of E138 mutations should be 
increased in treatment-naive patients with HLA-B*18, and 
in the 1107 subjects studied, the prevalence of E138K/A/G 
mutations was 21% in subjects with HLA-B*18, but only 
0.37% in those with other haplotypes (p < 10−25). Further,  
the CTL response to E138 was abolished by all mutations 
(E138K/A/G), and these mutations in the context of HLA-
B*18 mediated the same degree of resistance as seen in other 
studies (Gatanaga et al., 2013). 

Thai scientists, part of the TREAT ASIA group, assessed 
the frequency of 15 RPV RAMs known to cause RPV resis-
tance (K101E/P, E138A/G/K/Q/R, V179L, Y181C/I/V, H221Y, 
F227C, and M230I/L) (although many of these, with the 
notable exception of K101P, Y181I, and Y181V, have FC 
changes < 3.7 (see Table 239.2). In 1627 treatment-naive, 
HIV-infected subjects; 83% had non-B subtypes and 74% 
were recombinant subtype CRF01_AE (Sungkanuparph et 
al., 2013). Overall, 48 subjects (3.0%) had at least one or 
more RPV RAM, and 10 of 15 were those known to cause 
RPV resistance; the commonest were E138A (FC 2.5), E138G 
(FC 1.6), and Y181C (FC 2.7) (FC data from Table 239.2). 

Calvez and colleagues (2016) recently reviewed 138 arti-
cles from 65 countries providing data on preexisting rilpivir-
ine RAMs (specifically, L100I, K101E/P, E138A/G/K/Q/R, 
V179L, Y181C/I/V, Y188L, H221Y, F227C, and M230L/I) in 
64,466 subjects who had banked plasma. Seven of the nine 
RPV RAMs had frequencies of < 0.1% and two were more 
prevalent, E138A/G/K/Q/R (0.7%) and Y181C/I/V (0.3%). 
Results from 52,680 rilpivirine-naive specimens in the 
Stanford University (2015) HIV Resistance Database showed 
that all except E138A/G/K/Q/R had a prevalence of < 0.1%, 
and the prevalence of the latter was substantially higher than 
that seen in the review (2.9%). It is interesting that the prev-
alence of the E138 RAMs were highest in HIV-1 subtypes C 
(6.1%), F (5.1%) ,and A (3.3%) (Calvez et al., 2016). 

VIROLOGIC FAILURE DUE TO PREEXISTING RAMS 

It is well known that even the presence of a low incidence of 
RAMs before therapy, detected using conventional or deep 
sequencing, can increase the risk of virologic failure (Li et al., 
2011), and of course, that fact is also logical. Although at 
least one study suggested there was a low risk of virologic 
failure due to preexisting RPV RAMs in patients treated with 
RPV (van Eygen et al., 2015), other authors (including this 
one) thought that might be the case because in the two clini-
cal trials of previously untreated HIV subjects studied 
(ECHO and THRIVE), the presence of even a low incidence 
of one or more NNRTI RAMs from a list of 39 was a reason 
to be excluded from participating in the studies (Vingerhoets 
et al., 2013). 

Four other studies have shown that prior exposure to a 
NNRTI other than RPV increased the risk of failure of RPV-
containing regimens because of cross-resistance between 
some NNRTI RAMs and RPV (Bunupuradah et al., 2011; 

Anta et al., 2013; Gallien et al., 2015; Jeulin et al., 2014). Anta 
and collaborators (2013) sought RPV RAMs in 1064 patients 
failing regimens containing efavirenz (54.5%), nevirapine 
(40%), or etravirine (5.5%). RPV RAMs were seen in 25% 
of those failing nevirapine, 14.5% of those failing efavirenz 
failures, 27.6% of those failing etravirine failures (Anta et 
al., 2013), suggesting that RPV-containing regimens in this 
group might not be advisable. A study from Thailand of 
patients infected largely with HIV-1 CRF01_AE failing two 
NRTIs plus one NNRTI (90% nevirapine, 10% efavirenz) 
therapy showed that 60% of those patients had etravirine 
RAMS vitiating the subsequent use of both RPV and etra-
virine in further treatment regimens (Bunupuradah et al., 
2011). The ANRS 138-EASIER study of HIV-infected patients 
already on therapy and with viral loads < 400 (84% < 50) 
showed that in patients who had been previously exposed to 
efavirenz- or nevirapine-containing regimens, 32% had at 
least one archived RPV RAM archived in whole blood DNA 
(mainly Y181C/I/V, K101E/P, and E138A/G/Q/R/S, some 
of which, such as K101P, mediate high-level RPV resistance); 
the authors suggested that rilpivirine might not be an ideal 
drug for a switch regimen in such patients (Gallien et al., 
2015). The data from Jeulin et al. (2014) showing a 50% 
increase in RPV RAMs in treated versus untreated patient 
cohorts were discussed earlier. 

Vingerhoets and colleagues (2013) assessed the impact of 
preexisting RPV RAMs on the ability of RPV-treated sub-
jects to maintain an undetectable viral load. Although the 
details are scarce, these authors concluded that “The pres-
ence of V90I, V106I, V179I, and V189I was associated with 
response rates in the RPV-treated group comparable to those 
observed in the overall population.” However, it must be 
noted that those four mutations do not have a clear effect on 
either RPV or efavirenz (V90I and V179I have FCs < 2.0) 
(see Table 239.2), and for all (except V189I) the Stanford 
University (2015) HIV Resistance Database notes, “Alone it 
appears to have little, if any effect on NNRTI susceptibility or 
the virological response to an NNRTI-containing regimen.” 

Some anecdotes may show how difficult it is to extract 
data on the impact of preexisting RPV RAMs from current 
publications. Rokx and collaborators (2014) identified 10 
previously untreated, HIV-infected patients (of 1550) with 
only a K103N RAM; only 3 were treated with RPV–TDF–
FTC and all had full virological control for 48 weeks. 
Unfortunately, this study tells us little, because K103N alone 
does not affect RPV resistance (Azijn et al., 2010; see Table 
239.2). Cazanave and colleagues (2015) studied a multi-
centric group of 304 virologically suppressed subjects (from 
the ANRS CO3 Aquitaine Cohort) that were switched to 
RPV–TDF–FTC as a single tablet; pretreatment genotypes 
were available in 196 subjects, 8 with NNRTI RAMs and 2 
with RAMs specific for RPV. Of the 5 subjects with virologic 
failure, only 2 had preexisting RPV RAMs. One had pretreat-
ment K103N, M184V and after virologic failure both those 
RAMs were present along with L100I and H221Y; whether 
the preexisting RAMs were relevant is unclear because the 
combination of K103N with M184 results in only a trivial 
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increase in the RPV FC (1.1) (Stanford University, 2015). The 
second had only K103N with L210M (a combination of 
uncertain significance) with no new mutations during viro-
logic failure (Cazanave et al., 2015). Palella and colleagues 
(2014) switched patients from a two-NRTI plus ritonavir- 
boosted PI regimen to the single-tablet combination of RPV–
TDF–FTC in the SPIRIT study. Virological failures were rare 
in the switch study (11; 3.5%), perhaps not surprising because 
to be eligible subjects had to have “no apparent resistance to 
any of the study drugs, including obviously RPV RAMs 
K101E, E138G/K/R/Q, and several others. Only 4 subjects 
with failure at week 48 had both pre- and posttreatment gen-
otypes. None had pretreatment NRTI RAMs, and 2 had 
NNRTI RAMs (one had V90V/I only; the other had V90V/I 
plus K103N. All 4 subjects had NRTI RAMs (M184V or I), 
and 3 of those had RPV RAMs (one had V90I, L100I, K103N; 
one had E138E/K, and one had K103N, V108V/I, E138K, 
V179I) (Palella et al., 2014; D. Porter, Gilead, personal com-
munication, 2015). 

RECOMMENDATIONS REGARDING  
RESISTANCE TO RPV

Taking all the available data together, it is clear that the most 
conservative strategy when considering RPV-based therapy 
of a treatment-naive patient would be to obtain an HIV gen-
otype before initiating treatment, as is consistent with the 
prescribing information for RPV-based therapy, to exclude 
preexisting RPV RAMs, particularly in patients previously 
treated with other NNRTIs. As noted earlier, a two-NRTI 
plus RPV regimen is not recommended for patients with 
viral loads > 100,000 copies/ ml and should be used only 
rarely in patients with CD4 counts ≤ 200, due to an increase 
in virologic failure compared to patients receiving a two-
NRTI plus efavirenz regimen. The best strategy for switching 
a virologically suppressed patient to an RPV-based regimen 
would be to review any prior genotypes for RPV RAMs while 
taking into account the fact that NNRTI RAMs may be lost 
in plasma RNA if the selective pressure of the earlier NNRTI 
treatment has been discontinued for some time, in which 
case RPV RAMs may be present only in archived HIV cDNA. 

2c.  In vitro synergy and antagonism

Because the mechanism of action of rilpivirine is identical to 
that of other nonnucleoside reverse transcriptase inhibitors, 
and it does not have major pharmacokinetic interactions with 
potential companion antiretroviral drugs, it is likely that 
additive or synergistic effects would be observed, either in 
vitro and in vivo, with most, if not all, antiretroviral drugs of 
other classes. Kulkarni and colleagues (2014a, 2014b) showed 
that a number of combinations—RPV plus TDF, RPV plus 
FTC and RPV plus TDF plus FTC—were all moderately to 
strongly synergistic in vitro. Azijn and colleagues (2010) had 
already studied combinations of RPV with most antiretro-
viral drugs (ARVs) from the NRTI, NNRTI, PI, integrase 
inhibitor, fusion inhibitor, and co-receptor binding inhibi-
tor classes. All tested combinations were scored as additive, 

except for the combinations with 3TC, zidovudine (AZT), and 
raltegravir (RAL), which showed low levels of synergy. No in 
vivo synergism data are available. 

3. MECHANISM OF DRUG ACTION

Rilpivirine binds to the same site in the HIV-1 reverse tran-
scriptase (RT) as other NNRTIs (Ren et al., 1995; Das et al., 
2008) and this binding blocks enzyme activity. Crystal lo-
graphy has shown that RPV and etravirine have a similar 
binding mode, whether bound to wild-type reverse tran-
scriptase or one with the K103N mutation (Lansdon et al., 
2010), which is a mutation that does not affect either RPV or 
etravirine activity but vitiates the activity of efavirenz and 
nevirapine (Azijn et al., 2010). These hydrophobic nonnucle-
oside drugs bind to a hydrophobic tunnel connecting the 
NNRTI binding pocket to the nucleic acid binding cleft of 
the enzyme (Das et al., 2008). First-generation NNRTIs are 
relatively rigid, and their hydrophobic bonding to the enzyme 
is limited to a few RT amino acids, whereas the second- 
generation drugs like RPV have more flexibility and bind to 
additional hydrophobic amino acid residues, resulting in stron-
ger binding than older NNRTI (Das et al., 2008; see Chapter 
238, Etravirine). As a consequence, second- generation drugs 
such as rilpivirine can continue to bind reverse transcriptases 
with mutations that block binding of the first-generation 
drugs, and this supposition has been confirmed directly by 
co-crystallization experiments with reverse transcriptase 
enzymes containing the mutations mediating resistance to 
first-generation drugs (Das et al., 2008). To put it more ele-
gantly, the flexibility of RPV (wiggling) and local reposition-
ing (jiggling) gives RPV its advantage over older NNRTIs 
(Frenkel et al., 2009). 

Singh and collaborators (2012) assessed the mechanism 
by which specific mutations in the HIV reverse transcriptase 
reduce RPV activity. The E138K RAM reduces RPV binding 
affinity, and the combination of E138K with M184I results in 
resistance to 3TC and FTC, increases the fitness of viruses 
with M184V/I, and further reduces the binding affinity of 
RPV for the reverse transcriptase. 

In a wild-type virus, E138 forms a salt bridge with K101, 
and the structure of the RT is such that RPV binds firmly 
with it. With the E138K, the salt bridge with K101 is absent 
and the two positively charged amino acids repel one another, 
thereby opening the NNRTI binding pocket to solvent and 
decreasing van der Waals contact between RPV and the RT 
(Kulkarni et al., 2012). The other E138 mutations (A, G, K, R, 
Q) also lack the negative charge, eliminate the salt bridge, 
and increase RPV FC by twofold to fourfold (Azijn et al., 
2010; Kulkarni et al., 2012). The codon M184 forms part of 
the wall of the NNRTI binding pocket, which displays the 
key hydrophobic side chains of Y181 and Y188 (Kulkarni et 
al., 2012). If the salt bridge is intact, RPV still binds well to 
a  binding pocket, which includes M184V/I; when the salt 
bridge is absent, the M184I RAM further disrupts RPV bind-
ing and increases the FC (from 2.4 for E138K alone to 4.1 for 
E138K plus M184I); M184V had no effect on E138K. M184V 
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or M184I alone had no effect on RPV FC (Kulkarni et al., 
2012). Further, these mutations decreased the relative fitness 
of the virus, with M184V having a relative fitness compared 
to the wild type of 0.86; M184I of 0.79, E138K of 0.8, and 
E138K plus M184I of 0.72 (Kulkarni et al., 2012). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

RPV is marketed as Edurant, a 25-mg tablet, and the dose is 
one tablet daily. Early clinical trials used RPV doses of 25, 75, 
150, and even 300 mg given once daily for up to 96 weeks, 
with no evidence that doses higher than 25 mg daily increased 
either toxicity or efficacy (Pozniak et al., 2010; Ripamonti et 
al., 2014). The long-acting, injectable RPV (LA-RPV) and 
the adherent RPV (PLGA-RPV), which are being considered 
for preventing HIV infection in women by coating the cervix 
with RPV, are still under investigation (Williams et al., 2015; 
Melody et al., 2015; Kovarova et al., 2015). 

RPV with appropriate support by other antiretroviral 
drugs (e.g. TDF–FTC; ABC–3TC) is suitable for treating HIV- 
infected patients not previously treated. In the USA RPV is not 
recommended for any first- or second-line treatment (AIDS 
Info, 2015). The European AIDS Clinical Society (2015) does 
list TDF–FTC–RPV as a first-line treatment for treatment- 
naive subjects. Both the USA and the EU indicate that RPV-
containing regimens should not be used for subjects with 
pretreatment viral loads > 100,000 and CD4 counts ≤ 200, 
for reasons explained in this chapter. 

RPV should be taken with a meal, which increases absorp-
tion significantly (Crauwels et al., 2013a). Specifically, a nor-
mal breakfast resulted in best RPV absorption; whereas a 
high-fat breakfast was nearly as good. Fasting or only a 
high-protein drink (Ensure) achieved absorption ~ 60% less 
than that achieved with a meal (Crauwels et al., 2013a). It is 
interesting that the Edurant® (RPV only) approval suggests 
that it should be taken with a meal, whereas Complera® (RPV 
with tenofovir and emtricitabine) is approved to be taken 
with food. 

RPV should not be used in patients taking proton pump 
inhibitors like omeprazole, because they almost eliminate 
gastric acid, which is required for RPV solubility, thereby 
reducing RPV absorption by ~ 85% (Crauwels et al., 2013a). 
H2-inhibitors can be used by patients taking RPV, these 
inhibitors must be administered ≥ 12 hours before or ≥ 4 
hours after the RPV dose to achieve adequate absorption 
(Crauwels et al., 2013b). Further information on RPV inter-
actions with other drugs are provided in Table 239.6.

4b.  Newborn infants and children

RPV has not been adequately studied in children < 12 year-
sold; consequently the use of RPV in this population is not 
recommend. ClinicalTrials.gov lists several ongoing or 
recently completed studies in children. A granular formula- 

tion specifically for children is under investigation and has 
shown good bioavailability (Crauwels et al., 2010; H. Crauwels, 
personal communication, 2016). 

4c.  Pregnant and lactating mothers

RPV is an FDA category B drug and it is not recommended for 
use in pregnant women because the drug appears to be trans-
ferred to the fetus quite easily via the placenta (Man del brot et 
al., 2015). It is also not recommended for use in breastfeed-
ing women, as the drug is found in breast milk (FDA, 2015).

Because of both the potential for HIV transmission and 
the potential for adverse reactions in nursing infants, moth-
ers should be instructed not to breastfeed if they are receiv-
ing RPV treatment, or they could discontinue RPV and 
substitute an antiviral that is established as safe for lactating 
mothers and that is also compatible with the patient’s other 
antiretroviral drugs.

Colbers and colleagues (2014) assessed RPV pharmaco-
kinetics in two pregnant women taking Eviplera and in their 
placentas. Exposure, as measured by serum area-under- 
the-concentration-time curve for 24 hours (AUC0–24h) was 
30–43% lower during pregnancy than in those not pregnant; 
it returned to normal postpartum. The levels were subthera-
peutic during the third trimester, but there was no evidence 
of drug failure. Cord blood was taken at birth in one woman, 
and the cord blood concentration was about 75% of that seen 
in maternal plasma. 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

In patients with mild or moderate renal impairment no RPV 
dose adjustment is required. However, in patients with severe 
renal impairment or end stage renal disease, rilpivirine 
should be used with caution and with increased monitoring 
for adverse effects because rilpivirine concentrations may be 
increased due to alteration of drug absorption, distribution, 
and metabolism secondary to renal dysfunction (FDA, 2015). 
Although not recommended on the basis of a study, moni-
toring of RPV levels if available might be useful. RPV does 
not appear to alter kidney function significantly, and it’s 
excreted only minimally by the kidney. 

In the two phase III trials (ECHO and THRIVE) compar-
ing RPV with efavirenz, starting rilpivirine therapy resulted 
in a consistent increase in serum creatinine by approximately 
0.1 mg/dl in all patients with normal renal function. This 
effect was not seen in the subjects receiving efavirenz (Maggi 
et al., 2014). This increase was stable over time and was not 
associated with other variables relating to kidney damage, 
but it does adversely affect estimates of glomerular filtra-
tion rate (GFR) based on serum creatinine concentrations. 
Mechanistically, rilpivirine reduces the tubular secretion of 
creatinine by inhibiting organic cation transporter 2 in tubu-
lar cells. The resulting decrease in uptake of serum creatinine 
causes the apparent decrease in creatinine-based estimates of 

http://www.ClinicalTrials.gov
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Table 239.6. Drug interactions with rilpivirine.

Drug class and drug

Significant effects on 
plasma levels 

Comments ReferencesOf RPV Of drug

Anti-HIV drugs FDAa

Delavirdine Increased None Combination not advised FDA

TDF, ABC, 3TC, FTC, AZT, ddI None Slight 
increase

No change in RPV dose or pharma-
cokinetics; TDF AUC, Cmin, and Cmax 
increased by ~ 22% but no change 
in dose needed

FDA; HIV InSiteb 
Dickinson et al. (2015); 

Hoetelmans et al. (2005c)

EFV, ETR or NVP Decreased None Combination not advised FDA; HIV InSite

ATV, DRV, FosAMP, SAQ, IND, TPFc Increased None No change in RPV dose needed FDA; HIV InSite; Ripamonti et al. 
(2014) 

ATV, DRV, FosAMP, SAQ, IND, TPVd Increased None No change in RPV dose needed but 
RPV AUC increased by ≤ 230%; 
Cmin increased by 280%; Cmax 
increased 80%

Van Heeswijk et al. (2007); 
Hoetelmans (2005b); FDA; HIV 
InSite

Raltegravir, dolutegravir, and 
cabotegrevir (GSK1265744)

None None RPV Cmin increased by 27% FDA; Crauwels et al. (2013a); 
Ford et al. (2013) HIV InSite

Anti-HCV drugs

Ritonavir-boosted HCV protease 
inhibitors (telaprevir, boceprevir, 
paritaprevir, asunaprevir, 
simeprevir, and grazoprevir) as 
well as sofosbuvir and ledipasvir

Increased None For telaprevir, no change in RPV dose 
but AUC increased by 40–80%; 
Cmax by 15–50%, Cmin by 51–93%); 
adding boceprevir increased RPV 
median AUC0–24 from 3.8 to 
6.5 mg/h/ml 

Kakuda et al. (2014); Hullegie et 
al. (2016); El-Sherif et al. (2015); 
Ouwerkerk-Mahadevan et al. 
(2015); FDA; HIV InSite

Other HCV drugs: sofosbuvir, 
ledipasvir

None None No dose adjustment needed Naggie et al. (2015)

Antituberculous drugs

Rifampin Decreased Unchanged RPV AUC, Cmin, and Cmax decreased 
by ~ 80%; using rifampin with RPV 
is not advised; use rifabutin

FDA; Crauwels et al. (2013a); HIV 
InSite; Ripamonti et al. (2014)

Rifabutin Decreased None Increase RPV dose to 50 mg if given 
together because RPV AUC, Cmin, 
and Cmax decreased by 35–50%

FDA; Crauwels et al. (2013a); HIV 
InSite; Ripamonti et al. (2014)

Isoniazid No data but probably not affected

Ethambutol No data but probably not affected

Pyrazinamide No data but probably not affected

Other anti-infective drugs

Azole antifungals: ketoconazole 
(the only one studied), fluco-
nazole, itraconazole, and others

Increased Decreased RPV: AUC increased by 50%; Cmin 
increased by 76%; Cmax increased 
30%; no change in RPV dose 
needed. Ketoconazole: AUC 
decreased by 24%; Cmax by 15%, 
and Cmin by 66%. Monitoring azole 
blood concentrations suggested 

FDA; HIV InSite; Van Heeswijk et 
al. (2007) Ripamonti et al., 
(2014)

Macrolide/ketolides (e.g. 
clarithromycin)

Increased None No change in RPV dose FDA

Antacids

Aluminum, magnesium, calcium 
antacids

Decreased None Decreased only if given 
concomitantly 

FDA; HIV InSite

Proton pump inhibitors (e.g. 
omeprazole)

Decreased None not recommended; RPV AUC, Cmax, 
and Cmin decreased by 40%

Ripamonti et al. (2014); HIV 
InSite; Ripamonti et al. (2014)

H2-inhibitors (e.g. cimetidine, 
famotidine)

Decreased None Give RPV 4 hours before or 12 hours 
after H2-drug; co-administration 
decreases RPV

Ripamonti et al. (2014)
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GFR. GFR estimated using cystatin C is not affected, indicat-
ing that creatinine-determined estimates of GFR are sub-
optimal (Laterza et al., 2002). This effect can be considered 
a “reset” of the estimated GFR based on a reset in plasma 
creatinine concentration, as is also seen with dolutegravir 
therapy and cobicistat boosting (Maggi et al., 2014).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

In patients with mild to moderate liver disease (Child-Pugh 
score A or B), RPV dosing does not need to be modified 
despite the fact that most RPV metabolism occurs in the liver 
and that the RPV exposure in plasma was increased in these 
subjects by about 47% and by 54% in subjects with moderate 
hepatic impairment. RPV has not been studied in patients 
with severe hepatic impairment (Child-Pugh class C) (FDA, 
2015). Calcagno and colleagues (2015)) recently studied 3 
patients with compensated cirrhosis (Child-Pugh score A5 
and B8) who were receiving RPV. Plasma RPV concentra-
tions in these three patients were generally above an EC90 of 
0.66 ng/ml, but the levels were far more erratic than those 
seen in normal patients; no adverse reactions from RPV 
administration were noted. Consequently these authors sug-
gested that patients with advanced cirrhosis receiving RPV 
should have drug levels monitored . 

In the ECHO and THRIVE studies (comparing RPV or 
efavirenz paired with TDF–FTC or other double NNRTIs), 
there were 49 patients co-infected with hepatitis B virus 
(HBV) and/or hepatitis C (HCV) in the RPV group and 63 in 
the efavirenz group. Efficacy as assessed by HIV-1 virologic 
suppression (viral load < 50) was less frequent in co-infected 
subjects than those without co-infection only in the RPV 
group (RPV: 73.5% vs. 85%; p = 0.04 and efavirenz: 79.4 vs. 
82.6; p = 0.5). Put in plain language, RPV worked less well in 
the co-infected population than in those not co-infected, 
while efavirenz worked equally well in both. In addition, 
the incidence of hepatic adverse events was much higher 

in  HBV–HCV-co-infected patients than in those not co- 
infected (26.7% vs. 4.1%, respectively) but was equivalent 
overall for the RPV and efavirenz groups (Nelson et al., 
2012). A record review of 246 Taiwanese HIV-infected patients 
taking RPV-containing regimens (90 treatment naive and 
156 switching to a RPV regimen) revealed a 9.1% prevalence 
of hepatitis B surface antigenemia and 25.6% prevalence of 
HCV antibody (Wu et al., 2014). Of all patients, 9.3% stopped 
the RPV regimen, mostly for adverse reactions, but the pro-
portion of normal aspartate aminotransferase (AST) and ala-
nine aminotransferase (ALT) values was 1.7% and 1.5%, 
respectively, before starting RPV, which changed only slightly 
after treatment to 1.4% and 2.4%, respectively. More infor-
mation on RPV use in HIV-1 patients co-infected with HBV 
or HCV is needed. 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

A variety of accurate methods have been used to quantify 
RPV in human plasma or other fluids or tissues (Aouri et al., 
2013; Burugula et al., 2013; Shibata et al., 2013; Else et al., 2014; 
Gregoire et al., 2014; Gupta et al., 2015a; Date et al., 2015). The 
authors are not aware of any information comparing these 
methods or suggesting that any particular one was superior 
to another. 

The pharmacokinetic variables of steady-state rilpivirine 
in healthy volunteers are summarized in Table 239.7.

5a.  Bioavailability

Although rigorous data on oral absorption of RPV (compar-
ing intravenous and oral administration in the same subject) 
are not available in humans, the drug appears to be well 
absorbed by mouth based on Cmax and AUC (Table 239.7). 
In rats, a comparison between oral and intravenous dosing 

Drug class and drug

Significant effects on 
plasma levels 

Comments ReferencesOf RPV Of drug

HMG-CoA reductase inhibitors 
(data from atorvastatin)

None Increase Atorvastatin: Cmax increased by 35%; 
no change in AUC or Cmin. No dose 
reduction of statin suggested 

Van Heeswijk et al. (2007); 
Crauwels et al. (2013a); 
Ripamonti et al. (2014) 

Methadone None None No dose adjustment needed FDA; Ripamonti et al., (2014); 
Crauwels et al. (2014a)

Acetaminophen None None No dose adjustment needed Crauwels et al. (2013a)

Sildenafil None None No dose adjustment needed HIV InSite; Ripamonti et al. (2014)

Ethinyl estradiol, norethindrone None None No dose adjustment needed Crauwels et al. (2014b)

digoxin None None No dose adjustment needed Crauwels et al. (2013a)

aFDA product information (2015).
bUniversity of California, San Francisco HIV InSite website (http://hivinsite.ucsf.edu/InSite?page=Treatment).
cUnboosted protease HIV inhibitors.
dBoosting of HIV protease inhibitors with ritonavir or cobicistat.
Abbreviations: RPV: rilpivirine; TDF: tenofovir disoproxil fumarate; ABC: abacavir; 3TC: lamivudine; FTC: emtricitabine; AZT: zidovudine; ddI: didanosine; AUC: 

area-under-the-concentration-time curve; Cmin: minimum concentration; Cmax: maximum concentration; EFV: efavirenz; ETR: etravirine; NVP: nevirapine; ATV: 
atazanavir; DRV: darunavir; fosAMP: fosamprenavir; SAQ: saquinavir; IND: indinavir; TPV: tipranavir; HCV: hepatitis C virus.

http://hivinsite.ucsf.edu/InSite?page=Treatment


4002 Rilpivirine

showed oral absorption of RPV to be 31–32% (Mordant et 
al., 2007); absorption could be higher in humans because rat 
stomachs are less acidic than those of humans (McConnel et 
al., 2008; Ward and Coates, 1987). As indicated earlier, RPV 
should be taken with food, which increases absorption sig-
nificantly (Crauwels et al., 2013a). 

Custodio and collaborators (2014) assessed the effect of 
food on 23 healthy, HIV-uninfected subjects receiving the 
TDF–FTC–RPV combination pill (Eviplera or Complera). 
The combination pill was given under fasted or fed condi-
tions (light: 390 kcal, 12 g fat; standard: 540 kcal, 21 g fat) 
followed by sampling for pharmacokinetics. Compared with 
administration in the fasting state, RPV AUC∞ and Cmax were 
16% and 26% higher with a standard, and 9% and 34% higher 
with a light meal, respectively. It was interesting that TDF 
absorption was also increased with food, whereas that of 
FTC was unaffected. The authors concluded that the TDF–
FTC–RPV single pill should be taken with food as either a 
standard or light meal (Custodio et al., 2014). 

Lamorde and collaborators (2015) assessed the effect of 
food in a group of 15 virologically suppressed, HIV-infected 
Ugandan patients switched from TDF–FTC–EFV (single 
tablet as Atripla) to TDF–FTC–RPV single tablet (as Evi-
plera) for about 8 weeks. Administering Eviplera in the fast-
ing state reduced RPV AUC0–24h by only 16% compared with 
subjects given the pill with a low-fat or moderately fatty 
meal, but HIV viral load remained undetectable at the end 
of the 8-week experiment, perhaps reflecting the potency of 
the TDF–FTC combination (Lamorde et al., 2015). 

5b.  Drug distribution

No data on RPV overall distribution or volume of distribu-
tion in humans are currently available. In rats and dogs, the 
tissue-plasma ratios varied between 0.5 and 3.5 (Janssen et 
al., 2005). 

Mora-Peris and colleagues (2014) studied penetration of 
RPV into cerebrospinal fluid (CSF) and seminal fluid in 13 
patients being switched from TDF–FTC–NVP to TDF–
FTC–RPV in a study registered at ClinicalTrials.gov 
(NCT01562886). When the nevirapine combination was 
stopped and the RPV combination was started, nevirapine 
geometric mean plasma concentrations decreased rapidly 
from 4561 to 591 ng/ml at day 3, whereas RPV concentra-
tions increased, reaching a plateau of 45–58 ng/ml after 14 
days. The CSF RPV geometric mean concentration at day 60 
was 0.8 ng/ml when plasma concentration was 58.1, indicat-
ing that CSF concentrations were 1.2–1.6% of plasma con-
centrations. There was a weak relationship between plasma 
concentrations and CSF concentrations (p = 0.072). Of the 
13 subjects, the RPV CSF concentration remained above the 
EC50 in all and above the EC90 in 11. Seminal fluid concentra-
tions of RPV were substantially higher, 3.3–7.2ng/ml, repre-
senting 6.3–14.3% of plasma concentration (Mora-Peris et 
al., 2014). 

A further study by Mora-Peris and co-workers (2016) 
assessed penetration of RPV and ritonavir-boosted lopinavir 
(both combined with tenofovir–emtricitabine) into CSF,  
on the basis of in vitro antiretroviral activity, using a half- 

Table 239.7A. Plasma pharmacokinetic variables at steady state for oral rilpivirine.

RPV dose (mg)a No. of subjects Ch (ng/ml) Cmax (ng/ml) tmax (hours) AUC0–24 (ng/h/ml) t½ (hours)

25 12 89.8 ± 38.1 204 ± 75.8 4.0 (2.0–4.0) 2,589 ± 869 50.9 ± 19.6

50 12 158 ± 52.2 299 ± 98.1 4.0 (2.0–6.0) 4,139 ± 1,236 48.8 ± 16.3

100 11 348 ± 149 686 ± 202 4.0 (2.0–6.0) 9,278 ± 2,846 46.1 ± 15.4

150 11 505 ± 175 1,019 ± 222 4.0 (3.0–6.0) 13,581 ± 3,195 44.8 ± 12.3
aAll doses were given once daily. All data are presented as mean (± standard deviation), except tmax values, which are medians (range).
Abbreviations: RPV: rilpivirine; Ch: concentration at 1 hr; Cmax: maximum concentration; tmax: time to maximum concentration; AUC: area-under-the-concentration- 

time curve; t½: half-life.
Source: Reprinted with permission from Hoetelmans (2005a); Hoetelmans (2005c). 

Table 239.7B. Plasma pharmacokinetics after a single dose of rilpivirine and after 7 days of therapy. 

Dosing Daily dose (mg) C0h (ng/ml) Cmin (ng/ml) Cmax (ng/ml) tmax (hours) AUC24 (ng/hr/ml) Css/av

Single dose 25 nd nd 111 (± 32) 4 (1–8) 1,410 (± 432) nd

50 nd nd 152 (± 53) 4 (1–12) 1,850 (± 725) nd

100 nd nd 435 (± 124) 4 (2–4.2) 5,161 (± 1,720) nd

150 nd nd 513 (± 270) 3 (2–8) 6,262 (± 2,930) nd

Dosed for 7 days 25 116 (± 44) 95 (± 30) 263 (± 60) 4 (4–22) 3,660 (± 885) 152 (± 46)

50 151 (± 50) 123 (± 37) 366 (± 125) 3 (3–12) 4,904 (± 1,677) 204 (± 70)

100 326 (± 154) 235 (± 130) 712 (± 350) 3 (3–4) 9,517 (± 4,400) 397 (± 180)

150 359 (± 242) 271 (± 90) 992 (± 640) 3 (2–4) 11,940 (± 6,090) 497 (± 255)

Abbreviations: C0h: contration before the study started (time zero); Cmin: lowest concentration observed; Cmax: highest concentration observed; tmax: time at which 
Cmax was observed; AUC24: concentration accumulated over 24 hours; Css/av: average steady-state plasma concentration; nd: ???.

Source: Data compiled from Goebel et al. (2006).

http://www.ClinicalTrials.gov
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maximal inhibitory concentration (EC50) in peripheral blood 
mononuclear cells (PBMCs), glial cells, and astrocyte cells as 
an indicator. CSF antiretroviral activity was significantly 
higher in the lopinavir–ritonavir group than the rilpivirine 
group by all methods; in glial cells, the difference (by IMIC50) 
was 6.0 versus 4.9 (p < 0.05). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features 

The serum half-life (t½) of RPV varied between 45 and 51 
hours and did not seem to be related to dose, plasma con-
centrations, or food (Hoetelmans et al.,2005a; Goebel et al., 
2006). More than 99% of rilpivirine is bound to serum pro-
teins, chiefly serum albumin (Janssen et al., 2005), and hence 
it is unsurprising that susceptibility testing performed in the 
presence of 50% human serum reduced rilpivirine EC50 val-
ues by 10-fold or greater (Janssen et al., 2005). A minimum 
plasma concentration for therapeutic efficacy (the clinical 
target concentration) has been set at 12.1 ng/ml, a concentra-
tion equivalent to an EC90 against all M-group HIV-1 subtypes 
in human serum (Mora-Paris et al., 2014). The average steady-
state concentration in subjects taking 25 mg/day was 152 
ng/ml (± 37ng/ml), well above the target level (Goebel et al., 
2006; see also Table 239.7B).

Multiple-dose pharmacokinetics showed that steady state 
was usually achieved in 11 days, suggesting an t½ of about 
2 days (Hoetelmans et al., 2005a). It is important that within 
2 days of daily dosing the plasma concentration consistently 
exceeded the clinical target concentration of 12.1 ng/ml; fur-
ther, this concentration is achieved within 4 hours of a daily 
dose of 25 mg (Goebel et al., 2006). 

In the TMC278-C204 trial in HIV-1-infected subjects, 
rilpivirine exposure increased subproportionately to dose, 
particularly between 25 and 75 mg, (Hoetelmans et al., 
2005a; see Table 239.7A). The time to Cmax (tmax) after oral RPV 
was consistently close to 4 hours, irrespective of the dose 
(Hoetelmans et al., 2005a; Hoetelmans et al., 2005c; Crauwels 
et al., 2012). However, there were definite data showing that 
steady-state variables were higher than single-dose variables; 
steady state was reached between 11 and 14 days (Crauwels 
et al., 2012). In a study by Crauwels et al. (2012), the initial 
Cmax (ng/ml) and AUC0–24h (ng/h/ml) were 100 and 1095, 
respectively (RPV was given without food), whereas the val-
ues after 2 weeks of daily RPV were about double, 181 and 
2530, respectively. The pharmacokinetics in patients with 
HIV infection was similar to that observed in healthy vol-
unteers (Hoetelmans et al., 2005a; Hoetelmans et al., 2005d; 
Goebel et al., 2006). 

Dickinson and colleagues (2015) assessed the pharmaco-
kinetics in subjects taking the TDF–FTC–RPV combination 
tablet, in anticipation of it being used for preexposure pro-
phylaxis (PrEP). Subjects were given the tablets for 14 days, 
and plasma samples for pharmacokinetics were obtained 
out to 216 hours (9 days) after cessation. Median plasma 

RPV concentration 9 days after dosing was 4.5 ng/ml (range: 
5.9–6.2), close to the clinical target concentration of EC90 
of  12.1 ng/ml (Mora-Peris et al., 2014). The plasma t½ of 
RPV was 28–59 hours, consistent with that seen in patients 
given single doses (Hoetelmans et al., 2005a; see Table 
239.7A). 

Crauwels and collaborators (2012) assessed the pharma-
cokinetics of RPV in patients previously taking TDF–FTC–
EFV, to determine if preexisting EFV affected early RPV 
pharmacokinetics. The rationale for the study was that EFV 
persists at detectable levels in plasma for at least 10 days after 
administration was stopped and could alter RPV pharmaco-
kinetics. Proximate efavirenz decreased RPV Cmax and AUC 
by about 50% but did not affect serum t½ ; these effects dissi-
pated over 2–4 weeks (Crauwels et al., 2012). Similar effects 
were seen in the NCT01286740 switch study, in which 
patients on TDF–FTC–EFV were switched to TDF–FTC 
RPV (Mills et al., 2013). 

Unusually, RPV had no proven pharmacodynamic fea-
tures: There was no evidence of increased efficacy with 
increasing RPV dose in the range of 25 to 150 mg daily 
(Goebel et al., 2006). Perhaps doses < 25 mg would have 
shown diminished efficacy, but no studies have been done at 
that dose. A randomized, double-blind, placebo-controlled, 
dose-finding trial in 47 previously untreated, HIV-infected 
subjects investigated the relationship between RPV dose 
and decrease in HIV viral load (as measured by HIV RNA 
copies/ml of plasma; viral load) (Goebel et al., 2005; Goebel 
et al., 2006). At once-daily doses ranging from 25 to 150 mg, 
given for 7 days, there appeared to be no relationship between 
dose and change in HIV viral load, as the median reduction 
was 1.29 log10 RNA copies/ml in the 9 subjects receiving 25 
mg rilpivirine per day, and 1.17 log10 RNA copies/ml in the 9 
subjects receiving 150 mg daily (Goebel et al., 2005; Goebel 
et al., 2006). Furthermore, the proportion of subjects achiev-
ing a decrease in HIV viral load of > 1.0 log10 RNA copies/ml 
was similar (between 6 and 7 of 9 subjects) in each group. 
Plasma concentrations of rilpivirine, at all doses and times, 
were above the target in that study of 13.5 ng/ml for the dura-
tion of therapy. At 25 mg/day, the mean peak concentration at 
day 7 was about 260 ng/ml, and the trough was about 110 ng/
ml; at 150 mg/day, Cmax was > 900 ng/ml and Cmin was about 
360 ng/ml. No resistance mutations were observed in the 
reverse transcriptase gene either before or after therapy 
(Goebel et al., 2005; Goebel et al., 2006).

PHARMACOKINETICS OF LA-RPV

Studies in dogs with LA-RPV compared intramuscular and 
subcutaneous injections of 5 mg/kg (200 nm); the subcuta-
neous route resulted in the most stable plasma levels (con-
stant at 25 ng/ml for 20 days, after which levels declined 
slowly to 1–3 ng/ml at 3 months). Comparing intramuscular 
versus subcutaneous injection of 5 mg/kg (200 nm) in dogs, 
the subcutaneous route resulted in the most stable plasma 
levels (constant at 25 ng/ml for 20 days, after which levels 
declined slowly to 1–3 ng/ml at 3 months) (Baert et al., 2009). 
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Further studies were done with LA-RPV in rats and dogs by 
van’t Klooser and colleagues (2010). In these studies the 
absolute bioavailability approached 100%, even though some 
LA-RPV remained in the injection site in dogs after 3 months. 
Intramuscular administration gave higher RPV Cmax but 
faster washout than subcutaneous administration, which 
provided more prolonged RPV plasma levels. RPV plasma 
concentrations could be sustained for over 2 months in rats 
and over 6 months in dogs, and doses of 200 mg in dogs, 
whether given intramuscularly or subcutaneously, resulted 
in plasma levels above the therapeutic target (12.1 ng/ml) for 
nearly 12 weeks. All injections were well tolerated by the ani-
mals (van’t Klooster et al., 2010). 

Verloes et al. (2015) conducted the first human study of 
LA-RPV (clinical trial NCT01031589). Healthy volunteers 
were initially given a single intramuscular injection of 
LA-RPV at doses of 300 mg or 600 mg. In the second part of 
the study, which was double-masked, randomized, and pla-
cebo-controlled, three intramuscular injections of LA-RPV 
were given (one every 4 weeks) in the sequence: 1200, 600, 
600 mg or placebo (Verloes et al., 2015). Single injections of 
LA-RPV at doses of 300, 600, and 1200 mg resulted in RPV 
steady levels of ~ 25, 35, and 75ng/ml, respectively, for at 
least 4 weeks (see Figure 239.3), and these levels are well 
above the therapeutic target level of 12.1 ng/ml; AUC0–28d 
values were 8,867, 12,060, and 29,550 ng/h/ml, respectively. 
However, tmax values were highly variable (2–22 hours). Three 
600-mg doses every 4 weeks for 8 weeks resulted in RPV 
levels from ~ 50 to ~ 150 ng/ml without accumulation. 

Jackson and colleagues (2014) conducted further human 
studies with LA-RPV(clinical trial NCT01275443). The 
investigators enrolled 60 women and 6 men for the study; 
both had pharmacokinetics determined while genital and 
rectal levels were measured in men and rectal levels were 
measured in women. After an intramuscular dose of 1200 
mg of LA-RPV, Cmax (mean of 160 ng/ml) was reached after 
6–8 days and plasma levels were well above the therapeutic 
target (12.1 ng/ml) for nearly 12 weeks, with mean t½ being 
43 days (Jackson et al., 2014), more than 20 times the t½ of oral 
RPV (see Table 239.7A). Cervical fluid levels generally mir-
rored plasma levels, but rectal fluid concentrations were much 
lower, between 9% and 33% of plasma concentrations. 

Spreen and colleagues (2014) assessed the pharmaco-
kinetics of LA-RPV in humans in conjunction with Gilead 
GSK1265744 (cabotegravir, an investigational integrase 
inhibitor); for further information see section 7, Clinical 
uses of the drug, and Chapter 269, Investigational Antiviral 
Drugs). Subjects for this study were initially given oral 
doses of cabotegravir to ensure that no serious adverse reac-
tions occurred. Subjects were randomized into four cohorts: 
800 mg of cabotegravir intramuscularly (i.m.) followed by 
3 monthly doses of (1) 200 mg subcutaneously, (2) 200 mg 
i.m., (3) 400 mg i.m., or (4) a second injection of 800 mg i.m. 
after 12 weeks. Cohorts 2 and 3 also received i.m. doses of 
LA-RPV at months 3 (1200 mg) and 4 (900 or 600 mg). 
Monthly i.m. doses of LA-RPV (1200 mg initial dose; 900 mg 
thereafter) with cabotegravir 200 mg produced RPV levels 

> 60 ng/ml, well above the therapeutic target (EC90 of 12.1 
ng/ml) and also above the EC90 for cabotegravir. The com-
bination was well tolerated, with pain at the injection site 
being mostly grade 1 or 2 and with few other significant 
reactions. 

5d.  Excretion

Rilpivirine is excreted mainly via the feces, with only a minor 
role (6%) for renal elimination. Virtually no unmodified ril-
pivirine is found in urine (de Béthune et al., 2005). When a 
single dose of 14C-RPV was given to volunteers, 85% of the 
radioactivity was found in feces and only 6.1% was found 
in  urine, but little of that was unmodified RPV. In feces, 
untransformed RPV accounted for 25% of the dose adminis-
tered (FDA, 2015). 

Using human liver microsomes, Lade and collaborators 
(2013) found that RPV underwent two mono- and two dioxy-
genation reactions, with the metabolites being detected  
via ultra-high-performance liquid chromatography–tandem 
mass spectrometry. These metabolites resulted from oxygen-
ation of the 2,6-dimethylphenyl ring and methyl groups of 
RPV. Chemical inhibition studies and cDNA-expressed cyto-
chrome P-450 assays indicated that the oxygenations were 
catalyzed primarily by CYP3A4 and CYP3A5. Glucuronide 
conjugates of rilpivirine and a monomethylhydroxylated 
metabolite of rilpivirine were also detected and were formed 
by UDP-glucuronosyltransferases (UGTs) UGT1A4 and 
UGT1A1, respectively. All metabolites that were identified 
in vitro were also detected in vivo (Lade et al., 2013). 

5f.  Drug interactions

Current knowledge about drug interactions with rilpivirine 
has been provided in detail (FDA, 2015; see Table 239.6).

Figure 239.3. Plasma time-concentration profiles of three 
different intramuscular (i.m.) doses of long-acting RPV 
(LA-RPV) given to volunteers. (Modified with permission 
from Verloes et al. (2015).)

Single i.m. injection of 300 mg
LA-RPV formulation (n = 6)

Single i.m. injection of 600 mg
LA-RPV formulation (n = 5)

Single i.m. injection of 1200 mg
LA-RPV formulation (n = 6)
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Like other NNRTIs, RPV interacts with numerous human 
enzymes and drug transporters. Clinically however, the prin-
cipal effects relate solely to the CYP3A enzymes that are 
important for RPV metabolism, and the main effect of those 
interactions is to alter RPV pharmacokinetics. Fortunately, 
RPV rarely affects the pharmacokinetics of other drugs sig-
nificantly, because the low plasma concentrations of RPV in 
patients remain below the levels required to affect them 
(RFDA, 2015; see also Table 239.6).

RPV is a substrate of CYP3A4 and CYP3A5 and thus 
co-administration of RPV with CYP3A4 or CYP3A5 induc-
ers, such as rifabutin and rifampicin, decreases RPV expo-
sure (FDA, 2015; Crauwels et al., 2013a; Ripamonti et al., 
2014; HIV InSite); likewise other inducers that have not 
been studied, such as tipranavir and ethambutol, would also 
decrease RPV levels. 

Conversely, RPV co-administration with CYP3A4 inhibi-
tors, such as ritonavir, darunavir, and most of the HIV and 
HCV proteases that need to be boosted with ritonavir or 
cobicistat have been shown to or are likely to increase RPV 
exposure (FDA, 2015) while other similar drug combina-
tions do as well. In general, because of the remarkable toler-
ability of high levels of RPV (e.g. resulting from investigational 
studies using 150 mg/d), co-administration of RPV with 
drugs that increase RPV levels seldom need the RPV doses 
to be reduced. 

Because of the low dose that is used clinically, RPV does 
not appear to have a significant effect on the metabolism of 
other drugs, and that is the case even when much higher 
doses (e.g. 150 mg) were used in pharmacokinetic studies 
(FDA, 2015).

Giving RPV together with agents that decrease gastric 
acidity, such as proton pump inhibitors or H2-receptor antag-
onists reduces RPV absorption. In a clinical trial with healthy, 
HIV-uninfected volunteers, the co-administration of ome-
prazole with RPV (given with a meal) reduced RPV AUC24h 
by 40%, Cmax by 40% and Cmin by 33% (Ripamonti et al., 
2014). It is unfortunate that this trial did not assess timing of 
the proton pump inhibitor in relation to administration of 
RPV as was done in the famotidine (H2-receptor antagonist) 
trial (described later), which allows some use of H2-receptor 
antagonists. 

A similar effect is seen with H2-receptor antagonists. In 
this trial, 24 HIV-negative, healthy volunteers, on four occa-
sions and 14 days apart for washout, were given RPV 150 mg 
alone, 2 hours after famotidine 40 mg, 4 hours before famoti-
dine, and 12 hours after famotidine. The RPV was given with 
food and intragastric pH was measured over 24 hours at 
some points. The RPV Cmax and AUC0–∞ were reduced by 85% 
and 76% , respectively, when RPV was administered 2 hours 
after famotidine. Conversely, RPV AUC0–∞ was increased by 
13% when RPV was given 4 hours before famotidine, but it 
was not affected when RPV was given 12 hours after famoti-
dine (Ripamonti et al., 2014). 

These two clinical trials have led to proton pump inhibi-
tors not being allowed at all with rilpivirine (despite the flaws 
in the proton pump and H2-receptor trials) and H2-receptor 

antagonists being allowed if given 4 hours before or 12 hours 
after RPV. 

It is worth noting, however, that in vitro studies have iden-
tified multiple other enzymes and drug transporters that 
may have some clinical impact on RPV efficacy or toxicity, 
although so far none has been seen. The human constitutive 
androstane receptor and its splice variants were activated 
by RPV and increased the expression of its target gene, 
CYP2B6 (Sharma et al., 2015); CYP2B6 is not considered to 
be relevant to RPV pharmacokinetics. RPV inhibited several  
drug transporters in vitro, including ABCB1, SLC22A1, and 
SLC22A2, but only at RPV levels far above those seen in 
patient plasma after a standard 25-mg dosing regimen. 
However, one study suggested that SLC22A1 might contrib-
ute to variability in RPV exposure, and interactions of RPV 
with substrates of SLC22A1, SLC22A2, or ABCB1 may be 
possible under some circumstances (Moss et al., 2013). Weiss 
and Haefeli (2013) studied the impact of RPV on multiple 
human enzyme targets including P-glycoprotein, breast- 
cancer resistance protein, and the organic anion-transporting 
polypeptides (OATPs) 1B1 and OATP1B3. The concentrations 
required for RPV effects on these entities ranged from 1.3 
to 13μM, more than an order of magnitude above the RPV 
levels seen in patients (~ 0.43 nM). Based on these data these 
authors concluded that “owing to [RPV’s] low plasma con-
centrations it is most likely less prone to drug-drug inter-
actions than older NNRTIs” (Weiss and Haefeli, 2013). 

Another interesting example of potential effects of RPV 
(and in this instance, also etravirine and efavirenz) is RPV’s 
ability to inhibit the human pregnane X receptor (PXR), a 
member of the superfamily of nuclear receptors that regulate 
the expression of many genes controlling diverse biological 
functions (Sharma et al., 2013; Weiss and Haefeli, 2013). This 
was an in vitro study and again, using at RPV concentrations 
perhaps not seen in humans (Weiss and Haefeli, 2013). 

6.  ADVERSE REACTIONS AND TOXICITY

6a.  Short-term toxicity

Overall, the early (months) side effects seen in patients initi-
ating RPV therapy are similar to those seen with efavirenz. 
The main difference is that RPV produces markedly fewer 
CNS symptoms (headache, unsteadiness, vertigo, vivid dreams) 
than efavirenz; it is also less likely to cause a rash. In other 
respects, adverse reactions with RPV and efavirenz occur at 
relatively similar frequencies (see Table 239.8). Put simply, the 
adverse effects from RPV are qualitatively similar to those of 
efavirenz, but quantitatively significantly less common. 

A 96-week phase IIb study (study TMC278-C204; clinical 
trial NCT00110305) compared three doses of RPV (25, 75, 
and 150 mg/day) with efavirenz (600 mg/day), both in 
combination with either AZT–3TC (Combivir) or Truvada 
(TDF–FTC). The toxicity of RPV was compared with that of 
efavirenz (Pozniak et al., 2010; see Table 239.8A). Overall, 
there were fewer adverse reactions in the RPV-treated groups 
than in the efavirenz-treated group, but the frequency of 
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Table 239.8A. Adverse reactions of rilpivirine (RPV) compared with efavirenz (EFV) in study TMC278-C204.a

Adverse reaction (% of patients) RPV (any dose) (279 patients) EFV (89 patients) Ratio (EFV/RPV)

Any adverse reaction > grade 1b 20.4 37.1 1.8

Any serious adverse reaction 12.2 14.6 1.2

Adverse event leading to stopping study 11.5 9.0 0.8

Any laboratory abnormality 26.5 23.6 0.9

Nauseab 3.6 5.6 1.6

Dizzinessb 1.1 3.4 3.1

Vertigob 0.4 2.2 5.5

Abnormal dreams or nightmaresb 0.8 3.3 4.1

Somnolence (% of patients)b 0.4 7.9 19.8

Any neurologic adverse event 32.6 59.6 1.8

Any psychiatric adverse event 16.1 21.3 1.3

Rashb 0.4 7.9 19.8

Elevated alanine transaminase 5.8 3.5 0.6

Elevated pancreatic amylase 3.6 3.5 1.0

Rise in total cholesterol from baseline (mg/dl) 9 34 3.8

Rise in low-density lipoproteins from baseline (mg/dl) 5 18 3.6

Rise in high-density lipoproteins from baseline (mg/dl) 6 11 1.8

Change in triglycerides from baseline (mg/dl) –10 +29 29.0

aStudy TMC278-C204 was a randomized, partially blinded study of three doses of RPV (25, 75, and 150 mg/day were given for 96 weeks) compared with efa-
virenz (600 mg/day were given for 96 weeks), both in combination with either Combivir or Truvada.

bGrade 1 and at least possibly related to rilpivirine or efavirenz.
Source: Data compiled from Pozniak et al. (2010).

Table 239.8B. Adverse reactions seen in the ECHO and THRIVE studies comparing TDF–FTC–EFV with TDF–FTC–RPV 
at the 96-week review.

Treatment-related adverse event FTC–TDF–RPVa FTC–TDF–EFVb p valuec

Any adverse events 135 (46.9) 158 (62.0) < 0.001

Any serious adverse events 1 (0.3) 4 (1.6) 0.192

Adverse events leading to discontinuation 8 (2.8) 11 (4.3) 0.358

Grade 2–4 adverse events 50 (17.4) 77 (30.2) < 0.001

Neurological adverse events 55 (19.1) 98 (38.4) < 0.001

  Grade 1 43 (14.9) 70 (27.5)

  Grade 2 11 (3.8) 25 (9.8)

  Grade 3 1 (0.3) 2 (0.8)

  Grade 4 0 1 (0.4)

 Dizziness 30 (10.4) 71 (27.8) < 0.001

 Somnolence 8 (2.8) 16 (6.3) 0.059

 Disturbance in attention 2 (0.7) 6 (2.4) 0.156

Psychiatric adverse events 47 (16.3) 63 (24.7) 0.018

  Grade 1 26 (9.0) 40 (15.7)

  Grade 2 17 (5.9) 17 (6.7)

  Grade 3 4 (1.4) 6 (2.4)

  Grade 4 0 0 

 Depressive disordersd 13 (4.5) 7 (2.7) 0.362

 Abnormal dreams/nightmares 22 (7.6) 35 (13.7) 0.025

 Sleep disorder 4 (1.4) 10 (3.9) 0.101

 Anxiety 3 (1.0) 8 (3.1) 0.125

Rash (any type) 6 (2.1) 27 (10.6) < 0.001

aTotal number of events = 288; data presented as number of events (percent).
bTotal number of events = 255; data presented as number of events (percent).
cValues are based on the Fisher exact test.
dIncludes the following preferred terms: depressed mood, depression, dysphoria, major depression, mood altered, negative thoughts, 

suicidal ideation, and suicide attempts.
Abbreviations: TDF: tenofovir disoproxil fumarate; FTC: emtricitabine; EFV: efavirenz; RPV: rilpivirine.
Source: Modified with permission from Behrens et al. (2014). 
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severe adverse reactions, or those requiring cessation of the 
study medication, were relatively similar. There were quan-
titatively fewer complaints of dizziness, vertigo, abnormal 
dreams, nightmares, and somnolence with RPV than with 
efavirenz, varying from about one third (for dizziness) to one 
twentieth (for grade 2–4 somnolence), but the psychiatric 
side effects were qualitatively similar (Pozniak et al., 2010). 
Rash also occurred much less often with RPV treatment 
(9.3%) than with efavirenz (21.3%), and the RPV rash was 
usually transient and did not necessitate cessation of therapy. 
Although some laboratory abnormalities appeared more fre-
quently in the RPV group (decreased neutrophils, decreased 
hemoglobin, abnormal liver function tests, increased lipase), 
the numbers were small and the differences with efavirenz 
were clinically insignificant. It is interesting that there was no 
apparent relationships between rilpivirine dose and adverse 
reactions, except for the frequency of discontinuing therapy 
and the incidence of rash, both of which appeared to occur 
more often in subjects receiving rilpivirine doses > 25 mg/
day (Pozniak et al., 2010). 

A 96-week review of the ECHO and THRIVE studies 
investigated adverse events in older subjects (≥ 50 years old) 
versus younger subjects (< 50 years) (Ryan et al., 2013). 
Perhaps not surprising, older subjects in both treatment 
groups had slightly higher rates of adverse reactions than 
younger subjects, especially depression, insomnia, and rash, 
but the rates for all of these adverse reactions were consis-
tently higher in those receiving efavirenz than those on RPV. 
Older subjects receiving efavirenz also developed higher 
low-density lipoprotein (LDL) concentrations and a higher 
incidence of vitamin D deficiency than younger subjects, 
while that was not the case for the RPV group. Bone mineral 
density changes were equivalent between the RPV and efa-
virenz groups but decreased more in older subjects than in 
younger ones (Ryan et al., 2013). 

Dose-dependent QTc interval prolongation was seen in 
early studies in healthy volunteers receiving 75–300 mg/day; 
doses of 25 mg/day did not show any prolongation (Ripa-
monti et al., 2014). 

An evaluation of the ECHO and THRIVE phase III clini-
cal trials showed adverse reactions in TDF–FTC–RPV and 
TDF–FTC–EFV similar to those seen in the TMC278-C204 
trial (Behrens et al., 2014; see Table 239.8B). 

In vitro studies indicated that RPV had no adverse effects 
on cultured hepatocyte or neuronal cells or on their mito-
chondria, whereas efavirenz had significant adverse effects 
on both cell types (Blas-Garcia et al., 2014). 

Nguyen and colleagues (2014) reported a rare but well- 
documented, single case of possible RPV myopathy. The 
patient, who was a semiprofessional swimmer in excellent 
condition, had been on TDF–FTC–EFV for over a decade 
without any adverse reactions. He was switched to TDF–FTC–
RPV (to improve serum lipids) and within a short time the 
patient complained of rapid changes in body shape, a gain of 8 
kg (largely abdominal fat), myalgia with even mild exertion, 
and proximal muscle loss. Although the creatine phosphoki-
nase was normal, a muscle biopsy was done revealing a toxic 

myopathy with mitochondrial proliferation. The patient was 
changed to TDF–FTC–EFV and recovered fully. In the author’s 
opinion, the relationship between RPV and myopathy needs 
further cases to be proven—for example, there was no note in 
the report as to whether the patient was on statins.

Ahmed and colleagues (2013) have reported a single, but 
reasonably convincing case of severe allergic hepatitis in an 
African American man possibly associated with RPV treat-
ment, which reverted to normal when RPV was discontinued. 
Again, in the author’s opinion, the relation between RPV and 
allergic hepatitis should be considered conditional until there 
are further case reports. 

6b.  Long-term toxicity

Efavirenz has a deleterious effect on serum lipids, seen clearly 
in the 96-week analysis of the THRIVE and ECHO compar-
ative clinical trials (Molina et al., 2014) as well as the afore-
mentioned TMC278-C204 trial (Pozniak et al, 2010; see 
also Table 239.8A); similar findings came from the 96-week 
analysis of the THRIVE and ECHO clinical trials (Behrens et 
al., 2014). In a phase I study, Gupta and colleagues (2015b) 
administered either RPV or efavirenz to healthy, HIV-
uninfected volunteers for 4 weeks, and that study likewise 
showed that efavirenz treatment caused significant increases 
in lipids compared with RPV. In that study total cholesterol 
increased by 19.4 in those given efavirenz, whereas it 
decreased by 5.8 in those given RPV. LDL increased by 13.3 
versus −2.2, and F2 isoprostanes increased by 179 versus −101, 
respectively (Gupta et al., 2015b). There were no changes 
in plasma concentrations, indicators of inflammation, high- 
sensitivity C-reactive protein, interleukin 6A, or the soluble 
vascular cell adhesion molecule-1 in either group. 

Tebas and colleagues (2014) reviewed the changes in lipid 
levels and body fat distribution in the subjects in the ECHO 
and THRIVE studies after 96 weeks of treatment. Congruent 
with the studies mentioned earlier, RPV caused virtually no 
changes in serum lipid concentrations, whereas efavirenz 
treatment resulted in an increase. Consequently, the propor-
tion of subjects on lipid-lowering therapy was less in the 
RPV group than in those on efavirenz (2.6% vs. 6.0%; p = 
0.006). With respect to fat distribution, overall in both treat-
ments, median limb and trunk fat were significantly increased 
from baseline at weeks 48 and 96 (p < 0.001); limb, trunk, 
and total body fat distribution were assessed with whole-
body dual-energy x-ray absorptiometry (DEXA) scanning. 
However, the effects on body fat distribution were small and 
appeared to be more related to the NRTIs rather than either 
RPV or efavirenz (Tebas et al., 2014). 

The adverse effect of efavirenz on serum lipids does not 
cause immediate symptoms, but it arguably increases the risk 
of subsequent cardiovascular events and the potential for  
the patient to require additional lipid-reducing drugs.  
RPV raises total cholesterol and LDL much less than efa-
virenz, and it also raises HDL less than efavirenz (Table 
239.8A). Although no clinical outcomes from those differ-
ences has been identified to date, it is reasonable to assume 
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that long-term RPV therapy may have less effect on the 
incidence of cardiovascular disease than efavirenz, or RPV 
treated subjects may have lower proportion of patients 
requiring statin therapy than those treated with efavirenz. 

It is interesting that a study of 50 patients who were on 
a  TDF–FTC plus nevirapine regimen who were switched 
from nevirapine to RPV experienced small but significant 
decreases in total cholesterol, LDL, and HDL, with no change 
in triglycerides; the Framingham risk scores were not altered 
(Rokx et al., 2015b). 

There are case reports of efavirenz-related bone demin-
eralization due to reductions in serum vitamin D levels 
(Herzmann and Arastéh, 2009) and also prospective clinical 
trials showing decreased vitamin D levels in efavirenz-treated 
subjects compared with other drugs, including tenofovir 
(Legeai et al., 2013; Orkin et al., 2014). Small studies assess-
ing the effects of nevirapine and etravirine on vitamin D lev-
els suggested that neither NNRTI had any effect (Orkin et al., 
2014). In a post hoc analysis of the 48-week data in the ECHO 
trial, Wohl and collaborators (2014) assessed vitamin D 
(25(OH)D) levels in stored serum samples from all 690 
subjects in that study at baseline and at 24 and 48 weeks. At 
48 weeks, mean 25(OH)D levels remained unchanged from 
baseline in subjects receiving RPV (−0.2 ng/ml; p = 0.57 vs. 
no change), but were markedly reduced in those receiving 
efavirenz (−2.5 ng/ml; p < 0.0001 vs. no change). Furthermore, 
the proportion of subjects who developed severe 25(OH)D 
deficiency at week 48 was much lower with rilpivirine than 
with efavirenz (2% vs. 8%, respectively; P = 0.008). These data 
held up after adjusting for season, race, and ethnicity between 
the rilpivirine and efavirenz treatment groups. Whether efa-
virenz alone causes vitamin D deficiency with subsequent 
bone demineralization compared to RPV remains to be seen. 

7. CLINICAL USES OF THE DRUG

7a. HIV-1 infections

Oral RPV at a dose of 25 mg/day is now established as a 
useful drug for treating patients with HIV-1 infection, but 
it is not recommended as a component of any first-line or 
second-line therapy in the USA (AIDS Info, 2015), although 
the EU guidelines do recommend it (European AIDS Clinical 
Society, 2015). RPV is generally very well tolerated, but that 
benefit is balanced by efficacy, which is less than that of 
 efavirenz, the other “major” NNRTI, as shown by RPV’s less 
than ideal performance in treatment-naive patients with HIV 
viral loads > 100,000 (Nelson et al., 2013), when it should not 
be used, and suboptimal performance in subjects with CD4 
counts ≤ 200 (FDA, 2015) or < 350 (Cohen et al., 2014). 
Further, subjects with poor adherence had more failures if 
they were taking RPV than efavirenz (Cohen et al., 2013). 
However, in studies in which subjects on other regimens (e.g. 
two NRTIs with ritonavir-boosted protease inhibitors) who 
achieved full virologic control were switched to TDF–FTC–
RPV, pretreatment viral load had absolutely no effect on out-
comes (Mills et al., 2013). 

Unfortunately the only randomized trials of RPV pair it 
with one of two NRTIs, primarily TDF–FTC, and compare 
it with the same NRTIs with efavirenz; as a consequence 
RPV’s use with other antiretroviral drug combinations is not 
supported by any solid evidence, although studies of other 
combinations are under way. 

Because RPV has a higher genetic barrier to resistance in 
vitro than the first-generation NNRTIs (nevirapine and efa-
virenz), as well as many different RAMs from those NNRTIs, 
it can be used, with caution and with genotyping for RAMs, in 
patients failing first-line NNRTIs like efavirenz or nevira-
pine. For RPV to be used in this group of patients, the geno-
type data should show that the patient’s HIV strain has only 
a limited number of nonnucleoside mutations (e.g. only 
K103N), that no mutations mediating high-level rilpivirine 
resistance are present, and that the virus is also fully suscep-
tible to whatever antiretroviral drug backbone is being pro-
posed for use with rilpivirine. If the patient had failed a 
first-generation NNRTI sometime in the past, NNRTI RAMs 
in RNA may disappear, remaining only in HIV DNA. Studies 
have also shown that patients who are virologically sup-
pressed on antiretroviral regimens with existing or potential 
future adverse reactions (e.g. those with ritonavir-boosted 
protease inhibitors) can be successfully switched to regimens 
containing TDF–FTC with RPV (as Eviplera or Complera) 
without a concern for pretreatment viral loads or CD4 counts. 

A small study of 100 Australians having unprotected sex 
with men were given a single tablet of TDF–FTC–RPV for 
postexposure prophylaxis (PEP) (clinical trial NCT01715636). 
The pill was reasonably well tolerated as completion was  
> 92% and adherence was > 98%. In all, 88 participants expe-
rienced at least one clinical adverse event (AE); 4 had grade 
3+ AEs, possibly attributable to the study drug. In addition, 
56 participants experienced at least one laboratory AE; 4 had 
grade 3+ AEs, possibly attributable to the study drug (Foster 
et al., 2015). To the author’s knowledge, this formulation is 
not approved for PEP in any jurisdiction. 

RELEVANT CLINICAL TRIALS 

All major clinical trials with RPV are summarized in Table 
239.9, including all randomized, double-blind trials compar-
ing rilpivirine with efavirenz (using a variety of two NRTI 
backgrounds (e.g. TDF–FTC; AZT–3TC). Unfortunately, as 
there are no large studies of rilpivirine combined with other 
drug classes other than NNRTIs (specifically protease and 
integrase inhibitors), it is not possible to recommend its use 
despite circumstances in which it might be logical. A current 
clinical trial of RPV with r/DRV is currently under way (clin-
ical trial NCT01736761) as is a study of RPV combined with 
cabotegrevir for treatment and/or prevention of HIV-1 
infection (Spreen et al., 2014; clinical trial NCT02120352; 
see section 7b, Possible clinical uses for LA-RPV).

TREATMENT-NAIVE PATIENTS 

Three major studies, ECHO, THRIVE and STaR, compared 
RPV with efavirenz, combining them with a two-NRTI back-
bone, invariably TDF–FTC in ECHO and STaR, and allowing 
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TDF–FTC, AZT–3TC or ABC–3TC in THRIVE (Table 
239.9). The general outcome of these studies was that rilpi-
virine was noninferior to efavirenz, although it often per-
formed somewhat less well than efavirenz. With increasing 
pretreatment viral loads (generally categorized in three 
bands of < 105, 105–5 × 105, and > 105 HIV RNA copies/ml), 
the apparent failure rate (number found to have resistance 
divided by the number tested for resistance; an unconven-
tional method) for both efavirenz and rilpivirine increased, 
but the rate rose significantly faster for RPV. For example, in 
STaR the RPV failure rate rose from 2% to 5% to 19% over 
the three pretreatment viral load bands, while the efavirenz 
failure rate went only from 1% to 0% to 5% (Cohen et al., 
2014). Similar results were seen in the ECHO study, in which 
RPV failures were 10%, 21%, and 38% in each of the viral 
load bands, whereas the figures for efavirenz were 17%, 17%, 
and 19% (Molina et al., 2011), although the differences were 
much greater in THRIVE (RPV: 9%, 20%, and 23% vs. efa-
virenz:16%, 18%, and 31%) (Cohen et al., 2011). When an 
effort has been made to categorize outcomes based on pre-
treatment CD4 counts, again, subjects on rilpivirine regi-
mens had higher virologic failure rates in subjects with lower 
pretreatment CD4 counts than those with higher counts, and 
efavirenz was clearly more robust than rilpivirine, particu-
larly in the subjects with low CD4 counts (Cohen et al. 2014). 
Because of these findings, the FDA has indicated that there 
are “limitations of use” of RPV in pretreatment subjects with 
either a viral load > 105 or a CD4 count ≤ 200, or both (FDA, 
2015); both the US and European groups indicate that RPV-
based treatment should not be started in treatment-naive 
patients with viral loads > 100,000 and/or CD4 counts ≤ 200 
(AIDS Info, 2015; European AIDS Clinical Society, 2015). 
One paper assessed the efficacy of RPV and efavirenz in the 
ECHO and THRIVE studies for subjects ≥ 50 years old ver-
sus those < 50. At week 96, full virologic control rates were 
similar in older (77%) and younger (76%) patients treated 
with RPV, but with efavirenz, older subjects appeared to be 
better than younger (84% vs. 76%, respectively); this differ-
ence was not significant. CD4 increases were also equal 
between the two groups (Ryan et al., 2013).

Three papers report 48-week (Molina et al., 2013) and 
96-week data (Behrens et al., 2014; Molina et al., 2014) on 
pooled ECHO and THRIVE studies confined to the subjects 
who had a pretreatment viral loads of ≤ 100,000. Needless 
to say, the outcomes reported in these papers show smaller 
differences in the efficacy of RPV compared with efavirenz, 
while the adverse occurrences are similar. For example, in 
the combined study, CD4 counts at week 48 rose more in the 
RPV group than in the efavirenz group (mean of 185 CD4+ 
lymphocytes/μl vs. 161; p = 0.026) (Molina et al., 2013). In 
addition, the virologic failure rate at week 48 for subjects 
with pretreatment viral loads of < 100,000 in the pooled 
ECHO and THRIVE study was 5%, identical for RPV and 
EFV (Molina et al., 2013). In contrast, the differences between 
RPV and efavirenz in the individual ECHO and THRIVE 48- 
week outcomes, which included subjects with any pretreat-
ment viral load, were higher (7% vs. 5% in THRIVE, 13% vs. 

6% in ECHO) (Cohen et al., 2011; Molina et al., 2011). In the 
subjects who had virologic failure, the frequency of NRTI 
RAMs was much higher in the RPV group than the efavirenz 
group (44% vs. 17%), although the frequency of NNRTI 
RAMs was similar (38% vs. 42%) (Molina et al., 2013). These 
differences were also seen in the 96-week combined review 
of ECHO and THRIVE (Behrens et al., 2014; Molina et al., 
2014) and were commented on by the FDA (2015). 

Adverse events and abnormal laboratory tests were gener-
ally fewer in rilpivirine-treated subjects in STaR, THRIVE, 
and ECHO studies (Cohen et al., 2011; Cohen et al., 2014; 
Molina et al., 2011; van Lunzen et al., 2016). ECHO compared 
RPV with efavirenz with a uniform backbone of TDF–FTC; at 
the 48-week review grade 2–4 adverse events occurred in 16% 
of the RPV group and in 31% in those receiving efavirenz 
( p < 0.0001); discontinuations due to adverse events were 
2% and 8%, respectively (Molina et al., 2011). Adverse events 
with widely different frequencies in RPV and efavirenz 
patients include dizziness (10% vs. 29%; p < 0.0001), abnor-
mal dreams or nightmares (1% vs. 4%; p = 0.045), insomnia 
(1% vs. 3%), and rash (2% vs. 8%; p = 00002), although in the 
latter case, most rashes were grade 1 or 2 and most regressed 
over time and did not stop therapy (Molina et al., 2011). 
Grade 3–4 abnormal laboratory tests were lower in the RPV 
group than those receiving efavirenz (10% vs. 16%); increases 
in subjects with grade 3–4 laboratory abnormalities were 
seen for pancreatic amylase (3% vs. 5%), aspartate amino-
transferase (2% vs. 4%), and alanine aminotransferase (1% 
vs. 4%), and hypophosphatemia was more common in RPV-
treated subjects (2% vs. 1%). The RPV-treated group also 
showed remarkably better lipid profiles than those treated 
with efavirenz. In the RPV group, mean total cholesterol 
(TC) increased only by 0.03 mM and high-density lipopro-
tein (HDL) by 0.07 mM and LDL and triglycerides decreased 
by 0.04 and 0.10 mM; in contrast, in the efavirenz group TC 
increased by 0.63 mM, HDL by 0.24 mM, LDL by 0.31 mM, 
and triglycerides by 0.17mM. The RPV-treated group experi-
enced a small increase in mean serum creatinine at the first 
assessment of 5.7 to 9.1 μM, which remained stable there-
after; this phenomenon is seen with some other antiretro-
viral drugs and is considered to be harmless (Maggi et al., 
2014) because using cystatin as a measure of renal function 
shows that there is no change (Laterza et al., 2002). 

Adverse findings in the 48-week reviews of THRIVE and 
STaR were generally similar to those seen in ECHO (as dis-
cussed earlier), albeit with some minor differences in quantity 
(Molina et al., 2011; Cohen et al., 2011; Cohen et al., 2014). 

A 96-week review of ECHO and THRIVE studies did not 
materially change the outcomes or the quantity or type of 
adverse findings (Cohen et al., 2013). The only major differ-
ences were that there were essentially no further cases of 
virologic failure in either the RPV or efavirenz groups during 
the interval between 48 and 96 weeks and that the difference 
in adverse events between the RPV and efavirenz groups was 
small in that interval, presumably because most subjects  
who had significant adverse reactions discontinued the study 
(Cohen et al., 2013). The difference in total cholesterol and 
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LDL between the RPV- and efavirenz-treated groups also 
remained fairly stable. Similar findings were seen in the 
96-week review of the STaR study (van Lunzen et al., 2016). 

An important paper by Neogi and colleagues (2016) 
reviewed the utility of rilpivirine in patients infected with 
subtype C HIV-1 and living in low- and middle-income 
countries (India and Ethiopia) in comparison with subjects 
in Europe. Subjects from India and Ethiopia had a low back-
ground of RPV RAMs (6–7%), equivalent to that seen in 
Swedish subjects (8–10%). However, there were two obsta-
cles to using rilpivirine in India or Ethiopia. First, the study 
population in these countries had significantly more subjects 
with pretreatment viral loads > 100,000 than in Sweden 
(72–75% vs. 39–47%), a phenomenon particularly evident 
with subtype C viruses (Novitsky et al., 2011). Further, the 
EC50 values for RPV were twice as high for subtype C than 
HIV-1 subtype B, perhaps due to the fact that the binding 
affinity of RPV for the subtype C reverse transcriptase is 3.7-
fold lower than the affinity for subtype B (Neogi et al., 2016). 

Considering these data together, it would appear that 
RPV is less likely to be a suitable first-line drug for treating 
the majority of patients in low- and medium-income coun-
tries and in those infected with subtype C HIV-1. However, 
focusing solely on patients in those two countries who failed 
therapy with first-generation NNRTIs, about two thirds 
would have been susceptible to RPV; of course, treatment 
should not be initiated without genotypic testing for all rele-
vant drugs, including RPV. 

SWITCHING VIROLOGICALLY SUPPRESSED PATIENTS 
TO A TDF–FTC–RPV SINGLE-TABLET REGIMEN

There are four studies that have investigated switching patients 
on effective combination antiretroviral drugs (i.e. those with 
undetectable viral loads) to Eviplera/Complera (TDF–FTC–
RPV), because the current treatment regimen was consid-
ered to be unsatisfactory in terms of ongoing side effects (e.g. 
abnormal dreams due to efavirenz), excessive pill burden 
and/or having potential, long-term adverse reactions (e.g. 
ritonavir-boosted protease inhibitors) (see Table 239.9). 

SPIRIT was the largest and most complex switch trial, 
studying 482 subjects, 321 being switched immediately from 
the required background treatment (two NRTIs with a 
ritonavir-boosted protease inhibitor) with full virologic 
control (viral load < 5 0) for ≥ 6 months) to TDF–FTC–RPV 
as a single tablet (e.g. Eviplera) while a further 161 subjects 
remained on the background treatment (Palella et al., 2014). 
Important eligibility criteria also included genotype testing 
and those with K65R, K101E/P, E138G/K/R/Q, Y181C/I/V, 
M184V/I, or H221Y (Azjin et al., 2010; see Table 239.2 for 
significance) were not eligible. After 24 weeks, the 152 sub-
jects remaining on the background treatment were switched 
to TDF–FTC–RPV while the 297 on TDF–FTC–RPV con-
tinued for a further 24 weeks. A total of 290 and 143 subjects, 
respectively, completed the study, which was “designed, 
funded and data were analyzed by Gilead Sciences.”

At 24 weeks, 93.7% of the immediate switch group had full 
virologic control, while only 89.% of those in the background 

treatment group were fully controlled (p = 0.05, chi square). 
At 48 weeks, the figures were 98.6% for the immediate switch 
group versus 99.3% of the delayed switch group (Palella et al., 
2014). The level of pretreatment viral load (≤ 105 vs. > 105) 
had no effect on treatment efficacy, nor did the pretreatment 
presence of the K103N RAM influence outcomes. Seven 
immediate switch subjects with virologic failure had geno-
typing performed and four had NNRTI or NRTI RAMs; all 
four had the NRTI RAM M184V/I; other common single or 
multiple NNRTI and NRTI RAMs were also present. 

The proportion of subjects who reported an adverse event 
of any grade considered to be related to study drug was sim-
ilar in the immediate- (24.9%) and the delayed switch group 
(23.0%). Seven immediate switch subjects discontinued 
TDF–FTC–RPV for adverse events, and seven discontinued 
after the switch at 24 weeks (Palella et al., 2014). About 
8.8% of subjects in the immediate switch arm had laboratory 
abnormalities during the whole 48 weeks, while 11.3% of 
subjects on background treatment for 24 weeks had labora-
tory abnormalities. Subjects in the immediate switch arm 
who changed from a two NRTI with a boosted PI regimen to 
TDF–FTC–RPV also experienced modest decreases in total 
cholesterol, LDL, and triglycerides over 24 weeks, with total 
cholesterol decreasing by a mean of 25 mg/dl, LDL by 16 mg/dl, 
and triglycerides by 53 mg/dl (Palella et al., 2014). A parallel 
study of the SPIRIT trial data assessed patient-reported 
outcomes (Brunetta et al., 2015). Using the HIV Treatment 
Satisfaction and the HIV Symptom Index Questionnaires the 
group switched to RPV was shown to have significantly 
increased “treatment satisfaction” than the control, and the 
shift from “symptom” to “no symptom” was also greater in 
the RPV group. 

Clinical trial NCT01286740 was an open-label trial 
enrolling only subjects with undetectable viral loads who 
had been taking TDF–FTC–EFV (Atripla) for > 3 months; 
they were all switched to TDF–FTC–RPV as a single tablet 
(i.e. Eviplera). In addition, study subjects had to have no 
known RPV RAMs and could not be using proton pump 
inhibitors (Mills et al., 2013). This study was quite successful. 
Of the 49 subjects completing the 48-week study, only one 
had virologic failure with a viral load of 330,000; the subject 
was noted to have poor adherence and genotyping at 48 and 
51 weeks revealed no RAMs. As expected, the switch from 
efavirenz to RPV resulted in decreases in total cholesterol, 
LDL, and triglycerides (Mills et al., 2013). This study also con-
firmed data from a study by Crauwels et al. (2012) that efa-
virenz blood levels continue for 6–8 weeks after cessation of 
treatment and that high levels of efavirenz (up to 2–3 weeks 
after cessation of treatment) somewhat reduced RPV levels, 
but not to a significant degree (see also section 5c, Clinically 
important pharmacokinetic and pharmacodynamic features). 

Pinnetti and co-workers (2015) switched 508 virologically 
suppressed subjects with a median of three prior treatment 
regimens to TDF–FTC–RPV. After a median of 14 weeks 
(range 12 – 41) 31 subjects had stopped the RPV regimen, 5 
(1%) for virologic failure and 18 (3.5%) because of adverse 
reactions. The probability of viral load failure at 12 months 
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was 2.8%, and the risk was directly related to the number of 
prior treatment regimens. Switching also improved lipids as 
seen in all switch studies. 

Gantner and colleagues (2015) assessed 131 virologically 
suppressed (viral load < 400) subjects on a variety of regi-
mens who were switching to TDF–FTC–RPV. By week 24, 
8  patients had stopped the RPV regimen: 4 for adverse 
events and 4 for other reasons. Three virological failures 
were observed with one patient developing cross-resistance 
to NNRTIs and NNRTIs, and several with the E138K RAM. 
Of all subjects, 92% achieved HIV viral loads < 40 copies/ml. 
Only grade 1–2 adverse events were observed, mainly con-
sisting of increased liver enzymes in 33 subjects. 

Rokx and colleagues (2015a) switched 50 subjects on 
TDV–FTC with nevirapine regimen to TDF–FTC–RPV, and 
compared them to 139 subjects who continued on the nevi-
rapine regimen. The switch had no effect on HIV viral loads, 
no adverse reactions, and no clinically relevant effects on 
cytochrome P-450 interactions. 

7b.   Possible clinical uses for LA-RPV

There are two quite separate possible clinical uses for 
LA-RPV: One is monotherapy given to an HIV-uninfected 
subject to prevent infection (PrEP), and the other is in com-
bination with other long-acting, injectable antiretroviral 
drugs to treat patients who are unwilling or unable to take 
their HIV drugs on a daily basis. The potential clinical utility 
of LA-RPV for treatment was assessed within the LATTE 
study (clinical trial NCT01641809) to see if HIV-infected 
patients fully suppressed on another antiretroviral drug reg-
imen could maintain full virological control after being 
switched to oral RPV plus cabotegravir. In the first phase 
of this study antiretroviral drug-naive, HIV-infected adults 
were (in one group) treated for 6 months with one of three 
doses of cabotegravir (10, 30, or 60 mg/day) with two NRTIs; 
another group was given two NRTIs with efavirenz for the 
same duration. Cabotegravir-treated subjects who achieved 
full virologic control (viral load < 50) in the first phase were 
then treated with their previously assigned dose of cabote-
gravir with oral RPV, 25 mg/day, for an additional 72 weeks; 
those in the efavirenz group were continued on two NRTIs 
plus efavirenz (Margolis et al., 2015). At the end of the first 
phase of the study, about 86% of the cabotegravir-treated 
subjects achieved viral loads < 50 versus 74% of those on a 
two-NRTI plus efavirenz regimen. Of subjects receiving con-
tinuing cabotegravir with rilpivirine, 82% still had viral loads 
< 50 after 48 weeks while only 71% of the subjects receiving 
two NRTIs plus efavirenz still had vial loads < 50; the 96-week 
viral load results were similar, with 76% in the cabotegravir 
group and 63% of those on efavirenz (Margolis et al., 2015). 

LA-RPV has not been studied yet for PrEP. However, to 
assess whether monthly doses of LA-RPV alone in unin-
fected subjects might prevent HIV infection but would be 
likely to generate RPV RAMs rapidly if they because infected. 
The question was addressed by a study organized by Melody 
and colleagues (2015). LA-RPV was given to two pigtailed 

macaques infected with SHIV (simian immunodeficiency 
viruses with an HIV reverse transcriptase, also called 
RT-SHIV). Monotherapy with LA-RPV resulted in an initial 
2 to 3 log10 decrease in plasma viremia; however, viremia 
then gradually increased by 1 to 2 log10 over the ensuing 
30  weeks, at which point RPV plasma concentration had 
dropped < 25 ng/ml (close to the so-called therapeutic level, 
the EC90 against all M-group HIV-1 subtypes of 12.1 ng/ml) 
(Mora-Peris et al., 2014). RPV RAMs E138G (FC 1.6) and 
E138Q (FC 2.7) were detected from only single viruses in 
separate animals on only one time point, and no RAMs were 
detected in tissue (see also Table 239.2). These data suggest 
that prophylaxis with injectable LA-RPV is likely to be highly 
effective and unlikely to generate resistance mutations. 
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Saquinavir
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1. DESCRIPTION

Saquinavir, a synthetic peptidomimetic analog that inhibits 
the human immunodeficiency virus (HIV) protease, was 
developed using computer-led rational design technology 
and was the first commercially available antiretroviral pro-
tease inhibitor. It is a specific inhibitor of HIV-1, HIV-2, and 
simian immunodeficiency virus (SIV) proteases. Formerly 
known as Ro31-8959, saquinavir, whose generic name is 
saquinavir mesylate, was developed by Roche and is mar-
keted under the trade name Invirase. It is indicated for the 
treatment of HIV-1 infection in combination with ritonavir 
and other antiretroviral drugs. Cobicistat cannot be substi-
tuted for ritonavir because dosing recommendations have 
not yet been established. 

Saquinavir is a peptide-based asymmetric hydroxyethy-
lene mimetic of the transition state that occurs during pep-
tide bond cleavage by aspartic proteases. It has a molecular 
weight of 766.96. The chemical name for saquinavir is  
cis-N-tert-butyl-decahydro-2[2(R)-hydroxy-4-phenyl-3(S)-
[[N-(2-quinolylcarbonyl)-L-asparginyl] amino]butyl]-(4aS, 
8aS)-isoquino-line-3(S)-carboxyamide methanesulfonate. The  
molecular formula is C38H50N6O51:1CH4O3S. The chemical 
structure is shown in Figure 240.1.

Saquinavir is available as film-coated tablets containing 
571.5 mg of saquinavir mesylate, equivalent to 500 mg 

saquinavir free base, and as 200 mg hard gel capsules. Soft gel 
capsules were previously available (marketed under the trade 
name Fortovase). However, The soft gel Fortovase capsule 
was withdrawn from the market in 2006 (O’Brien, 2006). 

Saquinavir is now rarely used in Australia, Europe, and 
North America, largely due to the cost, pill burden, and 
requirement for 200 mg/day of ritonavir co-administration. 
It remains a useful antiretroviral drug in some other coun-
tries where newer generation protease inhibitors are not 
available.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

HUMAN IMMUNODEFICIENCY VIRUS-1

Saquinavir inhibits HIV-1 with half-maximal inhibitory 
concentration (IC50) of 0.5–6 nM and an IC90 of 630 nM 
(Craig et al., 1991; Eberle et al, 1995), with production of 
HIV-1 markedly reduced in the presence of concentrations 
of saquinavir of 10 nM (Krausslich, 1992). Saquinavir is 
effective even when added to cultures postinfection (Craig et 
al., 1991; Galpin et al., 1994), consistent with its activity late 
in the replicative cycle (assembly and maturation) of HIV-1. 
In experiments conducted with HIV-infected MT-4 T-cell 
lines, addition of saquinavir at high concentration (100 nM) 
1 hour postinfection, with subsequent maintenance of the 
cells in the presence of this concentration of drug for 87 days, 
resulted in clearance of detectable infection (Nitschko et al., 
1994). Clinical isolates and reference strains from HIV-1 
clades A, B, D, and E have all been shown to be susceptible to 
saquinavir as well as to other protease inhibitors (Winslow et 
al., 1995). 

The efficacy of saquinavir at a concentration of 10 nM in 
inhibiting HIV-1 replication has been demonstrated for both 
acute and chronically infected cells in vitro (Craig et al., 
1991). The effect on chronically infected cells is to be expected 
given the activity of protease inhibitors at a site in the repli-
cative cycle of HIV that is postintegration.Figure 240.1. Chemical structure of saquinavir.
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Oral or subcutaneous saquinavir therapy was effective in 
treating severe combined immunodeficiency (SCID) mice 
that were injected with human T-cell lines infected with 
HIV-1 (Sato et al., 1995).

HUMAN IMMUNODEFICIENCY VIRUS-2

Although HIV-1 and HIV-2 proteases have different cleavage 
recognition sequences and only 50% homology at the amino 
acid level (Le Grice et al., 1989; Galpin et al., 1994), saquina-
vir is also active at nanomolar concentrations against HIV-2 
protease (Menéndez-Arias and Alvarez, 2014).

HUMAN T-LYMPHOTROPIC VIRUS-1

Saquinavir poorly inhibits the protease of human 
T-lymphotropic virus type 1 (HTLV-1) (Daenke et al., 1994). 

2b.  Emerging resistance and 
cross-resistance

Resistance to saquinavir arises relatively slowly and to a 
modest degree compared with resistance to reverse tran-
scriptase inhibitors, such as lamivudine and nevirapine, 
which develops rapidly. Strains of HIV-1 (but not HIV-2) have 
been reported to develop resistance to saquinavir during in 
vitro passage in the presence of the drug; as few as five pas-
sages have been found to generate resistant strains (Dianzani 
et al., 1993; Eberle et al., 1995; Jacobsen et al., 1995).

The development of resistance occurs as a result of a series 
of stepwise mutations in the region of the Gag-Pol gene that 
encodes the HIV protease. The initial mutation occurs at 
position 48 (Gly→Val) and subsequently at position 90 (Leu→ 
Met) and/or 54 (Ile→Val) (Turriziani et al., 1994; Eberle et al., 
1995; Jacobsen et al., 1995; Tisdale et al., 1995). The individ-
ual mutations at position 48 or 90, and mutations at both of 
these sites, results in successively less processing of Gag and 
Gag–Pol polyproteins in vitro. Proteases from these mutants 
are 220-, 20-, and 720-fold less sensitive to saquinavir, result-
ing in a 4- to 6-fold, a 2-fold, and an 8- to 10-fold increase 
in IC50, respectively (Maschera et al., 1995). These results 
are supported by those of other investigators, who found 
that mutations at positions 48, 90, and 54 caused a 50-fold 
increase in IC90 (from 20 to > 1000 nM) (Eberle et al., 1995). 
The mutation at position 48 occurs at the hinge of the beta 
ribbon strands near the active site of the protease, potentially 
sterically hindering entry of the inhibitor to the active site 
(Eberle et al., 1995).

A study of HIV-1 DNA sequences following intermediate 
passage of infected T-cell lines in the presence of increasing 
concentrations of saquinavir suggests that positions 12, 36, 
57, and 63 of the protease gene contribute to the develop-
ment of resistance (Jacobsen et al., 1995). Mutations within 
codons 84 and 71, in the presence of mutations in codons 48 
and 90, have also been reported in association with saquina-
vir resistance, and mutant HIV strains with all four of these 
mutations demonstrated cross-resistance to other protease 
inhibitors, including amprenavir, indinavir, and ritonavir 

(Tisdale et al., 1995). The mutation at position 84 occurs 
rarely (Roberts, 1995).

Mutations conferring resistance have been shown to arise 
in 45% of patients treated with saquinavir (1800 mg/day) 
alone or in combination with zidovudine for 8–12 months. 
The most common mutation observed was Leu→Met at codon 
90 (L90M), with mutations at codon 48 rarely observed 
(Jacobsen et al., 1996). The L90M mutation may not, how-
ever, confer resistance to saquinavir in all subtypes of HIV-1. 
For example, L90M does not reduce the susceptibility of sub-
type G to saquinavir (Santos et al., 2009).

Cross-resistance between saquinavir-resistant strains of 
HIV and other protease inhibitors may be encountered. 
Mutations that are selected for by saquinavir provide cross- 
resistance to many of the first-generation protease inhibitors 
(Winters et al., 1998). Condra et al. (1995) reported that 
ritonavir-resistant strains of HIV-1 obtained from patients 
treated with ritonavir demonstrated cross-resistance to 
saquinavir only after development of multiple mutations (at 
positions 10, 46, 63, 82, and 84 within the HIV-1 protease). 
Cross-resistance between saquinavir and nelfinavir has also 
been observed (Jacobsen et al., 1996). However, strains of 
HIV-1 with mutations selected by saquinavir may retain sus-
ceptibility to atazanavir, a second-generation protease inhib-
itor (Colonno et al., 2003). Tipranavir-resistant HIV-1 strains 
have also been reported to retain susceptibility to saquinavir 
(Doyon et al., 2005).

In an early study in the UK, saquinavir monotherapy (600 
mg three times daily) given to asymptomatic HIV-infected 
individuals resulted in variable increases in IC50 and IC90 
after approximately 1 year of therapy. A point mutation 
Leu90→Met/Ile (as well as mutations at positions 36, 71, and 
84) was observed, without detection of the Gly48→Val muta-
tion (Ives et al., 1997).

The use of ritonavir-boosted saquinavir results in very 
low rates of protease inhibitor resistance in treatment-naive 
patients. In the induction phase of the Staccato trial, 272 
treatment-naive Thai patients were given saquinavir (hard 
gel capsule) 1600 mg and ritonavir 100 mg once daily with 
two nucleoside reverse transcriptase inhibitors, and virologic 
failure (plasma HIV RNA < 500 copies/ml on two consecu-
tive occasions) was evaluated at 24 weeks. Only 3.3% of 
patients experienced virologic failure and none of these 
patients acquired infection with HIV-1 that carried major 
protease inhibitor resistance mutations (Ananworanich et al., 
2006).

Resistance to saquinavir in antiretroviral-experienced 
patients treated with ritonavir-boosted saquinavir is associ-
ated with mutations at codons 10, 15, 20, 24, 62, 73, 82, 84, 
and 90 of the HIV protease gene (Marcelin et al., 2007). The 
response to saquinavir is lowest in patients infected by HIV-1 
with more than five protease resistance mutations, particu-
larly in those patients who have low plasma saquinavir levels 
(Valer et al., 2005; Mallolas et al., 2007; Marcelin et al., 2007). 
Saquinavir boosted with low-dose ritonavir compares favor-
ably with other boosted protease inhibitors (de Mendoza et 
al., 2006).
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The use of saquinavir in boosted double-protease regi-
mens to treat infection by HIV-1 that is resistant to multiple 
protease inhibitors may have a particular advantage because 
of synergism between saquinavir and atazanavir or lopinavir 
(Dam et al., 2007). Predictors of a response to ritonavir- 
boosted saquinavir and lopinavir in a double-protease regi-
men include the absence of mutations at codons 82 and 154 
of the protease gene (von Hentig et al., 2007). Calculation of 
a virtual inhibitory quotient using data on resistance muta-
tions can assist in predicting which patients will respond to 
ritonavir-boosted saquinavir (Mallolas et al., 2007).

2c.   In vitro synergy and antagonism

Additive to synergistic interactions occur between saquina-
vir and zidovudine, against both zidovudine-sensitive and 
-resistant strains of HIV-1 (Craig et al., 1990; Johnson et al., 
1992). Lamivudine, saquinavir, and these two drugs in com-
bination with zidovudine have demonstrable additive or 
synergistic interactions. Similarly, stavudine, saquinavir, and 
these two drugs in combination with zidovudine are additive 
to synergistic against zidovudine-sensitive strains of HIV-1 
(Merrill et al., 1996). In vitro additive antiretroviral effect has 
also been demonstrated between saquinavir and nonnucleo-
side reverse transcriptase inhibitors of HIV-1 (Brennan et al., 
1995). Additive to synergistic activity has been demonstrated 
for the combination of interferon-alpha and saquinavir 
(Johnson et al., 1992). The combination of lopinavir and 
saquinavir has been shown to be synergistic at a variety of 
ratios tested without cellular toxicity. Increased intracellular 
concentrations of saquinavir due to lopinavir inhibition of 
P-glycoprotein is a possible mechanism (Molla et al., 2002). 
Synergy has also been demonstrated between atazanavir and 
saquinavir using virus strains with varying degrees of resis-
tance (Dam et al., 2007).

3. MECHANISM OF DRUG ACTION

Saquinavir was designed as a peptide-like structural mimetic 
of the transition state that occurs during cleavage of the Gag 
and Gag–Pol precursor proteins. These sites are cleaved only 
by the HIV-1 protease, although a common amino acid 
sequence at each cleavage site is not apparent. Thus saquina-
vir can sit within the active site of the HIV-1 protease and 
inhibit the activity of the enzyme. Unlike the reverse tran-
scriptase inhibitors, protease inhibitors including saquinavir 
do not require metabolic activation within the cell to exert 
their inhibitory effects on HIV replication.

The HIV protease belongs to the family of aspartic prote-
ases, which includes cathepsin D and E, pepsin, renin, and 
gastricsin (Darke et al., 1989) and which can be inhibited in 
cell culture by the prototypic aspartic protease inhibitor pep-
statin (Nutt et al., 1988; Darke et al., 1989; Von der Helm et 
al., 1989). The HIV-1 protease is a dimer, whereas the non-
viral proteases of this class are monomeric (Gustchina and 
Weber, 1990). The active site is formed at the dimer interface, 
with one aspartyl residue from each subunit contributing to 

protease activity (Lapatto et al., 1989; Miller et al., 1989; Navia 
et al., 1989; Weber et al., 1989; Wlodawer et al., 1989). 

The highly conserved Asp-Thr(Ser)-Gly sequence (DGT 
motif) within the HIV-1 protease has been shown to be 
homologous to the catalytic site of proteases of the aspartic 
family, resulting in the inclusion of the HIV-1 protease in 
this class of enzymes (Toh et al., 1985; Pearl and Taylor, 
1987). Saquinavir is specific for HIV-1 protease and there-
fore does not inhibit renin, pepsin, cathepsins D or E, and 
gastricsin at 10 µM concentration or any of the serine or cys-
teine proteases (Roberts et al., 1991). However, saquinavir 
and some other HIV-1 protease inhibitor inhibitors can inhibit 
human proteasomes (Piccinini et al., 2005). This might explain 
the inhibitory effects of protease inhibitors on lymphocyte 
apoptosis (Rizza and Badley, 2008).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Saquinavir mesylate must be combined with low-dose rito-
navir to achieve boosting of serum levels. The recommended 
dose is 1000 mg saquinavir film-coated tablets plus 100 mg 
ritonavir, each administered twice daily with food. Other 
dosage regimens boosted with ritonavir have also been eval-
uated (Roche, product information), and two large (but not 
comparative) studies suggested that once-daily ritonavir- 
boosted saquinavir (100 mg and 1500–2000 mg, respectively) 
was safe, well tolerated, and resulted in sustained saquinavir 
exposure while reducing ritonavir exposure (Bickel et al., 
2009; López-Cortes et al., 2010).

4b.  Newborn infants and children

The film-coated tablets of saquinavir offer a reduction in pill 
burden and have similar tolerability compared with hard gel 
capsules (Bittner et al., 2005).

4c.  Pregnant and lactating mothers

Saquinavir is a category B drug.
The pharmacokinetics of most HIV protease inhibitors is 

affected by pregnancy, and assumptions about the efficacy, 
safety, and dosing regimen should not be made based on the 
results of trials in nonpregnant adults (see section 5, Phar-
macokinetics and pharmacodynamics). The manufacturer 
recommends that saquinavir should not be given to breast-
feeding women.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Saquinavir has not been formally assessed in patients with 
severe renal insufficiency. However, data from patients 
with mild to moderate renal dysfunction (serum creatinine 
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<  143 µmol/l) who participated in phase I/II trials suggest 
that the dose of saquinavir does not need to be modified in 
this patient population (Roche, data on file).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

There are very limited data regarding the pharmacokinetics 
of saquinavir in patients with hepatic dysfunction. Because 
saquinavir is extensively metabolized in the liver through the 
CYP3A enzyme, trough serum levels are likely to be higher 
than those for patients without liver disease. However, 
saquinavir has a high therapeutic index and no change in 
dosing is recommended (Wyles and Gerber, 2005; see also 
section 7e, Co-infection of HIV-1 with hepatitis B virus or 
hepatitis C virus). 

ELDERLY PATIENTS

There are no data on the pharmacokinetics of saquinavir in 
patients over 60 years of age.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

See Table 240.1 for a summary of clinically relevant pharma-
cokinetic data.

5a.  Bioavailability

The doses of oral saquinavir for the first dose-ranging study 
were chosen to achieve a plasma concentration of 12 ng/ml, 
based on in vitro estimates of the IC90. For patients receiving 
the 600 mg three times daily dose, steady-state plasma con-
centrations were five times the target concentration in 11 of 
12 patients, remaining above this value for the entire dosing 
interval in 10/12 patients. For those patients receiving 200 
mg three times daily, saquinavir was detectable in plasma for 
the duration of the dose interval in the majority of patients 
but not in those receiving 25 mg three times daily (Kitchen et 

al., 1995a). The drug has nonlinear pharmacokinetics when 
given in doses of 75, 200, and 600 mg administered three 
times daily (Noble and Faulds, 1996). There was evidence 
of drug accumulation (two- to threefold) over a period of 
4 weeks (Kitchen et al., 1995b).

The hard gel capsule and film-coated tablet formulations 
have been demonstrated to be bioequivalent in healthy vol-
unteers (Bittner et al., 2005) and in HIV-infected patients 
(Winston et al., 2007). A significant reduction in interpatient 
variability was observed with the film-coated tablets when 
compared with hard gel capsule, when administered twice 
daily with ritonavir and nucleoside reverse transcriptase 
inhibitors. Slight reductions in saquinavir plasma exposure 
were noted when saquinavir was administered with other 
antiretroviral drugs—20% when given twice daily with rito-
navir and nucleoside reverse transcriptase inhibitors and 
12% for a once-daily regimen with ritonavir and atazanavir. 
This may be partially explained by the small reduction in 
dosage size of 1600 mg for hard gel capsule versus 1500 mg 
for film-coated tablets (Winston et al., 2007).

Saquinavir is more than 98% protein bound and binds 
primarily to alpha1-acid glycoprotein (AAG) rather than 
serum albumin because it is a basic drug (Routledge, 1986; 
Barry et al., 1997). AAG has a number of genetic variants and 
has variable expression in HIV patients (Boffito et al., 2002a).

The mean oral bioavailability of a 600-mg dose of saquina-
vir when taken following food is very low, in the range of 
4% (18-fold greater than in the fasted state) (Noble and 
Faulds, 1996). This is partly because only 30% is absorbed 
and also due to considerable first-pass metabolism of the 
drug (Williams et al., 1992). A rat model has suggested that 
the low oral bioavailability of saquinavir is due to intestinal 
rather than hepatic first-pass metabolism (Lledo-Garcia et 
al., 2011). The absorption of saquinavir is rapid when it is 
administered after fasting (time to maximum concentration 
[tmax] 2.4 hours), and is delayed when it is taken with food 
(tmax ~ 3.8 hours) (Muirhead et al., 1992). The extent of 

Table 240.1. Clinically significant pharmacokinetic and pharmacodynamics data regarding saquinavir.

Bioavailability Bioequivalence of hard gel capsule and film coated tablets

98% protein bound

Increased oral absorption when taken with food 

Oral absorption after fasting: AUC 24 ng/ml/h; tmax 2.4 hours

Oral absorption after food: AUC 161 ng/ml/h; tmax 3.8 hours

Ritonavir simultaneous co-administration: AUC increases > 50-fold; Cmax increases 22-fold

Drug distribution Volume of distribution: 703 l; plasma clearance: 98.8 l/hour; t½: 13.2 hours

Poor CSF penetration: < 0.05% plasma concentration

Poor genital tract penetration

Excretion Predominantly hepatic metabolism

Rapid metabolism by CYP3A4 to inactive metabolites

Extensive first-pass hepatic and intestinal metabolism

Renal excretion < 4% of oral dose

Pharmacodynamics AUC of 25 mg/l/h and Cmin > 0.1mg/l have been associated with good virologic response

Abbreviations: AUC: area-under-the-concentration-time curve, tmax: time to maximum concentration; Cmax: maximum concentration; t½: half-
life; CSF: cerebrospinal fluid; Cmin: minimum concentration.
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absorption is also markedly increased when taken after food. 
The area-under-the-concentration-time curve (AUC) increases 
from 24 ng/ml/h in the fasted state to 161 ng/ml/h when 
taken any time from 5 minutes to 2 hours after food (Roche, 
data on file).

In a study of six healthy volunteers receiving saquinavir 
oral suspension at doses of between 25 and 600 mg three 
times daily for a week, a heavy breakfast was shown to pro-
vide a twofold increase in maximum concentration (Cmax) 
and AUC of a single 600-mg dose of oral suspension com-
pared with a lighter breakfast. The heavier breakfast also 
delayed the tmax twofold for all dosage regimens. Nonlinear 
pharmacokinetics was apparent for both single and multiple 
doses of saquinavir, possibly because of saturable first-pass 
metabolism (Muirhead et al., 1992). This study suggested 
that taking saquinavir 600 mg every 8 hours with a normal 
diet should result in plasma concentrations between the HIV 
IC90 of 11.6 ng/ml and eight times the IC90 throughout the 
dosage interval (Muirhead et al., 1992).

The increased absorption of saquinavir following food is 
possibly due to the increased ratio of nonionized drug to ion-
ized drug as a result of the increase in gastric pH (Barry et 
al., 1997).

5b.  Drug distribution

Plasma and urine levels of saquinavir can be measured by 
high-performance liquid chromatography (Woolf et al., 
1995). Saquinavir had a volume of distribution of 703 l, a 
total plasma clearance of 98.8 l/hour, and a half-life of 13.2 
hours for the terminal elimination phase after a 12-mg intra-
venous infusion over 1 hour in 9 healthy volunteers. A com-
bination of hepatic and extrahepatic clearance and extensive 
tissue binding was suggested (Williams et al., 1992). In a 
study of 12 HIV-infected patients, the intracellular half-life 
of saquinavir and ritonavir, when given once daily in a dose 
of 1600/100 mg, was significantly longer than the plasma 
half-life (Ford et al., 2004). 

An in vitro study of human brain endothelial cells sug-
gests that multi-drug resistance protein 1 (MDR1) drug 
efflux pump function is increased following co-exposure to 
HIV-1 and saquinavir, resulting in reduced penetration of 
saquin avir into the central nervous system (Roy et al., 2013). 
Furthermore, a rodent model suggests that microglial activa-
tion reduces saquinavir accumulation in the brain (Dallas et 
al., 2013). Protease inhibitors, especially saquinavir, are poor 
penetrators into the genital tract (seminal plasma and cervi-
covaginal secretions) (Else et al., 2011a) and exhibit low-to- 
moderate placental accumulation (Else et al., 2011b).

UNBOOSTED ORAL SAQUINAVIR

In HIV-uninfected individuals, no significant difference was 
found between females and males in the pharmacokinetics of 
saquinavir administered as soft gel capsule at a dose of 1200 
mg three times daily, even after correcting for body weight. 
However, the addition of ritonavir to saquinavir may unmask 
a difference in P-glycoprotein function between males and 

females, which subsequently results in an observable differ-
ence in saquinavir exposure between the sexes (Robertson et 
al., 2006). No significant differences in CYP3A phenotype or 
MDR1 genotypes were noted between the sexes in that study 
(Robertson et al., 2006).

In contrast, several studies involving HIV-infected patients 
have found higher saquinavir median AUCs (1.3- to 1.9-
fold) in women than in men (Fletcher et al., 2004; Pai et al., 
2004; Ribera et al., 2004). A higher minimum concentration 
(Cmin) (1.5- to 2.3-fold) was also found in women when com-
pared with men (Fletcher et al., 2004; Ribera et al., 2004). 
There was a 53% lower clearance (Cl/F) in females after 
adjusting for weight (Fletcher et al., 2004). A 1.9-fold increase 
in ritonavir Cmax in women and a 2-fold increase in AUC in 
women has also been noted (Ribera et al., 2004). In the AIDS 
Clinical Trials Group (ACTG) trial 359, females had signifi-
cantly higher saquinavir AUC and Cmin values approximately 
50% of the saquinavir clearance of males after adjustment for 
body weight (Fletcher et al., 2004). 

Pregnancy and postpartum
Unboosted saquinavir (soft gel capsule) dosed at 1200 mg 
three times a day produced inadequate saquinavir exposure 
in pregnant women, with the AUC8 and C8 (the concentra-
tion at 8 hours, i.e. the trough level or Cmin when dosing is 
occurring three times a day every 8 hours) values being con-
siderably lower than those observed in nonpregnant women 
(Acosta et al., 2001).

The pharmacokinetics of ritonavir-boosted saquinavir soft 
gel capsule 800/100 mg twice daily given with dual nucleo-
side reverse transcriptase inhibitor therapy was evaluated in 
HIV-infected women during gestation, labor, and delivery 
and at 6 weeks postpartum. All the subjects achieved saquina-
vir AUCs at 24 hours of greater than the 10,000 ng/ml/h 
 target. There was no significant difference in the mean saquina-
vir AUC at 12 hours during gestation (29,373 ng/ml/h; n = 13 
patients), during labor and delivery (26,189 ng/ml/h; n = 7), 
and during the postpartum period (35,376 ng/ml/h; n = 12). 
Ritonavir peak and trough levels were significantly lower 
during gestation than during the postpartum period. There 
was a large intersubject variability of both saquinavir and 
ritonavir concentrations (Acosta et al., 2004).

The efficacy of once-daily boosted saquinavir hard gel cap- 
sule, guided by therapeutic drug monitoring, plus two nucle-
oside reverse transcriptase inhibitors was assessed in 46 
pregnant HIV-1-infected women (Lopez-Cortes et al., 2007). 
Of the 46 women, 43 had Cmin levels in excess of the target of 
100 ng/ml at a dose of 1200/100 mg daily. The remaining 
3 women had their dosage increased to 1600/100 mg daily to 
achieve the target Cmin.

A study comparing the levels of ritonavir-boosted saquina-
vir 1000/100 mg twice daily plus nucleos(t)ide reverse tran-
scriptase inhibitors in 13 women in late pregnancy with those 
of 15 nonpregnant women found significantly lower plasma 
concentrations in the pregnant women. After a mean of 11 
weeks of treatment, all of the 13 pregnant women had a saquina-
vir AUC0–12 > 10,000 ng/ml/h and 12/13 pregnant women had 
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a viral load < 400 copies/ml at birth. All newborn children 
were HIV negative at 18 months of age and the saquina vir was 
well tolerated by the mothers (von Hentig et al., 2008).

A 12-hour pharmacokinetic study of saquinavir (film-
coated tablets) plus ritonavir 1000/100 mg twice daily in 14 
HIV-positive women was performed at weeks 24 and 36 of 
pregnancy and at 6 weeks postpartum. The Cmin, Cmax, AUC 
and t½ were nonsignificantly lower at week 34 compared to 
week 24 and postpartum. The authors recommended thera-
peutic drug monitoring of saquinavir, especially during late 
pregnancy (Martinez-Rebollar et al., 2011). A similar study 
of 37 HIV-positive pregnant women receiving the same 
ritonavir-boosted saquinavir formulation (film-coated tab-
lets) and dose 1000/100 mg twice daily also found no signif-
icant differences between AUC0–12 at weeks 20 and 33 of 
pregnancy and postpartum. Subtherapeutic plasma concen-
trations (< 0.10 mg/l) were not observed during the study, 
and no major safety concerns were noted (van der Lugt et al., 
2009a). A prospective observational study of the efficacy and 
safety of saquinavir–ritonavir 1000/100 mg twice daily in 
62 treatment-naive and -experienced pregnant women also 
reviewed median saquinavir trough levels. Adequate saquina-
vir Cmin levels at third trimester 0.91 mg/l and at delivery (0.86 
mg/l) were reported (Brunet et al., 2012).

RITONAVIR-BOOSTED ORAL SAQUINAVIR

Pharmacoenhancement, or protease inhibitor boosting, is a 
means of overcoming the poor oral bioavailability, high pill 
burden, dietary requirements, and high individual variability 
of protease inhibitors, including saquinavir (Plosker and 
Scott, 2003). It is achieved by using pharmacokinetic interac-
tions between saquinavir and subtherapeutic doses of ritona-
vir, a powerful inhibitor of CYP450 enzymes in the gut and 
the liver and of P-glycoprotein, to increase saquinavir expo-
sure to levels well above the IC90 (Moyle, 2001; Moyle and 
Back, 2001; Plosker and Scott, 2003).

Ritonavir has also been shown to be a powerful inhibitor 
of CYP3A4 and CYP2D6 as well as inhibiting CYP2C9/10 
and CYP2C19 substrates to a lesser extent (Eagling et al., 
1997; Kumar et al., 1995; von Moltke et al., 1998). This inhi-
bition resulted in a 290-fold enhancement of the saquinavir 
8-hour AUC (Kempf et al., 1996). A small study of 8 healthy 
volunteers in Japan used micro or small doses of probe drugs 
to elucidate the mechanisms by which saquinavir levels are 
enhanced by ritonavir (Ieiri et al., 2013). The authors suggest 
that inhibition of intestinal and hepatic CYP3A4 and intesti-
nal P-glycoprotein-mediated efflux of saquinavir, but not the 
transporter OATP1B1, is involved. 

Healthy volunteers
A cross-over study examined the co-administration of vary-
ing doses of ritonavir and saquinavir with saquinavir alone 
or ritonavir alone (Hsu et al., 1998). For combinations  
of saquinavir plus ritonavir, the AUC of saquinavir was 
increased by > 50-fold and the Cmax of saquinavir by 22-fold 
at a variety of saquinavir and ritonavir doses. When the ritona-
vir dose was kept constant, saquinavir pharmacokinetics was 

relatively proportional to the dose, but when the saquinavir 
dose was constant, the increase in saquinavir concentra- 
tion was less than proportional to the dose of ritonavir. 
Co-administered saquinavir and ritonavir also reduced the 
intersubject variability of the saquinavir AUC from 60% to 
28%. Saquinavir had no clinically significant effect on the 
pharmacokinetics of ritonavir.

A dose-finding study evaluated a variety of once-daily 
regimens in HIV-negative adults and found that saquinavir 
(soft gel capsule) and ritonavir at a dose of 1600/100 mg 
 produced substantially higher levels than the IC90 for HIV. 
Neither increasing the saquinavir dose to > 1600 mg nor 
increasing the ritonavir dose to > 100 mg enhanced the 
saquinavir AUC further. The pharmacokinetic variables of 
the regimen were similar to those of 1200-mg saquinavir soft 
gel capsule three times a day (Kilby et al., 2000).

Ritonavir and saquinavir (soft gel capsule) were co- 
administered in a range of doses to 97 healthy volunteers 
(Kilby et al., 2002). Ritonavir significantly enhanced saquina-
vir Cmax and Cmin concentrations, including with the initially 
used doses of saquinavir 400 mg and ritonavir 400 mg. How-
ever, the effect was similar for ritonavir doses between 100 and 
400 mg twice daily. This led to the evaluation of the 100-mg 
minidose of ritonavir once daily with saquinavir 1600 mg once 
daily or 100 mg twice daily with saquinavir 1000 mg twice 
daily. A review of 17 dose-ranging pharmacokinetic studies 
suggested that saquinavir was equally well boosted by doses of 
50–100 mg ritonavir versus higher doses (Hill et al., 2009).

An analysis of trials conducted to assess differences 
between the pharmacokinetics of protease inhibitors in 
healthy volunteers and HIV-infected patients was inconclu-
sive for saquinavir, in contrast to atazanavir, which exhibited 
lower levels in HIV-infected individuals, although patient 
numbers were low (Dickinson et al., 2008c).

HIV-infected patients
Steady-state levels of saquinavir in HIV-infected patients 
appear to be higher than in healthy volunteers (Cmax 242.3 
µg/l and 667.2 µg/l/h for AUC0–8) (Roche, data on file). In 
seven patients with advanced HIV infection, saquinavir 600 
mg three times daily combined with ritonavir 300 mg twice 
daily produced very high, potentially toxic, levels in some 
patients, compared with the often low levels achieved with 
saquinavir 600 mg three times a day alone. There was a large 
interpatient variability in both the boosted and unboosted 
saquinavir levels (Merry et al., 1997a).

A pilot study in around 140 HIV-infected patients who 
had discontinued reverse transcriptase inhibitor therapy 
evaluated the pharmacokinetics of saquinavir 400 or 600 mg 
co-administered with ritonavir 400 or 600 mg taken two or 
three times daily (Cameron et al., 1996). Initial results indi-
cated that the saquinavir levels were significantly higher than 
those reported when saquinavir was given alone in daily 
doses of 3600 and 7200 mg. Ritonavir levels were similar to 
those achieved when ritonavir was given alone.

A study of 18 HIV-infected patients comparing saquinavir–
ritonavir 1000/100 mg twice daily with saquinavir 1000 mg 
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twice daily plus ritonavir 100 mg given once daily suggested 
the need to administer the saquinavir and ritonavir simulta-
neously. Withholding a ritonavir dose reduced the saquina-
vir exposure and Cmax without affecting the elimination 
half-life (Boffito et al., 2005a).

The MAXCMIN1 trial attempted to relate the pharmaco-
kinetics of saquinavir–ritonavir 1000/100 mg twice daily and 
indinavir 800/100 mg twice daily, with their safety and effi-
cacy. There appeared to be no reduction in saquinavir or 
indinavir drug levels over the 48 weeks of the study. Indinavir 
produced higher ritonavir Cmin levels than saquinavir, and 
women had significantly higher ritonavir Cmin levels in both 
groups (Justesen et al., 2003).

In the HIVNAT 001.3 study, 69 Thai HIV patients were 
switched from a saquinavir soft gel capsule 1400 mg twice 
daily regimen to a ritonavir-boosted saquinavir soft gel cap-
sule regimen of 1600/100 mg once daily, both regimens  
with two nucleoside reverse transcriptase inhibitors. For  
the 12 patients who completed pharmacokinetic analysis, a 
5-fold increase in median AUC0–12 and Cmax for saquinavir was 
demonstrated, and the Cmin also increased 1.3-fold. All patients 
maintained target Cmin levels of > 0.05 mg/l, although there  
was substantial variability. Body weight was inversely cor-
related with saquinavir AUC0–24 and Cmin as well as a higher 
level of exposure in women than in men (Cardiello et al., 2002).

The population pharmacokinetics of HIV-infected patients 
from 10 combined clinical studies receiving once- and twice-
daily boosted saquinavir regimens was modeled and vali-
dated in patients from the UK (n = 52), Uganda (n =18), and 
Thailand (n = 27). A typical patient from the UK had a 1.5- 
to 3-fold higher saquinavir oral clearance than patients from 
Uganda and Thailand, respectively (Dickinson et al., 2008a). 
The authors suggest that the model could be used to adjust 
dosing after therapeutic drug monitoring as well as to assess 
the suitability of patients for once-daily boosted saquinavir 
regimens (Dickinson et al., 2008b).

The effect of age on plasma levels of saquinavir, as well as 
other antiretroviral drugs, was examined in a large cohort of 
HIV patients from the UK with therapeutic drug monitoring 
(TDM) samples available (Winston et al., 2013). As age 
increased, so did the plasma levels of protease inhibitors, 
including saquinavir. 

The effect of co-infection with hepatitis B virus (HBV) or 
hepatitis C virus (HCV) on plasma saquinavir levels was 
examined in a study of saquinavir and ritonavir Cmin levels in 
138 patients HIV-infected patients receiving boosted saquin-
avir who had HBV or HCV co-infection, including patients 
with advanced liver fibrosis (Molto et al., 2009). No relation-
ship between the extent of liver fibrosis and either saquinavir 
or ritonavir Cmin was demonstrated and no dosage adjust-
ment was recommended in this setting. 

COMPARISONS OF BOOSTED REGIMENS

A pharmacokinetic pilot study of seven HIV-infected 
patients evaluating the switch from saquinavir (hard gel cap-
sule) plus ritonavir 400/400 mg twice daily to saquinavir (soft 
gel capsule) plus ritonavir 1600/200 mg once daily showed a 

decrease in median Cmin from 208 ng/ml to 84 ng/ml (Van 
Heeswijk et al., 2000). However, three patients were below 
the targeted 50 ng/ml concentration for sustained virologic 
suppression, the same number as with the twice-daily regi-
men. The median AUC0–24 was above the calculated threshold 
for sustained viral replication for saquinavir of 4323 ng/ml/h 
in six of the seven patients. There was a high (20-fold) inter-
patient variability in the once-daily regimen. The ritonavir 
median Cmin fell from 1720 ng/ml for the twice-daily  regimen 
to 83 ng/ml for the once-daily regimen.

The pharmacokinetics and efficacy of once-daily ritonavir- 
boosted regimens have also been evaluated. In a study of 
43  antiretroviral-naive patients, the pharmacokinetics of a 
12-patient subset prescribed once-daily saquinavir 1600 mg 
with 100 mg ritonavir was evaluated. All of the patients 
reached the target trough levels of 50 ng/ml, although there 
was large interpatient variability in Cmax, AUC, and Cmin lev-
els. A total of 11 of the 12 patients had decreases in plasma 
HIV RNA of at least 1 log10 and a mean increase in CD4+ 
T-cell count of 138 after 4 weeks of therapy when combined 
with dual nucleoside reverse transcriptase inhibitors (Duque 
et al., 2003).

Another study of 12 HIV-infected patients found that the 
median trough plasma level of saquinavir (0.08 mg/l) in 
patients receiving saquinavir–ritonavir 1600/100 mg once 
daily was below the suggested minimum effective concen-
tration of 0.1 mg/l and the AUC0–24 was below the target of 
20 mg/l/h (Ford et al., 2004). Despite this, only 1 of the 12 
patients had detectable plasma HIV RNA. The median intra-
cellular saquinavir trough levels were much higher at 0.71 
mg/l, indicating that adequate cellular concentrations may 
be present even when plasma drug levels are low (Khoo et al., 
2002; Ford et al., 2004).

The pharmacokinetics and efficacy of the standard twice-
daily ritonavir-boosted regimens have been compared with 
those of boosted, once-daily regimens (Autar et al., 2004; 
Boffito et al., 2004a; Ford et al., 2004). When the pharmaco-
kinetics of saquinavir–ritonavir 1000/100 mg twice daily was 
compared with that of 1600/100 mg once daily and 2000/100 
mg once daily, a saquinavir trough level > 100 ng/ml (mean 
539 ng/ml) was achieved in all 18 patients in the twice-daily 
regimen, compared with only 9 of the 18 patients (mean 106 
ng/ml) receiving the 1600/100 mg regimen and 14 of 17 
patients (mean 231 ng/ml) receiving the 2000/100 mg regi-
men. The mean Cmax saquinavir levels were 1915 ng/ml, 2782 
ng/ml, and 4179 ng/ml, respectively (Boffito et al., 2004a).

In another study of 20 HIV-infected Thai patients treated 
with the same regimens, saquinavir AUC and Cmin were sig-
nificantly higher in those receiving 1000/100 mg twice daily 
(53% and 299%, respectively) and 2000/100 mg once daily 
(71% and 65%, respectively) than in those on the 1600/100 
mg once daily regimen. In 3 patients with saquinavir Cmin 
levels lower than the recommended 100 ng/ml on the 1600/ 
100 mg dosage, these levels increased on switching to the 
other regimens. It was postulated that saquinavir pharmaco-
kinetics is nonlinear when the drug is boosted with ritonavir 
(Autar et al., 2004).
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The saquinavir levels in this study of Thai patients were 
higher than those reported in the study of white patients 
(Boffito et al., 2004a), although this may be partly explained 
by the higher number of female patients (4:1) in the Thai 
study (Autar et al., 2005).

Another pooled analysis from five studies examined the 
pharmacokinetic profiles of 77 patients receiving boosted 
saquinavir–ritonavir regimens of 1000/100 mg twice daily, 
1600/100 mg once daily, or 2000/100 mg once daily to assess 
the forgiveness of missed or late doses. Saquinavir concen-
trations were below the minimum effective concentration for 
less time in the twice-daily regimen, followed by the 2000/100 
mg once-daily regimen, then the 1600/100 mg once daily. 
The authors concluded that once-daily dosage regimens, 
especially of the 1600/100 mg dose, are not as robust as 
twice-daily regimens (Dickinson et al., 2008b).

A pooled analysis of three pharmacokinetic studies in 45 
HIV-infected patients from Thailand and the UK receiving 
saquinavir–ritonavir 1600/100 mg once daily found that 
median saquinavir AUCs, Cmax, and Cmin were higher in the 
Thai patients than in the UK patients. In multivariate analysis, 
ritonavir AUC and study site (which includes lifestyle, environ-
ment, genetic background, and dietary composition) appeared 
to be related to saquinavir exposure (Autar et al., 2005).

When the pharmacokinetic differences between five 
males and five females infected with HIV-1 receiving saquin-
avir soft gel capsule plus ritonavir 1600/100 mg once daily for 
14 days were assessed, significantly higher plasma concentra-
tions of saquinavir were obtained in the female patients. The 
median AUC0–24 in the female patients was 82,300 ng/ml/h 
and in the males 47,400 ng/ml/h (p = 0.023), and the differ-
ence remained significant even after adjusting for patient 
weight. The oral clearance of ritonavir was significantly lower 
(p = 0.023) in the female patients (Pai et al., 2004).

A study of HIV-infected Thai patients compared the 
pharmacokinetics of saquinavir–ritonavir 1500/50 mg (plus 
nucleoside reverse transcriptase inhibitor [NRTI] backbone) 
with saquinavir–ritonavir 1500/100 mg in a crossover design 
in the same patients. There was no change in the pharmaco-
kinetics of saquinavir, but there was a significantly lower 
ritonavir exposure with the 50% dose reduction (van der 
Lugt et al., 2009b). Another study of 18 HIV-1 infected 
patients successfully treated with saquinavir 1000/100 mg 
twice daily plus a NRTI/NtRTI backbone examined the 
impact of switching the saquinavir (film-coated tablets) to a 
dose of 2000/100 mg once a day. As expected the ritonavir 
AUC0–24 decreased significantly after switching to the once-
daily regimen (21,874 to 10,267 ng/ml/h; p = < 0.001) how-
ever saquinavir levels were only marginally reduced (35,000 
to 34,490 ng/ml/h; p = 0.426). The once-daily regimen was 
well tolerated and efficacious (Bickel et al., 2009).

The impact on saquinavir levels of administering ritona-
vir-boosted saquinavir with various other protease inhibitors 
is discussed section 5e, Drug interactions, and is summa-
rized in Table 240.2 and Table 240.3.

When the intracellular and plasma pharmacokinetics of 
once-daily saquinavir hard gel capsule plus ritonavir (1600/ 

100 mg) was assessed in 12 HIV-infected patients, significant 
differences between the intracellular and plasma concentra-
tions were demonstrated for both saquinavir and ritonavir 
(Ford et al., 2004). No relationship was seen between lym-
phocyte P-glycoprotein expression and the intracellular accu-
mulation of saquinavir or ritonavir. The saquinavir and 
ritonavir intracellular half-lives were longer than their plasma 
half-lives, suggesting that intracellular drug will still be avail-
able even when plasma concentrations are below the mini-
mum effective concentrations. In one study, saquinavir hard 
gel capsule with or without ritonavir resulted in higher intra-
cellular to plasma ratios than the soft gel capsule formulation 
and produced a durable virologic suppression, despite the 
fact that in many patients the plasma AUC was well below 
the target of 20,000 ng/ml (Khoo et al., 2002). In vitro and in 
vivo studies have shown saquinavir to accumulate intracellu-
larly to a greater extent than ritonavir and indinavir, but less 
than nelfinavir (Jones et al., 2001; Khoo et al., 2002). Com-
pounds that inhibit intestinal P-glycoprotein may improve 
saquinavir bioavailability and brain penetration (Washington 
et al., 1997; Lee and Gottesman, 1998). In addition to trans-
porter proteins in the intestine and liver, P-glycoprotein and 
multidrug resistance–related protein 1 (MRP1) have also 
been shown to have a role in the efflux of compounds from 
lymphocytes (Hoggard and Owen, 2003). P-glycoprotein 
expression in particular areas may limit protease inhibitor 
penetration to these sites and create sanctuary sites for HIV 
(Hoggard and Owen, 2003). Investigations into the role of 
genetic variations of the ABCB1 gene in P-glycoprotein, drug 
exposure and immune recovery in HIV-infected patients 
have also been undertaken (Hoggard and Owen, 2003).

The impact of MRP1 and P-glycoprotein expression on 
the intracellular accumulation of saquinavir and ritonavir 
was investigated by Meaden et al. (2002). Patients with lower 
MRP1 expression had significantly higher accumulation of 
both ritonavir and saquinavir but there was no relationship 
between saquinavir accumulation and P-glycoprotein expres-
sion. When the effects of both MRP1 and P-glycoprotein 
expression were combined, there was a statistically signifi-
cant relationship between transporter expression and intra-
cellular accumulation of both saquinavir and ritonavir.

CYP3A4 is also expressed in lymphocytes and may be an 
important consideration for protease inhibitor accumulation 
in lymphocytes (Hoggard and Owen, 2003). There are no 
specific data for saquinavir.

A cross-sectional study on 28 HIV-infected patients eval-
uated plasma and CSF levels of saquinavir and ritonavir and 
HIV RNA at various times before and during treatment. Low 
levels of saquinavir (< 2 ng/ml) and ritonavir were recorded 
in the CSF, and the CSF to plasma drug ratio was ≤ 0.05% in 
all 11 subjects evaluated (Kravcik et al., 1999).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

When the relationship between both hard gel capsule and 
soft gel capsule saquinavir monotherapy and antiviral 
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response was assessed in 84 HIV-infected patients, a half- 
maximal antiviral response occurred at a Cmin of 0.05 µg/ml. 
A dose of saquinavir three times a day was compared with 
soft gel capsule given in a dose of 400–1200 mg three times a 
day. An exposure target of AUC0–24 of around 20,000 µg/l/h 
based on viral response was achieved with the regimen of 
1200-mg soft gel capsule three times a day (Gieschke et al., 
1999).

Valer et al. (2005) equated saquinavir Cmin levels of > 0.1 
µg/ml (100 ng/ml) with an antiviral response. In addition, a 
genotypic inhibitory quotient (GIQ; the ratio of saquinavir 
trough levels to the number of protease resistance mutations 
at baseline) of > 0.04 was associated with an antiviral response 
in 77.1% of patients compared with 18.2% of those with a 
lower GIQ (p = 0.001).

An arbitrary threshold of twice the in vitro IC95 for HIV-1 
(0.1 µg/ml) was used as a target Cmin to account for factors 
that can reduce the free concentration of saquinavir, such as 
protein binding and intracellular diffusion (Durant et al., 
2000).

Back et al. (2002) have suggested a corrected IC50 of 144 
ng/ml to account for plasma protein binding, especially to 
AAG (Zhang et al., 1999; Back et al., 2002). AAG is an acute-
phase protein and can be increased up to fourfold in patho-
logical and physiological states including stress, infection, 
and trauma. A fourfold increase in AAG in vitro decreased 
the activity of saquinavir by 30% against partially resistant 
isolates.

A saquinavir AUC of 25 µg/ml/h and Cmin values > 0.1 
µg/ml have also been associated with higher rates of viral 
response (Fletcher et al., 2004).

A recent consensus document has suggested that saquina-
vir Cmin of 100 ng/ml is required to exceed the HIV IC95 after 
accounting for protein binding (La Porte et al., 2006). 
Exceeding an IC50 of 50 ng/ml, an AUC24 target 10 mg/l/h or 
10,000 ng/l/h or an AUC12 of 5,000 ng/ml has also been rec-
ommended (King et al., 2007). 

In a study of seven HIV-infected patients receiving zid-
ovudine and lamivudine plus saquinavir 600 mg three times 
daily, median saquinavir AUC0–8 levels varied 12-fold, rang-
ing from 293 to 3446 ng/ml, indicating that in some patients, 
the antiviral efficacy of unboosted saquinavir may be sub-
optimal (Merry et al., 1997a).

5d.  Excretion

The kidneys are responsible for less than 4% of the excretion 
of saquinavir; 96% of an i.v. dose appears in the feces within 
48 hours (Roche, data on file). Saquinavir is metabolized 
 rapidly by CYP3A4 to a number of inactive mono- and 
dihydroxylated products (Farrar et al., 1994). Metabolism 
of saquinavir is predominantly by the liver, with the specific 
isoenzyme CYP3A4 of cytochrome P-450 mediating more 
than 90% of hepatic metabolism. Saquinavir itself does not 
appear to be a potent inhibitor of the cytochrome P-450 
system. The extensive hepatic first-pass metabolism of 
saquinavir results in a predominantly nonrenal elimination 

of around 1% of drug unchanged in the urine (Noble and 
Faulds, 1996; Barry et al., 1997).

There are no data on saquinavir levels in bile, but there is 
evidence that saquinavir might impair the transport of bile 
acids (McRae et al., 2006).

There are several factors that may contribute to the low 
oral bioavailability of saquinavir. Saquinavir is a substrate for 
the cytochrome P-450, most notably CYP3A4 in the liver 
and gut wall, which is believed to contribute significantly to 
the substantial first-pass effect (Barry et al., 1997). Saquinavir 
has also been demonstrated to inhibit CYP3A4 and cause 
some inhibition of CYP2C9 (Eagling et al., 1997). Saquinavir 
is a high-affinity substrate for the multidrug transporter 
P-glycoprotein (Washington et al., 1997), which may limit 
both the oral bioavailability and central nervous system pen-
etration of saquinavir (Kim et al., 1998).

P-glycoprotein and CYP3A4 inhibition in a rabbit model 
improved the oral bioavailability of saquinavir by decreasing 
elimination and increasing intestinal absorption. A prolonged 
tmax and half-life of saquinavir with a relatively unaffected 
Cmax were demonstrated (Sinko et al., 2004).

Genetic polymorphism is a major contributor to the 
variability of first-pass metabolism. It is unpredictable and 
tends to be drug dependent (Tam, 1993). However, ABCB1 
polymorphism, which affects the expression and activity of 
P-glycoprotein, was found to have no pronounced effect on 
saquinavir exposure, whether saquinavir was given alone 
or combined with ritonavir (La Porte et al., 2007).

Saquinavir was found to have less inhibitory effect on 
P-glycoprotein than nelfinavir, ritonavir, lopinavir, and dela-
virdine, but more effect than amprenavir, atazanavir, efa-
virenz, nevirapine, abacavir, and tenofovir (Storch et al., 2007).

5e.  Drug interactions

Saquinavir is both a substrate and weak inhibitor of the cyto-
chrome P-450 enzyme system. It is subject to interactions by 
compounds that inhibit or induce CYP3A4 as it is primarily 
metabolized by the CYP3A4 isoenzyme in the liver and gut 
(Malaty and Kuper, 1999). Saquinavir also inhibits the 
metabolism of certain 3A4 substrates, although is a signifi-
cantly less potent inhibitor than ritonavir in vitro (von 
Moltke et al., 1998). It is also an inhibitor of the polymor-
phically expressed CYP3A5 (Granfors et al., 2006). An in 
vitro study also found saquinavir to be an inhibitor of 
P-glycoprotein, although less potent than most other pro-
tease inhibitors (Storch et al., 2007).

Current guidelines recommend the use of ritonavir to 
boost saquinavir, and interactions involving this combina-
tion are included where the data exist. The use of ritonavir as 
a boosting agent can be expected to extend the number of 
interactions and their clinical importance. For further dis-
cussion of clinically relevant interactions involving ritonavir 
specifically, see Chapter 248, Ritonavir and cobicistat.

The manufacturer advises that many drug combinations 
with saquinavir should be used with caution or not at all, on 
the basis that the routes of metabolism are highly likely to 
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Table 240.2. Summary of median steady-state pharmacokinetics of saquinavir in unboosted, boosted, and double-boosted regimens.a

Reference  
(no. of subjects) Regimen AUCt (µg/l/h) Cmin (µg/l) Cmax (µg/l) t½ tmax (h)

Unboosted regimens

Muirhead et al. 
(1992) (n = 6)

SQV 75 mg tid 6.7 2.0 3.1

SQV 200 mg tid 44.8 11.4 1.9

SQV 600 mg tid 359 90.4 3.3

Merry et al. (1997a) 
(n = 8)

SQV 600 mg tid + 2 NRTIs 
(formulation not specified)

470 (8 h) 146

Twice-daily boosted regimens

Kurowski et al. (2003) 
(n = 24)

SQV (soft gel capsule)–RTV 
1,000/100 mg bid (healthy 
volunteers)

11,655 (24 h) 
(mean)

153 (mean) 1,001 (mean)

Kurowski et al. (2003) 
(n = 24)

SQV (hard gel capsule)–RTV 
1,000/100 mg bid (healthy 
volunteers)

15,798 (24 h) 
(mean)

217 (mean) 1,318 (mean)

Veldkamp et al. 
(2001) (n = 6)

SQV (soft gel capsule)–RTV 
1,000/100 mg bid + 2 NRTIs 
(normal breakfast)

18,840 (12 h) 400 3,660 3.0

Veldkamp et al. 
(2001) (n = 6)

SQV (soft gel capsule)–RTV 
1,000/100 mg bid+ 2 NRTIs 
(high-fat breakfast)

23,440 (12 h) 450 3,880 3.2

Bittner et al. (2005) 
(n = 100)

SQV (hard gel capsule)–RTV 
1,000/100 mg bid (healthy 
volunteers)

24,430 (24 h) 
(mean)

3,064 (mean)

Bittner et al. (2005) 
(n = 100)

SQV (FCT)–RTV 1,000/100 mg 
bid (healthy volunteers)

26,826 (24 h) 
(mean)

3,644 (mean)

Boffito et al. (2005a) 
(n = 18)

SQV (hard gel capsule)–RTV 
1,000/100 mg bid + other 
antiretrovirals

14,389 (12 h) 
(mean)

331 (mean) 2,503 (mean) 2.8 (mean)

Winston et al. (2007) 
(n = 11)

SQV (hard gel capsule)–RTV 
1,000/100 mg bid + NRTIs

23,316 (12 h) 
(mean)

623 (mean) 3,797 (mean) 3.22 (mean)

Winston et al. (2007) 
(n = 11)

SQV (FCT)–RTV 1,,000/100 mg 
bid + NRTIs

18,764 (12 h) 
(mean)

505 (mean) 3,182 (mean) 3 (mean)

King et al. (2007)  
(n = 16)

SQV (hard gel capsule)–RTV 
1000/100 mg bid (healthy 
volunteers) (mean)

24,700 (12 h) 
(mean)

599 (mean) 4,066 (mean) 4.1 (mean) 2.5 (mean)

Boffito et al. (2015) 
(n = 23)

SQV (FCT)–RTV 1,000/100 mg 
bid + 2 NRTIs

31,100 (12 h) 
(mean)

1,120 (mean) 4,860 (mean) 3.98 (mean)

Martinez-Rebollar et 
al. (2011) (n = 14)

SQV (FCT)–RTV 1,000/100 mg 
bid + 2 NRTIs (pregnant 
women) 

24,800 (12 h) 
week 24 (mean)

12,710 (12 h) 
week 34 (mean)

28,940 (12 h) 
postpartum

930 (mean) 
week 24

260 (mean) 
week 34

860 (mean) 
postpartum

4,660 (mean) 
week 24

3,230 (mean) 
week 34

3,920 (mean) 
postpartum

4.31 (mean) 
week 24

4.06 (mean) 
week 34

3.60 (mean) 
(postpartum)

Van der Lugt et al. 
(2009a) (n = 37) 

SQV(FCT)–RTV 1,000/100 mg 
bid + nucleoside backbone 
(pregnant women)

23,470 (12 h) 
week 20 (mean)

23,650 (12 h) 
week 33 (mean)

25,000 (12 h) 
postpartum

820 (mean) 
week 20

840 (mean) 
week 33

780 (mean) 
postpartum

3,590 (mean) 
week 20

3,670 (mean) 
week 33

3,910 (mean) 
postpartum

3.72 (mean) 
week 20

3.90 (mean) 
week 33

3.79 (mean) 
postpartum

3.65 (mean) 
week 20

3.36 (mean) 
week 33

3.89 (mean) 
postpartum

Bickel et al. (2009)  
(n = 18)

SQV (FCT)–RTV 1,000/100 mg 
bid + 2 NRTIs

35,000 (24 h) 
(mean)

346 (mean) 2,819 (mean) 3.45 (mean)

Molto et al. (2009)  
(n = 79)

SQV–RTV 1,000/100 mg bid 454 (mean)

Molto et al. (2009)  
(n = 95)

SQV–RTV 1,000/100 mg bid 
(concurrent hepatitis)

414 (mean)
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Reference  
(no. of subjects) Regimen AUCt (µg/l/h) Cmin (µg/l) Cmax (µg/l) t½ tmax (h)

Once-daily boosted regimens

Cardiello et al. (2002) 
(n = 12)

SQV (soft gel capsule)–RTV 
1,600/100 mg qd + 2 NRTIs

48,147 170 6,980 4.0 3.5

Cardiello et al. 
(2003a) (n = 13)

SQV (soft gel capsule)–RTV 
1,600 mg/100 mg qd + 
2 NRTIs (HIV-infected)

35,500 70 5,300 3.6 3.0

Cardiello et al. 
(2003a) (n = 13)

SQV (hard gel capsule)–RTV 
1,600 mg/100 mg qd + 
2 NRTIs (HIV-infected)

50,000 210 6,300 3.7 4.0

Lopez-Cortes et al. 
(2003) (n =19)

SQV (soft gel capsule)–RTV 
1,200/100 mg qd + EFV

18,980 240 2,490

Mallolas et al. (2001) 
(n = 14)

SQV (soft gel capsule)–RTV 
1,600/200 mg qd + NRTIs

416 (mean)

Van Heeswijk et al. 
(2000) (n = 7)

SQV (soft gel capsule)–RTV 
1,600/200 mg qd + NRTIs

19,802 84 2,936 6.8 3.5

Autar et al. (2004)  
(n = 10)

SQV–RTV (hard gel capsule) 
1,600/100 mg qd + 2 NRTIs 
(Thai)

53,950 (mean) 320 (mean) 6,500 (mean) 4.68 (mean) 4.8 (mean)

Autar et al. (2004)  
(n = 10)

SQV–RTV (hard gel capsule) 
2,000/100 mg qd + 2 NRTIs 
(Thai)

82,000 (mean) 460(mean) 8,850 (mean) 4.35 (mean) 5.4 (mean)

Boffito et al. (2004b) 
(n = 18)

SQV (hard gel capsule)–RTV 
1,600/100 mg qd

18,270 (mean) 87 (mean) 2,756 (mean) 4.3 (mean)

King et al. (2007)  
(n = 16)

SQV–RTV (hard gel capsule) 
1,600/100 mg qd (healthy 
volunteers)

26,800 (24 h) 87 3,783 4.6 3.1

Bickel et al. (2009)  
(n = 18)

SQV–RTV 2,000/100 mg qd + 
2 NRTIs

34,490 (24 h) 
(mean)

73 (mean) 4,058(mean) 4.51 (mean)

Van der Lugt et al. 
(2009b) (n = 18)

SQV–RTV 1,500/100 mg qd + 
2 NRTIs (Thai)

SQV–RTV 1,500/50 mg qd + 
2 NRTIs (Thai)

26,930 (24 h) 
(mean)

32,250 (24 h) 
(mean)

130 (mean)

160 (mean)

3,880 (mean)

4,730 (mean)

5.26 (mean)

5.01 (mean)

4.00 (mean)

4.00 (mean)

Double-boosted regimens

Hellinger et al. 
(2002) (n = 28)

SQV (soft gel capsule) 1000 mg 
bid + LPV–RTV + NRTIs

1,100

Smith et al. (2005b)  
(n = 30)

SQV (soft gel capsule) 1,000 
mg bid + LPV–RTV + NRTIs

1,160 (mean)

Winston et al. (2007) 
(n = 13)

SQV (hard gel capsule)–RTV–
ATV 1,600/100/300 mg bid

50,307 (24 h) 
(mean)

340 (mean) 5,907 (mean) 5.02 (mean)

Winston et al. (2007) 
(n = 13)

SQV (FCT)–RTV–ATV 
1,500/100/300 mg bid

44,785 (mean) 254 (mean) 5,743 (mean) 4.73 (mean)

Von Hentig et al. 
(2007) (n = 49)

SQV 1,000 mg bid plus 
ATV–RTV 300/100 mg qd

22,794 (12 h) 
(mean)

438 (mean) 3,257 (mean)

Boffito et al. (2004b) 
(n = 18)

SQV (hard gel capsule)–RTV–
ATV 1,600/100/300 mg qd

29,445 (mean) 84 (mean) 3,923 (mean) 5 (mean)

Stephan et al. (2004) 
(n = 45)

SQV (soft gel capsule) per 
LPV–RTV 1,000/400/100 mg 
bid

16,977 (12 h) 543 2,300

Van der Lugt et al. 
(2008) (n = 11)

SQV (hard gel capsule) per 
LPV–RTV 1,000/400/100 mg 
bid monotherapy (Thai 
patients)

36,890 (12 h) 700 5,970 3.95 3

aMedian values, unless otherwise specified.
Abbreviations: AUCt: area-under-the-concentration-time curve over the dosing interval; Cmin: minimum concentration; Cmax: maximum concentration; t½: half-life; 

tmax: time to maximum concentration; SQV: saquinavir; NRTI: nucleoside reverse transcriptase inhibitor; RTV: ritonavir; EFV: efavirenz; FTC: emtricitabine; LPV: 
lopinavir; ATV: atazanavir; PI: protease inhibitor
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Table 240.3. Interactions between boosted and unboosted saquinavir (SQV) with other antiretrovirals.

Drug Effect Clinical significants Mechanism References

Reverse 
transcriptase 
inhibitors

Didanosine 400 mg 
single doses

Reduced boosted r/SQV AUC by 
30% and Cmax by 25%. Little 
effect on Cmin

Not significant Kilby et al. (2002)

Tenofovir (TDF) No clinically significant interac-
tion with SQV–RTV

Not significant Boffito et al. (2005b); 
Chittick et al. 
(2006)

Delavirdine (DLV) Unboosted SQV AUC increased 
by 500%

Significant, monitor 
LFTs for first few 
weeks of 
treatment

CYP3A4 inhibition 
by DLV

Cox et al. (1997)

Nonnucleoside 
reverse 
transcriptase 
inhibitors

Efavirenz (EFV) Unboosted SQV AUC and Cmax 
decreased by 62 and 52%; 
potential for hepatotoxicity 
and other adverse effects

Significant, SQV 
should be 
boosted with 
RTV when 
combined with 
EFV; caution due 
to additive 
toxicity 

CYP3A4 induction 
by EFV

Merck, Sharp and 
Dohme (2015b)

EFV Boosted SQV Cmin decreased by 
only 10%

CYP3A4 induction 
by EFV; CYP3A4 
inhibition by RTV

Roche (2014); Piliero 
et al. (2001); 
Roche (2008)

EFV Boosted r/SQV in once and twice 
daily regimens generally 
achieved therapeutic levels of 
SQV

CYP3A4 induction 
by EFV;, CYP3A4 
inhibition by RTV

Data on file; Piketty 
et al. (1999); 
Roche (2002); 
Lopez-Cortes et al. 
(2003)

Etravirine (ETR) Reduced ETR AUC of 33% and 
Cmin of 29% when combined 
with boosted SQV, no effect on 
SQV

Not significant, no 
dosage 
adjustment 
required

CYP3A4 inhibition 
by SQV–RTV; 
CYP3A4 
induction by ETR

US DHHS (2015a)

ETR SQV unboosted not assessed Significant, avoid 
combination due 
to reduced SQV 
effect

Likely CYP3A4 
induction by ETR; 
CYP3A4 
inhibition by SQV

US DHHS (2015a)

Nevirapine (NVP) Unboosted SQV AUC and Cmax 
reduced by 24% and 28%; no 
effect on NVP

Dose with r/SQV 
not established 

Likely CYP3A4 
induction by NVP

Sahai et al. (1997); 
US DHHS (2015a)

Rilpilvirine (RPV) Possible increase in RPV 
exposure with SQV–RTV

Use standard RPV 
doses.

Likely CYP450 
enzyme inhibition 
by SQV–RTV

US DHHS (2015a)

Protease 
inhibitors

AMP, FPV ATV, IDV, 
NFV, LPV, RTV

See section 5b, Drug distribution

Atazanavir (ATV) SQV–ATV 1600/400 mg once a 
day, SQV–AUC 6.5 mg/h/l, 
Cmin undetectable; SQV–ATV 
2000/400 mg once a day, SQV 
AUC 10.6 mg/h/l, Cmin 34.2 ng/
ml; SQV–ATV 1000/200 mg 
twice a day, SQV AUC 4.03 
mg/h/l, SQV–ATV 1500/200 mg 
twice a day, AUC 7.6 mg/h/l, 
Cmin 129.35 ng/ml ATV Cmin 
increased by roughly 60% and 
Cmax fell by around 35% with 
twice-daily vs. once-daily 
dosing

ATV did not 
increase SQV 
exposure as 
much as RTV

CYP3A4 inhibition 
by ATV and SQV

King et al. (2007)
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Drug Effect Clinical significants Mechanism References

Darunavir (DRV) Boosted SQV Cmin reduced by 
18%, DRV AUC reduced by 
26%, Cmax by 17% and Cmin 
by 42%

Significant, 
manufacturer 
recommends 
avoid combina-
tion due to 
reduced DRV 
effect

Sekar et al. (2007); 
Janssen-Cilag 
(2014)

Tipranavir (TPV) Boosted SQV AUC, Cmax, and Cmin 
reduced (76, 70, and 80%)

Significant, 
manufacturer 
recommends 
avoid 
combination

Possible induction 
of CYP3A4 by r/
TPV

Walmsley et al. 
(2008); Boerhinger 
Ingelheim (2013)

Other antiretrovirals

Fusion 
inhibitors

Enfuvirtide (ENF) ENF Cmin increased by 26%, no 
significant change in AUC, 
Cmax; no significant change in 
boosted SQV pharmacokinetics

Not significant: no 
dosage 
adjustment was 
considered 
necessary

Ruxrungtham et al. 
(2004)

CCR5 
antagonists

Maraviroc Increase in maraviroc exposure 
(AUC 425% and Cmax 332%) 
with unboosted SQV

Significant, use 
minimum dose of 
maraviroc 150 
mg twice a day

Maraviroc is a 
substrate for 
both CYP3A4 
and 
P-glycoprotein; 
likely inhibition of 
CYP3A4/P-
glycoprotein by 
SQV

Abel et al. (2008a); 
ViiV (2013)

Maraviroc Increase in maraviroc exposure 
(AUC 832% and Cmax 423%) 
with r/SQV

Significant, use 
minimum dose of 
maraviroc 150 
mg twice a day

Maraviroc is a 
substrate for 
both CYP3A4 
and 
P-glycoprotein; 
inhibition of 
CYP3A4/P-
glycoprotein by 
r/SQV

Abel et al. (2008a); 
ViiV (2013)

Maraviroc and EFV Reduction in the increase of 
maraviroc exposure with 
addition of EFV to r/SQV (AUC 
977– 500% and Cmax 
478–226%)

Significant, net 
effect is still 
inhibition, use 
minimum dose of 
maraviroc 150 
mg twice a day

Maraviroc is a sub- 
strate for both 
CYP3A4 and 
P-glycoprotein; 
inhibition of 
CYP3A4/ 
P-glycoprotein 
by r/SQV

Abel et al. (2008b); 
ViiV (2013)

Integrase 
inhibitors

Raltegravir Not assessed Unlikely to be a 
clinically 
significant 
interaction

Merck (2015b)

Elvitegravir Not assessed, but elvitegravir will 
be boosted with SQV–RTV

Inhibition of 
CYP3A4 by 
SQV–RTV

US DHHS (2015a)

Abbreviations: AUC: area-under-the-concentration-time curve; Cmax: maximum concentration; Cmin: minimum concentration; LFT: liver function test; r/SQV: 
ritonavir- boosted saquinavir; AMP: ampicillin; FPV: fosamprenavir; IDV: indinavir; NFV: nelfinavir; LPV: lopinavir; RTV: ritonavir.
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cause adverse drug interactions, although formal pharmaco-
kinetic studies have usually not been performed. For a full 
and up-to-date list of potential drug interactions with 
saquinavir–ritonavir, the reader is referred to the manufac-
turer’s product literature (Roche, product information).

BOOSTED AND UNBOOSTED SAQUINAVIR WITH 
OTHER ANTIRETROVIRAL DRUGS

The data concerning boosted and unboosted saquinavir with 
other drugs are summarized in Table 240.2 and Table 240.3.

Nucleoside/nucleotide analog reverse 
transcriptase inhibitors
There are no clinically significant drug interactions predicted 
between saquinavir and the nucleoside or nucleotide reverse 
transcriptase inhibitors (Kilby et al., 2002; Plosker and Scott, 
2003; Boffito et al., 2005b; Chittick et al., 2006).

Nonnucleoside reverse transcriptase  
inhibitors
When delavirdine was combined with unboosted saquinavir, 
the AUC of saquinavir was increased by 500% as a result of 
CYP3A4 inhibition by delavirdine. The dosage adjustment 
required for co-administration has not been established (Cox 
et al., 1997).

Unboosted saquinavir AUCs and Cmax were decreased by 
62% and 52%, respectively, through efavirenz induction of 
CYP3A4 (DuPont Research Laboratories, data on file). 
When saquinavir was boosted with ritonavir, the Cmin of 
saquinavir was decreased by only 10% (Roche, data on file). 
Saquinavir should be boosted with ritonavir when combined 
with efavirenz (Merck Sharp & Dohme, product informa-
tion, 2015b). Two studies evaluating once-daily and one 
study examining twice-daily boosted regimens showed that 
therapeutic levels of saquinavir are generally still achieved 
when it is given with efavirenz (Roche, data on file; Piketty et 
al., 1999; Lopez-Cortes et al., 2003). When saquinavir was 
added to the combination of amprenavir plus efavirenz in 
healthy volunteers, only limited effect was observed on efa-
virenz pharmacokinetics, suggesting that no dosage modifi-
cation of the efavirenz was required (Ma et al., 2008). Another 
study of eight healthy volunteers to investigate the potential 
hepatotoxicity of efavirenz and saquinavir–ritonavir was ter-
minated early after two participants experienced nonserious 
adverse events, so definitive conclusions could not be reached 
(Jamois et al., 2009a). The manufacturer, however cautions 
against the combination due to potential hepatotoxicity and 
gastrointestinal adverse effects (Merck Sharp & Dohme, prod-
uct information, 2015b).

Etravirine AUC and Cmin were decreased by 33% and  
29%, respectively, when combined with boosted saquinavir 
1000/100 mg twice daily. There was no effect on saquinavir 
exposure. Dosage adjustment is not required (US DHHS, 
2015a). 

Rilpivirine exposure may be increased when combined 
with boosted saquinavir. Standard doses of rilpivirine should 
be used (US DHHS, 2015a).

Nevirapine has also been reported to reduce saquinavir 
levels in patients receiving hard gel capsule (AUC by 24% 
and Cmax by 28%) through CYP3A4 induction (Sahai et al., 
1997). A suitable dosage adjustment for co-administration 
has not been established.

RITONAVIR-BOOSTED DOUBLE PROTEASE 
INHIBITOR REGIMENS

A number of studies have evaluated the impact of ritonavir- 
boosted double protease inhibitor combinations, including 
saquinavir, on serum saquinavir levels. Detailed phar ma-
cokinetic assessments were essential in these studies because 
induction and inhibition of cytochrome P-450 enzyme and 
P-glycoprotein transport systems by the different protease 
inhibitors resulted in interactions between three protease 
inhibitors being difficult to predict (Eagling et al., 1997; von 
Moltke et al., 1998; Meaden et al., 2002; Stephan et al., 2004; 
Storch et al., 2007).

Saquinavir, lopinavir, and low-dose ritonavir
One study evaluated the pharmacokinetics, tolerability, and 
efficacy of a lopinavir–ritonavir plus saquinavir salvage regi-
men. Although the tolerability of the regimen was good and 
efficacy was encouraging, the median saquinavir AUC0–12 
and Cmax were below values previously reported. Other phar-
macokinetic variables for saquinavir, as well as those for 
lopinavir, were similar to values previously reported in the 
literature (La Porte et al., 2003).

Another study compared saquinavir soft gel capsule 1000 
mg twice daily plus lopinavir–ritonavir 400/100 mg twice 
a day given alone (LOPSAQ group) with saquinavir soft gel 
capsule plus ritonavir 1000/100 mg twice daily plus two 
or  three reverse transcriptase inhibitors (RITSAQ group) 
(Stephan et al., 2004). There was no significant difference 
between the median saquinavir Cmin, Cmax, total clearance, 
and AUC. Median ritonavir Cmin, Cmax, and AUC were lower 
for ritonavir and the total clearance higher in the LOPSAQ 
group (p < 0.001). Lopinavir levels were similar to historical 
data.

A further study comparing saquinavir plus lopinavir–
ritonavir 1000/400/100 mg twice daily in 25 patients with 
lopinavir–ritonavir 400/100 mg twice daily in 15 patients 
found that serum lopinavir levels were similar with or with-
out saquinavir (Ribera et al., 2004). Saquinavir median phar-
macokinetic values were AUC0–12 22.9 µg/ml/h, Cmax 2.9 µg/
ml, and Ctrough or Cmin 1.4–1.6 µg/ml. There was a strong lin-
ear relationship between lopinavir and ritonavir and between 
saquinavir and ritonavir concentrations in plasma. There 
was a weaker correlation between lopinavir and saquinavir 
levels. In this study, women had higher serum saquinavir lev-
els than men, but there were no differences in lopinavir lev-
els. Patients with very high body weight had lower lopinavir 
and saquinavir levels than the overall group.

When 49 HIV-infected patients were given nucleoside 
reverse transcriptase inhibitors with lopinavir–ritonavir plus 
saquinavir hard gel capsules and compared with 118 patients 
receiving nucleoside reverse transcriptase inhibitors with 
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lopinavir–ritonavir, saquinavir was found to have no impact 
on the pharmacokinetics of lopinavir (Dailly et al., 2005).

Another study of 48 treatment-naive patients from Thailand 
(HIV-NAT 019) randomized patients into four different dos-
age combinations of double-boosted saquinavir and lopina-
vir and assessed the pharmacokinetic variables and treatment 
efficacy of the protease inhibitor monotherapy. Saquinavir 
dose did not appear to significantly affect lopinavir levels; 
however, the dose of lopinavir–ritonavir did appear to have 
an impact on saquinavir concentrations. The authors postu-
lated that this was most likely to be due to the size of the 
ritonavir dose (as a result of CYP3A4 inhibition) rather than 
the lopinavir dose (van der Lugt et al., 2008).

The pharmacokinetics and 24-week safety and efficacy 
of saquinavir, lopinavir and low-dose ritonavir were assessed 
in nucleoside-pretreated Thai children (Ananworanich et al., 
2005). A total of 20 children of median age 8.5 years received 
saquinavir 50 mg/kg twice daily and lopinavir–ritonavir 230/ 
57.5 mg/m2 twice daily. Of these, 10 children also received 
lamivudine. The median AUC0–12 and Cmin were 39.4 mg/l/h 
and 1.4 mg/l, respectively, for saquinavir and 118 mg/l/h and 
5.9 mg/l, respectively, for lopinavir, which were at the higher 
end of the ranges achieved when adults are administered 
1000/100 mg saquinavir–ritonavir twice daily and 400/100 
mg lopinavir–ritonavir twice daily. A saquinavir Cmin < 0.28 
mg/l and a lopinavir Cmin < 1 mg/l correlated with HIV RNA 
> 400 copies/ml and a lopinavir Cmax > 15 mg/l correlated 
with rises in cholesterol.

The pharmacokinetics of high-dose lopinavir–ritonavir 
(400/100 mg/m2 twice daily without nonnucleoside reverse 
transcriptase inhibitors and 480/120 mg/m2 twice daily with 
nonnucleoside reverse transcriptase inhibitors) with and 
without saquinavir was assessed in pediatric and adolescent 
patients (median age 15 years) who had been previously treated 
with protease inhibitors (Robbins et al., 2008). Saquinavir 
was added at a dose of 750 mg/m2 twice daily when the 
 calculated lopinavir inhibitory quotient was < 15. In 16 patients, 
the median saquinavir AUC was 33.7 µg/ml/h and the Ctrough 
was 2.1 µg/ml. The study was notable for only modest adher-
ence and the authors commented on the difficulty of adher-
ing to a regimen with a high pill burden.

Saquinavir, atazanavir, and low-dose ritonavir
A number of studies have attempted to identify a suitable 
regimen to effectively combine saquinavir, atazanavir, and 
ritonavir. 

The pharmacokinetics and safety of saquinavir (hard gel 
capsule) plus ritonavir 1600/100 mg once daily were evalu-
ated before and after the addition of atazanavir in 18 patients 
with HIV-1 infection by Boffito et al. (2004b). Significantly 
higher mean plasma levels of saquinavir were reported (Cmin 
increased by 112%, Cmax by 42%, and AUC0–24 by 60%). The 
ritonavir Cmax and AUC0–24 were also increased, by 34% and 
41%, respectively. Atazanavir pharmacokinetics were similar 
to that observed with regimens of atazanavir–ritonavir. Total 
and unconjugated bilirubin increased fivefold during ther-
apy. Atazanavir was postulated to increase saquinavir and 

ritonavir exposure by P-glycoprotein inhibition and ritona-
vir to increase atazanavir and saquinavir exposure mainly by 
inhibiting CYP3A4.

Further evaluation of the impact of atazanavir 150 or 200 
mg on saquinavir exposure found that saquinavir enhance-
ment appeared independent of atazanavir dose, and that 
these lower doses did not increase ritonavir Cmax. Atazanavir-
related hyperbilirubinemia was dose dependent, although 
higher saquinavir and atazanavir exposure may be needed to 
suppress resistant strains of HIV (Boffito et al., 2006).

In a class-sparing multiple-arm trial of 25 HIV-infected 
patients, patients were switched from dual nucleoside reverse 
transcriptase inhibitor regimens plus saquinavir–ritonavir 
1000/100 mg twice daily to once-daily atazanavir–saquinavir– 
ritonavir, either 300/1500/100 mg or 300/1600/100 mg (Win-
ston et al., 2007). The impact of a change from the saquinavir 
200-mg hard gel capsule to 500-mg film-coated tablet for-
mulations was also assessed. No significant differences were 
seen in saquinavir, ritonavir, and atazanavir pharmacokinet-
ics between the saquinavir formulations. No significant dif-
ferences in protease inhibitor trough concentrations were 
seen between the initial intensive pharmacokinetic visits and 
at week 48. The atazanavir dosage was reduced from 300 to 
200 mg in two patients suffering from scleral icterus with 
serum atazanavir levels > 1000 ng/ml. This resolved in both 
subjects with the dose reduction. Body mass index, age, 
and HCV co-infection were not significantly associated with 
changes in the AUC of saquinavir or atazanavir (Winston et 
al., 2007).

When saquinavir was combined with atazanavir–ritonavir  
in a 1000/300/100 mg twice daily regimen and compared 
with saquinavir–ritonavir 1000/100 mg twice daily plus 
nucleoside reverse transcriptase inhibitors and atazanavir–
ritonavir 300/100 mg daily plus nucleoside reverse transcrip-
tase inhibitors, significantly higher plasma saquinavir levels 
and moderately enhanced AUCs of atazanavir were achieved 
with the boosted double protease inhibitor regimen (von 
Hentig et al., 2007). For the boosted double protease inhibi-
tor regimen compared with saquinavir–ritonavir, the mean 
AUCs were 22,794 versus 15,759 ng/ml.h, the Cmax values 
were 3,257 versus 2,331 ng/ml, and the Cmin values were 438 
versus 437 ng/ml (von Hentig et al., 2007). The atazanavir 
AUC levels were moderately higher with the boosted double 
protease inhibitor regimen than with atazanavir–ritonavir. 
Ritonavir levels were similar for all groups (von Hentig et al., 
2007).

The pharmacokinetics of atazanavir 400 mg daily were 
not significantly affected when combined with saquinavir 
hard gel capsule 1200 mg compared with atazanavir 400 mg 
alone in a small study of HIV-infected patients (Seminari et 
al., 2005).

Another study of 25 HIV-infected patients reviewed the 
plasma levels, safety, and 60-week efficacy of once-daily ata-
zanavir, saquinavir (soft gel capsules), and ritonavir (300/ 
1600/100 mg) (Manosuthi et al., 2008) The median atazanavir 
and saquinavir Cmin levels were 720 and 300 ng/ml, respec-
tively, although there was a large variability in measured Cmin 
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valves between subjects. Overall, 23/24 patients had ade-
quate Cmin levels, and the wide range of atazanavir and 
saquinavir Cmin valves could have been explained by genetic 
polymorphism at the multidrug resistance gene 1 (Manusothy 
et al., 2008). A study of saquinavir population pharmacoki-
netics in 136 HIV-1 infected adults determined that CYP 
3A4 inhibition by atazanavir and ritonavir was important, 
rather than patient factors or saquinavir drug formulation 
(von Hentig and Lotsch., 2009). 

Saquinavir, amprenavir, and low-dose ritonavir

When saquinavir–ritonavir and amprenavir were combined 
in a 1000/100/600 mg twice daily salvage regimen in 11 heav-
ily antiretroviral therapy-experienced adults, saquinavir did 
not affect amprenavir or ritonavir pharmacokinetics. How- 
ever, amprenavir reduced the median saquinavir AUC0–12 
and C12 (the concentration of drug at 12 hours) of saquinavir 
by 82% and 61%, respectively. It also reduced corresponding 
ritonavir values by 74% and 75%, respectively. When an 
adjusted regimen of saquinavir–ritonavir–amprenavir 1400/ 
100/600 mg twice daily was given, saquinavir exposure 
returned to the initial saquinavir baseline achieved with 
saquinavir–ritonavir 1000/100 mg twice daily (Corbett et al., 
2004).

Saquinavir, fosamprenavir, and low-dose 
ritonavir

Fosamprenavir 700 mg twice daily combined with ritonavir- 
boosted saquinavir (1000 mg with either 100 or 200 mg twice 
daily) resulted in no significant changes in saquinavir AUC 
or Cmax. The mean saquinavir Cmin was increased by 2% with 
the 200 mg twice daily ritonavir dose and decreased by 24% 
with the 100 mg twice daily dose, compared with the levels 
obtained with ritonavir-boosted saquinavir 1000/100 mg 
twice daily. No dose adjustment for either protease inhibitor 
is considered necessary (Boffito et al., 2004c).

Saquinavir, nelfinavir, and low-dose ritonavir

The combination of saquinavir–ritonavir 1000/100 mg twice 
daily and nelfinavir led to unpredictable, highly variable, 
intraindividual changes in plasma levels of both protease 
inhibitors in 24 HIV-infected patients. Significant increases 
in the active nelfinavir M8 metabolite were reported, but it  
is unclear whether this represents a clinical benefit (Stocker 
et al., 2007).

The ACTG 359 study examined saquinavir with either 
ritonavir or nelfinavir together with either delavirdine or 
adefovir or both in indinavir-experienced patients. Saquina-
vir concentrations were higher with ritonavir than when it 
was combined with nelfinavir and were lower with adefovir- 
containing regimens. A median saquinavir AUC of 25 mg/l/h 
and Cmin values > 0.1 mg/l were associated with higher rates 
of viral response. Females had significantly higher saquinavir 
AUC and Cmin valves, as well as approximately 50% of the 
saquinavir clearance of males after adjustment for body 
weight (Fletcher et al., 2004).

Saquinavir, darunavir, and low-dose ritonavir
Co-administration of saquinavir with boosted darunavir 
in HIV uninfected volunteers was associated with reduced 
darun a vir exposure (AUC, Cmax, and Cmin reduced by 26%, 
17%, and 42%, respectively) without significantly impacting 
saquinavir exposure (Sekar et al., 2007).

UNBOOSTED DOUBLE PROTEASE INHIBITOR 
REGIMENS

Saquinavir and amprenavir
AACTG protocol 398 assessed the pharmacokinetic impact 
of adding either a protease inhibitor or placebo to a regimen 
containing amprenavir 1200 mg three times a day plus efa-
virenz, adefovir, and abacavir in 176 patients. Amprenavir 
intrinsic clearance was reduced significantly, compared with 
placebo, by the addition of nelfinavir and indinavir, but not 
by saquinavir. It was suggested that this CYP3A4 inhibition 
is partially balanced by enzymatic induction by agents such 
as efavirenz. Saquinavir, being a weaker CYP3A4 inhibitor, 
had an effect similar to placebo on the clearance of amprena-
vir (Pfister et al., 2002).

Saquinavir and atazanavir
Atazanavir is contraindicated for use in combination with 
saquinavir (Roche, product information, 2016).

A comparison of the pharmacokinetics of once- and 
twice-daily regimens of saquinavir with either atazanavir 
or ritonavir in healthy volunteers was undertaken. (King et 
al., 2007). Saquinavir pharmacokinetics were significantly 
higher when combined with ritonavir than when combined 
with atazanavir. Atazanavir pharmacokinetics were similar 
within treatment arms, although Cmin increased by roughly 
60% and Cmax fell by around 35% with twice-daily rather than 
once-daily dosing. Women had higher saquinavir and ataza-
navir exposure because they had higher ritonavir exposure 
than men. All saquinavir–ritonavir regimens produced a 
median AUC0–24 above the target threshold of 10 mg/l/h. 
Atazanavir 200 mg administered twice daily was more likely 
to produce plasma levels above the HIV IC95 for atazanavir 
than once a day dosing (King et al., 2007).

A saquinavir–ritonavir 1600/100 mg once daily regimen 
produced a median AUC of 26.8 mg/l/h, a Cmax of 3.8 mg/l, 
and a Cmin of 0.09 mg/l (less than the HIV IC95 for saquinavir) 
(King et al., 2007). The AUC was 4-fold higher than with 
saquinavir–atazanavir 1600/400 mg once-daily and 2.5-fold 
higher than 2000/400 mg once-daily regimens. They were 
similar to the values reported for the same saquinavir–
ritonavir regimen by Boffito et al. (2004a), but lower than 
those reported by Cardiello et al. (2003a).

A saquinavir 1000/100 mg twice-daily regimen produced 
a median AUC of 24.7 mg/l/h, a Cmax of 4.1 mg/l, and a Cmin 
of 0.6 mg/l. This AUC was sixfold higher than with the 
saquinavir–atazanavir 1000/200 mg twice-daily regimen and 
threefold higher than with the 1500/200 mg twice-daily reg-
imen (King et al., 2007). These saquinavir variables were 
similar to values reported in HIV-infected subjects (Boffito 
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et al., 2004a). The median saquinavir Cmin values for twice-
daily saquinavir–ritonavir and saquinavir–atazanavir regi-
mens were both above the 100 mg/ml target (King et al., 
2007). In healthy volunteers it appeared that saquinavir 
pharmacokinetic targets would be achieved more readily 
with twice-daily ritonavir boosting, rather than with a once-
daily ritonavir-boosted regimen or with atazanavir-boosted 
regimens (King et al., 2007).

Saquinavir and indinavir
When saquinavir hard gel capsule was combined with indi-
navir, a five- to eightfold increase in saquinavir AUC was 
observed (McCrea et al., 1997). An in vitro study suggested 
synergy at low doses and antagonism at high doses between 
saquinavir and indinavir (Manion et al., 1997). Another 
study of saquinavir soft gel capsule showed a 620% increase 
in AUC with no clinically relevant changes to indinavir 
(Buss, 1998).

Saquinavir and darunavir 
Saquinavir Cmin was reduced by 18% and darunavir AUC was 
reduced by 26%, and the Cmax by 17% and Cmin by 42%, 
respectively, when darunavir boosted with ritonavir was 
co-administered with saquinavir at a dose of 400/1000/100 
mg twice daily and compared with the levels achieved with 
boosted saquinavir and boosted darunavir in 32 healthy vol-
unteers. The combination should be avoided due to reduced 
darunavir effects (Janssen-Cilag, product information, 2014; 
Sekar et al., 2007).

Saquinavir and tipranavir
When ritonavir-boosted tipranavir was co-administered 
with ritonavir-boosted saquinavir, significant reductions in 
saquinavir AUC, Cmax, and Cmin (76%, 70%, and 80%, respec-
tively) due to possible induction of CYP3A4 by tipranavir–
ritonavir occurred (Walmsley et al., 2008). Saquinavir and 
tipranavir should not be co-administered (Boehringer Ingel-
heim, product information, 2013).

ENTRY AND FUSION INHIBITORS

There was no significant change in saquinavir and ritonavir 
pharmacokinetics nor enfuvirtide AUC and Cmax when this 
combination was administered (Ruxrungtham et al., 2004).

The CCR5 inhibitor maraviroc is a substrate for both 
CYP3A4 and P-glycoprotein. Significant increases in mara-
viroc exposure by both unboosted and boosted saquinavir 
have been reported in healthy volunteers. Unboosted saquina-
vir increased maraviroc AUC and Cmax by 425% and 332%, 
respectively. Boosted saquinavir increased the maraviroc 
AUC and Cmax by 832% and 423%, respectively. The mini-
mum maraviroc dose of 150 mg twice daily should be used 
(Abel et al., 2008a). When the CYP3A4 enzyme inducer efa-
virenz was added to combinations of maraviroc with boosted 
saquinavir, the magnitude of the increase in maraviroc expo-
sure was reduced (AUC from 977% to 500% and Cmax from 
478% to 226%), but the net effect was still CYP3A4 inhibi-
tion (Abel et al., 2008b).

INTEGRASE INHIBITORS

There is unlikely to be a clinically significant drug interaction 
between raltegravir and saquinavir boosted with ritonavir 
(Merck, product information, 2015a). The impact of elvite-
gravir and dolutegravir on saquinavir has not been assessed.

BOOSTED AND UNBOOSTED SAQUINAVIR WITH 
OTHER ANTIMICROBIAL DRUGS

Data on boosted and unboosted saquinavir with other drugs 
are summarized in Table 240.4.

Adefovir
There was no significant effect on either saquinavir or adefo-
vir exposure (Kearney et al., 2000).

Bedaquiline
Increased exposure to the antituberculous agent bedaquiline 
is possible when combined with boosted saquinavir, although 
the clinical significance is unknown. Patients receiving this 
combination should be assessed for QTc prolongation and 
have liver function tests monitored (US DHHS, 2015b).

Clarithromycin
When clarithromycin 500 mg twice a day was given with 
saquinavir soft gel capsule 1200 mg three times day, the AUC 
of clarithromycin was increased by 45% and the AUC of 
saquinavir was increased by 177% in 12 healthy volunteers 
(Buss, 1998). An increase in the unboosted saquinavir hard 
gel capsule AUC of 500% has also been reported when com-
bined with clarithromycin (HIV InSite, 2015). No dosage 
adjustment for either drug is required when given for a lim-
ited time at the dosages studied (Malaty and Kuper, 1999). 
However, the combination of ritonavir-boosted saquinavir 
with clarithromycin has not been evaluated. Azithromycin, 
which is not believed to be a substrate or inhibitor of 
CYP3A4, is a suitable alternative (Walubo, 2007).

Cotrimoxazole (sulfamethoxazole– 
trimethoprim)
Cotrimoxazole increased the AUC of unboosted saquinavir 
hard gel capsule by 12%. No dosage adjustment is required 
for either drug (Maserati et al., 1998).

Dapsone
Increased dapsone exposure may be possible if it is combined 
with saquinavir. Patients should be monitored for signs of tox-
icity (Roche, product information).

Erythromycin
Inhibition of CYP3A4 by erythromycin resulted in increased 
unboosted saquinavir exposure (AUC 99% and Cmax 106%) 
when given at a dose of 1200 mg soft gel capsule three times 
a day in HIV-infected patients. The dose adjustment was not 
established (Grub et al., 2001). Azithromycin is a suitable 
alternative (Walubo, 2007).
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Table 240.4. Interaction between ritonavir-boosted and -unboosted saquinavir with other antimicrobials.

Antimicrobial Effect Significance Mechanism Reference

Adefovir No significant effect on SQV or 
adefovir exposure

Not significant Kearney et al. (2000)

Arsunaprevir Not formally assessed. increased 
arsunaprevir exposure likely

Significant; avoid 
combination

Likely CYP3A4 
inhibition by 
SQV–RTV

Roche (2014)

Atovaquone–proguanil Increased etravirine and unboosted 
SQV exposure by 274% (case 
report)

Significant Likely CYP3A4 
inhibition by 
atovaquone–
proguanil

Tommasi et al. 
(2011)

Bedaquiline Not formally assessed. Increased 
bedaquiline possible

Unknown; monitor QTc and 
liver function tests

Possible CYP3A4 
inhibition by 
SQV–RTV

US DHHS (2015b)

Boceprevir No information Unknown; the combination 
of boceprevir with other 
RTV-boosted protease 
inhibitors is not 
recommended

US DHHS (2015b)

Clarithromycin Increased clarithromycin AUC by 45% 
and unboosted RTV hard gel 
capsule AUC by 500% and RTV soft 
gel capsule capsules by 177%

Significant; consider using 
azithromycin

Inhibition of CYP3A4 
by clarithromycin

Buss (1998); Walubo 
(2007); HIV InSite 
(2015)

Cotrimoxazole 
(sulfamethoxazole– 
 trimethoprim)

Increased unboosted RTV hard gel 
capsule by 12%

Not significant; no dosage 
adjustment required

Possible inhibition of 
CYP2 by 
co-trimoxazole

Maserati et al. 
(1998)

Daclatasvir No information Significant; caution, monitor 
for toxicity, reduce dose 
of daclatasvir

CYP3A4 inhibition by 
SQV

Roche (2014)

Dasabuvir–paritaprevir–
ombitasvir–ritonavir

No information Significant; avoid 
combination

Unknown US DHHS (2015b)

Dapsone No information Significant; caution, monitor 
for dapsone toxicity 
(insomnia, palpitations, 
full blood count)

CYP3A4 inhibitor by 
SQV

Roche (2014)

Erythromycin Increased unboosted SQV AUC of 
99% and C

max by 106%
Dosage adjustment not 

established, consider 
azithromycin

Inhibition of CYP3A4 
by erythromycin

Walubo (2007)

Fluconazole Increased unboosted SQV AUC by 
50% and Cmax by 56%

Dose adjustments probably 
not necessary

Inhibition of CYP3A4 
in the gut wall by 
fluconazole

Koks et al. (2001)

Itraconazole Boosted SQV plus itraconazole 200 
mg twice daily increased half-life 
by 414%

Significant; reduce 
itraconazole dose to 100 
mg twice daily

CYP3A4 inhibition by 
itraconazole, 
saquinavir, and 
ritonavir

Mackenzie-Wood 
and Whitfield 
(1999)

SQV soft gel capsule unboosted and 
itraconazole 100 mg daily; SQV 
levels similar with or without 
itraconazole

No dosage adjustment 
necessary

CYP3A4 inhibition by 
itraconazole

Cardiello et al. 
(2003b)

Ketoconazole Significant increase in both 
unboosted SQV hard gel capsule 
and soft gel capsule AUC and Cmax 
when ketoconazole 200 and 400 
mg daily given

No dosage adjustment 
required with unboosted 
SQV. Fluconazole is a 
suitable alternative

CYP3A4 inhibition by 
ketoconazole

Grub et al. (2001); 
Walubo (2007)

Ketoconazole 200 and 400 mg daily 
increased unboosted SQV AUC by 
37%, C12h by 94%, and half-life by 
38%

No dosage adjustment 
required with unboosted 
SQV; fluconazole is a 
suitable alternative

CYP3A4 inhibition by 
ketoconazole

Khaliq et al. (2000a); 
Walubo (2007)

Ketoconazole 400 mg daily 80% 
inferior to RTV 100 mg daily when 
added to SQV 2000 mg daily

Do not use as a 
pharmacoenhancer

CYP3A4 inhibition by 
ketoconazole

Autar et al. (2007)
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Antimicrobial Effect Significance Mechanism Reference

Boosted SQV (film-coated tablet) 
increased ketoconazole 200 mg 
daily Cmax and AUC by 45 and 
168%; no significant effect on 
SQV–RTV

No dosage adjustment; 
recommended although 
limit ketoconazole to 
maximum of 200 mg daily

CYP3A4 inhibition by 
SQV and ritonavir

Kaeser et al. (2009)

Ledipasvir–sofosbuvir Not formally assessed No dosage adjustment 
necessary; caution if 
adding TDF

Ledipasvir–sofosbuvir 
is PGP substrate 
and inhibitor

US DHHS (2015b)

Mefloquine Decreased RTV levels, unknown 
effect on SQV/RTV

Use with caution. Unknown 
effect

PGP inhibition by 
mefloquine

US DHHS (2015b)

Posaconazole Not formally assessed Increased posaconazole 
and increased SQV–RTV 
possible

CYP3A4 inhibition by 
posaconazole and 
SQV–RTV

Roche (2014)

Rifabutin Unboosted SQV AUC reduced by 
43% and Cmax by 30% when 
combined with daily rifabutin

Rifabutin significantly 
reduces unboosted SQV; 
avoid combination due to 
lack of SQV effect

CYP3A4 induction by 
rifabutin

Burman et al. (2001)

Boosted SQV with weekly rifabutin 
increases rifabutin exposure

Reduce rifabutin dose to 
avoid rifabutin toxicity

CYP3A4 inhibition by 
SQV–RTV

Burman et al. (2001)

Rifabutin reduced the boosted 
saquinavir AUC0–12, Cmax, and Cmin 
by 13%, 15%, and 9% respectively

No dose adjustment of 
SQV–RTV required

Zhang et al. (2011)

For the 150 mg every 3 days 
regimen, the AUC0–72 of Rifabutin 
and its active moiety 25-O-desacetyl- 
rifabutin) increased by 134% and 
the Cmax by 130% compared with 
rifabutin 150 mg daily alone; with 
the 150 mg every 4 days regimen 
the rifabutin AUC0–96 increased by 
60% and the Cmax by 111%; the 
authors suggest monitoring for 
neutropenia and liver enzymes 
when rifabutin is combined with 
saquinavir–ritonavir

Caution monitor LFTs and 
for neutropenia

Inhibition of CYP3A4 
by SQV–RTV

Zhang et al. (2011)

Rifampicin Boosted SQV and rifampicin led to 
hepatocellular toxicity in a phase I 
study over 28 days

Contraindicated due to 
significant hepatocellular 
toxicity

Grange et al., 2005; 
Gray et al., 2006

Rifampicin with SQV–RTV 1600/200 
mg daily produced Ctrough levels < 
0.1 mg/ml in 12/18 patients

Toxicity significant; caution 
in use; assess higher 
doses of SQV 1000/100 
mg twice daily or 
2000/100 mg once daily

CYP3A4 induction by 
rifampicin

Ribera et al. (2007)

Rifapentine Not formally assessed; likely 
reduction in boosted SQV levels

Contraindicated with 
unboosted SQV although 
no formal studies exist

Likely moderate 
CYP3A4 induction 
by rifapentine

Burman et al. (1999)

Simeprevir Not formally assessed Contraindicated due to 
increased simeprevir 
exposure

Likely CYP3A4 
inhibition by 
SQV–RTV

US DHSS (2015b)

Sodium fusidate Case report, increased SQV, RTV and 
sodium fusidate exposure in 
patient receiving combination

Significant; use with 
caution, monitor for liver 
function tests 

CYP3A4 inhibition by 
SQV and by 
sodium fusidate

Khaliq et al. (2000b); 
Roche (2014) 

Voriconazole Not formally assessed; decreased 
voriconazole exposure possible 
with SQV–RTV

Do not co-administer unless 
benefit outweighs risk

Likely CYP450 
induction by 
ritonavir

US DHSS (2015b)

Abbreviations: SQV: saquinavir; RTV: ritonavir; AUC: area-under-the-concentration-time curve; Cmax: maximum concentration; TDF: tenofovir disoproxil fumarate; 
PGP: P-glycoprotein; LFT: liver function test; Ctrough: trough concentration. 
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Antifungal agents

An increase in saquinavir levels (AUC of 50% and Cmax of 
56%) has been reported when fluconazole was combined 
with unboosted saquinavir 1200 mg three times a day, prob-
ably due to inhibition of CYP3A4 in the gut wall. Dose 
adjustments are probably not necessary (Koks et al., 2001).

A study comparing the pharmacokinetics of unboosted 
saquinavir soft gel capsule twice daily with or without itra-
conazole 100 mg daily as a pharmacoenhancer found that 
saquinavir levels were adequate and were not significantly 
different between the regimens (Cardiello et al., 2003b). In 
comparison, when itraconazole 200 mg twice daily was 
combined with ritonavir-boosted saquinavir, the half-life of 
itraconazole increased by 414%. Itraconazole and saquinavir 
effects were increased due to CYP3A4 inhibition by itracon-
azole, saquinavir, and ritonavir. The authors recommended 
decreasing the itraconazole dose to 100 mg twice daily 
(Mackenzie-Wood and Whitfield, 1999).

Ketoconazole 200 or 400 mg once a day has been shown 
to significantly increase the AUC and Cmax of saquinavir 
administered as either hard gel capsule or soft gel capsule 
(Khaliq et al., 2000a; Grub et al., 2001). No dosage adjust-
ment for unboosted saquinavir or ketoconazole is required. 
Fluconazole is a suitable alternative (Walubo, 2007). In com-
parison, when the effect of ketoconazole 200 mg once daily 
on the pharmacokinetics of saquinavir boosted with ritona-
vir 1000/100 mg twice daily and vice versa was assessed, the 
Cmax and AUC0–12 of saquinavir and ritonavir were not sub-
stantially altered. Although ketoconazole exposure increased 
(Cmax up by 45% and AUC by 168%) after 14 days due to 
CYP3A4 inhibition, no unacceptable deterioration in safety 
or tolerability was experienced. The authors concluded that 
no dosage adjustment of saquinavir–ritonavir was required, 
although the dose of ketoconazole should be limited to 200 
mg daily (Kaeser et al., 2009).

Ketoconazole 400 mg daily was assessed as a pharmacoki-
netic enhancer and found to be 80% less effective than 
ritonavir 100 mg when combined with saquinavir 2000 mg 
once daily. The saquinavir Cmin was below the target range 
of 0.1 mg/l when combined with ketoconazole (Autar et al., 
2007).

The combinations of posaconazole and voriconazole with 
boosted saquinavir have not been formally assessed. The 
potential for increased saquinavir and antifungal exposure 
exists. Posaconazole levels and saquinavir adverse effects 
should be monitored. The co-administration of voriconazole 
and boosted saquinavir should be avoided, monitor vori-
conazole levels if coadministration does occur (Roche, prod-
uct information; US DHHS 2015b).

Antimalarial agents

Marked increases in (unboosted) saquinavir plasma levels 
were observed in a case report of a 32-year-old woman with 
drug-resistant HIV infection when atovaquone–proguanil 
malarial prophylaxis was commenced. The 274% increase in 
saquinavir plasma levels is likely to be related to a CYP450 

mechanism (Tommasi et al., 2011). Mefloquine should  
be used with caution with ritonavir-boosted saquinavir due 
to its effects on reducing ritonavir exposure. The effect on 
ritonavir-boosted protease inhibitors is unknown (US DHHS, 
2015b).

Hepatitis C antiviral agents
The combination of boceprevir with boosted saquinavir has 
not been formally assessed. The combination should be used 
with caution because reductions in boceprevir and other 
boosted protease inhibitor levels have been reported when 
they have been combined (US DHHS, 2015b).

The combination regimen of dasabuvir–paritaprevir–
ombitasvir–ritonavir should not be combined with boosted 
saquinavir, although no formal studies exist (US DHHS, 
2015b). Likewise arsunaprevir and simeprevir should not  
be combined with boosted saquinavir because significant 
increases in arsunaprevir and simeprevir exposure would be 
expected (Roche, product information). Daclatasvir should 
be used with caution with saquinavir. No significant effect 
with the combination of ledipasvir or sofosbuvir with 
saquinavir–ritonavir is expected, although if tenofovir were 
to be added to this combination, increased tenofovir expo-
sure would be expected, and alternative regimens should be 
considered (US DHHS, 2015b). 

Rifabutin, rifampicin, and rifapentine
A pharmacokinetic interaction study assessed the effect of 
multiple doses of rifabutin 150 mg every third day on the 
pharmacokinetics of saquinavir–ritonavir 1000/100mg twice 
daily in 25 healthy subjects. Rifabutin reduced the saquinavir 
AUC0–12, Cmax, and Cmin by 13%, 15%, and 9% respectively. 
The rifabutin did not affect the ritonavir pharmacokinetics. 
No dosage of saquinavir–ritonavir adjustment is required. The 
same study also examined the impact of saquinavir–ritonavir 
on rifabutin pharmacokinetics for rifabutin doses of 150 mg 
every 3 days or 150 mg every 4 days. For the 150 mg every 3 
days regimen, the AUC0–72 of rifabutin and its active moiety 
25-O-desacetyl-rifabutin increased by 134% and the Cmax by 
130% compared with rifabutin 150 mg daily alone. With the 
150 mg every 4 days regimen, the rifabutin AUC0–96 increased 
by 60% and the Cmax by 111%. The authors suggest monitor-
ing for neutropenia and liver enzyme elevations when rifa-
butin is combined with saquinavir–ritonavir (Zhang et al., 
2011).

Daily rifabutin combined with unboosted saquinavir 
reduced saquinavir AUC by 43% and Cmax by 30% through 
CYP3A4 induction. The combination of unboosted saquinavir 
and rifabutin should be avoided (Roche, product information; 
Burman et al., 1999). In comparison, when ritonavir-boosted 
saquinavir is given with weekly rifabutin regimens, a reduc-
tion in rifabutin dose is recommended to avoid increased 
rifabutin levels caused by inhibition of CYP3A4 by both 
saquinavir and ritonavir (Gallicano et al., 2001).

Rifampicin is also a potent inducer of CYP3A4 and has 
been shown to significantly decrease the plasma levels of 
saquinavir. The combination should be avoided (Burman et 
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al., 1999), and rifampicin is listed as a contraindicated drug 
for use with saquinavir (Roche, product information, 2016). 
Similarly, the combination of ritonavir-boosted saquinavir 
and rifampicin is contraindicated. Significant hepatocellular 
toxicity developed in 11 of 28 healthy volunteers given this 
regimen in a phase I study conducted over 28 days (Grange 
et al., 2005; Gray et al., 2006). Saquinavir boosted with 
ritonavir 1600/200 mg given once daily produced Ctrough val-
ues of < 0.10 μg/ml in 12 of 18 patients when combined with 
rifampicin. Rifampicin is a potent inducer of CYP3A4 and 
has been shown to significantly decrease the plasma levels of 
saquinavir and ritonavir. The authors suggested marked cau-
tion with this combination and advocated the use of either 
twice-daily saquinavir dosing or using a higher once-daily 
dosing of saquinavir (Ribera et al., 2007).

Rifapentine is an intermediate inducer of CYP3A4 and 
should not be used with saquinavir owing to the potential for 
the reduction in saquinavir exposure, although no formal 
studies have examined this combination (Burman et al., 1999).

Sodium fusidate
A case report of sodium fusidate 500 mg every 8 hours being 
added to saquinavir–ritonavir 400 mg every 12 hours resulted 
in elevated levels of all three drugs, jaundice, and elevated 
liver function tests. The authors recommend avoiding the 
combination (Khaliq et al., 2000b).

BOOSTED AND UNBOOSTED SAQUINAVIR WITH 
OTHER DRUGS

The use of ritonavir-boosted saquinavir increases the num-
ber of contraindications and precautions compared with 
saquinavir alone, due to ritonavir’s more potent inhibition 
of CYP450 enzymes and P-glycoprotein. For further interac-
tions, including contraindications with ritonavir, see Chapter 
248, Ritonavir and cobicistat, as well as updated product 
information. Use of the agents discussed in the following 
sections with unboosted or ritonavir-boosted saquinavir is 
contraindicated or requires dosage adjustment (or caution) 
because of potential adverse drug interactions. The data are 
summarized in Table 240.5 and Table 240.6.

Alternative medicines: garlic, Hypericum (St. 
John’s wort) and Uncaria tomentosa (cat’s claw)
Garlic caplets have been shown to decrease saquinavir AUC 
by 51%, Cmin by 49%, and Cmax by 54%, possibly due to an 
induction of intestinal P-glycoprotein in the gut mucosa 
resulting in reduced saquinavir bioavailability. Pharma co-
kinetic parameters did not return to baseline values after the 
10- day washout period (Piscitelli et al., 2002). The combina-
tion of garlic with unboosted saquinavir should be avoided 
because of the risk of reduced saquinavir levels and lack of 
therapeutic effect (Roche product information; Hu et al., 
2005).

Protease inhibitors, including saquinavir, should not be 
taken with Hypericum, which is a potent inducer of CYP3A4, 
owing to potential loss of effect (Roche product information; 
Hu et al., 2005).

When Uncaria tomentosa (one of three species commonly 
known as cat’s claw) was taken by a single patient in combi-
nation with saquinavir–atazanavir–ritonavir 2000/300/100 
mg once daily, significant increases in the Cmin values of 
the  protease inhibitors were reported. The saquinavir Cmin 
increased from 0.64 to 3.4 μg/ml, the atazanavir Cmin from 0.3 
to 1.22 μg/ml, and the ritonavir Cmin from 0.92 to 6.13 μg/ml. 
Although protease inhibitor toxicity was not noted, the 
authors recommend avoiding the combination because of 
the potential for such toxicity to occur (Lopez Galera et al., 
2008).

Alpha-blockers: alfuzosin, tamsulosin
Alfuzosin and tamsulosin, alpha-blockers used for the treat-
ment of benign prostatic hypertrophy, are both metabolized 
by CYP3A4 and combining them with saquinavir will 
increase adverse effects such as hypotension. Alfuzosin should 
not be used with saquinavir and tamsulosin should be used 
only with extreme caution (Roche, product information).

Anticoagulants: apixaban, rivaroxaban, 
ticagrelor, dabigatran, and warfarin
The use of apixaban, rivaroxaban, and ticagrelor is contra-
indicated with boosted saquinavir due to the likelihood of 
increased exposure of these agents. Increased exposure to 
dabigatran is also possible when combined with boosted 
saquinavir, and the combination should be avoided in renal 
impairment (CrCl < 50 ml/minute). No dosage adjustment is 
considered necessary if the CrCl > 50 ml/minute) (US DHHS 
2015b; Roche, product information). An increase of the 
prothrombin time international normalized ratio (INR) has 
been reported in warfarin-treated patients given unboosted 
saquinavir, possibly due to CYP3A4 inhibition. The INR 
should be monitored and warfarin dosage adjusted if neces-
sary (Darlington, 1997).

Anticholinergic and antimuscarinic agents: 
darifenacin, oxybutynin, solifenacin, and 
tolterodine 
The exposure of anticholinergic and antimuscarinic agents 
used for urinary incontinence may be increased due to 
CYP3A4 inhibition when combined with saquinavir. Com-
binations should be used with caution and the patient moni-
tored for signs of toxicity (Roche, product information).

Anticonvulsants: carbamazepine, ethosuximide, 
phenobarbitone, phenytoin, primidone, and 
lamotrigine
Ritonavir and other protease inhibitors may increase the 
anticonvulsant carbamazepine levels through CYP3A4 inhi-
bition. Several case reports involving ritonavir and saquina-
vir combinations have described an increase in carbamazepine 
levels, although this effect has mainly been attributed to 
ritonavir rather than to saquinavir, which is only a weak 
CYP3A4 inhibitor. Monitoring of plasma carbamazepine and 
saquinavir levels and the use of alternative anticonvulsant 
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Table 240.5. Drugs contraindicated for use with boosted or unboosted saquinavir.a

Drug class Drug Effect Significance Mechanism References

Alpha-blockers Alfuzosin Not formally assessed, 
likely increase in 
alfuzosin exposure

Significant; avoid 
combination due 
to adverse effects 
(e.g. hypotension)

CYP3A4 inhibition 
by SQV

Roche (2014)

Antiarrhythmics Flecainide Not formally assessed but 
likely increase in 
flecainide exposure

Significant; avoid 
combination due 
to increased risk 
of ventricular 
arrhythmias

CYP3A4 inhibition 
by SQV–RTV

Roche (2014)

Anticholinergics– 
antimuscarinics

Darifenacin Not formally assessed, 
increased darifenacin 
exposure expected

Significant; avoid 
combination

CYP3A4 inhibition 
by SQV

Roche (2014)

Anticoagulants 
and  antiplatelet 
agents

Apixaban, rivaroxaban, 
ticagrelor

Not formally assessed, 
increased exposure of 
anticoagulant, antiplate-
let agent expected

Significant; avoid 
combination

CYP3A4 inhibition 
by SQV–RTV

Roche (2014)

Lipid-lowering 
agents

Simvastatin Simvastatin exposure 
increased 30-fold when 
administered with SQV

Significant; avoid due 
to increased statin 
concentration and 
myopathy; use 
pravastatin or 
fluvastatin

CYP3A4 inhibition 
by SQV

Fichtenbaum et al. 
(2002); Walubo 
(2007)

Lovastatin Not formally assessed, but 
similar metabolism to 
simvastatin

Significant, avoid due 
to increased statin 
concentration and 
myopathy. Use 
pravastatin or 
fluvastatin

CYP3A4 inhibition 
by SQV

Fichtenbaum and 
Gerber (2002); 
Walubo (2007)

Antihistamines Astemizole Not formally assessed, but 
likely increased exposure

Significant, avoid 
combination

CYP3A4 inhibition 
by SQV

Roche (2008)

Terfenadine Increased terfenadine AUC 
by 368% and active 
metabolite by 120%

Significant, avoid 
combination

CYP3A4 inhibition 
by SQV

Buss (1998)

Antineoplastic 
agents

Axitinib, cabazitaxel, 
dasatinib, nilotinib, 
pazopanib, sunitinib, 
toremifene citrate, 
lapatinib, crizotinib, 
dabrafenib, romidepsin, 
temsirolimus, vinflunine

Not formally assessed; 
likely increased exposure 
of antineoplastic agents

Significant; avoid 
combination

CYP3A4 inhibition 
by SQV–RTV

Roche (2014)

Gastrointestinal 
motility agents

Cisapride, domperidone Not formally assessed, but 
significant potential for 
cardiac toxicity

Significant; avoid 
combination

CYP3A4 inhibition 
by SQV

Roche (2014)

Neuroleptics Pimozide Not formally assessed, but 
significant potential for 
increased adverse 
effects

Significant; avoid 
combination

CYP3A4 inhibition 
by SQV

Roche (2008)

Psychotropics Midazolam (single dose) Single-dose midazolam 
with SQV

Significant; caution; 
monitor as pro-
longed sedation 
may occur

CYP3A4 inhibition 
by SQV

Palkama et al. 
(1999)

Midazolam (single dose) Midazolam exposure was 
markedly increased via 
CYP3A4 inhibition with 
Cmax increasing by 
4.3-fold, AUC by 
12.4-fold and the 
half-life from 4.7 to 
14.9 hours

Significant; caution; 
monitor as pro- 
longed sedation 
may occur

CYP3A4 inhibition 
by SQV–RTV

Schmitt et al. 
(2009)
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Drug class Drug Effect Significance Mechanism References

Midazolam (multiple doses) Multiple-dose midazolam 
and SQV

Significant; avoid as 
prolonged sedation 
may occur

CYP3A4 inhibition 
by SQV

Merry et al. 
(1997b)

Triazolam Not formally assessed, but 
significant potential for 
increased sedation

Significant; avoid as 
prolonged sedation 
may occur

CYP3A4 inhibition 
by SQV

 Roche (2014)

Ergot alkaloids Dihydroergotamine, 
ergotamine, ergometrine 
maleate ergonovine, 
methylergonovine, 
methysergide

Not formally assessed, but 
significant potential for 
serious adverse effects

Significant; avoid as 
serious adverse 
events (ergotism) 
may occur

CYP3A4 inhibition 
by SQV

Roche (2014)

Herbs Hypericum (St. John’s wort) Not formally assessed, but 
significant potential for 
loss of SQV effect

Significant; avoid with 
unboosted SQV due 
to potential loss of 
SQV effect

Potent CYP3A4 
induction by 
hypericum

Hu et al. (2005); 
Roche (2014)

Garlic Garlic caplets decreased 
unboosted SQV AUC by 
51%, Cmin by 49% and 
Cmax by 54%

Significant, avoid with 
unboosted SQV due 
to reduced SQV 
bioavailability

Possible P- 
 glycoprotein 
induction in the 
gut mucosa by 
garlic

Piscitelli et al. 
(2002)

Uncaria tomentosa (cat’s 
claw)

Increased SQV Cmin from 
0.64 μg/ml to 3.3 μg/ml, 
ATV Cmin from 0.3 to 1.22 
μg/ml, and RTV from 
0.64 to 3.4 μg/ml

Significant; avoid 
combination due 
to potential for 
protease inhibitor 
toxicity

Likely CYP3A4 
inhibition by cat s 
claw

Lopez Galera et 
al. (2008)

Corticosteroids Fluticasone, budesonide, 
mometasone (inhaled), 
budesonide (systemic) 
prednisone, methylpred-
nisolone, prednisolone, 
triamcinolone (including 
local injections) 

RTV 100 mg twice daily 
significantly increased 
exposure of inhaled 
fluticasone

Significant; use 
beclomethasone with 
SQV–RTV

Potent CYP3A4 
inhibition by RTV

Roche (2014); US 
DHHS (2015b)

Miscellaneous Dapoxetine Increased dapoxetine 
exposure likely with SQV

Significant; avoid 
combination

CYP3A4 inhibition 
by SQV

Roche (2014)

Eplerenone Increased eplerenone 
exposure likely with 
SQV–RTV

Significant; avoid 
combination

CYP3A4 inhibition 
by SQV–RTV

Roche (2014)

Ivabradine Increased ivabradine 
exposure likely with 
SQV–RTV 

Significant; avoid 
combination

CYP3A4 inhibition 
by SQV–RTV

Roche (2014)

Loperamide loperamide 16 mg reduced 
unboosted SQV 600 mg 
exposure (AUC by 54% 
and Cmax by 46%), 
loperamide exposure 
increased

Significant reduction in 
unboosted SQV; 
avoid combination, 
effect on loperamide 
exposure not 
significant

Possibly impaired 
absorption 
of SQV by 
loperamide 

Mikus et al. (2004)

Macitentan Increased macicentan 
exposure likely with SQV 

Significant; avoid 
combination

CYP3A4 inhibition 
by SQV

Roche (2014

Trazodone Not formally assessed but 
increased trazodone 
expected with  
SQV–RTV

Significant; avoid 
combination; 
significant, risk of 
cardiac toxicity. 

CYP3A4 inhibition 
by SQV–RTV

US DHHS (2015b)

Salmeterol Increased salmeterol 
exposure likely with 
SQV–RTV 

Avoid combination. CYP3A4 inhibition 
by SQV–RTV

Roche (2014)

Sildenafil (for pulmonary 
arterial hypertension)

Increased sildenafil 
exposure reported 
with SQV–RTV

Significant; avoid 
combination

CYP3A4 inhibition 
by SQV–RTV

US DHHS (2015b) 

aThe agents are contraindicated for use with saquinavir. Where data exist for the saquinavir–ritonavir combination they are included. For further interactions, including agents 
contraindicated with ritonavir, see Chapter 207, Ritonavir and cobicistat.

Abbreviations: SQV: saquinavir; RTV: ritonavir; AUC: area-under-the-concentration-time curve; Cmax: maximum concentration; Cmin: minimum concentration; ATV: atazanavir.
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agents should be considered (Berbel Garcia et al., 2000; 
Burman and Orr, 2000; Mateu-de Antonio et al., 2001; Liedtke 
et al., 2004).

Phenobarbitone is metabolized by oxidative hydroxyl-
ation, but is a potent inducer of CYP enzymes, including 
CYP3A4 and 2C9/19. However, there is limited information 
available regarding interactions between phenobarbitone and 
antiretrovirals (Liedtke et al., 2004). Primidone should also 
be used with caution with ritonavir-boosted saquinavir due 
to the potential for reduced exposure of the anticonvulsant 
and the protease inhibitor (Roche, product information).

Phenytoin is metabolized by CYP2C9 and CYP2C19. 
Ritonavir-boosted saquinavir lowered phenytoin levels to 
subtherapeutic levels in one case report (Liedtke et al., 2004). 
Phenytoin also induces CYP3A4 and therefore may lower 
serum concentrations of saquinavir (Liedtke et al., 2004).

Ethosuximide is metabolized by CYP3A4 (40%). Possible 
increases in ethosuximide levels may be predicted when it is 
combined with saquinavir (Tseng and Foisy, 1999).

Lamotrigine is metabolized by glucuronidation, a case 
report appeared to indicate the induction of lamotrigine 
metabolism by saquinavir–ritonavir, resulting the reduction 
of lamotrigine exposure. The efficacy of lamotrigine therapy 
should be monitored, and dose increases made where neces-
sary (Leppik et al., 2003). 

Antiemetics: aprepitant and fosaprepitant
Saquinavir may increase the exposure of antiemetics through 
CYP3A4 inhibition. Patients should be monitored for toxic-
ity and the combination used with caution.

Antigout agent: colchicine
Increased colchicine effects and toxicity are possible due to 
CYP3A4 inhibition by boosted saquinavir. For the treatment 
of gout flares, a dose of colchicine 600 μg stat followed by 
300 μg 1 hour later is recommended. Doses should not be 
repeated for at least 3 days. For the prophylaxis of gout flares, 
a maximum dose of 300 μg daily or alternate days is recom-
mended. If the patient has underlying renal or hepatic 
impairment, colchicine should not be co-administered with 
boosted saquinavir (Roche, product information; US DHHS, 
2015b).

Antihistamines: astemizole and terfenadine
Although no formal data exist, the combination of saquina-
vir and the antihistamine astemizole should be avoided due 
to the potential for serious adverse effects, including the pro-
longation of the QTc interval (Roche, product information; 
US DHHS, 2015b). The terfenadine AUC increased by 368% 
and the active metabolite by 120% when combined with 
unboosted saquinavir soft gel capsule. The combination is 
contraindicated (Roche, product information; Buss, 1998).

Antineoplastic agents
Interactions due to CYP3A4 and P-glycoprotein inhibition 
by saquinavir are possible, resulting in increased exposure 
to these agents. Agents metabolized by CYP3A4 include the 

taxanes (cabazitaxel, paclitaxel, and docetaxel), the vinca 
alkaloids (vincristine, vinblastine, vinorelbine, vinflunine), epi-
podophyllotoxins (etoposide, teniposide), the camptothecin 
irinotecan, alkylating agents (cyclophosphamide, ifosfamide, 
thiotepa), endocrine therapies (tamoxifen, exemestane, letro - 
zole, anastrozole, toremifene), and a number of other agents 
such as axitinib, bortezomib, brentuximab vedotin, crizotinib, 
dabrafenib, dasatinib, gefitinib, idelalisib, imatinib, lapatinib, 
nilotinib, pazopanib, romidepsin, ruxolitinib, sunitinib, tofa- 
citinib, and temsirolimus (Antoniou and Tseng, 2005; Roche, 
product information).

Saquinavir, as an inhibitor of P-glycoprotein, has the poten-
tial to inhibit the metabolism of the following antineoplastic 
agents: chlorambucil, cisplatin, dactinomycin, daunorubicin, 
dexamethasone, docetaxel, doxorubicin, etoposide, methyl-
prednisolone, mitoxantrone, paclitaxel, tamoxifen, vinblas-
tine, and vincristine. Modulation of P-glycoprotein by the 
antineoplastics could also potentially affect saquinavir activ-
ity because saquinavir is also a substrate of P-glycoprotein 
(Antoniou and Tseng, 2005).

Cardiac drugs: amiodarone, quinidine, bepridil, 
disopyramide, lignocaine, propafenone, 
flecainide, and digoxin

The cardiac drugs amiodarone, quinidine, bepridil, disopy-
ramide, lignocaine, and propafenone are all metabolized  
by CYP3A4 and may be subject to increased levels and  
cardiac toxicity if combined with saquinavir. Extreme cau-
tion with monitoring for toxicity should be undertaken if any 
of these agents is used with boosted saquinavir (Roche, prod-
uct information; Schmitt et al., 2010). Flecainide should  
not be combined with saquinavir–ritonavir (Roche, product 
information).

Digoxin exposure is significantly increased by unboosted 
and ritonavir-boosted saquinavir. In 17 healthy volunteers 
(9 males) pretreated with saquinavir–ritonavir 1000/100 mg 
twice daily for 2 weeks, digoxin Cmax increased by a factor of 
1.27-fold and AUC0–72 by 1.49-fold. Renal clearance was also 
decreased by a factor of 0.88, and the half-life of digoxin 
increased from 37 to 45.3 hours. Higher exposure was noted 
in female subjects, although safety profiles were similar. A 
longer PR interval was noted on electrocardiograph (Schmitt 
et al., 2010). Digoxin is transported by P-glycoprotein, and 
the inhibition of P-glycoprotein in the small intestine or 
proximal renal tubules by saquinavir–ritonavir will decrease 
digoxin clearance (Roche, product information; Walubo, 
2007; Schmitt et al., 2010). The monitoring of digoxin serum 
levels and dosage reduction is recommended in patients 
receiving saquinavir. 

Cardiac drugs: metoprolol, propranolol,  
and timolol

Ritonavir-boosted saquinavir may increase exposure to the 
beta-blockers metoprolol, propranolol, and timolol due to 
inhibition of CYP2D6 by ritonavir. The dose should be 
adjusted according to clinical response and consideration 
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given to using beta-blockers such as atenolol, labetalol, or 
sotalol, which are not CYP450 metabolized (US DHHS, 
2015b).

Cardiac drug: bosentan 
Increased exposure to the endothelin receptor antagonist 
bosentan is likely with saquinavir–ritonavir. The combina-
tion should be used with caution and the patient should be 
monitored for bosentan adverse effects, such as liver enzyme 
abnormalities and headache, and the dose reduced as neces-
sary (Roche, product information). 

Cardiac drugs: amlodipine, diltiazem, 
felodipine, nifedipine, lercanidipine nimodipine, 
and verapamil
The metabolism of calcium channel antagonists may possibly 
be inhibited by saquinavir inhibition of CYP3A4 (Fich ten-
baum and Gerber, 2002). A potential interaction was pre-
dicted between unboosted saquinavir and nifedipine from 
in vitro studies (Farrar et al., 1994). ECG monitoring is rec-
ommended when calcium channel blockers are used with 
saquinavir. Potential dose reduction of the calcium channel 
blocker may be required (Roche, product information).

Cardiac drug: ivabradine 
Ivabradine should not be combined with powerful CYP3A4 
inhibitors such as boosted saquinavir due to likely increases 
in ivabradine exposure (Roche, product information).

Corticosteroids: beclomethasone (inhaled), 
budesonide (inhaled and systemic), fluticasone 
and mometasone (inhaled), dexamethasone 
(systemic), prednisone, methylprednisolone, 
prednisolone, and triamcinolone (systemic and 
local injections)
Significant interaction between saquinavir-boosted saquina-
vir and inhaled or intranasal beclomethasone is not expected 
(US DHHS, 2015b). Caution should be exercised with the 
combination of systemic budesonide and saquinavir–ritonavir 
due to the possibility of decreased saquinavir levels and 
increased glucocorticoid effect. The combination of boosted 
saquinavir with inhaled or intranasal budesonide, flutica-
sone or mometasone should be used only if the benefits of 
the corticosteroid outweigh the risk of systemic corticoste-
roid effects. Beclomethasone is a suitable alternative (US 
DHHS, 2015b). The use of prednisone with boosted saquina-
vir may result in increased prednisone exposure and the 
combination should be used only with caution. The combi-
nation of systemic use and local injections of methylpred-
nisolone, prednisolone and triamcinolone may result in 
significantly increased glucocorticoid exposure and toxicity 
with ritonavir-boosted saquinavir due to CYP3A4 inhibition 
by ritonavir. These combinations should be avoided (US 
DHHS, 2015b).

Dexamethasone may decrease unboosted saquinavir plasma 
levels through CYP3A4 induction. The dosage adjustment has 

not been established, and the combination should be used 
with caution. Boosted saquinavir may increase dexametha-
sone exposure (Roche, product information).

Ergot alkaloids

Dihydroergotamine, ergotamine, ergonovine, ergometrine 
maleate, methylergonovine, and methysergide use should be 
avoided with saquinavir owing to the potential for serious 
adverse events due to increased effects of the ergots (Roche, 
product information).

Gastric acid suppressants: cimetidine  
ranitidine, and omeprazole

Increases in saquinavir AUC of 120%, Cmax of 179%, and 
Ctrough of 32% were observed in healthy volunteers when the 
gastric acid suppressant cimetidine 400 mg twice a day was 
combined with saquinavir soft gel capsule 1200 mg twice a 
day. Dosage recommendations for the combination have not 
been established (Boffito et al., 2002b).

Ranitidine increased the bioavailability of unboosted 
saquinavir by 167% in a single dose study in healthy volun-
teers. Because the clinical significance is unclear, patients 
should be monitored for saquinavir toxicity (Kakuda et al., 
2006; Roche, product information).

The AUC of ritonavir-boosted saquinavir film-coated tab-
lets was increased by 82% when combined with omeprazole 
in healthy volunteers. The dose adjustment has not been 
established (Winston et al., 2006). In another study, the 
simultaneous administration of omeprazole 40 mg with 
ritonavir-boosted saquinavir film-coated tablets) 1000/100 
mg twice a day in 18 healthy volunteers resulted in increases 
in saquinavir AUC0–12, Ctrough, and Cmax of 54%, 73%, and 55%, 
respectively. When omeprazole was given 2 hours earlier 
than the boosted saquinavir, saquinavir exposure increased 
by 67%, 97%, and 65%, respectively. The number of adverse 
effects was not increased and the dose adjustment has not 
been established (Singh et al., 2008).

Gastrointestinal motility agents:  
cisapride and domperidone

The combination of saquinavir with cisapride and domperi-
done is contraindicated due to the potential for serious 
adverse effects, such as cardiac arrhythmia (Roche, product 
information; US DHHS, 2015b).

Grapefruit juice

Grapefruit juice blocks intestinal CYP3A4 activity and 
increases the saquinavir AUC by 50% and oral bioavailability 
by 100% when taken with unboosted saquinavir hard gel 
 capsule (Kupferschmidt et al., 1998). The components of 
grape fruit juice were found to inhibit the CYP3A4-mediated 
metabolism of saquinavir as well as affecting the P-glycoprotein-
mediated transport of saquinavir to a limited extent (Eagling 
et al., 1999). Saquinavir should be taken at least 2 hours 
before or after grapefruit juice.
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Hypoglycemic agents: acarbose, sulfonylureas 
(glibenclamide, gliclazide, glimepiride, 
glipizide), metformin, thiazolidinediones,  
and insulins
Saquinavir may cause insulin resistance, exacerbating exist-
ing diabetes and causing hyperglycemia. Patients should be 
monitored and the dose of insulin or oral antidiabetic agent 
increased as necessary (Roche, product information).

Saquinavir may increase the exposure of saxagliptin. Blood 
glucose levels should be monitored and the saxagliptin dose 
reduced as necessary (Roche, product information).

The thiazolidinedione troglitazone will probably induce 
saquinavir metabolism (Fichtenbaum et al., 2002). Pioglita-
zone may induce the metabolism of saquinavir, and saquina-
vir may inhibit the metabolism of pioglitazone (Fichtenbaum 
and Gerber, 2002). Saquinavir may inhibit the metabolism of 
rosiglitazone (Roche, product information).

Immunosuppressants: cyclosporin, everolimus, 
sirolimus, and tacrolimus
The levels of the immunosuppressant agent cyclosporin 
increased threefold and saquinavir AUC increased fourfold 
when unboosted saquinavir (hard gel capsule) was used with 
cyclosporin, probably due to CYP3A4 and P-glycoprotein 
inhibition by both drugs. Cyclosporin levels should be mon-
itored and dosage adjustments made where appropriate 
(Brink man et al., 1998).

The potential for increased everolimus and sirolimus 
 levels due to CYP3A4 and P-glycoprotein inhibition by 
saquinavir exists. Everolimus and sirolimus levels should 
be mon i tored and dosage adjustments made where appropri-
ate (Roche, product information; US DHHS, 2015b). A case 
of tacrolimus toxicity with serum levels of 120 ng/ml was 
reported when antiretroviral therapy that included ritonavir- 
boosted saquinavir 400/400 mg twice a day was administered 
along with tacrolimus (Sheikh et al., 1999). Tacrolimus is listed 
as a contraindication drug for use with saquinavir (Roche, 
product information, 2016).

Lipid lowering agents: lovastatin, simvastatin, 
atorvastatin, pravastatin, and rosuvastatin
Levels of simvastatin are increased 30-fold in the presence of 
saquinavir, and lovastatin is metabolized similarly, so the use 
of both drugs should be avoided to prevent statin-induced 
myopathy (Fichtenbaum et al., 2002). Indeed their use with 
saquinavir is contraindicated by the manufacturer (Roche, 
product information, 2016). Pravastatin or fluvastatin may 
be used instead (Fichtenbaum and Gerber, 2002; Walubo, 
2007).

Atorvastatin exposure was increased by 343% when admin-
istered with ritonavir-boosted saquinavir. However, atorvas-
tatin activity, which is due to the parent drug and two active 
metabolites, increased by only 79%. The lowest possible 
start ing dose of atorvastatin should be used with careful mon-
itoring for side effects. Do not exceed 20 mg daily (Fich ten-
baum et al., 2002; US DHHS, 2015b).

Pravastatin levels were reduced by around 50% when 
combined with ritonavir-boosted saquinavir, possibly due to 
induction of glucuronidation by ritonavir. A dosage adjust-
ment may be required (Fichtenbaum et al., 2002). Although 
no data exist for the combination of rosuvastatin with 
saquinavir–ritonavir, the combination should be used with 
caution and the lowest possible rosuvastatin dose used (Roche, 
product information).

Neuroleptics: pimozide, haloperidol, and 
loxapine
There is likely to be an increase in pimozide levels and car-
diac toxicity if pimozide is combined with saquinavir. The 
combination should be avoided (Tseng and Foisy, 1999). The 
levels of the neuroleptic agents haloperidol and loxapine may 
increase when combined with saquinavir. Olanzapine may 
potentially cause minor increases in saquinavir levels (Tseng 
and Foisy, 1999). See the product information for additional 
neuroleptic agents that are contraindicated for use with 
saquinavir.

Estrogen hormones: Ethinyl estradiol, 
etonogestrel, mestranol, norethisterone, 
estradiol, estriol, estrogens conjugated
Saquinavir is expected to reduce the exposure of estrogen 
hormones possibly via CYP450, an alternative or additional 
contraceptive method is recommended (US DHHS, 2015b; 
Roche, product information).

Opiates: buprenorphine, codeine, fentanyl, 
morphine, oxycodone, oxymorphone, and 
methadone
Saquinavir and ritonavir may increase opiate concentrations 
through CYP3A4 inhibition. Patients should be monitored 
for signs and symptoms of opiate toxicity, including respiratory 
depression, and the opiate dosage adjusted when necessary 
(Antoniou and Tseng, 2002; Roche, product information).

Methadone is a long-acting narcotic analgesic that is 
metabolized by CYP3A4 and CYP2B6. An open-label study 
of the impact of taking saquinavir–ritonavir 1000/100 mg 
twice daily for 14 days on 13 HIV-negative patients on stable 
methadone therapy reduced the R-methadone AUC0–24 by 
19%. The authors concluded this was not clinically signifi-
cant and that no dosage adjustment for methadone was 
required (Jamois et al., 2009b). The AUC of methadone 
was reduced by 20% when co-administered with ritonavir- 
boosted saquinavir 400/400 mg twice daily (Gerber et  
al., 2001). No patients in a case series of 19 HIV–HCV co- 
infected patients on methadone required methadone dosage 
adjustment (Munsiff and Patel, 2001). Another study of 
ritonavir-boosted saquinavir 1600/100 mg once daily in 
HIV-negative individuals suggested that no clinically signifi-
cant interaction exists (Shelton et al., 2004). Generally no 
dosage adjustment is required; however, monitoring of 
methadone effect and titration of methadone dose where 
necessary is recommended (Antoniou and Tseng, 2002).
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Phosphodiesterase inhibitors: cilostazol

Cilostazol is a phosphodiesterase III inhibitor, and increased 
exposure through inhibition of CYP3A4 metabolism may 
occur by saquinavir co-administration. The combination 
should be used with caution and patients monitored for 
potential toxicity.

Psychotropic drugs: antidepressants and 
antipsychotic drugs

Interactions between saquinavir and a number of psychotro-
pic drugs may be predicted due to their metabolic pathways; 
see updated product information for contraindicated medi-
cations of this class for use with saquinavir. 

Serum levels of the antidepressants amitriptyline, buspi-
rone, clomipramine, doxepin, fluoxetine, imipramine, mir-
tazapine, tranylcypromine, trazodone, trimipramine, and 
venlafaxine may possibly be increased. There is no effect on 
bupropion or only a minor increase in drug levels. Nefa zo-
done and sertraline are likely to exhibit increases in drug 
levels. Fluoxetine, fluvoxamine, and nefazodone could 
potentially increase the levels of saquinavir (Tseng and Foisy, 
1999). Fluvoxamine has an unpredictable effect on protease 
inhibitor exposure and an alternative agent should be con-
sidered (US DHHS, 2015b). Two of five cases of serotonin 
syndrome reported with fluoxetine or fluoxetine and bupro-
pion occurred in patients receiving saquinavir–ritonavir 
400/400 mg twice daily. In one case, the dose of fluoxetine 
was reduced from 40 to 20 mg daily, and in the second case, 
ritonavir was replaced with nelfinavir (DeSilva et al., 2001).

Aripiprazole and quetiapine are metabolized by CYP3A4, 
and increased exposure of these antipsychotics may occur 
when combined with ritonavir-boosted saquinavir. The com-
bination should be used with caution, and the patient moni-
tored for signs of quetiapine toxicity, including impaired 
consciousness, breathing difficulty, weight gain, and confu-
sion. Reduce the quetiapine dose as necessary (Roche, prod-
uct information).

The combination of triazolam and saquinavir is contrain-
dicated because of the possibility of prolonged, increased 
sedation (Roche, product information). A study of the phar-
macokinetics of midazolam 7.5 mg orally as a single dose 
before and after receiving 2 weeks of saquinavir–ritonavir 
1000/100 mg twice daily in 18 healthy volunteers indicated 
that prolonged sedation would occur. Midazolam exposure 
was markedly increased via CYP3A4 inhibition with Cmax 
increasing by 4.3-fold, AUC by 12.4-fold, and the half-life 
from 4.7 to 14.9 hours (Schmitt et al., 2009). A single bolus of 
midazolam in a monitored situation may be used with cau-
tion with saquinavir (Palkama et al., 1999). However, other 
authors have urged a more cautious approach after a case 
report of prolonged sedation with the same combination 
(Merry et al., 1997b).

Alprazolam, clonazepam, diazepam, and flunitrazepam are 
all metabolized by CYP3A4 and may be subject to increased 
serum concentrations and adverse effects if given with saquina-
vir or saquinavir–ritonavir (Antoniou and Tseng, 2002). 

Although there are no data with saquinavir–ritonavir and 
alternative benzodiazepines such as lorazepam, oxazepam, 
and temazepam, they are not metabolized via CYP450 and 
have less potential for drug interactions (US DHHS, 2015b). 

Boosted saquinavir may also increase the exposure of 
zolpidem. Dose reduction may be required (US DHHS, 
2015b).

Illicit “recreational” drugs

Caution is advised in the use of ketamine, LSD, and PCP 
with CYP450 inhibitors, such as saquinavir, owing to possi-
ble increases in drug levels and effects (Antoniou and Tseng, 
2002). A case report of increased exposure to GHB and 
MDMA with saquinavir–ritonavir use has been reported 
(Har  rington et al., 1999).

Vasodilators: sildenafil, tadalafil, and vardenafil

Large increases in the AUC of each of these agents that are 
used to treat erectile dysfunction are either reported or 
expected when they are combined with unboosted saquina-
vir because they are all primarily metabolized by CYP3A4. 
Substantial dosage reductions are required. The AUC is 
increased 2-fold when sildenafil is used with unboosted 
saquinavir. Therefore, a starting dose of 25 mg should be 
used and monitoring undertaken for adverse effects Roche, 
product information; Setter et al., 2005). When ritonavir- 
boosted saquinavir 400/400 mg twice daily was used with 
sildenafil 25 mg as required, a death due to cardiac arrest was 
reported, which was attributed to the interaction (Hall and 
Ahmad, 1999). When sildenafil was combined with saquina-
vir 1200 mg three times daily, the AUC of sildenafil was 
increased 3.1-fold and its active metabolite 2.4-fold and the 
tmax was delayed by 2.6 and 3.9 hours, respectively. Sildenafil 
Cmax increased by 2.4-fold. Ritonavir showed a significantly 
greater effect than saquinavir. The increases in systemic 
sildenafil exposure were not associated with adverse events. 
The authors recommended using a lower sildenafil starting 
dose of 25 mg with saquinavir and recommend not exceed-
ing a single maximum dose of 25 mg in 48 hours in patients 
receiving ritonavir (Muirhead et al., 2000; Setter et al., 2005; 
Roche, product information). The use of sildenafil for pul-
monary arterial hypertension is contraindicated with the use 
of ritonavir-boosted saquinavir.

An increased AUC and half-life are expected when these 
drugs are used with saquinavir–ritonavir. Ritonavir has been 
shown to increase the AUC of tadalafil by 124%. A starting 
dose of 5 mg is recommended, and no more than 10 mg 
should be used over 72 hours (Roche, product information; 
Setter et al., 2005).

There are no data on the use of vardenafil with saquinavir, 
but the AUC is increased 49-fold by ritonavir alone. A start-
ing dose of 2.5 mg is recommended. A cumulative dose of 2.5 
mg over 24 hours should not be exceeded if used with 
saquinavir. If ritonavir boosting is used, do not exceed a sin-
gle 2.5-mg dose in 72 hours (Roche, product information; 
Setter et al., 2005).
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Miscellaneous

Saquinavir may increase the exposure of cinacalcet via 
CYP3A4 inhibition. The patient should be monitored for 
signs of toxicity. The serum calcium should be monitored. 
Dapoxetine, a short acting selective serotonin reuptake 
inhibitor (SSRI) for premature ejaculation, should not be 
used with saquinavir due to increased exposure of dapoxe-
tine from CYP3A4 inhibition. Increased eplerenone expo-
sure with boosted saquinavir is possible. The combination 
should be avoided. The combination of ivacaftor should be 
used with caution; monitor for ivacaftor adverse effects and 
reduce the dose as necessary. Galantamine exposure may be 
increased after co-administration with saquinavir; exercise 
caution and monitor for toxicity In a single dose pharma-
cokinetic study in healthy volunteers, loperamide 16 mg 
reduced unboosted saquinavir 600 mg exposure by around 
50%, possibly by impaired absorption of saquinavir. There is 
also an increase in loperamide exposure, which is not 
thought to be clinically significant. The combination should 
be avoided (Mikus et al., 2004). Macicentan should not be 
combined with saquinavir due to the potential for increased 
macicentan exposure There is the potential for possible 
increases in methylphenidate levels and increased saquinavir 
exposure when this combination is used (Tseng and Foisy, 
1999). An increase in mifepristone exposure is possible when 
combined with saquinavir. Patients should be monitored 
for mifepristone toxicity when receiving this combination. 
An animal cell model suggested that montelukast reduced 
MRP2-mediated efflux and increased the intracellular reten-
tion time of saquinavir. The authors suggest that montelukast 
could be used as adjust therapy to suppress saquinavir efflux 
from MRP2 overexpressing cells (Roy et al., 2009). Unpre-
dictable effects (increases or decreases) on quinine exposure 
may occur with boosted saquinavir. The combination should 
be used with extreme caution. Increased salmeterol cardio-
vascular effects are possible with ritonavir-boosted saquina-
vir. The combination is contraindicated (US DHHS, 2015b). 
When vilanterol is combined with saquinavir, clinical effects 
are likely to be minor; the patient should be monitored for 
vilanterol adverse effects. The combination of tolvaptan with 
saquinavir should be used only with extreme caution and the 
patient monitored for tolvaptan toxicity (Where no other ref-
erence has been provided in this section, data were sourced 
from the product information; refer to updated product infor-
mation to determine current status of drug interactions).

6. ADVERSE REACTIONS AND TOXICITY

Saquinavir is generally well tolerated, with no major adverse 
reactions reported when used alone. Nausea, diarrhea, and 
abdominal discomfort have been reported in < 5% of study 
participants. Modest elevation of hepatic transaminases has 
also been noted in some patients. In a randomized double- 
blind dose-ranging study in 49 HIV-infected asymptomatic 
individuals who were zidovudine naive, doses of saquinavir 
of up to 600 mg three times daily for 16 weeks were not 

associated with any serious adverse events (Kitchen et al., 
1995a). In a phase II trial, saquinavir was not associated with 
any severe adverse reactions (Collier et al., 1996).

The published results of several trials of saquinavir boosted 
with low-dose ritonavir have included information on adverse 
effects. However, most of these trials have used the soft gel 
capsule formulation of saquinavir, which causes more gastro-
intestinal adverse effects than the hard gel capsule formula-
tion. The Staccato study evaluated hard gel capsule saquinavir 
administered at a dose of 1600 mg once daily with ritonavir 
100 mg in Thai patients with HIV infection. This study showed 
that gastrointestinal adverse effects were most common, but 
occurred in < 20% of patients (Autar et al., 2005).

6a.  Dyslipidemia and cardiovascular toxicity 

Dyslipidemia is a complication of many protease inhibitor–
based antiretroviral therapy regimens and appears to be a 
factor underlying the increased incidence of cardiovascular 
disease in patients with HIV infection (Boccara, 2008). 
Serum levels of triglycerides and total cholesterol may 
increase in patients receiving ritonavir-boosted saquinavir 
(Ananworanich et al., 2008), but data from the Gemini study 
indicate that the increase is not as large as with ritonavir- 
boosted lopinavir (Walmsley et al., 2009). Furthermore, in a 
randomized comparison of the metabolic and renal effects of 
saquinavir and ritonavir 2000/100 mg once daily or atazana-
vir and ritonavir 300/100 mg once daily, both with tenofovir 
and emtricitabine, in treatment-naive HIV-1-infected patients, 
there was a modest rise in serum high-density lipoprotein 
(HDL) cholesterol levels with no differences between treat-
ment groups (Vrouenraets et al, 2011). Because low-dose 
ritonavir is a major contributor to the dyslipidemia, the 
avoidance of ritonavir by using a combination of saquinavir 
1200 mg and atazanavir 400 mg once daily has been evalu-
ated (Johnson et al., 2005). Rates of dyslipidemia were lower 
with this regimen but it had an inferior virologic response 
to  ritonavir-boosted lopinavir or atazanavir. Observational 
studies have provided evidence that saquinavir does not 
increase the risk of cardiovascular disease (Lang et al., 2010; 
Worm et al., 2010).

6b.  Cardiac conduction defects

HIV-1 protease inhibitors, including saquinavir, increase the 
electrocardiogram PR interval and, to a lesser extent, the QT 
interval (Soliman et al., 2011). Although the clinical signifi-
cance of this is unclear, commencing ritonavir-boosted 
saquinavir using a low-dose regimen of 500/100  mg twice 
daily for the first 7 days has been proposed as a strategy for 
reducing saquinavir exposure while maintaining antiviral 
efficacy (Boffito et al., 2015). Saquinavir is contraindicated in 
patients with complete atrioventricular (AV) block without 
implanted pacemakers, those at high risk of AV block, those 
with congenital or acquired QT prolongation or with refrac-
tory hypomagnesemia or hypokalemia (Roche, product infor-
mation, 2016).
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6c.  Risks in pregnancy

Saquinavir was not mutagenic and did not induce DNA dam-
age in animal toxicity studies. There was no evidence of impair-
ment of fertility and no embryotoxicity or teratogenicity in 
rats, although maternal toxicity and abortions were observed 
in pregnant rabbits (Hoffman La Roche, data on file). Thus, 
although saquinavir appears to be safe in pregnant animals, 
caution should be used in prescribing saquinavir to pregnant 
women (category B1) (Roche, product information).

7. CLINICAL USES OF THE DRUG

Saquinavir, boosted with ritonavir, is indicated only for the 
treatment of HIV infection. It is uncommonly prescribed in 
most Westernized countries at this time and has only limited 
value in resource-poor settings due to its cost and pill burden.

7a.  Unboosted saquinavir

The antiviral activity, tolerability, and pharmacokinetics of 
saquinavir were evaluated in randomized, double-blind, 
dose-ranging studies conducted during the mid-1990s. In a 
UK study of 49 antiretroviral-naive, HIV-infected people 
with asymptomatic or minimally symptomatic disease and 
CD4+ T-cell counts of < 500 cells/μl, saquinavir was admin-
istered orally in doses of 25, 75, 200, or 600 mg three times 
daily after food for a duration of 16 weeks (Kitchen et al., 
1995a). The investigators concluded that the highest dose of 
saquinavir showed a trend toward improvement in CD4+ 
T-cell counts, with the maximal effect occurring at about 
week 4 of treatment. Higher-dose regimens of saquinavir 
were associated with a trend toward lowering of HIV RNA 
and DNA and decreased likelihood of isolation of virus from 
peripheral blood mononuclear cells. Adverse events were 
mild and mostly considered to be unrelated to treatment 
(Kitchen et al., 1995b).

A similar phase I/II dose-ranging study was performed in 
France, in 61 HIV-infected participants who were antiretro-
viral experienced and who had advanced disease with CD4+ 
T-cell counts of 50–250 cells/μl. The median CD4+ T-cell 
count at study entry was 153 cells/μl, and the median dura-
tion of prior zidovudine therapy was approximately 400 days. 
There was a trend toward improvement in CD4+ T-cell 
counts with the 600-mg dose, with a median maximum 
increase in CD4+ T-cell count of 56 cells/μl occurring on 
average 2 weeks after commencing therapy. There was a sig-
nificant difference in the change of the CD4+ T-cell count in 
the 600-mg arm compared with the lower-dosage regimens. 
At the end of the 16-week study, the median CD4+ T- cell 
count was 5.5 cells/μl above baseline. The drug was also 
found to be very well tolerated in this trial (Hoffman La 
Roche, data on file; Vella, 1994; Vella, 1995).

In a third phase I/II trial in Italy, saquinavir, in doses of 
75, 200, and 600 mg given orally three times a day for 16 
weeks, was evaluated in combination with zidovudine (600 
mg/day) and compared with zidovudine and saquinavir (600 

mg three times daily) monotherapies. The study participants 
were 92 antiretroviral-naive HIV-infected males and females 
with advanced infection (CD4+ T-cell counts of < 300 cells/
μl). The toxicity profile of saquinavir was not altered by com-
bination therapy with zidovudine, although the incidence of 
adverse events was greater in those receiving combination 
therapy than in those receiving monotherapy. The mean 
increase in CD4+ T-cell counts across all arms of the study 
during treatment was 22 cells/μl. Combination therapy with 
200- and 600-mg doses of saquinavir was associated with 
higher and more sustained increases in CD4+ T-cell counts 
than observed in either monotherapy arm, and the 600-mg 
dose in combination with zidovudine was associated with 
the greatest reduction in plasma HIV RNA (Pollard, 1994; 
Vella, 1994; Vella, 1995).

ACTG-229 was a randomized double-blind phase II trial 
of 24 weeks’ duration in 302 participants with CD4+ T-cell 
counts of 50–300 cells/μl who had received at least 4 months 
of previous zidovudine therapy (Collier et al., 1996). Patients 
were randomized to receive saquinavir (600 mg three  
times daily), in combination with zalcitabine (0.75 mg three 
times daily) and zidovudine (200 mg three times daily), or 
saquinavir and zidovudine, or zalcitabine and zidovudine. 
These patients had extensive prior antiretroviral experience 
with a median duration of previous zidovudine therapy of 
27 months. The median CD4+ T-cell count at study entry 
was 145 cells/μl. The triple combination was found to be 
superior to either of the double-combination regimens. After 
24 weeks of therapy, CD4+ T-cell counts had returned to 
baseline in 31% of triple combination recipients, 37% of those 
receiving saquinavir and zidovudine, and 55% of those receiv-
ing zalcitabine and zidovudine. Similarly, greater reductions 
in plasma HIV RNA level were observed in those randomized 
to receive the triple-combination than the double-combination 
therapies. There was an approximate 0.8 log10 reduction in 
HIV RNA copies/ml of plasma in triple-combination recipi-
ents at week 4, with HIV RNA levels not returning to base-
line in this arm over 48 weeks. There was no sustained decline 
in HIV RNA in saquinavir–zidovudine recipients, and a 0.4 
log10 reduction in HIV RNA in zalcitabine–zidovudine recip-
ients, maintained for 16 weeks, and not returning to baseline 
over 48 weeks. There was no significant difference in adverse 
events between the treatment arms.

NV14256 was a randomized placebo-controlled trial of 
saquinavir monotherapy, versus zalcitabine monotherapy, 
versus the combination of both drugs, in 1086 participants 
with a median CD4+ T-cell count of 160–180 cells/μl and 
approximately 72 weeks of previous zidovudine therapy. In 
this study, combination therapy was associated with fewer 
new opportunistic infections and significantly improved sur-
vival (Hoffman La Roche, data on file).

The efficacy and safety of high-dose saquinavir were eval-
uated in an open-label study of 40 HIV-infected patients 
with CD4+ T-cell counts between 200 and 500 cells/μl who 
were treated with either 3600 or 7200 mg of saquinavir per 
day for 24 weeks (Schapiro et al., 1996). The high-dose regi-
men was superior to the low-dose regimen, resulting in a 
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greater and more prolonged reduction in the plasma HIV 
RNA level than the low-dose regimen, with a mean maxi-
mum decline in plasma HIV RNA of 1.34 log10 and 1.06 log10 
copies/ml, respectively. The mean maximum increase in 
CD4+ T-cell count was higher with the high-dose than with 
the low-dose regimen, being 121 and 72 cells/μl, respectively. 
The mean decline in plasma HIV RNA level after 24 weeks of 
treatment was still greater in the high-dose than in the low-
dose group, being 0.85 and 0.48 log10 copies/ml, respectively. 
Similarly, CD4+ T-cell counts were 82 and 31 cells/μl above 
baseline in the high- and low-dose groups, respectively.

7b.  Ritonavir-boosted saquinavir

As is the case with many other HIV protease inhibitors, 
ritonavir boosting of saquinavir has benefits in terms of 
improved pharmacokinetics and reduced dosing frequency. 
In a 48-week study conducted in 360 patients, ritonavir- 
boosted saquinavir (soft gel capsule) 1000/100 mg given 
with two nucleoside analogs twice daily had similar virologic 
efficacy as ritonavir-boosted indinavir 800/100 mg twice 
daily (Dragsted et al., 2003). In contrast, this regimen was 
reported to be inferior to ritonavir-boosted lopinavir 400/100 
mg. However, that inferiority may have reflected a higher 
rate of treatment discontinuation in the saquinavir group 
because of adverse effects resulting from the use of the soft 
gel capsule form of saquinavir (Dragsted et al., 2005). Indeed, 
results from the Gemini study conducted in 337 antiretro-
viral therapy-naive patients over 48 weeks indicated that 
ritonavir-boosted saquinavir (hard gel capsule) 1000/100 mg 
twice daily was virologically noninferior to ritonavir-boosted 
lopinavir 400/100 mg twice daily when taken with tenofo-
vir and emtricitabine (Walmsley et al., 2009). Furthermore, 
CD4+ T-cell increases and the rate of adverse effects were 
similar with both regimens, and boosted saquinavir increased 
serum triglyceride levels to a lesser degree than boosted 
lopinavir.

A once-daily regimen that includes ritonavir-boosted 
saquinavir was assessed as first-line therapy in Thailand. 
Saquinavir 1600 mg and ritonavir 100 mg once daily given 
with two NRTIs resulted in a plasma HIV RNA level of < 50 
copies/ml in 85.6% of patients at week 96 in an as-treated 
analysis after week 24 (Ananworanich et al., 2008). However, 
pharmacokinetic analyses in patients from the UK who were 
receiving once-daily boosted saquinavir regimens suggest 
that a once-daily boosted saquinavir regimen may not be as 
robust as a twice-daily regimen, particularly 1600/100 mg 
daily (Dickinson et al., 2008b).

Ritonavir-boosted saquinavir has also been evaluated in 
switching studies. Switching to a once-daily regimen of 
saquinavir (soft gel capsule) 1600 mg and ritonavir 100 mg 
with nucleoside analogs was undertaken in Thai patients 
with a plasma HIV RNA level of < 50 copies/ml to improve 
convenience and save on drug costs (Cardiello et al., 2005). 
After 48 weeks, 91% of patients had a plasma HIV RNA level 
of < 50 copies/ml and all had patients had < 400 copies/ml. 
There was also an increase in the circulating CD4+ T-cell 
count, and the new regimen was well tolerated. 

Switching to ritonavir-boosted saquinavir monotherapy 
as maintenance therapy has been assessed in a pilot study 
that evaluated saquinavir–ritonavir 1000/100 mg twice daily 
(Patricia et al., 2010). The findings of this study suggested 
that this regimen is effective, but data from larger studies are 
required before it can be recommended.

Observational cohort studies have confirmed that ritona-
vir-boosted saquinavir is both effective and well tolerated 
over 96 weeks in ART-naive and protease inhibitor–naive 
HIV patients (Stephan et al., 2010; Knechten et al., 2011). An 
observational study of HIV patients who had achieved a 
plasma HIV RNA level of < 50 copies/ml also demonstrated 
that rates of virologic rebound with regimens containing 
ritonavir-boosted saquinavir were lower than with regimens 
containing efavirenz in both treatment-naive patients and 
patients who had previously taken nucleoside analogs (Smith 
et al., 2005a).

7c.  Saquinavir in double-boosted protease 
inhibitor regimens

Some highly treatment-experienced HIV patients are unable 
to receive nucleoside, nucleotide, or nonnucleoside reverse 
transcriptase inhibitors because they have experienced toxic-
ity from the drugs or the HIV they are infected with is resis-
tant to their effects. In this situation, two protease inhibitors 
and a low dose of ritonavir, a so-called double-boosted pro-
tease inhibitor regimen, may be used if the HIV is suscepti-
ble to the drugs. This treatment strategy has also been used 
as part of a salvage therapy regimen in patients infected by 
highly drug-resistant virus. Saquinavir is particularly suit-
able for use in this situation because it has a synergistic rather 
than additive effect with other protease inhibitors against 
HIV-1, including protease inhibitor-resistant virus (Molla et 
al., 2002; Dam et al., 2007).

In a 48-week prospective study of protease inhibitor–
naive patients, 14 of 16 evaluable patients achieved virologic 
suppression with saquinavir 1000 mg, lopinavir 400 mg, and 
ritonavir 100 mg twice daily alone, whereas the other 2 
patients required the addition of tenofovir to achieve this 
(Hellinger et al., 2005). In the LOPSAQ study, 128 patients 
who were very treatment experienced and had few viable 
reverse transcriptase treatment options were given saquina-
vir 1000 mg, lopinavir 400 mg, and ritonavir 100 mg twice 
daily, following interruption of the previous treatment to 
allow virus to revert to wild type or for toxicity symptoms 
to resolve. Approximately 61% of patients had a virologic 
response (HIV RNA < 400 copies/ml at 48 weeks), with 
responses being lowest in patients who had low baseline 
CD4+ T-cell counts, broad antiretroviral therapy experience, 
or HIV with extensive protease inhibitor resistance muta-
tions (Staszewski et al., 2006). Similarly, Smith et al. (2005b) 
reported an average decline in plasma HIV RNA level of 
1 log10 in 22 of 35 highly pretreated patients who remained 
on-study after 48 weeks of treatment. A high level of geno-
typic resistance to both drugs at baseline and week 3 plasma 
saquinavir levels predicted the subsequent response. A double- 
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boosted protease inhibitor regimen of saquinavir and lopina-
vir–ritonavir was also shown to be effective in children who 
had failed nucleoside reverse transcriptase inhibitor- and 
non nucleoside reverse transcriptase inhibitor-based regi-
mens (Kosal araraksa et al., 2008).

Double-boosted protease inhibitor regimens that include 
saquinavir may be of particular value in developing coun-
tries, where long-term use of nucleoside reverse transcrip-
tase inhibitors and nonnucleoside reverse transcriptase 
inhibitors may result in resistance to drugs in these classes. A 
study undertaken in 64 Thai patients over 48 weeks demon-
strated that lopinavir–saquinavir–ritonavir 400/1000/100 
mg twice daily had a slightly better virologic outcome than 
indinavir– ritonavir 800/100 mg twice daily with two nucle-
oside reverse transcriptase inhibitors optimized by drug 
resistance testing. However, both regimens were poorly tol-
erated and < 65% of patients achieved a plasma HIV RNA 
level of < 50 copies/ml (Chetchotisakd et al., 2007). Further 
studies are needed before recommendations can be made 
about the use of double-boosted protease inhibitor regimens 
in this context.

In children, a double-boosted protease inhibitor regimen 
of ritonavir-boosted saquinavir and lopinavir was shown to 
be effective and safe over 96 weeks as second-line therapy for 
patients with nucleoside analog-resistant HIV-1 infection 
(Bunupuradah et al., 2009). However, elevations of serum 
total and HDL cholesterol levels were observed and monitor-
ing of serum lipids was recommended.

The strategy of using double-boosted protease inhibitor 
regimens as opposed to single-boosted protease inhibitor reg-
imens has been questioned in an observational study, but this 
study did not differentiate between different combinations of 
protease inhibitors (Petersen et al., 2007). However, it does 
appear that ritonavir-boosted saquinavir and atazanavir is 
unacceptable as a nucleoside sparing regimen in ART-naive 
HIV patients because plasma HIV RNA levels of < 50 copies/
ml were achieved in only 40% of patients in one study (Land-
man et al., 2009).

7d.  HIV-1 infection during pregnancy

Data from a small number of clinical studies suggest that 
ritonavir-boosted saquinavir is effective and safe in preg-
nancy. In a study of 46 completed pregnancies (Lopez-Cortes 
et al., 2007), the use of saquinavir 1200 mg with ritonavir 100 
mg daily in 93.4% of pregnancies and saquinavir 1600 mg 
daily in the remainder resulted in optimum serum saquina-
vir levels, plasma HIV RNA < 50 copies/ml at delivery in 
87.7% of pregnancies, and no cases of vertical HIV transmis-
sion. Mild adverse effects were experienced in only 12% of 
pregnancies. Similar results were obtained from a smaller 
study of 13 pregnancies using saquinavir (soft gel capsule) 
800 mg and ritonavir 100 mg twice daily (Acosta et al., 2004; 
Zorrilla et al., 2007). However, transplacental passage of 
saquinavir is less predictable than for several other anti-
retroviral drugs, and the use of those drugs, including the 
protease inhibitors lopinavir and atazanavir, is preferable to 
the use of saquinavir (McCormack and Best, 2014).

7e.  Co-infection of HIV-1 with hepatitis B 
virus or hepatitis C virus 

A prospective clinical study of 514 white patients, including 
47.2% who were co-infected with hepatitis C virus (HCV) 
and/or hepatitis B virus (HBV) and 7.8% with cirrhosis, 
demonstrated that after 52 weeks of saquinavir–ritonavir 
1500/100 mg once daily plus two NRTIs, plasma RNA-HIV 
levels were < 50 copies/ml in 67.7% of patients by intention-
to-treat, analysis and 92.2% by on-treatment analysis. In a 
multivariate analysis, the major factor associated with viro-
logical failure was poor adherence. Outcomes were not 
reported to be different in patients with HBV or HCV co- 
infection, and hepatotoxicity was very uncommon (López-
Cortés et al., 2010).
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1. DESCRIPTION

Indinavir sulfate (1(1S,2R), 5(S)-2,3,5-trideoxy-N-(2,3-dihydro-
2-hydroxy-1-inden-1 -yl)-5-[2-[[(1,1-dimethylethyl) amino]
carbonyl]-4-(3-pyridinylmethyl)-1-piperazinyl]-2-(phenyl-
methyl)-d-erythro-pen-tonamide sulfate (1:1), MK-639, 
L-735,524) (Crixivan, Merck Inc., Whitehouse Station, NJ) 
is a hydroxyaminopentane amide and a potent and specific 
inhibitor of the HIV protease. Indinavir is formulated as a 
sulfate salt and is available from the manufacturer for oral 
administration in strengths of 100, 200, 333, and 400 mg of 
indinavir (corresponding to 125, 250, 416.3, and 500 mg 
indinavir sulfate, respectively). Indinavir sulfate is a white 
to off-white, hygroscopic, crystalline powder with the molec-
ular formula C36H47N5 H2SO4 and a molecular weight of 
711.88 Da. The chemical structure of indinavir is shown in 
Figure 241.1. The molecular weight of indinavir free base is 
613.8 Da.

Indinavir, as with the other HIV protease inhibitors, 
inhibits the processing of viral Gag and Gag-Pol polyproteins 
in HIV-1-infected cells by selectively inhibiting the activity 
of the HIV-1 protease, resulting in the production of imma-
ture virions that are replication incompetent.

Indinavir is active against HIV-1 and to perhaps a lesser 
degree against HIV-2 (Desbois et al., 2008). It has largely 
been replaced by better tolerated and safer protease inhibi-
tors over the past decade. Generic indinavir may still be 
available in some resource-limited countries, including Russia. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The in vitro activity of indinavir against HIV-1 replication 
was assessed in cell lines of lymphoblastic and monocytic 
origin and in peripheral blood lymphocytes. HIV-1 variants 
used to infect the different cell types include laboratory- 
adapted variants, primary clinical isolates, and clinical isolates 
resistant to nucleoside analog and nonnucleoside inhibitors 
of the HIV-1 reverse transcriptase. The IC95 (95% inhibitory 
concentration) of indinavir in these test systems was in the 
range of 25–100 nM (Table 241.1). In drug combination 
studies with the nucleoside analogs zidovudine and didano-
sine, indinavir showed synergistic activity in cell culture 
(Anonymous, 1996).

Indinavir appears to be less potent in inhibiting isolates of 
HIV-2 in vitro than the protease inhibitors saquinavir, tipra-
navir, lopinavir, and darunavir (Brower et al., 2008; Desbois 
et al., 2008). The inhibition constant (Ki) values for inhibi-
tion of HIV-2 and HIV-1 protease by indinavir are 3.3 and 
0.52 nM, respectively (Dorsey et al., 1994), and the reported 
half maximal inhibitory concentration (IC50) of indinavir for 
a patient isolate of HIV-2 is 41 nM (Rodes et al., 2006; Table 
241.1). The possible reduction in potency when comparing 
HIV-2 and HIV-1 is proportional to the affinity of the prote-
ase inhibitor for the viral protease and relates to the cap size 
of the inhibitor (Brower et al., 2008). Indinavir is also active 

Figure 241.1. Chemical structure of indinavir sulfate.
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in vitro against some simian immunodeficiency viruses (SIV) 
and SIV-HIV chimeric (SHIV) strains (Witvrouw et al., 2004).

2b.  Emerging resistance and 
cross-resistance

Resistance to the protease inhibitors as a class, including 
indinavir, is generally associated with amino acid changes in 
the active site of the HIV protease or in neighboring regions 
involved in inhibitor binding. Major mutations are defined 
as either those selected first in the presence of the drug or 
those shown at the biochemical or virological level to lead to 
an alteration in drug binding or an inhibition of viral activity 
or viral replication (Johnson et al., 2008). Major mutations 
have an effect on drug susceptibility phenotype.

For indinavir, these major mutations have been defined 
at positions 46, 82, and 84 (M46I/L, V82A/F/S/T and I84V, 
respectively). The mutations M46I/L, V82A/F/T, and I84V 
have been observed in individuals treated with indinavir (Con-
dra et al., 1996), as well as other protease inhibitors, includ-
ing ritonavir, nelfinavir, and lopinavir boosted with low-dose 
ritonavir (Patick et al., 1998; Masquelier et al., 2002). Through 
in vitro studies, the M46I mutation has been demonstrated 
to be a compensatory change in the viral protease in the 
presence of mutations in positions 82 and 84 (Schock et al., 
1996). There is no replicative advantage in terms of viral fit-
ness for mutations M46I and V82A in comparison with 
wild-type HIV-1 (Mammano et al., 2000). The crystal struc-
ture of protease carrying V82A in the presence of indinavir 
has been solved and reveals local changes at the indinavir 
binding site that fit with kinetic inhibition data (Mahalingam 
et al., 2004).

Although it is not clear if the response to therapy depends 
on the HIV-1 subtype, there is evidence that naturally occur-
ring polymorphisms exist in non-B subtypes within amino 
acid positions associated with reduced susceptibility to pro-
tease inhibitors (Holguin et al., 2006). Data from the Thai 
studies (HIV-NAT-005 and -009) suggest HIV-1 subtype 
A/E responds similarly to subtype B (Boyd et al., 2005a; Boyd 
et al., 2006d). There is reported discordance between sub-
types B and G in terms of response to therapy with indinavir 
in the presence of mutation V82A (Snoeck et al., 2006). 
Evidence from cell culture experiments suggest that poly-
morphisms present within HIV-2 protease may also facilitate 
the development of drug resistance (Ntemgwa et al., 2007).

Minor mutations associated with reduced susceptibility 
against indinavir have been described as follows: L10I/R/V, 

K20M/R, L24I, V32I, M36I, I54V, A71V/T G73S/A, V77I, 
and L90M (Johnson et al., 2008). Minor mutations are those 
mutations that generally emerge later than major mutations 
and, in the absence of a major mutation, do not have a signif-
icant effect on phenotype. In some cases, these minor muta-
tions represent secondary mutations whose effect is to improve 
the replicative fitness of a virus that has selected a major 
mutation in the first instance; in other cases minor mutations 
may represent polymorphic changes in the protease of HIV-1 
non-subtype B clades (Hol guin et al., 2006).

In general, the mutations in HIV-1 associated with resis-
tance to indinavir in patients receiving the drug in its ritonavir- 
boosted form are the same as those described for indinavir 
when administered three times daily. However, because resis-
tance is less common when protease inhibitors are admin-
istered in combination with low-dose ritonavir, there is a 
paucity of data on the subject (Johnson et al., 2008).

One study showed that indinavir and nelfinavir enhanced 
the antiviral activity of artemisinin in vitro (Mishra et al., 
2010).

2c.  In vitro synergy and antagonism

In vitro data show indinavir and zidovudine are additive; 
indinavir, zidovudine, and lamivudine (even in concentra-
tions of 320 and 1000 nM, which are nonsuppressive or 20% 
inhibitory, respectively, when used alone) resulted in marked 
synergy (Snyder et al., 2000).

3. MECHANISM OF DRUG ACTION

Similar to other protease inhibitors, indinavir blocks proteo-
lytic cleavage of the HIV polyprotein (Louis et al., 2007; see 
Chapter 240, Saquinavir and Chapter 246, Atazanavir).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Indinavir is available for oral administration only; there is no 
parenteral formulation.

The recommended dosage of indinavir is 800 mg (usually 
as two 400-mg capsules) taken every 8 hours. Because food 
affects its absorption, indinavir should be ingested without 
food, 1 hour before or 2 hours after a meal. For optimal 
absorption, the manufacturer recommends ingestion with 
water or alternatively skimmed milk, juice, coffee, tea, or 
with a light meal. Because indinavir-associated nephrolithia-
sis may be related to inadequate hydration, the recommen-
dation is that individuals receiving indinavir should ingest at 
least 1.5 l of fluid during the course of a 24-hour dosing cycle 
(Package Insert, indinavir, 2015).

Since the turn of the millennium, the more common 
means of delivering indinavir-containing combination anti-
retroviral therapy has been to take advantage of the potent 

Table 241.1. Viruses susceptible to clinically achievable 
concentrations of indinavir.

Virus
Inhibitory 
concentration (nM) Reference

HIV-1 IC95: 25–100 Package Insert, indinavir (2015)

HIV-2 IC50: 41 Rodes et al. (2006)
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cytochrome P-450 3A4 (CYP3A4) inhibitory effect of low- 
dose ritonavir and the resultant inhibition of the metabolism 
of indinavir to alter the pharmacokinetic profile of indinavir 
(Kempf et al., 1997). This strategy has enabled a reduction in 
both pill burden and dosing interval from three times to 
twice daily. As a result, the most common dosing combina-
tion has become indinavir–ritonavir 800/100 mg given twice 
daily.

There are a number of publications recommending lower 
dosages of indinavir (400 mg indinavir plus ritonavir 100 mg 
both administered twice daily), particularly in resource- 
limited settings, suggesting this dose may remain efficacious 
but limit renal toxicity, as shown in trials of up to 96 weeks 
(Konopnicki et al., 2005; Mootsikapun et al., 2005; Cressey et 
al., 2007).

4b.  Newborn infants and children

The optimal dose of indinavir for use in pediatrics is unknown. 
The currently recommended dose of indinavir in children 
aged 12 months or older is 500 mg/m2 given orally three 
times daily or 350 mg/m2 of indinavir plus 125 mg/m2 of rito-
navir administered orally twice daily.

4c.  Pregnant and lactating mothers

Indinavir is a category C drug because some minor abnor-
malities have been recorded in association with indinavir 
exposure in pregnant or lactating animals and there are no 
adequate studies in pregnant or lactating women. The opti-
mum dose in pregnancy has not been established.

Studies in rabbits, dogs, and rats at exposure concentra-
tions comparable or slightly greater to that in humans was 
not associated with any significant developmental abnormal-
ities, other than some minor rib abnormalities. As compared 
to administration of indinavir to Rhesus macaques in the 
third trimester of pregnancy where no alteration in bilirubin 
was noted, hyperbilirubinemia was observed in neonatal 
monkeys. There are no data as to whether indinavir exacer-
bates physiologic hyperbilirubinemia seen in human neo-
nates and no adequate studies have been conducted in 
mothers who received IDV. However, in the Pediatric AIDS 
Clinical Trial Group (PACTG) study a total of16 HIV-
infected pregnant women received indinavir (800 mg three 
times daily) with zidovudine–lamivudine (ZDV–3TC) from 
14 to 28 weeks of pregnancy to 12 weeks postpartum; of 
these, 2 women and 8 neonates developed grade 3 or 4 toxic-
ities considered possibly treatment related. Pharmacokinetic 
studies revealed that the plasma area-under-the-concentra-
tion-time curve (AUC) of indinavir was 68% lower antepar-
tum versus postpartum, suggesting increased intestinal 
and/or hepatic CYP3A activity (Unadkat et al., 2007). Thus 
indinavir is not recommended for use in pregnant women 
unless the potential benefit clearly outweighs potential risk 
to the fetus; provision of any data to the Pregnancy Registry 
is encouraged. 

Whether indinavir is excreted in human milk is unclear, 
and mothers are advised to discontinue indinavir if they are 
breast feeding (Package Insert, indinavir, 2015). 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

The manufacturer makes no specific reference to the need for 
dose adjustment in the presence of renal impairment; how-
ever, < 20% of indinavir and its metabolites are excreted in 
the urine. One case report has documented normal pharma-
cokinetic exposure to indinavir in an end-stage renal failure 
patient receiving a standard indinavir dose of 800 mg three 
times daily (Guardiola et al., 1998). Therapeutic drug moni-
toring combined with indinavir dose adjustment has been 
trialed in patients with indinavir-associated nephrotoxicity, the 
majority of whom could be safely maintained on an indinavir- 
containing regimen without short-term deterioration of renal 
function or loss of virological control (Boyd et al., 2006a).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

A dose reduction of indinavir to 600 mg three times daily is 
recommended in the presence of mild to moderate hepatic 
insufficiency and clinical evidence of cirrhosis. This is 
because of impaired metabolism evidenced by a 60% increase 
in the AUC following a single 400-mg dose (n = 12). Impaired 
metabolism is likely to be due to decreased cytochrome 
P-450 activity that can occur in patients with cirrhosis 
(Sulkowski, 2004).

There are only limited data to guide the need for dose 
adjustments for ritonavir-boosted indinavir. A recent study 
found that the use of low-dose ritonavir to pharmaco-
enhance HIV protease inhibitors is associated with marked 
reductions in CYP450 activity, potentially resulting in 
increased protease inhibitor exposure (Knox et al., 2008). In 
one report, patients receiving indinavir–ritonavir at doses of 
400/100 mg twice daily and who were either viral hepatitis B 
surface antigen positive or hepatitis C virus (HCV) RNA 
positive experienced a relatively high indinavir minimal 
concentration (Cmin) (median: 1.4 mg/l). Six patients had a 
reduction of the indinavir dose to 200 mg (ritonavir dose 
unchanged), which produced an indinavir Cmin closer to the 
established normal range (median: 0.28 mg/l) (Bossi et al., 
2003). Given the lack of controlled data, the use of therapeu-
tic drug monitoring seems advisable in this situation (Wyles 
and Gerber, 2005).

ELDERLY PATIENTS

No specific dose adjustment for indinavir used as a single 
drug or in a ritonavir-boosted form is recommended. How- 
ever, there has been little research of the use of antiretroviral 
therapy in elderly patients to date. It should be borne in mind 
that the elderly are more likely to have co-morbidities and be 
receiving concomitant medications that should be cross- 
referenced with indinavir (and ritonavir) to check for pos-
sible drug–drug interactions.
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5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Indinavir is rapidly absorbed in the fasted state with a time 
to peak plasma concentration (tmax) of 0.8 ± 0.3 hours (mean 
± s.d.; n = 16) (Anonymous, 1996). Indinavir absorption is 
reduced by up to 80% if administered with a meal high in 
calories, fat, and protein; lighter meals cause little or no 
change in AUC Cmax, or minimum concentration (Cmin) (Yeh 
et al., 1998). Administration of indinavir–ritonavir 800/100 
mg without food results in a higher indinavir Cmax and a 
trend to a shorter indinavir tmax when compared with admin-
istration with a light meal (Aarnoutse et al., 2003).

Optimum absorption of indinavir occurs in an acidic gas-
tric environment (Fulco et al., 2006). Co-administration of 
indinavir with grapefruit juice has been reported to increase 
the gastric pH and slightly delay the absorption of indinavir 
without altering Cmax or AUC (Shelton et al., 2001b). The old 
formulation of didanosine, when taken concurrently with 
indinavir, resulted in a significant reduction in the level 
of  indinavir exposure because of increasing gastric pH. 
However, when didanosine was administered 1 hour before 
indinavir, the Cmax and AUC0–8 were similar to when indina-
vir was administered alone (Shelton et al., 2001a). When 
rifampicin and indinavir are co-administered, the AUC0–24 of 
rifampicin increases by 73% (Jaruratanasirikul and Sriwiri-
yajan, 2001).

Indinavir exhibits substantial inter- and intrapatient 
phar macokinetic variability. The mean (s.d.) half-life of indi-
navir is estimated to be 1.8 (± 0.4) hours (Vacca et al., 1994). 
Indinavir is approximately 60% bound to human plasma 
pro teins over a concentration range of 81–16,300 nM (Ander-
son et al., 2000; Boffito et al., 2002).

5b.  Drug distribution

A greater than dose-proportional increase in indinavir plasma 
concentrations was observed over the 200–1000-mg dose 
range (Anonymous, 1996). At a dosing regimen of 800 mg 
every 8 hours in 16 adults, steady-state AUC was 30,691 ± 
11,407 nM/hour, peak plasma concentration was 12,617 ± 
4037 nM, and plasma concentration 8 hours postdose (trough) 
was 251 ± 178 nM (Anonymous, 1996). Key pharmacoki-
netic parameters for indinavir among adults are summarized 
in Table 241.2.

Low doses of ritonavir, a potent inhibitor of CYP3A4, 
enhance the pharmacokinetic profile of indinavir, resulting 
in an increase in plasma levels (Kempf et al., 1997; see sec-
tion 5e, Drug interactions). The use of ritonavir at low dose 
as a pharmacokinetic inhibitor of indinavir metabolism by 
inhibiting the CYP450 enzyme system permits less frequent 
dosing and a lower pill burden (see Chapter 248, Ritonavir 
and cobicistat). Compared with indinavir administered alone, 
co-administration with ritonavir significantly increased plasma 
indinavir concentrations, with increases in AUC, Cmax, and Cmin 
in the ranges of 185–400%, 21–110%, and 11- to 33-fold, 
respectively. The indinavir plasma half-life increased from 
1.2 to 2.7 hours, but the tmax was not significantly affected. In 
addition, it was noted that the pharmacokinetic interpatient 
variability of indinavir was considerably reduced when the 
drug was co-administered with ritonavir (Hsu et al., 1998).

In Thai HIV-infected individuals receiving either 800 mg 
indinavir every 8 hours or 800 mg indinavir with 100 mg of 
ritonavir every 12 hours, the median indinavir AUC, Cmax, 
and Cmin were 20.9 mg/l/h, 8.1 mg/l, and 0.13 mg/l versus 
49.2 mg/l/h, 10.6 mg/l, and 0.68 mg/l, respectively (Burger et 
al., 2003).

In one study, an indinavir dosage regimen of 500 mg/m2 
three times daily in children aged between 4 and 15 years 

Table 241.2. Pharmacokinetic parameters of indinavir alone or in combination with ritonavir (00 mg) in HIV-infected adults in selected 
studies.a

Reference
Indinavir 

(mg)
Ritonavir 

(mg)
No. of 

patients Dosing schedule
AUC  

(h/mg/l)
Ctrough 
(mg/l)

Cmax 
(mg/l)

Anonymous (1996) 800   0 16 three times a day 57.0 0.15  7.74

Burger et al. (2003)a 800   0 19 three times a day 62.7 0.13  8.10

van Heeswijk et al. (1999) 800 100  6 twice a day 88.0 0.99  8.70

Arnaiz et al. (2003) 800 100 10 twice a day 75.0 0.50 10.00

Burger et al. (2003)b 800 100 17 twice a day 98.4 0.68 10.60

Rhame et al. (2004) 666.7 100 27 twice a day 73.3 0.93  6.40

Ghosn et al. (2003) 400 100 20 twice a day 50.2 0.38  3.90

Boyd et al. (2006b) 400 100 19 twice a day 36.2 0.17  4.10

Cressey et al. (2005) 400 100 13 twice a day 36.6 0.17  3.80

aMost studies were conducted in separate cohorts in different countries with distinct baseline characteristics.
bThese two datasets were derived from a randomized trial of indinavir 800 mg three times a day versus ritonavir-boosted indinavir 800/100 mg twice a day 

conducted in Thailand (Burger et al., 2003).
Abbreviations: AUC: area-under-the-concentration–time curve; Ctrough: concentration before dosing; Cmax: maximal concentration.
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produced a mean (s.d.) AUC0–8 of 40 (24) mg/l/h (n = 34), 
Cmax values of 17 (10) nM (n = 34), and Cmin values of 134 (9) 
nM (n = 28) (Gatti et al., 2000). In a separate report of the use 
of indinavir given at a dose of 500 mg/m2 three times daily, 
half of the cohort required an increased dosing interval fre-
quency to maintain the indinavir Cmin above the target level 
of 0.1 mg/l (Fletcher, et al., 2000). A study that used a lower 
dose of indinavir of 400 mg/m2 given three times daily 
required an increase in the indinavir dosage in 70% of chil-
dren to reach an AUC0–8 of 10–30 ml/hour (Van Rossum et 
al., 2000b). A different investigator, using a different dosing 
calculation method (based on metabolic weight rather than 
body surface area), tested an indinavir dose of 33 mg/kg 
(equivalent to approximately 600 mg/m2), which resulted  
in an AUC0–8 profile that was considered optimal based 
on comparison with pharmacokinetic exposures achieved in 
adults using indinavir at a dose of 800 mg three times daily 
(Burger et al., 2001). Key pharmacokinetic parameters for 
indinavir among children are summarized in Table 241.3.

A small number of studies have examined the pharmaco-
kinetics of indinavir boosted with ritonavir in the pediatric 
group. In a small study of four HIV-infected children, a dose 
of indinavir of 500 mg/m2 in combination with ritonavir 
both given twice daily resulted in high indinavir exposure 
and resultant toxicity (Van Rossum et al., 2000a). A study in 
which an indinavir dose of 400 mg/m2 was combined with 
ritonavir given at a dose of 125 mg/m2 twice daily produced 
a pharmacokinetic profile similar to that observed in adults 
for indinavir alone three times daily. In a recent study from 
Argentina, where HIV-infected children were prescribed 
twice-daily therapy with 400 mg/m2 indinavir plus 100 mg/
m2 of ritonavir, virtually all achieved plasma levels exceeding 
0.10 mg/l, whereas doses of 250 mg/m2 were frequently asso-
ciated with trough levels below this range (Curras et al., 
2009). PACTG conducted a study of ritonavir-boosted indi-
navir using an indinavir dose of 33 mg/m2 and ritonavir 
125 mg/m2 given twice daily, which resulted in an indinavir 
AUC0–12 of 29.2 ml/hour, similar to that produced using indi-
navir alone at 500 mg/m2 (Chadwick et al., 2003). A study 
conducted in a Thai pediatric cohort using an indinavir dose 
of 220–300 mg/m2 in combination with ritonavir 100 mg 
twice daily produced a median indinavir Cmin of 0.17 mg/l. 

However, 2 of the 19 patients experienced a Cmin below the 
consensus threshold minimally effective level of 0.10 mg/l 
and required increased doses of both indinavir and ritonavir 
to reach a level agreed to be therapeutic (Plipat et al., 2007).

The median Cmin of indinavir during pregnancy has been 
reported to be 208 ng/ml when measured in 28 pregnant 
HIV-infected females receiving ritonavir-boosted indinavir 
(400 indinavir plus 100 mg ritonavir) twice daily during the 
third trimester. This was associated with undetectable viral 
load in 26 of 28 women and no mother to child transmission 
of HIV (Ghosn et al., 2008). Another study in a Thai cohort 
reported that the indinavir exposure during the second and 
third trimesters of pregnancy in a cohort of women receiving 
ritonavir-boosted indinavir (400 mg indinavir plus 100 mg 
ritonavir) twice daily was significantly reduced compared 
with postpartum levels at the same dose (around a 40% 
reduction in mean indinavir AUC); 30% of women failed to 
achieve a target trough indinavir concentration of 0.1 mg/l 
(Cressey, et al., 2013).

DISTRIBUTION OF THE DRUG IN THE BODY

Of all the agents available within the protease inhibitor class, 
indinavir is thought to be one of the best in terms of central 
nervous system (CNS) penetration, possibly as a result of 
its relatively low degree of protein binding (Letendre et al., 
2000). The steady-state pharmacokinetics of indinavir has 
been assessed in 8 HIV-infected individuals who each had 
nine cerebrospinal fluid (CSF) and matched plasma sample 
measurements while on combination therapy including indi-
navir. The mean indinavir Cmax and AUC0–8 were 294 nmol/l 
and 1616 nmol/l/h, respectively. Free indinavir accounted for 
approximately 94% of the drug in cerebrospinal fluid (Haas 
et al., 2000). In another study, matched cerebrospinal fluid 
and plasma samples from 22 adults receiving indinavir con-
taining combination antiretroviral regimens at a dose of 
800 mg every 8 hours were selected from a specimen bank 
and analyzed using high-performance liquid chromatography 
(HPLC). The median concentration in plasma exceeded that 
in cerebrospinal fluid by 10-fold. The modeled cerebrospinal 
fluid indinavir concentration curve was flat at a concentration 
of 155 nM, and the estimated ratio of the cerebrospinal fluid 
and AUC/plasma AUC was 6%. The investigators concluded 

Table 241.3. Pharmacokinetic parameters of indinavir given alone or in combination with ritonavir in HIV-infected children in selected 
studies.

Reference
Indinavir 
(mg/m2)

Ritonavir 
(mg/m2)

No. of 
patients Dosing schedule AUC (h/mg/l)

Ctrough  
(mg/l)

Cmax 
(mg/l)

Mueller et al. (1998) 250   0 54 three times a day  5.54 (0–8 hours) —  2.80

Mueller et al. (1998) 350   0 54 three times a day 10.80 (0–8 hours) —  5.40

Mueller et al. (1998) 500   0 54 three times a day 17.80 (0–8 hours) —  9.80

Gatti et al. (2000) 500   0 11 three times a day 40.90 (0–8 hours) 0.14 12.30

Burger et al. (2001)  33 mg/kg   0 19 twice a day 20.60 (0–8 hours) 0.07  9.70

Bergshoeff et al. (2004) 400 100 14 twice a day 92.60 (0–12 hours) 0.63  8.60

Cressey et al. (2005) 220–300 100 19 twice a day — 0.17  2.80

Abbreviations: AUC: area-under-the-concentration-time curve; Ctrough: concentration before dosing; Cmax: maximal concentration.
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that cerebrospinal fluid indinavir concentrations are lower 
than levels in plasma but exceed the clinical IC95 range. This 
compares favorably with agents within the other protease 
inhibitor class, and as a result, indinavir was often favored 
when optimal central nervous system penetration was con-
sidered to be a desirable aspect of a combination antiretro-
viral regimen (Letendre et al., 2000). Further studies have 
demonstrated similar findings, with a reported ratio of the 
indinavir concentration in cerebrospinal fluid versus plasma 
of 0.17, without detection in cerebrospinal fluid of either 
lopinavir or nelfinavir (Solas et al., 2003). 

Indinavir penetrates reasonably well into the genital tract 
when used as a single drug in doses of 800 mg three times 
daily. Compared with lopinavir, indinavir has a significantly 
higher rate of detection (93% vs. 29% of samples) in cervico-
vaginal secretions (Launay et al., 2004). The ratio of the 
semen to plasma concentration for indinavir is 1.9 (and 0.07 
for lopinavir) (Solas et al., 2003).

The use of ritonavir-boosting of indinavir (indinavir–
ritonavir 800/100 mg given twice daily) is associated with 
improved penetration characteristics in both cerebrospinal 
fluid and genital secretions. In one study, a switch from indi-
navir 800 mg three times daily to indinavir–ritonavir 800/100 
mg twice daily increased the median indinavir Cmin concen-
tration in serum, seminal plasma, and cerebrospinal fluid 
from 65 to 336 ng/ml (p = 0.005; n =13), 141–1634 ng/ml 
(p = 0.002; n = 9), and 39 (n = 12) to 104 (n = 7) ng/ml (p < 
0.001), respectively. In six patients with samples collected 
both before and after the addition of ritonavir, the indinavir 
concentration in seminal plasma increased 8.2 times (95% 
confidence interval [CI]: 5.2–11.6), and in cerebrospinal 
fluid 2.4 times (95% CI: 1.8–3.9) (van Praag et al., 2000).

Indinavir penetrates hair with levels of 24 ± 16 mg/l in 
those who have a virological response, and half that in those 
without a response (Bernard et al., 2002).

Despite these potential desirable qualities, the use of indi-
navir has been replaced by newer, better tolerated and safer 
protease inhibitors over the past decade.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The relationship between in vitro susceptibility of HIV-1 to 
indinavir and inhibition of HIV-1 replication in vivo has not 
been unequivocally established. However, expert opinion 
based on the interpretation of the pharmacokinetic-pharma-
codynamic relationship between indinavir and virological 
suppression posits that an indinavir trough concentration of 
100 nm (0.1 mg/l) is the minimum amount required to suc-
cessfully maintain control of HIV replication in an antiretro-
viral-naive patient.

The median wild-type 90% effective concentration (EC90) 
of indinavir for HIV-1 is 14 ng/ml, which is below the rou-
tine trough levels attained when indinavir is administered 
alone at 800 mg every 8 hours or as indinavir–ritonavir 
800/100 mg every 12 hours. One study conducted in Thailand 

found that indinavir pharmacokinetics and pharmacody-
namics are similar between Thai and Caucasian patients and 
suggested that pharmacokinetic-pharmacodynamic relation-
ships existed between the Cmin of indinavir and the antiretro-
viral response, which supported a similar threshold level 
previously described in white patients receiving the same 
indinavir dose (Acosta et al., 2000; Burger et al., 2003). The 
Thai study described a pharmacokinetic-pharmacodynamic 
relationship between the AUC and Cmax and occurrence of 
indinavir-associated nephrotoxicity (Burger et al., 2003). 
Similar evidence for this relationship is contained in a fur-
ther report in which the trough concentrations of indinavir 
that were in excess of 500 ng/ml in HIV-infected patients 
receiving indinavir boosted with ritonavir in doses of 800/100 
mg twice daily were shown to correlate with increased toxic-
ity (Solas et al., 2002).

5d.  Excretion

The majority of indinavir is excreted in the feces, with < 20% 
eliminated in the urine. Predominant metabolites (M) in the 
feces have been identified as M3, M5, and M6, and in urine 
as M1, M2, M3, M4a, M4b, M5, and M6. In both urine 
and feces, the major metabolic pathways are oxidations and 
oxidative N-dealkylation. The hepatic CYP3A4 subenzyme 
complex is responsible for the oxidative metabolism of  
M2–M6 in human liver microsomes. M1 is a quaternized 
N-glucuronide excreted in the urine (Balani et al., 1995; Chiba 
et al., 1996).

5e.  Drug interactions

Indinavir is both a substrate for and an inhibitor of the cyto-
chrome P450 isoform 3A4. It is less potent than ritonavir and 
more potent than saquinavir in this regard (Eagling et al., 
1997). Indinavir is also a competitive inhibitor of uridine 
diphosphate-glucuronosyltransferase (UGT) isoforms (Zhang 
et al., 2005). The most clinically important interaction is with 
the UGT1A1 isoform (Zucker et al., 2001). The most clini-
cally relevant beneficial drug–drug interaction is that with 
ritonavir (an exquisite inhibitor of CYP3A4 metabolism). 
Drug–drug interaction data are described in detail in the 
indinavir product information (2015), and updated informa-
tion on drug–drug interactions can be found at druginterac 
tions.org. A summary of drugs contraindicated for use with 
indinavir as a result of CYP- or UGT-mediated interactions 
is given in Table 241.4. Many of these interactions are similar 
to those noted for saquinavir (see Chapter 240, Saquinavir).

RIFAMYCINS

Of all the drugs that may be administered with indinavir, 
perhaps the most problematic is rifampicin because it is a 
powerful inducer of CYP3A. This is particularly the case in 
low- and middle-income countries in which HIV–TB co- 
infection is a prominent problem. Co-administration of 
indin avir with rifampicin results in a significant decrease in 
plasma levels of indinavir with potential drug failure and 

http://www.druginteractions.org
http://www.druginteractions.org
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significant increases in plasma levels of rifampicin with 
potential toxicity. The mean AUC0–24 of rifampicin increases 
by about 73% when indinavir is administered concurrently 
(Jaruratanasirikul and Sriwiriyajan, 2001). Although the 
manufacturer recommends that indinavir and rifampicin 
should not be combined (Anonymous, 1996), there is some 
limited clinical evidence that there may be potential for 
their safe and effective combination (Boyd et al., 2006b). A 
48-week study of 18 Thai HIV-infected patients receiving 
rifampicin-containing antituberculosis treatment were initi-
ated on 600/100 mg twice daily plus lamivudine and stavu-
dine. An intensive pharmacokinetic study was performed 
after patients had been receiving antituberculosis treatment 
and antiretroviral therapy (ART) for at least 14 days. The 
pharmacokinetic results demonstrated what would be con-
sidered an inadequate geometric mean concentration of 
indinavir after 12 hours (C12) of 0.03 mg/l. After completing 
the rifampicin-containing antituberculosis therapy patients 
were administered indinavir twice daily and had repeat 
pharmacokinetic analyses performed. The geometric mean 
C12 concentration of indinavir was 0.68 mg/l. Concomitant 
therapy using indinavir was limited by hepatotoxicity: 8 of 18 
(44%) participants developed asymptomatic grade 3–4 trans-
aminitis and 2 of 11 (11%) had symptomatic hepatotoxicity 
requiring cessation of the ritonavir-boosted indinavir. Of 
the 11 of 18 (61%) participants who completed the study, all 
had a plasma HIV RNA level < 50 copies/ml at 48 weeks 
(Avihingsanon et al., 2012). Rifabutin, which also induces 
the expression of CYP3A, may be substituted for rifampicin 
in situations in which it is available and affordable, although 
the dose of rifabutin should be reduced (Kraft et al., 2004). 
AIDS Clinical Trial Group (ACTG) 365 trial provided evi-
dence to support increasing the dose of indinavir from 800 
mg every 8 hours to 1000 mg every 8 hours when co- 
administered with rifabutin (150 mg daily) (Hamzeh et al., 
2003). However, there are comparatively few data to support 

the use of rifabutin in place of rifampicin in combination 
antituberculosis therapy in general and almost no reliable 
clinical data for its use in patients co-infected with tuber-
culosis and HIV using protease inhibitors (Davies et al.,  
2007). 

AZOLE ANTIFUNGALS

The azole antifungals are inhibitors of CYP metabolism and, 
therefore, should be prescribed with caution in the presence 
of indinavir. Fluconazole administered in standard doses 
does not produce any clinically significant interaction with 
indinavir (De Wit et al., 1998). There is evidence that vori-
conazole may be prescribed in the presence of indinavir 
when indinavir is administered in the absence of ritonavir 
boosting. However, it cannot be assumed that this is the case 
when indinavir is boosted with ritonavir (Purkins et al., 
2003). Ketoconazole, itraconazole, and voriconazole should 
all be prescribed in the presence of indinavir with reference 
to authoritative guidelines (e.g. hiv-druginteractions.org, 
hivpharmacology.com, or HIV-interactions.com).

CALCIUM CHANNEL ANTAGONISTS

Ritonavir-boosted indinavi inhibits the metabolism of dilti-
azem and amlodipine; therefore, these agents should be 
administered at lower starting doses in the presence of indi-
navir (Glesby et al., 2005). These agents do not affect exposure 
to indinavir.

ORAL CONTRACEPTIVES, METHADONE, AND 
ERECTILE DYSFUNCTION DRUGS

No dose adjustment is required for the norethindrone or 
ethinyl estradiol contraceptive pill or for co-administration 
with methadone (Anonymous, 1996). Indinavir inhibits the 
metabolism of sildenafil citrate, and it should therefore be 
administered at a lower dosage in the presence of indinavir 
(Merry et al., 1999).

Table 241.4. Drugs contraindicated for use with indinavir as a result of CYP- or UGT-mediated interactions.

Drug class Drug(s) Effect

Antiarrhythmics Amiodarone Serious and/or life-threatening cardiac arrhythmias

Ergot derivatives Dihydroergotamine, ergonovine, 
ergotamine, methylergonovine

Peripheral vasospasm and ischemia of extremities, tissues, and 
organs

Sedatives/hypnotics Midazolam, triazolam, alprazolam Prolonged or increased sedating effects with potential for 
respiratory depression and coma

Gastrointestinal motility agents Cisapridea Serious and/or life-threatening cardiac arrhythmias

Neuroleptics Pimozide Serious and/or life-threatening cardiac arrhythmias

Herbal products St. John’s wort Reductions in indinavir levels with loss of antiretroviral activity

Antimycobacterials Rifampicin Reductions in indinavir levels with loss of antiretroviral activity

HMG-CoA reductase inhibitors Simvastatin, lovastatin Levels of HMG-CoA reductase inhibitor greatly increased, leading 
to increased risk of myopathy and rhabdomyolysis

HIV protease inhibitors Indinavir Both drugs competitively inhibit UGT1A1, and the combination is 
likely to lead to substantially raised levels of bilirubin and 
increased risk of jaundice

aWithdrawn from the Australia, European, and US markets owing to unacceptable cardiac toxicity. However, it is possible that the drug is available in developing 
countries, in which case patients should be warned about the contraindication.

Abbreviations: CYP: cytochrome P450; UGT: uridine diphosphate glucuronosyltransferase; HMG-CoA: 3-hydroxy-3-methylglutaryl-coenzyme A.

http://www.HIV-interactions.com
http://www.hivpharmacology.com
http://www.hiv-druginteractions.org
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OTHER ANTIRETROVIRAL DRUGS

Initial in vitro studies in human liver microsomes demon-
strated that ritonavir potently inhibited indinavir metabo-
lism, whereas indinavir had no effect on the rate of ritonavir 
metabolism (Kempf et al., 1997). Ritonavir significantly 
increases the elimination half-life and plasma trough con-
centration for indinavir (Goujard et al., 2005). As a result, 
twice-daily dosing of indinavir when co-administered with 
ritonavir has been adopted. The only general recommenda-
tion in regard to interactions between indinavir and other 
protease inhibitors is that indinavir should not be co-admin-
istered with atazanavir because of an increased risk of hyper-
bilirubinemia (Department of Health and Human Services,  
2009).

For co-administration of indinavir with the nucleoside 
reverse transcriptase inhibitor class, no clinically significant 
interactions are expected, other than with the old formula-
tion of didanosine, which required separate dosing schedules 
to indinavir (Shelton et al., 2001a). There are reports of altered 
pharmacokinetics of tenofovir by protease inhibitors, with 
inhibition of P-glycoprotein (PGP) in the intestine by indi-
navir (PGP inhibition constant > 100 µM) resulting in altered 
absorption and modest changes in blood levels of tenofovir 
(Tong et al., 2007).

In combination with drugs within the nonnucleoside 
reverse transcriptase inhibitor class, there are complex inter-
actions between the nonnucleoside reverse transcriptase 
inhibitors (which are CYP inducers) and indinavir (which 
is a CYP inhibitor). The experience to date suggests that 
although the dose of either nevirapine or efavirenz need not 
be altered in this situation, the dose of the protease inhibitor 
may need to be adjusted (Aarnoutse et al., 2002; Boyd et al., 
2003; Burger et al., 2004). The ACTG A5043 study analyzed 
pharmacokinetic interactions between efavirenz and dual 
protease inhibitor therapy (including indinavir) in 55 healthy 
volunteers. The study found no clinically significant effect on 
AUC and drug clearance with concomitant administration 
of these drug combinations (Ma et al., 2008). A lack of data 
regarding pharmacokinetic interactions between indinavir 
and the new nonnucleoside reverse transcriptase inhibitor 
etravirine preclude recommendations. Reference to guide-
lines when combining indinavir with other antiretroviral 
drugs is strongly recommended.

HERBAL PREPARATIONS

The main negative interaction described between indinavir 
and a herbal preparation is that with the antidepressant  
St. John’s wort (Hypericum perforatum), which induces CYP 
metabolism and may significantly reduce indinavir plasma 
concentrations (Piscitelli et al., 2002) by reducing the AUC 
and Cmin of indinavir by a mean of 57% and 81%, respectively 
(Piscitelli et al., 2001). For this reason, their combination is 
not recommended.

6. ADVERSE REACTIONS AND TOXICITY

Indinavir is associated with specific adverse effects, as well as 
general adverse effects described for the HIV protease inhib-
itors as a class. The main specific adverse effects associated 
with the use of indinavir are hyperbilirubinemia, nephrotox-
icity, and cutaneous toxicities. The main general adverse events 
associated with the protease inhibitors as a class include gastro-
intestinal disturbance, hypersensitivity reactions, hepatotoxic-
ity, paresthesias, and lipodystrophy. Table 241.5 sum marizes 
the key adverse effects associated with indinavir.

6a.  Hyperbilirubinemia

Zucker et al. (2001) found that the characteristic elevations 
in serum unconjugated bilirubin associated with indinavir 
therapy were associated with direct inhibition of bilirubin- 
conjugating activity occurring as a result of competitive inhi-
bition of UGT (Zucker et al., 2003). It has been shown that 
those displaying particular polymorphisms in the promoter 
and coding regions of the UGT1A1 gene are more likely to 
demonstrate hyperbilirubinemia in the presence of indinavir 
(Boyd et al., 2006c). A recent study has shown that the main 
risk for severe indinavir-induced hyperbilirubinemia is due 
to specific variants of the UGT1A3 and UGT1A7 genes in addi-
tion to Gilbert’s syndrome (UGT1A1*28) (Lan kisch et al., 2009).

6b.  Nephrotoxicity

Crystalluria, crystal nephropathy, nephrolithiasis, interstitial 
nephritis, and lower urinary tract inflammation have all been 
described in association with indinavir usage (Kopp, 2002; 
Rho and Perazella, 2007). The nephrotoxicity of indinavir 

Table 241.5. Adverse effects of indinavir.

Protease 
inhibitor Specific adverse effects Probable protease inhibitor class effects

Indinavir Clinical nephrolithiasis Hypersensitivity reactions

Chronic renal impairment Gastrointestinal disturbance

Hyperbilirubinemia Metabolic disturbance

Cutaneous toxicities (e.g. nail dystrophy, dry skin) Hepatotoxicity

Paresthesias

Body fat distribution abnormalities (controversial, see section 6c, 
HIV lipodystrophy)



6. Adverse reactions and toxicity 4069

generally falls into two syndromes, one a syndrome of acute 
nephrolithiasis and the other of chronic indolent renal 
impairment. The pathogenesis of both has been difficult to 
determine. However, a reasonable body of evidence supports 
the notion that indinavir directly causes nephrolithiasis and 
renal impairment as a result of crystallization of indinavir 
in the urinary tract and a resultant inflammatory response 
(Kopp et al., 1997; Boubaker et al., 1998; Dieleman et al., 
1999). Studies have suggested that co-factors such as the 
administration of concomitant Cotrimox-azole and aciclovir 
as well as low weight, low lean body mass, and ambient tem-
perature may all increase the risk of indinavir-associated 
nephrolithiasis (Boubaker et al., 1998; Martinez et al., 1999; 
Herman et al., 2001; Meraviglia et al., 2002). Hematuria and 
renal dysfunction, including tubulointerstitial nephritis sec-
ondary to indinavir treatment, have also been described in a 
pediatric population (Ascher et al., 1997; Pelton et al., 2005).

An association between indinavir pharmacokinetics and 
development of nephrotoxicity has been well described 
(Dieleman et al., 1999; Solas et al., 2002; Burger et al., 2003; 
Collin et al., 2007). Two reports have suggested that in the 
setting of chronic renal impairment resulting from medium- 
term exposure to indinavir-containing therapy there is 
potential for continuation of the drug using therapeutic drug 
monitoring to optimize the dose and that, if this is achieved, 
renal function stabilizes or may even improve, although not 
necessarily back to preindinavir exposure baseline levels 
(Boyd et al., 2006a; Wasmuth et al., 2007).

6c.  HIV lipodystrophy

As with most of the protease inhibitors, there has been an 
association with indinavir use and metabolic dysfunction, in 
particular dyslipidemia. Peripheral fat loss, central fat accu-
mulation, hyperlipidemia, and insulin resistance have all 
been attributed to protease inhibitor use, including indinavir 
(Carr et al., 1999). An early uncontrolled report linked indi-
navir with accumulations of visceral fat in the abdomen, and 
for a period of time thereafter, this phenomenon was collo-
quially referred to in the HIV-infected community as “Crix 
belly” (Miller et al., 1998). Another early report described a 
dorsocervical fat pad or “buffalo hump” 1 year after com-
mencing indinavir (Dornier et al., 1999).

In a randomized comparison between indinavir given in a 
dose of 800 mg three times daily compared with its ritonavir- 
boosted equivalent (800/100 mg twice daily), the ritonavir- 
boosted arm demonstrated more marked increases in total 
cholesterol, accounted for mainly by rises in the low-density 
lipoprotein (LDL) fraction. Participants in the ritonavir- 
boosted indinavir arm were also far more likely to develop 
hypertriglyceridemia (Boyd et al., 2006d). Similar unfavor-
able metabolic profiles were observed in the indinavir BID 
Efficacy and Safety Trial (BEST) (Arnaiz et al., 2003).

The extent to which the separate indinavir and ritonavir 
components of ritonavir-boosted indinavir contribute to met-
abolic disturbance is unknown. Healthy volunteer studies 
have demonstrated that ritonavir, even at total daily doses of 

200 mg daily, is associated with abnormal metabolic profiles 
(Shafran et al., 2005).

Although early descriptions of abnormalities of body fat 
distribution suggested that the HIV protease inhibitors 
(including indinavir) were causally associated with the 
pathogenesis of the syndrome (Carr et al., 1999), the stron-
gest causal link with the presence of lipoatrophy is the use of 
nucleoside reverse transcriptase inhibitors, and most partic-
ularly the thymidine analog nucleoside reverse transcriptase 
inhibitors (Mallal et al., 2000). One study has suggested that 
both indinavir and stavudine are associated with lipoatrophy 
(Bacchetti et al., 2005). Whether the protease inhibitors are 
associated with accumulation of fat as a separate pathophys-
iologic phenomenon, or whether such changes simply reflect 
a return to health and an increasing prevalence of obesity 
in the community in general, is much debated. A recent ran-
domized controlled trial has suggested that the visceral fat accu-
mulation associated with protease inhibitor use simply indicates 
a return to health following suppression of HIV replication 
(Lake et al., 2015). The extent to which the features of lipo-
dystrophy ameliorate or resolve after a switch from protease 
inhibitors (including indinavir) to alternative agents is poorly 
understood. Improvements in metabolic and lipid abnormali-
ties after a switch have not been uniform, although favorable 
lipid changes have been reported, particularly after switching 
from protease inhibitors to alternative classes of ART. 

6d.  Insulin resistance and diabetes

Indinavir administration has been associated with an 
increase in fasting blood glucose and decreased insulin sen-
sitivity within 4–8 weeks of commencing administration, 
which may be independent of measured increases in visceral 
adipose tissue, lipoprotein, triglyceride, or free fatty acid lev-
els (Dube et al., 2001; Noor et al., 2001). A modest increase 
in risk for diabetes mellitus (person-year incidence 2.06; 
95% CI: 1.18–3.33) has been described in HIV-infected indi-
viduals administered stavudine and indinavir as well as in 
those of older age (Brambilla et al., 2003).

6e.  Retinoid-like effects

Unique among the HIV protease inhibitor class, indinavir 
is associated with a number of mucocutaneous disorders 
resembling the adverse effects of systemic retinoid therapy. 
The most common event is chronic or recurrent paronychia 
and ingrown toenails (most frequently involving the great 
toe) (Bouscarat et al., 1998; Alam and Scher, 1999). Other 
retinoid-like manifestations, such as dry skin/lips and hair 
loss, have also been reported (García-Silva et al., 2002). The 
exact mechanism of indinavir-induced retinoid-like effects is 
unclear (García-Silva et al., 2002).

6f.  Rash

Rash, including erythema multiforme and Stevens-Johnson 
syndrome, has been described in association with indinavir 
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administration. In a large cohort of nucleoside reverse tran-
scriptase inhibitor-experienced patients with CD4 counts of 
< 50 cells/ml who commenced either ritonavir or indinavir 
in combination with a nucleoside analog backbone, 33 of the 
621 (5%) patients commencing an indinavir-containing reg-
imen developed a rash (Floridia et al., 2004).

7. CLINICAL USES OF THE DRUG

Indinavir has been used solely for the treatment of HIV-1 
infection, but in many settings it has now been replaced by 
other agents. In high-income countries, indinavir is now 
almost a forgotten drug. In the most recent revision of the 
USA Department of Health and Human Services 2009) 
guidelines, it does not appear in the list of recommended 
protease inhibitors. Although for a short time in the early 
2000s there was some interest in lower doses of ritonavir- 
boosted indinavir for use in low- and middle-income coun-
tries as a low-cost means to facilitate access to a boosted- 
protease inhibitor, the use of ritonavir-boosted lopinavir and 
ritonavir-boosted atazanavir have become the preferred, 
options, recommended by the World Health Organization 
(2015). It remains in use in selected countries including 
Russia.

7a.  HIV-1 infection: pivotal phase III studies

In a large, randomized, controlled, clinical end point study, 
1156 patients with CD4 counts of ≤ 200 cells/mm3 not pre-
viously treated with lamivudine or protease inhibitors, were 
stratified according to CD4 cell count (50 or fewer vs. 51–200 
cells/mm3) and randomly assigned to one of two daily regi-
mens: 600 mg of zidovudine (or stavudine) and 300 mg of 
lamivudine twice daily, or indinavir 800 mg three times daily. 
The primary end point was the time to the development of 
AIDS or death. The proportion of patients whose disease 
progressed to AIDS or death was lower with indinavir, zid-
ovudine, and lamivudine (6%) than with zidovudine and 
lamivudine alone (11%; estimated hazard ratio HR]: 0.50; 
95% CI: 0.33–0.76%; p = 0.001). Mortality in the two groups 
was 1.4% and 3.1%, respectively (estimated HR: 0.43; 95% 
CI: 0.19–0.99%; p = 0.04). The responses of CD4 cells and 
plasma HIV-1 RNA paralleled the clinical results. The 
authors concluded that treatment with indinavir, zidovu-
dine, and lamivudine, compared with zidovudine and lami-
vudine alone, significantly slowed the progression of HIV-1 
disease in patients with ≤ 200 CD4 cells/mm3 and previous 
exposure to zidovudine (Hammer et al., 1997).

In a separate double-blind study, 97 HIV-infected patients 
who had received zidovudine treatment for at least 6 months, 
with 50–400 CD4 cells/mm3, and at least 20,000 copies of 
HIV RNA/ml were randomly assigned to one of three treat-
ments for up to 52 weeks: 800 mg of indinavir every 8 hours; 
200 mg of zidovudine every 8 hours combined with 150 mg 
of lamivudine twice daily; or all three drugs. The patients 
were followed to monitor the occurrence of adverse events 
and changes in viral load and CD4 cell counts. The decrease 

in HIV RNA over the first 24 weeks was greater in the three-
drug group than in the other groups (p < 0.001 for each com-
parison). RNA levels decreased to < 500 copies/ml at week 
24 in 28/31 patients in the three-drug group (90%), 12/28 
patients in the indinavir group (43%), and 0/30 patients in 
the zidovudine–lamivudine group. The increase in CD4 cell 
counts over the first 24 weeks was greater in the two groups 
receiving indinavir than in the zidovudine– lamivudine 
group (p < 0.01 for each comparison). The changes in viral 
load and CD4 cell counts persisted for up to 52 weeks. All 
the regimens were generally well tolerated. The incidence of 
unconjugated hyperbilirubinemia was greater in the indina-
vir-containing arms (Gulick et al., 1997).

7b.  HIV-1 infection: phase IV studies

RITONAVIR-BOOSTED INDINAVIR WITH A 
NUCLEOSIDE BACKBONE

A number of indinavir studies have been reported since its 
licensing in the late 1990s. One study compared the use of 
indinavir 800 mg every 8 hours with ritonavir-boosted indi-
navir 800/100 mg every 12 hours, both administered with 
fixed-dose combination zidovudine–lamivudine 300/150 mg 
every 12 hours in nucleoside analog reverse transcriptase 
inhibitor–experienced patients (excluding lamivudine expo-
sure). The study reported 112 weeks of followup and demon-
strated similar efficacy (on an intention to treat analysis, 60% 
and 64% of patients had an HIV RNA < 50 copies/ml in the 
three times a day and twice a day regimens, respectively; p = 
0.7), but at the cost of marginally greater toxicity and less 
tolerability in the ritonavir-boosted twice-daily arm (Boyd et 
al., 2006d). The long-term (272-week) followup of this study 
suggested that although indinavir-containing regimens are 
potent, they are often toxic, but that this may be improved by 
indinavir dose optimization (Avihingsanon et al., 2006a).

During the period in which ritonavir boosting of HIV 
protease inhibitors was gaining favor as a strategy for deliv-
ery of these drugs, a study was performed that enrolled 343 
patients receiving indinavir 800 mg three times daily, who 
had with CD4 counts of > 100 cells/µl and plasma HIV RNA 
< 500 copies/ml for up to 3 months, and randomized them to 
either continue their current regimen or to switch to ritonavir- 
boosted indinavir 800/100 mg twice daily without a change in 
other antiretrovirals. Over a 48-week period the study demon-
strated the equivalence of three-times-daily dosing versus 
switching to twice-daily ritonavir-boosted indinavir, but 
found that the boosted strategy in this patient population was 
associated with greater intolerability (Arnaiz et al., 2003).

A randomized trial that compared ritonavir-boosted indi-
navir 800/100 mg twice daily head to head with ritonavir- 
boosted saquinavir 1000/100 mg twice daily with back-
ground nucleoside reverse transcriptase inhibitor therapy 
found similar antiretroviral effects between the two regi-
mens, with no difference in the time to virological failure, 
but a greater number of treatment-limiting adverse events in 
the indinavir-containing arm (Dragsted et al., 2003).
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INDINAVIR COMBINED WITH NONNUCLEOSIDE 
REVERSE TRANSCRIPTASE INHIBITORS

In the pivotal, randomized, open-label Merck 006 study, 450 
patients who had not previously been treated with lamivu-
dine, a nonnucleoside reverse-transcriptase inhibitor, or a 
protease inhibitor were randomly assigned to one of three 
regimens: efavirenz (600 mg once daily) plus zidovudine 
(300 mg twice daily) and lamivudine (150 mg twice daily), 
indinavir (800 mg three times daily) plus zidovudine (300 
mg twice daily) and lamivudine (150 mg twice daily), or 
efavirenz plus indinavir (1000 mg three times daily). In the 
intention to treat analysis, the efavirenz and indinavir arm 
performed better than indinavir and zidovudine– lamivudine 
arm, with 53% and 48% of patients with HIV RNA of < 400 
copies/ml after 48 weeks, respectively (Staszewski et al., 
1999).

Ritonavir-boosted indinavir 800/100 mg given twice daily 
in combination with efavirenz 600 mg given once daily has 
also been studied in combination as a nucleoside reverse 
transcriptase inhibitor (NRTI) sparing regimen in 61 patients 
with substantial prior exposure to combination NRTI ther-
apy. After 96 weeks, 69% of patients had an HIV RNA of 
< 50 copies/ml in an intention-to-treat analysis (Boyd et al., 
2005a). In a recently reported 4-year followup of this cohort, 
75% of patients on the originally assigned regimen (intention- 
to-treat analysis) maintained an HIV RNA of < 50 copies/ml. 
A substantial proportion of patients (42/49 [86%] on the 
original regimen) had undergone an indinavir dose reduc-
tion using therapeutic drug monitoring guidance, and none 
of those who had undergone indinavir dose reduction had 
subsequently lost virological control (Avihingsanon et al., 
2006b). This study also reported the pharmacokinetics for 
both active antiretroviral agents in the regimen. Despite the 
known pharmacokinetic interaction between efavirenz and 
indinavir, adequate minimum concentrations of both drugs 
were demonstrated (Boyd et al., 2003).

STUDIES OF LOWER DOSES OF INDINAVIR WITH 
RITONAVIR BOOSTING

As a result of the toxicity and intolerability of indinavir, as 
well as evidence that its combination with low-dose ritonavir 
could improve the pharmacokinetic profile of indinavir and 
allow for twice-daily dosing, a number of clinical studies 
have examined the potential for the use of lower doses of 
indinavir given in twice-daily ritonavir-boosted form. In 
general, the evidence suggests that the use of ritonavir- 
boosted indinavir at doses of indinavir ranging from 666.67 
mg twice daily to 400 mg twice daily are associated with 
maintained potency and reduced toxicity across a range of 
populations and settings (Duvivier et al., 2003; Justesen et al., 
2003; Lamotte et al., 2003; Lee et al., 2004; Rhame et al., 2004; 
Wasmuth et al., 2004; Boyd et al., 2005b; Cressey et al., 2005; 
Konopnicki et al., 2005; Mootsikapun et al., 2005; see Table 
241.1). However, it should be emphasized that, although these 
data are suggestive, there have been no large, adequately 
powered randomized controlled trials to determine the rela- 

tive performance of one ritonavir-boosted dose of indinavir 
against another, nor have there been randomized, controlled 
comparative trials of reduced-dose, ritonavir-boosted indi-
navir against other boosted protease inhibitors components 
of either first- or second-line anti retroviral therapy. 

7c.  HIV-1 infection in pediatric populations

Studies performed in the pediatric population have generally 
shown indinavir to be a potent agent whose administration is 
made problematic by substantial degrees of intolerance and 
toxicity. An early retrospective chart review of a small series 
of patients who had been administered indinavir docu-
mented that 42% (8/19 patients) had experienced indina-
vir-associated nephrotoxicity (Rutstein et al., 1997). In an 
early pilot study of 12 experienced children, indinavir dosed 
at 500 mg/m2 three times daily plus stavudine and didanosine 
resulted in a decreased median plasma viral load of 1.3 log10 
copies/ml and an increase in CD4 cell counts from baseline 
of 294 cell/µl over 24 weeks of followup (Kline et al., 1998). 
However, the therapy was limited by intolerance and toxicity 
of the same kind as described in adults. A small study pub-
lished the following year produced similar results (Vigano et 
al., 1999), and this experience was replicated in a later study 
that examined the use of ritonavir-boosted indinavir in 
children (Fraaij et al., 2007). However, as observed in the 
adult population, the toxic effects of indinavir in children may 
be ameliorated while maintaining adequate antiretroviral 
potency by administering lower doses of indinavir (Plipat et 
al., 2007). As a result of indinavir-associated intolerability 
and toxicity, its use has been superseded by other better tol-
erated and safer agents.

7d.  HIV-1 infection in pregnancy

Data on the use of indinavir in pregnancy are limited, and it 
is classified as a category C drug (Food and Drug Adminis-
tration, 2014). Studies of unboosted indinavir administered 
at a dose of 800 mg three times daily suggest a substantial 
reduction in pharmacokinetic exposure in pregnancy. This 
affect appears to be offset when indinavir is administered 
800 mg twice daily in combination with ritonavir 200 mg as 
a pharmacokinetic booster (Hayashi et al., 2000; Unadkat et 
al., 2007). A study of ritonavir-boosted indinavir-based ther-
apy administered at a dose of 400/100 mg twice daily con-
ducted in 28 HIV-infected pregnant women in France, 84% 
of whom were women of sub-Saharan African origin, demon-
strated potent antiretroviral activity (26/28 women had plasma 
HIV RNA of < 200 copies/ml at delivery) with an acceptable 
Cmin at steady state (0.2 mg/l). The regimen appeared rela-
tively well tolerated (Ghosn et al., 2008).

7e.  HIV-1 infection in resource-poor settings

World Health Organization (WHO) guidelines for the use of 
antiretroviral therapy in low- and middle-income countries 
recommend the inclusion of a boosted-protease inhibitor in 
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second-line antiretroviral therapy. They recommend the use 
of either ritonavir-boosted lopinavir or ritonavir-boosted 
atazanavir (World Health Organization, 2015). Indinavir is 
not currently listed for use by WHO in these settings.
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1. DESCRIPTION

Nelfinavir mesylate is a selective, nonpeptidic inhibitor of 
the HIV protease, conferring moderately potent activity 
against HIV-1 and HIV-2. The drug was designed by protein 
structure–based techniques using iterative protein crystallo-
graphic analysis (Appelt et al., 1991). The mesylate salt was 
chosen for development based on favorable preformulation 
studies (Longer et al., 1995). Nelfinavir inhibits the HIV prote-
ase, resulting in the formation of immature and noninfectious 
particles by inhibiting the cleavage of the Gag- and Gag-Pol 
precursor polyproteins. It was developed by Agouron Phar-
maceuticals and given the trade name Viracept.

The drug is marketed by Pfizer in the USA, Canada, and 
Japan and by Roche in the rest of the world, including the 
European market and Australia. Nelfinavir received FDA 
approval in 1997. Nelfinavir is indicated for the treatment 
of HIV infection in combination with other antiretroviral 
drugs. In June 2007, nelfinavir was recalled from the 
European Union (EU) markets because of a process-related 
impurity in nelfinavir mesylate (EMEA, 2007). Excess levels 
of ethyl metha nesulfonate (EMS) were found in the Roche-
manufactured active pharmaceutical ingredient in nelfinavir 
licensed for use in EU countries. EMS is a potential human 
carcinogen, found to be carcinogenic in animal studies but 
with no data from humans. Pfizer-manufactured nelfinavir 
products marketed in the USA were found to have substan-
tially lower concentrations of EMS and are still on the market, 
but with restrictions in recommendations (Pfizer, information 
for prescribers, 2013). Recent data indicate that individuals 
exposed to the contaminated nelfinavir during 2006–2007 
thus far do not demonstrate an increase in risk of developing 
cancer (Boettiger et al., 2016).

The chemical name of nelfinavir mesylate is [3S-[2 
(2S*,3S*), 3α,4aβ,8aβ]]-N-(1,1-dimethylethyl)decahydro-2-
[2-hydroxy-3-[(3-hydroxy-2-methylbenzoyl)amino]-4- 
(phenylthio)butyl]-3-isoquino-line carboxamide mono-
methanesulfonate. It has the molecular formula C32H45N3O4S.
CH4O3S. The chemical structure is shown in Figure 242.1. 
The molecular weight is 663.90 (567.79 as the free base).

Nelfinavir is uncommonly used to treat HIV infection in 
most Westernized countries but may be of benefit for indi-
viduals living in countries where newer protease inhibitors 
are not available and particularly in individuals who cannot 
tolerate ritonavir boosting. Furthermore, early clinical trial 
data suggest nelfinavir may be an effective agent in treating a 
wide range of malignancies.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

HUMAN IMMUNODEFICIENCY VIRUS

In vitro nelfinavir has been reported to be a potent inhibitor 
of the HIV-1 protease with an inhibition constant (Ki) of 2.0 
nM (Kaldor et al., 1997). The drug has shown antiviral activ-
ity against various laboratory strains and clinical isolates of 
HIV-1 and HIV-2 with 50% effective concentration (EC50) 
values ranging from 9 to 60 nM, and EC95 values ranging 
from 7 to 196 nM. Nelfinavir has demonstrated activity 
against HIV-1 in chronically infected T-cell lines as well as 
protecting cells against acute infection (Patick et al., 1996; 
Sriram et al., 2008).

Nelfinavir (and in fact other protease inhibitors, including 
amprenavir, lopinavir, indinavir, saquinavir, and ritonavir) is 

Figure 242.1. Chemical structure of nelfinavir mesylate.
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significantly weaker in suppressing HIV subtype F than sub-
type B as assessed by Ki values and fitness (Abecasis et al., 
2006; Krauchenco et al., 2009). Subtype CRF02-AG is more 
susceptible to nelfinavir than subtypes G, F, and C. Nelfinavir 
is also reportedly less potent than other protease inhibitors 
against HIV-2 protease (Brower et al., 2008).

OTHER VIRUSES AND MICROORGANISMS

Nelfinavir has been reported to exert a postentry inhibition on 
the replication of the SARS coronavirus, with lower expres-
sion of viral antigens and reduced virion production, as well 
as its cytopathic effect (Yamamoto et al., 2004). Nelfinavir 
also demonstrates antiviral activity against herpes simplex 
virus type 1 (Kalu et al., 2014) and Epstein Barr virus (Gantt 
et al., 2013). Nelfinavir also reportedly inhibits the multipli-
cation and aspartic peptidase activity of many Leishmania 
strains (Santos et al., 2013) being sequestered in drug- 
induced intracellular vesicles (Kumar et al., 2013). There are 
no clinical or animal studies supporting these in vitro data.

2b.  Emerging resistance and 
cross-resistance

Resistance to nelfinavir has been described in vitro after serial 
passages of an HIV-1 strain in the presence of increasing 
concentrations of the drug. A 7-fold decrease in suscepti-
bility was demonstrated after 22 passages, rising to a 30-fold 
decreased susceptibility after 28 passages (Patick et al., 1996).

HIV isolates from patients treated with nelfinavir as 
monotherapy in early phase II/III trials showed primary 
genotypic changes in the protease gene at residues 30 (56%), 
46 (19%), 88 (25%), and 90 (6%), correlating with loss in 
viral suppression. Nelfinavir primarily selects for the D30N 
mutation, which is not seen with other protease inhibitors 
and alone does not cause resistance to other protease inhibi-
tors in vitro or in vivo (Tupinambas et al., 2005). Crystal 
structure analyses have shown how resistance to nelfinavir 
through the D30N mutation does not impart resistance to 
saquinavir (Prashar et al., 2015). Furthermore, a number of 
secondary mutations in the protease gene have been found 
at positions 10, 13, 15, 19, 36, 37, 41, 62, 63, 64, 77, and 93 
(Atkinson et al., 2000). 

When used as part of combination antiretroviral therapy, 
genotypic resistance to nelfinavir, correlating with virologic 
failure, has been shown to develop, mainly along two path-
ways characterized by the initial emergence of either D30N 
(without broad cross-resistance) or L90M (with broad prote-
ase inhibitor cross-resistance) (Pellegrin et al., 2002). These 
mutations are seldom found together in patients (Kozisek et 
al., 2007). The D30N pathway has been reported to occur 
mainly in patients without prior protease inhibitor exposure, 
whereas the L90M pathway is preferentially selected in those 
who are protease inhibitor experienced (Garriga et al., 2007). 
In a randomized phase III study, one of these mutations was 
reported in 45% of patients with virologic failure (HIV-RNA 
> 400 copies/ml) after 24 weeks of nelfinavir-based first-line 

highly active antiretroviral therapy (HAART) (Kempf et al., 
2004). The D30N mutation results in disappearance of the 
hydrogen bond found between the m-phenol group of nelfi-
navir and residue 30, whereas the L90M mutation distorts 
the binding pocket of the protease (Ode et al., 2005).

When nelfinavir was given to pregnant women of mean 
gestational age 22 weeks in combination with zidovudine 
and lamivudine, nelfinavir resistance occurred in 23.5% of 
treated women (D30N mutations in half the subjects and 
L90M in the remainder), which persisted into the postpar-
tum period (Kakehasi et al., 2007).

The mutation I54V/L, which is not found in association 
with nelfinavir resistance in subtype B, has been reported to 
be selected by nelfinavir in individuals living in Brazil and 
infected with HIV-1 subtype G (Santos et al., 2009). Unlike 
infection with subtype B, patients infected with subtype C do 
not preferentially select D30N mutation in association with 
nelfinavir resistance (Grossman et al., 2004). Naturally occur-
ring polymorphisms in HIV-2 protease have been reported 
to reduce nelfinavir activity (Rodes et al., 2006).

2c.  In vitro synergy and antagonism

Ritonavir, nelfinavir, and amprenavir have been reported to 
demonstrate synergy in vitro (De Meyer et al., 2005). Nel-
finavir with indinavir is a slightly antagonistic combination 
in vitro (Patick et al., 1997). When nelfinavir is added to zid-
ovudine, lamivudine, didanosine, stavudine, or zalcitabine 
or when used in three-drug combinations with zidovudine 
and lamivudine, additive to synergistic interactions have 
been reported (Patick et al., 1997).

3. MECHANISM OF DRUG ACTION

Nelfinavir inhibits the HIV protease with an identical mode 
of action as other protease inhibitors (see Chapter 240, 
Saquinavir). Cleavage of the Gag and Gag–Pol polyproteins 
is prevented through inhibition of HIV protease by nelfinavir 
and other drugs of this class. This results in the production of 
immature HIV virions.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Nelfinavir is available in tablet and oral powder formula-
tions. The tablets are available in 250- and 625-mg dosages 
(nelfinavir as a free base) and the powder in 50-mg/g strength 
(nelfinavir as a free base). The oral powder may be mixed 
with a small amount of water, milk, formula, soy products, or 
other dietary supplements, and these may be stored in the 
refrigerator for up to 6 hours.

The recommended oral dosage for adults is 1250 mg twice 
daily or, alternatively, 750 mg three times daily. In HIV-
infected patients, these two regimens have been shown to 
have similar pharmacokinetic parameters. Nelfinavir should 
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be taken with a meal (Quart et al., 1995) as this increases 
nelfinavir exposure and reduces pharmacokinetic variability. 
Administration of the drug (1250 mg twice daily) to healthy 
volunteers in the fed state resulted in a 2.2- to −5.1-fold 
increase in the area-under-the-concentration-time curve 
(AUC) compared with the AUC in the fasted state.

There is a single report in which five nelfinavir tablets 
(total 1250 mg) were dissolved in 100 ml water to form an 
oral suspension, and the tablets and suspension were then 
evaluated in a single-dose cross-over study with 1-week 
washout between doses. There were no significant differ-
ences in AUC0–∞ or maximum concentration (Cmax) when the 
two formulations were compared in 12 healthy volunteers 
(Regazzi et al., 2001). The manufacturer recommends that 
for individuals unable to swallow tablets the appropriate 
number of either 625- or 250-mg tablets should be dissolved 
in a small volume of water and the cloudy liquid should be 
consumed immediately with additional water added to the 
glass and consumed to ensure that the entire dose is taken. 
Alternatively, the oral powder may be used.

4b.  Newborn infants and children

Nelfinavir is registered for pediatric use (children aged 2–13 
years) with the recommended dosage 45–55 mg/kg twice 
daily or 25–35 mg/kg three times daily (Table 242.1 and 
Table 242.2). A dose of 40 mg/kg of body weight given twice 
daily has been suggested to be inadequate for newborn 
infants, with the authors proposing 50–60 mg/kg adminis-
tered three times daily and suggesting that further evaluation 
is required (Hirt et al., 2006).

Use of nelfinavir in pediatric patients including neonates 
is associated with highly variable pharmacokinetics, which 
may partly reflect inconsistent food intake in this age group; 
during the first 2 weeks of life nelfinavir exposure if below 
target in 46% of patients (Mirochnick et al., 2011). Response 
rates in children younger than 2 years of age appear to be 
inferior to those in children older than 2 years of age, again 

attributed to highly variable drug exposure. The dose depends 
on body weight (see Table 242.1 and Table 242.2).

The systemic exposure to nelfinavir has been reported to 
decrease after 7 days of age, and Rongkavilit et al. (2002) sug-
gest this may reflect hepatic enzyme maturation, autoinduc-
tion of nelfinavir metabolism, and/or changes in absorption 
of nelfinavir. The investigators also commented on the highly 
variable systemic exposure they found in their study when 
three dosing schedules (15, 30, and 45 mg/kg nelfinavir) 
were administered twice daily to HIV-exposed newborn 
infants over a 4-week period (Rongkavilit et al., 2002). When 
co-administered with zidovudine and lamivudine to infants 
aged less than 6 weeks of age in doses of 10 mg/kg three times 
a day or 40 mg twice a day, 2 of 7 infants receiving the 10 mg/
kg regimen exceeded the pharmacokinetic target of AUC0–24 
of 30 µg/ml/h at week 1, but none at week 6. Of the 19 infants 
receiving the 40 mg/kg regimen, 27%, and 36% failed to meet 
the target at weeks 1 and 6, respectively (Mirochnick et al., 
2005).

4c.  Pregnant and lactating mothers

Higher doses of nelfinavir should be considered during preg-
nancy, based on significantly lower Cmax and AUC0–12 found 
during the third trimester (Read et al., 2008; Zhang et al., 
2009). This study supports the finding of subtherapeutic 
levels of nelfinavir in women receiving nelfinavir 1250 mg 
twice daily during the third trimester of pregnancy in associ-
ation with genotypic resistance (Baroncelli et al., 2008). The 
PACTG 353 study team has also compared nelfinavir 750 mg 
three times daily with 1250 mg twice daily in combination 
with zidovudine and lamivudine in pregnant women as part 
of a protocol to prevent mother to child transmission. Their 
results showed that found the 750 mg three times daily was 
inadequate, but that 1250 mg twice daily dose resulted in 
improvement. Nelfinavir and M8 metabolite levels were 
quantified by high-performance liquid chromatography. 
When antepartum and 6 weeks postpartum pharmacokinet-
ics were compared, 37% of the pregnant women receiving 
750 mg three times daily and 81% of those receiving 1250 
mg twice daily achieved the pharmacokinetic target of 
AUC0–24 > 30 mg/l/h. Median antepartum plasma levels in 
women receiving 1250 mg twice daily were Cmax of 3.90 mg/l 

 Table 242.1. Dosing of nelfinavir powdera for children aged 
2 years to < 13 years.

Body weight 
(kg)

Two times a day 
dosing (45–55 mg/kg)

Three times a day 
dosing (25–35 mg/kg)

Teaspoons of powder Teaspoons of powder

9.0–< 10.5 2.5 1.5

10.5–< 12.0 2.75 1.75

12–< 14 3.25 2

14–< 16 3.75 2.25

16–< 18 Not recommendedb 2.5

18–< 23 Not recommendedb 3

> 23 Not recommendedb 3.75

aNote that 1 level teaspoon contains 200 mg nelfinavir (4 level scoops 
equals 1 level teaspoon).

bUse Viracept 250 mg tablet.
Source: Package Insert, Viracept (2013).

Table 242.2. Dosing of nelfinavir 250 mg tablets for children 
aged 2–13 years.

Body weight

Two times a day 
dosing (45–55 mg/kg), 
> 2 years

Three times a day 
dosing (25–35 mg/kg), 
> 2 years

10–12 2 × 250 mg tablets 1 × 250 mg tablet

13–18 3 × 250 mg tablets 2 × 250 mg tablets

19–20 4 × 250 mg tablets 2 × 250 mg tablets

> 21 4–5 × 250 mg tabletsa 3 × 250 mg tabletsb

aMaximum dose = 5 tablets.
bMaximum dose = 3 tablets.
Source: Package Insert, Viracept (2013).
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(compared with 5.01 mg/l postpartum) and AUC0–24 of 56.6 
versus 86.8 mg/l/h, respectively (Bryson et al., 2008).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Less than 2% of nelfinavir is excreted in the urine. Although 
there is a paucity of published data, it does not appear neces-
sary to alter the dose of nelfinavir in patients with renal 
dysfunction (Ostrop et al., 1999).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Dose reduction is not indicated in individuals with mild liver 
impairment (Damle et al., 2006). These studies were per-
formed in a small number (n = 12) of HIV-seronegative indi-
viduals receiving 1250 mg nelfinavir every 12 hours for 14 
days. There was no change in steady-state exposure to the 
drug or of the major active metabolite M8 in individuals with 
mild (Child–Pugh class A) liver dysfunction when compared 
with controls. The plasma concentration of nelfinavir as 
determined by the AUC and Cmax was 62% and 22% higher, 
respectively, in individuals with moderate (Child–Pugh class 
B) liver impairment than in control subjects. The level of 
unbound nelfinavir did not change appreciably with worsen-
ing liver function, but unbound M8 levels increased. The 
manufacturer states that nelfinavir should not be prescribed 
in patients with moderate or severe hepatic impairment 
(Package Insert, Viracept, 2013). 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

When taken with food, the bioavailability of nelfinavir is 
between 80% and 90%; there is a significant increase in 
absorption in the fed versus the fasted state (Barry et al., 
1999; Table 242.3). Bioequivalence in terms of AUC and Cmax 
has been demonstrated between the 625-mg tablet and the 
250-mg tablet of nelfinavir at a dose of 1250 mg in the fed 
state in 50 individuals (Kaeser et al., 2005). Nelfinavir in 
serum is extensively protein bound (> 98%) (Shetty et al., 
1996). The affinity of nelfinavir for plasma proteins alpha1-
acid glycoprotein (AAG) and serum albumin is higher than 
that of its metabolite M8. Both nelfinavir and M8 have higher 
affinity for AAG than albumin (Motoya et al., 2006).

5b.  Drug distribution

A phase I study in humans demonstrated that plasma con-
centrations after a single oral dose of 100 mg exceeded the 
IC95 for several hours. When a 400-mg tablet was adminis-
tered, plasma concentrations remained above the IC95 for 
more than 12 hours. In the fed state, the mean peak plasma 
concentration obtained with 100-, 200-, 400-, and 800-mg 
doses was 313, 440, 1351, and 3165ng/ml, respectively, with 
a mean time to peak plasma concentration (tmax) of 2.7–4.0 
hours (mean 3.4 hours). The corresponding AUCs for the 
100-, 200-, 400-, and 800-mg doses were 1140, 1754, 7820, 
and 23 212 ng/ml/h (Quart et al., 1995). More recent data, 
relating to doses of 1250 mg twice daily and 750 mg three 
times daily are provided in Table 242.3 and Table 242.4 
(Package Insert, Viracept, 2013). In neonates there is signifi-
cant variability in nelfinavir exposure during the first 14 days 
of life; after administration of a median dose of 58.8 mg/kg, 
nearly 50% of infants had an AUC0–12 of < 15 μg/h/ml (the 
exposure target) (Mirochnick et al., 2011).

The apparent volume of distribution after oral adminis-
tration of nelfinavir is 2–7 l/kg, indicating extensive tissue 
distribution (Package Insert, Viracept, 2013). There is a 
greater volume of distribution in the neonate than in the 
adult (Pacifici, 2005).

The breast milk to plasma concentration ratio of nelfina-
vir is 0.21: significantly lower than that for lamivudine (2.96), 
stavudine (1.73), zidovudine (1.17), and nevirapine (0.82) 
(Rezk et al., 2008). Studies of maternal plasma and breast 
milk concentrations of nelfinavir demonstrate that biologi-
cally insignificant concentrations of both nelfinavir and M8 
are present in breast milk, insufficient in concentration to 
prevent mother to child transmission via this route (Weidle 
et al., 2011). Data suggest that transfer of nelfinavir across 

Table 242.3. The increase in oral absorption of nelfinavir oral 
tablets in the fed state versus the fasted state.

Diet 
(kcal)

Fat 
(%)

AUC fold 
increase

Cmax fold 
increase

tmax increase 
(hours)

125 20 2.2 2.0 1.00

500 20 3.1 2.3 2.00

1000 50 5.2 3.3 2.00

Abbreviations: AUC: area-under-the-concentration-time curve; Cmax: maxi-
mum concentration; tmax: time to maximum concentration.

Source: Package Insert, Viracept (2013).

Table 242.4. Major pharmacokinetic data relating to the absorption of nelfinavir after multiple dosing of 1250 mg tablets twice a day or 
740 mg tablets three times a day for 28 days.

Drug regimen AUC24 (mg/h/l) Cmax (mg/l) Ctrough, morning (mg/l) Ctrough, afternoon/evening (mg/)

1250 mg twice a day 52.8 ± 15.7 4.0 – 0.8 2.3 – 1.3 0.7 ± 0.4

750 mg three times a day 43.6 ± 17.8 3.0 – 1.6 1.4 – 0.6 1.0 ± 0.5

Abbreviations: AUC: area-under-the-concentration-time curve; Cmax: maximum concentration; Ctrough: trough concentration.
Source: Package Insert, Viracept (2013).
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the placenta is low and fetal to maternal ratios of the drug are 
also low (Gingelmaier et al., 2006; Hirt et al., 2007).

Nelfinavir has poor penetration into the brain and cere-
brospinal fluid, as reported in studies in macaques (Kad-
doumi et al., 2007) as well as in HIV-infected individuals, in 
whom nelfinavir concentrations ranged from 6 to 29 nM in 
those with quantifiable levels (8/18) (Karlstrom et al., 2006). 
In several studies, levels of nelfinavir in the cerebrospinal 
fluid have been undetectable (Antinori et al., 2005).

A recent study in 16 pregnant and postpartum women 
who received nelfinavir 625 mg tablets in combination with 
lamivudine and zidovudine twice daily has shown that levels 
of nelfinavir are reduced by 44% and 46%, and its active 
metabolite M8 by 82% and 88%, during the second and third 
trimesters of pregnancy, respectively (Fang et al., 2012). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

A study comparing two different doses of nelfinavir (500 and 
750 mg, both given three times daily for 48 weeks) both given 
with zidovudine and lamivudine, showed that the higher nel-
finavir dose resulted in a higher proportion of subjects with 
undetectable HIV viral load (< 400 RNA copies/ml plasma) 
than the lower dose (about 60% vs. about 40%, respectively; 
p < 0.01) (Package Insert, Viracept, 2013). In this relatively 
short study, the two different nelfinavir doses equally increased 
CD4 lymphocyte counts. All subsequent clinical trials have 
used the higher dose.

The results of a second study showed that the virologic 
outcomes of treatment with twice or three times daily nelfi-
navir were equivalent. Patients who had received less than 6 
months of nucleoside reverse transcriptase inhibitor therapy 
and who were naive to protease inhibitors were randomized 
to nelfinavir 750 mg three times daily (n = 192) or 1250 mg 
twice daily (n = 323), both in combination with stavudine 
and lamivudine, for a total of 48 weeks of therapy. The pro-
portions of patients with HIV viral load < 400 RNA copies/
ml in the three times daily and twice daily groups were very 
similar (58% vs. 61%) (Package Insert, Viracept, 2013).

5d.  Excretion

Nelfinavir is metabolized by the liver. Metabolism catalyzed 
by the cytochrome P-450 isoenzyme P2C19 leads to for-
mation of nelfinavir hydroxy-t-butamide (AG1402 or M8), 
which has potent antiviral activity (Zhang et al., 2001). 
Cytochrome P2C19 is responsible for the formation of M8 
in liver microsomes, with little contribution from CYP3A4 
(Hirani et al., 2004). In a pharmacokinetic population study 
assessing a 1250 mg twice daily in HIV-infected individuals, 
the pharmacokinetic variables for nelfinavir and M8 were, 
respectively Cmax 3.4 and 1.1 mg/l, time to maximum plasma 
concentration 3.2 and 2.9 hours, AUC0–12 24.0 and 7.6 mg/l/h, 
and half-life for elimination 4.1 and 4.3 hours (Baede-van Dijk 
et al., 2001). Two recent studies have shown that CYP2C19 

polymorphisms may have clinically significant effects on 
nelfinavir plasma concentrations (Saitoh et al., 2009; Damle 
et al., 2009).

Drug elimination is mainly via feces, either as oxidative 
metabolites (78%) or as unchanged nelfinavir (22%). Only 
1–2% of the dose is recovered in urine, mainly as unchanged 
nelfinavir (Bardsley-Elliot and Plosker, 2000).

5e.  Drug interactions

Because nelfinavir is metabolized by the cytochrome P-450 
system (CYP3A and CYP2C19), a number of drug inter-
actions are reported to lead changes in the pharmacokinetic 
variables either of nelfinavir and/or of the co-administered 
drug (see Chapter 240, Saquinavir; Chapter 248, Ritonavir 
and cobicistat; and Chapter 241, Indinavir). 

Drugs that are contraindicated for administration with 
nelfinavir because of its inhibition of CYP3A are within the 
class of antiarrhythmics (amiodarone, quinidine), ergot deriva-
tives (dihydroergotamine, ergonovine, ergotamine, methy-
lergonovine), antimycobacterials (rifampicin), HMG-CoA 
reductase inhibitors (lovastatin, simvastatin), proton pump 
inhibitors (omeprazole), neuroleptics (pimozide), and seda-
tive/hypnotics (midazolam, triazolam). Co-administration 
of nelfinavir with these drugs may lead to increased plasma 
concentrations of the other drug with resulting toxicity that 
may be life threatening. Important agents also causing sig-
nificant drug interactions include ethinyl estradiol, antihis-
tamines, and sildenafil, and there may rarely be significant 
interactions with methadone (discussed later in this section).

Rifampin induces CYP3A and CYP2C19, and co-admin-
istration may reduce nelfinavir plasma levels; thus the man-
ufacturer recommends that this drug is not co-administered. 
When rifabutin is co-administered with nelfinavir, the 
rifabutin AUC0–21 is increased by approximately 20% without 
significant changes in the pharmacokinetic variables of nelfi-
navir (Benator et al., 2007).

CO-ADMINISTRATION WITH RITONAVIR

Only one study has investigated the effect of ritonavir boost-
ing on nelfinavir pharmacokinetics, showing that boosting 
significantly increased nelfinavir exposure (Justesen et al., 
2005). Patients receiving an antiretroviral regimen contain-
ing nelfinavir (1250 mg given twice daily) who had stable 
HIV viral loads < 1000 RNA copies/ml were randomized by 
these authors to either continue unboosted nelfinavir (n = 6) 
or to have it boosted with ritonavir (100 mg twice daily; 
n  =  9). Boosting significantly increased the 12-hour, post-
dose steady-state total antiviral activity by 222% (the concen-
tration of nelfinavir was increased by 150% and that of the 
active metabolite M8 by 560%); the serum half-life of both 
compounds was approximately doubled and the AUC0–12 also 
increased significantly. However, there was no change in Cmax 
or tmax. Because this study included only a small number of 
patients whose HIV viral loads were already maximally sup-
pressed on unboosted nelfinavir, it is not surprising that 
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there were no detectable improvements in virologic efficacy. 
Unfortunately, no studies comparing the relative efficacy of 
boosted and unboosted nelfinavir in antiretroviral-naive 
patients have been conducted.

NUCLEOSIDE AND NONNUCLEOSIDE REVERSE 
TRANSCRIPTASE INHIBITORS

Clinical studies have suggested that there are no clinically 
significant drug interactions between nelfinavir and the 
nucleoside reverse transcriptase inhibitors zidovudine, lami-
vudine, stavudine, and didanosine and that no dose adjust-
ments are required. However, the manufacturer reports that 
when nelfinavir is co-administered with other protease 
inhibitors (nelfinavir, saquinavir, ritonavir) the exposure to 
nelfinavir may be anticipated to increase. However, co- 
administration of nelfinavir and saquinavir has been reported 
to cause unpredictable changes in the plasma levels of both 
antiretroviral drugs (Stocker et al., 2007). No dose modifica-
tion is required when tenofovir is co-administered with nel-
finavir (Boffito et al., 2005). Efavirenz co-administration 
reduces the nelfinavir AUC and Cmin and leads to a 31% more 
rapid half-life of the drug without altering efavirenz pharma-
cokinetics (Smith et al., 2005), as shown in the ACTG384-
5006 study. There are no pharmacokinetic interactions 
between nelfinavir and nevirapine (Skowron et al., 2004) or 
efavirenz.

OPIATE ANALGESICS

There are no significant changes in plasma levels of nelfinavir 
or buprenorphine when these drugs are co-administered 
(McCance-Katz et al., 2006). Similarly, no modification of 
the dose of methadone is required in patients stable on their 
methadone dose with co-administration of nelfinavir, as 
reported in one study (Marco et al., 2006). This is despite the 
fact that nelfinavir reduces the plasma concentrations of 
both R-methadone and S-methadone with a reported 43% 
and 51% reduction in the AUC, respectively (Hsyu et al., 2006). 
However, the participants did not experience withdrawal 
symptoms and dose modification was not required. Clinically 
significant interactions have been reported (McCance-Katz 
et al., 2004), but most data indicate that the interaction with 
methadone is of minimal clinical significance (Bruce et al., 
2006; McCance-Katz et al., 2006).

OTHER AGENTS

Co-administration of nelfinavir and St. John’s wort (Hyperi
cum perforatum) is not recommended by the manufacturer 
because levels of nelfinavir are expected to decrease and this 
may lead to drug failure.

There is a reduction in systemic exposure to nelfinavir 
and its active metabolite M8 with co-administration of ome-
prazole, with significant reductions in AUC, Cmax, and Cmin, 
of 36%, 37%, and 39% for nelfinavir, and 92%, 89%, and 
75% for M8, respectively, when nelfinavir was administered 
to 20 healthy volunteers in a dose of 1250 mg twice daily with 
omeprazole 40 mg daily for 4 days (Fang et al., 2008).

A significant decrease in plasma levels of pravastatin has 
been observed with co-administration of nelfinavir (Aberg et 
al., 2006).

Caspofungin pharmacokinetics is not altered, nor does this 
drug affect nelfinavir when co-administered (Stone et al., 2004).

See the package insert for full details of drug interactions.

6. ADVERSE REACTIONS AND TOXICITY

The safety of nelfinavir has been assessed in a range of studies 
in HIV-infected individuals receiving the drug as monother-
apy or in combination with nucleoside analogs. It has generally 
been regarded as a drug with a relatively tolerable profile and 
may be of benefit in individuals who require a protease 
inhibitor as part of their drug regimen, but who cannot tol-
erate ritonavir.

6a.  Diarrhea

The most frequently reported (up to 60%) adverse event is 
diarrhea, which is generally of mild to moderate intensity 
(Jarvis and Faulds, 1998; Fellay et al., 2001). In the HIV 
Atlanta Cohort Study, 49% of 354 patients receiving nelfina-
vir reported diarrhea (Guest et al., 2004). In clinical studies 
of nelfinavir, moderate to severe diarrhea has consistently 
been reported in 14–20% of patients (Gartland and Avanti 
Study Group, 2001; Saag et al., 2001). The mean number of 
bowel actions per day reported by patients taking nelfinavir- 
containing regimens is 2.98, with incontinence in 28% of 
patients and 33% describing fecal urgency (Rachlis et al., 2005).

The 625-mg formulation has been associated with fewer 
gastrointestinal side effects than the 250-mg tablets. When 
patients were switched from the 250- to the 625-mg formula-
tion, 31% reported improvement in diarrhea, 56% were sta-
ble, and 14% described worsening of symptoms (Johnson et 
al., 2005).

6b.  Lipodystrophy

Lipodystrophy in association with nelfinavir therapy appears 
to be less common than with a number of other protease inhib-
itors, including indinavir. One study has reported approximate 
fat loss from limbs of 8.7% per year in patients treated with 
nelfinavir and after adjusting the results of the nucleoside 
backbone (Dube et al., 2007). Nelfinavir trough levels in 
plasma have been reported to predict fat wasting and periph-
eral lipodystrophy (Tréluyer et al., 2002).

6c.  Hypercholesterolemia and other lipid 
changes

Hypercholesterolemia and related changes to other lipids 
occur with nelfinavir administration. In a study of 254 non-
diabetic antiretroviral-naive HIV-infected individuals living 
in the USA, total cholesterol levels increased above 200 mg/dl 
in 50–60% of individuals receiving nelfinavir-based regimens, 
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with their mean baseline low density lipoprotein (LDL) lev-
els of 99 mg/dl increasing by 39 mg/dl (Kumar et al., 2006). 
However, in comparison with lopinavir–ritonavir and indi-
navir boosted with low-dose ritonavir, nelfinavir has a relatively 
favorable lipid profile (Young et al., 2005), and there is only 
modest change with increasing duration of exposure.

Dyslipidemia has been reported in association with nelfi-
navir therapy in children (Temple et al., 2003). In a cohort of 
39 children receiving nelfinavir together with stavudine and 
lamivudine for up to 7 years, clinically evident lipodystrophy 
was reported in 11. However, it is debatable whether this was 
induced by the stavudine component of the regimen (Scherp-
bier et al., 2006).

6d.  Insulin resistance

Insulin resistance associated with nelfinavir has also been 
reported and the pathogenesis may involve the induction of 
oxidative stress in adipocytes by nelfinavir (Ben-Romano et 
al., 2006). Other more recent reports implicate a postrecep-
tor mechanism for induction of insulin resistance (Kachko et 
al., 2009). In a study of glucose metabolism in HIV-infected 
children (n = 37) receiving a nelfinavir-containing regimen for 
4 years, insulin sensitivity was higher than in those receiving 
an indinavir-containing regimen (Viganò et al., 2009).

6e.  Other adverse reactions

Adverse events occurring less frequently include gastrointes-
tinal symptoms other than diarrhea (nausea, dyspepsia, epi-
gastric pain, etc.), musculoskeletal symptoms, and rash. The 
most commonly reported laboratory abnormality is mild 
anemia and mild leukopenia/neutropenia.

In individuals with HIV and hepatitis C virus co-infection 
who are treated with nelfinavir, the incidence of severe hepa-
totoxicity is low (Mira et al., 2006). Among protease inhib-
itors, nelfinavir and indinavir are considered to have the 
lowest rates of severe hepatotoxicity (Bruno et al., 2005). 
Nelfinavir has minimal or no effect on unconjugated biliru-
bin levels (Rotger et al., 2005).

A class-specific effect of bleeding in hemophiliacs, includ-
ing spontaneous hemarthrosis, has been less frequently asso-
ciated with nelfinavir than with other protease inhibitors 
(Wilde, 2000).

No increase in the expected frequency of birth defects 
has been reported in individuals receiving nelfinavir during 
pregnancy (Covington et al., 2004).

Despite concern about carcinogenesis due to the EMS 
contamination of nelfinavir, clinical studies showed no excess 
of cancers in nelfinavir-treated patients (Crum-Cian flone et 
al., 2009).

7. CLINICAL USES OF THE DRUG

Nelfinavir is used primarily for the treatment of HIV-1 infec-
tion, but has also been recently used in patients with malig-
nancy. Nelfinavir is somewhat notable in that it has moderately 

good antiviral activity with a unique resistance profile and 
offers some protection regarding cross-resistance to other 
protease inhibitors. Patients who develop resistance to nelfi-
navir can respond to salvage therapy with other specific 
drugs in this class. Several other protease inhibitors have 
been developed that now have advantages over nelfinavir, 
particularly with respect to potency. Thus nelfinavir remains 
useful as part of combination therapy in individuals who can-
not tolerate boosting with ritonavir particularly in countries 
where there is limited access to other protease inhibitors.

7a.  HIV infection in adults

Nelfinavir is given as part of combination antiretroviral ther-
apy. Early studies on the use of nelfinavir as monotherapy 
showed pronounced but transient declines in plasma HIV-
RNA levels of between 1.4 and 2.0 log10 and mean increases 
in CD4 cell counts of 37–100 cells/ml (Youle et al., 1995; 
Conant et al., 1996). Subsequent studies showed the superi-
ority of three-drug regimens with nelfinavir and two nucle-
oside analogs compared with two-drug regimens with 
nucleoside analogs only.

Hence the Agouron Study 511 compared first-line antiret-
roviral treatment of nelfinavir, zidovudine, and lamivudine 
with zidovudine and lamivudine. At 24 weeks, the treatment 
arm containing nelfinavir (750 mg three times daily) was 
superior to the nucleoside reverse transcriptase inhibitor 
arm with a decrease in plasma HIV-RNA of 3.0 and 1.4 log10, 
a rise in CD4 cell counts of 125 and 95 cells/µl, respectively, 
and approximately 76% and 5% with a plasma HIV-RNA 
below the limit of detection (< 400 copies/ml), respectively 
(Saag et al., 2001).

In the placebo-controlled randomized double-blind 
AVANTI 3 study, a three-drug regimen with nelfinavir (750 
mg administered three times daily), zidovudine, and lamivu-
dine in antiretroviral treatment-naive HIV patients (n = 105) 
with a CD4 count between 150 and 500 cells/µl (mean 304 
cells/ml) showed superior effect when compared with zid-
ovudine and lamivudine alone (54% vs. 13% with plasma 
HIV viral load < 50 RNA copies/ml at 52 weeks of followup) 
(Gartland and Avanti Study Group, 2001; Table 242.5).

The AIDS Clinical Trials Group (ACTG) study 384 (Table 
242.5) enrolled 620 antiretroviral-naive individuals and fol-
lowed them for 2.3 years in a multicenter, randomized, and 
partly blinded study. The trial design was highly complicated, 
using a factorial design to compare pairs of three-drug regi-
mens in a sequential manner. The initial regimen included 
zidovudine and lamivudine or didanosine and stavudine, in 
combination with either nelfinavir or efavirenz. The authors 
concluded that zidovudine, lamivudine, and efavirenz regi-
mens were superior to those containing nelfinavir (Robbins 
et al., 2003).

In a number of randomized trials in antiretroviral treat-
ment-naive patients, regimens with nelfinavir as the protease 
inhibitor component have been compared with other single 
protease inhibitor–based regimens. The M98-863 study com-
pared lopinavir formulated with ritonavir, with nelfinavir, or 
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with both drugs together, co-administered with stavudine 
and lamivudine in 653 antiretroviral-naive HIV-infected 
adults. After 48 weeks, the results indicated that fewer indi-
viduals randomized to receive nelfinavir than lopinavir had 
an HIV viral load < 400 RNA copies/ml (63% vs. 75%, 
respectively). The authors concluded that lopinavir–ritonavir 
had superior efficacy (Walmsley et al., 2002). This finding 
was subsequently supported by a number of other studies in 
naive individuals.

The international multicenter randomized, open-label 
NEAT study compared nelfinavir 1250 mg twice daily with 
unboosted fosamprenavir 1400 mg twice daily, both co-admin-
istered with abacavir and lamivudine, in antiretroviral-naive 

HIV-infected individuals with advanced HIV infection (48% 
with CD4 < 200 cells/ml) and who were of diverse race and 
sex with HIV viral loads > 5000 RNA copies/ml at baseline 
(Rodriguez-French et al., 2004). In an intent-to-treat or dis-
continuation-equals-failure analysis at 48 weeks, a higher 
proportion of individuals receiving fosamprenavir (66%) 
than in the nelfinavir group (51%) had achieved a viral load 
(VL) of < 400 copies/ml.

In the randomized, open-label, international phase III 
SOLO study in approximately 650 antiretroviral-naive indi-
viduals, assessing the efficacy of fosamprenavir given once 
daily with boosted levels of ritonavir versus nelfinavir given 
twice daily, both with a backbone of abacavir and lamivudine 

Table 242.5. Major clinical trials of nelfinavir in HIV-infected individuals

Clinical trial Design Populationa Outcome

Study 511 DB, R, PC trial comparing ZDV (200 mg 
three times a day) + 3TC (150 mg twice 
a day) + nelfinavir (750 mg three times 
a day or 750 mg twice a day) to ZDV + 
3TC alone

ARV naive, HIV+
n = 297
Median age: 35 years
Male: 89%
Baseline CD4: 288
Baseline VL: 5.21

Triple therapy was superior: 86% had a 
VL< 400 at week 48 and a mean 
increase in CD4 of 207.6

Avanti 3 DB, R, PC trial of nelfinavir (750 mg three 
times a day) + ZDV (300 mg twice a 
day) + 3TC (150 mg twice a day) to 
ZDV + 3TC + PBO

ARV naive, HIV+
CD4: 150–500
n = 105
Median age: 35 years
Male: 89%
Baseline CD4: 304
Baseline VL: 4.8

Triple therapy was superior: 52% had a 
VL< 50 at week 52 vs. 13% for dual 
therapy

ACTG 364 R, DB trial of nelfinavir (750 mg three 
times a day) and/or EFV 600 mg once 
a day + two NRTIs

ARV experienced with prolonged 
prior NRTI exposure

n = 620
Baseline CD4: 389
Baseline VL: 3.9

Proportion of patients with VL< 500 at 
week 48 was 72% for nelfinavir + EFV; 
62% for EFV; 42% for nelfinavir 

ACTG 384 Complicated design; R, partly DB, 
controlled trial

ARV naive, HIV+ 
n = 980

Starting ART with EFV–3TC–AZT (but 
not with d4T–ddI) was superior to 
starting with a nelfinavir-containing 
regimen in terms of delaying failure of 
second ART regimen

Initio R, DB, PC trial of EFV or nelfinavir or both 
+ ddI–d4T

ARV naive, HIV+
n = 911

After 3 years the proportion of patients 
with VL< 50 was 74% on EFV; 62% on 
nelfinavir; 62% on nelfinavir + EFV

PACTG 377 Open-label study of nelfinavir + d4T–RTV 
or nelfinavir + d4T–3TC or nelfinavir + 
d4T–3TC–NVP

Pediatric, HIV+
n = 181
Median age: 5.9 years
Male: 46%
Baseline CD4: 690
Baseline VL: 4.4

Proportion of patients with VL< 400 at 
48 weeks: 41% d4T–NVP–RTV; 42% 
d4T–3TC–nelfinavir; 30% d4T–NVP–
nelfinavir; 52% 
d4T–3TC–NVP–nelfinavir 

Study 556 R, DB, PC trial of nelfinavir or PBO plus 
ZDV and ddI 

Pediatric, HIV+ with minimal ARV 
exposure

n = 141
Mean age: 3.9 years
(33% < 2 years)
Baseline VL: 5.0 
Baseline CD4: 886

Efficacy of nelfinavir in children > 2 years 
(measured by VL< 400 at week 48) 
was 26% vs. 2% in PBO arm; in infants 
< 2 years only 1 of 27 given nelfinavir 
and 2 of 20 in PBO arm had undetect-
able VL

aCD4 count in cells/μl; viral load in log10 HIV RNA copies/ml.
Abbreviations: DB: double-blind; R: randomized; PC: placebo-controlled; ZDV: zidovudine; 3TC: lamivudine; ARV: antiretroviral; VL: viral load; PBO: placebo; 

EFV: efavirenz; NRTI: nucleoside reverse transcriptase inhibitor; AZT: zidovudine; d4T: stavudine; ddI: didanosine; RTV: ritonavir; NVP: nevirapine.
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administered twice daily, more patients in the nelfinavir 
group (17%) than in the fosamprenavir arm (7%) experi-
enced virologic failure (Gathe et al., 2004).

In the Combine study, 142 HIV-infected, antiretroviral- 
naive individuals without a diagnosis of AIDS living in 
Spain or Argentina were randomized to receive zidovudine, 
lamivudine, and nelfinavir or the same nucleoside reverse 
transcriptase inhibitor backbone with nevirapine. An intent-
to-treat analysis showed that the proportion of patients with 
a VL < 200 copies/ml was 60% in the nelfinavir arm and 75% 
in the nevirapine arm (Podzamczer et al., 2002).

In the A1424-007 dose-ranging study of atazanavir, three 
doses of the unboosted drug were compared with nelfinavir 
in antiretroviral-naive patients as monotherapy for 2 weeks, 
and then for 46 weeks in combination with stavudine and 
didanosine. This study failed to show any significant differ-
ences in efficacy between the two protease inhibitors, 
although diarrhea was reported more frequently in patients 
receiving nelfinavir together with marked and sustained ele-
vations in total cholesterol, fasting LDL, and fasting tri-
glycerides (Sanne et al., 2003).

The international, randomized INITIO study (Table 
242.5) enrolled 911 anti-retroviral-naive HIV-infected indi-
viduals to compare efavirenz or nelfinavir, or both together, 
in combination with didanosine and stavudine as backbone 
nucleoside reverse transcriptase inhibitors. After 3 years, 
individuals randomized to the efavirenz arm had the highest 
rate of undetectable viral load (with 74% having < 50 copies/
ml compared with 62% both in the nelfinavir arm and in 
those receiving the combination of nelfinavir and efavirenz) 
(Yeni et al., 2006).

In antiretroviral treatment-experienced patients, adding 
nelfinavir to a salvage regimen with a nonnucleoside reverse 
transcriptase inhibitor and two nucleoside reverse transcrip-
tase inhibitors was better than either nelfinavir or a non-
nucleoside reverse transcriptase inhibitor alone with a 
back bone of two nucleoside reverse transcriptase inhibitors 
(Albrecht et al., 2001; Jensen-Fangel et al., 2001). In the 
ACTG 364 trial, nelfinavir 750 mg three times daily plus efa-
virenz with two nucleoside reverse transcriptase inhibitors 
was compared with nelfinavir or efavirenz alone with two 
nucleoside reverse transcriptase inhibitors. The proportion 
of patients with HIV viral load < 500 RNA copies/ml was 
72%, 42%, and 62% in the three treatment groups, respec-
tively (Albrecht et al., 2001; Table 242.5).

Nelfinavir has also been evaluated in resource-limited set-
tings, such as Nigeria, in noncomparative open-label studies 
and was found to have acceptable efficacy and tolerability 
(Idoko et al., 2002).

7b.  HIV-1 infection in pediatric patients

Nelfinavir as part of a combination antiretroviral regimen 
has been evaluated in a number of small prospective pedia-
tric studies (see Table 242.5) and shown to be associated with 
a moderately favorable safety profile and adequate virologic 
and immunologic responses (King et al., 2005; Resino et al., 

2006). Response rates in infants and children < 2 years of age 
are generally poor. 

7c.  Adults with malignancy

Of interest, nelfinavir has also now entered clinical trials for 
the treatment of malignancy (Hoover et al., 2015; Rengan et 
al., 2012). The combination of nelfinavir and chemoradiother-
apy has shown promising results in patients with advanced 
pancreatic cancer in a recent small trial (Brunner et al., 
2008). These and other early clinical studies are based on the 
finding from a screen of protease inhibitors that nelfinavir 
was the most potent drug in its class to inhibit the growth of 
over 60 cancer cell lines from nine different tumors (Gills et 
al., 2008). 

The underlying mechanism is that nelfinavir promotes 
caspase-dependent apoptosis, nonapoptotic death, autoph-
agy, and cell cycle arrest, while blocking the activation of 
growth factor receptors and inhibiting relevant malignan-
cy-associated signaling pathway within the cell (Gills et al., 
2008; Xiang et al., 2015). There are a number of reports on in 
vitro effects of nelfinavir in inhibiting the growth of prostate 
cancer cells (Yang et al., 2005), multiple myeloma cells (Ikezoe 
et al., 2004), breast cancer (Gupta et al., 2004), ovarian can-
cer cells (Brüning et al., 2009), glioma cells (Pyrko et al., 
2007), hepatocellular carcinoma cells (Sun et al., 2012), and 
melanoma cells (Jiang et al., 2007).

The evidence that nelfinavir therapy may also reduce the 
risk of Kaposi’s sarcoma and non-Hodgkin’s lymphoma is of 
particular relevance to HIV infection (Sgadari et al., 2003).
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1. DESCRIPTION

A fixed-dose combination of lopinavir and ritonavir (lopina-
vir–ritonavir, Kaletra, Aluvia), is an important agent in the 
pharmacotherapy of HIV infection. Lopinavir (formerly 
known as ABT-378) is an HIV-1-specific protease inhibitor 
engineered to address the shortcomings of earlier agents in 
the protease inhibitor class. It is the only protease inhibitor to 
be co-formulated with ritonavir, an older generation prote-
ase inhibitor now exploited only in low dose for its pharma-
cological enhancing effect (Sham et al., 1998). Ritonavir, a 
potent inhibitor of hepatic cytochrome P-450 (CYP) 3A iso-
enzyme (AbbVie, 2015a), decreases metabolism and increases 
plasma levels of lopinavir. 

Protease inhibitors prevent the cleavage of Gag and Gag-
Pol protein precursors of HIV-1 in infected cells, so that 
immature, noninfectious virions are produced. In the early 
1990s, protease inhibitors were designed to fit the active site 
of the HIV-1 protease. As patients began to fail protease 
inhibitor–based therapy, sequence analysis of the viral prote-
ase was performed and revealed mutations of the valine resi-
due at position 82. These Val82 mutant viruses exhibited 
significantly reduced drug affinity to ritonavir. The rationale 
for the development of lopinavir was to overcome the loss of 
this interaction. The P3-isopropylthiazolyl group was removed 
and replaced with a cyclic urea; further replacement of the 
P2′ (thiazolyl) methoxycarbonyl group with dimethylphe-
noxyacetyl group yielded lopinavir (Sham et al., 1998). 

The chemical name for lopinavir is [1S-[1R*,(R*), 
3R*,4R*]]–N–[4-[[(2,6-dimethylphenoxy)acetyl]amino]– 
3–hydroxy –5–phenyl -1–(phenylmethyl)pentyl]tetrahydro–
alpha–(1–methylethy)–2–oxo–1(2H)–pyrimidineacetamide. 
The molecular formula is C37H48N4O5, and its chemical struc-
ture is 628.80 (AbbVie, 2015b). Lopinavir’s structural for-
mula is shown in Figure 243.1.

Ritonavir is chemically designated as 10-hydroxy-2methyl- 
5(1-methylethyl)-1-[2-(1-methylethyl)-4thiazolyl]-3,6-dioxo- 
8,11-bis(phenylmethyl)-2,4,7,12-tetraazatridecan-13-oic 
acid, 5-thiazolylmethyl ester, [5S-(5R*,8R*,10R*,11R*)]. Its 

molecular formula is C37H48N6O5S2, and its molecular weight 
is 720.95(AbbVie, 2015a). 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The antiviral potency of lopinavir against HIV-1, expressed 
as the in vitro 50% effective concentration (EC50), is 17 nM in 
MT4 cells (a T lymphocyte cell line) compared with 58 nM 
for ritonavir. The EC50 of lopinavir in the presence of 50% 
human serum increases to only 102 nM, compared with 
1044 nM for ritonavir (Sham et al., 1998). A low level of 
binding to albumin may partially explain this difference, as 
lopinavir is 98–99% protein bound. 

There are very few data available regarding in vitro sus-
ceptibility of various non-B subtypes to lopinavir. Hyper-
susceptibility to lopinavir for subtype C strains of HIV-1 
carrying the naturally occurring I93L substitution within 
protease has been reported (Gonzalez et al., 2003). Naturally 
occurring polymorphisms in protease in subtype F strains of 
HIV-1 also result in reduced lopinavir efficacy (Krauchenco 
et al., 2008).

The EC50 values of lopinavir against three different HIV-2 
strains ranged from 12 to 180 nM (AbbVie, 2015b). When 
tested against HIV-2 MS and HIV-2 CBL-23 activity is simi-
lar to that observed with a reference HIV-1 strain; there is a 

Figure 243.1. Chemical structure of lopinavir.
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10-fold reduction in susceptibility against HIV-2 CDC10319 
(Masse et al., 2007). Lopinavir has in vitro activity against 
SIV although the EC50 is not clearly defined (Deng et al., 2012).

2b.  Emerging resistance and 
cross-resistance

Mutations associated with lopinavir resistance can be selected 
in vitro and have been found in association with virologic 
failure in both HIV-1 treatment-naive and -experienced 
patients. Naturally occurring polymorphisms within protease 
have not been found to influence efficacy of a lopinavir- 
containing regimen (Champenois et al., 2008). The emer-
gence of resistance on therapy is dramatically increased with 
the use of lopinavir–ritonavir in patients with preexisting 
mutations in protease in comparison with patients without 
baseline evidence of protease resistance mutations. Various 
algorithms have been developed for the prediction of lopina-
vir resistance in the setting of virologic failure. Mutations  
at 11 amino acids emerging during virologic failures were 
identified early in the development of lopinavir–ritonavir, 
including L10F/I/R/V, K20M/R, L24I, M46I/L, F53L, I54L/
T/V, L63P, A71/L/T/V, V82A/F/T, I84V, and L90M (Kempf et 
al., 2001). Data suggested that six or more of these lopinavir- 
related mutations were necessary to have a significant 
decrease in clinical response. In another study, major muta-
tions associated with resistance included V32I, I47V/A, and 
V82A/F/T/S (Masquelier et al., 2002). HIV-1 strains con-
taining only the I47A mutation have an inhibition constant 
value for lopinavir that is two orders of magnitude greater 
than for wild-type protease (Saskova et al., 2008). Studies 
involving larger patient databases have demonstrated that a 
significantly greater number of mutations in the protease gene 
are associated with lopinavir resistance (G16E, Q18Y, K20I, 
V32I, L33F/M, E34Q, K43T, K45T, I47V, G48M/V, I54A/
S/M, 55R, Q58E, L63T, I72V, G73S/T, T74S, V82S, I85V, 
L89M, C95F/L (Mo et al., 2005; Parkin et al., 2003; Hoefnagel 
et al., 2006). Another mutation that can significantly increase 
lopinavir resistance is the I50V mutation which is selected by 
amprenavir or fosamprenavir and that leads to high level 
lopinavir resistance in the presence of additional mutations 
(Parkin et al., 2003). Preexisting mutations at positions 46, 
54, and 82 together with accessory mutations at positions 10 
and 20 reduces lopinavir susceptibility > 50-fold and reduce 
the virologic response to lopinavir–ritonavir salvage therapy 
(Rhee et al., 2006). The I47A mutation, which has a prevalence 
of < 1% in protease inhibitor–experienced patients, should be 
considered the primary lopinavir mutation, decreasing lopi-
navir susceptibility by 100-fold (Friend et al., 2004). Novel 
mutations that may emerge in subtype C HIV-1 infection in 
patients failing lopinavir–ritonavir include I15V, L19I, and 
R41K (Grossman et al., 2014). 

Mutations that emerged in patients with HIV-2 failing pro-
tease inhibitors, most commonly lopinavir–ritonavir, included 
V47A, I54M, and to a lesser frequency, I50V, V62A, I82F, 
L90M and L99F (Charpentier et al., 2014). The mutations 
V47A, I54M, and I82F generate high level phenotypic resis- 

tance to lopinavir and in the case of the I54M mutation, cross 
resistance to darunavir (Charpentier et al., 2013). 

Because of the complexity of genotype interpretation due 
to the existence of these multiple genotypic interpretation 
algorithms, phenotype testing is an alternative that may facili-
tate treatment decisions in patients. Commercially available 
phenotype tests include the Monogram PhenoSense Assay 
(South San Francisco, CA) and are particularly useful in 
patients with multiple protease mutations that make geno-
type interpretation difficult (Janssen Diagnostics, BVBA, 
Beerse, Belgium). Clinical cutoffs (which predict the fold 
change below which full activity should be anticipated and 
above which there is unlikely to be any clinical benefit from 
treatment with lopinavir–ritonavir) are currently 9 and 55 
for lopinavir and ritonavir, respectively, using the PhenoSense 
assay (Coakley et al., 2006). 

Cross-resistance between lopinavir and other protease 
inhibitors has been described (Paulsen et al., 2002; Prado 
et al., 2002; Yanchunas et al., 2005; Turner et al., 2004). In 
patients with highly protease inhibitor–resistant virus, the 
majority of the isolates are resistant to the first generation 
of protease inhibitors (saquinavir, indinavir, nelfinavir) and 
atazanavir. Generally, the protease inhibitors tipranavir and 
darunavir retain phenotypic sensitivity against HIV isolates 
from treatment-experienced patients, including isolates with 
evidence of phenotypic resistance to lopinavir and fosampre-
navir (Parkin et al., 2007). 

2c.  In vitro synergy and antagonism 

Combination antiviral drug activity studies with lopinavir in 
cell cultures have generally demonstrated additive activity 
with nelfinavir, amprenavir, indinavir, and tipranavir; syner-
gistic activity has been reported with lopinavir and saquina-
vir (Molla et al., 2002), including HIV-1 strains with high 
level resistance to lopinavir and low level resistance to 
saquinavir (Dam et al., 2007). In other studies tipranavir and 
lopinavir in combination have been reported to be either 
synergistic or antagonistic, depending on the concentration 
of drug (Bulgheroni et al., 2004). These authors also report 
antagonism between lopinavir and amprenavir. 

3. MECHANISM OF DRUG ACTION

Like all protease inhibitors, lopinavir–ritonavir exerts its anti-
retroviral effect by competitive inhibition of the HIV protease 
enzyme, whose normal function is cleavage of the Gag-Pol 
gene product. Inhibition of this late step in the viral life cycle 
results in the production of replication- incompetent virions. 
See Chapter 240, Saquinavir, for more details of the mecha-
nism of action of protease inhibitors.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Lopinavir–ritonavir was first available as a soft gelatin cap-
sule of 133.3 mg lopinavir and 33.3mg ritonavir; the capsules 
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are no longer available from the manufacturer. Lopinavir–
ritonavir fixed-dose combination is available in the form 
of oral tablets, solution, and pellets. A bioequivalent melt- 
extrusion tablet formulation is available in two strengths: 
yellow tablets containing 200 mg of lopinavir and 50 mg of 
ritonavir, and pale yellow tablets containing 100 mg of 
lopinavir and 25 mg of ritonavir. The tablets can be taken 
without regard to food. The tablets should be swallowed 
whole and not be chewed, broken, or crushed. An oral solu-
tion is also available for administration as 80 mg/ml lopina-
vir and 20 mg/ml ritonavir and should be taken with food to 
increase bioavailability. Lopinavir–ritonavir oral solution 
con tains 42.4% alcohol (v/v) and 15.3% propylene glycol 
(w/v). The oral solution should be stored at 2–8°C until dis-
pensed; if it is stored at room temperature (up to 25°C), it 
should be used within 2 months (AbbVie, 2015b). Given the 
need for a heat-stable formulation that is easier to administer 
to infants and children who cannot swallow tablets, lopinavir– 
ritonavir 40 mg/10 mg pellets were developed. The pellets are 
to be given to children with soft food and were tentatively 
approved by the US Food and Drug Administration (FDA) 
in May 2015.

4a.  Adults

The recommended dose of lopinavir–ritonavir is 400/100 mg 
twice daily in adults 18 years of age and older, with the fol-
lowing exceptions. Lopinavir–ritonavir can be administered 
as 800/200 mg once daily in treatment-naive adults not 
receiving efavirenz or nevirapine, carbamazepine, phenobar-
bital, or phenytoin. Once-daily administration is possible 
in therapy-experienced adults with two or fewer lopinavir 
 resistance-associated mutations (L10F/I/R/V, K20M/N/R, 
L24I, L33F, M36I, I47V, G48V, I54L/T/V, V82A/C/F/S/T, and 
I84V) (King et al., 2009), but not in therapy-experienced 
patients with more than two mutations, pediatric patients, or 
pregnant women. The dose of lopinavir–ritonavir is increased 
to 500/125 mg twice daily with tablet formulation and 520/130 
mg twice daily with oral solution when administered in com-
bination with efavirenz or nevirapine (AbbVie, 2015b). 

Table 243.1 lists the recommended doses of lopinavir–
ritonavir in adults and adolescents. 

4b.  Newborn infants and children

For administration in young children, lopinavir–ritonavir 
oral solution can be used, and it should be administered with 

a calibrated dosing syringe (AbbVie, 2015b). Older children 
who are able to swallow intact tablets may take the 100/25 
mg tablets or the 200/50 mg tablets, but these must not be 
crushed because this results in lower lopinavir exposure 
(Best et al., 2011). Heat-stable lopinavir–ritonavir pellets, 
previously referred to as “minitab sprinkles,” are expected to 
be available for use in many settings globally (IATT, 2015). 
The pellets were studied in 77 children aged 3 months up to 
13 years in a pharmacokinetic cross-over trial, with compa-
rable lopinavir exposure to oral solution but lower than with 
tablets (Musiime et al., 2014).

Dosing for pediatric patients should be based on body 
weight or body surface area. Given that infants grow rap-
idly, the dose should be checked and adjusted at frequent 
intervals. 

Once daily dosing is not recommended in children and 
adolescents 18 years of age or younger due to trough concen-
trations below the therapeutic range for wild-type virus and 
variability in drug exposure (Rosso et al., 2006; van der Lee 
et al., 2006b; la Porte et al., 2009). Of note, some sources dif-
fer on recommended dosing of lopinavir–ritonavir in pediat-
ric patients because younger children, particularly in the first 
year of life, have lower lopinavir exposure than older chil-
dren and adults when treated with doses that are scaled for 
body surface area (Chadwick et al., 2008; Chadwick et al., 
2009; Chadwick et al., 2011).

Neonates below the age of 14 postnatal days and 42 weeks 
postmenstrual (from the first day of the mother’s last men-
strual period to birth plus the time elapsed since birth) 
should not be given lopinavir–ritonavir because of potential 
toxicities (see Section 6, Adverse reactions and toxicity). 
Accurate dosing of lopinavir–ritonavir is particularly import-
ant when using oral solution because it contains 42.4% (v/v) 
alcohol and 15.3% (w/v) propylene glycol.

The U.S. DHHS (2015a) pediatric HIV guidelines recom-
mend lopinavir–ritonavir dosing of 16/4 mg/kg or 300/75 
mg/m2 body surface area (BSA) be given twice daily for chil-
dren aged 14 days to 12 months. For older children (12 
months to 18 years), particularly those who are treatment 
experienced with possible decreased lopinavir susceptibility, 
the following doses of lopinavir–ritonavir twice daily are 
recommended: 300/75 mg/m2 (not to exceed 400/100 mg) 
or 13/3.25 mg/kg for patients < 15 kg or 11/2.75 mg/kg for 
patients 15–45 kg. In treatment-naive patients not taking 
efavirenz or nevirapine, a dose of 230/57.5 mg/m2 or 12/3 
mg/kg for patients < 15 kg or 10/2.5 mg/kg for patients 15–45 
kg may be considered. 

Table 243.1. Lopinavir–ritonavir recommended doses.

Population Dose
Dose with concomitant efavirenz 
or nevirapine

Adults and adolescents 
> 18 years of age

400/100 mg twice daily or 
800/200 mg once dailya

500/125 mg twice daily (tablets) or 
533/133 mg twice daily (oral solution)

aOnce-daily dosing not recommended for any children or for adults with three or more lopinavir- associated mutations; 
pregnant women; patients on hemodialysis; or patients taking carbamazepine, phenytoin, or phenobarbital.
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4c.  Pregnant and lactating women

Several studies have found reduced lopinavir plasma concen-
trations in pregnant women compared to nonpregnant con-
trols (Stek et al., 2006; Bouillon-Pichault et al., 2009). In one 
study, lopinavir exposure in patients receiving lopinavir–
ritonavir capsules with 400/100 mg twice daily dosing was 
lower at 30–36 weeks of gestation than at 6–12 weeks post-
partum and compared to nonpregnant historical controls 
(Stek et al., 2006). Only 18% of the women studied during 
the third trimester of pregnancy had lopinavir area-under- 
the-concentration-time curve (AUC) values above the 10th 
percentile for nonpregnant adults and none exceeded the 
50th percentile, whereas 75% of the postpartum women 
studied exceeded the 10th percentile AUC and 42% exceeded 
the 50th percentile for nonpregnant adults. Other studies 
have noted that concentrations of protein-unbound drug, 
which exerts a pharmacologic effect, do not change signifi-
cantly during pregnancy and that dose adjustments may not 
be necessary (Patterson et al., 2013; Fauchet et al., 2015). 
Women who received an increased dose of lopinavir– 
ritonavir 600/150 mg twice daily during the third trimester 
had plasma lopinavir concentrations similar to those at 2 
weeks postpartum when taking 400/100 mg twice daily (Best 
et al., 2010). In a trial that randomized 63 pregnant women 
14–33 weeks gestation to receive lopinavir–ritonavir 400/100 
mg or 600/150 mg twice daily, 68.8% of women in the stan-
dard dose group achieved HIV-1 RNA < 50 copies/ml in the 
last 4 weeks of pregnancy compared to 89.7% in the higher 
dose group (Bonafe et al., 2013).

If lopinavir–ritonavir is used during pregnancy, some 
experts recommend increasing the dosage to 600/150 mg 
twice daily during the second and third trimesters, especially 
in protease inhibitor-experienced pregnant women and women 
who initiate antiretroviral therapy (ART) during pregnancy 
with a viral load > 50 copies/ml (DHHS, 2015b). Although 
lopinavir–ritonavir tablets do not need to be taken with 
food, a study found reduced lopinavir exposure during 
pregnancy in food-insecure Ugandan women (Bartelink et 
al., 2014). Once-daily regimens of lopinavir–ritonavir have 
not been studied during pregnancy and therefore are not 
recommended. Lopinavir–ritonavir oral solution should be 
avoided during pregnancy due to the presence of alcohol and 
propylene glycol.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Renal clearance of the drug is negligible, and significant 
changes in clearance are not expected in patients with renal 
impairment. However, in patients on hemodialysis, once 
daily dosing is not recommended according to DHHS (2016) 
guidelines. In a study of 13 HIV-infected hemodialysis 
patients, taking three 133.3/33.3 mg lopinavir–ritonavir cap-
sules twice daily, Cmin was lower than in historical controls 
(Gupta et al., 2008). Concomitant use of tenofovir disoproxil 
fumarate with a ritonavir-boosted protease inhibitor can 

lead to increased tenofovir concentrations (Kearney et al., 
2006) and has been associated with increased risk of renal 
dysfunction in some studies (Goicoechea et al., 2008; Kiser et 
al., 2008; Mwafongo et al., 2014) but not others (Gallant et 
al., 2009). 

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Lopinavir is primarily metabolized and eliminated by the 
liver, and caution should be used when administering the drug 
to patients with hepatic impairment. Postmarketing cases 
of hepatic dysfunction have been reported among patients 
taking lopinavir–ritonavir, although a causal relationship has 
not been established (AbbVie, 2015b). Laboratory testing of 
liver function should be conducted before initiating lopinavir–
ritonavir and should be monitored more closely in patients 
with underlying chronic hepatitis or cirrhosis. 

Multiple dosing of lopinavir–ritonavir at 400/100 mg 
twice daily in HIV and HCV co-infected patients with mild 
to moderate hepatic impairment (n = 12) resulted in a 30% 
increase in lopinavir AUC and 20% increase in peak plasma 
concentration (Cmax) compared to HIV monoinfected partic-
ipants with normal hepatic function (n = 12). Furthermore, 
the plasma protein binding of lopinavir was lower in both 
mild and moderate hepatic impairment compared to con-
trols (Peng et al., 2006). In a separate study of 30 patients 
with chronic liver disease due to hepatitis B or C co-infection 
or alcoholic liver disease, there were no differences in mini-
mum concentration (Cmin) when compared with levels in 
38 patients without liver disease (Langmann et al., 2008). 
Lopinavir–ritonavir has not been studied in patients with 
severe hepatic impairment. 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

The pharmacokinetics of lopinavir–ritonavir have been stud-
ied in healthy volunteers and HIV-infected adults, including 
pregnant women, adolescents, children, and infants. The 
pharmacokinetics in adults older than 65 years as well as in 
persons with disturbances in kidney or liver function have 
not been extensively assessed. Thus far, the results do not 
reveal differences in pharmacokinetics between healthy indi-
viduals and HIV-infected persons or between individuals of 
different sex or race (Umeh et al., 2011).

In general, caution should be exercised when lopinavir–
ritonavir is administered in the elderly. One study measured 
lopinavir trough concentrations in antiretroviral-naive HIV-
infected adults aged 18–30 (n = 37) versus those aged 45–79 
(n = 40). A population pharmacokinetic model predicted 
that lopinavir clearance would decrease 38% from 20 years to 
80 years after adjusting for adherence, which was higher in 
older versus younger participants (Crawford et al., 2010). 

5a.  Bioavailability

Lopinavir, when used alone, produces inadequate systemic 
concentrations due to extensive metabolism by the cytochrome 
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P-450 (CYP) 3A isoenzymes. As a potent inhibitor of 
CYP3A4/5, ritonavir is co-administered to enhance the 
plasma levels of lopinavir. Studies in HIV-infected patients 
have shown lopinavir–ritonavir administered in a dose of 
400/100 mg twice daily yields mean steady-state lopinavir 
plasma concentrations 15- to 20-fold higher than those of 
ritonavir. Furthermore, the plasma levels of ritonavir are  
< 7% of those obtained with the standard ritonavir dose of 
600 mg twice daily (Sham et al., 1998). Combination drug 
activity studies with lopinavir and other protease inhibitors 
or reverse transcriptase inhibitors have not been completed.

Although the absolute bioavailability of lopinavir co- 
formulated with ritonavir in humans has not been estab-
lished, lopinavir is well absorbed after oral administration. 
In a representative pharmacokinetic study, 19 HIV infected 
subjects took lopinavir–ritonavir 400/100 mg twice daily 
with food. The steady-state pharmacokinetic parameters 
(mean ± s.d.) of lopinavir were maximum plasma concen-
trations of 9.8 ± 3.7 μg/ml, trough concentrations before 
the morning dose of 7.1 ± 2.9 μg/ml, and AUC0–12 of 92.6 ± 
36.7 μg/h/ml. Max imum plasma concentration at steady 
state occurred approximately 4 hours after administration 
(AbbVie, 2015b; Table 243.2).

The pharmacokinetics of once-daily lopinavir–ritonavir 
800/200 mg (using the capsule formulation, which is no lon-
ger available) in combination with stavudine and lamivudine 
have also been evaluated in antiretroviral-naive HIV-infected 
subjects (Eron et al., 2004). Compared to twice-daily lopinavir– 
ritonavir dosing, once daily dosing produced more variable 
pharmacokinetic parameters and significantly lower Ctrough 
and Cmin at week 3 of dosing but no significant differences in 
Cmax or AUC24 at 3 weeks. In intent-to-treat analysis, 74% of 
participants in the once-daily group and 79% in the twice-
daily group had HIV-1 RNA < 50 copies/ml at 48 weeks. 

Lopinavir–ritonavir tablets may be taken with or without 
food. The pharmacokinetics of two 200/50 mg lopinavir–
ritonavir tablets after single dosing in HIV-uninfected subjects 
was similar to three 133.3/33.3 mg lopinavir–ritonavir cap-
sules under fed conditions with less pharmacokinetic vari-
ability (Klein et al., 2007). No clinically significant changes in 
Cmax and AUC were observed after administration of tablets 
under fed conditions compared to fasted conditions. Relative 
to fasting, administration of lopinavir–ritonavir tablets with 
a moderate fat meal (500–682 kcal; 23–25% calories from 
fat) increased lopinavir AUC and Cmax by 26.9% and 17.6%, 
respectively. Compared to fasting, administration of lopina-
vir–ritonavir tablets with a high-fat meal (872 kcal; 56% 
from fat) increased lopinavir AUC by 18.9% but not Cmax. 

Lopinavir–ritonavir oral solution requires administration 
with food. Compared to fasting, administration of lopinavir–
ritonavir solution with a moderate fat meal increased lopinavir 
AUC and Cmax by 80 and 54%, respectively (AbbVie, 2015b).

5b.  Drug distribution

At steady state, lopinavir is 98–99% bound to serum pro-
teins, binding to both alpha1-acid glycoprotein (AAG) and 
albumin. Lopinavir protein binding remains constant and is 
similar between healthy volunteers and HIV-infected sub-
jects (AbbVie, 2015b). Despite being highly protein bound, 
lopinavir penetrates the cerebrospinal fluid (CSF). Lopinavir 
CSF concentrations exceeded the 99th percentile for HIV 
wild-type susceptibility and surpassed the median half- 

maximal inhibitory concentration (IC50) by approximately 
fivefold (Capparelli et al., 2005). Multiple studies have demon-
strated that treatment with either lopinavir–ritonavir alone 
or in combination with other antiretrovirals reduced the HIV 
RNA level in CSF (Lafeuillade et al., 2002; Yilmaz et al., 2004; 
Letendre et al., 2007). Lopinavir also penetrates the umbilical 
cord; mean cord blood lopinavir concentration was 1.1 µg/ml 
in women receiving lopinavir–ritonavir capsules at 400/100 
mg twice daily in the second trimester and 533/133 mg in 
the third trimester (Mirochnick et al., 2006). Lopinavir 
concentrations are low in the male and female genital tracts 
(Dumond et al., 2007; Ghosn et al., 2004). Lopinavir crosses 
the placenta, leading to exposure in utero (Best et al., 2010). 
Lopinavir concentrations are very low in breast milk, and 
lopinavir concentrations in breastfeeding infants are thought 
not to be clinically significant (Gandhi et al., 2013; Shapiro 
et al., 2013; Palombi et al., 2012; Corbett et al., 2014). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The pharmacokinetic variable that has been found to best 
predict the virologic efficacy of protease inhibitors in general 
is the Cmin, and the advantage of ritonavir-boosting of pro-
tease inhibitors has been due to the increase of the Cmin sig-
nificantly above the IC50 for wild-type HIV. The inhibitory 
quotient (IQ) initially was used to combine pharmacologic 
and microbiologic parameters in bacteriology as a predictor 

Table 243.2. Summary of pharmacokinetics parameters for 
lopinavir–ritonavir 400/100 mg twice daily ± food in HIV-infected 
participants

Parameters Lopinavir–ritonavir

Cmax 9.8 ± 3.7 μg/ml

tmax 4 hours

Ctrough 7.1 ± 2.9 μg/ml

AUC0-–2 92.6 ± 36.7 μg/h/ml

With food Increased bioavailability

t½ 4–6 hours

Oral clearance 5.98 ± 5.75 l/hour

Vd NA

Protein binding 98–99% bound to plasma proteins

Bioavailability NA

Metabolism Hepatic; primarily by CYP3A4/5

Elimination 82.6 ± 2.5% in bile
10.4 ± 2.3% in urine

Abbreviations: Cmax: maximum concentration; tmax: time to maximum con-
centration; Ctrough: concentration before dosing; AUC: area-under-the- 
concentration-time curve; t½: half-life; Vd: volume of distribution; NA: not 
available.
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of response to antimicrobial agents (Ellner and Neu, 1981). 
The phenotypic IQ, or the calculated ratio of individual drug 
concentration to the baseline IC50, has been demonstrated to 
be predictive of antiviral response to a protease inhibitor- 
based regimen in protease inhibitor-experienced patients 
(Casado et al., 2003). Another variation, the genotypic  
IQ, which also takes into account the number of protease 
 inhibitor–associated mutations, has been demonstrated to be 
predictive of lopinavir response in both protease inhibitor- 
naive and -experienced patients (Torti et al., 2006; Maillard 
et al., 2007).

5d.  Excretion

Lopinavir is extensively metabolized. Human hepatic micro-
somal preparation data indicate that lopinavir primarily 
undergoes oxidative metabolism and at least 13 metabolites 
have been identified (AbbVie, 2015b; Kumar et al., 1999a). 
Microsomes from B-lymphoblastoid cells transfected with 
cytochrome enzymes demonstrate that CYP3A4 and 
CYP3A5 metabolize lopinavir to all of its major and minor 
metabolites. Lopinavir–ritonavir’s effect on CYP activity in 
human liver microsomes has been studied (Kumar et al., 
1999b). Lopinavir–ritonavir concentration ratios of 3:1 and 
29:1 did not inhibit CYP1A2, CYP2A6, or CYP2E1, and the 
effect on CYP2B6 was marginal. CYP IC50 (mean ± s.d.) val-
ues for lopinavir–ritonavir concentration ratios of 3:1 and 
29:1, respectively, were determined for CYP3A (1.1 ± 0.6 and 
4.6 ±2.5 µM), CYP2D6 (13.5 ± 3.0 and 29.0 ± 2.6 µM), 
CYP2C9 (13.7 ± 4.0 and 23.0 ± 7.5 µM), and CYP2C19 (28.7 
± 1.5 and 38.0 ± 4.0 µM) (Kumar et al., 1999b). These in vitro 
data suggest that lopinavir–ritonavir primarily inhibits the 
metabolism of CYP3A substrates, although it exerts minimal 
to no effects on CYP1A, CYP2A6, and CYP2E1 substrates. 
Because ritonavir has been shown to induce metabolic 
enzymes, it can induce its own metabolism (Kumar et al., 
1996). During multiple dosing, predose lopinavir–ritonavir 
plasma concentrations decline and reach a steady state after 
2–3 weeks (AbbVie, 2015b). 

Lopinavir and its metabolites are excreted primarily in the 
urine and feces. After a dose of 400/100 mg 14C-lopinavir–
ritonavir, approximately 82.6 ± 2.5% is excreted via the hepa-
tobiliary system and 10.4 ± 2.3% in the urine. Approximately 
2.2% and 19.8% of the administered dose is excreted 
unchanged in urine and feces, respectively (Kumar et al., 2004). 
Less than 3% of the lopinavir dose is excreted unchanged in 
the urine after multiple doses of lopinavir are given. The 
apparent oral clearance (Cl/F) of lopinavir is 5.98 ± 5.75 
l/hour (mean ± s.d.; n = 19) (see Table 243.2).

5e.  Drug interactions

Careful consideration must be paid to drug interactions when 
using lopinavir–ritonavir with other medications, especially 
those that are metabolized by the cytochrome P-450 
(CYP450) enzyme system. A number of clinically impor- 
tant drug interactions have been reported with lopinavir–  

ritonavir. Some interactions require dosage adjustments of 
lopinavir–ritonavir and/or the interacting drugs, whereas 
others prohibit the co-administration of the interacting drugs 
with lopinavir–ritonavir. Clinically significant drug interac-
tions are discussed briefly in this section; the manufacturer’s 
prescribing information should be consulted for specific 
pharmacokinetic data and appropriate dosage adjustments 
on all available drug interactions. 

Lopinavir–ritonavir is an inhibitor of the CYP3A iso-
enzyme. Co-administration of lopinavir–ritonavir and drugs 
primarily metabolized by CYP3A may result in elevated 
plasma concentrations of the other drug, which could 
increase or prolong its therapeutic and adverse effects. As a 
result, a number of drugs are contraindicated with lopinavir–
ritonavir because of the potential for serious and/or life- 
threatening events (Table 243.3). 

The combination with pimozide and cisapride should be 
avoided because of the potential for cardiac arrhythmia. The 
use of lopinavir–ritonavir with ergot derivatives can lead to 
serious peripheral ischemia because of the potent vasocon-
stricting effects of this class. Simvastatin and lovastatin are 
contraindicated because of the risk of myopathy, including 
rhabdomyolysis. Atorvastatin, pravastatin, and rosuvastatin 
are possible alternatives if low doses are used and patients are 
closely monitored. Pitavastatin is an alternative that requires 
no dose adjustment. 

Co-administration of lopinavir–ritonavir with directly 
acting oral anticoagulants (apixaban, dabigatran, rivarox-
aban, ticagrelor and vorapaxar) is contraindicated because 
of increased anticoagulant levels (DHHS, 2016). 

Co-administration of lopinavir–ritonavir with the antivi-
ral agents for the treatment of hepatitis C, elbasvir, grazopre-
vir, paritaprevir and simeprevir are contraindicated because 
of increased hepatitis C antiviral drug levels (AASLD/IDSA, 
2016; Khatri et al, 2016). 

Oversedation is a potential complication when midazolam 
and triazolam are administered with lopinavir–ritonavir 
(Abb Vie, 2015b). 

Other contraindications are caused by the effect of the 
concomitant drug on plasma lopinavir–ritonavir concentra-
tions. As a substrate of the CYP3A isoenzyme, lopinavir–
ritonavir is susceptible to the actions of inducers of the 
CYP3A4/5 metabolism. For example, rifampin and products 
containing St. John’s wort markedly reduce lopinavir plasma 
levels, which may produce a subtherapeutic response and 
contribute to the development of resistance to lopinavir–
ritonavir and so must also be avoided. 

In the resource-limited settings, despite the critical drug 
interaction leading to markedly reduced lopinavir exposure, 
the use of rifampin and lopinavir–ritonavir is frequently nec-
essary. It has been recommended to use a stepped increase to 
double dose lopinavir–ritonavir when co-administered with 
rifampin, and close clinical and laboratory monitoring for 
the development of hepatotoxicity (CDC, 2013; Sunpath et 
al, 2014).

Other clinically important drug interactions with lopina-
vir–ritonavir are listed in Table 243.4. Caution is warranted, 
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and therapeutic drug monitoring is recommended when 
lopinavir–ritonavir is co-administered with immunosup-
pressants (cyclosporine A, tacrolimus, everolimus, sirolimus), 
antiarrhythmics (amiodarone, lidocaine, quinidine, bepri-
dil, propa fenone, dofetilide, dronedarone), antidepressants 
(trazodone), calcium channel blockers (felodipine, nife-
dipine, nicardipine), and phosphodiesterase type 5-inhibitors 
(sildenafil, vardenafil, tadalafil, avanafil) due to the markedly 
elevated plasma concentrations of the concomitant drugs. 
Conversely, concomitant administration of lopinavir– ritonavir 
with other CYP3A inducers such as anticonvulsants (pheny-
toin, phenobarbital, carbamazepine), nonnucleoside reverse 
transcriptase inhibitors (efavirenz, nevirapine), some HIV 
protease inhibitors (fosamprenavir, tipranavir), and cortico-
steroids (dexamethasone, prednisone) can lower lopinavir–
ritonavir exposure, and require close monitoring and/or 
dosage adjustments to compensate for the reduced lopinavir– 
ritonavir plasma concentrations (AbbVie, 2015b). 

Lopinavir–ritonavir has also been shown in vivo to induce 
its own metabolism and to increase the biotransformation of 

drugs metabolized by CYP450 enzymes and by glucuroni-
dation (AbbVie, 2015b; Yeh et al., 2006). CYP450 induction 
by lopinavir–ritonavir can decrease concentrations of drugs 
such as methadone, the oral contraceptive ethinyl estradiol, 
and lamotrigine (Clarke et al., 2002; van der Lee et al., 2006a; 
Ouellet et al., 1998). Although the low-dose ritonavir is used 
to increase the plasma concentrations of lopinavir, it still 
has the potential to interact, albeit less potently. Case reports 
have been published describing iatrogenic Cushing syndrome 
in patients on ritonavir and either inhaled or intranasal flut-
icasone, budesonide, and mometasone as well as acute adre-
nal insufficiency with withdrawal of the inhaled or intranasal 
corticosteroid. In patients receiving lopinavir–ritonavir and 
requiring an inhaled or intranasal corticosteroid, use of these 
agents should be avoided. Safe alternatives with lopinavir–
ritonavir co-administration include inhaled or intranasal 
beclomethasone or flunisolide (Saberi et al., 2013). 

In addition, because lopinavir is available only in the 
fixed-dose combination of lopinavir–ritonavir, it can be diffi-
cult to determine the differential CYP effects of lopinavir and 

Table 243.3. Drugs contraindicated for co-administration with lopinavir–ritonavir.

Drug class/drug name Potential clinical effect

Anticoagulants (directly acting)

Apixaban, dabigatran, rivaroxaban, ticagrelor, vorapaxar Increased risk of bleedinga

Anti-infectives, antimycobacterials

Rifampin Induction of lopinavir–ritonavir metabolism, leading to loss of virologic 
response and possible resistance to lopinavir–ritonavir and other protease 
inhibitors; rifampin is commonly used with double-dose lopinavir–ritonavir 
when alternatives are unavailableb

Antiviral agents for hepatitis C
Elbasvir, grazoprevir, paritaprevir, simeprevir

Increased hepatitis C drug exposurec

Ergot derivatives

Dihydroergotamine, ergonovine, ergotamine, 
methylergonovine

Elevated drug concentrations, leading to potential for acute ergot toxicity 
characterized by peripheral vasospasm and ischemia of the extremities 
and other tissues

Gastrointestinal motility agent

Cisapride Elevated drug concentrations, leading to potential for cardiac arrhythmias

Herbal products

St. John’s wort (Hypericum perforatum) Induction of lopinavir–ritonavir metabolism, leading to loss of virologic 
response and possible resistance to lopinavir–ritonavir and other protease 
inhibitors

Lipid-lowering agents (HMG-CoA reductase inhibitors)

Lovastatin, simvastatin Elevated drug concentrations, leading to potential for myopathy including 
rhabdomyolysis

Neuroleptic

Pimozide Elevated drug concentrations, leading to potential for cardiac arrhythmias

Sedatives/hypnotics

Midazolam, triazolam Elevated drug concentrations, leading to potential for prolonged or 
increased sedation or respiratory depression

aData from DHHS (2016).
bData from CDC (2013).
cData from AASLD/IDSA (2016).
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Table 243.4. Drug interactions with lopinavir–ritonavir.

Drug administered with 
lopinavir–ritonavir 

Effect on drug 
concentration Comments, recommendation

Antiretrovirals

Nonnucleoside reverse transcriptase inhibitors
Efavirenz, nevirapine ↓ Lopinavir (LPV) Ritonavir-boosted LVP (r/LPV) should not be administered once 

daily in combination with efavirenz or nevirapine; ↑ r/LPV tablets 
to 500/125 mg or r/LPV oral solution to 533/133 mg twice a day

Nucleoside reverse transcriptase inhibitors
Tenofovir disoproxil fumaratea (TDF) ↑ TDF Unknown mechanism of interaction; monitor for TDF toxicity

Didanosine (ddI) ↓ ABC For oral solution, give ddI 1 hour before or 2 hours after r/LPV

Abacavir (ABC), zidovudine (AZT) ↓ AZT r/LPV induces glucuronidation; clinical significance unknown

Protease inhibitorsb

Darunavir (DRV) ↓ LPV, ↑ DRV Avoid combination

Fosamprenavir (fosAPV) ↓ LPV, ↑ DRV, ↓ fosAPV Avoid combination

Saquinavir (SQV) ↑ SQV SQV dose is 1000 mg twice daily; administered with r/LPV tablets 
400/100 mg twice daily

Tipranavir (TPV) ↓ LPV Avoid combination

Antiarrhythmics

Amiodarone, bepridil, lidocaine, 
quinidine, propafenone, dofetilide, 
dronedarone

↑ Antiarrhythmics Recommend therapeutic drug monitoring for antiarrhythmics

Anticoagulants

Warfarinc Monitor international normalized ratio; concentrations of warfarin 
may be affected

Anticonvulsants

Carbamazepine, phenobarbital, 
phenytoin

↓ LPV Use with caution; r/LPV may be less effective; avoid once-daily 
dosing of r/LPV

Lamotrigine ↓ Lamotrigine Consider ↑ lamotrigine dose and monitor clinically

Antidepressants

Bupropiond ↓ Bupropion Consider ↑ bupropion dose and monitor clinically

Trazodone ↑ Trazodone Use with caution; consider lower trazodone dose

Antifungals

Ketoconazole, itraconazole ↑ Antifungals Avoid doses > 200 mg/day

Voriconazole No data Avoid combination until data are available

Anti-infective

Clarithromycin ↑ Clarithromycin 50% dose reduction when creatinine clearance is 30–60 ml /
minute, 75% dose reduction when < 30 ml/minute

Antimycobacterials

Rifabutin ↑ Rifabutin Reduce usual dose by at least 50%; increase monitoring

Bedaquilinee ↑ Bedaquiline Bedaquiline should be used with r/LPV only if the benefit of 
co-administration outweighs the risk

Antiprotozoan

Atovaquone ↓ Atovaquone Clinical significance unknown; consider ↑ atovaquone dose

Lumefantrinef ↑ Lumefantrine Use with caution, monitor clinically

Calcium channel blockers, dihydropyridine

Felodipine, nifedipine, nicardipine ↑ Dihydropyridines Use with caution; monitor clinically

Systemic corticosteroids

Dexamethasone, prednisone ↓ LPV Use with caution; consider alternative antiretroviral
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ritonavir and predict the mechanism of interactions. Because 
the oral bioavailability of both didanosine and lopinavir–
ritonavir is significantly affected by administration with 
meals, didanosine should be administered 1 hour before or 
2 hours after lopinavir–ritonavir has been taken with food. 
Finally, the liquid formulation of lopinavir–ritonavir con-
tains 42.4% ethanol (v/v) and should not be co-administered 
with drugs capable of producing disulfiram-like reactions 
(e.g. disulfiram, metronidazole) (AbbVie, 2015b). Important 
drug–drug interactions with lopinavir–ritonavir are summa-
rized in Table 243.3 and Table 243.4. 

6. ADVERSE REACTIONS AND TOXICITY

The most common adverse events in clinical trials are gastro-
intestinal, including nausea, vomiting, abdominal pain, vom- 
iting, dyspepsia, flatulence, anorexia, and especially diarrhea. 
A pooled analysis demonstrated that ≤ 6% of subjects receiv-
ing lopinavir–ritonavir in early clinical trials discontinued 
lopinavir–ritonavir because of drug-related toxicity (Bern- 
stein et al., 2001). The incidence of diarrhea has been between 
5% and 27% in early licensing studies of the lopinavir–ritonavir 
soft gel capsules and is significantly improved with the new 

tablet formulation of lopinavir–ritonavir (Gathe et al., 2008). 
Studies have revealed similar rates of side effects in HIV-
infected women, pregnant women and children (Lockman et 
al., 2010; Lockman et al., 2012; Violari et al., 2008; Violari et 
al., 2012; Cohan et al., 2015; Hermes et al., 2012). A newer 
formulation of lopinavir–ritonavir minitab sprinkles has 
been approved, which may have improved tolerability in 
younger children than lopinavir–ritonavir liquid formula-
tion (Musiime et al., 2014).

Body habitus changes including peripheral lipoatrophy 
and visceral adiposity have been described in patients receiv-
ing lopinavir–ritonavir, but a direct correlation between 
lopinavir–ritonavir use and body habitus changes has not 
been demonstrated to date.

6a.  Severe adverse events

The incidence of severe adverse events related to the use of 
lopinavir–ritonavir is rare. Immediately before the licens-
ing of lopinavir–ritonavir, it was used for approximately 6.5 
months in over 4700 patients in four large international 
expanded access programs (EAP). In the Canadian, Italian, 
and Spanish arms of the EAP, toxicities included pancreatitis 

Drug administered with 
lopinavir–ritonavir 

Effect on drug 
concentration Comments, recommendation

Disulfiram, metronidazole ↑ Glucocorticoids r/LPV oral solution contains alcohol; may cause disulfiram-like 
reactions; avoid combination

Erectile dysfunction agents (PDE5 inhibitors)

Sildenafil, tadalafil, vardenafil, avanafil ↑ PDE5 inhibitors Use with caution; reduce PDE5 dose and monitor clinically

Immunosuppressants

Cyclosporine, tacrolimus, sirolimus, 
everolimus

↑ Immunosuppressants Consider therapeutic drug monitoring of immunosuppressants

Inhaled glucocorticoid

Fluticasone, budesonide, 
mometasoneg

↑ Corticosteroid Risk of inducing Cushing syndrome or adrenal insufficiency; avoid 
combination

Lipid lowering agents (HMG-CoA inhibitors)

Atorvastatin, rosuvastatin ↑ HMG-CoA inhibitors Use lowest possible dose of HMG-CoA inhibitors with monitoring; 
consider alternatives

Narcotics

Methadone ↓ Methadone Consider ↑ methadone dose and monitor clinically

Fentanyl, oxycodone ↑ Fentanyl and oxycodone Monitor for opiate-related adverse events

Oral contraceptives

Ethinyl estradiol ↓ Ethinyl estradiol Consider alternative methods of contraception or alternate 
antiretroviral agent

aData from Kearney et al. (2006) and Kiser (2008).
bData from Hsu et al. (2000).
cData from Hughes et al. (2007).
dData from Hogeland et al. (2007).
eData from Pandie et al. (2016).
fData from Byakika-Kibwika et al. (2012).
gData from Saberi et al. (2013)
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(< 0.8%), hyperlipidemia (< 0.4%), hepatitis (< 0.4%), fever 
(< 0.3%), myocardial infarction, diarrhea, dehydration, con-
vulsion, allergic reaction, nausea, vomiting, lactic acidosis, 
abnormal liver function tests, hepatic failure, Cushing syn-
drome, and rash (Rockstroh et al., 2001). Of note, fatalities 
from pancreatitis, hepatotoxicity, QT prolongation, and tor-
sades de pointes in patients receiving lopinavir–ritonavir 
have been described (AbbVie, 2015b).

Protease inhibitors have also been associated with a 
modest increase in risk of myocardial infarction related to 
duration of protease inhibitor exposure, although this risk is 
partially mitigated by the use of lipid-lowering agents (Bavin-
ger et al., 2013).

Serious toxicity in neonates receiving lopinavir–ritonavir 
oral solution, which contains both alcohol and propylene 
glycol, has been reported. Life-threatening cases of cardiac 
toxicity, lactic acidosis, renal failure, CNS depression and 
respiratory complications have been reported. Therefore, 
lopinavir–ritonavir oral solution should not be administered 
to neonates before a postmenstrual age of 42 weeks (see sec-
tion 4b, Infants, children, and adolescents, for the definition 
of this term) and before a postnatal age of at least 14 days 
(DHHS, 2015a). 

6b.  Laboratory abnormalities

Significant laboratory abnormalities associated with the use 
of lopinavir–ritonavir in clinical trials include hypertri-
glyceridemia, hypercholesterolemia, and elevated liver func-
tion tests. 

Significant hypertriglyceridemia (triglycerides > 750 mg/
dl) and hypercholesterolemia (cholesterol > 300 mg/dl) have 
occurred in up to 36% and 39% of protease-experienced 
patients receiving lopinavir–ritonavir in early clinical trials 
(Abbott Laboratories, 2007). In a small open label study of 
HIV negative men given lopinavir–ritonavir 400 mg/100 mg 
twice daily for 10 days, there were significant increases in fast-
ing triglycerides, free fatty acid, and very low density lipopro-
teins, suggesting a direct effect on lipid metabolism (Lee et 
al., 2004). Hyperlipidemia was reported to be responsible for 
lopinavir–ritonavir discontinuation in 35% of subjects in one 
cohort of patients receiving lopinavir–ritonavir (Bongio-
vanni et al., 2005), and typically does not completely normal-
ize with lifestyle interventions and pharmacologic treatment 
of hyperlipidemia. Direct comparative trials of lopinavir/
ritonavir and atazanavir–ritonavir or darunavir–ritonavir in 
treatment-naive patients have demonstrated a higher inci-
dence of hyperlipidemia with lopinavir/ritonavir use (Molina 
et al., 2008; Estrada et al., 2011), whereas the incidence is sim-
ilar when lopinavir–ritonavir and fosamprenavir–ritonavir 
are directly compared (Eron et al., 2006). The increases in 
serum cholesterol have been observed to be stable over 72 
weeks of therapy (Meynard et al., 2008). Dyslipidemia and 
insulin resistance have also been reported in HIV-infected 
women and children (Innes et al., 2016; Hermes et al., 2012). 

Marked elevation of hepatic transaminases (serum glu-
tamic oxaloacetic transaminase [SGOT] > 180 U/l and serum 

glutamic pyruvic transaminase [SGPT] > 215 U/l) have 
occurred in up to 11% and 13%, respectively, in adult protease 
inhibitor–experienced patients receiving lopinavir–ritonavir 
in early clinical trials (Abbott Laboratories, 2007). Generally 
elevated transaminases are transient, occurring early in the 
course of therapy, moderate in severity, and are associated 
with hepatitis B or C co-infection or elevated transaminases 
at baseline (Sulkowski et al., 2004). 

Protease inhibitor use has also been associated with dia-
betes, hyperglycemia, and insulin resistance. Studies in HIV-
negative volunteers suggest that hyperinsulinemia develops 
acutely after exposure to lopinavir–ritonavir, but that chronic 
administration may be associated with improvement of 
hyperinsulinemia in association with increases in adiponec-
tin levels, a hormone which improves insulin sensitivity (Lee 
et al., 2006).

6c.  Risks in pregnancy

Lopinavir–ritonavir is categorized as pregnancy category C 
in the current DHHS recommendations for the use of anti- 
retroviral drugs in HIV-1 infected pregnant women. 

Lopinavir–ritonavir is the protease inhibitor most com-
monly used in pregnant women in resource-limited settings. 
Large randomized trials have demonstrated similar side 
effects in HIV-infected women and children (Lockman et al, 
2010; Lockman et al. 2012; Violari et al. 2012). Several stud-
ies have suggested an association between lopinavir–ritonavir 
use during pregnancy and preterm delivery but this finding 
remains controversial (Powis et al., 2011; Sibiude et al., 2012).

6d.  Fetal toxicity

No treatment-related malformations were observed when 
lopinavir–ritonavir was administered to pregnant rats or rab-
bits. In rats treated with maternally toxic doses, embryonic and 
fetal development toxicities (decreased fetal viability, decreased 
fetal body weight, increased incidence of skeletal variations 
and ossification delays) were observed (AbbVie, 2015b). 

7. CLINICAL USES OF THE DRUG

In the recent US DHHS (2016) guidelines, lopinavir–ritonavir- 
containing regimens are no longer considered “Recom-
mended” or “Alternative” but rather “Other” regimen op- 
tions for initial antiretroviral therapy in adults. Specifically,  
lopinavir–ritonavir may be given once or twice daily in 
combination with either tenofovir disoproxil fumarate (TDF) 
and emtricitabine or abacavir and lamivudine. In patients who 
cannot take tenofovir or abacavir, lopinavir–ritonavir and 
lamivudine each given twice daily may be considered. Com-
pared to newer protease inhibitors, such as darunavir and 
atazanavir, lopinavir–ritonavir exhibits a less favorable safety 
and tolerability profile, with more metabolic complications 
and gastrointestinal side effects, twice the daily dose of riton-
avir required, and a higher pill burden. Globally, lopinavir- 
ritonavir combined with two NRTIs is considered a second-line 
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ART regimen for adults, including pregnant and breastfeed-
ing women (World Health Organization, 2015).

Lopinavir–ritonavir use in children has expanded both in 
resource-rich and resource-limited settings. In the USA, 
lopinavir–ritonavir is a preferred first-line agent in children 
as young as 14 days postnatal who have a postmenstrual age 
of at least 42 weeks through adolescence (DHHS, 2015a). In 
global guidelines, lopinavir–ritonavir is a preferred first-line 
agent for children up to 3 years of age and is an alternative 
first-line regimen in children from 3 years up to 10 years of 
age (World Health Organization, 2015).

Lopinavir–ritonavir is a potent agent that has demonstrated 
activity in antiretroviral-naive and -experienced patients; clin-
ical trials have demonstrated durability in antiretroviral-naive 
patients for > 5 years (Hicks et al., 2004) or 7 years (Murphy 
et al., 2008) of followup. Until large studies demonstrated 
comparable efficacy with other ritonavir-boosted protease 
inhibitors, lopinavir–ritonavir was considered the preferred 
protease inhibitor in US national guidelines. Emergence of 
protease resistance when lopinavir–ritonavir is used as a first 
protease inhibitor is rare. 

Lopinavir–ritonavir has been FDA approved for once 
daily dosing in the USA, and a trial demonstrated that the 
tablet formulation is safe and effective in antiretroviral-naive 
patients when given once or twice daily, with no increased 
incidence of gastrointestinal symptoms with once daily dos-
ing (Gathe et al., 2008). 

There is extensive experience with the use of lopinavir–
ritonavir in pregnant patients. The liquid and recently 
approved pellet formulations also allow for dosing in HIV-
infected children. 

Lopinavir–ritonavir in combination with TDF and lami-
vudine or emtricitabine is also recommended for the man-
agement of postexposure prophylaxis in resource- limited 
settings, particularly when better-tolerated drugs are not 
available (World Health Organization, 2014). 

7a.  HIV-1 infection in adults 

Table 243.5 describes some of the major comparative trials of 
lopinavir–ritonavir for the treatment of HIV-1 in antiretro-
viral-naive and -experienced adult patients. 

TREATMENT-NAIVE ADULTS

The ABT M98-863 trial demonstrated a significantly higher 
number of subjects in the lopinavir–ritonavir arm achiev-
ing a viral load < 50 copies/ml compared with the nelfinavir 
arm at 48 weeks (67% vs. 52%, respectively) (Walmsley et al., 
2002). Of patients with a viral load of at least 400 copies/ml 
between study weeks 24 and 48, 25 of 76 samples (33%) from 
the nelfinavir arm showed evidence of protease inhibitor 
resistance, whereas none of the 37 samples from patients 
in  the lopinavir–ritonavir arm had evidence of resistance 
in HIV protease. It was also the first study demonstrating 
improved outcomes in patients receiving ritonavir-boosted 
protease inhibitors as compared with unboosted protease 
inhibitors. 

The KLEAN study directly compared lopinavir–ritonavir 
with fosamprenavir–ritonavir with concurrent lamivudine–
abacavir therapy, and demonstrated equivalent virologic 
response and lipid elevations in both arms at 48 weeks (Eron 
et al., 2006). 

The ACTG 5142 study was an open-label comparison of 
three treatment arms in antiretroviral-naive patients: two 
nucleoside reverse transcriptase inhibitors plus efavirenz, 
two nucleoside reverse transcriptase inhibitors plus lopina-
vir–ritonavir, and efavirenz plus lopinavir–ritonavir. At 96 
weeks, the efavirenz plus two nucleoside reverse transcrip-
tase inhibitors arm demonstrated superior virologic efficacy 
with HIV RNA < 50 copies/ml in 89% of participants, as 
compared with 77% of participants in the two nucleoside 
reverse transcriptase inhibitors plus lopinavir–ritonavir arm 
(Riddler et al., 2008). Drug resistance was more common 
after efavirenz than lopinavir–ritonavir failure.

The CASTLE study, which compared twice-daily lopinavir–
ritonavir to once-daily atazanavir–ritonavir, each in com-
bination with TDF–emtricitabine, demonstrated virologic 
equivalence at 48 and 96 weeks (Molina et al., 2008; Molina 
et al., 2010). Triglyceride and total cholesterol increases were 
significantly higher in the lopinavir–ritonavir arm, whereas 
bilirubin elevations were significantly higher in the atazana-
vir–ritonavir arm. 

The ARTEMIS study, which compared once daily daruna-
vir–ritonavir (800/100 mg) to once or twice daily lopinavir–
ritonavir (daily dose 800/200 mg), in conjunction with 
tenofovir–emtricitabine in antiretroviral-naive HIV-infected 
adults found darunavir–ritonavir to be noninferior in viro-
logic response at 48 weeks (Ortiz et al., 2008). In the daruna-
vir–ritonavir arm, there were fewer adverse events (mostly 
gastrointestinal) and a significantly higher virologic response 
in individuals with baseline viral loads above 100,000 copies/
ml. At 96 and 192 weeks of followup, darunavir–ritonavir 
was statistically superior to lopinavir–ritonavir in virologic 
response (Mills et al., 2009; Orkin et al., 2012).

Lopinavir–ritonavir administered once daily has been 
compared to twice daily dosing in antiretroviral-naive indi-
viduals who also received emtricitabine and TDF in a ran-
domized open-label study. The development of resistance, 
proportion of patients with virologic suppression < 50 copies 
per ml and CD4 response at 96 weeks were not different 
between both groups (Molina et al., 2007). 

In the GARDEL trial, dual therapy lopinavir–ritonavir 
and lamivudine twice daily was noninferior to triple therapy 
with lopinavir–ritonavir, lamivudine or emtricitabine, and 
a second NRTI among treatment-naive individuals (Cahn et 
al., 2014). Of note, this dosing regimen required twice daily 
dosing of lamivudine and a total pill burden of six tablets per 
day. In patients who cannot take tenofovir or abacavir, this 
dual-therapy regimen may now be considered according to 
the DHHS (2016) guidelines.

TREATMENT-EXPERIENCED ADULTS

Direct comparisons of lopinavir–ritonavir to other ritonavir- 
boosted protease inhibitors in treatment-experienced patients 
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include the BMS 045 study, which found virologic efficacy  
of atazanavir–ritonavir 300/100 mg daily was similar to 
lopinavir–ritonavir 400/100 mg twice daily at 48 and 96 
weeks (Johnson et al., 2005; Johnson et al., 2006b). In the 
TITAN study, protease inhibitor–experienced patients who 
were lopinavir naive were randomized to lopinavir–ritonavir 
versus darunavir–ritonavir plus an investigator-selected 

optimized background regimen (Madruga et al., 2007). 
Plasma HIV RNA < 400 copies/ml was achieved at 48 weeks 
in 77% of the darunavir–ritonavir group versus 68% of the 
lopinavir–ritonavir group, a difference that was statistically 
significant for a prespecified secondary superiority end 
point. A statistically significant difference in virologic out-
comes was also observed at 96 weeks of followup (Bánhegyi 

Table 243.5. Selected clinical trials of lopinavir–ritonavir in adults with HIV disease.

Study (reference) Backbone
Followup 
(weeks) Regimen (n)

Baseline HIV 
RNA (log 

copies/ml), 
median

Baseline 
CD4 

(cells/μl), 
median

% HIV 
RNA < 400 
copies/ml 

(ITT)

% HIV 
RNA < 50 
copies/ml 

(ITT)

ART-naive subjects

M98-863
(Walmsley et al., 2002)

3TC/d4T  48 Lopinavir–ritonavir 400 mg/100 
mg twice a day (326)

5.01 232 75 67

Comparator NFV 750 mg twice a day (327) 4.98 232 63 52

KLEAN
(Eron et al., 2006)

3TC/ABC  48 Lopinavir–ritonavir 400 mg/100 
mg twice a day (444)

5.1 194 71 65

Comparator Fosamprenavir–ritonavir 700 
mg/100 mg twice a day (434)

5.1 188 73 66

ACTG 5142
(Riddler et al., 2008)

2 NRTI  96 Lopinavir–ritonavir 400 mg/100 
mg twice a day (253)

4.8 190 86a 77

Comparator 2 NRTI Efavirenz 600 mg once a day (250) 4.8 195 93a 89

Comparator Without NRTI Lopinavir–ritonavir 400 mg/100 
mg twice a day + efavirenz 600 
mg once a day (250)

4.9 189 92a 83

CASTLE
(Molina, et al., 2008; 

Molina et al., 2010)

FTC/TDF  96 Atazanavir–ritonavir 300 mg/100 
mg once a day (440)

5.01 205 80 74

Comparator Lopinavir–ritonavir 400 mg/100 
mg twice a day (443)

4.96 204 74 68

ARTEMIS 
(Ortiz et al., 2008;  

Orkin et al., 2013)

FTC/TDF 192 Darunavir–ritonavir 800 mg/100 
mg once a day (343)

4.86 228 75.2 68.8

Comparator Lopinavir–ritonavir 400 mg/100 
mg twice a day or 800 mg/200 
mg once a day (346)

4.84 218 65.0 57.2

ART-experienced subjects

BMS 045 
(Johnson et al., 2006b)

TDF + NRTI  96 Lopinavir–ritonavir 400 mg/100 
mg twice a day (123)

4.47 283 46 36

Comparator Atazanavir–ritonavir 300 mg/100 
mg once a day (120)

4.44 317 44 33

TITAN
(Madruga et al., 2007; 

Bánhegyi et al., 2012)

≥ 2 agentsb  96 Lopinavir–ritonavir 400 mg/100 
mg twice a day (297)

4.30 230 58.9 55.2

Comparator Darunavir–ritonavir 600 mg/100 
mg twice a day (298)

4.35 235 66.8 60.4

SWITCHMRK 1 and 2
(Eron et al., 2010)

≥2 agentsc  24 Lopinavir–ritonavir 400 mg/100 
mg twice a day (352)

d 454 90.6

Comparator Raltegravir 400 mg twice a day (350) d 436 84.4

aHIV RNA < 200 copies/ml. 
bInvestigator-selected optimized background regimen, including at least two ARVs.
cAt least two nucleoside or nucleotide reverse transcriptase inhibitors and no other protease inhibitors.
dViral suppression for at least 3 months was required for entry into the study.
Abbreviations: ITT: intent to treat analysis; ART: antiretroviral therapy; 3TC: lamivudine; d4T: stavudine; NFV: nelfinavir; ABC: abacavir; NRTI: nucleoside reverse 

transcriptase inhibitor; FTC: emtricitabine; TDF: tenofovir disoproxil fumarate.
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et al., 2012). The SWITCHMRK 1 and 2 trials compared 
substitution of raltegravir for lopinavir–ritonavir with con-
tinuation of lopinavir–ritonavir in patients with stable viral 
suppression. Although patients on raltegravir had greater 
reductions in serum lipids than those continuing lopinavir–
ritonavir, the efficacy of raltegravir did not meet the prespec-
ified noninferiority margin of −12%, and the studies were 
terminated at week 24. 

The OLE trial enrolled virologically suppressed patients 
on lopinavir–ritonavir twice daily plus two NTRIs and ran-
domized participants to continue triple therapy or switch to 
dual therapy with lopinavir–ritonavir twice daily and lamivu-
dine once daily (Arribas et al., 2015). Dual therapy was viro-
logically noninferior to triple therapy at 48 weeks of followup.

Multiple randomized controlled trials have assessed the 
strategy of switching to lopinavir–ritonavir monotherapy in 
patients who are virologically suppressed. Although less 
robust therapy, there are some individuals, as reported in the 
Only Kaletra (OK) study who remain on long-term (4 years) 
monotherapy with sustained virologic suppression (Pulido et 
al., 2008). Low-level viremia appears to be more common 
with monotherapy (Bierman et al., 2009) and this strategy is 
not recommended by current US guidelines (DHHS, 2016). 

More recent studies have also evaluated lopinavir–ritonavir 
monotherapy as a second-line ART strategy in resource- 
limited settings, but also found suboptimal viral suppression 
in participants on lopinavir–ritonavir monotherapy (Kum-
ara samy et al., 2015; Paton et al., 2014; SECOND-LINE, 2013). 

7b.  HIV-1 infection in pregnant women

Although there have been many pharmacokinetic investi-
gations of lopinavir–ritonavir during pregnancy and breast-
feeding, few randomized trials have evaluated efficacy. 

The Mma Bana trial randomized HIV-infected pregnant 
women in Botswana with CD4 count ≥ 200 cells/mm3 to 
begin co-formulated abacavir–zidovudine–lamivudine versus 
lopinavir–ritonavir plus zidovudine–lamivudine at 26–34 
weeks of gestation (Shapiro et al., 2010). Viral suppression 
at delivery was 96% in the NRTI group and 93% in the 
lopinavir–ritonavir group. 

The PROMOTE-Pregnant Women and Infants trial enrolled 
HIV-infected, ART-naïve pregnant women in Uganda at 12–28 
weeks gestation who were randomized to receive efavirenz 
plus zidovudine–lamivudine or lopinavir–ritonavir plus zid-
ovudine–lamivudine (Cohan et al., 2015). At delivery, 97.6% 
of women in the efavirenz arm compared to 86% in the lopina-
vir arm had HIV-1 RNA < 400 copies/ml. Levels of viral sup-
pression among pregnant and breastfeeding women in these 
studies were comparable to those seen in nonpregnant adults.

7c.  HIV-1 infection in pediatric populations

Lopinavir–ritonavir-containing regimens are recommended 
in the US DHHS guidelines for infants > 42 weeks postmen-
strual (see section 4b, Infants, children, and adolescents, for 
a definition of this term) and at least 14 days postnatal and 

in children < 3 years of age (DHHS, 2015a). In ART-naive 
children 3 years of age and older, lopinavir–ritonavir is also a 
recommended option, as are efavirenz and, for children at 
least 6 years of age, atazanavir–ritonavir.

An increasing number of studies on the pharmacokinet-
ics, safety, and efficacy of lopinavir–ritonavir in children have 
been published over the past several years. In an open-label 
trial of 31 infants and children 6 weeks to 6 months of age, 
lopinavir–ritonavir dosed at 300/75 mg/m2 twice daily 
resulted in HIV RNA < 400 copies/ml in 66% of partici-
pants through 96 weeks on treatment (Chadwick et al., 
2011). The authors note that frequent dose adjustment of 
lopinavir is advisable in young infants to optimize drug 
exposure. 

The P1060 trial compared nevirapine or lopinavir–ritona-
vir, each combined with zidovudine and lamivudine, in HIV-
infected children in six African countries. To address the 
question of virologic efficacy in infants with prior exposure 
to nevirapine (which is used for infant prophylaxis in set-
tings where breastfeeding is recommended), the study evalu-
ated ART efficacy in two cohorts of children: one with prior 
nevirapine exposure (age 6–36 months) and one with no 
prior exposure to nevirapine (age 2–36 months). In each 
cohort, a higher proportion of children in the nevirapine 
arm reached the primary end point of virologic failure or 
treatment discontinuation. These studies demonstrated viro-
logic superiority of the lopinavir-based regimen in young 
children regardless of prior nevirapine exposure.

The PROMOTE Pediatrics trial enrolled 185 HIV-infected 
children aged 2 months to 6 years who were randomized to 
receive lopinavir–ritonavir- or NNRTI-based ART (33 efa-
virenz, 59 nevirapine) (Ruel et al., 2014). At 48 weeks, 80% of 
children in the lopinavir arm and 76% of children in the 
NNRTI arm had HIV RNA < 400 copies/ml.

The KONCERT trial, which randomized children at least 
15 kg to continue lopinavir–ritonavir twice daily or switch to 
daily dosing, confirmed pharmacologic evidence that once 
daily dosing leads to inadequate lopinavir exposure in children 
(PENTA, 2015). Once daily dosing did not demonstrate non- 
inferiority for viral suppression. 
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1. DESCRIPTION

Fosamprenavir is a sulfa-containing calcium phosphate ester 
prodrug of amprenavir. Like other HIV-1 protease inhibi-
tors, amprenavir binds to the active site of the HIV-1 prote-
ase. This prevents the processing of viral Gag and Gag–Pol 
polyprotein precursors, resulting in the formation of imma-
ture noninfectious viral particles.

Formerly called GW433908 or 908, fosamprenavir was 
developed to overcome the high pill burden and interpatient 
variable pharmacokinetics of the amprenavir soft-gelatin 
capsule formulation (Agenerase). The water solubility of fos-
amprenavir permitted the formulation of a tablet that does 
not contain the lipid excipients, which may have been 
responsible for some of the gastrointestinal adverse effects of 
Agenerase. Unlike amprenavir, once-daily dosing of fosam-
prenavir is possible in protease inhibitor-naive patients. 
Fosamprenavir retains the important favorable clinical char-
acteristics of amprenavir, including a resistance profile that 
may preserve protease inhibitor options, and better effects on 
serum lipids than many other protease inhibitors, although 
this latter advantage may be compromised when ritonavir is 
co-administered to optimize the pharmacokinetic profile of 
fosamprenavir. Fosamprenavir was approved in 2003 by the 
US Food and Drug Administration (FDA) for the treatment 
of HIV-1, and the following year fosamprenavir (Lexiva, 
Telzir) replaced amprenavir as the preferred formulation.

The chemical name of fosamprenavir calcium is (3S)- 
tetrahydro-furan-3-yl(1S,2R)-3-[[(4-aminophenyl) sulfonyl] 
(isobutyl)amino]-1-benzyl-2-(phosphonooxy) propylcarba-
mate monocalcium salt. It is a single stereoisomer with the 
(3S)(1S,2R) configuration, a molecular formula of C25H34 
CaN3O9PS and a molecular weight of 623.7. The chemical 
structure of fosamprenavir is shown in Figure 244.1.

Fosamprenavir is now very rarely used in Australia, Europe, 
or the USA but is still marketed and sold in some low- and 
middle-income countries. It is currently marketed as Lexiva 
by ViiV (Package Insert, 2013). Its use has largely been 
replaced by later generation protease inhibitors, including 
darunavir and atazanavir.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Fosamprenavir, a prodrug, has little or no antiviral activity 
against HIV in vitro. The antiviral activity of fosamprenavir 
in vivo is derived from the effects of its active moiety, the 
drug amprenavir. In a human T-cell lymphotropic virus type 
l-transformed cell line and peripheral blood lymphocytes, 
the 50% inhibitory concentration (IC50) of amprenavir 
against HIV-1 strain IIIB was 0.08 µM in acutely infected 
cells and 0.41 µM in chronically infected cells (see Table 
244.1). The mean IC50 of amprenavir against six zidovudine 
sensitive isolates was 0.012 versus 0.019 µM for three zidovu-
dine-resistant strains (St. Clair et al., 1996). In a human 
T-cell lymphoma cell line, the 90% inhibitory concentration 
(IC90) of amprenavir against HIV-l strain IIIB was 0.079 µM 
(Livingston et al., 1995). Testing in the presence of serum 
significantly increases the inhibitory concentrations (Barrail-
Tran et al., 2008; Table 244.1).

HIV-1 and HIV-2 are the only viruses against which 
amprenavir is known to be active. The compound demon-
strates greater than 5000-fold selectivity for HIV protease 
compared with the human aspartic proteases such as renin, 
pepsin, and cathepsin (Murphy, 2003). Amprenavir, like 
atazanavir and nelfinavir, is a weaker inhibitor of HIV-2 pro-
tease than lopinavir, saquinavir, tipranavir, and darunavir. 

Figure 244.1. Chemical structure of fosamprenavir.
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The strength of binding to the inhibitor enzyme (Ki) values, 
measured in kinetic enzyme inhibition assays, for amprena-
vir, nelfinavir, atazanavir, indinavir, ritonavir, lopinavir, 
saquinavir, tipranavir, and darunavir against HIV-2 are 4.4, 
2.7, 2.4, 1.3, 0.8, 0.7, 0.6, 0.45, and 0.17 nM, respectively 
(Brower et al., 2008). Because low Ki indicates strong binding 
of the inhibitor to the enzyme, these Ki values are in general 
accord with clinical efficacy data, which suggest that saquina-
vir and lopinavir are effective in treating HIV-2-infected 
patients, whereas atazanavir and amprenavir are not effective 
(Colson et al., 2004; Parkin and Schapiro, 2004; Rodes et al., 
2006). 

Amprenavir has low median cytotoxicity with a 50% toxic 
effect concentration (TC50) > 50 µM (Painter et al., 1996). 
However, it is capable of blocking Akt signaling and can 
radiosensitize tumor cells both in vitro and in vivo (Gupta et 
al., 2005). This radiosensitizing effect was also seen with nel-
finavir and saquinavir, but not with indinavir or ritonavir.

Amprenavir demonstrates no in vitro activity against her-
pes simplex viruses 1 and 2, cytomegalovirus, coronavirus, 
yellow fever virus, respiratory syncytial virus, influenza A 
virus, rhinovirus, and human papillomavirus (Painter et al., 
1996). Further, amprenavir has no known activity against 
any bacteria or fungi. There is reported activity shown against 
Encephalitozoon intestinalis at concentrations ranging from 
0.2 to 10.5 µg/ml (Menotti et al., 2005), however without any 
therapeutic recommendation.

2b.  Emerging resistance and 
cross-resistance

Most of the current genotype interpretation algorithms for 
fosamprenavir have been extrapolated from in vivo and in 
vitro amprenavir data. The most common mutations that 
develop during in vitro passage with amprenavir are V32I, 
M46I/L, I47V, I54M/L, and I84V (Partaledis et al., 1995; 
Murphy et al., 1999; Maguire et al., 2002; Ait-Khaled et al., 
2003; MacManus et al., 2004). Amprenavir also selects more 
specifically for I50V when compared with other protease 
inhibitors.

The predominant mutations that emerge during use of 
fosamprenavir without ritonavir in protease inhibitor-naive 
patients are consistent with these amprenavir mutations. 

Emerging protease mutations in the NEAT trial, in which 
fosamprenavir was administered without ritonavir were 
I54L/M, V32I, M46I, and I47V. The contribution of individ-
ual mutations to amprenavir resistance varies from a four-
fold reduction in susceptibility with I54M/L and I84V to an 
eightfold decrease in susceptibility seen with I50V (Parkin et 
al., 2003; Rhee et al., 2006; Murphy et al., 2004).

Protease mutations are rare in patients receiving ritonavir- 
boosted fosamprenavir, a phenomenon that has also been 
observed with other ritonavir-boosted protease inhibitors. 
This is because of higher plasma concentrations and less 
variability in plasma concentrations. In the SOLO trial there 
were no acquired protease mutations in any of the 14 patients 
who failed on fosamprenavir–ritonavir administered in a 
1400/100 mg daily regimen and who lacked preexisting pro-
tease mutations. Additional amprenavir-associated muta-
tions (V32I and M46I) developed in only one patient who 
experienced virologic failure while receiving the ritona-
vir-boosted amprenavir regimen in the setting of having a 
baseline I47V mutation, another amprenavir-associated 
mutation (Gathe et al., 2004). In the KLEAN trial, only 4 of 
414 patients who received fosamprenavir–ritonavir adminis-
tered in a 700/100 mg regimen twice daily acquired protease 
mutations, all encoding mixtures of wild-type and mutants 
[I54L (1), K20K/R (2) and I62I/V]. There were no major pro-
tease inhibitor mutations or reduced phenotypic susceptibil-
ity to fosamprenavir or lopinavir after 48 weeks of treatment 
(Eron et al., 2006) and 96 weeks of treatment (Pulido et al., 
2007). 

It is important that N88S induces amprenavir hypersus-
ceptibility and can completely resensitize HIV bearing the 
I50V mutation (Ziermann et al., 2000; Lam and Parkin, 2003; 
Masquelier et al., 2008). I50L, the signature mutation of ata-
zanavir, causes hypersensitivity to a variety of protease inhib-
itors, including fosamprenavir.

In the NEAT study, the selected protease mutations 
among patients who failed on fosamprenavir were similar 
to the mutations with amprenavir (I54L/M, V32I, I47V, and 
M46I). These mutations confer little or no cross-resistance to 
other protease inhibitors (Rodriguez-French et al., 2004; Ross 
et al., 2006). A patient who continued taking fosamprenavir 
during virologic failure developed the I50V mutation.

The mutations most commonly selected by fosamprenavir 
are generally associated with little or no cross-resistance. 

Table 244.1. Viruses susceptible to clinically achievable concentrations of amprenavir.

Virus  IC50 (uM) IC90 (uM) Ki (nM) References

HIV-1 (laboratory adapted)

HIV-1 (wild type)

HIV-1 (wild type) 

HIV-1 (wild type)

HIV-1 (laboratory adapted)

HIV-2 

0.08–0.41

0.012–0.019 

 

0.003–0.11

0.079

0.014–0.242a

4.4

St Clair et al., 1996

St. Clair et al., 1996

Livington et al., 1995

Brower et al.,2008

Barrail-Tran et al. 2008

Package insert

aPlus serum: 0.05–1.7 nM 
Abbreviations: IC50: 50% inhibitory concentration; IC90: 90% inhibitory concentration; Ki: inhibition constant.
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However, I50V significantly contributes to fosamprenavir 
and lopinavir resistance, whereas I84V can result in multi–
protease inhibitor resistance. Mutations that are more likely 
to occur after exposure to other protease inhibitors but can 
contribute to cross-resistance to fosamprenavir include 
I54V/A/T/S, V82A/T/F/S, L90M, and L89V.

Fosamprenavir is structurally similar to darunavir, the 
only difference being the presence of a fused bicyclic tetrahy-
drofuran in darunavir (Surleraux et al., 2005). Further, these 
compounds exhibit similar resistance profiles: 9 of the 11 
darunavir resistance mutations are associated with reduced 
amprenavir susceptibility (Rhee et al., 2006; Parkin et al., 
2007 ). In vitro, HIV isolates that are resistant to amprena-
vir remain susceptible to darunavir (De Meyer et al., 2005; 
Picchio et al., 2008), and prior exposure to fosamprenavir 
was not identified as a risk factor for failure of a regimen con-
taining darunavir–ritonavir in the POWER studies (Pozniak 
et al., 2008), but some other data are in support of overlap-
ping resistance profiles in some cases. Delaugerre et al. (2007) 
reported eight patients treated with antiretroviral therapy 
including darunavir–ritonavir over 6 months. One of two 
patients who developed virologic failure had the amprena-
vir-associated mutation I50V, and the other had mutations 
including other amprenavir-associated mutations V32I and 
I47V. (Delaugerre et al., 2007). Nonetheless, darunavir–
ritonavir has a significantly higher barrier to resistance than 
fosamprenavir–ritonavir, making it a superior option for sal-
vage therapy in most situations, and it retains clinical efficacy 
in most patients with prior fosamprenavir exposure. In a 
study of HIV-infected children who met criteria for virologic 
failure during 48 weeks of treatment with unboosted fosam-
prenavir or fosamprenavir–ritonavir enrolled in APV20002 
and APV2005, respectively, the reduced fosamprenavir sus-
ceptibility that emerged in four subjects was not associated 
with development of darunavir-associated resistance muta-
tions (Ross et al., 2015).

A scoring system is available for amprenavir mutations 
appearing in antiretroviral-experienced patients being treated 
with fosamprenavir (Masquelier et al., 2008).

2c.  In vitro synergy and antagonism

Amprenavir exhibits synergistic anti-HIV-1 activity in com-
bination with the nucleoside reverse transcriptase inhibitors 
abacavir, didanosine, lamivudine, stavudine, tenofovir, and 
zidovudine, the nonnucleoside reverse transcriptase inhibitors 
delavirdine and efavirenz, and the protease inhibitors ataza-
navir and saquinavir. There was additive anti-HIV-1 activity 
in combination with the nonnucleoside reverse transcriptase 
inhibitor nevirapine, the protease inhibitors indinavir, lopina-
vir, and ritonavir, and the fusion inhibitor enfuvirtide.

3. MECHANISM OF DRUG ACTION

Fosamprenavir is the oral prodrug of amprenavir, an aspartic 
protease inhibitor that inhibits processing of viral Gag and 
Gag–Pol polyprotein precursors, resulting in the formation 

of immature noninfectious viral particles similar to other 
protease inhibitors (see Chapter 240, Saquinavir).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Fosamprenavir is indicated for the treatment of HIV infection 
in combination with low-dose ritonavir and other antiviral 
agents. It is now rarely used in the Western world, although 
it is still used infrequently in some low- and middle-income 
countries. Amprenavir is not used now.

4a.  Adults

Fosamprenavir is orally administered and is available in two 
formulations: a compact tablet (700 mg) and an oral suspen-
sion (50 mg/ml). The fosamprenavir tablet formulation can 
be administered with or without food. The oral suspension 
was approved in 2007 for use in HIV-infected adults or chil-
dren aged between 4 weeks and 18 years. The suspension 
should be shaken vigorously before each use, and taken with-
out food by adults, but with food by children.

Fosamprenavir in tablet form was first approved by the 
FDA in 2003 for the treatment of HIV-1 infection in combi-
nation with other antiretroviral medications. Based on initial 
pharmacokinetic studies, the approved doses of fosamprena-
vir for protease inhibitor-naive patients were 1400 mg twice 
daily (without ritonavir); fosamprenavir–ritonavir 1400/200 mg 
once daily; and fosamprenavir–ritonavir 700/100 mg twice 
daily. The fosamprenavir–ritonavir 700/100 mg twice-daily 
dose is the only one recommended for protease inhibitor–
experienced patients and may also be used for therapy-naive 
patients. In 2007, a fourth dosage with reduced ritonavir expo-
sure (fosamprenavir–ritonavir 1400/100 mg daily) was approved 
for protease inhibitor-naive patients (Hicks et al., 2009). 

4b.  Newborn infants and children

The use of fosamprenavir in infants aged at least 4 weeks and 
children should be calculated based on their body weight. 
Once-daily dosing is not recommended. For children aged 
2–5 years and in treatment-naive children, the recommended 
dose is 30 mg/kg twice daily (oral suspension), up to a maxi-
mum 1400 mg twice daily. Fosamprenavir alone or boosted 
with ritonavir is not recommended for babies < 6 months of 
age who are protease inhibitor–experienced. For children 
aged 6 years or more, a boosted protease inhibitor combi-
nation should be used—fosamprenavir 18 mg/kg (oral sus-
pension) twice daily plus ritonavir 3 mg/kg twice daily, to a 
maximum fosamprenavir dose of 700 mg twice daily plus 
ritonavir 100 mg twice daily. A pediatric pharmacokinetic 
model for amprenavir has described weight-based dosing reg-
imens for children aged 2 months to 18 years receiving fosam-
prenavir–ritonavir. In subjects weighing < 11 kg, 11–15 kg, 
15–20 kg, and > 20 kg, fosamprenavir–ritonavir twice-daily 
dosing regimens of 45/7 mg/kg, 30/3 mg/kg, 23/3 mg/kg, 
and 18/3 mg/kg, respectively, resulted in amprenavir levels 
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similar to adults (Barbour et al., 2014). Children whose body 
weight is > 39 kg may be given an adult dose, using the tablet 
formulation of fosamprenavir (Palladino et al., 2010).

4c.  Pregnant and lactating mothers

Fosamprenavir is a category C drug. 
Studies in rabbits from day 7 to day 20 of gestation found 

increased rates of abortion. Safety and pharmacokinetics in 
pregnancy data are insufficient to formally recommend fos-
amprenavir use during pregnancy. Administration of fosam-
prenavir to pregnant women should occur only if the benefits 
are considered to outweigh potential risks. 

Excretion in breast milk is unknown, and the drug is con-
traindicated in lactating women. There are few well con-
trolled studies in pregnant or lactating women to inform any 
specific dosage recommendations. However the pharmaco-
kinetics of ritonavir-boosted fosamprenavir appear to be 
only mildly altered during second and third trimester com-
pared to postpartum (Cespedes et al., 2013) See also section 
5b, Drug distribution and section 7, Clinical uses of the drug. 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Renal elimination of unchanged amprenavir is approximately 
1% of the administered dose. Amprenavir is not dialyzable, 
with an FHD (an index to evaluate drug elimination by hemo-
dialysis) of < 25%, and pharmacokinetics is not changed 
in  patients with renal insufficiency. No dosage change is 
required for patients with renal failure, and fosamprenavir 
may be given either before or after dialysis.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

The hepatic CYP3A4 system is the primary pathway for the 
metabolism of protease inhibitors, including fosamprenavir. 
The liver also produces serum albumin and alpha1-acid 
glyco protein to which amprenavir binds, and liver diseases 
are associated with reduced levels and function of CYP3A4 
enzymes. Therefore, amprenavir metabolism and pharma-
cokinetics are susceptible to changes in liver function. After 
administration of a single oral dose of 600 mg of amprenavir 
to 10 subjects with severe cirrhosis, 10 subjects with moderate 
cirrhosis, and 10 healthy volunteers, there was an increase in 
amprenavir area-under-the- concentration-time curve (AUC) 
of 2.5-fold in the group with moderate cirrhosis, and 4.5-fold 
in the group with severe cirrhosis compared with healthy 
volunteers (Veronese et al., 2000).

The steady-state pharmacokinetics of amprenavir and 
ritonavir was also evaluated in 21 HIV-infected patients with 
different degrees of liver impairment (Seminari et al., 2007). 
At a dose of fosamprenavir–ritonavir of 700/100 mg twice 
daily, amprenavir plasma concentrations were increased 
by 50–60% in the cirrhotic group compared with controls, 
whereas oral plasma clearance (Cl/F), calculated as dose/
AUC0–12 and adjusted for body weight, decreased by 40%. 

Patients with chronic hepatitis also showed a significant 
increase in plasma amprenavir values compared with con-
trols. Overall, plasma amprenavir concentrations were higher 
in patients with liver disease, and this is probably linked to 
the lower apparent oral clearance. Notably, there was no 
increase in alanine transaminase (ALT)/aspartate transami-
nase (AST) values during 24 weeks of followup. In another 
study of 19 patients with mild to moderate liver impairment, 
unboosted fosamprenavir was associated with low amprena-
vir drug exposure, and the authors recommended ritonavir 
boosting in all patients with liver disease (Gatti et al., 2009).

Given the changes in amprenavir pharmacokinetic vari-
ables when fosamprenavir is used in patients with hepatic 
impairment, the dose of fosamprenavir should be modified 
in patients with moderate or severe liver disease as outlined 
in the product insert (2013). 

In treatment-naive patients with moderate hepatic impair-
ment (Child–Pugh score of 7–9), fosamprenavir dosage 
should be reduced to 700 mg twice daily without ritonavir. 
Alternatively, fosamprenavir 450 mg twice daily combined 
with ritonavir 100 mg once daily may be used. Protease 
inhibitor–experienced patients with moderate impairment 
should receive fosamprenavir 450 mg twice daily combined 
with ritonavir 100 mg once daily. 

In treatment-naive patients with severe hepatic impair-
ment (Child–Pugh score of 10–12), fosamprenavir dosage 
should be reduced to 350 mg twice daily without ritonavir. 
In protease–inhibitor experienced patients with severe liver 
impairment fosamprenavir 300 mg twice daily plus ritonavir 
100 mg once daily may be used. However, ritonavir boosting 
is typically not recommended in patients with severe liver 
disease although there are conflicting pharmacokinetic anal-
yses; therapeutic dose monitoring may be required.

PATIENT DIFFERENCES BY GENDER AND RACE

There is no evidence of race or gender-based differences in 
the pharmacokinetic characteristics of amprenavir. This was 
investigated in 150 patients with varied demographic char-
acteristics: age (18–73 years), sex (126 men, 24 women), and 
weight (42–98 kg). In that study, age, sex, weight, body mass 
index (BMI), and race had no effect on amprenavir minimum 
concentration (Cmin), measured at steady state 10–14 hours 
after the last administration of fosamprenavir–ritonavir 
700/100 mg administered twice daily. Ritonavir Cmin was 
higher among patients with low body weight and low BMI 
(Michelon et al., 2005; Hoffman et al., 2007).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

See Table 244.2 for clinically relevant pharmacokinetic data 
relating to fosamprenavir and amprenavir.

5a.  Bioavailability

Fosamprenavir is 99% hydrolyzed to organic phosphate and 
amprenavir by cellular proteases in the gut epithelium. The 
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main enzyme responsible for this conversion is alkaline 
phosphatase. The proportion of orally administered fosam-
prenavir that gets into the systemic circulation is negligible. 
In animal studies, < 1% of an oral fosamprenavir dose was 
detected in the portal vein (Furfine et al., 2004). In humans, 
plasma fosamprenavir AUC and maximum concentration 
(Cmax) were < 0.6% and < 1.6% of the corresponding plasma 
amprenavir values, respectively (Falcoz et al., 2002). Ampre-
navir produced from the breakdown of fosamprenavir enters 
the systemic circulation mainly by passive diffusion. Ampre-
navir is also a substrate for P-glycoprotein, a drug transporter 
that may play a role in amprenavir absorption. Amprenavir is 
present in measurable quantities in the systemic circulation 
by 0.25 hour after an oral dose of fosamprenavir, reaching 
Cmax 1.5–2.5 hours after single or repeated oral dosing (Wood 
et al., 2004a).

Amprenavir is highly protein bound. Binding to AAG, a 
plasma protein that is present in significantly higher concen-
tration in HIV-infected patients than in uninfected individu-
als, accounts for 89% of amprenavir’s plasma protein binding 
(Livington et al., 1995). In vitro, concentration-dependent 
binding occurred at concentrations between 1 and 10 µg/ml, 
but binding decreased at higher concentrations. It is interest-
ing that in one study, a fourfold increase in AAG did not alter 
the efficacy of protease inhibitors at trough plasma concen-
trations against wild-type HIV-1, but did alter the efficacy 
against partially resistant HIV-1 strains. A proportional 
increase in AAG was associated with 2%, 30%, 37%, 37%, 
and 42% loss of activity (based on IC50) for indinavir, saquina-
vir, nelfinavir, ritonavir, and amprenavir, respectively. This 
reduction in activity was greater against highly protease 
inhibitor–resistant HIV-1 isolates (Zhang et al., 1999). Over-
all, the binding of amprenavir to AAG is weak and highly 
reversible (Livington et al., 1995); hence the relationships 

between protein binding and drug efficacy in vivo are com-
plex. There is no proof that protein binding significantly 
affects the clinical efficacy of amprenavir.

Fosamprenavir tablets can be taken with or without food 
and, unlike amprenavir capsules, can be taken with a high-fat 
meal (Falcoz et al., 2002). Amprenavir AUC and Cmax after 
fosamprenavir tablet administration are unaffected by inges-
tion of a high-fat meal (Falcoz et al., 2002; Wire et al., 2006c), 
although the time to maximum plasma concentration (tmax) 
may be delayed by food. When a single fosamprenavir tab-
let was administered to five volunteers in the fasting or fed 
state (ingestion of a nutritional drink), a 150-minute delay in 
tmax occurred in the fed state compared with the unfed state. 
This delay was thought to be due to food-induced gastric 
disintegration of the fosamprenavir tablets (Brouwers et al., 
2007).

In contrast, the fosamprenavir suspension formulation is 
best taken on an empty stomach and without food. Admin- 
istration of fosamprenavir suspension with a high-fat meal 
resulted in a 28% reduction in AUC and a 46% reduction in 
Cmax (Baker et al., 2002; Falcoz et al., 2002; Wire et al., 2006a).

5b.  Drug distribution

At high doses (approximately 600 mg twice daily), ritonavir 
inhibits cytochrome P-450 enzymes CYP3A4, CYP2D6, 
CYP2C9, CYP2C19 and other enzyme components of the 
CYP450 system (see Chapter 248, Ritonavir and cobicistat). 
The CYP3A enzyme is the primary target of inhibition when 
ritonavir is administered at low doses, such as 100 mg twice 
daily. The co-administration of fosamprenavir and low-dose 
ritonavir takes advantage of the pharmacologic effects of 
ritonavir as a potent inhibitor of CYP3A4, the enzyme 
responsible for protease inhibitor metabolism. At low doses, 
ritonavir inhibits first-pass metabolism of protease inhibi-
tors, leading to increased absorption or reduced hepatic 
metabolism of the protease inhibitor. The end result of these 
effects is an increase in Cmin and AUC values with a concur-
rent decrease in Cmax. As most short-term side effects for pro-
tease inhibitors, including amprenavir, are due to Cmax values, 
the efficacy of a boosted protease inhibitor is increased in the 
presence of a concomitant low dose of ritonavir, allowing the 
use of a reduced dosage, a longer time interval between 
doses, and potentially a decrease in the rate or severity of 
immediate adverse effects. Ritonavir can be used at 200 mg 
total daily dose in twice-daily administration or 100 mg total 
daily dose in once-daily administration, depending on the 
clinical scenario.

A cross-over study of 32 healthy volunteers found no dif-
ference in amprenavir AUC or Cmin when the drug was 
administered at a dose of 600 mg twice daily combined with 
ritonavir 50 or 100 mg, also twice daily. These regimens were 
pharmacokinetically equivalent to amprenavir 1200 mg daily 
plus ritonavir 100 or 200 mg (Kurowski et al., 2007). Ruane  
et al. (2007) investigated plasma amprenavir pharmacoki-
netics when fosamprenavir 1400 mg daily was combined with 
ritonavir at a dose of 100 mg or 200 mg. The 36 subjects who 

Table 244.2. Some clinically important pharmacokinetic features 
of fosamprenavir and amprenavir.a

Highly protein bound (to alpha1-acid glycoprotein)

After fosamprenavir tablet administration, amprenavir AUC and 
Cmax unaffected by food; tmax delayed

Ritonavir boosting increases amprenavir blood levels due to 
inhibition of amprenavir’s metabolism via CYP3A4 by ritonavir

Fosamprenavir, unboosted: amprenavir AUC 16.5–17.8 µg/ml/h; 
Cmin 0.31–0.35 µg/ml; Cmax 4.482–5.20 µg/ml

Fosamprenavir–ritonavir: amprenavir AUC: 67.5–73.8 µg/ml/h; 
Cmin 1.4–1.45 µg/ml; Cmax 6.39–8.17 µg/ml

Pregnancy in second and third trimesters: 35% and 25% 
respective reduction in AUC 

Intracellular concentration of amprenavir three to four times 
extracellular concentration

Poor CSF penetration

Cord blood concentration of amprenavir 25% of maternal plasma 
concentration

aSee text for details.
Abbreviations: AUC: area-under-the-concentration-time curve; Cmax: maxi-

mum concentration; tmax: time to maximum concentration; Cmin: minimum 
concentration; CSF: cerebrospinal fluid.
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completed the study included 22 whites, 13 Hispanics, and 6 
African Americans. At steady state, the area under the plasma 
drug concentration versus time curve over the dosing inter-
val at steady state (AUC0–τ) and Cmax were similar in patients 
who received 100 mg ritonavir daily and those administered 
200 mg ritonavir daily (both groups received fosamprenavir 
1400 mg daily). The plasma drug concentration at the end 
of the dosing period was 38% lower in the 100-mg ritonavir 
group but 6 times higher than the IC50 for wild-type virus 
and 2.5 times higher than the value that typically occurs 
when fosamprenavir is administered at 1400 mg twice daily 
without ritonavir boosting (Wood et al., 2004b). The 100-mg 
ritonavir dose was associated with a lower incidence of gas-
trointestinal side effects.

The reported amprenavir mean plasma AUC (µg/ml/h), 
Cmin (µg/ml), and Cmax (µg/ml) values for fosamprenavir 1400 
mg twice daily without ritonavir are 16.5–17.8, 0.309–0.35, 
and 4.82–5.20, respectively (Wood et al., 2004b; Shelton et 
al., 2006a). The corresponding values for AUC, Cmin, and Cmax 
for fosamprenavir–ritonavir given in doses of 1400/200 mg 
daily are 67.5–73.8, 1.4–1.45, and 6.39–8.17, respectively 
(Gathe et al., 2004; Kim et al., 2004; Wire et al., 2004; Ruane 
et al., 2007). For fosamprenavir–ritonavir 700/100 mg twice 
daily, the corresponding values for AUC, Cmin, and Cmax are 
27.8– 50.1, 1.53–2.67, and 4.61–7.72, respectively (Shelton et 
al., 2006b; Wire et al., 2004; Wire et al., 2006a). The values for 
fosamprenavir–ritonavir AUC, Cmin, and Cmax 1400/100 mg 
daily are 66.4, 0.86, and 7.93, respectively (Ruane et al., 
2007). It is important that the plasma amprenavir concen-
trations achieved at a dose of 1400 mg twice daily without 
ritonavir maintains amprenavir plasma concentrations at 
levels that exceed the IC50 for wild-type HIV (0.146 µg/ml), 
but the levels dip below the IC50 for isolates from heavily pro-
tease inhibitor–experienced patients (0.90 µg/ml). In con-
trast, ritonavir boosting keeps plasma amprenavir values above 
the IC50 for wild-type and protease inhibitor-exposed isolates 
(Wire et al., 2006a). Overall, like most of the protease inhibi-
tors, fosamprenavir should be used with ritonavir boosting.

In infants and children aged between 4 weeks and 2 years, 
fosamprenavir (45 mg/kg) boosted with ritonavir (7–10 mg/
kg) results in plasma amprenavir AUC 26–28% lower and 
Cmax comparable to reported adult plasma levels of fosam-
prenavir boosted with ritonavir (700/100 mg) twice daily, 
although trough levels of amprenavir were lower in infants  
< 6 months of age (Cotton et al., 2014).

The steady state pharmacokinetics in pregnant women 
receiving fosamprenavir boosted with ritonavir during their 
second and third trimester reveals geometric mean ampre-
navir AUCs 35% and 25% lower than postpartum levels, with 
a median ratio of cord blood/maternal blood levels of ampre-
navir of 0.27 (Cespedes et al., 2013).

DISTRIBUTION OF THE DRUG IN THE BODY

The volume of distribution of amprenavir after an oral dose 
of fosamprenavir is large, estimated to be 430 l in healthy 
adult subjects. Amprenavir is highly lipophilic and achieves 
intracellular concentrations that are four times higher than 

extracellular concentrations. In a randomized, open-label 
four-period, crossover pharmacokinetic study, 10 HIV-
infected adults who had been on a stable regimen of ampre-
navir–ritonavir 600/100 mg twice daily plus dual nucleoside 
reverse transcriptase inhibitors were randomized to continu-
ation of the amprenavir–ritonavir regimen or fosamprena-
vir–ritonavir administered at one of three possible doses: 
1400/100 mg daily; 1400/200 mg daily; or 700/100 mg twice 
daily. At steady state, amprenavir concentrations were two- 
to threefold higher in peripheral blood mononuclear cells 
than in plasma (Chaillou et al., 2002; Garraffo et al., 2005).

Amprenavir is secreted into the milk of lactating rats 
(Wire et al., 2006a), and transplacental transfer of the drug 
occurs in pregnant women. Amprenavir concentrations 
present in cord blood samples are about 25% of the concen-
trations in maternal plasma (Chappuy et al., 2004). 

Amprenavir also achieves penetration into seminal fluid, 
and exerts its antiviral properties in that compartment. 
Among 13 HIV-infected men receiving amprenavir 1200 mg 
twice daily, the median seminal fluid concentration of 
ampre navir within 2 hours of dosing was 0.741 μg/ml 
(Pereira et al., 2002). Seminal fluid HIV RNA was suppressed 
to < 400 copies/ml in the majority of 19 men receiving 
amprenavir monotherapy, but viral replication continued in 
the seminal fluid of the other patients (Eron et al., 1999). 

Like other protease inhibitors, penetration of amprenavir 
into the cerebrospinal fluid is poor because it is highly pro-
tein bound in plasma and only the free drug fraction is 
available for central nervous system penetration (Polli et al., 
1999).

In a larger study of 119 matched cerebral spinal fluid 
(CSF)–plasma pairs from 75 subjects, amprenavir was 
detected in all but 4 CSF specimens, with a median concen-
tration of 24.8 ng/ml (interquartile range [IQR] : 16.2–44.0). 
The median CSF/plasma ratio was 0.012 (IQR: 0.008–0.018). 
Amprenavir concentrations in CSF exceeded the median 
IC50  for wild-type HIV in > 97% of CSF specimens with 
detectable amprenavir levels by a median of 4.4-fold (IQR: 
2.9–7.9), allowing a conclusion that amprenavir reaches 
thera peutic concentrations in the central nervous system 
(CNS) (Croteau et al., 2012).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The benefits of the higher plasma concentrations with ritona-
vir boosting include improved inhibitory quotient, higher 
barrier against resistance, the feasibility of once-daily dosing, 
and improved virologic efficacy in selected persons with 
prior protease inhibitor exposure (Duval et al., 2002). The 
addition of ritonavir, however, is hampered by the side effects 
attributable to ritonavir (see Chapter 248, Ritonavir and 
cobicistat). Fosamprenavir was presented as a 465-mg tablet 
in the first phase II study. At doses of 1395 mg (three 465-mg 
tablets) and 1860 mg (four 465-mg tablets) twice daily for 
28 days, fosamprenavir rapidly reduced plasma HIV-1 RNA 
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concentrations by about 2 log10 copies/ml, and CD4+ cell 
counts increased by about 100 cells/mm3. This was similar to 
the antiviral effects of amprenavir 1200 mg twice daily. With 
these results, the 1395 mg twice-daily dose was selected for 
further development (Wood et al., 2004b). The Glaxo Smith-
Kline (GSK) study APV 10006 demonstrated bioequivalence 
between the 465- and 700-mg tablets formulations, which 
led to the selection of 700-mg tablet formulation for further 
clinical trials.

5d.  Excretion

Less than 1% of amprenavir is excreted unchanged in the 
urine and feces. Amprenavir is metabolized in the liver by 
the CYP3A4 enzyme system, primarily via oxidation and 
to  a lesser degree, by conjugation. Other CYP isoenzymes 
(CYP1A2, CYP2C9, CYP2C19, CYP2D6, and CYP2E1) are 
not involved. Although amprenavir can inhibit or induce 
CYP3A4, it primarily exerts inhibitory effects at clinically 
relevant concentrations (Hester et al., 2006; Wire et al., 
2006b). The two major metabolites of amprenavir result from 
the oxidation of the tetrahydrofuran and aniline moieties, 
and these are the major metabolites recovered in urine and 
feces. There are other metabolites in lower concentrations 
(Sadler et al., 2001a; Sadler, 2001b; Sadler, 2001c; Sadler, 
2001d). The plasma elimination half-life of amprenavir is 
approximately 7.7 hours.

5e.  Drug interactions

The drug interactions seen with fosamprenavir or fosampre-
navir–ritonavir are due mainly to the effects of these agents 

on the CYP3A4 system. The number of drug interactions is 
large and the reader should check current literature includ-
ing the most recent fosamprenavir package insert for up to 
date information. 

Amprenavir is essentially an inhibitor of CYP3A4, but it 
is also an inducer and a substrate for the same enzyme. The 
plasma concentrations of some drugs can be increased to 
potentially life-threatening levels if co-administered with 
fosamprenavir. Such drugs (astemizole, cisapride, dihydroer-
gotamine, midazolam, pimozide, bepridil, terfenadine, lovas-
tatin, simvastatin, and triazolam) should not be administered 
concurrently with fosamprenavir (see Table 244.3). For other 
drugs, such as calcium channel blockers, atorvastatin, and 
phosphodiesterase inhibitors (sildenafil, tadalafil, and varde-
nafil), concurrent administration is permissible provided 
lower doses are used and there is close monitoring for toxic-
ity (see Table 244.4). Steroids such as beclomethasone that 
are not metabolized by CYP3A4 enzymes should be pre-
ferred over those that are metabolized by the CYP3A4 
enzymes, such as fluticasone or budesonide. Concomitant 
use of these latter steroids with ritonavir can lead to elevated 
cortisol levels and predispose to adrenal insufficiency if the 
corticosteroid is withdrawn (Pessanha et al., 2007; see Table 
244.3 and Table 244.4). Clarithromycin increases amprenavir 
AUC by only 18% so no dosage adjustments are needed 
(Brophy et al., 2000). The plasma concentration of warfarin 
is potentially affected by all protease inhibitors including fos-
amprenavir (Table 244.5). 

Drugs that lower the exposure to amprenavir if co- 
administered include the anticonvulsants phenobarbital, phe-
nytoin, and carbamazepine (see Table 244.6). In this scenario, 
consideration should be given to alternative anticonvulsants. 

Table 244.3. Drug interactions with fosamprenavir: contraindications.

Drug class Drug name(s) Reason

Antibiotics Rifampicin, rifapentine Decreased efficacy of fosamprenavir/amprenavir, concentration 
decreased by 90%

Antifungals Voriconazolea Significant reductions in voriconazole caused by ritonavir

Antimalarials Halofantrine Arrhythmia

HMG-CoA reductase inhibitors Lovastatin, simvastatin Rhabdomyolysis and toxic myopathy

Antihistamines Astemizole, terfenadine Arrhythmia

Antipsychotics/neuroleptics Pimozide Arrhythmia

Benzodiazepines Midazolam, triazolam Prolonged sedation and respiratory depression

Antiarrhythmics Flecainide,a propafenone,a bepridil, 
encainide

Arrhythmia

Ergot derivatives Dihydroergotamine, ergonovine, 
ergotamine, methylergonovine

Peripheral vasospasm, ischemia

Prokinetics Cisapride Cardiac arrhythmia

Corticosteroids Fluticasone Significant exposure to corticosteroids

Hormonal contraceptives Ethinyl estradiol,a norethindronea Hepatic transaminase elevations

Antiretroviral drugs Delavirdine; etravirine Loss of antiviral efficacy due to suboptimal levels of delavirdine; 
etravirine increases amprenavir levels significantly (AUC 69%, 
Cmin 77%)

Herbal supplements St. John’s wort Loss of antiviral efficacy due to suboptimal levels of amprenavir

aContraindicated if ritonavir is co-administered; cautious use advised if fosamprenavir is administered without ritonavir.
Abbreviations: AUC: area-under-the-concentration-time curve; Cmin: minimum concentration.
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Caution is needed if these drugs are used together, and drug 
levels should be monitored. Rifampicin and St. John’s wort 
are contraindicated because they induce dramatic reductions 
in amprenavir AUC. The active R-isomer of methadone is 
decreased by 13% if given concurrently with fosamprenavir, 
but this reduction is usually insufficient to precipitate metha-
done withdrawal symptoms (Hendrix et al., 2004; Cao et al., 
2008). Because hormonal contraceptives may be less reliable 
in patients receiving fosamprenavir, alternative forms of 
contraception are preferred in such patients.

ANTACIDS, H2-ANTAGONISTS, AND PROTON PUMP 
INHIBITORS

Because fosamprenavir exhibits maximal solubility at pH 3.3 
and has lower solubility with increasing alkalinity of the 
medium (Furfine et al., 2004), there were concerns about pos-
sible interactions between this drug and agents that increase 
gastric pH. There were also concerns that the phosphate 

component of fosamprenavir could bind to metal cations 
present in antacids, thereby compromising its solubility. 
However, when a single 1400-mg dose of fosamprenavir was 
administered immediately following 30 ml of an oral antacid 
(Norvatis, Maalox, consumer health), amprenavir pharma-
cokinetics was not significantly changed; AUC decreased by 
18% and Cmin increased by 14%. The amprenavir AUC 
decreased by 30% when 1400 mg of fosamprenavir was 
administered after a 300-mg dose of an oral H2-receptor 
blocker (ranitidine); however, amprenavir Cmin decreased by 
only 1%, which is an insignificant change (Ford et al., 2005). 
Simultaneous co-administration of esomeprazole 20 mg daily 
with either fosamprenavir 1400 mg daily or fosamprenavir–
ritonavir 700/100 mg twice daily had no effect on steady-
state amprenavir pharmacokinetics (Shelton et al., 2006b). The 
steady-state pharmacokinetics of once-daily fosamprenavir–
ritonavir 1400/200 mg and atazanavir–ritonavir 300/100  
mg, alone and in combination with 20 mg omeprazole, was 

Table 244.4. Drugs whose concentrations may increase and whose dose may need to be reduced when co-administered with 
fosamprenavir.

Drug class Drug name(s) Comment

Antiretrovirals Maraviroc Concentrations may be increased, significance 
unknown

HMG-CoA reductase 
inhibitors

Atorvastatin Use ≤ 20 mg/kg/day with careful monitoring; 
consider alternatives such as fluvastatin, 
pravastatin, rosuvastatin

Antifungals Itraconazole, ketoconazole With unboosted FPV use ≤ 400 mg/day; with r/FPV 
use < 200 mg/day

Benzodiazepines Alprazolam, clorazepate, diazepam, flurazepam Increased levels of the benzodiazepine may cause 
clinically significant side effects

Antipsychotics Trazadone Drowsiness, priapism

Antidepressants Amitriptyline, amoxapine, clomipramine, desipramine, 
doxepin, imipramine, nortriptyline, protriptyline, 
trimipramine

Cardiac arrhythmia, sedation; measurement of 
plasma concentrations warranted

Proton pump inhibitors Esomeprazole Gastrointestinal and skin reactions may be more 
common; long-term exposure may cause cardiac 
problems

Antibiotics Rifabutin Conjunctivitis, neutropenia; dosage should be 
reduced by 50% if used with FPV and by 75% if 
used with r/FPV

Immunosuppressants Cyclosporine, sirolimus, tacrolimus Significant interactions with very narrow therapeutic 
index; measurement of drug concentrations 
warranted

Corticosteroids Dexamethasone Accumulation and adverse effects of high-dose 
corticosteroids

Phosphodiesterase 5 
inhibitors

Sildenafil, vardenafil, tadalafil Hypotension, blurry vision, priapism; vardenafil 
should be used 2.5 mg/24–72 hours and sildenafil 
25 mg/48 hours

Antiarrhythmics Amiodarone, lidocaine, quinidine, bepridil Cardiac arrhythmia; measurement of plasma 
concentrations warranted

Calcium channel blockers Diltiazem, felodipine, nifedipine, nicardipine, 
nimodipine, verapamil, amlodipine, nisoldipine, 
isradipine

Hypotension

Anticonvulsants Carbamazepine, phenobarbital, phenytoin Arrhythmia, sedation; measurement of drug levels 
warranted

Abbreviations: FPV: fosamprenavir; r/FPV: fosamprenavir with ritonavir.
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evaluated in 19 healthy volunteers. The amprenavir AUC and 
Cmin in the subjects who received fosamprenavir–ritonavir 
plus esomeprazole decreased only by 4% and 2%, respec-
tively. In contrast, in the subjects who received atazanavir–
ritonavir plus esomeprazole, significant reductions in 
atazanavir exposure occurred, including four subjects (21%) 
with over 50% reduction in atazanavir AUC and Cmin. Based 
on these findings, fosamprenavir can be co-administered 
with antacids or proton pump inhibitors without a need for 
dose modification or separation. The co-administration of 
ranitidine and fosamprenavir caused moderate reductions 
in amprenavir AUC; hence, caution is needed if these drugs 
are to be co-administered.

OTHER ANTIRETROVIRAL DRUGS

Nucleoside analog reverse transcriptase 
inhibitors
The metabolism of nucleoside reverse transcriptase inhibi-
tors occurs via pathways that are not influenced by CYP3A4 

enzymes, hence there are no notable pharmacokinetic interac-
tions between nucleoside reverse transcriptase inhibitors and 
unboosted or ritonavir-boosted fosamprenavir. No dose mod-
ification is needed when fosamprenavir is co- administered 
with nucleoside reverse transcriptase inhibitors. The safety 
and efficacy of standard dosages of fosamprenavir–ritonavir 
plus abacavir and lamivudine has been demonstrated (Gathe 
et al., 2004; Rodriguez-French et al., 2004). Also, co-admin-
istration of tenofovir with fosamprenavir–ritonavir 1400/100 
mg daily did not alter amprenavir AUC or Cmax, and there 
was no significant change in ritonavir AUC. In combination 
with fosamprenavir–ritonavir 1400/100 mg daily, however, 
tenofovir led to a nonsignificant increase in ritonavir AUC, 
although amprenavir AUC remained unchanged (Kurowski 
et al., 2007). Similarly, tenofovir and emtricitabine given 
along with fosamprenavir–ritonavir 1400/200 mg daily did 
not result is any clinically meaningful interaction. The AUC 
and Cmin for amprenavir were 21% and 18% higher than his-
torical controls, respectively; and the AUCs for tenofovir 
and emtricitabine were within 7% of historical control values 
(Parks et al., 2007).

Nonnucleoside analog reverse transcriptase 
inhibitors

Chronic administration of nevirapine leads to induction 
of CYP450 metabolism. The concurrent use of nevirapine 
(200 mg twice daily) and unboosted fosamprenavir (1400 
mg twice daily) is contraindicated because that combination 
is associated with a 33% reduction in the pharmacokinetic 
parameters of amprenavir (−33% for AUC, −25% for Cmax, 
and −35% for Cmin), and increased exposure to nevirapine 
(DeJesus et al., 2006). However, ritonavir-boosted fosampre-
navir 700/100 mg twice daily can be co-administered with 
nevirapine without dosage adjustments because there was no 
significant change in amprenavir AUC or Cmax with this com-
bination, although Cmin decreased by 19% (DeJesus et al., 2006).

Efavirenz 600 mg daily can be co-administered with fos-
amprenavir– ritonavir 700/100 mg twice daily without any 
dose change because no significant pharmacokinetic changes 
occurred at steady state. This contrasts with the findings 
when fosamprenavir–ritonavir 1400/200 mg daily was co- 

administered with efavirenz 600 mg daily. This latter regi-
men resulted in reductions in amprenavir AUC and trough 
plasma concentrations by 13% and 36%, respectively. How-
ever, co-administration of 600 mg efavirenz with fosampre-
navir–ritonavir 1400/300 mg daily resulted in amprenavir 
plasma concentrations that were similar to those achieved 
with treatment with fosamprenavir–ritonavir 1395/200 mg 
daily (Wire et al., 2004). Accordingly, an extra 100 mg of 
ritonavir should be added (making a total daily dose of 300 
mg) if efavirenz is co-administered with the once-daily regi-
men of fosamprenavir–ritonavir.

The clinical use of delavirdine had faded to near obscurity 
by the time fosamprenavir became approved for clinical  
use. As such, there are no published studies of drug inter-
actions between these agents. However, co-administration of 

Table 244.6. Drugs that can reduce or increase plasma 
concentrations of amprenavir (fosamprenavir)

Drugs that can 
increase 
amprenavir 
concentrations

Drugs that can decrease amprenavir 
concentrations

Indinavir Efavirenza

Nelfinavir Nevirapineb

Etravirinec Lopinavir–ritonavir

Saquinavir

Carbamazepine

Dexamethasone

Phenobarbital

Phenytoin

Primidone

Cimetidine, famotidine, nizatidine, ranitidine 
(H2-receptor agonists) Antacids

aIf efavirenz is co-administered, use fosamprenavir 1400 mg/ritonavir 300 
mg once daily or fosamprenavir 700 mg/ritonavir 100 mg twice daily.

bNevirapine should not be used with fosamprenavir 1400 mg twice daily; no 
dose adjustment required if ritonavir is co-administered.

cContraindicated.

Table 244.5. Drugs whose concentrations may increase or 
decrease when used with fosamprenavir (with or without 
ritonavir).

Drug class Drug name(s) Comment

Opioids Methadone Methadone dosage may 
have to be increased; 
amprenavir levels may 
be reduced

Anticoagulants Coumadin 
(warfarin)

Risk of bleeding; requires 
close monitoring of 
international normalized 
ratio (INR)



5. Pharmacokinetics and pharmacodynamics 4113

amprenavir 600 mg twice daily and delavirdine 600 mg twice 
daily was associated with a > 50% reduction in plasma con-
centrations of delavirdine. Based on these findings, the 
co-administration of fosamprenavir and delavirdine is con-
traindicated (Tran et al., 2002; Justesen et al., 2003).

The second-generation nonnucleoside reverse transcrip-
tase inhibitor etravirine (TMC125; see Chapter 238, Etra-
virine) increases fosamprenavir AUC by 69% and Cmin by 
77% and therefore should not be co-administered with 
boosted or unboosted fosamprenavir (Johnson and Saravo-
latz, 2009).

Protease inhibitors
With the advent of new classes of drugs such as integrase 
inhibitors or CCR5 inhibitors for salvage situations, there is 
no clinical indication to combine protease inhibitors.

Pharmacokinetic studies of fosamprenavir plus lopinavir–
ritonavir point to a pattern of complex unfavorable drug 
interactions. In the Adult AIDS Clinical Trials Group 
(ACTG) study A5143, the patients receiving fosamprenavir 
plus lopinavir–ritonavir experienced a 64% decrease in the 
ampre navir AUC and a 50% decrease in the lopinavir AUC 
compared with patients receiving fosamprenavir–ritonavir 
alone or lopinavir–ritonavir alone (Kashuba et al., 2005). 
A5143 was discontinued because of the negative pharmaco-
kinetic findings, but it is interesting that the week 24 analysis 
of data from 56 of the planned 216 subjects showed similar 
virologic outcomes among the regimens. Using intent-to-
treat analysis at 24 weeks, viral load reached < 50 copies/ml 
in 54% of the recipients of fosamprenavir plus lopinavir–
ritonavir compared with 46% of single-PI subjects. Clinical 
events and toxicity rates were similar among the groups 
(Col lier et al., 2008).

Another study evaluated fosamprenavir at a dose of 1400 
mg plus lopinavir–ritonavir 533/133 mg twice a day versus 
fosamprenavir– ritonavir 700 mg twice daily plus lopinavir–
ritonavir 400/100 mg twice daily plus ritonavir 100 mg twice 
daily. If the lopinavir plasma concentrations were similar to 
the values with administration of lopinavir–ritonavir 400/ 
100 mg twice daily, the amprenavir concentrations were low 
compared with fosamprenavir–ritonavir (Wire et al., 2004); 
about one-third of the patients discontinued the first regimen 
because of adverse events (Khanlou et al., 2006). The interac-
tions between fosamprenavir and lopinavir–ritonavir can not 
be avoided by separating the doses (Corbett et al., 2006). In 
summary, there is no established role or generally recom-
mended dosing schedule for fosamprenavir plus lopinavir– 
ritonavir.

The addition of efavirenz to a regimen containing ampre-
navir 750 mg and lopinavir 533/133 mg, both twice daily, did 
not appear to significantly alter amprenavir or lopinavir phar-
macokinetics. Substituting fosamprenavir 1400 mg twice 
daily for amprenavir resulted in an increase in amprenavir 
Cmin, AUC, and Cmax without changing lopinavir or ritonavir 
pharmacokinetics or overall tolerability (Pham et al., 2007). 
A closer look at the effects of co-administration of lopinavir 
and amprenavir from the ACTG protocols A5143/A5147s 

has shown that there is a significant increase in lopinavir  
and amprenavir unbound clearance as well as a significant 
increase in the fraction unbound of amprenavir (Dumond et 
al., 2015). 

A study conducted in rats suggested that saquinavir, nelfi-
navir, and indinavir have a minimal impact on oral bioavail-
ability of amprenavir (Shibata et al., 2002). There are, however, 
interactions in humans. For example when saquinavir at a 
dose of 1000 mg twice daily was co-administered with fos-
amprenavir 700 mg twice daily along with ritonavir 100 mg 
twice daily, this combination yielded mild reductions in 
saquinavir plasma concentrations: −14% for AUC, −9% for 
Cmax, and −24% for Cmin. The amprenavir AUC and Cmin were 
decreased by 29% and 40%, respectively. Increasing the dose 
of ritonavir to 200 mg resulted in a statistically nonsignifi-
cant increase in saquinavir exposure compared with baseline 
(Boffito et al., 2004). There is no established clinical role for 
double-boosted protease inhibitor combinations that include 
fosamprenavir. Moreover, the appropriate dosages when com-
bining fosamprenavir with any of these protease inhibitors 
are uncertain.

Simultaneous administration of fosamprenavir–ritonavir 
700/100 mg twice daily plus atazanavir 300 mg daily pro-
duced no significant changes in the exposure to amprenavir. 
The AUC of atazanavir decreased by 22%, whereas Cmin of the 
drug was unchanged (Khanlou et al., 2006). The interactions 
between atazanavir and fosamprenavir– ritonavir were also 
investigated in a study of 17 patients who required salvage 
antiretroviral therapy. The combination of atazanavir 150 mg 
plus fosamprenavir 700 mg plus ritonavir 100 mg (all twice 
daily) was given to 9 patients, whereas 5 patients received 
atazanavir 200 mg plus fosamprenavir 700 mg plus ritonavir 
100 mg (all twice daily). A total of 3 patients received ataza-
navir 400 mg plus fosamprenavir 700 mg twice daily because 
of ritonavir intolerance. In this small study, amprenavir and 
atazanavir Cmin exceeded the minimum acceptable Cmin, 
defined as 0.28 and 0.27 µg/ml for amprenavir and atazana-
vir, respectively (Khanlou et al., 2006). The combination was 
generally well tolerated, and, by week 24, 10/17 (60%) had 
achieved plasma HIV-RNA suppression to < 50 copies/ml. 
Nonetheless, there are no large clinical trials of this combi-
nation and no clinical indication exists.

Tipranavir 500 mg plus ritonavir 100 mg twice caused an 
approximately 50% reduction in amprenavir plasma concen-
trations when it was co-administered with ritonavir 100 mg 
and amprenavir 600 mg twice daily (Walmsley et al., 2008). 
Therefore, the combination of tipranavir and fosamprenavir 
should be avoided.

Integrase inhibitors

Boosted fosamprenavir (700/10 mg) given to healthy sub-
jects has been reported to decrease the AUC and Cmax of 
dolutegravir (50 mg once daily) by 35% and 24%, respec-
tively, in integrase-naive subjects. This modest, clinically insig-
nificant decrease in dolutegravir exposure does not require 
dolutegravir dose adjustment (Song et al., 2014).
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Entry inhibitors

A phase I study in which maraviroc (300 mg twice daily) was 
administered concurrently with fosamprenavir–ritonavir to 
healthy volunteers resulted in increased maraviroc exposure 
(AUC, Cmax, and concentration at the end of the dosing inter-
val increased by 149%, 52%, and 374%, respectively), with a 
reduction in both amprenavir and ritonavir exposures (AUC 
and Cmax reduced by 34% to 36%, respectively). The authors 
conclude that maraviroc at this dose is not recommended 
in combination with fosamprenavir–ritonavir (Vourvahis et 
al., 2013).

ANTIDEPRESSANTS

Paroxetine is metabolized by CYP2D6, which is inhibited by 
both ritonavir and paroxetine. This interaction suggests that 
co-administration of paroxetine with ritonavir-boosted fos-
amprenavir would increase serum concentrations of paroxe-
tine, but a clinical pharmacokinetic study demonstrated a 
55% reduction in paroxetine plasma exposure when paroxe-
tine at the standard dose of 20 mg daily was administered 
simultaneously with fosamprenavir–ritonavir 700/100 mg 
twice daily. Protein displacement of paroxetine, because par-
oxetine, fosamprenavir, and ritonavir are, respectively, 95%, 
89%, and 98% bound to the same plasma proteins (alpha-1 
acid glycorptein and albumin), provides a partial explanation 
for this interaction (van der Lee et al., 2007). The investiga-
tors concluded that this interaction may be significant and 
dose titration of paroxetine may be needed.

The antipsychotic agent used for treatment of schizophre-
nia, olanzapine, is primarily metabolized by CYP1A2 and 
uridine glucuronyl transferase. Ritonavir administered in a 
high dose can induce olanzapine metabolism, via induction 
of CYP1A2 and/or uridine glucuronyl transferase. A low dose 
of ritonavir used in a regimen of fosamprenavir– ritonavir 
(700/100 mg) similarly induces olanzapine metabolism (Jacobs 
et al., 2014).

ANTIMICROBIAL AGENTS

Rifampicin, a potent inducer of CYP3A4, reduces amprena-
vir AUC by 82% (CDC, 1996). Rifabutin is a less potent inducer 
of CYP3A4 than rifampicin. Rifabutin and 25-O-desacetyl-
rifabutin (dAc-rifabutin; a metabolite that accounts for 10% 
of the total antimycobacterial activity of rifabutin) are sub-
strates for CYP3A4. Because protease inhibitors inhibit 
CYP3A4, the dose of rifabutin should be reduced by 75% 
to 150 mg every other day or three times a week when used 
in patients receiving ritonavir-boosted protease inhibitors, 
including fosamprenavir–ritonavir. The pharmacokinetics  
of rifabutin and dAc-rifabutin was investigated in 22 healthy 
subjects receiving the standard 300-mg daily dose of rifa-
butin alone versus rifabutin 150 mg every other day plus  
fosamprenavir–ritonavir 700/100 mg twice daily. Giving dose- 
adjusted rifabutin with fosamprenavir–ritonavir resulted in 
an unchanged rifabutin AUC and a 14% decrease in the Cmax, 
whereas the AUC and Cmax of dAc-rifabutin were increased 
by 11- and 6-fold, respectively, leading to a 64% increase in 

the total antimycobacterial AUC. The plasma amprenavir 
exposure increased approximately 35% compared with his-
torical controls. The safety profile of the combination of 
rifabutin and fosamprenavir–ritonavir was similar to previ-
ously described events with rifabutin or fosamprenavir–
ritonavir alone (Ford et al., 2008).

Ketoconazole should not be used at a dose higher than 
200 mg/day if used along with ritonavir-boosted fosampre-
navir. Co-administration of ketoconazole 200 mg daily with 
fosamprenavir–ritonavir 700/100 mg twice daily resulted in 
a 2.69-fold increase in ketoconazole AUC, whereas there was 
a 17% increase in ritonavir exposure and no change in expo-
sure to amprenavir (Wire et al., 2007).

IMMUNOSUPPRESSANTS

Solid organ transplantation is increasing among patients 
receiving combination antiretroviral therapy. This has cre-
ated a strong imperative to understand the interactions 
between antiretroviral drugs and antirejection drugs. When 
co-administered with cyclosporine, fosamprenavir increases 
trough concentrations of cyclosporine. Determination of the 
optimal cyclosporine dose requires serial measurement of 
serum cyclosporine concentrations (Guaraldi et al., 2006). 
The clinical response and serum levels of other immunosup-
pressants (tacrolimus, rapamycin, and sirolimus) should also 
be closely monitored if these agents are used in patients on 
fosamprenavir.

6. ADVERSE REACTIONS AND TOXICITY

Co-administration of 200 mg of ritonavir with fosamprena-
vir is associated with higher rates of gastrointestinal intoler-
ance and lipid elevation compared with fosamprenavir alone 
(Dube et al., 2002; Rodriguez-French et al., 2004), making 
lower doses of ritonavir attractive.

Fosamprenavir has been generally well tolerated and safe. 
The reported side effects are similar to others in the protease 
inhibitor drug class. Typically, the reported adverse effects 
are mild and self-limited. The most common moderate to 
severe adverse events are diarrhea, rash, nausea, vomiting, 
and headache.

In the NEAT trial, approximately one third of patients 
treated with fosamprenavir 1400 mg twice daily developed at 
least one grade 2–4 adverse event by week 48 (Rodriguez-
French et al., 2004). A slightly higher proportion of patients 
(41%) in the SOLO trial (fosamprenavir–ritonavir 1400/100 
mg daily) had at least one grade 2–4 adverse event by week 
48 (Gathe et al., 2004). Premature treatment discontinuation 
as a result of an adverse event occurred in 5% (9/166) of 
patients in the fosamprenavir arm of the NEAT trial and 6% 
(27/434) of patients in the fosamprenavir–ritonavir 700/100 
mg arm of the KLEAN trial (Rodriguez-French et al., 2004; 
Eron et al., 2006). It is important that both studies included 
the nucleoside reverse transcriptase inhibitor backbone of 
abacavir–lamivudine, and many of the treatment discontinu-
ations were due to abacavir hypersensitivity and not due to 
adverse effects related to fosamprenavir.
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6a.  Skin rash

Rash is one of the most common adverse effects of fosampre-
navir, mostly because of the sulfonyl group of the molecule. 
Excluding patients with presumed abacavir hypersensitivity 
reaction, the frequency of moderate to severe skin rash 
among fosamprenavir recipients in the large clinical trials 
ranged from 3% to 8% (DeJesus et al., 2003; Rodriguez-
French et al., 2004; Gathe et al., 2004; Eron et al., 2006). Life-
threatening reactions such as Stevens-Johnson syndrome 
can occur rarely. Because fosamprenavir contains a sulfonyl 
moiety, it should be used with caution in patients with a 
history of allergy to sulfonamides. Less than 1% of patients 
discontinue fosamprenavir because of rash. In the case of 
concomitant administration with abacavir, an HLA test should 
be performed to detect patients with a higher risk of hyper-
sensitivity (HLA B57 or B27) (see Chapter 225, Abacavir).

6b.  Gastrointestinal intolerance

Gastrointestinal intolerance is generally more frequent when 
protease inhibitors was boosted with ritonavir. The incidence 
of moderate or severe diarrhea was 10–13% for fosampre-
navir boosted with ritonavir 200 mg total daily dose in the 
SOLO and KLEAN studies (Gathe et al., 2004; Eron et al., 
2006), but this rate was still lower than the rate with nelfina-
vir. Diarrhea was the leading cause of premature treatment 
discontinuation in the KLEAN study, excluding discontin-
uations due to abacavir hypersensitivity. Overall, diarrhea- 
related discontinuations remained uncommon, occurring in 
< 1% of patients in the fosamprenavir–ritonavir 700/100 mg 
twice-daily arm (Eron et al., 2006). Other gastrointestinal 
adverse effects such as nausea and vomiting have been 
reported in up to 9% of patients administered fosamprenavir 
plus 200 mg ritonavir daily (DeJesus et al., 2003; Gathe et al., 
2004; Eron et al., 2006).

Grade 2–4 treatment-related adverse gastrointestinal effects 
are less frequent when fosamprenavir 1400 mg is boosted 
with ritonavir 100 mg than with 200 mg total daily dose. In a 
head to head comparison of these regimens in antiretroviral 
therapy-naive patients, the incidence of grade 2–4 nausea 
was 3% versus 5% for fosamprenavir–ritonavir 1400/100 mg 
versus fosamprenavir–ritonavir 1400/200 mg, respectively. 
The corresponding values for diarrhea were 14% versus 18% 
(Hicks et al., 2007). In accordance with these findings are 
results of the ALERT study showing grade 2–4 diarrhea in 
8% and nausea in 4% of patients randomized to fosamprena-
vir–ritonavir 1400/100 mg daily (Smith et al., 2008). These 
rates are lower than historical rates from trials that used a 
200 mg total daily dose of ritonavir.

6c.  Serum lipid changes

Fosamprenavir alone causes fewer changes in serum lipids 
than fosamprenavir combined with ritonavir. Among patients 
administered fosamprenavir 1400 mg twice daily without 
ritonavir (plus abacavir–lamivudine), the median changes at 

week 48 in total cholesterol, high-density lipoprotein (HDL) 
cholesterol, and low-density lipoprotein (LDL) cholesterol 
were +39.8, +10.1, and +24 mg/dl, respectively. The ratio of 
total cholesterol/HDL cholesterol was unchanged, and serum 
triglycerides remained under 750 mg/dl in all patients 
(n  =  166) (Rodriguez-French et al., 2004). In contrast, tri-
glycerides > 750 mg/dl occurred in 8–11% of patients treated 
with fosamprenavir 1400 mg plus ritonavir 200 mg total 
daily dose (DeJesus et al., 2003; Gathe et al., 2004). The 
changes in total cholesterol, LDL, and HDL among these 
patients compared with changes among those treated with 
fosamprenavir alone were less striking. With fosamprenavir–
ritonavir 1400/200 mg daily, the median changes in LDL and 
HDL were +30 and +8 mg/dl, respectively (Gathe et al., 
2004). The ratio of total cholesterol/HDL cholesterol was 
stable.

Fosamprenavir boosting with ritonavir 100 mg daily has 
fewer lipid effects than boosting with 200 mg ritonavir daily. 
Among patients randomized to fosamprenavir–ritonavir 
1400/100 mg daily in the ALERT study, changes in total choles-
terol, LDL cholesterol, and HDL cholesterol were +13, +2, and 
+11 mg/dl, respectively (Smith et al., 2008). In the KLEAN 
study, 11% of the subjects treated with fosamprenavir–ritona-
vir 700/100 mg twice daily and a similar proportion of those 
treated with lopinavir–ritonavir 400/100 mg twice daily initi-
ated antihyperlipidemic medication (Eron et al., 2006). This is 
higher than the 8% of patients who initiated lipid-lowering 
agents while receiving fosamprenavir– ritonavir 1400/100 mg 
daily, a regimen that may increase serum triglycerides, 
although only to normal or high-normal values in most 
patients (Smith et al., 2008). Only 4% of patients treated with 
fosamprenavir 1400 mg twice daily without ritonavir in the 
NEAT study reported using antihyperlipidemic medications 
subsequently (Rodriguez-French et al., 2004). Atazanavir–
ritonavir 300/100 mg daily has little or no lipid advantage 
over fosamprenavir–ritonavir 1400/100 mg daily (Smith et 
al., 2008). It is important to be mindful of the interactions 
between HMG-CoA reductase inhibitors and protease inhib-
itors if these drugs are to be prescribed to hyperlipidemic 
patients. Lipids elevations that are usually associated with 
most protease inhibitors, including fosamprenavir, may be 
partially responsible for the increase cardiovascular risk that 
has been reported with the prolonged use of protease inhib-
itors (Mary-Krause et al., 2003; D:A:D Study Group et al., 
2007; Guiguet et al., 2008). No significant changes in insulin 
sensitivity were found within the first 2 weeks of initiating 
fosamprenavir–ritonavir, although increases in triglycerides, 
very low density lipoproteins, chylomicron particles, and low 
density lipoprotein levels were observed in this time frame 
(Gyalrong-Steur et al., 2011).

6d.  Lipase elevation

Asymptomatic elevation of serum lipase (more than two 
times the upper limit of normal) occurred in 5–8% of fosam-
prenavir-treated patients in the clinical trials that led to  
the drug’s approval. In general, the elevated lipase resolved 
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spontaneously without interrupting fosamprenavir. In the 
international, open-label, multicenter APV30005 study where 
the safety of fosamprenavir over 48 weeks was examined in 
753 patients receiving various combination regimens in three 
studies, the most commonly reported grade 3–4 adverse 
events included increased serum lipase and triglyceride lev-
els (Wood et al., 2013). Clinical pancreatitis was rare (Gathe 
et al., 2004), and no causal relationship with fosamprenavir 
has been established.

6e.  Hepatotoxicity

In the NEAT trial, 6% of the patients who were randomized 
to fosamprenavir 1400 mg twice daily without ritonavir had 
grade 3–4 (more than fivefold) increase in ALT and/or AST. 
This was similar to the frequency of liver enzyme elevation 
among recipients of nelfinavir (Rodriguez-French et al., 
2004) and among patients randomized to fosamprenavir–
ritonavir in subsequent studies (3–7%), suggesting that 
ritonavir at a dose of 200 mg daily does not dramatically 
increase the risk of hepatotoxicity (DeJesus et al., 2003; Gathe 
et al., 2004; Eron et al., 2006). 

On the other hand, co-infection with hepatitis C virus 
and/or hepatitis B virus is a significant risk factor for hepato-
toxicity. In the KLEAN study, for example, grade 3–4 ALT 
elevations were observed in < 1% of fosamprenavir–ritonavir 
recipients without co-infection, compared with approxi-
mately 11% of the fosamprenavir–ritonavir recipients co- 
infected with hepatitis B virus, hepatitis C virus, or both. An 
association between HIV–hepatitis co-infection and increased 
risk of antiretroviral therapy-induced hepatotoxicity was 
also present among patients in the comparator arm (lopina-
vir–ritonavir) (Eron et al., 2006). Data from seven prospec-
tive randomized clinical trials of fosamprenavir has recently 
been pooled and reported. The hepatic safety profile of fos-
amprenavir-containing regimens in patients who are co- 
infected with hepatitis B virus (24%), hepatitis C (72%), or 
both (3%) compared with monoinfected individuals is in 
general similar to what is found with other second- generation 
protease inhibitors. There is an overall increase in patients 
with grade 3–4 hepatotoxicity of 14% (ALT), 12% (AST) in 
the co-infected group versus 1% (ALT, AST) in the monoin-
fected group (Ha et al., 2012)

In an analysis of end-stage liver disease and hepatocellu-
lar carcinoma in D:A:D participants who have been followed 
for a median of 8.4 years, the cumulative exposure to (fos) 
amprenavir was independently associated with increased 
rates of risk: relative rate 1.47 (95% confidence interval [CI]: 
1.01–2.15), after adjustment (Ryom et al., 2016).

6f.  Insulin resistance and other adverse 
effects

The propensity of amprenavir to induce insulin resistance 
has been compared with that of other protease inhibitors. 
Using sophisticated techniques, including the homeostasis 

model assessment insulin resistance index (HOMA-IR), the 
hierarchy of the protease inhibitors in decreasing order of 
insulin resistance propensity was reported as indinavir, 
ritonavir, lopinavir–ritonavir, and amprenavir (Noor et al., 
2001; Noor et al., 2002; Lee et al., 2006; Lee et al., 2007). The 
findings of these studies are limited, however, because the 
protease inhibitor doses used in the studies were not truly 
reflective of clinical doses. New-onset diabetes and worsen-
ing of existing glucose intolerance has been reported in 
patients receiving fosamprenavir (Gathe et al., 2004). Eleva-
tion of plasma glucose to > 250 mg/dl occurred in 2% in two 
of the arms in the CONTEXT study (fosamprenavir 700/100 
mg twice daily versus lopinavir–ritonavir 400/100 mg twice 
daily). There are also reports of lipodystrophy in fosampre-
navir-treated patients that are consistent with reports from 
other protease inhibitors.

7. CLINICAL USES OF THE DRUG

Fosamprenavir boosted with ritonavir administered once or 
twice daily is effective in patients starting on antiretroviral 
therapy and is similar in profile to other ritonavir-boosted 
protease inhibitors. Its lipids profile is generally favorable, 
and it can be used without dosage adjustment in patients 
with renal insufficiency. It has a signature resistance muta-
tion profile that may help preserve future protease inhibitors 
options. In treatment-experienced patients previously treated 
with protease inhibitors, fosamprenavir therapy should only 
be used based on susceptibility testing. Fosamprenavir is 
rarely used in Australia, Europe, or North America but is 
available and may still be of benefit in some resource limited 
countries. 

The major clinical trials with fosamprenavir are summa-
rized in Table 244.7.

7a.  HIV-1 infection: protease inhibitor-naive 
patients

Four clinical trials have evaluated the role of fosamprenavir 
in HIV-infected adult patients: NEAT SOLO, KLEAN, and 
ALERT.

NEAT STUDY (FOSAMPRENAVIR WITHOUT 
RITONAVIR)

The NEAT study (APV 300001) was an international open- 
label, noninferiority randomized study involving 249 antiretro-
viral therapy-naive patients with median CD4+ T-lymphocyte 
(CD4) count of 212 cells/mm3 and viral load of 4.8 log10  
copies/ml (Rodriguez-French et al., 2004). Eligible patients 
(76% Hispanic or black, 31% female) were randomized to 
unboosted fosamprenavir 1400 mg twice daily or nelfinavir 
1,250 mg twice daily. Patients in both groups received abaca-
vir 300 mg and lamivudine 150 mg administered twice daily. 
The intent-to-treat analysis at week 48 demonstrated a viral 
load of < 400 copies/ml in 66% of fosamprenavir-treated 
patients compared with 51% of nelfinavir-treated patients. 
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Reduction in viral load to < 50 copies/ml was achieved in 
55% of fosamprenavir-treated patients compared with 41% 
of nelfinavir-treated patients, confirming the noninferiority 
of fosamprenavir 1400 mg twice daily to nelfinavir 1,250 mg 
twice daily. Viral suppression to < 50 copies/ml in the fosam-
prenavir arm was not influenced by baseline viral load (67% 
for baseline viral load > 100,000 copies/ml and 65% for base-
line viral load < 100,000 copies/ml). In contrast, only 35% of 
patients with baseline viral load > 100,000 copies/ml in the 
nelfinavir arm achieved viral suppression to < 400 copies/ml 
compared with 63% of those with baseline viral load  
< 100,000 copies/ml. The median CD4 count increase in 
both arms exceeded 200 cells/mm3.

The anticipated efficacy rate from a boosted protease 
inhibitor regimen should ultimately be higher (> 75%) than 
the efficacy rates observed with nelfinavir or unboosted fos-
amprenavir. Hence unboosted protease inhibitors are no 
longer a preferred protease inhibitor choice in patients ini-
tiating antiretroviral therapy.

SOLO TRIAL (FOSAMPRENAVIR–RITONAVIR  
1400/200 MG DAILY VS. NELFINAVIR)

The SOLO trial (APV 300002) was also an international 
open-label, noninferiority randomized study involving 649 
antiretroviral therapy-naive patients with median CD4 count 
of 170 cells/mm3 and viral load of 4.8 log10 copies/ml. The 
patients were randomized to fosamprenavir–ritonavir 1400/ 
200 mg daily or nelfinavir 1250 mg twice daily (Gathe et al., 
2004). Patients in both randomization groups received abaca-
vir 300 mg and lamivudine 150 mg twice daily. The primary 
end point was the proportion of subjects with viral load  
< 400 copies/ml at 48 weeks. By intent-to-treat analysis, viral 
load < 400 copies/ml at week 48 occurred in 69% of fosam-
prenavir recipients and 68% of nelfinavir recipients. Viral 
load < 50 copies/ml was achieved in 55% of fosamprenavir- 
treated patients compared with 53% of nelfinavir-treated 
patients. Fosamprenavir–ritonavir 1400/200 mg daily per-
formed better than nelfinavir among patients with higher 
baseline viral load (Gathe et al., 2004).

Like ritonavir-boosted protease inhibitors in general, the 
fosamprenavir–ritonavir regimen used in this study demon-
strated higher antiviral efficacy with a nearly 70% rate of 
patients with undetectable HIV-RNA plasma viral load com-
pared with 55% with the unboosted fosamprenavir (NEAT 
trial). In parallel, fosamprenavir–ritonavir demonstrated a 
high genetic barrier to resistance, with no protease muta-
tions among virologic failures of fosamprenavir–ritonavir, 
whereas 50% of nelfinavir-treated patient had evidence of 
protease resistance mutations. Similarly, 13% of fosamprena-
vir–ritonavir recipients had reverse transcriptase mutations 
compared with 57% in the nelfinavir arm. The virologic effi-
cacy of the fosamprenavir–ritonavir regimen was durable in 
long-term followup. By intent-to-treat analysis, 75% (159/ 
211) of the patients who continued receiving fosamprenavir–
ritonavir through week 120 had viral load of < 400 copies/ml, 
whereas 66% had a viral load of < 50 copies/ml.

Of note, a major criticism of the NEAT and SOLO trials is 
that the comparator arm used nelfinavir, which has been 
shown in previous clinical studies to be inferior to current 
gold-standard regimens, which include lopinavir–ritonavir 
or efavirenz. This criticism was rectified in the KLEAN study.

KLEAN (FOSAMPRENAVIR–RITONAVIR 700/100 MG 
TWICE DAILY VS. LOPINAVIR–RITONAVIR)

The KLEAN study was a 48-week randomized noninferiority 
study that compared fosamprenavir–ritonavir 700/100 mg 
twice daily with lopinavir– ritonavir 400/100 mg twice daily, 
each with the co-formulation of abacavir–lamivudine 600/ 
300 mg (Eron et al., 2006). A total of 679 patients out of 878 
patients completed week 48. Using intent-to-treat analysis 
(missing data were interpreted as failure) time to loss of viro-
logic response (TLOVR) analysis, 73% of patients in the fos-
amprenavir–ritonavir arm achieved reductions in viral load 
to < 400 copies/ml, which was noninferior to the 71% sup-
pression rate in the lopinavir–ritonavir arm. For the end 
point of viral load < 50 copies/ml, the intent-to-treat (miss-
ing data = failure) TLOVR rates were 66% in the fosampre-
navir–ritonavir arm and 65% for lopinavir–ritonavir. The 
similarities in virologic outcomes persisted regardless of the 
baseline viral load or CD4 count. The two study regimens 
were also similar in terms of the magnitude of CD4 replen-
ishment and incidence of adverse events. Treatment discon-
tinuations due to an adverse event were few and occurred 
with similar frequency in the two treatment groups (fosam-
prenavir–ritonavir in 12%, lopinavir–ritonavir in 10%).

There were 37 patients who met the protocol definition of 
virologic failure and underwent full genotypic and pheno-
typic testing. None of these patients had virus with reduced 
phenotypic susceptibility to fosamprenavir–ritonavir or 
lopinavir–ritonavir. Evidence of genotypic resistance to 
nucleoside reverse transcriptase inhibitors was present in 
7 patients (20%). Of the 878 patients in KLEAN, 196 (22%) 
participated in the extension phase, which was continued 
through week 144. Subjects in the extension phase were 
demographically similar to those in the original study and 
between arms. At week 96, using TLOVR analysis, viral load 
< 50 copies/ml was achieved in 85% of patient receiving 
fosamprenavir–ritonavir and in 75% of patients receiving 
lopinavir–ritonavir (Eron et al., 2006). The median CD4 
increase was similar in the two groups: 292 cells/mm3 for the 
fosamprenavir–ritonavir arm versus 286 cells/mm3 for the 
lopinavir–ritonavir arm. The only fosamprenavir-treated 
patient who experienced virologic failure during the exten-
sion study could not be genotyped. A minor protease muta-
tion (E35D/G) was detected in the only lopinavir-treated 
patient who experienced virologic failure. This study estab-
lished the noninferiority of fosamprenavir–ritonavir (700/100 
mg twice daily) relative to lopinavir–ritonavir administered 
twice daily to treat antiretroviral-naive HIV-infected patients.

Based on these data, ritonavir-boosted fosamprenavir 
regimens were listed as a “preferred” first-line option (DHHS, 
2008).



7. Clinical uses of the drug 4119

ALERT (FOSAMPRENAVIR–RITONAVIR 1400/100 MG 
ONCE DAILY)

Several lines of evidence support the safety and efficacy of 
boosting 1400 mg fosamprenavir with 100 mg of ritonavir 
once daily in protease inhibitor–naive patients. Amprenavir 
pharmacokinetic parameters are similar when fosamprena-
vir 1400 mg daily is co-administered with ritonavir 200 or 
100 mg daily (Garraffo et al., 2005; Muret et al., 2007; Parks 
et al., 2007; Ruane et al., 2007). Further, small cohort studies 
have demonstrated favorable virologic outcomes with the 
lower ritonavir dose regimen (DeWit et al., 2006).

The COL 100758 study compared fosamprenavir–ritona-
vir 1400/200 mg once daily with fosamprenavir–ritonavir 
1400/100 mg once daily in 115 patients and found similar 
virologic efficacy with a lower treatment discontinuation 
rates in the regimen using a single tablet of ritonavir 100 mg 
daily (Hicks et al., 2007; Hicks et al., 2009). When patients 
who had maintained plasma HIV-RNA at levels < 50 copies/
ml for 48 weeks on a regimen of fosamprenavir–ritonavir 
1400/200 mg plus tenofovir–emtricitabine 300/200 mg were 
switched to fosamprenavir–ritonavir 1400/100 mg while 
continuing the same nucleos(t)ide backbone, the patients’ 
plasma HIV-RNA remained suppressed < 50 copies/ml 
during the 4-week period of followup (Parks et al., 2007).

ALERT was an open-label, randomized multicenter study 
in which eligible protease inhibitor-naive patients were ran-
domized to a once a day regimen of fosamprenavir–ritonavir 
1400/100 mg plus tenofovir 300 mg/emtricitabine 200 mg, 
or atazanavir–ritonavir 300/100 mg plus tenofovir 300 mg/
emtricitabine 200 mg (Smith et al., 2008). The study enrolled 
106 patients, of whom 94 completed the protocol (45 in the 
fosamprenavir–ritonavir arm and 49 in the atazanavir–
ritonavir arm). The 4-week viral load was a median 2.2 log10 
lower than the baseline values in both arms. Using intent- 
to-treat analysis at week 48, a similar proportion of patients 
had a viral load < 50 copies/ml, 75% versus 83% for 
 fosamprenavir–ritonavir and atazanavir–ritonavir, respec-
tively. At the same time point, plasma RNA < 400 copies/ml 
was achieved in 93% versus 96% for fosamprenavir–ritonavir 
and atazanavir–ritonavir, respectively. There were four viro-
logic failures in the fosamprenavir arm and three in the 
atazanavir arm, although two patients randomized to fosam-
prenavir–ritonavir had baseline resistance to fosamprenavir 
and/or tenofovir–emtricitabine compared with none in the 
atazanavir–ritonavir arm. Grade 2–4 adverse events were 
more common with atazanavir–ritonavir, primarily because 
of a higher rate of indirect hyperbilirubinemia. Lipid changes 
were similar in the two arms (Smith et al., 2008). 

7b.  HIV-1 infection: protease inhibitor-
experienced patients

Unboosted amprenavir has a poor track record in protease 
inhibitor-experienced patients (Falloon et al., 2000; Duval 
et al., 2002). CONTEXT (APV0003) was an open-label, ran-
domized study involving 315 patients who had experienced 

virologic failure to one or two prior protease inhibitor- 
containing regimens (DeJesus et al., 2003). Median CD4 
count was 263 cells/mm3 and viral load was 4.1 log10 copies/
ml. The randomization in this study was to fosamprenavir–
ritonavir 1400/200 mg daily, fosamprenavir–ritonavir 700/ 
100 mg twice daily, and lopinavir–ritonavir 400/100 mg 
twice daily. The nucleoside reverse transcriptase inhibitor 
backbones were individually crafted based on resistance test-
ing. The primary end point was average area under the curve 
minus baseline (AAUCMB). Main secondary end points 
included the change in plasma viral HIV-RNA and the pro-
portion of patients with plasma HIV1-RNA levels < 400 and 
< 50 copies/ml over 24 and 48 weeks. Whereas comparisons 
at week 24 suggested equivalence of the three regimens, at 
week 48 neither once-daily nor twice-daily fosamprenavir–
ritonavir could be considered as virologically equivalent to 
the lopinavir–ritonavir regimen. The mean difference in 
AAUCMB of fosamprenavir–ritonavir once daily versus 
lopinavir–ritonavir was 0.267 (97.5% CI: −0.017 to 0.551) 
and 0.244 (97.5% CI: −0.047 to 0.536) for fosamprenavir–
ritonavir twice daily. After 48 weeks, HIV-1-RNA < 400 
copies/ml occurred in 58% and 61% of patients receiving 
fosamprenavir–ritonavir 700/100 mg twice daily and lopina-
vir–ritonavir 400/100 mg twice daily, respectively. It is 
important that a lower rate of viral suppression < 50 copies/
ml (37%) was seen among those receiving fosamprenavir–
ritonavir 1400/200 mg once daily than among those receiv-
ing fosamprenavir–ritonavir 700/100 mg twice daily (46%) 
or lopinavir–ritonavir (50%). Only fosamprenavir–ritonavir 
given twice daily achieved the criteria for noninferiority for 
patients in the lower stratum of viral load, between 1,000 
and 10,000 copies/ml. Overall, this study did not support a 
recommendation of fosamprenavir–ritonavir administered 
once daily in heavily pretreated patients with high viral load. 
This trial was not powered to definitively conclude that fos-
amprenavir–ritonavir and lopinavir–ritonavir are clinically 
equivalent. 

Another relatively small and underpowered study demon-
strated poorer outcomes when fosamprenavir–ritonavir 
1400/100 mg daily was used in protease inhibitor-experi-
enced patients. BOLD was a retrospective study involving 20 
antiretroviral therapy-naive, 30 protease inhibitor-naive, and 
25 protease inhibitor-experienced patients who are started 
on fosamprenavir–ritonavir containing antiretroviral ther-
apy. A baseline viral load of > 1000 copies/ml was required 
for inclusion in the analysis. Plasma viral load suppression 
to < 50 copies/ml was achieved and maintained in 100% of 
the antiretroviral therapy-naive patients, 87% of the protease 
inhibitor-naive patients, and 88% of the protease inhibi-
tor-experienced patients. Virologic failure, defined as viral 
load > 400 copies/ml on two consecutive occasions after being 
< 400 copies/ml, or viral load never reaching < 400 copies/
ml, occurred in 0% of antiretroviral therapy-naive patients 
versus 7% of protease inhibitor-naive and 12% of protease 
inhibitor-experienced patients (Blick et al., 2012). 

A direct comparison of once-daily fosamprenavir (1400 mg) 
boosted with 100 mg or 200 mg of ritonavir in HIV-infected 
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individuals during a 24-week open-label study demonstrated 
that among previously suppressed patients, once-daily fos-
amprenavir–ritonavir 100 mg was similar to fosamprenavir–
ritonavir 200 mg with better triglyceride levels (Cohen et al., 
2010).

In a more recent evaluation of safety and efficacy of 753 
patients receiving boosted and unboosted fosamprenavir 
(1400/200; twice daily, 600/100 twice daily, 1400 twice daily) 
in three 48-week phase III studies plus a follow-on study to 
provide longer -term data (APV30005), extended treatment 
of up to 8 years with fosamprenavir-containing regimens was 
associated with sustained antiviral responses with > 70% 
maintaining virologic suppression of < 50 copies/ml with 
mainly lipid and hepatic side effects (Wood et al., 2013).

7c.  HIV-1 infection in special populations

As with other HIV clinical trials, disproportionately more 
men than women were enrolled in the pivotal fosamprenavir 
studies. The enrolled women were more commonly from 
minority racial groups (black and Hispanic) than whites, 
and none of the studies was specifically powered to detect 
 gender-driven differences in treatment outcomes. Despite 
this limitation, there were no striking differences between 
men and women in terms of virologic outcomes, CD4 
response, emergent resistance among treatment failures, and 
adverse effects. A higher proportion of women (29%) than 
men (8%) discontinued the fosamprenavir–ritonavir 1400/ 
100 mg daily regimen in the CONTEXT study, but this find-
ing is limited by the small number of women enrolled in the 
study (15% of the total), and the small number of discon-
tinuations overall. Discontinuations due to virologic failure 
occurred with similar frequencies among men and women 
who were treated with fosamprenavir–ritonavir 700/100 mg 
twice daily (Hoffman et al., 2007).

7d.  HIV-1 infection in pediatric patients

Two open-label studies have been conducted in pediatric 
patients aged 2–18 years. The first study evaluated fosampre-
navir twice daily with or without ritonavir in combination with 
other antiretroviral agents. A total of 18 protease inhibitor–
naive patients between 2 and 5 years of age received unboosted 
fosamprenavir suspension alone twice daily, and 57 patients 
(including 30 protease inhibitor-experienced patients) received 
fosamprenavir suspension or tablets combined with ritona-
vir twice daily. At week 24, 67% of patients receiving fosam-
prenavir alone achieved viral load levels < 400 copies/ml 
compared with 70% of the patients on ritonavir-boosted fos-
amprenavir and 57% of the protease inhibitor–experienced 
patients in the ritonavir-boosted fosamprenavir group (Cun-
ningham et al., 2007). In another study, 2 years after protease 
inhibitor–naive children aged 2–6 years received unboosted 
fosamprenavir twice daily, 60% achieved virologic suppres-
sion (< 400 copies/ml) (Fortuny et al. 2014). Another study 
enrolled 69 HIV-infected subjects between the ages of 2 and 
18 years. The median exposure to fosamprenavir was 72 weeks 

(range 0–134 weeks). In intent-to-treat time to loss of viro-
logic response analysis, HIV viral load < 400 copies/ml at 
weeks 24/48 was achieved in 66%/47% and 57%/43% or pro-
tease inhibitor–naive and protease inhibitor–experienced 
patients, respectively (Chadwick et al., 2007). This study con-
firmed that in children, as in adults, fosamprenavir should be 
administered with ritonavir boosting. Palladino et al. (2010) 
recently published their experience with 20 vertically infected 
patients who were treated with ritonavir-boosted fosampre-
navir for a median of 3.5 years.

Although dual-boosted protease inhibitors are not rec-
ommended for use in children it may be a possible regimen 
for rescue therapy. In a small study of seven children failing 
therapy with nucleoside reverse transcriptase inhibitor resis-
tance who were prescribed a double-boosted combination 
of fosamprenavir and atazanavir–ritonavir for 42 months, no 
serious adverse events were reported, CD4 counts increased 
and HIV viral load rapidly became undetectable and was 
sustained. However elevated total cholesterol, LDL, and tri-
glyceride levels may limit the therapeutic value of dual pro-
tease inhibitor regimens in this patient population (Rusconi 
et al., 2012).

7e.  HIV-1 infection in pregnancy

There are few prospective studies of fosamprenavir use in 
pregnancy. Data suggest it is well tolerated during pregnancy 
and results in virologic suppression (Cespedes et al., 2013). 
COL108577 was a small retrospective, observational study 
of fosamprenavir in nine mother–infant pairs. Fosamprenavir 
was boosted with ritonavir in seven mothers and the nucleo-
side reverse transcriptase inhibitor backbones used were 
tenofovir–emtricitabine (n = 2), zidovudine–lamivudine  
(n = 5), didanosine–emtricitabine (n = 1), and abacavir– 
lamivudine (n = 1). At delivery, six women had a viral load of  
< 50 copies/ml, one had 63 copies/ml, one had 1300 copies/
ml, and one had 3305 copies/ml. Fosamprenavir was well tol-
erated by the mothers. There were favorable birth outcomes 
after a mean gestation of approximately 37 weeks. Median 
birth parameters were as follows: weight of 3041 g, height of 
51 cm, and Apgar score of 8.67. No HIV transmission or con-
genital malformations occurred (Martorell et al., 2007). Fos-
amprenavir is an FDA pregnancy category C drug. Safety 
and pharmacokinetics in pregnancy data are insufficient to 
formally recommend fosamprenavir use during pregnancy.
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Darunavir
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1. DESCRIPTION

Human immunodeficiency virus 1 (HIV-1) aspartyl protease 
performs a critically important step in the viral life cycle. 
Immature viral Gag and Gag–Pol polyproteins are processed 
by cleavage to form structural and enzyme components, 
before assembly into nascent, infectious virions. Darunavir is 
a synthetic nonpeptidyl small molecule analog of amprena-
vir that inhibits the dimerization and catalytic activity of 
the protease enzyme (Hayashi et al., 2014; Koh et al., 2007), 
thereby preventing viral maturation. The chemical structure 
is similar to that of amprenavir; however, the terminal tetra-
hydrofuran (THF) group is fused to a second THF group, to 
form a bis-THF moiety. 

The chemical name of darunavir is [(1R,5S,6R)-2,8-
dioxabicyclo[3.3.0]oct-6-yl] N-[(2S,3R)-4-[(4-aminophenyl)
sulfonyl- (2-methylpropyl)amino]-3-hydroxy-1-phenyl-butan- 
2-yl] carbamate, and its molecular structure is depicted in 
Figure 245.1. It has a molecular weight of 547.66 Da. A 
darunavir concentration of 1 μM is approximately equivalent 
to 0.5 μg/l. 

The development of darunavir (TMC-114, UIC 94017) 
involved an extensive screening process, where structural 
analogs of amprenavir were evaluated for their activity 
against a panel of recombinant HIV clinical isolates, includ-
ing those with known protease inhibitor resistance (de 
Bethune and Hertogs, 2006; Yoshimura et al., 2002). Further 
modification of the prototype compound TMC-126 lead to 
TMC-114, a molecule with superior pharmacokinetic prop-
erties and lesser potential for the in vitro selection of mutants 
with reduced susceptibility (Surleraux et al., 2005). 

The chemical structure of darunavir is similar to that of 
amprenavir; however, the presence of additional hydrogen 
bonds between darunavir and the protease enzyme result in 
a strength of binding two orders of magnitude higher: the 
equilibrium dissociation constant (Kd) for darunavir is 4.5 × 
10−12 M and that of amprenavir is 3.9 × 10−10 M (King et al., 
2004).

Darunavir ethanolate, a second-generation protease inhib-
itor, is marketed under the trade name Prezista by Janssen- 

Cilag. It received regulatory approval by the US FDA in June 
2006. Regulatory approval was granted in Europe in late 
2006 and TGA registration in Australia in March 2007. 

In January 2015, Prezcobix, a single pill combination of 
darunavir and cobicistat, a CYP3A inhibitor, was approved 
for use by the FDA. Registered as Rezolsta in Europe, it was 
granted approval in November 2014. In Australia, this fixed-
dose combination was registered under the trade name Prez- 
cobix in September 2015.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Darunavir is active in cell culture against a broad range of 
HIV-1 group M clades (A, B, C, D, E, F, G) and group O iso-
lates, with reported 50% effective concentration (EC50) val-
ues ranging across studies from < 0.1 to 5 nM and EC90 values 

Figure 245.1. Chemical structure of darunavir. 
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from 2 to 13 nM for wild-type viruses (De Meyer et al., 2005; 
FDA, 2006; Janssen, 2015b; Koh et al., 2003). Cellular cyto-
toxicity assays using a range of human cell lines have demon-
strated 50% cytotoxicity concentrations of 87 to > 100 μM, 
yielding a selectivity index of > 26,000 (FDA, 2006). 

In vitro activity against laboratory strains of HIV-2 has 
also been demonstrated, with reported EC50 and half- 
maximal inhibitory concentration (IC50) values of 3–9 nM 
(FDA, 2006; Ghosh, et al., 2008; Koh et al., 2003). Darunavir 
binds less strongly to the HIV-2 protease than to the HIV-1 
protease, and binding tends to close the HIV-2 protease flaps 
(whereas HIV-1 flaps remain open upon darunavir binding) 
(Chen et al., 2014).

2b.  Emerging resistance and 
cross-resistance

Darunavir has a very high genetic barrier to resistance 
(Lefebvre and Schiffer, 2008). Darunavir’s high binding affin-
ity (Kd = 4.5 × 10−12 M) for the HIV-1 protease active site and 
its ability to fit snugly within the substrate envelope protect 
against the development of resistance (Lefebvre et al., 2008). 
Many HIV isolates with in vitro resistance to other protease 
inhibitors retain susceptibility to darunavir. In a study of 
> 1500 recombinant HIV-1 clinical isolates with phenotypic 
evidence of resistance to other protease inhibitors, darunavir 
remained active, with an EC50 < 10 nM in 75% and an EC50 
fold change< 4 in 80% of isolates (De Meyer et al., 2005). 

The development of resistance to darunavir in vitro 
appears to occur more slowly and is more difficult to gener-
ate than is resistance to other protease inhibitors such as 
nelfinavir, amprenavir, and lopinavir (Lefebvre et al., 2008). 
Furthermore, the protease inhibitor mutations generated in 
these serial passage experiments, R41T and K70E, were not 
associated with reduced susceptibility to protease inhibitors, 
either in clinical isolates or when introduced into laboratory 
strains by site-directed mutagenesis (De Meyer et al., 2005; 
Surleraux et al., 2005). 

In an analysis of clinical specimens from patients fail-
ing protease inhibitor-based regimens (containing lopinavir, 
nel finavir, saquinavir, indinavir, atazanavir, fosamprenavir, 
and tipranavir), genotypic analysis demonstrated relatively 
low rates of darunavir resistance mutations according to 
International AIDS Society (IAS)-USA guidelines, with less 
prevalent mutations (I47V, I50V, I54L/M, and L89V) occur-
ring at a frequencies < 2.5%, whereas the more common 
mutations L33F, G73S, and I84V were found at rates of 11%, 
12.8%, and 14.5%, respectively (Poveda et al., 2007).

In the POWER 1, 2, and 3 clinical trials of heavily treat-
ment-experienced patients, the presence at baseline of the 
mutations V11I, V32I, L33F, I47V, I50V, I54M, G73S, L76V, 
I84V, and L89V were associated with a diminished virological 
response to darunavir–ritonavir. This loss of activity occurred 
in association with a median of up to 10 IAS-USA protease 
inhibitor resistance associated mutations (RAMs). Moreover, 
in vitro phenotypic susceptibility at baseline, as measured by 

fold change in EC50 for darunavir, proved to be the strongest 
predictor of response (de Meyer et al., 2008). Seven mutations 
developed in patients who experienced virological failure, 
and these were I15V, V32I, L33F, M46I, I47V, L89V, and I54L. 
Of these, V32I and I54L were the most common, occurring 
in more than 20% of the analyzed virological failures. 

In the TITAN trial, also involving a highly treatment- 
experienced cohort, the presence of three or more baseline 
protease inhibitor RAMS was predictive of poor virologic 
outcomes. In this study, the rate of virological failure was up 
to 10% (31/298 patients) in the darunavir arm. Of these 31 
patients, 28 had baseline and end point genotypic analyses 
available and 6 were assessed to have developed major pro-
tease inhibitor RAMs, which were V32I, I47V, I54L, and 
L76V (De Meyer et al., 2009). 

In ODIN, a blinded randomized controlled trial (RCT) 
examining the efficacy of once- versus twice-daily darunavir 
in a treatment-experienced cohort with no known darunavir- 
associated mutations, the development of resistance was 
rarely observed in those who experienced virological failure. 
Of the patients with available paired baseline and end point 
genotypes, protease inhibitor RAMs developed in 11.7% of 
patients treated once daily and 9.5% of those treated twice 
daily. One patient in the once-daily arm developed primary 
protease inhibitor mutations, including darunavir-associated 
RAMs V32I, L76V, and I84V (Cahn et al., 2011). 

Treatment-experienced pediatric patients enrolled in the 
DELPHI study received boosted darunavir. Of those who 
developed virological failure, researchers identified I13V, 
V32I, M36L, I50V, I54L, V771, and L89M as being treatment 
emergent mutations (Blanche et al., 2009). 

In DIONE, an open-label single-arm study of once-daily 
darunavir–ritonavir 800/100 mg given to 12 treatment-naive 
adolescents, the development of darunavir-associated RAMs 
was not found in any patient (Flynn et al., 2014). 

In the ARTEMIS study of treatment-naive adults, virolog-
ical failure was reported in the 192-week analysis in up to 
16% of patients administered boosted darunavir once daily 
in addition to an optimized background regimen. No patient 
developed darunavir-associated RAMS considered to be 
major mutations according to IAS-USA guidelines. 

PROTEA was an RCT to assess the efficacy of ritonavir- 
boosted darunavir (800/100 mg once daily) versus darunavir 
in combination with two nucleoside reverse transcriptase 
inhibitors (NRTIs) in treatment-experienced patients who 
were fully virologically suppressed. At week 96, only 75% of 
those on darunavir monotherapy remained virologically sup-
pressed compared to 85% of those on triple therapy. Despite 
this, no treatment-emergent primary darunavir mutations 
were noted (Girard et al., 2016).

Overall, data from a variety of studies examining the 
mechanism of darunavir resistance, including studies of the 
crystal structure of HIV protease, suggest there is a high bar-
rier to the development of resistance, with infrequent emer-
gence of resistance mutations (Nakashima et al., 2016). At a 
population level, HIV-1 strains sent for evaluation of resis-
tance in the USA that were found to be harboring zero 
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darunavir resistance associated mutations increased from 
77.6% in 2006 to 92.8% in 2012 (Lathouwers et al., 2015). The 
UK HIV Drug Resistance Database identified 306 patients 
who underwent genotype analysis before or during darunavir 
treatment or within 30 days of ceasing the drug. Darunavir-
associated RAMs developed in 3 (1.9%) and 7 (4.7%) prote-
ase inhibitor–naive and –experienced patients, respectively. 
Of the 7 protease inhibitor–experienced patients, 3 had 
daru navir RAMs at baseline (El Bouzidi et al., 2014).

In regard to cross-resistance, HIV isolates resistant to 
daru navir in cell culture usually test resistant to other prote-
ase inhibitors, including atazanavir, lopinavir, amprenavir, 
saquinavir, and indinavir. However, the majority of these iso-
lates demonstrated a less than threefold reduction in EC50 to 
tipranavir, suggesting limited cross-resistance to this agent 
(Janssen, 2015a).

In clinical studies of treatment-experienced patients, min- 
imal cross-resistance was observed between darunavir and 
tipranavir. Patients who experienced virological rebound 
on darunavir treatment retained tipranavir susceptibility on 
testing (Arasteh et al., 2009). 

The current IAS-USA guidelines describe 11 major muta-
tions associated with reduced darunavir susceptibility. These 
are outlined in Table 245.1. 

3. MECHANISM OF ACTION

Similar to other protease inhibitors, darunavir is a competi-
tive inhibitor for the active site of the protease enzyme. 

Darunavir is a peptidomimetic inhibitor of the HIV pro-
tease, inhibiting proteolytic activity as well as the first step of 
HIV-1 protease dimerization (Koh et al., 2007; Hayashi et al., 

2014). Dimerization of the subunits of the HIV-1 protease 
are required for proteolytic activity of the protease. 

Darunavir acts predominantly within the substrate enve-
lope, displaying a high affinity for its target, with a binding 
constant of 4.5 × 10−12 M, approximately 100-fold higher than 
that of its structural analog amprenavir (King et al., 2004). 

X-ray crystallographic analysis has shown that the com-
pound’s P1 and P1′ groups form van der Waals interactions 
with protease residues Leu-23, Gly-49, Ile-50, Pro-81, Val-
82, and Ile-84 from both protease subunits, with additional 
interactions between the P2 and P2′ groups and residues 
Ala-28, Asp-29, Asp-30, Val-32, Ile-47, and Ile-50 (Koh et al., 
2003; Tie et al., 2004). The crystal structure of HIV-1 prote-
ase has demonstrated a unique curling conformation at the 
flap regions that are important for darunavir binding (Naka-
shima et al., 2016). 

The terminal bis-tetrahydrofuran group is of major 
importance to the potency of the agent, due to formation of 
hydrogen bonds between the two oxygen atoms of this moi-
ety and the amide groups of the Asp-29 and Asp-30 residues 
on the protease backbone (Surleraux et al., 2005). Confor-
mational analysis studies have demonstrated that darunavir 
exhibits both rigid and flexible docking within the active site 
of a range of both wild-type and mutant proteases, forming 
highly stable complexes (Nivesanond et al., 2008). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Darunavir is approved for use in both treatment-naive and 
-experienced adults and children aged 3 years and older. It 
must always be administered together with a cytochrome 

Table 245.1. Major mutations associated with reduced susceptibility to darunavir.

Mutation Selecting antiviral agent Effect on DRV susceptibility Cross-resistance

V11II/L DRV Minimal reduction Minimally reduced susceptibility to FPV

V32I IDV, FPV, LPV, DRV Reduced All protease inhibitors except SQV

L33F All protease inhibitors except ATV, IDV, 
SQV

Reduced when occurs with 
other protease inhibitor 
mutations

Reduced susceptibility to DRV, FPV, LVP, TPV 
± NFV in combination with other protease 
inhibitor mutations

I47V IDV, FPV, LPV, DRV; usually occurs in 
combination with V32I 

Reduced Reduced susceptibility to all protease 
inhibitors except SQV and ATV

I50V I50V selected by FPV, LPV, DRV Reduced Reduced susceptibility to FPV, LPV; increased 
susceptibility to TPV

I54M/L FPV, LPV, DRV Reduced Reduced susceptibility to FPV, LPV, NFV, IDV, 
ATV (I54M/L), TPV (I54M); increased 
susceptibility to TPV (I54L)

G73S/T/C/A SQV, ATV, IDV, NFV Reduced All protease inhibitors, except TPV

L76V IDV, LPV, DRV Reduced Reduced susceptibility to IDV, LPV, FPV; 
increased susceptibility to ATV, SQV, TPV

V82F IDV or previous treatment with multiple 
protease inhibitors

Reduced Reduced susceptibility to IDV, FPV, LPV, NFV

I84V Selected by all protease inhibitors, most 
frequently IDV, LPV, DRV, SQV, TPV

Reduced Reduced susceptibility to all protease 
inhibitors

L89V IDV, NFV, FPV, LPV, DRV Reduced Reduced susceptibility to IDV, NFV, LPV, FPV

Abbreviations: DRV: darunavir; FPV: fosamprenavir; IDV: indinavir; LPV: lopinavir; SQV: saquinavir; ATV: atazanavir; TPV: tipranivir; NFV: nelfinavir.
Sources: Data compiled from de Meyer (2008) and Stanford University 2014 database (Rhee, 2003).
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P-450 CYP3A4 inhibitor such as ritonavir or cobicistat, and 
in conjunction with other antiretroviral agents. 

Guidelines from the USA, Australia, and Europe all list 
boosted darunavir as a preferred option for treatment-naive 
adults and adolescents (ASHM, 2015; DHHS, 2015a; Ryom 
et al., 2015). Boosted darunavir in combination with a drug 
NRTI backbone is described as an alternate rather than pre-
ferred regimen for pediatric use in the US DHHS (2015b) 
guidelines. 

Darunavir is available as 75-, 150-, 400-, 600-, and 800-
mg film-coated tablets, as a 100 mg/ml oral suspension (in 
USA and Europe, not Australia) and as a fixed-dose combi-
nation of 800 mg darunavir–cobicistat 150 mg (Prezcobix). It 
is recommended that darunavir is taken with food. Halving 
of tablets is not recommended as dose equivalence with 
divided tablets has not been established (Janssen, 2015b). 

4a.  Adults

TREATMENT-NAIVE ADULTS

The recommended dose for treatment-naive adults is 800 mg 
taken once daily, co-administered with a pharmacological 
enhancer such as ritonavir 100 mg once daily or cobicistat 
150 mg once daily. 

TREATMENT-EXPERIENCED ADULTS

In the absence of darunavir resistance mutations or in pro-
tease inhibitor-naive adults where genotypic testing is not 
available and the HIV viral load is < 100,000 copies/ml, 
darunavir can be administered once daily in a dose of 800 mg 
with 100 mg ritonavir boosting. 

The fixed-dose combination of darunavir–cobicistat 
(Prez cobix) is not currently recommended in treatment- 
experienced adults. 

In the presence of one or more major darunavir resistance 
mutations (V11I, V32I, L33F, I47V, I50V, I54L, I54M, T74P, 
L76V, I84V, and L89V), darunavir should be administered at 
a dose of 600 mg twice daily, co-administered with ritonavir. 
Similarly, in treatment-experienced adults with prior pro-
tease inhibitor-exposure but no available genotype testing, 
twice-daily dosing is recommended. In the setting of a high 
viral load (≥ 100,000 copies/ml) in treatment-experienced 
adults, twice-daily dosing is recommended (Janssen, 2015b). 

4b.  Newborn infants and children

Darunavir should not be used in children aged < 3 years of 
age , due to adverse effects, including seizures and death, as 
seen in juvenile rats in preclinical studies. 

Darunavir is approved in both the USA and EU for the 
treatment of children older than 3 years of age. In Australia, 
darunavir is currently registered for use in children aged 6 to 
under 18 years. Younger children should be assessed for their 
ability to swallow tablets. 

Pediatric dosing in treatment-experienced and -naive 
patients aged 3–18 years is based on data from the DELPHI, 

ARIEL, and DIONE trials as well as pharmacokinetic model-
ing and simulation data (Blanche et al., 2009; Brochot et al., 
2015; Flynn et al., 2014; Violari et al., 2015). The European 
PENTA 2015 guidelines list darunavir as an alternative agent 
in children aged 3 to 12 years, and a preferred agent in chil-
dren aged over 12 (Bamford et al., 2015). Dosing for both 
treatment-naive and -experienced pediatric patients, based 
on DHHS (2015c) guidelines and the European Medicines 
Agency (EMA) (2014) assessment report, is outlined in Table 
245.2 and Table 245.3. Furthermore, the PENTA guidelines 
recommend twice-daily dosing in children aged 3–12 due to 
the lack of data regarding once-daily dosing in this group. 

4c.  Pregnant and lactating mothers

Although there are no controlled trials evaluating the dose of 
darunavir during pregnancy, a number of small studies have 
provided information. 

Once-daily dosing of darunavir boosted with ritonavir 
(800/100 mg) in 16 pregnant women during their second 
and third trimesters of pregnancy and postpartum has 
revealed an approximately 35% decrease in total darunavir 
exposure during pregnancy, compared to postpartum. The 
decrease in the area-under-the-concentration-time curve at 
24 hours (AUC24) was less for unbound (active) darunavir 
(AUC24 20–24% lower, compared to postpartum). The changes 
are not considered to be sufficient for the authors to recom-
mend dose modification (Crauwels et al., 2016). 

Similar findings were also observed in three earlier stud-
ies. Darunavir plasma trough concentrations were measured 
in 20 pregnant women receiving darunavir as part of their 
antiretroviral regimen. The mean darunavir plasma trough 
concentration deceased from 3790 ng/ml in the first trimes-
ter to 1288 ng/ml (p = 0.158 vs. postpartum) in the second 
trimester and 1086 ng/ml (p = 0.021 vs. postpartum) in the 
third trimester, rising again to 2324 ng/ml postpartum 
(Lambert et al., 2014). 

Table 245.2. Pediatric dosing for weight > 15 kg: treatment-
naive and -experienced patients without darunavir-associated 
mutations.

Weight Darunavir dose Ritonavir dose

15–< 30 kg 600 mg once daily 100 mg once daily

≥ 30–< 40 kg 675 mg once daily 100 mg once daily

≥ 40 kg 800 mg once daily 100 mg once daily

Table 245.3. Pediatric dosing for weight > 15 kg: treatment-
experienced patients with at least one darunavir-associated 
mutation.

Weight Darunavir dose Ritonavir dose

15–< 30 kg 375 mg twice daily 50 mg twice daily

≥ 30–< 40 kg 450 mg twice daily 60 mg twice daily

≥ 40 kg 600 mg twice daily 100 mg twice daily
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Of 64 women, 30 who received boosted darunavir 800/100 
mg once daily and 43 who received 600/100 mg twice daily, 
who underwent pharmacokinetic analyses during second 
and third trimesters as well as postpartum, the median daru-
navir AUC and maximum concentration were significantly 
reduced during pregnancy with both dosing regimens; 38% 
and 39% reduction in AUC in the second and third trimes-
ters with once-daily darunavir, and 26% and 26% with twice-
daily dosing (Stek et al., 2015). While these authors suggested 
that an increased, twice-daily dose may be needed there is 
no recommendation for an altered dose in pregnancy by the 
manufacturers. 

Darunavir maximum concentration (Cmax) and AUC were 
also decreased in 24 pregnant women receiving ritonavir- 
boosted darunavir (600/100 mg) twice daily or 800/100 mg 
once daily. The unbound (active) fraction of darunavir did 
not differ during pregnancy; 12% during pregnancy and 10% 
postpartum (Colbers et al., 2015).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

There are no pharmacokinetic data available for the use of 
darunavir in HIV-infected patients with severe or end-stage 
renal impairment. However, due to its limited renal clear-
ance, a significant decrease in total drug excretion would not 
be expected. Moreover, both darunavir and ritonavir are 
highly protein bound in plasma and, therefore, unlikely to be 
significantly cleared by dialysis. Population pharmacokinetic 
data demonstrate that darunavir is not significantly affected 
by the presence of mild to moderate renal impairment (cre-
atinine clearance [CrCl]: 30–60 ml/minute) and no dose 
adjustment is required (Janssen, 2015a). 

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

As darunavir is primarily metabolized by the liver, darunavir 
should be prescribed with caution in patients with hepatic 
dysfunction. Patients co-infected with hepatitis B and/or C 
were included in trials of both treatment-naive and -experi-
enced patients. Limited data are available regarding the use 
of darunavir in patients with severe hepatic impairment and 
its use is not recommended in this setting.

In a subgroup of patients with co-existent viral hepatitis, 
darunavir was associated with lower rates of transaminase 
derangement than in the lopinavir-containing comparator 
arm (Orkin et al., 2013). In a treatment-experienced cohort, 
there were similar rates of grade 2–4 transaminase elevations 
in darunavir-treated patients versus the lopinavir comparator 
arm (Madruga et al., 2007). A substudy of the TITAN cohort 
showed no significant pharmacokinetic changes in patients 
with mild to moderate hepatic impairment and therefore no 
dosing adjustments are recommended in this group (Sekar et 
al., 2010). In the subset of 68 patients with active hepatitis C 
co-infection and receiving ritonavir-boosted darunavir who 
were enrolled within the ICONA trial no severe (grade 3 or 4) 
elevation in liver enzymes was found (Di Biagio et al., 2014).

ELDERLY PATIENTS

Clinical trials of darunavir have not included sufficient num-
bers of elderly patients to draw any strong inferences about 
this group. The manufacturer recommends caution in using 
this agent in patients aged > 65 years (Janssen, 2015a). 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Absorption of darunavir is rapid after oral administration, 
with the Cmax being achieved 2.5–4 hours after a ritonavir 
-boosted dose (Sekar et al., 2007). Bioavailability after a sin-
gle 600 mg dose of darunavir alone is 37%, whereas boosting 
with ritonavir yields a bioavailability of 82% (Janssen, 2015a). 
Bioequivalence has been demonstrated between the 800 mg 
darunavir tablet and two 400 mg tablets, in both fed and fasted 
conditions (Kakuda et al., 2014a). Comparable bioavailability 
has also been demonstrated for the fixed-dose combination 
darunavir–cobicistat (800/150 mg) once daily and darunavir–
ritonavir (800/100 mg) once daily (Kakuda et al., 2014b).

When healthy volunteers were administered darunavir at 
600 mg twice daily with ritonavir, Cmax in the nonfasted state 
ranged from 5.33 to 5.91 μg/ml (Sekar et al., 2007). Once-
daily ritonavir-boosted darunavir (at 800/100 mg) yielded 
a Cmax in healthy controls of 7.46 μg/ml (± 20.3%). Reported 
AUC24 was 80 μg∙h/ml (± 34%) (Kakuda et al., 2014c) with 
once-daily dosing of darunavir. In contrast, median AUC24 
values of 109.4–123.3 μg.h/ml (range 48.9, 355.4 μg∙h/ml) 
were reported in an analysis of groups of participants receiv-
ing twice-daily dosing (Janssen, 2015a). 

Cobicistat, a potent inhibitor of CYP3A4 with no intrin-
sic antiviral activity, yields a comparable pharmacokinetic 
profile to boosting ritonavir. When cobicistat (150 mg) was 
co-administered with 800 mg of darunavir, Cmax was 7.74 
μg/ml (± 21.8%), and estimated AUC24 was 81.1 μg/h/ml 
(± 31%) (Kakuda et al., 2014b). 

In vivo data suggest that an active transport mechanism is 
involved in intestinal absorption, with darunavir being a known 
substrate of the ATP-dependent P-glycoprotein efflux trans-
porter on intestinal cells. Ritonavir inhibits P-glycoprotein-
mediated efflux, thereby leading to increased absorption of 
darunavir (Fujimoto et al., 2009). Cmax is increased by up to 
30% when darunavir is ingested with food, although the type 
of food appears to make no difference (Sekar et al., 2007). 
This effect has also been demonstrated when cobicistat is 
used as a pharmacological enhancer (Kakuda et al., 2014b). 

The estimated drug exposure after once- or twice-daily 
boosted darunavir has been reported as median population 
pharmacokinetic estimates in both adults and children (Jans-
sen, 2015a). Estimates in adolescents receiving once-daily 
dosing (800/100 mg) were comparable with the reported 
AUC24 geometric mean 80.7 μg/h/ml (± 23.6) (Flynn et al., 
2014). Children receiving twice-daily dosing at 20 mg/kg of 
darunavir with concomitant 3 mg/kg ritonavir had a reported 
AUC24 of 157 μg/h/ml (± 50.2) (Violari et al., 2015). 



4130 Darunavir

5b.  Drug distribution

Darunavir is highly protein bound (95%), binding predomi-
nantly to alpha1-acid glycoprotein (AAG) in plasma and, to a 
lesser extent, albumin (Kakuda, et al., 2014c). The volume of 
distribution after intravenous administration is 88.1 l when 
administered alone and 130.8 l when co-administered with 
ritonavir (Rittweger and Arasteh, 2007). 

Darunavir achieves clinically significant levels in cerebro-
spinal fluid (CSF), semen, and cervicovaginal fluid (Patterson 
et al., 2011; Taylor et al., 2010; Yilmaz et al., 2009). Limited 
data demonstrate that darunavir can cross the placenta 
(McCormack et al., 2014).

Median CSF concentration of darunavir was 34.2 ng/ml 
(range: 15.9–212) with twice-daily dosing, with the majority 
(93.5%) being free drug rather than protein bound (Croteau 
et al., 2013). In this study fractional penetrance of darunavir 
into the CSF compartment was found to be 1.4% of the 
median total plasma concentration; however, this correlated 
with unbound CSF darunavir levels that exceeded the IC90 
for wild-type virus by a median of 20.6-fold. Of note, CSF 
levels appear to be lower with once-daily dosing, with trough 
concentrations measured at 10.7 ng/ml (range: 6.7–23) ver-
sus 38.2 ng/ml (range: 30.2–52.3) in patients receiving twice-
daily dosing (Calcagno et al., 2012). 

In two studies in which maternal and cord plasma trough 
darunavir levels were available in pregnant women receiving 
darunavir boosted with ritonavir, 800/100 mg once daily, the 
median cord/maternal blood ratio in the two studies was 
similar: 0.11 (range: 0.06–0.49) (Lambert et al., 2014) and 
0.13 (0.08–0.35) (Colbers et al., 2015). However, another 
recent study has reported a median darunavir CSF concen-
tration of 13.2 (range: 3.5–33.0) ng/ml with a CSF: plasma 
ratio of 0.008 (0.004–0.0.017) in patients receiving darunavir 
boosted with ritonavir 800/100 mg once daily (Di Yacovo et 
al., 2015).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Findings from a prospective observational study where 150 
patients with virologic suppression were switched from triple 
therapy to receive ritonavir-boosted darunavir monotherapy 
(800 mg darunavir/100 mg ritonavir) once daily have demon-
strated that the darunavir Cmin correlated with virological 
control, with higher Cmin present during undetectable vire-
mia. No precise cut-off value could be defined (Nishijima et 
al., 2014).

5d.  Excretion

Darunavir is extensively metabolized in the liver, predomi-
nantly by CYP3A4. In addition to being a CYP3A4 substrate, 
darunavir is also an inhibitor of the cytochrome enzyme, 
with a reported inhibitory constant (Ki) of 0.22 μg/l (Rittweger 
and Arasteh, 2007). In vitro studies involving human liver 

microsomes showed darunavir has three primary metabo-
lites: M19 by carbamate hydrolysis, M23 by aliphatic hydroxy-
lation, and M29 by aromatic hydroxylation. All three primary 
metabolites are at least 10-fold less potent than darunavir 
itself. Three minor metabolites M27, M28, and M6 have also 
been elucidated (Rittweger and Arasteh, 2007). The terminal 
half-life of ritonavir-boosted darunavir is approximately 15 
hours. Studies using radiolabeled drug have demonstrated 
that excretion is primarily in feces (79.5%) and urine (13.9%) 
(Janssen, 2015a). 

5e.  Drug interactions

Darunavir is metabolized by the CYP3A; therefore, drugs 
that either inhibit or induce this enzyme can lead to altered 
levels of darunavir. When used concomitantly with ritonavir, 
darunavir acts as an inhibitor of the hepatic cytochrome 
enzymes CYP3A and CYP2D6, in addition to the transporter 
P-glycoprotein, leading to the prolonged therapeutic effect 
of medications that are metabolized or transported by these 
enzymes or transporter. 

For details of interactions with specific drugs, see Table 
245.4, Table 245.5, and Table 245.6. For updated information 
see the most recent package insert.

6. ADVERSE REACTIONS AND TOXICITY

The most commonly reported adverse drug reactions reported 
with darunavir are diarrhea (up to 14.4%), headache (up to 
8.8%), nausea (up to 7%), abdominal pain (up to 6.4%), and 
skin rash (11%) (Janssen, 2015a; Nishijima et al., 2014).

6a.  Hepatotoxicity

During clinical development involving a large cohort of  
> 3000 participants exposed to darunavir, hepatotoxicity 
developed in 0.5% of participants. Patients with preexisting 
liver disease, including chronic viral hepatitis, were at higher 
risk (Janssen, 2015a). In treatment-naive participants, the 
incidence of grade 3 or 4 elevations in transaminase levels 
was low, being 1.2% in ARTEMIS (Orkin et al., 2013) and 3% 
in FLAMINGO (Molina et al., 2015). Similarly, in treatment- 
experienced cohorts, rates of grade 3 or 4 transaminase rises 
were low, reported at 2–3% in the darunavir arm of POWER 
(Arasteh et al., 2009; Clotet et al., 2007); 7–9% in TITAN 
(Madruga et al., 2007), which was similar to the lopinavir com-
parator arm; and 1.7–3.5% in ODIN (Cahn et al., 2011). 

Postmarketing cases of severe liver injury, including 
 fulminant hepatitis leading to death, have been reported, 
although a causal relationship to darunavir was not estab-
lished (Janssen, 2015a). These cases were associated with 
advanced HIV infection, use of concomitant medications, 
concurrent viral hepatitis, and/or the development of the 
immune reconstitution inflammatory syndrome. More fre-
quent monitoring of liver function tests is recommended by 
the manufacturer and the FDA in patients with underlying 
liver disease. 



Table 245.4. Interactions between darunavir–ritonavir and other antiretrovirals.

Co-administered drug Effect of co-administration with DRV–RTV Recommendation

Tenofovir disoproxil fumarate (TDF) TDF exposure increased by 22%
DRV increased by 21%

Monitor renal function

Tenofovir alafenamide (TAF) No effect on TAF or DRV levels No clinically relevant interaction

Abacavir (ABC) No expected interaction because ABC is metabolized 
through an alternate mechanism

No clinically relevant interaction

Lamivudine (3TC) No expected interaction because 3TC is primarily renally 
excreted

No clinically relevant interaction

Didanosine (ddI) No effect on ddI or DRV levels Administer ddI 1hour before or 2 hours 
after DRV–RTV

Efavirenz (EFV) DRV exposure increased by 13% due to CYP3A induction
EFV exposure increased by 21% due to CYP3A inhibition

Monitor for CNS toxicity

Delavirdine Potential to increase DRV exposure; co- administration 
has not been studied

Avoid co-administration

Nevirapine (NVP) Both DRV and NVP exposure increased No dose adjustment recommended

Etravirine No significant effect on DRV
Etravirine exposure reduced by 37%

No dose adjustment recommended 
when etravirine is dosed at 200 mg 
twice daily

Rilpivirine Rilpivirine exposure increased
DRV exposure unchanged or slightly reduced

No dose adjustment recommended

Lopinavir (LPV) Decrease in DRV exposure up to 40% Avoid co-administration

Saquinavir (SQV) Decrease in DRV exposure by 26% Avoid co-administration

Maraviroc Maraviroc levels increased Decrease maraviroc dose to 150 mg 
twice daily

Elvitegravir Currently available co-formulated with TDF, TAF, FTC, or 
cobicistat

Limited evidence available; co-adminis-
tration of DRV–RTV with elvitegravir in 
the presence of cobicistat not 
recommended by manufacturer

Raltegravir (RAL) Decrease in RAL exposure; not clinically meaningful No dose adjustment recommended

Dolutegravir (DOL) Mild decrease in DOL exposure due to CYP3A and 
UGT1A1 enzyme induction

No dose adjustment recommended

Abbreviations: DRV: darunavir; RTV: ritonavir; CNS: central nervous system; FTC: emtricitabine.

Table 245.5. Interactions between darunavir–ritonavir and other antimicrobials.

Co-administered drug Effect of co-administration with DRV–RTV Recommendation

Rifampicin, rifapentine Decreased levels of protease inhibitors due to 
CYP3A induction

Avoid co-administration

Rifabutin Increased rifabutin and DRV exposure Rifabutin should be dosed at 150 mg daily when 
co-administered with boosted protease inhibitors; no 
dose adjustment for DRV required

Bedaquiline Increased exposure to bedaquiline expected Avoid co-administration if possible; consider more 
frequent electrocardiac monitoring of prolonged QTc 
in setting of concomitant use

Clarithromycin Clarithromycin exposure increased by 57%
DRV exposure unchanged

Consider dose reduction of clarithromycin in renal 
impairment

Triazoles Ketoconazole, posaconazole, itraconazole, and DRV 
exposure increased

Voriconazole exposure decreased
No interaction expected with fluconazole

Ketoconazole and itraconazole doses should not 
exceed 200 mg/day; avoid co-administration of 
voriconazole and DRV–RTV unless benefit outweighs 
risk

Boceprevir, telaprevir DRV, boceprevir, and telaprevir exposure decreased Co-administration not recommended

Ledipasvir Ledipasvir exposure increased
DRV and RTV unchanged

No dose adjustment required; use caution and monitor 
renal function when used concurrently with TDF

Daclatasvir Daclatasvir exposure increased
DRV exposure marginally reduced

No dose adjustment required with DRV–RTV

Simeprevir Increased exposure to simeprevir, DRV, RTV Co-administration not recommended

Sofosbuvir Sofosbuvir exposure increased
DRV and RTV unchanged

No dose adjustment required

Abbreviations: DRV: darunavir; RTV: ritonavir; TDF: Tenofovir disoproxil fumarate.
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Table 245.6. Interactions between darunavir–ritonavir and other clinically important drugs.

Co-administered drug Effect of co-administration with DRV/RTV Recommendation

Warfarin Warfarin exposure decreased Monitor INR

Other anticoagulants: dabigatran, 
rivaroxaban, apixaban

Increased exposure to all three anticoagulants 
due to CYP3A and P-glycoprotein inhibition

Avoid co-administration of rivaroxaban and 
protease inhibitors

Use dabigatran and protease inhibitors with 
caution

Avoid dabigatran in renal impairment in this 
group

HMG-CoA reductase inhibitors Statin exposure increased Avoid lovastatin and simvastatin

Digoxin Digoxin exposure increased Commence digoxin at lowest possible dose

Beta-blockers Increased beta-blocker exposure Monitor clinically with excessive beta 
blockage

Antiarrhythmics: amiodarone, bepridil, 
disopyramide, dronedarone, 
flecainide, mexiletine, propafenone, 
lidocaine (systemic), quinidine 

Increased exposure to antiarrhythmics Co-administration of dronedarone with 
DRV–RTV contraindicated

Alfuzosin Increased exposure to alpha-blocker alfuzosin Co-administration with DRV–RTV 
contraindicated

Antianginal: ranolazine Exposure to ranolazine may be increased Co-administration with DRV–RTV 
contraindicated

Antihistamines: astemizole, 
terfenadine 

Exposure to both antihistamines may be 
increased, with the potential development of 
life-threatening arrhythmias

Co-administration with DRV–RTV 
contraindicated

Antineoplastics: dasatinib, everolimus, 
nilotinib, vinblastine, vincristine 

Plasma concentrations antineoplastics expected 
to increase 

Co-administration of everolimus with 
DRV–RTV not recommended

Ergot derivatives: dihydroergotamine, 
ergonovine, ergotamine, 
methylergonovine 

Increased exposure to ergot alkaloids with 
potential for acute toxicity

Co-administration with DRV–RTV 
contraindicated

Cisapride Increased exposure to cisapride, with potential 
for life threatening cardiac arrhythmias

Co-administration with DRV–RTV 
contraindicated

Colchicine Increased exposure to colchicine Dose reduction of colchicine 
recommended.

Concomitant colchicine and DRV–RTV 
administration contraindicated in hepatic 
and renal impairment

St. John’s wort Decreased levels of darunavir due to induction 
of CYP3A 

Co-administration with DRV–RTV 
contraindicated

Pimozide Increased exposure to pimozide due to 
inhibition of CYP3A and CYP2D6, with 
potential development of life-threatening 
arrhythmias 

Co-administration with DRV–RTV 
contraindicated

Other neuroleptics: risperidone, 
thioridazine, quetiapine 

Increased levels of neuroleptic exposure Clinical monitoring recommended.
Dose reduction may be necessary 

Calcium channel blocker Increased exposure to calcium channel blockers Use with caution

Salmeterol Increased salmeterol exposure Avoid co-administration

 PDE-5 inhibitors: sildenafil, vardenafil, 
tadalafil 

Increased exposure to PDE-5 inhibitors Use with caution
Sildenafil dose should be < 25 mg in 

48 hours; vardenafil at a single dose 
< 2.5 mg in 72 hours; tadalafil at a single 
dose < 10 mg in 72 hours 

Dosing of sildenafil for pulmonary hyper-
tension is not established

Due to increased potential for adverse 
effects with concomitant DRV–RTV, 
co-administration of sildenafil is not 
recommended 
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6b.  Rash and severe cutaneous reactions

Although darunavir-associated rash is relatively common, 
occurring in up to 11% of patients in one observational 
study, the drug can usually be continued with the use of anti-
histamines or oral steroids (Nishijima et al., 2014). Darunavir 
boosted with ritonavir (800/100 mg) administered once daily 
is associated with a higher rate of skin rash than other pro-
tease inhibitor–containing regimens, as reported in a study 
of Taiwanese patients (Lin et al., 2014). During premarket-
ing studies, rash occurred in 10.3% of patients treated with 
boosted darunavir, although causality was not established 
in all cases (Janssen, 2015b). The rash tends to develop early, 
within the first month of treatment, and is usually mild to 
moderate, allowing continuation of treatment with darunavir. 

The rash may occur more commonly in patients with early 
HIV infection (Nishijima et al., 2014). 

Because darunavir contains a sulfonamide moiety, it 
should be used with caution in patients with sulfonamide 
allergies. In a study of 405 patients taking a darunavir- 
containing regimen, 79 (17.5%) patients had a past history 
of allergic reaction to trimethoprim–sulfamethoxazole. Of 
these, an allergic reaction to darunavir was seen in 4 (5.1%) 
patients, versus 4 (1.2%) without a cotrimoxazole allergy, 
suggesting that cross-reactivity between darunavir and cotri-
moxazole is uncommon but may be increased in those with 
previous cotrimoxazole allergy (Buijs et al., 2015).

During clinical development studies, severe cutaneous 
and soft tissue reactions occurred in 0.4% of subjects treated 
with darunavir, whereas the rate of Stevens-Johnson syndrome 

Co-administered drug Effect of co-administration with DRV/RTV Recommendation

Corticosteroids, systemic/inhaled/
nasal: budesonide, fluticasone, 
prednisone, dexamethasone 

Increased exposure to budesonide, fluticasone, 
prednisolone

DRV exposure may be reduced by dexametha-
sone due to CYP3A inhibition

Increased plasma levels of corticosteroids 
may occur with concurrent protease 
inhibitor use, even with inhaled and nasal 
administration, and may lead to side 
effects including Cushing’s syndrome and 
adrenal suppression

Bosentan Increased bosentan exposure Cease bosentan at least 36 hours before 
initiation of DRV–RTV

Wait at least 10 days after initiation of 
DRV–RTV to resume bosentan at 62.5 mg 
once daily or every other day, depending 
on patient tolerability

Immunosuppressants: cyclosporine, 
everolimus, sirolimus, tacrolimus 

Increased exposure to immunosuppressants Therapeutic drug monitoring of immuno-
suppressant drug recommended

Co-administration of everolimus and 
DRV–RTV not recommended 

Sedatives/hypnotics: buspirone, 
clorazepate, diazepam, estazolam, 
flurazepam, midazolam, triazolam, 
zolpidem 

Increased exposure to sedatives Clinical monitoring recommended, 
especially with midazolam, given 
potential for respiratory depression 
and prolonged sedation

Use of oral midazolam or triazolam with 
DRV is contraindicated 

Oral contraceptive pill: ethinyl 
oestradiol and norethindrone 

Reduced exposure to ethinyl oestradiol and 
norethindrone

Alternative contraception methods 
recommended

Methadone, buprenorphine/naloxone Methadone exposure reduced
Buprenorphine exposure unchanged
Levels of metabolite, norbuprenorphine 

increased

Monitor clinically
Dose adjustments for methadone and 

buprenorphine may be needed 

Antidepressants: paroxetine, sertraline, 
amitriptyline, desipramine, imipra-
mine, nortriptyline and trazodone 

Exposure to SSRIs including paroxetine and 
sertraline reduced

Exposure to amitriptyline, desipramine, 
imipramine, nortriptyline, and trazodone may 
be increased 

Clinical monitoring recommended
Dose adjustment of antidepressant may be 

necessary

Anticonvulsants: phenobarbital, 
phenytoin, carbamazepine 

Decreased plasma concentration of DRV due to 
cytochrome P-450 induction with phenobar-
bital and phenytoin

DRV levels unchanged by carbamazepine
Carbamazepine exposure increased by 

darunavir

Co-administration of phenytoin or pheno-
barbital with DRV–RTV contraindicated

When co-administered with DRV, increased 
clinical and therapeutic drug monitoring 
of carbamazepine may be needed

Abbreviations: DRV: darunavir; RTV: ritonavir; INR: international normalized ratio; SSRI: selective serotonin reuptake inhibitor.
Source: Data compiled from de Meyer et al. (2008) and Stanford Univeristy (2014).
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was lower at < 0.1% (Janssen, 2015b). Postmarketing surveil-
lance has uncovered additional, possible, rare cases of toxic 
epidermal necrosis (TEN), drug rash with eosinophilia and 
systemic symptoms (DRESS), and Acute generalized exan-
thematous pustulosis (AGEP) A case report described a 
patient receiving darunavir (and other medications) who 
may have developed DRESS (Almudimeegh et al, 2014). 

6c.  Metabolic side effects

DYSLIPIDEMIA

The most common reported grade 3 or 4 laboratory abnor-
mality in POWER 1 and 2 was an elevated triglyceride level 
after 48 weeks of treatment (Clotet et al., 2007), occurring in 
15% of darunavir-treated patients versus 7% in the control 
protease inhibitor arm. 

Similarly, lipid abnormalities were common in the TITAN 
study, with grade 2–4 abnormalities in occurring in total 
cholesterol in 32% versus 29%, increased triglycerides in 19% 
versus 25%, and increased low-density lipoprotein (LDL) in 
19% versus 17% of the darunavir and lopinavir-treated com-
parator groups respectively (Madruga et al., 2007). 

In the 192-week study ARTMEMIS, 24.3% of patients in 
the darunavir arm had elevated total cholesterol levels that 
met criteria for grades 2–4 laboratory abnormalities, with 
LDL abnormalities in this range in 22.9% of subjects (Clotet 
et al., 2014). These rates of dyslipidemia compared favorably 
with the lopinavir-containing comparator arm. 

In FLAMINGO, rates of dyslipidemia in the darunavir 
arm were significantly higher than in the dolutegravir arm 
(Molina et al., 2015). 

A substudy of the ATADAR study comparing 86 patients 
starting ritonavir-boosted atazanavir or ritonavir-boosted 
darunavir in combination with tenofovir and emtricitabine 
found that at week 48 there was a mild but significant increase 
in total cholesterol and high-density lipoprotein levels in 
patients receiving either combination, with improved LDL 
levels in only the darunavir arm (Saumoy et al., 2015).

HYPERGLYCEMIA AND INSULIN RESISTANCE

Hyperglycemia has been reported in up to 11.7% in the 
TITAN trial, a similar proportion to the lopinavir arm 
(Madruga et al., 2007). Elevated pancreatic enzymes occurred 
in 12.2% of darunavir-treated patients (versus 10% in the 
lopinavir arm). Similar results were found in the POWER 
trial analyses (Arasteh et al., 2009). Boosted darunavir in 
combination with tenofovir–emtricitabine in a fixed dose did 
not increase insulin resistance in the STRIBILD-IR study 
(Spinner et al., 2016). In a substudy of the METABOLIK 
trial, both boosted darunavir and boosted atazanavir had only 
modest effects on insulin sensitivity (Overton et al., 2016).

BONE MINERAL DENSITY

The changes in bone mineral density after 96 weeks in 
patients starting therapy with ritonavir-boosted darunavir  
or boosted atazanavir or raltegravir, in combination with 

tenofovir–emtricitabine, were similar for patients receiving 
the boosted darunavir or atazanavir regimens and greater 
than in patients receiving the raltegravir-based regimen 
(Brown et al., 2015). 

There is also no consistent reduction in plasma markers 
of inflammation, immune activation, and coagulation at 96 
weeks in patients randomized to receive these regimens, 
despite virologic suppression (Kelesidis et al., 2015). And the 
incidence of metabolic syndrome was approximately 22% in 
patient groups on these regimens (Ofotokun et al., 2015).

MITOCHONDRIAL TOXICITY

In vitro studies suggest that darunavir exerts no mitochon-
drial toxicity when tested in hepatic cells and neurons (Blas 
Garcia et al., 2014).

7. CLINICAL USE OF THE DRUG

Darunavir is used solely for the treatment of HIV infection, 
in combination with other antiretroviral agents. The use of 
boosted darunavir has been evaluated in both treatment- 
naive and treatment-experienced adults, adolescents, and chil-
dren as outlined in this section. The findings from ARTEMIS 
and ODIN evaluating once-daily darunavir in combination 
with other antiretroviral drugs provided evidence for revised 
treatment guidelines for the use of boosted darunavir for 
treatment-naive and -experienced patients who harbor no 
darunavir-associated resistance mutations

7a.  Treatment-naive adults

ARTEMIS

The use of darunavir in treatment-naive adults was studied 
in ARTEMIS, a phase III, open-label, randomized control 
trial, which reported results at 48, 96, and 192 weeks (Mills et 
al., 2009; Orkin et al., 2013; Ortiz et al., 2008). Boosted 
darunavir was compared to boosted lopinavir, used in com-
bination with a backbone of tenofovir disoproxil fumarate 
300 mg and emtricitabine 200 mg once daily. Darunavir was 
dosed at 800 mg once daily, in combination with 100 mg 
ritonavir, whereas lopinavir was administered at a total daily 
dose of 800 mg, in combination with 200 mg ritonavir and 
was dosed either once or twice daily. The primary end point 
was noninferiority in terms of virological response at 48 
weeks, defined as the percentage of patients achieving a viral 
load < 50 copies/ml. A noninferiority analysis was conducted 
in the per protocol population, with a predefined 12% non-
inferiority margin; after this criterion was met, subsequent 
superiority testing was performed in the intent-to-treat pop-
ulation. At 48 weeks, boosted darunavir was noninferior to 
lopinavir in terms of the proportion of patients achieving 
virological suppression, with 83.7% achieving this end point 
in the darunavir arm versus 78.3% in the lopinavir arm. Daru-
navir was not found to be superior to lopinavir at this time 
point. Subsequent followup at 96 and 192 weeks demonstrated 
that darunavir was significantly more effective at maintaining 



7. Clinical use of the drug 4135

virological suppression at these time points, with darunavir 
being superior regardless of whether lopinavir was adminis-
tered once or twice daily (79% vs. 71% at 96 weeks; 68.8% vs. 
57.2% at 192 weeks). When stratified by viral load, signifi-
cantly more patients with high viral loads (> 100,000 copies/
ml) at baseline in the darunavir arm achieved virological 
suppression at all time points studied. 

The rate of discontinuation was lower in the darunavir 
arm of the study, with 24.8% ceasing treatment by 192 weeks 
versus 32.3% in the lopinavir arm. The primary reason for 
discontinuation of darunavir was “loss to followup,” which 
accounted for 6.1% of patients in this study arm. An adverse 
event was the reason for discontinuation in 4.7% of patients 
in the darunavir arm versus 12.7% in the lopinavir arm. 
Rates of self-reported adherence were not significantly dif-
ferent between the two arms of the study. Rates of virological 
failure, defined loss of virological suppression (rebound), or 
failure to ever reach HIV-1 RNA < 50 copies/ml, were higher 
in the lopinavir arm (20.5% with boosted lopinavir vs. 16% 
with boosted darunavir), although this did not reach statisti-
cal significance (p = 0.14). 

FLAMINGO

Darunavir has also being compared with the integrase strand 
transfer inhibitor dolutegravir. In FLAMINGO, a multi-
center, randomized, open-label, phase IIIb study (Clotet 
et al., 2014; Molina et al., 2015), darunavir (800 mg) plus 
ritonavir (100 mg) was compared with dolutegravir (50 mg), 
in combination with an investigator-chosen background 
NRTI regimen of either tenofovir and emtricitabine or aba-
cavir and lamivudine. The primary end point was virologic 
suppression, defined as HIV-1 RNA < 50 copies/ml at 48 
weeks, with followup also reported at 96 weeks. Dolutegravir 
met prespecified criteria for both noninferiority and superi-
ority at both the 48- and 96-week time points. At 48 weeks, 
90% of patients in the dolutegravir arm versus 83% in the 
darunavir arm had achieved virological suppression. By 96 
weeks, 80% in the dolutegravir arm and 68% in the darunavir 
arm were virologically suppressed. The dolutegravir-treated 
arm had higher rates of virological response at 96 weeks, 
regardless of baseline characteristics including age, sex, 
ethnic background, baseline CD4 count, HIV-1 viral load, 
and background NRTI regimen. Rates of virological failure, 
defined as two consecutive viral loads > 200 copies/ml after 
24 weeks, were low in both arms: 1% in the dolutegravir arm 
versus 2% with darunavir by 96 weeks. None of the patients 
with virological failure showed evidence of treatment-emer-
gent resistance to any of the drug classes used. 

ACTG A5257

In the AIDS Clinic Trial Group (ACTG) study A5257, a 
phase III, randomized, open-label trial investigating the effi-
cacy and tolerability of nonnucleoside reverse transcriptase 
inhibitor (NNRTI) sparing regimens in treatment-naive par-
ticipants, darunavir was compared to both atazanavir and 
raltegravir against a NRTI backbone of tenofovir plus emtric-
itabine (Lennox et al., 2014). Participants were randomized 

to one of three regimens: atazanavir 300 mg daily with 100 
mg ritonavir, darunavir 800 mg daily with 100 mg ritonavir 
or raltegravir 400 mg twice daily, administered together 
with tenofovir plus emtricitabine fixed-dose combination 
at 300/200 mg once daily. At 96 weeks, the cumulative prob-
ability of virological failure, defined as a HIV-1 RNA level  
> 1000 copies/ml between 16 and 24 weeks, or > 200 copies/
ml after 24 weeks, was 14.9% in the darunavir arm versus 
9% and 12.6% in the raltegravir and atazanavir arms, respec-
tively. The 97.5% confidence interval (CI) for inter-arm dif-
ferences fell within the prespecified bound of ± 10%, meeting 
the criterion for equivalence between the three regimens 
with respect to this end point. Rates of toxicity-related drug 
discontinuation were not statistically significant between the 
darunavir and raltegravir arm, at 4.7 versus 0.9%, respec-
tively, whereas rates of discontinuation were significantly 
higher in the atazanavir arm at 13.9%. 

IMEA 040 DATA 

Once-daily boosted atazanavir (300/100 mg) was compared 
with boosted darunavir (800/100 mg) in a 48 week open 
label study in antiretroviral therapy (ART) naive individuals 
with a median baseline CD4 of 69 cells/μl and a viral load 
(VL) of 5.4 log10 copies/ml. The 48-week goal of achieving 
virologic suppression of 85% was not met, with a success rate 
of 66% (95% CI: 54–78%) and 80% (95% CI: 68–89%) in 
patients on boosted atazanavir and darunavir, respectively 
(Slama et al., 2016).

NEAT001/ANRS143

Several studies have investigated the use of darunavir as part 
of a dual-therapy regimen in treatment-naive patients, usu-
ally as part of an NRTI-sparing strategy. In NEAT001, a ran-
domized, open-label study with over 800 participants, dual 
therapy with boosted darunavir and raltegravir was com-
pared to the standard arm of darunavir in combination with 
tenofovir plus emtricitabine (Raffi et al., 2014). The compos-
ite primary end point of clinical and virologic failure was 
met in 15.8% of patients in the raltegravir arm and 12.6% of 
patients in the tenofovir plus emtricitabine arm by 96 weeks 
in the per protocol analysis. This fell within the prespecified 
noninferiority margin of 9%. However, in subgroup analyses, 
the NRTI-sparing regimen was found to be inferior in 
patients with CD4 counts of < 200 cells/μl, with an adjusted 
difference in proportions of failure of 22.3% at week 96 in 
comparison to the standard arm. There was a trend toward 
higher rates of treatment failure in the group, with a high 
baseline viral load (> 100,000 copies/ml); however, this did 
not reach statistical significance. Major treatment-emergent 
resistance mutations were found in six patients in the NRTI-
sparing arm (versus none in the standard arm). Of these, five 
had developed mutations associated with resistance to the 
integrase inhibitor.

OTHER TRIALS IN NAIVE PATIENTS 

Other smaller studies have also investigated the use of daru-
navir in combination with raltegravir as part of NRTI-sparing 
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regimens. In the RADAR study, the combination of daruna-
vir and raltegravir was found to be inferior in terms of viro-
logic response at 48 weeks when compared to tenofovir plus 
emtricitabine plus darunavir, although this was largely due  
to higher rates of discontinuation in the raltegravir arm 
(Bedimo et al., 2014). 

Similarly, in ACTG A25262, an open-label, single-arm 
study investigating darunavir and raltegravir in treatment- 
naive patients, the rate of virologic failure at 48 weeks was 
16% (Taiwo et al., 2011). 

Studies using darunavir in combination with the CCR5 
antagonist maraviroc have demonstrated inferior rates of 
virologic efficacy to tenofovir plus emtricitabine also with 
boosted darunavir (Stellbrink et al., 2016), with lack of effi-
cacy not associated with non-R5 tropism or resistance, lead-
ing to early termination of the study in the case of the 
MODERN study. 

7b.  Treatment-experienced adults

POWER

The use of darunavir was initially studied in highly treatment 
experienced adults. In POWER 1, 2, and 3, the licensing 
studies (Clotet et al., 2007; Katlama et al., 2007), ritona-
vir-boosted darunavir was studied in a heavily pretreated 
cohort. Inclusion criteria for this study required at least one 
preexisting protease inhibitor mutation. The majority of 
patients (> 90%) in both arms had previous treatment with 
multiple classes of drugs, with prior exposure to a mean of 
four protease inhibitors, five NRTIs and one NNRTI in the 
darunavir arm versus four protease inhibitors, six NRTIs, 
and one NNRTI in the comparator arm. The primary out-
come, virologic response, was defined as a decrease in plasma 
HIV-1 RNA viral load of at least 1 log10 versus baseline. 
Patients were randomized to receive either ritonavir-boosted 
darunavir with an investigator-selected optimized back-
ground regimen (OBR), or a control arm receiving an inves-
tigator-selected protease inhibitor(s) regimen plus an OBR. 
Selected protease inhibitors in the control arm included 
lopinavir–ritonavir in 36%, fosamprenavir in 34%, saquina-
vir in 35%, atazanavir in 17%, and dual-boosted protease 
inhibitors in 23%. The choice of protease inhibitors was 
guided by genotypic resistance testing and treatment history. 
After 24-week dose-finding phases and primary efficacy 
analyses, participants continued in the assigned treatment 
arm to the longer term open-label phase.

Overall, 47% of patients in the study were also treated 
with enfuvirtide, with similar rates of use between the two 
arms. At 48 weeks, 61% of patients in the darunavir arm, ver-
sus 15% in the control arm, had viral load reductions of 
1 log10 copies/ml or greater from baseline. At this time point, 
45% of participants in the darunavir arm, versus 11.3% in 
control protease inhibitor arm had a viral load of < 50 copies/
ml. At 96 and 144 weeks, the darunavir-containing regimen 
remained superior to the control protease inhibitor arm in 
terms of virologic suppression. It is important that rates of 

discontinuation were high in the study (21% in darunavir 
arm versus 81% in control protease inhibitor arm at 48 
weeks), particularly in the control arm, with virologic fail-
ure being the primary reason for cessation in both groups. 
However, virologic responses were significantly better in the 
darunavir arm at the earlier time points of 12 and 24 weeks, 
suggesting that the high rate of treatment discontinuation in 
the control arm was not the primary driver of differences 
between the groups. 

TITAN

The TITAN study also investigated the use of darunavir in a 
treatment-experienced cohort (Banhegyi et al., 2012; Madruga 
et al., 2007). Patients were randomized to receive darunavir 
and ritonavir at 600/100 mg twice daily versus lopinavir and 
ritonavir at 400/100 mg twice daily. Both arms used an OBR 
made up of two different antiretrovirals (NRTIs with or with-
out an NNRTI). Again, this was a highly pretreated cohort, 
with previous exposure to NRTIs in > 50% and NNRTIs in  
> 75% of patients in both arms. The primary end point was 
viral load < 400 copies/ml at 48 weeks. Patients with previous 
exposure to lopinavir were excluded. Darunavir, in combina-
tion with the NRTI-based OBR, demonstrated significantly 
better rates of virologic suppression, compared to lopinavir 
at both 48 and 96 weeks. At 48 weeks, 71% of patients in the 
darunavir arm, versus 60% in the lopinavir arm, were viro-
logically suppressed with an HIV-1 RNA < 50 copies/ml. At 
96 weeks, 60.4% in the darunavir arm, versus 55.2% of 
patients treated with lopinavir were virologically suppressed. 
Predetermined criteria for noninferiority was met at both 
48 and 96 weeks. Subsequent testing for superiority demon-
strated that significantly more patients in the darunavir arm 
achieved a viral load < 400 copies/ml at both 48 and 96 weeks. 

MONET

Patients with stable virologic suppression on ART were 
switched to darunavir boosted with ritonavir (800/100 mg) 
once daily either monotherapy or with two NRTIs. At week 
48, 86.2% and 87.8% of patients receiving monotherapy or 
triple therapy had virologic suppression, respectively, show-
ing noninferiority with boosted darunavir monotherapy 
(Arribas et al., 2010). These data extended to 144 weeks 
showed noninferior efficacy in a strict intent-to-treat analy-
sis where switches were not considered failures, but not in a 
time to loss of virologic response (TLOVR) analysis in which 
switch equals failure (Arribas et al., 2012).

ODIN

The use of once-daily darunavir in treatment-experienced 
patients was investigated in ODIN, a randomized, open-label 
trial comparing darunavir–ritonavir 800/100 mg once daily 
to darunavir–ritonavir 600/100 mg twice daily in 590 patients 
with no darunavir-associated mutations on baseline geno-
typic testing. The background regimen consisted of at least 
two NRTIs. The primary objective was to demonstrate non-
inferiority of virologic response in the once-daily dosing 
arm. Virologic response was defined as a plasma viral load of 
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less than 50 HIV-1 RNA copies/ml at week 48. Noninferiority 
was demonstrated in the 48-week analysis, with a virologic 
response of 72.1% in the once-daily arm, versus 70.9% in the 
twice-daily arm. The rates of virologic failure did not signifi-
cantly differ between the two treatment regimens (Cahn et 
al., 2011). In a subanalysis, nearly 50% of patients had non-B 
HIV subtypes, and 46% were NNRTI experienced but pro-
tease inhibitor naive. In this report the efficacy data at week 
48 are reported differently (Geretti et al., 2015).

PROTEA

In the PROTEA study patients were randomized to assess 
efficacy and safety of ritonavir-boosted darunavir (800/100 
mg) once daily as monotherapy versus darunavir plus two 
NRTIs as triple therapy in patients with suppressed VL. At 
48 weeks boosted-darunavir monotherapy was less effective 
in maintaining virologic suppression than triple therapy 
(Antinori et al., 2015). In the intent-to-treat analysis, viro-
logic suppression to < 50 copies/ml at week 96 remained 
lower in the monotherapy arm (103 of 137 patients, 75%) 
than with triple therapy (116 of 136 patients, 85%), particu-
larly those with a CD4 of < 200 cells/μl (Girard et al., 2016). 
There was no difference in neurocognitive function, although 
2 patients with CD4 nadir of < 200 cells/μl and who were 
receiving darunavir monotherapy had detectable viral load 
in plasma and CSF, and one patient was hospitalized with 
HIV encephalomyelitis (Clarke et al., 2014).

INROADS

INROADS was a phase IIb, single-arm, open-label, multi-
center study that examined a nucleoside sparing regimen of 
etravirine 400 mg plus darunavir boosted with ritonavir 
(800/100 mg) once daily in treatment-experienced patients 
or -naive patients with transmitted drug resistance. Of the 
54 participants in the study, 7 experienced virological failure; 
and 74% of the intention to treat population had virological 
suppression at week 48. The most common reported adverse 
events were diarrhea (15%) and rash (15%). 

7c.  Use in salvage regimens

The ANRS 139 TRIO trial, a phase II, noncomparative study, 
examined the use of darunavir in combination with etravir-
ine and raltegravir, with or without a background regimen of 
either an NRTI or enfuvirtide (Fagard et al., 2012; Yazdan-
panah et al., 2009). This study was conducted in a highly 
treatment experienced cohort, with resistance to multiple 
anti retroviral agents and few remaining treatment options. 
At baseline, patients had a median of four primary protease 
inhibitor mutations, one NNRTI mutation, and six NRTI 
mutations, but were naive to the investigational drugs being 
used in the study. The primary end point was virologic sup-
pression with a viral load < 50 copies/ml at 24 weeks, with 
followup to 96 weeks also reported. At 24 weeks, 90% of 
patients had achieved virologic suppression. The effect was 
durable, with 88% remaining suppressed at 96 weeks. 

7d.  Use with cobicistat

Darunavir–cobicistat is the first boosted protease inhibitor 
in a fixed-dose combination (Rezolsta). It may reduce pill 
burden and thus improve adherence. It has been included as 
an alternative regimen in the 2015 US treatment guidelines. 

The use of darunavir with an alternate pharmacokinetic 
enhancer cobicistat, a cytochrome P-450 3A inhibitor, was 
investigated in a phase IIIb, open-label, noncomparative, 
single-arm study (Tashima et al., 2014; Crutchley et al., 
2016). Participants were either treatment naive or experi-
enced, but had no darunavir RAMs on genotypic testing. The 
primary end point was safety and tolerability; however, viro-
logic responses were high (81% overall and 83% in treatment- 
naive subjects), consistent with previous studies. Cobicistat 
inhibits transporters of creatinine in renal tubules and thus 
exerts a reversible reduction in estimated glomerular filtra-
tion rate. Consistent with this, in this study a rise in serum 
creatinine was observed, with a mean change of 0.09 mg/dl.

7e.  Use in pregnancy and lactation

There have been no controlled studies on the use of daruna-
vir in human pregnancy. Animal studies in mice, rats, and 
rabbits exposed to up to 100 0mg/kg/day of darunavir, with 
or without ritonavir, showed no evidence of teratogenicity 
(Janssen, 2015a). However, due to limited bioavailability in 
animals as well as dosing limitations, the plasma exposure to 
darunavir was approximately 50% in rodents and 5% in rab-
bits of those seen in humans. The Antiretroviral Pregnancy 
Registry in its interim report with data up to July 31, 2015, 
had 333 registered pregnancies with first trimester exposure 
to darunavir. The overall rate of birth defects in this group 
was 2.7%, which was not significantly higher than the rate 
in the CDC’s birth defects surveillance system (APRegistry, 
2015). The registry has sufficient numbers of pregnancy out-
comes from first trimester exposure to darunavir to exclude 
at least a twofold increase in the risk of birth defects. Daru-
navir is listed as a category B2 drug in pregnancy. 

The DHHS (2015c) guidelines on the perinatal manage-
ment of HIV lists darunavir as one of the preferred protease 
inhibitors in this setting, particularly in women who may 
elect to stop therapy postpartum. Several small studies have 
investigated the pharmacokinetics of darunavir in preg-
nancy, with mixed findings. Studies measuring total daruna-
vir concentrations in pregnancy have found low plasma 
levels in the second and third trimester in women provided 
once-daily dosing, with AUC24 levels reduced by up to 39% 
(Stek et al., 2015). Where the unbound, active fraction of 
darunavir has been measured, studies have shown this 
parameter to be either unchanged during pregnancy (Colbers 
et al., 2015) or lower when compared to plasma exposures 
postpartum (Zorrilla et al., 2014). The DHHS recommend 
twice-daily dosing of darunavir with ritonavir in pregnancy. 

There are currently no available safety or pharmacoki-
netic data for darunavir in combination with cobicistat in 
pregnancy, and it is not recommended in this patient group. 



4138 Darunavir

It is unknown whether darunavir is secreted in human 
breast milk. Preclinical studies demonstrated that the drug is 
secreted in the milk of lactating rats. Due to the potential risk 
of HIV transmission to the infant, in addition to the poten-
tial for unknown adverse reactions, it is recommended that 
darunavir is not prescribed in this setting. 

7f.  Use in pediatrics 

DIONE

Darunavir has been studied as initial therapy in HIV-infected 
adolescents aged 12–18 years in DIONE, an open label, phase 
II, single arm study (Flynn et al., 2014). A total of 12 partici-
pants, across six sites, were administered once-daily ritonavir- 
boosted darunavir at 800/100 mg in combination with an 
NRTI backbone of either zidovudine–lamivudine or abacavir– 
lamivudine. 92% of participants at 24 weeks and 83% at 48 
weeks had achieved a viral load of l< 50 copies/ml. Darunavir 
was generally well tolerated in this group. 

Darunavir has been studied in treatment-experienced 
children and adolescents in two open-label, single-arm trials. 

DELPHI

In DELPHI (Blanche et al., 2009), a study of highly treatment 
experienced children and adolescents aged 6–17 years, many 
with preexisting protease inhibitor RAMs, twice-daily boosted 
darunavir was administered together with an optimized back-
ground regimen. At 48 weeks, 48% of patients had achieved 
virologic suppression. Of the 24 patients who experienced 
virologic failure, over 10% developed DRV associated major 
protease inhibitor mutations. 

ARIEL

ARIEL was a study of younger, treatment-experienced chil-
dren aged 3–6 years of age who received twice-daily daruna-
vir with ritonavir (20/3 mg/kg, with doses then adjusted to 
25/3 mg/kg twice daily for patients weighing < 15 kg, and 
375/50 mg twice daily for those weighing between 15 and 
20 kg) plus an investigator-selected optimized background 
regimen (Violari et al., 2015). At 48 weeks, 17 of 21 patients 
(81%) had a suppressed viral load < 50 copies/ml. Three viro-
logic failures occurred by 48 weeks. Paired baseline and end 
point phenotypic resistance testing was available for 2 of these 
patients, and no treatment-emergent resistance to darunavir 
or the agents in the background regimen was found. 

The DHHS (2015b) treatment guidelines recommend 
boosted darunavir, together with an NRTI backbone, as a 
preferred protease inhibitor regimen in children 3 years of 
age or older and adolescents. 

7g.  Boosted darunavir monotherapy as a 
simplification strategy

Switching from a regimen of twice-daily darunavir boosted 
with ritonavir (600/100 mg) plus two other antiretroviral 
drugs with less than two darunavir-associated resistance 

mutations in patients with virologic suppression to a once-
daily darunavir–ritonavir (800/100 mg) regimen or to main-
tain their current regimen resulted in greater virologic 
suppression in the once-daily arm versus twice-daily arm 
(90% va. 83.3%, respectively), and with a significantly greater 
reduction in LDL levels in the once-daily arm (−8 mg/dl  
vs +3.3 mg/dl; p = 0.04) and better adherence, in the 
DRIVESHAFT study (Huhn et al., 2015). 

The comparative efficacy and safety of boosted darunavir 
or boosted lopinavir monotherapy was investigated as a 
simplication strategy in 75 patients. Of the 305 patients, 155 
received the darunavir regimen. In the intent-to-treat analy-
sis 77.5% of those receiving darunavir and 66.6% of those 
receiving lopinavir had sustained virologic suppression at 48 
weeks. No patient in the darunavir arm developed virologic 
failure; the discontinuation rate in this arm due to adverse 
events was 15% versus 18.2 % of patients receiving lopinavir 
(Santos et al., 2016).

7h.  Postexposure prophylaxis

Patients with documented or potential HIV exposure, either 
occupational or sexual, were enrolled within 72 hours of 
exposure into PEPDar and randomized to receive ritonavir- 
boosted darunavir plus two NRTIs or standard of care treat-
ment. Early discontinuation rate was 6.5% versus standard of 
care (10.0%). Noninferiority of the darunavir-containing regi-
men to standard of care was reported (Fatken heuer et al., 2016).
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1. DESCRIPTION

Atazanavir (ATV) sulfate, (3S,8S,9S,12S)-3,12-bis(1,1-
dimethyl-ethyl)-8-hydroxy-4,11-dioxo-9-(phenylmethyl)-6-
[[4-(2-pyridinyl)phenyl]methyl]-2,5,6,10,13-pentaazate- 
tradecanedioic acid dimethyl ester sulfate (1:1), previously 
known as BMS-232632, is an azapeptide inhibitor of HIV-1 
protease. The trade name for atazanavir is Reyataz (access-
data.fda.gov/drugsatfda_docs/label/2007/021567s012lbl.
pdf). The molecular formula is C38H52N6O7 H2SO4; the molec-
ular weight of the sulfuric acid salt is 802.9; the molecular 
weight of the free base is 704.9. The structure is shown in 
Figure 246.1. Atazanavir sulfate is a white-yellow crystalline 
powder and slightly soluble in water; the pH of a saturated 
solution in water is 1.9 (at 24 ± 3°C). Atazanavir belongs to 
the protease inhibitor class of antiretroviral agents.

The drug is formulated as an oral capsule, with strengths 
equivalent to 100, 150, 200, and 300 mg of atazanavir (as 
the sulfate). The inactive ingredients of the capsule include 
crospovidone, lactose monohydrate, and magnesium stea-
rate. The capsule shells consist of gelatin, FD&C blue 2, tita-
nium oxide, and black, red, and yellow iron oxide. 

Atazanavir, like the other protease inhibitors, inhibits the 
processing of viral Gag and Gag–Pol polyproteins in HIV- 

1-infected cells by selectively inhibiting the activity of the 
HIV-1 protease (see section 3, Mechanism of drug action, for 
an overview of anti-HIV drug activity). The net effect is that 
immature virions are formed that are unable to infect new 
cells.

In June 2003, the US Food and Drug Administration 
approved atazanavir for the treatment of both antiretroviral 
(ART)-naive and treatment-experienced HIV-infected adults 
in combination with other antiretroviral agents. Licensure in 
the EU was initially restricted to use in treatment- experienced 
adults but in June 2008 was extended to include use of ritona-
vir-boosted atazanavir in ART-naive adults. 

In March 2008, the US FDA (2011) granted accelerated 
approval of atazanavir for the treatment of both ART-naive 
and treatment-experienced children aged 6–18 years in com-
bination with other antiretroviral agents. Approval in the 
pediatric (aged 6–18 years and > 15 kg body weight) setting, 
both for ART-naive and -experienced subjects in the EU, was 
granted in July 2010. Atazanavir powder was approved by the 
FDA in June 2014 for treatment of infants aged 6 months or 
older weighing more than 10 kg but less than 25 kg (DHHS, 
2015).

Cobicistat (Tybost) a cytochrome P-450 3A (CYP3A) 
inhibitor with antiviral activity, was approved as a pharma- 

Figure 246.1. Structure of atazanavir sulfate. 
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cokinetic booster to the protease inhibitors, darunavir and 
atazanavir in September 2013. This approval was supported 
by 48-week data from a pivotal phase III study (see section 7, 
Clinical uses of the drug), which demonstrated the nonin-
feriority of cobicistat to ritonavir when administered with an 
antiretroviral regimen of atazanavir plus Truvada (emtricit-
abine 200 mg and tenofovir disoproxil, as fumarate, 245 mg) 
in HIV-infected treatment-naive adults. This approval was 
also supported by pharmacokinetic data demonstrating 
cobicistat boosting of atazanavir and darunavir blood levels, 
was similar to ritonavir. 

In July 2015, the European Commission approved Evotaz 
(atazanavir 300 mg and cobicistat 150 mg fixed-dose combi-
nation) for the treatment of HIV-1 infection in adults, this 
followed the approval a few months earlier of this fixed-drug 
combination by the US FDA. 

Atazanavir should always be co-administered with a boost-
ing dose of ritonavir 100 mg or cobicistat 150 mg when used in 
treatment-experienced patients and/or when co-administered 
with other drugs that reduce atazanavir levels through drug–
drug interactions (see section 5e, Drug interactions). There 
are concerns about reduction in therapeutic levels when used 
unboosted, but in ART-naive patients who cannot tolerate 
RTV and are not on any concomitant medications and/or 
a tenofovir-based nucleoside reverse transcriptase inhibitor 
(NRTI) backbone, the 400 mg dose of atazanavir can be used. 

The drug is not approved for use in HIV-2 infection. Several 
small studies suggest poorer responses in HIV-2 infected 
individuals treated with some ARV regimens, including 
atazanavir-based regimens (Cavaco-Silva et al., 2013).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Atazanavir inhibits the replication of a variety of laboratory 
and clinical HIV-1 isolates in peripheral blood mononuclear 
cells, macrophages, CEM-SS cells, and MT-2 cells with a 
mean 50% effective concentration (EC50) of 2–5 nM in the 
absence of human serum (Robinson et al., 2000). Atazanavir 
has been shown to have in vitro activity against a number of 
different HIV-1 group M (major) clades (subtypes), namely 
A, B, C, D, AE, AG, F, G, and J. The activity of atazanavir in 
regard to HIV-1 group N (new) and O (outlying) viruses has 
not been described. 

There is a paucity of data on the susceptibility of HIV-2 to 
atazanavir (Rodés et al., 2005; Desbois et al., 2008; Menendez-
Arias and Tozsér, 2008). The divergence in amino acid com-
position of HIV-2 protease from HIV-1 protease is at least 
50%, and many secondary mutations and polymorphisms 
exist at positions associated with protease inhibitor resis-
tance in HIV-1 isolates. However, the Portuguese HIV-2 
resistance group demonstrated that in 28 patients failing an 
atazanavir–ritonavir containing regimen, the I50L mutation 
emerged in 4 out of 28; in addition, 4 protease mutations pre-
viously associated with protease inhibitor resistance (I54L, 
I64V, V71I, and I82F) and 6 protease mutations of unknown 

impact (V10I, E37D, S43T, K45R, I75V, and F85L) in HIV-2 
were also identified (Cavaco-Silva et al., 2013). 

Like other HIV protease inhibitors, atazanavir does not 
show clinically relevant activity against other viruses infect-
ing humans.

2b.  Emerging resistance and 
cross-resistance

Mutations to atazanavir have been identified by several mech - 
anisms, including in vitro passage experiments, susceptibility 
testing of laboratory and clinical HIV virus isolates, genetic 
sequencing of viruses from patients failing antiretroviral 
therapy containing atazanavir, and outcome data  comparing 
genotypic resistance at baseline and virological responses of 
patients treated with atazanavir-containing regimens.

Most antiretroviral resistance data for atazanavir and other 
antiretrovirals are derived from cohorts of patients with 
clade B strains of HIV-1 (Spira et al., 2003). The naturally 
occurring substitutions of HIV-1 clade C protease (i.e. at 
positions 12, 15, 19, 20, 36, 41, 69, 89, and 93) may affect 
susceptibility to atazanavir and other protease inhibitors 
and/or impact on the evolution of resistant viruses and treat-
ment outcomes (Bessong, 2008). In clade C virus, the sub-
stitutions K20R, M36I, H69K, and I93L are thought to be 
associated with atazanavir resistance (discussed later in the 
chapter).

Mutations of the HIV-1 clade B protease associated with 
high-level resistance to atazanavir (either selected for in vitro 
by serial passage or from patients treated with and failing an 
atazanavir-containing regimen) included the I50L, N88S, 
I84V, A71V, and M46I mutations (Colonno et al., 2003). The 
I50L and N88S are considered the key signature mutations 
for atazanavir. The former is the most common emergent 
mutation in protease inhibitor-naive patients treated and 
failing an unboosted atazanavir-containing regimen, espe-
cially when coupled with the A71V mutation (Stanford 
University, 2008); the I50L mutation is associated with an 
8-fold reduction in atazanavir susceptibility (Weinheimer et 
al., 2005). N88S emerges in vitro when HIV-1 is cultured in 
the presence of increasing atazanavir concentrations and has 
been reported in patients developing virologic failure with 
ritonavir-boosted atazanavir (Gong et al., 2000; Coakley et 
al., 2005). The presence of N88S reduces atazanavir suscep-
tibility approximately 10-fold (Coakley et al., 2005; McGrath 
et al., 2006; Rhee et al., 2006; Zolopa et al., 2007). 

Other mutations selected by atazanavir in vitro include 
the V32I (Gong et al. 2000); V32I, I47V, and G48V have also 
been associated with decreased atazanavir susceptibility (Rhee 
et al., 2006). Changes in the protease cleavage sites may also 
have a negative impact on response (Nijhuis et al., 2007). It is 
important that viruses with the I50L mutation retain in vitro 
susceptibility to other protease inhibitors; moreover, there 
are data suggesting hypersusceptibility to other protease 
inhibitors (Yanchunas et al., 2005; Weinheimer et al., 2005). 
The mechanism is not fully understood, but may include 
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increased binding affinities of the I50L mutation-containing 
protease for all protease inhibitors except atazanavir (Yan-
chunas et al., 2005). While in vitro data suggest that patients 
with the atazanavir signature mutations can be successfully 
treated with other protease inhibitors, there is a paucity of 
clinical data to confirm this. 

L33F and G73S/C/T are accessory atazanavir mutations. 
L33F has been selected by atazanavir in vitro and is associated 
with reduced atazanavir susceptibility (Gong et al., 2000; 
Rhee et al., 2006; Zolopa et al., 2007). G73S occurs frequently 
in patients developing virologic failure while receiving un- 
boosted atazanavir and has been associated with decreased 
virologic response to a ritonavir–atazanavir-containing regi-
men (Colonno et al., 2004; Nager and Struble, 2006).

The I50L mutation occurs less frequently in patients 
receiving ritonavir-boosted atazanavir or in previously pro-
tease inhibitor–treated patients receiving unboosted atazana-
vir (Colonno et al., 2004; McGrath et al., 2006; Malan et al., 
2006; Zolopa et al., 2007). Treatment-experienced patients 
who experienced virologic failure with ritonavir boosted 
atazanavir had mutations that were associated with cross- 
resistance to multiple protease inhibitors (Johnson et al., 2005). 
The most common protease mutations seen were V32I, L33F/
V/I, E35D/G, M46I/L, I50L, F53L/V, I54V, A71V/T/I, G73S/
T/C, V82A/T/L, I85V, and L89V/Q/M/T. Of these mutations, 
the following mediate cross-resistance with other protease 
inhibitors: M46I/L, I54V/L/M/T/A, V82A/T/F/S, I84V, L90 
M, V32I, I47V, and G48V (Bertoli et al., 2006; Marcelin et al., 
2006; Naeger and Struble, 2006; Pellegrin et al., 2006). 

Before the widespread availability of potent integrase 
inhibitors such as dolutegravir, which has lessened the 
dependence on full activity of a ritonavir-boosted protease 
inhibitor in a salvage setting, various algorithms were devised 
to predict response to boosted atazanavir in treatment-expe-
rienced patients based on the baseline protease mutation 
score (Bertoli et al., 2006; HIV French Resistance, 2006; Vora 
et al., 2006). While there is some minor variation among 
databases regarding the mutations with the greatest impact 
on response, all concluded that the greater the number of 
primary protease inhibitor mutations present, the less likely 
the response to boosted atazanavir. The use of boosted ataza-
navir as part of a salvage regimen is not recommended, 
unless there is no alternative, especially because the drug 
was outperformed by ritonavir-boosted lopinavir (Kaletra), 
ritonavir-boosted tipranavir, and ritonavir-boosted daruna-
vir (Cohen et al., 2005; Johnson et al., 2005; Hicks et al., 
2006; Naeger and Struble, 2006; Clotet et al., 2007; see Chap-
ter 245, Darunavir) and because the drug has a lower genetic 
barrier to the development of resistance than the third- 
generation protease inhibitors (Coakley et al., 2006; Winters 
et al., 2007). There are very limited resistance data available 
in children younger than 18 years of age.

2c.  In vitro Synergy and antagonism

Atazanavir is synergistic in vitro with stavudine, lamivudine, 
zidovudine, nelfinavir, indinavir, ritonavir, saquinavir, and 

amprenavir when tested in HIV-infected polymorphonu-
clear cells (Robinson et al., 2000).

3. MECHANISM OF DRUG ACTION

The HIV-1 protease, synthesized as part of the Gag–Pol pre-
cursor protein, has 99 amino acids and is an aspartic acid 
protease. It is not active in the monomeric form and requires 
dimerization to attain catalytic activity. The active site of the 
protease is formed along the dimer interface, with each sub-
unit contributing one of the two catalytic aspartic acid resi-
dues to form a nearly symmetrical structure. HIV-1 protease 
inhibitors were designed to inhibit the wild-type protease by 
binding to the active site. Inhibition of HIV protease activity 
results in a failure of HIV virion maturation, as viral Gag and 
Gag–Pol polyproteins cannot be proteolytically cleaved into 
individual proteins (Louis et al., 2007). HIV virions contain-
ing these uncleaved polyproteins (immature virions) can bind 
and enter susceptible cells, but are unable to replicate.

BMS-232632, an azapeptide analog, was shown to block 
the cleavage of viral precursor proteins in HI-infected cells, 
thus proving it functions as a protease inhibitor. It is highly 
selective for HIV protease and is cytotoxic only at concen-
trations between 6,500 and 23,000 fold higher than he level 
required for antiretroviral activity (Robinson et al., 2000).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

All information in this section is derived from approved 
atazanavir product information from the US FDA (2011) 
and the European Medicines Agency (EMA) product infor-
mation last updated in December 2015.

4a.  Adults

Atazanavir is available only for oral administration; there is 
no parenteral formulation.

ANTIRETROVIRAL THERAPY-NAIVE PATIENTS

The recommended doses of atazanavir in therapy-naive 
patients is as follows: atazanavir 400 mg (two 200-mg cap-
sules) once daily taken with food only if unable to tolerate 
100 mg of ritonavir, or atazanavir 300 mg (one 300-mg cap-
sule or two 150-mg capsules) with ritonavir 100 mg once 
daily (all taken as a single dose with food) if combined with 
any of the following: tenofovir, efavirenz, and an H2-receptor 
antagonist. The H2-receptor antagonist dose should not 
exceed a 40-mg dose equivalent of famotidine twice daily. 
Atazanavir 300 mg and ritonavir 100 mg should be adminis-
tered simultaneously with and/or at least 10 hours after dos-
ing with an H2-receptor antagonist; proton pump inhibitor 
dose should not exceed a 20-mg dose equivalent of omepra-
zole and must be taken approximately 12 hours before ataza-
navir 300 mg, and ritonavir 100 mg dose (Luber et al., 2007). 
The reason for these restrictions is that all these drugs reduce 
the plasma concentrations of atazanavir achieved.
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ANTIRETROVIRAL THERAPY-EXPERIENCED 
PATIENTS

Recommended doses are atazanavir 300 mg (one 300-mg 
capsule or two 150-mg capsules) with ritonavir 100 mg (all 
taken as a single dose with food) once daily. The same sepa-
ration of dosing and maximum dose of H2-receptor antago-
nists or proton pump inhibitor should be used as described 
earlier for patients on these concomitant medications.

4b.  Newborn infants and children

Dosing for children is based on body weight and should not 
exceed the adult dose (see Table 246.1).

Atazanavir capsules are approved for use in treatment- 
naive and -experienced HIV-1-infected children between 
the ages of 6 and 18 years and weighing > 15 kg. Atazanavir 
powder with the liquid formulation of ritonavir for boosting, 
is available for infants older than 6 months and with weight 
restrictions (between 10 and 25 kg); see also Table 246.1. 
Atazanavir should be co-administered with ritonavir. 

4c.  Pregnant and lactating mothers

During the second and third trimesters of pregnancy ataza-
navir boosted with ritonavir (300/100 mg) may not provide 
sufficient therapeutic levels, and this will be exacerbated if 
there is co-administration of drugs known to reduce levels, 
including tenofovir. 

The IMPAACT group conducted a prospective, non-
blinded, pharmacokinetic study of HIV-infected pregnant 
women taking antiretroviral drugs for clinical indications, 
including two cohorts (with and without tenofovir) receiving 
atazanavir boosted with ritonavir (300/100 mg) once daily 
during the second trimester, 400/100 mg in the third trimes-
ter, and 300/100 mg postpartum. Atazanavir pharmaco-
kinetic data were available for 37 dosed without tenofovir 
and 35 with tenofovir. In those receiving boosted atazanavir 
without tenofovir the pharmacokinetics of atazanavir were 
summarized as follows: area-under-the-concentration-time 
curve (AUC) 30.5 μg/h/ml (range: 9.19–93.8), 45.7 μg/h/ml 
(range: 11–88.3), and 48.8 μg/h/ml (range: 9.9–112.2), and 

8 of 14 (second trimester), 29 of 37 (third trimester), and 27 
of 34 (postpartum) patients met target therapeutic levels. 
Concen tration at 24 hours (C24) was 0.49 μg/ml (range: 0.09–
4.09), 0.71 μg/ml (range: 0.14–2.09), and 0.90 μg/ml (range: 
0.05–2.73), and 13 of 14 (second trimester), 36 of 37 (third 
trimester), and 29 of 34 (postpartum) patients met target 
levels. In those on ritonavir-boosted atazanavir with teno-
fovir, atazanavir pharmacokinetics were as follows: AUC 
26.2 μg/h/ml (range: 6.8–60.9; p < 0.05 compared with post-
partum), 37.7 μg/h/ml (range: 0.72–88.2; p < 0.05 compared 
with postpartum), and 58.6 μg/h/ml (range: 6–149) , and 7 of 
17, 23 of 32, and 27 of 29 patients met target levels. The C24 
values were 0.44 μg/ml (range: 0.12–1.06; p < 0.05 compared 
with postpartum), 0.57 μg/ml (range: 0.02–2.06; p < 0.05 
compared with postpartum), and 1.26 μg/ml (range: 0.09–
5.43), and 7 of 17 (second trimester), 23 of 32 (third trimes-
ter), and 27 of 29 (postpartum) patients met target levels. 
Overall, boosted atazanavir was well tolerated with no unex-
pected adverse events. The authors concluded that increasing 
the dose of atazanavir boosted with ritonavir in the third tri-
mester to 400/100 mg could be safely undertaken (Kreitch-
mann et al., 2013). 

In another nonrandomized study intensive pharmacoki-
netics data generated from 31 pregnant women during the 
third trimester demonstrated that despite 34% lower ataza-
navir exposure during pregnancy, standard 300/100 mg 
once-daily dosing of boosted atazanavir generated effective 
concentrations for protease inhibitor-naive patients (target 
atazanavir levels > 0.15 mg/l), even when co-administered 
with tenofovir (Colbers et al., 2015). 

In summary, a dose increase to atazanavir 400 mg with 
ritonavir 100 mg with therapeutic drug monitoring can be 
considered in the third trimester when tenofovir or an 
H2-receptor antagonist are co-administered with atazanavir. 
If both tenofovir and an H2-antagonist are used, then switch-
ing to a different antiretroviral drug regimen should be 
undertaken. During the postpartum period atazanavir expo-
sures can increase during the first 2 months after delivery 
and be associated with greater toxicity (e.g. scleral icterus). 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

As atazanavir undergoes only limited renal clearance no dose 
adjustment is considered necessary for renal impairment 
unless patients are on hemodialysis, when boosting with 
ritonavir is recommended for antiretroviral-naive patients 
starting atazanavir (see reyataz.com). The rationale for this is 
that among a small cohort of patients (n = 10) on hemodialy-
sis, the pharmacokinetic variables of atazanavir (maximum 
concentration [Cmax], AUC, and minimum concentration 
[Cmin]) were reduced by 25–43%; the mechanism for this is 
unknown. The use of atazanavir, even when boosted with 
ritonavir, is not recommended in treatment-experienced 
patients on hemodialysis because of concerns about the 
potency of this protease inhibitor in this setting.

Table 246.1. Doses of atazanavir (given as capsules) and ritonavir 
for children aged 6–18 years.

Bodyweight
Atazanavir 
dose (mg)

Ritonavira 
dose (mg)Kilograms Pounds

15–< 20 33–< 55 150  80

25–< 40 55–< 70 200 100

at least 40b at least 86 300 100

aRitonavir can be given as the liquid formulation (at least 80 mg dose) or 
capsule (preferable as it is better tolerated).

bChildren > 13 years and > 40 kg unable to tolerate ritonavir can be given 
atazanavir 400 mg every day with food provided they are not using teno-
fovir in the combination or taking an H2-antagonist or proton pump inhib-
itor as concomitant medications.

http://reyataz.com
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PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Atazanavir is metabolized and eliminated primarily by the 
liver. In a study of atazanavir in patients with moderately 
severe liver disease (14 patients with Child–Pugh B and 2 
patients with Child–Pugh C) after a single 400-mg dose, the 
mean AUCo–∞ was 42% greater in subjects with impaired 
hepatic function than in healthy volunteers (reyataz.com). The 
mean half-life of atazanavir in subjects with hepatic impair-
ment was double that of healthy volunteers. Therefore, 
increased concentrations of atazanavir are expected in 
patients with moderately or severely impaired hepatic func-
tion. While the drug can be used in antiretroviral-naive 
patients or treatment-experienced patients without any his-
tory of virologic failure with moderate hepatic impairment 
(less or equal to Child–Pugh class B), the dose used should be 
300 mg once daily. Atazanavir is contraindicated in patients 
with severe hepatic impairment (Child–Pugh class C) although 
there are data suggesting use of boosted atazanavir in patients 
with hepatitis–HIV co-infection and severe fibrosis is rela-
tively safe (Pineda et al., 2008).

ELDERLY PATIENTS

No dose adjustment is recommended when boosted or 
unboosted atazanavir is used in elderly HIV-infected indi-
viduals. However, clinical studies of atazanavir have not 
included sufficient numbers of patients aged over 65 years to 
establish whether virological response is different or if there 
is a need for dose adjustment. Note that elderly patients are 
more likely to have co-morbidities and be receiving concom-
itant medications that may affect potency and tolerability.

PATIENTS WITH HEPATITIS C VIRUS CO-INFECTION

See the earlier discussion for management of patients with 
hepatic impairment. Oral direct-acting antiviral (DAA) drug 
combinations for treatment of hepatitis C are now widely 
available. The individual product information of these drugs 
and/or fixed-drug combinations should be referenced for cur-
rent drug–drug interaction information. Co-administration 
of Viekira Pak (dasabuvir, ombitasvir, paritaprevir, and rito-
navir) with atazanavir can be undertaken, but the boosting 
dose of ritonavir must be ceased during receipt of Vikekira 
Pak, and reinitiated once the drug is ceased. If the boosting 
dose of ritonavir is not ceased during the period of hepatitis C 
treatment, the patient would receive 200 mg of ritonavir 
during the 12–24 weeks of hepatitis C treatment. The safety of 
ritonavir at doses > 100 mg/day with atazanavir has not been 
established but is likely to include more icterus, dyslipidemia, 
and possibly gastrointestinal upset. The co-administration 
of the fixed-drug combination atazanavir plus cobicistat is 
contraindicated during treatment with VikekiraPak.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Atazanavir is rapidly absorbed after oral administration, 
with a time to maximum concentration (tmax) of 2.5 hours. 

Atazanavir requires acidic gastric pH for dissolution, and 
reduction of the gastric pH severely affects atazanavir 
 bioavailability. For this reason, unboosted atazanavir can- 
not be used in patients using proton pump inhibitors, 
H2-antagonists, or didanosine (Béïque et al., 2007). Food 
enhances the bioavailability of atazanavir. Increases in AUC 
and Cmax when the drug was given with a light meal or high-
fat meal were 70% and 57% (light meal) and 35% and no 
change in Cmax (high fat), respectively, compared with admin-
istration when the subject had fasted. The coefficient of vari-
ation of these pharmacokinetics parameters was reduced 
substantially when the drug was given with food. Mean half-
life (t½) in healthy volunteers was 7.9 hours (± standard devi-
ation [s.d.]: 2.9) and in HIV-infected adults 6.5 hours (± s.d.: 
2.6). Atazanavir is 86% plasma protein bound with equal 
binding to albumin and alpha1-acid glycoprotein (Le Tiec et 
al., 2005).

Atazanavir displays nonlinear kinetics with greater than 
dose-proportional increases in AUC and Cmax with increas-
ing doses. Steady state is reached after 4–8 days of dosing. 
Mean Cmax, Cmin, and AUC were 3,152 ng/ml (s.d.: 2,231), 273 
ng/ml (s.d.: 298), and 22,262 ng/ml/h (s.d.: 20,159), respec-
tively, in HIV-1-infected adults (reyataz.com).

5b.  Drug distribution

Atazanavir is widely distributed and found in cerebrospinal 
fluid (CSF) and semen in the very small numbers of patients 
studied (n = 4 and 5, respectively). CSF/plasma ratios were 
0.0021–0.0226; semen/plasma ratios were 0.11–4.42.

Atazanavir is extensively metabolized; the main pathway 
is through mono- and dioxygenation. Other minor pathways 
include glucuronidation, N-dealkylation, hydrolysis, and oxy - 
genation with dehydrogenation. The two minor metabolites 
characterized have no antiviral activity. 

Atazanavir is metabolized via the CYP3A pathway in the 
liver, and in turn is itself a CYP3A inhibitor. The significance 
of drug–drug interactions with drugs metabolized by or 
impacting on the activity of the CYP3A pathway in regard 
to dosing with atazanavir is discussed in section 5e, Drug 
interactions. 

The AUC and half-life of atazanavir are substantially 
increased in patients with moderately severe liver disease. 
Guidance on dose adjustment in these settings is provided 
in section 4d, Those requiring altered doses. There is no dose 
adjustment required for renal impairment, unless patients 
are on hemodialysis (see section 4d, Those requiring altered 
doses).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The median EC90 of wild-type HIV-1 is 14 ng/ml; hence the 
peak and trough concentrations of unboosted atazanavir as 
described earlier should provide a substantial cushion against 
viral escape. However, the rationale for recommending the 
use of boosted atazanavir is the similar virologic efficacy to 
unboosted atazanavir (Malan et al., 2006), noninferiority of 

http://reyataz.com
http://reyataz.com
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boosted atazanavir compared with other boosted protease 
inhibitors in naive patients (Smith et al., 2007; Molina et al., 
2008), and the improved pharmacokinetics profile, and the 
experience in relation to good tolerability of boosted ataza-
navir in treatment-experienced patients (Johnson et al., 
2005; Johnson et al., 2006; Santoro et al., 2008). The recently 
updated Department of Health and Human Services (DHHS) 
antiretroviral guidelines (aidsinfo.nih.gov/guidelines/html/1/ 
adult-and-adolescent-treatment-guidelines) have demoted 
the use of boosted atazanavir–based regimens in treatment- 
naive patients to an “alternative” regimen. The rationale for 
this change came from the results of a large comparative 
clinical trial showing a greater rate of discontinuation with 
boosted atazanavir plus tenofovir–emtricitabine because of 
toxicities when compared to boosted darunavir or raltegravir 
given with tenofovir–emtricitabine (Lennox et al.,. 2014). 
Mono therapy with boosted atazanavir must never be used 
because it has been associated with poor virologic outcomes 
(Karl ström et al., 2007). Novel combinations of atazanavir 
with other antiretroviral drugs as switch options are dis-
cussed in Section 7, Clinical uses of the drug.

Ritonavir-boosting of atazanavir (given with food) results 
in an increase in Cmax, Cmin, and AUC, with mean levels of 
5,233 ng/ml (s.d.: 3,033), 862 ng/ml (s.d.: 838), and 53,761 
ng/ml/h (s.d.: 35,294), respectively. These levels are sufficient 
to overcome the decreases in atazanavir levels caused by 
co-administration with tenofovir. Geometric mean atazana-
vir trough concentrations in patients co-administered ataza-
navir and tenofovir–emtricitabine exceed the anticipated 
therapeutic range (Elion et al., 2008). However, caution should 
still be exhibited in regard to co-administration with proton 
pump inhibitors and H2-antagonists as even restricting the 
dose of these agents and separating the dosing from that of 
boosted atazanavir cannot completely overcome the negative 
effects of these drugs on atazanavir bioavailability (Béïque et 
al., 2007). 

Cobicistat has similar effects on the pharmacokinetics of 
atazanavir and is an alternate pharmacokinetics booster. The 
fixed-dose combination atazanavir–cobicistat was recently 
approved in the USA and EU (Evotaz SPC). Overall in com-
paring cobicistat with ritonavir as a pharmacokinetic booster, 
tolerability, gastrointestinal, and lipid profiles are very similar 
(see Chapter 248, Ritonavir and cobicistat). Primary protease 
resistance mutations were not selected in either the ritonavir 
or cobicistat arm virologic failures. Iohexol studies have con-
firmed that the consistently higher serum creatinine and 
lower creatinine clearance with cobicistat versus ritonavir is 
due to an effect on tubular secretion of creatinine and not 
glomerular function. The drug–drug interaction profile of 
cobicistat resembles that of ritonavir through a similar mech-
anism (Renjifo et al., 2015).

Although therapeutic drug monitoring (TDM) has not 
been universally embraced because of problems with access 
to testing, inter- and intrapatient variability, poor turnaround 
time of results that make them less useful in the clinical setting, 
and a paucity of data relating drug levels to virologic outcomes, 
the DHHS and the British HIV Association (BHIVA) guide-
lines (2015) recommend TDM in a number of settings where 

drug concentrations may be more difficult to predict, and 
TDM may help clinicians manage their patients more effec-
tively. These settings include co-administration of drugs that 
have drug–drug interactions, physiological and pathophy-
siological changes that might affect the pharmacokinetics 
profile (e.g. pregnancy), use of experimental combinations, 
and the management of concentration-related toxicities (e.g. 
atazanavir-induced hyperbilirubinemia). 

5d.  Excretion

Atazanavir is 80% eliminated in feces and 13% in urine. 
Unchanged drug accounts for 20% and 7% of the adminis-
tered dose in feces and urine, respectively. The mean elimi-
nation half-life at steady state is 7 hours.

5e.  Drug interactions

Atazanavir is metabolized via CYP3A4 isoenzymes and in 
turn is a metabolism-dependent CYP3A4 inhibitor. Ata-
zanavir is a direct inhibitor for UGT1A1 and CYP2C8. For 
this reason atazanavir must not be given concurrently with 
any drugs that have a narrow therapeutic index that are sub-
strates for CYP3A, UGT1A1, or CYP2C8. 

The most important beneficial drug–drug interaction that 
is used in clinical practice is the potent inhibition of CYP3A4 
by low-dose ritonavir or cobicistat, hence its use as a phar-
macokinetic enhancer of the primary protease inhibitor. 
However, this means that clinicians need to consider the 
potential for drug–drug interactions not only with the pri-
mary protease inhibitor but also with ritonavir or cobicistat.

Drug interaction data for many agents are described in 
detail in the product information for atazanavir (US FDA, 
2011; EMA 2015). Up-to-date information on drug–drug 
interactions can be found at hiv-druginteractions.org. Key 
drug interactions with atazanavir are described in Table 246.2, 
Table 246.3, and Table 246.4.

GENETICS THAT GOVERN ATAZANAVIR LEVELS

Atazanavir inhibits hepatic uridine diphosphate glucuronosyl-
transferase (UGT) 1A1, and prevents the glucuronidation 
and elimination of bilirubin. Scleral icterus is one of the most 
commonly reported side effects of atazanavir, and this cos-
metic side effect is one of the main reason that patients switch 
away from the drug. The risk for bilirubin-related discontin-
uation is highest among individuals who carry two UGT1A1 
decreased function alleles (UGT1A1*28 or *37). Gammal et 
al. (2016) have recently provided some recommendations for 
atazanavir prescribing when UGT1A1 genotype is known 
(pharmgkb.org); however, this genetic test is not widely 
available and needs to be validated further in different clini-
cal settings (Gammal et al., 2016; Vardhanabhuti et al., 2015).

6. ADVERSE REACTIONS AND TOXICITY

Atazanavir was licensed in 2003, and there is now consider-
able postmarketing experience with the drug in adults. The 

http://www.aidsinfo.nih.gov/guidelines/html/1/adult-and-adolescent-treatment-guidelines
http://www.aidsinfo.nih.gov/guidelines/html/1/adult-and-adolescent-treatment-guidelines
http://www.pharmgkb.org
http://www.hiv-druginteractions.org
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clinical and laboratory treatment adverse events in antiretro-
viral-naive patients and treatment-experienced patients par-
ticipating in the clinical trials of atazanavir are summarized 
in Table 246.5 and Table 246.6. Adverse events of particular 
importance are discussed in this section. 

Increases in serum creatinine have been seen when ataza-
navir is boosted with cobicistat, a well-recognized effect of 
cobicistat’s inhibition of tubular excretion of creatinine with-
out an effect on glomerular function. Atazanavir boosted with 
cobicistat and administered with tenofovir– emtricitabine 
should not be used in patients with an estimated creatinine 
clearance of < 70 ml/minute. Although cobicistat can cause 
modest increases in serum creatinine and accompanying 
small declines in estimated creatinine clearance as a conse-
quence, confirmed increases in serum creatinine of > 0.4 
mg/dl from baseline require additional renal monitoring.

6a.  Postmarketing experience

The following side effects are listed as having been identified 
after approval of atazanavir. Frequency estimates are not pos-
sible due to the ad hoc nature of reporting in this setting. These 

include edema, second- and third-degree heart block, QT 
interval prolongation, left bundle branch block, pancreatitis, 
hepatic function abnormalities, cholestasis, cholelithiasis, 
cholecystitis, hyperglycemia, and diabetes mellitus, arthralgia, 
nephrolithiasis, pruritus, maculopapular rash, and alopecia 
(reyataz.com).

6b.  Hyperbilirubinemia

Hyperbilirubinemia is the most common side effect of ataza-
navir, and the majority of patients experience asymptomatic 
elevation of unconjugated bilirubin due to the inhibition of 
UGT by atazanavir. Grade III and IV hyperbilirubinemia 
have been reported in 44.6% and 7.2% of atazanavir-treated 
individuals, respectively (Torti et al., 2009). Between 7% and 
9% of patients receiving atazanavir in clinical trials experi-
enced scleral icterus, and this selectivity is a result of genetic 
polymorphisms in UGT 1A1 (Rodríguez-Nóvoa et al., 2007). 
The elevation of bilirubin is reversible on cessation of ataza-
navir. Cessation of atazanavir for clinically apparent elevation 
of bilirubin is for cosmetic reasons only. If the elevation of 
bilirubin is associated with elevation of liver transaminases, 

Table 246.2. Drugs that are contraindicated with atazanavir due to CYP450-mediated or UGT-mediated interaction.

Drug class
Drugs within class that 
are contraindicated Effect

Benzodiazepines Midazolam or triazolam Increased sedating effect leading to coma
The parenteral formulation can be administered with extreme 

caution and only in an intensive care/similar setting
The oral formulations of these benzodiazepines are contraindicated 

with ritonavir-boosted atazanavir

Ergot alkaloids All drugs in this class Vasoconstrictive effects of ergot potentiated, leading to myocardial 
infarction, stroke, peripheral vasoconstriction, and gangrene

Motility agents Cisapridea Serious and/or life-threatening cardiac arrhythmias

Neuroleptics Pimozide Serious and/or life-threatening cardiac arrhythmias

Antimycobacterials Rifampicin Reductions in atazanavir levels with loss of antiretroviral activity

Antineoplastics Irinotecan Irinotecan toxicity via inhibition of UGT by atazanavir

HMG-CoA reductase 
inhibitors

Lovastatin and simvastatin Levels of statin greatly increased leading to increased risk of 
myopathy and rhabdomyolysis

Protease inhibitors Indinavirb Both drugs are associated with unconjugated hyperbilirubinemia
Combination has not been studied, but likely an additive effect on 

bilirubin metabolism
Do not co-administer

Antipsychotics Quetiapine Contraindicated due to increased levels of quetiapine and risk of 
toxicity including coma

PDE5 inhibitors Sildenafil The PDE5 inhibitor sildenafil is contraindicated when used for the 
treatment of pulmonary arterial hypertension (PAH) only

See Table 242.3 for cautions around use of this class of drugs with 
atazanavir when used for erectile dysfunction

Inhaled beta agonists Salmeterol May increase levels of salmeterol by an unknown mechanism
Increased risk of salmeterol-related toxicities 

Herbal products St. John’s wort (Hypericum perforatum) Reductions in atazanavir levels with loss of antiretroviral activity

aWithdrawn from the Australian, US, and European markets, due to unacceptable cardiac toxicity. However, it is possible this drug is still available in the devel-
oping world and patients must be warned to avoid this drug (indinavir), especially in conjunction with another HIV protease inhibitor, such as atazanavir.  

bVirtually obsolete.
Abbreviation: UGT: UDP-glucuronosyltransferase.
Source: US FDA (2011) and hiv-druginteractions.org.

http://reyataz.com
http://www.hiv-druginteractions.org
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Table 246.3. Key drugs that should be co-administered with caution with atazanavir.

Drug class
Drug to be co-administered 

with caution Effect

Antacids All Reduce levels of atazanavir.
Dose atazanavir 2 hours before or 1 hour after (for specific guidance on the 

use of proton pump inhibitor and H2-antagonists, see section 4, Mode of 
drug administration and dosage).

Antiarrhythmics Amiodarone, bepridil, lidocaine 
(parenteral), quinidine

Increased levels of antiarrhythmics; risk of serious life-threatening 
arrhythmias.

Anticoagulants Warfarin Potentiates effects of warfarin leading to serious/life-threatening bleeding.

Antidepressants Tricycle antidepressants Increased levels of these antidepressants leading to life-threatening 
anticholinergic side effects, such as cardiac conduction defects, collapse, 
and death.

Trazodone Increased trazodone levels, leading to hypotension and collapse.

Antiepileptics Carbamazepine, phenobarbitone, 
phenytoin

All potent enzyme inducers with the potential to reduce levels of co-adminis-
tered ritonavir boosted protease inhibitor.

Potential for bidirectional interaction with elevation of carbamazepine levels, 
and reduction in boosted protease inhibitor level.

Antifungals Voriconazole 200 mg twice a day 
in subjects with at least one 
functional CYP2C19 allele

Few clinical data to guide; potential for bidirectional interaction, with 
increased levels of voriconazole (leading to toxicity) and decreased levels 
of ritonavir boosted protease inhibitor.

Avoid, unless benefit/risk ratio to the patient justifies use.
Genotyping is recommended and, depending on the CYP2C19 status, 

dosing adjusted accordingly.
In those without a functional allele, very close monitoring for toxicity, as even 

with a dose reduction to 50 mg twice a day, voriconazole AUC, Cmax, and 
Cmin are increased on average 561%, 438%, and 765%, respectively, with 
accompanying reductions in atazanavir levels.

Voriconazole 50 mg twice a day in 
subjects without a functional 
CYP2C19 allele; significant 
increased voriconazole 
exposure

Antimycobacterials Rifabutin Increased levels of rifabutin; reduce rifabutin dose by 75%.
Increased monitoring for neutropenia and uveitis. 

Clarithromycin Increased levels of clarithromycin, increased levels of atazanavir.
Clarithromycin dose should be reduced by 50%. 
Monitor for prolongation of QTc interval.

Calcium channel 
blockers

Diltiazem Increased levels of diltiazem.
Avoid if possible; reduce diltiazem dose by 50%
Monitor ECG.

Felodipine, nifedipine, 
 nicardipine, verapamil

Level of these drugs increased; dose titration may be needed.
Monitor ECG.

HMG-CoA reductase 
inhibitors

Atorvastatin Increased levels of statin, use lowest dose.
Monitor for evidence of myopathy and/or rhabdomyolysis.

Inhaled 
corticosteroids

Fluticasone Increased plasma concentrations of fluticasone, can lead to drug-induced 
Cushing’s syndrome. 

If either the inhaled steroid or atazanavir or ritonavir-boosted atazanavir is 
withdrawn, patients can develop Addisonian crisis.

Avoid co-administration if possible; this interaction probably also occurs with 
other inhaled steroids.

Immunosuppressants Cyclosporin, tacrolimus, sirolimus Increased levels of immunosuppressants; TDM of immunosuppressant agents 
recommended. 

Adjust immunosuppressant doses.

PDE5 inhibitors for 
erectile dysfunction

All in class Potentiation of the effects can lead to priapism, hypotension, visual changes.
Avoid if possible; if co-administration does occur, reduce dosing to 25 mg 

every 48 hours for sildenafil, 10 mg every 72 hours for tadalafil, and 2.5 mg 
every 72 hours for vardenafil.

Hormonal 
contraceptives

Ethinylestradiol, norethindrone Atazanavir increases levels of hormones, but ritonavir decreases hormone 
levels, hence the activity of contraception cannot be guaranteed.

Recommend alternate nonhormonal methods of contraception when 
ritonavir-boosted atazanavir is used. At the very least the dose of ethinyl 
estradiol should be 30 μg. 

Abbreviations: AUC: area-under-the-concentration-time curve; Cmax: maximum concentration; Cmin: minimum concentration; ECG: electrocardiogram; TDM: 
therapeutic drug monitoring; PDE5: phosphodiesterase type 5. 
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Table 246.4. Dosing adjustments of approved antiretroviral classes with atazanavir.

Drug class Specific drug Effect Atazanavir dose

Nucleoside/
nucleotide reverse 
transcriptase 
inhibitor (NRTI)

Didanosine (ddI)a Decreased atazanavir levels; decreased 
ddI levels

Ritonavir-boosted atazanavir (300/100 mg); 
separate doses; give atazanavir with food 
and separate from ddI dosing by several 
hours

Tenofovir (given as 
tenofovir disoproxil 
fumarate [TDF])

With TDF: Decreased atazanavir levels; 
increased TDF levels; mechanism of 
the interaction unknown

Note: the tenofovir alafenamide 
formulation of tenofovir is not 
licensed for use in the USA except 
as part of the FDC -containing 
elvitegravir–cobicistat–emtricitabine–
tenofovir alafenamide (brand name: 
Genvoya), which was approved by 
the FDA in November 2015.

Atazanavir 300 mg once a day plus ritonavir 
100 mg once a day, or atazanavir 300 mg 
once a day with cobicistat 150 mg once a 
day (in the FDC, Evotaz)

Abacavir No interaction No dose adjustment needed

NNRTl Nevirapine (NVP) Decreased atazanavir levels Co-administration not recommended.

Efavirenz (EFV) Decreased atazanavir levels Co-administration not recommended.

Etravirine (ETV) Decreased atazanavir levels Atazanavir 300 mg once daily plus ritonavir 
100 mg once daily; ETV 200 mg twice a day

Rilpivirine (RPV) No effect on atazanavir; inhibition of 
CYP3A enzymes may cause an 
increase in levels of RPV

Concomitant use of RPV with boosted 
protease inhibitors may cause an increase in 
the plasma concentrations of rilpivirine 

Protease inhibitor Ritonavir (100 mg daily) Increased atazanavir levels through 
CYP3A4 inhibition

Atazanavir dose is always 300 mg once a day 
when co-administered with RTV 100 mg 
once a day

Saquinavir (SQV) Increased SQV levels (Boffito et al., 
2006; King et al., 2007; Von Hentig 
et al., 2007; Winston et al., 2007)

Not recommended; double protease inhibitor 
regimens should be used only in clinical 
trials; doses used in some clinical trials are 
atazanavir 300 mg once a day plus ritonavir 
100 mg once a day; saquinavir 1600–2000 
mg once a day

Other protease 
inhibitors

Increased exposure of other protease 
inhibitors, not extensively studied; 
some data on favorable interaction 
between ritonavir-boosted lopinavir 
and atazanavir (Pham et al., 2007)

Not recommended; double protease inhibitor 
regimens should be used only in clinical trials

Fusion inhibitors Enfuvirtide (T-20)a None Atazanavir–ritonavir (300/100 mg) once a day; 
T-20 is licensed for use only in treatment-ex-
perienced patients

Integrase inhibitors Raltegravir (RAL) Increased plasma concentrations of 
RAL through UGT1A1 inhibition

No dose adjustment; Atazanavir–ritonavir 
(300/100 mg) once a day and raltegravir 
(400 mg) twice a day

Dolutegravir (DOL) Paucity of interaction data Nonstandard combination with a paucity of 
data; unboosted atazanavir, dolutegravir, 
and lamivudine (PRADAII regimen) pilot 
study is ongoing (Clinical Trial 
NCT02566707)

Elvitegravir (EVG) Two-way interaction expected with 
potentially decreased or increased 
elvitegravir, cobicistat, and/or 
atazanavir effects

Do not co-administer, atazanavir 300 mg with 
the FDC of TDF–FTC–EVG–Cobi

Small molecule 
CCR5-antagonists

Maraviroc (MVC) No effect on atazanavir levels, but 
atazanavir increases MVC AUC 
4.9-fold

Atazanavir 300 mg once a day plus ritonavir 
100 mg once a day; maraviroc 150 mg twice 
a day (reduced dose)

aVirtually obsolete.
Abbreviations: FDC: fixed-dose combination; AUC: area-under-the-concentration-time curve.
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another cause should be sought. Dose adjustment outside the 
guidance provided within the prescribing information is not 
recommended.

6c.  Cardiac toxicity: conduction 
abnormalities

Although atazanavir has been shown to cause prolongation 
of the PR interval, this was generally asymptomatic and lim-
ited to first-degree atrioventricular (AV) block. There have 
been a few reports of second-degree heart block and other 
conduction abnormalities. In 920 patients treated with ataza-
navir in clinical trials, 5.8% experienced asymptomatic 
first-degree heart block. Rates of the same complication 
associated with nelfinavir, ritonavir-boosted lopinavir, and 
efavirenz were 10.4%, 5.2%, and 3%, respectively. Atazanavir 
should be used with caution in patients with underlying con-
duction defects or using concomitant medications that can 
cause PR prolongation.

PEDIATRIC RISK OF CARDIAC CONDUCTION 
COMPLICATIONS

Asymptomatic PR interval prolongation was more frequent 
in pediatric patients than adults. Asymptomatic first- and 
second-degree AV block was reported in this setting.). In 
pediatric patients with preexisting conduction problems 
(second degree or higher atrioventricular or complex bundle- 
branch block), atazanavir should only be used if the benefit 
outweighs the risks; alternate antiretroviral drug(s) should 
be considered.

6d.  Rash

Rash (mild to moderate maculopapular eruptions) occurred 
in 21% of patients receiving atazanavir in controlled clinical 
trials (n = 1597 patients). The median time of onset was 8 
weeks after commencement; duration of rash was 1.3 weeks. 
Most patients could continue treatment without any inter-
ruption of atazanavir and only 0.4% of patients discontinued 
atazanavir because of rash. A few reports of severe skin reac-
tions (e.g., Stevens-Johnson syndrome, erythema multiforme, 
and toxic skin eruptions) with atazanavir have been received 
and necessitate complete cessation of the drug, supportive 
management and no rechallenge.

6e.  Diabetes mellitus

New-onset diabetes mellitus and worsening of hypergly-
cemia among patients with diabetes mellitus have been 
described during postmarketing use of atazanavir. Estimates 
of frequency cannot be made because of a lack of systematic 
reporting; the causal relationship between diabetes mellitus 
and use of atazanavir or other protease inhibitors has not 
been established. Switching from ritonavir-boosted lopinavir 
to boosted atazanavir has been associated with a reduction in 
fasting blood glucose levels over 6 months (Stanley et al., 2009).

6f.  HIV lipodystrophy syndrome

HIV lipodystrophy syndrome has been reported in patients 
receiving combination antiretroviral therapy. Patients can 
develop peripheral fat loss from the limbs, face, and buttocks 
coupled with truncal fat accumulation (breasts, neck, abdo-
men), insulin resistance that may progress to diabetes mellitus, 
and dyslipidemia (Carr and Cooper, 2000). The pathogenesis 
of lipodystrophy is still not fully understood, and for many 
years protease inhibitors alone were blamed for its develop-
ment; however, the role of NRTI and even some nonnucleoside 
reverse transcriptase inhibitors (NNRTIs) is now recognized 
(Nolan and Mallal, 2004). 

The atazanavir package insert includes a generic state-
ment on lipodystrophy as a potential side effect of antiretro-
viral therapy, including those regimens containing atazanavir. 
However, atazanavir, either boosted or unboosted, appears to 
have a more favorable lipid profile than some of the other 
ritonavir-boosted protease inhibitors (Gazzard and Moyle, 

Table 246.5. Changes in lipid profile (fasted) observed in the 
CASTLE study.

Abnormal  
laboratory test

Ritonavir-
boosted 

atazanavir (% 
of patients)

Ritonavir-
boosted  

LPV (% of 
patients) p-value

Total cholesterol 12 24 < 0.0001

LDL cholesterol 12 15

HDL cholesterol 27 32

Non-HDL cholesterol  7 21 < 0.0001

Triglycerides 13 51 < 0.0001

Abbreviations: LPV: lopinavir; LDL: low-density lipoprotein; HDL: high- 
density lipoprotein.

Source: Reprinted with permission from Molina et al. (2008, 2010).

Table 246.6. Treatment-emergent adverse events of moderate 
to severe intensity reported in treatment-naive and experienced 
pediatric patients treated with boosted or unboosted atazanavir 
with an NRTI backbone in PACTGI020A.

Adverse event (grade 2–4)
No. of patients 

(n = 182)

Cough 21

Fever 19

Jaundice/scleral icterus 13

Diarrhea 8

Vomiting 8

Headache 7

Rhinorrhea 6

Second-degree atrioventricular block 
(asymptomatic)

2

Hyperbilirubinemia 49%

Grade 3–4 abnormalities, excluding 
hyperbilirubinemia

< 3%

Abbreviation: NRTI: nucleoside reverse transcriptase inhibitor.
Source: Data compiled from Bristol-Myers Squibb (reyataz.com).

http://reyataz.com


4152 Atazanavir

2004; Soriano et al., 2008; Ganesan et al., 2009). In addition, 
in a head-to-head study of unboosted atazanavir versus efa-
virenz (with a zidovudine and lamivudine backbone), there 
were equivalent changes (minimal to modest) in fat distribu-
tion in ART-naive patients (n = 200) as measured by com-
puterized tomography and dual-energy X-ray absorptiometry 
(DEXA) over 48 weeks (Jemsek et al., 2006). Switching from 
ritonavir-boosted lopinavir to boosted atazanavir has been 
associated with reduction in abdominal visceral adipose tis-
sue and improves lipid parameters over 6 months (Stanley et 
al., 2009).

6g.  Hemophilia

There have been reports of increased bleeding in patients 
with hemophilia A and B treated with protease inhibitors, 
including atazanavir (US FDA, 2011).

6h.  Nephrolithiasis

Nephrolithiasis has been rarely reported with the use of 
atazanavir in the postmarketing period (Chang and Pella, 
2006; EMA 2015) but there is some risk (Tattevin et al., 2013).

6i.  Immune restoration disease

Inflammatory syndromes, now referred to as immune resto-
ration disease, have been described in response to latent or 
active opportunistic infection (OI) after the commencement 
of combination antiretroviral therapy, which in some instances 
has included atazanavir. These inflammatory syndromes are 
more common in patients with an active OI, low CD4+ T-cell 
count (< 100 cells/µl) and high plasma HIV RNA at the time 
of commencement of combination therapy. They represent a 
paradoxical response, in as much as the patients are usually 
improving immunologically and virologically; these inflam-
matory responses appear to be a consequence of immune dys-
regulation (French et al,. 2004; Murdoch et al., 2007). Immune 
restoration disease is not in any way specific to atazanavir.

6j.  Hepatic impairment

Atazanavir is metabolized by the liver, and use of atazanavir 
is not advised in patients with moderately or severely impaired 
hepatic function (see section 4, Mode of drug administration 
and dosage). 

In patients with end-stage liver disease treated with 
unboosted atazanavir plus two non-thymidine NRTIs, 10 of 
15 completed the 24-week study with no significant changes 
in baseline liver function tests other than unconjugated bili-
rubin levels (Guaraldi et al., 2009). In patients treated with 
ritonavir-boosted atazanavir as part of the AI424-045 study 
(Johnson et al., 2006) alanine aminotransferase (ALT) levels 
greater than five times the upper limit of normal developed 
in 25% of atazanavir-treated patients and 6% of the boosted- 
lopinavir-treated patients who were hepatitis B and/or C 
co-infected. Early data on the use of ritonavir-boosted 

atazanavir in patients with hepatitis B and/or C co-infection, 
including those with some degree of liver fibrosis, indicate 
that the drug is well tolerated (Pineda et al., 2006; Pineda et 
al., 2008). 

6k.  Pregnancy

Atazanavir is a category B drug in pregnancy, and there is a 
moderate amount of data in pregnant women (between 300 
and 1000 pregnancy outcomes) with no indication of malfor-
mations associated with its use. Animal studies do not indi-
cate reproductive toxicity. There is a theoretical risk of 
maternal atazanavir-induced hyperbilirubinemia (via ataza-
navir crossing the placenta and leading to elevated unconju-
gated bilirubin in the fetus) exacerbating physiological 
hyperbilirubinemia in neonates and increasing the risk of 
kernicterus. In 33 pregnant women treated with atazanavir 
(mostly ritonavir boosted), the drug was safe and well toler-
ated; none of the infants needed phototherapy at delivery, 
and there was no perinatal transmission of HIV (Natha et al., 
2007). In support of this, others (Ripamonti et al., 2007) have 
shown no significant change on the pharmacokinetics of 
atazanavir during pregnancy compared with the nonpreg-
nant state. In clinical trial AI424-182 (Hardy, et al., 2011), 
atazanavir boosted with ritonavir (300/100 mg or 400/100 
mg) plus zidovudine–lamivudine was administered to 41 
pregnant women during the second or third trimester. A 
total of 6 of 20 (30%) women on boosted atazanavir (300/100 
mg) and 13 of 21 (62%) women on the higher dose of boosted 
atazanavir (400/100 mg) experienced grade 3–4 hyperbiliru-
binemia. There were no cases of lactic acidosis observed. The 
study assessed the 40 vertically exposed but uninfected 
infants who received antiretroviral prophylactic treatment 
(that did not include atazanavir). A total of 3 (15%) and 
4  (20%) of the 20 infants exposed to boosted atazanavir 
300/100 mg and 400/100 mg, respectively, experienced grade 
3–4 bilirubinemia. There was no evidence of pathologic 
jaundice, and 6 of 40 infants in this study received photo-
therapy for a maximum of 4 days. There were no reported 
cases of kernicterus in neonates. 

6l.  Breastfeeding

In general, breastfeeding is not recommended in HIV-
infected mothers to reduce the risk of transmission of HIV. It 
is unknown whether atazanavir or its metabolites are secreted 
into human breast milk, although in the early animal studies 
atazanavir was found in the breast milk of lactating rats (US 
FDA, 2011). 

6m.  Pediatric use

Atazanavir was approved for use in children aged 6–18 years 
in 2008. Treatment-emergent events in the PACTG1020A 
study (Meyers et al., 2008) were very similar to those seen in 
the studies of atazanavir in adults and are summarized in 
Table 246.7. The most common adverse event was hyperbili- 
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rubinemia in 49% of pediatric patients. A 24-hour pharma-
cokinetics study conducted in 18 HIV-infected Thai children 
mean age 13 years (11–14) mean weight 35 kg (25–42) given 
boosted atazanavir (200/100 mg) and tenofovir plus lami-
vudine demonstrated adequate atazanavir pharmacokinetics 
—that is, geometric mean (s.d.) values for atazanavir AUC0–24 
were 35.05 mg/h/l (1.06) and for Ctrough were 0.31 mg/l (1.13), 
without any significant differences in pharmacokinetic 
parameters among weight bands (Bunupuradah et al., 2014). 
These data, albeit in a small number of children and adoles-
cents, suggest that a lower atazanavir dose could be used in 
this setting. Genetics of different populations alter the phar-
macokinetics of atazanavir (see section 5f, Genetics that gov-
ern atazanavir levels); moreover, in the adult setting the 
combination of genetics and low body weight may signifi-
cantly alter atazanavir levels, allowing lower doses of ataza-
navir–ritonavir (200/100 mg) to be used successfully with 
less toxicity (Bunupuradah et al., 2015). 

7. CLINICAL USES OF THE DRUG

Combined treatment with three antiretroviral drugs is stan-
dard treatment for patients with HIV starting therapy for the 
first time. The DHHS guidelines (aidsinfo.nih.gov/guidelines/ 
html/1/adult-and-adolescent-treatment-guidelines) now rec-
ommend one of three integrase-inhibitor based combina-
tions or ritonavir-boosted darunavir with two NRTIs for 
first-line treatment in adults. In the DHHS’s latest iteration, 
atazanavir-based regimens have been demoted to an “alter-
native” regimen largely due to the superior tolerability of 
raltegravir or ritonavir-boosted darunavir versus ritonavir- 
boosted atazanavir in ACTG 5257 (Lennox et al., 2014). Of 
note, several studies using atazanavir (boosted and sometimes 
unboosted) in the treatment-experienced and even salvage 
situation have no current relevance and are not discussed 
further. Atazanavir boosted with ritonavir has largely been 
superseded in this setting, with newer third-generation pro-
tease inhibitors (boosted darunavir) and the integrase inhib-
itor class of drugs.

Atazanavir’s drug development history and the rationale 
for its still being an alternative regimen in ART-naive adults 
are based on a number of randomized clinical trials. Data 

from the most relevant of these in terms of current ART use 
are presented in this section. Studies for which the compara-
tor drugs and/or the NRTI backbone used are now obsolete 
(e.g. stavudine) or virtually so (e.g. fosamprenavir) are not 
detailed. 

7a.  Summary of the studies

The virologic equivalence and tolerability of once-daily 
ritonavir boosted atazanavir when compared with ritonavir- 
boosted lopinavir was demonstrated (Molina et al., 2008; 
Molina et al., 2010). In the CASTLE study, at 48 weeks, 78% 
of patients in the ritonavir-boosted atazanavir arm and 76% 
in the boosted lopinavir arm achieved an undetectable HIV 
viral load of < 50 copies/ml. It is important that boosted 
atazanavir had a more favorable lipid profile than lopinavir–
ritonavir (see Table 246.5). In contrast, and as expected, the 
percentage of patients with bilirubin levels greater than 2.5 
times the upper limit of normal (ULN) was 34% for the 
boosted atazanavir arm and < 1% for the lopinavir arm 
(Molina et al., 2008; Molina et al., 2010).

ACTG5257 was a very large (n = 1809) phase III, open- 
label study randomized in a 1:1:1 ratio over 96 weeks of 
boosted atazanavir, raltegravir 400 mg twice daily, or boosted 
darunavir (800/100 mg once daily) with a Truvada back-
bone. Among 1809 participants, all pairwise comparisons of 
virologic failure over 96 weeks showed equivalence within 
the predefined margins (−10% to 10%). Although raltegravir 
and boosted darunavir were equivalent for tolerability, 
boosted atazanavir resulted in a 12.7% (vs. raltegravir) and 
9.2% (vs. boosted darunavir) higher incidence of discon-
tinuation for tolerability, primarily driven by hyperbiliru-
binemia. In the analysis of virologic efficacy and tolerability, 
raltegravir was superior to both of the boosted protease 
inhibitors, and of the protease inhibitors, boosted darunavir 
was superior to boosted atazanavir (Lennox et al., 2014). 

The equivalence of ritonavir to cobicistat boosting of 
atazanavir 300 mg with a Truvada backbone was shown in an 
international, randomized, double-blind study, in 692 treat-
ment-naive patients. The primary end point was a plasma 
HIV viral load of < 50 copies/ml at week 48 by the FDA snap-
shot algorithm; the noninferiority margin was 12%. At week 

Table 246.7. Results of the AI424-045 study (Bristol-Myers Squibb).

Arm Regimen
No. of 

subjects

Mean 
baseline 
CD4+ 
T-cell 
count 

(cells/µl)

Mean 
baseline 
viral load 

(log10 
copies/ml)

Intent to treat 
% of subjects 
with indicated 

plasma HIV 
RNA levels 
(copies/ml)

Mean change 
in CD4+ T-cell 
count (cells/µl) 

at week 48

HIV RNA 
change from 

baseline (log10 
copies/ml)< 400 < 50

A Atazanavir–ritonavir + TDF + 
one other NRTI

119 338 4.4 55 38 + 116 − 1.58

B r/LPV + TDF + one other NRTI 118 57 45 + 123 − 1.70

Abbreviations: r/LPV: ritonavir-boosted lopinavir; TDF: tenofovir; NRTI: nucleoside reverse transcriptase inhibitor.
Source: Adapted with permission from US FDA (2007).

http://www.aidsinfo.nih.gov/guidelines/html/1/adult-and-adolescent-treatment-guidelines
http://www.aidsinfo.nih.gov/guidelines/html/1/adult-and-adolescent-treatment-guidelines
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48, 85% of cobicistat recipients and 87% of ritonavir recipients 
(difference: −2.2%; 95% confidence interval [CI]: −7.4% to 
3.0%) had a viral load < 50 copies/ml; in those with a baseline 
HIV-1 RNA load of > 100 000 copies/ml, 48-week suppres-
sion rates were similar (86% vs. 86%). Both pharmacokinetic 
boosters were well tolerated, and there were low rates of 
adverse events leading to discontinuation of treatment with 
the study drug (7% cobicistat vs. 7% ritonavir). Median 
increases in the serum creatinine level were 0.13 and 0.09 
mg/dl, respectively, for cobicistat and ritonavir recipients 
(Gallant et al., 2013).

7b.  Utility of novel atazanavir-containing 
combinations and/or data on 
unboosted atazanavir

For several years, there has been interest in the use of ataza-
navir as a switch option in virologically suppressed patients 
experiencing ART-related toxicities, including dyslipidemia. 
Several of these are described in more detail in this section. 

The SLOAT study (Soriano et al., 2008) was a randomized 
switch study in patients stable and fully virologically sup-
pressed on ritonavir-boosted lopinavir either continued or 
switched to atazanavir or atazanavir–ritonavir. Overall, there 
were statistically significant improvements (p < 0.001) in 
median total cholesterol and triglycerides over 48 weeks in 
the patients switching to an atazanavir-based regimen. The 
improvement in lipids was more pronounced for those on 
unboosted atazanavir than for those on ritonavir boosted 
atazanavir, suggesting that boosting doses of ritonavir play a 
role in protease inhibitor-associated dyslipidemia in HIV-
infected patients as has been described in healthy volunteers 
exposed to low-dose ritonavir (Shafran et al., 2005). 

The ATAZIP study in which virologically suppressed 
patients were switched from ritonavir-boosted lopinavir to 
boosted atazanavir showed that the efficacy of atazanavir was 
not inferior to that of lopinavir (Mallolas et al., 2009). 

The SWAN study (Gatell et al., 2007) explored switching 
patients fully virologically suppressed on a protease inhibi-
tor-based regimen (in 54% a boosted protease inhibitor) to 
either continue their current regimen or to switch to ataza-
navir or boosted atazanavir. The proportion of patients expe-
riencing virologic rebound was significantly lower in those 
patients switching to an atazanavir based regimen (n = 278). 
Moreover, lipid changes were significantly more elevated in 
the patients who did not switch their protease inhibitor.

The NEAT unboosted atazanavir cohort was a multi-
center, retrospective study in 886 patients with HIV-1 RNA 
levels < 50 copies/ml on ART and switched to unboosted 
atazanavir  plus  NRTIs between January 2002 and December 
2008. Baseline risk factors for virological failure (VL > 50 
copies/ml) were identified using Cox proportional hazards 
models. NRTIs used in combination with atazanavir were 
tenofovir, abacavir, and emtricitabine–lamivudine in 36.9%, 
44.1%, and 94.4% of patients, respectively. The 3-year proba-
bility of virological failure was 20.1% and would now be 

considered unacceptably high. Virological failure while on 
NRTIs (hazard ratio [HR]: 1.63; p  =  0.049) and protease 
inhibitors (HR: 2.04; p  =  0.006) were significantly associated 
with risk of virological failure. Of the 431 patients without 
prior virological failure, the 3-year probability of virological 
failure was 11.3%; hepatitis C virus co-infection (HR: 2.25; 
p  =   
0.026) and abacavir use (HR: 0.43; p  =  0.04) were associated 
with risk of virological failure. Switching to unboosted ataza-
navir was associated with improvements in lipids (Pavie et 
al., 2011).

The SALT study, was a randomized, open-label, noninfe-
riority trial, in 286 virologically suppressed adults with no 
previous treatment failure or resistance, who were random-
ized to dual treatment with oral atazanavir boosted with 
ritonavir (300/100 mg once daily) plus lamivudine (300 mg 
once daily) or triple therapy with boosted atazanavir plus 
two NRTIs. At week 48 in the per-protocol population, 112 
(84%) of 133 in the dual-treatment group versus 105 (78%) 
of 135 in the triple-treatment group (difference 6%; 95% CI: 
−5% to 16%) had virological suppression (< 50 copies/ml), 
demonstrating noninferiority at the prespecified level. The 
safety profile was similar, although discontinuations were 
less frequent in the dual-treatment group (2%) than in the 
triple-treatment group (7%) (p = 0·047) (Perez-Molina et al., 
2015). 

A small pilot study of simplification to boosted atazanavir 
(AtLaS) had similar findings to the SALT study, although this 
study was not randomized (Di Giambenedetto et al., 2013). 
Data after 144 weeks from 40 patients included in AtLaS 
showed durable suppression (Mondi et al.,2015).

A small (109 patient) open-label, multinational, pilot 
study randomized (1:2) adults with HIV-1 RNA < 40 cop-
ies/ml and nucleos(t)ide-related safety/tolerability issues to 
switch to ritonavir-boosted atazanavir plus Truvada (n = 37) 
or the NRTI-sparing regimen of boosted atazanavir plus ral-
tegravir (n = 72). At 24 weeks, 35/37 (94.6%) and 58/72 
(80.6%) of patients, respectively, remained virologically sup-
pressed; at 48 weeks, virological suppression was, respec-
tively, 86.5% and 69.4%. Adherence was lower and treatment 
discontinuation higher with boosted atazanavir plus ralte-
gravir. These data are not supportive of such a switch to this 
NRTI-sparing regimen (van Lunzen et al., 2016). 

SPARTAN, a study of this same NRTI-sparing regimen 
(but using twice-daily unboosted atazanavir 300 mg in the 
arm combined with raltegravir) was conducted in ART-naive 
patients and confirmed similar findings to the switch study 
but with a worse tolerability and resistance profile. At 24 
weeks 74.6% (47/63) in the atazanavir plus raltegravir arm 
and 63.3% (19/30) of the boosted atazanavir plus tenofovir–
emtricitabine arm were virologically suppressed; 21% in the 
dual-therapy arm versus none in the standard triple therapy 
arm experienced grade 4 hyperbilirubinemia (Kozal et al., 
2012). 

After so much interest in switching to boosted atazana- 
vir or atazanavir, there are now ongoing studies exploring 
switching away from boosted atazanavir to integrase inhibi- 
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tors such as dolutegravir and the novel NNRTI doravirine to 
improve tolerability and toxicities.

7c.  Pediatric use

The FDA approval of atazanavir for pediatric use is based on 
24-week data from the Pediatric AIDS Clinical Trial Group 
(PACTG) 1020A study, which commenced in 2005. The 
patient population was ART-naive or treatment-experienced 
patients with plasma HIV RNA > 5000 copies/ml and 
 atazanavir-sensitive HIV (by a phenotypic assay). Patients 
were given open-label atazanavir or atazanavir–ritonavir 
with an NRTI backbone (without tenofovir). PACTG 1020A 
study was a multicenter, open-label, phase I/II study con-
ducted in HIV-infected children from 3 months to 21 years 
of age in the USA and South Africa to determine pharmaco-
kinetics, safety, tolerability, and efficacy of ritonavir-boosted 
atazanavir in a pediatric population. Overall in this study, 
182 pediatric patients received once-daily atazanavir with or 
without ritonavir in combination with two NRTIs. A total of 
41 patients (16 treatment-naive and 25 experienced pediatric 
patients) received boosted atazanavir. The response rates for 
achieving HIV RNA < 50 copies/ml were: 81% (13/16) in 
ARV-naive patients and 24% (6/25) in ARV-experienced 
patients. Because licensing of the drug was based on so little 
data, it has been very important to gather postmarketing 
safety data from cohorts. 

The EPPICC study reported in adverse event data in those 
aged < 18 years taking either darunavir or atazanavir through 
to February 2014. Of 431 patients on darunavir and 372 
on  atazanavir, 317 (74%) and 301 (81%), respectively, had 
weight and dose data available, of whom 56 (18%) and 33 
(9%) took the drugs at a nonapproved age or dose. Median 
age at darunavir and atazanavir commencement was 14.8 
years (interquartile range [IQR]: 12.8,16.1) and 13.5 years 
(IQR: 11.4,15.2); 43% and 26%, respectively, had received in 
excess of eight ART drugs previously. Overall rates of grade 
≥ 3 adverse events for absolute neutrophil counts, total cho-
lesterol, triglycerides, pancreatic amylase, lipase, and ALT 
were ≤ 3/100 person-years (PY) on approved doses of both 
drugs, but 66/100 PY (95% CI: 52,84) for hyperbilirubinemia 
after < 12 months on atazanavir, declining to 32/100 PY (95% 
CI: 23,44) after > 24 months. Overall, adverse events were 
low and comparable for the two drugs, the exception being of 
high rates of hyperbilirubinemia for atazanavir; few patients 
discontinued due to toxicity (EPPICC, 2015). 

7d.  Current usage

Atazanavir was a welcome addition to the armamentarium of 
antiretroviral drugs for the treatment of HIV-1-infected adults 
in 2003 and in 2008 for the treatment of HIV-1-infected 
children. At the time of licensing, it had many advantages 
over other, older protease inhibitors not the least of which is 
potency (at least in the treatment-naive setting), a more 
favorable lipid profile than many other protease inhibitors 
(even when co-administered with ritonavir), low pill burden, 

and once-daily dosing. However, more recent data from 
properly conducted clinical trials have shown a more favor-
able toxicity profile of ritonavir-boosted darunavir or ralte-
gravir leading to the demotion of atazanavir to an “alternative” 
drug, at least for naive patients. It still remains an important 
drug globally, both in the adult and pediatric setting, most 
especially now that the powder formulation is approved for 
use in infants aged 6 months or older. Further refinement of 
genetic testing to predict who is at the greatest risk of ataza-
navir-related hyperbilirubinemia will inform the extent to 
which switching away from boosted atazanavir could have 
been avoided, which has had a direct impact on the drug 
being used less, particularly in resource-rich settings. 
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Tipranavir

Stefano Rusconi

1. DESCRIPTION

Tipranavir (formerly known as PNU-140690) is the first of  
a new class of nonpeptide protease inhibitors, the dihydro-
pyrone sulfonamides. Tipranavir was developed and is  
marketed by Boehringer Ingelheim with the trade name 
Aptivus. It was synthesized from coumarin and sulfonamide 
compounds as well as others. The chemical structure is 
shown in Figure 247.1. 

The chemical name is 2-pyridinesulfonamide, N-[3-[(1R)- 
1-[(6R)-5, 6-dihydro-4-hydroxy-2-oxo-6-(2 phenylethyl)-6-
propyl-2H-pyran-3-yl]propyl]phenyl]-5-(trifluoromethyl). 
The chemical formula is C31H33F3N2O5S, and the molecular 
weight is 602.7.

Tipranavir, like other HIV protease inhibitors, prevents 
the formation of infectious virions by inhibiting the HIV 
protease enzyme that cleaves viral polyproteins in HIV-1-
infected cells and in virions released from those cells. Unlike 
older peptidomimetic HIV protease inhibitors, saquinavir, 
ritonavir, and indinavir, tipranavir does not block HIV pro-
tease by acting as a substrate analog. It is a nonpeptide mole-
cule, originally developed by three-dimensional structure 
design-based strategies at Pharmacia and Upjohn, that selec-
tively inhibits the active site of HIV protease. Tipranavir 
exhibits potent activity against all wild-type HIV-1 isolates, 
including some of those that are highly resistant to earlier 
protease inhibitors.

Tipranavir is presently available in 250-mg soft-gelatin 
capsules. The marketed formulation contains a liquid self- 
emulsifying drug delivery system that approximately doubles 
the oral bioavailability of the drug compared with the origi-
nal hard, filled capsule formulation. A tipranavir oral solu-
tion at a concentration of 100 mg/ml with pediatric dosing 
recommendations by weight and body surface area is avail-
able (Anonymous, 2008; Boehringer-Ingelheim, prescribing 
information, 2015).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

IMMUNODEFICIENCY RETROVIRUSES

In vitro, tipranavir demonstrates potent suppression of both 
laboratory and clinical strains of HIV-1. The median 90% 
inhibitory concentration (IC90) for wild-type HIV-1 isolates 
(those lacking known protease gene mutations) was 0.165 
μM (Poppe et al., 1997). The mean IC90 for multiple HIV-1 
strains with high-level resistance to indinavir, ritonavir, 
and/or nelfinavir was 0.62 μM (Rusconi et al., 2000). Tipran-
avir maintains good antiretroviral activity in vitro in the 
presence of human plasma proteins (Poppe et al., 1997), 
although the IC90 may increase from 1.7 to 6 times those 
obtained in  protein-free medium.

Although susceptibility to tipranavir has been studied 
mainly in clade B isolates, it also has good activity against 
multiple group M, non–clade B HIV-1 strains. Reduced in vitro 
susceptibility is seen with group O and HIV-2 strains with 
mean fold increases in IC50 of 9.9 and 7.6, respectively, com-
pared with subtype B HIV-1 strains (Boehringer-Ingelheim, 
prescribing information, 2015).

However, there is some disquieting evidence of wild- 
type non-B HIV subtypes having possible tipranavir resis-
tance. An interesting study by a Thai group at Mahidol 
University in Bangkok documented the common presence of 
preexisting, apparent tipranavir resistance mutations (based 
on clade B data) in Thai AE recombinant HIV strains from Figure 247.1. Chemical structure of tipranavir.
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93 protease-naive Thai patients (Sungkanuparph et al., 2008). 
The most common tipranavir resistance mutations were M36I 
(88%), H69K (61%), and I13V (48%), and the median num-
ber of mutations per HIV isolate was three. In comparison, 
subtype B isolates from 19 Thai patients from the same geo-
graphic region had a significantly lower prevalence of these 
mutations: I13V, 54% versus 21% (p = 0.011); M36I, 96% ver-
sus 53% (p < 0.001); H69K, 68% versus 26% (p = 0.001). 
However, because no phenotypic testing was carried out, the 
clinical and virologic significance of these findings remains 
uncertain.

Similar results were noted by Poveda et al. (2008) from 
Madrid, who assessed the genotype of 1364 HIV isolates, 
representing a wide range of HIV subtypes, according to the 
International AIDS Society-USA panel list; selected isolates 
were also subjected to phenotypic resistance analysis using 
the PhenoSense assay (Monagram Laboratories) (Poveda et 
al., 2008). The mean number (± standard deviation [s.d.]) 
of darunavir resistance-associated mutations was higher in 
clade B than in non-B isolates (0.4 ± 0.9 vs. 0.06 ± 0.3; p < 
0.001) and, not surprising, more frequent among protease- 
experienced than drug-naive patients (0.6 ± 1.02 vs. 0.02 ± 
0.21; p < 0.001). In contrast, the mean number of tipranavir 
resistance-associated mutations was higher in non-B than B 
subtypes (2.7 ± 1 vs. 1.2 ± 1.6; p < 0.001), regardless of the 
patients’ protease inhibitor experience. It is interesting that 
two subtype F specimens showed reduced tipranavir suscep-
tibility, with fold changes of 2.7 and 2.1, respectively (Poveda 
et al., 2008).

Although they studied primarily patients who had clinical 
evidence of protease resistance, the data of Marcelin et al. 
(2008) also suggest that non-B subtypes may be more resis-
tant to tipranavir and may have a different set of tipranavir 
resistance mutations than B subtypes. The proportion of 
patients among those exhibiting a virologic response (≥ 1.0 
log10 decrease in HIV viral load or viral load falling to unde-
tectable) to boosted tipranavir was lower in those infected 
with non–clade B viruses (n = 16, all non-B subtypes con-
sidered together) than among those infected with clade B 
viruses (n = 127; 25% and 59%, respectively; p = 0.015). 
Mutations at five positions (35, 36, 61, 69, and 89) were 
observed significantly more frequently in the patients 
infected with a non-B subtype than in those infected with 
subtype B, probably explaining the lower virologic response 
observed in these patients.

In a study led by Stürmer in Frankfurt, phenotypic analy-
sis of HIV-1 B and non-B isolates from naive patients were 
examined in parallel to five tipranavir resistance prediction 
algorithms. Mean scores were higher in non-B than in B sub-
types. Although the proportion of non-B subtypes increased 
with increasing scores, except in weighted algorithms, virtual 
and in vitro phenotype analyses of samples with increased 
scores showed no reduced tipranavir susceptibility (Stürmer 
et al., 2011).

Most first-generation protease inhibitors are relatively inac-
tive against HIV-2, and also against other immunodeficiency 
retroviruses, specifically feline immunodeficiency virus (FIV)  

(Norelli et al., 2008). It is interesting that, three second- 
generation protease inhibitors—darunavir, atazanavir, and 
tipranavir—all show some activity against FIV, but only tip-
ranavir inhibited FIV at concentrations equivalent to those 
required to inhibit HIV replication.

OTHER ORGANISMS

One study showed that tipranavir reduced capsule formation 
by Cryptococcus neoformans in vitro and reduced the patho-
genicity of this yeast in an experimental murine infection 
(Cenci et al., 2008). In Milan, Mazza et al. (2006) showed 
that tipranavir inhibited proliferation of Pneumocystis jiro
vecii in cell culture; the authors hypothesized on the basis of 
data published elsewhere that this was due to inhibition of 
the P. jirovecii proteosome by tipranavir and other HIV pro-
tease inhibitors. This group also suggested that the dramatic 
decline in prevalence of pneumocystis pneumonia after 
combination antiretroviral therapy (following development 
of protease inhibitors) was due to the effect of protease inhib-
itors on P. jirovecii in the lung, and they showed that the con-
centrations in bronchoalveolar fluid were at levels that could 
inhibit this organism in vitro (Atzori et al., 2006).

2b.  Emerging resistance and 
cross-resistance

HIV strains with high-level resistance to other protease 
inhibitors have IC90 values that are 47 to > 125 times higher 
than wild-type HIV, whereas the tipranavir IC90 values will 
usually be ≤ 6.5-fold higher than those of wild-type strains 
(Poppe et al., 1997).

An early in vitro study of 105 clinical HIV-1 isolates with 
more than 10-fold resistance to three of four of the protease 
inhibitors indinavir, ritonavir, nelfinavir, or saquinavir showed 
that > 90% of these isolates were susceptible to tipranavir 
(Larder et al., 2000). As with other protease inhibitors, resis-
tance to tipranavir develops slowly because multiple muta-
tions are required for high-level resistance. In one study, it 
required up to 73 serial passages of HIV-1 in cell culture 
(nine months), in increasing concentrations of tipranavir, to 
select a highly resistant mutant virus strain with an 87-fold 
increase in the tipranavir IC50. However, significant resis-
tance was seen between passages 33 and 39 with an increase 
in IC50 values from 1.4- to 10-fold (Doyon et al., 2005). A 
combination of six protease gene mutations, I13V, V32I, 
L33F, K45I, V82L, and I84V, was associated with a > 10-fold 
decrease in tipranavir susceptibility (Doyon et al., 2005; 
Baxter et al., 2006). The loss of protease dimerization inhibi-
tion activity of tipranavir is associated with the development 
of HIV-1 resistance to tipranavir, in particular for mutations 
L24M, L33I, and L33F (Aoki et al., 2012).

Clinical trials have shown the superiority of ritonavir- 
boosted tipranavir over comparator protease inhibitors in 
highly treatment experienced patients (see section 7, Clinical 
uses of the drug). Tipranavir’s superior performance appears 
to be based on its unique resistance profile. Important 
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protease mutations associated with tipranavir resistance, 
hypersusceptibility, and cross-resistance, or lack thereof, are 
summarized in Table 247.1.

Some of the major mutations causing resistance to other 
protease inhibitors, such as I50V/L, V82A/F, and L90M, have 
not been associated with decreased susceptibility to tipran-
avir (Baxter et al., 2006). L90M was initially thought to be 
a primary tipranavir mutation, but subsequent studies have 
not upheld this association (Scherer et al., 2007a). Amino 
acid substitutions at codons 13, 35, 43, 58, 74, and 83 appear 
to be unique to tipranavir and are not seen with other pro-
tease inhibitors (Valdez et al., 2005). However, tipranavir 
does share two major mutations, V82L/T and I84V, and one 
important accessory mutation, L33F, with many of the other 
protease inhibitors. In vitro, the major protease inhibitor 
mutations selected by tipranavir are V32I, I54V, V82L and 
I84V (Doyon et al., 2005). The most frequent protease inhib-
itor mutations to emerge during ritonavir-boosted tipranavir 
salvage therapy in clinical trials are V82L, V82T, I84V, and 
L33F (Naeger and Struble, 2007). The major protease inhibi-
tor mutations I47V and I54A/M have also been associated 
with reduced susceptibility to tipranavir (Baxter et al., 2006; 
Parkin and Chappey 2006; Scherer et al., 2007a).

A tipranavir mutation score has been developed based on 
analysis of HIV-1 genotypic and phenotypic data from phase 
II and III clinical trials that may predict response to the drug 
(Baxter et al., 2006). A unique set of 21 mutations at 16 pro-
tease codons was identified and includes L10V, I13V, K20M/
R/V, L33F, E35G, M36I, K43T M46L, I47V, I54A/M/V Q58E, 
H69K, T74P V82L/T, N83D, and I84V (Baxter et al., 2006). 
Patients with a baseline score of 0 or 1 responded best to  
salvage regimens that included tipranavir. Those with scores 
between 2 and 7 had an intermediate response, and those 
with scores of 8 or greater had little or no response (de Men- 
doza et al., 2007). In phase III trials, patients with more than 
two mutations at positions 33, 82, 84, and 90 were excluded 
based on resistance data from phase II studies. Analysis of 
clinical trial data also found that subjects with more than five 
primary protease inhibitor mutations at baseline had inferior 
virologic response rates if enfuvirtide was not included in 
the salvage regimen. Primary mutations were defined as any 
amino acid substitution at codons 30, 32, 36, 46, 47, 48, 50, 
53, 54, 82, 84, 88, or 90. Phenotypic correlates of resistance 
suggest that impaired virologic response to tipranavir is seen 

when the IC50 of the patient’s HIV-1 strain is 2–4 times that 
of wild-type HIV (Rusconi, 2003; Yeni, 2003; Valdez et al., 
2005; Baxter et al., 2006; Hicks et al., 2006).

More recently, a weighted mutation score was developed 
based on modeling from the phase III clinical trials database 
(Scherer et al., 2007b). A set of 21 mutations from the origi-
nal score plus five mutations associated with increased sus-
ceptibility to tipranavir were included in the analysis. Nine 
mutations at six codons appeared to be the major contribu-
tors to tipranavir resistance: I47V, I54A/M/V, Q58E, T74P 
V82L/T, and N83D. Of note, the five mutations associated 
with hypersusceptibility to tipranavir (L24I, I50L/V, I54L 
and, L76V) were found to be the most important predictors 
of susceptibility to tipranavir. 

Another tipranavir-weighted mutation score based on the 
RESIST trial has also been developed. It is interesting that 
the resistance weights were presented as combination of 
mutations. The final weights were 74P, 82L/T, 83D and 47V 
(+4), 58E and 84V (+3), 36I, 43T and 54A/M/V (+2), 10V, 33F  
and 46L (+1), 24I and 76V (−2), 50L/V (−4), and 54L (−6). 
Tipranavir-weighted score susceptibility categories were 
defined as susceptible ≤ 3, partially susceptible > 3 but ≤ 10, 
and resistant ≥ 11. Using the external cohort data (n = 150), 
the weighted score was highly associated with week 8 viral 
load reduction (p = 0.0027) (Schapiro et al., 2010). The 
RESIST I and II studies had earlier been analyzed to deter-
mine the HIV genotypes and phenotypes associated with a 
poor virologic response to ritonavir-boosted tipranavir and 
the development of virologic failure during therapy with tip-
ranavir (Naeger and Struble, 2007). Virologic response rates 
were reduced in tipranavir-treated individuals who had pre-
treatment HIV isolates with mutations at codons I13V/A/
L/S, V32I/L, M36I/A/V/L/N, I47V/A, Q58E, D60E/K/A/N, 
and V82A/T/C/S/F/I/L or any change or I84V/A. In addi-
tion, virologic response rates to tipranavir decreased when 
there were five or more mutations to any protease inhibitor at 
baseline. Individuals who received tipranavir without con-
comitant enfuvirtide who also had five or more baseline pro-
tease inhibitor mutations began to lose the antiviral response 
between weeks 4 and 8, whereas those receiving enfuvirtide 
with tipranavir were able to achieve greater than 1.5 log10 
reductions in viral load from baseline out to 24 weeks even  
if they had five or more baseline protease mutations. Viro- 
logic response rates to tipranavir decreased when the baseline 

Table 247.1. Summary of mutations associated with tipranavir resistance and response.

Function of mutation Resistance mutation

Tipranavir-selected resistance mutations V82L/T, V321, 147V, 154V/A/M, 184V

Accessory tipranavir mutations Most common: L33F/I

Others: E35G, K43T, Q58E, T74P, N83D, L89V

Tipranavir hypersusceptibility mutations L241, 150V, 150L, I54L, L76V

Major protease inhibitor mutations not associated with tipranavir resistance 150V/L, V82A/F, 154L, L90M, D30N, N88S, L76V, G48V

Tipranavir selected resistance mutations associated with significant resistance 
to other protease inhibitors

V82L/T, 184V, 154M, L33F/I

Source: Data compiled from Stanford University (2008), hivdb.stanford.edu/GRIP/TPV.html, and Wensing et al. (2014).

http://www.hivdb.stanford.edu/GRIP/TPV.html
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tipranavir phenotype showed a greater than threefold shift  
in the 50% effective concentration (EC50) from reference.  
The most common protease mutations that developed in 
 tipranavir-treated individuals who experienced virologic 
failure were L10I/V/S, I13V, L33V/I/F, M36V/I/L V82T/L, and 
I84V (mutations at codons 13, 36, 82, and 84 were found in 
both pretreatment- and posttreatment-resistant HIV strains).

When four different genotypic scores were applied to 176 
HIV+ heavily experienced patients treated with tipranavir–
ritonavir, the weighted score (WS) by Scherer et al. (2007b) 
demonstrated the best performance was with an area-under- 
the-concentration-time curve (AUC) of 68%. Only 52% of 
patients classified as susceptible (WS ≤ 3) responded to the 
new therapy. The following variables were significantly asso-
ciated (p < 0.05) with failure via multivariate analysis: WS; 
log peak of HIV-RNA; IAS mutations L33F, I54AMV, and 
Q58E; and non-IAS mutation N37DES. On the contrary, 
virological success was achieved by the use of enfuvirtide in 
enfuvirtide-naive patients who carried the non-IAS muta-
tions V82AFSI and F53LY. A further study suggested that even 
if the weighted score could be used to interpret the antiretro-
viral resistance profile of multiexperienced patients correctly, 
it is difficult to select a cutoff that can predict virological suc-
cess in this population (Saracino et al., 2009).

The prediction of susceptibility to tipranavir was assessed 
in parallel to darunavir by means of five genotypic interpre-
tation systems (GISs) in viral isolates with a high level of 
resistance to protease inhibitors. GISs cannot be relied on to 
predict phenotypic susceptibility to tipranavir, other than 
the use of the Vircotype, but specific mutations may predict 
which isolates have relative tipranavir susceptibility over rel-
ative darunavir susceptibility (Talbot et al., 2010).

De Requena et al. (2008) assessed the genotypic and phe-
notypic profiles that predicted response to ritonavir-boosted 
tipranavir (in conjunction with an optimized background 
antiretroviral regimen) in 38 heavily pretreated patients. 
Using the Virco Virtual Phenotype to assess susceptibility 
of HIV-1 to antiretroviral drugs, the authors calculated a 
genotype inhibitory quotient (GIQ) for tipranavir and an 
optimized background score (OBS) for the optimized back-
ground antiretroviral regimen used with tipranavir for each 
patient’s pretreatment HIV strain. 

The GIQ was the ratio between the assumed trough level 
of tipranavir in patients and the phenotypic inhibitory quo-
tient derived from the genotype. Mutations assumed to con-
tribute to a tipranavir resistance mutation score (RM score) 
were L10V, I13V, K20M/R/V, L33V, E35G, M36I, K43T 
M46L, I47V, I54A/M/V, Q58E, H69K, T74P, V82L/T, N83D, 
and I84V. The OBS was the sum of a score for each drug in 
the optimized background regimen, with 1 denoting suscep-
tible (to any degree) to the infecting strain and zero denoting 
resistance.

In a univariate analysis, the OBS, tipranavir RM score, 
and the GIQ all contributed to predicting whether a patient 
would have a virologic response (decrease in viral load by 
≥ 1.0 log10 or to undetectable) to ritonavir-boosted tipranavir 
in combination with an optimized background antiretroviral 

regimen (de Requena et al., 2008). However, by linear or 
logistic regression analysis, only the OBS and the GIQ were 
significant. Using a GIQ of 14,500 as a cutoff (assessed from 
a receiver-operating curve) provided a sensitivity of 505 and 
a specificity of 89% for predicting a virological response to a 
boosted tipranavir regimen. In this study, 10 (83%) of the 
12 patients with a tipranavir GIQ > 14,500 had a virologic 
response, whereas only 10 (38%) of 24 with a score of 
≤ 14,500 did so. The authors suggest using these assessment 
tools for patients who are candidates for tipranavir therapy.

Site-directed mutagenesis has shown that the presence of 
six mutations in the protease coding sequence (I13V, V32I, 
L33F, K45I, V82L, and I84V) confer a greater than 10-fold 
reduction in susceptibility to tipranavir (Boehringer-Ingelheim, 
prescribing information, 2015). Data continue to emerge on 
how best to predict tipranavir susceptibility by genotypic 
resistance testing, and the reader can consult web-based 
HIV-1 resistance databases such as that offered by Stanford 
University (hivdb.stanford.edu/index.html). Given the com-
plex nature of tipranavir’s resistance profile, both genotypic 
and phenotypic resistance testing may be useful to assess its 
potential efficacy in a salvage regimen.

Cross-resistance among protease inhibitors is well described. 
In vitro, resistant viral clones with > 10-fold resistance to tipran-
avir also showed decreased susceptibility to amprenavir, ataza-
navir, indinavir, lopinavir, nelfinavir, and ritonavir. Significant 
cross-resistance with saquinavir was not observed. This may 
be related to the fact that the two major protease inhibitor 
mutations conferring resistance to saquinavir, G48V and L90M, 
do not appear to be associated with reduced susceptibility to 
tipranavir (Doyon et al., 2005). Because ritonavir-boosted 
tipranavir has been studied as part of salvage therapy in 
highly experienced patients, clinical data on mutation selec-
tion and impact in antiretroviral-naive individuals are lacking.

Marcelin et al. (2008) at Pitie-Salpetriere Hospital in Paris 
analyzed HIV genotypic resistance data from 143 patients 
resistant to a variety of protease inhibitors who were treated 
with ritonavir-boosted tipranavir. They looked for mutations 
predicting virologic response (HIV viral load decreasing by 
≥ 1.0 log10 or to undetectable) or failure to achieve a response. 
Mutations at six residues were associated with a lower rate of 
virologic response (E35D/G/K/N, M36I/L/V, Q58E, Q61D/
E/G/H/N/R, H69I/K/N/Q/R/Y, and L89I/M/R/T/V), whereas 
one mutation (F53L/W/Y) was associated with a higher rate 
of virologic response. The genotypic score M36I/L/V − 
53L/W/Y + Q58E + H69I/K/N/Q/R/Y + L89I/M/R/T/V was 
selected as indicating a strong likelihood of a virologic response 
to ritonavir-boosted tipranavir. Of the seven patients with a 
genotypic score of −1 (viruses with only a codon 53 mutation), 
all responded, and the proportions were 79%, 56%, 33%, 21%, 
and 0% for those with genotype scores of 0, 1, 2, 3, and 4, 
respectively. Most mutations associated with a failed virologic 
response to tipranavir had not previously been associated 
with protease resistance, consistent with phenotypic analysis 
showing that tipranavir has a unique resistance profile.

Data on cross-resistance between tipranavir and darun-
avir are emerging. Poveda et al. (2006) reported successful 

http://www.hivdb.stanford.edu/index.html
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treatment with ritonavir-boosted darunavir of four patients 
who had failed enfuvirtide and two or more prior ritonavir- 
boosted protease inhibitor regimens, including tipranavir in 
one patient. All patients had 10 or more protease inhibitor- 
associated resistance mutations. All patients, including the 
patient who had failed tipranavir, achieved HIV viral loads of 
< 50 RNA copies/ml between 4 and 8 weeks after initiation of 
darunavir-based regimens and also had significant increases 
in CD4 counts (Poveda et al., 2006).

In another study, Elston et al. (2007) examined the change 
in phenotypic susceptibility to darunavir of clinical isolates 
from patients failing tipranavir-based regimens. They per-
formed genotypic and phenotypic analyses of 39 matched 
patient samples at baseline and after tipranavir failure and 
found the majority (84%) of isolates that were susceptible to 
darunavir at baseline remained susceptible after virologic 
rebound on tipranavir-based therapy (Elston et al., 2007).

Lefebvre et al. (2006) reported on the clinical efficacy of 
darunavir-based therapy in patients failing tipranavir- (n = 
51), lopinavir- (n = 192), or fosamprenavir- (n = 74) based 
regimens at screening from the phase III darunavir clinical 
trials (POWER 1, 2, and 3). At 24 weeks, 44% of patients fail-
ing tipranavir, 40% failing lopinavir, and 42% failing fosam-
prenavir achieved HIV viral loads of < 50 RNA copies/ml on 
darunavir-based salvage regimens. These results were similar 
to the results for the overall patient population for the three 
POWER trials (42%). Hence the prior use of tipranavir, com-
pared with other protease inhibitors, did not adversely affect 
the subsequent response to darunavir-based therapy.

A study by Spagnuolo et al. (2009) shed clinical light on 
the relationships between tipranavir and darunavir resis-
tance mutations and supports the use of darunavir as effec-
tive therapy in patients failing a ritonavir-boosted tipranavir 
regimen, and potentially vice versa. They analyzed HIV gen-
otypes obtained at baseline and then at failure in 47 HIV-
infected patients failing a tipranavir regimen. Genotypes 
were evaluated based on the Stanford mutation score: 
patients were ranked for tipranavir and darunavir resistance 
and classified as fully susceptible (class 1) or as having poten-
tial low-level resistance (2), definite low-level resistance (3), 
intermediate-level resistance (4), or high-level resistance (5). 
At initiation of therapy, the scoring for the ritonavir-boosted 
tipranavir group was as follows: class 3 = 4 subjects (8.5%); 
class 4 = 31 (66%), and class 5 = 12 (25.5%). Corresponding 
scores for the ritonavir-boosted darunavir subjects were class 
2 = 1 subject (2%), class 3 = 12 (25.5%), class 4 = 32 (68%) 
and class 5 = 2 (4.5%). When there was failure of a ritonavir- 
boosted tipranavir regimen, a shift toward a higher tiprana-
vir resistance class was seen in 16 patients (34.1%) (p = 
0.001), whereas the shift toward a higher darunavir resistance 
class was observed in only 9 patients (19.2%;) p = 0.24, not 
significant). After failure of a boosted-tipranavir regimen, 25 
of the 47 patients (53%) were treated with a boosted darun-
avir regimen. After 24 weeks (on-treatment analysis), the 
median decrease in plasma HIV viral load was 3.04 (range: 
2.13–3.45) log10 RNA copies/ml in the darunavir-treated 
group compared with no decline (median decrease −0.04 

log10 copies/ml) in patients not treated with a boosted- 
darunavir regimen (p < 0.0001). The median CD4 count 
increased in the darunavir group (by 126 cells/μl) but 
declined in those not so treated (by 42 cells/μl; p < 0.0001).

There are fewer published studies looking at the converse 
issue of whether tipranavir susceptibility is maintained in the 
face of darunavir resistance. A study from Marcelin’s group 
in Paris examined genotypic mutations in 54 patients at 
baseline and after either incomplete virologic suppression or 
rebound on darunavir-based therapy (Lambert-Niclot et al., 
2008). At baseline, 11% of these patients had HIV-1 strains 
resistant to tipranavir. After darunavir failure there was only 
a small increase in the proportion of patients with tipranavir 
resistance by genotype (to approximately 14%).

A single case of a patient with darunavir-resistant virus 
being successfully treated with ritonavir-boosted tipranavir 
has been reported (Pierone et al., 2008).

2c.  In vitro synergy and antagonism

In vitro, the combination of tipranavir with nucleoside or 
nonnucleoside reverse transcriptase inhibitors is associated 
with generally additive antiviral effects. Tipranavir combined 
with other protease inhibitors demonstrates additive to antag-
onistic effects. Further in vitro experiments do not show any 
advantage in combining second-generation protease inhibi-
tors as a therapeutic strategy in naive or  multitreatment-failure 
subjects, with the exception of tipranavir plus amprenavir in 
infections by the wild-type isolate 14aPre (Bulgheroni et al., 
2004). In combination with ritonavir, moderate synergy 
without appreciable antagonism is seen. Synergy is observed 
with enfuvirtide (Poppe et al., 1997; Boehringer-Ingelheim, 
prescribing information, 2015).

3. MECHANISM OF DRUG ACTION

Like other HIV protease inhibitors, tipranavir binds to the 
active site of the HIV protease enzyme, thereby preventing 
processing of viral encoded Gag and Gag–Pol polyproteins 
necessary for the formation of mature, infectious viral parti-
cles. Tipranavir binding to the HIV-1 protease is highly selec-
tive. The tipranavir R-isomer inhibits recombinant HIV-1 
protease with an inhibition constant (Ki) of 8 pM, whereas 
against the HIV-2 protease it has a Ki of < 2 nM, making it 
more than 100-fold less active against HIV-2 than against 
HIV-1. Muzammil et al. (2007) reported potent inhibition of 
wild-type HIV-1 protease with a Ki of 19 pM. Ki values for tip-
ranavir are in the μM range for human aspartic acid proteases 
(i.e. the human enzymes are a further 10-fold less susceptible 
than the HIV-2 protease) (Tomasselli and Heinrikson, 2000).

X-ray crystallography of tipranavir in complex with the 
active site of HIV-1 protease shows that it forms a network  
of hydrophobic bonds with active site amino acids. Some  
of these interactions lead to the selection of active site muta-
tions such as V82L/T and I84V, which are common resistance 
mutations shared by most of the protease inhibitors (Hall et 
al., 2003). It is important that strong hydrogen bonds are also 
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established with invariant regions of the enzyme, including 
catalytic codon D25 and the backbone codons of D29, D30, 
G48, and I50 in the flap region. Binding to these residues is 
maintained in the face of mutant virus (Muzammil et al., 2007).

Thermodynamic studies suggest that tipranavir’s potency 
may be the result of its unique binding characteristics. High 
binding affinity is achieved when the changes in both 
enthalpy (thermodynamic potential or heat content) and 
entropy (amount of energy not available for doing work) 
contribute favorably to binding. Tipranavir exhibits a large 
favorable entropy change and a small but still favorable 
enthalpy change. As a result, tipranavir retains its inhibitory 
effects on the mutant HIV-1 protease with only an overall 
small loss in protease binding affinity (Muzammil et al., 
2007). This is in contrast to most other protease inhibitors, 
which exhibit a significant loss in binding affinity in the pres-
ence of mutant virus (Croom and Kean, 2005).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The recommended adult dose of tipranavir is 500 mg (two 
capsules) with 200 mg (two capsules) of ritonavir, given twice 
daily. Co-administration with ritonavir is required to achieve 
adequate plasma levels of the drug. Tipranavir should be 
taken with food, preferably with a high-fat meal, to maxi-
mize bioavailability.

4b.  Newborn infants and children

The pediatric dose of the oral solution is 14 mg/kg tipranavir 
with 6 mg/kg ritonavir or 375 mg/m2 tipranavir with 150 
mg/m2 ritonavir given twice daily.

4c.  Pregnant and lactating mothers

Tipranavir is a category C drug.
There are only limited data regarding tipranavir in preg-

nant women, with insufficient data to make dosing recom-
mendations. There are no data regarding the concentration 
of tipranavir achieved in breast milk.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

No dose adjustment is needed for patients with renal impair-
ment or in elderly patients.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Dose adjustment is not recommended for mild hepatic 
impairment but careful monitoring is advised for patients 
with underlying hepatic conditions such as chronic hepatitis 
B or C virus infections. Tipranavir should not be used in those 
with hepatic insufficiency of moderate or greater degree.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Tipranavir is probably poorly absorbed in humans, like many 
protease inhibitors, although exact quantification of tiprana-
vir absorption is unavailable. In a group of nine healthy male 
volunteers given radiolabeled tipranavir over a period of up 
to 20 days, the median total recovery of radioactivity was 
87%, with 82% of the total radioactivity recovered in feces and 
< 5% recovered from urine (Chen et al., 2007). Unchanged tip-
ranavir accounted for 98.4–99.7% of plasma radioactivity.

In rats given radiolabeled tipranavir boosted with ritona-
vir, fecal excretion after intravenous tipranavir was about 
85% and after oral administration almost 80%, whereas uri-
nary excretion was 5% after intravenous administration and 
9% after oral administration (Macha et al., 2007); these data 
confirm the presumed low oral bioavailability in humans.

Tipranavir is both a substrate for and a potent inducer of 
the intestinal P-glycoprotein (PGP) efflux pump. Ritonavir 
inhibits PGP. In vivo data suggest that co-administration of 
tipranavir with ritonavir at the 500/200 mg dose currently 
recommended leads to net induction of PGP (Boehringer-
Ingelheim, prescribing information, 2015). Therefore, although 
ritonavir increases tipranavir bioavailability, net induction of 
PGP by tipranavir may decrease absorption of other drugs 
that are substrates of PGP, such as some of the other protease 
inhibitors (Curry et al., 2004).

The absorption of tipranavir is increased when it is taken 
with food. A high-fat meal increased tipranavir absorption 
by about 30%. The AUC of tipranavir increased by about two-
fold. The peak concentration (Cmax) was largely unaffected 
(Boehringer-Ingelheim, prescribing information, 2015).

Administration of tipranavir–ritonavir, 500/200 mg, with 
aluminum- and magnesium-based antacids reduced the tip-
ranavir AUC by 25–29% (Baldwin et al., 1998). The manu-
facturer recommends that dose separation be considered. No 
data are available on the effect of H2-blockers or proton 
pump inhibitors on tipranavir absorption.

Radiolabeled tipranavir in blood is associated primarily 
with plasma rather than red blood cells (Chen et al., 2007). 
Unboosted tipranavir is extensively bound to plasma proteins 
(> 99.9%), including albumin and alpha1-acid glycoprotein. 
Both in healthy volunteers and in HIV-infected individuals, 
similar fractions of unbound drug were found in plasma 
(0.015% and 0.019%) following unboosted dosing. The pro-
portion of unbound drug was independent of total drug con-
centration over a range from 9 to 82 μM (MacGregor et al., 
2004; Boehringer-Ingelheim, prescribing information, 2015).

5b.  Drug distribution

Co-administration of tipranavir–ritonavir 500/200 mg twice 
daily increases the pharmacokinetic variables of tipranavir 
compared with giving the drug alone. At steady state, the 
mean minimum plasma concentration (Cmin) of tipranavir 
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increased 45-fold from 0.59 to 26 μM. The area under the 
curve over 12 hours (AUC0–12) increased 11-fold from 83 to 
934 μmol/l/h. The mean peak concentration also increased, 
but to a lesser degree, by 4-fold from 30 to 129 μM (Mac-
Gregor et al., 2004). Oral clearance was significantly lower 
with boosted dosing (1.15–1.71 l/hour) than with unboosted 
dosing (21.2 l/hour) (McCallister et al., 2004). The median 
time to peak concentration (tmax) was 3 hours. Tipranavir 
trough concentration at steady state was approximately 70% 
lower than at day 1 following the boosted dose. Steady state 
was achieved with and without boosting in 7–10 days 
(Boehringer-Ingelheim, prescribing information, 2015).

The elimination half-life (t½) of ritonavir-boosted tiprana-
vir (500/200 mg) was 4.8 and 6.0 hours, respectively, in healthy 
volunteers and HIV-infected subjects and was significantly 
increased compared with that of unboosted tipranavir (t½ of 
2.2 hours) (McCallister et al., 2004; Boehringer-Ingelheim, 
prescribing information, 2015).

The volume of distribution in HIV-infected subjects 
ranged from 7.7 l/kg in females to 10.2 l/kg in males. No data 
are available on the penetration of tipranavir into cerebrospi-
nal fluid or semen (Boehringer-Ingelheim, prescribing infor-
mation, 2015).

In one small study, tipranavir was found in bronchoalveo-
lar fluid of subjects taking ritonavir-boosted tipranavir at the 
recommended dose (Atzori et al., 2006).

The intracellular penetration of tipranavir–ritonavir was 
studied in multidrug experienced HIV-positive patients: tip-
ranavir was found to have poor intracellular accumulation 
(near 15%) while ritonavir showed a concentration within cells 
up to fourfold higher than that in the plasma. Correlation 
between intracellular and plasma concentrations of tiprana-
vir support the use of the latter as a tool for therapeutic drug 
monitoring in the clinical setting (Calcagno et al., 2009).

CSF and seminal plasma levels of tipranavir have not been 
studied. 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

In both healthy volunteers and HIV-infected patients, tipra-
navir–ritonavir combination at a dose of 500/200 mg resulted 
in a mean Cmin ss of > 20 μmol/l, which is 10 times the protein 
binding-adjusted IC90 of tipranavir for HIV-1 strains resis-
tant to multiple protease inhibitors.

A 14-day phase II dose-response study sponsored by 
Pharmacia and Upjohn evaluated the efficacy of tipranavir 
monotherapy in 31 HIV-1-infected antiretroviral-naive sub-
jects and clearly showed the relationship between drug dose, 
the effect of ritonavir boosting, and the efficacy of the drug in 
reducing HIV concentrations in plasma (HIV viral load). 
The subjects for this study were randomized to receive three 
different dose regimens: tipranavir alone at 1200 mg twice 
daily, ritonavir-boosted tipranavir at a dose of 300 mg tip-
ranavir with 200 mg ritonavir given twice daily, or the 
 tipranavir–ritonavir combination at a dose of 1200/200 mg 

twice daily. The median reduction in HIV viral load (as mea-
sured by the concentration of HIV RNA in plasma) at day 14 
was 0.77 log10 in the tipranavir-only arm, 1.43 log10 in the 
tipranavir–ritonavir 300/200 mg arm, and 1.64 log10 in the 
tipranavir–ritonavir 1200/200 mg group. The addition of 
ritonavir boosting increased tipranavir exposure by 24- to 
70-fold (McCallister et al., 2004). Ritonavir boosting clearly 
improved the potency of viral suppression by tipranavir.

Boehringer Ingelheim study 1182.52 was a 24-week phase 
II clinical trial comparing the efficacy, safety, and pharmaco-
kinetic characteristics of three different doses of tipranavir–
ritonavir in 216 highly antiretroviral-experienced patients. 
The doses of tipranavir–ritonavir studied were 500/100, 
500/200, and 750/200 mg. At enrollment, all subjects had 
HIV viral loads > 1000 HIV RNA copies/ml. For the first 
2 weeks of the study patients received effective monotherapy 
with tipranavir–ritonavir, which was added to their back-
ground non–protease inhibitor antiretroviral medications. 
At day 14 the background antiretroviral agents were opti-
mized based on genotype and antiretroviral history. Although 
an initial response was seen with all doses at 2 weeks, at 24 
weeks significant sustained response was seen only in the 
two higher dose arms. The 750/200 mg dose was associated 
with the highest rate of overall adverse events and resultant 
study discontinuation. This group also had the highest rate of 
grade 3 or 4 laboratory abnormalities, most notably in regard 
to elevations of alanine aminotransferase. The 500/200 mg 
dose led to high tipranavir concentrations and lower inter-
patient variability. Based on a combination of efficacy, safety 
and favorable pharmacokinetics, the 500/200 mg dose was 
selected for use in phase III trials; 79% of patients achieved a 
steady state Cmin > 20 μmol/l with this dose (Yeni et al., 2003; 
Gathe et al., 2007). Analysis of baseline resistance character-
istics and outcome showed that patients with more than two 
mutations at codons 33, 82, 84, or 90 had inferior treatment 
responses at all doses and time points, leading to the selec-
tion of patients with no more than two mutations at these 
codons for the phase III clinical trials.

In phase III clinical trials using the tipranavir–ritonavir 
dose of 500/200 mg, the inhibitory quotient (IQ), defined 
as the tipranavir trough concentration divided by the pro-
tein binding-adjusted tipranavir IC50 for wild-type virus, 
was found to correlate with clinical response. In 198 highly 
antiretroviral-experienced patients receiving tipranavir–
ritonavir 500/200 mg without enfuvirtide, a median reduc-
tion in HIV RNA of > 1 log10 at week 48 was seen in 59% of 
those with IQ ≥ 80 compared with 23% of those with IQ < 80 
(Boehringer-Ingelheim, prescribing information, 2015).

Morello et al. (2008) assessed the relationship of Cmin to 
virologic efficacy in 36 patients infected with protease-resis-
tant HIV strains. Although the tipranavir Cmin did not pre-
dict outcome in patients with fewer than five or more than 
eight baseline TPV-associated resistance mutations, the tip-
ranavir Cmin values were greater in responders than in non-
responders with five to seven baseline resistance mutations 
(38.8 vs. 13.8ng/ml; p = 0.017). These data suggest that 
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therapeutic drug monitoring might be useful in ensuring an 
optimal virologic response in such patients.

5d.  Excretion

Because of its poor oral absorption and probably biliary 
secretion, the majority of orally administered tipranavir, 
whether ritonavir boosted or unboosted, is found in feces. In 
nine male volunteers given ritonavir-boosted, radiolabeled 
tipranavir for up to 20 days, 82% of the total recovered radio-
activity was found in the feces, with < 5% recovered from 
urine (Chen et al., 2007). Most radioactivity was excreted 
within 24–96 hours after the dose of radiolabeled tipran- 
avir. The most common form of radioactivity in feces was 
unchanged tipranavir, accounting for about 80% of fecal 
radioactivity. The most abundant metabolite in feces was a 
hydroxyl metabolite, H-1, which accounted for 5% of fecal 
radioactivity. Tipranavir glucuronide metabolite H-3 was 
the most abundant of the drug-related components in urine, 
corresponding to 11% of urine radioactivity (Chen et al., 
2007).

In rats given radiolabeled tipranavir, fecal excretion after 
intravenous tipranavir was about 85%, and after oral admin-
istration (boosted with ritonavir) almost 80%, whereas uri-
nary excretion was 5% after intravenous administration and 
9% after oral administration (Macha et al., 2007). Cannulation 
of the bile duct showed that 40% of the tipranavir dose was 
recovered in the bile. After oral administration, unchanged 
tipranavir accounted for the majority of the radioactivity 
in  plasma (85.7–96.3%), feces (71.8–80.1%), and urine 
(33.3–62.3%). The most abundant metabolite in feces was an 
uncharacterized oxidation metabolite, which accounted for 
6–7% of fecal radioactivity and 4–6% of the dose adminis-
tered. No single metabolite was found to be significant in 
urine, and in total metabolites accounted for < 1% of the 
dose administered (Macha et al., 2007).

Tipranavir is metabolized by cytochrome P-450 (CYP) 
isoenzyme 3A4. It also induces this isoenzyme. Ritonavir is a 
potent inhibitor of CYP3A4. The co-administration of the 
two drugs produces net inhibition of CYP3A4, resulting in 
increased plasma concentrations of tipranavir (MacGregor et 
al., 2004).

In nine patients with mild hepatic insufficiency, no sig-
nificant increase in plasma concentrations of tipranavir was 
found. Tipranavir exposure was noted to be increased in 
three patients with moderate hepatic impairment, who 
exhibited a 35% increase in the AUC compared with those 
with mild hepatic insufficiency (Cooper et al., 2005a). The 
drug has not been studied in patients with severe hepatic 
impairment.

No studies have been conducted in patients with renal 
insufficiency, but drug exposure is not expected to increase 
because renal elimination of tipranavir is minimal. No signif-
icant effect on tipranavir steady-state concentrations has been 
found based on HIV status, gender, weight, age, or ethnicity 
(Boehringer-Ingelheim, personal communication, 2008).

5e.  Drug interactions

The ritonavir-boosted tipranavir combination has multiple 
known and predicted drug interactions, and they result from 
two separate mechanisms: interaction of the tipranavir–
ritonavir combination with the cytochrome P-450 enzyme 
system, and its interaction with the intestinal PGP trans-
porter pump (Vourvahis and Kashuba, 2007). Tipranavir 
also induces glucuronidase (Vourvahis and Kashuba, 2007).

Most of the important drug interactions with ritonavir- 
boosted tipranavir are related to inhibition or induction of 
the CYP450 isoenzyme CYP3A4. Tipranavir is both a sub-
strate for, as well as an inducer of, CYP3A4; this latter activity 
is unique to tipranavir and is not found in other approved 
protease inhibitors. In contrast, the protease inhibitor ritona-
vir is a substrate for, but also a very potent inhibitor of, this 
isoenzyme (see Chapter 248, Ritonavir and cobicistat, and 
Chapter 240, Saquinavir, for a full discussion of ritonavir 
effects on drug metabolism). Because of the marked inhibi-
tion of CYP3A4 by ritonavir, co-administration with tipra-
navir leads to net inhibition of CYP3A4. Despite this, because 
tipranavir induces CYP3A4, ritonavir serum levels are 
reduced by 40% when the two drugs are given together, hence 
the apparent requirement for a higher than usual boosting 
dose of ritonavir (200 mg twice daily compared with 100 mg 
once or twice daily with other protease inhibitors) (Mac-
Gregor et al., 2004). However, it should be noted that the 
1182.33 trial (see section 7, Clinical uses of the drug) showed 
that a boosting dose of 100 mg appeared to be just as effective 
as the 200-mg dose (as measured by decreases in HIV viral 
load and increases in CD4 lymphocyte counts) in antiretro-
viral-naive adults.

Data from a study by Walmsley et al. (2008) suggest that 
many, if not all, protease inhibitors may have their blood  
levels reduced if co-administered with tipranavir. These 
investigators assessed the effect of adding ritonavir-boosted 
tipra navir on the plasma concentrations of other boosted 
protease inhibitors in HIV-infected subjects who had been 
on these drugs for 2 weeks (the primary intent of the study 
was to assess whether a double protease regimen was bene-
ficial). The effects were similar to that seen with ritonavir, 
noted earlier, as addition of tipranavir reduced plasma trough 
levels of lopinavir by 52%, of saquinavir by 80%, and of 
amprenavir by 56%. Similar observations were made by 
Curry et al. (2004). When ritonavir-boosted tipranavir was 
given in combination with amprenavir, lopinavir, or saquin-
avir, amprenavir AUC, Cmax, and Cmin were reduced by 45%, 
40%, and 55%, respectively; lopinavir AUC, Cmax, and Cmin 
decreased by 50%, 45%, and 65%, respectively and saquin-
avir AUC, Cmax, and Cmin declined by 70%, 65%, and 80%, 
respectively (Curry et al., 2004). Co-administration of tiprana-
vir and atazanavir with 100 mg of ritonavir decreases the AUC, 
Cmax, and Cmin of atazanavir and increases all these values for 
tipranavir (Boehringer-Ingelheim, prescribing information, 
2015). Currently co-administration of tipranavir–ritonavir 
with all other protease inhibitors is not recommended.
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Because of the complex interaction between tipranavir (a 
CYP3A4 inducer) and ritonavir (a CYP3A4 inhibitor), other 
drugs that depend on CYP3A4 for their metabolism may be 
increased by this combination, whereas drugs that induce 
CYP3A4 may decrease serum concentrations of both tipra-
navir and ritonavir.

Other potential drug interactions with tipranavir–riton-
avir may be due to induction or inhibition of the intestinal 
PGP. Tipranavir is a potent inducer and substrate for PGP 
and, although ritonavir inhibits PGP, the net effect of both 
drugs given together is induction. Hence the concentration 
of other drugs that are PGP substrates may be lowered by 
tipranavir–ritonavir. Drugs that inhibit PGP may lead to 
increased levels of tipranavir.

Drugs that are contraindicated or should generally not be 
given with tipranavir–ritonavir are summarized in Table 
247.2. Many of these drug interactions also occur with other 
protease inhibitors—for example, rifampicin is a potent 
inducer of CYP3A4 and leads to decreased concentrations 
of tipranavir and also of other protease inhibitors. The herbal 
antidepressant St. John’s wort also decreases plasma con-
centrations of tipranavir and other protease inhibitors. Co- 
administration of these drugs can lead to impaired virologic 
suppression and potential resistance.

Inhibition of CYP3A4 by tipranavir–ritonavir and other 
protease inhibitors can cause increased plasma concentrations 
of a number of drugs, including several antiarrhythmics, 
astemizole, terfenadine, ergot derivatives, cisapride, pimozide, 
midazolam, triazolam, lovastatin, and simvastatin. Co-admini-
stration of tipranavir–ritonavir with these drugs may lead to 
potentially serious toxicities. Increased concentration of fluti-
casone may result in systemic corticosteroid adverse effects 
(Boehringer-Ingelheim, prescribing information, 2015).

Several drugs require dose adjustments or other consider-
ations when co-administered with tipranavir–ritonavir (see 
Table 247.3). Simple aluminum- or magnesium-based antacids 

decrease tipranavir absorption and should not be given 
simultaneously with this drug. There is an interaction 
between the tipranavir self-emulsifying drug delivery sys-
tem and the enteric coating of didanosine. To maximize 
absorption of didanosine it should be dosed at least 2 hours 
from tipranavir–ritonavir.

Tipranavir plasma concentrations are increased by fluco-
nazole, but the pharmacokinetic interaction does not appear 
to be clinically significant (La Porte et al., 2009). However, at 
fluconazole doses > 200 mg/day, close monitoring should be 
considered and blood levels may be advisable if therapy is 
prolonged. High doses of ketoconazole and itraconazole are 
also not recommended because the plasma concentration of 
both drugs is expected to be increased by ritonavir-boosted 
tipranavir; monitoring of blood levels is advised if therapy is 
prolonged. Co-administration of tipranavir and clarithromy-
cin leads to increased concentrations of both drugs, whereas 
ritonavir-boosted tipranavir does not require alteration in 
the dose of either drug (La Porte et al., 2009). Dose reduction 
of clarithromycin is advised only for patients with impaired 
renal function, in which case the dose should be reduced by 
50% for creatinine clearance 30–60 ml/minute and by 75% for 
creatinine clearance < 30 ml/minute (Boehringer-Ingelheim, 
prescribing information, 2015).

The AUC of rifabutin is increased by 190% by tipranavir–
ritonavir. Rifabutin dosing should be reduced to 150 mg 
every other day when boosted tipranavir is co-administered 
with this drug. Increased trazadone levels are seen when 
given with tipranavir–ritonavir, and lower doses of traza-
done are recommended in the context of co-therapy.

The AUC of atorvastatin is increased by 836% when given 
with tipranavir–ritonavir. Rosuvastatin concentrations are 
also increased. The lowest possible dose of these statins should 
be used. Pravastatin and fluvastatin, neither of which is signifi-
cantly metabolized by CYP3A4, are alternatives (Boehringer-
Ingelheim, prescribing information, 2015).

Table 247.2. Summary of key drug interactions with ritonavir-boosted tipranavir.

Agent class Agents

Antiarrhythmics Amiodarone, bepridil, flecainide, propafenone, quinidinea

Antihistamines Astemizole, terfenadinea

Ergot derivatives Dihydroergotamine, ergonovine, ergotamine, methylergonovinea

Gastrointestinal motility agents Cisapridea

Neuroleptics Pimozidea

Sedative/hypnotics Midazolam, triazolama

Antimycobacterials Rifampicinb

Herbal products St. John’s wortb

HMG CoA reductase inhibitors Lovastatin, simvastatinc

Protease inhibitors Amprenavir, lopinavir, saquinavird

Other Fluticasone propionatee

aContraindicated. Increases serum concentration of co-administered drug.
bShould not be co-administered. Decreases serum concentration of tipranavir.
cShould not be co-administered. Increases serum concentration of co-administered drug.
dDecreased serum concentration of co-administered protease inhibitor observed.
eIncreased serum concentration of fluticasone.
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Methadone concentrations are reduced by 50% by tipra-
navir–ritonavir. As a consequence, methadone doses may 
need to be increased when the two drugs are given together.

Co-administration of tipranavir and buprenorphine 
(BUP)–naloxone resulted in an 80% reduction in AUC of 
the primary BUP metabolite, norBUP, without any pharma-
codynamic consequences. The effects of tipranavir–ritonavir 
on glucuronidation suggest a combined inhibition of uridine 
diphosphate (UDP)-glucuronosyltransferase of the 1A 
family and CYP3A4 that spares UGT2B7, leading to a shunt-
ing of BUP away from production of norBUP and toward 
BUP-3G, as seen by a statistically significant increase in the 
AUC of BUP-3G (Bruce et al., 2011).

The concentrations of the phosphodiesterase inhibitors 
sildenafil, tadalafil, and vardenafil are expected to be sig-
nificantly increased by co-administration with tipranavir–
ritonavir. The manufacturer recommends limiting initial 
doses of these drugs: 25 mg of sildenafil per 48-hour period 
and 10 mg of tadalafil and 2.5 mg of vardenafil per 72-hour 
period (Boehringer-Ingelheim, prescribing information, 
2015). A further study in healthy volunteers concluded that 
antiretroviral activity of tipranavir–ritonavir may not be 
reduced, but the dose of tadalafil should be reduced with ini-
tiation of tipranavir–ritonavir and then a full dose can be 
resumed after steady state is reached (Garaffo et al., 2011).

A number of other drug interactions with tipranavir–
ritonavir have been confirmed or are predicted and are sum-
marized in Table 247.4.

The AUC of abacavir was reduced by 35–44% when it was 
co-administered with varying doses of tipranavir–ritonavir. 

Similarly, the AUC of zidovudine was reduced by 31–42%. In 
a study of 22 patients being treated with tipranavir–ritonavir, 
those receiving tenofovir (as opposed to other nucleoside/
nucleotide reverse transcriptase inhibitors) had significantly 
reduced tipranavir trough levels (15.32 ± 5.22 compared 
with 20.21 ± 14.87 μg/ml) (Langmann et al., 2008). However, 
the clinical significance of these data is as yet untested 
(although be mindful of the fact that several studies have 
suggested that higher tipranavir trough concentrations are 
associated with a higher likelihood of virologic response) 
(see section 5c, Clinically important pharmacokinetic and 
pharmacodynamic features).

Phosphorylation of nucleoside analogs to the active form 
takes place intracellularly, and because the triphosphates are 
effectively trapped intracellularly, their intracellular half-lives 
are markedly longer than the plasma half-lives in most cases. 
Because the intracellular concentration of nucleoside analogs 
is not directly affected by changes in the plasma concentration, 
the clinical relevance of the observed reductions in plasma 
concentrations is unknown (Stein and Moore, 2001). In clini-
cal trials the addition of tipranavir–ritonavir to highly active 
antiretroviral combinations resulted in improved virologic 
suppression in many patients, suggesting that the decreases in 
plasma concentrations are probably inconsequential in com-
parison with the additive or synergistic effects of the antiviral 
drug combinations on HIV replication. As a consequence, 
the manufacturer does not recommend dose adjustments 
when combining tipranavir–ritonavir with currently avail-
able nucleoside reverse transcriptase inhibitors.

Table 247.3. Drugs requiring dose adjustment or dosing 
separated in time from tipranavir when given with ritonavir-
boosted tipranavir.

Drugs requiring dose adjustment

Antacidsa

Didanosineb

Fluconazolec

Itraconazoled

Ketoconazoled

Clarithromycine

Rifabutind

Trazadoned

Atorvastatind

Methadoneb

Phosphodiesterase inhibitors: sildenafil, tadalafil, vardenafild

Rosuvastatind

Dolutegravirb

aInterferes with tipranavir–ritonavir absorption.
bTipranavir–ritonavir decreases plasma concentration of co-administered 

drug.
cFluconazole increases plasma concentrations of tipranavir.
dTipranavir–ritonavir increases plasma concentration of co-administered 

drug.
ePlasma concentrations of tipranavir and clarithromycin increased.

Table 247.4. Other drug interactions with tipranavir–ritonavir.

Other drug interactions

Abacavira

Zidovudinea

Etravirine (TMC125)a

Serotonin reuptake inhibitors: fluoxetine, paroxetine, sertralineb

Desipramineb

Calcium channel blockers: diltiazem, felodipine, nicardipine, 
nisoldipine, verapamilc

Disulfiram–metronidazoled

Voriconazolec

Anticonvulsants: carbamazepine, phenobarbital, phenytoin, 
valproic acidc

Hypoglycemics: glimepiride, glipizide, glyburide, pioglitazone, 
repaglinide, tolbutamidec

Immunosuppressants: cyclosporine, sirolimus, tacrolimusc

Meperidinea–normeperidineb

Ethinyl estradiola

Warfarinc

Loperamidee

aDecreased serum concentration of co-administered drug.
bIncreased serum concentration of co-administered drug predicted.
cOutcome of the interaction difficult to predict.
dDisulfiram-like reaction possible.
eDecreased serum concentration of tipranavir and co-administered drug.
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No significant interactions with the older nonnucleoside 
reverse transcriptase inhibitors have been observed at the 
recommended 200-mg boosting dose of ritonavir. Lower 
doses of ritonavir may lead to reductions in the plasma con-
centration of tipranavir when combined with efavirenz. 
Theoretically this may also occur with lower doses of ritonavir 
when co-administered with nevirapine (Boffito et al., 2006). 
Ritonavir-boosted tipranavir reduced the steady-state expo-
sure of etravirine (TMC125) (see Chapter 248, Etravirine), a 
recently marketed new non-nucleoside reverse transcriptase 
inhibitor, by 76%. The AUC0–12 of etravirine declined from 
11,236 to 3697 ng/ml h with the addition of tipranavir–
ritonavir (Scholler et al., 2006). The authors do not recom-
mend co-administration of these two drugs.

A recent study assessed the effect of ritonavir-boosted tip-
ranavir or darunavir on the Gilead integrase inhibitor, elvite-
gravir, which also requires ritonavir boosting (Mathias et al., 
2008). The pharmacokinetics of elvitegravir, tipranavir, and 
darunavir was unchanged with co-administration of elvite-
gravir with boosted tipranavir or darunavir. Further, the 
phar macokinetics of elvitegravir was similar with varied 
ritonavir doses of 100 mg once daily, 100 mg twice daily, or 
200 mg twice daily. Hence elvitegravir can be added to these 
protease regimens without dose adjustment.

The scientists at GlaxoSmithKline and Shionogi tested the 
impact of tipranavir–ritonavir and efavirenz on dolutegravir 
pharmacokinetics in healthy volunteers. Four subjects dis-
continued the tipranavir–ritonavir study due to increases in 
alanine aminotransferase. Co-administration with tipranavir–
ritonavir resulted in decreases of 59, 46 and 76% in dolute-
gravir AUC0–τ, Cmax, and Cτ, respectively. The study concluded 
that dolutegravir should be given at an increased dose of 
50 mg twice daily when co-administered with tipranavir–
ritonavir (Song et al., 2014).

Co-administration of enfuvirtide with ritonavir-boosted 
tipranavir appears to markedly increase tipranavir and ritona-
vir blood concentrations, through an as yet uncharacterized 
mechanism (Gonzalez de Requena et al., 2006).

Tipranavir and darunavir concentrations were measured 
at steady state in 20 HIV-infected patients enrolled in the 
EASIER-ANRS 138 clinical trial who switched from enfuvir-
tide to raltegravir while maintaining the same background 
regimen. Despite a decrease in tipranavir and darunavir con-
centrations after the switch from enfuvirtide to raltegravir, 
no virological failure in these patients for up to 48 weeks 
after the switch was observed. It has to be noted that the 
study was not powered to assess the long-term virologic out-
comes of this drug interaction (Goldwirth et al., 2011).

Ritonavir-boosted tipranavir (unlike other boosted prote-
ase inhibitors) does not affect the steady-state pharmacoki-
netics of maraviroc, so that the usual dose of the latter (300 
mg twice daily) is recommended when these are given in 
combination (Abel et al., 2008).

Tipranavir–ritonavir and single-dose valacyclovir were 
studied at steady state in healthy volunteers. There were no 
clinically important changes in acyclovir pharmacokinetics, 

thus valacyclovir can be co-administered safely with tiprana-
vir–ritonavir with no dose adjustments (Sabo et al., 2011).

Loperamide causes a 26% decrease in tipranavir Cmin. 
Tipranavir causes a decrease in the AUC and Cmax of loper-
amide of 51% and 61%, respectively. Ritonavir, however, 
increases the AUC of loperamide by 121%. Because the anti-
diarrheal action of loperamide takes place intraluminally 
before absorption, potential decreases in plasma concentra-
tions are unlikely to compromise its activity. No central 
nervous system depression was seen when combining loper-
amide with tipranavir and/or ritonavir, suggesting that, 
despite the potential for increased exposure, the drug did not 
cross the blood–brain barrier (Mukwaya et al., 2005).

Tipranavir–ritonavir is expected to increase plasma con-
centrations of some of the serotonin reuptake inhibitors 
(SSRIs). Dose adjustment of these antidepressants may be 
needed. Desipramine levels are expected to be increased by 
tipranavir–ritonavir. Dose reduction and monitoring drug 
levels of desipramine is recommended.

Tipranavir–ritonavir is predicted to decrease plasma 
concentrations of meperidine but increase concentrations 
of its metabolite, normeperidine. Higher levels of the latter 
may cause excessive sedation and even seizures. The manu-
facturer does not recommend dose increments or long-term 
use of meperidine with tipranavir–ritonavir.

Both tipranavir and ritonavir capsules contain alcohol 
and, as a consequence, disulfiram-like reactions are possible 
when either of these drugs are combined with either disulfi-
ram or other drugs that produce this reaction, such as metro-
nidazole (Boehringer-Ingelheim, prescribing information, 
2015).

The interaction of tipranavir–ritonavir with a number of 
drugs has not been studied and cannot be accurately pre-
dicted because of complex, conflicting, or unknown effects 
on cytochrome P-450 isoenzymes (see Table 247.4). These 
drugs include some calcium channel blockers, immunosup-
pressants, hypoglycemics, certain anticonvulsants, voricona-
zole, and warfarin. Tipranavir–ritonavir may increase levels 
of some calcium channel blockers and immunosuppressants. 
Some anticonvulsants may decrease levels of tipranavir. 
Valproic acid plasma concentrations may be decreased when 
co-administered with ritonavir–boosted tipranavir. Careful 
clinical monitoring and frequent drug levels, where appro-
priate, are warranted when tipranavir–ritonavir is co-admin-
istered with any of these agents.

The AUC of ethinyl estradiol is decreased by 43% when 
co-administered with tipranavir–ritonavir. An alternative or 
additional nonhormonal method of contraception is advised 
(Boehringer-Ingelheim, prescribing information, 2015).

6. ADVERSE REACTIONS AND TOXICITY

The most common side effects seen in phase III trials with 
tipranavir–ritonavir were gastrointestinal, including diarrhea 
(23.2%) and nausea (16.5%). Other less frequent side effects 
(ranging from 6.9% to 15.1%) were fever, fatigue, vomiting, 
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and headache. The frequency of adverse events was similar 
for tipranavir and comparator protease inhibitors in the 
phase III trials conducted in antiretroviral-experienced 
patients. The total incidence of adverse events was 82.5% in 
the tipranavir arms versus 77.2% in the comparator arms. 
The number of patients who discontinued therapy due to 
adverse events was somewhat higher in the tipranavir arm, 
12.4% versus 10.6% in the comparator protease inhibitor 
arm (Cahn et al., 2006; Gathe et al., 2006; Hicks et al., 2006).

The Boehringer-Ingelheim 1182.33 trial, which is the only 
phase III randomized study comparing tipranavir (boosted 
with two different doses of ritonavir, 100 or 200 mg, both 
given twice daily) with an established protease inhibitor 
(ritonavir-boosted lopinavir), confirmed most of the toxicity 
results from these earlier studies (Cooper et al., 2016). The 
overall frequency of adverse events was similar in the three 
treatment groups (see Table 247.5). However, the frequency 
of nausea was higher in the tipranavir-treated patients and, 
consequently, the frequency of grade 3 or 4 adverse reactions 
(severe reactions) was also significantly higher than in the 
lopinavir-treated patients (see Table 247.5). Likewise, the fre-
quency of treatment discontinuation owing to adverse events 
was higher in the tipranavir-treated patients, especially those 
receiving the higher dose of ritonavir. Severe adverse reac-
tions relating to plasma lipids and hepatic transaminases 
were more common in the tipranavir-treated patients, espe-
cially in the group given ritonavir at 200 mg twice daily; 
these data confirm the findings of many other studies sug-
gesting that tipranavir therapy is associated with a significant 
risk of hepatotoxicity.

6a.  Hepatotoxicity

Tipranavir has a US Food and Drug Administration black 
box warning (reserved for serious adverse events) in relation 
to reports of tipranavir-related hepatitis and hepatic decom-
pensation, some of which had a fatal outcome. Pooled data 
from phase III trials show that patients receiving tipranavir–
ritonavir had significantly higher rates of grade 3 or 4 ele-
vations of alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST), two- to threefold higher than seen 
in subjects taking other protease inhibitors. The rates per 100 
patient-years of exposure were 10.1 versus 3.3, respectively, 
for ALT and 6.3 versus 2.9, respectively, for AST (Hicks et 
al., 2006). Earlier dose-finding studies found that patients 
who received higher doses of tipranavir–ritonavir were more 
likely to have transaminase elevations (Gathe et al., 2007). 
Most patients with liver function test abnormalities were 
asymptomatic, and in about half the elevations resolved with-
out discontinuation of the drug, and only about 1% of patients 
discontinued treatment. However, overall during clinical tri-
als, severe liver toxicity, including liver-related fatalities, was 
more frequent in patients in the tipranavir arms than in the 
comparator protease inhibitor arms (Gathe et al., 2007).

A study by Raffi et al. (2007) suggested that hepatotoxicity 
was not clearly related to plasma tipranavir concentrations. 

These investigators observed that tipranavir plasma concen-
trations in the RESIST studies were higher in patients receiv-
ing enfuvirtide than in those not so treated. Despite the 
higher tipranavir plasma levels in these patients, the risk of 
hepatotoxicity was no greater than in those not receiving 
enfuvirtide, who had, on average, lower tipranavir levels.

Patients with chronic hepatitis B and C are at increased 
risk of severe liver toxicity from any potentially hepatotoxic 
drug, including ritonavir-boosted tipranavir. In one of the 
large phase III clinical trials, risk factors for grade 3–4 trans-
aminase elevations included elevated liver enzyme levels at 
baseline and co-infection with hepatitis B or C in both the 
ritonavir-boosted tipranavir and comparator arms (Cahn et 
al., 2006). As previously noted, patients with moderate to 
severe hepatic insufficiency should not receive tipranavir–
ritonavir. All patients should be monitored carefully for liver 
toxicity, especially those with underlying chronic hepatitis 
(Boehringer-Ingelheim, prescribing information, 2015).

An observational study conducted in Italy evidenced that 
the factors independently associated with tipranavir inter-
ruption for any cause were previous ART duration (odds 
ratio [OR]: 1.18; 95% confidence interval [CI]: 1.03–1.35; p = 
0.016 per each additional year) and gamma-glutamyltrans-
ferase at baseline (grade 2 vs. 0, OR: 6.31; 95% CI: 2.49–16.4;  
p < 0.0001). The gamma-glutamyltransferase baseline median 
level in the 16 patients who interrupted tipranavir for 

Table 247.5 Frequency of adverse reactions in study 1182.33, 
comparing tipranavir (boosted with two different doses of 
ritonavir) with ritonavir-boosted lopinavir in previously untreated 
patients with HIV-I infection.a

Percent of patients in 
indicated group

r/TPV, 
100 mg

r/TPV, 
200 mg

 
r/LPV

Patients with any adverse reaction 89.1 92.6 92.4

Diarrhea 51.1 51.3 53.0

Nausea 39.1 40.2 25.9

Headache 19.0 13.2 16.2

Vomiting 15.8 10.1 9.2

Abdominal pain 12.5 14.3 8.6

Grade 3–4 laboratory abnormalities

Cholesterol  6.0  7.0 2.7

Triglycerides  7.6  4.8 55

Alanine aminotransferase  7.1 21.9 4.4

Aspartate aminotransferase  3.3 10.2 4.4

Any drug-related adverse event 65.8 70.9 60.0

Any adverse event leading to 
discontinuation of therapy

10.3 15.3 3.2

Any serious adverse event 14.1 13.8 8.6

Deaths  2.7  1.1 1.1

aRitonavir dose (given twice daily) shown in the table.
Abbreviations: r/TPV: ritonavir-boosted tipranavir; r/LPV: ritonavir-boosted 

lopinavir .
Source: Reprinted with permission from Cooper et al. (2016).
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intolerance was 122 IU/l (range: 11–352). Both gamma- 
glutamyltransferase and ALT were significantly increased at 
interruption compared to baseline (p = 0.041 and p = 0.016, 
respectively). A transient protective effect against increases 
in gamma-glutamyltransferase and triglyceride levels was 
observed in patients receiving enfuvirtide with tipranavir 
(p = 0.034 and p = 0.027, respectively at week 12 in a Cox 
model). Gamma-glutamyltransferase levels may be more sen-
sitive than ALT/AST levels or HBV–HCV co-infection status 
in predicting the risk of tipranavir interruption. Unreported 
alcohol abuse could be considered a potential co-factor lim-
iting the effectiveness and safety of tipranavir–ritonavir treat-
ment (Di Vincenzo et al., 2008).

A retrospective cohort study by Macias et al. (2009) sys-
tematically evaluated the hepatotoxicity of a ritonavir- 
boosted tipranavir regimen (tipranavir 500 mg and ritonavir 
200 mg twice daily) in 150 patients with a high frequency of 
hepatitis virus co-infection being treated with this regimen 
and being seen at least every 3 months. The results generally 
supported the reasonable tolerability of the ritonavir-boosted 
tipranavir regimen in this patient population. Of the 150 
patients in the cohort, 12 (8%) developed transaminitis of 
grade ≥ 3 and 9 (6%) discontinued the tipranavir regimen 
because of hepatic events. A total of 6 (8.6%) of 70 hepatitis 
C virus-co-infected patients and 6 (7.5%) of 80 subjects 
without co-infection developed grade ≥3 transaminitis (p = 
1.0). Liver fibrosis was evaluable in 48 (63%) of 76 individu-
als with HBV and/or HCV co-infection. A total of 4 (13%) of 
30 subjects with moderate to severe fibrosis and 0 of 18 with 
mild fibrosis showed grade ≥ 3 toxicity (p = 0.3). None of 
9 patients with cirrhosis showed grade ≥ 3 toxicity.

One case report described a patient with severe hepatitis 
associated with co-administration of ritonavir-boosted tipran-
avir and enfuvirtide (Julg et al., 2006).

6b.  Intracranial hemorrhage and impaired 
platelet aggregation

Tipranavir–ritonavir also carries a US Food and Drug 
Administration black box warning regarding reports of fatal 
and nonfatal intracranial hemorrhage in a small number of 
patients. In a postmarketing communication the manu-
facturer reported 14 cases of intracranial hemorrhage, 8 of 
which were fatal. These events occurred during clinical trials 
in which a total of 6840 patients were enrolled. The median 
onset of the hemorrhage occurred 525 days after treatment. 
Many of these patients had other underlying medical con-
ditions that may have contributed to these events, including 
neurosurgery, head trauma, central nervous system (CNS) 
lesions, coagulopathies, alcohol abuse, and hypertension. 
Some subjects were taking anticoagulants or antiplatelet 
agents. Not surprising, underlying hemophilia was also a 
risk factor for tipranavir-associated intracranial hemorrhage 
(Arbuthnot and Wilde, 2008).

A search of the US Food and Drug Administration adverse 
events reporting database identified an excess risk of spon- 
taneous bleeding (mostly intraarticular) in HIV-infected 

patients with hemophilia taking the protease inhibitors indi-
navir, saquinavir, and ritonavir compared with those taking 
zidovudine. HIV-infected patients (without hemophilia) on 
these protease inhibitors were also found to have reported 
bleeding events (mostly gastrointestinal or mucosal), but 
there was no clear excess of these events, and the majority 
of these patients also had thrombocytopenia and/or liver 
disease (Racoosin and Keesler, 1999).

The effects of tipranavir–ritonavir, darunavir–ritonavir, 
and ritonavir alone on platelet aggregation after a single dose 
and at steady-state concentrations were evaluated in healthy 
volunteers. In some but not all subjects, tipranavir–ritonavir 
inhibited arachidonic acid-induced platelet aggregation. 
Effects of tipranavir–ritonavir on platelet aggregation were 
reversed 24 hours after the last tipranavir–ritonavir dose. 
None of the protease inhibitors was associated with an 
increase in bleeding time, decrease in plasma coagulation 
factors, or increase in fibrinolysis (Kort et al., 2011).

In vitro, tipranavir has been shown to inhibit human 
platelet aggregation at clinically achievable levels, and in  
animal studies the combination of tipranavir and vitamin  
E increased bleeding events (Marsh and Coombes, 2006; 
Boehringer-Ingelheim, prescribing information, 2015). Fur- 
ther, in a study of five HIV-infected patients before and 
4 hours after being given ritonavir-boosted tipranavir, Graff 
et al. (2008) showed that tipranavir administration markedly 
decreased platelet aggregation triggered by adenosine diphos-
phate (ADP) or collagen. The authors reproduced previous 
in vitro studies showing that high concentrations of tipran-
avir reduced platelet aggregation and in addition showed 
that thromboxane B2 formation was decreased.

Considering all these data, the manufacturer has recom-
mended that the drug should be used with caution in patients 
with medical conditions that may increase the risk of bleed-
ing, patients with trauma, and those undergoing surgery as 
well as in those taking anticoagulants, antiplatelet agents, or 
high doses of vitamin E. Routine monitoring of coagulation 
variables is not currently considered necessary (Boehringer-
Ingelheim, prescribing information, 2015).

Justice et al. (2008), in the US Veterans Hospital System, 
studied two large cohorts of patients to assess the back-
ground rate of intracranial hemorrhage as a comparator to 
the rates seen in patients being treated with tipranavir. The 
independent variables they found to be associated with intra-
cranial hemorrhage were HIV specific, including overall 
HIV status and an AIDS-defining event, and not HIV spe-
cific, including age ≥ 50 years, minority status, vascular dis-
ease, alcohol abuse or dependence, and liver disease. They 
estimated that between 455 and 5000 HIV-infected patients 
would need to be treated with tipranavir for 1 year to detect 
a single excess case of intracranial hemorrhage.

Chan-Tack et al. (2008), in the Division of Antiviral Prod-
ucts at the US Food and Drug Administration, reviewed all 
instances of either liver-associated deaths or intracranial 
hemorrhage reported to them between June 2005 and March 
2007. A total of 10 cases of intracranial hemorrhage were 
identified and 12 cases of liver-related deaths; 1 patient had 
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both. In most cases there were additional co-existing risk 
factors other than tipranavir therapy. In the 10 patients who 
developed liver failure and in whom tipranavir was stopped, 
death ensued in a median of less than a month (range to 2 
months). The authors recommended that the risks and bene-
fits of tipranavir therapy be assessed carefully before begin-
ning treatment in patients at risk for either hepatic failure or 
intracranial hemorrhage.

6c.  Lipid abnormalities

Grade 3 or 4 lipid abnormalities were also more frequent in 
patients receiving tipranavir–ritonavir than in those receiv-
ing other proteases inhibitors in phase III clinical trials. The 
comparator protease inhibitors used in these trials were 
lopinavir–ritonavir and ritonavir-boosted indinavir, saquina-
vir, and amprenavir. Total cholesterol was elevated in 4.3% 
of patients receiving tipranavir–ritonavir compared with 
0.7% of those receiving a comparator protease inhibitor, and 
triglyceride elevations occurred in 30.8% in the tipranavir 
arm and 23.1% in the comparator protease inhibitor arm 
(p < 0.0001 for both comparisons) (Hicks et al., 2006). Chap-
man et al. (2007) reported a patient with boosted-tipranavir- 
associated hyperlipidemia and pancreatitis. The adverse 
effect of tipranavir on lipids, especially when the higher (rec-
ommended) dose of ritonavir was used, was confirmed in the 
Boehringer-Ingelheim 1182.33 trial (see section 7, Clinical 
uses of the drug, for details).

In contrast, a rigorously conducted, open-label prospec-
tive clinical trial suggested that the effects of ritonavir- 
boosted tipranavir on lipodystrophy and insulin resistance 
were no different from those of ritonavir-boosted lopinavir 
(Carr et al., 2008). These investigators studied 140 subjects 
naive to antiretroviral chemotherapy who were randomized 
to receive ritonavir-boosted lopinavir (as Kaletra) or tipran-
avir (500 mg twice daily) boosted with two different doses 
of ritonavir, 100 or 200 mg twice daily. All three groups also 
received tenofovir and lamivudine. Limb fat increased in all 
three groups: by 1.17 kg in the lopinavir group compared 
with 0.83 kg in the tipranavir–ritonavir 200 mg group (p = 
0.16) and 0.41 kg in the tipranavir–ritonavir 100 mg group 
(p = 0.07). Visceral adipose tissue decreased in all three treat-
ment groups: by 3 cm in the lopinavir group compared with 
9 cm in the tipranavir–ritonavir 200 mg group (p = 0.04) and 
6 cm in the tipranavir–ritonavir 100 mg (p = 0.40). No signif-
icant change in insulin sensitivity was observed, even when 
assessed by oral glucose tolerance testing. They concluded 
that both protease regimens increased subcutaneous limb fat 
without increasing visceral fat or insulin resistance. 

6d.  Cutaneous reactions

Rash may occur with tipranavir and appears to be more com-
mon in women. In phase III clinical trials, 13% of women 
taking tipranavir had rash compared with 7% of women on 
the comparator protease inhibitors. The number of women 
in these trials was small, and perhaps as a consequence the 

overall incidence of rash was similar in these trials, 3.1% in 
the tipranavir arms versus 3.8% in the comparator arms 
(King and Acosta, 2006). Celesia et al. (2007) report a patient 
who developed porphyria cutanea tarda after administration 
of ritonavir-boosted tipranavir.

Administration of tipranavir after a dose of ethinyl estra-
diol was associated with rash in 33% of HIV-uninfected 
women in a phase I drug interaction study (Boehringer-
Ingelheim, prescribing information, 2015), suggesting that 
women taking estrogens may be more likely than those not 
taking them to experience a rash with tipranavir.

Tipranavir contains a sulfa moiety and should be used with 
caution in sulfa-allergic patients. Severe reactions, including 
some with characteristics consistent with Stevens-Johnson 
syndrome, have been reported (Boehringer-Ingelheim, pre-
scribing information, 2015).

6e.  Other adverse events

Similar to other antiretroviral agents, tipranavir–ritonavir 
may cause fat redistribution, lipoatrophy, insulin resistance, 
diabetes, and immune reconstitution syndrome. In an ani-
mal model, tipranavir given without ritonavir did not cause 
acute altered glucose disposal in rats subjected to hyperin-
sulinemic euglycemic clamp studies whereas ritonavir did. 
Previous studies using this animal model have shown that 
indinavir did but atazanavir did not induce acute insulin 
resistance (Hruz and Yan, 2006). Because tipranavir must be 
given with a relatively high dose of ritonavir, it is not clear 
whether these findings would suggest that there might be 
improved glucose handling in patients receiving the combi-
nation of tipranavir and ritonavir.

Huang et al. (2008) conducted an interesting, retrospec-
tive analysis of the tipranavir RESIST 1 and 2 studies to assess 
the impact of the overall adverse reaction rate (qualitative 
and quantitative) on the health-related quality of life of 984 
patients treated with ritonavir-boosted tipranavir compared 
with those treated with other boosted protease inhibitors. 
In this study, adverse events (assessed both qualitatively and 
quantitatively) decreased health-related quality of life scores 
across both treatment arms (p < 0.05). The overall incidence 
of adverse events was higher in the comparator protease arm 
than in the tipranavir-treated group (562.8 vs. 514.4 per 100 
patient-exposure years); however, treatment-related adverse 
events were more frequent in the tipranavir–ritonavir group 
(75.0 vs. 56.6 per 100 patient-exposure years). Health-related 
quality of life was maintained, by all measurements, in 
patients on boosted tipranavir over 48 weeks of treatment. 
Compared with those treated with the comparator-boosted 
proteases, boosted tipranavir was associated with a signifi-
cant but small (s.d. < 0.2) improvement in pain scores (+4.8 
points; p < 0.05); otherwise the two groups were similar.

6f.  Adverse reactions in children

Boehringer-Ingelheim study 1182.14—Pediatric AIDS Clini- 
cal Trials Group (PACTG) study 1051—was a randomized, 
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multicenter, international trial in 115 HIV-1-infected chil-
dren (Salazar et al., 2008). The most frequent adverse events 
in these children were vomiting (37.4%), cough (27%), and 
diarrhea and pyrexia (24.3% each). Grade 3 ALT elevations 
occurred in 3.5% on low-dose and 9.1% on high-dose study 
drug (6.3% overall); there were no grade 4 elevations through 
48 weeks. None of the patients had symptoms related to the 
liver enzyme elevations. No grade 3 or 4 transaminase eleva-
tions occurred in the youngest age group. Study discontin-
uation due to adverse events occurred in 8.7% of patients 
and was no more likely in the high-dose than in the low- 
dose group. Elevated gamma-glutamyltransferase levels were 
the main reason for study discontinuation, occurring in 
5.2%. No cases of clinical hepatitis or grade 3–4 triglyceride 
increases were seen up to 48 weeks. Bleeding events occurred 
in 5.75% of children receiving the oral solution containing 
vitamin E as an excipient and in 14.3% of those taking the 
capsule. The majority of these were mild mucosal bleeding 
events. No patient discontinued the study because of bleed-
ing up to 48 weeks. However, 3 patients developed serious 
bleeding events after 48 weeks leading to discontinuation 
and one death, although these adverse reactions were of 
uncertain relationship to the study drug. One patient had 
trauma-related bruising and elevated prothrombin time, the 
second developed thrombotic thrombocytopenic purpura, 
and the third gastrointestinal bleeding due to lymphoma 
(Salazar et al., 2008).

7. CLINICAL USES OF THE DRUG

Ritonavir-boosted tipranavir is indicated for the treatment 
of HIV-1-infected adults (and children in the USA). It is 
recommended for use only in combination antiretroviral 
regimens for highly treatment-experienced patients or those 
infected with HIV-1 strains resistant to multiple protease 
inhibitors and susceptible to tipranavir.

7a.  HIV-1 infection: treatment-experienced 
adults

Boehringer-Ingelheim study 1182.2 was a small phase II trial 
involving 41 patients who had failed treatment with at least 
two proteases inhibitor–based regimens or one dual protease 
inhibitor–containing regimen. Subjects had not previously 
been treated with nonnucleoside reverse transcriptase inhib-
itors and had at least one new nucleoside reverse transcrip-
tase inhibitor available by genotype. They were randomized 
to receive one nonnucleoside reverse transcriptase inhibitor, 
one nucleoside reverse transcriptase inhibitor and either of 
two doses of tipranavir–ritonavir, 500/100 mg (n = 19) or 
1000/100 mg (n = 22). At 80 weeks, 59% of the subjects 
remained on therapy, 14 in the low-dose arm and 10 in the 
high-dose arm. Reasons for discontinuation included lack of 
efficacy in 5 patients, adverse events in 2, and serious adverse 
events or high-grade laboratory abnormalities in 5. At week 
80 the intent-to-treat analysis showed that 43% of patients in 

the high-dose arm had HIV RNA suppression to < 50 copies/
ml compared with 32% in the low-dose arm (p > 0.05) 
(Markowitz et al., 2007).

The main body of clinical evidence supporting the effi-
cacy of tipranavir–ritonavir in highly treatment experienced 
individuals comes from two large phase III randomized, 
nonblinded clinical trials, RESIST (Randomized Evaluation 
of Strategic Intervention in Multidrug Resistant Patients with 
Tipranavir) studies 1 and 2. RESIST 1 (study 1182.12) was 
conducted in Australia, Canada, and the USA and RESIST 2 
(study 1182.48) in Europe and Latin America. Boehringer-
Ingelheim also sponsored these open-label trials.

The RESIST study participants included 1483 HIV-1-
infected adults with advanced disease who in the past had 
taken one of at least three classes of antiretroviral drugs 
(nucleoside and nonnucleoside reverse transcriptase inhib-
itors and protease inhibitors). They had taken a median of 
12  different antiretroviral agents and at least two protease 
 inhibitor–containing combinations and were failing a prote-
ase inhibitor–based regimen at the time of enrollment (HIV 
viral load consistently > 1000 RNA copies/ml). Subjects had 
1 or more primary protease inhibitor mutations (median 10) 
but no more than 2 mutations at codons 33, 82, 84, or 90. 
Patients were randomized to receive either ritonavir-boosted 
tipranavir or a comparator protease inhibitor, also ritonavir 
boosted, chosen on the basis of genotypic screening. The 
comparator protease inhibitors included amprenavir, indina-
vir, lopinavir, and saquinavir, but not darunavir. An opti-
mized background regimen was chosen based on genotype 
results and antiretroviral history. Enfuvirtide was allowed as 
part of the optimized background. The primary end points of 
the RESIST trials were treatment response, defined as ≥ 1 log10 
drop in viral load compared with baseline, and time to treat-
ment failure. The secondary end points were HIV-1 RNA 
reduction to < 400 and < 50 copies/ml, change in HIV-1 RNA 
from baseline, and change in CD4+ cell count from baseline.

The results of the RESIST trials showed that a markedly 
greater proportion of patients in the tipranavir arms achieved 
a treatment response compared with those taking compara-
tor protease inhibitors (Cahn et al., 2006; Gathe et al., 2006; 
Hicks et al., 2006; see Table 247.6).

Walmsley et al. (2007) analyzed data from the RESIST 
study to assess the impact of lopinavir resistance mutations 
on the virologic response to ritonavir-boosted tipranavir. 
Perhaps not surprising, the greater the resistance to lopinavir 
(as assessed by genotypic testing), the greater the difference in 
virologic response between those treated with boosted lopina-
vir and those given boosted tipranavir (see Table 247.7).

Ninety-six-week data from the RESIST trials showed that 
the virologic response rates remained significantly greater in 
the tipranavir arms than in the comparator arms (26.4% vs. 
10.7%, p < 0.0001) (Farthing et al., 2006). Three years after 
the two RESIST trials started, only 15.7% of the patients orig-
inally enrolled remained on the assigned study drug (155 on 
tipranavir–ritonavir and 63 on a comparator protease inhib-
itor) and the results at this time point were similar to those 
seen at 48 and 96 weeks. Subjects dropped out of the study 
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mainly because of virologic failure. Treatment response was 
seen in 20.9% in the tipranavir–ritonavir arms compared 
with 7.5% in the comparator arms. With the addition of first-
time enfuvirtide, the response rates were 37.9% versus 8.2%. 
HIV viral load suppression to < 50 copies/ml in enfuvir-
tide-naive patients was seen in 21.8% in the tipranavir arms 
compared with 9.3% in the comparator arms. No new safety 
concerns were identified at this 3-year time point (Hicks et 
al., 2007).

Review of the baseline genotype data from RESIST trial 
subjects showed that, despite the fact that the protease inhib-
itors used in the comparator arm had been chosen on the 
basis of genotype data, 86% of the participants in the com-
parator arm were resistant or possibly resistant to the boosted 
protease inhibitor selected, reflecting the highly antiretroviral- 
experienced nature of the study population. Lopinavir–
ritonavir was the most frequently used comparator protease 
inhibitor in these trials. A subset analysis comparing patients 
receiving boosted tipranavir with those receiving boosted 
lopinavir showed that overall tipranavir was superior to 

lopinavir, with 39.6% versus 21.4% achieving a treatment 
response, respectively (≥ 1 log10 reduction in viral load; p < 
0.05) (Cooper et al., 2005b). However, no significant differ-
ence was seen in treatment response when the tipranavir–
ritonavir patients were compared with patients receiving 
lopinavir–ritonavir who were naive to the drug or had virus 
strains fully susceptible to lopinavir by genotype testing. 
Among lopinavir-naive patients, a treatment response was 
seen in 45.3% of patients taking tipranavir–ritonavir versus 
36.1% of patients taking boosted lopinavir (this difference 
was not statistically significant). In patients with lopinavir 
susceptibility by genotype, treatment response was seen in 
45.7% of those on tipranavir–ritonavir compared with 39.6% 
of those on lopinavir–ritonavir (difference also insignificant). 
Another subanalysis of the RESIST data showed that drug effi-
cacy was equal in the women (n = 117) and men (n = 629) 
given ritonavir-boosted tipranavir (Walmsley et al., 2009).

An economic analysis of the RESIST data suggested that 
ritonavir-boosted tipranavir was slightly better than the 
comparator-boosted protease regimens and that this resulted 

Table 247.6. Results of RESIST 1 and RESIST 2 studies after 48 weeks of therapy.

Outcome measure (units)

Treatment group

Ritonavir-boosted 
tipranavir (n = 746)

Comparator protease 
inhibitora (n = 737)

Virologic response (% of subjects) 33.6 15.3

Achieved HIV viral load < 400 copies/ml (% of subjects) 30.4 13.8

Achieved HIV viral load < 50 copies/ml (% of subjects) 22.8 10.2

CD4 increase (cells/μl) (% of subjects) 45 21

Time to treatment failure [median days (range)] 113 (0–> 494)  0 (0–119)

Virologic response with enfuvirtide (% of subjects) 48.5 23.9

Given enfuvirtide for the first time, and achieved HIV viral load < 50 copies/ml  
(% of subjects)

36 14

aComparator protease inhibitor was also ritonavir boosted. Differences between treatment groups for each outcome measure were significant (p < 0.001).
Source: Modified with permission from Hicks et al. (2006).

Table 247.7. Effect of lopinavir resistance scores on patients’ responses to ritonavir-boosted tipranavir after 48 weeks of therapy (RESIST 1 
and RESIST 2 studies).

Outcome measurea

Lopinavir  
mutation scoreb

Tipranavir therapyc (n = 164) Lopinavir therapyc (n = 150)

No. of  
subjects

% with indicated 
outcome

No. of 
subjects

% with indicated 
outcome

Virologic responsed 0–3 42 45 30 50

4–5 54 56 41 39

6–7 53 36 64 22

> 7 15 33 15  7

HIV viral load < 50 RNA 
copies/ml

0–3 42 41 30 43

4–5 54 44 41 27

6–7 53 26 64 13

> 7 15 27 15  0

aAll outcome measures assessed after 48 weeks of treatment.
bNumber of known lopinavir resistance mutations in the protease gene of patients’ HIV strains.
cRitonavir boosting was 200 mg twice daily with tipranavir; 100 mg twice daily with lopinavir was given as Kaletra.
dDefined as HIV viral load reduction ≥ 1.0 log10.
Source: Data compiled from Walmsley et al. (2007).
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in significant cost savings (using USA-based drug and care 
cost data) over a 5-year period of time (Simpson et al., 2008). 
The analysis conducted by these investigators showed that 
patients receiving boosted tipranavir remained longer in 
health states defined by higher CD4 cell count and lower 
viral load than patients receiving the boosted comparator 
protease inhibitors. This reduced the rate of AIDS-defining 
events by 12.35% over 5years and resulted in 0.64 quality- 
adjusted life-years (QALYs) gained (discounted at 3%) over 
the patient’s remaining lifetime. The incremental cost-effec-
tiveness ratio of tipranavir versus comparator protease inhib-
itor was $56, 517/QALY (discounted at 3%), and this fell to 
$46,147/QALY if patients also treated with enfuvirtide were 
excluded.

Hill and Moyle (2007) assessed the relative efficacy of tip-
ranavir and darunavir (both ritonavir boosted) based on an 
analysis of the RESIST trials of tipranavir and the POWER 
studies of darunavir. Although both studies had a compara-
tor group of mixed protease inhibitors with optimized back-
ground therapy, and the study populations were well matched 
based on a number of demographic and clinical variables, it 
is important to emphasize that these were not head-to-head 
comparisons of darunavir and ritonavir, and hence the data 
must be viewed with some skepticism. However, the conclu-
sion was that darunavir was significantly more effective than 
tipranavir.

Hill and Moyle’s (2007) analysis found that, at week 24, 
72% of patients treated with darunavir had a reduction in 
HIV viral load of ≥ 1.0 log10 RNA copies/ml compared with 
40% of tipranavir-treated patients. For the patients treated 
with the comparator protease inhibitors, these proportions 
were 21% and 18%, respectively, in the POWER and RESIST 
trials. The treatment benefit of ritonavir-boosted darunavir 
over the comparator protease-treated group in the POWER 
trials was greater (outside the 95% CI) than the benefit of 
ritonavir-boosted tipranavir over the comparator group in 
the RESIST trials, for the 24-week HIV RNA end points of a 
reduction in HIV viral load of ≥ 1 log10 copies/ml, HIV viral 
load < 400 and < 50 copies/ml, and also for the mean rise in 
CD4 count. In sensitivity analysis, this difference in efficacy 
was strongest for those who did not also use enfuvirtide (Hill 
and Moyle, 2007). A critical commentary on this study 
appeared in the same journal after the Hill and Moyle analy-
sis was published (Llibre and Perez-Alvarez, 2007).

In a complex study, Walmsley et al. (2008) investigated 
whether adding ritonavir-boosted tipranavir to patients 
started on a different boosted protease inhibitor regimen 
would improve virologic control (Boehringer-Ingelheim study 
1182.51; Walmsley et al., 2008). Patients were started on 
boosted lopinavir, saquinavir, amprenavir, or tipranavir, and 
HIV viral load was assessed at 2 weeks, after which boosted 
tipranavir was added to the subjects receiving the alternative 
protease inhibitors. Although there appeared to be an advan-
tage to the double protease inhibitor regimens in the first 
few weeks, after 24 weeks the advantages seemed relatively 
trivial and were not different from the findings in patients 
receiving boosted tipranavir alone.

The aim of the POTENT trial (Elgadi and Piliero, 2011) 
was the head-to-head comparison of the safety and efficacy 
of tipranavir versus darunavir each administered with low-
dose ritonavir, each given with an optimized background 
regimen in triple-class-experienced HIV-infected patients, 
being resistant to more than one protease inhibitor This 
study was started in 2007 to enroll and treat 800 HIV-1-
positive patients, randomly assigned (1:1) to one of the two 
arms: tipranavir–ritonavir (500/200 mg twice daily) or 
darunavir–ritonavir (600/100 mg twice daily), with a treat-
ment period of 50 weeks. Both drugs were administered in 
combination with another selected antiretroviral drugs, based 
on patient therapeutic history (and virtual phenotype screen-
ing results). The major shortcoming of the POTENT trial 
was the very low enrollment numbers: only 39 patients (5% 
of the planned number) were randomized and received 
drugs before early termination of the study (1 July 2008). The 
data from the trial, due to poor patient enrollment and pre-
mature termination, are insufficient to assess primary and 
secondary previously established end points. For this reason, 
statistical tests were not applied to this collected observa-
tional data (Vergani and Rusconi, 2011).

Berhan and Berhan (2013) conducted a meta-analysis of 
randomized controlled clinical trials in drug-experienced 
patients treated with tipranavir–ritonavir or darunavir–
ritonavir based regimens. The number of HIV-1 patients 
who were on either a tipranavir–ritonavir or darunavir–
ritonavir based regimen and achieved viral load < 50 HIV 
RNA copies/ml was significantly higher (overall OR: 3.4; 
95% CI: 2.61–4.52) than the number of HIV-1 patients who 
were on investigator-selected boosted comparator HIV-1 
protease inhibitors. Similarly, the number of patients with 
viral load < 400 HIV RNA copies/ml was significantly higher 
in either the tipranavir–ritonavir or darunavir–ritonavir based 
arm (overall OR: = 3.0; 95% CI: 2.15–4.11). Meta-regression 
showed that the viral load reduction was independent of 
baseline viral load, baseline CD4 count and duration of tip-
ranavir–ritonavir or darunavir–ritonavir based regimen 
(Berhan and Berhan, 2013). 

7b.  HIV-1 infection: treatment-naive adults

The first significant study of the efficacy of boosted tipranavir 
in antiretroviral-naive adults was begun in 2007 (Cooper et 
al., 2016). Trial 1182.33 was a phase III, open-label, random-
ized, noninferiority trial comparing two dose combinations 
of tipranavir and ritonavir with the benchmark, ritonavir- 
boosted lopinavir, all regimens given with tenofovir and 
lamivudine as the nucleoside analog backbone (changes in 
the nucleoside backbone were allowed during the study if 
there was toxicity or intolerance clearly attributable to these 
drugs). HIV-1-infected adults with no previous antiretro-
viral therapy and with CD4 lymphocyte counts < 500 cells/μl 
and a plasma HIV viral load of ≥ 5000 RNA copies/ml were 
randomized to receive tipranavir, 500 mg twice daily, com-
bined with either 100 or 200 mg ritonavir, also given twice 
daily, or ritonavir-boosted lopinavir. The lopinavir dose was 
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400 mg with 100 mg of ritonavir, also given twice daily. 
Patient demographics and baseline characteristics were sta-
tistically similar among the three treatment groups, and the 
collective median HIV viral load was log10 5.03 RNA copies/
ml and the median CD4 lymphocyte count was 204 cells/μl.

The primary efficacy end point of this study was the pro-
portion of subjects achieving a virologic response after 48 
weeks of treatment, defined as two consecutive HIV viral 
load measurements < 50 RNA copies/ml without prior viro-
logic failure, discontinuation of the study drug, loss to fol-
lowup, introduction of a new drug, or death. At the 48-week 
end point, there were no significant differences among the 
three groups in terms of virologic response (see Table 247.8) 
or in the CD4 responses. Analyzing the virologic response by 
other end points (e.g. achieving a viral load of < 400 RNA 
copies/ml, or the rate of decline in viral load after initiation 
of treatment) also failed to show differences among the three 
groups. Further, there was no evidence of reduced responses 
to boosted tipranavir in patients infected with non-clade B 
virus, which was surprising given that some non-B clades 
appeared to have a high background level of tipranavir-asso-
ciated resistance mutations .

Treatment failure was predominantly due to virologic 
failure (viral load [VL] > 50 RNA copies/ml) or to study sub-
jects discontinuing the study therapy because of adverse 
reactions. Virologic failure rates were similar across all three 
treatment groups, and none of the subjects analyzed had evi-
dence of genotypic resistance to tipranavir. However, treat-
ment failures due to adverse event-related discontinuations 
were significantly higher in the two tipranavir groups (100 
and 200 mg ritonavir), 7.0 and 10.8% of subjects, respec-
tively, than in the lopinavir-treated subjects (2.2%), even 
though the overall incidence of adverse events was similar 
across the three treatment groups (see Table 247.5 for details). 
These differences were largely due to more tipranavir-treated 
patients discontinuing treatment due to gastrointestinal 
adverse events (7 and 8 patients, respectively, in the 100 and 
200 mg ritonavir groups) compared to the lopinavir-treated 

patients (1 subject), and to elevations in liver transaminases 
(5 and 14 tipranavir-treated subjects compared to 2 subjects 
treated with lopinavir). Further, patients in the group given 
tipranavir with 200 mg of ritonavir had a higher incidence of 
grade 3–4 ALT elevations (21.9%) than those in the tipranavir–
ritonavir 100 mg group (7.1%) and the lopinavir–ritonavir 
group (4.4%).

Based on the higher frequency of liver transaminase ele-
vations in the subjects given tipranavir boosted with 200 mg 
of ritonavir, the external Data Safety Monitoring Board for 
this study recommended closure of this treatment group 
after the 48-week analysis had been completed. Because the 
primary objectives of the study had been achieved (showing 
noninferiority of tipranavir therapy, compared with lopina-
vir, in previously untreated HIV-1-infected patients), and 
considering that tipranavir regimens boosted with either 100 
or 200 mg of ritonavir were perceived as being less tolerable 
than standard of care for therapy of such patients, the trial 
was stopped at this point (Cooper et al., 2016).

7c.  HIV-1 infection in pediatric populations

The use of tipranavir in children and adolescents has been 
reviewed (Courter et al., 2008). 

The major pediatric study Boehringer-Ingelheim study 
1182.14—PACTG study 1051 was a randomized, multi-
center, international trial in HIV-1-infected children (Salazar 
et al., 2008). The results of this small trial suggested that 
ritonavir-boosted tipranavir suspension is a viable alterna-
tive protease inhibitor for HIV-infected children. In this 
study, patients were randomized to receive two different 
doses of tipranavir–ritonavir: high dose (375/150 mg/m3) or 
low dose (290/115 mg/m3). Both regimens were combined 
with an optimized, nonprotease inhibitor, background regi-
men. The 115 antiretroviral-naive and -experienced pediat-
ric patients enrolled in the study were stratified by age group. 
Approximately half of the children had virus resistant to all 
protease inhibitors tested based on genotype testing, > 80% 
had resistance to several nucleoside reverse transcriptase 
inhibitors, and 70% had virus resistant to nonnucleoside 
reverse transcriptase inhibitors.

The proportion of patients in the youngest age group (2 to 
< 6 years) achieving HIV viral load< 400 copies/ml was 
greater than in the older age groups (6 to < 12 years and 
12–18 years) (see Table 247.9). This may have been because 
the younger patients had less antiretroviral experience (a 
median of 3 drugs compared with 8 and 10 drugs, respec-
tively, in older subjects) and less viral resistance as measured 
by genotypic sensitivity score, median number of protease 
gene mutations (10 compared with 13 and 17), and better 
median tipranavir mutation scores (1.0 compared with 2.5 
and 3.5). There was a trend toward better virologic response 
in the high-dose group compared to the low-dose group 
across all age groups (Salazar et al., 2008; Table 247.9). 

The study was extended up to 292 weeks to evaluate 
the long-term safety, efficacy, and tolerability of tipranavir–
ritonavir. In patients < 12 years, 51/62 (82%) were receiving 

Table 247.8. Virologic outcome at 48 weeks of study 1182.33, a 
comparison of tipranavir boosted with two different doses of 
ritonavir with ritonavir-boosted lopinavir in previously untreated 
patients with HIV-1 infection.

No. of subjects

Virologic response (% of patients) 
in indicated groupa

187 r/TPV 
100 mg

186 r/TPV 
200 mg

185 r/LPV
100 mg

All subjects 68.4 69.9 72.4

Low-CD4 stratum 60.7 62.0 61.9

High-CD4 stratum 74.8 79.1 82.0

aVirologic response was an HIV viral load < 50 RNA copies/ml at 48 weeks 
without a change in study drug therapy. Tipranavir dose was 500 mg 
twice daily and the twice-daily dose of ritonavir (100 or 200 mg) is shown 
in the table.

Abbreviations: r/TPV: ritonavir-boosted tipranavir; r/LPV: ritonavir-boosted 
lopinavir.

Source: Data compiled from Cooper et al. (2016).
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drug at week 48 and 13/62 (21%) at week 288. Among ado-
lescents (12–18 years), 35/53 (66%) were receiving drug at 
week 48 and 2/53 (4%) at week 288. Among patients 2 to < 6 
years, 18/25 (72%) had viral loads < 400 copies/ml at week 
48. By week 292, 9/25 (36%) of patients had viral loads < 400 
copies/ml. Among older patients, week 48 responder rates 
were 35% (13/37 of patients 6 to < 12 years) and 32% (17/53 
of patients 12–18 years). By week 292, 6/37 (16%) of those 6 
to < 12 years and 2/53 (4%) of those 12–18 years had viral 
loads < 400 copies/ml. Overall safety and tolerability profiles 
were best for children who initiated treatment between 2 and 
< 6 years (Salazar et al., 2014).

7d.  Overview of current treatment role in 
HAART regimens

Overall, tipranavir is an interesting second-generation HIV 
protease inhibitor that has some useful properties, chief of 
which is its activity against many strains of HIV that are 
resistant to other, mainly first-generation, HIV protease 
inhibitors (e.g. lopinavir, saquinavir, indinavir, and nelfina-
vir) and at least to some extent also strains resistant to the 
second-generation protease inhibitor darunavir (Orman and 
Perry, 2008). Given that the protease gene mutations mediat-
ing resistance are quite different for tipranavir and darunavir, 
both protease inhibitors may have a role to play in the man-
agement of patients with protease-resistant HIV-1 strains.

Tipranavir is still recommended by the US Food and Drug 
Administration for drug-experienced patient with virologic 
failure.

It is worth noting that tipranavir’s features of a unique 
structure and somewhat different mechanism of action have 
brought with them some less desirable effects. These include 
the need for ritonavir boosting with a recommended dose that 
is double (or even quadruple, in the case of atazanavir) the 
dose required for other protease inhibitors, a requirement 
that is likely to make the lipid profile of boosted tipranavir 
relatively unfavorable (the only data directly assessing this 
issue, from the 1182.33 study, tend to support this conclu-
sion) (see section 6, Adverse reactions and toxicity). On the 

other hand, this same study showed that a 100-mg ritonavir 
dose was probably as effective as 200 mg in antiretroviral- 
naive patients. Because of tipranavir’s mixed effects, espe-
cially when combined with ritonavir, on the CYP450 isomer 
CYP3A4 and on the intestinal PGP, drug interactions with 
tipranavir are unusually complex, albeit manageable in most 
patients. Further, the drug has several unusual adverse reac-
tions that deserve the attention of healthcare providers, 
including a propensity to cause intracranial hemorrhage and 
severe and even fatal hepatitis.

At present tipranavir is approved only for use in heavily 
pretreated patients with protease-resistant HIV strains (which 
would be documented as tipranavir susceptible). It remains 
a useful antiretroviral agent in that context. The single 
extensive evaluation of ritonavir-boosted tipranavir ther-
apy in treatment-naive patients with wild-type HIV strains, 
the 1182.33 study, discussed in detail in this chapter, showed 
that this agent was as effective as the approved comparator 
(ritonavir-boosted lopinavir) but was substantially more toxic. 
Hence, currently, one cannot recommend ritonavir-boosted 
tipranavir for previously untreated patients, given the avail-
ability of preferred once-daily dosing regimens with compar-
atively low pill burdens using efavirenz, ritonavir-boosted 
atazanavir, ritonavir-boosted darunavir, or dolutegravir.
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Ritonavir and Cobicistat

Alison Duncan

1. DESCRIPTION

Ritonavir is a peptidomimetic inhibitor of HIV-1 and HIV-2 
proteases. It is marketed by Abbott Laboratories under the 
brand name Norvir. Ritonavir is a powerful antiretroviral 
agent in its own right, active against both HIV-1 and HIV-2, 
but its use has altered over time. Ritonavir is now used in 
HIV therapy as a pharmacologic enhancing agent—that is, to 
increase or boost drug levels of other protease inhibitors 
(PIs). This effect is achieved via ritonavir’s inhibition of cyto-
chrome P-450 enzymes, and the efflux pump P-glycoprotein.

The chemical name of ritonavir is 10-hydroxy-2-methyl-
5-(1-methylethyl)-1-[2-(1-methylethyl) 4-thiazolyl]-3,6-dioxo- 
8,11-bis (phenylmethyl)-2,4,7,12-tetraazatridecan-13-oicacid,5- 
thiazolylmethyl ester. Its chemical formula is C37H48N6O5S2, 
and its molecular weight is 720.95. The chemical structure is 
shown in Figure 248.1. The concentration of the drug can be 
expressed as either micromoles (µM) or micrograms per 
milliliter (µg/ml), and 1 µM ritonavir is approximately equiv-
alent to 0.7 µg/ml.

Cobicistat is a mechanism-based inhibitor of cytochrome 
P-450 enzymes of the 3A family. It is marketed by Gilead 
Sciences under the brand name Tybost and is co-formulated 
with a number of antiretrovirals but has no antiretroviral 
action itself. It is indicated for use as a pharmacoenhancer, 
boosting drug levels via inhibition of cytochrome P-450.

Cobicistat is a structural analog of ritonavir; its chemical 
name is 1,3-thiazol-5-ylmethyl [(2R,5R)-5-{[(2S)-2-[(methyl 
{[2-(propan-2-yl)-1,3-thiazol-4-yl]methyl}carbamoyl)amino]- 
4-(morpholin-4-yl)butanoyl]amino}-1,6-diphenylhexan- 
2-yl]carbamate. It has a molecular formula of C40H53N7O5S2 
and a molecular weight of 776.0. The chemical structure is 
shown in Figure 248.2.

2. ANTIMICROBIAL ACTIVITY

Ritonavir is no longer used as an antiretroviral drug to treat 
HIV infection. In high doses, it is an effective treatment, but 
pill burden, drug interactions, adverse effects, and improved 
alternative agents mean ritonavir is now used solely in low 
dose, as a pharmacokinetic enhancer. For details of riton-
avir’s antiretroviral activity, refer to the 6th edition of Kucers’ 
The Use of Antibiotics.

Cobicistat has no antiretroviral activity.

3. MECHANISM OF DRUG ACTION

Both ritonavir and cobicistat play a role in HIV therapy as 
pharmacologic enhancing agents. Ritonavir is also used sim-
ilarly to boost paritaprevir, a protease inhibitor used to treat 
hepatitis C virus infection.

Because both drugs inhibit the action of several cytochrome 
P-450 (CYP450) enzymes, they can be used in a low dose to 
increase (boost) blood levels of other protease inhibitors. 

The cytochrome P-450 system is a family of enzymes that 
play an important role in the oxidative metabolism of organic 
toxins found in nature; many drugs are also metabolized by 
this group of enzymes. The enzymes are present in many tis-
sues in the body, including the gastrointestinal tract, lungs, 
and liver. The major CYP450 isoforms involved in drug 
metabolism are, in descending order, 3A, 2D6, 2C,1A2, and 
2E1 (Moyle, 2001). All protease inhibitors are metabolized 
predominantly by the CYP3A4 isoenzyme and can act as 
competitive inhibitors of this enzyme. Of the protease inhib-
itors, ritonavir is by far the most powerful inhibitor of 
CYP3A4 (Hsu et al., 1998). Cobicistat, at a dose of 200 mg, 
has a similar inhibitory action on CYP3A4 as a dose of 100 mg 

Figure 248.1. Chemical structure of 
ritonavir.
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ritonavir but no significant effect on other CYP families 
(Mathias et al., 2010a).

There is some speculation about the role of inhibition of 
P-glycoprotein in the pharmacologic enhancement of a pro-
tease inhibitor’s action. P-glycoprotein is an efflux pump 
expressed by a wide range of cells, including cells in the 
gut wall, liver, kidney, and blood–brain barrier. All protease 
inhibitors are substrates for P-glycoprotein; consequently, 
the distribution of protease inhibitors into a variety of fluids 
and tissues may be limited by P-glycoprotein activity (Huis-
man et al., 2000). Ritonavir is an inhibitor of P-glycoprotein 
(Profit et al., 1999), so may play a role in increasing the pen-
etration of some drugs, including protease inhibitors, into 
areas where only low concentrations are achieved. Studies 
investigating the ability of ritonavir to inhibit P-glycoprotein 
in a wide variety of cell cultures and tissues have had contra-
dictory conclusions (Glimenez et al., 2004). In a small study 
of six HIV-infected patients, an increased concentration of 
indinavir in semen and cerebrospinal fluid was found when 
the drug was boosted with ritonavir (Van Praag et al., 2000). 
In another study, the addition of ketoconazole (also an inhib-
itor of P-glycoprotein) to ritonavir–saquinavir therapy was 
found to significantly increase ritonavir cerebrospinal fluid 
concentration by 178% in a small group of HIV-infected 
patients (Khaliq et al., 2000). However, the clinical signifi-
cance of these studies is unknown. Cobicistat also inhibits 
P-glycoprotein, but not as strongly as ritonavir (Shah et al., 
2013). The contribution of inhibition of P-glycoprotein to 
any pharmacologic boosting effect by cobicistat or ritonavir 
remains controversial because it is difficult to separate from 
the effect of inhibition of CYP450 enzymes.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Current antiretroviral guidelines do not recommend ritona-
vir as the sole protease inhibitor. For information relating 
to full treatment doses of ritonavir, refer to the 6th edition of 
Kucers’ The Use of Antibiotics. 

Ritonavir and cobicistat are recommended solely as phar-
macokinetic enhancing agents, used to increase the level of 
other antiretroviral agents and thus improve efficacy and 
decrease pill burden.

Ritonavir is available in tablets containing 100 mg riton-
avir and as a solution containing 80 mg/ml. Ritonavir tablets 

should not be broken, chewed, or crushed (AbbVie, 2015). 
Ritonavir is also available in a fixed-dose co-formulation with 
lopinavir (Kaletra). The FDA has approved a generic, heat- 
stable, co-formulated atazanavir–ritonavir tablet for use in 
low- and middle-income countries (UNITAID/WHO, 2014).

A powder formulation of ritonavir is in development, 
which may be beneficial in the pediatric setting because it 
will be alcohol and propylene glycol free (Salem et al., 2014)

Cobicistat is available as a 150-mg tablet and co-formulated 
(150-mg dose) with tenofovir, emtricitabine, and elvitegra-
vir  (Stribild, Genvoya); with atazanavir (Evotaz); and with 
darunavir (Prez cobix or Rezolsta).

It is recommended that both cobicistat and ritonavir are 
taken with food. See Table 248.1 for a summary of dosing 
recommendations.

4a.  Adults

RITONAVIR

The dose of ritonavir as a boosting agent for other protease 
inhibitors depends on the individual drug co-administered, 
as outlined in Table 248.2 (see also Chapter 240, Saquinavir; 
Chapter 241, Indinavir; Chapter 242, Nelfinavir; Chapter 
243, Lopinavir; Chapter 244, Fosamprenavir; Chapter 245, 
Darunavir; Chapter 246, Atazanavir; Chapter 247, Tipranavir; 
and section 7, Clinical uses of the drug). 

Because adverse effects have been reported in healthy vol-
unteers with ritonavir use alone, the lowest possible dose to 
achieve the pharmacoenhancing boosting effect should be 
used (Moyle and Back, 2001). Studies of ritonavir boosting 
doses > 200 mg daily have shown an increase in adverse 
effects, including gastrointestinal upset and increased lipids 
(Cooper et al., 2003). As 100 mg is the minimum dose of 
ritonavir available, this dose has been most studied in com-
bination with varying protease inhibitors. Investigation of a 
50-mg dose in some small pharmacokinetic studies demon-
strated bioequivalence for atazanavir, darunavir, saquinavir, 
and amprenavir (Hill et al., 2011), but the 100-mg strength 
remains the standard dose. The antiviral activity of this 
dosage is not known; however, limited antiviral activity was 
seen in monotherapy studies at a 300 mg twice daily dosage 
(Danner et al., 1995).

COBICISTAT

The adult dose of cobicistat is 150 mg once daily. 

Figure 248.2. Chemical structure of cobicistat (Redrawn 
with permission from Gilead Sciences).
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Dose finding studies suggested doses ≥ 100 mg adminis-
tered once daily provide near-maximal boosting of CYP3A 
substrates and ensure the maintenance of high trough con-
centrations (Ctrough) of the treatment drug (Mathias et al., 
2010a). The 150-mg dose achieves similar Ctrough concentra-
tions of elvitegravir compared with 100 mg ritonavir 
(German et al., 2010). Similarly, bioequivalent exposures 
to atazanavir (Ramanathan et al., 2009; Gallant et al., 2013) 
were achieved with 150 mg cobicistat and 100 mg ritonavir. 
There are some conflicting data about bioequivalence of 
darunavir boosted with cobicistat compared with ritonavir; 
the investigators of a study in treatment-naive HIV-infected 
patients found darunavir 800 mg daily boosted with cobi-
cistat 150 mg and ritonavir 100 mg to be bioequivalent in 
terms of area-under-the-concentration-time curve (AUC), 
maximum concentration (Cmax), and Ctrough values (Mathias, 
2010b). However, a pharmacokinetic study in healthy volun-
teers found darunavir 800 mg once daily achieved a similar 
AUC24 with cobicistat and ritonavir boosting, but the mini-
mum concentration (Cmin) was less when boosted with cobi- 

cistat (Kakuda et al., 2014). The authors suggested that any 
reduction in the Cmin up to 50% should not adversely affect 
the virological activity of darunavir. A phase I study compar-
ing 600 mg darunavir twice daily boosted with either 100 mg 
ritonavir or 150 mg cobicistat provided evidence of bio-
equivalence, but further work is required (Ramanathan et al., 
2012a).

4b.  Newborn infants and children

RITONAVIR

Ritonavir is not recommended for use at full treatment dose 
for children (Panel on Antiretroviral Therapy and Medical 
Management of HIV-Infected Children, 2015). For informa-
tion on full treatment doses, refer to the 6th edition of Kucers’ 
The Use of Antibiotics.

Ritonavir solution is poorly palatable, and because of this, 
its potential drug interactions, and its gastrointestinal side 
effects, its use as a pharmacologic booster in children is lim- 

Table 248.2. Recommended dose of ritonavir when boosting other protease inhibitors.

Drug Dose form Dose Ritonavir dose
Food 
requirement Notes

Atazanavir 300 mg capsules 300 mg daily 100 mg daily With food Treatment-experienced patients

Darunavir 600 mg tablet 600 mg twice daily 100 mg twice daily With food Treatment-experienced patients

Darunavir 800 mg tablets 800 mg daily 100 mg daily With food Treatment-naive patients only

Fosamprenavir 700 mg tablet 700 mg twice daily 100 mg twice daily No restriction Treatment-experienced patients

Fosamprenavir 700 mg tablet 1400 mg daily 200 mg daily No restriction Treatment-naive patients only

Indinavir 400 mg capsule 800 mg twice daily 100 mg twice daily No restriction With 1.5–2 l fluid per day

Lopinavir 200 mg/50 mg tablet 400 mg twice daily 100 mg twice daily With food Co-formulated product, Kaletra

Lopinavir 200 mg/50 mg tablet 800 mg daily 200 mg daily With food Co-formulated product, Kaletra; 
treatment-naive patients only

Saquinavir 500 mg tablet 1000 mg twice daily 100 mg twice daily With food

Tipranavir 250 mg capsule 500 mg twice daily 200 mg twice daily With food Refrigeration required

Table 248.1. Dosing of ritonavir and cobicistat.

Drug name Ritonavir Cobicistat Comments

Routine dosages

Adults 100–200 mg daily (see Table 
248.2)

150 mg daily Higher dose ritonavir with 
tipranavir

Children Weight based and dependent 
on drug being boosted

Not established Ritonavir dosing complex (see 
Table 248.3) 

Newborn infants Not recommended Not established

Altered dosages

Impaired renal function Not required Not required Neither drug is dialyzed

Impaired hepatic function Not required in mild to 
moderate

Not required in mild to moderate No data for either drug in 
severe liver impairment

Pregnancy and lactating 
women

Category B; safe to breast 
feed

Category B; not established for 
breastfeeding

The elderly No change Not established, use with caution
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ited. Co-formulated lopinavir–ritonavir or ritonavir-boosted 
atazanavir are the recommended protease inhibitors in 
children, and ritonavir-boosted darunavir is an alternative. 
The dose of ritonavir depends on the child’s weight or body 
surface area, antiretroviral treatment experience, and the par-
ticular protease inhibitor used. A summary is in Table 248.3 
(see also the relevant chapter on each protease inhibitor).

COBICISTAT

Cobicistat is not approved for use in children under 18 years, 
as its safety and efficacy have not been established.

Pediatric formulations are being investigated to establish 
bioequivalence (Custodio et al., 2014a). In addition, the 
current US Dept of Health and Human Services guidelines 
for use of antiretrovirals in pediatric HIV infection mention 
a small study (14 participants) of the fixed-dose combina-
tion tablet containing elvitegravir–cobicistat–emtricitabine–
tenofovir in treatment-naive children and adolescents, aged 
12–17 years. This study reported pharmacokinetic (PK), tol-
erability, and virologic efficacy at 24 weeks. The therapy was 
well tolerated, and all subjects taking the combined anti-
retroviral treatment (cART) at 24 weeks had viral loads < 400 
copies/ml; 11 had viral loads < 50 copies/ml. Steady-state 
exposure was similar to that observed in adults, as were small 
increases in serum creatinine without evidence of nephro-
toxicity. These data suggest that the fixed-dose combination 
elvitegravir–cobicistat–emtricitabine–tenofovir is efficacious 
in children and adolescents aged 12 to 18–years, but evi-
dence is insufficient for this regimen to be recommended as 
initial therapy for treatment-naive children and adolescents 
in this age group (Panel on Antiretroviral Therapy and Med-
ical Management of HIV-Infected Children, 2015).

4c.  Pregnant and lactating mothers

RITONAVIR

Ritonavir is a category B drug.
Low (boosting) doses of ritonavir are used in pregnancy; 

for some years lopinavir–ritonavir was the therapy of choice, 
however, boosted darunavir and atazanavir are now the pre-
ferred regimens (Panel on Antiretroviral Therapy and Medical 
Management of HIV-Infected Children, 2015). 

Pharmacokinetic data suggest that with standard adult 
dosing, plasma concentrations of lopinavir–ritonavir, ataza-
navir, and darunavir are reduced during the second and/or 
third trimesters (see the chapters on specific protease inhibi-
tors). The need for a dose adjustment depends on the protease 
inhibitor, an individual patient’s treatment experience, and use 
(if any) of concomitant medications with potential for drug 
interactions. The ritonavir component of the therapy remains 
at the low boosting dose, should any adjustment occur.

A systematic review of pharmacokinetic studies of HIV-
positive women taking antiretrovirals that measured drugs 
in breast milk found that overall penetration of protease inhib-
itors into breast milk was low (< 40%) relative to mother’s 
plasma. One study from Malawi was able to detect lopinavir 
and ritonavir in the plasma of breastfed infants, at ~ 2% of 
mother’s plasma levels (Waitt et al., 2015). An open-label 
pharmacokinetic study in a subset of HIV-infected mothers 
and their uninfected infants enrolled in the Breast feeding, 
Antiretroviral, and Nutrition study described drug exposure 
at multiple time points (Corbett et al., 2014). Among 30 
mother–infant pairs, ritonavir breast milk concentrations 
were 80% lower than maternal concentrations and there were 
no detectable infant concentrations of ritonavir. Ritonavir’s 

Table 248.3. Doses of ritonavir and recommended protease inhibitors in children.

Atazanavira 
(> 10 kg or 3 months)

Darunavirb

(> 3 years)
Ritonavir–lopinavir

(> 14 days)

Daily dosing Twice daily dosing Twice daily dosing

Ritonavir
Atazanavir 

powder Ritonavir Darunavir

All patients: 75/300 mg/m2 (maximum 
of 100/400 mg per dose in those 
> 1 year)

Alternative for treatment- naive patient 
> 1 year: 57.5/230 mg/m2

Number of 25/100 mg tablets (given 
twice daily)

10–15 kg  80 mg 200 mg 10–11 kg

11–12 kg

12–13 kg

13–14 kg

14–15 kg

15–30 kg

30–40 kg

> 40 kg

 32 mg

 32 mg

 40 mg

 40 mg

 48 mg

 48 mg

100 mg

100 mg

200 mg

220 mg

240 mg

260 mg

280 mg

375 mg

450 mg

600 mg

15–25 kg  80 mg 250 mg

Children 6–18 years, > 15kg

Ritonavir
Atazanavir 

capsule

300 mg 230 mg

15–20 kg 2 2

15–20 kg 100 mg 150 mg 20–25 kg 3 2

20–40 kg 100 mg 200 mg 25–30 kg 3 3

> 40 kg 100 mg 300 mg 30–35 kg 4c 3

35–45 kg 4 4

> 45 kg 4 4

aAtazanavir powder is not equivalent or interchangeable with atazanavir capsules.
bOver 12 years or 40 kg, the dose of ritonavir is 100 mg. The dose is variable based on treatment experience and resistance.
cOr two 50/200 mg tablets. Once daily dosing is not recommended in those < 18 years.
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high protein binding is most likely explanation for the lower 
levels in breast milk. 

COBICISTAT

Cobicistat is a category B1 drug.
There are no adequate and well-controlled clinical studies 

of cobicistat in pregnancy. A recent case report demonstrated 
44% lower exposure (as measured by AUC0–24) to cobicistat 
during pregnancy when used as part of a fixed-drug combi-
nation, compared to postpartum levels (Schalkwijk et al., 
2016). Current guidelines do not recommend its use in preg-
nancy due to insufficient data. 

Studies in rats have demonstrated secretion into milk; how-
ever, it is not known if cobicistat is excreted into human milk.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Ritonavir
Dose adjustment is not necessary in renal impairment because 
< 4% of the dose of ritonavir is excreted unchanged in the 
urine. Ritonavir is not significantly removed from the blood 
during hemodialysis or peritoneal dialysis because it is highly 
protein bound (98–99%) (Izzedine et al., 2001; see Table 248.1).

Cobicistat
Cobicistat does not require dosage adjustment in renal 
impairment, including in those with an estimated creatinine 
clearance below 30 ml/minute.

Cobicistat should not be administered as part of combi-
nation therapy with tenofovir disoproxil fumarate, emtricit-
abine, or lamivudine in patients with an estimated creatinine 
clearance < 70 ml/minute because these agents require dose 
adjustments < 50 ml/minute and such dose adjustments have 
not been established for co-administration of cobicistat 
(Gilead Sciences, 2013).

Because cobicistat is highly bound (97–98%) to plasma 
proteins, it is unlikely that it will be significantly removed by 
hemodialyses or peritoneal dialysis.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Ritonavir
The manufacturer recommends caution when using ritona-
vir in patients with moderate or severely impaired hepatic 
function because the drug is mainly metabolized by the liver. 
Ritonavir mean half-life increased from 4.6 hours in patients 
with normal hepatic function to 6.3 hours in patients with 
moderate hepatic insufficiency (Hsu et al., 1998). In patients 
with chronic viral hepatitis, ritonavir markedly reduces 
CYP3A activity (Knox et al., 2008). Protein binding of 
ritonavir was not statistically significantly affected by mild 
or moderately impaired hepatic function.

Cobicistat
Cobicistat is primarily metabolized and eliminated by the 
liver. No dose adjustment is required in mild-moderate 

hepatic impairment. A small pharmacokinetic study in 
patients with moderate (Child Pugh class B) liver impair-
ment found no clinically relevant pharmacokinetic changes 
for elvitegravir or cobicistat, and adverse events comparable 
to healthy controls (Custodio et al., 2014b). Cobicistat has 
not been studied in severe hepatic impairment.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

The clinically notable pharmacokinetic features of ritonavir 
and cobicistat are summarized in Table 248.4.

5a.  Bioavailability

RITONAVIR

The absolute bioavailability of ritonavir has not been deter-
mined. When oral ritonavir solution was given under non-
fasting conditions, peak ritonavir concentrations decreased 
23% and the extent of absorption decreased 7% relative to 
fasting conditions.

Food decreased the bioavailability of ritonavir tablets when 
a single 100-mg dose of ritonavir was administered. Under 
high-fat conditions (907 kcal; 52% fat, 15% protein, 33% car-
bohydrates), a 23% decrease in mean AUC0–∞ (90% confi-
dence interval [CI]: −30% to −15%), and a 23% decrease in 
mean Cmax (90% CI: −34% to −11%) was observed relative 
to fasting conditions. Under moderate fat conditions, a 21% 
decrease in mean AUC0–∞ (90% CI: −28% to −13%), and a 22% 
decrease in mean Cmax (90% CI: −33% to −9%) was observed 
relative to fasting conditions. However, the type of meal 

Table 248.4. Clinically relevant pharmacokinetics of ritonavir and 
cobicistat in adults.

Ritonavir Cobicistat

Bioavailability

Terminal half-life 3–5 hours 3.5 hours

Cmax 0.47 µg/ml 1.2 µg/ml

tmax 4 hours 4 hours

AUC 3.218 µg∙h/ml 10.9 µg∙h/ml

Protein binding 99% 97–98%

Drug distribution

Lymphatics Tissue/plasma ratio ~ 1

CSF Minimal (< 0.05 mg/l) Minimal (rat data)

Urine Minimal Minimal

Excretion

Urine 11% 8.2%

Feces 86% 86%

Metabolites Nearly all excreted 
unchanged

99% excreted 
unchanged 

Abbreviations: Cmax: maximum concentration; tmax: time to maximum con-
centration; AUC: area-under-the-concentration-time curve; CSF: cerebro-
spinal fluid.
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administered did not change ritonavir tablet bioavailability 
when high-fat was compared to moderate-fat meals (AbbVie, 
2015).

At steady state, the half-life (t½) of ritonavir was 3–5 hours 
(AbbVie, 2015). Ritonavir is 99% bound to plasma proteins 
(Leonard, 1996), with alpha1-acid glycoprotein being the 
principal binding protein (AbbVie, 2015).

COBICISTAT

After oral administration of cobicistat with food in HIV-1 
infected patients, peak plasma concentrations were observed 
4 hours after the dose of cobicistat. A food effect was not stud-
ied because in clinical practice the compound is administered 
with other drugs given with food. The median terminal plasma 
half-life of cobicistat is approximately 3.5 hours. Cobicistat is 
97–98% plasma protein bound (Gilead Sciences, 2013)

5b.  Drug distribution

RITONAVIR

For information regarding plasma concentrations when full 
treatment dose ritonavir is taken, refer to the 6th edition of 
Kucers’ The Use of Antibiotics. 

Peak concentration of 100 mg ritonavir dosed with a 
moderate-fat diet was 0.47 µg/ml, achieved at 4.3 hours. The 
AUC∞ was 3.218 µg/h/ml. Tissue distribution studies with 
14C-labeled ritonavir in rats showed that the liver, adrenals, 
pancreas, kidneys, and thyroid have the highest concentra-
tions of the drug. In addition, tissue/plasma ratios of approx-
imately 1 measured in rat lymph nodes suggest that ritonavir 
distributes into lymphatic tissues. Ritonavir distributes min-
imally into the brain (AbbVie, 2015).

COBICISTAT

The steady-state Cmax, AUCτ, and Ctrough (mean ± s.d.) after 
multiple doses of cobicistat in HIV-1 infected patients were 
1.2 ± 0.3 µg/ml, 10.9 ± 3.8 µg/h/ml, and 0.07 ± 0.07 µg/ml, 
respectively. Cobicistat is highly protein bound (97–98%), 
the plasma to /blood drug concentration ration is 2 (Gilead 
Sciences, 2013). Distribution to tissues has not been studied.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Human small intestine epithelial cells provide the first site 
for CYP450 metabolism of orally administered drugs, where 
isoenzymes 2C and 3A predominate (Moyle, 2001). Ritonavir 
and cobicistat inhibit the action of CYP3A4 in particular. 
Consequently, the absorption of drugs usually metabolized 
at these sites is increased. In addition, by inhibiting CYP3A4 
isoenzymes in the liver, ritonavir and cobicistat slow metab-
olism of many other drugs.

These pharmacokinetic effects are of clinical importance 
because ritonavir is routinely prescribed with the majority of 
currently available antiretroviral protease inhibitors and par-
itaprevir, a hepatitis C active protease inhibitor. Cobicistat 

has been included as a pharmacoenhancer in a fixed-drug 
combination with atazanavir (Evotaz) and darunavir (Prez-
cobix), in addition to its boosting action on the integrase 
inhibitor elvitegravir. Using cobicistat or ritonavir in combi-
nation with another protease inhibitor results in increased 
absorption and slowed metabolism of the second drug, pro-
viding an increased plasma level of the second drug. The 
actual effects observed may vary among agents, but increased 
Cmax, Cmin, AUC, and half-life of the second drug have been 
noted. These changes diminish interpatient variability in 
drug exposure and allow for a reduction of dose and poten-
tially the dosing frequency of the second drug.

5d.  Excretion

RITONAVIR

The cytochrome P-450 pathway is the major pathway of 
metabolism of ritonavir, with CYP3A4 being the predomi-
nant isoenzyme involved; CYP2D6 is involved to a lesser 
extent (Hsu et al., 1998). Five metabolites have been iden-
tified, with the isopropylthiazole oxidation derivative being 
the principal metabolite. Although this derivative has anti-
viral potency similar to that of the parent compound, the 
plasma levels are low, and AUC is approximately 3% of the 
parent drug (AbbVie, 2015), suggesting that it does not con-
tribute significantly to the antiviral activity of ritonavir.

Human studies with radiolabeled ritonavir have demon-
strated that the elimination of ritonavir is primarily via the 
hepatobiliary system. Fecal excretion accounts for about 
86%, and approximately 11% of the drug is excreted in urine 
(AbbVie, 2015). About 34% and 3.5% of a 600-mg dose is 
excreted as unchanged drug in the feces and urine, respec-
tively (Hsu et al., 1998).

COBICISTAT

The major pathway for cobicistat metabolism is CYP3A-
mediated oxidation. The CYP2D6 isoenzyme plays a small 
role. Metabolites do not contribute to the CYP3A inhibitory 
effect of cobicistat. Approximately 20 new metabolites of 
cobicistat metabolic pathways have recently been identified 
from pathways including glycine conjugation, N-acetyl cys-
teine conjugation, morpholine, and thiazole ring opening 
(Wang et al., 2016).

After oral administration of C14-labeled cobicistat, 99% of 
circulating radioactivity in plasma was unchanged drug. Low 
levels of metabolites were detected in urine and feces. The 
majority of the dose (86%) was recovered in the feces, with 
8.2% in the urine (Gilead Sciences, 2013).

5e.  Drug interactions

Ritonavir is metabolized by the cytochrome P-450 pathway 
(mostly 3A4) and acts as a strong inhibitor of many of the 
CYP450 enzymes and of P-glycoprotein. It can induce some of 
the CYP450 enzymes (e.g. 1A2) and also induces the activity of 
phase II enzyme uridine diphosphate glucuronosyl transferase 
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(UGT) (Foisy et al., 2008). Cobicistat is an inhibitor of the 
CYP3A subfamily of enzymes, as well as (to a lesser extent) 
CYP2D6 and P-glycoprotein (Mathias et al., 2010a). In addi-
tion, both drugs inhibit a range of other transporters, such as 
the organic anion transporters OAT1B1 and OAT1B3 and 
multidrug and toxin extrusion (MATE) protein 1 (Lepist et 
al., 2014).

Consequently, there are a vast number of proven and 
potential drug interactions to consider, mostly, but not ex-
clusively, due to the interaction with the CYP450 enzyme 
 system. Because of the complex nature of potential interac-
tions, it is necessary to consider each co-administered drug 

carefully, to consult the product literature for documented 
interactions, or to use pharmacokinetic data (such as how 
the drug is metabolized), to assist in predicting potential 
interactions. Table 248.5 summarizes how ritonavir and 
cobicistat affect enzymes involved in drug metabolism and 
transporter proteins.

Drugs contraindicated with ritonavir and drugs interacting 
with cobicistat and ritonavir are summarized in Table 248.6, 
Table 248.7, Table 248.8, and Table 248.9. It is important to 
note that these tables are not all-inclusive; data can change 
frequently. It is necessary to consult the most recent informa-
tion available before making a decision that affects patient 

Table 248.5. Liver enzymes and transporters affected by ritonavir and cobicistat.

Cobicistat Ritonavir

Enzymes induced n/a CYP1A2
CYP2B6
CYP2C9
CYP2C19
UGT1A4

Enzymes inhibited (descending order) CYP3A4 
CYP2D6 (weak)

CYP3A4
CYP2D6
CYP2C9
CYP2C19
CYP2A6
CYP1A2
CYP2E1
CYP2B6 (in vitro)

Transporters inhibited P-glycoprotein
OATP1B1
OAT1B3
MATE-1
BRCP

P-glycoprotein (also can induce)
OATP1B1
OAT1B3
MATE-1
BRCP

Abbreviations: n/a: not applicable; CYP: cytochrome P-450; UGT: uridine diphosphate glucuronyl transferase; OATP: organic 
anion transport protein; MATE: multidrug and toxin extrusion protein; BRCP: breast cancer resistance protein.

Table 248.6. Drugs contraindicated with cobicistat and ritonavir.

Drug Cobicistat Ritonavir Potential adverse effect

Alfuzosin ✓ ✓ Hypotension

Amiodarone ✓ Hypotension, bradycardia

Flecainide, quinidine, bepridil ✓ ✓ Arrhythmias

Simvastatin, lovastatin ✓ ✓ Myopathy, rhabdomyolysis

Cisapride ✓ ✓ Cardiotoxicity, QT prolongation

Pimozide ✓ ✓ Cardiotoxicity, QT prolongation

Midazolam, triazolam ✓ ✓ Extreme sedation, respiratory depression

Dihydroergotamine, ergotamine ✓ ✓ Risk of ergotism

Rifabutin,a rifampicin, rifapentine ✓ Loss of effect of cobicistat 

Sildenafil, tadalafil, vardenafil (for pulmonary arterial hypertension) ✓ ✓ Hypotension, syncope

Fusidic acid ✓ Hepatitis, bone marrow depression

Salmeterol ✓ QT prolongation

St. John’s wort ✓ ✓ Loss of effect of enzyme inhibitor

Voriconazole ✓ Loss of effect of voriconazole

Rivaroxaban ✓ Increased bleeding

aRifampicin plus ritonavir is not contraindicated, but it is extremely difficult to manage; use rifabutin.
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care. Product monographs, pharmacokinetic data, and fre-
quently updated Web-based drug interaction tables will 
assist in ensuring the correct doses are co-administered. 
Regularly updated drug interaction reference tables are avail-
able; the US Guidelines for the Use of Antiretroviral Agents 
in HIV-1 Infected Adults and Adolescents has several tables 
with drug interaction data (aidsinfo.nih.gov), and the websites 
hiv-druginteractions.org and hivclinic.ca have a number of 
excellent referenced tables to assist health professionals.

DRUGS CONTRAINDICATED FOR 
CO-ADMINISTRATION WITH RITONAVIR

The combination of some drugs with ritonavir is contra-
indicated (see Table 248.6). The majority are contraindicated 
because inhibition of their metabolism by ritonavir could 
produce large increases in plasma concentration, and poten-
tially dangerous side effects may result. However, some drugs 
are contraindicated because ritonavir induces their metabo-
lism (e.g. voriconazole), rendering them less effective.

DRUGS CONTRAINDICATED FOR 
CO-ADMINISTRATION WITH COBICISTAT

Table 248.6 lists the drugs contraindicated with cobicistat. 
Similar to ritonavir, cobicistat can, via inhibition of CYP3A4, 
increase concentrations of the majority of the contraindi-
cated drugs, resulting in potentially dangerous side effects. 
Of note, cobicistat is contraindicated with the rifamycins 
because their effect on cobicistat and the antiviral agent given 
with it may result in reduced antiviral efficacy. 

INTERACTIONS WITH COMMONLY  
PRESCRIBED DRUGS

Many drugs require dose adjusting or monitoring when used 
with cobicistat and ritonavir; some examples are in Table 
248.7 

Commonly prescribed drugs for which an interaction 
may be significant include the HMG-CoA reductase inhib-
itors (statins), hormonal contraceptives, glucocorticoids, 
azole antifungals, rifamycins, anticoagulant and antiplatelet 
agents, some cardiovascular agents (e.g. calcium channel 
blockers, amiodarone, digoxin), some anticonvulsants, some 
psychotropic drugs, and the phosphodiesterase inhibitors 
(e.g. sildenafil).

It is important to note that ritonavir liquid (a preparation 
now rarely used) contains alcohol in its formulation; co- 
administration of disulfiram or drugs that produce disulfiram- 
like reactions, including metronidazole, should be approached 
with caution when ritonavir liquid is prescribed. 

INTERACTIONS WITH OTHER  
ANTIRETROVIRAL DRUGS

Using cobicistat or ritonavir as part of combination antiret-
roviral therapy may involve interactions with other compo-
nents of the antiretroviral medication regimen (Tables 248.8 
and 9). The ritonavir-boosted protease inhibitors can inter-
act with nonnucleoside reverse transcriptase inhibitors and 

CCR5 inhibitors; some require dose adjustment. Raltegravir 
plasma concentrations are only weakly affected by ritonavir 
(Iwamoto et al., 2008). Co-administration of dolutegravir with 
ritonavir alone has not been studied. 

In studies of dolutegravir administered daily with ritona-
vir-boosted protease inhibitors darunavir and fosamprenavir 
(given twice daily), the combination lead to a decreased 
AUC, Cmax, and Ctrough of dolutegravir (Song et al., 2011a; 
Song et al., 2014), not considered to be clinically significant. 
By contrast, both ritonavir-boosted and unboosted atazan-
avir increased the AUC, Cmax, and Ctrough of dolutegravir (Song 
et al., 2011b). In the former case, ritonavir may decrease 
dolutegravir concentrations by induction of its metabolism 
via UGT1A1 glucuronidation; an action inhibited by ataza-
navir, meaning higher concentrations in the latter case.

Ritonavir also affects the pharmacokinetics of elvitegravir 
(see section 5.2.D, Integrase inhibitors) and vicrivaroc and 
maraviroc (CCR5 antagonists) (Ramanathan et al., 2008; see 
Chapter 253, Maraviroc). Ritonavir could be used to boost 
the levels of elvitegravir, through inhibition of CYP3A4, but 
it has been co-formulated with cobicistat for this purpose. 
Maraviroc is a substrate of CYP3A4, so dose adjustments are 
required when given with combination therapy containing 
cobicistat or ritonavir. Some newer antiretroviral agents 
currently in trials are also substrates of CYP3A4, including 
the CCR5 and CCR2 antagonist cenicriviroc (Martin et al., 
2011), the nonnucleoside reverse transcriptase inhibitor 
doravirine, a CYP3A4 and P-glycoprotein substrate (Ander-
son et al., 2015). Con sequently, these drugs could be pre-
dicted to interact with both cobicistat and ritonavir. The 
novel long-acting integrase inhibitor cabotegravir is mostly 
metabolized by glucuronidation, meaning an interaction 
with ritonavir is possible. Cytochrome P-450-mediated metab-
olism is expected to have a minimal role in cabotegravir 
metabolism (Reese et al., 2014). 

Cobicistat and its co-formulated products may similarly 
interact with other antiretroviral agents, and the limited data 
describing interactions can be conflicting with respect to 
clinical outcome. The manufacturers state that cobicistat is 
not always interchangeable with ritonavir, in particular with 
protease inhibitors other than atazanavir and darunavir, or 
to boost darunavir at the 600 mg twice daily dose. 

It is further recommended that cobicistat not be given in 
combinations that include more than one antiretroviral drug 
requiring pharmacokinetic enhancement, due to the complex 
nature of any interactions that may occur. An example of this 
is the interaction between cobicistat-boosted elvitegravir (150 
mg) and darunavir 800 mg, all given once daily. The resulting 
trough concentrations for both darunavir and elvitegravir were 
lower than historical data (Ramanathan et al., 2012a). A small 
simplification study comparing stable patients taking daruna-
vir 800 mg as part of a multitablet regimen with switching to 
darunavir 800 mg daily plus tenofovir alafenamide–emtricit-
abine–elvitegravir–cobicistat daily demonstrated equal effi-
cacy at 24 weeks. The pharmacokinetic substudy showed the 
elvitegravir Ctrough > 10-fold above the protein adjusted 95% 
inhibitory concentration (IC95) (45 ng/ml) and the darunavir 

http://www.aidsinfo.nih.gov
http://www.hiv-druginteractions.org
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Table 248.9. Interactions with other commonly prescribed antiretrovirals: cobicistat.

Boosted drug
Atazanavir 300 mg + Cobicistat 
150 mg daily

Darunavir 800 mg + cobicistat 150 
mg daily

Elvitegravir 150 mg + cobicistat 
150 mg daily

Nonnucleoside reverse transcriptase inhibitors
Efavirenz 600 mg daily No data. 

Not recommended 
No data
Not recommended

 No studies given together
Swap-over studies from efavirenz– 

tenofovir–emtricitabine to elvitegravir– 
cobicistat–tenofovir–emtricitabine 
resulted in lower elvitegravir 
exposures (AUC ↓ 29% at day 42 
post switch) but Ctrough above the IC95 

Etravirine 200 mg twice 
daily

No data No data at daily dose
In healthy volunteers given cobicistat–

darunavir 150/600 mg twice daily 
with etravirine 200 mg twice daily for 
10 days: no effect on cobicistat or 
darunavir (Ramanathan et al., 2012a)

No studies with cobicistat boosted 
elvitegravir

In healthy subjects, ritonavir boosted 
elvitegravir with etravirine resulted in 
no changes to PK

Nevirapine 200 mg twice 
daily

No data
Interaction unpredictable (both 

decreased atazanavir and 
increased nevirapine possible)

No data
Interaction unpredictable (both 

decreased darunavir and increased 
nevirapine possible)

No data
Interaction unpredictable (both 

decreased elvitegravir and increased 
nevirapine possible)

Rilpivirine 25 mg daily No data
Potential to increase plasma 

concentrations of rilpivirine

No data
Potential to increase plasma concentra-

tions of rilpivirine

No data
Potential to increase plasma concentra-

tions of rilpivirine

Protease inhibitors
Atazanavir 300 mg daily n/a n/a A small PK study of cobicistat 150 mg + 

atazanavir 300 mg + elvitegravir 85 
mg: 10% lower atazanavir AUC than 
atazanavir/ritonavir, not clinically 
relevant

Elvitegravir 85 mg recommended 
(Ramanathan et al., 2012b)

Darunavir 800 mg n/a n/a Darunavir 800 mg plus elvitegra-
vir150 mg/cobicistat 150 mg daily: 
both darunavir and elvitegravir  
Ctrough decreased (21% and 52%, 
respectively). 

Elvitegravir AUC ↓ 20%.
Clinical significance unclear 

(Ramanathan et al., 2012a)

Integrase inhibitors
Dolutegravir 50 mg daily No data with cobicistat-boosted 

atazanavir
Healthy adults given 30 mg 

dolutegravir daily + atazanavir 
300 mg/ritonavir 100 mg: 
dolutegravir AUC ↑ 62%, Ctrough 
↑ 121% (Song et al., 2011b)

No data with cobicistat-boosted 
darunavir

Healthy adults given 30 mg dolute-
gravir daily + darunavir–ritonavir 
600/100 mg twice daily: dolutegravir 
AUC ↓ 22%, Ctrough ↓ 38%.

Not considered clinically significant 
(Song et al., 2011a)

n/a

Raltegravir 400 mg twice 
daily

No data with cobicistat-boosted 
atazanavir

Complex interaction between 
atazanavir and raltegravir with 
and without ritonavir; avoid use 
with cobicistat

No data with cobicistat-boosted 
darunavir

No evidence of a pharmacokinetic 
interaction was found between 
darunavir–ritonavir 800/100 mg daily 
+ raltegravir 400 mg twice daily 
(Jackson et al., 2011)

n/a

CCR5 inhibitor
Maraviroc 150–600 mg 

twice daily
No data with cobicistat boosting
Based on ritonavir data, give 

maraviroc 150 mg twice daily

No data with cobicistat boosting
Based on ritonavir data, give maraviroc 

150 mg twice daily

No data with cobicistat boosting
Based on ritonavir data, give maraviroc 

150 mg twice daily

Abbreviations: AUC: area-under-the-concentration-time curve; ↓: decrease; Ctrough: trough concentration; IC95: 95% inhibitory concentration; PK: pharmaco kinetic; n/a: not 
applicable; ↑: increase.
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Ctrough > 22-fold above the protein adjusted IC50 (55 ng/ml). 
(Huhn et al., 2015). The significance of these data in clinical 
practice is unclear; and the conflicting data demonstrate the 
danger of combining untested therapies with cobicistat- 
boosted drugs.

Cobicistat-boosted elvitegravir (as dosed in Stribild) (see 
Chapter 250) has not been studied with atazanavir. Phar-
macokinetic studies showed that a lower dose of elvitegravir 
(85 mg) boosted with 150 mg cobicistat and given with 300 
mg atazanavir produced similar elvitegravir and cobicistat 
pharmacokinetics to historical controls, and the small (24%) 
drop in atazanavir AUC was not clinically relevant in com-
parison to a ritonavir–atazanavir 300 mg control (Ramana-
than et al., 2012b). 

Cobicistat-boosted darunavir and atazanavir are not rec-
ommended to be used with efavirenz, as the decrease in cobi-
cistat levels may lead to lower protease inhibitor exposure. 
In addition, for treatment-experienced patients, the use of 
 cobicistat-boosted darunavir with etravirine is not recom-
mended, as there is potential to reduce levels of darunavir. 
However, in healthy volunteers given cobicistat–darunavir 
150/600 mg twice daily with etravirine 200 mg twice daily for 
10 days, there was no effect on cobicistat or darunavir expo-
sure (Ramanathan et al., 2012a). The impact of etravirine on 
once daily darunavir–cobicistat is not clear. 

In another pharmacokinetic study, standard dose tipran-
avir (500 mg), boosted with ritonavir 200 mg, given twice 
daily, was compared with tipranavir 500 mg plus cobicistat 
150 mg twice daily. When boosted with cobicistat, tipranavir 
concentrations were significantly reduced, the AUC by 53.8% 
and the Cmax by 37.8% (Ramanathan et al., 2012a).

These complexities, and the limited studies available make 
it unwise to combine cobicistat boosted antiretrovirals with 
any other antiretroviral subject to CYP3A4 metabolism. 
Extrapolation of data available for ritonavir to cobicistat 
would be similarly unwise. 

Table 248.9 includes information on known interactions 
with cobicistat. 

Reference to frequently updated tables such as those avail-
able in the US Guidelines for the Use of Antiretroviral Agents 
in HIV-1 Infected Adults and Adolescents (aidsinfo.nih.gov) 
or the websites hivclinic.ca and hiv-druginteractions.org 
should assist with accurate dosing of combination antiretro-
viral therapy.

INTERACTIONS WITH NATURAL HEALTH OR 
COMPLEMENTARY MEDICATIONS

Natural health products, herbal products, and complemen-
tary medicines may interact with both cobicistat and ritona-
vir. As patients taking antiretroviral drugs may also be taking 
complementary medication—up to 67% in a US survey 
(Gore-Felton et al., 2003) and 53% in an Australian survey 
(Braun et al.,2015), it is important to consider potential 
interactions. There is limited knowledge of the effects of 
co-administration of herbal/complementary medications with 
antiretroviral drugs. Some of these compounds can induce 
CYP3A4, such as St. John’s wort, or inhibit CYP3A4, such as 

the flavonoids found in grapefruit juice, which inhibit intes-
tinal 3A4 (Zhou et al., 2003), and silybins, found in milk this-
tle (Sridar et al., 2004). Cat’s claw (Uncaria tomentosa) has 
been shown to inhibit CYP3A4 in vitro (Budzinski et al., 
2000). Data are lacking about the clinical effects of inhibit-
ing P-glycoprotein with compounds such as silymarin, gar-
lic, green tea, ginseng, and many flavonoids (Lee et al., 2006). 
Similarly, the effect of inducing glucuronosyltransferases by 
natural products remains unclear.

Those taking mineral supplements (and vitamin supple-
ments or antacid products containing polyvalent cations) 
need to be cautioned about the chelation effect of aluminium, 
iron, calcium, and magnesium on the integrase inhibitors. The 
administration times need to be significantly separated. 
Although there is no specific effect on either ritonavir or 
cobicistat, the cobicistat-boosted elvitegravir product needs 
to be separated from these compounds by at least 2 hours 
(Gilead Sciences, 2013).

Documented herbal interactions with ritonavir are few. 
Garlic has been reported to reduce ritonavir AUC, and there 
have been two documented cases of severe gastrointestinal 
side effects, even with rechallenge of low-dose ritonavir (Lee 
et al., 2006). A case report of virological failure in a patient 
taking ritonavir-boosted atazanavir and garlic described a 
significant drop in atazanavir levels, which persisted some 10 
days after cessation of garlic (Mills and Duncan, 2013). The 
mechanism by which garlic affects the protease inhibitors is 
complex; garlic contains many biologically active compounds, 
which can affect intestinal absorption as well as metabolism 
by the cytochrome system (Berginc and Kristl, 2012).

St. John’s wort has been shown to significantly reduce the 
AUC of unboosted indinavir by a mean of 57% in healthy 
volunteers (Piscitelli et al., 2000a). As it has the potential to 
decrease other protease inhibitor levels in a similar way, it 
has been recommended by the product manufacturers that 
the herb be avoided with protease inhibitors. The same risk 
applies to cobicistat, which is similarly contraindicated. 

A case report of an interaction between cat’s claw and the 
combination of ritonavir-boosted atazanavir and saquinavir 
described increased serum trough concentrations of all three 
protease inhibitors (Lopez Galera et al., 2008).

Extracts of Echinacea angustifolia have been shown to 
inhibit CYP3A4 in vitro (Budzinski et al., 2000); however, 
conversely, Echinacea purpurea induced metabolism of daru-
navir, without an effect on overall darunavir or ritonavir 
phar macokinetics or clinical outcome (Molto et al., 2011).

Some complementary therapies inhibit or induce CYP 
enzymes but have little effect on antiviral agents. These include 
milk thistle (Silymarin marianum), goldenseal root (Hydrastis 
canadensis), red yeast rice, aloe, and licorice. Further studies 
are required (Stolbach et al., 2015).

INTERACTIONS WITH RECREATIONAL DRUGS

Methamphetamine and methylenedioxymethamphetamine 
(MDMA/ecstasy) are metabolized by CYP2D6 (Lin et al., 
1997). Consequently, they can be predicted to interact with 
ritonavir, which increases their levels through inhibition of the 

http://www.aidsinfo.nih.gov
http://www.hiv-druginteractions.org
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enzyme. There are several case reports documenting increased 
duration of action of the drugs and also serious adverse effects, 
such as seizures, tachycardia, tachypnea, and loss of con-
sciousness (Harrington et al., 1999), as well as one fatality in 
which MDMA was the suspected drug (Henry and Hill, 1998).

The metabolism of cocaine, ketamine, and phencyclidine 
has been studied; each is subject to degradation by different 
CYP450 enzymes, at least in part (Wynn et al., 2005). No for-
mal interaction studies have been performed, nor have case 
reports been documented about the use of these drugs with 
ritonavir, though it may be predicted that their co-adminis-
tration could have serious consequences.

Marijuana’s metabolism is complex. CYP450 enzymes are 
involved in part. Limited in vivo studies suggest that smoked 
marijuana and dronabinol taken orally do not alter antiretro-
viral drug plasma levels (Wynn et al., 2005), though it is pos-
sible that taking CYP3A4 inhibitors will increase the effect or 
duration of action of the marijuana.

Heroin is rapidly converted to morphine by esterases; 
morphine is then further metabolized by glucuronidation. 
Ritonavir induces glucuronidation, so levels of morphine 
may decrease; however, the level of active metabolite mor-
phine 6-glucuronide may increase, making a clinically notice-
able interaction unlikely.

The metabolism of lysergic acid diethylamide (LSD) is 
poorly understood but is thought to be liver mediated; that 
of gamma-hydroxybutyrate (GHB) is less understood. There 
has been one report of an adverse reaction when GHB was 
used with ritonavir (Harrington et al., 1999), but it was com-
plicated by concurrent ecstasy use.

Synthetic cathinone derivatives (e.g. mephedrone) are a 
diverse group of compounds whose metabolism is still being 
elucidated. In vitro, methylenedioxypyrovalerone (MDPV) is 
a substrate of CYP1A2, 2C19, and 2D6 (Meyer et al., 2010). 
Consequently it is possible that concentrations could increase 
when co-administered with ritonavir.

6. ADVERSE REACTIONS AND TOXICITY

6a.  Common side effects

RITONAVIR

At lower boosting doses, adverse effects attributed to 
ritonavir are less frequent and severe than those that are 
associated with full-treatment dose; however, gastrointesti-
nal side effects do occur. In a study of healthy volunteers 
(investigating changes to lipids) 60% of participants experi-
enced minor gastrointestinal side effects when given 100 mg 
ritonavir twice daily (Shafran et al., 2005). 

There is also a risk of hyperlipidemia. A study in HIV-
seronegative healthy volunteers dosed with 100 mg ritonavir 
twice a day for 14 days demonstrated increased total choles-
terol and triglyceride levels (10% and 26%, respectively); 
high-density lipoproteins (HDL) decreased by 5.4% (Shafran 
et al., 2005). After a 7-day washout period, the same study 
group was given lopinavir–ritonavir for 14 days. There was 

no further change to triglycerides, low-density lipoproteins 
(LDL), or total cholesterol/HDL ratio, but significant increases 
in HDL and total cholesterol of 6.7% and 8%, respectively.

Hyperlipidemia has also been observed in those taking 
boosted protease inhibitors indinavir, saquinavir (Dragsted 
et al., 2003), fosamprenavir (Gathe et al., 2004), lopinavir, 
and tipranavir (Carr et al., 2007). 

Boosted atazanavir and darunavir have more favorable 
lipid profiles compared with previously marketed agents 
(Over ton et al., 2012), but the effect remains and is most 
likely due to the ritonavir component.

Ritonavir solution has an unpalatable taste due to the 
alcohol and propylene glycol solvents utilized. 

Table 248.10 summarizes the common adverse reactions 
reported with ritonavir.

COBICISTAT

Cobicistat is generally well tolerated, with infrequent adverse 
effects including nausea and diarrhea (Cohen et al., 2011; Sax 
et al., 2012). Adverse effects when comparing cobicistat with 
ritonavir-boosted atazanavir are consistent with those receiv-
ing the ritonavir-boosted compound, including similar rates 
of nausea and diarrhea (up to 20% and 22%, respectively, for 
the cobicistat-containing arm). Small increases in fasting lipid 
parameters occurred in both arms and were comparable. 
Cobicistat has a less pronounced effect on adipocytes than 
ritonavir (Xu et al., 2010), so may have less potential to dis-
turb lipid metabolism. Other laboratory abnormalities such 
as changes to ALT, amylase, or creatinine kinase (CK) were 
also similar, with the exception of bili rubin, which was pre-
dictably higher in the atazanavir group (DeJesus et al., 2012).

The most important adverse effect of cobicistat is the 
perceived decrease in estimated glomerular filtration rate 
(eGFR). This effect is due to cobicistat reversibly inhibiting 
tubular secretion of creatinine. This effect is facilitated by 
its uptake into the kidney by organic cation transporter-2 
(OCT2) and its subsequent inhibition of MATE-mediated 
efflux of creatinine (Lepist et al., 2014).

It is important that this effect on creatinine excretion does 
not affect actual renal glomerular function (German et al., 
2012). The decrease in eGFR occurs early in therapy and 
 stabilizes after 2–4 weeks; in trials, the mean rise in serum 
creatinine was 12.4 ± 11.5 µmol/l from baseline (DeJesus et 
al., 2012; Sax et al., 2012). The manufacturer recommends 
patients who experience a confirmed increase in serum cre-
atinine of > 35 µmol/l from baseline should be screened for 
evidence of tubulopathy.

Table 248.11 summarizes the common side effects reported 
with cobicistat.

6b.  Potentially serious side effects

RITONAVIR

The more serious adverse events associated with ritonavir 
mostly occur when using treatment-dose ritonavir (600 mg 
twice daily). Serious adverse effects described here are those 
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associated with the full-treatment dose, but some effects may 
occur at lower (boosting) doses. 

The serious gastrointestinal side effects include nausea, 
vomiting, diarrhea, taste perversion, and circumoral pares-
thesia, all more common at higher doses. 

It should be noted that ritonavir solution contains 43% 
alcohol and 27% propylene glycol; accidental ingestion could 
be toxic and potentially lethal to a young child.

HEPATOTOXICITY

Significantly raised hepatic transaminases were noted in the 
first treatment week of a phase I/II safety and efficacy study 
with ritonavir in HIV-infected individuals (Danner et al., 
1995). Another early study noted marked increases in gamma- 
glutamyltransferase, with the value being at least doubled in 
24% of the treated group (Markowitz et al., 1995). In a pro-
spective study the incidence of hepatotoxicity in those taking 

Table 248.10. Side effects of ritonavir.a

Drug class Frequency (%) Comments

Common, including at lower doses

Nausea 57%

Vomiting 31%

Dyspepsia 11%

Dysgeusia 16% Likely due to older formulations and ritonavir solution

Hypercholesterolemia 3%

Hypertriglyceridemia 9%

Diarrhea 68%

Abnormal liver function tests 8.7%

Less common 

Paresthesia 50% Includes common side effect of circumoral paresthesia (very common in 
high doses)

Lipodystrophy 3%

Pruritus 12%

Rash 27% Includes case reports of toxic epidermal necrolysis and Stevens-Johnson 
syndrome

Unusual but clinically important

Bleeding with hemophilia More often at higher doses, with tipranavir

Renal impairment A rise in serum creatinine is expected after 1–2 weeks therapy, due to inhibition of its excretion 
(ritonavir inhibits the MATE-1 creatinine excretion pathway) 

Rises beyond the new serum creatinine plateau need investigation

Hypersensitivity 8% Case reports of anaphylaxis

AV block Case reports

aFrequency reported relates to treatment (400–600 mg twice daily) dose of ritonavir. These effects may occur at lower boosting doses; however, the frequency 
is unreported.

Abbreviation: MATE-1: multidrug and toxin extrusion protein 1.

Table 248.11. Side effects of cobicistat.

Side effect Frequency (%) Mechanism/comments Comments

Common 

Increased serum creatinine 100% Inhibition of MATE-1 mediated 
creatinine excretion

Interpret changes with caution; investigate if there 
is an increase of > 35 µmol/l from baseline

Nausea 12% Slightly higher when compared with efavirenz but comparable to ritonavir boosted 
atazanavirDiarrhea 22%

Headache 4% Comparable to ritonavir boosted atazanavir

Increased liver function tests 3%

Rash 5%

Unusual but clinically important

Fanconi syndrome < 2% In combination with tenofovir disoproxil fumarate

Kidney disease < 2%

Abbreviation: MATE-1: multidrug and toxin extrusion protein 1.
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ritonavir was noted to be significantly increased (30%) com-
pared with the incidence in patients taking nelfinavir (5.9%), 
saquinavir (5.9%), indinavir (6.8%), or two nucleoside ana-
logs (5.7%). The incidence of hepatotoxicity among those 
taking combination saquinavir and ritonavir was similar to 
that among those taking ritonavir alone (Sulkowski et al., 
2000). Other studies have reported acute hepatitis in 7% of 
patients (Arribas et al., 1998) and a case of hepatitis, reversed 
on discontinuation of ritonavir, with hepatic failure and 
encepha lopathy on rechallenge (Picard et al., 1998). This 
patient (who was seronegative for hepatitis B and C before 
therapy) recovered and liver function tests returned to nor-
mal 8 weeks after discontinuation of antiretroviral therapy.

A more recent systematic review of patients is more reassur-
ing with respect to low-dose ritonavir. The study investigated 
patients both HIV-hepatitis C co-infected patients and HIV-
monoinfected patients who newly commenced a ritonavir- 
boosted protease inhibitor between 1998 and 2012. In this 
study, the occurrence of  hepatotoxicity  was rare among 
HCV-Ab-negative patients and was not influenced by the 
type of boosted protease inhibitor (Lapadula et al., 2015).

HYPERLIPIDEMIA

Use of protease inhibitors has been associated with hyperlip-
idemia (Dubé et al., 2003). Cholesterol and triglyceride con-
centrations were significantly raised (up to 40% and 300%, 
respectively) in early studies with ritonavir (Danner et al., 
1995; Markowitz et al., 1995). A longitudinal analysis of a 
cohort of perinatally infected children found that increased 
cholesterol and triglycerides were more common among 
those taking protease inhibitors, with those taking ritonavir 
having an increased risk (Carter et al., 2006). Patients taking 
a protease inhibitor in the Swiss HIV cohort were more likely 
to have raised cholesterol and triglycerides than those on 
protease inhibitor-sparing regimens (Fellay et al., 2001). 

Lower (boosting) doses of ritonavir can still contribute to 
hyperlipidemia, and all boosted protease inhibitors have 
been associated with this side effect (Kotler, 2008). However, 
boosted atazanavir and darunavir have more favorable lipid 
profiles compared with previously marketed agents (Overton 
et al., 2012).

HYPERGLYCEMIA

Protease inhibitor therapy is associated with hyperglycemia; 
among those taking antiretroviral therapy, type-2 diabetes 
has been diagnosed most often in protease inhibitor recipi-
ents, but a causal relationship has not been established (Carr, 
2003). Diabetes mellitus and raised blood glucose have been 
reported in < 2% patients taking ritonavir (AbbVie, 2015).

In a 5-year historical cohort study of 221 patients, the use 
of a protease inhibitor was strongly associated with hypergly-
cemia, hypercholesterolemia, hypertriglyceridemia, and lipo-
dystrophy; up to a fivefold increased risk for hyperglycemia was 
found (Tsiodras et al., 2000). The authors noted that the inci-
dence of hyperglycemia did not vary across protease inhibitors.

The newer ritonavir-boosted protease inhibitors may  
contribute less to hyperglycemia; a significant decrease in 

mean glucose level and insulin resistance was observed in 
a  cohort of patients switched to boosted atazanavir from 
boosted lopinavir (d’Ettorre et al., 2015). A small group 
switched to boosted darunavir found fasting glucose levels 
were not significantly altered throughout the study, but a 
nonstatistically significant 22% decrease of insulin resistance 
levels was observed at 12 months (Ucciferri et al., 2013).

LIPODYSTROPHY

Current use, as well as length of time taking a protease inhib-
itor, is linked to the chance of a patient experiencing lipodys-
trophy; the protease inhibitor’s ability to increase lipids and 
reduce insulin sensitivity are factors contributing to the 
development of lipodystrophy (Carr, 2003). It is unclear if 
individual drugs are more likely to contribute than others 
because the syndrome is complex and develops in the con-
text of combination antiretroviral therapy.

NEPHROTOXICITY

A retrospective analysis revealed that 12 of 87 (14%) HIV-
positive patients taking ritonavir developed renal insuffi-
ciency after a period of 8 days to almost a year after starting 
the drug. The authors comment that 10 patients may have 
had other contributing factors (drugs, sepsis, dehydration), 
but recommended close monitoring of any patient taking 
ritonavir who may have additional risk factors for renal dys-
function (Bochet et al., 1998). In addition, there have been 
a  number of reports of acute renal failure, and a marked 
increase in serum creatinine on reintroduction was found in 
four of eight cases (Deray, 1998). 

Some of the cases mentioned may be attributed to an 
expected increase in serum creatinine: Ritonavir inhibits the 
action of MATE-1, preventing excretion of creatinine (but 
not affecting glomerular filtration), something not under-
stood when the reports were published.

The D:A:D study group found the cumulative use of both 
ritonavir-boosted lopinavir and ritonavir-boosted atazanavir 
to be independent predictors of a confirmed eGFR < 70  
ml/minute in those without preexisting renal impairment. 
Lopinavir–ritonavir was also associated with progression to 
chronic kidney disease (Ryom et al., 2013). 

Results of a study investigating changes to renal func-
tion in patients with an estimated glomerular filtration rate 
(eGFR) > 50 ml/minute taking abacavir–lamivudine with 
either boosted or unboosted atazanavir found no significant 
difference between groups at 144 weeks. Atazanavir alone or 
boosted with 100 mg ritonavir was associated with a similar 
rate of decline in renal function; 29% and 28%, respectively, 
had a decline in eGFR > 25% (Young et al., 2015). 

BLEEDING WITH HEMOPHILIA

The increased risk of bleeding in patients with hereditary 
bleeding disorders has been associated with all protease 
inhibitors; full-dose ritonavir is associated with the highest 
risk. In a retrospective analysis of 67 patients, 51% had an 
increased tendency for bleeding, usually in the first few 
weeks of therapy. The bleeds responded suboptimally to 
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factor concentrate replacement and sometimes occurred 
spontaneously in atypical places (small joint, soft tissue, 
muscle). Hematuria was also common. Some patients had to 
change their protease inhibitor therapy to another protease 
inhibitor; the majority fared better on the second drug 
(Wilde et al., 1999). Patients with hemophilia taking ritona-
vir-boosted tipranavir and lopinavir have been reported to 
have an increased risk of bleeding (Arbuthnot and Wilde, 
2008; Yazdanpanah et al., 2003). 

6c.  Risks in pregnancy and fetal toxicity

RITONAVIR

Ritonavir has a Food and Drug Administration category B 
allocation—that is, well-controlled studies of the drug have 
not been conducted in pregnant women, but no risks have 
been demonstrated in animal studies. The use of protease 
inhibitors in pregnancy was considered generally safe in an 
early multicentre review; 5 patients took ritonavir in this 
review (Morris et al., 2000). The babies exposed to ritonavir 
had an average weight of 2.8 kg and no increase in prematu-
rity was noted in the protease inhibitor–treated mothers com-
pared with those not treated with protease inhibitors. However, 
a retrospective (1988–2011) review of 525 Cana dian mother–
baby pairs found the risk of preterm birth was higher in those 
taking ritonavir-boosted versus nonboosted protease inhibi-
tors (Kakkar et al., 2015). The authors comment their findings 
should be interpreted with caution; the unboosted protease 
inhibitors in the study are no longer recommended in preg-
nancy. A more recent retrospective study comparing boosted 
atazanavir and lopinavir in 493 women showed preterm 
delivery rates did not differ by therapy (Perry et al., 2015).

As of January 2012, the Antiretroviral Pregnancy Registry 
(APR) has received prospective reports of 3860 exposures to 
ritonavir-containing regimens (1567 exposed in the first tri-
mester and 2293 exposed in the second and third trimester). 
Birth defects occurred in 35 of the 1567 (2.2%) live births 
(first trimester exposure) and 59 of the 2293 (2.6%) live 
births (second/third trimester exposure). The prevalence of 
birth defects after any trimester exposure to ritonavir is com-
parable to the prevalence observed in the general population. 
(AbbVie, 2015).

Retrospective reviews of those taking ritonavir-boosted 
protease inhibitors do not indicate any increased risk of con-
genital abnormalities (Perry et al., 2015; Tookey et al., 2014).

COBICISTAT

There are no adequate and well controlled clinical studies of 
cobicistat in pregnancy. Current guidelines do not recom-
mend the use of cobicistat in pregnancy due to insufficient 
data. The drug is categorized as pregnancy category B1.

7. CLINICAL USES OF THE DRUG

Ritonavir is indicated for the treatment of HIV-infected per-
sons, usually in combination with nucleoside analogs and 
another protease inhibitor. Ritonavir is a powerful antiretro- 

viral agent in its own right, but it is now used only as a boost-
ing agent—that is, it is used to increase levels of other pro-
tease inhibitors.

Cobicistat is solely used as a CYP3A4 inhibitor, to boost 
the levels of other antiretroviral agents.

7a.  HIV-1 infection: full-dose ritonavir

For information on full-treatment dose ritonavir, refer to the 
6th edition of Kucers’ The Use of Antibiotics.

7b.  Hepatitis C infection: boosting of 
protease inhibitors

One of the classes of direct-acting antivirals utilized to treat 
hepatitis C are drugs inhibiting the NS3/4A protease enzyme. 
Paritaprevir is one of these agents and is included in an 
AbbVie combination therapy used for hepatitis C genotype 
1. Paritaprevir is a CYP3A4 substrate; ritonavir is used to 
increase peak and trough concentrations and the AUC. 
Studies demonstrated an increased half-life of paritaprevir 
from ~ 3 to 5–8 hours and the AUC by 48-fold when a 300-
mg dose was given with 100 mg ritonavir (Menon et al., 
2009). A phase IIa study comparing paritaprevir 250 mg and 
150 mg daily, both with ritonavir 100 mg daily (plus ribavirin 
and ombitasvir) for 12 weeks demonstrated similar rates of 
sustained virological response (95% and 93%, respectively), 
suggesting the 150-mg dose be further investigated (Poordad 
et al., 2013). The approved combination tablet contains 
ritonavir 50 mg and paritaprevir 75 mg (as well as ombitasvir 
12.5 mg), given as two tablets daily (total daily dose of 100 
mg/150 mg/25 mg). 

7c.  HIV-1 infection: boosting of other 
antiretroviral agents

The discovery that dose manipulation of protease inhibitors 
was possible by using a pharmacokinetically favorable drug 
interaction with ritonavir led to its current use as a boosting 
agent. Pharmacokinetic studies of older protease inhibitors 
(saquinavir, indinavir) were undertaken to determine the 
optimal dose of ritonavir required to boost their plasma 
levels; the aim was to reduce the dose and frequency of the 
drug. As newer protease inhibitors were produced, the bene-
fits of using ritonavir were investigated before the marketing 
approval of each drug. 

Cobicistat was specifically created as a pharmacokinetic- 
enhancing agent. It is approved to boost elvitegravir, atazan-
avir, and darunavir. Dose-finding studies established that 
150 mg cobicistat is bioequivalent to using 100 mg ritonavir 
for these three agents. 

Table 248.12 summarizes common clinical uses of riton-
avir and cobicistat.

ATAZANAVIR

Atazanavir is a substrate for CYP3A4. Pharmacokinetic stud-
ies in healthy subjects concluded that ritonavir substantially 
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increases atazanavir exposure (O’Mara et al., 2002), in one 
study increasing the AUC 3- to 4-fold and the Cmin 10-fold 
compared with atazanavir 300 mg alone (Agarwala et al., 
2002). Based on the favorable pharmacokinetic interaction, 
the drug was approved for use in treatment-experienced 
patients at a daily dose of 300 mg, boosted with 100 mg rito-
navir (see Chapter 246, Atazanavir).

Studies comparing cobicistat-boosted atazanavir with 
ritonavir-boosted atazanavir established the noninferiority 
of cobicistat, demonstrating similar level of viral suppression 
(HIV RNA < 50 copies/ml) at week 48 (Elion et al., 2011; 
Gallant et al., 2013). A fixed-dose combination tablet (ataza-
navir 300 mg/cobicistat 150 mg) was subsequently approved 
for use. 

DARUNAVIR

Darunavir pharmacokinetics were studied alone (single dose 
of 600 mg) and with 100 mg ritonavir boosting in healthy vol-
unteers (Sekar et al., 2006a) and showed markedly improved 
bioavailability with ritonavir boosting. The POWER 1 and 2 
studies compared four doses of darunavir, each boosted with 
100 mg ritonavir, with an optimized comparator regimen in 
treatment-experienced patients (Haubrich et al., 2007; Kat-
lama et al., 2007). The analysis at 24 weeks showed that 
boosted darunavir achieved greater CD4 count increases 
and virologic response rates than the comparator arm. The 
600/100 mg ritonavir twice daily dose demonstrated highest 
virologic responses and was subsequently approved for use in 
treatment-experienced patients (see Chapter 245, Darunavir).

A 48-week single arm trial evaluating the safety and effi-
cacy of darunavir 800 mg boosted with cobicistat 150 mg 
once daily (plus two NRTI dugs) demonstrated similar phar-
macokinetic, virologic, and immunological responses to 
prior studies with darunavir 800 mg/ritonavir 100 mg daily 
(Tashima et al., 2014). Well-powered direct comparative stud- 

ies of darunavir–cobicistat and darunavir–ritonavir have not 
been conducted, but a comparative analysis of three phase III 
trials confirmed similar efficacy of daily darunavir–cobicistat 
and darunavir–ritonavir (Van Sanden et al., 2014). A fixed-
dose combination (darunavir 800 mg/cobicistat 150 mg) has 
been approved for treatment-naive patients or for those 
treatment-experienced patients who have no darunavir- 
associated mutations. 

The boosting effect of cobicistat 150 mg co-administered 
with darunavir 600 mg twice daily was comparable to that  
of ritonavir 100 mg in a pharmacokinetic phase I study 
(Ramanathan et al., 2012a), but this has not yet been evalu-
ated clinically. 

ELVITEGRAVIR

Elvitegravir is an integrase inhibitor with a short half-life and 
metabolized by CYP3A4. Boosting elvitegravir was investi-
gated to improve its pharmacokinetic profile. In a phase I, 
open-label, multidose, partial crossover study, elvitegravir 
AUC and Cmax were higher when boosted with cobicistat 
150 mg daily compared to ritonavir 100 mg daily, but Ctrough 
values were comparable (German et al., 2010). 

A phase III trial comparing cobicistat-boosted elvitegr-
avir (150 mg/150 mg) in a fixed-dose tablet with tenofovir 
300 mg plus emtricitabine 200 mg with the fixed-dose tablet 
efavirenz 600 mg plus tenofovir 300 mg plus emtricitabine 
200 mg demonstrated similar percentages achieving viral 
suppression (HIV RNA < 50 copies/ml) at 48 weeks (Sax et 
al., 2012).

Cobicistat-boosted elvitegravir (150/150 mg) was found to 
be noninferior to ritonavir-boosted atazanavir (100/300 mg), 
both in combination with tenofovir–emtricitabine given daily. 
At 48 weeks the percentages achieving viral suppression 
(HIV RNA < 50 copies/ml) were 89.5% and 86%, respec-
tively (DeJesus et al., 2012).

Table 248.12. Clinical uses and doses of pharmacokinetic enhancers in adults.

Condition and drug Dose of boosting agent Comments

Hepatitis C 

Paritaprevir 150 mg daily 100 mg ritonavir daily As part of combination therapy, co-formulated tablet

HIV: boosting protease inhibitors

Atazanavir 300 mg daily 100 mg ritonavir 
daily

150 mg cobicistat 
daily

Atazanavir–cobicistat co-formulated; cobicistat and 
ritonavir bioequivalence established 

Darunavir 800 mg daily 100 mg ritonavir 
daily

150 mg cobicistat 
daily

Darunavir–cobicistat co-formulated; cobicistat and 
ritonavir bioequivalence established

Darunavir 600 mg twice daily 100 mg ritonavir twice daily Await further studies with cobicistat

Fosamprenavir 700 mg twice daily 100 mg ritonavir twice daily

Fosamprenavir 1400 mg daily 200 mg ritonavir daily Naive patients only

Lopinavir 400 mg twice daily 100 mg ritonavir twice daily Co-formulated product

Lopinavir 800 mg daily 200 mg ritonavir daily Naive patients only; co-formulated product

Saquinavir 1000 mg twice daily 100 mg ritonavir twice daily

Tipranavir 500 mg twice daily 200 mg ritonavir twice daily

HIV: boosting integrase inhibitors

Elvitegravir 150 mg daily 150 mg cobicistat Co-formulated tablet
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The fixed-dose tablet (Stribild) of tenofovir 300 mg plus 
emtricitabine 200 mg plus elvitegravir 150 mg plus cobici-
stat 150 mg was subsequently approved for treatment-naive 
patients or for switching in those who have not experienced 
treatment failure or have resistance to its components (see 
Chapter 250, Elvitegravir).

FOSAMPRENAVIR

Fosamprenavir, the prodrug of amprenavir, has been licensed 
for use at two dosages boosted with ritonavir, based on phar-
macokinetic studies. 

Fosamprenavir tablets are available as a 700-mg formula-
tion. A study comparing two doses boosted with ritonavir 
(1400/200 mg daily and 700/100 mg administered twice 
daily) with a comparator arm of lopinavir–ritonavir in pro-
tease inhibitor-experienced patients showed noninferiority at 
24 weeks. Final 48-week data showed that those taking twice-
daily fosamprenavir experienced similar reductions in viral 
load to the lopinavir arm, but the group taking a daily dose 
had fewer patients achieving a viral load of < 50 copies/ml 
(DeJesus et al., 2003). The approved dose for treatment-expe-
rienced patients is 700 mg twice daily, boosted with 100 mg 
ritonavir. In naive patients, the approved dosage is 1400 mg 
daily, boosted with 200 mg ritonavir, although there has been 
work investigating a smaller boosting dose of 100 mg in 
healthy volunteers (Ruane et al., 2007) and in HIV-infected 
treatment-naive patients (Wohl et al., 2007). Data indicate 
that this dose is virologically effective and may result in fewer 
side effects (see Chapter 244, Fosamprenavir).

INDINAVIR

Indinavir pharmacokinetics were investigated using three 
doses: 1200 mg twice daily, and either 800 or 1200 mg 
boosted with 100 mg ritonavir twice daily (van Heeswijk et 
al., 1999). The 800/100 mg combination resulted in a favor-
able pharmacokinetic profile and was better tolerated than 
the 1200-mg dosing regimens. Several studies comparing 
indinavir 800 mg plus ritonavir 100 mg twice daily with indi-
navir 800 mg three times daily found no difference in viro-
logic or immunologic outcome (Cooper et al., 2003; see 
Chapter 241, Indinavir).

LOPINAVIR

Lopinavir has negligible bioavailability and a short half-life 
when used alone, but in combination with ritonavir achieves 
therapeutic concentrations (Sham et al., 1998). A number of 
further studies have shown the combination to be successful 
both treatment-naive and -experienced patients (Cooper et 
al., 2003). The approved dose is 400/100 mg twice daily in 
experienced patients. Studies have been undertaken compar-
ing a daily dose of lopinavir–ritonavir (800/200 mg) with the 
standard twice-daily dose in naive patients (Eron et al., 2004; 
Johnson et al., 2006). The once-daily dose had a similar viro-
logic and immunologic response to the twice-daily dose at 48 
weeks, although both studies noted that the daily dosing reg-
imen resulted in a lower trough lopinavir concentration (see 
Chapter 243, Lopinavir).

SAQUINAVIR

Saquinavir is a drug that has undergone many reformula-
tions in an attempt to achieve the optimum bioavailability 
and lowest pill burden. Boosting saquinavir with ritonavir 
improves bioavailability, and several doses have been used 
over time. The current saquinavir product is a 500-mg film-
coated tablet. Both previous formulations of saquinavir (soft 
and hard gel capsules) were compared at a dose of 1000 mg 
boosted with 100 mg ritonavir twice a day, and resulted in 
similar plasma levels (Cardrello et al., 2003). This led to a 
study in healthy volunteers comparing the new formulation 
with the established dose of the older hard gel formulation 
(Bittner et al., 2005). The investigators found the plasma con-
centration–time profiles were similar, and there was a (non-
significant) trend to a higher AUC and Cmax for the film-coated 
tablets. The reduced pill burden of this formulation is also an 
advantage of the product, which is approved for use at a dose 
of 1000 mg boosted with ritonavir 100 mg administered 
twice a day (see Chapter 240, Saquinavir).

TIPRANAVIR

Tipranavir pharmacokinetics was studied in healthy volun-
teers in a phase I trial at various doses in combination with 
ritonavir (MacGregor et al., 2004); ritonavir significantly 
increased tipranavir trough concentrations. Doses above 500 
mg boosted with ritonavir 100 mg twice daily consistently 
resulted in an increased trough concentration and AUC. The 
study also found that tipranavir can act as an inducer of 
CYP3A4 and, although the combination with ritonavir results 
in a net inhibition of the isoenzyme, using 200 mg ritonavir 
with 500 mg tipranavir twice daily resulted in more consis-
tent tipranavir Cmin than the 100 mg dose. A study in treatment- 
experienced HIV-infected patients compared three doses of 
boosted tipranavir, 500/100 mg, 500/200 mg, and 750/200 
mg, all administered twice daily (Gathe et al., 2007). All groups 
achieved a viral load reduction in 2 weeks; this was sustained 
at 24 weeks for the higher doses. However, the 500/200 mg 
twice-daily dose compared favorably with the highest dose, 
achieving the best efficacy, safety, and pharmacokinetic pro-
file, with lower interpatient variability and optimal tipranavir 
trough concentrations (see Chapter 247, Tipranavir).

NELFINAVIR

Nelfinavir is different from the protease inhibitors discussed 
thus far. This drug is metabolized by a number of members 
of the cytochrome P-450 family: 3A4, 2C9, 2C19, and 2D6. 
As a result, the effects of ritonavir are less impressive (Moyle, 
2001). Nelfinavir also induces its own metabolism (via 3A4 
and 2C19) and has an active metabolite (M8) that arises from 
its metabolism via CYP 2C19. The metabolite is further 
metabolized to inactive compounds by CYP3A4. As ritona-
vir inhibits 3A4 and may induce 2C19, levels of nelfinavir 
and its metabolite M8 could increase in the presence of 
ritonavir. The influence of ritonavir boosting was investi-
gated in two studies. One found the nelfinavir AUC to be the 
same when comparing nelfinavir 750 mg three times daily 
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with 500 or 750 mg boosted with 400 mg ritonavir twice 
daily, though the M8 level was higher with the 750/400 mg 
twice-daily dose (Flexner et al., 1998). Another group found 
the nelfinavir AUC increased by 30% when nelfinavir 1250 
mg was boosted with 100–200-mg ritonavir twice daily 
(Kurowski et al., 2000). As the effect is less marked than with 
the other protease inhibitors, and as an unboosted twice-
daily dosing schedule is available for nelfinavir, boosting with 
ritonavir is less important than for other protease inhibitors 
(Moyle and Back, 2001; see Chapter 242, Nelfinavir).
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Raltegravir 

Martin Markowitz and Teresa Hope Evering

1. DESCRIPTION

HIV integrase participates in the successful completion of 
the HIV-1 viral life cycle by mediating the integration of 
HIV-1 DNA into the host genome, making inhibitors of this 
enzyme attractive agents for the treatment of HIV/AIDS. 
HIV-1 integrase is encoded as one of the gene products of 
the HIV-1 pol gene and is a member of the polynucleotidyl 
transferase (recombinase) protein superfamily (Mizuuchi, 
1997). Based on biochemical, structural, and phylogenetic 
analyses, HIV-1 integrase can be subdivided into three pro-
tein domains. The largest domain of HIV-1 integrase is the 
catalytic core. This domain contains a highly conserved triad 
of acidic residues, the D,D-35-E motif, which play a key role 
in the catalytic activities of the enzyme (Engelman and 
Craigie, 1992; Kulkosky et al., 1992).

In 2007, Raltegravir (RAL, MK-0518, Isentress, marketed 
by Merck) became the first drug in the integrase inhibitor 
class to be approved by the US Food and Drug Administration 
(FDA) for the treatment of HIV-1 as part of highly active 
combined antiretroviral therapy (cART) in treatment- 
experienced patients with HIV/AIDS. In 2009, the FDA 
granted expanded approval for the use of raltegravir in the 
treatment of HIV-1 infection in treatment-naive patients, 
and in 2011, it was approved for use in children and adoles-
cents ages 2–18. In 2013, the FDA approved a new oral sus-
pension formulation of raltegravir for use in pediatric 
patients aged 4 weeks and older. Most recently, in 2015 the 
FDA approved a fixed-dose combination tablet containing 
150 mg of lamivudine and 300 mg of raltegravir named 
Dutrebis for use in combination with other antiretroviral 
agents for the treatment of HIV-1 infection in adults and 
pediatric patients ≤ 6 years of age weighing at least 30 kg. 
However, clinical trials have not been performed with 
Dutrebis, and the drug is not yet commercially available in 
the USA (Merck, 2015).

Raltegravir is derived from 5,6-dihydroxypyrimidine- 
4-carboxamide and N-methyl-4-hydroxypyrimidinone-
carboxamide and is a structural analog of the diketo-acid 
class of compounds (Van Baelen et al., 2008). As a result, it 

shares their beta-hydroxy-ketone structural motif (Hazuda 
et al., 2000; Pommier et al., 2005; Wai et al., 2000). The chem-
ical structure of raltegravir is shown in Figure 249.1. This 
structural motif demonstrates metal-chelating functions, and 
compounds bearing these functional groups are assumed to 
interact with divalent metals within the active site of HIV-1 
integrase (Grobler et al., 2002; Hazuda et al., 2004; Marchand 
et al., 2003). 

Raltegravir is currently one of three integrase inhibitors 
approved by the FDA for the treatment of HIV/AIDS as part 
of cART (Arribas and Eron, 2013). All three are specific 
inhibitors of the strand transfer step of HIV integration 
(DeJesus et al., 2006). As a result, these molecules are often 
referred to as integrase strand-transfer inhibitors (INSTIs) 
(Hazuda et al., 2000). The more recently approved INSTIs, 
elvitegravir (EVG, GS-9137, Vitekta) (DeJesus et al., 2006) 
and dolutegravir (DTG, S/GSK1349572) (Min et al., 2010) 
are discussed in detail in Chapter 250, Elvitegravir, and 
Chapter 251, Dolutegravir. 

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Owing to the novelty of the drug target, raltegravir exhibits 
potent activity against nucleoside reverse transcriptase 
inhibitor–, nonnucleoside reverse transcriptase inhibitor–, 
and protease inhibitor–resistant HIV-1 variants (Merck, 
2015). Raltegravir is active across diverse HIV-1 clinical 

Figure 249.1. The chemical structure of raltegravir 
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N

N

H
N

O−

O

H
N

NN

O

O
H3C

H3C

H3C

CH3

O

FK+



4216 Raltegravir 

isolates, has been shown to inhibit the in vitro replication 
of  HIV-2 (Merck, 2015; Roquebert et al., 2008), and has 
dem onstrated clinical effectiveness as part of a cART regi-
men in a small case series (n = 5) of HIV-2 infected individ-
uals (Peterson et al., 2012). In addition, raltegravir has been 
shown to have potent activity against CCR5 and/or CXCR4 
tropic strains of HIV-1 (Summa et al., 2006). Raltegravir has 
a 50% inhibitory concentration (IC50) of approximately 10 
nM (Merck, 2015) and a 95% inhibitory concentration (IC95) 
of 33 nM in 50% human serum (Iwamoto et al., 2008c).

2b.  Emerging resistance and 
cross-resistance

Polymorphic integrase sequence variation is readily found in 
individuals naive to integrase inhibitors. However, the pres-
ence of transmitted major raltegravir drug resistance muta-
tions (DRMs) remains rare (Parczewski et al., 2012). Under 
selective drug pressure, the emergence of discrete mutations 
in the integrase coding sequence resulting in acquired resis-
tance to raltegravir can occur. In initial BENCHMRK (block-
ing integrase in treatment experienced patients with a novel 
compound against HIV, Merck) studies examining the efficacy 
of raltegravir (see section 7, Clinical uses of the drug), 
48-week time-point data revealed that 23% (105/462) of par-
ticipants in the raltegravir arm exhibited virologic failure. 
Genotyping documented the presence of signature integrase 
mutations (N155, Q148, or Y143) in 68% of the 94 patients 
with virologic failure undergoing analysis (Cooper et al., 
2008). Another study of raltegravir in treatment-experienced 
patients had similar results, with four different patterns of 
mutations appearing: Q148H/R with secondary mutations 
was the commonest finding, with N155H being replaced by 
Y143C/H/R and S230N being less common. The Q148 muta-
tions decreased raltegravir IC50 values by > 100-fold, while 
the effect of the other mutations was much less (da Silva et 
al., 2010).

Consistent with these findings are data on raltegravir sus-
ceptibility presented by the Merk Protocol 005 Study team. 
In the phase IIb study by Grinsztejn et al. (2007), 38 patients 
on raltegravir plus optimized background therapy were 
labeled virologic failures at the 24-week time point. In their 
analysis of the 35 patients with integrase mutations during 
virologic failure on raltegravir plus an optimized background 
regimen, two signature genetic pathways of mutations in the 
HIV-1 integrase gene were noted: N155/H and Q148K/R/H. 
Both pathways were associated with phenotypic raltegravir 
resistance, with the Q148 pathway of mutations resulting in 
measurably larger reductions in susceptibility (25- vs. 10-fold 
for N155). The Q148R mutant strain has approximately 
17-fold reduction in susceptibility to raltegravir (Van Baelen 
et al., 2008).

The acquisition of N155 or Q148 mutations has been found 
to result in cross-resistance to structurally diverse integrase 
inhibitors, and the acquisition of additional mutations 
resulted in high-level resistance both in vitro and in vivo 

(Blanco et al., 2011). These mutations point directly to the 
catalytic site of HIV-1 integrase (Pommier et al., 2005). The 
cross-resistance exhibited by HIV-1 variants with N155 or 
Q148 mutations is therefore consistent with the supposition 
that integrase inhibition takes place by affecting binding of 
the common pharmacophore within the active catalytic site 
of HIV-1 integrase. 

Most published data regarding raltegravir susceptibility 
result from studies involving HIV-1 subtype B strains. A study 
addressing polymorphisms within the integrase sequences 
from seven HIV-1 subtypes found that regions responsible for 
the catalytic activity of integrase, and those in which muta-
tions were associated with primary raltegravir resistance, were 
highly conserved across the subtypes (Loizidou et al., 2009).

More recently, in a double-blind, active-controlled, phase 
III study of raltegravir versus elvitegravir in treatment-expe-
rienced patients receiving a fully active, ritonavir-boosted 
protease inhibitor plus a third agent, emergent integrase 
drug resistance mutations were found in 7.4% of all raltegra-
vir patients at 96 weeks (Elion et al., 2013). In the phase III 
STARTMRK study comparing raltegravir to efavirenz-based 
therapy in patients naive to antiretroviral therapy, cumula-
tive 5-year data revealed that 19.6% (55 of 281) of patients 
randomized to raltegravir developed protocol-defined viro-
logical failure (Rockstroh et al., 2013). Of the 23 individuals 
from whom virus could be amplified for resistance testing, 
4 harbored major raltegravir drug resistance mutations, with 
1 case each revealing Q148H plus G140S, Q148R plus G140S, 
Y143Y/H plus L74L/M plus E92Q plus T97A, and Y143R. 

It is currently accepted that one or two known integrase 
inhibitor drug resistance mutations including N155H, 
Q148H/R/K, Y143C/R and G140S and can confer cross- 
resistance between raltegravir and elvitegravir, classifying 
these two first-generation INSTIs as antiretroviral drugs 
with a relatively low genetic barrier to resistance (Blanco et 
al., 2011). Although the signature mutations associated with 
reduced susceptibility to resistance initially may appear as 
single mutations, with continued raltegravir pressure, more 
complex patterns of mutations eventually evolve that can 
further reduce susceptibility and confer cross-resistance to 
other integrase inhibitors (Blanco et al., 2011; Canducci 
et al., 2009). As a result, the continued use of raltegravir in 
the presence of known integrase resistance–associated drug 
resistance mutations is not advised (Canducci et al., 2009). 
Clinical trials data suggest that viral strains resistant to ralte-
gravir may be treated with salvage combinations containing 
the second-generation INSTI dolutegravir (Castagna et al., 
2014; Eron et al., 2013a; Raffi et al., 2013b). 

3. MECHANISM OF DRUG ACTION

Viral entry into host immune cells expressing surface CD4 
initiates the HIV-1 life cycle (Deng et al., 1996; Dragic et al., 
1996; Feng et al., 1996; Yi et al., 1998). Subsequently, HIV-1 
reverse transcriptase converts its single-stranded RNA into 
double-stranded DNA (dsDNA), at which time the viral 
enzyme integrase assembles in a stable complex with viral 
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DNA (the preintegration complex) and is transported to the 
nucleus (Bukrinsky et al., 1993). Subsequent integration of 
HIV-1 proviral cDNA into the host genome is a two-step 
process catalyzed by the HIV-1 integrase enzyme. Two 
deoxynucleotides are excised from the 3′ ends of the nascent 
HIV-1 DNA, followed by the irreversible covalent ligation 
of  HIV-1 viral genomic DNA into the host cellular DNA 
(Asante-Appiah and Skalka, 1999; Esposito and Craigie, 
1999; Hazuda, 2006; see Figure 249.2). Effective integrase 
inhibition results in the buildup and circularization of viral 
cDNA by cellular enzymes, resulting in the accumulation 
of  two long terminal repeat (LTR) circles in the host cell 
(Bonnenfant et al., 2004; Hazuda et al., 2000; Hazuda et al., 
2004; Svarovskaia et al., 2004). Inhibiting integrase from per-
forming its essential functions therefore blocks stable inte-
gration of HIV-1 DNA into the host genome, prohibits the 
establishment of viral latency within the host cell, and pre-
vents high-level HIV-1 replication and infection of new cells 
by competent virus (Wainberg et al., 1988).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The FDA-approved oral dose of raltegravir is 400 mg (deliv-
ered in a film-coated tablet) twice daily with or without food 
(FDA, 2007).

4b.  Newborn infants and children

Data from two groups provide useful information on the use 
of raltegravir in the pediatric population. Results from 
IMPAACT P1066 (a phase I/II nonrandomized, prospective, 
open-label multicenter trial of raltegravir plus optimized 
background regimen in treatment-experienced children 
aged 2–18 years) suggest that twice-daily raltegravir film-
coated (400 mg) or chewable tablets (6 mg/kg to a maximum 
dose of 300 mg) in those 6 to < 19 years old and ≥ 25 kg and 

2 to < 12 years old, respectively, was generally well tolerated 
and effective in this population at 48 weeks when used with 
an optimized background regimen (n = 96) (Nachman et al., 
2014). Similar results were reported for the French Expanded 
Access Program, in which 12 adolescents with multidrug- 
resistant HIV-1 were treated with raltegravir-containing com-
bination antiretroviral therapy on compassionate grounds 
(Thuret et al., 2009). More recently, IMPAACT P1066 also 
reported results from antiretroviral-experienced HIV-
infected infants and toddlers from 4 weeks to < 2 years of age 
(n = 26). At week 48, raltegravir oral suspension (6 mg/kg 
twice daily) was well tolerated and 87.5% achieved HIV RNA 
< 400 copies/ml (Nachman et al., 2015). At present, in chil-
dren and adolescents at least 25 kg, raltegravir is dosed at 
one 400-mg film-coated tablet orally, twice daily. For those 
unable to swallow a tablet, chewable tablets (each containing 
25 mg or 100 mg of raltegravir) are available. For those at 
least 4 weeks of age and weighing between 3 kg and < 25 kg, 
weight-based dosing using either the chewable tablet or oral 
suspension is advised (Merck, 2015).

4c.  Pregnant and lactating mothers

Raltegravir is an FDA pregnancy category C drug. Raltegravir 
pharmacokinetics were evaluated in 42 women during preg-
nancy in the IMPAACT P1026s study. Extensive variability 
was observed, with 50% reduction in the AUC during preg-
nancy without significant difference in trough plasma con-
centrations between the third trimester and postpartum. 
Because virologic suppression was high, no change in dosing 
is currently recommended during pregnancy (Watts et al., 
2014).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

No clinically important pharmacokinetic differences between 
those with moderate to severe renal impairment and healthy 
subjects have been reported when patients have been 

Figure 249.2. HIV integration. Abbre- 
viation: PIC: preintegration complex. 
(Reprinted with permission from Hazuda 
(2006).)
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administered raltegravir. However, the extent to which ralte-
gravir may be dialyzable is unknown (Cocohoba and Dong, 
2008; Merck, 2015).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Clinical trials have revealed no important pharmacokinetic 
differences between healthy individuals and those with mod-
erate hepatic impairment, and no dose adjustment appears 
necessary for those with mild to moderate disease (Cocohoba 
and Dong, 2008). In a prospective, observational study of 
antiretroviral-experienced HIV monoinfected (n = 92) and 
HIV–hepatitis C virus (HCV) co-infected patients (n = 126), 
elevations in liver enzymes attributed to raltegravir were 
typically mild and no significant progression of liver fibrosis 
in HIV–HCV co-infected patients treated with raltegravir 
during the 12-month study period was noted (Vispo et al., 
2010). However, no recommendation can be made for the use 
of raltegravir in patients with severe hepatic impairment.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The absorption of raltegravir is swift. Iwamoto et al. (2008c) 
report that in the fasting state, time to peak plasma concen-
tration (tmax) of raltegravir was achieved in a median of 0.5–
1.3 hours, while Cocohoba and Dong (2008) report the tmax 
occurred within approximately 4 hours in the fasting state. 
The terminal half-life of this agent is 7–12 hours, and steady-
state levels of raltegravir are achieved within 48 hours of the 
inception of a multiple-dosing schedule (Iwamoto et al., 2008c). 
The area-under-the-concentration-time curve (AUC) for 
raltegravir is similar in males and females (Iwamoto et al., 
2008c). Over the concentration range of 2–10 µM, human 
plasma protein binding of raltegravir is reportedly 83% 
(Iwamoto et al., 2008c; Merck, 2015). No significant differ-
ences in raltegravir pharmacokinetic parameters have been 
found between African American and white individuals 
(Wohl et al., 2013). 

Critical studies leading to the FDA approval of raltegravir 
were performed without regard to food and the FDA-
approved dose of raltegravir is 400 mg twice daily without 
respect to food (Merck, 2015). An open-label, randomized, 
study of the effects of fasting compared with a low-, moder-
ate-, or high-fat meal on raltegravir pharmacokinetics in 20 
healthy subjects receiving a standard 400 mg twice daily dose 
of raltegravir supports current dosing recommendations, 
because overall, diets differing in their fat and calorie content 
did not appear to have an important clinical effect on ralte-
gravir pharmacokinetics (Brainard et al., 2011).

5b.  Drug distribution

In Protocol 004 (see section 7, Clinical uses of the drug), a 
multicenter, randomized, double-blind, placebo-controlled, 
dose-ranging study, geometric mean values of raltegravir at 

trough minimal concentration (Cmin) were lowest in the 100-
mg dosing group and increased with dose. Mean values at 
peak (Cmax) and exposure from 0 to 12 hours (AUC0–12) 
increased up to the 400-mg dose, but were similar in the 400- 
and 600-mg dosing group. In all raltegravir-dosing groups, 
geometric mean plasma concentrations of raltegravir were 
found to exceed the mean in vitro IC95 of raltegravir for wild-
type HIV-1 in the presence of 50% human serum (Markowitz 
et al., 2006).

Information on the distribution of raltegravir can be 
found in the manufacturers’ material provided to the FDA. 
This literature states that the drug is minimally distributed 
into red blood cells. Although raltegravir is secreted into the 
milk of lactating rats, whether the drug or its metabolites are 
distributed into human milk remains unknown (Merck, 
2015). In a study of HIV-1 infected individuals receiving ral-
tegravir as a component of cART, the median cerebrospinal 
fluid (CSF)/plasma ratio for paired samples was 0.03 in those 
with detectable CSF raltegravir concentrations (n = 24). 
Approximately half of these CSF specimens were found to 
have raltegravir concentrations exceeding the IC95 levels 
required to inhibit INSTI-susceptible HIV-1 strains (Yilmaz 
et al., 2009). In contrast, a small study (n = 10) of HIV-
infected men on suppressive raltegravir- and maraviroc- 
based cART regimens, found the accumulation of raltegravir 
in seminal plasma, with a median seminal/blood plasma 
ratio of 4.32 (interquartile range [IQR]: 4.1–5.0). This trans-
lates to a semen plasma mean trough concentration (Ctrough) 
that exceeds the raltegravir IC95 for wild-type HIV-1 by 
almost 12-fold (Antoniou et al., 2013). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

At the completion of 10 days of raltegravir dosing at 12-hour 
intervals, trough levels of the drug were found to exceed the 
measured in vitro IC95 of raltegravir in the presence of 50% 
human serum, ranging from 70.6 nM for a 100-mg dose to 
300.8 nM for an 800-mg dose (Iwamoto et al., 2008c). While 
this pharmacokinetic profile supports a twice-daily dosing 
schedule, subsequent results from a small (n = 5), 10-day 
open-label pilot study suggested that a raltegravir dose of 
800-mg once daily resulted in Ctrough values that were in 
excess of the accepted protein-binding-adjusted IC95 in plasma 
and IC50 in peripheral blood mononuclear cells (PBMC) for 
wild-type vial strains (Molto et al., 2011). Despite these 
findings, the international phase III QDMRK trial was 
unable to establish the clinical noninferiority of an 800-mg 
once-daily dosing schedule. In this trial, treatment-naive 
subjects were randomized to receive a once-daily 800-mg, 
or twice-daily 400-mg raltegravir dose in combination with 
tenofovir–emtricitabine. At week 48, 83% of patients receiv-
ing once-daily raltegravir (n = 382) had HIV-1 RNA levels 
< 50 copies/ml compared to 89% (n = 386) of those receiving 
twice-daily dosing (p = 0.044). In individuals with baseline 
HIV-1 RNA levels > 100,000 copies/ml, only 74% of those in 
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the once-daily arm achieved viral suppression compared to 
84% in the twice-daily arm. Pharmacokinetic evaluations 
found the two regimens yielded similar AUC, but the once-
daily dosing regimen resulted in approximately sixfold lower 
Ctrough than the twice-daily regimen. In addition, virologic 
failure in the 800-mg daily arm correlated with Ctrough levels 
(Eron et al., 2011; Rizk et al., 2012). Currently, the 400-mg 
twice-daily dose of raltegravir remains the only approved 
and recommended dosing strategy in adults. However, a 
phase III double-blind, randomized, active-controlled study 
(onceMRK) designed to evaluate the safety and efficacy of 
reformulated raltegravir 1200 mg (to be dosed as two 600-
mg tablets) once daily versus raltegravir 400 mg twice daily, 
both in combination with tenofovir–emtricitabine in HIV-1 
infected, treatment-naive subjects is ongoing ( clinical trial 
NCT02131233).

5d.  Excretion

Raltegravir is mainly eliminated via a uridine diphosphate 
glucuronosyltransferase 1 family polypeptide A1 (UGT1A1) 
mediated hepatic glucuronidation metabolic pathway (Kas-
sahun et al., 2007). Inhibitors and inducers of the glucurono-
syltransferase enzyme have the mechanistic potential to 
respectively increase or decrease raltegravir concentrations. 
Subjects with polymorphisms associated with decreased 
activity of UGT1A1 demonstrate clinically insignificant 
increases in raltegravir plasma concentrations after a single 
400-mg oral dose and do not require dosage adjustment 
(Wenning et al., 2009b). Iwamoto et al. (2008c) have reported 
that 7–14% of raltegravir is excreted unchanged in the urine.

5e.  Drug interactions

A pharmacokinetic study of the co-administration of ralte-
gravir and rifampicin found that rifampicin effected statisti-
cally significant decreases in the raltegravir AUC and Cmin by 
40% and 61%, respectively. As a result, when co-adminis-
tered, the dose of raltegravir must be increased to 800 mg 
twice daily to compensate for the effect of rifampin on the 
raltegravir AUC (Wenning et al., 2009a). Caution should 
therefore be used when co-administering raltegravir with 
rifampicin, other strong inducers of UGT1A1, as well as 
strong inducers of drug-metabolizing enzymes, such as phe-
nytoin and phenobarbital. Other less strong inducers (e.g. 
rifabutin, efavirenz, St. John’s wart) may be used with the rec-
ommended dose of raltegravir. Raltegravir has no apparent 
effect on the CYP3A4 system and therefore has a low pro-
pensity to alter the pharmacokinetics of agents metabolized 
by this pathway (Kassahun et al., 2007). Raltegravir is not 
an inhibitor of UGT1A1, P-glycoprotein-mediated transport, 
the UDP glucuronosyltransferase 2 family, or polypeptide B7 
(UGT2B7) (Merck, 2015).

Small pharmacokinetic studies provide much of the 
available data on drug–drug interactions with raltegravir. 
Administration of the combination of 400 mg of raltegravir 
twice daily with a standard dose of tenofovir in healthy 

subjects for 4 days resulted in modest increases in raltegravir 
AUC (49%) and Cmax (64%). Cmin was unchanged. Conversely, 
the AUC was decreased by 10% and Cmin by 13% for tenofovir 
(Wenning et al., 2008). These data do not suggest the need 
for dose adjustment with this combination. In a 14-day 
 placebo-controlled study of subjects receiving 400 mg ralte-
gravir alone or in combination with 600 mg efavirenz, the 
authors report a 21% reduction in concentration after 12 
hours (C12) and 36% reduction in the Cmax (neither of which 
was statistically significant) as well as a statistically signifi-
cant 36% decrease in the AUC of raltegravir in the presence of 
the nonnucleoside reverse transcriptase inhibitor (NNRTI). 
Despite these differences, no significant decrease in tmax or 
the half-life (t½) was reported, and no dose adjustment 
appears necessary when raltegravir is co-administered with 
efavirenz (Iwamoto et al., 2008b). Etravirine is a second- 
generation nonnucleoside reverse transcriptase inhibitor 
and a known inducer of glucuronidation. Although etravir-
ine has been shown to have modest effects on raltegravir 
pharmacokinetics, raltegravir was found to have no signifi-
cant effect on the pharmacokinetics of etravirine, concluding 
that no dose adjustment is necessary in the co- administration 
of these two agents (Anderson et al., 2008). 

The combination of 400-mg of raltegravir and 100-mg 
ritonavir dosed twice daily had no significant impact on ral-
tegravir pharmacokinetic variables when compared with ral-
tegravir administered alone, suggesting no role for a protease 
inhibitor–boosting strategy in the optimization of therapeu-
tic raltegravir concentrations and no dose adjustment when 
raltegravir is co-administered with ritonavir (Iwamoto et al., 
2008b). In HIV-negative subjects, the co-administration of 
raltegravir and atazanavir with or without ritonavir resulted 
in modest, clinically insignificant increases in raltegravir sys-
temic exposure (Iwamoto et al., 2008a). A pharmacokinetic 
study of HIV-infected individuals treated with 400-mg of ral-
tegravir plus 300-mg of atazanavir twice a day revealed signif-
icant increases in raltegravir AUC when co- administered with 
atazanavir, particularly in those with high atazanavir systemic 
concentrations (Cattaneo et al., 2010). However, no dose 
adjustment is recommended when these agents are used 
together (Merck, 2015). The short-term addition of 400 mg 
raltegravir twice daily to a steady-state tipranavir–ritonavir 
combination dose in healthy adults led to a 24% decrease in 
the raltegravir AUC and an 18% decrease in the raltegravir 
Cmax (these values did not reach statistical significance). 
However, the raltegravir Cmin decreased by the statistically sig-
nificant value of 55% (Hanley et al., 2009). Despite these find-
ings, data from the combined BENCHMRK trials document 
similar virologic responses in HIV-infected,  antiretroviral- 
experienced patients treated with raltegravir in combination 
with either ritonavir-boosted tipranavir, ritonavir-boosted 
darunavir, or enfuvirtide (Cooper et al., 2008).

Plasma levels of raltegravir increase with concomitant 
administration of omeprazole in healthy individuals, an 
increase attributed to higher raltegravir bioavailability at 
increased gastric pH. This effect appears to be reduced in 
HIV-infected patients receiving omeprazole and no dosage 
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adjustment is necessary (Iwamoto et al., 2009). The situation 
is different for metal-containing antacids. In HIV-negative 
subjects, co-administration of raltegravir with an antacid con-
taining aluminum, magnesium, and simethicone, resulted in 
systemic concentrations of raltegravir that were 67% lower 
at Ctrough than when raltegravir was administered alone. The 
AUC and Cmax were unchanged, and the clinical significance 
of these findings is unknown (Kiser et al., 2010). However, 
as a result it is currently recommended that patients avoid 
the use of antacids containing divalent metal cations while 
receiving treatment with raltegravir (Merck, 2015).

Available information on the occurrence of clinically 
important drug–drug interactions with raltegravir is sum-
marized in Table 249.1 (Merck, 2015).

6. ADVERSE REACTIONS AND TOXICITY

Raltegravir is generally well tolerated. Part II of Protocol 004 
(see section 7, Clinical uses of the drug) is informative in 
regard to the tolerability of raltegravir when used as a com-
ponent of combination antiretroviral therapy (Markowitz et 
al., 2007). The majority of adverse events were graded mild 
(approximately 85%) to moderate, and there was no associa-
tion between the frequency of adverse events and the dose of 
raltegravir. Drug-related clinical adverse events were less fre-
quent with raltegravir (48%) than efavirenz (71%). The most 
frequent raltegravir-related adverse events included nausea, 
dizziness, and headache. The incidence of serious adverse 
events was similar in patients receiving the raltegravir and 
efavirenz combination regimens (5–6%). Of note, neuropsy-
chiatric events were less commonly reported with raltegravir- 
than efavirenz-based therapy at weeks 8 and 48: 8% versus 
21% and 13% versus 29%, respectively. None of the serious 
adverse events was considered to be drug related or led to 
treatment discontinuation. In addition, grade 3 and 4 labora-
tory abnormalities were uncommon in this study. In patients 
receiving raltegravir, these included decreased absolute 
neutrophil count, transaminitis, or increased pancreatic 
enzymes. In addition, raltegravir was found to have a neutral 
effect on serum lipids; at week 48, the mean change from 
baseline in total cholesterol for raltegravir was −2.3 mg/dl 

versus +20.7 for efavirenz (p < 0.001). Levels of low-density 
lipoproteins (LDL) and triglycerides were also increased in 
the efavirenz group, while remaining largely unchanged from 
baseline in the combined raltegravir groups (p = 0.016 and 
0.07, respectively). High-density lipoprotein (HDL) levels 
were increased in all treatment groups; however, smaller 
increases were noted with raltegravir than with efavirenz at 
week 48 (p = 0.01). More recent clinical trials in treat-
ment-naive individuals confirm the clinically insignificant 
effects of raltegravir-containing regimens on serum choles-
terol and triglyceride concentrations (Gotuzzo et al., 2012; 
Lennox et al., 2009; Rockstroh et al., 2013). 

Combined 48-week double-blind safety data from both 
BENCHMRK studies revealed that clinical adverse events of 
any intensity were reported in 90% of the raltegravir groups 
and 88% of the placebo groups and were considered related 
to any drug in the study regimen in 55% of each group; labo-
ratory adverse events occurred in 26% of the raltegravir 
groups and 23% of the placebo groups and were considered 
drug-related in 15% and 14%, respectively (Steigbigel et al., 
2008). The most common drug-related clinical adverse 
events in both treatment groups were diarrhea, nausea, and 
headache. The most common drug-related laboratory adverse 
events of any severity in both treatment groups were increased 
serum lipid, aminotransferase, and creatinine levels. 

In final 5-year results from the STARTMRK trial, signifi-
cantly fewer raltegravir than efavirenz recipients experienced 
neuropsychiatric side effects (39.1% vs. 64.2%; p < 0.001) 
(Rockstroh et al., 2013). Similarly, in the SWITCH-ER study 
in which patients with suppressed plasma viremia substitute 
a raltegravir- for an efavirenz-containing cART regimen, sig-
nificant reductions in anxiety and stress scores were reported 
(Nguyen et al., 2011). An observational study of 453 HIV-
infected patients on raltegravir found that 10.4% of patients 
developed at least one raltegravir-related central nervous 
symptom adverse event. Co-administration of raltegravir 
with tenofovir or proton-pump inhibitors (both of which can 
increase serum concentrations of raltegravir) were predictive 
of CNS symptoms in this study (Madeddu et al., 2012). 

In the international, multicenter STARTMRK trial, rates 
of serious clinical adverse events were < 2% of all patients 

Table 249.1. Selected important drug interactions with raltegravir. 

Concomitant drug class:  
drug name

Effect on concentration 
of raltegravir Clinical comment

Metal-containing antacids

Aluminum and/or magnesium 
containing antacids

Decrease Co-administration or staggered administration of aluminum and/or 
magnesium hydroxide-containing antacids and ISENTRESS is not 
recommended

Other Agents

Rifampin Decrease The recommended dosage of ISENTRESS is 800 mg twice daily 
during co-administration with rifampin; there are no data to 
guide co-administration of ISENTRESS with rifampin in patients 
< 18 years of age

Source: Reprinted with permission from Merck (2015).



7. Clinical uses of the drug 4221

studied, a rate that was similar between raltegravir and efa-
virenz study groups (Lennox et al., 2009). While rare, severe 
rash and hypersensitivity reactions are possible with ralte-
gravir usage, and a case report of drug reaction with eosino-
philia and systemic symptoms (DRESS) has been reported 
(Lee and Carr, 2012; Perry et al., 2013). The risk of severe and 
potentially life-threatening hypersensitivity reactions is noted 
in the warnings and precautions in the highlights of prescrib-
ing information for the drug (Merck, 2015). 

In early 48-week studies of raltegravir versus placebo as 
a  component of cART in treatment-experienced patients 
(BENCHMRK studies), an imbalance in the incidence of 
grade 4 elevations (> 20-fold) of creatine phosphokinase in 
the raltegravir-treated subjects, 2.2% versus 0.7%, in addi-
tion to rare reports of myopathy and rhabdomyolysis were 
reported (Steigbigel et al., 2008). In the 5-year safety and effi-
cacy review of participants initially randomized to raltegra-
vir with tenofovir–emtricitabine (Protocol 004), creatinine 
kinase (CK) elevation was the most common grade 3–4 lab-
oratory abnormality, occurring in 9.4% of the raltegravir and 
5.4% of the efavirenz groups. None of the cases in this study 
progressed to clinical myopathy or rhabdomyolysis (Gotuzzo 
et al., 2012). However, myopathy and rhabdomyolysis have 
been reported in case series (Croce et al., 2010; Tsai et al., 
2013). A 2013 cohort study of 475 subjects exposed to ral-
tegravir for a median of 11.5 months reported significant 
increases in serum CK (defined as at least ≥ 3 times the upper 
limit of normal or World Health Organization grade 2) in 
11.2% of patients, corresponding to an incidence of 3.8/100 
person-years. In this retrospective analysis, symptoms were 
uncommon, with multivariate analyses identifying male 
gender, CK elevation before the initiation of raltegravir, and 
abnormal baseline CK as independent risk factors for CK 
elevation while on raltegravir (Monteiro et al., 2013). In a 
cross-sectional study of 318 participants, 159 of whom 
received raltegravir-containing cART for a mean of 28 
months, skeletal muscle toxicity, ranging from isolated CK 
elevation to proximal myopathy, occurred in 37% of the 
 raltegravir versus 19% of the control group (p < 0.001). 
Rhabdomyolysis was not noted in this study, and muscle tox-
icity was not associated with raltegravir drug levels or duration 
of drug usage (Lee et al., 2013). It is currently recommended 
that raltegravir be used with caution in patients at increased 
risk of myopathy or rhabdomyolysis. This includes individuals 
with a past medical history of increases in serum CK, myopa-
thy or rhabdomyolysis and those receiving concomitant med-
ications associated with these conditions (Merck, 2015).

A systematic review and meta-analysis including 48 
unique studies of individuals with integrase inhibitor usage 
confirmed the overall favorable tolerability of the INSTIs, 
noting that adverse events reaching the level of grade 3 or 
4—such as nausea, diarrhea, skin rash with fever, CK eleva-
tion, muscle weakness, rhabdomyolysis, transient transam-
initis, and hypersensitivity reactions—are rarely reported 
with raltegravir usage (Messiaen et al., 2013). 

Finally, an early imbalance in the incidence of cancer 
events was noted in the BENCHMRK-1 and -2 studies. These 

malignancies were, in general, HIV related, occurred in 
severely immune-suppressed individuals, and in some cases, 
represented recurrences of previously diagnosed AIDS-
related cancers (Steigbigel et al., 2008). Monitoring of cancer 
events and relative risk at 48 weeks revealed that 3.5% of the 
raltegravir-treated patients and 1.7% of individuals in the 
placebo group had received an incident diagnosis of cancer 
during the double-blind study phase. The relative risk was 
1.5 with the upper and lower 95% confidence intervals cross-
ing 1.0 (0.5 and 6.3, respectively). Comprehensive review of 
incident cancers during four phase II/III trials of raltegravir 
revealed a relative risk of cancer with raltegravir use of 1.2 
(95% CI: 0.4–4.1) (Steigbigel et al., 2008). These data suggest 
the relative cancer risk in the two groups to be similar. More 
recently, 96-week data from the STARTMRK trial revealed 
no increase in risk of new or recurrent cancers with raltegra-
vir use (Lennox et al., 2010).

6a.  Risks in pregnancy and fetal toxicity

Raltegravir is classified as an FDA pregnancy category C 
drug and should therefore be used during pregnancy only if 
the potential benefit justifies the potential risk to the fetus. 
Although there are no adequate clinical or pharmacokinetic 
studies of raltegravir in pregnant women, several small case 
series report the safe and efficacious use of raltegravir in 
combination with other antiretrovirals to prevent HIV-1 
mother to child transmission (MTCT) (Hegazi et al., 2012; 
Pinnetti et al., 2010; Taylor et al., 2011), including in those 
(n = 14) presenting after 28 weeks of gestation (Nobrega et 
al., 2013). Characteristics presumed to support raltegravir use 
in  this setting include higher first- and second-phase viral 
decay, high placental transfer, and effective accumulation in 
cervicovaginal secretions (Nobrega et al., 2013). 

7. CLINICAL USES OF THE DRUG

Raltegravir has been used only to treat HIV-1 infection. In 
2007, both the US FDA and European Commission approved 
the use of raltegravir for the treatment of HIV-1 infection as 
part of combination antiretroviral therapy in treatment- 
experienced patients, with evidence of ongoing replication of 
HIV-1 strains resistant to multiple antiretroviral agents. As 
detailed in section 1, Description, raltegravir has since been 
approved for the treatment of HIV-1 infection in pediatric 
patients and treatment-naive adults and is now included as 
a  component of recommended regimens for the treatment 
of  HIV-1 in ART-naive patients by the US Department of 
Health and Human Services (DHHS, 2015). See Table 249.2,  
Table 249.3, and Table 249.4 for summaries of major clinical 
trials. 

7a.  HIV-1 infection: raltegravir monotherapy

The in vivo tolerability, pharmacokinetic profile, and antiviral 
activity of raltegravir were established by the Merck-sponsored 
Protocol 004, a multicenter, randomized, double-blind, 
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 placebo-controlled, dose-ranging study (Markowitz et al., 
2006). During part I, 35 antiretroviral-naive, HIV-1-positive 
patients were stratified by plasma HIV-1 RNA level (greater 
than or less than 50,000 copies/ml) and randomized to receive 
either placebo or 100, 200, 400, or 600 mg of raltegravir 
orally twice daily as monotherapy for 10 days. Inclusion cri-
teria included a CD4+ T-cell count of at least 100 cells/mm3 
and an HIV-1 RNA level of 5,000 copies/ml or greater. At study 
entry, mean HIV-1 RNA levels were similar across raltegra-
vir-dosing groups, ranging from 4.53 to 4.57 log10 copies/ml. 
At the end of the 10-day study period, a mean 2.0 log10 reduc-
tion in plasma HIV-1 viral load was observed for all raltegra-
vir-treatment groups. Critically, all were significantly greater 
than that observed for the placebo-treated group. In addi-
tion, the proportions of patients achieving HIV-1 RNA levels 
< 400 copies/ml by day 10 were between 50% and 60% for 
those receiving active drug. There were no differences in the 
slope of HIV-1 RNA decline across raltegravir arms or in 
patients with plasma HIV-1 RNA levels above or below 
50,000 copies/ml. There was no apparent dose response and 
no significant differences were observed among the raltegra-
vir arms. In summary, Protocol 004 dem onstrated unequiv-
ocal robust antiviral activity of raltegravir across dosing 
groups in treatment-naive HIV-1-infected individuals.

7b.  HIV-1 infection in treatment-naive 
adults: raltegravir in combination 
therapy

PROTOCOL 004

Protocol 004 was a two-part study; the first part was described 
in section 7a, HIV-1 infection: raltegravir monotherapy. The 
second part was a combination antiretroviral therapy trial 
that enrolled 198 treatment-naive HIV-1-positive partici-
pants, including 30 from the raltegravir monotherapy trial 

(part I) (Markowitz et al., 2007). Patients were randomized 
to receive one of four raltegravir doses (100, 200, 400, or 600 
mg) twice daily, or efavirenz (600 mg/day) in combination 
with tenofovir and lamivudine. Those patients receiving pla-
cebo in part I received efavirenz in part II, whereas those 
treated with raltegravir in part I retained the same drug dos-
age in part II. Inclusion criteria with respect to entry CD4+ 
T-cell count and HIV-1 RNA level were similar to that of part 
I, as was the stratified randomization. Characteristics were 
well balanced across treatment groups at baseline, with mean 
HIV-1 RNA levels ranging from 4.6 to 4.8 log10 copies/ml, 
mean CD4+ T-cell counts from 271 to 338 cells/mm3, and 
HIV-1 RNA levels > 50,000 copies/ml and > 100,000 copies/
ml at baseline in 55% and 34% of patients, respectively. A 
minimum of 48 weeks of study therapy was completed by 
185 patients.

Determinations of efficacy were based on a modified 
ITT analysis, with the primary end point being the propor-
tion of patients achieving a plasma HIV-1 RNA level < 400 
copies/ml. Raltegravir was found to have a rapid and durable 
antiretroviral effect. By week 4, combination therapy with all 
study doses of raltegravir effected rapid and sustained reduc-
tions in plasma HIV-1 RNA levels, with at least 90% of 
patients reaching < 400 copies/ml. At this time point, 60–80% 
of patients in the raltegravir groups had suppressed their 
HIV-1 viral load to < 50 copies/ml compared with 25% of 
those treated with efavirenz (lower bound of the 95% CI > 0) 
(see Figure 249.3). Differences between treatment groups 
diminished over time, and by week 24 all treatment groups 
appeared similar, with the plasma HIV-1 RNA level reduced 
to < 50 copies/ml in 85–95% of all study subjects. These 
reductions in viral load were sustained to week 48. In a time-
to-event analysis, patients receiving raltegravir at any dose 
achieved an HIV-1 RNA level < 50 copies/ml earlier than 
patients receiving efavirenz (p < 0.05). Virologic failure rates 
were similar in the combined raltegravir treatment arms (n = 

Figure 249.3. Protocol 004 
part II: efficacy outcomes to 
week 48. Percentage of 
patients with plasma HIV-1 
RNA level < 50 copies/ml 
using a noncompleter equals 
failure approach. Differences 
versus efavirenz at weeks 4 
and 8 are statistically signifi-
cant. (Reprinted with permis-
sion from Markowitz et al. 
(2007).) 
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5) and those receiving efavirenz (n = 1), 3%. Plasma-derived 
HIV-1 RNA isolated from two of the raltegravir patients har-
bored the N155H amino acid substitution in the integrase 
region. Two additional patients had resistance-conferring 
mutations associated with 3TC (M184I/V), and in one sub-
ject there were no treatment-emergent resistance changes. 
The patient failing efavirenz-based therapy displayed K65R 
and G190E. The average increases in CD4+ T-cell counts 
were similar across treatment groups at weeks 24 and 48, 
ranging from 144 to 221 cells/mm3. In a noncompleter equals 
failure analysis at 96 weeks, 83% in the raltegravir group 
and 84% in the efavirenz group maintained viral suppression 
with HIV-1 RNA levels < 50 copies/ml. (Markowitz et al., 
2009). At the close of the study at week 240, HIV-1 RNA 
remained at < 50 copies/ml in 68.8% of the raltegravir, and 
63.2% of efavirenz study group. Virologic failure occurred 
in 10 (6%) of patients in the raltegravir group and 5 (13%) in 
the efavirenz group. In those receiving raltegravir, signature 
integrase resistance mutations were found in 3 of 8 patients 
for whom integrase genotype data were available. Increases 
in CD4+ T cell counts were also similar, at 302 versus 276 
cells/mm3 for raltegravir and efavirenz groups respectively 
(Gotuzzo et al., 2012). One particularly interesting finding in 
this study was that patients receiving raltegravir at any dose 
achieved HIV-1 RNA levels < 50 copies/ml significantly ear-
lier than patients receiving efavirenz. Murray et al. (2007) 
analyzed the Protocol 004 virologic data and raltegravir- 
treated subjects were significantly more likely to have HIV 
RNA < 50 copies/ml from day 15 to day 57 (p ≤ 0.047). 
Although first-phase decay slopes in both raltegravir- and 
efavirenz-exposed were similar, HIV-1 RNA plasma levels 
were significantly lower at initiation of second-phase decay 
for individuals in the raltegravir-dosing groups than for the 
efavirenz group (p < 0.0001). More recently, the ACTG 
A5248 study, which used single-copy assay data to define 
viral kinetics during raltegravir-based therapy revealed three 
distinct phases of HIV-1 RNA decay. A pattern of viral decay 
with a slower (0.563/day) first phase and a longer duration 
(median 15.1 days) was noted when comparing raltegravir- 
to efavirenz-based cART. This prolonged first-phase decay is 
hypothesized to result from the ability of raltegravir to block 
productive infection by preventing the formation of the pre-
integration complex (Andrade et al., 2013). 

STARTMRK 1 AND 2

The STARTMRK 1 and 2 trials were international, double- 
blind, phase III studies that randomized 566 treatment-naive 
patients with HIV-1 RNA levels > 5000 copies/ml and no 
baseline resistance to any study medication, to receive teno-
fovir and emtricitabine in combination with either raltegra-
vir or efavirenz. At the 48-week primary efficacy end point, 
noncompletion equals failure analysis demonstrated that ral-
tegravir was noninferior to efavirenz, with 86.1% (241/280) 
and 81.9% (230/281) of the raltegravir and efavirenz groups 
respectively, achieving the primary end point of HIV-1 RNA 
< 50 copies/ml (difference 4.2%; 95% CI: −1.9 to 10.3; p < 
0.0001 for noninferiority) (Lennox et al., 2009). As noted in 

Protocol 004, time to achieve such viral suppression was sig-
nificantly shorter for patients on raltegravir than those on 
efavirenz (p < 0.0001). Mean changes in CD4 T cell counts 
from baseline to week 48 were similar between study groups; 
189 cells/μl for raltegravir recipients and 163 cells/μl for efa-
virenz recipients (difference: 26 cells/μl; 95% CI: 4–47; p = 
0.0184). Similar virologic outcomes were noted at week  
96, with 81% and 79% of subjects in the raltegravir and efa-
virenz groups maintaining viral suppression, respectively 
(difference: 2%; 95% CI: −4 to 9; p < 0.001 for noninferior-
ity). Metabolic analysis revealed modest changes in serum 
lipids, glucose levels and body fat at this time point in both 
groups (Lennox et al., 2010). Although not a prespecified 
primary or secondary end point, study blinding was main-
tained through 5 years, at which time final study results were 
reported. At week 240, 71.0% (198/279) of raltegravir and 
61.3% (171/279) of efavirenz recipients remained virologi-
cally suppressed (difference: 9.5%; 95% CI: 1.7–17.3). Over 
the 5-year period, discontinuations attributed to adverse 
events were noted in 5% (n = 14) of patients assigned to the 
raltegravir group and 10% (n = 28) of those assigned to 
receive efavirenz. Overall, 25% (71/281) of raltegravir and 
35% (98/282) of efavirenz recipients discontinued the study 
for any reason. In the raltegravir group, only six participants 
discontinued due to lack of efficacy (Rockstroh et al., 2013).

SPRING-2

The aim of the SPRING-2 multinational, randomized, double- 
blind, phase III trial was to determine the noninferiority of 
the second-generation INSTI dolutegravir, when compared 
to raltegravir in treatment-naive adults with HIV-1 RNA 
levels ≥ 1000 copies/ml. A total of 822 participants were ran-
domized to receive either dolutegravir 50 mg once daily or 
raltegravir 400 mg twice daily combined with an appropri-
ate investigator-chosen NRTI backbone. In both study arms, 
approximately 60% of participants were assigned to receive 
tenofovir–emtricitabine, while 40% were assigned abacavir–
lamivudine. At the 48-week primary end point, dolutegravir 
was noninferior to raltegravir, with 88% of patients in the 
dolutegravir group (361/411) and 85% of patients in the ral-
tegravir group (351/411) achieving an HIV-1 RNA value of  
< 50 copies/ml (adjusted difference: 2.5%; 95% CI: −2.2 to 
7.1). Treatment responses stratified by background NRTI 
and baseline HIV-1 RNA levels less than or greater than or 
equal to 100,000 copies/ml were similar between groups. 
Frequencies of the most commonly reported adverse events 
—nausea, headache, nasopharyngitis and diarrhea—ranged 
from 11% to 14% and were similar between arms. Study dis-
continuation due to adverse events was infrequent, occurring 
at a rate of 2% in each arm. Rates of protocol-defined virolog-
ical failures were 5% (n = 20) in the dolutegravir arm as 
opposed to 7% (n = 28) in those receiving raltegravir. Of note, 
in those individuals with protocol-defined virological failure, 
no evidence of treatment-emergent drug resistance mutations 
were noted in the dolutegravir group. However, in the raltegra-
vir group, 1 participant (6%) demonstrated  treatment-emergent 
INSTI-associated drug resistance mutations and 4 (21%) 
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demonstrated drug resistance mutations associated with 
NRTI use (Raffi et al., 2013a). Followup results at 96 weeks 
confirmed the noninferiority of dolutegravir, with 81% of 
patients in the dolutegravir group and 76% of those in the 
raltegravir group achieving HIV-1 RNA < 50 copies/ml 
(adjusted difference: 4.5%; 95% CI: −1.1% to 10.0%). Viro- 
logical failures occurred less often in those receiving dolute-
gravir (5%; n = 22) than in those receiving raltegravir (10%; 
n = 43) (Raffi et al., 2013b). 

SHIELD 

SHIELD was a small (n = 35) noncomparative pilot study 
designed to evaluate the efficacy of raltegravir when paired 
with abacavir and lamivudine in antiretroviral-naive, HLA-
B*5701-negative adults with HIV-1 RNA levels > 1000 
 copies/ml. Using a missing/discontinuation equals failure 
analysis, 91% (n = 32) achieved HIV-1 RNA levels < 50 
 copies/ml at week 48. Modest increases in fasting lipids 
(total, HDL and LDL) were found, with no changes in tri-
glyceride levels. No treatment-attributable serious adverse 
events were noted (Young et al., 2010). At week 96, HIV-1 
RNA was < 50 copies/ml in 77% (27/35) of patients using the 
missing/discontinuation analysis equals failure analysis. This 
decrease was largely driven by the discontinuation of 5 
patients after the 48-week time point, only one of which was 
for lack of efficacy (Young et al., 2011).

ACTG 5257

A large (n = 1809), phase III study, ACTG 5157, randomized 
treatment-naive patients to one of three open-label NNRTI-
sparing cART regimens—atazanavir with ritonavir, daruna-
vir with ritonavir, or raltegravir 400 mg twice daily—each 
combined with tenofovir–emtricitabine for determinations 
of equivalence. The 96-week virologic failure primary end 
point was defined as HIV-1 RNA level > 1000 copies/ml 
at week 16–24 or > 200 copies/ml at or after week 24. At 
96 weeks, the cumulative probability of virologic failure was 
14.9% and 12.6% in the ritonavir-boosted darunavir and 
atazanavir groups, respectively, and 9.0% in the raltegravir 
group. As the 97.5% CIs were within the prespecified equiv-
alence bound of ± 10%, all three regimens were found to  
be equivalent. In regard to tolerability, raltegravir and 
 ritonavir-boosted darunavir were found to be equivalent to 
one another and superior to ritonavir-boosted atazanavir 
(Lennox et al., 2014).

7c.  HIV-1 infection in treatment-naive 
adults: raltegravir in NRTI sparing 
regimens

PROGRESS 

This randomized, open-label, pilot study was designed to 
compare the 96-week virologic efficacy of standard-dose 
raltegravir in combination with ritonavir-boosted lopinavir 
(lopinavir–ritonavir), to tenofovir–emtricitabine in combi-
nation with lopinavir–ritonavir in 206 treatment-naive 

individuals with HIV-1 RNA > 1000 copies/ml at screening. 
At week 48, the regimens were found to be statistically non-
inferior, with 83.2% (84/101) in the raltegravir group and 
84.8% (89/105) lopinavir–ritonavir group achieving a plasma 
HIV-1 RNA < 40 copies/ml (Reynes et al., 2011). Regimens 
remained noninferior at week 96, with 66.3% in the raltegra-
vir group and 68.6% in the tenofovir–emtricitabine group, 
maintaining viral loads < 40 copies/ml. Mean increases in 
CD4 T cell counts were similar between groups, at 281 cells/
mm3 and 296 cells/mm3 for the raltegravir and tenofovir–
emtricitabine groups, respectively (p = 0.598). Tolerability 
and safety were similar in both groups. While statistically 
greater increases in peripheral fat were noted in the raltegra-
vir group (+21.5% change from baseline vs. +7.3% change 
from baseline in arms; p = 0.040 and +28.8% vs. +15.3% in 
legs; p = 0.041), statistically greater reductions in estimated 
glomerular filtration rate (−7.33 ml/minute vs. −1.43 ml/min-
ute; p = 0.035) and bone mineral density (−2.48% vs. +0.68%, 
p < 0.001) were noted in the tenofovir–emtricitabine arm 
(Reynes et al., 2013). 

SPARTAN

This randomized, noncomparative pilot study was designed 
to evaluate the efficacy of open-label, unboosted atazanavir 
300 mg twice daily plus standard-dose raltegravir in treat-
ment-naive HIV-infected subjects with HIV-1 RNA > 5000 
copies/ml. Once-daily ritonavir-boosted atazanavir plus 
tenofovir–emtricitabine served as a reference regimen. In a 
no-completer equals failure analysis at week 24, 74.6% (47/63) 
in the atazanavir plus raltegravir arm and 63.3% (19/30) in 
the atazanavir–ritonavir plus tenofovir– emtricitabine arm 
achieved a virologic response of HIV-RNA < 50 copies/ml. 
However, the incidence of grade 4 hyperbilirubinemia was 
significantly higher in the atazanavir plus raltegravir arm 
than on atazanavir–ritonavir plus tenofovir–emtricitabine 
(20.6% vs. 0%). In addition, a greater number of individuals 
in the atazanavir plus raltegravir arm met criteria for resis-
tance testing (HIV-RNA ≥ 400 copies/ml) when compared  
to those receiving atazanavir–ritonavir plus tenofovir– 
emtricitabine (6/63 vs. 1/30). Four of the virologic failures in 
the atazanavir plus raltegravir arm displayed genotypic evi-
dence of acquired raltegravir resistance. These findings do 
not support the continued clinical development of atazanavir 
plus raltegravir (Kozal et al., 2012).

ACTG A5262

The aim of ACTG A5262, a phase IIb, open-label, single-arm 
study, was to explore the efficacy of raltegravir 400 mg twice 
daily plus ritonavir-boosted darunavir in antiretroviral- naive 
patients (n = 112). Although well tolerated, virologic failure 
was unacceptably common at the 24-week primary end point 
(16%; 95% CI: 10–24) and rose to 26% (95% CI: 19–36) by 
week 48 in the ITT analysis. In this cohort, a baseline viral 
load > 100,000 copies/ml (hazard ratio [HR]: 3.76; 95% CI: 
1.52–9.31; p = 0.004) and lower CD4 cell count (0.77 per 
100 cells/μl increase; 95% CI: 0.61–0.98; p = 0.037) were 
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characteristics most commonly associated with virologic fail-
ure (Taiwo et al., 2011).

RADAR

The open-label, randomized RADAR study also investigated 
the combination of raltegravir plus darunavir–ritonavir with 
similarly disappointing outcomes. Here, 85 antiretroviral- 
naive subjects were randomized to receive either raltegravir 
or tenofovir–emtricitabine in combination with darunavir–
ritonavir. At 48 weeks in an ITT analysis, statistical inferior-
ity of raltegravir plus darunavir–ritonavir was observed; 
with 62.5% of patients in the raltegravir arm achieving an 
HIV-1 RNA level < 48 copies/ml versus 83.7% of patients in 
the tenofovir–emtricitabine arm (p  =  0.045; chi-square test). 
No treatment-emergent resistance was observed (Bedimo et 
al., 2014). 

NEAT001/ANRS143

NEAT001/ANRS143 was a large, European, randomized, 
phase-III, open-label, noninferiority trial that compared ral-
tegravir plus darunavir–ritonavir to darunavir–ritonavir plus 
tenofovir–emtricitabine in treatment-naive patients. Unlike 
ACTG A5262 and RADAR, the raltegravir plus darunavir–
ritonavir regimen was found to be statistically noninferior to 
its comparator. With a median followup of 123 weeks, the 
proportion of patients meeting the treatment failure primary 
end point was 19% (77/401) in the group receiving ralte-
gravir plus darunavir–ritonavir and 15% (61/404) in the 
 darunavir–ritonavir plus tenofovir–emtricitabine group. 
Kaplan-Meier estimated proportions of treatment failure by 
week 96 were 17.8% and 13.8%, respectively (difference: 
4.0%; 95% CI: −0.8 to 8.8) (Raffi et al., 2014). The authors 
speculate that this difference in outcome is due to a higher 
CD4+ T cell count in this patient population at baseline. 

7d.  HIV-1 infection in treatment-
experienced adults: raltegravir in 
combination therapy

PROTOCOL 005

The Merck-sponsored Protocol 005 was a phase IIb investi-
gation of the safety and efficacy of raltegravir in HIV-1-
positive individuals with extensive antiretroviral treatment 
experience (Grinsztejn et al., 2007). This international, dou-
ble-blind trial randomized 179 HIV-1-positive participants 
in a 1:1:1:1 ratio to one of three doses of raltegravir (200, 400, 
or 600 mg) or placebo twice daily, in combination with an 
optimized background regimen of antiretroviral drugs cho-
sen by the investigator with guidance by resistance testing. 
Patients were stratified by their degree of HIV-1 resistance to 
protease inhibitors as well as their use of the fusion inhibitor 
enfuvirtide in the optimized background regimen at study 
entry. Enrollment criteria included a CD4+ T-cell count > 50 
cells/ml, an HIV-1 RNA viral load > 5000 copies/ml, docu-
mented genotypic and phenotypic resistance to at least one 
drug in each of three major classes of antiretroviral drugs 

(nucleoside reverse transcriptase inhibitors, nonnucleoside 
reverse transcriptase inhibitors, and protease inhibitors), and 
evidence of virologic failure at study entry. Before enroll-
ment, mean baseline HIV-1 viral load was 4.7 ± 0.5 log10 
 copies/ml, and median treatment duration measured 9.9 years 
across study arms, with each group having taken a median of 
12 previous antiretrovirals. Across treatment groups and pla-
cebo, the percentage of patients using enfuvirtide as part of 
the optimized background regimen was 33–38%; those with 
a phenotypic sensitivity score of zero to all available antiret-
roviral drugs ranged from 40% to 57%; and those with a phe-
notypic sensitivity score of zero to protease inhibitors was 
84–98%.

A 24-week, modified ITT analysis revealed the mean 
change in viral load from baseline to be −0.35 (95% CI: −0.61 
to −0.09) log10 copies/ml in the placebo group compared 
with −1.80 (95% CI: −2.10 to −1.50) log10 copies/ml in the 
200-mg group, −1.87 (95% CI: −2.16 to −1.58) log10 copies/
ml in the 400-mg group, and −1.84 (95% CI: −2.10 to −1.58) 
log10 copies/ml in the 600-mg group (p < 0.0001). Compared 
with 13% in the placebo group, 56–67% of individuals in 
the raltegravir groups achieved a viral load < 50 copies/ml 
(p < 0.0001 for all raltegravir doses). Increases from baseline 
in CD4+ T-cell counts were also noted with raltegravir, par-
ticularly in those receiving the 400- and 600-mg doses. 
Approximately 90% of those treated with enfuvirtide and 
naive at study entry achieved a viral load < 400 copies/ml at 
week 24. No dose-related toxicities were attributed to ralte-
gravir in this study. These results reveal the potential for 
raltegravir to significantly impact the treatment of heavy 
antiretroviral- experienced patients when combined with 
active agents in the optimized background regimen. The 
96-week followup of 005 study patients has been published 
(Gatell et al., 2010). At week 96, plasma HIV-1 RNA levels 
were < 400 copies/ml in 55% of raltegravir recipients and 
<  50 copies/ml in 48% of them (noncompleter equals fail-
ure). Only 4% of study subjects discontinued raltegravir due 
to adverse events.

BENCHMRK-1 AND -2 STUDIES

Two large phase III trials of raltegravir, BENCHMRK-1 and-2, 
provided clinical justification for the initial FDA approval of 
raltegravir in the treatment of cART-experienced patients. In 
these 156-week randomized, double-blind, placebo- controlled 
studies, treatment-experienced patients were randomized 2:1 
to receive raltegravir 400 mg twice daily or placebo, each dosed 
orally in combination with an optimized background regimen 
selected based on patients’ treatment history and results from 
HIV-1 resistance testing (Steigbigel et al., 2008). These two 
studies differed primarily in the geographic distribution of 
enrolled subjects; BENCHMRK-1 enrolled in Europe, Peru, 
and Asia/Pacific, whereas BENCHMRK-2 was conducted 
primarily in North and South America. Inclusion criteria 
included infection with HIV-1 resistant to at least one drug 
in each of three classes of oral antiretrovirals (nucleo- 
side reverse transcriptase inhibitors, nonnucleoside reverse  
transcriptase inhibitors, protease inhibitors) and failure of 
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antiretroviral therapy with an HIV-1 RNA level of > 1000 
copies/ml. Considerations of variability in raltegravir levels 
between and within individuals, as well as the potential for 
drug interactions with concomitant antiviral agents, led to 
the selection of the 400-mg twice-daily dose of raltegravir for 
these studies. A total of 699 patients were enrolled in the two 
studies combined. Enfuvirtide was included for the first time 
as part of optimized background regimen in 19–21% of sub-
jects. Darunavir and tipranavir were included where war-
ranted. Darunavir–ritonavir was included for the first time as 
part of the optimized background regimen in 25–27% in 
BENCHMRK-1, as opposed to 45–50% of patients enrolled 
in BENCHMRK-2. These differences may reflect differential 
access to these agents. In BENCHMRK-1 (n = 350), the 
mean baseline CD4+ T-cell count and HIV-1 viral load were 
156 cells/mm3 and 4.6 log10 copies/ml, respectively, for the 
regimen that included raltegravir and 153 cells/mm3 and 
4.5 log10 copies/ml, respectively, for the placebo regimen. 
Enrollees had approximately 11 years of previous antiretro viral 
therapy, and approximately 90% carried an AIDS diagnosis. 

In the 16-week, noncompletion equals failure primary 
analysis time-point for BENCHMRK-1, 62% of patients 
receiving raltegravir in addition to optimized background 
regimen achieved HIV-1 RNA levels of < 50 copies/ml com-
pared with 33% of patients receiving placebo plus optimized 
background regimen (p < 0.001) (Steigbigel et al., 2008). The 
16-week results from BENCHMRK-2 (n = 349) were simi-
lar to those of BENCHMRK-1: HIV-1 RNA levels were < 50 
copies/ml in 62% of the raltegravir recipients and 36% of 
those receiving placebo (p < 0.001). Followup pooled 
BENCHMRK data reveal that those patients achieving 
virologic suppression on raltegravir at 16 weeks had largely 
maintained it to the 24-week time point (Steigbigel et al., 
2008).

Virologic responses observed at 16 and 24 weeks were 
durable to 48 weeks, with 62% of raltegravir-treated subjects 
remaining with plasma HIV-1 RNA levels < 50 copies/ml, 
compared with 33% of the placebo group, respectively in the 
noncompletion equals failure analysis (p < 0.001) (Cooper et 
al., 2008; Steigbigel et al., 2008). Pooled data from both trials 

also showed significant superiority of the raltegravir-treated 
patients compared with those receiving placebo across base-
line CD4+ T-cell count strata (< 50 cells/mm3, 50% vs. 20%; 
> 50 to < 200 cells/mm3, 67% vs. 39%; and > 200 cells/mm3, 
76% vs. 44%). Similarly, superior responses were seen in 
patients with baseline HIV-1 RNA levels above and below 
100,000 copies/ml (48% vs. 16% and 73% vs. 43%, respec-
tively) (Figure 249.4). Within subgroups defined by study 
entry phenotypic and genotypic sensitivity scores (GSS), the 
percentage of patients in the pooled BENCHMRK studies 
achieving HIV RNA levels of < 50 copies/ml at week 48 was 
also determined. The likelihood of achieving an HIV RNA 
level < 50 copies/ml by week 48 was increased if raltegravir 
was combined with effective agents in the optimized back-
ground regimen. For example, by week 48, 45% (50/112) of 
patients with a GSS of 0 were able to achieve HIV RNA levels 
< 50 copies/ml with the addition of raltegravir to the opti-
mized background regimen, compared with 3% (2/65) in the 
placebo plus optimized background regimen. However, in 
those with a GSS of 3 or more, 71% (35/49) in the raltegravir 
arm were able to achieve viral suppression versus 52% 
(11/21) in the placebo arm. Similar trends were noted in sub-
groups defined by baseline phenotypic sensitivity score. The 
first-time use of both enfuvirtide and darunavir as part of the 
optimized background regimen greatly increased the partic-
ipants’ chances of achieving virologic suppression by week 
48. For those in whom both agents were used for the first 
time, 89% (39/44) were able to achieve HIV-RNA levels < 50 
copies/ml (raltegravir arm) versus 68% (15/22) in the pla-
cebo arm. In those for whom neither enfuvirtide nor daruna-
vir was used in the optimized background regimen, only 
60% (115/191) of the raltegravir arm achieved viral suppres-
sion versus 20% (18/90) in the placebo group (Cooper et al., 
2008). Not surprising, these results strongly support the use 
of raltegravir in combination with active antiretroviral drugs 
in the optimized background regimen in the successful 
management of patients with heavy antiretroviral treatment 
experience.

Pooled 96-week data from combined BENCHMRK-1 
and -2 trials once again demonstrated statistically superior 

Figure 249.4. BENCHMRK I and II combined: efficacy 
outcomes to week 96. Percentage of patients with 
plasma HIV-1 RNA level < 50 copies/ml using a non- 
completer = failure approach. Abbreviations: OBT: 
optimized background therapy; CPI: comparator- 
boosted protease inhibitor. (Reprinted with permission 
from Steigbigel et al. (2010).) 
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antiretroviral responses in the raltegravir plus optimized 
background therapy arm when compared with optimized 
background therapy alone (Steigbigel et al., 2010). The double- 
blind phase of the BENCHMRK studies ended at week 156. 
Using a noncompleter equals failure analysis, 51% of the ral-
tegravir group maintained HIV-1 RNA levels < 50 copies/ml 
compared to 22% in the placebo group (p < 0.0001). Mean 
CD4+ T cell counts increased by 164 cells/mm3 versus 63 
cells/mm3 respectively. At this time point, virological failure 
had occurred in 36% (166/462) of raltegravir recipients. 
At  the close of the double-blind phase of the study 54% 
(251/462) of those initially assigned to the raltegravir group 
and 20% (47/237) from the placebo group entered the 
open-label phase of the study. The resulting 240-week effi-
cacy and tolerability data represent the longest reported  
f ollowup for individuals receiving raltegravir-containing 
regimens to date. At this late time point, 42% (193/462) of 
patients in the raltegravir group maintained an HIV-1 viral 
load < 50 copies/ml at 240 weeks, with 6% (17/298) of sub-
jects participating in the open-label study phase experienc-
ing virologic failure. As noted at earlier time points, nausea, 
headache and diarrhea were the most commonly reported 
adverse events at the close of 5 years (Eron et al., 2013b).

STUDY 145 

The aim of Study 145, an international, randomized, phase 
III, double-bind, noninferiority study, was to compare  
efficacy and safety of standard-dose raltegravir to the  
more recently approved, once-daily INSTI elvitegravir in 
 treatment-experienced patients when combined with an open- 
label background regimen consisting of a fully active ritona-
vir-boosted protease inhibitor (r/PI) and an additional agent. 
Enrolled participants (n = 724) had a plasma HIV-1 RNA  
≥ 1000 copies/ml and either a history of 6 months’ experi-
ence on or resistance to a minimum of two classes of anti-
retroviral drugs. At the 48-week primary end point, using 
the FDA-defined TLOVR algorithm, a modified ITT analysis 
demonstrated elvitegravir to be noninferior to raltegravir, 
with 59.0% (207/351) of those assigned to the elvitegravir 
arm and 57.8% of those in the raltegravir arm (203/351) 
achieving viral suppression as defined by HIV RNA < 50 
copies/ml (treatment difference: 1.1%; 95% CI: −6.0 to 8.2). 
Safety profiles were largely similar between groups. Study-
drug-attributable serious adverse events were noted in 3 and 
7 subjects in the elvitegravir and raltegravir groups, respec-
tively. A statistically significant increased incidence of diar-
rhea was noted in those receiving elvitegravir (p  = 0.023), 
while grade 3 or 4 increases in transaminases were more com-
mon in those receiving raltegravir (p ≤ 0.020) (Molina et al., 
2012). The study remained blinded through week 96, at which 
time elvitegravir remained statistically noninferior to ralte-
gravir, with 47.6% (167/351) of patients in the elvitegravir 
arm and 45.0% (158/351) in the raltegravir arm maintaining 
an HIV RNA level < 50 copies/ml (treatment difference: 
2.6%; 95% CI: 4.6–9.9%). Approximately 6.6% and 7.4% of 
subjects in the elvitegravir and raltegravir treatment groups 
developed integrase resistance mutations through week 96. 

The decline in efficacy in both groups was largely attributable 
to nonvirologic failure. Of note, 62 subjects discontinued 
study drug between weeks 48 and 96. The most common rea-
sons for discontinuation in the elvitegravir arm were non-
adherence (10/33) and withdrawal of consent (9/33). In the 
raltegravir arm, loss to followup (6/29) was the most com-
mon, with lack of efficacy, nonadherence, and consent with-
drawal each accounting for 5 cases. The incidence of adverse 
events and laboratory abnormalities were generally similar 
in elvitegravir and raltegravir treatment groups (Elion et al., 
2013).

SAILING

SAILING was an international, phase III, randomized, 
 double-blind, noninferiority trial that sought to compare the 
safety and efficacy of raltegravir in antiretroviral- experienced 
subjects to another drug in the INSTI class. In this case, the 
comparator ARV was dolutegravir, a once-daily, second- 
generation INSTI. This 48-week trial randomized 724 inte-
grase-inhibitor-naive subjects with HIV RNA > 400 copes/
ml and resistance to two or more classes of antiretroviral 
drugs to receive either dolutegravir 50 mg once-daily, or 
standard dose raltegravir in combination with investigator- 
chosen background therapy containing a minimum of one 
fully active drug. Of the 715 patients analyzed in an ITT 
analysis for the primary 48-week end point, 71% (251/354) 
of dolutegravir and 64% (230/361) of raltegravir recipients 
achieved an HIV RNA level of < 50 copies/ml (adjusted 
difference: 7.4%; 95% CI: 0.7–14.2), consistent with both a 
noninferiority and statistical superiority of dolutegravir 
(p  = 0.03). Protocol-defined virologic failure occurred in 
6% (21/354) and 12% (45/361) of those in the dolutegravir 
and raltegravir groups, respectively. In a prespecified sec-
ondary study end point, significantly fewer patients in the 
dolutegravir group developed virologic failure in concert 
with treatment-emergent integrase-inhibitor resistance than 
in the raltegravir group (1% vs. 5%; adjusted difference: 
−3.7%; 95% CI: −6.1 to −1.2; p = 0.003). Analysis of the four 
subjects with treatment-emergent resistance on dolutegravir 
revealed one patient with a raltegravir primary resistance 
mutation at baseline (Q148H/G140S), two patients who 
selected for a unique substitution in integrase (R263R or 
R263R/K) and one who developed a polymorphism at V151 
(V151V/I). None of the treatment emergent changes resulted 
in phenotypic resistance to dolutegravir or raltegravir. In 
contrast, in the 16 subjects with treatment-emergent resis-
tance on raltegravir for whom genotype/phenotype data 
were available, genotypic resistance was associated with high 
fold-change to raltegravir but limited cross-resistance to 
dolutegravir. Both regimens were well tolerated. In both 
groups, diarrhea was the most common adverse event, re- 
ported in 20% of dolutegravir and 18% of raltegravir recipi-
ents. Upper respiratory tract infection and headache were 
noted in in both groups at rates ranging from 8% to 11%. 
Adverse events resulting in study discontinuation were 
uncommon (3–4% in both groups) (Cahn et al., 2013). 
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SECOND-LINE 

This international, randomized, phase IIIb/IV, open-label, 
noninferiority study was designed to compare the experi-
mental antiretroviral regimen of ritonavir-boosted lopinavir 
plus raltegravir to the WHO-recommended, second-line 
control regimen of ritonavir-boosted lopinavir plus two or 
three nucleoside or nucleotide analog reverse transcriptase 
inhibitors (NRTIs) in treatment-experienced individuals. 
The trial enrolled 558 patients from largely middle-income 
countries with confirmed virologic failure (defined as plasma 
viral load > 500 copies/ml) after 24 weeks on a first-line 
antiretroviral regimen of an NNRTI plus two NRTIs. A total 
of 541 individuals were included in the 48-week modified 
ITT analysis. At this primary end point, the noninferiority 
of the raltegravir-containing regimen was established, with 
83% (223/270) of raltegravir and 81% (219/271) of the con-
trol group meeting the primary end point of HIV RNA < 200 
copies/ml (difference: 1.8%; 95% CI: –4.7 to 8.3). Comparable 
safety and tolerability was noted between study arms (Boyd 
et al., 2013). At 96 weeks, the raltegravir regimen continued 
to meet noninferiority efficacy criteria, as 80.4% (217/270) in 
the raltegravir group and 76.0% (206/271) in the control 
group maintained HIV RNA levels < 200 copies/ml (differ-
ence: 4.4; 95% CI: −2.6, 11.3). Observed rates of virologic 
failure between groups was similar (83 vs. 82 subjects in 
the raltegravir and control groups, respectively). In subjects 
from the raltegravir arm for whom viral sequences could be 
genotyped, emergent nucleotide reverse transcriptase inhib-
itor resistance mutations were noted in 3.1% (2/65), muta-
tions in protease in 1.5% (1/65) and mutations in integrase in 
25.3% (20/79). Also of note, although of unclear clinical sig-
nificance, was the finding that those in the raltegravir arm 
had a significantly higher mean change in total cholesterol 
(difference: −0.5; 95% CI: −0.8 to −0.3) and LDL (difference: 
−0.3; 95% CI: −0.5 to −0.2) over the 96-week study (Amin et 
al., 2015). 

EARNEST

In EARNEST, an open-label trial performed in sites across 
sub-Saharan Africa, 1277 protease inhibitor–naive subjects 
with WHO-defined failure of first-line cART were random-
ized to one of three treatment arms for second-line therapy: 
a ritonavir-boosted protease inhibitor (lopinavir–ritonavir) 
plus two to three NRTIs (n = 426), lopinavir–ritonavir plus 
raltegravir (n = 433), or protease inhibitor monotherapy 
(lopinavir–ritonavir) after 12 weeks of induction therapy 
with raltegravir (n = 418). At week 96, the primary compos-
ite end point of survival with no new WHO stage 4 events, a 
CD4 count > 250 cells/mm3 and HIV RNA < 10,000 copies/
ml or > 10,000 copies/ml without protease inhibitor resis-
tance mutations was achieved in 60% (mean: 255) of patients 
in the NRTI group, 64% (mean: 277) in the raltegravir group, 
and 57% (mean: 232) in the monotherapy group in an 
ITT  analysis. The raltegravir-containing regimen was not 
statistically superior to the NRTI group (+4.2 percentage 
points difference; 95% CI: −2.4 to 10.7; p = 0.21). Viral load 

outcomes were also consistent with the noninferiority of the 
raltegravir regimen, with 86% of patients in the NRTI group 
and 86% in the raltegravir group achieving HIV RNA levels 
< 400 copies/ml (absolute risk difference: −0.1 percentage 
points; 95% CI: −5.0 to 4.8; p = 0.97). However, only 61% in 
the monotherapy group achieved this level of viral suppres-
sion (absolute risk difference from NRTI group, −24.7 per-
centage points; 95% CI: −30.7 to −18.7; p < 0.001). The 
monotherapy regimen therefore produced clearly inferior 
virologic outcomes and was terminated after the last 96-week 
visit by the data and safety monitoring committee (Paton et 
al., 2014).

7e.  HIV-1 infection in treatment-
experienced adults: noncomparative 
studies of raltegravir in combination 
therapy

ANRS 139 TRIO TRIAL

ANRS 139 TRIO trial, a phase II, multicenter, noncompara-
tive trial, focused on the safety and efficacy of a combination 
regimen made up of raltegravir, the NNRTI etravirine, 
and  ritonavir-boosted darunavir (darunavir–ritonavir) in 
treatment-experienced patients with multidrug-resistant virus. 
All 103 enrolled individuals were failing ARV therapy with 
plasma HIV RNA levels > 1000 copies/ml and naive to the 
investigational drugs. The majority of patients (87%) received 
optimized background therapy (OBT), including NRTIs or 
enfuvirtide in addition to the investigational regimen. At 
the 24-week primary end point, 90% of patients (95% CI: 
85–96%) had an HIV RNA level < 50 copies/ml. Viral sup-
pression was maintained in 86% of patients at week 48 (95% 
CI: 80–93%). The regimen was generally well tolerated, with 
14.6% (15/103) reporting grade 3 or 4 clinical adverse events. 
Adverse events necessitated discontinuation of the study reg-
imen in only one subject (Yazdanpanah et al., 2009). In the 
extended follow-up phase of the trial 100 subjects from the 
initial cohort participated until week 96. Durable virologic 
responses with HIV RNA < 50 copies/ml were observed in 
88% in the missing equals failure analysis (95% CI: 82–94%). 
It was interesting that virologic success was similar in groups 
who did (81%) and did not (85%) receive OBT in addition 
to the study regimen. During the trial 19% of patients expe-
rienced virologic failure. The majority of virologic failures 
occurred before week 48 (12/19). The remaining seven 
occurred between weeks 48 and 96 and included two patients 
with missing data considered as failure. Similarly, the majority 
of grade 3–4 laboratory adverse events (24%) were reported 
prior to the 48-week study time-point (Fagard et al., 2012). 

SALIR 

A second, Italian, multicenter, observational study assigned 
320 patients with heavy treatment experience to a salvage 
antiretroviral regimen of raltegravir in combination with 
investigator-chosen OBT. At week 96, 91.3% (292/320) of 
patients were still receiving their initial assigned therapy. In 
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an intention-to-treat, missing equals failure analysis, 85.3% 
(273/320) achieved viral suppression with HIV RNA < 50 
copies/ml. This rises to 91% (273/300) in the on-treatment 
analysis. Virologic failure was noted in 9% (n = 29) of the 
cohort. The authors attribute the majority of these failures to 
suboptimal adherence. Genotypic analysis was available for 
14 of the 29 individuals failing therapy, demonstrating resis-
tance associated mutations associated with high-level resis-
tance to raltegravir in 64% (9/14) (Capetti et al., 2012). 

7f.  HIV-1 infection in treatment-experienced 
adults with viral suppression: raltegravir 
in switch studies

SWITCHMRK 1 AND 2

Performed in parallel, these international, double-blind, 
double-dummy, phase III trials, were designed to investigate 
the safety and virologic efficacy of replacing lopinavir–
ritonavir with raltegravir in cART regimens in an effort to 
reduce dyslipidemias. In the combined studies, 707 patients 
naive to raltegravir with viral suppression (HIV-1 RNA < 50 
copies/ml) for ≥ 3 months on a lopinavir–ritonavir-based 
regimen containing at least two NRTIs were randomized to 
either continue on lopinavir–ritonavir (n = 354) or substitute 
standard dose raltegravir for the lopinavir–ritonavir compo-
nent of their antiretroviral regimen (n = 353). As hypothe-
sized for the week-12 primary end point, percent changes 
from baseline in total cholesterol (−12.6 versus 1.0%), non-
HDL cholesterol (−15.0 versus 2.6%), and triglyceride (−42.2 
verus 6.2%) concentrations were significantly greater in the 
raltegravir group than in the lopinavir–ritonavir group (p < 
0.0001). However, week-24 primary virologic end point data 
revealed the inferior virologic efficacy of the raltegravir- 
containing regimen. Specifically, in an ITT analysis, 293 of 
350 patients in the raltegravir group had viral loads < 50 
copies/ml (84.4%; 95% CI: 80.2–88.1) compared with 319 of 
352 in the group remaining on lopinavir– ritonavir (90.6%; 
87.1–93.5) for a treatment difference of −6.2% (CI: −11.2 to 
−1.3). Due to the unacceptably high, rates of virologic failure 
in the raltegravir-switch group, the studies were discontin-
ued at week 24 on advice of the scientific advisory commit-
tee. Post hoc analysis of specific participant characteristics 
provides likely reasons for the relatively poor performance 
of the raltegravir-switch regimen in this trial and highlights 
the importance of using an active OBT with raltegravir. 
Overall, patients had received a median of five antiretroviral 
agents before study entry (IQR 4–7), suggesting a moderate 
level of prior treatment experience. Intent-to-treat analysis 
in the subgroup of patients for whom the lopinavir–ritonavir- 
containing antiretroviral regimen was their first finds the 
week-24 between-treatment group difference to be −2·5% 
(95% CI: −10.6 to 5.4). The between-treatment group dif-
ferences fall further to −1·0% (95% CI: −6.9 to 4.9) when 
restricting the ITT analysis to those without a history of 
virological failure. At week 24, 32 patients assigned to ralte-
gravir had confirmed virological failure. Of those, 84% 

(27/32) reported that their lopinavir–ritonavir-based regi-
men at study entry was not their first and 67% of those not 
on their first regimen (18/27) had a history of prior virologi-
cal failure. For comparison, in those with virologic failure 
in the lopinavir–ritonavir group, these numbers were 47% 
(8/17) and 50% (4/8), respectively. Interpretable genotypic 
resistance testing was available for 11 patients in the ral-
tegravir arm with confirmed virological failure, revealing 
raltegravir-associated drug resistance mutations (Eron et al., 
2010). 

SPIRAL 

The Spanish SPIRAL study was another randomized, multi-
center, open-label trial to investigate the metabolic effects 
of switching the ritonavir-boosted protease-inhibitor (r/PI) 
component of a cART regimen to raltegravir. A total of 282 
patients naive to raltegravir, with HIV RNA < 50 copies/ml 
for ≥ 6 months on a r/PI-based regimen containing a mini-
mum of two additional ARVs were randomized to either 
switch the r/PI to raltegravir or continue with their baseline 
regimen. At the 48-week primary end point, noncompleter 
equals failure ITT analysis revealed that 89.2% (124/139) 
in  the raltegravir-switch arm and 86.6% (116/134) in the 
continued r/PI arm were not treatment failures, defined as 
virological failure, study regimen discontinuation, loss to fol-
lowup, consent withdrawal or progression to AIDS or death 
(difference: 2.6%; 95% CI: −5.2 to 10.6). Furthermore, 96.9% 
and 95.1% in the raltegravir-switch and continued r/PI arms 
did not experience virological failure, defined as HIV-1 RNA 
≥ 50 copies/ml (difference: 1.8%; 95% CI: −3.5 to 7.5). Of 
note, 55% (40/139) of patients assigned to the raltegravir- 
switch arm had experienced a prior virological failure. As 
a result, the authors speculate that the duration of viral sup-
pression before entry in SPIRAL (median > 6 years) might 
account for the differences in virologic outcomes between 
SPIRAL and SWITCHMRK. As expected, significant de- 
creases in total cholesterol, low-density lipoprotein, trigly-
cerides, and total-to-HDL cholesterol ratio were noted in the 
raltegravir-switch cohort (Martinez et al., 2010). A total of 74 
patients completed a 48-week SPIRAL substudy investigat-
ing body composition changes. Continued maintenance on a 
r/PI-based regimen (n = 35) was associated with significant 
increases in visceral and total adipose tissue (p = 0.002 and 
p = 0.013, respectively). However, significant changes in body 
fat were not detected in the raltegravir-switch arm or between 
treatment groups. With respect to bone density, total bone 
mineral density (BMD), total hip BMD and total hip T score 
increased significantly in the raltegravir-switch arm (p ≤ 
0.015 for all). There were no significant changes in bone den-
sity parameters within the r/PI arm at 48 weeks. Significant 
differences were noted, however, between the groups in fem-
oral neck BMD and T score (p = 0.032 and 0.016, respec-
tively) (Curran et al., 2012). 

CHEER 

CHEER, a prospective, nonrandomized, historical control 
study, was performed in an effort to determine the safety and 
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efficacy of changing the injectable HIV fusion inhibitor 
enfuvirtide to raltegravir in cART regimens. A total of 52 
HIV-1-infected patients naive to raltegravir, with HIV-1 
RNA < 50 copies/ml for > 6 months on an enfuvirtide- 
containing antiretroviral regimen were recruited from Kaiser 
Permanente HIV clinics in California. Enrolled participants 
had enfuvirtide changed to standard dose raltegravir while 
background antiretrovirals remained unchanged. Of note, 
90% (47/52) of participants were receiving a background 
regimen containing a ritonavir-boosted PI at enrollment. At 
the 24-week primary end point, in an ITT analysis, 94.2% 
(49/53) successfully maintained virologic suppression (CI: 
1.2–15.9%). No virologic failures were noted. Raltegravir-
containing regimens were well tolerated and highly rated in 
questionnaires assessing treatment satisfaction (Towner et al., 
2009). 

EASIER ANRS 138

A multicenter, open-label, randomized study, EASIER ANRS 
138, also investigated raltegravir as an alternative to enfuvir-
tide in salvage antiretroviral regimens. The study included 
170 patients naive to INSTIs on enfuvirtide-based regimens 
with triple class (PI, NRTI, and NNRTI) resistant virus or 
enfuvirtide-intolerance and HIV RNA < 400 copies/ml. 
Participants were randomized to either continue on their 
current antiretroviral regimen or substitute raltegravir for 
enfuvirtide. At study initiation, 98% of participants were 
receiving a minimum of three antiretrovirals in addition to 
enfuvirtide, 86% of patients had HIV RNA levels < 50 copies/
ml, and 86% had a GSS ≥ 1. Virologic failure rates (defined 
for the primary end point as a confirmed plasma HIV-1 RNA 
level ≥ 400 copies/ml) of 1.2% (1/85) in both treatment arms 
in the ITT analysis confirmed the noninferiority of ralte-
gravir to the maintenance of enfuvirtide (beta = 0.01%; 95% 
CI: 6.7–6.8). In a secondary virologic end point, 88–89% of 
patients in both arms achieved a viral load of < 50 copies/ml 
(De Castro et al., 2009). At week 24, patients in the enfuvir-
tide-maintenance arm switched to raltegravir (deferred arm). 
At week 48, 90% of patients had plasma HIV-1 RNA levels < 
50 copies/ml. Only one highly treatment experienced subject 
with a GSS of 0 in the initial raltegravir switch group devel-
oped virological failure in the on-treatment analysis. Ralte-
gravir switch regimens were generally well tolerated, although 
regimens combining raltegravir and ritonavir-boosted tipra-
navir resulted in alanine aminotransferase elevations in 18.2% 
(12/66) (Gallien et al., 2011). 

SWITCH-ER

In a small, randomized, double-blind, cross-over study 
(SWITCH-ER), researchers investigated the short-term 
neuro psychiatric and metabolic effects of replacing the 
NNRTI efavirenz (EFV) with raltegravir in combination 
antiretroviral regimens. A total of 57 patients naive to ralte-
gravir on a stable efavirenz-containing cART regimen for a 
median duration 3.4 years with HIV-1 RNA < 50 copies/ml 
were randomized to receive either raltegravir with an efa-
virenz placebo or continue with the efavirenz component of 

their regimen while adding a raltegravir placebo. After 2 
weeks on the assigned regimen, both groups then switched 
to the opposite regimen for 2 weeks. At the 4-week primary 
end point, 42% of participants completing the study (22/53) 
expressed a preference for raltegravir and 23% (12/53) pre-
ferred efavirenz. Approximately 36% (19/53) had no prefer-
ence for either regimen. This difference in preference did 
not meet statistical significance (p = 0.086). Following the 
replacement of efavirenz with raltegravir, significant decreases 
were noted in the following parameters: median plasma 
cholesterol (−16 mg/dl; p < 0.0001), low-density lipoprotein 
(−8 mg/day; p = 0.004) and triglycerides (−18 mg/day; p = 
0.036). Standardized questionnaires revealed differences in 
anxiety (p = 0.04) and stress scores (p = 0.03) that also favored 
raltegravir. Of note, approximately half of enrolled partici-
pants (51%) elected to switch from efavirenz to raltegravir 
after study completion and unblinding (Nguyen et al., 2011).

ROCNRAL ANRS 157 STUDY

ROCnRAL ANRS 157 study, a small phase II, multicenter, 
single–arm study attempted to determine the virologic effi-
cacy and metabolic effect of switching participants with 
long-term viremic suppression, lipodystrophy, and R5 tropic 
virus in proviral DNA to a regimen composed of the CCR5 
inhibitor maraviroc and raltegravir for 24 weeks. The com-
bined regimen performed poorly, with 7 of 44 participants 
failing therapy between weeks 8 and 20, resulting in Data and 
Safety Monitoring Board (DSMB)-recommended early study 
termination. Of the 7 failures, 5 were virologic, with raltegra-
vir drug resistance mutations detected in 3/5 and CXCR4 
tropic virus in 2/5. The remaining 2 failures discontinued 
treatment due to hypersensitivity syndrome and hepatitis B 
virus reactivation. Despite these failures, significant improve-
ments in lipid profile and bone mineral density parameters 
were noted (Katlama et al., 2014).

SPARE

The aim of SPARE, a Japan-based, multicenter, phase IIIb, 
open-label, randomized trial, was to investigate renal and 
virologic outcomes in individuals switching from a suppres-
sive cART regimen of lopinavir–ritonavir plus tenofovir–
emtricitabine to raltegravir plus darunavir–ritonavir. A total 
of 58 individuals with estimated glomerular filtration rates 
(eGFR) > 60 ml/minute, HIV-1 RNA < 50 copies/ml on 
lopinavir–ritonavir plus tenofovir–emtricitabine for > 15 
weeks, and no history of previous virologic failure on pro-
tease inhibitor or INSTI-based cART were randomized to 
receive either raltegravir plus darunavir–ritonavir (n = 28) or 
continue on their current regimen (n = 30). At the 48-week 
primary end point, differences in renal function between 
groups was not statistically significant, with 25% (6/24) of 
those receiving raltegravir plus darunavir–ritonavir and 11% 
(3/28) in the lopinavir–ritonavir plus tenofovir–emtricitabine, 
group exhibiting > 10% improvement in eGFR as determined 
by Cockcroft-Gault equation (p = 0.272; 95% CI: −0.067 to 
0.354). While the more sensitive marker of tenofovir tubu-
lopathy—urinary beta-2 microglobulin—did demonstrate 
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significant improvement with raltegravir plus darunavir–
ritonavir when compared to lopinavir–ritonavir plus teno-
fovir-emtricitabine (−271 vs. −64 µg/gCr; p = 0.026), the 
clinical significance of this finding is unclear. HIV-1 RNA 
remained < 50 copies/ml at week 48 in all patients of both 
arms in a per protocol analysis (Nishijima et al., 2013). 

7g.  Raltegravir in intensification studies

The question of whether ongoing viral replication persists 
despite viral suppression (HIV-1 RNA < 50 copies/ml) on 
currently available three-drug cART is beyond the scope of 
this chapter. However, raltegravir has been added to standard 
three-drug cART in several so-called intensification studies 
in an attempt to address this question. In their 2012 study, 
Llibre and colleagues (Llibre et al., 2012) randomized 69 
patients with chronic HIV-1 infection and undetectable 
plasma viremia to intensify cART with raltegravir (n = 45) or 
remain on a standard three-drug regimen (n = 24). Transient 
increases in 2-LTR circles at weeks 2 and 4 after intensifica-
tion with raltegravir in 29% of the intensified group were 
noted and were coincident with decreases in measures of 
immune activation. Although these findings were interpreted 
as evidence of a decrease in active viral replication with ral-
tegravir, this interpretation remains under debate. In con-
trast, a study of raltegravir intensification in 10 individuals 
with chronic HIV-infection and viral suppression (McMahon 
et al., 2010), another randomized open-label study of ralte-
gravir and maraviroc intensification in 40 individuals initi-
ating cART during primary HIV-infection (Markowitz et 
al., 2014), and a randomized placebo controlled study of 
raltegravir intensification in 50 chronically HIV-1 infected 
patients on suppressive cART (Gandhi et al., 2012) have 
demonstrated no significant change in virologic or immuno-
logic parameters after the addition of raltegravir. These stud-
ies therefore suggest that virus replication is not ongoing in 
the face of suppressive three-drug cART. 

7h.  Overview of the current role of 
raltegravir in cART regimens

Raltegravir is approved by the U.S. FDA to serve as a compo-
nent of cART constructed with the use of resistance testing. 
At the time of its initial FDA approval in 2007, the novel 
mechanism of action of raltegravir in addition to its safety, 
tolerability, and limited drug interactions made it a good 
therapeutic option for patients who are treatment experi-
enced and in whom current combination therapy was unable 
to effectively suppress HIV-1 RNA levels (Eron et al., 2013b). 
As first demonstrated in the phase II Protocol 004 study 
(Gotuzzo et al., 2012; Markowitz et al., 2007) and confirmed 
in the phase III STARTMRK trials (Lennox et al., 2010; 
Rockstroh et al., 2013), raltegravir has since demonstrated 
favorable long-term efficacy (Liedtke et al., 2014), safety, and 
tolerability profiles in combination with approved nucleotide 
reverse transcriptase inhibitors in treatment-naive subjects, 

confirming the role of raltegravir as a viable component in 
first-line cART regimens in individuals naive to antiretro-
viral therapy. Indeed, it is currently listed as a preferred or 
recommended agent for the initial therapy of HIV-1 infec-
tion in treatment-naive individuals in the U.S. Department 
of Health and Human Services (DHHS, 2015) adult and ado-
lescent treatment guidelines, the DHHS pediatric treatment 
guidelines (HHS, 2015), and those of the International AIDS 
Society-USA (Gunthard et al., 2014).

In contrast, studies examining the use of raltegravir in 
treatment-naive adults as part of NRTI-sparing regimens 
have been largely disappointing, discouraging the use of ral-
tegravir in these settings unless options are severely limited. 
Although raltegravir has favorable lipid profile, viral efficacy 
results of switch studies in which raltegravir is substituted for 
a component of cART in treatment-experienced adults with 
viral suppression have been decidedly mixed, likely due, in 
part, to its lower genetic barrier to resistance when compared 
to boosted PIs. Results from these trials suggest that this 
strategy should be employed with considerable care, with the 
likelihood of successful outcomes increasing with both a 
fully active optimized background regimen and a longer 
duration of HIV-1 viral suppression in the plasma before 
the switch. Within the current landscape of available, FDA-
approved drugs for the treatment of HIV, the need for twice-
daily dosing (and related absence of a raltegravir-containing 
once-daily single-tablet regimen for the treatment of HIV-1) 
when compared to the more recently available once-daily 
INSTIs elvitegravir and dolutegravir and the relatively low 
barrier to resistance, when compared to the second- 
generation INSTI dolutegravir, makes raltegravir a useful, 
but less essential agent than when first approved in its class 
(DHHS, 2015). 

The US FDA announced the approval of raltegravir for 
the treatment of HIV-1 infection as part of combination 
antiretroviral therapy in treatment-experienced patients with 
evidence of ongoing replication of HIV-1 strains resistant to 
multiple antiretroviral agents in October 2007 (FDA, 2007). 
Likewise, the European Commission approved raltegravir 
tablets for the same indications in all member states of the 
EU in December 2007. The dosage of raltegravir is 400 mg 
administered orally, twice daily with or without food. Upon 
its approval, the wholesale acquisition cost of raltegravir was 
announced at US$27/day, totaling just under US$10,000/
year, a price similar to the cost of several FDA-approved, 
ritonavir-boosted protease inhibitors (Merck, 2007). As of 
2012, that price has risen to approximately US$12,976/year 
(HIV-I-BASE, 2013). Subsequent clinical trial data fully 
justify the inclusion of raltegravir as recommend antiretrovi-
ral therapy for treatment-naıve adults with combinations of 
two NRTIs in current DHHS (2015) and European guide-
lines (EACS, 2015). Although raltegravir now faces signifi-
cant in-class competition from two once-daily INSTIs, one 
of which boasts a higher genetic barrier to drug resistance 
than raltegravir, the long-term proven efficacy and tolerabil-
ity profile of raltegravir, demonstrated  synergism of raltegra-
vir in combination with approved antiretroviral agents, and 



4238 Raltegravir 

absence of cross-resistance with other antiretroviral classes 
allows it to retain its position as a potentially important com-
ponent of effective cART regimens.
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1. DESCRIPTION

Elvitegravir (GS-9137, JTK-303, Vitekta, marketed by 
Gilead) is a dihydroquinoline carboxylic acid that exhibits 
the active, integrase inhibitor conferring beta-hydroxy- 
ketone structural motif. The chemical structure of elvitegra-
vir is shown in Figure 250.1. Like raltegravir and dolutegra-
vir, elvitegravir is a specific inhibitor of the strand transfer 
step of HIV integration (DeJesus et al., 2006). As a result, 
these related molecules are often referred to as strand- 
transfer inhibitors. In vitro experiments approximate elvite-
gravir to be greater than two times more potent than 
raltegravir against HIV-1 integrase-mediated strand transfer 
(Marinello et al., 2008). Elvitegravir was approved in 2012 as 
a fixed-dose combination with cobicistat (a pharmacokinetic 
booster) and emtricitabine and tenofovir disoproxil fuma-
rate (Stribild, Gilead Sciences) as initial therapy for treat-
ment-naive patients with HIV/AIDS (FDA, 2012). In 2014, 
the FDA approved elvitegravir (Vitekta, Gilead Sciences) as 
an individual drug to be used in combination with ritonavir- 
boosted protease inhibitor plus other antiretrovirals for 
treatment-experienced HIV-positive adults although this 
has since been discontinued by the manufacturer (FDA, 

2014a; Gilead, 201). In 2015, the FDA approved the fixed- 
dose combination of elvitegravir, cobicistat, emtricitabine, 
and tenofovir alafena mide (Genvoya, Gilead Sciences) for the 
initial treatment of HIV-1 infection in adults and pediatric 
patients 12 years of age and to replace current antiretroviral 
regimens in patients with at least 6 months of virologic sup-
pression (FDA, 2015).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Elvitegravir is active against HIV-1 and HIV-2 (Roquebert et 
al., 2008) and has a serum-free antiviral half-maximal inhib-
itory concentration (IC50) of 0.2–0.7 nM and an IC90 of 1.2 
nM in peripheral blood mononuclear cell (PBMCs). Elvite-
gra vir is active against HIV-1 isolates resistant to nucleoside 
reverse transcriptase inhibitors (NRTIs), nonnucleoside reverse 
transcriptase inhibitors (NNRTIs), and protease inhibitors 
(PIs) (Matsuzaki et al., 2006). 

2b.  Emerging resistance and 
cross-resistance

During in vitro passage of wild-type HIV-1 in the presence of 
elvitegravir, two patterns of primary integrase resistance—
T66I and E92Q—were found to be the most commonly 
selected. E92Q had the greatest effect on elvitegravir suscep-
tibility, reducing it by 33-fold, whereas the T66I mutation 
reduced susceptibility by 15-fold. These assays reveal a high 
level of cross-resistance between elvitegravir and raltegravir, 
with the E92Q and T66I mutations reducing raltegravir sus-
ceptibility by 6.0-fold and 1.4-fold, respectively. Furthermore, 
these primary resistance mutations were often accompanied 
by secondary mutations in integrase. Specifically, H51Y, 
S147G, and E157Q were found to accompany the E92Q 
mutation, whereas F121Y (a mutation also associated with 
reduced raltegravir susceptibility), S153Y, and R263K accom- 

Figure 250.1. The chemical structure of elvitegravir (EVG, 
GS-9137, JTK-303).
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panied the primary T66I mutation. These secondary muta-
tions further reduce elvitegravir susceptibility (Kodama et 
al., 2006; Jones et al., 2007; Goethals et al., 2008).

Much of the current information on elvitegravir resis-
tance in vivo derives from an analysis of the integrase geno-
types of viral isolates from protocol-defined virologic failures 
in the phase II, randomized, dose-finding study of elvite-
gravir (Gilead study 0105) (Zolopa et al., 2010) in heavily 
 treatment-experienced patients. Integrase genotyping was 
performed on 28 of 30 patients with virologic failure in the 
elvitegravir 125-mg dosing arm by week 24. The most com-
mon integrase mutations developing in those patients were 
E92Q, E138K, Q148R/K/H, and N155H, each of which was 
observed in 39% of virologic failures. S147G (observed in 
32%) and T66I/A/K (observed in 18%) are the most com-
monly noted mutations (McColl et al., 2007). Q148N is a 
novel mutation associated with a 2.4 to 4.5 fold reduction ins 
susceptibility to elvitegravir (Varghese et al., 2016). Despite 
their diverse structures, phenotypic analysis of HIV-1 from 
these patients also provided evidence for cross-resistance 
between elvitegravir and raltegravir, both of which are con-
sidered first-generation integrase inhibitors. Virus derived 
from virologic failure patient samples demonstrated a mean 
elvitegravir fold-change of greater than 151 (range: 1.02–
301) relative to the NL4-3 reference strain. These same sam-
ples demonstrated a raltegravir fold change of greater than 
28-fold (range: 0.78–256), consistent with reduced suscep-
tibility across the first-generation integrase inhibitor class 
(McColl et al., 2007). Although emergent mutations with 
virologic failure with elvitegravir and raltegravir may differ, 
from a practical standpoint both drugs have a parallel resis-
tance profile (Marinello et al., 2008). As a result, they should 
not be used sequentially when resistance to either drug is 
documented. 

Although the signature mutations associated with reduced 
susceptibility to resistance initially may appear as single 
mutations, with continued raltegravir pressure, more com-
plex patterns of mutations evolve (Canducci et al., 2009). The 
Q148R mutant strain has approximately 17-fold reduction 
in susceptibility to raltegravir and 88-fold reduction in sus-
ceptibility to elvitegravir (Van Baelen et al., 2008). The newer 
integrase inhibitor, dolutegravir often retains activity in 
patients with some raltegravir and elvitegravir induced 
integrase inhibitor resistance mutations (Eron et al., 2013). 
Twice-daily dosing of dolutegravir is more effective in these 
integrase inhibitor-experienced patients (Castagna et al., 
2014). 

3. MECHANISM OF DRUG ACTION

Viral entry into host immune cells expressing surface CD4 
initiates the HIV-1 life cycle (Deng et al., 1996; Dragic et al., 
1996; Feng et al., 1996; Yi et al., 1998). Subsequently, HIV-1 
reverse transcriptase converts its single-stranded RNA into 
double-stranded DNA (dsDNA), at which time the viral 
enzyme integrase assembles in a stable complex with viral 

DNA (the preintegration complex) and is transported to 
the nucleus (Bukrinsky et al., 1993). Subsequent integration 
of HIV-1 proviral cDNA into the host genome is a two-step 
process catalyzed by the HIV-1 integrase enzyme. Two 
deoxynucleotides are excised from the 3′ ends of the nascent 
HIV-1 DNA, followed by the irreversible covalent ligation 
of  HIV-1 viral genomic DNA into the host cellular DNA 
(Asante-Appiah and Skalka, 1999; Esposito and Craigie, 
1999; Hazuda, 2006). Effective integrase inhibition results 
in the buildup and circularization of viral cDNA by cellular 
enzymes, resulting in the accumulation of two long terminal 
repeat (LTR) circles in the host cell (Hazuda et al., 2000; 
Bonnenfant et al., 2004; Hazuda et al., 2004b; Svarovskaia et 
al., 2004). Inhibiting integrase from performing its essential 
functions therefore blocks stable integration of HIV-1 DNA 
into the host genome, prohibits the establishment of viral 
latency within the host cell, and prevents high level HIV-1 
replication and infection of new cells by competent virus 
(Wainberg et al., 1988). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

See Table 250.1 for a summary of dosing formulations. The 
current FDA-approved doses of elvitegravir include

Co-formulated once-daily tablet of elvitegravir 150 mg, cobici-
stat 150 mg, emtricitabine 20 mg, and tenofovir disoproxil 
fumarate 300 mg. (EVG–Cobi–FTC–TDF) (Stribild) taken 
with food 

Co-formulated once-daily tablet of elvitegravir 15 0mg, 
cobicistat 150 mg, emtricitabine 200 mg and tenofovir 
alafenamide 10 mg (EVG–Cobi–FTC–TAF) (Genvoya) 
taken with food 

4b.  Newborn infants and children

Elvitegravir and the co-formulated tablet of elvitegravir–
cobicistat–emtricitabine–tenofovir disoproxil fumarate 
(Stri bild) are not FDA approved for use in children aged  
< 18 years. The co-formulated tablet of elvitegravir–cobicistat–
emtricitabine–tenofovir alafenamide (Genvoya) is FDA 
approved for pediatric patients 12 years of age and older. 

Table 250.1. Elvitegravir dosing formulations.

Elvitegravir dosing formulations

Elvitegravir 150 mg + cobicistat 150 mg + emtricitabine 20 mg + 
tenofovir disoproxil fumarate 300 mg in co-formulated 
once-daily tablet (Stribild)

Elvitegravir 150 mg + cobicistat 150 mg + emtricitabine 20 mg + 
tenofovir alafenamide 10 mg in co-formulated once-daily 
tablet (Genvoya)
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A pharmacokinetic study (study 152) of elvitegravir in 
adolescents aged 12–18 (n = 25) showed that the plasma con-
centration was equivalent to those in adults when it was 
given with darunavir–ritonavir, fosamprenavir–ritonavir, or 
atazanavir–ritonavir and NRTIs. Nine of the patients were 
then enrolled in the 48-week treatment phase. Only 2 of 9 
subjects achieved an HIV-1 viral load < 40 copies/ml. And 
8/9 subjects did not have detectable elvitegravir levels. This 
was thought to have resulted from poor medication adher-
ence given the pill burden. There was thus not enough data 
in  the treatment phase to establish safety and effectiveness 
(Gilead, Vitekta product information). There are currently 
no studies evaluating the use of elvitegravir in pediatric 
patients < 12 years old. 

An efficacy study of elvitegravir–cobicistat–emtricitabine–
tenofovir disoproxil fumarate (Stribild) was conducted in 
adolescent patients between the 12 and 18 years old (n = 48) 
and by week 24 of treatment, 96% of subjects had a HIV VL 
< 400 and 91% had HIV VL < 50 (Kizito et al., 2015).

The pharmacokinetics, efficacy and safety of the co- 
formulated pill of elvitegravir–cobicistat–emtricitabine and 
tenofovir alafenamide (Genvoya) was studied in pediatric 
subjects aged 12–18 (n = 23) through 24 weeks (study 106) in 
an open-label study. At week 24, 91% of subjects achieved a 
HIV-1 VL < 50 copies/ml; 2 subjects had virologic failure at 
week 24 ,and neither had reported resistance mutations. This 
study is still ongoing, but based on the 24-week results the 
FDA approved the co-formulated EVG–Cobi–FTC–TAF to 
be used in pediatric patients 12 years of age and older (Kizito 
et al., 2015). Because this co-formulation contains tenofovir 
alafenamide (which has less impact on bone), it may be par-
ticularly useful in these younger patients who are still under-
going bone development. 

4c.  Pregnant and lactating mothers

There are no adequate and well-controlled studies of elvite-
gravir in pregnant women.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

For elvitegravir alone there is no clinically relevant difference 
in the pharmacokinetics of elvitegravir in subjects with 
severe renal impairment. Elvitegravir is bound to plasma 
proteins, thus there is no a significant reduction in drug level 
from hemodialysis or peritoneal dialysis (Gilead, Vitekta, 
Stribild, and Genvoya product information).

The co-formulated tablet of elvitegravir–cobicistat–
emtricitabine–tenofovir disoproxil fumarate is not recom-
mended in patients with an estimated creatinine clearance  
< 70 ml/minute. This co-formulated tablet should be dis-
continued if the estimated creatinine clearance falls < 50 
ml/minute. This restriction is based on the components of 
emtricitabine and tenofovir disoproxil fumarate, which are 

primarily excreted by the kidney; in addition, tenofovir 
disoproxil fumarate itself may induce nephrotoxicity, in par-
ticular at higher concentrations. Cobicistat may increase the 
serum creatinine by inhibiting active tubular secretion of creat-
inine without affecting the glomerular filtration rate (German 
et al., 2011). This rise from cobicistat alone should not exceed 
0.3 mg/dl from baseline, and if such an increase is observed, 
clinicians should evaluate for TDF-related nephrotoxicity. 

The co-formulated tablet of elvitegravir–cobicistat–
emtricitabine–tenofovir alafenamide is not recommended 
for patients with a creatinine clearance < 30 ml/minute. An 
open-label study of 242 patients (study 112) with mild to 
moderate renal impairment (estimated glomerular filtration 
rate by the Cockcroft-Gault method between 30 and 69 ml/
minute) showed similar rates of virologic suppression and no 
significant change in estimated creatinine clearance (Pozniak 
et al., 2015).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Elvitegravir is primarily metabolized and eliminated by the 
liver. In a phase 1 open-label study, 10 HIV-negative patients 
with moderate liver impairment (Child-Pugh-Turcotte class 
B) were given elvitegravir with cobicistat for 10 days. The 
area-under-the-concentration-time curve (AUCτ) of elvite-
gravir increased by 35%, but there was no significant change 
with cobicistat compared to the healthy controls. These 
changes were not thought to be clinically relevant (Custodio et 
al., 2014c). No dose adjustment of elvitegravir, EVG–Cobi–
FTC–TDF or EVG–Cobi–FTC–TAF is recommended for 
mild (Child-Pugh class A) or moderate (Child Pugh class B) 
hepatic impairment. There are no studies looking at the effect 
of severe hepatic impairment (Child-Pugh class C) on elvite-
gravir, EVG–Cobi–FTC–TDF, or EVG–Cobi–FTC–TAF. 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

See Table 250.2 for a summary of the major pharmacoki-
netics of elvitegravir.

5a.  Bioavailability

A single oral dose-escalation study revealed that, relative 
to  the fasting state, the administration of elvitegravir with 
food increased the AUC and maximum concentration (Cmax) 
approximately threefold (Kawaguchi et al., 2006). In a study 
of the co-formulated pill of EVG–Cobi–FTC–TDF in healthy 
adult patients (n = 24) the AUC values of cobicistat and 
emtricitabine were not changed by food, but the bioavail-
ability of elvitegravir was decreased 26% and tenofovir was 
decreased 19% when given in a fasting state. When given 
with a light meal (373 kcal, 20% fat) elvitegravir levels 
increased by 34%. When given with a high-fat meal (800 
kcal, 50% fat) the elvitegravir levels increased 87% (German 
et al., 2009). In one study of healthy males (n = 11), the 
co-formulated pill of EVG–COBI–FTC–TDF was given 
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without food, with a standard meal or with a high-protein 
shake. When taken in the fasting state, the peak plasma drug 
concentration and AUC from zero to infinity were decreased. 
There was no significant difference between the standard 
meal and the protein drink (Shiomi et al., 2014). The recom-
mendation is that any regimen containing elvitegravir should 
be taken with food. 

After administration of elvitegravir with ritonavir and 
food the peak elvitegravir plasma concentrations were seen 
4 hours post-dose (Ramanathan et al., 2008). This was the 
same when elvitegravir was given as the co-formulated tab-
lets of EVG–Cobi–FTC–TDF or EVG–Cobi–FTC–TAF 
(Gilead, Vitekta, Stribild, and Genvoya product informa-
tion). Absorption is not affected by pH changes in the gastro-
intestinal tract, but is reduced by high levels of di- and 
trivalent cations found in antacids (Ramanathan et al., 
2007a). A similar reduction is also observed with raltegravir 
and dolutegravir.

5b.  Drug distribution

Steady-state pharmacokinetic data for elvitegravir were 
provided in a 10-day, dose-ranging, monotherapy study 
(DeJesus et al., 2006). When administered at a dose of 400 
mg twice daily, 800 mg twice daily, or 50 mg elvitegravir co- 
administered with 100 mg of ritonavir daily, the elvitegravir 
AUC values were 2110, 3570, and 8840 ng/ml/h, respectively. 
Corresponding Cmax values for these doses were 607, 836, and 
745 ng/ml, respectively. For the doses described, mean 
trough concentrations of elvitegravir were greater than the 
protein binding–adjusted IC95 for the dosing interval. Elvite-
gravir is 98–99% bound to human plasma proteins and bind-
ing is independent of drug concentration over the range of 
1 ng/ml to 1.6 μg/ml. The mean blood/plasma ratio was 0.73, 
which means that most is found in the plasma with a small 
distribution into the cellular components of blood (Ram a-
nathan et al., 2007b). 

Currently there are no data regarding the penetration of 
elvitegravir in cerebrospinal fluid (CSF); an ongoing study is 
evaluating CSF penetration of elvitegravir as well as reduc-
tion in CSF HIV RNA. (clinical trial NCT02251236).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The 3-hour half-life of elvitegravir supports twice-daily dos-
ing of the agent when administered alone. However, when 
100 mg of ritonavir is combined with elvitegravir, the plasma 
half-life increases to 8.7 hours, and the elvitegravir AUC 
is  increased approximately 20-fold (DeJesus et al., 2006; 
Mathias et al., 2009a). Cobicistat, an inhibitor of CYP3A, 
was developed to have a similar effect on elvitegravir concen-
trations. The dose of cobicistat was chosen as 150 mg as a 
component of the combination pill EVG–COBI–FTC–TDF 
based on its ability to reduce the clearance of elvitegravir 
similarly to 100 mg of ritonavir (German et al., 2010; Elion et 
al., 2010). Cobicistat also has no antiviral activity, so there 
is less of the hypothetical risk of developing PI resistance 
from low-dose ritonavir (Mathias et al., 2009b). The plasma 
half-life of elvitegravir when given as the co-formulated 
EVG–Cobi–FTC–TDF or EVG–Cobi–FTC–TAF is approx-
imately 12.9 hours (Gilead, Stribild and Genvoya product 
information). 

5d.  Excretion

Elvitegravir undergoes oxidative metabolism via cytochrome 
P-450 (CYP3A) and glucuronidation via UGT1A1/c enzymes. 
After oral administration of elvitegravir plus ritonavir, 
EVG–Cobi–FTC–TDF, or EVG–Cobi–FTC–TAF, 95% of the 
elvitegravir dose was recovered in feces and 6.7% was recov-
ered in urine. Drugs that induce CYP3A activity can increase 
clearance of elvitegravir and would result in lower plasma con-
centrations (Gilead, Vitekta, Stribild, and Genvoya  product 
information). 

5e.  Drug interactions

Elvitegravir is an inducer of CYP3A and a modest inducer 
of CYP2C9 and does not seem to affect CYP1A2 activity 
(Ramanathan et al., 2011). Levels of elvitegravir can be 
decreased by drugs that induce CYP3A and increased by 
drugs that inhibit CYP3A (Kearney et al., 2006). 

Table 250.2. Plasma pharmacokinetic parameters.

Parameter

Elvitegravir 85 mg 
(ritonavir 100 mg), 

mean ± s.d.

Elvitegravir 150 mg 
(ritonavir 100 mg), 

mean ± s.d.

Elvitegravir 150 mg 
(EVG–Cobi–FTC–TDF), 

mean ± s.d.

Elvitegravir 150 mg 
(EVG–Cobi–FTC–TAF), 

mean

Cmax (μg/ml) 1.2 ± 0.36 1.5 ± 0.37 1.7 ± 0.4 2.1

AUCτ (μg∙h/ml)    18 ± 7.1    18 ± 6.5 23.0 ± 7.5 22.8 

Ctrough (μg/ml) 0.42 ± 0.24 0.35 ± 0.20 0.45 ± 0.26 0.29

tmax (h) ~ 4 ~ 4 ~ 4 ~ 4

t½ (h) 8.7 11.0 12.9 12.9

Abbreviations: s.d.: standard deviation; EVG: elvitegravir; Cobi: cobicistat; FTC: emtricitabine; TDF: tenofovir disoproxil fumarate; TAF: tenofovir alafenamide; 
Cmax: maximum concentration; AUC: area-under-the-concentration-time curve; Ctrough: trough concentration; tmax: time to maximum concentration; t½: half-life.

Source: Data compiled from Gilead, Vitekta, Stribild, and Genvoya product information.
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There is no clinically important interaction between 
 zidovudine, abacavir, stavudine, tenofovir, or emtricitabine 
when given with elvitegravir and ritonavir. However, dida-
nosine Cmax and AUC were decreased by 14% and 16% during 
co-administration (Ramanathan et al., 2007c; Ramanathan 
et al., 2007d). 

For the NNRTIs, there is no relevant drug interaction 
between elvitegravir–ritonavir and etravirine (Ramanathan 
et al., 2007e). Drug–drug interactions between efavirenz or 
nevirapine and elvitegravir have not been studied.

Among the protease inhibitors, there is no significant 
interaction between elvitegravir–ritonavir and tipranavir, 
darunavir, or fosamprenavir (Mathias et al., 2007a; (Mathias 
et al., 2007b; Mathias et al., 2007c). When elvitegravir 150 
mg and ritonavir 100 mg are combined with atazanavir 300 
mg there is an increase in the elvitegravir AUC by 100%, the 
Cmax by 85%, and the trough concentration (Ctrough) by 188% 
due to atazanavir’s inhibition of UGT1A1/3 (Mathias et al., 
2007b). A separate study of 85 mg of elvitegravir with ataza-
navir 300 mg plus ritonavir 100 mg, comparing results to the 
standard 150 mg plus ritonavir 100 mg dose. The results 
demonstrated that the AUC of elvitegravir was 7% higher, 
Cmax 9.1% lower, and Ctrough 38% higher, and the atazanavir 
AUC was 11% lower, Cmax 3% lower, and Ctrough 17% lower. 
These results were considered comparable to the standard 
elvitegravir dosing of 150 mg (Mathias et al., 2007b). Simi- 
larly, when elvitegravir 150 mg was given with lopinavir 400 
mg plus ritonavir 100 mg twice daily, the elvitegravir mean 
AUC, Cmax, and Ctrough were increased by 75%, 52%, and 139%, 
respectively. As a result of these two studies, it is recommended 
that elvitegravir should be dose reduced to 85 mg when co- 
administered with atazanavir–ritonavir and  lopinavir– ritonavir 
(Ramanathan et al., 2011).

There is an interaction between the chemokine receptor 
5  antagonist, maraviroc, and elvitegravir–ritonavir. When 
elvitegravir 150 mg plus ritonavir 100 mg was given with 
maraviroc 150 mg twice daily, there was minimal effect of the 
elvitegravir pharmacokinetics, but the AUC, Cmax, and Ctrough 
of maraviroc were increased 186%, 115%, and 323%, respec-
tively. This was thought to result from the ritonavir-mediated 
CYP3A inhibition. As a result of this study, it is recom-
mended that only 150 mg daily of maraviroc be given when 
elvitegravir–ritonavir or another strong CYP3A inhibitor, 
such as cobicistat, is administered (Ramanathan et al., 2010; 
Abel et al., 2008). 

Rifamycin drugs induce metabolism of elvitegravir, and 
the latter also increases levels of rifabutin. Co-administration 
of rifampin and elvitegravir is not recommended. The 
 pharmacokinetics of elvitegravir/ritonavir and rifabutin 
were evaluated in a crossover study (German et al, 2008). 
Elvitegravir mean Cmax, AUC, and Ctrough were slightly lower, 
but not to a clinically relevant degree. The levels of the active 
rifabutin metabolite, (25-O-desacetylrifabutin) were sig-
nificantly higher, and corresponded to a 50% change in the 
antimycobacterial activity. As a result, when given with 
elvitegravir–ritonavir, rifabutin should be given at a reduced 
dose of 150 mg every other day. When elvitegravir is boosted 

with cobicistat instead and co-administered with rifabutin 
every other day, the elvitegravir C24 is decreased 67% 
(Ramanathan et al., 2011). As a result this combination of 
elvitegravir–cobicistat and rifabutin should be avoided.

As with other integrase inhibitors, there is an interaction 
between elvitegravir–ritonavir and antacids. When given 
simultaneously, the elvitegravir Cmax, AUC, and Ctrough are 
decreased 47%, 45%, and 41%, respectively. When the dose 
of antacids and elvitegravir–ritonavir was separated by 2 
hours there was a 10–20% reduction in elvitegravir exposure, 
and when they were separated by 4 hours there was a < 5% 
decrease in elvitegravir exposure. Based on these data, antac-
ids should be given at least 2 hours before or after the dose 
of elvitegravir (Ramanathan et al., 2013a). Omeprazole when 
given simultaneously with elvitegravir caused no clinically 
significant changes on the Cmax, AUC, or Ctrough of elvitegravir 
(Ramanathan et al., 2013a). The interaction with antacids 
is  thus not related to pH changes but likely thought to be 
an interaction between the divalent and trivalent cations in 
some antacids and elvitegravir (Ramanathan et al., 2013a).

Because elvitegravir is always given with a pharmacoki-
netic booster (cobicistat, ritonavir) there are many additional 
interactions between these strong CYP450 inhibitors and 
other CYP3A substrates.

6. ADVERSE REACTIONS AND TOXICITY

Elvitegravir is well tolerated in clinical studies. The most 
common adverse events reported in clinical trials of the 
co-formulated pill EVG–Cobi–FTC–TDF and EVG–Cobi–
FTC–TAF were diarrhea, nausea, headache, fatigue, and 
upper respiratory infections (Sax et al., 2012; DeJesus et al., 
2012; Sax et al., 2015; Mills et al., 2016).

In trial 102 comparing co-formulated EVG–Cobi–FTC–
TDF to co-formulated efavirenz, emtricitabine, and tenofo-
vir disoproxil fumarate (EFV–FTC–TDF), nausea was more 
common in the co-formulated EVG–Cobi–FTC–TDF group 
(21%) than in the EFV–FTC–TDF (14%) group (p = 0.016) 
although there was no difference in moderate or severe nau-
sea (Sax et al., 2012; Table 250.3). In trial 103 comparing 
co-formulated EVG–Cobi–FTC–TDF to ritonavir-boosted 
atazanavir with co-formulated emtricitabine and tenofovir 
disoproxil fumarate the rates of nausea were similar between 
the two groups (20% vs. 19%, respectively) (DeJesus et al., 
2012; Table 250.4).

In the trials 102 and 103, subjects in the EVG–Cobi–
FTC–TDF arm had an increase in creatinine, which usually 
occurred by week 4 (Sax et al., 2012; DeJesus et al., 2012). In 
trial 102, five patients while on EVG–Cobi–FTC–TDF devel-
oped renal adverse events, leading to treatment discontinu-
ation versus none in the EFV–FTC–TDF group. Two had 
increased creatinine concentrations, two had renal failure, 
and one developed Fanconi syndrome (Sax et al., 2012). On 
review, four of the five subjects were thought to have pre-
existing renal impairment, which was exacerbated by tenofo-
vir. In all five patients, renal function returned to baseline 
after the drug was discontinued. In study 103, two patients in 
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the EVG–Cobi–FTC–TDF discontinued the study drug as a 
result of a renal adverse event (rise in creatinine and toxic 
nephropathy) (DeJesus et al., 2012). In both studies, there 
was a rise in serum creatinine concentrations (median rise of 
13 μmol/l and 11 μmol/l respectively) and a decrease in esti-
mated glomerular filtration rate (median decrease of 12.7 
ml/minute and 14.3 ml/minute) in the EVG–Cobi–FTC–
TDF group (Sax et al., 2012; DeJesus et al., 2012; Table 250.3 
and Table 250.4). This was consistent with previous studies 

showing that cobicistat increases serum creatinine concen-
tration by blocking tubular secretion of creatinine (German 
et al., 2012). The median changes from baseline of the serum 
creatinine concentration and estimated glomerular filtration 
rate were similar at week 96 and week 144 for both study 102 
and 103 (Zolopa et al., 2013; Rockstroh et al., 2013; Wohl et 
al., 2014; Clumeck et al., 2014). The changes occurred 2–4 
weeks after commencing the EVG–Cobi–FTC–TDF, pla-
teaued at 18–24 weeks and were stable out to week 144 

Table 250.3. Adverse reactions of elvitegravir–cobicistat compared with efavirenz in study GS-US-236-0102 (144-week results).

Adverse reaction (% of patients)
EVG–Cobi–FTC–TDF 

(348 patients) 
EFV–FTC–TDF 
(352 patients)

Any adverse reaction > grade 1 69 69

Any serious adverse reaction 19 12

Adverse event leading to drug discontinuation  6  8

Diarrhea 26 26

Nausea 23 16

Headache 18 13

Abnormal dreams 16 28

Insomnia 12 17

Rash  9 14

Dizziness  8 26

Mean change in serum creatinine from baseline (mg/dl) +0.14 (0.05 to 0.24) +0.01 (−0.07 to 0.09)

Median increase in total cholesterol 16 20

Median increase in total LDL (mg/dl) 12 18

Median increase in total HDL from baseline (mg/dl)  6  9

Median increase in triglycerides from baseline (mg/dl)  2  2

Abbreviations: EVG: elvitegravir; Cobi: cobicistat; FTC: emtricitabine; TDF: tenofovir disoproxil fumarate; EFV: efavirenz; LDL: low-density lipo-
protein; HDL: high-density lipoprotein.

Source: Data compiled from Wohl et al. (2014).

Table 250.4. Adverse reactions of elvitegravir–cobicistat compared with atazanavir–ritonavir in study GS-US-236-0103 
(144-week results).

Adverse reaction (% of patients)
EVG–Cobi–FTC–TDF 

(353 patients) 
ATV + RTV + FTC–TDF 

(355 patients) 

Any adverse reaction > grade 1 70 76

Any serious adverse reaction 14.4 16.6

Adverse reaction leading to stopping drug 5.9 8.5

Diarrhea 27 33

Nausea 22 22

Headache 18 16

Fatigue 17 16

Ocular icterus 0.6 15

Rash 8 12

Mean change in serum creatinine from baseline (mg/dl) +0.12 (0.03–0.2) +0.08 (0–0.17)

Median increase in total cholesterol No difference reported

Median increase in total LDL (mg/dl) No difference reported

Median increase in total HDL from baseline (mg/dl) No difference reported

Median increase in triglycerides from baseline (mg/dl) 9 12

Mean percent change in hip BMD −2.83 −3.77

Mean percent change in spine BMD −1.43 −3.68

Abbreviations: EVG: elvitegravir; Cobi: cobicistat; FTC: emtricitabine; TDF: tenofovir disoproxil fumarate; ATV: atazanavir; RTV: ritonavir; LDL: 
low-density lipoprotein; HDL: high-density lipoprotein; BMD: bone mineral density.

Source: Data compiled from Clumeck et al. (2014).
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(Zolopa et al., 2013; Rockstroh et al., 2013; Wohl et al., 2014; 
Clumeck et al., 2014).

In study 102, there was a smaller median increase in total 
cholesterol (16 mg/dl), fasting low-density lioprotien (LDL) 
(12 mg/dl), and fasting high-density lipoprotein (HDL) (6 
mg/dl) of those subjects on EVG–Cobi–FTC–TDF com-
pared to EFV–FTC–TDF at the 144-week analysis (Wohl et 
al., 2014). The increase in triglycerides was similar between 
the two groups (2 mg/dl) (Wohl et al., 2014; Table 250.3). In 
study 103 at the 144-week analysis there was no statistically 
significant difference in median total cholesterol, fasting 
LDL, fasting HDL or triglycerides between the EVG–Cobi–
FTC–TDF and the ATV–RTV plus FTC–TDF groups 
(Clumeck et al., 2014; Table 250.4).

In study 103, 144-week results demonstrated a mean per-
cent decrease from baseline in spine bone mineral density 
(BMD) to be −1.43% in the EVG–Cobi–FTC–TDF group 
versus −3.68% in the ATV–RTV + FTC–TDF group (p = 
0.018) and a mean percent decrease from baseline of −2.83% 
versus −3.77% in hip BMD between the two groups (p = 
0.23) (Clumeck at al., 2014).

Tenofovir disoproxil fumarate (TDF) has been shown to 
cause significant renal and bone toxicities (Gupta et al., 2008; 
McComsey et al., 2011). A new tenofovir prodrug, tenofovir 
alafenamide, was developed that leads to high intracellular 
levels of the active metabolite, thus allowing for lower dosing 
and fewer adverse effects on the kidneys and bones (Ruane 
et al., 2013; see Chapter 232, Tenofovir, for more informa-
tion). Study 111 compared the co-formulation containing 
the newer drug, EVG–Cobi–FTC–TAF, to the co-formulated 
tablet of EVG–Cobi–FTC–TDF (Sax et al., 2015; discussed 
in more detail later in the chapter). Both of these co-formu-
lated pills were well tolerated. In the EVG–Cobi–FTC–TAF 
group, no patients discontinued drug as a result of renal 
adverse events compared to four patients in the EVG–Cobi–
FTC–TDF group. The median decrease in estimated glo-
merular filtration rate was less in the EVG–Cobi–FTC–TAF 
group than the ECV–Cobi–FTC–TDF (−6.4 ml/minute vs. 
−11.2 ml/minute; p < 0.001) (Sax et al., 2015). The EVG–
Cobi–FTC–TAF group also had significantly less reductions 
in bone mineral density compared to the EVG–Cobi–FTC–
TDF group (−1.3% vs. –2.86% for lumbar spine, p < 0.001) 
and −0.66% vs. −2.95% for total hip, p < 0.001) (Sax et al., 
2015). There was a statistically significant increase in fasting 
cholesterol, LDL, HDL in the EVG–Cobi–FTC–TAF group 
compared to EVG–Cobi–FTC–TDF. The most likely expla-
nation for this difference is the higher serum concentrations 
of tenofovir in the EVG–Cobi–FTC–TDF group, because 
tenofovir is known to lower total, LDL, and HDL cholesterol 
levels. There was no statistically significant change in the tri-
glycerides or the total cholesterol/HDL ratio between the 
two groups (Sax et al., 2015).

As noted earlier, most clinical use of EVG is as part of 
the co-formulated tablets EVG–Cobi–FTC–TDF and EVG–
Cobi–FTC–TAF. As a result, separating out the specific contri-
bution of EVG to a regimen’s toxicity is difficult. Some insight 

can be gained from the clinical trial comparing EVG to ralte-
gravir (RAL) in treatment-experienced patients (Molina et al., 
2012). A total of 361 patients were randomized to EVG, and 
363 to RAL; study subjects also received a background regi-
men that mandated the use of a boosted protease inhibitor. By 
week 48 of treatment, 3 patients allocated EVG had serious 
adverse events related to study drugs compared with 7 assigned 
RAL. Diarrhea was significantly more common in those 
receiving EVG, while grade 3 and 4 elevations in ALT and 
AST occurred significantly more often in those assigned RAL.

A recent case report described the development of signif-
icant and sustained visual impairment due to the develop-
ment of toxic optical neuropathy in an HIV-infected patient 
who had commenced treatment with EVG–Cobi–FTC–TDF, 
with an improvement in vision after a switch to a non EVG–
Cobi-containing regimen (Riva et al., 2016).

6a.  Risks in pregnancy and fetal toxicity

Elvitegravir is classified as a category B drug and should be 
used in pregnancy only if the potential benefit justifies the 
potential risk to the fetus. In animal studies of elvitegravir, 
there was no documented teratogenicity, effect on reproduc-
tion or effect on the offspring. It is not known whether elvite-
gravir or cobicistat is excreted in human milk.

7. CLINICAL USES OF THE DRUG

Elvitegravir is approved by the US FDA and European com-
mission to treat HIV-1 infection as part of combination ther-
apy in treatment-naive and treatment-experienced patients. 
See Table 250.5 for a summary of major clinical trials of 
elvitegravir.

Elvitegravir also has activity against HIV-2 (Roquebert et 
al., 2008). A case report documented treatment success with 
the use of the co-formulated regimen of elvitegravir, cobici-
stat, emtricitabine, and tenofovir disoproxil fumarate in a 
treatment-naive HIV-2 positive patient (Zheng et al., 2014). 
A recent systemic review of HIV treatment in HIV-2 patients 
(n = 17 studies, 976 HIV-2-infected patients) did not include 
any studies with elvitegravir (Ekouevi et al., 2014).

Recent data support the use of elvitegravir–cobicistat–
emtricitabine–tenofovir alafenamide for the treatment of 
HIV and hepatitis B co-infection (Gallant et al., 2016). 

7a.  HIV-1 infection: elvitegravir 
monotherapy—Gilead Sciences  
study 101

Study 101 was a double-blind, placebo-controlled study to 
evaluate the antiviral activity, pharmacokinetics, and tolera-
bility of elvitegravir (GS-9137, JTK-303) in HIV-1-infected 
adults (DeJesus et al., 2006). A total of 40 predominantly 
male, white patients were enrolled, with a mean baseline 
viral load of 4.75 log10 copies/ml and CD4+ count of 442 
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cells/mm3. Of the enrolled patients, 25 were antiretroviral 
experienced; however, no participant had taken antiviral 
agents for at least 90 days before baseline. Patients were ran-
domized to receive a 10-day course of elvitegravir or matched 
placebo at one of five dosing regimens (800 mg once daily, 
200, 400, or 800 mg twice daily, or a ritonavir-boosted elvite-
gravir regimen: 50 mg of elvitegravir with 100 mg ritonavir 
daily. In each cohort, 6 patients received active drug and 2 
received matching placebo. Maximum reductions in HIV-1 
RNA levels from baseline served as the primary antiviral 
activity end point of the study. All elvitegravir-dosed cohorts 
demonstrated statistically significant antiviral activity when 
compared with placebo (p < 0.001). At doses of 400 or 800 
mg twice daily or once-daily dosing of 50 mg with ritonavir, 
potent antiviral activity was noted, with mean reductions from 
baseline in HIV-1 RNA of 1.94, 1.91, and 1.99 log10 copies/
ml, respectively. The elvitegravir cohort receiving 800 mg 
of drug daily demonstrated a −0.98 log10 reduction in HIV-1 
RNA from baseline, significantly different from the more 
potent responses in the 400 mg twice daily, 800 mg twice 
daily, and 50 mg daily plus ritonavir cohorts. The times to 
elvitegravir peak levels were 3–4 hours with single or mul-
tiple doses. The mean trough concentrations for the 400- 
and 800-mg twice-daily dosing groups exceeded the protein 
binding-adjusted IC95 for the dosing interval. Furthermore, 
at steady state, trough concentrations with the once-daily, 
ritonavir-boosted 50-mg dose were estimated to remain 
above the IC95 for more than 48 hours after dosing. Treatment-
related adverse events to elvitegravir were rare, with head-
ache being the most commonly reported (n = 3 patients). 
There were no dosage interruptions, discontinuations, or 
serious adverse events. This trial demonstrated that elvite-
gravir possesses potent antiviral activity and favorable phar-
macokinetic profiles when dosed twice daily or once daily 
when co-administered with low-dose ritonavir. Furthermore, 
it showed that pharmacokinetic boosting would be necessary 
for once-daily dosing. 

7b.  HIV-1 infection in treatment-naive 
adults: elvitegravir in combination 
therapy

GILEAD SCIENCES STUDY 102: EVG–COBI–FTC–TDF 
VERSUS EFV–FTC–TDF

Study 102 was a randomized, double-blind, phase III study 
comparing EVG–Cobi–FTC–TDF to the co-formulated tablet 
of efavirenz–emtricitabine–tenofovir disoproxil fumarate 
(EFV–FTC–TDF) (Sax et al., 2012; see Figure 250.2). In this 
trial of 700 treatment-naive patients, 88% of the patients in 
the EVG–Cobi–FTC–TDF arm achieved virologic suppres-
sion to HIV-1 RNA < 50 copies/mL at 48 weeks compared to 
84% in the EFV–FTC–TDF arm (Sax et al., 2012), meeting 
the study’s 12% noninferiority margin. The week 96 results 
also showed EVG–Cobi–FTC–TDF to be noninferior to 
EFV–FTC–TDF (84% vs. 82%), and this was demonstrated 

again at week 144 (80% vs. 75%) (Zolopa et al., 2013; Wohl et 
al., 2014). There were no significant differences in virologic 
response by baseline demographics, HIV RNA, or CD4 cell 
count. At week 48, the increase in CD4 count from baseline 
was higher in the EVG–Cobi–FTC–TDF group than the 
EFV–FTC–TDF group (239 vs. 206 cells/μl; p = 0.009) (Sax et 
al., 2012). At week 144, the number of patients who discon-
tinued the drugs due to toxicity was similar (6% vs. 7%) 
(Wohl et al., 2014). At week 144, 7% of patients (n = 10) in 
the EVG–Cobi–FTC–TDF arm developed virologic failure 
compared to 10% of patients (n = 14) in the EFV–FTC–TDF 
arm. Among those in the EVG–Cobi–FTC–TDF group, 9/10 
developed integrase strand transfer inhibitor (INSTI) resis-
tance mutations (primarily E92Q) and 10/10 developed NRTI 
mutations (6 with M184V/I and 4 with M184V/I plus K65R). 
In the EFV–FTC–TDF arm, 14/14 developed NNRTI muta-
tions and 4/14 developed NRTI mutations (Wohl et al., 2014).

GILEAD SCIENCES STUDY 103: EVG–COBI–FTC–TDF 
VERSUS ATV–RTV PLUS FTC–TDF

Study 103 was a randomized, double-blind clinical trial com-
paring EVG–Cobi–FTC–TDF with atazanavir–ritonavir plus 
emtricitabine–tenofovir disoproxil fumarate (ATV–RTV plus 
FTC–TDF) (DeJesus et al., 2012). Of the 353 patients ran-
domized to EVG–Cobi–FTC–TDF, 90% achieved virologic 
suppression to HIV-1 RNA < 50 copies/ml at 48 weeks 
compared to 87% of the 355 patients in the ATV–RTV plus 
FTC–TDF arm (DeJesus et al., 2012), meeting the study’s 
noninferiority threshold. At week 96, EVG–Cobi–FTC–TDF 
was noninferior to ATV–RTV plus FTC–TDF given similar 
rates of virologic suppression to HIV-1 RNA < 50 (83% vs. 
82%, respectively) (Rockstroh et al., 2013). A similar result 
was seen at week 144, with 78% versus 75% of the patients 
achieving virologic suppression (Clumeck et al., 2014). There 
were no significant differences in efficacy between the two 
arms when the results were stratified by baseline CD4 count 
or HIV-1 RNA level. (Dejesus et al., 2012) The number of 
patients who discontinued the drug due to toxicities was 
similar between the two groups at week 144 (6% vs. 8.5%) 
(Clumeck et al., 2014). As expected there were more cases of 
hyperbilirubinemia and scleral icterus in the ATV–RTV plus 
FTC–TDF arm. The EVG–Cobi–FTC–TDF arm had a higher 
median increase in serum creatinine levels (0.12 vs. 0.08 mg/
dl; p < 0.001). At week 144, 8% of patients in the EVG–Cobi–
FTC–TDF arm had virologic failure compared to 7% in the 
ATV–RTV plus FTC–TDF group (Clumeck et al., 2014). In 
the EVG–Cobi–FTC–TDF group, 8 (2.3%) subjects failed 
with new resistance mutations compared to only 2 (0.6%) of 
subjects in the ATV–RTV plus FTC–TDF group. In the 
EVG–Cobi–FTC–TDF group, patients developed the inte-
grase inhibitor resistance mutations T66I (n = 1), E92Q (n = 
2), Q148R (n = 2), N155H (n = 2) and T97A (n = 1) and the 
NRTI mutations M184V/I (n = 7) and K65R (n = 1). In the 
ATV–RTV plus FTC–TDF, zero patients developed primary 
PI resistance and 2 developed the NRTI mutation M184V/I 
(Clumeck et al., 2014).
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WAVES STUDY: EVG–COBI–FTC–TDF VERSUS  
ATV–RTV PLUS FTC–TDF IN HIV-1 INFECTED WOMEN

Many HIV treatment trials have a low representation of 
women, and participants in the licensing studies for EVG–
Cobi–FTC–TDF were mostly men. The WAVES study was  
a double-blind phase III trial of 575 treatment-naive  
HIV-infected women who were randomized to either EVG–
Cobi–FTC–TDF (n = 289) or atazanavir–ritonavir plus 
emtricitabine–tenofovir disoproxil fumarate (ATV–RTV plus 
FTC–TDF) (n = 286) (Squires et al., 2015). At week 48, the 
EVG–Cobi–FTC–TDF regimen was found to be superior to 
ATV–RTV plus FTC–TDF with 87% versus 81% of subjects 
achieving virologic suppression to HIV-1 RNA < 50 copies/
ml (Squires et al., 2015). The EVG–Cobi–FTC–TDF group 
had fewer adverse events that led to drug discontinuation 
(7 vs. 20), less jaundice, scleral icterus and grade 3–4 hyper-
bilirubinemia compared to the ATV–RTV plus FTC–TDF 
group. There was no significant differences in changes from 
baseline for estimated glomerular filtration rate (eGFR), 
BMD, LDL, HDL, total cholesterol/HDL ratio or trigly- 
cerides. In the EVG–Cobi–FTC–TDF group there was a statis-
tically significant rise in total cholesterol compared to ATV–
RTV plus FTC–TDF (p = 0.02) (Squires et al., 2015). At week 
48, 9 patients in the EVG–Cobi–FTC–TDF arm had viro-
logic failure compared to 12 in the ATV–RTV plus FTC–
TDF arm. There were no resistance mutations identified in 
the EVG–Cobi–FTC–TDF arm, and 3 patients in the ATV–
RTV plus FTC–TDF group were round to have the M184V/I 
mutation. Zero patients in either arm developed integrase 
gene resistance or primary PI resistance (Squires et al., 2015).

GILEAD SCIENCES STUDIES 104 AND 111: EVG–
COBI–FTC–TAF VERSUS EVG–COBI–FTC–TDF

Studies 104 and 111 were identical phase III studies that 
comparing the co-formulated regimen of EVG–Cobi–FTC–
TAF to the co-formulated regimen of EVG–Cobi–FTC–TDF 
in treatment-naive HIV patients (Sax et al., 2015) Tenofovir 
alafenamide, as mentioned earlier, is largely metabolized to 
the active metabolite intracellularly, which results in high intra-
cellular levels and lower plasma levels and allows for lower 
dosing compared to tenofovir disoproxil fumarate (Ruane et 
al., 2013). These two randomized trials compared the new co- 
formulated elvitegravir regimen containing tenofovir alafen-
amide to the co-formulated elvitegravir regimen containing 
tenofovir disoproxil fumarate; while the primary end point 
evaluated virologic efficacy, there were numerous protocol- 
specified assessments of renal and bone safety. The combined 
analysis of both studies at week 48, demonstrated noninferi-
ority of the tenofovir alafenamide-containing regimen. In the 
EVG–Cobi–FTC–TAF group 92% (800/866) of the patients 
obtained virologic suppression with HIV-1 RNA < 50 copies/
ml compared to 90% (784/867) in the EVG–Cobi–FTC–TDF 
group (adjusted treatment difference: 2.0%; 95% confidence 
interval [CI]: −0.7 to 4.7) (Sax et al., 2015; see Figure 250.3). 
The percent of patients who developed adverse events lead-
ing to drug discontinuation was low in both groups (0.9% vs. 
1.5%). The EVG–Cobi–FTC–TAF group had significantly less 
elevation of serum creatinine concentrations (0.08 vs. 0.12 
mg/dl; p < 0.001) and proteinuria (median percent change: 
−3 vs. 20; p < 0.001) compared to the EVG–Cobi–FTC–TDF 
arm. There was also significantly less change in the bone 

Figure 250.2. Study 102: Efficacy outcomes to week 48. Percentage of patients with plasma HIV-1 RNA level < 50 copies/ml 
using a noncompleter equals failure approach. Data are for the intention-to-treat population. Abbreviations: EVG: elvitegravir; 
Cobi: cobicistat; FTC: emtricitabine; TDF: tenofovir disoproxil fumarate; EFV: efavirenz. (Adapted with permission from Sax 
et al. (2012).)
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mineral density at the spine (mean percent change: −1.3 vs. 
−2.8; p < 0.001) and the hip (−0.66 vs. −2.95; p < 0.001) of the 
EVG–Cobi–FTC–TAF group compared to EVG–Cobi–FTC–
TDF. Patients in the EVG–Cobi–FTC–TAF arm had statisti-
cally significant increases in fasting total cholesterol, LDL, 
and HDL compared to the EVG–Cobi–FTC–TDF arm. None 
of the patients in either arm developed proximal renal tubu-
lopathy (including Fanconi syndrome); zero patients in the 
EVG–Cobi–FTC–TAF arm discontinued for renal adverse 
effects versus 4 in the EVG–Cobi–FTC–TDF arm. In the 
EVG–Cobi–FTC–TAF arm, (0.8%) 7/866 patients developed 
virologic failure with resistance mutations compared to 
(0.6%) 5/867 in the EVG–Cobi–FTC–TDF arm. In the EVG–
Cobi–FTC–TAF arm, 5/7 patients developed INSTI resis-
tance mutations (1 with T66A, 2 with E92Q, 1 with Q148R 
plus T66I/A and 1  with N155H) and 7/7 developed NRTI 
mutations (6 with M184V/I and 1 with M184V/I plus K65R). 
In the EVG–Cobi–FTC–TDF group, 3/5 patients developed 
INSTI resistance mutations (1 E92Q, 1 Q148R, and 1 Q148R 
plus E92Q) and 5/5 developed NRTI mutations (3 with 
M184V/I and 2 with M184V/I plus K65R) (Sax et al., 2015).

7c.  HIV-1 infection in treatment-
experienced adults: elvitegravir in 
combination therapy

GILEAD SCIENCES STUDY 105: ELVITEGRAVIR–
RITONAVIR VS RITONAVIR-BOOSTED PROTEASE 
INHIBITOR WITH OPTIMIZED BACKGROUND BASED 
ON RESISTANCE TESTING

Gilead Sciences study 105 was a phase II, randomized, dose- 
ranging study comparing ritonavir-boosted elvitegravir at 
doses of 20, 50, or 125 mg with ritonavir-boosted protease 
inhibitors combined with an optimized background regimen 
based on resistance testing (Zolopa et al., 2010). Patients 
were randomized 1:1:1:1 to receive one of three doses of 

elvitegravir combined with 100 mg ritonavir versus a com-
parator ritonavir-boosted protease inhibitor. Optimized 
background regimens consisted of nucleos(t)ide reverse 
transcriptase inhibitors, with enfuvirtide at the discretion of 
the site investigators. Due to incomplete information about 
drug–drug interactions when the study started, the use of 
protease inhibitors was initially prohibited in the elvitegravir 
arms, and nonnucleoside reverse transcriptase inhibitors 
were not allowed as part of the optimized background regi-
men in any arm of the study. As a result, some of the patients 
enrolled in the EVG arms received an only partially active 
background regimen. Important observations from this study 
formed the basis for subsequent use of elvitegravir: (1) The 
20-mg dose led to a high rate of virologic failure, and this 
study arm was terminated early. (2) The activity of the opti-
mized background regimen was important for virologic suc-
cess. In patients entering the study with resistance to all of 
the available NRTIs and protease inhibitors (no active drug 
in the optimized background regimen), the mean change 
from baseline in HIV RNA was −0.7 log10 copies/ml at 24 
weeks. However, if at least one active NRTI (or first use of 
enfuvirtide) was included, the mean change from baseline 
in HIV RNA was −2.1 log10 copies/ml at the same time 
point, a highly statistically significant difference (p < 0.001). 
(3) Results from the 125-mg elvitegravir group were shown 
to be statistically superior to the comparator-boosted prote-
ase inhibitor group at both 16 and 24 weeks. In aggregate, 
these results underscore inherent potency of optimally dosed 
elvitegravir but also the need to use this agent in combina-
tion with additional active agents.

GILEAD SCIENCES STUDY 145: ELVITEGRAVIR 
VERSUS RALTEGRAVIR PLUS A RITONAVIR-BOOSTED 
PROTEASE INHIBITOR IN TREATMENT-EXPERIENCED 
PATIENTS 

Study 145 was a randomized, double-blind, phase III study 
that assessed the noninferiority of once-daily elvitegravir 

Figure 250.3. Study 104 and 111: efficacy outcomes to week 48. Percentage of patients with plasma HIV-1 RNA level < 50 
copies/ml using a noncompleter equals failure approach. Data are for the intention-to-treat population. Abbreviations: EVG: 
elvitegravir; Cobi: cobicistat; FTC: emtricitabine; TAF: tenofovir alafenamide; TDF: tenofovir disoproxil fumarate; CI: confi-
dence interval. (Adapted with permission from Sax et al. (2015).)
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versus twice-daily raltegravir in combination with a ritonavir- 
boosted protease-inhibitor in treatment-experienced HIV-1 
positive adults (Molina et al., 2012). Inclusion criteria in this 
study were a baseline HIV-1 viral load ≥ 1,000 copies/ml 
while on a stable antiretroviral (ARV) regimen for > 30 days, 
documented resistance or been on ≥ 2 classes of ARVs for 
at least 6 months, and no prior treatment with an integrase 
inhibitor. All patients received an optimized background 
regimen, including a ritonavir-boosted protease inhibitor, 
and then were randomized to receive either elvitegravir 
daily or raltegravir twice daily. Using the FDA snapshot algo-
rithm, the elvitegravir regimen was found to be nonin ferior 
to the raltegravir regimen, with 59% (207/351) versus 58% 
(203/351) of patients achieving a viral load < 50 copies/ml at 
48 weeks of therapy (Molina et al., 2012; see Figure 250.4). At 
the week 96 analysis, noninferiority was maintained, with 
48% of the patients in the elvitegravir arm having a plasma 
HIV-1 RNA level < 50 compared to 45% in the raltegravir 
arm (Elion et al., 2013). At 96 weeks, 26% in the elvitegravir 
arm had documented virologic failure versus 29% in the ral-
tegravir arm (Elion et al., 2013). At week 48, 4.5% (16/351) 
of the patients in the elvitegravir arm developed integrase 
inhibitor mutations compared to 4.3% (15/351) in the ralte-
gravir arm. The integrase resistance mutations observed 
were T66I/A, E92Q, T97A, S147G, Q148H/R, N155H, and 
Y143R/C/H (Molina et al., 2012). At week 96, 6.6% of 
patients in the elvitegravir arm had integrase resistance 
mutations compared to 7.4% in the raltegravir treatment 
group (Elion et al., 2013). Through week 96, the percentage 

of patients who developed new NRTI, NNRTI, and PI resis-
tance mutations in the elvitegravir group was similar to the 
raltegravir group: NRTI, 2.6% (9/351) versus 3.4% (12/351); 
NNRTI, 3.4% (12/351) versus 2.3% (8/351); and protease 
inhibitor, 1.4% (5/351) versus 1.4% (5/351) (Elion et al., 
2013) The most common grade 2–4 adverse event in both 
groups was diarrhea, but it was more frequently reported in 
the elvitegravir group (12.4% vs. 7.3%) (Molina et al., 2012). 
Through week 96, 11 patients (3.1%) in the elvitegravir arm 
discontinued the study drugs as result of adverse effects ver-
sus 15 patients (4.2%) in the raltegravir arm. Of the 11 
patients in the elvitegravir arm, 3 had discontinued the study 
drug as a result of nausea and vomiting, and 2 of the 15 
patients in the raltegravir arm stopped secondary to hepatitis 
(Elion et al., 2013) In addition, > 25% of subjects had admin-
istrative discontinuations as a result of nonadherence, loss to 
followup and the withdrawal of consent, which contributed 
to the lower virologic response rate using the FDA-defined 
time to loss of virologic response (TLOVR) algorithm (Elion 
et al., 2013). 

STRATEGY-PI AND STRATEGY-NNRTI: SWITCHING 
VIROLOGICALLY SUPPRESSED PATIENTS TO 
ELVITEGRAVIR, COBICISTAT, FTC, AND TENOFOVIR 
DISOPROXIL FUMARATE 

STRATEGY-PI was a randomized, open-label, phase III, 
noninferiority study that evaluated the safety and efficacy of 
switching virologically suppressed patients from a regimen 
of ritonavir-boosted PI plus FTC–TDF to the co-formulated 

Figure 250.4. Study 145: efficacy outcomes to week 48. Percentage of patients with plasma HIV-1 RNA level < 50 copies/ml 
using a noncompleter equals failure approach. Data are for the intention-to-treat population. (Adapted with permission from 
Molina et al. (2012).)
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tablet of EVG–Cobi–FTC–TDF (Arribas et al., 2014). Patients 
were required to be receiving their first or second anti-
retroviral regimen, have no history of documented virologic 
failure, and have no emtricitabine or tenofovir disoproxil 
fumarate resistance on any previous genotypes. The FDA 
snapshot analysis at week 48 showed that switching to the 
single-tablet regimen of EVG–Cobi–FTC–TDF was noninfe-
rior to continuing the boosted-PI regimen because 94% of 
patients who switched achieved a HIV-1 RNA < 50 copies/ml 
compared to 87% of patients who continued the PI-based 
regimen (Arribas et al., 2014). Patients who switched to the 
single-tablet regimen had a higher rate of virologic suppres-
sion (p = 0.025), likely due to the high number of subjects in 
the boosted-PI arm who discontinued for nonvirologic rea-
sons (10.1 % vs. 3.8%). The co-formulated regimen of EVG–
Cobi–FTC–TDF was well tolerated, with only 2% (6/293) of 
patients stopping the drug as a result of adverse events. Those 
who switched had a decrease in diarrhea and bloating from 
baseline as assessed by the HIV symptom index. No patients 
in either group developed resistance mutations. The switch 
group experienced a slight rise in serum creatinine from the 
effect of cobicistat on renal tubular creatinine secretion. 

STRATEGY-NNRTI had a similar study design to 
STRATEGY-PI, though as indicated in the study title, the 
baseline ART regimen was NNRTI based (Pozniak et al., 
2014). Virologically suppressed patients receiving TDF–FTC 
and an NNRTI were randomized 2:1 to switch to EVG–
Cobi–FTC–TDF or remain on their current regimen. At 
week 48, 93% of those in the switch group and 88% in the 
NNRTI group had HIV RNA < 50 copies/ml. Discontinuations 
between study arms due to adverse events occurred in 2% 
versus 1% of study participants in the EVG–Cobi–FTC–TDF 
and NNRTI arms, respectively. As a result of these studies, 
the US FDA approved the use of EVG–Cobi–FTC–TDF (also 
referred to as ECF-TDF) for virologically suppressed patients 
with no history of treatment failure and no known resistance 
mutations to any of the components of this co-formulated 
regimen (FDA, 2014b).

GILEAD SCIENCES STUDY 109: SWITCHING FROM 
TDF-BASED REGIMEN TO EVG–COBI–FTC–TAF

Study 109 was a randomized, open-label, noninferiority trial 
assessing the efficacy, safety and tolerability of switching 
from one of four tenofovir-disoproxil fumarate-containing reg-
imens to the single tablet regimen of EVG–Cobi–FTC–TAF). 
(Mills et al., 2016). The four tenofovir-disoproxil fumarate 
regimens were efavirenz–emtricitabine–tenofovir disoproxil 
fumarate, ritonavir-boosted atazanavir and emtricitabine–
tenofovir disoproxil fumarate, ritonavir-boosted atazanavir 
and emtricitabine–tenofovir disoproxil fumarate, and elvite-
gravir–cobicistat–emtricitabine–tenofovir disoproxil fumarate, 
and study subjects were drawn from the prior control arms 
of clinical trials of EVG–Cobi–FTC–TDF. Patients had to have 
been virologically suppressed with HIV-1 RNA < 50 copies/ml 
for at least 6 months and had no resistance mutations to any 
component of elvitegravir–cobicistat– emtricitabine– tenofovir 
alafenamide. At week 48, the tenofovir alafenamide regimen 

was found noninferior and superior to the tenofovir diso-
proxil fumarate–containing regimens, with 97% (932/959) 
versus 93% (444/477) of patients maintaining HIV-1 RNA 
levels < 50 copies/ml (p = 0.0002). The superiority of the 
EVG–Cobi–FTC–TAF arm was driven by the switches from 
the EFV and ritonavir-boosted atazanavir (r/ATV) regimens: 
Among the tenofovir disoproxil fumarate–containing regi-
mens, virologic suppression was maintained in 90% (112/ 
125) in the EFV–FTC–TDF group, 92% (183/199) in the 
boosted-atazanavir group (ritonavir vs. cobicistat) and FTC–
TDF group, and 97% (149/153) in the EVG–Cobi–FTC–TDF 
group. There were similar rates of virologic failure (1% vs. 
1%) in each group and only 1 patient in the tenofovir 
alafenamide group developed virologic failure with a new 
resistance mutation (M184I/M). At week 12 this patient was 
again suppressed without a change in the antiretroviral regi-
men. The primary benefits of this switch were due to the 
favorable bone and renal profiles of TAF versus TDF: In the 
tenofovir alafenamide group the bone mineral density T 
score at the hip and spine increased, while in the tenofovir 
disoproxil fumarate groups the T scores either stayed the 
same or decreased (p < 0.0001). The mean percentage 
increase in bone mineral density in the tenofovir alafenamide 
group was 1.47% at the hip and 1.56% at the spine. Those 
who switched to tenofovir alafenamide had significant 
decreases in serum creatinine (excluding patients on the 
unboosted regimen of efavirenz, emtricitabine and tenofovir 
disoproxil fumarate) and also significant decreases in pro-
teinuria (Mills et al., 2016).

GILEAD SCIENCES STUDY 112: SWITCHING TO 
EVG–COBI–FTC–TAF IN PATIENTS WITH RENAL 
IMPAIRMENT

Study 112 was a single-arm, open-label phase III study of 242 
virologically suppressed HIV-1 positive adults with eGFR 
between 30 and 69 ml/minute who were switched to the 
 single-tablet regimen of EVG–Cobi–FTC–TAF (Pozniak et al., 
2015). The primary end point was the change in glomerular 
filtration rate observed between the two groups. The baseline 
characteristics of the study participants showed high rates of 
conditions associated with renal disease, including hyperten-
sion in 39% and diabetes in 14%. The median age at baseline 
was 58 years. At enrollment the patients were on a variety 
of baseline regimens, with 65% taking a regimen contain-
ing  tenofovir disoproxil fumarate, 22% taking an abacavir- 
containing regimen, and 5% were on a regimen without 
nucleos(t)ides. At week 48, there was no significant change 
from baseline in the estimated creatinine clearance. There 
was significant decrease in the prevalence of clinically signif-
icant proteinuria (urine protein to creatinine ratio > 200 mg/g) 
from 42% to 11%. Overall the drug was well tolerated, with 
only 2 patients stopping the study drug as result of a decrease 
in GFR. The change in kidney function in one of the patients 
was thought to have been caused by hypertension-related 
chronic kidney disease and not by the study drug. At week 
48, 93% (225/242) of patients had maintained virologic sup-
pression with HIV-1 RNA < 50 copies/ml after switching to 
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the single-tablet regimen of EVG–Cobi–FTC–TAF. As a 
result of this study, the FDA has approved the use of the 
single-tablet regimen of EVG–Cobi–FTC–TAF in HIV-1 
positive adults with a calculated serum creatinine clearance 
> 30 ml/minute (FDA, 2015). There are insufficient data for 
the use of this drug in anyone with a creatinine clearance 
< 30 ml/minute. 

7d.  Overview of the current role of 
elvitegravir in HIV treatment regimens

Elvitegravir is a well-tolerated integrase inhibitor that must 
be given with a pharmacologic booster, either ritonavir or 
cobicistat, for once-daily administration. The stand-alone for-
mulation of elvitegravir is no longer available. For treatment- 
naive patients, the co- formulated products provide greater 
convenience and have documented excellent efficacy and 
tolerability. In treatment- experienced patients with virologic 
failure, elvitegravir and raltegravir were noninferior (Molina 
et al., 2012), while dolutegravir was superior to raltegravir 
(Cahn et al., 2013). As a result, if a non-co-formulated inte-
grase inhibitor is selected in treatment-experienced patients, 
dolutegravir is the preferred option. Elvitegravir was first 
approved for use as a component of the single-tablet elvite-
gravir–cobicistat–emtricitabine–tenofovir disoproxil fuma-
rate (FDA, 2012). This remains a recommended first-line 
regimen in the US DHHS, IAS-USA, and EACS guidelines 
for those with an estimated creatinine clearance > 70 ml/
minute (Panel DHHS, 2015; Gnthard et al., 2014; Ryom et al., 
2015). However, the more recently approved co-formulation 
that replaces tenofovir disoproxil fumarate with tenofovir 
alafenamide is noninferior virologically, and has reduced 
renal and bone toxicity. As a result, it will likely supplant 
the use of the elvitegravir–cobicistat–emtricitabine–tenofovir 
disoproxil fumarate regimen (Sax et al., 2015). The main 
benefits of elvitegravir are that it is part of a co-formulated 
one-tablet regimen and is furthermore currently the only 
integrase inhibitor combined with tenofovir alafenamide 
and emtricitabine. The main disadvantage is that it requires 
pharmacological boosting, leading to many drug interac-
tions. In addition, it has a lower resistance barrier than 
dolutegravir, with a higher rate of integrase resistance muta-
tions occurring with virologic failure with elvitegravir than 
dolutegravir. Based on this resistance profile, elvitegravir 
should be used whenever possible with at least one (and 
preferably two) other fully active anti retroviral agents. 
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1. DESCRIPTION

Dolutegravir is a human immunodeficiency virus (HIV) 
integrase strand–transfer inhibitor (INSTI), consisting of a 
chiral nonracemic tricyclic carbamoyl pyridone–containing 
heterocycle core and a benzyl carboxamide moiety. Dolute
gravir was discovered using a pharmacophorebased design 
approach to construct a bioisostere of the integrase phospho
diester substrate. As such, dolutegravir was designed to bind 
two divalent magnesium ions within the integrase catalytic 
active site, which effectively prevents the productive inte
gration of viral and host deoxyribonucleic acid (DNA) sub
strates through inhibition of the second biochemical step 
catalyzed by HIV integrase known as strand transfer. Dolute
gravir has no appreciable inhibition of the first biochemical 
step catalyzed by integrase known as 3′ processing, which is 
consistent with the twometal binding mechanism of action 
(Johns et al., 2013). Dolutegravir is a specific inhibitor of 
HIV1 and HIV2 and has some antiviral activity against 
select nonHIV viruses, as described in section 2a, Routine 
susceptibility. 

Formerly known as GSK1349572 with the generic name 
dolutegravir, the drug is marketed under the brand name 
of Tivicay and is also marketed as part of a fixeddose com
bination of dolutegravir–abacavir–lamivudine (Triumeq) by 
ViiV Healthcare. In addition, GlaxoSmithKline and Shionogi 
scientists were an integral part of the discovery and develop
ment program. Dolutegravir is administered orally as a film
coated tablet.

The molecular formula of dolutegravir is C20H19F2N3O5, 
having a parent molecular weight of 419  g/mol although 
dolutegravir is dosed at its corresponding sodium (Na+) salt 
(molecular weight = 441 g/mol). The chemical name for 
dolute gravir sodium is sodium (4R,12aS)9{[(2,4difluoro
phenyl)methyl]carbamoyl}4methyl6,8dioxo3,4,6,8, 
12,12ahexahydro2Hpyrido[1′,2′:4,5]pyrazino[2,1b][1,3]
oxazin7olate. The chemical structure of dolutegravir is 
shown in Figure 251.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

HUMAN IMMUNODEFICIENCY VIRUS

Dolutegravir has low nanomolar activity against wildtype 
HIV1 and HIV2 in a variety of cells lines, regardless of sub
type. Against laboratory strains of wildtype HIV1, dolute
gravir exhibited antiviral activity with mean 50% effective 
concentration (EC50) values of 0.5 nM (0.21 ng/ml) to 2.1 nM 
(0.85 ng/ml) in peripheral blood mononuclear cells (PBMCs) 
and MT4 cells, respectively (Kobayashi et al., 2011). Using 
the integrase coding region from clinical isolates, dolutegra
vir exhibited antiviral activity against 13 clinically diverse 
clade B isolates with a mean EC50 value of 0.52 nM in a viral 
integrase susceptibility assay (Underwood et al., 2010). In 
addition, dolutegravir demonstrated antiviral activity in cell 
culture against a panel of HIV1 clinical isolates (three in 
each group of M clades A, B, C, D, E, F, and G and three in 
group O), with mean EC50 values against group M subtypes 
A–G from 0.22 to 0.62 nM, group O mean of 0.87 nM, and 
HIV2 mean of 0.29 nM in PBMCs (Underwood et al., 2010). 
The EC50 values ranged from 0.02to 2.14 nM for HIV1; 
against HIV2 clinical isolates in PBMC assays, dolutegravir 
EC50 values ranged from 0.09  to 0.61 nM. In monocyte 
derived macrophage assays using 4 clade B isolates, the geo
metric mean EC50 was 0.87 nM, and values ranged from 0.37 
to 1.98 nM. Mean EC50 values for each of these categories are 
listed in Table 251.1. In 72 additional nonsubtype B isolates Figure 251.1. Chemical structure of dolutegravir.

F
N

N

H

F

OHCH3

H
N

O

O

O

O



4260 Dolutegravir

(Charpentier et al., 2013), the median EC50 value was 1.22 
nM (range: 0.08–3.72 nM), and for an additional 9 HIV2 
isolates (Charpentier et al., 2010) the dolutegravir median 
EC50 was 0.8 nM (range: 0.2–1.4 nM).

NON-HIV VIRUSES

Dolutegravir was evaluated for antiviral activity against a 
panel of 19 nonHIV viruses (ViiV, data on file). Dolutegravir 
caused a mild cytotoxic effect at the high test concentration 
of 100 μM. In general, dolutegravir did not exhibit measure
able antiviral activity (EC50 < 100 μM) in this panel for ade
novirus, yellow fever virus, HSV1, HSV2, influenza A, 
influenza B, human parainfluenza, respiratory syncytial virus, 
coxsackie A virus, coxsackie B virus, enterovirus, polio virus, 
rhinovirus, and human cytomegalovirus. Some lowlevel 
inhibitory activity was observed against bovine viral diarrhea 
virus (EC50 = 66 μM), dengue virus (serotype 2) (EC50 = 69.5 
μM), measles virus (morbillivirus) (EC50 = 30.3 μM), hepati
tis C virus (replicon assay; EC50 = 11.2 μM), and varicella 
zoster virus (plaque reduction assay; EC50 = 88.1 μM). 

2b.  Emerging resistance and 
cross-resistance

Resistant mutants have been isolated during passage of wild
type HIV or HIV with raltegravir resistance mutations and 
during passage of HIV1 subtypes B, A/G, and C in the pres
ence of dolutegravir.

When HIV1 IIIB was passaged in the presence of dolute
gravir for 112 days, viruses with a 4.1fold maximum increase 
in EC50 and S153Y or S153F substitutions in integrase poly
morphic sites were observed (Kobayashi et al., 2011). Passage 
of the wildtype HIV1 NL432 in the presence of 6.4  nM 
dolutegravir selected for E92Q (fold change = 3.1) and 
G193E (fold change = 3.2) substitutions in the integrase 
region (Sato et al., 2009). Passage of HIV1 subtypes B and 
A/G in TZMbl cells selected for IN mutation R263K 

(Quashie et al., 2012; Oliveira et al., 2012). Passage of HIV1 
NL432 with Q148H, Q148K, or Q148R raltegravirresistant 
mutations resulted in selection of additional mutations and 
an increase in dolutegravir fold change; passage of HIV1 
NL432 with E92Q, Y143C, Y143R, or N155H raltegravir 
resistant mutations did not lead to additional substitutions 
(Seki et al., 2015).

Comparative susceptibilities to dolutegravir and raltegra
vir were obtained from 60 raltegravirresistant sitedirected 
HIV1 mutants and 6 sitedirected HIV2 mutants. Dolute
gravir retained activity against a vast majority of these 
mutants (Kobayashi et al., 2011). In addition, susceptibilities 
to dolutegravir and raltegravir were determined for more 
than 705 raltegravirresistant clinical isolates, with dolute
gravir retaining activity (< 10fold change) against > 90% of 
them (Underwood et al., 2013). Dolutegravir has a < 10fold 
change against 67 (73%) of the 92 clinical isolates with Q148 
plus at least two INSTI resistance substitutions and 168 
(91%) of the 184 isolates with Q148 plus one INSTI resis
tance substitution.

Virologic findings from studies conducted under the 
dolutegravir clinical program show that dolutegravir 50 mg 
once daily has a relatively high barrier to resistance in INSTI
naive patients. This has been demonstrated in a treatment 
experienced, INSTInaive population in the ING111762/
SAILING study (Cahn et al., 2013) where statistically signifi
cantly fewer virologic failures and statistically significantly 
fewer subjects with INSTI resistance (in addition to less 
treatmentemergent resistance to the background regimens) 
were observed when compared with raltegravir (INSTI
resistant patient data are discussed in section 5c, Clinically 
important pharmacokinetic and pharmacodynamic fea
tures). Data from phase III studies ING113086/SPRING2 
and ING114467/SINGLE, which include > 1600 treatment 
naive patients are also supportive of dolutegravir’s relatively 
high barrier to resistance, given that no subjects on the 
dolutegravir regimen developed resistance to either dolute
gravir or the background nucleos(t)ide reverse transcriptase 
inhibitors (NRTIs), whereas resistance to both the third 
agent and the background NRTIs was observed in both the 
raltegravir and efavirenzbased comparator arms. Recent 
data suggest that the M184I/V and K65R mutations prevent 
the emergence of resistance to dolutegravir, but not to ralte
gravir or elvitegravir (Oliveira et al., 2016).

A unique integrase substitution was observed (R263K 
or  R263R/K mixture) in two subjects on dolutegravir with  
protocoldefined virologic failure in the SAILING study 
(Cahn et al., 2013); these conferred no or lowfold change in 
susceptibility to dolutegravir and to raltegravir. The R263K 
mutation has been selected during passage with elvitegravir 
(Jones et al., 2007), has been infrequently observed during 
raltegravir therapy (Brenner et al., 2011), and most recently 
was selected during in vitro passage with dolutegravir 
(Quashie et al., 2012; Oliveira et al., 2012). Alternatively, a 
G118R substitution was selected with dolutegravir in tissue 
culture (Quashie et al., 2012). Both these mutations confer a 
relatively low resistance level and decrease integrase enzyme 

Table 251.1. Mean activity of dolutegravir against HIV-1 
subtypes and HIV-2.

Virus
Cell type used 
for assay

Mean IC50 
(nM)

HIV-1, subtype A PBMCs 0.26

HIV-1, subtype B PBMCs 0.62

HIV-1, subtype C PBMCs 0.23

HIV-1, subtype D PBMCs 0.23

HIV-1, subtype E PBMCs 0.22

HIV-1, subtype F PBMCs 0.25

HIV-1, subtype G PBMCs 0.36

HIV-1, group O PBMCs 0.87

HIV-2 PBMCs 0.29

HIV-1, subtype B Macrophages 1.07

Abbreviations: IC50: 50% inhibitory concentration; PBMCs: peripheral blood 
mononuclear cells.

Source: ViiV, data on file.
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activity as well as viral replicative capacity (Mesplède et al., 
2013). In addition, further selective pressure with dolutegra
vir in tissue culture led to the emergence of a subsequent 
mutation at position H51Y that modestly increased fold 
change but significantly diminished viral integrase activity 
and replicative fitness (Mesplède et al., 2013). It has been 
hypothesized that these findings, which indicate R263K is 
not an optimal resistance pathway for HIV1 against dolute
gravir because the mutation provides only partial resistance 
to DTG and comes at a relatively large impact on viral repli
cative fitness, as well as the activity of dolutegravir against 
alternative HIV1 integrase resistance pathways, may explain 
the high genetic barrier to resistance of this drug. Integrase 
inhibitor resistance pathways are summarized in Table 251.2, 
and major resistance mutations are highlighted in Table 251.3.

During the ING112574/VIKING3 clinical study for sub
jects with preexisting INSTI resistance (Vavro et al., 2013; 
Castagna et al., 2014), low dolutegravir fold change was 
observed in subjects harboring mutant integrase with substi
tutions at Y143, N155, or T66 or with historic evidence of 
integrase resistance, while moderate to high dolutegravir 
fold change has been observed with virus harboring Q148 
plus additional raltegravir secondary mutations. The highest 
dolutegravir fold change was observed in virus harboring 
Q148 plus at least two additional integrase secondary muta
tions at G140A/C/S, L74I, or E138A/K/T; this subgroup was 

represented in 11% of the enrolled population. Good short
term and longterm responses were seen in subjects harboring 
mutant integrase with Y143, N155, or T66 mutations or with 
historic evidence of integrase resistance, which make up the 
majority of raltegravirresistant viruses; lower response rates 
were observed in viruses harboring Q148/G140 dual muta
tions in VIKING3. Protocoldefined virologic failure was 
observed in 19% of subjects, the majority of whom harbored 
Q148 pathway virus at baseline.

Limited viral evolution was detected at protocoldefined 
virologic failure in VIKING3, consisting of previously iden
tified integrase inhibitor secondary mutations, which lead to 
an increase in dolutegravir fold change; the majority of these 
were identified in virusharboring Q148 mutations.

2c.  In vitro synergy and antagonism

The antiviral activity of dolutegravir was additive or syner
gistic when combined with the integrase inhibitor raltegra
vir; a nonnucleoside reverse transcriptase inhibitor, such as 
efavirenz or nevirapine; a nucleoside reverse transcriptase 
inhibitor, such as abacavir or stavudine; a protease inhibitor, 
such as amprenavir or lopinavir; the CCR5 coreceptor antag
onist maraviroc; or the fusion inhibitor enfuvirtide (Koba 
yashi et al., 2011). In addition, dolutegravir antiviral activity 
was not antagonistic when combined with the hepatitis B 

Table 251.2. Resistance pathways for raltegravir, elvitegravir, and dolutegravir.

Mutational 
pathway Integrase substitution

Fold resistance

RAL EVG DTG

Y143 pathway Y143C
Y143R
T97A/Y143C
T97A/Y143R
L74M/T97A/Y143C
L74M/T97A/E138A/Y143C

< 10
< 50

> 100
> 100
< 50
< 20

< 2
< 2
< 2
< 2
ND
ND

< 2
< 2
< 2
< 2
< 2
< 2

N155 pathway N155H
E92Q/N155H
L74M/N155H

< 50
< 100
< 50

< 50
> 100
< 50

< 2
< 10
< 2

Q148 pathway Q148H
Q148K
Q148R
E138K/Q148H
E138K/Q148K
E138K/Q148R
G140S/Q148H
G140S/Q148K
G140S/Q148R
E138A/G140S/Y143H/Q148H

< 20
< 100
< 50
< 10

> 100
> 100
> 100
< 10

> 100
> 100

< 10
< 100
< 100
< 20

> 100
> 100
> 100
< 100
> 100

ND

< 2
< 2
< 2
< 2

< 10
< 10
< 20
< 2

< 10
< 50

R263K pathway R263K
R263K/H51Y

< 1
    3–5

3
3

4
   4–6

G118R pathway G118R
G118R/H51Y
G118R/E138K

   10–17
ND

    4–20

> 5
ND

    4–5

> 8
ND

   8–13

Abbreviations: RAL: raltegravir; EVG: elvitegravir; DTG: dolutegravir; ND: not detected.
Source: Data compiled from Kobayashi et al. (2011), Mesplède et al. (2013), and Quashie et al. (2015).
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virus reverse transcriptase inhibitor adefovir or inhibited by 
the antiviral ribavirin.

3. MECHANISM OF DRUG ACTION

One of the required key steps in the HIV replication cycle is 
the integration of a doublestranded DNA copy of the viral 
RNA genome into the host cell DNA. The initial steps in the 
process are catalyzed by the HIVencoded integrase enzyme 
(Craigie and Bushman, 2012). Dolutegravir inhibits HIV 
integrase, and therefore HIV replication, by binding within 
the integrase active site, which consists of both the integrase 
protein as well as HIV1 cDNA (Hare et al., 2010a). Binding 
of dolutegravir and the other approved INSTIs raltegravir 
and elvitegravir involves two essential cations (Mg2+), and for 
this reason all three are sometimes called twometal binders. 
Dolutegravir and the other currently approved integrase 
inhibitors block the strand transfer step of retroviral DNA 
integration and as such all are also known as INSTIs. Strand 
transfer biochemical assays using purified HIV1 integrase 
and preprocessed substrate DNA resulted in dolutegravir 
halfmaximal inhibitory concentration (IC50) values of 2.7 
nM and 12.6 nM (Kobayashi et al., 2011).

The antiviral mechanism of dolutegravir on HIV1 repli
cation has been investigated using various methods. After 
dolutegravir treatment in vitro, there is a dosedependent 
decrease in integrated HIV1 DNA (measured using quanti
tative polymerase chain reaction, Alu PCR) and an increase 
in integrationdefective byproduct two long terminal repeat 
(LTR) circles, which suggests that the antiviral activity is a 
direct consequence of dolutegravir’s effect on viral integra
tion (Kobayashi et al., 2011). In addition, passage studies 
with dolutegravir have selected mutations within the inte
grase enzyme; those mutations recreated as site direct 
mutant HIV1 virus conferred increased resistance (Koba
yashi et al., 2011; Quashie et al., 2012). Direct and prolonged 
dolutegravir binding to integrase protein was demonstrated 
with purified integrase in cDNA–Mg2+ complexes in bead 
based assays (Hightower et al., 2011). 

Prolonged activity of dolutegravir has also been docu
mented in tissue culture drug washout studies (Osman et al., 
2015). These data are all consistent with direct targeting of 
the HIV1 integrase in cells.

The dissociation of dolutegravir, and two other integrase 
inhibitors, raltegravir and elvitegravir, from wild type and 
mutant HIV integrase proteins complexed with DNA has 
been investigated to obtain a better understanding of inte
grase inhibitor dissociation kinetics (Hightower et al., 2011). 
Dolutegravir demonstrated slower dissociation from all inte
graseDNA complexes tested, including those with single or 
double (Hightower et al., 2011), and up to four (Hightower et 
al., 2012), clinically relevant integrase substitutions. Cry stal
lographic and modeling studies (DeAnda et al., 2013) have 
been carried out that characterize INSTI binding based on 
prototype foamy virus integrase–DNA complex (intasome) 
using the INSTIs raltegravir, elvitegravir (Hare et al., 2010b), 
and dolutegravir (Hare et al., 2011) and additional HIV 
 integrase–DNA complex. The structural and electronic 
characteristics of dolutegravir’s metalbinding scaffold, along 
with its binding position within the integrase catalytic pocket, 
may contribute to slower dissociation kinetics (DeAnda et 
al., 2013).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Dolutegravir is administered orally as 50mg tablets in adults. 
The recommended dose in adults without documented or 
clinically suspected resistance to the INSTI class is 50 mg 
(one tablet) once daily. In adults who are infected with HIV1 
with resistance to the INSTI class (either documented or 
clinically suspected), the recommended dose is 50 mg (one 
tablet) twice daily. The decision to use dolutegravir in such 
patients with documented or clinically suspected resistance 
to the INSTI class is informed by the integrase resistance pat
tern of the prospective patient.

4b.  Newborn infants and children

Dolutegravir is administered orally as 50mg tables in ado
lescents (age 12–17 years) who weigh at least 40 kg. In ado
lescents infected with HIV1 without resistance to the INSTI 
class, the recommended dose of dolutegravir is 50 mg (one 
tablet) once daily.

Table 251.3. Major integrase inhibitor resistance mutations.a

Integrase position 66 92 138 140 143 147 148 155

Consensus T E E G Y S Q N

RAL A Q KA SA RCH HRK H

EVG I/A/K Q KA S/A G H/R/K H

DTG Q KA SA HRK

aThis table lists the most common clinically significant INI-resistance mutations. Mutations in bold red are associated with the highest levels of reduced suscep-
tibility or virologic response to the indicated INI. Mutations in bold reduce INI susceptibility or virologic response. Mutations in plain text contribute to reduced 
susceptibility in combination with other INI-resistance mutations.

Abbreviations: RAL: raltegravir; EVG: elvitegravir; DTG: dolutegravir; INI: integrase inhibitor. 
Source: Data from Stanford University (hivdb.stanford.edu); the algorithm is described by Liu and Shafer (2006).

http://www.hivdb.stanford.edu
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The safety and efficacy of dolutegravir in children < 12 
years or weighing < 40 kg has not yet been established. A 
multi center, pharmacokinetic, safety, tolerability and antiviral 
activity trial was conducted in HIV1infected children 
receiving combination regimens (Viani et al., 2015). The 
pharmacokinetics, safety/tolerability, and efficacy data from 
this study supported dose selection of 50 mg in children ≥ 12 
to < 18 years old weighing ≥ 40 kg. Overall population anal
yses using pooled pharmacokinetic data indicated that gen
der, race, or age (in children 12 to < 18 years and in geriatric 
patients) had no clinically relevant effect on the exposure of 
dolutegravir (Zhang et al., 2015).

4c.  Pregnant and lactating women.

Dolutegravir is a category B drug. Early data suggest high 
maternal levels of dolutegravir and significant fetal exposure 
during pregnancy with twice daily dosing of dolutegravir 
(Lewis et al., 2016). 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Dolutegravir plasma concentrations were decreased in sub
jects with severe renal impairment (creatinine clearance < 30 
ml/minute, not on dialysis) compared with those in matched 
healthy controls (Weller et al., 2014a). In a matched study of 
subjects with severe renal impairment (creatinine clearance 
< 30 ml/minute) to healthy controls, a moderate reduction in 
dolutegravir exposure, considered not clinically significant, 
was seen (Weller et al., 2014a). However, no dosage adjustment 
is necessary for treatmentnaive or treatment experienced, 
INSTInaive patients with mild, moderate, or severe renal 
impairment. The current U.S. product label indicates that 
caution is warranted for INSTIexperienced patients (with 
certain INSTIassociated resistance substitutions or clini
cally suspected INSTI resistance) with severe renal impair
ment because the decrease in dolutegravir concentrations 
may result in loss of therapeutic effect and development of 
resistance to dolutegravir or other coadministered anti
retroviral agents. Evaluation of dialysis on dolutegravir  
pharmacokinetics was not performed because, due to dolute
gravir’s high protein binding in plasma (> 99%), it is not 
expected that dialysis would significantly affect dolutegravir 
pharmacokinetics. Dolutegravir is not removed by hemo
dialysis (Bollen et al., 2016). 

The effects of dolutegravir on serum creatinine clearance, 
glomerular filtration rate using iohexol as the probe, and 
effective renal plasma flow using paraaminohippurate as the 
probe were evaluated in 37 healthy subjects administered 
dolutegravir 50 mg once daily, 50 mg twice daily, or placebo 
(Koteff et al., 2013). Dolutegravir was shown to have a non
pathological effect of increasing creatinine levels due to inhi
bition of secretion by OCT2 transporter with no effect on 
glomerular filtration rate and effective renal plasma flow.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

No clinically important pharmacokinetic differences between 
subjects with moderate hepatic impairment and matching 
healthy subjects were observed (Song et al., 2013a). In a trial 
comparing eight subjects with moderate hepatic impairment 
(ChildPugh score B) with matched healthy controls, expo
sure of dolutegravir from a single 50mg dose was similar 
between the two groups (Song et al., 2013a). Therefore, no 
dosage adjustment is necessary for patients with mild to 
moderate hepatic impairment (ChildPugh score A or B). 
The effect of severe hepatic impairment (ChildPugh score 
C) on the pharmacokinetics of dolutegravir has not been 
studied. Thus the product labels indicate that dolutegravir  
is not recommended for use (USA) or is recommended to  
be used with caution (EU) in patients with severe hepatic 
impairment.

ELDERLY PATIENTS

There are limited data available on the use of dolutegravir in 
patients aged 65 years and over. There is no evidence that 
elderly patients require a different dose from younger adult 
patients.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

This section summarizes the human pharmacokinetics (PK), 
pharmacodynamics (PD), and PKPD relationships of dolute
gravir to support the following recommended doses in com
bination with other antiretroviral therapy (ART) agents for 
the treatment of HIV infection in adults and children ≥ 12 
years of age (weighing at least 40 kg). Based on prior treat
ment experience, the recommended dose for  treatmentnaive 
adults is dolutegravir 50 mg once daily; for  treatment 
experienced, integrase inhibitor–naive adults, dolutegravir 
50  mg once daily; for integrase inhibitor–resistant adults, 
dolutegravir 50 mg twice daily; for integrase inhibitor–naive 
children of 12 to < 18 years of age and weighing ≥ 40 kg, 
dolutegravir 50 mg once daily.

5a.  Bioavailability

Dolutegravir’s pharmacokinetic profile is similar between 
healthy and HIVinfected adult subjects and has been evalu
ated under singledose and steadystate conditions ranging 
from 2 to 100 mg per day (Min et al., 2010; Min et al., 2011). 
Dolutegravir exhibits rapid absorption after oral adminis
tration of the tablet formulation, with a median time to the 
maximum plasma concentration (tmax) ranging from 0.5 to 
2 hours. The absolute bioavailability of dolutegravir has not 
been established. After single or oncedaily repeat doses, 
exposures increased in a doseproportional manner from 
25 mg to 50 mg and were less than doseproportional above 
50  mg in adults. The exposure of dolutegravir in HIV1
infected subjects after administration of 50 mg twice daily 
compared with 50 mg once daily was less than proportional, 
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which was attributed to the frequent use of metabolic induc
ers in the background antiretroviral regimens of subjects 
receiving dolutegravir 50 mg twice daily in clinical trials. 
Food increased the extent of absorption and slowed the rate 
of absorption of dolutegravir (Song et al., 2012). However, 
because this does not occur to a clinically relevant extent, 
dolutegravir may be taken with or without food. Dolutegravir 
absorption is decreased when coadministered with polyva
lent metal cationcontaining products (see section 5e, Drug 
interactions). Pharmacokinetic data from children and ado
lescents between 12 and < 18 years old have been published 
(Viani et al., 2015).

Dolutegravir has a terminal halflife of ~ 14 hours in 
healthy subjects and 11–12 hours in HIVinfected subjects 
and a low apparent clearance of 0.91 l/hour after oral tablet 
ingestion (Min et al., 2010; Min et al., 2011). Dolutegravir 
is highly bound (greater than or equal to 99.3% in HIV sub
jects) to human plasma proteins, primarily albumin and 
alpha1acid glycoprotein, based on in vitro data, and binding 
is independent of plasma concentration of dolutegravir 
(Kobayashi et al., 2011). Dolutegravir exhibits lower inter
subject pharmacokinetic variability than other integrase 
inhibitors having low coefficients of variation of < 30% for 
both the areaundertheplasmaconcentrationtime curve 
(AUC) and the maximum plasma concentration (Cmax) in 
single and multipledose studies in healthy volunteers 
(Adams et al., 2012).

5b.  Drug distribution

Single doses of 5, 10, 25, 50, and 100 mg achieved plasma 
dolutegravir concentrations greater than the in  vitro, 
 proteinadjusted IC90 (0.064 µg/ml) against wildtype virus 
for more than 30 hours after oral administration. Multiple 
daily doses ranging from 10 to 50 mg in both uninfected and 
infected subjects yielded trough plasma concentration values 
3 to 25 times greater than this in vitro threshold (Min et al., 
2010; Min et al., 2011). In a randomized, doseranging trial, 
HIV1infected subjects treated with dolutegravir mono
therapy demonstrated rapid and dosedependent antiviral 
activity with mean declines from baseline to day 11 in HIV1 
RNA of 1.5, 2.0, and 2.5 log10 copies/ml for dolutegravir 2, 10, 
and 50 mg once daily, respectively (Min et al., 2011). This 
antiviral response was maintained for 3–4 days after the last 
dose in the 50 mg group.

Dolutegravir has a relative low volume of distribution 
with the apparent volume of distribution following 50 mg 
oncedaily administration, estimated at 17.4 l based on a 
population pharmacokinetic analysis, which is close to the 
volume of total water in the extracellular space. Steadystate 
pharmacokinetic parameter estimates in HIV1infected 
adults are summarized in Table 251.4. Total dolutegravir 
concentration in plasma was measured in most studies, while 
unbound dolutegravir concentration in plasma was also 
measured in the studies for hepatic impairment, renal 
impairment, and central nervous system penetration.

Dolutegravir exposure has also been evaluated in the 
female and male genital tract after single and multiple dosing 
(see Table 251.4). Although studies indicate relatively low pen
etration, within 4–5 hours after a single dose, the cervicovagi
nal fluid concentration was above the in vitro, proteinadjusted 
IC90 of 0.064 µg/ml for wildtype virus in cervical tissue in all 
women, and in vaginal tissue in 7/8 women (Adams et al., 
2013). It is theorized that although dolutegravir is highly 
bound to the major drug binding protein alpha1acid glyco
protein and albumin, the low presence of these proteins 
in  cervicovaginal fluid may permit a larger proportion of 
dolutegravir to be available in the active proteinunbound 
form in this compartment. Rapid and sustained distribution 
to colorectal tissue was seen with dolutegravir, with all sub
jects achieving detectable concentrations within 1 hour of a 
single dose, remaining above the in vitro proteinadjusted 

Table 251.4. Pharmacokinetic, distribution, and excretion 
parameters of orally administered dolutegravir.

Pharmacokinetics

Absolute bioavailability Unknown

Terminal t½ ~ 14 hours

Cmax (μg/ml) 3.67a

C24 (μg/ml) 1.11a

AUC (μg∙h/ml) 53.6a

Cl/F (l/hour) 0.901a

Drug distribution

Apparent volume of distribution 17.4a

CSF 13 ng/ml;b 41%c

Vaginal/cervical tissuesd 9-10%c

Semene 7%c

Rectale 17%c

Excretion

Plasma NA

Urine (% of total oral dose) 32% (< 1% as parent 
dolutegravir, ~ 31% 
as metabolites)f

Feces (% of total oral dose) 64% (53% as parent 
dolutegravir; ~ 11% 
as metabolites)f

Metabolites Glucuronide (major) and 
oxidative (minor)f

a Geometric mean; population pharmacokinetics analysis using pooled data 
from treatment-naive patients taking dolutegravir 50 mg tablets once 
daily in phase II/III studies (ViiV, data on file).

b Mean CSF level at week 16 of study ING116070 (Letendre et al., 2014).
c As a percentage of drug present in plasma.
d Data from Adams JL et al. (2013).
e Data from Greener BN et al. (2013).
f Data from Castellino S et al. (2013).
Abbreviations: AUC: area under the concentration-time curve; C24: concen-

tration at the end of the 24-hour dosing interval; CL/F: apparent clear-
ance following oral dosing; Cmax: maximum observed concentration; CSF: 
cerebrospinal fluid; t½: half life.

Source: Data compiled from Adams et al. (2013), Greener et al. (2013), and 
Castellino et al. (2013).
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IC90 for the duration of the dosing interval (Greener et al., 
2015).

Letendre et al. (2014) evaluated the pharmacokinetics of 
dolutegravir in the cerebrospinal fluid of 13 antiretroviral 
therapynaive, HIVinfected subjects receiving 50 mg dolute
gravir daily with an abacavir–lamivudine backbone regimen. 
Median dolutegravir concentrations in cerebrospinal fluid 
were 18 ng/ml (range: 4–23 ng/ml) at WEEK 2 and 13 ng/ml 
(range: 4–18 ng/ml) at week  16 (Table 251.5), which is, 
respectively, 90fold and 66fold above the IC50 against 
wildtype virus (0.2 ng/ml). This suggests that dolutegravir 
achieves therapeutic concentrations in the cerebrospinal 
fluid. Thus dolutegravir demonstrates potent antiviral activ
ity in cerebrospinal fluid as part of a combination regimen 
with the nucleoside reverse transcriptase inhibitors abacavir 
and lamivudine

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

MONOTHERAPY IN HIV-1-INFECTED SUBJECTS

In a 10day phase IIa monotherapy study in HIVinfected, 
INSTInaive subjects, a strong dose–response relationship 
and a significant correlation between dolutegravir plasma 
exposure and plasma HIV ribonucleic acid (RNA) measures 
(log10 reduction in plasma HIV1 RNA to day 11 from base
line) was observed (Min et al., 2011). Mean decreases from 
baseline on day 11 in plasma HIV1 RNA of 1.51–2.46 log10 
copies/ml were observed with dolutegravir doses of 2–50 mg 
compared with placebo (0.05 log10 copies/ml increase). Greater 
antiviral activity was associated with higher dolutegravir 
plasma exposure, and dolutegravir trough concentration was 
identified as the best predictor for antiviral activity.

COMBINATION THERAPY IN ANTIRETROVIRAL 
THERAPY-NAIVE SUBJECTS

In phase IIb studies of HIVinfected, antiretroviral therapy 
naive subjects, dolutegravir was given in combination with 
dual nucleos(t)ide reverse transcriptase inhibitors (NRTIs), 
and no relationship between dolutegravir dose/exposure and 
virologic response was observed at doses ranging from 10 to 
50 mg once daily. This lack of PKPD relationship is due to 

the potency of combination therapy resulting in more than 
78% of subjects on dolutegravir treatments achieving HIV1 
RNA values < 50 copies/ml at week 96 in the phase IIb study 
ING112276/SPRING1 (Stellbrink et al., 2013) and an 88% 
response rate at week 48 in the phase III study SPRING2 
(Raffi et al., 2013a). This effect, at dolutegravir doses of 10–50 
mg once daily in combination with dual NRTIs background 
therapy, achieved maximum virologic suppression in this 
population and supported the selection of dolutegravir 50 
mg once daily for the treatment of treatmentnaive individu
als because the safety profile did not differ between the doses 
in this study. In addition, predose plasma concentrations  
in the SPRING1 trial were 19fold greater than the pro
teinadjusted IC90 versus wildtype virus (van Lunzen et al.,  
2012).

There was no statistically significant correlation (p > 0.05) 
between dolutegravir exposure and occurrence of the most 
common adverse effects: diarrhea, headache, nausea, abdom
inal pain, and vomiting. There were positive correlations 
between dolutegravir exposure and increases in serum creat
inine and total bilirubin from baseline.

COMBINATION THERAPY IN HIV-INFECTED, 
ANTIRETROVIRAL THERAPY-EXPERIENCED,  
INSTI-NAIVE SUBJECTS

In antiretroviral therapyexperienced, INSTInaive subjects 
taking dolutegravir 50 mg once daily in combination with at 
least one active agent in their background regimen, dolute
gravir steadystate trough concentration (i.e., the observed 
predose concentration [C0]) was a statistically significant 
predictor of virologic response at week 24. Additional PKPD 
analyses were performed by excluding subjects on identified 
strong CYP inducers and those who were noncompliant 
(defined as nondetectable dolutegravir concentration observed 
at one or more PK visits). The results from this additional 
analysis showed that dolutegravir average of concentrations 
at time 0 (C0avg) was no longer a statistically significant pre
dictor of week 24 virologic response and was only a margin
ally significant predictor of week 48 efficacy response with a 
pvalue of 0.046. This finding implies that dolutegravir doses 
> 50 mg once daily (therefore higher dolutegravir exposure) 
may not add benefit from an efficacy standpoint in the study 

Table 251.5. Dolutegravir concentrations in plasma and cerebrospinal fluid.

DTG concentration

Week 2 (n = 12) Week 16 (n = 12)

Mean (s.d.) Median (range) Mean (s.d.) Median (range)

Plasma total, ng/ml 3420 (831) 3360 (2090–5280) 3030 (1350) 3210 (640–4920)

Plasma unbound, ng/ml 16.8 (4.10) 17.1 (10.3–24.0) 23.0 (8.24) 23.9 (3.81–32.1)

Unbound fraction in plasma, % 0.495 (0.082) 0.488 (0.333–0.655) 0.995 (1.05) 0.701 (0.488–4.30)

CSF total, ng/ml 16.2 (5.84)a 18.2 (4.0–23.2)a 12.6 (3.64) 13.2 (3.7–18.3)

CSF total plasma ratio, % 0.467 (0.178)a 0.516 (0.115–0.658)a 0.546 (0.480) 0.412 (0.299–2.04)

aExcluding one subject with pharmacokinetic samples collected outside the 2- to 6-hour post-dose window (i.e. n = 11).
Abbreviations: DTG: dolutegravir; s.d.: standard deviation; CSF: cerebrospinal fluid.
Source: Data from Letendre et al. (2014).



4266 Dolutegravir

population evaluated, except for subjects using moderate 
strong inducers (e.g. tipranavir–ritonavir, efavirenz, and 
etravirine without ritonavirboosted protease inhibitors) in 
their background therapy. These PKPD results for efficacy 
supported the selection of dolutegravir 50 mg once daily for 
treatmentexperienced, INSTInaive subjects, and dolute
gravir dose adjustment to 50 mg twice daily is necessary for 
subjects who require coadministration with tipranavir–
ritonavir and efavirenz.

COMBINATION THERAPY IN ART-EXPERIENCED, 
INSTI-RESISTANT SUBJECTS

Multivariate analyses of pooled data from clinical studies in 
highly treatmentexperienced, INSTIresistant subjects with 
advanced HIV disease indicated dolutegravir 50 mg twice
daily dosing to be efficacious, mainly due to the independent 
activity of dolutegravir (Castagna et al., 2014). The dolute
gravir 50 mg twicedaily dose achieved plasma concentra
tions estimated to be 37fold above the in vitro protein 
adjusted IC90 (0.064 μg/ml) against wildtype viruses and 
therefore achieved therapeutic concentrations in most INSTI
resistant subjects. Furthermore, increasing the dose from 50 
to 100 mg produced a lessthanproportional increase in 
dolutegravir exposure. This suggests that doses > 50 mg twice 
daily in the treatmentexperienced population (e.g. 100 mg 
twice daily) is of uncertain additional benefit.

GENERAL EXPOSURE TO SAFETY RELATIONSHIP

Plasma dolutegravir exposure was not correlated with the 
presence of the most frequent adverse events, including diar
rhea, nausea, and headache or with most clinical laboratory 
tests of interest. There was a statistically significant corre
lation between dolutegravir exposure and increase from  
baseline in serum creatinine as a result of known dolutegra
vir inhibition of organic cation transporter2 (OCT2) trans
port. In addition, when subjects receiving drugs known to 
increase bilirubin levels (atazanavir and atazanavir– ritonavir) 
were excluded from the analysis, a statistically significant 
correlation between dolutegravir exposure and increase 
from baseline in total bilirubin was observed that was likely 
due to competition with UDP glucuronosyltransferase 1A1 
(UGT1A1) metabolism. However, the changes in creatinine 
and total bilirubin were small and nonprogressive, and such 
relationships are not considered clinically significant.

PHARMACOKINETIC-PHARMACODYNAMIC 
CEREBROSPINAL FLUID TO PLASMA RELATIONSHIP

Although dolutegravir is highly protein bound in plasma, the 
impact of protein binding for unbound dolutegravir concen
tration in the cerebrospinal fluid (CSF) is probably small 
because the concentrations of binding proteins (e.g. albumin 
and alpha1acid glycoprotein) in cerebrospinal fluid are 
much lower than in plasma (100 to 1000fold lower) (Adam 
et al., 2003; Haas et al., 2003). In a multicenter, controlled 
study that used abacavir–lamivudine as backbone agents, no 
correlation was identified between dolutegravir concentra
tion in cerebrospinal fluid and HIV1 RNA reduction in 

cerebrospinal fluid, primarily because cerebrospinal fluid 
concentrations were well in excess of the IC50 and subjects in 
the study had uniformly good responses to therapy in both 
plasma and cerebrospinal fluid (Letendre et al., 2014).

EFFECT OF DOLUTEGRAVIR ON  
CARDIAC CONDUCTION

Dolutegravir at concentrations approximately threefold of 
the 50 mg oncedaily dose at steady state had no significant 
effect on cardiac repolarization at a supratherapeutic dose 
of 250 mg (using suspension) (Chen et al., 2012).

5d.  Excretion

A mass balance study that evaluated the recovery, excretion, 
and pharmacokinetics of radiolabeled dolutegravir indicated 
that dolutegravir was the predominant circulating com
pound in plasma, representing 97% of plasma total radiocar
bon (Castellino et al., 2013). The parent form of dolutegravir 
is the active moiety, primarily eliminated through metabo
lism, and renal elimination of unchanged dolutegravir and 
represents < 1% of the total dose administered. Dolute
gravir is primarily metabolized through glucuronidation by 
UGT1A1 with cytochrome P450 (CYP) 3A4 as a minor sec
ondary metabolic pathway with elimination via the liver. 
Because CYP3A4 is only a secondary route of elimination of 
dolutegravir, the firstpass metabolism of dolutegravir after 
oral dosing is expected to be very low. Approximately 53% 
percent of total oral dose is excreted as unchanged dolutegra
vir in the feces but it is unknown if all or part of this is due to 
unabsorbed drug or biliary excretion of the glucuronide con
jugate (Table 251.4), which can be further degraded to form 
the parent compound in the gut lumen. Of the total oral 
dose, 31% is excreted in the urine, represented by either glu
curonide of dolutegravir (18.9% of total dose), Ndealkylation 
metabolite (3.6% of total dose), a metabolite formed by oxida
tion at the benzylic carbon (3.0% of total dose), and other 
minor metabolites. 

A metaanalysis was conducted to determine the effect of 
UGT1A1 genotypes on dolutegravir pharmacokinetics and 
to explore the influence of CYP3A4, CYP3A5, and pregnane 
X receptor variants (NR1I2) in relation to dolutegravir phar
macokinetics (Chen et al., 2014). Associations of dolutegra
vir PK parameters with UGT1A1 star alleles and with known 
functional variants in genes from the CYP3A pathway were 
evaluated. Polymorphisms in CYP3A4, CYP3A5, and NR1I2 
were not associated with differences in the pharmacokinet
ics of dolutegravir. Increases in dolutegravir exposure due 
to UGT1A1 polymorphisms conferring poor dolutegravir 
metabolism are not considered clinically significant based on 
the accumulated safety data for dolutegravir.

In pooled human liver microsomes, dolutegravir inhib
ited CYP3A4 but not 1A2, 2A6, 2B6, 2C8, 2C9, 2C19, or 
2D6. At clinically relevant concentrations, dolutegravir did 
not cause inhibition or induction of the CYP enzymes nor 
was inhibition of UGT1A1/2B7 observed. Dolutegravir 
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demonstrates minimal or no direct inhibition or indication 
of many transporters such as Pglycoprotein and breast can
cer resistance protein (BCRP), organic anion transporter 
P1B1(OATP1B1), OATP1B3, multidrug resistance protein 2 
(MRP2), or organic cation transporter 1 (OCT1) at clinically 
relevant concentrations. Dolutegravir does potently inhibit 
the renal transporter OCT2 at concentrations below the peak 
concentrations demonstrated in clinical trials. Inhibition of 
creatinine secretion by dolutegravir via the OCT2 trans
porter results in a mild nonpathological effect of increasing 
creatinine levels with no effect on glomerular filtration rate 
(GFR) or effective renal plasma flow (ERPF) (Koteff et al., 
2013).

5e.  Drug interactions

Dolutegravir is a Biopharmaceutics Drug Disposition Classi
fication System (BDDCS) (Benet et al., 2008; Benet et al., 
2011) class 2 drug due to its limited aqueous solubility and 
high permeability, where efflux transporters and metaboliz
ing enzymes are predicted to be important in the drug’s dis
position. In vitro study results indicate that dolutegravir  
is primarily metabolized by UGT1A1 and to a lesser extent 
(~ 10%) with the CYP3A4 enzyme. Dolutegravir is a sub
strate for Pglycoprotein and BCRP, two transporters 
reported to influence the intestinal absorption and central 
nervous system penetration of HIV drugs (Schinkel, 1999; 
Kivistö et al., 2004; Vlaming et al., 2009). However, high per
meability and rapid absorption have the potential to attenu
ate any impact of these transporters. Data from clinical 
studies support this being applicable to dolutegravir because 
no notable effect was seen on dolutegravir pharmacokinetics 
after coadministration with the efflux transport inhibitors 
lopinavir–ritonavir and tipranavir.

EFFECT OF DOLUTEGRAVIR ON THE 
PHARMACOKINETICS OF OTHER AGENTS

At clinically relevant concentrations, dolutegravir does not 
result in drug interactions by inhibition or induction of P450 
or UGT1A1/2B7 enzymes. This was investigated in a clinical 
study that demonstrated dolutegravir had no effect on mid
azolam’s pharmacokinetics (Min et al., 2010), confirming 
that dolutegravir does not inhibit or induce CYP3A4 in vivo, 
making such drug interactions unlikely.

Evaluation of potential interactions with antiretroviral 
drugs that are inhibitors or inducers of UGT1A1 or CYP3A4 
was conducted. The nonnucleoside reverse transcriptase 
inhibitors (NNRTIs) etravirine and efavirenz were evalu
ated because most NNRTIs induce CYP3A (and possibly 
UGT1A1) (see Table 251.6). A drug interaction study to eval
uate the effect of atazanavir and atazanavir–ritonavir was per
formed because atazanavir is a potent inhibitor of UGT1A1. 
Atazanavir and atazanavir–ritonavir both increased dolute
gravir AUC by 62–91%, but the effects of atazanavir and 
atazanavir– ritonavir are not considered clinically significant. 
No dolutegravir dose adjustment is necessary when co 
administered with UGT1A1 inhibitors.

OCT2 affects cation transport into the renal tubule. 
Dolutegravir has been shown to inhibit OCT2, a mechanism 
that is consistent with a benign and reversible increase in 
serum creatinine. A clinical study confirmed that the changes 
in creatinine were not due to dolutegravir altering renal 
blood flow or renal clearance; therefore, the changes in cre
atinine serum levels are likely due to the inhibition of the 
OCT2 transporter (Koteff et al., 2013). Based on this obser
vation, dolutegravir may reduce the excretion of dofetilide, a 
narrow therapeutic index class III antiarrhythmic agent and 
OCT2 substrate, increasing plasma concentrations to toxic 
levels. As a result, coadministration of dolutegravir and 
dofetilide is contraindicated in dolutegravir’s label world
wide, albeit one of few potentially significant interactions.

In vitro, dolutegravir inhibits OCT2 and multidrug and 
toxin extrusion transporter 1 (MATE1), which is known to 
be involved in the tubular secretion of metformin. Because 
dolutegravir has the potential to increase metformin sys
temic exposure in vivo, a phase I study to evaluate the effect 
of dolutegravir on the steadystate PK, safety, and tolerability 
of metformin was conducted. Plasma exposures of metformin 
were increased when coadministered with dolutegravir and 
the effect of dolutegravir was dose dependent. (Zong et al., 
2014). Metformin, which has a larger therapeutic window 
compared with dofetilide, should be titrated against its effect 
on blood glucose and started at a low dose per its current 
product labeling, both to reduce gastrointestinal side effects 
and to permit identification of the minimum dose required 
for adequate glycemic control of the patient, not because 
there is any likelihood of hypoglycemia. For patients already 
being treated with metformin when dolutegravir is initiated, 
metformin dose adjustments may be considered. Such titra
tion would also address possible pharmacologic interactions 
with other drugs such as dolutegravir and cimetidine.

The mechanism of tenofovirmediated drug interactions 
are not well understood. Tenofovir (a nucleotide reverse 
transcriptase inhibitor) reduces atazanavir exposure, possi
bly through induction of CYP or UGT metabolic pathways. 
Because tenofovir disoproxil fumarate has labeling indicat
ing caution is necessary regarding new onset or worsening 
renal impairment and suggests assessment of renal function 
in patients at risk for renal dysfunction, evaluation of any 
potential effect of dolutegravir on transporters involved with 
tenofovir disoproxil fumarate were undertaken. OAT1 and 
OAT3 are responsible for anion (e.g. tenofovir,) transport 
into the renal tubule. Data from a drug interaction trial in 
healthy volunteers when dolutegravir and tenofovir were 
given together demonstrated no clinically significant change 
in pharmacokinetic parameters (Song et al., 2010). Therefore, 
OAT1 inhibition by dolutegravir is highly unlikely because 
serum tenofovir concentrations are not increased with 
coadministration with dolutegravir. In addition, MRP2 and 
MRP4, which transport anions from the renal tubule to the 
urine, are not affected by dolutegravir (Reese et al., 2013; 
ViiV, data on file). 

In drug interaction trials, dolutegravir did not have a 
clinically relevant effect on the pharmacokinetics of the 
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following drugs: tenofovir (as stated earlier), methadone 
(primarily metabolized by CYP2B6 and CYP2C19), rilpivir
ine (a CYP3A substrate), and oral contraceptives containing 
norgestimate and ethinyl estradiol, which have complex 
metabolism, including oxidation, reduction, and conjuga
tion (Cottrell et al., 2013). Using crossstudy comparisons to 
historical pharmacokinetic data for each interacting drug, 
dolutegravir did not appear to affect the pharmacokinetics of 
the following drugs: atazanavir, darunavir, efavirenz, etra
virine, fosamprenavir, lopinavir, ritonavir, boceprevir, and 
telaprevir. In addition, no drug interactions between dolute
gravir and the HCV drugs pegylated interferonalpha and rib
avirin are expected for either drug due to the lack of overlap in 
their elimination pathways and because neither are enzyme 
inducers or inhibitors. While there are some reports of inter
feron therapy inhibiting metabolism of CYP3A4, this is not a 
major pathway for dolutegravir because more potent CYP3A4 
inhibitors (i.e. lopinavir–ritonavir) have not shown a signifi
cant interaction with dolutegravir (Song et al., 2011b). There 
is low propensity for drug interactions between dolutegravir 
and drugs for hepatitis B virus treatment, including NRTIs 
(tenofovir disoproxil fumarate, lamivudine, emtricitabine, 
adefovir, telbivudine, and entecavir) because these hepatitis 
B virus drugs are primarily eliminated by renal excretion.

EFFECT OF OTHER AGENTS ON THE 
PHARMACOKINETICS OF DOLUTEGRAVIR

Based on metabolic enzymes involved, drugs that are strong 
inducers of UGT1A1 or CYP3A4 may decrease dolutegravir 
plasma concentrations and reduce the therapeutic effect of 
dolutegravir. Metabolic inducers such as rifampin, etravir
ine, efavirenz, and tipranavir were evaluated because they are 
important agents in the treatment of HIV and other infec
tious diseases. Etravirine, an NNRTI, significantly reduced 
plasma concentrations of dolutegravir, but the effect of etra
virine was mitigated by coadministration of lopinavir–
ritonavir or darunavir–ritonavir (Song et al., 2011a) and is 
expected to be mitigated by atazanavir–ritonavir. Efavirenz, 
another NNRTI, impacts both the major and minor meta
bolic pathways of dolutegravir, resulting in reduced dolute
gravir plasma concentrations requiring the addition of a 
second 50mg dose per day. Because nevirapine is also an 
NNRTI, it too is expected to have the same impact and 
should be avoided.

Rifamycins used in the treatment of tuberculosis (TB) 
present a challenge due to their complex drug interaction 
properties and the frequency of HIV–TB coinfection. Co 
administration of rifampin, which induces both UGT1A1 
and CYP3A4, significantly reduced dolutegravir levels, 
requiring an increase in dolutegravir dose to 50 mg twice daily 
(Dooley et al., 2013). Dosing with rifabutin, a CYP3A4 sub
strate requiring bidirectional dose adjustments with some 
CYP3A4 inhibitors, however, did not change dolutegravir con
centrations, suggesting dosing adjustments are not necessary 
for either drug with coadministration (Dooley et al., 2013).

Coadministration of dolutegravir and other drugs that 
inhibit UGT1A1 (e.g. atazanavir) and CYP3A4 (e.g. 

darunavir and lopinavir) may increase dolutegravir plasma 
concentrations. Studies to evaluate the potential impact of 
atazanavir, atazanavir–ritonavir, darunavir–ritonavir, and 
lopinavir–ritonavir all concluded that dose adjustment 
when given with dolutegravir were not required. Drug 
interaction studies with the protease inhibitors tipranavir–
ritonavir, and fosamprenavir–ritonavir, which are CYP3A 
substrates and inhibitors, and with ritonavir, a UGT1A1 
inducer, resulted in decreased dolutegravir levels (Table 
251.6). Coadministration of dolutegravir with other meta
bolic inducers such as oxcarbazepine, phenytoin, pheno
barbital, and St. John’s wort is not recommended because 
there are insufficient data to make recommendations. 
However, a drug interaction study has been conducted with 
carbamazepine indicating the dolutegravir dosage should 
be increased.

Daclatasvir is an inhibitor of Pglycoprotein, OATP1B1, 
OCT1, and the BCRP transporter. Administration of daclat
asvir may increase systemic exposure to drugs that are sub
strates of Pglycoprotein, OATP1B1, OCT1, or BCRP. This is 
consistent with its effect on dolutegravir plasma exposure, 
although not thought clinically significant because it is con
sidered to be within safety limits and not driving any safety 
concerns.

Because integrase antiviral activity depends on binding to 
magnesium ions located at the catalytic site of the integrase 
enzyme, chelation with therapeutic agents containing metal 
cations can occur. A randomized, crossover study evaluating 
the effect of coadministration of dolutegravir with polyvalent 
cationcontaining products, such as antacids and multivita
mins, was performed (Patel et al., 2011). Dosing recommen
dations allow for concomitant dosing with multivitamins, 
but staggered antacid and iron administration, unless the 
supplements containing calcium and iron are taken with food.

Drug interaction studies conducted with the following 
agents of darunavir–ritonavir, lopinavir–ritonavir, rilpivir
ine, tenofovir, boceprevir, telaprevir, prednisone, rifabutin, 
daclatasvir, and omeprazole had no clinically significant 
effect on the pharmacokinetics of dolutegravir (Song et al., 
2011b; Ford et al., 2013; Song et al., 2010; Johnson et al., 2014; 
Song et al., 2013c; Dooley et al., 2013; Song et al., 2015a; Patel 
et al., 2011). Dolutegravir pharmacokinetics are not expected 
to be affected by hepatitis B virus drugs because they do not 
inhibit or induce CYP or UGT enzymes.

6. ADVERSE REACTIONS AND TOXICITY

The safety data summarized in this section is based on inte
grated analyses of safety data from the entire dolutegravir 
clinical program conducted to support marketing applica
tions to international regulatory agencies. This includes the 
latest Integrated Safety Outputs (ISOs) conducted for this 
product. The ISO data allowed analyses according to group
ings of ARTnaive or ARTexperienced populations and 
dolutegravir 50 mg once daily and twice daily. Data analyzed 
as part of clinical study reports completed after the ISO as 
well as the most recent updates to regulatory authorities are 
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also included along with adverse event grading and applied 
division of AIDS toxicity scales (DAIDS, 2009).

6a.  Exposure in phase I to IIIb clinical trials

Cumulative to date, a total of 3596 subjects (2836 HIV
infected and 760  healthy) have been exposed to at least 
one  dose of dolutegravir in ongoing and completed ViiV
sponsored clinical trials (phase I to IIIb) and the dolutegravir 
compassionate use program (Table 251.7). Refer to Table 
251.8 for details on study design and subject enrollment.

6b.  Clinical pharmacology adult studies 
(phase I to IIa)

Based on a safety metaanalysis of 26 clinical pharmacology 
studies, the most commonly reported adverse events (AEs) 
were headache (14%), nausea (6%), and diarrhea (4%), which 
was comparable to clinical studies in HIVinfected adults. Of 
the most common AEs reported in at least 5% in any analysis 
group, only headache (14% vs. 3%) and nausea (6% vs. 3%) 
were reported more frequently in subjects dosed with dolute
gravir than those receiving placebo. Withdrawals due to AEs 
were infrequent (2%), and most AEs were grade  1 (mild). 
There were 11 subjects who experienced ocular icterus in the 
“exposed to dolutegravir alone or with other drugs” group. 
All 11 of these events were in the atazanavir drug interaction 
study (ING111854). This finding was very rarely reported in 
the clinical studies. Only two serious adverse events (SAEs) 
were reported, both unrelated to dolutegravir. No trends 
were noted to suggest that dolutegravir has a clinically signif
icant effect on clinical chemistries (with the exception of cre
atinine as expected based on OCT2 inhibition), hematological 
parameters, or vital signs.

No additional safety issues have been identified in any of 
the phase I/IIa clinical pharmacology studies that have been 
completed since the safety metaanalysis. In total, the safety 
profile for dolutegravir in healthy adult subjects participating 
in phase I clinical pharmacology studies was similar to that 
observed in HIVinfected adult subjects participating in the 
phase IIb and III clinical development program.

6c.  Phase IIb to IIIb adult studies

For the ARTnaive adult population, the ISO comprised a 
total of 1222 subjects who received dolutegravir once daily 
across four randomized, controlled trials (SPRING1, 
SPRING2, SINGLE, and ING114915/FLAMINGO) for a 
median duration of exposure of 672 days (range: 1–1031 
days), and extent of exposure of 1975.1 subjectyears. There 
were 621  subjects from four trials (ING112961/VIKING, 
VIKING3, SAILING, and ING116529/VIKING4) in the 
ARTexperienced population and the median duration of 
exposure to dolutegravir was 337 days (range: 8–981 days), 
and the extent of exposure was 620.1 subjectyears.

For ARTnaive and experienced (INSTInaive) patients, 
the integrated analyses demonstrated that the safety profile 

for dolutegravir 50 mg once daily was comparable to ralte
gravir and darunavir–ritonavir and was generally favorable 
to efavirenz–tenofovir disoproxil fumarate–emtricitabine, and 
efavirenz. The most frequently observed AEs across patient 
populations were diarrhea, nausea, and headache, which were 
typically grade 1 or 2 (moderate) in severity, and typically 
did not lead to discontinuation from studies.

Treatmentexperienced, INSTIresistant subjects were 
treated with dolutegravir 50 mg twice daily to ensure durable 
efficacy in subjects with baseline dolutegravir resistance. As a 
group, this population had more advanced HIV disease and 
received more concomitant antiretroviral therapy. Never
theless, the AE profile was similar to that reported for 
 treatmentnaive and experienced (INSTInaïve) subjects 
receiving dolutegravir 50 mg once daily.

6d.  Serious adverse events (including 
fatalities) and adverse events leading  
to withdrawal

There were few deaths reported in the dolutegravir clinical 
development program and deaths were generally due to 
comorbidities seen in HIVinfected patients. None of the 
deaths was considered related to treatment with dolutegravir.

The SAE definition in the dolutegravir program was based 
on the International Conference on Harmonisation E2A 
guidance (ICH, 1994). Additional definitions for the purpose 
of the dolutegravir clinical program included all events of 
possible druginduced liver injury with hyperbilirubinemia 
defined as alanine aminotransferase greater than or equal to 
three times the upper limit of normal and bilirubin greater 
than or equal to two times the upper limit of normal (> 35% 
direct). All clinically suspected cases of hypersensitivity reac
tion (HSR) to abacavir must have been reported as SAEs 
in  subjects receiving abacavir–lamivudine (or placebo) as 
investigational produce (SINGLE and ING116070) or as 
an investigatorselected dual NRTI backbone (investigators 
could have selected either abacavir–lamivudine or tenofovir 

Table 251.7. Cumulative exposure to dolutegravir in clinical trials 
and compassionate use programs to date.

Number 
exposed

ViiV-sponsored studies 3596

Phase I studies in healthy adults 760

Phase IIa to IIIb studies in HIV-infected adults 2836

Named patient program in HIV-infected adults 308

Expanded access program in HIV-infected adults 217

Pediatric study in HIV-infected adolescents and 
children

58

Dolutegravir 50 mg once daily 2834

Dolutegravir 50 mg twice daily 767a

aIncludes five subjects who switched from once-daily to twice-daily dosing
Source: ViiV (data on file).
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disoproxil fumarate–emtricitabine in SPRING1, SPRING2, 
and FLAMINGO).

No trends in SAEs were noted across the patient popu
lations assessed in the clinical program (for a summary 
of  SAEs, see Table 251.9 for antiretroviral therapynaive 
subjects and Table 251.10 for antiretroviral therapy 
experienced subjects). The only SAEs reported consistently 
across the clinical program were pneumonia and suicidal 
ideation or attempt, but these events were reported in both 
dolutegravir and comparator treatments and are more fre
quently observed in HIVinfected patients than in the gen
eral population.

Few subjects receiving dolutegravir developed adverse 
events resulting in the permanent discontinuation of inves
tigational product and withdrawal from the study (for a 
summary of adverse events leading to discontinuation of 
investigational product, see Table 251.11 for antiretroviral 
therapynaive subjects and Table 251.12 for antiretroviral 
therapyexperienced subjects). There were no discernible 
trends for adverse events leading to withdrawal for the 
dolutegravir group because most of these events were iso
lated cases in individual studies or expected trends for the 
comparator treatment groups. However, withdrawals due to 

liver stopping criteria were noted on dolutegravir and com
parator groups across the phase IIb and III studies (discussed 
later in this chapter).

Table 251.13 summarizes the overall view (frequency) of 
adverse events by system organ class that are considered 
related or possibly related to dolutegravir use, as identified in 
the development program.

6e.  Risks in pregnancy and lactation

Dolutegravir is pregnancy category B; animal reproduction 
studies have failed to demonstrate a risk to the fetus, and 
there are no adequate and wellcontrolled studies in preg
nant women. Dolutegravir has been shown to cross the 
 placenta in reproductive toxicity studies in animals, but 
dolutegravir has not been associated with findings in animal 
reproductive toxicity studies. The nonclinical reproductive 
and developmental toxicity profile for dolutegravir in rats 
and rabbits suggests that dolutegravir is not teratogenic and 
has a low potential for fetal risk.

It is expected that dolutegravir will be secreted into 
human milk based on animal data, although this has not 
been confirmed in humans.

Table 251.9. Summary of serious adverse eventsa occurring in at least two subjects in any treatment group—phase III trials with 
antiretroviral therapy-naive adults.

Preferred term

SPRING-2b SINGLEc FLAMINGOd

Dolutegravir 
(N = 411) n (%)

RAL 
(N = 411) n (%)

Dolutegravir 
(N = 414) n (%)

EFV–TDF–FTC 
(N = 419) n (%)

Dolutegravir 
(N = 242) n (%)

DRV–RTV 
(N = 242) n (%)

Any event 41 (10) 48 (12) 65 (16) 60 (14) 36 (15) 21 (9)

Abortion, spontaneous  0  1 (< 1)  1 (< 1)  2 (< 1)  1 (< 1)  1 (< 1)

Appendicitis  2 (< 1)  5 (1)  4 (< 1)  2 (< 1 )  1 (< 1)  0

Bronchitis  0  0  1 (< 1)  3 (< 1)  0  1 (< 1)

Cellulitis  1 (< )  1 (< 1)  1 (< 1)  2 (< 1)  0  0

Convulsion  0  2 (< 1)  0  1 (< 1)  0  0

Depression  0  1 (< 1)  1 (< 1)  3 (< 1)  1 (< 1)  1 (< 1)

Drug hypersensitivity  3 (< 1)  0  1 (< 1)  0  0  1 (< 1)

Intentional overdose  0  1 (< 1)  2 (< 1)  0  0  0

Laceration  0  2 (< 1)  0  0  0  0

Overdose  0  0  0  2 (< 1)  0  0

Pneumonia  0  2 (< 1)  2 (< 1)  2 (< 1)  0  1 (< 1)

Respiratory distress  0  0  0  2 (< 1)  0  0

Rotor cuff syndrome  0  0  0  2 (< 1)  0  0

Sciatica  0  0  0  2 (< 1)  0  0

Subcutaneous abscess  1 (< 1)  1 (< 1)  0  3 (< 1)  0  1 (< 1)

Suicidal ideation  0  2 (< 1)  2 (< 1)  2 (< 1 )  0  0

Suicide attempt  2 (< 1)  3 (< 1)  3 (< 1)  2 (< 1)  3 (1)  0

Syncope  0  0  0  3 (< 1)  1 (< 1)  0

Syphilis  0  0  2 (< 1)  0  0  0

aListed serious adverse events are not necessarily related to study drug.
bTreatment arms: dolutegravir = dolutegravir 50 mg once daily plus two NRTIs; RAL = RAL 400 mg twice daily plus two NRTIs
cTreatment arms: dolutegravir = dolutegravir 50 mg once daily plus ABC–3TC; EFV–TDF–FTC once daily
dTreatment arms: dolutegravir = dolutegravir 50 mg once daily plus two NRTIs; DRV–RTV = DRV 800 mg plus RTV 100 mg once daily + two NRTIs
Abbreviations: RAL: raltegravir; N: number of subjects; n: number of events; EFV: efavirenz; TDF: tenofovir; FTC: emtricitabine; DRV: darunavir; RTV: ritonavir; 

NRTI: nucleoside reverse transcriptase inhibitor; ABC: abacavir; 3TC: lamivudine.
Source: ViiV (data on file).
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6f.  Recognized risks

The following risks have been recognized for dolutegravir 
cumulatively based on nonclinical and/or clinical safety data 
for dolutegravir, labeling, and/or regulatory authority inter
est for approved INSTIs and/or the INSTI class, and/or regu
latory authority requirements. Data summarized are from 
the clinical trial program.

HYPERSENSITIVITY REACTION

Drug hypersensitivity is about 100 times more common in 
HIV1infected patients than in the general population (Carr 
and Cooper, 2000) and skin rash is associated with many 
antiretrovirals. Severe, potentially lifethreatening, and fatal 
skin reactions, including cases of StevensJohnson syndrome 
and toxic epidermal necrolysis, and hypersensitivity reac 

tions are listed events in the prescribing information with 
another drug in the INSTI drug class. Hypersensitivity reac
tions have been seen with dolutegravircontaining regimens, 
and a wellcharacterized and manageable drugrelated hyper  
sensitivity reaction is the most important risk associated 
with abacavir (Martin and Kroetz, 2013).

Abacavir–lamivudine in a fixeddose combination was 
used in all of the four phase IIb/III clinical trials investigating 
the dolutegravir single entity in ARTnaive, HIVinfected 
subjects, either as a randomized study medication in com
bination with dolutegravir versus efavirenz–tenofovir diso
proxil fumarate–emtricitabine in the doubleblinded study 
SINGLE or as an investigatorselected dual NRTI backbone 
in combination with dolutegravir, efavirenz in SPRING1, 
raltegravir in SPRING2, and darunavir–ritonavir in 
FLAMINGO. All subjects in the dolutegravir clinical program 

Table 251.10. Summary of serious adverse eventsa occurring in at least two subjects in any treatment group—phase III trials with 
antiretroviral therapy-experienced adults.

Preferred term

INSTI naive INSTI resistant

SAILINGb VIKING-3c VIKING-4d

Dolutegravir 
(N = 357) 

n (%)

RAL 
(N = 362) 

n (%)

Dolutegravir 
(N = 183) 

n (%)

Dolutegravir 
(N = 14) 

n (%)

PCB–dolutegravir 
(N = 16) 

n (%)

Study total 
(N = 30) 

n (%)

Any event 33 (9) 42 (12) 39 (21)  5 (36) 4 (25) 9 (30)

Alcohol withdrawal  
syndrome

 2 (< 1)  0  0  0 0 0

Anaemia  0  2 (< 1)  0  0 0 0

Cardiac failure congestive  0  0  2 (1)  0 0 0

Cerebrovascular accident  0  2 (< 1)  1 (< 1)  0 0 0

Dehydration  0  2 (< 1)  3 (2)  0 0 0

Depression  2 (< 1)  0  1 (< 1)  0 0 0

Diarrhea  0  0  2 (1)  1 (7) 0 1 (3)

Hepatitis  2 (< 1)  1 (< 1)  0  0 0 0

Lung disorder  0  0  2 (1)  0 0 0

Pancreatitis  2 (< 1)  1 (< 1)  0  0 0 0

Pleural effusion  0  0  2 (1)  0 0 0

Pneumonia  2 (< 1)  4 (1)  5 (3)  1 (7) 0 1 (3)

Postoperative wound 
infection

 0  2 (< 1)  0  0 0 0

Progressive multifocal 
leukoencephalopathy

 0  1 (< 1)  2 (1)  0 0 0

Pyrexia  1 (< 1)  0  3 (2)  0 0 0

Renal failure acute  2 (< 1)  1 (< 1)  1 (< 1)  1 (7) 0 1 (3)

Rhabdomyolysis  2 (< 1)  0  0  0 0 0

Squamous cell carcinoma  0  0  2 (1)  0 0 0

Suicidal ideation  4 (1)  1 (< 1)  0  0 0 0

Suicide attempt  2 (< 1)  0  0  0 0 0

aListed serious adverse events are not necessarily related to study drug.
bTreatment arms: dolutegravir = dolutegravir 50 mg once daily plus background regimen; RAL = RAL 400 mg twice daily plus background regimen.
cTreatment arm: dolutegravir = dolutegravir 50 mg twice daily plus background regimen.
dTreatment arms: dolutegravir = dolutegravir 50 mg twice daily for 7 days, then dolutegravir 50 mg twice daily plus background regimen; PCB–dolutegravir = 

placebo for 7 days, then dolutegravir 50 mg twice daily plus background regimen. There were no serious adverse events occurring in ≥ 2 subjects reported 
from VIKING-4.

Abbreviations: N: number of subjects; n: number of events; RAL: raltegravir; PCB: placebo.
Source: ViiV (data on file)
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Table 251.11. Summary of adverse eventsa leading to withdrawal or permanent discontinuation of investigational product in at least two 
subjects in any treatment group—phase III trials with antiretroviral therapy-naive adults.

System Organ Class

SPRING-2b SINGLEc FLAMINGOd

Dolutegravir 
(N = 411) n (%)

RAL 
(N = 411) n (%)

Dolutegravir 
(N = 414) n (%)

EFV–TDF–FTC 
(N = 419) n (%)

Dolutegravir 
(N = 242) n (%)

DRV–RTV 
(N = 242) n (%)

Any event leading to 
withdrawal or permanent 
discontinuation

10 (2) 10 (2) 16 (4) 58 (14) 7 (3) 15 (6)

Abnormal dreams  0  0  1 (< 1)  6 (1) 0  0

Alopecia  0  0  0  2 (< 1) 0  0

ALT increased  2 (< 1)  1 (< 1)  0  0 0  2 (< 1)

Anxiety  0  0  0  4 (< 1) 0  0

AST increased  1 (< 1)  1 (< 1)  0  0 0  2 (< 1)

Decreased appetite  0  0  0  2 (< 1) 0  0

Depression  0  0  1 (< 1)  5 (1) 0  0

Diarrhea  0  0  0  0 0  2 (< 1)

Dizziness  1 (< 1)  0  0  8 (2) 0  0

Drug eruption  0  1 (< 1)  0  3 (< 1) 0  0

Fatigue  0  0  0  7 (2) 0  0

Headache  1 (< 1)  0  0  5 (1) 0  1 (< 1)

Hepatitis C  2 (< 1)  1 (< 1)  2 (< 1)  1 (< 1) 0  1 (< 1)

Hypersensitivity  0  1 (< 1)  1 (< 1)  3 (< 1) 0  0

Insomnia  0  0  1 (< 1)  4 (< 1) 0  0

Irritability  0  0  0  2 (< 1)  0

Nausea  1 (< 1)  1 (< 1)  0  4 (< 1) 0  2 (< 1)

Nightmare  0  0  1 (< 1)  2 (< 1) 0  0

Rash  1 (< 1)  0  2 (< 1)  1 (< 1) 0  1 (< 1)

Sleep disorder  0  0  0  3 (< 1) 0  0

Somnolence  0  0  0  3 (< 1) 0  0

Vertigo  0  0  0  3 (< 1) 0  0

aListed adverse events are not necessarily related to study drug.
bTreatment arms: dolutegravir = dolutegravir 50 mg once daily plus two NRTIs; RAL = RAL 400 mg twice daily plus two NRTIs.
cTreatment arms: dolutegravir = dolutegravir 50 mg once daily plus ABC–3TC; EFV–TDF–FTC once daily.
dTreatment arms: dolutegravir = dolutegravir 50 mg once daily plus two NRTIs; DRV–RTV = DRV 800 mg plus RTV 100 mg once daily plus two NRTIs.
Abbreviations: N: number of subjects; n: number of events; RAL: raltegravir; EFV: efavirenz; TDF: tenofovir; FTC: emtricitabine; DRV: darunavir; RTV: ritonavir; 

ALT: alanine aminotransferase; AST: aspartate aminotransferase; NRTI: nucleoside reverse transcriptase inhibitor; ABC: abacavir; 3TC: lamivudine.
Source: ViiV (data on file).

Table 251.12. Summary of adverse eventsa leading to withdrawal or permanent discontinuation of investigational product in at least two 
subjects in any treatment group—phase III trials with antiretroviral therapy-naive adults.

System Organ Class

INSTI naive INSTI resistant

SAILINGb VIKING-3c VIKING-4d

Dolutegravir 
(N = 357) 

n (%)

RAL 
(N = 362) 

n (%)

Dolutegravir 
(N = 183) 

n (%)

Dolutegravir 
(N = 14) 

n (%)

Dolutegravir 
(N = 16) 

n (%)

Study total 
(N = 30) 

n (%)

Any event leading to withdrawal 
or permanent discontinuation

7 (2) 13 (4) 8 (4) 2 (14) 0 2 (7)

ALT increased 0  0 2 (1) 0 0 0

Renal failure acute 2 (< 1)  1 (< 1) 0 0 0 0

aListed adverse events are not necessarily related to study drug.
bTreatment arms: dolutegravir = dolutegravir 50 mg once daily plus background regimen; RAL = RAL 400 mg twice daily plus background regimen.
cTreatment arm: dolutegravir = dolutegravir 50 mg twice daily plus background regimen.
dTreatment arms: dolutegravir = dolutegravir 50 mg twice daily for 7 days, then dolutegravir 50 mg twice daily plus background regimen; PCB–dolutegravir = 

placebo for 7 days, then dolutegravir 50 mg twice daily plus background regimen. There were no adverse events leading to withdrawal or permanent discon-
tinuation in ≥ 2 subjects reported from VIKING-4.

Abbreviations: N: number of subjects; n: number of events; RAL: raltegravir; ALT: alanine aminotransferase; PCB: placebo.
Source: ViiV (data on file).
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who used abacavir in their regimen were required by proto
col to have screened negative for HLAB*5701.

In the latest integrated analyses performed for the dolute
gravir, there were 17 adult subjects with AE preferred terms 
of either drug hypersensitivity or hypersensitivity or who 
had a syndrome indicative of drug hypersensitivity in 1856 
subjects (0.91%) exposed to at least one dose of dolutegravir 
in ViiVsponsored phase IIb to IIIb clinical trials with com
pleted planned clinical study report analyses. A contribution 
of dolutegravir to the events could not be ruled out in 5 cases 
(0.27%), but all of these were potentially confounded by con
current abacavir, etravirine, and/or darunavir use for which 
HSR and rash are expected.

Thus the frequency of HSR with dolutegravir in clinical 
trials remains low, and SAE reports are generally confounded 
by concurrent antiretroviral therapy. However, given the 
occurrence of hypersensitivity in dolutegravir recipients, 
hypersensitivity is an uncommon but recognized risk for 
ARTcontaining dolutegravir, regardless of dose.

RASH

The overall reporting rate for rash with dolutegravir in the 
latest ISO was 5% (91/1843), and was similar for dolutegravir 
once daily (5%) and dolutegravir twice daily (6%). In INSTI
naive subjects (both ARTnaive and experienced), the rates 

for dolutegravir were similar to raltegravir and favorable 
compared with efavirenz, the fixeddose combination of 
 efavirenz–tenofovir disoproxil fumarate–emtricitabine, and 
darunavir–ritonavir. Episodes in subjects receiving dolute
gravircontaining ART were generally considered of mild to 
moderate intensity, occurred within the first 10 weeks of 
treatment, rarely required interruptions or discontinuations 
of therapy, and tended to resolve within 2–3 weeks. No epi
sodes of serious rash such as StevensJohnson syndrome, 
toxic epidermal necrolysis, or erythema multiforme have been 
reported for the dolutegravir development program to date.

HEPATOBILIARY DISORDERS

Nonclinical data suggested a possible, albeit low, risk for 
hepatobiliary toxicity with dolutegravir. Due to comorbidi
ties (e.g. hepatitis B [HBV] and HCV coinfection) and 
coadministered medications in HIVinfected patients, it is 
recommended to monitor liver chemistries in the clinical 
setting. For ARTnaive subjects, the incidence of grade 3/4 
liver chemistry toxicities was low and similar (< 2%) for all 
liver chemistries in all treatment groups of the phase III/IIIb 
studies (SPRING2, SINGLE, and FLAMINGO). The per
centage of subjects with ALT over three times the upper limit 
of normal (ULN) varied between 2% and 5% across all treat
ment groups of the three phase III/IIIb studies.

Table 251.13. Summary of adverse reactions associated with the dolutegravir based on clinical trial experience.

System organ class Frequencya Preferred term

Immune system disorders ≥ 0.1% and < 1% Hypersensitivity

≥ 0.1% and < 1% Immune reconstitution syndrome

Psychiatric disorders ≥ 1% and < 10% Insomnia

≥ 1% and < 10% Abnormal dreams

≥ 1% and < 10% Depression

≥ 0.1% and < 1% Suicidal ideation or suicide attempt (particularly in patients with 
a preexisting history of depression or psychiatric illness)

Nervous system disorders ≥ 10% Headache

≥ 1% and < 10% Dizziness

Gastrointestinal disorders ≥ 10% Nausea

≥ 10% Diarrhea

≥ 1% and < 10% Vomiting

≥ 1% and < 10% Flatulence

≥ 1% and < 10% Upper abdominal pain

≥ 1% and < 10% Abdominal pain

≥ 1% and < 10% Abdominal discomfort

Hepatobiliary disorders ≥ 0.1% and < 1% Hepatitis

Skin and subcutaneous tissue disorders ≥ 1% and < 10% Rash

≥ 1% and < 10% Pruritus

General disorders and administration site 
conditions

≥ 1% and < 10% Fatigue

Investigations ≥ 1% and < 10% Creatine phosphokinase elevationsb

aProportion of dolutegravir program participants reporting event. Associated frequency terminology is as follows: very common (≥ 1/10 program participants 
reported this), common (≥ 1/100 and < 1/10), uncommon (≥ 1/1,000 and < 1/100), rare (≥ 1/10,000 and < 1/1,000), and very rare (< 1/10,000), including iso-
lated reports.

bThese were asymptomatic and mainly in association with exercise.
Source: ViiV (data on file).
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For ARTexperienced subjects, safety data suggest no 
excess risk of hepatic toxicity for dolutegravir. Excluding 
observations for HBV and/or HCV coinfected subjects 
(described later in this chapter), the incidence of liver chem
istry elevations in SAILING (ARTexperienced, INSTInaive 
adult subjects) for dolutegravir were comparable to ralte
gravir. For the advanced HIVinfected adult population 
receiving multiple concomitant medications in VIKING3 
(ARTexperienced, INSTIresistant adult subjects), the inci 
dence of treatmentemergent liver chemistry toxicities for 
dolutegravir 50  mg twice daily dosing was comparable to 
dolutegravir 50 mg once daily dosing in SAILING. Grade 
3–4 elevations in total bilirubin were invariably associated 
with atazanavir (ATV) administration. In most cases in 
which liver abnormalities were noted across the develop
ment program, the following circumstances have been pres
ent: the coadministered ART drugs with welldescribed 
bilirubin or liver enzyme elevations and/or hepatitis virus 
coinfection and/or a medical history of alcohol abuse.

ARTexperienced individuals coinfected with HBV and/
or HCV who received dolutegravir were noted to have more 
frequent liver enzyme elevations. As primarily demonstrated 
by SAILING (which showed overall statistically superior effi
cacy for regimens containing dolutegravir compared with 
raltegravir), if subjects were not receiving HBV active ther
apy at the start of potent dolutegravircontaining ART for 
HIV, there was an increased risk for HBV immune recon
stitution inflammatory syndrome (IRIS) or in the setting 
of  HIV viral decline and immunologic improvement. There 
were seven such cases observed with dolutegravir in the ART
experienced treatment population, of which five had HBV 
active therapy discontinued at the start of dolutegravir dosing. 
Three of these five subjects restarted or continued dolutegra
vir in conjunction with restarting HBV active therapy and 
continued on the study without recurrent hepatitis flares.

For HCV coinfected subjects, the risk for significant liver 
chemistry increases in the setting of HIV. Virologic and 
immunologic responses do not appear as profound as those 
identified for HBV, but HCV IRIS may also contribute to the 
findings across the clinical program. Across all studies and 
patient populations, comparable rates of liver chemistry ele
vations were noted in HCV coinfected subjects.

HCV coinfection has no significant effect on dolutegravir 
PK exposure in ARTnaive or experienced subjects. There 
were limited PK data for subjects with HBV coinfection; 
therefore, HBV coinfection was not evaluated in the pop
ulation PK analysis. Regardless, HBV coinfection did not 
appear to have a significant effect on dolutegravir C0avg.

Cumulative premarketing data suggest a hepatic safety 
profile for dolutegravir that is comparable to raltegravir, 
efavirenz, and darunavir–ritonavir. Across all patient popu
lations, safety and clinical pharmacology data support the 
administration of dolutegravir in HIVinfected patients 
coinfected with HBV and/or HCV, with awareness of  
the need for appropriate HBV therapy and the possibility  
of HBV/HCV flares or IRIS after the start of dolutegravir 
therapy.

RENAL FUNCTION

Small increases in mean serum creatinine (and therefore 
small decreases in estimated glomerular filtration rate) have 
been observed in subjects treated with dolutegravir across 
the entire clinical development program, including healthy 
subjects in repeat dose clinical pharmacology studies. These 
elevations were noted from week 1 but plateaued, with no 
evidence of subsequent increase (Figure 251.2). These are 
related to a likely benign effect on creatinine secretion via 
blockade of the OCT2 receptor, which is responsible for 
tubular secretion of creatinine (see Figure 251.3). In a phase 
I study to assess renal pharmacodynamic effects, dolutegra
vir at 50 mg once daily and 50 mg twice daily had no signifi
cant effect on actual glomerular filtration rate compared with 
placebo over 14 days based on iohexol clearance. In addition, 
neither treatment significantly changed paraaminohippurate 
clearance, a measure of effective renal plasma flow. The mean 
change from baseline at 96 weeks for dolutegravir treatment 
groups in the ARTnaive phase  III/IIIb studies was 12.6 
μmol/l. The mean change was 12.1 μmol/l at 48 weeks for the 
50mg oncedaily dose in the ARTexperienced (INSTI
naive) treatment population in SAILING. Smaller mean 
increases in serum creatinine were noted on raltegravir treat
ment arms (8.2  μmol/l in SPRING2 at 96  weeks and 
5.1 μmol/l in SAILING at 48 weeks). The mean change from 
baseline values for creatinine in the efavirenz–tenofovir 
disoproxil fumarate–emtricitabine arm of SINGLE was low 
at 1.4 μmol/l.

A low incidence of graded creatinine elevations has been 
observed on dolutegravir, and no grade 3–4 toxicities have 
been observed in the 96 week data from the ARTnaive 
phase III/IIIb studies. The only subjects who developed acute 
renal failure accompanied by grade 3 or 4 creatinine ele
vations were ARTexperienced subjects who participated in 
SAILING or VIKING3 and received dolutegravir or ralte
gravir (SAILING only), and all had confounding medical 
conditions or medications that likely caused or contributed 
to the events.

In review of creatinine changes by NRTI backbone across 
the treatmentnaive studies, the median and interquartile 
ranges of change over time were similar, with no evidence of 
deterioration in the renal tolerability of dolutegravir due to 
concomitant tenofovir. In addition, 6/346 (2%) of subjects 
receiving dolutegravir plus tenofovir disoproxil fumarate–
emtricitabine and 20/634 (3%) of subjects receiving dolute
gravir plus abacavir–lamivudine had treatmentemergent 
grade 1 or 2 creatinine elevations, and no subjects had treat
mentemergent grade 3 or 4 elevations in creatinine on either 
NRTI backbone coadministered with dolutegravir. There
fore, there is currently no clinical evidence that dolutegravir 
potentiates the nephrotoxicity observed with tenofovir.

Median increases in spot urine albumin and creatinine 
values were comparable between dolutegravir and compara
tor treatment groups and between dolutegravir 50 mg twice 
daily and 50 mg once daily in the phase III/IIIb clinical stud
ies. It is important that tubular and glomerular urine protein 
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was evaluated in the phase I study assessing the renal safety 
of dolutegravir, and no association between dolutegravir 
dosing at 50 mg once daily or twice daily and proteinuria was 
observed in this study. Overall, the renal profile of dolutegra
vir was comparable to raltegravir, efavirenz, and darunavir– 
ritonavir.

PSYCHIATRIC DISORDERS INCLUDING SUICIDALITY

Psychiatric events, including suicidal ideation and behaviors, 
are labeled for another drug in the INSTI drug class, so were 
considered a risk for dolutegravir. Psychiatric disorders, such 
as depression and/or suicidal ideation or behavior are also 
more frequently observed in HIVinfected patients than in 
the general population (Catalan et al., 2011). The psychiatric 
profile for dolutegravir (suicidality, depression, bipolar and 
hypomania, anxiety, abnormal dreams, and insomnia) was 
favorable compared with efavirenz and similar to raltegravir. 
However, in FLAMINGO there was a higher rate of depres
sion and suicidal ideation and behaviors with dolutegravir 
compared with boosted darunavir, although the numbers 
were small. There was no excess risk of psychiatric disorders 
for dolutegravir 50 mg twice daily compared with dolutegra
vir 50 mg once daily.

Review of all relevant data, including postmarketing 
reports concluded that a causal association with dolutegravir 
could not be ruled out in all cases of depression and sui
cidal ideation and behavior. Consequently these events are 
included as possibly related to dolutegravir, with the caveat 
that this occurs primarily in patients with a prior history of 
depression and /or suicidal ideation or behaviors (Table 
251.13).

IMMUNE RECONSTITUTION  
INFLAMMATORY SYNDROME

Based on medical adjudication by the phase III clinical trial 
Independent Data Monitoring Committee, despite the rapid 
decline in HIV1 RNA observed on dolutegravir, IRIS cases 
were generally infrequent on dolutegravir, and the rates were 
comparable to those observed for patients on raltegravir, 

Figure 251.2. Mean change from baseline in creatinine over time, INSTI-naive adult phase III clinical trials. Abbreviations: DTG: 
dolutegravir; ART: antiretroviral therapy; INI: integrase inhibitor; RAL: raltegravir; EFV: efavirenz; TDF: tenofovir disoproxil 
fumarate; FTC: emtricitabine; r/DRV: ritonavir-boosted darunavir. (Reprinted with permission from Curtis et al., 2014.)
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Figure 251.3. Selected human transport proteins for drugs 
and endogenous substances in the kidney proximal 
tubules. Kidney proximal tubules contain in the apical 
(luminal) membrane OAT4 (SLC22A11), urate transporter 1 
(URAT1, SCL22A12), PEPT1 and PEPT2 (SLC15A2), MRP2 
and MRP4, MATE1 and MATE2-K (SLC47A2), P-gp, organic 
cation/ergothioneine transporter (OCTN1, SLC22A4), and 
organic cation/carnitine transporter (OCTN2, SLC22A5). 
Basolateral uptake transporters in proximal tubule epithelia 
include OATP4C1 (SLCO4C1); OCT2; and OAT1, OAT2, 
and OAT3 (SLC22A8). (Reprinted with permission from 
Giacomini et al., 2010.)
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efavirenz, and darunavir–ritonavir. As described earlier, 
ARTexperienced (INSTInaive) subjects with HBV or HCV 
coinfection in SAILING receiving dolutegravir were at 
greater risk for HBV or HCV IRIS than those receiving ral
tegravir. Particular diligence should be applied in initiating 
or maintaining effective HBV therapy (as per treatment 
guidelines) when starting dolutegravirbased therapy in HBV 
coinfected patients, as detailed earlier in this chapter.

GASTROINTESTINAL DISORDERS

The primary effect of dolutegravir in nonclinical studies was 
gastrointestinal intolerance or irritation. In addition, gastro
intestinal symptoms are frequent adverse events with antiret
roviral medications (DHHS, 2015). Few cases of gastric or 
peptic ulcer disease were reported in treatmentnaive and 
INSTIresistant subjects and were typically related to con
comitant medications (e.g. aspirin) or medical conditions 
(nonHodgkin lymphoma). No cases of gastric ulcer or pep
tic ulcer disease were reported in ARTexperienced (INSTI
naive) subjects. Nonclinical evidence for gastrointestinal 
toxicity with dolutegravir thus did not translate into signifi
cant findings in doubleblinded randomized clinical trials. 
There was no difference in gastrointestinal events between 
the once daily and twice daily doses for dolutegravir.

MUSCULOSKELETAL DISORDERS

Creatine phosphokinase (CPK) elevations in subjects receiv
ing dolutegravir in the ARTnaive population were compa
rable to regimens containing raltegravir, efavirenz, and 
darunavir–ritonavir. Most CPK elevations were asymptom
atic and investigators were able to confirm high degrees of 
physical activity preceding the CPK elevations in the majority 
of cases. In the ARTexperienced, INSTInaive population, 
more subjects receiving raltegravir reported muscu loskeletal 
disorders versus those receiving dolutegravir, with fewer 
subjects on dolutegravir experiencing grade 3 or 4 events. 
The incidence of events reported for the ARTexperienced, 
INSTIresistant population was lower than in the INSTI
naive population (both ARTnaive and experienced), despite 
the higher daily dose of dolutegravir. Finally, no cases of 
drugrelated rhabdomyolysis have been reported on dolute
gravir to date.

Therefore, no increased risk for clinically significant or 
serious musculoskeletal disorders has been identified for 
dolutegravir.

6g.  Clinical laboratory evaluations

Liver, renal, and creatine phosphokinase findings were dis
cussed earlier in this chapter. Lipase elevations have been 
noted in ARTnaive subjects from the phase IIb and phase III 
studies, and most have been transient. There is no indication 
that there is a higher rate of clinical pancreatitis on dolute
gravir versus comparators. 

Dolutegravir treatment arms in the studies of ARTnaive 
subjects had essentially neutral effects on the lipid profile 

(Raffi et al., 2013a; Raffi et al., 2013b; Molina et al., 2015; 
Walmsley et al., 2015). Grade 3–4 events were reported for 
3% or fewer subjects in individual studies. There were no 
clinically significant effects on the total cholesterol/high den
sity lipoprotein (HDL) ratio in the dolutegravir arms. Similar 
rates were observed across the treatment groups in individ
ual studies, including grade 3 and 4 elevations, with an 
exception in the FLAMINGO study in which the incidence 
of grade 2 or higher fasting low density lipoprotein (LDL) 
cholesterol at week 48 was statistically significantly higher in 
the darunavir–ritonavir treatment group compared to dolute
gravir (Clotet et al., 2014). 

Overall, the lipid profile for dolutegravir is comparable 
with raltegravir and efavirenz–tenofovir disoproxil fumarate– 
emtricitabine, but dolutegravircontaining regimens had a 
better lipid profile than darunavircontaining regimens in 
ARTnaive patients.

The changes in mean values for fasting lipid parameters 
across both treatment groups in SAILING (conducted in 
treatmentexperienced, INSTInaive subjects) were similar, 
with similar grades and distribution of treatmentemergent 
toxicities (Cahn et al., 2013). There were increases in mean 
total cholesterol, LDL cholesterol, and HDL cholesterol in 
both groups, but little change in the HDL/cholesterol ratio. 
There were small increases in mean total cholesterol, LDL 
cholesterol, and HDL cholesterol to week 48 in VIKING3 
subjects with little change in the total/HDL cholesterol ratio 
and a small decrease in mean triglycerides (ViiV, data on 
file). No graded increases were reported in fasting lipids 
postbaseline in the VIKING4 trial (Akil et al., 2015).

7. CLINICAL USES OF THE DRUG

7a.  Treatment of HIV infection: proof of 
concept study

Study ING111521 was a phase IIa, randomized, doubleblind, 
doseranging, placebocontrolled proof of concept study that 
compared the antiviral effect, safety, tolerability, and phar
macokinetics of dolutegravir monotherapy versus placebo 
over 10 days. ARTnaive and experienced, INSTInaive, 
HIV1infected patients currently off ART were randomized 
to receive dolutegravir (2, 10, or 50 mg) or placebo once daily 
for 10 days. The primary efficacy end point of the study was 
the mean change from baseline in plasma HIV1 RNA at day 
11. Secondary end points included safety evaluations via 
adverse experience and clinical laboratory reporting, phar
macokinetic parameter reporting, and viral resistance test
ing. For patients who had received antiretroviral treatment 
in the past, adequate treatment options to construct HIV 
therapy with at least three active antiretrovirals for future 
treatment were verified before enrollment, based on review 
and agreement by the investigator and the central study team 
medical monitor.

Baseline characteristics were similar across dose groups. 
Data from the 35 enrolled patients revealed significant 
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reductions in plasma HIV1 RNA from baseline to day 11 for 
all dolutegravir dose groups compared with placebo (p < 
0.001), with a mean decrease of 1.51–2.46 log10 copies/ml (see 
Figure 251.4). A doseresponse relationship was seen in viral 
load decrease, with 70% of the patients receiving dolutegravir 
50 mg achieving plasma HIV1 RNA < 50 copies/ml. All 
patients receiving dolutegravir had detectable concentrations 
on day 1 (after dosing commenced) and day 10. Dolutegravir 
was readily absorbed, with the maximum concentration 
achieved at a median of 1.5–2.5 hours after dosing and a 
mean t½ of 11.1–12.0 hours. On average, plasma steadystate 
concentration at the end of the dosing interval (Cτ) was 3 and 
13 times higher than the in vitro proteinadjusted IC90 of 
viral suppression (0.064 mg/ml) at doses of 10 and 50 mg, 
respectively, with low pharmacokinetic variability (coeffi
cient of variation, range: 25–50%) (Min et al., 2011). None of 
the currently identified mutations selected by dolutegravir 
during in vitro passage with wildtype HIV1 (at codons 
92,118, 153, 193, and 263) was observed (see section 2b, 
Emerging resistance and crossresistance). These data pro
vided clinical support for oncedaily dosing without a phar
macokinetic booster in INSTInaive patients.

7b.  Data from treatment-naive  
patient studies

DOLUTEGRAVIR VERSUS EFAVIRENZ

SPRING1, a phase IIb, randomized, multicenter, parallel 
group, partially blinded study was designed to select a dolute 
gravir oncedaily dose for further evaluation in a phase III 
study, based on a comparison of the week 16 antiviral activity 
in treatmentnaive patients. It evaluated the antiviral activity, 
safety, and tolerability of dolutegravir 10, 25, or 50 mg or efa
virenz 600 mg (control arm) combined with investigator 
selected tenofovir disoproxil fumarate–emtricitabine or 
abacavir–lamivudine in treatmentnaive HIV adults. The 
primary end point of the study was the proportion of partic
ipants with plasma HIV1 RNA < 50 copies/ml at 16 weeks 
using the U.S. Food and Drug Administration timetoloss
ofvirologicresponse (TLOVR) algorithm, with planned 
analyses also at 48 and 96 weeks. The TLOVR algorithm is 
defined as the time between randomization or start of treat
ment and the last viral load value below an assay limit in a 
patient who initially suppressed HIV RNA below an assay 

Figure 251.4. Mean change from baseline in HIV-1 RNA. Abbreviations: BL: baseline; FU: followup. (Reprinted with permis-
sion from Min et al., 2011.)
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limit but subsequently demonstrated virologic rebound (two 
consecutive HIV RNA levels above the assay limit). Secon
dary end points included the change from baseline in CD4+ 
cell counts and the incidence of treatmentemergent geno
typic and phenotypic resistance to dolutegravir and other 
antiretroviral therapies used in the study. Investigators and 
participants were blinded to drug doses but were aware of 
the drug assignment.

A total of 205 patients received the study drug, approxi
mately 50 per treatment group. Most subjects were white 
(80%) men (86%), and the mean age was 37 years; baseline 
characteristics were relatively well distributed across the 
study groups, with the exception of HIV1 RNA, which was 
higher in the dolutegravir 50 mg group. Patients received an 
openlabel NRTI background regimen of either tenofovir–
emtricitabine (67%) or abacavir–lamivudine (33%). 

A rapid antiviral response was seen with dolutegravir that 
was generally sustained for up to 48 weeks across the dolute
gravir groups (see Table 251.8). Dolutegravir achieved viro
logic suppression more quickly than efavirenz. By week 4, 
66% of patients who received dolutegravir, regardless of dose, 
had virologic suppression versus 18% of  efavirenztreated 
patients (Figure 251.5). This more rapid virologic response 
has also been reported for other INSTIs. There were no 
confirmed protocoldefined virologic failures (HIV1 RNA 
≥  400 copies/ml) in subjects who received the phase III–
selected dose (dolutegravir 50 mg). Dolutegravir and efa
virenz had similar rates of virologic suppression (90% and 
82%, respectively) at week 48 (van Lunzen et al., 2012) with 
differences between dolutegravir groups and efavirenz main
tained through week 96 (Stellbrink et al., 2013). 

The median increase from baseline in CD4+ cells was 338 
cells/mm3, with dolutegravir (all treatment groups com 

bined) compared with 301 cells/mm3 with efavirenz (p = 
0.155). No subjects on dolutegravir had emergence of HIV 
with an INSTI resistance mutation. One subject receiving 
dolutegravir 10 mg developed the mutation M184M/V in 
reverse transcriptase. Subjects who received efavirenz were 
primarily nonresponders because of adverse events, stopping 
criteria, or virologic rebounds (50 to < 400 copies/ml), and 
had no treatmentemergent mutations. Based on these results 
the 50mg dose was selected for phase III evaluation.

The SINGLE study was one of the phase III international 
pivotal trials that supported both approval of the dolutegra
vir single entity as well as the approval for the singletablet 
regimen of dolutegravir–abacavir–lamivudine. It was a 
 randomized, stratified, doubleblind, doubledummy, active 
controlled, multicenter, parallelgroup, fully powered non
inferiority study. Therapynaive adults were randomized to 
dolutegravir 50 mg plus abacavir–lamivudine once daily or 
tenofovir disoproxil fumarate–emtricitabine–efavirenz once 
daily for 144 weeks. Because the background regimen was 
part of the blinded randomized treatment, no changes in 
regimen were permitted in this trial. The primary efficacy 
end point was the proportion of subjects with plasma HIV1 
RNA < 50 copies/ml (as determined by using the FDA 
Snapshot algorithm that counts patients with missing, switch, 
or discontinuation data as failures [MSDF]) through week 48 
and a −10% noninferiority margin. Key prespecified second
ary end points included the time to viral suppression (HIV1 
RNA < 50 copies/ml), the change from baseline in the 
CD4+ Tcell count, the Snapshot analysis at weeks 96 and 
144, tolerability, safety, and viral resistance. If the primary 
and perprotocol analyses both showed the noninferiority of 
dolutegravir plus abacavir–lamivudine to efavirenz– tenofovir 
disoproxil fumarate–emtricitabine, testing for superiority was 

Figure 251.5. Proportion of participants with viral load < 50 copies/ml. Viral load measured at HIV-1 RNA copies /ml. End 
point established with time to loss of virologic response algorithm. The 95% confidence intervals were derived with the 
normal approximation. (Reprinted with permission from van Lunzen et al., 2012.)
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to be conducted. In addition, if the primary analysis showed 
noninferiority, the following three superiority comparisons 
were also prespecified to be tested using the fallback proce
dure (to adjust for the risk of a false positive result): the time 
to viral suppression, the change from baseline in the CD4+ 
Tcell count at week 48, and the change from baseline in 
overall symptom bother count at week 4. Additional patient 
reported health outcomes measures were included to assess 
changes in patientperceived healthrelated quality of life 
and health state utilities after initiation of study treatment. 
Patients were stratified based on baseline HIV1 RNA levels 
of being ≤ 100,000 copies/ml or above and ≤ 200 CD4+ cells/
mm3 or above. The trial was conducted in a doubleblind 
design for participants and site staff with a secondary analy
sis conducted at week 96. A protocol amendment added an 
openlabel phase (maintaining original randomization) to 
both treatment groups from week 96 to week 144 to collect 
longterm efficacy and safety data.

A total of 833 subjects (84% males; 32% nonwhite) 
received at least one dose of the study drug, with the groups 
being similar at baseline: median CD4+ was 338 cells/mm3, 
HIV RNA was 4.68 log10 copies/ml, and 32% had HIV RNA 
> 100,000 copies/ml. A rapid and sustained virologic response 
was observed, with 88% of the participants in the dolutegra
vir–abacavir–lamivudine group and 81% of those in the efa
virenz–tenofovir disoproxil fumarate–emtricitabine group 
having the primary end point of a plasma HIV1 RNA < 50 
copies/ml at week 48. The adjusted treatment difference 
between the two groups met the noninferiority criterion, so 
a prespecified superiority test was then conducted. It demon 

strated that the difference between dolutegravir at week 48 
was statistically superior to tenofovir disoproxil fumarate–
emtricitabine–efavirenz (p = 0.003) (see Figure 251.6). This 
treatment difference was primarily driven by the higher 
withdrawal rate observed in the efavirenz–tenofovir– 
emtricitabine arm of 10% vs. 2% in the dolutegravir arm by 
week 48. At week 144, these discontinuations were 14% and 
4%, respectively. At weeks 96 and 144, dolutegravir plus 
abacavir–lamivudine was again statistically superior to teno
fovir disoproxil fumarate–emtricitabine–efavirenz, with 80%  
and 71% then 72% and 63% HIV1 RNA < 50 copies/ml at 
weeks 96 and 144 for dolutegravir plus abacavir–lamivudine 
and efavirenz–tenofovir disoproxil fumarate–emtricitabine, 
respectively (p = 0.003 and p = 0.010) (Walmsley et al., 2015). 
Differences in the treatment response in favor of dolutegra
vir were observed among participants with a high baseline 
HIV1 RNA level (> 100,000 copies/ml) and among those 
with a low baseline HIV1 RNA level (≤ 100,000 copies /ml) 
at week 144. Treatment differences were also maintained 
across key demographic subgroups, including subgroups 
defined according to race, sex, and age. As demonstrated in 
SPRING1, dolutegravir was associated with a shorter time 
to virologic suppression (median 28 days) versus efavirenz 
(median 84 days; p < 0.0001). Dolutegravir treatment also led 
to statistically significantly greater median increases in CD4+ 
cell count than efavirenz (+267 vs +208 cells/mm3, respec
tively; p < 0.001) that were maintained through week 144. 
The proportion of patients meeting the criteria for protocol 
defined virologic failure (defined as two consecutive HIV1 
RNA values of ≥ 50 copies/ml on or after week 24) stayed low 

Figure 251.6. Proportion < 50 copies/ml (95% CI) and CD4 change from baseline. Abbreviations: qd: once daily; CI: confi-
dence interval; BL: baseline; DTG + ABC–3TC: dolutegravir + abacavir–lamivudine; EFV–TDF–FTC: efavirenz–tenofovir 
disoproxil fumarate–emtricitabine; SE: standard error. (Reprinted with permission from Walmsley et al., 2015.)
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and similar across both the dolutegravir plus abacavir–  
lamivudine and efavirenz–tenofovir disoproxil  fumarate–
emtricitabine arms (39 [9%] vs. 33 [8%]) from baseline 
through week 144.

It is important that no INSTI or NRTI resistance was 
observed in the dolutegravir treatment group. NRTI (1 subject) 
and NNRTI (6 subjects) resistance was seen with tenofovir 
disoproxil fumarate–emtricitabine–efavirenz through 144 
weeks of therapy. Although multiple different agents have 
been shown to be noninferior to efavirenz–tenofovir–emtric
itabine, dolutegravir is the first antiretroviral found to be 
superior to what was then a standardofcare third agent, 
such as efavirenz, in treatmentnaive patients.

DOLUTEGRAVIR VERSUS RALTEGRAVIR

SPRING2 was the second pivotal phase III international 
trial supporting both the dolutegravir singleentity product 
and the singletablet regimen of dolutegravir–abacavir– 
lamivudine. It was a randomized, doubleblind, double 
dummy, activecontrolled, multicenter, parallelgroup,  
fullypowered, noninferiority study over 96 weeks in 
 treatmentnaive adults. Patients were randomly assigned 
(1:1) to receive either dolutegravir 50 mg once daily or 
 raltegravir 400 mg twice daily, plus investigatorselected 
backbones of tenofovir disoproxil fumarate–emtricitabine 
or  abacavir–lamivudine. Randomization was stratified by 
screen ing HIV1 RNA (≤ 100 000 or > 100 000 copies/ml) 
and nucleoside reverse transcriptase inhibitor selection. The 
integrase agents being compared were provided in a dou
bleblind, doubledummy design, whereas the nucleoside 
backbones were provided as openlabel products. Sponsor 
staff were blinded to treatment assignment until the primary 
analysis at week 48; investigators, site staff, and patients were 

blinded through week 96. The primary end point was the 
proportion of subjects at week 48 with plasma HIV1 RNA 
< 50 copies/ml using the Snapshot algorithm analysis with 
a  −10% noninferiority margin. Key prespecified 96 week 
secondary end points included virologic response using the 
Snapshot analysis, CD4+ cell count changes from baseline, 
safety, tolerability, and genotypic or phenotypic resistance. A 
health outcome measure, the EQ5D, a generic, nondisease 
specific, preferencebased utility measure that includes a 
descriptive system and a visual analog scale, was conducted 
at baseline and weeks 24, 48, and 96. Of note, after the week 
48 analysis was completed, the sponsor became aware of 
issues of noncompliance to good clinical practice at one site, 
where 14 patients (8 assigned to dolutegravir, 6 assigned to 
raltegravir) were enrolled. These patients were counted as 
nonresponders in the week 96 analysis. 

A total of 822 patients received at least one dose of the 
study drug with median baseline HIV RNA levels and CD4+ 
cell counts similar between the dolutegravir (4.52 log10 
 copies/ml, 359 cells/mm3) and raltegravir groups (4.58 log10 
copies/ml, 362 cells/mm3). Both groups were comparable 
at  baseline: 28% of patients in both groups had viral load 
>  100,000 copies/ml and 13% and 12 % had CD4+ < 200 
cells/mm3 for dolutegravir and raltegravir treatment groups, 
respectively. Noninferiority was met with 88% of dolutegravir 
subjects and 85% of raltegravir subjects achieving the pri
mary end point of < 50 copies/ml plasma HIV1RNA at week 
48 (see Figure 251.7). At week 96, a sustained response was 
observed in both treatment groups, with 81% of dolutegravir 
subjects and 76% of raltegravir subjects achieving < 50 cop
ies/ml plasma HIV1 RNA (adjusted difference: 4.5%; 95% 
confidence interval [CI]: −1.1% to 10.0%), confirming non
inferiority because the lower end of the 95% CI was greater 

Figure 251.7. Proportion of patients with < 50 copies of HIV-1 RNA /ml, by visit. Bars show the 95% confidence interval. 
Snapshot analysis (missing, switch, or discontinuation equals failure). (Reprinted with permission from Raffi et al., 2013b.)
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than −10%. Secondary efficacy analyses supported noninfe
riority of dolutegravir, including stratification by baseline 
viral load and by nucleos(t)ide backbone. The difference 
between week 48 and 96 responses was driven mainly by 
discontinuations for reasons other than adverse events. Sim
ilar rates of virologic response across subgroups stratified by 
baseline CD4 cell counts were observed; however, a more 
favorable numerical response was shown in patients in the 
dolutegravir group with baseline CD4 cell counts of < 350 
cells mm3 at both week 48 and week 96. The proportion of 
virologic nonresponse was unchanged for dolutegravir from 
week 48 and week 96, but rose in contrast by 2% for raltegra
vir from week 48 and week 96. Similar increases in CD4+cell 
counts were seen in both treatment groups as well as similar 
improvements from baseline in health outcome scores. No 
dolutegravir patients had treatmentemergent integrase or 
NRTI resistance compared with a single patient (5% of sub
jects with protocoldefined virologic failure) resistant to 
integrase and 4 patients (20% of subjects with protocol 
defined virologic failure) resistant to NRTIs in the raltegravir 
group. Resistance in these raltegravir patients all occurred 
during the first 48 weeks.

DOLUTEGRAVIR VERSUS DARUNAVIR–RITONAVIR

Regimens based on protease inhibitors are less likely to 
lead to the development of resistanceassociated mutations. 
FLAMINGO was an international, randomized, openlabel, 
activecontrolled, multicenter, parallel group, noninferiority 
study conducted in therapynaive adults completed post
approval (phase IIIb). It was designed to demonstrate the 
noninferior antiviral activity of dolutegravir 50 mg adminis
tered once daily compared with darunavir–ritonavir 800/100 
mg along with investigatorselected abacavir–lamivudine or 
tenofovir disoproxil fumarate–emtricitabine once daily over 
96 weeks. Randomization was stratified by screening HIV1 
RNA (≤ 100,000 or > 100,000 copies /ml) and nucleoside 

reverse transcriptase inhibitor selection. The primary end 
point for this study was the assessment of virologic response 
using the Snapshot algorithm analysis for HIV1 RNA 
through week 48 with a −12% noninferiority margin. Time 
to virologic suppression (< 50 copies/ml) was conducted 
through week 48. Prespecified secondary end points through 
week 96 included changes from baseline in CD4 cell counts, 
incidence and severity of adverse events, changes in labora
tory variables (such as fasting LDL level), and treatment 
emergent genotypic or phenotypic evidence of resistance. 
Other secondary end points were disease progression, pro
portion of patients who discontinued treatment because of 
adverse events, health outcomes measures, safety, tolerabil
ity, and genotypic/phenotypic resistance. If the primary effi
cacy comparison showed noninferiority for the study, then 
superiority comparisons were prespecified to be tested.

A total of 484 patients were included in the analysis. The 
majority of patients treated were white men with a median 
age of 34 years. The proportion of patients receiving teno
fovir disoproxil fumarate–emtricitabine was 67% in both 
groups. Approximately 25% and 10% of patients in both 
groups had baseline viral loads > 100,000 copies/ml and 
CD4+ cell counts < 200 cells/mm3, respectively. At week 8, 
87% patients in the dolutegravir group and 31% of those in 
the darunavir plus ritonavir group achieved plasma HIV1 
RNA of < 50 copies /ml. In the primary analysis at week 48, 
the figures were 90% patients in the dolutegravir group and 
83% in the darunavir plus ritonavir group. The adjusted 
treatment difference between groups was 7.1% (95% CI: 
0.9–13.2), which met noninferiority and was supported by 
secondary efficacy analyses (see Figure 251.8). In addition, 
dolutegravir was statistically superior to darunavir plus 
ritonavir (p = 0.025). The test for evidence against homoge
neity of the treatment difference across high and low baseline 
HIV1 RNA was statistically significant (p = 0.005)—treated 
patients who had high baseline viral loads experienced a 

Figure 251.8. Proportion of patients with HIV-1 RNA < 50 copies /ml by visit. Bars show 95% confidence intervals. Snapshot 
analysis. (Reprinted with permission from Molina et al., 2015.)
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higher response rate than those receiving darunavir– ritonavir 
regardless of the background NRTI given, although the 
total numbers were small. In the high viral load subgroup for 
the darunavir plus ritonavir treatment, the Snapshot non
response was split between virologic and nonvirologic rea
sons, with the nonvirologic reasons predominantly driven by 
adverse eventrelated discontinuations. A total of 6 patients 
(2 subjects [< 1%] in the dolutegravir treatment group and 
4 subjects [2%] in the dolutegravir plus ritonavir treatment 
group) met protocoldefined virologic failure. No treatment 
emergent primary integrase inhibitor, protease inhibitor, 
or NRTI resistance mutations were seen. In one health out
comes measure, the HIV Treatment Satisfaction Question
naire, patients in the dolutegravir group had statistically 
significantly higher mean total scores at week 24 than did 
patients in the darunavir plus ritonavir group, as well as 
statistically significantly higher scores in the lifestyle or ease 
subscore at weeks 24 and 48, and for the convenience item 
score at weeks 4, 24, and 48. This trial was the second treat
mentnaive trial to show superiority of a dolutegravirbased 
regimen using the Snapshot algorithm analysis at week 48.

COMBINED DOLUTEGRAVIR ANALYSIS IN 
TREATMENT-NAIVE PATIENTS

A retrospective exploratory analysis of data from the three 
large, randomized, international treatmentnaive compara
tive trials: SPRING2, SINGLE, and FLAMINGO was con
ducted. The objective was to evaluate factors that predicted 
treatment success, consistency of observed treatment differ
ences across subgroups, and the impact of NRTI backbone 
on treatment outcome using the primary efficacy end point 
from the studies (Snapshot) and secondary end points of 
time to treatment (treatmentrelated discontinuation equals 
failure; TRDF) and efficacyrelated discontinuation equals 
failure (ERDF). The TRDF analysis calculated the time to 
protocoldefined virologic failure or discontinuation at any 
time for treatmentrelated reasons, such as drugrelated 
adverse events, protocoldefined safety stopping criteria, 
or lack of efficacy. For the ERDF analysis, discontinuations 
for reasons unrelated to efficacy were censored. Analyses of 
these secondary end points allowed assessment of the impact 
of each risk factor on the three constituents of the Snapshot 
response (virologic response, tolerability, and administrative 
dropout). The analysis included data for all 2139 participants 
from the primary analyses of the individual studies. Results 
of these exploratory subgroup analyses support the primary 
results from the three phase III studies, with treatment dif
ferences being largely consistent across subgroups (Raffi et 
al., 2015). Data confirmed the efficacy of dolutegravir versus 
standardofcare comparators at week 48 was consistent in 
sex, race, and age subgroups. No meaningful differences 
were seen between the two NRTI backbones (tenofovir 
disoproxil fumarate–emtricitabine vs. abacavir–lamivudine), 
with the third agents studied in the SPRING2, SINGLE, and 
FLAMINGO studies at low or high viral loads for the pri
mary Snapshot end point, the TRDF end point, and ERDF 
end point.

7c.  Data from HIV-1 treatment-experienced 
patient studies

INSTI-NAIVE PATIENT DATA

SAILING was the third phase III international pivotal trial 
supporting both the dolutegravir single entity product and 
the FDC of dolutegravir–abacavir–lamivudine. It was a 
 randomized, doubleblind, activecontrolled, multicenter, 
parallel group, fullypowered noninferiority study in INSTI
naive, ARTexperienced subjects over 48 weeks. The trial 
compared the antiviral efficacy of dolutegravir 50 mg once 
daily compared with raltegravir 400 mg twice daily, both in 
combination with an investigatorselected background regi
men consisting of one to two fully active agents. Eligible 
patients had two consecutive plasma HIV1 RNA assess
ments of 400 copies/ml or higher (unless > 1000 copies/ml at 
screening), and resistance to two or more classes of antiret
roviral drugs. Participants were randomly assigned (1:1) to 
dolutegravir 50 mg once daily or raltegravir 400 mg twice 
daily. Matching placebo for each integrase inhibitor was 
given with the sponsor staff, investigator, and study site staff 
blinded to treatment assignment. Due to the variety of 
 investigatorselected background regimens used, the back
ground regimens were not blinded. To quantify dolutegravir 
contributions to virologic suppression the use of darunavir 
ritonavir without primary protease inhibitor resistance by 
genotype at screening was used as stratification factor and 
capped at 170 subjects. Viral load (≤ 50,000 vs. > 50,000 
 copies/ml) at randomization and two versus fewer than two 
fully active background agents were also used as stratifica
tion factors. A preplanned week24 interim analysis was 
completed for a regulatory submission of dolutegravir and 
sponsor staff was unblinded from this point forward.

The primary end point was the proportion of patients 
with plasma HIV1 RNA < 50 copies/ml (Snapshot algorithm 
analysis) at week 48, evaluated in all participants randomly 
assigned to treatment groups who received at least one dose 
of study drug. Noninferiority was prespecified with a −12% 
margin and if noninferiority were established, then superior
ity would be tested per a prespecified sequential testing 
procedure. Patients whose last HIV1 RNA result was < 50 
copies/ml in the analysis window (week 48, within 6 weeks) 
were regarded as responders; nonresponders were patients with 
unsuppressed viral load or who withdrew without viral load 
data at the analysis time point. Patients who switched antiret
roviral therapy after week 4 were regarded as nonresponders, 
according to the Snapshot algorithm. Other prespecified sec
ondary end points were the proportion of patients with treat
mentemergent integrase inhibitor resistance, the proportion 
of patients with evidence of treatment emergent resistance to 
the background regimen at the time of protocoldefined 
virologic failure, changes from baseline in CD4+ cell counts, 
incidence of HIVassociated conditions, incidence of disease 
progressions, safety end points, and health outcome measures. 

Genotypic and phenotypic susceptibility scores were 
established with selected background drugs together with 
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resistance results. For the purpose of statistical analysis, if no 
resistance results were available at baseline to confirm the 
activity of a background drug, then a susceptibility score of 0 
was assumed. Integrase inhibitor resistance testing was not 
routinely done on baseline samples in the absence of proto
coldefined virologic failure because of the low prevalence of 
transmitted integrase inhibitor resistance in patients who 
are naive to these drugs. Resistance testing (genotype and 
phenotype) was done on samples for which the following 
conditions were met (and confirmed by repeat collection) 
for protocoldefined virologic failure: virologic nonresponse 
(plasma HIV1 RNA decrease < 1 log10 copies/ml unless  
< 400 copies/ml by week 16, or HIV1 RNA ≥ 400 copies/ml 
on or after week 24) or virologic rebound (plasma HIV1 
RNA ≥ 400 copies/ml after confirmed HIV1 RNA < 400 
copies/ml or > 1 log10 copies/ml increase above any nadir 
of  ≥ 400  copies/ml). Patients meeting the definition of a 
confirmed protocoldefined virologic failure were withdrawn 
from the study.

A total of 715 patients were analyzed (excluding 4 partic
ipants at one site with violations of good clinical practice) 
and due to the broad geographical distribution of sites, the 
population was diverse in ethnicity and HIV1 subtype and 
enrolled a high percentage of women of (32%). Further, the 
patients presented with generally advanced disease (almost 
50% with history of AIDS) and resistance to at least one drug 
in each ART drug class. Baseline HIV RNA levels and CD4+ 
cell counts were comparable for dolutegravir and raltegra 
vir treatment arms, with 30% having HIV1 RNA values  
> 50,000 copies/ml and mean CD4+ cell counts of approxi
mately 200 cells/mm3. Overall, 49% of patients had resistance 

to at least three drug classes, and 85% received background 
therapy that contained a ritonavirboosted protease inhibi
tor. Approximately 70% of patients in both groups had phe
notypic sensitivity scores of 2 with genotypic sensitivity 
scores of 2 in 39% and 47% of participants in the dolutegravir 
and raltegravir treatment groups, respectively.

Patients in both treatment groups experienced virologic 
suppression (HIV1 RNA < 50 copies/ml) very quickly as 
suppression rates increased sharply from baseline to week 4 
and then remaining generally stable from week 8 onward. At 
week 48, analysis of the primary end point indicated that 
patients treated with dolutegravir were significantly more 
likely to achieve virologic suppression (71% vs. 64%), which 
met the prespecified criteria for noninferiority as the lower 
95% CI bound for the adjusted treatment difference was  
> −12% (see Figure 251.9). As part of the prespecified testing 
procedure, dolutegravir was then shown to be statistical 
superior to raltegravir (p = 0.03). The treatment difference 
between groups was driven mainly by virologic outcomes. 
Protocoldefined virologic failure by week 48 occurred ear
lier and more frequently in the raltegravir group (45 patients 
vs. 21 dolutegravir patients). Virologic failure due to treat
mentemergent INSTI resistance, a secondary end point, was 
significantly less common with dolutegravir compared to 
raltegravir (4 vs. 17 patients, respectively; adjusted difference 
3.7%, p = 0.003) (Cahn et al., 2013). Of these, one patient 
ineach group had raltegravir primary resistance at baseline. 
A unique integrase substitution (Arg263Lys or Arg263Arg/
Lys mixture) was noted in two patients on dolutegravir 
with  protocoldefined virologic failure that conferred a less 
than twofold change in susceptibility to dolutegravir and 

Figure 251.9. Snapshot analysis of proportion of patients with plasma HIV-1 RNA < 50 copies/ml, by visit. Bars show 95% 
confidence intervals, derived using the normal approximation. Analysis included all participants randomly assigned to 
treatment groups who received at least one dose of study drug, excluding participants at one site with violations of good 
clinical practice. (Reprinted with permission from Cahn et al., 2013.)
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raltegravir. Raltegravirassociated genotypic resistance was 
recorded in 16 (42%) of 38 patients with protocoldefined 
virologic failure in the raltegravir group, with high fold 
change to raltegravir but limited crossresistance to dolute
gravir. A total of 12 (3%) of 361 patients on raltegravir versus 
four (1%) of 354 receiving dolutegravir had treatmentemer
gent resistance to their background regimen at week 48. 
Treatmentemergent phenotypic resistance to dolutegravir or 
raltegravir was not reported in any patients on dolutegravir.

SAILING is the third randomized study to show superior
ity of the dolutegravir arm when compared to a standard 
ofcare comparator and the first to show this compared to 
raltegravir in INSTInaive, ARTexperienced HIV patients 
with multiclass resistance. In addition, there was significantly 
less treatmentemergent integrase inhibitor or background 
therapy resistance at failure. In this study, dolutegravir in 
combination with up to two additional antiretroviral agents 
has higher virologic efficacy and a higher barrier to resis
tance compared with raltegravir, adding to the data reported 
in treatmentnaive patients. 

INSTI-RESISTANT PATIENT DATA

Three trials to examine the efficacy and safety of dolutegravir 
in highly treatmentexperienced adult patients were con
ducted: VIKING, VIKING3, and VIKING4.

VIKING was a phase IIb multicenter, openlabel, single 
arm, sequential cohort, pilot study that assessed the short
term antiviral activity of dolutegravir plus failing background 
regimen. Eligible subjects were ARTexperienced, HIV1
infected adults with plasma HIV1 RNA ≥ 1000 copies/ml 
at screening, who were experiencing virologic failure to ral
tegravir or experienced virologic failure to raltegravir ≥ 8 
weeks before screening (with documented genotypic and/or 
phenotypic raltegravir resistance at time of failure) and who 
were experiencing treatment failure on a subsequent regi
men. Subjects received dolutegravir 50 mg once daily (cohort 
I) or 50 mg twice daily (cohort II) while continuing a failing 
regimen (without raltegravir) through day 10, after which 
the background regimen was optimized according to geno
typic and phenotypic tests when feasible for cohort I. At least 
one fully active drug in the background regimen was man
dated for cohort II. Subjects remained in the study through 
at least 24 weeks if they were receiving a clinical benefit from 
participating. A protocol amendment allowed the adminis
tration of dolutegravir 50 mg twice daily for cohort I after 
week 24 data indicated that dolutegravir 50 mg twice daily 
had greater efficacy and similar safety to 50 mg once daily 
in this population. The primary end point of this study was 
the proportion of subjects with day 11 plasma HIV1 RNA 
< 400 copies/ml or reduced by at least 0.7 log10 copies/ml 
compared with baseline. Key prespecified secondary end 
points included antiviral activity, safety, and tolerability of 
dolutegravir over time.

Demographic and baseline characteristics generally were 
similar for the 2 cohorts. Subjects were predominantly white 
men, with a median age of 48 years. Of the subjects in cohorts 

I and II, 26% and 29% respectively, had advanced HIV dis
ease, defined on the basis of a CD4+ Tcell count of < 50 
cells/mm3. Cohort I enrolled 27 patients and cohort II 
enrolled 24 patients. Both cohorts had extensive previous 
ART treatment; the median (range) duration of prior ART 
use was extensive: 14 (–21) years for cohort I and 15 years 
(3–22) for cohort II, and the median (range) number of prior 
ARVs was 17 (6–24) for cohort I and 15 (6–19) for cohort II. 
Fewer patients achieved the day 11 primary end point in 
cohort I (78%) than in cohort II (96%) with a rapid antiviral 
response evident in both cohorts. A total of 11 subjects (41%) 
in cohort I and 13 subjects (54%) in cohort II achieved an 
HIV1 RNA level of < 400 copies/ml on day 11 by the FDA 
TLOVR algorithm. At week 24, 41% and 75% of participants 
had an HIV1 RNA load of < 50 copies/ml by TLOVR in 
cohorts I and II, respectively (Eron et al., 2013). The response 
rates increased in both cohorts as the number of fully active 
agents in the optimized background regimen increased. In 
this study, at all positions in the integrase gene that were 
evaluated, only previously identified INSTIassociated resis
tance mutations were observed and no dolutegravirspecific 
resistance mutations as predicted by in vitro assessment (i.e. 
R263K, S153F/Y) were observed in protocoldefined viro
logic failures (PDVFs) (see section 2b, Emerging resistance 
and crossresistance). Through week 24, 12 and 5 PDVFs 
occurred in cohort I and II, respectively. Treatmentemergent 
genotypicresistant virus with resistance substitutions that 
were previously observed during therapy with other INSTIs, 
raltegravir or elvitegravir, was observed at or after day 11 
from 33% (n = 4) cohort I PDVF patients and from 60% 
(n = 3) cohort II PDVF patients, all of whom harbored two 
or three INSTI resistance mutations at screening or baseline. 
The study concluded that during a period of functional 
monotherapy in subjects with limited treatment options 
and raltegravirresistant HIV1, dolutegravir 50 mg twice 
daily provided greater antiretroviral activity than dolutegra
vir 50 mg once daily. Dolutegravir 50 mg twice daily efficacy 
was sustained through 24 weeks after optimization, when 
possible, of background therapy.

The 50 mg twicedaily dosage was selected for evaluation 
in a larger phase III study (VIKING3) in heavily treated 
HIV1infected patients harboring raltegravir and/or 
 elvitegravirresistant virus. VIKING3 was a multicenter, 
singlearm, openlabel study that evaluated the antiviral 
activity, safety, and tolerability of dolutegravir 50 mg twice 
daily with background ART over time. Patients with INSTI
resistant virus received dolutegravir 50 mg twice daily while 
continuing their failing regimen (without raltegravir or 
elvitegravir) through day 7, after which the regimen was 
optimized with ≥ 1 fully active drug and dolutegravir contin
ued. The primary efficacy end points were the mean change 
from baseline in plasma HIV1 RNA at day 8 and the pro
portion of subjects with HIV1 RNA < 50 copies/ml at week 
24. Key secondary efficacy outcomes included the impact of 
covariates on day 8 and week 24 treatment response, change 
from baseline in CD4+ cell count, and incidence of disease 
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progression. Resistance testing was conducted at screening, 
on day 1, and at virologic failure. The association between 
predose dolutegravir concentrations, phenotypic inhibitory 
quotient (log transformed), and primary efficacy end points 
and safety measures was evaluated using univariate and mul
tivariate regression analyses. 

A total of 183 patients received at least 1 dose of dolutegra
vir, of which 73% had screening INSTI resistance (genotypic 
and/or phenotypic), and 27% (n = 50) had historic evidence 
only. At baseline, 33% had no detectable primary INSTI 
resistance mutations, and 36% had mutations other than 
Q148 (i.e. primary mutations at codons N155, Y143, T66, 
and E92). Approximately 20% and 11% had virus with Q148 
plus one or two or more associated secondary mutations, 
respectively (secondary mutations from G140A/C/S, E138A/
K/T, L74I). The median (range) fold change to raltegravir 
was 47.5. The median dolutegravir fold change was low 
(1.29); the range (0.45–37) was sufficient to assess efficacy. At 
baseline, 79%, 70%, and 75% of subjects harbored viruses 
with at least two NRTI, at least two protease inhibitor, and at 
least one NNRTI major resistance mutations, respectively, 
and 62% had CXCR4 virus detected. A strong antiviral 
response was demonstrated at both day 8 and week 24. 
Subjects had advance disease, with 56% identified with CDC 
class C disease and 27% of subjects with CD4+ cell count  
< 50 cells/mm3. A rapid response was seen with 54% and 61% 
of subjects with HIV1 RNA < 50 copies/ml by weeks 4 and 
8, respectively (see Table 251.14). Mean change in HIV1 
RNA at day 8 was −1.43 log10 copies/ml, and 69% of subjects 
achieved < 50 copies/ml at week 24 (ITTE, FDA Snapshot 
algorithm). Response was sustained through week 48, with 
63% of subjects with plasma HIV1 RNA < 50 copies/ml 
(ITTE, FDA Snapshot algorithm) (Vavro et al., 2014). 
Multivariate analyses demonstrated a strong association 
between baseline dolutegravir susceptibility and response. 
Response was most reduced in subjects with Q148 plus at 
least two resistanceassociated mutations. Only 7% of the 
183 subjects developed new HIVassociated CDC category 
B or C conditions, with no single condition predominating. 
Multivariate analyses exploring impact of covariates on day 8 
response showed that baseline HIV1 RNA, dolutegravir 
phenotype, INSTI genotype, and dolutegravir day 8 C0 had 
significant impact on day 8 response, with varied magnitude 

of effect. The factor with greatest impact was baseline Q148 
plus at least two associated mutations, with day 8 change 
from baseline in HIV1 RNA reduced by 0.69 log10 copies/ml 
when compared to no Q148 mutation at baseline (p < 0.001). 
Baseline INSTI resistance (genotypic or phenotypic) and 
viral load were highly significant predictors for week 24 
response: for every twofold increase in dolutegravir fold 
change, the odds of achieving HIV1 RNA < 50 copies/ml 
were 63% lower; the odds of achieving this end point were 
96% lower in subjects with virus harboring Q148 plus at least 
two mutations compared with the response in those with no 
evidence of Q148 mutations. These week 24 and 48 efficacy 
VIKING3 results formed the basis of the regulatory agency 
approval of dolutegravir for INSTIresistant patients, at a 
dose of 50 mg twice daily for patients with documented or 
clinically suspected INSTI resistance (Castagna et al., 2014; 
Vavro et al., 2014).

A third trial (VIKING4) was a postapproval trial to fur
ther examine the efficacy of dolutegravir in 30 highly treat
mentexperienced patients with documented resistance to 
firstgeneration integrase inhibitors and advanced disease, 
to investigate and demonstrate the intrinsic antiviral activity 
over that of failing regimen in a placebocontrolled design. 
The study was a phase III, randomized, doubleblind, 
 placebocontrolled, superiority study. Subjects had to be 
currently taking either raltegravir or elvitegravir with docu
mented virologic failure and INSTI genotypic resistance at 
screening and documented resistance to at least one drug 
from at least two other ARV classes, but still have at least one 
identified fully active drug option (to allow for selection of a 
background regimen). Patients were randomized to dolute
gravir 50 mg twice daily or placebo (functional monotherapy) 
while continuing their failing regimen (without ralte gravir 
or elvitegravir) for 7 days to demonstrate that shortterm 
antiviral activity was attributable to dolutegravir. At day 8, all 
subjects switched to openlabel dolutegravir 50 mg twice 
daily and optimized background therapy, including at least 
one fully active drug. The primary end point was change 
from baseline in plasma HIV1 RNA at day 8. Secondary end 
points included proportion of subjects with plasma HIV1 
RNA < 400 copies/ml and < 50 copies/ml and change in 
CD4+ Tcell count over time, including weeks 24 and 48. 
Resistance testing was performed, as described previously. 

Table 251.14. Day 8 and week 24 virologic response by derived integrase mutational group.

Integrase mutation 
group

Day 8 response Week 24 response

N
Median decline in HIV-1 
RNA (log10 copies/ml)

Full response,a 
N (%) N

< 50 copies/ml,  
N (%)

No Q148 122 −1.65 112 (92%) 72 57 (79%)

Q148 + 1b  35 −1.10  25 (71%) 20  9 (45%)

Q148 + ≥ 2b  20 −0.74   9 (45%)  9  1 (11%)

aFull response: decline in HIV-1 RNA > 1 log10 copies/ml or < 50 copies/ml by day 8.
bL74I, E138A/K/T, and G140A/C/S.
Source: Data from Vavro et al. (2013).
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Safety assessments included AEs and laboratory parameters. 
Predose dolutegravir concentrations were obtained at day 8 
in the dolutegravir arm and at week 4 and 24, as described 
previously.

Overall, the study population was balanced across dolute
gravir and placebo–dolutegravir treatment groups, although 
there were more subjects in the dolutegravir group with 
Q148 virus. The study population had advanced disease 
(63% CDC class C) and was highly treatment experienced 
(14 prior ARVs). Patients had extensive baseline resistance to 
all approved antiretroviral classes, with multiclass resistance: 
63%, 53%, and 67% of subjects had at least three NRTI, at 
least two NNRTI, and at least two protease inhibitor major 
mutations, respectively. All patients were experiencing ralte
gravir failure, and the Q148 INSTI mutation was present at 
baseline in 16/30 participants. A total of 4 patients had virus 
with the Q148 plus at least two secondary INSTI resistance 
mutations. Dolutegravir antiviral response at day 8 (−1.06 
log10 copies/ml) was superior to that of placebo (0.10 log10 
copies/ml), with an adjusted mean treatment difference of 
−1.16 log10 copies/ml (−1.52, −0.80; p < 0.001) (Akil et al., 
2015). Day 8 optimized background regimen (OBR) effective 
activity was relatively low, with 18/30 (60%) subjects having 
an overall susceptibility score of ≤ 1. Overall (both arms 
combined postday 8), 47% and 57% of subjects had plasma 
HIV1 RNA < 50 and < 400 copies/ml at week 24 and 40% 
and 53% at week 48, respectively. The median increase in 
CD4+ cell counts at week 48 was 123 cells/mm3. At weeks 
24 and 48, patients with no Q148 mutation at baseline had 
 better virologic response (64% and 57%, respectively) than 
did those with Q148 plus at least two mutations (25% at both 
time points). Of protocoldefined virologic failures through 
week 48, 6 of 7 patients had Q148 mutations at baseline while 
treatmentemergent INSTI resistance was identified for 5 of 
7 subjects. Of the patients with treatmentemergent INSTI 
resistance mutations, 4 of 5 had Q148 mutations at baseline. 
The dolutegravir pharmacokinetic parameter estimate of 
predose concentration for the whole cohort (at day 28 and 
week 24) was comparable to those observed in VIKING3 at 
weeks 4 and 24. These study results provided additional evi
dence of the antiviral activity of dolutegravir 50  mg twice 
daily against INSTIresistant virus.

7d. Use in pediatrics

Current product labeling for dolutegravir use in children 
in  treatmentnaive and treatmentexperienced individuals 
older than 12 years weighing at least 40 kg are derived from 
interim results of study P1093, the first time that an ARV has 
received approval in adults and adolescents simultaneously. 
The study is being conducted in collaboration with the 
International Maternal Pediatric Adolescent AIDS Clinical 
Trials Group (IMPAACT). P1093 is a phase I/II multicenter, 
openlabel, noncomparative doseranging study in infants, 
children, and adolescents focused on selecting dolutegravir 
doses for chronic administration that achieve similar expo
sure to the dolutegravir adult dose. In addition, the study 

will evaluate the safety and tolerability of dolutegravir at 24 
and 48 weeks as well as determine the steadystate PK of 
dolutegravir in combination with other antiretrovirals (i.e. 
optimized background therapy). There are five agedefined 
groups in P1093 (enrolled in six cohorts total because the  
≥ 6 to < 12yearold group will received dolutegravir as a 
tablet [cohort IIA] or a pediatric formulation [cohort IIB]). 
Participants from the cohorts enrolled to date have been 
ARTexperienced, HIV1infected male and female subjects 
with no prior treatment with an INSTI, who had available at 
least one fullyactive drug for the planned OBR and received 
dolutegravir once daily with target dose of ~ 1 mg/kg, accord
ing to weight and dosing chart, using 10, 25, or 50mg 
tablets.

This ongoing study will enroll down to age > 4 weeks will 
allow ARTnaive children to enroll as well as treatment 
experienced children on a failing regimen. The primary end 
point is toxicity through week 24, and the primary response 
variable is AUC profile over time of the 24hour dosing 
interval (AUC24). Secondary end points include safety and 
tolerability at 48 weeks and beyond, pharmacokinetics, and 
antiviral activity through week 48 assessed using the Snap
shot algorithm defined by the US FDA.

Data from 23 children and adolescents between 12 and  
< 18 years old (cohort I) have been published. Most subjects 
were female (78%), with a broad representation of ethnicity, 
a median age (range) of 15 years (12–17) and median (range) 
weight of 52 kg (33–91). All 23 subjects were NRTI experi
enced, the majority were protease inhibitor and NNRTI 
experienced, and 35% were tripleclass experienced. In addi
tion, 2 of 23 (9%) were entry inhibitor (enfuvirtide) experi
enced. The geometric mean AUC24 for cohort I, stage 1 (n = 
10) who underwent intensive PK evaluation was 46 µg/h/ml, 
and the C24 was 0.902 µg/ml, meeting the predefined targeted 
PK exposure, with 1 mg/kg dosing for AUC24 and C24 (37–67 
μg/h/ml and 0.77 – 2.26 μg/ml), supporting dolutegravir ~ 1 
mg/kg across the two weight bands (30–40 kg and ≥ 40 kg) 
once daily in patients 12 to < 18 years of age (Viani et al., 
2015). A rapid and sustained antiviral response was observed; 
a majority of subjects achieved HIV RNA < 50 copies/ml by 
week 4. Virologic success (plasma HIV1 RNA < 400 copies/
ml) was achieved in 17 of 23 subjects (74%; 95% CI: 52–90%] 
at week 48, and 14 of 23 subjects (61%; 95% CI: 39–80%) had 
an HIV RNA load < 50 copies/ml at week 48 (Figure 251.10). 
Median gain in CD4+ Tcell count at week 48 was 84 cells/
mm3. A total of 6 participants in the adolescent cohort expe
riencing virologic failure (viral load > 400 copies/ml) in the 
48week analysis had notable suboptimal adherence and 
similar baseline and a virologic failure HIV drug resistance 
genotype. Of these 6 subjects, one developed an R263R/K 
mutation with virologic failure at week 32. This amino acid 
position is conserved as Arg for HIV1 integrase and was 
also identified during in vitro passage (Quashie et al., 2012; 
Oliveira et al., 2012; discussed earlier in this chapter). It also 
was emergent in 2 dolutegravir patients experiencing viro
logic failure in SAILING (ARTexperienced, INSTI naive 
adult study). In vitro studies showed a low dolutegravir fold 
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change in virus harboring the R263K substitution as well as 
decreased enzyme activity and replication capacity (Mesplède 
et al., 2013). In the week 48 analysis of the adult study 
SAILING, where this mutation was seen, the dolutegravir 
fold change values at virologic failure were twofold, indicat
ing that dolutegravir antiviral activity would be expected to 
still be present. Overall study data indicate that dolutegravir 
administered once daily is safe, used in conjunction with 

optimized background therapy, in HIVinfected, treatment 
experienced adolescents.

7e.  CSF penetration data

Due to dolutegravir’s high plasma protein binding and because 
it is a substrate of efflux transporter proteins Pglycoprotein 
and BCRP, penetration across the blood–brain barrier and 

Figure 251.10. Proportion of participants with HIV RNA: (A) < 400 copies/ml and (B) < 50 copies/ml. Bars show 95% 
confidence intervals. (Reprinted with permission from Viani et al., 2015.)
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blood–CSF barrier was expected to be limited. ING111670 
was a phase IIIb singlearm, openlabel, multicenter study 
conducted to assess the extent of dolutegravir entry into the 
CSF and to evaluate virologic responses in CSF and plasma. 
Treatmentnaive adults with a screening plasma HIV1 RNA 
≥ 5000 copies/ml and CD4+ cell count ≥ 200 cells/mm3 who 
had a negative HLAB*5701 allele assessment and were will
ing to undergo serial lumbar punctures received dolutegravir 
50 mg plus abacavir–lamivudine once daily for 96 weeks. The 
CSF and plasma (total and unbound) dolutegravir concen
trations were measured at weeks 2 and 16. The primary end 
point for this study was the dolutegravir concentration in 
CSF at week 16. Secondary end points included dolutegravir 
concentrations in plasma and CSF, virologic response in 
plasma and CSF, HIV disease progression, safety parameters, 
and viral resistance assessment.

A total of 13 white males with a median age of 42 years 
enrolled and received study medication (Letendre et al., 
2014). No participants switched background NRTI therapy. 
Of these, 5 (38%) had baseline HIV1 RNA values > 100,000 
copies/ml and 6/13 (46%) had baseline CD4+ values < 350 
cells/mm3; all were negative for HBV and HCV coinfection. 
CSF HIV1 RNA levels decreased rapidly with a median 
change of −2.19 log10 copies/ml by week 2. Median dolute
gravir concentrations in CSF of 18 ng/ml (range: 4–23 ng/
ml) at week 2 and 13 ng/ml (range: 4–18 ng/ml) at week 16 
were 90fold and 66fold above the IC50 against wildtype 
virus (0.2 ng/ml) at weeks 2 and 16, respectively, suggesting 
that dolutegravir achieves therapeutic concentrations in the 
CSF. Ratios of dolutegravir CSF to total plasma concentra
tion were similar to the unbound fraction of dolutegravir 
in plasma. Median changes from baseline to week 16 in CSF 
(n = 11) and plasma (n = 12) HIV1 RNA were −3.42 and 
−3.04 log10 copies/ml, respectively. At week 16, 9/11 subjects 
(82%) had both plasma and CSF HIV1 RNA levels < 50 
copies/ml and 10/11 (91%) had CSF HIV1 RNA levels < 2 
copies/ml; the median increase in CD4+ cell count was 226 
cells/mm3. Through the week 16 analysis, no subject reported 
a new or recurrent CDC category B or C condition. No 
INSTI or major NRTI, NNRTI, or protease inhibitor muta
tions were detected at the time of protocoldefined virologic 
failure in the 1 subject with PDVF. No correlation was iden
tified between dolutegravir concentration in CSF and HIV1 
RNA reduction in CSF, primarily because CSF concentra
tions were well in excess of the IC50 and of the uniformity of 
good responses to therapy in both plasma and CSF.
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1. DESCRIPTION

Since the introduction of highly active antiretroviral therapy 
(HAART), the prognosis of HIV-1 disease has significantly 
changed owing to longer survival expectancy and an im- 
provement in quality of life (Palella et al., 1998). However, 
given that HIV-1 cannot be eradicated, there are a number of 
patients over time who have selected resistance mutations 
associated with reduced susceptibility to one or more drug 
or drug classes. In the past few years, a number of new anti-
retroviral drugs and families have been developed, providing 
new opportunities to build strong salvage regimens for treat-
ing HIV-1-infected patients with previous drug failure and 
reestablish control of HIV-1 replication (second-wave HAART) 
(DHHS, 2008). 

Enfuvirtide is an antiretroviral drug used in salvage regi-
mens in (usually) highly drug-experienced individuals that 
suppresses replication of HIV-1 strains with multidrug resis-
tance to reverse transcriptase inhibitors and protease inhibi-
tors. It is used to optimize the response in these individuals to 
new HIV combination regimens.

Enfuvirtide (formerly T-20, brand name Fuzeon) was 
the first compound of a new antiretroviral drug class called 
fusion inhibitors, initially developed by Trimeris in 1999 
(Anonymous, 1999), subsequently marketed by Roche (to 
most of the world, including the USA and Canada) and 
Trimeris (to the USA and Canada alone) and now marketed 
by Genentech. 

Enfuvirtide has anextracellular mechanism of action, 
block ing HIV-1 cell fusion and therefore viral entry. Enfu-
virtide has no cross-resistance with other drug families, low 
toxicity because it has no interference with different intracel-
lular procedures, and no significant interaction with other 
antiretroviral drugs. Enfuvirtide is also the first antiretroviral 
compound administered by the parenteral (subcutaneous) 
route. 

The drug was approved by the Food and Drug Admini-
stration (FDA) in March 2003 for use in combination with 
other antiretroviral drugs to treat HIV-1-infected patients 
aged 6 years or older whose infection was not being controlled 

by other antiretroviral agents (Anonymous, 2003; Fung and 
Guo, 2004). Enfuvirtide is not recommended in treatment- 
naive patients.

Enfuvirtide is a 36 amino acid peptide with a sequence 
analogous to the C-terminal heptad repeat 2 (HR-2) region 
of the viral surface glycoprotein gp41. Its mechanism of 
action is via competitive binding to the HR-1 region of the 
gp41, preventing the interaction between HR-1 and HR-2 
and impeding the conformational changes in the gp41 neces-
sary for fusion of the virus with the cell. Therefore, the drug 
interferes with gp41 reorganization, thus blocking the fusion 
of viral and host cell membranes (Dando and Perry, 2003).

Enfuvirtide is a white to off-white amorphous solid pro-
duced as a synthetic peptide with an acetylated N-terminus 
and a carboxamide C-terminus. The molecular formula of 
enfuvirtide is C204H301N51O64, and it has a molecular weight is 
4492 with an amino acid sequence of CH3CO-Tyr-Thr-Ser-
Leu-Ile-His-Ser-Leu-Ile-Glu-Glu-Ser-Gln-Asn-Gln-Gln-
Glu-Lys-Asn-Glu-Gln-Glu-Leu-Leu-Glu-Leu-Asp-Lys-Trp-
Ala-Ser-Leu-Trp-Asn-Trp-Phe-NH2. Enfuvirtide needs to be 
administered parenterally and, so far, is the most expensive 
antiretroviral agent readily available. The chemical structure 
is shown in Figure 252.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The 50% inhibitory concentration (IC50) of enfuvirtide against 
HIV-1 in vitro ranges from 4 to 24 ng/ml, depending on the 
assay and cell line used (Roche Laboratories, 2009). The con-
centration required for cytotoxicity is 104–105 higher than the 
inhibitory concentration. Enfuvirtide is specific for HIV-1 
isolates, and it has similar efficacy against CCR5, CXCR4, 
and dual tropic viral strains (Melby et al., 2006). Some group 
O HIV-1 strains have variable susceptibility to enfuvirtide 
(Bush and Tebit, 2015). 

Although enfuvirtide is active in vitro against HIV-2 strains, 
the concentration required for inhibition is 103- to 104-fold 
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greater than the concentration required for the inhibition of 
HIV-1 (Derdeyn et al., 2001; Cilliers et al., 2004; Oldfield et 
al., 2005) and, therefore, should not be considered for the 
treatment of HIV-2 infection.

2b.  Emerging resistance and 
cross-resistance

Enfuvirtide resistance is associated with the selection of 
mutations in amino acid positions 36–38 in the HR-1 region 
of gp41 in vitro (Rimsky et al., 1998). However, results have 
shown that clinical failure to enfuvirtide may be related to 
changes in a larger HR-1 region, which includes 10 amino 
acids in positions 36–45 (GIVQQQNNLL) (Wei et al., 2002; 
Poveda et al., 2004; Sista et al., 2004). More than 15 muta-
tions within gp41 have been described in association with 
reduced susceptibility to enfuvirtide (Shafer and Schapiro, 
2008). Also amino acid mutations external to the HR-1 and 
HR-2 domains have been described that affect HIV suscepti-
bility to the drug (Baatz et al, 2011).

Resistance mutations in the HR-1 domain of gp41 have 
been evaluated in vitro in the presence of increasing concen-
trations of enfuvirtide. The susceptibility of wild-type virus 
was reduced by 95% at a concentration of 0.1 µg/ml. With 
an HIV-1 strain resistant to enfuvirtide, at concentrations of 
10 µg/ml or higher, two mutations in positions 36 and 38 
were selected (G36S and V38M). Selection of a strain with 
intermediate resistance at a concentration of 0.5–1 µg/ml 
contained a single substitution (G36S) (Rimsky et al., 1998). 
Mutations conferring reduced susceptibility to enfuvirtide 
are predominantly within the HR-1 region (Descamps et al., 
2008). Although two changes within the 36–45 amino acid 
domain have been observed in some individuals failing enfu-
virtide, in most cases a single mutation is selected and is 
associated with resistance to enfuvirtide in vivo. Enfuvirtide 
is, therefore, a drug with a low genetic barrier (Lu et al., 
2006), because just one mutation may result in high-level 
resistance. Mutations in gp41 of HIV-1 strains of patients in 
the French ANRS cohort failing combination therapy includ-
ing enfuvirtide include V38A/M, Q40H, N42T, N43D, and 

Figure 252.1. Chemical structure of enfuvirtide. 
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L45M (Descamps et al., 2008). N43D is associated with a 5- 
to 50-fold reduction in susceptibility of HIV-1 to enfuvirtide 
(Bai et al., 2008).

A wide range of susceptibilities to enfuvirtide have been 
observed in viral isolates derived from both enfuvirtide- 
naive patients and individuals failing enfuvirtide-containing 
therapy, even for viruses apparently carrying the same resis-
tance mutations within the HR-1 region (Poveda et al., 2005a; 
Melby et al., 2006). The determinants of this variability are 
unknown, but polymorphisms in the HR-2 region of gp41 
and changes in HR-2 selected during enfuvirtide therapy 
might explain this variability. In recent studies, HIV-1 patients 
on long-term enfuvirtide therapy showed changes at three 
positions in the HR-2 domain (126, 129, and 133) significantly 
more often in patients with virologic failure and in addition to 
changes at gp41 amino acids 36–45 (Marcelin et al., 2004; Su 
et al., 2006). Another polymorphism within HR-2, E137K 
is often present at baseline in individuals whose HIV strains 
develop the N43D mutation, and this polymorphism may 
compensate for the alterations in the HR-1/HR-2 interface 
that are associated with acquisition of N43D (Bai et al., 2008). 

Additional studies have confirmed the fact that some HIV-1 
strains are naturally resistant to enfuvirtide, and a group 
from Hong Kong showed that such viruses most commonly 
harbored the G36D mutation, especially the non-B subtypes. 
The N42S, L54M, and V69I polymorphisms were the major 
ones detected. N42S and L54M were predominant in CRF01_
AE and subtype B, respectively, while V69I was found in all 
samples harboring G36D (Leung et al., 2010). The frequency 
of natural resistance to enfuvirtide of Brazilian HIV-1 isolates 
from 98 pregnant women, containing low impact mutations 
N42D, L44M, and R46M, was 6.1%, with 20.4% having com-
pensatory mutations in the HR-2 domain (Reis et al., 2014). 

Other regions of the viral envelope involved in the fusion 
process may also influence the resistance profile to enfuvirtide. 
In vitro studies have shown that if the intercellular adhesion 
molecule 1 (ICAM-1) is present in the viral envelope, sensi-
tivity to enfuvirtide suffers a twofold reduction (Beausejour 
and Tremblay, 2004). Moreover, other in vitro studies suggested 
that CCR5 or CXCR4 tropism of viral strains might influence 

enfuvirtide susceptibility, with CCR5 viruses possibly more 
enfuvirtide resistant than CXCR4 strains (Trem blay et al., 
2000; Heredia et al., 2007). However, in vivo studies have not 
confirmed these susceptibility differences between CCR5 
and CXCR4 viruses.

Enfuvirtide-resistant strains of HIV-1 have reduced viral 
fitness when compared with wild-type strains (Marconi et 
al., 2008), so in selected cases the drug can be kept in the 
regimen despite known resistance (Wagner et al., 2015).

3. MECHANISM OF DRUG ACTION

The process of HIV-1 entry into target cells is complex, 
involving multiple steps. It is initiated when the virus recog-
nizes the CD4 receptor on the surface of the CD4+ T-cell by 
interacting initially with the viral glycoprotein gp120. The 
viral gp160 has two components: gp120, for the union with 
the CD4 receptor and HIV-1 chemokine co-receptors (CCR5 
and CXCR4), and gp41, with two domains (HR-1 and HR-2), 
which undergo structural reorganization, forming a thermo-
stable repeat six-helix structure, which is critical for fusion of 
viral and cellular membranes (Poveda et al., 2005b). 

The mechanism of action of enfuvirtide is based on its 
binding to the HR-1 domain in gp41, preventing it from 
interacting with the HR-2 region of the virus, and thus inhib-
iting fusion of the viral and cell membrane and blocking the 
start of viral replication. The fusion step allows the injection 
of viral RNA into the target cell, which ultimately leads to the 
reverse transcription of viral RNA, migration of proviral 
DNA to the nucleus and integration into the host DNA (see 
Figure 252.2).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Enfuvirtide is administered by injection via the subcutane-
ous route and must be previously reconstituted with sterile 
water before it can be injected. Patients generally learn to 
self-inject. The process of reconstitution may take 30–45 
minutes, so it is important to train the patients before the 

Figure 252.2. Site of enfuvirtide action in the replication cycle of HIV-1. (Reprinted with permission from Kilby and Eron (2003).)
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first enfuvirtide dose to achieve correct drug administration 
and, subsequently, an optimal virologic response. Injection is 
usually into the thighs, abdomen, or upper arms. Use of gen-
tle massage of the injection site or application or either ice or 
a warm water bottle may minimize injection site reactions.

4a.  Adults

The recommended dose of enfuvirtide is 90 mg (lyophilized 
powder reconstituted into 1 ml sterile water, with the vial 
inspected to ensure completely in solution and used within 
24 hours of reconstitution) administered twice daily via the 
subcutaneous route into the upper arm, anterior thigh, or 
abdomen, with site rotation and avoiding sites associated 
with an injection reaction. Surgical scar, burns, or tattoo sites 
should be avoided. A standard 27-gauge half-inch needle 
attached to a syringe is generally used to administer enfuvir-
tide (Genentech, Fuzeon prescribing information, 2015). 

Once-daily dosing (180 mg) has been compared with 90 
mg administered twice daily; antiviral efficacy, safety, and 
tolerability of the once-daily dose was similar in this study 
after 48 weeks of followup. However, the study was not pow-
ered to show noninferiority of the once-daily versus twice-
daily administration (Wright et al., 2008).

4b.  Newborn infants and children

For children aged between 6 and 16 years, the recommended 
dose is 2 mg/kg administered twice a day (maximum 90 mg 
twice daily). There are no published studies in neonates. 

4c.  Pregnant and lactating mothers

Enfuvirtide is a category B drug. 
Data regarding enfuvirtide use during pregnancy are  

limited. Enfuvirtide does not appear to cross the placenta 
(Brennan-Benson et al., 2006). In a case report, no enfuvir-
tide was detected in the fetal compartment during late preg-
nancy in a woman treated with tipranavir and enfuvirtide 
(Weizsaecker et al., 2011). 

There are no data regarding enfuvirtide concentrations in 
human breast milk. Using radiolabeled enfuvirtide, studies 
in lactating rats have indicated the presence of either radio-
labeled enfuvirtide or its amino acid and peptide fragment 
metabolites (Genentech, Fuzeon Prescribing Information, 
2015).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

In patients with chronic kidney disease, including patients 
requiring dialysis, enfuvirtide exposure shows a similar phar-
macokinetic profile compared with patients with normal 
kidney function. Thus enfuvirtide does not require dosage 
adjustment in patients with impaired kidney function (Leen 
et al., 2004; Tebas et al., 2008; DHHS, 2008).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Enfuvirtide does not require adjustment in patients with 
hepa tic insufficiency (DHHS, 2008).

ELDERLY PATIENTS

There are no published studies in elderly populations.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The estimated bioavailability of enfuvirtide is 84.3 ± 15.5% 
after subcutaneous administration when it is compared with 
intravenous administration of a 90-mg dose. The absorption 
rate from the selected subcutaneous sites is linear and 
remains proportional to the administered dosage (in a dose 
range from 45 to 180 mg). No significant absorption differ-
ence has been demonstrated among the different areas rec-
ommended for subcutaneous administration (Oldfield et al., 
2005; Patel et al., 2005; Manfredi and Sabbatani, 2006). 

Enfuvirtide has high plasma protein binding (92%) (Duf-
falo and James, 2003; Patel et al., 2005). Age does not affect 
enfuvirtide exposure in children and adolescents (Zhang et 
al., 2007).

5b.  Drug distribution

The mean enfuvirtide maximal concentration (Cmax) value of 
6.35 µg/ml is reached 4.73 hours after administration of its 
standard dosage, whereas the measured mean minimal con-
centration (Cmin) at 12 hours is 3.77 µg/ml. In a more recent 
study, the median Cmax of 3943 ng/ml predicted 3 hours after 
drug administration is lower than the reported values just 
given (Stocker et al., 2006). The calculated mean area- under-
the-concentration-time curve (AUC) of enfuvirtide is 60.3 
µg∙ml/hr, when a regular dosage of 90 mg twice daily is 
administered (Oldfield et al., 2005). After a single 90-mg 
subcutaneous injection, the mean Cmax of enfuvirtide was 
4.59 ± 1.5 ug/ml, the AUC was 55.8 ± 12.1 µg∙ml/hr, and 
median time to maximum concentration (tmax) was 8 hours 
(range: 3–12) (Genentech, Fuzeon Prescribing Information, 
2015).

Enfuvirtide exhibits a small volume of distribution (5.48 
l) and low systemic clearance (1.4 l/hour). The drug does not 
cross the blood–testis barrier, and consequently is not effec-
tive in the male genital tract (Patel et al., 2005). There is no 
placental transfer of enfuvirtide, and the drug is not detected 
in the fetus (Brennan-Benson et al., 2006; Ceccaldi et al., 
2008). There are no data regarding the enfuvirtide concentra-
tions in breast milk, but breastfeeding is not recommended 
in women receiving enfuvirtide (Ribera et al., 2007). The 
penetration of enfuvirtide into the cerebrospinal fluid is 
negligible, with drug levels in cerebrospinal fluid from four 
HIV-infected individuals below the lower limits of the assay 
(0.025 mg/ml) (Price et al., 2008).
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5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

In a recent study of 42 individuals commencing salvage ther-
apy that included Cmin levels of enfuvirtide, plasma levels of  
> 2100 ng/ml were associated with virologic response (unde-
tectable levels or reduction by > 1 log10) by week 12 after 
starting enfuvirtide (de Requena et al., 2008).

5d.  Excretion

Around 17% of enfuvirtide is converted to a deaminated 
form of the parent drug, which retains only around 20% anti-
viral activity. Both enfuvirtide and its metabolite are primar-
ily eliminated via catabolism to amino acid residues (Raffi, 
2004; Oldfield et al., 2005). The clearance of enfuvirtide is 
1.4 ± 0.28 l/hour, while the calculated serum half-life of 
enfuvirtide after subcutaneous administration of the stan-
dard 90-mg dosage is 3.8 ± 0.6 hours, thus supporting the 
recommended twice-daily administration.

5e.  Drug interactions

Owing to the complete lack of hepatic metabolism through 
cytochrome P-450 enzymes, no significant interactions are 
expected between enfuvirtide and the many compounds 
(also including many antiretroviral agents) that interact with 
liver cytochrome P-450 (including ritonavir or rifampicin) 
(Boyd et al., 2003; Ruxrungtham et al., 2004; Patel et al., 
2005). Because of its unique extracellular mechanism of 
action, the combination of enfuvirtide with antiretroviral 
drugs of other classes are expected to be at least additive.

6. ADVERSE REACTIONS AND TOXICITY

During clinical trials, the majority of the patients treated 
with enfuvirtide developed local reactions at the site of injec-
tions. In the T-20 versus Optimized Regimen Only (TORO) 
trials, 98% of patients receiving enfuvirtide suffered ery-
thema, nodules, induration, or local discomfort, but these 
reactions were treatment-limiting in not more than 4% of 
patients (Trottier et al., 2005). The lesions may be transient 
and resolve within several weeks or stably persist beyond 30 
days, with a chronic scleroderma-like pattern histologically 
(Maggi et al., 2008). Using the needle-free injection system, 
painful injection site reactions are reduced by about 50% 
(35.7% vs. 71.4%) and are less severe (Gottlieb and Thommes, 
2008). These injection site reactions are manifestations of 
hypersensitivity reactions (Mirza and Turiansky 2012).

A statistically more frequent occurrence of bacterial 
pneu monia in the TORO trials was found in patients treated 
with enfuvirtide versus patients treated with an optimized 
regimen without enfuvirtide (6.7 vs. 0.6 events per 100 
patient-years), although the pneumonia incidence was in the 
expected range for the general population. Lymphadenopathy 
was also higher in the enfuvirtide arm (7.1 vs. 1.2 events per 

100 patient-years) than in those not receiving the drug 
(Trottier et al., 2005).

Systemic and unpredictable hypersensitivity reactions 
occurred in five patients (< 1% of enrolled patients) in the 
TORO trials and included severe cutaneous rash, fever, 
chills, rigors, nausea, vomiting, hypotension, and the possi-
bility of liver and kidney abnormalities; in some cases, these 
signs and symptoms recurred upon rechallenge, so that read-
ministration of enfuvirtide after a suspected hypersensitivity 
reaction is not recommended (Oldfield et al., 2005).

Enfuvirtide is included as an FDA category B drug during 
pregnancy because the available data belong to animal stud-
ies or isolated case reports, but not from clinical trials 
(Cherry et al., 2008). In animal studies, fetal toxicity has not 
been proven and the measurement of maternal and fetal 
peripheral blood levels showed no evidence of enfuvirtide 
transplacental transfer (Brennan-Benson et al., 2006). There 
are no data regarding the enfuvirtide concentrations in 
breast milk, but breastfeeding is not recommended in women 
receiving enfuvirtide (Ribera et al., 2007).

Unlike thymidine analogs or protease inhibitors, enfuvir-
tide has no effects on lipid metabolism and body composi-
tion. There is no evidence of neurotoxicity or worsening of 
symptoms in individuals with underlying peripheral neuro-
pathy receiving enfuvirtide (Cherry et al., 2008). Rarely, 
enfuvirtide has been associated with renal disease, including 
glomerulonephropathy (Rho and Perazella, 2007).

7. CLINICAL USES OF THE DRUG

The proof of concept of enfuvirtide efficacy, the optimal 
dose, pharmacokinetics, short- and long-term tolerance, and 
the route of administration have been evaluated in phase I–
III studies, both in healthy volunteers and in HIV-1-infected 
patients.

Enfuvirtide is used almost exclusively as salvage therapy 
in HIV-1 infection. This is largely because of the requirement 
for parenteral administration. In TORO 1 and 2, RESIST, 
POWER, and BENCHMRK trials (all described later in this 
section), an optimized antiretroviral regimen with more 
than one active drug plus enfuvirtide showed better virologic 
and immunologic responses than optimized regimen with-
out enfuvirtide (Clotet et al., 2007; Reynes et al., 2007; 
Cooper et al., 2008). The factors associated with a good viro-
logic response with salvage therapy are the availability of two 
or more active drugs in addition to enfuvirtide, previous 
antiretroviral experience with < 10 drugs, a baseline viral 
load of < 100,000 copies/ml, and a basal CD4+ T cell count 
of > 100 cells/mm3. 

7a.  HIV-1 infection: phase I–II studies  
in adults

In TRI-001 study (Kilby et al., 1998), 16 HIV-1-infected 
patients who were antiretroviral drug-naive or previously 
treated received intravenous enfuvirtide as monotherapy for 
14 days at doses of 3, 10, 30, or 100 mg twice a day. The results 
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showed a higher virologic response with a decrease of 1.96 
log10 of plasma viral load at the end of the study in all subjects 
who received a dose of 100 mg twice daily.

In the TRI-002 study (Pilcher et al., 1999), the adminis-
tration of subcutaneous enfuvirtide over 36 weeks in combi-
nation with other antiretroviral drugs was evaluated in one 
patient. At the end of the study, the results showed a decrease 
of 1.78 log10 in viral load, with a significant increase in CD4 
cells of 238 cells/mm3. These results were similar to those 
obtained with intravenous enfuvirtide.

InTRI-003, a 28-day randomized dose-comparison study, 
78 HIV-1-infected patients with previous treatment experi-
ence were evaluated (Kilby et al., 2002). Patients received 
enfuvirtide added to a failing regimen, either by continuous 
subcutaneous infusion (12.5, 25, 50, or 100 mg/day) or by 
subcutaneous injection (50 or 100 mg twice daily). Dose-
related decreases in viral load were observed, with a maxi-
mum mean reduction from baseline of 1.6 log10 copies/ml  
(p < 0.001) seen in the 100-mg twice-daily group who 
received the drug by subcutaneous injection. Plasma phar-
macokinetics was much more consistent in those receiving 
100 mg twice daily by subcutaneous injection than by con-
tinuous subcutaneous infusion.

In the T20–205 study, a multicenter 48-week study con-
ducted with 71 HIV-1-infected adults recruited from previ-
ous enfuvirtide clinical trials, a subcutaneous twice-daily 
dose of 50 mg of enfuvirtide combined with two or more 
antiretroviral drugs selected for each individual, guided by 
resistance testing and previous treatment history, was evalu-
ated (Lalezari et al., 2003a). At baseline, the mean plasma 
HIV-1 viral load was 4.81 log10 copies/ml and the mean CD4 
cell count was 134 cells/mm3. At week 48, one third of patients 
in the intent to treat population maintained significant sup-
pression of plasma HIV-1 RNA, with either < 400 copies/ml 
or more than a 1.0 log10 decline from baseline. The mean gain 
in absolute CD4 cell counts at 48 weeks was 84.9 cells/mm3. 
Regarding adverse events, the majority (86.9%) were grade 2 
or less in severity. Injection site reactions were common, but 
none of the patients discontinued the treatment.

The phase II T20–206 study, assessed the safety, antiviral 
activity, and pharmacokinetics of enfuvirtide, administered 
by subcutaneous injection, in 71 HIV-1-infected, protease 
inhibitor-experienced, nonnucleoside reverse transcriptase 
inhibitor-naive adults for 48 weeks (Lalezari et al., 2003b). 
Study participants were randomized to receive enfuvirtide at 
doses of 45, 67.5, or 90 mg twice daily plus an oral antiretro-
viral regimen (abacavir, amprenavir–ritonavir, and efavirenz). 
A control group received the background antiretroviral regi-
men alone. At 48 weeks, the median HIV-1 RNA change 
from baseline was −2.24 log10 copies/ml for the patients ran-
domized to receive enfuvirtide compared with −1.87 log10 
copies/ml for the control group. In addition, 54.9% of 
patients in the enfuvirtide group achieved HIV-1 RNA < 400 
copies/ml versus 36.8% of patients in the control group. 
Regarding adverse events, mild to moderate local reactions in 
injection site occurred in > 60% of the enfuvirtide arm with-
out dose relationship. The main conclusions of all these studies 

were that the optimal enfuvirtide dose was 90 mg twice daily 
administered subcutaneously, and the highest virologic and 
immunologic efficacy was achieved when this drug was 
administered as a part of an optimized antiretro viral regimen 
with at least one or more additional active anti-HIV-1 drugs.

7b.  HIV-1 infection: phase III studies  
in adults

The efficacy of enfuvirtide at a dose of 90 mg administered 
twice daily in combination with other antiretroviral drugs 
was investigated in TORO 1 (n = 491) (Lalezari et al., 2003c) 
and TORO 2 (n = 504) studies (Lazzarin et al., 2003) con-
ducted in America or Europe and Australia, respectively. The 
main inclusion criteria for these studies were HIV-1 viral 
load > 5000 copies/ml, prior treatment experience with 
agents of the three classes of antiretroviral drugs for at least 
6 months, and/or documented resistance to drugs of each 
class. An optimized background regimen of three to five 
antiretroviral drugs was selected for each patient based on 
results of screening tests for genotypic and phenotypic HIV-1 
resistance and the patient’s previous antiretroviral treatment 
and tolerance history. The patients were randomized to 
receive enfuvirtide plus optimized background or optimized 
background therapy without enfuvirtide. In both studies, the 
greatest virologic response was obtained in the enfuvirtide 
arm, particularly if the optimized regimen included two 
or more active drugs (Lazzarin et al., 2003; Lalezari et al., 
2003c), with a short benefit in patients in whom enfuvirtide 
was the single active agent (Battegay et al., 2003). In a com-
bined analysis of TORO 1 and TORO 2 studies at week 48, 
the HIV-1 viral load decreased 1.48 log10 in the enfuvirtide 
arm versus 0.39 log10 in the control arm (p < 0.001), with the 
percentage of patients achieving an undetectable viral load of 
< 400 copies/ml being 30.4% versus 12%, respectively (Nel-
son et al., 2005). The virologic and immunologic responses 
to enfuvirtide at weeks 12 and 24 were predictive of outcome 
at weeks 48 and 96 (Trottier et al., 2003; Katlama et al., 2004).

The RESIST trials (randomized evaluation of strategic 
intervention in multidrug-resistant patients with tipranavir) 
were designed primarily to assess the efficacy of tipranavir 
in 1483 HIV-1-infected adults. Patients were randomized 
to receive an optimized antiretroviral regimen including a 
ritonavir-boosted protease inhibitor (tipranavir or a compar-
ator). A total of 36% of patients received enfuvirtide as a part 
of the optimized regimen. The effect of adding enfuvirtide 
was assessed in a subanalysis, and the percentage of patients 
who achieved a decrease in HIV-1 RNA level > 1 log10 copies/
ml was greater in those who received enfuvirtide than in 
those who did not (58.2% vs. 34.9%) (Cooper and Hicks, 
2005). Similar results were obtained in POWER 1 and 2 stud-
ies evaluating darunavir combined with an optimized back-
ground regimen and comparing it with a regimen composed 
by an investigator-selected protease inhibitor plus optimized 
background regimen in treatment-experienced HIV-1-infected 
subjects. At week 48, 67/110 (61%) patients randomized to 
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receive darunavir compared with 18/120 (15%) control 
patients had viral load reductions of 1 log10 copies/ml or 
greater from baseline. Patients who received a greater overall 
number of active antiretroviral agents (including enfuvir-
tide) in their optimized background regimen had higher 
response rates (Clotet et al., 2007; Edmunds-Ogbuokiri, 
2007; Haubrich et al., 2007; Katlama et al., 2007).

The advantage of adding enfuvirtide was also evident 
when combined with maraviroc or with raltegravir in the 
Efficacy and Safety of Maraviroc plus Optimized Background 
Therapy in Viremic, ART-Experienced Patients Infected 
with CCR5-Tropic HIV-1 (MOTIVATE) study and the 
Blocking Integrase in Treatment-Experienced Patients with a 
Novel Compound against HIV, Merck (BENCHMRK) study, 
respectively. In the VIKING-3 study, 183 patients with previ-
ous integrase inhibitor resistance received dolutegravir 50 
mg twice daily while continuing their failing regimen, and at 
day 8 the regimen was optimized with at least one more fully 
active drug; 59 patients (32%) received enfuvirtide as part 
of the optimized regimen. Virological response, defined as 
< 50 copies/ml at week 24 by intention-to-treat, was 77% for 
patients with two active drugs in the optimized background 
regimen (Hicks et al., 2006; Cahn and Sued, 2007; Clotet 
et  al., 2007; Grinsztejn et al., 2007; Lazzarin et al., 2007; 
Madruga et al., 2007a; Madruga et al., 2007b; Cooper et al., 
2008; Steigbigel et al., 2008; Castagna et al., 2014). 

Overall, all these trials showed that the addition of 
 enfuvirtide to an optimized antiretroviral regimen with or 
without a new drug like tipranavir, darunavir, maraviroc, ral-
tegravir, elvitegravir, or dolutegravir provided better results 
in terms of drop in viral load than the optimized regimen 
alone (Hicks et al., 2006; Cahn and Sued, 2007; Clotet et al., 
2007; Grinsztejn et al., 2007; Lazzarin et al., 2007; Madruga 
et al., 2007a; Madruga et al., 2007b; Cooper et al., 2008; 
DeJesus et al., 2008; Steigbigel et al., 2008; Yazdanpanah et 
al., 2009; Castagna et al., 2014). However, some small trials 
have failed to show an advantage of adding enfuvirtide in 
patients with resistant strains (Morand-Jaubert et al., 2012). 

Results of the TORO, POWER, and RESIST studies are sum-
marized in Figure 252.3.

The AIDS Clinical Trials Group (ACTG) study 5173 
intensified antiretroviral therapy in a group of patients, with 
two nucleoside reverse transcriptase inhibitors (NRTIs), a 
ritonavir-boosted protease inhibitor, and enfuvirtide, with 
the aim of reducing the latent reservoir of HIV-1 (Gandhi et 
al., 2010). Despite a year of therapy, there was no change in 
the reservoir.

7c.  Clinical experience beyond clinical trials 
and use in special populations

Beyond the results obtained from clinical trials, a large body 
of evidence of the usefulness of enfuvirtide in clinical prac-
tice in real-life settings and in a wide clinical and geographi-
cal scenarios has been published, always using enfuvirtide 
as salvage therapy in deeply experienced patients (Huerta-
García et al., 2014; Cesar et al., 2014; Vidal et al., 2013; Brites 
et al., 2015).

Besides the inclusion of enfuvirtide in salvage antiretrovi-
ral regimens, the drug has been used as part of an induction 
regimen in other situations, such as acute HIV-1 infection 
(Molto et al., 2006; Polk et al., 2007), during the third trimes-
ter in pregnant women with detectable viral load (Meyohas 
et al., 2004; Brennan-Benson et al., 2006), or in pregnant 
women with resistant HIV strains (Shust et al., 2014). 
Enfuvirtide has been also evaluated in an intensification 
strategy of the initial antiretroviral regimen in patients with 
severe immunodeficiency (< 100 CD4 cells/mm3 or WHO B 
or C clinical stages). Patients were randomized to receive 
enfuvirtide or not, added to a standard antiretroviral regi-
men. Although patients in the enfuvirtide arm developed 
more rapid virological control, it was not associated with bet-
ter immunological recovery (Joly et al., 2013). In another small 
pilot study with very advanced patients, there was a better 
immunological recovery in patients receiving enfuvirtide in 

Figure 252.3. Outcome of the TORO, RESIST, and 
POWER studies measured as percent of patients 
with HIV viral load < 50 RNA copies/ml at 6 
months, stratified by the use of enfuvirtide in 
patients never exposed to it. Abbreviations: VL: 
viral load; TORO: enfuvirtide versus optimized 
regimen only; RESIST: randomized evaluation of 
strategic intervention in multidrug-resistant 
patients with tipranavir; POWER: performance of 
ritonavir-boosted TMC114 when evaluated in 
treatment-experienced patients with protease 
inhibitor resistance; T20: enfuvirtide; TIP: tipranavir; 
TMC: darunavir; cT20: comparator arm in TORO 
study; cPI: comparator protease inhibitor in RESIST 
and POWER studies, respectively.
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addition to a standard regimen of two nucleosides and 
lopinavir boosted with low-dose ritonavir (Bonora et al., 
2012). In a small study, patients with progressive multifocal 
leukoencephalopathy showed an improved prognosis when 
treated with five antiretroviral drugs, including enfuvirtide 
(Gasnault et al., 2011). In all cases, enfuvirtide should always 
be combined with other antiretroviral agents as part of a sup-
pressive regimen.

7d.  Current clinical use in perspective

Sustained-release formulations are being evaluated for new 
antiretroviral compounds, as new strategies for antiretroviral 
administration that aim to increase adherence and improve 
convenience. Enfuvirtide is also under investigation for this 
strategy (Rothstein et al., 2014; Cheng et al., 2015). Enfuvir-
tide has a low genetic barrier to resistance and amino acid 
substitutions to increase the genetic barrier to resistance 
have been also evaluated, potentially providing important 
improvement in the drug profile (Izumi et al., 2013). Finally, 
it has been demonstrated that HIV-resistant variants to enfu-
virtide exhibit a domain that induces strong antibody 
responses, which gain neutralizing activity, with the poten-
tial of developing gp41-targeted HIV therapeutic vaccines 
(Wang et al., 2015).

In conclusion, enfuvirtide remains a useful drug in 
patients infected with highly resistant viruses in which a sal-
vage antiretroviral regimen must be built. Besides, it has a 
very low potential for serious drug–drug interactions, so it 
can be transiently used to replace another drug of the anti-
retroviral regimen when drug interactions are an issue. Due 
to the complete absence of cross-resistance with other anti-
retroviral drugs, enfuvirtide is always active in unexposed 
patients. However, due to its low genetic barrier, it should 
also be added to, at least, two other active drugs. 
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1. DESCRIPTION

Maraviroc was synthesized by Pfizer as UK-427,857 (4, 4- 
difluoro-N-[(1S)-3-[exo-3-(3-isopropyl-5-methyl-4H-1,2,4-
triazol-4-yl)-8-azabi-cyclo[3.2.1]oct-8-yl]-1-phenylpropyl]
cyclohexanecarboxamide) (Dorr et al., 2005; Wood and 
Armour, 2005). The molecular weight of maraviroc is 514, 
and its chemical structure is shown in Figure 253.1. 

Maraviroc is approved by the US FDA for use in treat-
ment-experienced individuals infected with CCR5-tropic 
HIV-1 strains (Groeschen, 2007; Meanwell and Kadow, 2007). 
Maraviroc is marketed by ViiV Healthcare as Celsentri or 
Selzentry (Groeschen, 2007) and belongs to a very heteroge-
neous class of HIV-1 inhibitors that prevent entry of virus 
into cells, including enfuvirtide (Sterjovski et al., 2006; see 
Chapter 252, Enfuvirtide). Maraviroc prevents HIV-1 gp120 
envelope glycoproteins from binding to the CCR5 HIV-1 
coreceptor (Watson et al., 2005), thus preventing entry of 
CCR5-using (so-called R5) HIV-1 strains. Maraviroc has no 
activity against CXCR4-using (X4) HIV-1 strains, and has 
no activity toward HIV-2 or other viruses.

Maraviroc is available as 150- and 300-mg tablets for oral 
administration. There is no parenteral formulation.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Maraviroc is a potent inhibitor of the replication of R5-tropic 
HIV-1 strains in vitro (Meanwell and Kadow, 2007). Studies 
of HIV-1 isolates across a range of HIV-1 subtypes showed 
that the concentrations necessary to inhibit HIV-1 replica-
tion by 90% (EC90) were in the low nanomolar range (mean: 
2.0 nM; range: 0.5–13.0 nM), with no cytotoxicity observed 
at concentrations up to 10 mM (Dorr et al., 2005). Maraviroc 
had potent antiviral activity against all R5-tropic strains 
tested, including 43 primary HIV-1 isolates as well as 200 
recombinant pseudo-viruses containing > 100 different gp120 
sequences, including 100 from viruses resistant to other anti- 
retrovirals (Dorr et al., 2005). Maraviroc specifically blocked 

binding of gp120 to CCR5 (Dorr et al., 2005; Watson et al., 
2005), preventing viral entry. 

2b.  Emerging resistance and 
cross-resistance

HIV-1 strains resistant to maraviroc have been recovered 
after in vitro passage of virus in the presence of increasing 
concentrations of maraviroc as well as from patients treated 
with maraviroc (Westby et al., 2006; Westby et al., 2007; 
Fatkenheuer et al., 2008; Gulick et al., 2008). Resistance to 
maraviroc can arise by two different mechanisms: selection 
of preexisting strains of HIV-1 not using CCR5 (usually 
those partially or exclusively using CXCR4) or by selection 
of mutations in gp120 that allow the virus to continue to use 
CCR5 as a coreceptor even when it is bound to maraviroc 
(Figure 253.2).

The initial concern about maraviroc therapy was that it 
would foster a shift from R5 HIV-1 strains to those with 
coreceptor usage expanded to variants able to use CXCR4 
instead of, or together with, CCR5, and thus resistant to mar-
aviroc (Reeves and Piefer, 2005). This concern transcends 
just maraviroc resistance because CXCR4 (X4)-tropic and 
dual-tropic (R5X4) HIV-1 variants are generally associated 
with accelerated CD4 cell loss and progression to AIDS 

Figure 253.1. Chemical structure of maraviroc. 
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(Bjorndal et al., 1997; Connor et al., 1997; de Roda Husman 
and Schuitemaker, 1998). Emergence of X4-using variants 
has been reported in clinical trials of maraviroc. This occurs 
predominantly by selection of preexisting X4-tropic HIV-1 
strains not detected at the time of screening before com-
mencing maraviroc (Cooper et al., 2010; Fatkenheuer et al., 
2008; Westby et al., 2006), hence the need for sensitive tests 
to detect even very small populations of X4 virus strains in 
patients before therapy (see section 7, Clinical uses of the drug).

In addition to switching tropism from R5 to X4, in vitro 
studies have shown that resistant strains of HIV-1 variants 
may be selected that continue to use CCR5 as a coreceptor 
for HIV-1 entry (Reeves and Piefer, 2005; Cooper et al., 2010; 
Westby et al., 2007). Variants resistant through this mecha-
nism have mutations in gp120, resulting in higher affinity of 
the virus for CCR5 (Trkola et al., 2002; Kuhmann et al., 2004) 
or recognition of CCR5 even when it is bound to maraviroc 
(Westby et al., 2007).

Consistent with in vitro cell culture studies, virologic fail-
ure in maraviroc-treated subjects continuing to harbor 
R5-tropic virus was associated with HIV-1 strains still able 
to use CCR5 for entry in the presence of maraviroc (Lewis et 
al., 2008; Roche et al., 2013; Tilton et al., 2010). This type of 
resistance is caused by mutations in the third variable loop 
region (V3) of gp120, but there is no consistent pattern of V3 
mutations associated with maraviroc resistance in different 
subjects, indicating that these mutations are strain-specific 
(Lewis et al., 2008).

HIV-1 strains resistant to antiviral drugs with other mech-
anisms of action, including nucleoside reverse transcriptase 
in hibitors (NRTIs), nonnucleoside reverse transcriptase 

inhibitors (NNRTIs), protease inhibitors (PIs), integrase 
inhibitors, and the fusion inhibitor enfuvirtide, remain sus-
ceptible to maraviroc (Meanwell and Kadow, 2007). Likewise, 
HIV-1 strains that develop resistance to maraviroc remain 
susceptible to other classes of antiretroviral drugs.

2c.  In vitro synergy and antagonism

In vitro studies have shown that maraviroc is synergistic or 
additive in combination with other antiretroviral drugs (Dorr 
et al., 2005). Maraviroc showed additive interactions with all 
nucleoside and nucleotide analog reverse transcriptase inhibi - 
tors tested (lamivudine, didanosine, emtricitabine, stavu-
dine, tenofovir, zalcitabine, and zidovudine), nonnucleoside 
reverse transcriptase inhibitors (delavirdine and nevirapine), 
protease inhibitors (amprenavir, indinavir, lopinavir, ritona-
vir, and saquinavir), and the fusion antagonist enfuvirtide 
(Dorr et al., 2005).

3. MECHANISM OF DRUG ACTION

HIV-1 entry occurs via sequential interaction of the gp120 
envelope glycoproteins, studding the exterior of the HIV-1 
particle, first with the primary receptor, CD4, and then with 
a coreceptor (Gorry and Ancuta, 2011; see Chapter 252, 
Enfuvirtide). Engagement of gp120 with the co-receptor 
triggers fusion of virion and cell membranes via the gp41 
fusion peptide. The principal co-receptors used by HIV-1 for 
entry in vivo are the 7-transmembrane domain chemokine 
receptors CCR5 and CXCR4 (Berger et al., 1999; Doms, 2000; 
Doms and Trono, 2000). Maraviroc is a noncompetitive 
allosteric antagonist of CCR5 (Dorr et al., 2005; Watson et 
al., 2005). Maraviroc binds CCR5, but not the closely related 
CCR2 chemokine or CXCR4 receptors (Dorr et al., 2005). 
Therefore, maraviroc blocks the entry of R5-tropic HIV-1 
strains into cells, but not X4-tropic strains. Maraviroc inhibits 
the binding of chemokine ligands CCL3 (MIP-1alpha), 
CCL4 (MIP-1beta) and CCL5 (RANTES) to CCR5 and as 
such, inhibits signaling through these ligands (Watson et al., 
2005; Dorr et al., 2005). Maraviroc binds CCR5 reversibly 
and does not induce receptor internalization, however, by 
blocking RANTES induced internalization of CCR5, Maravi-
roc treatment may lead to the accumulation of CCR5 at the 
cell membrane. Indeed, studies in vitro (Yuan et al., 2015) 
and in vivo (Arberas et al., 2013) suggest that this occurs. 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Maraviroc is administered as oral tablets and is approved 
only for use in adults with detectable R5-tropic virus and 
resistance to multiple antiretroviral agents as the result of 
previous therapy (Groeschen, 2007; Meanwell and Kadow, 
2007). The presence of detectable X4 or R5X4 (dual-tropic) 
virus contraindicates maraviroc therapy. The recommended 

Figure 253.2. Pathways to HIV resistance to maraviroc. 
(a) Binding of maraviroc to CCR5 renders the extracellular 
domains unrecognizable to HIV envelope. (b) Resistance 
to maraviroc involves either emergence of HIV envelope 
strains capable of using CXCR4 for entry or envelope 
adaptation to recognize and use the maraviroc bound  
form of CCR5.
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dose of maraviroc for patients receiving nucleoside reverse 
transcriptase inhibitors (NRTIs), tipranavir–ritonavir, nevi-
rapine, and other drugs that are not strong inducers of cyto-
chrome P-450 isoenzyme 3A (CYP3A) inhibitors or inducers 
of CYP3A is 300 mg twice daily. Because maraviroc is metab-
olized by CYP3A, a reduced dose of 150 mg twice daily is 
required if the patient is also receiving CYP3A inhibitors 
(such as ritonavir) and an increased dose of 600 mg twice 
daily is required in the presence of CYP3A inducers. Mara-
viroc is currently being explored as a potential preexposure 
prophylaxis agent, administered 300 mg orally once daily; as 
a 1% (w/w) topical gel applied vaginally or rectally before 
exposure; or in intravaginal rings containing 100 mg (clinical 
trials NCT01505114, NCT02346084, and NCT02431273) 
(Chen et al., 2015).

4b.  Newborn infants and children

There are no data available in infants or children, therefore, 
maraviroc should not be used in patients < 16 years old.

4c.  Pregnant and lactating mothers

Maraviroc is a category B drug. 
The manufacturer recommends that it is administered to 

pregnant women only when the potential benefit is considered 
to justify the potential risk to the fetus; mothers who are tak-
ing maraviroc should be advised not to breastfeed.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Maraviroc is contraindicated in patients with severe renal 
dysfunction whose creatinine clearance is less than 30 ml/
minute or in patients with end-stage renal disease who are 
taking potentCYP3A inhibitors (Package Insert, Selzentry, 
2016). The dose of maraviroc should be reduced to 150 mg 
twice daily in patients with mild (creatinine clearance 
between 50 and 80 ml/minute) and moderate (creatinine 
clearance between 30 and 50 ml/minute) renal dysfunction 
who are also taking a potent CYP3A inhibitor. The dose of 
maraviroc should be increased to 600 mg twice daily in 
patients with mild or moderate renal dysfunction who are 
taking a potent CYP3A inducer, without a potent CYP3A 
inhibitor (Package Insert, Selzentry, 2016). Recent evidence 
from dosing studies in HIV-negative subjects with a range of 
impaired renal function suggests no dosing interval adjust-
ments are required for maraviroc in the absence of potent 
CYP3A4 inhibitors (Vourvahis et al., 2013).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Maraviroc is primarily metabolized and eliminated by the 
liver. Liver function tests (aspartate aminotransferase, ala-
nine aminotransferase, and bilirubin) should be obtained 
before commencing maraviroc and monitored during treat-
ment. A study compared the pharmacokinetics of a single 

300-mg dose of maraviroc in patients with mild (Child–Pugh 
class A, n = 8) and moderate (Child–Pugh class B, n = 8) 
hepatic impairment to pharmacokinetics in healthy subjects 
(n = 8). The mean maximum concentration (Cmax) and 
area-under-the-concentration-time curve (AUC) were 11% 
and 25% higher, respectively, for subjects with mild hepatic 
impairment, and 32% and 46% higher, respectively, for sub-
jects with moderate hepatic impairment than for subjects 
with normal hepatic function (Abel et al., 2009). Hence mar-
aviroc dose adjustment is currently not recommended for 
mild to moderate hepatic impairment. The  pharmacokinetics 
of maraviroc has not been studied in subjects with severe 
hepatic impairment. Of note, one study showed that the 
use of maraviroc does not increase hepatotoxicity in HIV-1 
infected subjects co-infected with hepatitis C virus (HCV) 
and/or hepatitis B virus (HBV) (Rockstroh et al., 2015).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

See Table 253.1 for a summary of the major clinical pharma-
cokinetic and pharmacodynamics data. 

5a.  Bioavailability

Maraviroc is not well absorbed when given by mouth. 
Bioavailability varied considerably with dose, with a bio-
availability of 23% for a single 100-mg dose (Dorr et al., 
2005) increasing to a bioavailability of 33% with a 300-mg 
dose. In studies of single 300-mg oral doses of radiolabeled 
maraviroc in volunteers, within a 168-hour period, 76% of 
both metabolized and unmetabolized forms of the drug were 
excreted in feces, with a further 20% found in urine: a total of 
96%. Although a large proportion (25%) of a single 300-mg 
oral dose of maraviroc was excreted unchanged (i.e. unmet-
abolized) in feces, and this could be drug passing through the 
gastrointestinal tract unchanged, intravenous administration 
of maraviroc to animals showed secretion of unchanged 
maraviroc in bile and active secretion across the gut wall 
(Walker et al., 2005).

Maraviroc is moderately bound to plasma protein in 
humans with a mean value of 76%. The mean blood/plasma 
partitioning ratio was 0.59, with a range from 0.51 to 0.65 
(Walker et al., 2005). The volume distribution of maraviroc 
was approximately 2.8 l/kg (196 l) with a clearance rate of 
10.5 ml/min/kg (Dorr et al., 2005).

5b.  Drug distribution

The pharmacokinetics of oral maraviroc was proportional to 
dose in humans over the range of 1–1200 mg, as a 10-fold 
increase in dose from 30 to 300 mg demonstrated a supra-
proportional increase in peak plasma concentration, along 
with a marked decrease in time to peak plasma concentra-
tion (tmax) (Dorr et al., 2005), which was achieved between 
0.5 and 4 hours after the administration of an oral dose of 
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Table 253.1. Summary of clinically important pharmacokinetic and pharmacodynamics data relating to oral maraviroc.

Pharmacokinetics

Bioavailability 23% (single 100-mg dose) to 33% (single 300-mg dose)a

Distribution Plasma Cmax (range) tmax (range) AUC (range)

Healthy (300 mg twice daily)b  674 ng/ml 1.5 hours  2641 ng/h/ml

Healthy (300 mg twice daily)c  563 ng/ml (537–846) 3.0 hours (1–4)  2515 ng/h/ml (2188–2783)

Healthy (300 mg twice daily)d  522 ng/ml (282–1402) 3.0 hours (1.0–6.0)  2086 ng/h/ml (1477–4372)

HIV infected (150 mg twice daily)e  663.8 ng/ml (517–810.5) n.a. n.a.

HIV infected (150–600 mg twice daily)f   98.9 ng/ml (76.3–269.8) n.a. n.a.

HIV infected (150–600 mg twice daily)g  347 ng/ml (123–2678) n.a. n.a.

HIV infected (150–600 mg twice daily)h   64.9 ng/ml (21.4–478) n.a. n.a.

HIV infected (150–600 mg twice daily)i  124.7 ng/ml (7.3–517) n.a. n.a.

Cerebrospinal fluid
HIV infected (15 0 mg twice daily)e    6.3 ng/ml (5.2–7.4) n.a. n.a.

HIV infected (150–600 mg twice daily)i    2.6 ng/ml (< 0.5–7.22) n.a. n.a.

HIV infected (150–600 mg twice daily)g  102 ng/ml (35–173) n.a. n.a.

HIV infected (150–600 mg twice daily)h    3.63 ng/ml (1.83–12.2) n.a. n.a.

HIV infected (150–600 mg twice daily)f    2.4 ng/ml (1.5–4.0) n.a. n.a.

Saliva
Healthy (300 mg twice daily)d  186 ng/ml (58.6–325) 3.0 hours (1.0–6.1)   827 ng/h/ml (252–1298)

Seminal plasma
Healthy (300 mg twice daily)d  180 ng/ml (90.2–664) 3.5 hours (2.4–6.3)  1123 ng/h/ml (633–2087)

HIV infected (150–600 mg twice daily)i  197 ng/ml (15.8–1650) n.a. n.a.

Cervicovaginal fluid
Healthy (300 mg twice daily)c 1230 ng/ml (409–1810) 6.0 hours (0–12)  7500 ng/h/ml (3078–9090)

Vaginal tissue
Healthy (300 mg twice daily)c  848 ng/g 4.0 hours  4857 ng/h/g

Rectal tissue
Healthy (300 mg twice daily)d 7119 ng/g 1.3 hours 57326 ng/h/g

Metabolism Cytochrome P-450 (CYP3A4) metabolite 

Excretion 76% in feces, 20% in urine (single 300-mg dose)j,k

Pharmacodynamics

Inhibition IC50 (nM, mean and range)

CCL3a 3.3 (1.9–57)

CCL4a 7.2 (5.5–9.5)

CCL5a 5.2 (2.1–13)

EC90 (nM; mean and range)

HIVa 2.0 (0.5–13.0)

aData from Dorr et al. (2005).
bData from Abel et al. (2008b).
cData from Dumond et al. (2009).
dData from Brown et al. (2011).
eData from Garvey et al. (2012).
fData from Croteau et al. (2012).
gData from Melica et al. (2010).
hData from Yilmaz et al. (2009).
iData from Tiraboschi et al. (2010).
jData from Walker et al. (2005).
kData from Abel et al. (2008a).
Abbreviations: Cmax: maximum concentration; tmax: time to maximal concentration; AUC: area-under-the-concentration-time curve; n.a.: not available; IC50: 

half-maximal inhibitory concentration; EC90: 90% effective concentration; CCL3, CCL4, and CCL4: CXCR3, CXCR4, and CXCR5. 
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between 1 and 1200 mg (Abel et al., 2008b; FDA, maraviroc 
prescribing information). The Cmax achieved from twice-
daily dosing with 300 mg varied from 888 ng/ml in healthy 
volunteers to 266 ng/ml in treatment-experienced HIV-1 
patients (FDA, maraviroc prescribing information). The 
major circulating form of maraviroc is the parent compound, 
accounting for 42% of a radiolabeled dose in plasma after a 
single 300-mg oral dose of [14C]-maraviroc. In human sub-
jects, the elimination half-life of a single 300-mg oral dose 
was 8–14 hours (Walker et al., 2005), and the terminal half-
life at steady state was 14–18 hours (FDA, maraviroc pre-
scribing information).

Maraviroc appears to effectively accumulate in the ana-
tomical sites or fluid responsible for HIV-1 transmission, 
including seminal plasma, rectal tissue, cervicovaginal fluid, 
and vaginal tissue. The seminal plasma/blood plasma ratios 
of maraviroc have been reported to be between 0.56 (Brown 
et al., 2011) and 0.91 (Antoniou et al., 2013). This represents 
a modest decrease, however; due to reduced protein binding 
in seminal plasma (Brown et al., 2011), the ratio of unbound 
maraviroc is likely to be significantly higher. Indeed, a recent 
study estimated that the unbound trough concentration 
(Ctrough) of maraviroc in seminal plasma exceeds the unbound 
EC90 of the drug for HIV-1 by >100-fold (Antoniou et al., 
2013). Maraviroc concentrations in rectal tissue of HIV-1 
negative males exceeded those in blood by 7- to 26-fold with 
single and multiple dosing, respectively (Brown et al., 2011). 
Maraviroc cervicovaginal fluid exposure was 1.9–2.7 fold 
higher than blood exposure; in addition, vaginal exposure 
exceeded blood by 1.9-fold (Dumond et al., 2009). 

Limited data suggest that maraviroc penetrates the central 
nervous system poorly with cerebrospinal fluid (CSF)/blood 
ratios ranging from 0.01 to 0.03 (Tiraboschi et al., 2010; 
Garvey et al., 2012; Melica et al., 2010; Yilmaz et al., 2009; 
Croteau et al., 2012). However in those studies, the maravi-
roc CSF concentration ranged from 2 to 7 ng/ml, depending 
on time of sampling, which is several fold in excess of the 
median EC90 of maraviroc for HIV-1 (0.57 ng/ml). 

There are no data as to whether maraviroc crosses the pla-
centa in humans or if it is secreted in human breast milk. 
However, a study in rhesus macaques showed a fetal/maternal 
blood plasma ratio of < 1% (0–0.015), suggesting either poor 
placental penetrance and/or rapid clearance from the infant 
circulation (Winters et al., 2010); and studies in lactating rats 
showed maraviroc to be extensively secreted into rat milk 
(FDA, maraviroc prescribing information). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Two phase IIA trials, Pfizer A4001007 and A4001015, inves-
tigated the efficacy and safety of short-term (10 days) mara-
viroc monotherapy in asymptomatic patients infected with 
R5-tropic HIV-1, and defined the effective maraviroc dose 
based on the reduction in HIV-1 RNA in plasma (HIV-1 
viral load) (Fatkenheuer et al., 2005). These studies enrolled 

82 subjects with R5-tropic HIV-1 who were treated with 
once- or twice-daily maraviroc (at doses of 25, 50, 100, 150, or 
300 mg) or placebo. The combined results of these two stud-
ies showed that maraviroc at doses of ≥ 100 mg given twice 
daily resulted in maximum reductions in plasma HIV-1 viral 
load at a median of 10–15 days postinitiation of therapy, with 
a mean reduction of > 1.6 log10 RNA copies/ml. These studies 
were the first to provide proof that blocking CCR5 was a via-
ble approach for treatment of R5-tropic HIV-1.

Analysis of subsequent phase III clinical trials with mara-
viroc showed average plasma drug concentration (Cavg) to 
have a stronger correlation with successful viral suppression 
than the dose regimen. Twice-daily dosage of maraviroc, 300 
mg (or 150 mg for patients treated with CYP3A inhibitors) in 
conjunction with optimized background therapy, achieved 
Cavg in excess of 100 ng/ml in the majority of patients (78%). 
Detailed analysis of clinical trial data predicted that, of 
patients likely to respond to treatment, a Cavg of 100 ng/ml 
would be efficacious in approximately 82% of cases (McFadyen 
et al., 2007). Interaction of maraviroc with the efflux pump 
P-glycoprotein is proposed as the mechanism of the observed 
dose–exposure relationship, with the nonproportional increase 
in drug exposure AUC and Cmax resulting from the saturation 
of P-glycoprotein-mediated efflux. This theory has been sup-
ported by in vitro studies of Caco-2 cells with inhibitors of 
P-glycoprotein and in studies using P-glycoprotein knockout 
mice (Walker et al., 2005).

5d.  Excretion

Maraviroc undergoes metabolism by the cytochrome P-450 
liver enzyme system, primarily by CYP3A4 (Hyland et al., 
2008). Several metabolites have been identified in plasma, 
the most significant being the secondary amine resulting from 
the N-dealkylation adjacent to the tropane ring (accounting 
for 22%). This compound had no significant antiviral activity 
(FDA, maraviroc prescribing information). Other minor 
circulating forms resulted from the oxidation of the parent 
compound at a number of positions within the molecule. The 
profile of metabolites excreted in the urine and feces differ. 
However, the unchanged drug is the major form excreted in 
both cases (Walker et al., 2005).

5e.  Drug interactions

Because maraviroc is a substrate for the P-glycoprotein and 
the cytochrome P-450 system (predominantly 3A4), both of 
which are involved in the metabolism of many other drugs, 
adjustment of the standard dose of 300 mg twice daily to 150 
mg twice daily is required with CYP3A4 inhibitors (protease 
inhibitors except tipranavir–ritonavir, ketoconazole, itracon-
azole, and clarithromycin) and to 600 mg twice daily with 
CYP3A4 inducers (efavirenz, etravirine, tipranavir, rifampi-
cin, carbamazepine, phenobarbital, and phenytoin). There is 
no clinically significant interaction with lamivudine, tenofo-
vir, or zidovudine. Although there are no predicted interac-
tions between maraviroc and raltegravir, a study that examined 



4312 Maraviroc

co-administration of these two drugs alone resulted in higher 
than expected rates of virological failure (Katlama et al., 
2014). Details on other drug interactions are available in the 
product insert and at hiv-druginteractions.org.

6. ADVERSE REACTIONS AND TOXICITY

Overall, maraviroc has been shown to have an excellent 
safety profile in clinical trials. Hepatotoxicity has been 
reported. This may be preceded by a severe rash, fever, and 
eosinophilia and may be life-threatening. The most common 
adverse effects are summarized in Table 253.2.

In a recent pooled analysis of two double-blind, placebo- 
controlled, phase III studies—Maraviroc Verses Optimal 
Therapy in Viremic Antiretroviral Treatment-Experienced 
Patients (MOTIVATE 1 and 2) (Gulick et al., 2008)—the rate 
of adverse events from any cause was slightly lower with pla-
cebo (85%) than with maraviroc once daily (91%) or twice 
daily (92%; p = 0.01), but there were no significant differ-
ences in the rates of treatment-related adverse events. Post 
hoc analysis showed that for grade 2, 3, or 4 adverse events 
occurring in 5% or more of patients, the only event rates that 
differed were significantly among the study groups were 
fever (4% in placebo, 2% in the group who received maravi-
roc once daily, and 6% who received maraviroc twice daily;  
p = 0.04) and headache (6%, 5%, and 2%, respectively; 
p = 0.03). Rates of serious adverse events were also similar 
among the treatment groups except for esophageal candidia-
sis (two patients in the placebo group, 12 in the group that 
received maraviroc once daily, and three in the group that 
received maraviroc twice daily, p= 0.04). A 2-year followup 
study confirmed no new safety issues (Hardy et al., 2010). 
A  recent 5-year followup demonstrated low incidences of 
hepatic failure, malignancies, death and no new safety sig-
nals were reported (Gulick et al., 2014).

6a.  Hepatotoxicity

Earlier data on CCR5 antagonists raised concerns about 
their potential for hepatotoxicity; however, there is no evi-
dence that hepatotoxicity is a concern with maraviroc. The 
development of aplaviroc was halted after the report of epi-
sodes of idiosyncratic hepatotoxicity, most likely intrinsic to 
the molecule rather than reflecting a class toxicity (Nichols 
et al., 2008). However, in MOTIVATE 1 and 2, the incidence 
of laboratory test abnormalities was similar among the study 
groups, with specifically no significant differences in the 
incidence of hepatic abnormalities, except for a grade 1 ele-
vation in the aspartate aminotransferase, which was highest 
in the placebo group (37%, 31%, and 26% for placebo, once-
daily, and twice-daily maraviroc, respectively), and a grade 2 
elevation in the alanine aminotransferase level (7%, 5%, and 
10%; p = 0.02) (Gulick et al., 2008). In the MOTIVATE stud-
ies, there was no increase in adverse events or hepatotoxicity 
in patients co-infected with HBV and HCV (Fatkenheuer et 
al., 2008). In these trials, the percentage of patients co- 
infected with HCV was 10%, 4%, and 7% and with HBV was 

8%, 5%, and 7% for patients receiving placebo, once-daily, 
and twice-daily maraviroc, respectively. As mentioned ear-
lier, a recent placebo controlled randomized controlled trial 
of maraviroc in HIV–HBV and HIV–HCV co-infected indi-
viduals showed no significant increase in hepatotoxicity after 
48 weeks of treatment (Rockstroh et al., 2015).

6b.  Infections

Because blocking CCR5 might have a detrimental effect on 
the immune system, safety studies of maraviroc were initially 
conducted in HIV-1-infected and -uninfected subjects at 
doses of up to 1200 mg daily for 10–28 days. Maraviroc had 
no significant inhibitory activity in a range of in vitro assays 
of immune function, including specific activities mediated 
by the chemokine receptors CCR1, 2, 2b, 3, 4, 7, and 8; 
CXCR1 and 2; and cytokines IL-2, IL-8, and IL-4 and non-
specific activities such as antigen-stimulated lymphocyte 
proliferation (Pfizer, 2007).

In the MOTIVATE trials, maraviroc was not associated 
with a significantly increased frequency or severity of infec-
tions (Gulick et al., 2008). However, combined analysis of 
all phase III clinical trial data showed an increase in some 
specific infections. These included herpes simplex virus 
infections, upper respiratory tract infections, sinusitis, and 
influenza and a decrease in the incidence of pneumonia 
(Gulick et al., 2008; Fatkenheuer et al., 2008; FDA, maraviroc 
prescribing information; see Table 245.1). In the 2-year fol-
lowup pooled analysis of MOTIVATE 1 and 2 clinical trials, 
the incidence of upper respiratory tract infections, naso-
pharyngitis, and rash were similar in the maraviroc and pla-
cebo arms when adjusted for treatment exposure (Hardy et 
al., 2010). 

6c.  Malignancies

A concern regarding the use of CCR5 antagonists and the 
potential for an increased risk of malignancies was raised 
as a result of the ACTG 5211 trial conducted with vicriviroc. 
In this trial, after only 14 days of vicriviroc, there were six 
malignancies in the treatment arm and two with placebo 
(Gulick et al., 2007). However, the MOTIVATE trials did not 
show an increase in malignancy in patients receiving maravi-
roc. A total of 11 malignancies were reported including 
Kaposi’s sarcoma (three in the two maraviroc arms and three 
in the single placebo arm) and lymphoma (three in the two 
maraviroc arms and two in the placebo arm) (Gulick et al., 
2008; Soriano et al., 2008).

7. CLINICAL USES OF THE DRUG

Because maraviroc is active only against HIV-1 strains that 
enter cells via the CCR5 chemokine receptor (R5 strains), 
laboratory testing to assess the tropism of the patient’s HIV-1 
strain is essential before treatment with maraviroc.

A commonly used test to determine HIV-1 tropism is the 
Trofile assay developed and marketed by Monogram Biosciences 

http://www.hiv-druginteractions.org
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Table 253.2. Percentage of subjects with selected treatment-emergent adverse events at a rate > 2% on maraviroc and a higher rate 
compared with placebo.a

Maraviroc 
twice daily (%)

Exposure adjusted 
(per 100 patient-years)

Placebo 
(%)

Exposure adjusted rate 
(per 100 patient-years)

Gastrointestinal
Gastrointestinal and abdominal pains 8.2 14.1 7.7 17.1
Constipation 5.4 9.1 2.9 6.1
Dyspeptic signs/symptoms 2.8 4.6 2.4 5.2
Stomatitis, ulceration 2.6 4.2 1.4 3.0
Appetite disorders 7.3 12.5 6.2 13.7

General
Pyrexia 12.0 20.9 8.1 18.1
Pain and discomfort 3.5 5.8 2.9 6.1

Infections
Upper respiratory tract infection 20.0 36.9 11.5 27.1
Herpes infection 6.8 11.4 3.8 8.2
Sinusitis 6.3 10.6 3.3 7.3
Bronchitis 5.9 9.7 4.3 9.4
Folliculitis 3.3 5.4 1.9 4.1
Condyloma acuminatum 2.1 3.4 1.0 2.0
Pneumonia 2.1 3.4 4.8 10.4
Influenza 1.6 2.7 0.5 1.0

Musculoskeletal and connective tissue
Musculoskeletal and connective tissue signs 

and symptoms
8.7 14.8 7.7 17.0

Joint-related signs and symptoms 6.1 10.2 2.9 6.2
Muscle pains 2.8 4.6 0.5 1.0

Nervous system
Dizziness/postural dizziness 8.1 14.1 7.7 17.1
Paresthesias and dysesthesias 4.7 7.8 2.9 6.2
Sensory abnormalities 4.0 6.6 1.4 3.1
Disturbances in consciousness 3.8 6.1 2.9 6.2
Peripheral neuropathies 3.1 5.0 2.9 6.2

Psychiatric
Disturbances initiating and maintaining sleep 7.0 11.9 4.3 9.4
Depressive disorders 3.5 5.7 2.9 6.1

Renal and urinary
Bladder and urethral symptoms 4.5 7.4 1.4 3.0
Urinary tract signs and symptoms 2.6 4.2 1.4 3.1

Respiratory
Coughing and associated symptoms 12.7 22.1 4.8 10.5
Breathing abnormalities 3.3 5.3 1.9 4.1
Bronchospasm and obstruction 2.1 3.4 1.4 3.1
Paranasal sinus disorders 2.1 3.4 1.0 2.0
Respiratory tract disorders 2.1 3.4 1.4 3.0

Skin and subcutaneous tissue
Rash 9.6 16.5 4.8 10.7
Pruritus 3.8 6.2 1.9 4.1
Dermatitis and eczema 3.1 5.0 2.4 5.2
Lipodystrophies 2.8 4.6 0.5 1.0
Skin neoplasm benign 2.6 4.2 1.4 3.0

Vascular
Hypertension 3.1 5.0 1.4 3.1

aData are from MOTIVATE 1 and MOTIVATE 2, with 426 patients in each arm (pooled analysis, up to 48 weeks). 
Source: Adapted from the FDA maraviroc prescribing information.
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(San Francisco, CA), which is based on the ability of engi-
neered laboratory strains of HIV-1 to express the envelope 
glycoprotein of the patient’s virus to infect cells expressing 
CD4 and either CCR5 or CXCR4 (Whitcomb et al., 2007). 
Currently, the Trofile assay can detect X4-tropic variants that 
are 5–10% of the total plasma viral quasispecies, but more 
recent improvements to the assay have been reported to 
detect 0.5–1% of X4-tropic variants (Trinh et al., 2008). 
Analysis of viral populations in antiretroviral-experienced 
subjects receiving maraviroc as monotherapy or as a compo-
nent of combination therapy who experienced emergence of 
X4- or dual-tropic (using R5 and X4 co-receptors) virus, sug-
gest these strains were preexisting and did not evolve owing 
to the presence of the CCR5 inhibitor (Westby et al., 2006; 
Swenson et al., 2013). Thus the presence of any detectable 
X4- or dual-tropic virus before initiation of maraviroc is a 
critical predictor of maraviroc failure (Heera et al., 2008) and 
is a contraindication to maraviroc therapy.

A more frequently used tropism test outside the USA is 
genotypic co-receptor prediction. In these tests, HIV-1 tro-
pism is determined by sequencing a small region of the enve-
lope glycoprotein known as the variable loop 3 region (V3). 
The sequences are analyzed by algorithms that predict the 
coreceptor tropism based on a series of rules. This test is 
founded on the fact that CCR5-using and CXCR4-using 
HIV-1 strains have distinct amino acid patterns in the V3 
motif. These tests have a shorter turn-around time, are 
cheaper, and can be performed by routine diagnostic labora-
tories. Retrospective studies on samples from the MOTIVATE 
and MERIT clinical trials have demonstrated the utility of 
genotypic tests to predict response to maraviroc (McGovern 
et al., 2010; McGovern et al., 2012). As such, European guide-
lines currently recommend genotypic testing to determine 
co-receptor usage (Vandekerckhove et al., 2011). Although a 
phenotypic tropism assay is currently preferred in US guide-
lines, genotypic tropism assays are considered an alternative 
test to determine co-receptor usage (US Depart ment of 
Health and Human Services, 2015).

In the important context of assessing HIV-1 tropism, the 
clinical trials of maraviroc in HIV-1 infection are summa-
rized in Table 253.3.

7a.  HIV-1 infection in adults

A4001029 STUDY

The A4001029 study was an exploratory, randomized, double- 
blind phase IIb study designed to determine the safety and 
efficacy of maraviroc in subjects with dual-tropic (R5X4) 
or mixed-tropic (R5 and X4) strains of HIV-1. Subjects (n = 
190) were randomized into groups receiving maraviroc once 
or twice daily or placebo in a 1:1:1 ratio. Maraviroc had no 
effect on plasma HIV-1 RNA concentrations, but enhanced 
CD4 cell recovery was observed despite lack of viral suppres-
sion. The mean gain in CD4 cells was greater in subjects 
receiving maraviroc once or twice daily than in placebo (+60, 
+62, and + 36 cells/μl, respectively) (Mayer et al., 2006). In 
patients in whom only X4 virus was detectable at the time of 
virologic failure, there was an increase in CD4 cell count in 
the maraviroc-treated subjects, whereas the count declined 
in controls (+48, +33, and −104 cells/μl, respectively).

A4001027 (MOTIVATE 1) AND A4001028  
(MOTIVATE 2) STUDIES

MOTIVATE 1 and 2 were phase IIb/III, double-blind, place-
bo-controlled clinical trials initiated with identical design. 
MOTIVATE 1 included North American subjects and 
MOTI VATE 2 included subjects from North America, 
Europe, and Australia (Fatkenheuer et al., 2008; Gulick et al., 
2008). Individuals who were infected with R5 HIV-1, who 
had been treated with or had resistance to three antiretro-
viral drug classes, and who had plasma HIV-1 RNA concen-
trations > 5000 copies/ml were randomized to either placebo 
or 300 mg maraviroc either once or twice daily, except when 
a CYP3A inhibitor (e.g. an HIV-1 protease inhibitor, espe-
cially ritonavir) was included in the optimized backbone, in 

Table 253.3. Summary of phase IIb and phase III clinical trials of maraviroc.

HIV I tropism
ARV history

R5
Non-R5
ARV-experiencedARV-naïve ARV-experienced ARV-experienced

Study identifier MERITa MOTIVATE 1b MOTIVATE 2b 1029c

Phase IIb/III IIb/III IIb/III IIb

Subjects enrolled 721 601 474 190

Design MVC vs. EFV + CBV OBT add-on OBT add-on OBT add-on

Randomization 1:1:1 2:2:1 2:2:1 1:1:1

Primary end point Percent with BD VL at 
week 48/96

Change in VL at 
weeks 24 and 48

Change in VL at 
weeks 24 and 48

Change in VL at 
weeks 24 and 48

aData from Saag (2007) and Heera et al. (2008).
bData from Fatkenheuer et al. (2008) and Gulick et al. (2008).
cData from Mayer et al. (2006).
Abbreviations: ARV: antiretroviral therapy; MVC: maraviroc; EFV: efavirenz; CBV: Combivir (zidovudine–lamivudine); OBT: optimized background therapy; BD: 

below detectable; V: plasma viral load.
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which case 150 mg maraviroc per day or twice daily was 
administered.

A total of 1049 patients received the randomly assigned 
study drug. For both studies, at 48 weeks, maraviroc in com-
parison with the placebo was associated with a greater mean 
decrease in HIV-1 RNA from baseline, a greater proportion 
of patients with HIV-1 RNA < 50 copies/ml, and a greater 
increase from baseline in CD4 cells (see Table 253.4).

A further subgroup analysis was performed to better 
characterize efficacy and safety of maraviroc in key groups 
of patients (summarized in Table 245.4) (Fatkenheuer et al., 
2008). All subgroups were analyzed to assess whether the 
beneficial effect of maraviroc seen overall varied among cer-
tain patient subgroups. A treatment benefit of maraviroc 
plus optimized background therapy over placebo plus opti-
mized background therapy was shown in all subgroups, 
including patients with CD4 cells < 50 cells/ml at baseline, 
patients with HIV-1 RNA > 100,000 copies/ml at screening, 
and even those who had not received any active agents in 
the optimized background therapy (see Table 253.5). As seen 
in other studies of new antivirals in treatment-experienced 
patients, there was an additional benefit of including a 
potent, fully active new drug in the optimized background 
therapy (i.e. introducing two new, presumed-effective anti-
retrovirals simultaneously).

In the MOTIVATE trials, there were 228 patients with 
only R5 virus at randomization who developed virologic fail-
ure and had laboratory data on the tropism of the resulting 
virus. Among the 133 patients who received maraviroc, 76 
(57%) developed an HIV-1 strain with some X4 entry capac-
ity—a dual-tropic (R5X4) or X4 virus, or a mixture of R5, X4, 
and/or R5X4 viruses—and 57 (43%) had persistent R5 virus. 
In contrast, just 6 (6%) of 95 placebo-treated patients had 
an X4-capable virus detected at treatment failure. Maraviroc-
treated patients who had virologic failure with an X4 virus, 
failed approximately 2 months earlier than patients who 
failed with an R5 virus. However, CD4 cells were still higher 
in patients receiving maraviroc than placebo, suggesting that 

highly pathogenic X4 viruses were not selected by maraviroc 
therapy.

The effects of maraviroc given once or twice daily were 
similar across all subgroups; however, twice-daily dosing is 
recommended on the basis of data from these two trials 
showing an increased number of patients with HIV-1 RNA: 
< 50 at week 24 in patients who received twice-daily dosing 
and at enrollment had either CD4 cells < 50 cells/μl, HIV-1 
RNA > 100,000 copies/ml, or an overall susceptibility score 
of 0 at screening in patients (Lalezari et al., 2007; Nelson et 
al., 2007).

A4001026 (MERIT) STUDY

MERIT was a phase IIb/III, double-blind, randomized con-
trolled clinical trial in 721 antiretroviral-naive patients 
(MERIT: Maraviroc versus Efavirenz for the Treatment of 
Antiretroviral-Naive Subjects Infected with R5 HIV-1). 
Eligi ble patients were randomized to maraviroc 300 mg 
twice daily or efavirenz 600 mg once daily in combination 
with zidovudine and lamivudine. This was a noninferiority 
study and is still ongoing for a planned total of 96 weeks; data 
to only 48 weeks have been reported to date (Saag, 2007). At 
enrollment, the median CD4 cell count was 250/μl, and the 
median plasma viral load was 700,000 RNA copies/ml. There 
were two primary end points for this study: reduction in 
plasma HIV-1 RNA to < 400 copies/ml or to < 50 copies/ml 
at 48 weeks. Maraviroc was shown to be noninferior to efa-
virenz in achieving an HIV-1 RNA < 400 copies/ml (71% 
compared with 73% for maraviroc and efavirenz, respec-
tively) but was not shown to be noninferior for achieving an 
HIV-1 RNA < 50 copies/ml (65% compared with 69% for 
maraviroc and efavirenz, respectively) (Saag, 2007).

However, a reanalysis of the data using a more sensitive 
assay, the enhanced Trofile assay to detect X4 using viruses at 
baseline, revealed that some patients, who were enrolled in 
MERIT on the basis of apparently having only R5 virus, actu-
ally had either dual or mixed populations. When the data 
were reanalyzed excluding all those enrolled with X4 viruses 

Table 253.4. Combined results from MOTIVATE 1 and 2 clinical trials of maraviroc.a

End points

No. subjects and outcome measures in indicated treatment group

Placebo (n = 209) Maraviroc once daily (n = 141) Maraviroc once daily (n = 426)

Mean change in HIV-1 RNA from 
baseline (log10 copies/ml)

−0.79 −1.68 −1.68

Difference in HIV-1 RNA from 
placebo (97.5% CI)

−0.90 (−1.17 to −0.62) −1.05 (−1.33 to −0.78)

No. (%) with HIV RNA  
< 50 copies/ml

35 (17) 179 (43) 194 (46)

Mean change in CD4 count from 
baseline (cells/μl)

61 116 124

Difference in CD4 count from 
placebo group (95% CI)

55 (36–74) 63 (44–82)

aResults from pooled analysis of MOTIVATE 1 and 2 (n = 1049).
Abbreviation: CI: confidence interval.
Source: Adapted with permission from Gulick et al. (2008).
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at baseline, a reclassification was made of 15% of the failures, 
and the final efficacy was the same in the two arms (68% with 
HIV-1 viral load < 50 copies/ml at 48 weeks) (Saag et al., 2008).

The median CD4 cell increase was significantly greater in 
the maraviroc-treated patients than in those receiving efa-
virenz (151 and 122 cells/μl, respectively; p = 0.002). More 
patients in the maraviroc arm were dropped from the study 
because of virologic failure (12% compared with 4% in the 
efavirenz arm), whereas more efavirenz-treated patients 
discontinued owing to adverse effects (14% compared with 
4% treated with maraviroc) (Saag et al., 2008). It is interest-
ing that among patients who failed to achieve a plasma 
HIV-1 RNA concentration < 50 copies/ml at week 48, fewer 
 maraviroc-treated patients developed an AIDS-defining event 
than those treated with efavirenz (1% vs. 9%, respectively; 
p = 0.007), suggesting that the differences in CD4 cell recov-
ery were of clinical significance (Lazzarin et al., 2008).

The reasons for virologic failure in the maraviroc-treated 
patients in MERIT included emergence of some X4-capable 
viral strains (dual-tropic, X4, or mixed R5 and X4 strains, 
some of which were not detected at the screening visit, but 
were later identified at baseline), undetectable maraviroc in 
plasma (suggesting poor compliance), or documented resis-
tance to the other antiretroviral drugs used with maraviroc, 
including the M184V mutation that confers resistance to 
lamivudine (Heera et al., 2008).

A re-analysis of the data in the MERIT study (in which 
patients were treated with either maraviroc or efavirenz, with 
a background of zidovudine–lamivudine) showed that if 
patients who had non-R5 viruses by a more sensitive assay 
were excluded from the analysis, maraviroc was noninferior 
to efavirenz (Cooper et al., 2010). An Italian group used the 
combination of raltegravir, maraviroc, and etravirine (a regi-
men not containing nucleoside reverse transcriptase inhib-
itors) to treat 28 triple-class experienced patients infected 

with exclusively R5 variant HIV-1. At week 48, 92% of these 
patients had HIV viral loads < 50 RNA copies/ml plasma, 
and the median increase in CD4 counts was 267 (Nozza et 
al., 2010).

CD4 RECOVERY AND MARAVIROC

Enhanced CD4 cell recovery with maraviroc has been 
 consistently documented in the MOTIVATE and MERIT 
trials and the A4001029 study, which enrolled treatment- 
experienced individuals with dual/mixed or X4 viruses. A 
meta-analysis of all trials of maraviroc and other newer 
antiretrovirals demonstrated a significant beneficial effect of 
maraviroc on CD4 cell recovery independent of viral sup-
pression (Asmuth et al., 2010; Wilkin et al., 2008). This may 
be related to the effects of CCR5 inhibition on immune acti-
vation rather than direct antiviral effects (Watson et al., 
2005). Maraviroc may reduce sequestration of CD4 cells into 
lymphoid tissue, leading to their redistribution and an 
increase in absolute CD4 numbers in blood. If this effect is 
correlated with an improvement in immune function, this 
property of maraviroc could potentially be used for manag-
ing a subset of patients who have inadequate CD4 cell recov-
ery, despite achieving sustained virologic suppression with 
combination antiretroviral therapy (cART). Many studies 
have now examined the immunological effects of the addi-
tion of maraviroc to suppressive regimens; however, the 
results are not conclusive. In studies primarily in individuals 
with poor CD4+ T-cell restoration, some studies showed 
enhanced CD4+ T-cell recovery with the addition of mara-
viroc (Cuzin et al., 2015), whereas the majority showed no 
effect (Van Lelyveld et al., 2015; Wilkin et al., 2012; Rusconi 
et al., 2013; Markowitz et al., 2014; Hunt et al., 2013; 
Beliakove-Bethell et al., 2014). Markers of immune activa-
tion decreased in some studies (Funderburg et al., 2010; 
Wilkin et al., 2012), and it is interesting to note, in other 

Table 253.5. Subgroup analyses of the virologic efficacy of maraviroc at 48 weeks in the MERIT trials.

Subgroup

p-value for interactiona

Once daily Twice daily

Screening viral load. < 100 000 or > 100 000 copies/ml 0.74 0.53

Baseline CD4 counts, < 50, 50–100, 101–200, 201–350, > 350 cells/μl 0.48 0.97

Baseline viral tropism, R5 or dual/mixed 0.31 0.61

Optimized background therapy included

Enfuvirtide 0.63 0.93

r/LPV 0.84 0.67

r/TPV 0.60 0.70

Delta 32 genotype, wt/wt or Delta 32/wt 0.49 0.96

Race, white or black < 0.001 < 0.001

Sex, male or female 0.24 0.10

Overall susceptibility score, 0, 1, 2, or ≥ 3 0.006 0.001

Phenotypic susceptibility score, 0, 1, 2, or ≥ 3 0.02 0.003

Genotypic susceptibility score, 0, 1, 2, or ≥ 3 0.05 0.06

aThe p-values for a significant interaction for each subgroup and treatment outcome is shown.
Abbreviations: r/LPV: ritonavir-boosted lopinavir; r/TPV: ritonavir-boosted tipranavir; wt: wild type.
Source: Adapted with permission from Fatkenheuer et al. (2008).
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studies the numbers of activated CD8+ and CD4+ T-cells 
increased (Hunt et al., 2013; Puertas et al., 2014). 

HIV CURE STUDIES AND MARAVIROC

The addition of maraviroc to suppressive ART regimens 
has  been examined as a strategy to eliminate persistent 
HIV-1 replication and/or the frequency of long-lived latently 
infected cells. The first small study to evaluate maraviroc in 
this setting demonstrated a nonsignificant decline in the fre-
quency of replication competent latently infected cells (mea-
sured by a viral outgrowth assay) (Guttierez et al., 2011). In 
a  subsequent small nonrandomized study of 15 HIV-1-
infected individuals on suppressive ART, the addition of ral-
tegravir or maraviroc resulted in a significant decrease in the 
frequency of replication competent latently infected cells, 
and these changes persisted after cessation of either raltegra-
vir or maraviroc (Guttierez et al., 2013). In another small but 
randomized study of intensification with both maraviroc and 
raltegravir, there was no change in the intensification arm in 
HIV-1 DNA (an assay that overestimates the frequency of 
latently infected cells) but there was a modest reduction in 
T-cell activation and cell-associated HIV-1 RNA (Lafeuillade 
et al., 2014). Intensification with maraviroc has been associ-
ated with a reduction in HIV-1 DNA in monocytes, the fre-
quency of circulating CD16+ monocytes, a reduction in a 
marker of monocyte activation sCD163, and some improve-
ment in neurological function in a subset of the participants 
(Ndhlovu et al., 2014). Finally, the addition of maraviroc or 
lopinavir–ritonavir to ART resulted in no changes in immune 
activation or viral parameters in CSF or blood (Yilmaz et al., 
2009).

The impact of ART with and without the addition of mar-
aviroc in early HIV-1 infection on virus persistence was 
assessed. The inclusion of maraviroc resulted in a faster 
reduction in HIV-1 DNA and increase in 2LTR circles but no 
difference in the reservoir after 48 weeks (MARAVIBOOST) 
(Puertas et al., 2014). Similarly, the use of intensified ART 
(ART plus raltegravir and maraviroc; n = 13) compared to 
historical controls receiving standard ART (n = 25) resulted 
in a transient decline in intermittent HIV-1 shedding in 
semen, but over time, there was no difference from stan-
dard ART in detection of HIV-1 in semen (Osborne et al., 
2013).

IMMUNE RESTORATION DISEASE AND MARAVIROC

Maraviroc has also been evaluated as an adjunctive treat-
ment of immune reconstitution disease. Immune restoration 
disease is defined as a worsening of symptoms after the initi-
ation of cART due to restoration of pathogenic antigen-spe-
cific immune responses. In the setting of HIV-1 co-infection 
with hepatitis B virus (Crane et al., 2009), Cryptococcus neo-
formans (Chang et al., 2013), and Mycobacterium tuberculo-
sis (Oliver et al., 2010), the risk for immune reconstitution 
disease is related to increased expression of chemokines, 
including the ligands for CCR5. Maraviroc has been used to 
treat immune reconstitution in individual case reports of 
progressive multifocal leukoencephalopathy associated with 

immune reconstitution in the presence (Rodríguez et al., 
2014) and absence of HIV-1 infection (Giacomini et al., 
2014) with some benefit. Maraviroc was recently evaluated in 
a large double-blind placebo controlled study of HIV-related 
immune reconstitution disease in South Africa (n = 276). 
Individuals were randomized to receive maraviroc 600 mg 
twice daily or placebo and no effect of maraviroc was 
observed on the frequency, severity, or timing of immune 
reconstitution disease (Sierra-Madero et al., 2014). Maraviroc 
has also been shown to significantly reduce the risk of acute 
visceral graft versus host disease after stem cell transplanta-
tion (Reshef et al., 2012).

HIV-1 PREVENTION AND MARAVIROC

Maraviroc accumulates well in the tissue sites of HIV-1 
transmission, is active against the major transmitted strains 
(R5 HIV-1), and has a good safety and tolerability profile. 
These aspects make maraviroc a viable candidate for HIV-1 
prevention strategies. Although not currently recommended 
in postexposure prophylaxis (PEP), several studies are in - 
vestigating the tolerability and adherence of 28-day mara-
viroc containing PEP regimens (clinical trial NCT01533272; 
EudraCT 2011-003447-21). A recent study on PEP found the 
maraviroc-containing regimen had fewer adverse events and 
was associated with better adherence when compared to a 
lopinavir–ritonavir-containing regimen (Leal et al., 2015). 
There is also significant interest in the use of maraviroc in 
preexposure prophylaxis (PrEP) approaches. Animal models 
are largely supportive of the utility of maraviroc as PrEP. 
Daily oral dosing of maraviroc was fully protective from 
vaginal HIV-1 challenge in a humanized mouse model (Neff 
et al., 2010). However, other studies have found oral maravi-
roc PrEP not be protective from repeated simian/human 
immunodeficiency virus (SHIV) rectal challenges in rhesus 
macaques, despite high drug concentrations in rectal tissue 
(Massud et al., 2013), and single oral dosing was not protec-
tive from HIV-1 challenge in explants of human rectal tissue 
from males or vaginal tissue (Fox et al., 2015). These results 
suggest multiple daily dosing will be required for maraviroc 
PrEP. Trials are ongoing assessing the safety and pharmaco-
kinetics of oral maraviroc PrEP (clinical trials NCT02346084 
and NCT01505114). 

Maraviroc-containing gel formulations can be used as 
topical microbicides both vaginally and rectally. In non-
human primate studies, maraviroc gels demonstrated protec-
tion from vaginal SHIV challenge (Veazey et al., 2010) that 
was dose dependent (Malcolm et al., 2013). Recent evidence 
demonstrated that maraviroc gel applied rectally conferred 
efficient protection (81.5% efficacy) from repeated SHIV rec-
tal challenges over 10-week period (Dobard et al., 2015).  
The formulation of maraviroc into intravaginal rings allows 
for steady release of maraviroc and should increase adher-
ence. In nonhuman primate studies, sustained release of 
maraviroc over 28 days and efficacious concentrations in 
vaginal fluids and tissues has been observed (Malcolm et  
al., 2012; Moss et al., 2014). Trials are now ongoing to assess 
the safety and pharmacokinetics of maraviroc-containing 
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intravaginal rings in humans (clinical trials NCT01363037 
and NCT02431273) (Chen et al., 2015). 

7b.  Overview of current role in  
ART regimens

Overall, maraviroc is very well tolerated and has a clear viro-
logic and immunologic benefit for the treatment of individ-
uals infected with R5 virus and a history of multidrug 
resistance. The added difficulty of determining coreceptor 
usage before the use of maraviroc has greatly limited its use 
compared to other newer potent antivirals. Given the addi-
tional immunological effects of maraviroc, whether it will 
have a place in the management CD4 recovery despite viro-
logic suppression, elimination of latent virus, and/or as a 
means to interrupt early viral transmission requires further 
study.
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1. DESCRIPTION

Entecavir is a guanosine nucleoside analog with selective 
activity against hepatitis B virus (HBV), as well as some 
activity toward HIV (McMahon et al., 2007). During devel-
opment it was known as BMS-200475. It is marketed as 
Baraclude and received regulatory approval in the USA in 
March 2005, in Australia in April 2006, and in Europe in 
June 2006.

The chemical name for entecavir is 2-amino-1,9-dihydro-9 
[(1S,3R, 4S)-4-hydroxy-3-(hydroxymethyl)-2-methy lene-
cyclopentyl]-6H-purin-6-one monohydrate. Its molecular 
formula is C12H15N5O3·H2O, which corresponds to a molecu-
lar weight of 295.3. The chemical structure of entecavir is 
shown in Figure 254.1. It is slightly soluble in water (2.4 mg/
ml) and the pH of the saturated solution in water is 7.9 at 25°C.

Entecavir is available only for oral administration, as a 
tablet (0.5 and 1 mg) and as a liquid oral formulation (0.05 
mg/ml).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

HEPATITIS B VIRUS

In a HepG2 cell line stably transfected with HBV the effective 
concentration of entecavir inhibiting HBV replication by 
50% (EC50) was 3.75 ± 1.2nM (mean ± standard deviation), 
an order of magnitude less than lamivudine (116.3 ± 71.3 
nM) (Innaimo et al., 1997). Entecavir was active against both 
wild-type and lamivudine-resistant HBV mutants, although 
with the latter strains the EC50 was 30 nM (range: 29–61 nM), 
resulting in requirement for 20- to 30-fold higher entecavir 
concentrations to inhibit replication of these strains of HBV 
in vitro (Levine et al., 2002). The woodchuck hepatitis virus 
and the duck hepatitis virus are also susceptible to entecavir 
(Colonno et al., 2001; Marion et al., 2002). Although the 
drug has a very high barrier to resistance with a stable 1.2% 
resistance rate after 6 years, this barrier is markedly reduced 

in cases of preexisting lamivudine resistance due to lamivu-
dine signature resistance mutations containing two of the 
three mutations necessary for entecavir resistance (Zoulim 
and Locarnini, 2009).

OTHER DNA VIRUSES

Entecavir has no activity against other DNA viruses (such as 
herpesviruses) or other human hepatitis viruses.

HUMAN IMMUNODEFICIENCY VIRUS

In vitro and clinical data demonstrate that entecavir has 
activity against HIV, with the potential to generate resistance 
mutations. Entecavir inhibits HIV replication in vitro, with 
EC50 values between 0.1 and 1 nM; HIV strains resistant to 
entecavir can be obtained after in vitro passage in increasing 
concentrations of entecavir and they develop the M184V 
reverse transcriptase mutation characteristic of lamivudine 
resistance (McMahon et al., 2007; Lin et al., 2008). Further, 
three patients given entecavir monotherapy for HBV–HIV 
co-infection had a 1 log10 decline in HIV viral load (as mea-
sured by the concentration of HIV RNA in plasma), and one 
of them developed a M184V resistance mutation characteris-
tic lamivudine resistance (McMahon et al., 2007). In another 
study, 13 (76%) of 17 HIV–HBV co-infected individuals 
treated with entecavir monotherapy had a median reduction 
in plasma HIV RNA concentrations of 1.2 log10 copies/ml. A 

Figure 254.1. Chemical structure of entecavir.
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total of 6 of the individuals treated (36%), including 3 antiret-
roviral therapy-naive subjects, developed the M184V reverse 
transcriptase mutation (Sasadeusz et al., 2008). By contrast, 
when 51 HIV–HBV co-infected individuals with undetect-
able plasma HIV RNA because of ongoing highly active 
combination antiretroviral therapy (including lamivudine), 
had entecavir added to their antiretroviral regimen because 
of recrudescent HBV, no HIV strains resistant to entecavir 
developed (Pessoa et al., 2008).

2b.  Emerging resistance and 
cross-resistance

In vitro studies of entecavir resistance show that the muta-
tions that confer lamivudine resistance confer some level of 
entecavir resistance, but at a level that still allows successful 
in vivo entecavir therapy. A combination of lamivudine resis-
tance mutations and additional mutations in the polymerase 
result in HBV strains that are highly entecavir resistant. It is 
interesting that in the absence of the lamivudine resistance 
mutations, these additional mutations do not result in ente-
cavir resistance (Tenney et al., 2004).

In vitro studies show that lamivudine resistance muta-
tions (e.g. M204I/V and L180M) in the highly conserved 
YMDD motif of the HBV polymerase gene (the RNA-
dependent DNA polymerase of HBV, a reverse transcriptase) 
reduce susceptibility to entecavir (8- to 30-fold). These muta-
tions reduce but do not eliminate the in vivo efficacy of ente-
cavir (Tenney et al., 2007). Entecavir resistance requires both 
the lamivudine resistance mutations and additional muta-
tions (including I169T, V173L, T184G, S202I/G, and/or 
M250V) (Levine et al., 2002; Tenney et al., 2007; Zoulim 
and Locarnini, 2009). The later secondary mutations alone 
do not confer resistance to entecavir in the absence of lami-
vudine-associated changes (Tenney et al., 2004).

Compared with lamivudine, HBV acquires entecavir 
resistance relatively slowly. For example, attempts to select 
for entecavir resistance were unsuccessful over 22 months 
in a woodchuck model treated with entecavir (infected with 
the hepadnavirus woodchuck hepatitis virus) (Colonno et 
al., 2001).

In the two registration trials of entecavir monotherapy for 
nucleoside-naive chronic HBV infection, no entecavir resis-
tance mutations were detected at week 48 in patients naive 
to lamivudine (Chang et al., 2006; Lai et al., 2006). In the 
11 patients (of a total of 679 treated) in both trials with viral 
rebound, entecavir resistance mutations also were not detected. 
In a 2-year followup of 673 entecavir-treated, nucleoside- 
naive patients with chronic HBV infection, entecavir resis-
tance mutations were found in only 3 of 22 patients with viral 
rebound, all of whom had preexisting lamivudine resistance 
mutations identified at baseline; in one of these, an S202G 
mutation also emerged at week 48 (Colonno et al., 2006).

In contrast to nucleoside-naive patients, among individu-
als whose HBV infection had failed to respond to lamivudine 
(> 85% of whom had lamivudine resistance mutations), a 

higher rate of entecavir resistance emerged on treatment. In 
a study of 286 HBe-positive patients who were refractory to 
lamivudine (persistent viremia or documented YMDD muta-
tions while receiving lamivudine), 141 patients were ran-
domized to switch to entecavir 1 mg daily while 145 were 
allocated to continue lamivudine 100 mg daily for a mini-
mum of 52 weeks. A total of 2 of 141 of entecavir-treated 
patients showed virologic rebound, and genotypic evidence 
of resistance was detected in 10 (Sherman et al., 2006).

Mutations associated with reduced susceptibility to ente-
cavir were also observed in other studies of entecavir-treated 
patients with prior evidence of lamivudine resistance muta-
tions (Tenney et al., 2004; Tenney et al., 2007). Paired sam-
ples were taken before and after 48 weeks of entecavir therapy 
for resistance testing. The mutations specific for entecavir 
resistance were in the reverse transcriptase gene, predomi-
nantly T184G, S202I, and/or M250V and in some reports 
S184G and I169T, and the finding of these mutations in com-
bination with the lamivudine resistance mutations L180M 
and M204V resulted in a 38- to 2000-fold reduced suscepti-
bility to entecavir in vitro (Tenney et al., 2004; Tenney et al., 
2007) . The requirement for at least three mutations to occur 
simultaneously appears to account for the relatively high 
barrier to resistance, except where lamivudine mutations 
have already been selected (Locarnini, 2008).

In entecavir-treated lamivudine-refractory patients with 
HBV, about 6% (11 of 187 patients) had entecavir mutations 
T184G, S202I, and/or M250V detectable at week 48, but a 
rebound in plasma HBV DNA was seen in only 1% (2/187). 
By week 96, however, 8% (12 of 151 patients) had detectable 
mutations, and viral rebound occurred in 14/151 (9%). All 
these patients had genetic evidence of lamivudine resistance 
at baseline (Tenney et al., 2007). Further, 6% of these patients 
had evidence of entecavir resistance mutations at baseline 
despite a lack of prior entecavir exposure, suggesting that 
prior lamivudine treatment might foster the development 
of such mutations. However, viral rebound occurred in a 
minority of these patients—none at 1 year and 30% by year 2 
(see Table 254.1)—suggesting that there is a significant delay 
between the emergence of mutations and clinical failure, 
possibly signifying decreased viral fitness.

In followup of entecavir monotherapy studies, HBV 
rebound due to entecavir-resistant mutations developed in 
about 1%, 11%, 27%, and 39% of lamivudine-refractory 
patients treated for 1, 2, 3, and 4 years, respectively, and in 
approximately 1% of treatment-naive patients after up to 4 
years of entecavir therapy (Colonno et al., 2006). Long-term 
studies confirm the low cumulative incidence of break-
through viremia with resistant strains, with most recurrences 
occurring after discontinuation (Zoulim and Locarnini, 
2009; Wong et al., 2012; Tenney et al., 2009).

CROSS-RESISTANCE

In vitro studies showed that telbivudine (see Chapter 256, 
Telbivudine) was not active against HBV strains bearing the 
lamivudine or entecavir mutations L180M/M204V/I, but  
the drug remained active against the M204V single mutant. 
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Further, the telbivudine resistance mutations M204I and 
L80I/M204I increased the EC50 values of entecavir (and lami-
vudine) to HBV by 353- to > 1000-fold.

HBV strains with the adefovir-associated mutation A181V 
had unaltered entecavir susceptibility (Seifer et al., 2009) and 
entecavir-resistant strains appear to be susceptible to adefo-
vir (Tenney et al., 2004; see Chapter 255, Adefovir dipivoxil). 
Despite this, the addition of adefovir to entecavir does not 
appear to inhibit the replication of etravirine-resistant vari-
ants in cases of breakthrough viremia (Wang et al., 2016). 
Mutations conferring cross-resistance between tenofovir and 
entecavir has not been demonstrated. 

Similarly, mutations developed after exposure to clevudine, 
emtricitabine, valtorcitabine, and elvucitabine (rtM204I/V ± 
rtL180M) are associated with some reduced sensitivity to 
entecavir (Ferir et al., 2008).

3. MECHANISM OF DRUG ACTION

Like other nucleoside and nucleotide antivirals, entecavir is a 
prodrug that must be phosphorylated to entecavir triphos-
phate, the active form of the drug, intracellularly. Once ente-
cavir enters a cell, triphosphorylation occurs rapidly and 
efficiently, mediated by cellular nucleoside kinases (Innaimo 
et al., 1997). By competing directly in a dose-dependent 
man  ner with deoxyguanosine triphosphate (dGTP), enteca-
vir triphosphate potently inhibits each of the three distinct 
activities of the HBV viral polymerase: priming, reverse 
transcription of first-strand DNA synthesis, and the DNA-
dependent DNA polymerase activity responsible for second- 
strand DNA synthesis. Entecavir triphosphate is a compet-
itive inhibitor of the HBV reverse transcriptase, and this 
enzyme in fact displays a higher affinity for entecavir tri-
phosphate (inhibition constant [Ki]: 1.3–2.6 nM) than it does 
for its natural substrate, dGTP (Michaelis-Menten constant 
[Km] of 13.3–20 nM) (Seifer et al., 1998).

Measurement of the extent to which entecavir triphos-
phate can substitute for the natural substrate dGTP in an oli-
gonucleotide primer extension assay showed that extension 
of the primer by one nucleotide (+1) was 12–26 times less 
efficient with entecavir substituting for dGTP, and a three- 
nucleotide (+3) extension of entecavir-terminated primers was 
16–40 times less efficient than those terminating with dGP. 
Therefore entecavir acts as a non-obligate chain terminator, 
usually two or three nucleotides downstream from its incor-
poration into DNA (Seifer et al., 1998).

Mycophenolic acid and ribavirin markedly enhance the 
antiviral effect of entecavir against wild-type HBV and the 
M204V lamivudine-resistant HBV strain in vitro (Ying et al., 
2007). The mechanism relates to the fact that both com-
pounds inhibit IMP dehydrogenase, causing depletion of 
intracellular dGTP pools, which increases the ability of ente-
cavir triphosphate to compete with dGTP and thus inhibit 
the HBV polymerase.

Studies in a duck model reveal that after a 21-day treat-
ment, entecavir reduces covalently closed circular DNA 
(cccDNA) of duck hepatitis B virus (DHBV) by threefold 
compared with untreated controls. Given that cccDNA plays 
an important role in viral persistence and serves as a tem-
plate for transcription, reduced quantities of cccDNA may 
reduce the risk of hepatocellular carcinoma consistent with 
the observation of delayed onset of liver cancers in animal 
models (Marion et al., 2002).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The recommended dose of entecavir varies with prior antivi-
ral treatment status. For patients with HBV infection who 
have not received prior therapy with lamivudine, a dose of 
0.5 mg once daily is recommended. For patients with viro-
logic failure after lamivudine therapy, tenofovir is preferred 
because of the lower potential for resistance. In clinical trials, 
an entecavir dose of 1 mg once daily was used because lami-
vudine-resistant strains of HBV show moderately reduced 
susceptibility to entecavir. It is recommended that entecavir 
be taken at least 2 hours before or after food.

4b.  Newborn infants and children

The recommended dose of entecavir in children (> 2 years) is 
based on body weight (0.015 mg/kg oral solution once daily, 
up to a maximum of 0.5 mg/day (Jonas et al., 2016a). There 
are no data regarding children < 2 years old. 

4c.  Pregnant and lactating mothers

Entecavir is regarded as US pregnancy category C: after 
high-level dosing in animals, low fetal birth weight and skel-
etal malformations were noted (Bristol-Myers Squibb, 2007). 

Table 254.1. Timing of entecavir resistance (genotype and phenotype) in treatment of lamivudine-refractory patients with HBV.

No. of patients at followup with entecavir resistance detected

Baseline (n = 10) Week 48 (n = 11) Week 96 (n = 12) Total

HBV DNA level < 300 copies/ml 2 1  6

No rebound 4 2 5 11

Year 1 rebound 0 2 0  2

Year 2 rebound (% of patients with resistance at time) 3 (30%) 5 (45%) 6 (50%) 14

Source: Adapted with permission from Tenney et al. (2007).
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Although antiviral treatment is indicated in pregnant women 
in the third trimester to reduce the risk of perinatal transmis-
sion, there are no data on the use of entecavir in that context 
or whether entecavir is present in breast milk (Brown et al., 
2016). Patients who are on entecavir and who are pregnant or 
anticipating pregnancy should consider changing to another 
antiviral. 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Dose adjustment is required in patients with renal impair-
ment (LaCreta et al., 2005; Bristol-Myers Squibb, 2007; see 
Table 254.2). In patients with end-stage renal failure, 13% 
of the dose is removed by hemodialysis, but < 1% is removed 
by continuous ambulatory peritoneal dialysis (LaCreta et al., 
2005). Dosing after haemodialysis is recommended.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION AND 
THE ELDERLY

Dose adjustment is not required in older patients, in patients 
who have undergone liver transplant, or in patients with 
hepatic impairment independent of renal function.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Entecavir is well absorbed orally, with > 70% of the drug 
reaching plasma. Because co-administration with food de- 
creases absorption by 20%, it is recommended that dosing 
is separated from food by a minimum of 2 hours (Bristol-
Myers Squibb, 2007). Maximum plasma concentrations of 
entecavir are reached in < 2 hours. Entecavir is not bound 
significantly to plasma proteins (~ 13%) and uniformly dis-
tributes between plasma and red blood cells. Entecavir has 
an elimination half-life (t½) of approximately 130 hours, with 
an effective half-life for absorption of 24 hours; steady state is 
achieved after repeated daily doses for 9–10 days. At steady 
state, entecavir dosing of 0.5 mg daily resulted in mean max-
imum concentrations (Cmax) of 4.23 ng/ml and 24-hour 
exposure (AUC24) of 14.7 ng/ml/h. After repeated dosing of 
1 mg daily, mean Cmax was 8.26 ng/ml and AUC24 was 26.4 
ng/ml/h (i.e. pharmacokinetics were dose proportional). 
Intersubject variation in these variables was < 20% in phase I 
studies Yan et al., 2006; see Table 254.3).

5b.  Drug distribution

The apparent volume of distribution (> 1000 l) of entecavir is 
markedly in excess of total body water, suggesting extensive 
distribution into tissues (Zhu et al., 2008). Mice and rat stud-
ies identified liver, spleen, and bone marrow as tissues with 
higher concentrations of entecavir than in blood and eye, 
brain, and cerebrospinal fluid (CSF) as having lower blood 
concentrations of entecavir than blood (Robinson et al., 
2006). 

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Phase II randomized placebo-controlled studies in which 
subjects with chronic HBV infection were given escalating 
doses of entecavir, 0.05, 0.1, 0.5, and 1.0 mg daily over 28 
days showed that daily doses of 0.5 and 1.0 mg resulted in 
slower rebound of HBV DNA levels on cessation than did 
lower dosages (de Man et al., 2001). These previously 
untreated subjects (specifically, naive to nucleoside ana-
logs) also had equal reductions in HBV DNA at the 0.5- and 
1.0-mg doses, with somewhat lower reductions at the lower 
doses (Lai et al., 2002). These data resulted in the 0.5-mg 
dose being recommended in lamivudine-naive patients. 
Dose-ranging studies identified improved responses with 
entecavir 1.0 mg compared with entecavir 0.5 mg for HBV 
DNA suppression in individuals with lamivudine-refractory 
HBV (Chang et al., 2005), hence the recommendation of 1.0-
mg dosing in these patients. Pharmacokinetic parameters do 
not appear to be affected by HIV co-infection (Zhu et al., 
2008) or in different ethnic groups (Yoshitsugu et al., 2011).

5d.  Excretion

Entecavir is primarily eliminated unchanged in urine, with 
excretion by both glomerular filtration and tubular secre-
tion. Dose reduction is recommended in patients with renal 
impairment (see Table 254.2).

5e.  Drug interactions

Entecavir does not appear to be a substrate, inhibitor, or 
inducer of the CYP450 enzyme system. In vivo studies indi-
cate that there are no significant pharmacokinetic interac-
tions with lamivudine, adefovir, or tenofovir. In vitro studies 
suggest that there are no pharmacodynamic interactions 

Table 254.2. Suggested entecavir dose adjustments in patients with renal impairment.

Creatinine clearance (ml/min) Nucleoside-naive patients Lamivudine-refractory patients

> 50 0.5 mg once daily 1 mg once daily

30–< 50 0.25 mg once daily or 0.5 mg every 48 hours 0.5 mg once daily or 1 mg every 48 hours

10–< 30 0.15 mg once daily or 0.5 mg every 72 hours 0.3 mg once daily or 1 mg every 72 hours

< 10, on hemodialysis or continuous  
 ambulatory peritoneal dialysis

0.05 mg once daily or 0.5 mg every 7 days 0.1 mg once daily or 1 mg every 7 days

Source: Data from Bristol-Myers Squibb (2015).
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with stavudine, didanosine, abacavir, zidovudine, lamivu-
dine, or tenofovir that would affect their activity toward HIV 
or HBV (Bristol-Myers Squibb, 2007; Zhu et al., 2008). No 
interaction has been found between entecavir and adefovir 
(Bifano et al., 2007) or entecavir and tenofovir (Bifano et al., 
2005).

6. ADVERSE REACTIONS AND TOXICITY

The safety profile of entecavir appears similar to that of lami-
vudine in comparative trials. Doses of up to 20 mg (20–40 
times the recommended dose) for 14 days were administered 
in phase I studies without any significant clinical or labora-
tory adverse events (Bristol-Myers Squibb, 2007). The most 
common side effects reported in clinical trials (headache, 
abdominal pain, diarrhea, fatigue, arthralgia, dizziness, 
nausea, dyspepsia, increased liver enzymes, increased blood 
amylase, back pain, and myalgia) were generally mild and 
were considered to be unrelated to the study drug. The over-
all rate of serious adverse events was 7% in treatment-naive 

patients and 10% in lamivudine-refractory patients. Treat-
ment was discontinued because of an adverse event (clinical 
or laboratory) in only 1% of entecavir-treated patients, com-
pared with 4% of lamivudine-treated patients. Those adverse 
events possibly, probably, or definitely related to medication 
are shown in Table 254.4. Proportions of adverse effects in 
entecavir-treated patients were less than or equal to those 
seen in lamivudine-treated patients (Chang et al., 2006; 
Chang et al., 2005; Lai et al., 2006; Sherman et al., 2006). 
Comparisons of the safety profile of tenofovir with entecavir 
have reported only small numbers with clinically significant 
toxicities but have generally found lower renal toxicities with 
entecavir (Lok et al., 2016). 

Serious adverse events and rate of discontinuation were 
very low in all entecavir clinical trials. In all randomized 
comparative clinical trials, mortality rates in entecavir- 
treated and lamivudine-treated patients were equivalent. 
One death was possibly due to cessation of entecavir treat-
ment and subsequent hepatic decompensation (Bristol-Myers 
Squibb, 2007). Entecavir does not appear to be associated 

Table 254.3. Key pharmacokinetic properties of entecavir.

Entecavir is well absorbed, peak in 0.5–1 hour, tablet bioavailability 100%

Steady state is achieved at 6–10 days with once-daily administration

Cmax with 0.5 mg is 4.2 ng/ml and with 1.0 mg is 8.2 ng/ml; Ctrough with 0.5 mg is 0.3 ng/ml and with 1.0 mg is 0.5 ng/ml

Food effect: high-fat meals (945 kcal, 54.6 g fat) and low-fat meals (375 kcal, 8.2 g fat) delay absorption by 1–1.5 hours vs. 0.5 hour in the 
fasted state; Cmax decreased by 44–46%, and AUC decreased by 18–20%; recommendation is to administer dose 2 hours before or after 
meal

Plasma protein binding is 13%

Entecavir is not a substrate, inducer, or inhibitor of cytochrome P-450

Entecavir terminal half-life is 128–146 hours

Once-daily dosing accumulation half-life is 24 hours

Entecavir is excreted 62–73% unchanged via the kidney; dose adjustment is required for subjects with significant renal dysfunction

Child–Pugh B and C (moderate and severe liver disease) and liver transplant recipients show no different pharmacokinetics compared with 
healthy individuals controlling for renal function

No significant drug interactions have been identified with nucleoside inhibitors

Abbreviations: Cmax: maximum concentration; Ctrough: trough concentration; AUC: area-under-the-concentration-time curve.
Source: Yan et al., 2006. 

Table 254.4. Grade 2–4 adverse events in entecavir clinical trials.

Nucleoside naivea,b Lamivudine refractoryc

Entecavir (0.5 mg) 
(n = 679)

Lamivudine (100 mg) 
(n = 668)

Entecavir (1 mg) 
(n = 183)

Lamivudine (100 mg) 
(n = 190)

Diarrhea < 1% 0 1% 0

Dyspepsia < 1% < 1% 1% 0

Nausea < 1% < 1% < 1% 2%

Vomiting < 1% < 1% < 1% 0

Fatigue 1% 1% 3% 3%

Headache 2% 2% 4% 1%

Dizziness < 1% < 1% 0 1%

Somnolence < 1% < 1% 0 0

Insomnia < 1% < 11% 0 < 1%

aData from Chang et al. (2006).
bData from Lai et al. (2006).
cData from Sherman et al. (2006).
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with significant neurologic toxicity. Entecavir has no activity 
against gamma DNA polymerase of mitochondria and only 
low levels of activity against other cellular DNA polymerases 
(Innaimo et al., 1997; Mazzucco et al., 2008). Cases of lactic 
acidosis have been reported in patients with severely 
impaired liver function (MELD score of 20 or more), and 
entecavir should be used with caution in this group (Lange 
et al., 2009).

Laboratory abnormalities noted in clinical trials are shown 
in Table 254.5.

6a.  Hepatitis flares

Exacerbation of hepatitis necroinflammatory activity, termed 
flares, is well recognized in patients treated with nucleoside 
analogs and may occur during treatment or on cessation of 
therapy (Fung et al., 2009). In nucleoside-naive patients, 
alanine aminotransferase (ALT) flares were seen in 2% of 
patients taking entecavir, and in 4% after cessation (com-
pared with 4% and 8%, respectively, for lamivudine) (Bristol-
Myers Squibb, 2007). In general, flares occurring early in 
treatment (< 12 weeks) were not associated with increased 
HBV DNA in plasma (HBV viral load), but flares later in 
treatment were associated with increases in HBV viral load 
and antiviral treatment was discontinued. During entecavir 
therapy, ALT flares in lamivudine-refractory patients were 
seen at rates similar to those in naive patients, but flares were 
most common in those randomized to continue lamivudine. 
In these studies; 2% of entecavir-treated patients on treat-
ment and 7% after cessation of treatment had ALT flares, 
compared with 7% of lamivudine-treated patients on treat-
ment and 13% after cessation of treatment (Bristol-Myers 
Squibb, 2007). In a cohort study of 39 patients who discon-
tinued antivirals after HBeAg seroconversion (of which 10 
were on entecavir), a recurrent viremia was reported in 90% 
and a biochemical flare in 38% (with a median peak ALT of 
249 IU/mL) (Chaung et al., 2012). 

6b.  Other adverse events

HBV infection is a known cause of hepatocellular carcinoma. 
Preclinical toxicology studies in rats and mice suggested that 
entecavir at a high dose may be associated with the devel-
opment of benign and malignant hepatic tumors. However, 
data suggest that the use of entecavir is associated with a 
reduced risk of hepatocellular carcinoma (HCC), although 
ongoing monitoring is still required (discussed later in this 
chapter). In all phase III clinical trials and postmarketing 
(phase IV) studies to date, the incidence of all cancers in 
entecavir-treated patients does not appear to be different to 
that in lamivudine-treated patients and is similar to that in 
other reported cohorts of HBV-infected patients elsewhere, 
whether treated or otherwise (Bristol-Myers Squibb, 2007).

7. CLINICAL USES OF THE DRUG

7a.  Immune-active hepatitis B virus 
infection

Entecavir is a first-line therapy for treatment of immune- 
active HBV infection, for both patients with and without 
detectable hepatitis B e antigen (HBeAg) (Terrault et al., 
2016; EASL, 2012). Entecavir efficacy in comparison with 
lamivudine was studied in three large phase III trials, and a 
number of supporting studies (Chang et al., 2006; Lai et al., 
2006; Sherman et al., 2006; Lok et al., 2016; see Table 254.6). 
All phase III studies were randomized, double-blinded, and 
placebo controlled and included patients > 16 years of age 
with elevated ALT (1.3 to 10 times the upper limit of nor-
mal [ULN]) and with compensated liver disease; patients 
with HIV infection, co-infected with hepatitis C or D viruses 
were excluded. Nucleoside-naive patients were given 0.5 mg 
entecavir daily, whereas lamivudine-refractory patients were 
treated with 1 mg daily.

Entecavir monotherapy over 48 weeks produced higher 
rates of histologic improvement than lamivudine (defined 
as ≥ 2 point reduction in the Knodell necroinflammatory 
score), in patients both with and without detectable HBeAg 
(see Table 254.6). In those with HBe antigenemia, 72% of 
 entecavir-treated patients showed histological improvement 
compared with only 62% in those given lamivudine (Chang 
et al., 2006). In the HBeAg-negative group, histologic 
improvement was seen in 70% and 61% of entecavir- and 
lamivudine-treated subjects, respectively (Lai et al., 2006; 
Sherman et al., 2006). Likewise, entecavir therapy produced 
higher rates of viral suppression and ALT normalization in 
both nucleoside-naive and lamivudine-refractory subjects 
compared with lamivudine monotherapy (Table 254.6). 
Rates of HBeAg seroconversion in entecavir-treated subjects 
were low and equivalent to those seen in lamivudine-treated 
nucleoside-naive subjects (21% and 18%, respectively), and 
it is not surprising that entecavir was superior to lamivudine 
in lamivudine-refractory subjects (8% vs. 3%) (Table 254.6). 
When entecavir treatment was continued for 96 weeks in 
HBe antigenemic study participants, viral rebound (rises in 

Table 254.5. Laboratory events in entecavir clinical trials.

Nucleoside 
naivea,b

Lamivudine 
refractoryc

Entecavir 
(0.5 mg) 
(n = 679)

Entecavir 
(1.0 mg) 
(n = 183)

ALT > 10 times ULN 2% 2%

ALT > 3 times ULN 5% 4%

ALT > 2 times ULN < 1% 0

Albumin < 2.5 g/dl < 1% < 1%

Amylase > 3 times ULN 2% 2%

Lipase > 3 times ULN 12% 18%

Platlets < 50000/mm3 < 1% < 1%

Abbreviations: ALT: alanine aminotransferase; ULN: upper limit of normal.
aData from Chang et al. (2006).
bData from Lai et al. (2006).
cData from Sherman et al. (2006).
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or reappearance of HBV DNA in plasma) occurred only in 
lamivudine-refractory subjects and were seen in only 2 of 
243 subjects in the second year of treatment, although there 
was genotypic evidence of entecavir resistance in 12 (6.6%) 
of the 182 subjects studied (Gish et al., 2007). Resistance was 
reported and analyzed phenotypically as well as genotypi-
cally, confirming the importance of lamivudine resistance 
together with mutations T184G, S202I, and/or M250V as a 
cause of entecavir failure (Baldick et al., 2008).

There are now accumulating data on long-term surrogate 
outcomes of entecavir-treated cases of HBV infection as well 
as clinical outcomes, such as mortality, progression to hepatic 
failure, or hepatocellular carcinoma in patients treated with 
entecavir. Entecavir treatment was associated with histo-
logical improvement and ALT normalization over 3–6 years, 
including in patients with cirrhosis (Schiff et al., 2011; Chang 
et al., 2010; Yokosuka et al., 2010). Some observational data 
suggest that that entecavir is associated with a reduced inci-
dence of hepatocellular carcinoma and mortality in patients 
with cirrhosis (Hosaka et al., 2013; Wong et al., 2013). 
However, other studies have still found a significant residual 
risk reinforcing the need for ongoing screening in patients 
with cirrhosis, particularly in patients of older age (Idilman 
et al., 2015; Kim et al., 2014). In a large Korean cohort study, 
entecavir, compared to lamivudine, was associated with a 
reduced mortality and risk of liver transplantation but had a 

similar risk of hepatocellular carcinoma (Lim et al., 2014). In 
patients with chronic liver failure associated with HBV infec-
tion, entecavir appeared to be associated with a similar sur-
vival at 24 weeks compared to lamivudine, but with improved 
clinical markers (including bilirubin, prothrombin time, and 
HBV DNA suppression) (Zhang et al., 2014a).

An ongoing area of clinical uncertainty are the indica-
tions to cease treatment with antiviral treatments. Current 
recommendations recommend indefinite therapy in patients 
with HBeAg-negative chronic HBV infection (Terrault et al., 
2016; EASL, 2012). In patients with HBeAg who serocon-
vert on treatment, guidelines suggest that treatment dis-
continuation may be considered 12 months after anti-HBeAg 
seroconversion (EASL, 2012). However, multiple studies 
have shown a failure to sustain serological and virological 
responses after discontinuation of antiviral treatment in a 
high proportion of patients, and close monitoring is required 
(Chaung et al., 2012). 

There are fewer studies comparing entecavir with anti-
virals other than lamivudine (see Table 254.7). In a random-
ized, controlled trial comparing entecavir with adefovir in 
HBe antigenemic, nucleoside-naive adults, entecavir therapy 
was superior to adefovir in reducing plasma HBV DNA 
(Liaw et al., 2011; Leung et al., 2009). In addition, signifi-
cantly more patients receiving entecavir achieved undetect-
able (< 300 copies/ml) HBV DNA levels by PCR (58% vs. 

Table 254.6. Summary of efficacy analyses of phase III clinical trials comparing entecavir with lamivudine.

Nucleoside naive, HBeAg positivea Nucleoside naive, HBeAg negativeb Lamivudine refractoryc

Entecavir 
0.5 mg 

(n = 354)

Lamivudine 
100 mg 

(n = 355)

Difference 
estimate and 
significance

Entecavir 
0.5 mg 

(n = 325)

Lamivudine 
100 mg 

(n = 313)

Difference 
estimate and 
significance

Entecavir 
1 mg 

(n = 141)

Lamivudine 
100 mg 

(n = 145)

Difference 
estimate and 
significance

Histologic 
improvement

72% 62% 9.9% 
(2.6, 17.2%), 

p = 0.009

70% 61% 9.6% 
(2.0%, 17.3%), 

p = 0.01

55% 28% 27.3% 
(13.6, 40.9%), 

p < 0.0001

Normalization of 
ALT

68% 60% 8.1% 
(1.3%, 15.4%), 

p = 0.02

78% 71% 6.9% 
(0.2, 13.7%), 

p = 0.045

61% 15% 51.7% 
(41.8, 61.6%), 

p < 0.0001

HBV DNA < 0.7 
mEq/ml by 
bDNA

91% 65% 25.6 
(19.8, 31.4%), 

p < 0.001

95% 89% 5.9 
(1.8, 10.1), 
p = 0.005

— — —

HBV DNA < 300 
copies/ml by 
PCRd

67% 36% 30.3 
(23.3, 37.3), 
p < 0.001

90% 72% 18.3 
(12.3, 24.2), 
p < 0.001

19% 1% 18% 
(11.0, 24.5%), 

p < 0.0001

Mean change in 
HBV DNA 
from baseline 
by PCR (log10 
copies/ml)

−6.9 −5.4 1.52 
(−1.78, −1.27), 

p < 0.001

−5.0 −4.5 −0.43, 
(−0.6, −0.3), 

p < 0.001

−5.11 −0.48 −4.6 
(−4.8, −4.0), 
p < 0.0001

HBeAg 
seroconversion

21% 18% 2.9% 
(−2,9, 8.7), 
p = 0.33

— — — 8% 3% 5.0 
(−0.1, 10.2%), 

p = 0.06

Abbreviations: HBeAg: hepatitis B e antigen; ALT: alanine aminotransferase; bDNA: branched DNA; PCR: polymerase chain reaction.
aData from Chang et al. (2006).
bData from Lai et al. (2006).
cData from Sherman et al. (2006).
dAs measured by Roche COBAS Amplicor PCR assay (lower limit of quantification = 300 copies/ml).
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20%) and had ALT normalization (63% vs. 46%). Adverse 
events were similar in the two treatment groups (Liaw et al., 
2011).

In a nonrandomized cohort study comparing patients on 
entecavir with telbivudine, a higher proportion of patients 
treated with entecavir had viral suppression (97% vs. 71%) 
and a lower proportion of patients had documented resis-
tance (1.1% vs. 24%) (Tsai et al., 2014a). Similar results were 
reported in another cohort study comparing patients on 
entecavir with those on tenofovir and lamivudine. A higher 
proportion of patients receiving entecavir or tenofovir had 
viral suppression at 12 months, compared to those on lami-
vudine (93%, 92%, and 71% respectively) (Koklu et al., 2013). 

An older study compared entecavir with clevudine (Kim 
et al., 2010). Although the efficacy of the two drugs was sim-
ilar (e.g. the proportion of subjects with undetectable serum 
HBV-DNA [< 300 copies/ml] at 6 months was 65.5 and 
74.0% in the clevudine and entecavir groups, respectively), 
genotypic resistance was seen only in the clevudine group, 
and nearly 15% of clevudine-treated patients developed 
myopathy, while there were no cases in those given entecavir 
(see also Chapter 258, Clevudine).

Although the high genetic barrier to resistance to enteca-
vir has tempered enthusiasm for combination therapy, a 
number of trials have been performed (see Table 254.7). The 
addition of tenofovir to entecavir was associated with a 
higher proportion with viral suppression (HBV DNA < 50 
IU/ml), but this difference was seen only in patients with 
high level HBV viremia at baseline (> 108 IU/ml) (Lok et al., 
2012). Small studies suggest that this combination may 
have a role in patients who have previously failed treatment 
with antiviral monotherapy (Park et al., 2016).

7b.  Immune-tolerant chronic hepatitis B 
virus infection

There are no studies of entecavir in patients with immune 
tolerant chronic HBV infection (defined as patients who are 
HBeAg positive with a normal ALT (defined as < 30 IU/ml 
for men and < 19 IU/ml for women) (Lok et al., 2016). How-
ever, antiviral treatment may be considered in older adults 
with high level viremia with histological evidence of necro-
inflammation or fibrosis on biopsy (Terrault et al., 2016). 

7c.  Children with chronic hepatitis B virus 
infection

A single clinical trial has examined the effectiveness of ente-
cavir versus placebo in HBeAg-positive children, who typi-
cally have high-level viremia (Jonas et al., 2016a). At 48 
weeks, a high proportion of children (24% vs. 3%) reached 
the primary end points of HBeAg seroconversion and viral 
suppression (HBV DNA < 50 IU/ml) as well as ALT normal-
ization (68% vs. 23%). By 96 weeks, entecavir resistance was 
reported in 2.6% of participants. The long-term effect of anti-
viral treatment in children on clinical end points such as 

cirrhosis and hepatocellular carcinoma, which are rare 
within the first few years in this patient group, are not yet 
known (Jonas et al., 2016b). Some guidelines suggest anti-
viral treatment in children with elevated ALT (> 1.3 times 
ULN) (Terrault et al., 2016), although other guidelines rec-
ommend a more conservative approach (EASL, 2012).

7d.  Human immunodeficiency  
virus infection

Patients co-infected with HIV and HBV should not be 
treated with entecavir monotherapy in the absence of a fully 
suppressive HIV regimen because of the risk of develop-
ment of nucleoside and/or nucleotide resistance in HIV. In 
HIV–HBV-co-infected individuals treated with entecavir 
monotherapy, 76% experienced reductions in HIV RNA, 
with a substantial proportion (36%) developing resistance to 
HIV-1, including three with the M184V mutation in the 
reverse transcriptase gene (Sasadeusz et al., 2008).

Because of dual activity against both viruses, tenofovir is 
usually preferred as part of a comprehensive antiviral regi-
men in such patients. However, HIV and HBV co-infected 
patients who have had their HIV infection controlled by 
combination antiretroviral therapy can safely have entecavir 
added to treat the HBV infection (Pessoa et al., 2008; Piroth 
et al., 2015).

7e.  Prevention of recurrence after  
liver transplantation

Recurrent hepatitis B infection after liver transplant can be 
reduced by antiviral therapy and hepatitis B immunoglobu-
lin (HBIg). A number of observational cohort studies have 
suggested that entecavir is associated with viral suppression 
after liver transplant (Fung et al., 2011; Perrillo et al., 2013; 
Wadhawan et al., 2013). However, a systematic review sug-
gested that hepatitis B recurrence (defined by HBsAg posi-
tivity) was higher in patients who received entecavir or 
tenofovir monotherapy compared to lamivudine with HBIg, 
although recurrent viremia was rare in both groups (Cho-
longitas and Papatheodoridis, 2013). 

7f.  Preemptive therapy before 
immunosuppression or chemotherapy

Reactivation of hepatitis B after immunosuppression or che-
motherapy is well recognized, particularly in association 
with the use of rituximab (Lok et al., 1991; Evens et al., 2011). 
Although most experience in prophylaxis has been with 
lamivudine (Huang et al., 2014), some studies have found 
that entecavir was superior to lamivudine in preventing reac-
tivation (Loomba et al., 2008). A clinical trial has even 
demonstrated the superiority of entecavir over lamivudine 
in patients with low viral loads (< 103 copies/ml) (Huang et 
al., 2014). While guidelines generally recommend antiviral 
prophylaxis for patients receiving immunosuppression, the 
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comparative cost-effectiveness of different antiviral agents 
has not yet been established (Hwang et al., 2015). Because of 
the low potential for resistance with long-term therapy, most 
guidelines suggest that patients with high-level viremia and/
or prolonged immunosuppression should receive entecavir 
(EASL, 2012).
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1. DESCRIPTION

Adefovir dipivoxil, 9-[2[[bis[(pivaloyloxy)-methoxy]phos-
phinyl]-methoxy]ethyl] adenine, also known as bis(POM)-
PMEA, and PMEA-9-2-phosphonylmethoxyethyl-adenine, 
is the oral diester prodrug of adefovir, an acyclic nucleotide 
analog of deoxyadenosine monophosphate (Dando and 
Plosker, 2003). Adefovir dipivoxil is rapidly converted to 
adefovir in the gastrointestinal tract and then further sequen-
tially phosphorylated intracellularly by cellular kinases to its 
active metabolite, adefovir diphosphate.

Adefovir diphosphate is a reverse transcriptase inhibitor 
which inhibits hepatitis B virus (HBV) DNA polymerase by 
competing with the natural substrate, deoxyadenosine tri-
phosphate, and also causing DNA chain termination after its 
incorporation into viral DNA. The in vitro inhibition con-
stant (Ki) for adefovir diphosphate for HBV DNA polymerase 
was 0.1 µM. This is ≈ 7- to 12-fold lower than the Ki for 
human DNA polymerase alpha, gamma, and epsilon and 

≈ 4-fold and 704-fold lower than the Ki for delta and beta 
(Naesens and Andrei, 1997; Dando and Plosker, 2003; also 
see Table 255.1).

Adefovir dipivoxil has the molecular formula C20H32N5O8P 
and a molecular weight of 501.48. Its Chemical Abstracts 
Service number is 142340-99-6. Adefovir dipivoxil is a white 
to off-white crystalline powder with an intrinsic aqueous 
solubility in water of 19 mg/ml at pH 2 and 0.4 mg/ml at pH 
7.2. It has an octanol/aqueous phosphate buffer (pH 7) parti-
tion coefficient (log p) of 1.91. The chemical structure of ade-
fovir dipivoxil and adefovir is shown in Figure 255.1.

Adefovir dipivoxil is available for oral administration in a 
10-mg tablet. In all developed countries it is sold by Gilead 
Sciences (2014) as Hepsera, where it is still under patent (it 
expires in 2018), but there are generic versions of the drug 
manufactured in India (Adesera, Adfovir, and Adheb). 

Table 255.1. Activity of adefovir against DNA viruses in vitro.

Virus EC50 (µM)

Herpes simplex virus 1 26

Thymidine kinase–herpes simplex virus 1 26

Herpes simplex virus HSV-2 26

Varicella-zoster virus 27

human cytomegalovirus 136

Epstein–Barr virus 1.1

Human herpesvirus 6 30

Human adenovirus 5 > 400

Human adenovirus 8 > 400

Human hepatitis B virus 1.2

Duck hepatitis B virus 0.14

Vaccinia virus > 500

Human polyomavirus > 180

African swine fever virus 18

Abbreviation: EC50: 50% effective concentration (concentration of drug at 
which 50% of its maximal effect is observed). 

Source: Adapted with permission from Naesens and Andrei (1997).

Figure 255.1. Chemical structure of the adefovir prodrug 
(adefovir dipivoxil) and adefovir.
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2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Adefovir has activity against hepadnaviruses and some 
 herpesviruses and retroviruses but no activity against other 
RNA or DNA viruses, including adenoviruses, poxviruses, 
and papillomaviruses (De Clercq, 2003; De Clercq, 2007; 
Table 255.1 and Table 255.2). Adefovir has been used pre-
dominantly in the treatment of chronic HBV infections, 
although it is also useful for treating chronic HBV in the  
pre- and postliver transplant setting (discussed later in this 
 chapter). It was previously investigated briefly as a treatment  
for HIV infection, but because the high doses used in the 
HIV phase III trials (120–500 mg) resulted in dose-limiting 
nephrotoxicity (discussed later in this chapter), it was not 
approved for this indication.

HEPADNAVIRUSES

Early in vitro studies showed that adefovir inhibited the 
replication of human HBV and duck HBV (see Table 255.1). 
Adefovir therapy markedly reduced viral DNA load in wood-
chuck hepatitis virus (Cullen et al., 2001) and in the liver and 
serum of transgenic mice expressing HBV (Julander et al., 
2002).

Adefovir and its prodrug, adefovir dipivoxil, are active 
in vitro against both wild-type HBV and recombinant HBV 
variants containing lamivudine resistance-associated muta-
tions (rtL180M, rtM204I, rtM204V, rtL180M + rtM204V, 
rtL180M + rtM204V + rtV173L) in the HBV DNA poly-
merase gene (Schiff et al., 2003; Westland et al., 2005). 
Adefovir is also active in vitro against HBV variants with DNA 
polymerase mutations, including the rtT128N and W153Q 
mutations (associated with resistance to HBV immuno-
globulin). The in vitro concentration of adefovir required to 
inhibit by 50% (EC50) replication of wild-type HBV is 0.2–2.5 
µM in human hepatic cell lines. These EC50 values are signifi-
cantly lower than the EC50 concentrations required to inhibit 

either human cell growth or DNA synthesis (50% cytotoxic-
ity concentration [CC50]) (Dando and Plosker, 2003). CC50 
and selectivity (CC50:EC50) ratios range from 20 to 150 µM/l 
and from 10 to 537 µM/l.

In vitro studies investigating adefovir in two-drug combi-
nations with penciclovir or lamivudine show the antiviral 
effects to be additive or synergistic against duck HBV (Col-
ledge et al., 2000). Adefovir also has additive antiviral activity 
when combined with lamivudine, entecavir, or telbivudine 
against cell lines expressing high levels of wild-type HBV 
(HepG2 49-29) (Dando and Plosker, 2003).

OTHER VIRUSES

Early in vitro studies show that adefovir inhibits varicella- 
zoster virus (VZV), human cytomegalovirus (HCMV), and 
Epstein-Barr virus (EBV) (see Table 255.1). Adefovir is also 
active against some retroviruses: simian immunodeficiency 
virus (SIV) and feline immunodeficiency virus (FIV), visna- 
maedi virus of sheep, and murine leukemia and sarcoma 
viruses (Naesens and Andrei, 1997).

Subsequent studies showed that adefovir had moderate 
antiviral activity against EBV (ADHOC International Steer-
ing Committee, 2002; Rossi et al., 2002; Gershburg and 
Pagano, 2005), HCMV (Balzarini et al., 1991), and cytomega-
lovirus (CMV) (Katlama, 1996; Hoff man and Skiest, 2000). 
Adefovir is not effective against the hepatitis delta virus 
(Wedemeyer et al., 2011)

Adefovir has been reported to have activity against HIV 
(Mulato and Cherrington, 1997; Naesens and Andrei, 1997; 
Palmer et al., 2001; ADHOC International Steering Com-
mittee, 2002). However, a clinical trial showed no virologic 
or immunologic benefit when adefovir was added to back-
ground antiretroviral therapy in advanced HIV disease 
(Fisher et al., 2001). Of greater importance, the high doses of 
adefovir used in phase III trials for treatment of HIV infec-
tion (120–500 mg) resulted in dose-limiting nephrotoxicity 
(Barditch-Crovo et al., 1997; Deeks et al., 1997; Kahn et al., 
1999; ADHOC International Steering Committee, 2002). The 
modest reductions in viral load coupled with significant risks 
of nephrotoxicity at doses needed to treat HIV virus caused 
adefovir to be abandon for this indication (De Clercq, 2003).

Early in vitro studies report that adefovir was active against 
herpes simplex virus 1 (HSV-1), thymidine kinase (TK) 
HSV-1 (TK-deficient, aciclovir-resistant), HSV-2, and human 
herpesvirus (HHV) (see Table 255.1). The in vitro combina-
tions of hydroxyurea and adefovir are synergistically active 
against HSV-1 and HSV-2 (Neyts and De Clercq, 1999). 
Adefovir is also shown to have potent in vitro activity against 
human HSV-6 (Bronson et al., 1989) and against murine 
gamma herpesvirus 68 (Neyts and De Clercq, 1998). Sig-
nificant inhibitory activity has also been reported against 
Kaposi sarcoma–associated herpesvirus (HHV 8) (Neyts 
and De Clercq, 1997).

Adefovir dipivoxil (not adefovir) has been reported to 
have activity against vaccinia virus and cowpox virus in tis-
sue culture cells (Keith et al., 2003). The in vivo utility of this 
finding has not been established.

Table 255.2. Inhibition of viral and cellular DNA polymerases by 
adefovir.

DNA polymerase
Inhibition 

constant (Ki)

Herpes simplex virus 1 DNA polymerase  0.11 µM

HIV-1 reverse transcriptase

DNA template  0.98 µM

RNA template  0.012 µM

Human DNA polymerase alpha  1.18 µM

Human DNA polymerase beta 70.4 µM

Human DNA polymerase gamma  0.97 µM

Human DNA polymerase delta  0.41 µM

Human DNA polymerase epsilon  0.67 µM

Hepatitis B virus DNA polymerase   0.1 µM/l (adefovir  
 diphosphate)

Source: Adapted with permission from Naesens and Andrei (1997).



2. Antimicrobial activity 4337

2b.  Emerging resistance and 
cross-resistance

HEPATITIS B VIRUS

Adefovir is used in the treatment of chronic HBV infection, 
including lamivudine-resistant strains of HBV, and predict-
ably, resistance of HBV to adefovir has been reported. A 
study by Hadziyannis et al. (2005b) reported that after 96, 
144, and 192 weeks of treatment with adefovir, 293, 221 and 
67 patients, respectively, were surveyed for the presence of 
adefovir-resistant virus. Two novel conserved site mutations 
were identified in the HBV polymerase gene (rtN236T and 
rtA181V) between week 96 and 144 after commencement 
of treatment, which conferred clinical resistance to adefovir. 
Resistance to adefovir is commonly a result of two key muta-
tions (rtA181V/Tand/or rtN236T) (Zoulim and Locarnini 
2009). In cell culture, the rtN236T mutation result in a 4- to 
14-fold reduced susceptibility to adefovir. Similarly, the 
rtA181V mutation and the rtA181T mutation cause a 2.5- to 
3-fold and 1.3- to 1.9-fold reduced susceptibility to adefovir, 
respectively. An uncommon HBV variant (rtI233V) is also 
reported to be associated with adefovir resistance in vitro 
(Schildgen et al., 2010), although the presence of this vari-
ant did not affect treatment response in the clinical setting 
(Curtis et al., 2007).

Early studies suggest that resistance to adefovir is gener-
ally slow to develop. The cumulative probabilities of develop-
ing adefovir resistance (rtN236T and rtA181V mutations) in 
all patients receiving adefovir (as monotherapy or in combi-
nation with lamivudine) are approximately 0%, 2%, 7%, and 
15% at 48, 96, 144, and 192 weeks, respectively (Hadziyannis 
et al., 2005b; Locarnini et al., 2005; Gilead Sciences, 2007; 
see Table 255.3). In HBeAg-negative patients receiving 
monotherapy, the cumulative probabilities (life table analy-
sis) of developing drug resistance are approximately 0%, 3%, 
11%, 18%, and 28% after 48, 96, 144, 192, and 240 weeks, 
respectively (Hadziyannis et al., 2005a; Gilead Sciences, 
2007). This is in contrast to resistance to lamivudine mono-
therapy, reported as 16.2% at 1 year, 39.4% at 2 years, 60.9% 
at 30 years and 74% at 5 years (Yuen et al., 2007). 

However, with the application of more sensitive and spe-
cific methods for analyzing genotypic mutation (analysis 
of restriction fragment mass polymorphisms [RFMPs]) ade-
fovir resistance has been shown to occur earlier and more 
frequently than previously reported (Yeon et al., 2006). In a 
study involving 67 lamivudine-resistant chronic HBV patients 
treated with adefovir, the cumulative incidence of adefovir 
drug resistance was 6% and 25% at 12 and 24 months, respec-
tively, with resistance (rtN236T) being observed within 3 
months of commencing treatment with adefovir. Another 
study of 43 patients estimated the cumulative probability of 
adefovir genotypic resistance at 12, 18 and 24 months as 0%, 
16%, and 22%, respectively (Fung et al., 2006). This study 
reported that resistance was more likely to develop in patients 
who had been switched from lamivudine to adefovir mono-
therapy (p = 0.01), who were older (p = 0.04), and who were 
infected with HBV genotype D (p = 0.02). In another study, 
having a high viral load at week 48 was a predictor of devel-
oping resistance (Locarnini et al., 2005). The cumulative 
probability of developing adefovir resistance is reported as 
being 15% by week 192.

Fung et al. (2006) suggest that the low rate of initial viro-
logic response in their study is a reflection of inadequate dos-
ing of adefovir (10 mg) and that combination treatment with 
lamivudine and adefovir may prevent emergence of adefovir 
resistance in patients with preexisting lamivudine-resistant 
HBV. Therefore adefovir should be added to lamivudine 
therapy rather than used as a single drug (Dienstag, 2008).  
A real-life study involving the addition of adefovir to 
 lamivudine-resistant patients found the 5-year cumulative 
adefovir resistance rate to be only 10.2% with the combina-
tion therapy (Seto et al., 2012).

Evaluations of in vitro cross-resistance of anti-HBV agents 
against A181V and N236T mutants have been performed 
(see Table 255.4, Table 255.5, and Table 255.6).

Table 255.3. Cumulative probability of resistance of HBV to drug 
treatment.

Time 
(weeks)

Treatment and resistance

Lamivudine 
monotherapya 

(%)

Adefovir 
monotherapy 

(%)

Adefovir 
monotherapy or  

in combination (%)

 48 16.2  0  0

 96 39.4  3  2

144 60.9 11  7

192 69.7 18 15

240 74 28 —

aResistance at 1, 2, 3, and 4 years
Source: Data compiled from Yuen et al. (2007), Hadziyannis et al. (2005a), 

Hadziyannis et al. (2005b), Locarnini et al. (2005), and Gilead Sciences 
(2007).

Table 255.4. In vitro cross-resistance results of wild-type HBV 
and a laboratory variant of HBV carrying the A181V mutation.

Antiviral drug

IC50 (µM) of indicated 
HBV strain to 

indicated drug

Fold increase 
in IC50 due to 

A181V 
mutationWild type A181V

Adefovir 0.80 3.35 4.2

Tenofovir 0.66 1.97 3.0

Alamifovir (free acid) 0.031 0.10 3.4

Entecavir 0.0023 0.027 12

Lamivudine 0.08 1.12 14

Emtricitabine 0.14 2.07 15

Telbivudine 4.14 > 100 > 24

Clevudine 0.61 > 100 > 164

Torcitabine 0.32 27.93 87

l-dA 2.18 > 100 > 46

Abbreviations: IC50: half-maximal inhibitory concentration; HBV: hepatitis B 
virus; l-dA: β-L-2′-deoxyadenosine.

Source: Reprinted with permission from Qi et al. (2005) with permission.
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3. MECHANISM OF DRUG ACTION

Adefovir dipivoxil is a diester prodrug of adefovir, an acyclic 
nucleotide analog of adenosine monophosphate. It is phos-
phorylated intracellularly by cellular kinases to the active 
metabolite, adefovir diphosphate.

Adefovir diphosphate inhibits HBV DNA polymerase 
(reverse transcriptase) by competing with the natural sub-
strate deoxyadenosine triphosphate for incorporation into 
DNA. Once adefovir is incorporated into the growing DNA 
chain it causes DNA chain termination because it lacks the 
necessary hydroxyl group. The inhibition constant for ade-
fovir diphosphate for HBV DNA polymerase was 0.1 µM. 
Adefovir has little activity against a range of host DNA poly-
merases (Naesens and Andrei, 1997; Dando and Plosker, 
2003; see also Table 255.1).

In addition, adefovir stimulates natural killer cell activity 
through inducing natural killer inhibitor receptor NKG2 
expression. This is associated with reduced HBV DNA and 
HBsAg expression in HBV-carrier mice (Li, et al., 2013), 
although its impact on the immunopathogenesis of HBV 
infection in humans needs further investigation.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Adefovir is given orally at a dose of 10 mg once daily.

4b.  Newborn infants and children

Phase I and II (Sokal et al., 2004) and phase III (Sokal et al., 
2007) pharmacokinetic and safety studies have been under-
taken in children and adolescents with chronic HBV infec-
tion. Assuming linear pharmacokinetics of doses between 
0.14 and 0.3 mg/kg and a target exposure (area-under- 
the-concentration-time curve [AUC]) similar to that seen in 
adults given 10 mg once daily, in these studies the recom-
mended pediatric dose were 0.3 mg/kg (up to 10 mg) daily 
for children 2–6 years, 0.25 mg/kg (up to 10 mg) daily for 
children 7–11 years, and 10 mg daily for children aged 12 years 
and above (Sokal et al., 2004; Sokal et al., 2007). Adefovir was 
found to be well tolerated; treatment-related adverse events  
in adefovir-treated children are similar to  placebo-treated 

subjects (Jones et al., 2008). Currently adefovir is FDA 
approved for treatment in children 12 years of age and older.

4c.  Pregnant and lactating mothers

Adefovir is pregnancy category B3 (New Zealand) or cate-
gory C (FDA). Animal studies with adefovir and doses ~ 20 
times that used by humans have generally shown no embryo-
toxicity, but when adefovir was administered intravenously 
to pregnant rats at doses associated with notable maternal 
toxicity (20 mg/kg/day, systemic exposure [AUC] at least 38 
times human), embryotoxicity and an increased incidence 
of fetal malformations (anasarca, depressed eye bulge, umbil-
ical hernia, and kinked tail) were observed. Adefovir was 
added to the Antiretroviral Pregnancy Register in 2003 
(apregistry.com). Up till 2016, the registry reported no 
birth defects in live births associated with any adefovir- 
containing regimens during the first trimester (Antiretroviral 
Pregnancy Registry Steering Committee, 2016). Further- 
more, because there are no adequate and well-controlled 
studies in pregnant women or safety data on the use of ade-
fovir during lactation or whether the drug is excreted in 
breast milk (Giles et al., 2011), adefovir should be used 
during pregnancy or lactation only if clearly needed and 
after careful consideration of the risks and benefits (Gilead 
Sciences, 2014).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Adefovir is predominantly excreted by the kidneys; there-
fore, adjustment in the dosing interval is necessary in patients 
with renal impairment (Table 255.7). Dose reduction is gen-
erally not required until the degree of renal impairment is 
moderate to severe (creatinine clearance of < 50 ml/minute) 
(Cada et al., 2003; Gilead Sciences, 2007). 

Table 255.5. In vitro drug resistance assays of patient HBV 
isolates before and after acquiring the a A181V mutation.

Antiviral drug
Fold change in IC50 due to 

A181V mutation

Adefovir 2.5–3

Tenofovir 2.9

Lamivudine 0.8–3.1

Emtricitabine 6.1

Abbreviation: IC50: half-maximal inhibitory concentration.
Source: Reprinted with permission from Qi et al. (2005).

Table 255.6. In vitro cross resistance of HBV strains carrying the 
adefovir-resistance mutation N236T to other anti-HBV agents.

Antiviral drug

IC50 (µM) of indicated 
virus to indicated 

antiviral drug

Change in 
IC50 due to 
acquisition 
of N236T 
mutationWild type N236T

Adefovir 0.21 1.50 7.3

Tenofovir 0.12 0.57 4.6

MCC-478a (phosphoric 
acid form)

0.029 0.25 8.6

Lamivudine 0.061 0.13 2.1

Emtricitabine 0.10 0.26 2.6

Telbivudine 0.14 0.33 2.4

Entecavir 0.00039 0.00026 0.67

aAlmifovir; a novel purine nucleotide analog prodrug with activity against 
wild-type and lamivudine-resistant HBV; currently in preclinical studies.

Abbreviations: HBV: hepatitis B virus.
Source: Reprinted with permission from Qi et al. (2004).

http://apregistry.com
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PATIENTS WITH IMPAIRED HEPATIC FUNCTION

No dose adjustment is needed in patients with hepatic 
impairment (Dando and Plosker, 2003).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

Most of the pharmacokinetic and pharmacodynamic studies 
of adefovir have been conducted in adults or patients over 
the age of 2 and most of these involved patients treated for 
chronic HBV infection. 

5a.  Bioavailability

The oral bioavailability of adefovir increased from 12% as the 
native adefovir to 59% in serum when administered as the 
prodrug adefovir dipivoxil; there was also a 100-fold increase 
in cellular uptake compared with adefovir (Rivkin, 2004). 
Host enzymes in the intestinal epithelium rapidly convert 
orally administered adefovir dipivoxil to adefovir. As adefo-
vir binds negligibly (< 4%) to plasma or serum proteins over 
the concentration range of 0.1–25 µg/ml, essentially 100% of 
the drug in plasma is active.

Administration of adefovir dipivoxil with food (approxi-
mately 1000 kcal high-fat meal) delays the median time to 
reach maximum concentration (tmax) by approximately 2 hours, 
but mean peak plasma concentration (Cmax) and median 
AUC are unchanged (Gilead Sciences, 2007).

The plasma half-life (t½) of adefovir dipivoxil is 4.2–5.8 
hours, with a terminal elimination half-life of 7.48 ± 1.65 
hours. Plasma concentrations decline in a biexponential 
man ner. The plasma elimination half-life of adefovir does 
not reflect the duration of its antiviral effect because the 
intracellular half-life of active diphosphorylated metabolite 
is 12–36 hours in activated and resting lymphocytes (Gilead 
Sciences, 2007). As a consequence, once-daily dosing has 
been found to be satisfactory.

5b.  Drug distribution

After oral administration of a single 10-mg dose of adefovir 
dipivoxil, the Cmax of adefovir is 18.3 ± 6.26 ng/ml, occurring 
between 0.58 and 4 hours (median 1.75 hours) post dose. 
The AUC0–∞ for adefovir dipivoxil is 220 ± 70 ng/ml/h (Cada 

et al., 2003; Dando and Plosker, 2003). Pharmacokinetic 
data derived from studies conducted in healthy volunteers, 
patients with chronic HBV, and Chinese volunteers indicate 
that the pharmacokinetics are similar in males and females 
(Dando and Plosker, 2003). Adefovir has a steady-state vol-
ume of distribution (Vd) of 352–392 ml/kg after intravenous 
administration of 3 mg or 1 mg/kg/day, respectively.

Pharmacokinetic and bioavailability studies in HIV-1-
infected patients (Cundy et al., 1995) report that the drug is 
distributed mainly in total body water, 90% of the drug is 
excreted through the kidneys (60% by active tubular excre-
tion), and there is no accumulation of adefovir after 22 days 
of intravenous dosing.

In children aged 2–6 years (n = 12), the 0.3 mg/kg dose 
results in a Cmax of 26.9 ng/ml with the tmax at 1.1 hours, 
AUC0–∞ of 224.1 ng/ml/h, and t½ of 6.1 hours. In children 
aged 7–11 years, the 0.3 mg/kg dose results in a Cmax of 33 ± 
5.6 ng/ml and AUC0–∞ of 292.4 ± 101.9 ng/ml/h. The elevated 
dose may have altered the proposed risk–benefit ratio; hence, 
assuming linear kinetics, a dose of 0.25 mg/kg appears to 
provide a Cmax and AUC0–∞ closer to adult targets (Sokal et al., 
2004; Sokal et al., 2007).

5c.  Clinical pharmacokinetic and 
pharmacodynamic features

A 48-week, phase III randomized control trial in patients 
with chronic HBV infection showed a clear dose–response 
relationship, with clearance of HBV DNA being seen in 0%, 
21%, and 39% of subjects receiving placebo, adefovir 10 mg/
day, and adefovir 30 mg/day, respectively; other outcome 
measures tracked similarly (Marcellin et al., 2003; see section 
7, Clinical uses of the drug). Also of note, like many nucleo-
side analogs, the plasma elimination half-life of the drug 
does not fully reflect the duration of antiviral effect because 
the intracellular half-life of the active diphosphorylated 
metabolite is up to 36 hours in activated and resting lympho-
cytes and presumably also in hepatocytes (Gilead Sciences, 
2007).

5d.  Excretion

Adefovir is excreted by the kidneys, through a combination 
of glomerular filtration and active tubular excretion. About 
60% of adefovir clearance is accounted for by active tubular 
secretion; 45% of the dose is recovered as adefovir (as 
opposed to its prodrug form) in the urine over 24 hours after 
multiple doses. Steady-state renal clearance is 154 ml/h per 
kg (Dando and Plosker, 2003). Patients with moderate to 
severe renal impairment, including those with end-stage renal 
disease requiring dialysis, show an increase in Cmax, AUC, 
and t½ (see Table 255.7 for dosing recommendations).

Adefovir is partially removed by hemodialysis, with a 
4-hour period of hemodialysis removing approximately 35% 
of the adefovir dose. In a study of eight hemodialysis patients 
receiving two doses of adefovir dipivoxil (one during and 
one between dialysis sessions), the Cmax and tmax achieved are 

Table 255.7. Dosing of adefovir in patients with renal 
impairment.

Creatinine clearance  
(ml/minute) Adefovir dose for adults

≥ 50 10 mg every 24 hours

20–49 10 mg every 48 hours

10–19 10 mg every 72 hours

< 10 No recommendations

Hemodialysis 10 mg every 7 days after dialysis

Data from Gilead Sciences (2007).
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higher than in patients with normal renal function (intradialy-
sis, 59.9 ng/ml and > 24 hours; interdialysis, 81.9 ng/ml and 18 
hours vs. 17.5ng/ml and 1 hour) (Dando and Plosker, 2003).

As the pharmacokinetic properties of adefovir in patents 
with moderate to severe hepatic impairment are similar to 
those of healthy volunteers, no dose adjustment is required 
in those with hepatic impairment.

5e.  Drug interactions

At concentrations significantly higher than doses used in 
vivo (> 4000-fold), adefovir does not inhibit any of the fol-
lowing human liver CYP450 isoenzymes: CYP1A2, CYP2C9, 
CYP2C19, CYP2D6, and CYP3A4 (Gilead Sciences, 2007). 
High doses of adefovir have been reported to inhibit CYP3A4 
(Nekvindova et al., 2006).

Because adefovir is excreted through the kidneys, co-ad-
ministration of adefovir with other drugs that are eliminated 
by or alter renal tubular excretion may increase serum con-
centrations of either drug (see Table 255.8).

6. ADVERSE REACTIONS AND TOXICITY

Adefovir in a dose of 10 mg is generally well tolerated, but its 
prolonged use may result in different side effects. 

6a.  Renal toxicity

Nephrotoxicity is the main side effect of adefovir, and it 
usually manifests as renal dysfunction, defined either as an 
increase in serum creatinine by > 0.5 mg/dl above baseline 
(Marcellin et al., 2003) or a decrease in glomerular filtration 
rate to < 50 ml/min (Ha et al., 2009); or as proximal tubular 
dysfunction manifesting as hypophosphatemia. 

Early studies assessing the renal safety of adefovir 10 mg 
daily are based on the integrated safety assessment of partic-
ipants of clinical trials. There are no significant numbers of 
patients experiencing renal impairment after a median treat-
ment duration of 15 months (Izzedine et al., 2004). Even if 

renal dysfunction occurs, it is completely reversible on dis-
continuation of adefovir (Yuen and Lai, 2004), or by dose 
reduction (Marcellin et al., 2003).

It is no surprise that more recent real-life data found renal 
dysfunction was more frequent during prolonged therapy. A 
study involving 292 patients with a median treatment dura-
tion of 64 months found that 9.6% developed renal impair-
ment with glomerular filtration rate decreasing to < 50 ml/
minute. Old age, preexisting cirrhosis and presence of hyper-
tension were determinants of renal dysfunction (Tanaka et 
al., 2014). Another cohort study compared 145 adefovir- 
treated patients with 145 patients unexposed to adefovir, 
matched by age, gender, and baseline glomerular filtration 
rate. The incidence of renal dysfunction was 5 cases per 100 
patient-years. When compared to the unexposed group, the 
relative risk of renal dysfunction in adefovir-treated patients 
was 3.7 (95% confidence interval [CI]: 1.1–19.3). Adefovir 
exposure was an independent significant predictor of renal 
dysfunction, although age > 50 years and presence of diabe-
tes or hypertension were also borderline significant factors 
(Ha et al., 2009). Old age was found to be the most important 
risk factor in another study involving a large number of cir-
rhotic patients (Kim et al., 2012). These studies illustrates 
adefovir-driven nephrotoxicity to be less of a concern in 
young healthy individuals (i.e. those who would participate 
in drug registration trials), but would be an important con-
cern in older patients, cirrhotic patients, and patients with 
different co-morbidities. 

Current international guidelines currently recommend 
monitoring of serum creatinine every 3 months in patients 
with medical conditions predisposing them to renal impair-
ment and in all patients on adefovir for more than 1 year. 
More frequent monitoring is needed in the presence of pre-
existing renal insufficiency (Lok and McMahon, 2009).

6b.  Hypophosphatemia

Proximal renal tubular dysfunction is present in 15% of 
patients treated with long-term adefovir, clinically manifesting 

Table 255.8. Drug interactions with adefovir.

Interacting drug Nature of interaction

Lamivudine No interaction

Zidovudine, efavirenz, nevirapine, 
didanosine

No interaction with adefovir doses 6–12 times that of normal 10-mg dose; didanosine AUC 
increased by 29% but not clinically significant

Tenofovir No interaction

Saquinavir, delavirdine When 120-mg dose of adefovir was combined with saquinavir and delavirdine or delavirdine 
alone, the concentrations of saquinavir and delavirdine were reduced by 50%; adefovir 
(60 mg) AUC increased by 20% in presence of saquinavir but not clinically significant

Trimethoprim–sulfamethoxazole No interaction

Paracetamol No interaction

Ibuprofen (800 mg three times day) Increased adefovir Cmax (33%) and AUC (23%) but not clinically significant; this increase 
appears to be due to higher oral bioavailability rather than a reduction in renal clearance

Tacrolimus No interaction

Abbreviations: AUC: area-under-the-concentration-time curve; Cmax: maximum concentration.
Source: Data compiled from Fletcher et al. (2000), Baxter (2006), Perronne (2006), and Terrault et al. (2009).



7. Clinical uses of the drug 4341

as hypophosphatemia (Gara et al., 2012). Severe cases of prox-
imal renal tubular dysfunction can develop into Fan coni’s 
syndrome, with osteomalacia, metabolic acidosis, hyper-
uricosuria, and glycosuria in addition to hypophasphatemia 
(Tamori et al., 2010).

Hypophosphatemia is more common than renal dysfunc-
tion, with the 5-year cumulative incidence reaching 26.7%. 
Risk factors for its development include baseline low serum 
phosphate (< 3.2 mg/dl), male gender, and presence of hepa-
tocellular carcinoma. Although mild cases can be managed 
via oral phosphate supplementation, those developing full-
blown Fanconi’s syndrome require a change in their antiviral 
therapy (Tanaka et al., 2014).

Fractures as a result of suspected hypophosphatemic 
osteomalacia secondary to adefovir treatment have been 
reported (Wong et al., 2010; Tanaka et al., 2014). A large 
cohort study involving 53,500 subjects found that nucleoside 
or nucleotide analog therapy in general was associated with 
an increased risk of hip fractures (hazard ratio [HR]: 5.69), 
with a large majority of hip fractures occurring in patients 
taking adefovir (Wong et al., 2015), although whether this 
increased fracture risk is linked with hypophosphatemia 
remains uncertain. Further studies in the risk prediction of 
fractures using bone mineral densitometry are needed. 

6c.  Reduction in free carnitine levels

Pivalic acid (a product of the metabolism of adefovir dipi-
voxil) can esterify with free carnitine, resulting in renal 
excretion and reduced free carnitine levels, especially when 
ade fovir is administered in high doses (Rossi et al., 2002). In 
early studies carnitine was co-administered or serum levels 
monitored with adefovir dipivoxil use (Barditch-Crovo et 
al., 1997; Kahn et al., 1999), but this is no longer necessary at 
the 10-mg dose used for the treatment of HBV infection.

7. CLINICAL USES OF THE DRUG

Adefovir is an effective treatment for chronic HBV infection 
in adults with evidence of active viral replication and either 
evidence of persistent elevations in serum aminotransferases 
—alanine aminotransferase (ALT) or aspartate transaminase 
(AST)—or histologically active liver disease. But given the 
current availability of better HBV antivirals (see Chapter 
228, Lamivudine; Chapter 2343, Tenofovir; and Chapter 254, 
Entecavir) it is no longer considered to be a first-line treat-
ment (Lok and McMahon, 2009; European Association for 
the Study of the Liver, 2012). Among available oral agents to 
treat HBV infection (lamivudine, adefovir, entecavir, telbivu-
dine, and tenofovir), adefovir is the least potent, the slowest 
to suppress HBV DNA levels, the least likely to induce 
HBeAg seroconversion, and the most likely to result in pri-
mary nonresponse to therapy (Dienstag, 2008). Entecavir 
and tenofovir have been recommended as the preferred first-
line oral agent for the treatment of patients with chronic 
HBV infection who are not co-infected with HIV. Following 
the results of a study reporting the superiority of tenofovir 

over adefovir at 48 weeks, adefovir is now being replaced by 
tenofovir for use in previously untreated patients (Marcellin 
et al., 2008).

7a.  HBeAg-positive chronic hepatitis B  
virus infection

In a comparison of tenofovir and adefovir in HBeAg-positive 
patients, a markedly higher proportion of participants in the 
tenofovir arm had viral suppression at week 48 (76% vs. 13%) 
(Marcellin et al., 2008). Significantly more tenofovir-treated 
HBeAg-positive patients had normalization of ALT (68% vs. 
54%) and HBsAg seroclearance (3% vs. 0%) (Marcellin et al., 
2008).

Previous studies have shown that adefovir is effective for 
management of HBeAg-negative chronic HBV infection. The 
effect of adefovir treatment in patients with chronic HBV 
infection who were HBeAg positive was evaluated in a phase 
III randomized control trial. Patients (n = 515) were ran-
domized to receive adefovir 10 mg, or 30 mg or placebo for 
48 weeks (Marcellin et al., 2003). After 48 weeks of treat-
ment, histological improvement occurred in 53%, 59%, and 
25% in the 10 mg, 30 mg, and placebo group, respectively. 
Undetectable HBV DNA levels were seen in 21%, 39%, and 
0% in the same groups, respectively; normalization of ALT 
in 48%, 55%, and 16%, respectively; HBeAg seroconversion 
occurred in 12%, 14%, and 6%, respectively (Marcellin et al., 
2003).

7b.  HBeAg-negative chronic hepatitis B 
virus infection

The study by Marcellin and co-workers described in the pre-
vious section also compared tenofovir with adefovir for their 
efficacy in the treatment of HBeAg-negative patients. At week 
48 a 93% of subjects in the tenofovir arm had viral suppres-
sion versus 63% in the adefovir arm (Marcellin et al., 2008).

Similar to studies involving HBeAg-positive patients, pre-
vious studies have shown that adefovir is effective in the 
management of HBeAg-negative HBV infections. In a study 
involving 185 HBeAg-negative subjects with serum DNA 
levels of >105 copies/ml (2 × 104 IU/ml), study subjects were 
randomized in a 2:1 ratio to receive adefovir 10 mg or pla-
cebo. At 48 weeks, those receiving adefovir had significant 
disease improvement compared with the placebo group based 
on histologic response (64% vs. 33%, respectively, in those 
who had biopsies available), normalization of ALT (72 vs. 
29%), and posttreatment serum HBV DNA of < 400 copies/
ml (51% vs. 0%) (Hadziyannis et al., 2003). 

Long-term data on 55 patients treated with adefovir for 
4 years and 70 patients treated for 5 years showed that HBV 
DNA became undetectable in 65% and 67%, respectively. 
The ALT normalized in 70% and 69% of the 4- and 5-year 
cohorts, respectively; at 5 years; only 3% had confirmed 
increase in serum creatinine > 0.5 mg/dl above baseline 
(Hadziyannis et al., 2005b).
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7c.  Drug-resistant chronic hepatitis B virus 
infection

Before the introduction of adefovir, lamivudine was the only 
nucleoside or nucleotide analog available, and monotherapy 
with this drug was associated with high rates of resistance, 
reaching > 70% after 5 years of treatment (Yuen et al., 2007). 
In patients with lamivudine-resistant HBV infection, the 
combination of lamivudine and adefovir is superior to adefo-
vir alone (van der Poorten et al., 2009; Vassiliadis et al., 2009).

In a real-life study investigating the long-term efficacy 
of  adding adefovir treatment to subjects with lamivudine- 
resistant chronic HBV infections, the 5-year cumulative rate 
of HBV DNA becoming undetectable (< 20 IU/ml) and ALT 
normalization was 74.0% and 95.1%, respectively. Genotypic 
resistance to adefovir occurred with a cumulative rate of 
10.2% in 5 years (Seto et al., 2012). 

Adefovir-based therapies achieved modest rates of viro-
logic suppression in entecavir-resistant chronic HBV infec-
tion, and adefovir remains an option in regions where 
tenofovir is unavailable. The combination of adefovir and 
entecavir in patients with genotypic resistance to entecavir 
achieves a 3-year HBV DNA undetectability rate of 76% 
(Kim et al., 2015). 

7d.  Liver transplantation in hepatitis B 
virus-infected patients

A cohort of 128 patients awaiting liver transplantation and 
196 patients after transplantation with lamivudine-resistant 
chronic HBV infection were given 10 mg daily adefovir for 
18 and 56 weeks, respectively. Both groups experienced sig-
nificant improvements in disease variables (Schiff et al., 
2003). At week 48 undetectable HBV DNA levels were 
achieved in 81% and 34% of pre- and posttransplant patients, 
respectively; normalization of ALT in 76% and 49% of pre- 
and posttransplant patients, and > 90% of both cohorts had 
improvements in Child–Pugh–Turcotte (CPT) scores. The 
predictive abilities of the model for end-stage liver disease 
(MELD) score and the CPT score for intermediate (1-year) 
and long-term (5-year) mortality have been studied (Said et 
al., 2004). One-year survival (Kaplan–Meier analysis) was 84% 
and 93% for pre- and posttransplant patients, respectively.

Patients awaiting liver transplantation who have failed 
lamivudine therapy have been reported to be “downgraded” 
or removed from the waiting list owing to their response to 
adefovir therapy. In a compassionate use study of 10 mg ade-
fovir daily involving pre- and posttransplant patients, 76% of 
the 226 pretransplantation patients had undetectable HBV 
DNA, and 84% a normalized ALT after 96 weeks of therapy. 
Markers of synthetic liver function improved in most of 
the group, and their CPT score stabilized or improved. The 
2-year survival was 80% (Lok and McMahon, 2009). Among 
the 241 posttransplantation patients, serum HBV DNA 
became undetectable in 76%, and ALT had normalized in 

84% of patients at 144 weeks. The 2-year survival in this 
group was > 90% (Schiff et al., 2005).

7e.  Hepatitis B virus and human 
immunodeficiency virus co-infections

In patients with HIV-HBV co-infection, HBV infection pro-
gresses five times faster than in subjects with HBV mono-
infection, with higher levels of HBV viremia and increased 
risk of cirrhosis and hepatocellular cancer (Hoffman et al., 
2007). Although adefovir is effective in treating HBV infec-
tion among HIV-infected patients, its effect on HIV at its 
recommended dosage of 10 mg daily is negligible (Benhamou 
et al., 2006). Patients with HBV–HIV co-infection treated 
only with adefovir may develop a unique HIV mutation to 
adefovir, K70E, but this does not affect susceptibility of other 
nucleoside analogs (Cherrington et al., 1996). On the other 
hand, long-term passage of HIV in the presence of increas-
ing concentrations of adefovir resulted in a mutations that 
markedly decreased HIV susceptibility to adefovir and 
resulted in cross-resistance to other nucleoside analogs (Foli 
et al., 1996; Qi et al., 2007). 

Adefovir may have had a therapeutic role in HIV-HBV 
co-infection when anti-HIV treatment decisions were based 
on baseline CD4 cell counts or HIV viral loads and when 
many patients were not receiving antiretroviral therapy. For 
patients not requiring antiretroviral treatment for HIV, 
selecting a nucleotide analog like adefovir with little anti-
HIV activity could reduce the probability of HIV-related 
resistance (Rockstroh et al., 2008), although, as noted earlier, 
it may precipitate mutations to other nucleoside analogs. This 
strategy has changed subsequently because most patients 
with HIV infection are now given combination antiretroviral 
therapy regardless of CD4 counts or viral load (INSIGHT 
START Study Group, 2015). Current practice is to simultane-
ously treat both infections, a drug with anti-HIV activity 
(preferably tenofovir or emtricitabine) is recommended, and 
adefovir should no longer be used to treat HIV-HBV co- 
infected patients (Panel on Opportunistic Infections in HIV-
Infected Adults and Adolescents, 2015).
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Telbivudine

Jinlin Hou and Rong Fan

1. DESCRIPTION

Telbivudine (beta-l-2′-deoxythymidine, LdT) is the unmod-
ified beta-l-enantiomer of the natural nucleoside d- thymi-
dine. This nucleoside analog is a potent inhibitor of the 
replication of hepadnaviruses, including human hepatitis B 
virus (HBV) and specifically chronic hepatitis B infection 
(CHB) and woodchuck hepatitis virus (WHV). After tri-
phosphorylation by cellular enzymes, telbivudine triphos-
phate inhibits the HBV polymerase enzyme. Telbivudine was 
developed by Idenix/Norvatis and was approved for regis-
tration by the US Food and Drug Administration (FDA) in 
2006 and by European Medicines Agency (EMEA) in the 
European Union in April 2007. It is marketed under the 
trade name Tyzeka in the USA and Sebivo in the European 
Union and is available as both tablets (600 mg) and oral solu-
tion (100 mg/5 ml) for oral administration.

The molecular weight of telbivudine is 242.23. Its chemi-
cal name is 1-((2S,4R,5S)-4-hydroxy-5-hydroxy methyl te- 
tra hydrofuran-2-y1)-5-methyl-1H-pyrimidine-2,4-dione, 
or 1-(2-deoxy-beta-l-ribofuranosyl)-5-methyluracil, and the 
molecular formula is C10H14N2O5. The chemical structure is 
shown in Figure 256.1 (FDA, 2006).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The antiviral activity of telbivudine has been assessed in 
HBV-expressing human hepatoma cells, HepG2.2.15 (Bryant 
et al., 2001; Delaney et al., 2004), and in woodchucks infected 
with the WHV (Bryant et al., 2001). Telbivudine has potent 
antiviral activity in vitro with a concentration that inhibits 
viral DNA synthesis by 50% (EC50) in HepG2.2.15 cells of 
0.19 ± 0.09 μM (Bryant et al., 2001). In addition, telbivudine 
5′-triphosphate inhibits WHV DNA polymerase with an 
EC50 of between 0.24 and 1.82 μM (Standring et al., 2001).

In woodchucks chronically infected with WHV, telbivu-
dine produces a rapid and sustained suppression of viral repli-
cation. The serum concentration of WHV DNA is reduced by 

up to 8 log10 copies/ml during a 4-week treatment period, with 
rapid viral rebound occurring within the first week after cessa-
tion of treatment (Bryant et al., 2001; Standring et al., 2001).

Telbivudine 5′-triphosphate is also relatively selective for 
the HBV polymerase. At concentrations up to 100 μM, tel-
bivudine 5′-triphosphate has no effect on human DNA poly-
merase alpha, beta, and gamma (Semizarov et al., 1997; 
Bryant et al., 2001; Standring et al., 2001). The 50% cytotoxic 
concentration of telbivudine in several human cell lines—
including the human hepatoma cell lines HepG2 and 
HepG2.2.15, human peripheral blood monocytes (PBMCs), 
and human fibroblasts—exceeds 1000 μM (Bryant et al., 
2001; Standring et al., 2001). In addition, exposure of 
HepG2.2.15 to 10 μM telbivudine for up to 14 days had no 
effect on lactic acid production, mitochondrial DNA con-
tent, or morphology (Bryant et al., 2001).

Telbivudine has no antiviral activity against a range of 
other viral genera, including human immunodeficiency virus 
(HIV), herpes-viruses, adenoviruses, myxoviruses, and para-
myxoviruses (Bryant et al., 2001; Standring et al., 2001; Lin 
et al., 2010).

2b.  Emerging resistance and 
cross-resistance

Telbivudine monotherapy of patients with CHB is associated 
with the emergence of mutations in the polymerase gene and 

Figure 256.1. Chemical structure of telbivudine (β-l-2′- 
deoxythymidine) (FDA, 2006).

NH

N

O

O
O

OH

OH

CH3



4346 Telbivudine

with virologic breakthrough. The key telbivudine-resistant 
mutant is at the tyrosine-methionine-aspartate-aspartate 
(YMDD) locus in the catalytic domain of the HBV poly-
merase gene. The most common telbivudine resistant substi-
tution is rtM204I, which confers antiviral cross-resistance to 
lamivudine. Additional specific resistant mutations described 
include rtA181T/V by the shared pathway. In the 007 Global 
trial (NV-02B-007), the rates of telbivudine resistance were 
5.0% and 25.1% in HBeAg-positive patients and 2.2% and 
10.8% in HBeAg-negative patients at year 1 and year 2 (Lai 
et al., 2007; Liaw et al., 2009). In the subgroup that had no 
genotypic resistance at year 2 and received telbivudine up to 
4 years (CLDT600A2303), the cumulative resistance rate was 
10.6% for HBeAg-positive and 10.0% for HBeAg-negative 
patients (Wang et al., 2013; see Table 256.1). It should be 
mentioned that the 4-year cumulative resistance rate was 
underestimated because only patients without resistance at 
year 2 were enrolled in the long-term followup study. Patients 
with higher baseline viral load had higher rates of genotypic 
resistance to telbivudine, while patients who achieved HBV 
DNA levels < 300 copies/ml at week 24 had lower rates 
of genotypic resistance to telbivudine (Zeuzem et al., 2009). 
“A roadmap approach”—that is, modifying treatment (e.g. 
switching or adding a second, more potent drug without 
cross-resistance) if HBV DNA remains detectable after 24 
weeks—has been proposed to improve the efficacy of telbi-
vudine or lamivudine (both drugs with a low genetic barrier 
to resistance) (Keeffe et al., 2007). In a multi-centered 
Chinese study among HBeAg-positive patients on telbi-
vudine (EFFORT study), the patients adding adefovir due to 
suboptimal responses to telbivudine had lower rate of geno-
typic resistance than those who continued telbivudine mono-
therapy (2.7% vs. 25.8%) at year 2 (Sun et al., 2014; see Table 
256.1). In the subgroup who continued in the long-term 

followup cohort (EFFORT Extension study), the cumulative 
resistance rate was also lower in the group adding adefovir 
(3.3%) compared with those with continued only with telbi-
vudine monotherapy (42.5%) after up to 5 years of treatment 
(Xie et al., 2016; see Table 256.1).

Clinical data regarding cross-resistance between telbi-
vudine and other antiviral drugs are currently quite limited. 
However, in vitro studies show that lamivudine-resistant 
HBV with the M204I, L180M+M204I/V, and LV173L/180M+ 
M204I/V polymerase mutations exhibit high-level cross- 
resistance to telbivudine (Yang et al., 2005). Cell culture 
experiments also show that the adefovir-resistant polymerase 
mutant A181V has up to fivefold reduced susceptibility to 
telbivudine (Qi et al., 2007). In contrast, the N236T adefovir- 
resistant polymerase mutant remains susceptible to telbivu-
dine (FDA, 2006).

3. MECHANISM OF DRUG ACTION

Telbivudine, like other nucleoside and nucleotide analogs, is 
a prodrug that must be phosphorylated intracellularly before 
it is active. Telbivudine is phosphorylated by cellular kinases 
to the active telbivudine 5′-triphosphate, which has an intra-
cellular half-life of 14 hours (Standring et al., 2001). Deoxy-
cytidine kinase (dCK) and thymidine kinase (Semizarov et 
al., 1997) have been implicated in the phosphorylation of 
telbivudine. The active triphosphate inhibits the HBV poly-
merase by competing with the natural substrate, deoxythy-
midine 5′-triphosphate (dTTP). Incorporation of telbivudine 
5′-triphosphate into viral DNA causes DNA chain termina-
tion and irreversible inhibition of viral replication. Tel bivu-
dine inhibits both first- and second-strand DNA synthesis by 
the HBV polymerase, but preferentially inhibits synthesis by 
the second-strand HBV DNA (Seifer et al., 2005). Telbivudine 

Table 256.1. Incidence of resistance to telbivudine in chronic hepatitis B patients.

Treatment strategy
Treatment 
duration Patient population Incidence of resistance References

LdT monotherapy 52 weeks Adult HBeAg positive: 5.0%
HBeAg negative: 2.2%

Lai et al. (2007)

LdT monotherapy 52 weeks Chinese, Adult HBeAg positive: 7.5%
HBeAg negative: 0%

Hou et al. (2008)

LdT monotherapy 104 weeks Adult HBeAg positive: 25.1%
HBeAg negative: 10.8%

Liaw et al. (2009)

LdT monotherapy 104 weeks Chinese, Adult HBeAg positive: 16.8%
HBeAg negative: 5.9%

Jia et al. (2014)

LdT monotherapy 104 weeks Chinese, Adult, HBeAg positive 25.8% Sun et al. (2014)

LdT monotherapy 4 years Chinese, Adult HBeAg positive: 10.6%a

HBeAg negative: 10.0%a

Wang et al. (2013)

LdT monotherapy 260 weeks Chinese, Adult, HBeAg positive 42.5% Xie et al. (2016)

Roadmap approach strategyb 104 weeks Chinese, Adult, HBeAg positive 2.7% Sun et al. (2014)

Roadmap approach strategyb 260 weeks Chinese, Adult, HBeAg positive 3.3% Xie et al. (2016)

aThe 4-year cumulative resistance rate was underestimated due to only patients without resistance at year 2 were enrolled in the long-term followup.
bThe roadmap concept utilizes the HBV DNA response at week 24 to guide subsequent treatment strategy (Keeffe et al., 2007).
Abbreviation: LdT: telbivudine.
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5′-triphosphate at concentrations ≤ 100 micromolar did not 
inhibit human cellular DNA polymerases alpha, beta, or 
gamma (Standring et al., 2001).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Due to higher rates of resistance that may develop with lon-
ger-term treatment among patients with incomplete viral 
suppression, treatment should be initiated only if pretreat-
ment HBV DNA and ALT measurements are known, in the 
following patient populations: 

• For HBeAg-positive patients, HBV DNA should be < 9 
log10 copies/ml and ALT should be greater than or equal 
to two times upper limit of normal (ULN) before treat-
ment with telbivudine.

• For HBeAg-negative patients, HBV DNA should be < 7 
log10 copies/ml before treatment with telbivudine.

HBV DNA levels should be monitored at 24 weeks of treat-
ment to ensure complete viral suppression (HBV DNA < 300 
copies/ml). Alternate therapy should be initiated for patients 
who have detectable HBV DNA after 24 weeks of treatment. 
Optimal therapy should be guided by further resistance testing.

The recommended dose of telbivudine for is 600 mg once 
daily, taken orally, with or without food, for adults and ado-
lescents 16 years or greater.

Telbivudine oral solution (30 ml) may be considered for 
patients who have difficulty with swallowing tablets (see 
Table 256.2).

4b.  Newborn infants and children

Telbivudine has not been tested in infants and children and 
consequently is not recommended for use under the age of 
16 years (see Table 256.2).

4c.  Pregnant and lactating mothers

Telbivudine is listed by the FDA as a pregnancy category B 
drug. There are no adequate and well-controlled trials of tel-
bivudine in pregnant women. Because animal reproductive 
toxicity studies are not always predictive of human response, 
telbivudine should be used during pregnancy only if poten-
tial benefits clearly outweigh the risks.

Telbivudine is excreted in the milk of rats. It is not known 
whether telbivudine is excreted in human milk; therefore, 
mothers should be instructed not to breastfeed if they are 
receiving telbivudine (see Table 256.2).

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Telbivudine is predominantly eliminated by renal excretion, 
with minimal hepatic elimination (Zhou et al., 2004; EMEA, 
2007). Elimination of telbivudine is reduced in patients 
with renal impairment, and dose adjustment is required in 
patients with creatinine clearances (CrCl) of < 50 ml/minute. 
In patients with greater levels of renal impairment, the dos-
ing interval should be extended. Because systemic exposure 
of telbivudine is reduced by over 20% by hemodialysis, tel-
bivudine should be administered after hemodialysis (Zhou 
et al., 2006a; see Table 256.2).

Table 256.2. Mode of telbivudine administration and dosage.

Telbivudine
Oral solution dose 
(5 ml = 100 mg)

Oral tablet dose
(1 tablet = 600 mg)

Routine dosages

Adults 30 ml once daily 1 tablet every 24 hours 

Children Not approved Not approved

Newborn infants Not approved Not approved

Altered dosages

Impaired renal function

ClCr ≥ 50 ml/minute 30 ml once daily 1 tablet every 24 hours 

ClCr 30–49 ml/minute 20 ml once daily 1 tablet every 48 hours

ClCr < 30 ml/minute (not requiring dialysis) 10 ml once daily 1 tablet every 72 hours

End-stage renal failure (requiring dialysis) 6 ml once daily 1 tablet every 96 hours

Impaired hepatic function 30 ml once daily 1 tablet every 24 hours 

Pregnancy and lactating women Not approved Not approved

The elderlya 30 ml once daily 1 tablet every 24 hours 

aRenal function should be monitored in elderly patients, and dosage adjustments should be made accordingly.
Abbreviation: CrCl: creatinine clearance.
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PATIENTS WITH IMPAIRED HEPATIC FUNCTION

In contrast, patients with mild, moderate, and severe hepatic 
impairment (Zhou et al., 2006b), including patients with 
underlying CHB infection (EMEA, 2007), dose adjustments 
are unnecessary because the maximum plasma area-under- 
the-concentration-time curve (AUC) values are similar to 
patients with normal hepatic function (see Table 256.2).

ELDERLY PATIENTS

Clinical trials of telbivudine did not include sufficient num-
bers of subjects aged 65 and older to determine whether they 
respond differently from younger subjects. In general, cau-
tion should be exercised when prescribing telbivudine to 
elderly patients, considering the greater frequency of decreased 
renal function due to concomitant disease or other drug 
therapy. Renal function should be monitored in elderly 
patients, and dosage adjustments should be made accord-
ingly (FDA, 2006; see Table 256.2 and later in this chapter).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The estimated oral bioavailability of telbivudine is 42% 
(EMEA, 2007). In rats, monkeys, and woodchucks, the bio-
availability is 60%, 59%, and 38%, respectively (see Table 
256.3).

In healthy volunteers, telbivudine was rapidly absorbed 
after oral administration, with a maximal plasma concentra-
tion (Cmax) reached after a median time (tmax) of 2–2.5 hours 
across single doses ranging from 200 to 800 mg (Hu et al., 
2006). Similarly, in patients with CHB the median tmax was 
2.5–3 hours after the administration of doses ranging from 
400 to 800 mg (Zhou et al., 2006b). Plasma levels in patients 

with chronic HBV infection were dose proportional over the 
range of 25–800 mg (Zhou et al., 2006b). After the adminis-
tration of a 600-mg dose, plasma Cmax of 3.7 μg/ml is achieved, 
and this is similar to what is achieved at a higher dose of 
800 mg. With repeated daily dosing of 600 mg telbivudine, 
steady-state plasma concentrations were achieved on day 10 
after five consecutive doses, and in humans the half-life 
ranged from 29.5 to 41.3 hours (Zhou et al., 2006b). The oral 
absorption of telbivudine as measured by Cmax, tmax, and the 
area-under-the-concentration-time curve (AUC) were not 
altered by the ingestion of high-fat or high-calorie meals 
(Zhou et al., 2006c). Hence telbivudine can be administered 
regardless of the timing of meals (see Table 256.3).

5b.  Drug distribution

Due to the lack of intravenous formulation, the apparent vol-
ume of distribution has not been determined but is estimated 
to be 8.2 ± 4.1 l/kg, suggesting that telbivudine widely distrib-
uted into tissues. In rats, the highest concentrations of tel-
bivudine were found in intestine, kidney, urinary bladder, 
prostate, mesenteric lymph nodes, stomach, and pancreas, 
with relatively poor penetration into the central nervous sys-
tem. However, telbivudine is secreted into the breast milk 
of rats, as mentioned previously. Protein binding was low 
(be tween 2% and 5%) and constant over the range of therapeu-
tic concentrations. Telbivudine equally partitioned between 
plasma and blood cells in a concentration independent man-
ner with a mean erythrocyte/plasma concentration ratio of 
1.01 (EMEA, 2007). Data in humans are limited (see Table 
256.3).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

The efficacy of telbivudine for HBV infection is strongly dose 
dependent. A phase I/II dose-escalation trial in patients with 
HBeAg-positive CHB infection analyzed six daily dosing 
levels of telbivudine (25, 50, 100, 200, 400, 800 mg) given for 
4 weeks with 12 weeks of followup without treatment (Zhou 
et al., 2006b). A rapid reduction in HBV DNA of at least 2 
log10 copies/ml was observed within the first week of treat-
ment, consistent with first-phase viral clearance. This was 
followed by a more gradual dose-dependent reduction in 
HBV DNA, consistent with second-phase viral clearance. 
The mean HBV DNA reduction ranged from 2.5 log10 copies/
ml for the 25 mg/day dose, to 3.75 log10 copies/ml for the 
800 mg/day dose. After treatment, serum HBV DNA levels 
returned to baseline over 12 weeks, with the slowest rebound 
occurring in patients treated with daily doses of 400 and 800 
mg. Treatment was well tolerated with no dose-related clini-
cal or laboratory adverse events. The 600-mg dose of telbivu-
dine appears to have been chosen because the efficacy of the 
400- and 800-mg doses were similar, with respect to both the 
speed and degree of initial HBV DNA and to the rate of 
rebound (Zhou et al., 2006b).

Table 256.3. Pharmacokinetics and pharmacodynamics of 
telbivudine.

Telbivudine Oral

Bioavailability

Adults 42%

Children NA

Terminal t½
a 48.8 ± 10.5 hours

Cmax
a  3.7 ± 1.2 μg/ml

AUCa 26.1 ± 7.2 μg∙hr/ml

Drug distribution

Telbivudine was widely distributed into tissues

Excretion

Urine 42%

Feces 49.6%

Other  8.4%

aPharmacokinetic variables for telbivudine in healthy volunteers.
Abbreviations: t½: half-life; Cmax: maximum concentration; AUC: area-under- 

the-concentration-time curve; NA: not available.
Source: Data from Zhou et al., 2006b.
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5d.  Excretion

Telbivudine is eliminated unchanged in urine, and urinary 
excretion is the main mode of elimination. After a single 
administration of 600 mg of telbivudine, 24% of the dose 
is excreted into the urine over a period of 32 hours, with a 
mean renal clearance of 6.6 l/hour (Hu et al., 2006). After 7 
days, 42% of a dose has been cleared by excretion into urine, 
whereas 49.6% is recovered from the feces, most likely repre-
senting unabsorbed drug (Hu et al., 2006; EMEA, 2007; see 
Table 256.3).

5e.  Drug interactions

The administration of telbivudine with either adefovir or 
lamivudine does not alter the steady-state pharmacokinetic 
parameters of telbivudine (Zhou et al., 2006d). Steady state 
is reached after daily dosing for 5–7 days. The mean Cmax and 
AUC of telbivudine at steady-state is unchanged by the 
co-administration of 100 mg daily of lamivudine or 10 mg 
daily of adefovir (Table 256.3). In addition, telbivudine does 
not alter the Cmax or the AUC of either lamivudine or adefovir 
when these drugs are combined. At concentrations up to 12 
times those achieved in humans, telbivudine did not inhibit 
in vitro metabolism mediated by any of the following human 
hepatic microsomal cytochrome P-450 (CYP) isoenzymes 
known to be involved in human medicinal product metabo-
lism: 1A2, 2C9, 2C19, 2D26, 2E1, and 3A4. Based on the 
above results and the known elimination pathway of telbivu-
dine, the potential for CYP450-mediated interactions involv-
ing telbivudine with other medicinal products is low (FDA, 
2006).

Pegylated interferon does not alter the pharmacokinetic 
parameters for telbivudine when the two are co- administered 
(Zhou et al., 2006e). Both the AUC and Cmax in healthy sub-
jects given two 180-μg doses of pegylated interferon 21 days 
apart together with 14 daily doses of 600 mg of telbivudine 
were similar to those of patients given telbivudine alone. 
Similarly, the AUC and Cmax for pegylated interferon were 
not affected by the co-administration of telbivudine (Table 
256.3). In healthy subjects given a daily dose of 600 mg of 
telbivudine together with 4 mg/kg cyclosporine A daily, nei-
ther the AUC, or Cmax for each drug was altered compared 
with either drug administered alone (Zhou et al., 2006e; 
Table 256.3).

6. ADVERSE REACTIONS AND TOXICITY

Telbivudine was not toxic to HepG 2.2.15 cells (50% cyto-
toxic concentrations > 100 μM), primary human PBMCs and 
bone marrow progenitor cells (Bryant et al., 2001). Exposure 
of HepG2 cells to 10 μM telbivudine had no effect on lactic 
acid production, mitochondrial DNA content, or morphol-
ogy (Bryant et al., 2001). Telbivudine triphosphate is neither 
a substrate nor an inhibitor for the human DNA polymerases 
alpha, beta, and gamma (Semizarov et al., 1997; Bryant et al., 
2001).

No adverse clinical events or abnormal biochemical or 
hematologic parameters were observed in Sprague–Dawley 
rats and cynomolgus monkeys given telbivudine in doses of 
up to 2000 mg/kg/day for 28 days (Bridges, 2006). Similarly, 
no clinical, biochemical, or hematologic abnormalities were 
reported in cynomolgus monkeys administered telbivudine 
in doses of up to 1000 mg/kg/day for 9 months (Bridges, 
2006). Treatment doses of up to 2000 mg/kg given to cyno-
molgus monkeys were not carcinogenic and did not result in 
developmental or reproductive abnormalities. Furthermore, 
no evidence of genotoxicity and mutagenicity was observed 
in mice, or in Salmonella or Escherichia coli plate incorpora-
tion mutation assays (Bridges et al., 2001; EMEA, 2007).

Telbivudine’s profile of adverse events in humans was 
obtained predominantly from two trials (007 GLOBE and 
NV-02B-015), in which 1699 subjects with CHB received 
double-blind treatment with telbivudine 600 mg per day 
(n = 847 subjects) or lamivudine 100 mg per day (n = 852 
subjects) for 104 weeks. The median duration of the therapy 
was 104 weeks for both treatment groups (Lai et al., 2007; 
Liaw et al., 2009; Hou et al., 2008).

Overall, telbivudine was well tolerated in humans. The 
most significant treatment-associated adverse reactions were 
serum creatine kinase (CK) elevations, myopathy, and peri-
pheral neuropathy, which were more common than those 
during lamivudine treatment. On-treatment or off-treatment 
alanine aminotransferase (ALT) flares were also reported. 
No deaths have been attributed to telbivudine. Frequently 
reported side effects attributable to telbivudine are summa-
rized in Table 256.4 (FDA, 2006).

6a.  Creatine kinase elevation and myopathy

During the 2-year 007 GLOBE study, the grade 3/4 CK eleva-
tion (≥ 7.0 times ULN) were observed more frequently in 
patients receiving telbivudine 600 mg per day than those 
receiving lamivudine 100 mg per day (12.9% vs. 4.1%). The 
majority of on-treatment grade 3/4 CK elevations were tran-
sient and resolved (decreased to grade 0 to 2) spontaneously 
during continued treatment. The CK elevation did not cor-
relate with musculoskeletal side effects (Liaw et al., 2009). 
In the extension study (CLDT600A2303), 16% patients had 
grade 3/4 CK elevation during up to 4 years of treatment, 
among which 68% involved a single transient elevation. 
Grade 3/4 CK elevation was not a reliable marker of mus-
cle-related events because only 29% of patients had a muscle 
adverse event concomitantly with such an increase and 36% 
had muscle symptoms occurring ± 30 days of an elevation 
episode (Avila and Goncalves, 2009). With respect to time to 
onset, these CK elevations occurred predominantly after 6 
months of therapy. After 52 weeks, there was a slight decrease 
in incidence of CK elevation followed by a stabilization 
period up to 4 years.

Although CK elevation was often reported without any 
specific symptoms, there was one case of a possible telbivudine- 
induced myopathy. Myopathy, defined as persistent unex-
plained muscle aches and/or muscle weakness in conjunction 
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with increases in CK values, should be considered in any 
patients with diffuse myalgias, muscle tenderness, or muscle 
weakness. Among patients with telbivudine-associated myop-
athy, no pattern in regard to the degree or timing of CK ele-
vations has been observed. In addition, the predisposing 
factors for the development of myopathy among telbivudine 
recipients are unknown. Patients should be advised to report 
promptly unexplained muscle aches, pain, tenderness, or 
weakness. Tyzeka therapy should be interrupted if myopathy 
is suspected, and discontinued if myopathy is confirmed 
(FDA, 2006). 

Rhabdomyolysis, as a more serious adverse reactions 
involving CK elevation. Muscle events with possible result-
ing renal failure due to myoglobinuria have been reported 
during postapproval use of telbivudine. Because it was 
reported voluntarily from a population of unknown size, it 
is not possible to reliably estimate their frequency or estab-
lish a causal relationship to drug exposure (see Table 256.4).

6b.  Peripheral neuropathy 

Peripheral neuropathy has been reported with telbivudine 
alone or in combination with pegylated interferon-alpha-2a 

and other interferons. In one clinical trial, an increased risk 
and severity of peripheral neuropathy was observed with the 
combination use of telbivudine 600 mg daily and pegylated 
interferon-alpha-2a alone (Marcellin et al., 2015). Such risk 
cannot be excluded for other dose regimens of pegylated 
interferon-alpha-2a or other alpha interferons (pegylated or 
standard). Patients should be advised to report any numb-
ness, tingling, and/or burning sensations in the arms and/or 
legs, with or without gait disturbance. Telbivudine therapy 
should be interrupted if peripheral neuropathy is suspected 
and discontinued if peripheral neuropathy is confirmed (FDA, 
2006; see Table 256.4).

6c.  Hepatotoxicity 

Hepatic ALT flares continue to be an important safety issue in 
the management of CHB infection. During the 007 GLOBE 
study, ALT flares occurred more frequently in HBeAg-
positive patients than in -negative patients, and they occurred 
predominantly during the first 24 weeks of the study (Lai et 
al., 2007). Between treatment week 24 and the end of the 
study, ALT flares occurred less frequently in telbivudine 
recipients compared with lamivudine recipients (1.5% vs. 

Table 256.4. Selected common adverse effects of telbivudine.

Frequency 
(%) Mechanism Comments

Common

Fatigue 13

CK elevation 11 Uncertain, maybe due to potential 
mitochondrial toxicity 

Headache 10

Cough 6

Diarrhea 6

Abdominal pain, upper 6

Nausea 5

Pharyngolaryngeal pain 5

Arthralgia 4

Pyrexia 4

Rash 4

Back pain 4

Dizziness 4

Unusual interactions but clinically important

Peripheral neuropathy < 1 Uncertain, maybe due to potential 
mitochondrial toxicity

Incidence and severity of the risk was observed with 
the combination use of telbivudine and pegylated 
interferon.

Rhabdomyolysis NA Uncertain, maybe due to potential 
mitochondrial toxicity

Reported voluntarily from a population of unknown 
size during postapproval use of telbivudine, it is not 
possible to reliably estimate their frequency.

Lactic acidosis NA Uncertain, maybe due to potential 
mitochondrial toxicity

Reported voluntarily from a population of unknown 
size during postapproval use of telbivudine, it is not 
possible to reliably estimate their frequency.

Abbreviations: CK: creatine kinase; NA: not available.
Source: Adapted with permission from FDA (2006).
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4.8%) (Liaw et al., 2009). Among patients who had resistance 
and/or virological breakthrough, an ALT flare was developed 
by 23–25% of telbivudine-treated patients (EMEA, 2007).

ALT flares have been reported in patients who have dis-
continued anti-hepatitis B therapy, including telbivudine. 
The time to onset of off-treatment ALT flare in telbivudine- 
treated patients was 3.5 months. Due to the limited number 
of patients with off-treatment ALT flares, it remains difficult 
to estimate a delay for the occurrence of these flares (EMEA, 
2007). Hepatic function should be monitored closely with 
both clinical and laboratory followup for at least several 
months in patients who discontinue anti–hepatitis B therapy. 
If appropriate, resumption of anti–hepatitis B therapy may 
be warranted (see Table 256.4).

7. CLINICAL USES OF THE DRUG

Telbivudine is indicated for the management of CHB-
infected adult patients who have evidence of viral replication 
and evidence of either persistent elevation in serum amino-
transferases (ALT or AST) or histologically active disease. 
Due to higher rates of resistance that may develop with 
 longer-term treatment among patients with incomplete viral 
suppression, it is recommended that treatment be initiated 
for patients with favorable pretreatment characteristics (see 
section 4, Mode of drug administration and dosage).

7a.  Hepatitis B infection: monotherapy

The safety and efficacy of long-term (104-week) telbivudine 
monotherapy in nucleos(t)ide analog naive CHB-infected 
patients were evaluated in one active-controlled clinical trial 
(NV-02B-007 GLOBE) and a smaller supportive trial (NV- 
02B-015). Subjects were 16 years of age or older, with CHB 
infection, evidence of HBV infection with active viral repli-
cation, and ALT levels ≥ 1.3 times the ULN, no evidence of 
hepatic decompensation, and chronic inflammation on liver 
biopsy compatible with chronic viral hepatitis.

The 007 GLOBE trial was a phase III, randomized, double- 
blind, multinational trial; all eligible patients (921 HBeAg 
positive; 446 HBeAg negative) were randomized to receive 
telbivudine 600 mg once daily (n = 680) or lamivudine 100 
mg once daily (n = 687) for 104 weeks. The primary end 
point, was defined as reduction of serum HBV DNA levels 
to < 5 log10 copies/ml, coupled with either normalization of 
ALT level or HBeAg loss (therapeutic response). For HBeAg-
positive patients, the therapeutic response to telbivudine was 
superior to that to lamivudine both at week 52 (63.3% vs. 
48.2%; p < 0.001) and week 104 (77.5% vs. 66.1%; p = 0.007). 
The proportion of patients with HBeAg seroconversion was 
comparable between the two drugs at weeks 52 and 104. For 
HBeAg-negative patients, the rate of therapeutic response to 
telbivudine was higher than that to lamivudine at week 104 
(77.5% vs. 66.1%; p = 0.007) (Lai et al., 2007; Liaw et al., 2009; 
see Table 256.5).

The efficacy results of the 007 GLOBE trial were sup-
ported by results of trial NV-02B-015. This was a phase III, 

randomized, double-blind trial of telbivudine 600 mg once 
daily compared to lamivudine 100 mg once daily for a treat-
ment period of 104 weeks in 332 subjects (n = 167 telbi-
vudine; n = 165 lamivudine) nucleos(t)ide naive CHB 
HBeAg-positive and -negative Chinese patients. In this trial, 
telbivudine also showed greater potent of viral suppression 
than lamivudine, in terms of HBV DNA reduction (−5.47 vs. 
−3.97 log10 copies/ml; p < 0.001), rates of HBV DNA becom-
ing undetectable (57.8% vs. 34.3%; p < 0.001) and therapeu-
tic response (66.0% vs. 40.6%; p < 0.001) at week 104 (Hou et 
al., 2008; Jia et al., 2014; see Table 256.5).

After excluding patients who had drug resistance at year 2 
in the 007 GLOBE and NV-02B-015 studies, continuation 
of telbivudine until year 4 was associated with HBV DNA 
becoming undetectable in 76.2 % of HBeAg-positive and 
86.0 % of HBeAg-negative patients, HBeAg seroconversion 
occurred in 53.2 % of HBeAg-positive patients, and HBsAg 
loss in 1.9 % of HBeAg-positive patients and 0.6 % in HBeAg-
negative patients (Wang et al., 2013).

Telbivudine has greater antiviral efficacy than adefovir. In 
a randomized trial comparing telbivudine with adefovir in 
adults with HBeAg-positive CHB, telbivudine achieved a sig-
nificantly greater reduction in serum HBV DNA load, −6.3 
log10 copies/ml, after 24 weeks of treatment compared with 
adefovir, −5.0 log10 copies/ml. In addition, patients ran-
domized to switch from adefovir to telbivudine at week 24 
achieved further reductions in viral load by week 52, which 
were similar to telbivudine alone and significantly greater 
than adefovir alone (Chan et al., 2007; see Table 256.5).

Several predictors for efficacy of telbivudine treatment 
had been identified based on these clinical trials. Baseline 
HBV DNA, at levels < 9 log10 copies/ml, or ALT levels ≥ 2 
above normal were strong pretreatment outcome predictors 
for HBeAg-positive subjects, but not for HBeAg-negative 
patients. However, nondetectable serum HBV DNA at treat-
ment week 24 was the strongest predictor for better out-
comes for both HBeAg-positive and -negative groups. A 
combination of pretreatment characteristics plus week-24 
response could identify subgroups with the best outcomes 
(Zeuzem et al., 2009). Recently, quantitative hepatitis B core 
antibody (anti-HBc) as an immunological biomarker that 
may reflect host-adaptive anti-HBV immune activity has 
been shown to be a strong predictor for HBeAg serocon-
version during telbivudine treatment. Higher pretreatment 
anti-HBc level was associated with higher rate of HBeAg 
seroconversion (Fan et al., 2016). Besides, level of interleukin 
21 (IL-21) and frequency of circulating chemokine (C-XC 
motif) receptor 5 (CXCR5)+ CD4+ T-cells were also demon-
strated to be related to the HBeAg seroconversion during 
telbivudine treatment (Ma et al., 2012; Li et al., 2013). These 
predictors may be used for pretreatment stratification aimed 
at optimizing the treatment of CHB.

7b.  Hepatitis B infection: roadmap approach 

In 2007, a panel of hepatologists proposed the roadmap 
approach, in which patients with suboptimal response after 
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24 weeks of treatment with the initial drug will either switch 
to a more potent agent or add on a second agent without 
cross-resistance to the initial drug in order to improve the 
viral suppression and reduce the risk of resistance (Keeffe 
et al., 2007). The roadmap approach was derived primarily 
from the post hoc analysis of the 007 Global study. The effi-
cacy and safety of the roadmap strategy had been evalu-
ated in a prospective, multicenter, randomized, controlled 
Chinese study (EFFORT study) among 599 HBeAg-positive 
patients on telbivudine. Patients who had HBV DNA ≥ 300 
copies/ml at week 24 were randomized to add on adefovir 
treatment versus continuation of telbivudine until week 104. 
The add-on adefovir group had a higher chance of unde-
tectable HBV DNA than those treated only with telbivu-
dine (76.7% vs. 61.2%; p < 0.001), a lower risk of genotypic 
resistance (2.7% vs. 25.8%; p < 0.001), and comparable rate of 
HBeAg seroconversion (23.7% vs. 22.7 %) at week 104 of the 
study (Sun et al., 2014). A longer followup of the EFFORT 
study (EFFORT extension study) showed that 5-year tel-
bivudine treatment based on the roadmap strategy resulted  
in 90.9% of undetectable HBV DNA and 29.7% of HBeAg 
seroconversion (Xie et al., 2016). In another single-arm 
study, telbivudine with conditional tenofovir intensification 
according to the roadmap approach also showed high rates 
of HBV DNA becoming undetectable, ALT normalization, 
and HBeAg loss and seroconversion in nucleos(t)ide-naive 
HBeAg-positive CHB patients (Piratvisuth et al., 2013).

7c.  Hepatitis B infection: de novo 
combination therapy

The de novo combination of telbivudine with other nucleos 
(t)ide analogue showed limited additive or synergistic antivi-
ral effects over monotherapy. In a phase II trial, combination 
of telbivudine and lamivudine was found to be comparable 
or inferior to telbivudine monotherapy in terms of HBV 
DNA suppression (−6.1 vs. −6.3 log10 copies/ml), HBeAg 
sero conversion (15% vs. 31%), and risk of viral breakthrough 
(12.2% vs. 4.5%) (Lai et al., 2005). In a randomized con-
trolled study, the combination of telbivudine with tenofovir 
also showed similar HBV DNA reduction to monotherapy 
among CHB-infected, immunotolerant, HBeAg positive 
patients (Leung et al., 2014; see Table 256.5).

A study in 159 HBeAg-positive patients reported that a 
combination of pegylated interferon-alpha-2a and telbivu-
dine led to higher rates of undetectable HBV viral load and 
greater reductions in HBeAg and HBsAg levels than either 
drug alone (Marcellin et al., 2015). Another study compared 
the efficacy and safety of two sequential regimens: pegylated 
interferon-alpha-2a for 24 weeks followed by telbivudine for 
24 weeks (pegylated interferon first), or vice versa (telbivu-
dine first), in 30 HBeAg-negative patients. At the end of fol-
lowup (week 72), more patients treated with telbivudine first 
had HBV DNA < 2000 IU/ml (46.7 vs. 13.3 %; p = 0.046). 
Sequential treatment with pegylated interferon followed or 
preceded by 24 weeks of telbivudine was safe; only one 
patient dropped out because of myalgia (Piccolo et al., 2013). 

However, presently the combinations of pegylated interferon 
with telbivudine should be avoided, because a high risk of 
severe polyneuropathy development was reported in those 
treated with the combination therapy, leading to an early dis-
continuation of one study (Marcellin et al., 2015).

7d.  Hepatitis B infection: prevention of 
perinatal transmission

Telbivudine was classified as pregnancy category B drug (no 
risk in animal studies, but unknown in humans). Short-term 
telbivudine for mothers with stable liver disease, starting 
from the second or third trimester, has been documented to 
reduce maternal viral load and decrease perinatal mother- 
to-infant transmission. A nonrandomized, controlled study 
evaluated the efficacy and safety of telbivudine treatment 
during late pregnancy in reducing HBV transmission in 229 
highly viremic (HBV DNA > 107 copies/ml), HBeAg-positive 
mothers, the result of which showed that the incidence of 
perinatal transmission was lower in the infants born to the 
telbivudine-treated mothers than to the controls (0% vs. 8%, 
p = 0.002) at 7 months after delivery. No serious adverse 
events were noted in the telbivudine-treated mothers or their 
infants (Han et al., 2011). A real-world trial also showed that 
telbivudine treatment starting from gestation week 28 to 
postpartum week 4 for HBeAg-positive mothers could lead 
to 0% HBsAg-positive infants, and there were no differences 
for gestational age or infants’ height, weight, Apgar scores, 
or birth defect rates between infants born to treated and 
untreated mothers (Zhang et al., 2014). These results have 
also been supported by several other trials (Han et al., 2015; 
Yu et al., 2014). Breastfeeding is not generally encouraged 
during nucles(t)ide analog therapy because of uncertainty of 
safety to newborns. However, it should be mentioned that, 
despite the relatively positive evidence for telbivudine in pre-
venting perinatal transmission, the use of telbivudine in 
preventing perinatal transmission has not been approved 
by any health authority. Clinicians should conduct a full 
benefit–risk assessment before initiating telbivudine treat-
ment for HBsAg-positive women who are pregnant.
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Discontinued Hepatitis Agents: 
Torcitabine and Valtorcitabine
John Mills and Suzanne M. Crowe

1. DESCRIPTION

Torcitabine (beta-l-2′-deoxycytidine) (l-dC) is the beta-l- 
enantiomer of the natural nucleoside d-cytidine. This drug 
was developed as an antiviral agent for the treatment of 
chronic hepatitis B virus infection. Torcitabine had poor oral 
bioavailability, but as its 3′,5′-divaline ester (val-l-dC) and 
its 3′-monovaline ester, valtorcitabine dihydrochloride, had 
excellent oral bioavailability, mainly the latter drug was 
developed for clinical use (Hodge, 2004).

The chemical name of valtorcitabine is 4-amino-1-[3- 
O-[(2S)-2-amino-3-methylbutanoyl]-2-deoxy-beta-d-erythro-
pentofuranosyl] pyrimidin-2(1H)-one dihydrochloride, and it 
has a molecular weight of 399.28 (C14H22N4O5∙∙∙2HCl) (CAS 
registry number 359689-54-6). The chemical name of torcit-
abine is 2(1H)-pyrimidinone, 4-amino-1-(2-deoxy- beta-d-
erythro-pentofuranosyl), and it has a molecular weight of 
227.22 (C9H13N3O4)) (CAS registry number 40093-94-5). The 
chemical structures of torcitabine and valtorcitabine are 
shown in Figure 257.1.

Development of valtorcitabine (and torcitabine) was dis-
continued in 2007 for reasons not stated publically but that 
were probably related to two issues: first, the relatively large 
dose of valtorcitabine (900 mg daily) required in human sub-
jects to significantly decrease hepatitis B virus in plasma 
(lamivudine is effective at 100 mg/day and entecavir at 0.5 
mg/day) and, second, cross-resistance with lamivudine. 

2. ANTIMICROBIAL ACTIVITY

Torcitabine is active against hepadnaviruses, specifically 
human hepatitis B virus (HBV), duck hepatitis virus (DHBV), 
and woodchuck hepatitis virus (WHV), but it lacked activity 
against a range of other viral genera, including herpes - 
viruses, human immunodeficiency viruses, myxoviruses, 
paramyxoviruses, and adenoviruses (Standring et al., 2001). 
The torcitabine 50% effective concentration (EC50) for inhi- 

biting HBV DNA synthesis by in HepG2.2.15 cells was 0.24 ± 
0.08 μM (Standring et al., 2001). The in vitro susceptibility 
data were confirmed in a study showing that woodchucks 
with chronic WHV infection treated with torcitabine 10 mg/
kg/day for 4 weeks had a decrease in WHV DNA concen-
trations in plasma by 2–6 log10 copies/ml. However, within 
1 week of stopping treatment viral rebound occurred in all 
animals (Standring et al., 2001; Hodge, 2004).

HBV polymerase protein variants containing the common 
lamivudine resistance mutations M204I/V, L180M/M204V/I, 
and V173L/L180M/M204V all were highly cross-resistant 
to torcitabine in vitro (Yang et al., 2005). Using HepG2 cells 
stably transfected with wild-type or  lamivudine-resistant 
HBV, the EC50 of torcitabine against lamivudine-resistant 
HBV mutants increased dramatically from > 180-fold for the 
M204I/V HBV mutation to > 460-fold for V173L/L180M/
M204V and > 650-fold for L180M/M204V/I, while the EC50 
for wild-type virus was 0.38 ± 0.14 μM, which was consistent 

Figure 257.1. Chemical structures of (a) torcitabine and  
(b) valtorcitabine.
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with results obtained in HepG2.2.15 cells (Yang et al., 2005). 
Some, but not all,  adefovir-resistant strains of HBV remained 
susceptible to torcitabine (Qi et al., 2007).

The combination of torcitabine and telbivudine was syner-
gistic in vitro (Hodge, 2004). To determine if the combination 
of torcitabine and telbivudine was synergistic, in vivo, wood-
chucks with chronic WHV infection were treated with each 
drug at daily doses of 1 mg/kg daily for 12 weeks. Telbivudine 
alone reduced WHV DNA concentrations in plasma by 5 log10 
copies/ml. When combined with torcitabine, plasma WHV 
DNA concentrations were reduced by 7 log10 copies/ml, even 
though low-dose torcitabine alone was ineffective, thus con-
firming the synergistic effect of this combination. Combina- 
tion treatment was also associated with a marked reduction 
in serum WHV surface antigen concentrations and a pro-
longed time to viral rebound (Hodge, 2004). In a separate 
study, woodchucks with chronic WHV infection were treated 
with telbivudine (10 mg/kg) combined with the torcitabine 
prodrug Val-l-dC (10 mg/kg) for 12 weeks; woodchucks 
treated with the combination achieved a greater reduction in 
plasma WHV DNA concentrations after 4 weeks of treatment 
than woodchucks treated with telbivudine alone (Hodge, 2004).

3. MECHANISM OF DRUG ACTION

The prodrug of torcitabine, valtorcitabine, is rapidly con-
verted to torcitabine by human esterases in plasma or the 
intestinal mucosa. Torcitabine, like other nucleoside ana-
logs, is itself a prodrug that must be phosphorylated intra-
cellularly to the triphosphate before it is active. In both 
HepG2 cells and primary human hepatocytes torcitabine 
is  efficiently metabolized to the active form, torcitabine 
5′- triphosphate (l-dCTP), by deoxycytidine kinase; a max-
imal intracellular concentration of 70 μM was reached in 
24  hours; in addition to l-dCTP, a second triphosphate is 
formed after the metabolism of l-dC-5′-monophosphate to 
l-dUMP by deoxycytidylate deaminase (Standring et al., 
2001; Hernandez-Santiago et al., 2002).

Torcitabine triphosphate is a selective inhibitor of the 
HBV polymerase. In contrast, torcitabine triphosphate con-
centrations ≤ 100 μM did not inhibit the enzymatic activity 
of human DNA polymerases alpha, beta, or gamma (Bryant et 
al., 2001; Standring et al., 2001). Like other nucleoside analogs, 
torcitabine most likely acts by two mechanisms, competitively 
inhibiting incorporation of natural nucleoside triphosphates 
into DNA by the HBV polymerase and, once torcitabine tri-
phosphate is incorporated into nascent viral DNA, by irre-
versibly terminating DNA synthesis (the complex of the HBV 
polymerase and the viral DNA with an incorporated termi-
nal torcitabine diphosphate is very stable). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Oral valtorcitabine replaced torcitabine during the few clini-
cal trials for chronic hepatitis B infection. The optimal dose 
was never established.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

Torcitabine had poor bioavailability, 16% in cynomolgus 
monkeys and 10% in woodchucks (Cretton-Scott et al., 1999; 
Hodge, 2004). However, the absorption and bioavailability 
of valtorcitabine was much better, and it was efficiently con-
verted to torcitabine. In monkeys, the bioavailability of the 
3′,5′-divaline ester (val-l-dC) was 70% compared with 84% 
for valtorcitabine (Hodge, 2004). After intravenous admin-
istration of 3H-l-dC (10 mg/kg) as a single dose to wood-
chucks, the total clearance and plasma half-life (t½) of 
torcitabine were estimated to be 0.38 ± 0.33 l/h/kg and 3.1 ± 
0.12 hours, respectively (Cretton-Scott et al., 1999), and the 
t½ of the valine esters was similar to l-dC (Cretton-Scott et 
al., 1999; Cretton-Scott et al., 2001). Intracellularly, l-dCTP 
concentrations are up to 100 times the EC50 of HBV, and the 
intracellular half-life of l-dCT is > 15 hours (Cretton-Scott et 
al., 2001; Hernandez-Santiago et al., 2002). Intracellular con-
centrations of l-dCTP remained above the 90% inhibitory 
concentration (IC90) (5uM) and IC50 (0.24–1.82 μM) values 
for WHV DNA polymerase (Standring et al., 2001). In pri-
mary human hepatocytes, the 5′-triphosphate concentrations 
reach 90.1 ± 36.4 pmol/cell (Hernandez-Santiago et al., 2002).

There are no human distribution data for torcitabine or 
valtorcitabine, no pharmacokinetic or pharmacodynamic data, 
and no data on drug interactions, although as nucleoside 
analogs, they would probably have few interactions.

Torcitabine is renally excreted, with > 90% of the drug 
recovered from the urine unchanged.

6. ADVERSE REACTIONS AND TOXICITY

Little human data regarding toxicity of torcitabine and valtor-
citabine are available. In phase IIb studies with valtorcitabine 
at doses up to 1200 mg/day, no adverse symptoms, signs, or 
laboratory abnormalities were reported (Lai et al., 2004). 
Preclinical data, including cellular toxicity and genotoxicity 
studies, were generally favorable (Standring et al., 2001). 
Likewise, administration of either single or repeated doses 
(28 days) of 50–2000 mg/kg l-dC to rats and monkeys did 
not result in changes in biochemical or hematologic vari-
ables, body weight, or food consumption, and similar data 
were found from treatment of WHV-infected woodchucks 
(Standring et al., 2001). 

7. CLINICAL USES OF THE DRUG

Torcitabine and its prodrug, valtorcitabine, were being devel-
oped solely for the treatment of chronic HBV infection. Only 
torcitabine data are available. 

In a phase Ib telbivudine study, safety, antiviral activity, and 
pharmacokinetics were assessed in 43 adults with e- antigen- 
positive chronic hepatitis B virus infection. This placebo- 
controlled dose-escalation trial investigated six telbivudine 
daily dosing levels (25, 50, 100, 200, 400, and 800 mg); 
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treatment was given for 4 weeks, with 12 weeks of followup. 
Compared with placebo, telbivudine was well tolerated at all 
dosing levels, with no dose-related or treatment-related clin-
ical or laboratory adverse events. At day 28, HBV DNA in 
plasma had fallen by a mean of 1.63 log10 copies/ml in the 50 
mg cohort, and by a mean of 3.41 log10 in those treated with 
800 mg/day (Lai et al., 2004). 
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1. DESCRIPTION

Clevudine (l-FMAU) is the unnatural l-enantiomer of the 
natural nucleoside d-thymidine and has potent antiviral 
activity against hepadnaviruses including hepatitis B virus 
(HBV) in vitro and in vivo. Its mode of action is by inhibition 
of the viral polymerase. Clevudine was discovered at Yale 
University (Chu et al., 1995) and licensed to Bukwang, a 
Korean pharmaceutical company, and also to Pharmasset 
for further development and marketing. Clevudine is now 
approved by the Korean Food and Drug Administration 
(FDA) for the treatment of adults with chronic hepatitis B 
virus infection (CHB), but it is not yet approved by other 
regulatory agencies. It is available only as tablets for oral 
administration. The drug is currently undergoing several 
randomized, double-blind, active control clinical trials in 
patients with CHB to evaluate its efficacy compared with 
both lamivudine and adefovir (clinical trials NCT00362635, 
NCT00496158, and NCT00496002); the outcome of these 
trials suggests strongly that clevudine is less effective and 
more toxic than entecavir and tenofovir; for efficacy it is 
approximately equivalent to lamivudine but it is also more 
toxic than that drug. 

The molecular weight of clevudine is 260. Its chemical 
name is 2′-fluoro-5-methyl-beta-l-arabinofuranosyluracil, 
and the molecular formula is C10H13FN2O5. The chemical 
structure is shown in Figure 258.1.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Clevudine is active against hepadnaviruses, including HBV, 
duck hepatitis B virus (DHBV), and woodchuck hepatitis 
virus (WHV) and also against Epstein–Barr virus (EBV) 
(Yao et al., 1996; Chu et al., 1998). In HBV-expressing human 

hepatoma cells (HepG2.2.15), the concentration of clevudine 
that inhibits viral DNA synthesis by 50% (EC50) is 0.1 µM 
(Chu et al., 1995; Balakrishna Pai et al., 1996; Zhu et al., 
2001) while the EC90 is approximately 1.0 µM (Chu et al., 
1998). In a cell culture model of transient transfection of 
human liver cancer cells lines with infectious clones of HBV, 
the EC50 of clevudine was 0.83 and 0.053 μM in HepG2 and 
Huh7 cells, respectively (Chin et al., 2001; Ono et al., 2001). 
In contrast, in HepG2 cells infected with a recombinant bac-
ulovirus expressing an infectious clone of HBV, the EC50 was 
0.018 µM (Abdelhamed et al., 2003). Clevudine triphosphate 
inhibits DNA-dependent DNA polymerase in an endoge-
nous polymerase assay in a dose-dependent manner with an 
EC50 of 0.7 ± 0.15 µM (Chu et al., 1995; Balakrishna Pai et al., 
1996; Zhu et al., 2001).

Clevudine produces a rapid dose-dependent reduction in 
WHV plasma DNA concentrations (viral load) in chron-
ically infected woodchucks and is associated with prolonged 
viral suppression after discontinuation of treatment (Peek et 
al., 2001). At the highest dose tested (10 mg/kg) the viral load 
declined by 104-fold within 72 hours of commencing ther-
apy. Viral suppression was maintained for 10 to 12 weeks 
after cessation of treatment in at least half of the treated 

Figure 258.1. Chemical structure of clevudine (l-FMAU).
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animals. Treatment was also associated with significant 
reduc tions in intrahepatic covalently closed circular DNA 
(cccDNA) and viral replication (Peek et al., 2001; Zhu et al., 
2001; Summers and Mason, 2004).

Clevudine is active against DHBV in experimentally 
infected ducklings (EC50 0.1 µM) and in acutely infected 
primary duck hepatocytes (Zoulim et al., 1996). The EC50 
for extra- and intracellular DHBV concentration was 0.64 
and 0.32 µM, respectively. However, clevudine is ineffective 
against duck hepatitis replication after transient transfection 
of duck HBV into the avian hepatoma cell line LMH (EC50 
>100 µM) (Abdelhamed et al., 2003; Seigneres et al., 2003).

Unpublished data from Pharmasset has shown that clevu-
dine has no in vitro activity toward HIV (Zennou et al., 2007).

ANTIVIRAL ACTIVITY IN COMBINATION WITH 
OTHER NUCLEOSIDE ANALOGS

Combining clevudine with emtricitabine or lamivudine pro-
duces an additive antiviral effect in HBV stably transfected 
HepG2.2.15 cells (Korba et al., 1999). An additive antiviral 
effect has also been observed with the combination of clevu-
dine and emtricitabine against the DHBV reverse transcrip-
tase in a cell-free system and in acutely infected primary 
duck hepatocytes and ducklings (Seigneres et al., 2003).

In contrast to the in vitro studies, in a clinical trial of 
patients with CHB who received 24 weeks of clevudine com-
bined with emtricitabine, no differences in virological or bio-
chemical responses were observed compared with patients 
treated with emtricitabine alone (Lim et al., 2006). However, 
viral suppression was more sustained and posttreatment 
serum HBV DNA was lower in patients who received combi-
nation therapy.

2b.  Emerging resistance and 
cross-resistance

Hepatitis B viruses with the lamivudine-associated poly-
merase mutants M204I, L180M + M204V, L180M + M204I, 
and V173L + L180M + M204V have been shown to be cross- 
resistant to clevudine with a > 1600-fold reduction in suscep-
tibility to clevudine (Chin et al., 2001; Yang et al., 2005).

After a 24-week treatment period of patients with HBeAg-
positive CHB with clevudine (Yoo et al., 2007), mutations in 
the conserved region of the viral polymerase corresponding 
to amino acid substitutions A181A/T, A181T, and V191V/I 
were detected. These polymerase protein mutations were 
not detected in the placebo group but were not associated 
with breakthrough viremia. The characteristic lamivudine 
resistance amino acid substitutions in codons L180M and 
M204I/V of the HBV polymerase protein were not detected.

3. MECHANISM OF DRUG ACTION

Clevudine is predominantly phosphorylated to the active 
 triphosphate form by cytosolic deoxycytidine kinase in 
HepG2.2.15 cells and HepG2 cells, and, although both thymi- 

dine kinase and mitochondrial-deoxypyrimidine kinase can 
also phosphorylate clevudine, their significance is uncertain 
(Liu et al., 1998; Hu et al., 2005). In human hepatocytes 
treated with an equivalent dose of clevudine that approxi-
mates the human plasma the maximum concentration (Cmax) 
for a 30-mg dose, clevudine is efficiently phosphorylated 
and achieves an intracellular concentration of clevudine tri-
phosphate that is 300- to 500-fold higher than the inhibition 
constant (Ki) for the HBV polymerase (0.12 µM) (Liu et al., 
1998; Niu et al., 2007).

Clevudine preferentially inhibits DNA-dependent DNA 
polymerase activity but may also inhibit reverse transcrip-
tion and, therefore, minus-strand HBV DNA synthesis 
(Seigneres et al., 2002). Clevudine triphosphate acts as a 
competitive inhibitor by binding to the catalytic center of the 
HBV polymerase (Chong and Chu, 2002), thereby prevent-
ing the addition of natural nucleoside substrates into the 
elongating DNA chain. However, the unique conformation 
of clevudine triphosphate prevents the addition of clevudine 
triphosphate into the nascent viral DNA and consequently 
the drug does not act as a chain terminator (Chong and Chu, 
2002).

Hepatitis B replication involves a unique polymerase (a 
reverse transcriptase) that has a novel protein priming 
 activity—the virus initiates viral DNA synthesis with itself as 
a protein primer. Recently, Jones and colleagues (2013) stud-
ied the ability of nucleoside or nucleotide analogs to inhibit 
HBV protein priming. Clevudine had the unique ability 
(compared with other analogs) to inhibit HBV protein prim-
ing, regardless of the deoxyguanosine nucleotide substrated 
and without being incorporated into DNA. Clevudine and 
tenofovir both inhibited the second stage of priming; how-
ever, tenofovir was incorporated into DNA but clevudine 
was not (Jones et al., 2013). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Clevudine is administered orally to adults as one 30-mg tab-
let once daily. 

4b.  Neonates and children 

There are no data on the use of clevudine or its safety in chil-
dren of any age. Consequently it should not be used for that 
indication. 

4c.  Pregnant and lactating women 

There are no data on clevudine in pregnant women, and it 
should not be used in that population. As for breastfeeding, 
many drugs administered to lactating women are found in 
breast milk; hence clevudine should not be used in breast- 
feeding women. 
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4d.  Those requiring altered dosages

The impact of food and co-administration of other medica-
tions on the bioavailability of clevudine is not known. Data 
regarding appropriate dosage modification in patients with 
renal and hepatic impairment or in the elderly are also not 
available.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

Pharmacokinetic variables were determined in a phase II 
dose-escalation trial in patients with CHB (Marcellin et al., 
2004; Table 258.1). Patients were treated for 28 days with 
clevudine at doses between 10 and 200 mg daily. Phar-
macokinetic evaluation was not possible in the 10 mg dose 
cohort because serum levels were too low to permit reliable 
analyses. Steady-state serum concentrations were achieved 
after 22 days of treatment, with a mean half-life ranging from 
44 to 60 hours.

The bioavailability of clevudine is approximately 60% in 
rats and between 20% and 40% in woodchucks. Up to 15% 
of clevudine is bound to plasma proteins (Wright et al., 
1995), and the drug is predominantly eliminated in the urine 
unchanged. Steady-state volume of distribution in rats and 
woodchucks is greater than total volume of body water, indi-
cating that clevudine is predominantly distributed intracel-
lularly (Wright et al., 1996; Witcher et al., 1997).

6. ADVERSE REACTIONS AND TOXICITY

Cytotoxicity of clevudine has been tested in vitro in HepG 
2.2.15, MT2, CEM, H1, and bone marrow progenitor cells. 
In all cells tested, the 50% cytotoxic concentrations exceed 
100 µM (Furman et al., 1992; Chu et al., 1995). Furthermore, 
mitochondrial toxicity was not seen. At concentrations of up 
to 100 µM, mitochondrial DNA synthesis and serum lactic 
acid levels are not affected (Chu et al., 1995; Balakrishna Pai 
et al., 1996). Clevudine triphosphate is neither a substrate 
nor an inhibitor for human DNA polymerases alpha, beta, 
gamma, and delta (Kukhanova et al., 1998), and radiolabeled 
clevudine is not incorporated into cellular DNA (Balakrishna 
Pai et al., 1996; Yao et al., 1996). 

On the other hand, more recent studies in cultured  
cells indicated that high-dose clevudine show mitochondrial 

toxicity—specifically depletion of mitochondrial DNA—as 
well as impaired insulin release in cells normally synthesiz-
ing insulin (Jang et al., 2012). These findings are consistent 
with some of the side effects seen in clinical trials. 

Clevudine was well tolerated in early phase II and III clin-
ical trials (Lee et al., 2006; Marcellin et al., 2007; Yoo et al., 
2007) and no deaths were reported during treatment. Com-
monly reported adverse events include infection, asthenia, 
dyspepsia, abdominal pain, and headache. Elevations in ala-
nine aminotransferase (ALT) were more frequently seen in 
the placebo group than in the clevudine group (Korba et al., 
2006). However, there were no significant differences in the 
frequency, type, or pattern of adverse events in the clevudine 
group compared with the placebo group during both treat-
ment and posttreatment periods. The phase III clinical trials 
of clevudine run by Pharmasset (2009) were discontinued 
because of a relatively high incidence of myopathy in those 
treated. Myopathy triggered during clevudine therapy, asso-
ciated with rises in creatine kinase (CK) enzymes, has been 
seen in many subsequent clinical trials, and frequently those 
patients have had to discontinue clevudine therapy (Shin et 
al., 2011; Yoon et al., 2011; Choung et al., 2012; Gwak et al., 
2013; Kim et al., 2013; Tak et al., 2014). The incidence of 
myopathy varied widely, but was as high as 14% (Kim et al., 
2013). Weakness and elevated CK plasma enzymes were also 
a feature of clevudine myopathy (Kim et al., 2013; Tak et al., 
2014). 

7. CLINICAL USES OF THE DRUG

Clevudine has been studied as a monotherapy for the treat-
ment of CHB infection.

7a.  Hepatitis B virus infection

In earlier editions of this text, this chapter included a number 
of clinical trials, the results of which were published between 
2004 and 2007. These clinical trials showed that clevudine 
had activity toward hepatitis B virus, but the studies appar-
ently downplayed or missed some of the drug’s side effects 
and relatively poor efficacy compared with other drugs. 

Recent studies of clevudine, including four studies com-
paring it with entecavir, are summarized in Table 258.2. 
Taken together, these studies show that clevudine was less 
effective than entecavir, which is considered a first-line drug 

Table 258.1. Pharmacokinetic variables for clevudine on day 28 of treatment.

Group mean 
(% CV) n

Cmax 
(μg/ml)

Cmin 
(μg/ml)

tmax 
(hours)

AUC0–τ 
(h∙μg/ml)

t½ 
(hours)

Cl/F 
(ml/minute)

50 mg group 10 0.4 (19) 0.07 (27) 1.5 (68)  3.0 (20) 61.0 (29) 285 (22)

100 mg group 10 0.8 (24) 0.12 (12) 1.1 (52)  5.7 (13) 43.6 (16) 296 (13)

200 mg group  6 1.6 (30) 0.21 (19) 1.7 (24) 12.3 (12) 50.8 (29) 276 (13)

Abbreviations: CV: % coefficient of variation; Cmax: maximum concentration at steady state; Cmin: minimum plasma concentration at steady state; tmax: time to 
maximum concentration; AUC: area-under-the-concentration-time curve; t½: half-life; Cl/F: apparent total body clearance. 

Source: Reprinted with permission from Marcellin et al. (2004). 
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for treatment of chronic HBV infection (see Chapter 254, 
Entecavir), in that HBV DNA levels decreased less than with 
entecavir treatment. In addition, clevudine resistance muta-
tions appeared, causing virologic breakthrough, which rarely 
if ever occurred with entecavir treatment over the 1- to 
3-year length of these studies. Finally, clevudine treatment 
caused significant myopathy in up to 15% of the subjects 
studied. 

A relatively recent study compared entecavir with clevu-
dine, both given as monotherapy (Kim et al., 2010). Although 
the efficacy of the two drugs was not statistically distinguish-
able (e.g. the proportion of subjects with undetectable serum 
HBV-DNA, < 300 copies/ml, at 6 months was 65.5 and 74.0% 
in the clevudine and entecavir groups, respectively), geno-
typic resistance was seen only in the clevudine group and 
nearly 15% of clevudine-treated patients developed myopa-
thy, versus none in those given entecavir.

INITIAL CLINICAL TRIALS OF CLEVUDINE 
(2004–2007)

In a phase II dose-escalation trial in patients with CHB, four 
separate daily doses of clevudine (10, 50, 100, or 200 mg per 
day) were administered for a period of 28 days with a fol-
lowup period of 6 months (Marcellin et al., 2004). The major-
ity of patients enrolled were male and > 80% were Asian and 
HBeAg positive. Treatment was well tolerated in all treat-
ment groups in this 1-month study. At the end of the treat-
ment phase, HBV DNA viral loads (Digene Hybrid Capture 
II assay; lower limit of detection 4700 copies/ml) were 
reduced by over 2.5 log10 compared with baseline for all 
treatment groups. A 28-day treatment with clevudine pro-
duced sustained viral suppression. At 6 months after cessa-
tion of treatment, HBV viral loads were reduced by 1.2 log10 
in the 10-mg group and 2.7 log10 in the 100-mg group. Loss 
of HBeAg was seen in 22% of patients and a further 11% 
developed HBeAg seroconversion (appearance of antibodies 
to e antigen). Both HBeAg loss and seroconversions were 
sustained until the end of the 6-month posttreatment fol-
lowup. Genotypic testing at the end of the treatment interval 
did not reveal any drug resistance mutations in the viral 
polymerase.

The durability of the antiviral response was further evalu-
ated in a randomized controlled trial comparing 30- and 50-mg 

daily doses of clevudine for 12 weeks with a followup period 
of 12 weeks (Lee et al., 2006; see Table 258.3). Of the patients 
who received 30 and 50 mg of clevudine, 62.5% and 54.5% 
achieved HBV DNA levels below the limit of detection 
(Digene Hybrid capture, lower limit of detection < 4700 
 copies/ml). The median reduction in HBV DNA by the end 
of treatment was 4.49 log10 copies per ml. Viral suppression 
was sustained after cessation of treatment. At week 12 and 
week 24 after cessation of treatment, a median HBV DNA 
reduction of up to 3.32 log10 copies/ml and 2.28 log10 copies/
ml was seen. Serum ALT returned to normal in up to 55% 
of patients after 12 weeks on treatment, which continued to 
improve to up to 85% and 71% of patients at week 24 and 36 
of treatment, respectively. In addition, 17% of patients lost 
HBeAg and 14% developed HBeAg seroconversion.

The safety, efficacy, and durability of antiviral response to 
clevudine was further evaluated in a 24-week randomized, 
placebo-controlled trial of clevudine in adults with HBeAg-
positive CHB infection (Yoo et al., 2007). Patients who 
received 30 mg daily of clevudine daily had a 5.1 log10 copies/
ml reduction in HBV DNA from baseline after 24 weeks of 
treatment compared with 0.27 log10 HBV DNA copies/ml 
reduction in the placebo group. Viral suppression was sus-
tained after cessation of treatment, with an HBV DNA reduc-
tion of 3.73 log10 and 2.2 log10 copies/ml at 36 weeks and 
48 weeks, respectively, in the clevudine-treated group (Table 
258.4 and Figure 258.2).

At end of treatment at week 24, 11% of patients in the 
clevudine-treated group had lost HBeAg. The seroconver-
sion rate was 7.6%, and this did not rise in the followup 
period. The corresponding rates for HBeAg loss and sero-
conversion at end of treatment were 15.3% and 10%, respec-
tively, and were not significantly different from the placebo 
group (12.3% and 8.8%) then or at the end of followup at 
week 48 (12% and 12%). Despite the low HBeAg seroconver-
sion rate, the proportion of patients who achieved normal-
ization of ALT by the end of treatment was 68.2%, and this 
was sustained throughout the followup period, with 80% at 
week 34 and 61.2% at week 48. A comparative analysis of 
genomic HBV sequence at baseline and at the end of 12 and 
24 weeks of treatment showed conserved site V142V/D, 
A181A/T, A181T, V191V/I, and V214V/A mutations in the 
polymerase protein but with no accompanying evidence of 

Table 258.3. Summary of virologic response of patients with HBeAg-positive chronic hepatitis B treated with clevudine.a

Treatment 
group

HBV DNA levels at end of treatment 
(week 12)

HBV DNA at 
12-week followup

HBV DNA at 
24-week followup

< 4700 copies/ml 
(% patients)

Mean HBV DNA decline 
(log10 copies/ml)

Mean HBV DNA decline 
(log10 copies/ml)

Mean HBV DNA decline 
(log10 copies/ml)

Placebo 0 0.20 — —

30 mg 62.5 4.49 3.32 2.28 (p < 0.13)

50 mg 55 4.45 2.99 1.4 (p < 0.13)

aA total of 98 patients were randomized to placebo, 30 mg clevudine, and 50 mg clevudine for 12 weeks and followed for 24 weeks off-treatment.
Abbreviation: HBV: hepatitis B virus.
Source: Data from Lee et al. (2006).
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in vitro resistance or virologic breakthrough (Lee et al., 2006; 
Yoo et al., 2007). In addition, the lamivudine resistance 
mutations, L180M/M204V and M204I, were not found.

COMBINATION TREATMENT

Only one double-blind randomized controlled trial has been 
performed to determine if the antiviral efficacy of clevudine 
is altered if co-administered with a second antiviral agent. 
Patients with CHB, half of whom were HBeAg positive, were 
randomized to receive emtricitabine 200 mg daily plus 

clevudine 10 mg daily or emtricitabine alone for 24 weeks 
and then followed up for a further 24 weeks (Lim et al., 
2006). Approximately 65% of patients in each arm had 
prior exposure to emtricitabine for 1 year. After 24 weeks 
of treatment, 74% of patients receiving combination therapy 
and 65% of those treated with clevudine alone had serum 
HBV DNA levels of < 4700 copies/ml. However, after 24 
weeks of followup, patients in the combination arm were 
significantly more likely to maintain an undetectable serum 
viral load (Table 258.5). The median decline in serum HBV 

Table 258.4. Summary of the virologic, serologic, and biochemical response of patients receiving 
placebo or clevudine.

Outcomes

Treatment group

Placebo
Clevudine, 

30 mg once daily

End of treatment (week 24)

Median viral load decline from baseline (log10)  0.27   5.1

No. of patients with HBV DNA < 300 copies/ ml  0/57 (0%) 102/173 (59%)

Patients with HBeAg loss (%) 12.3  11.1

Patients with HBeAg seroconversion (%)  8.8   7.6

Patients with normalized ALT levels (%) 17.5  68.2 (p < 0.0001)

Follow-up at week 36

Median viral load decline from baseline (log10)  0.51   3.7

Follow-up at week 48

Median viral load decline from baseline (log10)  0.68   2.2

Patients with HBeAg loss (%) 12  15.3

Patients with HBeAg seroconversion (%) 12  10

Patients with normalized ALT levels (%) 28  61.2

Abbreviations: HBV: hepatitis B virus; HBeAg: hepatitis B e antigen; ALT: alanine aminotransferase.
Source: Data from Yoo et al. (2007).

Figure 258.2. Median log10 reduction in serum HBV DNA from baseline in patients receiving clevudine 30 mg daily. (Adapted 
with permission from Yoo et al., 2007.) 
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DNA was 1.8 to 2.3 log10 copies/ml for the combination arm 
compared with 1.4 to 2.0 log10 copies/ml in the emtricitabine 
monotherapy arm. The M204I/V ± L180M or V173L poly-
merase protein mutations were identified in six patients (7%) 
in the clevudine–emtricitabine combination arm and eight 
patients (10%) in the emtricitabine-only arm at week 24, and 
all but one patient in the combination arm had prior expo-
sure to emtricitabine. The presence of a M204I/V ± L180M 
or V173L mutation was associated with a lower decline in 
serum HBV DNA, 0.84 log10 copies/ml for the emtricitabine–
clevudine and 0.51 log10 copies/ml for the emtricitabine only 
groups.

In conclusion, clevudine is a third-line agent for the treat-
ment of HBV infection, primarily because of its deleterious 
effects on mitochondria with the accompanying muscle 
symptoms and signs. As such, it is difficult to determine its 
role in the clinical management of chronic HBV infection, 
given that there are several highly active and relatively safe 
drugs with equal or better activity—lamivudine, entecavir, 
and tenofovir (see Chapter 232, Tenofovir; Chapter 228, 
Lam ivudine; and Chapter 254, Entecavir). Clevudine can 
have a only very small role in this landscape.
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1. DESCRIPTION

Ribavirin (also known as ICN-1229, RTCA, tribavirin), an 
analog of guanosine, has an unusually wide spectrum of anti-
viral activity in vitro and perhaps the broadest spectrum 
against both DNA and RNA viruses of any known antiviral 
agent other than interferon.

The drug was first described in 1972 (Sidwell et al., 1972) 
and was approved by the US Food and Drug Administration 
(FDA) in 1986 for aerosol treatment of children with severe 
respiratory syncytial virus (RSV), although the efficacy of 
ribavirin for this indication remains controversial (American 
Academy of Pediatrics, 2015). 

Oral ribavirin was approved by the FDA in 1998 for treat-
ment of chronic hepatitis C virus (HCV) infection in combi-
nation with interferon. The use of combination ribavirin and 
interferon therapy significantly improved rates of sustained 
virologic response (SVR), defined as an undetectable HCV 
DNA level 24 weeks after completion of antiviral therapy, in 
patients with chronic HCV infection. In recent years the 
development of multiple new antiviral drugs active against 
HCV infection has changed the treatment of HCV substan-
tially; however, ribavirin still maintains an important role in 
combination therapy in certain patient subgroups.

Past and ongoing clinical trials have demonstrated vary-
ing degrees of efficacy of ribavirin when used for the treat-
ment of viral infections other than RSV and HCV, including 
influenza A and B, parainfluenza, adenovirus, severe acute 
respiratory syndrome (SARS), measles, Lassa fever virus, 
Junin virus, Hantaan virus, and a number of animal and 
plant viruses.

Ribavirin was synthesized at the ICN Nucleic Acid 
Research Institute in the USA in 1972. It is marketed by mul-
tiple pharmaceutical companies and is available under the 
trade names of Virazole, Virazide, Rebetol, Ribasphere, Cope-
gus, Pegasys, Pegatron, RibaPak, RibaTab, and Ribavirin.

The chemical name of ribavirin is 1-beta-d-ribofuranosyl- 
1,2,4-triazole-3-carboxamide. The chemical formula is C8H12 
N4O5. The drug differs from guanosine in that the d-ribose of 
the nucleoside is attached to a 1,2,4-triazole-3-carboxamide 

moiety rather than to a purine ring (see Figure 259.1). The 
molecular weight is 244.2 (1 µg/ml is approximately equiva-
lent to 4.2 µM).

Ribavirin is available as capsules or tablets containing 
200, 400, or 600 mg of ribavirin. An oral solution containing 
40 mg/ml ribavirin is also available. Ribavirin for aerosol 
administration is available as a sterile lyophilized powder 
(6 g ribavirin), which should be reconstituted by adding ster-
ile water for injection to the recommended volume of 300 ml 
for a final ribavirin concentration of 20 mg/ml.

The drug viramidine was developed by Ribapharm 
(acquired by ICN Pharmaceuticals in 2003) and is the 
3- carboxamidine prodrug of ribavirin (see Figure 259.1), 
designed to target the liver and hence avoid the erythrocyte 
accumulation (and resulting anemia) associated with ribavirin 

Figure 259.1. Molecular structures of ribavirin, viramidine, 
and guanine.
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therapy. Unfortunately, despite early promising reductions in 
severe anemia, in a phase III study the combination of vira-
midine and interferon failed to meet noninferiority criteria 
when compared to the pegylated interferon–ribavirin stan-
dard of care and consequently viramidine has not been pur-
sued for further development (Benhamou et al., 2009).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

The susceptibility of a range of viruses to ribavirin is sum-
marized in Table 259.1.

PARAMYXOVIRUSES

Pneumoviruses
The concentrations of ribavirin required to reduce the repli-
cation of the pneumovirus RSV by 50% (a 50% effective 
 concentration [EC50]) are 1.38–5.82 µg/ml, well below the 
threshold for cellular toxicity (Browne, 1981; Hruska et al., 
1980; Kawana et al., 1987; Shigeta et al., 1988; Shigeta et al., 
1992; Watanabe et al., 1994). Some strains are less suscepti-
ble, with the EC50 values as high as 16 µg/ml (Johnson, 1993). 
Aerosolized ribavirin protects cottontail rats from RSV and 
influenza B virus infections (Wyde et al., 1987). Resistance to 
ribavirin has not been observed in RSV isolates from people 
treated with ribavirin for up to 55 days (Hall et al., 1983a; 
McIntosh et al., 1984; Hall et al., 1985). It has also not been 
possible to generate resistant variants of RSV through pas-
sage in ribavirin-treated cell cultures (Hruska et al., 1980).

Ribavirin inhibits replication of human meta-pneumovirus 
(a virus closely related to tRSV) in vitro at concentrations 
similar to those that inhibit RSV (Wyde et al., 2003). In  
a mouse model of meta-pneumovirus infection, ribavirin 
treat ment reduced pulmonary virus titers by 5.0 log10 
(Hamelin et al., 2006).

Other paramyxoviruses
The activity of ribavirin against the measles paramyxovirus 
was first reported in 1978 (Murphy, 1978). In general, para-
influenza virus and measles and mumps viruses are relatively 
less susceptible to ribavirin in vitro than the pneumovirus 
RSV, with the former viruses having EC50 values in one study 
of 8.6–67 µg/ml, determined by plaque reduction in HeLa 
or Vero cell lines (Shigeta et al., 1992), and of 21–32 μg/ml as 
assessed by inhibition of the cytopathic effect in the same 
cell lines in an earlier report (Kirsi et al., 1984). However, 
some strains of measles virus are apparently inhibited by 
0.003 µg/ml ribavirin (FDA, ribavirin product information, 
2011). Ribavirin inhibits subacute sclerosing panencephalitis 
(SSPE)-related strains of measles virus in vitro (Hosoya et al., 
1989) at concentrations of 10–50 µg/ml, and although the 
drug did not improve the survival of hamsters when admin-
istered intraperitoneally, it improved survival in a dose- 
dependent manner when given by the intracranial route 
(Honda et al., 1994). In hamsters, treatment of SSPE infection 

with combination intracranial interferon alpha and ribavirin 
(1.0 mg/kg daily) completely prevented mortality (Takahashi 
et al., 1998). Mumps virus is inhibited by ribavirin concen-
trations of 0.1–10 µg/ml (FDA, ribavirin product informa-
tion, 2011).

Equine morbillivirus is moderately susceptible to ribavi-
rin in vitro when tested in a variety of cell lines with EC50 
values of approximately 188 µM (45 µg/ml) (C. Birch, per-
sonal communication, 2016). 

In vitro ribavirin also inhibits replication of Nipah and 
Hendra viruses (members of the new henipaviruses genus, 
part of the paramyxovirus family). For Nipah virus, the min-
imum effective concentration of ribavirin was 100 µg/ml, 
and in a hamster model, ribavirin at best delayed death from 
Nipah virus by < 2 days (Georges-Courbot et al., 2006). In 
vitro ribavirin inhibited RNA production of Hendra virus at 
concentrations > 12 µM, and at 50 µM RNA synthesis was 
reduced 9-fold and viral yield 58-fold (Wright et al., 2005). 
A hamster study of combined chloroquine and ribavirin 
for Nipah and Hendra Viruses again demonstrated effective 
antiviral activity in vitro but had with no effect on overall 
mortality in vivo (Friberg et al., 2010).

Table 259.1. Activity of ribavirin against selected viruses in vitro.

DNA viruses RNA viruses

Virus
IC50 

(µg/ml) Virus
IC50 

(µg/ml)

Herpesvirus Paramyxoviruses

 HSV-1  0.32–100  RSV 1.3–16

 HSV-2  1–100  Parainfluenza 3.2–67

 CMV 10–100  Measles 0.003–67

 Eqine morbillivirus 45

 Mumps 0.1–10

Adenovirus  3–200 Orthomyxoviruses

 Flu A, flu B 0.05–12

Pox viruses Retrovirus

 Vaccinia  3–320  HIV 50

Arenaviruses

 Lassa    10–32

 Junin     3–32

Bunyaviruses

 Hantaan 15

 Crimean Congo     4–10

 Rift Valley    76–80

 Sandfly    75–80

 Punto Toro     2–10

Flaviviruses

 Dengue     2–5

Filoviruses

 Ebola > 500

Abbreviations: IC50: half-maximal inhibitory concentration; HSV: herpes sim-
plex virus; CMV: cytomegalovirus

Source: Modified with permission from Johnson (1993).
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ORTHOMYXOVIRUSES

The inhibitory concentration of ribavirin against influenza 
viruses varies substantially according to the method used 
and the cell lines in which antiviral susceptibility is tested. 
Replication of influenza A and B in Madin-Darby canine 
kidney (MDCK) cells is inhibited by ribavirin, with EC50 val-
ues of 3.6–5.0 and 1.3–3.8 µg/ml, respectively (Sidwell et al., 
1985; Shigeta et al., 1992; Hosoya et al., 1993; Sidwell et al., 
1995). Other investigators have found that higher concentra-
tions of ribavirin are required, with reported EC50 values of 
ribavirin for influenza A and B being 10–12 and 7 µg/ml, 
respectively (Wray et al., 1986b; Hayden et al., 1994). Clinical 
and laboratory strains of influenza A and B are equally sus-
ceptible to ribavirin (Wray et al., 1985). Ribavirin has been 
found to be less active than amantadine in inhibiting influ-
enza A using a plaque reduction assay. The EC50 for ribavirin 
against three strains of influenza A in this study was 3.6– 
8.5 µg/ml, compared with 0.2–0.5 µg/ml for amantadine 
(Browne et al., 1983). More recent studies by Sidwell et al. 
(1995) have confirmed these findings and showed that aman-
tadine is approximately 10-fold more active than ribavirin 
against influenza A in vitro. Rimantadine and human inter-
feron alpha both act synergistically with ribavirin to inhibit 
the replication of influenza A and B (Hayden et al., 1984; see 
Chapter 265, Amantadine and rimantadine). Data also sug-
gest that the triple combination of oseltamivir, amantadine 
and ribavirin has greater synergy in vitro than single and 
double combinations of these drugs for influenza A (Nguyen 
et al., 2010).

In early in vivo studies, ribavirin was found to be effective 
in treating influenza infection of mice, ferrets, and squirrel 
monkeys (Durr et al., 1975; Schofield et al., 1975; Fenton and 
Potter, 1977; Stephen et al., 1977; Wray et al., 1986a). The 
treatment of mice experimentally infected with influenza A 
with ribavirin was as successful as amantadine therapy when 
the drugs were given within 72 hours of infection. Ribavirin 
treatment commencing later after infection was less effective 
than amantadine. It is not surprising because amantadine 
and rimantadine have no in vitro activity against influenza B 
virus (see Chapter 265, Amantadine and rimantadine), only 
ribavirin was effective for mice infected with influenza B 
(Wilson et al., 1980). Ribavirin was studied in combination 
with the neuraminidase inhibitor (peramivir) or with a poly-
oxometalate to treat influenza A, and the in vitro and animal 
models demonstrated survival benefit from both combina-
tions (Shigeta et al., 1997; Smee et al., 2002). A study in mice 
compared treatment of new strains of influenza A and B  
with ribavirin, oseltamivir (a neuraminidase inhibitor, see 
Chapter 267, Oseltamivir), or a combination of ribavirin and 
oseltamivir. In mice infected with influenza A, combination 
therapy offered no survival benefit. There was no difference 
between the use of ribavirin or oseltamivir alone if treatment 
was commenced before infection (i.e. prophylactic therapy). 
However, ribavirin was more effective than oseltamivir if 
treatment commenced after viral infection. In mice infected 
with influenza B, both compounds significantly increased 

survival when treatment started postinfection, but ribavirin 
was more efficacious, and combination therapy may have 
been beneficial (Smee et al., 2006). 

RETROVIRUSES, INCLUDING HUMAN 
IMMUNODEFICIENCY VIRUS

In an early study, ribavirin, at concentrations of 50 µg/ml or 
greater, was found to suppress the replication of HIV in periph-
eral blood lymphocytes (McCormick et al., 1984). Other stud-
ies have not found ribavirin to have antiretroviral activity 
(Balzarini et al., 1986), and concentrations of ribavirin as 
high as 1 mM reduced the replication of the distantly related 
visna retrovirus by < 50% (Frank et al., 1987). Ribavirin has 
been reported to potentiate the activity of didanosine against 
HIV and Moloney murine sarcoma virus in primary lym-
phocyte cultures and T-cell lines; this effect is reversed by 
guanosine (Balzarini et al., 1990; Balzarini et al., 1991). It is 
likely that this potentiation of didanosine activity is due at 
least in part to the ribavirin-induced increase in cellular lev-
els of inosine 5′-monophosphate, the phosphate donor for 
the conversion of 2′,3′-dideoxyinosine to 2′,3′- dideoxyinosine 
monophosphate, and its subsequent conversion to the phar-
macologically active metabolite dideoxyadenosine triphos-
phate (Balzarini et al., 1991; Hartman et al., 1991). Stimu lation 
of the 5′-phosphorylation of 2′,3′-dideoxyinosine results in 
enhanced antiretroviral activity of the parent compound 
(Johns et al., 1993). Ribavirin and didanosine have also been 
shown to have synergistic efficacy against Rauscher murine 
leukemia virus (Allen et al., 1995).

Most in vitro studies have found that ribavirin antago-
nizes the inhibitory effects of zidovudine, with a 1.5- to 
5-fold increase in HIV replication when the drugs are used 
in combination (Baba et al., 1987; Vogt et al., 1987; Hoggard 
et al., 1995). The mechanism underlying antagonism appears 
to be the inhibition of phosphorylation of zidovudine, 
through a ribavirin-induced increase in levels of nucleoside 
triphosphate, which subsequently feeds back to inhibit cellu-
lar thymidine kinase in the initial phosphorylation step of 
zidovudine to its monophosphate derivative (Vogt et al., 
1987; Sim et al., 1998). One study showed that in the pres-
ence of ribavirin there is a mean of 76% inhibition of zidovu-
dine phosphorylation (Hoggard et al., 1995). However, the 
following in vivo studies do not support the in vitro observa-
tions of zidovudine antagonism: a nested pharmacokinetic 
study incorporated into the AIDS Pegasys Ribavirin Inter-
national Coinfection Trial (APRICOT) demonstrated stabil-
ity of the intracellular concentrate ion of the triphosphate 
metabolites of zidovudine, lamivudine, and stavudine in 
ribavirin-treated patients co-infected with HIV-HCV; intra-
cellular zidovudine triphosphate levels did not decrease in 
14  HIV–HCV co-infected patients receiving ribavirin; and 
38 HIV-HCV-infected patients on combination antiretrovi-
ral therapy, including either stavudine or zidovudine, under-
went ribavirin and interferon therapy with no change in 
mean HIV-RNA level pre- and posttreatment (Landau et al., 
2000; Rodriguez-Torres et al., 2005; Aweeka et al., 2007). An 
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open-label trial of HIV-HCV co-infected patients on com-
bination therapy for HIV including stavudine randomized 
patients to receive interferon and ribavirin or no treatment 
for 3 months. There was a statistically insignificant trend for 
lower stavudine triphosphate concentration in the peripheral 
blood mononuclear cells in patients treated with ribavirin 
but no change in plasma HIV RNA concentrations was 
demonstrated (Salmon-Ceron et al., 2003).

ARENAVIRUSES

Lassa fever virus and Junin virus (the etiologic agent of 
Argentine hemorrhagic fever) are inhibited by ribavirin in 
vitro, with an EC50 of 20–22 µg/ml (Huggins, 1989). Ribavirin 
at concentrations of 25 µg/ml reduces the yield of Junin virus 
in vero cells to undetectable levels, with significant inhibition 
of cytopathic effect even at concentrations as low as 3.12 µg/
ml (Rodriguez et al., 1986). Tacaribe virus, another member 
of the arenavirus family, is inhibited by ribavirin in vitro at 
concentrations well below the cytotoxic threshold (Andrei 
and De Clercq, 1990). Early ribavirin treatment (within 
4 days of infection) of Lassa fever virus in infected cynomol-
gus and rhesus monkeys protected them from disease (Jahr-
ling et al., 1980; Jahrling et al., 1984). The broad-spectrum 
antiviral agent favipiravir, an inhibitor of RNA-dependent 
RNA polymerase, demonstrated promising results in recent 
mouse models of Lassa fever, and the addition of synergistic 
ribavirin further extended survival rate and time (Oestereich 
et al., 2015).

When guinea pigs infected with Junin virus were treated 
either intraperitoneally or intracerebrally with subcutaneous 
ribavirin, survival was prolonged, but not increased, com-
pared with untreated control animals (Kenyon et al., 1986). 
Intramuscular injection of ribavirin in rhesus macaques at 
the time of infection with Junin virus has been reported to 
protect the animals from clinical disease (McKee et al., 1988). 
However, marmosets that were infected with Junin virus and 
given ribavirin therapy commencing 6 days postinfection 
were initially protected from illness but then developed neu-
rologic disease, culminating in the death of five of the seven 
treated animals (Weissenbacher et al., 1986). When ribavirin 
was given 2 hours before intracerebral infection of rats, the 
animals received partial protection (Remesar et al., 1988). 

Prolonged ribavirin treatment (25 mg/kg/day for 28 days) 
of strain 13 guinea pigs infected with Pichinde virus decreased 
mortality from 100% to 25% (Lucia et al., 1989). Even when 
ribavirin therapy commenced 24 hours after the Pichinde 
virus challenge (Smee et al., 1993), survival was improved, 
associated with reductions in liver, spleen, brain, and blood 
viral titers of up to 4.0 log10. Combination interferon alpha 
and ribavirin therapy in hamsters infected with Pichinde 
virus was synergistic (Gowen et al., 2006). 

Productive infection of L929 cells with lymphocytic cho-
riomeningitis virus (LCMV) is inhibited by ribavirin at a low 
multiplicity of infection, but increased in the presence of rib-
avirin when a high multiplicity of infection is used (Gessner 
and Lother, 1989). An in vitro model noted that ribavirin 
inhibited LCMV RNA synthesis and mini-genome expression, 

without a significant increase in virus mutation frequencies 
(Ruiz-Jarabo et al., 2003).

HANTAVIRUSES AND BUNYAVIRUSES

As assessed by plaque reduction assay, Korean hemorrhagic 
fever virus (Hantaan virus) is inhibited in vitro by ribavirin 
with an EC50 of 15 µg/ml (Huggins, 1989). Using the Hantaan 
virus-infected suckling mouse model, ribavirin administered 
10 days after infection, at the onset of clinical symptoms, 
resulted in improved survival (11 of 20 treated animals sur-
vived, compared with 0 of 70 untreated controls) (Huggins 
et al., 1986).

Sin nombre virus (SNV), the etiologic agent of the hanta-
virus pulmonary syndrome, is susceptible to ribavirin (Hug-
gins, 1989). In the deer mouse model, intraperitoneal 
administration of ribavirin inhibited seroconversion and 
reduced sin nombre viral loads in a dose-dependent fashion. 
Ribavirin inhibited SNV in vitro with an EC50 of 1–6 µg/ml 
(Medina et al., 2007). Hantavirus Seoul type is also suscepti-
ble to ribavirin (Murphy et al., 2001).

The EC50 of ribavirin for Crimean-Congo hemorrhagic 
fever virus by plaque reduction assay in African green mon-
key kidney (Vero) cells was 4–10 µg/ml (Watts et al., 1989). 
Ribavirin treatment of infant mice infected intraperitoneally 
with this virus significantly reduced mortality and decreased 
virus replication within the liver without preventing viremia 
(Tignor and Hanham, 1993). 

Rift Valley fever virus and sandfly fever virus are less 
susceptible than other Bunyaviridae, with EC50 values deter-
mined by plaque reduction of 75–80 µg/ml (Huggins, 1989; 
Watts et al., 1989). However, in rodents and monkeys infected 
with Rift Valley fever virus, ribavirin therapy has produced a 
survival benefit (Huggins, 1989), and ribavirin prophylaxis 
prevented disease in hamsters (Peters et al., 1986).

Punto Toro virus is inhibited by ribavirin with an EC50 of 
2 µg/ml as assessed by plaque reduction assay (Huggins, 
1989) and 4–10 µg/ml by inhibition of a cytopathic effect in 
LLC-MK2 cells (Sidwell et al., 1988). Subcutaneous or oral 
administration of ribavirin to Punto Toro virus–infected 
mice resulted in increased survival, less hepatic dysfunction, 
and lower plasma viral titers. However, subcutaneous admin-
istration was not effective when mice were infected intrace-
rebrally (Sidwell et al., 1988). Ribavirin was ineffective against 
most Brazilian orthobunyavirus-infected African green mon - 
key kidney cells, using a plaque assay technique. Ribavirin 
also failed to inhibit death in mice infected with Brazilian 
orthobunyavirus (Livonesi et al., 2006).

TOGAVIRUSES

Cytopathology caused by Semliki Forest virus is inhibited by 
ribavirin with an EC50 of 10 µM (Smee et al., 1988). Murine 
interferon and ribavirin are additive in their inhibitory effi-
cacy against this virus (Harmsen et al., 1994). In vitro, the 
combination of ribavirin and interferon alpha 2b had a sub-
synergistic antiviral effect on Chikungunya and Semliki 
Forest viruses (Briolant et al., 2004). Combination doxycy-
cline and ribavirin holds promise for Chikungunya following 
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an in vitro study that showed a reduction in both infectivity 
and viral replication when both drugs were used (Rothan et 
al., 2015).

FILOVIRUSES

Ebola is not susceptible to ribavirin in vitro, as EC50 values 
were > 500 µg/ml (Huggins, 1989). Similarly, ribavirin is inef-
fective against Marburg virus (Andrei and De Clercq, 1993).

PICORNAVIRUSES

Replication of coxsackie B in human amnion cell cultures 
was inhibited by ribavirin when assessed by plaque reduc-
tion assay. Recombinant human leukocyte interferon alpha 
acted synergistically with ribavirin against this virus (Okada 
et al., 1992). Myocardial titers of coxsackie B3 have been 
reported to be significantly lower in mice treated with riba-
virin commencing either at the time of infection or up to 
4 days postinfection (Kishimoto et al., 1988). Ribavirin was 
inactive against poliovirus. Ribavirin treatment of cell cul-
tures persistently infected with foot and mouth disease virus 
has reportedly eliminated infection (de la Torre et al., 1987).

Ribavirin has modest activity against hepatitis A virus at a 
concentration of approximately 24 µg/ml (Widell et al., 1986; 
Crance et al., 1990).

ADENOVIRUSES

Ribavirin inhibited replication of adenoviruses in HeLa cells 
(Scheffler et al., 1975; Murphy et al., 1993). A laboratory 
study assessing ribavirin susceptibility of adenoviruses in 
Hep-2 cells showed that only serotype C was inhibited, with 
an EC50 of 48–108 µM. Serotypes A, B, D, E, and F were all 
resistant to ribavirin (Morfin et al., 2005).

HERPESVIRUSES

Herpes simplex virus types 1 and 2 were very variably inhib-
ited by ribavirin with EC50 values ranging from 0.32 to 100 
µg/ml (Johnson, 1993). Ribavirin has been reported to 
potentiate the antiviral effect of aciclovir based on inhibition 
of cytopathic effect and viral yield reduction, but the syner-
gistic effect of these two drugs was reversed by guanosine 
(Pancheva, 1991). Although ribavirin inhibits cytomegalovi-
rus with an EC50 of 10–100 µg/ml (Johnson, 1993), the drug 
was considered clinically ineffective against this virus (Ver-
heyden, 1988).

CORONAVIRUSES

There is controversy regarding the effect that ribavirin has on 
the SARS-related coronavirus (SARS–CoV). In one murine 
model, ribavirin was found to increase viral titers and dura-
tion of detection in lung parenchyma (Barnard et al., 2006). 
Another more recent animal study used a novel highly viru-
lent mouse-adapted strain of SARS-CoV to assess various 
antiviral compounds. Ribavirin treatment did not improve 
survival of affected mice or lower virus lung titers (Day et al., 
2009) Similarly, an in vitro study demonstrated no inhibition 
of viral growth, measured by cytopathic effect, plaque assay, 
and immunoblot analysis, at concentrations obtainable in 

humans (Stroher et al., 2004). Other studies, however, sup-
port ribavirin inhibition of SARS-CoV, with in vitro data 
demonstrating a virustatic effect and synergy from combi-
nation ribavirin and interferon beta therapy (Morgenstern et 
al., 2005; Saijo et al., 2005).

Combination interferon and ribavirin therapy has also 
been studied in macaques infected with Middle Eastern 
respiratory syndrome (MERS-CoV). The animals receiving 
combination antivirals were found to have a significant 
reduction in viral genome copies within lung tissue, less  
systemic inflammation, and improved clinical parameters, 
including respiratory abnormalities and radiographic changes 
(Fal zarano et al., 2013).

FLAVIVIRUSES

Ribavirin has been reported to inhibit replication of dengue 
virus types 1–4 in monkey kidney cells, but not in human 
peripheral blood leukocytes (Koff et al., 1982). The antiviral 
effects were completely reversed by the addition of guano-
sine. In another study dengue virus was susceptible to ribavi-
rin in vitro, with an EC50 of 2–5 µg/ml as assessed by plaque 
reduction in the BHK-C15 cell line (Huggins, 1989). How-
ever, the drug did not prevent dengue virus infection in mon-
keys when given prophylactically, despite achieving peak 
ribavirin plasma concentrations of 7 µg/ml (Malinoski et al., 
1990). In human umbilical cord vein cells infected with den-
gue virus, ribavirin inhibited viral replication and modified 
cytokine production (Huang et al., 2000).

There is currently insufficient data regarding the antimi-
crobial activity of ribavirin against Zika virus. High doses of 
ribavirin were found to inhibit the related West Nile virus 
replication and cytopathogenicity in human neural cells in 
vitro with an EC50 of 60 µM (Jordan et al., 2000). Ribavirin 
improved survival in hamsters infected with yellow fever 
virus (Sbrana et al., 2004).

OTHER VIRUSES

The replication of reovirus is inhibited by ribavirin at a 
 concentration of 12.5 µM (Rankin et al., 1989). Cytopathic 
effects induced by growth of vaccinia virus in vero cells are 
inhibited by ribavirin, with an EC50 of 19 µg/ml (Kirsi et al., 
1984), although other reports suggest less susceptibility, with 
an EC50 ranging from 3.2 to 320 µg/ml (Johnson, 1993). An 
in vivo model studied cowpox respiratory infection in mice, 
and ribavirin-treated mice had a survival benefit at low viral 
challenge doses (Smee et al., 2000).

The in vitro activity of ribavirin against feline calicivirus 
(Povey, 1978b) is of interest because this virus is related to 
hepatitis C in humans (Di Bisceglie et al., 1992). Oral ribavi-
rin therapy commenced 1–4 days postinfection in cats with 
calicivirus failed to show clinical or virologic benefit (Povey, 
1978a). 

Although there are no published data regarding the effi-
cacy of ribavirin against human papillomavirus in vitro, rib-
avirin administered intradermally has been found to reduce 
the growth of warts in rabbits at early stages of infection with 
cottontail rabbit papillomavirus (Ostrow et al., 1992). 
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Early reports found no activity of ribavirin when admin-
istered subcutaneously or orally against rotavirus-induced 
gastroenteritis in infant mice (Schoub and Prozesky, 1977). 
However, some in vitro studies have found that ribavirin inhib-
ited replication of rotavirus in embryonic rhesus monkey kid-
ney monolayers, with an IC90 of 20 µg/ml (Kitaoka et al., 1986). 

The replication of vesicular stomatitis virus in Chinese 
hamster ovary cells was inhibited by high concentrations of 
ribavirin (200 µg/ml) (Toltzis and Huang, 1986). Although 
all three phosphorylated forms of ribavirin inhibit replica-
tion of this virus, the mono- and diphosphate derivatives are 
two- to threefold more efficacious than ribavirin triphos-
phate (Toltzis et al., 1988).

Ribavirin had no effect against rabies infection in mice 
(Bussereau et al., 1988). The replication of hepatitis D (delta) 
virus in primary woodchuck hepatocytes was inhibited by 
ribavirin at a concentration of 10 µg/ml, even when added to 
the culture up to 3 days after infection (Choi et al., 1989). In 
rat pituitary cell lines infected with this virus, incubation 
with ribavirin in vitro reportedly eliminated the infection (de 
la Torre and Oldstone, 1992). There is in vitro evidence to 
suggest ribavirin potentiates the inhibitory activity of enteca-
vir toward hepatitis B virus (Ying et al., 2007). Ribavirin 
inhibited transcription of Borna disease virus (BDV) in 
infected MCCK/BDV cells, at concentrations of 1–10 µg/ml 
and inhibited viral yield and viral transcripts in two neural 
cell lines (Mizutani et al., 1998; Jordan et al., 1999). Levels 
of microglia were decreased in Borna virus–infected rats 
treated with intracerebral ribavirin (Solbrig et al., 2002). 
Ribavirin restored levels of interleukin 12 in activated 
peripheral blood mononuclear cells that were strongly inhib-
ited by Leishmania donovani antigens (Conte et al., 2005).

ANTIVIRAL ACTIVITY OF VIRAMIDINE

The antiviral activity of viramidine in vitro and in animal 
models is similar to that of ribavirin. In vitro viramidine 
inhibits the replication of HCV, bovine diarrhea virus, RSV, 
influenza virus, and HIV, with EC50 values ranging between 1 
and 100 µM. Inhibition can also be demonstrated at higher 
concentrations for yellow fever, dengue, polio, Japanese 
encephalitis, and lymphocyte choriomeningitis viruses 
(Barnard, 2002). In vitro in an HCV replicon system virami-
dine demonstrated an EC50 of 100 µM compared to 30 µM 
for ribavirin (Barnard, 2002). Viramidine was shown to 
inhibit replication of influenza A (H1NI, H3N2, and H5N1) 
and influenza B in a cell culture assay with EC50 values rang-
ing between 2 and 32 µg/ml (Sidwell et al., 2005). Efficacy in 
animal models has been demonstrated for influenza A and B 
and bunyavirus-induced liver disease in mouse models and 
for arenavirus infection in hamsters (Hong et al., 2002). 
However, as viramidine failed to be more effective than riba-
virin in clinical trials, it has been withdrawn. 

2b.  Emerging resistance and 
cross-resistance

In general it has been difficult to generate ribavirin-resistant 
viruses either in vitro or in vivo. Consequently, there are few 

reports of ribavirin resistance. The evolution of nucleotide 
sequences in the nonstructural 5B (NS5B) region of HCV 
RNA in the presence of ribavirin was studied in patients 
with HCV infection. As expected, generation of HCV quasi-
species accelerated in patients on ribavirin. An NS5B F415Y 
mutation emerged in all patients with HCV genotype 1a, 
which, when assessed in vitro, conferred ribavirin resistance 
(Young et al., 2003). There is in vitro evidence to suggest that 
ribavirin resistance in poliovirus may be driven by a G64S 
mutation in the viral polymerase. Ribavirin-resistant polio-
virus then displayed increased fidelity of transcription in the 
presence of ribavirin (Pfeiffer and Kirkegaard, 2003). An in 
vitro model showed that vesicular stomatitis virus passaged 
in increasing concentrations of ribavirin and interferon 
failed to develop fully resistant populations (Cuevas et al., 
2005). There are no data on cross-resistance between ribavi-
rin and other antiviral agents, although it is reasonable to 
presume that antivirals with unrelated mechanisms of action 
(e.g. protease inhibitors or entry inhibitors) would not show 
cross-resistance with ribavirin.

3. MECHANISM OF DRUG ACTION

The mechanism of action of ribavirin remains controversial, 
probably because there are multiple mechanisms, and these 
vary with the virus and the cell culture system. Like other 
nucleoside analogs, ribavirin is a prodrug that enters cells by 
facilitated diffusion (Patterson et al., 1975) and then rapidly 
undergoes phosphorylation to the triphosphate form, with 
mono- and diphosphate derivatives collectively constituting 
only about 16% of intracellular drug concentrations (Smee 
and Matthews, 1986).

There are five primary mechanisms of action that have 
been proposed, two indirect and three direct (see Figure 
259.2 and Table 259.2). The indirect mechanisms of action 
are inhibition of inosine monophosphate dehydrogenase 
(IMPDH) and enhancement of T-cell-mediated immunity 
favoring a T-helper type 1 cytokine profile. The direct mech-
anisms of action are inhibition of RNA polymerase, inhibi-
tion of RNA capping activity, and an RNA mutagenic effect.

First, ribavirin therapy reduces intracellular pools of gua-
nosine triphosphate (GTP), thus indirectly causing synthesis 
of viral polynucleotides containing GTP (DNA or RNA) to 
be suppressed (Streeter et al., 1973). Ribavirin monophos-
phate competitively inhibits IMPDH, an enzyme that is spe-
cific for the de novo synthesis of GTP (Streeter et al., 1973; 
Robins et al., 1985). Intracellular pools of GTP have been 
reported to be reduced by up to 60% in ribavirin-treated cells 
infected with influenza virus (Wray et al., 1985). An in vitro 
study showed that the antiviral action of ribavirin against fla-
viviruses and paramyxoviruses was mediated by inhibition 
of IMPDH, as shown by a linear relationship between inhi-
bition of replication and GTP depletion and by data show-
ing that addition of guanosine reversed the antiviral effect 
(Leyssen et al., 2005). Another in vitro study of yellow fever 
virus compared responses to ribavirin with responses to a 
compound that selectively inhibits IMPDH. The reduction 
in infectious virus and viral RNA yield was similar in both 
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groups, supporting the hypothesis that activity of ribavirin 
toward yellow fever virus is independent of error-prone rep-
lication (Leyssen et al., 2006).

Second, ribavirin has an immunomodulatory effect. 
Studies suggest that the cytokine profile of CD4 cells may 
determine whether HCV infection results in chronicity or 
clearance. Clearance of HCV after acute infection is associ-
ated with production of T-helper 1 cytokines, interferon- 
gamma, and interleukin 2 (Tsai et al., 1997). An in vitro study 
demonstrated that ribavirin enhanced a type 1 cytokine 
response at the level of both protein and mRNA expression 
in CD4 and CD8 T-cell subsets (Tam et al., 1999). Animal 
models have also observed that ribavirin inhibits a T-helper 
2 cytokine response and promotes HCV core-specific type 1 
T-cells (Hultgren et al., 1998; Ning et al., 1998; Fang et al., 
2000). A small clinical trial noted that the presence of HCV-
specific cytotoxic lymphocytes before treatment is associated 
with viral clearance after combination interferon and riba-
virin therapy (Freeman et al., 2005). An observational study 
of 12 patients infected with HCV genotype 1b assessed intra - 

hepatic and peripheral blood virus-specific cytotoxic T-lym-
pho cyte activity before and after treatment with standard 
interferon and ribavirin. Six patients achieved a sustained 
virological response, and those patients were significantly 
more likely to display intrahepatic and peripheral blood 
HCV-specific cytotoxic T-lymphocyte activity than patients 
who had relapsed or had no response to treatment (Freeman 
et al., 2005). In 25 patients who received interferon or com-
bination interferon and ribavirin, clearance of HCV infec-
tion was significantly more likely in those with specific T-cell 
responses (Cramp et al., 2000). In addition to its antiviral 
effects, ribavirin has been reported to reduce wheezing asso-
ciated with bronchiolitis, possibly by decreasing the produc-
tion of RSV-specific IgE and mast cell release of inflammatory 
mediators (Snell, 1990).

Third, ribavirin has been reported to inhibit the nucleic 
acid polymerases of influenza virus, vesicular stomatitis virus, 
and visna virus, thereby directly inhibiting viral transcription 
and, ultimately, overall replication (Eriksson et al., 1977; 
Frank et al., 1987). Work performed in vitro using vesicular 

Figure 259.2. Possible mechanisms for ribavirin inhibition of hepatitis C virus (HCV) replication and for of action of ribavirin. 
(1) Immune clearance: ribavirin can induce a T-helper type 2 (Th2) to type 1 bias in favor of a host antiviral responses through 
either cytotoxic T-lymphocytes or T-helper 1 cytokines. (2) Ribavirin monophosphate (RMP) can inhibit the host enzyme 
inosine monophosphate dehydrogenase, thus reducing guanosine monophosphate (GMP) and the guanosine triphosphate 
(GTP) pool. (3) Ribavirin triphosphate (RTP) has been shown to have weak inhibitory activity against HCV NS5B (RdRp). 
(4) Ribavirin may also act as an RNA mutagen to introduce mutations in the HCV genome, thus inducing the production of 
defective HCV particles. Also noted are the conversion of ribavirin to its phosphorylated metabolites (RMP, di-DP RDP, and 
RTP) and its reversion back to ribavirin through dephosphorylation. The transporter on cell membrane is believed to be the 
estrone sulfate (es) transporter. Abbreviations: CTL: cytotoxic T lymphocyte; IFN-γ: interferon gamma; TNF-α: tumor necrosis 
factor alpha; IMPDH: inosine monophosphate dehydrogenase. (Adapted with permission from Lau et al., 2002.)
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stomatitis virus suggests that, unusually, all three phosphor-
ylated species of ribavirin, not just the triphosphate, inhibit 
viral transcription (Fernandez-Larsson et al., 1989; Patterson 
and Fernandez-Larsson, 1990). Similarly, ribavirin-5′-diphos-
phate is approximately 40% more inhibitory to the reverse 
transcriptase enzyme of HIV than the triphosphate deriva-
tive. Ribavirin did not result in termination of complementary 
DNA synthesis by the HIV reverse transcriptase (Fernandez-
Larsson et al., 1989). It is important to note that, as a nucleo-
side analog, ribavirin has a modified base and thus differs 
from the reverse transcriptase inhibitor and viral DNA chain 
terminator zidovudine, which has a modified sugar moiety. 
However, two in vitro studies have illustrated that ribavirin- 
5′-monophosphate is incorporated into virion RNA, result-
ing in the inhibition of HCV polymerase and formation 
of stalled elongation complexes (Maag et al., 2001; Vo et al., 
2003). Cultured tamarind hepatocytes infected with GBV-B 
(a virus closely related to HCV) and treated with ribavirin 
experienced a 4-log decrease in viral RNA levels. Guanosine 
blocked the effect, suggesting that inhibition of IMPDH and 
reduction of intracellular GTP precipitated a favorable envi-
ronment for incorporation of ribavirin into the RNA and 
then error-prone replication (Lanford et al., 2001). The inhi-
bition of the reovirus transcriptase is proposed to occur pre-
dominantly through inhibiting transcription of reovirus 
genomic RNA into single-stranded RNA. After binding of 
ribavirin triphosphate to a region close to the catalytic site 
of the enzyme, the compound inhibits the helicase function  
of the transcriptase, thus preventing the double-stranded 
RNA from unwinding. This, in turn, lowers the affinity of the 
enzyme for the viral template and prevents elongation by 
causing premature termination (Rankin et al., 1989).

A fourth mechanism involves the prevention of capping of 
messenger RNA (mRNA) by ribavirin, resulting in inefficient 
translation of viral transcripts (Goswami et al., 1979). Early 
studies were performed using vaccinia virus and a variety of 
plant viruses (Lerch, 1987). Loss of cap structure has been 
demonstrated in ribavirin-treated cells that had been infected 
with equine infectious anemia virus as well as in ribavirin- 
treated cells infected with HIV (Fernandez-Larsson and 
Patterson, 1990). In vitro data suggest that ribavirin binds to 
eIF4E at the functional site used by 7-methylgua-nosine cap 
and selectively disrupts eIF4E organization, transport, and 
translation of mRNAs, therefore reducing the levels of onco-
genes, such as cyclin D1 (Kentsis et al., 2004; Kentsis et al., 
2005). An in vitro study demonstrated that ribavirin triphos-
phate (RTP) could bind to the NS5M mRNA 2′-O-methyl- 
transferase dengue virus and inhibit RNA cap methylation. 
IMPDH inhibition and the consequent decrease in intracellu-
lar GTP concentrations would favor RTP binding to the viral 
enzyme (Benarroch et al., 2004). Another in vitro study demon-
strated that RTP can be used as a substrate by the vaccinia virus 
RNA capping enzyme and that when transferred to the RNA 
transcript, it precipitates inefficient translation (Bougie and 
Bisaillon, 2004). Other studies do not support interference 
with mRNA cap formation as a mechanism for antiviral 
activity (Browne, 1981; Rankin et al., 1989; Yan et al., 2005).

Finally, there is evidence that ribavirin increases the 
mutation rate of RNA viruses, precipitating “genetic melt-
down” or “error catastrophe.” An in vitro study demonstrated 
that incorporation of ribavirin by replicating poliovirus 
mutates the polymerase, thereby resulting in the synthesis of 
multiply defective (extensively mutated) genomes and mark-
edly reducing overall virus replication (Crotty et al., 2000). 
That study showed ribavirin incorporation is mutagenic 
because it results in pairing with either uridine or cytidine 
with equal efficiency in subsequent rounds of RNA synthesis. 
Further studies revealed that a 99.3% loss in viral genome 
infectivity is observed after exposure to ribavirin concentra-
tions sufficient to cause a 9.7-fold increase in mutagenesis, 
suggesting that the full antiviral effect of ribavirin can be 
attributed to the lethal mutagenesis of the viral genetic mate-
rial (Crotty et al., 2001). In vitro studies using an HCV RNA 
replicon system supported ribavirin-inducing error-prone 
replication (Contreras et al., 2002; Lanford et al., 2003). 
Similarly, a mathematical model of HCV dynamics fits the 
observed biphasic decay in HCV-infective virions with riba-
virin enhancing the second-phase decline, supporting a 
nonimmune mechanism of action and correlating the effect 
of ribavirin with responsiveness to interferon (Dixit et al., 
2004). A small observational study demonstrated that ribavi-
rin could cause a mild degree of mutagenesis in HCV NS5B 
during clinical use. A total of 34 patients with chronic HCV 
genotype 1 were treated with ribavirin monotherapy for 
4 weeks and then combination ribavirin and interferon ther-
apy for 24 weeks. These subjects had nucleotide mutations 
in the NS5A and NS5B regions at a significantly higher rate 
during monotherapy than before treatment. Mutations in  
the NS5A region were significantly higher in responders to 

Table 259.2. A summary of the mechanisms of action of ribavirin.

Mechanism  
of action

Evidence of activity 
againsta

Indirect Inhibition of IMPDH Flavivirus

Paramyxovirus

HCV

Immunomodulation HCV

Direct Inhibition of RNA 
polymerase

Influenza

Vesicular stomatitis virus

Visna virus

HIV

HCV

Reovirus

Inhibition of RNA 
capping

HIV

Dengue

Vaccinia

Mutagenic activity HCV

West Nile virus

Hantaan virus

aReferences to activity are in the text.
Abbreviations: IMPDH: inosine monophosphate dehydrogenase; HCV: 

hepatitis C virus.
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treatment (Young et al., 2003; Asahina et al., 2005). Further 
in vitro data also supported the mutagenic effect of ribavirin 
on West Nile virus and foot and mouth virus (Airaksinen et 
al., 2003; Severson et al., 2003; Day et al., 2005). Recent studies 
of Hantaan virus have suggested that at least some of the activ-
ity of ribavirin, but clearly not all, may be related to sublethal or 
lethal mutagenesis (Severson et al., 2003; Chung et al., 2007).

With respect specifically to HCV infection, the precise 
mechanisms of action of ribavirin in vivo are also unclear 
and may be multifactorial. Ribavirin monotherapy of patients 
has only a moderate and transient dose-dependent inhibi-
tory effect on HCV replication (Pawlotsky et al., 2004). It 
would appear that a key clinical benefit of ribavirin is to 
improve the durability of the clinical response in subjects 
responding to combination therapy with ribavirin and inter-
feron alpha (Bronowicki et al., 2006). There may be a similar 
reduction in viral breakthroughs in patients receiving riba-
virin with newer HCV antiviral drugs, particularly those 
with a low-moderate barrier to resistance (Clark, 2012). 

A number of specific mechanisms of action for ribavirin 
against HCV have been proposed (see Figure 259.2). In vitro 
data suggest that ribavirin has only a minimal direct impact 
on HCV replication, by weakly inhibiting the HCV RNA-
dependent RNA polymerase required for the replication of 
HCV (Lau et al., 2002). Ribavirin inhibits IMPDH, which 
may lead to depletion of intracellular GTP, which is required 
for HCV viral RNA synthesis (Maag et al., 2001). Ribavirin 
may also have immunomodulatory effects, shifting T-helper 
from type 2 to type 1 and augmenting cytotoxic T-cell activ-
ity (Hultgren et al., 1998), which has been shown to be 
important for eradication of HCV in both humans and chim-
panzees (Neumann-Haefelin et al., 2005). Last, evidence 
from modeling of HCV kinetics during interferon alpha 
and ribavirin combination therapy suggests that ribavirin 
may render HCV virions less infectious, although the mech-
anism(s) of this effect have not been established (Dixit et al., 
2004). Thus ribavirin may act to decrease the de novo suscep-
tibility of uninfected hepatocytes, whereas interferon alpha 
inhibits virus production. Ribavirin is also an RNA mutagen 
and may therefore increase the rate at which random nucle-
otide mutations are incorporated into the viral genome 
during HCV replication (Crotty et al., 2000). This may lead 
to an error catastrophe, as described earlier, in which there is 
a loss of viral fitness owing to sublethal (or lethal) accumula-
tion of nucleotide mutations during HCV replication. Also, 
as noted, several studies have suggested that in vivo therapy 
with ribavirin increases mutagenesis in specific portions of 
the HCV genome (Young et al., 2003; Asahina et al., 2005). 

The antiviral mechanisms of action of viramidine are 
thought to be entirely attributable to its conversion to 
ribavirin.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Ribavirin is a water-soluble colorless substance that can be 
administered to humans by the aerosol, oral, and intravenous 

routes. A wide range of dosing regimens have been used in 
different clinical settings (see Section 7. Clinical uses of the 
drug).

4a.  Adults

AEROSOL ADMINISTRATION

Ribavirin in a sterile lyophilized powder (6 g ribavirin) can 
be reconstituted for aerosol administration by adding sterile 
water for injection to the recommended volume of 300 ml 
(final concentration of 20 mg/ml; pH approximately 5.5). At 
this recommended concentration, ribavirin is administered 
via an aerosol generator, which produces particles of mean 
diameter 1.3 µm (range 1–5 µm) in a mist containing about 
190 μg of ribavirin per liter (Knight and Gilbert, 1988; Newth 
and Clark, 1989). The small particle aerosol generator (model 
SPAG-2) is the recommended nebulizer (ribavirin product 
information). The drug is conventionally given at a rate of 12.5 
l ribavirin in air per minute continuously for 12–18 hours/day 
for 3–7 days, via an oxygen tent, a mist-mask, or an oxygen 
hood attached to the SPAG-2 aerosol generator or through a 
mechanical ventilator in conjunction with the SPAG-2 gener-
ator (CDC, 1988; see Figure 259.3 and Figure 259.4).

Administration of aerosolized ribavirin via an endotra-
cheal tube in mechanically ventilated patients may result in 
reduced ventilation, owing to crystallization of ribavirin in the 
respirator tubing (Hicks et al., 1986; Hebert and Guglielmo, 
1990). There is a case report of ribavirin crystals thermally 
insulating a humidifier temperature probe, allowing the 
humidifier to overheat (Dimond, 1999). Timed circuit valve 
and tubing changes have been employed to avoid obstruction 
of tubing with precipitated ribavirin (Frankel et al., 1987; 
Outwater et al., 1988). Critical attention to the respiratory 
function of the patient and the apparatus is required. Tracheal 
intubation results in high pulmonary drug delivery with no 
deposition of the drug in the nasopharynx (Knight et al., 1988).

Ribavirin is a known teratogen, and aerosol administra-
tion has the potential to expose hospital staff to the drug. A 
number of measures can be taken to reduce this risk (see sec-
tion 6, Adverse reactions and toxicity).

Delivery of aerosolized ribavirin via a ventilator is associ-
ated with less exposure to healthcare personnel than when 
ribavirin is administered via an oxygen hood in adequately 
ventilated rooms (Bradley et al., 1990), but the efficacy of the 
drug used in this fashion is uncertain, and crystallization of 
the drug in the ventilator apparatus may result in ventilator 
dysfunction, as described earlier. 

ORAL ADMINISTRATION

For the treatment of chronic HCV infection, ribavirin is used 
at a dose of 800–1200 mg daily (see section 7, Clinical uses 
of the drug). 

INTRAVENOUS ADMINISTRATION

Ribavirin solution in vials containing 1 g ribavirin per 10 ml 
may be obtained by application to the company for individual 
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patient use. The dose should be diluted in 100 ml of 0.9% 
sodium chloride or 5% dextrose and infused over 15–20 
minutes.

For the treatment of hemorrhagic fever with renal syn-
drome, success has been achieved with intravenous ribavirin 
given in a loading dose of 33 mg/kg, followed by 16 mg/kg 
every 6 hours for 4 days and then 8 mg/kg every 8 hours for 
3 days (Huggins et al., 1991).

The recommended dose for the treatment of Lassa fever 
is 30 mg/kg of body weight loading dose, then 16 mg/kg 
every 6 hours for 4 days, then 8 mg/kg every 8 hours for 
6  days for a total treatment duration of 10 days (WHO, 
2006).

ADMINISTRATION INTO CEREBROSPINAL FLUID

Ribavirin for intravenous administration has been given 
intraventricularly to treat patients with subacute sclerosing 
panencephalitis (atypical measles virus encephalitis). An ini-
tial dose of 1.0 mg/kg, diluted with saline to 1–2 ml, has been 
injected intraventricularly via an Ommaya reservoir. Further 
dosing depends on cerebrospinal fluid (CSF) ribavirin levels 
(Hosoya et al., 2004).

INTRADERMAL ADMINISTRATION

In rabbits, intradermal administration of ribavirin in doses 
of up to 30 mg/kg daily mitigated the growth of warts caused 
by the cottontail rabbit papillomavirus (Ostrow et al., 1992). 
There are no recommendations or indications for intrader-
mal administration in humans, and ribavirin is not approved 
for this indication.

4b.  Newborn infants and children

AEROSOL ADMINISTRATION

Similar dose regimens for aerosol administration as used in 
adults should generally be used in children, with expert 
guidance.

ORAL ADMINISTRATION

The recommended oral dose of ribavirin in children > 3 
years with chronic hepatitis C is 15 mg/kg/day in two divided 
doses, in combination with interferon based therapy (Wirth 
et al., 2002; Gonzalez-Peralta et al., 2005). Minimal evidence 
is available for duration of therapy, but in a recent clinical 

Figure 259.3. Aerosol delivery hood (ICN Pharmaceuticals Inc). (Redrawn with permission from Bradley, 1990.)
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trial children received 24 weeks of combination ribavirin and 
pegylated interferon for genotypes 2 and 3, and 48 weeks for 
genotypes 1 and 4. Undetectable HCV RNA 24 weeks after 
cessation of treatment was achieved in 50% of the treated 
patients (3/3 genotype 3; 12/27 genotype 1/4) (Jara et al., 
2008). 

INTRAVENOUS ADMINISTRATION

A similar weight-based dosage regimen to that employed 
in adults should be used for intravenous administration in 
children.

4c.  Pregnant and lactating mothers

Because ribavirin is a known teratogen, it should never be 
used therapeutically in pregnant or lactating mothers (no 
information is available about transmission of ribavirin via 
breast milk, but because such transmission is common with 
other drugs, it should be assumed for ribavirin). Furthermore, 
pregnant women should not be exposed inadvertently to 
ribavirin (e.g. as a pregnant female nurse providing aerosol 
ribavirin to an infant). 

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Ribavirin is generally considered to be contraindicated in 
patients with renal insufficiency (creatinine clearance [CrCl] 
< 50 ml/minute) because of concerns about adverse reactions 
(FDA, ribavirin product information, 2011; Lexi-Comp, 
1978–2006; see also, 5b. Drug distribution).

In the largest trial examining this issue to date, 63 patients 
with moderate (CrCl 30–50 ml/minute) or severe (CrCl < 30 
ml/minute) or end-stage renal failure (requiring hemodialy-
ses), chronic kidney disease, and HCV infection were com-
pared to a control group with normal renal function. The 
safety, tolerability, and pharmacokinetic profiles of ribavirin 
were assessed in an open-label fashion. Patients with moder-
ate renal impairment were assigned ribavirin 600 mg twice 
daily, those with severe renal impairment were assigned 400 
mg daily, and those on hemodialyses received 200 mg daily. 
Only 20% of patients received the full course of assigned rib-
avirin doses for the first 12 weeks owing to adverse effects. 
Anemia was the most frequently observed adverse event and 
was seen in 65% of patients. Modeling data suggested that 

Figure 259.4. Ribavirin scavenging equipment for head hood, within the oxygen tent or face mask. (Redrawn with permis-
sion from Bradley, 1990.)
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the dose adjustment for ribavirin in moderate or severe renal 
impairment should be ≤ 30% that used in patients with nor-
mal kidney function (Brennan et al., 2013). 

Due to a large apparent volume of distribution, ribavirin 
is not well cleared by hemodialyses. Clinical studies specifi-
cally assessing the use of ribavirin in the hemodialyses set-
ting have been small with varied results and recommended 
doses between 130 and 200 mg/day (Brutchfield et al., 2006; 
van Leusen et al., 2008; Rendina et al., 2007). Pharmaco- 
kinetic modeling suggests that doses of 200 mg/day lead to 
plasma levels 20% lower than those achieved in patients with 
normal renal function, and hence this is the current recom-
mended dose in patients undergoing hemodialyses (Brennan 
et al., 2013). 

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Single-dose pharmacokinetics in patients with chronic liver 
disease demonstrates that Cmax increases with the severity of 
hepatic dysfunction (Glue et al., 2000). However, there are 
no data to suggest dosing should be altered in patients with 
impaired hepatic function.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Oral ribavirin is absorbed in the small intestine via sodium- 
dependent nucleoside transporters (Patil et al., 1998). Oral 
bioavailability is reported to be between 32.6% and 52%, 
with evidence of first-pass metabolism. Ribavirin is not 
bound to plasma proteins (Laskin et al., 1987).

The bioavailability in HIV-infected persons was not sig-
nificantly different from that in healthy adults (Laskin et al., 
1987; Paroni et al., 1989; Lertora et al., 1991; Preston et al., 
1999). Peak plasma concentrations were observed 1.5 hours 
after oral administration (Laskin et al., 1987). 

A summary of ribavirin pharmacokinetic parameters is 
shown in Table 259.3.

5b.  Drug distribution

The apparent volume of distribution of ribavirin is quite 
large (up to 2000 l) owing to its distribution into almost all 
intracellular compartments via nucleoside transporters (Glue, 
1999). Ribavirin is preferentially transported into human 
erythrocytes by an estrone sulfate (es) nucleoside transporter 
(Jarvis et al., 1998). The es-nucleoside transporters require a 
concentration gradient and may be bidirectional, allowing 
equilibration of the extracellular and intracellular concentra-
tions (Glue, 1999). However, once inside cells, ribavirin rap-
idly undergoes phosphorylation, and because the phosphates 
are trapped in the cells (because they are not removed by 
the nucleoside transporter), the intracellular concentration 
of ribavirin phosphates can increase markedly. Intracellular 
ribavirin is primarily present in the triphosphate form, with 
mono- and diphosphate derivatives accounting for 12% and 

4% of the cytoplasmic drug concentration, respectively 
(Smee and Matthews, 1986). Adenosine kinase and cytosolic 
5′-nucleotidase II are both capable of phosphorylating riba-
virin in vitro (Wu et al., 2005). However, anucleate cells can-
not transport phosphorylated ribavirin. Owing to inefficient 
dephosphorylation by phosphatases in erythrocytes, the 
drug accumulates (Conner, 1990). This hypothesis is sup-
ported by in vitro data showing that phosphorylated deriva-
tives of ribavirin had much longer half-lives in erythrocytes 
than in fibroblasts and lymphoblasts (Page and Connor, 
1990). Red cell concentrations of ribavirin (primarily riba-
virin phosphates) were estimated to be 10- to 60-fold higher 
than plasma concentrations after long-term oral therapy 
(Conner, 1990; Lertora et al., 1991). The ribavirin elimina-
tion half-life from erythrocytes was estimated to be about 
40 days (Glue, 1999).

Unaltered ribavirin has a long plasma half-life, with 
reported values of 30.4–61 hours in normal volunteers and 
27.1 hours in asymptomatic HIV-infected individuals. After 
discontinuation of regular dosing, the mean washout half-life 
is 11–13 days because of slow elimination from compartments 
other than plasma. With regular daily administration of ribavi-
rin, plasma steady state is achieved in about 4 weeks (Paroni et 
al., 1989; Lertora et al., 1991; Khakoo et al., 1998; Glue, 1999).

Current ribavirin dosing is based on body weight. How-
ever, a population pharmacokinetic analysis has found riba-
virin clearance to be linearly dependent on renal function, 
with a small nonrenal clearance dependent on body weight 
and age (Bruchfeld et al., 2002). A small study in transplant 
patients with a mean creatinine clearance of 57 ml/minute 
supported these data. The mean observed ribavirin apparent 
clearance was 9.1 l/hour, with an interindividual variability 
of 39%. Ribavirin clearance correlated highly with creatinine 
clearance (Kamar et al., 2004). Similarly, in a small clinical 
study of liver transplant patients with HCV infection, those 
with impaired renal function had significantly higher plasma 
concentrations of ribavirin (Jain et al., 2005). However, a 
population pharmacokinetic analysis of ribavirin in patients 
with HCV found a positive relationship between lean body 
weight and clearance of the drug (Wade et al., 2006). A phar-
macokinetic model was supportive of this and found that 
ribavirin clearance increased in proportion to increasing 
body weight (Jen et al., 2002).

Table 259.3. Summary of ribavirin pharmacokinetics.a

Pharmacokinetics

Mean oral bioavailability 32–52%

Steady-state Cmax 1.2–3.0 μg/ml

tmax 1.5 hours

Renal excretion 35–39%

Plasma half-life 27–61 hours

Elimination half-life Approximately 2 weeks

CSF penetration 69–70%

aData relate to adults after oral administration; see text for references.
Abbreviations: Cmax: maximum concentration; tmax: time to maximum con-

centration; CSF: cerebrospinal fluid.
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In mice, ribavirin administered by aerosol has been 
detected in brain in concentrations that should be sufficient 
for antiviral efficacy. With prolonged aerosol administration, 
the concentrations of ribavirin in brain tissue increase, and 
the level within the CSF may reach 150 µM (Gilbert et al., 
1991). Aerosol administration of ribavirin to mice achieved 
higher concentrations in brain, serum, and lungs than 
administration via intraperitoneal injection (Gilbert et al., 
1991). Ribavirin was measured in the CSF of four HIV-
infected people with advanced disease (with and without 
neurologic symptoms) who received several weeks of oral 
therapy. CSF levels of ribavirin were > 67% of plasma levels 
in all samples (Crumpacker et al., 1986). Similar penetration 
(70% of plasma concentration) has been reported in the CSF 
of children treated with 6 or 10 mg/kg oral ribavirin for 60 
days (Connor et al., 1993).

Studies in mice comparing the administration of 
 liposome-encapsulated ribavirin with free ribavirin have 
demonstrated fivefold higher concentrations of ribavirin in 
the liver with the encapsulated drug (Kende et al., 1985). 
Targeted delivery of ribavirin to liver-like cells was demon-
strated in an in vitro model using a hemoglobin–ribavirin 
conjugate (Brookes et al., 2006). Very high total ribavirin 
levels were measured in monkey livers after prolonged oral 
dosing, using high-performance liquid chromatography 
with tandem mass spectrometry (Yeh et al., 2005).

AEROSOL ADMINISTRATION

The concentration of ribavirin in respiratory secretions of 
mice after a 15-minute treatment with high-dose aerosolized 
ribavirin (60 mg/ml) fell below the 50% effective dose (ED50) 
for influenza virus after about 9 hours (Gilbert et al., 1992).

In infants and children with suspected RSV infection 
receiving aerosolized ribavirin (60 mg/ml for 2 hours) either 
by endotracheal tube or by oxygen hood, the mean peak con-
centration of ribavirin was 1725 µM in respiratory secretions 
after the first dose and 3.8 µM in plasma. The level in respi-
ratory secretions rapidly declined, with a mean half-life (t½) 
of 1.9 hours (Englund et al., 1990). This estimate of half-life 
in respiratory secretions of children is supported by the 
findings of other investigators (Conner, 1990). The steady-
state plasma concentration of ribavirin during therapy was 
between 5 and 10 mM, regardless of whether the drug was 
administered by endotracheal tube or via an oxygen hood.

Respiratory tract deposition of ribavirin is lower in 
women than in men, and deposition of the drug is about 
2-fold higher in infants than in adults (Knight et al., 1988). 
Fever has been shown to increase the deposition of ribavirin 
within respiratory tract secretions by 9% for every degree 
centigrade above normal (Knight and Gilbert, 1988).

ORAL ADMINISTRATION

Following a single oral dose of 600, 1200, or 2400 mg of rib-
avirin, the mean peak plasma concentration of ribavirin in 
asymptomatic HIV-infected persons was 5.1, 9.9, and 12.6 
µM, respectively (Laskin et al., 1987). These data are sum-
marized in Table 259.4. More than threefold accumulation of 

ribavirin occurs with 6- to 8-hour dosing regimens, neces-
sitating longer dosage intervals (Laskin et al., 1987). In 
asymptomatic HIV-infected individuals, the mean peak con-
centration at steady state was 10 µM. Trough levels at steady 
state after therapy at a dose of 400 mg twice daily were 10- to 
14-fold higher than those after a single dose (Lertora et al., 
1991). In a study of older men (average age 63 years), oral 
ribavirin (600 mg every 8 hours for 48 hours, then 200 mg 
every 8 hours for 72 hours, to a total dose of 5.4 g) resulted 
in a mean peak plasma level of 5.3 µM after 18 hours of 
therapy. The mean peak plasma concentration in those 
receiving 800 mg every 8 hours for 24 hours, then 400 mg 
every 12 hours for 96 hours (total dose 4.1 g), after 18 hours 
of therapy was 11.8 µM (Bernstein et al., 1989). 

In children aged 1–10 years with symptomatic HIV infec-
tion, treatment with ribavirin 6 or 10 mg/kg body weight 
resulted in peak plasma concentrations of 2.5 and 3 µM, 
respectively. The time to peak plasma concentration was 
90 minutes and oral bioavailability was 42.3%. Mean plasma 
trough concentration after 60 days of chronic dosing with 6 
or 10 mg/kg was found to be 2.6 and 4.1 µM, respectively 
(Connor et al., 1993).

INTRAVENOUS ADMINISTRATION

The pharmacokinetics of ribavirin in HIV-infected people 
has been studied by several groups (Laskin et al., 1987; 
Roberts et al., 1987; Lertora et al., 1991). The mean 1-hour 
postinfusion plasma concentration of ribavirin after intrave-
nous administration of single doses of 600, 1200, or 2400 mg 
was 8, 19.7, and 37.1 µM, respectively (Laskin et al., 1987).

High-dose intravenous ribavirin (10 mg/kg three times 
daily for 7 days, then 20 mg/kg daily for 7 days, then 30 mg/
kg on alternate days) for subacute sclerosing panencephalitis 
maintained the CSF ribavirin concentration at > 7.5 µg/ml. 
CSF ribavirin concentration was 74% of the serum concen-
tration in patients with subacute sclerosing panencephalitis 
(Hosoya et al., 2001).

ADMINISTRATION INTO CEREBROSPINAL FLUID

Cerebrospinal fluid ribavirin concentrations and half-life 
after intraventricular administration were patient dependent 

Table 259.4. Plasma concentration in relation to oral dosage of 
ribavirin.

Study Oral ribavirin dose (mg)
Mean peak plasma 
concentration (μM)

Laskin et al. 
(1987)

600 stat  5.1

1200 stat  9.9

2400 stat 12.6

Bernstein et  
al. (1989)

600 three times daily for 
48 hours, then 200 
three times daily for 
72 hours

 5.3 at 18 hours

800 three times daily for 
24 hours, then 400 
twice daily for 96 hours

11.8 at 18 hours
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(Hosoya et al., 2004). Studies in hamsters suggest that the 
brain ribavirin concentration for treatment of subacute 
sclerosing encephalitis should be > 50 µg/g, but the maximal 
tolerable concentration was 150 µg/g (Ishii et al., 1996).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Studies have attempted to correlate ribavirin plasma levels 
with treatment success or signs of toxicity. A clinical study 
correlated SVR rates in patients with HCV infection with 
ribavirin plasma levels > 3000 ng/ml after 8 weeks of combi-
nation interferon and ribavirin therapy (Arase et al., 2005). 
Another clinical study in HIV–HCV co-infected patients 
receiving combination ribavirin and pegylated interferon 
found that steady-state ribavirin plasma levels correlated 
with the development of anemia and early virologic response 
(Rendon et al., 2005). A pharmacokinetic model demon-
strated an association between ribavirin concentration and 
toxicity (Jen et al., 2002). However, other clinical studies 
have not found an association between ribavirin plasma 
 concentration and sustained virologic response (Jain et al., 
2005).It is interesting that a recent study of patients infected 
with HCV genotypes 2 and 3 showed a clear relationship 
between ribavirin blood concentrations and outcomes 
(Peder  sen et al., 2010). A sustained virologic response was 
seen in 84% of patients with trough ribavirin concentrations 
≥ 2 mg/l at day 29 compared to 66% in those with concen-
trations < 2 mg/l (p = 0.002).

5d.  Excretion

In rats given intravenous 14C-ribavirin, only 3% of the radio-
activity was detected in expired CO2 (Ferrara et al., 1981). 
Studies of the renal clearance of ribavirin in HIV-infected 
people found that renal clearance exceeded creatinine clear-
ance (suggesting renal tubular cell secretion) and accounted 
for 35–39% of the total body clearance (Lertora et al., 1991). 
After single doses of ribavirin in healthy volunteers, the renal 
clearance was 30% of total clearance (Preston et al., 1999).

There is some fecal excretion and modest retention in 
erythrocytes and in the CSF. The major metabolite of riba-
virin is 1,2,3-triazole-3-carboxamide, and the plasma con-
centration of this metabolite is significantly higher after oral 
administration than after intravenous therapy (Paroni et al., 
1989). Total body clearance is in the range of 26 l/hour in 
adults with a mean weight of 86.3 kg; taking weight into 
account ribavirin clearance in adults is 0.3 l/kg per hour 
(Barnes and Dourson, 1988; Ito and Koren, 1993). The 
elimination half-life of ribavirin is approximately 2 weeks 
(Roberts et al., 1987).

After oral administration of viramidine, 50.8% of the 
drug was excreted in the urine (primarily as a ribavirin 
metabolite) with small amounts of unchanged viramidine, 
reflecting the extensive metabolism of viramidine in humans 
(Lin et al., 2004; Lin et al., 2006).

5e.  Drug interactions

Although the data are not all in concurrence, there does 
appear to be a significant risk of increased mitochondrial 
toxicity if ribavirin was co-administration with didanosine 
in HIV–HCV co-infected patients. Given that didanosine is 
seldom essential for patients because there are multiple 
alternative and efficacious drugs, it seems sensible not to 
co-administer these drugs unless it is absolutely necessary.

Several cases of mitochondrial toxicity, including one 
of  fatal lactic acidosis, have been described in didanosine-
treated, HIV–HCV co-infected patients receiving interferon 
and ribavirin (Lafeuillade et al., 2001; Salmon-Ceron et al., 
2001; Guyader et al., 2002). In another study, co-administra-
tion of didanosine and ribavirin was associated with a 46-fold 
increase in the relative risk of symptomatic mitochondrial 
toxicity (Bani-Sadr et al., 2005a). Similarly, a prospective 
study identified didanosine as the only independent risk fac-
tor for mitochondrial toxicity in treatment of HCV in HCV–
HIV co-infected patients (Laguno et al., 2005). Thirty-five 
patients received didanosine and ribavirin as part of treat-
ment regimens for HCV and HIV. Of the 35 patients, 57% 
developed a clinically relevant manifestation of mitochon-
drial toxicity after a mean of 87 days. Two patients with 
severe hyperlactatemia and pancreatitis died (Moreno et al., 
2004). The US FDA reporting system identified an increased 
risk of mitochondrial toxicity when HIV–HCV co-infected 
patients received didanosine and ribavirin concurrently 
(odds ratio [OR]: 12.4; 95% confidence interval [CI]: 3.785–
40.846). In response to this information, the US product 
labels were amended to advise against co-administration 
(Fleischer et al., 2004). However, a comparative study con-
cluded that a 24-week course of pegylated interferon and 
ribavirin in HIV–HCV co-infected patients on stavudine 
and/or didanosine had no effect on peripheral blood mono-
nuclear cells mitochondrial DNA content and mitochondrial 
respiratory chain function (Ballesteros et al., 2004). Another 
small study of 19 patients treated with didanosine and riba-
virin for HIV demonstrated a toxicity rate similar to 
didanosine monotherapy, with no adverse pharmacologic 
interactions noted (Japour et al., 1996). Spontaneous hepatic 
decompensation occurred in seven HIV–HCV co-infected 
patients receiving interferon and ribavirin, resulting in five 
deaths. On multivariate analysis, didanosine in conjunction 
with combination therapy was associated with an eightfold 
risk in hepatic decompensation (Bani-Sadr et al., 2005b).

Although tenofovir is an adenosine analog like didanosine, 
no significant pharmacokinetic interaction between teno-
fovir and ribavirin has been noted, nor has there been an 
increase in nephrotoxicity reported (Margot and Miller, 
2005; Sanchez-Conde et al., 2005; Ramanathan et al., 2006).

Abacavir co-therapy was found to be significantly asso-
ciated with early virologic failure in HCV–HIV co-infected 
patients treated with ribavirin and interferon (Bani-Sadr et 
al., 2007). The mechanism of this effect is uncertain, and the 
data have not been reproduced.
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A retrospective evaluation of two randomized controlled 
trials found that, of 217 HCV–HIV co-infected patients 
treated with pegylated interferon and ribavirin, those receiv-
ing antiretroviral therapy, including zidovudine, had signifi-
cantly higher rates of anemia (and required ribavirin dose 
reductions) than patients not on zidovudine-containing reg-
imens or not on antiretroviral therapy at all (Alvarez et al., 
2006). In another trial of HIV–HCV co-infected patients 
receiving pegylated interferon and ribavirin, larger declines 
in hemoglobin were independently associated with zidovu-
dine use (Rendon et al., 2005).

Hodo and co-workers (2006) described a case of pure  
red blood cell (RBC) aplasia while co-administering riba-
virin and mycophenolate mofetil after liver transplantation. 
Inhibi tion of the anticoagulant effects of warfarin when 
co-administered with ribavirin and interferon has also been 
described, and the dose of warfarin may have to be increased 
to maintain adequate anticoagulation (Schulman, 2002).

6. ADVERSE REACTIONS AND TOXICITY

In many clinical trials in which ribavirin has been adminis-
tered by oral or aerosol routes over a short duration, the drug 
has been well tolerated and is considered as being reasonably 
safe for infants, adults including the elderly, and healthcare 
workers (Uylangco et al., 1981; Hall et al., 1983a; Hall et al., 
1983b; Gilbert et al., 1985; Knight and Gilbert, 1987; Janai et 
al., 1990).

In comparison, there were far fewer data regarding vira-
midine. Because viramidine is a prodrug of ribavirin, it has 
also been shown to inhibit ribavirin phosphorolysis, thereby 
increasing intracellular concentrations of ribavirin triphos-
phate, the active moiety (Wu et al., 2004). Twenty-eight-day 
studies in rats demonstrated that viramidine was rapidly 
converted to ribavirin and had a toxicity profile similar to 
that of ribavirin; in monkeys, the toxicity profile of virami-
dine was much better than that of ribavirin (Lin et al., 2003). 
Like ribavirin, there was no significant impact on cyto-
chrome P-450 metabolism (Fang et al., 2003). Phase I studies 
in healthy volunteers evaluating single orally administered 
viramidine doses of 200, 600, and 1200 mg compared with 
placebo demonstrated the safety of the compound in humans, 
with no serious events reported and most adverse events 
being mild (Lin et al., 2004). Another phase I study in HCV-
infected subjects at single doses of up to 800 mg twice daily 
showed viramidine to be safe and well tolerated (Aora et al., 
2005). No further data on viramidine are offered because the 
drug has been withdrawn.

This section therefore focuses solely on ribavirin. Adverse 
reactions are summarized in Table 259.5.

6a.  Hematologic toxicity

Systemic ribavirin commonly causes anemia by decreasing 
erythrocyte survival and inhibiting erythrocyte release from 
the bone marrow (Canonico et al., 1984; Canonico and 
Kastello, 1984).

Ribavirin-associated anemia is dose related and progres-
sive and, although reversible, has been described as being 
most likely to occur 1–2 weeks after ribavirin therapy 
(American Hospital Formulary, 1995). Anemia has been 
described after both aerosol ribavirin and oral therapy 
(American Hospital Formulary, 1995). If ribavirin therapy 
is limited to 3–5 days, there is insufficient accumulation to 
cause red cell toxicity. With longer durations of therapy, the 
risk of hematologic toxicity rises (Conner, 1990).

The mechanism of ribavirin erythrocyte toxicity is com-
plex. Ribavirin is taken up by erythrocytes using a nucleoside 
transporter and is converted into ribavirin monophosphate, 
diphosphate, and triphosphates. Erythrocytes do not possess 
phosphatases so the phosphorylated metabolites of ribavirin 
accumulate. Intracellular phosphorylation of ribavirin causes 
a deficiency in ATP that leads to an increased susceptibility 
to oxidative damage, resulting in cellular toxicity (De 
Franceschi et al., 2000; Grattagliano et al., 2004). The red cell 
half-life of ribavirin is about 40 days (Conner, 1990). Using 
an alveolar carbon monoxide concentration technique, the 
median survival of erythrocytes in patients receiving riba-
virin for HCV infection was 46 days, 38% of that of healthy 
control subjects (Virtue et al., 2004). Ribavirin-induced 
hemolysis was correlated with the concentration of ribavirin 
and its metabolites in the erythrocyte (Homma et al., 2004), 
although another study suggested that ribavirin plasma con-
centrations were nonlinearly correlated with anemia (Lindahl 
et al., 2004). Patients with ribavirin-associated anemia also 
have erythroid hypoplasia, vacuolization of erythroid pre-
cursors, and megakaryocyte hyperplasia in the bone marrow 
(Cosgriff et al., 1984).

Because long-term ribavirin therapy is virtually confined 
to patients with HCV infection (in whom it is given with 
interferon or the newer HCV antiviral drugs), most instances 

Table 259.5. Major adverse effects of ribavirin.

Adverse reaction Detail

Hematologic Anemia

Hemolysis

Respiratorya Worsening of respiratory function

Dyspnea

Bronchospasm

Cardiovasculara Arrhythmias

Hypotension

Other Transient rashb

Conjunctivitisb

Eye irritation, headacheb

Elevation of serum aminotransferases

Seizuresc

Teratogenicity Not documented in humans

aAssociated only with aerosol administration.
bPredominantly associated with exposure of healthcare workers.
cAssociated only with i.v. administration.
Source: Data compiled from Canonico and Kastello (1984), Canonico et al. 

(1984), Eisenberg (1990), Janai et al. (1990), American Hospital Formulary 
(1995), and Zucker and Meadow (1995).



4382 Ribavirin 

of ribavirin-induced anemia in the clinic are in that context. 
A retrospective review of 595 patients receiving ribavirin and 
interferon for chronic HCV infection revealed that > 50% of 
all patients experienced a fall in hemoglobin > 3 g/dl. Most of 
the decrease had occurred by week 4 of treatment (see Figure 
259.5). Independent risk factors for anemia included lower 
baseline creatinine clearance, higher baseline hemoglobin 
levels, and increased age (Sulkowski et al., 2004). HIV–HCV 
co-infected patients treated with ribavirin have a higher inci-
dence of anemia than HCV-monoinfected patients, possibly 
because of a high rate of pretreatment anemia and treatment 
with other medications that cause anemia (Sulkowski, 2003). 
In a study in liver transplant recipients with chronic HCV 
infection, ribavirin treatment was associated with hemolysis 
in approximately 40% of patients, requiring a reduction in 
daily dose from 1.2 to 0.2 g (Gane et al., 1995).

In HIV-infected patients, a multicenter clinical trial 
showed that the most prominent adverse effect of ribavirin 
therapy during the 24-week study was the development of a 
mild hemolytic anemia that was reversible on cessation of 
therapy (Ribavirin ARC Study Group, 1993). Other studies 
in HIV-infected patients have reported reductions in hemo-
globin ranging from 0.8 to 3 g/dl, which were generally well 
tolerated (Lertora et al., 1991). An increase in iron stores has 
also been reported in patients with chronic HCV infection 
being treated with ribavirin monotherapy (Di Bisceglie et al., 
1994). Mild reversible hemolysis was a side effect of ribavirin 
therapy in patients with chronic hepatitis B. Thrombocytosis 
has also been reported in Junin virus-infected macaques 
receiving ribavirin (McKee et al., 1988).

Management strategies for ribavirin-associated anemia in 
patients with HCV infection include dose reduction or cessa-
tion, use of erythropoietin, and transfusion. Dose reduction 
of ribavirin to 600 mg daily results in an increase in hemo-
globin of about 1 g/dl (Sulkowski et al., 2004). A reduction of 
ribavirin dose or patient nonadherence can lower sustained 

virologic response in patients with hepatitis C (McHutchison 
et al., 2002; Hadziyannis et al., 2004; Shiffman et al., 2004). 
However, in a recent study of patients infected with HCV 
genotype 1 being retreated with ribavirin and pegylated 
interferon, reducing the ribavirin dose to < 60% total dose 
did not affect SVR as long as ribavirin treatment was not 
interrupted for more than 7 days and full-dose pegylated 
interferon was maintained; completely discontinuing riba-
virin reduced the rate of SVR (Shiffman et al., 2007b).

The strategy of using recombinant erythropoietin (epoetin- 
alpha) to prevent or treat anemia in patients receiving riba-
virin is well supported by clinical evidence. A prospective, 
double-blinded, randomized controlled study of the use of 
epoetin-alpha in HCV-infected patients receiving ribavirin 
and interferon with hemoglobin levels < 12 g/dl showed that 
the ribavirin dose could be maintained in 88% of patients 
given 40,000 units of epoetin weekly compared with only 
60% of the patients receiving placebo (Afdhal et al., 2004). 
Another randomized trial demonstrated similar findings 
(Dieterich et al., 2003). In a small randomized trial of HIV–
HCV co-infected patients, treatment with epoetin-alpha cor-
rected anemia associated with combination interferon and 
ribavirin therapy (Sulkowski et al., 2005). A prospective, ran-
domized, controlled pilot study investigated the effect of rou-
tine use of epoetin-alpha in conjunction with ribavirin and 
pegylated interferon SVR rates in patients with genotype 1 
chronic HCV infection. At the routine doses of ribavirin 
(13.3 mg/kg/day), epoetin reduced the incidence of anemia, 
but did not improve SVR rates. However, ribavirin doses of 
15.2 mg/kg/day in conjunction with pegylated interferon 
and epoetin resulted in a significant increase in SVR rates 
(Shiffman et al., 2007b). Some guidelines for managing 
adverse effects during treatment of HCV infection have 
been provided (Aspinall and Pockros, 2004).

6b.  Immunologic toxicity

Early studies showed that ribavirin inhibits cellular DNA and 
RNA synthesis (Drach and Shipman, 1977; Larsson et al., 
1978; Peavy et al., 1980), causing cytostasis in mouse and rat 
cell lines (Muller et al., 1977; Jenkins and Chen, 1981). These 
antiproliferative effects are caused by the inhibition of 
IMPDH by ribavirin monophosphate, thus reducing the 
cellular pools of GTP. Ribavirin therapy in patients with HIV 
infection was reported to cause a significant reduction in 
lymphocyte numbers (Roberts et al., 1990b). Although riba-
virin has been shown to have immunosuppressive activity, 
the drug does not impair granulocyte functions, includ- 
ing chemotaxis, opsonization, and phagocytosis (Steele et al., 
1988). 

In vitro, ribavirin inhibits both IgE-stimulated and non- 
IgE-stimulated mast cell mediator secretion (Marquardt et 
al., 1987).

In an animal model, ribavirin alone or in combination 
with tiazofurin (an investigational inhibitor of IMPDH being 
studied for the treatment of cancer) reduced the clinical  
and histopathological signs of experimental autoimmune 

Figure 259.5. Time course of hemoglobin concentrations 
in HCV-infected patients treated with interferon alpha 2b 
and ribavirin therapy. Abbreviation: RBV: ribavirin. (Redrawn 
with permission from Sulkowski et al., 2004.)
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encephalomyelitis (an animal model of multiple sclerosis) 
(Lavrnja et al., 2005).

6c.  Teratogenic effects

Ribavirin is teratogenic in hamsters and rats if administered 
during gestation. Developmental malformations involving 
the limbs, eyes, and brain have been observed after adminis-
tration of ribavirin to pregnant animals (Ferm et al., 1978; 
Kochhar et al., 1980). Ribavirin has also been reported as 
being mutagenic to bone marrow cells of mice (Rao and 
Rahi man, 1989). Tubular atrophy of testes in rats treated with 
ribavirin has been described (CDC, 1988). Ribavirin is muta-
genic to rat germ cells (Narayana et al., 2002). Impairment of 
trophoblast development in female mice treated with ribavi-
rin was associated with an increase in the rate of abortion 
and retarded rate of embryo development (Clark et al., 1993).

Data on the effect of human maternal exposure to ribavi-
rin around conception are sparse. Nine women were treated 
with inhaled ribavirin for measles while pregnant and no 
adverse effects were noted (Atmar et al., 1992). A woman 
conceived 3.5 months after cessation of ribavirin and inter-
feron therapy for HCV infection, and went on to deliver a 
healthy infant (Mishkin and Deschenes, 2001). A woman 
with suspected SARS was treated with intramuscular ribavi-
rin during her first trimester of pregnancy, and delivered a 
healthy baby at term (Rezvani and Koren, 2006). Five infants 
were born to women receiving intravenous ribavirin for 
proven SARS and none had congenital abnormalities. Three 
mothers delivered shortly after receiving ribavirin, whereas 
the other two received ribavirin early in the third trimester 
and delivered 6–7 weeks later. One infant developed jejunal 
perforation and another necrotizing enterocolitis with ileal 
perforation, but a causative effect of ribavirin therapy was 
considered unlikely because maternal hypotension and sub-
sequent decreased placental blood flow may have contrib-
uted significantly to the bowel pathology in both cases, and 
indomethacin was used in the infant with necrotizing entero-
colitis (Shek et al., 2003).

Similarly, there is little information about the effect of 
human paternal exposure to ribavirin around conception. 
Three cases of uneventful pregnancies and healthy offspring 
after paternal periconceptual exposure to oral ribavirin have 
been reported (Hegenbarth et al., 2001; Bianca and Ettore, 
2003). In a series of 15 cases of paternal exposure to riba-
virin, two women delivered healthy babies, four miscarried, 
two underwent abortion, and seven were lost to followup 
(Maddrey, 1999). A series of 7 cases of paternal exposure to 
oral ribavirin from 6 months before conception to 12 weeks 
gestational age describes no congenital anomalies and one 
early miscarriage (De Santis et al., 2003).

6d.  Respiratory and cardiovascular effects

Ribavirin-induced anemia may result in worsening of car-
diac disease and myocardial infarctions; therefore, product 

information now advises avoiding the use of ribavirin in 
patients with significant or unstable cardiac disease.

Cardiac lesions were observed in mice and rats after 
receiving daily ribavirin doses of 30 mg/kg or higher by aero-
sol for 4 weeks and in monkeys and rats when given oral 
 ribavirin in doses exceeding 100 mg/kg/day for 1–6 months 
(ribavirin product information). Inflammatory changes devel-
oped in the lungs of ferrets receiving aerosolized ribavirin  
at a dose of 60 mg/kg for 10–30 days (ribavirin product 
information).

Ribavirin has been reported to be temporally associated 
with an acute deterioration in patients with co-existent RSV 
infection and congenital heart disease (Eisenberg, 1990). 
Refractory congestive cardiac failure in infants with RSV 
infection and congenital heart disease has also been reported. 
It is unknown whether ribavirin or the viral infection was 
responsible in these cases (Martin et al., 1990). 

Similar worsening of respiratory function during ribavi-
rin inhalation therapy has also been observed in adults with 
chronic obstructive lung disease and asthma as well as in 
otherwise normal adults with minor pulmonary function 
disturbances after receiving ribavirin by inhalation (Ameri-
can Hospital Formulary, 1995). Exacerbation of bronchospasm 
may occur more frequently than previously considered, 
being reported to occur in > 90% of patients in a question-
naire completed by pediatric critical care physicians (Zucker 
and Meadow, 1995). Several cases of interstitial pneumonitis 
as a complication of pegylated interferon and ribavirin treat-
ment of HCV have been reported, but pegylated interferon is 
thought to be the most likely cause (Karim et al., 2001; Abi-
Nassif et al., 2003; Fuhrmann et al., 2004; Renou et al., 2005). 
In a retrospective review, four patients treated with inter-
feron and ribavirin for HCV developed either bronchiolitis 
obliterans or interstitial pneumonitis, which resolved on dis-
continuation of therapy (Kumar et al., 2002).

A case of fatal cardiomyopathy associated with pegylated 
interferon and ribavirin has been reported (Condat et al., 
2006); however, because interferon is known to cause car-
diomyopathy, the association of this toxicity with ribavirin is 
far from certain. Other serious adverse reactions, including 
hypotension, bradycardia, cyanosis, apnea, ventilator depen-
dence, and cardiac arrest, have also been reported (American 
Hospital Formulary, 1995).

6e.  Thyroid dysfunction

Interferon can cause thyroid dysfunction. The effect of riba-
virin on thyroid function is not well defined, but combina-
tion ribavirin and interferon therapy may cause more thyroid 
dysfunction than interferon monotherapy (Carella et al., 2002). 
Case reports have documented Hashimoto encephalopathy 
in a patient with Hashimoto thyroiditis, hypophysitis, and 
thyrotoxicosis during combination ribavirin and interferon 
therapy for HCV infection (Deutsch et al., 2005; Lin et al., 
2005; Ridruejo et al., 2006; Tebben et al., 2007). A prospec-
tive observational study of 461 patients receiving combina-
tion interferon and ribavirin therapy for HCV infection 
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noted thyroid dysfunction in 12.6%. Female sex and the 
presence of thyroid microsomal antibodies before treatment 
were both significantly associated with thyroid dysfunction 
(Kee et al., 2006).

6f.  Other adverse effects

Uncommonly reported side effects of ribavirin therapy seen 
only in animals include focal alopecia and a decrease in 
body growth during prolonged treatment (Gillett et al., 1990; 
Ostrow et al., 1992). In humans, a rash and reversible skin 
irritation has been reported in infants receiving ribavirin 
(Janai et al., 1990). The addition of ribavirin to interferon for 
the treatment of HCV infection has been accompanied by an 
increase in cutaneous side effects (McHutchison et al., 1998). 
In one study, 36 patients had new-onset skin symptoms char-
acterized by generalized pruritus, skin xerosis, and eczema-
tous lesions after commencing ribavirin and interferon for 
HCV infection (Lubbe et al., 2005). During treatment of 
patients with chronic HCV infection with ribavirin and 
pegylated interferon, the following cutaneous manifestations 
have been reported: tongue hyperpigmentation (Gurguta et 
al., 2006; Torres et al., 2007), transient acantholytic dermato-
sis (Grover disease) (Antunes et al., 2000), exacerbation of 
psoriasis (Kartal et al., 2005), hair repigmentation (Kavak et 
al., 2005), diffuse inflammatory cutaneous lesions (Dereure 
et al., 2002), and Meyerson’s phenomenon (Conde-Taboada 
et al., 2005; Girard et al., 2005).

Vascular ophthalmologic side effects, including subcon-
junctival hemorrhage and retinopathy, have been noted in 
patients receiving ribavirin and interferon therapy for HCV 
infection but are more likely caused by interferon than riba-
virin (Andrade et al., 2006). Approximately 35% of 23 HIV–
HCV co-infected patients receiving ribavirin and pegylated 
interferon developed ophthalmologic pathology that was 
also attributed to the pegylated interferon (Farel et al., 2004). 
Case reports of Vogt-Koyanagi-Harada disease and unilat-
eral oculomotor nerve palsy while receiving ribavirin and 
interferon for HCV infection are noted (Nakamura et al., 
2005; Papastathopoulos et al., 2006).

Intravenous ribavirin was associated with increased plasma 
ammonia concentrations in an immunocompromised patient 
with adenovirus infection (Bertrand et al., 2000). The effect 
of ribavirin on bone metabolism is unclear, although there is 
some evidence to suggest that ribavirin enhances osteoclast 
formation (Lee et al., 2007). However, one study of ribavirin 
therapy in children found no change in bone density (Urganci 
et al., 2005). Acute pancreatitis is a rare complication of rib-
avirin and interferon therapy for HCV infection, with a ret-
rospective review finding an incidence of 0.4% among 1706 
patients (Chaudhari et al., 2004). Slight weight loss has been 
observed during ribavirin and interferon treatment of HCV 
infection, but it was unclear whether this was due to inter-
feron, to ribavirin, or to both (Seyam et al., 2005). There  
is evidence to suggest that ribavirin induces an elevation of 
factor VII in hemophiliacs (Yamamoto et al., 2006). A tran-
sient increase in serum bilirubin has been associated with 

ribavirin therapy when the oral dose was in the range 600–
1000 mg/day (Smith et al., 1980). Aerosolized ribavirin at a 
concentration of 20 mg/ml does not impair ciliary function 
of human nasal epithelia in vitro, and although slowing of 
ciliary beating and ciliary stasis have been demonstrated at 
concentrations > 50 mg/ml, nasal inhalation of ribavirin at 
concentrations of 60 mg/ml for 20 minutes did not impair 
nasal ciliary function in vivo (Han et al., 1990). There is a 
case report of acute hepatotoxicity in a bone marrow trans-
plant patient treated with aerosolized ribavirin for RSV 
(Chaves et al., 2006).

The following case reports note rare adverse events during 
therapy with ribavirin and interferon for HCV infection (the 
relationship of the adverse events to these drugs is uncertain 
in most cases): reactivation of pulmonary tuberculosis 
(Sabbatani et al., 2006), severe strongyloidiasis (Parana et al., 
2000), reversible myopathy (Golstein et al., 2004), ischemic 
colitis (Leung et al., 2006), intracerebral hemorrhage (Ferencz 
and Batey, 2003), migraine (Brau et al., 2003), hearing loss 
(Formann et al., 2004; Wong et al., 2005), Bell palsy (Hoare  
et al., 2005), exacerbation of ulcerative colitis (Sprenger et  
al., 2005; Watanabe et al., 2006), porphyria cutanea tarda 
(Thevenot et al., 2005), nephrotic syndrome (Willson, 2002), 
exacerbation of IgA nephropathy (Gordon et al., 2004), and 
hemoglobinuria (Massoud et al., 2003).

6g.  Adverse effects in children

Few data are available regarding the adverse effects of sys-
temic ribavirin use in children. In a pilot study of combination 
ribavirin and interferon therapy for chronic HCV infec tion 
in 118 children, all subjects reported at least one adverse 
event during the treatment period. Influenza-like symptoms 
were the most commonly reported adverse event. A total of 
37 subjects required dose modification, most commonly for 
anemia and neutropenia; 8 subjects ceased treatment because 
of adverse events: depression (n = 3), neutropenia (n = 2), 
and one case each of mild injection site pain, mild headache, 
and elevated aminotransferase level. It is likely that many of 
these effects were due to interferon (Gonzalez-Peralta et al., 
2005). In another small study of 41 children receiving com-
bination ribavirin and interferon therapy for chronic HCV 
infection, all reported influenza-like symptoms. Considerable 
hair loss and dry skin were reported in 3 cases; in addition, 
6 of 28 children who were treated for longer than 6 months 
developed thyroid autoantibodies, and in 3 children thyroid- 
stimulating hormone levels increased, so thyroid hormone 
supplementation was given. All side effects resolved after 
therapy was ceased. One boy developed anemia requiring 
cessation of therapy (Wirth et al., 2002).

In another study of 30 children receiving combination rib-
avirin and interferon for chronic HCV infection, the main 
adverse events were flulike symptoms, weight loss, and behav-
ioral problems, such as mild anxiety. Body weight decreased 
by 4.8% by week 24 of treatment but had returned to baseline 
by week 48. Resolution of behavioral changes also occurred 
on completion of therapy. No patient required ribavirin dose 
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modification for anemia. Therapy was discontinued in three 
patients; one patient developed a high-grade fever accompa-
nied by hallucinations after the first dose of interferon and 
two patients developed hyperthyroidism (Jara et al., 2008).

6h.  Potential toxicity from environmental 
exposure

The environmental exposure of healthcare workers to ribavi-
rin aerosol during the treatment of infants with respiratory 
disease appears to be low, but has required careful evaluation 
owing to the teratogenic potential of the drug in animals. It 
has been calculated that a pregnant woman can safely work 
in a room used for ribavirin treatment for over 10 hours per 
day if the ribavirin is administered through semiclosed cir-
cuits of ventilators. If, however, ribavirin is administered via 
oxygen hoods without appropriate room ventilation, preg-
nant healthcare workers should not care for these patients 
because the permissible exposure time has been calculated 
as being less than 15 minutes per day (Ito and Koren, 1993). 
Healthcare workers who are pregnant or who may become 
pregnant should be informed of risks associated with riba-
virin exposure and alternative work responsibilities should 
be considered (CDC, 1988). If pregnant healthcare workers 
cannot avoid close patient contact, precautions to limit expo-
sure should be taken. Some examples of these precautions 
include use of a negative-pressure room that has at least six 
air exchanges per hour, aerosol scavenging devices, appro-
priately fitted respirator masks, and turning off the small par-
ticle aerosol generator for 5–10 minutes before prolonged 
patient contact (Virazole product information).

The level of ribavirin in the air calculated to be safe for 
occupational exposure during an 8-hour shift has been cal-
culated to be 91 µg/m3 (Arnold and Alonso, 1993). A num- 
ber of exhaust ventilation systems have been developed to  
capture and contain aerosolized particles of ribavirin during 
drug administration, thereby minimizing exposure of 
healthcare workers. Within the traditional aerosol hood, the 
breathing zone concentration of ribavirin can vary from 566 
to 58,000 µg/m3 (Torres et al., 1991; Arnold and Alonso, 1993). 
The installation of efficient scavenging systems is advised. 
These include over-the-head hoods connected to a filtered 

exhaust air system, which reduces the leak of aerosolized 
particles from 98% (with a conventional head hood) to less 
than 1% (Bradley, 1990; Matlock et al., 1991) and double 
tent containment systems with circulating mist and suction 
applied between the tents, reducing the general air concen-
tration of exposed healthcare workers to between 37 and 64 
µg/m3—that is, a 5- to 20-fold decrease in ambient ribavirin 
concentrations compared with a single oxyhood (Torres et 
al., 1991; Arnold and Alonso, 1993). Another system, involv-
ing an oxyhood within a croupette oxygen and cool mist tent 
under negative pressure using hospital wall suction, reduced 
ribavirin ambient air concentrations from 54 to 11 µg/m3, with-
out decreasing patient exposure (Mueller and Waldon, 1996).

In one study over a 3-day period with exposure of 20–35 
hours, no toxic or adverse effects of ribavirin were observed 
in female healthcare workers, and ribavirin was not detected 
in their erythrocytes, plasma, or urine (Rodriguez et al., 
1987a). In a separate study, trace levels of ribavirin have been 
reported in erythrocytes of a nurse who provided direct care 
to an infant receiving ribavirin via an oxygen tent (CDC, 
1988). A further study found detectable urinary concentra-
tions of ribavirin in 44% of occupationally exposed health-
care workers (Shults et al., 1996). In healthcare workers 
directly exposed to ribavirin aerosol, bronchospasm, nausea, 
headache, eye, nasal, and throat irritation, and contact lens 
damage have been reported (Diamond and Dupuis, 1989; 
Hunt-Fugate and Murray, 1990).

7. CLINICAL USES OF THE DRUG

The conditions for which ribavirin has been approved by the 
US FDA and other regulatory agencies are shown in Table 
259.6. 

7a.  Respiratory syncytial virus (RSV)

Ribavirin aerosol may be effective in reducing symptoms due 
to RSV in neonates, children, and young adults (Conner, 
1984). However, its use remains controversial and the evi-
dence base is conflicting. Although there are a number of 
relatively early studies providing data in support of the use 
of ribavirin for this condition, there are also a number of 

Table 259.6. Ribavirin indications approved by various regulatory authorities.

Approved indications US FDA Australian TGA EMEA

Oral ribavirin in combination with interferon for adults with chronic 
HCV infectiona

x x x

Oral ribavirin in combination with interferon for children > 3 years 
with chronic HCV infectiona

x x

Oral ribavirin in combination with interferon for adults co-infected 
with HCV-HIVa

x x x

Aerosol therapy in children with severe lower respiratory tract 
infection due to RSV

x x x

Hemorrhagic fever with renal syndrome Designated orphan drug

aPatients must have compensated liver disease.
Abbreviations: HCV: hepatitis C virus; RSV: rhesus rhadinovirus.
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studies pointing to a lack of efficacy. New antiviral drugs 
targeting RSV infection are in development and if proven 
effective will probably supersede ribavirin (see Chapter 269, 
Investi gational antiviral drugs). 

RSV INFECTIONS IN INFANTS

The most recent recommendations from the American 
Academy of Pediatrics Committee on Infectious Diseases 
suggest that the use of aerosolized ribavirin for RSV infec-
tion in children should depend on the clinical circumstances 
and experience of the physician (American Academy of 
Pediatrics, 2015). Prior recommendations from the American 
Academy of Pediatrics Committee on Infectious Diseases 
(1996) this committee have suggested that ribavirin be con-
sidered in those at high risk of serious RSV disease, including 
those with underlying congenital heart disease, broncho-
pulmonary dysplasia, chronic lung disease such as cystic 
fibrosis, premature infants, infants < 6 weeks of age, infants 
with underlying immune deficiency, infants with hypoxemia 
(Pao2 < 65 mm Hg) and/or hypercapnia, and those with mul-
tiple congenital or neurologic or metabolic anomalies. The 
need for ribavirin therapy of these high-risk infants has been 
reduced by the increasing use of monthly prophylaxis with 
palivizumab, the neutralizing monoclonal antibody to the 
RSV F-protein, which offers substantial (but not complete) 
protection from RSV infection in high-risk populations 
(American Academy of Pediatrics, 2015).

In 2007, the Cochrane Collaboration published a system-
atic overview of all randomized controlled trials of ribavirin 
for RSV lower respiratory tract infection in infants < 6 
months old. All studies used ribavirin at a concentration of 
20 mg/ml continuously aerosolized for 12–20 hours/day. It is 
significant that all of the trials lacked sufficient power to reli-
ably assess the impact of treatment. Analysis of 12 trials indi-
cated that ribavirin may reduce the duration of mechanical 
ventilation and may reduce days of hospitalization. There 
was a trend favoring ribavirin treatment in regard to mortal-
ity and probability of respiratory deterioration, but these dif-
ferences were not statistically significant. No adverse effects 
were noted in patients receiving ribavirin. The systematic 
review suggested that ribavirin may also be associated with 
a  decrease in the incidence of recurrent wheeze after RSV 
infection (Ventre and Randolph, 2007).

Groothuis et al. (1990) described a study of 47 infants 
with underlying cardiorespiratory conditions including bron-
chopulmonary dysplasia and congenital heart disease who 
developed mild RSV infection and who were treated with 
ribavirin or placebo within 72 hours of developing symptoms. 
It was concluded on the basis of lower oxygen requirements, 
rate of clinical improvement, and oxygen saturation levels that 
early administration of ribavirin could help reduce morbidity 
associated with the infection in these complex patients.

Most of the studies to date have been performed in spon-
taneously breathing infants with RSV infection. Although 
one study showed ribavirin therapy benefited infants requir- 
ing mechanical ventilation because of RSV infection (Smith 
et al., 1991), in multiple other randomized double-blind 

 trials ribavirin therapy did not alter immediate clinical out-
come in mechanically ventilated children with RSV pneumo-
nitis (Wheeler et al., 1993; Meert et al., 1994). A prospective 
multicenter cohort study drew similar conclusions (Moler et 
al., 1996).

In regard to the dosing of aerosolized ribavirin, the study 
undertaken by Smith et al. (1991) demonstrated that in 
infants with severe RSV infection who required mechanical 
ventilation, the continuous administration of aerosolized 
ribavirin (20 mg/ml) was associated with clinical improve-
ment. Similar results were obtained in a prospective study 
directly comparing high-dose, short-duration therapy (60 
mg/ml administered over 2 hours three times daily) with 
conventional therapy (20 mg/ml administered over 18 hours) 
(Englund et al., 1990; Englund et al., 1994). These data sup-
port earlier animal studies in which rats and mice were pro-
tected from RSV and influenza B virus infections with 
aerosolized ribavirin generated from reservoirs containing 
60 mg/ml administered for 2 hours twice daily. However, 
aerosols generated from reservoirs containing lower doses of 
ribavirin (20–40 mg/ml administered once daily) were asso-
ciated with lower rates of success (Wyde et al., 1987).

Whether ribavirin has an impact on the long-term 
sequelae after RSV infection is also unclear. A retrospective 
(nonrandomized) analysis of 41 infants with RSV infection 
compared the prevalence of reactive airway disease in those 
treated with aerosolized ribavirin and those who were not. A 
significant reduction in the proportion of patients develop-
ing airway reactivity and number of episodes of reactive air-
way disease was noted (Edell et al., 1998). However, other, 
and newer, studies have failed to demonstrate a long-term 
benefit from ribavirin therapy (Krilov et al., 1997; Everard et 
al., 2001; Edell et al., 2002).

In some studies, the clinical response to ribavirin has also 
been associated with a decrease in virus shedding (Hall et al., 
1983b; Hall et al., 1985). However, ribavirin has not consis-
tently been observed to reduce RSV load in respiratory secre-
tions (Taber et al., 1983).

RSV INFECTIONS IN IMMUNOCOMPROMISED 
PATIENTS

Ribavirin may be used for the treatment of RSV infection in 
adult immunocompromised patient populations in aerosol-
ized, oral, or intravenous form. 

Small prospective studies suggested a mortality benefit 
from early aerosolized ribavirin in hematopoietic stem cell 
transplant recipients but were limited by methodological 
heterogeneity (Ljungman et al., 2001; Boeckh et al., 2007) 
The largest retrospective study to date examined the use of 
aerosolized ribavirin in RSV-related disease after stem cell 
transplantation (Shah et al., 2013). Ribavirin therapy given 
during the early upper respiratory tract infection phase of 
RSV infection reduced the risk of progression to lower 
 respiratory tract infection by 83%. All-cause mortality was 
significantly higher in those who did not receive aerosolized 
ribavirin within this early time period (adjusted odds ratio 
[OR]: 2.43; p = 0.019). Unfortunately, the overall mortality 
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rate remained very high (Shah et al., 2013). A number of 
smaller retrospective studies have assessed treatment with 
combination aerosolized ribavirin and intravenous immu-
noglobulin in immunocompromised hosts. A systematic 
review of 10 such studies (410 patients) showed an additional 
reduction in progression to lower respiratory tract infection 
and overall mortality when compared to ribavirin mono-
therapy (Shah et al., 2011).

Oral administration of ribavirin for RSV-related disease is 
appealing due to ease of administration, lower cost, and the 
ability to manage patients in the outpatient setting. Oral rib-
avirin therapy was reviewed in a retrospective single-center 
cohort of immunocompromised patients, including those 
with hematological malignancy undergoing cytotoxic che-
motherapy and lung transplant recipients. In this study, 34 
patients had PCR-proven RSV infection and moderate to 
severe immunosuppression. Three patients died of disease- 
related complications, and the remaining group recovered suf-
ficiently to be discharged from hospital. However, there was 
no control group for comparison, meaning that limited con-
clusions can be drawn from these data (Marcelin et al., 2014). 

Retrospective analyses have also been conducted using 
intravenous ribavirin for the treatment of RSV pulmonary 
disease in hematology patients, with some evidence of bene-
fit. In the most recent case series, 6 of 8 patients treated with 
intravenous ribavirin showed no detection of the virus after 
treatment (Schleuning et al., 2004). 

7b.  Human metapneumovirus infection

The human metapneumovirus, discovered by Australian sci-
entists (Nissen et al., 2002) is now recognized as a major 
community pathogen (Deffrasnes et al., 2007) and a signifi-
cant pathogen in recipients of hematopoietic stem cell trans-
plants (Englund et al., 2006) and lung transplants (Hopkins 
et al., 2008). The activity of ribavirin toward human meta-
pneumovirus infection in vitro and in an animal model is 
equivalent to its activity toward RSV, suggesting that treat-
ment of infected humans might be effective. Despite its 
apparent medical importance, no prospective clinical trials 
have evaluated the efficacy of ribavirin therapy. 

A case series of eight patients with a history of stem cell 
transplantation and evidence of human metapneumovirus 
in bronchoalveolar lavage specimens showed favorable out-
comes in those who received oral ribavirin and intravenous 
immunoglobulin. However, the prevalence of co-pathogens 
in respiratory specimens was high (Egli et al., 2012). Another 
retrospective case series that included lung transplant recipi-
ents showed similar promising results from combination rib-
avirin and intravenous immunoglobulin therapy (Shahda et 
al., 2011).

7c.  Hepatitis C virus infection

HCV INFECTION ALONE
Ribavirin monotherapy has been shown to be ineffective in 
obtaining an SVR or improving morbidity and mortality in 

chronic HCV infection. Four uncontrolled pilot studies of 
ribavirin monotherapy suggested an improvement in liver 
transaminases while on treatment (Reichard et al., 1991; Di 
Bisceglie et al., 1992; Reichard et al., 1993; Tong et al., 
1994). These results were supported by two randomized 
placebo-controlled studies, involving 114 and 59 patients, 
that demonstrated ribavirin consistently and significantly 
decreased ALT levels but had no effect on HCV RNA levels 
(Dusheiko et al., 1996; Bodenheimer et al., 1997). However, a 
systematic review of 11 randomized trials of ribavirin mono-
therapy for chronic HCV infection concluded that there was 
no evidence to support this treatment (Brok et al., 2006).

The first studies of combined therapy with interferon (see 
Chapter 260, Interferon alpha) and ribavirin for chronic 
HCV infection were initiated in patients who had failed 
inter feron monotherapy. Two small studies showed that 
com bination therapy decreased transaminase levels and in 
some patients resulted in SVR (Schvarcz et al., 1995; Scotto 
et al., 1995). In a controlled trial of combination ribavirin 
plus standard (nonpegylated) interferon versus standard 
interferon monotherapy in patients with chronic HCV infec-
tion who had previously failed therapy with interferon, a 
sustained loss of HCV RNA in plasma and normalization 
of  aminotransferase levels was reported in 40% of patients 
receiving combination therapy and in none of those ran-
domized to interferon monotherapy (Brillanti et al., 1994). 
In a randomized, double-blinded, placebo-controlled trial of 
345 patients who had relapsed after interferon monotherapy, 
49% in the combination therapy arm achieved a sustained 
virological response compared with 5% in the interferon 
alone arm. Biochemical response and histologic improve-
ment correlated strongly with virologic response (Davis et 
al., 1998).

Two early studies of the role of combination therapy in 
the treatment of previously untreated patients with chronic 
HCV infection showed that therapy with standard interferon 
and ribavirin resulted in higher rates of SVR than standard 
interferon alone (Lai et al., 1996; Reichard et al., 1998). Two 
further large, placebo-controlled, multicenter, randomized 
trials, again in previously untreated patients, confirmed the 
results of these earlier studies, showing that combination 
treatment with standard interferon and ribavirin produced 
higher SVR rates than interferon alone. In the first of these 
studies, 832 treatment-naive patients were randomized to 
receive standard interferon monotherapy for 48 weeks or 
standard interferon plus ribavirin (1000–1200 mg) for 24 or 
48 weeks. A twofold increase in SVR rate was demonstrated 
with use of combination therapy for 48 weeks. Five indepen-
dent factors were associated with an SVR: genotype 2 or 3, 
viral load < 6.3 log10 RNA copies/ml, age < 40 years, minimal 
fibrosis stage, and female sex (Poynard et al., 1998). Similarly, 
a second trial of 912 treatment-naive patients randomized to 
standard interferon monotherapy or combination standard 
interferon plus ribavirin (1000–1200 mg) for 24 or 48 weeks 
showed a statistically significant benefit of combination 
 therapy in achieving an SVR. Of patients with genotype 1 
treated for 48 weeks, only 7% of patients in the interferon 
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monotherapy arm achieved an SVR compared with 28% in 
the combination therapy arm. Of patients with a genotype 
other than 1 treated for 48 weeks, SVR was achieved in 29% 
in the interferon arm and 66% in the combination therapy 
arm (McHutchison et al., 1998). 

A systematic review of 72 randomized trials that had 
enrolled a total of 9991 HCV-infected subjects assessed the 
risks and benefits of combination therapy with ribavirin 
and interferon compared with interferon alone. These stud-
ies used a variety of interferons: 2a or 2b, both pegylated and 
native. Combination therapy significantly reduced the mor-
bidity and mortality of chronic HCV infection; significantly 
increased SVR rates in treatment-naive patients, relapsers, 
and nonresponders; and improved liver histology compared 
with interferon alone, but also increased the rate of adverse 
effects (Brok et al., 2005).

Treatment of HCV infection was further improved and 
simplified with the introduction of pegylated interferon 
(interferon modified chemically by pegylation; see Chapter 
260, Interferon alpha), a longer-acting form of interferon 
with a half-life enabling weekly rather than three times 
weekly dosing. Three large randomized, double-blind, con-
trolled trials in treatment-naive patients showed that combi-
nation treatment with peginterferon and ribavirin resulted in 
higher rates of SVR than treatment with standard interferon 
and ribavirin; an example of the outcomes of treatment of 
HCV infection with peginterferon and ribavirin is shown in 
Figure 259.6, and the results are summarized in Table 259.7. 
One trial of 1530 patients assessed treatment with peginter-
feron alpha 2b 1.5 µg/kg weekly in combination with riba-
virin 800 mg daily. Among genotype 1–infected patients 
treated with peginterferon alpha 2b and ribavirin, the SVR 
rate was 42%, compared with 33% in the standard interferon 
and ribavirin arm. Among patients infected with a genotype 
other than 1a or 1b, about 80% an SVR achieved regardless of 
the type of interferon given (Manns et al., 2001). A large trial 
of 1311 patients investigated the effect of duration and dose 
of ribavirin when used with peginterferon alpha 2a, 180 µg 
weekly, and established that SVR rate improved to 52% in 
genotype 1–infected patients with weight-based ribavirin 
dosing (weight < 75 kg, 1000 mg daily; weight > 75 kg, 1200 
mg daily) and 48 weeks of treatment. In comparison, patients 
infected with genotypes 2 or 3 had similar rates of SVR (80%) 
regardless of the duration of therapy (24 or 48 weeks) or use 
of a lower ribavirin dose, 800 mg/day (Hadziyannis et al., 
2004). Based on data from these key studies, the American 
Association for the Study of Liver Diseases (AASLD) recom-
mends specific doses and treatment durations of ribavirin 
when used in combination with peginterferon alpha 2a (see 
Table 259.8).

In recent years there has been a dramatic shift in the man-
agement of chronic hepatitis C with the arrival of newer anti-
viral drugs). The first of these agents to be licensed were the 
protease inhibitors telaprevir and boceprevir, targeting the 
serine protease NS3/4A. Several large randomized controlled 
trials demonstrated substantial improvements in SVR when 
these agents were added to combination peginterferon– 

ribavirin in patients with treatment-naive genotype 1 disease 
(Jacobson et al., 2011; Zeuzem et al., 2011; Poordad et al., 
2011; Bacon et al., 2011). The second wave protease inhibitor 
simeprevir showed similar increases in SVR when combined 
with peginterferon–ribavirin in both genotype 1 and geno-
type 4 HCV (Fried et al., 2013; Forns et al., 2013). 

Two key trials have examined the role of ribavirin in treat-
ment regimens containing NS3/4A protease inhibitors. The 
PROVE 2 trial compared four different telaprevir-containing 
regimens in patients with previously untreated HCV geno-
type 1 and found SVR rates of 60% in patients treated with 
telaprevir, peginterferon alpha 2a and ribavirin for 12 weeks 
versus 36% in patients receiving telaprevir and peginterferon 
alpha 2a without ribavirin for the same time period (Hezode 
et al., 2009). PROVE 3 drew similar positive conclusions 
in treatment-experienced patients with genotype 1 disease. 
Rapid virological response rates (undetectable HCV RNA 
levels at week 4 of treatment) were highest in the three groups 
randomized to receive telaprevir, peginterferon alpha, and 
ribavirin (51–53%) compared to those in whom ribavirin 
was omitted (24%) (McHutchinson et al., 2010). Thus the 
benefit of ribavirin in NS3/4A protease inhibitor-based triple 
therapy was established. 

After these treatment successes with serine protease 
inhibitors, attention turned to novel therapeutic targets 
important for hepatitis C viral assembly and replication. 
NS5A inhibitors, including daclatasvir and ledipasvir, act 
against a protein critical to both of these processes. In the 
COMMAND phase II trials, daclatasvir was combined with 
peginterferon–ribavirin for the treatment of HCV genotypes 

Figure 259.6. Sustained virologic response rates in 
recipients of peginterferon alpha 2 (PegIFN-α2) and two 
different doses of ribavirin for 24 or 48 weeks. 
Abbreviations: HCV: hepatitis C virus; IFN: interferon; RBV: 
ribavin; tiw: three times a week. (Adapted with permission 
from Strader et al., 2004.)
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1, 2 and 3. SVR rates were 83–88% at 12 and 16 weeks for 
genotype 2 but lower for genotypes 1 and 3 (Hezode et al., 
2012; Dore et al., 2013). Further innovation in this field led 
to the development of NS5B inhibitors, which target the 
RNA-dependent RNA polymerase responsible for viral repli-
cation. Although there are several agents in various stages 
of development, sofosbuvir recently became the first NS5B 
inhibitor to be licensed for clinical use. In one large phase III 
study, 327 treatment-naive patients with genotype 1, 4, 5, or 
6 demonstrated SVR rates of 90% when sofosbuvir was used 
in combination with peginterferon–ribavirin (Lawitz et al., 
2013). The efficacy of triple therapy with sofosbuvir and 
peginterferon–ribavirin has also been established in patients 
with genotype 2 or 3 disease, including those with compen-
sated cirrhosis (Lawitz et al., 2013). 

The rapid development of multiple new therapeutic agents 
has led to a number of hypotheses regarding the future role 
of ribavirin. Traditionally a weight-based ribavirin dosage 

protocol has been used for genotype 1 infection, while a fixed 
dose of 800 mg/day is recommended for genotype 2 and 3 
infections (Strada et al., 2004). Landmark trials involving 
boceprevir and telaprevir in combination with peginterferon– 
ribavirin demonstrated that lower doses of ribavirin (as low 
as 600 mg per day) could be used without undermining SVR 
efficacy (Sulkowski et al., 2011). There is ongoing interest in 
reducing ribavirin doses to prevent limiting side effects such 
as hemolytic anemia (Chung et al., 2012). 

The key focus for investigators in recent years has been 
the potential for interferon-free HCV regimens, and ribavi-
rin may play a role here. This is a desirable prospect, poten-
tially allowing oral therapy for shorter treatment durations 
with improved tolerability and fewer adverse effects. A large 
phase III study of 91 participants with genotype 2 and 328 
participants with genotype 3 HCV compared sofosbuvir 
with ribavirin to placebo. A total of 21% had established  
cirrhosis and 58% had received previous interferon-based 

Table 259.7. Results of clinical trials using combination peginterferon and ribavirin to treat HCV infection.

Trial

No. of 
patients 
enrolled Treatment arms Genotype

No. of 
patients with 

SVR (%)

Manns et al. (2001) 1530 Peginterferon alpha 2b 1.5 μg/kg weekly + ribavirin 800 mg 
daily for 48 weeks

1 42

2 or 3 82

Peginterferon alpha 2b 1.5 μg/week for 4 weeks, then 0.5 μg/
kg per week + ribavirin 1000–1200 mg/day for 48 weeks

1 34

2 or 3 80

Interferon alpha 2b 3 MU s.c. 3 times per week + ribavirin 
1000–1200 mg/day for 48 weeks

1 33

2 or 3 79

Fried et al. (2002) 1121 Peginterferon alpha 2a 180 μg weekly + ribavirin 1000–1200 
mg/day for 48 weeks

1 46

2 or 3 76

Interferon alpha 2b 3 MU three times weekly + ribavirin 
1000–1200 mg/daily for 48 weeks

1 36

2 or 3 61

Peginterferon alpha 2a 180 μg weekly + placebo for 48 weeks 1 21

2 or 3 45

Hadziyannis et al. 
(2004)

1311 Peginterferon alpha 2a 180 μg/weekly + ribavirin 1000–1200 
mg daily for 24 weeks

1 42

2 or 3 81

Peginterferon alpha 2a 180 μg/weekly + ribavirin 1000–1200 
mg/daily for 48 weeks

1 52

2 or 3 80

Peginterferon alpha 2a 180 μg/weekly + ribavirin 800 mg/daily 
for 24 weeks

1 29

2 or 3 84

Peginterferon alpha 2a 180 μg/weekly + ribavirin 800 mg/daily 
for 48 weeks

1 41

2 or 3 79

Abbreviation: SVR: sustained virologic response (HCV RNA undetectable in plasma by reverse transcription polymerase chain reaction at 24 weeks after the end 
of therapy).

Table 259.8. Recommended ribavirin doses and duration of therapy in patients with chronic HCV infection, when 
given in combination with pegylated interferon.

Genotype Ribavirin dose Duration of therapy (weeks)

1 or 4 Weight < 75 kg, 1000 mg daily in two divided doses 48a

Weight > 75 kg, 1200 mg daily in two divided doses

2 or 3 800 mg daily in two divided doses 24

aSee text for details.
Source: Reproduced with permission from Strader et al. (2004).
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therapy. SVR was observed in 93% of patients with genotype 
2 infection (treated for 12 weeks) and 85% of patients with 
genotype 3 infection (treated for 24 weeks). Lower sustained 
virological responses were seen in patients with preexisting 
cirrhosis (Zeusem et al., 2014). Efficacy in null responders 
was specifically tested in another randomized trial of geno-
type 2/3 disease, with a finding of SVR rates of 50% with 
treatment for 12 weeks and 73% when treatment was 
extended to 16 weeks (Jacobson et al., 2013).

CO-INFECTION OF HCV WITH HIV

In patients co-infected with HCV and HIV, pegylated inter-
feron has also been shown to be superior to standard inter-
feron. The results of three large trials are summarized in 
Table 259.9. A randomized placebo-controlled trial of 868 
treatment-naive HIV–HCV co-infected patients compared 
treatment with peginterferon and ribavirin 800 mg versus 
peginterferon and placebo versus standard interferon and 
ribavirin 800 mg. Peginterferon and ribavirin was most effi-
cacious, with a SVR rates of 29% in genotype 1 infection and 
62% in genotype 2 and 3 infection, compared with 14% and 
36%, respectively, in those treated with standard interferon 
and ribavirin. The results of the trial also supported 48 weeks 
of therapy in patients infected with genotypes 2 or 3 (Torriani 
et al., 2004). Two other large randomized trials in HIV–HCV 
co-infected patients have shown similar outcomes. One trial 
compared ribavirin 800 mg combined with either pegylated 
interferon or standard interferon for 48 weeks in HIV–HCV 
co-infected patients. Again combination pegylated inter-
feron and ribavirin was found to more efficacious in patients 
infected with genotype 1, with an SVR of 17% compared 
with 6% in the standard interferon treatment arm. In patients 
infected with genotypes 2 and 3, no difference in SVR was 

noted between regimens, 44% and 43%, respectively (Carrat 
et al., 2004). Similarly, another trial compared ribavirin (dose 
escalating from 600 to 1000 mg) combined with pegylated 
interferon or standard interferon for 48 weeks. SVR was 
achieved in 14% of patients with genotype 1 infection and 
in 73% of patients infected with genotypes other than 1 in 
the peginterferon treatment arm, compared with 6% and 
33%, respectively, in the standard interferon arm (Chung et 
al., 2004). In the last two trials, lack of early virologic response 
was highly predictive of treatment failure, regardless of 
genotype.

Although no trial comparing 24 versus 48 weeks of com-
bination ribavirin and pegylated interferon therapy for gen-
otypes 2 and 3 in HIV–HCV co-infected patients has been 
performed, SVR rates in trials using the shorter course seem 
to be lower than in trials that have used 48 weeks of therapy 
(Laguno et al., 2004; Voigt et al., 2006). Some early data sug-
gested that a rapid virologic response (undetectable HCV 
RNA at 4 weeks) might be used to guide duration of therapy 
in HIV–HCV-infected patients (Crespo et al., 2007; Payan et 
al., 2007), but, apart from the pediatric study discussed later 
in the chapter, these results require confirmation.

In the early therapeutic trials of HCV in HIV-co-infected 
patients, low doses of ribavirin (600–800 mg daily) were used 
for fear of side effects (primarily anemia) as well as inter-
actions with antiretroviral drugs. Further trials have demon-
strated that the use of weight-based ribavirin (1000 mg/day  
if < 75 kg and 1200 mg/day if > 75kg) (see Table 259.8) 
improves SVR rates in HIV–HCV co-infected patients 
when  given in combination with pegylated interferon, 
regardless of  genotype (Soriano et al., 2006; Ramos et al., 
2007; Soriano et al., 2007), and weight-based dosing is uni-
versally recommended.

Table 259.9. Trials of combination peginterferon and ribavirin treatment of HCV infection in the setting of HIV-HCV co-infection.

Trial

No. of 
patients 
enrolled Treatment arms Genotype

No. of patients 
with SVR (%)

Torriani et al. (2004) 868 Peginterferon alpha 2a 180 μg/week + ribavirin 800 mg daily 
for 48 weeks

1 29

2 or 3 62

Peginterferon alpha 2a 180 μg/week + placebo for 48 weeks 1 14

2 or 3 36

Interferon alpha 2a 3 MU three times weekly + ribavirin 800 mg 
daily for 48 weeks

1  7

2 or 3 20

Carrat et al. (2004) 412 Peginterferon alpha 2b 1.5 μg/kg weekly + ribavirin 400 mg 
twice daily for 48 weeks

1 or 4 17

2, 3 or 5 44

Interferon alpha 2b 3 MU three times weekly + ribavirin 400 mg 
twice daily for 48 weeks

1 or 4  6

2, 3 or 5 43

Chung et al. (2004) 133 Peginterferon alpha 2a 180 μg weekly + ribavirina for 48 weeks 1 14

Other than 1 73

Interferon alpha 2a 6 MU three times weekly for 12 weeks, then 
3 MU three times weekly for 36 weeks + ribavirina

1  6

Other than 1 33

aRibavirin dosing via the following schedule: 600 mg/day for 4 weeks, then 800 mg/day for 4 weeks, then 1000 mg/day for the remainder of the study.
Abbreviations: HCV: hepatitis C virus; SVR: sustained virologic response (HCV RNA undetectable in plasma by reverse transcriptase polymerase chain reaction 

at 24 weeks after the end of therapy).
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HCV INFECTION AND LIVER TRANSPLANTATION

No randomized controlled trials have been performed to 
assess combination ribavirin plus interferon therapy for the 
treatment of recurrent HCV infection after liver transplanta-
tion. An analytical review compared the results of 27 studies 
of standard interferon plus ribavirin with 21 studies of 
pegylated interferon plus ribavirin, and calculated pooled 
SVR rates of 24% and 27%, respectively. The pooled dis-
continuation rate was 24% with standard interferon and rib-
avirin and 26% with pegylated interferon and ribavirin, 
highlighting the poor tolerance to treatment in this patient 
group (Wang et al., 2006).

HCV INFECTION IN CHILDREN

Few data are available regarding the treatment of chronic 
HCV infection in children. An uncontrolled pilot study of 41 
children aged between 3 and 16 years assessed combination 
treatment with ribavirin (15 mg/kg/day) and standard inter-
feron, and an SVR was achieved in 61%. One patient stopped 
therapy because of side effects, and about one fifth of chil-
dren had significant side effects, including impaired thyroid 
function (Wirth et al., 2002). Another study of 118 children 
with chronic HCV infection treated with standard interferon 
and ribavirin (15 mg/kg/day) achieved an SVR of 36% in 
subjects with genotype 1 infection and 84% in those with 
genotype 2 or 3 infection. About a third of patients required 
dose modification, and 7% discontinued therapy because of 
adverse effects (Gonzalez-Peralta et al., 2005). In a more 
recent pilot study of pegylated interferon and ribavirin (15 
mg/kg/day) in 30 children aged 3–16 years, an SVR was 
achieved in all 3 patients with genotype 3 infection who 
received 24 weeks of treatment, and in 12/27 patients with 
genotype 1 or 4 infection who received 48 weeks of treat-
ment. In this study, the early virologic response was predic-
tive of SVR, and the therapy was reasonably well tolerated 
(Jara et al., 2008).

The recommended dose of ribavirin in children > 3 years 
with chronic HCV is 15 mg/kg/day in two divided doses, 
in combination with interferon-based therapy (Wirth et al., 
2002; Gonzalez-Peralta et al., 2005). Minimal evidence is 
available for duration of therapy, but in a clinical trial chil-
dren received 24 weeks of combination ribavirin and 
pegylated interferon for genotypes 2 and 3, and 48 weeks for 
genotypes 1 and 4 (Jara et al., 2008).

A recent publication reviewed the experience of treating 
children with HCV infection (genotypes 1–6) with ribavirin 
and interferon (Sokal et al., 2010). Of the 65 children treated 
for 24 to 48 weeks (depending on genotype), 55 were able to 
complete the course of therapy. The 10 patients discontinu-
ing therapy did so because of adverse reactions (2) and fail-
ure to clear virus (8). A sustained virologic response was 
achieved in 57–89% of treated children, again depending on 
genotype. Similar favorable results were reported by Wirth 
et al. (2010).

Clinical trials using newer antiviral drugs, with and with-
out interferon and/or ribavirin, are currently under way. 

HCV-RELATED LEUKEMIA AND LYMPHOMA

Although the association between HCV and lymphoma is 
a topic of ongoing debate, some patients with HCV-related 
lymphoma appear to respond to combined ribavirin and 
interferon therapy. Whether the response is due to the com-
bination or solely to the antiproliferative effects of interferon 
is unknown. Nine patients with HCV infection and splenic 
lymphoma with villous lymphocytes were treated with inter-
feron, and seven achieved a complete remission of the lym-
phoma after loss of detectable HCV RNA in plasma. The other 
two patients had a partial and complete remission of the lym-
phoma after the addition of ribavirin (Hermine et al., 2002). 
However, a case report describes treatment with ribavirin and 
interferon in a patient with HCV infection, cryoglobulinemia, 
and indolent B-cell lymphoma being complicated by clinical 
manifestations of B-cell lymphoproliferation (small vessel vas-
culitis), although HCV RNA was undetectable. Antiviral ther-
apy was continued throughout immunosuppressive therapy 
and chemotherapy, and the patient achieved an SVR and com-
plete remission (Emens and Sulkowski, 2002).

Three patients with chronic HCV and indolent low-grade 
non-Hodgkin lymphoma were treated with ribavirin and 
pegylated interferon. One achieved a complete remission 
after HCV eradication, one had a partial response, and one 
was unresponsive (Mazzaro et al., 2005). Of six patients with 
HCV-associated marginal zone lymphomas treated with 
interferon and ribavirin, four patients responded; in some 
cases, hematologic response was correlated with virologic 
response. A further case of large granular lymphocyte leuke-
mia occurred in a patient with marginal zone lymphoma and 
HCV and responded to interferon and ribavirin treatment 
(Kelaidi et al., 2004).

A total of 13 patients with HCV infection and low-grade 
B-cell non-Hodgkin lymphoma were treated with pegylated 
interferon and ribavirin. Of the 12 assessable patients, 7 
achieved a complete remission of the lymphoma, and 
response of the cancer was significantly associated with viro-
logic response (Vallisa et al., 2005).

A report of natural killer cell leukemia and lymphoma 
developing in a patient with HCV infection described remis-
sion from the malignancy and an SVR after treatment with 
ribavirin and pegylated interferon (Armor et al., 2005).

7d.  Influenza

Although ribavirin may be minimally effective treatment  
for influenza virus infections, owing to convenience of ther-
apy, improved efficacy, and decreased toxicity it has been 
 supplanted by adamantane antiviral drugs (Chapter 265, 
Aman tadine and rimantadine) and more recently by the 
neuraminidase inhibitors zanamivir (Chapter 266, Zana mi-
vir, laninamivir, and polymeric zanamivir conjugates), osel-
tamivir (Chapter 267, Oseltamivir), and others (Chapter 268, 
Peramivir). 

There have been a number of placebo-controlled clinical 
trials designed to assess the efficacy of prophylactic ribavirin 
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therapy against influenza A and B infection. In general, pro-
phylactic therapy with ribavirin (600–1000 mg/day) has 
been found not to prevent development of symptoms associ-
ated with experimental challenge with influenza A virus 
(H3N2) and influenza B in healthy volunteers or to be asso-
ciated with only marginal success (Cohen et al., 1976; Togo 
and McCracken, 1976; Magnussen et al., 1977). Ribavirin 
therapy given orally (1000 mg/day) and commenced within 
48 hours of the development of symptoms due to influenza A 
(H1N1) was reported to have no clinical or virologic benefit 
in a placebo-controlled study of naturally infected college 
students (Smith et al., 1980). In a pediatric population hospi-
talized with influenza, a randomized trial of ribavirin versus 
placebo showed that the only advantage of ribavirin over 
placebo was in accelerating defervescence (Rodriguez et al., 
1994). In a randomized, placebo-controlled trial of aerosol-
ized ribavirin for the treatment of influenza B infection, the 
drug was not associated with significant improvement in 
symptoms or fever compared with placebo (Bernstein et al., 
1988).

There are, however, a number of other reports suggesting 
that ribavirin is effective treatment for influenza A or B virus 
infections. Ribavirin therapy has reportedly been associated 
with shorter duration of symptoms and a trend toward more 
rapid recovery in college students infected with influenza A 
(H1N1), with variable evidence of virologic benefit (Knight 
et al., 1981; Wilson et al., 1984; Gilbert et al., 1985). Ribavirin 
therapy administered by small-particle aerosol was reported 
to be associated with clinical benefit in the treatment of 
influenza B in early studies (McClung et al., 1983; Gilbert et 
al., 1985). Stein et al. (1987) described symptomatic improve-
ment in patients with influenza A or B infection who were 
treated with a loading dose followed by short-term adminis-
tration of oral ribavirin.

Clinical trials are currently under way to assess the value 
of combination therapy with oseltamivir, amantadine, and 
ribavirin. They have shown some promising in vitro and 
animal model data (Nguyen et al., 2010; Seo et al., 2013). 

7e.  Parainfluenza, measles, and other 
paramyxovirus infections

PARAINFLUENZA VIRUS

The efficacy of ribavirin for treatment of parainfluenza virus 
infections is poorly documented, but the available studies do 
not suggest clinically significant efficacy. Several case reports 
and small case series demonstrate successful use of ribavirin 
to treat parainfluenza respiratory infections in immunocom-
promised patients (Cobian et al., 1995; Chakrabarti et al., 
2000; Hohenthal et al., 2001; Wright and O’Driscoll, 2005). 
One case report described > 10 months’ therapy with aero-
solized ribavirin 6 g in three 2-hour pulses per day for per-
sistent parainfluenza respiratory tract infection in an infant 
with severe combined immunodeficiency. Therapy was ceased 
once the patient was stable after allogeneic hematopoietic 
stem cell transplant (Stankova et al., 2007). A retrospective 

review of eight stem cell transplant patients treated with 
aerosolized (n = 6), intravenous ribavirin (n = 1), or both 
(n = 1), for parainfluenza virus respiratory tract infections 
was inconclusive as to efficacy. Among subjects who had 
parainfluenza upper respiratory infections, there was no evi-
dence of efficacy (none of two treated died, compared with 
one of nine untreated, but the latter death was unrelated to 
parainfluenza infection). In those with parainfluenza virus 
lower respiratory tract infections, one of six ribavirin-treated 
patients died compared with two of six untreated patients 
(Dignan et al., 2006). 

A larger retrospective review failed to document any 
benefit from ribavirin therapy. Of 55 hematopoietic stem cell 
transplant patients with parainfluenza virus pneumonia, 31 
were treated with aerosolized ribavirin 2 g over 2 hours three 
times daily for 7 days, without decreasing mortality or short-
ening viral shedding (Nichols et al., 2001). Similarly, another 
retrospective review in stem cell transplant patients noted 
that, despite availability of a rapid diagnostic test for para-
influenza virus infections and therefore rapid commence-
ment of ribavirin therapy, no improvement in outcome could 
be identified (Elizaga et al., 2001). 

A small pilot study trialed preemptive use of oral ribavirin 
in stem cell transplant patients with RSV or parainfluenza 
virus respiratory infections. Ribavirin was well tolerated, but 
one of the four patients with parainfluenza virus infection 
died despite use of preemptive therapy (Chakrabarti et al., 
2001).

MEASLES

Measles virus and the atypical measles virus that causes sub-
acute sclerosing panencephalitis (SSPE) are paramyxoviruses 
related to parainfluenza, and these viruses appear to respond 
clinically to ribavirin therapy. 

An early double-blind placebo-controlled study reported 
benefits from ribavirin therapy in reducing the severity of 
measles and reducing complications (Uylangco et al., 1981). 
In patients with cancer or HIV infection who acquired mea-
sles, therapy with ribavirin resulted in rapid defervescence 
and recovery (Gururangan et al., 1990; Kaplan et al., 1992). 
Early ribavirin treatment (days 2–5 of illness) at a dose of 
20–35 mg/kg daily in six adults with life-threatening measles 
pneumonitis, four of whom required mechanical ventilation, 
resulted in prompt improvement in five of the six patients 
(Forni et al., 1994). A case report described rapid improve-
ment in an HIV-infected patient who developed respiratory 
failure secondary to measles pneumonitis after commencing 
therapy with aerosolized ribavirin and intravenous immuno-
globulin (Stogner et al., 1993). Ribavirin treatment of sub-
acute measles encephalitis in two young immunocompromised 
patients resulted in survival in the patient in whom treat-
ment was commenced early in the course of disease, but not 
in the patient who commenced intravenous therapy after 
several weeks of seizures when the patient was comatose 
(Mustafa et al., 1993).

In contrast to the experience with measles virus, ribavirin 
therapy of established SSPE has shown variable results. A 
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case report describes treatment of SSPE with intraventricular 
interferon alpha, intravenous ribavirin, and inosiplex, result-
ing in initial improvement and subsequent discharge on oral 
ribavirin and inosiplex. However, after 10 months, the patient 
deteriorated suddenly and died (Solomon et al., 2002). 
Another case report failed to find clinical benefit from add-
ing intraventricular ribavirin to intraventricular interferon 
alpha for treatment of SSPE (Hara et al., 2003). Two children 
with SSPE were treated with intraventricular interferon alpha 
and intravenous ribavirin after failure of interferon therapy 
alone. Combination therapy halted the brain atrophy evident 
on imaging in one child and led to a clinical improvement in 
the other child (Tomoda et al., 2001). In another study by the 
same authors, 10 children with SSPE were treated with intra-
ventricular ribavirin and intraventricular interferon. Riba-
virin commenced at 1 mg/kg/day and subsequent dosing was 
titrated according to CSF ribavirin concentrations; therapy 
was continued for a median of 9 months. A total of 6 of the 
children improved clinically or had decreased CSF measles 
antibody titers. No significant adverse effects were noted 
(Tomoda et al., 2003).

A series of five patients with SSPE were treated with intra-
ventricular ribavirin, dose adjusted according to CSF ribavirin 
levels, and variably other treatments, including intraven-
tricular interferon alpha and prior intravenous ribavirin. 
Clinical improvement was observed in four of the patients, 
all of whom had CSF ribavirin concentrations maintained at 
an inhibitory concentration (50–200 mg/ml) (Hosoya et al., 
2004).

NIPAH VIRUS

In an open-label trial of 194 patients with acute Nipah virus 
encephalitis, mortality in the 140 patients treated with riba-
virin (mostly orally) was 32%, compared with 54% in 54 
control patients, representing a statistically significant 36% 
reduction in mortality with treatment (Chong et al., 2001). 

7f.  Hemorrhagic fevers

Ribavirin is considered the drug of choice for both treatment 
and prevention of Lassa fever. Experimental infection with 
Lassa fever virus has been successfully treated with ribavirin 
(Stephen and Jahrling, 1979). In Sierra Leone, patients who 
developed Lassa fever showed improved survival when 10 
days of intravenous therapy with ribavirin was begun at any 
stage during the illness (McCormick et al., 1986). Oral ther-
apy has also been beneficial as treatment. Treatment is most 
likely to be most effective if commenced within 6 days after 
onset of symptoms. Ribavirin has also been used for prophy-
laxis of people exposed to patients with Lassa fever (Hadi et 
al., 2010).For Lassa fever prophylaxis, the recommended oral 
regimen is a 35 mg/kg loading dose (to a maximum of 2.5 g) 
followed by 15 mg/kg three times per day for 10 days (Bausch 
et al., 2010). 

Ribavirin is a treatment option for hantavirus infections. 
A prospective double-blind placebo-controlled study of 
intravenous ribavirin for the treatment of hemorrhagic fever 

with renal syndrome (caused by Hantaan virus infection) in 
the People’s Republic of China found that intravenous riba-
virin (loading dose 33 mg/kg, 16 mg/kg every 6 hours for 4 
days, then 8 mg/kg every 8 hours for 3 days) reduced mortal-
ity by sevenfold and decreased the risk of developing oliguria 
or hemorrhage (Huggins et al., 1991). Ribavirin also reduced 
the proportion of patients with hemorrhagic fever with renal 
syndrome who were viremic, reduced the duration of vire-
mia, and resulted in lower levels of specific IgG production 
(Yang et al., 1991). These data have been supported by a large 
case series of US Department of Defense personnel who 
acquired Hantaan virus infection in Korea (Rusnak et al., 
2009).

Hantavirus pulmonary syndrome is caused by another 
hantavirus, sin nombre virus. The role of ribavirin in the 
treatment of hantavirus pulmonary syndrome remains to be 
elucidated, although it is considered more likely to be benefi-
cial if commenced early after onset of symptoms (Hart and 
Bennett, 1994; Levy, 1995; Morrison and Rathbun, 1995). A 
review of data derived from open-label use of the drug in the 
USA found no clear evidence of clinical efficacy in terms of 
outcome of infection (Chapman et al., 1999). A randomized 
controlled trial of the use of intravenous ribavirin in patients 
with confirmed hantavirus cardiopulmonary syndrome 
showed no difference in survival between the two groups, 
but lacked power to determine such differences (Mertz et al., 
2004).

Crimean-Congo hemorrhagic fever (CCHF) is caused by 
an eponymous virus that is a member of the bunyavirus fam-
ily; it has a mortality rate of > 50% in untreated patients. 
Studies examining the role of ribavirin in this serious disease 
have to date been small retrospective case series. In a cluster 
of Crimean-Congo hemorrhagic fever in Iran, 238 of 255 
confirmed or suspected cases were treated with oral riba-
virin, 30 mg/kg loading, then 15 mg/kg every 6 hours for 4 
days, and then 7.5 mg/kg three times daily for a further 6 
days. The mortality rate was 15.7% in the treated group, com-
pared with 63.2% in the untreated group (Alavi-Naini et al., 
2006). Similarly, a historical cohort study and a case series 
showed that ribavirin therapy reduced mortality (Mardani 
et al., 2003; Ergonul et al., 2004). Whether ribavirin therapy 
will prevent development of CCHF in contacts of patients 
is uncertain. In one study of 12 contacts of a fatal case, all 
treated with oral ribavirin, 1 contact developed CCHF and 
survived, the remainder remained well (Bangash and Khan, 
2003).

In one case report, intravenous ribavirin was successfully 
used to treat severe La Crosse encephalitis (caused by La 
Crosse virus, a bunyavirus) in a child (McJunkin et al., 1997).

Argentinian hemorrhagic fever is caused by Junin virus of 
the arenavirus family; mortality in untreated patients is high. 
In six patients with Argentine hemorrhagic fever of more 
than 8 days of evolution, ribavirin demonstrated an antiviral 
effect and delayed the average time of death, but it had no 
effect on mortality (Enria et al., 1987).

One patient with confirmed and one with suspected Boli-
vian hemorrhagic fever (caused by Machupo and Chapare 
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viruses, members of the Tacaribe serocomplex, family Arena-
viridae) were successfully treated with intravenous ribavirin 
(Kilgore et al., 1997).

The Working Group on Civilian Biodefense recommends 
use of intravenous or oral ribavirin in the setting of hemor-
rhagic fever viruses being used as biologic weapons in 
patients with clinically evident viral hemorrhagic fever of 
unknown etiology or secondary to arenaviruses or bunya-
viruses (Borio et al., 2002).

7g.  Adenovirus infection

Despite most adenovirus strains being completely resistant 
to ribavirin, with only group C being moderately susceptible 
(Morfin et al., 2005), several case series (largely before 2000) 
would suggest that the drug does have some activity in clini-
cal adenovirus infections. These reports of efficacy are, how-
ever, largely countered by numerous case series documenting 
lack of efficacy.

Several case studies support the efficacy of systemic riba-
virin therapy for refractory adenovirus-associated hemor-
rhagic cystitis after bone marrow or other transplants, with 
resolution of hematuria, urinary symptoms, and adenovirus 
excretion (Cassano, 1991; Liles et al., 1993; Murphy et al., 
1993; Jurado et al., 1995). A case report of intermittent oral 
ribavirin successfully treating adenoviral hemorrhagic cysti-
tis after allogeneic bone marrow transplantation has been 
published. However, adenovirus remained detectable in the 
urine until immunosuppressive therapy was discontinued, 
thus challenging the efficacy of ribavirin (Abe et al., 2003).

Similarly, other case reports have suggested the possible 
efficacy of intravenous ribavirin for adenovirus infections at 
other sites, with resolution of adenoviral hepatitis in a child 
after liver transplantation (Arav-Boger et al., 2000), adenovi-
ral pneumonitis after autologous bone marrow transplanta-
tion (Jurado Chacon et al., 1998), and adenoviral pneumonitis 
in a 10-month-old after orthotopic liver transplantation 
(Shetty et al., 2000). Two children with adenovirus pneu-
monia (diagnosed by detectable adenovirus in sputum by 
immunofluorescence with raised titers by adenovirus com-
plement fixation test [CFT] or by culture) were successfully 
treated with a 3-day course of nebulized ribavirin (Buchdahl 
et al., 1985). An immunosuppressed elderly woman with 
adenoviral pneumonitis responded clinically and radiologi-
cally to treatment with nebulized and intravenous ribavirin 
used in combination with intravenous pooled normal human 
immunoglobulin (Sabroe et al., 1995). Because these are 
only case reports, reporting bias, recovery unrelated to rib-
avirin therapy (e.g. through immune reconstitution), or 
other factors may lead to an erroneous attributional efficacy 
to ribavirin.

Case reports documenting failures of ribavirin therapy for 
adenovirus infections include failure to clear disseminated 
infection in a bone marrow transplant recipient (Hromas et 
al., 1994), fatal infection after allogeneic bone marrow trans-
plant for myelogenous leukemia (Mann et al., 1998), and 

fulminant hepatitis following allogeneic bone marrow trans-
plantation in an adult (Chakrabarti et al., 1999).

A number slightly larger retrospective studies have also 
failed to document benefit from ribavirin therapy of adeno-
virus infections. A retrospective review of 64 stem cell trans-
plant patients with positive cultures for adenovirus a revealed 
successful eradication in 4 of 13 who were treated with intra-
venous or aerosolized ribavirin. Three of these patients were 
also treated with i.v. immunoglobulin (Howard et al., 1999). 
Another review of 85 bone marrow transplant recipients 
with adenovirus infection showed no appreciable benefit in 
the 12 patients treated with intravenous ribavirin (La Rosa et 
al., 2001). Similarly, in a retrospective study of 35 allogeneic 
stem cell transplant patients with adenoviral infection iden-
tified through surveillance or clinically, 22 patients under-
went specific antiviral therapy. Of 13 patients who received 
ribavirin alone 3 survived (Bordigoni et al., 2001). A case 
series of 9 allogeneic bone marrow transplant patients treated 
with intravenous ribavirin for hemorrhagic cystitis describes 
a response to treatment in 8 patients. However, 5 patients 
relapsed with adenoviral infection, 4 of whom died (Miya-
mura et al., 2000). In a case series of 5 immunocompromised 
children with severe adenovirus disease treated with intrave-
nous ribavirin, 2 of the children recovered (Gavin and Katz, 
2002).

A prospective study of 155 pediatric allogeneic stem cell 
patients has highlighted the role of immunosuppression, 
particularly lymphopenia, in determining the outcome of 
adenoviral disease (Chakrabarti et al., 2002). Study subjects 
were being monitored weekly for adenoviremia, and 26 chil-
dren with viremia were treated with withdrawal of immuno-
suppression and administrational of intravenous ribavirin. 
Cidofovir (see Chapter 216, Cidofovir and brincidofovir) 
was added in the 11 patients with persistent viremia; 5 
patients died. Of the 21 patients whose viremia resolved with 
antiviral therapy, 17 also had substantial recovery of lympho-
cyte numbers (to > 0.25 × 109/l), indicating significant 
immune reconstitution. All fatalities were in patients with-
out lymphocyte recovery. Taken together, these data suggest 
the role of antiviral drugs (either ribavirin or cidofovir) in 
clearing the infection was difficult to assess (Kampmann et 
al., 2005). 

7h.  Human immunodeficiency virus 
infection

Before the availability of combination, highly active anti-
retroviral therapy, oral ribavirin was investigated for the 
treatment of HIV infection despite in vitro data suggesting 
marginal, or absent, antiretroviral activity (McCormick et al., 
1984; Balzarini et al., 1986). Although some slight evidence 
of efficacy was found in some of these studies, the efficacy 
was trivial compared with currently available antiretroviral 
drugs, and when those became available in the years after 
approval of zidovudine in 1987, no further clinical trials  
of ribavirin therapy for HIV infection were undertaken. 
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(Crocchiolo et al., 1989; Crumpacker et al., 1987; Roberts et 
al., 1990b)

7i.  Herpes simplex virus infection

Ribavirin was studied for the treatment of herpes simplex 
virus infections before the development of aciclovir and 
other potent antiviral drugs. Although some activity was 
demonstrated, ribavirin has been entirely supplanted by 
these highly effective and nontoxic agents.

In a double-blind, placebo-controlled study, ribavirin 
therapy (800 mg/day) reduced disease severity and was asso-
ciated with more rapid recovery than placebo (Bierman et 
al., 1981). These results are supported by a second placebo- 
controlled study in patients with recurrent oral or genital 
herpes simplex infection who were treated with ribavirin 
(800–1600 mg/day for 7 days) or placebo. The efficacy of 
 ribavirin compared with placebo was more marked when 
treatment was commenced as soon as possible after the 
development of symptoms or signs (Palmieri et al., 1987).

7j.  Severe acute respiratory syndrome 
(SARS)

The role of ribavirin in the treatment of SARS, caused by 
infection with the SARS coronavirus, remains incompletely 
understood. During the SARS epidemic, a wide variety of 
ribavirin dosing regimens were used, often in combination 
with steroids or other therapies, but variability in the context 
and design of the studies made efficacy difficult to assess. 

Four noncomparative studies were unable to determine 
whether ribavirin treatment had a beneficial effect on SARS 
coronavirus infection, but no significant adverse effects from 
therapy were noted. Dosing regimens in three of these stud-
ies were (1) oral 20 mg/kg every 8 hours, i.v.; (2) a loading 
dose of 33 mg/kg, then 16 mg/kg every 6 hours for 4 days, 
then 8 mg/kg every 8 hours for 3 days; and (3) 1.2 g every 
8  hours orally or 400 mg every 8 hours i.v. (Bitnun et al., 
2003; Hsu et al., 2003; Leong et al., 2004). In a fourth study, 
138 patients were treated with oral ribavirin 1.2 g three times 
daily and with steroids if fever, leukopenia, or thrombocy-
topenia were present 48 hours after admission. Those with 
persistent fever and worsening lung opacities were given 
intravenous ribavirin 400 mg three times daily. Of the 138 
patients 5 died (a relatively low mortality based on historical 
comparisons). However, no correlation between outcomes 
and drug prescription was noted (Lee et al., 2003).

A review of adverse effects occurring in SARS patients 
treated with ribavirin in Canada calculated that, of 110 
treated patients, 61% had hemolytic anemia, 58% had hypo-
calcemia, and 46% had hypomagnesemia. Hemolytic anemia 
was significantly associated with higher doses of ribavirin 
and a prolonged hospital stay, suggesting that the benefits of 
the drug may not outweigh the risks (Knowles et al., 2003).

There has been one randomized prospective clinical study 
of 190 patients with SARS, which showed no benefit to the 40 

cases in the group that received low-dose ribavirin (0.4–0.6 
g/day i.v.) compared with the other three groups that did not 
receive ribavirin (Zhao et al., 2003).

A large retrospective analysis conducted in 2009 used 
propensity score methods to compare outcomes in 1755 
patients from the Hong Kong SARS outbreak and 191 
patients from the Toronto outbreak. The adjusted excess case 
fatality ratio was in fact higher in patients who received riba-
virin and corticosteroids within 2 days of admission com-
pared to those receiving neither treatment (Lau et al., 2009). 

7k.  Hepatitis B virus infection

Although studies have shown that ribavirin treatment has a 
beneficial effect on the clinical course of chronic HBV infec-
tion, it has been supplanted by highly active, orally adminis-
tered, and relatively safe antivirals, such as tenofovir (see 
Chapter 232, Tenofovir), entecavir (see Chapter 254, Enteca-
vir), and Adefovir (See Chapter 255, Adefovir dipivoxil).

A randomized, placebo-controlled trial of 60 patients 
with chronic HBV infection achieved HBeAg seroconver-
sion in 50% of the ribavirin monotherapy group compared 
with 6.6% in the placebo group (Galban-Garcia et al., 2000). 
Ribavirin treatment of patients with chronic HBV infection 
at a dose of 800, 1000, or 1200 mg/day for 24 weeks resulted 
in a similar response rates in all three dose regimens with a 
decline in serum HBV DNA concentrations (peak decline at 
week 20) and a nonsustained but marked decline in serum 
aminotransferase levels that returned to baseline within 4 
weeks of cessation of therapy (Fried et al., 1994). A pilot 
study compared ribavirin therapy (800–1000 mg/day) in 
24 patients with chronic HBV infection with interferon beta 
monotherapy (3 million units three times per week intrave-
nously) and with combination therapy. Ribavirin alone or in 
combination with interferon beta resulted in suppression of 
HBV replication, but was less effective than interferon beta 
monotherapy (Kakumu et al., 1993). A randomized trial of 
119 patients with chronic HBV infection compared treat-
ment with combined interferon alpha 2b and ribavirin or 
interferon alpha 2b and placebo. Addition of ribavirin failed 
to improve response to interferon treatment as assessed by 
HBeAg seroconversion or decreases in plasma HBV DNA 
concentration (Liu et al., 2006). Chronic delta hepatitis 
infection appears to be unresponsive to ribavirin therapy 
(Garripoli et al., 1994; Rosina and Cozzolongo, 1994; Kay-
makoglu et al., 2005).

7l.  Other viral infections

Oral ribavirin was successfully used to treat West Nile virus 
(WNV) meningoencephalitis in an immunocompromised 
child. Recovery coincided with immune reconstitution 
(Spiegel et al., 2002). Ribavirin was given to 37 of 233 hospi-
talized patients with WNV in Israel, and the study suggested 
that this treatment was worse than supportive care alone 
(Chowers et al., 2001). It is interesting to note that although 
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combination ribavirin and interferon therapy has been pro-
posed as treatment for WNV, two patients developed WNV 
while receiving combination ribavirin and interferon ther-
apy for HCV infection (Hrnicek and Mailliard, 2004).

A recent randomized placebo-controlled study of oral 
ribavirin (10 mg/kg/day in four divided doses for 7 days) in 
153 children with Japanese B encephalitis failed to demon-
strate any reduction in early mortality with the use of riba-
virin (Kumar et al., 2009).

In one case report, a patient with rabies virus encephalitis 
failed to respond to treatment with ribavirin (Warrell et al., 
1989). A 15-year-old female survived clinical rabies with 
treatment that included ribavirin (Willoughby et al., 2005).

An uncontrolled study of four patients with laryngeal 
papillomatosis (human papillomavirus infection) treated 
with oral ribavirin (23 mg/kg/day for 6 months) resulted in 
a remission in two patients lasting for 2 months, with only 
minimal recurrent disease after a further 2 months, and a 
partial response in the other two patients (McGlennen et al., 
1993). A 3-year-old with severe, progressive juvenile laryn-
geal papillomatosis after liver transplantation was success-
fully treated with oral ribavirin (Balauff et al., 2001). 
Aero solized ribavirin (6 g per 150 ml over 9 hours on three 
consecutive nights every 2 weeks for 7 weeks) in conjunction 
with oral ribavirin (15 mg/kg daily) has also been described 
in a single case report to result in significant regression of 
this disease (Morrison and Kotecha, 1993).

An immunosuppressed man with progressive vaccinia 
was reported to have responded to intravenous ribavirin and 
vaccinia immune globulin (Kesson et al., 1997).
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1. DESCRIPTION

Interferons (IFNs) are naturally occurring proteins that have 
a wide variety of antiviral, antiproliferative, and immuno-
modulatory effects. They act in a relatively nonspecific 
manner to inhibit viral infection. There are three classes of 
interferons: interferon alpha (multiple subtypes), interferon 
beta, and interferon gamma. Interferon alpha and beta are 
primarily antiviral, whereas interferon gamma is primarily 
immunomodulatory. Only interferon alpha has been used to 
treat viral infections.

The earliest form of interferon discovered was human leu-
kocyte interferon, produced by exposing peripheral blood 
mononuclear cells to mouse parainfluenza virus (Sendai 
virus) with subsequent partial purification of the pooled 
subtypes of alpha interferon (Strander and Cantell, 1966). 
Interferon was discovered by Isaacs and Lindemann in 1957, 
and was originally described as an inhibitor of virus replication 
in embryonated eggs. When clinical quantities of interferon 
were required, initially it was prepared from peripheral blood 
mononuclear cells (which was expensive and carried a risk of 
transmission of infectious agents) and then from immortal-
ized lymphoblastoid cell lines. The lymphoblastotic cell lines 
secrete multiple subtypes of human interferon alpha, and the 
secreted interferons were then highly purified (Zoon et al., 
1992).

In the early 1980s, recombinant DNA technology was used 
to produce interferon for commercial use (Goeddel et al., 
1980; Nagata et al., 1980). Interferon alpha 2a (marketed 
under the trade name of Roferon-A, by Roche) is produced 
by inserting the human interferon alpha gene (as DNA) into 
Escherichia coli, which then expresses the human interferon 
protein. The highly purified protein contains 165 amino 
acids and has a molecular weight of approximately 19 kDa. 
Interferon alpha 2b (marketed under the trade name of 
Intron A, by Schering-Plough) is produced by similar recom-
binant DNA procedures. Interferon alpha 2a and 2b differ 
from each other by only a single amino acid residue at posi-
tion 23 (arginine and lysine, respectively).

In the late 1990s, pegylated interferon alpha products 
were developed for both interferon alpha 2a and 2b. Pegylated 
interferon alpha was developed by the conjugation of a poly-
ethylene glycol (PEG) molecule to standard interferon alpha. 
PEG is a linear, uncharged, hydrophilic polymer with low 
toxicity and is nonimmunogenic (Karnam and Reddy, 2003). 
PEG conjugated to standard interferon alpha results in a 
molecule with improved pharmacologic activity and increased 
half-life. There are data suggesting that the pharmacological 
activity of interferon alpha is augmented by pegylation 
through enhancement of key effector proteins involved in 
interferon-mediated inhibition of viral function and via effects 
on hepatitis C virus (HCV)-specific CD4+ T-cell responses. In 
addition, pegylated interferon alpha is more slowly degraded 
than native interferon, resulting in an extended half-life, more 
sustained serum concentrations, and the requirement for 
weekly dosing rather than daily or thrice-weekly dosing as 
was necessary for interferon alpha. Pegylated interferon 
alpha 2a (marketed under the trade name of Pegasys, by 
Roche) and pegylated interferon alpha 2b (marketed under 
the trade name of PegIntron, by Schering-Plough) differ by 
the type of interferon (alpha 2a vs. 2b, with one amino acid 
difference out of 165 but no clinical differences) and by the 
size of the ethylene glycol pegylation component, which is 
40 kDa for alpha 2a and 14 kDa for alpha 2b. These two 
forms of pegylated interferon differ somewhat in their phar-
macokinetic properties because of the difference in pegylation 
(see section 5, Pharmacokinetics and pharmacodynamics).

Pegylated interferon alpha is mainly used for the treat-
ment of HCV infection. It is also used for the treatment of 
hepatitis B virus (HBV) infection, although only in a small 
minority of patients because of the availability of a large 
number of orally bioavailable, highly active, relatively non-
toxic, FDA-approved nucleoside and nucleotide analogs that 
are potent inhibitors of HBV replication.

Pegylated interferon alpha 2a is supplied as an injectable 
solution of 180 μg in either a 1.0-ml vial or a 0.5-ml pre- 
filled syringe (peginterferon alpha 2a, product monograph, 
2009). 
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2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

HEPATITIS C VIRUS

An evaluation of the antiviral activity of interferon and 
pegylated interferon alpha against HCV infection has been 
hampered by the absence of suitable cellular and animal 
models. Interferon alpha inhibited replication of HCV RNA 
in chimpanzee hepatocytes in vitro (Lanford et al., 1994). 
Subsequently, the antiviral activity of interferon alpha was 
shown by using a subgenomic HCV replicon (Frese et al., 
2001; Guo et al., 2001; Lanford et al., 2003), HCV cell culture 
models (Lindenbach et al., 2005; Kim et al., 2007), primary 
cultures of normal human hepatocytes (Castet et al., 2002), 
and in the severe combined immunodeficiency (SCID) 
Alb/uPa mouse model (Kneteman et al., 2006).

The concentration of interferon alpha that inhibits HCV 
replication by 50% (EC50), was 3.6–3.7 IU/ml, as assessed 
with various HCV subgenomic replicon models (Lin et al., 
2006; Wyles et al., 2007).

HEPATITIS B VIRUS

Interferon alpha transiently inhibited HBV replication, when 
assessed using a hepatoblastoma cell line transfected with 
HBV DNA (Caselmann et al., 1992) or a hepatocar cinoma 
cell line (Ueda et al., 1989). Suppression was maintained 
during treatment, but replication recommenced as soon as 
1 day after removal of interferon from the cultures (Casel-
mann et al., 1992). Activity of the 2′,5′-oligoadenylate syn-
thetase enzyme, an interferon-stimulated cellular gene that 
is a marker of interferon activity (see section 3, Mechanism 
of drug action), increases up to 18-fold during interferon 
treatment, and expression of MHC class I molecules is like-
wise increased (Caselmann, 1994). Hepatitis D virus HDV 
replication is not inhibited by interferon alpha (McNair et al., 
1994).

OTHER VIRUSES

Although interferon alpha has activity against other viruses 
in vitro, its clinical utility as an antiviral agent is limited to 
HCV and HBV infections.

2b.  Emerging resistance and 
cross-resistance

Resistance of HBV to interferon therapy has not been described 
with clinical isolates, although recombinant viruses with pre-
core or basic core promoter mutations have been selected, 
which appear to be relatively resistant to interferon in vitro 
(Wang et al., 2005; Wang et al., 2007).

Resistance to interferon and ribavirin therapy is HCV 
strain dependent, with genotype 1 strains being relatively 
resistant and (for example) genotype 2 and 3 strains being 
relatively susceptible.

The molecular basis for HCV IFN resistance is unclear. 
Polymorphisms of the NS5A protein appear to mediate at 
least some of that effect in some HCV genotypes (Wohns- 
land et al., 2007; El-Shamy et al., 2008; Hayashi et al., 2010) 
although some studies have not supported that contention 
(Dal Pero et al., 2007). One possible mechanism for the HCV 
NS5A protein effect is that it down-modulates signaling of 
interferon via suppression of signal and transducer activator 
transcription 1 (STAT1) phosphorylation (Lan et al., 2007). 
Donlin et al. (2010) identified polymorphisms in the NS5A 
and NS2 genes in patients infected with HCV genotype 1 as 
modifying treatment responses, whereas Nakagawa et al. 
(2010) pinpointed polymorphisms in the interferon  sensitivity 
determining region as being relevant to the interferon 
response. Other studies have suggested that mutations in 
the HCV NS4B and NS3 proteins might also influence inter-
feron susceptibility (Welker et al., 2007; Noguchi et al., 2008). 
Because interferon acts by triggering a host cell response, it is 
not surprising that host cell factors also predict the response 
of HCV infection to interferon; glucose intolerance and 
altered cell signaling capabilities appeared to be responsible 
in some cases (Hazari et al., 2007; Lecube et al., 2007; Persico 
et al., 2007).

3. MECHANISM OF DRUG ACTION

Interferon alpha is a cytokine that has important functions in 
the innate antiviral immune response (Feld and Hoofnagle, 
2005). The potent antiviral activity of interferon alpha comes 
not from its direct action on the virus or the replication com-
plex, but rather from the induction of interferon-stimulated 
genes (ISGs), which results in the establishment of a non-
specific antiviral state in the cell (Feld and Hoofnagle, 
2005).

In brief, endogenous interferon alpha binding to cell- 
surface receptors leads to dimerization and activation of a 
cell signaling cascade (Feld and Hoofnagle, 2005). Janus-
activated kinase 1 (Jak1) and tyrosine kinase 2 (Tyk2) are 
activated, and they phosphorylate STAT1 and STAT2. After 
dimerization, the activated STAT1/2 complex is then trans-
located to the nucleus, binding to IFN regulatory factor 9 
(IRF-9),  leading to the induction of multiple ISGs (Feld and 
Hoofnagle, 2005). Expression of ISGs in cells result in a 
positive feedback loop, which leads to the further produc-
tion of endogenous interferon alpha (Feld and Hoofnagle, 
2005). Interferon alpha also induces the expression of genes 
involved in the immune response, resulting in the activation 
of natural killer cells, maturation of dendritic cells, prolifer-
ation of memory T-cells and prevention of T-cell apoptosis 
(Tilg, 1997).

Similarly, application of exogenous interferon alpha results 
in binding at cell-surface receptors, leading to the activation 
of this pathway, expression of ISGs, and a reduction in virus 
replication, depending on the susceptibility of the virus being 
studied. Interferon also seems to impact viral protein transla-
tion and/or viral RNA stability. However, despite many studies 
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the exact mechanism by which pegylated interferon alpha 
exerts its antiviral activity remains elusive.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Pegylated interferons alpha 2a and 2b are most commonly 
administered subcutaneously, although both drugs can be 
administered intramuscularly.

Pegylated interferon alpha 2a is supplied as an injectable 
solution of 180 µg in either a 1.0-ml vial or a 0.5-ml prefilled 
syringe (peginterferon alpha 2a, product monograph, 2009). 
Pegylated interferon alpha 2b is supplied in vials for subcu-
taneous use (peginterferon alpha 2b, product monograph, 
2009). After reconstitution with 0.7 ml of the supplied sterile 
water for injection, USP, each vial contains pegylated inter-
feron alpha 2b at strengths of either 50 µg per 0.5 ml, 80 µg 
per 0.5 ml, 120 µg per 0.5 ml, or 150 µg per 0.5 ml. The 
Redipen was withdrawn from the US market by the manu-
facturer in March 2015. 

PATIENTS WITH CHRONIC  
HEPATITIS C VIRUS INFECTION

While the current standard of care for the treatment of 
chronic HCV infection no longer includes pegylated inter-
feron, the so-called direct-acting antiviral drugs are not 
available in all countries. When used, pegylated interferon is 
administered in weekly subcutaneous injections of pegylated 
interferon combined with twice-daily oral doses of ribavirin 
(Seeff and Hoofnagle, 2003; Sherman et al., 2004; see Chapter 
259, Ribavirin). When co-administered with ribavirin, the 
recommended dose of pegylated interferon alpha 2a is 180 µg 
weekly for 24 weeks (HCV genotype 2 or 3) or 48 weeks (for 
genotypes 1 and 4, which tend to be relatively resistant to 
interferon-ribavirin therapy) (see Table 260.1). In patients 
with human immunodeficiency virus (HIV) with HCV 
co-infection, the recommended duration of therapy is 48 

weeks, regardless of HCV genotype. When co-administered 
with ribavirin, the recommended dose of pegylated inter-
feron alpha 2b is 1.5 µg/kg weekly for 24 to 48 weeks, again 
based on HCV genotype (see Table 260.2). Based on clinical 
data, ribavirin dosing also varies according to the regimen 
of pegylated interferon. Individuals infected with genotype 2 
or 3 receiving pegylated interferon alpha 2a should receive 
800 mg of ribavirin, while individuals with HCV genotype 1 
should receive weight-based dosing (1000 mg if the patient 
weighs < 75 kg or 1200 mg if ≥ 75 kg) (Table 260.1). 
Individuals receiving pegylated interferon alpha 2b should 
receive weight-based dosing of ribavirin (800–1400 mg), 
regardless of genotype (Table 260.2). Patients without an 
early virological response to IFN therapy (HCV RNA still 
detected before initiating therapy with HCV RNA and 
declining by < 2 log10 with therapy) are recommended to stop 
treatment because of the extremely low rate of a sustained 
virologic response. Patients with compensated cirrhosis due to 
chronic HCV infection can be treated, but those with evident 
hepatic failure should not receive interferon and ribavirin 
therapy.

PATIENTS WITH CHRONIC HEPATITIS B VIRUS 
INFECTION

Pegylated interferon alpha 2a is the only form of pegylated 
interferon approved for the treatment of chronic HBV infec-
tion, in both HBeAg-positive and Ag-negative patients. 
However, only a small proportion of treated patients receive 
pegylated interferon due to the potency, high genetic barrier 

Table 260.1. Pegylated interferon alpha 2a and ribavirin dosing 
recommendations for treatment of HCV infection.

Genotype
Pegylated interferon 

alpha 2a dose Duration

Genotypes 1 and 4 180 µg 48 weeks

48 weeks

Genotypes 2 and 3 180 µg 24 weeks

Source: Peginterferon alpha 2a, product monograph (2009).

Table 260.2. Pegylated interferon alpha 2b dosing recommendations for treatment of HCV infection.

Body weight 
(kg)

Pegylated interferon  
alpha 2b vial strength 

to use (μg/0.5 ml)

Amount of pegylated 
interferon alpha 2b 
to administer (µg)

Volumea of pegylated 
interferon alpha 2b 
to administer (ml)

Ribavirin 
(mg/day)

< 40  50 µg per 0.5 ml  50 0.5  800

40–50  80  64 0.4  800

51–60  80 0.5  800

61–65 120  96 0.4  800

66–75  96 0.4 1000

76–80 120 0.5 1000

81–85 120 0.5 1200

86–105 150 150 0.5 1200

> 105 150 0.5 1400

aWhen reconstituted as directed.
Source: Peginterferon alpha 2b, product monograph (2009).
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to resistance, and tolerability of oral nucleoside analogs such 
as entecavir and tenofovir.

The recommended dose of pegylated interferon alpha 2a 
for treatment of chronic HBV infection is the same as for 
chronic HCV infection, 180 µg weekly for a period of 48 
weeks. It is important that it is never given in combination 
with ribavirin for this indication. Pegylated interferon alpha 
2a can be used in patients with compensated cirrhosis due 
to chronic HBV infection; however, patients require careful 
monitoring for evidence of hepatic decompensation. Inter-
feron alpha is contraindicated in patients with evidence of 
hepatic decompensation.

4b.  Newborn infants and children

The safety and efficacy of pegylated interferon alpha 2a and 
2b for HBV or HCV infection in patients < 18 years have not 
been fully established. However, two recent, relatively large 
studies suggest that treatment was well-tolerated by children, 
Sokal et al. (2010) studied 65 children aged 6–17 years old 
with genotypes 1–6. The 18 children with genotypes 2 and 3 
were treated with ribavirin and PEG-IFN for 24 weeks, while 
all other genotypes were treated for 48 weeks. Subjects with 
HCV viral loads ≤ 500,000 made up only 35% of all subjects, 
while 65% had viral loads > 500,000—probably skewed 
compared with adults with HCV infection. Only 18 subjects 
discontinued treatment: 2 for adverse clinical findings, 10 
because there was no early virological response (EVR) at 24 
weeks of treatment. Dose adjustments for PEG-IFN and/or 
ribavirin were needed in 15 subjects. Of subjects with gen-
otypes 2 and 3, 89% achieved an end-treatment sustained 
virological response (SVR), compared with 57% of children 
with genotypes 1, 4, 5 or 6.

Wirth and collaborators (2010) studied children 3–17 
years old (67 aged 3–11 and 40 aged 12–17), infected for a 
mean of 8.5 years, and with genotypes 1–4. The distribution 
of HCV viral load was skewed in this group of children, com-
pared to adults, because 56% of the subjects who had viral 
load testing had HCV viral loads ≤ 600,00 and only 44% had 
viral loads > 600,000. The outcomes of therapy genotypes 
1–4 were similar to or better than those seen in adults: 53% 
SVR12 in genotype 1 (42% for adults), 93% for genotypes 
2–3 and 80% (4 of 5 cases) for genotype 4. Less than 3% of 
the subjects had to stop therapy because of adverse clinical 
findings or laboratory results, although many had adjust-
ment for cytopenias. 

These two studies had outcomes broadly equivalent or 
better than those seen in adults (Sokal et al., 2010; Wirth et 
al., 2010).

4c.  Pregnant and lactating mothers

Ribavirin is teratogenic, requiring strict adherence to birth 
control for both men and women receiving this drug. It is 
not known whether ribavirin is contained in sperm and if 
 ribavirin-containing sperm might exert teratogenic effects 

after fertilization of ova. However, because of the potential 
human teratogenic effects of ribavirin, male patients should 
be advised to take every precaution to avoid risk of preg-
nancy for their female partners. Because of the teratogenicity 
of ribavirin, no studies have been done on pregnant or lactat-
ing women, or in children < 6 years old. 

There is little information regarding the safety of interfer-
ons for pregnant women or animals, although some increase 
in spontaneous abortions was observed in animals. Hiratsuka 
and colleagues (2000) report in detail a woman who inad- 
vertently received interferon when pregnant and who deliv-
ered a healthy child; they also cite another 25 similar cases, 
also with good outcomes. Sandberg-Wollheim et al. (2005) 
reported similar findings in a group of 31 pregnant mothers, 
except that there was a statistically insignificant increase in 
spontaneous abortions. Given this information, pregnant 
women should not be treated with interferon unless the 
expected benefits outweigh possible effects on the pregnancy 
or fetus. 

4d.  Those requiring altered dosages

Dose modifications may be required owing to serious adverse 
reactions or laboratory abnormalities during treatment with 
pegylated interferon alpha, with or without combination with 
ribavirin. Common toxicity-related events requiring dose 
reduction include abnormalities in hemoglobin, neutro phils, 
white blood cells, and platelets as well as interferon- mediated 
neuropsychiatric toxicities. Dose adjustments differ for the 
two different forms of pegylated interferons. The various dose 
modification guidelines for pegylated interferon alpha 2a 
and 2b are shown in Table 260.3, Table 260.4, and Table 260.5. 

PATIENTS WITH IMPAIRED RENAL FUNCTION

The size differences in the pegylated moieties of pegylated 
interferon alpha 2a (40 kDa) and 2b (12 kDa) results in dif-
ferences in renal and hepatic clearance between the two mol-
ecules. Given its larger size, pegylated interferon alpha 2a is 
cleared to a greater extent by the liver than the smaller 
pegylated interferon alpha 2b, which is cleared to a greater 
extent by the kidney (30% of clearance).

Dosing alterations in the setting of impaired renal func-
tion vary by type of interferon. For subjects receiving 
pegylated interferon alpha 2a with end-stage renal disease 
requiring hemodialysis, a dose reduction to 135 µg is recom-
mended (peginterferon alpha 2a, product monograph, 2009). 
For subjects receiving pegylated interferon alpha 2b with 
moderate renal dysfunction (creatinine clearance: 30–50 ml/
minute), the dose should be reduced by 25% (peginterferon 
alpha 2b, product monograph, 2009). For subjects receiving 
pegylated interferon alpha 2b with severe renal dysfunction 
(creatinine clearance: 10–29 ml/minute), including those 
on hemodialysis, the dose should be reduced by 50% (peg-
interferon alpha 2b, product monograph, 2001). It should 
be noted that ribavirin should not be administered to patients 
with creatinine clearance < 50 ml/minute.
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PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Dosing alterations in the setting of impaired hepatic func-
tion vary by type of interferon. In subjects receiving pegylated 
interferon alpha 2a, if alanine aminotransferase (ALT) is 
progressively increasing despite dose reduction or increased 
ALT is accompanied by increased bilirubin or evidence of 
hepatic decompensation, therapy should be immediately 
discontinued. In patients with chronic HCV with progressive 
ALT increases above baseline values, the dose of pegylated 
interferon alpha 2a should be reduced to 135 µg and frequent 
liver function tests should be monitored frequently.

In patients with chronic HBV with elevations in ALT > 5 
times the upper limit of normal, more frequent monitoring 
of liver function should be performed and consideration be 
given to either reducing the dose of pegylated interferon 
alpha 2a to 135 µg or temporarily discontinuing therapy.

In the setting of HCV or HBV, after pegylated interferon 
alpha 2a dose reduction or withholding, therapy can be 

resumed after ALT flares subside. For patients with persistent, 
severe HBV flares (ALT 10 times the greater upper limit of 
normal), consideration should be given to discontinuation 
of treatment.

There are no recommendations for dose reduction or dis-
continuation of pegylated interferon alpha 2b among patients 
with impaired liver function.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

Pegylated interferon alpha 2a and 2b have no oral bioavail-
ability and are therefore most commonly administered 
 subcutaneously, although both drugs can be administered 
intramuscularly. Without direct testing it was assumed these 

Table 260.3. Guidelines for modifying or stopping pegylated IFN alpha 2a for hematological toxicity in HCV treatment.

Laboratory values Pegylated interferon alpha 2a Ribavirin

Hemoglobina < 10 g/dl Maintain 180 µg Reduce to 600 mg/day

Hemoglobina < 8.5 g/dl Maintain 180 µg Discontinue

Neutrophil < 750/mm3 Reduce to 135 µg Maintain dose

Neutrophil < 500/mm3 Discontinue until ANC values return to more than 1000/mm3; reinstitute at 90 µg  
and monitor neutrophil count

Maintain dose

WBC < 1.5 × 109/l Maintain 180 µg Maintain dose

WBC < 1.0 × 109/l Maintain 180 µg Maintain dose

Platelet ≥ 50,000/mm3 Maintain 180 µg Maintain dose

Platelet < 50,000/mm3 Reduce to 90 µg Maintain dose

Platelet < 25,000/mm3 Discontinue Maintain dose

aFor patients with a history of stable cardiac disease receiving pegylated interferon alpha 2a in combination with ribavirin, the ribavirin dose should be reduced 
by 200 mg/day if a > 2 g/dl decrease in hemoglobin is observed during any 4-week period. Ribavirin should be permanently discontinued if patients have 
hemoglobin levels < 12 g/dl after this ribavirin dose reduction.

Abbreviations: ANC: absolute neutrophile count; WBC: white blood cells.
Source: Peginterferon alpha 2a, product monograph (2009).

Table 260.4. Guidelines for modification or discontinuation of pegylated interferon alpha 2b for 
hematological toxicity during HCV treatment.

Laboratory values Pegylated interferon alpha 2b Ribavirin

Hemoglobina < 10 g/dl Maintain dose Reduce by 200 mg/day

Hemoglobina < 8.5 g/dl Discontinue Discontinue

Neutrophil < 750/mm3 Reduce dose by 50% Maintain dose

Neutrophil < 500/mm3 Discontinue Discontinue

WBC < 1.5 × 109/l Reduce dose by 50% Maintain dose

WBC < 1.0 × 109/l Discontinue Discontinue

Platelet < 80,000/mm3 Reduce dose by 50% Maintain dose

Platelet < 50,000/mm3 Discontinue Discontinue

aFor patients with a history of stable cardiac disease receiving PegIntron in combination with ribavirin, the PegIntron 
dose should be reduced by half and the ribavirin dose by 200 mg/day if a > 2 g/dl decrease in hemoglobin is 
observed during any 4-week period. Both PegIntron and ribavirin should be permanently discontinued if patients 
have hemoglobin levels < 12 g/dl after this ribavirin dose reduction.

Abbreviation: WBC: white blood cells.
Source: Peginterferon alpha 2b, product monograph (2009).



4414 Interferon Alpha

IFNs are ~ 100% absorbed and spread widely throughout the 
subject (see section 5b, Drug distribution).

5b.  Drug distribution

PEGYLATED INTERFERON ALPHA 2A AND 2B ALONE 
AND WITH RIBAVIRIN

After subcutaneous injection, standard (unpegylated) 
interferon alpha is rapidly absorbed (absorption half-life: 
2.3 hours), reaches plasma maximum concentration (Cmax) 
within 1–8 hours, is widely distributed throughout body flu-
ids and tissues, and is rapidly metabolized and cleared by the 
kidneys (Wills et al., 1984; Wills, 1990; Table 260.6). These 
variables lead to rapid elimination (elimination half-life: of 
3–8 hours) and undetectable concentrations in the serum 
within 24 hours of administration (Wills et al., 1984; Wills, 
1990). The pharmacokinetic properties of interferon alpha 

certainly suggested that the thrice-weekly dosing regimen 
was suboptimal, especially given that there are two consecu-
tive days each week when patients have no detectable levels 
of the administered medication. With this in mind, pegyla-
tion technology was applied to improve the  pharmacokinetics 
and pharmacodynamics of interferon alpha to avoid large 
fluctuations in serum concentrations and to improve the 
inconvenient dosing regimen.

Pegylated interferon alpha 2a (Pegasys, Roche) is mono-
pegylated and contains a 40-kDa branched PEG molecule, 
which can exist as four major positional isomers at the 
Lys31,Lys121,Lys131, and Lys134 positions of interferon alpha 
(Bailon et al., 2001). In healthy volunteers, a single dose of 
180 µg produces a mean maximum serum concentration of 
14.2 µg/l, which is reached in a mean time (tmax) of 78 hours 
(Algranati et al., 1999). In patients with chronic HCV receiv-
ing multiple doses of pegylated interferon alpha 2a (180 µg 
once weekly), the Cmax and tmax values are 25.6 µg/l and 45 

Table 260.5. Guidelines for modification or discontinuation of pegylated interferon (PEG-IFN) alpha 2a and 2b and for scheduling visits for 
patients who are depressed and have HCV infection.

Depression 
severitya

Initial management (4–8) weeks Depression

Dose modification Visit schedule Remains stable Improves Worsens

Mild No change Evaluate once weekly 
by visit and/or phone

Continue weekly visit 
schedule

Resume normal visit 
schedule

See moderate or 
severe depression

Moderate PEG-IFN alpha 2a, once 
weekly: reduce dose 
to at least 135 µg (in 
some) cases dose 
reduction to 90 µg 
may be needed)

Discontinue PEG-IFN 
and RBV permanently

Obtain immediate psy- 
chiatric consultation

Evaluate once weekly 
(office visit at least 
every other week

Consider psychiatric 
consultation; 
continue reducing 
dosing

If symptoms improve 
and are stable for 4 
weeks, may resume 
normal visit schedule; 
continue reducing 
dosing or return to 
normal dose

See severe 
depression

Severe Discontinue PEG-IFN 
and RBV immediately 
and permanently; 
psychiatric consul-
tation as needed

Psychiatric therapy as 
necessary

Psychiatric therapy as 
necessary

Psychiatric therapy 
as necessary

*See DSM-IV for definitions.
Abbreviation: RBV: ribavirin
Source: Peginterferon alpha 2a, product monograph (2009) and peginterferon alpha 2b, product monograph (2009).

Table 260.6. Pharmacokinetic properties of interferon and pegylated interferon alpha 2a and 2b.

Interferon alpha 2a
Pegylated interferon 
alpha 2a (40 kDa) Interferon alpha 2b

Pegylated interferon 
alpha 2b (12 kDa)

Volume of distribution (Vd) 31–731 8–121 1.41/kg 0.99 l/kg

Clearance (Cl) 6,600–29,200 ml/hour 60–100 ml/hour 231.2 ml/h/kg 22.0 ml/h/kg

Absorption half-life (t½abs) 2.3 hours 50 hours 2.3 hours 4.6 hours

Elimination half-life (t½) 3–8 hours 65 hours 4 hours 40 hours

Time to maximum concentration (tmax) 7.3–12 hours 80 hours 7.3–12 hours 15–44 hours

Peak to trough ratio ∞ 1.5–2.0 ∞ > 10

Source: Data compiled from Glue et al. (2000a) and Harris et al. (2001). Doses of IFN-alpha 2a and pegylated IFN-alpha 2a and 2b were not provided.
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hours, respectively (Modi et al., 2000a). Pegylated interferon 
alpha 2a demonstrates an increased absorption (50 vs. 2.3 
hours) and elimination half-life (65 vs. 3–8 hours) compared 
with standard interferon alpha 2a (Harris et al., 2001; Table 
260.6). Between 5 and 8 weeks after the initiation of therapy, 
a steady state is achieved, and the ratio of serum peak to 
trough concentrations of pegylated interferon alpha 2a is 
1.5–2.0, indicating sustained serum drug concentrations 
during the 1-week dosing interval. The mean terminal half-
life is 80 hours, which is 16 times that of unmodified inter-
feron alpha 2a (5.1 hours). After the completion of a 48-week 
course of treatment with pegylated interferon alpha 2a (180 
µg once weekly), it takes 4–6 weeks for serum concentrations 
to become undetectable (Modi et al., 2000a). In contrast to 
unmodified interferon alpha, the biodistribution of pegylated 
interferon alpha 2a is restricted, with the highest concentra-
tions in the liver (Modi et al., 2000b). Clearance occurs via the 
kidney and the liver, although, given the large size of pegylated 
interferon alpha 2a, it is primarily cleared by the liver.

Pegylated interferon alpha 2b (PegIntron, Merck) is also 
monopegylated but is covalently attached to a smaller (12-
kDa) linear PEG molecule. Given the smaller size of the PEG 
chain, pegylated interferon alpha 2b generally exists as one 
of 14 monopegylated positional isomers attached to nucleo-
philic amino acids of interferon, including lysine, serine, 
tyrosine, histidine, and N-terminal cysteine (Grace et al., 
2001). Similar to pegylated interferon alpha 2a, pegylated 
interferon alpha 2b has an improved mean absorption (4.6 
vs. 2.3 hours) and elimination t½ (40 vs. 4 hours) compared 
with standard interferon alpha 2b after a subcutaneous dose 
(Glue et al., 2000a; see Table 260.6). In addition, at therapeu-
tic doses, pegylated interferon alpha 2b demonstrates 10-fold 
greater peak levels than unmodified interferon alpha 2b 
(Glue et al., 2000a). The serum tmax of pegylated interferon 
alpha 2b ranges from 15 to 44 hours. These peak concentra-
tions are generally sustained for up to 48–72 hours (Glue et 
al., 2000a; Glue et al., 2000b). In patients with chronic HCV 
infection, the mean t½ is 40 hours. Because pegylated inter-
feron alpha 2b is widely distributed throughout the body 
fluids and tissues (volume of distribution [Vd] is 1.4 l/kg) 
and because as Vd depends on the individual’s body weight, 
weight-based dosing is recommended (Lindsay et al., 2001).

Co-administration of pegylated interferon with ribavirin 
does not affect the pharmacokinetics of ribavirin, and simi-
larly, there is no evidence to suggest that ribavirin influences 
the pharmacokinetics of pegylated interferon (Glue et al., 
2000b). In subjects treated with 600, 800, and 1000–1200 mg 
ribavirin daily (in combination with pegylated interferon 
alpha 2b), the mean plasma Cmax for ribavirin in week 1 were 
741, 799, and 1101ng/ml, respectively, whereas the tmax 
occurred between 1 and 2 hours after dosing. Mean plasma 
Cmax for ribavirin in week 4 were 1770, 2297, and 2750 ng/ml 
for subjects treated with 600, 800, and 1000–1200 mg riba-
virin daily (in combination with pegylated interferon alpha 
2b), respectively. Apparent ribavirin clearance appears to be 
consistent (23–26 l/hour) across all dosing groups (Glue et 
al., 2000b).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

GENERAL PHARMACOKINETICS

The pegylation of both interferon alpha 2a and alpha 2b has 
considerably improved the pharmacokinetic profile of both 
molecules. In addition, there seems to be no pharmacologic 
interaction between pegylated interferon and ribavirin that 
would require adjustment of dosing regimens. However, there 
are subtle differences in the pharmacokinetic and pharmaco-
dynamic properties of each pegylated interferon molecule. 
Pegylated interferon alpha 2b reaches peak concentrations 
more quickly than pegylated interferon alpha 2a; however, 
it is also cleared more rapidly and has a shorter absorption 
and elimination half-life. This results in more sustained 
serum concentrations of pegylated interferon alpha 2a over 
the dosing period compared with pegylated interferon alpha 
2b. Pharmacodynamic data suggest that pegylated inter-
feron alpha 2b has greater activity as measured by interferon 
response gene profiling (Grace et al., 2001), which is sup-
ported by the only in vivo randomized comparison of these 
two agents without the addition of ribavirin (Silva et al., 
2006). However, because similar response rates have been 
observed in clinical trials of both these agents (McHutchison 
et al., 2009), their differing pharmacokinetic and pharmaco-
dynamic profiles appear to be clinically insignificant.

HEPATITIS C VIRUS INFECTION

An appreciation of the pharmacodynamic effects of pegylated 
interferon for the treatment of HCV infection requires an 
understanding of the HCV steady-state kinetics in chron-
ically infected patients, which has been elucidated using 
mathematical models of viral decay during therapy with 
interferon alpha therapy (Neumann et al., 1998). The liver 
of an individual infected with HCV is composed of infected 
and uninfected hepatocytes (see Figure 260.1). Infected 
hepatocytes are the site of HCV replication and continuously 
produce virions, which pass into the peripheral circulation, 
to infect naive hepatocytes. Cell death of both infected and 
uninfected hepatocytes also occurs via apoptosis. In the 
liver and the periphery, circulating virions are continuously 
degraded via unknown mechanisms in immunologically 
protected compartments. Thus during chronic infection 
with HCV, the steady-state viral kinetics are characterized by 
(1) an equilibrium between the death of infected hepatocytes 
and the infection of naive hepatocytes, leading to a pool size 
of infected cells that remains constant, and (2) an equilib-
rium between the release of newly produced HCV viral par-
ticles into the peripheral circulation and their subsequent 
degradation, resulting in an HCV viral load (the number of 
viral particles per milliliter plasma) that remains constant. 
With this in mind, the goal of therapy for HCV infection is 
to alter this equilibrium by promoting the clearance of 
HCV-infected cells and reducing HCV virion release into the 
peripheral blood. Once all infected cells have been cleared 
from the body, virologic cure is achieved.
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Mathematical modeling of the first phase of viral decline 
during therapy for HCV suggests that interferon alpha elicits 
its antiviral effects by directly inhibiting HCV viral replica-
tion (Neumann et al., 1998). However, the absence of a suit-
able cell model precluded the confirmation of this hypothesis. 
In 1999, the development of an in vitro subgenomic HCV 
replicon cell model (Lohmann et al., 1999) represented a 
major advance in the HCV field, and subsequent studies 
using this in vitro cell model showed unequivocally that 
interferon acted by directly inhibiting HCV replication 
(Frese et al., 2001; Guo et al., 2001; Lanford et al., 2003). This 
led to further studies demonstrating a direct antiviral effect 
of interferon alpha on HCV replication in assays of virus 
productive cell cultures (Lindenbach and Rice, 2005) and in 
primary cultures of normal human hepatocytes (Castet et al., 
2002). However, the interferon-induced proteins and enzy-
matic pathways associated with the establishment of an anti-
viral state among infected and uninfected hepatocytes have 
not been completely elucidated (Feld and Hoofnagle, 2005).

Similarly, mathematical modeling suggests that the sec-
ond phase of viral decline during therapy with interferon 
alpha is a result of the clearance of infected hepatocytes from 
the peripheral circulation (Neumann et al., 1998). However, 
it is unclear whether the immunomodulatory effects of 
interferon alpha are associated with increased clearance of 
hepatocytes or whether interferon alpha acts solely as a direct 
inhibitor of viral replication. Thus the direct antiviral effects 
of interferon alpha remain elusive.

Ribavirin almost certainly has multiple effects on HCV 
infection, but which of the many potential mechanisms are 

relevant is unclear. Ribavirin is a synthetic guanosine analog 
(see Chapter 259, Ribavirin) that is activated via intracellular 
phosphorylation to its active form, ribavirin triphosphate. 
However, it is interesting, ribavirin monotherapy has only a 
moderate and transient dose-dependent inhibitory effect on 
HCV replication in vivo (Pawlotsky et al., 2004). Clinically, 
ribavirin acts to decrease relapse in subjects responding to 
combination therapy with ribavirin and interferon alpha 
(Bronowicki et al., 2006), which may be associated with a 
shortened half-life of HCV-infected cells in the presence of 
interferon alpha. However, a number of other mechanisms 
of action for ribavirin have been proposed. In vitro data sug-
gest that ribavirin has only a minimal direct impact on HCV 
replication, by weakly inhibiting the HCV RNA-dependent 
RNA polymerase (RdRp) which is required for the replica-
tion of HCV (Lau et al., 2002). Ribavirin also inhibits inosine 
monophosphate dehydrogenase (IMPDH), perhaps leading 
to the depletion of intracellular guanosine triphosphate 
(GTP), which is required for HCV viral RNA synthesis 
(Maag et al., 2001). Ribavirin may also have immunomodu-
latory effects, shifting the balance between T-helper types 1 
and 2 responses toward a type 1 response (Hultgren et al., 
1998), which is important in the eradication of HCV in both 
humans and chimpanzees (Neumann-Haefelin et al., 2005). 
Last, evidence from mathematical modeling of HCV viral 
kinetics during interferon alpha and ribavirin combination 
therapy suggests that ribavirin may render HCV virions less 
infectious (Dixit et al., 2004). Thus ribavirin may act to 
decrease the de novo susceptibility of uninfected hepato-
cytes, while interferon alpha inhibits virus production. It is 

Figure 260.1. Steady-state HCV kinetics during chronic infection, based on mathematical modeling of viral decay during 
interferon alpha therapy. (Data compiled from Neumann et al., 1998.)
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interesting that it has also been shown that ribavirin is an 
RNA mutagen and may increase the rate at which random 
nucleotide mutations are incorporated into the viral genome 
during HCV replication (Crotty et al., 2000). This may lead 
to a phenomenon called error catastrophe, in which there is a 
loss of viral fitness by the lethal accumulation of nucleotide 
mutations during HCV replication. However, no studies to 
date have demonstrated an increased mutagenesis of HCV 
during therapy with ribavirin (Chevaliez et al., 2005; 
Lutchman et al., 2004). Taken together, these data suggest 
ribavirin may act via a number of different mechanisms. 
Further research is required to fully understand the most 
important components attributable to the antiviral effect 
observed in the clinic.

HEPATITIS B VIRUS INFECTION

The pharmacodynamic effects of pegylated interferon for the 
treatment of HBV infection remain somewhat unclear; 
however, they may involve both immunomodulatory and 
anti viral components. A recent study analyzing pegylated 
interferon alpha 2b pharmacokinetics and viral kinetics in 
patients with HBeAg-positive chronic HBV infection showed 
a modest early median decline in HBV plasma viral load of 0.5 
log10 copies/ml over the initial 4 weeks of therapy in patients 
treated with pegylated interferon alpha monotherapy com-
pared with a decline of 2.9 log10 copies/ml in those treated 
with pegylated interferon alpha and lamivudine. Viral kinetic 
modeling in the pegylated interferon alpha monotherapy 
group demonstrated that mean maximal and mean antiviral 
effectiveness was 70% and 48%, respectively, with a mean 
infected cell loss rate of 0.07 per day; no significant biphasic 
decline was observed. The combination therapy group (PEG-
IFN alpha plus ribavirin) had considerably higher antiviral 
effectiveness variables. Despite these contrasting findings 
involving relatively limited early antiviral action of pegylated 
interferon monotherapy during the early weeks of therapy, 
there was no significant difference in primary outcomes of 
HBeAg seroconversion and HBV viral control 26 weeks 
posttreatment with 52 weeks of pegylated interferon alpha 
monotherapy versus pegylated interferon alpha and lamivu-
dine (ter Borg et al., 2007). A further viral kinetics study 
demonstrated that addition of pegylated interferon alpha 2b 
to lamivudine treatment did not enhance HBV antiviral 
activity or the decay rates of infected cells (Sypsa et al., 2005).

In relation to immunomodulatory effects of interferon, a 
recent study indicates that CD4+CD25+ regulatory T-cells 
(Treg) have an effect on HBV-specific responses and influ-
ence interferon-based treatment response. Among patients 
with HBeAg-positive HBV infection treated with pegylated 
interferon alpha monotherapy, the responders had increased 
HBV-specific T-helper cell proliferation compared with non-
responders. Before treatment, no differences were apparent 
in frequencies of CD4+CD25+ Treg between responders and 
nonresponders. However, during therapy, the frequency of 
CD4+CD25+ Treg increased in nonresponders, but not in 
responders. In contrast to the responders, the nonresponders 
showed a significant increase in the frequency of interleukin 
10–producing cells. The authors concluded that Treg may 

play an important role in HBV persistence during and after 
pegylated interferon alpha therapy (Sprengers et al., 2007).

The probable major immunomodulatory action of inter-
feron in HBV control together with the relatively limited 
early antiviral action makes prediction of the treatment 
response based on early changes in plasma concentrations 
of HBV DNA of little utility. Other markers of treatment 
response are therefore being examined, including quantita-
tive HBeAg and HBsAg monitoring.

5d.  Excretion

After subcutaneous injection, standard (unpegylated) inter-
feron alpha is rapidly absorbed and widely distributed 
throughout body fluids and tissues before being rapidly 
meta bolized and cleared by the kidneys, thereby leading to 
rapid elimination (Wills et al., 1984; Wills, 1990).

In contrast to unmodified interferon alpha, the biodis-
tribution of pegylated interferon alpha 2a is restricted. The 
highest concentrations are in the liver, and clearance is 
mainly via the kidney and the liver, although the large size 
of pegylated interferon alpha 2a means that it is primarily 
cleared by the liver (Modi et al., 2000b).

For pegylated interferon alpha 2b, renal clearance 
accounts for 30% of the dose, with the remainder degraded 
through interactions with cellular interferon receptors or via 
the liver.

5e.  Drug interactions

Pegylated interferon alpha has been reported to affect vari-
ous cytochrome P-450 (CYP) isoenzymes and therefore has 
the potential to cause drug interactions. However, in healthy 
volunteers, pegylated interferon alpha 2a 180 µg per week for 
4 weeks did not affect the pharmacokinetic profiles of vari-
ous drugs metabolized by CYP3A4, 2C9, 2C19, and 2D6 iso-
enzymes, but did increase the area under the curve (AUC) of 
theophylline (a CYP1A2 substrate) by 25–34% (peginter-
feron alpha 2a, product monograph, 2009). It is important 
to note that several studies in HCV-infected patients have 
demonstrated little or no effect of pegylated interferon alpha 
2a or 2b on methadone concentrations (Berk et al., 2007; 
Sulkowski et al., 2005). It is important that co-administration 
of pegylated interferon with ribavirin does not affect the 
pharmacokinetics of ribavirin and, similarly, there is no evi-
dence to suggest that ribavirin influences the pharmaco-
kinetics of pegylated interferon (Glue et al., 2000b).

6. ADVERSE REACTIONS AND TOXICITY

Adverse events affect virtually all patients who receive PEG-
IFN treatment. The most common side effects attributed to 
pegylated interferon include muscle aches (40–55%) and 
fatigue (65%) (Manns et al., 2001; peginterferon alpha 2b, 
product monograph, 2009; Fried et al., 2002; peginterferon 
alpha 2a, product monograph, 2009; Hadziyannis et al., 
2004). Flu-like symptoms (65%) and cytopenias (specifically 
neutropenia, 30%, and thrombocytopenia, 5%) are also 
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commonly observed. Interferon can also lead to neuro-
psychiatric side effects in those with and without preexisting 
psychiatric disease, including depression (20–30%), anxiety/
irritability (35–45%), sleep disturbance (30–40%), and diffi-
culty concentrating (10–15%) (Mulder et al., 2000; Trask et 
al., 2000; Ho et al., 2001; peginterferon alpha 2b, product 
monograph, 2009; peginterferon alpha 2a, product mono-
graph, 2009). This can be managed with medications such 
as selective serotonin reuptake inhibitors (Trask et al., 2000; 
Kraus et al., 2001). Other common side effects include 
anorexia (25–30%), nausea (25–40%), skin rash (10–25%), 
diarrhea (20%), arthralgias (25%), headaches (40–60%), and 
dizziness (15–20%).

With respect to ribavirin, the most commonly reported 
adverse event is hemolysis, which may lead to clinically sig-
nificant anemia (~10%) (Manns et al., 2001; Fried et al., 
2002; Hadziyannis et al., 2004). The majority of adverse 
events occurring with pegylated interferon and ribavirin 
subside after the cessation of treatment and can be managed 
with appropriate clinical monitoring and dose adjustments 
during therapy.

Ribavirin is also teratogenic, requiring strict adherence to 
birth control for both men and women receiving this drug. It 
is not known whether ribavirin is contained in sperm and 
if ribavirin-containing sperm might exert teratogenic effects 
after fertilization of ova. However, because of the potential 
human teratogenic effects of ribavirin, male patients should 
be advised to take every precaution to avoid risk of preg-
nancy for their female partners.

There does appear to be differences in the side effect pro-
file of interferon-based therapy for chronic HCV infection 
and chronic HBV infection, even when comparison is made 
of pegylated interferon monotherapy regimens. Based on 
pooled data from pegylated interferon alpha 2a mono-
therapy arms in five randomized controlled trials in HBV 
and HCV patients (48 weeks), differences were observed 
(HBV vs. HCV) in the incidence of adverse events (88–89% 
vs. 96–100%), serious adverse events (4–5% vs. 7–16%), and 
treat ment withdrawals (6–8% vs. 17–33%). Depression-
related events were also less common in HBV patients (4% 
vs. 22%), as was the impact of treatment on health-related 
quality of life (Marcellin et al., 2008). Although higher inci-
dence of adverse reactions in the HCV-infected patients 
might be in part attributable to demographic or co- morbidity 
differences, there are plausible explanations for the differen-
tial impact. For example, HCV is known to infect the central 
nervous system (CNS), potentially increasing susceptibility 
to neuropsychiatric adverse events (Fontana, 2000).

Exacerbations are common during pegylated interferon 
therapy of chronic HBV infection, generally characterized 
by transient elevations of the liver enzyme ALT. ALT eleva-
tions > 10-fold higher than the upper limit of normal are 
seen in approximately 15% and 10% of HBeAg-negative 
and -positive patients, respectively, treated with pegylated 
interferon alpha 2a (peginterferon alpha 2a, product mono-
graph, 2002). Some episodes of worsening hepatitis (a “flare”) 
have been associated with impairment of hepatic function; 

therefore more frequent monitoring of hepatic function is 
required in the setting of ALT exacerbations. Dose modifi-
cation or discontinuation may be required, particularly if 
evidence of some hepatic synthetic function impairment is 
present.

It is not recommended to treat patients with either chronic 
HBV or HCV infection who have hepatic decompensation or 
significantly impaired hepatic synthetic function (cirrhosis 
Child’s B and C stages) with pegylated interferon due to 
increased toxicity, including hematologic and infection- 
related events. In addition, patients who develop hepatic 
decompensation during pegylated interferon therapy should 
discontinue treatment (peginterferon alpha 2a, product 
monograph, 2002). However, pegylated interferon therapy 
can be used for chronic HBV and chronic HCV patients with 
compensated cirrhosis.

7.  CLINICAL USES OF THE DRUG

Pegylated interferon alpha is primarily used for the treat-
ment of HBV and HCV infections.

7a.  Chronic HCV infection

The clinical management of chronic HCV infection requires 
an understanding of the natural history of infection. The 
clinical course of chronic HCV infection generally unfolds 
over several decades and the majority of individuals do not 
manifest symptoms that can be clearly linked to the infection 
(see Figure 260.2). Chronic HCV infection is defined by the 
persistence of HCV RNA ≥ 6 months beyond initial expo-
sure. Subsequent to infection with HCV, the serum HCV 
RNA concentration (HCV viral load) will generally stabilize 
between 5 and 7 log10 and will remain relatively constant for 
decades, whereas the serum ALT levels often fluctuate (Alter 
et al., 1992; Inglesby et al., 1999; Thomas et al., 2000b). The 
most important sequelae of chronic HCV infection are pro-
gressive liver fibrosis, leading to cirrhosis, end-stage liver 
disease, and hepatocellular carcinoma (HCC).

Despite the fact that there may be very few clinical symp-
toms and signs of liver progression before the development 

Figure 260.2. Natural history of chronic HCV infection. 
(Data compiled from Seeff, 2002.)
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of end-stage liver disease, histopathologic evidence of pro-
gression can be identified earlier. The gold standard for the 
assessment of the extent of liver disease is the liver biopsy 
(Seeff and Hoofnagle, 2003; Strader et al., 2004), which pro-
vides important information on inflammation and fibrosis 
occurring in the liver. During persistent HCV infection, 
there is a chronic inflammatory response that is associated 
with the development of fibrosis (Kiyosawa et al., 1990; 
Perrillo, 1997). Fibrosis will often progress to cirrhosis, even-
tually leading to end-stage liver disease or HCC (Goodman 
and Ishak, 1995). However, disease progression is affected by 
a number of factors and not all chronically infected patients 
follow this sequence of events, and those who do progress do 
so over 20–40 years or even longer.

Factors associated with accelerated progression of HCV-
related liver disease include older age at infection (Poynard et 
al., 1997; Thomas et al., 2000a; Alberti et al., 2002), male sex 
(Poynard et al., 1997), HIV co-infection (Eyster et al., 1994; 
Darby et al., 1997; Soto et al., 1997; Pol et al., 1998; Benhamou 
et al., 1999; Lesens et al., 1999; Garcia-Samaniego et al., 2001; 
Graham et al., 2001; Kim et al., 2001; Monga et al., 2001; 
Ragni and Belle, 2001), nonalcoholic steatohepatitis (Adinolfi 
et al., 2001; Hui et al., 2003), and heavy alcohol intake (Fong 
et al., 1994; Coelho-Little et al., 1995; Corrao and Arico, 
1998; Ostapowicz et al., 1998; Pessione et al., 1998). Perhaps 
the most important predictor of fibrosis progression is the 
age at which infection occurs (Poynard et al., 1997; Thomas 
et al., 2000a; Alberti et al., 2002). Overall, the progression of 
chronic HCV is highly variable and depends on a number 
of host and environmental factors.

The goals of treatment for chronic HCV infection are to 
achieve an SVR, defined as the absence of viremia 24 weeks 
after the end of therapy. A recent analysis of 863 patients who 
received sofosbuvir, with or without interferon, has shown 
complete concordance between SVR at 24 weeks and SVR 
defined at 12 weeks after treatment (Yosihida, et al., 2015).  
In most cases, viral eradication from the serum and the 

intrahepatic reservoirs remains durable over the long term, 
given that 95–98% of these individuals will remain aviremic 
after an SVR is achieved (McHutchison et al., 2002; Veldt  
et al., 2004), consistent with a virologic cure (Fontaine et  
al., 2001). The long-term outcomes of an SVR include the 
normalization of ALT liver enzymes (Manns et al., 2001), 
improvement in hepatic necroinflammation and fibrosis stage 
(Manns et al., 2001), improvement in health-related quality 
of life (Bernstein et al., 2002), a decreased incidence of hepato-
cellular carcinoma (Hung et al., 2006), and improved survival 
(Yoshida et al., 2002), including patients with advanced 
hepa tic fibrosis (van der Meer, et al., 2012).

The indications and contraindications for treatment can-
didacy are shown in Table 260.7.

Individuals in other stages (e.g. with persistently normal 
liver function tests) may also undergo treatment, particularly 
if symptomatic or there is potential concern in regard to 
infectiousness. Liver biopsy staging of disease has been an 
important tool for clinical management; individuals who have 
greater disease activity and liver damage are more strongly 
recommended for treatment. However, in recent years pre-
treatment liver biopsy staging has been less used, particularly 
in patients with favorable treatment characteristics (e.g. gen-
otype 2/3). Alternative methods of liver disease staging, such 
as biochemical markers and evaluation of liver stiffness using 
transient elastography (Fibroscan) that correlates with histo-
logical staging, are increasingly used.

UNPEGYLATED INTERFERON ALPHA AND  
RIBAVIRIN

Early trials of interferon alpha for the treatment of HCV 
infection began in 1986 when the causative agent had not 
yet been discovered. As such, nothing was known of the 
suspected viral characteristics that would assist in drug 
design and there was no way of evaluating antiviral activity. 
However, given its activity against a wide spectrum of hepa-
titis viruses (including hepatitis A, B, and Delta viruses), 

Table 260.7. Indications and contraindications for the treatment of HCV infection.

Indications Contraindications 

Detectable HCV RNA in serum Hepatic decompensation (Child-Pugh score > 6 [class B and C]) in cirrhotic CHC 
patients before or during treatment 

Evidence of chronic hepatitis (often identified by 
elevations in serum ALT levels or the presence  
of necroinflammatory activity and fibrosis on liver 
biopsy)

Hypersensitivity to ribavirin, pegylated interferon, or any other component of 
the product

Autoimmune hepatitis

Cytopenias (anemia, neutropenia, thrombocytopenia)

Heavy alcohol intake

Active psychiatric disorders

Frequent (≥ daily) injection drug use

Pregnancy

In men whose female partners are pregnant

Hemoglobinopathies (e.g. thalassemia major, sickle cell anemia)

Creatinine clearance < 50 ml/minute

Abbreviations: HCV: hepatitis C virus; CHC: chronic hepatitis C; ALT: alanine aminotransferase.
Source: Data compiled from peginterferon alpha 2b, product monograph (2009); peginterferon alpha 2a, product monograph (2009).
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recombinant human interferon alpha was a natural choice as 
a possible agent for the treatment what would soon be known 
as HCV. This led to a small pilot study that evaluated various 
doses of recombinant human interferon alpha (0.5–5 million 
units) for 48 weeks in 10 patients with unknown HCV infec-
tion (Hoofnagle et al., 1986). A significant decline in ALT 
was observed in 8 of 10 subjects and a significant improve-
ment in hepatic histology was documented in the three sub-
jects having undergone liver biopsies. It is interesting that a 
20-year followup study of this cohort demonstrated that 5 of 
10 patients had no detectable HCV RNA and had achieved 
an SVR after treatment (Lau et al., 1998). Although this 
response rate (50%) was higher than was seen in subsequent 
studies (12–16%), it could likely be attributed to the young 
age, mild to moderate degree of fibrosis, and high proportion 
of subjects infected with HCV genotypes 2/3, all of which 
are factors associated with improved response to interferon 
alpha (McHutchison et al., 1998; Poynard et al., 1998).

This led to a number of randomized controlled trials 
investigating the optimal dosing and duration of interferon 
alpha for the treatment of chronic HCV infection (Poynard 
et al., 1996; Lindsay, 1997). Based on data from these studies 
and a meta-analysis of randomized trials of interferon alpha 
(Poynard et al., 1996), the first NIH Consensus Development 
Conference on Management of Hepatitis C, held in 1997, 
recommended interferon alpha at a dose of 3 million units 
three times a week for 48 weeks as the standard treatment for 
chronic HCV infection (NIH, 1997). However, SVR rates 
of only 12–16% were observed with this schedule (Lindsay, 
1997), outlining a clear need to develop other therapies that 
could improve treatment outcomes.

Efforts to find other therapies to supplement interferon 
led to the testing of a number of investigational agents in 
humans, including the nucleoside analog ribavirin, known 
to have a broad spectrum of activity against many RNA 
and  DNA viruses. The first clinical trial of ribavirin was 
conducted in 1991 (Reichard et al., 1991) and significant 
reductions in serum ALT levels were observed, suggesting 
a  bio chemical response during ribavirin treatment. Unfor-
tunately, subsequent studies demonstrated that, although 
ribavirin improved ALT levels, there was little impact on 
viral replication (Di Bisceglie et al., 1992; Reichard et al., 
1993; Dusheiko et al., 1996). Although this tempered initial 
enthusiasm for this drug, Brillanti et al. (1994) had already 
initiated a study to investigate the efficacy of interferon alpha 
in combination with ribavirin (Brillanti et al., 1994). Overall, 
40% of subjects receiving combination therapy with inter-
feron alpha and ribavirin achieved an SVR, compared with 
no subjects in the interferon alpha only arm.

These findings prompted the launch of several random-
ized controlled trials to evaluate the efficacy of interferon 
alpha and ribavirin combination therapy (McHutchison et 
al., 1998; Poynard et al., 1998). Response rates of 38–43% 
were achieved among subjects receiving 48 weeks of com-
bination therapy compared with only 13–19% of subjects 
receiving monotherapy with interferon alpha (McHutchison 
et al., 1998; Poynard et al., 1998).

PEGYLATED INTERFERON ALPHA AND RIBAVIRIN

Combination therapy with pegylated interferon and riba-
virin was the next advance in the treatment of chronic HCV 
infection (see Figure 260.3). As previously mentioned, the 

Figure 260.3. Development of 
therapy for chronic HCV with 
interferon and ribavirin. Sustained 
virological response rates have 
been improved from approximately 
5% with interferon (IFN) monother-
apy in the early 1990s to 60% with 
the optimized standard therapy of 
pegylated IFN (PEG-IFN) and 
ribavirin (RBV). (Adapted with 
permission from Manns et al., 
2006.) 
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most important therapeutic end point in subjects receiving 
combination therapy for chronic HCV infection is an SVR. 

In two large, randomized controlled trials, the rates of 
SVR after 48 weeks of treatment with pegylated interferon in 
combination with ribavirin were 54% and 56% compared 
with 44% and 47% with standard interferon and ribavirin 
and only 29% with pegylated interferon alone (Manns et al., 
2001; Fried et al., 2002). The SVR rates are much higher in 
individuals infected with HCV genotypes 2 or 3 (76%) than 
in those infected with genotype 1 (46%) (Fried et al., 2002; 
see Table 260.8). In a subsequent study evaluating various 
regimens of pegylated interferon and ribavirin showed that 
individuals infected with HCV genotype 2 or 3 require only 
24 weeks of treatment; similar SVR rates in those receiving 
24 (81–84%) or 48 weeks (79–80%) of treatment were noted 
(Hadziyannis et al., 2004; see Table 260.9). In addition to 
genotype, factors associated with higher SVR include lower 
baseline viral load, lower body weight, younger age, and less 
severe hepatic fibrosis (Manns et al., 2001; Fried et al., 2002; 
Hadziyannis et al., 2004). A large randomized, controlled 
trial of 3070 HCV genotype 1 subjects compared flat dosing 
of 180 µg of pegylated interferon alpha 2a (1000–1200 mg of 
weight-based ribavirin [RBV]), weight-based dosing of 1.0 
µg/kg/week pegylated interferon alpha 2b (800–1400 mg of 
weight-based RBV), and weight-based dosing of 1.5 µg/kg/
week pegylated interferon alpha 2b (800–1400 mg of weight-
based RBV) (McHutchison, et al., 2009). These data demon-
strated comparable response rates between regimens, with 
41%, 38%, and 40% of subjects in each arm, respectively, 
achieving an SVR.

Virologic testing of patients with known HCV infection 
has also become an important tool not only for the diagnosis 
of infection and the assessment of response to treatment but 
also for tailoring treatment for HCV based on the virologic 
response during therapy. HCV genotyping before the initia-
tion of pegylated interferon and ribavirin therapy provides 

an indication of the duration of therapy required, the dose of 
ribavirin, and the virologic monitoring procedure (Seeff and 
Hoofnagle, 2003). Based on the changes in plasma viral load 
during therapy (viral kinetics) for HCV, a number of viro-
logic monitoring markers can be used to determine the 
response to treatment (see Figure 260.4).

Virologic monitoring (of HCV viral load) during treat-
ment is of particular utility in individuals infected with less 
responsive genotypes (types 1 and 4) because only about half 
of subjects will respond to therapy. Early detection of patients 
with no response to treatment allows early discontinuation 
of treatment in those with a low chance of achieving an SVR, 
avoiding the toxicities and cost associated with the full dura-
tion of treatment. Viral load measurements are performed at 
baseline, week 4, and week 12 to better understand the viral 
kinetics of response to therapy (see Figure 260.4).

Among treated patients, one subset are null responders 
who do not achieve an EVR (undetectable or < 2 log decrease 
in HCV viral load by week 12). This group of nonresponders 
generally do not manifest further decreases in HCV viral 
load during continued therapy for 48 weeks and have almost 
no chance of achieving an SVR at 12 or 24 weeks after treat-
ment was stopped (Davis et al., 2003; Ferenci et al., 2005). 
Treatment discontinuation is recommended in this group 
(Seeff and Hoofnagle, 2003).

The second subset of patients are partial responders, who 
achieve a ≥ 2 log decrease in HCV viral load by week 12, but 
continue to have detectable HCV RNA by week 24. Partial 
responders also have a low likelihood of developing an SVR 
and treatment is generally discontinued (unless the goal of 
therapy is to slow the progression of disease in those with a 
poor prognosis) (Davis et al., 2003).

The third subset of nonresponders, termed relapsers, are 
those who achieve an end-of-treatment response (ETR), 
defined as undetectable plasma HCV RNA at the cessation of 
therapy, but do not go on to achieve an SVR. This occurs in 

Table 260.8. Sustained virological response to pegylated interferon (PEG-IFN) alpha 2a in chronic HCV infection.

PEG-IFN alpha 2a + RBV  
(n = 453)

IFN alpha 2a + RBV 
(n = 444)

PEG-IFN alpha 2a 
(n = 224)

All patients 56% 44% 29%

Genotype 1 46% 36% 21%

Genotypes 2 and 3 76% 61% 45%

Abbreviations: RBV: ribavirin; IFN: interferon.
Source: Data compiled from Fried et al. (2002), table 2.

Table 260.9. Sustained virological response to pegylated interferon (PEG-IFN) alpha 2a in chronic HCV infection according to duration of 
therapy and ribavirin (RBV) dose.

PEG-IFN alpha 2a + 
800 mg RBV, 

24 weeks (n = 214)

PEG-IFN alpha 2a + 
1000–1200 mg RBV, 
24 weeks (n = 288)

PEG-IFN alpha 2a + 
800 mg RBV, 

48 weeks (n = 365)

PEG-IFN alpha 2a + 
1000–1200 mg RBV, 
48 weeks (n = 444)

Genotype 1 29% 42% 41% 52%

Genotypes 2 and 3 84% 81% 79% 80%

Source: Data compiled from Hadziyannis et al. (2004). 
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only ~ 15% of subjects who achieve an ETR. The final subset 
of patients are those who are responders to therapy. Nearly 
always, this group achieves an SVR at 12 weeks after treat-
ment has ended and has a high likelihood of a sustained 
response to therapy that persists indefinitely.

Emerging data suggest that among individuals with an 
EVR, there is a further group of “super-responders,” who 
achieve a rapid virologic response (RVR) or undetectable 
HCV RNA by week 4. A rapid virologic response after 4 
weeks of therapy is predictive of an SVR during therapy (Jen-
sen et al., 2006). In addition, some data suggest that among 
individuals infected with genotypes 2 and 3, shorter treat-
ment durations may be possible among subjects achieving an 
RVR by week 4 (Dalgard and Mangia, 2006). If the duration 
of treatment could be shortened in some individuals, it 
would have a considerable impact on the management of 
HCV infection, allowing for therapy to be truncated in indi-
viduals experiencing side effects to therapy and reducing 
medical care costs.

The recommended regimen for pegylated interferon and 
ribavirin is weekly subcutaneous injections of pegylated 
interferon in combination with twice-daily oral doses of rib-
avirin (Seeff and Hoofnagle, 2003; Sherman et al., 2004). As 
mentioned previously, the recommended dose of pegylated 
interferon alpha 2a is 180 μg per week (Fried et al., 2002), 
and that of pegylated interferon alpha 2b is 1.5 μg/kg body 
weight per week (Manns et al., 2001). Ribavirin dosing varies 
according to the regimen of pegylated interferon (Table 
260.1 and Table 260.2). Individuals infected with genotype 2 
or 3 receiving pegylated interferon alpha 2a should receive 
800 mg of ribavirin, whereas individuals with HCV genotype 
1 should receive weight-based dosing (1000 or 1200 mg)  
(see Table 260.1). Individuals receiving pegylated interferon 
alpha 2b should receive weight-based dosing of ribavirin 
(800–1400 mg) (see Table 260.2), regardless of genotype. 

Therapy duration depends on genotype, with individuals 
infected with HCV genotype 2 or 3 requiring 24 weeks of 
therapy as compared to 48 weeks in individuals infected with 
HCV genotype 1. In a study of 210 patients with genotype 2 
or 3 HCV infection, all were treated for 4 weeks with inter-
feron plus ribavirin and then randomized to continue ther-
apy for a total of either 12 weeks, or the standard therapy 
of 24 weeks (Mecenate et al., 2010). The sustained virologic 
response rates were similar in the 12-week and 24-week 
groups (83% and 75%, respectively).

In addition to pegylated interferon alpha 2a and 2b, two 
novel forms of interferon had been developed for the treat-
ment of HCV infection: albumin–interferon alpha 2b (Osborn 
et al., 2002) and consensus interferon (Melian and Plosker, 
2001). Albumin–interferon is a recombinant single polypep-
tide molecule created by fusing the human serum albumin 
and interferon alpha 2b genes, yielding a molecule with the 
therapeutic properties of interferon and the long serum half-
life of human albumin. In a trial of 458 treatment-naive sub-
jects, similar SVR rates were observed in those receiving 
albumin–interferon alpha 2b 900 μg every 2 weeks (58.5%), 
1200 μg every 2 weeks (55.5%), 1200 μg every 4 weeks 
(50.9%), and pegylated interferon alpha 2a (57.9%, p = 0.64 
for overall test), suggesting similar efficacy to pegylated 
interferon alpha 2a but with an improved dosing schedule. 
However, due to pulmonary toxicity, development of this 
compound for HCV therapy ceased in 2010. 

Two studies have shown that combined ribavirin-interferon 
treatment of chronic HCV infection in children produces 
results similar to that of adults (Sokal et al., 2010; Wirth et al., 
2010). Sokal et al. (2010) reviewed their experience treating 
children aged 6–17 years old with HCV infection (genotypes 
1–6) with ribavirin and interferon. Of the 65 children treated 
for 24–48 weeks (depending on genotype), 55 were able to 
complete the course of therapy. The 10 patients discontinu- 

Figure 260.4. Response of HCV 
infection to interferon-based 
therapy. Abbreviations: ETR: 
end-of-treatment response; EVR: 
early virologic response; RVR: 
ribavirin; SVR: sustained virologic 
response.
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ing therapy did so because of adverse reactions (2) and fail-
ure to clear virus (8). A sustained virologic response was 
achieved in 57–89% of treated children, again depending on 
genotype. Similar good results were reported by Wirth et al. 
(2010).

7b.  Chronic HBV infection

Clinical management of chronic HBV infection (CHB) 
requires an understanding of its often complex and variable 
natural history. A major factor influencing the natural his-
tory of HBV infection is the age of the individual at exposure 
(see Table 260.10). The vast majority of infants (95%) who 
become infected through perinatal exposure develop chronic 
HBV infection, whereas only a minority of people (< 5%) 
infected through exposure at older ages progress to chronic 
infection.

Chronic HBV infection occurs when HBsAg is detectable 
for at least 6 months and is marked by variable liver inflam-
mation and alternating stages of disease inactivity and 
activity.

Chronic HBV infection can be categorized into four phases 
(see Figure 260.5):

Phase I: The immune tolerant phase is associated with high 
serum HBV DNA levels, HBeAg positivity, low levels of 
liver inflammation, generally normal liver enzyme levels, 
and a low risk of liver disease progression. In individuals 
infected in infancy or early childhood, this phase can last 
for 20–30 years or more; however, in adult-acquired dis-
ease, this phase may be very short. Spontaneous or treat-
ment induced loss of HBeAg is uncommon.

Phase II: With loss of immune tolerance, infected hepato-
cytes are recognized by the host and thus the immune 
clearance phase is characterized by declining but fluctuat-
ing levels of serum HBV DNA, loss of HBeAg and devel-
opment of anti-HBe antibody (HBeAg seroconversion), 
moderate to high levels of liver inflammation and liver 
enzymes, and often rapid liver disease progression. This 
phase can be protracted and associated with clinical hep-
atitis flares, including development of jaundice, although 
in many patients there are no clinical signs or symptoms. 
Many individuals remain HBeAg positive and have active 
liver inflammation for many years, which places them at 
risk for progressive liver injury and fibrosis. Therefore it is 
important to consider antiviral therapy for patients in this 

stage of CHB infection. Most patients will undergo HBeAg 
seroconversion and progress to HBeAg-negative chronic 
HBV infection, which is not a different disease from 
HBeAg-positive chronic HBV infection but rather a later 
stage or phase of the same chronic infection. Individuals 
with HBeAg-negative chronic HBV infection have lower 
HBV DNA levels than do their HBeAg-positive counter-
parts; they are older and some have more advanced liver 
disease.

Phase III: The immune controls phase occurs in individuals 
with successful HBeAg seroconversion and is associated 
with persisting HBsAg, undetectable to low levels of 
serum HBV DNA, and persistently normal liver enzyme 
levels. Depending on the extent of liver inflammation that 
occurred in the immune clearance phase, some patients 
have significant liver injury, including cirrhosis. However, 
others may exhibit low levels of liver inflammation and 
minimal liver disease. Individuals in this category need to 
be distinguished from those with persistently normal liver 
enzyme levels but high serum HBV DNA levels and 
HBeAg positivity, who are in the earlier, immune-tolerant 
phase of infection.

Phase IV: In the immune escape phase, some individuals who 
have been in the immune control phase can reactivate 
HBV infection. Reactivation is associated with increas-
ing HBV DNA levels and usually negative HBeAg with 
detectable anti HBe. Fluctuating serum enzymes levels 
are a consistent feature of this stage, and there is the 
potential for further liver disease progression. Therefore it 
is important to consider antiviral therapy for patients in 
this stage of CHB. Although immune escape occurs spon-
taneously in most patients, it has been well-recognized 
that pharmacological immune suppression (steroid ther-
apy, chemotherapy for malignancy) can lead to HBV 
reactivation.

The goals of CHB treatment are to eliminate or permanently 
suppress replication of the virus and reduce the risk of liver 
disease progression. Two major HBV therapeutic drug 
classes are the interferons and the nucleoside analogs (see 
Table 260.11). Treatment of chronic HBV infection is indi-
cated for people in a stage of CHB characterized by increased 
viral and necroinflammatory activity (immune clearance and 
immune escape stages). Individuals who are considered for 
treatment generally have liver inflammation, as demonstrated 
by elevated liver enzymes (e.g. ALT, aspartate transaminase 

Table 260.10. Impact of age at exposure on natural history of HBV infection.

Perinatal Childhood Adolescent/adult

Acute symptoms Rare Uncommon Common (30–50%)

Chronic infection 80–90% 30% < 5%

Immune tolerant phase Prolonged Variable Short

Risk of advanced liver disease (% of exposed) 20–30% 5–10% 1–2%

Risk of advanced liver disease (% of chronic) 20–30% 20–30% 20–30%

Source: Data compiled from Dienstag (2008).
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[AST]) and/or activity on liver biopsy of HBV DNA in serum 
> 2000 IU/ml (EASL, 2012).

Individuals in other stages (e.g. immune tolerance or 
immune control with persistently normal liver function 
tests) require ongoing monitoring for detection of increased 
disease activity. Liver biopsy staging of disease is generally 
considered an essential tool for clinical management, 

although many experts now use transient elastography 
although measurement accuracy may be affected by active 
liver inflammation. 

NONPEGYLATED INTERFERON ALPHA

Interferon alpha has been demonstrated to be effective in sup-
pressing HBV replication and reducing hepatic necroinflam- 

Table 260.11. Summary of major features of interferon and nucleoside therapy for chronic HBV infection.

Interferon therapy Nucleos(t)ide therapy

Mechanism of action Immune system enhancement Directly blocks replication

Approved agents Interferon alpha 2a Lamivudinea

Pegylated interferon alpha 2a Adefovira

Entecavira

Telbivudinea

Tenofovira

Duration of therapy 4–12 months > 12 months

Predictors of response High ALT level High ALT level

Low HBV DNA level Low HBV DNA level

Low HBeAg level

Genotype B and C

Major limitations Toxicity Resistance, particularly with lamivudine, adefovir, 
and telbivudine monotherapy

aSee relevant chapter for more detailed information about these nucleos(t)ide agents.
Abbreviations: ALT: ALT: alanine aminotransferase; HBV: hepatitis B virus; HBeAg: hepatitis B e antigen.

Figure 260.5. Natural history of chronic HBV infection. Acute HBV infection is followed by the HBeAg-positive immune- 
tolerant phase, which is characterized by high serum HBV DNA concentrations and low alanine aminotransferase (ALT) 
activity. ALT activity increases and serum HBV DNA concentrations decrease during the HBeAg clearance or seroconversion 
phase (HBeAg-positive chronic HBV infection), which may lead to HBeAg loss and development of its antibody, anti-HBe. 
Both ALT and HBV DNA concentrations remain low in the HBeAg-negative low-replicative phase (inactive chronic HBV carrier 
state). HBV may reactivate in a proportion of HBeAg-negative patients, resulting in high HBV replication and increased ALT 
activity, leading to the development of HBeAg-negative chronic HBV infection. The upper limit of normal (ULN) is 40 IU/l. 

4

6

8

10

200

150

100

50

0

2

Time

HBeAg+ HBeAg–/anti-HBe+

Immune-
tolerant
phase

Se
ru

m
 H

BV
 D

N
A

(lo
g 10

 IU
/m

l)
A

LT
 (I

U
/I

)

HBeAg-negative
chronic HBV

infection

HBeAg seroconversion
phase, HBeAg + chronic

HBV infection

Inactive chronic
HBV carrier

state

ULN



7. Clinical uses of the drug 4425

matory disease. Different dosage regimens have been evalu-
ated. The efficacy of interferon alpha 2a in HBeAg-positive 
chronic HBV infection patients was evaluated in a random-
ized controlled trial with four groups: three groups received 
either 2.5, 5.0, or 10.0 MU three times weekly by intramuscu-
lar injection for 12–24 weeks and a control group received no 
treatment. Patients were followed for up to 12 months after 
treatment was discontinued. The primary end point of 
HBeAg loss and HBV DNA suppression was higher among 
treated patients (37% vs. 13%) but not statistically significant 
between treatment groups (33%, 34%, and 43% for the 2.5, 
5.0, and 10.0 MU groups, respectively) (Thomas et al., 1994). 
The recommended dose of interferon-alpha for chronic HBV 
infection treatment is 5.0 MU daily or 10.0 MU thrice weekly 
for 16–24 weeks for HBeAg-positive patients and for 12 
months for HBeAg-negative patients (Lok and McMahon, 
2007).

Among HBeAg-positive chronic HBV infection patients 
with interferon-induced eAg clearance, this response is dura-
ble in 80–90% of cases over 4–8 years of followup (Lok and 
McMahon, 2007). HBeAg loss and seroconversion to anti-
HBe antibody are associated with delayed liver disease pro-
gression; however, the impact of treatment on the long-term 
natural history of chronic HBV infection needs to be out-
lined further.

PEGYLATED INTERFERON ALPHA

The favorable pharmacokinetic properties of pegylated inter-
feron, initially demonstrated in treatment of chronic HCV 
infection, led to evaluations of pegylated interferon alpha 2a 
and alpha 2b for chronic HBV infection therapy. An initial 
phase II study randomized patients to receive weekly sub-
cutaneous doses of pegylated interferon alpha 2a 90, 180, or 
270 μg or conventional interferon alpha 2a 4.5 MU three 
times weekly. After 24 weeks of therapy, subjects were fol-
lowed for 24 weeks treatment free. At the end of followup, 
HBeAg loss occurred in 37%, 35%, and 29% of patients 
receiving pegylated interferon alpha 2a 90, 180 and 270 μg, 
respectively, compared with 25% of patients on conventional 
interferon alpha 2a. The combined response (HBeAg loss, 
HBV DNA suppression, and ALT normalization) of all 
pegylated interferon alpha 2a doses combined was twice 
that achieved with conventional interferon alpha 2a (24% vs. 
12%) (Cooksley et al., 2003).

Separate large-scale phase III studies of the safety and effi-
cacy of pegylated interferon alpha 2a in HBeAg-positive and 

-negative chronic HBV infection were subsequently under-
taken. Both studies also evaluated the benefit of pegylated 
interferon alpha 2a and lamivudine combination therapy 
compared with randomized control groups of pegylated 
interferon alpha 2a (180 μg once weekly) plus oral placebo, 
pegylated interferon alpha 2a plus lamivudine (100 mg 
daily), or lamivudine alone. Patients were treated for 48 
weeks and followed for an additional 24 weeks. Among 
patients with HBeAg-positive chronic HBV infection, 
pegylated interferon alpha 2a demonstrated superior efficacy 
over short-term lamivudine, and there was no additional 
benefit found with pegylated interferon alpha 2a and lamivu-
dine combination therapy, although end of treatment viral 
suppression was greatest in the combination therapy group 
(Lau et al., 2005). The key primary end point parameters at 
week 72 for the HBeAg-positive study are shown in Table 
260.12 and Table 260.13.

In the HBeAg-negative trial, the overall findings were 
similar to the HBeAg-positive trial, with pegylated inter-
feron alpha 2a demonstrating superior efficacy over short-term 
lamivudine and no additional benefit found with pegylated 
interferon alpha 2a and lamivudine combination therapy 
(Marcellin et al., 2004). The higher rates of HBV DNA suppres-
sion and ALT normalization seen in the HBeAg-negative 
study with pegylated interferon alpha 2a regimens relate to 
lower baseline mean HBV DNA (107 vs. 1010 copies/ml) and 
mean ALT (97 vs. 111 U/l) in the HBeAg-negative trial 
population.

A similar phase III randomized controlled trial in HBeAg-
positive chronic HBV infection examined the safety and effi-
cacy of pegylated interferon alpha 2b, including combination 
therapy with lamivudine, although only two groups were 
included: pegylated interferon alpha 2b (100 μg/week) and 
lamivudine (100 mg/day) and pegylated interferon alpha 2b 
monotherapy (100 μg/week) for 52 weeks with 26 weeks 
posttreatment followup. During weeks 32–52 the pegylated 
interferon alpha 2b dose was 50 μg/week in both treatment 
groups. Rates of HBeAg loss were similar at end of followup 
(35–36%) (Janssen et al., 2005). The overall findings were 
therefore consistent with the pegylated interferon alpha 2a 
trial, with no benefit of combination therapy demonstrated. 
However, a significantly higher rate of HBeAg loss in the 
com bination therapy arm at the end of treatment (44 vs. 
29%) suggests that further prolongation of the nucleoside 
(lamivudine or others) component beyond 52 weeks may 
enhance HBV treatment response.

Table 260.12. Virological and biochemical responses in HBeAg-positive chronic HBV infection.

PEG-IFN alpha 2a 
(n = 271) (%)

PEG-IFN alpha 2a + lamivudine 
(n = 271) (%)

Lamivudine 
(n = 272) (%)

HBeAg seroconversion 32 27 19

HBV DNA suppression (< 105 copies/ml) 32 34 22

ALT normalization 41 39 28

HBsAg seroconversion  3  3  0

Abbreviations: PEG-IFN: pegylated interferon; HBeAG: hepatitis B e antigen; ALT: ALT: alanine aminotransferase; HBsAG: antigen hepatitis B surface antigen.
Source: Data compiled from Lau et al. (2005), table 2.
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Evaluation of factors determining the HBV response to 
treatment with pegylated interferon alpha is crucial, given 
the additional toxicity and safety monitoring requirements 
of this regimen compared with nucleos(t)ide analog therapy. 
Further analyses of the HBeAg-positive phase III trial of 
pegylated interferon alpha 2a showed that there were several 
independent predictors of a favorable treatment response 
(see Table 260.14).

The defined treatment duration of pegylated interferon 
alpha 2a (48 weeks) and the lack of HBV resistance develop-
ment are clear advantages compared with nucleoside (e.g. 
lamivudine) or nucleotide (e.g. tenofovir) analog therapy 
(Lau et al., 2005). Given favorable response factors, younger 
patients, particularly those with moderate to high ALT lev-
els, are often the subgroup selected for pegylated interferon- 
based therapy. The improved response rates among Asian 
patients (genotype B and C) make them a further population 
for consideration of pegylated interferon therapy.

In addition to selecting patients likely to have a good 
response to pegylated interferon therapy, development of 
on-treatment markers of response would further enhance 
clinical management of chronic HBV infection. Quantitative 
HBeAg has been examined as a potential marker of response 
among HBeAg-positive patients undergoing pegylated inter-
feron alpha 2a therapy (48 weeks). Among patients who lost 
HBeAg during treatment, levels of HBeAg consistently 
decreased during treatment and remained at their lowest 
level during the 24 weeks of posttreatment followup. In 
contrast, patients who had persistently high levels of HBeAg  
(≥ 100 PEIU/ml) at week 24 of treatment had a limited 
chance of HBeAg seroconversion (4%). For prediction of 
treatment response at 24 weeks posttreatment, the negative 
predictive value of a high HBeAg level at 24 weeks on 

treatment was higher than for HBV DNA (96% vs. 86%) 
(Fried et al., 2008).

There is considerable interest in quantification of HBsAg, 
the most commonly used diagnostic marker for HBV infec-
tion, which has been sparked by advances in the accuracy 
and availability of commercial assays, such as Architect 
HBsAg QT assay (Abbott Diagnostics, Abbott Park, IL, USA) 
and the Elecsys HBsAg II assay (Roche Diagnostics, Indian-
apolis, IN, USA). A retrospective analysis of the large trial of 
pegylated interferon with or without lamivudine (Lau et al., 
2005) showed high rates of HBeAg seroconversion in patients 
with HBsAg < 1,500 IU/ml at weeks 12 and 24 (56.7% and 
54.4%) compared to patients with HBsAg 1,500–20,000 IU/
ml (32.3% and 26.1%) or HBsAg < 20,000 IU/ml (16.3% and 
15.4%) (Piratvisuth et al., 2013). Sonneveld and colleagues 
(2013) found that HBsAg decline in HBeAg positive patients 
was genotype dependent; patients with genotypes A and B 
showed greater declines than genotypes C and D. 

For patients with HBeAg-positive CHB, loss of HBeAg 
is  an accepted treatment end point; this is not the case for 
HBeAg negative CHB patients. Furthermore, the side effects 
of pegylated interferon therapy deter many patients from 
this regimen, thus an individualized approach to treatment 
duration is desirable. Using HBsAg and HBV DNA levels at 
treatment week 12 of pegylated interferon therapy in patients 
with genotypes A, B, C, and D, a large validation study iden-
tified a high negative predictive value (100%) for patients with 
no decline in HBsAg and less than a 2 log decline in HBV 
DNA (Rijckborst et al., 2012). Overall sustained response rates 
ranged from 27–41%. The ability to identify patients early in 
treatment who are unlikely to have a sustained response may 
avoid unnecessary cost and side effects in this group. 

Durability of treatment response after pegylated inter-
feron alpha 2a therapy has also been evaluated in long-term 
followup studies of the phase III trials. At three years after 
treatment an intention-to-treat analysis of the pegylated 
interferon alpha 2a arms of the HBeAg-negative study 
showed that the rates of ALT normalization, HBV DNA sup-
pression (< 20,000 copies/ml), and HBsAg loss were 31%, 
30%, and 8%, respectively (Marcellin et al., 2007). Thus 
around one in three HBeAg-negative patients commenced 
on pegylated interferon alpha 2a would appear to gain long-
term HBV control and disease remission.

The recommended dose of pegylated interferon alpha 2a 
is 180 μg weekly for 48 weeks for both HBeAg-positive and 
-negative chronic HBV infection. However, similar responses 

Table 260.14. Factors predicting a favorable treatment response 
of chronic HBV infection to therapy with pegylated interferon 
alpha.

Younger age

Female gender

High baseline ALT

Low baseline HBV DNA

HBV genotype B or C

Abbreviations: HBV: hepatitis B virus; ALT: alanine aminotransferase.
Source: Data compiled from Bonino et al. (2007), table 3.

Table 260.13. Virologic and biochemical responses in HBeAg-negative chronic HBV infection.

PEG-IFN alpha 2a 
(n = 177)

PEG-IFN alpha 2a + lamivudine 
(n = 179) (%)

Lamivudine 
(n = 181) (%)

HBV DNA suppression (< 20,000 copies/ml) 43 44 29

ALT normalization 59 60 44

HBsAg seroconversion  3  2  0

Abbreviations: HBeAG: hepatitis B e antigen; HBV: hepatitis B virus; PEG-IFN, pegylated interferon; ALT: alanine aminotransferase; HBsAG: antigen hepatitis B 
surface antigen.

Source: Data compiled Marcellin et al. (2004), table 2.
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for 90 and 180 μg in the phase II trial and comparable 
responses with 24 weeks treatment in the phase II trial and 
48 weeks in the phase III trial have led to the suggestion that 
shorter duration and lower doses may be adequate, particu-
larly in HBeAg-positive patients (Lok and McMahon, 2007). 
A randomized controlled trial is currently under way to 
examine different dosing and duration strategies.

7c.  Chronic Hepatitis D (delta)  
virus infection

HDV is a defective or incomplete RNA virus that depends on 
HBV encapsidation to complete its life cycle; therefore, delta 
hepatitis occurs only in patients co-infected with HBV infec-
tion. HDV infection is common in areas of endemic HBV 
infection (Africa, Middle East, Eastern Europe, Southeast 
Asia and China) and has been associated with injection drug 
use (Gish et al., 2013; Abbas et al., 2010). HDV prevalence 
ranges from 7% in northern Europe (Cross et al., 2008) to as 
high as 70% in areas of Africa, South America and the Middle 
East (Makuwa et al., 2009; Viana et al., 2005; Somi et al., 2009). 
Epidemiological studies are limited by a lack of national 
screening programs in many countries. 

HDV is transmitted parenterally after exposure to blood; 
thus injection drug users represent the largest risk group in 
most countries. Sexual transmission can also occur. The out-
come of co-infection with HDV and HBV is largely deter-
mined by the host immune response to HBV, which is cleared 
in > 90% of adults, leading to HDV clearance (Buti et al., 
2011). In patients with chronic HBV (CHB) infection, expo-
sure to HDV leads to superinfection and usually chronic 
carriage of both viruses. HDV seems to dominate HBV and 
most patients are HBeAg negative with relatively low HBV 
DNA viral loads (Heidrich et al., 2009). In regard to HDV 
markers, anti HDV reflects exposure and is useful for initial 
screening but persists after HDV eradication. All patients 
with chronic HDV infection have detectable HDV RNA, and 
it may be useful to follow quantitative HDV RNA levels 
during antiviral therapy. 

A small proportion of patients with acute co-infection 
may have severe or fulminant hepatitis, for which no current 
antiviral therapy is effective (Cihan and Idilman, 2015). For 
patients with chronic HDV infection, treatment with either 
standard or pegylated interferon regimens has been investi-
gated, although the results have been generally disappoint-
ing. Many studies of pegylated interferon have been small, 
involving only 20–30 patients (Castelnau et al, 2006; Niro 
et  al, 2006; Erhardt et al, 2006). Recently, Wedemeyer and 
colleagues (2011) randomized 90 patients to pegylated inter-
feron apha-2a alone or combined with adefovir or to adefo-
vir alone, all for 48 weeks. Sustained virological response 
occurred in 31%, 26%, and 0% patients, respectively. Based 
on these studies, the standard of care for chronic HDV infec-
tion remains pegylated interferon (either alpha 2a or 2b) as 
monotherapy administered weekly for a minimum of 48 
weeks. Whether treatment beyond 48 weeks results in greater 
efficacy remains unproven. In the largest HDV treatment 

study to date, 120 European patients received pegylated 
interferon alone or in combination with tenofovir for 96 
weeks, but no benefit of prolonged treatment in preventing 
relapse was demonstrated (Wedemeyer et al., 2014). A Greek 
study has shown that interferon treatment of chronic HDV 
infection is associated with a significant reduction in liver- 
related events such as decompensation and transplantation 
(Manesis et al., 2013). Combining pegylated interferon with 
nucleoside or nucleotide analogs that are active against HBV 
infection is logical, but studies of combination therapy with 
lamivudine, adefovir, or tenofovir have not significantly 
improved HDV response rates compared to pegylated inter-
feron alone (Yurdaydin et al., 2008; Wedemeyer et al., 2011; 
Wedemeyer et al., 2014). This probably reflects the lack of 
NA effect on HBsAg production, which is the only HBV pro-
tein required for HDV to persist. Currently there are no 
drugs that specifically target HDV replication. Liver trans-
plantation with posttransplantation HBV prophylaxis is the 
only treatment available for patients with end-stage liver dis-
ease caused by HDV. 
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1. DESCRIPTION

After the discovery of the hepatitis C virus (HCV) in 1989 
(Choo et al., 1989), HCV drug development had been ham-
pered by the absence of a robust cell culture system for HCV 
infection. However, a number of virologic breakthroughs 
have led to a new age in rational drug design for HCV infec-
tion. These include the identification of an infectious HCV 
sequence in chimpanzees (Kolykhalov et al., 1997), replica-
tion of subgenomic HCV RNA in a human hepatoma cell 
lines (Lohmann et al., 1999), HCV replication in severe 
combined immunodeficiency (SCID) mice with chimeric 
human livers (Mercer et al., 2001) and the production of 
infectious HCV in tissue culture from a cloned viral genome 
(Wakita et al., 2005). These advances in molecular biology 
led to a paradigm shift from traditional high-throughput 
drug screening toward rational, structure-based drug design 
for the identification of novel antiviral agents for the treat-
ment of HCV infection (Dore et al., 2015; Pawlotsky et al. 
2007). 

As the HCV viral life cycle has been more fully elucidated 
(Figure 261.1), rational drug design and screening of large 
compound libraries have been used to identify small mole-
cule inhibitors of various HCV proteins involved in HCV 
replication. The three most clinically important proteins are 
(1) the NS3/4A protease, which is involved in posttranslation 
processing of HCV polyproteins and impairs the production 

of endogenous interferon by infected cells; (2) the NS5B 
RNA-dependent RNA polymerase (RdRp), which is required 
for copying the HCV RNA genome and is essential for viral 
replication; and (3) the NS5A protein, which is involved in 
the formation of the replication complex and possibly viral 
assembly.

Employing drug-development strategies similar to those 
used for developing antiviral drugs for HIV therapy, numer-
ous inhibitors of these three viral targets are now approved 
for use (Table 261.1) or are in clinical development (Dore et 
al., 2015). Four classes of what are called direct-acting anti-
virals (DAAs) are approved for clinical use, defined by their 
mechanism of action and therapeutic target: nonstructural 
proteins 3/4A (NS3/4A) protease inhibitors (PIs), nucleotide 
analog NS5B RdRp inhibitors, nonnucleoside RdRp inhibi-
tors, and NS5A inhibitors of virion assembly. 

This chapter focuses on the approved agents listed in 
Table 261.1 and Figure 261.2.

The clinical use of these drugs in combination is out- 
lined in three chapters: Chapter 262, Sofosbuvir combined 
with ledipasvir, daclatasvir, or other drugs; Chapter 263, 
Om bitasvir combined with paritaprevir, dasabuvir, or other 
drugs; and Chapter 264, Grazoprevir combined with elbasvir 
or other drugs. Investigational antiviral agents targeting 
HCV that have reached clinical development (phase II and 
III) are listed in Table 261.2 and in Chapter 269, Investiga-
tional Antiviral Drugs. 
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2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

In the absence of suitable cellular and animal models, cell-
based culture systems for HCV—HCV replicons, HCV pseudo- 
particles (HCVpp), cell culture–derived HCV (HCVcc), and 
HCV transcomplemented JFH1 particles (HCVtcp)—have 
been developed (Bartenschlager et al., 2013; Gerold et al., 
2014). In concert with advances in determination of HCV 
protein structures, the advent of cell culture models have 
contributed to marked progress in the understanding of 
HCV–host cell interactions and viral and cellular factors 
contributing to viral replication. Both of these advances have 
allowed rapid development of HCV-specific DAAs. 

The development of the HCV replicon system in 1999 
 significantly enhanced HCV drug development efforts 
(Lohmann et al., 1999). The HCV replicon system uses 
genetically engineered HCV mini-genomes containing a 
selectable marker and an internal ribosome entry site that 
mediates translation of the HCV replicase (NS3 to NS5B). 
After transfection into human hepatoma cell lines and 
marker selection, cell clones carrying high amounts of HCV 
RNA and proteins can be established. The disadvantage of 
the replicon system is that only the intracellular steps of 
the HCV replication cycle are replicated. Because most repli-
cation-enhancing mutations interfere with virus assembly 
(Pietschmann et al., 2009), for a long time it was not possible 
to turn this system into a fully competent HCV cell culture 
model. 

Figure 261.1. Hepatitis C virus (HCV) life cycle. Upon attaching to a sequence of entry factors, the virus enters the cell via 
clathrin-mediated endocytosis. After uncoating, the HCV RNA is translated using the internal ribosomal entry site inserting 
into host ribosomes to yield the HCV polyprotein, which is in turn cleaved by host and viral proteases to release the individ-
ual structural and nonstructural viral proteins. The replicase complex—including the NS3 protease NS5A and the RNA-
dependent RNA polymerase (RdRp)—is assembled on lipid droplets in the membranous web adjacent to the cell nucleus. 
The positive-strand RNA template is replicated to its negative strand and back to a positive-strand RNA, which is then 
packaged and released as a mature virion. Currently available direct-acting antivirals target the NS3 protease to prevent 
cleavage of the polyprotein, the NS5A protein, which serves as a scaffold for the replicase complex and is involved in viral 
assembly and the RdRp, either as nucleotide analogs leading to chain termination or as nonnucleotide inhibitors through 
interaction with other regions of the polymerase protein. (Redrawn with permission from Dore et al. (2015).)
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Table 261.1. Protease, polymerase, and assembly inhibitors that have been approved for the treatment of HCV infection.

Compound 
(generic 
name) and 
class

Trade 
name

Development 
stage, year of 
FDA approval Formulation

HCV 
genotype Molecular formula

Molecular 
weight Mechanism of action

NS3/4A protease inhibitors

First generation, first wave
Boceprevir Victrelis Approved, 2011 Oral 1 C27H45N5O5 519.68 Inhibitor of HCV 

NS3/4A protease

Telaprevir Incivek Approved, 2011 Oral 1 C36H53N7O6 679.85 Inhibitor of HCV 
NS3/4A protease

First generation, second wave
Simeprevir Olysio Approved, 2013 Oral 1 C38H47N5O7S2 749.94 Inhibitor of HCV 

NS3/4A protease

Asunaprevir Sunvepra Approved, 2014a Oral 1 C35H46ClN5O9S 748.29 Inhibitor of HCV 
NS3/4A protease

Paritaprevir Viekira Pakb Approved, 2014 Oral 1, 4 C40H43N7O7S·2H2O 
(dihydrate)

801.91 
(dihydrate)

Inhibitor of HCV 
NS3/4A protease

Vaniprevir Approvedc Oral 1 C38H55N5O9S 757.94 Inhibitor of HCV 
NS3/4A protease

Second generation
Grazoprevir Zepatierd Approved, 2016 Oral 1, 4 C38H52N6O10S 784.92 Inhibitor of HCV 

NS3/4A protease

NS5B RNA-dependent RNA polymerase inhibitors

Nucleotide
Sofosbuvir Sovaldi Approved, 2013 Oral 1–6 C22H29FN3O9P 529.45 Inhibitor of HCV NS5B 

RNA-dependent 
RNA polymerase

Nonnucleoside
Dasabuvir Viekira Pakb Approved, 2014 Oral 1 C26H26N3O5S·Na·H2O 

(salt, hydrate)
533.57 (salt, 

hydrate)
Inhibitor of HCV NS5B 

RNA-dependent 
RNA polymerase

NS5A Inhibitors

First generation, first wave
Daclatasvir Daklinza Approved, 2015 Oral 1–6 C40H50N8O6 738.88 Inhibitor of HCV NS5A 

protein

Ledipasvir Harvonie Approved, 2014 Oral 1 C49H54F2N8O6 889.00 Inhibitor of HCV NS5A 
protein

Ombitasvir Viekira Pakb Approved, 2014 Oral 1, 4 C50H67N7O8·4.5H2O 
(hydrate)

975.20 
(hydrate)

Inhibitor of HCV NS5A 
protein

First generation, second wave
Elbasvir Zepatierd Approved, 2016 Oral 1, 4 C49H55N9O7 882.02 Inhibitor of HCV NS5A 

protein

Velpatasvir Epclusaf Approved, 2016 Oral 1–6 C49H54N8O8 883.01 Inhibitor of HCV NS5A 
protein

aApproved in Asia and Middle East.
bCo-packaged ombitasvir–paritaprevir–ritonavir co-formulated fixed-dose combination and dasabuvir. Ritonavir is not active against HCV. Ritonavir is a potent 

CYP3A inhibitor that increases peak and trough plasma drug concentrations of paritaprevir and overall drug exposure (i.e. area under the curve). 
cApproved in Japan.
dGrazoprevir–elbasvir 100 mg/50 mg co-formulated fixed-dose combination.
eSofosbuvir–ledipasvir 400 mg/90 mg co-formulated fixed-dose combination. 
fSofosbuvir-velpatasvir 400 mg/100 mg co-formulated fixed-dose combination.
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The second cell-based HCV culture system exploits 
HCVpp technology. Examples of its use include studying the 
neutralization of HCV by antibodies, the functionality 
of patient-derived HCV E1–E2 sequences, and the identifi-
cation and characterization of HCV receptors (Bartosch et al., 
2010). The disadvantage of the HCVpp system is that only the 
very early stages of the HCV replication cycle are repeated.

HCVcc replicates the complete viral replication cycle in 
cultured human hepatoma cells. This was possible with the 
identification of a particular HCV genotype 2a isolate cloned 
from a Japanese patient with fulminant HCV infection (iso-
late JFH1) (Kato et al., 2003). Compared with other HCV 
isolates, the JFH1 strain replicates to exceptionally high 
 levels in the absence of replication-enhancing mutations. In 
vitro transcripts from a cloned JFH1 genome can be trans-
fected into human hepatoma cells, with resultant produc-
tion of infectious (cell culture and in vivo) HCV particles. 
Chimeric HCV genomes have been developed for all seven 
HCV genotypes, encoding the structural proteins of HCV 
genotypes 1 to 7 and the nonstructural proteins of JFH1 with 
adaptive mutations (Gottwein et al., 2009). Subsequently, 
full-length cell culture-adapted HCV isolates derived from 
genotypes 1a, 2a, and 2b have been developed that support 
the complete viral replication cycle in cultured human hepa-
toma cells (Li et al., 2012a; Li et al., 2012b).

An alternative system to study the whole life cycle of HCV 
is HCVtcp, generated using a JFH1 subgenomic replicon and 
an expression system for HCV proteins (core, E1, E2, p7, 
NS2) (Steinmann et al., 2008). Theoretically, the transcom-
plemented HCV can be derived from any patient isolate, pro-
viding isolate-specific information for HCV entry, replication 
and assembly. 

The first DAAs approved for clinical use in HCV genotype 
1 infection were the first-generation NS3/4A protease inhib-
itors, telaprevir and boceprevir. In an HCV subtype 1b repli-
con assay, the telaprevir 50% effective concentration (EC50) 
against wild-type (WT) HCV was 354 nM in a 2-day cell cul-
ture assay; in a subtype 1a infectious virus assay, the EC50 
value was 280 nM in a 5-day cell culture assay (Vertex Phar-
maceuticals, 2013). In a study of clinical isolates, the WT 
G1b replicon had a mean telaprevir EC50 (± s.d.) of 482 nM 
(122) and 269 nM (96) in 48-hour and 96-hour assays, 
respectively, whereas the WT G1a replicon had a mean tel-
aprevir EC50 (± s.d.) of 961 nM (132) in the 96-hour assay 
(Jiang et al., 2013). Similarly, the EC50 value for boceprevir 
against an HCV replicon constructed from a single genotype 
1b isolate was approximately 200 nM in a 72-hour cell cul-
ture assay, and anti-HCV activity was approximately twofold 
lower for an HCV replicon derived from a single genotype 
1a isolate relative to the replicon derived from the 1b isolate 
(Merck, 2015). 

Subsequent development of DAAs of various classes has 
improved potency, coverage of HCV genotypes, and resis-
tance profiles. In general, NS5A inhibitors are the most active 
antiviral compounds tested, with low picomolar EC50 values. 
In contrast, NS5B nucleotide polymerase inhibitors require 

higher intracellular concentrations to be effective but demon-
strate pan-genotypic activity and high barriers to resistance. 
The antiviral activity of approved HCV protease, polymerase 
and NS5A assembly inhibitors are shown in Table 261.3. 

2b.  Emerging resistance and 
cross-resistance

Genotypic resistance analysis is based on DNA sequencing 
technologies that convert RNA genomes to DNA via reverse- 
transcription enzymes. Population sequencing of the HCV 
genome detects viral variants at a frequency of approximately 
20% within the HCV quasispecies, while clonal and deep 
sequencing technologies allow detection of viral variants at 
a frequency of 0.5–1% (Dietz et al., 2013). The term quasi
species indicates that the population of HCV virions either 
in vitro or in vivo is a constellation of virions with varying 
genomes, not a monoclade. The variation within the clade 
is due to the error proneness of the RNA polymerase, and 
its  extent depends largely on the duration of infection. It 
remains unclear as to which frequency cutoff for resistant 
mutations is most clinically relevant for prediction of viro-
logic failure. 

Two concepts are important for understanding the viro-
logical and clinical significant of resistance. First, the genetic 
barrier to resistance refers to the number and type of nucle-
otide changes (or substitutions) required for a virus to acquire 
resistance to an HCV DAA (Rong et al., 2010). Second, viral 
fitness refers to the relative capacity of a viral variant to rep-
licate in a given environment (Le Pogam et al., 2010). 

Throughout this chapter, the nucleotide substitutions that 
confer resistance or reduced susceptibility to a drug or drug 
class will be referred to as “resistance-associated substitu-
tions,” in preference to the term resistanceassociated variant 
(RAV) (Pawlotsky 2016). Viral variants that harbor these 
resistance-associated substitutions and have reduced sus-
ceptibility to HCV DAAs will be referred to as “resistance 
variants” (Pawlotsky 2016). 

PREVALENCE OF RESISTANCE-ASSOCIATED 
SUBSTITUTIONS IN DIRECTLY ACTING ANTIVIRAL 
DRUGS IN NAIVE INDIVIDUALS

Resistance-associated substitutions may be present before 
treatment and can be selected for during treatment. Many 
viral variants harboring these resistance-associated substi-
tutions are unfit and may be undetectable before therapy, 
particularly on population-based sequencing. The natural 
prevalence of HCV resistance-associated substitutions has 
been assessed in a number of studies of treatment-naive indi-
viduals, both by population (Alves et al., 2013; Bartels et al., 
2013; Paolucci et al., 2013) and next-generation sequencing 
(Applegate et al., 2015; Margeridon-Thermet et al., 2014; 
Nasu et al., 2011; Zeuzem et al., 2017). The majority of these 
studies focused on HCV genotype 1 infection. As such, the 
prevalence of resistance-associated substitutions in nongeno-
type 1 infections remains poorly characterized. 
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Table 261.3. Antiviral activity of protease, polymerase, and assembly inhibitors that have been approved for the treatment of HCV 
infection.

Compound
HCV 

genotype
No of 

isolates

Median HCV 
replicon, EC50 

(nM) Range in EC50 References

NS3/4A protease inhibitors

First generation
Telaprevir (VX-950) 1a 1 280 — M. Jiang et al. (2013); Vertex 

Pharmaceuticals, (2013)1b 1 354 —

Boceprevir (SCH-503034) 1b 1 200 — Merck (2015); Paeshuyse et al. (2008)

Simeprevir (TMC-435) 1b 1 9.4 — Janssen Therapeutics (2015)
AbbVie (2015); Pilot-Matias et al. 

(2015)
Paritaprevir (ABT-450) 1a 11 0.68 0.43–1.87

1b 9 0.06 0.03–0.09

2a 1 5.3 —

3a 1 19 —

4a 1 0.09 —

6a 1 0.68 —

Asunaprevir (BMS-650032) 1a — 4 — Bristol-Myers Squibb (2015b); 
McPhee et al. (2012)1b — 1.2 —

2a — 230 —

2b — 480 —

3a —- 1162 —

4a —- 1.8a —

Vaniprevir (MK-7009) 1b 1 3 — Lawitz et al. (2013); Liverton et al. 
(2010); McCauley et al. (2010)2a 1 9 —

Second generation
Grazoprevir (MK-5172) 1a 1 2a — Shah et al. (2014); Summa et al. 

(2012)1b 1 0.5a —

2a 1 8a —

3 1 13a —

NS5B RNA-dependent RNA polymerase inhibitors

Nucleotide analog
Sofosbuvir (GS-7977, PSI-7977) 1–6 — — 14–110 Gilead Sciences (2015a); Lam et al. 

(2012)1a 67 62 29–128

1b 29 102 45–170

2 15 29 14–81

3 106 81 24–181

Nonnucleoside inhibitor
Dasabuvir (ABT-333) 1a 11 0.6 0.4–2.1 AbbVie (2015)

1b 10 0.3 0.2–2

NS5A inhibitors

First generation, first wave
Daclatasvir (BMS-790052) 1a 40 0.008 0.002–2409 Bristol-Myers Squibb (2015a)

1b 42 0.002 0.0007–10

2 16 16 0.005–60

3a 17 0.2 0.006–3.2

4 14 0.025 0.001–158

5 3 0.004 0.003–0.019

6 1 0.054 —
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Overall, amino acid substitutions associated with resis-
tance to nucleotide RdRp inhibitors (i.e. sofosbuvir) are rarely 
observed in untreated HCV patients, even at low frequency 
in the quasispecies population, as determined by next-gener-
ation sequencing (Applegate et al., 2015; Eltahla et al., 2015). 
High viral fitness costs conferred by these substitutions (e.g. 
S282T) are thought to prevent their emergence in untreated 
populations (Svarovskaia et al., 2014). Preexistence of resis-
tance-associated substitutions related to the nonnucleoside 
RdRp inhibitor dasabuvir are uncommon but more frequent 
(HCV genotype 1: 0.2–3.1%) (AbbVie, 2015; Sarrazin 2016). 
Exceptions to this are the naturally occurring variants C316N 
(genotype 1b: 11–36%) and S556G (genotype 1a: 7–25%); 
both are associated with low-level resistance to dasabuvir 
(AbbVie, 2015; Eltahla et al., 2015; Sarrazin, 2016). 

In contrast, a potential challenge to widespread use of 
NS3/4A protease inhibitors is the preexistence of resistance- 
associated substitutions in treatment-naive individuals 

(prevalence of single resistance-associated substitutions in 
HCV genotype 1: 0.1–3.5%) (Itakura et al., 2015; Sarrazin 
2016). This is most notable for the polymorphism Q80K, 
which compromises the efficacy of simeprevir, asunaprevir, 
and paritaprevir in HCV genotype 1a infection. Within 
genotype 1a–infected populations, the prevalence of Q80K 
varies geographically with recent analyses of phase II and 
III clinical trials reporting prevalence rates of 9% in South 
America, 19–45% in Europe, and 48% in North America 
(Ehret et al., 2014; Lenz et al., 2015; Sarrazin et al., 2015). 
Given the underlying prevalence and impact on treatment 
response rates (in cirrhotic HCV genotype 1a infection), 
EASL and American Association for the Study of Liver 
Disease 2016 guidelines recommend the use of direct 
sequence analysis before initiation of treatment and suggest 
avoiding simeprevir-containing regimens in patients with 
Q80K polymorphism (AASLD/IDSA/IAS–USA, 2016; EASL, 
2016). 

Compound
HCV 

genotype
No of 

isolates

Median HCV 
replicon, EC50 

(nM) Range in EC50 References

Ledipasvir (GS-5885) 1a — 0.018 0.009–0.085 Gilead Sciences (2015b)

1b — 0.006 0.004–0.007

2a — — 21–249

2b — — 16–530

3a 1 168 —

4a 1 0.39 —

5a 1 0.15 —

6a 1 1.1 —

6e 1 264 —

Ombitasvir (ABT-267) 1a — 0.68 0.014–0.88 AbbVie (2015); DeGoey et al. (2014); 
Gentile et al. (2014c); Krishnan et 
al. (2015)

1b — 0.94 0.05–1.5

2a — 0.012a 0.0082–0.012

2b — 0.0043a —

3a — 0.019a —

4a — 0.0017a —

5a — 0.0032a 0.0032–0.0043

6a — 0.366 0.366–0.415

First generation, second wave
Elbasvir (MK-8742) 1a 5 0.007a 0.004–0.007 Coburn et al. (2013); Liu et al. (2015)

1b 4 0.003a —

2a 1 0.003 —

2b — 3.4a —

3a 1 0.14a 0.03–0.14

4a — 0.003 —

Velpatasvir (GS-5816) 1–6 — — 0.006–0.130 Gilead Sciences (2017); Lawitz et al. 
(2015a)1a — 0.014 —

1b — 0.016 —

2a — 0.016 0.008–0.016

2b — 0.006 0.002–0.006

3a — 0.004 —

4a — 0.009 —

aMean EC50.
Abbreviation: EC50, 50% effective concentration.
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For NS5A assembly inhibitors, most single resistance- 
associated substitutions occur at a rate of 0.3–3.5% in 
 treatment-naive individuals with genotype 1 infection, using 
population-based sequencing (Sarrazin 2016), with two 
notable exceptions for HCV genotype 1b. L31M (which 
confers low- to medium resistance to daclatasvir and ledip-
asvir) was observed in 2.1–6.3% and Y93H (which confers 
medium to high level resistance to daclatasvir, ledipasvir and 
ombitasvir) was observed in 3.8–19.0% (AbbVie, 2015; 
Bristol-Myers Squibb, 2015a; Gilead Sciences, 2015b; Itakura 
et al., 2015; Zeuzem, 2017). In HCV genotype 1 (predomi-
nantly 1b), Y93H is significantly associated with the favor-
able single-nucleotide polymorphisms, rs12979860 and 
rs8099917 (formerly IL-28B), known to predict interferon- 
based treatment success (Itakura et al., 2015; Peiffer et al., 
2016; Zeuzem, 2017). The clinical implications of this asso-
ciation are unclear. Although data are limited, Y93H was 
demonstrated in 2–3% of treatment-naive individuals with 
HCV genotype 3, using population-based sequencing (Peiffer 
et al., 2016; Walker et al., 2015). 

The clinical importance of pretreatment NS5A assembly 
inhibitor resistance-associated substitutions may be lim- 
ited, but a greater impact on treatment efficacy may be 
noted in individuals with prior interferon-based treatment 
and cirrhosis (Zeuzem et al., 2017; Zeuzem et al., 2015c). 
However, even in these populations, the combination of 
sofosbuvir and velpatasvir was highly effective in HCV geno-
type 1–6 populations (Feld et al., 2015; Foster et al., 2015), 
demonstrating that resistance-associated substitutions can 
be overcome with potent regimens that have a high genetic 
barrier to resistance. In the ASTRAL 1 and 3 trials, NS5A 
assembly inhibitor resistance-associated substitutions were 
detected before treatment in 42% and 16% of individuals 
(with virologic outcome data) who received sofosbuvir or 
velpatasvir, respectively, by next-generation sequencing (cut-
off 1%). In ASTRAL 1 (HCV genotypes 1, 2, 4, 5, 6), there 
was no difference in efficacy between those with and without 
NS5A resistance-associated variants at baseline (SVR12 99%) 
(Feld et al., 2015). In ASTRAL 3 (HCV genotype 3), treat-
ment efficacy was reduced in those with resistance-associated 
variants A30K, L31M, and Y93H (SVR12 88% vs. 97%; 
SVR12 with Y93H 84%) (Foster et al., 2015). 

TREATMENT EMERGENT RESISTANCE ASSOCIATED 
VARIANTS

Resistance to HCV antiviral drugs is driven by the positive 
selection of viral variants with reduced susceptibility con-
ferred by resistance-associated substitutions at different 
positions in the NS3/4a protease, the NS5B RdRp, and the 
NS5A assembly protein (Pawlotsky 2016; Sarrazin 2016; Wyles 
2013). Each compound or drug class displays a specific sub-
stitution profile that may be influenced by the genotype and/or 
subtype with a difference in the genetic barrier to resistance, 
both within and between classes. Cross-resistance between 
compounds in the same inhibitor class is of most concern for 
NS3/4a protease inhibitors and NS5A inhibitors.

On the basis of in vitro data, resistance-associated sub-
stitutions can be grouped into those resulting in low to 

moderate fold change (FC) (i.e. 5- to 20-fold) in the EC50 
value and those resulting in high FC (i.e. > 50-fold). 
However, the clinical importance of these arbitrary cutoffs is 
unclear. 

HCV PROTEASE INHIBITOR RESISTANCE

Clinical trials with boceprevir and telaprevir, along with 
next-generation HCV protease inhibitors, have shown that a 
low barrier to resistance and extensive cross-resistance with 
selection of resistance-associated substitutions occurs when 
these drugs are used, especially as monotherapy (Sullivan et 
al., 2013; Wyles 2013). Monotherapy with telaprevir resulted 
in the selection of resistant viral variants within the first week 
(Vertex Pharmaceuticals, 2013). 

Examples of treatment-emergent resistance-associated 
substitutions (with a ≥ 2 FC in EC50) related to NS3/4a inhib-
itors in HCV genotype 1 isolates are shown in Table 261.4. 
In general, additive resistance-associated substitutions con-
fer greater reduction in susceptibility. For example, substitu-
tions V36A/M, T54A/S, R155K/T, A156S, R155T + D168N, 
and V36A + T54A conferred 3- to 25-fold reduced suscepti-
bility to telaprevir, whereas A156V/T substitutions and the 
V36M/A + R155K/T and T54S/A + A156S/T double substi-
tutions conferred > 62-fold reduced susceptibility (Sullivan 
et al., 2013; Vertex Pharmaceuticals, 2013). Replicons with 
D168A/V and R155K substitutions displayed large reductions 
in susceptibility to simeprevir (FC at EC50 > 50), whereas 
other substitutions such as Q80K/R, S122R, and D168E dis-
played lower reductions in susceptibility (FC at EC50 2–50) 
(Janssen Therapeutics, 2015). Substitutions at NS3 positions 
Q80, S122, R155, and/or D168 that were associated with 
lower reductions in susceptibility to simeprevir when occur-
ring alone, reduced susceptibility to simeprevir by more than 
50-fold when present in combination (Janssen Therapeutics, 
2015). Fortunately, many resistance-associated substitutions 
related to NS3/4A protease inhibitors are associated with 
impaired replicative fitness by HCV, and as such these vari-
ants are rapidly replaced by wild-type virus after stopping 
NS3/4A protease inhibitor therapy (Sullivan et al., 2013; 
Thomas et al., 2012; see Figure 261.3). An exception is the 
Q80K variant that retains wild-type fitness and a relative 
high probability of preexistence at baseline.

Next-generation NS3/4A protease inhibitors aim to over-
come the issues associated with resistance demonstrated by 
first-generation protease inhibitors. In vitro, the EC50 value 
of grazoprevir was similar in wild-type and mutant replicon 
systems against several substitutions that confer resistance 
to other protease inhibitors (Q41R, F43S, R155K, V36M, 
T54A/S, D168Y) (Summa et al., 2012). However, grazoprevir 
activity was markedly reduced against the A156T (genotype 
1b) (Summa et al., 2012) and D168A/E (genotype 1a) substi-
tution replicons (Howe et al., 2014; Rockstroh et al., 2015). 

HCV NS5B RNA-DEPENDENT RNA POLYMERASE 
INHIBITOR RESISTANCE

The HCV NS5B RdRp has been a prime target for antiviral 
development, given its vital role in viral replication (Table 
261.5). HCV antiviral drugs that bind to and inhibit the 
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RdRp fall into two categories: nucleotide analogs and non-
nucleoside inhibitors. 

Sofosbuvir, the only approved NS5B nucleotide analog 
RdRp inhibitor, has pan-genotypic activity and a high barrier 
to resistance (Eltahla et al., 2015). Reduced susceptibility to 
sofosbuvir is largely associated with the NS5B substitution 
S282T (Lam et al., 2012). In mutant replicons of HCV geno-
types 1–6, the S282T substitutions conferred 2- to 18-fold 
reduced susceptibility to sofosbuvir but also reduced HCV 
replication capacity by 8–99% compared to the corre- 

sponding wild-type (Gilead Sciences, 2015a; Lam et al., 
2012), limiting the clinical significance of this resistance- 
associated variant. In a pooled analysis of subjects who 
received sofosbuvir in nine phase II and III clinical trials, 
no significant antiviral resistance to sofosbuvir was detected 
either at baseline or in cases of virologic relapse, except in 
one individual who received monotherapy (Svarovskaia et 
al., 2014). One individual who relapsed 4 weeks after treat-
ment following 12 weeks of sofosbuvir monotherapy in the 
phase II ELECTRON trial had the S282T substitutions (Gane 

Table 261.4. Treatment-emergent resistance-associated variants (with a greater than or equal to twofold-change in EC50) related to 
NS3/4A inhibitors in HCV genotype 1.a

Resistance-associated 
variant

HCV 
gene HCV antiviral drugs

Fold change in EC50 

(compared to WT replicon)

GT 1a GT 1b

A156F/G/S NS3 BOC, TVR, ASV, VAN  2–10     2–20

A156T/V NS3 BOC, TVR, ASV, PTV, SMV, GZR, VAN  2–30    20–> 200

D168A NS3 ASV, PTV, SMV, GZR, VAN 20–100    20–100

D168C/E NS3 ASV, PTV, SMV, GZR, VAN  2–100     2–100

D168G/N NS3 ASV, PTV, SMV, GZR, VAN  2–20     2–20

D168H/T/K NS3 ASV, PTV, SMV, GZR, VAN 20–> 100 20–> 100

D168V/Y NS3 ASV, PTV, SMV, VAN 20–> 200 > 100

D168Y NS3 GZR 4

F43S NS3 ASV, SMV, GZR     2–20

F43I/V NS3 SMV    20–100

F43L NS3 PTV 20

I170T NS3 GZR 2

M175L NS3 BOC     2–20

Q80K NS3 ASV, PTV, SMV  2–50     2–50

Q80L NS3 PTV 2

Q80R NS3 ASV, PTV, SMV, GZR  2–20     2–20

R155Kb NS3 TVR, BOC, SMV, ASV, PTV, GZR, VAN  2–100     2–100

R155G/T NS3 BOC, TVR, PTV, GZR  2–20     2–20

R155G NS3 GZR > 20

R155I/M/S/W NS3 TVR, PTV  2–20     2–100

S122R NS3 ASV, SMV  2–20     2–20

T54A/S NS3 BOC, TVR, VAN  2–20     2–20

V36A/C/G/L/Mc NS3 BOC, TVR, PTV, GZR,d VAN  2–20     2–20

V55A/I NS3 BOC, TVR  2–20     2–20b

V107I NS3 BOC 2

V170A/V NS3 BOC, TVR 2     2–20

V158I NS3 BOC 2     2–20

Y56H NS3 PTV  2–20

V36M + R155K NS3 PTV, VAN 50–600

Q80K + R155K NS3 PTV 20

V36L + Q80K + R155S NS3 GZR 50

aResistant substitutions are denoted using single-letter codes for amino acids, with wild type first, followed by the position, and then the substitution amino 
acid—for example, R155K denotes a change from the wild-type amino acid arginine to the variant amino acid lysine at position 155 of the protease gene.

bR155K in combination with V36 variants results in improved viral fitness.
cV36A confers twofold change in GZR in genotype 1b; no significant change for GZR activity in genotype 1a or 1b against other variants at codon 36. 
dV55I confers twofold change in BOC with genotype 1b.
Abbreviations: EC50: 50% effective concentration; GT: genotype: WT: wild type; BOC: boceprevir; TVR: telaprevir; ASV: asunaprevir; VAN: vaniprevir; SMV: sime-

previr; GZR: grazoprevir; PTV: paritaprevir.
Source: Data compiled from AbbVie (2015), Barnard et al. (2013a), Barnard et al. (2013b), Eltahla et al. (2015), Howe et al. (2014), Howe et al. (2014), Janssen 

Therapeutics (2015), Jiang et al. (2013), Merck (2015), Pilot-Matias et al. (2015), Sarrazin et al. (2015), Sarrazin (2016), Summa et al. (2012), Vertex Pharmaceuticals 
(2013).



4444 Protease, Polymerase, and Assembly Inhibitors for the Treatment of Hepatitis C Virus Infection

et al., 2013). However, by 12 weeks after treatment, the sub-
stitutions were no longer detectable by next-generation se- 
quencing, consistent with the impaired replicative capacity 
of the variant strain. In a meta-analysis of several sofosbuvir 
trials, substitutions at position 316 were found to be associ-
ated with failure of response to sofosbuvir, particularly for 
patients infected with genotype 1b (Donaldson et al., 2015). 
These substitutions were proposed to occupy a large spatial 
area within the catalytic site, thereby interfering with sofos-
buvir entry and binding. The same study also identified 
L159F and V321A with the lack of response to sofosbuvir 
treatment (Donaldson et al., 2015). However, in cell culture 
models, these substitutions had only a minor effect on the 
potency of sofosbuvir when examined individually. Of clin-
ical importance, retreatment with sofosbuvir-containing 
regimens has been successful in sofosbuvir-experienced 
individuals (Esteban et al., 2014; Lawitz et al., 2017). 

Dasabuvir is a nonnucleoside RdRp inhibitor approved 
for use in HCV genotype 1 infection in combination with 
ombitasvir and ritonavir-boosted paritaprevir (Gentile et 
al., 2014b). After exposure to dasabuvir in HCV genotype 
1a replicons, single NS5B substitutions C316Y, M414I/T, 
E446K/Q, Y448C/H, A553T, G554S, S556G/R, and Y561H 
reduced dasabuvir antiviral activity by 8- to 1472-fold, 
whereas in genotype 1b replicons, single NS5B substitutions 
C316H/N/Y, S368T, N411S, M414I/T, Y448C/H, A553V, 
S556G, and D559G reduced dasabuvir antiviral activity by 
5- to 1569-fold (AbbVie, 2015). 

HCV NS5A ASSEMBLY INHIBITOR RESISTANCE

Despite potent antiviral activity, resistance to NS5A inhibi-
tors may be of greatest clinical importance in the current era 
of HCV antiviral drug therapy. Substitutions that confer 
resistance to NS5A inhibitors preexist in HCV quasispecies 
populations in the absence of any previous drug exposure. 
These variants generally replicate at low levels and are thus 

undetectable by currently available commercial assays, but 
they can be selected rapidly in the presence of an NS5A 
inhibitor. Clinically significant resistance is usually associ-
ated with an escape pattern whereby viral replication returns 
to pretreatment levels and the dominant virus harbors amino 
acid substitutions that confer high levels of drug resistance 
without impairing viral fitness. To combat this, very high 
drug levels may be required to suppress resistant viruses; 
this necessity may have implications for patient safety. 

High-level resistance has emerged after exposure to all 
NS5A assembly inhibitors available to date (Table 261.6), 
including the second-generation NS5A inhibitors (elbasvir, 
velpatasvir), despite improvements in the genetic barrier to 
resistance. Studies of ombitasvir with HCV genotype 1a repl-
icons revealed markedly reduced ombitasvir antiviral activ-
ity with single NS5A substitutions M28T/V, Q30E/R, L31V, 
H58D, and Y93C/H/L/N (58- to 67,000-fold) (AbbVie, 2015; 
DeGoey et al., 2014; Krishnan et al., 2015). Of these, M28T 
had fitness equal to wild-type virus (100%), whereas muta-
tions in codon 93 had a low fitness (18–25%) and the muta-
tion in codon 30 had an intermediate fitness (60%) (DeGoey 
et al., 2014). In genotype 1b replicons, single NS5A substitu-
tions L28T, L31F/V, and Y93H reduced ombitasvir antiviral 
activity by FC 8 to 661 (AbbVie, 2015; DeGoey et al., 2014). 
For ledipasvir, marked reduction in susceptibility (FC at 
EC50 > 1000) was associated with substitution Y93H in gen-
otypes 1a and 1b and Q30E in genotype 1a (Gilead Sciences, 
2015b). 

Multiple (double and triple) co-existent resistance-associ-
ated substitutions in replicon systems can generate resistance 
pathways that differ from those observed during NS5A 
inhibitor monotherapy. In general, combination resistance- 
associated substitutions in HCV genotype 1a or 1b replicons 
further reduced antiviral activity (DeGoey et al., 2014). 

Of 152 HCV genotype 3–infected individuals treated in 
the ALLY-3 trial with daclatasvir (NS5A assembly inhibitor) 

Figure 261.3. Kaplan-Meier estimates of loss of telaprevir-resistant variants over time, by prior pegylated interferon plus 
ribavirin treatment status. The ADVANCE and ILLUMINATE studies are pooled in the treatment-naive group. All patients 
from REALIZE are included in the treatment-experienced group. There is no significant difference between treatment- 
experienced and -naive patients in the retention of resistant variants. Abbreviations: n: number of participants without 
detectable resistant variants at end of study; N: number of participants with sequence data available at 1 or more visits after 
treatment failure; CI: confidence interval; 1a & 1b: genotype. (Reprinted with permission from Sullivan et al. (2013).)
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plus sofosbuvir (NS5B nucleotide analog RdRp inhibitor), 17 
experienced virologic failure (Nelson et al., 2015). Viruses 
from all 17 individuals at the time of virologic failure demon-
strated the presence of one or more NS5A resistance-associ-
ated substitutions—A30K/S, L31I, S62A/L/P/T, or Y93H, 
with the most common substitution at failure being Y93H 
(15/17) (Nelson et al., 2015). Y93H was observed at baseline 
in 6 and emerged in 9 individuals (Nelson et al., 2015). 

Long-term followup data are required in populations with 
virological failure after NS5A inhibitor therapy. Unlike the 
reversal to wild-type virus largely seen with treatment-emer-
gent substitutions in NS5B RdRp and NS3/4A proteases, NS5A 
resistance-associated substitutions have been found to per-
sist for more than a year after treatment in some individuals 
(Bristol-Myers Squibb, 2015a; Wang et al., 2013). Fortunately, 
given the degree of resistance conferred, the Y93H substitu-
tion has been associated with poor replication fitness in gen-
otype 1 isolates (DeGoey et al., 2014; Liu et al., 2015). 

3. MECHANISM OF DRUG ACTION

HCV is a positive-sense, single-stranded RNA virus belong-
ing to the Flaviviridae family. Its 9600 nucleotide genome 

encodes a 3000 amino acid precursor polyprotein. This is 
further cleaved into three structural (core, E1, and E2) and 
seven nonstructural proteins (p7, NS2, NS3, NS4A, NS4B, 
NS5A, and NS5B) (Gawlik et al., 2014; Kong et al., 2013). 
Some of these HCV proteins are the key targets for HCV 
antiviral drug therapy and vaccine design.

The initial stages of the HCV replication cycle are similar 
to that of other viruses and include binding to cell surface 
proteins, cell entry mediated by endocytosis, and fusion and 
uncoating inside the target cell (Ploss et al., 2012; Figure 
261.4). After decapsidation of viral nucleocapsids in the cell, 
positive-strand HCV RNA is liberated, serving as HCV mes-
senger RNA (mRNA) for translation, thereby forming the 
HCV polyproteins. Posttranslational processing of HCV pro-
teins occurs mainly through the actions of two cellular pep-
tidases (host signal peptidase and signal peptide peptidases) 
and two viral proteases (NS2 and NS3/4A), leading to cleav-
age of downstream NS proteins through NS3/4A co-factors. 
Subsequently, HCV replication occurs via the formation 
of a replication complex, which includes the NS5B RdRp. 
Unwind ing of double-strand HCV RNA is facilitated through 
the NS3 helicase-NTPase, and positive-strand HCV RNA 
is  used for the generation of negative-strand HCV RNA 

Table 261.5. Treatment-emergent resistance-associated substitutions (with greater than or equal to twofold change in EC50) related to 
NS5B nucleotide and nonnucleoside polymerase inhibitors in HCV genotype 1.a

Resistance-associated 
substitution HCV gene

HCV antiviral 
drug

Fold change in EC50 (compared to WT replicon)

GT 1a GT 1b GT 2 GT 3

S282T NS5Bb SOF     2–20     2–20 2–20 2–5

L320F NS5B SOF 2

L159F + L320F NS5B SOF     2–5     2–5

A553T NS5B DSV > 100

A553V NS5B DSV > 100

C316H/Y NS5B DSV > 100 > 100

C316N NS5B DSV 2–20

D559G NS5B DSV > 100 > 100

E446K/Q NS5B DSV     2–100

M414T NS5B DSV    20–100    20–100

M414I NS5B DSV     2–20

N411S NS5B DSV     2–20

S368T NS5B DSV > 100

S556G NS5B DSV     2–20     2–20

S556N NS5B DSV    20–100

S556R NS5B DSV > 100

Y448C NS5B DSV > 100 > 100

Y448H NS5B DSV > 100    20–100

Y561H NS5B DSV    20–100

aResistant substitutions are denoted using single-letter codes for amino acids, with wild type first, followed by the position and then the substitution amino 
acid—for example, R155K denotes a change from the wild-type amino acid arginine to the variant amino acid lysine at position 155 of the protease gene.

bComprehensive analysis of all NS5B population sequences in the SOF development program identified two NS5B variants (L159F and V321A) that emerged at 
the time of virologic failure in six and five GT 3–infected patients, respectively, using population-based sequencing. However, the fold change in EC50 of SOF 
against these single variants was less than twofold for L159F in GT 1a, GT 1b, and GT 3a and less than twofold for V321A in GT 3a (Svarovskaia et al., 2014; 
Svarovskaia et al., 2016).

Abbreviations: EC50: 50% effective concentration; WT: wild type; GT: genotype; SOF: sofosbuvir; DSV: dasabuvir.
Source: Data compiled from AbbVie (2015), Gentile et al. (2014b), Gilead Sciences (2015a), Lam et al. (2012), Svarovskaia et al. (2014), Svarovskaia et al. (2016), 

Tong et al. (2014).
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intermediates. This negative-strand HCV RNA is used as a 
template for the production of numerous positive-strand HCV 
mRNA copies, which are subsequently used for polyprotein 
translation, synthesis of new intermediates of replication, or 
packaging into new virus particles. The virus polyproteins 
and positive-strand HCV RNA are assembled, packaged, and 
transported to the cell surface, with ongoing maturation of 
glycoproteins during this time. Vesicle fusion with the cell 
surface results in the release of infectious mature virions 
from the cell. 

3a.  HCV NS3/4A protease inhibitors

NS3/4A drugs inhibit the NS3/4A serine protease, thereby 
blocking the release of pivotal single proteins from the poly-
protein generated by HCV virion transcription and transla-
tion. NS3 has multiple functions, including a chymotrypsin- 
like serine protease domain at its N-terminus and a helicase 
domain at the C-terminus. NS4A is a co-factor for NS3 activ-
ity (Figure 261.5). The NS3/4A serine protease cleaves the 
viral polyprotein at four junctions (NS/NS4A, NS4A/NS4B, 
NS4B/NS5A, and NS5A/NS5B) with considerable peptide 
sequence similarity. The crystal structure of NS3/4A com-
plex has been determined (Kim et al., 1996; Love et al., 1996; 
Yan et al., 1998) and the catalytic domain is formed by a triad 

consisting of His57, Asp81 and Ser139 (Bartenschlager et al., 
1993; Grakoui et al., 1993; Tomei et al., 1993). Proper fold- 
ing of the C-terminal protease domain also requires the tet-
rahedral coordinated binding of a zinc ion. NS3/4A protease 
inhibitors disrupt HCV by blocking the NS3 catalytic site or 
the NS3/NS4A interaction. In addition to its role in viral pro-
cessing, the NS3/NS4A protease blocks TRIF-mediated Toll-
like receptor signaling and Cardif-mediated retinoic 
acid–inducible gene 1 (RIG-1) signaling; this results in im- 
paired induction of interferons and the innate host response.

3b.  HCV NS5B RNA-dependent RNA 
polymerase inhibitors

The NS5B RdRp is the key enzyme mediating viral RNA syn-
thesis (Behrens et al., 1996). The structure of the catalytic 
core resembles a right hand with a classical “fingers, thumb, 
and palm” structure of RNA polymerases (Ago et al., 1999; 
Bressanelli et al., 1999; Lesburg et al., 1999; Figure 261.6). 
NS5B contains a C-terminal alpha-helical transmembrane 
domain that anchors the protein to the cytosolic side of the 
endoplasmic reticulum (ER) and a C-terminal RdRp domain. 
The highly conserved palm of the polymerase forms the 
active site of NS5B, and the finger and thumb domains inter-
act to modulate interactions with the growing RNA chain. 

Figure 261.4. The HCV life cycle. 
(Redrawn with permission from Pawlotsky 
et al. (2007). 
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The fingertip subdomains, formed by two loops, interact 
specifically with the thumb domain, which forms a catalytic 
tunnel, incorporating the RNA template, the growing RNA 
strand, and nucleotide substrates required for elongation of 
the nascent RNA strand. An open-conformation of the NS5B 
polymerase can be adopted, whereby the fingers and thumbs 
contact is disrupted, with wider access to the catalytic site. 
Like other RNA-dependent RNA polymerases, including 
that of HIV, and unlike most DNA-dependent DNA poly-
merases, such as herpesviruses, the HCV polymerase has no 
capacity to repair mistakes in the generation of new RNA 
molecules. It is this feature of HCV and HIV that generates 
quasispecies rather than monospecies during infections. 

Two classes of NS5B RdRp inhibitors have been devel-
oped: (1) nucleotide analogs (i.e. sofosbuvir), which are 
mimics of the natural substrates of the polymerase and, as 
such, target the active catalytic site of the enzyme, resulting 
in chain termination and irreversible cessation of RNA syn-
thesis, and (2) nonnucleoside inhibitors (i.e. dasabuvir), which 
bind to allosteric sites and inhibit conformational change but 
only reversibly block RNA synthesis. 

Nucleotide analog inhibitors of HCV RdRp are derivatives 
of ribonucleotides and compete with natural ribonucleotide 
substrates for binding to the active site of the polymerase, 
requiring higher intracellular concentrations than other 
HCV antiviral drugs to be effective. These drugs are typically 
delivered as monophosphorylated prodrugs carrying chemi-
cal modifications to enhance uptake and bioavailability 

(Fung et al., 2014). Before the discovery of sofosbuvir, a vari-
ety of nucleoside analogs had been examined (e.g. mericit- 
abine), but these exhibited relatively low potency related in 
part to slow initial monophosphorylation by nucleoside 
kinases (Carroll et al., 2006; Furman et al., 2009; Jordheim 
et al., 2013). The design of sofosbuvir avoids this by build-
ing the first phosphate group into the structure of the drug 
during synthesis; additional groups are attached to the phos-
phorus to temporarily mask the two negative charges of the 
phosphate group to facilitate drug entry into the HCV-
infected cell (Murakami et al., 2010). 

Subsequent intracellular di- and triphosphorylation of 
sofosbuvir occurs rapidly via nucleotidyl and nucleoside 
diphosphate kinases to form the pharmacologically active 
uridine analog triphosphate (GS-461203), which is incorpo-
rated into HCV RNA by the NS5B polymerase and acts as 
a chain terminator, irreversibly terminating RNA synthesis. 
Owing to the highly conserved active site, as compared to the 
allosteric binding sites, nucleotide inhibitors are generally 
effective against a broader range of viral genotypes and have 
a higher barrier to resistance than nonnucleoside inhibitors. 

The four allosteric sites that act as targets for nonnucleo-
side inhibitors of RdRp are thumb domains 1 and 2 and palm 
domains 1 and 2 of the polymerase. In general, NNPIs are 
less potent, more genotype specific (all nonnucleoside inhib-
itors in clinical development have been optimized for geno-
type 1), have a low to moderate barrier to resistance, and 
have variable toxicity profiles. 

Figure 261.5. The crystal structure of the full-length NS3 protein showing the NS3 serine proteinase domain associated with 
the central NS4A protease activation domain. Side chain atoms of the catalytic triad amino acids (His 57, Asp 81, and Ser 
139) are represented as spheres of the corresponding van der Waals radius. PDB accession codes: 1CU1. Potential target 
sites for specific antiviral molecules are shown. (Redrawn with permission from Pawlotsky et al. (2007).)
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3c.  HCV NS5A assembly inhibitors

The NS5A is a 447-amino acid, zinc-binding phosphoprotein 
made up of three domains separated by two linker regions 
(Brass et al., 2002; Tellinghuisen et al., 2004). Domain I con-
tains the Zn2+- and RNA-binding motifs and has been crys-
tallized as a dimer (Tellinghuisen et al., 2004). It has been 
suggested that this dimer oligomerizes to form a protective 
replication compartment that tethers the HCV RNA to intra-
cellular membranes (Romero-Brey et al., 2012). Domain II 
binds to numerous host proteins and some of these inter-
actions have been linked to RNA replication (Foster et al., 
2010; Tellinghuisen et al., 2008). Domain III is important for 
virus assembly but is not required for replication (Telling-
huisen et al., 2008). Structurally, the amino-terminus of NS5A 
makes up the amphipathic alpha-helix, which is responsible 
for anchoring to the ER and ER-derived membranes, includ-
ing lipid droplets (LDs) (Brass et al., 2002; Shi et al., 2002). 

The NS5A protein is essential for several steps in viral rep-
lication, including virion assembly and release. Like virtually 
all positive-strand RNA viruses, NS5A has the hallmark fea-
ture of forming a membrane-associated replication complex 
composed of virus proteins, replicating RNA and altered cel-
lular membranes. 

The exact mechanism of action of HCV NS5A inhibitors, 
exemplified by daclatasvir, remains unclear. Available evi- 

dence suggests that NS5A inhibitors have multiple effects, 
including inhibition of viral RNA synthesis and blockade 
of virion assembly and secretion, which contribute to their 
potency. A study of nine HCV-infected individuals who were 
given a single dose of daclatasvir (10 or 100 mg) demon-
strated a triphasic decline in serum HCV RNA (Guedj et al., 
2013). The triphasic model predicted two phases of viral 
decline in the first 48 hours of daclatasvir administration, 
followed by the third phase after 48 hours. An initial, rapid 2 
log10 decline in HCV RNA over the first 6 hours (HCV RNA 
decline from baseline at 2, 4, and 6 hours after dose: 0.27, 
1.20 and 1.95 log10 IU/ml) was followed by a slower phase of 
decline (6–48 hours). The successive phases of decline were 
deemed to represent the effect of daclatasvir on different 
stages of the viral lifecycle—namely, rapid initial blockade 
of virion assembly and secretion (first phase) followed by 
inhibition of RNA synthesis (second phase). The third phase 
reflected long-term viral decline, driven by the rate of loss 
of HCV infected cells. These clinical findings suggest that 
NS5A inhibitors have at least two mechanisms of action that 
affect both viral replication and viral assembly/release. Sub- 
sequently, Sun et al. (2015) developed a model for NS5A 
inhibitor action in which NS5A proteins interact with each 
other and a single bound inhibitor disrupts the function of 
an NS5A oligomer, impairing the formation of the replica-
tion complex or the function of NS5A within the replication 

Figure 261.6. The HCV RNA-dependent RNA polymerase. The fingers, palm, and thumb subdomains are labeled. The 
catalytic site lies within the center of the ectodomain. The beta-loop is labeled. PDB accession code:1GX6. Five target sites 
for antiviral molecules have been identified so far, including the enzyme catalytic site and nonnucleoside inhibitor (NNI) 
allosteric sites A to D. (Reprinted from Pawlotsky et al. (2007).)
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complex and amplifying the inhibitory effect. Of significant 
interest, Sun et al. (2015) demonstrated that while daclatasvir 
and another NS5A inhibitor analog (Syn-395) were inactive 
against certain NS5A resistance variants, in combination the 
pair enhanced daclatasvir potency by > 1000-fold. This inter-
action between the pair of compounds suggests that the 
NS5A protein molecules communicate with each other: One 
inhibitor binds to resistant NS5A, causing a conformational 
change that is transmitted to adjacent NS5As, resensitizing 
resistant NS5A so that the second inhibitor can act to restore 
inhibition. This unprecedented synergistic anti-HCV activity 
provides additional options for HCV combination therapy 
and new insight into the role of NS5A in the HCV replication 
cycle (Sun et al., 2015).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

The recommended doses for individual or fixed-dose combi-
nation HCV antiviral drugs are listed in Table 261.7. All 
approved HCV antivirals are formulated for oral administra-
tion only. HCV antiviral drugs should never be administered 
as monotherapy; HCV antiviral drugs should always be co- 
administered with one or more agents from another class of 
antiviral drugs, including pegylated interferon alpha and/or 
ribavirin. 

4b.  Newborn infants and children

The safety, efficacy and pharmacokinetic profiles of HCV 
antiviral drugs have not been established in pediatric 
patients, and hence there are no recommendations for use 
in this population. However, data are emerging with the first 
report of successful treatment of HCV genotype 1 infection 
in adolescents (aged 12–17 years) with sofosbuvir–ledipasvir 
in 2016 (Balisteri et al., 2016); a study of this combination 
in children aged 3–12 years is ongoing. 

4c.  Pregnant and lactating mothers

There are no adequate and well-controlled studies of HCV 
antiviral drugs in pregnant women. Drugs that require 
co-administration with pegylated interferon alpha and/or 
ribavirin are classed as FDA pregnancy category X. Animal 
studies have demonstrated that ribavirin causes birth defects 
and/or fetal deaths, and pegylated interferon alpha is 
abortifacient. 

While no data with daclatasvir exist in pregnant women, 
administration is not recommended (US FDA pregnancy 
category: not assigned; Australian TGA pregnancy category: 
B3) (Bristol-Myers Squibb, 2015a). In rat and rabbit stud-
ies, embryo-fetal toxicity was observed in maternally toxic 
doses that produced exposures of 33 and 98 times the human 

exposure, respectively, at the recommended human dose of 
60 mg. 

Other HCV antiviral drugs are classed as FDA pregnancy 
category B (including sofosbuvir, sofosbuvir–ledipasvir, 
ombitasvir–paritaprevir–ritonavir, and dasabuvir). They 
should be used during pregnancy only if the potential ben-
efit justifies the potential risk to the fetus. 

Given lack of data, nursing mothers are advised to dis-
continue breastfeeding before commencement of HCV drug 
therapy. 

4d.  Those requiring altered dosages

The recommendations regarding dose adjustment in specific 
patient populations, including those with impaired renal 
function, impaired hepatic function, the elderly, and preg-
nant or lactating women, are listed in Table 261.7. 

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

For specific recommendations for patients with impaired 
hepatic function, see Table 261.7. In general, NS3/4a prote-
ase inhibitors are not recommended in people with moderate 
(Child-Pugh class B) and severe (Child-Pugh class C) hepatic 
impairment.

ELDERLY PATIENTS

For many HCV antiviral drugs (particularly NS3/4a protease 
inhibitors), there are insufficient data in the elderly, who 
have limited enrollment in clinical trials. Caution and close 
monitoring are advised in this population treated with HCV 
antiviral drugs. 

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

See Table 261.8, Table 261.9, and Table 261.10 for summary 
data of important pharmacokinetic properties, divided by 
drug class (NS3/4A protease inhibitors, NS5B nucleotide/
nonnucleoside polymerase inhibitors, and NS5A inhibitors).

5a.  NS3/4A protease inhibitors 

TELAPREVIR

Bioavailability.
Maximum plasma concentrations (Cmax) of telaprevir after a 
single dose are generally achieved after 4–5 hours (tmax). 
Exposure to telaprevir is higher during co-administration 
of pegylated interferon alpha (PEG-IFN alpha) and ribavirin 
than after administration of telaprevir alone. Because sys-
temic exposure (area-under-the-concentration-time curve; 
AUC) to telaprevir was increased by 237% when telaprevir 
was administered with a standard fat meal compared to 
fasting conditions, telaprevir should always be taken with a 
standard fat meal.
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Table 261.7. HCV antiviral drug administration and dosage in adults, by drug class (single or multiple if available as fixed-dose 
combination product). 

Drug name Formulation
Routine adult 
dosage Altered dosages

Single drug class

NS3/4A protease inhibitors

Boceprevir 200-mg capsule 800 mg three times 
daily

Impaired renal function No dose adjustment

Impaired hepatic 
function

No dose adjustment
Caution in moderate (Child-Pugh B) and 

severe (Child-Pugh C) hepatic impair-
ment; no data

Pregnancy and lactating 
women

Pregnancy category X, if co-administered 
with PEG-IFN alpha and RBV

Telaprevir 375-mg tablet 750 mg three times 
a day with food 
(≥ 20 g fat) or 
1125 mg twice 
daily with food 
(≥ 20 g fat)

Impaired renal function No dose adjustment in mild renal 
impairment

No data in HCV-infected adults with CrCl 
< 50 ml/minute

Impaired hepatic 
function

No dose adjustment in mild (Child-Pugh A) 
hepatic impairment

Not recommended in moderate (Child-
Pugh B) and severe (Child-Pugh C) 
hepatic impairment

Pregnancy and lactating 
women

Pregnancy category X, if co-administered 
with PEG-IFN alpha and RBV

Simeprevir 150-mg capsule 150 mg daily with 
food

Impaired renal function No dose adjustment

Impaired hepatic 
function

Not recommended in moderate (Child-
Pugh B) and severe (Child-Pugh C) 
hepatic impairment

Pregnancy and lactating 
women

Pregnancy category X, if co-administered 
with PEG-IFN alpha and RBV

Asunaprevir 100-mg capsule 100 mg twice daily Impaired renal function Dose reduce (100 mg daily) if CrCl < 30 ml/
minute

Impaired hepatic 
function

No dose adjustment in mild (Child-Pugh A) 
hepatic impairment

Contraindicated in moderate (Child-Pugh B) 
and severe (Child-Pugh C) hepatic 
impairment

Pregnancy and lactating 
women

Use not recommended
Contraindicated if co-administered with 

daclatasvir

NS5B polymerase inhibitors

Sofosbuvir 400-mg tablet 400 mg daily Impaired renal function No dose adjustment for GFR > 30 ml/
minute

No dose recommendation for those with 
GFR < 30 ml/minute or with ESRD/
hemodialysis

Impaired hepatic 
function

No dose adjustment

Pregnancy and lactating 
women

Pregnancy category B
Pregnancy category X, if co-administered 

with PEG-IFN alpha or RBV

Dasabuvir 250-mg tablet 250 mg twice daily Impaired renal function No dose adjustment
Suitable for use in ESRD/haemodialysis

Impaired hepatic 
function

No dose adjustment in mild (Child-Pugh A) 
hepatic impairment

Contraindicated in moderate (Child-Pugh B) 
and severe (Child-Pugh C)

Pregnancy and lactating 
women

Pregnancy category B
Pregnancy category X, if co-administered 

with RBV
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Drug name Formulation
Routine adult 
dosage Altered dosages

NS5A inhibitor

Daclatasvir 30-mg tablet or 
60-mg tablet

60 mg daily Impaired renal function No dose adjustment

Impaired hepatic 
function

No dose adjustment

Pregnancy and lactating 
women

Contraindicated

Co-administration with 
strong CYP3A 
inhibitorsa

Co-administration with 
moderate CYP3A 
inducersb

30 mg daily

90 mg daily

Multiple drug classes in fixed-dose combination

NS3/4A protease inhibitor + NS5A inhibitor

Ombitasvir– 
paritaprevir– 
ritonavir

12.5/75/50-mg 
tablet

25/150/100 mg 
daily (two tablets 
daily)

Impaired renal function No dose adjustment
Suitable for use in ESRD/haemodialysis

Impaired hepatic 
function

No dose adjustment in mild (Child-Pugh A) 
hepatic impairment

Contraindicated in moderate (Child Pugh B) 
and severe (Child-Pugh C) hepatic 
impairment

Pregnancy and lactating 
women

Pregnancy category B
Pregnancy category X, if co-administered 

with RBV

Grazoprevir– 
elbasvir

100/50-mg tablet 100/50 mg daily 
(one tablet daily)

Impaired renal function No dose adjustment
Suitable for use in ESRD/hemodialysis

Impaired hepatic 
function

No dose adjustment in mild (Child-Pugh A) 
hepatic impairment

Contraindicated in moderate (Child Pugh B) 
and severe (Child-Pugh C) hepatic 
impairment

Pregnancy and lactating 
women

No data

NS5B polymerase inhibitor + NS5A inhibitor

Sofosbuvir–
ledipasvir

400/90-mg tablet 400/90 mg daily 
(one tablet daily)

Impaired renal function No dose adjustment for GFR > 30 ml/
minute

No dose recommendation for those with 
GFR < 30 ml/minute or with ESRD/
hemodialysis

Impaired hepatic 
function

No dose adjustment

Pregnancy and lactating 
women

Pregnancy category B

Sofosbuvir–vel-
patasvir

400/100-mg 
tablet

400/100 mg daily 
(one table daily)

Impaired renal function No dose adjustment for GFR > 50 ml/
minute

Impaired hepatic 
function

No dose adjustment in mild (Child-Pugh A) 
or moderate (Child-Pugh B) hepatic 
impairment

Pregnancy and lactating 
women

No data

aFor example, ritonavir-boosted atazanavir, some azoles, and clarithromycin.
bFor example, efavirenz, dexamethasone, and nafcillin.
Abbreviations: PEG-IFN: pegylated interferon; RBV: ribavirin; CrCl: creatinine clearance; GFR: glomerular filtration rate; ESRD: end-stage renal disease.
Source: Data compiled from AbbVie (2015), Bristol-Myers Squibb (2015a), Bristol-Myers Squibb (2015b), Charlton et al. (2015), Curry et al. (2015), Feld et al. 

(2015), Foster et al. (2015), Gilead Sciences (2015a), Gilead Sciences (2015b), Jacobson et al. (2015), Merck (2016), Merck (2015), Pockros et al., (2015), Roth 
et al. (2015), Vertex Pharmaceuticals (2013).
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Drug distribution
Telaprevir is 59–76% bound to plasma proteins (primarily 
alpha1-acid glycoprotein and albumin) in a concentration- 
dependent manner, decreasing with increasing concentra-
tions of telaprevir. 

Clinically important pharmacokinetic and 
pharmacodynamic features
There are no pharmacokinetic data for telaprevir in individ-
uals with moderate (Child-Pugh B) or severe (Child-Pugh 
C) hepatic impairment. Use is not recommended in this 
population. 

After administration of a single 750-mg dose in HCV-
negative adults with creatinine clearance (CrCl) < 30 ml/
minute, the AUC increased by 21%. No dosage adjustments 
are required for renal impairment. Telaprevir has not been 
studied in HCV-infected adults with CrCl < 50 ml/minute, 
with end-stage renal disease or who are undergoing 
hemodialysis. 

Excretion
Telaprevir is extensively metabolized in the liver, involving 
hydrolysis, oxidation, and reduction. Multiple metabolites 

were detected in feces, plasma, and urine, none of which 
were clinically significant. CYP3A4 was the major isoform 
responsible for CYP-mediated telaprevir metabolism while 
aldo-keto reductases and other reductases are responsible for 
the reduction of telaprevir. Non-CYP-mediated pathways 
of metabolism likely play a major role after multiple dosing 
of telaprevir.

After administration of a single oral dose of 750 mg 
14C-telaprevir in healthy subjects, 90% of total radioactivity 
was recovered in feces (82%; 31.9% unchanged, 18.8% 
R-diastereomer), urine (1%), and expired air (9%). 

Drug interactions
Telaprevir is a strong inhibitor of CYP3A and as such is 
contraindicated when combined with drugs that are highly 
dependent on CYP3A for clearance and for which elevated 
plasma concentrations are associated with serious and/or 
life-threatening events (narrow therapeutic index). Telaprevir 
is contraindicated when combined with drugs that strongly 
induce CYP3A and thus may lead to lower exposure and 
loss of efficacy of telaprevir (see Table 261.11). Up-to-date 
drug–drug interaction information can be accessed via hep- 
druginteractions.org. 

Table 261.9. Summary of key pharmacokinetic and pharmacodynamic parameters of NS5B polymerase inhibitors.

Sofosbuvir (GS-331007)a Dasabuvir

Bioavailability

Adults 400 mg daily 250 mg twice daily

Plasma t½ (hours) 0.4 (27) 5.5–6

Cmax (ng/ml) 603 (1378) 667

AUC (ng∙h/ml) 828–1010 (6790–7200) 3240

Change in AUC with food administration No significant change Increase

Interindividual variation Not determined 62%

Protein binding 61-65% (minimal) >99.5%

Volume of distribution (l/kg) Not determined 396

Total clearance (l/hour) Not determined Not determined 

Renal clearance Not determined Not determined

Metabolism

Metabolized by CatA, CES1, Hint1 CYP2C8, CYP3A

Inducer of

Inhibitor of UGT1A1

Transported by Sofosbuvir only: PGP, BCRP PGP, BCRP

Important toxicities

QTc No effect on QTc interval No effect on QTc interval

Excretion

Urine 80% (78%) 2%

Feces 14% 94% (26% unchanged)

Metabolites GS-331007

aAfter oral administration, > 90% of systemic drug exposure is as GS-331007, which is phosphorylated to the active triphosphate catab-
olite; GS-331007 is the primary analyte of interest for pharmacokinetic analyses.

Abbreviations: t½: half-life; Cmax: maximum concentration; AUC: area-under-the-concentration-time curve; CatA: human cathepsin A; 
CES: carboxylesterase; Hint histidine triad nucleotide-binding protein; UGT: uridinediphosphate-glucuronosyltransferase; PGP: 
P-glycoprotein; BCRP: breast cancer resistance protein.

Source: Data compiled from AbbVie (2015), Gilead Sciences (2015a), Mensing et al. (2016).

http://www.hep-druginteractions.org
http://www.hep-druginteractions.org


4456 Protease, Polymerase, and Assembly Inhibitors for the Treatment of Hepatitis C Virus Infection

BOCEPREVIR

Bioavailability
Boceprevir is administered as an approximately equal mixture 
of two diastereomers (1:1), SCH-534128 and SCH-534129, 
which rapidly interconvert in plasma. The predominant 
diastereomer (2:1), SCH-534128, is pharmacologically active 
and the other diastereomer is inactive. Boceprevir has a 
median tmax of 2 hours, with a Cmax of 557 ng/ml after a single 
400-mg oral dose. Steady state AUC and Cmax increased in a 
less-than-dose-proportional manner, and individual expo-
sures overlapped substantially at 800 mg and 1200 mg, sug-
gesting diminished absorption at higher doses. Steady state 
is achieved after approximately 1 day of three times daily 
dosing. Because food enhanced the exposure of boceprevir 
by up to 65%, relative to the fasting state, boceprevir should 
always be given with food, regardless of type or timing of 
the meal.

Drug distribution
See Table 261.8.

Clinically important pharmacokinetic and 
pharmacodynamic features
After a single dose of 400 mg of boceprevir in non-HCV-in-
fected adults with hepatic impairment, the mean AUC and 
Cmax of the active diastereomer of boceprevir (SCH534128) 
were 32% and 28% higher, respectively, in moderate (Child-
Pugh class B) hepatic impairment and 45% and 62% higher, 
respectively, in severe (Child-Pugh class C) hepatic impair-
ment relative to individuals with normal hepatic function. 
No significant difference in exposure was noted in those with 
mild (Child-Pugh class A) hepatic impairment. 

In non-HCV-infected adults with end-stage renal disease 
(ESRD) requiring hemodialysis after a single 800-mg dose of 
boceprevir, the mean AUC was 10% lower relative to those 

Table 261.10. Summary of key pharmacokinetic and pharmacodynamic parameters of NS5A inhibitors.

Daclatasvir Ledipasvir Ombitasvir Elbasvir Velpatasvir

Bioavailability

Adults 60 mg daily 90 mg daily 25 mg daily 50 mg daily 100 mg daily

Plasma t½ (hours) 12–15 47 21–25 24 15

Cmax (ng/ml) 1,534 323 68 121 259

AUC (ng∙h/ml) 14,122 7,290 1,000 1,920 2,980

Change in AUC with food 
administration

No significant 
change

No significant 
change

Increase No significant 
change

No significant 
change

Interindividual variation 20–40% Not determined 30% Not determined Not determined

Protein binding > 99% > 99.8% 99.9% > 99% > 99%

Volume of distribution (l/kg) 47 Not determined 50.1 680 Not determined

Total clearance (l/hour) Not determined Not determined Not determined 26 Not determined

Renal clearance 6.6% 1% — < 1% < 1%

Metabolism

Metabolized by CYP3A4 Slow oxidative 
metabolism 
(unknown 
mechanism)

Amide hydroly-
sis, then 
oxidative 
metabolism

CYP3A CYP2B6
CYP2C8
CYP3A4

Inducer of CYP3A4 (weak) — — — —

Inhibitor of PGP, OATP1B1, 
BCRP

— UGT1A1 BCRP (gut) BCRP, PGP, 
OATP

Transported by PGP PGP, BCRP PGP, BCRP PGP, CYP3A4, 
OATP

—

Important toxicities
QTc No effect on 

QTc interval
No effect on QTc 

interval
No effect on QTc 

interval
No effect on 

QTc interval
Not determined

Excretion
Urine 6.6% 1% 2% < 1% 0.4%

Feces 88% (53% 
unchanged)

86% (70% 
unchanged)

90% (89% 
unchanged)

> 90% 94

Abbreviations: t½: half-life; Cmax: maximum concentration; AUC: area-under-the-concentration-time curve; PGP: P-glycoprotein; OATP: organic anion-transport-
ing polypeptide; BCRP: breast cancer resistance protein; UGT: uridinediphosphate-glucuronosyltransferase.

Source: Data compiled from AbbVie (2015), Amblard et al. (2013), Bristol-Myers Squibb (2015a), Coburn et al. (2013), Gilead Sciences (2015b), Gilead Sciences 
(2017), Lawitz et al. (2015a), Mensing et al. (2016), Merck (2016), Mogalian et al. (2016a), Mogalian et al. (2017), Nettles et al. (2011), Yeh et al. (2014d).
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with normal renal function. Hemodialysis removed < 1% of 
the boceprevir dose. No dosage adjustment is required for 
patients with any degree of renal impairment. 

Excretion
Studies in vitro indicate that boceprevir undergoes metabo-
lism through the aldo-keto reductase–mediated pathway to 
ketone-reduced metabolites that are inactive against HCV. 
To a lesser extent, boceprevir also undergoes oxidative metab-
olism mediated by CYP3A4/5.

Boceprevir is primarily eliminated by the liver. After a 
single 800-mg oral dose of 14C-boceprevir, approximately 
79% (8% unchanged) and 9% (3% unchanged) of the dose 
was excreted in feces and urine, respectively. 

Drug interactions
See Table 261.12. Up-to-date drug–drug interaction infor-
mation can be accessed via hep-druginteractions.org. 

SIMEPREVIR

Bioavailability
Plasma Cmax and AUC increased more than dose proportion-
ally after multiple doses of simeprevir of between 75 and 200 
mg once daily, with accumulation occurring after repeated 
dosing. Steady-state was reached after 7 days of once-daily 
dosing. Plasma exposure (AUC) of simeprevir in HCV-
infected adults was two- to threefold higher compared to that 
observed in HCV-uninfected adults. Plasma Cmax and AUC 
of simeprevir were similar during co-administration with 
PEG-IFN alpha and ribavirin compared with administration 
of simeprevir alone. Because administrating simeprevir with 

food to healthy subjects increased the relative bioavailability 
(AUC) and delayed absorption, simeprevir should be admin-
istered with food, regardless of type. 

Drug distribution
Simeprevir is extensively bound to plasma proteins (> 99.9%), 
primarily albumin and to a lesser extent, alpha1-acid glyco-
protein (AAG). 

Clinically important pharmacokinetic and 
pharmacodynamic features
Simeprevir is primarily metabolized by the liver. Compared 
to HCV-uninfected adults with normal hepatic function, the 
mean steady-state AUC of simeprevir was 2.4-fold higher in 
HCV-uninfected adults with moderate hepatic impairment 
(Child-Pugh class B) and 5.2-fold higher in HCV-uninfected 
adults with severe hepatic impairment (Child-Pugh class C). 
Simeprevir is not recommended for patients with moderate 
(Child-Pugh class B) or severe hepatic impairment (Child-
Pugh class C); there are postmarketing reports of hepatic 
decompensation, hepatic failure, and death in patients with 
advanced or decompensated cirrhosis receiving simeprevir 
combination therapy.

Excretion
Simeprevir is metabolized in the liver. Simeprevir primarily 
undergoes oxidative metabolism by the hepatic CYP3A sys-
tem. After a single oral administration of 200 mg (1.3 times 
the recommended dosage) 14C-simeprevir to healthy adults, 
the majority of the radioactivity in plasma was accounted for 
by unchanged drug and a small part of the radioactivity in 

Table 261.11. Examples of medications contraindicated for co-administration with telaprevir.

Drug class

Drugs within class that 
are contraindicated with 
telaprevir Effect on concentration Clinical comments

Alpha 1-adrenoreceptor 
antagonist

Alfuzosin ↑ alfuzosin Potential for hypotension or cardiac arrhythmia

Antimycobacterials Rifampicin ↓↓↓ telaprevir Co-administration is not recommended

Ergot derivatives Dihydroergotamine, 
ergonovine, ergotamine, 
methylergonovine

↑ ergot derivative Potential for acute ergot toxicity characterized 
by peripheral vasospasm or ischemia

GI motility agent Cisapride ↑ cisapride Potential for cardiac arrhythmias

Herbal products St. John’s wort (Hypericum 
perforatum)

↓ telaprevir Co-administration is not recommended

HMG-CoA reductase 
inhibitors

Lovastatin, simvastatin ↑ HMG-CoA reductase 
inhibitor

Potential for myopathy including rhabdomyolysis

Neuroleptic Pimozide ↑ pimozide Potential for serious and/or life-threatening 
adverse reactions, such as cardiac arrhythmias

PDE5 inhibitor Sildenafil, tadalafil (for 
PAH)

↑ PDE5 inhibitor Potential for PDE5 inhibitor-associated adverse 
events, including visual abnormalities, 
hypotension, prolonged erection, and syncope

Sedatives, hypnotics Midazolam (oral), triazolam ↑ sedative, hypnotic Prolonged or increased sedation or respiratory 
depression

Abbreviations: GI: gastrointestinal; PAH: pulmonary arterial hypertension.

http://www.hep-druginteractions.org
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plasma was related to metabolites (none being major). 
Metabolites identified in feces were formed via oxidation and 
by O-demethylation followed by oxidation. 

Elimination of simeprevir occurs via biliary excretion. 
After a single oral administration of 200 mg 14C-simeprevir 
to healthy adults, 91% of the total radioactivity was recov-
ered in feces. 

Drug interactions
Simeprevir is metabolized by the cytochrome P-450 system, 
primarily CYP3A, and is a substrate for several drug trans-
porters, including organic anion transporting polypeptides 
(OATPs). It is susceptible to metabolic drug–drug interac-
tions with agents that are moderate or strong CYP3A inhib-
itors (e.g. ritonavir and erythromycin) or CYP3A inducers 
(e.g. rifampin and efavirenz). Co-administration of these 
drugs may increase or decrease plasma concentrations of 
simeprevir, respectively, and should be avoided. Clinical 
studies have shown that simeprevir is a mild inhibitor of 
CYP1A2 and intestinal CYP3A but does not inhibit hepatic 
CYP3A. The effects of simeprevir on these enzymes are of 
clinical relevance only for narrow-therapeutic-index drugs 
that are metabolized solely by these enzymes (e.g. oral 
 midazolam). Simeprevir is a substrate and inhibitor of the 
transporters P-glycoprotein (PGP), breast cancer resistance 
protein (BCRP), and OATP1B1/3. Cyclosporine is an inhibi-
tor of OATP1B1/3, BCRP, and PGP, and a mild inhibitor of 
CYP3A; cyclosporine causes a significant increase in sime- 

previr plasma concentrations, and co-administration is not 
recommended. Clinical studies have demonstrated increases 
in co-administered drug concentrations for drugs that are 
substrates of the OATP1B1/3, BRCP (e.g. rosuvastatin) and 
PGP (e.g. digoxin) transporters; these drugs should be admin-
istered with dose titration and or/close monitoring.

Postmarketing, life-threatening bradyarrhythmias have 
been documented in individuals taking amiodarone in 
combination with sofosbuvir-containing regimens, including 
sofosbuvir + simeprevir (Brainard et al., 2015; US Food and 
Drug Administration, 2015). The mechanism for this effect 
is unknown. See section 6, Adverse reactions and toxicity for 
further details. Up to date drug–drug interaction informa-
tion can be accessed via hep-druginteractions.org. 

ASUNAPREVIR

Bioavailability
In HCV-infected adults, asunaprevir Cmax occurred at a tmax of 
between 1 and 4 hours after a dose. Asunaprevir Cmax, AUC, 
and minimum concentration (Cmin) values increased in an 
approximately dose-proportional manner. Steady state was 
achieved after 7 days of twice-daily administration in healthy 
subjects. The absolute oral bioavailability of the asunaprevir 
soft capsule was 9.3%. In healthy subjects, administration of 
100 mg asunaprevir soft capsule with a high-fat meal 
increased the rate of absorption relative to fasting conditions 
but did not have a clinically meaningful effect on the overall 
bioavailability.

Table 261.12. Examples of medications contraindicated for co-administration with boceprevir.

Drug class

Drugs within class that are 
contraindicated with 
boceprevir Effect on concentration Clinical comments

Alpha 1-adrenoreceptor 
antagonist

Alfuzosin ↑ alfuzosin Potential for hypotension or cardiac arrhythmia

Anticonvulsants Carbamazepine, phenobarbital, 
phenytoin

Antimycobacterials Rifampicin ↓↓↓ boceprevir Co-administration is not recommended

Ergot derivatives Dihydroergotamine, 
ergonovine, ergotamine, 
methylergonovine

↑ ergot derivative Potential for acute ergot toxicity characterized 
by peripheral vasospasm or ischemia

GI motility agent Cisapride ↑ cisapride Potential for cardiac arrhythmias

Herbal products St. John’s wort (Hypericum 
perforatum)

↓ boceprevir Co-administration is not recommended

HMG-CoA reductase 
inhibitors

Lovastatin, simvastatin ↑ HMG CoA reductase 
inhibitor

Potential for myopathy including rhabdomyolysis

Oral contraceptives Drospirenone

Neuroleptic Pimozide ↑ pimozide Potential for serious and/or life-threatening 
adverse reactions, such as cardiac arrhythmias

PDE5 inhibitor Sildenafil, tadalafil (for PAH) ↑ PDE5 inhibitor Potential for PDE5 inhibitor-associated adverse 
events, including visual abnormalities, 
hypotension, prolonged erection, and syncope

Sedatives, hypnotics Midazolam (oral), triazolam ↑ sedative, hypnotic Prolonged or increased sedation or respiratory 
depression

Abbreviations: GI: gastrointestinal; PAH: pulmonary arterial hypertension.

http://www.hep-druginteractions.org
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Drug distribution
Protein binding of asunaprevir in HCV-infected adults was 
> 99% and was independent of dose. 

Clinically important pharmacokinetic and 
pharmacodynamic features
Asunaprevir is metabolized via the liver and clinically signif-
icant increases in asunaprevir concentration were seen in 
individuals with moderate (Child-Pugh class B) and severe 
(Child-Pugh class C) hepatic impairment, limiting its use 
in this population (Bristol-Myers Squibb, 2015b; Eley et 
al., 2015; Gentile et al., 2014d). In comparison with healthy 
adults, mild hepatic impairment did not result in a meaning-
ful alteration in asunaprevir exposure. 

The pharmacokinetic properties of asunaprevir as one of 
three components of a fixed-dose combination tablet (with 
asunaprevir, daclatasvir, and an investigational nonnucleo-
side NS5B inhibitor) were studied after multiple-dose admin-
istration in non-HCV infected adults with normal renal 
function (CrCl ≥ 90 ml/minute) and mild (CrCl 60 to < 90 
ml/minute), moderate (CrCl 30 to < 60 ml/minute), and 
severe (CrCl < 30 ml/minute) renal impairment but not 
on hemodialysis and patients with ESRD on hemodialysis. 
Asunaprevir unbound Cmax was estimated to be 37%, 87%, 
and 119% higher and the asunaprevir unbound AUC was 
estimated to be 41%, 99%, and 137% higher for individuals 
with mild, moderate, and severe renal impairment, respec-
tively, compared with subjects with normal renal function. 
Asunaprevir unbound Cmax and AUC decreased 2% and 6%, 
respectively, soon after hemodialysis compared to individu-
als with normal renal function. As such, for individuals with 
severe renal impairment (CrCl < 30 ml/minute) who are not 
receiving hemodialysis, the dosing interval is prolonged, 
with the recommended dose being 100 mg daily (as com-
pared with the standard dose of 100 mg twice daily). 

Excretion
In vitro studies demonstrate that asunaprevir undergoes oxi-
dative metabolism primarily mediated by CYP3A.

After single-dose oral administration of 14C-asunaprevir 
in healthy subjects, 84% of total radioactivity was recovered 
in feces (primarily as metabolites, 7.5% unchanged) and 
< 1% was recovered in the urine (primarily as metabolites). 
Metabolism was the major route of asunaprevir elimination. 
Nine minor metabolites were detected in human plasma. Both 
asunaprevir and its metabolites were detected in human bile. 

Drug interactions
CYP3A is involved in the elimination of asunaprevir. There-
fore, moderate or strong inducers of CYP3A may decrease 
the plasma levels of asunaprevir, and moderate or strong 
inhibitors of CYP3A may increase the plasma levels of asun-
aprevir. Asunaprevir is also a substrate of PGP. OATP1B1 
and OATP2B1 are involved in the liver distribution of asun-
aprevir. Therefore, strong inhibitors of OATP-mediated trans-
port may increase the plasma concentrations of asunaprevir 
and may decrease its therapeutic effect by reducing distri- 

bution to the liver. Clinically relevant examples of OATP 
inhibitors include ritonavir (OATPB1/B3/A2), atazanavir 
(OATPB1/B3), cyclosporine A (OATP1B1/B3/A2, OATP2B1), 
rifampicin (OATP1B1/B3, OATP2B1), lovastatin (OATP1BI), 
pravastatin (OATP1BI), and simvastatin (OATP1BI) (Inter-
national Transporter, et al., 2010; Karlgren et al. 2012). 
Up-to-date drug–drug interaction information can be 
accessed via hep-druginteractions.org. 

GRAZOPREVIR

Bioavailability
In HCV-uninfected adults receiving single doses of grazo-
previr, tmax was 2–5 hours and plasma t½ was 15–34.4 hours. 
The Cmax and mean AUC increased in a dose-proportional 
fashion up to 200 mg and in a greater-than-dose-propor-
tional fashion at doses > 200 mg. In HCV-uninfected adults 
receiving 10 days of grazoprevir (100–1000 mg daily), steady 
state was achieved after 6 days, with a median tmax of 2.5–4 
hours and plasma t½ of 20 hours. In a similar multidose study 
in adults with HCV genotype 1 or 3, tmax was 2–4 hours and 
plasma t½ was 22–33 hours, with similar pharmacokinetic 
parameters across genotype 1 and 3. Based on population 
pharmacokinetic modeling in HCV-infected adults, geomet-
ric mean AUC0–24 was 1420 ng/h/ml (90% confidence inter-
val [CI]: 1400, 1530), and Cmax was 165 ng/ml (90% CI: 161, 
176), with tmax at 2 hours (range: 0.5–3 hours) (Merck, 2017). 
Drug exposure was 1.2- to 2.1-fold higher in HCV-infected 
individuals as compared with healthy controls (Merck, 2016; 
Gentile et al., 2014a). Concomitant food administration did 
not significantly affect exposure (AUC). 

Drug distribution
See Table 261.8.

Clinically important pharmacokinetic and 
pharmacodynamic features
In comparison with healthy controls, in non-HCV-infected 
adults with mild (Child-Pugh class A) and moderate (Child-
Pugh class B) hepatic impairment, grazoprevir exposure was 
increased approximately twofold and fivefold, respectively 
(Merck, 2017). 

Hemodialysis does not significantly affect grazoprevir 
pharmacokinetics in adults with ESRD. The removal of gra-
zoprevir (< 0.5%) by hemodialysis is negligible (Yeh et al., 
2014a). The very high plasma protein binding of grazoprevir 
is consistent with the small amounts of grazoprevir quan-
tified in dialysate. Grazoprevir concentrations were higher 
in adults with severe renal impairment not on hemodialysis 
compared to matched healthy adults (Merck, 2017). Co- 
formulated grazoprevir–elbasvir for 12 weeks is safe and 
effective in individuals with HCV genotype 1 infection and 
advanced stage 4–5 chronic kidney disease, including those 
with ESRD on hemodialysis (Roth et al., 2015).

Excretion
Grazoprevir is primarily eliminated through hepatic path-
ways, with minimal renal clearance. See Table 261.8.

http://www.hep-druginteractions.org
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Drug interactions
Grazoprevir is a substrate of CYP3A, PGP. and OATP1B1/B3 
transporters. Co-administration with drugs that inhibit 
OATP1B1/B3 may result in a significant increase in the 
plasma concentrations of grazoprevir and as such are con-
traindicated. Clinically relevant examples of OATPP1B1/B3 
inhibitors include ritonavir, atazanavir, cyclosporine A, 
rifampicin, and simvastatin (International Transporter et al., 
2010; Karlgren et al., 2012). Co-administration with moder-
ate or strong inducers of CYP3A may result in a significant 
decrease in the plasma concentrations of grazoprevir; as 
such, co-administration with strong CYP3A inducers is 
contraindicated (e.g. efavirenz) and co-administration with 
moderate CYP3A inducers is not recommended.

Grazoprevir is an inhibitor of BCRP (gut) and CYP3A 
(weak). Grazoprevir does not inhibit PGP in vitro. 

See Table 261.13 for drugs contradicted for co-administra-
tion with grazoprevir–elbasvir. Up-to-date drug–drug inter-
action information can be accessed via hep-druginteractions.
org. 

5b.  NS5B polymerase inhibitors

SOFOSBUVIR

After oral administration of sofosbuvir, the majority (> 90%) 
of systemic drug exposure is as the inactive renally excreted 
metabolite GS-331007, which is considered the primary ana-
lyte of interest for the purposes of pharmacokinetic analysis. 
Sofosbuvir accounts for only 4% of systemic drug exposure, 
whereas GS-461203, the active triphosphate nucleotide ana-
log, is not detected in plasma. 

Bioavailability
After oral administration of sofosbuvir, sofosbuvir was 
absorbed with a plasma Cmax at tmax of 0.5–2 hours post dose 
with an elimination t½ of 0.5–1.5 hours. The GS-331007 Cmax 
occurred at a tmax between 2 and 4 hours post dose, with an 
elimination t½ of 7–12 hours. Based on population phar-
macokinetic analysis in HCV-infected adults who were co- 
administered ribavirin (with or without PEG-IFN), geometric 
mean steady state AUC0–24 was 969 ng/h/ml for sofosbuvir 
and 6790 ng/h/ml for GS-331007. Relative to fasting condi-
tions, the administration of a single dose of sofosbuvir with 
a standardized high-fat meal did not substantially affect the 
sofosbuvir or GS-331007 exposure. 

Drug distribution
See Table 261.9.

Clinically important pharmacokinetic and 
pharmacodynamic features
The pharmacokinetics of sofosbuvir were studied in HCV-
negative subjects with mild (estimated glomerular filtration 
rate [eGFR]: 50–80 ml/min/1.73 m2), moderate (eGFR: 30–50 
ml/min/1.73m2), and severe renal impairment (eGFR: < 30 
ml/min/1.73m2) renal disease and subjects with ESRD requir-
ing hemodialysis after a single 400-mg dose of sofosbuvir. 
Relative to subjects with normal renal function (eGFR: > 80 
ml/min/1.73m2), the sofosbuvir AUC was 61%, 107%, and 
171% higher in mild, moderate, and severe renal impairment, 
and the GS-331007 AUC was 55%, 88%, and 451% higher, 
respectively. In adults with ESRD relative to adults with nor-
mal renal function, the sofosbuvir and GS-331007 AUC values 

Table 261.13. Significant drug interactions with grazoprevir–elbasvir (GZR–EBR).a

Concomitant drug class and drug 
name

Effect on 
concentration Clinical comment

Anticonvulsants: carbamazepine, 
phenytoin

↓↓↓ GZR–EBR Due to CYP3A induction, marked decreases in GZR–EBR plasma 
concentrations are expected 

Co-administration is contraindicated

Antimycobacterials: rifabutin, rifampin, 
rifapentine

↓↓↓ GZR–EBR Due to CYP3A induction, marked decreases in GZR–EBR plasma 
concentrations are expected 

Co-administration is contraindicated

Herbal supplements: St. John’s wort 
(Hypericum perforatum)

↓↓↓ GZR–EBR Due to CYP3A induction, marked decreases in GZR–EBR plasma 
concentrations are expected 

Co-administration is contraindicated

HIV nonnucleoside reverse transcriptase 
inhibitors: efavirenz

↓↓↓ GZR, ↓ EBR Due to CYP3A induction, marked decreases in GZR (> 80%) and 
decreases in EBR plasma concentrations are expected 

Co-administration is contraindicated

HIV protease inhibitors: atazanavir, 
darunavir, lopinavir, saquinavir, 
tipranavir

↑ GZR May increase risk of ALT elevation due to increase in GZR concentration 
related to inhibition of OATP1B1/B3

Co-administration is contraindicated

Immunosuppressants: cyclosporine ↑ GZR May increase risk of ALT elevation due to increase in GZR concentration 
related to inhibition of OATP1B1/B3

Co-administration is contraindicated

aThis list is not exhaustive. Up to date drug–drug interaction information can be accessed via University of Liverpool (hep-druginteractions.org). 
Abbreviations: ALT: alanine aminotransferase; OATP: organic anion-transporting polypeptide.
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were 28% and 1280% higher when sofosbuvir was dosed 1 
hour before hemodialysis compared with 60% and 2070% 
higher when sofosbuvir was dosed 1 hour after hemodialysis, 
respectively. A 4-hour hemodialysis session removed approx-
imately 18% of the administered dose. Although no dose 
adjustment is required for patients with mild or moderate 
renal impairment, safety and efficacy have not been estab-
lished in patients with severe renal impairment or ESRD. 

Excretion
Sofosbuvir is extensively metabolized in the liver to form the 
pharmacologically active nucleoside analog triphosphate 
GS-461203. The metabolic activation pathway involves 
sequential hydrolysis (by carboxylesterase 1, cathepsin A, 
and histidine triad nucleotide-binding protein) followed 
by diphosphorylation (mediated by UMP-CMP kinase) and 
triphosphorylation (mediated by nucleoside diphosphate 
kinase) to form GS-461203. Intrahepatic dephosphorylation 
of the monophosphate results in the formation of the nucle-
oside metabolite GS-331007, which cannot be efficiently 
rephosphorylated and lacks anti-HCV activity in vitro. 

After a single 400 mg oral dose of 14C-sofosbuvir, mean 
total recovery of the dose was> 92%, consisting of approxi-
mately 80%, 14%, and 2.5% recovered in urine, feces, and 
expired air, respectively. The majority of the sofosbuvir dose 
recovered in urine was GS-331007 (78%). Renal clearance is 
the major elimination pathway for GS-331007. 

Drug interactions
Drugs that are potent PGP inducers in the intestine (e.g. 
rifampin, St. John’s wort) may significantly decrease sofosbu-
vir plasma concentrations and may lead to a reduced thera-
peutic effect. Co-administration with drugs that inhibit PGP 
and/or BCRP may increase sofosbuvir plasma concentration 
without increasing GS-331007 plasma concentration; accord-
ingly, sofosbuvir may be co-administered with PGP and/or 
BCRP inhibitors. Sofosbuvir and GS-331007 are not inhibi-
tors of PGP and BCRP and thus are not expected to increase 
exposures of drugs that are substrates of these transporters. 
The intracellular metabolic activation pathway of sofosbuvir 
is mediated by generally low-affinity and high-capacity 
hydrolase and nucleotide phosphorylation pathways that are 
unlikely to be affected by concomitant drugs. 

Postmarketing, life-threatening bradyarrhythmias have 
been documented in individuals taking amiodarone in 
combination with sofosbuvir-containing regimens, including 
sofosbuvir plus ledipasvir, sofosbuvir plus simeprevir and 
sofosbuvir plus daclatasvir (Brainard et al., 2015; US Food 
and Drug Administration, 2015). The mechanism for this 
effect is unknown. See section 6, Adverse reactions and tox-
icity for further details. 

See Table 261.14 for potentially significant drug interac-
tions with ledipasvir–sofosbuvir. See Table 261.15 for poten-
tially significant drug interactions with sofosbuvir–velpatasvir. 
Up-to-date drug–drug interaction information can be 
accessed via hep-druginteractions.org. 

5c.  NS5A inhibitors

DACLATASVIR

Bioavailability
In dose-ranging studies in HCV-infected subjects, geomet-
ric mean (coefficient of variation [CV], %) daclatasvir Cmax 
was 1,534 (58) ng/ml and AUC0–24 was 14,122 (70) ng/h/ml, 
with a tmax at 1–2 hours post dose. The absolute bioavailabil-
ity of the tablet formulation is 67%. A food effect was not 
observed with administration of daclatasvir 60-mg tablet 
after a low-fat, low-caloric meal compared with fasted 
conditions.

Drug distribution
See Table 261.10.

Clinically important pharmacokinetic and 
pharmacodynamic features
The pharmacokinetics of daclatasvir after a single 60-mg oral 
dose was studied in non–HCV-infected individuals with 
renal impairment. The predicted AUC of daclatasvir was 
estimated to be 26%, 60%, and 80% higher in individuals 
with CrCl values of 60, 30, and 15 ml/minute, respectively, 
relative to individuals with normal renal function (CrCl ≥ 90 
ml/minute). Individuals with ESRD requiring hemodialysis 
had a 27% increase in daclatasvir AUC and a 20% increase in 
unbound AUC compared to individuals with normal renal 
function. Daclatasvir is highly bound to plasma proteins and 
is unlikely to be removed by dialysis.

The pharmacokinetics of daclatasvir after a single 30-mg 
oral dose was studied in non-HCV-infected adults with mild 
(Child-Pugh class A), moderate (Child-Pugh class B), and 
severe (Child-Pugh class C) hepatic impairment and a corre-
sponding matched control group. The Cmax and AUC of total 
daclatasvir (free and protein-bound drug) were lower by 
46% and 43%, respectively, in individuals with Child-Pugh 
class A impairment; by 45% and 38%, respectively, with 
Child-Pugh class B impairment; and by 55% and 36%, 
respectively, with Child-Pugh class C. The Cmax and AUC of 
unbound daclatasvir were lower by 43% and 40%, respec-
tively, in Child-Pugh class A impairment; by 14% and 2%, 
respectively, in Child-Pugh class B; and by 33% and 5%, 
respectively, in Child-Pugh class C. Consequently, no dose 
adjustment is required for hepatic impairment. 

Excretion
Daclatasvir is a substrate of CYP3A, with CYP3A4 being the 
primary isoform responsible for metabolism. After single- 
dose oral administration of 25 mg 14C-daclatasvir in healthy 
subjects, the majority of radioactivity in plasma was predom-
inately attributed to parent drug (≥ 97%).

After a single-dose oral administration of 25 mg 
14C-daclatasvir in healthy subjects, 88% of total radioactivity 
was recovered in feces (53% unchanged) and 6.6% of the 
dose was excreted in the urine (primarily unchanged). 
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Table 261.14. Potentially significant drug interactions with ledipasvir–sofosbuvir (LDV–SOF).a

Concomitant drug class and 
drug name Effect on concentration Clinical comment

Acid reducing agents

↓ ledipasvir Ledipasvir solubility decreases as pH increases 
Drugs that increase gastric pH are expected to decrease concentra-

tion of LDV

Antacids (e.g. aluminum and 
magnesium hydroxide)

Separate antacid and LDV–SOF administration by 4 hours

H2-receptor antagonists (e.g. 
famotidine)

H2-receptor antagonists may be administered simultaneously with 
or 12 hours apart from LDV–SOF at a dose that does not exceed 
doses comparable to famotidine 40 mg twice daily

Proton-pump inhibitors (e.g. 
omeprazole)

Proton-pump inhibitor doses comparable to omeprazole 20 mg or 
lower can be administered simultaneously with LDV–SOF under 
fasted conditions

Antiarrhythmic

Digoxin ↑ digoxin Therapeutic concentration monitoring of digoxin is recommended 
when co-administered

Amiodarone Effect on amiodarone, 
ledipasvir, and 
sofosbuvir concentra-
tions unknown

Serious symptomatic bradycardia may occur in patients taking 
amiodarone, particularly in patients also receiving beta-blockers, 
or those with underlying cardiac co-morbidities and/or advanced 
liver disease

Co-administration is contraindicated 

Anticonvulsants 

Carbamazepine , phenytoin, 
phenobarbital, oxcarbazepine

↓ ledipasvir, ↓ sofosbuvir, 
↓ GS-331007

Co-administration is not recommended

Antimycobacterials 

Rifabutin, rifampin, rifapentine ↓↓ ledipasvir, ↓ sofosbuvir, 
↓ GS-331007

Co-administration is not recommended 

HIV antiretroviral

Efavirenz, emtricitabine, TDF ↑ tenofovir The clinical implications of an increase in tenofovir concentration in 
this setting are unclear; nephrotoxicity has not been seen in 
phase III clinical trials and real-world cohort analyses 

Monitor renal function
TAF may be an alternative

Regimens containing TDF and a HIV 
protease inhibitor–ritonavir

↑ tenofovir

Elvitegravir, cobicistat, emtricitabine, 
TDF

↑ tenofovir

Tipranavir–ritonavir ↓ ledipasvir, ↓ sofosbuvir, 
↓ GS-331007

Co-administration is not recommended

HCV products 

Simeprevir ↑ ledipasvir Co-administration is not recommended

Herbal supplements

St. John’s wort (Hypericum 
perforatum)

↓ ledipasvir, ↓ sofosbuvir, 
↓ GS-331007

Co-administration is not recommended 

HMG-CoA Reductase inhibitors 

Rosuvastatin ↑ rosuvastatin Co-administration is not recommended

aThis list is not exhaustive. Up to date drug–drug interaction information can be accessed via University of Liverpool (hep-druginteractions.org). No clinically 
significant drug interactions have been observed or are expected with abacavir, atazanavir–ritonavir, cyclosporine, darunavir–ritonavir, efavirenz, emtricitabine, 
lamivudine, methadone, oral contraceptives, pravastatin, raltegravir, rilpivirine, tacrolimus, or verapamil.

Abbreviations: TDF: tenofovir disoproxil fumarate; TAF: tenofovir alafenamide.
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Table 261.15. Significant drug interactions with sofosbuvir–velpatasvir (SOF–VEL).a

Concomitant drug class and drug name Effect on concentration Clinical comment

Acid-reducing agents

Antacids (e.g. aluminum and magnesium 
hydroxide)

↓ SOF–VEL Separate antacid and SOF–VEL administration by 4 hours
Co-administration is not recommended

H2-receptor antagonists (e.g. famotidine) H2-receptor antagonists may be administered simultane-
ously with or 12 hours apart from SOF–VEL at a dose 
that does not exceed famotidine 20 mg (or equivalent)

Co-administration is not recommended

Proton-pump inhibitors (e.g. omeprazole) If necessary to co-administer, SOF-VEL should be admin- 
istered with food and taken 4 hours before omeprazole 
20 mg. Use with other proton-pump inhibitors has not 
been studied. 

Co-administration is not recommended

Antiarrhythmic

Digoxin
↑ digoxin Therapeutic concentration monitoring of digoxin is 

recommended when co-administered
Co-administration is not recommended

Amiodarone — Serious symptomatic bradycardia may occur in patients 
taking amiodarone, particularly in patients also 
receiving beta-blockers or those with underlying cardiac 
comorbidities and/or advanced liver disease

Co-administration is contraindicated

Anticonvulsant 

Carbamazepine, phenytoin, phenobarbital, 
oxcarbazepine

↓ SOF–VEL Co-administration is contraindicated

Antimycobacterials 

Rifabutin, rifampin, rifapentine ↓↓ SOF–VEL Co-administration is contraindicated

Cardiac medications

Diltiazem, verapamil, dronedarone, 
quinine, bosentan, olmesartan, valsartan

↑ SOF–VEL or ↑ concomitant 
medication

Co-administration is not recommended

Herbal supplements 

St. John’s wort (Hypericum perforatum), 
echinacea, milk thistle, Chinese herb 
sho-saiko-to

↓ SOF–VEL Co-administration is contraindicated

HIV non-nucleoside reverse transcriptase inhibitors

Efavirenz ↓↓ VEL Velpatasvir concentrations reduced 50% when co- 
administered with efavirenz 

Although no data exist, a similar effect is likely to be seen 
with nevirapine and etravirine

Co-administration is contraindicated 

HMG-CoA reductase inhibitors

↑ HMG-CoA reductase 
inhibitor

Rosuvastatin ≤ 10 mg daily
Monitor for signs and symptoms of myopathy or 

rhabdomyolysis 
Co-administration is not recommended

aThis list is not exhaustive. Up to date drug–drug interaction information can be accessed via University of Liverpool (hep-druginteractions.org).
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Drug interactions
Daclatasvir is a substrate of CYP3A. Moderate or strong 
inducers of CYP3A markedly decrease the plasma levels and 
therapeutic effect of daclatasvir; consequently co-adminis-
tration of daclatasvir with strong CYP3A inducers (e.g. 
 carbamazepine, phenytoin, rifampin, St. John’s wort) is 
contraindicated. The dose of daclatasvir should be increased 
to 90 mg once daily when co-administered with moderate 
CYP3A inducers (e.g. efavirenz, etravirine, modafinil, nafcil-
lin). Strong inhibitors of CYP3A (e.g. clarithromycin, azole 
antifungals, ritonavir) increase the plasma levels of daclat-
asvir. As such, when co-administered the dose of daclatasvir 
should be reduced to 30 mg once daily. Daclatasvir is an 
inhibitor of PGP, OATP1B1 and 1B3, and BCRP. Daclatasvir 
may increase systemic exposure to drugs that are substrates 
of PGP, OATP1B1 or 1B3, or BCRP, which could increase or 
prolong their therapeutic effect or adverse reactions.

Postmarketing, life-threatening bradyarrhythmias have 
been documented in individuals taking amiodarone in 
combination with sofosbuvir-containing regimens, includ-
ing sofosbuvir plus daclatasvir (Brainard et al., 2015; US 
Food and Drug Administration, 2015). The mechanism for 
this effect is unknown. See section 6, Adverse reactions and 
toxicity for further details. 

Up-to-date drug–drug interaction information can be 
accessed via hep-druginteractions.org. 

LEDIPASVIR 

Bioavailability
After oral administration of ledipasvir–sofosbuvir in healthy 
subjects, ledipasvir median Cmax values were observed at tmax 
of 4–4.5 hours post dose. Relative to healthy subjects, ledip-
asvir AUC and Cmax were lower (24% and 32%, respectively) 
in HCV-infected subjects. Relative to fasting conditions, 
food with did not significantly affect sofosbuvir, GS-331007 
and ledipasvir exposure. 

Drug distribution
See Table 261.10.

Clinically important pharmacokinetic and 
pharmacodynamic features
Ledipasvir plasma exposure (AUC) after a single 90-mg dose 
was similar in HCV-negative adults with severe hepatic 
impairment (Child-Pugh class C) as compared with adults 
with normal hepatic function. Population pharmacokinetics 
analysis in HCV-infected subjects indicated that cirrhosis had 
no clinically relevant effect on the exposure of ledipasvir.

No clinically relevant differences in ledipasvir pharmaco-
kinetics were observed between healthy adults and adults 
with severe renal impairment (eGFR < 30 ml/minute).

Excretion
Evidence of slow oxidative metabolism via an unknown 
mechanism has been observed. After a single dose of 90 mg 

14C-ledipasvir, systemic exposure was almost exclusively to 
the parent drug (> 98%). Unchanged ledipasvir is the major 
species present in feces. 

After a single 90-mg oral dose of 14C-ledipasvir, mean 
total recovery of the 14C in feces and urine was approximately 
87% (feces 86%). Unchanged ledipasvir excreted in feces 
accounted for a mean of 70% of the administered dose and 
the oxidative metabolite M19 accounted for 2.2% of the dose. 
Biliary excretion of unchanged ledipasvir is a major route 
of elimination, with renal excretion being a minor pathway 
(1%). 

Drug interactions
Ledipasvir and sofosbuvir are substrates of drug transporters 
PGP and BCRP, whereas GS-331007 is not. PGP inducers 
(e.g. rifampicin, St. John’s wort) may decrease ledipasvir 
and sofosbuvir plasma concentrations, leading to reduced 
therapeutic effect. Co-administration with drugs that inhibit 
PGP and/or BCRP may increase ledipasvir and sofosbuvir 
plasma concentrations without increasing GS-331007 plasma 
concentration. 

Postmarketing, life-threatening bradyarrhythmias have 
been documented in individuals taking amiodarone in 
combination with sofosbuvir-containing regimens, includ-
ing sofosbuvir–ledipasvir (Brainard et al., 2015; US Food and 
Drug Administration, 2015). The mechanism for this effect is 
unknown. See section 6, Adverse reactions and toxicity for 
further details. 

See Table 261.14 for potentially significant drug interac-
tions with ledipasvir–sofosbuvir. 

ELBASVIR

Bioavailability
Based on population pharmacokinetic modeling in HCV-
infected adults, geometric mean AUC0–24 and Cmax values 
were 1920 ng/hr/ml (90% CI: 1880, 1960) and 121 (90% CI: 
118, 123), respectively, with tmax occurring at 3 hours (range: 
3–6 hours) (Merck, 2016; see Table 261.10).

Drug distribution
See Table 261.10.

Clinically important pharmacokinetic and 
pharmacodynamic features
In HCV-uninfected adults with mild (Child-Pugh class A) 
or moderate (Child-Pugh class B) hepatic impairment, single 
50-mg oral doses of elbasvir resulted in reductions in AUC 
(24%) and Cmax (42%) in mild hepatic impairment and reduc-
tions in AUC (14%) and Cmax (31%) in moderate hepatic 
impairment compared with healthy controls (Marshall et al., 
2014; Merck, 2017). These results support the administra-
tion of elbasvir to adults with mild and moderate hepatic 
dysfunction without dose alteration.

Hemodialysis does not significantly affect elbasvir phar-
macokinetics in adults with ESRD. The removal of elbasvir 
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(0%) by hemodialysis is negligible (Merck, 2017). The very 
high plasma protein binding of elbasvir is consistent with 
undetectable levels of elbasvir in dialysate. Elbasvir concen-
trations were higher in adults with severe renal impairment 
not on hemodialysis compared to matched healthy adults 
(Merck, 2017) Co-formulated grazoprevir–elbasvir for 12 
weeks is safe and effective in individuals with HCV genotype 
1 infection and advanced stage 4–5 chronic kidney disease, 
including those with ESRD on hemodialysis (Roth et al., 
2015).

Excretion
Both grazoprevir and elbasvir are primarily eliminated 
through hepatic pathways, with minimal renal clearance 
(see Table 261.10).

 Drug interactions
Elbasvir AUC increased on co-administration with keto-
conazole (strong CYP3A4 and PGP inhibitor), indicating 
that elbasvir is a substrate of CYP3A4 (Merck, 2017). See 
Table 261.13 for drugs contraindicated with grazoprevir–
elbasvir. Up-to-date drug–drug interaction information can 
be accessed via hep-druginteractions.org. 

VELPATASVIR

Bioavailability
Velpatasvir was absorbed rapidly with maximum plasma 
concentrations between 1.5 and 2.5 hours post dose after 3 
days of dosing (Cmax 413.9 ng/ml at tmax 2.25 hours) (German 
et al., 2013; Lawitz et al., 2015a). Plasma pharmacokinetics 
were similar across HCV genotypes 1–4 (Lawitz et al., 
2015a). Co-administration with food did not alter exposure 
to velpatasvir. 

Drug distribution
See Table 261.10.

Clinically important pharmacokinetic and 
pharmacodynamic features
Velpatasvir plasma exposure (AUC) was similar in individu-
als with moderate (Child-Pugh class B) and severe (Child-
Pugh class C) hepatic impairment as compared with healthy 
controls.

Excretion
See Table 261.10.

Drug interactions
Velpatasvir is a substrate of PGP, BCRP, OATP1B1, CYP2B6, 
CYP2C8, and CYP3A4 (Mogalian et al., 2015; Mogalian 
et al., 2016a; Mogalian et al., 2017; Gilead Sciences, 2017). 
Potent inducers of PGP, BRCP, and CYP3A4/2C8 should 
not be co-administered with sofosbuvir–velpatasvir, given 
the potential for reduced sofosbuvir–velpatasvir plasma con- 
centration. Co-administration with rifampicin (potent PGP 

and CYP inducer) reduced velpatasvir exposure by 70–80% 
(Mogalian et al., 2016b). Co-administration with efavirenz 
(potent CYP2B6 and 3A4 inducer) reduced velpatasvir expo-
sure by 50% (Mogalian et al., 2015).

Velpatasvir is a weak inhibitor of PGP and OATP1B and 
a  moderate inhibitor of BRCP (Mogalian et al., 2016a; see 
Table 261.10). Up-to-date drug–drug interaction informa-
tion can be accessed via hep-druginteractions.org. 

OMBITASVIR–PARITAPREVIR–RITONAVIR AND 
DASABUVIR

Ritonavir has no direct antiviral action against HCV but 
serves as a pharmacokinetic booster through its potent inhi-
bition of cytochrome P-450. This in turn increases circulat-
ing concentrations of paritaprevir and decreases t½, allowing 
once-daily dosing.

Bioavailability
Ombitasvir, paritaprevir, ritonavir, and dasabuvir were 
absorbed after oral administration with mean tmax of 4–5 
hours. While ombitasvir and dasabuvir exposures increased 
in a dose proportional manner, paritaprevir and ritonavir 
exposures increased in a more than dose proportional man-
ner. Steady state exposures were achieved after approximately 
12 days of dosing. The absolute bioavailability of dasabuvir 
was estimated to be approximately 70%. The absolute bio-
availabilities of ombitasvir, paritaprevir, and ritonavir were 
not evaluated. 

Relative to fasting conditions, administration of ombitas-
vir, paritaprevir, ritonavir, and dasabuvir with a moderate- 
or high-fat meal increased the mean AUC, and as such, they 
should be administered with food with some fat. 

Drug distribution
See Table 261.10.

Clinically important pharmacokinetic and 
pharmacodynamic features
The single-dose pharmacokinetics of ombitasvir, paritapre-
vir, ritonavir and dasabuvir were evaluated in non-HCV 
infected individuals with mild (Child-Pugh class A), mod-
erate (Child-Pugh class B), and severe hepatic impairment 
(Child-Pugh class C). Relative to individuals with normal 
hepatic function, ombitasvir, paritaprevir, and ritonavir AUC 
values decreased by 8%, 29%, and 34%, respectively, and 
dasabuvir AUC values increased by 17% in individuals with 
mild hepatic impairment. As such, no dosage adjustment is 
required for mild hepatic impairment (Child-Pugh class A). 
Relative to individuals with normal hepatic function, ombit-
asvir, ritonavir, and dasabuvir AUC values decreased by 30%, 
30%, and 16%, respectively, and paritaprevir AUC values 
increased by 62% in subjects with moderate hepatic impair-
ment. This regimen is not recommended in HCV-infected 
individuals with moderate hepatic impairment (Child-Pugh 
class B). Relative to individuals with normal hepatic function, 
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paritaprevir, ritonavir, and dasabuvir AUC values increased 
by 945%, 13%, and 325% respectively, and ombitasvir AUC 
values decreased by 54% in subjects with severe hepatic 
impairment. For these reasons, especially the enormous 
increase in ritonavir-boosted paritaprevir levels, this regimen 
is contraindicated in severe hepatic impairment (Child-Pugh 
class C). 

The single-dose pharmacokinetics of ombitasvir, parita-
previr, ritonavir, and dasabuvir were evaluated in non-HCV 
infected individuals with mild (CrCl: 60–89 ml/minute), 
moderate (CrCl: 30–59 ml/minute), and severe (CrCl: 15–29 
ml/minute) renal impairment. Overall, changes in exposure 
of ombitasvir, paritaprevir, ritonavir, and dasabuvir in non-
HCV-infected individuals with mild, moderate, and severe 
renal impairment are not expected to be clinically relevant. 

Excretion
See Table 261.10.

Drug interactions
Ombitasvir, paritaprevir, and dasabuvir are inhibitors of 
UGT1A1, and ritonavir is an inhibitor of CYP3A4. 
Paritaprevir is an inhibitor of OATP1B1 and OATP1B3 
and  paritaprevir, ritonavir, and dasabuvir are inhibitors of 
BCRP. Co-administration of with drugs that are substrates 
of  CYP3A, UGT1A1, BCRP, OATP1B1, or OATP1B3 may 
result in increased plasma concentrations of such drugs. 
Paritaprevir and ritonavir are primarily metabolized by 
CYP3A. Co-administration with strong inhibitors of CYP3A 
(e.g. clarithromycin, grapefruit juice, azole antifungals) may 
increase paritaprevir and ritonavir concentrations. Dasa- 
buvir is primarily metabolized by CYP2C8 enzymes. 
Co-administration with drugs that inhibit CYP2C8 (e.g. 
gemfibrozil) may increase dasabuvir plasma concentrations. 
Ombitasvir is primarily metabolized via amide hydrolysis, 
whereas CYP enzymes play a minor role in its metabolism. 
Ombitasvir, paritaprevir, dasabuvir, and ritonavir are sub-
strates of PGP. Ombitasvir, paritaprevir, and dasabuvir are 
substrates of BCRP. Paritaprevir is a substrate of OATP1B1 
and OATP1B3. Inhibition of PGP, BCRP, OATP1B1, or 
OATP1B3 may increase the plasma concentrations of the 
aforementioned directly acting antivirals. Clinically relevant 
examples of OATP inhibitors include ritonavir (OATPB1/
B3/A2), atazanavir (OATPB1/B3), cyclosporine A (OATP1B1/
B3/A2, OATP2B1), rifampicin (OATP1B1/B3, OATP2B1), 
lovastatin (OATP1BI), pravastatin (OATP1BI), and simvas-
tatin (OATP1BI) (International Transporter et al., 2010; 
Karlgren et al., 2012). See Table 261.16 for contraindicated 
concomitant medications. 

Because ritonavir is also an HIV-1 protease inhibitor and 
can select for HIV-1 protease inhibitor resistance-associated 
substitutions, any HCV–HIV-1 co-infected individuals treated 
with ombitasvir–paritaprevir–ritonavir with or without dasa-
buvir should also be on a combination antiretroviral drug 
regimen with an HIV viral load < 50 RNA copies/ml.

Up-to-date drug–drug interaction information can be 
accessed via hep-druginteractions.org. 

6. ADVERSE REACTIONS AND TOXICITY

6a.  Pegylated interferon and ribavirin

Given that some of the newer HCV antiviral drugs may be 
co-administered with pegylated interferon alpha and/or rib-
avirin, it is worth recapping the adverse effects of these agents 
to provide a useful comparator (see Chapter 260, Interferon 
alpha, and Chapter 259, Ribavirin). However, contemporary 
antiviral drug regimens are largely interferon free and increas-
ingly do not require ribavirin, except in specific populations 
(e.g. cirrhosis). 

Adverse events affect virtually all patients who receive 
treatment with pegylated interferon alpha and ribavirin 
combination therapy (Figure 261.7). The most common side 
effects attributed to pegylated interferon alpha are myalgia 
(40–55%) and fatigue (65%) (Fried et al., 2002; Hadziyannis 
et al., 2004; Manns et al., 2001; peginterferon alpha 2a, 
product monograph, 2002; peginterferon alpha 2b, product 
monograph, 2001). Flu-like symptoms (65%) and cytopenias 
(specifically neutropenia; 30% and thrombocytopenia; 5%) 
are also commonly observed. Interferon can also lead to 
neuropsychiatric side effects in those with and without pre-
existing psychiatric disease, including depression (20–30%), 
anxiety and irritability (35–45%), sleep disturbance (30–
40%), and difficulty concentrating (10–15%) (Ho et al., 2001; 
Mulder et al., 2000; peginterferon alpha 2a, product mono-
graph 2002; peginterferon alpha 2b, product monograph, 
2001; Trask et al., 2000). Other common side effects of 
pegylated interferon alpha are anorexia (25–30%), nausea 
(25–40%), rash (10–25%), diarrhea (20%), arthralgia (25%), 
headaches (40–60%) and dizziness (15–20%). 

With respect to ribavirin, the most commonly reported 
adverse event is hemolysis, which may lead to clinically sig-
nificant anemia (~ 10% reduction in hemoglobin) (Fried et 
al., 2002; Hadziyannis et al., 2004; Manns et al., 2001). The 
majority of adverse events occurring with pegylated inter-
feron alpha and ribavirin subside after cessation of treatment 
and can be managed with appropriate clinical monitoring 
and dose adjustments during therapy. 

Ribavirin is teratogenic, requiring strict adherence to 
birth control for both men and women receiving this drug. 

6b.  Pegylated interferon, ribavirin and 
first-generation, first-wave protease 
inhibitors 

While improving efficacy in comparison with pegylated 
interferon alpha and ribavirin alone, the addition of a first- 
generation protease inhibitor to pegylated interferon alpha 
and ribavirin combination therapy has generally resulted in 

http://www.hep-druginteractions.org
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Table 261.16. Contraindicated concomitant medications with ombitasvir, paritaprevir, and dasabuvir.a

Drug class 
Drug(s) within class that are 
contraindicated Clinical comments 

Alpha1-adrenoreceptor antagonist Alfuzosin HCL Potential for hypotension 

Anticonvulsants Carbamazepine, phenytoin, 
phenobarbital

Ombitasvir, paritaprevir, ritonavir, and dasabuvir 
exposures may decrease, leading to a potential 
loss of their therapeutic activity 

Antimycobacterial Rifampicin Ombitasvir, paritaprevir, ritonavir, and dasabuvir 
exposures may decrease, leading to a potential 
loss of their therapeutic activity 

Ergot derivatives Ergotamine, dihydroergotamine, 
ergonovine, methylergonovine

Acute ergot toxicity characterized by vasospasm 
and tissue ischemia has been associated with 
co-administration of ritonavir and ergonovine, 
ergotamine, dihydroergotamine, or 
methylergonovine 

Ethinyl estradiol-containing products Ethinyl estradiol-containing medications 
such as combined oral contraceptives

Potential for ALT elevations 

Herbal product St. John’s Wort (Hypericum perforatum) Ombitasvir, paritaprevir, ritonavir, and dasabuvir 
exposures may decrease, leading to a potential 
loss of their therapeutic activity 

HMG-CoA reductase inhibitors Lovastatin, simvastatin Potential for myopathy, including rhabdomyolysis 

HIV integrase inhibitors with pharmaco-
kinetic boosters

Elvitegravir–cobicistat Administration of an additional pharmacokinetic 
booster (cobicistat) could increase concentrations 
of ombitasvir, paritaprevir, and dasabuvir due to 
inhibition of CYP3A4

HIV nonnucleoside reverse transcriptase 
inhibitors 

Efavirenz, etravirine, nevirapine Co-administration of efavirenz-based regimens with 
paritaprevir and ritonavir plus dasabuvir was 
poorly tolerated and resulted in liver enzyme 
elevations 

Rilpivirine Co-administration is not recommended
Close monitoring is required if co-administered, 

given potential for QTc prolongation

HIV protease inhibitors Indinavir, lopinavir, saquinavir, ritonavirb Increase in paritaprevir exposure due to CYP3A4 
inhibition

Lipid-lowering agent Gemfibrozil Increase in dasabuvir exposures by 10-fold, which 
may increase the risk of QT prolongation 

Neuroleptics Pimozide Potential for cardiac arrhythmias 

Phosphodiesterase-5 (PDE5) inhibitor Sildenafil (for PAH) There is increased potential for sildenafil-associated 
adverse events, such as visual disturbances, 
hypotension, priapism, and syncope 

Sedatives, hypnotics Triazolam, midazolam (oral) Triazolam and orally administered midazolam are 
extensively metabolized by CYP3A4

Co-administration of triazolam or orally adminis-
tered midazolam with study drugs may cause 
large increases in the concentration of these 
benzodiazepines

The potential exists for serious and/or life- 
threatening events, such as prolonged or 
increased sedation or respiratory depression 

aThis list is not exhaustive. Up to date drug–drug interaction information can be accessed via University of Liverpool (hep-druginteractions.org). Not all medica-
tions contraindicated with ombitasvir, paritaprevir, ritonavir, dasabuvir, and/or ribavirin are listed here.

bOmbitasvi–paritaprevir–ritonavir + dasabuvir is a complete regimen containing ritonavir.
Abbreviations: HCL: hydrochloric acid; ALT: alanine aminotransferase; PAH: pulmonary arterial hypertension.

http://www.hep-druginteractions.org
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significant additional toxicity (Butt et al., 2015; Colombo et 
al., 2014; Hezode et al., 2013; Jacobson et al., 2011; Montes et 
al., 2014; see Table 261.17 and Figure 261.7). In clinical trials 
of telaprevir in combination with pegylated interferon alpha 
2a and ribavirin, marked additional dermatological (rash, 
pruritus), gastrointestinal (nausea, diarrhea) and hematolog-
ical (anemia) toxicity in the triple therapy arms was demon-
strated (Dusheiko et al., 2007; McHutchison et al., 2007). 
While rare, fatal and nonfatal serious skin reactions, includ-
ing Stevens-Johnson syndrome (SJS), drug reaction with 
eosinophilia and systemic symptoms (DRESS), toxic epider-
mal necrolysis (TEN), and erythema multiforme (EM), have 
been reported in individuals receiving telaprevir, both in 
clinical trials (< 1%) and in postmarketing experience. The 
addition of boceprevir to pegylated interferon alpha and rib-
avirin also resulted in marked additional hematological tox-
icity, largely anemia (Bruno et al., 2013; Poordad et al., 2011). 

6c.  Interferon-free directly acting antiviral 
regimens 

Compared with pegylated interferon alpha and ribavirin, 
directly acting antivirals have a remarkably clean safety and 
side effect profile, resulting in dramatic improvements in tol-
erability (Figure 261.8). Fatigue, nausea, and headache were 
the only side effects more common than placebo for sofos-
buvir (Gilead Sciences, 2015a) and ombitasvir–paritaprevir–
ritonavir with dasabuvir (AbbVie, 2015), with most adverse 
events in interferon-free regimens attributed to ribavirin 
(Feld et al., 2014; Zeuzem et al., 2014; Table 261.18). In an 
analysis of HCV monoinfected adults who received PEG-
IFN, ribavirin and boceprevir (n = 97) or sofosbuvir and rib-
avirin (n = 60), a significantly higher frequency of treatment 
discontinuations due to adverse events (35% vs. 0%), anemia 
(55% vs. 7%), neutropenia (44% vs. 0%), and thrombo- 
cytopenia (45% vs. 0%) was demonstrated with PEG-IFN, 

ribavirin, and boceprevir as compared with sofosbuvir and 
ribavirin (Narayanan et al., 2014). 

Despite improvement in tolerability, specific toxicity con-
cerns do warrant discussion. 

Based on postmarketing surveillance, the US FDA have 
issued a warning regarding the risk of life-threatening brad-
yarrhythmias in individuals taking amiodarone in combi-
nation with either of two sofosbuvir-containing regimens, 
sofosbuvir–ledipasvir and sofosbuvir plus simeprevir. This 
followed reports of one patient’s death after bradyarrhyth-
mia, and three cases of patients developing complete heart 
block and requiring pacemaker insertion (US Food and 
Drug Administration, 2015). Subsequently, three cases of 
bradyarrhythmia requiring pacemaker insertion in individ-
uals with cirrhosis receiving sofosbuvir plus daclatasvir or 
simeprevir (with or without ribavirin) were reported in 
France (Brainard et al., 2015). To date, nine cases of symp-
tomatic bradycardia have been reported worldwide, with 
most receiving concomitant amiodarone. Bradycardia has 
generally occurred within hours to days, but cases have been 
observed up to 2 weeks after initiating HCV treatment. 
Bradycardia appears to resolve after discontinuation of 
therapy. The mechanism by which this occurs is uncertain. 
Amiodarone co-administration is not recommended with 
sofosbuvir-containing regimens. If co-administration is 
necessary, initiation of HCV antiviral therapy should occur 
under direct supervision with cardiac monitoring. 

NS3/4A protease inhibitors are not recommended in 
individuals with severe (Child-Pugh class C) hepatic impair-
ment. There have been postmarketing reports of hepatic 
decompensation, hepatic failure, and death in individuals 
with advanced or decompensated cirrhosis receiving directly 
acting antiviral regimens containing simeprevir and parita-
previr (AbbVie, 2015; Janssen Therapeutics, 2015). 

Drug-induced liver injury may be of concern with specific 
directly acting antiviral regimens. On-treatment elevations 
in alanine aminotransferase (ALT) have been noted in 
 individuals receiving ombitasvir–paritaprevir–ritonavir and 
dasabuvir (with or without ribavirin) and asunaprevir plus 
daclatasvir. In the case of ombitasvir–paritaprevir–ritonavir 
and dasabuvir, elevations of ALT greater than five times the 
upper limit of normal (ULN) occurred in approximately 
1% of individuals enrolled in phase II and III clinical trials 
(AbbVie, 2015). These ALT elevations were typically asymp-
tomatic, occurred during the first 4 weeks of treatment, and 
declined within 2–8 weeks of onset with continued adminis-
tration of the HCV antiviral drugs. ALT elevations were sig-
nificantly more frequent in women who were using ethinyl 
estradiol–containing medications. ALT elevations in associa-
tion with asunaprevir plus daclatasvir combinations occurred 
with variable frequency (2–10%) in clinical trials and infre-
quently led to treatment discontinuation (Kumada et al., 
2014; Lok et al., 2014; Manns et al., 2014; Suzuki et al., 2013). 
ALT elevations appear to be more frequent in studies of 
Japanese populations (Kumada et al., 2014) as compared 
with US or European cohorts (Lok et al., 2014; Manns et al., 
2014). Further, drug-induced liver injury with systemic and 

Table 261.17. Clinical adverse events reported with a frequency 
of > 5% in individuals receiving telaprevir.

Clinical adverse drug 
reactions

Telaprevir, 
PEG-IFN alpha and 
ribavirin (n = 1797)

PEG-IFN alpha 
and ribavirin 

(n = 493)

Rash 56% 34%

Fatigue 56% 50%

Pruritus 47% 28%

Nausea 39% 28%

Anemia 36% 17%

Diarrhea 26% 17%

Vomiting 13%  8%

Hemorrhoids 12%  3%

Anorectal discomfort 11%  3%

Dysgeusia 10%  3%

Anal pruritus  6%  1%

Source: Modified from Vertex Pharmaceuticals (2013).
Abbreviation: PEG-IFN: pegylated interferon.
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immunoallergic features (fever, jaundice, eosinophilia) has 
been reported in individuals receiving asunaprevir plus 
daclatasvir (Fujii et al., 2015; Shibata et al., 2015). As such, 
more frequent monitoring is required with liver function 

tests recommended at least once every 2 weeks for the first 
12 weeks of treatment, followed by every 4 weeks thereafter 
(Bristol-Myers Squibb, 2015b). 

6d.  Ribavirin-free directly acting antiviral 
regimens 

Ribavirin-free antiviral drug regimens offer the cleanest 
safety profile, exemplified by analysis of pooled data from 
phase II and III trials of grazoprevir–elbasvir and ledipasvir–
sofosbuvir co-administered with and without ribavirin 
(Alqahtani et al., 2015; Dusheiko et al., 2015; Sulkowski et 
al., 2015; Table 261.19 and Table 261.20). In phase III studies 
of the once-daily fixed-dose combination tablet of ledipas-
vir–sofosbuvir with and without ribavirin (n = 1952), treat-
ment-related adverse events occurred in 71% and 45% of 
individuals treated with and without ribavirin, respectively, 
and the most commonly reported adverse events in both 
groups were fatigue, headache, nausea, and insomnia 
(Alqahtani et al., 2015). Most adverse events in both treat-
ment groups were mild or moderate in severity. Serious 
adverse events were reported by 34 individuals (3%) who 
received ledipasvir–sofosbuvir with ribavirin and by 17 
(2%) who received ledipasvir–sofosbuvir alone (Alqahtani 
et al., 2015). In pooled analysis of phase II and III trials of 

Figure 261.8. Advances in hepatitis C therapy with respect to tolerability and efficacy. Abbreviations: SOF: sofosbuvir; 
SMV: simeprevir; LDV: ledipasvir; PTV: paritaprevir; OBV: ombitasvir; DSV: dasabuvir; EBR: elbasvir; GZR: grazoprevir; VEL: 
velpatasvir; PEG-IFN: pegylated interferon; RBV: ribavirin; TVR: telaprevir; BOC: boceprevir; IFN: interferon. (Modified with 
permission from Dore et al. (2015).)
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Table 261.18. Adverse events reported with ombitasvir–
paritaprevir–ritonavir, dasabuvir, and ribavirin compared with 
placebo for 12 weeks in phase III trials (SAPPHIRE I and II).

Clinical adverse 
event (≥ 5% study 
population)

OMV–PTV–RTV, 
DSV, RBV 
(n = 770)

Placebo 
(n = 255)

Fatigue 34% 26%

Nausea 22% 15%

Pruritus 18%  7%

Skin reactionsa 16%  9%

Insomnia 14%  8%

Asthenia 14%  7%

aSkin reactions include rash, erythema, eczema, rash maculopapular, rash 
macular, dermatitis, rash papular, skin exfoliation, rash pruritic, rash ery-
thematous, rash generalized, dermatitis allergic, dermatitis contact, exfo-
liative rash, photosensitivity reaction, psoriasis, skin reaction, ulcer, and 
urticaria. 

Abbreviations: OMV: ombitasvir; PTV: paritaprevir; RTV: ritonavir; DSV: 
dasabuvir; RBV: ribavirin.

Source: Data compiled from Feld et al. (2014) and Zeuzem et al. (2014).
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grazoprevir–elbasvir, in those individuals receiving grazo-
previr–elbasvir alone (n = 1033), the only adverse events 
reported in > 5% of the study population were fatigue and 
headache (Dusheiko et al., 2015). In the pivotal phase III 
trials of the  pangenotypic regimen, sofosbuvir–velpatasvir 

(Feld et al., 2015), no difference in adverse event profile was 
noted between those who received sofosbuvir–velpatasvir 
and those who received placebo for 12 weeks. The most com-
mon adverse events in both groups were headache, fatigue, 
nasopharyngitis, and nausea (Feld et al., 2015; Table 261.21). 

Table 261.19. Adverse events reported with grazoprevir–elbasvir with and without ribavirin.

Safety variables
GZR–EBR 
(n = 1033)

GZR–EBR + RBV 
(n = 657)

Placebo 
(n = 105)

Clinical adverse event

Any adverse event 71.4% 83.6% 68.6%

Any treatment-related adverse event 40.1% 67.6% 39.0%

Serious adverse events

Serious adverse events 2.4% 2.6% 2.9%

Treatment-related serious adverse events 0.1% 0.5% 0.0%

Adverse events (> 5% study population)

Fatigue 12% 24.7% 9.5%

Headache 11.5% 16.3% 8.6%

Nausea — 12.6% —

Asthenia — 9.3% —

Anemia — 9.1% —

Insomnia — 8.8% —

Pruritus — 8.8% 6.7%

Rash 6.8% —

Dyspnea — 6.4% —

Laboratory variables

Hemoglobin < 100 g/l 0.0% 2.7% 0.0%

Grade 3–4 elevation in ALT 1.6% 0.6% 8.6%

Grade 3–4 elevation in bilirubin 0.3% 5.9% 0.0%

Abbreviations: GZR: grazoprevir; EBR: elbasvir; RBV: ribavirin; ALT: alanine aminotransferase.
Source: Modified with permission from Dusheiko et al. (2015).

Table 261.20. Adverse events reported with LDV–SOF with and without ribavirin.

Adverse 
event

LDV–SOF LDV–SOF + RBV

8 weeks 
(n = 215)

12 weeks 
(n = 539)

24 weeks 
(n = 326)

8 weeks 
(n = 216)

12 weeks 
(n = 328)

24 weeks 
(n = 328)

Fatigue 21% 22% 24% 35% 38% 40%

Headache 14% 21% 24% 25% 23% 30%

Nausea  7% 11% 11% 18% 17% 17%

Insomnia  5%  8%  9% 12% 19% 20%

Diarrhea  7%  7% 10%  6%  7%  9%

Irritability  1%  4%  6% 13%  9% 11%

Rash  1%  4%  6%  9% 10% 13%

Arthralgia  4%  6%  8%  5%  8%  9%

Cough  1%  3%  6%  6% 11% 13%

Pruritus  1%  4%  3%  7% 10%  9%

Abbreviations: LDV: ledipasvir; SOF: sofosbuvir; RBV: ribavirin.
Source: Modified from Alqahtani et al. (2015).
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7. CLINICAL USES OF THE DRUGS

The clinical use of these drugs in combination is outlined in 
Chapter 262, Sofosbuvir combined with ledipasvir, daclat-
asvir, or other drugs; Chapter 263, Ombitasvir combined with 
paritaprevir, dasabuvir, or other drugs; and Chapter 264, 
Grazoprevir combined with elbasvir or other drugs.
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1. INTRODUCTION

Sofosbuvir is the first-in-class NS5B nucleotide inhibitor to 
be launched in hepatitis C virus (HCV) treatment. Its viral 
potency, pan genotypic activity, and high barrier to resis-
tance make it the ideal candidate to be used in combination 
with pegylated interferon and ribavirin (PR) and to become 
a backbone for several interferon (IFN) free regimens. This 
drug has undergone extraordinary clinical scrutiny, with 
over 60 individual studies with sofosbuvir in combination 
with other HCV antiviral drugs. This chapter describes the 
key clinical uses of sofosbuvir and its combinations.

2.  SOFOSBUVIR IN COMBINATION WITH 
PEGYLATED INTERFERON AND 
RIBAVIRIN

Pivotal trial
Two phase II studies were done with the combination of 
sofosbuvir and pegylated interferon plus ribavirin in previ-
ously untreated noncirrhotic patients (see Table 262.1). In 
the first randomized, double-blind study, 122 HCV patients 
with HCV genotypes 1, 2 and 3 were treated for 12 weeks 
with sofosbuvir (200 or 400 mg daily plus PR or PR alone. 
Among genotype 1 patients in this study, the sustained viro-
logical response (SVR) (an undetectable HCV RNA in 
plasma ≥ 8 weeks after cessation of therapy) was 90% and 
91% for those treated with sofosbuvir 200 or 400 mg plus PR 
daily, respectively, and 58% in those treated with PR plus pla-
cebo. In the second cohort among genotype 2 or 3, the SVR 
was 92% (23/25) (Lawitz et al., 2013a). 

In the second, open-label, randomized study, 332 geno-
type 1, 4, or 6 patients received 12–24 weeks of sofosbuvir 
(400 mg daily) plus PR. The SVR in the 12-week cohort was 
90% (confidence interval [CI]: 79–97) and was 93% (CI: 
87–97) in the 24-week cohort. A third cohort received 12 
weeks of sofosbuvir plus PR followed by 12 weeks of either 
sofosbuvir monotherapy or sofosbuvir plus ribavirin, result-
ing in statistically similar SVR rates compared to the other 
groups (Kowdley et al., 2013). Of the 11 genotype 4 patients 
all treated for 24 weeks, 9 (82%) achieved a SVR and the 
other 2 patients were lost to followup at the end of treatment. 
All 5 genotype 6 patients treated for 24 weeks achieved an 
SVR. The most common adverse events leading to study 
drug discontinuation were anemia and neutropenia. There 
was a stronger trend toward anemia, resulting in dose reduc-
tion or discontinuation in the cohort with the longer dura-
tion of treatment. The conclusion from these two studies was 
that the combination of sofosbuvir plus PR was efficient 
across all genotypes and that there were no benefits to 
increasing the duration of treatment over 12 weeks. 

In a single-group phase III study, 327 treatment-naive 
patients with HCV genotype 1, 4, 5, or 6 (of whom 89% had 
genotype 1 and 9% had genotype 4) received a 12-week regi-
men of sofosbuvir (400 mg daily) plus pegylated interferon 
alpha 2a (180 μg weekly) and ribavirin (1000–1200 mg 
daily). Approximately 17% of the patients had compensated 
cirrhosis and 71% had a non-CC IL28B genotype. Overall, 
90% of the subjects had an SVR 12 weeks after the end of 
therapy (Lawitz et al., 2013b). The rates of SVR did not differ 
according to the HCV genotype: 89% for genotype 1 patients 
(92% for genotype1a and 82% for genotype 1b) and 96% 
(27/28) for genotype 4 patients. The single genotype 5 patient 
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and all 6 genotype 6 patients achieved a SVR. In multivari-
ate logistic regression analysis, cirrhosis (odds ratio [OR]: 
3.924; range: 1.662–9.265) and a non-CC IL28B genotype 
(OR: 7.989; 1.815, 35.168) were strongly associated with 
nonresponse. The SVR rate was 92% among patients without 
cirrhosis and 80% among those with cirrhosis. The safety 
profile of the combination was good with treatment discon-
tinuation because of adverse events occurring in 2% of the 
patients. Most of the side effects were related to the use of PR. 
Among the 28 patients who relapse after a virologic response, 
no resistance-associated variants were founded. 

GENOTYPE 2 OR 3 

Other studies
An open-label phase II study was conducted in treatment- 
experienced genotype 2 and 3 patients with or without cir-
rhosis. All patients were treated with sofosbuvir plus PR for 
12 weeks. Among the 47 patients included, the overall SVR 
rate was 89% (95% CI: 77–97) (Lawitz et al., 2015d). The rate 
of SVR was higher in patients with genotype 2 than in those 
with genotype 3: 96% (95% CI: 78–100) versus 83% (95% 
CI: 62–95). Rates of SVR were similar in patients with or 
without cirrhosis in genotype 2 patients (93% and 100%), 
and in genotype 3 patients, it was 83% for both groups. Only 
1 patient discontinued study treatment and 4 experienced 
serious adverse events. 

A large phase III international, multicenter randomized 
study was conducted among 592 patients to compare the effi-
cacy and safety of three regimens: sofosbuvir plus PR or 
sofosbuvir plus ribavirin for 16 or 24 weeks in treatment- 
experienced cirrhotic genotype 2 patients and in treatment- 
naive and -experienced genotype 3 patients (Foster et al., 
2015c). Among genotype 2 cirrhotic treatment-experienced 
patients SVR12 (sustained viral response at 12 weeks) rates 

were not significantly different: 87% and 100% for those 
receiving sofosbuvir and ribavirin for 16 and 24 weeks, 
respectively, and 94% for those receiving sofosbuvir plus PR 
for 12 weeks. 

Among genotype 3 patients, the rates of SVR were not sig-
nificantly different but were numerically superior for those 
receiving sofosbuvir plus PR compared to those treated by 
sofosbuvir and ribavirin for either 16 or 24 weeks in both 
treatment-naive and -experienced patients, whether they were 
cirrhotic or not. Among the patients treated with sofosbuvir 
and PR for 12 weeks, the rates of SVR were 96% for treat-
ment-naive noncirrhotic patients, 91% for treatment-naive 
cirrhotic patients, 94% for treatment-experienced noncir-
rhotic patients, and 86% for treatment-experienced cirrhotic 
patients. Moreover, the rates of discontinuation were similar 
among the three groups, being between 1% and 2%. The rate 
of grade 3–4 anemia was higher in those treated with sofos-
buvir plus PR (12% vs. 4% and 6%). This study provide clear 
evidence that sofosbuvir plus PR for 12 weeks is an option to 
be considered for eligible patients with genotype 3 HCV. 

GENOTYPE 1

Other studies
An open-label study was recently conducted with sofosbuvir 
plus PR or 12 weeks in 80 genotype-1 patients without cir-
rhosis who previously failed a regimen with first-generation 
HCV protease inhibitors, with or without the nonnucleotide 
polymerase inhibitor tegobuvir and/or the NS5A inhibitor 
ledipasvir. Approximately 45% of patients had received two 
or more courses of earlier treatment for HCV and 74 patients 
(93% of the total) had at least one resistant-associated variant 
(RAV) at baseline (Pol et al., 2015b). SVR12 was achieved by 
63 of the 80 patients (79%) treated. The rates of SVR were 
similar across patients subgroups (sex, IL28B genotype, body 

Table 262.1. Clinical trial data with sofosbuvir plus peginterferon and ribavirin.

Study (reference) Number and type of patients Duration of treatment Outcome SVR12

PROTON (Lawitz et al., 
2013a)

Cohort A: 122; GT-1; naive
Cohort B = 25; GT-2, -3; naive; no F4

12 weeks plus 12 weeks (last 
12 weeks without SOF)

12 weeks

GT-1 with SOF 200 mg = 90%
GT-1 with SOF 400 mg = 91%
GT-2, -3 = 92%

ATOMIC (Kowdley at al., 
2013)

348; naive; GT-1, -4, -6 12 or 24 weeks GT-1 = 91%
GT-4 = 82%
GT-6 = 100%

NEUTRINO (Lawitz et al., 
2013b)

327; naive; GT-1, -4, -6; F4 = 17% 12 weeks GT-1 = 90%
GT-4 = 97%
GT-6 = 100%

LONESTAR-2 (Lawitz et al., 
2015d)

47; experienced; GT-2, -3; F4 = 50% 12 weeks GT-2 = 96%
GT-3 = 83%

BOSON (Foster et al., 
2015b)

197; naive and experienced; GT-2, -3; 
F4 = 30%

12 weeks GT-2 = 94%
GT-3 = 93%

Pol et al. (2015b) 80; experienced (failed prior HCV 
antivirals) ; no F4

12 weeks GT-1 = 79%

TRIO (Dieterich et al., 
2014)

353; naive and experienced 12 weeks GT-1 = 86%

Abbreviations: SVR12: sustained virological response 12 weeks after cessation of therapy (a sign of cure); GT: genotype; naive: treatment-naive patients; F4: 
Fibroscan showing cirrhosis; SOF: sofosbuvir; experienced: patients who underwent prior treatment that failed.
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mass index [BMI], genotype subtype, and viral load) and the 
presence of RAV did not appear to be associated with treat-
ment failure because the SVR12 rate was 90% (9/10) in 
patients with three-class resistance, 81% (26/32) in those 
with two-class resistance, and 81% (26/32) for those with 
one-class resistance at baseline. A total of 71 out of 80 patients 
(89%) experienced at least one adverse event, but most events 
were mild to moderate in severity. This study suggests that 
sofosbuvir plus PR can be an effective treatment for patients 
who failed combinations of earlier HCV antiviral drugs with 
or without PR regardless of the presence of RAV to the pre-
vious drug. 

Cohort studies
Two large US cohort studies have been recently completed to 
assess the efficacy of sofosbuvir with PR. The TRIO cohort 
was a consortium of 30 academics and 112 community cen-
ters in the USA, and the results of TRIO were presented 
during the 2015 European Association for Study of the Liver 
(EASL) meeting. Among 954 patients treated, 703 were gen-
otype 1 and 353 received sofosbuvir plus PR for 12 weeks 
(Dieterich et al., 2015). A total of 18 patients (5.1%) had 
an early treatment discontinuation; 6 as a result of severe 
adverse events and 12 (3.4%) owing to nonadherence to 
treatment. In a per protocol analysis, the SVR rates were 
comparable, although slightly lower than those in clinical 
trials, with an overall SRV rate of 86% (273/316) and rates 
of 91% (186/210) and 80% (64/80) for genotypes 1a and 1b, 
respectively. SVR rates were numerically higher in treatment- 
naive patients compared to treatment-experienced patients: 
93% (117/126) versus 83% (69/83) and 86% (37/43) versus 
73% (27/37) for genotypes 1a and 1b, respectively. The SVR 
rates were also lower in cirrhotic patients 77% (54/70) over-
all, 76% (35/46) for genotype 1a, and 81% (17/21) for geno-
type 1b. 

The TARGET cohort was a consortium of 51 mostly aca-
demic centers in USA, Canada, and Germany (Jensen et al., 
2014). The study treated 209 genotype 1 patients with sofos-
buvir and PR. Among the 164 patients evaluable, 85% 
achieved SVR, and SRV4, 90% and 70% in patients without 
and with cirrhosis. 

Taken together, these results demonstrate that the combi-
nation of sofosbuvir plus PR for 12 weeks is curative in nearly 
all patients, regardless of HCV genotype and with few side 
effects. However in cirrhotic genotype 1 patients, this regi-
men appears to be suboptimal compared to other IFN-free 
sofosbuvir-containing combinations. 

3.  SOFOSBUVIR PLUS RIBAVIRIN 
COMBINATION

The SVR results with the combination of sofosbuvir plus rib-
avirin varied according to genotype (see Table 262.2).

GENOTYPE 1

The combination of sofosbuvir with ribavirin has been eval-
uated in genotype 1 patients in several small studies with 

conflicting and relatively disappointing results. In the initial 
ELECTRON study, sofosbuvir 400 mg daily with weight-
based ribavirin was given to 25 treatment-naive noncirrhotic 
genotype 1 patients for 12 weeks. All patients suppressed 
HCV plasma RNA on treatment, and 84% achieved SVR 
(Gane et al., 2013b). In the QUANTUM study, 38 treatment- 
naive genotype 1 patients with mild fibrosis were random-
ized to receive 12 or 24 weeks of the same regimen. The 
overall SVR rate was 50% (53% for 12 weeks and 47% for 24 
weeks) (Lalezari et al., 2013). The discrepancy between the 
two studies may be related to a lower percentage of patients 
with a favorable IL28B CC genotype in the QUANTUM 
study. In the SPARE study, sofosbuvir and ribavirin were 
given for 24 weeks with either a weight-based ribavirin dose 
or a lower 600 mg daily dose in a hard-to-treat population, 
mainly overweight African Americans with more advanced 
fibrosis. The study highlights the importance of the ribavirin 
dose when it is associated with sofosbuvir alone, because the 
SVR rate was 68% in the weight-based group versus 48% in 
the low-dose ribavirin group (Osinusi et al., 2013). Moreover, 
relapse was more frequent among patients with advanced 
fibrosis and all cirrhotic patients relapsed. 

In the PHOTON-1 study, 114 treatment-naive genotype 1 
HIV–HVC co-infected patients were treated for 24 weeks 
with sofosbuvir and weight-based ribavirin. The SVR rate 
was relatively good (76%); this may be partly explained by 
the baseline characteristics of the population, which con-
sisted of mainly white patients with mild fibrosis (5 patients 
had cirrhosis) and the high proportion (26%) of favorable 
IL28B CC genotype (Sulkowski et al., 2014b). In the 
PHOTON-2 study, 112 treatment-naive genotype 1 HIV/
HCV co-infected patients were treated for 24 weeks with the 
same regimen. Approximately 85% achieved an SVR (Molina 
et al., 2015). This discrepancy may be partly explained by the 
baseline characteristics of the population. However in cir-
rhotic patients the SVR rate appears to be lower, around 65%. 

In a phase II open-label study in patients awaiting liver 
transplantation (LT), 61 cirrhotic pretransplant patients with 
a Child-Pugh score ≤ 7, with a median MELD score of 8 
(6–14) received up to 48 weeks of sofosbuvir and weight-
dosed ribavirin (median duration 17 weeks) (Curry et al., 
2013). About 73% of the patients were genotype 1, 76% of 
the patients were IL28B non-CC, and 75% of the patients 
had failed treatment on PR. A total of 44 patients underwent 
LT, and of these, 41 (93%) had HCV RNA < 25 IU/ml before 
transplantation. Of these, 39 patients reached 12 weeks of 
followup posttransplantation, and 64% achieved SVR. Safety 
and tolerance of this regimen was good. The most frequently 
reported adverse events were mild, and only 1 patient dis-
continued treatment due to ribavirin-induced anemia. 

In treatment-experienced patients with failure after treat-
ment with PR, the initial ELECTRON study resulted in a dis-
appointing 10% SVR rate in the 10 patients who received 
sofosbuvir and weight-dosed ribavirin for 12 weeks (Gane et 
al., 2013b). However, in the posttransplant study, 33 geno-
type 1 patients were treated for 24 weeks with sofosbuvir 
and ribavirin, and 70% achieved SVR (Samuel et al., 2014). 
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Among 105 genotype 1 patients who were nonresponders or 
relapsers after a previous treatment with sofosbuvir or 
GS-0938 with or without ribavirin, retreatment with sofos-
buvir and ribavirin for 24 weeks in the QUANTUM study 
resulted in SVR in 65% (Lalezari et al., 2013). 

In summary, sofosbuvir and ribavirin in genotype 1 
patients appears to be a suboptimal regimen and should thus 
be considered only as an alternative approach for patients 
who cannot take pegylated interferon alpha or when other 
HCV antiviral drugs are not available. The combination of 

sofosbuvir with another class of HCV antiviral drugs, either 
protease inhibitors or NS5A inhibitors, provides more 
impressive SVR results in the genotype 1 population and 
therefore should be preferred.

GENOTYPE 2

Pivotal studies
After the initial ELECTRON phase II study, in which all four 
treatment-naive genotype 2 patients achieved SVR (Gane et 

Table 262.2. Clinical trial data with sofosbuvir plus ribavirin.

Study (reference) Number and type of patients
Duration of 
treatment Outcome SVR12

ELECTRON (Gane et al., 
2013b)

45; naive and experienced;  
GT-1, -2, -3; F4 = 0

12 weeks GT-1, naive = 84%
GT-1, experienced = 10%
GT-2, naive = 100%
GT-3, naive = 100%

Genotype 4 study (Ruane et al., 
2015)

60; naive and experienced; GT-4; 
F4 = 23%

12or 24 weeks 12 weeks = 68%
24 weeks = 93%

QUANTUM (Lalezari et al., 
2013)

143; naive and experienced; 
GT-1; no F4

12 or 24 weeks Naive, 12 weeks = 53% 
Naive, 24 weeks = 47%
Experienced, 24 weeks = 65%

FISSION (Lawitz et al., 2013b) 253; naive; GT-2, -3; F4 = 16% 12 weeks GT-2 = 95%
GT-3 = 56%

POSITRON (Jacobson et al., 
2013)

180; naive; experienced (intoler-
ant of PEG-IFN); GT-2, -3;  
F4 = 16%

12 weeks GT-2 = 93%
GT-3 = 61%

FUSION (Jacobson et al., 2013) 127; experienced; GT-3;  
F4 = 26%

12 or 16 weeks GT-3, 12 weeks = 30%
GT-3, 16 weeks = 62%

PHOTON-1 (Sulkowski et al., 
2014b)

223, naive or experienced;  
GT-1, -2, -3; F4 < 1%

12 or 24 weeks GT-1 = 76%
GT-2, 12 weeks = 88% GT-2, 24 weeks = 92%
GT-3, 12 weeks = 67% GT-3, 24 weeks = 94%

VALENCE (Zeuzem et al., 2014) 323; naive or experienced;  
GT-2, -3; F4 = 20%

12 or 24 weeks GT-2, naive = 97%
GT-2, experienced = 90%
GT-3, naive = 93%
GT-3, experienced = 77% 

PHOTON-2 (Molina et al., 
2015)

275; naive and experienced; 
GT-1, -2, -3, -4

12 weeks (GT-2) 
or 24 weeks

GT-1 = 85%
GT-2 = 88%
GT-3 = 89% 
GT-4 = 84%

Japan (Omata et al., 2014) 153; naive and experienced; 
GT-2; F4 = 12%

12 weeks Naive = 98%
Experienced = 95%
F4, experienced = 89%

Korea (Ahn et al., 2016) 129; naive and experienced; 
GT-2; F4 = 12%

12 weeks Naive = 96%
Experienced = 100%

Taiwan (Kao et al., 2016) 87; naive and experienced; GT-2; 
F4 = 15%

12 weeks 100%

Egypt (Doss et al., 2015) 103; naive and experienced; 
GT-4; F4 = 16%

12 or 24 weeks 12 weeks = 77%
24 weeks = 90%

BOSON (Foster et al., 2015c) 395; naive (G-3) and  experienced; 
GT-2, -3; F4 = 31%

16 or 24 weeks GT-2 = 87% / 100%
GT-3 = 71% / 84%
GT-3, F4, experienced = 47%

TRIO (Dieterich et al., 2014) 167; naive and experienced; GT-2 12 weeks 90%

TARGET (Welzel et al., 2015a) 306; naive and experienced; 
GT-2, -3; F4 = 35%

12 , 16, or 24 
weeks

GT-2, 12 weeks = 88% GT-2, 16 weeks = 85%
GT-3, advanced F4 = 39%

Abbreviations: SVR12: sustained virological response 12 weeks after cessation of therapy (a sign of cure); naive: treatment-naive patients; experienced: patients 
who underwent prior treatment that failed; GT: genotype; F4: Fibroscan showing cirrhosis; PEG-IFN: pegylated interferon. 
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al., 2013b), three large phase III trials (FISSION, POSITRON, 
VALENCE) confirmed that in previously untreated genotype 
2 patients, treatment with sofosbuvir plus ribavirin for 12 
weeks achieved SVR in > 93% of the patients (Lawitz et al., 
2013b; Jacobson et al., 2013; Zeuzem et al., 2014). Moreover, 
the randomized, comparative FISSION study showed that 
sofosbuvir plus ribavirin for 12 weeks was significantly supe-
rior compared to the standard PR regimen for 24 weeks 
(Lawitz et al., 2013b). Across the three studies, 30 previously 
untreated cirrhotic patients were treated, and 28 (93%) 
achieved SVR with a 12-week regimen. Based on the results 
of these trials, both FDA and EMA have approved sofosbuvir 
and ribavirin for 12 weeks in all treatment-naive genotype 2 
patients. 

The same results were obtained in the HIV–HCV co-in-
fected trial in which the SVR rate was 88% in genotype 2 
patients in both PHOTON-1 and -2 studies (Sulkowski et 
al., 2014b; Molina et al., 2015), without differences between 
treatment-naive (89%) and treatment-experienced patients 
(83%) in PHOTON-2. 

In the FUSION study, 68 genotype 2 patients who failed 
prior PR therapy were randomized to receive sofosbuvir plus 
ribavirin for 12 or 16 weeks (Jacobson et al., 2013). Among 
the 49 noncirrhotic patients, the SVR rate was similar in both 
arms: 96% for 12 weeks and 100% for 16 weeks. On the other 
hand, among the 19 cirrhotic patients, the SVR rate was 60% 
for 12 weeks and 78% for 16 weeks, suggesting that longer 
treatment duration may improve SVR with this regimen. 
However, the small number of patients limited the possibility 
of drawing strong conclusions. Moreover, in the VALENCE 
study, in which genotype 2 patients were treated with sofos-
buvir plus ribavirin for 12 weeks, the SVR rate among the 
9  treatment-experienced patients with cirrhosis was 78% 
(Zeuzem et al., 2014). 

Other studies
The results summarized in the previous section were con-
firmed in an open-label (unmasked) phase III study con-
ducted in Japan (Omata et al., 2014). A total of 153 genotype 
2 patients were enrolled and treated with sofosbuvir (400 
mg daily) plus ribavirin with weight-based dosing for 12 
weeks. About 60% of the patients had HCV genotype 2a, 11% 
(n = 17) had cirrhosis, and 22% were > 65 years old. Overall, 
148 patients (97%) achieved SVR. Of the 90 treatment-naive 
patients, 88 (98%) achieved SVR, including all cirrhotic 
patients. Among the 63 treatment-experienced patients, 
60 (95%) achieved SVR, including all cirrhotic patients but 
one (89%). Globally the rate of SVR was 94% in patients with 
cirrhosis and in those > 65 years old. Treatment was safe and 
well tolerated. 

Two other studies with sofosbuvir and ribavirin for 12 
weeks in Taiwan and Korea enrolled 129 and 87 genotype 2 
patients, respectively, demonstrating an SVR rate of 100% and 
97%, respectively. Moreover, in both studies all 26 cirrhotic 
patients achieved SVR (Kao et al., 2016; Ahn et al., 2016). 

A large phase III international, multicenter, randomized 
study was conducted among 592 patients to compare the 

efficacy and safety of three regimens: sofosbuvir plus PR or 
sofosbuvir plus ribavirin for 16 or 24 weeks in treatment–
experienced cirrhotic genotype 2 patients and in treatment- 
naive and -experienced genotype 3 patients (Foster et al., 
2015c). Among the 48 genotype 2, cirrhotic, treatment- 
experienced patients, the rates of SVR12 were not signifi-
cantly different: 87% and 100%, respectively, for those 
receiving sofosbuvir and ribavirin for 16 and 24 weeks, but 
were 94% for those receiving sofosbuvir plus PR for 12 weeks. 
This study showed a very high rate of SVR among the most 
difficult to treat genotype 2 patients—those with cirrhosis 
and prior HCV therapy—and suggests that a 16- or 24-week 
regimen may be suitable for them. A 12-week regimen with 
sofosbuvir plus PR also appears to be suitable for this group. 

Cohort studies
The results summarized for genotype 2 were also confirmed 
in two large US cohorts, TARGET and TRIO. In the TRIO 
cohort, 167 genotype 2 patients were treated with sofosbuvir 
and weight-based ribavirin for 12 weeks, and 90% achieved a 
SVR in a per-protocol analysis. The SVR rate was higher in 
noncirrhotic patient (93%) than in cirrhotic patients (81%) 
(Dieterich et al., 2014). In the TARGET cohort, 256 genotype 
2 patients (29% treatment experienced) were treated with 
sofosbuvir plus weight-based ribavirin for 12 weeks and 39 
(59% treatment experienced) for 16 weeks. After 12 weeks of 
treatment, SVR was achieved in 92% of treatment-naive 
patients and 85% of treatment-experienced patients. There 
was no difference in SVR according to the duration of treat-
ment because 88% treated for 12 weeks achieved SVR12 as 
did 85% of those treated for 16 weeks. However in cirrhotic 
patients, the SVR12 rate was lower in treatment-naive (77%) 
and higher (82%) in treatment-experienced patients, albeit 
the differences were not statistically significant (Welzel et al., 
2015a). 

Summarizing the situation with genotype 2, sofosbuvir 
plus ribavirin for 12 weeks was the recommended treatment 
for noncirrhotic patients, regardless of prior treatments, and 
for treatment-naive cirrhotic patients. However, in treatment- 
experienced patients with cirrhosis, these data show subop-
timal results, at least in the West, even among those treated 
for 16 weeks. Thus it is suggested that for those patients 
sofosbuvir should be combined with other HCV antiviral 
drugs rather than with ribavirin. 

GENOTYPE 3

Pivotal studies
After the initial ELECTRON study, in which all six treat-
ment-naive genotype 3 patients achieved SVR (Gane et al., 
2013b), three large phase III trials (FISSION, POSITRON, 
and VALENCE) were conducted for a matched study popu-
lation (Lawitz et al., 2013b; Jacobson et al., 2013; Zeuzem 
et  al., 2014). The randomized controlled FISSION study 
enrolled 359 treatment-naive patients treated with sofosbu-
vir plus ribavirin for 12 weeks or with a 24-week PR regimen 
alone. Both treatment regimens had similar SVR rates of 
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56% and 62%, respectively (Lawitz et al., 2013b). In the 
POSITRON study, 98 treatment-naive genotype 3 patients 
treated with sofosbuvir plus ribavirin achieved a SVR rate of 
61% (Jacobson et al., 2013). 

Similar results were found in the HIV–HCV co-infected 
PHOTON-1 study, in which patients treated with sofosbuvir 
plus ribavirin achieved an SVR rate of 67% (Sulkowski et 
al., 2014b). Across these two studies, 52 treatment-naive cir-
rhotic patients were managed with a 12-week regimen but 
only 16 (31%) achieved SVR. 

Because of these unsatisfactory results, the VALENCE 
study was undertaken. A group of 105 treatment-naive 
 genotype 3 patients were given sofosbuvir with weight-based 
ribavirin for 24 weeks (Zeuzem et al., 2014); it was surprising 
that this extended treatment resulted in excellent results: 
94% of the noncirrhotic patients and 92% of the 13 cirrhotic 
patients achieved an SVR. Similar results were achieved in 
the HIV–HCV PHOTON-2 study with an overall 89% SVR 
rate and 91% in treatment-naive and 86% in-experienced 
patients (Molina et al., 2015). Based on the results of these 
trials, both the FDA and EMA have approved sofosbuvir 
with ribavirin for 24 weeks as a highly effective regimen for 
all genotype 3, treatment-naive patients. 

The FUSION study, conducted in 127 genotype 3 subjects 
who had failed prior PR regimens, was randomized as to 
the length of treatment. Poor SVR rates were found in both 
groups: 30% in those treated for 12 weeks and 62% for those 
treated for 16 weeks (Jacobson et al., 2013). Treatment dura-
tion was extended to 24 weeks in 145 subjects in the 
VALENCE study; the results here were somewhat better; 
SVR was achieved in 79% of the patients and the rate was 
87% in no-cirrhotic patients and 62% in the 47 cirrhotic 
patients (Zeuzem et al., 2014). 

Other studies
A phase III international randomized study was conducted 
among 544 patients to compare the efficacy and safety of 
three regimens: sofosbuvir plus PR or sofosbuvir plus riba-
virin only for 16 or 24 weeks in treatment-naive and -expe-
rienced genotype 3 patients (Foster et al., 2015c). Overall 
rates of SVR were 71% in those who received 16 weeks of 
sofosbuvir plus ribavirin, 84% in those who received 24 
weeks of the same regimen, and 93% in those who received 
12 weeks of sofosbuvir plus PR (p < 0.05). Sofosbuvir with 
ribavirin only, either for 16 or 24 weeks, appears to be subop-
timal, especially in cirrhotic patients whether treatment 
naive or experienced; SVR rates ranged from 57% to 82%. 
Other options, such as sofosbuvir plus PR or sofosbuvir plus 
NS5A inhibitors, appear to be more suitable. 

Cohort studies
Comparable results were found in the TARGET cohort in 
which 130 genotype 3 subjects (55% with cirrhosis) were 
treated with sofosbuvir plus ribavirin for 24 weeks. SVR rates 
of 86–87% were suboptimal for noncirrhotic, treatment- 
naive or -experienced patients, but they were unacceptable 

for cirrhotic patients, with SVR rates of 62% and 47% for 
treatment-naive and -experienced patients, respectively 
(Wel zel et al., 2015a). 

In summary, sofosbuvir and ribavirin for 24 weeks in 
genotype 3 patients is a suboptimal therapeutic option for 
noncirrhotic patients and worse for cirrhotic patients. 

GENOTYPE 4 

HCV genotype 4 is not common and hence there are few 
data for this population. A phase II study was conducted in 
Egyptian patients treated in the USA with sofosbuvir and 
ribavirin for 12 or 24 weeks. Among the treatment-naive 
subjects, SVR was achieved in 11 of the 14 treated for 12 
weeks and in all 14 treated for 24 weeks. Among treatment- 
experienced patients, 10 of the 17 treated for 12 weeks and 13 
of the 15 treated for 24 weeks achieved SVR (Ruane et al., 
2015). Moreover, all of the seven cirrhotic patients treated for 
24 weeks achieved SVR.

Another phase II study on genotype 4 subjects was con-
ducted in Egypt; it enrolled 103 genotype 4 subjects who 
were treated with sofosbuvir plus weight-based ribavirin for 
12 or 24 weeks (Doss et al., 2015). SVR12 rates were 90% 
(46/51) in those treated for 24 weeks and 77% (40/52) in 
those treated for 12 weeks. Patients with cirrhosis at baseline 
had a lower SVR rates (63% for 12 weeks and 78% for 24 
weeks) than those without cirrhosis (80% for 12 weeks and 
93% for 24 weeks). 

Based on this small dataset sofosbuvir plus ribavirin for 
24 weeks may be recommended in genotype 4 patients. 
However, other combinations such as sofosbuvir plus NS5A 
inhibitors or protease inhibitors such as simeprevir give bet-
ter results with shorter durations of treatment.

4. SOFOSBUVIR AND SIMEPREVIR

The combination of sofosbuvir and simeprevir has been 
studied only in genotype 1 and 4 patients because simeprevir 
had no antiviral activities in other genotypes (Table 262.3).

Pivotal studies
The combination of sofosbuvir (400 mg daily) with simepre-
vir (150 mg daily), with or without weight-dosed ribavirin, 
for 12 or 24 weeks was evaluated in the phase II COSMOS 
trial, which treated 167 genotype 1 subjects (Lawitz et al., 
2014b). The study included only subjects who were treatment- 
naive or who had previously failed a PR regimen, divided 
into two cohorts: first, 80 patients with fibrosis stage F0-2 
and. second, 87 patients with fibrosis stage F3-4. 

Of the 39 treatment-naive F3-4 patients, 95% achieved 
SVR regardless of whether the regimen was given for 12 or 
24 weeks and whether it included ribavirin. Among prior 
null responders to PR in the first cohort, the SVR rate after 12 
or 24 weeks with or without ribavirin was similar and high 
across all groups. Among the 47 prior null responders to PR 
with advanced fibrosis or cirrhosis in the second cohort, the 
SVR rate was again high, over 90% across all groups. SVR 
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was similar regardless of whether the regimen was given for 
12 or 24 weeks and whether it included riba virin. Across 
both cohorts SVR was similar according to subtype: 95% in 
genotype 1b and 92% in genotype 1a. Moreover, regarding 
the influence of the Q80K mutation at baseline on SVR rate 
in genotype 1a patients, 58 patients harbored this mutation 
at baseline across all groups and 88% (51/58) achieved SVR 
compared with 94% (68/72) in those without this mutation. 

After this initial study, two large phase III studies were 
conducted. In the first, OPTIMIST-1, 310 noncirrhotic gen-
otype 1 patients were randomized to receive sofosbuvir plus 
simeprevir for 8 or 12 weeks (Kwo et al., 2016). With the 
12-week regimen, SVR was achieved in 97% and 95% of 
treatment-naive or -experienced patients, respectively. SVR 
was lower in those who were treated for only 8 weeks, 85% 
and 77%, respectively. Moreover patients treated for 12 weeks 
had SVR rates that were similar to patients with subtype 1a 
or 1b (97%) and to genotype 1a patients who had or did not 
have a baseline Q80K mutation (96% and 97%, respectively). 
Conversely, patients who were treated for only 8 weeks had 
SVR rates that were lower overall in subtype 1a patients, in 
patients who harbor Q80K mutation at baseline, and in 
patients with baseline high viral load: 79%, 73%, and 77%, 
respectively. 

In the OPTIMIST-2 study, 103 compensated cirrhotic 
genotype 1 patients were treated with sofosbuvir and sime- 

previr for 12 weeks (Lawitz et al., 2015c); SVR rates were 
88% for treatment-naive subjects and 79% for treatment- 
experienced patients. SVR rates were identical between 
patients with subtype 1a and 1b (83% and 84%, respectively). 
However the SVR rate was lower in genotype 1a patients 
who had the Q80K mutation at baseline (74%). Similarly, 
SVR rates tended to be lower for subjects with a low platelets 
level (< 90,000), low albumin levels, or high Fibroscan values 
(> 20 kPa), 68%, 74%, and 80%, respectively. 

Based on those studies, noncirrhotic genotype 1 subjects 
can be treated with 12 weeks of sofosbuvir and simeprevir, 
without ribavirin, with somewhat suboptimal SVR results 
but with a good safety profile without any impact of baseline 
Q80K mutations. Sofosbuvir plus simeprevir treatment is 
significantly less effective for genotype 1 subjects with cir-
rhosis, baseline Q80K mutations and/or more advanced liver 
disease. The baseline Q80K mutation has a negative impact 
on SVR when treatment duration is shorter than 12 weeks 
(Kwo et al., 2016). 

Other studies
A small pilot study recently demonstrated that sofosbuvir 
plus simeprevir for 12 weeks was able to achieve a SVR in 
14 patients among 16 genotype 1 or 4 patients who already 
failed a previous NS5A-based therapy. All patients achieved 
an end-of-treatment response, but two genotype 1 cirrhotic 

Table 262.3. Clinical trial data with sofosbuvir plus simeprevir.

Study (reference) Number and type of patients Duration of treatment Outcome SVR12

COSMOS cohort 1 (Lawitz et al., 
2014b)

80; experienced; GT-1; F0F2 12 or 24 weeks 12 weeks = 93%
12 weeks, RBV = 96%
24 weeks = 93%
24 weeks, RBV = 79%

COSMOS cohort 2 (Lawitz et al., 
2014b)

87; naive and experienced; 
GT-1; F3F4

12 or 24 weeks 12 weeks = 93%
12 weeks, RBV = 93%
24 weeks = 100%
24 weeks, RBV = 93%

OPTIMIST-1 (Kwo et al., 2016) 310; naive and experienced; 
GT-1, no F4

8 or 12 weeks without RBV 8 weeks = 83%
12 weeks = 97%

OPTIMIST-2 (Lawitz et al., 2015c) 103; naive and experienced; 
GT-1, F4 = 100%

12 weeks without RBV Naive = 88% 
Experienced = 79%

NS5A failure (Hezode et al., 
2016)

14; experienced (failure of 
daclatasvir plus PEG-IFN–RBV 
with or without asunaprevir); 
GT-1; F4= 56%

12 weeks 88%

HEPATHER ANRS CO-22  
(ANRS/AFEF et al., 2015)

423; naive and experienced; 
GT-1

12 or 24 weeks 12 weeks = 85%
12 weeks, RBV = 88%
24 weeks = 95%
24 weeks, RBV = 91%

TRIO (Dieterich et al., 2015) 267; naive and experienced; 
GT-1

12 or 24 weeks With or without RBV = 90%

TARGET (Sulkowski et al., 2016) 802; naive, experienced, and PI 
failure; GT-1

12 weeks with or without 
RBV or 24 weeks

84%

Abbreviations: SVR12: sustained virological response 12 weeks after cessation of therapy (a sign of cure); experienced: patients who underwent prior treatment 
that failed; GT: genotype; F0F2: no fibrosis, fibroscan >9.6 Kpa; RBV: ribavirin; naive: treatment-naive patients; F3F4: ibroscan >9.6 Kpa; F4: Fibroscan showing 
cirrhosis; PEG-IFN: pegylated interferon; PI: protease inhibitor.
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patients relapsed (Hezode et al., 2016). Presence of simepre-
vir resistance associated variant polymorphisms (R155K or 
Q80K) at baseline did not predict retreatment failure. 

The SLAM C randomized open-label study compared 
sofosbuvir plus ledipasvir with sofosbuvir plus simeprevir in 
acute hepatitis C virus infection (Basu et al., 2015). Of the 15 
patients treated with sofosbuvir plus simeprevir for 8 weeks, 
93% achieved an SVR, but 100% of those given sofosbuvir 
plus ledipasvir for 4 weeks achieved SVR. 

Cohort studies 
In the TRIO cohort, 317 genotype 1 patients were treated 
with sofosbuvir plus simeprevir with or without ribavirin 
for 12 weeks (Dieterich et al., 2015). Overall, 10 patients 
(3.2%) discontinued treatment; 4 of whom experienced 
adverse events. In a per protocol analysis overall SVR rates 
were 90% (263/292), 93% in treatment-naive patients, 87% 
in  treatment-experienced patients, and 83% in cirrhotic 
patients. There were some slight nonsignificant differences 
between subtypes 1a and 1b, with SVR rates of 92% and 98% 
in treatment-naive, 88% and 84% in treatment-experienced, 
and 81% and 84% in cirrhotic patients, respectively. 

In the TARGET cohort, 836 genotype 1 patients were 
treated with sofosbuvir plus simeprevir with ribavirin (169) 
or without ribavirin (667) (Sulkowski et al., 2016). The 
overall SVR rate was 84% (83% in genotype 1a and 89% in 
genotype 1b). Subjects with cirrhosis, those with prior 
decompensation, or those with previous failure of protease 
inhibitor treatment were less likely to achieve an SVR: 
Model-adjusted SRV estimates for patients with cirrhosis 
were 80.5%; those for prior decompensation and previous 
protease inhibitors treatment were74%. The addition of riba-
virin had no detectable effect on SVR. Serious adverse events 
and treatment discontinuation occurred in only 5% and 3% 
of participants, respectively. 

In the French HEPATHER cohort, 551 patients (148 gen-
otype 1a, 266 genotype 1b, and 119 genotype 4) were treated 
with sofosbuvir plus simeprevir with (11%) or without riba-
virin for 12 (86%) or 24 (14%) weeks (ANRS/AFEF et al., 
2015). Most patients were cirrhotic (56%). SVR rates were 
somewhat disappointing: 83% in genotype 1a, 87% in geno-
type 1b, and 86% in genotype 4. There were no significant 
differences in SVR between those treated with ribavirin 
(92%) or without ribavirin (86%) and those treated for 12 
weeks (85%) or 24 weeks (93%). Overall SVR rates were 
between 80% and 90%. Neither treatment extension nor addi-
tion of ribavirin seems to significantly increase the efficacy of 
the regimen, which had fair tolerability, with 6% of subjects 
having serious adverse events. 

The same results were obtained in the French Real-life 
SimSof study conducted in academic, community, and pri-
vate practice centers. A total of 203 genotype 1 and 4 patients 
were treated with the same basic regimen for 12 weeks (97%) 
(Nguyen-Khac et al., 2015). Overall 92% of the patients 
achieves an SVR, 89% in cirrhotic and 96% in noncirrhotic 
patients. 

Considering all the data, the combination of sofosbuvir 
plus simeprevir for 12 weeks for treatment of patients with 
genotype 1 and 4 appears, in both clinical trial and real life, 
to provide slightly suboptimal SVR results, with ~ 6% with 
adverse reactions in genotype 1 and 4 patients. 

5. SOFOSBUVIR AND NS5A INHIBITORS 

The combination of sofosbuvir with NS5A inhibitors is a 
very attractive combination due to the potency and the 
pangenotypic activity of both molecules and the high barrier 
to resistance of sofosbuvir. To date, sofosbuvir has been asso-
ciated with 3 NS5A inhibitors (daclatasvir, velpatasvir, and 
odalasvir), all of which were active in all HCV genotypes 
(pan-genotypic), and one multi-genotypic inhibitor (ledipas-
vir) active against genotypes 1, 4, 5, and 6, but not 3. 

5a.  Sofosbuvir and daclatasvir

GENOTYPE 1

Pivotal studies
Sofosbuvir was initially evaluated in combination with daclat-
asvir (60 mg daily) with or without ribavirin for 12 or 
24  weeks in 126 treatment-naive genotype 1 patients with 
mainly mild fibrosis in a phase II study (Sulkowski et al., 
2014a; Table 262.4). All patients treated for 24 weeks achieved 
SVR. Among those treated for only12 weeks, the SVR was 
100% without ribavirin and 95% with ribavirin, with no on- 
treatment breakthrough. This combination for 24 weeks was 
also evaluated in 41 patients with mild to moderate fibrosis 
who had failed prior triple therapy with first-generation pro-
tease inhibitors (either boceprevir or telaprevir). All patients 
achieved SVR.

In a phase III open-label study, 60 patients with advanced 
cirrhosis and 53 patients with liver transplants who had a 
recurrence of HCV infection were treated for 12 weeks with 
sofosbuvir plus daclatasvir and ribavirin (Poordad et al., 
2016); 76% of the patients were genotype 1. Among the 
patients with advanced cirrhosis, SVR was achieved in 
82% of the patients; by genotype; 82%, 80%, 83%, and 100% 
achieved SVR in genotypes 1, 2, 3, and 4, respectively. By 
Child-Pugh scores of A, B, and C, SVR was achieved in 
92%, 94%, and 56% of patients, respectively. Among the liver 
transplant patients, SVR was achieved in 93% of the patients; 
in genotypes 1 and 3, SVR results were 95% and 91% 
(Poordad et al., 2016). 

Similar results were obtained in the ALLY-2 phase III 
study conducted in 151 HIV–HCV co-infected patients who 
were mostly genotype 1 (82%). These subjects were treated 
with sofosbuvir and daclatasvir for 8 or 12 weeks (Wyles et 
al., 2015). Overall and genotype 1 SVR rates were 97% and 
96.4% for those treated for 12 weeks and 76% and 75.6% for 
those treated 8 weeks. Among the 52 treatment-experienced, 
co-infected patients treated with the same combination for 
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12 weeks, overall and genotype 1 SVR rates were 98.1% and 
97.7%, respectively. This study showed clearly that, at least 
in co-infected patients, shortening treatment duration to 8 
weeks was deleterious in term of efficacy. 

Other studies
Comparable results were obtained among liver transplant 
patients with recurrences of severe HCV infection. The com-
bination of sofosbuvir and daclatasvir with or without riba-
virin for 24 weeks achieved an SVR between 91% and 100% 
(Fontana et al., 2016; Leroy et al., 2015). 

Cohort studies
In the French HEPATHER cohort, 409 genotype 1 patients 
(79% with cirrhosis and 9% with decompensated cirrhosis) 
were treated with sofosbuvir and daclatasvir without riba-
virin (n = 317) or with ribavirin (n = 92) for 12 (20%) or 24 
(80%) weeks (Pol et al., 2015a). SVR was achieved in all 
patients without cirrhosis whatever duration or use of riba-
virin. In cirrhotic patients, SVR rates increased from 76% 
to 94% in patients treated without ribavirin when treatment 

duration was increased from 12 to 24 weeks. In a multi- 
variate analysis in cirrhotic patients, increasing the treatment 
duration to 24 weeks appeared to be the most important pre-
dictive factors of response. Similar results were found in the 
French HIV–HCV co-infected cohort in which the SVR rate 
was 93% for the 64 cirrhotic patients treated with sofosbuvir 
and daclatasvir for 24 weeks (Sogni et al., 2015). 

In the UK cohort, 50 genotype 1 patients with advanced 
cirrhosis (mainly Child-Pugh B) were treated with sofosbu-
vir and daclatasvir with (n = 45) or without (n = 5) ribavirin 
for 12 weeks. SVR rates were 82% with and 60% without rib-
avirin (Foster et al., 2015b). 

The French CUPILT cohort enrolled 130 patients with 
recurrent HCV infection who were treated sofosbuvir plus 
daclatasvir with (42%) or without (58%) ribavirin for 12 
weeks (11%) or 24 weeks (89%) (Coilly et al., 2015). Among 
the 99 genotype 1 patients, the SVR rate was 97%. 

In summary, sofosbuvir plus daclatasvir for 12 weeks in 
genotype 1 patients without cirrhosis and for 24 weeks in 
patients with cirrhosis was highly effective with no signifi-
cant adverse events. 

Table 262.4. Clinical trial data with sofosbuvir plus daclatasvir.

Study (reference) Number and type of patients
Duration of 
treatment Outcome SVR12

BMSAI444-040 (Sulkowski 
et al., 2014a)

211; naive, experienced, and PI 
failure; F4 = 15%

12 or 24 weeks GT-1, naive, 12 weeks = 98%
GT-1, PI failure, 24 weeks =98%
GT-2, naive, 24 weeks = 92%
GT-3, naive, 24 weeks = 89%

ALLY-1 (Poordad et al., 2016) 98; naive and experienced; GT-1; 
F4 = 100%

12 weeks Child-Pugh A = 92%
Child-Pugh B = 94%
Child-Pugh C = 56%
Posttransplant = 95%

ALLY-2 (Wyles et al., 2015) 203; naive and experienced; 
VIH-VHC; GT-1, -2, -3; F4 = 93%

8 or 12 weeks 12 weeks, naive = 97%
8 weeks, naive = 76%
12 weeks, experienced = 98%

ALLY-3 (Nelson et al., 2015) 152; naive and experienced; GT-3; 
F4 = 21%

12 weeks Naive = 90% 
Naive, F4 = 57%
Experienced = 86% 
Experienced, F4 = 69%

ALLY-3+ (Leroy et al., 2016) 49; naive, experienced, and 
decompensated cirrhosis (14); 
GT-3; F4 = 72%

12 or 16 weeks 
plus RBV

12 weeks = 88%
16 weeks = 92%

HEPATHER, ANRS CO-22 
(Pol et al., 2015a)

409; naive and experienced; GT-1; 
F4 = 78%

12 or 24 weeks 12 weeks = 85% 
12 weeks, RBV = 100%
24 weeks = 93% 
24 weeks, RBV = 98%

UK decompensated cirrhosis 
(Foster et al., 2015b)

159; naive and experienced; GT-1, -3 12 weeks GT-1, RBV = 82% 
GT-3, RBV = 70%

French ATU cohort (Hezode 
et al., 2015)

284; naive, experienced, and DAA 
failure; GT-3; F4 = 79%

12 or 24 weeks 12 weeks, RBV = 100% 
12 weeks = 81%
24 weeks, RBV = 81% 
24 weeks = 89%

Abbreviations: SVR12: sustained virological response 12 weeks after cessation of therapy (a sign of cure); naive: treatment-naive patients; PI: protease inhibitor; 
F4: Fibroscan showing cirrhosis; GT: genotype; experienced: patients who underwent prior treatment that failed; VIH–VHC: patients with coinfection; RBV 
ribavirin; DAA: direct antiviral agents.
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GENOTYPE 2

Pivotal studies
In a phase II study, sofosbuvir with daclatasvir (60 mg daily), 
with or without ribavirin, was evaluated in 26 treatment- 
naive genotype 2 patients, 4 of whom had cirrhosis (Sulkowski 
et al., 2014a). The overall SVR rate was 96%. In the phase III 
ALLY-2 study conducted in 18 genotype 2, HIV–HCV co- 
infected patients, SVR was achieved in all patients treated 
with sofosbuvir plus daclatasvir for 12 weeks (Wyles et al., 
2015). 

Open-label study
An open-label study was conducted in Italy with the combi-
nation of sofosbuvir and daclatasvir for 12 or 24 weeks in 19 
genotype 2 patients who could not tolerate ribavirin, 55% of 
whom had cirrhosis and 55% were treatment-experienced 
(Mangia et al., 2016). SVR was achieved in all patients with 
a  12-week regimen for patients without cirrhosis and a 
24-week regimen for those with cirrhosis. 

For genotype 2 patients without cirrhosis, the combina-
tion of sofosbuvir plus daclatasvir for 12 weeks appears to be 
an interesting treatment option for those who cannot tolerate 
ribavirin because all subjects achieved SVR. Some patients 
with cirrhosis may rarely require 24 weeks for an SVR.

GENOTYPE 3

Pivotal studies
In a phase II study, 18 treatment-naive genotype 3 subjects 
(2  had cirrhosis) were treated with sofosbuvir with daclat-
asvir (60 mg daily) with or without ribavirin; all except one 
achieved an SVR (Sulkowski et al., 2014a). 

In the phase III ALLY-3 study, 152 genotype 3 patients, 
either treatment naive (n = 101) or treatment experienced 
(n = 51), were treated with sofosbuvir and daclatasvir for 12 
weeks (Nelson et al., 2015). Overall SVR rates for treatment- 
naive patients were 90%, 97% in those without cirrhosis, 58% 
in patients with cirrhosis; overall SVR rates in treatment- 
experienced patients were 86%, 94% in patients without cir-
rhosis and 69% in patients with cirrhosis. The combination 
was well tolerated with no adverse events leading to treat-
ment discontinuation, and only one serious adverse event 
on-treatment unrelated to study medications. Clearly a 
12-week regimen of this combination was highly effective 
in genotype 3 patients without cirrhosis (an overall SVR of 
96%); it was significantly less effective for patients with cir-
rhosis (SVRs of 58 –69%). 

Based on these results, the ALLY-3+ phase III study was 
designed to compare sofosbuvir plus daclatasvir with ribavi-
rin for 12 or 16 weeks in 50 genotype 3 patients with either 
advanced fibrosis or cirrhosis and including both previously 
treated and treatment-naive subjects (Leroy et al., 2016). 
Overall SVR rates were 92% in treatment-naive and 89% in 
treatment-experienced patients. There was no difference in 
SVR results between patients treated 12 or 16 weeks (91 and 
92%, respectively), even among cirrhotic patients (88% and 
89%, respectively). Therefore treatment of genotype patients 

with sofosbuvir plus daclatasvir and ribavirin results in high 
and similar SVR after 12 or 16 weeks of treatment among 
genotype 3 patients with advanced liver disease irrespective 
of prior HCV treatment experience.

Similar results were observed in the small ALLY-2 study 
in 13 HIV–HCV co-infected genotype 3 patients, either naive 
or treatment experienced, and treated with sofosbuvir and 
daclatasvir for 8 or 12 weeks (Wyles et al., 2015). All patients 
who were treated 12 weeks achieved an SVR. 

Cohort studies
In the French compassionate-use program, 282 genotype 3 
patients were treated with sofosbuvir and daclatasvir with 
(21%) or without ribavirin (79%) for 12 (22%) or 24 (78%) 
weeks. Of these subjects, 79% were cirrhotic and 73% treat-
ment experienced (Hezode et al., 2015). In patients without 
cirrhosis, SVR rates were 97% without difference between 
those treated 12 or 24 weeks and whether with or without 
ribavirin (96%, 97%, 83%, and 98%, respectively). In patients 
with cirrhosis there were no difference between those treated 
with or without ribavirin (83% in each group), but the SVR 
rate was higher in those treated 24 weeks compared to those 
treated 12 weeks (85% and 73%, respectively). Moreover the 
SVR rates decrease markedly with the severity of the liver 
disease according to the Child-Pugh scores (87% for class A, 
67% for class B, and 50% for class C). 

Similarly, in the global early access program, 82 geno-
type  3 patients with cirrhosis were treated with sofosbuvir 
plus daclatasvir with or without ribavirin for 24 weeks 
(Welzel et al., 2015b). The overall SVR rate was 87% without 
any difference between those treated with or without ribavi-
rin: 88% and 86% respectively. In the UK cohort, 121 geno-
type 3 patients with cirrhosis were treated with this regimen 
with ribavirin (94%) for 12 weeks, but this study had a disap-
pointing SVR rate of 70% (Foster et al., 2015b). The French 
CUPILT cohort enrolled 11 patents who developed HCV 
infection after liver transplantation; 10 of those treated with 
sofosbuvir plus daclatasvir with or without ribavirin for 24 
weeks achieved SVR (Coilly et al., 2015). 

Based on a range of open studies, sofosbuvir and daclat-
asvir for 12 weeks is highly effective and safe in genotype 3 
patients without cirrhosis. In patients with cirrhosis extend-
ing treatment duration to 24 weeks appears to be mandatory 
to increase the rate of SVRs. The need for ribavirin is more 
debatable, and this question needs resolution via a random-
ized trial. 

GENOTYPE 4

No pivotal studies have been conducted in in patients with 
genotype 4, but data are available from cohort studies. In the 
French HEPATHER cohort, 48 genotype 4 patients (81% 
with cirrhosis) were treated with sofosbuvir and daclatasvir 
with or without ribavirin for 12 or 24 weeks (Fontaine et al., 
2015a). SVR rates were 89% in those treated for 12 weeks 
without ribavirin and 100% in those treated for 12 weeks with 
ribavirin or 24 weeks. The need of ribavirin or the extension 
of treatment duration was useful only in cirrhotic patients. 
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Similar results were observed in the CUPILT cohort of 11 
subjects whose HCV infection recurred after liver transplan-
tation, mainly treated for 24 weeks; 10 of these subjects 
achieved an SVR (Coilly et al., 2015). 

Taken together, all these data indicate that the combina-
tion of sofosbuvir and daclatasvir is safe and reasonably effec-
tive in all patients, whatever the HCV genotype. However, 
lacking a rigorous clinical trial, that conclusion is tentative. 

5b.  Sofosbuvir and ledipasvir

Ledipasvir is a NS5A inhibitor with multigenotypic activity 
but a modest barrier to resistance. The once-daily fixed-dose 
combination of sofosbuvir plus ledipasvir (marketed as 
Harvoni by Gilead Sciences) is the first-in-market for the 
treatment of HCV infection, and it has a good safety profile 
(Table 262.5). Recent data demonstrated that this combina-
tion alone or in combination with ribavirin is able to cure 
HCV infection in ≥ 90% of patients with genotype 1, 4, 5, 
and 6. This combination appears to be suboptimal in geno-
type 3 patients, and using combinations with sofosbuvir, and 
either daclatasvir or velpatasvir, will help fill this gap now 
and in the near future. 

GENOTYPE 1

Summary of pivotal studies
The efficacy and safety of the 12-week Harvoni regimen was 
evaluated in several clinical trials involving > 2000 genotype 1, 
treatment-naive patients and > 1800 treatment-experienced 
patients. The overall efficacy was excellent, with SVR rates 
> 95% in both treatment-naive and -experienced patients. 

Treatment-naive patients
The initial phase II studies (ELECTRON and LONESTAR) 
showed that an ultra-short duration of treatment for 6 weeks 
was suboptimal in genotype 1, treatment-naive patients, 
whereas 8- or 12-week regimens appeared to be optimal 
(Gane et al., 2013a; Lawitz et al., 2014a).

Three large phase III trials were conducted to clarify the 
optimal treatment duration of the sofosbuvir–ledipasvir 
combination and the need for ribavirin. In the ION-1 study, 
865 genotype 1, treatment-naive patients were randomized 
to receive Harvoni with or without ribavirin for 12 or 24 
weeks (Afdhal et al., 2014b). The SVR rate in this study was 
≥ 97% regardless of whether the regimen was given for 12 or 
24 weeks and whether it included ribavirin. It is not surpris-
ing that the rates of treatment discontinuation were higher 
those treated for 24 weeks than in those treated for 12 weeks; 
similarly, the rates of side effects were higher in the groups 
that received ribavirin than those that did not. Moreover, 
SVR rates were uniform regardless of patients’ pretherapy 
characteristics, and the 136 subjects with cirrhosis still had 
excellent SVR rates (97–100%). All patients had a good safety 
profile. The ION-1 study showed that 12 weeks of sofosbuvir– 
ledipasvir is highly effective in genotype 1, treatment-naive 
patients without additional benefit gained from extending 

treatment duration or adding ribavirin. These results were 
confirmed in a Japanese phase III trial with 97% genotype 1b 
patients who were treated with sofosbuvir–ledipasvir with-
out or with ribavirin for 12 weeks. SVR results were 100% 
and 96%, respectively, confirming that addition of ribavirin 
is unnecessary in this population (Mizokami et al., 2015).

In the ION-3 study, 647 treatment-naive genotype1 patients 
without cirrhosis were randomized to receive ledipasvir–
sofosbuvir regimen with or without ribavirin for 8 weeks or 
the same regimen for 12 weeks (Kowdley et al., 2014). The 
rates of SVR in the three treatment groups were high, > 90% 
(93% for the fixed-dose combination [FDC] for 8 weeks, 94% 
FDC plus ribavirin for 8 weeks, and 95% FDC for 12 weeks). 
The results of noninferiority analysis suggested that adding 
ribavirin to the 8-week FDC regimen or extending duration 
from 8 to 12 weeks did not result in improved SVR rates. 
SVR rates were uniform regardless of the baseline charac-
teristics historically associated with a poor response to PR. 
Although relapse was more common among patients who 
received 8 weeks of treatment (20 vs. 3; 4.6% vs. 1%), no 
baseline characteristics or on-treatment variables could be 
identified associated with relapse. It is interesting that the 
relapse rates were 1% (1/84) and 1% (1/96) in female patients 
treated for 8 weeks with FDC without and with ribavirin, 
respectively, and 8% (10/129) and 7% (8/114) in males respec-
tively. Post hoc analysis indicated that only treatment- naive 
noncirrhotic patients with an HCV RNA level < 6 million 
IU/ml (6.8 log) at baseline could be treated for 8 weeks. 
However, the HCV RNA level determination can be different 
according to the currently available assays. Therefore exter-
nal confirmation was needed. 

The ledipasvir–sofosbuvir combination regimen was also 
evaluated in HIV–HCV genotype 1 co-infected patients. In 
a phase II study (ERADICATE), this combination was given 
without ribavirin for 12 weeks in 50 patients, 13 not treated 
for their HIV infection and 37 receiving antiretroviral ther-
apy. All but 1 patient (98%) achieved an SVR (Townsend et 
al., 2014). In the ION-4 phase III study, 150 treatment-naive 
co-infected patients receive ledipasvir–sofosbuvir without 
ribavirin for 12 weeks, with 95% achieving an SVR (Naggie 
et al., 2015).

Treatment-experienced patients
The ION-2 study looked at the outcomes of sofosbuvir– 
ledipasvir treatment of HCV-infected, genotype 1 patients 
(79% genotype 1a) who had previously failed therapy with 
PR with or without telaprevir or boceprevir (Afdhal et al., 
2014a). The subjects were randomized to 12 or 24 weeks of 
therapy, with subrandomization to yes or no to ribavirin. The 
SVR rates in this study were similar to ION-1, with widely 
overlapping confidence intervals for SVR rates, regardless of 
treatment duration or use of ribavirin. However, this study 
was not powered to compare responses to regimens with or 
without ribavirin or to 12 or 24 weeks of treatment. There 
was no difference in SVR between patients who previously 
failed either PR or triple therapy, PR plus first-generation 
protease inhibitors (PIs). In cirrhotic patients, SVR rates 
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Table 262.5. Clinical trial data with sofosbuvir plus ledipasvir.

Study (reference) Number and type of patients
Duration of 
treatment Outcome SVR12

NIAID Synergy (Kapoor et al., 
2014)

21; naive and experienced; GT-4;  
F4 = 33%

12 weeks 95%

ELECTRON, with or without 
GS-9669 (NNI) (Gane et 
al., 2013a)

95; naive and experienced; GT-1 6 or 12 weeks 6 weeks, RBV = 68%
12 weeks, RBV = 100%
12 weeks = 70%
12 weeks, GS9669 = 100%

ELECTRON-2 (Gane et al., 
2014a)

90; naive, SOF-failure, and Child-Pugh 
B; GT-1; F4 = 50%

12 weeks GT-1, SOF failure, RBV = 100% 
GT-1, Child-Pugh B, without RBV = 65%
GT-3, naive = 64% 
GT-3, naive, RBV = 100%

ION-1 (Afdhal et al., 2014b) 865; naive; GT-1; F4 = 46% 12 or 24 weeks 12 weeks = 99% 
12 weeks, RBV = 97%
24 weeks = 98% 
24 weeks, RBV = 99%

ION-2 (Afdhal et al., 2014a) 440; failure on PEG-IFN–RBV or 
PEG–RBV–PI; GT-1; F4 = 58%

12 or 24 weeks 12 weeks = 94% 
12 weeks, RBV = 96%
24 weeks = 99% 
24 weeks, RBV = 99%

ION-3 (Kowdley et al., 2014) 647; naive; GT-1; no F4 8 or 12 weeks 8 weeks = 94% 
8 weeks, RBV = 93%
12 weeks = 96%

SIRIUS (Bourliere et al., 2015) 154; PI failure; GT-1; F4 = 100% 12 or 24 weeks RBV, 12 weeks = 96%
24 weeks = 97%

LONESTAR (Lawitz et al., 
2014a)

60 naive; 40 PI failure; GT-1; F4 = 22% 8 or 12 weeks 8 weeks = 95% 
8 weeks, RBV = 100%
12 weeks = 95%
IP failure, 12 weeks, RBV = 100%

ION-4 (Naggie et al., 2015) 335; naive, PI-failure, or SOF–RBV with 
or without PEG; VIH–VHC; GT-1, -4; 
F4 = 20%

12 weeks 96%

SOLAR-1 (Charlton et al., 
2015).

105; pretransplant, experienced; GT-1 12 or 24 weeks 
plus RBV

12 weeks = 87%
24 weeks = 89%

SOLAR-1 (Charlton et al., 
2015).

223; posttransplant, naive, and 
experienced; GT-1

12 or 24 weeks 
plus RBV

no F4, 12 weeks = 96%
no F4, 24 weeks = 98%
F4, Child-Pugh A = 96% 
F4, Child-Pugh B = 84% 
F4, Child-Pugh C = 64%

SOLAR-2 (Manns et al., 2015) 291; pre- and posttransplant, naive, 
and experienced; GT-1, -4

12 or 24 weeks 
plus RBV

GT-1. no F4, Child-Pugh A = 97% 
GT-1, Child-Pugh B/C = 87%
GT-4, no F4, Child-Pugh A = 95% 
GT-4, Child-Pugh B/C = 71%

ERADICATE (Townsend et al., 
2014).

50; naive; VIH–VHC; GT-1 12 weeks 98%

Japan (Mizokami et al., 2015) 341; naive and experienced; GT-1,  
F4 = 22%

12 weeks Naive = 98%
Experienced, PR = 100%

SYNERGY (Gane et al., 
2014a)

60; naive; 14 experienced; SOF–RBV; 
GT-1; no F4

6 or 12 weeks 12 weeks = 100%
6 weeks, GS-9669 = 90%
6 weeks, GS9451 = 100%
12 weeks, experienced = 100%

Retreatment, SOF–LDV 
failure (Lawitz et al., 2015a)

60; experienced; SOF–LDV 8 or 
12 weeks; GT-1; F4 = 46%

24 weeks 8 weeks = 80%
12 weeks = 46%
F4 = 74%

French (Abergel et al., 2015) 85; naive and experienced; GT-4, -5; 
F4 = 22%

12 weeks GT-4, no F4 = 91% 
GT-4, F4 = 100%
GT-5 = 95%
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were modestly lower in patients treated for 12 weeks (86% 
FDC and 82% FDC plus ribavirin) than those without cir-
rhosis (95% and 100%, respectively), whereas in the 24-week 
treatment groups, SVR rates were similar in patients with 
cirrhosis (99%) and in those without cirrhosis (100%). No 
baseline factors or on-treatment HCV RNA kinetics during 
the first 2 weeks of treatment were predictive of relapse in 
patients with cirrhosis treated for 12 weeks. 

HIV–HCV co-infected patients
The results of treatment-experienced subjects were con-
firmed in treatment-experienced patients and in those with 
HIV–HCV co-infection in Japan. A cohort of 175 subjects 
was treated with ledipasvir–sofosbuvir with or without riba-
virin, and all subjects, including those with co-infection, 
achieved an SVR (Mizokami et al., 2015). 

Naggie from Duke University led a large, multicenter, 
multi national, open-label study of 335 HIV–HCV co-infected 
patients (34% black, 55% previously HCV treated, 20% with 
cirrhosis; largely white or Hispanic; 250 genotype 1a; 77 
genotype 1b; 8 genotype 4); all had HIV fully suppressed 
(viral load [VL] < 50). They were all treated with the same 
sofosbuvir–ledipasvir regimen for 12 weeks. Overall, 322 sub-
jects (97%; CI: 93–98%) achieved an SVR at 12 weeks with 
equal efficacy for genotypes 1a and 1b; at 24 weeks 312 sub-
jects returned for evaluation and 100% had achieved SVR 
(Naggie et al., 2015). None of the subjects discontinued treat-
ment because of adverse events. 

Charlton and colleagues (2015) conducted a phase II, 
two-cohort, open-label trial with sofosbuvir, ledipasvir, and 
ribavirin, given for 12 or 24 weeks (the SOLAR-1 study). 
Cohort A enrolled patients with cirrhosis with moderate or 
severe hepatic impairment, while Cohort B enrolled patients 
with transplanted livers with varying degrees of cirrhosis 
and/or hepatic impairment. Fully 99% of the subjects were 
genotype 1. In Cohort A, SVR at 12 weeks was achieved by 

86–89% of the patients, regardless of liver injury, whereas 
in Cohort B, the SVR12 depended on patients’ liver status: 
96–98% of subjects with noncompensated or compensated 
cirrhosis; 85–88% of subjects with moderate hepatic impair-
ment, and 60–75% of those with severe hepatic impairment 
and the 6 subjects with fibrosing cholestatic hepatitis. No dif-
ferences were seen between the 12-week and 24-week period 
of treatment (Charlton et al., 2015). 

Similar results were observed in the SOLAR-2 study in 
which 133 patients with any hepatic fibrosis stage, including 
compensated cirrhosis (81% treatment experienced), were 
successfully treated with ledipasvir–sofosbuvir (Manns et al., 
2015). 

Overall these results suggest that treatment-experienced, 
noncirrhotic patients may achieve high SVR rates after 12 
weeks of ledipasvir–sofosbuvir with no additional benefit of 
extending treatment duration or adding ribavirin. Further-
more, as shown in now in many studies with a variety of 
HCV antiviral drugs, HCV treatment outcomes in HCV–
HIV-co-infected patients are equivalent to those seen in 
HCV monoinfected subjects. However, in treatment-expe-
rienced patients with cirrhosis, 24 weeks of therapy may be 
more suitable to maximize SVR rates (AASLD, 2015).

Patients with compensated cirrhosis
To assess the potential benefit of extending treatment dura-
tion or addition of ribavirin in cirrhotic patients, an inte-
grated analysis of 513 genotype 1 patients with compensated 
cirrhosis were treated with ledipasvir–sofosbuvir with or 
without ribavirin in different phase II and III studies (Reddy 
et al., 2015). This analysis showed an overall SVR rate of 95% 
(305/322) after 12 weeks and 98% (188/191) after 24 weeks 
of therapy. Neither treatment duration nor ribavirin had an 
impact on SVR in treatment-naive cirrhotic patients (SVR 
rates between 96% and 100%). In contrast in treatment- 
experienced cirrhotic patients, the SVR rate was 90% after 12 

Study (reference) Number and type of patients
Duration of 
treatment Outcome SVR12

New Zealand (Gane et al., 
2015a)

128; naive and experienced;  
GT-2, -3, -6

8 or 12 weeks GT-2, 8 weeks = 74% 
GT-2, 12 weeks = 96%
GT-3, RBV = 82%
GT-6 = 96%

UK decompensated cirrhosis 
(Foster et al., 2015b)

228; naive and experienced; GT-1, -3 12 weeks GT-1, RBV = 86%
GT-3, RBV = 59%

TRIO (Curry et al., 2015a; 
Curry et al., 2015b)

1159; naive and experienced; GT-1 8, 12, or 24 
weeks

With or without RBV = 97%
SOF–LDV–RBV = 97%

TARGET (Terrault et al., 
2015)

1075; naive and experienced; GT-1;  
F4 = 33%; VIH–VHC = 3%

8, 12, or 24 
weeks

8 weeks or 12 weeks = 97%
24 weeks = 95%
12 weeks, RBV = 97%
24 weeks, RBV = 92%

German cohort (Burggisch et al., 
2015)

63; naive and experienced; GT-1;  
F4 = 5%

8 weeks 98%

Abbreviations: SVR12: sustained virological response 12 weeks after cessation of therapy (a sign of cure); naive: treatment-naive patients; experienced: patients 
who underwent prior treatment that failed; GT: genotype; F4: Fibroscan showing cirrhosis; RBV: ribavirin; SOF: sofosbuvir; PEG-IFN: pegylated interferon; PI: 
protease inhibitor; VIH–VHC: patients with coinfection; PR: pegylated interferon and ribavirin; LDV: Ledipasvir.
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weeks without ribavirin, 96% after 12 weeks with ribavirin, 
98% after 24 weeks without ribavirin and 100% after 24 
weeks with ribavirin. Moreover, among the treatment- 
experienced patients, a platelet count < 5 × 103/μl was asso-
ciated with a lower SVR rate (82%), but this observation was 
based on only 28 patients (Reddy et al., 2015).

The SIRIUS study was conducted in 154 compensated 
cirrhotic patients who previously failed peginterferon and 
ribavirin and subsequently a triple regimen (first-generation 
PIs with PR) (Bourliere et al., 2015). Patients treated with 
ledipasvir–sofosbuvir plus ribavirin for 12 or 24 weeks had 
indistinguishable SVR rates, 96% (74/77) and 97% (75/77), 
respectively. 

In conclusion, in treatment-experienced patients with 
compensated cirrhosis a reasonable regimen could be sofos-
buvir–ledipasvir plus ribavirin for 12 weeks, with sofosbu-
vir–ledipasvir for 24 weeks reserved for patients intolerant of 
or unwilling to receive ribavirin. 

Patients with decompensated cirrhosis
Ledipasvir–sofosbuvir was also studied in the SOLAR-1 
study of 105 genotype 1 patients with decompensated cir-
rhosis (Child-Pugh score up to 12); subjects were also given 
ribavirin for 12 or 24 weeks (Charlton et al., 2015). The SVR 
rates were 87% and 89% after 12 and 24 weeks of treatment, 
respectively. Treatment was equally effective in patients with 
Child-Pugh B and C cirrhosis. Clearance of HCV RNA 
markedly improved liver function, with significant improve-
ments in bilirubin, albumin, and international normalized 
ratio (INR) values, and as a result, improvements in MELD 
and Child-Pugh scores. Improvement of liver function was 
reported as early as 4 weeks after treatment, and it will be 
important to assess the benefit of HCV elimination on liver 
function and on survival in the long-term future. 

The SOLAR-1 and -2 trials also studied patients with 
decompensated cirrhosis or fibrosing cholestatic hepatitis; 
the subjects were treated with ledipasvir–sofosbuvir plus 
ribavirin for 12 or 24 weeks (Charlton et al., 2015; Manns et 
al., 2015; Forns et al., 2015). The SVR rates ranged from 83% 
to 85% in Child-Pugh B patients and from 60% to 67% in 
Child-Pugh C patients. There was no difference in efficacy 
between 12 or 24 weeks, and the ledipasvir–sofosbuvir com-
bination had an excellent safety profile. However, the median 
average daily dose of ribavirin was 600 mg/day and < 6% 
of  the patients had a full weight-based dose of ribavirin. 
Calcineurin inhibitor dose adjustments were not required 
due to the lack of significant interaction of the HCV antiviral 
drugs with tacrolimus or cyclosporine. As in immunocom-
petent patients, the MELD score at 4 weeks after treatment 
improved in the majority of Child-Pugh A and B patients 
who achieved HCV RNA clearance.

These data support the use of ledipasvir–sofosbuvir with 
ribavirin in patients with decompensated cirrhosis on the 
waiting list. However, data are limited in patients with Child-
Pugh C cirrhosis scores > 12 points or with a MELD scores 
> 20. 

Cohort study
The results from three different US real-world cohorts con-
firm the results of the pivotal clinical trials (Terrault et al., 
2015; Lisa et al., 2015; Curry et al., 2015a; Curry et al., 2015b). 
In the TARGET cohort 1074 subjects were treated with 
ledipasvir–sofosbuvir for 8, 12, or 24 weeks mainly without 
ribavirin (90%). Overall SVR rates were 97% (Terrault et 
al., 2015). More specifically in the TARGET cohort, 323 of 
the genotype 1, treatment-naive patients without cirrhosis 
were allowed to receive 8 weeks of treatment, but only 40% 
received treatment for that duration. The SVR rates were 
identical—97% among those treated for 8 or 12 weeks. 

In the US Veterans’ cohort, 1822 genotype 1 patients were 
treated with the same combination for 8 or 12 weeks, and 
SVR rates were comparable, 93% and 96%, respectively (Lisa 
et al., 2015). In the TRIO network trial, 895 genotype 1 
patients were treated for 8 and 12 weeks and SVR rates were 
again comparable, 95 and 96%, respectively. 

Results comparable with the US veterans’ cohorts and 
several German cohorts were seen with either HCV mono-
infected or HIV–HCV co-infected patients (Curry et al., 
2015b; Burggisch et al., 2015; Christensen et al., 2015). More-
over in the TARGET cohort, the subjects above or below the 
HCV RNA threshold of HCV RNA > 6 million IU/ml had 
equivalent SVR results. Therefore, an 8-week regimen of 
ledipasvir–sofosbuvir appears highly effective in treatment- 
naive genotype 1 patients without cirrhosis, and it has an 
excellent safety record. 

In compensated cirrhosis patients, the TRIO network 
study confirms the results of the pivotal studies. Among the 
476 genotype 1 patients with cirrhosis, those treated with 
ledipasvir–sofosbuvir plus ribavirin for 12 weeks or 24 weeks 
achieved SVR rates of 96% and 92%, respectively, compared 
to those who were treated with the same HCV antiviral drugs 
without ribavirin for 12 weeks who achieved a SVR rate of 
84% (Curry et al., 2015a). 

In decompensated cirrhotic patients, the UK early access 
program confirmed the results of the pivotal studies, as when 
185 genotype 1 decompensated cirrhotic patients treated for 
12 weeks with ledipasvir–sofosbuvir with or without riba-
virin had SVR rates of 86% and 87%, respectively (Foster et 
al., 2015b).

Treatment failures with sofosbuvir-containing 
regimens
In patients who previously failed one sofosbuvir-containing 
regimen (e.g. sofosbuvir plus ribavirin), retreatment with 
ledipasvir–sofosbuvir with or without ribavirin for 12 weeks 
in noncirrhotic patient yielded SVR rates of 98% to 100% 
(Gane et al., 2014a; Wyles et al., 2014; Osinusi et al., 2014), 
and this regimen is therefore recommended as an option in 
both EASL (2015a) and AASLD (2015) recommendations 
for HCV treatment. For patients who failed the ledipasvir–
sofosbuvir combination pill after 8 or 12 weeks of treatment, 
retreatment with the same regimen for 24 weeks achieved 
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SVR in 80% of the patients initially treated for 8 weeks but 
in only 46% of those initially treated for 12 weeks. Moreover 
in those with pretreatment NS5A RAVs, the SVR rate was 
only 60% (Lawitz et al., 2015a). 

Therefore, for genotype 1 subjects who failed to achieve 
SVR with ledipasvir–sofosbuvir, the current guidelines rec-
ommend observation of patients with mild liver disease until 
better HCV antiviral drug combinations are likely be avail-
able and to retreat patients with cirrhosis with a tailored 
regimen based on the results of antiviral resistance testing, 
possibly a combination of sofosbuvir and simeprevir (EASL, 
2015a; Hezode et al., 2016). 

GENOTYPE 2

Sofosbuvir in combination with ribavirin (but without 
 ledipasvir) for 12 weeks or 16 to 20 weeks in treatment- 
experienced cirrhotic patients is the recommended regimen 
in all guidelines (EASL, 2015a; EASL 2015b). Sofosbuvir 
plus daclatasvir without ribavirin for 12 weeks is the other 
IFN-free option according to EASL (2015a) guidelines, and 
sofosbuvir plus peginterferon and ribavirin is the recom-
mended IFN-containing option in both EASL and AASLD 
(2015) guidelines. 

A recent randomized controlled study (BOSON) showed 
comparable efficacy among 48 treatment-experienced, cir-
rhotic, genotype 2 HCV patients treated either with sofosbu-
vir plus peginterferon–ribavirin for 12 weeks or sofosbuvir 
plus ribavirin for 16 or 24 weeks, with SVR rates of 94% 
(15/16), 87% (13/15), and 100% (17/17), respectively (Foster 
et al., 2015c). Ledipasvir did not appeared to be a suitable 
option because in vitro studies showed less potency of ledip-
asvir against genotype 2 and 3 with 50% effective concentra-
tion (EC50) values of 21 nM and 41 nM compared to 34 pM, 
4 pM, and 110 pM against genotypes 1a, 1b, and 4, respec-
tively. Despite the high EC50 of ledipasvir toward genotype 2, 
a recent phase II study conducted in New Zealand showed 
some promise for that combination. A total of 53 genotype 2 
patients (26% treatment experienced) treated with ledipasvir– 
sofosbuvir for 8 or 12 weeks achieved SVR rates of 74% and 
96%, respectively (Gane et al., 2015a). 

GENOTYPE 3

Sofosbuvir in combination with ribavirin for 24 weeks or 
sofosbuvir in combination with daclatasvir without ribavirin 
for 12 weeks are the two recommended IFN-free options for 
genotype 3 without cirrhosis in the EASL (2015a) guidelines. 
In patients with cirrhosis the combination of sofosbuvir plus 
daclatasvir and ribavirin for 24 weeks is the only recom-
mended IFN-free options. In patients with or without cir-
rhosis, sofosbuvir plus peginterferon and ribavirin for 12 
weeks is the only recommended IFN-containing regimen. 
The BOSON study recently showed that in genotype 3 
patients sofosbuvir plus PR for 12 weeks resulted in better 
SVR rates compared to sofosbuvir plus ribavirin for 12 or 
24  weeks: 93% (168/181) versus 71% (128/181) and 84% 
(153/182), respectively (Foster et al., 2015c).

Due to the in vitro data from HCV replicon studies, 
 ledipasvir–sofosbuvir was evaluated only in small phase II 
studies and in one real-life cohort. This combination with 
or without ribavirin for 12 weeks was evaluated in an  
open- label study of 51 treatment-naive genotype-3 patients 
including 8 patients with cirrhosis. Patients treated with 
sofosbuvir–ledipasvir alone achieved an SVR of only 64%, 
whereas in 26 subjects treated with the same antiviral combi-
nation plus ribavirin, all achieved SVR (Gane et al., 2015a). 
The combination of ledipasvir–sofosbuvir with ribavirin 
for 12 weeks was also studied in 50 treatment-experienced, 
genotype-3 subjects, and SVR was achieved in 82% of all 
subjects, 89% (25/28) in those without cirrhosis, and 73% 
(16/22) in those with cirrhosis (Gane et al., 2014b). In 
another study,127 genotype 3 patients with decompensated 
cirrhosis were treated with ledipasvir–sofosbuvir with or 
without ribavirin for 12 weeks in a UK study (Foster et al., 
2015b). An SVR was achieved in 43% and 59% of patients 
treated without or with ribavirin, respectively. Despite these 
results, sofosbuvir and ledipasvir are not recommended 
by both the current guidelines of both EASL (2015a) and 
AASLD (2015).

GENOTYPE 4 

Treatment with ledipasvir–sofosbuvir without ribavirin was 
given for 12 weeks in patients without cirrhosis and for 12 
weeks with ribavirin or 24 weeks without ribavirin in patients 
with cirrhosis; this is one of four IFN-free combinations rec-
ommended in the EASL (2015a) guidelines. Several phase II 
studies have focused on patients with genotype 4. In the 
SYNERGY study, 21 mostly treatment-naive (62%) and 7 
patients with cirrhosis were treated by ledipasvir–sofosbuvir 
for 12 weeks, and all patients who completed the treatment 
(20/21) achieved an SVR (Kapoor et al., 2014). In the French 
study, 44 subjects, half of them (22/44) treatment-naive and 
10 with compensated cirrhosis, were treated with the same 
regimen, and 96% achieved an SVR among treatment-naive 
subjects and 91% among those who were treatment experi-
enced. Similar SVR rates were observed whatever the fibrosis 
stage (Abergel et al., 2015). In the ION-4 study, all 8 HIV–
HCV co-infected patients achieved an SVR (Naggie et al., 
2015). In the pre- and posttransplantation setting, 32 patients, 
including 14 with decompensated cirrhosis, were treated 
with ledipasvir–sofosbuvir and ribavirin for 12 or 24 weeks. 
No significant difference in SVR rates was observed, regard-
less of fibrosis stage or treatment duration (Charlton et al., 
2015; Manns et al., 2015). 

GENOTYPES 5 AND 6

One IFN-free regimen recommended by the EASL (2015a) is 
the combination of ledipasvir–sofosbuvir for 12 weeks with-
out ribavirin for patients without cirrhosis, for 12 weeks 
with ribavirin or 24 weeks without ribavirin for patients with 
cirrhosis. Another option is triple therapy with sofosbuvir 
and PR for 12 weeks (Lawitz et al., 2013b). In a French study, 
41 genotype 5 patients, half treatment-experienced, were 



4492 Sofosbuvir Combined with Ledipasvir, Daclatasvir, or Other Drugs

treated with ledipasvir–sofosbuvir without ribavirin for 12 
weeks (Abergel et al., 2015). SVR was achieved in 95% of 
patients, whether treatment naive or experienced and regard-
less of fibrosis stage. A total of 24 genotype 6 patients were 
treated with ledipasvir–sofosbuvir for 12 weeks in a small 
phase II study, and 96% achieved an SVR (Gane et al., 2014b). 

CLINICAL SIGNIFICANCE OF SOFOSBUVIR 
RESISTANCE

Resistance appears no to be a significant issue with sofosbu-
vir-containing regimen in relation with the high barrier to 
resistance of the molecule. In the LONESTAR study, one 
patient who relapsed after 8 weeks of FDC was found to har-
bor both NS5A resistant mutations (L31M and Y93H) and 
the S282T signature sofosbuvir resistant mutation (Lawitz 
et al., 2014a). The L31M mutation was already present before 
starting therapy. Due to its poor fitness, the S282T mutant 
decreases in frequency of within 2 weeks. Retreatment of this 
patient with FDC plus ribavirin for 24 weeks achieved SVR. 

Since this initial observation, at least 85 patients who 
relapsed on a sofosbuvir-containing regimen were retreated 
with an IFN-free sofosbuvir-containing regimen, achieving a 
high rate of SVR (Gane et al., 2014a; Esteban et al., 2014). Of 
the 19 genotype 1 patients who relapsed on sofosbuvir plus 
ribavirin for 12 weeks (n = 10), FDC for 6 weeks (n = 8), or 
sofosbuvir plus ribavirin and GS-9669 for 12 weeks (n = 1), 
all achieved an SVR after 12 weeks of FDC with ribavirin 
(Gane et al., 2014a). In another observational study, 66 gen-
otype 2 or 3 patients who relapsed after sofosbuvir and riba-
virin were retreated with either sofosbuvir plus ribavirin for 
24 weeks (n = 40) or sofosbuvir plus PR for 12 weeks (n = 26) 
(Esteban et al., 2014). Approximately 63% of the patients 
treated with sofosbuvir and ribavirin and 92% of those treated 
with sofosbuvir and PR achieved an SVR.

However, resistance may be an issue with NS5A inhibi-
tors. In a recent study in which 41 patients who failed FDC 
for 8 or 12 weeks, were retreated with FDC for 24 weeks, the 
SVR rate was poor (46%) in those previously treated for 12 
weeks and in those harboring NS5A RAVs (60%).The type 
of mutation affects the results; for example, only a 33% SVR 
rate was achieved in patients with the Y93H/N mutation 
(Lawitz et al., 2015a). 

NS5A RAVs either can be present before initiating treat-
ment or can develop during treatment. The impact of base-
line NS5A RAVs on SVR appears modest. In an integrated 
analysis done in 513 genotype 1 cirrhotic patients enrolled 
in phase II and III studies, at a 1% cutoff, 18% of the patients 
had baseline NS5A RAVs (13% in genotype 1a and 25% in 
genotype 1b patients). Approximately 9% of genotype 1a and 
17% of genotype 1b patients had a NS5A RAV that conferred 
a > 100-fold shift in EC50 (Sarrazin et al., 2015). Overall 91% 
of cirrhotic patients with baseline NS5A RAVs achieved SVR 
compared to 98% for cirrhotic without RAVs. This difference 
was significant only in genotype 1a, treatment-experienced 
cirrhotic patients with baseline NS5A RAVs that conferred a 
> 100-fold shift in EC50.

A recent analysis of the patients who failed on ledipasvir- 
containing regimen without sofosbuvir demonstrated that 

NS5A RAVs were present in 99% of patients at virological 
failure (Dvory-Sobol et al., 2015). NS5A RAVs persisted in 
> 95% of patients through week 48 and in 88% through week 
96. Some RAVs, such as L31 and H58, are more likely to per-
sist. This observation raises the point on the retreatment 
options of such patients. EASL (2015b) recommendations in 
this situation suggest the use of a combination of sofosbuvir 
plus simeprevir for genotype 1 and 4 patients and longer 
duration of sofosbuvir plus NS5A inhibitors (either ledipas-
vir or daclatasvir) for other genotypes. These recommenda-
tions have been confirmed by a pilot study that demonstrated 
sofosbuvir plus simeprevir for 12 weeks was able to achieve 
an SVR in 14 out of 16 patients with genotype 1 or 4 who 
already failed a previous NS5A-based therapy. All patients 
achieved an end of treatment response, but 2 genotype 1 cir-
rhotic patients relapsed (Hezode et al., 2016).

CLINICAL SIGNIFICANCE OF DRUG–DRUG 
INTERACTIONS OF SOFOSBUVIR AND LEDIPASVIR

Sofosbuvir is not metabolized by cytochrome P-450 but is 
transported by P-glycoprotein (PGP). Drugs that are potent 
PGP inducers significantly decrease sofosbuvir plasma con-
centration and may lead to a reduced therapeutic effect 
(Gilead Sciences, 2015). Sofosbuvir should not, therefore be 
administrated with other known inducers of PGP, such as 
rifampicin, carbamazepine, phenytoin, and St John’s wort. 
Other potential interactions may occur with rifabutin, rifa-
pentine, or modafinil. Amiodarone is contraindicated due to 
serious risk of symptomatic bradycardia for which the mech-
anism of interaction and the role of other co-medications are 
unknown (Fontaine et al., 2015b). No other significant drug–
drug interactions have been reported with antiretroviral 
agents or immunosuppressants. Ledipasvir is transported 
by PGP and breast cancer resistant protein (BRCP) and 
may increase intestinal absorption of co-administered sub-
strates for these transporters (Gilead Sciences, 2015). Any co-  
medications that are potent PGP inducers will also decrease 
ledipasvir concentration and thus reduce the therapeutic 
effect. One area of focus for ledipasvir interaction is the inhi-
bition of PGP and/or BRCP, whereby ledipasvir may increase 
the intestinal absorption of co-administrated drugs. Caution 
is warranted with PGP substrates such as digoxin and dabig-
atran. The use of rosuvastatin is also not recommended 
(because of possible inhibition of organic anion transporting 
polypeptides [OATPs] by ledipasvir), and interactions with 
other statins cannot be excluded. More over because ledipas-
vir solubility decreases as pH increases, antacids, H2-receptor 
antagonists, and proton-pump inhibitors are likely to decrease 
ledipasvir concentration and therefore should be adminis-
trated 12 hours apart. Drug–drug interactions should be 
systematically assessed before FDC administration via a 
dedicated website, such as hep-druginteractions.org.

ADVERSE REACTIONS AND TOXICITY OF 
SOFOSBUVIR AND LEDIPASVIR

The ledipasvir–sofosbuvir combination had a good safety 
profile during all phases of clinical trial and remains good 
in real-life cohorts. Fatigue and headache are the most 

http://www.hep-druginteractions.org
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common effects in patients treated with FDC compared 
to  placebo. The proportion of patients who permanently 
discontinued treatment due to drug-related adverse events 
during treatment was 0%, < 1%, and 1% for patients receiv-
ing that combination for 8, 12, and 24 weeks respectively, and 
< 1%, 0%, and 2% for patients receiving the combination 
with ribavirin for 8, 12, and 24 weeks, respectively (Gilead 
Sciences, 2015) A small number of patients also had tran-
sient elevations in bilirubin and/or lipase levels (Gilead 
Sciences, 2015). 

The combination of ledipasvir–sofosbuvir with ribavirin 
is also well tolerated but has slightly more frequent side 
effects and adverse drug reactions, which are mostly linked 
to ribavirin. Anemia is common in decompensated cirrhotic 
patients treated with ribavirin. In the SOLAR-2 study, 80% 
of patients with any stage of fibrosis less than Child-Pugh B 
received the full weight-based dose of ribavirin. However, 
43% of those patients treated for 12 weeks and 50% of those 
treated for 24 weeks had hemoglobin levels < 10 mg/dl. Only 
5% of Child-Pugh B or C patients received the full weight-
based dose of ribavirin; 29% of patients treated for 12 weeks 
and 34% of patients treated for 24 weeks had a hemoglobin 
levels < 10 mg/dl (Manns et al., 2015). 

Improvement of health-related quality-of-life and work 
productivity, regardless of liver fibrosis stage, were observed 
after a sofosbuvir–ledipasvir cure of HCV infection in the large 
phase III treatment programs (Younossi et al., 2015b). More- 
over patient-reported outcomes improved with sofosbuvir–
ledipasvir administration, starting as early as 4 weeks after 
treatment initiation and compared to placebo in treatment- 

experienced compensated cirrhotic patients (Younossi et al., 
2015c). Finally, because untreated HCV imposes a substan-
tial societal burden owing to reduced work productivity, 
HCV eradication with sofosbuvir–ledipasvir or other treat-
ment regimens is likely to result in a significant public cost 
savings relative to no treatment (Younossi et al., 2015a). 
Recently, the health minister of Australia approved a range of 
HCV treatments available to all subjects with HCV infection, 
at minimal or no cost to the patient, with the intention of 
eradicating HCV infection in the country (Hepatitis Aus-
tralia, 2016). 

Renal function should be checked in patients receiving 
FDC in relation with sofosbuvir, and dose recommenda-
tions for sofosbuvir–ledipasvir for patients with severe renal 
impairment are not available (Gilead Sciences, 2015). 

5c.  Sofosbuvir and velpatasvir

Velpatasvir is a new pangenotypic NS5A (assembly) inhibitor 
with antiviral activity against HCV replicons in genotypes 
1–6 (Lawitz et al., 2015b; Table 262.6). The first single-tablet 
formulation of sofosbuvir and velpatasvir is scheduled to be 
released. 

Pivotal studies
Two phase II studies were conducted with sofosbuvir– 
velpatasvir. In the first open-label study, 377 noncirrhotic, 
treatment-naive patients with genotype 1 to 6 were enrolled 
(Everson et al., 2015). In the first part of the study patients 
were randomly assigned to receive sofosbuvir 400 mg daily 

Table 262.6. Clinical trial data with sofosbuvir plus velpatasvir.

Study (reference) Number and type of patients Duration of treatment Outcome SVR12

Phase II study (Everson 
et al., 2015)

167; naive; GT-1, -2, -3; no F4; 
velpatasvir 100 mg

8 or 12 weeks GT-1, 12 weeks = 100%
GT-1, 8 weeks = 90% 
GT-1, 8 weeks, RBV = 81%
GT-2 = 88%
GT-3 = 93%

Phase II study (Pianko 
et al., 2015)

160; experienced and PI 
failure; GT-1, -3; F4 = 43%; 
velpatasvir 100 mg

12 weeks GT-1, PI failure = 100%
With RBV = 96%
GT-3, no F4 = 100% 
GT-3, F4 = 88%/ 
With RBV = 96% 

ASTRAL-1 (Feld et al., 
2015)

624; naive and experienced; 
GT-1, -2, -4, -5, -6; F4 = 19%

12 weeks GT-1 = 99%
GT-2 = 100%
GT-4 = 100%
GT-5 = 97%
GT-6 = 100%

ASTRAL-2 (Foster et al., 
2015a)

134; naive and experienced; 
GT-2; F4 = 14%

12 weeks 99%

ASTRAL-3 (Foster et al., 
2015a)

277; naive and experienced; 
GT-3; F4 = 29%

12 weeks 95%

ASTRAL-4 (Curry et al., 
2015c)

208; naive, experienced, and 
decompensated cirrhosis

12 weeks, with or without RBV 
or 24 weeks

12 weeks = 83% 
12 weeks, RBV = 94%
24 weeks = 86%

Abbreviations: SVR12: sustained virological response 12 weeks after cessation of therapy (a sign of cure); naive: treatment-naive patients; GT: genotype; F4: 
Fibroscan showing cirrhosis; RBV: ribavirin; experienced: patients who underwent prior treatment that failed; SOF: sofosbuvir; PEG-IFN: pegylated interferon; 
PI: protease inhibitor.
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with velpatasvir 25 or 100 mg daily for 12 weeks. The SVR 
rates were, according to velpatasvir dosage (25 or 100 mg), 
96% and 100% for genotype 1, 93% in both groups for gen-
otype 2, and 96% and 95% for genotypes 2, 4, 5, and 6. In 
the second part of the study, genotype 1 and 2 patients 
were assigned to receive the same regimen with or without 
ribavirin for 8 weeks. The SVR rates were suboptimal for 
patients treated with velpatasvir 25 mg daily, ranging from 
77% to 87%. For those treated with velpatasvir 100 mg daily, 
the SVR rates for genotype 1 patients were 90% without rib-
avirin and 100% with ribavirin, and for genotype 2 patients 
rates were 88% with or without ribavirin. Adverse events 
were mild and included fatigue (21%) headache (20%), and 
nausea (12%). 

In the second phase II randomized, open-label study, 321 
genotype 1 and 3 treatment-experienced patients received 
sofosbuvir plus velpatasvir (25 or 100 mg) with or without 
ribavirin for 12 weeks (Pianko et al., 2015). Among the gen-
otype 3 patients without cirrhosis, there was no impact of 
ribavirin on the SVR. However, dosing velpatasvir at 100 mg 
did better than at 25 mg, with a SVR of 100% versus 85–96%, 
respectively. Among genotype 3 patients with cirrhosis, SVR 
rates were 88% and 96% for those treated with velpatasvir 
100 mg without or with ribavirin. For genotype 1 patients, 
there was no difference in SVR between those treated with 
velpatasvir 25 or 100 mg and those treated with or without 
ribavirin; the SVR rates ranged from 96% to 100%. 

In the phase III studies, subjects were treated with velpat-
asvir 100 mg daily without ribavirin for 12 weeks, with the 
exception of decompensated cirrhotic patients who were 
treated for 12 weeks with or without ribavirin or 24 weeks. 
In the first phase III trial, 740 untreated or previously treated 
patients with genotypes 1, 2, 4, 5, and 6, including those with 
compensated cirrhosis, were randomly assigned in a 5:1 ratio 
to receive sofosbuvir and ledipasvir in a once-daily single 
table or a matching placebo for 12 weeks (Feld et al., 2015). 
Because of the low prevalence of genotype 5, this group 
did  not undergo randomization and received ledipasvir–
sofosbuvir. Of those receiving the drug, 34% had genotype 
1a, 19% genotype 1b, 17% genotype 2, 19% genotype 4, 6% 
genotype 5, and 7% genotype 6. Of these, 19% had cirrhosis 
and 32% were previously treated by peginterferon and riba-
virin or triple therapy with a first-generation PI. The overall 
rate of SVR was 99% (95% CI: 98 to > 99). Of the 624 patients 
treated, only 2 patients, both genotype 1, had a virological 
relapse. Serious adverse events were reported in 15 patients 
(2%). One patient died from unknown cause 8 days after 
completion of therapy. Both patients with relapse had NS5A 
resistance at baseline and at relapse. Moreover, in the two 
relapsers Y93H variants were present at relapse and absent 
at baseline. This suggests that pretreatment testing for resis-
tance is of little clinical value with this regimen. However at 
baseline 42% of the patients had NS5A RAVs, although over-
all 99% of those treated achieved an SVR. 

The second phase III study had two elements. In the first 
a study, 266 treatment-naive or -experienced genotype 2 

patients, including 14% with compensated cirrhosis, were 
randomly assigned to receive a single sofosbuvir–velpatasvir 
tablet or sofosbuvir plus weight-based ribavirin for 12 weeks. 
The SVR was 99% for those receiving the single tablet, which 
was superior to the rate of 94% in the sofosbuvir plus riba-
virin group (p = 0.02). In the second element of this study, 
552 treatment-naive or -experienced genotype 3 patients, 
including 29.5% with compensated cirrhosis were randomly 
assigned to receive a sofosbuvir–velpatasvir single tablet for 
12 weeks or sofosbuvir plus weight-based ribavirin for 24 
weeks. The rate of SVR was 95% in the single-tablet group, 
which was quite superior to the rate of 80% in the sofosbu-
vir plus ribavirin group (p < 0.001) (Foster et al., 2015a). 
According to cirrhosis status and previous treatment, the 
SVR rates with FDC for treatment-naive patients were 98% 
for those without cirrhosis and 93% for those with cirrhosis. 
The rates for treatment-experienced patients were 91% and 
89%, respectively. Serious adverse events were reported in 
25 patients (3%) and were more frequent in the sofosbuvir 
plus ribavirin groups. A total of 5 patients died during both 
studies, 3 after treatment discontinuation. The most common 
adverse events in the two studies were fatigue, headache, 
nausea, and insomnia. 

In the third phase 3 open-label study, 267 genotype 1–4 
or 6 patients with decompensated cirrhosis (mainly Child-
Pugh B) were randomized to receive either a sofosbuvir– 
velpatasvir single tablet for 12 weeks, or the tablet plus 
ribavirin for 12 weeks or 24 weeks (Curry et al., 2015c). 
Patients were mainly genotype 1 (78%) or 3 (15%). Overall 
SVR rates were 83% (95% CI: 74–90); the SVR rate was 94% 
(95% CI: 87–98) among those who received 12 weeks of the 
single tablet plus ribavirin, and 86% (95% CI: 77–92) among 
those who received 24 weeks of the single tablet alone. Post 
hoc analysis did not detect any significant differences in the 
rates of SVR between the three treatment groups. SVR was 
achieved in all genotype 4 and 6 patients except one; 11 of 
12 genotype 2 patients also achieved an SVR. Among geno-
type 1 and 3 patients there is a trend for better response in 
patients treated for 12 weeks with ribavirin. Serious adverse 
events occurred in 19% of patients who received 12 weeks 
of FDC, 18% in those who receive 12 weeks of FDC plus rib-
avirin, and 18% in those who receive FDC for 24 weeks. 
Apart the usual adverse events—fatigue (29%), nausea (23%), 
and headache (22%)—anemia (hemoglobin < 10 g/dl) was 
observed in 31% of the patients receiving ribavirin and in 
< 10% in those treated with FDC without ribavirin (Curry 
et al., 2015c). 

5d.  Sofosbuvir and ACH-3102 (odalasvir)

ACH-3102 (odalasvir) is second-generation NS5A inhibitor 
with high antiviral efficacy, pangenotypic activity, and a high 
barrier to resistance. In a small phase II randomized con-
trolled study 30 treatment-naive genotype 1 patients without 
cirrhosis were treated with sofosbuvir plus odalasvir for 8 
or 6 weeks (Gane et al., 2015b). All patients achieved a SVR, 
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and there were no serious adverse events. Further studies 
with ACH-3102 are ongoing. 

6.  SOFOSBUVIR WITH OTHER HCV 
ANTIVIRAL DRUGS IN TRIPLE 
COMBINATION

Sofosbuvir has been combined with second-generation 
protease inhibitors (simeprevir, grazoprevir, or GS-9857) 
and NS5A inhibitors (daclatasvir, velpatasvir, or elbasvir), to 
develop a pangenotypic regimen to maximize SVR in the 
most difficult patients, to reduce the duration of treatment, 
or to be able to rescue patients who failed prior drug regi-
mens with only two HCV antiviral drugs. 

In the IMPACT phase II study, 40 genotype 1 or 4 patients 
with advanced cirrhosis either Child-Pugh A with portal 
hypertension or Child-Pugh B < 10, were assigned to receive 
12 weeks of the combination of sofosbuvir, daclatasvir, and 
simeprevir (Lawitz et al., 2015e). All 40 patients achieved 
an SVR. Safety was good, but 8% of the patients had a photo-
sensitivity reaction during treatment sheeted to simeprevir. 
However one must be cautious using PIs in patients with 
advanced cirrhosis, and many suggest avoiding them because 
34% of the Child-Pugh B patients developed grade 3 or 4 
hyperbilirubinemia, and simeprevir exposure is 2.2-fold 
higher in Child-Pugh B than in Child-Pugh A. 

In a phase II study, 611 patients without cirrhosis were 
randomized to receive the combination of sofosbuvir, grazo-
previr (100 mg/daily), and elbasvir (50 mg/daily) for 4 or 6 
weeks (Poordad et al., 2015). SVR rates were 33% in those 
treated for 4 weeks and 87% in those treated for 6 weeks. In 
a subsequent study, 41 genotype 1 patients with cirrhosis 
were randomized to receive the same combination for 6 or 8 
weeks. The SVR rates were 80% and 94%, respectively. These 
two small studies suggest that for genotype 1 patients treat-
ment duration of 6 weeks in patients without cirrhosis and 8 
weeks in those with cirrhosis may be able the achieve a good 
(albeit not excellent) SVR rates. In the same study, 41 geno-
type 3 patients—29 without cirrhosis and 12 with cirrhosis—
were treated with the same combination, for 8 or 12 weeks in 
patients without cirrhosis and 12 weeks in patients with cir-
rhosis (Poordad et al., 2015). SVR rates were 93% and 100% 
for 8 and 12 weeks, respectively, in patients without cirrhosis 
and 91% in patients with cirrhosis. Again, the small datasets 
suggest that this triple combination with a shorter treatment 
duration may be effective, at least in genotype 1 or 3 patients. 

In another phase II study, the combination of sofosbuvir, 
velpatasvir, and GS-9857 (a pangenotypic, third-generation 
protease inhibitor) were given in an open–label fashion for 
4, 6, or 8 weeks in 120 genotype 1 patients and 37 genotype 
3 patients with cirrhosis (Gane et al., 2015d; Gane et al., 
2015c). The SVR rates for genotype 1 patients were 27% and 
93%, for 4 and 6 weeks of treatment duration, respectively, 
among the 30 treatment-naive patients without cirrhosis. 
Approximately 87% of the 15 treatment-naive patients with 
cirrhosis achieved an SVR after 6 weeks of treatment; all 17 

treatment-experienced patients with cirrhosis SVR after 8 
weeks of treatment. Among the 28 patients who had protease 
inhibitors failure with or without cirrhosis, 89% achieved 
SVR after 8 weeks of treatment (Gane et al., 2015d). These 
data suggest that this triple combination is able to achieve 
high SVR rates with treatment durations of 6 weeks in geno-
type 1 patients without cirrhosis, and in 8 weeks in those 
with cirrhosis. In genotype 1 patients who have been unsuc-
cessfully treated by the currently employed HCV antiviral 
drugs, treatment with the combination of sofosbuvir, velpat-
asvir, and GS-9857 for 6 weeks is insufficient because the 
SVR rate was only 67%. Possibly a longer duration of that 
combination might improve HCV cures. The SVR rates for 
genotype 3 patients with the same combination were 83% for 
6 weeks of treatment in treatment-naive cirrhotic patients 
and 100% for 8 weeks of treatment in treatment-experienced 
cirrhotic patients (Gane et al., 2015c). Large phase III studies 
are currently ongoing with the same triple combination in a 
single tablet. 

In a proof-of-concept study titled SODAPI, the triple 
combination of sofosbuvir plus one of two NS5A inhibitors 
(ledipasvir or daclatasvir) plus one of two protease inhibi-
tors (simeprevir or asunaprevir) were used to investigate 
response-guided therapy. A total of 26 genotype 1b Chinese 
patients without cirrhosis were treated with those triple 
combinations for 21 days if their HCV RNA level < 500 IU/
ml at treatment day 2, or treated for 12 weeks if the HCV 
RNA was over the limit. Of these 18 patients (69%) achieved 
the day-2 end point (6/12 patients on sofosbuvir plus ledip-
asvir plus asunaprevir, 6/6 patients on sofosbuvir plus daclat-
asvir plus simeprevir, and 6/8 patients on sofosbuvir plus 
daclatasvir plus asunaprevir). The SVR rate in this group was 
100%. The multiscale model fit the viral load decline well for 
each patient but had predicted that no patients would achieve 
HCV RNA eradication in the body extracellular water at end 
of treatment (Guedj et al., 2013). Therefore response-guided 
therapy is feasible with triple combination, but it may be 
possible to use it with dual combination if another multiscale 
model works. Another model has been developed in a retro-
spective study and should be validated in prospective studies 
(Dahari et al., 2016). 

7. CONCLUSION

The launch of sofosbuvir was a major advance in HCV treat-
ment, and it has become a backbone for many, if not most, 
of the combinations that have undergone clinical trials. The 
combination of sofosbuvir with pangenotypic NS5A inhibi-
tors cures HCV infection almost regardless of genotype and 
disease severity. Triple combinations—sofosbuvir with NS5A 
inhibitors and new protease inhibitors—will certainly allow 
a reduction in treatment duration to either 8 or 6 weeks in 
the vast majority of patients. However, the triple combina-
tion may be not suitable in the patients with decompensated 
cirrhosis, for whom the use of protease inhibitors is currently 
not advised. 
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1. INTRODUCTION

It is known that patients with hepatitis C virus (HCV) infec-
tion that has progressed to cirrhosis are at high risk for 
decompensated liver disease, hepatocellular carcinoma 
(HCC), and possible need for liver transplant. Treatment 
of HCV with curative therapies reduces these risks and can 
improve liver function. There are at least seven different 
HCV genotypes with significant variation across geographic 
regions (Smith et al., 2014). Globally, genotype 1 (GT-1) 
accounts for 46% of all patients infected with HCV, followed 
by GT-3 (22%), and finally GT-2 and GT-4 (13% each) 
(Gower et al., 2014). GT-1b accounts for 22% of all infections 
globally (Gower et al., 2014). HCV GT-1 infection is seen 
most commonly in North America, Australasia, Europe, and 
Latin America (53–71% of all cases), GT-3 accounts for 40% 
of all infections in Asia, GT-4 infection is most common in 
the Middle East as well as in North and sub-Saharan Africa 
(71%), and GT-5 and GT-6 are most common in South 
Africa and Southeast Asia, respectively (Gower et al., 2014). 
Pegylated interferon (PEG-IFN) therapies with or without 
ribavirin (RBV) have been relatively inefficacious in curing 
HCV infections in GT-1 and GT-4 patients and are poorly 
tolerated with significant side effects. The sustained virologic 
response rates at 24 weeks (SVR24) (i.e. the proportion of 
patients whose plasma HIV RNA are undetectable 24 weeks 
after cessation of therapy) in patients with HCV infection 
receiving 48 weeks of PEG-IFN plus RBV reached 40–50% in 
GT-1 patients and between 50% and 79% in GT-4 patients 
(McHutchison et al., 2009; Kamal et al., 2008).

The IFN-free, oral antiviral regimens for HCV therapy 
currently available consist of various combinations of three 
major classes of agents: HCV protease inhibitors, NS5A (virion 

assembly) inhibitors, and polymerase inhibitors. The latter 
can be categorized either as nucleoside or nucleotide poly-
merase inhibitors that are analogs of normal nucleosides, 
which bind to the active site of the viral polymerase, or as 
nonnucleotide inhibitors, which bind the polymerase at sites 
remote from the active site, conferring steric inhibition. The 
protease, NS5A, and nucleotide polymerase inhibitors in 
current use are particularly potent suppressors of viral rep-
lication; the nonnucleotides are less so (see Chapter 261, 
Protease, polymerase, and assembly inhibitors for the treat-
ment of HCV infection). Except for nucleotide polymerase 
inhibitors, the first-generation members of the other classes 
are susceptible to the emergence of resistance- associated vari-
ants (RAVs)—i.e. mutations associated with viral exposure 
to these or other first-generation members of their respective 
classes. For the protease and NS5A inhibitor classes in gen-
eral, the barrier to resistance is higher against GT-1b than 
GT-1a. Although none of the represented classes has the high 
resistance barrier that HCV-specific nucleotide inhibitors 
possess, when taken in combination, a high resistance bar-
rier is conferred against HCV. 

This chapter describes the key clinical uses of ombitasvir 
and its combinations. The chapter focuses on a PEG-IFN free 
and nucleotide-free regimen that includes the NS5A inhibi-
tor ombitasvir (OBV) and the protease inhibitor paritaprevir, 
which is invariably boosted by low doses of ritonavir (PTV)—
to ensure effective blood levels that allow once-daily dosing 
(25 mg and  150/100 mg, respectively)—with or without 
dasabuvir (DSV) administered twice daily at a dose of 250 
mg. When these three drugs are used together, the resultant 
regimen is referred to as the 3D or PrOD regimen; when the 
DSV is omitted, the regimen is referred to as the 2D or PrO 
regimen. The PrOD and PrO regimens are currently approved 
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for clinical use under brand names Viekira Pak and Tech-
nivie, respectively (AbbVie, Package Insert Viekira Pak, 2015; 
Abb Vie, Package Insert Technivie, 2015). DSV is added to 
the OBV-PTV regimen (PrOD) only for treating HCV GT-1 
patients because it has less activity against HCV GT-4 and 
does not appear necessary to confer very high rates of viro-
logic cure for that genotype. The PrOD regimen with or with-
out RBV is indicated for the treatment of GT-1 patients who 
have normal livers and for those with compensated cirrhosis. 
RBV is used to optimize rates of SVR in GT-1a but not GT-1b 
patients. The PrO regimen is indicated in combination 
with RBV for treatment of GT-4 patients without cirrhosis 
(AbbVie, Package Insert Technivie, 2015). 

2. PrOD (3-DRUG) REGIMENS

2a. Clinical Features

The pivotal phase III studies of the PrOD regimen include 
SAPPHIRE I and II, PEARL II–IV, and TURQUOISE II and 
III (Table 263.1). SAPPHIRE I and II studied the efficacy 
of PrOD plus RBV administered for 12 weeks in GT-1a and 
GT-1b subjects without cirrhosis who were treatment-naive 
and whom had previously had been unsuccessfully treated 
with PEG-IFN plus RBV, respectively (Feld et al., 2014; 
Zeuzem et al., 2014). Both studies included a PrOD plus 
RBV treatment arm and a matching placebo arm during the 
double-blind period. Patients receiving placebo were treated 
with the PrOD plus RBV regimen for 12 weeks after the 

double-blind period. In SAPPHIRE I, the SVR12 rate was 
95.3% (307/322) in GT-1a patients and 98.0% (148/151) in 
GT-1b patients. One patient had virologic failure during the 
double-blind treatment period, and 7 patients (1.5%) experi-
enced post-treatment relapse. All 8 patients with virologic 
failure on treatment or relapse had RAVs. The majority of 
patients with virologic failure (7/8) had GT-1a infection. The 
most frequent RAVs were D168V (in NS3), M28T and Q30R 
(NS5A), and S556G (NS5B). The rate of discontinuation 
due to adverse events was 0.6% in the PrOD plus RBV arm. 
Adverse events and grade 3 or 4 laboratory abnormalities 
occurred more often in the group receiving active treatment 
(Table 263.2). Of note, elevations of alanine aminotransfer-
ase (ALT) to more than five times the upper limit of nor-
mal occurred in only about 1% of all subjects during clinical 
trials involving the PrOD regimen with or without RBV. In 
general, elevations in serum alanine transaminase (ALT) or 
glutamic-pyruvic transaminase were seen more frequently 
in female subjects using ethinyl estradiol-containing medi-
cations. Given the potential for elevations in ALT, ethinyl 
estradiol–containing medications are now contraindicated 
with the PrOD regimen (AbbVie, Package Insert Viekira Pak, 
2015). Overall, the PrOD regimen plus RBV for 12 weeks was 
associated with high rates of SVR12 and low rates of treat-
ment discontinuation in GT-1a or GT-1b treatment-naive 
subjects without cirrhosis. 

In SAPPHIRE II, the SVR12 rate was 96.0% (166/173) 
in GT-1a patients and 96.7% (119/123) in GT-1b patients. 
Among the different subgroups, SVR12 rates were 95.3% 

Table 263.1. Phase III studies of the PrOD regimen.

Study
Regimen and duration 
of treatment

No. of 
subjects Genotype

Prior, unsuccessful 
treatment with 

PEG-IFN plus RBV Cirrhosis SVR12 rates

SAPPHIRE I PrOD plus RBV for 12 weeks 322 1a No No 95.3%

    151 1b No No 98.0%

SAPPHIRE II PrOD plus RBV for 12 weeks 173 1a Yes No 96.0%

    123 1b Yes No 96.7%

PEARL II PrOD for 12 weeks 91 1b Yes No 100%

  PrOD plus RBV for 12 weeks 88 1b Yes No 96.6%

PEARL III PrOD for 12 weeks 209 1b No No 99%

  PrOD plus RBV for 12 weeks 210 1b No No 99.5%

PEARL IV PrOD for 12 weeks 205 1a No No 90.20%

  PrOD plus RBVfor 12 weeks 100 1a No No 97.0%

TURQUOISE II PrOD plus RBV for 12 weeks 64 1a No Yes 92.2%

  PrOD plus RBV for 12 weeks 22 1b No Yes 100%

  PrOD plus RBV for 12 weeks 76 1a Yes Yes 85.5%

  PrOD plus RBV for 12 weeks 46 1b Yes Yes 97.8%

             

  PrOD plus RBV for 24 weeks 56 1a No Yes 92.9%

  PrOD plus RBV for 24 weeks 18 1b No Yes 100%

  PrOD plus RBV for 24 weeks 65 1a Yes Yes 95.4%

  PrOD plus RBV for 24 weeks 33 1b Yes Yes 100%

TURQUOISE III PrOD for 12 weeks 60 1b Yes and no Yes 100%

Abbreviations: PrOD: ombitasvir, paritaprevir, and dasabuvir; RBV: ribavirin; PEG-IFN: pegylated interferon alpha; SVR12: sustained virologic response (i.e. 
absence of HCV plasma RNA) at 12 weeks after cessation of therapy. 
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(82/86) in treatment-experienced patients with subsequent 
relapse, 100% in those with prior partial response (65/65), and 
95.2% in treatment-experienced patients with no response in 
HCV RNA (139/146). No patients had on-treatment viro-
logic failure. Post-treatment relapse occurred in 2.4% (7/293) 
of patients (5 with GT-1a and 2 with GT-1b infection). The 
majority of these patients had RAVs (4 patients with GT-1a 
and 1 patient with GT-1b infection). The most frequently 
detected RAVs in the GT-1a patients at time of relapse were 
D168V (in NS3), M28V and Q30R (NS5A), and S556G 
(NS5B). Three patients in the PrOD plus RBV group discon- 

tinued treatment due to adverse events. Common adverse 
events and grade 3 or 4 laboratory abnormalities in this reg-
imen are listed in Table 263.2. Overall, the PrOD treatment 
regimen was found to be highly effective in treatment- 
experienced GT-1a and GT-1b patients, including those who 
had no response to prior therapy, and it had low rates of 
treatment discontinuation. 

The effect of adding RBV to the PrOD regimen in patients 
without cirrhosis was also assessed in phase III studies (see 
Table 263.1). The PEARL II study evaluated efficacy and 
safety of a 12-week treatment with PrOD with or without 
RBV in noncirrhotic subjects who had been treated previ-
ously but ineffectively with PEG-IFN plus RBV and who had 
HCV GT-1b. PEARL III and IV evaluated the efficacy and 
safety of a 12-week course of PrOD with or without RBV in 
treatment-naive, patients without cirrhosis but with either 
GT-1a (PEARL IV) and GT-1b (PEARL III) (Andreone et al., 
2014; Ferenci et al., 2014). In PEARL II, patients were strati-
fied by type of nonresponse to previous PEG-IFN plus RBV 
therapy, including null response (34.9% of study population), 
partial response (28.5%), and relapse (36.6%), and were ran-
domized 1:1 to receive the 12-week regimen of PrOD with 
RBV or PrOD without RBV. After 12 weeks of treatment, 
96.6% (85/88) of patients receiving PrOD plus RBV and 100% 
(91/91) of patients receiving PrOD without RBV achieved 
SVR12. Relapse after prior treatment or on-treatment viro-
logic failure did not occur in subjects from either treatment 
group. A total of 3 subjects in the PrOD plus RBV group did 
not achieve SVR12 (2 patients discontinued treatment due to 
adverse events, and 1 patient was lost to followup). SVR12 
rates in both groups were not affected by previous type of 
nonresponse, age, race, or interleukin 28B (IL28B) genotype. 
Adverse events occurred in 79.1% of patients receiving 

Table 263.2. Adverse events and grade 3 or 4 laboratory 
abnormalities in the SAPPHIRE I and II clinical trials.

 
SAPPHIRE I 
(n = 473)

SAPPHIRE II 
(n = 297)

Common adverse events, n (%)

Fatigue 164 (34.7)  99 (33.3)

Headache 156 (33) 108 (36.4)

Nausea 112 (23.7)  60 (20.2)

Pruritus  80 (16.9)  41 (13.8)

Insomnia  66 (14.0)  42 (14.1)

Diarrhea  65 (13.7)  39 (13.1)

Asthenia  51 (12.1)  47 (15.8)

Grade 3 or 4 laboratory abnormalities, n (%)

Alanine aminotransferase   4/469 (0.9)   5/296 (1.7)

Aspartate aminotransferase   3/469 (0.6)   3/296 (1.0)

Alkaline phosphatase   0   0

Total bilirubin  13/469 (2.8)   7/296 (2.4)

Hemoglobin  0   1/296 (0.3)

Table 263.3. Adverse events and grade 3 or 4 laboratory abnormalities in PEARL II–IV.

PEARL II PEARL III PEARL IV

PrOD plus RBV 
(n = 91)

PrOD 
(n = 95)

PrOD plus RBV 
(n = 210)

PrOD 
(n = 209)

PrOD plus RBV 
(n = 100)

PrOD 
(n = 205)

Common adverse events, n (%)

Fatigue 29 (31.9) 15 (15.8)  45 (21.4) 48 (23.0) 46 (46.0) 72 (35.1)

Headache 22 (24.2) 22 (23.2)  51 (24.3) 49 (23.4) 25 (25.0) 58 (28.3)

Nausea 19 (20.9)  6 (6.3)  23 (11.0)  9 (4.3) 21 (21.0) 28 (13.7)

Pruritus 13 (14.3)  8 (8.4)  25 (11.9) 11 (5.3) 10 (10.0) 12 (5.9)

Insomnia 13 (14.3)  3 (3.2)  19 (9.0)  7 (3.3) 17 (17.0) 16 (7.8)

Diarrhea 12 (13.2) 12 (12.6)   9 (4.3) 13 (6.2) 14 (14.0) 33 (16.1)

Grade 3 or 4 laboratory abnormalities, n (%)

Hemoglobin < LNN 37 (42.0)  5 (5.5) 106/207 (51.2)  7/205 (3.4) 42/100 (42.0)  8/203 (3.9)

Hemoglobin ≤ 10 g/dl 2 (1.1)  0  19 (9.0)  0  4 (4.0)  0

Total bilirubin > 3 times ULN 8 (8.8)  0 (0)  12 (5.7)  1 (0.5)  3 (3.0)  1 (0.5)

Alanine aminotransferase  
> 5 times ULN

0 (0)  0 (0)   2 (1.0)  0  0  0

Aspartate aminotransferase  
> 5 times ULN

0 (0)  1 (1.1)   0  0  0  0

Abbreviations: PrOD: ombitasvir, paritaprevir, and dasabuvir; RBV: ribavirin; LLN: lower limit of normal; ULN: upper limit of normal.
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PrOD with RBV and 77.9% of patients receiving the PrOD 
regimen without RBV. Patients receiving RBV did experience 
symptoms and lab abnormalities known to be associated with 
RBV (Table 263.3). 

Considering all the data, the PrOD regimen without RBV 
was highly effective in treatment-experienced HCV G1b 
patients and was associated with few adverse events and 
lower rates of laboratory abnormalities. 

PEARL III and IV were double-blind, placebo-controlled 
studies that included stratifying treatment-naive, non-cirrhotic 
subjects according to IL28B genotype, CC (good prognosis) 
versus non-CC (less good prognosis) genotype and ran-
domly assigning GT-1a patients in a 1:2 ratio (PEARL IV) 
and GT-1b patients in a 1:1 ratio (PEARL III) to receive 
either PrOD plus RBV or PrOD plus placebo for 12 weeks. 
Patients were followed for 48 weeks after the treatment 
period. The majority of patients in PEARL IV were enrolled 
in North America, and the majority of patients in PEARL III 
were enrolled in Europe. In the PEARL V study, 97.0% 
(97/100) who received PrOD with RBV and 90.2% (185/205; 
p = 0.062) who received PrOD with placebo achieved SVR12. 
Virologic failure occurred in 18 patients with the GT-1a 
infection, and 16 of those patients had received the treatment 
regimen without RBV (6 had on-treatment virologic failure 
and 10 had a relapse after treatment). There were 3 GT-1a 
patients who had received the treatment regimen with RBV 
and who did not achieve SVR (1 had on-treatment virologic 
failure, 1 had a relapse after treatment, and 1 did not com-
plete followup testing at posttreatment week 12). The IL28B 
CC genotype was associated with an increased rate of SVR 
among this patient population. The most frequently detected 
RAVs in patients with virologic failure were D168V in NS3, 
M28T and Q30R in NS5A, and S556G in NS5B. Overall, the 
addition of RBV did have additional treatment benefits in 
patients with HCV GT-1a infection. The PEARL IV study 
confirmed the need for weight-based RBV dosing in patients 
with GT-1a infection. The PrOD regimen in conjunction with 
RBV for 12 weeks is recommended in noncirrhotic patients 
with GT-1a infection (hcvguidelines.org).

The PEARL III study included only GT-1b patients and 
resulted in statistically identical SVR12 values, showing that 
RBV did not improve treatment efficacy; 99.5% (209/210) of 
subjects who received PrOD plus RBV and 99.0% (207/209) 
of subjects who were treated only with PrOD. Virologic fail-
ure during treatment was seen in 1 patient with GT-1b infec-
tion receiving PrOD plus RBV (virologic rebound during 
treatment). These data show definitively that the PrOD regi-
men without RBV for 12 weeks is recommended in subjects 
with GT-1b infection without cirrhosis (AASLD, 2016).

The TURQUOISE II study investigated both 12- and 
24-week regimens of PrOD plus RBV in treatment-naive 
and -experienced GT-1a and GT-1b patients with compen-
sated cirrhosis (Poordad et al., 2014). The study design in 
TURQUOISE II included stratifying treatment-naive patients 
according to HCV genotype (GT-1a vs. GT-1b) and IL28B 
genotype. Treatment-experienced patients were classified 
according to HCV genotype and type of previous treatment 

failure, including a null response (no decrease with HCV 
plasma RNA), partial response, or relapse. Overall SVR12 
rates were not different 91.8% (191/208) and 95.9% (165/172; 
p > 0.15) in the 12- and 24-week regimen, respectively. GT-1a 
patients who were treatment naive achieved an SVR12 rate 
of 92.2% (59/64) with 12-week treatment and 92.9% (52/56; 
p > 0.8) with 24-week treatment; however, 4 subjects in the 
12-week group relapsed compared to only 1 in the 24-week 
group (p = 0.11). All treatment-naive GT-1b patients 
achieved SVR12 regardless of treatment period. Of the 
treatment-experienced GT-1b patients who underwent a 
24-week course of therapy, all achieved SVR12 regardless of 
their prior treatment failure (null, partial response, relapse). 
Virologic failure during treatment or relapse after treatment 
with PrOD plus RBV occurred in 6.2% (13/208) patients in 
the 12-week group and 2.3% (4/172) patients in the 24-week 
group (p = 0.11). Virologic resistance was assessed by popu-
lation sequencing of samples from the 17 patients with viro-
logic failure. Two patients did not have RAVs detected at 
NS3, NS5A, or NS5B at the time of virologic failure. The 
remaining 15 patients had RAVs in two or more drug targets. 
RAVs were found more frequently in D168V (NS3) and 
Q30R (NS5A) in GT-1a patients with virologic failure and 
in D168V (NS3), Y93H (NS5A), and C316Y and M414I 
(NS5B) in the single patient with HCV GT-1b infection. 
Overall, significantly more patients in the 12-week group 
compared to the 24-week group relapsed (5.9% vs. 0.6%, 
respectively). The majority of patients (7/12) who relapsed 
in the 12-week treatment group had GT-1a infection and a 
prior null response to PEG-IFN plus RBV. Treatment discon-
tinuations due to adverse events were low (2.1%), and grade 
3 or higher laboratory abnormalities were rare, with the 
exception of elevations in total and indirect bilirubin, which 
occurred at a higher frequency in the cirrhotic population 
and were felt to be associated with RBV-associated hemoly-
sis, and inhibition of the bilirubin transporter OATP1B1, 
which has been reported in NS3 protease inhibitors (Table 
263.4). In conclusion, the PrOD regimen including RBV for 
12 or 24 weeks resulted in high SVR12 rates and low rates 
of treatment discontinuations among treatment-naive and 
-experienced patients with HCV GT-1 infection and com-
pensated cirrhosis. Treatment guidelines specify that the 
PrOD regimen with RBV be administered for 24 weeks in 
cirrhotic patients with GT-1a infection (AASL, 2016).

The TURQUOISE II study left open the question of 
whether treatment-naive and -experienced GT-1b subjects 
with compensated cirrhosis require RBV at all, given the 
obvious lack of such need in subjects without cirrhosis. This 
question was answered in TURQUOISE III, an open-label 
12-week trial of the PrOD regimen without RBV in 60 
patients, the majority of whom had the IL28B non-CC geno-
types (83%) and had previously failed PEG-IFN with RBV 
treatment (55%) (Feld et al., 2015; Poordad et al., 2015b). 
The subjects experience a rapid disappearance of HCV 
plasma RNA and SVR12 rates reached 100% in all 60 patients. 
An adverse event was reported in 1 patient who experienced 
acute hypotension requiring hospitalization on study day 2, 

http://www.hcvguidelines.org
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of uncertain relationship to treatment. Laboratory abnormal-
ities were infrequent and included indirect hyperbilirubin- 
emia (20%), consistent with known inhibition of the bilirubin 
transporter OATP1B1 by protease inhibitors, and 1 patient 
had a grade 2 reduction in hemoglobin. There were no pre-
mature treatment discontinuations. Based on TURQUOISE 
III, the American Association for the Study of Liver Disease 
(2016) indicates that GT-1b patients with cirrhosis being 
treated with the PrOD regimen do not need added ribavirin.

2b.  Outcomes in special populations

PATIENTS WITH IMPAIRED RENAL FUNCTION

The PrOD regimen has been assessed in special populations, 
patients with end-stage renal disease (ESRD), HCV–HIV 
co-infection, and liver transplants. RUBY 1 investigated the 
PrOD regimen with and without RBV in GT-1a and GT-1b 
treatment-naive subjects without cirrhosis but with stage 4 
or 5 chronic kidney disease, including those on hemodialysis 
(Pockros et al., 2015). The majority of the 20 patients enrolled 
in this study were black males who had stage 5 ESRD, includ-
ing 14 patients on hemodialysis. The PrOD regimen is 
metabolized in the liver and, as shown in pharmacokinetics 
studies, does not need dose adjustment in patients with renal 
disease. Patients with GT-1a received the PrOD regimen 

with RBV for 12 weeks, and patients with GT-1b received the 
PrOD regimen without RBV for 12 weeks. RBV dosage was 
200 mg daily, and this dosing was as suggested for patients 
with renal impairment (FDA). RBV dosing was interrupted 
if there was more than a 2 g/dl decline in hemoglobin within 
4 weeks or for hemoglobin level < 10 g/dl.

The SVR12 rate was 90% in this patient population, 
including those on hemodialysis. Of the 2 patients who failed 
to achieve SVR12, one died 14 days after the end of treatment 
from cardiac issues unrelated to the treatment regimen, and 
the other relapsed at post-treatment week 4. The latter patient 
had lower than average treatment compliance and RAVs in 
NS3 (D168V) and NS5A (Q30R) at relapse, which were not 
present at baseline. The regimen was well tolerated, and there 
were no treatment discontinuations although the majority 
of patients (9/13) receiving RBV 200 mg daily did require 
interruptions in RBV therapy. Serious adverse events were 
reported, but these were not felt to be related to any of the 
antiviral drugs. Overall, the laboratory abnormalities and 
safety findings were similar to those seen in patients with 
normal renal function. Currently, in patients with chronic 
kidney disease, the PrOD regimen is recommended for 
GT-1b patients without cirrhosis and with a creatinine clear-
ance < 30 ml/minute who need urgent HCV treatment and 
for whom renal transplant is not an immediate option. For 
HCV GT-1a patients without cirrhosis and with a creatinine 

Table 263.4. Adverse events and laboratory abnormalities in TURQUOISE II.

 
PrOD plus RBV for 
12 weeks (n = 208)

PrOD plus RBV for 
24 weeks (n = 172)

Common adverse events, n (%)

Fatigue  68 (32.7) 80 (46.5)

Headache  58 (27.9) 53 (30.8)

Nausea  37 (17.8) 35 (20.3)

Pruritus  38 (18.3) 33 (19.2)

Insomnia  32 (15.4) 31 (18.0)

Diarrhea  30 (14.4) 29 (16.9)

Asthenia  29 (13.9) 22 (12.8)

Rash  23 (11.1) 25 (14.5)

Irritability  15 (7.2) 21 (12.2)

Anemia  16 (7.7) 18 (10.5)

Dyspnea  12 (5.8) 21 (12.2)

Laboratory abnormalities, n (%)

Alanine aminotransferase, grade 3 or 4   6 (2.9)  0

Aspartate aminotransferase, grade 3 or 4   1 (0.5)  0

Alkaline phosphatase, grade 3 or 4   0  0

Total bilirubin, grade 3 or 4  28 (13.5)  9 (5.2)

Hemoglobin

 Grade 1 103 (49.5) 97 (56.4)

 Grade 2  12 (5.8) 18 (10.5)

 Grade 3   2 (1.0)  1 (0.6)

 Grade 4  1 (0.5)  0

Abbreviations: PrOD: ombitasvir, paritaprevir, and dasabuvir; RBV: ribavirin.
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clearance < 30 ml/minute and who need urgent HCV treat-
ment, the PrOD regimen with RBV is recommended; how-
ever, caution must be taken due to potential for hemolysis, 
and RBV use should be restricted to those with a baseline 
hemoglobin < 10 g/dl (hcvguildines.org). 

Ongoing studies include a second cohort involving pa- 
tients with renal disease with cirrhosis as well as studies 
using RBV-free regimens in this patient population. 

PATIENTS CO-INFECTED WITH HCV AND HIV

There is a high risk for progression of liver disease in patients 
co-infected with HCV and HIV. TURQUOISE I studied 
SVR12 rates in 63 treatment-naive and -experienced patients 
with HCV GT-1 and HIV-1 co-infection, with and without 
cirrhosis, treated for 12 or 24 weeks with PrOD plus RBV 
(Sulkowski et al., 2015). Enrollment requirements for sub-
jects included having a CD4+ count (T-lymphocytes 
expressing CD3CD4) of at least 200/μl or a CD4+ ≥ 14% 
and fully suppressed HIV-1 RNA while on either ritonavir- 
boosted atazanavir or raltegravir antiretroviral regimens with 
dual nucleoside or nucleotide backbones. The study popula-
tion was made up of 92% men, 24% blacks, 81% IL28B 
non-CC genotype, 19% with compensated cirrhosis, 89% 
with GT-1a infection, and 16% with null response to prior 
PEG-IFN with RBV therapy. SVR12 was achieved by 94% 
(29/31) and 91% (29/32) of patients receiving 12 or 24 weeks 
of PrOD with RBV, respectively. The difference in SVR12 
rates between treatment groups was not statistically signifi-
cant. A total of 5 patients did not achieve SVR12. Of the 
2 patients in the 12-week group who did not achieve SVR12, 

1 patient withdrew consent at the last study visit, and the 
other (who had a history of null-response to prior PEG-IFN 
with RBV therapy) experienced HCV relapse at post-treat-
ment week 4. Of the 3 patients in the 24-week treatment 
group who did not achieve SVR12, 1 patient had GT-1 infec- 
tion, prior null-response to PEG-IFN with RBV therapy, and 
compensated cirrhosis. This patient experienced on-treatment 
virologic breakthrough at treatment week 16. The remaining 
2 patients who did not achieve SVR12 had a GT-1a infection 
and no cirrhosis. These patients experienced HCV recur-
rence at posttreatment weeks 8 and 12, respectively. The 2 
prior null responders to PEG-IFN with RBV therapy had 
RAVs in all three viral targets at time of virologic failure only. 
The 2 patients experiencing posttreatment HCV recurrence, 
did not have any observed RAVs but instead had been rein-
fected with a GT-1a isolate different from the one present 
at  baseline. The PrOD plus RBV regimen co-administered 
with antiretroviral therapy (atazanavir or raltegravir with a 
dual NRTI backbone) was well tolerated; there were no treat-
ment discontinuations due to adverse effects, and laboratory 
abnormalities were infrequent (Table 263.5). HCV treatment 
guidelines specify that the PrOD regimen should be used 
only with antiretroviral drugs that do not have substantial 
interactions with it; In addition, the dose of ritonavir used 
for boosting the HIV protease inhibitors may need to be 
adjusted or withheld when administrating the PrOD regi-
men but can be restarted when HCV treatment is completed 
(AASLD, 2016). With the range of currently available anti-
retroviral drugs that do not interfere with PrOD, one can 
usually arrange a regimen that allows the use of PrOD. 

Table 263.5. Adverse events and laboratory abnormalities in TURQUOISE I.

PrOD plus RBV for 
12 weeks (n = 31)

PrOD plus RBV for 
24 weeks (n = 32)

Common adverse events, n (%)

Fatigue 18 (58) 12 (38)

Insomnia  5 (16)  7 (22)

Nausea  5 (16)  6 (19)

Headache  6 (19)  4 (13)

Upper respiratory tract infection  4 (13)  5 (16)

Pruritus  6 (19)  2 (6)

Cough  2 (7)  5 (16)

Ocular icterus  5 (16)  4 (13)

Diarrhea  1 (3)  4 (13)

Laboratory abnormalities, n (%)

Alanine aminotransferase > 5 times ULN  0  0

Aspartate aminotransferase  0  1 (3)

Alkaline phosphatase > 5 times ULN  0  0

Total bilirubin > 3–10 times ULN 10 (32)  6 (19)

Total bilirubin > 10 times ULN  1 (3)  0

Hemoglobin < 8–10 g/dl  4 (13)  3 (9)

Hemoglobin < 6.5–8 g/dl  0  0

Abbreviations: PrOD: ombitasvir, paritaprevir, and dasabuvir; RBV: ribavirin; ULN: upper limit of normal.

http://www.hcvguidelines.org
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PATIENTS WITH HCV AND LIVER TRANSPLANTATION

Recurrence of HCV infection after liver transplantation is 
universal among those with active disease before transplan-
tation. Due to immunosuppression after transplantation, 
HCV RNA levels may be increased, and progression of fibro-
sis accelerated (Gane et al., 2014). Graft cirrhosis develops 
in 20–30% of HCV-infected patients within 5 years of trans-
plantation, and HCV infection is a major cause of mortality 
in liver-transplant recipients (Berenguer et al., 2000; Prieto et 
al., 1999). Successful curative treatment of HCV after liver 
transplantation can reduce HCV-related complications, in-
cluding cirrhosis and graft loss (Crespo et al., 2012; Carrion 
et al., 2007; Berenguer et al., 2008; Levitsky et al., 2012). The 
previous standard of therapy in recurrent HCV GT-1 infec-
tion in the posttransplant population included PEG-IFN 
with RBV; however, poor response rates, toxic effects of 
treatment, and the risk of graft injury precluded its wide-
spread use and left this patient population without safe and 
successful treatment options (Gordon et al., 2012; Gane et 
al., 2014; Berenguer et al., 2008). 

CORAL I, a phase II study, examined the safety and effi-
cacy of the PrOD regimen plus RBV for 24 weeks in 34 liver- 
transplant recipients with recurrent HCV GT-1 infection 
(5 patients with GT-1b and 29 patients with GT-1a) causing 
mild to moderate liver fibrosis (Kwo et al., 2014). Patient 
demographics included a median time since liver trans-
plantation of 3.3 years, 76% of patients with non-CC IL28B 
genotype, 71% with previous treatment experience with 
PEG-IFN with RBV therapy, and 85% who were receiving 
a tacrolimus-based immunosuppressive regimen. Of the 34 
subjects enrolled, 97% achieved SVR12. One patient with 
GT-1a infection did not have SVR12 due to posttreatment 
relapse on day 3. This patient had RAVs in NS3 (R155K), 
NS5A (M28T and Q30R), and NS5B (G554S) at time of 
relapse only, perhaps indicating poor adherence to the HCV 
treatment regimen. The most common adverse events were 
fatigue (50%), headache (44%), and cough (32%). One patient 
discontinued treatment after week 18 because of adverse 
effects but achieved an SVR12. Grade 3 elevations in total 
bilirubin (mainly indirect) did occur in 2 patients (6%), and 
1 patient had a grade 3 decline in hemoglobin that required 
stopping RBV and administration of erythropoietin. There 
were no deaths, graft losses, or episodes of rejection during 
observed time period. Immunosuppression was managed 
using pharmacokinetic guidance requiring reduced dosing 
of tacrolimus and cyclosporine. The results of this study led 
to the approval of this regimen patients with transplants who 
have no or only mild liver fibrosis (Metavir F0-2) (AASLD, 
2016).

2c.  Long-term effects of PrOD regimens 

Long-term efficacy of the PrOD regimen in HCV GT—1-
infected patients with or without cirrhosis in six phase III 
trials (PEARL II|IV, SAPPHIRE I–II, and TURQUOISE II) 

was studied up to post-treatment week 48 (Zeuzem et al., 
2015). A total of 1085 patients received the PrOD regimen 
with or without RBV in these studies. Of those subjects, 66% 
were HCV GT-1a infected and 17% (189/1085) had cirrho-
sis; 97% of them achieved SVR12 after 12 or 24 weeks of 
treatment regardless of whether or not they had cirrhosis, 
and 1023 of 1054 were followed to posttreatment week 48. 
Virologic failure after achieving SVR12 occurred between 
posttreatment weeks 12 and 48 in 5 of the 1054 patients. All 
5 of those patients had GT-1a infection, including 1 with cir-
rhosis. Four patients had virologic relapse (3 patients relapsed 
at posttreatment week 24, and 1 patient relapsed at posttreat-
ment week 48), and 1 patient had HCV reinfection. Only 1 of 
the 5 patients had RAVs, which were in NS3 and NS5B at 
baseline (R155K/R and S556G/S, respectively); at the time of 
virologic failure, this patient had RAVs in NS3, NS5A, and 
NS5B (R155K, A156A/G; M28V; S556G, respectively). 

Studies to further evaluate the impact of SVR12 on the 
progression of liver disease in patients treated with these new 
HCV antiviral agents are currently in progress. It is known 
that eradication of HCV using the 12- or 24-week treatment 
regimen improves markers of synthetic hepatic function, 
alpha-fetoprotein (AFP) levels, and noninvasive estimates of 
liver fibrosis in patients with cirrhosis, and continued improve-
ment can be seen out to posttreatment week 48. 

TOPAZ I and II are ongoing phase IIIb studies assessing 
safety and efficacy of a 12- or 24-week PrOD regimen with 
or without RBV in treatment-naive or -experienced GT-1 
patients with or without compensated cirrhosis and are being 
conducted in academic and community centers in the USA 
and elsewhere (Dumas et al., 2015; Reau et al., 2015). Both 
studies will evaluate the effect of SVR12 on the incidence of 
all-cause death, liver-related death, hepatic decompensation, 
liver transplant, and HCC up to 5 years posttreatment. 
Preliminary safety and efficacy results are available from 
TOPAZ II, which was conducted in approximately 50 centers 
across the USA. End points of this study included number of 
patients achieving SVR12, on-treatment virologic failure, and 
posttreatment relapse. Adverse events were collected from 
the time of consent through 30 days after the study drug was 
discontinued. The majority of the 615 enrolled patients sub-
jects were white (85%), treatment-naive (71%), infected with 
GT-1a (73%), and IL28B non-CC genotype (76%) and 19% 
had compensated cirrhosis. High SVR rates (≥ 92%) were 
achieved in all examined patient subgroups, including prior 
treatment experience, genotype, HCV RNA, IL28B geno-
type, and fibrosis stage. The overall SVR12 rate was 95.3% 
(586/615) in patients treated with 12 or 24 weeks of the PrOD 
with or without RBV. A total of 29 patients (4.7%) did not 
achieve SVR12 (5 patients had virologic breakthrough, 11 
patients relapsed by posttreatment week 12, 3 patients dis-
continued the study prematurely, and 10 patients had miss-
ing SVR12 data). RAVs were present in 14 of the 16 subjects 
who experienced virologic breakthrough or relapse. The most 
common RAVs at the time of virologic failure were D168V in 
NS3, M28T or Q30R in NS5A, and S556G in NS5B. The 
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majority of adverse events were mild to moderate in severity, 
and grade 3 or 4 laboratory abnormalities were infrequent 
during treatment (Table 263.6). Patients included in the 
TOPAZ II study will be followed for up to 5 years after treat-
ment ends to evaluate the long-term impact of SVR12 on the 
progression of liver disease. 

3. PrO (3-DRUG) REGIMENS 

The PrO regimen has been studied in the Japanese popula-
tion (GIFT 1) and in a multicenter global trial (PEARL I) 
(Kumada et al., 2015; Hezode et al., 2015). In Japan, approx-
imately 2 million people have HCV, and 70% are infected 
with GT-1b; most of the remainder are GT-2, with GT-1a 
being very infrequent (Chung et al., 2010). PEG-IFN and 
RBV-free regimens with short treatment durations are cur-
rently being studied for treatment of this patient population. 
One such study, the phase III GIFT I study, examined the PrO 
regimen in HCV GT-1b treatment-naive and -experienced 
Japanese patients with and without cirrhosis (Kumada et al., 
2015). This study consisted of two parts: a double-blind, 
placebo-controlled study of subjects without cirrhosis and 
an open-label study that included patients with compensated 
cirrhosis. Subjects with cirrhosis were treated with the PrO 
regimen without RBV for 12 weeks, and those without cir-
rhosis were randomized in a 2:1 fashion to receive the PrO 
regimen without RBV or placebo for 12 weeks. After the 
double-blind period, patients in the group initially receiving 

placebo for 12 weeks then received the PrO regimen without 
RBV for 12 weeks. 

The results of these studies were generally good. Among 
the subjects without cirrhosis, SVR12 rates were 94.9% 
(204/215) in the group randomized to the PrO regimen 
only (94.2% and 96.1% in treatment-naive and -experienced 
patients, respectively), and 98.1% (104/106) in the group 
without cirrhosis randomized to placebo followed by the 
PrO regimen (98.5% and 97.4% in treatment-naive and 
-experienced patients, respectively). An SVR12 rate of 90.5% 
(38/42) was achieved in the group with cirrhosis (78.6% were 
treatment experienced). There were low rates of virologic 
failure (3%) in this population, which included subjects pre-
viously treated with peginterferon and subjects with cirrho-
sis. Patients who experienced virologic failure had RAVs in 
both NS3 and NS5A. In NS3, D168V alone or in combina-
tion with Y56H was seen in 73% (8/11) of patients, D168A in 
combination with Y56H was seen in 2 patients, and 1 patient 
did not have any treatment-emergent RAVs in NS3. In NS5A, 
Y93H alone or in combination with L28M, R30Q, L31M, 
L31V, and/or P58S was seen in 91% (10/11) of patients, and 
L31F was seen in 1 patient. Adverse events were mild (naso-
pharyngitis, nausea, pyrexia, decreased platelet count, head-
ache, and peripheral edema occurred in > 5% of patients in 
any of the three treatment groups), and overall treatment 
discontinuation due to adverse events was 0–2.4%. Grade 3 
or higher laboratory abnormalities were rare and included 
elevations in aminotransferases and total bilirubin. The cur-
rent recommendations are that the PrOD regimen without 
RBV for 12 weeks can be used for patients who are treatment 
naive and for those who are treatment experienced without 
cirrhosis and with HCV GT-1b infection. The PrOD regimen 
without RBV for 12 weeks is also recommended for treat-
ment-experienced subjects with compensated cirrhosis with 
HCV GT-1b infection (AASLD, 2016).

4.  PrOD AND PrO (2-DRUG) REGIMENS 
WITH SOFOSBUVIR 

Retreatment options for patients with chronic HCV infec-
tion who have failed treatment with a current HCV direct- 
acting antiviral (DAA) regimen are not clearly defined. 
Patients who fail regimens with NS5A inhibitors are at 
increased risk for having RAVs; therefore, a multitargeted 
approach is needed for retreatment. Sofosbuvir (Sovaldi) is a 
NS5B nucleotide polymerase inhibitor with activity against 
all HCV genotypes and with no cross-resistance with the 
PrOD regimen (FDA, prescribing information sofosbuvir, 
2013). QUARTZ I was an open-label, phase II study that 
investigated the safety and efficacy of the PrOD regimen in 
conjunction with sofosbuvir (SOF) in patients with HCV 
GT-1 infection who had failed other current HCV antiviral 
drugs (Poordad et al., 2015a). Subjects with GT-1a infection 
but without cirrhosis received PrOD plus SOF plus RBV for 
12 weeks, and those with GT-1a infection but with cirrhosis 
received PrOD plus SOF plus RBV for 24 weeks. Patients with 
GT-1b infection, with or without cirrhosis, received PrOD 

Table 263.6. Adverse events and laboratory abnormalities in 
TOPAZ II.

 
PrOD with or without 

RBV (n = 615)

Treatment-emergent adverse events in ≥ 10% of patients, 
n (%)

Fatigue 196 (32)

Nausea  99 (16)

Headache  98 (16)

Pruritus  78 (13)

Insomnia  77 (13)

Grade 3 and 4 laboratory abnormalities, n (%)

Hemoglobin  

 Grade 3   2 (0.3)

 Grade 4   0

Alanine aminotransferase  

 Grade 3   4 (0.7)

 Grade 4   1 (0.2)

Aspartate aminotransferase  

 Grade 3   3 (0.5)

 Grade 4   0

Total bilirubin  

 Grade 3  16 (3)

 Grade 4   1 (0.2)

Abbreviations: PrOD: ombitasvir, paritaprevir, and dasabuvir; RBV: ribavirin.
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plus SOF for 12 weeks. A total of 22 treatment-experienced 
GT-1 patients were enrolled, including 20 with GT-1a infec-
tion and 6 with compensated cirrhosis. Baseline RAVs were 
seen in 17/22 patients who had at least 1 RAV in one of the 
three antiviral drugs being considered for treatment in this 
study. The remaining 5 patients had Q80k in NS3, but no 
other RAVs were present. Of the 15 patients receiving 12 
weeks of treatment, 93% achieved SVR12. One patient who 
had previously failed treatment with PEG-IFN plus RBV plus 
telaprevir relapsed at posttreatment week 12. To date, all 6 of 
GT-1a patients with cirrhosis have achieved SVR4. Adverse 
events were mild to moderate in severity, and laboratory 
abnormalities, specifically elevations in ALT, resolved by the 
end of treatment. There were no discontinuations due to 
treatment-related adverse events. Overall, a high SVR12 rate 
(93%) was achieved with this multitargeted regimen in 
patients with previous treatment experience with current 
HCV antiviral drugs, including patients with RAVs at base-
line. These findings indicate that a multitargeted treatment 
regimen can achieve high response rates in those with prior 
failures, including failure to the PrOD regimen and those 
with NS5A RAVs. 

The PrO regimen with sofosbuvir is being studied in 
treatment-naive and -experienced patients with GT-2 and 
GT-3 infection without cirrhosis (QUARTZ II/III) (Shafran 
et al., 2015). Currently approved non-IFN-based treatment 
regimens for GT-2 patients include SOF plus RBV; for GT-3 
patients, treatment includes SOF plus RBV and SOF plus 
daclatasvir (Daklinza). These regimens achieve SVR12 rates 
in 60–95% of patients, with lower efficacy in treatment- 
experienced patients and those with cirrhosis (FDA, pre-
scribing information sofosbuvir, 2015; FDA, Package Insert 
daclatasvir, 2015). In this open-label, phase II study, an 
8-week treatment regimen of PrO plus SOF with RBV was 
used for the GT-2 patients (n = 10), and the GT-3 patients 
(n = 20) were randomized to receive PrO plus SOF with or 
without RBV for 12 weeks. SVR4 and SVR8 were achieved 
in 90% of GT-2 patients, and SVR12 was achieved in 95% of 
GT-3 patients (91% achieved SVR12 in the PrO plus SOF 
with RBV group, and 100% achieved SVR12 in the PrO plus 
SOF without RBV group). Serious adverse effects, signifi-
cant laboratory abnormalities, and treatment discontinua-
tions were rare. Future studies include assessing this regimen 
in GT-3 cirrhotic patients. 

PEARL I was a phase IIb study that evaluated the efficacy 
and safety of the PrO regimen with and without RBV in 
GT-4 patients without cirrhosis who were treatment naive or 
who had failed previous treatment with PEG-IFN plus RBV 
(Hezode et al., 2015). This study demonstrated an SVR12 
of  100% in 42 treatment-naive patients and 49 treatment- 
experienced patients who received the PrO plus RBV regi-
men for 12 weeks. In contrast, only 91% (40/44) of patients 
who were treatment-naive achieved SVR12 after taking the 
PrO regimen without RBV (p = 0.02). No relapses between 
posttreatment week 12 and posttreatment week 24 were seen 
in the treatment-naive patients who did or did not receive 
RBV. In the treatment-experienced group, no relapses were 

seen after posttreatment week 12; as of this writing, this 
group has not yet reached post-treatment week 24. Of the 
treatment-naive patients who received PrO without RBV, 3 
had virologic failure. All of whom had no RAVs before ther-
apy but all did at the time of failure. This included variants 
in NS3 and NS5A (D168V and L28S or L28V, respectively). 
Overall, this regimen was well tolerated, and there were no 
treatment discontinuations or dose interruptions due to 
adverse events. Of the 91 subjects receiving RBV, 4 required 
a dose modification because hemoglobin decreased to < 10 
g/dl. Of the treatment-experienced patients, 3 experienced 
grade 3 hyperbilirubinemia, which was mainly indirect and 
were attributed to RBV-associated hemolysis and the effects 
of paritaprevir on bilirubin transporter OATP1. Current treat-
ment recommendations advocate use of the PrO regimen 
in  conjunction with RBV for 12 weeks in treatment-naive 
and -experienced GT-4 patients without cirrhosis (AASLD, 
2016). 

5. FUTURE HCV ANTIVIRAL DRUGS

A summary of new investigational drugs for HCV is pro-
vided in Chapter 269, Investigational Antiviral Drugs. How-
ever, next-generation pangenotypic HCV antiviral drugs 
include NS3/4A protease inhibitor ABT-493 (discovered 
and developed by AbbVie and Enanta) and NS5A inhibitor 
ABT-530. Both of these potent antiviral drugs have a high 
barrier to resistance, synergistic antiviral activity, and activ-
ity toward all genotypes. The SURVEYOR I study is a multi-
center phase II study that has assessed the efficacy and safety 
of a 12-week treatment in noncirrhotic GT-1 patients who 
were treatment naive or experienced (Poordad et al., 2015c; 
Poordad et al., 2015d). ABT-493 was dosed at 300 mg by 
mouth daily, and ABT-450 was dosed at either 40 mg or 
120 mg by mouth daily. SVR12 rates were found to be 100% 
in the 29 treatment-experienced patients (PEG-IFN plus 
RBV null- responders) and 98% in the 50 treatment-naive 
patients. One treatment-naive patient with GT-1a infection 
in the low-dose ABT-450 arm experienced relapse at post-
treatment week 4. A total of 45 (58%) patients had baseline 
NS3 and/or NS5A variants. All of these patients achieved 
SVR12. Adverse events were recorded as mild, and overall, 
the combination of medications was well tolerated. There 
were no study discontinuations due to adverse events. This 
study has been expanded to include treatment-naive or 
-experienced GT-1 patients without cirrhosis, who have not 
previously been treated with current HCV antiviral drugs, in 
an 8-week treatment arm (part two of SURVEYOR I) and a 
12-weekarm that would include subjects with compensated 
cirrhosis. In part two of SURVEYOR I, 100% of 34 patients 
achieved SVR4 and 97% of 34 patients achieved SVR12 
(Poordad et al., 2015c; Poordad et al., 2015d). One treatment- 
naive patient discontinued treatment at week 4 due to a 
severe serious adverse event of abdominal adenocarcinoma, 
which was considered unrelated to the study drugs. Of the 34 
study subjects, 62% experienced adverse events, which were 
mainly classified as mild. Overall, SVR12 was achieved in all 
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patients (regardless of baseline viral load, prior treatment 
history, or presence of baseline NS3 and/or NS5A variants) 
who completed the 8-week treatment period, thus demon-
strating efficacy of this dual DAA regimen against HCV 
GT-1 in noncirrhotic patients. 

SURVEYOR II is an open-label, multicenter, phase II trial 
evaluating safety and efficacy of varying doses of ABT-493 + 
ABT-530 with or without RBV for 12 weeks in treatment- 
naive and -experienced patients with GT-2 or GT-3 infection 
without cirrhosis. The optimal dosing for both the GT-2 and 
GT-3 groups was found to be 300 mg daily of ABT-493 in 
conjunction with 120 mg daily of ABT-530 for 12 weeks, 
given high SVR12 rates (96% and 97%, respectively) in the 
study and favorable safety profile (including mild adverse 
events and no grade 3 or higher laboratory abnormalities). 
There were no virologic failures among GT-2 patients with 
baseline variants, and there was only one virologic failure 
(relapse) in the GT-3 group. This patient had a two NS3 
RAVs (Y56H and Q168R) and a two NS5A RAVs (A30K and 
Y93H) identified at relapse. Ongoing studies in the GT-2 and 
GT-3 infected patients include studying this treatment regi-
men in subjects with compensated cirrhosis and studying the 
efficacy of an 8-week course in subjects without cirrhosis. 
The results of the SURVEYOR studies provide a robust foun-
dation for further study of this regimen, and a phase III 
development program is in progress. The ultimate role of this 
regimen remains to be defined, but it represents a potential 
step forward toward the universal goal of a streamlined HCV 
therapeutic regimen with broad applicability across diverse 
patient and viral populations.
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Grazoprevir Combined with 
Elbasvir or Other Drugs

William Sievert and Edward Gane

1. INTRODUCTION

Grazoprevir (GZR) and elbasvir (EBR) are indicated for the 
treatment of chronic hepatitis C infection. The natural history 
of HCV infection, especially the development of cirrhosis 
and its complications, are covered in Chapter 261, Protease, 
polymerase, and assembly inhibitors for the treatment of 
hepatitis C virus infection, and the use of these antiviral 
agents should be considered in that context. 

Grazoprevir (GZR) inhibits the HCV NS3/4A protease, 
which cleaves the HCV polyprotein at specific sites during 
viral replication. Early studies showed in vitro activity against 
HCV genotypes 1a, 1b, 2a, 2b, and 3a, including common 
NS3 resistance mutations such as R155K and A156T. Cross-
resistance to mutations elicited by NS5A inhibitors (Y93H) 
or NS5B nucleoside inhibitors (S282T) was not observed. 
The compound showed potent antiviral activity in replicon 
assays and 4–5 log reductions in HCV RNA when tested 
in  chronically infected chimpanzees (Summa et al., 2012). 
Elbasvir (EBR) inhibits another important therapeutic tar-
get, the HCV NS5A protein, which does not have an enzy-
matic function but is thought to be involved in viral assembly. 
The compound showed activity against HCV replicons of 
genotypes 1a, 2a, 2b, 3a, and 4a as well as key mutations, such 
as Y93H (Coburn et al., 2013). These drugs have been com-
bined as a fixed-dose combination of GZR 100 mg and EBR 
50 mg for clinical use as a once-daily, all-oral, interferon-free 
regimen. 

In this chapter we review the phase II and III clinical 
development programs of GZR–EBR (Zepatier). These trials 
have primarily included genotype 1 treatment-naive and 
-experienced patients both with and without cirrhosis and 
smaller numbers of patients with genotypes 2–6. Many drug 
development programs have included studies of patient sub-
groups such as those with HIV–HCV co-infection; the nov-
elty of the GZR–EBR development program has been the 

inclusion of important patient subgroups, including chronic 
kidney disease, opioid-replacement therapy, and inherited 
blood disorders. Although the development of GZR–EBR is 
ongoing, these studies should provide high-quality data 
applicable to the treatment of a broad range of people with 
chronic HCV infection. 

2. PHASE II STUDIES

2a.  Grazoprevir combined with pegylated 
interferon and ribavirin for 24 or 48 
weeks 

In an early phase II dose-ranging study, Manns and col-
leagues (2014) randomized 332 treatment-naive, noncirrhotic 
HCV genotype 1 patients to pegylated interferon with riba-
virin (PR) plus GZR 100 mg, 200 mg, 400 mg, or 800 mg or to 
boceprevir plus PR with complete early virological response 
(cEVR) as the primary end point (Table 264.1). Patients 
were stratified by IL28B genotype and HCV viral load, and a 
response-guided design was used. Patients were treated with 
GZR plus PR for 12 weeks; those with undetectable HCV 
RNA at treatment week (TW) 4 completed an additional 12 
weeks of PR for a total of 24 weeks of treatment. Patients 
with detectable HCV RNA at TW 4 received an additional 36 
weeks of PR for a total of 48 weeks of therapy. Patients treated 
with boceprevir (BOC) received PR for 4 weeks and then 
BOC was added. If HCV RNA was undetectable at TW 8 and 
TW 24, then all therapy ceased at TW 28. If HCV RNA was 
detectable, then patients received 32 weeks of BOC plus PR 
followed by 12 weeks of PR alone.

During the study, increases in serum alanine amino-
transferase (ALT) and aspartate aminotransferase (AST) lev-
els after TW 4 were noted, which appeared dependent on the 
dose of MK-5172 because they occurred in 9% of patients 
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Table 264.1. Phase II trials of grazoprevir and elbasvir.

Reference; study Treatment regimen
No. of patients; 
genotype Population Arms

SVR12 
(%)

Manns et al. (2014) GZR plus PR vs. 
BOC plus PR; 
24/36 weeks

n = 332; GT-1a (60%) Treatment naive; 
no cirrhosis

GZR dosing:
100 mg
200 mg
400 mg
800 mg
BOC 

89
91
91
86
61

Lagging et al. (2015) GZR plus PR; 12 
weeks

n = 87; GT-1a (82%); 
GT-1 not a (18%)

Treatment naive; 
no cirrhosis

GZR dosing:
25 mg
50 mg
100 mg

54
84
88a

Lawitz et al. (2015); 
C-WORTHY

GZR–EBR with or 
without RBV; 12 
vs. 18 week

n = 253; GT-1 Treatment naive; 
with cirrhosis

12 weeks with RBV
12 weeks
18 weeks with RBV
18 weeks

90
97
97
94

PR-null with or 
without cirrhosis

12 weeks with RBV
12 weeks
18 weeks with RBV
18 weeks 

94
91

100
97

Sulkowski et al. (2015); 
C-WORTHY

GZR–EBR with or 
without RBV; 8 or 
12 weeks

n = 159 (HCV); both 
GT-1a and -1b, except 
when indicated

Treatment naive; 
no cirrhosis

12 weeks with RBVb

12 weeks
8 weeks with R (GT-1a)

93
98
80

n = 59 (HCV–HIV) Treatment naive; 
no cirrhosis

12 weeks with RBV
12 weeks

97
87

Forns et al. (2015), 
Buti, et al. (2015); 
C-SALVAGE

GZR–EBR plus RBV; 
12 weeks

n = 79; GT-1a (38%); 
GT-1b (62%)

First-generation PI 
failure; cirrhosis 
(43%) 

Single arm
Prior outcome: 
Virological failure
Nonvirological failure

96c

95.5
100

Gane et al. (2015) GZR–EBR plus RBV; 
12 or 18 weeks

n = 41; GT-3 Treatment naive; 
no cirrhosis

12 weeks
18 weeks

45
57

Poordad et al. (2015); 
C-SWIFT

GZR–EBR plus RBV 
plus SOF; 4, 6, or 
8 weeks

n = 143; GT-1 (71%); 
GT-3 (29%)

Treatment naive; 
cirrhosis and no 
cirrhosis

GT-1:
Cirrhosis
6 weeks
8 weeks
No cirrhosis
4 weeks
6 weeks
GT-3:
Cirrhosis
12 weeks
No cirrhosis
8 weeks
12 weeks

80
94

33
87

91

93
100

Jacobson et al. 
(2015a); C-SALT

GZR–EBRd; 12 
weeks

n = 40 ; GT-1a (83%); 
GT-1b (17%)

Treatment naive or 
experienced; 
CTP-B cirrhosis 
(n = 30); no 
cirrhosis (n = 10)

Cirrhosis
No cirrhosis

90
100

aOne patient relapsed after achieving SVR12; overall SVR 24 85%.
bA total of 25 patients received EBR 20 mg; 40 received EBR 50 mg.
cThe SVR24 rate was also 96%.
dGZR 50 mg in cirrhotic patients, 100 mg in noncirrhotic patients.
Abbreviations: SVR12: sustained virologic response 12 weeks after cessation of therapy; GZR: grazoprevir; PR: pegylated interferon plus ribavirin; BOC: boce-

previr; GT: genotype; EBR: elbasvir; CPT: Child-Turcotte-Pugh; RBV: ribavirin; SOF: sofosbuvir; PI: protease inhibitor.
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given 200 mg, 19% given 400 mg, and 23% given 800 mg but 
in none of the patients receiving GZR 100 mg. As a result, the 
protocol was modified, and 43 of 67 and 36 of 65 patients 
in  the 400-mg and 800-mg MK-5172 arms had their doses 
decreased to 100 mg daily. The overall sustained virologic 
response rates 12 weeks after cessation of treatment (SVR12) 
in the GZR arms were 90% (range: 86–91%) compared to 
61% in the boceprevir arm (Table 264.1). SVR rates were not 
significantly higher in genotype 1b patients (97%) compared 
to genotype 1a patients (85%). The IL28B genotype did not 
affect SVR rates. 

No patient in the 400-mg and 800-mg GZR arms experi-
enced virological failure. One patient in the 200-mg arm was 
classified as a virological failure after developing a new geno-
type 3 infection despite clearing a genotype 1a infection 
during GZR therapy. Four of the five patients in the 100-mg 
arm with virological failure had low or undetectable GZR 
levels in the serum, suggesting lack of adherence; the fifth 
patient developed virological breakthrough during PR therapy 
(TW 29). The treatment regimen was well tolerated; the most 
common adverse events were headache, fatigue, and nausea. 

Given the increased hepatic transaminases seen with 
higher GZR doses, doses of 25 mg, 50 mg, and 100 mg were 
studied in combination with PR for 12 weeks in 87 treat-
ment-naive genotype 1 patients without cirrhosis (Lagging 
et al., 2016). A response-guided design based on TW 4 HCV 
RNA detection was again used. Overall SVR12 rates were 
higher in the 50-mg and 100-mg arms than the 25-mg arm 
(Table 264.1). Of the 19 virological failures, 11 occurred in 
the 25-mg arm compared to 4 each in the other two arms. All 
of the virological failures were due to relapse except for 2 
end-of-treatment failures in the 25-mg arm. It is interesting 
that SVR12 was achieved in similar proportions of patients 
with baseline resistance associated variants (RAVs) (66%) 
compared to those without baseline RAVs (71%). One 
patient in the 100-mg arm experienced ALT elevations with 
the development of myositis at day 7, which was thought to 
be related to the study drug. This patient also developed an 
increase in serum bilirubin > 2 times the upper limit of nor-
mal. Following discontinuation of all therapy at day 10, all 
adverse events resolved, and the patient subsequently achieved 
SVR24. This study provided a basis for the use of GZR at 100 
mg in terms of safety without sacrificing efficacy.

With the discovery of EBR and the rapid transition to 
interferon-free regimens made up of relatively new HCV anti-
viral drugs, no further studies of GZR in combination with 
PR were conducted.

2b.  Grazoprevir combined with elbasvir for 
8, 12, or 18 weeks (C-WORTHY)

After the discovery of EBR in 2013, a phase II development 
program was initiated to explore the safety and effective-
ness of the combination of GZR and EBR in chronic HCV 
infection. The C-WORTHY program made up 20 separate 
arms exploring 8, 12, and 18 weeks of therapy (with or 
without ribavirin) in genotype 1 or 3 treatment-naive and 
-experienced (prior pegylated interferon and ribavirin fail- 

ure) patients with or without cirrhosis and with or without 
HIV co-infection. The outcomes of two large open-label 
studies exploring eight different regimens in genotype 1 
patients were published in the Lancet. 

The first study enrolled 123 treatment-naive patients 
with compensated cirrhosis and 130 treatment-experienced 
patients who had a null response to previous therapy with 
pegylated interferon plus ribavirin, 34–42% in the latter 
group had compensated cirrhosis. A null response was 
defined as < 2 log reduction in HCV RNA at TW12 of a PR 
regimen or < 1 log reduction at TW 4. GZR and EBR were 
administered once daily with or without weight-based riba-
virin twice daily for 12 or 18 weeks (Lawitz et al., 2015; Table 
264.1). SVR12 rates in the treatment-naive cirrhotic patients 
ranged from 90% to 97% and from 91% to 100% in the 
treatment-experienced patients whether or not ribavirin was 
included or treatment was extended to 18 weeks (Table 
264.1). The overall rate of virological failure was 4% (1 viro-
logical breakthrough and 5 with relapse in the treatment- 
naive group; 1 breakthrough and 3 with relapse in the 
treatment-experienced group). Although the study was not 
powered to compare efficacy among the arms in terms of rib-
avirin usage or treatment duration, several comparisons are 
of interest. Patients who experienced a null response to PR 
and who have cirrhosis are among the most difficult to cure; 
this group achieved SVR12 in 92% (23/25) given 12 weeks 
and 100% (23/23) given 18 weeks therapy, suggesting that 
extending treatment from 12 to 18 weeks would not be 
required in most patients. SVR rates were lower in the small 
subgroups of patients with platelets < 90 × 109/μl (72%, 
18/25) and serum albumin < 35 g/l (80%, 4/5) indicating that 
patients with more advanced disease, including portal hyper-
tension, are likely to remain difficult to cure and that treat-
ment extension to 18 weeks could be considered in this 
group. However, protease inhibitors should be used with 
caution in patients with advanced liver disease because of 
an increased risk of hepatotoxicity from increased drug 
exposure (Stine et al., 2015). Currently, no HCV antiviral 
drug regimen containing an HCV protease inhibitor is rec-
ommended for use in patients with decompensated cirrhosis 
(Child-Turcotte-Pugh B [CTP-B] or CTP-C). It is interest-
ing that ribavirin did not improve outcomes in patients with 
cirrhosis or PR null response. 

The regimens were generally well tolerated. The most com-
mon adverse events were mild to moderate fatigue and head-
ache; there were no grade 4 ALT elevations and no patient 
discontinued therapy due to ALT elevations. 

Virological resistance testing at a population level was 
performed at baseline and at virological breakthrough or 
relapse. There was no effect of baseline NS3 RAVs on SVR, 
although patients with NS5A RAVs at baseline experienced 
lower SVR rates compared to those with wild-type sequences 
at baseline (82% vs. 97%, respectively). NS5A RAVs were 
detected at baseline in 14% of patients, the most common 
being L31M and Y93H. At the time of virological failure, 8 
of the 10 patients had a NS3 or NS5A RAV. 

The second large phase II study included 218 patients 
assigned to eight treatment arms investigating GZR and 
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EBR, with or without ribavirin, in noncirrhotic, previously 
untreated patients with HCV genotype 1 infection (n = 159) 
and HCV–HIV co-infection (n = 59) (Sulkowski et al., 2015; 
Table 264.1). In part A of the study, monoinfected patients 
with genotype 1b were treated with GZR 100 mg combined 
either with EBR 50 mg (n = 40) or 20 mg (n = 25) plus riba-
virin for 12 weeks or with EBR 50 mg without ribavirin for 
12 weeks. Genotype 1a patients were randomized only to the 
first two arms (EBR 50 mg or 20 mg). In part B, genotype 1a 
patients received 8 or 12 weeks of GZR 100 mg plus EBR 50 
mg combined with ribavirin or 12 weeks of GZR–EBR with-
out ribavirin, and all genotype 1b patients in this part of the 
study received GZR–EBR plus ribavirin for 12 weeks. SVR12 
rates were lowest in the genotype 1a patients who received 
EBR 20 mg (80%) compared to higher rates in patients who 
received EBR 50 mg (93% in ribavirin-containing arms, 98% 
without ribavirin) (Table 264.1). SVR12 rates were similar 
between genotype 1a with and without ribavirin (95% and 
92%, respectively) and genotype 1b with and without riba-
virin (92% and 95%, respectively). This finding supports the 
use of a 12-week ribavirin-free regimen of GZR and EBR for 
these common genotype 1 subtypes, thus avoiding ribavirin- 
induced anemia and the risk of teratogenicity. 

The study design was more straightforward for co-infected 
patients who all received GZR 100 mg plus EBR 50 mg for 12 
weeks either with or without ribavirin. SVR12 was achieved 
in 97% and 87%, respectively (Table 264.1). These results are 
particularly encouraging for co-infected patients who repre-
sent a group at greater risk of liver-related mortality and 
lower rates of HCV cure compared to monoinfected patients 
(Chen et al., 2014). Drug interactions between direct-acting 
agents for HCV and antiretroviral therapy for HIV are 
important and will be discussed later in this chapter (see 
section 3, Phase III studies). 

Combining monoinfected and co-infected patients in the 
12-week arms, virological failure occurred in 4% (7 patients 
with 3 breakthroughs and 4 relapses). Virological failure 
occurred in 17% of patients in the 8-week arm with 5 relapses. 
Of the 12 patients with virological failure, 10 were genotype 
1a. As in previous studies, the presence of baseline NS3 RAVs 
did not affect SVR (91% in patients with baseline RAVs, 92% 
in patients with wild-type sequences). Baseline NS5A RAVs 
causing more than fivefold resistance to EBR were detected 
in 12% of patients overall, and SVR12 rates were lower in 
patients with NS5A RAVs (68%) compared to those without 
(95%). There were no prespecified subgroup analyses in this 
study in regard to predictors of response or nonresponse. 

2c.  Grazoprevir combined with elbasvir and 
ribavirin for patients failing an early 
generation protease inhibitor 
(C-SALVAGE)

Protease inhibitors (PIs) were the first class of new antiviral 
drugs developed for HCV therapy and were used in combi-
nation with pegylated interferon and ribavirin. Since 2011, 
boceprevir, telaprevir, and simeprevir have been approved in 

many countries but are no longer recommended for first-line 
use in North America or Europe, where first developed, 
PI-based therapy containing interferon (IFN) and ribavirin 
has been completely replaced by more effective and better 
tolerated IFN-free regimens and combinations of the newer 
HCV antiviral drugs. Because many of the patients treated 
with this first-developed PI-based triple-drug regimen had 
cirrhosis, treatment failure rates were high and associated 
with NS3 RAVs. An ideal salvage regimen for these patients 
would not be cross-resistant with agents used in earlier treat-
ment regimens and would be simple, effective, and well tol-
erated (i.e. would not have greater toxicity than an earlier 
treatment). 

GZR is a second-generation PI that retains anti viral activ-
ity against the most common NS3 RAVs, including R155K 
and D168. C-SALVAGE investigated GZR in combination 
with EBR and ribavirin for 12 weeks in an open- label study 
of 79 patients previously treated with boceprevir (35%), tela-
previr (54%), or simeprevir (10%) combined with PR (Forns 
et al., 2015; Table 264.1). A relatively small proportion of 
patients (16%) had a nonvirological reason for treatment fail-
ure. The remainder failed because of a primary nonresponse 
or breakthrough during PI–PR therapy, during the PR “tail” 
after the PI component was completed (51%), or with post-
treatment relapse (33%). At baseline 44% had NS3 RAVs 
resistant to boceprevir, telaprevir, or simeprevir; 11% had 
NS3 RAVs resistant to GZR; and 5 of 8 patients with baseline 
NS5A RAVs showed resistance to EBR. 

Of the 78 patients who completed therapy, all had unde-
tectable HCV RNA at the end of treatment. Three patients 
relapsed, leading to a SVR rate of 96%. All patients with prior 
nonvirological failure achieved SVR12 compared to 95% 
with prior virological failure (Table 264.1). A followup study 
showed that all relapses had occurred by posttreatment week 
8, with an SVR24 rate also 96% (Buti et al., 2015); Table 264.1).

Virological cure was higher in patients without baseline 
NS3 RAVs (100%) compared to those with baseline RAVs to 
the earlier generation PIs (91%). A total of 10 of 11 patients 
with the Q80K variant associated with simeprevir resistance 
achieved SVR. Of the 8 patients with the baseline NS5A vari-
ants noted earlier, 6 achieved SVR12, including 4 patients 
with both NS3 and NS5A RAVs at baseline. Treatment emer-
gent RAVs resistant to GZR (A156T) were identified in all 
3 patients who relapsed and RAVs resistant to EBR (Y93H) 
were found in 2 of these patients. In the followup study, the 
NS3 RAV (A156T) was no longer detectable at 2 weeks post-
treatment; however, the NS5A RAV (Y93H) remained per-
sistently detected. 

Although it is not possible to know from this study 
whether a ribavirin-free regimen would achieve similar out-
comes, these results strongly support the concept of using a 
potent second-generation PI in a salvage regimen. SVR rates 
were high and durable even in patients with genotype 1a 
(93%) and cirrhosis (94%), and the treatment was well toler-
ated compared to earlier treatment experiences. The ques-
tion of whether to test for high level resistance associated 
variants with phenotypic testing when considering an appro-
priate salvage regimen remains open. 
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2d.  Grazoprevir combined with elbasvir for 
HCV genotype 3 (C-WORTHY part D)

HCV genotype 3 is the second most prevalent genotype and 
accounts for almost 30% of all infections globally (Messina 
et al., 2015). First-generation, direct-acting antiviral drugs—
including NS3 protease inhibitors, NS5B nonnucleoside 
polymerase inhibitors, and NS5A inhibitors—have limited 
activity against non-1 genotypes. Both GZR and EBR have 
improved antiviral activity against genotype 3. In the HCV 
replicon model, the concentration of GZR that provides a 
half-maximal response (EC50) is 2–35 nM and that of EBR is 
0.003–0.33 nM (Summa et al., 2012). In phase I monother-
apy studies, the decline in HCV RNA in genotype 3 infected 
patients was 2.6 log10 IU/ml after 7 days for GZR 100 mg 
and 3.1 log10 IU/ml after 5 days for EBR 50 mg (Yeh, et al., 
2013; Liu et al., 2015). In an exploratory arm of the phase 2 
C-WORTHY study, 41 treatment-naive, noncirrhotic geno-
type 3 patients were randomized to receive EBR–GZR plus 
weight-based RBV for either 12 or 18 weeks (Gane et al., 
2015; Table 264.1). Efficacy was suboptimal because SVR was 
achieved in only 9/20 (45%) in the 12-week arm and 12/21 
(57%) in the 18-week arm. All 17 virological failures occurred 
on-treatment, either with breakthrough or nonresponse, with 
no benefit of extending the treatment duration to 18 weeks. 
No patient relapsed after the end of therapy. Of the 17 virolog-
ical failures, 13 had the Y93H NS5A RAV at failure, whereas 
14 had NS3 RAVs. Baseline NS5A RAVs did not predict 
SVR; 3/7 (43%) with NS5A RAVs achieved SVR compared 
to 18/31 (58%) without. However, baseline NS3 RAVs may 
be important in genotype 3 because 18/35 (51%) with NS3 
RAVs achieved SVR compared to 3/3 without. The addition 
of a third antiviral agent (sofosbuvir) with a different viral 
target (polymerase), with EBR–GZR, has shown improved 
SVR rates in genotype 3 patients enrolled in the C-SWIFT 
study, as discussed in the next section (Poordad et al., 2015).

2e.  Grazoprevir, elbasvir and sofosbuvir for 
4, 6, 8 or 12 weeks (C-SWIFT)

The C-SWIFT study explored shortened treatment durations 
by combining highly effective direct-acting antivirals (DAAs). 
In this study, GZR and EBR in a fixed-dose combination 
were administered together with sofosbuvir 400 mg daily 
(see Chapter 262, Sofosbuvir combined with ledispasvir, 
daclatasvir, or other drugs) as a once-daily, all oral regimen 
(Poordad et al., 2015; Table 264.1). Genotype 1 patients with-
out cirrhosis were treated for 4 weeks (n = 31) or 6 weeks 
(n = 30); patients with cirrhosis were treated for 6 weeks (n = 
20) or 8 weeks (n = 21). More than 75% of patients were gen-
otype 1a. All patients achieved undetectable HCV RNA at 
the end of treatment; however, high relapse rates meant that 
SVR12 was achieved in only 33% of genotype 1 noncirrhotic 
patients treated for 4 weeks compared to 87% who received 
6 weeks of therapy. Predictors of SVR with an ultrashort treat-
ment duration included favorable IL28B CC genotype, low 
baseline viral load, and increased GZR and EBR exposure.

Extension of treatment duration from 6 to 8 weeks in 
patients with cirrhosis was associated with an increase in 
SVR rate from 80 to 94% (Table 264.1). NS3 RAVs were 
detected at treatment failure in 1 patient (who also had a 
NS5A RAV), and NS5A RAVs were detected in 9 patients, 
of which 6 were in the 4-week treatment arm. 

Genotype 3 patients without cirrhosis were treated for 
8 weeks (n = 15) or 12 weeks (n = 14). All 12 genotype 3 
cirrhotic patients were treated for 12 weeks. SVR12 was 
achieved in 93% of the noncirrhotic patients treated for 8 
weeks and all patients treated for 12 weeks. Among the cir-
rhotic patients, 91% achieved SVR (Table 264.1). In the cir-
rhotic group, one patient relapsed by posttreatment week 4. 
One patient with wild-type sequences at baseline relapsed 
with wild-type virus, and another patient relapsed with a 
treatment-emergent NS5A Y93H RAV. 

Although C-SWIFT was a small study, the results suggest 
that treatment duration can be shortened to only 8 weeks 
across all genotypes by adding a potent nucleotide NS5B 
inhibitor to GZR–EBR treatment. This study has served as a 
proxy for the development of Merck’s triple DAA regimen, in 
which the nucleotide NS5B inhibitor MK3682 replaces sofos-
buvir and EBR is replaced by MK8408, a next-generation 
pangenotypic NS5A inhibitor that retains antiviral activity 
across all common NS5A RAVs. The C-CREST phase II pro-
gram of this triple DAA (MK3) program is ongoing.

2f.  Grazoprevir combined with elbasvir for 
patients with CTP class B cirrhosis 
(C-SALT)

In a small phase II study (C-SALT), 30 patients with genotype 
1 HCV were given GZR and EBR for 12 weeks. The dose of 
GZR was decreased from 100 mg to 50 mg because of the risk 
of hepatotoxicity with protease inhibitors in cirrhotic patients. 
The SVR rate in the cirrhotic group was 90% compared to 
100% in the noncirrhotic patients (Table 264.1). By week 4 fol-
lowing the end of treatment, virological relapse occurred in 2 
patients. One patient died of liver failure precipitated by spon-
taneous bacterial peritonitis, which the investigators judged 
as unrelated to the study drug. Between baseline and 12 weeks 
after the end of therapy, liver function as characterized by the 
model for end-stage liver disease (MELD) score improved in 
11 patients, was unchanged in 11 patients, and worsened in 6 
patients. Although no grade 3 or 4 elevations in serum amino-
transferases were observed in this study, GZR exposure was 
25% higher in patients with CTP-B cirrhosis receiving a 50-mg 
dose compared to noncirrhotic patients receiving 100 mg. 

HCV-infected patients with decompensated cirrhosis 
(CTP-B and- C) are difficult to cure compared to patients 
with compensated cirrhosis (CTP-A) or no cirrhosis, yet may 
have a greater benefit from HCV cure in terms of disease 
progression. Although the safety and efficacy outcomes of 
this study in CTP-B patients are encouraging, especially 
because ribavirin was not used in this regimen, as noted pre-
viously GZR–EBR is not recommended for use in patients 
with CTP-B or CTP-C cirrhosis. 
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3. PHASE III STUDIES

3a.  Grazoprevir combined with elbasvir for 
12 weeks in treatment-naive patients 
(C-EDGE TN)

The phase III evaluation of the fixed-dose combination of 
GZR and EBR began with a large trial (C-EDGE TN) involv-
ing 421 patients with genotypes 1a, 1b, 4, or 6 (Zeuzem et al, 
2015; Table 264.2). All patients were treatment naive and by 
design most (79%) did not have cirrhosis. The proportion of 
patients with genotypes 4 or 6 was capped at 15%. SVR rates 
were compared to a historical SVR rate (73%) derived from 
the QUEST studies of simeprevir, pegylated interferon, and 
ribavirin. The overall SVR rate was 95%. In patients with 
genotype 1a, the SVR rate was 92% compared to 99% in gen-
otype 1b patients. All 18 patients with genotype 4 achieved 
SVR, and 8 of 10 patients with genotype 6 achieved SVR 
(Table 264.2). SVR rates were similar in cirrhotic (97%) and 
noncirrhotic (94%) patients. 

Virological failure occurred in 4% and was primarily due 
to posttreatment relapse (9 genotype 1a, 1 genotype 1b, 2 
genotype 6 patients). One genotype 1a patient experienced 
on-treatment breakthrough despite adherence with study 
medication. There was no association between baseline NS3 
RAVs and virological failure in either genotype 1a or 1b. 
Baseline NS5A RAVs were detected in 12% of genotype 1a 
patients who achieved a lower SVR rate (58%), primarily 
occurring in patients with high level resistance (more than 
fivefold potency reduction relative to wild type) and with 
high viral loads (> 800,000 IU/ml). In comparison, the SVR 
rate was 99% in genotype 1a patients without baseline NS5A 
RAVs. Baseline NS3 and NS5A RAVs did not affect outcome 
in genotype 4 patients, all achieved SVR. The number of 
evaluable genotype 6 patients was small (n = 9). 

Although the combination of GZR–EBR was generally 
well tolerated, four patients (one with cirrhosis) developed 
ALT or AST elevations > 5 times the upper limit of normal 
without concomitant bilirubin elevation after week 4 follow-
ing earlier on-study normalization. Two patients ceased study 

Table 264.2. Phase III trials of grazoprevir and elbasvir.

Reference; study
Treatment 
regimen

No. of patients; 
genotype Population Arms SVR12 (%)

Zeuzem et al. (2015); 
C-EDGE TN 

GZR–EBR (100/50 
mg); 12 weeks

n = 421; GT-1a 
(211); GT-1b 
(171); GT-4 (26); 
GT-6 (13)

Treatment naive, with (22%) and 
without (78%) cirrhosis 

Overall
GT-1a
GT-1b
GT-4
GT- 6

 95a

 92
 99
100
 80

Kwo et al. (2015); 
C-EDGE TE

GZR–EBR (100/50 
mg); 12 or 16 
weeks with or 
without RBV

n = 420; GT-1a 
(228); GT-1b 
(150); GT-4 (37); 
GT-6 (6)

Treatment-experienced, with 
(35%) and without (65%) 
cirrhosis

12 weeks with RBV
12 weeks without RBV
16 weeks with RBV
16 weeks without RBV

 94
 92
 97
 92

Rockstroh et al. 
(2015); C-EDGE 
CO-INFECTION

GZR–EBR (100/50 
mg); 12 weeks

n = 218; GT-1a 
(144); GT-1b (44); 
GT-4 (28); GT-6 (2)

Treatment naive; HIV–HCV 
co-infection; with (16%) and 
without (84%) cirrhosis

Open label, 
nonrandomized

 96%

Roth, et al. (2015); 
C-SURFER

GZR–EBR (100/50 
mg); 12 weeks

n = 235; immediate 
treatment (111); 
deferred 
treatment (113); 
PK group (11)

Treatment naive (or experienced, 
with an interferon-containing 
regimen); chronic kidney 
disease (stage 4–5); 76% on 
hemodialysis; 81% chronic 
kidney disease stage 5 (eGFR 
≤ 15 ml/minute)

Immediate treatment 
plus PK group

Deferred treatment
Historical control

 99b

Not reported
 45

C-EDGE CO-STAR GZR–EBR (100/50 
mg); 12 weeks

n = 301; immediate 
treatment (201); 
deferred 
treatment (100)

Treatment naive only; opioid 
substitution therapy

Immediate treatment
Deferred treatment
GT-1a
GT-1b
GT- 4
GT-6

 91.5
Not reported
 93.5
 93.3
 91.7
 20

C-EDGE InhBD GZR-EBR (100/50 
mg); 12 weeks

n = 159; immediate 
treatment (107); 
deferrred 
treatment (52)

Sickle cell anemia, thalasemia, 
hemophilia, von Willebrand 
disease, treatment naive and 
treatment experienced; 
cirrhosis in 24% 

Immediate treatment
Deferred treatment

 93.5%
Not reported

aOverall virological failure rate 4% (1 breakthrough, 12 relapses).
bRepresents SVR12 in a modified analysis set that excluded 6 patients who discontinued for reasons other than virological failure (SVR12 in the full analysis set 

was 94%).
Abbreviations: SVR12: sustained virologic response 12 weeks after cessation of therapy; GZR: grazoprevir; EBR: elbasvir; GT: genotype; RBV: ribavirin; PK: phar-

macokinetic; eGFR: estimated glomerular filtration rate.
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medication due to protocol requirements, and one patient 
continued study medication; all three experienced normal-
ization of the enzyme changes, and all achieved SVR. One 
patient continued therapy despite aminotransferase elevation; 
although enzyme levels decreased by posttreatment week 4, 
this patient experienced virological relapse. 

3b.  Grazoprevir combined with elbasvir for 
12 or 16 weeks with or without ribavirin 
in treatment-experienced patients 
(C-EDGE TE)

A study of GZR with EBR for patients with genotypes 1, 4, 
and 6 who failed previous treatment with pegylated inter-
feron and ribavirin has been reported in abstract form (Kwo 
et al., 2015). Patients received GZR–EBR for 12 or 16 weeks, 
with or without ribavirin. Virological responses to prior 
therapy were defined for null responders as < 2 log reduction 
in HCV RNA at week 12 or < 1 log reduction at week 4 and 
for partial responders as > 2 log reduction in HCV RNA at 
week 12 but > 15 IU/ml at end of treatment. Overall SVR 
rates were 92% in patients treated for either 12 or 16 weeks 
without ribavirin (Table 264.2). In patients receiving riba-
virin, the SVR rate was 94% in patients treated for 12 weeks 
and 97% in patients treated for 16 weeks. Virological failure 
occurred in only 19 patients (4.5%). When analyzed by pre-
vious treatment response, all patients with prior relapse 
treated for 12 weeks with or without ribavirin achieved SVR; 
92% (35/38) of relapsed patients treated without ribavirin for 
16 weeks achieved SVR compared to all patients receiving 
ribavirin. Among patients with a partial or null response, 
91% achieved SVR after 12 weeks of treatment with or with-
out ribavirin compared to 100% of patients treated for 16 
weeks with ribavirin. Across all arms, SVR rates were higher 
in genotype 1b (96–100%) than in genotype 1a (90–95%). 
Patients without cirrhosis in general achieved higher SVR 
rates (93–97%) compared to patients with cirrhosis (89–92%); 
however, there were no virological failures in patients who 
received 16 weeks of GZR-EBR with ribavirin irrespective 
of prior treatment history or the presence of cirrhosis. The 
proportion of treated patients with genotypes 4 and 6 or 
HIV–HCV co-infection was too small for reliable subgroup 
analysis. Baseline NS5A RAVs with the greatest resistance 
to EBR in replicon assays significantly decreased SVR rates 
in genotype 1a patients (52%, 11/21 patients). 

3c.  Grazoprevir combined with elbasvir for 
12 weeks in treatment-naive patients 
with HCV–HIV co-infection (C-EDGE 
CO-INFECTION)

Due to similar transmission routes, a substantial proportion 
of patients with chronic HCV infection are also infected with 
HIV. HIV–HCV co-infection alters the natural history of 
HCV infection, and patients are more likely to experience 

rapid progression of liver disease, increasing the risk of cir-
rhosis and hepatocellular cancer. In the phase II develop-
ment program, a small cohort of 59 patients with HIV–HCV 
co-infection achieved a SVR of 97% after 12 weeks of grazo-
previr and elbasvir (Sulkowksi et al., 2015). The phase III 
trial was a large multicenter, open-label, nonrandomized study 
that enrolled 218 treatment-naive HIV–HCV co-infected 
patients. All patients received grazoprevir and elbasvir for 12 
weeks without ribavirin (Rockstroh et al., 2015; Table 264.2). 
Of the total study population, 3% had never received HIV 
therapy and had CD4 T-cells above 500/μl; the remainder 
were stable, with undetectable HIV RNA on established anti-
retroviral therapy (ART). The majority of patients had mild 
to moderate fibrosis (F0–F2 in 73%); only 16% were cir-
rhotic. The overall SVR rate was high (96%) compared to a 
historical rate of 70% and comparable to the phase II study 
but without the need for ribavirin. None of the patients expe-
rienced virological breakthrough during therapy; 2 patients 
were reinfected with a different genotype during followup, 
and 5 patients relapsed after the end of treatment. Of the 
relapsed patients, 4 were genotype 1a; 2 had baseline and 
treatment-emergent NS5A RAVs. Treatment-emergent NS5A 
RAVs were identified in one genotype 4 and two genotype 1a 
patients. 

No significant drug interactions were identified between 
the HCV study drugs and antiretroviral drug therapy for 
HIV, which included abacavir- and tenofovir-containing reg-
imens in addition to raltegravir, dolutegravir, and rilpivirine. 
However, the authors emphasized that potential drug inter-
actions with ritonavir-boosted HIV protease inhibitors or 
the nonnucleoside efavirenz, could occur but were avoided 
in this study. Elevated serum transaminases were seen in 
four patients (ALT or AST > 5 times upper limit of normal); 
two occurred at week 6 and week 10 of treatment. The other 
two patients had reasons other than the study drug for trans-
aminase elevation (blocked biliary stent, vigorous physical 
activity). All four episodes resolved without study drug dis-
continuation, and all achieved SVR. 

The SVR rates seen in this and the phase II study of HCV–
HIV co-infection were similar to those seen in treatment- 
naive patients with HCV monoinfection and support the now 
large body of evidence showing that HCV monoinfection 
and HCV–HIV co-infection patients have equivalent treat-
ment outcomes with respect to HCV infection. 

3d.  Grazoprevir combined with elbasvir 
for 12 weeks in treatment-naive and 
treatment-experienced patients with 
chronic kidney disease (C-SURFER)

Chronic HCV infection is associated with renal disease, espe-
cially cryoglobulin-induced glomerulonephritis and, given 
parenteral risk factors, a substantial proportion of patients 
with chronic kidney disease (CKD) also have HCV infection. 
HCV infection has an independent and negative effect of 
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renal function and affects graft survival in patients who have 
received a kidney transplant. The stages of CKD are based on 
the estimated glomerular filtration rate (eGFR in ml/min/ 
1.73 m2 body surface area) as follows: stage 1, eGFR ≥ 90; 
stage 2, eGFR 60–89; stage 3, eGFR 30–59; stage 4, eGFR 
15–29; and stage 5, eGFR < 15 or on dialysis. Treatment 
options containing ribavirin are limited in patients with 
advanced CKD because ribavirin is not removed by dialy-
sis, and overall there have been limited data on HCV anti-
viral drug treatment in this group of patients. Early phase 
(I–IIa) studies of GZR with EBR demonstrated minimal 
(< 1%) renal excretion for both compounds; thus there is 
no requirement for dosage reduction in patients with ad - 
vanced CKD. 

Roth and colleagues (2015) conducted a large phase III 
trial in patients with CKD stage 4–5 and genotype 1 who 
received GZR with EBR without ribavirin for 12 weeks. The 
study design was complex, combining a randomized safety 
study with an observational efficacy study. Patients were 
randomized to active drug (n = 111, immediate treatment 
group) or to placebo (n = 113, deferred treatment group). 
The deferred group began active drug at treatment week 16, 
and SVR rates were not reported. A subgroup of 11 patients 
who were not randomized underwent intensive pharmaco-
kinetic (PK) sampling during 12 weeks of GZR with EBR 
therapy. The majority of patients (81%) were CKD stage 5, 
76% were on hemodialysis (those on peritoneal dialysis were 
excluded), and 34% were diabetic. In regard to HCV therapy, 
80% were treatment naive and 20% had been treated with 
interferon and ribavirin. The proportion of cirrhotic patients 
was small (6%). 

The SVR rate in the combined immediate treatment and 
PK groups was compared in a nonrandomized manner to a 
historical control. A total of 6 patients were not included in 
the SVR analysis for reasons other than virological failure; of 
the 116 remaining patients 115 (99%) achieved SVR, but one 
patient with a baseline NS5A RAV relapsed (Table 264.2). 
Given the very high SVR rate, subgroup analysis did not 
reveal any negative outcome predictors.

The randomized safety analysis showed no significant dif-
ference between the immediate and deferred groups in terms 
of serious adverse events (14% and 17%, respectively), which 
were assessed as related to comorbid conditions (cardiovas-
cular disease, diabetes). Four deaths occurred (cardiac arrest, 
aortic aneurysm, pneumonia, unknown cause), and none 
was considered related to study drug. No difference in pro-
gression or worsening of either renal or liver disease between 
the two groups was observed. 

The tolerability and high SVR rates associated with 12 
weeks of GZR with EBR support the use of this combination 
in patients with advanced CKD, including those on hemo-
dialysis. Larger clinical studies and real-world experience 
should determine whether HCV eradication in patients with 
mild to moderate renal dysfunction (CKD Stage 3 and 4) will 
be associated with improvement in renal function and rescue 
from dialysis and renal transplantation.

3e.  Grazoprevir combined with elbasvir for 
12 Weeks in HCV-infected persons who 
inject drugs on opioid agonist therapy

Injecting drug use is the most common route of HCV acqui-
sition, and treatment uptake by people who inject drugs 
(PWID) has historically been low. A novel phase III study 
included 301 patients on opioid-substitution therapy who 
reliably kept their scheduled clinic appointments (Dore et al., 
2015). The majority (90%) were genotype 1, 6% were geno-
type 4, and 3% genotype 6. Of these, 201 were randomized to 
immediate treatment and 100 to deferred treatment. In the 
modified analysis that excluded patients with nonvirological 
failure and included patients who were initially cured but 
subsequently reinfected (n = 5), the SVR rate was 96% in 
patients infected with genotype 1, 100% in patients infected 
with genotype 4, and 60% (3 of 5) in patients infected with 
genotype 6 (Table 264.2). Adherence rates to study drugs 
were high (> 96%) with no more than three missed doses in 
96% of the study population. Ongoing illicit drug use during 
treatment was documented in > 60% of patients but had no 
impact on either adherence or SVR rate. These data support 
the use of GZR–EBR for treatment as prevention (TasP) 
studies aimed at HCV elimination at a population level. A 
total of 5 patients had documented reinfection after SVR, 
which identifies the high transmission risk in a PWID popu-
lation that is likely to benefit from a TasP approach in terms 
of reduced HCV transmission. 

3f.  Grazoprevir combined with elbasvir for 
12 weeks in HCV-infected patients with 
inherited blood disorders

Patients with inherited blood disorders (IBLD)m such as 
sickle cell anemia, β-thalassemia, hemophilia, and von Wille-
brand disease have been at risk of transfusion-transmitted 
HCV infection prior to universal screening of blood products; 
a risk that persists in low-income countries (World Health 
Organisation, 2016). There are limited data regarding the 
safety and efficacy of interferon-free, direct-acting antiviral 
therapy in IBLD patients in whom the use of ribavirin is 
problematic due to drug-induced hemolysis. In the C-EDGE 
IBLD study, 107 patients with IBLD were randomized to GZR 
with EBR for 12 weeks without ribavirin and 52 patients to 
a deferred treatment group. Most patients were genotype 1 
(88%), 24% were cirrhotic, and equal proportions were treat-
ment naïve and treatment experienced. Impor tantly, GZR/
EBR therapy was well tolerated with no difference in adverse 
events, including those related to an IBLD, between the 
immediate and deferred treatment groups.

Overall, SVR12 occurred in 100 patients (94%); all cir-
rhotic and treatment experienced patients achieved SVR 
compared with 91% of noncirrhotics, and 87% of treatment 
naïve patients. This outcome may have been related more to 
viral resistance than to host factors. 
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Baseline NS5A RASs were present in 4 of 47 patients with 
genotype 1a and only one patient achieved SVR (25%) com-
pared to 42 of 43 genotype 1a patients without a baseline 
NS5A RAS. Six patients relapsed; all were treatment naïve and 
noncirrhotic, 4 had genotype 1a, one genotype 1b and one 
genotype 4. Five relapsed patients had NS5A and NS3 RASs 
at baseline and all had NS5A and NS3 RASs at the time of 
relapse. Extension of GZR/EBR treatment to 16 weeks or the 
addition of ribavirin, recognising the potential for more fre-
quent blood transfusion, may be useful strategies to improve 
SVR rates in IBLD patients with baseline NS5A RASs. 

 3g.  Integrated analysis of patients with 
compensated cirrhosis in GZR–EBR 
studies

A recent integrated analysis of patients with compensated 
cirrhosis treated in the phase II and III GZR–EBR program 
included 169 treatment-naive subjects and 233 treatment- 
experienced patients; the majority (93%) were genotype 1. 
Of the treatment-experienced patients, 51% previously had 
no response to peginterferon and ribavirin and 15% failed 
therapy with a first-generation protease inhibitor plus pegin-
terferon and ribavirin (Jacobson et al., 2017). In the treat-
ment-naive patients with cirrhosis, 98% achieved SVR after 
12 weeks of GZR–EBR without ribavirin. In treatment- 
experienced cirrhotic patients, only 89% achieved SVR after 
12 weeks of GZR–EBR without ribavirin. SVR rates in this 
group improved when treatment duration was extended to 
16 or 18 weeks (94%) and/or ribavirin was added (100%). 

3h.  Virological resistance studies

HCV replication is imprecise, with frequent mutations in 
viral offspring leading to a swarm of viral variants (quasi-
species) some of which will have amino acid mutations that 
reduce the antiviral potency of particular antiviral drugs. If 
these RAVs do not impair viral replication or are associated 
with compensatory mutations that restore replication fitness, 
then they may be detectable in patients before commencing 
HCV antiviral drug therapy (baseline RAVs). RAVs may also 
be selected during HCV therapy and become the dominant 
viral population at the time of virological failure (treatment- 
emergent RAVs). The number of individual nucleotide 
changes in the viral genome that are required for resistance 
to occur is called the genetic barrier. This barrier can differ 
between HCV genotypes and even between subtypes; typi-
cally genotype 1a has a lower barrier to resistance than gen-
otype 1b, meaning fewer genetic changes are needed to 
generate a RAV in subtype 1a compared to subtype 1b. 
Detection of RAVs depends on the methodology used; bulk 
population (Sanger) sequencing has a detection limit of 
approximately 20%, whereas more sensitive next-generation 
sequencing (NGS) can detect RAVs that exist at much lower 
frequencies (1%). 

Because of the consistently high replication and turnover 
rate of HCV, RAVs are usually selected within 3–5 days of 
commencing HCV antiretroviral monotherapy (as was dis-
covered early with HIV). Combining different HCV antiviral 
drugs that target different HCV proteins will prevent or delay 
selection of RAVs. Recently, Lahser and colleagues (2016) 
reported that the combination of GZR–EBR acted in an 
additive manner to eliminate highly resistant genotype 1a 
virus in viral replicons that expressed high-level NS3 and 
NS5A RAVs. An integrated analysis of 705 genotype 1 
patients treated with GZR–EBR in the phase II and III stud-
ies (Jacobson, 2015c) examined the role of baseline NS5A 
RAVs on treatment outcome. NS5A RAVs at amino acid 
position 28, 30, 31, or 93 are associated with at least a fivefold 
reduction in susceptibility to EBR in vitro. In the C-EDGE 
treatment-naive and -experienced studies, these EBR RAVs 
were detected in 10–15% of patients with HCV genotype 1a 
and 1b infection and were associated with significant reduc-
tion in SVR rates in genotype 1a patients who received 12 
weeks of GZR–EBR but not in those who received 16 weeks 
of GZR–EBR plus RBV. These RAVs had no impact, however, 
on SVR in patients infected with HCV genotype 1b, regard-
less of treatment duration or ribavirin use. Resistance analy-
sis by population sequencing (20% cutoff) was adequate, 
whereas deep sequencing (at 1% cutoff) detected more RAVS 
without clinical relevance. The recent US trademarked label 
for GZR–EBR (Zepatier) recommends baseline NS5A resis-
tance testing in all patients with genotype 1a. Treatment with 
GZR–EBR for 12 weeks is recommended if no baseline NS5A 
RAVs are identified at amino acid positions 28, 30, 31, or 93; 
if baseline NS5A RAVs are identified, treatment should be 
extended to 16 weeks with the addition of ribavirin. 

In the C-EDGE treatment-naive and -experienced studies, 
NS3 RAVs were detected in 30–50% of patients with HCV 
genotype 1a and 5–15% with genotype 1b infection but had no 
impact on SVR. In protease inhibitor–experienced patients, 
the addition of RBV to a 12-week regimen is recommended 
without regard for the presence of baseline RAVs (US FDA, 
2016). Baseline NS3 RAV testing is therefore not recom-
mended in any patient group before starting GZR–EBR.

4. SUMMARY

The fixed-dose combination of elbasvir plus grazoprevir 
provides an effective and well-tolerated single-tablet 12-week 
regimen that is free of interferon and ribavirin for a broad 
range of patients infected with HCV genotypes 1 and 4. The 
ability to use this combination in patients with compen-
sated cirrhosis, prior treatment experience, HIV co-infection, 
chronic kidney disease, inherited blood disorders and in 
those on opioid substitution therapy will provide important 
knowledge about treatment response in populations that have 
not been widely investigated before in this context. Baseline 
resistance testing is recommended to identify the 10% of 
genotype 1a patients with NS5A RAVs who will benefit from 
longer treatment duration in combination with ribavirin. 
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Drug interactions are limited and predictable, with few pro-
hibited concomitant medications. The optimal treatment 
regimen for genotype 3 remains to be defined but is likely to 
require the addition of a third agent with a different mecha-
nism of action. 
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Amantadine and Rimantadine

John Mills and Suzanne M Crowe

1. DESCRIPTION

Amantadine (1-adamantanamine hydrochloride) is a tricyclic 
amine compound that was first synthesized from its precur-
sor adamantane in 1941. The drug is active against type A 
influenza viruses, but not B or C types, and has been useful 
for seasonal chemoprophylaxis, for outbreak control in insti-
tutionalized populations and as a therapeutic agent against 
infection with all strains of influenza A virus. However, its 
utility in the clinic has diminished drastically since about 
1980 due to many, if not most, strains of influenza A being 
resistant to the drug. 

Amantadine was initially approved in the USA in 1966 for 
prophylaxis only against influenza A/H2N2; it was not until 
10 years later that it was approved for prophylactic and ther-
apeutic use against all influenza A subtypes, decisions that 
were perhaps the fatal blow to the drug’s commercial success. 

A closely related derivative, rimantadine, has a similar 
structure and antiviral spectrum in vitro and in vivo to aman-
tadine (Jefferson et al., 2006a), but it is more active than 
amantadine on a molar basis. Rimantadine was approved for 
use in the USA in 1993. Clinically, rimantadine is equally 
effective as amantadine but it is substantially less toxic; 
however, because there is complete cross-resistance between 
these two drugs, the utility of rimantadine has been greatly 
diminished in concert with the widespread increase in aman-
tadine resistance globally. 

Chemically, amantadine and rimantadine are known as 
“adamantanes.” The chemical name for amantadine hydro-
chloride is 1-adamantanamine hydrochloride and its 
molecular weight is 187.71. Rimantadine hydrochloride is 
alpha-methyltricyclo-[3.3.1.1/3.7]decane-1-methanamine 
hydrochloride, with the empirical formula C12H21N·HCl and 
a molecular weight of 215.8.

Amantadine has been tried for treatment of hepatitis C 
virus infections, but it was found to be inactive (or worse 
than inactive) in clinical trials. 

Amantadine and some other adamantane analogs (e.g. 
memantine), but not rimantadine, are also used for treat-
ment of Parkinson disease, drug-induced extrapyramidal 
symptoms, attention deficit hyperactivity syndrome, post- 

 herpetic neuralgia (Watson, 1989), persistent hiccuping 
(Askenasy et al., 1988) and a range of other neurologic con-
ditions that are not covered here. 

The availability of amantadine and rimantadine was 
uncertain in some geographic areas at the time of this writ-
ing (October 2015), and these two drugs may be difficult 
to  access. Amantadine hydrochloride (as Symmetrel) was 
available in the USA through Novartis Pharmaceuticals 
(Symmetrel Novartis Pharmaceuticals,. October 2014) and 
was available in Australia through Novartis as well (TGA, 
2014). Rimantadine was marketed by Caraco Pharmaceutical 
Laboratories (still manufactured by Forest Laboratories) as 
Flumadine, and it was available in the USA only as a 100-mg 
tablet (US FDA, 2010).

There is no marketed liquid rimantadine formulation; the 
Flumidine package insert (2010) provides instructions for 
compounding an oral suspension from tablets. 

There are no marketed injectable formulations of either 
drug.

All amantadine and rimantadine formulations should be 
stored at room temperature.

The chemical structures of amantadine and rimantadine 
are shown in Figure 265.1.

Figure 265.1. Chemical structures of amantadine hydro-
chloride (a) and rimantadine hydrochloride (b).

NH2•HCl

NH2•HCl

H C CH3

(a) (b)
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2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Amantadine and rimantadine were shown to be active 
against a wide range of viruses (see Table 265.1), but at con-
centrations achievable in humans they are active only against 
infections due to influenza A virus.

INFLUENZA VIRUSES

Amantadine was shown to be active against strains of influ-
enza A virus at low concentrations (< 1 µg/ml), but influenza 
B and C virus isolates are resistant (see section 3, Mechanism 
of drug action). 

Susceptibility of influenza A viruses to amantadine varies 
according to the strain studied, and the in vitro test system 
employed (Oxford, 1975). Hayden et al. (1980a) showed that 
clinical isolates of three strains of influenza A, H1N1, H2N2, 
and H3N2, were susceptible to amantadine, but the highly 
passaged classical strain A/PR/8/34/H1N1 was 15-fold more 
resistant to both amantadine and rimantadine. By plaque 
reduction assays, the 50% inhibitory concentrations (EC50) 
of amantadine and rimantadine for influenza viruses were in 
the range of 0.01 to < 1.0 µg/ml (Hayden et al., 1980a; Browne 
et al., 1983; Hay et al., 1985; Hayden et al., 1989; Sidwell et al., 
1995). Rimantadine is 4- to 8-fold more active than aman-
tadine when tested at low concentrations against influenza 
A/H3N2 in tracheal organ cultures (Burlington et al., 1982). 
This difference has been confirmed by other investigators for 
H1N1 and H3N2 strains of influenza A (Belshe et al., 1989). 
In the past, avian strains of influenza A/H5N2 have also 
been susceptible to amantadine (Webster et al., 1985), but 
the picture at present is very different and is changing rap-
idly, especially with respect to the highly pathogenic H5N1 
avian influenza strains (Hurt et al., 2007; section 2b, Emerg-
ing resistance and cross-resistance).

In experimental mouse infections, prophylactic amanta-
dine, given orally or parenterally, protected against the same 

spectrum of viruses as it did in tissue culture (Cochran et al., 
1965; Wood, 1965). Amantadine therapy did not completely 
prevent the effects of influenza infection in mice; it only 
reduced mortality or increased survival time. Amantadine 
and rimantadine were most effective when a relatively low 
infecting dose of virus were used and when treatment was 
begun at the time of the infection. Delaying rimantadine 
treatment of experimentally infected mice for as little as 
8 hours after infection completely vitiated the drug’s efficacy 
(Herrmann et al., 1989; Herrmann et al., 1990). In a ferret 
tracheal organ culture system, the efficacy of amantadine was 
markedly decreased if it was added after 24 hours after infec-
tion (Burlington et al., 1982).

OTHER VIRUSES

Amantadine has been shown to inhibit replication of a num-
ber of other viruses in cell culture systems, mostly enveloped 
RNA viruses, but almost invariably at substantially higher 
concentrations (10–50 µg/ml) than those required to inhibit 
influenza A (Couch and Howard, 1986). These concentra-
tions are considered to be clinically irrelevant, particularly as 
concentrations of > 10–20 µg/ml are intolerable in humans 
and are cytotoxic in most cell systems when careful studies 
have been performed (F. Hayden, personal communication). 
Further, when the in vitro studies were expanded to experi-
mental infections of rodents, the viruses so studied were 
found to be uniformly resistant to amantadine.

Paramyxoviridae
Amantadine has no appreciable activity against measles virus 
in vitro (Hosoya et al., 1989). Parainfluenza viruses and respi-
ratory syncytial virus may be inhibited in vitro with high 
concentrations of amantadine and rimantadine, although 
there have been conflicting reports (Couch and Howard, 
1986). Amantadine (and presumably rimantadine) had no 
beneficial effects on experimental human parainfluenza type 
I virus infection (Smith et al., 1967). Mumps virus is resistant 
to adamantanes.

Table 265.1. Antiviral activity of amantadine and rimantadine in vitro.

Highly susceptible  
virusesa

Intermediate susceptible 
virusesb Highly resistant viruses

Influenza A (all strains) Influenza C Influenza B

Parainfluenza Measles

Respiratory syncytial Mumps

Rubella Human immunodeficiency

Dengue Polio

Junin Herpes simplex

Lassa Rotavirus

Pichinde

Rabies

aHighly susceptible (half-maximal inhibitory concentration [IC50] ≤ 1 µg/ml).
bIntermediate susceptibility (IC50 = 10–50 µg/ml, concentrations not achievable clinically).
Source: See text.
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Togaviridae
Early studies by Maassab and Cochran (1964) showed high 
concentrations of amantadine could inhibit rubella in vitro. 
Sindbis virus was resistant (Cassell et al., 1984), although 
other investigators reported that Sindbis virus was suscep-
tible to both amantadine and rimantadine (Couch and 
Howard, 1986). There were conflicting reports regarding the 
susceptibility of Semliki Forest virus, with documentation 
of > 90% inhibition by amantadine at high concentration 
(0.5 mM) (Helenius et al., 1982) as well as full resistance 
(Couch and Howard, 1986).

Flaviviridae
Amantadine at concentrations of 50 µg/ml was reported to 
inhibit replication by 90% of all four types of dengue virus 
in tissue culture (Koff et al., 1980), although rimantadine, 
administered within minutes of infection via the intraperito-
neal route, had no effect on survival of mice infected with 
dengue virus type 2 (Koff et al., 1983). 

Amantadine has been used for treatment of hepatitis C 
virus infection in several clinical trials, despite its lack of in 
vitro activity (Palabiyikoglu et al., 2012; Pessôa et al., 2012; 
Abbas et al., 2012), with one study apparently showing some 
efficacy (Angelico et al., 2008). However, most of these studies 
were unsuccessful, and a meta-analysis of 5 studies (includ-
ing 1425 patients) came to the conclusion that adding 
amantadine to the hepatitis C treatment regimen then used 
(pegylated interferon and ribavirin) worsened outcomes 
rather than improving them (Chen et al., 2012). Given the 
recent availability of effective antivirals for treatment of hep-
atitis C virus infection (see relevant chapters) there is no rea-
son to consider amantadine therapy for that condition. 

Retroviridae
Amantadine inhibited murine leukemia virus (McClure et 
al., 1990) but had no activity against HIV (McClure et al., 
1988). It is interesting that if the HIV pore protein, Vpu, was 
replaced with influenza A M2 protein or if key channel resi-
dues in Vpu were mutated to be identical to those in influ-
enza A M2 protein, those HIV mutants became susceptible 
to low concentrations of rimantadine (Hout et al., 2006).

Arenaviridae
For a number of viruses, entry into cells depends on pH, and 
as such they may be inhibited by amantadine at high con-
centrations. This is the likely mechanism of action under-
lying the efficacy of amantadine against several Arenaviridae, 
including Junin (Castilla et al., 1994), Lassa, and Pichinde 
viruses (Glushakova and Lukashevich, 1989).

Picornaviridae
Amantadine did not inhibit the entry of poliovirus into cells 
(Perez and Carrasco, 1993). Moderate in vitro inhibition of 
hepatitis A virus replication by amantadine at a concentra-
tion of > 100 µM was reported (Widell et al., 1986; Superti et 
al., 1987a; Crance et al., 1990).

Rhabdoviridae
High concentrations of amantadine were reported to block 
early events in the replication of several rhabdoviruses (rabies 
virus, infectious hematopoietic necrosis virus, and vesicular 
stomatitis virus) in vitro (Schlegel et al., 1982; Superti et al., 
1985; Fukuhara et al., 1987; Superti et al., 1987b; Hudson 
et al., 1988). However, the intramuscular administration of 
amantadine to mice experimentally infected with rabies had 
no therapeutic effect (Bussereau et al., 1988).

Herpesviridae
Although amantadine itself has no activity against herpes 
simplex virus type 1 (Wittels and Spear, 1991), its derivative 
tromantadine (N-1-adamantyl-N-(2-(dimethylamino)ethoxy) 
acetamide hydrochloride) did inhibit HSV type 1 in vitro 
when used at high concentrations (ranging from 25 to 500 
µg/ml) (Rosenthal et al., 1982; Ickes et al., 1990). There have 
been no clinical studies of tromantadine, and there are many 
other drugs highly effective against HSV (see Chapter 213, 
Aciclovir and valacyclovir; Chapter 215, Ganciclovir and 
Valganciclovir; Chapter 216, Cidofovir and brincidofovir; 
Chapter 217, Brivudine; and Chapter 219, Foscarnet). 

Other viruses
African swine fever virus was susceptible to high concen-
trations of amantadine (Alcami et al., 1989). Amantadine 
has been reported to have activity against simian virus 40 
(SV40) infection of rat or monkey cells (Shimura et al., 
1987). Rift Valley fever virus, a member of Bunyaviridae, is 
resistant to rimantadine (Peters et al., 1986). Amantadine 
had little inhibitory effect on human rotavirus infection in 
vitro (Fukuhara et al., 1987).

OTHER MICROORGANISMS

Amantadine at a concentration of 1 µg/ml increased the pH 
in the phagolysosomes in which Coxiella burnetii replicates 
and, when used in combination with doxycycline, signifi-
cantly reduced the numbers of viable organisms (Raoult et 
al., 1990; Maurin et al., 1992). There have been no clinical 
trials of that combination. Probably also owing to its lyso-
somotropic properties, amantadine has some in vitro activity 
against Plasmodium falciparum; chloroquine-resistant strains 
are most susceptible (Evans and Havlik, 1993). However, 
it was inactive against Pneumocystis jirovecii (Walzer et al., 
1992) and Chlamydia trachomatis (Ward and Murray, 1984). 
The authors were unable to find any clinical studies confirm-
ing these in vitro activities of amantadine. 

2b.  Emerging resistance and 
cross-resistance

There is a very low genetic barrier to adamantane resistance, 
because single mutations in the target viral protein (M2) (see 
section 3. Mechanism of drug action) result in high-level 
resistance of influenza A to both amantadine and rimanta-
dine. As a consequence, resistant variants of influenza A may 
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appear rapidly during treatment or prophylaxis, and there 
is unequivocal evidence that in vitro resistance is a marker 
for in vivo resistance. Currently, circulating influenza viruses 
have a high prevalence of resistance, in animals and humans, 
including strains that do not regularly cause human infec-
tion, such as H5N1. Three publications have reviewed the 
problem of antiviral drug resistance in influenza, in general 
and specifically relating to adamantanes (Hayden, 2006; 
Wein stock and Zuccotti, 2006; Hurt, 2014). There is no 
cross-resistance between adamantanes and neuraminidase 
inhibitors because the mechanisms of action are completely 
different (Govorkova et al., 2004). Despite the deficiencies 
of adamantanes as antivirals, other drugs blocking the M2 
pore have recently been discovered (Wu et al., 2014; Wang et 
al., 2013; Rey-Carrizo et al., 2014). 

IN VITRO AND CLINICAL RESISTANCE

Early phenotypic studies showed that strains of influenza A 
virus quickly developed resistance to amantadine and riman-
tadine in vitro, confirming the fact that the genetic barrier 
to resistance was very low (Cochran et al., 1965; Grunert et 
al., 1965; Oxford et al., 1970; Webster et al., 1985). Resistant 
isolates of influenza A were defined as those that had a 
threshold EC50 of > 1 µg/ml for rimantadine or amantadine 
(Pemberton et al., 1986; Hall et al., 1987; Mast et al., 1991; 
Valette et al., 1993). This resistance threshold was partly arbi-
trary but is relevant to achievable plasma and respiratory 
secretion concentrations of the drugs (Hayden, 1996).

Resistance of influenza A to both amantadine and riman-
tadine have developed during their administration for either 
prophylaxis or therapy of patients (Belshe et al., 1989; 
Degelau et al., 1992; Drinka and Haupt, 2007). Resistance 
may develop within 2 days of commencing therapy (Hay-
den et al., 1991; Houck et al., 1995). Modeling studies by 
Beauchemin et al. (2008) have confirmed that the thera-
peutic and prophylactic efficacy of adamantanes is limited 
primarily by their propensity to rapidly generate resistant 
variants.

Strains of influenza A resistant to amantadine and riman-
tadine have been recovered from about 30% of patients 
receiving treatment and less frequently in those receiving 
prophylaxis (Hayden and Hay, 1992). Shiraishi et al. (2003) 
found amantadine-resistant viruses in 80% of 15 children 
treated with amantadine, and two thirds of the resistant 
strains had more than one M2 mutation. The incidence of 
adamantane-resistant influenza A strains may be equally high 
in immunocompromised individuals treated with amanta-
dine or rimantadine (Englund et al., 1998). These data sug-
gest that children and immunocompromised subjects may be 
particularly susceptible to the development of adamantane- 
resistant influenza strains. Adamantane-resistant (as well as 
neuraminidase inhibitor-resistant) strains of influenza may 
be shed for prolonged periods by immunocompromised 
patients, even after adamantane therapy has been discontin-
ued (Klimov et al., 1995; Boivin et al., 2002; Baz et al., 2006; 
Ruiz-Carrascoso et al., 2010). In a household setting, where 
an index case is treated with amantadine and household 

contacts are given amantadine prophylaxis, prophylaxis 
has failed because of transmission of amantadine-resistant 
strains from the treated index case to the household contacts 
(Hayden and Hay, 1992). 

Adamantane-resistant viruses that emerge during treat-
ment of patients with amantadine or rimantadine appear to 
retain full virulence (Sweet et al., 1991), and that observa-
tion is supported by studies showing that they are fully 
pathogenic in mice (Abed et al., 2005). Further, adamantane- 
resistant strains appear to be genetically stable with no evi-
dence of reversion to wild type, even after six passages in an 
avian model (Bean et al., 1989). When reversion does occur in 
an epidemiologic setting, it appears to be due to reassortment 
events (Furuse et al., 2009). Further, adamantane-resistant 
influenza strains have the same fitness as wild-type virus in 
animal passage experiments and thus can be maintained, 
perhaps indefinitely, without adamantane selection pressure 
(Bean et al., 1989).

Schilling et al. (2004) documented transmission of aman-
tadine-resistant strains of influenza in a 721-bed, 14-ward 
nursing home. Amantadine prophylaxis was administered 
sequentially to all uninfected residents on 9 of 14 wards for 
14–31 days per ward to control an influenza outbreak during 
the 1993–94 influenza season; amantadine treatment was 
simultaneously provided to 29 sick residents. A total of 16 
residents had adamantane susceptibility testing of influenza 
A isolates, and 12 were amantadine resistant; 4 of the 12 
patients had not received any antiviral therapy. Houck et al. 
(1995) also identified resistant strains of influenza A (with a 
consistent S31N mutation in the M2 protein) in nursing 
home residents without exposure to either amantadine or 
rimantadine (Houck et al., 1995). Further evidence sup-
ports transmission of adamantane-resistant influenza strains, 
including from infected humans to uninfected family mem-
bers and other contacts (Belshe et al., 1989; Hayden et al., 
1989; Mast et al., 1991) as well as from infected to uninfected 
chickens (Webster et al., 1985; Beard et al., 1987).

GENETICS AND MECHANISMS OF ADAMANTANE 
RESISTANCE

Genetic characterization of adamantane-resistant isolates has 
shown that they have M2 protein substitutions at 1 or more 
of codons L26F, L/V27A, A30T, S31N, or G34E, and rarely at 
G16E or R77Q (Hay et al., 1985; Hay et al., 1986; Belshe et al., 
1988; Belshe et al., 1989; Hayden et al., 1989; Abed et al., 
2005; Schmidtke et al., 2008), although almost all resistant 
strains carry at least the S31N mutation, frequently as the 
only mutation (Simonsen et al., 2007; Pabbaraju et al., 2008; 
Dong et al., 2015). This mutation exchanges the M2 wild-
type amino acid (serine) that is critical for adamantane bind-
ing, to asparagine (see section 3, Mechanism of drug action). 
Adamantanes stably plug the M2 pore in wild-type virus, 
with its contact with serine and valine side chains in the M2 
pore. Adamantanes binds poorly to the asparagine, resulting 
in movement and changes in orientation in the drug, with the 
adamantane spontaneously moving lower in the central cav-
ity of the M2 channel. In this configuration, water surrounds 
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the drug, easily transporting protons past it. Put simply, ada-
mantanes bind without blocking proton transport in the 
S31N M2 channel, explaining the inability of adamantanes 
to inhibit replication of influenza strains with that mutation 
(Gleed et al., 2015). 

Amantadine-resistant mutations appear to be similar or 
identical in both avian and human strains of group A influ-
enza viruses (Bean et al., 1989), and rimantadine-resistant 
isolates of influenza A are fully cross-resistant to amantadine 
(Hayden et al., 1989; Manchand et al., 1990). Further, aman-
tadine and rimantadine appear to have a similar propensity 
to induce resistance (Hayden et al., 1989).

Adamantane antiviral drugs also cannot bind to the M2 
ion channel of influenza strains with the A30T and S31N 
mutations because the mutant amino acids are larger than the 
wild-type ones at these positions, and their larger size blocks 
binding (Astrahan et al., 2004). If the adamantane drugs are 
unable to bind to the pore channel, they cannot block hydro-
gen ion transport (see section 3, Mechanism of drug action). 

Rare influenza strains have been described in which the 
binding of amantadine to the M2 transmembrane region 
remains unchanged but the M2 ion channel continues to 
function. The mutations mediating this effect were all at 
codon 27 (L/V27A/G/S/T), and the mutant amino acids 
were smaller than the wild-type ones at this position. It was 
hypothesized that the presence of smaller amino acid resi-
dues made the M2 pore larger, allowing ion flow even when 
the adamantane drugs were binding to it, and this hypothesis 
was confirmed by structural studies (Astrahan et al., 2004). 
It is not surprising that, adamantanes induce no changes in 
the influenza M1 protein, which is neither an integral mem-
brane protein nor an ion channel (Galabov et al., 1994). 

DIAGNOSING ADAMANTANE DRUG RESISTANCE 

Although adamantane resistance in influenza virus strains 
was originally assessed by phenotypic assays (Cochran et al., 
1965; Grunert et al., 1965; Oxford et al., 1970; Webster et al., 
1985), at present it is generally diagnosed by molecular tests 
on the M2 gene, such as sequencing after amplification of 
influenza RNA and reverse transcription (Dong et al., 2015) 
or by real-time polymerase chain reaction (PCR) (Suzuki et 
al., 2010). Zhang and collaborators (2013) have devised an 
elegant chip-based oligonucleotide array that can be read 
visually, was as sensitive as reverse transcription PCR, could 
identify hemagglutinin and neuraminidase types, and iden-
tified the common amantadine and oseltamivir mutations 
quickly and easily.

GLOBAL EPIDEMIOLOGY OF ADAMANTANE 
RESISTANCE

Influenza viruses are found all over the globe, spread by 
humans or by waterfowl, swine or other animals. Conse-
quently it is not remarkable that adamantane resistance of 
influenza strains, whether human or animal, has become 
global. The persistence of adamantane resistance without 
ongoing selective pressure from use of these drugs has con-
tributed to its continuing global spread (Bean et al., 1989; 
Furuse et al., 2009). As early as 2006, screening of 209 influ-
enza A (H3N2) viruses isolated from patients in 26 US states 
showed that 92.3% were resistant to adamantanes on the 
basis of M2 mutations. A total of 2 of 8 influenza A(H1N1) 
viruses were also resistant (Bright et al., 2006).

Dong and collaborators (2015) from Beijing obtained 
31,251 M2 genes of essentially all (1–17) HA strains of influ-
enza A viruses, from 1902 to 2013 and from all countries. Of 
the 31,251 genes sequenced, 45% had adamantane-resistant 
M3 genotypes. It is interesting that these genotypes were 
seen almost exclusively in H1 (41% resistant), H3 (44%), and 
H5 (28%) influenza A strains, with fewer in H7 (13%) and 
H9 (23%) and with the others ≤ 2% (there were only 3 speci-
mens of H17, all resistant). The H1- and H3-resistant vari-
ants were seen in both humans and pigs and rarely in avian 
species; although, as is well known, H5, H7 and H9 were 
largely restricted to avians. About 95% of the mutations were 
S31N, with only 1% with V27A and 14% having S31N with 
V27A (Dong et al., 2015). As was noted previously, the prev-
alence of M2 resistant variants was generally quite low from 
1991 to 1995 (Ziegler et al., 1999), while subsequently there 
was a substantial increase in prevalence from 1994 to 2005 
(Bright et al., 2005). Looking at five countries from which 
there were substantial numbers of specimens (China, UK, 
Germany, USA, and Australia), the marked increase in prev-
alence over the 14-year period from before 2000 to 2013, 
especially between 2006–2007 and 2008–2013, is shown in 
Table 265.2 (Dong et al., 2015). 

A study by Durrant and colleagues (2015) clearly shows 
the relentless increase in key M2 mutations over time (Figure 
265.2). The S31N mutation, which mediates complete resis-
tance to amantadine and rimantadine, was not prevalent in 
influenza-infected humans before 2000, but from that date 
it has gone from nearly zero to virtually 100%. This muta-
tion became common (~ 50% prevalence) in swine influenza 
before humans, and it suggests that swine might have been 
the reservoir infecting the human population. A further 
interesting observation is that the V27A mutation (likewise 

Table 265.2. Change in prevalence of M2 adamantane-resistant variants from before 2000 to 2013.

Year range < 2000–2001 2002–2003 2004–2005 2006–2007 2008–2009 2010–2011 2012–2013

Specimen totala 624 103 82 692 3391 1067 660

Resistant variants, %  11   6 43  28   80   86  88

aTotal specimens assessed from China, UK, Germany, USA, and Australia in the interval shown. 
Source: Data from Dong et al. (2015). 
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mediating amantadine resistance) is not common in either 
humans or pigs, but dual mutations are more common in 
that animal (Durrant et al., 2015). 

Because adamantane therapy is not used widely in many 
of the countries where there is a high prevalence of resistant 
strains, it has been hypothesized that the increasing fre-
quency of adamantane resistance globally may be attribut-
able to its interaction with fitness-enhancing mutations at 
other genomic sites rather than to direct drug selection pres-
sure. This hypothesis is supported by data showing that 
adamantane resistance is accompanied by mutations in other 
influenza proteins, defining the so-called N-lineage of influ-
enza, which may improve the fitness of these strains, thereby 
allowing their spread beyond regions where there is selective 
pressure by ongoing use of adamantanes (Simonsen et al., 
2007). Although amantadine resistance is caused by single 
amino acid mutations in the M2 protein, genomewide adjust-
ment involving multiple genes appears to be necessary to 
obtain efficient replication and transmission of resistant 
viruses. Such adjustments are attainable through reassort-
ment of segments among different virus lineages (Zaraket et 
al., 2010). Another factor maintaining these strains is that 

adamantane-resistant strains have the same fitness as wild- 
type virus in animal passage experiments and thus can be 
maintained, perhaps indefinitely, without adamantane selec-
tion pressure (Bean et al., 1989).

SUMMARY OF ADAMANTANE RESISTANCE

Adamantane-resistant strains of human and animal influ-
enza viruses (especially avian strains) are now highly preva-
lent globally. The prevalence is highest among H1N1, H3N2, 
and H5N1 viruses and least among H2 types, probably sim-
ply because H2 types are not circulating at present. Because 
the situation is fluid, and varies with geographic location, the 
reader is advised to seek current epidemiologic data that are 
country specific. 

However, our firm opinion is that it would be highly inad-
visable to rely on adamantane therapy or prophylaxis alone 
for treatment or prevention of influenza A infection, possibly 
aside from H2 type infections for which adamantane resis-
tance remains rare (Dong et al., 2015). The US Centers for 
Disease Control and Prevention do not recommend ada-
mantanes for influenza A because there are “High levels of 
resistance to the adamantanes” (CDC, 2015). 

Figure 265.2. Appearance and increase in M2 protein V27A and S31N mutations over time. The frequency of mutations 
appear relative to the total number of sequences in the subgroup (rows 1 and 2) or the total number of S31N mutants in the 
subgroup (row 3). Columns in the graph are labeled according to the host organism associated with each sequence subset. 
The 95% confidence intervals are indicate the gray ribbon. Years are indicated both on the bottom and the top of the figure. 
(Redrawn with permission from Durrant et al., 2015.)
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2c.  In vitro synergy and antagonism

When amantadine has been combined with antiviral agents 
with a different mechanism of action, effects on influenza A 
replication have usually been additive or synergistic. The 
agents studied include interferon alpha, and neuraminidase 
inhibitors (zanamivir, oseltamivir, and peramivir).

Early studies showed that the combination of interferon 
alpha with amantadine was synergistic against the WSN 
strain of influenza A in cell culture (Lavrov et al., 1968). 
Varying combinations of amantadine or rimantadine and 
human interferon alpha have shown additive to synergistic 
activity against a number of influenza A subtypes (Hayden 
et al., 1980b; Burlington et al., 1983; Hayden et al., 1984; 
Lukacsi et al., 1985). Similarly, combination therapy using 
rimantadine and ribavirin can prolong survival in influenza 
A/H3N2-infected mice (Hayden, 1986). The nucleoside ana-
log 2′-deoxy-2′-fluoroguanosine, and zanamivir both show 
additive in vitro activity with rimantadine against influenza 
A (Hayden et al., 1994; reviewed in Hayden, 1996).

Govorkova et al. (2004) showed that combining amanta-
dine with any neuraminidase inhibitor produced additive 
or synergistic activity against H1N1 and H3N2 subtypes of 
influenza A virus when measured by production of extracel-
lular virus from cultured cells. However, these investigators 
also made the curious (and unexplained) observation that 
these combinations were antagonistic if assessed by produc-
tion of cell-associated virus. Masihi et al. (2007) showed that 
suboptimal doses of amantadine and oseltamivir, when given 
together, also had definite additive and possibly synergistic 
therapeutic effects, both in cell culture and in experimental 
influenza infection of mice. Most interesting, the combination 
appeared to have additive effects even against amantadine- 
resistant strains of influenza. Similarly, rimantadine and 
oseltamivir were synergistic against experimental H3N2 infec-
tion of mice (Galabov et al., 2006). Studies by Ilyushina et al. 
(2006) showed that combination therapy with amantadine 
and oseltamivir was synergistic against influenza A H5N1 
virus infection of mice and, perhaps more important, also 
prevented the development of drug-resistant viral strains.

Recently it has been shown that the combination of aman-
tadine, ribavirin, and oseltamivir is synergistically active 
against influenza virus in vitro, even against strains resis-
tant to one component of the combination and specifically 
resistant to amantadine (Nguyen et al., 2010). A study of that 
combination in mice experimentally infected with influenza 
viruses showed clearly that amantadine added efficacy to the 
ribavirin–oseltamivir combination, even when the infecting 
strain was fully resistant to amantadine (Nguyen et al., 2012). 
A phase I study in healthy volunteers showed that the phar-
macokinetics of the drugs remained unchanged even when 
given in combination (Seo et al., 2013), and mathematical 
modeling also showed that the combination had promise 
(Hoopes et al., 2011), but despite these positive findings, that 
combination has not been pursued by Adamas Pharma-
ceuticals, the entity that owns amantadine for intravenous 
administration. 

3. MECHANISM OF DRUG ACTION

Broadly speaking, adamantanes inhibit the replication of 
influenza A virus by blocking hydrogen ion flow from the 
endosomal fluid through the influenza M2 protein proton 
pore and into the virion, thereby preventing the conforma-
tional change in the HA protein that allows the virus to fuse 
with the endosome membrane and enter the cytoplasm where 
replication can be initiated. This topic has been reviewed in 
detail (Pinto and Lamb, 2007).

The M2 protein is a homotetrameric protein, one of the 
three influenza envelope proteins (the others being the 
hemagglutinin [HA] and the neuraminidase [NA]), which 
are essential for virus replication in cell culture and in vivo 
(Takeda et al., 2002). Although the adamantane antivirals 
may inhibit replication of influenza and other viruses by 
interaction with other targets in the virus life cycle, these are 
not thought to be relevant at clinically achievable concen-
trations of adamantanes (Oxford and Schild, 1967; Kato and 
Eggers, 1969; Hay et al., 1985; Duff and Ashley, 1992; Pinto, 
1992; Duff et al., 1994). Hence understanding the mecha-
nism of action of adamantanes requires an understanding 
of the influenza virus life cycle and the relevance of the M2 
protein in it (Pinto and Lamb, 2007).

The influenza A virus begins cell entry when virion HA 
binds to cell surface sialic (neuraminic) acid residues. This 
step triggers receptor-mediated endocytosis, with the cell 
phagocytosing virus particles forming intracellular phago-
somes containing virions (Matlin, 1982; Marsh and Helenius, 
1989). These processes are not altered by amantadine or 
rimantadine (Couch and Howard, 1986; Richman et al., 1986). 
Similarly, amantadine does not appear to act at this step in 
the replicative cycle of other viruses that are susceptible to 
the drug in higher concentrations (Superti et al., 1985; Perez 
and Carrasco, 1993).

To initiate virion transcription and translation, the repli-
cative complex of the virus (the polymerase and associated 
proteins) must move from the interior of the influenza virion 
in the phagosome to the cell cytosol. For this to occur, the 
viral envelope must fuse with the outer membrane of the 
phagosome in which it is contained through a low pH- 
induced conformational change in the viral HA. It is in this 
process that the M2 protein, which is a hydrogen ion chan-
nel, is critical. Protons enter the channel through a water-
filled cavity that leads into the absolutely conserved tetrad of 
H37 residues that line the pore. A tetrad of His37 residues are 
associated with four W41 side chains (also absolutely con-
served) in a stabilizing interaction that inhibits reverse flow 
of protons out of an acidified virus (Chizhmakov et al., 2003; 
Tang et al., 2002). The H37 tetrad is primed for conduction 
by binding two protons with high affinity (Hu et al., 2006); 
on the protonation of a third H37 at the pH of the acidifying 
endosome, the channel opens. 

The phagosome develops into a lysosome by acidification 
(increasing hydrogen ion concentration) of its luminal con-
tents. As the pH falls below about 6.5 it alters the conforma-
tion of the M2 envelope protein of the virus by an interaction 
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with its ectodomain (Pinto, 1992; Pinto and Lamb, 2007; 
Schnell and Chou, 2008), opening the M2 pore and thereby 
allowing passage of hydrogen ions from the lysosome into 
the virion core. Current evidence suggests that the acid- 
induced changes in the conformation of the tryptophan 
residue at M2 protein position 41 results in the “opening” of 
the pore to water-carrying hydrogen ions (Pinto and Lamb, 
2007; Schnell and Chou, 2008). Hydrogen ions in the lyso-
some then diffuse through the open M2 protein ion channel, 
acidifying the interior of the virion, unpacking the viral 
genome by dissociating the matrix protein from viral nucle-
oproteins, and resulting in the required conformational 
change in the HA, which activates its fusion peptide. Fusion 
of viral and lysosome membranes releases the uncoated 
virion core, which contains the RNA genome, virion poly-
merase, and related proteins, into the cytosol. A histidine 
residue at position 37 in the ion channel blocks passage of 
molecules larger than hydrogen ions (Pinto and Lamb, 2007).

Adamantane molecules, at clinically relevant concentra-
tions, enter the M2 ion channel from the exterior of the virus 
(through the M2 ectodomain), and a single molecule of these 
drugs binds to specific hydrophobic amino acid residues in 
the transmembrane portion of the M2 protein, especially a 
serine at position 31 (Hu et al., 2007a; Cady et al., 2009). 
Because these drugs are hydrophobic, they function almost 
as a “cork” in the M2 pore, blocking passage of water and 
hydrogen ions (Hay et al., 1985; Kendal and Klenk, 1991; 
Holsinger et al., 1994; Wharton et al., 1994; Hu et al., 2007a; 
Hu et al., 2007b; Pinto and Lamb, 2007; Jing et al., 2008; 
Intharathep et al., 2008; Stouffer et al., 2008). All potent M2 
inhibitors, regardless of the amino acid target, all contain 
a positively charged ammonium moiety, which presumably 
serves as a mimic of the conducting hydronium ion that 
forms water-mediated hydrogen bonds with backbone car-
bonyls of M2 (Wang et al., 2013).

Alteration of the conformational flexibility of the histi-
dine residue at position 37 by adamantanes may be the 
mechanism by which they block hydrogen transport (Hu et 
al., 2007b). The structure of the amantadine-M2 complex has 
recently been determined (Cady et al., 2010). There are two 
amantadine binding sites on the M2 protein, one high affin-
ity and the other low affinity; binding to the high-affinity site 
physically occludes the M2 ion channel.

The M2 proteins of influenza A and B have broadly simi-
lar structures (homotetrameric membrane proteins that are 
pH-gated hydrogen ion channels), but their amino acid 
sequences, including those in the channel of the M2 pore, 
share almost no homology. The adamantane-binding amino 
acids in the channel of influenza A M2 proteins are hydro-
phobic, whereas the channel of the influenza B M2 protein is 
lined with polar amino acids that do not bind adamantanes 
(Pinto and Lamb, 2007; Ma et al., 2008). Amantadine is also 
inactive against influenza C; when the influenza C M2 pro-
tein (the target for amantadine in influenza A) was expressed 
in Xenopus laevis oocytes, its ion-channel activity was not 
inhibited by amantadine (Hongo et al., 2004).

Mutations that result in resistance to amantadine and 
rimantadine in influenza A viruses are solely contained in 
hydrophobic regions of the M2 protein (Hay et al., 1986; 
Abed et al., 2005), and the mutations in the influenza A M2 
protein that cause adamantane resistance often convert hydro-
phobic amino acids in the pore channel to polar ones (Pinto 
and Lamb, 2007).

Concentrations of amantadine or rimantadine many times 
those achieved clinically prevent acidification of the endo-
some, thereby blocking virion uncoating (Koff and Knight, 
1979; Bukrinskaya et al., 1980; Bukrinskaya et al., 1982; 
Daniels et al., 1985; Richman et al., 1986). This mechanism 
is not the primary target of the drug (Bron et al., 1993; Pinto 
and Lamb, 2007; Intharathep et al., 2008). Uncoating is the 
likely target of adamantanes for some viruses, such as vesic-
ular stomatitis virus, which are susceptible to the drug at 
concentrations higher than can be achieved safely in humans 
(Superti et al., 1985).

Once in the cytosol, the viral replication complex (RNA 
genome, polymerase, and associated proteins) is transported 
to the nucleus for viral transcription and replication, a pro-
cess not inhibited by amantadine (Kemler et al., 1994). How-
ever, amantadine does appear to have a mechanism of action 
separate to blocking the M2 pore protein. During entry of 
the virus into a new host cell, the virion matrix protein (M1) 
dissociates from the virion ribonucleoprotein (RNP) com-
plex, allowing it to enter the nucleus. In contrast, RNP export 
from the nucleus to the cytoplasm depends on M1 associating 
with newly assembled viral RNPs in the nucleus and escort-
ing them to the cytoplasm through the nuclear pores. Aman-
tadine blocks the early dissociation of M1 from virion 
ribonucleoproteins, thereby preventing import of incoming 
RNPs into the nucleus (Martin and Helenius, 1991). Assem-
bly of newly formed viral nucleoproteins commences in the 
nucleus. Newly synthesized viral proteins are then trans-
ported to the cell surface via the acidic trans-Golgi. The M2 
membrane protein of influenza A facilitates these processes 
by again functioning as an ion channel (Pinto, 1992). Aman-
tadine has been reported to inhibit the release of influenza A 
virions from the surface of cells infected with the Rostock 
(H7N1) strain (Sugrue et al., 1990; Ruigrok et al., 1991). This 
is thought to occur as a result of an M2-mediated conversion 
of the influenza A HA to its low-pH conformation within 
the trans-Golgi compartment (Sugrue et al., 1990; Ciampor 
et al., 1992). The M2 protein regulates pH gradients across 
membranes within the trans-Golgi (Grambas et al., 1992), 
and is itself pH regulated (Pinto, 1992).

No differences in matrix protein M1 have been observed 
in rimantadine-resistant and susceptible strains of influenza 
A (H3N2) (Galabov et al., 1994).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

Note that because of the high frequency of influenza A 
strains resistant to adamantanes, the use of these drugs for 



4. Mode of drug administration and dosage 4531

either prophylaxis or treatment is not recommended as of 
this writing (October 2015). 

4a.  Adults

ORAL ADMINISTRATION

The adamantane antivirals amantadine and rimantadine are 
administered orally. Both are well absorbed from the gastro-
intestinal tract.

The recommended dosage of amantadine for prophylaxis 
or treatment of adults < 65 years of age is 100 mg given twice 
daily, usually at breakfast and lunch (see Table 265.3). How-
ever, in a study of healthy adults aged between 18 and 55 
years, prophylactic efficacy of amantadine was maintained at 
a lower dose of 100 mg/day (Reuman et al., 1989). 

The recommended dose of rimantadine for prophylaxis 
or treatment of adults is 100 mg twice daily for 7 days (US 
FDA, 2010). 

Experience with amantadine and rimantadine suggests 
that, for greatest efficacy, therapy of patients with influenza A 
infection must be commenced within 48 hours of onset of 
symptoms (Mostow, 1987), preferably earlier. It is recom-
mended that therapy with amantadine or rimantadine should 
continue for 24–48 hours after the disappearance of symp-
toms and signs, generally providing 3–5 days of treatment 
(CDC, 1996) although some suggest 7 days of treatment 
(FDA, 2010; Novartis, 2014).

AEROSOL ADMINISTRATION

Small-particle aerosol administration of amantadine has been 
effective for the treatment of experimental influenzal infec-
tion in mice; both amantadine and rimantadine have also been 
administered as a small-particle aerosol to humans (Knight 
et al., 1979; Hayden et al., 1979; Hayden et al.,1980c; Hayden 
et al., 1982; Tominack and Hayden, 1987; Atmar et al., 1990). 
There are no aerosol formulations of adamantane or riman-
tadine, and that mode of treatment cannot be recommended. 

PARENTERAL ADMINISTRATION

An infusion of amantadine sulfate (200 mg/day) has been 
used in the treatment of Parkinson’s disease (Brenner et al., 
1989). There are no parenteral formulations of amantadine 
or rimantadine available for clinical use.

4b.  Newborn infants and children

For children aged 5–9 years old, the amantadine dose is 100 
mg daily; older children (> 10 years old) can be given the 
adult dose of 100 mg twice daily (Novartis , 2014), although 
if a 10- to 13-year old child weighs < 40 kg, a dose of 5 mg/kg 
daily is recommended (Fiore et al., 2011). It is no longer 
possible to give amantadine to children < 5 years old because 
the recommended dosage of amantadine for prophylaxis or 
therapy was 5 mg/kg of the liquid formulation daily and that 
formulation is no longer available. 

The dose of rimantadine for prophylaxis of children is 5 
mg/kg daily, not to exceed 150 mg/day. Rimantadine is not 
available as an oral suspension, which would be necessary for 
dosing smaller children, but directions for preparing a riman-
tadine suspension are in the product information notes (US 
FDA, 2010). Rimantadine is not approved for treatment of 
influenza A in children, although rimantadine syrup (a for-
mulation no longer available) at a dose of 3 mg/kg daily has 
been given to infants aged 1–10 months with apparent safety 
(Nahata and Brady, 1986).

4c.  Pregnant and lactating mothers

Amantadine is contraindicated during pregnancy (US 
FDA category C), and because it is secreted in breast milk, 
it should not be administered to nursing mothers. One 
case  report suggests that amantadine may be teratogenic 
in  humans (Nora et al., 1975). Rimantadine is also FDA 
 category C because there was some evidence of teratogen-
icity  and fetal damage in the preclinical animal studies, 

Table 265.3. Recommended dosage for amantadine and rimantadine treatment and prophylaxis.

Antiviral

Age

1–9 years 10–13 years 14–64 years > 65 years

Amantadinea

 Treatment and prophylaxis 4.4–8.8 mg/kg/day; ≤ 150 mg 

in two divided doses 
100 mg twice dailyb 100 mg twice daily ≤ 100 mg/day

Rimantadinec

 Treatment and prophylaxis 5 mg/kg/day; ≤ 150 mg in 
two divided doses

100 mg twice daily 100 mg twice daily ≤ 100 mg/day

aFor persons with creatinine clearance (estimated glomerular filtration rate [eGFR]) ≤ 50 ml/minute, amantadine should be avoided as the pharmacokinetics are 
uncertain.

bChildren ≥ 10 years of age who weigh < 40 kg should be given amantadine or rimantadine at a dose of 5 mg/kg/day in two divided doses.
cA reduction in dose to 100 mg/day of rimantadine is recommended for persons who have severe hepatic dysfunction or those with creatine clearance ≤ 10 ml/

minute. Other persons with less severe hepatic or renal dysfunction taking > 100 mg/kg/day should be observed closely, and the dosage should be reduced 
or the drug discontinued, if necessary.

Source: Dong et al. (2015) and US FDA (2010).
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admittedly at doses substantially higher than administered 
to humans.

4d.  Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

The dose of amantadine should be reduced in patients whose 
creatinine clearance is < 75 ml/minute, as a result of increased 
serum half-life (Wu et al., 1982; Capparelli et al., 1988; CDC, 
1996). The current dosing regimen is 100 mg once daily 
for creatinine clearances > 36 ml/minute; every other day 
for 26–35 ml/minute, every 3 days for 15–25 ml/minute and 
100 mg once weekly for creatinine clearances < 15 ml/minute 
(Novartis, 2014). The serum half-life of amantadine in 
patients with renal failure has been reported to be prolonged 
for as long as 33 days (Horadam et al., 1981). That study sug-
gested a dosage regimen of amantadine for patients with 
renal failure, which was designed to yield serum concentra-
tions at a steady state of 0.7–1.0 µg/ml. Renal function should 
be closely monitored with dosage adjustments made as nec-
essary, although some recent data suggest that a single creat-
inine measurement up to 1 year before therapy is begun is 
sufficient for short courses of therapy or prophylaxis (Buxton 
et al., 2001).

Rimantadine has not yet been fully evaluated in patients 
with renal dysfunction. Based on limited data, renal clear-
ance of this drug is only reduced in persons with severe renal 
dysfunction, approximately doubling the serum concentra-
tion of rimantadine; hence a reduction in dose to 100 mg/day 
is recommended in persons with a creatinine clearance of 
<  10 ml/minute (CDC, 1996; US FDA, 2010). Negligible 
amounts (2–5%) of amantadine and rimantadine are removed 
by hemodialysis (Horadam et al., 1981; Capparelli et al., 1988).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Amantadine side effects are not increased in patients with 
liver disease. The dose of rimantadine is recommended by 
the manufacturer to be reduced to 100 mg/day in patients 
with severe hepatic dysfunction because the apparent clear-
ance of rimantadine has been reported to be reduced by 50% 
(CDC, 1996; US FDA, 2010). However, in a study of six peo-
ple with moderate chronic liver disease, the pharmacokinet-
ics of rimantadine were not significantly altered (Wills et al., 
1987d); patients with chronic liver disease who received a 
single dose of two 100-mg tablets of rimantadine were found 
to have similar peak serum levels, elimination half-life, area- 
under-the-concentration-time curve (AUC), and renal clear-
ance of rimantadine when compared with healthy controls 
(Wills et al., 1987a).

ELDERLY PATIENTS

Reduced dosages of amantadine are indicated for persons 
aged > 65 years because serum half-life is increased, and 
renal drug clearance is diminished (Aoki and Sitar, 1985). 
For both prophylaxis and treatment of elderly persons aman-
tadine should be given at a dose of 100 mg once daily. This 

dose of amantadine may need to be reduced further in some 
elderly persons (Novartis, 2014; see Table 265.2; see section 
5b, Drug distribution).

For rimantadine, however, a study of 6 young (mean age 
27 years) and 10 elderly (mean age 71.5 years) adults found 
no significant age-related differences in pharmacokinetics 
(Hayden et al., 1985). However, for healthy persons aged > 65 
years, a dose of 100 mg daily is recommended (Fiore et al., 
2011; Novartis, 2014).

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

The pharmacokinetic variables for amantadine and rimanta-
dine are summarized in Table 265.4, and some evidence for 
individual variation is given in Table 265.5. 

Serum levels may be measured by high-performance 
 liquid chromatography (Zhou et al., 1993), by gas chroma-
tography-mass spectrometry (Rubio et al., 1989), by liquid 
chromatography–electrospray ionization mass spectrometry 
(LC-ESI-MS) (Wang et al., 2007), or by simultaneous deri-
vatization and dispersive liquid–liquid microextraction fol-
lowed by gas chromatography–flame ionization detection 
(Farajzadeh et al., 2013). Regular monitoring of serum levels 
in patients is not considered necessary or practical.

5a.  Bioavailability

Given orally, amantadine has a mean relative bioavailability 
reportedly ranging from 55% to 94% (Aoki et al., 1979; Aoki 
and Sitar, 1985; Aoki and Sitar, 1988). The oral bioavailability 
of rimantadine in mice and dogs ranges from 60% to 99% 
(Hoffman et al., 1988), and in healthy adults it is 90–96% 
(Wills et al., 1987b; Wintermeyer and Nahata, 1995). The 
relative bioavailability of rimantadine syrup is also high (96%) 
(Wills et al., 1987b). Absorption of neither drug is affected 
by food or by concurrent medications (e.g. H2-blockers or 
proton pump inhibitors). 

Protein binding of amantadine is < 70% and is unrelated 
to concentration (Liu et al., 1984); rimantadine is 40% bound 
to plasma proteins (US FDA, 2010).

5b.  Drug distribution

ORAL ADMINISTRATION

In healthy adults given oral amantadine, the peak serum 
level is usually reached within 1–4 hours. Blood levels are 
proportional to dose with peak levels (Cmax) of 0.3 µg/ml after 
a dose of 2.5 mg/kg and of 0.6 µg/ml with a dose of 5 mg/kg 
(Hayden et al., 1985). 

Patients with normal renal function who have taken 200 
mg amantadine daily for 4–7 days have steady-state trough 
and 6-hour post-dose serum concentrations of 0.2 and 0.9 
µg/ml, respectively (Pacifici et al., 1976). Hayden et al. 
(1983) administered amantadine to healthy adult volunteers; 
4 hours after an oral dose of 100 mg, the mean serum level 
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Table 265.4a. Pharmacokinetic variables of rimantadine and amantadine.

Amantadine Rimantadine

Young Elderly Young Elderly

Relative oral bioavailability (%)  69–93  53–100  75–93 N/A

Vd (l/kg at 200 mg/day)   6.1 ± 2.1   3.8 ± 1.1  18.4 ± 9.6  11.5 ± 2.9

Plasma protein binding (%)  67 N/A  40 N/A

Clearance (ml/min/kg)

Plasma or total   5.0 ± 2.1   2.0 ± 0.9   6.1 ± 1.9   4.7 ± 2.0

Renal   6.4 ± 3.7   2.0 ± 1.1   1.2 ± 0.4 N/A

Nonrenal   0   0   6.4 ± 1.4 N/A

Plasma t½ (hours)  14.8 ± 6.2  26.1 ± 9.7  29.1 ± 9.7  36.5 ± 14.5

Therapeutic range (ng/ml)

Cmax

200 mg/day 475 ± 110 — 416 ± 108 447 ± 108

100 mg/day — 362 ± 158 — —

Ctrough

200 mg/day 302 ± 80 — 300 ± 75 310 ± 87

100 mg/day — 301 ± 75 — —

Abbreviations: N/A: not available; Vd: volume of distribution; t½: half-life; Cmax: maximum concentration; Ctrough: trough concentration.
Source: Reproduced with permission from Hayden and Aoki (2002), table 6.

Table 265.4b. Pharmacokinetics of single 100-mg doses of amantadine given orally to healthy volunteers.

Variable

Median (range) of indicated variable

Cmax (ng/ml) tmax
 (hours)

Oral clearance 
(l/hour)

Volume of 
distribution (l) t½ (hours)

AUC0–∞  
(ng∙h/ml)

361 (286–482) 1.5 (0.5–4.0) 19.4 (13.3–37.7) 265 (181–439)  8.9 (6.2–23) 5060

Abbreviations: Cmax: maximum concentration; tmax: time to maximum concentration; t½: half-life; AUC: area-under-the-concentration-time curve.
Source: Data from Seo et al. (2013).

Table 265.5. Single-dose pharmacokinetics of amantadine and rimantadine in healthy young adults.

Drug
Subject 

no.
Lag 

(hours)
tab 

(hours)
talpha 

(hours)
tbeta 

(hours)
Cl 

(μg/ml) Vc (l) Vdss (l)
AUC 

(ng∙h/ml)
Cmax 

(μg/ml)
tmax 

(hours)

Amantadine 1 0.6 1.3 0.5 8.5 0.57 191 393 5.8 0.38 3.2

2 0.4 0.4 0.2 14.6 0.44 194 538 7.6 0.40 1.2

3 0.4 0.7 0.2 10.9 0.31 217 289 10.8 0.58 3.0

4 0.7 0.2 0.3 25.4 0.21 401 461 15.9 0.43 1.6

5 0.1 0.2 1.0 10.9 0.31 233 285 10.7 0.74 1.0

6 0.4 1.1 1.2 15.8 0.33 173 399 10.0 0.56 2.6

Mean 0.4 0.6 0.6 14.4 0.36 235 394 10.2 0.51 2.1

s.d. 0.2 0.5 0.4 6.0 0.13 84 98 3.4 0.14 1.0

Rimantadine 1 0.3 2.1 7.3 64.0 0.18 383 812 18.6 0.32 5.8

2 0.8 0.5 0.7 30.4 0.33 312 829 10.2 0.34 2.0

3 0.0 1.8 0.4 32.2 0.36 375 984 9.3 0.17 6.6

4 0.9 0.3 7.1 50.7 0.45 784 1550 7.4 0.23 2.4

5 0.8 1.2 1.2 21.7 0.47 492 836 7.2 0.22 4.0

6 0.9 1.9 0.4 20.2 0.53 352 901 6.2 0.17 6.6

Mean 0.6 1.3 2.9 36.5 0.39 450 986 9.8 0.24 4.6

s.d. 0.4 0.8 3.4 17.3 0.13 174 284 4.5 0.07 2.1

p value 0.64 0.09 0.13 0.01 0.74 0.02 0.001 0.88 0.002 0.02

Abbreviations: Lag: absorption lag; tab: absorption half-life; talpha: distribution half-life; tbeta: elimination half-life; Cl: total body clearance; Vc: central volume of 
distribution; Vdss: steady state volume of distribution; AUC: area-under-the-concentration-time curve; Cmax: maximum concentration; tmax: time to maximum 
concentration.

Source: Reprinted with permission from Hayden et al. (1985).
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was 0.3 µg/ml, and when the drug was continued at 100 mg 
twice daily, the mean value 4 hours after the ninth dose was 
0.7 µg/ml, suggesting minimal drug accumulation with time. 
The corresponding value 4 hours after a single 200-mg dose 
was 0.6 µg/ml, and when the drug was continued using doses 
of 200 or 100 mg, both given twice daily, the serum level 4 
hours after the ninth dose was 1.4 µg/ml.

Rimantadine takes longer to achieve maximum plasma 
concentration than amantadine, generally peaking 2–6 hours 
after oral absorption (Wills et al., 1987b; Wills et al., 1987c; 
Chladek et al., 2001). Hayden et al. (1983) studied serum lev-
els after oral rimantadine was given to healthy adult volun-
teers; the mean serum concentration 4 hours after a dose of 
100 mg was 0.14 µg/ml, and when the drug was continued in 
this dose twice daily, the value 4 hours after the ninth dose 
was 0.4 µg/ml. The corresponding value after a single 200-mg 
dose was 0.3 µg/ml, and, when the drug was continued in 
two daily doses of 200 and 100 mg, the level 4 hours after the 
ninth dose was 0.9 µg/ml. After multiple doses of 100 mg 
twice daily given to healthy young adults, steady-state peak 
and trough concentrations of rimantadine in plasma are in 
the range of 0.4–0.5 µg/ml and 0.2–0.4 µg/ml, respectively 
(Wills et al., 1987d).

The normal serum half-life of amantadine has been vari-
ously reported to range from 7 to 24 hours (mean 12–16 
hours) (Aoki et al., 1979; Soung et al., 1980; Horadam et al., 
1981; Hayden et al., 1985). The half-life of rimantadine is 
considerably longer, ranging from 25 to > 36 hours in adults 
and children (Hayden et al., 1985; Anderson et al., 1987; 
Tominack et al., 1988).

In children with an average age of 38 months, amantadine 
given at 5 mg/kg/day resulted in mean serum concentration 
of 0.16 µg/ml (range 0.07 to 0.45 µg/ml) (Kimura et al., 
2000). In hospitalized infants 1–10 months of age receiving 
oral rimantadine at 3 mg/kg/day, steady-state rimantadine 
Cmax ranged from 0.1 to 0.6 µg/ml; peak concentrations were 
obtained 2.5–6 hours after the dose (Nahata and Brady, 
1986). In another study of infants receiving 3 mg/kg daily, 
the steady-state plasma concentrations of rimantadine ranged 
from 0.1 to 2.6 µg/ml (Wintermeyer and Nahata, 1995). In 
children aged 5–8 years, the mean serum half-life of riman-
tadine was 25 hours (Anderson et al., 1987).

There may be difficulties in interpreting data from riman-
tadine and amantadine pharmacokinetic studies in the 
elderly because some were performed in ambulatory, gen-
erally healthy individuals who are not necessarily predictive 
of findings in infirm nursing home residents (F. Hayden, per-
sonal communication). Hayden et al. (1985) gave 200-mg 
single oral doses of amantadine after overnight fasting to six 
young and six elderly adults; the latter had a lower mean 
creatinine clearance. Peak serum levels occurred at about 2 
hours in both groups, and the elimination half-lives (mean 
14.4 and 19.0 hours for young and elderly groups, respec-
tively) were not significantly different. However, peak serum 
levels in the elderly were 1.5-fold higher (0.8 vs. 0.5 µg/ml) 
and the AUC was 1.7-fold greater. Mean (plus or minus stan-
dard deviation) trough serum levels obtained from residents 

in a nursing home who received amantadine prophylaxis 
(100 mg/day) for 35 days were 309 ± 167 ng/ml (Arden et 
al., 1988), similar to levels in healthy young adults receiving 
200 mg/day (Hayden et al., 1983; Aoki et al., 1985). In 
another study, the same dose of amantadine in a population 
whose mean age was 87 years resulted in median (range) 
serum levels of 591 ng/ml (128–5810 ng/ml), suggesting that 
this dose may still be too high in some nursing home resi-
dents (Degelau et al., 1990). However, a dose of 50 mg/day of 
amantadine administered to elderly nursing home residents 
(mean age 85 years) failed to achieve adequate mean target 
steady-state trough serum levels, defined in a previous study 
as 0.3 µg/ml (Aoki et al., 1985; Aoki and Sitar, 1985; Somani 
et al., 1991).

Prolonged administration of rimantadine in a dose of 200 
mg/day to elderly residents of nursing homes resulted in a 
mean serum level of 1.2 µg/ml, two- to threefold higher than 
in young adults (Patriarca et al., 1984). However, in a study 
of persons older than 60 years who received a single 200-mg 
dose of rimantadine, Hayden and colleagues (1985) found 
the peak serum concentration to be 0.25 µg/ml, and the peak 
elimination half-life was doubled when compared with that 
of amantadine (36.5 vs. 16.7 hours, respectively). In contrast 
to the findings with amantadine, there are no differences in 
rimantadine pharmacokinetics in these two age groups. In a 
third study, the mean peak concentrations of rimantadine in 
plasma of healthy adults aged 50–60 years, 61–70 years, and 
71–79 years, treated with 200 mg/day for 9.5 days, were sim-
ilar: 0.4, 0.4, and 0.5 µg/ml, respectively. The peak elimination 
half-life was also similar in the three groups, again suggest-
ing no major difference in pharmacokinetics of rimantadine 
in this population (Tominack et al., 1988).

AEROSOL ADMINISTRATION

After aerosol administration of amantadine, only low con-
centrations are attained in serum, but high levels are reached 
in nasal washings. By 1 hour after a 30-minute aerosol admin-
istration (1 g/100 ml), levels of the drug in nasal wash sam-
ples were 1.7–108 µg/ml (mean 30.3), and the peak serum 
level 2–3 hours after the aerosol was 0.02 µg/ml (Hayden et 
al., 1979). Later studies confirmed that aerosol administra-
tion of amantadine in the same dosage produces concentra-
tions of > 20 µg/ml in respiratory secretions (Hayden et al., 
1980c). Nasal wash levels are much higher than those obtained 
with oral amantadine; these were 0.02–0.2 µg/ml after an oral 
dose of 200 mg daily (Smith et al., 1967). Aerosol administra-
tion of rimantadine results in mean peak plasma levels that 
are about 10-fold less than those achieved after oral admin-
istration of 200 mg (0.03 and 0.25 µg/ml, respectively) with 
nasal wash levels that are approximately 100-fold higher (6.6 
and 0.07 µg/ml, respectively) (Atmar et al., 1990).

INTRAVENOUS ADMINISTRATION

Intravenous infusions of amantadine sulphate (200 mg/day) 
in patients with Parkinson disease have been reported to 
produce serum concentrations during the infusion of between 
0.5 and 1 µg/ml (Brenner et al., 1989).
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DISTRIBUTION IN THE BODY

The apparent volume of distribution of amantadine and 
rimantadine is large; the volume of distribution for rimanta-
dine is about 2.5-fold larger than that of amantadine (Soung 
et al., 1980; Hayden et al., 1985). In a study of healthy young 
adults, the volume of distribution was significantly higher 
in smokers than in nonsmokers (Wong et al., 1995). A high 
degree of tissue binding explains their low serum levels and 
the small amounts of drug removed by hemodialysis. In an 
experimental model, approximately two thirds of amanta-
dine added to plasma samples becomes protein bound (Liu 
et al., 1984). A study of intraperitoneal, 99mTc-labeled aman-
tadine in rats showed the highest uptake in ovary, spleen, 
thyroid, muscle, and gastrointestinal tissues (Oliveira et al., 
2002). Therapeutic concentrations of amantadine were found 
in the cerebrospinal fluid of a treated child with influenza A 
encephalitis (Geskey and Thomas, 2004).

Hayden et al. (1985) estimated concentrations of amanta-
dine and rimantadine in nasal mucus after 200-mg single 
oral doses of each drug. Nasal mucus levels of the drug rose 
over 8 hours, despite a decline in plasma concentration. The 
maximum concentrations of rimantadine and amantadine 
in nasal secretions were found to be similar (mean of 0.42 
and 0.45 μg/g, respectively). However, the mucus/plasma 
ratio of drug was 1.75 for rimantadine and 0.95 for amanta-
dine, suggesting that rimantadine may be concentrated within 
respiratory secretions.

In the rat model, between 26% and 88% of amantadine 
and rimantadine is transported across the blood–brain bar-
rier (Spector, 1988). In mice with experimental influenza A 
encephalitis, intraperitoneal amantadine resulted in thera-
peutic levels in the brain (Mori et al., 2002). In humans, 
amantadine concentrations in the cerebrospinal fluid (CSF) 
are about 60% of those in the serum.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

There are few data correlating the pharmacokinetic and 
phar macodynamic features of amantadine with clinical effi-
cacy, other than the fact that detectable drug levels in plasma 
appeared to be necessary for efficacy.

5d.  Excretion

Amantadine does not undergo metabolic conversion in vivo 
and is eliminated intact almost entirely by renal clearance 
(both glomerular filtration and tubular secretion) (Aoki and 
Sitar, 1988). A unique bicarbonate-dependent organic cation 
transporter appears to mediate uptake of amantadine into 
renal tubular cells (Goralski et al., 2006). After a single oral 
dose, an average of 86% of the drug is excreted in the urine 
within 4 days (average urinary excretion within 24 hours is 
56%) (Bleidner et al., 1965). After a single 200-mg dose, the 
proportion of this dose recovered from the urine in the first 
24 hours as the parent drug was 51.7% for young adults and 

39.7% for elderly adults (Hayden et al., 1985). Amantadine 
is not efficiently removed from plasma during hemodialysis, 
and supplemental doses are thus not usually given.

In contrast to amantadine, rimantadine is not signifi-
cantly excreted by the kidneys and is instead extensively 
metabolized in the liver to produce ortho-, para-, and meta- 
hydroxylated metabolites. After a single 200-mg dose of 
rimantadine, the proportion of this dose recovered from 
the urine in the first 24 hours as the parent drug is < 1%, 
reportedly being 0.8% for young adults and 0.5% for elderly 
subjects (Hayden et al., 1985). Subsequent studies using 
improved methodology suggest that up to 16% of rimanta-
dine is excreted unchanged in urine (Capparelli et al., 1988). 
The total urinary recovery of rimantadine and its hydroxyl-
ated metabolites was found to be approximately 18% in young 
adults and 20% in elderly subjects (Hayden et al., 1985).

In patients with reduced creatinine clearance, the plasma 
half-life of amantadine has been reported to range from 27 
to 144 hours, correlating with serum creatinine levels (Wu 
et al., 1982). Renal amantadine clearance is also reduced in 
patients with diminished creatinine clearance (Wu et al., 
1982). The plasma half-life of rimantadine in patients with 
end-stage renal failure who received two 100-mg doses was 
43.6 hours, significantly longer than that of age-matched 
healthy subjects (27.5 hours).

5e.  Drug interactions

A number of drug interactions have been reported with aman -
tadine. The most clinically relevant are those with drugs that 
themselves have central nervous system (CNS) adverse reac-
tions, because concomitant therapy with adamantanes almost 
always increases them. For example, concomitant administra-
tion of antihistamines seems to enhance some amantadine 
CNS side effects (Millet et al., 1982). Co-therapy with aman-
tadine and anticholinergics in elderly patients may result in 
visual hallucinations and delirium. Drugs that have a stimu-
lant effect on the CNS (e.g. Dexedrine) should not be taken 
with amantadine; case reports reinforce this dictum (Stroe et 
al., 1995; Taiminen and Jaaskelainen, 2001). Acute mental 
confusion has occurred when co-trimoxazole was given to 
patients receiving amantadine, owing to reduced renal tubu-
lar secretion of amantadine (Speeg et al., 1989; Guay, 1994).

Co-administration of quinine or quinidine with aman-
tadine has been shown to reduce the renal clearance of 
amantadine by about 30% (Gaudry et al., 1993), whereas 
acidification of urine appears to increase excretion of aman-
tadine. There is no interaction between ethanol and amanta-
dine in humans (Alkana et al., 1982). However, nicotine (at 
concentrations found in the plasma of chronic smokers) has 
been reported to interfere with the proximal tubular trans-
port of amantadine in the kidneys (Wong et al., 1992). Cime-
tidine, when given simultaneously with rimantadine, has no 
clinically significant interaction (Holazo et al., 1989); pre-
sumably that may be true for proton-pump inhibitors. The 
renal clearance of amantadine was significantly inhibited by 
quinine and quinidine, but curiously only in male patients 
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(Gaudry et al., 1993). No alteration in the recommended 
dose of amantadine is required in patients given concurrent 
acetaminophen (Aoki and Sitar, 1992). There is a reported 
interaction between amantadine and one of the components 
of the diuretic Dyazide(hydrochlorothiazide and triamterene), 
resulting in reduced renal clearance of amantadine (Wilson 
and Rajput, 1983). In cell culture, amantadine significantly 
slows the excretion of digoxin (Griffiths et al., 1983). Seo and 
colleagues (2013) administered amantadine concurrently with 
oseltamivir and ribavirin; there are no alterations in amanta-
dine pharmacokinetics with the combination. Similarly there 
were no changes in amantadine pharmacokinetics when 
given only with oseltamivir (Morrison et al., 2007).

There have been no reports of clinically significant drug 
interactions with rimantadine. Cimetidine seems to reduce 
rimantadine clearance by 18% (Holazo et al., 1989); it would 
seem likely that proton-pump inhibitors would have a simi-
lar or even larger effect.

6. ADVERSE REACTIONS AND TOXICITY

Two extensive meta-analyses of studies evaluating amanta-
dine and rimantadine use in adults and children concluded 
that neither amantadine nor rimantadine given in standard 
therapeutic courses of ~ 5 days caused more adverse symp-
toms than placebo (Jefferson et al., 2006a; Galvão et al., 
2014). On the other hand, during longer periods of adminis-
tration, as for seasonal prophylaxis for up to 6 weeks, both 
agents cause more adverse reactions than placebo, especially 
at higher doses. During prophylaxis, amantadine causes 
statistically significantly more gastrointestinal (GI) and 
CNS adverse effects than placebo. Rimantadine causes more 
adverse GI symptoms than placebo.

6a.  Amantadine

NEUROTOXICITY

The most commonly encountered side effects of amantadine 
are CNS symptoms such as nervousness, difficulty in con-
centration, confusion, insomnia, light-headedness, dizziness, 
tremor, slurred speech, ataxia, drowsiness, depression, hallu-
cinations, and headache; these symptoms are reported by up 
to 11–33% of young adults who take amantadine at a dose of 
100 mg twice daily (Bryson et al., 1980; Hayden et al., 1981; 
Snoey and Bessen, 1990). In contrast, in some clinical trials 
using amantadine for prophylaxis or in volunteer studies, at 
a dose of 200 mg daily, the frequency of side effects has been 
in the order of 7–10% (Couch and Jackson, 1976; Delker et 
al., 1980). Psychiatric syndromes rarely associated with aman-
tadine include frank psychosis (Smith, 2008), mania (Rego 
and Giller, 1989), and a single case of pathologic jealousy 
(Othello syndrome) in a patient receiving amantadine that 
was ascribed to the drug (McNamara and Durso, 1991). In 
addition, two cases of peripheral neuropathy attributed to 
amantadine have been reported (Shulman et al., 1999; 
Swerdloff and Tarras, 2000).

Grand mal seizures are an unusual manifestation of 
amantadine toxicity, but may be seen occasionally at the 
usual dose employed for prophylaxis (Rego and Giller, 1989) 
or perhaps more commonly at higher doses (Ohta et al., 
2000). Status epilepticus was reported in a child with an 
amantadine overdose (Claudet and Marechal, 2009). Because 
increases in seizures have also been reported in patients with 
a past history of seizures who take amantadine (Atkinson et 
al., 1986), such persons should be monitored closely during 
amantadine therapy (CDC, 1996).

A placebo-controlled study of 476 healthy adults aged 
18–55 years found that side effects were similar in those 
receiving prophylaxis with 100 mg/day amantadine and 
placebo, but were significantly higher in the group receiving 
200 mg/day (Reuman et al., 1989). During a trial of amanta-
dine prophylaxis or influenza A virus infection in young 
adults, in which the drug was given at 200 mg daily, Bryson 
et al. (1980) found that side effects (dizziness, nervousness, 
and insomnia) occurred in 33% of those receiving the drug 
compared with 10% of those receiving placebo; the amanta-
dine-treated group also had decreased performance in tasks 
requiring sustained attention.

In a larger controlled study in healthy adults, Hayden et 
al. (1981) suggested that amantadine was well tolerated at a 
dose of 200 mg daily, but CNS symptoms were more frequent 
with a daily dose of 300 mg; nervousness, difficulty in concen-
tration, light-headedness, and insomnia were the most com-
mon side effects. Amantadine had no effects on psychomotor 
function at a dosage of 200 mg daily, but the performance of 
tasks requiring sustained attention was decreased with a dose 
of 300 mg daily (Hayden et al., 1981; Millet et al., 1982).

A study by Keyser et al. (2000) highlighted the difference 
between amantadine and rimantadine with respect to adverse 
reactions, especially neurologic reactions in the elderly. 
These investigators conducted a controlled trial comparing 
the side effects of amantadine and rimantadine in 156 nurs-
ing home patients who were given the drugs sequentially for 
prophylaxis (effectively a cross-over trial) during an influenza 
epidemic. When the patients were receiving amantadine, 
18.6% experienced adverse reactions (largely neurological), 
whereas only 1.6% had side effects while receiving rimanta-
dine. The adverse reactions were sufficiently severe to require 
discontinuation of therapy in 17.3% and 1.9%, respectively. 
The most common side effect was confusion (about half of all 
adverse reactions), with hallucinations and agitation (about a 
quarter each) being second in frequency. Multivariate logis-
tic regression analysis showed that the only major risk fac-
tors for (CNS) adverse events were receiving amantadine 
(odds ratio [OD]: 12.73), male sex (OD: 3.65), and reduced 
calculated creatinine clearance (OD: 1.78). It is interesting 
that amantadine-induced CNS reactions were not associated 
with other CNS conditions, such as dementia or mental retar-
dation. Stephenson and Nicholson (2001) also noted that 
amantadine was associated with (or caused) more CNS 
adverse reactions than rimantadine.

Similar frequencies of adverse neurologic reactions expe-
rienced by patients taking amantadine were reported by 
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McGeer et al. (2004). They studied 287 adults residing in a 
long-term care facility for adults with developmental delay 
who were receiving influenza prophylaxis with either aman-
tadine or oseltamivir. Only 5% of the subjects were over 65 
years but about one quarter of them had underlying chronic 
disease of various sorts, and this fact was reflected in a high 
frequency of postinfluenza complications despite prophylaxis 
(13% developed pneumonia and 10% needed to be hospital-
ized). A quarter (25%) of the residents receiving amantadine 
prophylaxis experienced one or more neurologic side effects, 
as compared with 2.7% receiving no medication and 4.5% 
receiving oseltamivir (p < 0.001). Approximately 16% of 
residents receiving amantadine discontinued prophylaxis as 
compared with none of those receiving oseltamivir. Like-
wise, a comprehensive Cochrane review of all clinical trials 
with amantadine and rimantadine showed that rimantadine 
caused fewer adverse reactions, especially CNS effects, than 
amantadine (Jefferson et al., 2006a).

Central nervous system side effects with amantadine 
occur more frequently in patients with renal failure, in whom 
the drug accumulates (Nakata et al., 2006). These effects may 
be more likely with serum concentrations of 1.5–2.0 µg/ml or 
higher (Ing et al., 1980; Soung et al., 1980; Arden et al., 1988; 
Degelau et al., 1990; Strong et al., 1991). Amantadine-
induced coma has been reported in a patient with renal fail-
ure (Macchio et al., 1993), and intoxication resulting from 
renal failure and excessive amantadine plasma concentrations 
reportedly contributed to an unexpected death (Hartshorne 
et al., 1995).

Amantadine should therefore be used with care in elderly 
patients (Strange et al., 1991) and those with a history of sei-
zures or psychosis (Atkinson et al., 1986; Nestelbaum et al., 
1986).

GASTROINTESTINAL SIDE EFFECTS

Symptoms of anorexia, nausea, and vomiting may occur 
during therapy with amantadine. All these side effects usu-
ally develop within the first 24 hours, plateau on the second 
day, and may then resolve despite continued treatment 
(Hayden et al., 1981).

OTHER ADVERSE REACTIONS

Uncommon side effects of amantadine are skin rashes, pos-
tural hypotension, leukopenia, corneal abnormalities, and 
cardiac toxicity associated with hypokalemia (Van den Berg 
and Van Ketel 1983; Schwarz et al., 2008). 

Anticholinergic effects may complicate amantadine ther-
apy, such as transient blurring of vision, mouth dryness, and 
palpitations, and the drug should be used with caution in 
patients with glaucoma or prostatic enlargement. Progressive 
muscular weakness ultimately requiring ventilatory support 
has been reported in a woman who received 200 mg/day of 
amantadine for 3 days (Miller and Miller, 1994). 

Corneal lesions, including superficial punctuate keratitis, 
corneal abrasions, and bilateral corneal edema have been 
reported in association with amantadine therapy, although 
they appear to be restricted primarily to patients taking the 

drug long-term for neurologic illnesses such as Parkinson 
disease (Blanchard 1990; Fraunfelder et al., 1990; Gaudry et 
al., 1993; Jeng et al., 2008; Yang et al., 2015). These condi-
tions, especially corneal edema, have been shown to resolve 
on cessation of therapy (Chang et al., 2008; Deogaonkar et 
al., 2011). One case of temporary diminution of visual acuity 
associated with amantadine therapy was reported (Pearlman 
et al., 1977). 

There have been a few case reports of heart failure due to 
amantadine (Vale and Maclean, 1977), and two cases of fatal 
cardiotoxicity after massive overdoses (Schwarz et al., 2008). 
Ventricular arrhythmias have been reported, one in a patient 
with an amantadine overdose (Sartori et al., 1984; Pimentel 
and Hughes, 1991). A 64-year-old man with end-stage renal 
disease was mistakenly given the standard dose of aman-
tadine (300 mg/day); his plasma amantadine concentration 
reached 62 ng/ml (normal ≤ 7–10 ng/ml), and he devel-
oped amantadine-related neurotoxicity followed shortly by 
fatal respiratory failure and pulmonary edema (Cattoni and 
Prakeh, 2014).

Prolonged use of amantadine over periods of months, as 
in the treatment of Parkinson disease, may be associated 
with the development of livedo reticularis and peripheral 
edema; both resolve on cessation of the drug (Hayes et al., 
2006; Xu et al., 2011; Criado et al., 2016). A child being given 
long-term amantadine therapy for attention deficit hyperac-
tivity disorder developed livedo reticularis, which resolved 
when the dose was reduced (Barrera and Browning, 2012). 
One reported case of livedo reticularis was associated with 
erythrocytosis (Alves Galvão et al., 2014).

A woman treated with amantadine during the first tri-
mester of pregnancy gave birth to an infant at 29 weeks with 
tetralogy of Fallot and tibial hemimelia; the relationship 
between the development of these abnormalities and aman-
tadine administration has not been proven (Pandit et al., 
1994). Amantadine has been reported to inhibit lymphocyte 
proliferation in vitro (Clark et al., 1991) but no clinically 
significant immunosuppression has been reported. Hypo-
natremia has been reported in a patient who was taking 
amantadine and l-dopa (Lammers and Roos, 1993).

Aerosol amantadine therapy has usually been well toler-
ated when a solution of 1.0 g/100 ml is used; with solutions 
of 1.5 or 2.5 g/100 ml, during and up to 1 hour after aerosol 
exposures, nasal irritation, rhinorrhea, or dysgeusia may occur 
(Hayden et al., 1979). A trial of amantadine aerosol (1 g/100 
ml) in naturally occurring influenza produced a greater fre-
quency of rhinorrhea and nasal irritation than placebo aero-
sol (Hayden et al., 1980c).

6b.  Rimantadine

The side effects of rimantadine are qualitatively the same as 
those observed with amantadine, but the relative frequency 
with each drug differs dramatically. Rimantadine appears to 
cause markedly fewer CNS reactions than amantadine, but 
has a similar frequency of GI symptoms (Hayden et al., 1981; 
Dolin et al., 1982; Guay, 1994; Keyser et al., 2000). The study 
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of Keyser et al. (2000) directly compared the adverse reac-
tions experienced with amantadine and rimantadine (dis-
cussed earlier).

Both amantadine and rimantadine were well tolerated 
when given in a daily dose of 200 mg (Hayden et al., 1981; 
Millet et al., 1982). For a dose of 300 mg/day, Hayden et 
al (1981) found that there were more CNS side effects with 
amantadine than with rimantadine; amantadine recipients 
did not perform tests requiring sustained attention and 
problem solving as well as volunteers receiving rimantadine. 
Further pharmacokinetic studies by Hayden et al. (1983) 
provided an explanation for this difference. When daily 
doses of 200 or 300 mg are given to healthy adults, rimanta-
dine produces lower serum levels than amantadine. There 
was a poor correlation between the serum concentrations 
of either drug and the occurrence of side effects, and serum 
levels in toxic and nontoxic subjects overlapped extensively. 
These studies indicated that amantadine and rimantadine 
have differing pharmacokinetics, but they have a similar 
potential to cause similar side effects at comparable serum 
levels.

Patriarca et al. (1984) gave rimantadine in a dose of 100 
mg twice daily to 18 elderly patients for a mean period of 80 
days; compared with patients given placebo, a greater pro-
portion of the rimantadine group developed anxiety and/or 
nausea; these side effects usually lasted < 9 days, but they 
necessitated cessation of treatment in 3 patients (17%). In 14 
of the rimantadine-treated patients tested, high serum levels 
were detected.

Rimantadine is well tolerated in children, with nausea and 
vomiting being reported in only a few recipients (Hall et al., 
1987; Crawford et al., 1988). Central nervous system effects 
have been reported in 3.2% of treated children under 10 years 
of age (about 2.5-fold less frequently than in adults), and GI 
adverse effects in 8.4% (Wintermeyer and Nahata, 1995).

Rimantadine administered as a small particle aerosol at a 
concentration of 40 μg/l of air has been associated with nasal 
burning and irritation; at a concentration of 20 μg/l of air, it 
was better tolerated with only mild nasal irritation in 2 of 13 
recipients (Atmar et al., 1990).

When tested in vitro on the ciliated epithelium of organ 
cultures of ferret tracheal rings, rimantadine produced simi-
lar damage at concentrations of only one third those of 
amantadine (Burlington et al., 1981).

7. CLINICAL USES OF THE DRUG

Amantadine and rimantadine have been shown to be effec-
tive chemoprophylactic agents against experimental and 
naturally acquired uncomplicated influenza A virus infec-
tions of all subtypes, and in children and adults, preventing 
70–90% of symptomatic infections (O’Donoghue et al., 1973; 
Atkinson et al., 1986; Mostow, 1987; Wiselka, 1994; Galvão et 
al., 2014). Both adamantanes are also effective if given thera-
peutically, but treatment must be commenced within 24–48 
hours of the onset of illness, resulting in a relatively modest 
reduction in symptoms and duration of the illness; perhaps a 

reduction in duration of fever or other clinical findings by 
about 1 day. Whether they may prevent postinfluenzal bacte-
rial infections, as neuraminidase inhibitors appear to (Hernán 
and Lipsitch, 2011), remains an unanswered question.

However, these data were based on influenza strains fully 
susceptible to adamantanes. The current prevalence of ada-
mantane resistance among influenza A strains, including 
especially H3N2 and H1N1 strains and highly pathogenic 
H5N1 avian influenza viruses, is now so high (Dong et al., 
2015; Fiore et al., 2011; CDC , 2015) that neither prophylaxis 
nor therapy with these drugs is currently recommended, 
and the neuraminidase inhibitors oseltamivir (see Chapter 
267, Oseltamivir) and zanamivir (see Chapter 266, Zanam- 
ivir, laninamivir, and polymeric zanamivir conjugates) are 
strongly preferred (Hayden and Pavia, 2006; Fiore et al., 
2011; CDC, 2015). Further, both adamantane drugs have a 
high propensity to induce the appearance of resistant strains 
during prophylaxis or treatment, diminishing their efficacy 
for those indications (see section 2b, Emerging resistance 
and cross-resistance), while the neuraminidase inhibitors 
appear to be less susceptible to the rapid development of 
resistance. The neuraminidase inhibitors also have the 
advantage of being active against both type A and B influ-
enza strains, commonly found together in influenza epidem-
ics, whereas the adamantanes are active only against type A 
viruses (Smorodintsev et al., 1970a).

Jefferson et al. (2006a, 2006b) comprehensively reviewed 
the available data, including over 50 clinical trials, on the effi-
cacy and toxicity of both adamantane and neuraminidase 
inhibitor influenza antivirals; Galvão et al. (2014) reviewed 
the literature up to 2014 regarding the use of adamantanes in 
children and the elderly. Given prophylactically, amantadine 
prevented about 61% (95% confidence interval [CI]: 35–76%) 
of influenza A cases and 25% (95% CI: 13–36%) of cases of 
influenza-like illness (where virologic etiology was not deter-
mined). Although Galvão’s group states there was no effect 
on asymptomatic cases of influenza (i.e. seroconversion), 
other studies have shown clearly that asymptomatic cases are 
reduced two- to threefold by amantadine prophylaxis (Dolin 
et al., 1982; Monto et al., 1979; Table 265.6). Amantadine 
prophylaxis was associated with significant adverse reac-
tions and medication withdrawals because of adverse events. 
Amantadine treatment shortened the duration of influenza- 
associated fever compared with placebo (by 1 day; CI: −1.26 
to −0.71 days), but had no effect on nasal shedding of influ-
enza A viruses (by 0.93 day; confidence interval: 0.71–1.21). 
There were fewer data for rimantadine, and the effects were 
similar, although the results for prevention were not statisti-
cally significant. Adverse events, especially neurologic events, 
were significantly fewer with rimantadine than amantadine 
(See section 6, Adverse reactions and toxicity for more infor-
mation on adverse reactions to adamantanes).

The US Centers for Disease Control and Prevention fre-
quently assesses antivirals for treatment or prevention of 
influenza (Fiore et al., 2011; CDC, 2015). These sources cur-
rently do not recommend either rimantadine or amantadine 
for prophylaxis or treatment, except in the case of patients 
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for whom the neuraminidase inhibitors might be inappro-
priate or contraindicated.

7a.  Treatment of Influenza A

Numerous studies, most recently summarized in the reviews 
by Jefferson et al. (2006a, 2006b) and Galvão et al. (2014), 
have documented the equivalent efficacy of amantadine 
and, less well documented, rimantadine, for the treatment of 
influenza. The drugs shorten the period of illness and dis-
ability, but do not appear to shorten viral shedding. In a 
study directly comparing these two adamantanes for treat-
ment of naturally occurring influenza A H1N1 at a dose 
of 200 mg daily, rimantadine was slightly less effective than 
amantadine but less toxic (Van Voris et al., 1981). In chil-
dren, no efficacy was seen with amantadine treatment, and 
the efficacy of rimantadine was limited to reduction in fever 
by day 3 of treatment. The authors felt this benefit did not 
justify using rimantadine to treat all children with influenza 
A (Galvão et al., 2014).

Many clinical and animal studies have suggested that for 
treatment, the earlier therapy is initiated, the more dramatic 
the therapeutic benefit. This observation was recently rein-
forced by the results of a large study by Kawai et al. (2005) in 
which amantadine therapy for influenza A (n = 676) was 
compared with oseltamivir treatment of either influenza A 
(n = 803) or influenza B (n = 684). The duration of fever was 
significantly shorter in patients treated within 12 hours of 
the onset of symptoms than in those treated later, and the 
response also seemed to be more dramatic in patients with a 
high fever on presentation.

Because much of the serious morbidity from influenza 
results from postinfluenzal bacterial complications, espe-
cially bacterial pneumonia, it would be useful if antiviral 
therapy reduced these complications as well as limiting the 
effects of viral infection per se. In a mouse model of experi-
mental influenza with secondary pneumococcal pneumonia 

having a 100% mortality, rimantadine treatment given imme-
diately after influenza infection had no effect on the death 
rate, whereas oseltamivir treatment, even when begun 5 days 
after influenza virus infection, reduced postinfluenzal mor-
tality from 100% to 25% (McCullers, 2004). Although the 
numbers of subjects were small, data from a study of hema-
topoietic stem cell transplant recipients by Nichols et al. 
(2004) from the Fred Hutchinson Cancer Centre in Seattle 
seem to confirm the results of the mouse studies. They stud-
ied 51 stem cell transplant recipients with influenza infection 
initially diagnosed as an upper respiratory infection: 17 were 
treated with antivirals and 34 were not treated. Six untreated 
patients (18%) developed pneumonia, whereas 1 (13%) of 8 
patients treated with rimantadine and none of 9 treated with 
oseltamivir developed pneumonia (these differences were 
not significant). The duration of influenza virus shedding 
was longer in patients treated with steroid doses of ≥ 1 mg/kg 
than among those treated with doses of < 1 mg/kg (mean: 
15 vs. 9 days); there was a trend toward decreased shedding 
with oseltamivir therapy, but not rimantadine therapy, after 
controlling for steroid use (p < 0.08).

Earlier studies also failed to document any benefit of 
adamantane therapy with respect to preventing serious 
complications of influenza A virus infection. In one report, 
amantadine treatment did not prevent the death of two 
patients with myocarditis due to influenza A (Ray et al., 
1989). However, a woman with respiratory failure due to 
influenza pneumonia in the third trimester of pregnancy had 
a favorable outcome after amantadine therapy (Kirshon et 
al., 1988). In bone marrow transplant patients with influenza 
A complicated by pneumonia, amantadine treatment has 
been associated with a survival of over 80% (Whimbey et al., 
1994).

There has not been a study directly comparing adaman-
tanes with neuraminidase inhibitors for treatment of influ-
enza. However, analysis of data on community treatment 
of influenza in Japan during the 2002–2003 season suggested 

Table 265.6. Influenza-like illness: laboratory documented influenza, and infection with influenza A virus among 
volunteers receiving prophylactic placebo, rimantadine, or amantadine.

Treatment group  
(no. of subjects)

No. (%) with  
influenza-like illnessa

No. with laboratory-
documented influenzab

No. infected with 
influenza A virusc

Placebo (132) 54 (41%) 27 (21%) 32 (24%)

Rimantadine (133) 19 (14%)d  4 (3)d 11 (8%)d

Efficacy rate (%)e 65 85 66

Amantadine (113) 10 (9%)d  2 (2%)d  7 (6%)d

Efficacy rate (%)e 78 91 74

aDefined as a cough or an oral temperature of > 37.7°C, or both, and at least two of the following: sore throat, headache, or  
myalgia.

bDefined as influenza-like illness along with virus isolation or a rise in serum antibody to influenza A virus.
cDefined as influenza A virus isolation or a rise in serum antibody to influenza A virus, irrespective of the presence of illness.
dp < 0.001 compared to placebo by Chi-square test.
eEfficacy rates (as % efficacy) are calculated by the expression: (Rate in placebo group) − (rate in treated group)/(rate in placebo group) 

× 100.
Source: Reprinted with permission from Dolin et al. (1982).
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that the two drugs were equivalent (Kawai et al., 2005). The 
duration of fever was virtually identical among influenza A 
virus–infected subjects treated with amantadine (n = 676) 
and oseltamivir (n = 803), 2.62 and 2.65 hours, respectively. 
Notably, the duration of fever in the oseltamivir-treated sub-
jects with influenza B was longer, 2.88 hours, than in those 
infected with influenza A (p < 0.001).

OLDER STUDIES OF AMANTADINE OR 
RIMANTADINE THERAPY

Earlier studies of amantadine or rimantadine therapy found 
better results than those recently described, perhaps because 
the prevalence of adamantane resistance was lower then. 
Used therapeutically, amantadine reduced the duration of 
fever and shortened illness by up to 50% (Hornick et al., 
1969; Wingfield et al., 1969; Hornick et al., 1970; Togo et al., 
1970; Galbraith et al., 1971; Younkin et al., 1983). Others also 
have confirmed that amantadine has a therapeutic effect in 
influenza when administered within 48 hours of onset of 
clinical disease (Van Voris et al., 1981; Younkin et al., 1983). 
This effect is on generalized symptoms particularly, but it 
also reduces localized respiratory symptoms; amantadine 
shortens the duration of illness by about 1 day, or roughly a 
33% reduction compared with untreated subjects. Moreover, 
Younkin et al. (1983) demonstrated that this therapeutic 
effect could also be obtained with a dose of 100 mg aman-
tadine daily in adults; control subjects given 3.25 g of aspirin 
daily had more side effects than volunteers receiving daily 
doses of 100 or 200 mg amantadine. Although aspirin ther-
apy accelerates defervescence, there is subsequently greater 
symptomatic improvement in amantadine recipients (Youn-
kin et al., 1983). In natural influenza A virus infection in stu-
dents, amantadine therapy appeared to resolve the peripheral 
airways dysfunction that occurs in uncomplicated influenza 
(Little et al., 1976).

Effects of amantadine on virus shedding are inconsistent. 
No effect was found by Togo et al. (1970), but in later studies 
a reduction in the frequency and quantity of virus shedding 
in nasal washes was demonstrated (Van Voris et al., 1981; 
Younkin et al., 1983). Sears and Clements (1987) reported 
that amantadine recipients shed 100-fold less influenza virus 
after experimental challenge than, and for half as many days 
as, a placebo group. There was no significant difference in the 
level of viral shedding in patients taking 100 mg or 200 mg 
of amantadine per day (Reuman et al., 1989).

Amantadine administered by aerosol has been used in a 
controlled trial to treat patients with naturally acquired 
influenza A virus infections (either H1N1or H3N2). Treated 
patients had more rapid resolution of clinical signs and 
symptoms, but fever and frequency of virus isolation were 
unaffected (Hayden et al., 1980c).

There have been several studies of rimantadine for the 
treatment of patients with proven influenza A. Hayden and 
Monto (1986) demonstrated the efficacy of rimantadine in 
a  placebo-controlled, double-blind study of patients with 
uncomplicated influenza A (H3N2). When treated with 200 
mg/day for 5 days, those randomized to receive rimantadine 

had lower virus titers in nasal secretions, less systemic symp-
toms, and more rapid defervescence (mean 37 hours shorter) 
than placebo recipients (Hayden and Monto, 1986). In another 
randomized, double-blind study, Hayden et al. (1991) stud-
ied children and adults with laboratory-confirmed influenza 
A (H3N2) who were treated with rimantadine (200 mg/day) 
or placebo for 10 days, commencing within 2 days of onset of 
illness. Patients who received rimantadine had a significantly 
shorter duration of symptoms (mean difference in time to 
a  50% reduction of 2.5 days) than placebo recipients. The 
number of days of fever was shortened by a mean of 1.6 
days, and there were fewer days missed from work or school 
and overall days of restricted activity (means of 1.0 and 1.5 
days, respectively) in the rimantadine group. In this study, 
adamantane-resistant strains were recovered from 33% of 
riman tadine recipients by day 5, but not from any of those 
receiving placebo (Hayden et al., 1991). Those with resis-
tant virus recovered more slowly than those whose strains 
remained susceptible to rimantadine, the mean time to a 
50% reduction in symptom score being 5.1 and 3.4 days, 
respectively (Hayden et al., 1991; see Figure 265.3). When 
rimantadine was prescribed for both treatment of index cases 
and postexposure prophylaxis to their family members, the 
drug was found to be ineffective in preventing infection in 
household contacts, owing to the rapid emergence and trans-
mission of resistant strains (Hayden et al., 1989).

Children with laboratory-proven influenza A (H3N2) 
were randomized to treatment with rimantadine or acet-
aminophen for 5 days. Rimantadine recipients had greater 
reduction in fever and more rapid symptomatic improve-
ment during the first 3 days than the placebo group. However, 
rimantadine resistance rapidly emerged (Hall et al., 1987). 
Another study comparing the same therapies in children 
with proven influenza (H1N1) found no difference in clinical 
resolution between the two groups, although virus shedding 

Figure 265.3. Resolution of symptoms in rimantadine- 
treated, influenza A–infected patients who shed resistant 
virus and those who had no detectable resistant virus. The 
symptom scores in the placebo group are indicated for 
comparison. (Reprinted with permission from Hayden et al., 
1991.)
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during the first 2 days was lower in rimantadine recipients 
(Thompson et al., 1987).

It has been hypothesized that the possible marginal thera-
peutic advantage and higher frequency of side effects with 
amantadine are because it achieves higher serum levels than 
rimantadine at similar doses (Hayden et al., 1983). That 
rimantadine penetrates better into nasal mucus than aman-
tadine may be a factor in its clinical efficacy, despite lower 
resultant serum levels at a similar dosage.

There are conflicting data regarding the effects of amanta-
dine and rimantadine therapy on production of influenza- 
specific antibodies. The general consensus is that treatment 
of established infection using these drugs does not interfere 
with antibody responses to influenza (Sears and Clements, 
1987; CDC, 1996), although some reduction in local immune 
responses has been described in pediatric cases (Clover et 
al., 1991). At least in the context of experimental challenge, 
amantadine prophylaxis prevented illness much more effec-
tively than infection and did not interfere with the influenza 
antibody response in those subjects who became infected 
(Sears and Clements, 1987).

Aerosolized rimantadine has been used therapeutically 
in volunteers infected with attenuated influenza A (HlN1) 
virus; this produced a clinical benefit similar to that found 
with low-dose (50 mg/day) oral rimantadine, but there was 
no effect on virus shedding (Hayden et al., 1982). Aerosol 
treatment of influenza by amantadine or rimantadine by 
the method employed in these trials is unlikely to have a 
clinical application because it is cumbersome and time- 
consuming.

7b.  Prophylaxis of Influenza A

Numerous studies, most recently summarized by Jefferson 
et al. (2006a, 2006b) and Galvão et al. (2014), have docu-
mented the efficacy of adamantanes—the documentation is 
more robust for amantadine than for rimantadine—for pre-
vention of influenza infection. When prophylaxis with aman-
tadine was compared with rimantadine during an influenza 
epidemic (with both H1N1 and H3N2 subtypes circulating), 
both drugs being given at a dose of 200 mg daily, the two 
antivirals were highly and equally effective in preventing 
influenza (there were no significant differences between the 
rates of illness or infection in the two treatment groups) but 
there were more side effects among amantadine recipients 
(Dolin et al., 1982; see Table 265.6). Influenza-like illness 
occurred in 14% of the rimantadine group and in 9% of the 
amantadine group, whereas withdrawal from the study 
because of CNS side effects was more frequent in the aman-
tadine (13%) than in the rimantadine group (6%). A review 
of prophylactic amantadine for preventing influenza A in 
children showed that the drug was effective, but it would be 
necessary to give prophylactic amantadine to up to 17 chil-
dren for 14–18 weeks to prevent one case of influenza A. 
Furthermore, the safety of the drug was not well established 
and the quality of evidence was low (Galvao et al., 2014). 
Although rimantadine did not show any prophylactic bene- 

fit in the elderly, the quality of the evidence was quite poor 
(Galvao et al., 2014). 

The only study directly comparing an adamantane with a 
neuraminidase inhibitor (for either prophylaxis or therapy) 
was a multicenter study conducted by Gravenstein et al. 
(2005). These investigators compared the relative efficacy 
and safety of oral rimantadine (n = 231), 200 mg daily, with 
inhaled zanamivir, 10 mg daily (n = 238), for prevention of 
influenza A infections in adults in long-term care facilities. 
Drugs were given for 14 days after declaration of an outbreak 
in each facility studied. Over 95% of the subjects were elderly 
and/or had significant underlying medical conditions, and 
over 95% had received influenza immunization; the two 
groups were well matched for a range of demographic and 
medical factors. Symptomatic, laboratory-confirmed influ-
enza A occurred in 3% of the subjects given zanamivir, and 
8% of those given rimantadine prophylaxis (p = 0.038). The 
differences between the two therapies was more striking (2% 
vs. 7%) if individuals developing symptomatic influenza on 
day 1 were excluded from the analysis. Although the differ-
ences were not significant, probably due to small numbers, 
fewer zanamivir-treated subjects experienced post-influenza 
complications than rimantadine-treated subjects (< 1% vs. 
3%, respectively). These differences in efficacy were largely 
attributed to the fact that rimantadine-resistant variants 
were common. Of the 10 culture-positive prophylaxis fail-
ures in the rimantadine group, 5 were due to rimantadine- 
resistant strains of influenza A H3N2, 2 were infecting 
strains, and 3 strains became resistant during the illness. No 
zanamivir-resistant strains were identified. Early discontinu-
ation of medication because of adverse reactions was also 
more common in the rimantadine-treated group than in those 
given inhaled zanamivir (9% vs. 5%; p = 0.18), although the 
overall adverse reaction rates were similar (55% vs. 58%) 
(Gravenstein et al., 2005).

Studies by Rubin et al. (2008) clearly showed the need for 
an aggressive prophylaxis strategy for individuals living in 
long-term care facilities, such as nursing homes. They stud-
ied 52 long-term care facilities in New York City over four 
influenza seasons. Adjusting for the year, facility bed capac-
ity, and the proportion of residents who were vaccinated 
against influenza, facilities that initiated chemoprophylaxis 
>  5 days after the onset of an outbreak (25 facilities) had 
outbreaks that lasted nearly three times longer (18.3 vs. 6.7 
days; p < 0.001), influenza incidences almost twice as high 
(10.5 cases per 100 residents vs. 6.2 cases per 100 residents; 
p < 0.023), and case-fatality rates about six times higher (3.3 
deaths per 100 residents with influenza A vs. 0.45 deaths per 
100 residents with influenza A; p < 0.005) than did facilities 
that initiated chemoprophylaxis within 5 days after an out-
break (27 facilities).

OLDER STUDIES OF AMANTADINE OR 
RIMANTADINE PROPHYLAXIS

Older controlled trials of amantadine prophylaxis have been 
conducted in which protection was judged by artificial chal-
lenge with influenza virus (Jackson et al., 1963; Stanley et al., 
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1965; Schiffet et al., 1966; Togo et al., 1968; Bloomfield et 
al., 1970; Likar, 1970; Smorodintsev et al., 1970a; Sears and 
Clements, 1987). All but one (Tyrell et al., 1965), confirmed 
the prophylactic value of amantadine. Although the earlier 
trials used higher doses, 100 mg/day has been shown to 
have similar prophylactic efficacy (Sears and Clements, 1987; 
Reuman et al., 1989).

Many studies have also been completed on the protec-
tive value of amantadine in naturally occurring influenza 
(Wendel, 1964; Quilligan et al., 1966; Finklea et al., 1967; 
Galbraith et al., 1969a; Galbraith et al., 1969b; Knight et al., 
1969; Nafta et al., 1970; Oker-Blom et al., 1970; Smorodintsev 
et al., 1970b; O’Donoghue et al., 1973; Monto et al., 1979; 
Pettersson et al., 1980; Dolin et al., 1982; Payler and Purdham, 
1984; Atkinson et al., 1986; Peters et al., 1989). These trials 
were carried out on a variety of populations, including uni-
versity students, military personnel, prison volunteers, school-
boys, children in institutions, family groups, nursing home 
residents, and general hospital patients. With the exception 
of one report by Galbraith et al. (1969b), all confirmed the 
efficacy of amantadine in protecting contacts against natural 
influenza A virus infections. In the study by Galbraith et al. 
(1969b), ill family members were treated with amantadine 
while others were given it for prophylaxis concomitantly. In 
retrospect, failure was likely because of amantadine-resis-
tance induced by treatment (Galbraith et al., 1969b). Various 
degrees of protection have been reported, but it seems that 
under field conditions amantadine provided about 50% pro-
tection against influenza virus infection and 60–70% pro-
tection against influenzal illness (Couch and Jackson, 1976; 
Delker et al., 1980). The protective efficacy of amantadine 
begins after about 48 hours of treatment but it ceases quickly 
after it is stopped (Muldoon et al., 1976).

Amantadine administered prophylactically to institution-
alized children during naturally occurring epidemics has 
resulted in less illness and reduced incidence of household 
spread (Quilligan et al., 1966; Finklea et al., 1967; Galbraith 
et al., 1969a). In a boys’ boarding school where annual influ-
enza vaccination was routine, amantadine therapy or pla-
cebo were given during an influenza A (H1N1) epidemic. Of 
267 boys, 29 in the placebo group developed proven infec-
tion compared with only 3 receiving amantadine (Payler and 
Purdham, 1984).

Rimantadine prophylaxis (100 mg/day) was found to be 
effective in a randomized, double-blind study of adults aged 
18–55 years during the influenza season; influenza virus was 
isolated only from placebo recipients (Brady et al., 1990). 
Rimantadine was given to 145 children during an outbreak 
of influenza A (H1N1) in a randomized, double-blind trial. 
Laboratory-confirmed influenza occurred in 31.7% of chil-
dren receiving placebo and in 2.9% of those in the rimanta-
dine group. No rimantadine recipients developed clinical 
illness compared with 17% receiving placebo (Clover et al., 
1986). Crawford et al. (1988) confirmed the efficacy of riman-
tadine in children aged 1–18 years when used to prevent 
infection with a different subtype of influenza A (H3N2) 
during a naturally occurring outbreak. Laboratory-confirmed 

influenza occurred in 31% of children in the placebo group 
and in only 7.4% of rimantadine recipients. There was also a 
lower overall incidence of influenza in households of riman-
tadine-treated children (Crawford et al., 1988).

Subclinical infections have been reported to occur in up 
to 30% of amantadine recipients (Karlsson et al., 1987), and, 
as a consequence, humoral and cellular immune responses 
may develop in such persons that will confer subsequent 
protection against related viruses (CDC, 1996).
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Zanamivir, Laninamivir, and 
Polyvalent Zanamivir 
Conjugates

Fred Y. Aoki

1. DESCRIPTION

1a.  Zanamivir

Zanamivir (4-guanidino-2,4-dideoxy-2,3-dehydro-N-acetyl- 
neuraminic acid; C12H20N4O7) is a potent and selective inhib-
itor of influenza neuraminidase (NA), an enzyme embedded 
in the lipid envelope of influenza A and B viruses. NA cata-
lyzes an essential step in progeny viral release and dispersal 
from infected cells by hydrolyzing the linkage between the 
cell receptor for influenza viruses, terminal N-acetyl-neura-
minic acid (sialic acid [SA]), and the hemagglutinin (HA) 
molecule, which is the virus ligand on the envelope of bud-
ding virions. 

The molecular design of zanamivir was based on the crys-
tallographic structure of the enzymatic pocket of influenza 
NA and its complex with SA, its natural substrate (Von 
Itzstein et al., 1991). The enzymatic pocket is invariant among 
all influenza A and B subtypes, which accounts for the inhi-
bition of all known subtypes by neuraminidase inhibitor 

(NAI) drugs. The molecular weight of zanamivir is 332.3 and 
its structure is shown in Figure 266.1A. 

Zanamivir was first approved for management of influ-
enza infection by the US Food and Drug Administration 
(FDA) in 1999. It is marketed under the name Relenza as 
a white powder that is inhaled via a proprietary device, the 
Diskhaler. An intravenous formulation of zanamivir is being 
studied in a phase II trial evaluating its effectiveness for 
treatment in hospitalized patients with severe influenza and 
in a phase III controlled trial comparing it to oral oseltamivir 
in hospitalized adult patients with influenza (cdc.gov/flu/
professionals/antivirals/intravenous-antivirals.htm).

Orally inhaled zanamivir is efficacious for the prevention 
and treatment of influenza A and B virus infection in adults 
and pediatric patients. For therapy, it is approved for patients 
who have been symptomatic for ≤ 2 days. As zanamivir’s 
mechanism of action is completely different from that of the 
adamantane influenza M2 ion channel inhibitors amanta-
dine and rimantadine, it retains activity against influenza A 
viruses that are resistant to adamantanes. Reports of resis- 

Figure 266.1A. The structure of N-acetyl-
neuraminic (sialic) acid (a) and zanamivir (b). 
Zanamivir competes with sialic acid for the active 
site of the influenza A or B neuraminidase. 
(Reprinted with permission from Macdonald et al., 
2004.)
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tance to zanamivir have generally been limited to situations 
in which it has been administered to profoundly immuno-
compromised patients.

1b.  Laninamivir

Laninamivir (2R, 3R, 4S)-3-acetamido-2-[(1R, 2R)-2,3-
dihydroxy-1-methoxypropyl]-4-guanidino-3,4-dihydro-
2H-pyran-6-carboxylic acid (Figure 266.1B), molecular 
weight 346, is a derivative of zanamivir in which the 7-OH 
group has been replaced by a methoxy group (Honda et al., 
2002a) with retained or improved inhibitory activity against 
NA and influenza virus growth in cell culture (Masuda et al., 
2003). Laninamivir has been converted into a long-acting 
prodrug by modification of the 9-OH group to octanoate 
ester {(4S, 5R, 6R)-5-acetamido-4-guanidino-6-[(1R, 2R)-2-
hydroxy-1-methoxy-3-(octanoyloxy)-propyl]-5,6-dihydro-
4H-pyran-2-carboxylic acid; molecular weight 473} 
(Yamashita et al., 2009; Figure 266.1B). Laninamivir octa-
noate is administered by inhalation. Laninamivir octanoate 
possesses 1/30 to 1/50 of the antiviral activity of laninamivir 
(Yamashita, 2004).

Laninamivir octanoate is hypothesized to have increased 
cell permeability due to the lipophilic octanoate group. Intra-
cellularly, the prodrug is rapidly hydrolyzed, releasing the 
antiviral molecule laninamivir, which is trapped inside the 
endoplasmic reticulum and Golgi apparatus where it binds 
viral NA and prevents formation of progeny virions (Yama-
shita et al., 2011)—a mechanism of action somewhat differ-
ent from that of other neuraminidase inhibitors. Laninamivir 
is slowly eliminated from the body, permitting single-dose 
treatment in patients and prophylactic efficacy for up to 5 
days after a single dose in mice (Kubo et al., 2010).

Laninamivir octanoate was approved in 2010 for the treat-
ment of influenza and for prophylaxis in 2013. Laninamivir 
octanoate has recently been reviewed (Yamashita et al., 2010; 
Ikematsu and Kawai, 2011).

1c.  Polyvalent zanamivir conjugates

Polyvalent zanamivir conjugates are high molecular weight 
compounds bearing multiple zanamivir molecules con-
nected at the 7-OH position to backbone or linker molecules 
of a wide variety, range and length (Masuda et al., 2003; 
Watson et al., 2004; Macdonald et al., 2005; Figure 266.2). 
These drugs have been designed to increase binding affinity 
to the NA enzyme to more effectively interfere with release 
of progeny viruses from infected cells. The synthesis of poly-
valent conjugates of zanamivir that retain neuraminidase 
inhibitory activity is possibly due to the unique position of 
the antiviral molecule when it is docked in the enzyme 
pocket, with the 7-OH group pointing out and away from 
the target site, making it accessible to linkage to rigid and 
flexible backbone molecules. Development of polyvalent 
zanamivir conjugates has proceeded along different lines. 
At this time, at least two prototypic compounds have been 
reported: a zanamivir dimer with a rigid linker molecule and 
a polymeric zanamivir molecule on a flexible poly-l-glutamic 
acid backbone. 

Of a range of linker groups and lengths tested to connect 
two zanamivir molecules, a dimer with a 14-carbon alkyl 
linker, designated as BTA938, showed potent in vitro activity 
and long lung retention time in rats (Macdonald et al., 2004). 
It has become the focus of further development as have 
multivalent zanamivir compounds in which zanamivir is 
covalently linked to flexible poly-l-glutamic acid (Honda 
et al., 2002b; Weight et al., 2014). 

BTA938, a bivalent zanamivir conjugate (Figure 266.2), 
exhibits potency approximately 550 times greater than zana-
mivir in inhibiting influenza viruses in cell culture (Tarbet et 
al., 2014). A single intranasal dose is equivalent to the same 
dose of zanamivir given intranasally twice daily for 5 days for 
treatment of influenza in a murine model and is effective for 
prophylaxis up to 7 days after a single intranasal dose (Tarbet 
et al., 2014). 

Another class of polyvalent zanamivir molecules that 
has been synthesized by using biodegradable flexible poly-l- 
glutamic acid as the backbone has demonstrated enhanced 
influenza activity in vitro and in a murine model of influenza 

Figure 266.1B. Chemical structure of laninamivir (a) and 
laninamivir–octanoate (b). (Reprinted with permission from 
Yamashita et al., 2009.) 
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infection (Masuda et al., 2003; Weight et al., 2011; Lee et al., 
2012; Weight et al., 2014).

In vitro, a multivalent zanamivir-poly-l-glutamate com-
pound was up to 20,000 times more potent than the zana-
mivir derivative developed for binding to the flexible 
poly-l-glutamate (Weight et al., 2011). The enhanced influ-
enza virus inhibitory activity observed in plaque reduction 
assay appeared to be due to a unique mechanism of action in 
addition to the inhibition of NA and release of progeny virus 
observed with zanamivir alone. The polymer-attached zana-
mivir interfered with intracellular trafficking of endocytosed 
virus in the early stage of virus replication and the subse-
quent virus-endosome fusion stage (Lee et al., 2012).

There are no reports yet of studies of multivalent zana-
mivir compounds in the clinic, although zanamivir conju-
gates were recently reviewed (Cheng et al., 2014).

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

ZANAMIVIR

The antiviral activity of zanamivir is limited to influenza type 
A and B viruses. Its enzymatic activity is very specific—for 
example, it has no useful activity against the sialidases of 

parainfluenza viruses or bacteria. Inhibition of a human sial-
idase derived from placental tissue required a concentration 
107 times higher than that required for inhibition of influ-
enza NA (Von Itzstein et al., 1993).

The antiviral activity of zanamivir has been demonstrated 
in vitro, as well as in animals with experimental influenza 
virus infections, where the results of chemoprophylaxis and 
chemotherapy studies have accurately presaged results of 
subsequent trials in humans.

Generally, influenza A and B viruses exhibit similar sus-
ceptibility to zanamivir, which is equally efficacious for 
therapy of infection due to either virus (Study Group, 1998; 
Kawai et al., 2007). In contrast, influenza B viruses are less 
susceptible to oseltamivir (see Chapter 257, Oseltamivir) 
than influenza A viruses, which correlates with the lower 
effectiveness of oseltamivir against influenza B infection 
compared with influenza A (Sugaya et al., 2007; Kawai et al., 
2008).

Concentrations of NAIs, including zanamivir, that are 
required to inhibit NA in a cell-free (biochemical) system are 
generally three orders of magnitude less than those required 
to inhibit influenza replication in cell culture. This is due in 
part to the complex interaction between NA and HA in the 
replicative cycle, the NAI effect in cell culture being the result 
of the net effect of NA inhibition and HA catalytic activity 
and not just NA inhibition as in the enzyme assay. The unpre- 

Figure 266.2. (a) Dimeric zanamivir connected by an 18-atom 
linker molecule. (Reprinted with permission from Macdonald 
et al. (2004).) (b) A polymer-bearing multiple zanamivir 
derivatives. Abbreviation: Z: zanamivir. (Reprinted with 
permission from Masuda et al., 2003.) 
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dictable influence of HA binding efficiency on requirements 
for NA catalytic activity for virus spread to contiguous cells 
(Tisdale, 2000) limits the interpretation of NAI potency in 
cell culture–based assays.

Using a cell-free NA inhibition assay, there is some vari-
ability in the susceptibility of commonly isolated human 
influenza viruses to NAIs, which is illustrated in Table 266.1.

Human influenza A viruses
In cell culture, zanamivir inhibits the replication of represen-
tative human influenza A viruses (H1N1, H2N2, and H3N2) 
and an influenza B virus at lower concentrations than do 
amantadine, rimantadine, and ribavirin (Table 266.2). Among 
clinical isolates not adapted to replicate readily in cell cul-
ture, median (range) plaque-reducing concentrations (PRC50) 
were 0.80 µM (range: 0.05–12.9) and 0.08 µM (range: 0.002–
1.7) for H1N1 and H3N2 strains, respectively (Woods et al., 
1993; Thompson et al., 2004). Zanamivir is a much more 
potent inhibitor of influenza A viruses than adamantane M2 

ion channel inhibitors or ribavirin in vitro (see Table 266.2), 
but the clinical relevance of this difference in potency is 
unclear. In patients and healthy volunteers, NAI and M2 ion 
channel inhibitor drugs are similarly efficacious in prevent-
ing symptomatic influenza A infection (61–74%), assuming 
the strains are susceptible to both viruses (Demicheli et al., 
2000), and they show equivalent efficacy in terms of hasten-
ing the resolution of influenza A illness when initiated within 
2 days of onset.

Avian influenza A viruses
Zanamivir inhibited the growth of avian influenza A viruses 
encompassing all known NA subtypes, N1 to N9, at concen-
trations in the range reported to inhibit human N1 to N2 
viruses (Thomas et al., 2004; discussed earlier). Leneva et al. 
(2001) reported median zanamivir tissue culture inhibitory 
concentrations in Madin-Darby canine kidney cell culture 
against H5N1, H6N1, and H9N2 viruses from 8.5 µM to 
14 µM, with corresponding NA 50% effective concentration 

Table 266.1. Mean effective concentration [EC50 (nM)] of zanamivir for neuraminidases of human influenza A and B viruses from 1996 using 
a cell-free assay system.

Viruses 
collected in 
years (H1N1)pdm09

Influenza A subtypes

Influenza B ReferenceH1N1 H1N2 H3N2

1996–2003 0.36 1.39 2.05 Hurt et al. (2003)

1998–2002 0.37 1.04 1.40 Hurt et al. (2004)

1999–2000 1.14 2.09 4.15 Boivin and Goyette (2002)

1999–2000 0.54 1.55 1.84 Monto et al. (2006)

2000–2001 0.44 1.34 2.61

2001–2002 0.27 1.25 1.16

2000–2001 0.96 1.50 4.02 6.49 Mungall et al. (2004)

2001–2002 1.09 5.99 2.66 8.98

2002–2003 0.92 3.09 2.28 4.19 Ferraris et al. (2005)

2009–2010 0.29 Gubareva et al. (2010)

2009–2013 1.9,a 3.2b van der Vries et al. (2016)

Median (range) 0.49 (0.27–1.14) 1.45 (1.04–5.99) 2.42 (2.09–4.02) 4.15 (1.16–8.98)

aB/Victoria.
bB/Yamagata.
Source: Data adapted from Buxton et al. (2000), Gubareva et al. (2010), van der Vries et al. (2016), and as noted.

Table 266.2. In vitro activity of zanamivir and other antiviral agents against representative strains of laboratory-passaged 
strains of influenza A and B viruses.

Influenza virus strain

Drug concentrations required for 50% reduction in plaque number (PRC50; µM)a

Zanamivir Amantadine Rimantadine Ribavirin

A/FM/1/47 (H1N1) 0.004 5.3 0.62 54

A/Brazil/11/78 (H1N1) 0.014 7.3 0.6 32

A/Singapore/1/57 (H2N2) 0.014 3.2 0.45 40

A/Aichi/2/68 (H3N2) 0.014 4.4 NT 32.5

A/Mississippi/1/85 (H3N2) 0.014 1.1 < 0.27 10.4

B/Victoria/102/85 0.005 ≥ 25 ≥ 25 6.1

aPlaque numbers assessed in Madin-Darby canine kidney cell culture.
Abbreviations: PRC50: median plaque-reducing concentration; NT: not tested.
Source: Adapted with permission from Dunn and Goa (1999).
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(EC50) values from 5 to 10 nM. Zanamivir inhibited the NA 
of other avian influenza A viruses that cause human disease, 
albeit uncommonly: H7N7 3.94 nM (95% confidence inter-
val [CI]: 3.61–4.29) and H7N9 0.65 nM (0.13 standard devi-
ation [s.d.]) (Marjuki et al., 2015).

Human influenza B viruses
Zanamivir inhibits the NA of type B viruses in biochemical 
assays (Table 266.1), and the replication of influenza B in cell 
culture at concentrations similar to those reported to inhibit 
influenza A NA activity and virus replication, although fewer 
type B viruses have been tested (see Table 266.2). 

LANINAMIVIR

There is no reason why the antiviral activity of laninamivir 
(and the multivalent zanamivir compounds) would be less 
specific than that of zanamivir itself given that derivation 
of  these latter compounds did not involve any change in 
the molecular composition or structure of the NA inhibitor 
pocket itself.

The inhibitory activity of laninamivir in vitro against sea-
sonal human influenza A H1N1, H2N2, and H3N2 and type 
B viruses has been reported (Yamashita et al., 2009). The 
mean EC50 for the NA of H1N1 (11 strains) was 822 nM 
(± 171 s.d.); for H3N2 (15 strains), 114 ± 56 nM; and for 
type B viruses (32 strains), 10,100 ± 8,670 nM. The corre-
sponding zanamivir EC50 values were lower: 1.64 ± 0.84 nM, 
7.44 ± 2.70 nM, and 6.49 ± 2.02 nM. Laninamivir inhibited 
NA of 8 animal influenza virus subtypes N3 to N9 and H5N1 
(Yamashita et al., 2009). The median EC50 of the NA was 388 
nM (range: 142–1,140) and for zanamivir, 3.48 nM (range: 
1.40–11.5). The EC50 of laninamivir for the NA of the proto-
typic A (H1N1)pdm09 virus, A/California/04/03, was 0.41 
nM and for nine A (H1N1)pdm09 strains isolated in Japan, 
the median EC50 was 1.55 nM (Itoh et al., 2009).

The median antiviral activity (EC50) of laninamivir 
assessed by inhibition of plaque diameter of five to seven 
strains of H1N1, H3N2, and B viruses were 115, 20.4, and 
78.6 nM, respectively (Tarbet et al., 2014; Table 266.3). These 
values were similar to those of zanamivir for all three viruses 
and similar to those of oseltamivir for A (H1N1) and B 
viruses but greater than those of oseltamivir for the A (H3N2) 
viruses tested.

In vivo, the efficacy of laninamivir administered as a sin-
gle intranasal dose for prophylaxis or therapy compared to 
multiple days of therapy of oseltamivir and zanamivir admin-
istered orally or by intranasal administration, respectively, 
has been evaluated in murine and ferret models of lethal 
influenza caused by oseltamivir-resistant A (H1N1) virus 
and a highly pathogenic avian influenza (HPAI) virus (Yama-
shita, 2010). A single intranasal dose of laninamivir was as or 
more efficacious in reducing lung virus titers and mortality 
in mice with A/PR/8/34 (H1N1) as both zanamivir and osel-
tamivir administered intranasally or orally twice daily for 
5  days over a range of doses when treatment was initiated 
11 hours postinfection (Kubo et al., 2010). In ferrets, a simi-
lar therapeutic effect of laninamivir given intranasally once 

4 hours postinfection was observed: It reduced mortality and 
nasal wash B/Malaysia/12506/2004 virus titers more than 
zanamivir given intranasally once or oseltamivir given orally 
twice daily for 3 days (Kubo et al., 2010). In an HPAI H5N1 
lethal mouse infection, a single dose of laninamivir reduced 
mortality, as did a high dose of oseltamivir given orally twice 
daily (50 mg/kg per dose) (Kiso et al., 2010). Noteworthy was 
the therapeutic effect of laninamivir in reducing brain and 
lung concentrations of virus (Kiso et al., 2010). Laninamivir 
administered once intranasally at 13 hours postinfection was 
efficacious in reducing lung virus concentrations whereas 
oseltamivir given orally twice daily had no effect in a mouse 
model of H1N1 influenza caused by an oseltamivir-resistant 
murine model (Kubo et al., 2010). A single intranasal dose 
of laninamivir prevented death in all eight mice when admin-
istered one day before virus challenge (Kubo et al., 2010). 
When oseltamivir prophylaxis was initiated one day before 
infection, two of eight mice given oseltamivir survived com-
pared to four of eight given laninamivir. No mice given osel-
tamivir 4 or 7 days before infection survived compared to 
four of eight in the concurrent laninamivir group. Taken 
together, these data in animal models of influenza infection 
demonstrated the prolonged protective and therapeutic effects 
of a single dose of laninamivir evaluated by mortality and 
virus concentration in lung, nasal wash, and brain as well as 
efficacy for treatment of influenza caused by an oseltamivir- 
resistant virus.

MULTIVALENT ZANAMIVIR-POLY-l-GLUTAMINE 
POLYMERS

The antiviral activity of BTA938, a zanamivir dimer, mea-
sured by 50% inhibition of plaque diameter against five to 
seven strains of influenza H1N1, H3N2, and B viruses are 
shown in Table 266.3. BTA938 EC50 values are 6- to 577-fold 
less than those of oseltamivir, zanamivir, or laninamivir.

In vitro susceptibility of only a few viruses to multivalent 
zanamivir-poly-l-glutamine have been reported (Masuda 
et al., 2003; Weight et al., 2011; Lee et al., 2012; Weight et al., 
2014).

The EC50 of poly-l-glutamine alone is 2–14 mM in a 
plaque reduction assay, indicating that the polymer itself 
exhibits no appreciable antiviral activity (Weight et al., 2014). 
The EC50 of the 7-methoxy derivative of zanamivir, which 
is  the analog covalently conjugated to poly-l-glutamine to 
synthesize the polymer, is about 10-fold greater than zanami-
vir itself (Weight et al., 2011). The inhibition constants (Ki) 
of the polymeric compound for the NA of three zanamivir- 
susceptible viruses are 2.11- to 17.0-fold greater (nM) than 
that of the 7-methoxy derivative of zanamivir (Weight et al., 
2014). For two zanamivir-resistant viruses, the Ki of the poly-
mer is 2162 and 2846 times greater than that of the 7-methoxy 
monomer of zanamivir, a noteworthy greater potency of the 
polymer.

In an in vitro evaluation of 18 human influenza A and B 
isolates, BTA938 was up to four orders of magnitude more 
potent than zanamivir, oseltamivir, or laninamivir in reduc-
ing plaque diameters, although there were some exceptions 
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for unknown reasons (Table 266.3). Although the mean con-
centrations that reduced plaque diameter by 50% (EC50) were 
generally lower for dimeric zanamivir, not all these differ-
ences were statistically significant.

In vivo, intranasal dimeric zanamivir given to mice was 
up to 10-fold more potent by dose than intranasal zanamivir 
against lethal influenza A (H1N1)pdm09 and H3N2 infec-
tions in mice (Tarbet et al., 2014). A single intranasal dose 
of BTA938 was as efficacious as intranasal zanamivir admin-
istered intranasally twice daily for 5 days in preventing death 
in mice infected with influenza A (H1N1)pdm09 virus. 
Finally, a single intranasal dose of BTA938 administered 1, 3, 
or 7 days before influenza A (H1N1)pdm09 virus protected 
mice. The single treatment administered 7 days before virus 
challenge protected 70% of mice from death while the same 
dose administered 1 or 3 days before virus challenge pre-
vented death in 90% of mice. (Tarbet et al., 2014).

As of this writing, no studies of dimeric zanamivir, 
BTA938, in the clinic have been reported.

A multivalent zanamivir poly-l-glutamine conjugate was 
up to 1000 times more potent than zanamivir in a plaque 
reduction assay compared with zanamivir against a repre-
sentative human A (H3N2) oseltamivir-resistant virus and, 

notably, against a representative avian A (H4N2) zanamivir- 
resistant virus (Weight et al., 2011). The EC50 of the multivalent 
zanamivir poly-l-glutamine for the NA of the zanamivir- 
resistant H4N2 virus was 1.7 × 103 nM compared to 1.8 × 107 
nM for zanamivir (1059 times more potent). The half-maximal 
inhibitory concentration (IC50) of the multivalent zanamivir 
for the zanamivir-sensitive parent virus was 1.8 × 102 nM 
compared to 2.1 × 104 nM for zanamivir (116 times more 
potent). In a lethal influenza A virus infection model in fer-
rets, zanamivir-conjugated to poly-l-glutamine administered 
intranasally once daily for 8 days beginning 24 hours after 
initiation of infection reduced nasal wash influenza virus 
plaque-forming units significantly more than the equimolar 
zanamivir dose administered in the same schedule. The 
effect of prophylactic administration alone in mice was not 
described, but a single dose of polymeric-zanamivir followed 
immediately by a treatment dose that was repeated at 6, 24, 
and 48 hours reduced virus plaque-forming units 10-fold 
in lung tissue compared to zanamivir alone (Weight et al., 
2014).

These initial results in animals paralleled the greater activ-
ity of multivalent-zanamivir-poly-l-glutamine compared to 
zanamivir alone observed in vitro. 

Table 266.3. Antiviral activity of BTA938, zanamivir, oseltamivir, and laninamivir against influenza viruses by plaque diameter.a

Virus strain

Mean EC50 (nM)

BTA938 Zanamivir Oseltamivir Laninamivir

H1N1

A/Sydney/601/2009

A/Auckland/3/2009

A/Brisbane/59/07

A/Solomon Islands/3/2006

A/New Caledonia/20/99

A/WSN/33

0.2 ± 0.1

1.3 ± 0.9

50.1 ± 14.4

0.001 ± 0.01

0.5 ± 0.4

0.4 ± 0.5

893.6 ± 398.3b

446.9 ± 716.3

252.1 ± 172.8

52.2 ± 45.4

22.5 ± 13.a*

269.7 ± 77.5b

> 2500

194.5 ± 205.4b

< 0.001

110.8 ± 47.9b

4.4 ± 4.3

203.8 ± 122.7b

412.2 ± 65.5b

143.2 ± 138.5b

87.5 ± 66

12.0 ± 3.8b

65.5 ± 52.9b

236.4 ± 196.9

Median 0.45 260 155 115

H3N2

A/Victoria/502/2009

A/Brisbane/10/07

A/New York/55/2004

A/Panama/2007/99

A/Sydney/5/97

A/Victoria/3/75

0.3 ± 0.2

1.1 ± 0.4

1.3 ± 0.9

0.6 ± 0.6

0.2 ± 0.3

0.3 ± 0.2

0.20 ± 0.1

52.4 ± 30.4

261.4 ± 142.9*

21.5 ± 6.9b

10.5 ± 0.2b

49.0 ± 33.7

0.1 ± 0.1

2.6 ± 1.6

34.2 ± 12.8b

2.6 ± 0.8b

2.0 ± 1.7

5.4 ± 2.4b

0.07 ± 0.05

18.8 ± 13.3

19.9 ± 7.7b

20.9 ± 16.3

38.7 ± 25.0b

98.8 ± 115.6

Median 0.45 34.8 2.6 20.4

B

B/Brisbane/60/2008

B/Florida/4/2006

B/Yamanashi/166/98

B/Harbin/7/94

B/Hong Kong/5/72

0.4 ± 0.4

2.2 ± 3.0

0.7 ± 0.3

0.5 ± 0.3

0.7 ± 0.5

436.8 ± 216.7b

271.5 ± 59.6b

13.8 ± 17.2

47.0 ± 32.3

101 ± 53.7b

698.8 ± 418.1

456.8 ± 385.2b

5.8 ± 3.8

102.2 ± 23.1b

123.4 ± 45.6b

319.3 ± 741.1b

95.1 ± 73.6b

13.6 ± 7.8b

78.6 ± 48.6

37.0 ± 29.5

Median 2.7 101 123.4 78.6

aResults are the means from three independent assay.
bBTA938 shows a significant difference (p = ≤ 0.05) from mean EC50 for other NA inhibitors.
Abbreviation: EC50: 50% effective concentration.
Source: Reprinted with permission from Tarbet et al. (2014).
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2b.  Emerging resistance and 
cross-resistance

Owing to the close functional relationship of influenza NA 
and HA in the replicative cycle, resistance to NAI drugs can 
arise through mutations in either the NA or HA active sites 
or in both. Mutations in the NA increase the Ki of the enzyme 
for NAI, while those in the HA reduce its affinity for sialic 
acid, thereby making the release of progeny virus less depen-
dent on NA activity and thus less susceptible to NAI drugs.

Methods for detecting influenza viruses with altered NA 
that are less susceptible to inhibition in vitro and are associ-
ated with therapeutic failure in patients have been developed 
and standardized (Anonymous, 2012). The WHO Expert 
Working Group on Surveillance of Influenza Antiviral Sus-
ceptibility (AVWG) has published criteria for three classes of 
antiviral susceptibility based on the fold change in the EC50 
value compared to reference values (Anonymous, 2012): 
“For influenza A, use of normal (< 10-fold increase), reduced 
(10- to 100-fold increase) and highly reduced (> 100-fold 
increase) inhibition, and for influenza B the same criteria but 
using < 5-fold, 5- to 50-fold and > 50-fold increases, is rec-
ommended.” At present, resistance in clinical isolates contin-
ues to be best characterized by in vitro NA inhibitor assays 
to determine the EC50, supported by genotypic assays of the 
NA to identify mutations in amino acids in known catalytic 
or framework residues.

ZANAMIVIR

Zanamivir-resistant influenza A (H1N1)pdm09 (Pizzorno 
et al., 2012), A (H1N1) (Choi et al., 2013), A (H5N1) (Hurt 
et al., 2009a), A (H3N2) (Zurcher et al., 2006), A (H7N9) 
(Zhang et al., 2014), and influenza B viruses (Burnham et al., 
2014) have been generated in vitro. Some have been isolated 
from immunocompromised patients treated with oseltami-
vir and zanamivir (Nguyen et al., 2010; Tamura et al., 2015; 
L’Huillier et al, 2015). These reports collectively highlight the 
importance of changes in the I223 framework residue of the 
NA pocket. Mechanistically, these changes result in loss of 
the carboxylate of the E119 side chain, which interacts with 
the 4-guanidino group of zanamivir resulting in reduced drug 
binding (Smith et al., 2002). As peramivir and laninamivir 
also have a guanidino group, some of these E119 mutations 
would likely yield virus cross-resistant to these two drugs 
as well.

The relative scarcity of zanamivir isolates resistant to it 
due to mutations in the E119 residue probably is related in 
part to a loss of replicative fitness and virulence associated 
with this mutation (Pizzorno et al., 2011). Zanamivir resis-
tance in clinical samples of A (H3N2) due to a Q136K NA 
mutation (Dapat et al., 2010) and seasonal A (H1N1) (Hurt 
et al., 2009b) viruses has also been reported. A recombi-
nant influenza A (H1N1)pdm09 zanamivir-resistant Q136K 
mutant, like some I223 NA mutants, was less fit and less 
transmissible than the wild-type parent (Pizzorno et al., 
2013).

Since the approval of zanamivir in 1999 and its subse-
quent use in clinical practice, only rare influenza A viruses 
with diminished susceptibility to zanamivir in populations 
of unselected clinical isolates have been reported (Monto et 
al., 2006; Hatakeyama et al., 2007). In a systematic review 
of  influenza virus resistance to the NAI among immuno-
competent patients treated with these drugs as outpatients, 
the prevalence of resistance to zanamivir was zero in five 
studies (Thorlund et al., 2011).

Among 2287 worldwide isolates of influenza A (including 
H1N1, H1N2, and H3N2) and B viruses collected from 1999 
to 2002, only 2 influenza A N1 viruses had zanamivir EC50 > 
10-fold greater than the mean value for that subtype (Monto 
et al., 2006). Their EC50 values were 68- to 555-fold greater 
than the means for all NI viruses collected during that 3-year 
interval, 0.27–0.54 nM. No zanamivir-resistant influenza A 
N1, N2, N3, and B viruses were detected among 2136 isolates 
collected between 1996 and 2003 from around the world by 
Mungall et al. (2004), in Canada by Boivin and Goyette 
(2002), in France by Ferraris and co-workers (2005), or 
in  Australia and Australasia by Hurt et al. (2003, 2004). 
However, more recently, 7 (1.7%) of 422 influenza B viruses 
isolated in Japan from untreated patients during the 2004–
2005 influenza season were partially resistant to zanamivir 
(Hatakeyama et al., 2007). Although the 1.7% prevalence of 
resistant isolates in this study seems low, it was statistically 
greater than that noted elsewhere during the 1996–2003 time 
frame (p < 0.0001 by chi-square test). The EC50 values of 
these strains were 2.2- to 19-fold greater than the median 
EC50 for the total population of viruses tested, 10 nM. In 
addition, these relatively resistant viruses had genotypic 
changes in catalytic or framework residues in the sialidase 
active site previously associated with zanamivir resistance. In 
three instances, these partially resistant viruses were trans-
mitted to family members, untreated with NAIs, whose course 
of illness and duration of virus shedding were not different 
from patients infected with nonmutant strains, suggesting 
unchanged pathogenicity. In one case report, Hurt et al. 
(2006) described isolation of an influenza B virus that was 
10-fold less susceptible to zanamivir than were a pool of 128 
other influenza B viruses. Resistance in this strain was medi-
ated by a novel D197E mutation in a framework residue in 
the sialidase site.

Collectively, these data suggest that strains of influenza A 
and B that are partially or highly insusceptible to zanamivir 
have been identified only rarely in unselected virus popula-
tions but appear to be transmissible and to have unchanged 
pathogenicity because they are capable of causing typical 
influenza illness.

In more recent studies, the prevalence of resistance to 
zanamivir in large collections of influenza isolates continues 
to remain low, as of reports from 2010 to 2015. Among global 
isolates in 2010, no resistance to zanamivir in 3359 influenza 
A (H1N1)pdm09 viruses from April 2009 to January 2010 
was observed (Gubareva et al., 2010). The mean EC50 concen-
tration of zanamivir was 0.29 nM (range: 0.04–1.24). Among 
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1664 isolates from seven countries collected from December 
2008 to March 2011, no zanamivir-resistant isolates were 
identified: 41 were seasonal H1N1 isolates, 839 (H1N1)
pdm09 isolates, 301 H3N2 isolates, and 483 influenza B iso-
lates (Whitley et al., 2013). A similar absence of NA resis-
tance to zanamivir was observed in another analysis of 326 A 
(H1N1)pdm09, 407 A (H3N2), and 346 influenza B global 
isolates (Okomo-Adhiambo et al., 2013). Among 914 influ-
enza B isolates collected from 2009 to 2013 from the same 
sources as described by Whitley et al. (2013), none were 
resistant to zanamivir (van der Vries et al., 2016).

Among 11,387 global virus isolates collected at WHO-
recognized national influenza centers between May 2012 and 
May 2013, only 1 of 2,343 (H1N1)pdm09 isolates exhibited 
reduced susceptibility to zanamivir (19-fold increase in EC50 
compared to reference EC50) (Anonymous, 2012), and 2 had 
highly reduced susceptibility (185- and 200-fold increases 
in IC50) (Meijer et al., 2014). Of 5,109 H3N2 isolates, 2 had 
reduced susceptibility, and 3 of 3,935 influenza B isolates had 
reduced susceptibility to zanamivir (5.3- to 5.9-fold increased 
EC50). Among 10,641 global isolates collected at WHO-
recognized national influenza centers between May 2013 and 
May 2014, only 1 of 5,152 (H1N1)pdm09 isolates exhibited 
reduced susceptibility to zanamivir (18.2-fold increased EC50 
compared to reference EC50; H275Y and I223R NA genotype 
change). Of 2,574 H3N2 isolates, 5 had reduced suscepti-
bility to zanamivir; 1 of 604 influenza B/Victoria-lineage 
isolates and none of 2,311 B/Yamagata-lineage isolates had 
reduced susceptibility to zanamivir (Takashita et al., 2015). 
Approximately 98% of viruses tested were susceptible to all 
four antiviral drugs tested: oseltamivir, zanamivir, peramivir, 
and laninamivir. Of 5,152 influenza A (H1N1)pdm09 viruses, 
only 1 exhibited reduced susceptibility to zanamivir (18-fold 
change in NA EC50; H275Y and 1223R NA genotype change). 
Of 2,574 A (H3N2) viruses, 3 exhibited reduced susceptibil-
ity to zanamivir (range 11- to 42-fold); 1 of 604 B/Victoria-
lineage viruses tested exhibited reduced susceptibility to 
zanamivir (1,010-fold reduction; E117G genotype change). 
Of 2,311 B/Yamagata-lineage viruses tested, 1 exhibited a 
32-fold reduced NA susceptibility to zanamivir associated 
with a D197N genotype change.

Among 287 human high pathogenicity H5N1 avian influ-
enza global isolates from 2009 to 2012, no genotypic changes 
mediating zanamivir resistance were detected (Govorkova et 
al., 2013). Among 1125 influenza B viruses collected in 2011 
from 13 Asian-Pacific countries through the WHO Global 
Influenza Surveillance and Response System, only 1 had 
reduced susceptibility to inhibition by zanamivir (66-fold; 
A245S NA genotype change) (Leang et al., 2013).

In collections of influenza virus isolates in Japan from the 
four winter seasons from 2010 to 2014, no NA resistance 
to zanamivir was observed in studies analyzing A (H3N2) 
viruses (54, 283, 316, and 49 isolates in the four seasons, 
respectively), A (H1N1)pdm09 viruses (185, 0, 5, and 172 
isolates), and influenza B viruses (30, 42, 2, and 106 isolates) 
(Ikematsu et al., 2012; Ikematsu et al., 2014; Ikematsu et al., 

2015). One study specifically seeking the emergence of 
 zanamivir-resistant viruses after therapy found no resistant 
viruses in 214 pairs of influenza virus isolates obtained before 
and then during or after treatment of 279 children with orally 
inhaled drug during three influenza seasons from 2006 to 
2009 in Japan (Yates et al., 2013). Zanamivir resistance was 
not found in 160 patients treated with intravenous zanamivir 
in three studies: n = 13 (Fraaij et al., 2011), n = 130 (Marty et 
al., 2014), and n = 17 (Watanabe et al., 2015). 

In immunocompromised patients, zanamivir-resistant 
influenza viruses have been isolated that were associated 
with therapeutic failure (Gubareva et al., 1998; Weinstock et 
al., 2003; Ison et al., 2006). Zanamivir resistance acquired 
during failed treatment of an influenza B virus infection that 
was ultimately fatal has been reported in an immunocom-
promised 18-month-old child (Gubareva et al., 1998). The 
infection failed to respond to nebulized zanamivir treatment, 
with virus excretion continuing during therapy. The virus 
had acquired a HA mutation resulting in markedly reduced 
affinity of the HA for its sialic acid (SA) cell receptor so that, 
despite a 1000-fold reduction in NA susceptibility to zanami-
vir, no increase in zanamivir EC50 in cell culture was observed. 
The virus was subsequently shown to be cross-resistant to 
oseltamivir and peramivir (Gubareva, 2004).

Influenza isolates that have acquired resistance to one 
NAI drug during treatment may be cross-resistant to other 
NAI but this is not invariably the case (Table 266.4). In an 
immunocompromised patient with influenza B infection that 
did not respond to zanamivir therapy, the virus was shown to 
have acquired resistance to zanamivir and cross-resistance 
to both oseltamivir and peramivir (Gubareva et al., 1998; 
Gubareva, 2004). Patient 1 described by Ison et al. (2006) was 
treated for influenza B infection with oseltamivir; the virus 
developed resistance to oseltamivir and was cross-resistant 
to zanamivir. In three other immunocompromised patients 
with influenza infection treated with NAI drugs, the virus 
developed resistance to the prescribed agent, but not to other 
NAI drugs: Weinstock et al. (2003) reported a patient who 
did not respond to therapy with oseltamivir and rimantadine 
for an influenza A (H1N1) infection. Recovered virus was 
resistant to those agents but not cross-resistant to zanamivir. 
Patients 2 and 3 of Ison et al. (2006) were given oseltamivir 
for influenza A (H3N2) infection, but virus shedding contin-
ued despite treatment and was shown to be due to acquired 
oseltamivir resistance, while retaining susceptibility to zana-
mivir. Patient 2 recovered after treatment with inhaled zana-
mivir plus oral rimantadine and virus excretion ceased. In 
an immunocompromised infant with influenza A (H1N1)
pdm09 infection, oseltamivir therapy for 5 days was associ-
ated with the emergence of viruses causing H275Y and/or 
I119G mutations in the NA. This dual mutation caused 
highly reduced inhibition by zanamivir (1306-fold) (Tamura 
et al., 2015). A similar picture was reported by L’Huillier et 
al. (2015).

It is clear that patterns of NAI resistance of influenza viruses 
to the NAI drugs oseltamivir, zanamivir, and peramivir are 
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variable, raising the possibility of treating infection due to a 
virus resistant to one NAI with another NAI. The basis of 
this variability in resistance patterns is likely related to the 
different molecular structures of the different NAI drugs 
(McKimm-Breschkin, 2000).

LANINAMIVIR

Based on structure–activity relationships of NAI and the 
enzymatic pocket of NA, it is postulated that changes in the 
E119 residue of the NA may result in reduced binding to 
the 4-guanidino group of zanamivir, peramivir, and lanin-
amivir but not oseltamivir, which lacks the 4-guanidino (Smith 
et al., 2002). However, confirmatory reports and reports of 
laninamivir resistance are still few. The susceptibility of the 
NA of influenza viruses to laninamivir has been reported in 
global and national collections of influenza virus since 2011. 
The prevalence of viruses with reduced susceptibility has 
been low. In Japan in the four winter seasons from 2010–
2011 to 2013–2014, no laninamivir resistance was observed 
in analyses of A (H1N1)pdm09 viruses (median: 89; range: 
0–185), A (H3N2) virus (median: 169; range: 49–316), and 
influenza B viruses (median: 36; range: 8–106) (Iketmatsu et 
al., 2015).

An A (H1N1)pdm09 E119D NA mutant exhibited 827-, 
25-, 286- and 702-fold increases in NA IC50 for zanamivir, 
oseltamivir, peramivir, and laninamivir, respectively (L’Huillier 
et al., 2015). Laninamivir-resistant viruses were not sought 
in a clinical trial comparing a single dose of laninamivir–
octanoate to 5 days oral oseltamivir in 996 adults with 
uncomplicated laboratory-confirmed influenza of < 36 hours 

in duration (Watanabe et al., 2010) or in 9 outpatients with 
uncomplicated influenza of < 36 hours in duration similarly 
treated with laninamivir–octanoate (Shobugawa et al., 2012).

POLYVALENT ZANAMIVIR CONJUGATES

There have been no reports to date of resistance to viral neur-
aminidases associated with exposure to polyvalent zanamivir 
conjugates including the dimer, BTA938, and the polymeric 
compound consisting of zanamivir molecules attached to a 
poly-l-glutamic acid backbone.

2c.  In vitro synergy and antagonism

In vitro synergistic effects of zanamivir combined with other 
inhibitors of influenza replication and some limited clinical 
studies of combination therapy have been published.

Combinations of zanamivir plus rimantadine over a range 
of concentrations in vitro were considered to inhibit strains 
of H1N1 and H3N2 influenza A viruses synergistically, even 
though some concentrations appeared antagonistic when 
assessed by reductions in cell-associated virus yield (Govor-
kova et al., 2004). Zanamivir alone inhibited the replication 
in cell culture of oseltamivir-sensitive and -resistant strains 
of influenza A( H1N1)pdm09 viruses (Tarbet et al., 2014), 
but in combination with the experimental influenza virus 
inhibitor drug favipiravir, zanamivir inhibited the replication 
of these viruses synergistically at concentrations attainable in 
serum, with therapeutic doses of zanamivir administered 
intravenously, however, not by oral inhalation (Shelton et al., 
2011). Another investigational inhibitor of influenza virus 

Table 266.4. Cross-resistance of selected neuraminidase inhibitor-resistant mutants from treated patients.

Virus Subtype

Immune-
competent 
patient? Drug treatment Mutation

Susceptibility (fold increase in IC50)

Zanamivir Oseltamivir Peramivir Reference

A/Texas/36/91 H1N1 Yes Oseltamivir H274Ya Sb(1) Ra(> 700) R(100) Gubareva et al. 
(2001)

A/New York/02/2001 H1N1 No Oseltamivir H/Y274a S(1) R(110) 1b(8) Weinstock et al. 
(2003)

A/Texas/131/2002 H3N2 No Oseltamivir E119Va S(1) R(130) S(1) Ison et al. (2006)

A/Charlottesville/03/ 
2004

H3N2 No Oseltamivir E119Va S(3) R(277) S(1) Ison et al. (2006)

B/Memphis/20/1996 — No Zanamivir R152Kc R(70) R(100) R(400) Gubareva et al. 
(1998)

B/Rochester/02/2001 — No Oseltamivir D198Na I(9) I(9) S(4.8) Ison et al. (2006)

A/California/7/2004 H3N2 No Oseltamivir plus 
zanamivir

E59Gd S(1.7) R(274) S(3.5) Baz et al. (2006)

E119Va S(2.2) R(463) S(1.8) Baz et al. (2006)

1222Vd S(1.5) R(1006) S(7.4) Baz et al. (2006)

aFramework residues of neuraminidase (Gubareva, 2004).
bInfluenza A viruses were considered sensitive (S) if the increase in IC50 was < 8-fold compared with the pretreatment isolates, intermediate (I) if the increase was 

8- to 10-fold, and resistant (R) if > 10-fold. For influenza B viruses, the respective thresholds were < 5, 5–50 and > 50-fold.
cCatalytic residues of neuraminidase (Gubareva, 2004).
dNeuraminidase locus unknown (not framework or catalytic residue) (Baz et al., 2006).
Abbreviation: IC50: half-maximal inhibitory concentration.
Source: Adapted from Mishin et al. (2005), Baz et al. (2006), and as noted.
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replication, nitazoxanide, inhibited two influenza A viruses 
synergistically in vitro in combination with zanamivir (Belardo 
et al., 2015).

In patients, nebulized zanamivir combined with oral 
riman tadine (n = 20) was compared to rimantadine and neb-
ulized saline (n = 21) as treatment for adults hospitalized 
with influenza (Ison et al., 2003). The study was terminated 
early because zanamivir approval precluded continuation. 
Only a tentative conclusion concerning safety was possible: 
The combination was no less well tolerated than rimantadine 
alone. In a placebo-controlled, double-dummy outpatient 
treatment trial in healthy adults with uncomplicated influ-
enza, the combination of orally inhaled zanamivir and 
ingested oseltamivir was less efficacious than oseltamivir 
monotherapy and not more efficacious than zanamivir mono-
therapy (Duval et al., 2010). In an observational study, 21 
critically ill patients with A (H1N1)pdm09 influenza were 
treated with combination therapy with oral oseltamivir 300 
mg/day via nasogastric tube plus 100 mg zanamivir in inject- 
able solution four times daily as inhalation: Mortality was 

6/21 despite combined therapy with oseltamivir and zanami-
vir (Petersen et al., 2011). Zanamivir combined with osel-
tamivir in a controlled trial of postexposure prophylaxis in 
households reduced the incidence of influenza in household 
contacts to 4% from 17% and 15% in the oseltamivir and 
zanamivir alone groups (Carrat et al., 2012).

3. MECHANISM OF DRUG ACTION

Zanamivir and polymeric zanamivir conjugates have the 
same general mechanism of action as other neuraminidase 
inhibitors: they inhibit influenza neuraminic acid, a tetram-
eric transmembrane glycoprotein enzyme distributed amongst 
the HA and M2 ion channel proteins on the surface of the 
virus particle (Moscona, 2005; Figure 266.3; Figure 266.4). 
NA is essential for viral replication (Lamb and Choppin, 
1983) and contributes to the pathogenesis of influenza through 
other mechanisms.

Between 80 and 100 NA molecules protrude like spikes 
from the virion envelope from the surface of a single influenza 

Figure 266.3. Representation of an influenza A virion. The three integral viral proteins hemagglutinin (HA), neuraminidase 
(NA), and ion channel (M2) are embedded in the viral envelope, which is derived from plasma membrane material from 
infected cells. Inside the virion are the eight genomic RNA segments complexed with nucleoprotein (NP), surrounded by a 
layer of matrix protein (M1). The M1 protein is also found in a submembrane position. (Reprinted with permission from Dunn 
and Goa, 1999.)
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virion, compared with about 500 copies of HA, During the 
production of intracellular progeny virus, NA glycoproteins 
are inserted into the cell membrane before budding. As a 
result, the infected cell cytoplasmic membrane that becomes 
the virion envelope has surface sialic acid molecules, as well 
as virion-derived HA and NA proteins. NA catalyzes the 
hydrolytic cleavage of the alpha-ketosidic bond linking ter-
minal SA to the adjacent galactose moiety on the anchoring 
transmembrane glycoprotein (Paulson et al., 1982). The cat-
alytic site of influenza NA is located in a pocket at the apex of 
the tetramer lined by a central shell of 0 conserved amino 
acids that contact SA and a further 10 that provide a frame-
work on which amino acids contacting the SA are supported 
(Varghese et al., 1983; Colman et al., 1993). The amino acids 
lining the pocket are invariant among influenza A and B 
viruses of all subtypes tested to date (Calfee and Hayden, 
1998).

The catalytic activity of NA is essential for virus replica-
tion and dispersal. Removal of the SA residues from glyco-
conjugates on the cell membrane enveloping progeny viruses 
prevents them from clumping and aggregating caused by the 
binding of HA on one virus to SA ligands on other viruses 
and on the surface of the cell. Disaggregated progeny virions 
are thus able to move away from the source cell to infect adja-
cent target cells in the epithelial lining of the respiratory 
tract, thereby spreading the infection (Figure 266.4). These 
viruses can also spread to other hosts. Zanamivir has been 
conventionally viewed as exerting its antiviral effect extracel-
lularly (Ryan et al., 1994), behaving as a slow-binding, high- 
affinity, competitive inhibitor of NA (Woods et al., 1993). 
However, new data indicate that zanamivir linked to poly-l- 
glutamate may also interfere with intracellular trafficking 
(Lee et al., 2012).

NA may also contribute in other ways to the pathogenesis 
of influenza illness. NA has been reported to prevent viral 
inactivation by respiratory tract mucus, thereby facilitating 
penetration of virus through the mucus blanket covering tar-
get epithelial cells lining the respiratory tract (Mastrosovich 
et al., 2004). NA may contribute to influenza pathogenesis by 
altering carbohydrates linked to the HA and thereby potenti-
ating the virulence of some influenza strains by inducing cel-
lular apoptosis (Schultz-Cherry and Hinshaw, 1996) as well 
as by promoting production of proinflammatory cytokines 
such as interleukin 1 (IL-1) and tumor necrosis factor alpha 
(TNF-α) from macrophages (Houde and Arora, 1990). Thus 
NAI drugs could potentially mitigate the in vivo pathogene-
sis of influenza by mechanisms other than inhibition of virus 
replication, although there are no data confirming these 
potential effects of NAI drugs in patients.

Analysis of structure–activity relationships of polymeric 
zanamivir conjugates and electron micrographs indicate that 
these compounds produce multivalent intervirion binding, 
which leads to more marked clumping of influenza viruses 
than viruses treated with monomeric zanamivir (Tarbet et 
al., 2014; Kitov et al., 2003). 

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

The key drug in clinical usage is zanamivir and for this rea-
son, the this section focuses solely on zanamivir use. 

Laninamivir was approved in Japan in 2010 for the treat-
ment of influenza and in 2013, for prophylaxis. For treatment, 
it is prescribed as a single oral inhalation via a proprietary 
device (Figure 266.6). The dose is 40 mg for adults and chil-
dren 10 years of age or older or 20 mg/kg for children < 10 

Figure 266.4. Mechanism of action of zanamivir and other neuraminidase inhibitors. (Reprinted with permission from 
Moscona, 2005.)

(a)

(b)

Neuraminidase activity

Neuraminidase inhibitor

Nonjudgmental 

Nonjudgmental 

Nonjudgmental 

Nonjudgmental 

Nonjudgmental 
Nonjudgmental 

Nonjudgmental Nonjudgmental 



4. Mode of drug administration and dosage 4561

years old (Shobugawa et al., 2012). For postexposure pro-
phylaxis, healthy subjects 10 years and older were adminis-
tered 20 mg laninamivir octanoate once daily for 2–3 days 
(Kashiwaga et al., 2013).

Since no efficacy studies in humans have yet been pub-
lished for dimeric zanamivir (BTA938) or the polyvalent 
compounds attached to l-glutamic acid backbone, no dosage 
recommendations can yet be defined. 

The mode and dosages of zanamivir administration are as 
follows. 

4a. Adults

INHALED ZANAMIVIR

In view of its poor oral bioavailability (mean: 2%; range 
1–5%) (Cass et al., 1999a), zanamivir has been developed for 
clinical use as a dry powder, inhaled through the mouth, 
which thus delivers it directly to the sites of viral infection 
in the respiratory tract by use of a proprietary device, the 
Diskhaler (Figure 266.5) The Diskhaler delivery system con-
sists of two components, the circular Rotadiscs and the 
Diskhaler itself. Each circular Rotadisc consists of four 
double- foil blister cups, each containing 5 mg zanamivir and 
20 mg lactose. For use, a Rotadisc is loaded into the Disk-
haler. A foil blister pack containing the medicine is pierced 
and the zanamivir inhaled through the mouthpiece. Each 
inhalation de livers 5 mg zanamivir into the oropharynx, tra-
cheobronchial tree, and lungs; the recommended dose is two 
puffs or 10 mg.

Zanamivir is approved in the USA for the prophylaxis of 
influenza A and B infection in adults and pediatric patients 
5 years of age and older. The recommended dose for prophy-
laxis is 10 mg (two inhalations) once daily. The recom mended 
duration of prophylaxis ranges from 10 days for postexpo- 
sure prophylaxis in families to 14 days for outbreak control 
in closed institutions to 4 weeks for seasonal prophylaxis in 
the community. However, zanamivir has been demonstrated 
to be well tolerated for prophylaxis for up to 16 weeks 
(Anekthananon et al., 2013).

Zanamivir is also approved for the treatment of uncom-
plicated influenza illness due to influenza A or B virus in 
adults and children 7 years of age and older who have been 
symptomatic for ≤ 2 days. The recommended dose is again 
10 mg (two inhalations) twice daily, approximately 12 hours 
apart, for 5 days. Two doses should be taken on the first day 
as long as 2 hours or more elapse between doses.

In a subgroup analysis, inhaled zanamivir initiated within 
30 hours of onset of symptoms in patients with laboratory- 
confirmed influenza was more efficacious than placebo and 
was more efficacious than treatment that was commenced 
more than 30 hours after illness onset, suggesting that very 
early initiation of therapy is highly advantageous (Hayden et 
al., 1997).

Similarly, using another NAI, oseltamivir, to reduce the 
interval from onset of influenza symptoms to the initiation 
of therapy as much as possible has been shown to enhance 
therapeutic effects (Aoki et al., 2003). These observations 

suggest that this same approach would be expected to benefit 
patients treated with zanamivir as well (see Chapter 267, 
Oseltamivir).

Other data suggest alternative zanamivir regimens may 
not be more efficacious than the currently recommended one. 
Increasing the dose of inhaled zanamivir did not increase the 
therapeutic effect in a placebo-controlled study in susceptible 
volunteers with experimental influenza A illness. Zanamivir 
solution was administered as intranasal drops beginning 
26–32 hours after virus inoculation in a dose of 32 or 96 mg/
day and compared with 20 mg/day inhaled as powder with 
the Diskhaler (Hayden et al., 1996). Both treatments reduced 
illness severity and duration as well as virus concentration 
in nasal washings, but no dose-response relationship was 
observed. However, these results were observed in volunteers 
with influenza induced by intranasal virus inoculation and 
treated by intranasal solution, and neither the mode of acqui-
sition of infection nor the treatment may be directly germane 

Figure 266.5. The Diskhaler for delivery of zanamivir 
(Relenza). (a) The Diskhaler loaded with a Rotadisc ready 
for use. (b) The Diskhaler disassembled before inserting the 
Rotadisc. (Courtesy of GlaxoSmithKline.)



4562 Zanamivir, Laninamivir, and Polyvalent Zanamivir Conjugates

to naturally acquired influenza treated with orally inhaled zan-
amivir powder. Thus it is not known with certainty whether 
larger doses of zanamivir given more frequently might be 
more efficacious than the currently approved regimen.

Treating for longer probably will not improve the out-
come over that obtained with 5 days of therapy based on the 
observed time course of viral shedding in otherwise healthy 
adults with naturally acquired interpandemic influenza ill-
ness. Treatment for 5 days appears appropriate because in 
placebo-treated volunteers with such infection in zanamivir 
trials, the median duration of virus shedding in upper respi-
ratory tract secretions ranged from 4 days (Monto et al., 
1999a; Mäkelä et al., 2000) to 6 days (Hayden et al., 1997). 
However, it is worth noting that if a novel influenza virus 
were to emerge (e.g. human-pathogenic avian H5N1 virus), 
infection in susceptible humans might be more severe and 
associated with longer periods of virus replication and shed-
ding than is the case with current interpandemic influenza 
strains. Longer courses of zanamivir may then be more effi-
cacious than the currently recommended 5-day regimen. 
Finally, would a loading dose of zanamivir enhance the anti-
viral effect? This is unlikely because inhaled drug acts extra-
cellularly in the respiratory tract and begins to interfere 
immediately with virus dispersal.

NEBULIZED ZANAMIVIR

Zanamivir administered as a solution by nebulizer for oral 
inhalation or by administration via an endotracheal tube 
might permit treatment of patients unable to use the 
Diskhaler. Gubareva et al. (1998) treated an 18-month-old 
child with influenza B infection with zanamivir 1632 mg in 
1–2-ml sterile water every 6 hours by nebulizer. The child 
died of unresponsive infection due to zanamivir-resistant 
infection, but tolerated the treatment well. A contribution 
from inconsistent delivery of drug to sites of infection in dis-
tal, poorly ventilated lung segments could not be excluded. 
There have been no reports of the successful treatment of 
intubated patients with influenza infection who have been 
administered zanamivir by aerosol or nebulization via the 
endotracheal tube.

INTRAVENOUS ZANAMIVIR

In patients with influenza who are unable to inhale the mar-
keted powder formulation, intravenous zanamivir may be 
an alternative. Calfee et al. (1999) compared the safety and 
efficacy of zanamivir (600 mg infused intravenously twice 
daily for 5 days) with placebo, both begun 4 hours before 
intranasal inoculation of influenza in volunteers. Zanamivir 
prevented clinical illness compared with placebo and reduced 
virus shedding in nasal secretions. In critically ill patients 
with influenza, especially those infected with oseltamivir- 
resistant strains, intravenous zanamivir may be life-saving 
(Dulek et al., 2010; Gaur et al., 2010; Härter et al., 2010). 
Two reports suggest good tolerance of intravenous zanami-
vir 600 mg twice daily for 5 days in hospitalized patients with 
influenza A (H1N1)pdm09 infection (Wijaya et al., 2011; 
Watanabe et al., 2015) and possible effectiveness assessed by 
clinical and virological measures (Watanabe et al., 2015). A 

phase II study evaluating the effectiveness of intravenous 
zanamivir for treatment of hospitalized patients with severe 
influenza (gsk-clinicalstudyregister.com/study/113678?study_ 
ids=113678#rs; NAI113678) and a phase III efficacy trial 
comparing intravenous zanamivir treatment to oral oseltam-
ivir in hospitalized adult patients (gsk-clinicalstudyregister.
com/study/114373?study_ids=114373#rs; NAI114373) have 
completed enrollment, and the results of these studies will 
yield initial data to assess the efficacy of intravenous zanamivir. 
Intravenous zanamivir may be available from GlaxoSmith-
Kline on an individual patient basis (compassionate usage).

4b. Newborn infants and children

Zanamivir is approved for prophylaxis and treatment in chil-
dren 5 years of age or older. The dose and dosing recom- 
mendations are the same in children this age as in adults. The 
inhaled powder form of zanamivir is inappropriate for 
patients < 5 years old due to the complexities of timing the 
inhalation. One case of therapy of influenza B infection with 
nebulized zanamivir has been reported (discussed earlier).

4c. Pregnant and lactating mothers

Preclinical studies in rats have revealed no impairment of 
fertility or teratogenic effects. However, the US Food and 
Drug Administration downgraded the safety of zanamivir in 
pregnancy from B to C, based solely on the fact that zanami-
vir passes transplacentally in rats and rabbits. In these stud-
ies, very high doses were given to pregnant rats, and although 
some mild skeletal teratogenicity was observed, it was qual-
itatively and quantitatively equivalent to that seen in the 
untreated animals. In rats, zanamivir is also excreted in 
breast milk (Dines et al., 1998).

Although no systematic studies in human pregnancy 
have been conducted, two large series of cases of pregnant 
women treated with NAI suggest that inhaled zanamivir 
did not adversely affect pregnancy outcomes (Saito et al., 
2013; Dunstan et al., 2014). However, because of the FDA 
downgrading, zanamivir should be used in pregnancy only 
when the potential benefits are thought to outweigh any pos-
sible risks. As systemic levels of zanamivir from inhaled drug 
are very low, the likelihood of teratogenic effects similar to 
those seen in animal models (where very much higher doses 
were used) seems slight. No dosage adjustments are required. 
There are no data as to whether zanamivir is found in breast 
milk, but because it is not absorbed well orally and is other-
wise a benign drug, it is unlikely that any consequential 
amount of zanamivir would appear in the infant’s circulation. 
On that basis, it seems reasonable to allow breast-feeding 
mothers to use zanamivir. 

4d. Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Because zanamivir does not achieve significant blood levels 
after oral inhalation, dosage adjustments for patients with 

http://gsk-clinicalstudyregister.com/study/114373?study_ids=114373#rs
http://gsk-clinicalstudyregister.com/study/114373?study_ids=114373#rs
http://gsk-clinicalstudyregister.com/study/113678?study_ids=113678#rs
http://gsk-clinicalstudyregister.com/study/113678?study_ids=113678#rs
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altered renal function who are treated in this manner are 
unnecessary. 

The renal excretion of intravenous zanamivir is discussed 
in section 5, Pharmacokinetics and pharmacodynamics. 
Based on the pharmacokinetics of intravenous zanamivir in 
adult volunteers with and without renal impairment and the 
target serum area-under-the-concentration-time curve (AUC) 
observed in healthy adults receiving 600 mg per dose, Weller 
et al. (2013) proposed the following zanamivir dosing regi-
mens for patients with renal impairment: all patients receive 
an initial 600 mg dose followed by twice daily doses of 400 
mg for creatinine clearance 50 to < 80 ml/minute, 250 mg for 
creatinine clearance 30 to < 50 ml/minute, 150 mg for creat-
inine clearance of 15 to < 30 ml/minute, and 60 mg for creat-
inine clearance of < 15 ml/minute. Maintenance doses are to 
begin 12 hours after the initial dose for those with creatinine 
clearance < 50 ml/minute, after an interval of 24 hours for 
those with creatinine clearance 15 to < 30 ml/minute, and 
after 48 hours for those with creatinine clearance of < 15 ml/
minute. These schedules were demonstrated to achieve the 
target AUC value in 35 patients with renal impairment treated 
for influenza with intravenous zanamivir (Marty et al., 2014).

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

Dosage adjustments for patients with altered hepatic func-
tion are unnecessary.

PATIENTS WITH UNDERLYING AIRWAYS DISEASE

Zanamivir is not recommended for treatment or prophylaxis 
of influenza in patients with underlying airways disease, such 
as asthma or chronic obstructive pulmonary disease, owing 
to the risk of serious bronchospasm. If its use is recom-
mended, an inhaled bronchodilator should be administered 
before giving zanamivir.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Inhaled zanamivir

BIOAVAILABILITY

In healthy adult volunteers, 11.65–17.00% of zanamivir 
powder inhaled orally with the Diskhaler is bioavailable, as 
reflected in excretion of zanamivir in urine (Cass et al., 
1999a). This probably represents mostly drug absorbed into 
the circulation across the oropharyngeal and respiratory 
tract epithelium and pulmonary alveoli. Zanamivir absorbed 
after it is swallowed makes a lesser contribution to the 
excreted drug because its oral bioavailability averages only 
2% (range: 1–5%). For healthy adult volunteers, inhalation 
of the recommended 10-mg dose of zanamivir with the 
Diskhaler yields a maximum concentration (Cmax) from 17 to 
142 µg/l after 1–2 hours. The AUC0–α ranges from 120 to 344 
µg/l/h (Cass et al., 1999a).

Zanamivir binding to human plasma proteins is low, 
ranging from < 1% to 14% over the range from 10,000 to 
50 µg/l, respectively (Daniel et al., 1999).

DRUG DISTRIBUTION

The zanamivir pharmacokinetic volume of distribution after 
oral inhalation is not known in healthy adult volunteers 
(Cass et al., 1999a). The anatomic distribution of zanamivir 
after oral inhalation of the powder formulation using the 
Diskhaler has been evaluated by photoscintigraphy in 
healthy adult volunteers using drug labeled with 99mTc (Cass 
et al., 1999b). Of the inhaled dose, 77.6 ± 5.4% was deposited 
in the oropharynx, 13.2 ± 4.0% in the lungs, and 1.2 ± 0.3% 
in the trachea. Between 5% and 10% remained in the 
Diskhaler or blister package. Zanamivir concentrations in 
induced sputum samples were 1483 times greater than the 
IC50 of a typical influenza A virus 6 hours after inhalation of 
a 10-mg dose and were still 337 times greater at 12 hours, 
when the second daily dose would be administered (Peng et 
al., 2000a).

Zanamivir concentrations in induced sputum samples 
and nasal washings of healthy adults 6 hours after oral 
inhalation of 10 mg averaged 1441 ng/ml (range: 569–3650 
ng/ml) and 106 ng/ml (range: 26–435 mg/ml), respectively 
(Peng et al., 2000a). Assuming a first-order elimination 
process, these data indicate an elimination half-life (t½) of 
2.8 hours. The zanamivir median (fold range) concentra-
tions at 6 hours after dosing were 1483 ng/ml (range: 985–
3958) for sputum samples and 15 ng/ml (range: 23–338) for 
nasal wash samples, respectively. These figures are worth 
comparing with NA EC50 of 0.9 ng/ml of a typical influenza 
A or B virus.

EXCRETION

The serum elimination t½ after zanamivir is inhaled orally 
with the Diskhaler is about 4 hours, but this actually rep-
resents the absorption phase (Cass et al., 1999c). The effect of 
influenza illness on zanamivir pharmacokinetics has been 

Figure 266.6. A laninamivir–octanoate inhaler, the 
FlowCaps (Hovione, Portugal), for administration of dry 
powder. Each device has two containers, holding 10 mg of 
the drug. (Reprinted with permission from Ikematsu and 
Kawai, 2011.)

Tolerant 

Tolerant 
Tolerant 
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studied in a limited fashion. In 11 children, aged 6–12 years 
with symptoms and signs of respiratory illness (of undeter-
mined etiology), the pharmacokinetics of zanamivir was 
evaluated after a 10-mg dose given with the Diskhaler (Peng 
et al., 2000b). Of the 11 children, 5 had undetectable or low 
(8.3–10.4 µg/l) serum concentrations with levels undetect-
able after 1.5 hours. A total of 5 children had median Cmax 
values of approximately 40 µg/l (range: 15–74) and median 
AUC0–∞ values of approximately 150 µg/h/ml (range: 58–279). 
Low and undetectable serum zanamivir levels were attributed 
to poor inspiratory flow rates (GlaxoSmithKline, 2006). In 
adult volunteers, the zanamivir Cmax in serum after a single 
10-mg dose inhaled orally using a Diskhaler was approxi-
mately 97 µg/l (Cass et al., 1999a).

The pharmacokinetics of orally inhaled and intravenous 
zanamivir in children < 5 years of age, in pregnant patients, 
in geriatric patients, and in those with hepatic insufficiency 
have not been described.

5b.  Intravenous zanamivir

The pharmacokinetics of intravenous zanamivir have been 
described in healthy adults (Cass et al., 1999a; Shelton et al., 
2011; Shida et al., 2013; Weller et al., 2013; Marty et al., 2014), 
adults with renal impairment (Cass et al., 1999c; Weller et al., 
2013; Marty et al., 2014), and patients with severe influenza 
(Shida et al., 2003; Marty et al., 2014). Study doses have 
ranged from 1 mg (Cass et al., 1999a) up to 600 mg (Shelton 
et al., 2011; Shida et al., 2013; Weller et al., 2013; Marty et al., 
2014) given up to twice daily for 5 days (Shida et al., 2013; 
Marty et al., 2014).

Compared to historical controls (Shida et al., 2013; Weller 
et al., 2013), severe influenza warranting hospitalization 
(Marty et al., 2014) did not affect the pharmacokinetics of 
intravenous zanamivir.

BIOAVAILABILITY

An average of 87% (Cass et al., 1999a) to 94% (Shida et al., 
2013) of injected zanamivir has been recovered as unchanged 
drug in urine.

DRUG DISTRIBUTION

The pharmacokinetic volume of distribution (Vd) of injected 
zanamivir was independent of dose and renal function and 
averaged 14.8 liters (Cass et al, 1999a; Shida et al, 2013) to 
20.6 liters (Weller et al., 2013) in healthy adults. In adults 
with severe influenza requiring hospitalization, Vd ranged 
from 20.7 to 22.6 liters (Marty et al., 2014). The anatomic 
correlate of this pharmacokinetic parameter is unknown. It 
approximates neither the extracellular fluid compartments 
nor total body water. AUC was proportional to dose (Cass et 
al., 1999a; Shelton et al., 2011; Shida et al., 2013) and inde-
pendent of renal function (Weller et al., 2013; Marty et al., 
2014). 

The AUC selected as a target for estimating appropriate 
intravenous doses in adult patients with altered zanamivir 
pharmacokinetics was based on the doses that yielded lung 

epithelial lining fluid concentrations observed after intrave-
nous administration of 600 mg intravenously over 30 min-
utes (Shelton et al., 2011). These ranged from 216 to 1163 
ng/ml and were 55–79% of corresponding zanamivir serum 
concentrations. The AUC had geometric mean (% CV) of 
86,630 ng/h/ml (11.6%) with Cmax geometric mean (% CV) of 
39,430 (11%).

CLINICAL IMPORTANT PHARMACOKINETIC AND 
PHARMACODYNAMIC FEATURES

Based on in vitro studies the clinically important pharmaco-
kinetic and pharmacodynamic indices for zanamivir differ 
for those with normal and significant renal dysfunction. For 
patients with normal or mild renal dysfunction, the time the 
serum concentration exceeds the IC50 value for influenza NA 
is the pharmacokinetic-pharmacodynamic index that best 
predicts inhibition of virus replication and, by inference, 
therapeutic effect in healthy subjects (Brown et al., 2011a; 
Brown et al., 2011b). The corollary of this conclusion is that 
more frequent doses are required, using the same total daily 
dose, to achieve optimal viral suppression and that the cur-
rent clinical dosing regimen of 600 mg every 12 hours for 
patients with normal or mildly impaired renal impairment 
should be adequate for therapy although every-8-hour dos-
ing may be marginally superior. In those with renal insuffi-
ciency, modeling predicts that the serum AUC/EC50 index is 
the best correlate of zanamivir antiviral effect. The twice-
daily dosing regimens proposed by Weller et al. (2013) for 
patients with renal insufficiency should be pharmacokineti-
cally appropriate.

The validity of these predictions has not been formally 
evaluated in the clinic. Their relationship to orally inhaled 
zanamivir is also unknown.

EXCRETION

Elimination from serum was a first-order process (Cass et al., 
1999a; Shelton et al., 2011; Shida et al., 2013; Weller et al., 
2013; Marty et al., 2014); the mean t½ ranges from 1.67 hours 
(Cass et al., 1999a) to 2.68 hours (Shelton et al., 2011) in sub-
jects with creatinine clearance > 80 ml/minute. Elimination 
t½ was indirectly related to renal function (creatinine clear-
ance) with means of 2.44, 3.88, 5.79, and 12.8 hours in sub-
jects with normal renal function (creatinine clearance ≥ 80 
ml/minute), mildly impaired function (50–79 ml/minute), 
moderate impairment (30–49 ml/minute), and severe impair-
ment (< 30 ml/minute), respectively (Weller et al., 2013). 
Similar values were observed in patients with severe influ-
enza and renal impairment (Marty et al., 2014).

Zanamivir concentrations in nasal wash samples after 
intravenous administration by intermittent infusion or con-
tinuous infusion to healthy adult volunteers revealed vari-
ability that was concluded to reflect differences in pulmonary 
penetration (Shelton et al., 2011). After administration of 
600 mg zanamivir intravenously infused over 30 minutes 
twice daily, the dosing regimen being evaluated in therapeu-
tic trials and in emergency use during the A (H1N1)pdm09 
pandemic (Marty et al., 2014), the median concentration of 
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zanamivir in epithelial lining fluid collected by bronchoalve-
olar lavage evaluated 12 hours after dosing was 419 ng/ml 
(73% of the concurrent concentration in serum) and 552–
1653 times the in vitro EC50 for the NA of common human 
influenza A and B viruses. The median nasal wash zanamivir 
concentration (498 ng/ml) was similar to the epithelial lining 
fluid concentration.

With repeated doses at 12-hour intervals over 5 days, the 
steady state was attained at 1 day (Shida et al., 2013), with 
no accumulation with repeated doses (Cass et al., 1999a) as 
would be expected for a drug with a t½ of 2–3 hours.

5c.  Laninamivir

The clinical pharmacokinetics of the prodrug laninamivir–
octanoate and laninamivir, the antiviral molecule, were eval-
uated in healthy adult volunteers (Ishizuka et al., 2010). 
Subjects inhaled a single dose of placebo or one of six doses 
of laninamivir–octanoate from 5 to 120 mg using a propri-
etary device, FlowCaps, during quiet tidal breathing in the 
seated position. Plasma and urine concentrations of lanin-
amivir–octanoate and laninamivir were analyzed in plasma 
and urine.

The prodrug appeared in plasma with a median of the 
average time to maximum concentration (tmax) of 0.5 hour 
and declined with a median average t½  of 1.85 hours for the 
five dose groups. Mean AUC 0–∞ and Cmax increased propor-
tionally by dose. Apparent volume of distribution and total 
body and renal clearance appeared independent of dose; 
median average values were 259 liters, 1319 ml/minute, and 
40 ml/minute, respectively. The median of the average renal 
clearance values for the six doses suggested partial renal tubu-
lar resorption after presumed glomerular filtration.

The median average concentration of laninamivir peaked 
in plasma at 4.0 hours, independent of dose and declined 
with a median average t½ of 61.2 hours based on urine excre-
tion data; mean elimination t½ based on the decline of plasma 
laninamivir concentration over time appeared to increase for 
doses from 5 mg (t½ 5.7 ± 1.2 hours) to 10 mg (16.5 ± 14.3 
hours) and from mean values of 49–80.8 hours for doses 
from 20 mg to 120 mg without differences among these latter 
four doses. The mean Cmax appeared to increase proportion-
ately to dose. The mean AUC0–∞ estimates were available only 
for subjects who inhaled a dose of 40 mg, 80 mg, or 120 mg 
and appeared proportional to dose over this range.

These doses were well tolerated compared to placebo.
After inhalation of 20 mg or 40 mg twice daily for five 

doses, AUC0–∞ and Cmax after the first and last doses were 
dose proportional. Renal clearance was independent of dose 
for laninamivir–octanoate and laninamivir. The median elim-
ination t½ was not different between doses for the prodrug 
and metabolite: 2.9 hours and 62.9 hours, respectively.

The ratio of AUC0–10/AUC0–10 for the first and last doses 
were close to unity for both laninamivir–octanoate and 
laninamivir, indicating no accumulation with multiple 
doses over 3 days. However, given median laninamivir elim-
ination t½ of 62.9 hours for doses of 20 and 40 mg, one would 

anticipate accumulation to a steady state after five times 
the half-life (300 hours or 12 days) if administration were 
continued.

Laninamivir–octanoate and laninamivir protein binding 
are 67% and < 1.0%, respectively. These pharmacokinetic 
characteristics after oral inhalation are postulated to reflect 
increased diffusion of the lipophilic laninamivir–octanoate 
molecule into epithelial lining cells in the respiratory tract, 
which are the target cells for influenza virus infection where 
esterases catalyze the deesterification of laninamivir–octa-
noate to release the antiviral molecule, laninamivir, which is 
slowly eliminated from plasma. Whether this time course of 
laninamivir elimination actually reflects slow release from 
these depot cells is speculative but a plausible alternative 
explanation.

In adults with impaired renal function ranging from mild 
(creatinine clearance 50–80 ml/minute) to moderate (30–50 
ml/minute) to severe (< 30 ml/minute) who were given 
laninamivir–octanoate 20 mg by inhalation, laninamivir–
octanoate AUC0–∞ and Cmax were independent of dose 
(Ishizuka et al., 2011). In contrast, t½ increased with increas-
ing renal insufficiency. Laninamivir AUC0–∞ and Cmax and 
renal impairment were directly related. AUC0–∞ and Cmax 
increased 4.92- and 1.89-fold, respectively, in subjects 
with  severe renal impairment compared to normal renal 
function.

These data are consistent with the pharmacokinetic phe-
nomenon of flip-flop in which the long elimination half-life 
actually reflects slow release from a pharmacokinetic depot: 
for laninamivir–octanoate and laninamivir, this depot is 
suggested from rat studies to be the lining cells of the respi-
ratory tract.

The intrapulmonary distribution and disposition charac-
teristics of laninamivir–octanoate and laninamivir in humans 
were determined indirectly after inhalation of 20 mg lanin-
amivir–octanoate by healthy adult volunteers (Ishizuka et al., 
2012). Laninamivir–octanoate and laninamivir concentra-
tions in epithelial lining fluid (ELF) were determined from 
measurements in bronchial alveolar lavage fluid over 10 days; 
serum laninamivir–octanoate and laninamivir concentra-
tions were measured concomitantly. A single inhaled dose of 
laninamivir–octanoate yielded a maximum ELF concentra-
tion of laninamivir of 8.57 ± 15.53 µg/ml at 4 hours, with a 
slow decline and mean concentration at 7 days and 10 days of 
0.70 µg/ml and 0.56 µg/ml, respectively. The concentration of 
laninamivir at 10 days exceeded the IC50 of typical influenza 
A and B isolates; 2.09–15.9 nM for subtypes A (H1N1), A 
(H3N2), and B1 (Yamashita et al., 2010).

These data on the time-course of laninamivir in ELF after 
inhalation of 20 mg laninamivir–octanoate are consistent 
with the observed therapeutic effect of a single inhaled dose 
in patients. 

5d.  Polyvalent zanamivir conjugates

There have not yet been studies of the disposition of polyva-
lent zanamivir conjugates in humans.
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5e.  Drug interactions

INHALED ZANAMIVIR

No adjustment of the zanamivir dose is required when inac-
tivated influenza vaccine is injected concomitantly with the 
drug because zanamivir does not reduce the response to such 
influenza vaccine (Webster et al., 1999). Administration of 
zanamivir by oral inhalation of 10 mg/day with the Diskhaler 
for 28 days to healthy volunteers given a marketed trivalent 
inactivated influenza vaccine (subcutaneously) did not ad - 
versely affect the production of serum HA-inhibiting anti-
body, a standard measure of immune response to influenza 
vaccine. Thus when zanamivir prophylaxis is initiated at the 
time vaccine is injected, it would protect the individual with-
out impairing the development of vaccine-induced immunity.

However, if live, attenuated influenza vaccine (e.g. FluMist) 
is given intranasally, antiviral medications should not be 
administered for at least 2 weeks (Advisory Committee on 
Immunization Practices, 2007) because zanamivir will inhibit 
replication of the vaccine virus thereby perhaps attenuating 
vaccine immunogenicity. Overall, the potential for zanami-
vir to interact with other drugs given concomitantly appears 
negligible. Clinically important drug interactions with other 
agents administered concomitantly during zanamivir ther-
apy are unlikely based on zanamivir’s very low toxicity (even 
at high plasma concentrations), low plasma protein binding, 
lack of hepatic biotransformation of the drug, and elimina-
tion unchanged by glomerular filtration. Drug–drug interac-
tions due to displacement from plasma proteins are generally 
observed only when binding exceeds 90% (Sitar, 2007); how-
ever, because protein binding of zanamivir is < 15%, drug 
interactions due to drug displacement are extremely unlikely 
(Daniel et al., 1999).

The expectation that zanamivir will cause adverse drug–
drug interactions by inhibiting or enhancing the hepatic 
biotransformation of other drugs is also very unlikely based 
on evaluations of potential drug interactions with zanamivir 
using a number of in vitro and in vivo model systems (Daniel 
et al., 1999). The expression of microsomal cytochrome 
P-450 (CYP) isoenzymes in rat hepatocytes was not affected 
by daily intravenous injection of the animals with zanamivir 
at doses of up to 90 mg/kg for 5 weeks. These doses yield 
systemic levels of zanamivir exposure far in excess of those 
observed in humans during oral inhalation of recommended 
doses. Zanamivir at concentrations up to 150 mg/l did not 
inhibit the metabolism of eight CYP probe substrates (bufu-
ralol, chlorzoxazone, coumarin, ethoxyresorufin, mephenyt-
oin, midazolam, phenacetin, and tolbutamide) by human 
hepatocyte microsomes (Daniel et al., 1999).

Other drugs do not appear to affect the antiviral activity 
of zanamivir. Interference with the inhibition of the repli- 
cation of influenza A/Singapore/1/57 (H2N2) virus by zana-
mivir was assessed in cell culture by co-exposure to a variety 
of drugs that might be administered concomitantly with 
zanamivir to patients ill with influenza (Daniel et al., 1999). 
Seven agents, including analgesics (aspirin, ibuprofen, and 

acetaminophen), the antihistamine promethazine, decon-
gestants (oxymetazoline and phenylephrine), and the anti-
bacterial drug amoxicillin–clavulanic acid, did not affect the 
antiviral effect of zanamivir. It was surprising that, codeine at 
a concentration of 502 µM and diphenhydramine at 390 µM 
both enhanced the antiviral effect of zanamivir; the mecha-
nism of this direct antiviral effect of these drugs is unknown. 
However, Cmax of codeine is 0.37 µM after an oral dose of 60 
mg given three times daily for seven doses to healthy adults 
(Quiding et al., 1986) and 0.27 µM after a single 50-mg dose 
of diphenhydramine to a healthy adult (Blyden et al., 1986). 
Thus usual doses of codeine or diphenhydramine given con-
comitantly with zanamivir would not be expected to aug-
ment its antiviral effect.

INTRAVENOUS ZANAMIVIR

A single dose of intravenous zanamivir 600 or 1200 mg did 
not cause QT prolongation on EKG (Lou et al., 2013). 
No  clinically important pharmacokinetic interaction was 
observed in 17 healthy adult volunteers given oral oseltami-
vir 150 mg twice daily alone or with intravenous zanamivir 
in a range of doses including 600 mg twice daily for three 
days (Pukrittayakamee et al., 2011), although maximum 
plasma concentrations of zanamivir were 7–12% higher 
when it was infused concurrently with oral oseltamivir.

6. ADVERSE REACTIONS AND TOXICITY

6a.  Zanamivir

INHALED ZANAMIVIR

Zanamivir is poorly absorbed after inhalation, so that sys-
temic drug exposure and the risk of systemic adverse effects 
are both correspondingly low. An early indication of zanami-
vir’s remarkable safety, tolerance, and high therapeutic ratio 
was shown by a study in which doses of 600 mg were given 
intravenously twice daily for 5 days to healthy volunteers, 
and the treatment was extremely well tolerated and with-
out clinical or laboratory evidence of toxicity (Calfee and 
Hayden, 1998). The plasma Cmax achieved with this therapy 
was 80 times that normally achieved by inhalation of 10-mg 
doses and far above the concentration necessary to inhibit 
influenza virus replication. These data indicate that lesser 
degrees of systemic exposure after oral inhalation are very 
likely to be completely safe and well tolerated. This expecta-
tion has been borne out by analyses of putative adverse 
events in clinical trials (Heneghan et al., 2014).

Analyses of pooled zanamivir toxicity data from trials in 
the entire study population (Freund et al., 1999), in high-risk 
individuals alone (Gravenstein et al., 2001), and from post-
marketing case reports indicate that the only consequential 
adverse reaction from zanamivir is the rare occurrence of 
bronchospasm in patients with underlying airways disease, 
such as asthma and chronic obstructive pulmonary disease, 
in whom zanamivir is relatively contraindicated. In every 
other respect, zanamivir was generally safe and well toler- 
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ated, except for a possible slight increase in the incidence 
of headache in the zanamivir-treated subjects compared with 
the placebo-treated group in some populations.

Of 4152 subjects who received zanamivir in clinical trials, 
adverse events in the zanamivir-treated subjects were quali-
tatively and quantitatively similar to those observed in con-
current control recipients, and the adverse reactions appeared 
to be independent of age or comorbid medical conditions 
(Freund et al., 1999). In phase II and III trials, 33% of patients 
treated with inhaled zanamivir with or without intranasal 
solution reported adverse events compared with 38% of pla-
cebo recipients. Nasal symptoms and signs, diarrhea, nausea, 
headache, bronchitis, and cough were reported by 1–3.5% of 
study subjects, with no difference between treatment groups 
(Freund et al., 1999). Headache was the most commonly 
reported complaint after treatment, being reported by 4% of 
zanamivir-treated subjects compared with 3% of those given 
placebo (statistical significance was not commented on by 
the authors). There were no clinically important differences 
in laboratory safety test results between groups.

Adverse event reports were more commonly reported 
during prophylaxis studies in part because they were recorded 
over a month compared with the 5-day dosing period during 
treatment trials. However, there were again no differences 
between zanamivir and control subjects. Of 1063 recipients 
of zanamivir prophylaxis and 745 control subjects, 71% in 
both groups complained of one or more symptoms. The most 
frequently reported symptoms were nasal symptoms and 
signs (36% in both groups), headache (41% in both groups), 
throat and tonsil discomfort (30% and 31% in the two groups, 
respectively), malaise and fatigue (24% in both groups), and 
cough (22% and 24%, respectively). Nausea and diarrhea were 
reported by 1–3% in both groups, similar to the frequency 
reported in treatment trials.

Deaths and nonfatal serious adverse events were very 
uncommon and not different between treatment groups. 
Two patients, aged 82 and 83 years, died during a study of 
zanamivir prophylaxis in nursing homes. Both deaths were 
considered to be unrelated to therapy, as one subject had 
received placebo and rimantadine and the other, zanamivir. 
Of 47 completed reports on nonfatal serious adverse events, 
28 (< 1%) were in 3662 zanamivir recipients and 19 in 2435 
(< 1%) control subjects. In 4 cases, investigators considered 
the adverse reaction to be treatment related: 3 people were 
receiving placebo and 1 zanamivir (headache, dizziness, and 
nasal pain).

Nevertheless, zanamivir is contraindicated in patients 
known or suspected to be hypersusceptible to zanamivir or 
any component of the formulation, including lactose, al- 
though such reactions are rare.

A rigorous assessment of the safety of 16 weeks of zanami-
vir inhaled once daily for prophylaxis was described in 196 
Thai healthcare professionals using a double-blind design 
(Anekthananon et al., 2013). Symptoms, signs, pulmonary 
function tests, Hospital Anxiety and Depression Scale scores, 
hematologic and biochemical blood tests, and ECGs were 
systematically and serially evaluated. Of 131 subjects inhal- 

ing zanamivir, 17.6% (23) had at least one adverse event 
compared to 12.3% (8) who received placebo. More than 
93% took greater than 90% of all doses. No volunteers with-
drew due to adverse effects. There were 8 serious adverse 
effects considered unrelated to treatment. The only adverse 
effect of grade 2 or greater severity was cough, which tended 
to be reported more in zanamivir than placebo recipients 
(p = 0.077). No laboratory abnormality related to zanamivir 
was identified. This rigorous evaluation demonstrated excel-
lent tolerance of inhaled zanamivir during 16 weeks of pro-
phylaxis. Of note, 4 became pregnant during the study. 
Outcomes are reported elsewhere in this chapter.

Patients with asthma or chronic obstructive 
pulmonary disease
Rarely, administration of zanamivir by oral inhalation has 
been associated with worsening of underlying chronic pul-
monary disease, as reported by Williamson and Pergram 
(2000). In contrast, in a placebo-controlled crossover study 
to systematically evaluate the effect of zanamivir on under-
lying chronic pulmonary disease, an intensive experimental 
zanamivir dosing regimen consisting of 10 mg zanamivir 
inhaled twice daily on day 1 and then four times daily from 
day 2 to day 14 was well tolerated in 13 subjects with stable 
mild to moderate asthma (Cass et al., 2000). No adverse clin-
ical effects of zanamivir were reported compared with pla-
cebo. There was no deterioration in pulmonary function, 
increased susceptibility to methacholine-induced broncho-
constriction or need for bronchodilator rescue therapy. In 
one postexposure prophylaxis study in families, 4% of sub-
jects had an underlying respiratory condition, mainly asthma. 
Bronchospasm was reported by only two subjects, both of 
whom were receiving placebo (Monto et al., 2002). In the 
other study, the proportion of subjects with asthma requiring 
regular use of medication who experienced an exacerbation 
was small and higher among placebo recipients (11%) than 
among zanamivir recipients (6%) (Hayden et al., 2000). 
These results collectively suggested that a diagnosis of asthma 
is not an absolute contraindication to zanamivir therapy. 
Despite the low frequencies of adverse reactions in patients 
with asthma, it has been suggested that inhaled bronchodila-
tors be given before inhaled zanamivir in patients with reac-
tive airway disease.

Concurrent acute respiratory illness, which was due to 
influenza A or B virus infection in 60–78% of cases, did not 
interact with zanamivir to cause adverse drug reactions quan-
titatively or qualitatively different from placebo (Matsumoto 
et al., 1999; Mäkelä et al., 2000). Thus during treatment trials 
in patients with naturally occurring influenza illness, zana-
mivir therapy did not cause adverse drug reactions more 
often than placebo in healthy adults, children 5–12 years of 
age, or frail elderly individuals (Freund et al., 1999). Similarly, 
analysis of pooled treatment data from subjects considered at 
high risk of premature mortality or infectious complications 
from influenza revealed no differences in adverse reaction 
rates between zanamivir or placebo recipients (Gravenstein 
et al., 2001). These high-risk groups included individuals 
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≥ 65 years, those with chronic respiratory disease requiring 
regular medications, including asthma and chronic obstruc-
tive pulmonary disease (COPD), those with significant car-
diovascular disease excluding isolated hypertension, those 
with diabetes mellitus, and immunocompromised persons.

Patients with renal impairment
Zanamivir administered intravenously to 10 patients with 
mild to severe renal insufficiency: 4 mg once to healthy con-
trols and patients with mild to moderate renal impairment 
and 2 mg to those with severe renal insufficiency was gener-
ally well tolerated (Cass et al., 1999c). There were no differ-
ences in tolerance between 7 healthy controls and the 10 
patients, all with renal insufficiency. Of nine adverse events 
reported by 5 study subjects, only two were thought to pos-
sibly be related to study drug. One was a moderately severe 
headache beginning 23 hours after drug administration and 
lasting 6 hours and the second was severe pain at the intrave-
nous cannula insertion site beginning 4 days after adminis-
tration and lasting 24 hours. There were no serious adverse 
events, and laboratory abnormalities were observed equally 
often in zanamivir recipients and controls (Cass et al., 1999c). 
Weller et al. (2013) evaluated the safety and tolerance of a 
single dose of 100 mg intravenous zanamivir administered 
to 4volunteers per group with normal renal function and 
with mild, moderate, or severe renal impairment during an 
evaluation of zanamivir pharmacokinetics. One subject in 
each group experienced an adverse event considered possi-
bly drug related: mild abdominal pain, moderate headache, 
moderate diarrhea, and mild weakness with a rash, in the 
four groups, respectively. No EKG nor laboratory abnormal-
ities were observed. These observations suggest that patients 
with renal impairment and reduced zanamivir clearance tol-
erate zanamivir well, but more data are required to support a 
more thorough evaluation of this hypothesis.

Pediatric patients
Collectively, the data presented in more detail here indicate 
that inhaled zanamivir is well tolerated in children 5–12 
years of age, generally, as well as in adults. Data in children 
younger than 5 and from 13 to 17 years are less robust, but 
suggest good tolerance in these cohorts as well. Zanamivir 
safety in children has been reported in three studies in 
approximately 650 pediatric patients aged from 3 months up 
to 17 years. In a pharmacokinetic study, 24 children with 
symptoms and signs of respiratory illness who were 3 months 
to 12 years old received a single orally inhaled dose of zana-
mivir by either nebulizer (in patients < 5 years of age) or 
Diskhaler (in patients ≥ 5 years of age). A total of 6 children 
experienced adverse symptoms, all mild. Headache in one 
child was thought to be possibly related to zanamivir by the 
investigator. In addition, there were no clinically significant 
changes in laboratory tests, but the sample size was too small 
to provide a robust analysis of zanamivir tolerance (Peng et 
al., 2000b).

Of 471 children 5–12 years of age with influenza-like ill-
ness enrolled in a masked, phase III treatment trial, 224 

were allocated to treatment with zanamivir 10 mg given by 
Diskhaler twice daily for 5 days, and 247 to placebo (Hedrick 
et al., 2000), followed by monitoring for up to 28 days. 
Zanamivir was slightly better tolerated than placebo as 
assessed clinically and by laboratory safety testing. Adverse 
events were reported by 26% of placebo recipients and 21% 
in the zanamivir group. Nausea was reported by 2% of pla-
cebo recipients and < 1% of zanamivir recipients; vomiting 
was reported by 3% in both groups; diarrhea was reported by 
2% and 1% of the group recipients, respectively; and asthma 
exacerbations were reported by 2% of placebo recipients and 
< 1% of zanamivir recipients. Two zanamivir-treated chil-
dren were withdrawn from the study, one because of worsen-
ing flu symptoms and one because of a skin rash. Laboratory 
testing in both groups were considered to only reflect acute 
influenza infection.

In two postexposure prophylaxis studies in 824 families 
(Hayden et al., 2000; Monto et al., 2002), 408 households were 
randomized to receive zanamivir prophylaxis for 10 days (the 
other households received placebo). Each household had at 
least one child 5–17 years of age, but the exact number of 
children treated is not reported. Adverse events occurred 
with similar frequency in placebo recipients (52–50% in each 
study) and zanamivir recipients (44–42%, respectively). 
Hayden et al. (2000) specifically reported that adverse events 
were generally mild or moderate in severity and of similar 
in frequency in children 5–11 years of age as in the adults. In 
the study conducted by Monto and colleagues (2002), both 
treatment groups had qualitatively and quantitatively similar 
side effects, but adverse events in children were not specifi-
cally mentioned.

In a placebo-controlled, 28-day trial of zanamivir for sea-
sonal prophylaxis, 1678 pediatric and adult subjects received 
zanamivir 10 mg once daily and 1685 were given placebo. Of 
the subjects studied, about 4% were adolescents, but their 
ages were not specified. Adverse symptoms were reported by 
51% of volunteers in both groups (LaForce et al., 2007). The 
most commonly reported symptoms were consistent with 
upper respiratory tract infection, as reported in the review 
discussed earlier, with no difference between groups (Freund 
et al., 1999).

Risks in pregnancy
Pregnant women were excluded from zanamivir clinical 
trials but it was administered seemingly safely to pregnant 
women during the influenza A( H1N1)pdm09 pandemic. 
Before its use in the pandemic, there was a report of its effects 
in seven pregnant women (Freund et al., 1999). Three of 
them had received zanamivir and four, placebo. Of the three 
patients who had received zanamivir, one experienced a 
spontaneous abortion, one had an elective pregnancy ter-
mination, and one delivered a healthy baby 2 weeks early. 
Among the patients who received placebo, the correspond-
ing numbers were one, one, and two. Ten other pregnant 
women were treated with zanamivir in two studies: n = 2 
(Svensson et al., 2011) and n = 8 (Chan-Tack et al., 2015). 
Specific fetal outcomes were not described. These limited 



6. Adverse reactions and toxicity 4569

data were subsequently augmented with data from studies 
assessing zanamivir safety in pregnancy during the A 
(H1N1)pdm09 pandemic. The prospective UK study using 
UK Teratology Information Service data collected during 
the pandemic reported on zanamivir safety in 180 pregnan-
cies compared to a concurrent reference group (n = 575) 
(Dunston et al., 2014). Zanamivir was administered for treat-
ment in 66% of cases and prophylaxis in 3%; the indication 
for its administration was unknown in 32%. There were no 
significant differences in the rate of miscarriage, major mal-
formation, or preterm delivery between the zanamivir and 
reference groups. Zanamivir safety in pregnancy was simi-
larly suggested by a prospective study of 50 women also 
exposed to zanamivir during the pandemic (Saito et al., 
2013). Zanamivir was administered for influenza treatment 
in 64% and for prophylaxis in 36%. A total of 15, 24, and 11 
women were treated with zanamivir during the first, second, 
and third trimesters, respectively, and 6, 8, and 4 were given 
the drug for prophylaxis during these gestational periods, 
respectively. Compared to the general population, zanamivir 
did not appear to increase the rate of miscarriage, major mal-
formation, or preterm delivery. 

The combination of preclinical animal toxicology data 
and safe zanamivir use in pregnant women during the influ-
enza A (H1N1)pdm09 pandemic suggest that zanamivir is 
safe for use in pregnancy for prophylaxis and particularly for 
treatment of pandemic influenza because pregnancy is a risk 
factor for adverse maternal outcomes (Mosby et al., 2011). 

Postmarketing experience with adverse 
reactions
A number of unusual adverse events have been reported 
spontaneously since approval of zanamivir, but a causal 
relationship with zanamivir has not been established (Glaxo- 
SmithKline, 2006). These include allergic or allergic-like 
reactions, with facial and oropharyngeal edema or laryngo-
spasm; a rash, including serious cutaneous reactions and 
urticaria; cardiac dysrhythmias and/or syncope; gastrointes-
tinal symptoms, including nausea, vomiting, or diarrhea; and 
some neurologic symptoms including dizziness and seizures.

In a phase IV postmarketing observational study in 39 
adults with laboratory-confirmed influenza treated with 
the recommended 5-day regimen of inhaled zanamivir, no 
adverse effects were observed (Takemoto et al., 2013).

INTRAVENOUS ZANAMIVIR

Rigorously assessing adverse effects caused by intravenous 
zanamivir must await the results of large, prospective, double- 
blind controlled trials. Once such phase III trial comparing 
intravenous zanamivir and oral oseltamivir in hospitalized 
patients with influenza has recently completed enrolment 
(gsk-clinicalstudyregister.com/study/114373?study_ids= 
114373#rs; NAI114373). Until such definitive data become 
available, initial estimates might be inferred by comparing 
data on adverse effects in patients with influenza who have 
been treated with intravenous zanamivir with the adverse 
effect reports of healthy volunteers given intravenous zana- 

mivir as part of pharmacokinetic studies for reference. At 
this time, some data are available on the tolerance of intra-
venous zanamivir in these two groups. The first group is 
made up of 222 patients, many with comorbid conditions 
and receiving various additional medicines, with laborato-
ry-confirmed serious influenza necessitating hospitalization: 
n =13 (Fraaij et al., 2011), n = 5 (Wijaya et al., 2011), n = 130 
(Marty et al., 2014), n = 364 (but adverse effects data avail-
able in only 53 subjects) (Chan-Tack et al., 2015), and n = 21 
(Watanabe et al., 2015). The second group consists of 112 
healthy volunteers who received intravenous zanamivir 
during pharmacokinetic studies: n = 16 (Calfee et al., 1999), 
n = 16 (Pukrittayakamee et al., 2011), n = 18 (Shelton et al., 
2011), n = 18 (Shida et al., 2013), n = 4 (Weller et al., 2013), 
and n = 40 (Lou et al., 2013).

Among the 222 sick patients with varying degrees of 
severity of influenza, varied comorbid medical conditions, 
and varied concomitant medication, no consistent pattern or 
frequency of adverse effects was evident, although abnormal 
liver function tests developed in 7 of 53 patients in the study 
by Chan-Tack et al. (2015), and in 10% of 130 in another 
report (Marty et al., 2014), for a total of 20/183 (11%). 
Among 112 healthy volunteers who received intravenous 
zanamivir, 2 (2%) developed abnormal liver function tests.

These data suggest that abnormal liver function tests may 
develop with administration of intravenous zanamivir.

6b.  Laninamivir

The safety and tolerability of orally inhaled laninamivir–
octanoate has been rigorously assessed in double-blind, 
randomized, placebo-controlled studies in 1164 healthy 
volunteers— n = 59 (Ishizuka et al., 2010) and n = 1105 
(Kashigawa et al., 2013)—and in 782 patients ill with influenza 
—n = 122 (Sugaya and Ohashi, 2010) and n = 660 (Watanabe 
et al., 2010).

Ishizuka et al. (2010) evaluated the safety and tolerability 
of laninamivir administered to healthy adults as single 
inhaled doses from 0 (placebo) to 120 mg or 20 mg or 40 mg 
twice daily for 5 doses. There were no withdrawals due to 
adverse events and no clinical or laboratory adverse events 
were considered to be related to study drug. In a study of 
laninamivir postexposure efficacy and safety in the house-
hold setting, subjects 11 years of age and older were ran-
domized to inhale 20 mg laninamivir daily for 2 or 3 days or 
an identical placebo for days (Kashiwaga et al., 2013). Both 
laninamivir regimens were well tolerated compared to the 
placebo control medication. Adverse events were summa-
rized as being similar, mild, or moderate in severity. The 
incidences were 17/552 (3.1%), 26/533 (4.7%), and 15/559 
(2.7%) in the laninamivir 2-day, 3-day, and placebo groups, 
respectively, but no statistical analysis or description of the 
adverse events were provided. No laboratory abnormalities 
were observed.

In patients with influenza treated with inhaled laninami-
vir, the drug was well tolerated compared to oseltamivir in 
the recommended treatment regimen of two doses for 5 days 

http://gsk-clinicalstudyregister.com/study/114373?study_ids=114373#rs
http://gsk-clinicalstudyregister.com/study/114373?study_ids=114373#rs
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(Sugaya and Ohashi, 2010; Watanabe et al., 2010). In a 
study in children with influenza, single inhaled doses of 20 
or 40 mg laninamivir, 4/16 (6.6%) and 1/62 (1.6%), respec-
tively, in the two groups were considered to have developed 
gastroenteritis compared to 2/62 (3.2%) in the oseltamivir 
group (Sugaya and Ohashi, 2010). This makes it difficult to 
interpret the relevance of the gastrointestinal side effects, 
which were the most commonly reported adverse events: 
diarrhea was reported by 6.6%, 3.2%, and 1.6% in the three 
groups, respectively; nausea in 1.6%, 1.6%, and 0%, respec-
tively; and vomiting in 4.9%, 3.22%, and 6.5%, respectively. It 
appears that the adverse gastrointestinal symptoms occurred 
in volunteers other than those diagnosed with gastroenteritis. 
These side effects were mild to moderate and transient. Of 
children treated with laninamivir 20 mg, 1/61 exhibited cry-
ing and delirium and 1/62 treated with 40 mg demonstrated 
abnormal behavior. There were no laboratory abnormalities 
identified. In a study in 999 adults with influenza, diarrhea 
was reported by 18/326 (5.5%), 26/337 (7.7%), and 26/336 
(7.7%) subjects treated with single doses of laninamivir 20 mg, 
40 mg, or oseltamivir 75 mg orally twice daily for 5 days, 
respectively (Watanabe et al., 2010). Vomiting was reported 
by 0.3%, 0.3%, and 2.4%, and nausea in 2.1%, 1.2%, and 
1.8%, in the three groups, respectively. These side effects 
were all mild to moderately severe and transient. Dizziness 
was reported only in the laninamivir 20 mg (1.8%) and 40 
mg (0.9%) groups. There were no discontinuations due to 
side effects and no laboratory abnormalities.

Taken together, these data suggest that laninamivir inhaled 
as 20 mg or 40 mg daily once or for up to 3 days is well toler-
ated with gastrointestinal symptoms in patients ill with influ-
enza similar to those occurring with oseltamivir treatment. 
The apparent absence of adverse events in healthy subjects 
given inhaled laninamivir for pharmacokinetic study or as 
prophylaxis supports the hypothesis that the drug may indeed 
be relatively devoid of adverse effects.

Unfortunately, the adverse effects profile of another inhaled 
influenza treatment, zanamivir, administered twice daily for 
5 days compared to laninamivir 20 mg inhaled once, was not 
described in an observational study in 338 and 314 subjects 
with the two inhaled treatments, respectively (Koseki et al., 
2014).

Pregnancy outcomes of 112 women given laninamivir 
for treatment of influenza suggested maternal exposure to a 
single inhaled dose of 20–40 mg did not increase the rate of 
adverse pregnancy or fetal outcomes (Minakami et al., 2014). 
A total of 17, 39, 46, and 10 women at gestational weeks 
3–11, 12–21, 22–36 and 37 or more, respectively, were admin-
istered the drug. One spontaneous abortion occurred after 
exposure at 3–11 weeks, not different from the general rate 
(14%) (Nybo Andersen et al., 2000). A total of 9 (9%) gave 
birth preterm at < 37 weeks, and 3 of the babies had mal- 
formations (1 each of forefoot varus deformity, foot poly-
dactyl, and cleft palate after maternal laninamivir treatment 
at 6, 17, and 21 weeks gestation, respectively, probably not 
different from the expected rate of 3% (Czeizel, 1993). A total 
of 5 neonates (5%) were small for gestational age. These data 

suggested that a single dose of laninamivir for treatment of 
influenza in pregnant women did not increase risk of mis-
carriage, preterm birth, or fetal malformation.

6c.  Polyvalent zanamivir conjugates

No clinical data have yet been published concerning toxicity 
of polyvalent zanamivir conjugates.

7. CLINICAL USES OF THE DRUG

7a.  Zanamivir

Zanamivir has been used for both prophylaxis and treat-
ment of infection with influenza A and B viruses. A role for 
polymeric zanamivir conjugates for prophylaxis or therapy 
remains to be developed because no clinical trials have been 
reported. The potential advantage of these compounds is that 
treatment and prophylaxis could be achieved with once-
weekly treatment by inhalation. Because of the limited data 
on polymeric zanamivir conjugates, the following discussion 
will focus entirely on zanamivir and laninamivir. Unless 
specifically indicated, these studies involved orally inhaled 
zanamivir and laninamivir–octanoate powder, referred to 
hereafter as laninamivir.

INFLUENZA PROPHYLAXIS IN ADULTS

Influenza prophylaxis in adults with NAIs including zanami-
vir were recently reviewed (Jefferson et al., 2014; Okoli et al., 
2014). Zanamivir will prevent symptomatic illness caused 
by influenza A and B viruses infection when given for post-
exposure prophylaxis, outbreak control, or seasonal prophy-
laxis in the community. Zanamivir prophylaxis may also 
reduce serologically diagnosed asymptomatic infection. The 
clinical data from randomized, controlled trials supporting 
these conclusions are as follows.

Postexposure prophylaxis
When a 10-day course of zanamivir was given for postexpo-
sure prophylaxis in households experiencing an index case of 
influenza, it reduced the frequency of laboratory-confirmed 
influenza A and B illness by about 80% (attack rates decreased 
from 19% to 4%) in two controlled trials (Hayden et al., 2000; 
Monto et al., 2002). In these trials, zanamivir was started 
promptly after symptoms began in the index case, and 97% 
of contacts in both studies had very good adherence (defined 
as having taken 80% or more of prescribed doses). In the 
context of postexposure prophylaxis in families in which the 
index case had been treated with rimantadine, it was known 
that resistance to the drug could develop in the index case, 
resulting in prophylactic failure in the household contacts 
(Hayden et al., 1998). To see if the same changes occurred in 
this trial, zanamivir susceptibility was monitored systemati-
cally. In five index subjects treated with zanamivir, pretreat-
ment (day 1) and posttreatment (day 5) influenza isolates 
were available for study. All isolates remained susceptible to 
zanamivir. Similarly, in five families in the zanamivir group 
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and five in the placebo-treated group, viral isolates from both 
the index case and household contacts who developed influ-
enza showed no changes in zanamivir susceptibility (Hayden 
et al., 2000). Thus in contrast to rimantadine, zanamivir 
resistance does not appear to arise when used for influenza 
treatment and control in families.

There have been two other studies of zanamivir treatment 
for prevention of household transmission. It is interesting 
that, an earlier study comparing 5 days postexposure pro-
phylaxis in the household setting with orally inhaled zana-
mivir demonstrated a trend to reduction in symptomatic 
laboratory-confirmed influenza from 36% (9/144 subjects) 
in placebo recipients to 12% (3/144; p = 0.058) (Kaiser et al., 
2000). In contrast, the aforementioned study demonstrated 
that 10 days prophylaxis was efficacious. 

In another study, treatment with a combination of orally 
inhaled zanamivir plus ingested oseltamivir prevented more 
secondary cases (2/56; 4%) among household contacts of 
index cases treated within 24 hours of onset of influenza ill-
ness, than zanamivir alone (14/95; 15%), but in the absence 
of a placebo-treated control group, the efficacy of inhaled 
zanamivir alone was not evaluable (Carret et al., 2012).

Postexposure prophylaxis appeared to prevent nosoco-
mial influenza illness in patients and caregivers (Shinjoh et 
al., 2012). Secondary cases developed in 5/17 (29%) who did 
not receive prophylaxis while 0/15 recipients of zanamivir 
for 7 to 10 days developed laboratory-proved influenza.

SEASONAL PROPHYLAXIS

In two studies of seasonal influenza prophylaxis with zana-
mivir, a dose of 10 mg once daily reduced the frequency of 
laboratory-confirmed influenza illness by 67% to 83% (Monto 
et al., 1999a; LaForce et al., 2007). Prophylaxis was discontin-
ued after 4 weeks when influenza illness in the study com-
munity subsided. The mean ages of the two study populations 
were 29 and 60 years (ranges: 18–69 and 12–94, respectively), 
so that age was not a limiting factor. Adherence was 95% or 
greater for the 4-week treatment period, and no adverse 
reactions were attributed to zanamivir. These efficacy rates 
are equal to or greater than those observed during seasonal 
prophylaxis with influenza vaccines (whether inactivated, 
purified hemagglutinin, or live attenuated) or prophylaxis 
with either amantadine or rimantadine, which have reported 
efficacies of 48–64% (Demicheli et al., 2000). These data also 
indicate that zanamivir, like rimantadine but unlike amanta-
dine, was well tolerated for up to a month (Dolin et al., 1982; 
see Chapter 265, Amantadine and rimantadine).

Zanamivir, used prophylactically, may block the develop-
ment of immunity by altogether preventing influenza infec-
tion in some individuals. This effect of NAI prophylaxis may 
be an important concern during influenza outbreaks caused 
by a novel virus because in this instance it would be highly 
desirable for individuals to develop protective immunity 
while infection is attenuated by chemoprophylaxis. In the 
study of Monto et al. (1999a), 14% of placebo recipients 
developed laboratory-confirmed influenza infection with or 
without illness compared with 10% of zanamivir recipients. 

In the trial of LaForce et al. (2007), the corresponding inci-
dences were 3% and 2%. Similarly, during postexposure pro-
phylaxis in families, zanamivir reduced the incidence of total 
laboratory-confirmed influenza (based on a rise in HAI anti-
body titers) in contacts to 9% and 19%, compared with 24% 
and 38% in placebo-treated contacts (Hayden et al., 2000; 
Monto et al., 2002). These individuals would remain suscep-
tible to a novel influenza strain if it were causing ongoing 
disease in the community.

Outbreak control in institutions
People living in institutions (boarding schools, nursing 
homes) are at high risk of infection during influenza epi-
demics. The close proximity of residents in these facilities 
facilitates rapid spread of infection and high infection rates, 
and at least in nursing homes, the residents may be frail or 
elderly and therefore at increased risk for severe illness or 
death from influenza virus infection or postinfluenzal bac-
terial complications. Chemoprophylaxis and therapy with 
NAIs, such as zanamivir, are recommended when influenza 
outbreaks occur in these settings (Advisory Committee on 
Immunization Practices, 2011). Adamantane antiviral drugs 
(see Chapter 265, Amantadine and rimantadine) have been 
used for this purpose, but intolerance of amantadine side 
effects and therapeutic or prophylactic failure due to the 
rapid emergence of resistance to these drugs have limited 
their utility. 

Zanamivir may be preferable for this purpose. In a double- 
blind, controlled trial of zanamivir for outbreak control con-
ducted over three epidemic seasons, residents in a long-term 
care facility were randomized to receive either zanamivir 
chemoprophylaxis 10 mg once daily or standard of care for 
14 days when an influenza outbreak was identified. Standard 
of care consisted of rimantadine 100 mg for influenza A or 
placebo for influenza B once daily for 14 days. Zanamivir 
reduced the incidence of laboratory-confirmed illness due 
to influenza A virus infection by 61% (p = 0.038) compared 
with rimantadine (Gravenstein et al., 2005). Rimantadine 
resistance was demonstrated in viruses isolated from 8 of 25 
residents who developed influenza-like illness, whereas zan-
amivir resistance was not detected in any of the 25 viruses 
isolated from cases of prophylactic failure. This result was 
consistent with the salutary effect of zanamivir given in an 
uncontrolled observational study to 140 residents of a long-
term care facility, in which amantadine failed to control an 
outbreak, due in part to amantadine resistance (Lee et al., 
2000). During the period when amantadine was being used, 
there were 13 definite (laboratory-confirmed) and 46 prob-
able outbreak-associated cases of influenza. Zanamivir given 
to all 140 residents for 2 weeks terminated the outbreak. Of 
residents who required assistance for all activities of daily liv-
ing, 58% had difficulties with zanamivir inhalations, whereas 
the majority (78%) of the other residents were able to coop-
erate without difficulty. It was speculated that the former 
group received only half the dose of zanamivir, but that 
amount may have been adequate for prophylaxis (Lee et al., 
2000). Thus although the number of frail or elderly patients 
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who have been given zanamivir prophylaxis is small, these 
data support the efficacy of zanamivir prophylaxis in this 
high-risk, often institutionalized group. Highly dependent 
patients may need assistance with use of the Diskhaler.

INFLUENZA TREATMENT IN ADULTS

Inhaled zanamivir
Zanamivir administered by inhalation within the first 48 
hours of influenzal illness to healthy adults reduces the dura-
tion and severity of clinical findings, reduces the need for 
symptomatic therapies, such as antipyretic and antitussive 
medication, reduces the frequency of complications of influ-
enza, and accelerates return to normal activities. One study 
suggests that orally inhaled zanamivir may reduce secondary 
cases in households (Nishiura et al., 2011). 

Systematic reviews of influenza treatment with inhaled 
zanamivir and analyses thereof have been recently published 
(Heneghan et al., 2014; Michiels et al., 2013). In these analy-
ses of zanamivir therapeutic effects, the outcome measures 
have been those in the intention to treat populations (effec-
tiveness), which included variable percentages of patients 
who did not have laboratory-confirmed influenza illness. 
Except where specified, the following comments are limited 
to efficacy analyses—that is, results of therapy in patients 
with laboratory-confirmed influenza illness.

Three phase II trials of zanamivir treatment enrolled 1789 
subjects with influenza-like illness, of whom 1057 (59%) had 
laboratory-confirmed influenza virus infection (Hayden et al., 
1997; Matsumoto et al., 1999; Monto et al., 1999b). Zanamivir 
was administered by inhalation (using a Diskhaler) with or 
without intranasal instillation of zanamivir solution, two or 
four times daily for 5 days. Combining intranasal and inhaled 
zanamivir did not enhance the clinical benefit of the inhaled 
drug given alone. The benefit of zanamivir inhalation ther-
apy was demonstrable only in patients in whom treatment 
was initiated within 36 hours of symptom onset. In these 
three studies, zanamivir reduced the median duration of ill-
ness in those with laboratory-confirmed influenza by 43% 
(from a median of 7 days in placebo recipients to 4 days in 
zanamivir recipients who were febrile and began treatment 
within 30 hours of symptom onset (Hayden et al., 1997), by 
17% (from a median of 7.0–5.5 days) (Monto et al., 1999b), 
or by 25% (from a median of 4– 3 days) (Matsumoto et al., 
1999). Zanamivir treatment for 2 days reduced virus concen-
tration in nasal wash samples compared with placebo. Virus 
concentrations fell below detectable levels after 2–3 days 
compared with 4 days in the placebo cohorts (Osterhaus et 
al., 1998), suggesting that the therapeutic effect of zanamivir 
was due to its antiviral effect.

Two subsequent large phase III trials have confirmed and 
extended the results of the phase II studies. These clinical 
trials of zanamivir treatment efficacy and adverse effects 
were conducted during known influenza outbreaks. To be 
eligible for study entry, individuals had to be febrile and to 
have at least two or more clinical findings of headache, myal-
gia, sore throat, or cough, and to have been ill for ≤ 48 hours. 

Zanamivir was orally inhaled by subjects with the Diskhaler 
at a dose of 10 mg twice daily for 5 days. Of the 811 subjects 
enrolled in these two studies, 600 (74%) had laboratory-con-
firmed influenza. In these 600 subjects, zanamivir reduced 
the median duration of illness by 23% (from 6.5 to 5 days) 
and 33% (from 7.5 to 5 days), respectively (MIST Study 
Group, 1998; Mäkelä et al., 2000). Reduction in symptom 
scores was greater in zanamivir-treated subjects in both 
studies. For example, after 24 hours of therapy, the severity of 
cough was reduced by 28% by zanamivir compared with 3% 
in the placebo group (Mäkelä et al., 2000). Patients treated 
with zanamivir returned to normal activity more quickly (7 
vs. 9 days), had fewer days of sleep disturbance (2 vs. 3 days) 
and required 40% less antitussive medication (MIST Study 
Group, 1998). In both studies, there were fewer complica-
tions of influenza in zanamivir-treated subjects than in those 
given placebo, but this difference reached statistical signifi-
cance only in the high-risk group, in which zanamivir-treated 
subjects had 70% fewer complications (14% vs. 46%) and 
required 63% fewer courses of antibiotics (MIST Study Group, 
1998). The postinfluenzal complications in these studies 
were mainly suspected bacterial chest or otorhinologic infec-
tions. Zanamivir therapy (in contrast to prophylaxis) did not 
reduce the frequency of serologically confirmed infection 
compared with placebo (Hayden et al., 1997; Monto et al., 
1999b; Hedrick et al., 2000).

In one of two head-to-head comparisons between the two 
approved NAIs, zanamivir was found to be slightly more 
effective than oseltamivir in one randomized study of 1113 
patients with influenza A or B infection conducted in Japan 
(Kawai et al., 2008). The duration of fever was 32% shorter in 
patients treated with zanamivir than oseltamivir (36 vs. 53 
hours, respectively), but there were no differences in the 
proportion of patients who were afebrile at 24 or 48 hours of 
therapy.

In another study in Japanese children with laboratory- 
confirmed influenza A or B illness, oseltamivir and zanami-
vir were equally efficacious in reducing the duration of fever 
after the start of treatment (Sugaya et al., 2008).

There are accumulating data demonstrating the therapeu-
tic effects of inhaled zanamivir in patients infected within 
oseltamivir-resistant strains of influenza virus. A large obser-
vational study in Japan showed clearly that zanamivir was 
effective against oseltamivir-resistant strains (Kawai et al., 
2009). Intravenous zanamivir has also been associated with 
recovery in a small number of critically ill patients with 
influenza, including those with documented oseltamivir- 
resistant strains (Dulek et al., 2010; Gaur et al., 2010; Härter 
et al., 2010).

Collectively, these results provide a firm basis for treat-
ing illness in individuals with influenza with zanamivir. The 
importance of initiating therapy as soon as possible after 
illness onset, and certainly within 48 hours has been shown 
in several trials.

An observational study suggested that zanamivir treat-
ment alone initiated within 26 to 48 hours of influenza illness 
onset may reduce secondary cases in household contacts 
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by approximately 57% compared to treatment initiated 48 
or more hours after illness onset or no treatment (Nishiura 
and Oshitani, 2011). This is the only study suggesting such 
a beneficial effect of zanamivir treatment of index cases. 
Unfortunately, the strength of the conclusion is limited by 
the fact that the diagnosis of influenza in 75% and 82% of the 
index and secondary cases, respectively, were not confirmed 
by laboratory confirmation of influenza infection.

INFLUENZA TREATMENT OF HIGH-RISK 
POPULATIONS

The term high-risk population in influenza epidemiology 
refers to cohorts of individuals at increased risk of prema-
ture death or hospitalization during epidemics of influenza 
(Nguyen-Van-Tam, 1998). The term includes people of 65 
years and older and people of any age with comorbid medical 
conditions, such as chronic cardiopulmonary and renal dis-
ease, diabetes mellitus, cancer, neurological disease, anemia, 
and immunodeficiency. Recently, in the USA, the designa-
tion was extended to include children up to 4 years of age as 
well as pregnant women based in part on the observation 
of pregnancy as a risk factor for complicated serious illness 
during the influenza A (H1N1)pdm09 pandemic (Mosby et 
al., 2011).

Chronic pulmonary diseases
Two sets of data suggest that zanamivir is efficacious and safe 
in high-risk subjects with underlying chronic respiratory 
disease. In a randomized, placebo-controlled trial in 525 
patients aged 12 years or more with asthma or chronic 
obstructive pulmonary disease who presented with influenza- 
like illness of ≤ 36 hours of duration, zanamivir 10 mg twice 
daily was more effective than placebo in reducing the symp-
toms of influenza and was equally well tolerated (Murphy et 
al., 2000). Of the 262 patients randomized to zanamivir, 61% 
had laboratory-confirmed influenza illness, 77% had asthma 
only, 16% chronic obstructive pulmonary disease only, and 
5%, both. Approximately 78% were current smokers. In sub-
jects with laboratory-confirmed influenza illness, the median 
time to alleviation of influenza symptoms was shorter by 1.5 
days (95% CI: 0.5–3.3 days; p = 0.009) in the zanamivir group 
(5.5 days) than in the placebo group (7.0 days). Exacerbations 
of asthma and COPD were reported by 8% of zanamivir 
recipients and 9% of placebo recipients; 1% of the zanami-
vir-treated patients and 2% of the placebo-treated patients 
experienced an exacerbation of COPD. In addition to not 
causing exacerbations of airway dysfunction, zanamivir had 
no detrimental effects on pulmonary function. Further, a ret-
rospective analysis of pooled data from placebo-controlled, 
double-blind trials in high-risk subjects with a variety of 
underlying chronic diseases, including asthma, COPD, car-
diovascular disease, diabetes mellitus, and immune com- 
promise, indicated that zanamivir yielded treatment benefits 
similar to those observed in healthy adults with similar, 
excellent, tolerance (Lalezari et al., 2001).

Notwithstanding these data, which included modest num-
bers of high-risk patients, in particular subjects with severe 

asthma and obstructive lung disease, zanamivir is not gener-
ally recommended for the treatment of influenza in people 
with these conditions because of the small risk of causing 
exacerbations of the underlying COPD or asthma. If zana-
mivir treatment is considered appropriate for patients with 
underlying airways disease, those taking inhaled bronchodi-
lators concurrently with zanamivir should be advised to use 
an aerosolized bronchodilator (e.g. salbutamol) before zana-
mivir, and to discontinue zanamivir should bronchospasm 
or a decline in respiratory function be perceived.

Other high-risk groups
No data are available on the safety and efficacy of zanamivir 
for prophylaxis and treatment in other high-risk groups, 
including children < 5 years of age, pregnant women, and 
patients with chronic renal or hepatic disease, diabetes mel-
litus, malignancy, or immunodeficiency.

Intravenous zanamivir
Definitive assessment of the efficacy of intravenous zanami-
vir for management of influenza A and B infection must 
await the results of prospective, randomized, controlled trials. 
Enrolment in one such treatment trial has been completed 
(gsk_clinicalstudyregister.com/study/114373?study_ids= 
114373#rs), although data have not yet been reported.

Limited data from emergency use of intravenous zanami-
vir for treatment of serious influenza illness during and after 
the influenza A (H1N1)pdm09 pandemic have been reported 
but provide minimal insights into its utility. To date, 533 
patients seriously ill with influenza A or B viruses have been 
treated: n = 13 (Fraaij et al., 2011), n = 5 (Wijaya et al., 2011), 
n = 130 (Marty et al., 2014), n = 364 (Chan-Tack et al., 2015), 
and n = 21 (Watanabe et al., 2015). Comments on intrave-
nous zanamivir efficacy in these uncontrolled treatments 
have been understandably guarded: Wijaya et al. (2011) ques-
tioned whether intravenous zanamivir may have reduced 
mortality among their 5 patients and Watanabe et al. (2015) 
felt that clinical and virological changes during treatment 
suggested some clinical usefulness. However, Fraaij and col-
leagues (2011) concluded that “intravenous zanamivir as late 
add-on therapy has limited effectiveness.”

INFLUENZA TREATMENT AND PROPHYLAXIS OF 
CHILDREN

Zanamivir is approved for prophylaxis of children 5 years 
of age and older and for treatment of influenza in children 7 
years of age or older in the USA. The recommended dose is 
10 mg once daily for prophylaxis and twice daily for treatment.

Prophylaxis
There have been no studies in which zanamivir prophylac-
tic efficacy was evaluated directly in cohorts of children. 
However, studies of zanamivir postexposure prophylaxis in 
families have included an unknown number of children 5–17 
years of age (Hayden et al., 2000; Monto et al., 2002). Com-
pared with placebo, zanamivir reduced the incidence of 
influenza in families by about 80%, from 19% to 4%.

http://gsk_clinicalstudyregister.com/study/114373?study_ids=114373#rs
http://gsk_clinicalstudyregister.com/study/114373?study_ids=114373#rs
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For prophylaxis in the family setting, zanamivir should be 
initiated as soon as possible in family members older than 
6 years of age after the index case is diagnosed. There are no 
data on its effectiveness when initiated more than 1.5 days 
after the onset of symptoms or signs of influenza in the index 
case, or its value when continued for more than 10 days. 
There have been no reports of seasonal prophylaxis with zan-
amivir in children.

Some data exist to support zanamivir off-label usage in 
children between 4 and 6 years old. The safety and efficacy of 
treating influenza in children with zanamivir 10 mg inhaled 
twice daily for 5 days compared with placebo was demon-
strated in children 4 years old or older with influenza A and 
B illness of < 36–48 hours of duration (MIST Study Group, 
1998; Mäkelä et al., 2000; Hedrick et al., 2000). A total of 346 
children 4–12 years of age in the pediatric study of Hedrick 
et al. (2002) and 67 children > 12 years in the other two stud-
ies were evaluated, but it is unclear how many children were 
4–6 years of age. Accordingly, clinicians should consider not 
only that the efficacy and safety of zanamivir for treatment 
of influenza is not established in pediatric patients under 5 
years of age but that the evidence base to support off-label 
use in these children is also suboptimal.

Treatment
Compared with placebo, zanamivir 10 mg twice daily short-
ened the duration and severity of influenza in children 
5–12 years of age, hastened their return to normal activity, 
and reduced the need for medications to relieve symptoms 
(Hedrick et al., 2000). Children with influenza-like illness of 
36 hours or less defined by the presence of fever of ≥ 37.8°C 
and no clinical evidence of bacterial infection were enrolled 
when influenza was circulating in the community. Of 471 
children, 73% had laboratory-confirmed influenza, 65% with 
influenza A and 35% with influenza B. Zanamivir reduced 
the median duration of their illness by 24%, from 5.25 days 
in placebo recipients to 4.0 days. Zanamivir-treated children 
used less medication for symptom relief and returned to 
normal activity a median of 1 day more rapidly than placebo- 
treated subjects. Although zanamivir-treated children expe-
rienced fewer complications (16%) and required antibiotic 
treatments less frequently (12%) than placebo recipients 
(23% and 15%, respectively), these differences were statisti-
cally not significant. There were no differences in the fre-
quency or nature of side effects and no evidence of the 
emergence of drug resistance during treatment. Zanamivir 
was equally efficacious in children with influenza A and B 
infection, as confirmed by Kawai et al. (2007), and did not 
affect the immune response to infection. These results dem-
onstrated the significant impact of zanamivir treatment on 
influenza A and B infection in children.

No randomized, controlled trials have been published on 
the efficacy or safety of inhaled zanamivir in reducing hospi-
talization of children with influenza illness in the clinic or on 
the effects of therapy on the safety and outcomes of inhaled 
zanamivir treatment and deaths among hospitalized patients 
(Pentinnan et al., 2016).

Although pediatric patients are reported to shed influ-
enza virus for longer periods than adults (Nicholson, 1998), 
there have been no studies evaluating whether treatment reg-
imens longer than the currently recommended 5 days would 
improve outcomes in children with influenza.

7b.  Laninamivir

INFLUENZA PROPHYLAXIS

To date, the prophylactic efficacy of laninamivir has been 
evaluated in two postexposure studies in household contacts 
of index cases with influenza. In an unpublished study cited 
in Kashiwagi et al. (2013), 568 household contacts of index 
cases inhaled either 20 or 40 mg of laninamivir or placebo 
once on day 1 and 8. Over 10 days after commencing prophy-
laxis, the proportions of patients with laboratory-confirmed 
influenza illness were 3.6% (7/197), 3.7% (7/188), and 6.6% 
(17/183) in the three treatment groups, respectively, inci-
dences that were not different among the groups.

In a subsequent study of laninamivir for postexposure 
prophylaxis (Kashiwagi et al., 2013), 1451 household con-
tacts of 1278 index patients were randomly allocated and 
evaluated in a double-blind fashion to one of three groups: 
laninamivir 20 mg once daily for 2 days (L-2), 3 days (L-3), 
or placebo. The incidences of laboratory-confirmed influ-
enza were 3.9% (18/487), 3.7% (18/480), and 16.9% (81/478). 
The incidences of laboratory-confirmed influenza were sig-
nificantly less in the two laninamivir groups than in the pla-
cebo group. The reductions were 77% (95% CI: 63–86%) and 
78% (95% CI: 64–87%) in the L-2 and L-3 groups, respec-
tively. These reductions were comparable to those observed 
with zanamivir (as discussed earlier).

INFLUENZA TREATMENT IN ADULTS

The therapeutic efficacy of laninamivir has been compared to 
oseltamivir in a double-blind, randomized, controlled, non-
inferiority trial in adults with no comorbid conditions and 
influenza symptoms of < 36 hours in duration, an axillary 
temperature of ≥ 37.5°C, and a positive rapid influenza diag-
nostic test (Watanabe et al., 2010). Subjects were randomly 
allocated to treatment with laninamivir 20 mg or 40 mg 
inhaled once or oseltamivir 75 mg ingested twice daily for 5 
days. Of 996 patients who were enrolled, 645 were infected 
with an oseltamivir-resistant A (H1N1) virus that carried 
the H274Y NA mutation, 322 patients were infected with A 
(H3N2), and 3 were infected with influenza B. The oseltami-
vir median IC50 of the A (H1N1) virus was 690 nmol/l (range: 
89–1500) and that of laninamivir 1.70 nmol/l (range: 0.45–
4.40). The median IC50 of the two drugs for the A (H3N2) 
viruses were 0.68 nmol/l (range: 0.27–1.40) and 2.30 nmol/l 
(range: 0.78–4.40), respectively.

Two results were counterintuitive. First, the median times 
to alleviation of illness in A (H1N1)-infected subjects were 
not different among the three treatments: 82.9 hours (95% 
CI: 73.0–91.8), 74.0 hours (95% CI: 69.3–82.0), and 77.5 
hours (95% CI: 70.2–93.8) in the laninamivir 20 mg, 40 mg, 
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and oseltamivir treatment groups, respectively, despite the 
fact that the A (H1N1) virus was resistant to oseltamivir. 
Second, for subjects with A (H3N2) virus, susceptible in vitro 
to both drugs, the median time to symptom alleviation was 
significantly longer (p = 0.014) in the laninamivir 20 mg 
group (91.2 hours; 95% CI: 71.6–116.8) than the oseltamivir 
group (67.5 hours; 95% CI: 53.5–76.3), suggesting relative 
inferiority of the laninamivir 20 mg dose. In the laninamivir 
40 mg treatment group the median time was 72.5 hours (95% 
CI: 57.8–88.6) compared to 67.5 hours (95% CI: 53.5–76.3) 
in the oseltamivir group (p = 0.366), suggesting equivalence 
as might have been hypothesized, based on in vitro data. 

When all data were pooled, the median times to symptom 
alleviation were 85.8 hours (95% CI: 76.5–97.8), 73.0 hours 
(95% CI: 68.4–80.8), and 73.6 hours (95% CI: 68.5–83.3). 
The differences of 12.2 and 0.6 hours between the two lanin-
amivir groups and the control oseltamivir group were less 
than the prespecified noninferiority margin of 18 hours. The 
authors concluded that the single dose of laninamivir is 
effective for treatment of seasonal influenza, including that 
caused by oseltamivir-resistant virus in adults.

However, at this point, the question of the therapeutic effi-
cacy of a single dose of 20 or 40 mg laninamivir for treatment 
of uncomplicated influenza in adults remains unanswered.

INFLUENZA TREATMENT IN CHILDREN

In a double-blind, randomized, placebo-controlled trial in 
healthy pediatric patients with laboratory-confirmed influ-
enza illness, laninamivir was more efficacious than the stan-
dard pediatric regimen of oral oseltamivir (2 mg/kg twice 
daily; 75 mg twice daily for children weighing 37.5 kg or 
more) in subjects infected with laninamivir-sensitive (mean 
NA IC 50: 1.79 nmol/l; range: 0.81–3.60) or oseltamivir- 
resistant (mean IC50: 641 nmol/l; range: 210–1200) influenza 
A (H1N1) virus and was not different from oseltamivir in 
children infected with influenza A (H3N2) or B viruses sus-
ceptible to both drugs (Sugaya and Ohashi, 2010). Median 
times to alleviation of influenza illness in children infected 
with influenza A (H1N1) virus were significantly less, 44.3 
hours (95% CI: 24.3–58.9) and 49.6 hours (95% CI: 39.7–
62.1) in the laninamivir 20 mg and 40 mg treatment groups, 
respectively, than the placebo-treated group. In this popu-
lation, the proportion of patients shedding virus in nasal 
and/or posterior pharyngeal throat swab secretions at day 6 
was significantly less in the laninamivir 20 mg group (0%; 
0/40) than the oseltamivir group (25%; 8/32). Median times 
for illness alleviation were not different among influenza A 
(H3N2) and B virus infection, although the numbers of sub-
jects were small. For A (H3N2)-infected patients, these times 
were 70.4 hours (95% CI: 30.3–110.9), 88.6 hours (95% CI: 
43.5–114.9), and 44.2 hours (95% CI: 22.9–82.1), respec-
tively, in laninamivir 20 mg (n = 12), 40 mg (n = 11), and 
placebo (n = 16) groups. For influenza B virus-infected chil-
dren, the median times to illness alleviation were 83.5 hours 
(95% CI: 66.6–107.8), 77.6 hours (95% CI: 51.8–95.8), and 
127.8 hours (95% CI: 77.1–165.3) in the three groups, (n = 9, 
10, and 10), respectively.

These data suggest that laninamivir 20 and 40 mg inhaled 
once within 36 hours of influenza illness onset are efficacious 
in A (H1N1) oseltamivir-resistant virus infection and not 
different from oseltamivir in A (H3N2) and B virus illness 
due to drug-susceptible viruses. However, affirmation of these 
results in replicate studies would be useful in helping define 
the place of laninamivir single dose therapy in the treatment 
of healthy pediatric patients with influenza.

In addition to the controlled trial of Sugaya and Ohashi 
(2010) (discussed earlier), data from a large observational 
study in children ill with laboratory-confirmed illness of < 48 
hours of duration suggest that laninamivir is as efficacious 
as inhaled zanamivir twice daily (20 mg per day) for 5 days 
(Koseki et al., 2014). Duration of fever was the primary end 
point. In 388 children treated with zanamivir and 314 treated 
with laninamivir in a dose 20 mg for children < 10 years of 
age and 40 mg inhaled once by children > 10 years of age, the 
median durations of fever were 29.5 and 28.8 hours, respec-
tively, in the two treatment groups. Of the 338 children 
treated with zanamivir, 234 were infected with influenza A 
(H3N2) virus and 104, influenza B. Of the 314 treated with 
laninamivir, 213 were infected with influenza A (H3N2) and 
101, influenza B. This result supported the results of the ran-
domized, double-blind, controlled trial of Sugaya and Ohashi 
(2010) that a single dose of laninamivir 20 mg inhaled once 
is efficacious for the treatment of influenza A illness due to a 
susceptible virus and not different from oseltamivir ingested 
in the standard 5-day regimen for illness due to influenza A 
virus susceptible to both drugs. Although the number of 
children with influenza B virus illness studied has been rela-
tively few, these results probably also are applicable to their 
treatment.

7c.  Polyvalent zanamivir conjugates

No data have yet been published on the efficacy and safety of 
polyvalent zanamivir conjugates in patients with influenza.
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1. DESCRIPTION

Oseltamivir is the prodrug of oseltamivir carboxylate, a 
virustatic inhibitor of influenza A and B virus replication. 
Oseltamivir was developed by Gilead Sciences, Foster City, 
California. It is marketed as Tamiflu by Roche Laboratories 
in many countries. The drug is available as a phosphate salt 
in capsules containing 30–75 mg of the drug and as a pow-
der that is reconstituted as an oral suspension. Oseltamivir 
was first approved in 1999. There is no licensed injectable 
formulation.

Oseltamivir carboxylate belongs to the neuraminidase in - 
hibitor (NAI) class of antiviral drugs. It selectively inhibits the 
neural neuraminidase (NA) mediated hydrolysis of host sialic 
acid residues bound-budding virions, a necessary step in in- 
fluenza replication. Inhibition of NA blocks the release of prog-
eny virions from infected cells, thereby impairing influenza 
virus replication and limiting influenza disease pathogenesis.

The chemical name of oseltamivir carboxylate is (3R, 4R, 
5S)-4-aetylamino-5-amino-3 (l-ethylpro-poxy)-l-cyclohexene- 
1-carboxylic acid, ethyl ester phosphate); the chemical for-
mula is C16H28N2O4 (free base) with molecular weight 312.4 
and 410.4 (phosphate salt). The structures of oseltamivir, the 
phosphate salt prodrug, and oseltamivir carboxylate are as 
shown in Figure 267.1.

In vitro, oseltamivir carboxylate inhibits all human influ-
enza A and B viruses, as well as avian strains, including the 
highly pathogenic H5N1. The drug is approved for influenza 

prophylaxis and therapy in individuals as young as 1 year of 
age and 2 weeks, respectively.

Oseltamivir-resistant viruses have been uncommonly 
reported in immunocompetent treated patients. The rates in 
adults (approximately 0.3%) are lower than rates in children 
(up 18%), which may reflect prolonged shedding compared 
with adults. Inasmuch as NA is essential for normal virus 
replication, mutations in the catalytic site that confer NAI 
resistance usually also impair the fitness and virulence of the 
virus. Oseltamivir-resistant mutants often retain susceptibil-
ity to other NAI drugs, providing clinicians with alternative 
choices for therapy.

Two other NAI drugs are reviewed elsewhere in Chapter 
268, Peramivir, and Chapter 266, Zanamivir, laninamivir, 
and polymeric zanamivir conjugates.

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Oseltamivir carboxylate is approximately 50-fold more 
potent as an inhibitor of influenza NA than oseltamivir ethyl 
ester phosphate (Li et al., 1998).

Oseltamivir carboxylate selectively inhibits NA or related 
sialidases of influenza A and B viruses at concentrations of 
< 5 nM. Concentrations > 106-fold higher are required to 
inhibit sialidases of parainfluenza 3 and Newcastle disease 
viruses, even though they share substantial homology with 

Figure 267.1. Hydrolysis of the prodrug 
oseltamivir to its metabolite, oseltamivir 
carboxylate. (Modified with permission from 
Whitley, 2007.)
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influenza NA in their enzyme active sites. Concentrations 
> 105-fold greater are required to inhibit unrelated sialidases 
of human hepatocytes and bacteria (Vibrio cholerae and 
Clostridium perfringens) (Mendel et al., 1998).

In vitro susceptibility testing of NA from 4915 influenza A 
and B viruses tested between 1996 and 2003 showed that 
NAs of influenza A N1 viruses are equally susceptible to 
inhibition by oseltamivir and zanamivir (Table 257.1). Those 
of N2 viruses are about 3-fold more susceptible to oseltami-
vir than zanamivir, whereas those of influenza B viruses are 
3- to 11-fold less susceptible to oseltamivir than zanamivir 
(Table 257.1). The mean 50% effective concentration (EC50) 
of NA of 3325 influenza A (H1N1)pdm09 isolates was 0.25 ± 
0.12 nM (standard deviation [s.d.]) compared to 0.29 ± 0.09 
nM for zanamivir (Gubareva et al., 2010). The mean EC50 
value for 23 resistant isolates was 81.75 ± 30.95 nM. All pos-
sessed the H275Y NA mutation with EC50 30- to 600-fold 
greater than the mean EC50 of susceptible isolates.

Influenza B viruses are 10- to 20-fold less susceptible to 
oseltamivir carboxylate than are influenza A viruses. The 
clinical relevance of these in vitro differences in susceptibility 
for influenza A viruses is unclear, but in the case of influenza 
B viruses may reflect differences of clinical importance as 
influenza B infection responds less well to oseltamivir than 
influenza A infection (Kawai et al., 2005; Kawai et al., 2006; 
Sugaya et al., 2007) or to zanamivir (Kawai et al., 2008). 

Avian influenza A viruses occasionally cause human dis-
ease that is treated with NAI drugs. Oseltamivir inhibits 
avian influenza viruses from all known subtypes N1 to N9 
(Govorkova et al., 2001). The median EC50 value for osel-
tamivir carboxylate was 8.9 nM (range: 1.9–69.2), which 
overlaps with values for human viruses (Table 257.1). The 
mean EC50 of NA for 10 avian influenza A (H5N1) isolates 
collected from patients from 2002 to 2012 was 1.48 nM 
(Govorkova et al., 2013). The mean EC50 for an avian H9N2 
patient isolate was 15.0 ± 0.7 nM, with an EC50 value for inhi-
bition of virus replication in cell culture of 12.0 ± 2.0 µM 
(Leneva et al., 2000). For an H7N9 human isolate, the mean 
NA EC50 was 0.28 ± 0.02 nM (Marjuki et al., 2015). For the 
NA of an H7N7 human isolate, the oseltamivir EC50 was 1.3 
± 0.1 nM (Koopmans et al., 2004). Govorkova et al. (2001) 
showed that EC50 values determined by NA inhibition assays 
are approximately 103-fold less than EC50 values determined 
by inhibition of viral replication in cell culture, a finding of 
clinical importance.

2b.  Emerging resistance and 
cross-resistance

Methods for detecting influenza viruses with altered NA that 
are less susceptible to inhibition in vitro and are associated 
with therapeutic failure in patients, have been developed and 
standardized (Anonymous, 2012). The WHO Expert Work-
ing Group on Surveillance of Influenza Antiviral Suscep-
tibility (AVWG) has published criteria for three classes of 
antiviral susceptibility based on the fold change in the EC50 
value compared to reference values (Anonymous, 2012). To 

quote, “For influenza A, use of normal (< 10-fold increase), 
reduced (10- to 100-fold increase) and highly reduced 
(>  100-fold increase) inhibition, and for influenza B the 
same criteria but using < 5-fold, 5- to 50-fold and > 50-fold 
increases, is recommended.” At present, resistance in clinical 
isolates continues to be best characterized by in vitro NA 
inhibitor assays to determine the EC50, supported by geno-
typic assays of the NA to identify mutations in amino acids in 
known catalytic or framework residues.

Unlike the M2 ion channel inhibitor (M2I) drugs, aman-
tadine and rimantadine (see Chapter 265, Amantadine and 
rimantadine), the NAI drugs have a low propensity to select 
for drug-resistant strains during therapy. This is in part 
because the NA function is essential to normal influenza 
viral replication so that changes in the NA catalytic site gen-
erally result in viruses with reduced fitness for viral growth 
and transmissibility. Mutations in NA that confer resistance 
to oseltamivir are generally specific to the NA subtype. The 
most common mutations are E119V (Herlocher et al., 2004) 
and R292K (Carr et al., 2002) in N2 viruses and H274Y in NI 
viruses (Ives et al., 2002). In ferrets, the H274Y and R292K 
mutant viruses are less transmissible and pathogenic than 
their wild-type parents (Carr et al., 2002; Ives et al., 2002; 
Herlocher et al., 2004). However, the E119V resistant mutant 
appears no less virulent and transmissible than the wild-type 
virus (Herlocher et al., 2004; Yen et al., 2005).

Globally, before the first approval of an NAI drug in 1999, 
no oseltamivir-resistant viruses were detected among many 
clinical isolates (McKimm-Breschkin et al., 2003). During 
the first 3 years of NAI use, 1999–2002, only 8 (0.3%) of 2287 
worldwide isolates had a ≥ 10-fold reduction in susceptibility 
(Monto et al., 2006). However, other investigators identified 
no oseltamivir-resistant mutants among 355 isolates collected 
from French patients from 1996 to 2003 (Ferraris et al., 2005); 
among 65 viruses collected from Canadian patients from 
1999 to 2000 (Boivin and Goyette, 2002); and among isolates 
collected from 777 patients in Australia, New Zealand, and 
Southeast Asia from 1996 to 2003 (Hurt et al., 2003; Hurt et 
al., 2004). Of 1180 H3N2 viruses collected in 2003–2004 
from untreated patients in Japan, which is the country where 
most oseltamivir in used, only 4 (0.4%) were resistant to osel-
tamivir (Members of the Neuraminidase Inhibitor Suscep-
tibility Network, 2005). 

However, despite these positive data, subsequently there 
was a dramatic and unanticipated shift in the prevalence of 
resistance to oseltamivir carboxylate in influenza A (H1N1) 
seasonal viruses. During the 2007–2008 winter season, the 
European Influenza Surveillance Scheme reported the emer-
gence of oseltamivir-resistant influenza A (H1N1) viruses 
independent of drug use and associated with a specific muta-
tion causing a H275Y mutation in the NA (Meijer et al., 
2009). The prevalence of oseltamivir resistance across the 27 
countries surveyed increased gradually with time from near 
0 at week 40 (mid-October) of 2007 to a peak of 65% in 
Norway at week 19 of 2009 (mid-April), with a mean preva-
lence of 20%. This oseltamivir-resistant virus became preva-
lent worldwide (WHO, 2009; Dharan et al., 2009; Hauge et 
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al., 2009). Infections with oseltamivir-resistant seasonal in-
fluenza A (H1N1) generally occurred in patients who had 
not previously received oseltamivir and who were not known 
to have been exposed to a patient receiving oseltamivir for 
treatment or prophylaxis (WHO, 2009; Kramarz et al., 2009). 
The median oseltamivir carboxylate NA EC50 was 1.7 nM 
(range: 0.1–23.2) for 1218 susceptible isolates and 653 nM 
(range: 140–4000) for 463 resistant isolates (Meijer et al., 
2009), a mean 384-fold reduction in susceptibility. Whitley et 
al. (2013) reported NA mean EC50 of 150 ± 74 nM in 41 sea-
sonal A (H1N1) isolates, all with the H275Y NA mutation.

However, the worldwide situation was quite different. 
Among 8643 influenza A (H1N1)pdm09 isolates collected 
between the outbreak of the pandemic in 2009 and to May 
2014, the frequency of NA resistance to oseltamivir carbox-
ylate inhibition was 3% or less (Table 257.2). In 194 (96.5%) 
of 201 resistant isolates, the resistance was due to the same 
NA H275Y mutation that was seen previously. Oseltamivir 
carboxylate–resistant NA was detected in 3 (8%) of 36 iso-
lates (Leang et al., 2013) and in 100% of 23 of isolates 
obtained after oseltamivir prophylaxis or treatment (Guba-
reva et al., 2010). These data suggest that naturally occurring 
oseltamivir resistance in community isolates globally is very 
uncommon (< 3%).

However, some data suggest that the prevalence of osel-
tamivir-resistant influenza A (H1N1)pdm09 virus isolated 
from patients in the community in the absence of their expo-
sure to oseltamivir has been increasing over time, from 11% 
in the UK (5 of 44 isolates) (Lackenby et al., 2011) and the 
USA (4 of 35 isolates) (Storms et al., 2012) and 25% in South 
East Asia (6 of 23) (Leang et al., 2013) in 2009–2010 to 
42% (10 of 24 isolates) (Lackenby et al., 2011), 74% (25 of 

34 isolates) (Storms et al., 2012), and 92% (33/36 isolates) in 
2010–2011, as summarized in Leang et al. (2013).

Among influenza A (H3N2) global isolates from Decem-
ber 2008 to May 2014 (Table 257.3) a very low prevalence 
of oseltamivir resistance was observed: 22 (0.2%) of 9182 
isolates tested. The commonest NA mutation in resistant iso-
lates was E119V, not the H275Y mutation seen in global 
isolates. Resistance was associated with oseltamivir exposure 
in 2 of 4 isolates for which such information was available 
(Meijer et al., 2014; Takashita et al., 2015a).

Among worldwide influenza B isolates from December 
2008 to May 2014 oseltamivir resistance was rarely identified 
(Whitley et al., 2013; Okomo-Adhiambo et al., 2013; Leang 
et al., 2013; Meijer et al., 2014; Takeshita et al., 2015a; Van der 
Vries et al., 2016). Only 3 (0.07%) of 4005 B/Victoria lineage 
isolates studied and none of 4824 of B/Yamagata lineage iso-
lates had reduced susceptibility to oseltamivir carboxylate. 
The NA mutations were E117G (Takeshita et al., 2015b) and 
I221T and A245T (Leang et al., 2013). None of 3935 untyped 
influenza B viruses had reduced NA susceptibility to osel-
tamivir carboxylate inhibition (Whitley et al., 2013; Okamo-
Adhiambo et al., 2013). Overall, NA resistance of influenza B 
viruses to inhibition by oseltamivir carboxylate was rare in 
global isolates from December 2008 to May 2014.

After the global displacement of the oseltamivir-resistant 
seasonal influenza A (H1N1) virus by the oseltamivir- 
susceptible pandemic A (H1N1)pdm virus in 2009, circu-
lating influenza A and B viruses were generally uniformly 
susceptible to oseltamivir. However, sporadic outbreaks of 
influenza caused by oseltamivir-resistant influenza A (H1N1)
pdm09 virus were reported (Hurt et al., 2012; Takashita et al., 
2015b). The first of these outbreaks occurred in September 

Table 267.2. Prevalence of reduced oseltamivir carboxylate susceptibility in NA of influenza A (H1N1)pdm09 isolates collected worldwide 
from 2009 to May 2014.

Collection period

Number of oseltamivir 
carboxylate NA-resistant 
isolates/total tested (%)

Fold 
resistance

Number with H275Y 
NA mutation/total (%) Reference

April 2009–January 2010  24/2275 (0.7) 30–600  23/24 (96) Gubareva et al. (2010)

April 2009–March 2011   0/841 (0) N/A Whitley et al. (2013)

April 2011–September 2011   2/326 (0.6) 70 and 194   2/2 (100) Okomo-Adhiambo et al. (2013)

May 2013–May 2014 175/5152 (3.4) 151–2212 169/175 (97) Takashita et al. (2014)

Abbreviations: NA: neuraminidase; N/A: not available.

Table 267.3. Prevalence of reduced oseltamivir carboxylate susceptibility in NA of 8387 influenza A (H3N2) isolates collected worldwide 
from 2008 to 2014.

Collection period

Number of oseltamivir 
carboxylate NA-resistant 
isolates/total tested (%) Fold resistance Reference

December 2008–March 2011 0/302 Whitley et al. (2013)

April 2011–September 2011 0/402 Okomo-Adhiambo et al. (2013)

May 2012–May 2013 21/5109 (0.4) 120 – 434 Meijer et al. (2014)

May 2013–May 2014 1/2574 305 Takashita et al. (2015a)

Abbreviation: NA: neuraminidase.
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2011 in Australia, where 28 patients, 90% of whom lived 
within 50 kilometers of each other and had not received osel-
tamivir, were infected with an oseltamivir-resistant influenza 
A (H1N1)pdm09 that appeared to be clonally related. All 
patient isolates possessed the NA H275Y mutation but also 
three other NA substitutions (V241I, N369K, and N386S) 
that were unique to these isolates and may have offset the 
destabilizing effect of the H275Y mutation (Hurt et al., 
2012). The mean oseltamivir carboxylate NA EC50 was 205.3 
± 23.5 nM, a 513-fold increase over the mean EC50 for 3579 
oseltamivir-susceptible isolates. The course of the illness in 
the individuals with influenza caused by the drug-resistant 
mutant virus appeared to be entirely similar to the course 
of those with infection due to oseltamivir-susceptible virus. 
Subsequently, in 2013 an outbreak in six citizens in Sapporo, 
Japan, yielded isolates with the same four NA mutations as 
described in reports (Hurt et al., 2012; Takashita et al., 2014). 
The mean oseltamivir carboxylate NA EC50 were 214.5 nM 
(range: 189–257), a 794-fold increase in EC50 over that for 
an oseltamivir-susceptible reference strain (Takashita et al., 
2014).

In Japan, oseltamivir carboxylate NA susceptibility data 
for influenza A and B virus isolates from 2008 to 2014 inclu-
sive paralleled the global data reviewed earlier (Matzusaki et 
al., 2010; Dapat et al., 2013; Ikematsu et al., 2014; Ikematsu 
et al., 2015; Table 257.4). Many similarities of this group of 
isolates included the abrupt appearance of a uniformly osel-
tamivir-resistant seasonal influenza A (H1N1) virus in 2008 
(Matzusaki et al., 2010) and its subsequent displacement as 
the dominant A (H1N1) virus by the pandemic A (H1N1)
pdm09 virus in 2009, then persisting as the A (H1N1) sea-
sonal virus. In 2007, 2 (2.5%) of 79 seasonal influenza A 
(H1N1) viruses were resistant to oseltamivir. These 2 viruses 
had NAs that were 234- and 1968-fold less susceptible to 
oseltamivir carboxylate than susceptible viruses; both pos-
sessed the H275Y NA mutation. In 2008, all 77 A (H1N1) 
isolates were resistant to oseltamivir; all possessed the H275Y 
NA mutation. Two representative isolates had NA that were, 
on average, 118-fold less susceptible to oseltamivir carboxyl- 

ate inhibition. Second, over the subsequent influenza seasons 
from 2009 to 2013 inclusive, very low, stable rates of osel-
tamivir resistance were observed in Japan among influenza A 
(H3N2) and B/Victoria and B/Yamagata viruses (Dapat et al., 
2013; Ikematsu et al., 2014; Ikematsu et al., 2015). These low 
rates paralleled those observed worldwide, despite the fact 
that administration of oseltamivir for influenza treatment in 
Japan was substantially more extensive than in other coun-
tries. No oseltamivir resistance was observed among 8 to 106 
influenza B viruses tested each year from 2009 to 2013. 
Oseltamivir resistance was demonstrated in 5 (1.0%) of 479 
influenza A (H1N1)pdm09 isolates tested from 2009 to 2013.

In the USA, the frequency of oseltamivir resistance in 
influenza viruses is low, consistent with the global data 
reviewed earlier. During the 2011–2012 winter season, only 
8 (1.8%) of 449 influenza A (H1N1)pdm09 isolates were 
resistant to oseltamivir; the resistant isolates had NA suscep-
tibility to oseltamivir carboxylate inhibition reduced by 319- 
to 1474-fold; all possessed the H275Y NA mutation. None 
of 978 influenza A (H3N2) and 343 influenza B viruses 
(subtype not specified) exhibited reduced NA susceptibility 
to oseltamivir carboxylate (Okomo-Adhiambo et al., 2014). 
During 2013–2014, 59 (1.2%) of 4968 influenza A (H1N1)
pdm09 isolates exhibited reduced susceptibility of NA to 
oseltamivir carboxylate; the mean EC50 was 181 nM com-
pared to 0.19 nM for oseltamivir-susceptible NA, a 952-fold 
reduction in susceptibility. All possessed the H275Y NA 
mutations; 34/49 isolates were from patients before osel-
tamivir exposure (Okomo-Adhiambo et al., 2015).

The development of oseltamivir resistance during treat-
ment in subjects in randomized clinical trials, in cohort and 
case-controlled studies, and in case reports published up to 
September 2010 was noted in a systematic review by Thor-
lund et al. (2011). Oseltamivir resistance associated with its 
administration for prophylaxis or treatment was reported 
in 4 randomized, controlled trials, 9 cohort or case control 
studies, and 19 case reports. In the controlled trials, osel-
tamivir resistance developed in none of 1109 subjects in 
three trials up to 5.5% (10/182 children in one controlled 

Table 267.4. Frequency of oseltamivir carboxylate neuraminidase-resistant influenza A and B isolates (no. resistant/no. tested) 
in Japan from 2007 to 2013, inclusive.

Year H3N2 (H1N1)pdm09 H1N1 B Reference

2007  2/79 (2.5%)a Matsuzaki et al. (2010)

2008 77/77 (100%) Matsuzaki et al. (2010)

2009 0 0/57 0 Dapat et al. (2013)

2010 0/59 1/60 (1.6%)b 0/18 Dapat et al. (2013)

2010 0/54 2/185 (1.1%)c 0 Ikematsu et al. (2012)

2011 0/283 0 0/18 Ikematsu et al. (2014)

2012 3/6 0/5 Ikematsu et al. (2015)

2013 0/49 2/172 (1.2%)d Ikematsu et al. (2015)

aBoth H275Y; 234- and 1968-fold reduction in neuraminidase susceptibility to oseltamivir carboxylate.
bH274Y and E51G; 444-fold reduction in neuraminidase susceptibility to oseltamivir carboxylate.
cH275Y; 731- and 1024-fold reduction in neuraminidase susceptibility to oseltamivir carboxylate. 
dStudy noted171- and 197-fold reduction in neuraminidase susceptibility to oseltamivir carboxylate.
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trial) (Whitley et al., 2001). In the cohort or case control 
studies, with a median of 50 subjects (range: 25 to 450), 
oseltamivir resistance developed in a median of 6.3% (4/164 
study subjects); the range of oseltamivir resistance was 0–18% 
(9/50 subjects). The frequency of development of oseltamivir 
resistance was different among virus types and influenza A 
subtypes: in 6 studies, the median frequency of acquired 
resistance in influenza A (H1N1) viruses was 7.9% (range: 
0–27.2%). In 3 studies in patients with influenza A (H3N2), 
the median frequency was 2.9% (range: 0–18%) and in 3 
studies in patients with influenza B virus infection, the 
median frequency was 0 (range: 0 to 18%).

A systematic review examined the consequences of devel-
oping oseltamivir resistance and identified a statistically sig-
nificant increase in risk ratio (RR) for development of 
pneumonia; the RR was 4.16 (95% confidence interval [CI]: 
1.28–13.1; p = 0.02) (Thorlund et al., 2011). No significant 
association was demonstrated between the development of 
resistance or not with respect to clinical symptoms, dura-
tion of illness, or other complication (sinusitis, bronchitis, 
or death), although the analysis was limited by small sam-
ple size.

The 19 case reports describing the development of osel-
tamivir resistance in 26 patients typically described prolonged 
or severe respiratory complications in immunocompromised 
individuals (20/26). Of the immunocompetent patients 5/6 
survived compared to 14/20 immunocompromised individ-
uals. In 13/26 patients, oseltamivir treatment was changed to 
zanamivir.

In published clinical studies, oseltamivir resistance has 
been reported in up to 4% of 178 treated adults infected with 
influenza A viruses (Treanor et al., 2000; Gubareva et al., 
2001) and 1 of 5 adults infected with an avian A (H5N1) 
virus (de Jong et al., 2005a). The incidence may be higher in 
treated children. Of 232 treated children, 18% shed resistant 
virus (Whitley et al., 2001; Kiso et al., 2004), as did two of 
four children treated for avian A (H5N1) influenza infection 
(de Jong et al., 2005b; Le et al., 2005). One previously unre-
ported novel mutation, N294S, conferring resistance to osel-
tamivir was described by Kiso et al. (2004). The H275Y 
mutation, which commonly mediates oseltamivir resistance, 
can emerge rapidly during oseltamivir treatment and can be 
detected within a few hours using nucleic acid amplification 
technology (Wang et al., 2010).

In contrast to influenza infection in immunocompetent 
persons, infection in severely immunocompromised patients 
is characterized by prolonged virus excretion; a propensity 
to excretion of drug-resistant virus during therapy; and not 
uncommonly, treatment failure, despite therapy with multi-
ple drugs, including M2 inhibitors (Weinstock et al., 2003), 
zanamivir (Gubareva et al., 1998), and oseltamivir (Wein-
stock et al., 2003; Ison et al., 2006). In an early case report, 
Weinstock et al. (2003) described a severely immunocom-
promised patient with H1N1 lung infection that persisted 
despite treatment with amantadine, oseltamivir, rimantadine, 
and zanamivir and was ultimately fatal. Isolates of virus were 
found to be resistant to rimantadine and oseltamivir, but sus- 

ceptible to zanamivir. Sequencing of the NA gene revealed the 
presence of the H274Y mutation. More recently, Ison et al. 
(2006) described three similar immunocompromised patients 
with influenza virus respiratory infection, of whom two had 
similar fatal outcomes. One patient recovered after therapy 
with zanamivir plus rimantadine. Influenza isolates were 
initially susceptible to oseltamivir. However, isolates possess-
ing the E119V mutation were recovered subsequently with 
100-fold reductions in NA oseltamivir susceptibility. The 
viruses had M2I resistance mutations and an assortment of 
mutations in the HA gene. Most recently, Baz et al. (2006) 
described another variation in the clinical picture of drug- 
resistant infection in the immunocompromised host: per-
sistent excretion of an oseltamivir-resistant mutant H3N2 
virus for 8 months after oseltamivir was discontinued. The 
immunocompromised child had an influenza H3N2 respira-
tory infection that did not respond to oseltamivir, amanta-
dine, and zanamivir therapy. A mutant with several NA 
mutations, including E119V, was first detected after 28 days 
of treatment. The NA of this variant was 274-fold less suscep-
tible to inhibition by oseltamivir than was wild-type virus, 
but it was susceptible to zanamivir. The virus also acquired a 
S31N mutation in the M2 protein that conferred amantadine 
resistance. During zanamivir therapy, the patient shed virus 
intermittently, possibly due to suboptimal lung delivery plus 
an immunocompromised state. These cases highlight the 
emerging clinical need for drug resistance-testing capability 
and additional new antivirals active against influenza viruses. 

Resistance to oseltamivir has been occasionally docu-
mented in four clinical outbreaks of avian H5N1 influenza 
(de Jong et al., 2005a; Le et al., 2005; alertnet.org/htenews/
newsdesk/l13621710.htm) as well as in an individual with 
N7N9 influenza treated with oseltamivir (Marjuki et al., 
2015). Resistant H5N1 strains have had an H274Y NA muta-
tion (de Jong et al., 2005a) or a N294S mutation (Saad et al., 
2007). H5N1 recombinant viruses with these resistance gen-
otypes have maintained susceptibility to zanamivir, despite 
acquiring oseltamivir resistance (Yen et al., 2007), raising the 
possibility of treatment with this agent. However, all four 
neuraminidase variants of an H7N9 isolate recovered from 
an oseltamivir-treated patient had 30-fold or greater reduc-
tion in NA susceptibility to oseltamivir. 

2c.  In vitro synergy and antagonism

Therapy with combinations of antiviral drugs with different 
mechanisms of action might improve the clinical outcome 
through additive and synergistic effects on viral replication, 
reduce the doses required for efficacious treatment, reduce 
the incidence of adverse effects, or reduce the risk of emer-
gence of resistant viruses (Tsiodras et al., 2007). 

The effects of combining oseltamivir carboxylate or osel-
tamivir with one or two other inhibitors of influenza virus 
replication in vitro and in vivo, respectively, have been sum-
marized by Govorkova and Webster (2010). In vitro, dual 
combinations of oseltamivir carboxylate with amantadine 
(Ilyushina et al., 2006; Smee et al., 2009; Nguyen et al., 2010), 

http://www.alertnet.org/htenews/newsdesk/l13621710.htm
http://www.alertnet.org/htenews/newsdesk/l13621710.htm
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ribavirin (Nguyen et al., 2010), or rimantadine (Govorkova 
et al., 2004) yielded enhanced inhibitory effects, ranging from 
additive to synergistic. The effect of oseltamivir carboxylate 
plus amantadine against one A (H5N1) virus was indifferent 
(Smee et al., 2009). Dual combinations in vitro of oseltamivir 
carboxylate plus the experimental agents favipiravir (Tarbet 
et al., 2014), nitazoxanide (Belardo et al., 2015), and inter-
feron lambda 1 (IFN-λ1) (Ilyushina et al., 2014) were syner-
gistic. No combinations were antagonistic.

Triple combinations in vitro of oseltamivir carboxylate 
plus amantadine and ribavirin (Nguyen et al., 2009; Nguyen 
et al., 2010) were additive or highly synergistic.

In mice with experimental influenza infection, combina-
tions of oseltamivir plus amantadine yielded enhanced pro-
tection (Ilyushina et al., 2007; Masihi et al., 2007; Smee et al., 
2009) or no added benefit, depending on the virus’s suscepti-
bility to amantadine (Ilyushina et al., 2007),or inoculum size 
(Smee et al., 2009). Rimantadine combined with oseltamivir 
yielded increased protection, such as synergistic effects in 
mice (Leneva et al., 2000; Galabov et al., 2006). Ribavirin 
plus oseltamivir have yielded mixed results depending on the 
author, with no added benefit (Smee et al., 2006; Smee et al., 
2009), additive effects at some concentrations (Ilyushina et 
al., 2008) and synergy (Leneva et al., 2000) all reported. The 
dual combination of the experimental agent favipiravir plus 
oseltamivir was synergistic in mice (Smee et al., 2010). Triple 
combination therapy with oseltamivir, amantadine, and rib-
avirin was synergistic in mice (Nguyen et al., 2012).

There have been four randomized controlled clinical trials 
evaluating the efficacy of oseltamivir plus another agent. 

In a serendipitous clinical study, intravenous peramivir 
combined with oral oseltamivir was compared to oseltamivir 
alone for treatment of influenza in 217 hospitalized patients 
with influenza confirmed by culture and/or reverse tran-
scriptase polymerase chain reaction (RT-PCR) confirmed 
influenza (de Jong et al., 2014). A total of 52% of these 
patients had had symptoms of influenza for < 48 hours. 
Treatment with a combination of peramivir 600 mg intrave-
nously daily for 5 days plus oseltamivir (n =144), dose and 
duration not specified except the NAI treatment was part of 
the standard of care (SOC) was not more efficacious than 
oseltamivir alone (n = 73). Similar numbers in both groups 
were infected with influenza A (H1N1): 41% vs. 44% in the 
combination and oseltamivir only groups, respectively; 35% 
vs. 38%, respectively, were infected with influenza A (H3N2); 
and 15% vs. 12% were infected with influenza B. Only one A 
(H1N1) isolate, likely pretreatment, possessed the H275Y NA 
mutation conferring resistance to oseltamivir and peramivir. 
Median times to clinical resolution, the primary end point, 
for patients who were symptomatic for < 48 hours at time of 
randomization were 41.8 hours (95% CI: 27.8–67.3) and 48.4 
hours (95% CI: 35.7–80.1), respectively. For those who had 
had symptoms for > 48 hours, the median times to resolution 
were 36.0 hours (95% CI: 25.0–61.4) and 31.0 hours (95% CI: 
18.9–62.0), respectively (not significant). The effect of perami-
vir with oseltamivir on virus concentration or duration of 
shedding was not reported. This serendipitous randomized 

comparison of intravenous peramivir combined with osel-
tamivir in adults hospitalized with influenza A infection 
(85–88%) was underpowered to demonstrate a difference in 
combination NAI compared to single NAI therapy. 

In a placebo-controlled, double-dummy outpatient 
treatment trial in 447 healthy adults with uncomplicated, 
laboratory- confirmed influenza of < 36 hours of duration, 
oseltamivir 75 mg orally twice daily plus zanamivir 10 mg 
daily by inhalation for 5 days (n = 192) was less efficacious 
than oseltamivir alone (n = 176) and not different from zan-
amivir monotherapy (n = 173) (Duval et al., 2010). Efficacy 
was assessed clinically and virologically. Median times to 
alleviation of symptoms were 4.0, 3.0, and 4.0 days in the 
three treatment groups, respectively. The differences in 
median times to symptom alleviation were +1 day (95% CI: 
0.0–4.0; p = 0.02) and +0 days (p = 0.96) for oseltamivir 
combined with zanamivir versus oseltamivir alone and com-
bination therapy versus zanamivir alone, respectively. The pro-
portions of patients with nasal secretion influenza RT-PCR 
results < 200 copies at day 2 (primary outcome) were 46% 
(n = 157), 59% (n = 141), and 34% (n = 149) in the three 
treatment groups, respectively—−13% (95% CI: 23.1–2.9; 
p = 0.025) for combination therapy versus oseltamivir alone 
and +12.3% (95% CI: 7.39–22.2; p = 0.028) for combination 
therapy versus zanamivir alone—indicating that the combi-
nation treatment was inferior to oseltamivir monotherapy 
clinically and virologically and not different from zanamivir 
clinically but superior in terms of the virologic end point. 

In a small, randomized, unblinded study, oseltamivir–
zanamivir dual therapy in recommended doses for 5 days 
was compared to oseltamivir monotherapy in adults with 
laboratory-confirmed, uncomplicated illness of < 42 hours 
of duration (Escuret et al., 2012). The primary end point was 
the percentage of patients with a viral load of < 3 log10 copies 
of genome equivalent [cgEq/µl] at 48 hours in nasal secre-
tions. A total of 12 volunteers were allocated to each treat-
ment arm, a sample size too limited to permit testing of the 
study hypothesis that combination therapy was superior to 
oseltamivir monotherapy for influenza treatment. The mean 
viral load decreased more than 3 cgEq/µl in 8% in both 
groups at 48 hours. 

The effect of oseltamivir plus zanamivir treatment com-
pared to each agent alone on reducing influenza viral load in 
nasal secretions and secondary transmission was studied in a 
double-dummy, double-blind randomized clinical trial that 
enrolled 267 adults with laboratory-confirmed influenza of 
≤  36 hours of duration (Carrat et al., 2012). Subjects were 
randomized to treatment with both drugs (n = 90), oseltami-
vir (n = 87), or zanamivir (n = 90). The primary end point 
was the proportion with < 200 cgEq/µl of nasal secretions 
at  day 2: The proportion of patients with viral load < 200 
cgEq/µl was not different between the combination treat-
ment group and the oseltamivir treatment group (54% vs. 
59%; p = 0.5) but was less in the zanamivir treatment group 
than the combination treatment group (33% vs. 54%; p = 
0.007). Secondary cases occurred in 7–15% in the three 
treatment groups (p = 0.07). However, when the analysis was 
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limited to contacts of index cases treated within 24 hours of 
illness onset, combined treatment was more effective: 2 (4%) 
of 56 contacts developed laboratory-confirmed illness, less 
than those treated with oseltamivir alone (14 of 81; 17%; p = 
0.014) or those with zanamivir monotherapy (14 of 95; 15%; 
p = 0.03). Given that this latter conclusion derived from a 
subgroup analysis, the authors urged caution in concluding 
that oseltamivir plus zanamivir combination therapy of index 
cases was more efficacious than either treatment alone in 
preventing secondary cases.

Further case studies suggest that combination treatments 
of influenza that include oral oseltamivir may be effective. In 
a case report, dual-combination therapy with oral oseltami-
vir and inhalational therapy with zanamivir solution in ven-
tilator- and extracorporeal membrane oxygenation (ECMO) 
treated critically ill patients with influenza A (H1N1)pdm09 
virus infection was associated with high mortality (3/9; 
33%) and prolonged shedding of virus to day 7, assessed by 
RT-PCR assay of airway secretions (Petersen et al., 2011). 
Triple combination therapy with oral oseltamivir and aman-
tadine and nebulized zanamivir in two critically ill, immuno-
compromised patient with influenza A (H1N1), including 
one with oseltamivir-resistant virus, appeared to effectively 
suppress virus shedding after 2 days and 4 days, although 
both patients died of multiple organ failure (Meijer et al., 
2015a). Kim et al. (2011) reported that mortality in 24 
patients treated with a combination of oral oseltamivir 150 
mg twice daily with amantadine and ribavirin appeared to be 
less (17%) than in 103 patients treated with oseltamivir alone 
(35%; p = 0.08).

Collectively, these data suggest that oseltamivir combined 
with one or two other inhibitors of influenza virus replica-
tion is often synergistic in vitro or advantageous in murine 
models of influenza infection but that clinical benefits of 
combination therapy for treatment have not been consis-
tently demonstrated to date.

3. MECHANISM OF DRUG ACTION

Oseltamivir shares the same mechanism of action as zanami-
vir and peramivir as members of the NAI class of drugs, 
which, by definition, involves interference with influenza viral 
replication by inhibition of NA. Oseltamivir was designed as 
a carbocyclic transition state analog inhibitor of influenza 
NA with the expectation that it would retain the potency of 
zanamivir, the first NAI to be approved for clinical use, in a 
molecule that would be orally bioavailable. Oseltamivir car-
boxylate was comparable in potency and spectrum to zana-
mivir, but not more orally bioavailable. However, synthesis of 
its ester prodrug, oseltamivir ethyl phosphate, increased the 
bioavailability of oseltamivir carboxy-late to 80% in humans 
and set the stage for its clinical development.

To inhibit NA, oseltamivir carboxylate with its bulky side 
chain must bind in the active enzyme site that is lined with 
11 amino acids that are conserved among influenza viruses. 
Binding of the natural substrate sialic acid and its analog 
oseltamivir carboxylate in the site is competitive and occurs 

through specific interactions between these amino acids and 
portions of the sialic acid molecule (Klumpp and Graves, 
2006) or oseltamivir carboxylate molecules. For oseltamivir 
carboxylate to be accommodated in the enzymatic cleft 
requires that the glutamate at position 276 rotate and bond 
with an arginine residue at position 224, stabilized by bind-
ing to histidine at position 274. The resulting binding of osel-
tamivir carboxylate to NA interferes with its catalytic action 
and results in inhibition of viral replication. Parenthetically, 
any mutation that inhibits this rotation will reduce the bind-
ing affinity of oseltamivir carboxylate for the NA active site 
while still allowing binding of the natural substrate, sialic 
acid, and NAIs that do not require this conformational change 
for binding, namely zanamivir.

Cell surface sialic acid is the receptor for influenza hem-
agglutinin, the receptor-binding protein of influenza virus. 
Although the binding affinity of a single sialic acid moiety 
for a single hemagglutinin is low, virions attach tightly to 
cells because of interactions between multiple viral hemag-
glutinins, and the multiple cell surface sialic acids covalently 
bound to membrane glycoproteins. Because surface sialic 
acid remains on influenza-infected cells, and progeny virions 
are released by budding (rather than cell death); newly 
formed virions also bind tightly to cell surface sialic acid. 
These virions are then released when the sialic acid is cleaved 
from cellular glycoproteins by virion neuraminidase; the 
monomeric sialic acid then dissociates from free virions 
because of the low binding affinity of a monomeric interac-
tion. These progeny virions are then able to infect new cells 
or to be transmitted to new hosts. As a result, treatment with 
NA inhibitors does not prevent infection, but does prevent 
spread of virus within the host, limiting or preventing dis-
ease and reducing transmission of viruses from the infected 
host to others.

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

4a.  Adults

Oseltamivir is available in capsules containing 30, 45, 60, and 
75 mg of the prodrug for oral administration. For patients 
who are unable to swallow capsules, oseltamivir phosphate is 
also marketed as a powder that is reconstituted as an oral sus-
pension that contains 12 mg/ml. The suspension is stable for 
5 weeks at 2–8°C and 5 days at room temperature (~ 25°C).

Oseltamivir is approved in many countries for the preven-
tion and treatment of influenza. In the USA, it is approved 
for treatment of influenza A and B infection in individuals 
2 weeks of age and older who have been symptomatic for not 
more than 2 days. Therapy should be initiated as early as pos-
sible after onset of symptoms and continued for 5 days.

For prophylaxis in the USA, oseltamivir is indicated for 
postexposure or seasonal prophylaxis for individuals 1 year 
of age and older. For postexposure prophylaxis, such as pre-
vention of influenza in family members of an index case, 
oseltamivir should be initiated within 48 hours of exposure 
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and continued for 10 days. For seasonal prophylaxis, osel-
tamivir is approved for up to 6 weeks, although it has been as 
well-tolerated as has placebo for 16 weeks (Anekthananon et 
al., 2013). Protection lasts only so long as the medication is 
ingested, but most local influenza epidemics last < 6 weeks. 
Recommended dosage regimens for different indications and 
patient groups are shown in Table 257.2. Dosage in children 
is adjusted for body weight, and some adjustment of dosage 
is required for renal insufficiency (discussed later in this 
section); oseltamivir is not recommended in the setting of 
severe renal insufficiency.

A formulation of oseltamivir for intravenous administra-
tion has been given to human subjects to study oseltamivir 
and oseltamivir carboxylate pharmacokinetics and safety— 
n = 63 (Brennan et al., 2012), n = 149 (Gibiansky et al., 2015), 
and n = 34 (Várkonyi et al., 2015)—and to study its thera-
peutic efficacy in adults hospitalized with influenza and 
influenza- like illness (Várkonyi et al., 2015). Doses ranged 
from single doses of 40 mg (Gibiansky et al., 2015) to 400 mg 
(Brennan et al., 2012) and 100–200 mg twice daily for 5 days 
(Brennan et al., 2012; Gibiansky et al., 2015).

Essentially, oseltamivir and oseltamivir carboxylate phar-
macokinetics were linear and dose proportional and similar 
to those after oral administration. Tolerance was also good 
and similar to that observed after analogous oral doses, except 
for injection site reactions. Such adverse effects included 
local pain, warmth, redness, and swelling in 89–95% of sub-
jects receiving oseltamivir 100 mg or 200 mg infusions twice 
daily for 5 days compared to 70% in placebo-treated subjects 
(Brennan et al., 2012). The randomized trial aiming to com-
pare the efficacy of oseltamivir 100 mg or 200 mg i.v. or 75 mg 
orally, all administered twice daily for 5 days, was closed 
due to inadequate enrolment, presumably due to the adverse 
reactions of intravenous oseltamivir (Várkonyi et al., 2015). 
Efficacy, which was to be assessed by viral load and shedding, 
has not been reported.

Collectively, these studies describing clinical characteris-
tics of intravenous oseltamivir provided data for identifica-
tion of dose regimens for potential future efficacy studies.

Antiviral drugs are recommended for control of influenza 
outbreaks in institutions (e.g. long-term and aged-care facil-
ities) by the Advisory Committee on Immunization Practices 
(2011) on the basis of accumulated supportive clinical reports. 
No randomized, placebo-controlled trials addressing this 
indication have been reported, and the conduct of further 
clinical trials may now be unethical considering the position 
of the Advisory Committee on Immunization Practices. Osel - 
tamivir has been used successfully in uncontrolled studies for 
the control of influenza outbreaks in nursing homes (Parker 
et al., 2001; Bowles et al., 2002). Regimens combine prophy-
laxis of residents regardless of immunization status plus early 
treatment of ill individuals with or without inclusion of staff, 
together with a number of infection control measures.

4b.  Newborn infants and children

After administration of the oral suspension, healthy children 
1–12 years of age are able to efficiently metabolize oseltami-
vir ethyl ester to the carboxylate and excrete it. They elimi-
nate the carboxylate more rapidly than adolescents or adults, 
resulting in lower exposure to the drug (Table 257.5). Renal 
clearance approximates adult levels at 12 years of age (Oo et 
al., 2001; Oo et al., 2003b). Consequently, in children > 12 
years, a dose of 2 mg/kg results in oseltamivir carboxylate 
area-under-the-concentration-time curve (AUC) similar to 
that observed in adults receiving the efficacious approved 
dose of 75 mg, which is roughly equivalent to 1 mg/kg, or 
half the pediatric dose. Based on these pharmacokinetic 
observations, unit (capsule) doses of 30, 45, and 60 mg suit-
able for children ≤ 12 years have been developed, and their 
use is incorporated into current dosage recommendations 
(Table 257.6).

Inasmuch as the serum concentrations of oseltamivir and 
oseltamivir carboxylate normalized to an oseltamivir dose 
of 2 mg/kg body weight are not different between Japanese 
children and white children of European ancestry, these dos-
ing regimens are applicable to both ethnic groups (Gieschke 
et al., 2007).

Table 267.5. Mean pharmacokinetic variables of oseltamivir carboxylate in children from 0 to 5 years of age receiving a single dose of 
oseltamivir normalized to 2.0 mg/kg compared with healthy young adults receiving 75 mg orally.

Pharmacokinetic 
variable

Age

0–2 monthsa 3–5 monthsa 6–8 monthsa 9–11 monthsa 1–2 yearsb 3–5 yearsb 9–12 yearsb Young adults

Cmax (μg/l) 366 284 294 232 121 179 N/A  315 ± 93c

AUC0–∞ (μg∙h/l) 2983 3096 2633 2284 2810 3350 3304d 3310 ± 577c

t½ (hours) 6.6 9.1 10.3 11.1 14.9 11.3 N/A    6.6 ± 1.4c

Cl/F/kg (ml/min/kg) N/A N/A N/A N/A 12.2 9.4 4.8    6.9e

aFrom Kimberlin et al. (2013)
bFrom Oo et al. (2003b).
cFrom Snell et al. (2005).
dFrom Oo et al. (2001).
eFrom Abe et al. (2006).
Abbreviations: Cmax: maximum concentration; AUC: area-under-the-concentration-time curve; t½: half-life; Cl/F/kg: apparent clearance per kilogram; N/A: not 

available.
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Table 267.7. Oseltamivir carboxylate pharmacokinetic variables in adult patients with varying levels of renal function on day 6 of 
administration of oral oseltamivir 100 mg twice daily (mean ± standard deviation).

Pharmacokinetic variable

Creatinine clearance (ml/minute)

> 90 60–90 30–60 < 30

Cmax (μg/l) 494 ± 80 1,058 ± 183 1,514 ± 392 4,052 ± 1,519

Cmin (μg/l) 231 ± 50 583 ± 127 988 ± 371 3,271 ± 1,482

AUC0–12 (μg∙h/l) 4,187 ± 630 9,931 ± 1,636 15,010 ± 4,158 43,086 ± 18,068

t½ (hours) 9.1 ± 2.9 10.6 ± 1.2 12.6 ± 4.4 22.9 ± 9.7

Renal clearance (l/hour) 17.50 ± 2.8 7.25 ± 1.15 4.19 ± 0.69 1.54 ± 0.55

Abbreviations: Cmax: maximum concentration; Cmin: minimum concentration; AUC0–12: area-under-the-concentration-time curve from 0 to 12 hours; t½: 
half-life.

Source: Modified with permission from He et al. (1999a).

Oseltamivir doses for children from birth to 12 months 
of age have been developed based on its pharmacokinetics in 
such subjects and determination of doses to achieve a geo-
metric mean oseltamivir carboxylate AUC0–12 of 2660 –7700 
ng/h/l (Kimberlin et al., 2013; Table 257.6). This target 
AUC0–12 range was selected based on the fact it was 1 s.d. 
below the mean AUC0–12 in adults receiving 150 mg twice 
daily, to 2 s.d. above the mean. In addition, it was higher than 
the AUC0–12 observed in children 1–2 years of age receiving 
2  mg/kg oseltamivir, which produced a mean AUC0–12 of 
2800 ng/h/l, but in whom antiviral resistance developed; 
however, no resistance development was observed in chil-
dren 1–2 years of age receiving 3 mg/kg, yielding a modeled 
serum AUC012 of 3800 ng/h/l. These data were combined 
with oseltamivir population pharmacokinetic data (Kamal 
et al., 2014) and safety and virology, pharmacokinetic data 
(Rath et al., 2015) to derive the current recommended osel-
tamivir dose of 3 mg/kg twice daily for infants 2–11 months 
of age (Table 257.6).

4c.  Pregnant and lactating mothers

Ex vivo studies with human placental lobules indicate that 
oseltamivir carboxylate moves bidirectionally across it at a 
mean rate of 47 ± 11% of the rate of the freely diffusible 
marker compound antipyrine. Thus oseltamivir treatment 
of women during pregnancy will result in fetal exposure to 
oseltamivir carboxylate (Nanovskaya et al., 2012).

The use of oseltamivir in pregnant women has not been 
formally studied, and it has an FDA pregnancy category C 
rating. Animal studies have not shown any adverse effects 
of oseltamivir on pregnancy, embryonic, fetal, or postnatal 
development (Hoffman-LaRoche, 2006). There is no evi-
dence of a significant risk of fetal abnormalities from preg-
nancies in treated patients during clinical trials and from 
pregnancies in treated women reported in postmarketing 
reports. To date, 10 studies describing fetal outcomes after 
5108 maternal oseltamivir exposures during pregnancy have 
suggested oseltamivir is safe as described in preclinical stud-
ies: n = 634 (Saito et al., 2013), n = 65 (Hayashi et al., 2009), 
n = 135 (Greer et al., 2010), n = 81 (Svensson et al., 2011), 
n = 353 (Nakai et al., 2012), n = 31 (Figueiró-Filho et al., 

2012), n = 1237 (Xie et al., 2013), n = 2128 (Wollenhaupt et 
al., 2014), n =27 (Dunstan et al., 2014), and n = 337 (Beau 
et al., 2014).

Among these studies, five (Greer et al., 2010; Svensson et 
al., 2011; Xie et al., 2013; Dunstan et al., 2014; Beau et al., 
2014) compared fetal outcomes after 1817 maternal oseltami-
vir exposures to fetal outcomes in unexposed concurrent 
case controls. These studies provide the most robust esti-
mates of fetal safety after maternal oseltamivir exposure in 
pregnancy. None of the five studies demonstrated an increase 
in preterm births; four of five sought and did not find an 
increase in small for gestational age or congenital abnormal-
ities; two of two reported no increase in the frequency of low 
Apgar scores among neonates whose mothers were exposed 
to oseltamivir compared to nonexposed neonates. These are 
reassuring with respect to the safety of  oseltamivir for fetuses 
whose mothers were exposed to drug during pregnancy for 
prophylaxis or treatment in all trimesters.

Nonetheless, until controlled trials demonstrate oseltami-
vir safety in pregnant women, it would seem prudent to 
continue to not administer oseltamivir to pregnant women 
unless the potential benefit outweighs the risk to the fetus. 
Although oseltamivir is excreted in the breast milk of rats 
and mice, it is unknown whether it is excreted in human 
breast milk.

4d.  Those requiring altered dosages

PATIENTS WITH RENAL IMPAIRMENT

Oseltamivir and oseltamivir carboxylate pharmacokinetics 
have been described in adults with mild to moderately 
impaired renal function (He et al., 1999a; Gibiansky et al., 
2015; Kamal et al., 2015) and in patients with end-stage renal 
disease on hemodialysis and continuous ambulatory perito-
neal dialysis (Robson et al., 2006). These data have been used 
to model dosing regimens for patients with impaired renal 
function.

Oseltamivir carboxylate clearance in healthy adults 
decreases directly with declining renal function (Table 257.7) 
with a corresponding increase in systemic exposure (maxi-
mum concentration [Cmax], minimum concentration [Cmin], 
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and AUC0–12) (He et al., 1999a). Oseltamivir is as tolerated by 
patients with mild to moderately severe renal insufficiency as 
it is by healthy control subjects (He et al., 1999a). Dose mod-
eling based on oseltamivir carboxylate pharmacokinetics in 
adults with varying degrees of renal impairment led to a rec-
ommendation of 30-mg dose ingested once daily for prophy-
laxis and twice daily for treatment of influenza in individuals 
with severe (creatinine clearance < 30 ml/minute) and 
moderate (creatinine clearance 30–60 ml/minute) impair-
ment, respectively (Kamal et al., 2015). These regimens were 
projected to yield AUC0–12 exposures like those observed 
in adults with normal renal function receiving 75 mg orally 
twice daily. For influenza prophylaxis, 30 mg once every 
other day and once daily, regimens were selected for adults 
with severe and moderate renal impairment, respectively. 
No dosing adjustments were required for those with mild 
impairment (creatinine clearance 60–90 ml/minute). This 
report supported currently recommended oral oseltamivir 
dosing for adults with moderate and severe impairment 
(Table 257.6).

To develop oseltamivir dosage regimens for patients with 
dialysis-dependent renal failure, oseltamivir tolerance and 
pharmacokinetics were studied in patients given 30 mg oral 
suspension after the completion of alternate hemodialysis 
(HD) treatments and once weekly after receiving continuous 
ambulatory peritoneal dialysis (CAPD) (Robson et al., 2006). 
Mean oseltamivir carboxylate time to peak concentration 
(tmax) were 20.0 ± 5.9 hours and 29.7 ± 8.0 hour in the HD 
and CAPD cohorts, respectively. Oseltamivir was well toler-
ated. Oseltamivir carboxylate Cmax, Cmin, and AUC values all 
exceeded those observed in young adults administered the 
efficacious recommended dose of 75 mg twice daily. The 
mean oseltamivir carboxylate AUC0–42, over a dose interval 
in the 12 hemodialysis patients was 31,600 ± 14,100 µg/h/l 
and the mean AUC0–48 in 12 patients receiving CAPD was 
33,400 ± 9,700 µg/h/l in the 5 days after the first dose of 
30 mg (Robson et al., 2006). A subsequent population phar-
macokinetics analysis of data from 24 adults with end-stage 
renal disease and from single- and multiple-dose studies led 
to the conclusion that 30 mg after each hemodialysis, rather 
than after alternate cycles (as recommended by Robson et al. 
(2006)), was more appropriate for treatment for influenza 
prophylaxis in adults (Kamal et al., 2015). 

Incidentally, the mean hemodialysis clearance of osel-
tamivir carboxylate was 1.20 ± 1.05 l/hour , and the CAPD 
clearance was 0.425 ± 0.046 l/hour compared to 18.8 ± 
4.56 l/hour in adult volunteers with normal renal function 
(He et  al., 1999a), indicating that oseltamivir carboxylate 
is not readily removed by dialysis. Oseltamivir carboxylate 
Cmax and AUC values were four to fivefold greater in 
patients receiving continuous venovenous hemodiafiltration 
(CVVHDF), another treatment for end-stage renal disease, 
than were values in healthy adults receiving the same dose, 
which indirectly suggests that CVVHDF also has little 
impact on oseltamivir carboxylate clearance (Lemaitre et al., 
2012). The effect of continuous venovenous hemofiltration 
has not been reported.

PATIENTS WITH HEPATIC IMPAIRMENT

In adults with stable, moderately severe hepatic impairment 
due to cirrhosis, oseltamivir and oseltamivir carboxylate 
Cmax were ≤ 6% and ≤ 19% lower and their AUC0–∞ was 
33% higher and ≤ 19% lower, respectively, than in matched 
healthy controls (Snell et al., 2005; Table 257.8). Oseltamivir 
was well tolerated. These data suggest that moderate hepatic 
impairment in cirrhotic patients affects oseltamivir metabo-
lism and disposition minimally; thus dose adjustments for 
these patients appear unnecessary.

ELDERLY PATIENTS

In healthy elderly people aged 65–78 years and in the very 
elderly (≥ 80 years old), the mean oseltamivir carboxylate 
AUC0–12 is increased 20–25% (Massarella et al., 2000), and up 
to 91% (Abe et al., 2006) than in young healthy adults. This 
is  likely related to age-related reductions in renal function. 
However, as there appears to be no difference in tolerance 
of  oseltamivir between healthy young and elderly persons 
(Dutkowski et al., 2003), no reduction in oseltamivir dose 
is recommended for these older individuals.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The pharmacokinetic profile of oseltamivir is simple and lin-
ear across at least a sixfold (75–450 mg) range of doses (He et 
al., 1999a; Dutkowskiet al., 2010). The absolute bioavailabil-
ity of oseltamivir carboxylate is 80%. After oral administra-
tion of doses from 50 to 500 mg of the prodrug, oseltamivir 
ethyl ester, it is readily absorbed along the entire length of the 
small intestine (Oo et al., 2003a). The drug undergoes exten-
sive first-pass metabolism by hepatic and, perhaps, intestinal 
esterases that convert it to the antiviral metabolite osel-
tamivir carboxylate, which can be detected in plasma within 
30 minutes. Oseltamivir carboxylate peak concentrations in 
plasma are three times greater than those of oseltamivir ethyl 

Table 267.8. Oseltamivir carboxylate pharmacokinetic variables 
in cirrhotic patients with moderate hepatic impairment and 
healthy controls given a single dose of 75 mg oseltamivir 
phosphate (mean ± standard deviation).

Pharmacokinetic 
variables

Cirrhotic patients  
(n = 11)

Healthy controls  
(n = 11)

CrCl (ml/minute) 101 (range: 68–303) 95 (range: 68–139)

Cmax (μg/l) 260 ± 83 315 ± 93

AUC0–∞ (μg∙h/l) 3100 ± 1250 3310 ± 577

t½ (hours) 7.3 ± 7.5 6.6 ± 1.4

Renal clearance  
 (l/hour)

14.6 ± 7.3 11.2 ± 2.3

Abbreviations: CrCl: creatinine clearance; Cmax: maximum concentration; 
Cmin: minimum concentration; AUC: area-under-the-concentration-time 
curve; t½: half-life.

Source: Modified with permission from Snell et al. (2005).
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ester levels and are reached in 3–4 hours. Plasma protein 
binding of the carboxylate is < 3% and of ethyl ester is 42% 
over a wide range of concentrations (He et al., 1999a).

The oral suspension is bioequivalent to the capsules 
(Brew ster et al., 2006; McClellan and Perry, 2001; Lennon et 
al., 2009). A fatty meal delayed absorption but did not alter 
its extent (AUC) (He et al., 1999b).

Of clinical importance, oseltamivir carboxylate bioavail-
ability after administration of oseltamivir dissolved in water 
via a nasogastric or nasojejunal tube in adults critically ill 
with pandemic influenza A (H1N1) infection and normal 
renal function was not different from that in healthy adult 
volunteers (Ariano et al., 2010). In 36 patients given 75 mg 
oseltamivir, the median AUC0–12 was 4,854 ug/h/l (inter-
quartile range [IQR]: 3,109–10,820). In 7 healthy young adults, 
the analogous value was 3,176 ug/h/l (range: 2226–4107) 
(Abe et al., 2006). However, therapy with oral oseltamivir 
suspension 4 mg/kg every 12 hours, ECMO and CVVHD, in 
a critically ill 6-year-old child with presumed influenza caus-
ing respiratory failure, resulted in systemic exposure to osel-
tamivir carboxylate that was less than that observed in 
noncritically ill pediatric patients receiving 2 mg/kg every 12 
hours, a result concluded to most likely be due to substan-
tially diminished enteral absorption (Eyler et al., 2012).

Bioavailability assessed by AUC0–∞ after a single dose 
was not different between morbidly obese (body mass index 
[BMI] > 40) and nonobese healthy controls (BMI < 30) 
(Thorne-Humphrey et al., 2011). Median AUC0–∞ values were 
3100 μg/h/l (range: 1700–4100) and 3000 μg/h/l (range: 
2100–5900), respectively. Other pharmacokinetic parame-
ters were also not different between the groups.

Similar nonsignificant differences in AUC were observed 
between obese Thai subjects (BMI: 33.8 kg/m2; range: 30.5–
43.2): 3120 μg/h/l (range: 2230–5330) and nonobese Thai 
adults (BMI: 22.2 kg/m2; range: 18.8–24.2) 3500 μg/h/l (range: 
2650–4860) (Jittamala et al., 2014). Other pharmacokinetic 
parameters were also not different between the two groups 
nor between 75-mg and 150-mg doses.

An uncontrolled study of oseltamivir pharmacokinetics 
in 21 obese volunteers with medium BMI after a single dose 
of oseltamivir orally (Pai and Lodise, 2011) yielded similar 
data to those of Thorne-Humphrey et al. (2011) and Jittamala 
et al. (2014).

5b.  Drug distribution

In young adults, Cmax and AUC increase linearly with dose 
(Table 257.9). The mean oseltamivir carboxylate apparent 
volume of distribution at steady state (Vdss) is 153 ± 75.3 liters 
in young adults ingesting 75 mg orally twice daily (Dutkowski 
et al., 2010). This is not consistent with any physiologic vol-
ume in humans but suggests concentration in small kinetic 
compartment(s) in the body. Such distribution is more 
strongly suggested by data from animal studies, which reveal 
isotope- labeled oseltamivir throughout the body, including 
the middle ear, sinuses, and lung. In 16 patients with chronic 
sinusitis and serous otitis media who ingested oseltamivir 

75 mg twice daily for 5 days, mean oseltamivir carboxylate 
concentrations in aspirates from the middle ear and sinuses 
2–6 hours after administration of the drug were 547 µg/l and 
523 µg/l, respectively (Kurowski et al., 2004), levels that 
exceed the upper limit of the EC50 of NAs of influenza A and 
B (≤ 19.25 nM; ≤ 6.7 µg/l) (Table 257.1). Serous otitis media 
and chronic sinus fluid oseltamivir carboxylate levels were 
generally threefold higher than concurrent plasma levels.

The average apparent volume of distribution of oseltami-
vir carboxylate in healthy nonobese adults is 12.8  ± 3.1 liters 
after intravenous injection of a 75 mg normalized dose (He 
et al., 1999a) compared to 213.6 l (range: 106–401) after oral 
administration of 75 mg oseltamivir (Abe et al., 2006), a 
16.6-fold greater apparent volume of distribution. This is 
explained in part by a first-pass effect, a hypothesis sup-
ported by the delayed time to peak oseltamivir carboxylate 
concentration in serum, which is 4.14 hours (range: 3.0–6.0) 
after an oral dose of oseltamivir compared to 0.71 hours 
(range: 0.5–1.0) for the prodrug itself (Abe et al., 2006).

The mean apparent volume of distribution values of 
oseltamivir carboxylate in obese Canadian subjects of 200 l 
(range: 130–170) (Thorne-Humphrey et al., 2011), in Thai 
adults of 179 l (range: 120–278) (Jittamala et al., 2014), and 
of 177 l in subjects enrolled in Pai and Lodise’s (2011) study 
were not different from those in nonmorbid control subjects 
of 260 l (range:150–430) (Thorne-Humphrey et al., 2011) 
and 175 l (range: 132–290) (Jittamala et al., 2014).

Oseltamivir and its metabolite do not cross the blood–
brain barrier and therefore also do not distribute readily into 
the cerebrospinal fluid (CSF). In eight healthy adults, osel-
tamivir and oseltamivir carboxylate concentrations in CSF 
and plasma in 14 concurrent samples obtained over 24 hours 
after ingestion of oseltamivir 150 mg indicated that both pro-
drug and metabolite concentrations in CSF were low relative 
to plasma (Jhee et al., 2008). Mean CSF Cmax values for osel-
tamivir and oseltamivir carboxylate concentrations were 2.4 
and 19.0 ng/ml, respectively, compared to concurrent plasma 
concentrations of 115 and 544 ng/ml, respectively. Corres-
ponding Cmax/plasma and CSF/plasma ratios were 2.1% for 
oseltamivir and 3.5% for oseltamivir carboxylate.

Table 267.9. Pharmacokinetic data for oseltamivir carboxylate on 
day 7 in volunteers 18–55 years of age after twice-daily oral 
doses of oseltamivir phosphate (mean ± standard deviation).

Dose 
(mg)

Cmax 
(μg/l)

tmax 
(hours)

AUC0–12 
(μg∙h/l)

V/F a 
(l)

50 230 ± 48 3.9 ± 0.9  2,107 ± 376

75a 387 ± 170 4.0 ± 1.1  2,976 153± 75.3

100 439 ± 41 3.5 ± 1.0  3,845 ± 558

200 1,132 ± 278 2.7 ± 1.2  8,612 ± 1,267

500 2,456 ± 293 2.8 ± 0.7 20,317 ± 2,616

aDutowski et al. (2010).
Abbreviations: Cmax: maximum concentration; tmax: time to maximum con-

centration; AUC: area-under-the-concentration-time curve; V/F: apparent 
volume of distribution.

Source: Modified with permission from He et al. (1999a).
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Ex vivo studies with human placental lobules indicate 
that oseltamivir carboxylate moves bidirectionally across it 
at a mean rate of 47 ± 11% of the rate of the freely diffusible 
marker compound antipyrine. Thus oseltamivir treatment 
of women during pregnancy will result in fetal exposure to 
oseltamivir carboxylate (Nanovskaya et al., 2012).

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

Studies by McSharry and colleagues (2009) have related osel-
tamivir carboxylate pharmacodynamic characteristics to an 
antiviral effect. A hollow fiber in vitro infection model sys-
tem has previously been shown to provide valid pharmaco-
dynamic variables for developing efficacious dosing regimens 
for antiretroviral drugs (Bilello et al., 1994) and for cidofovir 
for vaccinia infection (McSharry et al., 2009). For oseltamivir 
carboxylate, evaluation using this model indicated that the 
pharmacodynamically linked variable was the AUC0–24/EC50 
(the latter being the concentration that reduced plaque 
number by 50%). Modeling based on this observation pre-
dicts that it may be possible to effectively treat influenza 
virus infection with a dose of 150 mg per day as a single or 
divided dose (McSharry et al., 2009). These data support the 
hypothesis that dose schedules for persons infected with 
influenza virus in whom the pharmacokinetics of oseltamivir 
are altered may be successfully treated by dose schedules that 
target the AUC observed in adults with normal renal func-
tion receiving 150 mg per day, as has been done in develop-
ing dose schedules for children 2 weeks to 11 months of age 
(Kamal et al., 2014).

Unlike the prediction of a pharmacodynamically linked 
variable of oseltamivir carboxylate for treatment of influenza 
A virus infection by McSharry et al. 2009 (discussed earlier) 
using the hollow-fiber in vitro model, a pharmacokinetic- 
pharmacodynamic evaluation of determinants of oseltamivir 
efficacy using clinical data came to a different conclusion 
(Rayner et al., 2013). Analysis of data relating influenza ill-
ness symptoms, oseltamivir exposure (serum AUC0–24), and 
time to cessation of virus shedding in nasal secretions, indi-
cated that oseltamivir exposure beyond that achieved with 
the standard 75-mg dose as well as a 150-mg dose, both given 
twice daily, will provide enhanced efficacy. Influenza strain 
and NA EC50 values did not influence the efficacy end points. 
The clinical relevance of this conclusion requires validation 
in further controlled trials.

5d.  Excretion

After conversion to oseltamivir carboxylate, oseltamivir 
under goes no further metabolism in humans. Oseltamivir 
carboxylate is eliminated from plasma predominantly by 
renal excretion in a first-order process with a half-life (t½) of 
1.8 hours after intravenous injection. The median plasma t½ 
after oral administration of single doses of oseltamivir from 
20 to 1000 mg was 6.9 hours (Massarella et al., 2000). The 
longer terminal disposition half-life after oral administration 

compared to that after i.v. injection is referred to pharmaco-
kinetically as the “flip-flop effect” (Gibaldi and Perrier, 1975). 
This phenomenon likely reflects, in part, slow release of osel-
tamivir carboxylate from its site of conversion in the liver 
after oral administration, such that the apparent elimination 
rate constant actually represents the absorption rate constant. 
After twice-daily dosing, steady-state oseltamivir carboxyl-
ate plasma levels are obtained in 2–3 days (Kurowski et al., 
2004), as predicted from its apparent elimination half-life. 
Trough concentrations in plasma (Ctrough) with doses of 75 mg 
twice daily are approximately 180 mg/l. Oseltamivir pharma-
cokinetics in adults with influenza appear to be similar to 
those in healthy adults without influenza (He et al., 1999a).

The mean renal clearance of oseltamivir carboxylate is 
362 ± 129 ml/minute, indicating that renal tubular excretion 
in addition to glomerular filtration plays a significant role in 
renal clearance. The observation that probenecid adminis-
tered concurrently halves renal oseltamivir carboxylate clear-
ance both supports this conclusion and indicates that renal 
tubular secretion is effected by anionic transporter(s). Renal 
impairment reduces oseltamivir carboxylate excretion pro-
portionately (discussed earlier).

Based on studies with oral isotope-labeled oseltamivir, 
< 20% is eliminated in feces, half as oseltamivir and half as 
the carboxylate (He et al., 1999a).

Extracorporeal membrane oxygenation did not affect 
oseltamivir and oseltamivir carboxylate pharmacokinetics 
in adults (Lemaitre et al., 2012; Mulla et al., 2013) and a child 
(Eyler et al., 2012).

See section 4d, Those requiring altered dosages, for infor-
mation on the effects of hemodialysis, peritoneal dialysis, 
and venovenous hemodiafiltration on oseltamivir carboxyl-
ate clearance.

5e.  Drug interactions

Oseltamivir absorption is not affected by food (He et al., 
1999b), aspirin (Oo et al., 2002), antacids (Snell et al., 2002), 
or cimetidine (He et al., 1999a).

Given the pharmacokinetic characteristics of oseltamivir 
carboxylate and its specific pharmacodynamic effect, which 
at therapeutics doses is limited to inhibition of the sialidase 
of influenza viruses, interactions with other co-administered 
drugs are expected to be limited to competitive inhibition 
of its renal clearance by anionic drugs also secreted by renal 
tubular epithelial cells (Hill et al., 2002). Limited clinical stud-
ies have borne out these expectations: probenecid reduces its 
renal clearance by half and doubles the AUC (McClellan and 
Perry, 2001). However, because doses up to 1 g (sevenfold 
greater than the recommended therapeutic dose of 75 mg) 
are well tolerated (Massarella et al., 2000), no dose reduction 
is recommended during co-administration with probenecid. 
A single dose of amoxicillin, which is also secreted by a renal 
tubular anionic transporter, had no significant effect on osel-
tamivir carboxylate pharmacokinetics (McClellan and Perry, 
2001), so that no clinically important interaction is antici-
pated when oseltamivir and penicillins are co-administered.
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Oseltamivir administration does not cause an increased 
frequency of bleeding episodes in patients receiving warfarin 
(Mosholder et al., 2013). This is consistent with the lack of 
an adverse effect of oseltamivir on warfarin anticoagulation, 
either pharmacodynamically or pharmacokinetically (Davies 
et al., 2010). 

Oseltamivir did not interact clinically or pharmacoki-
netically with other antiviral drugs for influenza treatment: 
intravenous zanamivir (Pukrittayakamee et al., 2011), intra-
venous peramivir or oral rimantadine (Attie et al., 2012), 
rimantadine (Cirrincione-Dall et al., 2012), and amantadine 
and ribavirin (Seo et al., 2013).

Oseltamivir and its metabolite are not metabolized by 
cytochrome P-450 enzymes, nor do they induce or inhibit 
the activity of these enzymes (He et al., 1999a). Cimetidine, 
which is a prototypic drug metabolized by one or more 
hepatic cytochrome enzymes before secretion by a cationic 
transporter in renal tubular epithelial cells, predictably did 
not interact pharmacokinetically with oseltamivir adminis-
tered concurrently (He et al., 1999a). Oseltamivir adminis-
tered with paracetamol (acetaminophen) caused a mild, but 
not statistically significant, increase in the AUC (13%) and 
Cmax of the latter, while its total exposure and that of its 
metabolite were not altered (He et al., 1999c). Administration 
of a single oral dose of 75 mg oseltamivir to adult renal trans-
plant recipients who were receiving therapeutic immuno-
suppression with prednisone, cyclosporine, mycophenolate 
mofetil, or tacrolimus caused no adverse symptoms or 
changes in serum creatinine concentration or in the plasma 
or blood AUC of cyclosporine, mycophenolate, and tacroli-
mus or vice versa (Lam et al., 2011). Oseltamivir 75 mg daily 
for 10 days did not alter the serum tacrolimus level in a renal 
allograft recipient (Kute et al., 2011).

In summary, concurrent administration of oseltamivir 
and a wide range of other medications is not expected to 
cause important interactions. A range of clinical pharma-
cokinetic drug–drug interaction studies provides consistent 
support for this conclusion. The pharmacologic and clinical 
pharmacokinetic characteristics of oseltamivir also strongly 
suggest a low propensity for drug interactions.

6. ADVERSE REACTIONS AND TOXICITY

6a.  Gastrointestinal side effects

In early studies of oseltamivir pharmacokinetics in healthy 
volunteers, oral doses of 1 g (Massarella et al., 2000) caused 
mild to moderate nausea and/or vomiting as the only adverse 
symptoms. In another study in 95 to 99 healthy young adults 
per group, ingesting oral oseltamivir 75, 225 or 450 mg twice 
daily for 5 days, 8–31% of the subjects receiving oseltamivir 
reported nausea compared to 8% of concurrent placebo- 
treated controls (Dutkowski et al., 2010). The rates of vomit-
ing were 3–16% and 2%, respectively, and dizziness, 2–10% 
and 4%, respectively. Subsequently, data obtained during 
5  days of treatment from randomized controlled trials in 

> 11,000 adolescents and healthy adults, > 500 high-risk and 
elderly patients, and > 1,000 children from 1 to 12 years of 
age (Dutkowski et al., 2003) have confirmed that these symp-
toms are the most common, and virtually the only, side effect 
caused by oseltamivir. 

The exact mechanism of the nausea and vomiting is 
unknown. It is 50% more common (12%), with a dose of 300 
mg/day than 150 mg/day (8%) (Dutkowski et al., 2010) and 
four- to five-fold more common with a dose of 450 mg twice 
daily than 75 mg twice daily (Dutkowski et al., 2010), sug-
gesting a relationship to dose. In one clinical trial, the major-
ity of gastrointestinal reactions (70%) occurred between the 
first and second dose (Aoki et al., 2003). The incidence was 
reduced when the first dose was taken with food (8.6%) com-
pared with no food (13.6%; p = 0.009). The incidence of 
vomiting was higher in patients with laboratory-confirmed 
influenza (9.9%) than in those without (6%; p = 0.012). The 
nausea and vomiting resolved, despite continued treatment 
so that discontinuations occurred in < 2% patients.

There are differences in gastrointestinal side effects in dif-
ferent age cohorts. Among 1355 young healthy adults with 
influenza-like illness (63% had laboratory-confirmed influ-
enza) randomized to twice-daily treatment for 5 days with 
oseltamivir 75 mg (n = 454), 150 mg (n = 454), or placebo 
(n = 447), nausea, vomiting, diarrhea, abdominal pain, head-
ache, and dizziness occurred in only 2% of the oseltami-
vir-treated group (Dutkowski et al., 2003). Only nausea and 
vomiting were significantly more frequent in oseltamivir 
recipients: nausea occurred in 11% versus 15% versus 7% in 
the 75 mg oseltamivir, 150 mg oseltamivir, and placebo- 
treated groups, respectively, and vomiting in 8%, 12%, and 
3%, respectively. In patients > 65 years of age, the side effect 
profile was similar to that in patients < 65 years of age, but 
only vomiting tended to be more common in oseltamivir- 
treated subjects than in those given placebo. 

In children of 1–12 years of age, oseltamivir was generally 
well tolerated (Whitley et al., 2001). Gastrointestinal events, 
most notably vomiting and diarrhea, were the most fre-
quently reported side effects in children aged 1–5 years and 
those aged 6–12 years and in adults. Only vomiting in chil-
dren 6–12 years occurred significantly more frequently in 
oseltamivir recipients than in placebo recipients (14% vs. 9%, 
respectively), and caused 1% of subjects to withdraw from 
therapy (Dutkowski et al., 2003).

A systematic review of nine double-blind, placebo-con-
trolled, randomized controlled trials involving 4238 healthy 
adults concluded that oseltamivir therapy with 75 mg twice 
daily for 5 days increased the risk of nausea (RR: 1.60; 95% 
CI: 1.29–1.99; p < 0.0001) and vomiting (RR: 2.43; 95% CI: 
1.83–3.23; p < 0.0001) as the only adverse effect that was dif-
ferent between the treatments (Dobson et al., 2015). 

In two randomized, placebo-controlled, double-blind 
studies of postexposure prophylaxis for 7–10 days with 75 mg 
once daily for 767 healthy adults and appropriately reduced 
doses for children, nausea, and/or vomiting occurred no less 
commonly than during longer treatment courses as dis- 



6. Adverse reactions and toxicity 4595

cussed earlier.. A total of 7 days of oseltamivir caused nausea 
in 5.5% compared to 2.6% in placebo recipients (Welliver et 
al., 2001), whereas 10 days of oseltamivir prophylaxis caused 
nausea in 8% and vomiting in 4.5% (no data provided for 
placebo recipients) (Hayden et al., 2004). Extended drug 
administration for up to 6 weeks for prophylaxis (Welliver et 
al., 2001; Peters et al., 2001) was well tolerated in young and 
elderly adults. The majority received only 75 mg once daily. 
Gastrointestinal side effects tended to be less common in 
these individuals than in similar individuals being treated 
twice daily for influenza-like illness or documented influenza, 
albeit only for 5 days. Nausea (8% and 4% in oseltamivir- and 
placebo-treated groups, respectively; p < 0.001) was the only 
side effect to occur more frequently in oseltamivir recipients 
than in placebo-treated subjects. Subsequently, a systematic 
review of four double-bind, placebo-controlled, randomized 
trials involving 2415 healthy subjects concluded that osel-
tamivir prophylaxis for 6 weeks was associated with an 
increased risk of nausea and vomiting compared with pla-
cebo (RR: 1.48; 95% CI: 1.86–2.33) (Khazeni et al., 2009).

Systematic reviews of oseltamivir have pointed out that 
there is a paucity of data from controlled trials on the toler-
ance and safety of oseltamivir for prophylaxis or treatment 
in persons at high risk of influenza complications.

Valuable data have been derived by meta-analyses of inter-
national studies analyzing the benefits of oseltamivir therapy 
and treatment outcomes in patients hospitalized during the 
influenza A (H1N1) pandemic as well as individual partici-
pant data (Muthuri et al., 2013). However, no data were 
available for analysis concerning possible oseltamivir adverse 
effects.

6b.  Cardiac disease

Because individuals with cardiac disease constitute one of 
the groups at high risk of influenza complications and pre-
mature mortality during epidemics, it was important to 
ensure that oseltamivir would not increase the risk of car-
diac complications. All the preclinical and clinical data, 
summarized in this section, suggest a complete lack of car-
diac toxicity.

In preclinical studies, no effects of oseltamivir on cardiac 
repolarization were observed (Hoffman-LaRoche, data on 
file). No effect on QTc intervals measured daily was observed 
in an extensive survey of 400 volunteers who received pla-
cebo, 75, 225, and 450 mg twice daily for 5 days (Dutkowski 
et al., 2003). In early treatment studies, including individu-
als with cardiac disorders as well as elderly people, the 
overall incidence of cardiac complications such as arrhyth-
mias, angina (unstable or new), and heart failure was 7/1057 
(0.7%), 3/447 (0.7%), and 14/1050 (1.33%) in the three 
study groups, respectively (Dutkowski et al., 2003). Recently, 
bradycardia associated with oseltamivir administration was 
reported (Karplus et al., 2010). Taken together, these data 
suggest oseltamivir treatment rarely, if ever, causes cardiac 
side effects.

6c.  Central nervous system toxicity

Reports of neuropsychiatric events including delirium and 
fatal self-injury in 103 patients, mostly children (69% were 
< 17 years of age), in Japan given oseltamivir for treatment 
(97%) and, less commonly, prophylaxis (3%) have raised 
the question of whether these unusual neurological manifes-
tations are a side effect of the drug. Whether these occur with 
a greater incidence in populations with a certain genetic 
background, with influenza disease itself, or are the result of 
a disease–drug interaction is uncertain (Edwards et al., 
2006). The estimated incidence of these neuropsychiatric 
side effects is 1 in 10,000–100,000 treatment courses (Com-
mittee on Infectious Diseases et al., 2007).

Neurological manifestations linked to influenza A and B 
have been described as an infrequent complication of influ-
enza (Nicholson, 1998). During the 1998–1999 outbreak of 
influenza in Japan, a nationwide survey identified 148 cases 
(Morishima et al., 2002). Fever, seizures, and altered con-
sciousness appeared in children mostly < 5 years of age 
within 1–2 days of onset of initial flulike symptoms; 88% 
were associated with influenza A, 32% died, and 28% were 
disabled. A subset had a necrotizing encephalopathy with 
bilateral thalamic lesions on brain imaging. These cases were 
identified before the use of NAIs.

The 103 recent cases were characterized by a close tem-
poral association of symptom onset to oseltamivir adminis-
tration, generally after one or two doses. In 21%, symptoms 
began within a half hour of receiving oseltamivir. Brain 
imaging by computed tomography (CT) and magnetic reso-
nance imaging (MRI) was negative in all 25 cases examined. 
Symptoms in these cases regressed rapidly on withdrawal of 
medication.

In November 2006, the manufacturer of oseltamivir re - 
vised the precaution section of the US product monograph 
to apprise users of this matter under a new “Neuropsychiatric 
events” heading:

Neuropsychiatric events: There have been post-marketing 
reports (mostly from Japan) of self-injury and delirium 
with the use of Tamiflu® (oseltamivir) in patients with 
influenza. The reports were primarily among pediatric 
patients. The relative contribution of the drug to these 
events is not known. Patients with influenza should be 
closely monitored for signs of abnormal behavior through-
out the treatment period.

Retrospective cohort studies using healthcare claims data 
from the USA, such as that of Blumentals and Song (2007), 
have not found an association between a diagnosis of influ-
enza, oseltamivir prescription, and any diagnosis of and/or 
hospitalization for CNS-related and neuropsychiatric con-
ditions in any age group, but particularly children < 12 years 
of age.

Subsequently, analysis of 18,209 subjects from an adminis-
trative data base with a diagnosis of influenza and oseltamivir 



4596 Oseltamivir 

dispensed in the following 30 days (n = 7,797) or not (n = 
10,404), identified adverse neuropsychiatric outcomes in 
3.0% and 3.8% of the two groups, respectively, indicating 
a  protective effect of oseltamivir treatment (p < 0.05) in a 
propensity-adjusted regression model (Casscells et al., 2009).

An assessment of 1805 neuropsychiatric adverse effects 
(NPAEs) in 1330 patients treated with oseltamivir reported 
between 2007 and 2010 identified abnormal behavior events 
(25.3%), miscellaneous psychiatric events (20.5%), and delu-
sions/perceptual disturbances (17.5%) as the most common 
NPAEs. A total of 28 suicides were reported (Toovey et al., 
2012). These newer data were considered to support the find-
ings of the original assessment based on 3051 NPAEs in 2466 
patients (Toovey et al., 2008), which is that NPAEs are caused 
by influenza-induced inflammatory reactions. The mecha-
nism remains to be determined; Oseltamivir in this review 
was not considered to be causally related to the adverse 
events. An analysis of 858 cases in Japan from 2006 to 2012, 
of severe abnormal behavior that could have resulted in a 
fatality if nobody intervened was not able to identify a spe-
cific association between oseltamivir, zanamivir or lanin-
amivir and the abnormal behaviors (Nakamura et al., 2014).

6d.  Laboratory safety tests

Analysis of biochemical and hematological safety testing con-
ducted during the clinical development program for osel-
tamivir revealed no relevant changes from baseline in any of 
the standard tests performed in more than 11,000 study sub-
jects (Dutkowski et al., 2003).

6e.  Other adverse events

Since oseltamivir was first licensed in 1999, approximately 
42 million people have been treated with the drug (Ward et 
al., 2005). Approximately 800 postmarketing adverse events 
have been reported. In none of these reports has causality 
been established. The most common adverse events were 
similar to those observed during clinical trials, including 
nausea, vomiting, diarrhea, and dizziness. However, in addi-
tion, there have been rare reports of liver dysfunction as well 
as skin rashes, ranging from urticaria to erythema multi-
forme with Stevens-Johnson syndrome (Dutkowski et al., 
2003). Other reports have described a single case of allergic 
reaction—tongue swelling (Kalsi et al., 2011), central nervous 
system adverse effects—dyskinesia in a 63-year-old woman 
with Parkinson disease (Kadowaki et al., 2011) and depres-
sion (Chung et al., 2010), gastrointestinal adverse effects—
pancreatitis (Newton et al., 2010) and hemorrhagic colitis 
(Nakagawa et al., 2011; Chen Y-H et al., 2013), and hemato-
logic adverse effects—anemia (Simón-Talero et al., 2012) and 
thrombocytopenia (Raisch et al., 2009).

The safety of oseltamivir administered during the 2009 
pandemic when it was probably administered to larger num-
bers of persons at high risk of influenza complications was 
evaluated from case reports to the Roche Safety Base from 
May 1, 2009, to December 31, 2009 (Donner et al., 2011). 

The incidences and types of adverse events (AEs) were com-
pared with those in the prepandemic data base for the USA 
and Japan only, because data from other countries were col-
lected inconsistently. The incidences of AEs were 205.78 
and 143.15 per million exposures in the pandemic and 
pr-pandemic periods, respectively. For 20 AEs, the rates were 
statistically significantly higher during the pandemic report-
ing period. These included symptoms and signs consistent 
with disease progression, multiorgan failure and influenza- 
like illness with no consistent relationship to oseltamivir. 
Other AEs reflected pneumonias, other bacterial infections, 
and myocarditis, consistent with influenza or its respiratory 
complications.

Neuropsychiatric adverse events were reported less fre-
quently during the pandemic (20.59 reports per million 
exposures) than during the prepandemic period (58.88 per 
million exposures) but this difference was not statistically 
significant. Nausea and vomiting were similarly reported 
(15.51 and 16.08 reports per million exposures). Respiratory 
complications, including respiratory failure and pulmonary 
edema, were reported significantly more often during the pan-
demic reporting window, 5.66 cases compared to 2.47 cases 
per million exposures in the prepandemic era. Hepatic fail-
ure or fatal hepatic events were infrequently reported during 
the pandemic.

It appeared that the extensive administration of oseltami-
vir to individuals during the early months of the influenza A 
(H1N1)pdm09 pandemic did not reveal new safety concerns.

7. CLINICAL USES OF THE DRUG

Multiple double-blind, randomized clinical trials have shown 
that oseltamivir is efficacious and well tolerated for both 
prophylaxis and treatment of seasonal influenza in generally 
healthy individuals 1 year of age and older. Meta-analysis 
of data from randomized controlled trials and, in particular, 
analyses of large observational studies have strengthened 
and extended these conclusions.

7a.  Treatment of non-avian influenza

ADULTS WITH INFLUENZA A INFECTION

In 1999, oseltamivir was approved for clinical use by the 
US Food and Drug Administration (FDA) based largely on 
results from two randomized phase III clinical trials that 
compared oseltamivir therapy, at two doses of 75 mg/day 
or 150 mg/day, with symptomatic therapy with paracetamol 
to symptomatic therapy alone plus placebo (Nicholson et al., 
2000; Treanor et al., 2000). Previously healthy adults 18–65 
years of age with fever (≥ 38°C) and influenza-like illness 
were randomized to therapy with oseltamivir 75 mg, 150 mg, 
or placebo twice daily for 5 days. Influenza was confirmed in 
66% and 60% of subjects, respectively; 92% of infections in 
both studies were influenza A (H3N2) infections. Essentially 
identical protocols were used and there were no consistent 
differences between the therapeutic effects of oseltamivir 
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75 mg twice daily compared with 150 mg twice daily so that 
only details of the effects of the 75 mg dose compared with 
placebo are reported.

The primary end point was the length of time to resolu-
tion of influenza illness. Compared with placebo, treatment 
with oseltamivir 75 mg shortened the median duration of 
illness by about 1 day, from 4.8 to 3.6 days in one study and 
from 4.3 to 3.0 days in the other study.

As well as reducing the duration of illness, oseltamivir sig-
nificantly reduced global AUC severity scores by 32–38%. 
Analysis of individual influenza symptoms revealed that 
oseltamivir reduced the duration of cough and malaise by 
41–44% (24 hours) and their severity scores by 38–39%, over 
and above the effects of symptomatic self-medication with 
paracetamol. Cough and malaise are recognized as the two 
most common symptoms of influenza (Nicholson, 1998). 
Additional therapeutic benefits of oseltamivir included a 17% 
more rapid restoration of normal sleep (after a median of 
7 days compared with 8.5 days for placebo recipients), a 12% 
more rapid restoration to normal health, and a 32% more 
rapid return to normal activity (Nicholson et al., 2000).

A rigorous meta-analysis of all 11 placebo-controlled, 
randomized trials of oseltamivir treatment of otherwise gen-
erally healthy adults with seasonal influenza evaluated the 
effectiveness of oseltamivir treatment initiated early (≤ 48 
hours of illness duration before initiation of treatment) by 
analyzing data on an intention-to-treat basis (Jefferson et al., 
2014). Oseltamivir therapy reduced the time to first allevia-
tion of symptoms by 16.7 hours (95% CI: 8.4–25.1; p < 0.001), 
a reduction of 10% from 7.0 to 6.3 days. The effectiveness of 
oseltamivir to reduce complications and admissions to hos-
pital could not be rigorously assessed due largely to the mild, 
uncomplicated nature of untreated seasonal influenza in 
healthy adults during the study years.

An analysis of oseltamivir efficacy conducted by using 
intention-to-treat infected subject data from essentially the 
same complement of trials analyzed by Jefferson et al. (2014) 
concluded that oseltamivir treatment reduced median time 
to alleviation of all symptoms from 122.7 hours to 97.5 hours, 
a 25.2-hour difference (21% difference; 95% CI: 16.0–32.2) 
(Dobson et al., 2015). In the intention-to-treat infected 
population, there were fewer lower respiratory tract com-
plications requiring antibiotics more than 48 hours after 
randomization (RR: 0.56; 95% CI: 0.42–0.75; p = 0.0001) and 
also fewer total admissions to the hospital (RR: 0.37; 95% 
CI: 0.17–0.81; p = 0.013).

A meta-analysis of 90 observational studies of 31,428 sub-
jects with influenza (94% laboratory-confirmed) conducted 
during the influenza A (H1N1)pdm09 pandemic indicated 
that early oseltamivir treatment initiated at < 2 days after ill-
ness onset reduced the likelihood of severe outcomes by 
59% compared with late treatment (odds ratio [OR]: 0.41; 
95% CI: 0.30–0.56; p = 0.016) (Muthuri et al., 2013). These 
severe outcomes were critical care unit admission or death. 
Meta-analysis of individual participants from 29,234 patients 
admitted to the hospital in the same study indicated the fol-
lowing (Muthuri et al., 2014):

compared with no treatment, neuraminidase inhibitor 
treatment (92% oral oseltamivir) irrespective of timing 
was associated with a reduction in mortality risk (adjusted 
OR 0.81; 95% CI 0.70–0.93 h; p = 0.0024). Compared with 
later treatment, early treatment initiated within 48 h of 
symptom onset, was associated with a reduction in mor-
tality risk (OR 0.48; 95% CI 0.41–0.56 h; p < 0.001). Early 
treatment versus no treatment was also associated with a 
reduction in mortality (OR 0.50; 95% CI 0.37–0.67 h; p < 
0.001). The mortality hazard rate increased with each 
day’s delay in initiation of treatment up to 5 days as com-
pared with treatment initiated within 2 days of symptom 
onset (adjusted hazard ratio [HR] 1.23; 95% CI 1.18–1.28 h; 
p < 0.0001 for the increasing HR with each day’s delay).

A further meta-analysis of individual participant data on 
the impact of neuraminidase inhibitor (99.3% oral osel-
tamivir) treatment on influenza A (H1N1)pdm09-related 
pneumonia confirmed radiologically in hospitalized subjects 
concluded that early treatment did not reduce the likelihood 
of influenza-related pneumonia (Muthuri et al., 2016). How-
ever, in 5978 (29.0%) patients who had pneumonia, early 
treatment compared to later initiation of therapy significantly 
reduced mortality (OR: 0.70; 95% CI: 0.55–0.88; p = 0.003) 
and the likelihood of requiring ventilatory support (OR: 0.68; 
95% CI: 0.54–0.85; p = 0.001).

Collectively, these analyses are consistent in indicating 
that oseltamivir therapy can ameliorate a wide spectrum of 
adverse effects of influenza illness, ranging from symptom 
relief to a reduction in the risk of death. The reviews all point 
to the importance of initiating treatment early, ideally, within 
48 hours of onset of symptoms. The observational studies 
indicate some mortality benefit for oseltamivir therapy begun 
up to 5 days after symptom onset in hospitalized patients.

Oseltamivir is efficacious in reducing transmission. 
Oseltamivir treatment of index cases of influenza in families 
reduced secondary cases in family members not given che-
moprophylaxis by 20% compared to placebo in a controlled 
trial (Fry et al., 2015) and by 50% (Ng et al. 2010) and 58% 
(Pebody et al., 2011) in observational studies. Part of the dif-
ference between these conclusions may be due to the earlier 
initiation of oseltamivir treatment (< 48 hours after illness 
onset) in the Ng et al. (2010) and Pebody et al. (2011) studies 
but only in 33% (765 of the 2292 index cases) in the Fry et 
al. (2015) study. In an earlier report, Fry et al. (2014) had 
demonstrated that 90% of index cases were shedding virus 
at 48 hours but only 50% at 120 hours. In a subgroup analysis 
of another controlled trial in families comparing treatment 
of index cases with oseltamivir plus zanamivir versus each 
alone, combination therapy reduced secondary cases in fam-
ily contacts to 4% compared to 15–17% for monotherapy, a 
75% reduction (Carrat et al., 2012).

These data collectively suggest that treating patients ill 
with influenza as early as possible, but possibly up to 120 
hours after onset, will have a beneficial effect in reducing sec-
ondary cases in close contacts. In a double-blind, double- 
dummy controlled trial, adults with laboratory-confirmed 
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influenza A H3 (n = 328) or B (n = 70) infection of less than 
48 hours in duration were randomly allocated to receive a 
single intravenous dose of peramivir 300 mg or 600 mg or 
oseltamivir 75 mg twice daily for 5 days (Kohno et al., 2011). 
The median times to alleviation of symptoms in patients with 
influenza A H3 infection were not different among the three 
treatment groups: 69.9 hours (95% CI: 54.4–97.1; n = 112); 
70.6 hours (95% CI: 47.4–91.9; n = 108), and 75.1 hours (95% 
CI: 63.4–92.6; n = 108),respectively. In persons with influ-
enza B virus infection, median times to alleviation of symp-
toms were also not different among treatments: 55.3 hours 
(95% CI: 43.9–86.4; n = 21), 92.8 hours (95% CI: 57.4–116.1; 
n = 26), and 92.7 hours (95% CI: 70.2–138.5; n = 23), respec-
tively. Early initiation of oseltamivir therapy is very clearly 
the key to maximizing its therapeutic benefits. This was orig-
inally suggested by a subanalysis of data from patients who 
initiated therapy within 24 hours of symptom onset com-
pared with results for the entire cohort (Nicholson et al., 
2000). Subjects who initiated treatment earlier with 75 mg or 
150 mg oseltamivir had relief 43 hours (37% reduction) and 
47 hours (40%) earlier, respectively, than those given pla-
cebo; the median duration of illness was reduced by 29 hours 
(25%) and 35 hours (30%), respectively, compared with pla-
cebo. Subsequently, the relationship between the speed of 
initiation of therapy and therapeutic effects was further char-
acterized and modeled using data from 958 patients 13–70 
years of age with laboratory-confirmed influenza who initi-
ated therapy up to 48 hours after symptom onset (Aoki et al., 
2003). Administration of oseltamivir within 12 hours of onset 
of fever reduced the median duration of illness by 75 hours 
(41%), more than intervention at 48 hours; median duration 
of illness in the 12-hour and 48-hour oseltamivir groups was 
108 hours and 183 hours, respectively. Modeling revealed 
that illness duration was reduced by approximately 10 hours 
for every 6 hours earlier that treatment was initiated. In 
addition, earlier intervention further reduced the severity 
of symptoms, time to return to baseline activity, and baseline 
health score. A similar benefit of early (< 12 hours) com-
pared with later (12–48 hour) initiation of therapy on fever 
resolution as the primary outcome measure was reported in 
two large observational studies of 1487 confirmed influenza 
cases (Kawai et al., 2005) and 3303 confirmed influenza cases 
(Kawai et al., 2006).

ADULTS WITH INFLUENZA B INFECTION

Oseltamivir is a less potent inhibitor of the NA of influenza B 
viruses in vitro than of influenza A viruses, and this differ-
ence may be clinically important. In healthy volunteers with 
experimental influenza B infection, oseltamivir 75 mg or 
150 mg twice daily for 5 days reduced virus concentrations 
in nasal washings, the primary outcome measure (Hayden et 
al., 2000). In separate trials, oseltamivir treatment initiated 
24 hours after virus inoculation reduced the duration of 
virus excretion in nasal secretions compared with placebo 
recipients (96 hours): by 75% to 18 hours in one study and 
by 81% to 14 hours in the other. Peak median virus concen- 

trations were reduced by 2 log10 (from 2.3 log10 TCID50/ml in 
placebo recipients to 0.3 log10 TCID50/ml, p = 0.08; and from 
2.8 log10 TCID50/ml to 1.5, p not provided, respectively). 
Oseltamivir treatment significantly reduced the mean dura-
tion of fever from 78 hours in untreated patients with com-
munity-acquired influenza B infection to 65 hours (Kawai et 
al., 2006). In phase III trials in adolescents and adults with 
naturally acquired influenza, too few patients had influenza 
B illness to permit robust subset analysis of the therapeutic 
effect of oseltamivir compared with placebo (Nicholson et 
al., 2000; Treanor et al., 2000). In an uncontrolled observa-
tional study of young (mean age 24 years), oseltamivir-treated 
patients with either influenza A or B infection, the duration 
of fever was significantly longer for those with influenza B 
infection than those with influenza A (65.4 ± 32.8 hours vs. 
47.9 ± 26.0 hours) (Kawai et al., 2006). In another, similarly 
designed study, the duration of fever was 69.4 ± 32.9 hours 
versus 52.5 ± 25.6 hours, respectively (Kawai et al., 2008). 

ADULTS AT HIGH RISK 

The therapeutic efficacy of oseltamivir in high-risk elderly 
adults (≥ 65 years of age), with or without concomitant 
medical conditions increasing the risk of serious influenzal 
illness, chiefly chronic cardiopulmonary disease, is suggested 
by cumulated clinical data. In a meta-analysis of double-blind 
controlled trials in patients ≥ 65 years of age, oseltamivir 75 
mg twice daily for 5 days reduced median time to improve-
ment by 11 hours (95% CI: 5–23) compared with placebo, 
but this difference was not statistically significant (Cooper et 
al., 2003). However, in an analysis of data from 140 similar 
subjects, oseltamivir 75 mg twice daily for 5 days signifi-
cantly reduced the median duration of illness by approxi-
mately 2 days (21%) compared with placebo (154 hours 
vs. 196 hours), respectively (Zaug et al., 2000a; Zaug et al., 
2000b; McClellan and Perry, 2001). Finally, in another anal-
ysis of pooled data, results from 739 high-risk patients with 
influenza (488 elderly and 251 with chronic cardiopulmo-
nary conditions), fever duration was significantly reduced 
by oseltamivir 75 mg twice daily for 5 days compared with 
placebo, both in patients with cardiac disease (44 hours vs, 
65 hours, respectively) and in patients with chronic obstruc-
tive airways disease (38 hours vs. 54 hours, respectively) 
(Singh et al., 2003).

In patients with diabetes treated with insulin or oral hypo-
glycemic agents, a retrospective cohort study using US health-
care claims data found that oseltamivir reduced the risk of 
any other complicating respiratory illness by 17% and hospi-
talization for any reason by 30%. No benefit was observed in 
respect of the risk of otitis media, pneumonia, or hospitaliza-
tion for these conditions (Orzeck et al., 2007).

Notwithstanding these reports suggesting oseltamivir 
efficacy in these high-risk adults, the totality of the available 
data do not provide robust support for this conclusion.

However, in another high risk group, pregnant women, 
data from observational studies demonstrated the thera-
peutic value of antiviral drugs. The 2009 influenza A (H1N1)
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pdm09 virus pandemic once again highlighted pregnancy 
as a significant risk factor for complicated influenza disease 
(Siston et al., 2010). Although pregnant women represented 
1% of the US population, they accounted for 6% of hospital-
izations and 5% of death due to the virus in the first 9 months 
of the pandemic (Siston et al., 2010). Several observational 
studies demonstrated an association between early initiation 
of antiviral therapy, usually oseltamivir, within 2 days of 
symptom onset or less and a reduced risk of hospitalization 
(OR: 3.43; 95% CI: 1.55–7.56) (Hansen et al., 2012) and 
admission to an intensive care unit or death (RR: 4.3) (Louie 
et al., 2010). In the largest compilation, among 509 hospi-
talized pregnant women, intermediate antiviral treatment 
(initiated 3–4 days after symptom onset) compared to early 
treatment was associated with an increased risk of hospital-
ization (RR: 1.2; 95% CI: 1.0–1.3); 9% of hospitalized women 
receiving early treatment versus 23% of those receiving inter-
mediate care were admitted to the intensive care unit (RR: 
2.4; 95% CI: 1.2–4.8), and 5% of women receiving early treat-
ment versus 17% receiving intermediate treatment required 
mechanical ventilation (RR: 3.8; 95% CI: 1.4–9.9). Late treat-
ment was associated with a sixfold increased risk (RR: 6.0; 
95% CI: 3.5–10.6) of admission to the intensive care unit, 
and a 12-fold increased risk of mechanical ventilation (RR: 
12.3; 95% CI: 5.4–27.7). Women who received intermediate 
treatment were more likely to die than those who received 
early treatment (RR: 9.9; 95% CI: 1.1–87.2), whereas those 
who received late treatment were 54 times more likely to die 
than those who received early treatment (RR: 53.5; 95% CI: 
7.3–391.7).

Beneficial effects of antiviral therapy for pregnant women 
with influenza have also been demonstrated in the post-
pandemic period (Meijer et al., 2015a; Oboho et al., 2016). 
Among hospitalized pregnant women, early treatment with 
oseltamivir was associated with a reduced risk of admission 
to an intensive care unit (Meijer et al., 2015a), a reduced risk 
of severe disease and a reduced length of stay (Oboho et al., 
2016). Among 865 pregnant women admitted to the hospital 
with laboratory-confirmed influenza, treatment with anti viral 
drugs (all were treated with oseltamivir) beginning 2 days or 
less after symptom onset compared to treatment beginning 
more than 2 days after symptom onset was associated with a 
shortened median length of stay of 2.2 days (IQR: 0.9–5.8) 
versus 7.8 days (IQR: 3.0–20.6), respectively (p = 0.03) and 
2.4 days (IQR: 2.3–2.5) versus 3.1 days (IQR: 2.8–3.5 days), 
respectively (p < 0.01).

In immunocompromised patients, mostly adults, observa-
tional studies suggest that oseltamivir therapy may be benefi-
cial. Oseltamivir treatment of HIV-infected patients reduced 
the likelihood of severe respiratory illness (López-Aldeguer 
et al., 2012). Oseltamivir therapy reduced progression from 
upper respiratory tract illness to pneumonia and death from 
pneumonia in human stem cell transplant (HSCT) recipients 
(Nichols et al., 2004), and it reduced progression leading to 
intensive care admission in solid-organ transplant recipients 
(Kumar et al., 2010). It also reduced the frequency of death 

due to influenza in patients with leukemia (Chemaly et al., 
2007).

Of 43 HIV-infected patients (38% had CD4 lymphocytes 
< 200 cells/μl and 33% were not virologically suppressed) 
with pandemic A (H1N1)pdm09 infection, 4 of 23 (31%) in 
whom therapy was initiated more than 48 hours after symp-
tom onset suffered severe symptoms compared to 20 (67%) 
in whom treatment was initiated before 48 hours after illness 
onset (p = 0.035) (López-Aldeguer et al., 2012). Among 51 
HSCT recipients who developed influenza and were initially 
diagnosed as having only upper respiratory tract infections, 
6 (18%) untreated patients developed pneumonia compared 
to 1 (13%) of 8 treated with rimantadine and 0 of 9 treated 
with oseltamivir, suggesting that early oseltamivir therapy may 
prevent progression to pneumonia (Nichols et al., 2004). In 
solid-organ transplant recipients with pandemic influenza, 
antiviral treatment (primarily with oseltamivir initiated 
within the first 48 hours of illness) reduced the likelihood of 
admission to the intensive care unit from 22.4% (28/35) in 
those started on therapy at more than 48 hours after illness 
onset to 8% (7/35) in those in whom antiviral therapy was 
initiated within 48 hours of illness onset (Kumar et al., 2010). 
In 33 patients with leukemia who developed seasonal influ-
enza infection (Chemaly et al., 2007), none of 25 who 
received neuraminidase inhibitor therapy (88% oseltamivir 
monotherapy) died of influenza compared to 3 of 8 who did 
not receive treatment (p = 0.001). The interval between ill-
ness onset and initiation of treatment was not described.

Collectively, these four case series suggest a potential use-
ful therapeutic role for (early) oseltamivir in immunocom-
promised adults with influenza infection.

TREATMENT OF CHILDREN WITH INFLUENZA 

The efficacy of oseltamivir in children has been evaluated in 
four published, randomized, double-blind, controlled trials 
(Whitley et al., 2001; Johnston et al., 2005; Sugaya et al. 
2010); Heinonen et al., 2010) and also described in observa-
tional studies. In the controlled trials, subjects were 1–12 
years of age with febrile, laboratory-confirmed influenza ill-
ness of 48 hours of duration or less, treated with oseltamivir 
2 mg/kg twice daily for 5 days or placebo or a single dose of 
laninamivir 20 mg or 40 mg (Sugaya et al., 2010). Three trials 
had the same primary end point (time to alleviation of illness 
including fever and return to normal activity); the primary 
end point of the remaining study was reduction of acute oti-
tis media (Heinonen et al., 2010).

Only one trial (Whitley et al., 2001) achieved its primary 
end point: time to resolution of illness was significantly 
reduced by 36 hours (26%) in oseltamivir-treated children 
(n = 217; 101 hours; 95% CI: 89–118) compared to placebo- 
treated children (n = 235; 137; 95% CI: 125–150; p < 0.0001). 
In the study of Sugaya et al. (2010), the analysis was limited 
by small sample size. There were 12, 11, and 16 children with 
laboratory-proved illness allocated to therapy with laninami-
vir 20 mg or 40 mg or oseltamivir, respectively. Median times 
to alleviation of illness were 70.4 hours (95% CI: 30.3–110.9) 
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, 88.6 hours (95% CI: 43.5–114.9), and 44.3 hours (95% CI: 
22.4–87.1), differences that suggested oseltamivir superiority 
but in fact demonstrated no difference between treatments 
mainly due to small sample sizes. In the same study, 9, 10, 
and 10 children with influenza B virus infection were ran-
domized to the three treatments, respectively. Median times 
to alleviation of illness were 83.5 hours (95% CI: 66.6–107.8), 
77.6 hours (95% CI: 51.8–95.8), and 127.8 hours (95% CI: 
77.1 to 165.3), respectively, suggesting oseltamivir inferiority 
for treatment of influenza B compared to influenza A (as dis-
cussed earlier) and possible inferiority to laninamivir.

In the study of Johnston et al. (2005), median times to 
freedom from illness were not different: 134.3 hours versus 
123.9 hours in the placebo and oseltamivir groups, respec-
tively, a 10.4-hour difference (8%; p = 0.54). Oseltamivir 
treatment did not achieve the primary end point of reduc-
ing acute otitis media in the study by Heinonen et al. (2010). 
Of 61 placebo recipients, 19 (31.1%) developed otitis media 
compared to 8 of 31 oseltamivir recipients (21.6%; p = 0.31).

Secondary end points were achieved by oseltamivir ther-
apy in three of the four studies: In the study of Whitley et al. 
(2001), acute otitis media was reduced from 21% to 12% 
(44% reduction; RR: 0.56; 95% CI: 0.36–0.87) and the fre-
quency of physician-prescribed antibiotic therapy was reduced 
from 97 of 235 placebo recipients (41%), to 31% (68 of 217 
oseltamivir recipients; p = 0.03). In the report of Johnston et 
al. (2005), oseltamivir reduced asthma exacerbations, defined 
by maintenance of peak flow in spirometry at day 7 (68% 
of oseltamivir recipients vs. 51% of placebo recipients; p = 
0.031) but not symptomatic exacerbations (12% in oseltami-
vir vs. 17% of placebo recipients; p = 0.40). In the study of 
Heinonen et al. (2010), oseltamivir treatment initiated in the 
first 12 hours after influenza illness onset reduced the fre-
quency of acute otitis media from 37% (15 of 41 subjects) to 
6.2% (1 of 181; p = 0.02) in placebo and oseltamivir recipi-
ents, respectively. Also, oseltamivir begun within 24 hours of 
illness onset reduced the median time to resolution of illness 
by 3.5 days (p = 0.002) from 6.5 days to 3.0 days.

Results of observational studies in children included in 
meta-analyses on the impact of oseltamivir treatment in sub-
jects during the influenza A (H1N1)pdm09 pandemic sup-
port the use of oseltamivir to treat children hospitalized with 
influenza (Muthuri et al., 2013; Muthuri et al., 2014; Muthuri 
et al., 2016): early initiation at 2 days or less after illness onset 
compared to late initiation (> 2 days after illness onset) was 
associated with a significantly lower odds of pneumonia in 
children 0–15 years of age (OR: 0.43; 95% CI: 0.29–0.62; p < 
0.001) (Muthuri et al., 2016). Early treatment compared to 
late treatment in children was associated with a reduced 
likelihood of requiring critical care or dying (severe out-
comes) (OR: 0.41; 95% CI: 0.30–0.56) (Muthuri et al., 2013). 
However, oseltamivir treatment did not significantly reduce 
the risk of death in children during the A (H1N1) pandemic 
(Muthuri et al., 2014).

Collectively, results of prospective randomized, controlled 
trials and observational studies suggest that oseltamivir treat- 
ment in children is efficacious in multiple end point measures.

In adolescents and adults, a clear correlation has been 
demonstrated between the impact of oseltamivir therapy and 
the speed with which treatment is initiated (Aoki et al., 2003) 
and data in children suggest the importance of this metric 
in pediatric patients (Whitley et al., 2007).

The effectiveness of oseltamivir therapy for neonates and 
infants with influenza remains to be established. At this time, 
a few published reports have described good tolerance of the 
drug—n = 56 (Khandaker et al., 2011) and n = 65 (Rath et 
al., 2015)—and validation of currently recommended doses 
by determination of serum AUC values (Rath et al., 2015)— 
n = 9 (Standing et al., 2012). Oseltamivir treatment-associated 
effects were described: length of stay (Khandaker et al., 2011) 
and viral shedding (Rath et al., 2015; Standing et al., 2012). 
More data are expected after experience with neonatal neur-
aminidase inhibitor therapy during the influenza A (H1N1) 
pandemic and the development of recommendations for 
dosing.

CHILDREN WITH INFLUENZA B INFECTION

A subset analysis from the placebo-controlled treatment trial 
of Whitley et al. (2001) and four observational studies sug-
gest that in children, as in adults, oseltamivir is less effica-
cious for treating influenza B infection than influenza A. In 
the study conducted by Whitley et al. (2001), subset analysis 
revealed that, compared with placebo, oseltamivir reduced 
the median duration of influenza B illness by only 8.5%  
(p = 0.27) compared with a 34% reduction for influenza A 
(p < 0.0001). The significantly greater efficacy of oseltamivir 
in children with influenza A infection is supported by four 
observational studies conducted by general practitioners 
in  Japan (Kawai et al., 2005; Kawai et al., 2006; Sugaya et 
al., 2007; Kawai et al., 2008). In treated children, the median 
duration of fever was 59% less (range: 14–74%) in those with 
influenza A than influenza B infection.

CHILDREN AT HIGH-RISK

Only one controlled study has been conducted in children at 
increased risk of influenza complications due to concurrent 
chronic diseases. Johnston et al. (2005) evaluated the effect 
of oseltamivir 2 mg/kg twice daily for 5 days compared with 
placebo in 162 infected children with asthma, aged 6–12 
year. The primary end point was complete resolution of 
influenza illness with return to normal activity. The primary 
end point was not met, although there was a trend toward 
better outcomes in the oseltamivir group compared with 
those given placebo. Oseltamivir reduced the median time 
to complete resolution of illness by a maximum of 22% 
(24 hours) in infected children who were studied according 
to protocol (p = 0.11). Among the subjects who initiated 
therapy within 24 hours of symptom onset, the reduction in 
median time to complete resolution of illness was marginally 
greater (25%; 40 hours; p = 0.08). However, a beneficial effect 
of oseltamivir on improvement in pulmonary function was 
observed, and oseltamivir-treated children had a 25% reduc-
tion in influenza-triggered asthma exacerbations from 68% 
to 51%. 
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A large observational study did not reveal more about the 
effectiveness of oseltamivir in children at high risk due to 
young age or concurrent comorbid conditions: Among the 
20,634 patients in whom early initiation of oseltamivir ther-
apy compared to later treatment initiation was associated 
with a reduced risk of influenza-related pneumonia during 
the 2009–2010 pandemic, one half had one or more comor-
bid medical conditions that increased their risk of complica-
tions due to influenza, and 23.6% were children < 16 years of 
age (Muthuri et al., 2016) . While it is possible that the bene-
ficial effect of oseltamivir therapy was observed in high-risk 
children, the data do not permit that conclusion. Accordingly, 
the conclusion from a 2007 systematic review that empha-
sized that oseltamivir efficacy in at-risk children remains to 
be proven (Matheson et al., 2007) is still appropriate.

7b.  Treatment of avian influenza A (H5NI) 
virus infections

Avian influenza viruses of the H5, H7 and H9 subtypes have 
caused human disease varying from generally mild conjunc-
tivitis and/or influenza-like illness caused by H7N2, H7N3, 
H7N7, and H9N2 viruses, to severe fulminating pneumonia 
caused by H5N1 and H7N9 viruses with high mortality rates 
(Smith, 2010).

The beneficial effects of treating H5N1 disease with osel-
tamivir have only recently been reported. Oseltamivir was 
recommended for treatment of individuals with avian H5N1 
infection based on extensive preclinical data. Avian H5N1 
viruses are susceptible to oseltamivir, although susceptibility 
varies 15- to 30-fold between clade 1 and clade 2 viruses, 
with the latter being less susceptible (Govorkova et al., 2007). 
The clinical relevance of this difference remains to be estab-
lished. Experiments in ferrets, the best animal model for 
human influenza, have shown that oseltamivir offers effec-
tive prophylaxis (Boltz et al., 2008) as well as treatment (Yen 
et al., 2005; Govorkova et al., 2007) for avian H5N1 viruses, 
although, higher doses or more prolonged administration, or 
both, may be required compared with doses effective for pre-
vention of nonavian influenza A infection,.

It was recommended in 2008 that adult patients with sus-
pected avian influenza be treated as soon as possible with 
oseltamivir 150 mg twice daily for 10 days (Writing Com-
mittee, 2008). Cumulated data from case reports suggest 
early oseltamivir treatment improves survival (Adisasmito 
et al., 2010; Chan et al., 2012).

In a case series of 221 patients with influenza A (H5N1) 
disease from 12 countries, survival was 60% in 98 patients 
who received one or more doses of oseltamivir compared to 
24% among 123 who had not received any antiviral treat-
ment (Adisasmito et al., 2012). The beneficial effect of osel-
tamivir was observed when it was initiated up to 6–8 days 
after symptom onset and appeared to benefit all age groups. 
The precise dose regimens were not specified. Subsequently, 
analysis of 215 cases of proved H5N1 infection, including 
some or all of those reported previously by Adisasmito et 
al. (2010), suggested that at age 5 years or less, initiation of 

treatment within 2 days of symptoms onset and infection 
with clade 2.2 virus, were associated with lower fatalities 
(Chan et al., 2012). Oseltamivir was especially effective for 
treating H5N1 infection when given early and before onset 
of respiratory failure. Again, no specific data on the relation 
of daily dose or treatment duration were reported.

No new data have been reported to suggest a change in 
the recommendation to initiate treatment of H5N1 disease 
with oseltamivir as early as possible, at a dose of 150 mg twice 
daily for 10 days. It is assumed that the same regimen should 
be used to treat patients with avian influenza A (H7N9) 
infection, which also causes severe, frequently fatal disease in 
humans (Gao et al., 2013).

Resistance to oseltamivir has been occasionally docu-
mented in four clinical outbreaks of avian H5N1 influenza 
(de Jong et al., 2005a; Le et al., 2005; alertnet.org/htenews/
newsdesk/l13621710.htm) as well as in an individual with 
N7N9 influenza treated with oseltamivir (Marjuki et al., 
2015). Resistant H5N1 strains have had an H274Y NA muta-
tion (de Jong et al., 2005a) or a N294S mutation (Saad et al., 
2007). H5N1 recombinant viruses with these resistance gen-
otypes have maintained susceptibility to zanamivir, despite 
acquiring oseltamivir resistance (Yen et al., 2007), raising the 
possibility of treatment with this agent. However, all four 
neuraminidase variants of an H7N9 isolate recovered from 
an oseltamivir-treated patient had 30-fold or greater reduc-
tion in NA susceptibility to oseltamivir. Two isolates with 
I222R and R292K NA mutations, respectively, had greater 
than 10-fold (12- and 55-fold) reductions in NA suscepti-
bility to zanamivir, suggesting that zanamivir might also be 
ineffective in such a case (Marjuki et al., 2015).

7c.  Prophylaxis of influenza

Oseltamivir prevents influenza illness caused by human 
influenza viruses when administered for seasonal prophy-
laxis to adults and for postexposure prophylaxis in house-
holds that include both adults and children. The results of 
uncontrolled trials of oseltamivir to prevent influenza ill-
ness in residential institutions suggest its utility for outbreak 
control. It is recommended as an adjunctive measure in addi-
tion to personal protective equipment for postexposure pro-
phylaxis against avian influenza virus illness under special 
circumstances.

PROPHYLAXIS OF INFLUENZA A

Studies on the efficacy of oseltamivir for prevention of 
 laboratory-confirmed influenza illness have recently been 
systematically reviewed (Okoli et al., 2014). One Japanese-
language publication was not included (Kashiwagi et al., 
2000). Counting this latter study, there have been five ran-
domized, controlled trials and six observational studies. In 
four trials of seasonal prophylaxis, subjects were randomized 
to placebo or oseltamivir 75 mg once daily (Hayden et al., 
1999; Kashiwagi et al., 2000) or 150 mg daily (Hayden et al., 
1999). For postexposure prophylaxis evaluation, there have 
been two placebo-controlled, randomized trials (Hayden et 
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al., 2004; Welliver et al., 2001) and six observational studies 
(Ng et al., 2010; Komiya et al., 2010; Fallo et al., 2012; Leung 
et al., 2011; Lee et al., 2010; Pebody et al., 2011). In one 
observational study of postexposure prophylaxis, the con-
tribution of oseltamivir and zanamivir, which were both 
administered to contacts, could not be differentiated (Odaira 
et al., 2009).

Seasonal prophylaxis
During a period of influenza virus activity in the community, 
1559 immunized healthy individuals, 18–65 years of age, 
were randomized to receive oseltamivir 75 mg once daily 
(n = 520), 150 mg once daily (n = 520), or placebo (n = 519) 
for 6 weeks (Hayden et al., 1999). The primary efficacy 
parameter was prevention of laboratory-confirmed influenza 
illness; oseltamivir reduced the incidence of influenza from 
4.8% (25/519) in placebo-treated subjects to 1.3% (61/520) 
in the combined oseltamivir-treated groups, a marked 74% 
reduction. There was no difference in the frequency of cases 
of symptomatic and asymptomatic (serologically confirmed) 
influenza among the three groups, indicating that oseltami-
vir neither blocked influenza infection nor interfered with 
the development of immunity, while preventing influenza 
illness (Hayden et al., 1999). 

It is interesting that, although prophylactic oseltamivir is 
highly effective for preventing influenzal illness, its effect on 
viral titers is probably modest, based on data in mice and 
ferrets given oseltamivir prophylaxis before experimental 
influenza infection (Bird et al., 2015). Consequently, humans 
using oseltamivir to prevent influenza may often develop 
antibodies and CD8 responses, including long-lasting mem-
ory CD8 cells, to the infecting virus, creating effective immu-
nity (Bird et al., 2015). The fact that prophylactic oseltamivir 
does not interfere with development of natural immunity to 
influenza is important from a public health standpoint. 

In a similar 6-week study in Japan, oseltamivir 75 mg 
once daily reduced the frequency of laboratory-confirmed 
influenza illness by 85%, from 8.5% (13/153) in placebo- 
treated recipients to 1.3% (2/155) in those treated with osel-
tamivir (Kashiwagi et al., 2000).

In a study in highly (≥ 80%) vaccinated elderly residents 
of residential homes, oseltamivir 75 mg once daily for 6 
weeks reduced the incidence of laboratory-confirmed clini-
cal influenza by 92%, from 4.4% in 272 placebo recipients to 
0.4% in oseltamivir recipients (Peters et al., 2001); of the 13 
residents who developed influenza, 12 had been vaccinated. 
Oseltamivir also markedly reduced the incidence of second-
ary complications (defined as otitis media, sinusitis, bronchi-
tis, or pneumonia) by 85% from 2.6% to 0.4% in placebo and 
oseltamivir recipients, respectively.

Postexposure prophylaxis
In two placebo-controlled, randomized trials, postexposure 
prophylaxis of close contacts with oseltamivir in households 
with an index case of influenza reduced the incidence of 
laboratory-confirmed secondary cases of influenza illness in 

the household by 84% (Welliver et al., 2001) and 59% (Hayden 
et al., 2004). In the first trial, including household members 
only ≥ 12 years, entire households were randomized to begin 
prophylaxis with oseltamivir 75 mg once daily for 7 days or 
placebo within 48 hours of the onset of an influenza-like ill-
ness in an index family member; the index case was not 
allowed to receive antiviral therapy. The protective efficacy 
was 84% for households (incidences of clinical influenza 
were 14.6% and 2.1%, respectively, in households given pla-
cebo and oseltamivir prophylaxis and 89% for individuals). 
In the second trial, household members as young as 1 year 
were randomized to receive oseltamivir in doses adjusted for 
age or placebo for 10 days, and index cases were all treated 
with oseltamivir in doses adjusted for age. The protective effi-
cacy was 59% for households (incidences of clinical influ-
enza were 26% and 11% in households given placebo and 
oseltamivir prophylaxis), and 68% for individuals (13% and 
4% incidence, respectively) (Hayden et al., 2004). An analysis 
of these two trials of postexposure prophylaxis concluded 
that the protective effect in household contacts was mostly 
attributable to prophylaxis rather than the effect of treatment 
of index cases in reducing infectiousness and transmissibil-
ity (Halloran et al., 2007). Oseltamivir postexposure prophy-
laxis in households was estimated to reduce infectiousness 
by 80% (95% CI: 43–93%) and to reduce pathogenicity—the 
ability of the virus to cause disease in the infected person—
by 56–79% (95% CI: 10–92%) (Halloran et al., 2007).

There was no evidence that oseltamivir therapy engen-
dered the emergence of viruses with reduced susceptibility 
to oseltamivir. This was in contrast to the emergence of 
rimantadine-resistant viruses in treated index cases in house-
hold trials of postexposure prophylaxis with adamantines 
(see Chapter 265, Amantadine and rimantadine). In those 
studies, prophylaxis of household contacts largely failed 
because the index case was shedding adamantine-resistant 
viruses (Galbraith et al., 1969; Hayden et al., 1989).

In six observational studies of postexposure prophylaxis 
referred to earlier, oseltamivir 75 mg once daily, usually for 
7–10 days, reduced the median study incidence of symptom-
atic laboratory-confirmed illness by 92%; range: 53–100% 
(Ng et al., 2010; Leung et al., 2011). These results are similar 
to the range of protection observed in the two controlled 
trials in which the index case was treated with oseltamivir 
(68%) (Hayden et al., 2004) and was not treated (89%) 
(Welliver et al., 2001).

Outbreak control in institutions
Reports of the control of influenza outbreaks in nursing 
homes by a combination of chemoprophylaxis and therapy 
of residents suggest that it is efficacious for that purpose. 
Oseltamivir chemoprophylaxis of institutional residents com-
bined with treatment of breakthrough cases appeared to 
terminate all eight reported influenza A (H3N2) outbreaks 
(Bowles et al., 2002). In one study, oseltamivir prophylaxis 
of 263 nursing home residents for an average of 15 days was 
associated with apparent termination of an outbreak of influ- 
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enza B infection (Parker et al., 2001). Of the residents given 
oseltamivir prophylaxis, 4 (2.1%) became ill within 48 hours 
of initiation of prophylaxis and may have been incubating 
infection before oseltamivir was started; only 1 resident devel-
oped clinical illness thereafter. Plans to include unimmu-
nized staff were set aside because 270 individuals were in that 
category and ongoing chemoprophylaxis and therapy for 
them was considered impracticable.

Hota et al. (2007) reported that oseltamivir treatment of 
ill elderly residents of long-term care facilities and staff com-
bined with chemoprophylaxis to those who are well, reduced 
symptoms by about 30%, transmission by about 80%, com-
plications including mortality by up to 80%, and the need for 
hospitalization by about 56%.

PROPHYLAXIS OF AVIAN INFLUENZA VIRUSES

There have been no controlled trials demonstrating the effi-
cacy of antiviral prophylaxis to prevent illness in individuals 
working with infected poultry.

Avian influenza A viruses of the H5, H7 and H9 subtypes 
have caused human disease (Smith, 2010). Human disease 
has varied from generally mild conjunctivitis and influenza- 
like illness, caused by H7N2, H7N3, H7N7, and H9N2 sub-
types, to severe fulminating pneumonia caused by H5N1 and 
H7N9 avian viruses with high mortality rates. Oseltamivir 
has been administered for prophylaxis to workers involved in 
poultry culling and control operations and for treatment in ill 
individuals. The value of oseltamivir for prophylaxis and 
treatment is not yet established, but it may protect against 
infection diagnosed serologically (Skowronski et al., 2007) 
and by illness (te Beest et al., 2010), although that is problem-
atic because studies with other influenza viruses show that 
oseltamivir does not interfere with development of natural 
immunity, including antibodies to influenza HA and NA 
(Hayden et al., 1999).

A guidance on use of oseltamivir for prophylaxis and 
treatment was published by the CDC in 2008 with respect to 
avian H5N1 influenza and updated in 2016 (CDC, 2016a; 
CDC, 2016b). Chemo prophylaxis is not routinely recom-
mended in addition to proper personal protective equip-
ment. However, if chemoprophylaxis is initiated, treatment 
doses of twice daily oseltamivir 75 mg (or zanamivir) are rec-
ommended. This is based on ferret studies with these viruses 
that support higher doses (Boltz et al., 2008) and the desire to 
reduce the potential for development of resistance observed 
with once daily dosing (Baz et al., 2009).

It is assumed that these same recommendations apply for 
the newly reported H7N9 avian influenza virus.

PROPHYLAXIS OF INFLUENZA B

The prophylactic efficacy of oseltamivir against influenza B 
infection in adults has been demonstrated in placebo- 
controlled seasonal prophylaxis trials (Hayden et al., 1999; 
Peters et al., 2001) and studies of postexposure prophylaxis 
(Welliver et al., 2001; Hayden et al., 2004). Postexposure pro-
phylaxis with oseltamivir reduced the incidence of second- 

ary cases of influenza B illness by 79% in one trial (Welliver 
et al., 2001).

PROPHYLAXIS OF INFLUENZA IN CHILDREN

The protective effect of oseltamivir in children was suggested 
by the results of a study of postexposure prophylaxis in house-
holds (Hayden et al., 2004). The overall incidence of second-
ary cases of clinical influenza in contacts 1–12 years of age 
was about 50% higher in placebo than in oseltamivir recipi-
ents (24% incidence vs. 11%, respectively; p = 0.09). When 
children who had positive cultures for influenza at the time 
prophylaxis commenced are excluded, 21% and 4% of the 
children in the two groups developed influenza illness, a 
protective efficacy of 80% (p = 0.02). Oseltamivir protected 
against both influenza A and B clinical illness, reducing cases 
by 55% and 49%, respectively. Cochrane group reviewers 
concluded that, “oseltamivir . . . may be effective for influenza 
prophylaxis” in healthy children (Matheson et al., 2007).
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1. DESCRIPTION

Peramivir, also known as BCX-1812 or RWJ-270201, belongs 
to the class of neuraminidase inhibitors which includes 
 zanamivir and oseltamivir. Its chemical name is (1S,2S,3R, 
4R)-3-[(1S)-1-(acetyla-mino)-2-ethylbutyl]-4-[(amino-
iminomethyl) amino]-2-hydroxy-cyclo-pentanecarboxylic 
acid (trihydrate) and its molecular formula is C15H34N4O7 
(trihydrate).

As a neuraminidase inhibitor (NAI), peramivir shares the 
same mechanism of action as zanamivir and oseltamivir but 
is chemically distinct. Its oral bioavailability is low, so that 
the development of peramivir as a treatment for patients 
with influenza has focused on its efficacy and safety as a par-
enteral agent administered by either intramuscular or intra-
venous injection. It is efficacious as a single-dose, intravenous 
treatment for adults with uncomplicated influenza.

The molecular weight of peramivir is 382. Its structure is 
similar to that of sialic acid (SA), the natural substrate for 
influenza neuraminidase (NA). It chemical structure is shown 
in Figure 268.1. Differences in the molecular structure of 
peramivir, zanamivir, and oseltamivir account in part for the 
lack of uniform cross-resistance among these three NAI 
drugs. Therefore, it may be possible to treat an infection 
caused by an influenza strain resistant to the latter two drugs 
with this agent.

Peramivir was first approved in 2010 in Japan for treat-
ment of influenza A or B infection as a single dose of 300 mg 
infused intravenously over 15 minutes. For patients at high 
risk of complications of influenza, a single dose of 600 mg 
was approved and multiple daily doses were an option 
depending on the condition of the patients. Peramivir (trade-
mark Rapivab in the USA) was approved in the USA in 2013 
as a single intravenous dose treatment for uncomplicated 
influenza in patients 18 years and older who have been symp-
tomatic for no more than 2 days. It is also licensed in South 
Korea and China.

Peramivir has been reviewed (Mancuso et al., 2010; Shetty 
and Peek, 2012; Hata et al., 2014) and an FDA document is 
available (FDA, 2014)

2. ANTIMICROBIAL ACTIVITY

2a.  Routine susceptibility

Peramivir inhibits human influenza A and B viruses and 
avian influenza A viruses at concentrations similar to those 
of oseltamivir and zanamivir when evaluated in NA enzyme 
inhibitor assays (Bantia et al., 2001; Boivin and Goyette, 
2002), by yield reduction assay in cell culture (Smee et al., 
2001a) or by both methods concurrently (Govorkova et al., 
2001).

In NA enzyme inhibition assays (see Table 268.1), perami-
vir is a more potent inhibitor of influenza A (H3N2) and 
(H1N1)pdm09 and B strains than oseltamivir and zanamivir 
and is intermediate between these two agents as an inhibitor 
of NA of influenza A (H1N1) and A (H2N2) strains.

When antiviral activity is evaluated by inhibition of viral 
replication in cell culture, the concentration of all NAI drugs 
required to inhibit virus replication is approximately 1000-
fold greater (µM) than that required to inhibit NA enzyme 
activity (nM) (Smee et al., 2001a). However, the relative 
potencies of these three NAIs against influenza A and B 
viruses are similar, with all three agents exhibiting greater 
potency as inhibitors of influenza A virus replication than 
of influenza B replication. None of the NAIs causes visible Figure 268.1. Chemical structure of peramivir.
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cytotoxicity or inhibition of cell growth at concentrations up 
to 1.0 mM.

Peramivir, oseltamivir, and zanamivir are all potent inhib-
itors of avian influenza A viruses, including H5N1, H7N7, 
H7N9, and H9N2 strains that cause disease in humans 
(Govorkova et al., 2001; Smee et al., 2001a; Gu et al., 2007; 
Koopmans et al., 2004; Gao et al., 2013; Cao et al., 2014). 
Median NA half-maximal inhibitory concentration (IC50) 
values were 2.7 nM, 6.5 nM, and 8.9 nM for peramivir, zana-
mivir, and oseltamivir, respectively, for the nine avian NA 
subtypes studied by Govorkova et al. (2001). In virus yield 
reduction experiments in Madin-Darby canine kidney 
(MDCK) cell culture, 2.7 μM peramivir, 12.2 μM zanamivir, 
and 6.5 μM oseltamivir reduced virus yields by 50%. In mice 
with lethal, induced disseminated infection caused by H5N1 
and H9N2 viruses with similar susceptibility to peramivir 
and oseltamivir in vitro, both drugs were equally efficacious 
when given orally prophylactically beginning 4 hours before 
intranasal virus challenge or as treatment, up to 60 hours 
after virus inoculation. Survival rates and virus concentra-
tion in lung and brain were not different among drugs, and 
virus strains recovered after treatment remained drug sus-
ceptible (Govorkova et al., 2001). Thus these studies did not 
clarify whether differences in in vitro potency among NAI 
drugs might confer different chemoprophylactic or therapeu-
tic benefits in patients but demonstrated the in vivo efficacy 
of peramivir in animal models of influenza. The relevance of 
these in vitro data and studies of potency in animal models 
with different NAI drugs to clinical outcome is not yet estab-
lished. However, at least in the case of influenza B infection, 
the reduced susceptibility of influenza B viruses to oseltami-
vir in vitro appears to be associated with reduced clinical 
benefit compared with treatment of influenza A virus infec-
tion (Kawai et al., 2007; Sugaya et al., 2007; Kawai et al., 2008).

2b.  Emerging resistance and 
cross-resistance

Methods for detecting influenza viruses that are relatively 
resistant to NAI drugs in vitro and are associated with thera-
peutic failure in patients have been developed and standard- 

ized: The WHO Working Group on Surveillance of Influenza 
Antiviral Susceptibility (AVWG) has published criteria for 
three classes of antiviral susceptibility based on the fold 
change in the 50% effective concentration (EC50) value com-
pared to reference values (World Health Organization, 2012): 
“For influenza A, use of normal (< 10-fold increase), reduced 
(10- to 100-fold increase) and highly reduced (> 100-fold 
increase) inhibition, and for influenza B the same criteria but 
using < 5-fold, 5- to 50-fold and > 50-fold increases, is rec-
ommended.” At present, resistance in clinical isolates contin-
ues to be best characterized by in vitro NA inhibitor assays to 
determine the IC50 level, supported by genotypic assays of the 
NA to identify mutations in amino acids in known catalytic 
or framework residues.

Given differences in NAI chemistry and structure, resis-
tance can be drug, virus type, and, subtype specific (Abed et 
al., 2006; Hurt et al., 2009). When dual neuraminidase muta-
tions arise, drug susceptibility of the NA may be more greatly 
reduced than after a single mutations (Baz et al., 2006; Hurt 
et al., 2009). The effect of NA mutations on replication fitness 
and virulence, at least in animals, with experimental influ-
enza infection can vary (Abed et al., 2006; Hai et al., 2013) 
as can transmissibility among ferrets by the respiratory route 
(Piz zorno et al., 2012). NAI resistance among influenza viruses 
has been reviewed (McKimm-Breschkin, 2012; Nguyen et al., 
2012).

Inducing resistance to peramivir in vitro, as with other 
NAIs, is difficult compared with the relative ease with which 
resistance to adamantane M2 inhibitor drugs (see Chapter 
265, Amantadine and rimantadine) can be produced. Data 
have been reported on peramivir-resistant influenza viruses 
generated by serial passage in cell culture in the presence 
of  the drug (Smee et al., 2001b; Baum et al., 2003) and by 
reverse genetics (Pizzorno et al., 2012; Abed et al., 2006). 
Mutant viruses possessing the H275Y NA mutation are uni-
formly cross-resistant to oseltamivir and peramivir. However, 
other mutations confer variable degrees of cross-resistance 
among oseltamivir, peramivir, and zanamivir. Reduced vir-
ulence in mice with experimental infection caused by a 
peramivir-resistant mutant (Smee et al., 2001b) has been 
reported as with oseltamivir-resistant mutants (Tai et al., 

Table 268.1. Peramivir, oseltamivir, and zanamivir 50% inhibitory concentration (IC50) values for neuraminidase of influenza 
A and B viruses.

Virus

IC50 (nM), mean (range)

No. Peramivir Oseltamivir Zanamivir

Influenza A

H1N1  10 0.67 (0.9–1.32)  1.21 (0.69–2.24)  0.39 (0.13–0.49)

(H1N1)pdm09 185 0.38 (0.34–0.42)a  0.86 (0.76–0.98)a  0.73 (0.69–0.78)a

H2N2   4 0.49 (0.17–1.39)  0.48 (0.01–1.45)  1.23 (0.76–1.78)

H3N2  38 0.58 (0.14–0.93)  0.69 (0.21–1.66)  2.02 (0.68–4.22)

Influenza B  30 3.96 (3.44-4.55)a 33.12 (28.78–38.09)a 11.21 (9.98–12.61)a

aNumbers in parentheses are the 95% confidence interval.
Source: Data compiled from Bantia et al. (2001), Boivin and Goyette (2002), and Ikematsu et al. (2012).
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1998). Peramivir-resistant influenza A N1 and N2 virus 
mutants generated by reverse genetics exhibit variable degrees 
of cross-resistance to oseltamivir and zanamivir and variably 
altered virulence in mice (Abed et al., 2006). In one report, 
the NA substitution provided no growth advantage in ferrets 
infected with the resistant virus and treated with the drug 
(Mishin et al., 2005).

Peramivir-resistant viruses have not been isolated from 
treated mice with experimental influenza infection (Sidwell 
et al., 2000) or from healthy human volunteers given perami-
vir in oral doses ranging from 50 to 800 mg/day for prophy-
laxis or therapy of experimentally induced influenza A (n = 
23) and B (n = 123) infections (Barrosa et al., 2005). In addi-
tion, in otherwise healthy patients hospitalized with serious 
influenza illness, peramivir treatment alone has not resulted 
in shedding of drug-resistant virus, but the number of 
patients studied to date is relatively small: peramivir has 
been infused intravenously in doses of 600 mg once daily for 
5 days (de Jong et al., 2014), 200 or 400 mg once daily for 5 
days (Ison et al., 2013), and 300 mg twice daily or 600 mg 
once daily for 5–10 days (Ison et al., 2014). Virus types ana-
lyzed for development of resistance before and after these 
peramivir treatments were influenza A (H1N1) (n = 50, 8, 
and 47, respectively, in the three studies), A (H3N2) (n = 62, 
23, and 0, respectively), and B (n = 33, 18, and 0, respec-
tively). One patient reported by de Jong et al. (2014) and one 

reported by Ison et al. (2014) possessed the H275Y NA muta-
tion, conferring resistance to both oseltamivir and peramivir 
but these individuals had received both drugs.

However, peramivir-resistant influenza A or B viruses 
have been recovered from patients, mostly immunocompro-
mised, with community-acquired influenza treated with NAIs 
other than peramivir (Table 268.2). One immunocompro-
mised patient shed peramivir-resistant A (H1N1)pdm09 virus 
possessing the H275Y NA mutation after 6 days of intrave-
nous peramivir therapy preceded by 4 days of oral oseltami-
vir treatment (Renaud et al., 2010). Serial testing suggested 
that the mutation emerged under peramivir pressure. How-
ever, there are no reports yet of the same phenomenon in 
individuals receiving only peramivir.

The prevalence of resistance to peramivir in large collec-
tions of influenza isolates is low as of reporting to 2015. In 
2010, resistance to peramivir among influenza A (H1N1)
pdm09 global isolates was reported in 0.7% (23) of 3359 
viruses (Gubareva et al., 2010). Resistant isolates shared 
cross- resistance to oseltamivir mediated by the H275Y NA 
mutation. The mean IC50 concentrations of peramivir in 19 
mutants tested and 1440 sensitive isolates were 9.68 nM 
(range: 0.75–15.65) and 0.07 nM (range: 0.03–0.50), respec-
tively, a 138-fold difference. The corresponding values for 
oseltamivir were 81.75 nM (range: 6.24–155) and 0.25 nM 
(range: 0.05–2.41), a 325-fold difference.

Table 268.2. Peramivir susceptibility of zanamivir- and/or oseltamivir-resistant influenza virus mutants in the NA inhibition assay.

Virus Subtype

Immune-
competent 
patient

Drug 
treatment Mutation

Susceptibility (fold increase in IC50)
a

ReferenceZanamivir Oseltamivir Peramivir

A/Texas/36/91 H1N1 Yes Oseltamivir H274Y S (1) HR (> 700) HR (100) Gubareva et al. 
(2001)

A/California/07/2009- 
like

(H1N1)
pdm09

Yes Oseltamivir H275Y S (1) HR (317) R (67) Memoli et al. 
(2010)

A/H1N1pdm09 (H1N1)
pdm09

Yes Oseltamivir H275Y S (1) HR (233) R (42) Memoli et al. 
(2010)

A/New York/02/2001 H1N1 No Oseltamivir H/Y274 S (1) HR (110) Ra(8) Weinstock et al. 
(2003)

A/Texas/131/2002 H3N2 No Oseltamivir E119V S (1) HR (130) S (1) Ison et al. (2006)

A/Charlottesville/03/ 
2004

H3N2 No Oseltamivir E119V S (3) HR (277) S (1) Ison et al. (2006)

B/Memphis/20/1996 No Zanamivir R152K R (70) HR (100) HR (400) Gubareva et al. 
(1998)

B/Rochester/02/2001 No Oseltamivir D198N S (9) HR (9) S (4.8) Ison et al. (2006)

A/California/7/2004 H3N2 No Oseltamivir 
plus 
zanamivir

E59G S (1.7) HR (274) S (3.5) Baz et al. (2006)

E119V S (2.2) HR (463) S (1.8) Baz et al. (2006)

1222V S (1.5) HR (1006) S (7.4) Baz et al., 2006

A/Taiwan/1/2013 H7N9 Yes Oseltamivir R292K R (55) HR (> 10,000) HR (1589) Marjuki et al., 
2015

aViruses were considered sensitive (S) if the increase in IC50 was < 10-fold compared with the pretreatment isolates. It was considered reduced (R), if the increase 
was 10- to 100-fold; and it was considered highly reduced (HR), if the increase was > 100-fold (Anonymous, 2012).

Abbreviation: IC50: 50% inhibitory concentration.
Source: Data compiled from Mishin et al. (2005), Baz et al. (2006), Memoli et al. (2010), and Marjuki et al. (2015).
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Reports of the susceptibility of other human influenza 
viruses to neuraminidase inhibitor drugs among global iso-
lates since 2013 indicate a low prevalence of resistance to 
these drugs, including peramivir. Of 10,641 global isolates 
collected at WHO-recognized national influenza centers 
between May 2013 and May 2014, 98% of viruses tested were 
susceptible to the four antiviral drugs tested: oseltamivir, 
zanamivir, peramivir and laninamivir (Takashita et al., 2015). 
Only 1 of 5,152 influenza A (H1N1)pdm09 viruses exhibited 
reduced susceptibility to peramivir (7,709-fold reduction in 
IC50; H275Y; 1223R genotype change). None of 2,574 influ-
enza A (H3N2) viruses exhibited reduced susceptibility to 
peramivir; 1 of 604 B/Victoria-lineage viruses tested exhib-
ited reduced susceptibility to peramivir (2,326-fold reduction; 
E117G genotype change). One of 2,311 B/Yamagata-lineage 
viruses tested exhibited a 103-fold reduced NA susceptibility 
to peramivir (H273Y genotype change).

Among influenza A (H1N1)pdm09 viruses in the USA, 
the prevalence of oseltamivir and peramivir co-resistance 
was low: in the winter of 2011–2012, 8 (1.8%) of 449 isolates 
were resistant to both drugs (Okomo-Adhiambo et al. 2014). 
All possessed the H275Y NA mutation. In 2013–2014, 19 
(1.3%) of 1431 influenza A (H1N1)pdm09 viruses were cross- 
resistant (Okomo-Adhiambo et al., 2015). None of 168 influ-
enza A (H3N2) isolates collected at public health laboratories 
in the USA from 2011 to 2013 were resistant to peramivir 
(Sleeman et al., 2014). Of 343 influenza B viruses isolated 
from patients in the USA in the winter of 2011–2012, all 
exhibited normal inhibition by both peramivir and oseltami-
vir, except for one isolate with reduced susceptibility to both 
drugs associated with a cell-culture-selected A200T NA sub-
stitution (Okomo-Adhiambo et al., 2014).

Peramivir susceptibility of 2548 influenza A and B viruses 
collected between 2009 and 2012 from 19 different countries 
in Asia, Africa, and Oceania via the WHO Global Influenza 
Surveillance and Response System (but excluding Japan) was 
reported by Leang et al. (2013): 3% (19) of 599 influenza A 
(H1N1)pdm09 isolates were resistant to peramivir. All pos-
sessed the H275Y NA mutation. Approximately 1% (6) of 
1238 influenza B isolates were also resistant. The influenza B 
isolates all had different amino acid mutations in the NA 
gene, with a median 28-fold increase (range: 3- to 331-fold) 
in IC50 compared to the wild-type virus. Only one (A395E 
NA mutation) was cross-resistant to oseltamivir.

In isolates studied in Japan, where treatment with NAI 
drugs is common, peramivir resistance among viruses col-
lected at a network of hospitals and clinics in the four in - 
fluenza seasons from 2010 to 2013, was uncommon. In 
2010–2011, 1% of 185 influenza A (H1N1)pdm09 isolates 
were resistant to peramivir and oseltamivir due to the H275Y 
NA mutation (Iketmatsu et al., 2012). There were no isolates 
tested in 2011–2012 and only 5 in 2012–2013 (none resistant). 
In 2013–2014, 2 (1%) of 172 isolates were cross-resistant 
to these drugs. None of 49–316 influenza A (H3N2) isolates 
and 8–106 influenza B isolates from these four influenza sea-
sons was resistant to peramivir, oseltamivir, or zanamivir 
(Iketmatsu et al., 2015).

Of note, the reports from Japan (Ikematsu et al., 2012) 
demonstrate that mean IC50 values for peramivir, oseltamivir 
and zanamivir increased among the four seasons from 2010–
2011 to 2013–2014 in a statistically significant manner, but 
for some viruses and drugs, the mean IC50 declined. The 
greatest increase in IC50 between 2010–2011 and 2013–2014 
was a 0.60-fold increase in IC50 for zanamivir for influenza A 
(H1N1)pdm09, from a mean of 0.73 ± 0.04 nM (standard 
deviation [s.d.]) to 1.37 ± 0.05 nM. The largest mean reduc-
tion was a 0.41-fold decrease in IC50 for influenza B, from 
33.11 ± 2.17 nM to 19.50 ± 0.75 nM. Interpreted by the 
WHO Antiviral Working Group criteria (Anonymous, 2012), 
none of these data constituted a reduction in NAI suscepti-
bility or portended a trend toward increasing resistance or 
susceptibility.

2c.  In vitro synergy and antagonism

In vitro and in animals with induced influenza, combinations 
of peramivir plus rimantadine over a range of concentrations 
significantly inhibited strains of influenza A (H1N1) and A 
(H3N2) viruses, even though some concentrations appeared 
antagonistic when assessed by reductions in cell-associated 
virus yield (Govorkova et al., 2004). Combinations of perami-
vir with ribavirin inhibited an influenza A (H1N1) virus syn-
ergistically in cell culture and were additive or synergistic in 
mice with experimental influenza infection, with no increase 
in toxicity (Smee et al., 2002). Other two-drug combinations 
of peramivir with oseltamivir (Smee et al., 2010), rimanta-
dine (Bantia et al., 2010), or the experimental agent favipira-
vir (Park et al., 2014) have demonstrated synergic inhibitory 
effects in vitro and in vivo in mice with induced influenza 
virus infection due to study viruses.

In a serendipitous clinical study, intravenous peramivir 
combined with oral oseltamivir was compared to oseltamivir 
alone for treatment of influenza in hospitalized patients (de 
Jong et al., 2014). In 217 hospitalized patients with culture- 
and/or reverse transcriptase polymerase chain reaction 
(RT-PCR) confirmed influenza, 52% of whom had had symp-
toms of influenza for ≤ 48 hours, treatment with a combina-
tion of peramivir 600 mg intravenously daily for 5 days plus 
oseltamivir (dose and duration not specified, except the NAI 
treatment was part of standard of care [SOC]; n = 144) was 
not more efficacious than oseltamivir itself (n = 73). Similar 
numbers in both groups were infected with influenza A 
(H1N1): 41% versus 44% in the combination and oseltamivir 
(SOC) only groups, respectively; 35% versus 38%, respec-
tively, were infected with influenza A (H3N2), and 15% ver-
sus 12% were infected with influenza B. Only one A (H1N1), 
likely pretreatment, isolate possessed the H275Y NA muta-
tion conferring resistance to oseltamivir and peramivir. 
Median times to clinical resolution, the primary end point, 
were 41.8 hours (95% confidence interval [CI]: 27.8–67.3) 
versus 48.4 hours (95% CI: 35.7–80.1), respectively, for those 
whose influenza symptom duration at randomization was 
≤ 48 hours and 36.0 hours (95% CI: 25.0–61.4) versus 31.0 
hours (95% CI: 18.9–62.0), respectively, for those whose 
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symptom duration at randomization was ≥ 48 hours (p = not 
significant). The effect of peramivir with oseltamivir on virus 
concentration or duration of shedding was not reported. 
This serendipitous randomized comparison of intravenous 
peramivir combined with oseltamivir in adults hospitalized 
with influenza A infection (85–88%) was underpowered to 
demonstrate a difference in combination NAI compared to 
single NAI therapy.

Thus, at this time, there has been a paucity of clinical 
trials testing the hypothesis suggested by in vitro studies 
and experiments in mice with induced influenza that com-
bining influenza virus inhibitor drugs may yield additive or 
perhaps synergistic antiviral and therapeutic effects.

3. MECHANISM OF DRUG ACTION

Peramivir was designed to be structurally different from the 
currently approved NAI drugs, oseltamivir and zanamivir. 
It was developed by a rational structure-based approach that 
was predicated on the observation that inhibition of viral 
neuraminidase depended on the relative positions of sialic 
acid and the interacting constituents of the inhibitory com-
pound rather than the absolute position of the central ring 
(Chand et al., 2001). Accordingly, a five-membered ring 
structure was used as a novel starting scaffold for substitu-
ents that would interact with the four binding pockets of the 
NA active site at least as avidly as oseltamivir and zanamivir. 
The result of the development process, peramivir, is a potent, 
selective inhibitor of influenza NA. However, it is not highly 
orally bioavailable, as was anticipated by the elimination of 
the polar glycerol side chain.

Peramivir selectivity for influenza NA is evident from 
the requirement for concentrations of 0.9–11 nM to inhibit 
influenza NA, but more than 300,000 nM to inhibit siali-
dases of a mammalian cell (rat hepatocyte), bacteria (Vibrio 
cholerae, Clostridium perfringens), or paramyxoviruses (para-
influenza and Newcastle disease virus) (Bantia et al., 2001).

4.  MODE OF DRUG ADMINISTRATION 
AND DOSAGE

During its clinical development, peramivir was adminis-
trated to humans by mouth (Barroso et al., 2005), intramus-
cularly (Whitley et al., 2014), and intravenously (see section 
7, Clinical uses of the drug). It is now approved in Japan, 
South Korea, China, and the USA for intravenous infusion 
(FDA, 2014). In Japan it is approved for use in adults as well 
as children over 1 month of age (Hikita et al., 2012). In the 
USA it is approved for the treatment of acute uncomplicated 
influenza in patients 18 years and older who have been symp-
tomatic for no more than 2 days. In Japan, the recommended 
dose for treatment of adult patients is 300 mg administered 
intravenously once over longer than 15 minutes. For patients 
at high risk, a single dose of 600 mg is recommended. The 
dosage should be adjusted according to the age or medical 
condition of the patient. For children, a single dose of 10 

mg/kg to a maximum of 600 mg, infused intravenously over 
longer than 15 minutes is recommended. Multiple daily doses 
are a treatment option for adults and children, depending on 
the condition of the patient. In the USA, the recommended 
dose in adult patients 18 years or older is a single 600 mg 
dose infused intravenously for 15–30 minutes.

The efficacy of intravenous peramivir has not been estab-
lished for prophylaxis or for treatment of patients with seri-
ous influenza illness requiring hospitalization or with one or 
more of a variety of associated conditions that predispose the 
patient to an increased risk of complications of death (preg-
nancy, chronic cardiopulmonary disease, chronic renal, hep-
atitis, endocrine diseases, etc.).

4a.  Adults

In peramivir phase I clinical trials, the drug was adminis-
tered orally, intramuscularly, and intravenously to healthy 
young and elderly adults and patients with renal disease. 
Oral doses have ranged up to 800 mg/day for 5 days. Total 
doses of 75 mg up to 600 mg have been given intramuscu-
larly, with a maximum single-site injection of 300 mg (2 ml). 
In one study of volunteers, intramuscular doses were ad - 
ministered on two successive days. Intravenous doses have 
ranged from 0.5 mg/kg body weight up to 8 mg/kg (600 mg) 
as a single dose and up to 4 mg/kg twice daily for a maximum 
of 10 days.

The recommended single dose for adults ranges from 300 
to 600 mg. In Japan, multiple daily doses are also approved 
for use (Shionogi, 2010).

No studies have been conducted in pregnant women.

4b.  Newborn infants and children

To date at least 273 children and infants have been treated 
with intravenous peramivir: n = 53 (Takemoto et al., 2013), 
n = 28 (Sugaya et al., 2015), n = 4 (Shobugawa et al., 2012), 
n  = 11 (Hernandez et al., 2011), n = 63 (Hikita et al., 
2012), n = 106 (Sugaya et al., 2012), and n = 8 (Kakuya et 
al., 2015). Their ages ranged from 2 months (Hikita et al., 
2012) to 17 years (Hernandez et al., 2011). The peramivir 
dose was 10 mg/kg body weight to a maximum of 600 mg per 
day, except in one study where the dose was 2.2 mg/kg body 
weight with adjustments based on therapeutic drug monitor-
ing (Hernandez et al., 2011). The dose was infused over 15 
minutes once as treatment, except for one study in which it 
was administered daily for up to 5 days (Sugaya et al., 2012).

Recommended peramivir doses for children approved in 
Japan were discussed earlier.

4c.  Pregnant and lactating mothers

Peramivir is pregnancy category C, because some animal 
studies with peramivir appeared to cause some fetal abnor-
malities. There are no adequate and well-controlled trials of 
peramivir in pregnant women. Because animal reproduction 
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studies are not always predictive of human response and 
peramivir has been shown to cross the placenta in animal 
studies, peramivir should be used during pregnancy only if 
clearly needed (FDA, 2014).

4d.  Those requiring altered dosages

Peramivir dosing regimens for patients from birth to old age, 
including those with impaired renal function and receiving 
renal replacement therapy, were published as part of the US 
FDA’s 2009 H1N1 Influenza Emergency Use Authorization 
but were withdrawn in June 2010 and are no longer recom-
mended as current (fda.gov/downloads/Drugs/DrugSafety/
PostmarketDrugSafetyInformationforPatientsandProviders/
UCM216494.pdf).

Limited advice on altered doses for special subgroups 
currently include the following. Apart from pharmacoki-
netic studies in healthy elderly individuals and patients with 
renal impairment, peramivir has not been evaluated in other 
special patient populations, such as pregnant women, patients 
with hepatic disease, infants, or severely immunocompro-
mised people.

PATIENTS WITH IMPAIRED RENAL FUNCTION

Peramivir pharmacokinetics have been evaluated in patients 
with renal impairment varying in severity from mild to suffi-
ciently severe to necessitate chronic hemodialysis (BioCryst 
Pharmaceuticals, 2007). Based on these pharmacokinetic data, 
no adjustments in dosing are currently recommended for 
patients with mild renal impairment (creatinine clearance 
50–80 ml/minute) who receive daily doses of peramivir for 
up to 10 consecutive days. Dosing adjustment for patients 
with moderate or severe renal impairment is indicated and 
it  is recommended that this be accomplished by extension 
of the dosing interval (Alexander, personal communication, 
2008) although Matsuo et al. (2015) suggested reducing the 
dose for their patients instead. In an alternative based on pop-
ulation pharmacokinetic analyses, it is proposed that a single 
adjusted dose of one third– and one sixth–fold for patients 
with moderate (creatinine clearance 30–50 ml/minute) and 
severe (10–30 ml/minute) renal impairment, respectively, 
would give areas under the curve (AUC) comparable to those 
achieved in patients with normal renal function given the 
recommended dose (Matsuo et al., 2015). No dose reduction 
is proposed for patients with mild renal impairment (creati-
nine clearance 50–80 ml/minute).

For patients with end-stage renal disease requiring dialy-
sis, no dose recommendation is yet available (see section 5d, 
Excretion, for a discussion about the pharmacokinetic param-
eters and excretion of peramivir in patients with impaired 
renal function).

ELDERLY PATIENTS

In healthy elderly adults, the dose-normalized AUC is approx-
imately 46% greater (Collis et al., 2007) and clearance, on 
average, is 29% less than in young healthy adults. Given these 

modest differences plus the absence of adverse effects that 
are dose related, no dose adjustment is currently recom-
mended for elderly patients who have either normal renal 
function or mild renal impairment.

5.  PHARMACOKINETICS AND 
PHARMACODYNAMICS

5a.  Bioavailability

The absolute oral bioavailability of peramivir in healthy adults 
is approximately 2% (BioCryst Pharmaceuticals, 2007). No 
studies of the effect of food on peramivir absorption have 
been described.

After intramuscular injection of 75, 150, or 300 mg in a 
crossover study in volunteers, median bioavailability was 99% 
based on AUC0–∞ (Kilpatrick et al., 2007). After intravenous 
infusion of 300 or 600 mg to six healthy young male and 
female volunteers in a crossover study, mean bioavailability 
was 86.5 ± 12.02% and 90.50 ± 7.3%, respectively, based on 
the cumulated urinary excretion of the drug, the majority of 
which was unaltered peramivir (Zhang et al., 2015).Peramivir 
plasma protein binding is < 30% (BioCryst Pharmaceuticals, 
2007).

5b.  Drug distribution

The volume of distribution (Vd) of peramivir appears to 
increase with dose from 0.5 to 8 mg/kg (Table 268.3) but 
there are up to sevenfold differences at similar intravenous 
doses (4 mg/kg [280 mg in a 70-kg adult] and 300 mg). The 
large Vd at high doses suggests drug sequestration outside the 
plasma compartment, but the clinical anatomic and physio-
logic correlates of this pharmacokinetic variable are unclear. 
The Vd in rats and ferrets, 335–664 ml/kg over a wide range 
of doses (BioCryst Pharmaceuticals, 2007), was similar to 
that in humans given 0.5 mg/kg (Table 268.3). Whole-body 
radiographic study of the distribution of 14C-peramivir given 
orally to rats and ferrets did not demonstrate any locus of 
sequestration. Large amounts of radioactivity were observed 
in liver, kidney, and bladder (excluding the gastrointestinal 
tract).

In adults and children, peramivir distributes into nasal 
mucus. In healthy young adults given 75, 150, and 300 mg 
intravenously or intramuscularly, peramivir concentrations 
were measured in plasma, nasal wash, and throat gargle solu-
tions at 2, 12, and 24 hours (Alexander et al., 2007). Levels 
were generally 10-fold and 25- to 50-fold higher in plasma 
than concurrent nasal wash or pharyngeal gargle solutions. 
Peramivir was still detectable at these sites 24 hours after 
dosing. This study demonstrated that peramivir is detectable 
in nasal and throat secretions at concentrations in excess of 
levels that inhibit the NA of most strains of influenza viruses. 
In 28 children with influenza treated with a single dose of 
peramivir 8–12 mg/kg body weight given intravenously over 
30–60 minutes, serum and nasal swab samples were collected 

http://www.fda.gov/downloads/Drugs/DrugSafety/PostmarketDrugSafetyInformationforPatientsandProviders/UCM216494.pdf
http://www.fda.gov/downloads/Drugs/DrugSafety/PostmarketDrugSafetyInformationforPatientsandProviders/UCM216494.pdf
http://www.fda.gov/downloads/Drugs/DrugSafety/PostmarketDrugSafetyInformationforPatientsandProviders/UCM216494.pdf
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before and 0.5–2.0 hours after drug administration, then on 
days 1, 2, and 5 (Sato et al., 2015). The mean peramivir nasal 
mucus concentration at a mean of 20.6 hours after adminis-
tration was 18.5 ± 17.3 ng/ml, which was 58% of the concur-
rent serum concentration. Peramivir could not be detected 
in nasal mucus after day 2. The elimination half-life (t½) from 
mucus and serum were 2.8 and 2.1 hours, respectively. The 
clinical relevance of these data remains to be determined.

Peramivir pharmacokinetics were evaluated in healthy 
elderly adults 66–79 years of age after intravenous injection 
(Collis et al., 2007). Compared with historical control data 
from healthy young adults (Beigel et al., 2007), mean clear-
ance was less in elderly individuals (58 ± 10 ml/h/kg vs. 81 ± 
7 ml/h/kg), a 29% difference, which is consistent with clear-
ance by glomerular filtration that declines with age. However, 
mean plasma half-life also appeared to be less in the elderly 
cohort (20.1 ± 1.7 hours vs. 14.6 ± 1.8 hours), a counterintu-
itive result for a drug wholly or largely eliminated unchanged 
by glomerular filtration.

5c.  Clinically important pharmacokinetic 
and pharmacodynamic features

In mice with lethal, experimental influenza A H3N2 infec-
tion treated with one or five doses of peramivir (1–10 mg/kg) 
and one of three schedules (every 8, 12, and 24 hours) for 
5 days, AUC correlated with survival, but maximum con-
centration (Cmax), minimum concentration (Cmin), and body 
weight did not. The AUC effect was independent of dosing 
schedule (Drusano et al., 2001). Using a similar murine 
model of lethal influenza infection, Kodama et al. (2014) also 
concluded that the AUC and the time the peramivir serum 
concentration exceeded the IC95 of the NA enzyme of the 
A/WS/33(H1N1) challenge model were the PK parameters 
that correlated best with the therapeutic activity of intra-
venous peramivir. Clinical pharmacokinetic and pharmaco-
dynamic studies assessed the antiviral effect of oral peramivir 

100, 200, or 400 mg once daily, or 200 mg twice daily for 5 
days, compared with placebo in volunteers with experimen-
tal influenza A infection (Iyer et al. 2002). A separate study 
assessed two peramivir dose regimens (800 mg on day 1 fol-
lowed by 400 mg on days 2–5, or 800 mg once daily) with 
placebo for 5 days in volunteers with experimental influenza 
B infection (Iyer et al., 2002). These studies showed that 
plasma exposure was the most significant covariate of a 
decrease in viral titers in nasal washings. AUC values of 1089 
ng/ml/h and 1898 ng/ml/h were associated with a 50% reduc-
tion in virus titer for influenza A and B infection, respec-
tively; the corresponding dose regimens were 800 mg daily 
orally for 5 days and 800 mg on day 1 followed by 400 mg 
daily on days 2–5.

Experimental influenza infection did not appear to affect 
peramivir clearance (Iyer et al., 2002).

Sato et al. (2015) characterized serum and nasal aspirate 
(upper respiratory tract or URT) peramivir concentrations 
after a single intravenous dose of 10–12 mg per kg in 28 ill 
children with laboratory-confirmed influenza A infection 
and used these data to characterize serum and URT perami-
vir concentration versus time curves. Knowing the NA IC50 
values for the causative viruses, they proceeded to determine 
how to simulate the optimal PK-PD index for peramivir—
AUC/IC50 (Dusano et al., 2001)—for viruses with NA rela-
tively resistant to peramivir inhibition. They predicted that 
such infections would be better treated by divided, increased 
doses infused intravenously every 12 hours rather than the 
same daily dose given once daily. The validity of this approach 
remains to be tested in the clinic.

5d.  Excretion

In healthy individuals, a median of 99% (range: 99–106%) 
of peramivir injected intravenously was recovered unchanged 
in urine (BioCryst Pharmaceuticals, 2007). In another study, 
in the 36 hours after a single intravenous dose of 300 mg or 

Table 268.3. Clinical pharmacokinetics of a single intravenous injection of peramivir in adults (mean ± standard deviation).

Dose t½ (hours) Cmax (ng/ml) AUC0–α (ng·h/ml) Vd (ml/kg) Cl (ml/h/kg) Reference

0.5 mg/kg 2.9 ± 0.5 1,921 ± 521 4,975 ± 593 426 ± 57 102 ± 12 Beigel et al. (2007)

1 mg/kg 7.7 ± 2.3 5,532 ± 1292 12,246 ± 1765 910 ± 289 83 ± 13 Beigel et al. (2007)

2 mg/kg 16.3 ± 5.4 11,347 ± 1121 22,690 ± 3069 1,960 ± 773 83 ± 25 Beigel et al. (2007)

4 mg/kg 20.1 ± 7.1 20,492 ± 3908 49,902 ± 4844 2,350 ± 919 81 ± 7 Beigel et al. (2007)

8 mg/kg 20.8 ± 2.6 44,667 ± 10,659 90,666 ± 21203 2,762 ± 693 93 ± 24 Beigel et al.( 2007)

300 mg 2.60 ± 0.61 4,300 ± 530 56,130 ± 10,640 333 ± 55 91 ± 12 Zhang et al. (2015)

600 mg 3.28 ± 1.15 4,140 ± 470 112,300 ± 13,200 420 ± 146 89 ± 9 Zhang et al. (2015)

600 mg N/A 37,230 ± 7,045 89,380 ± 12,990 N/A 6,900 ± 1,000 (ml/hour) Attie et al. (2012)

600 mg N/A 37,680 ± 7,819 81,170 ± 12,570 N/A 7,600 ± 1,200 (ml/hour) Attie et al. (2012)

300 mga 6.96 11,400 N/A N/A N/A Ison et al. (2014)

600 mg 8.82 26,000 N/A N/A N/A Ison et al. (2014)

300 mg 21.2 ± 2.8 17,166 ± 1,482 47,241 ± 5,164 N/A 6,420 ± 708 (ml/hour) Kilpatrick et al. (2007)

aEvery 12 hours.
Abbreviations: t½: half-life; Cmax: maximum concentration; AUC: area-under-the-concentration-time curve; Vd: volume of distribution; Cl: clearance; N/A: not 

available.
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600 mg peramivir, mean cumulative urine recoveries were 
86.51 ± 12.02% and 90.50 ± 7.38% of the injected dose, 
respectively (Zhang et al., 2015). The majority of recovered 
drug was unchanged as previously described, confirming 
indirectly that peramivir does not undergo substantial meta-
bolic transformations in humans. Peramivir renal clearance 
was 108 ± 10 ml/minute in healthy individuals with a creat-
inine clearance 102 ± 26 ml/minute, suggesting that renal 
elimination is by glomerular filtration without significant net 
renal tubular secretion (BioCryst Pharmaceuticals, 2007).

In rats given 10 mg/kg 14C-peramivir, < 0.2% of radio-
activity was excreted into bile, < 5% in urine; minimal 
amounts were measured in breast milk at concentrations 
below plasma concentrations (BioCryst Pharmaceuticals, 
2007). 14C-peramivir excretion in feces was not described. 
Such excretion is unlikely to account for substantial perami-
vir elimination in patients.

Although peramivir elimination in humans appears to 
be almost exclusively by glomerular filtration of unchanged 
drug, plasma t½ and glomerular filtration assessed by creati-
nine clearance are not directly and linearly related.

Peramivir clinical pharmacokinetic parameters have been 
reported by several groups of investigators (Table 268.3) after 
administration of 300 mg or 600 mg intravenously once or 
on multiple consecutive days. In a published pharmacoki-
netic study in 12 healthy adults, single doses of 300 mg and 
600 mg were infused intravenously over 60 minutes (Zhang 
et al., 2015). The mean Cmax values of 21.4 ± 3.7 mg/l and 
41.1 ± 5.3 mg/l in the two groups, respectively, and the mean 
AUC0–∞ 56.13 ± 10.64 mg/h/l and 112.3 ± 13.2 mg/h/l, 
respectively, were directly proportional to dose. After nor-
malizing the dose for body weight, there were no differences 
in these parameters for the two doses. Mean elimination 
t½  values were 2.60 ± 0.61 hours and 3.28 ± 1.15 hours, 
respectively, for the two doses (p = not significant). The 
mean Vd values of 0.333 ± 0.055 l/kg body weight and 0.420 
± 0.146 l/kg body weight, respectively, were also indepen-
dent of dose.

In 11 adults hospitalized for treatment of influenza, 
peramivir plasma elimination t½ values were calculated from 
blood samples collected after the fifth day of intravenous 
treatment with 300 mg twice daily (n = 5) or 600 mg once 
daily (n = 6). The geometric mean elimination t½ values were 
6.96 hours and 8.82 hours, respectively (Ison et al., 2014).

In earlier studies reported in abstracts, peramivir pharma-
cokinetics were studied in healthy adults given 0.5–8 mg/kg 
once intravenously (Beigel et al., 2007) or 75, 150, or 300 mg 
intramuscularly or intravenously in a crossover study (Kil- 
patrick et al., 2007). After intravenous injection of a single 
dose from 0.5 mg/kg to 8 mg/kg, Cmax and AUC0–α increased 
directly in proportion to dose (Beigel et al., 2007). Mean 
half-life of plasma peramivir and the volume of distribution 
both also increased in proportion to dose from 0.5 mg/kg to 
2 mg/kg, with no further increases with dose thereafter. The 
mean plasma elimination half-life increased from 2.9 ± 0.53 
hours after a single intravenous administration of 0.5 mg/kg 
to 7.7 ± 2.3 hours with 1.0 mg/kg, 16.3 ± 5.4 hours with 2.0 

mg/kg, and 20.8 ± 2.6 hours with 8.0 mg/kg. The mean Vd 
values for these doses were 426.6 ± 56.8 ml/kg, 910.0 ± 288.7 
ml/kg, 1960 ± 792.8 ml/kg, and 2762.1 ± 693.5 ml/kg, respec-
tively. The explanation for the dose dependence of the elimi-
nation half-life and volume of distribution at the lower doses 
is unclear, but saturation of clearance mechanisms at higher 
doses is a possible explanation. Mean plasma clearance of 
peramivir was 81–102 ml/h/kg and was independent of dose 
(Beigel et al., 2007). In the study of Kilpatrick et al. (2007), 
the mean plasma elimination t½ after an intravenous dose of 
75, 150, or 300 mg were 14.4 ± 2.8 hours, 25.6 ± 6.6 hours, 
and 21.2 ± 7.8 hours, respectively. There were no significant 
differences between intravenous doses of 150 mg or 300 mg 
or route of administration, but the t½ after 75 mg intrave-
nously (14.4 ± 2.8 hours) was lower than after 150 mg or 300 
mg doses (25.6 + 2.8 hours and 21.2 ± 2.8 hours, respectively) 
and 75 mg given intramuscularly (19.8 ± 7.9 hours).

Taken together, these data suggest that the plasma t½ in 
healthy young adults is approximately 20 hours and support 
a one-time therapeutic dose. However, data published since 
2012 (Table 268.3) indicate mean plasma t½ values as low as 
2.6 hours, which would make a one-time dose less attractive 
as treatment.

The explanation is unclear for the differences in mean 
plasma elimination half-life after doses of 300 mg or 600 mg 
intravenously between the studies of Zhang et al. (2015) of 
2.6–3.3 hours and those of Ison et al. (2014) of 6.90–8.82 
hours and those of Beigel et al. (2007) and Kilpatrick et al. 
(2007) of 20.1 hours after 4.0 mg/kg (280 mg for a 70-kg adult) 
and 21.2 hours after 300 mg intravenously, respectively.

In one study 106 children with influenza illness were 
given intravenous peramivir 10 mg/kg (600 mg maximum) 
once daily. A population pharmacokinetic analysis based on 
peramivir concentrations in 297 samples yielded these data: 
plasma t½ 7.65 hours, Vd 280 ml/kg, and clearance 173 ml/h/
kg (Sugaya et al., 2012; Ariano, personal communication).

No differences in peramivir pharmacokinetics were ob- 
served between genders or Japanese and American subjects 
(Matsuo et al., 2015).

In healthy elderly adults, peramivir elimination was deter-
mined after intravenous injection of 4 mg/kg (Collis et al., 
2007). Compared with historical data from healthy young 
control subjects, mean clearance was less in elderly individ-
uals (58 ±10 ml/h/kg) than in younger adults (81 ±7 ml/h/
kg), a 29% difference that is consistent with clearance by 
glomerular filtration that declines with age. However, mean 
plasma t½ also appeared to be less in the elderly subjects 
(20.1 ± 1.7 vs. 14.6 ± 1.8 hours), a counterintuitive result 
given the principal role of glomerular filtration in peramivir 
elimination.

Peramivir pharmacokinetics after administration of 2 
mg/kg peramivir intravenously were characterized in healthy 
controls and a cohort with renal insufficiency varying from 
mild to dialysis dependent (BioCryst Pharmaceuticals, 2007; 
Table 268.4). Plasma t½ did not appear to increase in propor-
tion to decreasing renal function. However, peramivir clear-
ance declined as renal insufficiency increased, from a mean 
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of 108 ml/minute in the normal controls to 3.4 ml/minute in 
patients with dialysis-dependent renal failure between dialy-
sis treatments; Vd declined from a mean of 2306 ml/kg to 221 
ml/kg, concomitantly. Urinary recovery of peramivir aver-
aged 71–91% without differences among the groups, suggest-
ing that, even in the presence of severe renal insufficiency, 
peramivir was still eliminated exclusively as unchanged drug 
in urine.

In a female patient 3 days after emergency caesarean sec-
tion due to acute respiratory failure caused by A (H1N1)
pdm09 influenza pneumonia, plasma t¼ (2.4 hours) and 
AUC0–∞ (34,590 mg/h/ml) were similar to values in healthy 
adults with a creatinine clearance of 139 ml/minute (Table 
268.4), but Vd was diminished (565 ml/kg) and clearance 
increased (283 ml/minute), compared to values in healthy 
adults (Clay et al., 2011; Table 268.4).

Peramivir elimination t½ in four patients during continu-
ous renal replacement therapy ranged from 3.7 to 8.2 hours 
(Thomas et al., 2010; Bazan et al., 2010; Bentley et al., 2014; 
Scheetz et al. 2011). Relatively rapid clearance of peramivir 
during continuous or other forms of renal replacement ther-
apy is expected, given its small size (molecular weight 382), 
high water solubility, and low protein binding. Most of these 
patients received 600 mg peramivir intravenously daily with-
out apparent adverse effects, but establishing an optimal dos-
ing regimen for such patients requires further study.

5e.  Drug interactions

In vitro, peramivir at concentrations up to 100 µM neither 
induced nor inhibited cytochrome P-450 enzymes CYP1A2, 
2A6, 2C9, 2C19, 2D6, 2E1, and 3A4 (BioCryst Pharmaceuti- 
cals, 2007). Accordingly, drug–drug interactions between 
peramivir and most other drugs administered concurrently 
are not likely to occur. Peramivir did not affect P-glycoprotein 
in MDCK and Caco-2 cells. Acetaminophen glucuronida-
tion was not affected by peramivir at concentrations of 10 
mM. Drug–drug interactions due to displacement of other 
drugs from plasma proteins administered at the same time as 
peramivir are also unlikely, due to the low degree of plasma 
protein binding of peramivir. In the kidney, probenecid does 

not inhibit peramivir renal tubular secretion, which is con-
sistent with its observed renal clearance being dependent on 
glomerular filtration. In healthy volunteers, no pharmaco-
kinetic interaction was demonstrated between single doses 
of peramivir 600 mg intravenously, oseltamivir 75 mg orally, 
or rimantadine 100 mg orally (Attie et al., 2012).

6. ADVERSE REACTIONS AND TOXICITY

Extensive preclinical toxicologic studies of peramivir admin-
istered orally, intravenously, or intramuscularly to mice, rats, 
guinea pigs, rabbits, dogs, and cynomolgus monkeys and 
studies evaluating genotoxicity, reproductive, and develop-
mental toxicity have revealed only an apparent nephrotoxic 
effect of peramivir that appears to be dose related and species 
specific (rabbit) (BioCryst Pharmaceuticals, 2007).

For toxicologic studies, doses tested have ranged up to 
3000 mg/kg orally in the mouse, 1152 mg/kg/day intrave-
nously for 14 days in the rat, and 54 mg/kg/day intravenously 
for 14 days in cynomolgus monkeys, all much greater than 
the maximum human dose yet evaluated (8 mg/kg/day intra-
venously). The sole toxic effect was acute tubular necrosis in 
rabbits given > 200 mg/kg/day for 9 days. The toxic effect was 
more pronounced in male than in female rabbits, perhaps 
because of greater drug exposure per dose in that gender. 
Renal effects were reversible over 2–4 weeks. The highest 
dose level that resulted in no adverse effects was 1152 mg/kg/
day in rats, 54 mg/kg/day in nonhuman primates, and 100 
mg/kg/day in rabbits.

Studies in healthy volunteers and patients suggest similar 
good tolerance of peramivir as was observed in preclinical 
studies. No studies have demonstrated the nephrotoxic effect 
in humans that was observed in rabbits, but the highest 
human dose studied, 8 mg/kg/day, is 25-fold less than the 
nephrotoxic dose administered to rabbits, 200 mg/kg/day.

Oral peramivir 100–800 mg/day for 4–5 days was as well 
tolerated as placebo in 288 healthy adults with experimen-
tal influenza. Adverse events were reported in 28% and 37% 
in the peramivir- and placebo-treated groups, respectively 
(Barrosa et al., 2005). Only headache occurred in 5% or more 
of subjects, being reported by 5% of participants in both 

Table 268.4. Clinical pharmacokinetics of 2 mg/kg peramivir given intravenously to patients with varying degrees of renal dysfunction 
(mean ± standard deviation).

Renal disease 
severity

Creatinine 
clearance 

(ml/minute) Cmax (ng/ml) t½ (hours) AUC0–∞ (ng·ml/h) Vd (ml/kg) Cl (ml/minute)

Percentage 
recovered 

in urine

None 102 ± 26 12,775 ± 2861 20.8 ± 4.8 25,932 ± 2387 2,306 ± 518 108 ± 10 91 ± 8

Mild 66 ± 10 11,901 ± 3564 23.8 ± 4.4 32,103 ± 9175 2,203 ± 577 78 ± 18 81 ± 14

Moderate 38 ± 4 13,698 ± 3778 29.6 ± 4.1 109,234± 31,029 827 ± 248 27 ± 5 86 ± 5

Severe 21 ± 5 12,325 ± 3386 29.7 ± 1.7 136,918 ± 36,799 655 ± 184 20 ± 5 71 ± 15

Dialysis 
dependent

12 ± 3 11,020 ± 3000 79.1 ± 93.7 1,033,781 ± 306,400 221 ± 56 3.4 ± 1.7 Not available

Abbreviations: Cmax: maximum concentration; t½: half-life; AUC: area-under-the-concentration-time curve; Vd: volume of distribution; Cl: clearance.
Source: Modified with permission from BioCryst Pharmaceuticals (2007).
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groups. Of seven adverse events of marked severity reported 
by four individuals, only rash and gastritis in peramivir recip-
ients were considered to be drug related. One man developed 
apparent influenza B myocarditis or a dilated cardiomyopa-
thy. This volunteer had been inoculated with influenza B 
Yamagata/88 after beginning prophylaxis with peramivir 
200 mg orally per day for 5 days. During the postinoculation 
and treatment period, the subject was found to have new 
electrocardiographic (ECG) changes. Signs of cardiac decom-
pensation were present at 51 days after enrolment with 6 cm 
jugular venous distension without other signs of right heart 
failure. There was a faint mitral regurgitation murmur. Echo-
cardiography revealed marked systolic dysfunction globally 
plus minimal mitral and tricuspid regurgitation. Influenza B 
myocarditis was diagnosed by exclusion with no relation to 
peramivir, but a coincidental dilated cardiomyopathy could 
not be excluded. The patient was treated with an angiotensin- 
converting enzyme inhibitor and at followup 5 years later was 
well (Barrosa et al., 2005; Ison et al. 2005).

A single intramuscular dose of peramivir 150 mg or 300 
mg was well tolerated. In a placebo-controlled trial of 344 
individuals with community-acquired influenza confirmed 
by a rapid antigen test and treated with intramuscular perami-
vir, the drug was as well tolerated as placebo (BCX 1812-211) 
(BioCryst Pharmaceuticals, 2007). Subjects had been ran-
domly allocated to receive a single dose of intramuscular pla-
cebo (n = 114), or peramivir 150 mg (n = 113) or 300 mg 
(n  = 115). Adverse effects considered by investigators to 
be possibly, probably, or definitely related to the study drug 
occurred in 15%, 18%, and 15% in the three groups, respec-
tively. There were two serious adverse events. One subject 
developed fatal meningitis and another had pyelonephritis 
with hospitalization and complete recovery; the subjects had 
been treated with peramivir 300 mg intramuscularly or pla-
cebo, respectively. Neither adverse event was considered to 
be drug related. Adverse events that occurred in 5% or more 
of peramivir recipients included nausea (6%, 6%, and 8% in 
the placebo, peramivir 150 mg, and peramivir 300 mg group, 
respectively) and diarrhea (4%, 4%, and 5%, respectively). 
Laboratory abnormalities in clinical chemistry, hematology, 
and urinalysis tests, including qualitative and quantitative tests 
for urine protein, were similar across all groups after treat-
ment with either peramivir or placebo. Proteinuria occurred 
in 6%, 9%, and 4% of groups receiving placebo, peramivir 
150 mg, and peramivir 300 mg, respectively.

In another placebo-controlled trial (BCX 1812-311), the 
same trial design was used as just described but with random 
allocation to a single 300-mg intramuscular dose of perami- 
vir (n = 57) or placebo (n = 26) (Whitley et al., 2015). The 
data from the two studies were pooled so the contribution of 
observations about tolerance and safety from the studies 
could not be separated from each other. However, peramivir 
was generally safe and well tolerated, with adverse effect fre-
quencies similar after both doses to those of placebo injec-
tion. The incidences of any adverse event were 38%, 41%, and 
45% in peramivir 150 mg, 300 mg, and placebo-treated sub-
jects, respectively. Adverse gastrointestinal symptoms were 

commonest, with the frequency of nausea being 6%, 8%, and 
7%, in the three groups, respectively. Diarrhea and/or vomit-
ing were reported by 4–6% in all three groups. Injection site 
bruising or pain was reported by 1–3% in the three groups.

A single intravenous dose of peramivir also seemed well 
tolerated. Among approximately 130 human volunteers en- 
rolled in phase I studies and given peramivir intravenously, 
25% reported one or more adverse symptoms possibly, prob-
ably, or definitely related to peramivir compared with 33% 
of 27 placebo recipients. No adverse event occurred more 
frequently in peramivir than in placebo recipients. Adverse 
events that occurred in 5% or more of peramivir recipients 
included hematuria (5% of peramivir recipients and 7% of 
placebo recipients) and somnolence (5% of peramivir recipi-
ents and 0% of placebo recipients).

In two double-blind controlled trials of a single intrave-
nous dose of peramivir for treatment of influenza in ambula-
tory adults with community-acquired influenza confirmed 
by a rapid antigen test, peramivir was as well tolerated as 
placebo (Kohno et al., 2010) or oseltamivir (Kohno et al., 
2011b). In the first study, subjects had been randomly allo-
cated to receive a single intravenous dose of placebo (n = 
100) or peramivir 300 mg (n = 99) or 600 mg (n = 97) (Kohno 
et al., 2010). The adverse effects profiles combining clinical 
complaints and laboratory test abnormalities were similar to 
placebo. Adverse effects were reported by 91%, 88%, and 
91% of subjects in the three groups, respectively. The most 
common symptom complained of was diarrhea, which was 
reported by 17%, 14%, and 15% of persons in the three groups, 
respectively. Nausea, the only other complaint reported by 
more than 6% of subjects, was reported by 1%, 3%, and 6% 
in the three groups, respectively. The commonest laboratory 
test abnormalities were monocytosis (reported by 31%, 20%, 
and 18% in the three groups, respectively) and an increase in 
blood glucose, observed in 5%, 14%, and 14% in the three 
treatment groups, respectively. Proteinuria was observed in 
18%, 9%, and 11% in the three groups, respectively. There 
were no statistically significant differences among the three 
groups. QT prolongation on the EKG was observed in 5% of 
placebo, 2% in the 300 mg, and 3% in the 600 mg peramivir- 
treated group.

In a double-blind, double-dummy controlled trial of intra-
venous peramivir compared to oral oseltamivir, a single dose 
of peramivir 300 mg infused once caused adverse drug reac-
tions less often than did oseltamivir 750 mg orally twice daily 
for 5 days (14% vs. 20%, respectively) (Kohno et al., 2011b). 
The difference between the 600 mg peramivir and oseltami-
vir group (10% and 20%, respectively) was not significantly 
different. Diarrhea occurred in 3.8%, 5.5%, and 5.2% of the 
peramivir 300 mg and 600 mg and oseltamivir treatment 
groups, respectively. Nausea was reported by 0.5%, 1.9%, and 
4.4% in the three groups, respectively. The only laboratory 
abnormality observed in > 3% of subjects was neutropenia, 
observed in 2.5%, 3.8%, and 3.6% in the three groups, 
respectively. Prolonged QT intervals were observed in 1.4%, 
2.2%, and 2.8% in subjects in the three treatment groups, 
respectively.
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In hospitalized subjects with influenza the safety and tol-
erance of intravenous peramivir injected intravenously once 
daily for 5 days was not different from placebo (de Jong et al., 
2014; Ison et al., 2013; Ison et al., 2014). Ison et al. (2014), in 
a double-blind trial observed similar levels of adverse effects 
in 127 adults hospitalized with laboratory-confirmed influ-
enza treated with intravenous peramivir 300 mg twice daily 
(n = 57) or 600 mg once daily (n = 70) for a median of 1 or 
2 days (range: 1–7 days in both groups) in the two treatment 
groups, respectively. Both treatments were generally safe and 
well tolerated in this seriously ill population. Drug-related 
adverse events in 18% and 20%, adverse events leading to 
withdrawal in 4% and 7%, and deaths in 7% and 12% were 
reported in the 300 mg and 600 mg per dose groups, 
respectively.

No clinically relevant differences in safety parameters 
were observed. Fourteen complaints or laboratory abnor-
malities were observed in ≥ 5% in one or both dose groups. 
The most common adverse symptoms were constipation and 
diarrhea in 13% of all treated subjects, with no differences 
between doses. Hypokalemia in 10% (7% in 300 mg recipi-
ents and 12% in 600 mg recipients) was the commonest lab-
oratory abnormality.

In another study in 122 adults with laboratory-confirmed 
seasonal influenza who had one or more risk factors for 
influenza complications or severe disease (24%) treated for 
5 days with intravenous peramivir 200 mg or 400 mg per day 
or oral oseltamivir, the incidence of adverse effects was gen-
erally low (Ison et al., 2013). Safety was assessed clinically 
and by routine hematologic and chemical laboratory tests 
during treatment and up to 30 days after initiation of treat-
ment. Of 122 subjects, 40, 41, and 41 subjects had been ran-
domized to treatment with peramivir 400 mg or 200 mg once 
daily or oseltamivir 75 mg orally twice daily, respectively, all 
for 5 days. One or more adverse events were reported by 52%, 
50%, and 41% of subjects in the three groups, respectively. 
Diarrhea was reported in 15%, 11%, and 2% or subjects, 
respectively; and nausea in 11%, 4%, and 9%, respectively. 
There were no changes in routine laboratory tests.

The safety and tolerance of intravenous peramivir 600 mg 
once daily alone (n = 78) compared to intravenous placebo 
(n = 43) or oral oseltamivir (n = 73) alone or combined with 
oral oseltamivir (n = 144) in 338 hospitalized, treated sub-
jects with seasonal influenza and 50 who had received at least 
one dose of study drug were summarized after pooling all 
subjects into two groups who had (n = 264) or had not (n = 
134) received peramivir (de Jong et al., 2014). The propor-
tions of subjects with adverse events or clinically significant 
toxic effects was not different between these groups. Two 
subjects (both received peramivir) were withdrawn due to 
adverse events (tachycardia in one and acute respiratory dis-
tress syndrome in one). Only gastrointestinal complaints 
were reported by ≥ 5% in either group: diarrhea in 10% and 
5%, nausea in 7% and 4%, and constipation in 5% and 2% of 
subjects who had not or had received intravenous peramivir, 
respectively.

It is not possible to estimate with more certainty the safety 
and tolerance of peramivir given intravenously once daily 
for 5 days from the available data due to small sample sizes 
and heterogeneity of cohorts.

Reports on the adverse effects and safety of intravenous 
peramivir for the treatment of influenza in hospitalized 
adults in uncontrolled studies have identified few additional 
data. Among 42 hospitalized adults with high-risk comorbid 
medical conditions, treatment with 300 mg (n = 21) or 600 
mg (n = 21) for 1–6 days, adverse drug reactions occurred in 
6 (29%) and 8 (38%) of individuals in these two treatment 
groups, respectively (Kohno et al., 2011a). Diarrhea occurred 
in 1 of 21 subjects who received 600 mg per day and none in 
21 treated with the 300 mg dose. Adverse laboratory reports 
were more common: hyperglycemia and neutropenia both 
occurred in 3 of 42 recipients of peramivir with no apparent 
relation to dose size.

A total of 1274 critically ill, middle-aged adults with co - 
morbid medical conditions were hospitalized with pandemic 
influenza and treated for a median of 6 days with intravenous 
peramivir after failure of oral oseltamivir (Yu et al., 2012). 
Adverse events were identified from 260 of 844 reports. 
Serious adverse events included hypersensitivity (n = 9), 
severe intravenous site reactions (n = 4), serious skin adverse 
events (n = 3), abnormal hepatic events (n = 12), rhabdo-
myolysis (n = 3), and pneumothorax and stroke (2 patients 
each). The relation of peramivir to these reactions could not 
be established.

In children with influenza treated with intravenous 
peramivir, data on adverse effects and safety have been pub-
lished in two studies describing results in a total of 169 
patients: Hikita et al. (2012) reported no adverse effects asso-
ciated with any neuraminidase inhibitor treatment: 63 chil-
dren were treated with one intravenous dose of peramivir 10 
mg/kg; 14, with a single dose of inhaled laninamivir; 124, 
with oral oseltamivir, and 38, with inhaled zanamivir, both 
for 5 days. In 117 other children, adverse drug reactions were 
reported in 34 patients (Sugaya et al., 2012) who received a 
single 10 mg/kg intra venous dose of peramivir (600 mg 
maximum). Diarrhea, the commonest adverse symptom, was 
reported more often by children 28 days to < 6 years of age 
than by 84 children 6–16 years (29% and 12% in the two age 
cohorts, respectively). Neutropenia, the commonest labora-
tory abnormality, was reported by 19% and 25% in the two 
age cohorts, respectively.

In two studies including 15 pediatric patients with influ-
enza treated with a single intravenous dose of peramivir— 
n = 4 (Shobugawa et al., 2012) and n = 11 (Hernandez et al., 
2011)—no adverse effects were reported. In two other stud-
ies involving 36 children treated with intravenous peramivir, 
it appears that adverse reactions were not assessed (Sugaya et 
al., 2015; Kakuya et al., 2015).

Overall, there are few data describing the safety and toler-
ance of intravenous peramivir in pediatric patients and no 
data from large, placebo-controlled, double-blind trials that 
would yield definitive data.
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A single case report suggested that one dose of intra-
venous peramivir 300 mg caused petechiae with a reduction 
in platelet concentration to 3 × 109/l in an otherwise healthy 
man with laboratory-confirmed influenza (Harada-Shirado 
et al., 2014). Immune thrombocytopenia was diagnosed. 
Despite treatment with glucocorticoids, mild thrombocyto-
penia was still present at last testing 11 months later.

7. CLINICAL USES OF THE DRUG

Controlled clinical trials have been reported on the efficacy 
and safety of peramivir administered orally, and by intra-
muscular or intravenous injection.

In a preliminary double-blind, placebo-controlled, dose- 
finding study, 288 healthy volunteers susceptible to influenza 
on the basis of serum antibody titers were infected intrana-
sally with an influenza A (n = 165) or influenza B virus (n = 
143) and given oral peramivir or placebo, 24 hours before 
or after infection for prophylaxis or treatment, respectively 
(Barrosa et al., 2005). Peramivir doses ranged from 50 mg/
day to 800 mg/day for 4–5 days. The primary outcome mea-
sure for treatment was the total virus load in nasal washings 
and, for prophylaxis, the incidence of virus recovery from 
the treated subjects compared with placebo. For treatment, 
peramivir was effective at doses of ≥ 400 mg/day. None of the 
dose regimens tested was effective for prophylaxis.

In a field trial, treatment with oral peramivir reduced the 
duration of symptoms of community-acquired influenza 
compared with placebo, but the differences did not attain sta-
tistical significance (BioCryst Pharmaceuticals, 2006). Using 
a syndromic definition of influenza-like illness, 1246 other-
wise healthy adults with symptoms for 36 hours or less were 
randomized to peramivir 800 mg/day (standard regimen), a 
800-mg loading dose on day 1 followed by 400 mg/day for 
4 more days, or placebo. The median times for time to relief 
of symptoms, the primary outcome measure, were 71, 89, 
and 104 hours for the three treatment groups, respectively 
(p = 0.07 compared with placebo). Results in the subjects 
with laboratory-confirmed influenza were not described. 
Subjects in both peramivir groups excreted less virus than 
placebo recipients. Low oral bioavailability was thought to be 
a possible explanation for the result.

In another placebo-controlled field trial (BCX1812-211) 
in 344 otherwise healthy adults with community-acquired 
influenza, 150 mg or 300 mg peramivir injected once intra-
muscularly reduced the time to alleviation of influenza 
symptoms, the primary efficacy parameter, by 21–22 hours 
(15–16%) compared with placebo, but these reductions were 
not statistically significant (BioCryst Pharmaceuticals, 2007). 
Research subjects had presented with influenza symptoms of 
48 hours of duration or less and a positive rapid antigen test 
for influenza A or B; 70% initiated treatment 24–48 hours 
after symptom onset. Median times to symptom alleviation 
were 114 (p = 0.28) and 116 hours (p = 0.15) in the peramivir 
150 and 300 mg groups, respectively, compared with 137 
hours in the placebo group. Times to resumption of usual 

activities were not different among groups. Influenza virus 
concentrations in upper respiratory tract secretions were 
significantly less in both peramivir-treated groups at 24 
hours than in placebo recipients. The median changes in 
influenza virus titers from baseline were −2.00 and −3.00 log10 
TCID50/ml in the two treated groups, respectively, at 24 hours 
compared with −1.50 in the placebo group. Overall, the 
results may have represented a suboptimal response to ther-
apy because the 2.5-cm needles used to administer intramus-
cular injections in the buttock may have been too short for 
reliable delivery of the drug into muscle (Alexander, 2008).

In a subsequent phase III study (BCX 1812-311), the same 
trial design was used except for stratification according to 
influenza A or B subtype and allocation to only a 300 mg 
peramivir treatment or placebo in a 2:1 ratio. Because this 
trial did not complete enrolment and the study design was 
not different from the phase II study BCX 1812-211, the data 
from the two studies, including 57 patients treated with 
peramivir 300 mg and 25 patients treated with placebo, were 
combined for post-hoc analysis of efficacy and safety (Whitley 
et al., 2015). The median time to alleviation of symptoms for 
the pooled data, the primary end point, was 113.2 hours in 
subjects treated with 300 mg peramivir (n = 172),which was 
less than the 134.8 hours for those treated with placebo (n = 
141), but the difference was not statistically different (p < 
0.16) after adjustment for smoking behavior and influenza 
type. Median time to resumption of usual activities was not 
different among the three treatment groups. The proportion 
of subjects shedding virus at 48 hours decreased significantly 
after peramivir 300 mg (−1.63 log10 TCID50/ml vs. −1.38 for 
the placebo group; p = 0.009). The decline in virus titre, 
−1.78 log50/ml, in the 150 mg group (n = 114) was similar 
to that in the 300 mg group, but no statistical analysis was 
provided.

These results were deemed consistent with data from 
studies of peramivir administered intravenously for treat-
ment of acute uncomplicated influenza in healthy subjects 
(discussed earlier).

In the first of two controlled field trials of intravenous 
peramivir for treatment of influenza, 296 ambulatory adults 
with community-acquired influenza illness of 48 hours or 
less duration and a positive rapid influenza antigen test were 
randomly allocated to receive 300 mg (n = 99) or 600 mg 
(n  = 97) peramivir injected once intravenously or placebo 
(n = 100) (Kohno et al., 2010). The median time to alleviation 
of symptoms was reduced from 82 hours (95% CI: 68– 102) 
in the placebo-treated group to 59 hours (95% CI: 51–73; 
one-sided p = 0.0046) and 60 hours (95% CI: 54–68; p = 
0.0046), in the 300 mg and 600 mg peramivir dose groups, 
respectively. The median Composite Symptom Score was 
significantly improved from baseline as early as 24 hours 
after the start of therapy in both the 300 mg (p = 0.0032) and 
600 mg (p = 0.0109) treatment groups. There was a significant 
difference between both the 300 mg and 600 mg peramivir- 
and placebo-treated groups in time-weighted change in 
influenza virus concentration in nasopharyngeal secretions 
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at 48 hours (p < 0.05). This study demonstrated that a single 
dose of peramivir 300 mg or 600 mg given intravenously 
once was efficacious for the treatment of uncomplicated 
influenza in otherwise healthy adults with illness of ≤ 48 
hours of duration. The dose-response relationship over the 
dose range studied appeared flat. The therapeutic benefits 
appeared to be mediated by an antiviral effect.

In the second field trial of intravenous peramivir treat-
ment in ambulatory patients, a multicenter, double-blind, 
double-dummy, randomized controlled noninferiority design 
was used (Kohno et al., 2011b). A total of 1091 otherwise 
healthy ambulatory adults with laboratory-confirmed influ-
enza illness of 48 hours or less were randomized to receive 
either a single intravenous dose of peramivir 300 mg or 600 
mg or oral oseltamivir 75 mg twice daily for 5 days. Of 598 
subjects infected with A (H1N1) influenza, NA gene sequenc-
ing in approximately 428 isolates tested revealed the presence 
of the H274Y NA mutation, which mediated resistance to 
both oseltamivir and peramivir: median IC50 values of the 
NA enzyme were 100.00 nM (range: 0.66–100.00) and 21.59 
mM (−0.41–100.00). The median times to alleviation of 
symptoms were 80.2 hours (95% CI: 69.3–90.6), 83.6 hours 
(95% CI: 72.7–101.9), and 88.8 hours (95% CI: 73.1–102.2) 
in the three treatment groups, respectively. There were no 
statistically significant reductions in virus titer from day 1 
to 2, 1 to 3, or 1 to 8 in any of the three treatment groups. 
Without a concurrent placebo-control group, it is not possi-
ble to state categorically that either oseltamivir or peramivir, 
to both of which the study viruses were resistant, had any 
effect on illness duration, although the authors stated that 
“the clinical efficacy of oseltamivir was considered to have 
been maintained in this study involving adults, and the sen-
sitivity of the study . . . ensured” in demonstrating similar 
times to alleviation of symptoms via a single 300 mg or 600 
mg dose of peramivir and the recommended regimen of 
oseltamivir 75 mg orally twice daily for 5 days.

On the other hand, treatment of adults infected with 
influenza A (H3N2) viruses susceptible to both drugs yielded 
a valid comparison of peramivir and standard treatment 
with oseltamivir. Of 328 study subjects with laboratory- 
confirmed A (H3N2) infection due to peramivir-susceptible 
viruses, median IC50 values of NA were 0.82 nM (range: 
0.45–2.13) and for oseltamivir 0.62 nM (range: 0.27–1.84). A 
total of 112 subjects had been randomized to receive a single 
intravenous dose of peramivir 300 mg, 108 subjects were 
given 600 mg, and 108 subjects were given oseltamivir for 
5 days. The median times to alleviation of symptoms were 
not different among the three treatment groups: 69.9 hours 
(95% CI: 54.4– 97.1), 70.6 hours (95% CI: 47.7– 91.9), and 
75.1 hours (63.4–92.6) , respectively. The therapeutic effect 
appeared to have been mediated by an antiviral effect in the 
300 mg peramivir group because the time-weighted change 
in baseline titer was significantly reduced from day 1 to day 2 
(p = 0.04) and from day 1 to day 3 (p = 0.02) but not from day 
1 to day 8 (p = 0.06). Both in recipients of 600 mg peramivir 
and oseltamivir, no significant reductions were observed in 

titer at day 2, 3, or 8 compared to baseline. This study demon-
strated no difference among the three treatment groups; an 
antiviral effect was observed in the 300 mg peramivir treat-
ment group.

A total of 70 subjects with laboratory-confirmed influ-
enza B virus infection had been enrolled and randomized 
to the three treatments (21–26 subjects in the three groups). 
Given the small sample sizes, the 95% CI of the times to alle-
viation of symptoms overlapped, and neither clinical nor 
anti viral effects could be evaluated.

This very large, phase III trial demonstrated that a single 
dose of intravenous peramivir 300 or 600 mg was not differ-
ent from oral oseltamivir 75 mg twice daily for 5 days for the 
treatment of peramivir and oseltamivir susceptible A (H3N2) 
influenza infection in adults with illness of 48 hours or less 
duration, although statistical noninferiority was not formally 
established.

There have been at least three randomized, controlled 
trials of intravenous peramivir for the treatment of influenza 
in hospitalized patients (Ison et al., 2013; Ison et al., 2014; 
de Jong et al., 2014). None have demonstrated the thera-
peutic efficacy of intravenous peramivir. From July 2007 to 
September 2008, 122 adults with influenza of ≤ 72 hours of 
duration plus at least one comorbid medical condition that 
increased their risk for developing complications of influ-
enza were randomized in this double-blind trial to receive 
peramivir 200 mg or 400 mg per day intravenously or oral 
oseltamivir 75 mg twice daily, all for 5 days (Ison et al., 2013). 
Of 110 with RT-PCR confirmed influenza, 19 patients had 
A (H1N1) virus infection, including 3 with the H275Y NA 
mutation that mediated resistance to peramivir (mean IC50: 
64.58 nM; range: 39.00–108.66) and oseltamivir (mean IC50: 
863.63 nM; range: 810.96–1,263.58) ; 59 were infected with 
A (H3N2) and 32 with influenza B and had a median IC50 of 
4.33 nM (range: 0.34–22.13) for peramivir and 28.48 nM 
(range: 3.9–102.62) for oseltamivir. The primary efficacy 
end point was clinical stability defined as the time to nor-
mal temperature and oxygen saturation on room air, and at 
least ≥ 2 of the following three symptoms: respiratory rate 
≤  24/minute, heart rate ≤ 100 beats/minute, and systolic 
blood pressure ≥  90 mm Hg. There were no differences 
among the three treatment groups: median times to clinical 
stability were 23.7 hours (95% CI: 16.0–38.9), 37.0 hours 
(95% CI: 22.0–48.7), and 28.1 hours (95% CI: 22.0–37.0) in 
the peramivir 200 mg and 400 mg and oseltamivir treatment 
groups, respectively. Among patients with influenza B infec-
tion, both doses of peramivir, but not oseltamivir, were asso-
ciated with significant reductions in virus titer in posterior 
turbinate and posterior pharyngeal secretions at 36 hours 
compared to baseline.

In a multinational, multicenter, double-blind, random-
ized trial, de Jong et al. (2014) enrolled 338 adults with labo-
ratory-confirmed influenza of ≤ 72 hours of duration plus 
at least one comorbid medical condition that increased their 
risk for developing complications of influenza warranting 
hospitalization. Subjects were randomized 2:1 to receive intra - 
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venous peramivir 600 mg once daily or placebo for 5 days, in 
addition to the SOC influenza antiviral drug treatment at the 
enrolling institution. Subjects were randomized to peramivir 
or placebo after stratification as SOC with NAI, non-NAI, or 
no antiviral therapy. The primary efficacy end point was time 
to clinical resolution in the peramivir- and placebo-treated 
non-NAI SOC populations.

An interim analysis conducted after 70% of the planned 
enrolment was complete revealed that only 121 subjects had 
been enrolled in the non-NAI SOC stratum. Of these, 43 
had been randomized to receive placebo and 78, to receive 
peramivir. The majority (61) of virus isolates were A (H3N2) 
(24 in the placebo treatment group and 35 in the peramivir 
treatment group); 25 isolates were A (H1N1). All isolates 
were susceptible to inhibition by peramivir except for one A 
(H1N1) isolate that had an H275Y NA mutation. The median 
times to clinical end point were 58.2 hours (95% CI: 37.0–
71.1) and 42.9 hours (95% CI: 35.4–63.0) in the placebo 
and peramivir groups in those with symptoms ≤ 48 hours at 
randomization and 40.0 hours (95% CI: 20.0–42.5) and 36.0 
hours (95% CI: 23.3–65.0) in the respective treatment groups 
in those with symptoms > 48 hours at randomization. 
Neither of these comparisons was statistically significant 
between peramivir and placebo. There were no differences 
in reductions in virus concentrations between the peramivir 
and the placebo treatment groups. Calculations indicated 
that > 320 subjects would be required to show a statistically 
significant difference based on these data. Accordingly, the 
study was terminated for futility.

In the third controlled trial of intravenous peramivir treat-
ment of patients hospitalized with influenza illness, 128 
patients with laboratory-confirmed influenza A (H1N1)
pdm09 illness were randomized to treatment with intra-
venous peramivir 300 mg twice daily or 600 mg once daily 
for 5 to 10 days (Ison et al., 2014). Approximately 73% of 
subjects were receiving oral oseltamivir that was discontin-
ued at study entry; 82% of subjects had been symptomatic 
for > 48 hours, although the median duration of illness before 
initiation of peramivir therapy was not reported. Subjects 
not meeting the protocol defined criteria of clinical resolu-
tion or with detectable virus RNA by RT-PCR on day 5 of 
treatment were treated with 600 mg once daily for 5 more 
days to a total of 10 days.

The primary end point was the time-weighted change in 
influenza virus titer from screening /baseline to 48 hours 
measured by log10 TCID50. There was no significant difference 
between treatment groups, The median changes were −1.66 
(range: −2.32 to −0.61) and −1.47 (range: −1.87 to −0.75) in 
the 300 mg twice daily and 600 mg once-daily treatment 
groups, respectively.

In conclusion, the clinical efficacy and usefulness of a sin-
gle dose of intravenous peramivir for treatment of uncompli-
cated influenza in ambulatory adults has been demonstrated. 
Its utility in cohorts at high risk of influenza complications, 
in seriously ill patients, and in comparison to other neur-
aminidase inhibitor drugs remains to be evaluated.
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Investigational Antiviral Drugs

John Mills, Suzanne M. Crowe, Marianne Martinello

1. INTRODUCTION

The antiviral section for the 7th edition of Kucer’s Use of 
Antibiotics has provided challenges. There are some reasons 
for this, including the rapid development pace of drugs for 
treatment of hepatitis C virus infection and the new interest 
in drugs for respiratory infections. With HIV infection, the 
development of a number of long-acting formulations and 
fixed-dose combination antiretroviral pills and discoveries 
regarding treatment as prevention (Cohen et al., 2016) have 
added complexity to our knowledge and stimulated rapid 
investigational drug development. 

This chapter covers over 50 investigational drugs most of 
which are in phase II or phase III clinical trials, with some 
emphasis on whether they are likely to be approved for clini-
cal use, and drugs with a niche clinical focus. At present 
there are no drugs to treat respiratory syncytial virus infec-
tion, a cause of serious morbidity and mortality in neonates. 
For that reason, we have included three investigational drugs, 
even though some are in relatively early stages of develop-
ment. We have included several drugs with activity against 
hepatitis B virus (HBV) that are in various stages of develop-
ment, from preclinical to phase III, although most suppress 
HBV replication but do not cure the disease (analogous to 
antiretroviral drugs for HIV-1) (Brahmania et al., 2016). Of 
the drugs in clinical trials that inhibit HBV replication, it is 
hard to see them being more effective and/or less toxic than 
the existing the drugs, lamivudine, emtricitabine, entecavir, 
and tenofovir (including tenofovir disoproxil fumarate [TDF] 
and tenofovir alafenamide [TAF]) (see Table 269.1, Table 
269.2, Table 269.3, and Table 269.4).

2.  INVESTIGATIONAL DRUGS FOR HIV 
INFECTION

2a.  Long acting rilpivirine

Long acting rilpivirine (RPV-LA) is a nonnucleoside HIV 
reverse transcriptase inhibitor, a nanosuspension of rilpivir- 

ine, that is being developed for parenteral injection for both 
HIV prevention and treatment. The drug prevents HIV 
infection in a humanized mouse model and is well tolerated 
in humans, providing persisting effective drug levels for 2–3 
months. From phase I studies, 1200 mg rilpivirine given 
every 8 weeks results in plasma levels that should prevent 
infection. HPTN-076 is a clinical phase II trial in South 
Africa designed to assess efficacy of RPV-LA in preventing 
HIV infection in women. Rilpivirine is still able to be quan-
tified (mean level 3.7ng/ml) in female genital tract secretions 
18 months after a 300-mg dose of RPV-LA, and rilpivirine 
resistance has been detected after a single injection; the phar-
macokinetic tail potentiates development of resistance. (Jack-
son et al., 2015; Jackson et al., 2014; Landovitz et al., 2016; 
Margolis et al., 2016; Melody et al., 2015; see Chapter 239, 
Rilpivirine).

2b.  Cabotegravir

Cabotegravir (CAB-LA) is now under development by ViiV 
for both HIV prevention and treatment. It is a long- acting 
integrase strand transfer inhibitor that can be administered 
intramuscularly providing 2–3 months of effective blood lev-
els. It can also be administered orally and via subcutaneous 
injection. Phase IIa clinical trials are under way. The LATTE 
2 trial has assessed the efficacy of a combination of long- 
acting cabotegravir in combination with long-acting rilpivir-
ine given by intramuscular injection every 4 or 8 weeks as 
simplified maintenance in 286 HIV-infected individuals with 
virologic suppression after 20 weeks of oral cabotegravir plus 
abacavir–lamivudine. Of these, 95% and 94% receiving eight 
and four weekly injections, respectively, maintained a viral 
load of < 20 copies/ml at week 32. Mild to moderate injection 
site reactions occurred in > 90% of recipients, but very few 
patients withdrew from the study because of these reactions. 
Two studies are planned to start soon (NCT02478463 and 
NCT02720094). (Andrews et al., 2015; Bowers et al., 2016; 
Landovitz et al., 2016; Margolis et al., 2015; Trezza et al., 2015; 
Margolis et al., 2016).
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Table 269.1. Investigational antiretroviral drugs for HIV infection.

Section Drug Target Class Company

2a Rilpivirine (long acting) HIV-1, treatment and 
prevention

Long-acting nonnucleoside 
HIV reverse transcriptase 
inhibitor

Janssen Therapeuticsa

2b Cabotegravir (long acting)
(2831265744)

HIV-1, treatment and 
prevention 

Long-acting integrase strand 
transfer inhibitor

ViiV Healthcare

2c EFdA MK-8591 (long acting) HIV-1 and HIV-2 
treatment

Long-acting nucleoside analog 
reverse transcriptase 
inhibitor

Merck

2d BMS-986197 (Combinectin) HIV-1 treatment Long-acting HIV entry 
inhibitor

ViiV Healthcare

2e BMS-955176 HIV-1 treatment HIV maturation inhibitor BMS

2f GSK 2838232 HIV-1, treatment HIV maturation inhibitor GSK

2g Fostemsavir and temsavir HIV-1 treatment HIV entry inhibitor BMS

2h Cenicriviroc (TAK-652, 
TBR-652)

HIV-1 treatment HIV entry inhibitor Takeda Pharmaceuticals 
and Tobira Therapeutics

2i PRO-140 HIV-1 prevention Monoclonal antibody 
anti-CCR5 HIV entry 
inhibitor

CytoDyn

2j Ibalizumab (TMB-355) HIV-1 prevention Monoclonal antibody anti-CD4 
HIV entry inhibitor

TaiMed Biologics

2k 3BNC117 HIV-1 treatment and 
prevention

Broadly neutralizing antibody 
targeting CD4 binding site 
on gp120

CellDex Therapeutics

2l Bictegravir (GS-9883) HIV-1 treatment HIV integrase strand transfer 
inhibitor 

Gilead Sciences

2m Doravirine (MK-1439 HIV-1 treatment and 
prevention

HIV nonnucleoside reverse 
transcriptase inhibitor

Merck

2n Dapivirine (UAMC01398) HIV-1 prevention HIV nonnucleoside reverse 
transcriptase inhibitor

Janssen Therapeutics

aJanssen Therapeutics is a subsidiary of Johnson and Johnson. 

Table 269.2. Investigational antiviral drugs for hepatitis C virus infection.

Section Drug Target Class Company

3a Glecaprevir (ABT-493) GT-1 to GT-6 NS3/4A protease inhibitor Abbvie

3b Pibrentasvir (ABT-530) GT-1 to GT-6 NS5A assembly inhibitor Abbvie

3c Vedroprevir (GS-9451) GT-1 NS3/4A protease inhibitor Gilead

3d AL-335 GT-1 to GT-6 NS5B nucleotide analog RdRp 
Inhibitor 

Alios BioPharmaa

3e ACH-3422 GT-1 NS5B nucleotide analog RdRp 
inhibitor

Achillon

3f MK-3682(IDX21437) GT-1 to GT-6 NS5B nucleotide analogue RdRp 
inhibitor 

Merck

3g MK-8408 GT-1 to GT-6 NS5A assembly inhibitor Merck

3h Odalasvir (ACH-3102) GT-1 to GT-6 NS5A assembly inhibitor Achillion

3i Beclabuvir (BMS-791325) GT-1, GT-3, GT-4, GT-5 NS5B nonnucleotide RdRp inhibitor BMS

3j MDV-804 and 845 GT-1 to GT-6 NS5B RdRP NRI Medivir 

3k Ravidasvir (PPI-668) GT-1 to GT-6 NS5A assembly inhibitor Pharco Pharmaceuticals

3l Voxilaprevir (GS-9857) GT-1 to GT-6 NS3/4A protease inhibitor Gilead

3m Miravirsen GT-1 to GT-6 MicroRNA-122 inhibitor Santaris Pharma A/S and 
Hoffman LaRoche

3n RG-101 GT-1 to GT-6 MicroRNA-122 inhibitor Regulus Therapeutics

3o Alisporivir (Debio-025) and 
other cyclophilin inhibitors

GT-1 to GT-6 Cyclophilin inhibitor Novartis

aAlois BioPharma and Achillon are now subsidiaries of Johnson & Johnson.
Abbreviations: GT: genotype; RdRp: RNA dependent RNA polymerase.
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2c.  EfdA

EfdA (MK-8591) (4′-ethynyl-2-fluoro-2′-deoxyadenosine) is 
a unique highly potent, long-acting nucleoside analog reverse 
transcriptase (RT) translocation inhibitor, licensed by Merck 
from Yamasa and in early stages of clinical development, with 
the potential for annual dosing. It has a very high 50% effective 
concentration (EC50) of 0.2 nM, with broad activity against 
both HIV-1 and HIV-2. EFdA blocks HIV RT through 
enhanced use of the triphosphate form of the drug by RT as 
well as by reduced translocation. It is active against HIV 
strains, with Q151M and K65R mutations mediating resis-
tance to other nucleoside reverse transcriptase inhibitors 
(NRTIs). Thymidine analog mutations (TAMs) conferred 
less than a fourfold increase in EC50 values for MK-9691. Its 

intracellular half-life (t½) is greater than 24 hours, and intra-
cellular target drug concentrations are exceeded for 10 days. 
Rhesus monkeys infected with SIVmac251 with very high 
viral loads were given MK8591 at doses of 1.3–18.2 mg/kg 
once weekly; at all dose levels of MK8591 the reduction in 
viral load was maintained for ≥ 7 days off drug. In HIV-
infected subjects, single doses of MK8591 of 10 mg had 
intracellular t½ of 103 hours and maintained therapeutic 
levels for 10 days; the mean reduction in HIV viral load (VL) 
was 1.78 log10, with no emergence of resistance. A phase Ib 
study showed that EFdA produced more rapid viral suppres-
sions than historical data for tenofovir disoproxil fumarate 
or tenofovir alafenamide. In this study, the drug was well tol-
erated although relatively frequent headaches and the poor 
safety record of fluorinated nucleosides require scrutiny. A 

Table 269.3. Investigational antiviral drugs for chronic hepatitis B (CHB) virus infection.

Section Compound Company
Target 
population Mechanism of action

Development 
Stage Clinical Trialsa

4a Myrcludex B Hepatera and MYR 
GmbH

CHB PreSI-derived synthetic 
lipopeptide; entry inhibitor

Phase IIa NCT02637999

4b AGX-I009 Agenix/Cinkate 
Pharmaceuticals

CHB Tenofovir is the nucleotide 
HBV polymerase inhibitor 
(reverse transcriptase 
inhibitor)

Phase III None listed

4c Besifovir Ildong Pharmaceutical CHB Nucleotide HBV polymerase 
inhibitor (reverse 
transcriptase inhibitor)

Phase III NCT0I937806

4d CMX-I57) ContraVir 
Pharmaceuticals

CHB Tenofovir is the nucleotide 
HBV polymerase inhibitor 
(reverse transcriptase 
inhibitor)

Phase I NCT02585440

4e GLS-4 HEC Pharm/Sunshine CHB HBV core allosteric modulator 
(CpAM)

Phase II China-CFDA

4f REP-2I39 Replicor CHB Nucleic acid polymer, which 
Inhibits secretion of HBsAg 
(mechanism unknown)

Phase II NCT02565I9
NCT02233075

4g NVR 3-778 Novira Pharmaceuticals CHB HBV core allosteric modulator 
(CpAM)

Phase I/IIa NCT02II2799
NCT0240I737

4h ARC-520 Arrowhead CHB siRNA which inhibits HBV 
replication 

Phase II NCT02604I99
NCT026042I2
NCT02452528
NCT02065336
NCT02738008

Agents for HBV infection which target host components

4i Birinapant Tetralogic 
Pharmaceuticals

CHB SMAC-mimetic, which 
selectively kills HBV-
infected cells

Phase I HBV trial stopped 
for toxicity; 
many trials for 
cancer

4j GS-4774 Gilead  CHB Tarmogen T-cell immunity 
stimulator 

Phase II NCT0I943799
NCT02I74276

4k GS-9620 Gilead CHB TLR-7 agonist Phase II NCT02I66047
NCT02579382
NCT0I59I668
NCT0I590654
NCT0I59064I

aClinical trials listed at ClinicalTrials.gov
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phase Ib dose-ranging efficacy and toxicity trial is pending 
(NCT02217904) (Friedman et al., 2016; Grobler et al., 2016; 
Maeda et al., 2014; Michailidis et al., 2014; Michailidis et al., 
2013; Murphey-Corb et al., 2012; Stoddart et al., 2015).

2d.  BMS-986197 (Combinectin)

BMS-986197 (combinectin) is a long-acting HIV entry inhib-
itor with three synergistic modes of entry inhibition. It has an 
unusual structure, incorporating two alpha adnectins, which 
are fibronectin-derived proteins with immunoglobulin–like 
binding properties; the first adnectin targets CD4 and is 
linked with albumin to optimize pharmacokinetics, the sec-
ond adnectin inhibits gp41. These adnectins are joined to 
an alpha helical peptide fusion inhibitor also targeting gp41 
(see Figure 269.1). It has a serum t½ of 30 hours in monkeys, 
suggesting that the drug could possibly be self-administered 
weekly by subcutaneous injection. The potency is in the 
range of 30 pM. As of July 2016 no trials were listed at 
ClinicalTrials.gov (Krystal et al., 2016).

2e.  BMS-955176

BMS-955176 is a second-generation HIV maturation inhib-
itor that inhibits the last protease cleavage event between 
capsid protein p24 and spacer peptide SP1 in Gag, binding 
irreversibly to Gag and resulting in the release of immature, 

noninfectious particles. It is active against a panel of RT-, 
integrase- and protease-resistant HIV strains. In a phase IIa 
dose-ranging study, 60 HIV-1 infected subjects with HIV-1 
RNA ≥ 5000 copies/ml and CD4 counts of ≥ 200 cells/µl 
received an oral suspension of BMS-955176 in doses ranging 
from 5 to 120 mg/day or placebo once daily for 10 days. The 
median VL response daily decreased to a plateau at approxi-
mately −1.64 log10 copies/ml at doses of 40–120 mg daily, 
regardless of baseline Gag polymorphisms (positions evalu-
ated: V362, Q369, V370, and T371). BMS-955176 was gen-
erally well tolerated at all doses. A study of BMS-955176 
(80  mg/day) plus atazanavir (400 mg/day) or BMS-955176 
(40 mg/day) plus atazanavir–ritonavir (300/100 mg/day) 
demonstrated a median decline in HIV viral load of 2.2 log10 
copies/ml, similar to that achieved with the standard of care 
control (tenofovir–emtricitabine plus atazanavir–ritonavir) 
over a 28-day treatment period. Three phase IIb studies are 
under way, including an efficacy study (NCT02386098) 
(Hwang et al., 2015; Nowicka-Sans et al., 2012).

2f.  GSK 2838232

GSK 2838232 is a maturation inhibitor with an EC50 of 0.8–
4.3nM against a broad spectrum of HIV strains with a range 
of genotypes. It is not affected by previous protease inhibitor 
experience. Three phase Ia studies in healthy subjects have 
been completed to study pharmacokinetics and safety. A dose 

Table 269.4. Investigational antiviral drugs with other targets.

Section Drug Target Class Company

5a Presatovir (GS-5806) RSV Fusion inhibitor Gilead

5b ALS-008176 and 
ALS-008112

RSV, human metapneumovirus, and 
parainfluenza viruses

Nucleoside analog RdRp Alios Pharma

5c BTA585 RSV Fusion inhibitor Biotaa/Aviragen 
Therapeutics

5d Verdinexor (KPT-335) Influenza Blocks nuclear export Karyopharm Therapeutics

5e Laninamivir and 
Laninamivir Octanoate

Influenza A and B viruses Neuraminidase inhibitor Biota/Aviragen 
Therapeutics

5f Fludase® ( DAS181) Influenza and parainfluenza viruses Sialadase Ansun BioPharma

5g Vapendavir (BTA798) Rhinoviruses and enteroviruses 
(picornaviruses)

Capsid inhibitor Biota/Aviragen 
Therapeutics

5h Favipiravir (T-705) Many RNA viruses including 
influenza, paramyxoviruses and 
noroviruses as well as rabies, 
Ebola, Marburg, Lassa, and 
Hanta viruses

Selective inhibition of viral 
RNA polymerases; lethal 
RNA mutations 

Mdvi; Toyama Chemical

5i BCX4430 Multiple viruses, Ebola, and 
Marburg

Nucleotide analog Biochryst

5j AVI-7287 and AVI-7288 Ebola and Marburg viruses, 
prevention and treatment

Antisense nucleoprotein 
gene inhibitor

Sarepta Therapeutics

5k1 Brincidofovir (CMX001) Cytomegalovirus and adenoviruses Nucleotide analog Chimerix

5l BTA074 (AP611074) Human papilloma viruses Inhibits the interaction of 
E1 and E2 proteins of 
HPV6 and 11

Biota/Avirigen 
Therapeutics

aBiota is now badged as Aviragen.
Abbreviations: RSV: respiratory syncytial virus; RdRp: RNA-dependent RNA polymerase.
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escalation study of GSK2838232 with ritonavir boosting in 
HIV-infected subjects is active as of July 2016 (NCT02795754) 
(Wang et al., 2015a).

2g.  Fostemsavir and temsavir 

Fostemsavir (BMS-663068) is the prodrug of temsavir (BMS-
626529). Temsavir prevents initial viral attachment and entry 
by binding to the host cell CD4, thereby preventing cellular 
entry of HIV; its method of action is a first for HIV drugs, 
and hence it may be useful in patients with highly resistant 
HIV strains. The drug is a P-glycoprotein substrate but does 
not induce CYP1A2, 2B6, or 3A4 enzymes in human hepato-
cytes. It has high (92%) plasma protein binding. EC50 values 
show considerable strain-dependent variation but are < 10 
nM against the majority of HIV-1 strains and in the low pico-
molar range for the most susceptible HIV-1 strains. Muta-
tions in gp120 (M426L or S375M and to a lesser extent 
M434I and M475I) were associated with reduced susceptibil-
ity in subtype B strains; class resistance in subtype AE viruses 
was mapped to 375H and 475I mutations. However, because 
gp120 is a highly conserved area of the virus, the drug 
is  highly unlikely to promote resistance via generation of 
CD4-independent virus. In a phase IIb trial, subjects were 
randomized to receive either BMS-663068 (n = 52 for the 
400 mg twice daily group, n = 50 for the 800 mg twice daily 
group, n = 51 for the 600 mg once daily group, and n = 50 for 
the 1200 mg once daily group) or ritonavir-boosted atazana-
vir (n = 51). At week 24, 40/50 (80%) patients in the BMS-
663068 400 mg twice daily group, 34/49 (69%) patients in the 
800 mg twice daily group, 39/51 (76%) patients in the 600 mg 
once daily group, and 36/50 (72%) patients in the 1200 mg 
once daily group had virologic suppression (< 50 copies/ml), 
compared with 38/51 (75%) patients in the ritonavir-boosted 
atazanavir group. Serious adverse events were noted in 13/200 
(7%) patients in the BMS-663068 groups and 5/51 (10%) 
patients in the ritonavir-boosted atazanavir group. A phase 
III study is actively recruiting as of July 2016 (NCT02362503) 
(Brinson et al., 2014; Lalezari et al., 2014; Lalezari et al., 2015; 
Landry et al., 2016; Zhu et al., 2015). 

2h.  Cenicriviroc 

Cenicriviroc (TAK-652, TBR-652) is an entry and fusion 
inhibitor that acts by preventing HIV gp120 from interacting 
with the CCR5 co-receptor on cells, thereby preventing viral 
entry into cells. Cenicriviroc also binds CCR2, a marker asso-
ciated with inflammatory diseases. Pharmacokinetic studies 
showed that cenicriviroc had good oral bioavailability and a 
long t½, which would allow once-daily dosing. In a phase IIb 
study, HIV-1 subjects with documented CCR5-tropic HIV 
infection with a VL > 1000 copies/ml and CD4 > 200 cells/ul 
were given either cenicriviroc (CVC) (100 mg or 200 mg) or 
efavirenz, both with a tenofovir plus emtricitabine backbone. 
By week 24, undetectable viral loads (< 50 copies/ml) were in 
76% (cenicriviroc 100 mg), 73% (cenicriviroc 200 mg), and 
71% (efavirenz) of patients, all p > 0.05. In the group receiv-
ing the 100-mg dose there were five resistance mutations; 
none in those receiving the 200-mg dose. The drug was well 
tolerated. In this study cenicriviroc was also blocking CCR2 
and decreasing systemic inflammation because soluble CD14 
levels (the lipopolysaccharide [LPS] receptor) were reduced. 
It also shows promising activity against HIV-2. No HIV-
related phase III studies were found in Clinical Trials.gov as 
of July 2016, but the drug is undergoing clinical trial for 
hepatic impairment and cirrhosis and for treatment of HIV-
related neurocognitive disorders (NCT02128828) (Klibanov 
et al., 2010; Kramer et al., 2014; Thompson et al., 2016; Vis-
seaux et al., 2015). 

2i.  PRO 140

PRO 140 is a fully humanized immunoglobulin G4 (IgG4) 
monoclonal antibody directed against CCR5 (a humanized 
form of the PA14 antibody). It blocks entry of CCR5-tropic 
HIV strains into CD4+ T-cells by masking the co-receptor, 
CCR5. In a phase IIa study, intravenous administration of 
PRO 140 in doses of 5 and 10 mg/kg to 31 subjects infected 
with solely CCR5-positive HIV strains reduced HIV viral 
loads by a mean maximum of 1.8 log10 copies/ml, with lev-
els reaching a nadir at day 12 posttreatment. In a separate 

Figure 269.1. Structure of combinectin BMS-986197. This polyfunctional drug incorporates two alpha-adnectins, which are 
fibronectin-derived proteins with immunoglobulin-like binding properties. The first adnectin (alpha-CD4) targets CD4 and is 
linked with human serum albumin (HSA) to optimize pharmacokinetics. The second adnectin (alpha-gp41) inhibits gp41. 
These two adnectins are joined to an alpha-helical peptide fusion inhibitor also targeting gp41 (the terminal alpha-gp41). 
(Reprinted with permission from BristolMyersSquibb.)

HSA α-gp41

α-CD4

α-gp41

COOH
NH2
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randomized, controlled, double-blind study of 44 HIV-
infected individuals with only CCR5 virus given subcutane-
ous administration of PRO 140, mean reductions in HIV 
viral load were observed of up to 1.65 log10 copies/ml com-
pared to placebo In a single-arm, open-label, phase IIb 
extension study of HIV-infected individuals with only CCR5 
HIV-1 and virologic suppression on antiretroviral therapy 
(ART), switching to weekly subcutaneous PRO 140 (350 mg) 
resulted in maintenance of virologic suppression in 8 of 11 
subjects for approximately 56 weeks, with no development of 
antibodies against PRO 140. The 3 patients with virologic 
failure had no change in co-receptor tropism The company 
announced in April 2016 that 10 HIV-infected patients in the 
ongoing PRO 140 monotherapy extension study maintained 
complete viral load suppression for at least 18 months. As 
of July 2016 there were six active trials listed for PRO 140 
at  ClinicalTrials.gov, including a pivotal phase III trial 
(NCT02483078). PRO 140 does not appear to interfere with 
the normal immune function of CCR5, but there were some 
significant side effects (Li et al., 2010; Pace and Markowitz, 
2015; Tenorio, 2011).

2j.  Ibalizumab 

Ibalizumab (TMB-335, TNX-355, Hu5A8) is an anti-CD4 
monoclonal antibody that blocks entry of HIV-1. It has broad 
and potent antiviral activity in vitro and in vivo. Median in 
vitro neutralization potency assessed by EC50 was 0.03 ug/ml. 
Early clinical trials of monotherapy resulted in a 10-fold 
reduction in HIV viral load. Preliminary results from current 
studies suggest efficacy with 82% of patients with multidrug- 
resistant HIV infection achieving the primary end point 
of a decrease of at least 0.5 log10 HIV RNA copies/ml after 
7  days of treatment. Two phase III trials are under way 
(NCT02707861 and NCT02475629) (Mazor et al., 2015; Pace 
and Markowitz, 2015).

2k.  3BNC117

The neutralizing antibody 3BNC117 targets the CD4 binding 
site on gp120, thus blocking HIV entry, with recent human 
studies. One dose of 3BNC117 given to HIV-infected sub-
jects appeared to increase native neutralizing antibodies; no 
long-term or clinical data were available. In another study, 
when given to HIV-infected, viremic subjects, 3BNC117 
cleared plasma virus and also killed HIV-infected cells by an 
Fc-dependent mechanism. As of July 2016, three phase I and 
phase II clinical trials listed at ClinicalTrials.gov are ongoing 
(Lu et al., 2016; Schoofs et al., 2016).

2l.  Bictegravir

Bictegravir (GS-9883) is a novel integrase strand transfer 
inhibitor with low nM potency against wild-type HIV-1 that 
does not require boosting with ritonavir or cobicistat. It also 
displays an improved resistance profile relative to elvitegravir, 
raltegravir, and dolutegravir in patient isolates with high-level 

integrase inhibitor resistance, particularly for strains with 
mutations E92Q plus N155H or Q148R/H/K plus G140A/
C/S. Bictegravir (in a dose of 50 mg) is being developed with 
emtricitabine (FTC) and TAF as a single-tablet regimen and 
is in several phase III clinical trials for the once-daily treat-
ment of HIV-infected patients (NCT02397694, NCT02607930, 
and NCT02603107) (White et al., 2016).

2m.  Doravirine

Doravirine (MK-1439) is nonnucleoside reverse transcrip-
tase inhibitor (NNRTI) under development for treatment of 
HIV infection. Doravirine has an EC50 of 9.7–12 nM against 
wild-type HIV and is active against many HIV strains with 
K103N, Y181C, E138K, Y181C, and K101E mutations, which 
mediate resistance of HIV to the NNRTIs nevirapine, etra-
virine, and rilpivirine. Pharmacokinetic studies of doravirine 
reveal it is mainly eliminated by oxidative metabolism (thus 
it unlikely to cause drug–drug interactions), and its profile 
supports once-daily dosing. Seven days of monotherapy 
resulted in a median 1.37 log10 reduction in HIV viral load. 
In a phase IIb dose-ranging study (25, 50, 100, and 200 mg 
daily, plus tenofovir and emtricitabine) in ART-naive indi-
viduals, potent antiviral activity was observed at week 24 in 
all arms. Patients were then switched to doravirine 100 mg 
once daily or 600 mg once daily of efavirenz, with the same 
backbone. Antiviral activity was retained at 48 weeks, and 
central nervous system side effects were less with doravirine 
than with efavirenz. Doravirine is currently in a phase III 
clinical trial (NCT02275780) that has not yet started recruit-
ing; three other trials are active (Schurmann et al., 2016; 
Gatell et al., 2014; Anderson et al., 2015).

2n.  Dapivirine

Dapivirine (TMC120) is a diaryltriazine nonnucleoside 
reverse transcriptase inhibitor under development for topi-
cal use as a vaginal microbicide (cervical rings or vaginal 
coating) to prevent HIV infection in women. Dapivirine gel 
(0.05%) and film (1.25mg) deliver drug at concentrations that 
block HIV ex vivo. Although more difficult to insert than the 
gel, women find the film more comfortable with less leakage. 
The flexible ring is self-inserted every 4 weeks and slowly 
releases drug into the vaginal tissue. In vitro, it is well toler-
ated by T cells, epithelial cells, macrophages, and cervical 
explant cells and has potent and prolonged (up to 6 days) 
activity against a range of NNRTI-resistant HIV strains. It 
has a good safety profile in 17 phase I/II studies. A phase III, 
randomized, double-blind, placebo-controlled trial (MTN-
020-ASPIRE) of a monthly vaginal ring containing 25 mg of 
dapivirine in 2629 women between the ages of 18 and 45 
years was conducted in Malawi, South Africa, Uganda, and 
Zimbabwe. Overall 71 infections occurred in the dapivirine 
group and 97 in the placebo arm. The incidence of HIV-1 
infection in the dapivirine group was lower by 37% (95% 
confidence interval [CI]: 12–56; p = 0.007) than that in the 
placebo group in an analysis that excluded two sites that had 
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reduced rates of adherence. Dapivirine is also being co- 
developed as a vaginal microbicide in combination with 
maraviroc; with darunavir (Dapidar); and with tenofovir. 
As of July 2016, there were no active clinical trials including 
dapivirine listed at ClinicalTrials.gov. (Akil et al., 2014; Arien 
et al., 2016; Baeten et al., 2016; Bunge et al., 2016; Chen et al., 
2015; Fletcher et al., 2009; Murphy et al., 2014; Nel et al., 
2016).

3.  INVESTIGATIONAL DRUGS FOR 
HEPATITIS C VIRUS INFECTION 

3a.  Glecaprevir

Glecaprevir (ABT-493) is a potent second-generation pan- 
genotypic HCV protease inhibitor, co-formulated with pibren-
tasvir (ABT-530). In phase II studies, very high sustained 
virologic response 12 weeks posttreatment (SVR1)2 (97–100%) 
was achieved with 8–12 weeks of glecaprevir–pibrentasvir 
300/120 mg daily in HCV genotypes (GT) 1–6, including 
participants with GT-3 and compensated cirrhosis. High 
SVR12 (91%) was also achieved in direct-acting antiviral 
(DAA) experienced HCV GT-1 noncirrhotic participants 
with 12 weeks of glecaprevir–pibrentasvir 300/120mg daily 
plus ribavirin. Glecaprevir–pibrentasvir appears to be safe 
and well tolerated; the most commonly reported adverse 
events were fatigue (18%), headache (17%), nausea (13%), 
and diarrhea (10%). The combined oral formulation and dose 
will be glecaprevir–pibrentasvir 100/40 mg, three tablets 
daily (Kwo et al., 2016a; Kwo et al., 2016b; Lawitz et al., 2015; 
Poordad et al., 2016a; Poordad et al., 2016b).

3b.  Pibrentasvir

Pibrentasvir (ABT-530) is an orally administered NS5A 
assembly inhibitor. See section 3a, Glecaprevir (Kwo et al., 
2016a; Kwo et al., 2016b; Lawitz et al., 2015; Poordad et al., 
2016a; Poordad et al., 2016b).

3c.  Vedroprevir

Vedroprevir (GS-9451) is a HCV NS3/4a protease inhibitor 
being developed as an oral formulation in current phase II 
trials, for administration in combination with an NS5B RNA-  
dependent RNA polymerase (RdRp) inhibitor and NS5A 
inhibitor. Combination direct-acting antiviral drug regimens 
using potent agents from two or three different classes may 
further reduce treatment duration. In participants with HCV 
GT-1 infection without cirrhosis, SVR12 was achieved in 
95% (19/20) after 6 weeks of sofosbuvir–ledipasvir plus 
vedroprevir. In participants with HCV GT-1 infection and 
cirrhosis, SVR12 was achieved in 88–95% after 8 weeks of 
sofosbuvir–ledipasvir plus vedroprevir with (21/24) or with-
out (21/22) ribavirin. Further clinical development of vedro-
previr is likely given the large phase III clinical program 
combining voxilaprevir (see section 3l, Voxilaprevir) with 
sofosbuvir and velpatasvir (Kohli et al., 2015; Lawitz et al., 

2015; Wyles et al., 2014; Meissner et al., 2016; Petersen et al., 
2016).

3d.  AL-335

AL-335 is one of a small number of nucleotide analog NS5B 
RdRp inhibitors being studied or used (e.g. sofosbuvir), 
AL-335 is a potent pangenotypic uridine analog, with EC50 
values ranging from 0.04 to 0.07 uM (HCV GT-1 to GT-6). 
It was well tolerated after single and multiple doses, with 
pharmacokinetics supporting daily dosing. After 7 days of 
800 mg daily, the maximal mean reduction in HCV RNA 
in  participants with and without cirrhosis was 2.75–4.75 
log10 IU/ml. Several phase II trials were due to start recruit-
ing in 2016 to assess the combination of short-duration 
(6  or  8 weeks) combination DAA therapy with AL-335, 
 odalasvir with or without simeprevir (NCT02569710 and 
NCT02765490). AL-335 could be an important competitor 
for Gilead’s sofosbuvir nucleotide (Berliba et al., 2016; Deval 
et al., 2016).

3e.  ACH-3422

ACH-3422, a pangenotypic uridine nucleotide analog NS5B 
RdRp inhibitor, has completed phase I studies, in which it 
achieved dose-related virologic responses in GT-1 HCV-
infected patients. In the six patients who received 700 mg 
once daily for 14 days, mean maximal reduction from base-
line was 4.6 log10, including three patients with target not 
detected. A possible reservation is that this drug seems to 
be less potent than sofosbuvir, although it was more active 
than sofosbuvir against HCV GT-3 replicons. In May 2015, 
ACH-3422 was licensed to Janssen, which has similar com-
pounds in early stage development (AL-335, JNJ-54257099). 
As of May 2016 the drug was still in development, although 
as of July 2016 no studies were registered at Clinical Trials.
gov (Gane et al., 2015a).

3f.  MK-3682

MK-3682 (IDX21437) is a pangenotypic nucleotide analog 
NS5B RdRp inhibitor that is in phase II studies as an oral 
formulation. Seven-day monotherapy trials with MK-3682 
showed potent activity for both HCV GT-1a- and GT-1b- 
infected subjects, with mean maximum viral load reductions 
in the 300 mg arms of 4.8 log10 IU/ml for GT-1a and 3.9 log10 
IU/ml for GT-1b. Similar results for the 300 mg arms were 
seen for GT-2- (4.6 log10 IU/ml) and GT—3-infected subjects 
(4.1 log10 IU/ml). In phase II trials, high SVR12 has been seen 
with 8 weeks of MK-3682 300 mg or 450 mg plus grazoprevir 
100 mg plus MK-8408 60 mg in HCV GT1-3 treatment- 
naive noncirrhotic participants (Gane et al., 2015b). In par-
ticipants receiving MK-3682 300 mg daily, SVR12 was 100% 
(24/24) in GT-1, 71% (10/14) in GT-2, and 95% (20/21) in 
GT-3, while in participants receiving MK-3682 450 mg 
daily, SVR12 was 91% (21/23) in GT-1, 94% (15/16) in GT-2, 
and 91% (20/22) in GT-3. The pangenotypic triple DAA 
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combination appeared to be safe and well tolerated. Further 
clinical development is being pursued with MK-3682 450 mg 
daily. Phase II trials are ongoing with MK3682B, the fixed-
dose combination of MK-3682–grazoprevir–MK-8408 (dose: 
MK3682B 225/50/30 mg, two tablets daily), in other popula-
tions, including HCV GT-4 to GT-6, HIV–HCV co-infection, 
and DAA treatment experienced. MK3682 could be an impor-
tant competitor for Gilead’s sofosbuvir nucleotide (Gane et al., 
2016b; Zhou et al., 2015).

3g.  MK-8408

MK-8408 is a second-generation NS5A assembly inhibitor in 
phase II clinical trials for oral administration co-formulated 
with grazoprevir (NS3/4A protease inhibitor) and MK-3682 
(nucleotide analog NS5B RdRp inhibitor). See section 3f, 
MK-3682 for further details (Gane et al., 2015b; Zhou et al., 
2015).

3h.  Odalasvir 

Odalasvir (ACH-3102), a second-generation NS5A assem-
bly inhibitor is in phase II clinical trials as an oral formu-
lation. It retains activity against HCV variants resistant to 
first- generation NS5A inhibitors, including ledipasvir and 
daclatasvir (Patel et al., 2015). A phase IIa open-label ran-
domized partial-crossover study evaluated the efficacy, 
safety, and tolerability of 6 or 8 weeks of odalasvir 50 mg 
daily with sofosbuvir 400 mg daily for treatment-naive gen-
otype 1 HCV-infected patients (Gane et al., 2015c; Patel et 
al., 2015). 30 patients were enrolled, with 24 randomized to 
treatment. Among those randomized to 6 or 8 weeks of 
treatment, 71% had HCV GT-1a and mean baseline HCV 
RNA was 7.0 log10 IU/ml (range: 5.5–8.0). In cohort 1, 12 
patients completed 8 weeks of treatment; SVR12 was 100%. 
Subsequently, in cohort 2, 12 patients were treated for 6 
weeks; SVR12 was also 100%. Odalasvir and sofosbuvir 
were well tolerated with no significant adverse events, ECG 
findings, or lab abnormalities observed during treatment. 
Several phase IIb trials were due to commence recruitment 
in 2016, assessing the safety and efficacy of short-duration 
(6- or 8-week) therapy with AL-335, odalasvir with or with-
out simeprevir (NCT02569710 and NCT02765490) (Yang 
et al., 2013).

3i.  Beclabuvir

Beclabuvir (BMS-791325), a NS5B nonnucleoside polymerase 
inhibitor, completed phase IIb clinical trials in combination 
with daclatasvir and asunaprevir, with SVR12 values of 91% 
in treatment-naive and -experienced participants with HCV 
GT-1 (Poordad et al., 2015). It appeared to have good activity 
toward HCV GT-1, GT-3, GT-4, and GT-5 but weaker to 
GT-2 and GT-6. Monotherapy at 600 to 900 mg/day reduced 
HCV RNA levels by ≥ 6 log10. However, given the com-
petitive rapidly evolving field of HCV therapeutics, Bristol 

Myers Squibb has suspended drug development, given limited 
clinical utility and suboptimal efficacy (Everson et al., 2016; 
Gentile et al., 2015; Poordad et al., 2015).

3j.  MDV-802 and MDV-845

Triphosphates of MDV-802 and MDV-845 in Huh7 cells 
showed that these uridine nucleotide analog RNA poly-
merase inhibitors (NS5Bs) were generally twice as potent 
as sofosbuvir, and the EC50 values for MDV-845 varied from 
12 nM to 68 nM in Huh7 cells against all HCV genotypes, 
whereas sofosbuvir values ranged from 48 nM to 170 nM. 
Similar differences were seen for MDV-802. Intracellular con-
centrations of MDV-845-TP were consistently higher than 
sofosbuvir-TP in primary human hepatocytes. However, no 
clinical trials of MDV-845 or MDV-802 were registered as of 
July 2016 (Lindqvist et al., 2016; Lindqvist et al., 2015).

3k.  Ravidasvir 

Ravidasvir (PPI-668), a pan-genotypic NS5A assembly inhib-
itor is being developed for use in combination with sofosbu-
vir. Conducted in Egypt, a large phase II registrational trial 
in individuals with HCV GT-4 infection demonstrated 
SVR12 values ranging from 86% to 100% with 12 or 16 weeks 
of sofosbuvir (400 mg daily) and ravidasvir (200 mg daily), 
with or without ribavirin (Esmat et al., 2015). Of the 300 
GT-4 infected subjects, nearly 70% were men and the mean 
age was approximately 48 years. Half were treatment naive 
and half had received prior interferon-based therapy. More 
than 40% had compensated liver cirrhosis. Participants were 
stratified according to prior treatment and cirrhosis status. 
Participants in three groups received 200 mg ravidasvir and 
400 mg sofosbuvir once daily for 12 weeks and were randomly 
assigned to either add ribavirin or not. The harder-to-treat 
patients in group three (interferon treatment-experienced 
with cirrhosis) received ravidasvir plus sofosbuvir and riba-
virin for either 12 or 16 weeks. Among participants without 
cirrhosis treated with ravidasvir and sofosbuvir alone, 100% 
of previously untreated and 95% of treatment-experienced 
subjects achieved SVR12, whereas among those who added 
ribavirin, SVR12 rates were 98% and 100%, respectively. In 
treatment-naive participants with cirrhosis, SVR12 rates were 
93% with ravidasvir and sofosbuvir alone and unchanged 
(92%) with the addition of ribavirin. Among the treatment- 
experienced participants with cirrhosis, only 86% were cured 
with ravidasvir, sofosbuvir, and ribavirin taken for 12 weeks, 
but the SVR12 rate rose to 100% when treatment was 
extended to 16 weeks (Esmat et al., 2015).

3l.  Voxilaprevir

Voxilaprevir (GS-9857) is a pangenotypic second-generation 
NS3/4A protease inhibitor undergoing phase III clinical tri-
als as part of an oral once daily fixed-dose combination DAA 
regimen co-formulated with sofosbuvir (a nucleotide poly- 
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merase inhibitor) and velpatasvir (NS5A assembly inhibitor) 
as the combination of sofosbuvir–velpatasvir–voxilaprevir 
400/100/100 mg. Phase II efficacy and safety results were 
encouraging with short-duration therapy (NCT02202980). 
Among treatment-naive cirrhotic and noncirrhotic partici-
pants with HCV GT1 and GT-3, SVR12 ranged between 
83% and 93% after only 6 weeks of sofosbuvir–velpatasvir– 
voxilaprevir. In treatment-experienced (DAA drug naive) 
cirrhotic and noncirrhotic participants with HCV GT-1 and 
GT-3 receiving 8 weeks of sofosbuvir–velpatasvir–voxilaprevir, 
SVR12 was 100%, falling to 89% in participants with HCV 
GT-1 who had failed protease inhibitor–based triple ther-
apy. Small numbers of participants who had failed an oral 
interferon-free regimen were included; 6 weeks of sofosbuvir– 
velpatasvir–voxilaprevir was suboptimal in GT-1 (SVR12: 
67%; 20/30), but 8 weeks was more promising in GT-3 
(SVR12: 100%; 4/4). The most commonly reported adverse 
events were headache, nausea, and fatigue. Phase III trial re- 
sults comparing sofosbuvir–velpatasvir–voxilaprevir (8 or 12 
weeks) with sofosbuvir–velpatasvir (12 weeks) were expected 
in 2016, including experienced participants previously treated 
with earlier direct-acting antiviral drugs (Gane et al., 2016a; 
Gane et al., 2016b). 

3m.  Miravirsen

Miravirsen (SPC3649) is unique. It is a modified oligonu-
cleotide that antagonizes the liver-expressed micro-RNA 
(miR-122). Propagation of HCV depends on a functional 
interaction between the HCV genome and the liver-expressed 
miR-122; miravirsen sequesters mature miR-122 in a highly 
stable heteroduplex, thereby disrupting that dependency. Be- 
cause miravirsen is an oligonucleotide, not absorbed orally, it 
is formulated for subcutaneous injection. A phase IIa ran-
domized, double-blind, placebo-controlled, ascending mul-
tiple dose-ranging study enrolled 36 subjects with chronic 
HCV GT-1 between September 2010 and November 2011 
who were given 5 weekly injections of miravirsen for 4 weeks 
at doses of 3, 5, or 7 μg; treatment with miravirsen resulted in 
prolonged dose-dependent reduction in HCV RNA by 1.2 to 
3.2 log10 as compared with placebo (−0.4 log10). As compared 
with placebo, participants receiving miravirsen reported no 
significant dose-related adverse reactions, and there was 
no evidence of resistant virus appearing (Janssen et al., 2013; 
van der Ree et al., 2014; Li et al., 2016; Ottosen et al., 2015; 
van der Ree et al., 2014; van der Ree et al., 2016)

3n.  RG-101

RG-101 is similar to but probably more potent than mira-
virsen (see section 3m, miravirsen) in that it is a modified 
oligonucleotide that is an antagonist of miR-122, but it is 
conjugated to N-acetylgalactosamine, which facilitates RG-101 
hepatocyte uptake and increases its potency approximately 
20-fold. Like miravirsen, monotherapy with RG-101 dramat-
ically reduced HCV RNA when given subcutaneously on a 

weekly basis. A phase II study of RG-101 in combination 
with sofosbuvir–ledipasvir, simeprevir or daclatasvir is ongo-
ing (closed to recruitment). A group of 79 treatment-naive 
noncirrhotic HCV subjects with either GT-1 or GT-4 
received a 4-week treatment regimen containing a subcuta-
neous administration of 2 mg/kg RG-101 at day 1 and day 29, 
in combination with 4 weeks of once-daily approved anti-
viral agents sofosbuvir–ledipasvir (n = 27), simeprevir (n = 
27) and/or daclatasvir (n = 25). Interim results were pre-
sented in April 2016, with SVR12 100% (14/14), 93% (14/15), 
and 100% (12/12) in subjects receiving sofosbuvir–ledipasvir, 
simeprevir, and daclatasvir, respectively; final results were 
expected in late 2016 . On June 27, 2016, RG-101’s sponsor 
announced, “[we] received oral notice from the U.S. Food 
and Drug Administration (FDA) that [its] IND for RG-101 
had been placed on clinical hold. Regulus anticipates it will 
receive a formal clinical hold letter from the FDA within 30 
days and plans to work diligently with the agency to seek the 
release of the clinical hold.” The clinical hold was placed after 
two serious adverse events with jaundice and occurred after 
current phase II trials had completed enrolment (Horvath et 
al., 2016; van der Ree et al., 2014).

3o.  Alisporivir and other cyclophilin 
inhibitors

Cyclophilin inhibitors are orally absorbed, nonimmunosup-
pressive analogs of cyclosporin A , the first “host-targeting” 
antiviral drugs. Cyclophilin inhibitors block HCV replica-
tion by neutralizing the peptidyl-prolyl isomerase activity of 
the abundant, host-cytosolic protein, cyclophilin A. Because 
native cyclophilin A is important for HCV NS5A assembly, 
inhibiting it with a cyclophilin inhibitor blocks HCV repli-
cation by blocking NS5A functions. Due to their unique 
mechanism of antiviral action, cyclophilin inhibitors are 
pangenotypic, provide a high barrier for development of 
viral resistance, are active against all common resistance 
associated substitutions, and demonstrate additive or syn-
ergistic effects in vitro with approved DAAs. Cyclophilin 
inhibitors generally have good pharmacokinetic and safety 
profiles. Phase I and II clinical studies have demonstrated 
that cyclophilin inhibitors dramatically reduce viral loads in 
HCV-infected patients. Phase III studies have been con-
ducted with alisporivir in treatment-naive participants with 
HCV GT-1, GT-2, and GT-3. In participants with HCV GT-1 
(n = 1081), alisporivir (600 mg daily or 400 mg twice daily) 
was administered in combination with response-guided 
pegylated interferon and ribavirin (Zeuzem et al., 2015). 
Overall, SVR12 was 69% in all alisporivir groups compared 
with 53% in the pegylated interferon and ribavirin control 
arm. The highest SVR12 (90%) was achieved in participants 
treated with alisporivir 400 mg twice daily plus pegylated 
interferon and ribavirin for > 24 weeks. In participants with 
HCV GT-2 and GT-3 (n = 340), alisporivir (600–1000 mg 
daily) was administered in combination with ribavirin and/
or pegylated interferon. SVR24 (intent to treat [ITT]) in the 
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alisporivir arms ranged from 80% to 85%, compared with 
58% in the pegylated interferon plus ribavirin arm. Viral 
breakthrough occurred, though was infrequent (3%; n = 7 
of 258). The most frequent clinical and laboratory adverse 
events associated with alisporivir in combination with 
pegylated interferon alpha and ribavirin were similar to 
those associated with pegylated interferon alpha and ribavi-
rin used alone. While these interferon-containing strategies 
will not be used, alisporivir may be explored in combination 
with interferon-free DAA regimens. Other cyclophilin inhib-
itors have been administered in proof-of-concept or small 
exploratory trials, including CPI-431-32, NIM811, and SCY-
635. In an in vitro assay using HIV and HCV co-infection, 
cyclophilin inhibitors, including CPI-431-32, simultaneously 
inhibits replication of both HCV and HIV-1 when added 
pre- and postinfection. In 2016, a phase I randomized, 
double- blind study commenced to assess the safety, phar-
macokinetics and efficacy of EDP-494 in healthy volunteers 
and in treatment-naive subjects with HCV GT-1 and GT-3 
(NCT02652377). The future of these “anti-host” drugs is 
uncertain (Gallay et al., 2013; Gallay et al., 2015; Pawlotsky 
et al., 2015; Zeuzem et al., 2015).

4.  INVESTIGATIONAL DRUGS FOR 
HEPATITIS B VIRUS INFECTION

4a.  Myrcludex B

Sodium taurocholate co-transporting polypeptide (NTCP) 
is critical for HBV infectivity and entry into hepatocytes. 
Myrcludex B, a synthetic lipopeptide derived from the pre-S1 
region of the HBV envelope protein, can bind to NTCP and 
prevent binding and entry of HBV and HDV. Interim results 
of a randomized, open-label phase Ib/IIa substudy of 24 par-
ticipants with HBV and HDV treated with myrcludex B or 
pegylated interferon alpha (PEG-IFN alpha 2a) or their com-
bination (1:1:1) demonstrated that myrcludex B was well 
tolerated and, although HBsAg levels remained unchanged, 
HDV RNA significantly declined at week 24 in all cohorts. 
Virus kinetic modeling suggested a synergistic effect of myr-
cludex B and PEG-IFN alpha 2a on both HDV and HBV. The 
interim substudy results are obtained from a phase IIa trial 
investigating myrcludex B in participants with chronic HBV 
infection. Currently administered subcutaneously, a liposo-
mal formulation of myrcludex B for oral application is being 
investigated (Blank et al., 2016; Bogomolov et al., 2016; Volz 
et al., 2013; Petersen et al., 2008; Uhl et al., 2016).

4b.  AGX-1009

AGX-1009 is a next-generation NRTI. It is a tenofovir prod-
rug with the prodrug molecular side chain being different 
from that of the other FDA-approved tenofovir prodrugs 
(TDF and TAF). These tenofovir drugs have been shown to 
have good anti-HBV activity. Agenix appears to be focusing 
solely on China as the purchaser of AGX-1009. Although 

patents for AGX-1009 have been accepted in China, no clin-
ical trials had been started as of August 2016. 

4c.  Besifovir

Besifovir (LB80380), a prodrug, is converted to its parent 
drug (LB80331) via deacetylation and further oxidized to 
form its active metabolite (LB80317), a guanosine mono-
phosphate analog. In a phase IIb multicenter, randomized 
trial comparing besifovir (90 mg or 150 mg daily) with ente-
cavir 0.5 mg daily, besifovir at both doses was noninferior to 
entecavir after 48 weeks of treatment among treatment-naive 
participants with chronic HBV infection (HBeAg positive and 
negative). A rollover study extending to 96 weeks confirmed 
the equivalent efficacy of besifovir with entecavir. The mean 
decline in HBV DNA levels from baseline to week 96 were 
5.29, 5.15, and 5.67 log10 IU/ml for participants receiving 
besifovir 90 mg and 150 mg and entecavir 0.5 mg, respec-
tively, with undetectable HBV DNA (< 20 IU/ml) achieved 
in 80.7%, 78.6%, and 80%, respectively. Loss of HBeAg was 
seen in 20%, 21.4%, and 22.2%, respectively (Yuen et al., 
2015a; Yuen et al., 2006).

4d.  CMX-157

CMX-157 is a lipid conjugate of tenofovir, which is converted 
to tenofovir in vivo. Phase I studies have shown excellent tol-
erance and good pharmacokinetics; a phase IIa study com-
pared with TDF in patients with HBV infection is under way 
as of August 2016. 

4e.  GLS-4 

GLS-4 (morphothiadine mesilate) and another compound, 
BAY 41-4109, both trigger aberrant HBV core particle 
assembly, the intracellular structure where virus replication 
cycle occurs. These compounds have a novel anti-HBV mech-
anism. Data show that core particles may mature into virions 
or may be recycled into the nucleus to replenish the pool of 
cccDNA; if that cycle is disrupted, the pool of cccDNA may 
be depleted. Because there are no drugs that presently target 
cccDNA, sustained depletion of this pool of molecules may 
result in the permanent termination of HBV replication. In 
nude mice with HBV infection, a single dose of GLS-4 effec-
tively stopped HBV replication and the effect persisted for up 
to 5 weeks, while subjects treated with a single-dose of lami-
vudine experienced rebound by week 4 or 5. Like AGX-1009, 
GLS-4 appears to be being developed only in China by HEC 
Pharm (Manzoor et al., 2015; Wu et al., 2013).

4f.  REP 2139-Ca

REP 2139-Ca is nucleic acid-based polymer (NAP) consist-
ing of 40 nucleotides. NAPs can interact with protein targets 
in a size-dependent but sequence-independent process, which 
gives NAPs the ability to block assembly of subviral particles, 
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leading to retention of HBsAg in the perinuclear space and 
preventing its transition through the secretory pathway. Treat - 
ment with NAPs (REP 2055 and REP 2139-Ca) was evalu-
ated in Bangladeshi subjects with HBeAg-positive chronic 
HBV infection in two open-label, nonrandomized studies. 
The REP 101 study examined REP 2055 monotherapy in 8 
participants, and the REP 102 study examined REP 2139-Ca 
monotherapy in 12 participants, 9 of whom transitioned to 
short-term combined treatment with immunomodulatory 
agents (PEG-IFN alpha 2a or thymosin alpha; NCT02646163, 
NCT02646189). REP 2139-Ca monotherapy (500 mg weekly 
intravenous infusion) was accompanied by 2–7 log10 reduc-
tion in HBsAg and 3–9 log10 reduction in serum HBV DNA. 
Of the 9 participants transitioning to combined treatment 
with PEG-IFN alpha 2a or thymosin alpha, 8 had HBsAg 
loss. After withdrawal of all therapy in the 9 participants who 
transitioned to combination therapy, HBV viral rebound 
occurred over a period of 12–123 weeks in 7, but remained 
below the lower limit of quantitation (< 116 copies/ml) in 2 
patients at 135 and 137 weeks of followup. Tolerability may 
be of concern. REP 2139-Ca therapy was accompanied by 
hair loss, dysphagia, and dysgeusia, which were considered 
related to a heavy-metal exposure endemic at the trial site 
in Bangladesh. Further study is required. Clinical trials are 
ongoing in a white population in Europe (REP 301 study, 
NCT02233075) (Al-Mahtab et al., 2013; Al-Mahtab et al., 
2011; Al-Mahtab et al., 2016).

4g.  NVR 3-778

NVR 3-778 is a potent and selective orally bioavailable first-
in-class HBV core inhibitor, which inhibits the assembly of 
HBV nucleocapsid and other core-mediated processes in the 
HBV replication cycle. In a phase Ib dose-escalation study, 
treatment-naive participants with chronic HBeAg-positive 
HBV infection received 100, 200, or 400 mg once daily or 
600 mg twice daily of NVR 3-778 with or without PEG-IFN 
alpha 2a. NVR 3-778 was well tolerated. NVR 3-778 600 mg 
twice daily with and without PEG-IFN alpha 2a for 4 weeks 
resulted in mean HBV DNA reductions of 1.72 and 1.97 log10 
IU/ml, respectively. Phase II trials will investigate the safety 
and efficacy of NVR 3-778, PEG-IFN alpha 2a, and HBV 
polymerase inhibitors (Yuen et al., 2016).

4h.  ARC-520

ARC-520 is currently undergoing phase II and III clinical 
trials in participants with chronic HBV and HDV infection. 
It contains two synthetic RNA interference triggers (chol- 
siHBV74 and chol-siHBV77) directed against cccDNA- 
derived HBV transcripts. In an early phase I study, ARC-520 
was well tolerated in healthy volunteers. In a phase II, multi-
center, randomized, double-blind, placebo-controlled, mul-
tidose trial, ARC-520 (1–4 mg/kg; n = 48) or placebo (n = 10) 
was administered intravenously to participants on enteca-
vir. ARC-520 was well tolerated and reduced viral antigens 

derived from cccDNA by up to 1.9 logs (99%). The direct 
antiviral effects lasted up to 57 days after a single dose. ARC-
520 reduced HBsAg in a dose-dependent manner (Yuen et 
al., 2015b; Walsh et al., 2016).

4i.  Birinapant

Birinapant is a SMAC-mimetic (SMAC stands for second 
mitochondria-derived activator of caspases protein). In many 
situations, SMAC-mimetics like birinapant can specifically 
activate potent dual RIP1-dependent apoptotic and necro-
ptotic cell death. It was thought that birinapant or other 
SMAC-mimetics might be useful for treating viral infections 
that cannot be eradicated with conventional antiviral drugs 
such as chronic HIV and HBV infections. Using a mouse 
model of chronic HBV infection, birinapant was well toler-
ated and showed activity in the selective clearance of cells 
infected with HBV, not harming uninfected cells. The clear-
ance was additive when given in combination with entecavir. 
Birinapant also caused a decline in plasma HBV surface anti-
gen (HBsAg) concentrations and the appearance of HBsAg 
antibodies, whereas entecavir did not, implying a different 
mechanism of action. Birinapant also showed in vitro activity 
at clinically achievable drug concentrations in studies of HIV 
in human leukocytes, suggesting that it may reduce HIV res-
ervoir in patients, or potentially cure the infection. Birinapant 
is well into phase IIb studies for treatment of cancer. However, 
the phase 1 trial (NCT02288208) evaluating the addition 
of  birinapant to tenofovir or entecavir in individuals with 
chronic HBV infection was terminated due to safety con-
cerns, after participants in the first trial cohort developed 
cranial nerve palsies (Ebert et al., 2015; Fulda, 2015; McComb 
et al., 2016; Zakaria et al., 2016).

4j.  GS-4774

GS-4774 is a therapeutic vaccine engineered to activate an 
HBV-specific T-cell immune response to reduce the number 
of cells containing HBV, potentially eradicating the HBV 
infection. Results of a phase I study in healthy volunteers 
indicated that GS-4774 elicited HBV-specific T-cell immune 
responses in all three dose groups. Unfortunately, two phase 
II studies failed to show any beneficial effect of the immuni-
zation; future studies will consider whether this vaccine will 
be useful (Gaggar et al., 2014; Lok et al., 2016). 

4k.  GS-9620

Two identical double-blind phase Ib trials were undertaken 
to evaluate the safety, pharmacokinetics, and pharmacody-
namics of GS-9620 (doses from 0.3 to 4mg) in 49 treatment- 
naive and 51 virologically suppressed patients with chronic 
hepatitis B. Overall the drug was well tolerated, with no 
patients discontinuing therapy. All adverse reactions were 
mild to moderate in severity, most commonly headache. 
Overall, a transient dose-dependent induction of peripheral 
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ISG15 gene expression was observed, peaking within 48 
hours of dosing followed by return to baseline levels within 
7  days. Higher GS-9620 dose, HBeAg-positive status, and 
low HBsAg level at baseline were independently associated 
with greater probability of ISG15 response. The study showed 
that oral GS-9620 was safe, well tolerated, and associated with 
induction of peripheral ISG15 production in the absence 
of significant systemic IFN alpha levels or related symptoms 
(Gane et al., 2015d; Rebbapragada et al., 2016).

5.  INVESTIGATIONAL ANTIVIRAL DRUGS 
TARGETING OTHER VIRUSES

5a.  Presatovir 

In vitro studies have shown that Presatovir inhibits all strains 
of respiratory syncytial virus (RSV) and is well absorbed 
orally. A double-blind, placebo-controlled study of Presatovir 
was conducted in healthy adults who received an intranasal 
challenge with RSV. Participants were monitored for 12 days. 
Subjects were treated at the first positive RSV test or 5 days 
after inoculation, whichever occurred first. Subjects were 
assigned to receive placebo or Presatovir at several doses, 
ranging from 25 mg to 100 mg in a complex arrangement. 
Among the all subjects infected with RSV, active treatment 
was associated with lower RSV RNA viral loads, lower total 
mucus weight, and a lower area-under-the-concentration- 
time curve (AUC) for the change from baseline in symptom 
scores (all p < 0.03). Adverse events, including low neutro-
phil counts and increased levels of alanine aminotransferase, 
were more common among participants receiving Presatovir. 
Similar data were seen in experimental infection of cows 
infected with bovine RSV and treated with intravenous 
GS-5806. Multiple phase III studies of Presatovir are under 
way at this writing as shown at ClinicalTrials.gov. (Mackman 
et al., 2015; Perron et al., 2015; Jordan et al., 2015; DeVincenzo 
et al., 2014).

5b.  ALS-008176 and ALS-008112

ALS-008176 is the prodrug of ALS-008112, a cytidine nucle-
oside analog. This is particularly interesting because the 
other two investigational RSV drugs are fusion (entry) inhib-
itors. A clinical trial of ALS009176 used subjects experimen-
tally infected with RSV. Subjects received oral ALS-008176 
or placebo 12 hours after confirmation of RSV infection or 
6 days after inoculation. Treatment was administered every 
12 hours for 5 days. The primary end point was the AUC for 
viral load (RSV RNA concentrations), which was assessed 
immediately before administration of the first dose through 
day 12 after inoculation. A total of 62 participants received 
placebo or one of three ALS-008176 dosing regimens: (1) a 
loading dose of 750 mg followed by 9 maintenance doses of 
500 mg (group 1), (2) a loading dose of 750 mg followed by 
9 maintenance doses of 150 mg (group 2), or (3) 10 doses 
of 375 mg (group 3). In the 35 infected participants (23 of 

whom were treated with ALS-008176), the AUCs for viral 
load for groups 1, 2, and 3 and the placebo group were 59.9, 
73.7, 133.4, and 500.9 log10 plaque forming unit (PFU) equiv-
alents/h/ml, respectively (p ≤ 0.001). The time to undetect-
able RSV RNA via polymerase chain reaction (PCR) assay 
(p  < 0.001), the peak viral load (p ≤ 0.001), the AUC for 
symptom score (p < 0.05), and the AUC for mucus weight 
were lower in all groups receiving ALS-008176 than in the 
placebo group. Antiviral activity was greatest in the two groups 
that received a loading dose because viral clearance was 
accelerated (p ≤ 0.05), and the AUC for viral load decreased 
by 85–88% as compared with the placebo group. Two phase 
III studies in children and adults hospitalized with RSV 
infection are listed at ClinicalTrials.gov (NCT02673476 and 
NCT02202356) (Wang et al., 2015b; DeVincenzo et al., 2015).

5c.  BTA-585

BTA-585 is an orally absorbed RSV fusion inhibitor is active 
in vitro at 0.1–0.3 μM; in the cotton-rat model of RSV infec-
tion, the maximum antiviral effect was seen at 200 mg/kg, 
but significant effects were found even at 25 mg/kg. Dog 
pharmacokinetics for BTA-585 showed a maximum concen-
tration (Cmax) of 37.3μM, a time to maximum concentration 
(tmax) of 120 minutes, and a t½ of 2.9 hours. BTA-585 was well 
tolerated in multidose studies in dog and rats. BTA-585 stud-
ies in healthy subjects showed good tolerance of single doses 
up to 800 mg; doses > 100 mg produced plasma levels > EC50 
for RSV clinical isolates (50 ng/ml) for 24 hours. In single 
doses in healthy subjects, the serum t½ was 5–6 hours. A 
phase Ib multidose study showed that BTA-585 was well toler-
ated up to 600 mg twice daily, the Cmax was achieved in 1 hour, 
there was no drug accumulation, antiviral levels were seen in 
serum and nasal washing, and serum t½ remained 5–6 hours. 
A phase IIa study of BTA-585 in experimentally infected sub-
jects is well under way (NCT02718937) (Tucker et al., 2016; 
Draffan et al., 2014).

5d.  Verdinexor

Verdinexor (KPT-335) potently and selectively inhibits nuclear 
export of influenza ribonuclear protein, thereby effectively 
inhibiting replication of various influenza virus A and B 
strains in vitro, including pandemic H1N1 viruses, highly 
pathogenic H5N1 avian influenza viruses, and the recently 
emerged H7N9 influenza strain. In vivo, prophylactic and 
therapeutic administration of verdinexor protected mice 
against disease pathology after a challenge with influenza 
virus A/California/04/09 or A/Philippines/2/82-X79 as well 
as reduced lung viral loads and proinflammatory cytokine 
expression, while having minimal toxicity. Some toxicity 
issues may arise in later clinical trials due to verdinexor’s 
broad activity toward inhibiting exportin 1, and the lack 
of any future clinical trials listed at ClinicalTrials.Gov is also 
worrisome. Drugs similar to verdinexor are moving toward 
cancer treatment (Perwitasari et al., 2014).

http://www.ClinicalTrials.Gov
http://www.ClinicalTrials.gov
http://www.ClinicalTrials.gov


5. Investigational antiviral drugs targeting other viruses 4641

5e.  Laninamivir and laninamivir octanoate

Laninamivir is an investigational neuraminidase inhibitor 
being developed for treatment or prevention of influenza 
virus A or B infection. Multiple phase 3 clinical trials have 
been completed but no data are available as of July 2016. 
(Kashiwagi et al., 2016; Ikematsu et al., 2015; see Chapter 
266, Zanamivir, laninamivir, and polymeric zanamivir 
conjugates).

5f.  Fludase

Fludase (DAS181) is a recombinant fusion protein with 
sialidase activity; it removes the sialic acid receptor from 
respiratory epithelial cells, thereby preventing attachment 
and replication of influenza virus. DAS181 was shown to 
suppress replication of influenza viruses, including highly 
pathogenic avian influenza A virus subtype H5N1 as well as 
parainfluenza viruses in cell culture and mice. Of the 16 
HSCT recipients who received DAS181 daily for the treat-
ment of parainfluenza virus infection through either a com-
passionate-use protocol or a single-arm clinical trial, 9 of the 
16 patients (56%) had a complete clinical response after 
DAS181 therapy and 4 (25%) had a partial response (Sal-
vatore et al., 2016). The 3 patients without a clinical response 
had co-infections with other pathogens. Of the 7 patients 
who had virologic and spirometric data, 5 had > 1.0 log10 
reduction in nasopharyngeal swab parainfluenza viral loads. 
A CF patient with continuing infection with an oseltami-
vir-resistant influenza virus was cured with DAS181 (Silviera 
et al., 2016). Human trials suggest that this drug is tolerated 
for only 7–10 days, and there is also evidence that it stimu-
lates antibodies to DAS181; these concerns may block fur-
ther trials. ClinicalTrials.gov showed only one phase II study 
actively recruiting as of July 2016 (Dhakal et al., 2016; Sal-
vatore et al., 2016; Silveira et al., 2016; Waghmare et al., 2015; 
Zenilman et al., 2015).

5g.  Vapendavir

In vitro studies show that vapendavir (BTA798) is active 
against many picornaviruses, particularly rhinoviruses and 
enteroviruses, with EC50 values ≤ 1 μM. In a phase II, multi-
center, randomized, double-blind, placebo-controlled study 
in asthmatic adults with symptomatic, naturally acquired 
rhinovirus infection; subjects received 400 mg of vapendavir 
or placebo twice daily for 6 days. There was a significant 
reduction in the severity score of cold symptoms averaged 
over days 2–4 in the treated group compared to those on pla-
cebo (p = 0.020). There were no serious adverse events, and 
vapendavir was generally well tolerated. A current study is 
recruiting individuals with asthma (NCT02367313) to deter-
mine if vapendavir treatment would reduce rhinovirus infec-
tions and reduce exacerbations of asthma. 

An investigational drug, pirodavir (R77,975), is similar 
to vapendavir and in vitro studies show that this drug also is 

active against many rhinoviruses and enteroviruses, with EC50 
values around 1 μM, similar to vapendavir. As of July 2016 
there did not appear to be any plans for preclinical or clinical 
studies (Sun et al., 2015; Tijsma et al., 2014; Matz et al., 2013).

5h.  Favipiravir

Favipiravir (T-705) a very interesting drug because there are 
substantial in vitro data showing that it is active against a 
huge range of RNA viruses, including flaviviruses, possibly 
encompassing HCV, and rhabdoviruses, including rabies, as 
well as; influenza viruses, RSV, and the human metapneu-
movirus, paramyxoviruses, noroviruses, bunyaviruses, arena-
viruses, hantaviruses, caliciviruses, picornaviruses and others. 
Although not a nucleoside, favipiravir is phosphoribosylated 
by cellular enzymes to its active form, favipiravir-ribofura-
nosyl-5′-triphosphate. Favipiravir inhibits RdRps, but at least 
in some studies, it also causes lethal mutagenesis, further 
reducing viral replication. A dose-ranging study for treatment 
of subjects with influenza was completed (NCT01068912), 
although no data are available; however, favipiravir syner-
gizes with neuraminidases for neuraminidase-resistant strains 
of influenza. A study of Ebolavirus-infected mice showed 
that favipiravir treatment reduced viral loads and improved 
survival. A clinical trial in which all patients with Ebolavirus 
infection were given favipiravir (6 g initially; then 2.4 g daily) 
showed a decrease in Ebolavirus RNA by 0.3 log10/day, but 
did not compare subjects to previously untreated patients; 
an ongoing trial attempting to determine if semen levels of 
Ebola virus can be reduced with the drug is currently recruit-
ing (NCT02739477) (Sissoko et al., 2016; Jochmans et al., 
2016; Scharton et al., 2014; Oestereich et al., 2014; Smee et 
al., 2013; Furuta et al., 2013; Baranovich et al., 2013).

5i.  BCX4430

BCX4430 is an adenosine nucleoside analog that is under 
investigation for the treatment of serious and life-threatening 
infections from highly pathogenic viruses such as the Ebola 
virus. Cellular kinases phosphorylate BCX4430 to a triphos-
phate that mimics ATP; viral RNA polymerases incorporate 
the drug’s monophosphate nucleotide into the growing RNA 
chain, causing premature chain termination. BCX4430 is 
active in vitro against many RNA viral pathogens, including 
the filoviruses and emerging infectious agents such as MERS-
CoV and SARS-CoV. In vivo, BCX4430 is active after intra-
muscular, intraperitoneal, and oral administration in a variety 
of experimental infections. In nonclinical studies involving 
lethal infections with Ebola virus, Marburg virus, Rift Valley 
fever virus, and yellow fever virus, BCX4430 has demon-
strated pronounced efficacy. In experiments conducted in 
several models, both a reduction in the viral load and an 
improvement in survival were found to be related to the dose 
of BCX4430. A phase I clinical trial of BCX4430 for Ebola 
virus infection was active as of July 2016 (NCT02319772) 
(Taylor et al., 2016; Madelain et al., 2016).

http://www.ClinicalTrials.gov
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5j.  AVI-7287 and AVI-7288

AVI-7287 and AVI-7288 are positively charged antisense 
phos phorodiamidate morpholino oligomers (PMOplus), 
which target the viral nucleoprotein gene, thereby blocking 
viral RNA synthesis. These drugs are being developed for 
parenteral use, specifically for treatment or prevention of 
Ebola and Marburg virus infections, respectively. In a study 
of cynomolgus macaques experimentally infected with Mar-
burg virus, none (0/6) of the placebo group survived whereas 
83–100% of infected monkeys survived when AVI-7288 treat-
ment was initiated 1, 24, 48, or 96 hours after infection. The 
antisense treatment also reduced virus load in plasma and 
inflammatory cytokines in all treatment groups compared to 
vehicle controls. Human phase I trials have been completed 
(NCT01566877) (Warren et al., 2016; Iversen et al., 2012; 
Heald et al., 2015).

5k.  Brincidofovir 

Brincidofovir (CMX001; brinCDV) is a lipid derivative of 
cidofovir, developed in the hope that it would be less toxic 
or more effective than cidofovir. Although the drug seems 
promising, as of July 2016 there were 14 studies logged with 
ClinicalTrials.gov with only one recruiting (the Chimerix 
CMX001 Registry) and the remainder being “active, not 
recruiting,” “withdrawn,” or “completed.” Two studies com-
paring brincidofovir with valganciclovir were not recruiting 
See also Chapter 216, Cidofovir and brincidofovir.

5l.  BTA074

BTA074 (AP611074) is the first true antiviral drug for the 
topical treatment of condyloma or anogenital warts caused 
by HPV types 6 and 11. In a phase Ib clinical trial, BTA074 
given topically twice daily for 6 weeks to subjects with HPV 
lesions, BTA074 cleared many HPV lesions without any 
adverse reactions, topical or systemic. A phase II clinical trial 
in subjects with HPV lesions is actively recruiting, with treat-
ment up to 16 weeks (NCT02724254). 
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A
Abacavir, 3773–3800

administration modes, 3773, 3777
adverse reactions and toxicity, 3783–3788, 3784t

cardiovascular disease, 3785–3786
HLA-B*5701 allele-associated, 3786–3788, 

3788t
hyperlipidemia, 3785
hypersensitivity reactions, 3783, 3784t, 3785, 

3786–3788
lipodystrophy, 3785
mitochondrial toxicity, 3785
nephropathy, 3786
teratogenicity, 3788

antiviral activity, 3774, 3774t
chemical structure, 3773, 3773f
clinical use. See Abacavir/ HIV/AIDS therapy
in combination with

lamivudine (Epizicom; Kivexa), 3729, 3740, 
3773, 3780

lamivudine/dolutegravir (Trumeq), 3773
zidovudine/lamivudine (Trizivir), 3729, 3773, 

3780
dosage, 3777–3779, 3778t
drug interactions

atazanavir, 4150t
darunavir, 4131t
didanosine, 3701
methadone, 3783
ribavirin, 4380
tenofovir, 3783
tipranavir-ritonavir, 4167, 4167t

HIV/AIDS therapy, 3788–3793
in HCV co-infection, 3792
maintenance/simplification regimens, 3792, 

3793t
in neurologic disease patients, 3789, 3792
in renal disease patients, 3789
salvage therapy, 3792
in treatment-naïve patients, 3789, 3790t–3791t

mechanism of action, 3776–3777
pharmacokinetics/pharmacodynamics, 3781t

bioavailability, 3779–3780
clinically important features, 3783
distribution in body, 3780–3783
excretion, 3783

resistance and cross-resistance, 3774–3776
effect of zidovudine-containing regimens on, 

3776
K65R mutations, 3775–3776
L74V mutations, 3775
M184V mutations, 3775
molecular basis, 3774–3775
in nonsubtype B HIV-1 and HIV-2 strains,  

3776
thymidine analog mutations, 3775, 3776

Abacavir hypersensitivity reaction (AHR), 
3786–3788

Abbott, 1172, 3195, 3196
Abbvie, 4630t
Abdominal aortic aneurysms, expansion prevention

doxycycline-based, 1220
roxithromycin-based, 1093

Abdominal infections. See Intra-abdominal 
infections

Abdominal organ discoloration, clofazimine, 2537
Abdominal pain/cramps, drugs which cause

aciclovir, 3464
amphotericin B, 2575–2576, 2616
antimonial agents, 3285
atovaquone, 3122
atovaquone-proguanil, 3132, 3141, 3142t, 3143
azithromycin, 1128–1129
caspofungin, 2670
clarithromycin, 1105
clindamycin, 1487–1488
clofazimine, 2537, 2537t
dihydroartemisinin-piperaquine, 2998t, 2999
emtricitabane, 3807
eravacycline, 1285
erythromycin, 1073
ethionamide, 2498
fluconazole, 2767–2768
flucytosine, 2923
fosfomycin, 1399
fumagillin, 3184
gatifloxacin, 2225t
gemifloxacin, 2116, 2117
isavuconazole, 2864
itraconazole, 2797
ivermectin, 3357t
ketoconazole, 2742
levofloxacin, 2063
lopinavir-ritonavir, 4095
mebendazole, 3332
melarsoprol, 3246
metronidazole, 1822
nevirapine, 3876
niclosamide, 3407
nifurtimox, 315
nitazoxanide, 3168
nitrofurantoin, 1790
novobiocin, 1452
oseltamivir, 4594
oxamniquine, 3399
oxantel pamoate, 3383
para-aminosalicyclic acid, 2490
paromomycin, 3152t, 3155
praziquantel, 3389
primaquine, 3103
pristinamycin, 1389, 1389t
pyrantel pamoate, 3383

pyrimethamine, 1731
pyronaridine-artesunate, 3013t, 3014
ravuconazole, 2880
rifampicin, 2389
rifaximin, 2455
roxithromycin, 1090
rufloxacin, 2292
sparfloxacin, 2298
spiramycin, 3178
sutezolid, 2561
telbivudine, 4350t
terbinafine, 2714
tipranavir-ritonavir, 4169t
triclabendazole, 3349
valaciclovir, 3464

Abdominal surgery prophylaxis
ampicillin-sulbactam, 294
gentamicin, 981
imipenem, 675

Abdominal tissue, ertapenem penetration, 754
Abdominal trauma infection prophylaxis, 

ciprofloxacin, 1934
Abelcet. See Amphotericin B lipid complex
Abiotrophia

ceftriaxone, 495
ofloxacin, 2006
penicillin G, 62t
rifampicin, 2370t, 2373
vancomycin, 787

Abiotrophia adiacens. See Granulicatella adiacens
Abiotrophia defectiva

ceftriaxone, 465
vancomycin, 787

ABisome. See Amphotericin B, liposomal
A-Bite. See Crotamiton
ABLC. See Amphotericin B lipid complex
Abortion

septic, drug therapy for
clindamycin, 1498
penicillin G, 66
tinidazole, 1857

spontaneous, drugs associated with
antimonial agents, 3283
artemether-lumefantrine, 2980–2981
ciprofloxacin, 2065
clarithromycin, 1106
eflornithine, 3259
fluoroquinolones, 1912
laninimivir, 4570
quinine, 3065
sulfonamides, 1593

surgical/therapeutic
norfloxacin-associated, 2065
prulifoxacin/ulifloxacin infection prophylaxis, 

2154
vaginosis treatment prior to, 1826, 1828
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Abscess
abdominal, Candida, amphotericin B, 2589
antibiotics causing

clindamycin, 1486–1487
oritavancin, 914t

axillary, metronidazole, 1828
BCG vaccination-related, erythromycin, 1079
bowel, erythromycin, 1076–1077
brain

amebic, metronidazole, 1834
cefotaxime, 436–437, 446
ceftriaxone, 490
ciprofloxacin, 1930
linezolid, 1327
metronidazole, 446, 1826–1827
moxifloxacin, 2102
penicillin G, 60, 68
sulfadiazine, 1604
trimethoprim-sulfamethoxazole, 1604, 1664, 

1672
vancomycin, 803–804

breast, metronidazole, 1828
Brucella, rifampicin, 2403
cutaneous, clindamycin, 1492
diverticular, temocillin, 223
epidural, cefotaxime, 446
injection site-related, pentamidine-related, 3275
intra-abdominal

aztreonam, 650
cefoxitin, 408
ciprofloxacin penetration, 1898–1899
clindamycin, 1498
moxifloxacin, 2090
piperacillin, 198
ticarcillin-clavulanic acid, 308

liver
amebic, metronidazole, 1815, 1833–1834, 1856
penicillin G, 67
pyogenic, fleroxacin, 2188

lung
amoxicillin-clavulanic acid, 268
ciprofloxacin, 1925
clindamycin, 58, 1498
fusidic acid, 1416
moxifloxacin, 2096
ticarcillin-clavulanic acid, 307

nonspecified
cefpirome, 592
delafloxacin, 2136–2137
garenoxacin, 2207
levofloxacin, 2073, 2074
linezolid, 1324
nafcillin, 162
penicillin G, 45
pristinamycin, 1389
temocillin, 223
ticarcillin-clavulanic acid, 307

pancreatic, penicillin G, 68
pituitary, sparfloxacin, 2300
postoperative

flucloxacillin, 154
penicillin G, 60

soft-tissue, penicillin G, 68
staphylococcal, amoxicillin-clavulanic acid, 268
streptococcal, amoxicillin-clavulanic acid, 268
tubo-ovarian

ampicillin-sulbactam, 287, 288t
clindamycin, 1498
doxycycline, 1214

Abscess fluid
fluconazole concentration, 2764
rifampicin concentration, 2383

Absidia, 2595. See also Mycormycosis  
(zygomycosis)

anidulafungin resistance, 2694t

isavuconzole, 2861t
itraconazole, 2787t, 2788
ketoconazole, 2733
miconazole resistance, 2814
posaconazole, 2843
ravuconazole, 2877
voriconazole resistance, 2824t, 2825

Absidia corymbifera, terbinafine, 2711
ABT-492. See Delafloxacin
ABT-493. See Glecaprevir
ABT-530. See Pibrentasvir
ABT-773. See Cethromycin
Academy of Military Medical Science, Beijing,  

2974
Acanthamoeba

ketoconazole, 2748
linezolid, 1299
miltefosine, 3304, 3305
rifampicin, 2408
sulfadiazine, 1604
trimethoprim-sulfamethoxazole, 1604, 1664

Acanthamoeba castellanii
miconazole, 2814
miltefosine, 3294

Acanthamoeba lenticulata, miltefosine, 3294
Acanthamoeba polyphaga

miconazole, 2814
miltefosine, 3294
natamycin, 2654

Acantholytic bullous eruption, norfloxacin, 
1990–1991

ACBG2 gene polymorphisms, 1584
Acetaldehyde inhibition, nitrofurantoin, 1789
Acetaminophen, drug interactions

adefovir dipivoxil, 4340t
atovaquone, 3122
chloramphenicol, 1525
didanosine, 3709
oseltamivir, 4594
zidovudine, 3669t

Acetazolamide, carbonic anhydrase-inhibiting 
activity, 1581

Acetohydroxamic acid, in combination with 
methenamine, 1800

Acetosulfone, 1756
Acetylcholine inhibition

pyrantel pamoate, 3382
quinine, 3065

Acetylcholinesterase inhibition, malathion, 
3429–3430, 3431

(N)-Acetyltransferase 2 (NAT2) polymorphisms, 
1586, 1590

ACH-3102. See Odalsvir
ACH-3422, 4630t, 4635
Achaetomium strumarium, ravuconazole, 2879t
Achaogen, 1053
Achilles tendinitis/rupture. See also Tendinopathy/

tendinitis
fleroxacin, 2187
garenoxacin, 2204
levofloxacin, 2064
norfloxacin, 1991
ofloxacin, 2021t, 2022–2023
pefloxacin, 2282

Achilon, 4630t
Achlorhydria, amoxicillin absorption in, 113
Achromobacter

gatifloxacin, 2215
tigecycline, 1252

Achromobacter (Alcaligenes) xylosoxidans
carbenicillin, 175
ceftriaxone-resistant, 471
ciprofloxacin resistance, 1869–1870
piperacillin, 190, 199
ticarcillin, 175, 183

Aciclovir, 3449–3492
administration modes and dosage, 3454–3458, 

3455t, 3457t
formulations, 3454–3456, 3455t
intravenous, 3454–3457, 3455t
oral, 3454, 3455t, 3456, 3457
overdose, 3465
topical, 3455t, 3456

adverse reactions and toxicity, 3463–3465, 3463t
antiviral activity, 3449–3451
chemical structure, 3449, 3449f
clinical uses

Bell’s palsy, 3472–3473, 3473t
cytomegalovirus infections, 3477–3478
disseminated herpes simplex virus, 3472–3473
Epstein-Barr virus infections, 3478–3479
genital herpes, 3465–3468, 3466f
herpes encephalitis, 3471–3472
herpes labialis, 3468–3469
herpes simplex virus infections, 3465–3473
herpetic whitlow, 3469
HIV, 3479–3480
mucocutaneous herpes simplex virus, 

3469–3470
neonatal herpes simplex virus, 3472
ocular herpes simplex virus infections, 3471
varicella-zoster virus infections, 3473–3477

in combination with zidovudine, 3678
drug interactions, 3461–3463, 3462t

diuretics, 3458
indinavir, 4069
tenofovir, 3831

in vitro synergy and antagonism, 3453, 3659
mechanism of action, 3453–3454
pharmacokinetics/pharmacodynamics

bioavailability, 3458–3460, 3459t
clinically important features, 3461
distribution in body, 3460–3461
excretion, 3461

resistance and cross-resistance, 3450t, 3451–3453, 
3451t

in immunocompromised patients, 3470–3471
Acidaminococcus fermentans, penicillin G-resistant, 33
Acid-base disturbances. See also Acidosis; specific 

acid-base disturbances
drugs causing

carbenicillin, 181
piperacillin-tazobactam, 333t, 334

Acidemia, linezolid, 1316–1317, 1318
Acidosis, drugs which cause

carbenicillin, 181
lactic

abacavir, 3783, 3785
didanosine, 3706, 3708–3709
entecavir, 4328
lamivudine, 3736
linezolid, 1316–1317, 1318, 1369
lopinavir-ritonavir, 4096
nalidixic acid, 2265
stavudine, 3759, 3760
sulfonamides, 1594
telbivudine, 4350t
tenofovir, 3834
zidovudine, 3670t, 3672, 3674

metabolic
nalidixic acid, 2265
sulfonamides, 1593
trimethoprim-sulfamethoxazole, 1653

Acinetobacter
amikacin, resistance, 1011
ampicillin-sulbactam, 235
azithromycin, 1124
aztreonam, resistance, 645
bacitracin, 1454
biapenem, 773–774, 775t
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carabenem, resistance, 241–242
carbapenemases, 729
carbapenem-sulbactam, 242
carbenicillin, 175, 188
cefaclor, resistance, 377
cefepime, resistance, 580, 596
cefixime, resistance, 540
cefoperazone-sulbactam, 417t, 418

resistance, 418
cefotaxime, 428t, 429

resistance, 442–443
cefotiam, 399t
cefpirome, resistance, 582t, 586
cefpodoxime, resistance, 532
cefprozil, resistance, 377
ceftaroline, resistance, 607
ceftaroline-avibactam, resistance, 615
ceftazidime, 232

resistance, 552
ceftiazidime-avibactam, resistance, 565t, 566
ceftizoxime, resistance, 532
ceftobiprole, 623t, 625–626
ceftolozane-tazobactam, 230

resistance, 637, 638t
ceftriaxone, 471

resistance, 471
cefuroxime, 385t

resistance, 386
cephamycins, resistance, 405
ciprofloxacin, 1869, 1926
clindamycin, resistance, 1470
cumulative fraction of response to, 325
delafloxacin, 2133
doripenem, 725, 729
eravacycline, 1286
ertapenem, 743, 745, 746t, 749, 757
fleroxacin, 2181
fluoroquinolones, resistance, 1880
fosfomycin, resistance, 1394, 1394t
garenoxacin, 2196t, 2197
gatifloxacin, 2214t, 2215
gentamicin resistance, 969t
imipenem, 677

resistance, 672–673, 729
imipenem-cilastatin, resistance, 681
isepamicin, 1039, 1040t
kanamycin, 950
linezolid, resistance, 1293
lomefloxacin, 2245
mecillinam, resistance, 207, 208t
meropenem, 698

resistance, 698, 729
metallo-beta-lactamases, 702
mezlocillin, 188
multidrug-resistant, 242

minocycline, 1239
nalidixic acid, 2256

resistance, 2259
nitrofurantoin, resistance, 1785
norfloxacin, resistance, 1986
ofloxacin, resistance, 2005t, 2006, 2008
pefloxacin, 2277
penicillin-binding protein 2, 418
penicillin G, resistance, 33
piperacillin-tazobactam, 320t, 324

resistance, 230, 233
plazomicin, 1055

resistance, 1055
polymyxins, 1422, 1422t
quinopristin-dalfopristin, resistance, 1374–1375, 

1376t
ribosomal RNA methylases, 1057
rifampicin, 2370t
rRNA methylase genes, 1011
S-649266, 658

silvazine, 1572
sitafloxacin, 2123
sulbactam, 228, 241–242
telithromycin, resistance, 1158
temocillin, 218

resistance, 218, 219t
ticarcillin-clavulanic acid, 227, 307
tigecycline, 1251, 1252, 1256
tobramycin, 993

resistance, 993
tosufloxacin, 2304
trimethoprim-sulfamethoxazole, 1628t

resistance, 1628t, 1630
zabofloxacin, 2165

Acinetobacter anitratus
cefoperazone-sulbactam, 417t
trimethoxazole-sulfamethoxazole, 1663

Acinetobacter baumannii
amikacin, 1010

resistance, 1010
ampicillin, resistance, 282
ampicillin-sulbactam, 228, 241, 242–243, 281t, 

282, 293–294
avarofloxacin, 2159t
aztreonam-avibactam, resistance, 645, 647t
biofilm production in, 282
carbapenem, resistance, 672, 703, 2123
carbapenemases, 673, 702–703
cefepime, resistance, 580t
cefoperazone-sulbactam, 415, 417t, 418, 422

resistance, 417t, 418
cefotaxime, resistance, 242–243
cefriaxone, resistance, 242–243
ceftazidime, 551t, 562

resistance, 242–243, 552
ceftazidime-avibactam, 566
ceftobiprole, 623t, 625, 626
ceftriaxone, 469t, 481
ciclopirox, 2910
ciprofloxacin, resistance, 242–243, 1869
clinafloxacin, 2314
colistin, 1434
colistin methanesulfate, 1434, 1436, 1438t–1439t, 

1442
daptomycin, 867
doripenem, 698, 726t, 729, 734

combined with polymyxin, 738
resistance, 726t, 729

doxycycline, 1205t, 1206, 1212
eravacycline, 1276t, 1279, 1280
finafloxacin, resistance, 2141
fluoroquinolones, resistance, 1880
fosfomycin, 422, 1397, 1401
gemifloxacin, 2112t, 2113
gentamicin, 965

resistance, 242–243, 965
imipenem, 665, 698

resistance, 665, 672–673
imipenem-cilastatin, 422

resistance, 681
imipenem-relebactam, 233
mafenide (sulfamylon), 1603
meropenem, 698
metallo-beta-lactamases, 673
minocycline, 1230, 1231t, 1232
multidrug-resistant, 241, 282, 293–294, 418, 422, 

1421, 1578
minocycline, 1238–1239
tigecycline resistance, 1252

omadacyline, 1267, 1268t
plazomicin, 1055, 1059
polymyxin B, 1423, 1440t–1441t
polymyxins, 1437

resistance, 1422–1423
rifampicin, 2370t, 2373

S-649266, 658t, 659
sitafloxacin, 2123
sparfloxacin, 2294, 2295t
sulfonamide, resistance, 1578
ticarcillin, 174t
ticarcillin-clavulanic acid, 301
tigecycline, 1260

resistance, 1252, 1253
trimethoprim-sulfamethoxazole/colistin, 1635
ureido-penicillin, resistance, 242–243
zabofloxacin, 2158t

Acinetobacter calcoaceticus
ampicillin-sulbactam, 228
avarofloxacin, 2159t
cefoperazone-sulbactam, 417t
ciprofloxacin, 1930
multidrug-resistant, 241
pefloxacin, 2283
sparfloxacin, 2294, 2295t
sulbactam, 241
ticarcillin-clavulanic acid, 300t
tigecycline, resistance, 1253
tosufloxacin, 2305t
trimethoprim-sulfamethoxazole, 1664
zabofloxacin, 2158t

Acinetobacter calcoaceticus-baumannii complex, 
enoxacin, resistance, 2172

Acinetobacter calcoaceticus var. anitratus
ciprofloxacin, 1869

resistance, 1896
gentamicin, resistance, 1869

Acinetobacter israelii, linezolid, 1326
Acinetobacter lwoffii

cefepime, resistance, 580t
ceftazidine, 551t
ceftobiprole, 625
ciprofloxacin, 1869

Acinetobacter pittii, enoxacin, resistance, 2172
Acne, treatment

azithromycin, 1132
cephalexin, 365–366
clindamycin, 1493
dapsone, 1761–1762
doxycycline, 1132, 1208.220, 1210
erythromycin, 1079
minocycline, 1232, 1235, 1236, 1237–1238, 

1241–1242
neonatal, ketoconazole, 2746
roxithromycin, 1092
sulfacetamide, 1603
tetracycline, 1132, 1198

Acquired immunodeficiency syndrome (AIDS). 
See HIV infection and AIDS

Acremonium
anidulafungin, resistance, 2695
ciclopirox, 2909
fluconazole, 2710t
griseofulvin, 2710t
itraconazole, 2710t
natamycin, 2653
posaconazole, 2844
terbinafine, 2710t
voriconazole, 2825

Acremonium chrysogenum, cephalosporin C 
production in, 347

Acremonium strictum, caspofungin, 2663
Acromexol. See Crotamiton
Acrylic nucleotide phosphonates. See also 

Adenofovir; Cidofovir; Tenofovir
chemical structure, 3531

ACT-179811. See Cadazolid
Actagardin, 941
Actavis, 2157
ACTG studies. See AIDS Clinical Trials Group 

studies
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Actinobacillus actinomycetemcomitans. See 
Aggregatibacter actinomycetemcomitans

Actinobacillus pleuropneumoniae
amoxicillin, resistance, 108
ampicillin, resistance, 108
beta-lactamase production in, 108

Actinobaculum schaalii, linezolid, 1298
Actinomadura

ketoconazole, 2734
miconazole, 2814

Actinomadura madurae. See also Mycetoma
amikacin, 1009
garenoxacin, 2198
gatifloxacin, 2216
imipenem, 664
streptomycin, 2472

Actinomyces europaeus, ceftriaxone, 467
Actinomyces israelii

ceftriaxone, 467
clindamycin, 1470, 1491t
dicloxacillin, 146t
doxycycline, 1204
erythromycin, 1066
garenoxacin, 2198
linezolid, 1297t, 1298

Actinomyces meyerii, garenoxacin, 2198
Actinomyces odontolyticus, garenoxacin, 2198
Actinomyces odontolyticus, metronidazole, resistance, 

1811
Actinomyces. See also Actinomycosis

amikacin, resistance, 1009
amoxicillin, 467
azithromycin, 1122
carbenicillin, 176
cefazolin, 348
cefoxitin, 406
ceftriaxone, 467
cephalothin, 348
chloramphenicol, 1516–1517
ciprofloxacin, resistance, 1872
dalbavancin, 920
daptomycin, 871
ertapenem, 748t, 750
garenoxacin, 2198
imipenem, 664
kanamycin, resistance, 949
linezolid, 1297t, 1298
metronidazole, resistance, 1809
nalidixic acid, resistance, 2257
ofloxacin, resistance, 2007
penicillin, 467
penicillin G, 24t, 67
pristinamycin, 1387t
ramoplanin, 940
rosaramicin, 1151
sulfacetamide, 1572
tedizolid, 1359
telithromycin, 1158
ticarcillin, 176
ticarcillin-clavulanic acid, 301
tigecycline, 1252
tinidazole, resistance, 1851
vancomycin, 787

Actinomyces viscosus, garenoxacin, 2198
Actinomycetes. See also Actinomycosis

amikacin, 1009, 1019
amoxicillin, 104
ampicillin, 104
ketoconazole, 2734
meropenem, 699
penicillin G, 31
streptomycin, 2472
sulfonamides, 1572

Actinomycosis
amoxicillin, 355
cefazolin, 355

cephalothin, 355
clindamycin, 1493
doxycycline, 1220
erythromycin, 1079
penicillin G, 67, 355

Actinoplanes spp., as ramoplanin source, 940
Actinoplanes teichomyceticus, van gene complex,  

839
Actinospectacin. See Spectinomycin
Activated charcoal, interaction with moxifloxacin, 

2089
Activated partial thromboplastin time, antibiotics 

affecting
metronidazole, 1822
tigecycline, 1257, 1258

ACTIVE study, 2866
Aculeracins, 2659
Acute bacterial skin and skin structure infections 

(ABSSSIs). See Skin and soft tissue infections
Acute fatty liver of pregnancy, tetracycline-related, 

1198, 1199
Acute generalized exanthematous pustulosis

darunavir, 4134
hydroxychloroquine, 3038

Acute kidney injury (AKI)
drugs causing

aciclovir, 3463
clindamycin, 1487, 1489
polymyxin B, 1436

minocycline prophylaxis, 1238
Acute tubular necrosis, drugs causing

ciprofloxacin, 1909–1910
rifampicin, 2390–2391

Adefovir/adefovir dipivoxil, 4335–4344
administration mode, 4338
adverse reactions and toxicity, 4340–4341
antiviral activity, 4335t, 4336
chemical structure, 4335, 4335f
clinical uses

drug-resistant chronic HBV infection, 4342
HBeAg-negative chronic HBV infection, 4341
HBeAg-positive chronic HBV infection, 4341
HBV/HIV co-infection, 4342
HBV infection in liver transplantation patients, 

4342
in combination with emtricitabane, 3817
dosage, 4338–4339, 4339t
drug interactions, 4340, 4340t

saquinavir, 4035, 4036t
mechanism of action, 4338
pharmacokinetics/pharmacodynamics

bioavailability, 4339
clinically important features, 4339
distribution, 4339
excretion, 4339–4340

resistance and cross-resistance, 4337, 4337t, 4338t
Adenocarcinoma, trifluridine treatment, 3631–3632
Adenoidectomy prophylaxis, cefprozil, 379
Adenosine diphosphate receptors, effect of  

penicillins on, 180
Adenosine triphosphate-binding cassette trans-

porters, 1557
Adenoviruses

brincidofovir, 3538, 4632t
cidofovir, 3533t, 3537–3538, 3555–3557

resistance, 3543
ganciclovir, 3503–3504, 3503t
nitazoxanide, 3163t
ribavirin, 4368t, 4371, 4394
stavudine, 3756

Adhesions, bacterial, tetracycline-related inhibition, 
1233

Adipose tissue, garenoxacin concentrations, 2202
Adolescents

amphotericin B-lipid complex, 2636, 2639
bedaquiline, 2544

cobicistat combination therapy, 4183
colistin methanesulfonate, 1426
diethylcarbamazine, 3372
dolutegravir, 4253
efavirenz, 3911, 3911t
elvitegravir, 4234
emtricitabane, 3811–3812
HCV antiviral drug therapy, 4451
immunocompromised, aciclovir, 3476–3477
lamivudine, 3742, 3746–3747
linezolid, 1307–1308, 1309t, 1310
lopinavir-ritonavir, 4089, 4089t
minocycline, 1237, 1238
nifurtimox, 315
posaconazole, 2847
pretomanid, 2553
raltegravir, 4217
rifapentine, 2464, 2468
sitafloxacin, 2125
solithromycin, 1186
tedizolid, 1362, 1363t, 1367–1368
teicoplanin, 844
voriconazole, 2826t
zanamivir, 4568

Adrenal glands, antimicrobial concentrations in
pentamidine, 3273, 3274
pyronaridine, 3011
quinupristin-dalfopristin, 1378
suramin, 3231

Adrenaline, interaction with linezolid, 1314
Adrenal insufficiency, suramin-related, 3231
Adrenergic agents, interactions with linezolid, 1313, 

1314
Adrenocorticotrophic hormone, interactions with 

amphotericin B, 2581
Advanced Life Sciences, 1172
ADVANCE study, 4444f
Adverse reactions and toxicity. See also under specific 

drugs
detection during clinical trials, 2310

Aerobic bacteria. See Bacteria, aerobic
Aerococcus urinae

cefotaxime, 465
ceftriaxone, 465
linezolid, 1294, 1296t

Aeromonas
amoxicillin-clavulanic acid, 257
azithromycin, 1124
aztreonam, 645, 646t, 653
beta-lactamases, 672
carriage eradication, norfloxacin, 1920
cefpodoxime, resistance, 532
ceftazidime, 552
ceftriaxone, 471
chloramphenicol, resistance, 1517–1518
ciprofloxacin, 1869
doxycycline, 1219
ertapenem, 746t, 749
fleroxacin, 2181
gemifloxacin, 2113
gentamicin, 965
imipenem, resistance, 672
meropenem, 699
metallo-beta-lactamases, 699
nalidxic acid, 2262
norfloxacin, 1986
pefloxacin, 2277
piperacillin, 190

resistance, 198
prulifloxacin/ulifloxacin, 2148, 2148t
temocillin, 219t
trimethoprim-sulfamethoxazole, 1627

Aeromonas caviae
cefotaxime, 429
ciprofloxacin, 1869
imipenem, 672
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ofloxacin, resistance, 2006
sulfamethoxazole, resistance, 1578

Aeromonas hydrophila
biapenem, 773, 775t
cefoperazone-sulbactam, 418
cefotaxime, 429
ceftriaxone, 471
ciprofloxacin, 1869, 1920
doxycycline, 1205
enoxacin, 2172
garenoxacin, 2197
gatifloxacin, 2215
imipenem, resistance, 672
lomefloxacin, 2245
minocycline, 1232
nalidixic acid, 2256
piperacillin-tazobactam, resistance, 230
telithromycin, resistance, 1158
tosufloxacin, 2304

Aeromonas jandaei
imipenem, 672
piperacillin, resistance, 190

Aeromonas non-veronii, piperacillin, resistance,  
190

Aeromonas salmonicida, imipenem, 672
Aeromonas sobria

cefotaxime, 429
ciprofloxacin, 1869
imipenem, resistance, 672

Aeromonas veronii, imipenem, 672
Aeromonas veronii bv. sobria, ofloxacin, resistance, 

2006
Afipia felis, doxycycline, 1219
A4001029 study, 4314
African swine fever virus

amantadine, 4525
cidofovir, 3533t

Agence Nationale de Recherches sur le SIDA study, 
3741

Agenix/Cinkate Pharmaceuticals, 4631t
Aggregatibacter actinomycetemcomitans

azithromycin, 1124
ceftriaxone, 471
ciprofloxacin, 1871
clindamycin, resistance, 1470, 1475
metronidazole, 1808, 1827
penicillin G, 24t, 68

Agouron Pharmaceuticals, 4075
Agranulocytosis, drugs causing

amodiaquine, 3052
benznidazole, 3207
ceftiazidime, 561
clarithromycin, 1106
clindamycin, 1490
cloxacillin, 153
dapsone, 1753, 1755, 1758
flucloxacillin, 153
gentamicin, 978
melarsoprol, 3246
oxacillin, 153
para-aminosalicyclic acid, 2491
pretomanid, 2556
pyrimethamine-dapsone (Maloprim), 1758
streptomycin, 2479
sulfonamides, 1588, 1589–1590
terbinafine, 2715
thiacetazone, 2506–2507
trimethoprim, 1650–1651
trimethoprim-sulfamethoxazole, 1652

Agriculture, antimicrobial use in
growth stimulants, bactriacin as, 1454, 1458
microbial resistance in

in aquaculture, 11, 13
in dairy cattle, 25–26
in food animals, 10–11
in horticulture and crop production, 13–14

methods to control, 14, 16
surveillance data on, 14
vancomycin-resistant enterococci, 790

Agrobacterium
ceftazidime, 552
trimethoprim-sulfamethoxazole, 1630

Agrobacterium tumefaciens, ampicillin, 105
Agromyces.nitratus, ciprofloxacin, 1896
AGX-1009, 4631t, 4638
AI454-148 study, 3713t
AI454-152 study, 3712t
AIC246. See Letermovir
AiCuris GmbH & Co., 3619
AIDS Clinical Trials Group (ACTG) studies, 3786, 

3913, 3921
ACTG 095 study, 3924
ACTG 175, 3714
ACTG 260, 3962, 3966, 3966t
ACTG 261, 3962, 3965, 3966, 3966t, 3967
ACTG 364, 3944
ACTG 382, 3941
ACTG 384, 3712t, 3923, 3942, 3944
ACTG 388, 3944
ACTG 5095, 3914, 3943
ACTG 5097, 3921
ACTG 5124, 3923
ACTG 5142, 3923, 3944, 4097, 4098t
ACTG 5143, 4113
ACTG 5173, 4303
ACTG 5202, 3923, 3932, 3933
ACTG 5257, 4136, 4153, 4230
ACTG 5262, 4136, 4230–4231
Trial 204, 3464

AIDS Pegasys Ribavirin International Coinfection 
Trial (APRICOT), 4369

AIDS-related complex, zidovudine, 3664, 3675, 
3676t, 3677

Airline pilots, mefloquine use contraindicated for, 
3084

Airways disease, zanamivir use in, 4563
AK-Spore®. See Gramicidin
AK-Tracin®. See Bacitracin
AL-335, 4438t, 4630t, 4635
Alatrofloxacin, intravenous formulation, 2311
Albaconazole, 2870–2875

administration modes, 2871, 2873
adverse reactions and toxicity, 2874
antimicrobial activity, 2870–2871, 2872t–2873t
chemical structure, 2870, 2870f
clinical uses, 2874
dosage, 2871, 2873
drug interactions, 2873
excretion, 2873
mechanism of action, 2871
pharmacokinetics/pharmacodynamics, 2873
resistance and cross-resistance, 2871

Albamycin. See also Novobiocin
withdrawal from market, 1450

Albendazole, 3313–3329
administration modes, 3314
antimicrobial activity, 3313–3314
chemical structure, 3313, 3313f
clinical use, 1855–1856, 3319–3325

ascariasis, 3321
capillariasis, 3323
chlonorchiasis, 3322
cutaneous larva migrans, 3322
echinococcosis, alveolar, 3323
echinococcosis, cystic, 3322–3323
enterobiasis, 3321
giardiasis, 3325
gnathostomiasis, 3323
hookworm, 3320
hymenolepsiasis, 3321
loiasis, 3324
lymphatic filariasis, 3324–3325

mansonellosis, 3324
microsporidiosis, 3325
neurocystercercosis, 3321–3322
onchocerciasis, 3324
strongyloidiasis, 3321
taeniasis, 3321
toxocariasis, 3324
trichinosis, 3323–3324
trichuriasis, 3320–3321

combined with diethylcarbamazine, 3376
dosage, 3314–3315, 3316t
drug interactions, 3318

ivermectin, 3356
praziquantel, 3389
ritonavir, 4188t

mechanism of action, 3314
pharmacokinetics/pharmacodynamics, 3316t

bioavailability, 3315
clinically important features, 3317
distribution in body, 3315, 3317
excretion, 3318

resistance and cross-resistance, 3313–3314
veterinary use, 3313, 3338

Albenza. See Albendazole
Albumin, glycosylated, 850
Albumin binding. See also Plasm protein binding

caspofungin, 2669
ertapenem, 753–754
flucloxacillin, 154
fusidic acid, 1414
methicillin, 138–139
naficillin, 166
sulfadiazine, 1585
sulfadimidine, 1585
sulfafurazole, 1585
sulfamethoxazole, 1585
sulfamethoxypyridazine, 1585
sulfonamides, 1585
teicoplanin, 849–850
telavancin, 933
telithromycin, 1160
voriconazole, 2828

Albumin dialysis, amphotericin B-lipid complex use 
in, 2631

Albuminuria, drugs causing
melarsoprol, 3246
norfloxacin, 1991

Alcaligenes
ceftaroline, resistance, 607
fleroxacin, resistance, 2181
ofloxacin, 2006
tobramycin, resistance, 993
trimethoprim-sulfamethoxazole, 1630

Alcaligenes faecalis
ciprofloxacin resistance, 1869–1870
tigecycline, 1252

Alcaligenes xylosoxidans, garenoxacin, resistance, 
2197

Alcohol, drug interactions
abacavir, 3779–3780
bedaquiline, 2545
benznidazole, 3207
cefamandole, 400
cefoperazone, 420
cefotetan, 408
cycloserine, 2525
doxycycline, 1209
erythromycin, 1071
ethionamide, 2498
furazolidone, 3190
isoniazid, 2329
ketoconazole, 2741
metronidazole, 1821
niclosamide, 3407
nifurtimox, 3215, 3216
nitrofurantoin, 1789
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Alcohol, drug interactions (continued)
ritonavir content, 4202
as ritonavir liquid formulation component, 4187
sulfadimidine, 1586–1587
tinidazole, 1854
tipranavir-ritonavir, 4168

Alcohol abuse, as contraindication to lindane, 3425
Alcon, 2139
Aldehyde dehydrogenase, drug interactions

clarithromycin, 1105t
metronidazole, 1821

ALERT study, 4115, 4117t, 4119
Alexander Project, 100, 480
Alfuzosin, drug interactions

boceprevir, 4458t
cobicistat, 4186t
darunavir, 4132t
ombitasvir-paritaprevir-ritonavir-dasabuvir, 4467t
ritonavir, 4186t
telaprevir, 4457t

Alinia. See Nitazoxanide
Alios BioPharma, 4630t
Alisporivir, 4438t, 4630t, 4637–4638
ALIZE-ANRS 099 study, 3713t, 3921
Alkalosis, drugs causing

capreomycin, 2516
metabolic, ticarcillin, 306
nafcillin-related, 167

Allantoin, as trichomoniasis treatment, 1604
Allergan, 2157
Allergic bronchopulmonary aspergillosis, 

 amphotericin B, 2590–2591
Allergies/allergic reactions, drugs causing

amphotericin B, 2585, 2617
atovaquone-proguanil, 3141
bacitracin, 1458
cycloserine, 2526
furosemide, 1589
gatifloxacin, 2226
glipizide, 1589
gramicidin, 1458
hydrochlorothiazide, 1589
nitrofurantoin, 1790
para-aminosalicyclic acid, 2491
polymyxins, 1437
sulfonamides, 1589

Allopurinol, drug interactions
ampicillin-sulbactam, 240, 285
didanosine, 3705t, 3706

ALLY studies, 4444–4445, 4484, 4485t, 4486
Alopecia (hair loss), drugs causing

eflornithine, 3259
fluconazole, 2767
itraconazole, 2798
ketoconazole, 2744
mebendazole, 3332
ribavirin, 4384
voriconazole, 2832

Alpha-hemolysin, 137
Alphaviruses, chloroquine, 3033
Alprazolam, drug interactions

clarithromycin, 1104t
fluconazole, 2766–2767
fosamprenavir, 4111t
indinavir, 4067t
voriconazole, 2831

ALS-008112, 4632t, 4640
ALS-008176, 4632t, 4640
Altabax. See Retapamulin
Altargo. See Retapamulin
Alternaria, 2927

amphotericin B, 2573t
caspofungin, 2663
haloprogrin, 2933
tolnaftate, 2901

Alternaria alternata, natamycin, 2653, 2654
Alternative and complementary medicine. See 

Complementary and alternative medicine
ALT flares. See Liver enzyme elevations
Altracin®. See Bacitracin
Alveolar cells. See also Macrophages, alveolar

tigecycline concentrations in, 1255
Alzheimer’s disease

cycloserine use in, 2525
metrifonate use, 3402–3403
rifampicin use in, 2409

AM 833. See Fleroxacin
AM-1091. See Clinafloxacin
Amantadine, 4523–4549. See also Rimantadine

administration modes, 4530–4531
aerosol, 4531, 4534, 4537
intravenous, 4534
oral, 4531, 4532, 4534
parenteral, 4531

adverse reactions and toxicity, 4536–4537, 4538
antimicrobial activity, 4525
antiviral activity, 4524–4525, 4524t

African swine fever virus, 4525
Arenaviridae, 4525
Flaviviridae, 4525
Herpesviridae, 4525
influenza viruses, 4524, 4524t
Paramyxoviridae, 4524
Retroviridae, 4525
Rhabdoviridae, 4525
simian virus 40, 4525
Togaviridae, 4525

chemical structure, 4523, 4523f
clinical uses

influenza A prophylaxis, 4538–4539, 4539t, 
4541–4542

influenza A treatment, 4538–4541, 4539t
dosage, 4530t, 4531–4532

overdose, 4537
for prophylaxis, 4531, 4531t

drug interactions, 4535–4536
in vitro synergy and antagonism, 4529
mechanism of action, 4529–4530
pharmacokinetics/pharmacodynamics, 4533t

bioavailability, 4532
distribution, 4532, 4533t, 4534
distribution in body, 4535
excretion, 4535

resistance and cross-resistance, 4525–4528, 4538
diagnosis of, 4527
genetics and mechanisms of, 4526–4527
global epidemiology, 4527–4528

Amantadine hydrochloride. See Amantadine
AmBisome. See Amphotericin B, liposomal
AMB. See Amphotericin B
Amdinocillin. See Mecillinam
Amdipharm, 3196
Amdoxovir, 3847–3849

discontinuation of development, 3847
Ameba. See also Entamoeba histolytica (amebiasis)

amphotericin B deoxycholate, 2573t
free-living, sulfonamides, 1576

Amebiasis. See Entamoeba histolytica (amebiasis)
Amebicides, classification of, 3197
American Cyanamid Company, 3429
American Heart Association, 366, 1595
American trypanosomiasis. See Chagas’ disease
Amfonelic acid, 2265
Amikacin, 1009–1027

administration modes and dosage, 1012–1014
in burn patients, 1014
in critically-ill patients, 1014, 1015t
in cystic fibrosis patients, 1014
in hematologic malignancy patients, 1014
intraperitoneal, 1013

once-daily, 1012
pediatric, 1012–1013, 1015t
in pregnancy, 1013
in renal impairment, 1013–1014
traditional, 1012

adverse reactions and toxicity, 998, 999, 1000, 
1012, 1013, 1017–1018, 1033

nephrotoxicity, 1034, 1043
ototoxicity, 1042–1043, 2478, 2516

antimicrobial activity
Enterobacteriaceae, 1039
Gram-negative aerobic bacteria, 1018–1019
Gram-negative bacteria, 1009–1010, 1010t
Gram-positive bacteria, 1009, 1010t
mycobacteria, 1010, 1040

chemical structure, 1009, 1009f
clinical uses

Actinomycetes infections, 1019
febrile neutropenia, 198
Gram-negative aerobic bacterial infections, 

1018–1019
multidrug-resistant tuberculosis, 959
mycobacterial infections, 410, 1014, 1015t, 1020
Nocardia infections, 1019
nocardiosis, 1596
osteomyelitis, 223
respiratory infections, 1019
septicemia, 1019
urinary tract infections, 1019

in combination with
azithromycin, 1020
carbenicillin, 181
cefepime, 590
cefoperazone-sulbactam, 418
cefoxitin, 1020
ceftazidime, 1016
clarithromycin, 1020
clindamycin, 1019
co-trimoxazole, 1019
doxycycline, 1020
imipenem, 1020
metronidazole, 1019
piperacillin, 191, 421
rifampicin, 1017
ticarcillin, 175, 182
trimethoprim-sulfamethoxazole, 1635

drug interactions
aminoglycosides, 181
amoxicillin, 101
ampicillin, 101
carbenicillin, 179, 181
penicillins, 1017
piperacillin, 196
sulbactam, 240
ticarcillin, 179, 181

in vitro synergy and antagonism, 101, 182, 191, 
471, 1304, 1396–1397, 2536

in vitro synergy and antagonism, 101, 182, 191, 
471

mechanism of action, 1012
minimum inhibitory concentrations, 1009, 1010, 

1010t, 1017
pharmacokinetics/pharmacodynamics, 1017t

AUC/MIC ratio, 1016
bioavailability, 1014
clinically important features, 1016–1017
distribution in body, 1014–1016
excretion, 1017

postantibiotic effects, 1016–1017
resistance and cross-resistance, 993, 1009, 

1010–1012, 1040, 1810, 2060
Enterobacteriacae, 1043
mechanisms of, 1011

Amikacin-modifying enzymes, 1010–1011
Aminacrine, as trichomoniasis treatment, 1604
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p-Aminobenzoic acid, 1749
(7)-Aminocephalosporanic acid, 23
Aminocoumarins, use in food animals, 12t
Aminoglycoside acetyltransferase, plasmid-mediated, 

2219
Aminoglycoside-modifying enzymes (AMEs), 1011

in amikacin resistance, 1040
in gentamicin resistance, 967, 970, 993, 1030
in isepamicin resistance, 1040
in kanamycin resistance, 950
in netilmicin resistance, 1040
in plazomicin resistance, 1055, 1057
in sisomicin resistance, 1030
in streptomycin resistance, 2472, 2473, 2474
in tobramycin resistance, 993, 1040

Aminoglycoside sprays, horticultural use, 13
Aminoglycosides. See also Amikacin; Gentamicin; 

Isepamicin; Kanamycin; Neomycin; Netilmicin; 
Sisomicin; Tobramycin

adverse reactions and toxicity, 1399
antimicrobial susceptibility mechanisms, 103
area-under-the-concentration-time curve 

(AUC), 3
clinical uses

bacteremia, 182
febrile neutropenia, 182
pneumonic plague, 487
septicemia, 182

in combination with
amoxicillin, 101, 103
chloroquine, 3032
ticarcillin, 182

concentration-dependent activity, 4t
drug interactions, 2477–2478

amikacin, 181
amoxicillin, 101
ampicillin, 101
azocillin, 195
capreomycin, 2516
carbenicillin, 174–175, 179, 181, 182, 195–196
cidofovir, 3547–3548, 3550
foscarnet, 3598
fosfomycin, 1399
in vitro synergy and antagonism, 27–28, 164, 

174–175, 182, 191
mezlocillin, 195
netilmicin, 181
penicillin G, 27–28
pentamidine, 3275
piperacillin, 195–196
piperacillin-tazobactam, 331, 332t
ticarcillin, 179, 181, 182
ticarcillin-clavulanic acid, 306
vancomycin, 807, 809–810

global consumption patterns, 5f
in vitro synergy and antagonism, 1887
resistance and cross-resistance, 2219
time-dependent activity, 3
use in food animals, 12t

Aminomethylcyclines, 1267. See also Omadacycline
(6)-Aminopenicillanic acid (6-APA)

antibiotics derived from, 23
ampicillin sodium, 280
methicillin, 136
nafcillin, 162
penicillins, 48

structure, 23
Aminophylline, drug interactions

ketoconazole, 2741
norfloxacin, 1990

(5)-Aminosalicyclic acid, as inflammatory bowel 
disease treatment, 1601–1602

Aminosidine. See Paromomycin
Aminothiazolemethoxyimine cephalosporin. See 

Cefpirome

Amiodarone, drug interactions
atazanavir, 4149t
daclatasvir, 4464
fosamprenavir, 4111t
indinavir, 4067t
ledipasvir-sofosbuvir, 4462t
linezolid, 1314
nelfinavir, 4079
ritonavir, 4186t
sofosbuvir, 4461
sofosbuvir-containing regimens, 4463t, 4469
tipranavir-ritonavir, 4166, 4166t
trimetrexate, 1771

Amiodiaquine-artesunate, drug interactions, 2969
Amithiozone. See Thiacetazone
Amitriptyline, drug interactions

fosamprenavir, 4111t
linezolid, 1314

Amlodipine, interaction with indinavir, 4067
Ammonia, from methenamine, 1799
Ammonium chloride, for urine acidification, 1800
Amniotic fluid, antimicrobial concentrations in

aciclovir, 3460
amphotericin B, 2585
ampicillin, 114
cefazolin, 351
cefotaxime, 436
ceftriaxone, 480
cephradine, 372
cycloserine, 2523
ethambutol, 2349
imipenem, 680
lamivudine, 3734–3735
methenamine, 1801
norfloxacin, 1989
ofloxacin, 2011, 2017
pefloxacin, 2281, 2282
penicillin G, 46
solithromycin, 1187, 1189
tobramycin, 997
zidovudine, 3666t

Amodiaquine, 3049–3057
administration mode and dosage, 3050
adverse reactions and toxicity, 3049, 3052
antimicrobial activity, 3049–3050
chemical structure, 3049, 3049f
clinical uses, 3052–3054

malaria combination therapy, 3052–3053, 3053t
malaria intermittent preventive therapy, 3054
malaria monotherapy, 3052

in combination with
artesunate. See Artesunate-amodiaquine
sulfadoxine and pyrimethamine, 3052–3053

drug interactions, 3051–3052
halofantrine, 3094

mechanism of action, 3050
pharmacokinetics/pharmacodynamics, 3051, 3051t
resistance and cross-resistance, 1598, 3033, 

3049–3050
Amoeba. See Ameba
Amoquin. See Amodiaquine
Amorolfine, 2904–2908

administration mode and dosage, 2905
adverse reactions and toxicity, 2906
antimicrobial activity, 2904–2905
chemical structure, 2904, 2904f
clinical uses, 2905

atopic dermatitis, 2907
dermatomycosis, 2905, 2907
onychomycosis, 2905
vulvovaginal candidiasis, 2907

excretion, 2906
in vitro synergy and antagonism, 2905
mechanism of action, 2905
pharmacokinetics/pharmacodynamics, 2905–2906

Amoxicillin, 100–135
administration modes, 110–112
adverse reactions and toxicity, 115, 116, 117, 

121–122, 240
as ampicillin replacement, 100
antimicrobial activity, 100–105, 102t
bioavailability, 112–113
chemical structure, 49f, 115
clinical uses, 117–124

actinomycosis, 355
Borrelia miyamotoi disease, 124
bronchitis, 114, 119, 214
community-acquired pneumococcal 

 pneumonia, 97
dental infections, 122
endocarditis prophylaxis, 119, 120t–121t, 

121–122
gonorrhea, 61, 63–64, 123–124
group A streptococcal pharyngitis, 118
group B streptococcal infections, 122
Helicobacter pylori infection, 105, 114, 124, 

1092, 1135, 1239–1240, 1858
hospital-acquired pneumonia, 222
Lyme disease prophylaxis, 66
meningitis, 114
neonatal septicemia, 122
otitis media, 97, 118, 380, 1076
respiratory tract infections, 118–119
Salmonella infections, 122–123
sinusitis, 118
tonsilitis, 96
typhoid fever, 122–123
UTIs, 118, 266, 1793

in combination with
aminoglycosides, 101, 103
cefixime, 541
clarithromycin, 1109
clavulanate, 97
gentamicin, 104
rifampicin, 104
temocillin, 222

dosage, 109–112, 111
drug interactions

aminoglycosides, 101, 103
morphine, 115
oral contraceptives, 115
synergistic, 101, 209

formulations, 111
in vitro synergy and antagonism, 1304
mechanism of action, 110
minimum inhibitory concentrations, 101, 111, 

114, 258
penicillin V versus, 94, 96
pharmacokinetics/pharmacodynamics,  

112–114
clinically important features, 114
distribution, 114
excretion, 112, 115

resistance and cross-resistance, 105–110
Enterococcus, 101, 103
Haemophilus influenzae, 108–109
Helicobacter pylori, 108

serum levels, 113, 113f
use in aquaculture, 11

Amoxicillin-clavulanic acid, 100–101
for bronchitis, 380
resistance to, 108

Amoxicillin-clavulanic acid (Co-amoxiclav), 100, 
254–279

action mechanism, 259, 260f
administration modes, 260–261
adverse reactions and toxicity, 115
antimicrobial activity, 226–227, 227t, 228t, 

254–258, 256t–257t
bioavailability, 237–238, 262
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Amoxicillin-clavulanic acid (Co-amoxiclav) 
(continued)

clinical uses, 241, 266–271
acute appendicitis, 271
Bacteroides fragilis-Escherichia coli mixed 

infections, 268
bite wounds, 269
chancroid, 271
chemotherapy-related fever, 269–270
chemotherapy-related neutropenia, 269–270
community-acquired pneumonia, 543, 1091
diabetic foot infections, 1325
gonorrhea, 270–271
Helicobacter pylori, 271
lower respiratory tract infections, 1131
melioidosis, 270
mixed aerobic-anaerobic bacterial infections, 

268
mixed Gram-negative, Gram-positive infections, 

268
osteomyelitis, 269
otitis media, 267–268, 491
premature rupture of the membranes, 309
respiratory tract infections, 257t, 260–261, 

267–268
sinusitis, 257, 1131
skin and soft-tissue infections, 268–269, 309, 

336, 770, 2097
surgical chemoprophylaxis, 269
urinary tract infections, 266–267

contraindication in infectious mononucleosis, 96
description, 254
dosage, 235, 260–261, 260t, 263–264, 265

altered, 236–237, 261–262
pediatric, 261, 264t, 268

drug interactions, 264–265
cimetidine, 262
daptomycin, 255

formulations, 254, 260–261, 260t, 262, 264t, 265
in vitro synergy and antagonism, 1304
minimum inhibitory concentrations, 255, 259, 

263, 264t
pharmacokinetics and pharmacodynamics, 

237–238, 262–265
pharmacokinetics/pharmacodynamics

distribution, 238, 262–263
excretion, 261, 262t, 264

resistance and cross-resistance, 255, 256t–257t, 
257, 258–259

cross-resistance, 259
mechanisms of, 324

serum levels, 262–263
ampC genes, 324
Amphenicols, use in food animals, 12t
Amphotericin, drug interactions

aminoglycosides, 2477
foscarnet, 3598

Amphotericin B, 2569–2611, 2612–2627
administration modes and dosage, 2574–2578, 

2574t
aerosol, 2576–2577, 2592
bladder instillation or irrigation, 2576
catheter lock therapy, 2577
intra-articular, 2576
intracavitary, 2577
intralesional, 2577–2578
intraocular, 2577
intraperitoneal, 2575–2576
intrathecal and intraventricular, 2575, 2584, 

2594
intravenous, 2574–2575
nebulized, 2590–2591, 2592
topical therapy, 2577

adverse reactions and toxicity, 2581–2585, 2612, 
2617, 2635t

allergic reactions, 2585
cardiovascular toxicity, 2584
hematologic toxicity, 2583–2584
hepatotoxicity, 2585
immunomodulatory effects, 2585
infusion-related reactions, 2581–2582
nephrotoxicity, 2582–2583
pulmonary reactions, 2584

antimicrobial activity, 2569–2571, 2633
CLSI criteria, 2569–2570, 2572t–2573t
EUCAST criteria, 2569, 2570, 2572t–2573t

chemical structure, 2569, 2569f
clinical uses

aspergillosis, 2590–2593
blastomycosis, 2593
Blastoschizomyces capitatus infections, 2596
candidiasis, 2587–2590
candiduria, 2588
chromoblastomycosis, 2596–2597
coccidioidomycosis, 2593–2594
cryptococcosis, 2585–2587
fusariosis, 2595–2596
histoplasmosis, 2593
invasive candidiasis prevention, 2590
leishmaniasis, 2597–2598
mucormycosis (zygomycosis), 2595
paracoccidioidomycosis, 2594
penicilliosis, 2594–2595
phaeohyphomycosis, 2597
primary amebic meningoencephalitis, 1201, 

2598
scedosporiosis, 2596
sporotrichosis, 2597
Trichosporon infections, 2596

in combination with
eravacycline, 1279
fluconazole, 2769, 2770
flucytosine, 2922, 2924, 2925
5-fluorouracil, 2592–2593, 2596

comparison with liposomal amphotericin B, 2612, 
2617

desensitization to, 2585
drug interactions, 2581

cidofovir, 3547–3548, 3550
flucytosine, 2923
ganciclovir, 3511t
synergistic, with azithromycin, 1124
ticarcillin-clavulanic acid, 306
vancomycin, 807
zidovudine, 3669

in vitro synergy and antagonism, 2124, 2595–2596, 
2735, 2863, 2922, 3151

limitations to use, 2612
mechanism of action, 2571–2572
overdose, 2584
pharmacokinetics/pharmacodynamics, 

2578–2581, 2579t, 2631t
bioavailability, 2578
clinically important features, 2580
distribution, 2578–2580, 2634
excretion, 2580–2581, 2633t
inactivation in the body, 2581

post-antifungal effect, 2580
resistance and cross-resistance, 2571, 2574

Amphotericin B, liposomal, 2612–2627
administration modes, 2613–2614, 2620
adverse reactions and toxicity, 2616–2617

nephrotoxicity, 2636, 2637
antimicrobial activity, 2612–2613
clinical uses, 2591, 2592, 2593, 2596, 2617–2623, 

2620
blastomycosis, 2622
Candida in high-risk patients, 2590
coccidioidomycosis, 2622
cryptococcal meningitis, 2617–2618

cryptococcosis, 2586–2587
Exserohilum rostratum, 2623
fusariosis, 2623
histoplasmosis, 2622
invasive aspergillosis, 2619–2620, 2621
invasive candidiasis, 2618–2620
leishmaniasis, 2616, 2621
mucormycosis (zygomycosis), 2622
paracoccidioidomycosis, 2622
penicilliosis, 2622
pheohyphomycosis, 2623
primary amoebic meningoencephalitis, 2623
sporotrichosis, 2623

comparison with amphotericin B, 2612, 2617
dosage, 2613–2614

alternative regimens, 2615–2616
drug interactions, 2616
mechanism of action, 2613
pharmacokinetics/pharmacodynamics, 

2614–2616, 2615t, 2631t, 2633
distribution, 2634
excretion, 2616

structure, 2612, 2612f
Amphotericin B colloidal dispersion

adverse reactions and toxicity, 2616–2617
clinical uses, 2591

Amphotericin B-lipid complex, 2569, 2628–2645
administration modes, 2630, 2630t
adverse reactions and toxicity, 2634–2636
antimicrobial activity, 2628
chemical structure, 2628, 2629f
clinical uses, 2636–2641

aspergillosis prophylaxis, 2640–2641
invasive fungal infections, 2636–2640, 

2638t–2639t
leishmaniasis, 2640
sporotrichosis, 2597

dosage, 2630–2631, 2630t
drug interactions, 2634
mechanism of action, 2629–2630
pharmacokinetics/pharmacodynamics, 

2631–2634, 2631t, 2632t, 2633f
bioavailability, 2631
clinically important features, 2633
distribution in body, 2631–2632
excretion, 2634

resistance and cross-resistance, 2628–2629
Amphotericin B . See Amphotericin B
Ampicillin, 100–135

administration modes, 110–112
adverse reactions and toxicity, 115–117, 153
antimicrobial activity, 100–105, 102t, 190, 208t, 

607
beta-lactamase sensitivity, 208
chemical structure, 49f, 49t, 115, 280, 280f
clinical uses, 117–118

bacteremia, 980
cesarean section prophylaxis, 155
cholera, 104–105
endocarditis, 120t–121t, 121–122, 465
gonorrhea, 61, 63–64
Haemophilus influenzae infections, 377
Listeria monocytogenes infections, 197
meningitis, 108, 111, 113–114
neonatal necrotizing enterocolitis, 442
nontyphoidal salmonellosis, 443
otitis media, 116
peritonitis, 105
pertussis, 124
Salmonella infections, 115–116
Shigella infections, 123
typhoid fever, 106
urinary tract infections, 118

in combination with
aztreonam, 653
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cefazolin, 105
ceftazidime, 114
ceftriaxone, 103, 465, 494–495
chloramphenicol, 103
gentamicin, 104, 105, 442, 964–965, 979
mecillinam, 209
methylprednisolone, 113–114
quinolones, 103
rifampicin, 104
sulbactam, 190
vancomycin, 792

description, 100
dosage, 109–112
drug interactions, 115

aminoglycosides, 101
avibactam, 644
kanamycin, 101, 103
streptomycin, 103
synergistic, 101, 209, 465
synergistic in vivo, 964–965

effect of penicillin-binding proteins on, 190
formulations, 110
in vitro synergy and antagonism, 1397
mechanism of action, 110, 282
pharmacokinetics/pharmacodynamics, 112, 

113–114
bioavailability, 47, 112
distribution, 113–114
excretion, 112, 114–115, 240

postantibiotic effect, 211
in Pseudomonas aeruginosa, 637, 639
replacement by amoxicillin, 100
resistance and cross-resistance, 35, 105–110, 190, 

208, 208t, 1046–1047, 1518, 1577
Enterococcus, 101, 103, 105–106
Haemophilus influenzae, 33, 108–109, 474
Helicobacter pylori, 108
mechanisms of, 324
Salmonella, 106–107, 123, 443
Shigella, 107

serum levels, 112, 113, 113f
use in aquaculture, 11

Ampicillin-clindamcyin, as intra-abdominal 
infection treatment, 289

Ampicillin-like compounds. See also Amoxicillin; 
Ampicillin

description, 100
discontinued/rarely used, 101t

Ampicillin-sulbactam, 100, 280–298
administration modes, 282–283
adverse reactions and toxicity, 240–241, 285
antimicrobial activity, 228, 228t, 280–282, 281t
chemical structure, 280, 280f
clinical uses, 285–294

Acinetobacter baumanii infections, 293–294
aspiration pneumonia, 286t, 287
diabetic foot infections, 289, 1325
gonorrhea, 294
gynecological/obstetric infections, 287–289, 

288t
intra-abdominal infections, 289, 308
lower respiratory tract infections, 285, 286t, 287
multidrug-resistant Acinetobacter infections, 

241
peritoneal dialysis-related peritonitis, 284
sepsis in pediatric patients, 292–293
skin and soft-tissue infections, 289, 291t, 292
surgical prophylaxis, 294
UTIs, 294

in combination with gentamicin, 284
description, 280
dosage, 235–236, 282–283
drug interactions, 240, 285
mechanism of action, 282
minimum inhibitory concentrations, 284, 285

pharmacokinetics/pharmacodynamics, 283–285
bioavailability, 238, 283, 284
distribution, 238, 283–284
excretion, 283

postantibiotic effect, 284
resistance and cross-resistance, 281–282
serum levels, 283–284
sultamicillin formulation, 235–236

Amprenavir, 4104. See also Fosamprenavir
in combination with lamivudine, 3740
discontinuation of, 4104, 4106
drug interactions, 1751–1752, 4034, 4110–4111, 

4112–4113
excretion, 4110
pharmacokinetics/pharmacodynamics, 4108, 

4108t, 4109, 4110
distribution, 4109

Amputations, ceftiazidime, 559
Amycolatopsis mediterranei, as rifamycins source, 

2369
Amycolatopsis orientalis, as vancomycin source,  

785
Amylasemia elevation, antimonial agents,  

3285–3286
Anaerobic bacteria. See Bacteria, anaerobic
Anaerobic conditions, effect on fluoroquinolone 

activity, 1888
Anaerobiospirillum, chloramphenicol, 1518
Anaerococcus prevotii

daptomycin, 870
linezolid, 1298
metronidazole, 1827
tedizold, 1359

Anaerovibrio
chloramphenicol, 1518
clindamycin, 1470

Anaphylaxis, drugs causing
amoxicillin-clavulanic acid, 266
amphotericin B, 2584, 2617
ampicillin-sulbactam, 285
artemisinin-naphthoquine, 3025
artesunate, 2953, 2970
atovaquone-proguanil, 3141, 3142t
azithromycin, 1129
bacitracin, 1457, 1458
cefotaxime, 439
ceftriaxone, 503
ciprofloxacin, 1908
clindamycin, 1487
doripenem, 736
doxycycline, 1211–1212
flucytosine, 2923
fluoroquinolones, 2117
fosfomycin, 1399
gatifloxacin, 2226
isavuconazole, 2865
kanamycin, 958
ketoconazole, 2744
levofloxacin, 2203
linezolid, 1315
micafungin, 2687
miconazole, 2817
minocycline, 1237
moxifloxacin, 2092
nalidixic acid, 2266
niclosamide, 3407
nitrofurantoin, 1790
penicillin, 1499
penicillin G, 47t, 48, 50
rifaximin, 2455
teicoplanin, 850
telithromycin, 1164
tetracycline, 1199
tinidazole, 1854
trimethoprim-sulfamethoxazole, 1649, 1655

Anaplasma phagocytophilum
azithromycin, 1124
doxycycline, 1218–1219
rifampicin, 2374–2375, 2407

Ancobon. See Flucytosine
Ancotil. See Flucytosine
Ancylostoma braziliense, subdermal larval infections 

with. See Cutaneous larva migrans
Ancylostoma caninum, subdermal larval infections 

with. See Cutaneous larva migrans
Ancylostoma ceylanicum, nitazoxanide, 3170
Ancylostoma duodenale

nitazoxanide, 3164, 3170
pyrantel pamoate, 3381, 3384t

resistance, 3382
Ancytopenia, pyronaridine-artesunate-related, 3014
Androgen synthesis inhibitors, ketoconazole as, 

2743–2744
Androstane receptors, interactions with rilpivirine, 

4005
Anemia, drugs causing

amphotericin B, 2583, 2616–2617
ampicillin-sulbactam, 285
anidulafungin, 2701
antimonial agents, 3285t, 3286
aplastic

chloramphenicol, 1515–1516, 1525–1527
dapsone, 1753
lindane, 3428
streptomycin, 2479
sulfonamides, 1590
trimethoprim, 1650–1651

caspofungin, 2671
ceftriaxone, 484
ciprofloxacin, 1910
dapsone use in, 1749
fluconazole, 2768
foscarnet, 3600t, 3601
griseofulvin, 2930
Heinz body, sulfonamides, 1590
hemolytic

amoxillin, 117
cefazolin, 353
cefotaxime, 439
cefotetan, 409
cephalexin, 365
cephalothin, 353
chloramphenicol, 1527
ciprofloxacin, 1910
dapsone, 1755
ethambutol, 2352
fetal, nitrofurantoin, 1787
fluoroquinolones, 2126
furazolidone, 3188, 3190, 3191
immune, piperacillin, 196
ketonconazole, 2745
methicillin, 140
micafungin, 2687
minocycline, 1237
nalidixic acid, 2263, 2266
nifurtimox, 3215
nitrofurantoin, 1792
para-aminosalicyclic acid, 2491
penicillin G, 53, 140, 353
penicillin V, 95–96
piperacillin-tazobactam, 333t, 334
primaquine, 3103, 3104
sulfonamides, 1590
tetracycline, 1199
ticarcillin-clavulanic acid, 307

iron deficiency, chloramphenicol use in, 1527
linezolid, 1314t, 1315, 1317t
megaloblastic

nitrofurantoin, 1792
para-aminosalicyclic acid, 2490



I-10 Index

Anemia, drugs causing (continued)
pyrimethamine, 1731
trimethoprim-sulfamethoxazole, 1652

micafungin, 2687
miconazole, 2817
nelfinavir, 4081
ombitasvir-paritaprevir-ritonavir-dasabuvir, 4503t
pegylated interferon-ribavirin, 4469
pernicious, chloramphenicol use in, 1527
piperacillin-tazobactam, 333t
pyronaridine-artesunate, 3013, 3013t
ribavirin, 4381–4382, 4381t
stavudine, 3764
trimetrexate, 1772
zidovudine, 3669, 3670–3671, 3670t

Anencephaly, efavirenz-related, 3925
Anesthetic agents, interaction with vancomycin, 807
Angioedema, drugs causing

ciprofloxacin, 1908
fluconazole, 2767
fluoroquinolones, 2126
griseofulvin, 2929
itraconazole, 2797
ketoconazole, 2744
linezolid, 1315
trimethoprim-sulfamethoxazole, 1655

Angiogenesis inhibitors, fumagillin as, 3183, 3186
Angiomatosis, bacillary

azithromycin, 1133
erythromycin, 1078

Angiostrongyliasis, mebendazole, 3333t, 3335
Angiotensin-converting enzyme inhibitors, drug 

interactions
sulfamethoxazole, 1646t
trimethoprim-sulfamethoxazole, 1646t, 1647

Angiotensin receptor blockers, drug interactions
sulfamethoxazole, 1646t
trimethoprim-sulfamethoxazole, 1646t, 1647

Anidulafungin, 2693–2706
administration modes, 2697–2699
adverse reactions and toxicity, 2701
antimicrobial activity, 2693–2697

antifungal susceptibility testing, 2693–2694
dimorphic fungi, 2694t, 2695
molds or filamentous fungi, 2693–2694, 2694t, 

2695
pathogenic yeasts, 2693–2695, 2694t

chemical structure, 2693, 2693f
clinical uses, 2698, 2702–2703
dosage, 2697–2699
drug interactions, 2701

etravirine, 3979t
excretion, 2700–2701
in vitro synergy and antagonism, 2696–2697
mechanism of action, 2697
pharmacokinetics/pharmacodynamics, 

2699–2701, 2699t
resistance and cross-resistance, 2695–2696

Animal bites. See Bite wounds, animal
Ankylosing spondylitis, treatment

moxifloxacin, 2102
sulfasalazine, 1602

Anorectal infection, norfloxacin treatment, 1992
Anorexia, drugs causing

amantadine, 4537
anidulafungin, 2701
antimonial agents, 3286
artemisinin-naphthoquine, 3024
artesunate, 2969
atovaquone, 3122
atovaquone-proguanil, 3132, 3141
bacitracin, 1457
clindamycin, 1486, 1487–1488
eflornithine, 3259
enoxacin, 2175

ethionamide, 2498
fluconazole, 2767, 2768
fumagillin, 3184
ketoconazole, 2742
lopinavir-ritonavir, 4095
niclosamide, 3407
nifurtimox, 315
nitrofurantoin, 1789
para-aminosalicyclic acid, 2490
pegylated interferon, 4466
primaquine, 3103
pristinamycin, 1389
pyrantel pamoate, 3383
pyrazinamide, 2365
pyrimethamine, 1731
rifampicin, 2389
rifaximin, 2455
roxithromycin, 1090
thiabendazole, 3339
thiacetazone, 2506
tigecycline, 1257
tinidazole, 1853
zidovudine, 3672

Anorexia nervosa, cycloserine adjunct therapy for, 
2525

ANRS 138-EASIER study, 3997
ANRS 139 TRIO study, 4234
ANRS 139 TRIO trial, 4137
ANRS 143 study, 4136
ANRS CO3 Aquitaine Cohort, 3997–3998
Ansamycin LM 427. See Rifabutin
ANSORP bacterial resistance surveillance program, 

1634
Antabuse. See Disulfiram-like reactions
Antacids, drug interactions

aluminum/magnesium-containing antacids
clofazimine, 2535
delavirdine, 3962
doxycycline, 1209
enoxacin, 2174
finafloxacin, 2143
fleroxacin, 2186
garenoxacin, 2201
gatifloxacin, 2221
lomefloxacin, 2249
nemonoxacin, 2163
pefloxacin, 2282
raltegravir, 4220, 4220t
rilpivirine, 4000t
tetracycline, 1197

atazanavir, 4149t
azithromycin, 1126
calcium-containing antacids, 2186, 4000t
cefpodoxime, 535
ciprofloxacin, 1888, 1891, 1903
clofazimine, 2535
delavirdine, 3962, 3964t
dolutegravir, 4259
elvitegravir, 4236
enoxacin, 2174
ethambutol, 2350
etravirine, 3980t
fleroxacin, 2186
fosamprenavir, 4111–4112
garenoxacin, 2201
gatifloxacin, 2221
gemifloxacin, 2116
integrase inhibitors, 4200
ketoconazole, 2737, 2741
ledipasvir-sofosbuvir, 4462t
levofloxacin, 2061, 2063
moxifloxacin, 2091
nalidixic acid, 2264–2265
nemonoxacin, 2163
norfloxacin, 1990

ofloxacin, 2012, 2014, 2019t
para-aminosalicyclic acid, 2490
pefloxacin, 2282
posaconazole, 2848
prulifloxacin/ulifloxacin, 2150
raltegravir, 4219–4220, 4220t
rilpivirine, 4000t
rufloxacin, 2291
sitafloxacin, 2126
sofosbuvir-velpatasvir, 4463t
sparfloxacin, 2298
tipranavir-ritonavir, 4163, 4167t

Antagonism. See in vitro synergy and antagonism 
under specific drugs

Anthracnose, 13–14
Anthrax. See Bacillus anthracis (anthrax)
Antiarrhythmic drugs, drug interactions

artemether-lumefantrine, 2978
atazanavir, 4149t
darunavir, 4132t
etravirine, 3977, 3979t
fluoroquinolones, 2064
fosamprenavir, 4110t
ledipasvir-sofosbuvir, 4462t
nelfinavir, 4079
ofloxacin, 2019–2020, 2019t
pentamidine, 3275
pyronaridine, 3012
quinine, 3064
tipranavir-ritonavir, 4166, 4166t

Antibiotic inactivation, in macrolide resistance,  
1069

Antibiotics. See also specific antibiotics
concentration-dependent activity, 4t
global consumption patterns, 5, 5f
new drug development, 7
pharmacokinetic/pharmacodynamic (PK/PD) 

indices, 4t
time-dependent activity, 4t

Anti-cancer activity. See Anti-tumor activity
Anticholinergic agents, drug interactions

amantadine, 4535, 4537
ketoconazole, 2737

Anticoagulant activity, of antibiotics. See also 
Coagulation disorders

of cefamandole, 400
Anticoagulants. See also Warfarin

adverse reactions and toxicity, 265–266
drug interactions

amoxicillin-clavulanic acid, 264–265
atazanavir, 4149t
atovaquone-proguanil, 3141t
cefotetan, 408
darunavir, 4132t
efavirenz, 3919
lopinavir-ritonavir, 4092, 4093t, 4094t
mefloquine, 3082
piperacillin-tazobactam, 332t
rifampicin, 2385, 2386t
ritonavir, 4187

Anticonvulsants, drug interactions
darunavir, 4133t
efavirenz, 3918
etravirine, 3977, 3980t
fosamprenavir, 4110–4111, 4111t
ledipasvir-sofosbuvir, 4462t
lopinavir-ritonavir, 4093
meropenem, 710
ritonavir, 4187
sofosbuvir-velpatasvir, 4463t
tipranavir-ritonavir, 4167t, 4168

Antidepressant drugs, drug interactions
artemether-lumefantrine, 2978
atazanavir, 4149t
darunavir, 4133t
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fosamprenavir, 4111t
lopinavir-ritonavir, 4093, 4094t
norfloxacin, 1990
pentamidine, 3275
pyronaridine, 3012
tipranavir-ritonavir, 4168

Antidiabetic drugs. See also Hypoglycemic agents
interaction with mefloquine, 3082

Antidiarrheal drugs, interaction with atovaquone, 
3122

Antiepileptic drugs, drug interactions
atazanavir, 4149t
cycloserine, 2524
mefloquine, 3082

Antifungal agents. See also Azole antifungal agents
agricultural use, 13–14, 13t, 16
concentration-dependent activity, 4t
drug interactions

atazanavir, 4149t
fosamprenavir, 4110t, 4111t
nevirapine, 3871t, 3872–3873
rifampicin, 2385, 2386t
saquinavir, 4037t, 4038

pharmacokinetic/pharmacodynamic (PK/PD) 
indices, 4t

time-dependent activity, 4t
Antifungal susceptibility testing, of echinocandins, 

2659–2660
Antihelmintic drugs. See also specific antihelmintic 

drugs
benzimidazole carbamate anthelmintics. See also 

Abendazole; Flubendazole; Mebendazole; 
Thiabendazole; Triclabendazole

mechanism of action, 3330–3331, 3341
resistance in domestic animals, 3313–3314

Antihistamines, drug interactions
amantadine, 4535
azithromycin, 1127, 1128t
clarithromycin, 1104t
darunavir, 4132t
fosamprenavir, 4110t
quinine, 3064
tipranavir-ritonavir, 4166t

Anti-inflammatory activity
dapsone, 1749, 1750, 1761–1762
doxycycline, 1207, 1220–1221
roxithromycin, 1093
sulfasalazine, 1581
telithromycin, 1159

Antimalarial drugs. See also Plasmodium (malaria)
drug interactions

efavirenz, 3917–3918
saquinavir, 4038

quinolone methanol group, 3075
Antimalarial therapy, ideal, 3131
Antimicrobial drugs. See also specific drugs

critically important, 14, 15t, 16
principles of use, 3–8
selection guidelines for, 3–5, 3t

Antimicrobial stewardship, 5–6, 6t
Antimonial agents, 3280–3291

administration modes, 3282–3283
adverse reactions and toxicity, 3284–3286, 3285t

in pregnancy, 3283
antimicrobial activity, 3280–3281
chemical structure, 3280, 3280f
clinical uses

cutaneous leishmaniasis, 3287–3288, 3287t, 
3288–3289

mucocutaneous leishmaniasis, 3288–3289
visceral leishmaniasis, 3286–3287, 3287t

dosage, 3282–3284, 3283t
drug interactions, 3284
excretion, 3284
mechanism of action, 3281–3282

pharmacokinetics/pharmacodynamics, 3284
resistance and cross-resistance, 3281, 3282

Antimycobacterial agents. See also Mycobacterium 
entries; Tuberculosis

drug interactions
atazanavir, 4148t, 4149t
tipranavir-ritonavir, 4166t

Antineoplastic drugs. See Chemotherapy
Antineutrophil cytoplasmic antibodies (ANCAs), 

440
Antiparasitic drugs. See also specific drugs

concentration-dependent activity, 4t
pharmacokinetic/pharmacodynamic (PK/PD) 

indices, 4t
time-dependent activity, 4t

Antiparkinsonian agents, interaction with 
gentamicin, 977

Antiplatelet agents, drug interactions
efavirenz, 3919
piperacillin-tazobactam, 332t
rifampicin, 2385, 2386t
ritonavir, 4187

Antipruritic agents, interaction with crotamiton, 
3443

Antipsychotic agents, drug interactions
fosamprenavir, 4110t
norfloxacin, 1990
pentamidine, 3275
quinine, 3064

Antipyrine, interaction with ketoconazole, 2740
Antiretroviral drugs. See also Non-nucleoside reverse 

transcriptase inhibitors; Nucleoside reverse 
transcriptase inhibitors; Protease inhibitors; 
names of specific drugs

drug interactions
artemether-lumefantrine, 2978, 2979
atovaquone, 3122
clarithromycin, 1103, 1104t
cobicistat, 4187, 4199t, 4200
dapsone, 1751–1752
darunavir, 4131t
delamanid, 2554, 2555t
delavirdine, 3963–3964, 3963t–3964t
fosamprenavir, 4110t, 4112–4114, 4112t
mefloquine, 3081
nevirapine, 3871–3872, 3871t
proguanil, 3132
rifabutin, 2438, 2440t–2441t
rifampicin, 2385, 2387, 2388t–2389t
ritonavir, 4187, 4196t–4198t

Antiretroviral Pregnancy Register, 3925, 4338
Antiretroviral Treatment Collaboration Cohort, 

3934, 3936
Antisense oligonucleotides. See also Fomivirsen

mechanism of action, 3648
Antiseptically, synthesis inhibition

by ampicillin, 282
Antitriptyline, interaction with furazolidone, 3190
Antituberculosis drugs. See also Tuberculosis; specific 

drugs
concentration-dependent activity, 4t
drug interactions

delamanid, 2554, 2555t
nevirapine, 3871t, 3872
ofloxacin, 2019t, 2020
rilpivirine, 4000t

early bactericidal activity (EBA), 2322
pharmacokinetic/pharmacodynamic (PK/PD) 

indices, 4t
time-dependent activity, 4t

Anti-tumor activity
brivudin, 3574
chloroquine, 3035, 3042
cidofovir, 3542, 3546–3547
doxycycline, 1221

idoxuridine, 3635
miltefosine, 3292, 3296, 3305
nelfinavir, 4083
niclosamide, 3408
trifluridine, 3628
zidovudine, 3682

Antiviral drugs. See also Antiretroviral drugs; specific 
antiviral agents

new drug development, 7
Anuria

antibiotic excretion in
ampicillin, 179
carbenicillin, 179
penicillin G, 47, 179
ticarcillin, 179

streptomycin use in, 2476
Anxiety, drugs causing

atovaquone, 3122
atovaquone-proguanil, 3132, 3141
cycloserine, 2525
efavirenz, 3920
etravirine, 3981
fleroxacin, 2187
garenoxacin, 2205
as mefloquine contraindication, 3084
rimantidine, 4538

Aorta, vancomycin concentrations in, 804
AP611074. See BTA074
Apalcillin

administration modes, 194
adverse reactions and toxicity, 197
antimicrobial activity, 188t, 189
beta-lactamase susceptibility, 190
description, 187
dosage, 191, 195
mechanism of action, 191
minimum inhibitory concentrations, 188t
penicillin-binding protein-inhibiting activity, 191
pharmacokinetics/pharmacodynamics

distribution, 194–195
excretion, 195

resistance and cross-resistance, 190
serum levels, 194
unavailability for clinical use, 187

Apicoplasts, 1475
Apixaban, interaction with rifampicin, 2385, 2386t
Apophysomyces elegans. See also Mucormycosis 

(zygomycosis)
amphotericin B, 2595

Apophysomyces variabilis, amphotericin B, 2571
Apoptosis

inducers
cidofovir, 3547
melarsoprol, 3239
nelfinavir, 4083

inhibitors
eflornithine, 3265
melarsoprol, 3246

Appendectomy
versus nonoperative treatment, 271
prophylaxis

cefuroxime-metronidazole, 197
metronidazole, 1828
mezlocillin, 197

Appendicitis
amoxicillin-clavulanic acid, 271
cefepime, 597
ceftazidime, 597
eravacycline, 1286
levofloxacin, 2067–2068
perforated or gangrenous

cefepime, 597
clindamycin, 713
meropenem, 713
piperacillin, 198
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Appendicitis (continued)
ticarcillin-clavulanic acid for, 308
tobramycin, 713

piperacillin-tazobactam, 336
tigecycline, 1259

Appendix tissue, cefepime concentrations in, 
590–591

Applesauce, interaction with ketoconazole, 2738
Application-site reactions. See also Injection-site 

reactions
amorolfine, 2906
butenafine, 2722
naftifine, 2726
retapamulin, 1564, 1565t
sitafloxacin, 2127

Apricitabane, discontinuation of development, 
3850–3852

APRICOT (AIDS Pegasys Ribavirin International 
Coinfection Trial), 4369

Aquaculture, antimicrobial use in, 11–13, 2171
Aquaglycerosporins, 3282
Aqueous humor, antimicrobial concentrations in

aciclovir, 3461
amphotericin B, 2580
azithromycin, 1126
aztreonam, 650
biapenem, 776–777
cefotaxime, 436
ceftiazidime, 557
chloramphenicol, 1521
ciprofloxacin, 1900–1901
daptomycin, 881
doxycycline, 1209–1210
fleroxacin, 2185
flucytosine, 2922
fluoroquinolones, 1901
fosfomycin, 1399
fusidic acid, 1412
ganciclovir, 3511
gatifloxacin, 2223, 2232
imipenem, 675
itraconazole, 2792t, 2794
ketoconazole, 2739
levofloxacin, 2016, 2062
linezolid, 1311
lomefloxacin, 2247
minocycline, 1235
moxifloxacin, 2016, 2090–2091
norfloxacin, 1989
ofloxacin, 2015–2016
pefloxacin, 2281
rifampicin, 2383
roxithromycin, 1089
sulfonamides, 1585
trimethoprim-sulfamethoxazole, 1644
vancomycin, 803
voriconazole, 2829

AQUITAINE cohort, 3937–3938
AR-100. See Iclaprim
Ara-A. See Vidarabine
Arachnia

amoxicillin, 104
ampicillin, 104
penicillin G, 24t, 31

Arachnophobia, cycloserine adjunct therapy for, 
2525

Aralen. See Chloroquine
Arbutin, 2153
ARC-520, 4631t, 4639
Arcanobacterium haemolyticum

ciprofloxacin, 1872
penicillin G, 30
trimethoprim-sulfamethoxazole, 1627

resistance, 1627
ARCO. See Artemisinin-naphthoquine

Area-under-the-concentration-time curve (AUC), 
3, 4t

Arenaviruses
amantadine, 4525
ribavirin, 4368t, 4370

Aresunate, excretion, 3012
Argentinian hemorrhagic fever, ribavirin, 4393
ARIEL study, 4128, 4138
Arizona

cefazolin, resistance, 348
cephalexin, resistance, 362
cephalothin, resistance, 348
chloramphenicol, 1517
norfloxacin, 1986
penicillin, resistance, 33

armA gene mutations, 966, 994, 1011, 1057
Arpida, 1775, 1781
Arrhythmias. See also Antiarrhythmic drugs

drugs causing
amphotericin B, 2584
amphotericin B-lipid complex, 2635
cefotaxime, 439
dihydroartemisinin-piperaquine, 2998t
gatifloxacin, 2226
miconazole, 2817
quinine, 3064

Arrowhead, 4631t
ARROW trial, 3778
Arsenicals, use in food animals, 12t
Arsucam. See Artesunate-amodiaquine
Artefenomel, 2941–2942
Artekin-2. See Dihydroartemisinin-piperaquine
Artekin. See Dihydroartemisinin-piperaquine
Artelinic acid, 2941
Artemether, 2941

administration modes, 2946, 2948t
antimicrobial activity, 2943
chemical structure, 2942f
dosage, 2948t
drug interactions, 3873

pyrimethamine, 1731
pharmacokinetics/pharmacodynamics, 

2946–2947, 2949t
Artemether-amiodiaquine, dosage, 2945, 2946
Artemether-lumefantrine, 2941, 2974–2988

adverse reactions and toxicity, 2952, 2979–2981
antimicrobial activity, 2974–2975
chemical structure, 2974, 2974f
clinical uses, 2981–2983
combined with tafenoquine, 3112
dosage, 2945, 2946, 2975–2976, 2977t
drug interactions, 2978–2979

etravirine, 3977, 3979t
mefloquine, 3082

excretion, 2978
mechanism of action, 2975
pharmacokinetics/pharmacodynamics, 

2976–2978, 2977t
resistance and cross-resistance, 2975

Artemether-mefloquine, dosage, 2945
Artemether-sulfadoxine-pyrimethamine, dosage, 

2945
Artemisinin(s), 2941–2963. See also Artesunate; 

Dihydroartemisinin; 
Dihydroartemisinin-piperaquine

administration modes, 2945, 2947t
adverse reactions and toxicity, 2952–2953
antimicrobial activity, 2942–2943
chemical structure, 2941, 2942f, 3019f
clinical uses

combination therapy, 2953–2955, 2954t
malaria, severe, 2945–2946
malaria, uncomplicated, 2945, 2953–2955, 2954t

combination therapy (ACT), 1500, 2944
malaria, 1598–1599, 2982–2983

during pregnancy, 2953
in pregnancy, 2967, 2982
rationale for, 2966

dosage, 2945–2946, 2947t
drug interactions, 2952

omeprazole, 3023
mechanism of action, 2944–2945
pharmacokinetics/pharmacodynamics,  

2946–2952
bioavailability, 2946–2947
cllinically important features, 2949, 2952
distribution, 2947–2949
excretion, 2947, 2949

resistance and cross-resistance, 2943–2944, 2966
WHO global containment policy for, 2944

Artemisinin derivatives, synergistic drug inter-
actions, 1124

Artemisinin-naphthoquine, 3019–3029
administration mode, 3021
adverse reactions and toxicity, 3023–3025
antimicrobial activity, 3019–3020, 3019f
chemical structure, 3019, 3019f
cllnical uses, 3025–3027, 3026t
dosage, 3021
drug interactions, 3023
mechanism of action, 3021
pharmacokinetics/pharmacodynamics, 

3021–3023, 3022t
bioavailability, 3022
clinically important features, 3023
distribution in body, 3022–3023
excretion, 3023

resistance and cross-resistance, 3020–3021
Artemisinin-piperaquine, 2989–2990
Artemisone, 2941
ARTEMIS study, 4097, 4098t, 4126, 4130,  

4134–4135
ArTEn study, 3882
Artequick. See Artemisinin-piperaquine
Arteriosclerosis, cerebral, nalidixic acid use 

precautions in, 2265
Arterolane maleate, 2941
Arterolane-piperaquine, 2989–2990
Artesunate, 2964–2973

administration modes, 2945–2946, 2966
adverse reactions and toxicity, 2969–2970
antimicrobial activity, 2943, 2964–2966, 2965t
chemical structure, 2942f, 2964, 2964f
clinical uses

malaria, severe, 2966–2967, 2970, 3061
malaria, uncomplicated, 2966, 2970

in combination with
dapsone and chlorproguanil, 1758–1759
praziquantel, 2664–2965
sulfadoxine-pyrimethamine, 2964

dosage, 2966–2967
drug interactions, 2952, 2969
mechanism of action, 2966
pharmacokinetics/pharmacodynamics, 2947, 

2948t, 2950t–2951t, 2952, 2967–2969
World Health Organization recommendations for, 

2964
Artesunate-amiodarone, clinical uses, 3053, 3053t
Artesunate-amiodiaquine, 3049

administration mode and dosage, 2966
clinical use, 2954, 2954t
dosage, 3050–3051, 3050t

Artesunate-lumefantrine, clinical use, 2954, 2954t
Artesunate-mefloquine

administration mode and dosage, 2966
clinical use, 2954, 2954t

Artesunate-quinine, clinical uses, 3068
Artesunate-sulfadoxine-pyrimethamine, 2966
Artesunate-sulfamethoxypyridazine-pyrimethamine, 

1574–1575



Index I-13

Arthralgia, drugs causing
antimonial agents, 3286
bedaquiline, 2547
benznidazole, 3207
diethylcarbamazine, 3374
ethambutol, 2352
ketoconazole, 2744
nitrofurantoin, 1790
pegylated interferon, 4466
praziquantel, 3389
pretomanid, 2556
pyrazinamide, 2365
quinupristin-dalfopristin, 1380, 1382, 1383

Arthritis, 502
drugs causing

amphotericin B, 2594
benznidazole, 3207
ciprofloxacin, 1923
clindamycin, 1490
isoniazid, 2332
norfloxacin, 1991
pyrazinamide, 2364

treatment
amphotericin B, 2588
ceftriaxone, 501, 502, 503
cephalexin, 366
fleroxacin, 2189
penicillin G, 33–34, 56, 57, 67
roxithromycin, 1092

Arthrobacter, linezolid, 1295
Arthropathy, drugs causing

ciprofloxacin, 1908–1909
fluoroquinolones, 2010–2011, 2126–2127
gatifloxacin, 2227
levofloxacin, 2127
moxifloxacin, 2092–2093
nalidixic acid, 2266
ofloxacin, 2021t, 2023
pefloxacin, 2282
streptomycin, 2479

Arthroplasty prophylaxis, ceftiazidime, 559
Arthus reactions, 48
ART-NQ. See Artemisinin-naphthoquine
Ascaris lumbricoides (ascariasis)

albendazole, 3321
diethylcarbamazine, 3370
flubendazole, 3343
ivermectin, 3352t, 3361
mebendazole, 3332
nitazoxanide, 3164, 3170
pyrantel pamoate, 3381, 3384t

Ascaris suum, nitazoxanide, 3170
Ascites

moxifloxacin use in, 2089
norfloxacin prophylaxis, 1994–1995
tobramycin use in, 997

Ascitic fluid, antimicrobial concentrations in
amphotericin B-lipid complex, 2632
bacitracin, 1457
cefotaxime, 435
ceftiazidime, 558
cephalothin, 351
chloramphenicol, 1524
cycloserine, 2523
erythromycin, 1072
gentamicin, 973–974
kanamycin, 955
methicillin, 139
metronidazole, 1819
mezcloxillin, 194
novobiocin, 1452
pefloxacin, 2281
penicillin G, 45
rifampicin, 2383
streptomycin, 2477

tetracycline, 1197
vancomycin, 803

Ascorbic acid, for urine acidification, 1800
Asian Pharm, 3187
ASPECT-cIAI study, 637
Aspergillomas, amphotericin B, 2591
Aspergillosis. See also individual Aspergillus species

albaconazole prophylaxis, 2874
allergic bronchopulmonary

amphotericin B, 2590–2591
itraconazole, 2790t, 2800
natamycin, 2654–2655

amphotericin B, 2590–2593, 2591–2592
colloidal dispersion, 2591
combination therapy, 2592–2593
empiric therapy, 2592
lipid complex, 2637, 2638t–2639t, 2639, 

2640–2641
liposomal, 2592, 2593, 2619–2620, 2621
prophylaxis, 2592, 2640–2641

anidulafungin, 2702
canine, enilconazole, 2893
caspofungin, 2663

combination therapy, 2665, 2673–2674
monotherapy, 2673

chronic pulmonary
itraconazole, 2790t, 2800
micofungin, 2689

equine, enilconazole, 2893
flucystosine, 2924–2925
itraconazole, 2790t, 2800
micofungin, 2689

combination therapy, 2689
posaconazole, 2852

Aspergillus
albaconazole, 2870, 2871
amphotericin B, 2570, 2573t, 2615, 2629

resistance, 2571
anidulafungin, 2694, 2695
azithromycin, 1122
azole resistance, 14
caspofungin, 2660, 2661, 2661t, 2662–2663, 2667, 

2668, 2669, 2674
ciclopirox, 2909
clotrimazole, 2893
echinocandin, 2696, 2697
fluconazole, 2710t
flucytosine, 2920, 2920t
griseofulvin, 2710t
isavuconazole, 2858–2859, 2861t, 2863,  

2865–2866
resistance, 2859

itraconazole, 2710t, 2787t, 2788, 2794–2795
ketoconazole, 2732t, 2733
micafungin, 2686
miltefosine-voriconazole, 3295
naftifine, 2725
natamycin, 2653
nystatin, 2646
posaconazole, 2843, 2844, 2845t, 2847

resistance, 2844
ravuconazole, 2877
rifampicin, 2375, 2409
rufabutin, 2435
sulfacetamide derivatives, 1575–1576
sulfonamides, 1575
terbinafine, 2709–2710, 2710t
tolenaftate, 2901
tolnaftate, 2901
trimethoprim-sulfamethoxazole, 1687
voriconazole, 2824t, 2825, 2829

resistance, 2825–2826
Aspergillus alliaceus, amphotericin B deoxycholate 

resistance, 2570
Aspergillus calidoustus, caspofungin resistance, 2663

Aspergillus flavus
albaconazole, 2872t
amphotericin B, 2570, 2573t
caspofungin, 2661t, 2663
echinocandin, 2696–2697
isavuconazole, 2861t, 2863
itraconazole, 2787t, 2788
micafungin, 2683, 2683t
miltefosine, 3293t
posaconazole, 2844, 2845t
ravuconazole, 2877, 2878t
sulfonamides, 1575
terbinafine, 2709–2710
voriconazole, 2824t, 2825, 2829

Aspergillus fumigatus
albaconazole, 2872t, 2874
amphotericin B, 2570, 2573t, 2574, 2633
anidulafungin, 2694t, 2695, 2700
butenafine, 2721
caspofungin, 2660f, 2661t, 2662–2663, 2667

resistance, 2664–2665
ciprofloxacin, 1875
echinocandin, 2697
econazole, 2893
flucytosine, 2919, 2920t
isavuconazole, 2859, 2861t, 2863

resistance, 2859
itraconazole, 2787t, 2788

resistance, 2788, 2789t
micafungin, 2683, 2683t
miltefosine, 3293t
natamycin, 2653
posaconazole, 2843, 2844, 2845t
ravuconazole, 2877, 2878t

resistance, 2877
sulfonamides, 1575
terbinafine, 2710
trimethoprim-sulfamethoxazole, 1575
voriconazole, 2824t, 2825, 2829

Aspergillus galactomannan assay, effect of 
piperacillin- tazobactam on, 331–332

Aspergillus lentulus
caspofungin, resistance, 2663
isavuconazole, 2861t
ravuconazole

resistance, 2877
Aspergillus nidulans

amphotericin B, 2573t
amphotericin B-lipid complex resistance, 2629
isavuconazole, 2861t
sulfonamides, 1575

Aspergillus niger
albaconazole, 2872t
amphotericin B, 2570, 2573t
anidulafungin, 2694t
echinocandin, 2696
gatifloxacin, 2218
haloprogrin, 2933
isavuconazole, 2861t
itraconazole, 2787t, 2788
micafungin, 2683, 2683t
posaconazole, 2844, 2845t
ravuconazole, 2878t
sulfonamides, 1575
terbinafine, 2709–2710
voriconazole, 2824t, 2825

Aspergillus oryzae, sulfonamides, 1575
Aspergillus section Fumigati, ravuconazole, 2877
Aspergillus terreus

amphotericin B, 2573t
resistance, 2570, 2571

amphotericin B-lipid complex, 2637, 2639
resistance, 2629

anidulafungin, 2694t
caspofungin, 2661t, 2663, 2674
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Aspergillus terreus (continued)
echinocandin, 2696
isavuconazole, 2861t, 2863
itraconazole, 2787t, 2788
micafungin, 2683, 2683t
miltefosine, 3293t
posaconazole, 2843, 2844, 2845t
ravuconazole, 2877, 2878t
sulfonamide resistance, 1575
terbinafine, 2710
voriconazole, 2824t, 2825, 2829

Aspergillus ustus
albaconazole, 2872t
caspofungin, resistance, 2663
sulfonamide, resistance, 1575

Aspergillus versicolor
amphotericin B, 2570, 2573t
isavuconazole, 2861t
itraconazole, 2787t, 2788
posaconazole, 2845t
voriconazole, 2824t, 2825

Aspirin, interaction with penicillin G, 47
ASSERT study, 3932
Assessing Worldwide Antimicrobial Resistance 

Evaluation (AWARE), 464, 473
Assessment of Telavancin for Treatment of 

Hospital-Acquired Pneumonia (ATTAIN) trials, 
935, 936–937

Assessment of Telavancin in Complicated Skin and 
Skin Structure Infections (ATLAS) trials, 935, 
936

Astemizole, drug interactions
clarithromycin, 1104t
fluconazole, 2765
fosamprenavir, 4110, 4110t
pentamidine, 3275
posaconazole, 2850
roxithromycin, 1090t
voriconazole, 2830

Asterixis, cycloserine-related, 2525
Asthenia, drugs causing

atovaquone, 3122
eflornithine, 3257
fosfomycin, 1399
ombitasvir-paritaprevir-ritonavir-dasabuvir, 

4501t, 4503t
praziquantel, 3389
trifluridine, 3630

Asthma
drug toxicity in

tetracycline, 1199
zanamivir, 4567–4568, 4573

treatment
azithromycin, 1138
clarithromycin, 1111, 1112
doxycycline, 1211
erythromycin, 1079
nitrofurantoin, 1790
spiramycin, 3178
telithromycin, 1167

Asunaprevir, 4434t
administration mode, 4452t
antiviral activity, 4440t
chemical structure, 4436f
dosage, 4452t
drug interactions, 4459

rilpivirine, 4000t
saquinavir, 4036t, 4038

excretion, 4454t, 4459
mechanism of action, 4434t
pharmacokinetics/pharmacodynamics, 4454t, 

4458–4459
resistance, 4443t

Atabrine. See Quinacrine
ATADAR study, 4134

Atanavir, interaction with dapsone, 1752
Atan. See Lindane
Ataxia, drugs causing

gatifloxacin, 2227
metronidazole, 1822, 1823
polymyxins, 1447
thiacetazone, 2507

Atazanavir, 4142–4157
administration mode, 4144
adverse reactions and toxicity, 4147, 4148, 

4151–4153, 4151t
cardiac toxicity, 4151
diabetes mellitus, 4151
hemophilia-associated bleeding, 4152
hepatotoxicity, 4152
HIV lipodystrohy syndrome, 4151–4152
hyperbilirubinemia, 4147, 4148, 4151, 4151t, 

4152
hyperlipidemia, 4151t
immune restoration disease, 4152
nephrolithiasis, 4152
in pediatric patients, 4153
postmarketing identification of, 4148
in pregnancy and breastfeeding, 4152
rashes, 4151

antiviral activity, 4143
chemical structure, 4142, 4142f
clinical use, HIV-1 virus infection, 4153–4155

in pediatric patients, 4155
unboosted atavanazir, 4154–4155

cobicistat-boosted (Evotaz; Tybost), 4142–4143, 
4147

drug interactions, 3705t
in combination with

emtricitabane, 3811
histamine2-receptor antagonists, 4144, 4145
proton-pump inhibitors, 4144, 4145

dosage, 4144–4146, 4145t, 4150t
in antiretrviral therapy-experienced patients, 

4145
in antiretrviral therapy-naive patients, 4144
in children, 4183t

drug interactions, 4144, 4147, 4148t, 4149t, 4150t
didanosine, 4146
elvitegravir, 4236
etravirine, 3976, 3978t
grazoprevir, 4460
histamine2-receptor antagonists, 4146
indinavir, 4068
mefloquine, 3081
minocycline, 1235
proton-pump inhibitors, 4146
raltegravir, 4219
saquinavir, 4030t, 4033–4035
trimetrexate, 1771

in vitro synergy and antagonism, 4144
mechanism of action, 4144
pharmacokinetics/pharmacodynamics, 4146–4147

excretion, 4147
resistance and cross-resistance, 4143–4144
ritonavir-boosted, 3933, 4143, 4147

adverse reactions and toxicity, 4201
clinical use, 4204–4205, 4205t
dosage, 4144–4145, 4145f
drug interactions, 3122, 3705t

tenofovir-boosted, 4144, 4145, 4147
therapeutic drug monitoring, 4147
uridine diphosphate glucuronosyltransferase- 

inhibiting activity, 4147, 4148, 4151
Atlantic study, 3881
ATLAS-M study, 3740
ATLAS (Assessment of Telavancin in Complicated 

Skin and Skin Structure Infections) studies, 
935, 936

ATOMIC study, 4478t

Atomoxetine, interaction with linezolid, 1314
Atopobium vaginae, metronidazole, 1825–1826
Atorvastatin, drug interactions

atazanavir, 4149t
azithromycin, 1128
etravirine, 3977, 3979t
fosamprenavir, 4110, 4111t
lopinavir-ritonavir, 4095t
posaconazole, 2850
rifampicin, 2386t
tipranavir-ritonavir, 4166, 4167t

Atovaquone, 3117–3126
administration mode, 3119
adverse reactions and toxicity, 3122–3123
antimicrobial activity, 3117–3119
chemical structure, 3117, 3117f, 3136, 3136f
clinical uses, 3123

toxoplasmosis, 1597
in combination with

azithromycin, 1125
proguanil. See Atovaquone-proguanil

concentration-dependent activity, 4t
dosage, 3119–3120
drug interactions, 3121–3122

lopinavir-ritonavir, 4094t
zidovudine, 3669t

excretion, 3140–3141
mechanism of action, 3119
pharmacokinetics/pharmacodynamics

clinically important features, 3121
distribution in body, 3120–3121
excretion, 3121

Atovaquone-proguanil, 3117, 3132–3133, 3136–3145
administration mode, 3129, 3139
adverse reactions and toxicity, 3132, 3141, 3142t, 

3143
neurologic side effects, 3083t

antimicrobial activity, 3128, 3136–3137
clinical uses

malaria prophylaxis, 3140, 3141–3143
malaria treatment, 3140, 3143–3144

dosage, 3129t, 3139, 3139t
drug interactions, 3141, 3141t

saquinavir, 4036t
mechanism of action, 3129, 3136, 3138–3139
pharmacokinetics/pharmacodynamics, 3120, 

3121, 3130, 3131, 3140–3141
resistance, 3137, 3138t

ATP-binding cassette (ABC) transporters, 1456
ATP synthase, as bedaquiline target, 2543, 2544
Atrial fibrillation, radezolid-related, 1355
Atropobium vaginae, metronidazole, resistance, 1809
ATTAIN (Assessment of Telavancin for Treatment of 

Hospital-Acquired Pneumonia) trials, 935–936, 
936–937

Augmentin, 254
Augmentin XR, 262
Aujeszky disease virus, ganciclovir, 3504
Aurobindo Pharma, 3657, 3755, 3773, 3855
Australian Adverse Drug Reactions Advisory 

Committee, 1853–1854
Australian Antibiotic Guidelines, 1831
Australian Therapeutic Goods Administration, 1801, 

1802, 1889
Autoimmune conditions, treatment

chloroquine, 3041
hydroxychloroquine, 3041

Autoimmune effects
of methicillin, 140
of minocycline, 1235, 1236, 1237

Autoimmune lymphoproliferative syndrome, 
Fansidar (sulfadoxine-pyrimethane), 1604–1605

Autolysin inhibitors, 146
Autolysins, 27, 40, 41

imipenem-induced, 673
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AVANTI (avelox in acute exacerbations of chronic 
bronchitis) study, 2095

Avarofloxacin, 2157–2161
admininstration modes, 2160
adverse reactions and toxicity, 2160–2161
antimicrobial activity, 2157–2160, 2158t–2159t
chemical structure, 2157, 2157t
clinical uses, 2157, 2160
development and availability chronology, 2256t
dosages, 2160
pharmacokinetics/pharmacodynamics, 2157, 2160

AVE 1330A. See Avibactam
Avelox in acute exacerbations of chronic bronchitis 

(AVANTI) study, 2095
Avelox. See Moxifloxacin
Avermectins, 3351. See also Ivermectin; Moxidectin
Avexa, 3850
AVI-7287, 4632t, 4642
AVI-7288, 4632t, 4642
Avian influenza A virus

amantadine resistance, 4526, 4528
H4N2, zanamivir poly-L-glutamine conjugate, 

4555
H5N1

oseltamivir, 4611
oseltamivir, resistance, 4585
peramivir, 4611
zanamivir, 4611
zanamivir, resistance, 4557

H7N7
oseltamivir, 4611
peramivir, 4611
zanamivir, 4611

H7N9
oseltamivir, 4611
peramivir, 4611
zanamivir, 4611

H9N2
oseltamivir, 4611
peramivir, 4611
zanamivir, 4611

nitazoxanide, 3164
oseltamivir, 4601, 4603
zanamivir, 4553–4554

Avian myeloblastosis virus, zidovudine, 3658
Avibactam

action mechanism, 235
antimicrobial activity, 232, 612–613
beta-lactamase-inhibiting activity, 226, 567
bioavailability, 238
chemical structure, 225f, 564, 564f, 612–613
combined with ceftazidime. See 

Ceftazidime-avibactam
excretion, 240
mechanism of action, 567, 613

Avoparcin, 790
ban on, 10

Avycaz. See Ceftazidime-avibactam
AWARE (Assessing Worldwide Antimicrobial 

Resistance Evaluation), 464, 473
Ayfivin®. See Bacitracin
Azathioprine, interaction with trimethoprim- 

sulfamethoxazole, 1652
Azelaic acid, as rosacea treatment, 1220
Azithromycin, 1122–1149

administration modes, 1125, 1127
adverse reactions and toxicity, 1127–1130, 1128, 

1134, 2118
cardiotoxicity, 1106

antigonococcal potency, 470
antimicrobial activity, 1122–1125

CLSI criteria, 1123t, 1127
EUCAST criteria, 1123t, 1127
Gram-negative bacteria, 1122, 1123t, 1124,  

1183

Gram-positive bacteria, 1122, 1123t, 1127
minimum inhibitory concentrations, 1122, 

1123t, 1124
mycobacteria, 1122, 1123t, 1124

chemical structure, 1122, 1122f
clinical uses

asthma, 1138
babesiosis, 1132–1133
bacillary angiomatosis, 1133
bronchiectasis, 1107, 1134–1135, 1137
bronchiolitis obliterans, 1124–1125
bronchitis, 1131
cat-scratch disease, 1133
chancroid, 1596, 1992, 2176
chlamydial infections, 1596
Chlamydia trachomatis infection, 448, 1133
cholera, 1135, 1200, 1919
chronic obstructive pulmonary disease, 

1137–1138
community-acquired pneumonia, 1108, 

1131–1132
comparison with clarithromycin, 1107t
coronary artery disease, 1136
cystic fibrosis, 1124–1125, 1137
enteric fever, 2268
genital ulcers, 1133
gonorrhea, 271, 448, 1134, 2118
granuloma inguinale, 1134
H. pylori infections, 1135–1136
immunomodulatory agent, 1124–1125, 

1136–1137
lower respiratory tract infections, 1131, 1138
lung transplant-related bronchiolitis obliterans, 

1138
Lyme disease, 1132
malaria, 1124, 1136, 1184
M. avium complex infections, 1125, 1134–1135
M. avium complex prophylaxis, 1109
M. genitalium infections, 1134
mycobacterial infections, 1936
otitis media, 1130–1131
panbronchioloitis, 1124–1125
pertussis, 1132
pharyngitis, 1125
pneumonia, 1129
Salmonella paratyphi infections, 1135
Salmonella typhi infections, 1135
scrub typhus, 1935
sexually transmitted infections, 1125, 1129, 

1133–1134
shigellosis, 443, 544, 1135
sinusitis, 1131
skin and skin structure infections, 1132
streptococcal pharyngitis, 96
surgical site infections, 1130
syphilis, 1134
tick-borne infections, 1132–1133
tonsillitis, 1125
toxoplasmosis, 1133
trachoma, 1136
traveler’s diarrhea, 2067
tularemia, 1133
typhoid fever, 123, 485, 544, 1917, 2028–2029
upper respiratory tract infections, 1130–1131
urethritis, 1111, 2232
yaws, 1132

in combination with
amikacin, 1020
antacids, 1126
artemisinins, 2955
atovaquone, 1125
cefixime, 540–541
chloroquine, 3040
quinine, 3068

dosage, 1125

drug interactions, 1127–1128, 1128t
amphotericin B, 1124
azithromycin, 1124
etravirine, 3979t
fluconazole, 1124

extended-release formulation, 1125, 1126–1127, 
1126t, 1129, 1132

in vitro synergy and antagonism, 1124, 3151
mechanism of action, 1125
P-glycoprotein interactions, 1128
pharmacokinetics and pharmacodynamics, 1125, 

1126t
AUC, 1126, 1126t, 1127
AUC/MIC, 1127
bioavailability, 1126, 1126t
clinically important features, 1127
distribution, 1126–1127, 1126t
excretion, 1127

resistance and cross-resistance, 1124–1125, 1135
Azlocillin

action mechanism, 191
administration modes, 191
antimicrobial activity, 188t, 189
beta-lactamase susceptibility, 190
bioavailability, 193
clinical uses, 197–198

meningitis, 195
renal failure, 192
unavailability for, 198

description, 187
dosage, 191, 192, 193
drug interactions, 195
in vitro synergy and antagonism, 191, 197–198, 

1396, 1886
minimum bactericidal concentrations, 189
minimum inhibitory concentrations, 188t, 189
penicillin-binding protein-inhibiting activity, 191
pharmacokinetics/pharmacodynamics, 193

distribution, 194
excretion, 192, 193, 195

resistance and cross-resistance, 27, 189, 190
Azole antifungal agents

agricultural use, 13–14
drug interactions

daclatasvir, 4464
efavirenz, 3917
indinavir, 4067
maribavir, 3643
rifabutin, 2437–2438, 2439
rifapentine, 2466
rilpivirine, 4000t
ritonavir, 4187, 4188t

restrictions on use, 16
systemic. See Albaconazole; Fluconazole; 

Isavuconazole; Itraconazole; Ketoconazole; 
Miconazole; Posaconazole; Ravuconazole; 
Voriconazole

topical, 2885–2898. See also Bifonazole; 
Butoconazole; Clotrimazole; Croconazole; 
Eberconazole; Econazole; Enilconazole; 
Flutrimazole; Isoconazole; Lanoconazole; 
Neticonazole; Oxiconazole; Sertaconazole; 
Sulconazole; Terconazole; Tioconazole; 
Efinaconazole

antimicrobial activity, 2885, 2887, 2888t
chemical structures, 2886t–2887t, 2886t–2887t
mechanism of action, 2887

Azomycin, 1807
Azotemic patients, UTIs, cephalexin treatment, 363
Aztreonam

adverse reactions and toxicity, 611t, 650–651
antimicrobial activity, 232, 644

AUC, 650
Gram-negative aerobic bacteria, 644–645, 646t, 

651, 652
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Aztreonam (continued)
in vitro synergy and antagonism, 1396, 1397
minimum inhibitory concentrations, 646t, 647t, 

649
bioavailability, 649
chemical structure, 644, 644f
clinical uses

cystic fibrosis, 645
gastroenteritis, 653
gonorrhea, 654
malignant otitis externa, 654
meningitis, 645, 650
neonatal sepsis, 653
osteomeylitis, 653
otitis media, 654
perioperative prophylaxis, 654
peritonitis, 648
prosthetic joint infections, 653
Salmonella infections, 653
selective reduction of bowel flora, 653
sepsis, 645
typhoid fever, 653
urinary tract infections, 651

in combination with
ampicillin, 653
cefazolin, 652
clinadmycin, 652
daptomycin, 867
vancomycin, 648, 652

cross-reactivity, 650–651
distribution in body, 649–650
dosage, 645, 648–649, 649t
drug interactions

chloramphenicol, 1525
metronidazole, 650
nafcilin, 650
vancomycin, 652

excretion, 650
inactivation in the body, 650
in vitro synergy and antagonism, 209, 301, 1305
metabolite, 650
pharmacokinetics and pharmacodynamics, 

649–650
postantibiotic effect, 211
resistance and cross-resistance, 190, 645, 652

Aztreonam-avibactam, 226
antimicrobial activity, 232, 645, 647
clinical uses

bloodstream infections, 652
cystic fibrosis-associated respiratory disorders, 

651
febrile neutropenia, 652
intra-abdominal infections, 651
meningitis, 653
in penicillin-allergic patients, 651
skin and soft-tissue infections, 651–652

B
Babesia, 1499

clindamycin, 1491t
Babesia divergens, 1499

clindamycin, 1471
quinine, 3059

Babesia gibsoni
artemether-lumefantrine, 2975
atovaquone, 3118–3119

resistance, 3119
Babesia microti, 1499

atovaquone-proguanil, 3137
azithromycin, resistance, 1125
clindamycin, 1471
quinine, 3059

Babesiosis. See also individual Babesia species
azithromycin, 1132–1133
clindamycin, 1499–1500

clindamycin-quinine, 1471
quinine, 1132–1133, 1499–1500, 3061,  

3069–3070
Bacampicillin, 101t
Baci-gel®. See Bacitracin
Baciim®. See Bacitracin
Baciject®. See Bacitracin
Baciliquin®. See Bacitracin
Bacillus

ceftaroline, 606
ciclopirox, 2910
ciprofloxacin, 1872
clarithromycin, resistance, 1099
dalbavancin, 920
doripenem, 725
ertapenem, 744t, 745
erythromycin, resistance, 1068
gentamicin, 965
imipenem, 664, 666t
linezolid, 1293
macrolide, resistance, 1124
meropenem, 698
oxacillin, 145t
piperacillin-tazobactam, 320t, 744t
ribosomal RNA methylases, 1069
rosaramicin, resistance, 1152
roxithromycin, resistance, 1088
solithromycin, 1180t

Bacillus anthracis (anthrax), 66–67
amoxicillin, 103
amoxicillin-clavulanic acid, 226
ampicillin, 103
as bioterrorism agent

cethromycin, 1173
ciprofloxacin, 1173
erythromycin, 1173

ceftriaxone, 465
resistance, 465

cephalosporinase of, 30
cethromycin, 1173, 1173t, 1176
chloramphenicol, 1516
chloroquine, 3032
ciprofloxacin, 31, 66–67, 1497, 1872, 1934
clarithromycin, 1111
clindamycin, 1469, 1485, 1491t, 1497
cloxacillin, 145t
doxycycline, 31, 66–67, 1204, 1219, 1497
doxycyline, 31
enoxacin, resistance, 2172t
eravacyline, 1283
erythromycin, 1066
erythromycin A, 1173t
fluoroquinolones, 1497
gatifloxacin, 2216
levofloxacin, 1497, 2064
linezolid, 1295, 1296t, 1497
lomefloxacin, 2246, 2250
moxifloxacin, 31, 1497
nafcillin, 163t
novobiocin, 1450
ofloxacin, 2006, 2037–2038
penicillin, 31
penicillinase of, 30
penicillin G, 24t, 30–31, 52, 66–67
penicillin V, 92
pristinamycin, 1387t
quinupristin-dalfopristin, 31
rifampicin, 31, 2370t, 2373, 2409
rosaramicin, 1151
sparfloxacin, 2295
sulfonamides, 1572
telithromycin, 1173t
trimethoprim-sulfamethoxazole reistance, 1627
vancomycin, 787

Bacillus brevis, as gramicidin source, 1454

Bacillus Calmette-Guérin, 2033, 2154. 
Mycobacterium Bacillus Calmette-Guérin

Bacillus Calmette-Guérin vaccination, 1079
Bacillus cereus

amoxicillin-clavulanic acid, resistance, 226
ceftaroline, 606
chloramphenicol, 31
ciprofloxacin, 31, 1872
clindamycin, 1482

resistance, 1469
gemifloxacin, 2112
gentamicin, 31, 965
imipenem, 31, 664
penicillin G, resistance, 31
trimethoprim-sulfamethoxazole, 1627

resistance, 1627
vancomycin, 31, 787

Bacillus circulans, ceftaroline, 606
Bacillus disasonis, piperacillin-tazobactam, 321
Bacillus licheniformis, as bacitracin source, 1454
Bacillus megaterium, penicillin G, 31
Bacillus mycoides, amoxicillin-clavulanic acid, 

resistance, 226
Bacillus ovatus, piperacillin-tazobactam, 321
Bacillus polymyxa, penicillin G, 31
Bacillus pumilis, penicillin G, 31
Bacillus splanchnicus, amoxicillin-clavulanic acid, 

258
Bacillus subtilis

mecillinam, 210
penicillin G, 31

Bacillus thetaiotaomicron, cefoxitin, resistance, 
321–322

Bacillus thuringiensis, amoxicillin-clavulanic acid, 
resistance, 226

Bacillus tularensis, doxycycline, 1219
Bacillus vulgatus, piperacillin-tazobactam, 321
Baci-rx®. See Bacitracin
Bacitracin, 1454–1459

administration modes, 1456–1457
ophthalmic ointment, 1457

adverse reactions and toxicity, 1457–1458
antimicrobial activity, 1454, 1456

multidrug-resistant pneumococci, 35
antiviral activity, 1456
chemical structure, 1454, 1455f
clinical uses, 1458

antibiotic-associated diarrhea, 857
C. difficile-associated diarrhea, 817

in combination with
corticosteroids, 1458
neomycin, 1049
neomycin and polymyxin B, 1456

dosage, 1456–1457
in vitro synergy and antagonism, 1454
mechanism of action, 1456
pharmacokinetics and pharmacodynamics, 1457
resistance and cross-resistance, 1047, 1456

Bacitracin zinc, as giardiasis treatment, 1834
Back pain, drugs causing

fosfomycin, 1399
telbivudine, 4350t

Bacteremia. See also Sepsis/septicemia (bloodstream 
infections)

amoxicillin-clavulanic acid, 258
ampicillin, 980
ampicillin-sulbactam, 294
aztreonam, 652
beta-lactam/beta-lactamase inhibitors, 243, 257, 

323–324
carbapenems, 257, 323–324
carbapenem-sulbactam, 242
cefepime, 594–595
cefepime-tazobactam, 595
cefotaxime, 437–438, 443–444
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cefotetan, 409
cefpirome, 587, 595
ceftiazidime, 562
ceftriaxone, 487
ciprofloxacin, 487, 1931
daptomycin, 875, 882, 891, 893–894, 898–899

resistance, 873
doripenem, 738
enoxacin, 2176
ertapenem, 761
erythromycin, 1077, 1078
fleroxacin, 2190
flomoxef, 410
fluoroquinolones, 487
garenoxacin, 2208
gentamicin, 978
hospital-onset, 7f
imipenem-cilastatin, 294
isoxazolyl penicillins, 154
levofloxacin, 2074–2075, 2208
linezolid, 894
meropenem, 243
as mortality risk factor, 1808
moxifloxacin, 2098
nafcillin, 170, 812
ofloxacin, 2035
oritavancin, 914–915
penicillin G, 980
piperacillin, 199
piperacillin-tazobactam, 243, 323, 336
piperacillin-tazobacterium, 257
quinupristin-dalfopristin, 1382, 1383
rifabutin, 2442t
rifampicin, 2397
roxithromycin, 1092
streptomycin, 2476
streptomycin-nafcillin, 152
teicoplanin, 843, 855
telavancin, 930–931, 935–936, 937
ticarcillin, 183
ticarcillin-aminoglycoside, 182
tigecycline, 1260
tobramycin, 1000
vancomycin, 792, 805–806, 812–813, 813–814
vancomycin-fluoxacillin, 152

Bacteria. See also specific species of bacteria
aerobic. See also Gram-negative aerobic bacteria; 

Gram-positive aerobic bacteria
clindamycin, 1488
enteric, multidrug-resistant, 1046–1047
fusidic acid, 1408t
rifaximin, resistance, 2451
synergistic interaction with anaerobic bacteria, 

1825
tinidazole, 1851

anaerobic See also Gram-negative anaerobic 
bacteria; Gram-positive aerobic bacteria

amoxicillin-clavulanic, 256t–257t, 258
ampicillin-sulbactam, 228, 281
biapenem, 774, 775t
carbapenems, resistance, 233
cefaclor, resistance, 377
cefazolin, 348
cefepime, resistance, 586
cefixime, resistance, 540
cefoperazone, 420
cefoperazone-sulbactam, 418
cefotaxime, resistance, 426
cefotetan, resistance, 409
cefotiam, 397
cefoxitin, 405, 405t
cefpirome, resistance, 586
cefpodoxime, 533
ceftazidime, 550t, 554
ceftazidime-avibactam, 566, 566t

ceftizime, 533
ceftobiprole, 624t, 626
cefuroxime, 384t, 385t, 386
cephalexin, 371t
cephalothin, 348
cephamycins, 409
clinafloxacin, 2313, 2314
delafloxacin, 2132, 2133t, 2134
doripenem, 725, 728t–729t
eravacycline, 1278t–1279t, 1279, 1280
ertapenem, 748t–749t, 750
faropenem, 766
fecal, cefoperazone, 420
finafloxacin, 2140t, 2141
fosfomycin, resistance, 1395
fusidic acid, 1409t
gemifloxacin, 2113–2114
grepafloxacin, 23122313
iclaprim, 1777
levofloxacin, 2057, 2057t
metronidazole, 1807–1809, 1809t, 1814, 

1824–1828
moxifloxacin, 2087
ofloxacin, 2007
piperacillin-tazobactam, 320t
prulifloxacin/ulifloxacin, 2148t, 2149
rifaximin, 2451, 2453t
sitofloxacin, 2123t, 2124
streptomycin, 2472
sutezolid, 2560
synergistic interaction with aerobic bacteria, 

1825
tetracycline, resistance, 1195
tigecycline, 1250t, 1252
tinidazole, 1850–1851, 1856–1857
tosufloxacin, 2305
trovafloxacin, 2310

antibiotic penetration into, 40
ciclopirox, 2909–2910

Bacterial cell envelope, 39
of Gram-negative bacteria, 40
of Gram-positive bacteria, 40

Bacterial cell membrane
amikacin effects on, 1012
in amikacin resistance, 1011
in aminoglycoside resistance, 966
in carbapenem resistance, 703
daptomycin effects on, 873–874
in Gram-negative bacteria, 966
oritavancin effects on, 911
in plazomicin resistance, 1055
telavancin effects on, 931, 932
vancomycin effects on, 794

Bacterial cell wall
deficiency of, 42
function of, 39
of Gram-positive bacteria, 39–40
role of penicillin-binding proteins in, 362–363
synthesis inhibition, by antimicrobials

amikacin, 1012
bacitracin, 1456
beta-lactam antibiotics, 41
carbenicillin, 176
cefotaxime, 431
ceftazidime, 554554
daptomycin, 873
in enterococci, 28
ertapenem, 751
fosfomycin, 1397
imipenem, 673
oritavancin, 909, 910–911
penicillin G, 41, 176
second-generation cephalosporins, 398
teicoplanin, 841
telavancin, 931, 932

ticarcillin, 176
vancomycin, 794

Bacteriuria, nalidixic acid prophylaxis, 2267
Bacteroides

amoxicillin-clavulanic acid, 256t, 269
ampicillin-sulbactam, 228, 281, 282
beta-lactamase production in, 33
biapenem-vaborbactam, resistance, 233
carbenicillin, 175
cefepime, resistance, 586
cefotetan, resistance, 409
cefotiam, resistance, 399t
cefoxitin, 409
cefprozil, 379
ceftaroline-avibactam, 232
ceftazidime, resistance, 554
ceftolozane-tazobactam, resistance, 637, 638t
cfiA gene, 665
chloramphenicol, 1518
ciprofloxacin, resistance, 1871
clarithromycin, resistance, 1099
clinafloxacin, 2314
clindamycin, 190, 1475, 1491t
enoxacin, resistance, 2172
eravacycline, 1278t, 1279, 1286
erythromycin, 1068

resistance, 1068
fidaxomicin, resistance, 1547
furazolidine, 1784
garenoxacin, 2197
gatifloxacin, 2216
imipenem, resistance, 665
imipenem-cilastatin, 683
josamycin, resistance, 1152
linezolid, 1297t, 1298
lomefloxacin, resistance, 2245
macrolide, resistance, 1124
metronidazole, 190, 1828

resistance, 1810–1811, 1814
neomycin, resistance, 1046
norfloxacin, resistance, 1987
ofloxacin, resistance, 2007
penicillin G, 175
piperacillin, 190
quinopristin-dalfopristin, 1376t
rifampicin, 2374
rifaximin, 2458

resistance, 2451
rosaramicin, 1151

resistance, 1152
roxithromycin, 1088

resistance, 1088
sitofloxacin, 2124
sparfloxacin, 2294
spiramycin, 3176t

resistance, 3175
tedizolid, 1358t, 1359
telithromycin, resistance, 1158
ticarcillin-clavulanic acid, 301–302
tigecycline, 1259
trimethoprim-sulfamethoxazole, resistance, 1631
vancomycin, 1552

Bacteroides caccae
eravacycline, 1278t
gemifloxacin, 2113
imipenem, 665, 670t

Bacteroides cepacia, ciprofloxacin, 1902
resistance, 1884

Bacteroides cereus, ciprofloxacin, 1902
Bacteroides distasonis

cefuroxime, 385t
clindamycin, 1470
ertapenem, 748t, 750

resistance, 750
gemifloxacin, 2113
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Bacteroides distasonis (continued)
imipenem, 665, 670t
piperacillin-tazobactam, 230
tedizolid, 1359

Bacteroides fragilis, 1808
amikacin resistance, 1010
amoxicillin, resistance, 227
amoxicillin-clavulanic acid, 227, 256t, 258

resistance, 258
ampicillin, 188–189
ampicillin-sulbactam, 281, 281t, 282, 284
apalcillin, 188t, 189
azithromycin resistance, 1124
azlocillin, 188t, 189
beta-lactamases, 254, 418, 533
biapenem, 774, 775t
carbapenems, resistance, 699
carbenicillin, 175, 188–189
cefaclor resistance, 377
cefadroxil, resistance, 371
cefamandole, resistance, 397
cefazolin, resistance, 348
cefepime, resistance, 586
cefixime, resistance, 540
cefmetazole, 472
cefoperazone-sulbactam, 417t, 418
cefotaxime, 429, 431, 472
cefotetan, resistance, 405–406
cefotiam, ressitance, 397, 399t
cefoxitin, 405, 405t, 408, 472
cefoxitin, resistance, 321, 406
cefpiramide, resistance, 533
cefpodoxime, resistance, 533
cefprozil, resistance, 377
cefsulodin, resistance, 533
ceftaroline, resistance, 607, 609t
ceftaroline-avibactam, 615, 615t
ceftazidime, 566, 566t
ceftazidime, resistance, 554
ceftazidime-avibactam, 566, 566t
ceftizoxime, 533
ceftobiprole, resistance, 624t, 625
ceftolozane-tazobactam, 232, 636

resistance, 637, 638t
ceftriaxone, resistance, 472
cefuroxime, resistance, 385t, 386
cepA gene, 406
cephalexin, 362
cephalothin, resistance, 348
cephradine, resistance, 371
chloramphenicol, 1518
ciprofloxacin, resistance, 1871
clarithromycin, resistance, 1099
clindamycin, 1469, 1469t, 1470, 1470t, 1476, 

1485, 1491t, 1495
resistance, 1470, 1474–1475, 1498

colon content, 1825
delafloxacin, 2133t, 2134
doripenem, 728t, 730
doxycycline, 1206
eravacycline, 1278t, 1279
ertapenem, 748t, 750

resistance, 748t, 750
erythromycin, resistance, 1068
fleroxacin, resistance, 2181, 2181t
fusidic acid, 1409, 1409t, 1416
garenoxacin, 2196t, 2197–2198
gemifloxacin, 2113
gentamicin, resistance, 965
grepafloxacin, 2312–2313
imipenem, 665, 670t
isepamicin, resistance, 1040
josamycin, 1151
lomefloxacin, resistance, 2246t
mecillinam, resistance, 207, 208t

meropenem, resistance, 699
metronidazole, 1807, 1809t, 1814, 1815, 1820, 

1825, 1826, 1827
resistance, 472, 1808, 1811

metronidazole metabolites, 1810
mezlocillin, 188–189, 188t, 190
moxifloxacin, 2087

resistance, 2088
multidrug-resistant, 1475

linezolid, 1325
nitazoxanide, 3163t, 3164
nitrofurantoin, 1786
ofloxacin, resistance, 2007
pefloxacin, resistance, 2277, 2278t
penicillin-binding proteins of, 418, 431
penicillin G, 188–189

resistance, 34, 58, 227
piperacillin, 188t, 190

resistance, 190
piperacillin-tazobactam, 230, 320t, 321

resistance, 321–322
polymyxins, resistance, 1423
ramoplanin, resistance, 940
retapamulin, 1561, 1562t

resistance, 1562t, 1563
ribosomal RNA methylases of, 1069
rifampicin, 2370t, 2374
rifaximin, 2451
rosaramicin, 1151
roxithromycin, 1088
rufloxacin, 2290, 2291t

resistance, 2290, 2291t
solithromycin, resistance, 1181t, 1184
streptomycin resistance, 2472
sulfamethoxazole, 1630–1631
sulfonamides, 1574
sutezolid, 2560
tedizolid, 1358t, 1359
telithromycin, resistance, 1158
ticarcillin, 175
ticarcillin-clavulanic acid, 300t, 301, 302, 305
tigecycline, 1250t, 1252, 1259

resistance, 1253
tinidazole, 1850, 1851
tobramycin, resistance, 993
trimethoprim-sulfamethoxazole, 1630

Bacteroides fraguis, trimethoprim-sulfamethoxazole, 
resistance, 1630

Bacteroides gracilis. See Campylobacter gracilis
Bacteroides melaninogenicus

amoxicillin, 105
ampicillin, 105
beta-lactamase-producing, 105
penicillin G, 34

resistance, 34, 55, 58
Bacteroides melaninogenicus. See Prevotella 

melaninogenica
Bacteroides nordii, clindamycin, resistance, 1475
Bacteroides ochraceus, chloramphenicol, resistance, 

1518
Bacteroides oralis, penicillin G, 24t, 34
Bacteroides ovatus

ceftolozane-tazobactam, resistance, 638t
cefuroxime, 385t
clindamycin, 1470

resistance, 1474–1475
eravacycline, 1278t, 1279
gemifloxacin, 2113
imipenem, 665, 670t
metronidazole, 1809t
tedizolid, 1359

Bacteroides pseudomallei
ceftobiprole, resistance, 625
meropenem, resistance, 714

Bacteroides stercoralis, gemifloxacin, 2113

Bacteroides stercoris
ceftolozane-tazobactam, resistance, 638t
metronidazole, 1809t

Bacteroides tectum, gemifloxacin, 2113
Bacteroides thetaiotaomicron

ampicillin-sulbactam, 284
cefuroxime, 385t
clindamycin, 1470

resistance, 1474–1475
eravacycline, 1278t, 1279
ertapenem, resistance, 748t, 750
gemifloxacin, 2113
imipenem, 665, 670t
metronidazole, 1809t
piperacillin-tazobactam, 230
retapamulin, resistance, 1562t
rifaximin, 2451
tedizolid, 1359

Bacteroides uniformis
ceftolozane-tazobactam, resistance, 638t
chloramphenicol, resistance, 1518
gemifloxacin, 2113
imipenem, 665, 670t
metronidazole, 1809t

Bacteroides urealyticus
gemifloxacin, 2113
imipenem, 671t

Bacteroides vulgatus
ceftolozane-tazobactam, resistance, 638t
cefuroxime, 385t
clindamycin, resistance, 1475
gemifloxacin, 2113
imipenem, 665, 671t
metronidazole, 1809t
piperacillin-tazobactam, 230
tedizolid, 1359

Bacteruria
carfecillin, 182
carindacillin, 182

Baiguent®. See Bacitracin
BAL 5788. See Ceftobiprole medocaril
BAL 8557. See Isavuconazonium
BAL 8728. See Isavuconazole
BAL 9141. See Ceftobiprole
Balamuthia

miltefosine, 3304
sulfadiazine, 1576, 1604

Balamuthia mandrillaris, miltefosine, 3294, 
3304–3305

Balanitis, amphotericin B, 2589
Balantidium coli, metronidazole, 1835
Banocide. See Diethylcarbamazine
Baraclude. See Entecavir
Barbiturates, drug interactions

doxycycline, 1210
griseofulvin, 2929
isavuconazole, 2864
metronidazole, 1822
voriconazole, 2830

Bariatric surgery patients
linezolid, 1308
moxifloxacin, 2089

Baronellosis. See Bartonella (bartonellosis)
Bartonella (bartonellosis)

amoxicillin-clavulanic acid, 258
azithromycin, 1124
ceftriaxone, 495
ciprofloxacin, 1870, 1935
doxycycline, 1078, 1205t, 1206, 1207, 1219
gatifloxacin, 2216
gemifloxacin, 2113
rifampicin, 2369, 2374, 2408

Bartonella bacilliformis
doxycycline, 1206, 1219
fluoroquinolones, resistance, 1870–1871
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rifampicin, 2374, 2408
resistance, 2379

Bartonella clarridgeiae, doxycycline, 1219
Bartonella elizabethae

ceftriaxone, 471–472
doxycycline, 1207
erythromycin, 1078

Bartonella henselae. See also Angiomatosis, bacillary; 
Cat-scratch disease

ceftriaxone, 471–472
doxycycline, 1206, 1207, 1219
erythromycin, 1068, 1078
fluoroquinolones, resistance, 1870–1871
rifampicin, 2374, 2408
trimethoprim-sulfamethoxazole, 1630

Bartonella quintana
ceftriaxone, 471–472
doxycycline, 1206, 1207, 1219
erythromycin, 1068, 1078
fluoroquinolone, resistance, 1870–1871
rifampicin, 2374, 2408
trimethoprim-sulfamethoxazole, 1630

Bartonella vinsonii
ceftriaxone, 471–472
doxycycline, 1207

Bartonellosis. See Bartonella
Bartter’s-like syndrome, capreomycin, 2516
BASICS trial, 2402
Basidiobolus

amphotericin B, 2570–2571, 2573t
ketoconazole, 2732t, 2733, 2747–2748
miconazole, 2813t, 2814

Basidiobolus ranarum, ketoconazole, 2748
Basilophilia, pyronaridine-artesunate, 3014
Basiodiomycetes, caspofungin, resistance, 2662
Basoquin. See Amodiaquine
Batrachochytrium dendrobatidis, chloramphenicol, 

1518
Bats, as pollution indicators, 97
Baxdela. See Delafloxacin
BAY 12-8039. See Moxifloxicin
BAY 44-9585. See Artemisone
BAY 73-6327. See Letermovir
BAY 73-6944. See Omadacycline
BAY 09867. See Ciprofloxacin
Bayer, 1867, 2085, 3211, 3385, 3405, 3619
Bayer Laboratory, 3030
Bayluscid. See Niclosamide
BC-3781. See Lefamulin
BCH 189. See Lamivudine
BCNA prodrug Cf1743, 3573, 3574f
BCX4430, 4632t, 4641
Beclabuvir, 4630t, 4636
Beclomethasone, inteaction with fosamprenavir,  

4110
BECNHMARK studies, 4231–4233
Bedaquiline, 2542–2549

administration mode, 2544
adverse reactions and toxicity, 2545, 2546–2547

black box warning, 2546
antimicrobial activity, 2542–2543
chemical structure, 2542, 2542f
clinical uses, 2547–2548
in combination with nevirapine, 2546
dosage, 2544–2545
drug interactions, 2546

lopinavir-ritonavir, 4094t
rifapentine, 2466
ritonavir, 4188t
saquinavir, 4035, 4036t

excretion, 2545–2546
in vitro synergy and antagonism, 2362, 2550
mechanism of action, 2544
pharmacokinetics/pharmacodynamics, 2545–2546
resistance and cross-resistance, 2534, 2543–2544

Beecham Research Laboratories, 136, 663
Beef tapeworm. See Taenia saginata
Begalin. See Ampicillin-sulbactam
Bejel

erythromycin, 1200
penicillin G, 1200

Bell’s palsy, treatment
aciclovir, 3472–3473, 3473t
daptomycn, 887
famciclovir, 3499
linezolid, 1316
prednisolone, 3472–3473, 3473t

BENCHMRK studies, 4216, 4220, 4221, 4223t, 4301, 
4303

Benzalkonium chloride, toxicity, 2023–2024
Benzamides, use in food animals, 13t
Benzimidazole carbamate anthelmintics. See also 

Abendazole; Flubendazole; Mebendazole; 
Thiabendazole; Triclabendazole

mechanism of action, 3330–3331, 3341
Benznidazole, 3205–3210

administration mode, 3206
adverse reactions and toxicity, 3207

comparison with nifurtimox, 3215
antimicrobial activity, 3205
chemical structure, 3205, 3205f
clinical uses, 3207–3209
dosage, 3206
in vitro synergy and antagonism, 3206, 3212
pharmacokinetics/pharmacodynamics, 3206–3207
resistance and cross-resistance, 3205–3206

Benzoalkonium chloride, ocular toxicity, 2227
Benzodiazepines, drug interactions

atazanavir, 4148t
atovaquone, 3122
clarithromycin, 1104t
etravirine, 3977
fluconazole, 2766–2767
fosamprenavir, 4110t
norfloxacin, 1990
quinupristin-dalfopristin, 1380t
rifampicin, 2386t
rifaximin, 2455
roxithromycin, 1090t
voriconazole, 2831

Benzoylmetronidazole, 1818
Benzylpenicillin. See Penicillin G
Bepridil, drug interactions

atazanavir, 4149t
cobicistat, 4186t
fluconazole, 2765
fosamprenavir, 4110, 4110t
ritonavir, 4186t

Bergeyella zoohelcum, gatifloxacin, 2215
Besifovir, 4631t, 4638
BEST (BID Efficacy and Safety Trial), 4069
6-Beta-amidinopenicillanic acid, 207
Beta-blockers, drug interactions

artemether-lumefantrine, 2978
darunavir, 4132t
pyronaridine, 3012

ß-hemolytic streptococci. See Streptococcus, 
ß-hemolytic

Beta-lactam antibiotics. See also Carbapenems; 
Cephalosporins; Penicillin(s)

action mechanisms, 40–42
chemical structure, 48, 49f
in combination with

gentamicin, 978–979
vancomycin, 792–793

as community-acquired pneumonia treatment, 
1108

hyperproduction, 302
pharmacokinetic/pharmacodynamic (PK/PD) 

indices, 4t

pharmacokinetic-pharmacodynamic targets, 325, 
329, 592

resistance, 406, 472
serum levels, 592
time-dependent efficacy, 3

Beta-lactamase genes, 302
Beta-lactamase-inducing antibiotics, antagonistic 

drug interactions, 191
Beta-lactamase-inhibitor-resistant enzymes, 258–259
Beta-lactamase inhibitors, 225–253. See also 

Amoxicillin-clavulanic acid (Co-amoxiclav); 
Ampicillin; Clavulanic acid; Sulbactam; 
Ticarcillin

action mechanism, 234–235
administration modes, 235–237
adverse reactions and toxicity, 240–241
antimicrobial activity, 226–234
chemical structure, 225, 225f
clavulanic acid, 225, 226–227, 254
clinical uses, 241–244
description, 225
distribution in body, 238–239
dosage, 235–237
excretion, 239–240
mechanisms of bacterial resistance to, 302
S-649266, 658
slabactam, 282
tazobactam, 188
temocillin, 219–220, 219t, 223
ticarcillin-clavulanic acid, 301

Beta-lactamases. See also Extended-spectrum 
beta-lactamases; under specific bacteria

Amber class A, ceftolozane-tazobactam, inhibition 
of, 225

amoxicillin, resistance to, 208
AmpC type

ceftolozane-tazobactam inhibition, 225
cefuroxime susceptibility, 386
cephamycin susceptibility, 404, 405, 406
constitutive overexpression (derepression), 324
induction of, 324
piperacilin-tazobactam resistance, 322–323, 

323t, 324
temocillin resistance, 218

AmpD type, piperacilin-tazobactam resistance, 
323t

ampicillin susceptibility, 208
antagonistic drug interactions and, 191
chromosomally-mediated pseudomonal, 189
clavulanic acid susceptibility, 259
Delhi metalol 1 (NDM-1), 208–209
effect on minimum inhibitory concentrations, 40

Beta-Lactam Infusion Group-II (BLING-II) study, 
709

Betamethasone, as meibomian gland dysfunction 
treatment, 1604

Betamiprom, 772
Bezoars, amphotericin B treatment, 2576
BI 1037 study, 3884
BI 1090 study, 3885
Biapenem, 774

administration mode, 776
adverse reactions and toxicity, 778
antimicrobial activity

Gram-negative anaerobic bacteria, 774, 775t
Gram-positive aerobic bacteria, 773, 774t
Gram-positive anaerobic bacteria, 774, 775t

bioavailability, 776
chemical structure, 772, 772f
clinical uses, 774, 779
combined with vaborbactam, 233
distribution in body, 776–777
dosage, 774, 776
excretion, 778
mechanism of action, 774
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Biapenem (continued)
minimum inhibitory concentraations, 773–774, 

774t, 775t
pharmacokinetics/pharmacodynamics, 776–777

Bictegravir, 630t, 44634
BID Efficacy and Safety Trial (BEST), 4069
Bifidobacterium

amoxicillin, 104
ampicillin, 104
chloramphenicol, 1516–1517
clindamycin, 1470
colon content, 1825
erythromycin, 1066
gatifloxacin, 2217
linezolid, 1297t, 1298
metronidazole, resistance, 1809
nitazoxanide, 3163t, 3164
penicillin G, 24t, 31
rifaximin, resistance, 2451
tigecycline, 1259

Bifidobacterium adolescentis, tedizolid, 1359
Bifonazole

administration modes, 2890t
adverse reactions and toxicity, 2890t, 2892
antimicrobial activity, 2888t
chemical structure, 2886t
clinical uses, 2890t, 2893
excretion, 2890t
mechanism of action, 2885
pharmacokinetics/pharmacodynamics, 2892

Bile, antimicrobial concentrations in
albendazole, 3318
amikacin, 1016
amphotericin B-lipid complex, 2632
cefazolin, 352
cefepime, 590–591
cefotaxime, 435
cefoxitin, 408
ceftiazidime, 558
cephalothin, 352
ciprofloxacin, 1899
clindamycin, 1482t, 1483
clofazimine, 2536
cycloserine, 2523
doripenem, 734
doxycycline, 1209
faropenem, 768
fleroxacin, 2185, 2186
fluconazole, 2763–2764
furazolidone, 3189
garenoxacin, 2202
mecillinam, 211
metronidazole, 1818
minocycline, 1234
moxidectin, 3363
norfloxacin, 1989–1990
ofloxacin, 2016
pefloxacin, 2281
rifaximin, 2454–2455
rufloxacin, 2292
sparfloxacin, 2297
temocillin concentrations in, 221–222

Bile ducts, piperacillin concentrations in, 194
Bile level elevation. See Hyperbilirubinemia
Biliary colic, triclabendazole-related, 3349
Biliary excretion, of antimicrobials

amphotericin B, 2578, 2581, 2633f
ampicillin-sulbactam, 285
apalcillin, 194–195
atovaquone, 3121, 3140
azithromycin, 1127
azlocillin, 195
carbenicillin, 179
cefaclor, 379
cefixime, 542

cefoperazone-sulbactam, 419, 420
cefotetan, 408
cefotiam, 400
cefoxitin, 408
cefpirome, 593
ceftiazidime, 558
ceftizoxime, 536
ceftriaxone, 480, 482, 483
cefuroxime, 389
cephalothin, 352
cephradine, 373
chloramphenicol, 1525
ciprofloxacin, 1899, 1903
clarithromycin, 1102
clindamycin, 1485
dapsone, 1751
doripenem, 735
doxycycline, 1210
enoxacin, 2175
erythromycin, 1073
fusidic acid, 1413
garenoxacin, 2203
gatifloxacin, 2224
halofantrine, 3092
imipenem, 677
josamycin, 1153
kanamycin, 956
ketoconazole, 2740
letermovir, 3624
lomefloxacin, 2249
mebendazole, 3332
melarsen, 3243
meropenem, 710
methicillin, 139
metronidazole, 1821
mezlocillin, 195
moxifloxacin, 2091
nitazoxanide, 3167
nitrofurantoin, 1789
norfloxacin, 1989–1990
novobiocin, 1451, 1452
ofloxacin, 2018
pefloxacin, 2282
penicillin G, 47
piperacillin, 194, 195, 240
piperacillin-tazobactam, 328t, 331
prulifloxacin/ulifloxacin, 2150
pyrazinamide, 2364
quinupristin-dalfopristin, 1379
rifabutin, 2437
rifampicin, 2382, 2384
rifapentine, 2466
rosaramicin, 1153
rufloxacin, 2292
sparfloxacin, 2298
spiramycin, 3177
streptomycin, 2477
sulfonamides, 1586
suramin, 3231
tazobactam, 240
temocillin, 222
tetracycline, 1197
ticarcillin, 179
tinidazole, 1853
tipranavir, 4165
trimethoxazole, 1646
vancomycin, 807

Biliary pseudolithiasis, ceftriaxone-related, 483–484
Biliary stent obstruction, chemoprophylaxis

norfloxacin, 1995
ofloxacin, 2036

Biliary surgery, chemoprophylaxis
cefazolin, 355
cephalothin, 355
trimethoprim-sulfamethoxazole, 1684, 1685

Biliary tract infections, treatment
cefepime, 442
cefotaxime, 442
ceftazidime, 442
ceftriaxone, 442, 499
doripenem, 736
health-care-associated, 442
imipenem-cilastatin, 736
mezlocillin, 197
netilmicin, 1034
ofloxacin, 2036

Biliary tract obstruction/impairment
albendazole use in, 3331
nafcillin use in, 165
niclosamide use in, 3406
pefloxacin use in, 2281
spiramycin use in, 3177
triclabendazole-related, 3349

Biliary tract surgery, chemoprophylaxis
azlocillin, 194
cefuroxime-metronidazle, 197
mezlocillin, 194, 197
piperacillin, 194, 198

Biliophila wadworthia, imipenem, 665, 667
Billiary atresia, trimethoprim-sulfamethozaole use 

in, 1638
Bilophila, penicillin G, resistance, 34
Bilophila wadsworthia

amoxicillin-clavulanic acid, 258
ertapenem, resistance, 750
linezolid, 1298
metronidazole, 1808
telithromycin, 1158

Biltricide. See Praziquantel
Biofilm inhibitory concentrations (BICs), of 

Pseudomonas aeruginosa, 308
Biofilms

Acinetobacter baumannii, 282
antibiotics interacting with

clarithromycin, 1112
defloxacin, 2135
fluconazole, 2765
garenoxacin, 2197
linezolid, 1299
rifampicin, 2383
tedizolid, 1360
tigecycline, 1251

Candida, 2619, 2647, 2661–2662
catheter colonization by, 1239
enterococccal, 1299
Haemophilus influenzae, 2197
methicillin-resistant Staphylococcus aureus, 1260
models

Staphylococcus aureus, 895
Staphylococcus epidermidis, 895

Pseudomonas aeruginosa, 1112, 1869
quorum-sensing-based inhibition, 1112
Salmonella enterica, 2261
Staphylococcus aureus, 891
Staphylococcus epidermidis, 1251
Ureaplasma urealyticum, 1158

Biomphalaria alexandrina, artemisinin- 
naphthoquine, 3020

Biosearch Italia, 940
Bioterrorism agents, prophylaxis and treatment

anthrax
ciprofloxacin, 1934
eravacycline, 1283–1284
lomefloxacin, 2250
ofloxacin, 2037–2038
rifampicin, 2373

brucellosis, ofloxacin, 2037
doxycycline, 1218, 1219
eravacycline, 1283–1284
Francisella tularensis, ervacycline, 1283–1284
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hemorrhagic fevers, ribavirin, 4394
smallpox, cidofovir, 3557
Yersinia pestis, doxycycline, 1218

Biphenylacetic acid, interaction with gatifloxacin, 
2227

Bipolaris, 2597. See also Phaeohyphomycosis
amphotericin B, 2573t
anidulafungin, resistance, 2695
caspofungin, 2663
posaconazole, 2844, 2845t
voriconazole, 2824t, 2825

BI-RG-587. See Nevirapine
Birth defects. See Teratogenicity
Bismuth

as Helicobacter pylori infection treatment, 
1832–1833

as moxifloxacin additive, 2101
Bismuth subsalicylate, interactions with cipro-

floxacin, 1903
Bisphosphonates, interactions with aminoglycosides, 

2477
Bite wounds

animal
amoxicillin-clavulanic acid, 269
cefotaxime, 448
ceftriaxone, 471, 501
cefuroxime, 391
cephalexin contraindicated for, 362
clindamycin, 1493
polymicrobial infections, 269
from seals, 1200
as septicemia cause, 34

clindamycin, 67
human

amoxicillin-clavulanic acid, 269
ceftriaxone, 501
clindamycin, 1493
minocycline, 1232

penicillin, 67
penicillin G, 67

BK virus, 2075
brincidofovir, 3539
cidofovir, 3539, 3560–3561, 3562–3563
ciprofloxacin, 1937–1938

Blackwater fever, quinine-related, 3065
blaDHA-1 gene, 471
blaNDM-1 gene, 471
Blastocystis, metronidazole, 1834–1835

resistance, 1810
Blastocystis hominis

diloxanide furoate combination therapy, 3198
furazolidone, 3187
nitazoxanide, 3162, 3169
rifaximin, 2451

Blastomyces
isavuconazole, 2859, 2865
posaconazole, 2843

Blastomyces dermatitidis (blastomycosis)
amorolfine, 2904
amphotericin B, 2593
amphotericin B, liposomal, 2622
amphotericin B deoxycholate, 2570, 2572t
amphotericin B-lipid complex, 2637, 2639t, 2640
anidulafungin, resistance, 2694t, 2695
casofungin, resistance, 2661t, 2662
fluconazole, 2758, 2761t
flucytosine, resistance, 2920
itraconazole, 2787t, 2788, 2790t, 2800
ketoconazole, 2732t, 2733, 2747
micafungin, 2682–2683, 2683t
miconazole, 2813t, 2814
natamycin, 2653
nystatin, 2646
posaconazole, 2844, 2845t
rifampicin, 2375

terbinafine, 2711
voriconazole, 2824t, 2825, 2836

Blastomycosis. See Blastomyces dermatitidis 
(blastomycosis)

Blastoschizomyces capitatus (Geotrichum capitatum)
amphotericin B, 2596
nystatin, 2646

Bleeding disorders. See also Coagulation disorders
drugs causing

atazanavir, 4152
ritonavir, 4202t, 4203–4204
streptomycin, 2479
teicoplanin, 851
ticarcillin-clavulanic acid-related, 306–307

Bleomycin
combination therapy, 3254
in vitro synergy and antagonism, 3254

Blepharitis, treatment
norfloxacin, 1995
ofloxacin, 2035

Blindness. See also Vision disturbances
drugs causing

lindane, 3425
praziquantel, 3389
quinine, 3064

Blister fluid, antimicrobial concentrations in
amikacin, 1015
ampicillin-sulbactam, 284
azithromycin, 1127
cefprozil, 379
ciprofloxacin, 1896
dalbavancin, 923
doxycycline, 1209, 1209t
enoxacin, 2174
fleroxacin, 2184–2185
fluconazole, 2763
fusidic acid, 1412
griseofulvin, 2929
levofloxacin, 2061
lomefloxacin, 2248
moxifloxacin, 2089
norfloxacin, 1989
oxfloxacin, 2015
ritipenem, 777
roxithromycin, 1089
sulfamethoxazole, 1644
telavancin, 933
ticarcillin-clavulanic acid, 305
tigecycline, 1255
tinidazole, 1853
trimethoxazole-sulfamethoxazole, 1644

Blistering, drugs causing
amorolfine, 2906
efavirenz, 3923, 3924
pyronaridine-artesunate, 3015
zidovudine, 3673

Blood
cefpirome, 592
cephalothin inactivation in, 352
quinupristin-dalfopristin, 1378, 1379

Blood-brain barrier, drug passage across. See also 
Brain distribution, of antimicrobials

albendazole, 3317
dapsone, 1751
doripenem, 734
eflornithine, 3257
ganciclovir, 3510
mebendazole, 3332
melarsoprol, 3237
nevirapine, 3868
nifurtimox, 3214
thiabendazole, 3339

Blood dyscrasias. See also Anemia
drugs causing

amphotericin B-lipid complex, 2636

bacitracin, 1457
iclaprim, 1780t
proguanil, 3132
tinidazole, 1854
trimethoxazole-sulfamethoxazole, 1641

grazoprevir-elbasvir HCV therapy, 4515t, 
4517–4518

Blood flukes. See Schistoma species
Blood glucose test, false-positive, ceftiazidime, 561
Blood lipid profile. See also Hyperlipidemia

efavirenz, 3926–3929, 3927t
nonnucleoside reverse transcriptase inhibitors, 

3926, 3928
Bloodstream infections. See Catheter-associated 

infections; Sepsis/septicemia (bloodstream 
infections)

Blood transfusions
Chagas disease transmission in, 3209, 3211
malaria transmission in, 1599

Blood urea nitrogen elevation, capreomycin, 2516
BMS, 4630t
BMS-200475. See Entecavir
BMS-207147. See Ravuconazole
BMS-232632, 4144
BMS-791325. See Beclabuvir
BMS-955176, 4630t, 4632
BMS-986197 (combinectin), 4630t, 4632, 4633f
BMS-986197. See Combinectin
BM (Boehringer-Mannheim)-Test-7, 1910
BOACT (amoxicillin, clarithromycin, tinidazole) 

regimen, 2036
Boceprevir, 4434t

adverse reactions and toxicity, 4469
antiviral activity, 4440t
chemical structure, 4436f
drug interactions, 4458t

darunavir, 4131t
etravirine, 3979t
rilpivirine, 4000t
saquinavir, 4036t, 4038

excretion, 4454t, 4457
mechanism of action, 4434t
pharmacokinetics/pharmacodynamics, 4454t
pharmacokinetics/pharmacokinetics, 4456–4457
resistance, 4443t

Body fluid discoloration, drugs causing
rifabutin, 2439
rifapentine, 2466

Body habitus changes, lopinavir-ritonavir-related, 
4095–4096

Boehringer Ingelheim, 3187, 3855, 4158
Boehringer Ingelheim 1182.14 trial, 4171–4172
Boehringer Ingelheim 1182.33 trial, 4169
Boils, erythromycin treatment, 1078
BOLD study, 4119
Bolivian hemorrhagic fever, ribavirin, 4393–4394
Bone cement, antibiotic additives

clindamycin, 1481
daptomycin, 897
gentamicin, 1481

Bone discoloration, minocycline-related, 1237
Bone distribution, of antimicrobials, 3

amoxicillin-clavulanic acid, 263
amphotericin B, 2580, 2633f
amphotericin B, liposomal, 2619
biapenem, 776–777
cefepime, 591
cefotaxime, 436
ceftiazidime, 559
ceftriaxone, 479
cefuroxime, 389
cephalothin, 351
cephradine, 373
ciprofloxacin, 1920
clindamycin, 1482t, 1483–1484, 1494
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Bone distribution, of antimicrobials (continued)
dalbavancin, 922–923
daptomycin, 880
discoloration

minocycline, 1237
doxycycline, 1209, 1209t, 1211
enoxacin, 2174
ertapenem, 754
fosfomycin, 1398
garenoxacin, 2202
imipenem, 675
isepamicin, 1042
isoxazolyl penicillin, 151
itraconazole, 2793
ketoconazole, 2739
levofloxacin, 2061–2062
linezolid, 1311
lomefloxacin, 2248
metronidazole, 1818
minocycline, 1235
moxifloxacin, 2089, 2090
ofloxacin, 2016, 2017
oxfloxacin, 2015
panipenem, 777–778
paromomycin, 3155
pefloxacin, 2281
penicillin G, 45
piperacillin-tazobactam, 328t
pyrazinamide, 2363
rifampicin, 2383
teicoplanin, 847
tetracycline, 1198
ticarcillin, 179
ticarcillin-clavulanic acid, 305
tigecycline, 1255–1256, 1260
vancomycin, 804

Bone formation/growth inhibition
minocycline, 1233
tigecycline, 1254, 1257

Bone growth inhibition, tigecycline, 1254
Bone infections, treatment

amphotericin B, liposomal, 2619
ampicillin-sulbactam, 292
cefazolin, 355
cefotaxime, 292, 449
ceftriaxone, 501–502
cephalexin, 366
ciprofloxacin, 1920–1921
clindamycin, 1494–1495
fusidic acid, 1415
isoxazolyl penicillins, 154
levofloxacin, 2074
linezolid, 1326
mezlocillin, 197
moxifloxacin, 2101
nafcillin, 169
piperacillin-tazobactam, 329
rifamycin-naficillin, 169
rifamycin-oxacillin, 169
teicoplanin, 841, 842t, 843, 844, 854
ticarcillin-clavulanic acid, 310

Bone marrow distribution
amphotericin B-lipid complex, 2632
pyronaridine-artesunate, 3013
quinupristin-dalfopristin, 1378

Bone marrow suppression/toxicity, 1525–1527
bacitracin, 1457
benznidazole, 3207
chloramphenicol, 1521
dapsone, 1749
eflornithine, 3259
Fansidar (sulfadoxine-pyrimethamine), 1600
flucytosine, 2923
ganciclovir, 3509, 3512, 3513
mebendazole, 3332

nifurtimox, 3215
nitrofurantoin, 1792
primaquine, 3104
pyrimethamine, 1731
stavudine, 3764
thiacetazone, 2506–2507
trimethoprim, 1650–1652
valganciclovir, 3509
zidovudine, 3670, 3670t

Bone marrow transplant recipients
aciclovir, 3476
amphotericin B, liposomal, 2616
amphotericin B-related nephrotoxicity in, 

2582–2583
famciclovir, 3497
fluconazole, 2772–2773
foscarnet, 3598, 3598t, 3606
ganciclovir, 3512
gentamicin, 976
itraconazole, 2790t, 2793, 2802
ketoconazole use in, 2737
Legionella pneumonia, erythromycin, 1077
linezolid, 1325
metronidazole, 1828
micafunigin, 2689
ofloxacin, 1092, 2034
ribavirin, 4394
roxithromycin, 1092
spiramycin, 3180
tigecycline, 1260
trimethoprim-sulfamethoxazole, 1654, 1679, 

1680–1681, 1760–1761, 1927, 1928
Bone mineral density loss, drugs causing

darunavir, 4134
didanosine, 3710
efavirenz, 4008
tenofovir, 3834

Bone toxicity
moxifloxacin, 2088
tenofovir, 3834
tenofovir disoproxil fumarate, 4238

Bone tuberculosis, isoniazid, 2337
Boophilus microplus, moxidectin, 3362
Boots, 3195
Bordetella

ciprofloxacin, 1870
fleroxacin, 2181

Bordetella bronchiseptica, ciprofloxacin, 1926
resistance, 1870

Bordetella parapertussis
cefixime, resistance, 540
gemifloxacin, 2113
ofloxacin, resistance, 2007
pefloxacin, resistance, 2277

Bordetella pertussis (pertussis/whooping cough)
amoxicillin, 104
ampicillin, 104, 124
azithromycin, 1124, 1132

postexposure prophylaxis, 1132
treatment, 1132

cefazolin, 348
cefixime, resistance, 540
cefoperazone-sulbactam, 418
cefpodoxime, resistance, 532
ceftriaxone, 469t, 470
cephalothin, 348
chloramphenicol, 1517
ciprofloxacin, 1870
erythromycin, 124, 1066, 1076, 1078

resistance, 1078
gatifloxacin, 2215–2216
gemifloxacin, 2113
josamycin, 1151
lomefloxacin, 2245
macrolide, resistance, 1124

mupirocin, 1461
norfloxacin, 1987
ofloxacin, resistance, 2005t, 2007
pefloxacin, resistance, 2277
penicillin G, 24t
polymyxins, 1423
pristinamycin, 1387t
prophylaxis

clarithromycin, 1108–1109
erythromycin, 1078

rifampicin, 2373
roxithromycin, 1088
spiramycin, 3175, 3179
telithromycin, 1158
trimethoprim-sulfamethoxazole resistance, 1630

Borna disease virus, ribavirin, 4372
Borrelia, roxithromycin, 1088
Borrelia burgdorferi (Lyme disease), 66

amoxicillin, 66, 105, 124
ampicillin, 105
azithromycin, 1124, 1132
beta-lactam antibiotics, 788
cefixime, 540, 541, 544
cefotaxime, 429, 449–450
ceftriaxone, 34, 449–450, 472, 540, 544
cefuroxime, 385t, 386, 392
cephalexin, resistance, 362
ciprofloxacin, resistance, 1875
clarithromycin, 1099, 1107, 1111
daptomycin, 871
doxycycline, 124, 502, 503, 788, 871, 1206, 1217, 

1219
erythromycin, 34, 1068
fleroxacin, resistance, 2182
fosfomycin, resistance, 1396
gatifloxacin, 2217
gemifloxacin, 2112
hydroxychloroquine, 3032
ofloxacin, resistance, 2008
pefloxacin, 2278
penicillin, 449–450
penicillin G, 24t, 34, 66, 502
post-Lyme disease syndrome, 503
rifampicin, resistance, 2375
roxithromycin, 1092
sitafloxacin, 2124
sparfloxacin, 2295
tetracycline, 34, 66
tigecycline, 1253
tinidazole, 1851
vancomycin, 788

Borrelia hermsii (relapsing fever), penicillin G,  
24t, 34

Borrelia miyamotoi, doxycycline, 124
Borrelia recurrentis (relapsing fever), 34

doxycycline, 1212
erythromycin, 1079

Borreliosis. See Borrelia burgdorferi (Lyme disease)
Bosentan, drug interactions

darunavir, 4133t
sofosbuvir-velpatasvir, 4463t

BOSON study, 4478t, 4480t
Boston Collaborative Drug Surveillance Program, 

115–116
BOTMO (ofloxacin, tetracycline, metronidazole) 

regimen, 2036
Botulism. See Clostridium botulinum (botulism)
Botyris, 2927
Bovine herpesviruses, cidofovir, 3533t
Bowel flora reduction

aztreonam, 653
neomycin, 1047

Bowenoid papulosis, cidofovir, 3559
Brachyspira, 1810
Brachyspira pilosicoli, metronidazole, 1810
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Bradycardia
amodiaquine, 3052
amphotericin B, 2584
oseltamivir, 4594
sofosbuvir-containing regimens, 4469

Brain abnormalities, metronidazole-related, 
1822–1823

Brain distribution, of antimicrobials, 3
abacavir, 3782
aciclovir, 3460
amphotericin B, 2579
amphotericin B-lipid complex, 2632
caspofungin, 2669
cefotaxime, 436–437
ciprofloxcin, 1898
doxycycline, 1209
fleroxacin, 2185
fluconazole, 2763
ganciclovir, 3510
isavuconazole, 2863
itraconazole, 2794
ivermectin, 3356
metronidazole, 1819
miltefosine, 3297
moxidectin, 3363
nifurtimox, 3214
pefloxacin, 2280
pentamidine, 3274
pyrimethamine, 1730
pyronaridine-artesunate, 3013
rifampicin, 2383
rifapentine, 2465
vancomycin, 803–804
zidovudine, 3667, 3668

Brain-eating bacteria. See Naegleria fowleria
Branhamella catarrhalis, cefoperazone-sulbactam, 

417t
Breast cancer resistance protein (BCRP), 1584, 3122
Breastfeeding, antimicrobial use in

aciclovir, 3457
adefovir dipivoxil, 4338
amatadine, 4531
amikacin, 1013
amoxicillin, 112
amoxicillin-clavulanic acid, 261
amphotericin B, 2585
amphotericin B-lipid complex, 2630, 2636
ampicillin-sulbactam, 241, 283
artemether-lumefantrine, 2976
artemisinin-naphthoquine, 3021
atazanavir, 4152
atovaquone, 3123
atovaquone-proguanil, 3132, 3141
atovaquone-proguianil, 3123
azithromycin, 1125, 1130
azlocillin, 192
aztreonam, 648
benznidazole, 3207
brivudin, 3576
carbenicillin, 177
caspofungin, 2668, 2671
cefaclor, 378
cefazolin, 350
cefepime-tazobactam, 588
cefixime, 541
cefoperazone-sulbactam, 419
cefotaxime, 431t, 432
cefotetan, 407
cefotiam, 398
cefoxitin, 407, 408
cefprozil, 378
ceftaroline, 607
ceftazidime, 555
ceftazidime-avibactam, 567–568
ceftobiprole, 628

ceftolozane-tazobactam, 639t, 640
ceftriaxone, 476, 477t
cefuroxime, 387
cephalexin, 363
cephalothin, 350
cephradine, 372
chloramphenicol, 1529
cidofovir, 3548
ciprofloxacin, 1889–1890, 1912–1913
clarithromycin, 1100, 1102
clevudine, 4360
clindamycin, 1477, 1490
colistin methanesulfonate, 1427
crotamiton, 3441
dapsone, 1753
diloxanide furoate, 3196, 3197
doripenem, 731
eflornithine, 3257
eflornithine-nifurtimox, 3264
emtricitabane, 3803
enfuvirtide, 4300, 4301
enoxacin, 2173
eravacycline, 1281
ertapenem, 752
erythromycin, 1070, 1072
ethambutol, 2349
ethionamide, 2496
famciclovir, 3495, 3498
finafloxacin, 2142
fleroxacin, 2185
fluconazole, 2761
flucytosine, 2921
fomivirsen, 3648
fosamprenavir, 4107
fosfomycin, 1397
furazolidone, 3191
garenoxacin, 2201, 2202
gatifloxacin, 2221
gemifloxacin, 2115
gentamicin, 972
HCV antiviral drug therapy, 4451
iclaprim, 1778
imipenem, 674
imipenem-cilastatin, 680
indinavir, 4063
isoniazid, 2338
itraconazole, 2791
ivermectin, 3354t
josamycin, 1152, 1153
kanamycin, 954
lamivudine, 3733, 3741–3742
lindane, 3425
linezolid, 1307, 1317, 1362, 1369
lomefloxacin, 2247
lopinavir, 4091
maravoric, 4309
mebendazole, 3331
meropenem, 711
methenamine, 1801, 1802
methicillin, 138
metronidazole, 1816, 1820
mezclocillin, 192
micafungin, 2685
miltefosine, 3296
moxidectin, 3363
moxifloxacin, 2088
nafcillin, 165
nalidixic acid, 2263
nevirapine, 3862, 3863t
nitrofurantoin, 1787, 1788
novobiocin, 1451
ofloxacin, 2011, 2011t
para-aminosalicyclic acid, 2490
pefloxacin, 2279, 2281–2282
penicillin, 44, 151

penicillin V, 94
pentamidine, 3273
piperacilin-tazobactam, 326t, 327
piperacillin, 192
piperaquine, 2995
polymyxin B, 1427
posaconazole, 2847
praziquantel, 3387–3388, 3390
primaquine, 3101, 3104
pristinamycin, 1387
proguanil, 3130
pyrazinamide, 2362
pyrimethamine, 1728
pyronaridine-artesunate, 3010
retapamulin, 1564
ribavirin, 4377
rifabutin, 2436
rifampicin, 2381
rifapentine, 2465
rilpivirine, 3999
roxithromycin, 1089
rufloxacin, 2291
sitaflloxacin, 2125
sparfloxacin, 2296
streptomycin, 2476
sulfamethoxazole-trimethoprim, 1582
sulfonamides, 1582
sutezolid, 2560
tafenoquine, 3111
tedizolid, 1362
teicoplanin, 845
telbivudine, 4347
telithromycin, 1160
terbinafine, 2715
tetracycline, 1197
thiabendazole, 3340
ticarcillin, 177
ticarcillin-clavulanic acid, 304, 307
tigecycline, 1254
tinidazole, 1852
tosufloxacin, 2306
triclabendazole, 3348
trimetrexate, 1770
zanamivir, 4562

Breast milk, antimicrobial concentrations in
abacavir, 3782
aciclovir, 3457, 3460
albendazole, 3315
atovaquone-proguanil, 3141
bedaquiline, 2544
benznidazole, 3207
capreomycin, 2515
caspofungin, 2668
cefotaxime, 435, 436
cefoxitin, 408
cefprozil, 379
ceftriaxone, 480
chloramphenicol, 1521, 1524, 1529
ciprofloxacin, 1901, 1912
clarithromycin, 1100, 1101–1102
clindamycin, 1477, 1484, 1490
clofazimine, 2535
cobicistat, 4184
cycloserine, 2523
dapsone, 1750, 1751
daptomycin, 875
darunavir, 4138
delamanid, 2553
delavirdine, 3961
dolutegravir, 4263
doxycycline, 1208, 1209t
ertapenem, 754
erythromycin, 1072
ethambutol, 2349
fleroxacin, 2183, 2184, 2185
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Breast milk, antimicrobial concentrations in 
(continued)

fluconazole, 2761
fusidic acid, 1411
garenoxacin, 2201, 2202
gatifloxacin, 2221
gentamicin, 972
isoniazid, 2324
ivermectin, 3354–3355
kanamycin, 954, 955–956
ketonconazole, 2745
lamivudine, 3735
levofloxacin, 2060, 2062
lindane, 3425
lopinavir, 4091
mefloquine, 3079
meropenem, 711
methenamine, 1802
metronidazole, 1816, 1818, 1820
miltefosine, 3297
minocycline, 1234
moxidectin, 3363
moxifloxacin, 2088
nalidixic acid, 2264, 2266
nelfinavir, 4078
nevirapine, 3859, 3868–3869
nifurtimox, 3214
nitrofurantoin, 1788
norfloxacin, 1988
ofloxacin, 2017
oritavancin, 911
oxantel pamoate, 3383
para-aminosalicyclic acid, 2490
pefloxacin, 2279, 2281–2282
peramivir, 4617
permethrin, 3418–3419
piperaquine, 2995
primaquine, 3101
prulifloxacin/ulifloxacin, 2149
pyrantel pamoate, 3383
pyrazinamide, 2362
pyrimethamine, 1728, 1730
pyronaridine-artesunate, 3010
quinine, 3066
quinopristin-dalfopristin, 1377
rifabutin, 2436
rifampicin, 2381
rifaximin, 2454
rilpivirine, 3999
ritonavir, 4183–4184
roxithromycin, 1090
sparfloxacin, 2297
spiramycin, 3177
stavudine, 3760
streptomycin, 2476
sulfonamides, 1582, 1585
tedizolid, 1369
teicoplanin, 845
telbivudine, 4347, 4348
terbinafine, 2713, 2715
tetracycline, 1197
thiabendazole, 3339, 3340
tinidazole, 1852, 1853
tobramycin, 995
topical azoles, 2885
triclabendazole, 3348, 3349
trimethoprim-sulfamerthoxazole, 1640
vancomycin, 799, 804
zidovudine, 3668

Breast surgery, chemoprophylaxis
amoxicillin-clavulanic acid, 269
cefazolin, 354

Brevibacterium, linezolid, 1295
Brevundimonas diminiuta, aztreonam, resistance,  

645

Bridic. See Brivudin
BrinCDV. See Brincidofovir
Brincidofovir, 4632t

antiviral activity, 3532–3533, 3534
chemical structure, 3531–3532, 3532f, 3532t
clinical uses, 3563
in vitro synergy and antagonism, 3538
mechanism of action, 3544f, 3545, 3545f
resistance, 3543

Bristol-Myers Squibb, 2213, 2876, 3578, 3698
British Medical Research Council, 2334
British Society for Antimicrobial Chemotherapy 

(BSAC), 218, 220, 2260
British Society for Medical Mycology, 2919
Brival. See Brivudin
Brivaric. See Brivudin
Brivex. See Brivudin
Brivir. See Brivudin
Brivox. See Brivudin
Brivudin, 3572–3581

administration mode, 3575
adverse reactions and toxicity, 3577
anticancer activity, 3574
antiviral activity, 3572–3574
chemical structure, 3572, 3572f
clinical uses, 3577–3578, 3577t, 3578f
dosage, 3575–3576
drug interactions, 3576–3577
mechanism of action, 3574–3575, 3575f
monophosphorylated derivatives, 3573–3574, 

3574f
pharmacokinetics/pharmacodynamics, 

3576–3577, 3576t
resistance, 3574

Brivumen. See Brivudin
Brizuvost. See Brivudin
Broad tapeworm. See Diphyllobothrium latum
Brobactam, 225–226

beta-lactamase-inhibiting activity, 225
Brodimoprim, withdrawal from market, 1625–1626
Bromocriptine, interactions with roxithromycin, 

1090t
Bronchial mucosa distribution

ampicillin-sulbactam, 284
ciprofloxacin, 1897
fleroxacin, 2185
garenoxacin, 2202
gatifloxacin, 2222
gemifloxacih, 2115
iclaprim, 1779t
rufloxacin, 2292
sparfloxacin, 2297

Bronchial secretions distribution
amikacin, 1015–1016
azlocillin, 194
aztreonam, 649
carbenicillin, 178
cefotiam, 400
cefuroxime, 388–389
cephalothin, 351
ciprofloxacin, 1897
gentamicin, 974
isepamicin, 1042
kanamycin, 955
lomefloxacin, 2248
mezcloxillin, 194
moxifloxacin, 2089
pefloxacin, 2281
penicillin G, 45
piperacillin, 194
ticarcillin, 178
tobramycin, 997

Bronchiectasis, treatment
ciprofloxacin, 1001
erythromycin, 1079

fibronodular
azithromycin, 1134–1135
clarithromycin, 1134–1135

tobramycin, 1001
Bronchiolitis obliterans, azithromycin treatment, 

1124–1125, 1138
Bronchiolitis obliterans with organizing pneumonia 

(BOOP), nitrofurantoin treatment, 1791
Bronchitis, treatment

acute, doxycycline, 1213
amoxicillin, 114, 214
amoxicillin-mecillinam, 214
amoxicillin-pivmecillinam, 214
ampicillin-sulbactam, 285, 286t
azithromycin, 1131
cefaclor, 380
cefprozil, 380
cefuroxime axetil, 380
chronic, acute exacerbations

amoxicillin, 119
amoxicillin-clavulanic acid, 268, 537
ampicillin-sulbactam, 285, 286t
azithromycin, 1131
cefaclor, 380
cefixime, 541, 543
cefpodoxime, 533, 537
cefprozil, 380
ceftiazidime, 557
ciprofloxacin, 1924–1925
clarithromycin, 1106–1107, 1107t, 1108
feropenem, 769–770
fleroxacin, 2189
garenoxacin, 2206t, 2207
gatifloxacin, 2229–2230, 2229t
gemifloxacin, 2115, 2117
grepafloxacin (withdrawn from market),  

2313
levofloxacin, 2068, 2069t
lomefloxacin, 2250
ofloxacin, 2026t
pristinamycin, 1389, 1390
prulifloxacin/ulifloxacin, 2153–2154
sparfloxacin, 2299
telithromycin, 1166–1167

ciprofloxacin, 1924, 1925
co-amoxiclav, 380
doxycycline, 1213
erythromycin, 1076
josamycin, 1153
mecillinam, 214
pefloxacin, 2284
pivmecillinam, 214
roxithromycin, 1091
trimethoxazole-sulfamethoxazole, 1661

Bronchoalveolar lavage fluid distribution
colistin methanesulfate, 1434
quinupristin-dalfopristin, 1378–1379

Bronchopneumonia treatment, cefpodoxime, 537
Bronchopulmonary infections treatment, tinidazole, 

1857
Bronchoscopy prophylaxis, cefepime, 590
Bronchospasm, drugs causing

amphotericin B, 2585
clarithromycin, 1106
itraconazole, 2798
polymyxin B, 1437
tinidazole, 1853–1854
tobramycin, 1000
zanamivir, 4566–4567

Brucella
amoxicillin, 104
ampicillin, 104
azithromycin, 1124
ceftriaxone, 471
chloramphenicol, 1517
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ciprofloxacin, 1870
doxycycline, 471, 1205
erythromycin, 1066
gemifloxacin, 2113
gentamicin, 965
kanamycin, 950
nalidixic acid, 2256
penicillin, resistance, 33
polymyxins, resistance, 1423
rifampicin, 2369, 2370t, 2374

resistance, 2374, 2402
rifapentine, 2464
streptomycin, 2471, 2472
trimethoprim-sulfamethoxazole, 1572, 1630
trimethoprim-sulfamethoxazole/rifampicin,  

1635
Brucella abortus

cefazolin, 348
ceftriaxone, 471
cephalothin, 348
ciprofloxacin, 1870
ofloxacin, 2007
plazomicin, 1055
rifampicin, resistance, 2379

Brucella melitensis
ceftriaxone, 471
ceftriaxone, resistance, 471
ciprofloxacin, 1870, 1936–1937

resistance, 1884
combination antibiotic therapy, 104
doxycycline, 1252
fleroxacin, 2181
gatifloxacin, 2216
lomefloxacin, 2245
ofloxacin, 2005t, 2007
pefloxacin, 2277, 2285
plazomicin, 1055
rifampicin, resistance, 2379
sitafloxacin, 2122
tigecycline, 1252
trimethoprim-sulfamethoxazole, 1630

Brucellosis. See also Brucella abortus; Brucella 
melitensis

ceftriaxone, 504
ciprofloxacin, 1936–1937
doxycycline, 504, 1205, 2036, 2037, 2402
gentamicin, 981
minocycline, 1242
nalidixic acid, 2268
ofloxacin, 2026t, 2027t
ofloxacin/rifampicin, 2036–2037
rifampicin, 2381, 2402–2403
streptomycin, 2480–2481
tetracyclines, 52
trimethoprim-sulfamethoxazole, 1670

Brugia malayi. See also Filiariasis, lymphatic
diethylcarbamazine, 3370, 3371, 3371t, 3376
ivermectin, 3360

Brugia timori. See also Filariasis, lymphatic
diethylcarbamazine, 3370, 3371t, 3375, 3376
ivermectin, 3360

BTA074, 4632t
BTA585, 4632t, 4640
BTA938, 4551

antiviral activity, 4554–4555, 4555t
chemical structure, 4552f

Budesonide, interaction with lopinavir-ritonavir, 
4093, 4095, 4095t

Buffalo hump, indinavir-related, 4069
Bukwang, 4359
Bulging fontanelle syndrome, minocycline-related, 

1236
Bullous pemphigoid, drugs causing

sulfamethoxypyridazine, 1603
sulfapyridine, 1603

Bullous skin eruptions, drugs causing
melarsoprol, 3246
nalidixic acid, 2266

Bunyaviruses, ribavirin, 4368t, 4370
Buprenorphine, drug interactions

didanosine, 3705t
efavirenz, 3918
nevirapine, 3871t, 3873
tipranavir-ritonavir, 4167

Bupropion, drug interactions
isavuconazole, 2864t
linezolid, 1314

BURILICO trial, 2478
Burkholderia

carbenillin, 175
cefotaxime, 429
ceftazidime, 232
ticarcillin, 175

Burkholderia cenocepacia, eravacycline, resistance, 
1276t, 1279

Burkholderia cepacia
amikacin, resistance, 1010
apalcillin, 189
aztreonam, 645
carbenicillin, 188, 189
cefepime, resistance, 579
cefoperazone-sulbactam, 417t, 418
ceftazidime, resistance, 551t, 552, 556
ceftazidime-avibactam, resistance, 565t, 566
ceftizoxime, resistance, 532
ceftolozane-tazobactam, 230

resistance, 637
ceftriaxone, resistance, 471
chloramphenicol, resistance, 1517
ciprofloxacin, 1927

resistance, 1869
cycloserine, resistance, 2520
delafloxacin, 2133, 2133t
enoxacin, resistance, 2172, 2172t
ertapenem, resistance, 746t, 749
garenoxacin, resistance, 2197
gemifloxacin, 2112t, 2113
gentamicin, resistance, 965
imipenem, resistance, 665
isepamicin, resistance, 1039
lomefloxacin, resistance, 2245, 2246t
meropenem, 698–699
mezlocillin, 188
norfloxacin, 1987
ofloxacin, resistance, 2006–2007
piperacillin, 188t, 189
piperacillin-tazobactam, reisistance, 230
polymyxins, resistance, 1423
resistance, 1572
rifampicin resistance, 2373
sitofloxacin, 2123
temocillin, 218, 219t, 220, 222
ticarcillin-clavulanic acid, 227, 300t
tigecycline, resistance, 1252
tobramycin, 993
tosufloxacin, 2304, 2305t
trimethoprim, 1630
trimethoprim-sulfamethoxazole, 1630, 1660,  

1664
resistance, 1633

Burkholderia mallei
ceftazidine, 552
eravacycline, 1279, 1283
imipenem, 665

Burkholderia pseudomallei (melioidosis), 471
amoxicillin, resistance, 105, 227
amoxicillin-clavulanic acid, 226–227, 256t, 258, 

270
ampicillin, resistance, 105
azithromycin, resistance, 1124

biapenem, 774, 775t
cefazolin, resistance, 348
cefoperazone-sulbactam, 421–422
ceftazidime, 258, 270, 563, 699, 714
ceftazidime-co-trimoxazole, 422
ceftazidine, 552
cephalothin, resistance, 348
cethromycin, 1173
chloramphenicol, 270, 1517
ciprofloxacin, 1938
ciprofloxacin, resistance, 1869
co-trimoxazole, 270
doripenem, 726t, 729
doxycycline, 270, 1204, 1205t, 1208, 1217, 1219

resistance, 1206
eravacycline, 1279, 1283
imipenem, 258, 665, 699
meropenem, 698–699, 714
norfloxacin, resistance, 1987
novobiocin, 1450–1451
ofloxacin, resistance, 2006–2007
pefloxacin, 2277
penicillin, resistance, 33
rifampicin, 2374
sulfamethoxazole, 1630
sulfonamides, 1572
ticarcillin-clavulanic acid, 227, 301

resistance, 301
tigecycline, 1252
trimethoprim-sulfamethoxazole, 1672–1673

resistance, 1630
Burkholderia thalandensis, tigecycline, 1252
Burns

amikacin, 1014, 1015t
biapenem, 776–777
carbenicillin, 173
cefepime, 590, 591
cefotaxime, 434, 437
ceftiazidime, 556, 559
ceftolozane, 640
cephalothin, 351
ciprofloxacin, 1896
clindamycin, 1481
colistin (polymyxin E), 1433
delafloxacin, 2136–2137
ertapenem, 753
flucloxacillin, 154
iclaprim, 1781
mafendine (sulfamylon), 1602, 1603
mupirocin, 1462–1463
nystatin, 2649
silver nitrate, 1602
sulfonamides, 1602–1603
ticarcillin-clavulanic acid, 177, 304–305, 310–311
tobramycin, 996
trimethoprim-sulfamethoxazole, 1685
vancomycin, 802

Burn surgery prophylaxis, teicoplanin, 848
Burroughs Wellcome, 3657
Buruli ulcer, treatment

clarithromycin, 1110
rifampicin, 2394–2395
streptomycin, 2478, 2480

Buspirone, interactions with clarithromycin, 1104t
Busulfan, interactions with metronidazole, 1821
Butenafine, 2720–2724

administration mode, 2721
adverse reactions and toxicity, 2722
anti-inflammatory activity, 2721
antimicrobial activity, 2720–2721
chemical structure, 2720, 2720f
clinical uses, 2722–2724

tinea corporis, 2721, 2723, 2723t, 2724
tinea cruris, 2721, 2722, 2723, 2723t, 2724
tinea pedis, 2721, 2723, 2723t
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Butenafine (continued)
tinea versicolor (pityriasis), 2721, 2723–2724, 

2723t
excretion, 2722
mechanism of action, 2721
pharmacokinetics/pharmacodynamics, 2721–2722

Buthionine sulfoxamin, in vitro synergy and 
antagonism, 3212–3213

Buthionine sulfoximine, in vitro synergy and 
antagonism, 3206

Butoconazole
administration modes, 2890t
adverse reactions and toxicity, 2890t, 2892
antimicrobial activity, 2888t
chemical structure, 2886t
clinical uses, 2890t, 2893
excretion, 2890t
pharmacokinetics/pharmacodynamics, 2892

Butyrivibrio
chloramphenicol, 1518
clindamycin, 1470

BVDU. See Brivudin

C
CAB-LA. See Cabotegravir
Cabotegravir, 4629, 4630t
Cadazolid, 1348–1353

administration mode, 1350
adverse reactions and toxicity, 1351–1352
antimicrobial activity

C. difficile, 1348–1353, 1349t, 1353t
Gram-positive bacteria, 1348, 1349

chemical structure, 1348, 1348f
clinical trials, 1350
clinical uses

C. difficile-associated diarrhea, 1348, 1352–1353
C. difficile infections, 1348–1353, 1352t

dosage, 1350
excretion, 1348, 1351
mechanism of action, 1348, 1349–1350
pharmacokinetics/pharmacodynamics, 1350–1351
resistance and cross-resistance, 1349

Caenorhabditis elegans
ivermectin, resistance, 3353
moxidectin, 3363

Caffeine, drug interactions
ciprofloxacin, 1905
ofloxacin, 2018
trovafloxacin, 2311

Calcineurin inhibitors, drug interactions
amphotericin B, liposomal, 2616
fluconazole, 2765–2766
itraconazole, 2797
pentamidine, 3275
posaconazole, 2850
voriconazole, 2830

Calcium, drug interactions
prulifloxacin/ulifloxacin, 2150
tetracycline, 1197

Calcium carbonate, interactions with gemifloxacin, 
2116

Calcium channel blockers, drug interactions
atazanavir, 4149t
darunavir, 4132t
etravirine, 3977, 3979t
fosamprenavir, 4110, 4111t
indinavir, 4067
lopinavir-ritonavir, 4093, 4094t
norfloxacin, 1990
quinupristin-dalfopristin, 1380t
telithromycin, 1163
tipranavir-ritonavir, 4167t, 4168

Calcium-containing antacids, drug interactions
fleroxacin, 2186
rilpivirine, 4000t

Calcium-containing solutions, contraindication in 
ceftriaxone use, 476, 482

Calmodulin, inhibition
ketoconazole-induced, 2736
miconazole-induced, 2815

Calymmatobacterium granulomatis. See Klebsiella 
granulomatis

CAMELIA trial, 3922
Camelpox virus, cidofovir, 3533t, 3538
Camoquine. See Amodiaquine
Campbell, William, 3351
cAMP-cAMP receptor protein complex, 1397
Campylobacter

amoxicillin-clavulanic acid, 257–258
beta-lactam, resistance, 257–258
cefotaxime, 428t
ceftriaxone, resistance, 487
ciprofloxacin, 1918

resistance, 1869, 1880–1881, 1919
clarithromycin, resistance, 1099
doripenem, 729
erythromycin, 1077–1078

resistance, 1068
fidaxomicin resistance, 1547
fleroxacin, 2181
fluoroquinolone, resistance, 11, 487
food animal-human transmission, 11
furazolidine, 1784
gatifloxacin, resistance, 2220
josamycin, resistance, 1152
levofloxacin, resistance, 2067
lomefloxacin, 2250

resistance, 2250
macrolide, resistance, 1124
macrolides, 487
nalidixic acid, resistance, 2269
neomycin, resistance, 1047
norfloxacin, resistance, 1987–1988
penicillin G, resistance, 34
prulifloxacin/ulifloxacin, 2148, 2148t
rifampicin, resistance, 2374
rosaramicin, 1151

resistance, 1152
roxithromycin, resistance, 1088
spiramycin, 3175

resistance, 3176
streptomycin, 2471
tosufloxacin, 2304

Campylobacter cincaedi, ciprofloxacin, 1869
Campylobacter coli

amoxicillin, 105, 226
ampicillin, 105
azithromycin, 1124
beta-lactamases, 257–258
ciprofloxacin, 1869

resistance, 1881
clindamycin, resistance, 1470
fluoroquinolones, resistance, 2219–2220
josamycin, 1151
metronidazole, 1822
nalidixic acid, resistance, 2262
neomycin, 1047t
norfloxacin, 1986
penicillin G, resistance, 34, 105
spiramycin, 1151
trimethoprim-sulfamethoxazole, resistance, 1627

Campylobacter fetus
amikacin, 1010
amoxicillin, 105
ampicillin, 105
ciprofloxacin, 1869
doxycycline, 1205
erythromycin, 1078
gentamicin, 965
imipenem, 665

nalidixic acid, resistance, 2256, 2257t
penicillin G-resistant, 34

Campylobacter gracilis
clindamycin resistance, 1470
gemifloxacin, 2113
imipenem, 670t
linezolid, 1298

Campylobacter jejuni
amikacin, 1010
amoxicillin, resistance, 105
amoxicillin-clavulanic acid, 226, 257
ampicillin, resistance, 105
azithromycin, 1124
aztreonam, resistance, 644
beta-lactam antibiotics, resistance, 226, 471
beta-lactamases produced by, 257–258, 471
biapenem, 773, 775t
cefazolin, resistance, 348
cefpodoxime, resistance, 532
cephalexin, resistance, 362
cephalosporins, resistance, 471
cephalothin, resistance, 348
cephamycins, resistance, 405
chloramphenicol, resistance, 1517
ciprofloxacin, resistance, 1881, 2122
clindamycin, 1470
doxycycline, 1205
erythromycin, 1066, 1078
fluoroquinolones, resistance, 2219–2220
furazolidone, 3187
garenoxacin, 2197
gemifloxacin, 2113
gentamicin, 965
imipenem, 665
josamycin, 1151
kanamycin, 950
levofloxacin, resistance, 2057
lomefloxacin, 2245, 2246t
meropenem, 699
nalidixic acid, resistance, 2256, 2257t, 2262
nitazoxanide, 3165
norfloxacin, 1986, 1993

resistance, 1987–1988
ofloxacin, resistance, 2006, 2008, 2009, 2029
pefloxacin, 2277
prulifloxacin/ulifloxacin, 2148t
rifabutin, 2435
roxithromycin, 1088
sitafloxacin, 2122, 2123t
solithromycin, 1181t
spiramycin, 1151
sulfonamide resistance, 1578
telithromycin, resistance, 1158
tosufloxacin, 2305t
trimethoprim-sulfamethoxazole resistance, 1627

Campylobacter rectus
clindamycin, 1470
metronidazole, 1827

Campylobacter uppsaliensis, trimethoprim- 
sulfamethoxazole, resistance, 1627

Canadian Antimicrobial Resistance Alliance 
(CARA), 1357

Cancer. See Anti-tumor activity; Cancer patients; 
Carcinogenity/cancer risk; specific types of 
cancer

Cancer patients
antimicrobial use in

amphotericin B, 2590
cephamycins, 409
ciprofloxacin, adverse reactions and toxicity, 

1909–1910
levofloxacin, 2074–2075
norfloxacin, 1994
ofloxacin, 2034–2035
piperacillin-tazobactam, 328
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ticarcillin, 183
trimethoprim-sulfamethoxazole, 1680

febrile neutropenia in. See Neutropenia, febrile
Candida (candidiasis). See also other Candida  

species
albaconazole, 2870, 2874

resistance, 2871
amphotericin B, 2569–2570, 2572t, 2587–2590, 

2615
resistance, 2571

amphotericin B-lipid complex, 2628–2629, 2637
anidulafungin, 2693, 2694–2695
butenafine, 2720
caspofungin, 2587, 2660, 2661, 2661t, 2662,  

2665, 2667, 2668, 2669
catheter-related infections, 503
cefotaxime, resistance, 442–443
ceftiazidime, 561
chlorhexidine-silver sulfadiazine, 1604
ciclopirox, 2909
ciprofloxacin, 1875
clotrimazole, 2893
croconazole, 2893
cutaneous

amphotericin B, 2589–2590
ciclopirox, 2912
clotrimazole, 2893
eberconazole, 2893
haloprogin, 2934
miconazole, 2819
sertaconazole, 2894
terbinafine, 2712, 2716

disseminated, flucytosine, 2924
echinocandin, 2696

resistance, 2695
eravacycline, 1279
esophageal

anidulafungin, 2698, 2702
caspofungin, 2671–2672
fluconazole, 2760t
invasive, 2688–2689
isavuconazole, 2866
itraconazole, 2790t, 2798–2799
micafungin, 2688

fecal, antibiotic-associated acquisition, 420
fidaxomicin, 1552

resistance, 1547
fluconazole, 2756, 2757t, 2758, 2759

resistance, 2758
step-down therapy, 2760t, 2770

flucytosine, 2919
resistance, 2920–2921

haloprogrin, 2933
heptosplenic

amphotericin B, 2587–2588
amphotericin B, liposomal, 2618

invasive
amphotericin B, liposomal, 2618–2620, 

2619–2620
amphotericin B-lipid complex, 2637, 2638t
amphotericin B prophylaxis, 2590
anidulafungin, 2698, 2702
caspofungin, 2672–2673
fluconazole, 2760t, 2764–2765, 2768–2770
isavuconazole, 2866
itraconazole, 2800

isavuconazole, 2858, 2859, 2860t
resistance, 2862

itraconazole, 2786, 2787t, 2795
resistance, 2788

ketoconazole, 2733, 2735
metronidazole, 1825
micafungin, 2682, 2682t, 2685, 2686
miconazole, 2812, 2813t

resistance, 2814

miltefosine, 3292
mucocutaneous

amphotericin B, 2589, 2590
nystatin, 2649

mucosal
fluconazole, 2760t, 2764, 2768, 2770–2771
posaconazole, 2853–2854

naftifine, 2725, 2726
natamycin, 2653

resistance, 2653
neonatal

amphotericin B, 2588
amphotericin B, liposomal, 2618
fluconazole, 2760t, 2770

nystatin, 2647, 2648
resistance, 2647

ocular
amphotericin B, 2589
amphotericin B, liposomal, 2619

oral (thrush)
amphotericin B, 2589
cefepime, 593
miconazole, 2819
natamycin, 2654
nystatin, 2648–2649

oropharyngeal
anidulafungin, 2702
caspofungin, 2671–2672
fluconazole, 2760t
itraconazole, 2790t, 2798–2799
micafungin, 2688

penicillin V-related, 95
pentamidine, 3272
posaconazole, 2843, 2847
prosthetic-device infections, caspofungin, 

2661–2662
ravuconazole, 2876, 2880
roxithromycin, 1091
sulfacetamide derivatives, 1575–1576
sulfonamides, 1593
superinfections

aztreonam-related, 651
carbapenem-related, 688

systemic, nystatin prophylaxis, 2649–2650
urogenital

fluconazole, 2760t, 2772
flucytosine, 2922, 2924

voriconazole, 2823, 2824f, 2825, 2834
resistance, 2825

vulvovaginal
amorolfine, 2907
amphotericin B, 2589
butoconazole, 2893
clindamycin-related, 1489
eberconazole, 2893
econazole, 2894
fenticonazole, 2894
fluconazole, 2760t, 2763, 2771–2772
fosfomycin-related, 1399, 1400
isoconazole, 2894
itraconazole, 2790t, 2799
linezolid-related, 1314t
metronidazole, 1855
miconazole, 2818
natamycin, 2654
nystatin, 2649
oxiconazole, 2894
in pregnancy, miconazole, 2818
rilopirox, 2915
teraconazole, 2894
tinidazole, 1855

Candida albicans
albaconazole, 2872t

resistance, 2871
amorolfine, 2904, 2905

amphotericin B, 2570, 2572t, 2587, 2618, 2619, 
2633

resistance, 2571, 2574
amphotericin B-lipid complex, 2637
anidulafungin, 2694, 2694t, 2696t, 2700
caspofungin, 2661, 2661t, 2662, 2664, 2665,  

2667, 2674
ciclopirox, 2909, 2910
fluconazole, 2710t, 2756, 2757t, 2758

resistance, 2758
flucytosine, 2919, 2920t
gatifloxacin, 2218
gramicidin, 1456
griseofulvin, 2710t
isavuconazole, 2860t
itraconazole, 2710t, 2786, 2787t

resistance, 2788
ketoconazole, 2732, 2732t, 2735, 2736, 2740

resistance, 2734–2735
metronidazole, resistance, 1851
micafungin, 2682, 2682t, 2683t, 2686
miconazole, 2812, 2813t, 2816, 2819

resistance, 2814
miltefosine, 3293t, 3296
minocycline, 1232
naftifine, 2725, 2727
nalidixic, 2257
natamycin, 2653
nystatin, 2646, 2648

resistance, 2647
posaconazole, 2843, 2844, 2845t, 2849

resistance, 2846
ravuconazole, 2876, 2878t
rilopirox, 2914
stavudine, 3756
sulfonamides, 1575
terbinafine, 2710–2711, 2710t, 2715
tinidazole resistance, 1851
tolnaftate, 2901
trimethoprim-sulfamethoxazole, 1687
voriconazole, 2829

resistance, 2825
Candida auris, amphotericin B, resistance,  

2570
Candida dubliniensis

albaconazole, 2870
amphotericin B, 2572t
caspofungin, resistance, 2664
echinocandins, resistance, 2695
fluconazole, 2756, 2757t
flucytosine, 2920t

resistance, 2919–2920
isavuconazole, 2860t
itraconazole, 2787t
ketoconazole, 2732t, 2733, 2735
micafungin, 2682, 2683t
miconazole, 2812
posaconazole, 2843, 2844, 2845t
ravuconazole, 2878t

Candida famata
amphotericin B, 2570
anidulafungin, 2694t
fluconazole, 2756, 2757t
itraconazole, 2787t
ketoconazole, 2732t
micafungin, 2683t
posaconazole, 2845t

Candida gatti, fluconazole, 2761
Candida glabrata

albaconazole, 2872t
resistance, 2871

amphotericin B, 2570, 2572t, 2587, 2589,  
2590

resistance, 2571
amphotericin B, liposomal, 2618, 2619
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Candida glabrata (continued)
amphotericin B-lipid complex, 2628–2629
anidulafungin, 2696t, 2700
caspofungin, 2661, 2661t, 2662, 2674

resistance, 2664, 2665
echinocandins, 2696

resistance, 2695
fluconazole, 2758

resistance, 2758
flucytosine, 2920t
flutrimazole, resistance, 2894
isavuconazole, 2860t
itraconazole, 2786, 2787t

resistance, 2788, 2789t
ketoconazole, 2731, 2740

resistance, 2735
micafungin, 2682, 2682t, 2683t, 2686

resistance, 2683–2684
miconazole, 2812, 2813t, 2814

resistance, 2814
miltefosine, 3293t
nystatin, 2646

resistance, 2647
posaconazole, 2843, 2845t

resistance, 2846
ravuconazole, 2876, 2878t
rilopirox, 2914
terbinafine resistance, 2710
voriconazole, 2823, 2824f
voriconazole, resistance, 2825

Candida guilliermondii
amphotericin B, 2570, 2572t

resistance, 2571
amphotericin B-lipid complex, 2628–2629
anidulafungin resistance, 2694, 2694t
caspofungin, 2661, 2661t

resistance, 2664
echinocandins, resistance, 2695
fluconazole, 2756, 2757t
flucytosine, 2920t
isavuconazole, 2860t
itraconazole, 2787t
ketoconazole, 2732t, 2735
micafungin, 2682, 2683t
miconazole, 2813t
nystatin, resistance, 2646
posaconazole, 2843, 2844, 2845t
ravuconazole, 2878t
voriconazole, 2823, 2824f

Candida haemulonii, amphotericin B, resistance, 
2570, 2571

Candida inconspicua, ketoconazole, 2732t, 2733, 
2735

Candida kefyr
amphotericin B, 2570, 2572t

resistance, 2571
anidulafungin, 2694t
ketoconazole, 2732t
micafungin, 2682, 2683t
miconazole, 2813t

Candida krusei
albaconazole, 2872t
amphotericin B, 2570, 2572t, 2587, 2590
anidulafungin, 2694, 2694t, 2696t
caspofungin, 2674

resistance, 2664
echinocandins, resistance, 2695
fluconazole, resistance, 2756, 2757t
flucytosine, 2919, 2920t

resistance, 2919–2920
isavuconzole, 2860t, 2863
itraconazole, 2786, 2787t

resistance, 2788
ketoconazole, 2732t

resistance, 2735

micafungin, 2682, 2682t, 2683t
miconazole, 2812, 2813t, 2814

resistance, 2814
miltefosine, 3293t
naftifine, 2725
nystatin, 2649
posaconazole, 2843, 2844, 2845t
ravuconazole, 2876, 2878t
rilopirox, 2914
terbinafine, resistance, 2710
voriconazole, 2823, 2824f

Candida lipolytica
amphotericin B-lipid complex, 2628–2629
ketoconazole, 2732t
nystatin, resistance, 2646

Candida lusitaniae
amphotericin B, 2570, 2572t

resistance, 2571
amphotericin B-lipid complex, 2628–2629
amphotericin B resistance, 2587
anidulafungin, 2694t
caspofungin, 2661, 2661t
fluconazole, 2710t, 2756, 2757t
griseofulvin, 2710t
isavuconazole, 2860t
itraconazole, 2710t, 2787t
micafungin, 2682, 2683t
miconazole, 2813t
nystatin, resistance, 2646
posaconazole, 2844, 2845t
ravuconazole, 2878t
terbinafine, 2710t
voriconazole, 2823, 2824f

Candida metapsilosis
caspofungin, 2661
micafungin, 2682

Candida norvegensis, ketoconazole, 2735
Candida orthopsilosis

amphotericin B, 2572t
caspofungin, 2661, 2661t
isavuconazole, 2860t
micafungin, 2682

Candida parapsilosis
albaconazole, 2872t
amphotericin B, 2570, 2572t

resistance, 2571
amphotericin B-lipid complex, 2628–2629
anidulafungin, 2700, 2702

resistance, 2694, 2696t
caspofungin, 2661, 2661t, 2674

resistance, 2664
echinocandins, resistance, 2695
fluconazole, 2710t, 2757t, 2758
flucytosine, 2920t
griseofulvin, 2710t
isavuconazole, 2860t
itraconazole, 2710t, 2786, 2787t

resistance, 2788
ketoconazole, 2732t, 2733

resistance, 2735
micafungin, 2682, 2682t, 2683t
miconazole, 2812
miltefosine, 3293t
minocycline, 1239
naftifine, 2725
nystatin, resistance, 2649
posaconazole, 2844, 2845t
ravuconazole, 2876, 2878t
superinfection, cefotaxime-related, 440
terbinafine, 2710, 2710t, 2715
voriconazole, 2823, 2824f

resistance, 2825
Candida pelliculosa

amphotericin B, 2570
ketoconazole, 2732t

Candida pseudohaemulonii, amphotericin B, 
resistance, 2570

Candida rugosa
amphotericin B, 2572t

resistance, 2571
fluconazole, 2756, 2757t
itraconazole, 2787t
nystatin, resistance, 2649
posaconazole, 2845t
voriconazole, 2823, 2824f

Candida tropicalis
albaconazole, 2872t
amorolfine, 2904
amphotericin B, 2570, 2572t

resistance, 2571
amphotericin B-lipid complex, 2628–2629
anidulafungin, 2694t, 2696t
caspofungin, 2661, 2661t, 2674

resistance, 2664
echinocandins, resistance, 2695
fluconazole, 2757t, 2758

resistance, 2758
flucytosine, 2920t
isavuconazole, 2860t
itraconazole, 2786, 2787t

resistance, 2788
ketoconazole, 2732t, 2735, 2740
micafungin, 2682, 2682t, 2683t
miconazole, 2812, 2813t

resistance, 2814
miltefosine, 3293t
minocycline, 1232
naftifine, 2725
nystatin, resistance, 2647
posaconazole, 2844, 2845t
ravuconazole, 2876, 2878t
rilopirox, 2914
terbinafine, resistance, 2710
voriconazole, 2823, 2824f

resistance, 2825
Candidemia

amphotericin B, 2587
empiric amphotericin B, 2590
fluconazole, 2587, 2769
voriconazole, 2833t

Candiduria
amphotericin B, 2588
fluconazole, 2772

Cannabinoid screening test results, effect of efavirenz 
on, 3919

Cantagalo virus, cidofovir, 3538
CANWARD surveillance program, 932
Capecitabine, interactions with brivudin, 3577
Capillaria philippinensis. See also Capillariasis

flubendazole, 3344
Capillariasis

albendazole, 3323
flubendazole, 3344
mebendazole, 3333t, 3335
thiabendazole, 3340

Capnocytophaga
amoxicillin, resistance, 227
amoxicillin-clavulanic acid, 227
ciprofloxacin, 1871
clindamycin, 1495
imipenem, 665
metronidazole, 1827

Capnocytophaga canimorsus
clindamycin, 1470
penicillin G, 24t, 34, 67

Capnocytophaga ochracea, clindamycin, resistance, 
1475

Capreomycin, 2510–2519
administration modes, 2514–2515
adverse reactions and toxicity, 2516
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antimicrobial activity, 2511
chemical structure, 2510, 2510f
clinical uses

extensively drug-resistant tuberculosis, 2516, 
2517

multidrug-resistant tuberculosis, 2511, 
2516–2517

dosage, 2514–2516
drug interactions, 2516
excretion, 2516
mechanism of action, 2511, 2514
pharmacokinetics/pharmacodynamics, 2515–2516
resistance, 2511–2514, 2517

Caprine herpesvirus, cidofovir, 3533t
CAPRISA study, 3829
CAPRIVI (Community Acquired Ppneumonia: 

tReatment with Avelox) study, 2096
CARA (Canadian Antimicrobial Resistance 

Alliance), 1357
Caraco Pharmaceutical Laboratories, 4523
Carbacephems, global consumption patterns, 5f
Carbamazepine, drug interactions

artemether-lumefantrine, 2978
atazanavir, 4149t
boceprevir, 4458t
capsofungin, 2670
daclatasvir, 4464
dapsone, 1751
dihydroartemisinin, 3012–3013
doxycycline, 1209
erythromycin, 1073
etravirine, 3977
fosamprenavir, 4110–4111, 4111t
isavuconazole, 2864
itraconazole, 2797
ledipasvir-sofosbuvir, 4462t
mebendazole, 3332
ombitasvir-paritaprevir-ritonavir-dasabuvir, 4467t
praziquantel, 3388
quinine, 3063
sofosbuvir-velpatasvir, 4463t
tipranavir-ritonavir, 4167t
trimetrexate, 1771
voriconazole, 2830, 2832

Carbanilides, use in food animals, 13t
Carbapenemases, 324

antibiotics hydrolyzed by
cefepime, 586
cefpirome, 586

carbapenem, resistance, 701–702
cefoperazone-sulbactam, resistance, 418
ceftolozane-tazobactam, susceptibility, 639
cephamycins, susceptibiity, 404
cetaroline, susceptibility, 607
Class D (OXA-type), 702–703
definition, 750
doripenem, resistance, 730
Enterobacteriaceae, susceptibility, 322–324
ertapenem, susceptibility, 750–751
faropnem disk for, 765
Group 1, 743
Group 2, 743
imipenem, susceptibility, 672, 673
laboratory detection of, 702
oxacillin, resistance, 137
piperacilin-tazobactam, resistance, 323t
S-649266, 658, 658t
vaborbactam activity, 226

Carbapenems. See also Biapenem; Doripenem; 
Ertapenem; Faropenem; Imipenem; 
Meropenem; Panipenem; Ritipenem; 
Sulopenem

chemical structure, 49f
clinical uses

bacteremia, 410

beta-lactamase-producing bacteria infections, 
282

febrile neutropenia, 337
multidrug-resistant tuberculosis, 2380
neonatal meningitis, 59, 60

global consumption patterns, 5f
resistance and cross-resistance, 220
restrictions on use, 16

Carbegoline, interactions with clarithromycin, 1105t
Carbenicillin

action mechanism, 176
administration modes, 173, 176–177
adverse reactions and toxicity, 179–181, 196
aminoglycoside inactivation by, 182
bioavailability, 47, 176–178, 177–178
chemical formula, 173, 173f
clinical uses, 181

burn infections, 174
Enterobacter infections, 181
Escherichia coli infections, 181
Proteus infections, 181
Pseudomonas aeruginosa, 173, 174–175, 187

in combination with
amikacin, 181
aminoglycosides, 181

description, 173
dosage, 176–177
drug interactions, 179

amikacin, 175, 181
aminoglycosides, 174–175, 181, 182, 195–196
gentamicin, 181
kanamycin, 175, 181
netilmicin, 175, 181
synergistic, 174–175, 209
tobramycin, 175, 181

esters of. See Carindacillin; Carfecillin
excretion, 179–180
minimum bactericidal concentrations, 189
minimum inhibitory concentrations, 174, 176
replacement by ticarcillin, 182, 299
resistance and cross-resistance, 173–174, 176, 190, 

1046–1047
sodium content, 197

Carbenicillin indanyl sodium. See Carindacillin
Carbidopa-levodopa, drug interactions

linezolid, 1314
spiramycin, 3178

Carbohydrates, interactions with enoxacin, 2174
Carbon hemoperfusion, penicillin G removal with, 52
Carbonic anhydrase, as sulfonamide target, 1581
Carbophos. See Malathion
Carboplatin, interactions with aminoglycosides, 2477
Carbovir triphosphate, 3773, 3777
Carbuncles, treatment

clindamycin, 1492
erythromycin, 1078

Carcinogenicity/cancer risk
benznidazole, 3207
cidofovir, 3548, 3551
dapsone, 1754
didanosine, 3709–3710
famciclovir, 3498
furazolidone, 3190–3191
ganciclovir, 3513
lamivudine, 3737
metronidazole, 1824
micafungin, 2688
nifurtimox, 3214, 3215
zidovudine, 3673

Cardiac monitoring, during quinine or quinidine 
use, 3064

Cardiac surgery, chemoprophylaxis
cardiac valve, nafcillin, 170
ceftiazidime, 558
cephalexin, 366–367

dicloxacillin, 151
flucloxacillin, 151
mezclocillin, 194
netilmicin, 1032
open-heart, flucloxacillin, 155
piperacillin, 194
teicoplanin, 847–848, 858

Cardiac tissue/heart, antimicrobial distribution in
aciclovir, 3460
amphotericin B, 2579
ciprofloxacin, 1900
cloxacillin, 151
flucloxacillin, 151
gentamicin, 974
meropenem, 708t
mezclocillin, 194
ofloxacin, 2016
pefloxacin, 2281
piperacillin, 194
vancomycin, 804

Cardiac toxicity
abacavir, 3785–3786
amantadine, 4537
amodiaquine, 3052
amphotericin B, 2584
antimonial agents, 3285, 3285t
artemether-lumefantrine, 2979–2980
atazanavir, 4151t
azithromycin, 1129
caspofungin, 2671
cefotaxime, 439
cefpirome, 594
chloroquine, 3038, 3039
ciprofloxacin, 1911
clarithromycin, 1105–1106
clindamycin, 1490
dihydroartemisinin-piperaquine, 2999
erythromycin, 1075
fluconazole, 2768
furazolidone, 3190
garenoaxin, 2204
gatifloxacin, 2226
halofantrine, 3094, 3095
hydroxychloroquine, 3039
itraconazole, 2798
levofloxacin, 2064
mefloquine, 3081
melarsoprol, 3246
metronidazole, 1824
miconazole, 2817
minocycline, 1236–1237
moxifloxacin, 2092, 2093
omadacycline, 1270
oseltamivir, 4594
pentamidine, 3275
peramivir, 4619
piperaquine, 2996, 2997, 2999
plazomicin, 1060
pretomanid, 2556
primaquine, 3104
quinine, 3061
ribavirin, 4381t, 4383
sitofloxacin, 2127
sulfonamides, 1592
telithromycin, 1163–1164
tigecycline, 1258
voriconazole, 2833
zidovudine, 3672–3673

Cardiac vascular stent patients, roxithromycin, 
1092–1093

Cardiobacterium hominis
azithromycin, 1124
beta-lactamase-producing strains, 34
imipenem, 665
penicillin G, 24t, 34, 68
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Cardiomegaly, amphotericin B-related, 2584
Cardiomyopathy, drugs causing

abacavir, 3786
amphotericin B, 2584
chloroquine, 3039
hydroxychloroquine, 3039
sulfonamides, 1592
zidovudine, 3670t, 3671–3672

Cardiopulmonary arrest, vancomycin-related, 808
Cardiopulmonary bypass surgery, chemoprophylaxis

ceftriaxone, 480
teicoplanin, 847–848, 858

Cardiopulmonry bypass surgery, chemoprophylaxis
vancomycin, 802

Cardiovascular agents, drug interactions
clarithromycin, 1104t
rifampicin, 2385, 2386t

Cardiovascular surgery, peflloxain chemoprophy-
laxis, 2285

Carfecillin
adverse reactions and toxicity, 181
bioavailability, 177, 178
description, 173
dosage, 178
excretion, 179
oral

clinical uses, 182
dosage, 176

serum levels, 178
Carindacillin

adverse reactions and toxicity, 181
bioavailability, 177–178
description, 173
dosage, 176, 181
oral

clinical uses, 182
contraindications to, 176
dosage, 176

CARINEMO trial, 3935
Carnitine deficiency, drugs causing

adefovir dipivoxil, 4341
pivampicillin, 212
pyrimethamine-sulfadoxine, 1732

Carrion’s disease, doxycycline, 1219
Cartilage toxicity

garenoxacin, 2203–2204
levofloxacin, 2064
moxifloxacin, 2088

Carvedilol, interactions with rifampicin, 2386t
Caspofungin, 2659–2680

administration modes, 2667–2668
adverse reactions and toxicity, 2670–2671
antifungal activity, 2659–2664

antifungal susceptibility testing, 2659–2660
CLSI criteria, 2659–2660, 2660t
dimorphic fungi, 2662
EUCAST criteria, 2659–2660
filamentous fungi (molds), 2661t, 2662–2664
pathogenic yeasts, 2661–2662, 2661t
Pneumocystis jiroveci, 2664

chemical structure, 2659, 2659f
clinical uses

aspergillosis, combination therapy, 2673–2674
aspergillosis, monotherapy, 2673
candidiasis, 2587, 2671–2673
febrile neutropenia, 2675
invasive fungal infections, 2674–2675
mucormycosis, 2674

combined with eravacycline, 1279
dosage, 2667–2669
drug interactions, 2669–2670

etravirine, 3979t
micafungin, 2687

excretion, 2669
in vitro synergy and antagonism, 2595–2596, 2665

mechanism of action, 2666–2667
pharmacokinetics/pharmacodynamics,  

2669–2670
resistance and cross-resistance, 2664–2665

Castleman’s disease
foscarnet-resistant, 3610
zidovudine, 3682

CASTLE study, 4097, 4098t, 4153
Cataract surgery, chemoprophylaxis

aztreonam, 650
cefotaxime, 436, 440
ciprofloxacin, 1901, 1989
gatifloxacin, 2232
norfloxacin, 1989, 1995
ofloxacin, 1989
povidone iodine, 1050
vancomycin, 803

Catatonia, azithromycin-related, 1130
Catheter-associated infections

amphotericin B, 2589
amphotericin B, liposomal, 2619
caspofungin, 2661–2662
chlorhexidine-silver sulfadiazine, 1603–1604
dalbavancin, 927–928
daptomycin, 891
linezolid, resistance, 1318
minocycline, 1239
penicillin G, 67
prulifloxacin/ulifloxacin, 2153
quinupristin-dalfopristin, 1383
ramoplanin, 942
suramin-related, 3231
teicoplanin, 855–856, 857, 858
tigecycline, 1260
tobramycin, 994
vancomycin, 817, 927–928

Catheterization, chemoprophylaxis, nitrofurantoin, 
1794, 1803

Catheters, minocycline-impregnated, 1239
Cation ion intoxication, penicillin G-related, 47t, 54
Cations, drug interactions

finafloxacin, 2143
levofloxacin, 2063
moxifloxacin, 2091
norfloxacin, 1990
ofloxacin, 2014
sitafloxacin, 2126

Cat’s claw (Uncaria tomentosa), drug interactions
cobicistat, 4200
ritonavir, 4200

Cat-scratch disease, treatment
azithromycin, 1133
ciprofloxacin, 1935
doxycycline, 1219
erythromycin, 1078
rifampicin, 2408
trimethoprim-sulfamethoxazole, 1673

Cat tapeworm. See Dipylidium caninum
CB-183,315. See Surotomycin
CCR-5, maraviroc interaction, 4307, 4308
CCR-5 receptor antagonist inhibitors. See also 

Enfuvirtide; Maraviroc
interactions with rifampicin, 2385, 2387, 2388t

ccrA gene, 406
CDAD. See Diarrhea, Clostridium difficile-associated
CD cell recovery, maraviroc, 4316–4317, 4318
CDV. See Cidofovir
C-EDGE CO-INFECTION study, 4515t, 4516
C-EDGE TE study, 4516
C-EDGE TN study, 4515, 4515t
Cefaclor

administration modes, 377
adverse reactions and toxicity, 379
antimicrobial activity, 376, 377t
bioavailability, 378

chemical structure, 49f, 115, 376, 376f
clinical uses

otitis media, 378, 379
sinusitis, 257
UTIs, 266, 377

dosage, 377, 378
excretion, 379
minimum inhibitory concentrations, 377, 377t
for otitis media, 267
pharmacokinetics/pharmacodynamics, 378, 379
resistance, 376, 377, 377t

Cefadroxil
administration modes, 372
antimicrobial activity, 371, 371t
area-under-the curve, 372–373
bioavailability, 372
chemical structure, 370, 370f
clinical uses, 373–374
description, 370
dosage, 372, 373–374
excretion, 372–373
mechanism of action, 372
pharmacokinetics and pharmacodynamics, 

372–373
serum levels, 370, 372–373

Cefalexin. See Cephalexin
Cefalothin. See Cephalothin
Cefalotin. See Cephalothin
Cefamandole, 396–397

adverse reactions and toxicity, 400
antimicrobial activity, 397
chemical structure, 49t, 420–421
clinical uses, 400–401

UTIs, 287
interaction with alcohol, 400
in vitro synergy and antagonism, 209, 1396

Cefazolin, 347–360
administration modes, 349
adverse reactions and toxicity, 167, 352–354

cross-reactivity with penicillin, 48
anticoagulant effect, 352
chemical structure, 347, 347f
clinical uses, 168

actinomycosis, 355
cellulitis, 349
gonorrhea, 355
ocular infection prophylaxis, 2101
peritonitis, 349
skin infections, 291t, 292
soft-tissue infections, 291t, 292, 854–855
staphylococcal bacteremia, 154
staphylococcal infections, 355
streptococcal infections, 355
surgical prophylaxis, 155, 347, 349, 351, 

354–355, 1828
UTIs, 355

in combination with
ampicillin, 105
cefazolin, 652
vancomycin, 792

dosage, 349–350
excessive, 354

drug interactions, 1232
temocillin, 220
warfarin, 352

in vitro synergy and antagonism, 209, 220, 349
as isoxazolyl penicillin alternative, 154
mechanism of action, 349
minimum inhibitory concentrations (MICs),  

349, 351
as nafcillin alternative, 140, 167
as oxacillin alternative, 153
pharmacokinetics and pharmacodynamics, 

350–352
excretion, 351–352
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pharmacokinetics/pharmacodynamics
bioavailability, 350
distribution, 350–351

resistance and cross-resistance, 347–348, 348t, 349
serum concentrations, 350–351, 352
susceptible bacteria, 347–348, 348t

Cefazolin-vancomycin, adverse reactions and 
toxicity, 1380, 1380t, 1382

Cefdinir, 530
bioavailability, 535
clinical uses, 380, 536
distribution in body, 535
dosage, 533
excretion, 536

Cefditoren, 530
bioavailability, 535
dosage, 533, 534

Cefepime
administration modes, 587, 592
adverse reactions and toxicity, 593
antimicrobial activity

anaerobic bacteria, 586
CLSI criteria, 579, 587
EUCAST criteria, 579, 580, 586, 587
Gram-negative aerobic bacteria, 578, 579–580, 

580t, 582t
Gram-negative bacteria, 592
Gram-positive aerobic bacteria, 579, 580t, 581t, 

582t
minimum inhibitory concentrations, 578, 579, 

580t, 581t–582t, 584t–585t, 587, 592, 
594–595

chemical structure, 578, 578f
clinical uses

appendicitis, 597
bacteremia, 594–595
biliary tract infections, 442
febrile neutropenia, 199, 587, 594
febrile neutropenia empiric therapy, 337
gynecologic infections, 596
hospital-acquired pneumonia, 758t
intra-abdominal infections, 596–597, 684t, 685
meningitis, 596
nosocomial pneumonia, 590
obstetric infections, 596
osteomyelitis, 593, 595–596
pneumonia, 594–595
pyelonephritis, 563
skin infections, 594–595, 596
soft-tissue infections, 596
urinary tract infections, 596

in combination with
amikacin, 590
beta-lactamase inhibitors, 587

dosage, 587, 588
drug interactions, 593
excretion, 596
in vitro synergy and antagonism, 586–587, 1303, 

1305
mechanism of action, 578, 587
metabolites, 593
pharmacokinetics/pharmacodynamics, 589–591
resistance, 586
serum levels, 589–590

Cefepime-tazobactam, 578
administration mode, 587
adverse reactions and toxicity, 594
antimicrobial activity, 578–579

anaerobic bacteria, 586
Gram-negative bacteria, 586

clinical uses
bacteremia, 595
febrile neutropenia, 588
intra-abdominal infections, 587
pneumonia, 587, 588, 595

skin infections, 587, 588
UTIs, 587, 588

dosage, 587, 588, 589
Cefixime, 539–547

administration modes, 541
adverse reactions and toxicity, 379, 542–543
antimicrobial activity, 539–540, 539–541, 539t
bioavailability, 542
chemical structure, 539, 539f
clinical uses, 543–544, 1091

bronchitis exacerbations, 543
chronic bronchitis exacerbations, 541
community-acquired pneumonia, 543
disseminated gonococcal infection, 541
gonococcal infections, 541
gonorrhea, 392, 543
Lyme disease, 541, 544
otitis media, 380, 541, 544
pharyngitis, 544
pharyngotonsillitis, 541
sexually transmitted disease prophylaxis, 541
shigellosis, 541, 544
sinusitis, 541, 543
tonsillitis, 544
typhoid fever, 544
UTIs, 541, 544

in combination with
amoxicillin, 541
azithromycin, 540–541
clavulanic acid, 539, 540

dosage, 541–542
drug interactions, 542
excretion, 542
formulations, 539
in vitro synergy and antagonisn, 540–542
mechanism of action, 541
minimum inhibitory concentrations, 539t, 540, 

542
pharmacokinetics/pharmacodynamics, 542
resistance and cross-resistance, 430, 473, 540, 1183
serum levels, 542

Cefmetazole
antimicrobial activity, 406, 472
chemical structure, 404f
in vitro synergy and antagonism, 1396

Cefonicid, chemical structure, 49f, 49t, 397
Cefoperazone

antimicrobial activity, 415–418, 416t–417t
chemical structure, 415, 415f, 420–421
in combination with sulbactam. See 

Cefoperazone-sulbactam
Cefoperazone A, 420
Cefoperazone-sulbactam

adverse reactions and toxicity, 420–421
chemical structure, 420
clinical uses

bacterial meningitis, 419–420
Escherichai coli infections, 422
febrile neutropenia, 421
hospital-acquired pneumonia, 422
intra-abdominal infections, 421
melioidosis, 421–422
respiratory tract infections, 419

in combination with
amikacin, 418
ciprofloxacin, 418
levofloxacin, 418

dosage, 236, 418–419, 419–420
drug interactions, 420
excretion, 420
in vitro synergy and antagonism, 418
mechanism of action, 415, 418
minimum bactericidal concentrations, 417
minimum inhibitory concentrations, 416t–417t, 

417

pharmacokinetics and pharmacodynamics, 
419–420

Ceforanide, chemical structure, 397
Cefotaxime, 426–463

administration modes, 431–434, 431t
adverse reaactions and toxicity, 439–440
antimicrobial activity, 32, 39, 417, 426, 471
bioavailability, 434, 438
chemical structure, 49f, 426, 426f
clinical uses

bacteremia, 437–438
bacterial meningitis, 432, 444–446, 445t
biliary tract infections, 442
brain abscess, 446
community-acquired pneumonia, 446
gonorrhea, 432, 448
hospital-acquired pneumonia, 422
infective endocarditis, 447
intraabdominal infections, 442–443
joint infections, 449
leptospirosis, 450
Lyme disease, 449–450
meningitis, 426, 436, 563
neonatal necrotizing enterocolitis, 442
nosocomial pneumonia, 447
pelvic inflammatory disease, 448
peritoneal dialysis-related peritonitis, 442
peritonitis, 435
pneumococcal meningitis, 36–37, 59
pneumococcal pneumonia, 432, 437
pneumonia, 437–438
premature rupture of the membranes, 436
pyelonephritis, 447–448
sexually transmitted infections, 448
shigellosis, 443
skin infections, 291t, 437–438, 448
soft-tissue infections, 291t, 437–438, 448–449
spontaneous bacterial peritonitis, 440–441,  

441t
surgical prophylaxis, 450–451, 654
UTIs, 285, 286t, 287, 437–438, 447–448
Vibrio cholerae infections, 443–444

in combination with clindamycin, 654
comparison with ceftriaxone, 426
cumulative fraction of response of, 438
desacetyl cefotaxime metabolites, 429, 431, 

432–433, 434, 435, 436
dosage, 426, 431–434, 431t

altered, 431t, 432–434
drug interactions, 438

chloramphenicol, 1525
in vitro synergy and antagonism, 449, 1232, 1396, 

1886, 2534
M2 and M3 metabolites, 432–433
mechanism of action, 431
minimum inhibitory concentrations, 36, 426, 427, 

427t, 428t, 429, 435, 437, 438
as pencillin G alternative, 27
pharmacokinetics/pharmacodynamics, 434–438

distribution, 434–437
excretion, 432, 437, 438

postantibiotic effects, 437
resistance and cross-resistance, 34, 38–39, 

426–431, 429–431, 440–441, 473
serum levels, 434–437
time-dependent activity, 432

Cefotetan
adverse reactions and toxicity, 409
bioavailability, 407
chemical structure, 403, 403f, 408, 420–421
clinical uses

pelvic inflammatory disease, 287, 288t
clinical uses, surgical prophylaxis, 409

colorectal surgery, 1828
obstetric/gynecologic surgery, 198
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Cefotetan (continued)
dosage, 407
excretion, 408
minimum inhibitory concentrations, 408
pharmacokinetics and pharmacodynamics, 407, 

408
Cefotiam

administration modes, 398
antimicrobial activity, 397, 398t, 399t
chemical structures, 396, 396f, 397f
clinical uses, 396, 400–401
dosage, 398–400
formulations, 396, 396f, 397f
minimum inhibitory concentrations, 397
pharmacokinetics and pharmacodynamics, 400
resistance, 397, 398t, 399t

Cefoxitin
administration modes, 406
adverse reactions and toxicity, 222, 409
antimicrobial activity, 403–406, 404t, 405t, 472
bioavailability, 407
chemical structure, 49t, 403f
clinical uses

colorectal surgery prophylaxis, 1828
intra-abdominal infections, 289, 409
meningiitis, 197
pelvic inflammatory disease, 1825
skin infections, 291t, 292
surgical prophylaxis, 409
surgical-site infections, 406

in combination with
amikacin, 1020
mezlocillin, 191, 197

drug interactions, 165, 191
excretion, 408
in vitro synergy and antagonism, 209, 406
minimum inhibitory concentrations, 408
for pelvic inflammatory disease, 287, 288t
pharmacokinetics and pharmacodynamics, 

407–408
resistance, 403–406, 404t, 405t, 410

Cefpiramide, 531
antimicrobial activity, 531, 532
distribution in body, 535
dosage, 533
in vitro synergy and antagonism, 533

Cefpirom
chemical structure, 578, 578f
clinical uses

bacteremia, 587, 595
febrile neutropenia, 594
gynecologic infections, 596
obstetric infections, 596
sepsis, 595
skin infections, 587
soft-tissue infections, 587
UTIs, 587, 596

combined with beta-lactamase inhibitors, 587
dosage, 587, 588, 589

in ICU patients, 592
drug interactions, 593
in vitro synergy and antagonism, 586–587
pharmacokinetics/pharmacodynamics

distribution in body, 591–592
excretion, 588, 592, 593

Cefpirome
adverse reactions and toxicity, 593–594
antimicrobial activity, 36, 578–579

anaerobic bacteria, 586
Gram-negative aerobic bacteria, 583t
Gram-negative bacteria, 582t, 583t, 586
Gram-positive aerobic bacteria, 579, 583t
Gram-positive bacteria, 582t, 583t
minimum inhibitory concentrations, 582t,  

583t, 586, 592

pharmacokinetics/pharmacodynamics
bioavailability, 589

resistance and cross-resistance, 586
Cefpodoxime

adverse reactions and toxicity, 536
antimicrobial activity, 36, 530, 531, 532, 532t
beta-lactamase susceptibility, 533
chemical structure, 530, 531f
clinical uses, 257, 537
dosage, 533, 534
pharmacokinetics/pharmacodynamics

bioavailability, 535
distribution, 535
excretion, 536

resistance and cross-resistance, 38–39
Cefpodoxime proxetil, 530, 536
Cefprozil

administration modes, 377–378
adverse reactions and toxicity, 379–380
antimicrobial activity, 376–377, 377t
chemical structure, 376, 376f
clinical uses, 380

respiratory tract infections, 378
UTIs, 377–378

dosage, 377–378
excretion, 379
mechanism of action, 377
pharmacokinetics and pharmacodynamics, 

378–379
resistance and cross-resistance, 376–377, 377t
time-dependent bactericidal activity, 379

Cefsulodin
antimicrobial activity, 530–531, 532
distribution in body, 535
dosage, 533, 534
in vitro synergy and antagonism, 533

Ceftaroline
administration mode, 607
adverse reactions and toxicity, 611
antimicrobial activity, 137

EUCAST criteria, 610
Gram-negative bacilli, 606–607, 608t
Gram-negative bacteria, 603
Gram-negative cocci, 606
Gram-positive cocci, 603–606, 604t–605t
minimum inhibitory concentrations,  

604t–605t, 605–606, 610
chemical structure, 603f
clinical uses

community-acquired pneumonia, 612
methicillin-resistant Staphylococcus aureus,  

612
respiratory tract infections, 607
skin infections, 607, 612
soft-tissue infections, 612

in combination with
calvulanate, 607
daptomycin, 894
rifampicin, 2372

dosage, 607, 610
excretion, 610
mechanism of action, 607
pharmacokineetics/pharmacodynamics, 610,  

610t
postantibiotic effect, 610
resistance and cross-resistance, 607
time-dependent bactericidal activity, 610

Ceftaroline-avibactam, 226, 232, 612–617
adverse reactions and toxicity, 616, 616t
antimicrobial activity, 227t

Gram-negative bacteria, 613, 614t
Gram-positive bacteria, 613, 613t, 614t–615t

clinical uses
diabetic foot infections, 615t
urinary tract infections, 616

dosage, 615
minimum inhibitory concentrations, 613, 

613t–615t, 615
pharmacokinetics/pharmacodynamics, 239

Ceftaroline fosamil
chemical structure, 603f
dosage, 615–616

Ceftazidime
administration mode and dosage, 554–556
adverse reactions and toxicity, 561
antimicrobial activity, 548–554

anaerobic bacteria, 550t, 554
CLSI criteria, 548, 549t, 551t, 552, 554
EUCAST criteria, 548, 549, 549t, 551t, 552
Gram-negative aerobic bacteria, 548–554, 551t, 

552t
Gram-negative bacteria, 563–564
Gram-positive aerobic bacteria, 548, 549t
Gram-positive cocci, 563
in vitro synergy and antagonism, 1396
minimum inhibiitory concentrations, 548–549, 

549t, 550t
bioavailability, 556
chemical structure, 548, 548f

side chains, 49f, 49t
clinical uses

apppendicitis, 597
bacteremia, 562
biliary tract infections, 442
bone infections, 554
endocarditis, 563
febrile neutropenia, 198, 337, 561–562, 652
gynecologic infections, 554
hospital-acquired pneumonia, 714
intra-abdominal infections, 554
intraabdominal infections, 556, 558
joint infections, 554
lung infections, 554
melioidosis, 270, 422, 563, 714
meningitis, 554, 555, 563, 653
osteomyelitis, 563
otitis media, 563, 654
peritonitis, 713
pneumonia, 554, 595
pyelonephritis, 563
sinusitis, 563
skin infections, 554
UTIs, 554

combined with
amikacin, 562
daptomycin, 867
vancomycin, 652

cumulative fractions of response, 560
drug interactions, 561

tobramycin, 555
in vitro synergy and antagonism, 554, 998, 

2373–2374
mechanism of action, 554, 567
minimum inhibitory concentrations, 560
pharmacokinetics and pharmacodynamics, 

556–561
distribution, 556–559
excretion, 560

postantibiotic effect, 211
resistance and cross-resistance, 38–39, 190,  

548, 550–552, 554, 563–564, 570, 637, 639, 
1011

serum bactericidal titers (SBTs), 560
Ceftazidime-avibactam, 226, 563–570

administration mode, 567
adverse reactions and toxicity, 241, 569
antimicrobial activity, 229t, 232

anaerobic bacteria, 566, 566t
Gram-negative bacteria, 563–564, 565t
Gram-positive bacteria, 564, 566
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clinical uses, 244, 651
approval for, 548
ceftazidime-resistant infections, 570
intra-abdominal infections, 567, 569–570
urinary tract infections, 567, 569, 570

combined with metronidazole, 232, 236, 569, 570
concentration-dependent effect, 235
dosage, 567–568

altered, 237
drug interactions, 569
excretion, 568, 569
minimum inhibitory concentrations, 564, 565t, 

566t, 568
pharmacokinetics/pharmacodynamics, 568–569

distribution in body, 239, 568
resistance and cross-resistance, 566–567, 566t, 569

Ceftibuten, 530
bioavailability, 535
dosage, 533, 534
excretion, 536

Ceftiofur, use in food animals, 10, 11
Ceftizoxime

adverse reactions and toxicity, 536
antimicrobial activity, 530, 531–532, 531t
beta-lactamase susceptibility, 533
pharmacokinetics/pharmacodynamics

bioavailability, 534
chemical structure, 530, 530f
clinical uses, 536
dosage, 533–534
excretion, 535–536
in vitro synergy and antagonism, 1886
pharmacokinetics/pharmacodynamics, 535
resistance and cross-resistance, 533

Ceftobiprole, 619–635
administration modes, 628
adverse reactions and toxicity, 630–631
antimicrobial activity, 28, 603, 629

cumulative fraction of response, 630
EUCAST criteria, 621, 623
gram-negative bacteria, 629, 630t
Gram-negative bacteria, 619, 622t–623t, 

625–626
Gram-positive anaerobic bacteria, 626
gram-positive bacteria, 629
Gram-positive bacteria, 619, 620t–621t, 621, 

623–625, 628
methicillin-resistant Staphylococcus aureus, 137
minimum inhibitory concentrations, 620t–621t, 

621, 622t–623t, 624–626, 624t, 629–630, 
630t

chemical structure, 619, 619f
clinical uses

community-acquired pneumonia, 631, 632, 633
infective endocarditis, 633–634
nosocomial pneumonia, 628, 631, 633
skin infections, 628, 631, 633
soft-tissue infections, 628, 631, 633

combined with
daptomycin, 625
gentamicin, 625
vancomycin, 792

dosage, 628
relationship to target attainment, 629–630, 630t
serum levels in relation to, 628–629

mechanism of action, 619, 627
pharmacokinetics and pharmacodynamics, 

628–630, 629t, 630t
distribution, 628–629
excretion, 630

qualified infectious disease product (QIDP) status, 
631

resistance and cross-resistance, 626–627
Gram-negative bacteria, 625–626, 627
Gram-positive bacteria, 626–627

Ceftobiprole medocaril, 619
adverse reactions and toxicity, 630–631, 631t, 632t
bioavailability, 628
chemical structure, 619, 619f

Ceftolozane
antimicrobial activity, 636
chemical structure, 636, 636t
distribution in body, 239

Ceftolozane-avibactam, antimicrobial activity, 231t
Ceftolozane-tazobactam, 636–643

administration mode, 639
adverse reactions and toxicity, 241, 641
antimicrobial activity, 228t, 230, 231t, 232, 636

Gram-negative aerobic bacteria, 637, 638t
Gram-negative anaerobic bacteria, 637, 638t
Gram-negative bacteria, 636
Gram-positive aerobic bacteria, 637, 638t
Gram-positive anaerobic bacteria, 637, 638t
Gram-positive bacteria, 636
minimum inhibitory concentrations, 637, 638t, 

640–641
beta-lactamase-inhibiting activity, 225
bioavailability, 640
clinical uses, 243–244

intra-abdominal infections, 236, 640, 641
nosocomial pneumonia, 239, 640
sepsis, 640
UTIs, 636, 641–642
ventilator-associated pneumonia, 236

combined with metronidazole, 236
dosage, 236, 237, 639–640, 639t
drug interactions, 641
mechanism of action, 639
pharmacokinetics/pharmacodynamics, 239, 

640–641
distribution, 640
excretion, 640, 641

resistance and cross-resistance, 234, 637, 638t, 639, 
642

Ceftriaxone, 464–529
adminstration modes, 475–478, 477t
adverse reactions and toxicity, 476, 483–485, 503

cross-reactivity with penicillin, 48
in neonates, 444

antigonococcal potency, 470
antimicrobial activity, 417, 430, 464–465, 

466t–469t, 470–472
bioavailability, 478
chemical structure, 49f, 49t, 464, 464f
clinical uses

bacterial meningitis, 444, 487–490, 489t
biliary tract infections, 442
bone infections, 501–502
brain abscess, 490
brucellosis, 504
chancroid, 498, 1596, 2176
colorectal surgery prophylaxis, 761
community-acquired pneumonia, 490–491, 

492t–493t, 612, 758t, 759, 898
diabetic foot infections, 309
enterococcal endocarditis, 465
febrile neutropenia, 504, 505t, 507
gonorrhea, 124, 271, 355, 392, 481, 497–498, 

497t, 1034
in immunocompromised patients, 475
infective endocarditis, 494–495
intra-abdominal infections, 499, 500t, 758–759
joint infections, 501–502
leptospirosis, 65, 503
Lyme arthritis, 124
Lyme disease, 66, 449–450, 502–503, 502t, 544
meningitis, 475, 476, 478, 479, 563, 815–816
meningococcal infection prophylaxis, 1242
meningococcal sepsis, 490
neurosyphilis, 65

nocardiosis, 503–504
nontyphoidal salmonellosis, 485–486
nosocomial pneumonia, 491, 494t
pediatric infections, 481
pelvic inflammatory disease, 498–499, 499t, 

1825
peritonitis, 477
peritonitis prophylaxis, 1995
pneumococcal meningitis, 36–37, 59, 480–481
pneumonia, 268, 478–479
prostatitis, 495–496
pyelonephritis, 495–496, 496t
septicemia, 475
skin infections, 293, 475–476, 501
soft tissue infections, 475–476
soft-tissue infections, 501
staphylocccal bone infections, 154
surgical prophylaxis, 475, 506t–507t, 507–508
syphilis, 498
tularemia, 503
typhoid fever, 485, 486t
UTIs, 495, 496t, 758t
Vibrio-related diarrhea, 487
yersiniosis, 487

in combination with
ampicillin, 103, 465, 494–495
daptomycin, 892, 897
vancomycin, 815–816

comparison with cefotaxime, 426
distribution in body, 478–480
dosage, 426, 475–478, 477t
drug interactions, 482–483

chloramphenicol, 1525
synergistic, 209, 465
synergistic in vitro, 471

excretion, 482
in vitro synergy and antagonism, 858–859
mechanism of action, 464, 475
minimum inhibitory concentrations, 36, 464, 467, 

468t–469t, 470, 471–472
as pencillin G alternative, 27
pharmacokinetic/pharmacodynamic breakpoints, 

481
pharmacokinetics/pharmacodynamics, 478–484
postantibiotic effect, 480
resistance and cross-resistance, 31, 38–39, 

464–465, 1183
serum levels, 478–479
time-dependent activity, 480

Ceftriaxone, clinical uses
epiglottis, 491
otitis media, 491, 494

Ceftriaxone-calcium, 476, 482, 484, 501
Ceftriaxone-metronidazole, 325
Cefuroxime, 383–395

administration modes, 386, 388t
adverse reactions and toxicity, 389–390, 483
antigonococcal potency, 470
antimicrobial activity, 405
chemical structure, 49f, 383, 383f
clinical uses, 96

gonorrhea, 392
intra-abdominal infections, 391
Lyme disease, 392
meningitis, 389, 391, 392
ocular infection prophylaxis, 2101
otitis media, 391
pneumonia, 390–391
respiratory tract infections, 285, 286t, 287
sinusitis, 391
skin infections, 293, 391
surgical prophylaxis, 197
urinary tract infections, 391

in combination with metronidazole, 198, 391
dosage, 386–387
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Cefuroxime (continued)
drug interactions, 389
formulations, 383
mechanism of action, 386
minimum inhibitory concentrations, 389
pharmacokinetics/pharmacodynamics, 387–389

bioavailability, 387–388
distribution in body, 388–389

postantibiotic effect, 389
resistance and cross-resistance, 386

Cefuroxime axetil
administration routes, 383, 387
chemical structure, 383, 383f
clinical uses

bronchitis, 380
sinusitis, 257

dosage, 383, 387
Cefuroxime sodium

administration routes, 383, 386
chemical structure, 383, 383f
dosage, 383, 386

Cefuzonam
adverse reactions and toxicity, 396
in vitro synergy and antagonism, 1396

Celiac disease, antimicrobial absorption in
amoxicillin, 113
clindamycin, 1480
penicillin V, 94

Celldex Therapeutics, 4630t
Cellulitis, treatment

amoxicillin-clavulanic acid, 268
ampicillin-sulbactam, 287, 288t, 291t, 292
cefazolin, 349, 355
cefotaxime, 448
cephalexin, 365
cephalothin, 355
clindamycin, 1492–1493
combination therapy, 96
delafloxacin, 2136–2137
doxycycline, 1219
erythromycin, 1076–1077
flucloxacillin, 96
iclaprim, 1781
isoxazolyl penicillins, 154
levofloxacin, 2073
nafcillin, 170
oritavancin, 913
penicillin G, 57
penicillin V, 96
tinidazole, 1857

Celsentri. See Maraviroc
CEM-101. see Solithromycin
Cenicriviroc, 4630t, 4633

drug interactions
cobicistat, 4187
ritonavir, 4187

Centers for Disease Control and Prevention (CDC)
leishmaniasis treatment guidelines, 3299
malaria treatment recommendations, 1471
National Antimicrobial Resistance Monitoring 

System (NARMS), 1881
Central line-associated infections. See also 

Catheter-associated infections
mupirocin, 1463
prophylaxis, 2401

Central nervous system
antimicrobial distribution in

amphotericin B, liposomal, 2614
anidulafungin, 2700
clindamycin, 1481
dapsone, 1751
doripenem, 734
isavuconazole, 2863
mefloquine, 3081, 3084
meropenem, 734

miltefosine, 3297
prulifloxacin/ulifloxacin, 2150
roxithromycin, 1090
sparfloxacin, 2297
stavudine, 3760
suramin, 3231
voriconazole, 2829

antimicrobial toxicity in. See Central nervous 
system toxicity

Central nervous system infections, treatment
colistin methanesulfate, 1442–1443
ganciclovir, 3516
rifampicin, 2400
zidovudine, 3680

Central nervous system toxicity. See also 
Neurotoxicity

amantadine, 4536
anidulafungin, 2701
caspofungin, 2671
ceftiazidime, 561
cycloserine, 2526
doxycycline, 1235
efavirenz, 3920–3923
ganciclovir, 3513
garenoxacin, 2204t, 2205
gatifloxacin, 2225t, 2226–2227
itraconazole, 2797–2798
levofloxacin, 2063
lindane, 3425
malathion, 3431
mebendazole, 3332
micafungin, 2687
miconazole, 2817
minocycline, 1235, 1236
ofloxacin, 2022
pefloxacin, 2283
primaquine, 3104
rilpivirine, 4005, 4006t
temofloxacin, 2310
terbinafine, 2715
zidovudine, 3673

Central nervous system tumors, as contraindication 
to lindane, 3425

Central-venous catheters. See also Catheter-
associated infections

chlorhexidine-silver sulfadiazine-impregnated, 
1603–1604

cepA gene, 406
Cephacetrile, serum levels, 371
Cephalexin, 361–369

administration modes, 363
adverse reactions and toxicity, 364–365, 366
antimicrobial activity, 361–362, 362f, 371t
chemical structure, 115, 361, 361f
clinical uses

cystitis, 363
skin infections, 363, 365–366
soft tissue infections, 365–366
streptocooccal pharyngitis, 363
UTIs, 266, 267, 363

dosage, 363
drug interactions, 364

lomefloxacin, 2249
formulations, 364
mechanism of action, 362–363
minimum inhibitory concentrations, 361
pharmacokinetics/pharmacodynamics, 363–364
resistance and cross-resistance, 361–362, 362f, 366

Cephaloridine
adverse reactions and toxicity, 370
discontinuation of, 370–371
drug interactions, 373

Cephalosporins
adverse reactions and toxicity, 1314
antimicrobial activity, 36

chemical structure, 49f
clinical uses

neonatal group B streptococcal infections, 57
neonatal meningitis, 59, 60
staphylococcal bacteremia, 154
UTIs, 255, 257

in combination with netilmicin, 1033–1034
cumulative fractions of response (CFR), 560
drug interactions

atovaquone, 3122
gentamicin, 976

effect on beta-lactamase-inhibitor-resistant 
enzymes, 258

first-generation
in combination with metronidazole, 409
most commonly-used, 370
rarely-used, 370–375
resistance, 324

fourth-generation. See Cefepime; Cefpirome
global consumption patterns, 5f
for lower respiratory tract infections, 285, 287
minimum inhibitory concentrations, 437
postantibiotic effect, 389
resistance and cross-resistance, 27, 144

group B streptococci, 25–26
in Pseudomonas aeruginosa, 174
relationship to oxacillin resistance, 137

second-generation, 396. See also Cefoxitin; 
Cefotetan; Cefotiam; Cefuzonam; 
Cefamandole; Cefonicid; Ceforanide; 
Cefaclor; Cefprozil; Cefuroxime,  
Loracarbef

action mechanisms, 398
as COPD exacerbation treatment, 391
resistance, 398
time-dependent activity, 400

siderophore, 658–659
third-generation. See also Cefotaxime; 

Ceftazidime; Ceftriaxone
clinical uses, 443, 444
less commonly used, 530–538
resistance, 11, 39, 324, 443
semisynthetic. See Ceftazidime
use in agriculture, 11, 16

Cephalosporinase, 30
class A/group 2e, 406

Cephalosporin C, 1410
antibiotics derived from

cefazolin, 347–360
cephalothin, 347–360

relationship to cephamycins, 403
Cephalosporin nucleus. See (7)-Aminocephalo- 

sporanic acid
Cephalosporin P, 1407, 1410
Cephalosporium acremonium, 1407
Cephalothin, 347–360

administration modes, 349
adverse reactions and toxicity, 352–354
antimicrobial activity, 347–348, 348t
bioavailability, 350
chemical structure, 347, 347f
clinical uses, 405

actinomycosis, 355
peritonitis, 349
skin infections, 401
staphylococcal infections, 355
streptococcal infections, 355
surgical prophylaxis, 347, 354–355
UITs, 355, 401

combined with vancomycin, 792
deacetylation metabolite, 352–353
degradation products, 350
description, 347
distribution in body, 350–351
dosage, 349–350
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drug interactions
gentamicin, 349, 353
tobramycin, 349

excretion, 351–352
intrathecal metabolism, 351
in vivo synergy and antagonism, 209, 349
mechanism of action, 349
minimum inhibitory concentrations, 349, 351
as oxacillin substitute, 153
pharmacokinetics/pharmacodynamics, 350–352
resistance and cross-resistance, 35, 347–348, 348t, 

349, 355
Cephamycins. See also Cefotetan; Cefoxitin

A, B, and C types, 403
administration modes, 406, 408
adverse reactions and toxicity, 409
clinical uses, 409–410
definition, 396
description, 403
dosage, 406–407
mechanism of action, 406
naturally-occurring, 403
resistance, 324
semisynthetic, 403

Cephamycin susceptibility testing, of mycobacteria, 
406

Cephapirin, 371
Cephazolin. See Cefazolin
Cephradine

administration modes, 372
antimicrobial activity, 371, 371t
chemical structure, 371, 371f
clinical uses, 374
distribution in body, 373
dosage, 372, 373
excretion, 373
in vitro synergy and antagonism, 209
mechanism of action, 372
pharmacokinetics/pharmacodynamics, 373

Cerebellar dysfunction, drugs causing
artemisinins, 2952
artesunate, 2969

Cerebritis, cefotaxime treatment, 443–444
Cerebrospinal fluid (CSF), antimicrobial  

distribution in
abacavir, 3782
aciclovir, 3460
amikacin, 1016
amoxicillin, 114
amoxicillin-clavulanic acid, 238, 263
amphotericin B, 2575, 2579, 2594
amphotericin B, liposomal, 2614
amphotericin B-lipid complex, 2632
ampicillin, 113–114
ampicillin-sulbactam, 284
anidulafungin, 2700
atazanavir, 4146
azithromycin, 1126
azlocillin, 195
aztreonam, 649
biapenem, 777
carbenicillin, 178
cefepime, 590, 596
cefoperazone-sulbactam, 419–420
cefotaxime, 430, 436, 437
cefotetan, 407
cefotiam, 400
cefoxitin, 407
ceftazidime, 557
ceftizoxime, 535
ceftriaxone, 464, 479, 481
cefuroxime, 389, 391
chloramphenicol, 1524
ciprofloxacin, 1898
clindamycin, 1481, 1482t

cobicistat, 4184t
colistin, 1442
colistin (polymyxin E), 1426
colistin methanesulfonate, 1433–1434
cycloserine, 2523
dalbavancin, 922
daptomycin, 880, 880t, 897
darunavir, 4130
delavirdine, 3962
didanosine, 3704
dihydroartemisinin, 3024
dolutegravir, 4255–4256, 4256t, 4257, 4282–4283
doripenem, 734
doxycycline, 1209–1210, 1209t
efavirenz, 3912
eflornithine, 3257, 3258
emtricitabane, 3805
enoxacin, 2174
erythromycin, 1072
ethambutol, 2350
ethionamide, 2497
etravirine, 3975
fleroxacin, 2185
fluconazole, 2763
flucytosine, 2922
foscarnet, 3597
fosfomycin, 1398
furazolidone, 3189
fusidic acid, 1412, 1415
ganciclovir, 3510
gatifloxacin, 2223
gentamicin, 973
imipenem-cilstatin, 675
indinavir, 4065–4066
isoniazid, 2326
itraconazole, 2794
ketoconazole, 2739, 2746
lamivudine, 3735
levofloxacin, 2062
linezolid, 1310–1311
lopinavir, 4091
mecillinam, 211
melarsoprol, 3238, 3239, 3242, 3243
meropenem, 707, 708t, 714
methicillin, 139, 151
metronidazole, 1818
mezclocillin, 195
miconazole, 2816
miltefosine, 3297
minocycline, 1235, 1236
moxifloxacin, 2090
netilmicin, 1032
nevirapine, 3868
novobiocin, 1452
ofloxacin, 2016–2017
oritavancin, 912
oxacillin, 151
panipenem, 777
pefloxacin, 2280–2281, 2283
penicillin G, 45–46
pentamidine, 3274
piperacillin-tazobactam, 328t, 329
posaconazole, 2849
praziquantel, 3388
pyrazinamide, 2363
pyrimethamine, 1730
quinupristin-dalfopristin, 1378
raltegravir, 4218
ribavirin, 4376, 4379–4380
rifampicin, 2383
rilpivirine, 4002–4003
ritonavir, 4184t
rufloxacin, 2292
sparfloxacin, 2297
stavudine, 3760

streptomycin, 2477
sulfonamides, 1585
teicoplanin, 847, 855
temocillin, 222
tenofovir, 3830
tetracycline, 1197
ticarcillin, 178, 179
ticarcillin-clavulanic acid, 305
tigecycline, 1256
tinidazole, 1853
tobramycin, 994, 997
trimethoprim-sulfamethoxazole, 1644
vancomycin, 793–794, 803

in neonates, 815
voriconazole, 2829
zalcitabine, 3724
zidovudine, 3666t, 3667–3668

Cerebrospinal fluid examination, for neurosyphilis 
diagnosis, 64

Cerebrospinal fluid shunts
cefazolin, 354
cefotiam, 401
meropenem, 715
methicillin, 139
nafcillin, 166, 166t
penicillin G, 139
rifampicin, 2399
rifampicin-impregnated, 2401–2402
vancomycin, 354, 815

Cerumen, ketoconazole concentrations in, 2739
Cervical intraepithelial neoplasia, cidofovir, 

3558–3559
Cervicitis, treatment

levofloxacin, 2066
norfloxacin, 1992
rosaramicin, 1154
sitofloxacin, 2128

Cervicovaginal fluid, antimicrobial distribution in
darunavir, 4130
dolutegravir, 4255
efavirenz, 3912
etravirine, 3975
maravoric, 4311

Cervix, antimicrobial distribution in
azithromycin, 1126
enoxacin, 2174
minocycline, 1234

Cervus elephus, moxidectin, resistance, 3362
Cesarean section

chemoprophylaxis
amoxicillin-clavulanic acid, 269
cefazolin, 354
cefotetan, 198, 407
cefoxitin, 407
cephalexin, 367
cloxacillin-ampicillin, 155
oxacillin-mezlocillin, 155
piperacillin, 198

endomyometritis after, cefotaxime treatment, 448
fluoroquinolones as risk factor for, 1990
piperacillin fetomaternal ratio at time of, 192

Cesol. See Praziquantel
Cestocide. See Praziquantel
Cestodes (tapeworms). See also individual Taenia 

species
niclosamide, 3405, 3407–3408
nitazoxanide, 3163–3164, 3169
paromomycin, 3158
praziquantel, 3385, 3387t

Cestox. See Praziquantel
Cethromycin, 1172–1178

administration mode, 1174
adverse reactions and toxicity, 1175–1176, 1188
antimicrobial activity, 1172–1173
chemical structure, 1172, 1172f
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Cethromycin (continued)
clinical uses

anthrax, 1173
as biodefense countermeasure, 1176
chronic bronchitis, exacerbations, 1176
community-acquired pneumonia, 1172, 1176

dosage, 1174
drug interactions, 1175
mechanism of action, 1173–1174
pharmacokinetics and pharmacodynamics, 

1174–1175, 1174t, 1175t
resistance and cross-resistance, 1173
unavailability for clinical use, 1172

cfiA gene, 406, 665
cfr gene mutations, 1300, 1301, 1302, 1361, 1557
cfxA gene mutations, 406
Chaetomium

albaconazole, 2871, 2873t
ravuconazole, 2878t–2879t

Chaetomium atrobrunneum, ravuconazole, 2879t
Chaetomium globosum, ravuconazole, 2878t
Chaetomium nigricolor, ravuconazole, 2879t
Chagas disease. See Trypanosoma cruzi (Chagas 

disease)
Chagoma, 3212
Chancre, trypanosomal, 3212
Chancroid, treatment

amoxicillin-clavulanic acid, 271
azithromycin, 1133, 1596, 1992, 2176
ceftriaxone, 498, 1596, 2176
ciprofloxacin, 1596, 1923
doxycycline, 1215
erythromycin, 1077, 1596
fleroxacin, 1596, 2189
ofloxacin, 2029
trimethoprim-sulfamethoxazole, 1665–1666,  

2189
CHAPAS-3 trial, 3766
CHARM study, 3881
Chaulmoogra oil, 1756
CHEER study, 4226t, 4235–4236
Cheese, interaction with isoniazid, 2328
Cheilitis, angular, nystatin-related, 2648
Chemokine co-receptor antagonists, interaction 

with efavirenz, 3916
Chemotaxis inhibitors

amphotericin B, 2585
sulfapyridine, 1581
sulfasalazine, 1581

Chemotherapeutic agents
drug interactions

atazanavir, 4148t
darunavir, 4132t
isavuconazole, 2864
itraconazole, 2793
ofloxacin, 2014
quinupristin-dalfopristin, 1380t

as fever cause
amoxicillin-clavulanic acid, 260–270
ciprofloxacin, 260–270

as neutropenia cause
amoxicillin-clavulanic acid, 260–270
ciprofloxacin, 260–270

Chemotherapy patients, garenoxacin use in, 2208
Chest pain, drugs causing

amphotericin B, liposomal, 2616
bedaquiline, 2547
melarsoprol, 3246

Chickenpox. See Varicella-zoster virus (VZV) and 
infections

Chikungunya virus
chloroquine, 3033
ribavirin, 4370–4371

Childbirth. See Labor and delivery
Childhood cancer, didanosine treatment, 3709

Children. See also Adolescents; Neonates and infants; 
Premature infants

abacavir, 3778, 3778t, 3780–3782
aciclovir, 3456–3457, 3460–3461, 3464, 3476–3477
adefovir dipivoxil, 4338, 4339
albendazole, 3315, 3316t
amantadine, 4531, 4534, 4542
amikacin, 1012–1013, 1015, 1015t, 1016, 1017t, 

1018
amodiaquine, 3052
amoxicillin, 111, 114, 117, 118–119
amoxicillin allergy in, 116
amoxicillin-clavulanic acid, 261, 262, 263, 264t, 

267, 268, 270
amphotericin B, 2578, 2579, 2584, 2588, 2589
amphotericin B, liposomal, 2613–2614, 2618, 2619
amphotericin B-lipid complex, 2630, 2632, 2636, 

2639
ampicillin, 116, 123, 124
ampicillin-sulbactam, 282–283, 292–293
anidulafungin, 2698
antimonial agents, 3283
artemether, 2949t
artemether-lumefantrine, 2974, 2977t, 2979
artemisinin-naphthoquine, 3021, 3022–3023, 

3022t, 3025, 3026t, 3027
artemisinins, 2945, 2953, 2955
artesunate, 2946, 2948t, 2966–2967, 2968, 2969
artesunate-amodiaquine, 3050t, 3051, 3053
artesunate-mefloquine, 3085
atazanavir, 4145, 4145t, 4153, 4155, 4183t
atovaquone, 3119–3120, 3121
atovaquone-proguanil, 3129, 3129t, 3139, 3139t, 

3140, 3143
azithromycin, 1125, 1126, 1130–1131, 1132, 1133, 

1135, 1138, 1200, 1919
aztreonam, 645, 648t, 649
bacitracin, 1457
bedaquiline, 2544
benznidazole, 3207
biapenem, 776, 777
brivudin, 3575–3576
butenafine, 2721
capreomycin, 2515
carbenicillin, 176–177
caspofungin, 2668, 2672
cefaclor, 378, 379, 380
cefadroxil, 372, 374
cefazolin, 349–350
cefdinir, 534
cefepime, 563, 587, 590, 593
cefepime-tazobactam, 588
cefixime, 541, 543, 544
cefoperazone-sulbactam, 419, 420
cefotaxime, 431t, 432, 435, 436, 438, 444, 445t, 

446, 448, 449
cefotiam, 398
cefoxitin, 407
cefpodoxime, 534
cefprozil, 378, 379, 380
cefsulodin, 534
ceftaroline, 607
ceftazidime, 555, 557, 560, 563
ceftazidime-avibactam, 236, 567
ceftibuten, 534
ceftizoxime, 533–534
ceftolozane-tazobactam, 639t, 640
ceftriaxine, 502
ceftriaxone, 475–476, 477t

for congenital syphilis, 498
for H. influenzae infections, 470
for Lyme disease, 502t, 503
for N. gonorrhoeae infections, 497
for non-central nervous system infections, 481
for nontyphoidal salmonellosis, 485–486

for otitis media, 491, 494
for peritoneal dialysis-related peritonitis, 477
for shigellosis, 486–487
side effects, 483–484
for skin infections, 293
for typhoid fever/paratyphoid fever, 486t

cefuroxime, 293, 387, 389, 391
cephalexin, 363, 366
cephalothin, 349–350
cephradine, 372, 373
chloramphenicol, 1520, 1521, 1523–1524
chloroquine, 3035, 3036, 3039
chlorproguanil, 3130
cidofovir, 3556
ciprofloxacin, 1867, 1889, 1893, 1902, 1917, 1919, 

1926, 1932
clarithromycin, 1100, 1101, 1105, 1106, 1107, 

1108–1109, 1111
clevudine, 4360
clindamycin, 1477, 1479–1480, 1481, 1484, 1485, 

1494, 1496, 1500
clofazimine, 2535
cobicistat, 4183

combination therapy, 4183
colistin (polymyxin E), 1433
colistin methanesulfonate, 1427, 1433
corticosteroids, 59
crotamiton, 3441, 3442
crystalline penicillin G, 44
cycloserine, 2523, 2526
dalbavancin, 921, 924
dapsone, 1750, 1751
daptomycin, 875, 878t, 885, 886, 898
darunavir, 4126, 4128, 4128t, 4129, 4183t
delamanid, 2553
didanosine, 3702, 3702t, 3703–3704, 3715
diethylcarbamazine, 3372, 3375
dihydroartemisinin-piperaquine, 2991t, 2992t, 

2994–2995
diloxanide furoate, 3196
dolutegravir, 4253–4254, 4281
doripenem, 731, 732t
doxycycline, 449, 1208
efavirenz, 3911, 3911t, 3941–3942
eflornithine, 3256–3257
eflornithine-nifurtimox, 3264
elvitegravir, 4234
emtricitabane, 3803, 3804, 3807, 3811–3812, 3812t
enfuvirtide, 4300
enoxacin, 2173
entecavir, 4325, 4332
eravacycline, 1281
ertapenem, 752, 759, 760
erythromycin, 1070, 1078
ethambutol, 2334, 2348–2349, 2350, 2353

ocular toxicity of, 2352
ethionamide, 2496, 2497
etravirine, 3974, 3974t
famciclovir, 3495
Fansidar (sulfadoxine-pyrimethamine), 1600
faropenem, 768
fidaxomicin, 1550
finafloxacin, 2142
fleroxacin, 2183
flubendazole, 3341
flucloxacillin, 153
fluconazole, 2761, 2765
flucytosine, 2921
fomivirsen, 3648
fosamprenavir, 4106–4107, 4109, 4120
foscarnet, 3599, 3601, 3606
fosfomycin, 1397, 1400
furazolidone, 3188, 3191, 3192
fusidic acid, 1410–1411, 1415
ganciclovir, 3508, 3509, 3513
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gatifloxacin, 2220–2221, 2222, 2222t, 2227, 2233
gemifloxacin, 2115
gentamicin, 971–972, 973, 975–976
griseofulvin, 2930–2931
halofantrine, 3092
haloprogin, 2934
iclaprim, 1778
imipenem, 673–674, 675
indinavir, 4063, 4064–4065, 4071
iodoquinol, 3200
isepamicnin, 1041
isoniazid, 2324, 2328, 2499
itraconazole, 2793
ivermectin, 3354t
josamycin, 1152, 1153
kanamycin, 953, 953t, 954
ketoconazole, 2736, 2745
lamivudine, 3733, 3734, 3736, 3742, 3746–3747
laninamivir, 4563, 4570, 4574–4575
lefamulin, 1558
levofloxacin, 2060, 2064
lindane, 3425
linezolid, 1306, 1310, 1313, 1316, 1317–1318, 

1317t, 1319, 1326, 1327, 1328
lomefloxacin, 2247
lopinavir-ritonavir, 4089, 4095, 4099
malathion, 3430
maraviroc, 4309
mebendazole, 3331
mecillinam, 210
mefloquine, 3078t, 3079, 3082
mefloquine-artesunate, 3075, 3079
melarsoprol, 3242
meropenem, 704, 704t, 705, 706t, 707, 707t, 708, 

709, 710t
methenamine hippurate, 1800
methenamine mandelate, 1800
methicillin, 138
metronidazole, 1815–1816, 1835
mezclocillin, 192
micafungin, 2685, 2685t, 2689
miltefosine, 3296, 3297, 3301
minocycline, 1233, 1237, 1238
moxifloxacin, 2088, 2091
nafcillin, 165, 166, 166t, 170
nalidixic acid, 2256, 2259, 2261, 2263, 2266, 2267, 

2268
nelfinavir, 4077, 4077t, 4081
neomycin, 1047
netilmicin, 1031
nevirapine, 3862, 3863t, 3867–3868, 3887–3888
niclosamide, 3406
nifurtimox, 315, 3213t, 3214
nitazoxanide, 3165, 3166, 3169
nitrofurantoin, 1787, 1789, 1791, 1794
norfloxacin, 1988
novobiocin, 1451
ofloxacin, 2010–2011, 2011t, 2020, 2023, 2028, 

2029, 2030–2031, 2032
omadacycline, 1269
oseltamivir, 4594–4595, 4599–4601
ostelamivir, 4588, 4588t, 4589t, 4590
oxamniquine, 3399
oxantel pamoate, 3382
panipenem, 778, 779
para-aminosalicyclic acid, 2489
paromomycin, 3151, 3154–3155
pefloxacin, 2279, 2285
penicillin G, 36, 43, 45, 54–55, 58–59, 67, 68
penicillin V, 94, 96–97
pentamidine, 3271–3273
peramivir, 4614, 4620
permethrin, 3416
piperacillin, 192
piperacillin-tazobactam, 236, 326t, 327, 337

piperacillin-tazobactam/aminoglycoside, 337
piperaquine, 2991t, 2994–2995, 2997, 3001
pivmecillinam, 212
polymyxin B, 1426–1427
polymyxins, 1426–1427
posaconazole, 2847, 2848, 2851
praziquantel, 3387, 3391, 3393
pretomanid, 2553
primaquine, 3098
pristinamycin, 1387
prulifloxacin/ulifloxacin, 2149
pyrantel pamoate, 3382
pyrazinamide, 2362, 2363
pyrimethamine, 1728
pyrimethamine-dapsone (Maloprim), 1758
pyrimethamine-sulfadoxine, 1730
pyronaridine-artesunate, 3009–3010
quinacrine, 3201
quinine, 3060, 3061, 3065, 3066, 3069
quinopristin-dalfopristin, 1377
raltegravir, 4217
retapamulin, 1563–1564
ribavirin, 4376–4377, 4384–4385, 4391, 4395
rifabutin, 2436, 2441
rifampicin, 2381, 2382
rifapentine, 2464, 2466, 2467, 2468
rifaximin, 2454, 2455, 2457
rilpivirine, 3999
rimantidine, 4538
ritonavir, 4182–4183

toxic ingestion, 4202
ritonavir-lopinavir, 4183t
roxithromycin, 1089, 1090
rufloxacin, 2291
sitafloxacin, 2125
sparfloxacin, 2296
spectinomycin, 1544
spiramycin, 3176, 3180
stavudine, 3758–3759, 3760, 3763, 3766
streptomycin, 2476, 2478
sulfadiazine, 1583–1584, 1584–1585
sulfadoxine, 1585
sulfamethizole, 1581, 1582
sulfamethoxazole, 1582
sulfamethoxydiazine, 1582
sulfasalazine, 1582
sulfonamides, 1588, 1594–1595, 1603
suramin, 3229, 3229t
sutezolid, 2560
tafenoquine, 3111
tedizolid, 1362, 1368
teicoplanin, 844, 847
telbivudine, 4347, 4347t
telithromycin, 1159–1160
temocillin, 220, 221
tenofovir, 3828–3829
tenofovir diphosphate, 3833
terbinafine, 2712, 2715
tetracycline, 1198
thiabendazole, 3339
thiacetazone, 2505
ticarcillin-clavulanic acid, 304, 307, 308, 309–310, 

759
tigecycline, 1254
tinidazole, 1852, 1855–1856
tipranavir, 4163
tipranavir-ritonavir, 4171–4172, 4175–4176,  

4176t
tobramycin, 995, 997
tosufloxacin, 2306, 2307
triclabendazole, 3348, 3349
trimethoprim, 1651
trimethoprim-sulfamethoxazole, 1604, 1638, 1640, 

1653, 1660–1661, 1663, 1667, 1669–1670, 
1679, 1680, 1682

trimetrexate, 1770
trovafloxacin (withdrawn from market), 2311
valganciclovir, 3508–3509
vancomycin, 798, 802, 803, 807, 815, 816
voriconazole, 2826–2827, 2826t, 2828, 2829, 2830
zalcitabine, 3724, 3725
zanamivir, 4561, 4562, 4564, 4568, 4572
zidovudine, 3664, 3664t, 3665, 3667, 3670, 3680

Chimerx, 3532
Chinese National Malaria Control Program, 2989, 

2990–2991
Chlamydia

azithromycin, 1122, 1123t
cefazolin, resistance, 348
cefepime, resistance, 586
cefepime-tazobactam, resistance, 586
cefpirome, resistance, 586
ceftazidime, resistance, 554
cephalothin, resistant, 348
chloramphenicol, 1518
clarithromycin, 1107, 1107f, 1111
delafloxacin, 2137
doxycycline, 1133
erythromycin, 1066
fosfomycin, 1397
gatifloxacin, 2217
levofloxacin, 2066
ofloxacin, 2004, 2005t, 2008, 2029
penicillin G, resistance, 34
piperacillin-tazobactam, resistance, 322
pristinamycin, 1386, 1387t
roxithromycin, 1087, 1088
sparfloxacin, 2294
spiramycin, 3175, 3176t
tetracycline, resistance, 1207
tigecycline, 1259

Chlamydia burnetti, ceftriaxone, 471
Chlamydia pneumoniae

azithromycin, 1130, 1131
cefotaxime, 429
clarithromycin, 1099
as coronary artery disease cause, 1136
doxycycline, 1205t, 1206, 1212–1213
garenoxacin, 2196t, 2198–2199
gatifloxacin, 2215t, 2217, 2233
gemifloxacin, 2114, 2115, 2117
lefamulin, 1556, 1557t
levofloxacin, 2057, 2071
lomefloxacin, 2246t
minocycline, 1231t, 1232
moxifloxacin, 2086t, 2087
nemonoxacin, 2162, 2164
ofloxacin, 2008, 2030
rifampicin, 2374, 2409
rufloxacin, 2290, 2291t
sitafloxacin, 2123t, 2124

resistance, 2125
sparfloxacin, 2295t, 2296
sulfonamide, resistance, 1574
tosufloxacin, 2305, 2305t
trimethoprim-sulfamethoxazole, 1631
trovafloxacin, 2311

Chlamydia pneumophila
azithromycin, 1184
clarithromycin, 1184
doxycycline, 1184
solithromycin, 1184

Chlamydia psittaci
ciprofloxacin, 1874
cycloserine, resistance, 2520
doxycycline, 1205t, 1206, 1213, 1221
gatifloxacin, 2217
minocycline, 1231t, 1232
ofloxacin, 2008
rifampicin, 2374
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Chlamydia psittaci (continued)
rosaramicin, resistance, 1151
sitafloxacin, 2124
sparfloxacin, 2296
sulfonamide, resistance, 1574
tosufloxacin, 2305

Chlamydia trachomatis
amoxicillin-clavulanic acid, 258
ampicillin-sulbactam, 280
azithromycin, 448, 1124, 1133, 1596
cefixime, resistance, 543
cefixitin, resistance, 406
cefotaxime, 429
ceftriaxone, resistance, 471
cefuroxime, resistance, 386
ciprofloxacin, 1922, 1924
clarithromycin, 1099
clindamycin, 1470
cotrimoxazole, 1596
doxycycline, 1206, 1211, 1214–1215, 1596

resistance, 1207
erythromycin, 1068, 1077, 1596
fleroxacin, 2181t, 2182, 2189
fluoroquinolones, resistance, 2088
fosfomycin, resistance, 1396
garenoxacin, 2199
gatifloxacin, 2217, 2232
grepafloxacin, 2313
iclaprim, 1776t, 1777
inclusion bodies in, 1207
levofloxacin, 2057, 2066–2067
lomefloxacin, 2246–2247, 2246t
metronidazole, 1825
mezlocillin, resistance, 189
minocycline, 1232
moxifloxacin, 2098, 2100
nalidixic acid, resistance, 2257
nemonoxacin, 2162
norfloxacin, resistance, 1987
ofloxacin, 2008, 2024
penicillin G, resistance, 34
piperacillin, resistance, 190
prulifloxacin/ulifloxacin, 2153
rifampicin, 2374

resistance, 2379
rosaramicin, 1151, 1154
roxithromycin, 1092
rufabutin, 2435
rufloxacin, 2290, 2291t
sitafloxacin, 2123t, 2124
solithromycin, 1179, 1184, 1189
sparfloxacin, 2295t, 2296, 2300
spectinomycin, resistance, 1543, 1545
spiramycin, 3180
sulfamethoxazole, 1631
sulfonamides, 1574, 1596
tetracycline, 1195, 1200
tigecycline, 1252
tosufloxacin, 2305, 2305t
trimethoprim-sulfamethoxazole, 1631, 1665
trovafloxacin, 2311

Chlamydophila, roxithromycin, 1088
resistance, 1091

Chlamydophila pneumoniae
azithromycin, 1124
cethromycin, 1173, 1173t
erythromycin, 1068, 1076
erythromycin A, 1173t
fleroxacin, 2181t, 2182
grepafloxacin, 2312
iclaprim, 1775, 1776t, 1777
levofloxacin, 2068
roxithromcyin, 1092, 1093
telithromycin, 1156, 1158, 1173t
tigecycline, 1252

Chlamydophila psittaci
azithromycin, 1124
josamycin, resistance, 1152
roxithromycin, 1091
tetracycline, 1196

Chlamydophila trachomatis, enoxacin, resistance, 
2172t, 2173

Chlonorchiasis, albendazole, 3322
Chloramphenicol, 1515–1541

administration modes, 1520
intramuscular, 1523–1524
oral, 1520
parenteral, 1521, 1522–1523, 1524
topical, 1526

adverse reactions and toxicity, 1316, 1515–1516, 
1525–1529

aplastic anemia, 1525–1527
bone marrow toxicity, 1521, 1525–1527
contact dermatitis, 1049
gastrointestinal side effects, 1528
gray baby syndrome, 1527
gray toddler syndrome, 1528
hemopoietic toxicity, 1527
hypersensitivity reactions, 1528
neurotoxicity, 1528
optic neuritis, 1528
ototoxicity, 1048, 1528–1529
prothrombin time increase, 1528
skin necrosis, 1529
taste disturbances, 1520, 1521

antimicrobial activity, 1516–1519
Gram-negative aerobic bacteria, 1517–1518
Gram-negative anaerobic bacteria, 1518
Gram-positive aerobic bacteria, 1516
Gram-positive anaerobic bacteria, 1516–1517
other organisms, 1518
vancomycin-resistant enterococci, 1239

bacteriostatic and bactericidal activity, 1524
bacteriostatic versus bactericidal activity, 1520
chemical structure, 1515, 1515f
clinical uses, 1529–1531

endophthalmitis, 1604
melioidosis, 270
meningitis, 1523, 1529–1530
paratyphoid fever, 1529
pertussis, 124
Salmonella paratyphi, 107
Salmonella typhi, 107
sepsis, 183
Shigella dysentery, 1529
typhoid fever, 122–123, 1529

in combination with
ampicillin, 103
gentamicin, 58–59, 1825
sulfonamides, 1595

dosage, 1520–1522
overdose, 1528

drug interactions, 1525
clindamycin, 1486, 1487t
zidovudine, 3669

global consumption patterns, 5f
in vitro synergy and antagonisn, 1525
mechanism of action, 1520
pharmacokinetics/pharmacodynamics

bioavailability, 1522
clinically important features, 1524
distribution in body, 1522–1524
excretion, 1524–1525
inactivation in body, 1525

resistance and cross-resistance, 35, 106–107, 
122–123, 443, 1300, 1516, 1517, 1518–1519

multidrug-resistant, 36
use in aquaculture, 11

Chloramphenicol acyltransferase type 1, 1409–1410
Chlorcycloguanil, chemical structure, 3127f

Chlorhexidine, resistance, 1461
Chloroeremomycin, 908
Chloroquine, 3030–3048

administration mode, 3035, 3036t
adverse reactions and toxicity, 3038–3039, 

3083–3039
anti-cancer activity, 3035, 3042
antiglycemic activity, 3042
anti-inflammatory activity, 3035, 3041
antimicrobial activity, 3030–3033, 3031–3033

bacteria, 3032
Entamoeba histolytica, 3031–3032, 3031t, 3041
fungi, 3032
Giardia lamblia, 3031, 3031t, 3032
Plasmodium falciparum, 3031, 3031t
Plasmodium vivax, 3031, 3031t
viruses, 3032–3033

chemical structure, 3030, 3030f
clinical uses, 3039–3042

amoebiasis, 3041
dermatologic disorders, 3042
giardiasis, 1855, 3041
malaria, 1599
malaria intermittent preventive treatment, 3040
malaria prophylaxis, 3035, 3040
malaria treatment, 3039–3040
Q fever, 3040–3041
rheumatologic conditions, 3041
Whipple’s disease, 3041

in combination with Fansidar (sulfadoxine- 
pyrimethamine), 1598, 1599

dosage, 3035–3036, 3036t
drug interactions, 3033, 3037–3038

ampicillin, 115
pentamidine, 3275
praziquantel, 3388

immunoodulatory properties, 3035
mechanism of action, 3030, 3034–3035
overdose, 3039
pharmacokinetics/pharmacodynamics, 3036t

bioavailability, 3036
clinically important features, 3037
distirbution in body, 3036–3037
excretion, 3037

resistance and cross-resistance, 1471, 1598, 3030, 
3033–3034

Chloroquine-proguanil, adverse reactions and 
toxicity, 3083, 3083t, 3132

Chlorpheniramine, interaction with chloroquine, 
3033, 3037

Chlorproguanil
adverse reactions and toxicity, 3132
antimicrobial activity, 3128
chemical structure, 3127, 3127f
mechanism of action, 3128–3129
pharmacokinetics/pharmacodynamics

bioavailability, 3130
clinically important features, 3131
distribution in body, 3131
excretion, 3131

resistance and cross-resistance, 1758, 3128–3129
Chlorproguanil-dapsone, 1749, 1755, 1758–1759, 

3127, 3133
antimicrobial activity, 3131

Chlorproguanil-dapsone-artesunate, 1758–1759, 
3127, 3129

termination of development, 3129–3130
Chlorpropamide, interaction with rifampicin, 2386t
Chlortetracycline, 1195

interaction with penicillin, 1197, 1210–1211
Cholangiocarcinoma, 194
Cholangitis

cefepime, 597
gentamicin-mazlocillin, 597
penicillin G, 57
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piperacillin, 198
resistance, 190

trimethoprim-sulfamethoxazole, 1685
Cholecystectomy patients

carbenicillin excretion in, 179
mezlocillin biliary excretion in, 195
piperacillin use in, 194
prophylaxis

ampicillin-sulbactam, 294
cefepime, 590–591
ceftriaxone, 480
norfloxacin, 1989–1990
piperacillin, 198

Cholecystitis, tigecycline, 1259
Cholelithiasis

ceftiazidime prophylaxis, 558
mezlocillin biliary excretion in, 195

Cholera. See Vibrio cholerae (cholera)
Cholestasis

drugs causing
ampicillin, 153
ciprofloxacin, 1911
clarithromycin, 1105
cloxacillin, 153
enoxacin, 2175
erythromycin, 1073–1074
nitrofurantoin, 153
ticarcillin-clavulanic acid, 307

fusidic acid use in, 1411, 1414
Cholesterol binding, amphotericin B, 2584, 2585
Cholesterol-lowering agents, metronidazole as,  

1835
Cholesterol synthesis inhibitors, ketoconazole as, 

2744
Cholestyramine, drug interactions

cephalexin, 364
doxycycline, 1210

Choramphenicol, drug interactions
nalidixic acid, 1888
norfloxacin, 1888

Chorea, metronidazole-related, 1823
Chorioamnionitis

ampicillin-sulbactam, 289
fluconazole, 2761

Chorioretinitis, Toxoplasma, treatment
clindamycin, 1471
pyrimethamine, 1733, 1734
spiramycin, 3179

Chromobacterium violaceum, ciprofloxacin, 1870
Chromoblastomycosis, 2596

amphotericin B, 2596–2597
flucystosine, 2924
itraconazole, 2791t, 2804–2805
ketoconazole, 2747
terbinafine, 2716–2717

Chromosomal abnormalities, drugs causing
flubendazole, 3343
malathion, 3431, 3433
metronidazole, 1824
nifurtimox, 3214, 3216

Chronic bullous dermatosis of childhood
sulfamethoxypyridazine, 1603
sulfapyridine, 1603

Chronic kidney disease, grazoprevir-elbasvir HCV 
combination therapy, 4516–4517

Chronic obstructive pulmonary disease (COPD)
acute exacerbations

cefuroxime, 390–391
moxifloxacin, 2095–2096
prulifloxacin/ulifloxacin, 2154
second-generation cephalosporins, 391

amoxicillin-clavulanic acid, 264
azithromycin, 1137–1138
ciprofloxacin, 1924–1925
clarithromycin, 1108, 1111, 1112

sparfloxacin, 2299
tobramycin, 1001, 1002
zabofloxacin, 2165
zanamivir toxicity in, 4567–4568, 4573

Chronic prostatitis/chronic pelvic pain syndrome
ciprofloxacin, 1915
roxithromycin, 1093

Chronic pulmonary reactions, nitrofurantoin, 1791
Chrysanthemum cinerarifolium, as permethrin 

source, 3413
Chryseobacterium

aztreonam, resistance, 645
ceftazidime, 552
gatifloxacin, 2215
tigecycline, 1252

Chryseobacterium indologenes
garenoxacin, 2197
gatifloxacin, 2215
imipenem, resistance, 665
piperacillin, 190

Chryseobacterium (Flavobacterium) meningosepticum
gatifloxacin, 2215
piperacillin, 190, 199

Chryseomonas luteola, penicilin G, resistance, 34, 68
Churg-Strauss like-syndrome, azithromycin-related, 

1130
CI-960. See Clinafloxacin
Ciba-Geigy, 3347
Ciclopirox, 2909–2913

administration mode, 2910
adverse reactions and toxicity, 2911
anti-inflammatory activity, 2910
antimicrobial activity, 2909–2910
chemical structure, 2909, 2909f
clinical uses, 2910, 2911–2912
dosage, 2910
drug interactions, 2911
excretion, 2911
pharmacokinetics/pharmacodynamics,  

2910–2911
Ciclosporin (cyclosporine), drug interactions

aminoglycosides, 2477
amphotericin B, liposomal, 2616
anidulafungin, 2701
atazanavir, 4149t
azithromycin, 1128
caspofungin, 2669, 2670
ciprofloxacin, 1910
clarithromycin, 1102, 1104t
clindamycin, 1487t
cotrimoxazole, 1587
erythromycin, 1073
etravirine, 3977
fidaxomicin, 1551
fluconazole, 2765–2766
isavuconazole, 2864, 2864t
ketoconazole, 2740
letermovir, 3624
metronidazole, 1822
micafungin, 2687
miconazole, 2817
norfloxacin, 1990
ofloxacin, 2019t
posaconazole, 2850
quinine, 3063
quinupristin-dalfopristin, 1380, 1380t
rifabutin, 2437–2438
rifampicin, 2385, 2386t
rifapentine, 2466
rifaximin, 2455
sulfamethoxazole, 1646t
terbinafine, 2714
tipranavir-ritonavir, 4167t
trimethoprim, 1646t
trimethoprim-sulfamethoxazole, 1646t, 1647

Cidofovir, 3531–3571
administration modes, 3547–3548

intravenous or subcutaneous, 3547–3548, 3552t
intravesical, 3549
oral, 3549–3550
topical or intralesional, 3548–3549, 3552, 3552t

adverse reactions and toxicity
carcinogenesis, 3551
hematological effects, 3551
nephrotoxicity, 3547–3548, 3550–3551
spermatogenic effects, 3551–3552
topical administration-related, 3552
uveitis, 3551

antitumor activity, 3542
antiviral activity, 3532–3542

adenoviruses, 3533t, 3537–3538
cytomegalovirus, 3533–3534, 3533t
herpes simplex viruses, 3533t, 3534–3535
herpesviruses, 3533–3537, 3533t, 3536t–3537t
iridoviruses, 3533t
papillomaviruses, 3533t, 3539
polyomaviruses, 3533t, 3539, 3542
pox viruses, 3533t, 3538–3542, 3540t–3541t

antiviral agents based on, 3531–3532
chemical structure, 3531, 3532f, 3532t
clinical uses, 3552t

adenovirus infections, 3555–3557
CMV infections in HIV-infected patients, 

3552–3553, 3552t
CMV infections in stem transplant recipients, 

3553–3554
CMV retinitis, 3547, 3548
EBV infections, 3555
HSV infections, 3554–3555
human herpesvirus-8 (Kaposi’s sarcoma), 3555
papillomavirus infections, 3558–3560
polyomavirus infections, 3560–3563
poxvirus infections, 3557–3558

in combination with probenecid, 3547, 3550
dosage, 3547–3548, 3548t
drug interactions

HAART, 3551
nephrotoxic agents, 3547–3548, 3550
probenecid, 3551
tenofovir, 3831

in vitro synergy and antagonism, 3641
mechanism of action, 3543–3547

anti-tumor activity, 3546–3547
antiviral activity, 3545–3546
cellular uptake/transformation, 3543–3545, 

3544f, 3545f
pharmacokinetics/pharmacodynamics

bioavailability, 3548–3550
clinically important features, 3550
distribution in body, 3550
excretion, 3550

resistance and cross-resistance, 3542–3543
veterinary uses, 3535

Cilastatin
bioavailability, 675
clinical uses, 422
combined with imipenem, 422
development of, 663
distribution in body, 675
dosage, 673–674
pharmacokinetics/pharmocodynamics, 675, 677

Cimetidine, drug interactions
aciclovir, 3463
albendazole, 3318
ampicillin, 115
chloroquine, 3037
clarithromycin, 1104t
clavulanic acid, 262
dapsone, 1751, 1752
erythromycin, 1073
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Cimetidine, drug interactions (continued)
fleroxacin, 2186
garenoxacin, 2203
ketoconazole, 2737, 2741
levofloxacin, 2063
metronidazole, 1822
nemonoxacin, 2163
ofloxacin, 2019, 2019t
posaconazole, 2848
proguanil, 3131–3132
prulifloxacin/ulifloxacin, 2150

Cinchona tree, as quinine source, 3058
Cinchonism, quinine-related, 3064, 3066
Cinitapride, interaction with ketoconazole, 2741
Cinoxacin

administration modes, 2255t
adverse reactions and toxicity, 2255t
antimicrobial activity, 2254, 2255t
chemical structure, 2254f
clinical uses, 2255t
development and availability chronology, 2256t
pharmacokinetics/pharmacodynamics, 2255t

Cipla Ltd., 3578, 3657, 3698, 3755, 3773, 3855
Ciprofloxacin, 1867–1985

administration modes
enteral, 1892, 1903
inhaled administration, 1889
intravenous, 1888–1889, 1894, 1905–1906
IV-equivalent, 1867
liposome-encapsulated, 1873
nasogastric, 1888
oral, 1867, 1888, 1892–1894, 1898, 1905–1906
parenteral, 1867
suspension formulas, 1889, 1893

adverse reactions and toxicity, 117, 1905–1913, 
2064

cardiac toxicity, 1911
corneal and retinal toxicity, 1911–1912
endocrine side effects, 1910
fetal toxicity, 1908–1909
gastrointestinal side effects, 1906
hematologic side effects, 1910
hemolytic uremic syndrome, 1910
hepatotoxicity, 1910–1911
hyperglycemia, 2205
hypersensitivity reactions, 1906, 1907–1908
immune modulation, 1912
neurotoxicity, 1907
otototoxicity, 1911–1912
photosensitivity, 1906
rashes, 1906, 1907–1908
renal side effects, 1909–1910, 2227
tendonitis, 1909

antigonococcal potency, 470
antimicrobial activity

Chlamydia, 1868t, 1874
CLSI criteria, 1882
Ehrlichiae, 1874
fungi, 1875
Gram-negative aerobic bacteria, 1867, 1868t, 

1869–1871
Gram-positive aerobic bacteria, 1868t, 

1871–1872
Gram-positive bacteria, 1987
mycobacteria, 1873, 1987
mycoplasma, 1868t, 1873–1874
Plasmodium, 1875
Rickettsiaceae, 1874
Salmonella, 2200
spirochetes, 1874–1875

chemical structure, 1867, 1867f, 2254f
clinical uses, 1913–1938

acute graft-versus-host disease, 1928
anthrax, 31, 66–67, 1173, 1497, 1934
bacteremia, 1931

bacterial gastroenteritis, 1915–1920
biowarfare agents, 1934
bloodstream infections, 1901–1902
bone and joint infections, 1920–1921
bronchiectasis, 1001
brucellosis, 1936–1937
cat scratch disease, 1935
chancroid, 1596, 1923
chlamydia infection, 1922
cholera, 1919
Crohn’s disease, 1831
Cyclospora infections, 1920
cystitis, 1913–1914, 1915
diarrhea, 1919
diarrhea of unknown etiology, 1919–1920
endocarditis, 1929–1930
enteric fever, 1916–1918
epididymo-orchitis, 1915
febrile neutropenia, 199, 652, 1929
gastrointestinal infections, 1933–1934
gonorrhea, 1922–1923
HIV infection prophylaxis, 1924
ICU patients, 1928–1929
intraabdominal infections, 442
intra-abdominal infections, 1933–1934
meningitis, 1930–1931
meningococcal infection prophylaxis, 1595
meningococcl infection prophylaxis, 1242
miscellaneous uses, 1938
mycobacterial infections, 1935–1936
neutropenic patients, 1927–1928
ocular infections, 1932–1933
osteomyelitis, 1920–1921, 1931
otitis, 1931–1932
pelvic inflammatory disease, 1923–1924
peritonitis, 1933
pneumonia, 1925–1926
pouchitis, 1832
prophylaxis in neutropenic patients, 1993–1994
prophylaxis in non-neutropenic patients, 

1994–1995
prostatitis, 1915
pyelonephritis, 1914
respiratory tract infections, 1924–1927
rickettsial diseases, 1935
Salmonella carriage eradication, 1918
salmonellosis, 1916–1918
sexually transmitted diseases, 1922–1924
shigellosis, 1915–1916
sinusitis, 1932
skin and soft-tissue infections, 448, 1921–1922
staphylococcal infections, 1931
stem cell transplantation (BK virus in), 

1937–1938
surgical prophylaxis, 1857
syphilis, 1923
traveler’s diarrhea, 1918–1919
tuberculosis, 1935
tularemia, 1937
typhoid fever, 443, 1916–1917
use in aquaculture, 11
UTI prophylaxis, 1914–1915
UTI treatment, 267, 1890, 1913–1914
Vibrio vulnificus, 449

in combination with
cefoperazone-sulbactam, 418
clindamycin, 652
dexamethasone, 1050, 1932
metronidazole, 1828, 1933
novobiocin, 1453
piperacillin, 191
piperacillin-tazobactam, 329, 334
rifampicin, 1931
tinidazole, 1857

development and availability chronology, 2256t

dosage, 1867, 1888–1901, 1895f
drug interactions, 1903–1905

amoxicillin-clavulanic acid, 265
antacids, 1888, 1891, 1903
caffeine, 1905
corticosteroids, 1909
cyclosporin, 1910
dairy products, 1903
diclofenac, 1904
erythromycin, 1596
glyburide, 1910
methadone, 1905
opiates, 1905
opiate urine screen false-positive result, 1905
perfloxacin, 1905
probenecid, 1904
procainamide, 1904–1905
rifampicin, 2385
theophylline, 1905, 1906, 1907
thyroxine, 1904
tizanidine, 1905
trimethoprim-sulfamethoxazole, 1647–1648
tyrosine kinase inhibitors, 1905
warfarin, 1904, 1910

extended-release formulation, 1889
in vitro synergy and antagonism, 227, 751, 1305, 

1873
mechanism of action, 1887–1888
metabolites, 1903
pharmacokinetics/pharmacodynamics

AUC/MIC ratio, 1901–1902
bioavailability, 1891, 1892–1894, 1894f, 1901, 

1903
clinically impotant features, 1901–1902
distribution in body, 1891, 1894–1901, 2135
excretion, 1899–1900, 1902–1903
photodegradation, 1903
postantibiotic effect, 1902

radiolabelled, 1938
resistance and cross-resistance, 324, 637, 639, 

1810, 1869, 1875–1886, 1920, 1922, 1924, 
1992, 2124, 2216, 2218–2219

Bacteroides cepacia, 1884
Campylobacter, 1880–1881
cross-resistance, 2219
Enterobacetriaceae, 1878–1879
enterococci, 1885
Gram-negative bacteria, 1878–1884
Gram-positive bacteria, 1884–1886
H.influenzae, 1882
mycobacteria, 1886
nalidixic acid as marker for, 2261
Neisseria, 1883–1884
overview, 1875–1878
P. aeruginosa, 1878, 1879–1880
Salmonella, 1881–1882, 1916
Shigella, 107, 1881
spirochetes, 1886
streptococci, non-pneumococcal, 1885

Cirrhosis. See Liver cirrhosis
Cisapride, drug interactions

atazanavir, 4148t
boceprevir, 4458t
clarithromycin, 1104t
cobicistat, 4186t
darunavir, 4132t
fluconazole, 2765
fosamprenavir, 4110, 4110t
indinavir, 4067t
itraconazole, 2795
ketoconazole, 2742
lopinavir-ritonavir, 4092, 4093t
norfloxacin, 1990
pentamidine, 3275
posaconazole, 2850
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ritonavir, 4186t
roxithromycin, 1090t
telaprevir, 4457t
telithromycin, 1162, 1162t
tipranavir-ritonavir, 4166, 4166t
voriconazole, 2830

Cisplatin
adverse reactions and toxicity, 197, 1399
drug interactions

aminoglycosides, 2477
fosfomycin, 1399
vancomycin, 807

Citalopram, drug interactions
clarithromycin, 1104t
linezolid, 1314

Citrobacter
amikacin, 1009
aminoglycoside-modifying enzymes, 1040
amoxicillin, resistance, 104, 255
amoxicillin-clavulanic acid, 255
ampicillin, resistance, 104
ampicillin-sulbactam, 281t
apalcillin, 189
aztreonam, 644
beta-lactamases, 209, 254, 303, 324
cefazolin, resistance, 348
cefoperazone-sulbactam, 416t
cefotaxime, 428t
cefotetan, 405
cefotiam, 399t
ceftazidime, resistance, 550, 553t
ceftazidime-avibactam, 564, 565t
ceftobiprole, 625
ceftolozane-tazobactam, 230
ceftriaxone, 468t
cephalexin, resistance, 362
cephalothin, resistance, 348
chloramphenicol, 1517
ciprofloxacin, 1867
cycloserine, resistance, 2521
ertapenem, 746t, 747
fluoroquinolones, resistance, 1876
fosfomycin, 1394, 1394t

resistance, 1396
gatifloxacin, 2213, 2214t
imipenem, 665, 677
isepamicin, 1039, 1040t
kanamycin, 950
mecillanam, resistance, 209
mecillinam, 207, 208t
nalidixic acid, 2256

resistance, 2257t
norfloxacin, 1986
ofloxacin, 2005t, 2006

resistance, 2008
penicillin G, resistance, 33
piperacillin, 189
plazomicin, 1054–1055
prulifloxacin/ulifloxacin, 2148t
rifampicin, resistance, 2373
spectinomycin, 1542
streptomycin, 2471
tigecycline, resistance, 1251
tobramycin, 993
trimethoprim-sulfamethoxazole, 1627
trovafloxacin, 2310

Citrobacter diversus
azithromycin, 1124
cefixime, 540
cefoperazone-sulbactam, 416t
cefpodoxime, 532
cefprozil, 377
piperacillin-tazobactam, 230
temocillin, 219t
ticarcillin-clavulanic acid, 300t

Citrobacter freundii
amoxicillin-clavulanic acid, 267

resistance, 255
ampC genes, 324
ampicillin-sulbactam, 281

resistance, 228
avarofloxacin, 2159t
azithromycin, resistance, 1124
aztreonam, 647t, 653

resistance, 645, 646t
beta-lactamases, 230, 232, 430
biapenem, 773
carbapenemases, 672, 701
cefepime, 579, 580t
cefixime, resistance, 540
cefoperazone-sulbactam, 416t, 417–418

resistance, 416t
cefotiam, 399t

resistance, 397
cefpodoxime, resistance, 532
cefprozil, resistant, 377
ceftaroline, 606–607
ceftaroline-avibactam, 614t, 615
ceftazidime-avibactam, 565t
ceftazidine, resistance, 551t
cefuroxime, resistance, 386
ciprofloxacin, 1868t
delafloxacin, 2132, 2133t
enoxacin, 2171, 2172t
eravacycline, 1276t, 1280
faropenem, 766, 767t
lomefloxacin, 2246t
nalidixic acid, resistance, 2259
piperacillin-tazobactam, 230, 232, 320t
sitafloxacin, 2122, 2123t
tazobactam, 228–229
temocillin, 219t
ticarcillin, 174t
ticarcillin-clavulanic acid, 300t

Citrobacter koseri
cefotiam, 399t
ceftazidime-avibactam, 565t
ceftazidine, resistance, 551t
ticarcillin, 174t

Cladophialophora, anidulafungin resistance, 2695
Cladophialophora bantiana, caspofungin, 2663
Cladophialophora carrionii, 2596. See also 

Chromoblastomycosis
Cladosporium

amorolfine, 2904–2905
amphotericin B, 2573t
flucytosine, 2920
ketoconazole, 2733
miconazole, 2813t, 2814
tolnaftate, 2901

Cladosporium carrionii
amphotericin B resistance, 2570
ciclopirox, 2909
terbinafine, 2717

Claforan. See Cefotaxime
Clarithromycin, 1097–1121

administration modes, 1100
extended-release, 1100, 1100t, 1101, 1105, 1107, 

1108
intravitreal, 1100
oral, 1100, 1101
parenteral, 1100

adverse reactions and toxicity, 1105–1106, 1108, 
1314

cytochrome P450 binding, 1102
antimicrobial activity

clarithromycin, 1102
Gram-aerobic positive bacteria, 1097, 1098t, 

1099
Gram-negative anaerobic bacteria, 1099

Gram-negative bacteria, 1099
Gram-positive anaerobic bacteria, 1099
Mycobacterium, 1099

chemical structure, 1097, 1097f
clinical uses

anthrax, 1111
asthma, 1111, 1112
bronchiectasis, 1107, 1134–1135
bronchitis, 1106–1107, 1107t, 1108
chlamydial eye infections, 1111
chlamydial infections, 1107, 1107f
community-acquired pneumonia, 390, 

1106–1107, 1107t, 1108, 1112, 1131–1132
COPD, 1108, 1111, 1112
Crohn’s disease, 1112
cystic fibrosis, 1111
diffuse panbronchiolitis, 1111
gastroesophageal motility disorders, 1112
genitourinary infections, 1111
H. pylori infection, 124, 1097, 1109, 1135, 

1239–1240, 1832
immunomodulatory effects, 1107, 1111–1112
Legionella pneumonia, 1108
leprosy, 1107, 1110–1111
lower respiratory tract infections, 1107t, 

1108–1109
Lyme disease, 1107, 1111
M. abscessus infections, 1110
M. avium complex infections, 1106–1107, 

1109–1110
M. chelonae infections, 1110
Mediterranean spotted fever, 1111
M. fortuitum infections, 1110
M. kansasii infections, 1110
M.marinum infections, 1110
M. ulceran infections, 1110
mycobacterial infections, 1106–1107, 1107t, 

1936, 2338
otitis media, 1107t, 1108
peptic ulcer disease, 1106–1107
pertussis prophylaxis, 1108–1109
pharyngitis, 1106–1107, 1107t
pneumonia, 268
Q fever, 1107, 1111
respiratory disease, 1111–1112
rheumatoid arthritis, 1112
sinusitis, 257, 1107–1108, 1107t, 1111
skin infections, 1106–1107, 1109
Still’s disease, 1112
toxoplasmosis, 1111
upper respiratory tract infections, 1107–1108
ventilator-associated pneumonia, 1112
Waldenström’s macroglobulinemia, 1112

in combination with
amikacin, 1020
amoxicillin, 1109
daptomycin, 895

cross-reactivity, 1106
dosage, 1100, 1100t

pediatric, 1100, 1100t
drug interactions, 1102–1103, 1104t–1105t

aldehyde dehydrogenase inhibitors, 1105t
amprenavir, 1103, 1104t
anticoagulants, 1103, 1104t
anticonvulsants, 1104t
antifungals, 1104t
antihistamines, 1104t
antiretroviral medications, 1103, 1104t
azithromycin, 1128
benzodiazepines, 1104t
carbamazepine, 1102, 1104t
cardiovascular agents, 1104t
ciclosporin, 1102, 1104t
cisapride, 1104t
colchicine, 1103, 1105t
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Clarithromycin (continued)
corticosteroids, 1104t
daclatasvir, 4464
darunavir, 4131t
digoxin, 1103, 1104t
efavirenz, 1103, 1104t
ergotamine/ergot derivatives, 1103, 1105t
etravirine, 3976–3977, 3979t
fosamprenavir, 4110
hypoglycemic drugs, 1103, 1105t
indinavir, 1103, 1104t
loratadine, 1102
midazolam, 1103
nevirapine, 1103, 3871t, 3872
omeprazole, 1101, 1103
P-glycoprotein inhibition in, 1103
phosphodiesterase inhibitors, 1105t
protease inhibitors, 1104t
proton-pump inhibitors, 1103, 1105t
rifabutin, 1103, 1104t
rifampicin, 1103, 1104t
ritonavir, 1103, 1104t, 4188t
saquinavir, 1103, 1104t, 4035, 4036t
statins, 1102, 1104t
tacrolimus, 1102, 1104t
theophylline, 1105t
tipranavir, 1103
tipranavir-ritonavir, 4166, 4167t
trimetrexate, 1771–1772
warfarin, 1103
zidovudine, 1103, 1104t

in vitro synergy and antagonism, 751, 2436
mechanisms of action, 1313
metabolites, 1097, 1102
minimum inhibitory concentrations, 1097, 1098t
pharmacokinetics/pharmacodynamics, 

1100–1103, 1100t
AUC/MIC ratio, 1102, 1108
bioavailibility, 1100t, 1101
clinically important features, 1102
distribution, 1101
excretion, 1102

resistance and cross-resistance, 1099–1100, 1832
mechanisms, 1100

Clarithromycin-allergic patients, aztreonam use in, 
653

Clarithromycin sensitivity testing, 1134
CLASS study, 3765, 3923, 3943
Clavulanate. See Clavulanic acid
Clavulanic acid

adverse reactions and toxicity, 240
antimicrobial activity, 226–227
beta-lactamase-inhibiting activity, 225, 254, 299
chemical structure, 225, 225f, 254, 254f, 299, 299f
clinical uses, 175, 282
in combination with

amoxicillin. See Amoxicillin-clavulanic acid
cefixime, 539
ceftaroline, 607
mecillamin, 209
meropenem, 699
ticarcillin. See Ticarcillin-clavulanic acid

drug interactions
ampicillin, 105
methicillin, 138

excretion, 239–240
in vitro synergism and antagonism, 229
mechanism of action, 234–235, 259, 260f
minimum inhibitory concentrations (MICs), 259, 

263
Clenched fist injuries, amoxicillin-clavulanic acid, 

269
Cleocin Phosphate®. See Clindamycin
Cleocin®. See Clindamycin
Cleocin T®. See Clindamycin

Clevudine
administration mode, 4360
adverse reactions and toxicity, 4361
antiviral activity, 4359–4360
chemical structure, 4359, 4359f
clinical uses

HBV infection, 4361–4365, 4362t, 4363t, 4365t
HBV infection, initial clinical trials, 4363–4364
HBV infection monotherapy, 4364–4365

in combination with
emtricitabane, 3816–3817, 4360
lamivudine, 4360

dosage, 4360–4361
mechanism of action, 4360
myopathy, 4361
pharmacokinetics/pharmacodynamics, 4361, 

4361t
resistance and cross-resistance, 4360

Clinafloxacin
adverse reactions and toxicity, 2313–2314, 

2314–2315
antimicrobial acitivity, 1873–1874
chemical structure, 2313, 2314f
withdrawal from pre-marketing development, 

2309
Clindagel®. See Clindamycin
Clindamycin, 1468–1514

administration modes
bone cement, 1481
intraperitoneal, 1481
nanoliposomes, 1481
ocular implants, 1481
oral administration, 1476, 1477, 1479–1480
parenteral, 1476, 1477, 1480
topical (dermal or vaginal) administration, 

1477, 1479, 1480
adverse reactions and toxicity, 116, 121–122, 222, 

1470, 1477, 1480, 1486–1490
cardiovascular side effects, 1490
gastrointestinal side effects, 1487–1488, 1495
genitourinary side effects, 1488–1489
hepatotoxicity, 1489
hypersensitivity, 1487
neurologic side effects, 1489–1490

antimicrobial activity, 190, 1468–1475
Gram-negative anaerobic bacteria, 1469t, 1470
Gram-positive aerobic bacteria, 1469
Gram-positive anaerobic bacteria, 1469–1470, 

1469t
minimum inhibitory concentrations, 1469t, 

1470, 1471
parasites, 1471

chemical structure, 1468, 1468f
clinical uses

abscesses, 1484–1485, 1492, 1498
acne, 1480, 1493
actinomycosis, 1493
animal and human bite wounds, 1493
anthrax, 1497
babesiosis, 1499–1500
bacterial vaginosis, 1826
bone and joint infections, 1494–1495
Capnocytophaga infections, 67
carbuncles, 1492
cellulitis, 1492–1493
Clostridium perfringens infections, 66
diphtheria, 1497
empyema, 58
encephalitis, 1481
endocarditis, 121–122, 1470, 1497, 1498
erysipelas, 1492
female genital tract infections, 1498–1499
furuncles, 1492
furunculosis, 1492
gas gangrene, 1498

hidradenitis suppurativa, 1493
intra-abdominal infections, 289, 308, 713, 1476
lung abscess, 58
malaria, 1500
nectorizing fasciitis, 1493
neonatal necrotizing enterocolitis, 442
obstetric infections, 714
osteomyelitis, 1495
Panton-Valentine leukocidin-producing 

staphylococcal infecctions, 1491t, 1492, 
1496–1497

pelvic infections, 1476
pelvic inflammatory disease, 287, 288t
perioperative prophylaxis, 1499
pneumonia, aspiration, 1496
pneumonia, community-acquired, 1496
pneumonia, necrotizing, 1496–1497
pneumonia, Pneumocystis jiroveci, 1500–1501
prosthetic joint infections, 1495
purulent skin and soft tissue infections, 1492
respiratory tract infections, 1495–1496
S. aureus carriage eradication, 1499
sepsis, 183
septic arthritis, 1495
sinusitis, 1496
skin and soft-tissue infections, 291t, 292, 1477, 

1490–1493, 1491t
skin and soft tissue infections, 1492–1493
spontaneous gangrenous myositis, 55
S. pyogenes infections, 1493–1494, 1495–1496
surgical prophylaxis, 654
toxic shock syndrome, 1493–1494
toxoplasmic encephalitis, 1501–1502
toxoplasmosis, 1598

in combination with
aztreonam, 652, 654
cefotaxime, 654
ciprofloxacin, 652
gentamicin, 287, 288t, 409, 654, 714, 965
netilmicin, 1033–1034
penicillin G, 55, 58
primaquine, 1471, 3098, 3100
quinine, 1471, 3060, 3061, 3066, 3068, 3070, 

3076t
tobramycin, 292

dosage, 1476–1479
in liver function impairment, 1478
in obese patients, 1478
in older adults, 1479
in pancreatitis, 1478
in pregnancy and breastfeeding, 1476–1479
in renal impairment, 1478

drug interactions, 1485–1486, 1487t
rifampicin, 1495

immunomodulatory properties, 1475, 1484–1485
in vitro synergy and antagonism, 965, 1304
mechanism of action, 1471, 1475
pharmacokinetics/pharmacodynamics, 1479–1486

bioavailabliity, 1479–1481
clinically important features, 1484–1485
distribution in body, 1481–1484, 1482t
excretion, 1478, 1485
gender differences, 1479

postantibiotic effect, 1485
resistance and cross-resistance, 30, 35, 57, 1069, 

1357, 1469–1470, 1469t, 1471–1475
D-zone test of, 1159
mechanisms of, 1471–1472

Clindesse®. See Clindamycin
Clinical and Laboratory Standards Institute (CLSI), 

breakpoint criteria
amphotericin B, 2569–2570, 2572t–2573t
anidulafungin, 2693, 2696, 2696t
azithromycin, 1123t, 1127
bacitracin, 1454, 1456
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caspofungin, 2659–2660, 2660t
cefepime, 579, 587
ceftazidime, 548, 549t, 551t, 552, 554
ciclopirox, 2902
ciprofloxacin, 1882
daptomycin, 867
echinocandins, 2696
ertapenem, 743t
fidaxomicin, 1548, 1548t
finafloxacin, 2141
fluconazole, 2756, 2758
fosfomycin, 1392
gatifloxacin, 2216
gemifloxacin, 2111
isavuconazole, 2859, 2863
itraconazole, 2786
ketoconazole, 2731–2732, 2733
levofloxacin, 2056, 2056t, 2057
linezolid, 1293
metronidazole, 1807–1808
micafungin, 2681–2682, 2682t
moxifloxacin, 2087
nalidixic acid screening test recommendation, 

2261
nystatin, 2646
ofloxacin, 2005, 2006, 2008
oritavancin, 909–910
pefloxacin disk assay approval, 2279
polymyxins, 1422
posaconazole, 2844
prulifloxacin/ulifloxacin, 2147–2148, 2148t
quinupristin-dalfopristin, 1374
ravuconazole, 2876
retapamulin, 1561–1562
rifampicin, 2369, 2370t, 2371, 2372, 2374, 2379
roxithromycin, 1088t
solithromycin, 1179, 1182
tedizolid, 1357
telavancin, 932
telithromycin, 1156, 1157t
terbinafine, 2709
tigecycline, 1249, 1251
vancomycin, 786
voriconazole, 2823, 2824t

Clinical trials. See also names of specific trials
detection of adverse reactions during, 2310

Clinitest, false-positive reactions, 332
Clitopilus scyphoides, as pleuromutilins source, 1556, 

1561
Clofazimine, 2533–2541

administration modes, 2535
adverse reactions and toxicity, 2536–2537, 2537t
antimicrobial activity, 2533–2534
chemical structure, 2533, 2533f
clinical uses

leprosy, 2394, 2535, 2537
M. avuim complex infections, 2537–2538
multidrug-resistant tuberculosis, 2537

in combination with dapsone, 1755
dosage, 2535–2536
drug interactions, 2536
excretion, 2536
in vitro synergy and antagonism, 2534, 2536
mechanism of action, 2534
pharmacokinetics/pharmacodynamics, 2535–2536
postantibiotic effect, 2536
resistance and cross-resistance, 2534

Clones, microbial
antimicrobial-resistant, 6–7
multidrug resistsant, 36

Clonorchis
artermisinins, 2942–2943
artesunate, 2965
praziquantel, 3391

Clonorchis sinensis, praziquantel, 3385, 3387t

Clopidogrel, interactions with rifampicin, 2385
Clorazepate, interactions with fosamprenavir, 4111t
Clostridium

amikacin, resistance, 1009
amoxicillin, 226
ampicillin-sulbactam, 228, 281
azithromycin, 1122
cadazolid, 1349
carbenicillin, 176
cefepime, resistance, 581t, 586
cefixime, resistance, 540
cefoxitin, 405t
cefpodoxime, 533
ceftaroline-avibactam, 615t
ceftazidime, resistance, 550t, 554
ceftazidime-avibactam, resistance, 566, 566t
ceftolozane-tazobactam, resistance, 232, 637, 638t
ceftriaxone, 467
cefuroxime, 386
cephalexin, resistance, 362
chloramphenicol, 1516–1517
clarithromycin, resistance, 1099
daptomycin, 870, 870t
doxycycline, 1206
ertapenem, 748t, 750
erythromycin, resistance, 1068
fleroxacin, resistance, 2182
furazolidine, 1784
garenoxacin, 2198
gemifloxacin, 2113–2114
imipenem, 664
isepamicin, resistance, 1039
josamycin, resistance, 1151, 1152
kanamycin, resistance, 949
linezolid, 1297t, 1298
macrolide, resistance, 1124
metronidazole, 1809t
metronidazole metabolites, 1810
mupirocin, resistance, 1460
nalidixic acid,resistance, 2257
nitrofurazone, 1784
norfloxacin, resistance, 1987
ofloxacin ,resistance, 2007
penicillin G, 24t
piperacillin, 190
piperacillin-tazobactam, 230, 321
quinopristin-dalfopristin, 1374, 1376t
retapamulin, resistance, 1562t, 1563
rifampicin, 2373
rifaximin, 2451
rosaramicin, resistance, 1152
roxithromycin, resistance, 1088
solithromycin, 1181t, 1184
sparfloxacin, resistance, 2296
spiramycin, 3175
tedizolid, 1358t
ticarcillin, 176
ticarcillin-clavulanic acid, 301
tigecycline, 1252
tinidazole, 1851
trimethoprim-sulfamethoxazole, resistance, 1631

Clostridium bifermentans
clindamycin resistance, 1469
metronidazole, 1827

resistance, 1811
tedizolid, 1359

Clostridium bolteae, fidaxomicin, resistance, 
1547–1548

Clostridium botulinum (botulism)
amoxicillin, 104
ampicillin, 104
pencillin, resistance, 68
penicillin G, 31, 68
strain A2, multidrug-resistant, 68
vancomycin, 787

Clostridium butyricum
garenoxacin, 2198
linezolid, 1298
penicillin G, resistance, 31

Clostridium cadaveris, garenoxacin, 2198
Clostridium clostridioforme

ceftriaxone, 467
ertapenem, 748t, 750
fidaxomicin, resistance, 1547–1548
garenoxacin, 2198
ramoplanin, 940
retapamulin, resistance, 1563
tedizolid, 1359

Clostridium coccoides, fidaxomicin, resistance, 1552
Clostridium difficile. See also Colitis, antibiotic/ 

C. difficile-associated/pseudomembranous; 
Diarrhea, Clostridium difficile-associated

amoxicillin-clavulanic acid, 257t
asymptomatic fecal carriage, 1828
bacitracin, 1454

resistance, 1456
biapenem, 775t
cadazolid, 1348–1353, 1349t, 1352t, 1353t
carbapenems, resistance, 699
cefepime, 594
cefoperazone-sulbactam, 418
cefoperazone-sulbactam, resistance, 418
cefotaxime, resistance, 426
cefpodoxime, 533
cefprozil, 377
ceftaroline, 606
ceftiazidime-avibactam, resistance, 566t
ceftizoxime, resistance, 533
ceftolozane-tazobactam, resistance, 638t
ceftriaxone, resistance, 467
cefuroxime, 385t
ciprofloxacin, 1927

resistance, 1868t
clinafloxacin, 2314
clindamycin, 122

resistance, 1469, 1469t
dalbavancin, resistance, 920
daptomycin, 870, 870t, 871
delafloxacin, 2133t, 2134
doripenem, 725, 728t
enoxacin, resistance, 2172t, 2173
erythromycin, 1066

resistance, 1066
fidaxomicin, 1547, 1548–1549, 1548t, 1551

resistance, 1549, 1550
finafloxacin, 2140t, 2141
fluoroquinolones, resistance, 2219
food animal-human transmission, 11
fusidic acid, 1407, 1409t

resistance, 1407, 1410
garenoxacin, 2198
gatifloxacin, 2217
gemifloxacin, 2113
gentamicin, resistance, 965
imipenem, 664
levofloxacin, 2063

resistance, 2075
linezolid, 1297t, 1298

resistance, 1302
lomefloxacin, resistance, 2246, 2246t
metronidazole, 1807, 1809t, 1820, 1827, 

1828–1831, 1830t
resistance, 1811–1812

moxifloxacin, 2087
resistance, 2088

naficillin, 164t
NAP1/BI/027 strain, 1828, 1829
nemonoxacin, 2158t, 2162
nitazoxanide, 3163t, 3164, 3165, 3170
norfloxacin, resistance, 1987
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Clostridium difficile (continued)
North American Pulsefield Type 1/PCR ribotype 

027 (B1), 2227–2228
ofloxacin, resistance, 2007
omadacyline, 1267
oritavancin, 909t, 910
pefloxacin, resistance, 2278, 2278t
penicillin G, 31
penicillin V, 92, 93t
piperacillin, 190
piperacillin-tazobactam, 222, 320t, 333
ramoplanin, 940, 942
retapamulin, resistance, 1563
rifampicin, 2370t, 2373

resistance, 2378
rifaximin, 2451, 2457

resistance, 2451
roxithromycin, 1087

resistance, 1087
rufloxacin, resistance, 2291t
sitafloxacin, 2123t, 2124
solithromycin, resistance, 1181t, 1184
sparfloxacin, resistance, 2295t, 2296
surotomycin, 944–946
teicoplanin, 839, 839t
telithromycin, 1158
ticarcillin-clavulanic acid-related, 306
tigecycline, 1250t, 1252, 1259
tinidazole, 1851, 1857
toxins A and B, 1550
vancomycin, 786, 786t, 787, 871, 1348, 1349, 

1349t, 1351, 1352, 1352t, 1552–1553, 
1828–1831, 1830t

Clostridium gracilis, ertapenem, 748t
Clostridium innocuum

ertapenem, 748t
fidaxomicin, resistance, 1547–1548
pencillin G, 31
retapamulin, resistance, 1563
tedizolid, 1359

Clostridium inocuum, garenoxacin, 2198
Clostridium leptum

daptomycin, 871
fidaxomicin, resistance, 1552

Clostridium novyi, clindamycin, resistance, 1469
Clostridium paraputrificum, retapamulin, resistance, 

1563
Clostridium perfringens

amoxicillin, 104
amoxicillin-clavulanic acid, 257t
ampicillin, 104
apalcillin, 188t
azlocillin, 188t
cefazolin, 348
cefoperazone-sulbactam, 418
cefotaxime, 426
cefoxitin, 405t, 406
ceftiazidime, 566, 566t
ceftiazidime-avibactam, 566, 566t
ceftizoxime, 533
ceftolozane-tazobactam, resistance, 638t
ceftriaxone, 467
cefuroxime, 385t, 386
cephalexin, resistance, 362
cephalothin, 348
in chickens, 11
chloramphenicol, 1516–1517
ciprofloxacin, 1868t, 1872
clindamycin, 66, 1469, 1469t, 1491t, 1498,  

2373
daptomycin, 870, 870t
delafloxacin, 2133t, 2134
doripenem, 725
enoxacin, resistance, 2172t
eravacycline, 1278t, 1279

ertapenem, 748t, 750
erythromycin, resistance, 1066
fidaxomicin, 1547, 1548t
finafloxacin, 2141
fluoroquinolines, resistance, 2219
fusidic acid, 1407, 1409t
garenoxacin, 2196t
gatifloxacin, 2214t, 2217
gemifloxacin, 2113
gentamicin, resistance, 965
linezolid, resistance, 1302
lomefloxacin, 2246, 2246t
mecillinam, 210
metronidazole, 66, 1809

resistance, 1811
nitazoxanide, 3165
novobiocin, 1450, 1451t
ofloxacin, 2007
oritavancin, 909t
penicillin-binding proteins, 31, 210
penicillin G, 25t, 31, 66

resistance, 31, 66
penicillin V, 92
piperacillin, 188t
piperacillin-tazobactam, 320t
pristinamycin, 1387t
retapamulin, 1561, 1562t, 1563
rifampicin, 2373
rosaramicin, 1151
roxithromycin, 1087
sparfloxacin, 2295t, 2296
spiramycin, 1151, 3176t
sulfonamides, 1572
tedizolid, 1359
teicoplanin, 839, 839t
telithromycin, 1158
tetracycline, 2373
ticarcillin, 188t
ticarcillin-clavulanic acid, 300t
vancomycin, 787

Clostridium ramosum
clindamycin, resistance, 1469
ertapenem, 748t
fidaxomicin, resistance, 1547–1548
garenoxacin, 2198
pencillin G, 31
tedizolid, 1359
vancomycin, 787

Clostridium septicum
clindamycin, 1469
metronidazole, 1809
pencillin G, 31
vancomycin, 787

Clostridium sordelli
clindamycin, resistance, 1469
metronidazole, 1809
penicillin G, 31
tedizolid, 1359

Clostridium sporogenes
clindamycin, resistance, 1469
retapamulin, resistance, 1563
tedizolid, 1359

Clostridium tertium
ceftriaxone, 467
ciprofloxacin, 1872
clindamycin, resistance, 1469
garenoxacin, 2198
penicillin G, 31
retapamulin, resistance, 1563
tedizolid, 1359

Clostridium tetani (tetanus)
amoxicillin, 104
ampicillin, 104
cefazolin, 348
cefoxitin, 406

cephalexin, resistance, 362
cephalothin, 348
chloramphenicol, 1516–1517
clindamycin, 1469
erythromycin, 1066
fusidic acid, 1407
metronidazole, 1809, 1827
novobiocin, 1450
pencillin G, 31
penicillin G, 66
penicillin V, 92
procaine penicillin, 1827
rosaramicin, 1151
spiramycin, 1151
sulfonamides, 1572

Clotrimazole
administration modes, 2890t
adverse reactions and toxicity, 2890t, 2892
antimicrobial activity, 2888t
chemical structure, 2886t
clinical uses, 1604, 2890t, 2893
drug interactions, 2817
excretion, 2890t
pharmacokinetics/pharmacodynamics, 2892
resistance and cross-resistance, 107

Cloxacillin
administration modes, 149t, 150
adverse reactions and toxicity, 152, 153
antimicrobial activity, 144
bioavailability, 148, 148t
chemical structure, 143, 144f
clinical uses

cesarean section prophylaxis, 155
comparison with methicillin, 141
cystic fibrosis, 151
endocarditis, 155, 813
foreign-body infections, 152
skin infections, 154
surgical prophylaxis, 155

dosage, 149t
drug interactions

proguanil, 3131
warfarin, 152

minimum inhibitory concentrations, 144, 146t
pharmacokinetics/pharmacodynamics

distribution, 149t, 151
pharmacoknietics/pharmacodynamics

excretion, 149f, 149t, 150, 152
pharmcokinetics/pharmacodynamics

bioavailability, 148, 150
protein binding, 148

Clozimine, in vitro synergy and antagonism, 1304
CMS. See Colistin methanesulfonate
CMX001. See Brincidofovir
CMX-157, 4631t, 4638
Coagulase-negative staphylococci

amoxicillin-clavulanic acid, 254–255
azithromycin, 1122
beta-lactamase-producing, 162
cefixime, resistance, 539
cefoperazone-sulbactam, 415, 416t
cefotiam, 398t
cefotixin, 403–404
cefpodoxime, 531
ceftaroline, 603, 604t, 605, 606
ceftaxidime, 548, 550t
ceftizoxime, 531
ceftobiprole, 620t, 623
ceftriaxone, 464, 465, 466t
ceftriaxone, resistance, 465
cefuroxime, 384t, 385t, 386
cephalexin, resistance, 361, 362t
ciprofloxacin, 1871

resistance, 1884
clarithromycin, 1097
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clindamycin, 1469, 1469t
resistance, 1473

dalbavancin, 917, 918t, 919
daptomycin, 867, 868t
doripenem, 723, 724t
ertapenem, resistance, 743
erythromycin, 1066
finafloxacin, 2140, 2140t

resistance, 2140t
gatifloxacin, 2214t
gemifloxacin, 2110
gentamicin, 965t
imipenem, 663–664
imipenem, resistance, 664
isoxazolyl penicillins, 155
josamycin, 1151
linezolid, 1294, 1299

resistance, 1299–1300, 1301
methicillin, resistance, 466t
minocycline, 1230
moxifloxacin, resistance, 2086
mupirocin, 1460

resistance, 1461
nafcillin, 155, 163t, 169–170

tolerance, 162
ofloxacin, resistance, 2009, 2035, 2036
omadacyline, 1267, 1268t
oxacillin, 144

resistance, 603, 605
penicillin G, resistance, 30
penicillin V, 93t
pristinamycin, 1387, 1387t
prulifloxacin/ulifloxacin, 2148t
quinopristin-dalfopristin, 1376t
radezolid, 1354
ramoplanin, 940
retapamulin, 1562t, 1563
rifampicin, 2370t, 2372

resistance, 2378
rosaramicin, 1151
roxithromycin, 1087
solithromycin, 1181
teicoplanin, 837, 838t, 855–856

resistance, 840
telithromycin, 1158, 1181
vancomycin, 155, 787, 806, 812, 813–814

combination therapy, 793
resistance, 790, 840

Coagulation disorders, drugs causing
apalcillin, 196
azlocillin, 196
carbenicillin, 179–180, 182, 196
cefoperazone, 420–421
cefotaxime, 180
clindamycin, 1487
mezlocillin, 180, 196
pencillins, 180
penicillin G, 54
piperacillin, 196
suramin, 3232
teicoplanin, 851
temofloxacin, 2310
tetracycline, 1199
ticarcillin, 196
ticlocillin, 179, 180

Co-amoxiclav. See Amoxicillin-clavulanic acid
Coarsucam. See Artesunate-amodiaquine
Co-artemether. See Artemether-lumefantrine
Coartem. See Artemether-lumefantrine
Cobicistat, 4180–4206

administration mode, 4181
adverse reactions and toxicity, 4201, 4203t,  

4204
chemical structure, 4181, 4181f
dosage, 4181–4182, 4182t

drug interactions, 4185–4191, 4185–4201, 4186t
alternative/complementary medicines, 4190, 

4200
antifungal drugs, 4188t
antihelminthics, 4188t
antiretroviral drugs, 4187, 4190, 4199t, 4200
atanavir, 4200
atazanavir, 4199t
buprenorphine-naloxone, 4190t
carbamazepine, 4190t
contraindicated drugs, 4186–4187, 4186t, 4187
dadatasvir, 4189t
darunavir, 4199t, 4200
digoxin, 4191t
dolutegravir, 4199t
efavirenz, 4196t
elvitegravir, 4197t
etravirine, 3978t, 4196t, 4199t
fluticasone, 4192t
HIV protease inhibitors, 4180–4182
ifosfamide, 4192t
liver enzyme interactions, 4185, 4186t
maraviroc, 4199t
mefloquine, 3081
miadazolam, 4192t
nevirapine, 4196t, 4199t
nonnucleoside reverse transcriptase inhibitors, 

4199t
oral contraceptives, 4193t
protease inhibitors, 4199t
quinine, 3063
raltegravir, 4197t, 4199t
recreational drugs, 4190–4191
rifabutin, 4188t
rifampicin, 4188t
rilpivirine, 4199t
rosuvastatin, 4193t
tilpivirine, 4196t
tipranavir, 4200
vinblastine, 4195t
vincristine, 4195t
vinorelbine, 4195t
warfarin, 4195t

elvitegravir-boosted, 4196t, 4199t, 4200, 4233t, 
4234, 4235t, 4236–4338, 4237t

excretion, 4185
mechanism of action, 4180–4181
pharmacokinetics/pharmacodynamics, 4183t, 

4184
bioavailability, 4184t, 4185
distribution, 4184t, 4185
excretion, 4184t, 4185

Coca-Cola, effect on ketoconazole absorption, 2738
Cocaine, interactions with dolutegravir, 4261t
Coccidioides

isavuconazole, 2865
ketoconazole, 2732t
posaconazole, 2843

Coccidioides immitis (coccidioidomycosis)
amphotericin B, 2570, 2572t, 2593–2594

resistance, 2570
amphotericin B, liposomal, 2622
amphotericin B-lipid complex, 2640
anidulafungin, resistance, 2694t, 2695
caspofungin, resistance, 2661t, 2662
fluconazole, 2757t, 2758, 2777–2778
flucytosine, resistance, 2920
itraconazole, 2791t, 2802
ketoconazole, 2733, 2746
micafungin, 2683, 2683t
miconazole, 2813t, 2814
natamycin, 2653
nystatin, 2646
posaconazole, 2746, 2844, 2845t, 2853
voriconazole, 2746, 2824t, 2825, 2836

Coccidioides posadasii, ciprofloxacin, 1875
Coccidioidomycosis. See Coccidioides immitis 

(coccidioidomycosis)
Cockayne syndrome, metronidazole adverse effect in, 

1823–1824
Cocktail purpura, 3065
Codeine, drug interactions

pyronaridine, 3012
zanamivir-enhancing activity, 4566
zidovudine, 3669

Cognitive behavior therapy, cycloserine adjunct 
therapy for, 2525

Colchicine, drug interactions
azithromycin, 1128
darunavir, 4132t
telithromycin, 1163

Coleophoma empetri, as micafugin source, 2681
COLEP (Contact Transmission and 

Chemoprophylaxis in Leprosy) trial, 2394
Colisitimethate. See Colistin methanesulfonate 

(CMS)
Colistimethate sodium, 689–690
Colistin (polymyxin E)

antimicrobial activity, 1421–1422, 1422t
minimum inhibitory concentrations, 

1421–1422, 1422t
chemical structure, 1420f
in combination with

rifampicin, 1442
trimethoprim-sulfoxazole, 1635

concentration-dependent activity, 4t
drug interactions

capreomycin, 2516
vancomycin, 807

in vitro synergy and antagonism, 301, 703, 1397, 
2372–2374

pharmacokinetics/pharmacodynamics, 
1430–1433, 1431f

excretion, 1428f, 1435
resistance and cross-resistance, 294, 1421–1422, 

1422t, 1423, 1434
restrictions on use, 16

Colistin methanesulfonate
administration modes, 1420, 1421, 1424, 1426

inhalation, 1443
intrathecal, 1442–1443
intraventricular, 1442–1443
parenteral, 1424, 1434–1435

adverse reactions and toxicity, 1435–1437
antimicrobial activity, 1438t–1440t
chemical structure, 1420f, 1421
clinical uses

CNS infections, 1442–1443
cystic fibrosis, 1437
multidrug-resistant Gram-negative bacterial 

infections, 1437, 1438t–1439t, 1443
respiratory tract infections, 1438t–1439t,  

1443
dosage, 1424, 1426, 1434–1435, 1442, 1462t
drug interactions, 1435
generic brands, 1424–1425, 1426
pharmacokinetics/pharmacodynamics, 1428, 

1428f
bioavailability, 1430–1433, 1431f
clinically important features, 1434–1435
distribution, 1433–1434
excretion, 1428f, 1430–1433, 1433f, 1435

polymyxin B, 1427–1428
Colitis, amebic, metronidazole, 1815, 1833
Colitis, antibiotic/C. difficile-associated/

pseudomembranous
caused by

aciclovir, 3464
amoxicillin, 117
amoxicillin-clavulanic acid, 265
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Colitis, antibiotic/C. difficile-associated/ 
pseudomembranous (continued)
ampicillin, 116–117
ampicillin-sulbactam, 241
carbenicillin, 181
cefazolin, 353
cefepime, 593
cefoxitin, 222, 353
cefpodoxime, 536
ceftiazidime, 561
cefuroxime, 389–390
cephalexin, 364
cephamycins, 409
chloramphenicol, 1528
ciprofloxacin, 1906, 1912
clindamycin, 222, 1480, 1488
doxycycline, 1211
ertapenem, 755
fluoroquinolones, 1906
imipenem, 679
imipenem-cilastatin, 685
isoxazolyl penicillins, 152–153
linezolid, 1314
meropenem, 711
metronidazole, 1822
moxifloxacin, 2092
oxacillin, 152–153
penicillin V, 95
piperacillin-tazobactam, 222
quinupristin-dalfopristin, 1381
rifampicin, 2391
spiramycin, 3178
spiramycin-related, 3178
sulfadiazine, 1587

treatment
bacitracin, 1457, 1458
ciprofloxacin, 1927
nitazoxanide, 1829
rifaximin, 1829
teicoplanin, 857
tolevamer, 1829
vancomycin, 816–817, 857, 1829

Colletotrichum crassipes, albaconazole, 2871, 2873t
Colon, antimicrobial distribution in

ertapenem, 754
tigecycline, 1255–1256

Colon surgery prophylaxis
cefotetan, 409
cephamycins, 409
ertapenem, 409
neomycin, 1047

Colony-stimulating factors, in combination with 
zidovudine, 3679

Color discrimination testing, in ethambutol patients, 
2351

Colorectal cancer, trimetrexate, 1769, 1773
Colorectal surgery prophylaxis

amoxicillin-clavulanic acid, 269
aztreonam-clindamycin, 654
cefazolin, 1828
cefotetan, 408, 1828
cefoxitin, 198, 408, 1828
ceftriaxone, 761
cefuroxime-metronidazole, 198
ciprofloxacin, 1899–1900, 1934
clindamycin-cefotaxime, 654
clindamycin-gentamicin, 654
ertapenem, 761
fosfomycin, 1402t
gentamicin, 269
kanamycin, 953–954, 959
metronidazole, 269, 1828
mezlocillin, 197
neomycin, 1828
piperacillin-aminoglycoside-metronidazole, 198
piperacillin-tazobactam, 198

ticarcillin-clavulanic acid, 311
tinidazole, 1857
trimethoprim-sulfamethoxazole, 1685

Coma, drugs causing
aciclovir, 3464
hepatic, neomycin, 1047
lindane, 3425
metronidazole, 1822
sulfonamides, 1593–1594
zidovudine, 3673

Comamonas
ceftazidime, 552
trimethoprim-sulfamethoxazole, 1630

Coma recovery time, effect of artemisinin- 
naphthoquine on, 3023–3024

Combinectin (BMS-986197), 4630t, 4632, 4633f
COMBINE study, 3881–3882
Cometidine, interactions with rimantadine, 4536
Community Acquired Pneumonia: tReatment with 

Avelox (CAPRVI) study, 2096
Complementary and alternative medicines. See also 

specific herbs and medicines
drug interactions

cobicistat, 4200
ritonavir, 4200

Complement system, suramin-related inhibition, 
3231–3232

Complera. See Rilpivirine, combined with tenofovir, 
emtricitabane

Concentration impairment, amantadine-related, 
4536

Condoms, effect of miconazole on, 2817, 2818
Conduction disorders, drugs causing

amodiaquine, 3052
chloroquine, 3039
hydroxychloroquine, 3039

Condylomata acuminatum, anogenital
cidofovir, 3558
idoxuridine, 3637

Confusion, drugs causing
amantadine, 4536
famciclovir, 3498
ganciclovir, 3513
garenoxacin, 2205
griseofulvin, 2929
metronidazole, 1822
miconazole, 2817
nalidixic acid, 2265
polymyxins, 1447
radezolid, 1355

Congenital anomalies. See Teratogenicity
Congenital heart defects, fetal zidovudine 

exposure-related, 3674
Congen. See Crotamiton
Conidiobolomycosis, ketoconazole, 2747–2748
Conidiobolus

amphotericin B, 2570–2571, 2573t
ketoconazole, 2732t, 2733
miconazole, 2813t, 2814

Conidiobolus coronatus, ketoconazole, 2727–2748, 
2747–2748

Conjunctivitis
ceftriaxone, 498
ciprofloxacin, 1932
gatifloxacin, 2232
idoxuridine, 3636
lomefloxacin, 2250
melarsoprol, 3246
moxifloxacin, 2085
norfloxacin, 1995
ofloxacin, 2010, 2035
para-aminosalicyclic acid, 2491
pediatric

sulfacetamide, 1604
trimethoprim-sulfamethoxazole, 1604

roxithromycin, 1092

sparfloxacin, 2300
tobramycin, 1932
tosufloxacin, 2307

Constipation, drugs causing
anidulafungin, 2701
atovaquone, 3122
clindamycin, 1487–1488
fosfomycin, 1399
iclaprim, 1780t
lefamulin, 1559t
peramivir, 4620
tiniazole, 1853
vancomycin, 1559t

Contact dermatitis, drugs causing
aciclovir, 3464
butenafine, 2722
chloroquine, 3038
ciclopirox, 2911
clindamycin, 1486
crotamiton, 3442
gentamicin, 1049
hydroxychloroquine, 3038
miconazole, 2817
naftifine, 2726
neomycin, 1049
nystatin, 2646
paromomycin, 3155
penicillin G, 47t, 48, 50
spiramycin, 3178
tolnaftate, 2902

CONTEXT study, 4116, 4117t, 4119
Continuous ambulatory peritoneal dialysis (CAPD)

amikacin, 1013–1014
ampicillin-sulbactam, 283
azithromycin, 1125
aztreonam, 648
cefazolin, 349
cefixime, 541
cefotaxime, 435
ceftizoxime, 534
ciprofloxacin, 1890–1891, 1898
clarithromycin, 1100
crystalline pencillin G, 42
entecavir, 4326
fleroxacin, 2183, 2184
fluconazole, 2762
foscarnet, 3598
fosfomycin, 1398
gatifoxacin, 2221
imipenem, 674, 676t
itraconazole, 2791
ketoconazole, 2737
lamivudine, 3733
levofloxacin, 2061t
meropenem, 705, 705t
metronidazole, 1816–1817
moxifloxacin, 2088
nevirapine, 3863, 3863t, 3868
ofloxacin, 2014, 2015
pefloxacin, 2279–2280, 2281
as peritonitis cause

amphotericin B, 2589
ciprofloxacin, 1933
levofloxacin, 2068
ofloxacin, 2015, 2036, 2068
pefloxacin, 2284
vancomycin-resistant, 790

pyrimethamine, 1729
rifampicin, 2381–2382
roxithromycin, 1089
teicoplanin, 842t, 844, 845, 847, 850, 855
temocillin, 221
ticarcillin-clavulanic acid, 304
tobramycin, 855
valaciclovir, 3458
zidovudine, 3667
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Continuous ambulatory peritoneal dialysis (CAPD) 
patients

Chryseomonas luteola infections in, 68
Flavimonas oryzihabitans infections in, 68

Continuous arteriovenous hemofiltration
azithromycin, 1125
cefotiam, 399
clarithromycin, 1100
pyrimethamine, 1729
valaciclovir, 3458

Continuous renal replacement therapy (CRRT)
ampicillin-sulbactam, 283
aztreonam, 648
cefazolin, 350
cefepime, 588
cefotaxime, 431t, 433
ceftadizime, 555
ceftaroline, 610
ceftriaxone, 476–477
clindamycin, 1478
colistin, 1430, 1432–1433
colistin methanesulfonate, 1430, 1432–1433
daptomycin, 876, 877t
ertapenem, 753
imipenem, 674
meropenem, 705, 707, 708

therapeutic drug monitoring of, 709
polymyxin B, 1427
rifampicin, 2381
ticarcillin-clavulanic acid, 304
vancomycin, 800

in pediatric patients, 800
Continuous venovenous hemodiafiltration

amphotericin B-lipid complex, 2631
aztreonam, 648
cefotaxime, 431t, 433
ceftadizime, 555
doripenem, 731, 733
ertapenem, 753
fluconazole, 2762
imipenem, 674
isepamicnin, 1041
levofloxacin, 2060
meropenem, 705t
piperacilin-tazobactam, 327–328
polymyxin B, 1427–1428, 1429
voriconazole, 2827

Continuous venovenous hemodialysis
aztreonam, 648
cefotaxime, 431t, 433
ceftadizime, 555
ceftriaxone, 476, 477
ertapenem, 753
piperacillin-tazobactam, 237
polymyxin B, 1427
tedizolid, 1362
telavancin, 933

Continuous venovenous hemofiltration
cefotaxime, 431t, 433
cefotiam, 399
ceftriaxone, 476–477
fluconazole, 2762
fosfomycin, 1398
imipenem, 674
levofloxacin, 2060
linezolid, 1307
meropenem, 705, 706t
ofloxacin, 2011t, 2012, 2014–2015
piperacilin-tazobactam, 327
polymyxin B, 1427–1428
pyrimethamine, 1729
quinine, 3062
tedizolid, 1362
telavancin, 933

Contraception, during miltefosine use, 3296, 3298
Contraceptive activity, gramicidin, 1456

Contraceptives. See also Condoms; Ethinyl estradiol; 
Oral contraceptives

interactions with rifapentine, 2466
Contrast dye, interactions with cidofovir, 3547–3548, 

3550
ContraVir Pharmaceuticals, 4631t
Convulsions, drugs causing

linezolid, 1316
nalidixic acid, 2265

Coombs’ test, effect of cefotaxime on, 439
Cooperia, moxidectin, 3362
Cooperstown cocktail, 3976
COPD. See Chronic obstructive pulmonary disease 

(COPD)
Copper carbonate, 14
CORAL I study, 4505
CORE (Cubicin Outcomes Registry and Experience), 

886, 889, 890, 897
Cornea, antimicrobial distribution in

amphotericin B, 2632
amphotericin B-lipid complex, 2632
gatifloxacin, 2223
lomefloxacin, 2247
natamycin, 2654
sparfloxacin, 2297

Corneal infections, treatment
amphotericin B, 2592
clarithromycin, 1110
sparfloxacin, 2300

Corneal toxicity
amantadine, 4537
ciprofloxacin, 1911
clofazimine, 2537, 2537t
diethylcarbamazine, 3374
idoxuridine, 3636
miconazole, 2817
ofloxacin, 2021t, 2023
sparfloxacin, 2298–2299
suramin, 3232
tafenoquine, 3113
tosufloxacin, 2307
trifluridine, 3630

Coronary artery bypass surgery prophylaxis
daptomycin, 878t
minocycline, 1238

Coronary artery disease prophylaxis, roxithromycin, 
1092

Coronary artery spasm, metronidazole-related, 1824
Coronaviruses

chloroquine, 3033
niclosamide, 3408
nitazoxanide, 3163t, 3165

Corticosteroids
adverse reactions and toxicity, 2117
as bacterial meningitis adjunct therapy, 59
in combination with bacitracin, 1458
drug interactions

amphotericin B, 2634
ciprofloxacin, 1909
darunavir, 4133t
quinupristin-dalfopristin, 1380t
rifabutin, 2437–2438
rifampicin, 2385, 2386t
trimetrexate, 1771

Cortisol secretion, ketoconazole-induced blockage, 
2744, 2745

Cortisol synthesis inhibition, itraconazole, 2798
Corynebacterium

carriage state, 30
ceftriaxone, resistance, 465
ciclopirox, 2909–2910
ciprofloxacin, 1872, 1930
clarithromycin, 1099
clindamycin, resistance, 1474
dalbavancin, 920
doripenem, 725

ertapenem, 744t, 745
gatifloxacin, 2216
gentamicin, 965
Group D2

ciprofloxacin, 1987
norfloxacin, 1987

group JK, pencillin, resistance, 30
imipenem, 664, 666t
linezolid, 1293, 1295
meropenem, 698
mupirocin, resistance, 1460
nafcillin, 163t
nitrofurantoin, resistance, 1786
ofloxacin, 2006
penicillin G, resistance, 30
piperacillin-tazobactam, 321t
pristinamycin, 1387t
solithromycin, 1180t
sparfloxacin, 2295
spiramycin, 3175
teicoplanin, 837–838, 856
telithromycin, 1158
trimethoprim-sulfamethoxazole, resistance, 

1626–1627
vancomycin, 786t, 787, 814

Corynebacterium amycolatum
doripenem, 725
vacnomycin, 814

Corynebacterium bovis, pencillin G, 30
Corynebacterium diphtheriae (diphtheria)

amoxicillin, 103
ampicillin, 103
azithromycin, 1122
bacitracin, 1454
carrier state eradication

erythromycin, 1076
penicillin G, 43, 67

cefotixin, 404
cephalexin, 361
chloramphenicol, 1516
ciclopirox, 2910
clarithromycin, resistance, 1099
clindamycin, 1474, 1491t, 1497
erythromycin, 1066, 1076, 1078

resistance, 1068
fleroxacin, 2182
fusidic acid, 1407, 1408t
josamycin, resistance, 1152
lincosamide resistance, 1474
linezolid, 1295
nitrofurantoin, 1786
novobiocin, 1450
penicillin, resistance, 67
penicillin G, 24t, 30, 67
penicillin V, 92
rosaramicin, 1151

resistance, 1152
roxithromycin, resistance, 1088
telithromycin, 1158
trimethoprim-sulfamethoxazole, 1626
vancomycin, 787, 814

Corynebacterium haemolyticum. See Arcanobacterium 
haemolyticum

Corynebacterium hofmannii. See Corynebacterium 
pseudodiphtheriticum

Corynebacterium jeikeium
chloramphenicol, resistance, 1516
ciprofloxacin, 1872
clarithromycin, resistance, 1099
daptomycin, 870t, 871
doripenem, 725
fleroxacin, 2182
imipenem, resistance, 664, 666t
meropenem, resistance, 698
multidrug-resistant, 698
pencillin G, 30
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Corynebacterium jeikeium (continued) 
piperacillin-tazobactam, resistance, 230, 321t, 322
quinopristin-dalfopristin, 1374
sparfloxacin, 2295
tedizolid, 1358t, 1359
teicoplanin, 838t, 856
vancomycin, 787, 814

Corynebacterium kerosis, pencillin G, 30
Corynebacterium minutissimum

ciprofloxacin, 1872
linezolid, 1327

Corynebacterium pseudodiphtheriticum
ciprofloxacin, 1872
penicillin G, 30, 61
trimethoprim-sulfamethoxazole, 1626

Corynebacterium striatum
ciprofloxacin, 1872
doripenem, 725
pencillin G, resistance, 30
teicoplanin, 838t
telithromycin, resistance, 1158
vacnomycin, 814

Corynebacterium ulcerans, clindamycin, resistance, 
1469, 1474, 1497

Corynebacterium urealyticum
ciprofloxacin, 1872
imipenem, resistance, 664, 666t

Corynebacterium xerosis, ciprofloxacin, 1872
Coryneform, erythromycin, 1066
COSMOS studies, 4482, 4483t
Co-trimoxazole. See Trimethoprim-sulfamethoxazole
Cottontail rabbit papillomavirus

cidofovir, 3533t, 3539
ribavirin, 4371

Cough, drugs causing
amphotericin B, 2577
atovaquone-proguanil, 3132, 3141, 3142t
itraconazole, 2798
nitrofurantoin, 1791
ombitasvir-paritaprevir-ritonavir-dasabuvir, 4504t
telbivudine, 4350t

Coumadin. See Warfarin
Coviracol. See Emtricitabane
Cowpox virus

adefovir, 4336
cidofovir, 3533t, 3538, 3540t, 3541t

Coxiella
doxycycline, 1205t, 1206
pristinamycin, 1387t

Coxiella burnetii (Q fever)
amantadine, 4525
azithromycin, resistance, 1124
chloroquine, 3032, 3040–3041
ciprofloxacin, 1874, 1930, 1987
clarithromycin, 1107, 1111

resistance, 1099
clindamycin, 1470
doxycycline, 1079, 1204, 1205t, 1206, 1213, 

1217–1218, 1219, 2096–2097, 3032, 3041
doxycycline-hydroxychloroquine, 1218
erythromycin, 1079
fleroxacin, resistance, 2182
hydroxychloroquine, 3041
linezolid, 1298
moxifloxacin, 2096–2097
norfloxacin, 1987
ofloxacin, 2008, 2037
pefloxacin, 2278, 2285
rifampicin, 2374, 2406

during pregnancy, 2381
sulfonamide, resistance, 1574
trimethoprim-sulfamethoxazole, 1660, 1674

Coxsackie virus, ribavirin, 4371
CP-99,219. See Trovafloxacin
CQ. See Chloroquine

Crab lice. See Phthirus pubis
Cranial nerve injury, capreomycin, 2516
Cranial nerve palsies

nalidixic acid, 2265
tetracycline, 1199

Craniotomy prophylaxis
cloxacillin, 155
oxacillin, 155

C-reactive protein, interaction wth voriconazole, 
2828

Creatinine clearance. See excretion under specific 
drugs

Crestomycin. See Paromomycin
Creutzfeldt-Jakob virus, ganciclovir, 3504
Crimean-Congo hemorrhagic fever, ribavirin, 4393
Crimean-Congo virus, ribavirin, 4368t, 4370
Critically-ill patients

amikacin, 1014, 1015t
amoxicillin-clavulanic acid, 264
cefazolin, 350
ceftriaxone, 475, 478
cephalothin, 350
colistin, 1430–1431, 1433f
colistin methanesulfonate, 1430–1431, 1433f, 1436, 

1443
doripenem, 731, 733t
gatifloxacin, 2222, 2222t
gentamicin, 971
imipenem, 674
linezolid, 1308, 1310, 1311, 1319
meropenem, 708
nalidixic acid, 2269
nystatin, 2649–2650
panipenem, 779
piperacillin-tazobactam, 236, 327, 330
teicoplanin, 845–846, 847, 848

Crix belly, indinavir, 4069
Croconazole

administration modes, 2890t
adverse reactions and toxicity, 2890t
antimicrobial activity, 2888t
chemical structure, 2886t
clinical uses, 2890t, 2893
excretion, 2890t

Crohn’s disease
cephaledin, 363
ciprofloxacin, 1831
clarithromycin, 1112
clindamycin, 1480
metronidazole, 1817, 1824, 1831–1832
rifaximin, 2457–2458
sulfasalazine, 1601, 1831

Crotamitex. See Crotamiton
Crotamiton, 3440–3444

administration mode, 3441
adverse reactions and toxicity, 3442
antimicrobial activity, 3440
chemical structure, 3440, 3440f
clinical uses, 3442–3443
dosage, 3441

overdose, 3442
excretion, 3441
mechanism of action, 3440
pharmacokinetics/pharmacodynamics, 3441
resistance and cross-resistance, 3440

Crotanol. See Crotamiton
Crotan. See Crotamiton
Crotaphil. See Crotamiton
Crotorax. See Crotamiton
Cryptococcosis. See also Cryptococcus neoformans 

(cryptococcosis); Cryptococcus gattii 
(cryptococcosis)

amphotericin B, 2585–2587
amphotericin B, liposomal, 2617–2618
amphotericin B-lipid complex, 2637, 2638t, 2640

fluconazole, 2585–2586, 2759, 2760t, 2761, 
2774–2776

flucytosine, 2923–2924
itraconazole, 2791t, 2801
posaconazole, 2854
voriconazole, 2836

Cryptococcus
albaconazole, 2871
amphotericin B, 2570, 2572t

resistance, 2570
butenafine, 2720
capsofungin, 2674
isavuconazole, 2858, 2859
posaconazole, 2843

Cryptococcus albidus
albaconazole, 2871, 2872t
ravuconazole, 2878t

Cryptococcus gattii (cryptococcosis)
albaconazole, 2871, 2872t
amphotericin B, 2570, 2572t, 2586
caspofungin, resistance, 2662
fluconazole, 2761

resistance, 2758, 2759
isavuconzole, 2860t
miltefosine, 3293t
ravuconazole, 2878t

Cryptococcus laurentii
albaconazole, 2871, 2872t
ravuconazole, 2878t

Cryptococcus neoformans (cryptococcosis)
albaconazole, 2871, 2872t
amorolfine, 2904
amphotericin B, 2633
amphotericin B, liposomal, 2620
amphotericin B deoxycholate, 2570, 2571, 2572t
amphotericin B-lipid complex, 2628–2629
anidulafungin, resistance, 2694t, 2697
caspofungin, 2667
caspofungin, resistance, 2662
choroquine, 3032
ciprofloxacin, 1875
fluconazole, 2756, 2757t, 2761

resistance, 2758–2759
flucytosine, 2919, 2920t

resistance, 2919–2920, 2924
isavuconazole, 2860t
itraconazole, 2786, 2787t

resistance, 2788
ketoconazole, 2732t, 2733
linezolid, 1299
maraviroc, 4317
micafungin, 2683t
miconazole, 2812, 2813t, 2814
miltefosine, 3293t, 3296, 3305
natamycin, 2653
nystatin, 2646
posaconazole, 2844, 2845t
ravuconazole, 2876, 2878t
terbinafine, 2710
tipranavir, 4159
voriconazole, 2823, 2824f

resistance, 2825
Cryptococcus neoformans serovar grubii, 

 amphotericin B-linezold, 1305
Cryptococcus neoformans var. gattii, flucytosine,  

2924
Cryptococcus neoformans var. grubii, sulfonamides, 

1576
Cryptospordium, spiramycin, 3175
Cryptosporidiosis. See also Cryptosporidium species

nitazoxanide, 3166, 3168
rifabutin, 2444
spiramycin, 3180
sulfadimethoxine, 1595, 1596

Cryptosporidium hominis, nitazoxanide, 3162
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Cryptosporidium parvum
atovaquone, 3119
azithromycin, 1124
nitazoxanide, 3162
paromomycin, 3149
rifaximin, 2451

Crystallization, vascular, foscarnet, 3601
Crystalluria, drugs causing

ciprofloxacin, 1910
indinavir, 4068
nitrofurantoin, 1792
norfloxacin, 1989
sulfanamides, 1591
trimethoprim-sulfamethoxazole, 1648, 1653

C-SALT study, 4511t, 4514
C-SALVAGE study, 4511t, 4513
C-SURFER study, 4515t, 4516–4517
C-SWIFT study, 4511t, 4514
Cubicin Outcomes Registry and Experience (CORE), 

886, 889, 890, 897
Cubicin. See Daptomycin
Cumulative fraction response (CFR), 329–330
Cunninghamella

amphotericin B, 2570–2571
ketoconazole, 2733
natamycin, 2653
posaconazole, 2843
ravuconazole, 2877

Cunninghamella bertholletiae
amphotericin B, 2573t
isavuconazole, 2863
terbinafine, 2710

Cunninghamellaceae, 2595. See also Mycormycosis 
(zygomycosis)

CUPILT study, 4485, 4486–4487
Curvularia lunata, amphotericin B, 2573t
Cushing syndrome, drugs causing

lopinavir-ritonavir, 4096
ritonavir, 4093, 4094

Cutaneous larva migrans, treatment
albendazole, 3322
ivermectin, 3352t, 3360–3361
thiabendazole, 3340

Cutaneous toxicity
benznidazole, 3207
butenafine, 2722
capsofungin, 2670
ciclopirox, 2911
crotamiton, 3442
darunavir, 4133–4134
famciclovir, 3498
foscarnet, 3600t, 3601
furazolidone, 3190
griseofulvin, 2929–2930
haloprogin, 2934
isavuconazole, 2865
melarsoprol, 3246
miconazole, 2817
streptomycin, 2479
thiacetazone, 2506
tipranavir-ritonavir, 4171
tolnaftate, 2902
zalcitabine, 3724
zidovudine, 3673

C-WORTHY study, 4512, 4514
CXA101. See Ceftolozane
cyA gene, 1395–1396
Cyanosis, drugs causing

crotamiton, 3442
lindane, 3425
sulfonamides, 1590

Cyclacillin, 101t
Cyclo-oxygenase-dependent pathways, sulfasalazine- 

related inhibition, 1581
Cyclopentyl rifampin. See Rifapentine

Cyclophilin inhibitors, 4438t, 4630t, 4637–4639
Cyclophosphamide, drug interactions

isavuconazole, 2864
zidovudine, 3669

Cycloproguanil, in vitro synergy, 1758
Cycloserine, 2520–2530

administration modes, 2522
adverse reactions and toxicity, 2520, 2524, 

2525–2526
antimicrobial activity, 2520–2522
chemical structure, 2520, 2520f
clinical uses

psychiatric disorders, 2525
tuberculosis, 2523, 2526–2527
UTIs, 2526

dosage, 2522–2524, 2526
drug interactions, 2524

efavirenz, 2526
ethionamide, 2498
isoniazid, 2525

excretion, 2524
mechanism of action, 2522
pharmacokinetics/pharmacodynamics, 2523–2524
resistance and cross-resistance, 2521–2522
terizidone as alternative to, 2520

Cyclospora cayetanensis
ciprofloxacin, 1920
nitazoxanide, 3162, 3169
sulfonamides, 1575, 1596
travelers’ diarrhea, 1669
trimethoprim-sulfamethoxazole, 1595, 1920

Cyclosporin A
combined with teicoplanin, 851
drugs interacting with

clindamycin, 1485
grazoprevir, 4460

Cyclosporine. See Ciclosporin (cyclosporine)
Cymevene. See Ganciclovir
CYP1A1, ketoconazole interaction, 2740
CYP1A2, drugs interacting with

aciclovir, 3462
caffeine, 2063
cinafloxacin, 2314
ketoconazole, 2740
norfloxacin, 1990
primaquine, 3103
pyronaridine, 3012
theophylline, 2063

CYP2, rifamycin interaction, 2384
CYP2A6, ketoconazole interaction, 2740
CYP2AC, artesunate interaction, 2968
CYP2B6, drugs interacting with

artemether-lumefantrine, 2978
artemisinin, 2949
efavirenz, 3914, 3915, 3917, 3922
isavuconazole, 2863–2864
letermovir, 3624

CYP2B6 polymorphism T983C genotype, 3870
CYP2C, drugs interacting with

albendazole, 3318
etravirine, 3975

CYP2C6, interaction with chloroquine, 3037
CYP2C8, drugs interacting with

amodiaquine, 3052
bedaquiline, 2545
chloroquine, 3037
iclaprim, 1780
letermovir, 3624

CYP2C8/9, rifapentine interactions, 2466
CYP2C9, drugs interacting with

artemether-lumefantrine, 2978
chloramphenicol, 1525
clarithromycin, 1102
efavirenz, 3915
elvitegravir, 4236

etravirine, 3975–3976
fluconazole, 2765
iclaprim, 1780
itraconazole, 2795
ketoconazole, 2740
metronidazole, 1822
oritavancin, 913
rifampicin, 2385
ritonavir, 4108
sulfamethoxazole, 1586
voriconazole, 2830
warfarin, 2063

CYP2C19, drugs interacting with
artemether-lumefantrine, 2978
artemisinin, 3023
bedaquiline, 2545
chlorproguanil, 3131
clarithromycin, 1102
efavirenz, 3132, 3915
etravirine, 3975–3976
fluconazole, 2765
iclaprim, 1780
maribavir, 3643
nelfinavir, 4079
oritavancin, 913
proguanil, 3130, 3131
rifampicin, 4079
ritonavir, 4108
voriconazole, 2828, 2830

CYP2D6, drugs interacting with
chloroquine, 3037
delavirdine, 3962
halofantrine, 3094
iclaprim, 1780
maribavir, 3643
miconazole, 2817
oritavancin, 913
primaquine, 3099
pyronaridine, 3012
quinidine, 3063
ritonavir, 4108
telithromycin, 1162

CYP2E1, ketoconazole interactions, 2740
CYP3A, drugs interacting with

asunaprevir, 4459
bedaquiline, 2545, 2546
claithromycin, 1313
daclasvir, 4461
daclatasvir, 4464
elvitegravir, 4236
grazoprevir, 4460
lefamulin, 1559
lopinavir-ritonavir, 4092
nelfinavir, 4079
rifabutin, 2437–2438
rifampicin, 1313, 4079
simeprevir, 4458
telaprevir, 4455

CYP3A4, drugs interacting with
albendazole, 3318
amiodarone, 1771
amodiaquine, 3052
amprenavir, 1751–1752, 4110
antiretroviral drugs, 2385, 2387
artemether, 2949
artemether-lumefantrine, 2978
atazanavir, 1771, 4146, 4147
azole antifungal drugs, 2546
carbamazepine, 1771
cat’s claw (Uncaria tomentosa), 4200
chloramphenicol, 1525
chloroquine, 3037
cimetidine, 1771
ciprofloxcin, 1904
clarithromycin, 1102
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CYP3A4, drugs interacting with (continued)
clindamycin, 1479, 1485
clofazimine, 2536
cobicistat, 4180–4181, 4185
corticosteroids, 1771
darunavir, 4130
delamanid, 2553–2554
delavirdine, 3962
doxycycline, 1209, 1210
efavirenz, 2546, 3863–3864, 3913, 3915
erythromycin, 1073, 1751
etravirine, 3975
fluconazole, 1771, 2765, 3977
fluvoxamine, 1771
fosamprenavir, 4107
fusidic acid interaction, 1413
grapefruit juice, 4200
halofantrine, 3093, 3094
HIV protease inhibitors, 4180
indinavir, 4062–4063
isavuconazole, 2863–2864
itraconazole, 1771, 2795, 2797
ivermectin, 3355
ketoconazole, 1175, 1751, 1771, 1780, 2740
lefamulin, 1559
maraviroc, 3916, 4309, 4311
mefloquine, 3081
micafungin, 2687
milk thistle, 4200
neivirapine, 3870
nelfinavir, 1771
nevirapine, 1771
norfloxacin, 1990
omeprazole, 1751
oritavancin, 913
phenytoin, 1771
piperaquine, 2997
posaconazole, 2850, 3977
praziquantel, 3388–3389
pyronaridine, 3012
quinine, 3063
retapamulin, 1564
rifabutin, 1771, 2438–2439, 3916
rifampicin, 1771, 2385, 2387, 2438, 2864
rifapentine, 2466
rifaximin, 2455
rifmapicin, 3081–3082
rilpivirine, 4005
ritonavir, 4108, 4185
roxithromycin, 1090
saquinavir, 1752, 1771
solithromycin, 1187
statins, 3918
sutezolid, 2561
telithromycin, 1162
tetracycline, 1197
tinidazole, 1853
tipranavir, 4165
tipranavir-ritonavir, 4165, 4166
trimetrexate, 1771
verapamil, 1771
voriconazole, 2830

CYP3A4/5, drugs interacting with
iclaprim, 1780
letermovir, 3624
lopinavir, 4090–4091, 4092

CYP3A5, drugs interacting with
artemether, 2949
clindamycin, 1479
rilpivirine, 4005

CYP51, drugs interacting with
isavuconazole, 2862
posaconazole, 2843

CYP450, drugs interacting with
bedaquiline, 2545
ciprofloxacin, 1903

clarithromycin, 1097, 1102
dapsone, 1751
delamanid, 2553
efavirenz, 3911
excretion, 3141
fluoroquinolones, 1903
garenoxacin, 2203
itraconazole, 2789, 2795
ketoconazole, 2740, 2743
macrolides, 1127, 1153
mebendazole, 3332
miconazole, 2816
norfloxacin, 1903
ofloxacin, 1903, 2020
oritavancin, 913
permethrin, 3417
posaconazole, 2850
rifampicin, 2384–2385
rifapentine, 2466
sulfaphenazole, 1581
terbinafine, 2714, 2715
voriconazole, 2830

CYP450A, drugs interacting with
quinidine, 3063
quinine, 3063

CYP450 system, drugs interacting with
carbamazepine, 1751
cimetidine, 1751, 1752
glucocorticoids, 1751

Cystectomy, ampicillin-sulbactam prophylaxis, 294
Cystericercosis. See Taenia solium (cysticercosis)
Cystic fibrosis

amikacin, 1014, 1015, 1016, 1017t
azithromycin, 1122, 1124–1125
azlocillin, 193
aztreonam, 650–651
carbenicillin, 174
cefepime, 579, 589
cefepime-tazobactam, 589
cefpirome, 589
ceftazidime, 549
ceftazidime-avibactam, 564
ceftiazidime, 557, 558
ciprofloxacin, 1891–1892, 1893, 1903–1904, 

1908–1909, 1926–1927
cloxacillin, 151
colistin (polymyxin E), 1430, 1434
colistin methanesulfonate, 1426, 1430, 1436, 1443
dicloxacillin, 148, 149t, 151
doripenem, 729, 733–734
fleroxacin, 2183
gentamicin, 973
imipenem, 679
isoxazolyl penicillin, 151
linezolid, 1309, 1310
methicillin, 139
netilmicin, 1030–1031, 1032
ofloxacin, 2011t, 2030
piperacillin, 193

resistance, 230
respiratory infections/exacerbations in

amikacin, 1014, 1015t, 1019
amphotericin B, 2590–2591
azithromycin, 1137
azlocillin, 197–198
azlocillin-tobramycin, 197–198
aztreonam, 652
ceftazidime, 556
ceftazidime-avibactam, 244
clarithromycin, 1111
erythromycin, 1079
fusidic acid, 1415
meropenem, 709, 714
piperacillin, 199
piperacillin-tazobactam, 230, 330
temocillin, 222

ticarcillin-clavulanic acid, 308
ticarcillin-tobramycin, 197–198
tobramycin, 1000–1001

temocillin, 218
ticarcillin, 178, 180, 182
ticarcillin-clavulanic acid, 301
tobramycin, 973, 996, 997, 999, 1000–1001, 1001t
trimethoprim-sulfamethoxazole, 1641

Cysticide. See Praziquantel
Cystitis

adenovirus-associated hemorrhagic, ribavirin, 
4394

BK virus-associated hemorrhagic, cidofovir, 
3560–3561, 3562–3563

Candida, amphotericin B, 2588
carfecillin, 177
carindacillin, 177
cephalexin, 363
ciprofloxacin, 1913–1914, 1915
enoxacin, 2175
hemorrhagic

carbenicillin-related, 181
methicillin-related, 181

methicillin-related, 140
nitrofurantoin, 1793, 1794
norfloxacin, 779, 1992
pivmecillinam, 212
prulifloxacin/ulifloxacin, 2151
ritipenem, 779
sulfonamides, 1594

Cystoisospora belli (cystoiososporiasis)
ciprofloxacin, 1920
nitazoxanide, 3162, 3169
pyrimethamine, 1726, 1737
sulfadiazine-pyrimethamine, 1595
sulfonamides, 1575, 1596
trimethoprim-sulfamethoxazole, 1669, 1920

Cysts, echinococcal, mebendazole concentration in, 
3332

Cytarabine, interactions with flucytosine, 2923
Cytidine, chemical structure, 3801, 3801f
Cytochrome P450 system. See CYP entries
CytoDyn, 4630t
Cytokines, linezolid interaction with, 1305
Cytomegalovirus (CMV)

aciclovir, 3477–3478
combinaton therapy, 3453
resistance, 3450t, 3451

aciclovir, resistance, 3450t, 3451
artesunate, 2943, 2965t, 2966
brincidofovir, 3534, 4632t

resistance, 3543
cidofovir, 3533–3534, 3533t, 3546

in HIV-infected patients, 3552–3553, 3552t
resistance, 3542–3543
in stem cell transplant recipients, 3553–3554

congenital or postpartum
foscarnet, 3599, 3607
valganciclovir, 3521–3522

fomivirsen, 3647, 3648, 3650–3651, 3650t
resistance, 3647–3648

foscarnet, 3586–3587, 3587t, 3592–3593, 3593t, 
3594, 3596–3598, 3598t, 3603–3606

in HIV-infected patients, 3595–3698, 
3601–3604, 3607

neurologic disease, 3604
resistance, 3588–3590
retinitis, 3597–3598, 3602–3603, 3603f, 3606, 

3608
ganciclovir, 3502–3503, 3503t, 3514–3522

CMV gastrointestinal disease, 3516
CMV neurologic disease, 3516
CMV pneumonitis, 3517, 3518
CMV retinitis, 3514–3516, 3515f
congenital infections, 3521
in HIV-infected patients, 3514–3517
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in normal adults, 3521
as preemptive treatment, 3517
resistance, 3504–3506, 3505t
in solid organ transplant recipients, 3518–3521
in stem cell transplant recipients, 3517–3518

letermovir, 3619–3620, 3625
resistance, 3620–3621, 3621t

maribavir, 3640, 3641–3642, 3644–3645
resistance, 3641
as salvage therapy, 3644–3645

penciclovir, 3494t
ribavirin, 4368t, 4371
trifluridine, 3628
valaciclovir, 3477–3478
valganciclovir

congenital infections, 3521–3522
resistance, 3505–3506
in stem cell transplant recipients, 3517–3518

vidarabine, 3582–3583
Cytomegalovirus virus (CMV)

adefovir dipivoxil, 4335t, 4336
Cytopenia, trimethoprim-sulfamethoxazole-related, 

1649
Cytoplasmic membrane, 39, 40
Cytotoxic chemotherapy. See also Chemotherapeutic 

agents
zidovudine interactions, 3668, 3669, 3669t

Cytotoxic reactions, to penicillin G, 50
Cytovene. See Ganciclovir

D
DA-7157. See Tedizolid
Dabigatran, interactions with pyronaridine, 3012
Daclatasvir, 4434t

administration mode, 4453t
antiviral activity, 4440t
chemical structure, 4437f
in combination with sofosbuvir, 4484–4487, 4485t
dosage, 4453t
drug interactions, 4464

darunavir, 4131t
doltegravir, 4259, 4260t
saquinavir, 4036t, 4038

excretion, 4461
mechanism of action, 4434t
pharmacokinetics/pharmacodynamics, 4456t, 

4461
Dactylaria, amphotericin B, 2573t
Dactylaria constricta, amorolfine, 2904–2905
Dactylosporangium aurantiacum, as fidaxomicin 

source, 1547
D:A:D study, 3706, 3926, 3929, 4115, 4116
Daiichi Pharmaceutical Company, 2004, 2055
Dairy cattle, antibiotic resistance in, 25–26
Dairy products, interactions with ciprofloxacin, 1903
Daklinza. See Daclatasvir
Dalacin®. See Clindamycin
Dalbavancin, 917–929

administration modes, 921
adverse reactions and toxicity, 924, 1314
antimicrobial activity

AUC, 921, 922, 922t, 923–924
Gram-positive anaerobic bacteria, 920
Gram-positive bacteria, 917, 918t–919t
Gram-positive cocci, 917, 919–920
vancomycin-resistant enterococci, 910

bioavailability, 921
chemical structure, 917, 918f
clinical uses

catheter-related infections, 927–928
skin and soft-tissue infections, 917, 924–927, 

926t, 1324
in combination with rifampicin, 2372
concentration-dependent activity, 4t
dosage, 921–922, 922t
drug interactions, 924, 925t

mechanism of action, 920–921
minimal bactericidal concentrations, 923
pharmacokinetics/pharmacodynamics, 921–924, 

922t
distribution, 921–923
excretion, 924

resistance and cross-resistance, 920
Dalfopristin. See also Quinupristin-dalfopristin

chemical structure, 1374, 1375f
mechanism of action, 1376

Dalvance. See Dalbavancin
Dandy-Walker syndrome, efavirenz, 3925
Dapivirine, 4630t, 4634
Dapsone, 1746–1768

administration mode, 1749
adverse reactions and toxicity, 1746, 1752–1755

agranulocytosis, 1753, 1755, 1758
aplastic anemia, 1753
carcinogenicity, 1754
dapsone (sulfone) syndrome, 1754
dermatologic reactions, 1753–1754
erythema nodosum leprosum, 1756
in glucose-6-phosphate deficiency, 1753, 1755, 

1758
hemolysis, 1753, 1756, 1762
hepatotoxicity, 1754
methemoglobinemia, 1752, 1756, 1762
miscellaneous effects, 1754
overdosage, 1754–1755
in pregnancy and breastfeeding, 1755

antimicrobial activity, 1575
Cryptosporidium parvum, 1747
Mycobacterium, 1747
Mycobacterium leprae, 1746–1748, 1749
Plasmodium, 1747, 1748, 1749
Pneumocystis jiroveci, 1746, 1747, 1748, 

1749–1750
Toxoplasma gondii, 1746, 1747, 1748, 1750

chemical structure, 1746, 1746f
clinical uses

acnes vulgaris, 1761–1762
anti-inflammatory effects, 1761–1762
dermatitis herpetiformis, 1603, 1761
leprosy, 1749, 1755–1757, 2032
malaria, 1758–1759
Mycobacterium infections, 1757–1758
pemphigus vulgaris, 1761
Pneumocystis jiroveci pneumonia
pyoderma gangrenosum, 1761
subcorneal pustular dermatosis, 1761
Toxoplasma gondii infections, 1761

in combination with
artesunate and chlorproguanil, 1758–1759
chlorproguanil, 1749, 1755, 1758–1759
clofazimine, 1755
epiroprim, 1757
leucovorin, 1761
pyrimethamine. See Pyrimethamine-dapsone
rifampicin, 1756–1757
trimethoprim, 1746

cross-sensitivity with sulfonamides, 1753–1754
desensitization, 1754
dosage, 1749–1750, 1756
drug interactions, 1751–1752

saquinavir, 4035, 4036t
immunomodulatory effects, 1746
in vitro synergy and antagonism, 1747, 1758
mechanism of action, 1748–1749
pharmacokinetics/pharmacodynamics

bioavailability, 1750–1751
clinically important features, 1751
distribution, 1751
excretion, 1751

resistance, 1756
Dapsone (sulfone) syndrome, 1754
Dapsone syndrome, 1732

Daptomycin, 866–907
administration modes, 874–875

intraperitoneal, 876, 879
intraventricular, 880t, 897–898

adverse reactions and toxicity, 886–889, 886t
antimicrobial activity, 866–867

CLSI criteria, 867
comparison with dalbavancin, 923
EUCAST criteria, 867, 868t–870t
Gram-negative bacteria, 867
Gram-positive aerobic cocci, 867, 868t–869t, 

870
Gram-positive anaerobic bacteria, 870–871, 

870t
Gram-positive anaerobic cocci, 870t
unusual Gram-positive bacteria, 870t

chemical structure, 866, 866f
clinical uses, 169

bacteremia, 875, 882, 883, 891, 893–895, 
898–899

catheter-related bloodstream infections, 891
clinical failures, 894–895
community-acquired MRSA infections, 898
community-acquired pneumonia, 898
diabetic foot infections, 289, 870–871
endocarditis, 875, 894–895
experimental endocarditis, 891–893
foreign-body infections, 152
hyper-IgE Job syndrome, 898–899
meningitis, clinical data, 897–898
meningitis, experimental studies, 897
MRSA, 300–301
osteoarticular infections, 895–897, 896–897
osteomyelitis, 896, 897
prosthetic joint infections, 896–897
respiratory tract infections, 898
skin and soft-tissue infections, 854, 875, 876, 

889–891
staphylococcal bloodstream infections, 876
surgical prophylaxis, 899

in combination with
aztreonam, 867
ceftaroline, 894
ceftazidime, 867
ceftobiprole, 625
ceftriaxone, 892, 897
clarithromycin, 895
colistin, 867
effect on resistance, 873
fosfomycin, 896
gentamicin, 871, 873, 884, 896
linezolid, 895
meropenem, 713
rifampicin, 896, 2372
trimethoprim-sulfamethoxazole, 892
vancomycin, 896
vitamin E, 874

concentration-dependent activity, 4t
development of, 866
dosage, 875–876, 879

suboptimal, 873
drug interactions

amoxicillin-clavulanic acid, 255
gentamicin, 892–893
laboratory test result effects, 885–886
linezolid, 884
nafcillin, 164
oxacillin, 152
rifampicin, 884, 892–893
statins, 885, 887
tigecycline, 884
vancomycin, 169

in vitro synergy and antagonism, 239, 883–885, 
892–893, 1304

mechanism of action, 873–874
immune modulation, 874
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Daptomycin (continued)
minimum inhibitory concentrations, 152, 867, 

868t–870t, 870–873
MIC creep phenomenon, 871, 872

pharmacokinetics/pharmacodynamics, 878t, 
879–886, 879t

AUC/MIC ratio, 881–882, 883
bioavailability, 879, 879t
clinically important features, 881–882
distribution, 879–881
excretion, 875, 885
mutant selection window hypothesis, 871, 883
protein binding, 879, 882–883

relationship to surotomycin, 944
resistance and cross-resistance, 871–872

combination therapy-related, 873
emergence, prediction of, 883
emerging during therapy, 872–873
mechanisms of, 872

therapeutic drug monitoring, 882
tolerance, 872

Darunavir, 4125–4141
administration mode, 4127–4128
adverse reactions and toxicity, 4130, 4133–4134
chemical structure, 4125, 4125f
clinical use, HIV-1 virus infection, 4134–4138

dolutegravir versus, 4276–4277, 4276f
in pediatric patients, 4138
as postexposure prophylaxis, 4138
in pregnancy and lactation, 4137–4138
salvage regimens, 4137
simplification strategy, 4138
in treatment-experienced adults, 4136–4137
in treatment-naive adults, 4134–4136

cobicistat-boosted, 4125, 4127–4128, 4137
dosage, 4127–4129, 4128t

in children, 4183t
in treatment-experienced patients, 4128
in treatment-naive patients, 4128

drug interactions, 4130, 4131t–4133t
antiarrhythmics, 4132t
anticonvulsants, 4133t
antidepressants, 4133t
antihistamines, 4132t
antimicrobial agents, 4131t
antiretroviral agents, 4130, 4131t
beta-blockers, 4132t
calcium channel blockers, 4132t
chemotherapeutic agents, 4132t
cobicistat-boosted therapy, 4187, 4200
corticosteroids, 4133t
etravirine, 3978t
immunosuppressive agents, 4133t
methadone, 4133t
oral contraceptives, 4133t
phosphodiesterase-5 inhibitors, 4132t
rilpivirine, 4005
saquinavir, 4031t, 4034, 4035
sedative/hypnotics, 4133t
statins, 4132t
tipranavir-ritonavir, 4168

mechanism of action, 4127
pharmacokinetics/pharmacodynamics

bioavailability, 4129
clinically important features, 4130
distribution in body, 4130
excretion, 4130

resistance and cross-resistance, 4126–4127
ritonavir-boosted, 4125, 4127–4128, 4129

adverse reactions and toxicity, 4133, 4134, 4201
clinical use, 4205, 4205t
as simplification strategy, 4138

DAS181. See Fludase®
Dasabuvir, 4434t

antiviral activity, 4440t
chemical structure, 4436f

in combination with ombitasvir. See Ombitasvir-
paritaprevir-ritonavir-dasabuvir (PrOD 
regimen)

drug interactions, 4038
mechanism of action, 4434t
pharmacokinetics/pharmacodynamics, 4455t
resistance, 4444, 4445t

DDT (dichlorodiphenyltrichloroethane), 3424
Deacetylrifampicin, 2384
Deafness. See Ototoxicity
Debaromyces hansenii, ketoconazole, 2733
Debio-025. See Alisporivir
Decaris, 1046
DEC. See Diethylcarbamazine
Defining Antibiotic Levels in Intensive Care (DALI) 

study, 709
Dehydropeptidase-1

antibiotics resistant to
biapenem, 772
sulopenem, 773

doripenem metabolism by, 735
Delafloxacin, 2132–2138

administration modes, 2134
adverse reactions and toxicity, 2136
antimicrobial activity, 2132–2134, 2133t, 2256

anaerobic bacteria, 2132, 2133t, 2134
Gram-negative bacteria, 2132–2133, 2133t
Gram-positive bacteria, 2133–2134, 2133t

chemical structure, 2132, 2132f
clinical uses, 2132, 2136–2137
development and availability chronology, 2256t
dosage, 2134–2135, 2136
drug interactions, 2136
mechanism of action, 2134
pharmacokinetics/pharmacodynamics, 2135–2136
resistance and cross-resistance, 2134, 2135

Delamanid, 2550–2558
administration mode, 2553
adverse reactions and toxicity, 2553–2555
antimicrobial activity, 2550, 2551t
chemical structure, 2550, 2550f
clinical uses, 2556–2557
dosage, 2553
drug interactions, 2553, 2555t
excretion, 2553, 2554t
mechanism of action, 2552–2553
pharmacokinetics/pharmacodynamics, 

2553–2554, 2554t
Delavirdine, 3959–3969

administration mode, 3961
adverse reactions and toxicity, 3965–3966
antiviral activity, 3959
chemical structure, 3959, 3959f
clinical use, HIV-1 infection, 3959, 3966–3967
in combination with

didanosine, 3962, 3963, 3963t
indinavir, 3963–3964, 3963t, 3964t
lamivudine, 3961
nevirapine, 3961
zidovudine, 3961

drug interactions, 3963–3965, 3963t
adefovir dipivoxil, 4340t
amprenavir, 3964–3965, 4112–4113
antacids, 3962, 3964t
antiretroviral drugs, 3963–3964, 3963t–3964t
astemizole, 3965
atorvastatin, 3965
benzodiazepines, 3965
clarithromycin, 3963t, 3964t, 3965
darunavir, 4131t
didanosine, 3962
fluconazole, 3964t, 3965
fluoxetine, 3964t, 3965
fosamprenavir, 4110t
histamine2-receptor antagonists, 3961, 3962
indinavir, 3963–3964, 3963t, 3964t

methadone, 3965
nucleoside reverse transcriptase inhibitors, 

3963–3964, 3963t–3964t
phenobarbital, 3964t, 3965
protease inhibitors, 3963–3964, 3963t–3964t
proton-pump inhibitors, 3961, 3962
rifabutin, 3963t, 3964t, 3965
rilpivirine, 4000t
ritonavir, 3964
saquinavir, 3963t, 3964, 3964t, 4030t, 4032
terfenadine, 3965
zidovudine, 3963, 3963t, 3964t

in vitro synergy and antagonism, 3960
mechanism of action, 3961
pharmacokinetics/pharmacodynamics

bioavailabililty, 3961–3962
distribution in body, 3962
excretion, 3962–3963

resistance and cross-resistance, 3959–3961, 3960t
Delhi metalol-beta lactamase 1 (NDM-1), 208–209
Delirium, drugs causing

amphotericin B, 2584
azithromycin, 1130
brivudin, 3577
garenoxacin, 2205
levofloxacin, 2063
ofloxacin, 2020–2021, 2021t
oseltamivir, 4595
pefloxacin, 2283
tobramycin, 1000

DELPHI study, 4138
Demeclocycline, 1195
Dementia, HIV-associated

abacavir, 3789, 3892
zidovudine, 3680

Demethylchlortetracycline, 1195
Demodex, moxidectin, 3362
Demodex folliclorum, ivermectin, 3352t
Dengue virus

amantadine, 4525
chloroquine, 3033
ribavirin, 4368t, 4371
rimantadine, 4525

Dental cavities, streptococci viridans-related, 27
Dental enamel damage

ketoconazole-related, 2737–2738
tertacycline-related, 1198, 1199

Dental infections, treatment
ampicillin, 122
metronidazole, 1827
moxifloxacin, 2098
pencillin G, 68
spiramycin-metronidazole, 3179

Dental procedure prophylaxis
amoxicillin-clavulanic acid, 269
cephalexin, 367
ofloxacin, 2016
teicoplanin, 857
tinidazole, 1857

Denture stomatitis, nystatin, 2648–2649
Depression

cycloserine adjunct therapy for, 2525
drugs causing

amantadine, 4536
atovaquone, 3122
atovaquone-proguanil, 3132
chloroquine, 3039
cycloserine, 2525
efavirenz, 3920, 3921–3922
enoxacin, 2175
ethambutol, 2352
ethionamide, 2498
etravirine, 3981
mefloquine, 3083
metronidazole, 1823
nalidixic acid, 2265
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nevirapine, 3878
nitrofurantoin, 1790
pegylated interferon, 4466
primaquine, 3103
pyrimethamine, 1731–1732
trimethoprim-sulfamethoxazole, 1655

as mefloquine contraindication, 3084
Dermabacter hominis, linezolid, 1295
Dermatitis

atopic, amorolfine, 2907
azithromycin, 1129
drugs causing

fusidic acid, 1414
lefamulin, 1559t

exfoliative, sulfonamides-related, 1587–1588
hypersensitivity, benznidazole-related, 3207
pellagroid, ethionamide treatment, 2499
perianal streptococcal, penicillin treatment, 391
photoallergic, drugs causing

chloroquine, 3038
hydroxychloroquine, 3038

Dermatitis herpetiformis
dapsone, 1761
gluten-free diet, 1603
sulfamethoxypyridazine, 1603
sulfapyridine, 1603
sulfasalazine, 1602

Dermatological adverse effects. See also Cutaneous 
toxicity

aciclovir, 3464–3465
amoxicillin-clavulanic acid, 265
cefpirome, 594
ceftriaxone, 483
chloroquine, 3038
clofazimine, 2536, 2537t
dapsone, 1753–1754
delavirdine, 3965
piperacillin-tazobactam, 332, 333, 333t, 334
pyronaridine-artesunate, 3015
trimetrexate, 1772

Dermatomycoses
oxiconazole, 2894
sulconazole, 2894
superficial

amorolfine, 2905, 2907
ciclopirox, 2911

terbinafine, 2715–2716
tolnaftate, 2901

Dermatomyositis
chloroquine, 3042
hydroxychloroquine, 3042

Dermatophytes and dermatomycoses
albaconazole, 2871, 2873t
amorolfine, 2904
amphotericin B, 2573t
bifonazole, 2893
butenafine, 2720
ciclopirox, 2909
croconazole, 2893
eberconazole, 2893
econazole, 2893
fluconazole, 2757t, 2758, 2761t, 2776–2777
flutrimazole, 2894
griseofulvin, 2926, 2927–2928, 2930–2931
haloprogin, 2934
haloprogrin, 2933
isavuconazole, 2859, 2861t
isoconazole, 2894
itraconazole, 2790t, 2804

resistance, 2788
ketoconazole, 2745–2746
miconazole, 2813t, 2814
miltefosine, 3292, 3293t
ravuconazole, 2877, 2879t
sulfadiazine, 1576
terbinafine, 2709, 2709t, 2711t

Dermatoses
dapsone, 1761
infected, mupirocin, 1462–1463, 1463t

Dermohypodermitis, pristinamycin, 1389
Desacetyl cefotaxime, 429, 431, 432–433, 434, 435
Desbutyl-benflumetol, 2975
Desbutyl-lumefantrine, 2975
Descovy, 3828
Desethylamodiaquine

antimicrobial activity, 3049
drug interactions, 3051–3052
excretion, 3051
pharmacokinetics/pharmacodynamics, 3051, 

3051t
resistance and cross-resistance, 3049–3050

Desipramine, interactions with tipranavir-ritonavir, 
4167t

Desmethyl levofloxacin, 2063
Desulfovibrio

chloramphenicol, 1518
metronidazole, 1808

Developing countries
antibiotic use in food animals, 10
unavailability of antibiotics in, 5

Dexamethasone
as bacterial meningitis treatment, 59
in combination with

albendazole, 3318
ciprofloxacin, 1050, 1932
vancomycin, 792

drug interactions
caspofungin, 2670
etravirine, 3977
fosamprenavir, 4111t
lopinavir-ritonavir, 4094t
praziquantel, 3388

Dexedrine, interactions with amantadine, 4535
Dextran solutions, penicillin inactivation in, 42–43
Dextromethorphan, interactions with linezolid, 1314
Dextrose solutions, penicillin inactivation in, 42
DFMO. See Eflornithine
dhfr gene mutations, in antimicrobial resistance, 

1748
artemisinins, 1599
chlorproguanil, 3128–3129
Fansidar (sulfadoxine-pyrimethamine), 1599–1600
proguanil, 3128–3129
pyrimethamine, 1725, 1726, 1727
sulfonamide, 1576, 1579–1580
trimethoprim-sulfoxazole, 1634

DHP-1 inhibitors, co-administered with panipenem, 
772

DHPS gene mutations, 1748
Diabetes insipidus, metronidazole use in, 1822
Diabetes mellitus

drugs causing
atazanavir, 4151
indinavir, 4069
radezolid, 1355
stavudine, 3763
tipranavir-ritonavir, 4171
zidovudine, 3672

gatifloxacin contraindication in, 2213
gatifloxacin-related dysglycemia in, 2225
gatifloxacin use in, 2064
levofloxacin use in, 2064
linezolid use in, 1318
meropenem use in, 711
moxifloxacin use in, 2094
nalidixic acid use in, 2264, 2265
oseltamivir use in, 4598

Diabetic foot infections/ulcers
amoxicillin-clavulanic acid, 269, 1325
ampicillin-sulbactam, 289, 1325
ceftaroline-avibactam, 615t
ceftriaxone, 309, 501

cephalexin, 366
daptomycin, 289, 870–871
fosfomycin, 1398
imipenem-cilastatin, 289, 688
levofloxacin, 2073–2074
linezolid, 289, 1311–1312, 1325
metronidazole, 309
mixed anaerobic-aerobic, 269
moxifloxacin, 2097
nemonoxacin, 2161, 2163, 2164
ofloxacin, 1857, 2033–2034
piperacillin-tazobactam, 289, 336
prulifoxacin/ulifloxacin, 2154
tetracyclines, 289
ticarcillin-clavulanic acid, 309
tigecycline, 1258
tinidazole, 1857
trimethoprim-sulfamethoxazole, 289
vancomycin, 289

Dialysis. See also Hemodialysis
pentamidine, 3273
zidovudine, 3664t

Diaminopyrimidines. See also Iclaprim; Trimetho- 
prim; Trimethoprim-sulfamethoxazole

thymidine-related inhibition, 1775–1776
Diaper dermatitis/rash

amphotericin B, 2589
ciclopirox, 2912
miconazole, 2819
nystatin, 2648

Diaphragms (contraceptive devices), effect of 
miconazole on, 2817, 2818

Diarrhea. See also Dysentery
ampicillin-sulbactam, 240
anidulafungin, 2701
cobicistat, 4201
dalbavancin, 925t
didanosine, 3708
dihydroartemisinin-piperaquine, 2999
effect on posaconazole levels, 2848
eflornithine, 3259
entecavir, 4327t
ertapenem, 755, 756t
erythromycin, 1073
famciclovir, 3497
faropenem, 769
finafloxacin, 2143–2144
fluconazole, 2767–2768
flucytosine, 2923
fosamprenavir, 4114, 4115
fosfomycin, 1399
fusidic acid, 1414
ganciclovir, 3513–3514
garenoxacin, 2204t
gatifloxacin, 2225t
gemifloxacin, 2116, 2117, 2118
griseofulvin, 2929
imipenem-cilastatin, 679
isavuconazole, 2864
itraconazole, 2797
ivermectin, 3357t
kanamycin, 958
ketoconazole, 2742
ketolides, 1188
lefamulin, 1559t
lindane, 3425
linezolid, 1271, 1314, 1314t, 1317, 1317t
lomefloxacin, 2249, 2250
lopinavir-ritonavir, 4095
maribavir, 3643
mebendazole, 3332
methenamine, 1802
micafungin, 2687
miconazole, 2817
natamycin, 2654
nelfianvir, 4080
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Diarrhea (continued)
nemonoxacin, 2163
nitrofurantoin, 1789
norfloxacin, 1988, 1994
novobiocin, 1452
ofloxacin, 2021t
omadacycline, 1271
ombitasvir-paritaprevir-ritonavir-dasabuvir,  

4501t, 4503t, 4504t
oseltamivir, 4594, 4596
para-aminosalicyclic acid, 2490
paromomycin, 3155
pegylated interferon, 4466
peramivir, 4619, 4620
piperacillin-tazobactam, 333
posaconazole, 2851
praziquantel, 3389
pretomanid, 2556
pristinamycin, 1389
prulifloxacin/ulifloxacin, 2151
pyrimethamine, 1731
pyronaridine-artesunate, 3013t, 3014
quinacrine, 3201
quinupristin-dalfopristin, 1380, 1380t
raltegravir, 4220
ravuconazole, 2880
retapamulin, 1565, 1565t
ritonavir, 4202, 4202t
roxithromycin, 1090
sitafloxacin, 2126
solithromycin, 1188
sparfloxacin, 2298
sulfadiazine-pyrimethamine, 1596
sutezolid, 2561
tafenoquine, 3113
tedizolid, 1367
telbivudine, 4350t
telithromhycin, 1163
terbinafine, 2714
tetracycline, 1195, 1198
thiabendazole, 3339
thiacetazone, 2506
tipranavir-ritonavir, 4168, 4169t
travelers’

azithromycin, 2067
ciprofloxacin, 1918–1919
doxycycline, 1216
fleroxacin, 2188
levofloxacin, 2067
nalidixic acid, 2269
norfloxacin, 1918–1919, 1993
ofloxacin, 2029
prulifoxacin/ulifloxacin, 2154
rifaximin, 2456
trimethoprim-sulfamethoxazole, 1668–1669

trifluridine, 3630
trimethoprim-sulfamethoxazole, 1596, 1648
of unknown eiology, ciprofloxacin, 1919–1920
valaciclovir, 3464
vancomycin, 1559t

Diarrhea, as side effect
amoxicillin, 117
amoxicillin-clavulanic acid, 265
ampicillin, 116
carbenicillin, 178
carindacillin, 181
cefixime, 380
cefoperazone-sulbactam, 420
cefpirome, 594
cefprozil, 379, 380
ceftolozane-tazobactam, 641
cefuroxime, 390
cephalexin, 364
cephamycins, 409
clindamycin, 1480

dicloxacillin, 152–153
doxycycline, 1210, 1211
emtricitabane, 3807
first-generation cephalosporins, 373
irinotecan, 544
isoxazolyl penicillins, 152–153
meropenem, 710, 710t
oxacillin, 152–153
paromomycin, 1833
penicillin V, 95
piperacillin-tazobactam, 222, 241, 332–333,  

333t
tetracycline, 1198
ticarcillin-clavulanic acid, 306
ureido-group penicillins, 197

Diarrhea, Clostridum difficile-associated
in ampicillin-treated patients, 116–117
bacitracin, 817, 857, 1458
cadazolid, 1348, 1352–1353
cefixime-related, 543
cefoperazone-sulbactam, 420
cefotaxime-related, 439
ceftazidime-avibactam, 569
ceftizoxime-related, 536
ceftolozane-tazobactam, 641
ceftriaxone, 483
clindamycin, 1488, 1495
clindamycin, resistance, 1469
in clindamycin-treated patients, 116
doripenem, 736
fidaxomicin, 1550, 1552–1553, 1553t
fluoroquinolones, 1488
fusidic acid, 817, 857
gatifloxacin, 2227–2228
levofloxacin, 2067
lomefloxacin, 2249
metronidazole, 817, 857, 1552–1553, 1829, 

1830–1831, 1830t, 1831
moxifloxacin, 2092, 2098
nitrofurantoin, 1789
norfloxacin, 1991
pefloxacin, 2283
rifaximin, 817
surotomycin, 944, 945
tedizolid, 1367
teicoplanin, 816–817, 857, 1831
telithromycin, 1164
tigecycline, 1259

Diarrhea, infectious
artemisinin-naphthoquine, 3024
atovaquone, 3122
atovaquone-proguanil, 3132, 3141, 3142t, 3143
avarofloxacin, 2160
azithromycin, 1128–1129, 2118
aztreonam, 651
bacitracin, 1457
biapenem, 778
brivudin, 3577
cadazolid, 1352
capsofungin, 2670
cefepime, 593
cefixime, 543
cefotaxime, 439
cefpodoxime, 536
ceftaroline, 611t
ceftaroline-avibactam, 616t
ceftazidime-avibactam, 569
ceftizoxime, 536
ceftriaxone, 483
chloramphenicol, 1528
chloroquine, 3038
ciprofloxacin, 1906, 1919
clarithromycin, 1105
clavulanic acid, 240
clinafloxacin, 2314

clindamycin, 1486, 1487–1488
clofazimine, 2537t
cryptosporidial, roxithromycin, 1092
enoxacin, 2176
furazolidone, 3191
nitazoxanide, 3172
norfloxacin, 1992–1993
ofloxacin, 2028–2029
spiramycin, 3180
sulfonamides, 1596
Vibrio-related

cefotaxime, 443–444
ceftriaxone, 487
doxycycline, 443
tetracycline, 443

zabofloxacin, 2165
zanamivir, 4567

Diazepam, drug interactions
clarithromycin, 1104t
cycloserine, 2524
etravirine, 3980t
fluconazole, 2766–2767
fosamprenavir, 4111t
voriconazole, 2831

Diclofenac, drug interactions
ceftriaxone, 482
ciprofloxacin, 1904

Dicloxacillin
administration modes, 149t, 150
adverse reactions and toxicity, 152–153, 154,  

1314
antimicrobial activity, 144
bioavailability, 148, 148t
chemical structure, 143, 144f
clinical uses

comparison with methcillin, 141
cystic fibrosis, 151
osteomyelitis, 154
prosthetic joint infections, 154
staphylococcal bacteremia, 154
staphylococcal skin infections, 154

dosage, 149t
drug interactions, 151
formulations, 143
minimum inhibitory concentrations, 144, 146t
pharmacokinetics/pharmacodynamics

distribution in body, 151
excretion, 149f, 149t, 150, 151, 152

protein binding, 148, 150
serum levels, 150

Didanosine, 3698–3722
administration modes, 3702
adverse reactions and toxicity, 3706–3710

bone mineral density loss, 3710
cardiac toxicity, 3710
childhood cancer, 3709–3710
gastrointestinal side effects, 3708
hematologic toxicity, 3708
hepatotoxicity, 3708–3709
lactic acidosis, 3706, 3708–3709
lipodystrophy, 3709
metabolic toxicity, 3709
mitochondrial toxicity, 3706, 3708
neurotoxicity, 3707–3708
pancreatitis, 3706–3707
portal hypertension, 3709
rhabdomyolysis, 3710
Stevens-Johnson syndrome, 3710
visual disturbances, 3709

antimicrobial activity, 3699
antiviral activity, 3698–3699, 3699t, 3724

hepatitis viruses, 3699
HIV virus, 3698–3699, 3699t
other retroviruses, 3699

chemical structure, 3698, 3698f
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clinical uses, HIV-1 virus infection
in children, 3715
combination regimens. See Didanosine, in 

combination with
in HAART regimens, 3710, 3712t–3714t, 3714, 

3715
HIV/AIDS monotherapy, 3677
prophylaxis, 3715
switch studies, 3714
in treatment-experienced patients, 3714–3715
in treatment-naive patients, 3711, 3714t, 3715

clinical uses, HIV-2 virus infection, 3715
in combination with

abacavir, 3714–3715, 3714t
delavirdine, 3962, 3963, 3963t
efavirenz, 3711, 3714t
emtricitabine, 3710, 3711, 3714t
lamivudine, 3710, 3711
lopinavir-ritonavir, 3714–3715
nevirapine, 3714t
stavudine, 3714t, 3766
stavudine, contraindicated, 3710
tenofovir, 3710, 3714t
zidovudine, 3714t

dosage, 3702–3703, 3702t
drug interactions, 3705–3706, 3705t

acetaminophen, 3709
adefovir dipivoxil, 4340t
allopurinol, 3705t, 3706
atazanavir, 3705t, 4146, 4150t
buprenorphine, 3705t
darunavir, 4131t
delavirdine, 3962
elvitegravir, 4236
etravirine, 3978t
foscarnet, 3598
ganciclovir, 3511–3512, 3511t, 3705t, 3706
hydroxyurea, 3701
indinavir, 4064
ketoconazole, 2737
lamivudine, 3701
lopinavir-ritonavir, 4095
methadone, 3706
ofloxacin, 2012, 2014
ribavirin, 3705t, 3706, 4380
saquinavir, 4030t
stavudine, 3761
tenofovir, 3701, 3705–3706, 3705t
tipranavir, 3705t
tipranavir-ritonavir, 4167t
zidovudine, 3701, 3705t

in vitro synergy and antagonism, 3701, 3724,  
3732, 3757

mechanism of action, 3701–3702, 3701f
pharmacokinetics/pharmacodynamics, 3704t

bioavailability, 3703–3704, 3704t
clinically important features, 3704
distribution, 3704
excretion, 3704–3705

resistance and cross-resistance, 3699–3701
Didanosine buffered pediatric oral solution, 2019t
Dientamoeba fragilis

iodoquinol, 3200
metronidazole, 1810, 1835
paromomycin, 3158
tinidazole, 1850

Diethylcarbamazine, 3370–3380
administration modes, 3371, 3372

medicated salt, 3377
adverse reactions and toxicity, 3373–3374
antimicrobial activity, 3370–3371
chemical structure, 3370, 3370t
clinical uses

intestinal nematode infections, 3377–3378
loiasis, 3377

lymphatic filariasis, 3371–3372, 3374–3377
onchocerciasis, 3377
tropical pulmomnary eosinophilia, 3378

combined with ivermectin, 3373
dosage, 3371–3372, 3371t
drug interactions, 3372
mechanism of action, 3371
pharmacokinetics/pharmacodynamics, 

3372–3373, 3373t
resistance and cross-resistance, 3370–3371
veterinary applications, 3370

Difenoconazole, 13–14
Dificlir. See Fidaxomicin
Digoxin, drug interactions

aciclovir, 3463
amantadine, 4536
amphotericin B, 2581, 2634
azithromycin, 1128, 1128t
darunavir, 4132t
gatifloxacin, 2224
isavuconazole, 2864t
itraconazole, 2797
josamycin, 1153
ledipasvir-sofosbuvir, 4462t
minocycline, 1235
neomycin, 1049
pyronaridine, 3012
rifabutin, 2437–2438
rifampicin, 2385, 2386t
roxithromycin, 1090t
sofosbuvir-velpatasvir, 4463t
solithromycin, 1187–1188
sulfamethoxazole, 1646t
sulfasalazine, 1602
telithromycin, 1162t
tetracycline, 1198
tigecycline, 1257
trimethoprim, 1646t

Dihydroartemether-piperaquine, combined with 
tafenoquine, 3112

Dihydroartemisinin, 2941, 2942f
administration modes, 2946
antimicrobial activity, 2942, 2943
chemical structure, 2941, 2942f
in combination with piperaquine, 1600
drug interactions, 2969, 3012–3013
metabolism, 2968
pharmacokinetics/pharmacodynamics, 

2946–2947, 2949, 2950t, 2950t–2951t, 
2952, 2968

Dihydroartemisinin-piperaquine, 2945, 2946, 
2989–3005

administration modes, 2994
adverse reactions and toxicity, 2997–3000, 2998t
antimicrobial activity, 2991t
chemical structure, 2989, 2989f
clinical uses, 3000–3002
dosage, 2994–2995
drug interactions, 2997
pharmacokinetics/pharmacodynamics, 2996–2997
resistance and cross-resistance, 2992t, 2993

Dihydroergotamine, interactions with fosamprenavir, 
4110, 4110t

Dihydrofolate reductase inhibitors. See also dhfr gene 
mutations

iclaprim, 1775–1783
in vitro synergy with dapsone, 1747
pyrimethamine, 1727
resistance, 1633, 1634, 1758
trimethoprim-sulfamethoxazole, 1626, 1632, 

1632t, 1633, 1634, 1635, 1637
trimetrexate, 1769–1774

Dihydrofolate synthase, 2489
Dihydropteroate synthetase (DHPS) gene mutations, 

1576, 1577, 1578, 1579–1580

Dihydropteroate synthetase inhibitors
dapsone, 1746
sulfonamide, 1580, 1581f

Dihydropyridines, interactions with lopinavir- 
ritonavir, 4094t

Dihydroreductase inhibitors
cycloproguanil, 1758
epiroprim, 1757
pyrimethamine, 1758
tetroxoprim, 1689
trimethoxazole, 1645

(1,25)-Dihydroxyvitamin D, ketoconazole-related 
decrease, 2744

Diiodohydroxyquin. See Iodoquinol
Diloxanide furoate, 3195–3199

administration mode, 3196
adverse reactions and toxicity, 3197
antimicrobial activity, 3195
chemical structure, 3195, 3195f
clinical uses, 3197–3198
dosage, 3196
mechanism of action, 3196
overdose, 3197
pharmacokinetics/pharmacodynamics, 3196–3197
resistance and cross-resistance, 3195–3196

Diltiazem
drug interactions

indinavir, 4067
rifampicin, 2386t
sofosbuvir-velpatasvir, 4463t
tipranavir-ritonavir, 4167t

renal protective effects, 1034
Dimethyloxyphenyl-penicilloyl, 140
Dimethylsulfoxide (DMSO)

cadazolid dilution in, 1350
combined with idoxuridine, 3636–3637

Dimorphic fungi. See Fungi, dimorphic
DinexEC. See Didanosine
Dinex. See Didanosine
DIONE study, 4126, 4128, 4138
Diphenhydramine, interactions with linezolid, 1314
Diphtheria. See Corynebacterium diphtheriae 

(diphtheria)
Diphyllobothrium, praziquantel, 3385
Diphyllobothrium latum

niclosamide, 3405, 3406
paromomycin, 3158
prazuquantel, 3387t

Dipodascus capitatus, isavuconzole, 2860t
Dipylidium caninum, niclosamide, 3405
Direct-acting antivirals (DAAs). See also Protease 

NS3/4A inhibitors; Protein NS5A inhibitors; 
RNA polymerase NS5B inhibitors; names of 
specific DAAs

administration mode, 4451, 4552t–4553t
adverse reactions and toxicity, 4469–4470, 

4469–4471
antiviral activity, 4434–4435, 4434t
definition, 4433
development, 4433, 4434–4435, 4434t
dosage, 4451, 4552t–4553t
drug interactions, 4468f
mechanism of action, 4445, 4448
resistance, 4435, 4441–4445

in DAA-naive individuals, 4435, 4442
resistance-associated variants, 4435, 4442, 

4443t, 4444f, 4445t, 4446t–4447t
tolerability and efficacy, 4470f

Dirofilaria immitis, moxidectin, 3362
Discontinued drugs, 2309–2318

clinafloxacin, 2309, 2313–2315
grepafloxacin, 2309, 2312–2313
hepatitis agents

torcitabane, 4356–4358
valtorcitabane, 4356–4358
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Discontinued drugs (continued)
HIV agents

amdoxovir, 3847–3849
apricitabane, 3850–3852
zalcitabane, 3723–3728

temofloxacin, 2309–2310
trovafloxacin, 2309, 2310–2312
vidarabine, 3582
zalcitabine, 3723, 3725

DISCOVER 1 trial, 927
DISCOVER 2 trial, 927
Diskhaler®, 4550, 4560–4561, 4561f, 4563, 4564, 

4566, 4568, 4572
Diskitis

penicillin G, 67
pyogenic, ceftriaxone, 502

Disk susceptibility tests
for pencillin G-resistant meningococci, 33
for Streptococcus pneumoniae, 37

Disopyramide, interactions with azithromycin, 1128
Disseminated gonococcal infections, cefixime, 541
Disseminated granuloma annulare

chloroquine, 3042
Disseminated granuloma annulare, hydroxychloro-

quine, 3042
Disseminated intravascular coagulation, tetracycline, 

1199
Distocide. See Praziquantel
Disulfiram-like reactions, 408, 420

benznidazole, 3207
dapsone, 1751
furazolidone, 3190
griseofulvin, 2929
ketoconazole, 2741
lopinavir-ritonavir, 4095t
metronidazole, 821
nitrofurantoin, 1789
ritonavir, 4187
tipranavir-ritonavir, 4168

Disulfiram-metronidazole, interactions with 
tipranavir-ritonavir, 4167t

Diuretics, drug interactions
aciclovir, 3458
amantadine, 4536
paromomycin, 3155

Diverticular disease, rifaximin, 2457
Diverticulitis, clindamycin absorption in, 1480
Dizziness, drugs causing

aciclovir, 3464
amantadine, 4536
amphotericin B, 2577
anidulafungin, 2701
artemether-lumefantrine, 2979
artemisinin-naphthoquine, 3024
artesunate, 2969
atovaquone, 3122
atovaquone-proguanil, 3132, 3141, 3142t
benznidazole, 3207
caspofungin, 2671
dihydroartemisinin-piperaquine, 2998, 2998t
efavirenz, 3920
eflornithine, 3259
enoxacin, 2175
entecavir, 4327, 4327t
eravacycline, 1285
ethionamide, 2498
etravirine, 3981
famciclovir, 3498
fleroxacin, 2186
fosfomycin, 1399
fumagillin, 3184
garenoxacin, 2204t, 2205
gatifloxacin, 2225t
gemifloxacin, 2116, 2117
iclaprim, 1780t

isoniazid, 2331
itraconazole, 2797
ivermectin, 3357t
levofloxacin, 2063
lindane, 3425
lomefloxacin, 2249
maribavir, 3643
mefloquine, 3082, 3083
micafungin, 2687
miconazole, 2817
minocycline, 1236
moxifloxacin, 2092
nemonoxacin, 2163
niclosamide, 3407
nitrofurantoin, 1790
norfloxacin, 1990
ofloxacin, 2020, 2021t
oseltamivir, 4594, 4596
oxamniquine, 3398
pegylated interferon, 4466
polymyxins, 1447
praziquantel, 3389
pyronaridine-artesunate, 3013t, 3014
quinacrine, 3201
rufloxacin, 2292
sitafloxacin, 2126
solithromycin, 1188
sparfloxacin, 2298
spectinomycin, 1544
sulfonamides, 1587
sutezolid, 2561
tedizolid, 1367
telbivudine, 4350t
terbinafine, 2715
thiabendazole, 3339
thiacetazone, 2507
tigecycline, 1258
triclabendazole, 3349
trimethoprim-sulfamethoxazole, 1654
zabofloxacin, 2165

DMP-266. See Efavirenz
DNA damage, cidofovir, 3547
DNA gyrase inhibitors, 1451

avarofloxacin, 2160
delafloxacin, 2134
finafloxacin, 2139, 2141–2142
fluoroquinolones, 1887–1888, 2021–2022
garenoxacin, 2199, 2200
gatifloxacin, 2213, 2220
gemifloxacin, 2110, 2114
moxifloxacin, 2085–2086, 2087, 2088
nalidixic acid, 2257, 2262
prufloxacin/ulifloxacin, 2149
sitafloxacin, 2122, 2124–2125

DNA gyrase mutations, in fluoroquinolone 
resistance, 1875–1876, 1877

DNA polymerase gene mutations, in aciclovir 
resistance, 3451–3452, 3451t

DNA polymerase inhibitors
adefovir-dipivoxil, 4335–4344
foscarnet, 3593
idoxuridine, 3635
lamivudine, 3733
trifluouridine, 3628–3629
zidovudine, 3663, 3673, 3674

DNA polymerase substrates, zidovudine, 3662,  
3663

DNA replication inhibitors
ciprofloxacin, 1938
levofloxacin, 2060
tetracycline, 1233

DNA synthesis inhibitors
cadazolid, 1349–1350
metronidazole, 1814, 1851
norfloxacin, 1986

ribavirin, 4382
tinidazole, 1851
trimethoprim-sulfamethoxazole, 1655
zidovudine, 3662, 3663f

Dr. Scholl’s Athletes’ Foot Cream. See Butenafine
Dofetilide, interactions with itraconazole, 2795
Dogs, as Leishmania reservoir host, 3281
Dollar spot, 13–14
Dolutegravir, 4250–4285

administration mode, 4253
adverse reactions and toxicity, 4269t

gastrointestinal disorders, 4271
hepatobiliary disorders, 4266–4267
hypersensitivity reactions, 4263
immune reconstruction inflammatory 

syndrome, 4270–4271
musculoskeletal disorders, 4271
phase II/III clinical trials, 4264t–4266t, 4267t
phase I to IIa clinical trials, 4262
phase I to IIIb clinical trials, 4262
in pregnancy and lactation, 4263
psychiatric disorders, 4270
rashes, 4263
renal function impairment, 4267, 4269–4270, 

4270f
serious events, 4262–4263, 4266t, 4267t
suicidality, 4270

antiviral activity, 4250–4251
HIV, 4250–4251
non-HIV viruses, 4251

chemical structure, 4250, 4250f
clinical use, HIV-1 virus infection, 4271–4283

cerebrospinal fluid penetration data, 4282–4283
darunavir versus, 4276–4277, 4276f
efavirenz versus, 3940–3941, 4272–4275, 4273t, 

4274t
integrase strand-transfer inhibitor-naive 

patients, 4277–4279, 4278f
integrase strand-transfer inhibitor-resistant 

patients, 4279–4281, 4280t
pediatric patients, 4281
proof of concept study, 4271–4272
raltegravir versus, 4275–4276, 4275f
treatment-experienced patients, 4277–4281
treatment-naive patient studies, 4272–4277

in combination with
abavacir/lamivudine (Trumeq), 3773
lamivudine, 3740

dosage, 4253–4254
drug interactions, 4258–4259, 4260t–4261t

atazanavir, 4150t
darunavir, 4131t
etravirine, 3976, 3978t
fosamprenavir, 4113
nevirapine, 3871–3872
rifampicin, 2387, 2389t
rilpivirine, 4000t
ritonavir, 4187
tipranavir-ritonavir, 4167t

in vitro synergy and antagonism, 4252
mechanism of action, 4253
pharmacokinetics/pharmacodynamics

bioavailability, 4254–4255, 4255t
clinically important features, 4256–4257
combination therapy, 4256–4257
CSF to plasma relationship, 4257
distribution, 4255–4256, 4255t, 4256t
excretion, 4255t, 4257–4258
monotherapy, 4256

resistance and cross-resistance, 4251–4252, 4252t, 
4253t

Dongwa Pharmaceuticals Co., Ltd., 2164
Donovanosis (granuloma inguinale), doxycycline, 

1215
Dopamine, interactions with linezolid, 1314
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Doravirine, 4630t, 4634
drug interactions

cobicistat, 4187
ritonavir, 4187

Doripenem, 723–742
administration modes, 730

prolonged infusion, 735
adverse reactions and toxicity, 731, 735–736
antimicrobial activity

anaerobes, 725, 728t–729t
comparison with meropenem, 698
EUCAST criteria, 723, 725
Gram-negative anaerobes, 728t–729t, 730
Gram-negative bacilli, 725, 726t–727t, 727t, 

729–730, 734
Gram-negative bacteria, 723, 734
Gram-negative cocci, 725, 727t
Gram-positive anaerobes, 725, 728t–729t
Gram-positive bacilli, 723, 725
Gram-positive cocci, 723, 724t–725t
minimum inhibitory concentrations, 723, 

724t–725t, 725, 726t–729t, 729, 734–735
mycobacteria, 2380

bioavailability, 734
chemical structure, 723, 723f, 735
clinical uses

bacteremia, 738
biliary tract infections, 736
intra-abdominal infections, 723, 734, 736
nosocomial pneumonia, 733t, 734, 735,  

737–738
UTIs, 570, 616, 723, 734, 736–737
ventilator-associated pneumonia, 734, 735, 736, 

737–738
combination therapy, synergisitic, 738–739
in combination with meropenem, 703
distribution in body, 734
dosage, 730–734, 732t, 733t
drug interactions, 735
excretion, 735
mechanism of action, 723, 730
metabolite, 735
pharmacokinetics/pharmacodynamics, 734–735
resistance and cross-resistance, 723, 730
withdrawal from European market, 723

Doryx. See Doxycycline
Dosage. See also under specific antimicrobials

patient adherence to, 5
pharmacokinetic/pharmacodynamics (PK/PD) 

indices in, 5
sublethal, 5

Down syndrome, triclorfon-related, 3402
Doxorubicin, drug interactions

ganciclovir, 3511t
zidovudine, 3669t, 3670

Doxsig. See Doxycycline
Doxy-100. See Doxycycline
Doxycin. See Doxycycline
Doxycycline, 1204–1229

administration mode, 1204, 1208
adverse reactions and toxicity, 1210, 1211–1212, 

1235–1236
neurologic side effects, 3083, 3083t

antimicrobial activity, 471, 1195
Chlamydia, 1206
Gram-negative bacteria, 1205–1206, 1205t
Gram-positive bacteria, 1204, 1205t
mycoplasmas, 1206
spirochetes, 1206

bioavailability, 1195
chelation of, 1210
chemical structure, 1204, 1204f
clinical uses

acne, 1132, 1208, 1220
actinomycosis, 1220

Aeromonas infections, 1219
anthrax, 31, 66–67, 1497
anti-inflammatory effects, 1207, 1220–1221
anti-tumor effects, 1221
Bartonella infections, 1078, 1207, 1219
bioterrorism agent prophylaxis, 1218, 1219
Borrelia burgdorferi infections, 788
Borrelia recurrentis infections, 1212
Borrrelia miyamotoi disease, 124
bronchitis, 1213
brucellosis, 1204, 2036, 2037, 2402, 2403
chancroid, 1215
chlamydial infections, 1596
chlamydial urethritis, 1133
cholera, 1200, 1216
comparison with minocycline, 1238
Coxiella infections, 1205t, 1206, 1213
donovanosis (granuloma inguinale), 1215
ehrlichiosis, 1208, 1218–1219
epididymo-orchitis, 2029
filariasis, 2409
gastrointestinal tract infections, 1216
gonorrhea, 1215
granuloma inguinale, 1596
H. pylori infections, 1200
leptospirosis, 450, 472, 1204, 1206, 1212, 1217
Lyme arthritis, 124
Lyme disease, 124, 502, 503, 1206, 1217, 1219
lymphogranuloma venereum, 1214–1215, 1596
malaria, 1206–1207, 1208, 1216–1217
malaria, in children, 1601
Mediterranean spotted fever, 1935
meibomian gland dysfunction, 1242
melioidosis, 270, 1204, 1217
metastatic cancer, 1207
mycobacterial infections, 1207, 1219
neurosyphilis, 1220
nosocomial infections, 1212
onchoceriasis, 2409
pelvic inflammatory disease, 287, 448, 1214, 

1825
periodontal disease, 1207, 1220
plague, 487, 1218
pneumonia, 1210
pneumonia, atypical, 1204
pneumonia, community-acquired, 1212, 1213t
psittacosis, 1208, 1213
Q fever, 1079, 1204, 1213, 1217–1218, 

2096–2097, 3041
respiratory tract infections, 1212–1213
rickettsial infections, 450, 1204, 1205t, 1206, 

1208, 1215–1216
rosacea, 1220
scrub typhus, 1206, 1216
sepsis, 1210
sexually transmitted diseases, 1214–1215
Shigella dysentery, 214
skin and soft tissue infections, 1204
spirochetal infections, 1206
spotted fever, 1216
syphilis, 1206, 1219–1220
traveler’s diarrhea, 1216
treponemal infections, 1219–1220
tropical sprue, 1220
typhus, 1206, 1215–1216
urethritis, 1111, 1206, 1214
UTIs, 1210
Vibrio cholerae-related diarrhea, 443
Vibrio infections, 1219
Vibrio vulnificus infections, 449
water-associated cellulitis, 1219
Whipple’s disease, 1220, 3041
Wolbachia infection, 1216, 1232
wound infections, 1210
yaws, 1220

in combination with
amikacin, 1020
beta-lactam antibiotics, 1212
colistin, 1212
diethylcarbamazine, 3376–3377
hydroxychloroquine, 1206
pyrimethamine, 1735
quinine, 3060, 3066, 3068
tigecycline, 1212

dosage, 1208
drug interactions

aluminum magnesium hydroxide, 1209
barbiturates, 1210
carbamazepine, 1209
cholestyramine, 1210
CY P450 A34 inducers, 1209
excretion, 1210
nafcillin, 1210
nevirapine, 1210
oral contraceptives, 1210
phenytoin, 1209
retinoic acid derivatives, 1210
rifampicin, 1209, 1210
synergistic, 1211
tetracyclines, 1211

formulations, 1204
in vitro synergy and antagonism, 227, 1304, 2374
matrix metalloproteinases antagonism, 1207
mechanism of action, 1208, 1280–1281
pediatric use, 449
pharmacokinetics/pharmacodynamics

bioavailability, 1208–1209, 1209t
clinically important features, 1210
distribution, 1209–1210, 1209t

resistance and cross-resistance, 1196, 1207
Doxylag. See Doxycycline
Dracunculus mediensis, thiabendazole, 3340
DRESS. See Drug rash with eosinophilia and 

systemic syndromes (DRESS)
DRIVESHAFT study, 4138
Dronedarone, interactions with sofosbuvir- 

velpatasvir, 4463t
Drospirenone, interactions with boceprevir, 4458t
Drowsiness, drugs causing

amantadine, 4536
diethylcarbamazine, 3374
ethionamide, 2498
maribavir, 3643
metronidazole, 1823
niclosamide, 3407
oxamniquine, 3398, 3399
praziquantel, 3389
pyrantel pamoate, 3383
thiabendazole, 3339

Drug fever
amikacin, 1018
azithromycin, 1129
azlocillin, 196
carbenicillin, 179
ceftizoxime, 536
clindamycin, 1490
first-generation cephalosporins, 373
kanamycin, 958
methicillin, 139, 153
sulfonamides, 1587
teicoplanin, 850–851
trimethoprim-sulfamethoxazole, 1649

Drug-Induced Liver Injury Network, 1911
Drug rash with eosinophilia and systemic symptoms 

(DRESS), 333t, 808–809
cefotaxime, 439
ciprofloxacin, 1908
clindamycin, 1487
cycloserine, 2526
darunavir, 4134
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Drug rash with eosinophilia and systemic symptoms 
(DRESS) (continued)

doxycycline, 1236
ethionamide, 2498–2499
linezolid, 1315
minocycline, 1236, 1237
nevirapine, 3874, 3874t
nitrofurantoin, 1790
pegylated interferon-ribavirin, 4469
raltegravir, 4221
rifampicin, 2526
sulfasalazine, 1588
sulfonamides, 1592

Drug-related baboon syndrome, 1824
Dry mouth, drugs causing

anidulafungin, 2701
fluconazole, 2768
iclaprim, 1780t
posaconazole, 2850–2851
spiramycin, 3178
tigecycline, 1257

DU-6859a. See Sitafloxacin
Duck hepatitis B virus

adefovir dipivoxil, 4335t, 4336
clevudine, 4359, 4360
didanosine, 3699
famciclovir, 3494
ganciclovir, 3504
lamivudine, 3733

resistance, 3731
penciclovir, 3493–3494
tenofovir, 3824–3825
zalcitabine, 3723

DUET studies, 3972, 3977, 3981
Duloxetine, interactions with linezolid, 1314
Duo-Cotecxin. See Dihydroartemisinin-piperaquine
DuPont Merck Pharmaceuticals, 3907
DW-224a. See Zabofloxacin
Dwarf tapeworm. See Hypenolepsis nana
Dyazide (diuretic), interactions with amantadine, 

4536
Dynacin. See Minocycline
Dysentery

amebic
diloxanide furoate, 3198
metronidazole, 1833
paromomycin, 1833

enoxacin, 2176
gatifloxacin, 2233
Salmonella

ampicillin, 123
ceftriaxone, 486
cotrimoxazole, 123

Shigella. See Shigella dysenteriae
Dysgeusia. See Taste disturbances
Dysglycemia. See also Diabetes mellitus; 

Hyperglycemia; Hypoglycemia
gatifloxacin, 2213, 2225, 2225t

Dyslipidemia. See also Hypercholesterolemia; 
Hyperlipidemia

stavudine, 3762–3763
Dyspepsia, drugs causing

atovaquone, 3122
fluconazole, 2768
fosfomycin, 1399
garenoxacin, 2204t
gatifloxacin, 2225t
lopinavir-ritonavir, 4095
nitazoxanide, 3168
ritonavir, 4202t
rufloxacin, 2292
sparfloxacin, 2298

Dyspnea, drugs causing
amphotericin B, 2584, 2585
amphotericin B, liposomal, 2616
ombitasvir-paritaprevir-ritonavir-dasabuvir, 4503t

Dystonia, gemifloxacin-related, 2117
D-zone test, 1159

E
Eagle effect, 1888
Ear, antimicrobial distribution in

garenoxacn, 2207
prulifloxacin/ulifloxacin, 2150
sitafloxaxin, 2125–2126
trimethoxazole, 1644
trimethoxazole-sulfamethoxazole, 1644

Ear, nose, and throat infections (otolaryngological 
infections). See also Otitis media; 
Tympanostomy tubes

ticarcillin-clavulanic acid, 311
Ear drops

neomycin, ototoxicity, 1049, 1050
ofloxacin, 1050
polymyxin, ototoxicity, 1048

EARENST study, 4234
Ear infections. See also Otitis media

bacitracin, 1458
Ear pain, pyronaridine-artesunate, 3015
EASIER ANRS 138 study, 4236
Eberconazole

administration modes, 2890t
adverse reactions and toxicity, 2890t
antimicrobial activity, 2888t
chemical structure, 2886t
clinical uses, 2890t, 2893
excretion, 2890t

Ebola virus
AVI-7287, 4632t, 4642
AVI-7288, 4632t, 4642
BCX4430, 4632t, 4641
brincidofovir, 3533
chloroquine, 3033
favipiravir, 4632t, 4641
ribavirin, resistance, 4368t, 4371

ECG changes, antimonial agents-related, 3285, 3285t
Echinacea, drug interactions

darunavir, 4200
sofosbuvir-velpatasvir, 4463t

Echinacea purpurea, drug interactions
etravirine, 3980t
tenofovir, 3980t

Echinocandins, 2659. See also Anidulafungin; 
Caspofungin; Micafungin

antifungal susceptibility testing of, 2659–2660
in combination with fluconazole, 2769
concentration-dependent activity, 4t
mechanism of action, 2666–2667, 2666f
pharmacokinetics, 2663t

Echinococcosis
alveolar

albendazole, 3323
mebendazole, 3335

cystic
albendazole, 3322–3323
flubendazole, 3344
mebendazole, 3333t, 3334–3335

praziquantel, 3393
Echinococcus

artemisinins, 2943
artesunate, 2965t, 2966

Echinococcus granulosus. See also Echinococcosis
flubendazole, 3344
nitazoxanide, 3164

Echinococcus multilocularis. See also Echinococcosis
nitazoxanide, 3164

ECHO study, 3920, 3923, 3930, 3936, 3937, 
3993–3994, 3993f, 3994t, 3999, 4001, 4006t, 
4007, 4008–4009, 4010t, 4012

Econazole
administration modes, 2890t
adverse reactions and toxicity, 2890t

antimicrobial activity, 2888t
chemical structure, 2886t
clinical uses, 2890t, 2893
drug interactions, 2817
excretion, 2890t
pharmacokinetics/pharmacodynamics, 2892

Ecstasy, interactions with ritonavir, 4200–4201
Ecthyma, mupirocin, 1462
Ecthyma contagiosum, cidofovir, 3557–3558
Ectromelia virus, cidofovir, 3541t
Eczema, infected, mupirocin, 1462–1463
Eczema herpeticum, aciclovir, 3473
Edema, drugs causing

amorolfine, 2906
angioneurotic

rifaximin, 2455
thiabendazole, 3339

itraconazole, 2798
laryngeal, tinidazole, 1853–1854
macular, zidovudine, 3673
paromomycin, 3155
peripheral, amantadine, 4537
pulmonary, ticarcillin-clavulanic acid, 306

Edema, facial
clindamycin-related, 1487
tetracycline-related, 1199

Edurant. See Rilpivirine
Edwardsiella

amoxicillin, resistance, 104
ampicillin, resistance, 104
cefazolin, resistance, 348
cephalexin, resistance, 362
cephalothin, resistance, 348
chloramphenicol, 1517
ciprofloxacin, 1867
imipenem, 665
penicillin, resistance, 33
trimethoprim-sulfamethoxazole, 1627

Efavirenz, 3907–3958
administration mode, 3911
adverse reactions and toxicity

cardiovascular side effects, 3929
CNS toxicity, 3920–3923
comparison with rilpivirine, 4005, 4006t, 

4007–4008
early-onset CNS symptoms, 3920
etravirine versus, 3926, 3928
fetal toxicity, 3925–3926
hepatotoxicity, 3924–3925
hyperlipidemia, 3926–3929, 3927t
integrase inhibitors versus, 3928
lipodystrophy, 3929
metabolic effects, 3926–3930
miscellaneous effects, 3930
neuropsychiatric toxicity, 3919–3920
neurotoxicity/blood levels relationship, 3922
nevirapine versus, 3926
pharmacogenetic studies, 3922–3923
protease inhibitors versus, 3928
psychiatric side effects, 3920–3923
rashes, 3923–3924
rilpivirine versus, 3926
switch studies, 3863–3864, 3928–3929
vitamin D deficiency, 3929–3930

chemical structure, 3907, 3907f
clinical use, HIV-1 virus infection, 3930–3945

in children, 3941–3942
combined with nucleoside/nucleotide agents, 

3931–3932
discontinued regimens, 3942–3944
dolutegravir versus, 3940–3941, 4272–4275, 

4273t, 4274t
etravirine versus, 3938
integrase inhibitors versus, 3938–3941
lopinavir-ritonavir versus, 3932–3933, 3934
maraviroc versus, 3941
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nevirapine versus, 3883–3884, 3934–3936
nucleoside-sparing regimens, 3944
protease inhibitors versus, 3932–3934, 

3942–3943
rilpivirine versus, 3936–3938
ritonavir-boosted protease inhibitors, 3932
switch studies, 3937–3938, 3939, 3940–3941, 

3945
in treatment-experienced patients, 3944–3945

in combination with
abacavir/lamivudine, 3932
antimicrobial activity, 3908
cobicistat/tenofovir/elvitegravir (Stribild), 

3939–3940
didanosine, 3714t
emtricitabane, 3811, 3916
lamivudine, 3740
lopinavir-ritonavir, 3944
nelfinavir, 4080
rifabutin, 3917
rifampicin, 3911, 3916–3917
ritonavir, 3915, 3916t
tenofovir (Atripla; Viriday), 3907–3908, 3916
tenofovir alafenadate/emtricitabane,  

3931–3932
tenofovir diphosphae/emtricitabane,  

3931–3932
tenofovir disoproxil fumarate/emtricitabane, 

3931
tenofovir/emtricitabine, 3940

desensitization to, 3924
dosage, 3911, 3911t, 3932
drug interactions, 3915–3919

adefovir dipivoxil, 4340t
amiodiaquine-artesunate, 2969
amodiaquine, 3052
anticoagulant agents, 3919
anticonvulsants, 3918
antifungal agents, 3917
antimalarial drugs, 3917–3918
antiplatelet agents, 3919
artemether-lumefantrine, 3917
astemozole, 3915t
atazanavir, 4144, 4150t
atorvastatin, 3918
atovaquone, 3122
atovaquone-proguanil, 3141t
bedaquiline, 2546
bepridil, 3915t
boceprevir, 3915t
buprenorphine, 3918
capsofungin, 2670
carbamazepine, 3918
chemokine co-receptor antagonists, 3916
chloroquine, 3918
cisapride, 3915t
clarithromycin, 3917
clopidogrel, 3919
cycloserine, 2524, 2526
daclatasvir, 4464
darunavir, 3916t, 4131t
dasabuvir, 3915t
delamanid, 2555t
diltiazem, 3919
dolutegravir, 3916, 4260t
elbasvir-grazoprevir, 3915t
erectile dysfunction agents, 3919
ergot alkaloids, 3915t
ethinyl-estradiol, 3918
etravirine, 3916, 3976, 3978t
fosamprenavir, 3915, 3916t
hormonal contraceptives, 3918
immunosuppressive agents, 3918–3919
indinavir, 3915, 3916t, 4068
interferon, 3920
interferon-alpha, 3924

isavuconazole, 2864
ketoconazole, 2742
ledipasvir-sofosbuvir, 4462t
lopinavir-ritonavir, 3915, 3916t
maraviroc, 3916
mefloquine, 3081, 3918
methadone, 3918
midazolam, 3915t
nelfinavir, 4080
nevirapine, 3916
nonnucleoside analog reverse transcriptase 

inhibitors, 3916
nucleoside/nucleotide reverse transcriptase 

inhibitors, 3916
ombitasvir-paritaprevir, 3915t
ombitasvir-paritaprevir-ritonavir-dasabuvir, 

4467t
phenobarbital, 3918
phenytoin, 3918
pimozide, 3915t
pravastatin, 3918
proguanil, 3132
protease inhibitors, 3915–3916, 3916t, 3924
raltegravir, 3916, 4219
recreational/illicit drugs, 3919
rifabutin, 2438, 2440t
rifampicin, 2387, 2388t
rifapentine, 3915t
saquinavir, 3916t, 4030t, 4032
simeprevir, 3915t, 4458
simvastatin, 3918
sofosbuvir-velpatasvir, 4463t
statins, 3918
St. John’s wort, 3915t
tenofovir, 3916
terfenadine, 3915t
tipranavir, 3916t
tipranavir-ritonavir, 4168
triazolam, 3915t
voriconazole, 3915t, 3917
warfarin, 3919

mechanism of action, 3910–3911
pharmacokinetics/pharmacodyanmics

bioavailability, 3911
clinically important features, 3912–3914
excretion, 3914
half-life/resistance relationship, 3912–3913
pharmacogenetics, 3913–3914
therapeutic drug monitoring, 3913, 3914t
virological efficacy, 3913, 3914t

resistance and cross-resistance, 3908–3910
acquired versus transmitted, 3909
genetic barriers to, 3908
in non-B Hiv-1 subtypes, 3910
relationship to half-life, 3912–3913
reverse transcriptase gene mutations-related, 

3908–3909, 3908t
EFda, 4630t, 4631–4632
Efflux pump inhibitors, co-administration with 

ertapenem, 751
Efflux pumps, in drug resistance, 40

in adaptive resistance, 966–967
amikacin, 1016
aminoglycosides, 966–967, 1011
aztreonam, 645
bedaquiline, 2534, 2543
cefepime, 586
cefotaxime, 430, 431
ciprofloxacin, 1877–1878, 1882, 1883, 1884
clindamycin, 1471, 1472
clofazimime, 2534
cycloserine, 2521
eravacycline, 1279–1280
ertapenem, 750
of Escherichia coli, 191
finafloxacin, 2141

fluconazole, 2758
fluoroquinolones, 1875, 1877, 1879
fusidic acid, 1409–1410
garenoxacin, 2199
gatifloxacin, 2218, 2219, 2220
gentamicin, 966–967, 993
isavucaonzole, 2859
isepamicin, 1040
itraconazole, 2788
levofloxacin, 2058t–2059t, 2060
linezolid, 1301
macrolides, 1069
major facilitator superfamily, 1885
melarsoprol, 3239
metronidazole, 1811, 1812
multidrug, 1253
nalidixic acid, 2257
netilmicin, 1030
nitrofurantoin, 1786
ofloxacin, 2008–2009
omadacycline, 1268
pentamidine, 3272
piperacilin-tazobactam, 323t
plazomicin, 1055
quinopristin-dalfopristin, 1374, 1375, 1376t
Resistance-Nodulation-Division (RND), 1878, 

1879
retapamulin, 1563
rifaximin, 2451
sitafloxacin, 2125
solithromycin, 1184
telithromycin, 1158, 1159
tetracycline, 1196, 1232, 1253
tigecycline, 1253
tobramycin, 994

Efinaconazole
administration modes, 2891t
adverse reactions and toxicity, 2891t, 2892
chemical structure, 2887t
clinical uses, 2891t
excretion, 2891t
pharmacokinetics/pharmacodynamics, 2892

Eflornithine, 3253–3268
administration modes, 3253, 3256
adverse reactions and toxicity, 3258–3259

in children, 3256
in pregnant women, 3257

antimicrobial activity, 3254
chemical structure, 3253, 3253f
clinical uses

chemotherapeutic agent, 3264–3265
combination therapy, 3218–3219, 3259–3264, 

3262t
hirsutism, 3265
malaria, 3264
nifurtimox combination therapy (NECT), 

3218–3219, 3242
Pneumocystis jirovecii infection, 3264
trypanosomiasis, 3259–3264, 3262t, 3264

donated, 3253
dosage, 3256–3257
drug interactions, 3258
excretion, 3258
in vitro synergy and antagonism, 3240, 3254–3255
mechanism of action, 3255–3256
melarsoprol combination therapy, 3248–3249, 

3262, 3262t
nifurtimox combination therapy (NECT), 3242, 

3249, 3253, 3255, 3262–3264
adverse reactions and toxicity, 3259, 3263, 3264
in children, 3257
in pregnancy, 3257

pharmacokinetics/pharmacodynamics, 3257–3258
resistance and cross-resistance, 3253, 3254

Eggerthella, nemonoxacin, 2162
Eggerthella lenta. See Eubacterium lentum
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Ehrlichia
nalidixic acid resistance, 2257
rifampicin, 2374–2375

Ehrlichia chaffeensis
doxycycline, 1218–1219
rifampicin, 2374–2375

Ehrlichia ewingii
doxycycline, 1218–1219
rifampicin, 2374–2375

Ehrlichia phagocytophilum. See Anaplasma 
phagocytophilum

Ehrlichiosis. See also individual Ehrlichia species
doxycycline, 1208, 1218–1219
rifampicin, 2407
tetracycline, 1196

E I du Pont de Nemours, 1293
Eikenella corrodens

amoxicillin, 34
amoxicillin-clavulanic acid, 269
azithromycin, 1124
ciprofloxacin, 1871
clindamycin, resistance, 1470, 1475
enoxacin, 2172
garenoxacin, 2197
gatifloxacin, 2215
imipenem, 665
norfloxacin, 1987
ofloxacin, 2007
penicillin G, 24t, 34, 68

resistance, 34
telithromycin, 1158

Eikinella corrodens, metronidazole, 1827
Eisai Co. Ltd., 2876
Elbasvir, 4434t

antiviral activity, 4441t
chemical structure, 4437f
drug interactions, 4465

lopinavir-ritonavir, 4092, 4093t
excretion, 4465
mechanism of action, 4434t
pharmacokinetics/pharmacodynamics, 4456t, 

4464–4465
Elbasvir-grazoprevir, interactions with etravirine, 

3979t
Elderly patients. See Older adults
ELEA, 3205
Electrolyte disturbances. See also Acid-base 

disturbances
drugs causing

carbenicillin, 180–181
foscarnet, 3600–3601, 3600t
piperacillin-tazobactam, 333t, 334
ticarcillin, 181
ticarcillin-clavulanic acid, 306

ELECTRON studies, 4443–4444, 4479–4481, 4480t, 
4488t

Eli Lilly, 1065
Elizabethkingia, rifampicin, 2374
Elizabethkingia meningoseptica

ciprofloxacin, 1869–1870, 1926
imipenem, resistance, 665
rifampicin, 2408–2409

Elliott, Michael, 3413
Elvitegravir, 4232–4249

admininstration modes, 4233–4234, 4233t
adverse reactions and toxicity, 4236–4238
antimicrobial activity, 4232
chemical structure, 4232, 4232f
clinical uses, HIV-1 infection, 4238–4246

combination therapy, 4239–4245
monotherapy, 4239
switch studies, 4245–4246
in treatment-experienced patients, 4243–4245

cobicistat-boosted, drug interactions, 4187, 4200, 
4467t

in combination with efavirenz, 3939–3940
dosage, 4233–4234, 4233t
drug interactions, 4236

atazanavir, 4150t
darunavir, 4131t
rifabutin, 2438, 2441t
rifampicin, 2389t
ritonavir, 4187
saquinavir, 4031t
tipranavir-ritonavir, 4168

Genovya (cobicistat-emtricitabane-tenofovir 
alafenamide) formulation, 4233, 4233t, 
4234, 4238

clinical uses, 4242–4243, 4243f
switch studies, 4245–4246

mechanism of action, 4233
pharmacokinetics/pharmacodynamics, 4235t

bioavailability, 4235
clinically important features, 4235
distribution, 4235
excretion, 4235–4236

resistance and cross-resistance, 4232–4233
ritonavir-boosted, 4233t, 4234, 4235t

clinical use, 4205, 4205t
Stribild (cobicistat-emtricitabane-tenofovir 

disoproxil fumarate) formulation, 4233–4234, 
4233t, 4238

adverse reactions and toxicity, 4236–4238
clinical uses, 4239–4243
switch studies, 4245

switch studies, 3940
tenofovir disoproxil alafenamide-boosted, 4234

EMBAY 8440. See Praziquantel
Embolism, septic pulmonary, linezolid, 1323
Embryotoxicity. See also Fetal toxicity;  

Teratogenicity
aciclovir, 3465
eflornithine, 3257
flubendazole, 3343
ganciclovir, 3509
metrifonate, 3401–3402
miltefosine, 3298
pyronaridine-artesunate, 3015
retapamulin, 1564

Emericella quadrilineata, albaconazole, 2872t
Empyema

amoxicillin-clavulanic acid, 268
ampicillin-sulbactam, 284
clindamycin, 58
flucloxacillin, 154
linezolid, 1327
penicillin G, 45

Emtricitabane, 3801–3822
administration mode, 3803
adverse reactions and toxicity, 3806–3808
antiviral activity, 3801–3802
chemical structure, 3801, 3801f
in combination with, 3801

adefovir, 3817
atazanavir, 3811
atazanavir-ritonavir, 3811
clevudine, 3816–3817, 4360
cobicistat/elviteagravir/tenofovir DF (Stribild), 

3801
darunavir-ritonavir, 3811
didanosine, 3710, 3711, 3714t
efavirenz, 3811
efavirenz/tenofovirDF (Atripla), 3801, 3806
elvitegravir-cobicistat, 3811
elvitegravir/cocicistat/tenofovir alafenamide 

(Genvoya), 3801
for hepatitis B virus infection, 3817–3818
nevirapine, 3811
raltegravir, 3811
rilpivirine, 3811

rilpivirine/tenofovir DF (Complera or Eviplera), 
3801

saquinavir-ritonavir, 3811
stavudine, 3765–3766
tenofir disoproxil fumarate (Truvada), 3801, 

3806, 3807
tenofovir, 3806–3807, 3817–3818
tenofovir diphosphate, 3827

dosage, 3803–3804, 3804t
drug interactions

ledipasvir-sofosbuvir, 4462t
tenofovir, 3806

HBVinfection therapy, 3813–3816, 3814t
for HIV-negative patients, 3816–3818

HIV/AIDS therapy
in antiretrovial-experienced patients, 

3810–3811
in antiretroviral-naive patients, 3808–3810
in children and adolescents, 3811–3812, 3812t
comparison with lamivudine, 3808–3809, 3810
mother-child transmission prevention, 3812
postexposure prophylaxis, 3813
preexposure prophylaxis, 3812–3813

in vitro synergy and antagonism, 3803
mechanism of action, 3803
pharmacokinetics/pharmacodynamics

bioavailability, 3804
clinically important features, 3805
distribution in body, 3804–3805, 3805f
excretion, 3805–3806

resistance and cross-resistance, 3802–3803, 4338t
Emtriva. See Emtricitabane
Enalapril, interactions with rifampicin, 2386t
Enoxacin, adverse reactions and toxicity, 1907
Encainide, interactions with fosamprenavir, 4110t
Encephalitis

infective
aciclovir, 3455, 3455t, 3456, 3471–3472, 3472f
aciclovir-resistant virus-related, 3470
clindamycin, 1501–1502
cytomegalovirus, foscarnet, 3604
dapsone, 1761
foscarnet, 3606
pyrimethamine, 1729, 1734–1735
pyrimethamine-sulfadiazine, 1597
ribavirin, 4393
rifabutin, 2444
sulfadiazine, 1604
trimethoprim-sulfamethoxazole, 1597, 1675
valaciclovir, 3472

trimethoprim-related, 1655
Encephalitozoon, metronidazole, 1810
Encephalitozoon cuniculi

atovaquone, 3119
fumagillin, 3183, 3185

Encephalitozoon hellem, fumagillin, 3185
Encephalitozoon intestinalis

clindamycin, 1471
fumagillin, 3183, 3185

Encephalopathy
bilirubin, fusidic acid, 1414
drugs causing

amoxicillin, 117
ampicillin, 117
cefepime, 593
cefpirome, 594
ceftriaxone, 476, 484
clinical phenotypes, 54
diethylcarbamazine, 3374
ivermectin, 3356, 3357t
linezolid, 1316
methicillin, 140
metronidazole, 1823
ofloxacin, 2020
para-aminosalicyclic acid, 2491
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penicillin G, 52, 54, 140
piperacillin-tazobactam, 334
post-treatment reactive, melarsoprol, 

3244–3245
sulfadiazine, 1587
sulfasalazine, 1587
voriconazole, 2833

gemifloxacin, 2117
gentamicin, 978
hepatic

antimonial agents, 3283
erythromycin, 1051
minocycline, 1233–1234
neomycin, 1051
rifamixin, 1051
rifaximin, 2456–2457

HIV-associated
abacavir, 3789, 3892
zidovudine, 3680

ENCORE study, 3923, 3932
Endocarditis, infective

amoxicillin-related crystalluria in, 117
amphotericin B, 2588, 2591
amphotericin B, liposomal, 2618
ampicillin-amoxicillin, 119, 121
ampicillin-ceftriaxone, 465, 494–495
ampicillin-sulbactam, 294
ampicillin-sulbactam/gentamicin, 284
beta-lactam-aminoglycosides, 28
cafotaxime, 447
cefazolin, 355
cefotaxime, 447
ceftazidime, 563
ceftiazidime, 558
ceftizoxime, 536
ceftobiprole, 633–634
ceftriaxone, 494, 495, 504
cephalexin, 367
cephalothin, 355
cephradine-resistant, 374
ciprofloxacin, 1929–1930, 1938
clindamycin, 1470
daptomycin, 875, 891
doxycycline, 1218
erythromycin, 1079
experimental, daptomycin, 891–893
flucloxacillin, 1414
fusidic acid, 1414–1415
gentamicin, 168–169, 971
gentamicin combination therapy, 979–980
hydroxychoroquine, 3035
in intravenous drug users, 168–169, 182
isoxazolyl pencillins, 154–155
left-sided, 182
linezolid, 633–634, 1323–1324
mecillinam-ampicillin, 213
methicillin, 138
metronidazole, 1827
mezlocillin-gentamicin, 197
nafcillin, 138, 165, 168–169

in children, 170
naficillin, 169
novobiocin/ciprofloxacin, 1452
oxacillin, 169
pefloxacin, 2285
penicillin, resistance, 355
penicillin G, 26, 30, 53, 56, 57, 61, 62t, 62t–63t, 

63t, 66, 67, 68, 814
penicillin G-aminoglycosides, 57
piperacillin, 181, 199
prophylaxis

amoxicillin-ampicillin, 120t–121t, 121–122
cephalexin, 366–367
clindamycin, 121–122, 1498
erythromycin, 1077

gentamicin, 122
linezolid, 1323
teicoplanin, 857

prosthetic valve
combination therapy, 155
gentamicin, 980
linezolid, 1323–1324
metronidazole, 1827
rifampicin, 813, 2399
vancomycin, 813, 814

rifampicin, 2396–2397
right-sided, 182

antistaphylococcal penicillins, 155
telavancin, 930–931, 935–936, 937

serum bactericidal tests of, 61
streptomycin, 2476, 2481
teicoplanin, 841, 842t, 843, 844, 853, 856
telavancin, 934, 937
ticarcillin-aminoglycoside, 198
ticarcillin-clavulanic acid, 310
tigecycline, 1260
tobramycin, 1000
tobramyin, 995
trimethoprim-sulfamethoxazole, 310
trimethoxazole-sulfamethoxazole, 1660
vancomycin, 169, 633–634, 806, 812–813, 

812–814, 1414–1415
Endocrine side effects

fluconazole, 2768
ketoconazole, 2743–2744
moxifloxacin, 2094
sitofloxacin, 2127
terbinafine, 2715

Endocytosis
chloroquine, 3034
suramin, 3228

Endolymph, gentamicin concentrations in, 974
Endometritis, postpartum

ampicillin-sulbactam, 287, 288t, 289
clindamycin-gentamicin, 287, 288t, 289

Endomyometritis
ampicillin-sulbactam, 287, 288t
cefotaxime, 448

Endophthalmitis
amphotericin B, 2589, 2591–2592
amphotericin B, liposomal, 2619
chloramphenicol-sulfadimidine, 1604
piperacillin, 181
prophylaxis

cefazolin, 2101
cefuroxime, 2101
moxifloxacin, 2101

vancomycin, 797
Endoscopic retrograde cholangiopancreatography 

prophylaxis
piperacillin, 198
ticarcillin-clavulanic acid, 311

Endothelial cells, antimicrobial distribution in
ciprofloxacin, 1896
rifampicin, 2383

Endotoxins, polymyxins inhibition, 1424
Endotracheal tubes, chlorhexidine-silver 

sulfadiazine- coated, 1604
Enduracidin, 941
Enflurane, interactions with pentamidine, 3275
Enfuvirtide, 4297–4306

administration mode, 4299–4300
adverse reactions and toxicity, 4301
antiviral activity, 4297–4298
chemical structure, 4297, 4298f
clinical use, HIV-1 virus infection, 4301–4304

phase I-II studies, 4301–4302
phase III studies, 4302–4303
as salvage therapy, 4297, 4303

dosage, 4300

drug interactions, 4301
atazanavir, 4150t
etravirine, 3976, 3978t
saquinavir, 4031t
tipranavir-ritonavir, 4168

excretion, 4301
mechanism of action, 4299, 4299f
pharmacokinetics/pharmacodynamics, 4300–4301

Enilconazole
administration modes, 2890t
adverse reactions and toxicity, 2890t
antimicrobial activity, 2888t
chemical structure, 2886t
clinical uses, 2890t, 2893
excretion, 2890t

Enoxacin, 2171–2179
administration modes, 2173
adverse reactions and toxicity, 2175
antimicrobial activity, 2171–2173, 2172–2173

Gram-negative bacteria, 2171–2172, 2172t
Gram-positive bacteria, 2172–2173, 2172t

chemical structure, 2171, 2171f, 2254f
clinical uses, 2175–2176
dosage, 2173
drug interactions, 2173–2174, 2175
mechanism of action, 2173
metabolites, 2175
pharmacokinetics/pharmacodynamics, 2173–2175

bioavailability, 2173–2174
clinically important features, 2174
distribution in body, 2174
excretion, 2174–2175

resistance and cross-resistance, 2172, 2172t, 2173
Enrofloxacin, use in aquaculture, 11
Ensure, 1903
Entamizole. See Diloxanide furoate
Entamoeba dispar

atovaquone, 3118
differentiated from Entamoeba histolytica, 3195, 

3196, 3197
Entamoeba histolytica (amebiasis)

atovaquone, 3119
chloroquine, 3031–3032, 3031t, 3041
diloxanide furoate, 3195, 3197–3198

resistance, 3195–3196
fumagillin, 3183, 3184–3185
gentamicin, resistance, 966
iodoquinol, 3200–3201
metronidazole, 1810, 1814, 1833–1834, 1856

resistance, 1813
miltefosine, 3294, 3304–3305
minocycline, 1232
nitazoxanide, 162, 3163t, 3169, 33165
paromomycin, 1833, 1834, 3149, 3151, 3158
tinidazole, 1834, 1850, 1856

Entamoeba moshkovskii, differentiated from 
Entamoeba histolytica, 3195, 3197

Entecavir, 4323–4334
administration mode, 4325
adverse reactions and toxicity, 4327–4328, 4327t, 

4328t
antiviral activity, 4323–4324

hepatitis B virus, 4323
HIV, 4323–4324

chemical structure, 4323, 4323f
clinical uses

HBV reactivation prevention, 4332–4333
HIV- HBV co-infection, 4332
immune-active hepatitis B virus infection, 

4328–4332, 4330t–4331t
immune-tolerant chronic hepatitis B virus 

infection, 4332
in pediatric patients, 4332

dosage, 4325–4326, 4326t
mechanism of action, 4325



I-62 Index

Entecavir (continued)
pharmacokinetics/pharmacodynamics, 4326, 

4327t
resistance and cross-resistance, 4324–4325, 4325t

Enteral nutrition
gatifloxacin interactions with, 2221–2222
levofloxacin use with, 2061

Enteric bacteria, aerobic, multidrug-resistant, 
1046–1047

Enteric fever. See Salmonella typhi (typhoid fever)
Enteric function impairment, metronidazole, 1817
Enteritis

erythromycin, 1078
trimethoprom-sulfamethoxazole, 1667

Enterobacter
amikacin, 1009
aminoglycoside-modifying enzymes, 1040
amoxicillin, resistance, 104
amoxicillin-clavulanic acid, resistance, 226, 255
ampicillin, resistance, 104
azithromycin, resistance, 1124
aztreonam, 644
beta-lactamases, 209, 254, 303, 322, 324, 430, 665
carbenicillin, 175, 181, 188, 188t
carfecillin, 182
carindacillin, 182
cefazolin, 349

resistance, 348
cefixime, resistance, 540
cefoperazone-sulbactam, 416t
cefotaxime, 428t, 532
cefotaxime, resistance, 442–443
cefotetan, 405
cefotiam, 399t
cefoxitin, resistance, 404t
cefpodoxime, resistance, 532
cefprozil, resistance, 377
ceftaroline-avibactam, 614t, 615
ceftazidime, resistance, 550, 553t
ceftazidime-avibactam, 564
ceftizoxime, 532
ceftolozane-tazobactam, 230
cefuroxime, resistance, 386
cephalexin, resistance, 362
cephalothin, resistance, 348, 349
ciprofloxacin, 1895, 1924

resistance, 1925
cycloserine, 2520

resistance, 2523
ertapenem, 746t, 747
erythromycin, resistance, 1066
faropenem, 766, 767t
finafloxacin, 2139, 2140t

resistance, 2141
fluoroquinolones, resistance, 1876
fosfomycin, resistance, 1394, 1394t
furazolidine, 1784
garenoxacin, 2195, 2196t
gatifloxacin, 2213, 2214t
gemifloxacin, 2113
gentamicin, 965
imipenem, 665, 677

resistance, 672
isepamicin, 1039, 1040t
kanamycin, 949t, 950
levofloxacin, 2056t

resistance, 2055, 2056t, 2057
mecillinam, 207, 208t, 212

resistance, 209
mezlocillin, 188, 188t
nalidixic acid, 2256

resistance, 2257t
nitrofurantoin, 1785
norfloxacin, 1986
novobiocin, resistance, 1450

ofloxacin, 2006
resistance, 2008

penicillin G, resistance, 33
piperacillin, 189
piperacillin-tazobactam, resistance, 319, 320t, 321
plazomicin, 1054–1055, 1054t
polymyxins, 1422, 1422t
rifampicin, resistance, 2373
roxithromycin, resistance, 1088
streptomycin, 2471

resistance, 2474
sulfonamides, 1572
ticarcillin, 175, 227
tigecycline, 1251–1252

resistance, 1250t, 1251
tobramycin, 993
trimethoprim-sulfamethoxazole, 1627, 1660, 1664

resistance, 1632
trovafloxacin, 2310

Enterobacter aerogenes
ampC genes, 324
ampicillin-sulbactam, 281

resistance, 228
avarofloxacin, 2159t
carbapenemases, 672
cefepime, 580t
cefoperazone-sulbactam, 416t, 417–418
cefotaxime, 428t, 438
cefotiam, resistance, 397, 399t
ceftaroline-avibactam, 614t
ceftazidime, resistance, 551t
ceftazidime-avibactam, 565t
ciprofloxacin, 1892, 1896
furazolidone, 3187
minocycline, 1239
nalidixic acid, resistance, 2259
plazomicin, 1054t
sitafloxacin, 2122, 2123t
temocillin, 219t
ticarcillin, 174t
ticarcillin-clavulanic acid, 300t

Enterobacter agglomerans, temocillin-susceptible, 
219t

Enterobacter cloacae
amoxicillin-clavulanic acid, 267

resistance, 254
ampC genes, 324
ampicillin-sulbactam, resistance, 228
avarofloxacin, 2159t
aztreonam, resistance, 645, 646t
carbapenemases, 672
cefepime, 580t
cefoperazone-sulbactam, 416t, 417–418
cefotaxime, 428t
cefotiam, resistance, 399t
ceftaroline-avibactam, 614t, 615
ceftazidime-avibactam, 565t

resistance, 569
ceftazidine, resistance, 551t
ceftobiprole, 625
ceftriaxone, resistance, 468t
ciclopirox, 2910
ciprofloxacin, 1930
ciprofloxacin, resistance, 1875
eravacycline, 1276t, 1280
ertapenem, 746t, 747

resistance, 751
fosfomycin, 1399
iclaprim, 1777
meropenem, postantibiotic effect, 709
nalidixic acid, resistance, 2259
plazomicin, 1054t
sitafloxacin, 2122, 2123t
tazobactam, 228–229
temocillin, 219t

ticarcillin, 174t
resistance, 227

ticarcillin-clavulanic acid
antagonism, 302
resistance, 227, 300t, 301

tigecycline, resistance, 1253
trimethoprim, resistance, 1636t
trimethoprim-sulfamethoxazole, resistance, 1636t

Enterobacter endophthalmitis, piperacilin- 
tazobactam, 326

Enterobacter faecium, ertapenem, resistance, 750
Enterobacteriaceae

amikacin, 1009–1010, 1039
resistance, 1011, 1043

aminoglycoside-modifying enzymes, 967
amoxicillin, resistance, 255
amoxicillin-clavulanic acid, 255, 264, 322
ampicillin, 190

resistance, 208, 209
ampicillin-sulbactam, 190, 228
azithromycin, 1124
aztreonam, 653
beta-lactamases, 302, 324, 362, 474, 550–552
beta-lactam/beta-lactamase inhibitors, 243

resistance, 322
carbapenemases, 232, 701, 703, 730
carbapenems, 322–323, 699

resistance, 665, 979
cefepime, 579, 580t, 594

resistance, 595
cefepime, resistance, 595
cefepime-tazobactam, 578, 586
cefoperazone, 420
cefoperazone-sulbactam, 417–418, 586

resistance, 418
cefotaxime, 417, 427, 430, 435, 437, 532

resistance, 579
cefotaxime, resistance, 426, 427
cefotetan, 404
cefoxitin, 404, 409
cefoxitin-rsistant, 409
cefpirome, 578, 586
ceftaroline, resistance, 607
ceftaroline-avibactam, 613, 614t, 615
ceftaxidime, 549t

resistance, 549t, 552
ceftazidime, 549, 551t

resistance, 550, 570, 579, 1011
ceftazidime-avibactam, 232, 564, 565t

resistance, 566–567, 569
ceftizoxime, 532
ceftobiprole, 625, 629
ceftolozane, 636
ceftolozane-tazobactam, 637, 640–641
ceftriaxone, 417, 470, 474, 481, 495

resistance, 470
ceftriaxone, resistance, 483
cefuroxime, 386, 389–390
cephalexin, resistance, 362
chloramphenicol, 1515

resistance, 1517
ciprofloxacin, 1867, 1868t, 1869

resistance, 1878–1879
clavulanic acid, 234, 322
clinafloxacin, 2314
clindamycin, resistance, 1470
cycloserine, resistance, 2521
doripenem, 725, 729

resistance, 730
enoxacin, 2171, 2176
ertapenem, 743, 746t, 747
fleroxacin, 2180, 2181t
fluoroquinolones, resistance, 1877, 2219
fosfomycin, 1401

resistance, 1395–1396, 1396t
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furazolidone, 3191
garenoxacin, 2195, 2196t

resistance, 2200
garenoxacin, resistance, 2200
gatifloxacin, 2213, 2214t
gemifloxacin, 2113
gentamicin, 965, 965t, 1019

combination therapy, 978–979
resistance, 564, 1010, 1030

grepafloxacin, 2312
as healthcare-associated infection cause, 474
iclaprim, 1775, 1777
imipenem, 665

postantibiotic effect, 677
resistance, 672

imipenem-cilastatin, resistance, 681
isepamicin, 1039–1040

resistance, 1040–1041
josamycin, resistance, 1152
kanamycin, 949t, 950

resistance, 950–951
KPC-carbapenemases, 701
lefamulin, resistance, 1556
linezolid, resistance, 1293
lomefloxacin, 2245, 2246t
macrolide, resistance, 1124
mecillinam, 207, 208–209

resistance, 208, 209
meropenem-vaborbactam, 233, 715
metallo-beta-lactamases, 474, 702
monobactam, resistance, 322
multidrug-resistant, 681

ceftazidime-avibactam, 232
enoxacin, 2171
imipenem, 665

nalidixic acid, 2256
resistance, 2257, 2257t, 2258, 2260, 2267

nemonoxacin, 2162
netilmicin, 1030
norfloxacin, 1986
ofloxacin, 2004, 2006

resistance, 2008–2009, 2025
origin of, 322
pefloxacin, 2277
piperacilin-aminoglycoside, 191
piperacillin, 189, 190

resistance, 189–190
piperacillin-tazobactam, 190, 230, 232, 320t, 321, 

322–324, 586, 2148–2149
plazomicin, 1060
prulifloxacin, 2148–2149
prulifloxacin/ulifloxacin, 2148
rifampicin, resistance, 2373
rifaximin, 2450
rosaramicin, resistance, 1152
roxithromycin, resistance, 1088
rufabutin, resistance, 2435
rufloxacin, 2290, 2291t
S-649266, 658–659, 658t
sparfloxacin, 2294, 2295t
spiramycin, resistance, 3175
sulfonamides, 1572, 1577
telithromycin, resistance, 1158
temocillin, 218–219, 219t, 220, 223
tetracycline, resistance, 1195, 1251
third-generation cephalosporins, resistance, 322
ticarcillin, 190

resistance, 227
ticarcillin-clavulanic acid, 190, 227, 301
tigecycline, 1249–1251, 1250t, 1256

resistance, 12511252
tinidazole, resistance, 1851
tobramycin, 993, 997–998

resistance, 993, 994, 1030
transmission of, 322

trimethoprim, 1627, 1628t
trimethoprim-methoxazole, 1631–1633
zidovudine, 3659

Enterobiasis. See Enterobius vermicularis (entero-
biasis; pinworm)

Enterobius vermicularis (enterobiasis; pinworm)
albendazole, 3321
flubendazole, 3344
ivermectin, 3361
mebendazole, 3333t, 3334
nitazoxanide, 3170
oxantel pamoate, 3384
pyrantel pamoate, 3382

Enterococcus
acquired antibiotic resistance in, 28
amoxicillin, resistance, 105–106
ampicillin, resistance, 105–106
ampicillin-sulbactam, 294
ampicillin-sulbactam/gentamicin, 284
antistaphylococcal penicillin, resistance, 28
bacitracin, 1454

resistance, 1456, 1458
beta-lactams, resistance, 28
cefaclor, resistance, 376
cefepime, resistance, 579, 580t
cefixime, resistance, 539
cefoperazone-sulbactam, resistance, 416t
cefotaxime, resistance, 442–443
cefpirome, resistance, 579
cefprozil, resistance, 376
ceftazidime, resistance, 548, 549t, 550t
ceftazidime-avibactam, resistance, 564
ceftobiprole, 28
ceftriaxone, resistance, 465
cefuroxime, 384t
cephalosporin, resistance, 28
chloramphenicol, resistance, 1516
ciprofloxacin, resistance, 1871–1872, 1885
clarithromycin, resistance, 1099
clindamycin, 1488

resistance, 1468–1469
colon content, 1825
dalbavancin, 918t, 919t, 920
daptomycin, 889

resistance, 883
doripenem, resistance, 723, 724t
enoxacin, resistance, 2173
eravacycline, 1286
ertapenem, resistance, 745
erythromycin, resistance, 1068
fecal, antibiotic-associated acquisition, 420
fosfomycin, 1392, 1394t
furazolidone, 3187
gatifloxacin, 2231

resistance, 2214t, 2216
gentamicin, resistance, 965t, 978
josamycin, resistance, 1152
levofloxacin, 2056–2057, 2056t
linezolid, 1293–1294, 1299, 1312

resistance, 1300
linezolid, resistance, 1302
macrolide, resistance, 1124
metronidazole, 1825
multidrug-resistant, 787
nalidixic acid, resistance, 2257
netilmicin, resistance, 1030
ofloxacin, resistance, 2006
penicillin, tolerance, 101
penicillin G, resistance, 28
pristinamycin, resistance, 1386–1387
quinopristin-dalfopristin, 1376t

resistance, 1376t
radezolid, 1354
reclassification of, 28
retapamulin, resistance, 1561, 1563

rifampicin, 2369
rosaramicin, resistance, 1152
roxithromycin resistance, 1088
solithromycin, 1180t, 1182
spiramycin, 3176t
streptogramin group A, resistance, 1386–1387
streptomycin, resistance, 2472, 2474–2475
surotomycin, 944, 945
tedizolid, resistance, 1360
teicoplanin, 837, 838t
third-generation cephalosporins, resistance, 465
tobramycin, resistance, 992–993
tosufloxacin, 2305, 2305t
trimethoprim, 1626
trimethoprim-sulfamethoxazole, 1626
vancomycin

combination therapy, 793
resistance. See Vancomycin-resistant 

enterococci (VRE)
Enterococcus aerogenes, kanamycin, resistance, 951
Enterococcus avium, 101

amoxicillin, 101, 103
ampicillin, 101, 103
biapenem, resistance, 773
ciprofloxacin, 1872
gentamicin, resistance, 970
penicillin, 101, 103
penicillin G, 28

Enterococcus casseliflavus
ciprofloxacin, 1872
teicoplanin, 837
vancomycin, resistance, 787, 791, 910

Enterococcus durans
clindamycin, 1469
penicillin, 101, 103t
vancomycin, resistance, 791

Enterococcus faecalis
acquired antibiotic resistance in, 28
amikacin, resistance, 1009, 1011
amoxicillin, 100, 101

resistance, 105, 106
amoxicillin-clavulanic acid, 226, 255
ampicillin, 100, 101, 103, 106, 118, 176, 189, 300

resistance, 105, 106
ampicillin-amoxicillin, 119, 121
ampicillin-ceftriaxone, 465
ampicillin-ciprofloxacin, 1887
ampicillin-sulbactam, 280
azithromycin, 1122
azlocillin, 189
aztreonam, resistance, 652
bacitracin, 1456
beta-lactamases, 29
biapenem, 773, 774t
carbenicilln, 176
cefepime, resistance, 580t
cefoperazone-sulbactam, resistance, 415
cefotaxime, 427t
cefotiam, resistance, 398t
cefotixin, resistance, 404
cefpodoxime, resistance, 531
ceftaroline, 605t, 606
ceftobiprole, 621t, 624–625

postantibiotic effect, 629
ceftriaxone, resistance, 467t
chloramphenicol, 1515
ciprofloxacin, resistance, 1868t, 1871–1872, 1902
clarithromycin, resistance, 1097
clavulanic acid, 234
clinafloxacin, 2314
clindamycin, resistance, 1469
dalbavancin, 918t, 920
daptomycin, 869t, 870
delafloxacin, 2133, 2133t, 2134
doripenem, 723, 724t
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Enterococcus faecalis (continued)
enoxacin, resistance, 2172t
ertapenem, 723
erythromycin, 1066
faropenem, 765–766, 766t

resistance, 766, 767t
faropnem, 768
fidaxomicin, 1548t, 1549
garenoxacin, 2196t, 2198, 2203
gatifloxacin

post-antibiotic effect, 2224
resistance, 2214t

gemifloxacin, 2111t, 2112
gentamicin, resistance, 103, 965, 969t, 970, 979, 

992–993
high-level aminoglycoside-resistant (HLAR), 

494–495
imipenem, 664, 723
isepamicin, resistance, 1039, 1040t
josamycin, 1151
kanamycin, resistance, 949–950, 949t
levofloxacin, 2056t, 2065
linezolid, 1294, 1296t, 1319, 1323

combination therapy, 1304
resistance, 1299, 1302

mecillinam, resistance, 208, 208t
mefloquine, 3076
meropenem, 723
metronidazole, resistance, 1814
mezlocillin, 188t, 189, 197
moxifloxacin, 2086, 2086t
mupirocin, resistance, 1460
nafcillin, 163t
nemonoxacin, 2158t, 2162
neomycin, resistance, 1047t
nitrofurantoin, 1786, 1793
norfloxacin, resistance, 1987
ofloxacin, 2017

resistance, 2009
oritavancin, 909t, 910, 911
pefloxacin, resistance, 2278t
pencillin G, 176, 189
penicillin, 101, 300

resistance, 103
penicillin-binding protein, 28
penicillin G, 25t, 980

resistance, 28
penicillin G-clavulanic acid, 226
penicillin G-netilmicin, 1030
penicillin V, 93t
piperacillin, 188t, 190
piperacillin-tazobactam, 229, 300, 321, 321t
plazomicin, resistance, 1054, 1054t
prulifloxacin/ulifloxacin, 2148t, 2149
quinoprostin-dalfopristin, resistance, 1374
radezolid, 1354
ramoplanin, 940
rifampicin, 2370t, 2373
rosaramicin, 1151
roxithromycin, 1087
rufloxacin, resistance, 2291t
sitafloxacin, 2123t, 2124
solitheomycin, 1182
solithromycin, 1180t, 1182
sparfloxacin, resistance, 2295, 2295t
streptomycin, 2476

resistance, 950, 2472, 2475
superinfections, 652
tedizolid, 1357, 1358t
teicoplanin, 856

resistance, 837
telavancin, 931t, 932

resistance, 932
telithromycin, resistance, 1158
ticarcillin, 176
ticarcillin-clavulanic acid, 300, 300t, 305

tigecycine, 1250t, 1251
tobramycin, resistance, 992–993
trimethoprim-sulfamethoxazole, 1626

resistance, 1626
trovafloxacin, 2310
VanA gene, 789
Van A-type vancomycin-resistant, 837, 838t
vancomycin, 786t, 787, 815

resistance, 787, 791, 870
Enterococcus faecium

amoxicillin, 100, 101
resistance, 105

amoxicillin-clavulanic acid, resistance, 255
ampicillin, 100, 101, 103
ampicillin, resistance, 105, 791
azithromycin, 1122
bacitracin, 1456
beta-lactams, resistance, 255
biapenem, resistance, 773, 774t
cefepime, resistance, 580t
cefotiam, resistance, 398t
ceftaroline, resistance, 605t, 606
ceftobiprole, resistance, 621t, 625, 627
ceftriaxone, resistance, 467t
chloramphenicol, 1516
ciprofloxacin, 1453

resistance, 1868t, 1871–1872, 1885
clinafloxacin, 2314
clindamycin, resistance, 1469
dalbavancin, 918t, 920
daptomycin, 869t, 881, 882, 899

resistance, 872–873, 895, 1256
delafloxacin, 2133, 2133t
doxycycline/quinupristin-dalfopristin, 1204
enoxacin, resistance, 2172t
faropenem, resistance, 765–766, 766t
fidaxomicin, 1548t, 1549
finafloxacin, resistance, 2140t, 2142
garenoxacin, 2196t, 2198
gatifloxacin, resistance, 2214t
gemifloxacin, resistance, 2111t, 2112
gentamicin

combination therapy, 980
resistance, 965, 969t, 970, 980, 992–993

imipenem, resistance, 664
josamycin, resistance, 1152
lefamulin, 1557
linezolid, 1293, 1294, 1296t, 1303, 1319, 1325, 

1326
combination therapy, 1304
resistance, 1299, 1302

mefloquine, 3076
meropenem, resistance, 697–698, 698t
moxifloxacin, 2086, 2086t
mupirocin, resistance, 1460
nemonoxacin, resistance, 2158t, 2162, 2163
nitrofurantoin, 1785t, 1786
novobiocin, 1450, 1451t, 1453
omadacycline, 1267, 1268t
oritavancin, 909t, 910
oxacillin, 145t
pefloxacin, resistance, 2278t
penicillin, 101

resistance, 103
penicillin-binding proteins, 28, 627
penicillin G, 25t

resistance, 28, 229
penicillin G-gentamicin, 993
piperacillin-tazobactam, resistance, 229, 319, 321t, 

322
plazomicin, 1054, 1054t
pristinamycin, 1387t
prulifloxacin/ulifloxacin, 2148t, 2149
quinupristin-dalfopristin, 1325, 1374, 1376t, 1377, 

1379, 1381–1383
resistance, 1152

radezolid, 1354
ramoplanin, 940
rifaximin, resistance, 2452t
rufloxacin, resistance, 2291t
sitafloxacin, 2123t, 2124
solithromycin, 1180t, 1182

resistance, 1185
sparfloxacin, resistance, 2295, 2295t
streptomycin, resistance, 2472, 2475
tedizolid, 1357, 1358t
teicoplanin, 856

resistance, 837, 840
telavancin, 931t, 932

resistance, 932
telithromycin, resistance, 1158
ticarcillin-clavulanic acid, 300t
tigecycline, 1256
tobramycin, resistance, 992–993
trovafloxacin, 2310
Van A-type vancomycin-resistant, 837, 838t
vancomycin, 786t, 787

resistance, 787, 791, 793, 814
vancomycin/penicillin, 814
zabofloxacin, 2158t, 2164

Enterococcus gallinarum
ciprofloxacin, resistance, 1872
gentamicin, resistance, 970
linezolid, 1326
penicillin G, 25t
teicoplanin, 837
vancomycin, resistance, 787, 791, 910

Enterococcus hirae
ciprofloxacin, 1872
neomycin, resistance, 1047t

Enterococcus raffinosus, 101
amoxicillin, 101, 103
ampicillin, 101, 103
biapenem, resistance, 773
ciprofloxacin, 1872
gentamicin, resistance, 970
penicillin, 101, 103
penicillin G, 28

Enterocolitis
in chickens, 11
neonatal, kanamycin prophylaxis, 954
Salmonella, ceftriaxone, 485–486
Yersinia, in immunocompetent patients, 487

Enterocytozoon bieneusi
atovaquone, 3119
furazolidone, 3192
metronidazole, 1810
nitazoxanide, 3162, 3169

Enteropathy, clofazimine, 2537, 2537t
Enterotoxins, of Staphyloccus aureus, 1571–1572
Enteroviruses, vapendavir, 4632t, 4641
Entomophthoromycosis, ketoconazole, 2747–2748
Environmental contaminants/pollutants

biomarkers of
penicillin V, 97
streptomycin, 2471
streptomycin resistance genes, 2471

fleroxacin, 2180
fluoroquinolones, 2171
lomefloxacin, 2245
ribavirin, 4385
thiabendazole, 3339

Eosinophilia, drugs causing
amikacin, 1018
amoxicillin-clavulanic acid, 266
arteminsinins, 2953
azithromycin, 1129, 1130
bacitracin, 1457
capreomycin, 2516
ceftiazidime, 561
ceftriaxone, 484
cephalexin, 365
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clarithromycin, 1106
daptomycin, 888
diethylcarbamazine, 3378
enoxacin, 2175
erythromycin, 1073
ethambutol, 2352
flucytosine, 2923
foscarnet, 3601
levofloxacin, 2065
minocycline, 1236–1237
nalidixic acid, 2265–2266
oxamniquine, 3399
para-aminosalicyclic acid, 2491
pyrimethamine-dapsone, 1732
pyrimethamine-sulfadoxine, 1732
roxithromycin, 1090–1091
tetracycline, 1199
ticarcillin-clavulanic acid-related, 307
tobramycin, 1000
trovafloxacin (withdrawn from market), 

2311–2312
Epclusa. See Velpatasvir
Epicentre, 3253
Epicillin, 101t
Epidermin, 941
Epidermodysplasia verruciformis, cidofovir, 3560
Epidermophyton

amphotericin B, resistance, 2571
flucytosine, resistance, 2920
griseofulvin, 2927
haloprogrin, 2933
ketoconazole, 2732t, 2733–2734
natamycin, resistance, 2653
nystatin, 2646

Epidermophyton floccosum
amorolfine, 2904
amphotericin B, 2573t
butenafine, 2720, 2721
ciclopirox, 2909, 2911
griseofulvin, 2927, 2927t
ketoconazole, 2745
miconazole, 2813t, 2814, 2819
naftifine, 2725
sulfadizine, 1576
terbinafine, 2709t
tolnaftate, 2901

Epididymitis, ciprofloxacin, 1915
Epididymo-orchitis

ciprofloxacin, 1915
doxycycline, 2029
ofloxacin, 2029

Epiglottis, ceftriaxone, 491
Epiglottitis

ampicillin-sulbactam, in children, 29–2293
penicilin G, 67

Epilepsy. See also Seizures
nalidixic acid precautions in, 2265
panipenem-valproic acid interactions in, 778

Epinephrine, as anaphylaxis treatment, 50
Epiroprim, in combination with dapsone, 1757
Epitaxis, pyronaridine-artesunate-related, 3015
Epithelial cells, ciprofloxacin concentrations in, 1896
Epithelial hyperplasia, cidofovir, 3558–3559
Epithelial lining fluid, antimicrobial distribution in

amphotericin B, 2579, 2632
amphotericin B, liposomal, 2614
avarofloxacin, 2160
cethromycin, 1174, 1175t
ciprofloxacin, 1897
clarithromycin, 1101, 1102
eravacycline, 1283
garenoxacin, 2202
gatifloxacin, 2222–2223
gemifloxacin, 2115
iclaprim, 1779t
laninamivir, 4565

levofloxacin, 1897, 2061, 2068
linezolid, 1310
omadacycline, 1269
pefloxacin, 2281
rifapentine, 2465
rufloxacin, 2292
solithromycin, 1186, 1187
sparfloxacin, 2297
tedizolid, 1364, 1364t, 1366
telithromycin, 1160–1161
tigecycline, 1255, 1256
voriconazole, 2829
zanamivir, 4565

Epizicom. See Abacavir, in combination with 
lamivudine

Epstein-Barr virus
aciclovir, 3450t, 3451, 3478–3479
adefovir dipivoxil, 4335t, 4336
amoxicillin-clavulanic acid, 267
artesunate, 2965t
brincidofovir, 3535
brivudin, 3573, 3577
chloroquine, 3033
cidofovir, 3533t, 3535, 3537, 3547, 3555
clevudine, 4359
foscarnet, 3587, 3587t, 3608–3609
ganciclovir, 3503, 3503t
maribavir, 3640–3641
nelfinavir, 4076
penciclovir, 3493, 3494t
rashes associated with, 116
zidovudine, 3658

Equine herpesvirus, aciclovir, 3451
Equine herpesvirus type 1, cidofovir, 3533t
Equine infectious anemia virus, zidovudine, 3658
Equine morbillivirus, ribavirin, 4368, 4368t
ER-30346. See Ravuconazole
ERADICATE study, 4488t
Eravacycline, 1273–1289

administration mode, 1281
adverse reactions and toxicity, 1284–1286
antimicrobial activity, 1273–1279

anaerobic bacteria, 1278t–1279t, 1279, 1280
Gram-negative bacteria, 1275, 1276t–1277t, 

1279, 1280
Gram-positive bacteria, 1274t–1275t, 1275, 

1280
minimum inhibitory concentration, 

1274t–1275t, 1276t–1279t, 1280–1281
chemical structure, 1273, 1273f
clinical uses

bioterrorsm agent prophylaxis, 1283–1284
intra-abdominal infections, 1285, 1286–1287
UTIs, 1287

dosage, 1281
drug interactions, 1284
in vitro synergy and antagonism, 1279
mechanism of action, 1280–1281
pharmacokinetics/pharmacodynamics

AUC/MIC ratios, 1283
bioavailability, 1281–1282
clinically important features, 1283–1284, 1284t
distribution, 1282–1283, 1282t
excretion, 1284

resistance and cross-resistance, 1279–1280
Erectile dysfunction agents. See Phosphodiesterase-5 

inhibitors
Ergosterol binding

amphotericin B-lipid complex, 2629
amphotericn B, 2571, 2574

Ergosterol synthesis inhibitors
albaconazole, 2871
amorolfine, 2905
butenafine, 2721
ketoconazole, 2736
miconazole, 2814–2815

naftifine, 2725–2726
ravuconazole, 2877, 2879
terbinafine, 2712
topical azoles, 2885

Ergot alkaloids, drug interactions
atazanavir, 4148t
itraconazole, 2795
posaconazole, 2850
voriconazole, 2830

Ergotamine, drug interactions
azithromycin, 1127, 1128t
erythromycin, 1073
roxithromycin, 1090t

Ergot derivatives, drug interactions
boceprevir, 4458t
clarithromycin, 1105t
cobicistat, 4186t
erythromycin, 1074t
fosamprenavir, 4110t
indinavir, 4067t
lopinavir-ritonavir, 4092, 4093t
nelfinavir, 4079
ombitasvir-paritaprevir-ritonavir-dasabuvir, 4467t
tipranavir-ritonavir, 4166, 4166t

erm(A)gene, 1069
erm(B)gene, 1069
erm genes, 1099, 1184–1185, 1375, 1387, 1472
Ertapenem, 743–764

administration modes, 751–752
adverse reactions and toxicity, 755–757, 756t
antimicrobial activity, 325

anaerobic bacteria, 748t–749t, 750
CLSI criteria, 743t
comparison with meropenem, 698
EUCAST criteria, 743t
Gram-negative aerobic bacteria, 745, 746t–747t, 

747, 749–750
Gram-negative bacteria, 751
Gram-positive aerobic bacteria, 743, 744t–745t, 

745
Gram-positive anaerobic bacteria, 748t–749t, 

750
bioavailability, 753–754
chemical structure, 735, 743, 743f
clinical uses

bacteremia, 761
colorectal surgery prophylaxis, 761
community-acquired pneumonia, 758t, 759
diabetic foot infections, 758t, 760
diabetic infections, 758t
hospital-acquired pneumonia, 758t, 759–760
intra-abdominal infections, 243, 757–759, 2097
pelvic infections, 336, 758t, 760
skin infections, 758t, 760
soft-tissue infections, 760
for soft tissue infections, 336
UTIs, 758t, 760–761
ventilator-acquired pneumonia, 760

colonic surgery, chemoprophylaxis, 409
combined with

doripenem, 739
meropenem, 703

CYP450 inhibition, 755
dosage, 751–753, 752t, 757t
drug interactions, 755
excretion, 755
in vitro synergy and antagonism, 751
mechanism of action, 751
metabolite, 755
minimum inhibitory concentrations, 743, 

744t–745t, 745, 746t–747t, 748t–749t, 
750, 754

pharmacokinetics and pharmacodynamics, 
753–755, 754t

resistance and cross-resistance, 409, 410, 750–751
susceptibility testing, 743t
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Erwinia amylovora, streptomycin resistance, 2474
Erysipelas

clindamycin, 1492
erythromycin, 1075
pristinamycin, 1389, 1390
roxithromycin, 1091–1092

Erysipelothrix rhusiopathiae
ciprofloxacin, 1872, 1930
meropenem, 698
mupirocin, 1460
pefloxacin, 2278
penicillin G, 24t, 31, 61
teicoplanin, resistance, 839
trimethoprim-sulfamethoxazole, resistance,  

1627
vancomcyin, resistance, 788

Erythema
butenafine, 2722
clindamycin, 1487
paromomycin, 3155

Erythema chronicum migrans, 66
Erythema migrans

Borrelia burgdorferi-related, 124
ceftriaxone, 502

Erythema multiforme, drugs causing
aciclovir, 3473
amoxicillin-clavulanic acid, 265
ampicillin-sulbactam, 285
atazanavir, 4151
atovaquone, 3122
capsofungin, 2670
cefotaxime, 439
ciprofloxacin, 1908
efavirenz, 3923
ethambutol, 2352
famciclovir, 3498, 3499
griseofulvin, 2929–2930
indinavir, 4069–4070
nalidixic acid, 2266
nevirapine, 3874
pegylated interferon-ribavirin, 4469
quinine, 3065
rifampicin, 2387
sulfadoxine-pyrimethamine, 1599
sulfonamides, 1588
terbinafine, 2714
thiacetazone, 2506
ticarcillin-clavulanic acid, 306
tinidazole, 1854

Erythema nodosum, sulfonamides, 1587–1588,  
1594

Erythema nodosum leprosum, 1241, 1756
Erythrocytes, antimicrobial effects

chloroquine, 3037
mefloquin, 3080
miconazole, 2815
penicillin G, 46
pyronaridine, 3011
pyronaridine-artesunate, 3014
stavudine, 3760
tafenoquine, 3112
telbivudine, 4348

Erythromycin, 31, 1065–1086
administration modes

acid-resistant coating, 1070, 1071
local applications, 1070
oral, 1069–1070
parenteral, 1070, 1071–1072

adverse reactions and toxicity, 366, 1073–1075, 
1077, 1105

cardiotoxicity, 1106
ototoxicity, 1048

antimicrobial activity, 34
Chlamydia trachomatis, 1068, 1077
Chlamydophila pneumoniae, 1068, 1076

effect of pH on, 1066
Gram-negative aerobic bacteria, 1066, 1068
Gram-negative anaerobic bacteria, 1068
Gram-positive anaerobic bacteria, 1066
Gram-positive bacteria, 1066
mycobacteria, 1068
Mycoplasma, 1068, 1076
Rickettsiae, 1068
spirochetes, 1068
Ureaplasma urealyticum, 1068, 1075

azithromycin derived from, 1122
chemical structure, 1065, 1065f
clinical uses

acne, 1079
actinomycosis, 1079
anthrax, 1173
bacteremia, 1078
Bartonella infections, 1078
bronchitis, 1076
Campylobacter infections, 1077–1078
chancroid, 1077, 1596, 1923
chemoprophylaxis, 1077
chlamydial infections, 1596
cholera, 1196
community-acquired pneumonia, 1076
comparison with clarithromycin, 1107t
diphtheriae, 1078
endocarditis, enterococcal, 1079
endocarditis, streptococcal, 1079
enteritis, 1077–1078
gas gangrene, 1079
gastrointestinal infections, 1077–1078
hepatic encephalopathy, 1051
meningitis, 1076, 1079
motility disorders, 1073
mycobacterial infections, 1078–1079
neonatal infections, 1077
pelvic infections, 1077
pertussis, 124, 1078
pneumonia, 1076–1077
pneumonia, chlamydial, 1596
postpartum infections, 1077
Q fever, 1079
relapsing fever, 1079
respiratory tract inflammation, 1079
septicemia, 1078
sexually transmitted diseases, 1077
skin infections, 380
staphylococcal infections, 1078
streptococcal pharyngitis, 1091
syphilis, 1077
treponemal infections, 1200
upper respiratory tract infections, 1075–1076
urethritis, nongonoccocal, 1077

in combination with sulfonamides, 1076
cross-reactivity, 1106, 1124
development, 1065
dosage, 1069–1070
drug interactions, 1074t

azithromycin, 1128
carbamazepine, 1073
ciclosporin, 1073
cimetidine, 1073
dapsone, 1751
ergotamine, 1073
methylprednisolone, 1073
norfloxacin, 1990
rifabutin, 1073
rifampicin, 1073
saquinavir, 4035, 4036t
simeprevir, 4458
theophylline, 1073
warfarin, 1073

excretion, 1072–1073
formulations, 1065

in vitro synergy and antagonistm, 1066
mechanism of action, 1069, 1280–1281
minimum inhibitory concentrations, 1066, 1067t
pediatric, 1070
pharmacoknetics/pharmacodynamics, 1071t

bioavailability, 1070–1071, 1071t
clinically important features, 1072
distibution in body, 1071–1072

resistance and cross-resistance, 27, 35, 57, 426, 
465, 1047, 1066, 1068, 1069, 1087, 1088, 
1357, 1473, 1562

with clarithromycin, 1124, 1609
mechanisms, 1068–1069
multidrug-resistant, 36

use in aquaculture, 11
Erythromycin A

as ketolides source, 1172
minimum inhibitory concentrations, 1173t

Escherichia
imipenem, resistance, 672
trimethoprim-sulfamethoxazole, 1627

Escherichia coli
amikacin, 1009
aminoglycosides, resistance, 1786
amoxicillin, resistance, 104, 108, 118, 208, 255
amoxicillin-clavulanic acid, 234–235, 255

resistance, 255, 257, 258, 259
AmpC-hyperproducing, 259
ampicillin, 118, 175

resistance, 104, 108
ampicillin-sulbactam, 281, 281t

resistance, 282
apalcillin, 189
avarofloxacin, resistance, 2159t, 2160
azithromycin, 1124

resistance, 1125
aztreonam, 644, 651, 653
beta-lactam antibiotics, 41
beta-lactamase inhibitors, resistance, 258–259
beta-lactamases, 11, 190, 208–209, 254, 255, 258, 

259, 303, 322, 391, 410, 430–431, 447, 474
beta-lactam/beta-lactamase inhibitors, 243, 257

resistance, 303, 303t
biapenem, 773, 775t
carbapenemases of, 672, 701
carbapenems, resistance, 699
carbenicillin, 175, 181
carfecillin, 182
carindacillin, 182
cefaclor, 377
cefadroxil, 371, 371t
cefazolin, 347, 349, 355
cefixime, 540
cefoperazone-sulbactam, 416t, 417–418

resistance, 417, 418
cefotaxime, 437, 438, 440

resistance, 323, 442–443, 447
cefotetan, 404–405
cefotiam, 397, 399t
cefoxitin, 404–405, 404t
cefpodoxime, 532, 537
cefprozil, 377, 377t
ceftaroline, 606–607, 608t, 610
ceftaroline-avibactam, 614t, 615
ceftazidime, 549, 560, 653

resistance, 570
ceftazidime-avibactam, 564, 565t

resistance, 566–567
ceftobiprole, 625, 627
ceftolozane-tazobactam, 637, 638t

resistance, 637
ceftriaxone, 468t, 475, 477, 480
cefuroxime, 385t

resistance, 391
cefuroxine, 386
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cephalexin, 361–362, 362t
resistance, 366

cephalothin, 355
resistance, 347, 349

cephradine, 371, 371t
ceroperazone-sulbactam, 422
chloramphenicol, resistance, 1517, 1518
ciclopirox, 2910
ciprofloxacin, 182, 1867, 1868t, 1895, 1896, 1902, 

1914, 1918, 1924, 1930
resistance, 1877, 1878–1879, 1882, 1902, 1928, 

1934
clavulanic acid, resistance, 234–235
clinafloxacin, 2314
clindamycin, 1475, 1485
colon content, 1825
cycloserine, 2520, 2521

resistance, 2523
delafloxacin, 2132, 2133t, 2135, 2137
didanosine, 3699
doripenem, 738
doxycycline, 1210, 1216
effect on patient outcome, 322
efflux overexpression in, 191
eravacycline, 1273, 1277t, 1279, 1280, 1286
ertapenem, 746t, 747, 749, 750, 760, 761

resistance, 750–751
erythromycin, resistance, 1066
faropenem, 766, 767t
faropnem, 768
finafloxacin, 2139, 2140t

resistance, 2141–2142
flomoxef, 410
fluoroquinolones, resistance, 11, 391, 1876, 1879, 

2075, 2299
fosfomycin, 1394–1395, 1394t, 1397, 1398–1399

resistance, 1395–1396, 1396t, 1400
furazolidone, 1784, 3187
fusidic acid, resistance, 1409–1410
garenoxacin, 2195, 2196t, 2203
gatifloxacin, 2213, 2214t

resistance, 2219
gentamicin, 965, 974

resistance, 968t
iclaprim, 1776t, 1777
imipenem, 653, 665, 677
isepamicin, 1039, 1040t
kanamycin, resistance, 951
levofloxacin, 2056t, 2060, 2065, 2067

resistance, 2055, 2056t, 2057
mecillinam, 40, 207, 208–210, 208t, 209–210, 211, 

212
resistance, 209

meropenem, postantibiotic effect, 709
metronidazole, 1814
mezlocillin, 188, 188t, 190, 653
minocycline, 1239
mixed Bacteroides fragilis infections, 268
moxifloxacin, 2098

resistance, 2087–2088
multidrug-resistant, 2259
nalidixic acid, 2256, 2257t

resistance, 1882, 2257–2259, 2257t, 2267, 2269
nemonoxacin, 2159t, 2162
neomycin, 1047t

resistance, 1046
nitrofurantoin, 1785, 1785t, 1787, 1793, 1794

resistance, 1786
nitrofurazone, 1784
norfloxacin, 1986, 1991, 1993
novobiocin, resistance, 1450
ofloxacin, 2016

resistance, 2006, 2008, 2010t, 2025
omadacycline, 1267, 1268t, 1270
penicillin, resistance, 33

penicillin-binding proteins, 40, 41, 191
PBP 1a, 431
PBP 1b, 431
PBP 2, 210, 627
PBP 3, 431, 475, 627

penicillin G, resistance, 58
piperacillin, 190

resistance, 189–190, 198
piperacillin-tazobactam, 230, 232, 233, 320t, 322

resistance, 320t
piperacillin-tazobactam, resistance, 233
pivmecillinam, 209, 212–213

resistance, 208
plazomicin, 1054, 1054t
polymyxin B, 1424
polymyxins, 1422, 1422t, 1437
porin proteins, 40
prulifloxacin/ulifloxacin, 2148, 2148t

resistance, 2149
quinolones, resistance, 191, 1877
rifampicin, resistance, 2373
rifaximin, resistance, 2451, 2452t
roxithromycin, resistance, 1088
S-649266, 658, 659
sitafloxacin, 2122, 2123t
spectinomycin, 1542
streptomycin, 2471

resistance, 2474
sulfathiazole, resistance, 1576
sulfonamides, 1572, 1603

resistance, 1576–1577
temocillin, 219t, 223

resistance, 219t, 220
ticarcillin, 174t, 175, 182–183
ticarcillin-clavulanic acid, 227, 300t, 301, 305

resistance, 227
tigecycline, 1251–1252, 1258, 1259

resistance, 1251, 1253
tinidazole, 1851
tobramycin, 993
trimethoprim, 1627, 1628t

resistance, 1636t
trimethoprim, resistance, 267
trimethoprim-sulfamethoxazole, 1661, 1664

resistance, 1627, 1632–1633, 1636t
trimethoprim-sulfoxamethoxazole/amikacin,  

1635
trovafloxacin, 2310
zabofloxacin, 2159t, 2165

Escitalopram, interactions with linezolid, 1314
Esomeprazole, interactions with fosamprenavir, 

4111–4112
Esophageal tumors, cidofovir, 3559
Esophageal varice rupture, ofloxacin prophylaxis, 

2036
Esophagitis, treatment

aciclovir, 3473
amphotericin B, 2589
foscarnet, 3603–3604

Esophagus, amphotericin B distribution in, 2579
ESS40013 study, 3943
ESTABLISH-1 study, 1324, 1368, 1368t
ESTABLISH-2 study, 1324, 1368, 1368t
Estomycin. See Paromomycin
Estradiol, drug interactions

methenamine, 1802
metronidazole, 1824

Estriol, as feto-placental function indicator, 115
Estrogen, drug interactions

ampicillin, 115, 285
clofazimine, 2536
griseofulvin, 2929

Etests, MIC under- or overestimation with, 1251
Ethacrynic acid, drug interactions

kanamycin, 957

paromomycin, 3155
penicillin G, 47

Ethambutol
administration modes, 2348, 2348t
adverse reactions and toxicity, 2349, 2351–2352, 

2351f
antimicrobial activity, 2346, 2346f

early bactericidal activity, 2350
chemical structure, 2346, 2346f
clinical uses

latent tuberculosis, 2353
M. avium complex infections, 2353–2354
M. kansasii infections, 2354
M. marinum infections, 2354
M. tuberculosis infection, 2353
multidrug-resistant tuberculosis, 2353
nontuberculous Mycobacterium infections, 

2354–2355
tuberculosis combination therapy, 2353
tuberculosis treatment, 2393, 2479
tuberculous meningitis, 2350

in combination with isoniazid, 2350
concentration-dependent activity, 4t
dosage, 2348–2349, 2348t, 2350

relationship to adverse effects and toxicity, 
2351, 2351f, 2352

drug interactions, 2351
antacids, 2350
delamanid, 2555t
rilpivirine, 4000t

in vitro synergy and antagonism, 1304, 1873, 
2348, 2379, 2436

mechanism of action, 2348
metabolites, 2350, 2351
pharmacokinetics/pharmacodynamics

bioavailability, 2349–2350
clinically important features, 2350
distribution in body, 2350
excretion, 2349, 2350–2351

post-antibiotic effect, 2350
resistance adn cross-resistance, 950
resistance and cross-resistance, 2347–2348
synergistic activity, 2346, 2347

Ethinyl estradiol, drug interactions
atazanavir, 4149t
darunavir, 4133t
fosamprenavir, 4110t
lopinavir-ritonavir, 4093, 4095t
nevirapine, 3871t, 3872
ombitasvir-paritaprevir-ritonavir-dasabuvir, 

4467t, 4500
telithromycin, 1162t, 1163
tipranavir-ritonavir, 4167t, 4168, 4171
zidovudine, 3669

Ethionamide, 2493–2502
administration modes, 2496
adverse reactions and toxicity, 2496, 2498–2499, 

2524
antimicrobial activity, 2493–2494
chemical structure, 2493, 2493t
clinical uses

leprosy, 2394, 2500
tuberculosis, 2499–2500

in combination with pyridoxine, 2496, 2498
cross-resistance with

isoniazid, 2494, 2499
prothionamide, 2493

dosage, 2496–2497
drug interactions, 2498

cycloserine, 2524
thiacetazone, 2506

excretion, 2497–2498
mechanism of action, 2496
pharmacokinetics/pharmacodynamics, 2497–2498
resistance and cross-resistance, 2493, 2494
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Ethylenediamone tetra-acetic acid (EDTA), 
interactions with tigecycline, 1256

Ethyl methanesulfonate, as nelvinavir contaminant, 
4075

Etoposide, drug interactions
atovaquone-proguanil, 3141t
zidovudine, 3669

Etravirine, 3970–3988
administration mode, 3973–3974
adverse reactions and toxicity, 3977, 3980–3981, 

3981t
antimicrobial activity, 3970–3971
chemical structure, 3970, 3970f
clinical uses, HIV-1 virus infection

in adults, 3982–3985
in children, 3985
efavirenz versus, 3938

dosage, 3973–3974
drug interactions, 3976–3977, 3977t–3980t, 

3978t–3979
antacids, 3980t
antiarrhythmics, 3977, 3979t
anticoagulants, 3979t
anticonvulsants, 3977, 3980t
antifungal agents, 3977, 3979t
artemether-lumefantrine, 3977, 3979t
atazanavir, 3976, 3978t, 4150t
atorvastatin, 3977
azithromycin, 3979t
benzodiazepines, 3977
boceprevir, 3979t
calcium channel blockers, 3977, 3979t
carbamazepine, 3977
CCR5 antagonists, 3978t
ciclosporin, 3977
clarithromycin, 3976–3977, 3979t
cobicistat, 3978t
daclatasvir, 4464
darunavir, 3978t, 4131t
dexamethasone, 3977
diazepam, 3980t
didanosine, 3978t
doltegravir, 4259, 4260t
dolutegravir, 3976, 3978t
Echinacea purpurea, 3980t
efavirenz, 3976
eltegravir, 3978t
enfuvirtide, 3976
fluconazole, 3977
fosamprenavir, 4110t, 4113
HCVdirectly-acting antivirals, 3979t
immunosuppressants, 3977, 3980t
indinavir, 3978t
lopinavir, 3978t
maraviroc, 3978t
methadone, 3980t
nelfinavir, 3976, 3978t
nevirapine, 3976
ombitasvir-paritaprevir-ritonavir-dasabuvir, 

4467t
omeprazole, 3980t
oral contraceptives, 3980t
pegylated interferon-alpha, 3979t
phenobarbital, 3977
posaconazole, 3977
protease inhibitors, 3978t
raltegravir, 3978t
ranitidine, 3980t
rapamycin, 3977
rifabutin, 3977, 3979t
rifampicin, 3979t
rifapentine, 3979t
ritonavir, 3978t
saquinavir, 3976, 4030t, 4032
sildenafil, 3977, 3980t
simeprevir, 3979t

sirolimus, 3977
sofosbuvir, 3979t
statins, 3977, 3979t
St. John’s wort, 3977, 3980t
tacrolimus, 3977
tenofovir, 3976, 3978t
tipranavir, 3978t
tipranavir-ritonavir, 4167t, 4168
tipranovir, 3976
voriconazole, 3977
warfarin, 3977

in vitro synergy and antagonism, 3972
mechanism of action, 3972–3973, 3973f
pharmacokinetics/pharmacodynamics

bioavailability, 3974–3975
clinically important features, 3975
distribution in body, 3975
excretion, 3975–3976

resistance and cross-resistance, 3971–3972
Eubacterium

amoxicillin, 104
ampicillin, 104
azithromycin, 1122
cefoxitin, 406
chloramphenicol, 1516–1517
ciprofloxacin, resistance, 1872
clindamycin, 1470
colon content, 1825
dalbavancin, 920
erythromycin, 1066
josamycin, 1151
metronidazole, 1809
nalidixic acid, resistance, 2257
nemonoxacin, 2162
nitazoxanide, 3163t, 3164
pefloxacin, resistance, 2278
penicillin G, 24t, 31
pristinamycin, 1387t
ramoplanin, 940
rosaramicin, 1151
tinidazole, 1851

Eubacterium lentum (Eggerthella lenta)
azithromycin, 1128
daptomycin, 871
metronidazole, 1809
tedizolid, 1359

EUCAST. See European Committee on Antimicrobial 
Susceptibility Testing (EUCAST) breakpoint 
criteria

EU-CORE (European Cubicin Outcomes Registry 
and Experience), 886, 889, 894, 897

Eukaryotic cells, azithromycin in, 1126
Euphoria, oxamniquine, 3399
Eurartesim. See Dihydroartemisinin-piperaquine
Euraxil. See Crotamiton
Eurax. See Crotamiton
European Agency for the Evaluation of Medicinal 

Products, 1164
European AIDS Clinical Society, 3999
European Antimicrobial Resistance Surveillance 

Network (EARS-Net), 474
European Commission, Biological and Chemical 

Agent Threat Guidelines, 2037
European Committee on Antimicrobial Susceptibility 

Testing (EUCAST) breakpoint criteria
amphotericin B, 2569, 2570, 2572t–2573t
anidulafungin, 2693, 2696t
azithromycin, 1123t, 1127
bacitracin, 1456
caspofungin, 2659–2660
cefepime, 579, 580, 586, 587
cefobiprole, 629
ceftaroline, 610
ceftazidime, 548, 549, 549t, 551t, 552
ceftobiprole, 621, 623
daptomycin, 867, 868t–870t

doripenem, 723, 725
echinocandins, 2696
ertapenem, 743t
fidaxomicin, 1548, 1548t
fluconazole, 2758
fosfomycin, 1392, 1393t
fusidic acid, 1408t
gentamicin, 865t, 964, 967, 970
isavuconazole, 2859, 2863
itraconaole, 2786
linezolid, 1293–1294, 1306
meropenem, 699
metronidazole, 1807–1808
micafungin, 2681–2682, 2682t
mupirocin, 1461
ofloxacin, 2009
pefloxacin disk assay approval, 2279
polymyxins, 1422
posaconazole, 2844
prulifloxacin/ulifloxacin, 2147–2148, 2148t
retapamulin, 1562
rifampicin, 2369, 2370t
roxithromycin, 1088t
solithromycin, 1182, 1183
sulfamethoxazole, 1628t–1629t
tedizolid, 1357, 1358t, 1359
teicoplanin, 837, 838t, 839t
telithromycin, 1156, 1157
tigecycline, 1249–1250, 1250t, 1251, 1252, 1254, 

1256
tobramycin, 992
trimethoprim, 1628t–1629t
trimethoprim-sulfamethoxazole, 1628t–1629t
vancomycin, 786, 786t

European Conference for Infections in Leukemia, 
2772

European Cubicin Outcomes Registry and 
Experience (Eu-CORE), 886, 889, 894, 897

European Medicines Agency (EMEA), 1156, 1164
colistin methanesulfonate guidelines, 1424, 1425, 

1426t, 1432
orphan drug certification, temocillin, 218

European Meropenem Yearly Susceptibility Test 
Information Collection (MYSTIC), 663–664

European Organization for Research and Treatment 
of Cancer (EORTC), 1092

European Society of Clinical Microbiology and 
Infection (ESCMID), 1831

EuroSIDA Cohort study, 3922, 3930, 3936, 
3944–3945

Everolimus, interactions with posaconazole, 2850
Eviplera. See Rilpivirine, combined with tenofovir, 

emtricitabane
Evoclin®. See Clindamycin
Evotaz. See Atazanavir, cobicistat-boosted
Exanthematous pustulosis, clindamycin, 1487
Exfoliative dermatitis

clofazimine, 2536, 2537t
melarsoprol, 3246
para-aminosalicyclic acid, 2491
streptomycin, 2479

Exophiala
anidulafungin, resistance, 2695
caspofungin, 2663
miltefosine, 3293t

Exophiala dermatitidis (Wangiella dermatitidis)
amphotericin B, 2573t
ketoconazole, 2733

Exophiala jeanselmei
amphotericin B, 2573t
ciclopirox, 2909
natamycin, 2654

Exophiala spinifera, sulfonamides, 1575
Exoserohilum, capsofungin, 2674
Exotoxins, linezolid inhibition, 1305–1306
Exserohilum, 2597. See also Phaeohyphomycosis
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Exserohilum rostratum, amphotericin B, liposomal, 
2623

Extended daily dialysis, ertapenem, 753
Extended-spectrum beta-lactamases

avibactam inhibition, 226
beta-lactamase inhibitor resistance, 302–303, 303t
beta-lactam/beta-lactamase inhibitor 

 susceptibility, 282
carbapenems inhibition, 282
cefepime-tazobactam inhibition, 578
ceftazidime inhibition, 562
ceftolozane-tazobactam inhibition, 225
cefuroxime, resistance to, 386
cephamycin, resistance to, 401, 404, 406, 410
clavulanic acid, inhibition of, 254, 257
of Enterobacteriaceae, 302
fluoroquinolone, resistance to, 1877, 1879
mecillinam, susceptibility to, 208–209
nitrofurantoin, susceptibility to, 1785–1786
in poultry, 11
relebactam, inhibition of, 226
second-generation cephalosporins, susceptibility 

to, 398
tazobactam, inhibition of, 225
ticarcillin-clavulanic acid, resistance to, 307

Extended spectrum beta-lactamases. See under 
specific bacteria

External ventricular drain-related infections, 
vancomycin, 815

External ventricular drains, daptomycin content, 
897–898

Extracorporeal membrane oxygenation
cefotaxime use in, 433
ciprofloxacin recovery in, 1903
ethambutol, 2349
meropenem, 709

Extrapyramidal symptoms, sulfadoxine- 
pyrimethamine, 1587

Extravascular penetration, of antibiotics, 150
Eye, antimicrobial distribution in, 3

ceftiazidime, 557
chloramphenicol, 1524
ciprofloxacin, 1900–1901
clindamycin, 1481–1482
clofazimine, 2536
daptomycin, 880–881
doxycycline, 1209
fleroxacin, 2185
fluconazole, 2763
fomivirsen, 3648–3649
fosfomycin, 1399
fusidic acid, 1412
gatifloxacin, 1989
isavuconazole, 2863
levofloxacin, 2062
minocycline, 1234
moxifloxacin, 1989, 2089
norfloxacin, 1989
ofloxacin, 2016
pyronaridine, 3011
sparfloxacin, 2297
vancomycin, 880–881
voriconazole, 2829

Eye drops
fusidic acid, 1416
lomefloxacin, 2247

Eye infections
bacitracin, 1458
clarithromycin, 1111

F
Facial nerve palsy, Lyme disease-related, 502, 503
Factor VIII inhibitors, 54
Fallopian tubes, antimicrobial distribution in

clindamycin, 1482t, 1483
enoxacin, 2174

Famciclovir, 3493–3501
administration mode, 3495
adverse reactions and toxicity, 3497–3498
antiviral activity, 3493
chemical structure, 3493, 3493f
clinical uses, 3498–3499
dosage, 3495–3496, 3495t, 3496t
drug interactions, 3497
excretion, 3497
pharmacokinetics/pharmacodynamics, 3496–3497

Familial Mediterranean fever arthritis, sulfasalazine, 
1604

Famvir Pregnancy register, 3498
Famvir. See Famciclovir
Fanconi’s syndrome

abacavir, 3786, 3789
adefovir dipivoxil, 4341
eltegravir, 4237
suramin, 3230

Fansidar (pyrimethamine-sulfadoxine), 1725
adverse reactions and toxicity, 1587, 1588, 1592, 

1593, 1597–1598, 1599, 1731, 1732
bone marrow suppression, 1600

clinical uses
encephalitis, 1597
Fas deficiency, 1605
malaria, 1598
malaria prophylaxis, 1599
malaria prophylaxis, in infants and children, 

1600
malaria prophylaxis, in pregnancy, 1599–1600, 

1604
malaria treatment, in pregnancy, 1599
toxoplasmosis, 1597, 1728
toxoplasmosis, in pregnancy, 3176
toxoplasmosis, prophylaxis, 1597

in combination with
artemisinin combination therapy, 1598–1599
artesunate, 2964
chloroquine, 1598, 1599

drug interactions
folic acid, 1587
halofantrine, 3094
nevirapine, 1600
trimethoprim-sulfamethoxazole, 1600
zidovudine, 1600

pharmacokinetics/pharmacodynamics, 1729–1730
resistance and cross-resistance, 1578–1580, 1587, 

1726–1727, 1748, 1749
Fansimef (pyrimethamine-sulfadoxine-mefloquine), 

1729
clinical uses, malaria, 1598

Farom. See Faropenem
Faropenem, 765–771

administration mode, 765, 768
adverse reactions and toxicity, 769
antigonococcal potency, 470
antimicrobial activity

anaerobic bacteria, 766
Gram-negative bacteria, 766, 767t
Gram-positive bacteria, 765–766, 766t

bioavailabliity, 768
chemical structure, 765, 765f
clinical uses

bronchitis, 769–770
community-acquired pneumonia, 769
sinusitis, 769
skin infections, 770
skin-structure infections, 770
UTIs, 770

distribution in body, 768–769
dosage, 768
drug interactions, 769
excretion, 769
formulations, 765, 765f
mechanism of action, 768

minimum inhibitory concentrations, 766, 766t, 
767t

pharmacokinetics and pharmacodynamics, 
768–769

Faropenem disk, 765
Fasciola

artermisinins, 2942–2943
artesunate, 2965

Fasciola hepatica
artermisinins, 2942
nitazoxanide, 3164, 3170
triclabendazole, 3347, 3348

Fascioliasis
artesunate, 2943
triclabendazole, 3349

Fasciolopsis buski
niclosamide, 3408
prazuquantel, 3387t, 3391, 3392t

FAST II (Fibrillation Ablation or Surgical Treatment) 
study, 935, 936

Fat, body, antimicrobial distribution in
amphotericin B deoxycholate, 2579
ivermectin, 3354
moxidectin, 3363
permethrin, 3417

Fat, dietary, drugs interacting with
albendazole, 3317
artemether-lumefantrine, 2976
atovaquone-proguanil, 3139, 3140
fosamprenavir, 4108
garenoxacin, 2201
indinavir, 4064
moxidectin, 3363
nelfinavir, 4078t
primaquine, 3103
pyronaridine-artesunate, 3010–3011
ritonavir, 4185
tipranavir, 4163
zidovudine, 3666

Fat emulsions, as amphotericin B additive, 2580, 
2583

Fatigue, drugs causing
eflornithine, 3259
griseofulvin, 2929
mefloquine, 3082
ombitasvir-paritaprevir-ritonavir-dasabuvir, 

4501t, 4503t, 4504t, 4506t
pegylated interferon, 4466
pyrimethamine, 1731–1732
pyronaridine-artesunate, 3013
telbivudine, 4350t
tipranavir-ritonavir, 4168–4169

Fatty acid synthase I, 2362
Fatty liver, tetracycline, 1198, 1199
Favipiravir, 4632t, 4641
5-FC. See Flucytosine
Fecal excretion, of drugs. See excretion under specific 

drugs
Fecal flora, antibiotic-induced changes

aztreonam, 651
cefoperazone, 420
cephamycins, 409
gentamicin, 978

Feces, antimicrobial content. See excretion under 
specific drugs

Feces discoloration, clofazimine, 2536, 2537t
Feline calcivirus, ribavirin, 4371
Feline herpes simplex virus-1, idoxuridine, 3634, 

3635t
Feline herpesvirus, cidofovir, 3533t
Feline immunodeficiency virus

adefovir dipivoxil, 4336
emtricitabane, 3801, 3802

resistance, 3802
zalcitabine, 3723
zidovudine, 3658
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Feline leukemia virus
didanosine, 3699
zalcitabine, 3723

Felodipine, interactions with tipranavir-ritonavir, 
4167t

Fenbufen, interactions with fluoroquinlones,  
1907

Fentanyl, drug interactions
clindamycin, 1489–1490
linezolid, 1314
lopinavir-ritonavir, 4095t
miconazole, 2817
roxithromycin, 1090t

Fenticonazole
administration modes, 2890t
adverse reactions and toxicity, 2890t
chemical structure, 2886t
clinical uses, 2890t, 2893–2894
excretion, 2890t
pharmacokinetics/pharmacodynamics, 2892

Fermavir, 3574f
Ferredoxin, in metronidazole activation, 1814
Ferriprotoporphyrin IX, 3050
Ferrous sulfate, drug interactions

ciprofloxacin, 2014
finafloxacin, 2143
levofloxacin, 2063
nemonoxacin, 2163
norfloxacin, 2014
ofloxacin, 2014
sparfoxacin, 2298

Fertility, antimicrobial toxic effects, benznidazole, 
3207

Fetal toxicity. See also Placental passage, of drugs; 
Teratogenicity

amikacin, 1013
aminoglycodies, 954
artemether-lumefantrine, 2980–2981
arteminsinins, 2953
artemisinin-naphthoquine, 3025
artesunate, 2969–2970
azithromycin, 1130
bacitracin, 1457
caspofungin, 2668
chloramphenicol, 1521
cidofovir, 3548
ciprofloxacin, 1889, 1908
clarithromycin, 1100, 1106
clindamycin, 1470, 1490
dihydroartemisinin-piperaquine, 2999–3000
doxycycline, 1208
efavirenz, 3911, 3925–3926
eflornithine, 3257, 3259
ertapenem, 757
ethionamide, 2496
faropenem, 769
gatifloxacin, 2228
gentamicin, 972
halofantrine, 3094
iodoquinol, 3200
itraconazole, 2798
levofloxacin, 2060, 2065
linezolid, 1317
miltefosine, 3298
minocycline, 1233
nalidixic acid, 2266–2267
netilmicin, 1031
norfloxacin, 1988
ofoxacin, 2011
oritavancin, 911
primaquine, 3101, 3104
pyrimethamine-sulfadiazone, 1597–1598
pyronaridine-artesunate, 3010
quinine, 3065
retapamulin, 1564

rifaximin, 2454
streptomycin, 2476
suramin, 3229
teicoplanin, 844–845
tetracycline, 1198, 1199
tobramycin, 995
voriconazole, 2827

Fetus, antibiotic concentrations in
ceftriaxone, 480
cycloserine, 2523
gentamicin, 973
meropenem, 711
penicilin G, 46
sulfasalazine, 1585
tobramycin, 997

Fever. See also Drug fever
chemotherapy-related

amoxicillin-clavulanic acid, 269–270
ceftazidime, 270
ciprofoxacin, 269–270

drugs causing
aciclovir, 3465
atovaquone, 3122
bacitracin, 1457
capsofungin, 2670
cefepime, 593
ciprofloxacin, 1906, 1908
diethylcarbamazine, 3374
enfuvirtide, 4301
ethambutol, 2352
ethionamide, 2498–2499
foscarnet, 3599
furazolidone, 3190
ganciclovir, 3513–3514
ivermectin, 3356, 3357t
ketoconazole, 2744
linezolid, 1317
lopinavir-ritonavir, 4096
minocycline, 1236–1237
nevirapine, 3876
oxamniquine, 3398–3399
para-aminosalicyclic acid, 2491
praziquantel, 3389
pyrantel pamoate, 3383
pyrimethamine, 1732
rifapentine, 2466–2467
spectinomycin, 1544
streptomycin, 2479
suramin, 3231
temofloxacin, 2310
tipranavir-ritonavir, 4168–4169
triclabendazole, 3349
trimethoprim-sulfamethoxazole-related, 

1648–1649
zidovudine, 3673

Fexofenadine, interactions with ketoconazole, 2741
FHDH ANRS CO4 study, 3706
Fibrillation Ablation or Surgical Treatment (FAST II) 

study, 935, 936
Fibrin clots, fosfomycin, 1398
Fidaxomicin, 1547–1555

administration mode, 1550
adverse reactions and toxicity, 1552
antimicrobial activity, 1547–1549
chemical structure, 1547, 1547f
dosage, 1550
mechanism of action, 1547, 1550
pharmacokinetics/pharmacodynamics, 

1550–1552, 1551t
bioavailability, 1550–1551
distribution in body, 1551
drug interactions, 1551–1552
excretion, 1551

postantibiotic effects, 1551
resistance and cross-resistance, 1349

Filamentous fungi. See Fungi, filamentous
Filaments, bacterial, 40–41, 42
Filariasis, lymphatic

albendazole, 3324–3325
diethylcarbamazine, 3371–3372, 3374–3377

adverse reactions and toxicity, 3374
combined with albendazole, 3375–3376
combined with doxycycline, 3376–3377
combined with ivermectin, 3376
mass drug administration, 3375

doxycycline, 1216
flubendazole, 3344–3345
ivermectin, 3360

Filgrastim, off-label use, 1316
Filoviruses, ribavirin, 4368t, 4371
Finafloxacin, 2139–2146

administration modes, 2142
adverse reactions and toxicity, 2143–2144
antimicrobial activity, 2139–2141

anaerobic bacteria, 2140t, 2141
CLSI criteria, 2141
Gram-negative bacteria, 2139–2140, 2140t
Gram-positive bacteria, 2140–2141, 2140t
post-antibiotic effect, 2139

chemical structure, 2139, 2139f
clinical uses, 2144
development and availability chronology, 2256t
dosage, 2142
drug interactions, 2143
pharmacokinetics/pharmacodynamics, 

2142–2143, 2143t
resistance and cross-resistance, 2141

Finegoldia magna
clindamycin, resistance, 30
daptomycin, 870, 870t
linezolid, 1298
metronidazole, 30, 1808
penicillin, resistance, 30
vancomycin, 30, 787

Finegolida magna, tedizolid, 1358t
Fire blight, 13
FIRST study, 3934–3935
Fish

antibiotic use in. See Aquaculture
as food, interaction with isoniazid, 2328

Fish tank-related infections
granuloma

clarithromycin, 1110
imipenem, 667

minocycline, 1242
FISSION study, 4480–4481, 4480t
Fixed drug eruptions, drugs causing

ciprofloxacin, 1908
griseofulvin, 2929–2930
itraconazole, 2797
nystatin, 2646
quinine, 3065

FLAMINGO studies, 4130, 4134, 4135, 4263, 4264t, 
4266, 4268t, 4270, 4271, 4277

Flatulence, drugs causing
anidulafungin, 2701
finafloxacin, 2143–2144
fluconazole, 2768
griseofulvin, 2929
itraconazole, 2797
ketoconazole, 2742
lopinavir-ritonavir, 4095
rifaximin, 2455
rufloxacin, 2292
sparfloxacin, 2298
tafenoquine, 3113

Flavimonas oryzihabitans penicillin G, 34, 68
Flavin reductase 1, in metronidazole resistance,  

1813
Flaviridae, amantadine, 4525
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Flaviviruses
chloroquine, 3033, 3034–3035
favipiravir, 4641
ribavirin, 4368t, 4371, 4372

Flavobacterium
cefoperazone-sulbactam, 418
ceftizoxime, resistance, 532
cefuroxime, resistance, 386
chloramphenicol, resistance, 1518
ciprofloxacin, 1869–1870
clindamycin, 1470
enoxacin, resistance, 2172
erythromycin, 1068
gentamicin, resistance, 965
norfloxacin, resistance, 1986
ofloxacin, 2006
tobramycin, resistance, 993

Flavobacterium meningosepticum
cephamycins, 405
erythromycin, 1079
mezlocillin-cefoxitin, 197
trimethoprim-sulfamethoxazole, 1664

Flavoquine. See Amodiaquine
Flecainide, drug interactions

cobicistat, 4186t
fosamprenavir, 4110t
ritonavir, 4186t

Fleming, Alexander, 23
Fleroxacin, 2180–2194

administration modes, 2182
adverse reactions and toxicity, 2186–2187
antimicrobial activity, 2180–2182, 2181t, 2256
chemical structure, 2180, 2180f
clinical uses, 2187–2190

chancroid, 1596
dosage, 2182–2184
drug interactions, 2186
as environmental contaminant, 2180
mechanism of action, 2182
pharmacokinetics/pharmacodynamics, 2183–2186

bioavailability, 2183
distribution in body, 2184–2185
excretion, 2185–2186
serum levels in relation to dosage, 2183–2184

postantibiotic effect, 2185
resistance and cross-resistance, 2182
veterinary formulations, 2180
withdrawal from market, 2180

Flomoxef
chemical structure, 404t
clinical uses, 410
molecular weight, 403t
susceptible bacteria, 406

FlowCaps, for laninamivir administration, 4565
Floxacillin combined with vancomycin, 792
Flubendazole, 3340–3345

administration mode, 3341
adverse reactions and toxicity, 3342–3343
antimicrobial activity, 3341
chemical structure, 3340–3341, 3341f
clinical uses, 3343–3345
dosage, 3341–3342
mechanism of action, 3341
pharmacokinetics/pharmacodynamics, 3342
resistance, 3341
veterinary use, 3338, 3341

Flucloxacillin
administration modes, 149t, 150
adverse reactions and toxicity, 153, 154
antimicrobial activity, 144

minimum inhibitory concentrations, 144, 146t
chemical structure, 144f
clinical uses

bone infections, 1415
comparison with methcillin, 141

endocarditis, 1414–1415
infected burns, 154
joint infections, 1415
osteomyelitis, 1415
prosthetic joint infections, 154
sepsis, 1414
staphylococcal skin and soft-tissue infections, 

154
surgical prophylaxis, 155

in combination with fusidic acid, 1414
continuous-infusion, 155
description, 143
dosage, 149t
drug interactions

piperacillin, 195
warfarin, 152

formulations, 143
pharmacokinetics/pharmacodynamics

bioavailability, 148, 148t
distribution, 148, 149t
excretion, 149f, 149t, 150, 151, 152

protein binding, 148
serum levels, 148, 150

Fluconazole, 2756–2785
administration mode, 2759
adverse reactions and toxicity, 2765, 2767–2768
antifungal activity, 2756–2758, 2757t

dimorphic fungi, 2757t, 2758
molds/filamentous fungi, 2757t, 2758
pathogenic yeasts, 2756, 2757t, 2758

chemical structure, 2756, 2756f
clinical uses

blastomycosis, 2761t
candidemia, 2587
candidiasis, 2759, 2760t, 2763, 2764–2765, 

2768–2772
candiduria, 2588
coccidioidomycosis, 2777–2778
cryptococcosis, 2585–2586, 2759, 2760t, 2761, 

2774–2776
dermatophytosis, 2761t, 2776–2777
histoplasmosis, 2760t, 2776
in HIV-infected patients, 2770–2771, 

2775–2776, 2778
in ICU patients, 2773–2774
neutropenic patients, prophylaxis, 2772–2773
onychomycosis, 2777
in organ transplant patients, 2774, 2778
prophylaxis, 2760t

in combination with
amphorericin B, 2769, 2770
echinocandins, 2769
eravacycline, 1279
voriconazole, 2770

dosage, 2759–2762, 2764
drug interactions, 2765–2767, 2766t

atovaquone, 3122
azithromycin, 1124
etravirine, 3977, 3979t
nevirapine, 3871t, 3872–3873
pentamidine, 3275
rifabutin, 2438
rifampicin, 2385
saquinavir, 4036t, 4038
tipranavir-ritonavir, 4166, 4167t
trimethoprim-sulfamethoxazole, 1647, 1654
zidovudine, 3669

in vitro synergy and antagonism, 2124, 2905
mechanism of action, 2759
pharmacokinetics/pharmacodynamics, 2762t

bioavailability, 2762–2763
distribution, 2763–2764
excretion, 2765

resistance and cross-resistance, 2758–2759
therapeutic drug monitoring, 2764, 2764t, 2765

Flucytosine, 2919–2926
administration mode, 2921
adverse reactions and toxicity, 2923
antimicrobial activity, 2919–2920, 2920t
chemical structure, 2919
clinical uses, 2923–2925
in combination with amphotericin B, 2922, 2924, 

2925
dosage, 2921
drug interactions, 2923

ganciclovir, 3511t
excretion, 2922–2923
in vitro synergy and antagonism, 2735–2736, 

2922, 2924
mechanism of action, 2921
pharmacokinetics/pharmacodynamics, 2921–2923
resistance and cross-resistance, 2920–2921

Fludarabine, clinical uses, 3582
Fludase®, 4632t
Fluid retention, para-aminosalicyclic acid, 2491
Fluindione, interactions with amoxicillin-clavulanic 

acid, 264–265
Flukes. See Trematodes
Flu-like syndrome. See also Influenza

drugs causing
pegylated interferon, 4466
rifabutin, 2439
rifampicin, 2390
rifapentine, 2467

Flumequine
administration modes, 2255t
adverse reactions and toxicity, 2255t
antimicrobial activity, 2254, 2255t
clinical uses, 2255t
pharmacokinetics/pharmacodynamics, 2255t
use in aquaculture, 11

Flumidine. See Rimantadine
Fluorocyclines

definition of, 1273
synthetic. See Eravacycline

5-Fluorocytosine. See Flucytosine
Fluoroquinolones. See also Quinolones; specific 

fluoroquinolones
adverse reactions and toxicity

arthropathy, 2010–2011
cardiac toxicity, 1911
liver failure, 1910–1911
neurotoxicity, 1907

antimicrobial activity, 36
Eagle effect, 1888
mutant protective concentration (MPC), 1876

clinical uses
anthrax, 1497
Bacillus anthracis meningitis, 67
gastrointestinal tract decontamination, 1927
gonorrhea, 959
lower urinary tract infections, 1793
otitis externa, 1050
pneumococcal meningitis, 36–37
respiratory infections, 1091
Salmonella paratyphi infections, 107
Salmonella typhi infections, 107
shigellosis, 443, 486
typhoid fever, 122
for typhoid fever, 443
Yersinia bacteremia, 487

in combination with
chloroquine, 3032
teicoplanin, 841

concentration-dependent activity, 4t
cross-reactivity, 1908
development and availability chronology, 2256t
discontinued, 2309–2318

clinafloxacin, 2309, 2313–2315
grepafloxacin, 2309, 2312–2313
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Fluoroquinolones (continued)
temofloxacin, 2309–2310
trovafloxacin, 2309, 2310–2312

drug interactions
chloramphenicol, 1525
erythromycin, 1074t
non-steroidal anti-inflammatory drugs, 1907
pentamidine, 3275

as environmental pollution cause, 2171
global consumption patterns, 5f
mechanism of action, 1907
resistance and cross-resistance, 441, 485, 

1870–1871
Campylobacter, 487
Escherichia coli, 391
in food animals, 11
Haemophilus parainfluenzae, 1882–1883
Listeria pneumophilia, 1883
mechanisms of, 1875–1878
nalidixic acid marker, 2260
Neisseria gonorrhoeae, 448
Neisseria gonorroheae, 430
Salmonella, 122–123, 2067
Shigella, 443
transmissible, 1878

restrictions on use, 16
5-Fluorouracil

in combination with amphotericin B, 2592–2593, 
2596

drug interactions
amphotericin B deoxycholate, 2581
brivudin, 3576–3577
metroonidazole, 1822

Fluoxetine, interactions with tipranavir-ritonavir, 
4167t

Flurazepam, interactions with fosamprenavir, 4111t
Flushing, drugs causing

amphotericin B, liposomal, 2616
amphotericin B-lipid complex, 2635
anidulafungin, 2701
capsofungin, 2670
posaconazole, 2850–2851
pyrazinamide, 2365
rifampicin, 2387

Fluticasone, drug interactions
atazanavir, 4149t
fosamprenavir, 4110, 4110t
lopinavir-ritonavir, 4093, 4095, 4095t
tipranavir-ritonavir, 4166, 4166t

Fluticonazole, clinical uses, 2894
Flutrimazole

administration modes, 2891t
adverse reactions and toxicity, 2891t
chemical structure, 2886t
clinical uses, 2891t
excretion, 2891t
pharmacokinetics/pharmacodynamics, 2892

Fluvermal. See Flubendazole
Fluvoxamine, drug interactions

proguanil, 3131–3132
trimetrexate, 1771

Fluxoxetine, drug interactions
clarithromycin, 1104t
linezolid, 1314

FOCUS study, 3933
Folate effect, 1749
Folic acid

antagonists
dapsone, 1746–1769
methotrexate, 1772–1773
trimetrexate, 1772–1773

deficiency, drugs causing
nitrofurantoin, 1792
para-aminosalicyclic acid, 2490
phenytoin, 1792

pyrimethamine, 1728
trimethoxazole-sulfamethoxazole, 1641

metabolism
human and bacterial, 1581f
sulfonamides effects, 1580–1581, 1590
trimethoprim effects, 1650
trimethoprim-sulfamethoxazole effects, 1652

Folic acid supplementation, during pregnancy, 1593
Folliculitis

amphotericin B, 2589
mupirocin, 1462
sulfur-sodium sulfacetamide, 1693

Folliculitis decalvans, rifampicin, 2409
folP gene mutations, 1577, 1578
Fomivirsen, 3647–3651

administration mode, 3648
adverse reactions and toxicity, 3649
antiviral activity, 3647
chemical structure, 3647
clinical uses, 3650–3651
dosage, 3648
excretion, 3649
mechanism of action, 3648
pharmacokinetics/pharmacodynamics, 3648–3649
resistance and cross-resistance, 3647–3648

Fonsecaea
anidulafungin, resistance, 2695
ketoconazole, 2733

Fonsecaea pedrosoi (chromoblastomycosis), 2596
caspofungin, 2663
ketoconazole, 2747
terbinafine, 2717

Food, drug administration/metabolism effects
adefovir dipivoxil, 4339
ampicillin-sulbactam, 283
artemether-lumefantrine, 2976, 2977
atazanavir, 4144, 4146, 4147
atovaquone-proguanil, 3129
bedaquiline, 2545
cephalexin, 363
clindamycin, 1480
cobicistat, 4181
delafloxacin, 2135, 2136
delamanid, 2553
delavirdine, 3961
doxycycline, 1208–1209
efavirenz, 3911
emtricitabane, 3804
eravacycline, 1281
erythromycin, 1071
ethambutol, 2350
etravirine, 3974
flubendazole, 3342
furazolidone, 3190
fusidic acid, 1411
garenoxacin, 2201
halofantrine, 3092, 3094
hemodialysis, 4091
indinavir, 4064
ketoconazole, 2737, 2738, 2742
lamivudine, 3734
linezolid, 1308
lomefloxacin, 2247–2248
nelfinavir, 4078, 4078t
nemonoxacin, 2162, 2163
nitazoxanide, 3165, 3166, 3167t
nitrofurantoin, 1789
para-aminosalicyclic acid, 2490
pefloxacin, 2279
posaconazole, 2847–2848
pretonamid, 2553
primaquine, 3103
ravuconazole, 2879
rifabutin, 2437
rifapentine, 2465

rilpivirine, 3999, 4002
ritonavir, 4181
sitafloxaxin, 2125
spiramycin, 3177
tafenoquine, 3112
tedizolid, 1362
tigecycline, 1255, 1257
tipranavir, 4163
triclabendazole, 3348, 3349
voriconazole, 2827
zalcitabine, 3724

Food and Drug Administration (FDA)
Adverse Events Reporting System, 1317, 1318, 

3921
Anti-Infective Drugs Advisory Committee, 1172
colistin methanesulfonate guidelines, 1424, 1425
Fast Track-designated drugs

avarofloxacin, 2157
omadacycline, 1267
solithromycin, 1188–1189

new antibacterial agents approval by, 7f
New Drug Applications, eravacycline, 1286, 1287
orphan drug certification program, 218
Qualified Infectious Disease Products (QIDPs), 

1356
avarofloxacin, 2157
delafloxacin, 2132
meropenem-vaborbactam, 715
minocycline, 1239

Food animals, antibiotic use in, 9–11, 12t–13t
alternatives to, 11
fluoroquinolone resistance, 1878
for growth promotion, 10–11, 14
implication for antibiotic resistance, 10–11
as percentage of total antibiotic use, 10
prophylactic use, 9–10, 11, 14
restrictions on use, 14, 16
subtherapeutic dosing of, 5
therapeutic use, 9, 11

Foodborne trematode infections, praziquantel, 
3391–3392, 3392t

Food poisoning. See also Clostridium perfringens 
(botulism)

as antibiotic-resistant Salmonella cause, 104
Foot and mouth disease virus, ribavirin, 4371, 4375
Foot infections, diabetic. See Diabettic foot 

infections/ulcers
Foreign bodies, as mupirocin resistance cause, 1461
Foreign-body infections, 814

cloxacillin, 152
daptomycin for, 152

Foreign-body models, of MRSA, 895–896
Forest Laboratories, 4523
Formaldehyde

adverse reactions and toxicity, 1802
as bactericidal agent, 1799, 1800, 1801
conversion from methenamine, 1801–1802
from methenamine, 1799, 1800
resistance, 1800

Fortracin®. See Bacitracin
FosA gene, 1396
Fosamprenavir, 4104–4124, 4110t

administration mode, 4106
adverse reactions and toxicity, 4114–4116
antiviral activity, 4104–4105, 4105t
chemical structure, 4104, 4104f
clinical uses, HIV-1 virus infection

versus lopinavir-ritonavir, 4117t, 4118
versus nelfinavir, 4117t, 4118
in pediatric patients, 4120
in pregnancy, 4120
in protease inhibitor-experienced patients, 

4119–4120
in protease inhibitor-naive patients, 4116–4119, 

4117t
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with ritonavir, 4117t, 4118–4120
without ritonavir, 4116, 4117t, 4118

in combination with lamivudine, 3740
dosage, 4106–4107
drug interactions, 4110–4114

antacids, 4111–4112
antiarrhythmics, 4110t
anticoagulants, 4112t
anticonvulsants, 4110–4111, 4111t
antidepressants, 4111t, 4114
antifungal agents, 4110t, 4111t
antihistamines, 4110t
antimalaria agents, 4110t
antimicrobial agents, 4114
antipsychotics, 4110t
antiretroviral drugs, 4110t, 4112–4114, 4112t
benzodiazepines, 4110t
calcium channel blockers, 4110, 4111t
ergot derivatives, 4110, 4110t
ethinyl estradiol, 4110t
histamine-2 receptor antagonists, 4111–4112
hormonal contraceptives, 4110t
immunosuppressive agents, 4114
integrase inhibitors, 4113
neuroleptic agents, 4110t
nevirapine, 3870
nonnucleoside analog reverse transcriptase 

inhibitors, 4112–4113
nucleoside analog reverse transcriptase 

inhibitors, 4112, 4112t
protease inhibitors, 4113
proton pump inhibitors, 4111–4112, 4111t
saquinavir, 4034
statins, 4110t

in vitro synergy and antagonism, 4106
mechanism of action, 4106
pharmacokinetics/pharmacodynamics

bioavailablity, 4107–4108
distribution in body, 4108–4109

resistance and cross-resistance, 4105–4106
ritonavir-boosted, 4105, 4106–4107, 4108–4110

clinical studies, 4116–4120, 4117t
clinical use, 4205t, 4206
combined with atazanavir, 4113
drug interactions, 4111–4114, 4259, 4260t

statins, 4110t
FosB gene, 1396
Foscarnet, 3586–3618

administration modes, 3593–3594
intravenous, 3593–3594
intravitreal, 3594, 3598–3599, 3607–3608
liposomal, 3599
topical, 3594, 3607–3608

adverse reactions and toxicity, 3599–3600
antiviral activity, 3586–3588
chemical structure, 3586, 3586f
clinical uses

CMV, congenital or postpartum, 3607
CMV, gastrointestinal disease, 3603–3604
CMV, in HIV-infected patients, 3596–3597, 

3601–3604, 3607
CMV, in transplant recipients, 3604–3606
CMV, neurologic disease, 3604
CMV, prophylaxis, 3604–3606
CMV retinitis, 3516, 3597–3598, 3602–3603, 

3603f, 3606, 3608
Epstein-Barr virus infections, 3608–3609
herpes simplex virus infections, 3607–3608
human herpes virus-6 infections, 3609
human herpes virus-8 infections, 3609–3610
Kaposi’s sarcoma, 3609–3610
varicella-zoster virus infections, 3607–3608

in combination with zidovudine, 3678
dosage, 3593–3594, 3597, 3597t, 3598t
drug interactions, 3598

aciclovir, 3462t
amphotericin B, 2581
cidofovir, 3547–3548, 3550
pentamidine, 3275
zidovudine, 3670

in vitro synergy and antagonism, 3592–3593, 3641, 
3659, 3662

mechanism of action, 3586
pharmacokinetics/pharmacodynamics

bioavailabillity, 3595–3597, 3596f
clinically important features, 3597–3598, 3597t, 

3598t
distribution, 3597
excretion, 3598
ocular pharmacology, 3598–3599, 3599f, 3600t

prodrugs, 3586
resistance and cross-resistance, 3588–3592, 3589f, 

3607
cytomegalovirus, 3588–3590
herpes simplex viruses, 3590–3591, 3591t
HIV, 3592
varicella-zoster virus, 3591, 3591t

FosC gene, 1396
FosD gene, 1396
Fosfomycin, 1392–1406

administration mode, 1392, 1397
adverse reactions and toxicity, 1399–1400, 1401
antimicrobial activity, 1392–1397

CLSI criteria, 1392
EUCAST criteria, 1392, 1393t
Gram-negative bacteria, 1394–1395, 1394t
Gram-positive bacteria, 1392, 1393t–1394t, 

1394
chemical structure, 1392, 1392f
clinical uses

Acinetobacter baumannii infections, 422
diabetic foot infections, 1398
gonorrhea, 1401
hospital-acquired pneumonia, 738
lower urinary tract infections, 1793
osteomyelitis, 1401
prostatis, 1401
staphylococcal infections, 1401
surgical prophylaxis, 1401–1402, 1402t
UTIs, 266, 391, 1396, 1397, 1400–1401

in combination with
daptomycin, 896
rifampicin, 2372
teicoplanin, 841

dosage, 1397–1398
drug interactions, 1399
in vitro synergy and antagonism, 1039, 1299, 1304, 

1396–1397
mechanism of action, 1392, 1397
minimum inhibitory concentration, 1392, 

1393t–1394t, 1394
pharmacokinetics and pharmacodynamics, 1394t, 

1398–1399
bioavailability, 1398
clinically important features, 1399
distribution in body, 1398–1399
excretion, 1399

resistance and cross-resistance, 1395–1396, 1395t
FosK gene, 1396
Fosphenytoin, drug interactions

aciclovir, 3462t
chloramphenicol, 1525

FOS. See Foscarnet
Fostemsavir, 4630t, 4633
FosX gene, 1396
FR264205. See Ceftolozane
Fractures, pathological, adefovir dipivoxil-related, 

4341
Fradiomycin. See Framycin
Framycetin, 1046. See also Neomycin

Francisella, azithromycin, 1124
Francisella novicida, azithromycin, 1124
Francisella philomiragia, azithromycin, 1124
Francisella tularensis (tularemia)

azithromycin, 1133
as bioterrorism agent, 1055
cefotaxime, 429
ceftriaxone, 472, 503
cethromycin, 1176
chloroquine, 3032
ciprofloxacin, 1870, 1937
doxycycline, 1218
eravacycline, 1279
eravacyline, 1283–1284
finafloxacin, 2139, 2140t
gatifloxacin, 2217
gentamicin, 965, 981
norfloxacin, 1987, 1996
pefloxacin, 2277
plazomicin, 1055
rifampicin, 2374
streptomycin, 2471, 2472, 2482
telithromycin, 1159
tetracylcines, 52

Francisella tularensis subsp. holarctica, linezolid, 1299
Frankfurt HIV Resistance Database, 3996, 3996t
Free radicals, amphotericin B deoxycholate- 

produced, 2571
FREE trial, 3741
French Pharmacovigilance Database (FPD), 

1235–1236
Friend leukemia virus, stavudline-interferon-alpha, 

3757
Friend murine leukemia virus, zidovudine, 3658
Friend virus complex, stavudine, 3756
Fruit, thiabendazole concentrations in, 3339
Fruit production, antimicrobials/antifungals used 

in, 13
frxA gene, 1812
FT301 study, 3712t
FTC-101 study, 3806t, 3808, 3813, 3815
FTC-203 study, 3811–3812, 3812t
FTC-301A study, 3808
FTC-303 study, 3810
FTCB-102 study, 3815
ftsI gene, 474
Fumagillin, 3183–3186

administration mode, 3184
adverse reactions and toxicity, 3184
antimicrobial activity, 3183–3184
chemical structure, 3183, 3183f
clinical uses, 3184–3186
dosage, 3184
drug interactions, 3184
mechanism of action, 3184
pharmacokinetics/pharmacodynamics, 3184
resistance, 3184

Fungal diseases, of plants, 13–14
Fungi and fungal infections. See also Antifungal 

agents; Azole antifungal agents; individual fungi 
species

cefazolin, resistance, 348
ceftriaxone, resistance, 472
cephalothin, resistance, 348
chloramphenicol, 1518
ciprofloxacin, 1875
dermatiaceous

amphotericin B, 2573t–2574t
amphotericin B-lipid complex, resistance, 2629

dimorphic
albaconazole, 2872t
amorolfine, 2904
amphotericin B, 2570–2571, 2572t
amphotericin B-lipid complex, 2639t, 2640
anidulafungin, 2694, 2694t
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Fungi and fungal infections (continued)
butenafine, 2721
caspofungin, 2662
fluconazole, 2757t, 2758
flucytosine, 2920
isaconazole, 2860t
itraconazole, 2787t, 2788
ketoconazole, 2732t, 2733
micafungin, 2682–2683, 2683t
miconazole, 2813t, 2814
miltefosine, 3292, 3293t
natamycin, 2653
nystatin, 2646
posaconazole, 2844, 2845t
ravuconazole, 2878t
voriconazole, 2824t, 2825

filamentous (molds), 2904–2905
albaconazole, 2871, 2872t–2873t
amphotericin B, 2570–2571
amphotericin B deoxycholate, 2570–2571, 2573t
anidulafungin, 2693–2694, 2694t, 2695
butenafine, 2721
caspofungin, 2661t, 2662–2664
ciclopirox, 2909
flucytosine, 2920, 2920t
haloprogin, 2933
isavuconazole, 2861t, 2865–2866
itraconazole, 2787t, 2788

resistance, 2788, 2789t
ketoconazole, 2732t, 2733–2734
micafungin, 2683, 2683t
miconazole, 2813t, 2814
miltefosine, 3292, 3293t
nystatin, 2646
posaconazole, 2844, 2845t
ravuconazole, 2877
terbinafine, 2709–2710, 2710t
voriconazole, 2824t, 2825

fungal superinfection, cefotaxime-related, 440
gentamicin, resistance, 966
invasive

amphotericin B-lipid complex, 2636–2640, 
2638t–2639t

anidulafungin, 2702–2703
caspofungin prophylaxis, 2674–2675
itraconazole prophylaxis, 2790t, 2802–2803
liposomal amphotericin B prophylaxis, 

2619–2620
micafugin prophylaxis, 2690
posaconazole, 2851–2852
voriconazole, 2833t, 2835

linezolid, 1299
miltefosine, 3292, 3293t

resistance, 3295
penicillin G, resistance, 35
rifampicin, 2375, 2381
rufabutin, 2435
sulfonamides, 1575–1576

resistance, 1580
vancomycin, resistance, 788

Fungicides, 13t
Fungizone. See Amphotericin B deoxycholate
Fungus-like pathogens, linezolid, 1299
Furadantin. See Nitorfurantoin
Furamide. See Diloxanide furoate
Furasian. See Furazolidone
Furazolidine. See Furazolidone
Furazolidone, 1785, 3187–3194

administration mode, 3188
adverse reactions and toxicity, 3190–3191
antimicrobial activity, 1784, 3187
chemical structure, 3187, 3187f
clinical uses, 1784

giardiasis, 1834
H. pylori infections, 124, 1794, 1832
trichomoniasis, 1833

dosage, 3188–3189
drug interactions, 3189–3190
mechanism of action, 3188
overdose, 3191
pharmacokinetics/pharmacodynamics, 3189
resistance and cross-resistance, 3187–3188
use in aquaculture, 11
veterinary medicine applications, 3187

Furiex, 2157
Furosemide

adverse reactions and toxicity, 353, 1589
drug interactions

amphotericin B deoxycholate, 2581
lomefloxacin, 2249
netilmicin, 1034
paromomycin, 3155
penicillin G, 47
sulfonamides, 1589

Furoxona. See Furazolidone
Furoxone. See Furazolidone
Furuncles/furunculosis

clindamycin, 1492
mupirocin, 1462

Fusariosis. See also individual Fusarium species
amphotericin B, 2595–2596
amphotericin B, liposomal, 2623
amphotericin B-lipid complex, 2637, 2639–2640, 

2639t
isavuconazle, 2866
posaconazole, 2852
voriconazole, 2833t, 2834, 2835

Fusarium
albaconazole, 2871
amphotericin B, 2571
amphotericin B-lipid complex, resistance, 2629
anidulafungin, resistance, 2697
azithromycin, 1122
caspofungin, 2665, 2668, 2669, 2674
clotrimazole, 2893
echinocandin, 2696
fluconazole, 2710t
flucytosine, 2920
gatifloxacin, 2218
griseofulvin, 2710t
haloprogrin, 2933
isavuconazole, 2859

resistance, 2859
itraconazole, 2710t, 2787t, 2788
ketoconazole, resistance, 2733
miconazole, 2814
miltefosine, 3292
natamycin, 2653
ravuconazole, 2878t
rifampicin, 2375
rufabutin, 2435
terbinafine, 2709–2710, 2710t
voriconazole, 2824t, 2825

Fusarium oxysporum
amphotericin B deoxycholate, 2571, 2573t
anidulafungin resistance, 2694t

Fusarium patch, 13–14
Fusarium solani

amphotericin B, 2573t
anidulafungin resistance, 2694t
isavuconazole, 2863
miltefosine, 3293t
miltefosine-voriconazole, 3295
ravuconazole, 2878t

Fusarium vertillicoides, amphotericin B deoxycholate, 
2573t

Fusarrium solani, amphotericin B, 2571
fus gene mutations, 1409, 1410
Fusidate sodium. See Fusidic acid
Fusidic acid, 1407–1419

administration modes, 1407
eye drops, 1416

oral, 1407, 1410–1411, 1412t
parenteral, 1407, 1410, 1411–1412, 1412t
topical, 1407, 1410, 1414, 1415

adverse reactions and toxicity, 1414
antimicrobial activity, 1407–1410

aerobic bacteria, 1408t
anaerobic bacteria, 1409t
EUCAST criteria, 1408t
Gram-negative bacteria, 1409
Gram-positive bacteria, 1407, 1408t
minimum inhibitory concentrations, 1407, 

1408t–1409t, 1409, 1411, 1413
chemical structure, 1407, 1407f
clinical uses

antibiotic-associated diarrhea, 857
C. difficile-associated diarrhea, 817, 1416
cystic fibrosis-associated pulmonary infections, 

1415
endocarditis, 1414–1415
leprosy, 1416
meningitis, 1415
Panton-Valentine leukocidin-producing 

staphylococcal infections, 1497
sepsis, 1414–1415
staphylococcal carriers decolonization, 1416

in combination with rifampicin, 2372
dosage, 1410–1411, 1413t
drug interactions, 1413, 4037t, 4039
Gram-positive bacteria, 1407, 1408t
in vitro synergy and antagonism, 1303–1304, 1414
mechanism of action, 1410
pharmacokinetics and pharmacodynamics, 

1411–1413
bioavailability, 1411
clinically important features, 1412–1413
distribution in body, 1411–1412
excretion, 1413

postantibiotic effect, 1413
resistance and cross-resistance, 1409, 1409t, 1562

Fusidium coccineum, as fusidic acid source, 1407
FUSION study, 4480t
Fusobacterium

amoxicilin-clavulanic acid, 269
amoxicillin, 105

resistance, 227
amoxicillin-clavulanic acid, 227, 256t
ampicillin, 105
azithromycin, 1124
carbenicillin, 175
cefamandole, 397
cefepime, resistance, 586
cefoperazone-sulbactam, 417t, 418
cefotaxime, 429
cefoxitin, 405t, 406
cefprozil, 377
ceftazidime, 554
ceftiazidime-avibactam, 566, 566t
ceftolozane-tazobactam, 232, 637, 638t
ceftriaxone, 472
cephalexin, 362
chloramphenicol, 1518
ciprofloxacin, 1871
clarithromycin, resistance, 1099
clindamycin, 1470, 1491t, 1498
delafloxacin, 2133t
doripenem, 725, 728t, 730
doxycycline, 1206
enoxacin, reistance, 2172
ertapenem, 750
erythromycin, resistance, 1068
fidaxomicin, resistance, 1547
fleroxacin, resistance, 2181
fusidic acid, resistance, 1409
garenoxacin, 2197, 2198
gatifloxacin, 2216
gemifloxacin, 2113
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gentamicin, resistance, 965
imipenem, 665, 671t
linezolid, 1297t, 1298
metronidazole, 1808, 1809t, 1825, 1827
norfloxacin, resistance, 1987
ofloxacin resistance, 2007
pefloxacin, resistance, 2277
penicillin G, resistance, 34
piperacillin-tazobactam, 230, 320t, 322
polymyxins, 1423
pristinamycin, 1387t
quinopristin-dalfopristin, 1376t
ramoplanin, resistance, 940
retapamulin, resistance, 1562t
rifaximin, 2451
rosaramicin, 1151
roxithromycin, resistance, 1088
sparfloxacin, 2294
telithromycin, resistance, 1158
ticarcillin, 175
ticarcillin-clavulanic acid, 301–302
tigecycline, 1250t, 1252
tinidazole, 1850

Fusobacterium mortiferum
cefuroxime, 385t
imipenem, 665
tedizolid, 1359

Fusobacterium necrophorum
cefoxitin, 405t
cefuroxime, 385t, 386
imipenem, 665, 671t
metronidazole, 1807, 1827
penicillin G, 24t, 34
tedizolid, 1359

Fusobacterium nucleatum
cefmetazole, 406
cefuroxime, 385t
delafloxacin, 2133t
imipenem, 665, 671t
mecillinam, 210
metronidazole, 1826
penicillin G, 24t, 34
spiramycin, resistance, 3176

Fusobacterium varium
cefuroxime, 385t
imipenem, 665
tedizolid, 1359

Futile cycling, 1814
Fuzeon. See Enfuvirtide

G
G2576T gene mutation, 1360
Gabbromicina. See Paromomycin
Gabbromycin. See Paromomycin
Gabbroral. See Paromomycin
Gabromicina. See Paromomycin
Gabromycin. See Paromomycin
GAIN (Generating Antibiotic Incentives Now) Act, 

1239, 1356
Galactomannan assays, 331–332
Gallbladder, antimicrobial distrubution in

amikacin, 1016
biapenem, 776–777
cefepime, 590, 591
ceftiazidime, 558
ciprofloxacin, 1899
clindamycin, 1483
clofazimine, 2536
doripenem, 734
ertapenem, 754
garenoxacin, 2202
levofloxacin, 2061, 2067
minocycline, 1234
norfloxacin, 1989
ofloxacin, 2016
pyronaridine-artesunate, 3013

sparfloxacin, 2297
temocillin, 221–222
tigecycline, 1255–1256
tinidazole, 1853

Gallbladder sludge. See Biliary pseudolithiasis
Gamene. See Lindane
Gamex. See Lindane
Gamiso. See Lindane
Gamma-aminobutyric acid, drug interactions

fluoroquinolones, 2226–2227
isoniazid, 2331
levofloxacin, 2063

Gamma-aminobutyric acid antagonists, fluoro-
quinolones as, 2021–2022

Gamma-hydroxybutyrate (GHB), interactions with 
ritonavir, 4201

Gammalin. See Lindane
Gammexane. See Lindane
Ganciclovir, 3502–3530

administration modes and dosage, 3507–3508, 
3507t

intraocular device, 3508
intravenous, 3507–3508, 3507t, 3510–3511
intravitreal injection, 3508, 3510–3511, 3514
oral, 3508, 3510, 3514
overdose, 3513
topical, 3508

adverse reactions and toxicity, 3512–3514, 3512t
ocular administration-related, 3514
oral administration-related, 3514
in pediatric patients, 3514

antimicrobial activity, 3502–3504
chemical structure, 3502, 3502f
clinical uses

CMV, as preemptive treatment, 3517
CMV, congenital infections, 3521
CMV, gastrointestinal disease, 3516
CMV, in HIV-infected patients, 3514–3517
CMV, in normal adults, 3518–3521
CMV, in stem cell transplant recipients, 

3517–3518
CMV, neurologic disease, 3516
CMV, pneumonitis, 3517, 3518
CMV infections, 3514–3522
CMV retinitis, 3514–3516, 3515f
Epstein-Barr infections, 3522
HBV, 3522
solid tumor-targeted gene therapy, 3522

drug interactions, 3511–3512, 3511t
amphotericin B, 2581
didanosine, 3705t, 3706
foscarnet, 3598
imipenem, 679
tenofovir, 3831
zidovudine, 3669, 3669t, 3670

in vitro synergy and antagonism, 3506, 3659
mechanism of action, 3506–3507
pharnacokinetics/pharmacodynamics, 3510t

bioavailability, 3510
clinically important features, 3511
distribution in body, 3510–3511

resistance and cross-resistance, 3504–3506, 3505t, 
3505t

Gangrene. See also Gas gangrene
ceftiazidime concentrations in, 559
penicillin G-related, 54, 55

GARDEL study, 3740, 4097–4098
Gardnerella vaginalis

amoxicillin, 105
ampicillin, 105
ciprofloxacin, 1871
erythromycin, 1066
garenoxacin, 2199
metronidazole, 1808
norfloxacin, resistance, 1986
ofloxacin, 2006

pefloxacin, resistance, 2277
rifaximin, 2458
roxithromycin, 1088
sparfloxacin, 2294
sulfonamide ,resistance, 1574
tinidazole, 1850, 1851, 1855
trimethoprim, 1627
trimethoprim-sulfamethoxazole, 1627

Garenoxacin, 2195–2212
administration modes, 2200–2201
adverse reactions and toxicity, 2203–2205, 2204t
antimicrobial activity, 2256

Chlamydia, 2196t, 2198–2199
Gram-negative aerobic bacteria, 2195, 2196t, 

2197
Gram-negative anaerobic bacteria, 2196t, 

2197–2198
Gram-positive aerobic bacteria, 2195, 2196t, 

2198
Gram-positive anaerobic bacteria, 2196t, 2198
Mycobacterium, 2197t, 2199
mycoplasma, 2196t, 2198

chemical structure, 2195, 2195f
clinical uses, 2205–2208

intra-abdominal infections, 2206t, 2207
respiratory tract infections, 2205–2207, 2206t
skin and soft tissue infections, 2206t, 2207

development and availability chronology, 2256t
dosage, 2200–2201, 2202t
drug interactions, 2201, 2203
mechanism of action, 2200
metabolites, 2203
pharmacokinetics/pharmacodynamics, 2202t

bioavailability, 2201
clinically important features, 2202–2203
distribution in body, 2201–2202
excretion, 2203

post-antibiotic effect, 2203
resistance and cross-resistance, 2198, 2199

Garlic, interaction with ritonavir, 4200
Gas gangrene

clindamycin, 1498
metronidazole, 1827–1828
penicillin G, 66

Gastric-acid resistant polymers, as rifaximin coating, 
2454

Gastric fluid, antimicrobial distribution in
clindamycin, 1482t, 1483
tinidazole, 1852–1853

Gastric mucosa, erythromycin in, 1072
Gastric tissue, clarithromycin in, 1101
Gastric tract infections, ofloxacin, 2036
Gastritis, H. pylori-associated

cliarithromycin, 1109
roxithromycin, 1092

Gastroenteritis
aztreonam, 653
cefoxatime, 443
ciprofloxacin, 1915–1920
cotrimazole, 214
furazolidone, 3191
levofloxacin, 2067
mecillinam, 210, 214
neomycin, 1050
nitazoxanide, 3171–3172
rifaximin, 2455
trimethoprim-sulfamethoxazole, 1669–1670

Gastroesophageal motility disorders, clarithromycin, 
1112

Gastroesophageal surgery, cefuroxime-metronidazle 
prophylaxis, 197

Gastrointestinal disorders
doltegravir, 4271
fidaxomicin cotraindication in, 1550

Gastrointestinal flora changes, clindamycin-related, 
1485
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Gastrointestinal hemorrhage, ofloxacin prophylaxis, 
2036

Gastrointestinal infections
azithromycin, 1135–1136
ciprofloxacin, 1933–1934
doxycycline, 1216
erythromycin, 1077–1078
fleroxacin, 2188
fumagillin, 3185
gatifloxacin, 2232–2233
levofloxacin, 2067
pefloxacin, 2285
prulifoxacin/ulifloxacin, 2154
roxithromycin, 1092
rufloxacin, 2292
sulfonamides, 1595–1596

Gastrointestinal motility agents, interactions with 
tipranavir-ritonavir, 4166t

Gastrointestinal surgery prophylaxis
ampicillin-amoxicillin, 122
cefpirome, 591–592

Gastrointestinal system, side effects
aciclovir, 3464
amantadine, 4537
amoxicillin, 116
amoxicillin-clavulanic acid, 240, 265
amphotericin B-lipid complex, 2636
ampicillin, 116–117
ampicillin-sulbactam, 240–241
anidulafungin, 2701
artemether-lumefantrine, 2979
artemisinin-naphthoquine, 3023, 3024
avarofloxacin, 2160
azithromycin, 1128–1129
benznidazole, 3207
brivudin, 3577
capsofungin, 2670
cefaclor, 379
cefazolin, 353
cefixime, 543
cefotaxime, 439
cefpirome, 594
ceftazidime-avibactam, 569
ceftriaxone, 483
cephalexin, 364–365
cephalosporin, 353
cephamycins, 409
cethromycin, 1175–1176, 1188
ciprofloxacin, 1906
clarithromycin, 1105
clindamycin, 1486, 1487–1488
clofazimine, 2536–2537, 2537t
dalbavancin, 924, 925t
delafloxacin, 2136
didanosine, 3708
diethylcarbamazine, 3373–3374
dihydroartemisinin-piperaquine, 2998–2999, 

2998t
doxycycline, 1211, 1235–1236
eflornithine, 3257, 3259
eflornithine-nifurtimox, 3263, 3264
ertapenem, 755, 756t
erythromycin, 1073, 1105
ethionamide, 2498
famciclovir, 3497
faropenem, 769
fidaxomicin, 1552
fleroxacin, 2186
fluconazole, 2767–2768
flucytosine, 2923
fosamprenavir, 4115
fosamprenavir-ritonavir, 4114, 4115
foscarnet, 3601
fosfomycin, 1399, 1401
fumagillin, 3184

furazolidone, 3190
fusidic acid, 1414
garenoxacin, 2204t
gatifloxacin, 2225t
gemifloxacin, 2116
griseofulvin, 2929
iclaprim, 1780–1781, 1780t
isoniazid, 2331
isoxazolyl penicillins, 152–153
itraconazole, 2797
ivermectin, 3357t
ketoconazole, 2742
ketolides, 1188
laninimivir, 4570
levofloxacin, 2063
linezolid, 1314, 1314t, 1317, 1317t
lomefloxacin, 2249
lopinavir-ritonavir, 4095
mebendazole, 3332
mefloquine, 3082
methenamine, 1802
metrifonate, 3401
metronidazole, 1822
miconazole, 2817
miltefosine, 3297–3298
minocycline, 1235–1236
moxifloxacin, 2092
nelfinavir, 4081
nemonoxacin, 2163
neomycin, 1049
niclosamide, 3407
nifurtimox, 315
nitazoxanide, 3168
nitrofurantoin, 1789–1790
novobiocin, 1452
ofloxacin, 2020
oseltamivir, 4594–4595
panipenem, 778
para-aminosalicyclic acid, 2490, 2491
pefloxacin, 2283
penicillin V, 95
piperacillin-tazobactam, 332–333, 333t
piperaquine, 2997, 2998–2999
pivmecillinam, 212
plazomicin, 1060
posaconazole, 2850–2851
primaquine, 3103, 3104
pristinamycin, 1389, 1389t, 1390
prothionamide, 2498
prulifloxacin/ulifloxacin, 2151
pyrazinamide, 2365
pyrimethamine, 1731
pyronaridine-artesunate, 3013, 3013t, 3014
rifabutin, 2439
rifampicin, 2389
rimantadine, 4537–4538
ritipenem, 778
ritonavir, 4201, 4202, 4202t
roxithromycin, 1090
sitafloxacin, 2126
solithromycin, 1188
sparfloxacin, 2298
spiramycin, 3178
sulfonamides, 1587
sulopenem, 778
sutezolid, 2561–2562
tafenoquine, 3113
telithromycin, 1188
terbinafine, 2714
tetracycline, 1198
thiabendazole, 3339
thiacetazone, 2506
ticarcillin-clavulanic acid, 306
tigecycline, 1257
tipranavir-ritonavir, 4168, 4169t

tosufloxacin, 2307
trimethoprim-sulfamethoxazole, 1648
trimetrexate, 1772
valaciclovir, 3464
zidovudine, 3672

Gastrointestinal tissue, moxifloxacin in, 2089
Gastrointestinal tract, antimicrobial distribution in

amodiaquine, 3051
clindamycin, 1479–1480
itraconazole, 2793
minocycline, 1234
normal flora, 1825
tinidazole, 1853

Gastrointestinal tract decontamination
bacitracin, 1457

ineffectiveness, 1458
ciprofloxacin, 1933
fluoroquinolones, 1927
gentamicin, 981
metronidazole, 1828
nalidixic acid, 2269
neomycin, 1050
norfloxacin, 1994, 1996
nystatin, 2649
polymyxins, 1424

Gastrointestinal tract microflora, antimicrobials 
affecting

linezolid, 1313
surotomycin, 945
tigecycline, 1259
vancomycin, 945

Gatifloxacin, 2213–2244
administration modes, 2213, 2220

off-label formulations, 2220
adverse reactions and toxicity, 2064, 2213, 2221, 

2225–2228
arthropathy, 2227
cardiac toxicity, 2226
C. difficile-associated diarrhea, 2227–2228
central nervous system effects, 2226–2227
dysglycemia, 2213, 2225, 2225t
fetal toxicity, 2228
hepatotoxicity, 2226
hyperglycemia, 2205
hypersensitivty reactions, 2226
myasthenia gravis exacerbation, 2228
ocular toxicity, 2227
phototoxicity, 2226
renal failure, 2227
tendinopathy, 2227

antimicrobial activity, 2256
antifungal activity, 2218
chlamydia, 2215t, 2217
CLSI criteria, 2216
Gram-negative aerobic bacteria, 2213, 2214t, 

2215–2216
Gram-negative anaerobic bacteria, 2214t, 2216
Gram-positive aerobic bacteria, 2214t, 

2216–2217
Gram-positive anaerobic bacteria, 2214t, 2217
mycobacteria, 2215t, 2217–2218
mycoplasma, 2215t, 2217

chemical structure, 2213, 2213f, 2254f
clinical uses, 2228–2233

acute otitis media, 2230
chronic bronchitis, acute exacerbations, 

2229–2230, 2229t
community-acquired pneumonia, 1108
enteric fever, 2232–2233
febrile neutropenia, 2233
gastrointestinal infections, 2232–2233
keratitis, 1932–1933
leptospirosis, 2217
mycobacterial infections, 2231
ocular infections, 2231–2232
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respiratory tract infections, 2228–2230, 2229t
sexually transmitted diseases, 2232
sinusitis, 2229t, 2230
skin and soft tissue infections, 2233
tuberculosis, 2031, 2231
UTIs, complicated, 2229t, 2231
UTIs, uncomplicated, 2229t, 2230–2231

combined with piperacillin, 191
development and availability chronology, 2256t
dosage, 2220–2221, 2222
drug interactions, 2224

antacids, 2221
biphenylacetic acid, 2227
oxycodone, 2221

mechanism of action, 2213, 2220
pharmacokinetics/pharmacodynamics

AUC/MIC ratios, 2223–2224
bioavailability, 2221–2222
clinically important features, 2223–2224
distribution in body, 2222–2223, 2222t
excretion, 2224
post-antibiotic effect, 2224
post-antibiotic sub-MIC effect (PA-SME), 2224

resistance and cross-resistance, 2218–2220, 2219, 
2227, 2229

withdrawal from U.S. market, 2225
Gemfibrozil, interactions with ombitasvir-

paritaprevir- ritonavir-dasabuvir, 4467t
Gemifloxacin, 2110–2121

administration modes, 2115
new intravenous formulation, 2115

adverse reactions and toxicity, 2115, 2116–2117
antimicrobial activity, 2110–2114, 2256

anaerobic bacteria, 2113–2114
Chlamydia, 2114
CLSI criteria, 2111
Gram-negative bacteria, 2112–2113, 2112t
Gram-positive bacteria, 2011t, 2110–2112
Legionella, 2114
minimum inhibitory concentrations, 2011t, 

2110–2114, 2112t
mycoplasma, 2114
Nocardia, 2114
Streptococcus pneumoniae, 1885–1886

chemical structure, 2110, 2110f, 2254f
clinical uses, 2117–2118

chronic bronchitis exacerbations, 2115, 2117
community-acquired pneumonia, 2115, 

2117–2118
gonococcal infections, 2118

development and availability chronology, 2256t
dosage, 2115
drug interactions, 2116
mechanism of action, 2110, 2114–2115
pharmacokinetics/pharmacodynamics

AUC/MIC ratio, 2116
bioavailability, 2115
clinically important features, 2115–2116
distribution in body, 2115

resistance, 2114
Generalized exanthematous pustulosis, rifabutin, 

2439
Generating Antibiotic Incentives Now (GAIN) Act, 

1239, 1356
Gene therapy, ganciclovir, 3522
Genetic factors, in antimicrobial resistance, 9, 11. 

See also specific genes
Geninax. See Garenoxacin
Genital condyloma acuminatum, idoxuridine, 3637
Genital herpesvirus infections

aciclovir, 3454, 3455t, 3456
famciclovir, 3495t, 3498
valaciclovir, 3454–3455, 3455t

Genital infections, metronidazole, 1825
Genital toxicity, diethylcarbamazine, 3374

Genital tract, antimicrobial distribution in
abacavir, 3782
ampicillin-sulbactam, 284
doltegravir, 4255
efavirenz, 3912
itraconazole, 2792t, 2793, 2794
lamivudine, 3734

Genitourinary side effects, clindamycin, 1488–1489
Genitourinary surgery, ampicillin-amoxicillin 

prophylaxis, 122
Genitourinary tract infections

cephalexin, 366
cephamycins, 409
clarithromycin, 1111
clindamycin, 1498–1499
penicillin G, 57
rufloxacin, 2292
tosufloxacin, 2307

Genotoxicity. See also Mutagenesis
flubendazole, 3342–3343
malathion, 3431, 3433
thiabendazole, 3339

Gentamicin, 964–991
administration modes

8-hour administration, 970–971
bone cement, 1481
intrathecal, 972
intraventricular, 970, 972, 977
once-daily, 970–971

adverse reactions and toxicity, 155, 197, 971, 
975–978, 980, 999, 1000

contact dermatitis, 1049
gentamicin, 974
nephrotoxicity, 1033, 1034
ototoxicity, 1032, 1033, 1048
paralysis, 2478
therapeutic drug monitoring for, 977

antimicrobial activity, 31
EUCAST criteria, 964, 965t, 967, 970
Gram-negative anaerobic bacteria, 965
Gram-negative bacteria, 965, 965t
Gram-positive anaerobic bacteria, 965
Gram-positive bacteria, 964–965, 965t
in vitro synergy and antagonism, 1396
mycobacteria, 965–966

chemical structure, 964, 964f
clinical uses

abdominal surgery prophylaxis, 981
bacteremia, 978
brucellosis, 981
cholangitis, 597
cholecystitis, 597
cystic fibrosis, 973
endocarditis, 813, 971, 979–980
endocarditis prophylaxis, 122
gonorrhea, 981
gram-negative aerobic bacteria, 978–979
Gram-negative aerobic bacterial infections, 

978–979, 1018–1019
intraabdominal infections, 289
intra-abdominal infections, 308
Lactobacillus infections, 67
Ménière disease, 981
neonatal necrotizing enterocolitis, 442
peritoneal dialysis-related peritonitis, 981
peritonitis, 973
plague, 981, 1218
in pregnancy, 972
Pseudomonas aeruginosa infections, 174–175
pyelonephritis, 974, 979
selective decontamination of digestive tract,  

981
sepsis, 183, 971
sepsis, in children, 979
staphylococcal endocarditis, 155

surgical prophylaxis, 155, 269
tularemia, 981
urinary tract infections, 979, 1034

in combination with
amoxicillin, 104
ampicillin, 104, 105, 442, 964–965, 979
ampicillin-sulbactam, 284
beta-lactam antibiotics, 978–979
carbenicillin, 175
ceftobiprole, 625
chloramphenicol, 58–59, 1825
clindamycin, 654, 714, 965
daptomycin, 871, 873, 896
metronidazole, 409, 965
mezlocillin, 197
penicillin G, 56, 67, 964–965, 979
piperacillin-tazobactam, 329
rifampicin, 175
teicoplanin, 840–841
ticarcillin, 175, 182
ticarcillin-clavulanic acid, 308
trimethoprim-sulfoxazole, 1635
vancomycin, 792, 965

contraindication as endocarditis treatment, 155
dosage, 970–973

altered, 972–973
monitoring, 970
nomograms for, 972
pediatric, 973

drug interactions, 164
amoxicillin, 101
ampicillin, 101
antiparkinsonian medications, 977
carbenicillin, 179, 181, 196
cephalosporins, 976
cephalothin, 349, 353
chloramphenicol, 1525
clindamycin, 1486
daptomycin, 892–893
heparin, 975
isoxazolyl penicillins, 151
penicillins, 975, 1042
piperacillin, 196
solithromycin, 1182
sulbactam, 240
ticarcillin, 179, 181
vancomycin, 976

as horticultural spray component, 13
in vitro synergy and antagonism, 28, 31, 101, 

174–175, 182, 191, 303, 471, 751, 964–965, 
979–980, 1182, 1303–1304, 2472

mechanism of action, 970
minimum inhibitory concentrations, 965–966, 

965t, 967
pharmacokinetics/pharmacodynamics

area-under-the-time-concentration curve, 
975–976

bioavailability, 973
clinically important features, 974–975
distribution in body, 973–974
excretion, 975

postantibiotic effect, 970, 974
resistance and cross-resistance, 29, 992–993, 992t, 

1030, 1357, 1869
Enterococcus facaelis, 103
Gram-negative bacteria, 966–967
Gram-positive bacteria, 966, 970
high-level, 2474–2475
mechanisms of, 966, 970
Pseudomonas aeruginosa, 174–175
Salmonella typhimurium, 106

Genvoya, 3823, 3827, 4233–4234, 4233t
GESIDA 3903 study, 3703, 3710, 3713t
Gexane. See Lindane
Giant unilamellar vesicles (GUVs), 873–874
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Giardia
albendazole, resistance, 3314
furazolidone, resistance, 3188
metronidazole, 1814–1815

resistance, 1813
nitazoxanide, 3165

Giardia lamblia (intestinalis)
albendazole, 3313
chloroquine, 3031, 3031t, 3032
ciprofloxacin, resistance, 1874
doxycycline, 1207
fumagillin, 3183
furazolidine, 1784
furazolidone, 3187
metronidazole, 1810
miltefosine, 3305
minocycline, 1232
nitazoxanide, 3162, 3163t
paromomycin, 3149
quinacrine, 3201
tinidazole, 1850

Giardiasis. See also individual Giardia species
albendazole, 1855–1856, 3325
bacitracin zinc, 1834
chloroquine, 1855, 3041
diloxanide furoate combination therapy, 3198
furazolidone, 1834, 3192
metronidazole, 1834, 1855
nitazoxanide, 3168–3169, 3172
nitroimidazoles, 1856
nitrozoxamide, 1856
paromomycin, 1834, 3155
quinacrine, 1834
tinidazole, 1855–1856

Giardia vaginalis, metronidazole, 1825–1826
resistance, 1810

Giddiness, drugs causing
furazolidone, 3190
thiabendazole, 3339

GIFT I study, 4506
Gilead Sciences, Inc., 3801, 3803, 3805, 3807, 3823, 

4232, 4335, 4580, 4630t, 4631t
Study 101, 4239
Study 103, 4239, 4242
Study 104, 4242–4243, 4243f
Study 111, 4242–4243, 4243f
Study 902, 3826–3827
Study 903, 3834, 3923–3924
Study 907, 3827
Study 934, 3826

Gingivae, clarithromycin, 1101
Gingival disorders, miconazole, 2817
Gingival fluid, doxycyclinein, 1210, 1220
Gingivitis, spiramycin-metronidazole, 3179
Glandular fever, metronidazole, 1828
Glarea lozoyensis, as cas[pofungin source, 2659
Glaucoma, sulfonamides, 1593
Glaxo, 383
GlaxoSmithKline, 658, 1561, 3110, 3111, 3129, 3449, 

3729
Glecaprevir, 4438t, 4507–4508, 4630t, 4635
Glimbax. See Prulifloxacin/ulifloxacin
Glimepiride, drug interactions

rifampicin, 2386t
tipranavir-ritonavir, 4167t

Glioma, zidovudine, 3682
Glipizide

adverse reactions and toxicity, 1589
drug interactions

sulfonamides, 1589
tipranavir-ritonavir, 4167t

Global Fund to Fight AIDS, Tuberculosis, and 
Malaria, 2981

GLOBE study, 4350–4351
Gloeophyllum traveum, 14

Glomerulonephritis
carbenicillin, 178
minocycline, 1237
penicillin G-related, 53
penicillin V prophylaxis for, 96
sulfonamides, 1592

Glomerulopathy, griseofulvin, 2930
Glomerulosclerosis, griseofulvin, 2930
Glossitis

chloramphenicol, 1528
trimethoprim-sulfamethoxazole, 1655

Glossodynia, griseofulvin-related, 2929
glpT gene, 1395
GLS-4, 4631t, 4638
Glucan synthesis inhibitors. See Echinocandins
Glucantime. See Meglumine antimoniate
Glucocorticoids, interactions with dapsone, 1751
Glucose-6-phosphate

as fosfomycin incubation media supplement,  
1392

as hexose-6-phosphate transport system inducer, 
1392, 1397

Glucose-6-phosphate dehydrogenase deficiency 
(G6PD)

chlorproguanil use in, 3129
ciprofloxacin use in, 1910
dapsone use in, 1753, 1755
dapsone uses in, 1753, 1755, 1758
furazolidone contraindication in, 3190
nalidixic acid use in, 2266
nifurtimox use in, 3215–3216
nitrofurantoin use in, 1787, 1788, 1792
para-aminosalicyclic acid use in, 2491
primaquine use in, 3099–3100, 3101–3102, 3102t, 

3103, 3104, 3105
quinine use in, 3065
tafenoquine use in, 3110, 3111, 3112–3113

Glucose homeostasis. See also Hyperglycemia; 
Hypoglycemia

moxifloxacin, 2094
Glucose metabolism dysfunction

dihydroartemisinin-piperaquine, 3000
piperaquine, 2997

Glucose solutions, daptomycin in, 874–875
Glucose testing, drug interactions

cefotaxime, 439
ciprofloxacin, 1910
nalidixic acid, 2264
piperacillin-tazobactam, 332

Glucose tolerance, chloroquine-related improvement, 
3037

Glucuronidation, of sulfonamides, 1586
Glutamate receptors, interaction with fluoro-

quinolones, 2226–2227
Glutamic oxaloacetic transaminase, 140
Glutathione, in fosfomycin resistance, 1396
Glutathione deficiency, in sulfonamide toxicity,  

1588
Gluten-free diet, 1603
Glyburide, drug interactions

ciprofloxacin, 1910
rifampicin, 2386t
tipranavir-ritonavir, 4167t

Glycemic control, hydroxychloroquine, 3042
Glycolipids, use in food animals, 13t
Glycopeptide resistance detection (GRD) Etest, 790
Glycopeptides/lipopeptides. See also Dalbavancin; 

Daptomycin; Oritavancin; Ramoplanin; 
Teicoplanin; Televancin; Vancomycin

clinical uses
community-acquired pneumonia, 1323
surgical prophylaxis, 354

comparison with nafcillin, 162
global consumption patterns, 5f

Glycophospholipids, use in food animals, 13t

Gnathostomiasis
albendazole, 3323
ivermectin, 3361

Gonadal toxicity, ganciclovir, 3513, 3514
Gonococcal infections. See Neisseria gonorrhoeae
Gonococcal Isolate Surveillance Project, 1883
Gonorrhea. See Neisseria gonorrhoeae (gonorrhea)
Gout, ethambutol, 2352
GR103365X. See Lamivudine
Gracevit. See Sitafloxacin
Graft-versus-host disease

amphotericin B-lipid complex, 2639
ciprofloxacin, 1928
hydroxychloroquine, 3042
metronidazole-ciprofloxacin, 1828
posaconazole, 2851, 2852

Gramicidin, 1454–1459
adverse reactions and toxicity, 1458
antimicrobial activity, 1456
clinical uses, 1458
in combination with neomycin and polymyxin B, 

1457
contraceptive activity, 1456
in vitro synergy and antagonism, 1456
mechanism of action, 1456
pharmacokinetics and pharmacodynamics, 1457
resistance and cross-resistance, 1456

Gram-negative aerobic bacteria
amikacin, 1018–1019
amoxicillin-clavulanic acid, 255, 256t–257t, 

257–258
azithromycin, 1124
aztreonam, 644–645, 646t
biapenem, 773–774, 775t
cefaclor, 377, 377t
cefadroxil, 371t
cefazolin, 347–348
cefepime, 578, 579–580, 580t, 582t
cefixime, 539f, 540
cefoperazone-sulbactam, 417–418
cefotetan, resistance, 409
cefotixin, 404–405, 404t
cefprozil, 377, 377t
ceftazidime, 548–554, 551t, 552t
ceftizoxime, 531–532, 531t
ceftolozane-tazobactam, 637, 638t
cefuroxime, 384t, 386
cephalexin, 361–362, 362t, 371t
cephalothin, 347–348
cephamycins, 410
cephradine, 371t
chloramphenicol, 1517–1518
ciclopirox, 2909–2910
ciprofloxacin, 1867, 1868t, 1869–1871
clindamycin, 1470
ertapenem, 745, 746t–747t, 747, 749–750
erythromycin, 1066, 1068
garenoxacin, 2195, 2196t, 2197
gatifloxacin, 2213, 2214t, 2215–2216
gentamicin, 978–979, 1018–1019
iclaprim, 1776t, 1777
imipenem, 745
lefamulin, 1557, 1557t
linezolide, 1296t, 1297–1298
meropenem, 697, 698–699, 700t–701t, 703–704
mezlocillin, 197
neomycin, 1046
ofloxacin, 2004, 2005t, 2006–2007
pristinamycin, 1386, 1387t
quinopristin-dalfopristin, 1374–1375, 1376f
retapamulin, resistance, 1563
rifaximin, 2450–2451, 2452t
sulfamethoxazole, 1627, 1628t–1629t, 1630
telithromycin, 1158
temocillin, 218, 219t
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ticarcillin, 173, 174t
tobramycin, 1018–1019
trimethoprim-sulfamethoxazole, 1627, 

1628t–1629t, 1630
Gram-negative anaerobic bacteria

amikacin, resistance, 1010
amoxicillin-clavulanic acid, 256t–257t
ampicillin, 105
biapenem, 774, 775t
carbenicillin, 175
cefaclor, 377
cefoperazone-sulbactam, 418
cefotaxime, 429
ceftaroline, resistance, 607, 608t
ceftobiprole, resistance, 624t, 626
ceftriaxone, 472
cefuroxime, 385t, 386
chloramphenicol, 1518
ciprofloxacin, 1871
clarithromycin, 1099
clindamycin, 1469t, 1470
doripenem, 728t–729t, 730
erythromycin, 1068
fecal, cefoperazone-related inhibition, 420
fidaxomicin, resistance, 1547
garenoxacin, 2196t, 2197–2198
gatifloxacin, 2214t, 2216
gentamicin, 965

resistance, 993
imipenem, 664, 665, 667, 670t–671t
isepamicin, resistance, 1040
josamycin, 1151
linezolide, 1297t, 1298
mecillinam, resistance, 207, 208t
metronidazole, 1808, 1809t, 1810–1811
nalidixic acid, resistance, 2256
penicillin G, 33, 34

resistance, 33, 34
piperacillin, 190

resistance, 190
retapamulin, 1561, 1562t
rifaximin, resistance, 2451
roxithromycin, 1088
tedizolid, 1357, 1358t, 1359
telithromycin, 1158
ticarcillin, 175, 183
tinidazole, 1850–1851
tobramycin, resistance, 993
vancomycin, resistance, 788

Gram-negative bacteria
amikacin, 1009–1010, 1010t
amikacin, resistance, 1011
amoxicillin, 102t–103t, 104–105

resistance, 226
amoxicillin-clavulanic acid, resistance, 226
ampicillin, 104–105, 208t

resistance, 190
ampicillin-sulbactam, 281, 281t
ampicillin-sulbactam, resistance, 294
antibiotic-resistant mechanisms of, 40
apalcillin, 188t

resistance, 190
avarofloxacin, 2157, 2159t, 2160
azithromycin, 1122, 1123t, 1124, 1127
azlocillin, 188t, 189, 191

resistance, 190
aztreonam, 652
aztreonam-avibactam, 645, 647, 647t
capreomycin, 2511
carbapenems, resistance, 699
carbenicillin, resistance, 190
cefamandole, 396
cefepime, 592
cefobiprole, resistance, 625–626, 627
cefoperazone-sulbactam, 415

cefotaxime, 427, 427t, 428, 428t
cefotaxime, resistance, 430–431
cefotiam, 397, 399t
cefpirome, 578
ceftaroline, 606–607, 608t
ceftaroline-avibactam, 613, 614t
ceftazidime, resistance, 563–564
ceftazidime-avibactam, 563–564, 565t
ceftobiprole, 619, 622t–623t, 625–626, 629, 630t
ceftolozane, 636
ceftolozane-tazobactam, 636
ceftriaxone, 464, 467, 468t–469t, 470–472, 475, 481
cefuroxime, 385t
cefuxime, 385t
cepalothin, 350
cethromycin, 1173
ciprofloxacin, resistance, 1878–1884
clarithromycin, 1099
clinafloxacin, 2313, 2314
clofazimine, resistance, 2534
delafloxacin, 2132–2133, 2133t
doripenem, 725, 726t–727t, 727t, 729–730, 734
doxycycline, 1205–1206, 1205t
enoxacin, 2171–2172, 2172t
eravacycline, 1275, 1276t–1277t, 1279, 1280
faropenem, 766, 767t
finafloxacin, 2139–2140, 2140t
fleroxacin, 2180–2181, 2181t
fluouroquinolones, resistance, 1876–1877
fosfomycin, 1394–1395, 1394t
fusidic acid, 1409

resistance, 1409
gemifloxacin, 2112–2113, 2112t
gentamicin, resistance, 966–967, 969t, 1011
imipenem, 664, 668t–670t
isepamicin, 1039–1040, 1040–1041, 1040t
isepamicin, resistance, 1040–1041
josamycin, 1151, 1151t
kanamycin, 949t, 950, 959
levofloxacin, 2055, 2056t
linezolid, 1318
lomefloxacin, 2245, 2246t
mecillinam, 207, 208t, 214
meropenem, 586, 708, 709
methicillin, 136
mezlocillin, 188t, 191
mezlocillin, resistance, 190
minocycline, 1231t, 1232
moxifloxacin, 2085, 2086t
multidrug-resistant, 1421

colistin methanesulfate, 1437, 1438t–1439t
minocycline, 1238–1239
polymyxin B, 1437, 1440t–1441t

mupirocin, 1460, 1461
nalidixic acid, 2256, 2268

resistance, 2258–2262
nemonoxacin, 2159t, 2161, 2162
neomycin, 1046, 1047t
netilmicin, resistance, 1030
norfloxacin, 1986–1987

resistance, 1995
novobiocin, 1450–1451, 1451t
omadacyline, 1267, 1268t
pefloxacin, 2277, 2278t
pencillin G, 33–34

resistance, 33–34
penicillin-binding protein 3, 645
penicillin V, 92, 93t
piperacillin, 188t, 189–190, 191, 199

resistance, 190
piperacillin-tazobactam, 319, 320t, 321, 586
piperacillin-tazobactam-resistant, 322
plazomicin, 1054–1055, 1054t, 1056t–1057t

resistance, 1055, 1057
prulifloxacin/ulifloxacin, 2148–2149, 2148t

ramoplanin, 940
resistance mechanisms in, 472
rifabutin, 2435
rifampicin, 2370t, 2373–2374, 2381, 2407–2408
rosaramicin, 1151
roxithromycin, 1088
rufloxacin, 2290, 2291t
S-649266, 658, 658t
sitafloxacin, 2122–2123, 2123t
solithromycin, 1179, 1181t, 1182–1183, 1182–1184

resistance, 1185
sparfloxacin, 2294, 2295t
spectinomycin, 1542–1543
spiramycin, 3175
streptomycin, 2471–2472

resistance, 950, 2474
sulfonamides, resistance, 1576–1578
sutezolid, 2560
tedizolid, 1358t, 1359
telithromycin, 1158
temofloxacin, 2309
tetracycline, 1208

resistance, 1207
ticarcillin, 188t
ticarcillin-clavulanate, 300f, 301–302
tigecycline, 1250t, 1251–1252
tobramycin, resistance, 993–994
tosufloxacin, 2304, 2305t, 2307
trimethoprim, resistance, 1636t
trimethoprim-sulfamethoxazole, 1660

resistance, 1631, 1636t
trovafloxacin (withdrawn from market), 2310
vancomycin, 788

resistance, 794
zabofloxacin, 2159t, 2164

Gram-negative coccibacilli
cefuxime, 385t
penicillin G, resistance, 33

Gram-negative microaerophilic bacteria, tinidazole, 
1851

Gram-positive aerobic bacteria
biapenem, 773, 774t
cefaclor, 376, 377t
cefadroxil, 371, 371t
cefazolin, 347, 348t
cefepime, 579, 580t, 581t, 582t
cefixime, 539–540, 539f
cefotixin, 403–404, 404t
cefpiramide, 531
cefpodoxime, 531
cefprozil, 376–377, 377t
cefsulodin, 531
ceftazidime, 548, 549t
ceftizoxime, 531, 531t
ceftolozane-tazobactam, 637, 638t
cefuroxime, 383, 384t
cephalexin, 361, 362t, 371, 371t
cephalothin, 347, 348t
cephradine, 371, 371t
chloramphenicol, 1516
ciclopirox, 2909–2910
ciprofloxacin, 1868t, 1871–1872
clarithromycin, 1097, 1098t, 1099
clindamycin, 1469
daptomycin, 867, 868t–869t, 870
ertapenem, 743, 744t–745t, 745
fidaxomicin, 1548t, 1549
garenoxacin, 2196t, 2198
gatifloxacin, 2214t, 2216–2217
gerenoxacin, 2195, 2196t, 2198
iclaprim, 1776–1777
meropenem, 697–698, 698t
miltefosine, 3292
ofloxacin, 2004–2006, 2005t
oritavancin, 908–909, 909t
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Gram-positive aerobic bacteria (continued)
penicillin G, 23–30, 25t
pristinamycin, 1386–1387, 1387t
quinopristin-dalfopristin, 1374, 1376f
retapamulin, 1561, 1562–1563, 1562t
teicoplanin, 838t
telithromycin, 1158
trimethoprim, 1626–1627, 1629t
trimethoprim-sulfamethoxazole, 1626–1627, 1629t

Gram-positive anaerobic bacteria
amikacin, resistance, 1009
biapenem, 774, 775t
cefoperazone-sulbactam, 418
cefprozil, 377
ceftobiprole, 624t, 626
ceftriaxone, 465, 467
cephalexin, 362
chloramphenicol, 1516–1517
clarithromycin, 1099
clindamycin, 1469–1470, 1469t
dalbavancin, 920
daptomycin, 870–871, 870t
doripenem, 725, 728t–729t
ertapenem, 748t–749t, 750
erythromycin, 1066
fidaxomicin, 1547–1549, 1548t
fleroxacin, resistance, 2182
garenoxacin, 2196t, 2198
gatifloxacin, 2214t, 2217
gentamicin, resistance, 965
isepamicin, resistance, 1039
josamycin, 1151
lomefloxacin, 2246, 2246t
metronidazole, 1807–1809, 1809t

resistance, 1811–1812
oritavancin, 909, 909t
pencilloin G, 31
piperacillin, 188t, 190, 230
piperacillin-tazobactam, 230
retapamulin, 1561, 1562t, 1563
rosaramicin, 1151
roxithromycin, 1087
solithromycin, 1181t, 1184
tedizolid, 1358t, 1359
teicoplanin, 839t
telithromycin, 1158
tinidazole, 1851

Gram-positive anaerobic cocci
azithromycin, 1122
cefaclor, 377
linezolid, 1297t, 1298
penicillin, resistance, 30

Gram-positive anaerobic rods
azithromycin, 1122
linezolid, 1297t, 1298

Gram-positive bacilli
amoxicillin, 103–104
ampicillin, 103–104
cefotaxime, 426, 427
ceftriaxone, 465
doripenem, 723, 725
imipenem, 664
neomycin resistance, 1046

Gram-positive bacteria
amikacin, 1009, 1010t
amikacin resistance, 1010–1011
amoxicillin-clavulanic acid, 254–255, 256t
ampicillin, 208t
ampicillin-sulbactam, 280, 281t
apalcillin, 188t, 189
avarofloxacin, 2157, 2158t, 2160
azithromycin, 1122, 1123t, 1127
azlocillin for, 188t, 189
bacitracin, 1454, 1456
cadazolid, 1348, 1349

carbenicillin, 176
cefobiprole, resistance, 626–627
cefoperazone-sulbactam, 415, 416t
cefotiam, 397, 398t
cefpirome, 578
ceftaroline, 603–606, 604t–605t
ceftaroline-avibactam, 613, 613t, 614t–615t
ceftazidime-avibactam, 563
ceftobiprole, 619, 620t–621t, 621, 623–625, 628, 

630t
ceftolozane-tazobactam, 232, 636
ceftriaxone, 480
cell wall, 39–40
cepalothin, 350
cephalexin for, 366
cethromycin, 1172–1173, 1173t
ciprofloxacin, 1987

resistance, 1884–1886
clinafloxacin, 2313, 2314
clofazimine, 2534
cycloserine, 2520
dalbavancin, 917, 918t–919t
delafloxacin, 2133–2134, 2133t
doxycycline, 1204, 1205t
enoxacin, 2172–2173, 2172t
eravacycline, 1274t–1275t, 1275, 1280
erythromycin, 1066
faropenem, 765–766, 766t
in febrile neutropenic patients, 817
finafloxacin, 2140–2141, 2140t
fleroxacin, 2181t, 2182
fosfomycin, 1392, 1393t–1394t, 1394
gemifloxacin, 2011t, 2110–2112
gentamicin, 964–965, 965t

resistance, 967, 970
gramicidin, 1456
isepamicin, 1039, 1040t
josamycin, 1151, 1151t
kanamycin, 949–950
ketoconazole, 2734
lefamulin, 1556–1557, 1557t
levofloxacin, 2055–2057, 2056t
linezolid, 852, 1293, 1294–1295, 1296t, 1318–1322, 

1320t–1321t
resistance, 1299–1300

lomefloxacin, 2246, 2246t
mecillinam, 207, 208, 208t
mezlocillin for, 188t
minocycline, 1230, 1231t
moxifloxacin, 2085–2087, 2086t
multidrug-resistant, 1319, 1326
mupirocin, 1460
naficillin, 170
nalidixic acid, 2257
nemonoxacin, 2158t, 2161–2162
netilmicin, resistance, 1029–1030
nitrofurantoin, 1786
norfloxacin, 1986–1987
novobiocin, 1450, 1451t
omadacyline, 1267, 1268t
pefloxacin, 2278, 2278t
penicillin-binding proteins, 322
penicillin G, 30

resistance, 30–31
penicillin V, 92, 93t
piperacillin, 188t, 190
piperacillin-tazobactam, 319, 320t–321t, 321

resistance, 322
plazomicin, 1054, 1054t, 1056t
prulifloxacin/ulifloxacin, 2148, 2148t, 2149
radezolid, 1354
rifabutin, 2435
rifampicin, 2370t, 2381
rifaximin, 2450, 2452t
rosaramicin, 1151

roxithromycin, 1087
rufloxacin, 2290, 2291t
sitofloxacin, 2123–2124, 2123t
solithromycin, 1179–1182, 1180t

resistance, 1185
sparfloxacin, 2295–2296, 2295t
spectinomycin, 1542
spiramycin, 3175
streptomycin, 2472
sulfonamides, 1571–1572

resistance, 1576
surotomycin, 944
sutezolid, 2559–2560
tedizolid, 1356–1357, 1358t, 1359
teicoplanin, 837–839, 838t–839t, 852, 854
telavancin, 931–932, 931t, 934
telithromycin, 1157–1158, 1157t
temofloxacin, 2309
ticarcillin, 176, 188t
ticarcillin-clavulanate, 299–301, 300f
tigecycline, 1249, 1250t, 1251
tobramycin, 992–993, 992t
tobramycin resistance, 993
tosufloxacin, 2304–2305, 2305t, 2307
trimethoprim, 1626

resistance, 1637t
trimethoprim-sulfamethoxazole, 1626–1627, 1629t

resistance, 1631, 1634
trovafloxacin (withdrawn from market), 2310
vancomycin, 786–788, 786t
vancomycin, resistance, 787–788
zabofloxacin, 2158t, 2164–2165

Gram-positive cocci
amoxicillin, 100–101, 102t

resistance, 100
amoxicillin-clavulanic acid, 257t
ampicillin-amoxicillin, 103
ampicillin for, 100–101
ampicillin-resistant, 100
cefotaxime, 426, 427t
cefotaxime, resistance, 429–430
ceftaroline, 603–606, 604t–605t
ceftriaxone, 464–465
cefuroxime, 384t
dalbavancin, 917, 919–920
doripenem, 723, 724t–725t
grepafloxacin, 2312
imipenem, 663–664
methicillin, 136
penicillin G, resistance, 100
resistance mechanisms in, 472
rifampicin, 2370t, 2372–2373
teicoplanin, 837, 838t

Gram-positive sporing bacteria
amoxicillin, 104
ampicillin, 104

Granulicatella
ceftriaxone, 495
penicillin G for, 62t

Granulicatella adiacens
ceftriaxone, 465
vancomycin, 787

Granulicatella elegans, vancomycin, 787
Granulocyte infusions, interactions with 

 amphotericin B, 2634
Granulocyte-macrophage colony-stimulating factor

in combination with zidovudine, 3679
combined with ganciclovir, 3512–3513
in vitro synergy and antagonism, 3662
as leishmaniasis treatment, 3288, 3289
moxifloxacin interaction, 2102

Granulocytes, drug interactions
metronidazole, 1854
tedizolid, 1364–1365
tinidazole, 1854
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Granulocytopenia
rifampicin, 2391
ticarcillin combination therapy for, 182
trimethoxazole-sulfamethoxazole prophylaxis, 

1685–1687
Granuloma annulare, rifampicin, 2409
Granuloma inguinale

azithromycin, 1134
cotrimoxazole, 1596
doxycycline, 1215, 1596

Granulomatosis, with polyangiitis, trimethoprim- 
sulfamethozaole, 1688

Granulomatous amoebic encephalitis, rifampicin, 
2408

Granulomatous disease
sulfonamides, 1603
trimethoprim-sulfamethoxazole, 1687–1688

Granuloma venereum, trimethoprim- 
sulfamethoxazole, 1666

Grapefruit juice, drug interactions
albendazole, 3318
artemether-lumefantrine, 2978
CYP3A4-inhibiting activity, 4200
halofantrine, 3092, 3094
indinavir, 4064
ombitasvir-paritaprevir-ritonavir-dasabuvir,  

4466
telithromycin, 1162, 1162t

Gray baby syndrome, 1521, 1527
Gray toddler syndrome, 1528
Grazoprevir, 4434t

antiviral activity, 4440t
chemical structure, 4436f
drug interactions, 4460

lopinavir-ritonavir, 4092, 4093t
rilpivirine, 4000t

excretion, 4454t, 4459
mechanism of action, 4434t
pharmacokinetics/pharmacodynamics, 4454t, 

4459
resistance and cross-resistance, 4443t

Grazoprevir-elbasvir, for HCV infection, 4511t, 
4512–4518

administration mode, 4453t
adverse reactions and toxicity, 4471t
clinical development programs

in chronic kidney patients, 4515t, 4516–4517
in cirrhotic patients, 4511t, 4512, 4514, 4515, 

4515t, 4517, 4518
drug interactions, 4460
for genotype 1, 4510, 4511t, 4512–4513, 4514, 

4515t, 4516, 4517–4518
for genotype 2, 4510
for genotype 3, 4510, 4511t, 4514
for genotype 4, 4515t, 4516, 4517–4518
for genotype 6, 4515t
in inherited blood disorder patients, 4515t, 

4517–4518
in opioid agonist injection therapy, 4515t,  

4517
with ribavirin, 4511t, 4512–4513, 4514, 4516
with sofosbuvir, 4514
in treatment-experienced patients, 4511t, 

4515t, 4516–4517
in treatment-naive patients, 4511t, 4515–4517, 

4515t
virologcal resistance studies, 4518

dosage, 4453t
drug interactions, 4468f

Grepafloxacin
adverse reactions and toxicity, 2019, 2313
antimicrobial activity, 2312–2313
chemical structure, 2254f, 2312, 2312f
development and availability chronology, 2256t
withdrawal from market, 2309, 2312

Griseofulvin, 2927–2932
administration modes, 2928
adverse reactions and toxicity, 2929–2930
antimicrobial activity, 2927–2928, 2927t
chemical structure, 2927, 2927f
clinical uses, 2930–2931
dosage, 2928
drug interactions, 2929
excretion, 2929
mechanism of action, 2928
pharmacokinetics/pharmacodynamics, 2928–2929
resistance and cross-resistance, 2928

Growth delay, tenofovir-related, 3833
Growth stimulants, 10–11

bactriacin, 1454, 1458
gry gene mutations, 2229
GS-4774, 4631t, 4639
GS-5806. See Presatovir
GS-7340. See TAF
GS-9137. See Elvitegravir
GS-9451. See Vedroprevir
GS-9620, 4631t, 4639–4640
GS-9857. See Voxilaprevir
GS-9883. See Bictegravir
GSK, 4630t
GSK1349572. See Dolutegravir
GSK 2838232, 4630t, 4632–4633
Guanosine triphosphate, ribavirin-related reduction, 

4372, 4373f, 4374, 4375
Guar gum-based drug delivery systems, 1853
Guillain-Barré syndrome exacerbations, ofloxacin, 

2022
Guinea pig cytomegalovirus

brincidofovir, 3534
cidofovir, 3533t

Guinea worm infection. See Dracunculiasis
Gut decontamination. See Gastrointestinal tract 

decontamination
Gut motility, erythromycin-related stimulation, 1073
GW257406X. See Maribavir
GW433908. See Fosamprenavir
Gynecologic infections

amoxicillin-clavulanic acid, 268, 269
ampicillin-sulbactam, 287–289, 288t
biapenem, 779
cefepime, 596
cefotaxime, 448
cefpirome, 596
cefrtiaxone, 499
clindamycin-gentamicin, 714
ertapenem, 760
grepafloxacin (withdrawn from market), 2313
imipenem-cliastatin, 714
meropenem, 712t, 714
ticarcillin-clavulamnic acid for, 309
tosufloxacin, 2307

Gynecologic surgery prophylaxis
amoxicillin-clavulanic acid, 269
ampicillin-sulbactam, 294
cefotetan, 198
metronidazole, 1828
piperacillin, 198
tinidazole, 1857

Gynecomastia
efavirenz, 3930
isoniazid, 2333
itraconazole, 2798
ketoconazole, 2744
metronidazole-related, 1824

gyr gene mutations, in antibiotic resistance
ciprofloxacin, 1876, 1879, 1883, 1885, 1886, 1887
finafloxacin, 2139, 2141
fluoroquinolones, 2219–2220
garenoxacin, 2199, 2200
gatifloxacin, 2218, 2219, 2220, 2224, 2232

gemifloxacin, 2114
levofloxacin, 2057, 2058t–2059t, 2060
moxifloxacin, 2087–2088
nakidixic acid, 2258, 2259
nalidixic acid, 2260, 2261, 2262
ofloxacin, 2008–2209
prulifoxacin/ulifloxacin, 2149
sitafloxacin, 2125

GZR-EBR. See Grazeoprevir-elbasvir

H
HACEK organisms

ampicillin-sulbactam, 294
cefotaxime, 447
ceftriaxone, 471
penicillin G, 63t, 67–68
penicillin-resistant, 34

Haemonchus, moxidectin, 3362
Haemonchus contortus

ivermectin, 3351
resistance, 3351, 3353

moxidectin, 3362, 3363–3364
resistance, 3362

Haemophilus
ceftobiprole, 629
fidaxomicin, resistance, 1547
fleroxacin, 2181, 2181t
isepamicin, 1040t
linezolid, resistance, 1293

Haemophilus ducreyi
amoxicillin, 105

resistance, 105
ampicillin, 105

resistance, 105
azithromycin, 1124, 1133
ceftriaxone, 470, 498
chloramphenicol, 1517
ciprofloxacin, 1870, 1923
cotrimoxazole, resistance, 1596
erythromycin, 1066, 1923
kanamycin, 950

resistance, 950
multidrug-resistant, 271
norfloxacin, 1987
penicillin G, 33
rifabutin, 2435
rifampicin, 2373
rosaramicin, 1151, 1154
roxithromycin, 1088
sparfloxacin, 2294
streptomycin, 2471
streptomycin, resistance, 2474
sulfonamides, 1572

resistance, 1577, 1596
tetracyclines, resistance, 1577
trimethoprim, 1630
trimethoprim-sulfamethoxazole, 1630

resistance, 1596
Haemophilus influenzae

amikacin, 1010, 1010t
amoxicillin, resistance, 105, 108, 255, 259, 430
amoxicillin-clavulanic acid, 97, 255, 257t, 261, 

263, 267, 268, 269
resistance, 255, 259

ampicillin, 175, 189, 377
resistance, 33, 105, 108, 175, 207, 430, 474

ampicillin-sulbactam, 29–2293, 228, 281, 281t
apalcillin, 188t, 189
avarofloxacin, 2159t
azithromycin, 1123t, 1126, 1130, 1131

resistance, 1125, 1131
azlocillin, 188t, 189
aztreonam, 644, 646t, 650, 653
bacitracin, 1454
beta-lactamases, 105, 254, 259, 430
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Haemophilus influenzae (continued)
biapenem, 773, 775t
BLNAR strains, 377, 430, 474, 540

biapenem, 773
ceforixime, 386
imipenem, 664–665

BLPACR strains, 474
BLPAR strains, 474

ceforixime, 386
carbenicillin, 175
carriers of, 108
cefaclor, 377, 377t, 380

resistance, 377
cefadroxil, resistance, 371, 371t
cefazolin, 348, 348t
cefdinir, 536
cefditoren, 470
cefepime, 580, 580t
cefixime, 470, 539t, 540
cefoperazone-sulbactam, 416t, 417t, 418
cefotaxime, 426, 427, 428t, 438, 444, 446, 470, 653
cefotaxime, resistance, 430
cefotetan, 405
cefotiam, 399t
cefoxitin, 404t, 407
cefpodoxime, 532
ceftaroline, 606, 607
ceftaroline-avibactam, 613, 614t
ceftazidime, 551t, 552, 552t, 563
ceftiazidime-avibactam, 565t, 566
ceftizoxime, 532
ceftobiprole, 625, 627
ceftriaxone, 469t, 470, 480, 491, 494, 653
ceftriaxone, resistance, 470, 474
cefuroxime, 385t, 386, 389, 390
cephalexin, resistance, 362, 366
cephalosporins, resistance, 474
cephalothin, 348, 348t
cephradine, resistance, 371, 371t
cethromycin, 1173, 1173t, 1175t
chloramphenicol, 1517, 1520, 1523, 1524, 1525
ciprofloxacin, 1868t, 1870, 1896–1897, 1924, 2024

resistance, 1882
clarithromycin, 1097, 1098t
clavulanic acid, 234
clinafloxacin, 2314
clindamycin, 1496

resistance, 1468–1469, 1470
cotrimoxazole, resistance, 259
delafloxacin, 2133, 2133t, 2137
doripenem, 726t, 729
doxycycline, resistance, 259
enoxacin, 2172, 2172t
ertapenem, 745, 746t, 747
erythromycin, 1066, 1076
erythromycin A, 1173t
faropenem, 766, 767t

resistance, 766, 767t
finafloxacin, 2139, 2140t
fluoroquinolones, resistance, 2219
garenoxacin, 2195, 2196t, 2197, 2205, 2207

resistance, 2200
gatifloxacin, 2214t, 2215–2216, 2230
gemifloxacin, 2112–2113, 2112t, 2115
gentamicin, 965, 965t
grepafloxacin, 2312
iclaprim, 1775, 1780
imipenem, 664–665, 669t

resistance, 665
isepamicin, 1039
josamycin, 1151t
kanamycin, 950
lefamulin, 1556, 1557, 1557t
levofloxacin, 2055, 2056t, 2068, 2073, 2073t
lincomycin, 1470

linezolid, resistance, 1297
lomefloxacin, 2245, 2246t
macrolides, resistance, 259
mecillinam, resistance, 207, 208t
mezlocillin, 188t, 189
minocycline, 1232
moxifloxacin, 2085, 2086t, 2094, 2095
multidrug-resistant, ciprofloxacin, 1870
mupirocin, 1461
nafcillin, 163t
nalidixic acid, 2256

resistance, 2259
nemonoxacin, 2159t, 2162, 2164
norfloxacin, 1987
novobiocin, 1450, 1451t
ofloxacin, 2005t, 2007, 2016, 2024, 2030
pefloxacin, 2284
penicillin-binding protein 3, 474
penicillin G, 24t, 25t, 59, 92

resistance, 255
penicillin V, 92, 93t, 97
piperacillin, 190
piperacillin, resistance, 190
piperacillin-tazobactam, 230, 243, 320t
polymyxins, 1423
pristinamycin, 1386, 1387t, 1390
prulifloxacin/ulifloxacin, 2148t
quinopristin-dalfopristin, 1376t
radezolid, 1354
rifabutin, 2435
rifampicin, 2369, 2370t, 2373, 2383

resistance, 2379
rifampicin, resistance, 2404
rosaramicin, 1151
roxithromycin, 1088, 1088t, 1091
rufloxacin, 2290, 2291t
sitofloxacinn, 2127
solithromycin, 1179, 1181t, 1182, 1189
sparfloxacin, 2294, 2295t, 2299
spiramycin, 3175
spiramycin, resistance, 3176t
streptomycin, 2471
sulfonamides, 1572, 1595

resistance, 1577
sulonamides, 1595
sutezolid, 2560
tedizolid, 1358t, 1359
telithromycin, 1156, 1157t, 1158, 1161–1162, 1173t

resistance, 1158
temocillin, 218, 219t, 222
ticarcillin, 175
ticarcillin-clavulanic acid, 227, 300t, 301
tigecycline, 1250t, 1259
tobramycin, resistance, 993
trimethoprim, resistance, 1636t
trimethoprim-sulfamethoxazol, resistance, 

1633–1634
trimethoprim-sulfamethoxazole, 1660–1661, 1663, 

1664
resistance, 1627, 1630, 1632–1633, 1634, 1636t, 

1664–1665
trimethoprim-sulfoxamethoxazole/rifampicin, 

1635
trovafloxacin, 2310–2311
type b carriage clearance, rifampicin, 2404
zabofloxacin, 2159t, 2165

Haemophilus influenzae vaccination, 105
Haemophilus meningitidis, aztreonam, 644
Haemophilus parainfluenzae

amoxicillin, resistance, 108, 110
ampicillin, 105

resistance, 105
ampicillin, resistance, 108
beta-lactamase-non-producing strains, 108–109, 

109t

beta-lactamase-producing strains, 108–109, 109t
beta-lactamases, 259, 474
cefepime, resistance, 580, 580t
cefixime, 540
cefoperazone-sulbactam, 418
ceftriaxone, 469t, 470
chloramphenicol, 1517

resistance, 1517
ciprofloxacin, 1930
co-amoxiclav, resistance, 108
doripenem, 727t, 729
enoxacin, 2172
ertapenem, 745, 746t, 747
fluoroquinolones, resistance, 1882–1883
gemifloxacin, 2112, 2112t
imipenem, 664–665, 669t
moxifloxacin, 2095
multidrug-resistant, 474
penicillin-binding protein 3, 474
quinopristin-dalfopristin, resistance, 1376t
solithromycin, 1181t

Haemophilus philusducreyi, enoxacin, 2172
Haemophlus influenzae vaccination, 2404
Hafnia

amoxicillin, resistance, 104
ampicillin, resistance, 104
cefepime, 579
ceftazidime, resistance, 550
cephalexin, resistance, 362
chloramphenicol, 1517
nalidixic acid, 2256

resistance, 2257t
penicillin, resistance, 33
trimethoprim-sulfamethoxazole, 1627

Hafnia alvei
cefotaxime, 428t
imipenem, 665
meropenem, 699

Hair, antimicrobial distribution
griseofulvin, 2929
itraconazole, 2794

Hair discoloration, clofazimine, 2536, 2537t
Hair loss. See Alopecia
Hallucinations, drugs causing

aciclovir, 3464
amantadine, 4536
azithromycin, 1130
clarithromycin, 1106
efavirenz, 3920
eflornithine, 3259
enoxacin, 2175
famciclovir, 3498
fleroxacin, 2187
foscarnet, 3601
ganciclovir, 3513
itraconazole, 2797–2798
miconazole, 2817
moxifloxacin, 2092
nalidixic acid, 2265
nevirapine, 3878
ofloxacin, 2020
oxamniquine, 3399
polymyxins, 1447
trimethoprim-sulfamethoxazole, 1655
voriconazole, 2832–2833

Halococcus, bacitracin, 1454
Halofantrine, 3091–3096

administration mode, 3092
adverse reactions and toxicity, 3094, 3095
antimicrobial activity, 3091
chemical structure, 3091, 3091f
clinical uses, 3094–3095
in combination with tetracycline, 1197
concentration-dependent activity, 4t
dosage, 3092, 3093t
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drug interactions, 3094
fosamprenavir, 4110t
mefloquine, 3081
posaconazole, 2850

mechanism of action, 3092
pharmacokinetics/pharmacodynamics, 3093t

bioavailability, 3092
clinically important features, 3093
distribution in body, 3092–3093
excretion, 3093

resistance and cross-resistance, 3091–3092
Haloperidol, interactions with rifampicin, 2386t
Haloprogin, 2933–2935

admininstration mode, 2933
adverse reactions and toxicity, 2934
antimicrobial activity, 2933
chemical structure, 2933, 2933f
clinical uses, 2934
dosage, 2933–2934
mechanism of action, 2933
pharmacokinetics/pharmacodynamics, 2934

Halotrex cream. See Haloprogin
Hand hygiene, 7, 7f
Hansen, Gerhard Armauer, 1755
Hansen’s disease. See Mycobacterium leprae (leprosy)
Hansenula anomala, amphotericin B, 2570
Hantavirus

favipiravir, 4632t
ribavirin, 4368t, 4370, 4393

Harvoni. See Ledipasvir-sofosbuvir
Headaches, drugs causing

amantadine, 4536
amikacin, 1018
amphotericin B, 2575, 2584
amphotericin B-lipid complex, 2636
anidulafungin, 2701
antimonial agents, 3285t, 3286
atovaquone, 3122
atovaquone-proguanil, 3132, 3141, 3142t, 3143
avarofloxacin, 2160
azithromycin, 1130
bedaquiline, 2547
brivudin, 3577
cadazolid, 1351, 1352
caspofungin, 2671
cefepime, 593
cefpirome, 594
ceftaroline-avibactam, 616, 616t
ceftobiprole, 632t
ceftolozane-tazobactam, 641
ceftriaxone-related, 485
chloroquine, 3038
clarithromycin, 1106
dalbavancin, 924, 925t
delafloxacin, 2136
delamanid, 2555
delavirdine, 3965
diethylcarbamazine, 3374
eflornithine, 3257, 3259
enoxacin, 2175
entecavir, 4327, 4327t
eravacycline, 1284, 1285
ethionamide, 2498
etravirine, 3981
famciclovir, 3497
fleroxacin, 2186, 2187
fluconazole, 2767
fosamprenavir, 4114
fosfomycin, 1399
furazolidone, 3190
garenoxacin, 2204t
gatifloxacin, 2225t
gemifloxacin, 2116
griseofulvin, 2929
iclaprim, 1780t

iodoquinol, 3200
isavucoanzole, 2865
isavuconazole, 2864
itraconazole, 2797
kanamycin, 958
ketoconazole, 2744
levofloxacin, 2063
lindane, 3425
linezolid, 1314, 1314t, 1317t
lomefloxacin, 2249
maribavir, 3643
mebendazole, 3332
mefloquine, 3083
meropenem, 710t
metronidazole, 1823
micafungin, 2687
miconazole, 2817
moxifloxacin, 2092
nalidixic acid, 2265
nemonoxacin, 2163
niclosamide, 3407
nitrofurantoin, 1790
ofloxacin, 2020, 2021t
ombitasvir-paritaprevir-ritonavir-dasabuvir, 

4501t, 4503t, 4504t, 4506t
oritavancin, 914t
oseltamivir, 4594
oxamniquine, 3398
pegylated interferon, 4466
polymyxins, 1447
posaconazole, 2850–2851
praziquantel, 3389
primaquine, 3104
pyrimethamine, 1731–1732
pyronaridine-artesunate, 3013, 3013t
quinacrine, 3201
raltegravir, 4220
ravuconazole, 2880
retapamulin, 1565, 1565t
rilpivirine, 4005
roxithromycin, 1091
rufloxacin, 2292
sitafloxacin, 2126
solithromycin, 1188
sparfloxacin, 2298
spectinomycin, 1544
suramin, 3232
sutezolid, 2561
tedizolid, 1367
telavancin, 935
telbivudine, 4350t
terbinafine, 2715
thiabendazole, 3339
tigecycline, 1258
tinidazole, 1853
tipranavir-ritonavir, 4168–4169, 4169t
tosufloxacin, 2307
triclabendazole, 3349
trimethoprim-sulfamethoxazole, 1648, 1654,  

1655
zanamivir, 4567, 4568
zidovudine, 3670t, 3673

Head and neck cancer, trimetrexate, 1769, 1773
Head lice. See Pediculus humanus capitis
Head trauma, as contraindication to lindane, 3425
Healthcare workers

infection prevention and control activities of,  
7, 7f

penicillin G-related contact reactions in, 50
ribavirin exposure in, 4375, 4385

Health-related quality of life, tipranavir-ritonavir, 
4171

Hearing loss, drug-induced. See Ototoxicity
Heart, antimicrobial distribution in. See Cardiac 

tissue/heart, antimicrobial distribution

Heart block, drugs causing
arteminsinins, 2953
chloroquine, 3039
hydroxychloroquine, 3039
Lyme disease, 502
pyronaridine-artesunate, 3014
teicoplanin, 851

Heartburn, drugs causing
fluconazole, 2768
griseofulvin, 2929
tafenoquine, 3113
tetracycline, 1198

Heart failure
drugs causing

amantadine, 4537
itraconazole, 2798

drugs used in
itraconazole, 2798
paromomycin, 3154
ticarcillin-clavulanic acid, 306

Heart surgery prophylaxis
beta-lactam antibiotics versus glycopeptides, 354
cefazolin, 351, 354
cefotaxime, 436
cephalothin, 354

Heart tissue, antimicrobial distribution in. See 
Cardiac tissue/heart, antimicrobial distribution 
in

Heart transplantation, as Chagasic cardiomyopathy 
treatment, 3212

Heart transplant recipients
benznidazole, 3208–3209
CMV therapy, ganciclovir, 3519–3520, 3521
trimethoprim-sulfamethoxazole, 1680–1681

Heart valves
ceftiazidime, 558
netilmicin, 1032

Heartworm. See Dirofilaria immitis
HEC Pharm/Sunshine, 4631t
Helcococcus kunzii, linezolid, 1294, 1296t
Helicobacter, fidaxomicin resistance, 1547
Helicobacter cinaedi, rifampicin, 2374
Helicobacter pylori

A2143G mutation, 1099
amoxicillin, 105, 114, 124, 188, 258, 1135, 

1239–1240
resistance, 108

amoxicillin-clavulanic acid, 258
resistance, 258

ampicillin, resistance, 108
avarofloxacin, 2159t
azithromycin, 1135–1136
azithromycin triple or quadruple therapy, 1136
bismuth, 1200, 1832–1833
BOACT (amoxicillin, clarithromycin, tinidazole) 

regimen, 2036
BOTMO (ofloxacin, tetracycline, metronidazole) 

regimen, 2036
cefitixime, 540
cefixime, 544
cefoxitin, 405
cefuroxime, 385t
chloramphenicol, resistance, 1517
ciprofloxacin, 1871

resistance, 1871
clarithromycin, 124, 1109, 1135, 1239–1240

resistance, 1099, 1109, 1832
triple therapy, 1832

concomitant therapy, 1832
delafloxacin, 2133, 2133t
doripenem, 729
doxycycline, 1200, 1205
erythromycin, 1066
finafloxacin, 2140, 2140t, 2144
fleroxacin, resistance, 2181
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Helicobacter pylori (continued)
fluoroquinolones, resistance, 2219
furazolidone, 124, 1794, 1832, 3187, 3188, 3191

resistance, 3187–3188
garenoxacin, 2199
gatifloxacin, 2232

resistance, 2217
gemifloxacin, 2113
hybrid therapy, 1832, 1858
imipenem, 665
josamycin, 1154
levofloxacin, 1832, 2060
linezolid, 1298, 1304
metronidazole, 124, 1200, 1808, 1814, 1820, 

1832–1833, 1857–1858
resistance, 1812, 1832, 1857–1858

mezlocillin, 188
miconazole, 2814
minocycline, 1231t, 1232, 1239–1240
moxifloxacin, 1832, 2101
nalidixic acid, resistance, 2256, 2257t
nemonoxacin, 2159t, 2162
nitazoxanide, 3163t, 3164, 3165, 3170–3171
nitrofurantoin, 1786, 1794
norfloxacin, 1986
ofloxacin, 2005t, 2006, 2036
omeprazole, 124, 1092, 1794
pefloxacin, 2277
penicillin G, 34
piperacillin, 188
proton pump inhibitors, 124, 1200, 1832

resistance, 1109
quadruple therapy, 1832–1833
rabeprazole, 1239–1240
ribosomal RNA methylases, 1069
rifabutin, 2435, 2444
rifampicin, 2370t, 2374, 2408

resistance, 2379
rifaximin, 2451, 2458

resistance, 2451, 2453t
roxithromycin, 1088, 1092
rufloxacin, 2290, 2291t, 2292
salvage therapy, 1200
sequential therapy, 1832, 1858
sitafloxacin, 2122–2123, 2125, 2128

resistance, 2125
solithromycin, 1181t, 1183
spiramycin, 3180
sulfonamides, 1581

resistance, 1578
telithromycin, 1158
tetracycline, 1195, 1200, 1832–1833

resistance, 1196
tinidazole, 1851, 1852, 1854

resistance, 1851, 1857–1858
trimethoprim-sulfamethoxazole, resistance, 1627, 

1630
triple therapy for, 124

Heligmosomoides bakeri, nitazoxanide, 3170
Helminths. See also Cestodes; Nematodes; 

Trematodes
nitrozoxanie, 3163–3164

Hemaglobin decrease, pyronaridine-artesunate, 3014
Hematological cancer patients, antimicrobial use in

amikacin, 1014, 1015t
dapsone, 1752
itraconazole, 2790t, 2802–2803
linezolid, 1325
moxifloxacin, 2098
teicoplanin, 844
trimethoprim-sulfamethoxazole, 1680

Hematological side effects
amodiaquine, 3052
amoxicillin, 117
amphotericin B, 2583–2584

amphotericin B, liposomal, 2616–2617
ampicillin, 117
ampicillin-sulbactam, 285
anidulafungin, 2701
antimonial agents, 3286
arteminsinins, 2953
artesunate, 2969
azlocillin, 196
carbenicillin, 196
caspofungin, 2671
cefazolin, 353
cefepime, 593
cefotaxime, 439
cefotetan, 408, 409
cefoxitin, 409
cefpirome, 594
ceftaroline, 611–612
ceftizoxime, 536
ceftriaxone, 484
cefuroxime, 390
cephalexin, 365
cephalotin, 353
ciprofloxacin, 1910
clarithromycin, 1106
daptomycin, 888
didanosine, 3708
ertapenem, 756
ethambutol, 2352
fluconazole, 2768
flucytosine, 2923
foscarnet, 3600t, 3601
furazolidone, 3190
ganciclovir, 3512–3513
gentamicin, 978
gramicidin, 1458
griseofulvin, 2930
imipenem-cilastatin, 680
itraconazole, 2797
ketonconazole, 2745
levofloxacin, 2065
lindane, 3428
linezolid, 1293, 1314, 1314t, 1315–1316, 1317t
methicillin, 140
metronidazole, 1822
mezlocillin, 196
micafungin, 2687
moxifloxacin, 2094
nafcillin, 168
nalidixic acid, 2266
nifurtimox, 3215–3216
nitrofurantoin, 1792
norfloxacin, 1910
novobiocin, 1452
para-aminosalicyclic acid, 2491
penicillin G, 53–54
pentamidine, 3275
piperacillin, 196
piperacillin-tazobactam, 333–334, 333t
pyrimethamine, 1731
pyronaridine-artesunate, 3014
quinine, 3065
ribavirin, 4381–4382, 4381t
rifabutin, 2438–2439
rifampicin, 2391
stavudine, 3764
streptomycin, 2479
sulfonamides, 1589–1590
suramin, 3232
tafenoquine, 3112–3113
teicoplanin, 851
terbinafine, 2715
tetracycline, 1199
thiacetazone, 2506–2507
ticarcillin, 196
ticarcillin-clavulanic acid, 306–307

trimethoprim-sulfamethoxazole, 1650–1652
trimetrexate, 1772
vancomycin, 811
zidovudine, 3670, 3670t

Hematoma fluid, linezolid content, 1311
Hematomas, penicillin G penetration, 45
Hematopoietic stem cell transplant recipients

anidulafungin, 2700
antifungal prophylaxis

anidulafungin, 2698
micafungin, 2690

CMV infections, ganciclovir, 3517–3519
foscarnet, 3606
voriconazole, 2830–2831, 2835

Hematuria, drugs causing
methicillin, 140
norfloxacin, 1991
vancomycin, 811

Hemoccult tests, effect of nitazoxanide on, 3168
Hemodialysis, 953t

abacavir, 3778–3779
aciclovir, 3457
adefovir dipivoxil, 4339–4340
amikacin, 1013, 1015t
amoxicillin, 112
amphotericin B, 2578, 2580, 2631
amphotericin B, liposomal, 2614
amphotericin B-lipid complex, 2631
ampicillin-sulbactam, 283
anidulafungin, 2698
atazanavir, 4145
azithromycin, 1125
azlocillin removal in, 192
aztreonam, 648
biapenem, 776
capreomycin, 2515
carbenicillin, 177
cefaclor, 378
cefadroxil, 372
cefazolin, 350
cefepime, 588
cefixime, 541
cefotaxime, 431t, 433
cefotetan, 407, 407t
cefotiam, 399
cefoxitin, 407, 407t
cefprozil, 378
ceftaroline, 610
ceftazidime-avibactam, 237, 568
ceftizoxime, 534
ceftolozane-tazobactam, 237, 639t, 640
cefuroxime, 387
cephalexin, 363, 363t
cephalothin, 350
cephradine, 372
cetriaxone, 476–477
chloramphenicol, 1521
chloroquine, 3035–3036
cilastatin, 674
ciprofloxacin, 1890, 1931
clindamycin, 1478
colistin, 1432, 1432f
cycloserine, 2523
dalbavancin, 921
daptomycin, 875–876, 885
didanosine, 3703
doripenem, 731
dosage, 842t
doxycycline, 1208
elvitegravir, 4234
enoxacin, 2173
entecavir, 4326
ertapenem, 752–753, 752t, 757
erythromycin, 1070
ethambutol, 2349
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ethionamide, 2496, 2497–2498
etravirine, 3974
fleroxacin, 2183, 2184
fluconazole, 2762
fosamprenavir, 4107
foscarnet, 3598
fosfomycin, 1398
gatifoxacin, 2221
gentamicin, 972
imipenem, 674
isepamicnin, 1041, 1042
itraconazole, 2791
kanamycin, 954–955
lamivudine, 3733
letermovir, 3623
levofloxacin, 2061t
linezolid, 1307, 1313, 1315
lomefloxacin, 2247, 2248
lopinavir-ritonavir, 4090
mecillinam, 211
meropenem, 704–705, 705t, 706t
miconazole, 2815–2816
minocycline, 1233
moxifloxacin, 2088
naficillin, 166
netilmicin, 1031
nevirapine, 3863, 3863t, 3868
nifurtimox, 3214
norfloxacin, 1988
ofloxacin, 2011t, 2012, 2014, 2018
ombitasvir-paritaprevir-ritonavir-dasabuvir, 4503
oritavancin, 911
pefloxacin, 2280
penicillin G, 44, 44t, 52
piperacilin-tazobactam, 326t
polymyxin B, 1427–1428, 1429
pyrazinamide, 2363
pyrimethamine, 1729
quinine, 3062
ribavirin, 4377, 4378
rifabutin, 2437
rifampicin, 2381
rufoxacin, 2291
streptomycin, 2476
tedizolid, 1362, 1363
teicoplanin, 845
telavancin, 933
telbivudine, 4347
telithromycin, 1160
temocillin, 221
tenofovir, 3829
tetracycline, 1197
ticarcillin, 177
ticarcillin-clavulanic acid, 237, 304
tigecycline, 1254
tinidazole, 1852
tobramycin, 996
valaciclovir, 3458
vancomycin, 799, 814
voriconazole, 2827
zidovudine, 3665, 3666t, 3667

Hemofiltration
amikacin, 1014
with polyacrylonitrile hemofilters, 1014

Hemoglobin A1c levels, dapsone effects, 1754
Hemoglobin changes

chloramphenicol, 1527
furazolidone, 3190
lomefloxacin, 2249

Hemolysis, drugs causing
arteminsinins, 2953
dapsone, 1753, 1756, 1762
delayed

artemether-lumefantrine, 2981
artesunate, 2969

gramicidin, 1454
meropenem, 711
oxidative, spiramycin, 3178
ribavirin, 4466
tafenoquine, 3112–3113
thiacetazone, 2507

Hemolytic-uremic syndrome
ciprofloxacin, 1910
fluoroquinolones, 2126
fosfomycin, 1401–1402
metronidazole, 1824
quinine, 3065

Hemophilia, protease inhibitor-induced bleeding, 
4170

Hemopoietic toxicity
aciclovir, 3464
chloramphenicol, 1527

Hemoptysis
bedaquiline, 2547
pyronaridine-artesunate, 3015

Hemorrhage, drugs causing
azithromycin/warfarin, 1128
carbenicillin, 180
cefamandole, 400
cefoperazone, 420–421
cefoxitin, 409
gastrointestinal

clofazimine, 2537, 2537t
penicillin G, 54

intracranial, tipranavir-ritonavir, 4170–4171
novobiocin, 1452

Hemorrhagic fevers, ribavirin, 4393–4394
Hemorrhoidectomy, metronidazole (pain manage-

ment), 1835
Hendra virus

chloroquine, 3033
ribavirin, 4368

Henoch-Schönlein purpura, ciprofloxacin, 1908
Hepadnaviruses

adefovir dipivoxil, 4336
clevudine, 4359
foscarnet, 3587t, 3588
telbivudine, 4345
tenofovir, 3824–3825

Heparin
co-administration with

daptomycin, 875
tobramycin, 994

drug interactions
aminoglycosides, 2477
gentamicin, 975
kanamycin, 956
oritavancin, 913
vancomycin, 807

effect on drug protein binding, 150
Hepatera, 4631t
HEPATHER ANRS CO-22 study, 4483t, 4484, 4485, 

4485t, 4486–4487
Hepatic function, impaired. See Liver function, 

impaired
Hepatitis

allergic, rilpivirine, 4007
amodiaquine, 3052
anidulafungin, 2701
atovaquone-proguanil, 3141
brivudin, 3577
cholestatic

clindamycin, 1489
piperacillin-related, 196

clarithromycin, 1105
CMV, foscarnet, 3603
drugs causing

antimonial agents, 3285
carbenicillin, 180
chloramphenicol, 1527

ciprofloxacin, 1991
cloxacillin, 153
flucloxacillin, 153
fluconazole, 2768
gatifloxacin, 2226
isoniazid, 2328–2329
metronidazole, 1823
micafungin, 2687
minocycline, 1237
nevirapine, 3877
nitrofurantoin, 1791–1792
norfloxacin, 1991
para-aminosalicyclic acid, 2491
pyrazinamide, 2364
ritonavir, 4203
roxithromycin, 1090
zidovudine, 3670t, 3672

flares, entecavir, 4328
itraconazole, 2797
lopinavir-ritonavir, 4096
minocycline, 1236–1237
norfloxacin, 1911
prothionamide, 2498
reactivation prevention, entecavir, 4332–4333
rifabutin, 2439
rifampicin, 2389–2390
rifapentine, 2466–2467
streptomycin, 2479
sulfonamides, 1591
suramin, 3232
telithromycin, 1163
terbinafine, 2715
tetracycline, 1198–1199
thiacetazone, 2506

Hepatitis A virus (HAV) and hepatitis A
amantadine, 4525
chloroquine, 3033

Hepatitis B virus (HBV) and hepatitis B
aciclovir, 3451
adefovir dipivoxil, 4336, 4336t, 4341–4342

resistance, 4337, 4338t
artesunate, 2943, 2965t, 2966
chloroquine, 3033
clevudine, 4359, 4361–4365

resistance, 4360
co-infection with HIV, 3715

adefovir dipivoxil, 4342
dolutegravir, 4267
efavirenz, 3924
entecavir, 4324, 4332
fosamprenavir hepatotoxicity in, 4116
maraviroc, 4309, 4312, 4317
rilpivirine, 3999, 4001
tipranavir-ritonavir hepatotoxicity, 4169, 4170

didanosine, 3699
emtricitabane, 3802, 3803, 3805, 3806t, 3813–3816, 

3814t
in HIV co-infection, 3818–3819
for HIV-negative patients, 3816–3818
post treatment exacerbations, 3819
resistance, 3802–3803, 4338t

entecavir, 4323, 4328–4332, 4330t–4331t
resistance, 4324–4325, 4325t

famciclovir, 3499
foscarnet, 3587t, 3588
investigational drugs, 4631t

AGX-1009, 4631t, 4638
ARC-520, 4631t, 4639
besifovir, 4631t, 4638
birinapant, 4631t, 4639
CMX-157, 4631t, 4638
GLS-4, 4631t, 4638
GS-4774, 4631t, 4639
GS-9620, 4631t, 4639–4640
myrcludex B, 4631t, 4638
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Hepatitis B virus (HBV) and hepatitis B (continued)
NVR 3-778, 4631t, 4639
REP-2139, 4631t, 4638–4639

isoniazid hepatotoxicity, 2324–2325
ketoconazole, 2734
lamivudine, 3730, 3730t, 3733

in children and adolescents, 3746–3747
in HIV co-infection, 3747–3748
with interferon-alpha/pegylated-interferon, 

3743, 3744t–3745t, 3746
mother-child transmission prevention, 3746
in pregnancy, 3746
resistance, 3731–3732, 4338t

nitazoxanide, 3164
norfloxacin, 1988
penciclovir, 3493–3494
reactivation (flares), emtricitabane, 3807–3808
resistance-associated mutations

adefovir dipivoxil, 4337, 4338t
entecavir, 4324–4325
telbivudine, 4345–4346
tenofovir, 3827

ribavirin, 4395
telbivudine, 4345, 4351–4354, 4352t–4353t

resistance, 4345–4346, 4346t
tenofovir, 3824–3825, 3824t

dosage, 3828
resistance, 3825t, 3827, 4338t

tenofovir alafenamide, 3840t, 3841
tenofovir diphosphate, 3839–3841, 3840t

in pregnancy, 3829
vidarabine, 3583
zalcitabine, 3723
zidovudine, 3659, 3682

Hepatitis C (HCV) and hepatitis C
abacavir, in HIV-co-infection, 3792
amantadine, 4525
cell-based culture systems, 4433, 4434–4435
co-infection with HIV

atazanavir, 4146
dolutegravir, 4267
efavirenz, 3924
fosamprenavir hepatotoxicity in, 4116
isoniazid hepatotoxicity in, 2328
lopinavir-ritonavir, 4090
maraviroc, 4309, 4312
nelfinavir, 4081
raltegravir, 4218
ribavirin, 4369–4370, 4380–4381
rilpivirine, 3999, 4001
ritonavir, 4203
tipranavir-ritonavir hepatotoxicity, 4169, 4170

direct-acting antiviral agents resistance, 4435, 
4441–4445

drug development strategies for, 4433, 4433f
genotype-1, 4499

pegylated interferon, 4499
pegylated interferon-ribavirin, 4499

genotype-2, 4499
genotype-3, 4499
genotype-4, 4499

pegylated interferon-ribavirin, 4499
genotype-5, 4499
genotype-6, 4499
genotypes, 4499
grazoprevir-elbasvir, 4511t, 4512–4518

in chronic kidney patients, 4516–4517
in cirrhotic patients, 4511t, 4512, 4514, 4515, 

4517, 4518
for genotype 1, 4510, 4511t, 4512–4513, 4514, 

4515t, 4516, 4517–4518
for genotype 2, 4510
for genotype 3, 4510, 4511t, 4514
for genotype 4, 4515t, 4516, 4517–4518
for genotype 6, 4515t

in HIV-infected patients, 4516
in inherited blood disorder patients, 4515t, 

4517–4518
in opioid agonist injection therapy, 4517
with ribavirin, 4511t, 4512–4513, 4514, 4516
with sofosbuvir, 4514
in treatment-experienced patients, 4511t, 4515t, 

4516–4517
in treatment-naive patients, 4511t, 4515–4517, 

4515t
virolological resistance studies, 4518

grazoprevir-pegylated interferon-ribavirin, 
4510–4512

investigational drugs
ACH-3422, 4630t, 4635
AL-335, 4438t, 4630t, 4635
alisporivir, 4630t, 4637–4638
beclabuvir, 4630t, 4636
cyclophilin inhibitors, 4439t, 4630t, 4637–4639
favipiravir, 4641
glecaprevir, 4438t, 4630t, 4635
MDV-804, 4630t, 4636
MDV-845, 4630t, 4636
miravirsen, 4630t, 4637
MK-3682 (IDX21437), 4630t, 4635–4636
MK-8408, 4630t, 4636
odalasvir, 4438t, 4630t, 4636
pibrentasvir, 4439t, 4630t, 4635
ravidasvir, 4438t, 4630t, 4636
RG-101, 4439t, 4630t, 4637
ruzasvir, 4439t
uprifosbuvir, 4438t
vedroprevir, 4438t, 4630t, 4635
voxilaprevir, 4438t, 4630t, 4636–4637

ledipasvir-sofosbuvir, 4487–4494
nevirapine use in, 3863
nitazoxanide, 3164, 3171
NS5A inhibitors, 4499
ombitasvir-paritaprevir-ritonavir (PrO regimen), 

4499–4500
ombitasvir-paritaprevir-ritonavir-dasabuvir 

(PrOD regimen), 4499–4509
adverse reactions and toxicity, 4500, 4501t
genotype-1, 4499
for genotype-1, 4499–4508

pegylated interferon
limitations to, 4499
with sofosbuvir and ribavirin, 4477–4479, 4478t

pegylated interferon-ribavirin, limitations to,  
4499

polymerase inhibitors, 4499
protease inhibitors, 4499
protease NS3/4A inhibitors, 4434t
protease NS3/4A inhibitors, 4434t

administration mode, 4452t, 4553t
antiviral activity, 4435, 4440t–4441t
dosage, 4452t, 4553t
mechanism of action, 4448
resistance, 4441, 4442, 4443t

resistance-associated mutations, 4499
ribavirin, 4373, 4373t, 4374, 4375, 4387–4391

combined with pegylated interferon, 4387–4389, 
4389t, 4390, 4390t, 4391

resistance, 4372
with sofosbuvir and pegylated interferon, 

4477–4479, 4478t
virus life cycle, 4433f, 4445, 4448, 4448f
zidovudine, 3682

Hepatitis D virus (delta virus), ribavirin, 4372
Hepatobiliary disorders/infections

dolutegravir, 4266–4267
tosufloxacin, 2307

Hepatocellular carcinoma
in entecavir-treated patients, 4328
zidovudine, 3682

Hepatomegaly
lamivudine, 3736
pyronaridine-artesunate, 3013

Hepatorenal syndrome
kanamycin-related, 955
sulfonamides, 1591

Hepatotoxicity
amodiaquine, 3052
amoxicillin-clavulanic acid, 240, 265–266
amphotericin B, 2585
amphotericin B, liposomal, 2616
amphotericin B-lipid complex, 2636
ampicillin, 117
ampicillin-clavulanic acid, 117
anidulafungin, 2701
antimonial agents, 3285, 3285t
arithromycin, 1129
artemisinin-naphthoquine, 3024
atazanavir, 4152
bedaquiline, 2545, 2547
capsofungin, 2670–2671
carbernicillin, 180
cefazolin, 353
cefotaxime, 439
cephalexin, 365
cephamycins, 409
chloramphenicol, 1527
ciprofloxacin, 1910–1911
clarithromycin, 1105
clindamycin, 1487, 1489
cloxacillin, 168
dapsone, 1754
daptomycin, 888
darunavir, 4130
delamanid, 2555
dicloxacillin, 153, 168
didanosine, 3708–3709
dolutegravir, 4266–4267
efavirenz, 3924–3925
eltegravir, 4237–4238
erythromycin, 1073–1075
ethionamide, 2498
flucloxacillin, 153, 168
fluconazole, 2768
flucytosine, 2923
fosamprenavir, 4116
fosfomycin, 1400
fusidic acid, 1414
ganciclovir, 3513
gatifloxacin, 2226
griseofulvin, 2930
imipenem-cilastatin, 680
isoniazid, 2327, 2328, 2330
isoxazolyl penicillins, 153, 168
itraconazole, 2797
ketoconazole, 2737, 2742–2743
levofloxacin, 2065
linezolid, 1318
maraviroc, 4312
melarsoprol, 3246
methicillin, 140
mezlocillin, 196
micafungin, 2687, 2688
miltefosine, 3298
minocycline, 1238
moxifloxacin, 2094
naficillin, 167, 168
nevirapine, 3874t, 3876–3877, 3878
nitrofurantoin, 1791–1792
ofloxacin, 2023
oxacillin, 168
piperacillin, 196
posaconazole, 2851
pretomanid, 2555–2556
prothionamide, 2498
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pyrazinamide, 2363, 2364, 2365
pyrimethamine-sulfadoxine, 1731
pyronaridine-artesunate, 3013–3014, 3013t
rifabutin, 2439
rifampicin, 2389–2390
rifapentine, 2466, 2467t
ritonavir, 4202–4203
roxithromycin, 1090
sitofloxacin, 2127
spiramycin, 3178
sulfonamides, 1590–1591
telithromycin, 1163, 1164
tenofovir, 3834
terbinafine, 2715
tetracycline, 1198–1199
thiabendazole, 3339
ticarcillin, 180
ticarcillin-clavulanic acid, 307
tigecycline, 1257–1258
tipranavir-ritonavir, 4169–4170, 4169t
trifluridine-related, 3630
trimethoprim-sulfamethoxazole, 1654
trovafloxacin (withdrawn from market), 2310, 

2311–2312
voriconazole, 2832

Hepsera. See Adefovir dipivoxil
Herbal preparations. See Complementary and 

alternative medicines
Hernia repair prophylaxis, ciprofloxacin, 1934
Heroin, interactions with ritonavir, 4201
Herpes saimiri virus, cidofovir, 3533t
Herpes simplex labialis

famciclovir, 3495t
idoxuridine, 3637

Herpes simplex virus-1 (HSV-1), 3533t, 3534, 3536t
aciclovir, 3450, 3450t
adefovir dipivoxil, 4336, 4336t
artesunate, 2965t, 2966
brivudin, 3573f, 3574, 3575f, 3577, 3578
cidofovir, 3554–3555

resistance, 3542
foscarnet, 3593

resistance, 3591t
ganciclovir, 3503, 3503t
idoxuridine, 3634–3635, 3635t, 3636

resistance, 3635
ketoconazole, 2734
nelfinavir, 4075–4076

resistance, 4076
penciclovir, 3493, 3494t
ribavirin, 4368t, 4371
tenofovir, 3824, 3824t
tromantadine, 4525

Herpes simplex virus-2 (HSV-2), 3533t, 3534,  
3536t

aciclovir, 3450, 3450t
artesunate, 2966
famciclovir, 3493
foscarnet, 3593

resistance, 3591t
ganciclovir, 3503, 3503t
idoxuridine, 3635, 3635t, 3636
ketoconazole, 2734
penciclovir, 3493, 3494t
ribavirin, 4368t, 4371
tenofovir, 3824–3825, 3824t, 3825, 3841
tenofovir alafenamide, 3824t, 3825, 3825t

Herpes simplex viruses (HSVs) and infections
aciclovir, 3450, 3450t, 3453, 3453f, 3455t, 

3464–3465, 3465–3473
aciclovir-resistant, in immunocompromised 

patients, 3470–3471
adefovir dipivoxil, 4336, 4336t
chloroquine, 3033
cidofovir, 3533t, 3534–3535, 3545

disseminated, aciclovir, 3472
famciclovir, 3495, 3498–3499
foscarnet, 3593t
foscarnet, resistance, 3590–3591, 3591t
genital, aciclovir, 3465–3468, 3466f
gramicidin, 1456
idoxuridine, 3634–3635, 3635t, 3636–3637

resistance, 3635
mucocutaneous

aciclovir, 3455t, 3469–3470
foscarnet, 3607–3608
idoxuridine, 3636
trrifluridine, 3631
valaciclovir, 3470

mucocutaneous, aciclovir, 3465–3470
neonatal

aciclovir, 3455t, 3456, 3472
vidarabine, 3472

ocular infections
aciclovir, 3456, 3471
idoxuridine, 3636–3637

ribavirin, 4395
silvazine, 1574
as Stevens-Johnson syndrome causal agent,  

1588
trifluridine, 3627–3628, 3630–3631

Herpesviruses and infections
aciclovir, 3450–3451, 3450t

resistance, 3345–3453, 3450t, 3451–3452,  
3451t

amantadine, 4525
animal viruses, cidofovir, 3533t, 3537
cidofovir, 3533–3537, 3533t, 3536t–3537t

resistance, 3542–3543
ribavirin, 4368t, 4371
tenofovir, 3825
zidovudine, 3658–3659

Herpesvirus simiae, aciclovir, 3450t, 3451
Herpes zoster. See Varicella-zoster virus (VZV) 

and infections
Herpetic whitlow, aciclovir, 3469
Herpid. See Idoxuridine
Herplex. See Idoxuridine
Hetacillin (phenazacillin), 101t
Hetero, 3657
Hetero Drugs, 3729, 3773
Hetero Labs, 3855
Heterophyes heterophyes

niclosamide, 3408
praziquantel, 3392t

Hetrazan. See Diethylcarbamazine
Hexamethylenetetramine (methenamine), 1799. See 

also Methenamine hippurate; Methenamine 
mandelate

Hexamine hippurate, drug interactions
sulfamethoxazole, 1646t
trimetjoprim, 1646t

Hexobarbital, interactions with azithromycin,  
1128t

Hexose-6-phosphate transport system, 1392, 1397
Hexose phosphate, 1392
Hidradenitis suppurativa

clindamycin, 1493
rifampicin, 2409

High-flux hemodialysis, vancomycin, 799
Highly-active antiretroviral therapy (HAART), 

3185. See also specific antiretroviral drugs
cidofovir interactions, 3551
Pneumocystis pneumonia prophylaxis and, 

1682–1683
Hip prosthesis infections, ofloxacin, 2034
Hippuric acid, 1799. See also Methenamine  

hippurate
Hiprex. See Methenamine hippurate; Methenamine 

mandelate

Hirsutism, eflornithine, 3265
Histamine H2-receptor antagonists

in combination with
atazanavir, 4144, 4145
cefpodoxime, 535

drug interactions
atazanavir, 4146
cephalexin, 364
delavirdine, 3961, 3962
fosamprenavir, 4111–4112
ketoconazole, 2737, 2741
rilpivirine, 4000t, 4005
sofosbuvir-velpatasvir, 4463t

Histoplasma
isavuconazole, 2859, 2865
posaconazole, 2843

Histoplasma capsulatum (histoplasmosis)
amorolfine, 2904
amphotericin B, 2570, 2593
amphotericin B, liposomal, 2619, 2622
amphotericin B deoxycholate, 2572t
amphotericin B-lipid complex, 2640
anidulafungin, resistance, 2694t, 2695
caspofungin, resistance, 2661t, 2662
choroquine, 3032
ciprofloxacin, 1875
fluconazole, 2757t, 2758, 2760t, 2776
flucytosine, resistance, 2920
isavuconzole, 2860t
itraconazole, 2787t, 2788, 2790t, 2801
ketoconazole, 2732t, 2733, 2746
micafungin, 2682–2683, 2683t
miconazole, 2813t, 2814
miltefosine, 3293t
natamycin, 2653
nystatin, 2646
posaconazole, 2844, 2845t
ravuconazole, 2876
rifampicin, 2375
sulfonamides, 1575
terbinafine, 2711
trimethoprim-sulfamethoxazole, 1673
voriconazole, 2824t, 2825, 2836

Histoplasma capsulatum var. duboisii, sulfonamides, 
1575

Histoplasma duboisii, ketoconazole, 2733, 2746
Histoplasmosis. See Histoplasmosis capsulatum 

(histoplasmosis)
HIV-CAUSAL Colloboration study, 3936
HIV drugs, interactions with quinupristin- 

dalfopristin, 1380t
HIV infection and AIDS. See also HIV-1 infection 

and AIDS; HIV-2 infection and AIDS
abacavir, 3774, 3774t
aciclovir, 3464, 3479–3480

resistance, 3471
AIDS-related complex, zidovudine, 3664
albendazole, 3314
amodiaquine, 3052
amoxicillin-clavulanic acid, 240
artemether-lumefantrine, 2979
arteminsinins, 2953
atovaquone, 3117, 3120, 3121
azithromycin, 1133, 1134, 1135
bacillary angiomatosis, erythromycin,  

1078
bacillary peliosis, erythromycin, 1078
bacitracin, 1456
bacteremia

ciprofloxacin, 1916
rifabutin, 2442t

Bartonella infections
doxycycline, 1078
erythromycin, 1078

benznidazole, 3208
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HIV infection and AIDS (continued)
candidiasis

amphotericin B, 2589
ravuconazole, 2880

ceftiazidime, 563
chancroid, 498

fleroxacin, 2189
trimethoprim-sulfamethoxazole, 2189

cidofovir
CMV infections, 3552–3553
progressive multifocal leukoencephalopathy, 

3561–3562
ciprofloxacin, 1924, 1935, 1938

adverse reactions and toxicity, 1908
clarithromycin, 1106
clindamycin, 1471, 1501–1502

adverse reactions, 1487
bioavailability, 1480

CMV infections, ganciclovir, 3514–3517
co-infection with HBV, 3715

adefovir-dipivoxil, 4342
doltegravir, 4267
entecavir, 4324, 4332

co-infection with HCV
dolutegravir, 4267
ledipasvir-sofosbuvir, 4489
nelfinavir, 4081
raltegravir, 4218
ribavirin, 4369–4370, 4380–4381, 4390
ritonavir, 4203

co-infection with leishmaniasis, antimonial agents, 
3287

co-infection with Mycoplasma haemophilum, 2377
co-infection with Mycoplasma marinum, 2377
co-infection with tuberculosis

artemether-lumefantrine, 2979
ethionamide, 2499
isoniazid, 2324
latent tuberculosis prevention, 2328
multidrug-resistant, 2376–2377
pyrazinamide, 2363
rifabutin, 2437, 2439, 2443, 2443t
rifabutin-resistant, 2436
rifampicin, 2382
rifampicin-resistant, 2436
rifapentine, 2468
streptomycin, 2476, 2480
thiacetazone, 2506, 2507

coinfection with tuberculosis, rifampicin 
prophylaxis, 2393

cotrimoxazole-pyrimethamine, 1581
cryptococcal meningitis, flucytosine, 2923, 2924
cryptococcosis

amphotercin B, 2585–2586
amphotericin B-lipid complex, 2637

dapsone, 1751, 1753, 1757–1758
in children, 1750, 1751
Pneumocystis jirovecii pneumonia, 1759–1760
Toxoplasma gondii, 1761

diarrhea, cryptosporidial, roxithromycin, 1092
didanosine, 3698–3699

resistance, 3699–3701
drug treatment programs, 5
eflornithine, 3254, 3259
emtricitabane, 3801–3802, 3804, 3810–3811, 

3818–3819
encephalitis

clindamycin, 1501–1502
trimethoprim-sulfamethoxazole, 1597

entecavir, 4323–4324
esophageal candidiasis, miconazole, 2819
etravirine, 3985
famciclovir, 3497
fluconazole, 2768, 2770–2771, 2775–2776, 2778
flucytosine, 2923

fomivirsen, 3648
foscarnet, 3587–3588, 3587t, 3594, 3596–3598, 

3609–3610
resistance, 3592

fumagillin, 3185
furazolidone, 3192
ganciclovir, 3512, 3513, 3514–3517
gramicidin, 1456
herpesvirus infections, aciclovir-resistant, 3452
histoplasmosis, amphotericin B, 2593
invasive fungal infection prophylaxis, itraconazole, 

2790t, 2802
investigational drugs, 4629–4635

3BNC117, 4630t, 4634
bictegravir, 4630t, 4634
BMS-955176, 4630t, 4632
BMS-986197 (combinectin), 4630t, 4632, 4633f
cabotegravir, 4629, 4630t
cenicriviroc, 4630t, 4633
dapivirine, 4630t, 4634
doravirine, 4630t, 4634
EFda, 4630t, 4631–4632
fostemsavir, 4630t, 4633
GSK 2838232, 4630t, 4632–4633
ibalizumab, 4630t, 4634
long-acting rilpivirine, 4629, 4630t
PRO-140, 4630t, 4633–4634
temsavir, 4630t, 4633

Isospora belli infections, trimethoprim- 
sulfamethoxazole, 1920

itraconazole, 2792–2793, 2797, 2798
K70G mutations, zidovudine resistance, 

3660–3661
K219R mutations, zidovudine resistance, 

3660–3661
L228R mutations, zidovudine resistance, 

3660–3661
lamivudine, 3729–3730, 3733

with HBV co-infection, 3747–3748
resistance, 3730–3731

listeriosis, penicillin G, 60
malaria

Fansidar (sulfadoxine-pyrimethamine), 1600
trimethoprim-sulfamethoxazole, 1599

maribavir, 3643
melarsoprol, 3238, 3244
metronidazole, 1810, 1833
miltefosine, 3304
minocycline, 1240
mother-to-child transmission prevention

stavudine, 3766
zidovudine, 3681–3682

Mycobacterium avium complex infections
amikacin, 1020
azithromycin prophylaxis, 1109
ciprofloxacin, 1935–1936
clarithromycin prophylaxis, 1106–1107, 1109
ethambutol, 2354
rifabutin prophylaxis, 2436
rifampicin, 2382, 2393

Mycobacterium kansasii infections, rifabutin, 2444
mycoplasmal infections, moxifloxacih, 2100
neurosyphilis, penicillin G, 64–65
nifurtimox, 3218
nitazoxanide, 3168, 3169
nocardiosis, sulfonamides, 1597
oral candidiasis, nystatin, 2648
oseltamivir, 4599
paromomycin, 3150
penicilliosis, voriconazole, 2835–2836
pentamidine, 3272, 3273–3274
peritonitis, ofloxacin, 2036
pneumonia, ciprofloxacin, 1926
pregnancy, malaria prophylaxis in, 1600
pulmonary infections, ciprofloxacin, 1938

pyrimethamine, 1730
pyrimethamine-sulfadiazine

encephalitis, 1597
toxoplasmosis prophylaxis, 1597

resistance-associated mutations
abacavir, 3774–3776, 3775t, 3776t
didanosine, 3699–3701, 3700t
lamivudine, 3730–3731, 3741, 3742
stavudine, 3756–3757
tenofovir resistance, 3825t, 3826
zidovudine, 3659–3661

Rhodococcus equi infections, 31
erythromycin, 1076
rifampicin, 2406

ribavirin, 4368t, 4369–4370, 4394–4395
rifabutin, 2439
rifapentine, 2465
stavudine, 3755–3756

combination therapy, 3765–3766
monotherapy, 3764–3765
mother-child transmission prevention, 3766
pregnancy/perinatal period, 3766

sulfadiazine, 1583
sulfonamides, 1575, 1588–1589

renal toxicity, 1591
resistance, 1577

suramin, 3230, 3231, 3232
tenofovir

dosage, 3828
resistance, 3825–3827, 3826t

tenofovir diphosphate, 3839
toxoplasmosis

dapsone, 1750
pyrimethamine-sulfadoxine, 1750
sulfonamides, 1597
trimethoprim-sulfamethoxazole, 1597, 1750

trichomoniasis, metronidazole, 1833
trimethoprim-sulfamethoxazole, 1580, 1646–1647, 

1649–1650, 1653, 1662, 1669
bacterial infection prophylaxis, 1684
encephalitis, 1597
malaria, 1599
malaria prophylaxis, 1674–1675
Pneumocystis jirovecii pneumonia, 1759, 

1760–1761
Pneumocystis pneumonia, 1676–1679, 

1681–1684
resistance, 1576
toxoplasmosis, 1675

trimetrexate, 1770, 1771, 1772, 1773
tuberculosis prophylaxis, pyrazinamide, 2366
V75T mutations, zidovudine resistance, 

3660–3661
zalcitabine, 3725
zalcitabine-zidovudine combination therapy,  

3725
zidovudine, 3657–3658, 3668, 3673

in pregnancy, 3667
resistance, 3659–3661, 3660t
transmisison prevention, 3674

HIV-1 infection and AIDS
adefovir dipivoxil, 4336, 4336t
amprenavir, 4108
atazanavir, 4142–4143

resistance, 4143–4144
chloroquine, 3032–3033
co-infection with HBV

efavirenz, 3924
maraviroc, 4309, 4312, 4317
rilpivirine, 3999, 4001

co-infection with HCV
atazanavir, 4146
efavirenz, 3924
maraviroc, 412, 4309
rilpivirine, 3999, 4001
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co-infection with tuberculosis, efavirenz, 
3924–3925

darunavir, 4125–4126, 4134–4138
resistance, 4126, 4127t

delavirdine, 3959, 3966–3967, 3967t
resistance, 3959–3961, 3960t

didanosine, 3699t
doltegravir, 4271–4283
dolutegravir, 4250

resistance, 4151–4152, 4250
efavirenz, 3908, 3910–3911, 3930–3945

resistance, 3908–3910, 3908t
elvitegravir, 4223

resistance, 4223–4233
emtricitabane, 3801–3802, 3803, 3805

in antiretroviral-naive patients, 3808–3810
in children and adolescents, 3811–3812, 3812t
mother-child transmission prevention, 3812
postexposure prophylaxis, 3813
preexposure prophylaxis, 3812–3813

enfuvirtide, 4297–4298, 4301–4304
resistance, 4298–4299

etravirine, 3970–3971, 3982–3985
fosamprenavir, 4104, 4105t, 4116–4120
fumagillin, 3184
hydroxychloroquine, 3032
indinavir, 4061–4062, 4062t, 4070–4072

resistance, 4062
integration into host cell, 4216–4217
lamivudine, 3729–3730, 3730t, 3732–3733

resistance, 3730–3731
lopinavir, 4087–4088

resistance, 4088
lopinavir-ritonavir, 4096–4099

in pediatric populations, 4099
in pregnant women, 4099
in treatment-experienced adults, 4098–4099, 

4098t
in treatment-naive adults, 4097–4098, 4098t

maraviroc, 4307, 4312–4318
resistance, 4307–4308, 4308f

mother-to-child transmission prevention
raltegravir, 4221

nelfinavir, 4075–4076
nevirapine, 3855–3856, 3879–3891, 3967t

resistance, 3856–3861, 3857t
postexposure prophylaxis, darunavir, 4138
raltegravir, 4215–4216

resistance, 4216
resistance-associated mutations

atazanavir, 4143–4144
darunavir, 4126, 4127t, 4128
delavirdine, 3959–3961, 3960t
dolutegravir, 4251–4252, 4252t, 4253t
elvitegravir, 4252t
emtricitabane, 3802
enfuvirtide, 4298–4299
etravirine, 3971–3972
indinavir, 4062
lopinavir, 4088
nelfinavir, 4076
nevirapine, 3856–3861, 3857t
raltegravir, 4252t
rilpivirine, 3990–3998, 3990t, 3992t–3993t, 

3994t, 3996t
stavudine, 3756–3757
tipranavir, 4158–4159, 4160t

rilpivirine, 3990, 4008–4013, 4010t–4011t
resistance, 3990–3998, 3990t, 3992t–3993t, 

3994t, 3996t
ritonavir

with atazanavir, 4204–4205, 4205t
with darunavir, 4205, 4205t
with elvitegravir, 4205, 4205t
with fosamprenavir, 4205t, 4206

full-dose, 4204
with indinavir, 4205t, 4206

stavudine, resistance, 3756–3757
tenofovir, 3824, 3824t

resistance, 3825t, 3826
tipranavir, 4158–4159

resistance, 4158–4162, 4160t
tipranavir-ritonavir, 4172–4176
tropism determination tests, 4313–4314
zalcitabine, 3723

resistance, 3723–3724
zidovudine, 3657–3658

HIV-2 infection and AIDS
atazanavir, resistance, 4143
darunavir, 4126
didanosine, 3699t, 3715
dolutegravir, 4250
elvitegravir, 4223
emtricitabane, 3801–3802
enfuvirtide, 4297–4298
etravirine, 3970, 3971
fosamprenavir, 4104–4105
indinavir, 4061–4062, 4062t

resistance, 4062
lamivudine, 3729, 3730t
raltegravir, 4216
resistance-associated mutations, indinavir, 4062
ribavirin, 4368t, 4369–4370
tenofovir, 3824, 3824t

resistance, 3826
zalcitabine, 3723

HIV integrase inhibitors. See Integrase inhibitors
HIV lipodystrohy syndrome, 4151–4152
HLA-B*3501, in nevirapine hypersensitivity, 3875
HLA-B*5701 allele, in abacavir hypersensitivity 

reaction, 3786–3788, 3788t
hOCT1 substrates, interaction with ethambutol, 2351
hOCT3 substrates, interaction with ethambutol, 2351
Hoechst Marion Roussel study, 2468
Hoffman Laroche, 3205, 4630t
Homocysteine increase, trimethoprim- 

sulfamethoxazole, 1655
Honey, antistaphylococcal activity, 2372
Honeybees, microsporidial disease control in, 3183
Hookworm infections. See also Ancylostoma 

duodenale; Necator americanus
albendazole, 3320
diethylcarbamazine, 3370
flubendazole, 3343–3344
mebendazole, resistance, 3330
praziquantel, 3386
pyrantel pamoate, 3381
subdermal larval infections with. See Cutaneous 

larva migrans
Hormonal contraceptives. See also Ethinyl estradiol; 

Oral contraceptives
drug interactions

atazanavir, 4149t
efavirenz, 3918
fosamprenavir, 4110t

Hormone replacement therapy, interactions with 
rifampicin, 2385, 2386t

Horticultural production
antimicrobials/antifungals used in, 13–14, 13t
fungicides used in, 13t

Hoschst, 2004
Hospital-acquired infections (HAIs)

enterococcal, penicillin G-resistant, 28
prevention of, 7
Staphylococcus aureus, 29

Hospital patients. See also Critically ill patients; ICU 
patients

mecillinam resistance in, 208
Host defense peptides (HDPs), 169
Human adenovirus virus-5, adefovir dipivoxil, 4335t

Human adenovirus virus-8, adefovir dipivoxil, 4335t
Human African trypanosomiasis

East African. See Trypanosoma brucei rhodesiense
West African. See Trypanosoma brucei gambiense

Human ether-a-go-go (hERG) potassium channel 
blockers, 3275

Human foamy virus
didanosine, 3699
zalcitabine, 3723

Human herpesviruses
artesunate, 2965t
chloroquine, 3033
foscarnet, 3587, 3587t

Human herpesvirus-6
aciclovir, resistance, 3451
adefovir dipivoxil, 4335t
brincidofovir, 3535
cidofovir, 3533t, 3535
foscarnet, 3587, 3587t, 3609

resistance, 3592, 3592t
ganciclovir, 3503, 3503t

Human herpesvirus-7
cidofovir, 3533t, 3535
foscarnet, 3587, 3587t

Human herpesvirus-8
cidofovir, 3533t, 3535, 3555
foscarnet, 3587, 3587t, 3609–3610
ganciclovir, 3503t, 3504
zidovudine, 3658

Human immunodeficiency virus (HIV) infection. 
See HIV infection and AIDS

Human metapneumovirus infections, ribavirin, 4387
Human papillomaviruses (HPV), 3533t, 3539

BTA074, 4632t
cidofovir, 3546–3547, 3558–3560
ribavirin, 4396

Human T-lymphotropic virus
stavudine, 3756
zalcitabine, 3723
zidovudine, 3658

Humatin. See Paromomycin
Hyalohyphomycetes, isavuconazole, 2859, 2861t
Hyaluronidase, 168
Hybrid therapy, Helicobacter pylori, 1858
Hydatid cyst fluid, albendazole, 3317
Hydnocarpus kurzii, 1756
Hydrochlorothiazide

adverse reactions and toxicity, 1589
sulfonamides interactions, 1589

Hydrochlorothiazide/triamterene, interactions with 
amantadine, 4536

Hydrogel foam, teicoplanin-soaked, 859
Hydrogenosomes, 1813, 1814
Hydroxychloroquine

adverse reactions and toxicity, 3038–3039
antimicrobial activity, 3030–3031, 3032
chemical structure, 3030, 3030f
clinical uses, 3035, 3041, 3042
in combination with doxycycline, 1206
distribution in body, 3037
dosage, 3035
drug interactions, 3037
mechanism of action, 3034–3035
overdose, 3039

Hydroxyl radicals, 41
Hydroxymethyl-glutaryl-coenzyme A (HMG-CoA) 

reductase inhibitors. See Statins
Hydroxymycin. See Paromomycin
Hydroxyurea, drug interactions

didanosine, 3701
stavudine, 3761

Hydroxzine, interactions with linezolid, 1314
Hymenolepis (hymenolepiasis)

albendazole, 3321
praziquantel, 3385, 3392–3393
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Hymenolepis diminuta
niclosamide, 3405, 3406
praziquantel, 2292

Hymenolepis microstoma, praziquantel, 2292
Hymenolepis nana

nitazoxanide, 3169
praziquantel, 2292
prazuquantel, 3387t

Hyperaldosteronism, capreomycin, 2516
Hyperalimentation solutions, penicillin inactivation 

in, 42–43
Hyperammonemia, pyrimethamine-sulfadoxine, 

1732
Hyperbilirubinemia

attazanavir, 4147, 4148, 4151, 4151t, 4152
ceftriaxon, 484
fusidic acid, 1411
indinavir, 4068
linezolid, 1318
novobiocin, 1451, 1452
piperacillin, 196
piperacillin-tazobactam, 241
quinupristin-dalfopristin, 1380–1381, 1381t
rifampicin, 2389
sulfonamides, 1592
tigecycline, 1258

Hypercalcemia, fiscarnet, 3600–3601, 3600t
Hypercholesterolemia

fluconazole, 2768
miconazole, 2817
nelfianvir, 4080–4081
rifaximin, 2455
ritonavir, 4202t

Hypercortisolism, ketoconazole, 2744
Hyperglycemia

atazanavir, 4151
ciprofloxacin, 2205
darunavir, 4134
garenoxacin, 2204–2205
gatifloxacin, 2064, 2205, 2213, 2225
gemifloxacin, 2117
isoniazid, 2331
levofloxacin, 2064
levoofloxacin, 2205
moxifloxacin, 2205
nalidixic acid, 2265
pentamidine, 3275
peramivir, 4619
ritonavir, 4203
suramin, 3232

Hyperhidrosis, efavirenz, 3930
Hypericum perforatum. See St.John’s wort
Hyper-IgE Job syndrome, daptomycin, 898–899
Hyperkalemia

daptomycin, 888
pentamidine, 3275
trimethoprim-sulfamethoxazole, 1653–1654

Hyperlactatinemia
abacavir, 3783, 3785
linezolid, 1316–1317
stavudine, 3763

Hyperlipidemia
abacavir, 3785
atazanavir, 4151t
darunavir, 4134
delavirdine, 3965–3966
efavirenz, 3926–3929, 3927t
fluconazole, 2768
fosamprenavir, 4115, 4201
fosamprenavir-ritonavir, 4114, 4115
indinavir, 4201
lopinavir-ritonavir, 4096
nelfianvir, 4080–4081
nevirapine, 3877–3878
raltegravir, 4220

rilpivirine, 4006t, 4008
ritonavir, 4201, 4202t, 4203
saquinavir, 4201
tipranavir-ritonavir, 4169t, 4171

Hypernatremia, carbeinicillin, 180
Hyperphenylalaninemia, pyrimethamine, 1732
Hyperpigmentation

cycloserine treatment, 2527
drugs causing

emtricitabane, 3807, 3807t
linezolid, 1318
minocycline, 1235
polymyxin B, 1437
ribavirin, 4384
tigecycline, 1258

tongue, drugs causing
griseofulvin, 2929
ketoconazole, 2742
linezolid, 1318
ribavirin, 4384

Hypersensitivity reactions
abacavir, 3783, 3784t, 3785, 3786–3788
amikacin, 1018
amoxicillin, 115, 116
amoxicillin-clavulanic acid, 265–266
amphotericin B, 2585, 2634–2635
ampicillin, 115–116
ampicillin-sulbactam, 240, 285
anidulafungin, 2701
antimonial agents, 3285t
artemisinin-naphthoquine, 3025
azithromycin, 1129
azlocillin, 196
aztreonam, 650–651
bacitracin, 1457, 1458
benznidazole, 3207
capsofungin, 2670
carbenicillin, 179
cefaclor, 379
cefazolin, 352
cefixime, 542
cefotaxime, 439
cefpirome, 594
ceftazidime-avibactam, 569
ceftiazidime, 561
ceftizoxime, 536
ceftobiprole, 631, 631t, 632t
ceftriaxone, 483
cephalexin, 365
cephalothin, 352
chloramphenicol, 1528
ciprofloxacin, 1907–1908
clarithromycin, 1106
cloxacillin, 152
crotamiton, 3442
dapsone, 1752
daptomycin, 888
doltegravir, 4263
doripenem, 736
doxycycline, 1211–1212
enfuvirtide, 4301
ertapenem, 755
ethambutol, 2352
famciclovir, 3498
faropenem, 769
fidaxomicin, 1552
fluconazole, 2767
flucytosine, 2923
fluoroquinolones, 2117
garenoxacin, 2203
gatifloxacin, 2226
gentamicin, 978
griseofulvin, 2929–2930
imipenem-cilastatin, 679–680
isoxazolyl penicillins, 152

itraconazole, 2797
ivermectin, 3356–3357
kanamycin, 958
lindane, 3425
linezolid, 1315
mecillinam, 212
melarsoprol, 3246
meropenem, 711
methicillin, 139
metronidazole, 1823
mezclocillin, 196
micafungin, 2687
minocycline, 1235, 1236–1237
moxifloxacin, 2092
nafcillin, 140, 154, 167
nitrofurantoin, 1790
novobiocin, 1452
ofloxacin, 2022
para-aminosalicyclic acid, 2491
penicillin G, 47–48, 47t, 139, 152, 334
penicillins, intrapartum exposure-related, 122
penicillin V, 95
piperacillin, 196
piperacillin-tazobactam, 333t, 334
pivmecillinam, 212
pyrazinamide, 2365
pyronaridine-artesunate, 3015
quinupristin-dalfopristin, 1381
raltegravir, 4221
retapamulin, 1564, 1565t
rifampicin, 2389
rifapentine, 2466–2467
ritonavir, 4202t
roxithromycin, 1090–1091
sitafloxacin, 2126
streptomycin, 2479
sulfonamides, 1587–1589, 1591
tedizolid, 1367
teicoplanin, 850–851
terbinafine, 2714
tetracycline, 1199
thiacetazone, 2506
ticarcillin, 179
ticarcillin-clavulanic acid, 306
tinidazole, 1853–1854
trimethoprim-sulfamethoxazole-related, 1648–1650
trimetrexate, 1772
vancomycin, 631, 632t, 803, 807–809

Hypertension
amphotericin B, 2584
benign intracranial

ciprofloxacin, 1907
nitrofurantoin, 1792
sulfonamides, 1593
tetracycline, 1199

didanosine, 3710
idiopathic intracranial

doxycycline, 1212
minocycline, 1236
ofloxacin, 2022

intracranial
doxycycline, 1235–1236
minocycline, 1235–1236
nalidixic acid, 2265
penicillin G, 54

itraconazole, 2798
linezolid, 1313, 1314
malignant, amphotericin B, 2584
melarsoprol, 3246
portal, didanosine, 3709
pyronaridine-artesunate, 3014, 3015
solithromycin, 1188
stavudine, 3763

Hypertensive crisis, furazolidone, 3191
Hyperthyroidism, para-aminosalicyclic acid, 2491
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Hypertrichosis, zidovudine, 3673
Hypertriglyceridemia

darunavir, 4134
fluconazole, 2768
itraconazole, 2798
ketoconazole, 2744
lopinavir-ritonavir, 4096
miconazole, 2817
ritonavir, 4202t
tipranavir-ritonavir, 4169t

Hyperuricemia
didanosine, 3709
ethambutol, 2352
pyrazinamide, 2364–2365

Hyphomycetes, amphotericin B, 2573t
Hypmenolepis nana, diclosamide, 3405, 3406
Hypoalbuminemia

delamanid contraindication in, 2553
flucloxacillin protein binding in, 150

Hypocalcemia
capreomycin, 2516
fiscarnet, 3600, 3600t, 3601
foscarnet, 3598
pentamidine, 3275

Hypoglycemia
ciprofloxacin, 1910
clinafloxacin, 2313–2314, 2315
enoxacin, 2175
garenoxacin, 2205
gatifloxacin, 2064, 2213, 2225
imipenem, 2315
levofloxacin, 2064, 2225
linezolid, 1318
metronidazole, 1822
moxifloxacin, 2094
pentamidine, 3275
quinine, 3064t, 3065
sitofloxacin, 2127
tosufloxacin, 2307
trimethoprim-sulfamethoxazole, 1655

Hypoglycemic agents. See Oral glycemic agents
Hypokalemia

amantadine, 4537
amphotericin B, 2581, 2582, 2584
amphotericin B-lipid complex, 2634
anidulafungin, 2701
carbenicillin, 197
carbenicillin-related, 180–181, 182
fluconazole, 2768
foscarnet, 3601
itraconazole, 2798
micafungin, 2687
nafcillin, 167
para-aminosalicyclic acid, 2491
penicillin G, 167
pentamidine, 3275
peramivir, 4620
piperacillin, 197
piperacillin-tazobactam, 334
ticarcillin, 181
ticarcillin-clavulanic acid, 306
trimethoprim-sulfamethoxazole, 1647–1648

Hypomagnesemia
amphotericin B-lipid complex, 2634
pentamidine, 3275

Hypopharyngeal swelling, clindamycin, 1488
Hypopharyngeal tumors, cidofovir, 3559
Hypophosphatemia

adefovir dipivoxil, 4340–4341
suramin, 3230

Hypoprothrombinemia, warfarin-induced, 1586
Hypotension

anidulafungin, 2701
bacitracin, 1457
enfuvirtide, 4301

ethambutol, 2352
ganciclovir, 3513–3514
garenoxacin, 2205
isoniazid, 2331
postural

amantadine, 4537
furazolidone, 3190
quinine, 3064t
zidovudine, 3673

pyronaridine-artesunate, 3014, 3015
quinidine, 3064
severe symptomatic postural, ivermectin, 3356, 

3357t
tinidazole, 1853–1854
trimethoprim-sulfamethoxazole, 1649
vancomycin, 808
zabofloxacin, 2165

Hypothermia, tetracycline, 1199
Hypothyroidism

ethionamide, 2499
para-aminosalicyclic acid, 2491
stavudine, 3764

Hysterectomy, prophylaxis, cefazolin, 354

I
Ibalizumab, 4630t, 4634
Ibuprofen, drug interactions

adefovir dipivoxil, 4340t
zidovudine, 3669t, 3670

Ichythosis, clofazimine, 2536, 2537t
Iclaprim, 1775–1783

administration mode, 1778
adverse reactions and toxicity, 1780–1781
antimicrobial activity, 1626, 1775–1778

anaerobic bacteria, 1777
Chlamydia, 1776t, 1777
Gram-negative aerobic bacteria, 1776t, 1777
Gram-positive aerobic bacteria, 1776–1777
minimum inhibitory concentrations, 1775, 

1776–1777, 1776t
Pneumocystis, 1777

chemical structure, 1775, 1775f
clinical trials, 1775
clinical uses, 1781
dosage, 1778, 1779t
drug interactions, 1780
in vitro synergy and antagonism, 1780
mechanism of action, 1778
pharmacokinetics/pharmacodynamics

clinically important features, 1779–1780
distribution in body, 1779, 1779t
excretion, 1780

resistance, 1777–1778
ICN-1229. See Ribavirin
ICN Nucleic Acid Research Institute, 4367
ICN Pharmaceuticals, 4367
Icodextrin solution, daptomycin in, 875
ICU-STRAMA study, 2378
IdDEA Southern Africa Pediagtric Collaboration, 

3766
Idenix/Norvatis, 4345
Idiosyncratic reactions, suramin, 3231
Idoxene. See Idoxuridine
Idoxuridine, 3634–3639

adminstration mode, 3636
adverse reactions and toxicity, 3636
anticancer activity, 3635
antiviral activity, 3634–3635, 3635t
chemical structure, 3634, 3634f
clinical uses, 3636–3637
dosage, 3636
in vitro synergy and antagonism, 3635
mechanism of action, 3635–3636
pharmacokinetics/pharmacodynamics, 3636
resistance and cross-resistance, 3635

IDX21437. See MK-3682
IGNITE 1 study, 1286
IGNITE 2 study, 1286, 1287
Ildong Pharmaceuticals, 4631t
ilesS gene mutations, 1461
Ileus, eravacycline in, 1285
ILLUMINATE study, 4444f
Ilotycin. See Erythromycin
IMEA 040 study, 4136
Imipenem, 663–696

administration mode, 673–675
adverse reactions and toxicity, 699, 735–736, 

2314–2315
antimicrobial activity, 31

comparison with meropenem, 698
EUCAST criteria, 664
Gram-negative aerobic bacteria, 745
Gram-negative anaerobes, 664, 665, 667, 

670t–671t
Gram-negative bacilli, 664–665, 668t–670t
Gram-negative cocci, 664, 668t–670t
Gram-positive bacilli, 664
Gram-positive cocci, 663–664
minimum inhibitory concentrations, 664, 

666t–667t, 668t–671t, 673, 675
mycobacteria, 667

bactericidal activity, 675, 677
chemical structure, 663, 663f, 673
clinical uses

Acinetobacter baumanii bacteremia, 422
febrile neutropenia, 652, 685, 686t–687t
febrile neutropenia empiric therapy, 337
intra-abdominal infections, 409
Klebsiella pneumoniae osteomyelitis, 223
meningitis, 653
multidrug-resistant tuberculosis, 667
nocardiosis, 1596
skin infections, 482

in combination with
amikacin, 1020
cilastatin, 422
vancomycin, 685, 792

development of, 663
dosage, 673–675
drug interactions

chloramphenicol, 1525
gancliclovir, 679
piperacillin, 191, 195
valproic acid, 677

excretion, 677
in vitro synergy and antagonism, 998, 1256, 1303, 

1304, 1396, 2372–2374
mechanism of action, 673, 730
minimum inhibitory concentrations, 675, 677
pharmacokinetics/pharmacodynamics, 675–677, 

676t
bioavailability, 675
distribution in body, 675

postantibiotic effect, 677
resistance and cross-resistance, 637, 639, 665, 672, 

751
Imipenem-avibactam, dosage, 239
Imipenem-cilastatin, 663

adverse reactions and toxicity, 679–680, 685
clinical uses

Acinetobacter baumanii bacteremia, 294
aspiration pneumonia, 286t, 287
biliary tract infections, 736
diabetic foot infections, 289, 688
febrile neutropenia, 685
hospital-acquired pneumonia, 680–681, 

682t–683t, 737
intra-abdominal infections, 683, 684t–685t
meningitis, 679
necrotizing pancreatitis prophylaxis, 688–689
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Imipenem-cilastatin (continued)
obstetric infections, 714
osteomyelitis, 689
polymicrobial necrotizing fasciitis, 688
respiratory tract infections, 285, 286t
skin infections, 711
soft tissue infections, 711
urinary tract infections, 570, 685, 687, 688t
ventilator-acquired pneumonia, 680–681, 

682t–683t, 737–738
drug interactions, 679
excretion, 677

Imipenem-relebactam, 663, 689–690
administration modes, 236
antimicrobial activity, 229t, 231t, 233
clinical uses, 244
dosage, 236

altered, 237
dose-dependent synergism, 239

Imipenem-vaborbactam, antimicrobial activity, 229t
Imiquimod, clinical uses, 3288
Immersion therapy, 11
Immune modulation

amphotericin B, 2574, 2585
azithromycin, 1136–1137
ciprofloxacin, 1912
clarithromycin, 1107, 1111–1112
clindamycin, 1475, 1484–1485
dapsone, 1746
daptomycin, 874
doxycycline, 1212
linezold, 1305
miltefosine, 3296
moxifloxacin, 2092
roxithromycin, 1093
sulfasalazine, 1581
tedizolid, 1371

Immune reconstitution inflammatory syndrome
doltegravir, 4270–4271
tipranavir, 4171

Immune restoration disease
atazanavir, 4152
maraviroc, 4317

Immune system, effects of antimicrobials on. See also 
Immune modulation

aciclovir, 3464
clavulanic acid, 259
clofazimine, 2534
ketonconazole, 2745
nystatin, 2647
penicillin G, 50
ribavirin, 4381t, 4382–4383
rifapentine, 2466–2467
telithromycin, 1164
trovafloxacin (withdrawn from market), 2312

Immunocompromised patients. See also HIV 
infection and AIDS

aciclovir, 3455, 3455t, 3456–3457, 3464, 
3469–3470, 3473–3477

resistance, 3470–3471
amikacin, 1010, 1020
amphotericin B, 2585–2586, 2589, 2591, 2593, 

2595, 2596
resistance, 2571

amphotericin B-lipid complex, 2639
azithromycin, 1133
azithromycin-atovaquone, 1125
benznidazole, 3208–3209
cefotaxime, 438, 444
cefpirome, 587
ceftazidime, 554, 555
ceftriaxone, 475, 485, 486, 487
clindamycin, 1501
dapsone, 1760–1761
eflornithine, 3256

enoxacin, 2176
erythromycin, 1077
famciclovir, 3497
filamentous bacteria formation in, 41
foscarnet, 3594, 3604–3606
fumagillin, 3184
itraconazole, 2797, 2798
ketoconazole, 2738, 2746–2747
meropenem, 713
mezlocillin, 197
minocyclin, 1240
nitazoxanide, 3166
oseltamivir, 4599
osteltamivir

resistance, 4585
osteomyelitis in, 449
posaconazole, 2847
pyrimethamine, 1728
trimethoprim-sulfamethoxazole, 1652, 1760–1761
valaciclovir, 3455, 3455t, 3464
vancomycin, 814

Immunoglobulin A, 1761
Immunoglobulin A deficiency, 1593
Immunoglobulin E-mediated reactions

cefazolin, 352
cephalothin, 352
penicillin G, 48, 50
rifaximin, 2455

Immunoglobulin M, 96
Immunomodulatory effects. See Immune modulation
Immunosuppressant drugs, drug interactions

aciclovir, 3462t
atazanavir, 4149t
darunavir, 4133t
efavirenz, 3918–3919
etravirine, 3977, 3980t
lopinavir-ritonavir, 4093, 4095t
micafungin, 2687
nevirapine, 3873
quinupristin-dalfopristin, 1380t
rifampicin, 2385, 2386t
rifapentine, 2466
tipranavir-ritonavir, 4167t, 4168

Immunosuppression
lindane, 3428
pyrimethamine-dapsone, 1732
suramin, 3231–3232
trimethoprim-sulfamethotrexate, 1655

IMPAACT P1026 study, 4217
IMPAACT P1066 study, 4217
IMPAACT study, 4145
IMPACT (International Multi-Center Program 

Assessing Cadazolid Treatment), 1353
Impavido. See Miltefosine
Imperial Chemical Indistries, 3127
Impetigo

amoxicillin-clavulanic acid, 268
fusidic acid, 1409, 1410, 1415–1416
mupirocin, 1462, 1463t
retapamulin, 1561, 1565–1566, 1565t
roxithromycin, 1091–1092

Implant-associated infections. See also Prosthetic 
device-associated infections

ceftriaxone, 502
Implants, rifampicin-impregnated, 2401–2402
Impotence

itraconazole, 2798
ketoconazole, 2744

INAH. See Isoniazid
INCAS study, 3711, 3712t, 3879, 3967, 3967t
Incivek. See Telaprevir
Indinavir, 4061–4074

administration mode, 4062–4063
adverse reactions and toxicity, 4068–4070
antiviral activity, 4061–4062, 4062t

chemical structure, 4061, 4061f
clinical use, HIV-1 virus infection, 4070–4072

low-dose, ritonavir-boosted, 4071
with nonnucleoside reverse transcriptase 

iinhibitors, 4071
in pediatric populations, 4071
phase III studies, 4070
phase IV studies, 4070–4071
in pregnancy, 4071
in resource-poor settings, 4071–4072

in combination with
delavirdine, 3963–3964, 3963t, 3964t
lamivudine, 3740

dosage, 4062–4063
low-dose, 4071

drug interactions, 4066, 4067t
aciclovir, 4069
antiretroviral drugs, 4068
atazanavir, 4148t
azole antifungal agents, 4067
calcium channel antagonists, 4067
cotrimox-azole, 4069
didanosine, 4064
erectile dysfunction drugs, 4067
etravirine, 3976, 3978t
grapefruit juice, 4064
methadone, 4067
nevirapine, 3870
ombitasvir-paritaprevir-ritonavir-dasabuvir, 

4467t
oral contraceptives, 4067
rifampicin, 4066–4067, 4067t
ritonavir, 4068
St. John’s wort, 4067t, 4068
saquinavir, 4035
trimetrexate, 1771

in vitro synergy and antagonism, 3732, 4062
pharmacokinetics/pharmacodynamics

bioavailability, 4064
clinically important features, 4066
distribution in body, 4064–4066
excretion, 4066

resistance and cross-resistance, 4062
ritonavir-boosted

clinical studies, 4070–4072
clinical use, 4205t, 4206
low-dose, 4071
pharmacokinetics/pharmacodynamics, 4064, 

4064t, 4065, 4066
Indomethacin, drug interactions

penicillin G, 47
zidovudine, 3669

Infantle hypertrophic pylotirc stenosis, azithromycin, 
1130

Infants. See Neonates and infants
Infection prevention and control (IPC) programs, 7, 7f
Infections, maraviroc-related, 4312, 4313t
Infectious Diseases Society of America treatment 

guidelines
community-acquired pneumonia, 390
intra-abdominal infections, 391
rhinosinusitis, 391
UTIs, 1913–1914

Infectious mononucleosis
ampicillin-amoxicillin toxicity in, 116
as contraindication to amoxiclav, 96
metronidazole, 1828

Infectopedicul. See Permethrin
Infertility, sulfonamides-related, 1593
Inflammatory bowel disease (IBD)

ciprofloxacin, 1934
fidaxomicin cotraindication in, 1550
metronidazole, 1831–1832
rifaximin, 2457–2458
sulfonamides, 1601–1602
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Inflammatory fluid, antimicrobial distribution in
garenoxacin, 2202
rufloxacin, 2292
sparfloxacin, 2297

Inflammed tissue, antimicrobial distribution in
gatifloxainc, 2222
penicillin G, 45

Influenza (influenza viruses)
favipiravir, 4641
foscarnet, 3588
investigational drugs

Fludase®, 4632t
verdinexor, 4632t, 4640

lanamivir
prophylaxis, 4574
treatment (adults), 4574–4575
treatment (children), 4575

neuraminic acid inhibition in, 4559–4560,  
4559f

nitazoxanide, 3171
ribavirin, 4373
virion structure, 4559–4560, 4559f
zanamivir

outbreak control in institutions, 4571–4572, 
4573

postexposure prophylaxis, 4570–4571
prophylaxis (adults), 4570–4572
prophylaxis (children), 4573–4574
seasonal prophylaxis, 4571
treatment (adults), 4572–4573
treatment (children), 4574
treatment in chronic respiratory disease,  

4573
treatment in high-risk populations, 4573

Influenza A (influenza A virus), 4368t, 4369
amantadine, 4524, 4524t

prophylaxis, 4538–4539, 4539t, 4541–4542
resistance, 4526–4528
treatment, 4538–4541, 4539t

amantadine, resistance, 4538
BTA938 activity toward, 4554–4555
chloroquine, 3033
H1N1

amantadine prophylaxis, 4541, 4542
amantadine resistance, 4528
amantadine synergistic activity toward, 4529
amantadine treatment, 4539, 4540–4541
BTA938 activity toward, 4555, 4555t
lanamivir, 4558
lanamivir resistance, 4558
laninamivir activity toward, 4554, 4555t
oseltamivir, 4555t, 4582t
oseltamivir carboxylate resistance, 4581, 4583, 

4583t
oseltamivir resistance, 4583–4585, 4583t, 

4584t, 4612, 4613
osteltamivir, 4597, 4599, 4611t
peramivir, 4611t, 4612t, 4622, 4623
peramivir resistance, 4612–4613
zanamivir, 4562, 4611t
zanamivir activity toward, 4553, 4555, 4555t
zanamivir resistance, 4556, 4557
zanamivir susceptibility, 4556–4557, 4582t

H1N2
oseltamivir susceptibility, 4582t
zanamivir resistance, 4556
zanamivir susceptibility, 4582t

H2, amantadine resistance, 4528
H2N2

laninamivir activity toward, 4554
osteltamivir, 4611t
peramivir, 4611t
zanamivir, 4611t
zanamivir inhibition, 4553

H3, osteltamivir treatment, 4597–4598

H3N2
amantadine prophylaxis, 4541
amantadine resistance, 4528
amantadine synergistic activity toward, 4529
amantadine treatment, 4540
BTA938 activity toward, 4555t
lanamivir susceptibility, 4558
laninamivir activity toward, 4554, 4555t
oseltamivir activity toward, 4555t
oseltamivir resistance, 4583, 4583t, 4584, 4584t
oseltamivir susceptibility, 4582t
osteltamivir, 4611t
osteltamivir treatment, 4596–4597
peramivir, 4612t, 4616, 4622, 4623
zanamivir, 4611t
zanamivir activity toward, 4553, 4555, 4555t
zanamivir poly-L-glutamine conjugates, 4555
zanamivir resistance, 4556
zanamivir susceptibility, 4556, 4557, 4582t

H5N1
oseltamivir resistance, 4585

H5N1, zanamivir resistance, 4556
H5N1. See Avian influenza A
investigational drugs

laninamivir, 4632t, 4641
laninamivir-octanoate, 4632t, 4641

lanamivir, treatment (children), 4574–4575
M2 ion channel

in amantadine activity, 4529–4530
in zanamivir antiviral activity, 4553

neurological manifestations, 4595
nitazoxanide, 3163t, 3164
oseltamivir, 4580–4581, 4582, 4582t

prophylaxis, 4601–4603
resistance, 4557–4558, 4558t
treatment, 4597–4598

peramivir, 4610–4611, 4611t, 4621–4623
resistance, 4557–4558, 4558t, 4611–4613, 4612t

ribavirin, 4391–4392
rimantadine

prophylaxis, 4541, 4542
treatment, 4539, 4540–4541

zanamivir, 4552–4553, 4553t
resistance, 4556–4558, 4558t
treatment (children), 4574

Influenza B (influenza B virus), 4368t, 4369
BTA938 activity toward, 4554–4555
chloroquine, 3032
investigational drugs

laninamivir, 4632t, 4641
laninamivir-octanoate, 4632t, 4641

laninamivir activity toward, 4554, 4555t
neurological manifestations, 4595
oseltamivir, 4580–4581, 4582t, 4598, 4611t

resistance, 4557–4558, 4558t, 4583, 4584t
resstiance, 4552
treatment, 4598

oseltamivir activity toward, 4555t
peramivir, 4610–4611, 4611t, 4621–4623

resistance, 4557–4558, 4558t, 4612–4613, 4612t
ribavirin, 4391–4392
zanamivir, 4552, 4553t, 4554, 4582t, 4611t

treatment (children), 4574
zanamivir resistance, 4556, 4557

cross-resistance, 4557, 4558t
Influenza-like syndrome. See Flu-like syndrome
Influenza vaccine, zanamivir and, 4566
Infusion-related reactions

amphotericin B, 2581–2582, 2634–2635
amphotericin B, liposomal, 2616
amphotericin B-lipid complex, 2635
eravacycline, 1285
lefamulin, 1559, 1559t
melarsoprol, 3246
moxifloxacin, 1188

oritavancin, 914t
quinupristin-dalfopristin, 1380, 1380t
solithromycin, 1188
telavancin, 935
vancomycin, 809, 914t

ING111521 study, 4271–4272
ING111670 study, 4282–4283
INH. See Isoniazid
INITIO study, 3765, 3922–3923, 3942–3943, 3944
Injection-site reactions

aciclovir, 3465
antimonial agents, 3284–3285, 3285t
aztreonam, 651
cefotaxime, 440
ceftaroline-avibactam, 616t
ceftriaxone, 485
clindamycin, 1486
enfuvirtide, 4301
ertapenem, 756
garenoxacin, 2204t
gemifloxacin, 2115
kanamycin, 953
meropenem, 710t
pentamidine, 3275
peramivir, 4619
spectinomycin, 1544
teicoplanin, 851
tigecycline, 1258
zanamivir, 4568

Inosine monophosphate dehydrogenase, ribavirin 
inhibition, 4372–4373, 4373f, 4374t, 4375

INROADS study, 4137
Insect bites, infected, mupirocin, 1462–1463
Insomnia, drugs causing

amantadine, 4536
atovaquone, 3122
atovaquone-proguanil, 3132, 3141
ciprofloxacin, 1907
clarithromycin, 1106
efavirenz, 3920
eflornithine, 3259
etravirine, 3981
fleroxacin, 2186, 2187
furazolidone, 3190
garenoxacin, 2204t
gatifloxacin, 2225t
isoniazid, 2331
lefamulin, 1559t
levofloxacin, 2063
as mefloquine contraindication, 3084
nalidixic acid, 2265
ofloxacin, 2020
ombitasvir-paritaprevir-ritonavir-dasabuvir, 

4501t, 4503t, 4504t, 4506t
pefloxacin, 2283
pyrimethamine, 1731–1732
pyronaridine-artesunate, 3014
rufloxacin, 2292
solithromycin, 1188
sparfloxacin, 2298
trimethoprim-sulfamethoxazole, 1654
voriconazole, 2832

Insulin, interactions with ofloxacin, 2019t
Insulin resistance, drugs causing

darunavir, 4134
fosamprenavir, 4116
indinavir, 4069
lopinavir-ritonavir, 4096
nelfinavir, 4081
tipranavir-ritonavir, 4171

Integrase inhibitors
drug interactions

direct-acting HCV antiviral drugs, 4468f
efavirenz, 3916
fosamprenavir, 4113
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Integrase inhibitors (continued)
nevirapine, 3871–3872
rifabutin, 2441t
saquinavir, 4031t, 4035

elvitegravir, 4232–4249
mechanism of action, 4216–4217

Integrase strand transfer inhibitors, 4250. See also 
Dolutegravir; Elvitegravir; Raltegravir

cabotegravir (investigational), 4603t, 4629
drug interactions, 2387, 2389t

Intensive care unit (ICU) patients, antimicrobials 
used in

amphotericin B, 2590, 2591
antimicrobial resistance to, 325
azithromycin, 1132
cefpirome, 587, 592, 595
ceftazidime, 595
ciprofloxacin, 1925, 1928–1929
for decontamination of digestive tract, 981
meropenem, 709, 2102
moxifloxacin, 2091, 2102
norfloxacin, 1994
piperacillin-tazobactam, 709
vancomycin, 800–801

Interferon, pegylated
clinical use, HCV, limitations, 4499
in combination with ribavirin, 4499
HCV-related leukemia and lymphoma

combined with ribavirin, 4391
ribavirin interactions, 4383

Interferons, description, 4409
Interferon-alpha, 4409–4431

in combination with zidovudine, 3679
drug interactions, 3669, 3669t
in vitro synergy and antagonism, 3724, 3757

Interferon-alpha, pegylated
administration mode, 4411
adverse reactions and toxicity, 4466, 4468f, 4469
clinical uses

chronic hepatitis B, 4423–4427
chronic hepatitis C, 4418–4423

in combination with sofosbuvir and ribavirin, 
4477–4479, 4478t

dosage, 4411–4413
drug interactions, 4417

etravirine, 3979t
with lamivudine, 3743, 3744t–3745t, 3746
pharmacokinetics/pharmacodynamics, 4413–4417

bioavailability, 4413–4414
clinically important features, 4415–4417
excretion, 4417

with ribavirin
adverse reactions and toxicity, 4466, 4468f, 4469
with protease inhibitors, 4466, 4469

Interferon-gamma
chloroquine, 3035
interaction with benznidazole, 3206
minocycline suppression, 1243

Interleukins, linezolid inhibition, 1305
Interleukin-1, amphotericin B interaction, 2574
Interleukin-1alpha, telithromycin interaction, 1159
Interleukin-2

ciprofloxacin interaction, 1912
in combination with zidovudine, 3679

Interleukin-4, ciprofloxacin interaction, 1912
Interleukin-6, atimicrobials interacting with

chloroquine, 3035
diethylcarbamazine, 3374
miltefosine, 3296
minocycline, 1243
tedizolid, 1361

Interleukin-8
dapsone interaction, 1749
moxifloxacin interaction, 2102

International Diseases Society of America, 365

International Maternal Pediatric Adolescent AIDS 
Clinical Trials Group (IMPAACT), 4281

International Multi-Center Program Assessing 
Cadazolid Treatment (IMPACT), 1353

International normalized ratio (INR), drugs affecting
amoxicillin-clavulanic acid, 264–265
ceftriaxone, 485
daptomycin, 885–886
linezolid, 1313
tigecycline, 1257, 1258

International Scientific Council for Trypanosomiasis 
Rsearch and Control, 3241

Interstitial fluid/spaces, antimicrobial distribution in
azlocillin, 194
carbenicillin, 178
cefazolin, 350
cefotaxime, 436
cefoxitin, 408
ertapenem, 754
fosfomycin, 1398
isoxazolyl penicillin, 151
linezolid, 1309–1310, 1311
meropenem, 707, 708t
mezclocillin, 194
piperacillin, 193, 195
ticarcillin, 178
tobramycin, 997

Intertrigo
amphotericin B, 2589
infected, mupirocin, 1462–1463

Intestinal bacteria, cefuroxime, 389–390
Intestinal decontamination. See Gastrointestinal 

tract decontamination
Intestinal epithelium, doxycycline in, 1209
Intestinal flora, antibiotic-induced changes

ceftriaxone, 483
clindamycin, 1488
ertapenem, 756
fidaxomicin, 1552
piperacillin-tazobactam, 241, 333, 756
vancomycin, 1552, 1830

Intestinal mucosa, miltefosine distribution, 3297
Intestinal nematode infections

albendazole, 3313–3329
diethylcarbamazine, 3370, 3377–3378
flubendazole, 3340–3345
ivermectin, 3361
mebendazole, 3330–3337
thiabendazole, 3338–3340

Intestinal surgery, amoxicillin-clavulanic acid 
prophylaxis, 269

Intestines, antimicrobial distribution
aciclovir, 3461
caspofungin, 2669
clindamycin, 1483
garenoxacin, 2202
novobiocin, 1452
pyronaridine, 3011
tinidazole, 1853

Intra-abdominal infections, treatment
alatrofloxacin, 684t
amikacin, 685
amoxicillin-clavulanic acid, 264, 268, 269
amphotericin B, 2589
ampicillin-clindamycin, 289, 290t
ampicillin-sulbactam, 289, 290t
antibiotic-resistant, 747, 749
avibactam-metronidazole, 232
aztreonam, 684t
aztreonam-avibactam, 651
biapenem, 684t, 779
cefepime, 596–597, 684t, 685
cefepime-metronidazole, 596–597
cefepime-tazobactam, 587
cefoperazone-sulbactam, 421

cefotaxime, 442–443
cefoxitin, 409, 684t
cefrtiaxone, 499, 500t
ceftazidime, 683, 685
ceftazidime-avibactam, 236, 244, 567, 569–570
ceftolozane-tazobactam, 636, 640, 641
ciprofloxacin, 684t
clinafloxacin (withdrawn from clinical trials), 2314
clindamycin, 308, 684t, 685, 685t
clindamycin-gentamicin, 289, 290t, 409, 596–597
doripenem, 723, 735, 736
eravacycline, 1285, 1286–1287
ertapenem, 243, 757–759, 2097
garenoxacin, 2206t, 2207
gentamicin, 308
gentamicin-tobramycin, 290t
imipenem, 409
imipenem-cilastatin, 596–597, 683, 684t–685t
imipenem-cilastatin-relebactam, 244
levofloxacin, 2067–2068
meropenem, 569–570, 684t, 712t, 713
metronidazole, 569, 570, 684t, 685t
metronidazole combination therapy, 1825
metronidazole-gentamicin, 409
moxifloxacin, 243, 336, 759, 2085, 2097
multidrug regimens, 442–443
ofloxacin, 2036
piperacillin, 198
piperacillin-tazobactam, 243, 334, 335t, 336, 684t, 

685, 685t, 758, 758t, 759
polymicrobial, avibactam-metronidazole, 232
ticarcillin-clavulanic acid, 289, 290t, 308, 684t, 759
tigecycline, 684t, 685, 1259, 1260
tobramycin, 684t, 685t
trovafloxacin, 684t

Intra-abdominal injuries, penetrating, cephamycin 
prophylaxis, 409

Intracellular fluid spaces, emtricitabane distribution, 
3805

Intracellular microorganisms, minocycline, 1231t, 
1232

Intracranial pressure elevation, drugs causing
tetracycline, 1199
vancomycin, 808

Intraocular pressure elevation, trifluridine-related, 
3630

Intrauterine infections, solithromycin, 1189
Intravenous drug users

endocarditis, 168–169
cloxacillin-gentamicin, 813
ticarcillin-tobramicin, 182
vancomycin, 812

grazoprevir-elbasvir combination therapy in, 
4515t, 4517

teicoplanin, 850
Intravenous immunoglobulin, for streptococcal toxic 

shock syndrome, 55
Intraventricular device-related infections, 

vancomycin, 814–815
Investigational antiviral drugs

for Ebola virus, 4632t, 4642
for flaviviruses, 4641
for HCV infection, 4630t, 4635–4638

AL-335, 4438t
alisporovir, 4439t
cyclophilin inhibitors, 4439t
glecaprevir, 4438t
odalasvir, 4438t
pibrentasvir, 4439t
ravidasvir, 4438t
RG-101, 4439t
ruzasvir, 4439t
uprifosbuvir, 4438t
vedroprevir, 4438t
voxilaprevir, 4438t
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for hepatitis B virus infection, 4631t, 4638–4640
for HIV infection, 4630t, 4633–4634
for influenza A virus infections, 4632t, 4641
for influenza B virus infections, 4632t, 4641
Marburg virus, 4632t, 4642
for RSV infections, 4632t, 4640

Iodoquinol, 3200–3201
IONIS Pharmaceuticals, 3647
Ionophores, use in food animals, 13t
ION studies, 4488t
Iquix. See Levofloxacin
irg AB operon, 41
Irinotecan, adverse reactions and toxicity, 544
Iron, drug interactions

doxycycline, 1209
prulifloxacin/ulifloxacin, 2150
tetracycline, 1197

Iron supplements, drug interactions
doltegravir, 4241t, 4259
moxifloxacin, 2091
sitafloxacin, 2126

Irritability, drugs causing
mefloquine, 3083
ombitasvir-paritaprevir-ritonavir-dasabuvir,  

4503t
pegylated interferon, 4466

Irritable bowel syndrome (IBS)
Blastocystis hominis clearance in, 3198
neomycin, 1050
rifaximin, 2454, 2456

Isavuconazole, 2858–2869
administration modes, 2862, 2891t
adverse reactions and toxicity, 2864–2865, 2891t
antimicrobial activity, 2858–2859, 2860t–2861t, 

2862
dermatophytes, 2861t
dimorphic fungi, 2860t, 2865
hyalohyphomycetes, 2859, 2861t
molds/filamentous fungi, 2861t, 2865–2866
mucormycetes, 2859, 2861t
yeasts, 2860t

chemical structure, 2858, 2858f, 2887t
clinical uses, 2865–2866, 2865–2866, 2891t, 2894

aspergillosis, invasive, 2865
candidiasis, 2866
mucormycosis, 2865, 2866

dosage, 2862
drug interactions, 2863–2864, 2864t

ketoconazole, 2742
rifampicin, 2385, 2386t

excretion, 2863, 2891t
in vitro synergism, 2863
mechanism of action, 2862
orphan drug status, 2858
pharmacokinetics/pharmacodynamics, 

2862–2864, 2892
resistance and cross-resistance, 2859, 2862
therapeutic drug monitoring, 2863

Isavuconazonium
chemical structure, 2858t
formation of, 2862

Isepamicin, 1039–1045
administration mode and dosage, 1041
adverse reactions and toxicity, 1042–1043
antimicrobial activity

Gram-negative bacteria, 1039–1040, 1040–1041, 
1040t

Gram-positive bacteria, 1039, 1040t
minimum inhibitory concentrations, 1039, 

1040, 1040t
mycobacteria, 1040

chemical structure, 1039, 1039f
clinical uses, 1043
drug interactions, 1042

in vitro synergism and antagonoism, 1039

excretion, 1042
mechanism of action, 1041
pharmacokinetics/pharmacodynamics

bioavailability, 1041–1042
clinically important features, 1042
distribution in body, 1042

postantibiotic effect, 1042
resistance and cross-resistance, 1039, 1040–1041, 

1040t
Isoflurane, interactions with pentamidine, 3275
Isoleucyl-RNA synthetase, 1461–1462
Isoniazid, 2321–2345

administration modes, 2323
adverse reactions and toxicity, 2365

gastrointestinal side effects, 231
hepatotoxicity, 2328–2330
hypersensitivity reactions, 2331–2332
miscellaneous side effects, 2332
neurotoxicity, 2330–2331
pancreatitis, 2332

antimicrobial activity
Mycobacterium tuberculosis complex, 

2321–2322
nontuberculous mycobacteria, 2322

chemical structure, 2321, 2321f, 2493, 2493t
clinical use, tuberculosis

drug-resistant tuberculosis, 2335–2336
evolution of antituberculosis chemotherapy, 

2333–2334
extrapulmonary tuberculosis, 2336–2337
in HIV-infected patients, 2335
intermittent chemotherapy, 2334–2335
latent tuberculosis, 2353
pulmonary tuberculosis, 2333–2338
short-course chemotherapy, 2334
tuberculosis, 2031, 2231
tuberculosis prophylaxis, 2337–2338

in combination with
ethambutol, 2328, 2333–2334, 2336, 2350
pyrazinamide, 2325
rifampicin, 2333–2334, 2335, 2338, 2393
rifapentine, 2466, 2467t, 2468–2469

concentration-dependent activity, 4t
dosage, 2323–2324

subtherapeutic, 2327
drug interactions, 2327–2328

carbamazepine, 2327
clofazimine, 2536
cycloserine, 2524, 2525
delamanid, 2555t
ketoconazole, 2327
paracetamol (acetaminophen), 2328
phenytoin, 2327
prednisolone, 2327
primidone, 2327
prothionamide, 2494
rifampicin, 2327, 2328, 2389, 2390
rilpivirine, 4000t
thiacetazone, 2505
warfarin, 2328

early bactericidal activity (EBA), 2322
interactions with fish, 2328
mechanism of action, 2323
pharmacokinetics/pharmacodynamics,  

2325–2337
bioavailability, 2325–2326, 2325f
clinically important features, 2326
distribution, 2326

resistance and cross-resistance, 950, 2322–2323, 
2494–2495, 2499

as indication for ethambutol use, 2353
Isonicotinic acid hydrazide. See Isoniazid
Isoprodian, clinical uses, 2500
Isospora belli. See Cystoisospora belli
Isotretinoin, interactions with minocycline, 1235

Isoxazolyl penicillins, 143–161. See also Cloxacillin; 
Dicloxacillin; Flucloxacilln; Oxacillin

action mechanism, 147
administration routies, 147–148
adverse reactions and toxicity, 152–155
antimicrobial activity, 143–144, 143–147
clinical uses, 141, 154–155
description of, 143
dosage, 147–148, 149t
drug interactions

synergistic, 151–152
in vitro assessment, 151–152

minimum inhibitory concentrations, 144, 146t
pharmacokinetics/pharmacodynamics, 147–152

bioavailability, 165–166
comparison with nafcillin, 162
distribution, 150–151

resistance and cross-resistance, 144–148, 145t, 
146–147

Itraconazole, 2786–2811
administration modes, 2789

bioavailability related to, 2791–2792
adverse reactions and toxicity, 2797–2798
antimicrobial activity, 2786–2789

dimorphic fungi, 2787t, 2788
filametous fungi, 2787t, 2788
fungi, 1575
pathogenic yeasts, 2786, 2788, 2788t

clinical uses
aspergillosis, allergic bronchopulmonary, 2790t, 

2800
aspergillosis, chronic pulmonary, 2790t, 2800
aspergillosis, invasive, 2790t, 2800
blastomycosis, 2790t, 2800
candidiasis, esophageal, 2790t, 2798–2799
candidiasis, invasive, 2800
candidiasis, oropharygneal, 2790t, 2798–2799
candidiasis, vaginal, 2790t, 2799
chromoblastomycosis, 2791t, 2804–2805
coccidioidomycosis, 2791t, 2802
cryptococcosis, 2791t, 2801
dermatophytosis, 2790t, 2804
febrile neutropenia, 2790t, 2803
histoplasmosis, 2790t, 2801
invasive fungal infection prophylaxis, 2790t, 

2802–2803
onychomycosis, 2790t, 2803–2804
paracoccidioidomycosis, 2791t, 2802
pencilliosis, 2791t, 2802
sporotrichosis, 2791t, 2805

dosage, 2789, 2790t–2791t, 2791
drug interactions, 2795–2797, 2796t

chemotherapeutic agents, 2793
etravirine, 3979t
fosamprenavir, 4111t
indinavir, 4067
micafungin, 2687
nevirapine, 3871t, 3873
rifampicin, 2385, 2386t
ritonavir, 4188t
saquinavir, 4036t
telithromycin, 1162, 1162t
tipranavir-ritonavir, 4167t
vincristine, 2798
zidovudine, 3670

in vitro synergy and antagonism, 2905
mechanism of action, 2789
pharmacokinetics/pharmacodynamics, 2792t

bioavailability, 2791–2793
clinically important features, 2794–2795
distribution in body, 2793–2794
excretion, 2795

resistance and cross-resistance, 2788, 2789t
Ivermectin, 3351–3362

administation modes, 3354, 3354t
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Ivermectin (continued)
adverse reactions and toxicity, 3356–3357, 3357t
antimicrobial activity, 3351
chemical structure, 3352, 3352f
clinical uses

onchocerciasis, 3355
scabies, 3355
strongyloidiasis, 3355

combined with diethylcarbamazine, 3373, 3376
dosage, 3354, 3354t
drug interactions, 3356
excretion, 3355
mechanism of action, 3353–3354
pharmacokinetics/pharmacodynamics, 

3354–3355, 3355t
resistance and cross-resistance, 3351, 3353
veterinary use, 3351, 3353

Ivexterm. See Ivermectin
Ixodes-borne pathogens
Ixodes ticks, 1499

J
Jacutin. See Lindane
Janiemycin, 941
Janssen-Cilag, 4125
Janssen Pharmaceutica, 3341, 3989
Janssen Pharmaceutica Research Laboratories, 3330
Janssen Research Foundation, 3970
Japanese encephalitis virus, nitazoxanide, 163t,  

3163
Jarisch-Herxheimer reaction, drugs causing

azithromycin, 1134
doxycycline, 1212
penicillin G, 47t, 52, 1134

Jaundice, drugs causing
amoxicillin-clavulanic acid, 265–266
ceftriaxone, 444
clindamycin, 1489
erythromycin, 1073–1074
ethambutol, 2352
famciclovir, 3498
fluconazole, 2768
fusidic acid, 1414
gentamicin, 977
imipenem-cilastatin, 680
mecillinam biliary concentrations in, 211
mezclocillin, 196
neonatal, 484
nevirapine, 3876
nitrofurantoin, 1790
nitrofurantoin-related, 1791–1792
norfloxacin, 1991
sulfonamides, 1590–1591, 1592, 1593
suramin, 3232
telithromycin, 1163
temofloxacin, 2310
terbinafine, 2715
thiacetazone, 2505
tigecycline, 1258
trimethoprim-sulfamethoxazole, 1654

JC virus
brincidofovir, 3542
cidofovir, 3542, 3560, 3561–3562

Jealousy, pathologic, amantadine-related, 4536
JNJ 30982081. See Ceftobiprole medocaril
John Cunningham virus, mefloquine, 3077
Johnson & Johnson, 2542, 3330, 3989
Joint fluid, antimicrobial distribution in

amphotericin B, 2579
fluconazole, 2764
ketoconazole, 2739
miconazole, 2816

Joint infections
amphotericin B, liposomal, 2619
cefazolin, 355

cefotaxime, 449
ceftriaxone, 501–502
cephalexin, 366
ciprofloxacin, 1920–1921
clindamycin, 1494–1495
fusidic acid, 1415
isoxazolyl penicillins, 154
levofloxacin, 2074
linezolid, 1326
mezlocillin, 197
moxifloxacin, 2101
nafcillin, 169
piperacillin-tazobactam, 329
teicoplanin, 841, 842t, 843, 844, 854
ticarcillin-clavulanic acid, 310

Joint pain, cycloserine-related, 2525
Joint pain. See also Arthritis

diethylcarbamazine, 3374
eflornithine, 3259

Joint replacement prophylaxis, aztreonam, 650
Joints, antimicrobial distribution in

panipenem, 777–778
Josamycin

administration mode, 1152
antimicrobial activity, 1150–1151, 1151t
chemical structure, 1150, 1150f
clinical uses, 1153–1154
dosage, 1152
drug interactions, 1153, 1153t
mechanism of action, 1152
pharmacokinetics and pharmacodynamics, 

1152–1153, 1152t
resistance to, 1152

JTK-303. See Elvitegravir
Junin virus

amantadine, 4525
ribavirin, 4368t, 4370

J Uriach & Cia, 2870

K
K-130, in vitro synergy with dapsone, 1747
Kala-azar. See Leishmaniasis, visceral
Kanamycin, 949–963

administration modes, 953–954, 953t
side effects, 958

adverse reactions and toxicity, 956–958, 995
contact dermatitis, 1049

antimicrobial activity
area-under-the-concentration-time curve, 956
Gram-negative bacteria, 949t, 950, 959
Gram-positive bacteria, 949–950, 949t
mycobacteria, 950

bioavailability, 955
chenical structure, 949, 949f
clinical uses

bowel sterilization, 953–954, 959
drug-resistant tuberculosis, 958–959
gonorrhea, 959
Gram-negative infections, 959
multidrug-resistant tuberculosis, 949
necrotizing enterocolitis, 959

combined with penicillin G, 950, 956
concentration-dependent activity, 4t
dosage, 953–955
drug interactions

amoxicillin, 103
carbenicillin, 179, 181
ethacrynic acid, 957
heparin, 956
loop diuretics, 956, 957
penicillins, 956
ticarcillin, 179, 181

excretion, 956
in vitro synergy and antagonism, 101
mechanism of action, 953

minimum inhibitory concentrations, 956
pharmacokinetics/pharmacodynamics, 955–956
postantibiotic effect, 956
resistance and cross-resistance, 106, 949–950, 

949t, 950–953, 1047, 1577, 2060
Kaolin-pectin suspension, interactions with 

clindamycin, 1486, 1487t
Kaposi’s sarcoma

cidofovir, 3555
foscarnet, 3609–3610
nelfinavir, 4083
zidovudine, 3682

Kapseal. See Paromomycin
Kawasaki-like syndrome, griseofulvin, 2929–2930
Keratitis

amphotericin B, 2589, 2592
ciprofloxacin, 1932–1933
gatifloxacin, 1932–1933, 2232
herpetic

aciclovir, 3456, 3471
idoxuridine, 3637

ketoconazole, 2748
moxifloxacin, 2101
neomycin, 1051
norfloxacin, 1995
ocular

diethylcarbamazine, 3374
idoxuridine, 3637

ofloxacin, 2035–2036
punctate

amantadine-related, 4537
idoxuridine-related, 3636
miconazole-related, 2819
trifluridine-related, 3630

tobramycin, 2035–2036
voriconazole, 2836–2837

Keratoconjunctivitis
fumagillin, 3185–3186
trifluridine, 3630–3631

Keratomycosis
miconazole, 2819
natamycin, 2654

Kernicterus
flucloxacillin, 154
sulfonamides, 1592, 1638
trimethoprim-sulfamethoxazole, 1638, 1640

Ketek®. Telithromycin
Ketoconazole, 2731–2755

administration modes, 2736
adverse reactions and toxicity, 2742–2745

biochemical changes, 2744
endocrine effects, 2743–2744
gastrointestinal side effects, 2742
hematologic side effects, 2745
hepatotoxicity, 2742–2743
immune system effects, 2745
psychological side effects, 2745
teratogencity, 2745

antimicrobial activity, 2731–2734
actinomycetes, 2734
amoeba, 2734
dermatiaceous fungi, 2732t
dermatophytes, 2732t
dimorphic fungi, 2732t, 2733
hyphomycetes, 2732t
Leishmania, 2734
molds/filamentous fungi, 2732t, 2733–2734
mycobacteria, 2734
pathogenic yeasts, 2732t, 2733
Plasmodium falciparum, 2734
protozoa, 2734
trypanosomes, 2734
viruses, 2734
zygomycetes, 2732t, 2733

chemical structure, 2731, 2731f
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clinical uses, 2745–2748
Acanthamoeba infections, 2748
blastomycosis, 2747
chromoblastomycosis, 2747
coccidioidomycosis, 2746
dermatophyte infections, 2745–2746
entomophthoromycosis, 2747–2748
histoplasmosis, 2746–2747
paracoccidioidomycosis, 2746
prostate cancer, 2743–2744
sporotrichosis, 2747

dosages, 2736–2737, 2738–2739
drug interactions, 2740–2742

alcohol, 2741
aminophylline, 2741
antacids, 2737, 2741
anticholinergic drugs, 2737
antipyrine, 2740
artemether-lumefantrine, 2978
bedaquiline, 2546
cethromycin, 1175
cimetidine, 2737, 2741
cinitapride, 2741
cisapride, 2742
cyclosporine, 2740
dapsone, 1751
didanosine, 2737
efavirenz, 2742
elbasvir, 4465
etravirine, 3979t
fexofenadine, 2741
histamine2-receptor blockers, 2737, 2741
iclaprim, 1780
indinavir, 4067
isavuconazole, 2742, 2864t
ivermectin, 3356
lefamulin, 1559
maribavir, 3643
mefloquine, 3081
methylprednisone, 2741
midazolam, 2742
nevirapine, 3873
phenytoin, 2741
praziquantel, 3388–3389
ranitidine, 2737, 2741
rifampicin, 1313, 2741
rilpivirine, 4000t
ritonavir, 2742, 4188t
saquinavir, 2742, 4036t–4037t, 4038
sildenafil, 2742
simvastatin, 2742
sirolimus, 2741
sucralfate, 2738, 2741
tacrolimus, 2740–2741
telithromycin, 1162, 1162t
terfenadine, 2741–2742
theophylline, 2741
tipranavir-ritonavir, 4167t
zidovudine, 2742, 3669
zolpidem, 2742

in vitro synergy and antagonism, 2735–2736, 3206
mechanism of action, 2736
pharmacokinetics/pharmacodynamics, 2737–2742

absorption, 2737–2738
bioavailability, 2737–2738
clinically important features, 2739–2740
distribution in body, 2738–2739
excretion, 2740
postantifungal effect, 2740

resistance and cross-resistance, 2734–2735
Ketolides

adverse reactions and toxicity, 1188
antimicrobial activity, 1187
bacteriostatic activity, 1175
cross-resistance to, 1471–1472

interaction with clindamycin, 1486, 1487t
mechanism of action, 1159, 1185
minimum inhibitory concentrations, 1186
pneicillinase resistance in, 1179
structural derivation of, 1172

Ketonuria, pyronaridine-artesunate-related, 3015
Ketoprofen, interactions with aciclovir, 3462t
Kidneys. See also Hepatotoxicty; Renal function 

impairment; Renal transplant recipients
antimicrobial distribution in

aciclovir, 3461
amikacin, 1016
amodiaquine, 3051
amphotericin B, 2579, 2633f, 2634
amphotericin B, liposomal, 2614
amphotericin B-lipid complex, 2632
anidulafungin, 2699, 2700
azithromycin, 1126
caspofungin, 2669
chloroquine, 3037
clofazimine, 2536
dalbavancin, 922
fusidic acid, 1412
ganciclovir, 3510
gentamicin, 974
isepamicin, 1042
itraconazole, 2793
miltefosine, 3297
moxidectin, 3363
nalidixic acid, 2264
netilmicin, 1032
norfloxacin, 1989
oritavancin, 912
pentamidine, 3273
pyrazinamide, 2363
pyronaridine, 3011
pyronaridine-artesunate, 3013
quinupristin-dalfopristin, 1378
suramin, 3231
terbinafine, 2714
tobramycin, 994, 997, 999
trimethoxazole-sulfamethoxazole, 1644
vancomycin, 804

Kingella, imipenem, 665
Kingella indologenes

ampicillin, 105
penicillin G, 24t

Kingella kingae, penicillin G, 24t, 33, 67, 105
Kitasato Institute, 3351
Kivexa. See Abacavir, in combination with 

lamivudine
KLEAN study, 4097, 4098t, 4114, 4115, 4116, 4117t, 

4118
Klebsiella

amikacin, 1009
aminoglycoside-modifying enzymes, 1040
amoxicillin, resistance, 104
ampicillin, resistance, 104
apalcillin, 189
azithromycin, resistance, 1124
aztreonam, 644
beta-lactamase inhibitors-resistant, 258
beta-lactamases, 209
biapenem, 773, 775t
carbenicillin, 175
cefadroxil, 371, 371t
cefazolin, 349
cefepime, resistance, 595
cefixime, 540
cefoperazone-sulbactam, 416t
cefotaxime, 532
cefotaxime, resistance, 442–443
cefotetan, 404–405, 404t, 405
cefotiam, 397
cefpodoxime, 532

cefprozil, 377
ceftaroline-avibactam, 614t, 615
ceftazidime-avibactam, 564
ceftizoxime, 532
ceftriaxone, 477, 481
cephalothin, resistance, 349
cephradine, 371, 371t
chloramphenicol, resistance, 1517
ciprofloxacin, 1867, 1895
clinafloxacin, 2314
colon content, 1825
cycloserine, resistance, 2520, 2521
eravacycline, 1286
erythromycin, resistance, 1066
extended-spectrum beta-lactamases, 235, 303, 322
finafloxacin, 2139, 2140t
fosfomycin, 1394–1395, 1394t
furazolidine, 1784
gentamicin, 965

resistance, 968t
imipenem, 677
kanamycin, 950
mecillinam, 207, 208t, 212

resistance, 209
meropenem, resistance, 615
metronidazole, 1814
mezlocillin, 188, 188t
nalidixic acid, 2256

resistance, 2257t
neomycin, resistance, 1046
nitrofurantoin, 1785, 1794

resistance, 1786
norfloxacin, 1986
novobiocin, resistance, 1450
ofloxacin, 2005t, 2006
omadacyline, 1267, 1268t
penicillin G, resistance, 33
piperacillin, 188t, 189

resistance, 198
piperacillin-tazobactam, 230
plazomicin, 1054–1055
polymyxins, 1422, 1422t, 1437
prulifloxacin/ulifloxacin, 2148, 2148t
rifampicin, resistance, 2373
roxithromycin, resistance, 1088
silver sulfadiazine, 1602
streptomycin, 2471

resistance, 2474
sulfonamides, 1572
superinfections, 182
temocillin, 219t, 223
ticarcillin, 175, 188, 188t
tigecycline, 1251–1252

resistance, 1250t
tinidazole, 1851
tobramycin, 993
trimethoprim, 1627
trimethoprim-sulfamethoxazole, 1627, 1660, 1661

resistance, 1632
trovafloxacin, 2310

Klebsiella granulomatis, trimethoprim- 
sulfamethoxazole, 1666

Klebsiella mirabilis, ciprofloxacin, 1867, 1868t
Klebsiella oxytoca

avarofloxacin, 2159t
aztreonam, resistance, 645, 646t
beta lactamases, 645
carbapenemases, 672
cefotaxime, 428t
cefotiam, 399t
ceftaroline-avibactam, 614t, 615
ceftazidime, 551t
ceftobiprole, 627
ceftolozane-tazobactam, 230
ceftriaxone, 468t
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Klebsiella oxytoca (continued)
cefuroxime, 385t
faropenem, 766, 767t
plazomicin, 1054t
sitafloxacin, 2122
temocillin for, 219t

Klebsiella ozena, ciprofloxacin, 1938
Klebsiella pneumoniae

amikacin, 1016
amoxicillin, resistance, 255
amoxicillin-clavulanic acid, 255

resistance, 259
ampicillin, resistance, 347–348
ampicillin-sulbactam, 281, 281t
avarofloxacin, 2159t
beta-lactamases, 474, 702
biapenem, 775t
carbapenem, resistance, 1830
carbapenemases, 386, 474, 701–702

combintation therapy for, 703
carbapenems, 410
carbapenems, resistance, 699
cefaclor, 377
cefazolin, 347

resistance, 347–348
cefepime, 596
cefoperazone-sulbactam, resistance, 417
cefotaxime, 428t, 438, 440

resistance, 323
cefotaxime, resistance, 428t
cefotiam, 399t
cefoxitin, 404t
cefpodoxime, 537
ceftazidime, 549–550, 551t

resistance, 550–552
ceftazidime-avibactam, 234, 565t

resistance, 234, 567
ceftobiprole, 625
ceftolozane-tazobactam, 230, 637, 638t

resistance, 637, 642
ceftriaxone, 468t
cefuroxime, 385t

resistance, 386, 391
cephalexin, 361–362, 362t
cephalothin, 347

resistance, 347–348
ciclopirox, 2910
ciprofloxacin, 1305, 1896, 1902, 1924, 1930

resistance, 1877, 1879, 1928
colistin, 1434
colistin methansulfate, 1434
delafloxacin, 2132, 2133t, 2135, 2137
doripenem, combined with polymyxin, 738
eravacycline, 1276t, 1280
ertapenem, 746t, 747, 761

resistance, 750–751
faropenem, 766, 767t
finafloxacin, resistance, 2141
fleroxacin, 2188
flomoxef, 410
fluoroquinolones, resistance, 1876
fosfomycin, 1397, 1401

resistance, 1400
garenoxacin, 2203
garenoxacin, resistance, 2200
gatifloxacin, 2231
gatifloxacin, resistance, 2219
gemifloxacin, 2112t, 2113, 2115
gentamicin, 974, 979
iclaprim, 1776t, 1777, 1780
imipenem, resistance, 672
imipenem-cilastatin-relebactam, 244
imipenem-relebactam, 233, 236
isepamicin, 1042
kanamycin, 949t

resistance, 951

levofloxacin, 2056t, 2065, 2071
resistance, 2055, 2056, 2056t, 2057

mecillinam, 208, 209
meropenem, postantibiotic effect, 709
multidrug-resistant, 1421
nalidixic acid, resistance, 2259
nemonoxacin, 2159t, 2162
omadacycline, 1268t, 1270

resistance, 1268
pefloxacin, 2283
penicillin G, resistance, 58
piperacillin, 199
piperacillin-tazobactam, 230, 232, 243, 320t, 322

resistance, 233, 324
piperacillin-tazobactam, resistance, 233, 320t
pivmecillinam, 212–213
plazomicin, 1054t, 1058
polymyxin B, 1423
polymyxins, resistance, 1423
rifampicin, 2373
rRNA methylase genes, 1011
sitafloxacin, 2122, 2123t
spectinomycin, 1542
ST258 strain, 701–702
temocillin, 219t, 223
temocillin, resistance, 219t, 220
ticarcillin, 174t
ticarcillin-clavulanic acid, 227, 300t, 301
tigecycline, 1250t, 1251
trimethoprim, 1628t

resistance, 1636t
trimethoprim-sulfoxamethoxazole

combination therapy, 1635
resistance, 1636t

zabofloxacin, 2159t, 2165
Klebsiella rhinoscleromatis (rhinoscleroma)

ciprofloxacin, 1869, 1938
trimethoprim-sulfamethoxazole, 1627

Kluveromyces marxianus, ketoconazole, 2733
Kluyvera ascorbata, azithromycin, 1124
Kluyvera cryocrescens, azithromycin, 1124
Koch, Robert, 1755
KONCERT trial, 4099
Korean hemorrhagic fever virus, ribavirin, 4370
Kounis syndrome, 266
KPT-335. See Verdinexor
Kunming Pharnaceuticals Company, 3019
Küpffer cells, suramin accumulation in, 3231
Kwashiorkor, chloroquine absorption in, 3036
Kwell. See Lindane
Kwell. See Permethrin
Kyorin Central Research Laboratory, 1986
Kyorin Pharmaceuticals, 2180, 2213
Kytococcus schroeteri, linezolid, 1294

L
L-743,726. See Efavirenz
Labor and delivery

cephalexin chemoprophylaxis during, 367
nintrofurantoin contraindcation during, 1787
preterm prelabor rupture of the membranes 

(PPROM)
amoxicillin-clavulanic acid, 266
solithromycin, 1189

preterm. See also Premature infants
antimonial agents, 3283
clindamycin, 1499
ritonavir, 4204
trichomoniasis-related, 1833
vaginosis-related, 1826

zidovudine, 3665
Laboratory accidents, Trypanosoma cruzi prophy-

laxis, 3213t, 3218
Laboratory test results, drugs affecting

cefotaxime, 439
ciprofloxacin, 1910

fidaxomicin, 1552
moxifloxacin, 1188
norfloxacin, 1990
solithromycin, 1188

Lactate dehydrogenase, antibiotic-related increase, 
285

Lactated Ringer’s solution, daptomycin in, 874
Lactation. See Breastfeeding
Lactic acid bacteria, telithromycin, 1158
Lactobacillus

amoxicillin, 104
ampicillin, 104
azithromycin, 1122
carbapenems, resistance, 699
cefazolin, 348
cefoxitin, resistance, 406
ceftriaxone, 467
cephalosporins, 788
cephalothin, 348
chloramphenicol, 1516–1517
clarithromycin, resistance, 1099
clindamycin, 788, 1470
dalbavancin, resistance, 920
ertapenem, resistance, 749t, 750
erythromycin, 788, 1066

resistance, 1068
fidaxomicin, 1547
garenoxacin, 2198
imipenem, 664, 788
josamycin, resistance, 1152
linezolid, 1295
macrolide, resistance, 1124
metronidazole, resistance, 1809
nafcillin, 163t
nalidixic acid, resistance, 2257
penicillin, 788
penicillin G, 24t, 31, 61, 67
penicillin G-gentamicin, 67
piperacillin-tazobactam, 320t, 788
ramoplanin, 940
rifaximin, resistance, 2451
rosaramicin, 1151

resistance, 1152
roxithromycin resistance, 1088
teicoplanin, resistance, 839
telithromycin, 1158
ticarcillin-clavulanic acid, 301
ticarcillin for, 176
tigecycline, 1252
tinidazole, 1851

resistance, 1851
vaginal, 2151
vancomycin, resistance, 787–788

Lactobacillus acidophilus
dalbavancin, resistance, 920
tedizolid, 1359

Lactobacillus casei
dalbavancin, resistance, 920
vancomycin, resistance, 787

Lactobacillus fermentans, dalbavancin, 920
Lactobacillus plantarum, daptomycin, 871
Lactobacillus reuteri, as probiotic, in combination 

with tinidazole, 1855
Lactobacillus rhamnosus, as probiotic, in combina-

tion with tinidazole, 1855
Lactobacillus sporogens, as nutritional supplement, 

2153
Lactococcus, linezolid, 1295
Lactose allergy, as contraindication to zanamivir, 

4567
LAmB. See Amphotericin B, liposomal
Lamivudine, 3729–3754

administration modes, 3729, 3733
adverse reactions and toxicity, 3736–3737
antiviral activity, 3729–3730
chemical structure, 3729, 3729f, 3801, 3801f
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in combination with
abacavir (Epizicom; Kivexa), 3773
abavacir/dolutegravir (Trumeq), 3773
clevudine, 4360
delavirdine, 3961
stavudine/nevirapine, 3765

dosage, 3733–3734
hepatitis B virus infection, 3743, 3744t–3745t

drug interactions, 3736
adefovir dipivoxil, 4340t
darunavir, 4131t
didanosine, 3701, 3732
emtricitbane, 3806
indinavir, 3732
nevirapine, 3732
saquinavir, 3732
stavudine, 3732
sulfamethoxazole, 1646t
trimethoprim, 1646t
trimethoprim-sulfamethoxazole, 3736
zidovudine, 3732

HBV infection therapy, 3742–3748
in children and adolescents, 3746–3747
clinical trials, 3742–3743, 3744t–3745t, 

3746–3747
dosage, 3733
in HIV co-infection, 3747–3748
interferon-alpha/pegylated-interferon, 3743, 

3744t–3745t, 3746
monotherapy, 3742
mother-child transmission prevention, 3746
Phase I/II studies, 3743
in pregnancy, 3746

HIV/AIDS combination therapy
abacavir (Kivexa; Epzicom), 3729
in adults, 3737–3741
in antiretroviral-experienced patients, 3737, 

3738t, 3740
in antiretroviral-naive patients, 3737, 3738t
during breastfeeding, 3741–3742
in children and adolescents, 3742
clinical trials, 3738t–3739t, 3740, 3741
nevirapine/stavudine, 3734
in patients with M184I/V mutation, 3741
quadruple-combination regimens, 3740
raltegravir, 3729
simplified regimens, 3740–3741
tenofovir, 3729
triple-combination regimens, 3740–3741
zidovudine (Combivir), 3729
zidovudine/abacavir (Trizivir), 3729, 3735

HIV/AIDS therapy
comparison with emtricitabane, 3808–3810, 

3810f
dosage, 3733–3734
monotherapy, 3737

HIV/AIDS transmission prevention
mother-child, 3741–3742
postexposure prophylaxis, 3742

in vitro synergy and antagonism, 3732, 3757
mechanism of action, 3732–3733
pharmacokinetics/pharmacodynamics, 3735t

bioavailability, 3734
clinically important features, 3735–3736
distribution in body, 3734–3735
excretion, 3736

resistance and cross-resistance, 3730–3732, 4338t
in pregnant women, 3741

Lamotrigine, drug interactions
lopinavir-ritonavir, 4093
rifampicin, 2386t

Lampit. See Nifurtimox
Lamprene. See Clofazimine
Laninamivir, 4632t, 4641

administration mode and dosage, 4563
adverse reactions and toxicity, 4569–4570

antiviral activity, 4554, 4555t
chemical structure, 4551, 4551f
clinical uses, 4563

influenza A virus infections, 4632t, 4641
influenza B virus infections, 4632t, 4641

FlowCap administration, 4565
mechanism of action, 4551
pharmacokinetics/pharmacodynamcis, 4565
resistance, 4558, 4558t

Laninamivir-octanoate
chemical structure, 4551, 4551f
clinical uses

influenza A virus infections, 4632t, 4641
influenza B virus infections, 4632t, 4641

inhalers, 4563f
pharmacokinetics/pharmacodynamcis, 4565

Lanoconazole
administration modes, 2891t
adverse reactions and toxicity, 2891t
chemical structure, 2887t
clinical uses, 2891t, 2894
excretion, 2891t
pharmacokinetics/pharmacodynamics, 2892

Laparotomy prophylaxis, norfloxacin, 1989
LapDap, 1749, 1758
Lariam. See Melfoquine
Laryngeal papillomatosis, cidofovir, 3559
Laryngitis

erythromycin, 1076
garenoxacn, 2207

Lassa fever virus
amantadine, 4525
favipiravir, 4632t
ribavirin, 4368t, 4370, 4376, 4393

Laxatives, interactions with atovaquone, 3122
LB20304. See Gemifloxacin
L-dopa, interactions with spiramycin, 3178
LEADER (Linezolide Experience and Accurate 

Determination of Resistance) program, 1294, 
1473–1474, 1557

Learning improvement, cycloserine, 2525
Leclercia adecarboxylata, azithromycin, 1124
Lederle Laboratories, 1195, 2346
Ledipasvir, 4434t

antiviral activity, 4441t
chemical structure, 4437f
in combination with sofosbuvir

administration mode, 4452t
adverse reactions and toxicity, 4470–4471,  

4471t
dosage, 4452t
drug interactions, 4461, 4462t, 4468f
for genotype 1, 4451

drug interactions, 4464
darunavir, 4131t
rilpivirine, 4000t

excretion, 4464
mechanism of action, 4434t
pharmacokinetics and pharmacokinetics, 4456t
pharmacokinetics/pharmacodynamics, 4464

Ledipasvir-sofosbuvir, 4487–4494
clinical use, HCV infection

adverse reactions and toxicity, 4492–4493
in cirrhotic patients, 4488t, 4489–4490, 4491
drug-drug interactions, 4492
for genotype 1, 4487–4491, 4488t
for genotype 1 patients, 4487–4494
for genotype 2, 4491
for genotype 3, 4489t, 4491
for genotype 4, 4489t, 4491
for genotype 5 and 6, 4489t, 4490t, 4491–4492
in HIV co-infected patients, 4488t, 4489
sofosbuvir resistance, 4492
treatment-experienced patients, 4487, 4488t, 

4489
treatment-naive patients, 4487, 4488t

drug interactions
saquinavir, 4037t

Lefamulin, 1556–1560
administration modes, 1556, 1558
adverse reactions and toxicity, 1559, 1559t
antmicrobial activity, 1556–1557, 1557t
chemical structure, 1556, 1556f
clinical uses, 1559–1560
distribution in body, 1558
dosage, 1558, 1558t
drug interactions, 1559
excretion, 1559
mechanism of action, 1556, 1557, 1558
pharmacokinetics’pharmacodynamics, 1558–1559, 

1558t
resistance, 1557

Legionella (Legionnaires’ disease). See also individual 
Legionella species

azithromycin, 1122, 1123t
cefotaxime, 429
ciprofloxacin, 1870, 1924, 1925–1926
clarithromycin, 1108
complications, 1076–1077
delafloxacin, 2133, 2137
doxycycline, 1212
erythromycin, 1066, 1076–1077
fleroxacin, 2181
garenoxacin, 2196t, 2197
gemifloxacin, 2114
levofloxacin, 1926, 2057, 2068, 2071
lomefloxacin, 2245
moxifloxacin, 1926
norfloxacin, 1987
ofloxacin, 2004, 2007
piperacillin-tazobactam, resistance, 322
pristinamycin, 1387t
quinopristin-dalfopristin, 1376t
rifabutin, 2435
rifampicin, 2370t, 2404–2405

resistance, 2379
rifapentine, 2464
rosaramicin, 1151
roxithromycin, 1087, 1088
spiramycin, 3176t, 3180
temafloxacin, 2309
tigecycline, 1252–1253

Legionella anisa, erythomycin, 1066, 1068
Legionella bozemanii

chloramphenicol, 1518
ciprofloxacin, 1870
erythomycin, 1066, 1068
rifampicin, 2374

Legionella dumoffii
chloramphenicol, 1518
ciprofloxacin, 1870
erythomycin, 1066
rifampicin, 2374

Legionella gormanii
chloramphenicol, 1518
erythomycin, 1066, 1068
rifampicin, 2374

Legionella hackeliae, ciprofloxacin, 1870
Legionella jordanis, rifampicin, 2374
Legionella longbeachae

ciprofloxacin, 1870
erythomycin, 1066, 1068
rifampicin, 2374

Legionella micdadei
azithromycin, 1124
chloramphenicol, 1518
ciprofloxacin, 1870
doxycycline, 1206
erythomycin, 1066, 1068
erythromycin, 1077
garenoxacin, 2197
gentamicin resistance, 965
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Legionella micdadei (continued)
penicillin G, 34
rifampicin, 2374
trimethoprim-sulfamethoxazole, 1630

Legionella oakridgensis, rifampicin, 2374
Legionella pneumophila, 58

amikacin, 1010
azithromycin, 1123t, 1124, 1126, 1131
beta-lactamase of, 34
cefoperazone-sulbactam, 418
cefoperazone-sulbactam, resistance, 418
cephamycins, 405
cethromycin, 1173t
chloramphenicol, 1518
chloroquine, 3032
ciprofloxacin, 1868t, 1870
ciprofloxacin-rifampicin, 1887
clarithromycin, 1108
clinafloxacin, 2314
delafloxacin, 2133t
doxycycline, 1205t, 1206
eravacycline, 1277t, 1279
erythomycin, 1066
erythromycin, 1076–1077
erythromycin A, 1173t
finafloxacin, 2142
fluoroquinolones, 1076–1077
fusidic acid, 1409, 1416
garenoxacin, 2196t, 2197, 2197
gatifloxacin, 2214t, 2216
gemifloxacin, 2114, 2117
gentamicin resistance, 965
iclaprim, 1775, 1776t, 1777
imipenem-cilastatin, resistance, 681
invitro susceptibility testing of, 258
josamycin, 1151
lefamulin, 1556, 1557, 1557t
lomefloxacin, 2246t
moxifloxacin, 2085, 2086t, 2096
nemonoxacin, 2164
norfloxacin, 1987
ofloxacin, 2007, 2030
omadacyline, 1267–1268
pefloxacin, 2277
penicillin G, 34
piperacillin-tazobactam, 320t
pristinamycin, 1390
rifampicin, 2370t, 2374, 2404–2405
solithromycin, 1179, 1181t, 1183
sparfloxacin, 2294, 2295t
spiramycin, 3175
sulfadiazine, 1572
telithromycin, 1158, 1173t
ticarcillin-clavulanic acid, 302
tobramycin, 993
trimethoprim-sulfamethoxazole, 1630
trovafloxacin, 2311

Legionella wadsworthia, ciprofloxacin, 1870
Leg pain, amphotericin B, liposomal, 2616
Leishmania See also Leishmaniasis

amphotericin B deoxycholate, 2574
antimonial agents, 3280–3282

resistance, 3281
artermisinins, 2943
artesunate, 2966
miltefosine, 3296

resistance, 3295
nelfinavir, 4076
ofloxacin, 2008
paromomycin, 3149, 3150, 3151
pentamidine, 3271

resistance, 3272
rifampicin, 2375
tafenoquine, 3113

Leishmania aethiopica
antimonial agents, 3288

miltefosine, 3293, 3294t
paromomycin, resistance, 3150

Leishmania amazonensis
antimonial agents, 3287t
miltefosine, 3294, 3294t
miltefosine-paromomycin, 3295
pentamidine, 3271
zidovudine, 3659

Leishmania braziliensis, 2598. See also Leishmaniasis, 
cutaneous/mucocutaneous

antimonial agents, 3287t, 3288
miltefosine, 3303
miltefosine resistance, 3294
paromomycin, 3151
pentamidine, 3271

Leishmania chagasi, atovaquone, 3118
Leishmania donovani. See also Leishmaniasis, visceral

amorolfine, 2905
antimonial agents, 3287t, 3288
artermisinins, 2943
artesunate, 2965t
atovaquone, 3118
atovaquoone, 3117
miltefosine, 3292–3294, 3294t, 3295, 3296

resistance, 3295
nitazoxanide, 3163, 3163t
paromomycin, 3150, 3151

resistance, 3150
pentamidine, 3271

Leishmania guyanensis. See also Leishmaniasis, 
cutaneous/mucocutaneous

antimonial agents, 3288
miltefosine, 3303
miltefosine, resistance, 3294
pentamidine, 3271

Leishmania infantum
antimonial agents, 3287t
artermisinins, 2943
atovaquone, 3118
miltefosine, 3293, 3302
nitazoxanide, 3163, 3163t
pentamidine, resistance, 3272
suramin, 3227

Leishmania infantum chagasi, miltefosine- 
paromomycin, 3295

Leishmania major
antimonial agents, 3287t
artermisinins, 2943
dapsone, 1575
ketoconazole, 2734
miltefosine, 3293, 3294t, 3295–3296, 3302, 3303, 

3304
minocycline, 1232
paromomycin, resistance, 3150
sulfamoxole, 1575
sulfaquinoxaline, 1575

Leishmania mexicana, 2598. See also Leishmaniasis, 
cutaneous/mucocutaneous

antimonial agents, 3287t
miltefosine, 3304

resistance, 3293, 3294, 3294t
pentamidine

resistance, 3271
Leishmania panamensis. See also Leishmaniasis, 

cutaneous/mucocutaneous
antimonial agents, 3287t
miltefosine, 3293, 3294t, 3303
ofloxacin, 2008
pentamidine, 3271

Leishmania peruana. See also Leishmaniasis, 
cutaneous/mucocutaneous

pentamidine, 3271
Leishmaniasis

cutaneous/mucocutaneous
amphotericin B, 2598
antimonial agents, 3283t, 3287–3288

granulocyte-macrophage colony-stimulating 
factor, 3288, 3289

imiquimod, 3288
miltefosine, 3300t, 3302, 3303, 3304
miltefosine combination therapy, 3300t, 3302
paromomycin, 3156t–3157t, 3157–3158, 3158t
pentamidine prophylaxis, 3276
pentamidine treatment, 3276

miltefosine, 3298, 3299–3304
mucosal

antimonal agents, 3283t
miltefosine, 3302

paromomycin, 3150
pentamidine, 3276
post-kala-azar dermal, miltefosine, 3300t, 3304
during pregnancy, amphotericin, 3283
rifampicin, 2409
visceral

amphotericin B, 2597–2598
amphotericin B, liposomal, 2616, 2621
amphotericin B-lipid complex, 2640
antimonial agents, 3283t, 3286–3287, 3287t
miltefosine, 3299–3302, 3300t, 3301, 3302
miltefosine combination therapy, 3300t, 

3301–3302
paromomycin, 3155, 3157, 3157t

Leishmania tarentolae, paromomycin, 3151
Leishmania tropica

antimonial agents, 3287t, 3288
atovaquone, 3118
atovaquone-proguanil, 3128, 3137
ketoconazole, 2734
linezolid, 1299
miltefosine, 3293, 3294t, 3302
paromomycin, 3150–3151

resistance, 3150
Leishmania Viannia complex, antimonial agents, 

3288
Leoconostoc, naficillin for, 163t
Leo Pharmaceutical Laboratories, 207, 1407
Lepetit Laboratories, 2369
Leptospira (leptospirosis)

amoxicillin, 105
ampicillin, 105
azithrocmycin, 1124
cefotaxime, 429, 450
ceftizoxime, 533
ceftriaxone, 65, 472, 503
chloramphenicol, 1518
clarithromycin, 1124
clindamycin, 1471
doxycycline, 450, 472, 1204, 1206, 1212, 1217
gatifloxacin, 2217
moxifloxacin, 2087
penicillin G, 24t, 34, 429, 450, 472
sulfonamide, resistance, 1574
telithromycin, 1159

Leptospira interrogans
ciprofloxacin, 1874–1875
tosufloxacin, 2305

Leptospirosis. See Leptospira (leptospirosis)
Leshcutan. See Paromomycin
Letermovir, 3619–3626

administration mode, 3622
adverse reactions and toxicity, 3624–3625
antiviral activity, 3619–3620
chemical structure, 3619, 3619f
clinical uses, 3625
dosage, 3622–3623
drug interactions, 3624
excretion, 3624
mechanism of action, 3622, 3622f
pharmacokineetics/pharmacodynamics, 

3623–3624
resistance and cross-resistance, 3620–3621,  

3621t
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Lethargy, drugs causing
aciclovir, 3464
fleroxacin, 2187

Leuconostoc
penicillin G, 24t, 29, 68
teicoplanin, resistance, 839
telithromycin, 1158
vancomycin, resistance, 787–788

Leuconostoc mesenteroides, vancomycin, resistance, 
787

Leucovorin, co-administration
with dapsone, 1761
with trimetrexate, 1769, 1770, 1771, 1772

Leukemia
chloramphenicol, 1527
lindane, 3428
ribavirin-pegylated interferon, 4391
zidovudine, 3682

Leukocystic vasculitis, clarithromycin, 1106
Leukocytes (white blood cells)

azithromycin, 1126–1127
doxycycline-related inhibition, 1212
trimethoxazole, 1645

Leukocyte transfusions, interactions with 
 amphotericin B, 2581, 2584

Leukocytosis
clindamycin, 1490
primaquine, 3104
pyronaridine-artesunate, 3014

Leukoencephalopathy, amphotericin B, 2584
Leukopenia, drugs causing

aciclovir, 3464
amantadine, 4537
amoxicillin-clavulanic acid, 266
amphotericin B, 2583–2584
anidulafungin, 2701
antimonial agents, 3285t, 3286
caspofungin, 2671
cefazolin, 353
ceftiazidime, 561
ceftriaxone, 484
cipropfloxacin, 1910
clarithromycin, 1106
enoxacin, 2175
fluconazole, 2768
flucytosine, 2923
furazolidone, 3190
griseofulvin, 2930
itraconazole, 2797
ketoconazole, 2745
lindane, 3428
methicillin, 140
micafungin, 2687
nelfinavir, 4081
primaquine, 3104
pyrimethamine, 1731
rifampicin, 2391
sulfonamides, 1590
teicoplanin, 851
ticarcillin-clavulanic acid, 307
tinidazole, 1854
trimethoprim-sulfamethoxazole, 1652
trimetrexate, 1772
zidovudine, 3670, 3670t, 3671

Leukotriene synthesis inhibitors, ciclopirox as,  
2910

Levacetylmethadol, interactions with itraconazole, 
2795

Levamisole, interactions with ivermectin, 3356
Levaquin. See Levofloxacin
Levofloxacin, 2055–2084

administration modes, 2060
adverse reactions and toxicity, 2019, 2063–2065

anaphylaxis, 2203
arthropathy, 2127
cardiac toxicity, 1911

hyperglycemia, 2205
hypoglycemia, 2225

antigonococcal potency, 470
antimicrobial activity, 2055–2060, 2256

anaerobacteria bacteria, 2057, 2057t
CLSI criteria, 2056, 2056t, 2057
Gram-negative bacteria, 2055, 2056t
Gram-positive bacteria, 2055–2057, 2056t
minimum inhibitory concentrations, 2055, 

2056–2057, 2056t, 2057t, 2062
mycobacteria, 2057, 2057t

chemical structure, 2055, 2055f, 2254f
clinical uses, 2065–2075

anthrax, 1497
appendicitis, 2067–2068
bacteremia prophylaxis, 2208
bone infections, 2074
bronchitis, 1131
chronic obstructive pulmonary disease 

exacerbations, 390–391
community-acquired pneumonia, 1189, 2061
gastroenteritis, 2067
gastrointestinal infections, 2067
Helicobacter pylori infection, 1832
intra-abdominal infections, 2067–2068
joint infections, 2074
mycobacterial infections, 2072
pneumonia, 1926
prophylaxis in neutropenic patients, 2074–2075, 

2098
prostatitis, 2065–2066
pyelonephritis, 243–244
respiratory tract infections, 2068–2072, 2069t, 

2070t
sinusitis, 2061, 2072–2073, 2073t
skin and soft tissue infections, 2073–2074
UTIs, 243–244, 736–737, 770, 2065, 2066t

in combination with
cefoperazone-sulbactam, 418
isepamicin, 1043
piperacillin-tazobactam, 233

development and availability chronology, 2256t
dosage, 2060–2061, 2061t
drug interactions, 2063

antacids, 2061, 2063
cimetidine, 2063
opiate urine screen false-positive result, 1905
synergistic, 301

in vitro synergy and antagonism, 751, 1304–1305
mechanism of action, 2055, 2060
metabolites, 2063
as ofloxacin replacement, 2024
pharmacokinetics/pharmacodynamics, 2061–2063

AUC/MIC ratio, 2062
bioavailability, 2061
clinically important features, 2062
distribution in body, 2061–2062
excretion, 2062–2063

as replacement for ofloxacin, 2004
resistance and cross-resistance, 465, 642, 1357, 

2124
mutant prevention concentration (MPC), 2062
in uropathogens, 2065

Levofloxacine, resistance and cross-resistance, 191
Levofloxacin N-oxide, 2063
Levomethadone, interactions with fusidic acid,  

1413
Levomethadyl, interactions with fluconazole, 2765
Levothyroxine, interactions with rifampicin, 2385, 

2386t
Lexiva. See Fosamprenavir
LG Chemical Ltd., 2110
Lice

biting, moxidectin, 3362
body or clothing. See Pediculus humanus var. 

corporus

head. See Pediculus humanus var. capitis
pubic. See Phthirus pubis
sucking, moxidectin, 3362

Lichenoid eruptions, ethambutol, 2352
Lichen planus

sulfasalazine-related, 1603
treatment

chloroquine, 3042
hydroxychloroquine, 3042

Lichtheimia, 2595. See also Mycormycosis 
(zygomycosis)

amphotericin B, 2570–2571
Lichtheimia corymbifera, amphotericin B, 2573t
Lidocaine

in combination with
cefotaxime, 432
ceftriaxone, 475, 485
mezclocillin, 191

drug interactions
atazanavir, 4149t
fosamprenavir, 4111t

Lilly Research Laboratories, 396, 785, 2510
Lincocin®. See Lincomycin
Lincomycin, 1468–1514

chemical structure, 1468, 1468f
as nafcillin substitute, 167
resistance, 1472

Lincorex®. See Lincomycin
Lincosamides

resistance and cross-resistance, 1300, 1471–1472
use in food animals, 12t

Lincosamides, 1468. See also Clindamycin; 
Lincomycin

Lindafor. See Lindane
Lindane, 3423–3428

administration modes, 3424–3425
adverse reactions and toxicity, 3425, 3427
antimicrobial activity, 3423–3424
chemical structure, 3423, 3423f
clinical uses

pediculosis, 3426t–3427t, 3428
scabies, 426t, 3428

dosage, 3424–3425
mechanism of action, 3424
pharmacokinetics/pharmacodynamics, 3425
prohibitions of, 3423
resistance, 3424

Lindatox. See Lindane
Linezolid, 1293–1347

administration mode, 1306
adverse reactions and toxicity, 1271, 1307, 1313, 

1314–1318, 1367, 1368, 2559
antimicrobial activity

biofilm activity, 1299
CLSI breakpoint criteria, 1293
EUCAST breakpoint criteria, 1293–1294, 1306
fungi and fungus-like pathogens, 1299
Gram-negative aerobic bacteria, 1296t, 

1297–1298
Gram-negative anaerobic bacteria, 1297t, 1298
Gram-positive bacteria, 1293, 1294–1295, 1296t
minimum inhibitory concentrations (MICs), 

1293–1294, 1295, 1296t–1297t, 1297–1299
mycobacteria, 1295, 1296t–1297t, 1297
parasites, 1299

chemical structure, 1293, 1293f
clinical uses

anthrax, 1497
bacteremia, 1319, 1322
bacterial endocarditis, 1323–1324
bone and joint infections, 1326
CNS infections, 1326–1327
diabetic foot infections, 289, 1311–1312, 1321t, 

1325
febrile neutropenia, 1321t
Gram-negative bacterial infections, 1318



I-102 Index

Linezolid (continued)
Gram-positive bacterial infections, 1318–1322, 

1320t–1321t
Gram-positive infections, 852
hospital-acquired pneumonia, 1319
infective endocarditis, 633–634
MRSA infections, 1319, 1321t, 1322–1324, 

1326–1327
multidrug-resistant organisms, 1319,  

1325–1326
Mycobacterium tuberculosis, 714
Nocardia infections, 1327, 1328
nosocomial pneumonia, 1293
Panton-Valentine leukocidin-producing 

staphylococcal infecctions, 1497
pneumonia, 1319, 1320t, 1320t–1321t, 1322
pneumonia, community-acquired, 1323
pneumonia, nosocomial, 1323
pneumonia, ventilator-associated, 1322–1323
prolonged use, 1314
respiratory tract infections, 1322
skin and sfot tissue infections, 925–927, 926t
skin and soft tissue infections, 1320t, 

1324–1325, 1781
tuberculosis, 1321t, 1326, 1327–1328
vancomycin-resistant enterococcal infections, 

1319, 1321t, 1322
in combination with

with antacids, 1309
daptomycin, 895
rifampicin, 2372

compassionate use, 1302, 1312, 1319
dosage, relattionship to resistance, 1300
drug interactions, 1313–1314

clindamycin, 1486, 1487t
daptomycin, 884
rifampicin, 1315–1316

exotoxin secretion-inhibitory effects, 1305–1306
immunomodulatory effects, 1305
invitro synergy and antagonism, 751, 1299, 

1303–1305
mechanism of action, 1305–1306
metabolites, 1312–1313
pharmacokinetics and pharmacodynamics

AUC/MIC ratio, 1308, 1309, 1311, 1312
bioavailability, 1308–1309
clinically important features, 1312
distribution in body, 1309–1312, 1309t

postantibiotic effect, 1312
prolonged use of, 1316
resistance and cross-resistance, 1299–1303, 1360, 

1361
Linezolide Experience and Accurate Determination 

of Resistance (LEADER) program, 1294
Lipase elevation, fosamprenavir-related,  

4115–4116
Lipid-lowering agents. See also Statins

drug interactions, efavirenz, 3918
Lipid-lowering effects, tenofovir diphosphate, 

3834–3835
Lipoatrophy, drugs causing

lopinavir-ritonavir, 4095–4096
stavudine, 3763
tipranavir-ritonavir, 4171
zidovudine, 3670t, 3672

Lipodystrophy, drugs causing
atazanavir, 4151–4152
didanosine, 3709
indinavir, 4069
nelfinavir, 4080
ritonavir, 4202t, 4203
stavudine, 3763
zidovudine, 3670t, 3672

Lipooxygenase-dependent pathways, sulfasalazine- 
related inhibition, 1581

Lipoproteins, interactions with halofantrine,  
3094

Liposome-bound amphotericin B. See Ampho- 
tericin B, liposomal

Listeria (listeriosis)
ceftaroline, 605t, 606
ceftriaxone, resistance, 465
dalbavancin, 920
ertapenem, 745
spiramycin, 3175
teicoplanin, 838t
trimethoprim-sulfamethoxazole, 1664

Listeria monocytogenes
ampicillin, 103–104, 176, 197, 300
azithromycin, 1122
carbenicilln, 176
cefaclor, resistance, 376
cefepime, resistance, 579
cefixime, resistance, 539
cefoperazone-sulbactam, resistance, 415
cefprozil, resistance, 376
ceftaroline, 606
ceftaxidime, resistance, 548
cefuroxine, resistance, 386
cephalexin, resistance, 361
cephalosporin, resistance, 31
cephamycins, resistance, 404
chloramphenicol, 1516
ciclopirox, 2910
ciprofloxacin, 1872
ciprofloxacin, resistance, 1930
clarithromycin, 1099
doripenem, 725
doxycycline, 1204, 1205t
enoxacin, resistance, 2172t, 2173
ertapenem, 745
erythromycin, 1066
fleroxacin, 2181t, 2182
fosfomycin, resistance, 1396
garenoxacin, 2198
gatifloxacin, 2216
gemifloxacin, 2112
gentamicin, 965, 965t
iclaprim, 1777, 1780
imipenem, 31, 664, 666t
linezolid, 1293, 1324, 1327
lomefloxacin, 2246, 2246t
meropenem, 31, 698, 698t
mezlocillin, 197
mezlocillin for, 189
moxifloxacin, 2086–2087, 2086t, 2102
mupirocin, 1460
nalidixic acid, resistance, 2259
nitrofurantoin, resistance, 1786
norfloxacin, resistance, 1987
ofloxacin, resistance, 2005t, 2006
pefloxacin, resistance, 2278, 2278t
pencillin-binding proteins, 31
penicillin, 300
penicillin G, 24t, 25t, 31, 59, 60, 61, 176
piperacillin, 199
piperacillin-tazobactam, 300
prulifloxacin/ulifloxacin, 2148t
rifampicin, 2370t, 2373

resistance, 2379
risk factors for, 60
roxithromycin, 1087
solithromycin, 1180t, 1183
sparfloxacin, 2295, 2295t
sulfamethoxazole, 1572
sulfisoxazole, 1572
suramin, 3232
tedizolid, 1358t, 1359
teicoplanin, 837–838
ticarcillin-clavulanic acid, 300t

ticarcilln, 176
tigecycline, 1251
trimethoprim-sulfamethoxazole, 1627, 1664

resistance, 1627, 1634
trimethoprim-sulfamethoxazole/sulfonamides, 

1634
vancomycin, 786t, 787

Listeria pneumophilia, fluoroquinolones, resistance, 
1883

Listeriosis. See Listeria (listeriosis)
Lithium, drug interactions

linezolid, 1314
metronidazole, 1822
tetracycline, 1198

Livedo reticularis, amantadine, 4537
Liver

antimicrobial distribution in
aciclovir, 3460, 3461
albendazole, 3317
amphotericin B, 2633f
amphotericin B, liposomal, 2614
amphotericin B deoxycholate, 2579
amphotericin B-lipid complex, 2632
anidulafungin, 2699
azithromycin, 1126
carbenicillin inactivation in, 179
caspofungin, 2669
chloroquine, 3037
clindamycin, 1483
clofazimine, 2536
ertapenem, 754
fluconazole, 2763
ganciclovir, 3510
garenoxacin, 2202
isavuconazole, 2863
isoxazolyl penicillin inactivation in, 152
mebendazole, 3332
methicillin inactivation in, 139
miltefosine, 3297
minocycline, 1234
moxidectin, 3363
moxifloxacin, 2090
novobiocin, 1452
oritavancin, 912
pentamidine, 3273, 3274
pyrazinamide, 2363
pyronaridine, 3011
pyronaridine-artesunate, 3013
quinupristin-dalfopristin, 1378
rifabutin, 2437
rifampicin, 2383
sitafloxacin, 2125
tenofovir, 3830–3831
ticarcillin metabolism in, 179
vancomycin, 804

antimicrobial toxicity in. See Hepatotoxicity
necrosis, penicillin G-related, 54

Liver, antimicrobial distrubution in
levofloxacin, 2061

Liver cirrhosis
alcoholic

aztreonam use in, 648–649
ofloxacin, 2012
roxithromycin, 1089

artemisinin-naphthoquine, 3021
bedaquiline, 2544
cefepime, 588
cefotaxime, 434, 435
ceftriaxone, 477–478, 487
ciprofloxacin, 1894
clindamycin, 1478
as contraindication to lindane, 3425
dicloxacillin protein binding in, 148
efavienz use in, 3911
gentamicin, 977
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HCV co-infection
grazoprevir-elbasvir, 4511t, 4512, 4514, 4515, 

4517, 4518
OBV-r/PTV (PrOD) regimen, 4502–4503, 4504, 

4505, 4506–4507
sofosbuvir-ledipasvir, 4488t, 4489–4490, 4491
sofosbuvir-pegylated interferon, 4477, 4478, 

4479
sofosbuvir-ribavirin, 4479, 4480t, 4481, 4482
sofosbuvir-simeprevir, 4482–4484, 4483t

ketoconazole, 2737
lomefloxacin, 2247
minocycline, 1233
nafcillin use, 165
norfloxacin prophylaxis, 1994–1995
ofloxacin prophylaxis, 2036
omadacycline, 1269
pefloxacin, 2280
peritonitis prophylaxis

ciprofloxacin, 1933
fluoroquinolones, 2068
levofloxacin, 2068

quinopristin-dalfopristin, 1377
sparfloxacin, 2297, 2300
trimethoprim-sulfamethoxazole, 1687

Liver disease
carbenicillin use in, 177
as contraindication to

griseofulvin, 2930
novobiocin, 1451

fosamprenavir-related, 4116
ketoconazole use, 2737
ticarcillin use in, 177
zidovudine, 3667

Liver disorders, drugs causing
doxycycline, 1235–1236
ethambutol, 2352
minocycline, 1235–1236
moxifloxacin, 2092

Liver dysfunction/impairment, antimicrobials 
used in

abacavir, 3778t, 3779
aciclovir, 3458
adefovir dipivoxil, 4339, 4340
albendazole, 3315
amantadine, 4532
amodiaquine, 3051
amphotericin B, liposomal, 2614
amphotericin B-lipid complex, 2631
anidulafungin, 2698–2699
artemether-lumefantrine, 2976
atazanavir, 4145–4146
azithromycin, 1125
aztreonam, 648–649
bedaquiline, 2544–2545
capreomycin, 2515
carbenicillin, 177
caspofungin, 2668
cefazolin, 350
cefepime, 588
cefepime-tazobactam, 589
cefoperazone-sulbactam, 419
cefotaxime, 431t, 434, 435
cefotiam, 400
cefpirome, 589
ceftazidime, 555
ceftazidime-avibactam, 568, 569
ceftolozane-tazobactam, 639t, 640
ceftriaxone, 477–478, 477t
cephalothin, 350
cethromycin, 1174
chloramphenicol, 1521, 1528
cilastatin, 674
ciprofloxacin, 1891
clarithromycin, 1100

clindamycin, 1478, 1479, 1485
cobicistat, 4183, 4184
cycloserine, 2523
dalbavancin, 921
dapsone, 1750
daptomycin, 876, 887
darunavir, 4129
didanosine, 3703
diloxanide furoate, 3196, 3197–3198
dolutegravir, 4254
doripenem, 733
dosage, 2928
doxycycline, 1208
efavirenz, 3911
elvitegravir, 4234
emtricitabane, 3804
enfuvirtide, 4300
entecavir, 4326
eravacycline, 1281
ertapenem, 753
erythromycin, 1070
ethambutol, 2349
ethionamide, 2496–2497
etravirine, 3974
famciclovir, 3496
faropenem, 768
fidaxomicin, 1550
finafloxacin, 2142
fleroxacin, 2183
fluconazole, 2762
flucytosine, 2921
fomivirsen, 3648
fosamprenavir, 4107
foscarnet, 3595
fusidic acid, 1411, 1414
ganciclovir, 3509
gatifoxacin, 2221
iclaprim, 1778–1779
indinavir, 4063
isavuconazole, 2862
isoniazid, 2324–2325
itraconazole, 2791
ivermectin, 3354t
kanamycin, 955
ketoconazole, 2737
lamivudine, 3734
letermovir, 3623
levofloxacin, 2061
linezolid, 1307, 1313, 1317
lomefloxacin, 2247
lopinavir-ritonavir, 4090
maraviroc, 4309
mebendazole, 3331
mefloquine, 3079
melarsoprol, 3242
meropenem, 705
metronidazole, 1817
mezclocillin, 193
micafungin, 2685
minocycline, 1233–1234
naficillin-related, 167
naficillin use in, 165
nalidixic acid, 2264
nelfinavir, 4078
nevirapine, 3863, 3863t
niclosamide, 3406
nitazoxanide, 3166
norfloxacin, 1988
novobiocin, 1452
omadacycline, 1269
oseltamivir, 4591, 4591t
paromomycin, 3154
pefloxacin, 2280
pencillin G, 44
piperacilin-tazobactam, 326t, 327–328

piperacillin, 193
piperaquine, 2995
posaconazole, 2847
praziquantel, 3388
pyrazinamide, 2363
pyrimethamine, 1729
pyronaridine-artesunate, 3010
quinopristin-dalfopristin, 1377
raltegravir, 4218
ribavirin, 4378
rifabutin, 2437
rifampicin, 2382
rifapentine, 2465
rifaximin, 2454
rilpivirine, 3999, 4001
rimantadine, 4532
ritonavir, 4183, 4184
roxithromycin, 1089
rufoxacin, 2291
sitafloxacin, 2125
solithromycin, 1186
sparfloxacin, 2297
stavudine, 3759, 3759t
streptomycin, 2476
sulfonamides, 1583
suramin, 3230
tedizolid, 1362, 1363–1364, 1363t, 1364t
telavancin, 933
telbivudine, 4347t, 4348
telithromycin, 1160
tenofovir, 3829
terbinafine, 2713
tetracycline, 1197
thiacetazone, 2505
ticarcillin, 177
ticaricillin-clavulanic acid, 304
tigecycline, 1254–1255
tinidazole, 1852
tipranavir, 4163
tosufloxacin, 2306
trifluridine, 3630
trimetrexate, 1770–1771
trmethoprim-sulfamethoxazole, 1641
valaciclovir, 3458
valganciclovir, 3509
vancomycin, 800
voriconazole, 2827
zanamivir, 4563
zidovudine, 3664t, 3665, 3666t, 3667

Liver enzyme elevations, drugs causing
amphotericin B, 2578, 2585
amphotericin B, liposomal, 2614, 2616
amphotericin B-lipid complex, 2635–2636, 2636t
ampicillin-sulbactam, 285
anidulafungin, 2701
antimonial agents, 3285
arithromycin, 1129
artemisinin-naphthoquine, 3024
atazanavir, 4152
atovaquone, 3122
atovaquone-proguanil, 3141
avarofloxacin, 2160
aztreonam, 651
bedaquiline, 2547
biapenem, 778
capsofungin, 2670–2671
cefotaxime, 439
cefpirome, 594
cefpodoxime, 536
cefprozil, 379–380
ceftiazidime, 561
ceftizoxime, 536
ceftobiprole, 632t
ceftolozane-tazobactam, 241
ceftriaxone, 484
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Liver enzyme elevations, drugs causing (continued)
ciprofloxacin, 1910
clarithromycin, 1105
clindamycin, 1478, 1489
cobicistat, 4185, 4186t
cycloserine, 2523
dalbavancin, 924
daptomycin, 888
darunavir, 4130
delafloxacin, 2136
delavirdine, 3965
direct-acting antiviral drugs, 4469
doltegravir, 4266–4267
efavirenz, 3924
entecavir, 4327, 4328, 4328t
eravacycline, 1285
ertapenem, 756
erythromycin, 1073
etravirine, 3981
fidaxomicin, 1552
finafloxacin, 2144
fluconazole, 2768
flucytosine, 2923
fosamprenavir, 4116
fosfomycin, 1400
ganciclovir, 3513
garenoxacin, 2204t
gatifloxacin, 2226
gemifloxacin, 2116, 2117
iclaprim, 1780–1781, 1780t
isavucoanzole, 2865
isoniazid, 2328, 2330
itraconazole, 2797
josamycin, 1153
lefamulin, 1559, 1559t
lindane, 3428
linezolid, 1318
lomefloxacin, 2249
lopinavir-ritonavir, 4096
mebendazole, 3332
meropenem, 710
methenamine, 1802
metronidazole, 1823, 1824
micafungin, 2687
miltefosine, 3298
moxifloxacin, 2092, 2094
nevirapine, 3876
nifurtimox, 3215
norfloxacin, 1990
OBV-r/PTV regimen, 4500, 4501t, 4503t
ofloxacin, 2020
ombitasvir-paritaprevir-ritonavir-dasabuvir, 

4504t, 4506t
oritavancin, 914t
paromomycin, 3153t, 3155
pentamidine, 3275
piperacillin-tazobactam, 241
pretomanid, 2556
pyrazinamide, 2364
pyronaridine, 3011
pyronaridine-artesunate, 3013–3014
radezolid, 1355
rifabutin, 2439
rifampicin, 2389
ritonavir, 4185, 4186t, 4202, 4202t
rosaramicin, 1153
roxithromycin, 1090
sitafloxacin, 2127
solithromycin, 1188
sutezolid, 2561–2562
tafenoquine, 3113
tedizolid, 1367
teicoplanin, 851
telbivudine, 4350–4351
terbinafine, 2715
tigecycline, 1254–1255, 1257–1258

tipranavir-ritonavir, 4169–4170, 4169t
tosufloxacin, 2307
trimetrexate, 1770, 1772
trovafloxacin (withdrawn from market), 

2311–2312
vancomycin, 914t, 1559t
zanamivir, 4569

Liver failure
drugs causing

anidulafungin, 2701
etravirine, 3980
fluconazole, 2768
fluoroquinolones, 1910–1911
fulminant, tetracycline, 1198
gatifloxacin, 2226
isoniazid, 2330
kanamycin, 959
levofloxacin, 2065
lopinavir-ritonavir, 4096
metronidazole, 1823
micafungin, 2687
ofloxacin, 2012
rifampicin, 2390
rufoxacin, 2291
tosufloxacin, 2307
trimethoprim-sulfamethoxazole, 1654
trovafloxacin (withdrawn from market), 

2311–2312
drugs used in

amphotericin B deoxycholate, 2580
sparfloxacin, 2297

Liver fibrosis, tipranavir-ritonavir-related, 4170
Liver flukes. See also Clonorchis sinensis; Fasciola 

gigantica; Fasciola hepatica
praziquantel, 3387t

Liver function test abnormalities, drugs causing
amikacin, 1018
clarithromycin, 1105
linezolid, 1314, 1314t

Liver function testing
ethionamide, 2496–2497
flucytosine, 2923
itraconazole, 2797
pristinamycin, 1389t
pyrazinamide, 2363, 2364, 2365
pyronaridine-artesunate, 3014
voriconazole, 2832

Liver injury, drugs causing
delamanid, 2555
direct-acting antiviral drugs, 4469–4470
enoxacin, 2175
ethionamide, 2498
ketoconazole, 2743
penicillin G, 50
prothionamide, 2498
sulfonamides, 1590–1591
telithromycin, 1163, 1188

Liver metabolism
abacavir, 3778
albendazole, 3318
atazanavir, 4145–4146, 4152
bedaquiline, 2544, 2545
ciprofloxain, 1903
clarithromycin, 1102
cobicistat, 4184
dapsone, 1751
darunavir, 4129, 4130
ethionamide, 2498
excretion, 2929
flubendazole, 3342
ivermectin, 3355
lomefloxacin, 2249
norfloxacin, 1989, 1990
para-aminosalicyclic acid, 2490
prulifloxacin/ulifloxacin, 2149
pyrimethamine, 1729

rifampicin, 2381, 2382, 2384
rimantadine, 4535
rufloxacin, 2292
simeprevir, 4457
terbinafine, 2714
thiabendazole, 3339
triclabendazole, 3348, 3349
trimetrexate, 1771
voriconazole, 2827

Liver necrosis, flucytosine, 2923
Liver transplantation, for nevirapine-related 

hepatotoxicity, 3877
Liver transplant recipients

adefovir dipivoxil use in, 4342
amphotericin B, liposomal, 2619–2620
azithromycin use in, 1129
CMV infections

ganciclovir, 3520–3521
valganciclovir, 3520–3521

entecavir use in, 4326, 4332
Fansidar (sulfadoxine-pyrimethamine) use in, 

1601
HCV, sofosbuvir-daclatasvir, 4487
HCV recurrence prevention

ombitasvir-paritaprevir-ritonavir-dasabuvir, 
4505

pegylated interferon-ribavirin, 4505
infection prophylaxis

cefotaxime, 437
Chagas disease, benznidazole, 3209
ciprofloxacin, 1933, 1934
invasive fungal infections, amphotericin B, 

2619–2621
norfloxacin, 1995
pneumonia, trimethoprim-sulfamethoxazole, 

1680–1681
rifaximin, 2457

isoniazid hepatotoxicity in, 2330
ribavirin use in, 4391, 4394, 4396
sofosbuvir-daclatasvir use in, 4485

L-Mycin®. See Lincomycin
Loa loa (loiasis)

diethylcarbamazine, 3370, 3372, 3372t, 3374
ivermectin, 3352t, 3356, 3357t, 3360

Local reactions
sitofloxacin, 2127
tobramycin, 1000

Lomefloxacin, 2245–2253
administration modes, 2247
adverse reactions and toxicity, 2187, 2249
antimicrobial activity, 2245–2247, 2256
chemical structure, 2245, 2245f
clinical uses, 2249–2250
dosage, 2247, 2248
drug interactions, 2249
mechanism of action, 2247
metabolites, 2249
pharmacokinetics/pharmacodynamics, 2247–2249

bioavailability, 2247–2248
clinically important features, 2248
distribution in body, 2248
excretion, 2248–2249
inactivation in body, 2249

resistance and cross-resistance, 2245, 2246, 2246t, 
2247

Lomidine. See Pentamidine
LONESTAR study, 4478t, 4488t
Loop diuretics, drug interactions

aminoglycosides, 2477
kanamycin, 956, 957

Loperamide
drug interactions

ciprofloxacin, 1916
moxidectin, 3364
tipranavir-ritonavir, 4167t, 4168

as shigellosis treatment, 1916
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Lopinavir, 4087–4103
antiviral activity, 4087–4088
chemical structure, 4087, 4087f
drug interactions

amodiaquine, 3052
darunavir, 4131t
delamanid, 2555t
etravirine, 3978t
isavuconazole, 2864t
ombitasvir-paritaprevir-ritonavir-dasabuvir, 

4467t
saquinavir, 4033
trimetrexate, 1771

in vitro synergy and antagonism, 4088
resistance and cross-resistance, 4088

Lopinavir-ritonavir, 4183t
administration mode, 4088–4089
adverse reactions and toxicity, 4095–4096

fetal toxicity, 4096
laboratory abnormalities, 4096
risks in pregnancy, 4096
severe events, 4096

clinical use, HIV-1 virus infection, 4096–4099, 
4205t, 4206

efavirenz versus, 3932–3933
versus fosamprenavir, 4117t, 4118
in pediatric populations, 4099
in pregnant women, 4099
in treatment-experienced adults, 4098–4099, 

4098t
in treatment-naive adults, 4097–4098, 4098t

in combination with
didanosine, 3714–3715
lopinavir-ritonavir, 3944

CYP3A interactions, 4092
dosage, 4088–4090, 4089t

in children, 4183t
drug interactions, 4092–4095, 4093t, 4095t

artemether-lumefantrine, 2978–2979
atovaquone, 3122
nevirapine, 3870–3871
saquinavir, 4032–4033
tenofovir disoproxil fumarate, 4090

mechanism of action, 4088
pharmacokinetics/pharmacodynamics, 

4090–4092, 4091t
absorption, 4091
bioavailability, 4090–4091
clinically important features, 4091–4092
distribution in body, 4091
effect of food on absorption, 4091
excretion, 4092

Loracarbef
chemical structure, 376, 376f
unavailability, 376

Loratadine, interactions with clarithromycin,  
1102

Lorazepam, interactions with pyrimethamine, 
1730–1731

Lorexane. See Lindane
Losartan, interactions with rifampicin, 2386t
Lotrimin Ultra. See Butenafine
Lovastatin, drug interactions

azithromycin, 1128
boceprevir, 4458t
fosamprenavir, 4110, 4110t
itraconazole, 2795
lopinavir-ritonavir, 4092, 4093t
nelfinavir, 4079
ombitasvir-paritaprevir-ritonavir-dasabuvir,  

4467t
posaconazole, 2850
telaprevir, 4457t
tipranavir-ritonavir, 4166

Lower respiratory tract, ceftiazidime distribution in, 
557–558

Lower respiratory tract infections. See also 
Pneumonia

amoxicillin-clavulanic acid, 1131
ampicillin-sulbactam, 285, 286t, 287
azithromycin, 1131, 1138
cefaclor, 380
cefadroxil, 374
cefdinir, 536
cefotaxime, 285, 286t
cefoxitin, 287
cefprozil, 378
cefuroxime, 285, 286t
cephlosporins, 285, 286t, 287
clarithromycin, 1107t, 1108–1109
community-acquired

piperacillin-tazobactam acid, 243
ticarcillin-clavulanic acid f, 243

imipenen-cilastatin, 285, 286t
meropenem-vaborbactam, 239
mezlocillin, 285, 286t
penicillin, resistance, 36
piperacilin-tazobactam, 335t, 336
piperacillin for, 199
spiramycin, 3179–3180
ticarcillin-clavulanate, 285, 286t, 336

Loxacin, in vitro synergy and antagonism, 1303
L-phase variants, 42
Lumefantrine

concentration-dependent activity, 4t
drug interactions

lopinavir-ritonavir, 4094t
quinine, 3064

Lung, antimicrobial distribution in
ceftiazidime, 557–558
ceftriaxone, 480
ertapenem, 754
roxithromycin, 1089

Lung adenocarcinoma, radezolid, 1355
Lung cancer, trimetrexate, 1769, 1773
Lung flukes. See also Opistorchis viverrini; 

Paragonimus
praziquantel, 3387t

Lung. See also Abscess, lung
aciclovir, 3460
antimicrobial distribution in

amodiaquine, 3051
amphotericin B, 2579, 2633f
amphotericin B, liposomal, 2614
amphotericin B-lipid complex, 2632
avarofloxacin, 2160
azithromycin, 1126
caspofungin, 2669
cethromycin, 1174, 1175t
chloroquine, 3037
ciprofloxacin, 1897
clarithromycin, 1101
clindamycin, 1483
clofazimine, 2536
cycloserine, 2523
enoxacin, 2174
eravacycline, 1282–1283
fluconazole, 2763
ganciclovir, 3510
garenoxacin, 2202
gatifloxacin, 2222
gentamicin, 974
iclaprim, 1779t
isavuconazole, 2863
itraconazole, 2793, 2794
levofloxacin, 2068
linezolid, 1310
lomefloxacin, 2248
minocycline, 1234–1235
ofloxacin, 2016
omadacycline, 1269
oritavancin, 912

pentamidine, 3273–3274
piperacillin-tazobactam, 328t, 329
prulifloxacin/ulifloxacin, 2150
pyrazinamide, 2363
pyronaridine, 3011
pyronaridine-artesunate, 3013
rifabutin, 2437
rifampicin, 2383
rifapentine, 2465
solithromycin, 1186, 1187
sparfloxacin, 2297
spiramycin, 3177
telithromycin, 1160–1161
terbinafine, 2714
tigecycline, 1255–1256
trimetrexate, 1771
vancomycin, 803, 804

daptomycin inhibition in, 879–880
Lung surgery prophylaxis, cefepime, 590
Lung transplantation, as bronchiolitis obliterans 

cause, 1138
Lung transplant recipients

CMV infections
ganciclovir, 3520, 3521

foscarnet use in, 3606
letermovir use in, 3625

Lupus erythematosus, drugs causing
minocycline, 1237
rifampicin, 2390

Lupus erythematosus-like syndrome, drugs causing
para-aminosalicyclic acid, 2491
tigecycline, 1258

LY 146032. See Daptomycin
LY-303366. See Anidulafungin
Lyclear Crême Rinse. See Permethrin
Lyell’s syndrome. See Toxic epidermal necrolysis 

(Lyell’s syndrome)
Lyme arthritis, doxycycline, 124
Lyme disease. See Borrelia burgdorferi (Lyme  

disease)
Lymphadenitis

cephalexin, 366
cervical

ciprofloxacin, 1938
rifabutin, 2441

clindamycin, 1490
Lymphadenopathy

enfuvirtide, 4301
minocycline, 1236–1237
streptomycin, 2479
suramin, 3232
toxoplasma, 1596–1597

nontreatment, 1596–1597
Lymphatic fluid, antimicrobial distribution in

ciprofloxacin, 1896
erythromycin, 1072
furazolidone, 3189

Lymphedema, clofazimine, 2536
Lymph nodes/tissue, antimicrobial distribution in

aciclovir, 3461
azithromycin, 1126
clofazimine, 2536
cobicistat, 4184t
doxycycline in, 1209, 1209t
minocycline, 1235
ritonavir, 4184t, 4185

Lymphocytic choriomeningitis virus, ribavirin, 4370
Lymphogranuloma venereum

doxycycline, 1214–1215, 1596
erythromycin, 1077
sulfonamides, 1596
trimethoprim-sulfamethoxazole, 1665

Lymphohistiocytosis, hemophagocytic, doxycycline, 
1219

Lymphoma
Burkitt’s, zidovudine, 3682
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Lymphoma (continued)
gastric mucosa-associated lymphoid tissue 

(MALT), tetracycline, 1200
HCV-related, ribavirin-pegylated interferon, 4391
non-Hodgkin’s

nelfinavir, 4083
zidovudine, 3682

ocular adnexal, doxycycline, 1221
Lymphoproliferative conditions, HIV-associated, 

zidovudine, 3681
Lypmphopenia, pyronaridine-artesunate, 3014
Lysergic acid diethylamide (LSD), metabolism, 4201
Lysosomes, oritavancin concentrations in, 912

M
Macrocytosis

stavudine, 3764
zidovudine, 3670–3671, 3670t, 3672

Macrolide-lincosamide-streptogramin cross- 
resistance phenotype, 1471–1473, 1474

Macrolides. See also Azithromycin; Cethromycin; 
Clarithromycin; Erythromycin; Josamycin; 
Rosaramicin; Roxithromycin; Telithromycin

for campylobacteriosis, 487
chronic use, 1137
drug interactions, 1153

artemether-lumefantrine, 2978
clindamycin, 1486, 1487t
maribavir, 3643
mechanisms of, 1127
pentamidine, 3275
rilpivirine, 4000t
trimetrexate, 1771–1772

global consumption patterns, 5f
mechanism of action, 1159
as pertussis treatment, 124
resistance and cross-resistance, 1137, 1471–1472
use in food animals, 12t

Macromethod Etest, 790
Macrophages, antimicrobial distribution in

alveolar
amphotericin B, 2579
amphotericin B, liposomal, 2614
amphotericin B-lipid complex, 2632
anidulafungin, 2699
avarofloxacin, 2160
chloramphenicol, 1524
ciprofloxacin, 1897
clindamycin, 1483
eravacycline, 1283
garenoxacin, 2202
gatifloxacin, 2222
gemifloxacih, 2115
iclaprim, 1779t
itraconazole, 2793, 2794
levofloxacin, 1897
moxifloxacin, 2089
ofloxacin, 2016
pefloxacin, 2281
rifampicin, 2383
rufloxacin, 2292
solithromycin, 1186
sparfloxacin, 2297
trimethoxazole, 1644
voriconazole, 2829

amikacin, 1017
amphotericin B, liposomal, 2614
clarithromycin, 1101
clofazimine, 2534
dalbavancin, 923
doxycycline, 1212
erythromycin, 1072
miltefosine, 3296
oritavancin, 912, 923
pyrazinamide, 2363

rifapentine, 2465
roxithromycin, 1090
spiramycin, 3177
tedizolid, 1364
teicoplanin, 923
telavancin, 933–934
vancomycin, 923

MAC. See Mycobacterium avium complex
Maculopapular eruptions, zalcitabine, 3724
Maculopapular exanthems, pencillin G-related, 50
Madura foot. See Mycetoma (Madura foot)
Madurella (maduromycosis)

amphotericin B, resistance, 2571
ciclopirox, 2909
flucytosine, resistance, 2020
ketoconazole, 2732t, 2733
ravuconazole, 2877
terbinafine, 2716–2717

Mafendine (sulfamylon), for burns, 1602, 1603
Magnesium, drug interactions

garenoxacin, 2201
prulifloxacin/ulifloxacin, 2150
tetracycline, 1197

Magnesium-containing antacids, drug interactions
delavirdine, 3962
fleroxacin, 2186
lomefloxacin, 2249
nemonoxacin, 2163
pefloxacin, 2282
raltegravir, 4220, 4220t
rilpivirine, 4000t

Magnusiomyces capitatus, ketoconazole, 2733
Malabsorption syndrome, drugs causng

clofazimine, 2537
neomycin, 1049
para-aminosalicyclic acid, 2490

Malaise, drugs causing
ivermectin, 3356
melarsoprol, 3246
nevirapine, 3876

Malakoplaskia, ciprofloxacin, 1938
Malaria. See Plasmodium species
Malarone. See Atovaquone-proguanil
Malassezia

albaconazole, 2872t
amphotericin B, 2570
ketoconazole, 2745
terbinafine, 2710

Malassezia furfur
amphotericin B, 2572t
amphotericin B-lipid complex, resistance, 2629
butenafine, 2720–2721
ciclopirox, 2909
ketoconazole, 2746
miconazole, 2812, 2813t
rilopirox, 2914

Malassezia globosa, ketoconazole, 2733
Malassezia pachydermatis, ketoconazole, 2733
Malassezia restricta, ketoconazole, 2733
Malassezia slooffiae, ketoconazole, 2733
Malassezia sympodialis, ketoconazole, 2733
Malate pathway, 1814
Malathion, 3428–3434

administration mode, 3430
adverse reactions and toxicity, 3431, 3433–3434
antimicrobial activity, 3429
chemical structure, 3428, 3429f
clinical uses, 3432t–3433t, 3434
dosage, 3430

overdose, 3431
excretion, 3431
mechanism of action, 3429–3430
pharmacokinetics/pharmacodynamics,  

3430–3431
poisoning, 3431

prohibitions of, 3423
resistance, 3429

Maldison. See Malathion
Malnutrition

metronidazole biotransformation in, 1816
suramin toxicity in, 3230

Maloprim. See Pyrimethamine-dapsone
Mandelamine. See Methenamine hippurate; 

Methenamine mandelate
Mandelic acid, 1799. See also Methenamine 

mandelate
Mange mites. See also Boophilus microplus; Demodex; 

Psoroptes; Sarcoptes
moxidectin, 3362

Mania, drugs causing
amantadine, 4536
chloroquine, 3039
didanosine, 3708
pefloxacin, 2283
zidovudine, 3673

Mansil. See Oxamniquine
Mansonella spp. (mansonellosis)

ivermectin, 3352t, 3360
Mansonella streptocerca

ivermectin, 3352t
Maraviroc, 4307–4320

administration mode, 4308
adverse reactions and toxicity, 4312, 4313t
antiviral activity, 4307
chemical structure, 4307, 4307f
clinical use, HIV-1 virus infection, 4312–4318

in adults, 4314–4316, 4314t, 4315t, 4316t
CD cell recovery, 4316–4317, 4318
efavirenz versus, 3941
HIV-1 prevention, 4317–4318
HIV cure studies, 4317
immune restoration disease treatment, 4317

dosage, 4308–4309
drug interactions, 4311–4312

atazanavir, 4150t
darunavir, 4131t
elvitegravir, 4236
fosamprenavir, 4111t, 4114
rifampicin, 2385, 2387
ritonavir, 4187, 4188t
saquinavir, 4031t, 4035

in vitro synergy and antagonism, 4308
mechanism of action, 4307, 4308
pharmacokinetics/pharmacodynamcis

bioavailability, 4309, 4310t
clinically important features, 4311
distribution in body, 4309, 4310t, 4311
excretion, 4310t, 4311

resistance and cross-resistance, 4307–4308, 4308f
Maraviroc Versus Optimal Therapy in Viremic 

Antiretroviral Treatment Experienced Patients 
(MOTIVATE) studies, 4303, 4312, 4314–4315, 
4315t

Marburg virus
chloroquine, 3033
investigational drugs

AVI-7287, 4632t, 4642
AVI-7288, 4632t, 4642
BCX4430, 4632t
favipiravir, 4632t

Marek disease virus, aciclovir, 3451
Maribavir, 3640–3646

administration mode, 3642
adverse reactions and toxicity, 3643–3644
antiviral activity, 3640–3641
chemical structure, 3640, 3640f
clinical uses, 3644–3645
dosage, 3642
drug interactions, 3643
excretion, 3643
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in vitro synergy and antagonism, 3641
mechanism of action, 3641–3642
pharmacokinetics/pharmacodynamics, 3642–3643
resistance and cross-resistance, 3641

Marijuana, drug interactions
CYP3A4 inhibitors, 4201
doltegravir, 4261t

Mast cells, miltefosine in, 3296
MASTER Italian Cohort, 3934
MATE-1 transporter, 2063
Matrix-Assisted Laser Desorption/Ionization 

TIme-of-Flight Mass Spectrometry 
 (MALDI-TOF MS), 1808

Matrix metalloproteinases, doxycycline-related 
inhibition, 1207, 1220

Mayaro virus, chloroquine, 3033
Mazlocillin, as meningitis treatment, 653
Mazzotti patch test, 3372
Mazzotti reactions, 3356, 3357t, 3364, 3370
MDM, 51
MDV-804, 4630t, 4636
MDV-845, 4630t, 4636
Measles virus (measles)

pneumonia prophylaxis, trimethoprim- 
sulfamethozaole, 1688

ribavirin, 4368, 4368t, 4392–4393
Meat, streptomycin, 2471
Meat production, as Campylobacter resistance cause, 

3176
Meat production. See Food animals
Mebendazole, 3330–3337

administration mode, 3331
adverse reactions and toxicity, 3332–3333
antimicrobial activity, 3330
chemical structure, 3330, 3330f
clinical uses

angiostrongyliasis, 3333t, 3335
ascariasis, 3333, 3333t
capillariasis, 3333t, 3335
echinococcus, alveolar, 3335
echinococcus, cystic, 3333t, 3334–3335
enterobiasis, 3333t, 3334
hookworm, 3333–3334
mansonellosis, 3335
strongyloidiasis, 3333t, 3334
toxocariasis, 3333t, 3335
trichinosis, 3333t, 3335
trichostrongyliasis, 3333t, 3334
trichuriasis, 3333

dosage, 3331, 3333t
drug interactions, 3332

metronidazole, 1821
ritonavir, 4188t

mechanism of action, 3330–3331
pharmacokinetics/pharmacodyanmics

bioavailability, 3331–3332
clinically important features, 3332
distirubion in body, 3332
excretion, 3332

resisistance and cross-resistance, 3330
veterinary use, 3338

mecA gene, 136, 137, 144, 255, 472, 626, 750
SCCmec gene complexes of, 137
see-saw effect and, 152

Mechanically-ventilated patients
ceftiazidime use in, 559
ciprofloxacin use in, 1897
norfloxacin use in, 1994

Mecillinam
action mechanisms, 210
administration routes, 210
adverse reactions and toxicity, 212
antimicrobial activity, 40, 207, 208t
beta-lactamase sensitivity, 208
bioavailability, 211

chemical structure, 207, 207f
clinical uses

paratyphoid fever, 213
pyelonephritis, 214
Salmonella infections, 213
septicemia, 210, 214
Shigella infections, 214
typhoid fever, 213
UTIs, 209, 210, 212
Vibrio infections, 213–214

combination therapy, 214
combined with ampicillin, 209
dosage, 210

altered, 210–211
drug interactions, 212
excretion, 212
in vitro synergy and antagonism, 209, 213
minimum bactericidal concentrations (MBCs), 209
minimum inhibitory concentrations (MICs), 208, 

209, 210
pharmacokinetics/pharmacodynamics, 211–212
postantibiotic effect, 211
resistant and cross-resistance, 208–209
sensitivity testing, 209

Mectizan. See Ivermectin
Medécins Sans Frontières, 3884
Mediastinal spaces, linezolid in, 1310
Medicines for Malaria Venture, 2976, 3006, 3110, 

3129
Médicins Sans Frontières, 3253
MedImmune Incorporated, 1769
Meditab Specialities, 3773
Mediterranean spotted fever

ciprofloxacin, 1935
clarithromycin, 1111
doxycycline, 1935
josamycin, 1154
rifampicin, 2407

mef(A) gene, 1069
mef(E) gene, 1069
Mefloquine, 3075–3090

administration modes, 3077–3078
adverse reactions and toxicity, 3082–3084

contraindications and risk factors, 3084
FDA warnings/label changes, 3084
neurologic side effects, 3082–3084, 3083t

antimicrobial activity, 3075–3077
chemical structure, 3075, 3075f
clinical uses, malaria, 3084–3086

combined with artesunate, 3085
monotherapy, 3075, 3085
monotherapy for malaria, 3085
prophylaxis, 1601, 3085
standby emergency treatment, 3085–3086

in combination with tetracycline, 1197
dosage, 3077–3079, 3078t

for malaria monotherapy, 3078–3079, 3080
for malaria prophylaxis, 3078, 3080

drug interactions, 3081–3082
artemether-lumefantrine, 2978
halofantrine, 3094
pentamidine, 3275
saquinavir, 4037t

mechanism of action, 3077
pharmacokinetics/pharmacodynamics

bioavailability, 3079–3080
clinically important features, 3081
distribution, 3080–3081
excretion, 3081

resistance and cross-resistance, 3077
resistance prevention, 3079

Mefloquine-artesunate
bioavailability, 3080
dosage, 3075, 3079

Megalocin. See Fleroxacin

Megazol combination therapy, 3228
Meglumine antimoniate

adverse reactions and toxicity, 3284
bioavailability, 3284
chemical structure, 3280, 3280f
clinical uses, 3288–3289
dosage, 3282, 3283

Meibomian gland dysfunction
betamethasone-sulfacetamide, 1604
dixycycline, 1242
minocycline, 1242

Melagatran, interactions with azithromycin, 1128
Melanin, minocycline’s chelation with, 1237, 1238
Melanin-containing tissues, chloroquine in, 3037
Melanoma, zidovudine, 3682
Melarsen oxide, 3237
Melarsoprol, 3237–3252

administration mode, 3241–3242, 3241t
adverse reactions and toxicity, 3237, 3241–3242, 

3243–3246
antimicrobial activity, 3237–3238, 3238t
chemical structure, 3237, 3237f
clinical uses, 3246

10-day regimen, 3247–3248
in children, 3250
combination therapy, 3218–3219, 3248–3250

combination therapy, 3254
cross-resistance, 3240
dosage, 3241–3243, 3241t
in vitro synergy and antagonism, 3240, 3254
mechanism of action, 3240–3241
pharmacokinetics/pharmacodynamics

bioavailability, 3242
distribution in body, 3242–3243
excretion, 3242, 3243

resistance and cross-resistance, 3218, 3238–3239
tests for, 3239

Melegratan, interactions with azithromycin, 1128t
Melioidosis. See Burkholderia pseudomallei 

(melioidosis)
Memory problems, voriconazole, 2832
Menavir. See Brivudin
Ménière disease

gentamicin, 981
streptomycin, 2482

Meningitis
amoxicillin, 114
amphotericin B-lipid complex, 2637
ampicillin, 108, 111
ampicillin-sulbactam, 242–243, 284

in children, 293
with anthrax

fluoroquinolone, 67
linezolid, 1497
penicillin G, 67
rifampicin, 2409
vancomycin for, 67

azlocillin, 195
Brucella, doxycycline, 1215
Candida, amphotericin B, 2588
cefepime, 596
cefoperazone-sulbactam, 419–420
cefotaxime, 426, 436, 444–446, 445t, 1529
cefoxatime, 432
ceftazidime-avibactam, 244
ceftriaxone, 444, 446, 475–476, 478, 479, 487–490, 

489t, 1529
cefuroxime, 389, 391
cephalosporins, 715
in children, nafcillin, 170
chloramphenicol, 1218, 1523, 1529–1530
ciprofloxacin, 1930–1931
coccidioidal

amphotericin B, 2594
ketoconazole, 2746
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Meningitis (continued)
cryptococcal

albaconazole, 2874
amphotericin B, 2586–2587
amphotericin B, liposomal, 2617–2618
flucytosine, 2923–2924

daptomycin, 897–898
experimental studies, 897

drugs causing
cefaclor, 379
cefazolin, 354
fumagillin, 3184
peramivir, 4619
trimethoprim, 1654–1655
trimethoprim-sulfamethoxazole, 1654–1655

enterococcal
linezolid, 1326
vancomycin, 815

Escherichia coli
aztreonam, 653
cefotaxime, 444, 446
ceftazidime, 653
imipenem, 653
mezlocillin, 653

Flavobacterium meningosepticum
erythromycin, 1079
mezlocillin-cefoxitin, 197

fusidic acid, 1415
gentamicin, 979
group B streptococcal

penicillin G for, 26, 56
Haemophilus influenzae

aztreonam, 653
cefotaxime, 444, 446, 563, 653
ceftazidime, 563
ceftriaxine-meropenem, 474
ceftriaxone, 563, 653
penicillin G, 59
sulfonamides, 1595

imipenem-cilstatin, 675, 679
intraventricular device-related, vancomycin, 

814–815
Klebsiella

cefotaxime, 444, 446
meropenem, 446
trimethoprim-sulfamethoxazole, 446

linezolid, 1326
Listeria

ampicillin, 197
mezlocillin, 197
moxifloxacin, 2102

meropenem, 714–715
metronidazole, 1823, 1826
mezclocillin for, 195
mixed-type, 60
moxifloxacin, 1930
MRSA, vancomycin, 814–815
Neisseria

cefotaxime, 444, 446
cefotaxime-resistant, 446
penicillin G, 32, 68

neonatal
erythromycin, 1077
gentamicin, 979
kanamycin, 954
penicillin G, 59–60
trimethoprim-sulfamethoxazole, 1663–1664

ofloxacin, 7
pefloxacin, 2283
penicillin G, 52, 59, 67

adverse effects, 52
penicillin G f, 45, 46, 59
piperacillin, 195, 199
pneumococcal

cefaclor-related, 379
cefazolin-related, 354

cefotaxime, 36–37, 59
ceftriaxone, 36–37, 59, 480–481
erythromycin, 1076
linezolid, 1326
penicillin G, 41–42, 59
rifampicin, 2405
vancomycin, 36
vancomycin-ceftriaxone, 815–816

postsurgical
cefepime, 596
meropenem, 596, 715
teicoplanin, 856
vancomycin, 596, 814–815

prophylaxis
cefotaxime, 438
sulfonamides, 1595

pseudomonal
azlocillin, 195, 197
carbenicillin, 178
cefepime, 596
piperacillin, 195, 199
ticarcillin combination therapy, 182

Pseudomonas aeruginosa
ticarcillin for, 178

Rhodococcus, vancomycin, 815
Salmonella

chloramphenicol, 1529
trimethoprom-sulfamethoxazole, 1667

shunt-related, meropenem, 715
staphylococcal

linezolid, 1326
methicillin, 155
nifacillin, 169
nifacillin-rifampicin, 169
oxacillin, 155
vancomycin, 814–815

streptococcal
cefotaxime, 444, 446
ceftriaxone, 446
penicillin G, 57
piperacillin, 199

third-generation cephalosporins, 1529–1530
ticarcillin-clavulanic acid, 310
trauma-induced, meropenem, 715
trimethoprim-sulfamethoxazole, 1663–1664
trovafloxacin (withdrawn from market), 2311
tuberculous

ethambutol, 2350
isoniazid, 2326–2327
levofloxacin, 2072

as upper respiratory infection complication, 96
Meningococcal infections. See Neisseria meningitidis
Meningococcus. See Neisseria meningitidis
Meningoencephalitis

aciclovir-resistant virus-related, 3470–3471
Candida, amphotericin B, liposomal, 2618
crytpococcal, amphotericin B, 2586
sulfamethoxazole, 1587
trimethoprim-sulfamethoxazole, 1587
varicella-zoster, aciclovir, 3476

Menstrual irregularities, ketonconazole-related, 2744
Mentally-unstable patients, nalidixic acid precautions 

in, 2265
Mentax. See Butenafine
Mepacrine hydrochloride. See quinacrine
Mepacrine. See quinacrine
Meperidine, interactions with tipranavir-ritonavir, 

4168
Mephaquin. See Melfoquine
Meptazinol, for Jarisch-Herxheimer reaction, 52
Mercaptothion. See Malathion
Merck, Sharpe, and Dohme Research Laboratories, 663
Merck & Co., 944, 1547, 3351, 3385, 3387, 4630t

Study for Monitoring Antimicrobial Resistance 
Trends (SMART), 747, 748

Merck DMP 266-066 study, 3944

Merck Protocol 005 Study, 4216
Merck Research Laboratories, 2664, 3907
Merck Sharpe & Dhome, 3338
Merck Sharpe & Dohme, 636
MERIT studies, 3941, 4315–4316, 4316t
MerLion Pharmaceuticals, 2139
Meropenem

administration modes, 704
continuous/prolonged infusion, 707–709

adverse reactions and toxicity, 710–711, 710t
antimicrobial activity, 31

anaerobic bacteria, 699, 701t
comparison with doripenem, 698
comparison with ertapenem, 698
comparison with imipenem, 698
EUCAST criteria, 699
Gram-negative aerobic bacteria, 697, 698–699, 

700t–701t, 703–704
Gram-negative anaerobic bacteria, 699, 701t
Gram-negative bacteria, 708, 709
Gram-positive aerobic bacteria, 697–698, 698t
in vitro synergy and antagonism, 1397
minimum inhibitory concentrations, 697, 698t, 

699, 700t–701t, 702
bioavailability, 705
chemical structure, 697, 697f, 735
clinical uses

bacterial meningitis, 446
community-acquired pneumonia, 714
cystic fibrosis-associated pulmonary exacerba-

tions, 714
Escherichia coli bacteremia, 243
febrile neutropenia, 562, 704, 712t–713t, 715
febrile neutropenia empiric therapy, 337
gynecologic infections, 712t, 714
hospital-acquired pneumonia, 704, 712t, 714
intraabdominal infections, 442, 569–570
intra-abdominal infections, 704, 712t, 713
melioidosis, 714
meningitis, 596, 714–715
necrotiziing pancreatitis, 712t
necrotizing fasciitis, 713
nosocomial pneumonia, 244
obstetric infections, 712t, 714
pancreatitis, 713–714
penumococcal meningitis, 36–37
peritonitis, 712t, 713
skin infections, 704, 711, 712t, 713
soft tissue infections, 704, 711, 712t, 713
surgical site infections, 713
ventilator-associated pneumonia, 709

in combination with
clavulanate, 699
daptomycin, 713
doripenem, 703
ertapenem, 703
vaborbactam. See Meropenem-vaborbactam

dosage, 704–705, 705t, 706t
in obese patients, 709

drug interactions, 710
synergistic and antagonistic, 1256

forumlations, 697
in vitro synergy and antagonism, 703, 1304, 

2373–2374
mechanism of action, 703–704, 730, 751
minimum inhibitory concentrations, 707–708
pharmacokinetics/pharmacodynamics, 705–709, 

706t, 707t, 708t
distribution, 705, 707, 708t
excretion, 710

postantibiotic effect, 709
resistance and cross-resistance, 699, 701

class A carbapenemases in, 701–702
class B metallo-beta-lactamases in, 702
class D carbapenemases in, 702–703
membrane permebility and efflux in, 703
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Meropenem-vaborbactam, 236, 715–716
clinical uses, 244–245

Meropenem Yearly Susceptibility Test Information 
Collection (MYSTIC) program, 322, 324, 677

Merperidine-normeperidine, interactions with 
tipranavir-ritonavir, 4167t

Mersacidin, 941
Mesalazine (5-aminosalicyclic acid), as inflammatory 

bowel disease treatment, 1601–1602
Mesh pockets, rifampicin-impregnated, 2402
Mesoridazine, interactions with fluconazole,  

2765
Metabolic syndrome, darunavir, 4134
Metabolic toxicity

darunavir, 4134
didanosine, 3709
efavirenz, 3926–3930
nalidixic acid, 2265
stavudine, 3762–3763

Metagonimus yokogawai
niclosamide, 3408
praziquantel, 3385, 3387t, 3392t

Metal cations/ions, drug interactions
doltegravir, 4259, 4262t
nalidixic acid, 2264
prulifloxacin/ulifloxacin, 2150

Metallo-beta-lactamases
avibactam inactivity against, 567
aztreonam resistance, 645, 651
carbapenem resistance, 702
cefepime hydroysis, 586
ceftiazidime-avibactam susceptibility, 566–567
ceftolozane-tazobactam susceptibility, 639
cefuroxime susceptibility, 386
Class B, 702
in doripenem resistance, 730
imipenem, 673
imipenem susceptibility, 665, 672
piperacilin-tazobactam resistance, 323t
S-649266, 658, 658t, 659

Metalloenzymes, in fosfomycin resistance, 1395t, 
1396

Metampicillin, 101t
Metastatic cancer, doxycycline, 1207
Metclopramide, interactions with atovaquone,  

3122
Metformin, drug interactions

cephalexin, 364
doltegravir, 4258, 4261t

Methacillin, comparison with nafcillin, 162
Methadone, drug interactions

abacavir, 3783
ciprofloxacin, 1905
darunavir, 4133t
delavirdine, 3965
didanosine, 3706
doltegravir, 4261t
efavirenz, 3918
etravirine, 3980t
fosamprenavir, 4112
lopinavir-ritonavir, 4093, 4095t
nevirapine, 3871t, 3873
rifampicin, 2385, 2386t
rilpivirine, 4001t
stavudine, 3761
tipranavir-ritonavir, 4167, 4167t

Methamphetamines, interactions with ritonavir, 
4200–4201

Methane sulfonic acid, 1374
Methanobacterium, bacitracin, 1454
Methanococcus, bacitracin, 1454
Methemoglobinemia

dapsone, 1752, 1756, 1762
primaquine, 3103, 3104
sulfonamides, 1590
tafenoquine, 3113

Methenamine hippurate, 1799–1804
adverse reactions and toxicity, 1802
antimicrobial activity, 1800
bioavailability, 1801
chemical structure, 1800f
clinical uses, 1802–1803
in combination with trimethoprim, 1689
dosage, 1800, 1801
excretion, 1801
pharmacokinetics/pharmacodynamics, 1801
resistance, 1800

Methenamine mandelate, 1799–1804
administratiom mode, 1800
adverse reactions and toxicity, 1802
antimicrobial activity, 1800
bioavailability, 1801
clinical uses, 1802
distribution in body, 1801
excretion, 1801
pharmacokinetics/pharmacodynamics, 1801
resistance, 1800

Methicillin, 136–142
administration mode, 138
adverse reactions and toxicity, 136, 139–140, 153, 

181
antimicrobial activity, 136–138
bioavailability, 138–139
chemical structure, 136f
clinical uses

cerebrospinal shunt replacement, 139
endocarditis, 138
severe staphylococcal infections, 155
staphylococcal meningitis, 155
staphylococcal pneumonia, 155
Staphylococcus aureus infections, 140–141
Staphylococcus epidermidis infections, 141

dosage, 138, 140
drug interactions, 138, 139
in vitro synergy and antagonism, 1396
mechanism of action, 138
minimum inhibitory concentrations (MICs), 136, 

138
pharmacokinetics and pharmacodynamics, 

138–139
distribution, 139, 151
excretion, 138, 139

resistance and cross-resistance, 35, 136–138
methicillin, resistance to, 136
Methicillin-resistant coagulase-negative 

staphylococci
imipenem, resistance, 664
linezolid, 1294
minocycline, 1230

Methicillin-resistant Staphylococcus aureus (MRSA), 
1319, 1321t, 1322–1324, 1326–1327

amikacin, resistance, 1010–1011
amoxicillin-clavulanic acid, 255, 269

resistance, 225
ampicillin-amoxicillin, resistance, 103
ampicillin-sulbactam, resistance, 281
antibiotic resistance

mechanisms of, 281
in vitro susceptibility, 280

avarofloxacin, 2157, 2158t, 2160, 2161
biapenem, resistance, 773
biofilm-embeded, 1299
carbapenem, resistance, 137
carriage eradication

clindamycin, 1499
mupirocin, 1463, 1463t, 1464

cefaclor, resistance, 376
cefadroxil, resistance, 371
cefazolin, 354
cefazolin, resistance, 349
cefazolin-resistant, 355
cefobiprole, resistance, 626

cefoperazone-sulbactam, resistance, 415, 416t
cefotaxime, resistance, 442–443
cefotaxime, resistant, 426
cefotiam, resistance, 397, 398t
cefotixin, resistance, 404t
cefpirome, resistance, 579
cefprozil, resistance, 376
ceftaroline, 603, 604t, 605–606, 607, 612

resistance, 607, 626–627
ceftaroline-avibactam, 613, 613t
ceftaxidime, resistance, 548
ceftobiprole, 619, 620t, 621, 623, 627, 629, 630t
ceftriaxone, resistance, 464–465, 466t, 472
cefuroxime, resistance, 384t, 386
cephalexin, 365
cephalosporins, 137, 269

resistance, 137
cephalothin, resistance, 349
cephalothin-resistant, 355
cephradine, resistance, 371
chloramphenicol, 1516
ciprofloxacin, 871, 1931

resistance, 1884, 1920, 1922, 2086
ciprofloxacin, resistance, 1868t, 1871, 1930
clarithromycin, resistance, 1097, 1098t
clindamycin, 1469t, 1481, 1491t, 1492, 1493, 1496

resistance, 1472–1473
clindamycin, resistance, 1357
clofazimine, 2534
clones of, 137
community-acquired strains, 1626

clindamycin, 1491t, 1492, 1496, 1497
clindamycin, resistance, 1473
dalbavancin, 919
doxycycline, 1204
trimethoprim-sulfamethoxazole, 1492
vancomycin, 786

dalbavancin, 917, 918t, 920, 923, 925–927
dapsone-trimethoprim, 1746
daptomycin, 300–301, 867, 868t, 871–872, 874, 

882–883, 889, 890
bacteremia, 893
combination therapy, 892–893
community-acquired infections, 898
foreign-body models, 895–896
protein binding effects, 882
resistance, 873, 894–895

delafloxacin, 2132, 2133–2134, 2133t, 2135, 2137
doripenem, resistance, 723, 724t
empiric treatment for, 269
enoxacin, 2171–2172, 2172t
eravacycline, 1283
ertapenem, resistance, 743
erythromycin resistance, 1357
evolution of, 137
faropenem, resistance, 765–766, 766t
finafloxacin, resistance, 2141
fleroxacin, resistance, 2181t, 2182
fosfomycin, 1394, 1394t, 1396, 1401
fusidic acid, 1407, 1408t, 1410, 1414–1415

resistance, 1409, 1412–1413
garenoxacin, 2196t, 2198, 2199–2200, 2203
gatifloxacin, resistance, 2218–2219
gdpP mutations, 626–627
gemifloxacin, 2110, 2111t
gentamicin, 871, 964

resistance, 964
gentamicin resistance, 1357
glycopeptides, resistance, 839–840
glycopeptides-intermediate, 1374
healthcare-associated (epidemic) strains, 1626
hospital-acquired, 137

clindamycin, resistance, 1472, 1473
iclaprim, 1775, 1776, 1776t, 1780
imipenem, resistance, 664
imipenem-cilastatin, resistance, 681
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Methicillin-resistant Staphylococcus aureus (MRSA) 
(continued)

isepamicin, resistance, 1040
isoxazoylyl penicillin, resistance, 144
lefamulin, 1556–1557, 1557t
levofloxacin, resistance, 1357, 2056, 2056t, 2057
lincosamide, resistance, 1472
lincosamide resistance, 1472
linezolid, 1294, 1296t, 1306, 1319, 1321t, 

1322–1324
in combination therapy, 1303, 1304
foreign-body models, 895–896
resistance, 1299

mecA gene, 136, 137, 138, 626
mechanisms of resistance in, 30, 136–138, 472
meropenem, resistance, 697–698
minocycline, 1230, 1234, 1239

resistance, 1230
moxifloxacin, resistance, 2086, 2086f
multilocus sequence typing (MLST) of, 137
mupirocin, 1460

resistance, 1416, 1461
nafcillin, 871
nasal carriage eradication, ramoplanin, 942
nemonoxacin, 2158t, 2161–2162
neomycin resistance, 1047
netilmicin, 1029

resiistance, 1030
nonpurulent versus purulent, 365
norfloxacin, 1987

resistance, 1987–1988
novobiocin, 1450
novobiocin resistance, 1451
ofloxacin, resistance, 1922, 2004–2005, 2005t, 

2008, 2009, 2035–2036
omadacycline, 1268t, 1270
oritavancin, 909t, 910
oxacillin, 151–152

combined with vancomycin, 151–152
pbp2 mutations, 626–627
pbp4 mutations, 626–627
pefloxacin, resistance, 2278, 2278t
penicillin-binding protein 2a, 322, 607
piperacillin-tazobactam, resistance, 227t, 229, 319, 

322
plazomicin, 1055

resistance, 1054, 1054t
pristinamycin, 1387, 1389–1390
quinone-resistance-determining regio (QRDR) 

mutations, 2133–2134
quinopristin-dalfopristin, 1374, 1383, 1384
radezolid, 1354
retapamulin, 1562, 1562t, 1566
rifampicin, 2370t, 2372, 2396, 2397, 2400

foreign-body models, 895
resistance, 2377–2378

rifapentine, 2464
rifaximin, resistance, 2452t
roxithromycin, 1088t
rufloxacin resistance, 2290, 2291t
sitafloxacin, 2122, 2123–2014, 2123–2124, 2123t
sitofloxacin, 2128
solithromycin, 1179
streptomycin, 2472
tedizolid, 1356, 1357, 1358t, 1360, 1365–1366, 

1369–1371
teicoplanin, 837, 838t, 843, 849, 852–854

combined with fosfomycin, 841
resistance, 839

telavancin, 930–931, 931t, 932, 934–935, 936, 937
telithomcyin, resistance, 1158
tetracycline, resistance, 1357
ticarcillin-clavulanic acid, 299–300, 300t, 308

resistance, 300, 300t, 310–311
tigecycline, 1251, 1256, 1258

tobramycin, resistance, 993
tosufloxacin, resistance, 2304, 2305t
trimethoprim, 1626
trimethoprim, resistance, 1637t
trimethoprim-sulfamethoxazole, 365, 1626

resistance, 1634, 1637t
trimethoxazole-sulfamethoxazole, 1662–1663, 

1664
trovafloxacin, 2310
vancomycin, 354, 606, 786, 786t, 804, 871, 890

bacteremia, 893
combination therapy, 792–793
combined with oxacillin, 151–152
failure rates, 813
foreign-body models, 895–896

virulence factors in, 873
in vitro antibiotic susceptibility, 280
zabofloxacin, 2158t, 2164

Methicillin-resistant Staphylococcus epidermidis 
(MRSE), 141

ciprofloxacin, resistance, 1868t, 1871
enoxacin, 2171–2172, 2172t
isoxazoylyl penicillin, resistance, 144
lomefloxacin, 2246, 2246t
oxacillin, 144, 146
tosufloxacin, resistance, 2304, 2305t
vancomycin combination therapy, 793

Methicillin-resistant Staphylococcus saprophyticus, 30
Methicillin-resistant Streptococcus pyogenes, 

gatifloxacin resistance, 2214t, 2216
Methicillin-susceptible Staphylococcus aureus

ceftaroline, 604t, 605, 606
Methicillin-susceptible Staphylococcus aureus 

(MSSA)
avarofloxacin, 2158t, 2160
biapenem, 773
carrier state eradication, mupirocin, 1464
cefazole, 355
cefobiprole, 629, 630t
cefotiam, 397
ceftaroline-avibactam, 613, 613t
ceftriaxone, 154, 464
cephalexin, 361, 362t
cephalothin, 355
clarithromycin, 1097, 1098t
clinafloxacin, 2314
clindamycin, 1469t

resistance, 1473
clofazimine, 2534
daptomycin, 882–883, 884

resistance, 883
delafloxacin, 2135
doripenem, 723, 724t
fleroxacin, 2181t, 2182
fusidic acid, 1407, 1408t
garenoxacin, 2195, 2196t, 2198
gemifloxacin, 2110, 2111t
iclaprim, 1776, 1776t
isoaxzolyl pencillin-gentamicin, 154–155
lefamulin, 1556–1557, 1557t
levofloxacin, 2056, 2056t
linezolid, 1303, 1319, 1326
lomefloxacin, 2246, 2246t
mupirocin, resistance, 1461
nafcillin, 162, 164t, 165

resistance, 162
nemonoxacin, 2158t, 2161
oxacillin, 152
oxacllin, 154
pefloxacin, 2278, 2278t
prulifoxacin/ulifloxacin, 2149
radezolid, 1354
rifampicin, 2370t, 2372, 2377, 2400

resistance, 2378
rifapentine, 2464

roxithromycin, resistance, 1087, 1088t
rufloxacin, 2290, 2291t
sitafloxacin, 2122, 2123, 2123t
solithromycin, 1179
sparfloxacin, 2294, 2295, 2295t
tedizolid, 1357, 1358t, 1360, 1369–1371
teicoplanin, 852–853
tosufloxacin, 2304, 2305t
trimethoprim, resistance, 1637t
trimethoprim-sulfomethoxazole, resistance, 1637t
vancomycin, 786, 786t, 787, 804, 805

Methicillin-susceptible Staphylococcus epidermidis 
(MSSA), 2295, 2295t

enoxacin, 2171–2172, 2172t
levofloxacin, 2056, 2056t
lomefloxacin, 2246, 2246t

Methicillin-susceptible Streptococcus pyogenes, 
gatifloxacin resistance, 2214t, 2216

Methicillin-tolerant Staphylococcus aureus, 138
Methotrexate

cross-resistance, 1769
drug interactions

isavuconazole, 2864
oxacillin, 152
piperacillin, 195
piperacillin-tazobactam, 332t
trimethoprim, 1646t
trimethoprim-sulfamethoxazole, 1646t, 1647
zidovudine, 3669

as folic acid antagonist, 1772–1773
Methylenedioxymethamphetamine, ritonavir 

interactions, 4200–4201
Methylenedioxypyrovalerone, ritonavir interactions, 

4201
Methylobacterium, ciprofloxacin, 1869
Methylprednisolone, interactions with erythromycin, 

1073
Methylprednisone, interactions with ketoconazole, 

2741
N-Methylpyrrolidine, 593
N-Methylpyrrolidine-N-oxide, 593
Metoclopramide

co-administered with, tigecycline, 1257
drug interactions

atovaquone-proguanil, 3141t
fosfomycin, 1399
linezolid, 1314

Metoprolol, drug interactions
hydroxychloroquine, 3037
pyronaridine, 3012
rifampicin, 2386t
telithromycin, 1162t

Metrifonate, 3399–3403
administration mode, 3400
adverse areactions and toxicity, 3401–3403

animal studies, 3401–3402
antimicrobial activity, 3400
chemical structure, 3399, 3400f
dosage, 3400t

overdose, 3401
pharmacokinetics/pharmacodynamics, 3400–3401

Metronidazole, 1807–1849
administration modes

intravaginal, 1815, 1818
intravenous, 1815, 1818, 1820–1821, 1831
oral, 1815, 1817–1818, 1820–1821
rectal, 1815, 1818
topical, 1815, 1818

adverse reactions and toxicity, 1821–1824
gastrointestinal side effects, 1822
hematologic side effects, 1822
hypersensitivity reactions, 1823
miscellaneous effects, 1824
mutagenicity and carcinogenicity, 1824
NADH absorbance peak increase, 1824
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neurotoxicity, 1822–1823
pancreatitis and hepatitis, 1823–1824
rashes, 1824

alcohol interactions, 1821
antimicrobial activity, 30, 190, 1807–1813

anaerobic bacteria, 1807–1809, 1809t, 1814
CLSI critera, 1807–1808
EUCAST criteria, 1807–1808
Gram-negative anaerobic bacteria, 1808, 1809t
Gram-positive anaerobic bacteria, 1807–1809, 

1809t
microsporidia, 1810
minimum inhibitory concentrations, 

1807–1809, 1809t, 1811–1812, 1815
minimum lethal concentrations, 1813
mixed aerobic/anaerobic infections, 1814
protozoa, 1810, 1850

chemical structure, 1807, 1807f
clinical uses, 1824–1835

amebiasis, 1807, 1833–1834, 1856
amebic brain abscess, 1834
amebic colitis, 1815
amebic liver abscess, 1815, 1833–1834, 1856
anaerobic bacterial infections, 1807, 1824–1828
antibiotic-associated diarrhea, 857
axillary abscess, 1828
bacterial vaginosis, 1815, 1825–1826, 1855
Balantidium coli, 1835
Blastocystis infections, 1834–1835
brain abscess, 1826–1827
breast abscess, 1828
C. difficile-associated infections, 817, 1552–1553, 

1828–1831, 1830t
as cholesterol-lowering agent, 1835
C. perfringens-associated infections, 66
for diabetic foot infections, 309
Dientamoeba fragilis, 1835
endocarditis, 1827
Entamoeba histolytica infections, 1834
gas gangrene, 1827–1828
genital infections, 1825
giardiasis, 1834, 1855
glandular fever, 1828
hospital-acquired pneumonia, 758t
H. pylori infection, 124, 1092, 1135, 1200, 

1832–1833, 1857–1858
infectious mononucleosis, 1828
inflammatory bowel disease, 1831–1832
intra-abdominal infections, 442, 569, 570, 

758–759, 1825
Mycobacterium tuberculosis, 1835
myositis, 1827–1828
neonatal necrotizing enterocolitis, 442
oral and dental infections, 1827
osteomyelitis, 1827
pelvic inflammatory disease, 287, 288t, 448, 

2029
periodontitis, 122
post-hemorrhoidectomy pain management, 

1835
radiation proctitis, 1828
respiratory infections, 1826
rosacea, 1220, 1815, 1835
septic arthritis, 1827
surgical infection prophylaxis, 1828
surgical prophylaxis, 197, 269
surgical site infection prophylaxis, 409
tetanus, 1827
trichomoniasis, 1807, 1833
Vincent’s stomatitis, 1807

in combination with
avibactam, 232
cefoxime, 197
ceftazidime-avibactam, 232, 236, 569, 570
ceftolozane-tazobactam, 236

cefuroxime, 198, 391
ciprofloxacin, 1828, 1933
first-generation cephalosporins, 409
gentamicin, 409, 965
penicillin G, 58
piperacillin, 198
spiramycin, 3177, 3179

concentration-dependent activity, 4t
cross-reactivity with tinidazole, 1854
desensitization to, 1823, 1854
dosage, 1820
drug interactions, 1821–1822, 1824

aztreonam, 650
lopinavir-ritonavir, 4095t

in vitro synergy and antagonism, 1304, 1887
mechanism of action, 1814–1815
metabolites, 1818, 1820, 1821

antimicrobial activity, 1810
mutagenicity, 1824
as urine discoloration cause, 1824

pharmacokinetics/pharmacodynamics,  
1817–1822

bioavailability, 1817–1818, 1820, 1852
clinically important features, 1820
distribution in body, 1818–1820, 1852–1853
excretion, 1816, 1820–1821
inactivation in body, 1853
inactivation in the body, 1820–1821
postantibiotic effect, 1820

resistance and cross-resistance, 124, 472, 
1810–1813, 1832

Gram-negative anaerobic bacteria, 1810–1811
Gram-positive anaerobic bacteria, 1811–1812
Helicobacter pylori, 1812
protozoa, 1812–1813

Metronidazole-gentamicin, for intraabdominal 
infections, 409

Mevir. See Brivudin
MexAB-OprM, 174
Mexiletine, interactions with norfloxacin, 1990
Mexilitine, interactions with rifampicin, 2386t
Meyerozyma guilliermondii, ketoconazole, 2733
Mezlocillin

administration modes, 191, 194
adverse reactions and toxicity, 196–197
antimicrobial activity, 188–189, 188t, 190
beta-lactamase susceptibility, 190
chemical formula, 187
clinical uses, 197

cesarean section prophylaxis, 155
cholangitis, 597
cholecystitis, 597
lower respiratory tract infections, 285, 286t
meningitis, 195
renal failure, 192

in combination with
gentamicin, 197
lidocaine, 191
netilmicin, 197

dosage, 191, 193
altered, 192

drug interactions
aminoglycoside inactivation, 195
antagonistic with cefoxitin, 191
synergistic in vitro, 191

mechanism of action, 191
minimum bactericidal concentrations, 188, 189
minimum inhibitory concentrations, 188t, 189
penicillin-binding protein-inhibiting activity, 191
pharmacokinetics/pharmacodynamics

bioavailabillity, 193
distribution, 194
excretion, 192, 193, 195

resistance and cross-resistance, 27, 188, 189, 190
sodium content, 197

Micafungin, 2681–2692
administration modes, 2684–2685
adverse reactions and toxicity, 2687–2688
antimicrobial activity, 2681–2684

antifngal susceptibility testing of, 2681–2682
chemical structure, 2681, 2681f
clinical uses, 2688–2690, 2773
dosage, 2684–2685
drug interactions, 2687
excretion, 2686
in vitro synergy and antagonism, 2595, 2863
mechanism of action, 2684
pharmacokinetics/pharmacodynamics, 2685–2687
resistance and cross-resistance, 2683–2684

MIC creep, daptomycin, 871
Miconazole, 2812–2822

administration modes, 2815
antimicrobial activity, 2812–2814, 2813t
averse reactions and toxicity, 2817–2818
chemical structure, 2812, 2812f
clinical uses, 2818
dosage, 2815–2816
drug interactions, 2816–2817

zidovudine, 3669
excretion, 2816
mechanism of action, 2814–2815
pharmaceukinetics/pharmacodynamics, 

2816–2817
resistance and cross-resistance, 2814

Microbacterium, linezolid, 1295
Micrococcus

ceftaroline, 605t, 606
dalbavancin, 920
mupirocin, resistance, 1460
penicillin G, 29
solithromycin, 1180t

Micrococcus mucilaginosus. See Rothia dentocariosa
Micromonas micros

linezolid, 1298
penicillin, resistance, 30

Micromonospora echinospora, as gentamicin source, 
964

Micromonospora inyoensis, as sisomicin source, 1028
Micromonospora purpurea, as gentamicin source, 964
Micromonospora rosaria, as rosaramicin source, 1150
Microplate Alamar blue assay (MABA), 952
Microsporidia. See also Microsporum

definition of, 3185
fumagillin, 3183
metronidazole, 1810

Microsporum (microsporidiosis)
albendazole, 3325
amphotericin B, resistance, 2571
ciclopirox, 2909
flucytosine, resistance, 2920
fumagillin, 3185–3186
furazolidone, 3192
griseofulvin, 2927, 2927t
haloprogrin, 2933
ketoconazole, 2732t, 2733–2734
metronidazole, 1810
miconazole, 2813t
miltefosine, 3293t
naftifine, 2725
natamycin, resistance, 2653
nystatin, 2646
sulfadizine, 1576

Microsporum audouinii
miconazole, 2813t
tolnaftate, 2901

Microsporum canis
albaconazole, 2871, 2873t
amphotericin B, 2573t
butenafine, 2720
ketoconazole, 2745
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Microsporum canis (continued)
miconazole, 2813t, 2814
naftifine, 2725
ravuconazole, 2877, 2879t
terbinafine, 2709t, 2716
tolnaftate, 2901

Microsporum cookie, miconazole resistance, 2813t
Microsporum ferrugineum, miconazole, 2813t
Microsporum fulvum, miconazole, 2813t
Microsporum gallinae, miconazole, 2813t
Microsporum gypseum

miconazole, 2813t
ravuconazole, 2877
tolnaftate, 2901

Microsporum japonicum, tolnaftate, 2901
Microsporum nanum, miconazole, 2813t
Microsporum praecox, miconazole, 2813t
Microsporum racemosum, miconazole, resistance, 

2813t
Midazolam, drug interactions

boceprevir, 4458t
clarithromycin, 1104t
cobicistat, 4186t
fluconazole, 2766
fosamprenavir, 4110, 4110t
indinavir, 4067t
isavuconazole, 2864t
itraconazole, 2795
ketoconazole, 2742
letermovir, 3624
lopinavir-ritonavir, 4092, 4093t
nelfinavir, 4079
ombitasvir-paritaprevir-ritonavir-dasabuvir, 4467t
posaconazole, 2850
rifaximin, 2455
telaprevir, 4457t
tipranavir-ritonavir, 4166, 4166t
voriconazole, 2831

Middle ear effusions. See also Otitis media
amoxicillin-clavulanic acid, 263
ceftriaxone, 480

Middle ear fluid, clarithromycin in, 1101
Middle ear mucosa, biapenem in, 776–777
Middle Eastern respiratory syndrome, ribavirin, 4371
Midecamycin. See Rosaramicin
Mikamycins, 1374
Mildews, 13–14
Milk, drugs interacting with

amoxicillin-clavulanic acid, 237
cephradine, 373
chloroquine, 3039
ciprofloxacin, 1903
clavulanic acid, 262
nitrofurantoin, 1789
norfloxacin, 1990
prulifloxacin/ulifloxacin, 2150

Milk thistle
CYP3A4-inhibiting activity, 4200
sofosbuvir-velpatasvir interaction, 4463t

Miltefosine, 3292–3309
administration mode, 3296
adverse reactions and toxicity, 3297–3298
antimicrobial activity

fungi, 3292, 3293t
Gram-positive aerobic bacteria, 3292
protozoa, 3292–3295, 3293t

antitumor activity, 3292, 3296
chemical structure, 3292, 3292t
clinical uses

amebiasis, 3304–3305
antitumor activity, 3292, 3296, 3305
cutaneous leishmaniasis, 3300t, 3302
cutaneous leishmaniasis, diffuse, 3300t, 3304
cutaneous leishmaniasis, New World, 3300t, 

3303

fungal infections, 3305
leishmaniasis, 3298, 3299–3304
leishmaniasis, post-kala-azar dermal, 3300t, 

3304
mucocutaneous leishmaniasis, 3300t, 3303
mucosal leishmaniasis, 3302
visceral leishmaniasis, 3299–3302, 3300t, 

3301–3302
dosage, 3296–3297
drug interactions, 3297
excretion, 3297
immunomodulatory activity, 3296
in vitro synergy and antagonism, 3151, 3295
mechanism of action, 3295–3296
pharmacokinetics/pharmacodyanmics, 3297
resistance and cross-resistance, 3295

MIND ME guidelines, for antimicrobial drug use, 
3, 3t

Minimal change disease, rifampicin, 2391
Minimum bactericidal concentration (MBC), 

determination of, 147
Minimum inhibitory concentrations (MICs), of 

antibiotics. See also under specific antibiotics
effect of beta-lactamases on, 40

Minocin PAC. See Minocycline
Minocin. See Minocycline
Minocycline

administration mode, 1233
adverse reactions and toxicity, 1235–1238
anti-inflammatory effects, 1241
antimicrobial activity

Gram-negative bacteria, 1231t, 1232
Gram-positive bacteria, 1230, 1231t
intracellular pathogens, 1232

antiviral activity, 1232
chemical structure, 1230, 1230f, 1249f
clinical uses

acne, 1232, 1235, 1236, 1237–1238, 1241–1242
brucellosis, 1242
catheter-related colonization and infections, 

1239
comparison with doxycycline, 1238
filariasis, 1232
H. pylori infections, 1239–1240
leprosy, 1240–1241, 1757, 2394
meningococcal infection prophylaxis, 1242, 

1595
methicillin-resistant Staphylococcus aureus,  

1239
miscellaneous infections, 1242
neurologic disease, 1242
nocardiosis, 1240, 1596
nosocomial infections, 1212
onchocerciasis, 1232
psychiatric disorders, 1242–1243
rheumatoid arthritis, 1243
syphilis, 1242
Takayasu arteritis, 1243
vancomycin-resistant enterococcal infections, 

1239
Vibrio vulnificus infections, 449

in combination with rifampicin, 2372
concentration-dependent activity, 4t
contraindication in rabies, 1232
dosage, 1233–1234
drug interactions

atazanavir, 1235
digoxin, 1235
isotretinoin, 1235
synergistic, 1232
vitamon A, 1235

formulations, 1230, 1234, 1236, 1239
in vitro synergy and antagonism, 1304, 1396
mechanism of action, 1232–1233
minimum inhibitory concentrations, 1231t

parasites, 1232
pharmacokinetics and pharmacodynamics

bioavailability, 1195, 1234
clinically important features, 1235
distribution in body, 1234
excretion, 1235

resistance to, 1230, 1231t
Minor determinant mixture (MDM), 48
Mintezol. See Thiabendazole
Miravirsen, 4630t, 4637
Mirtazapine, interactions with linezolid, 1314
Mississippi mud. See Vancomycin
Mitochondria, tetracycline activity in, 1233
Mitochondrial toxicity

atovaquone, 3119
atovaquone-proguanil, 3138
chlloramphenicol, 1520
clevudine, 4361
darunavir, 4134
didanosine, 3706, 3708
efavirenz, 3919–3920
lamivudine, 3736–3737
pentamidine, 3275
primaquine, 3099
stavudine, 3755, 3761
tafenoquine, 3111
telbivudine, 4350t
tigecycline, 1254
zidovudine, 3674

MITOX study, 3785
Mitra Plus study, 3741
Mixed aerobic/anaerobic infections, metronidazole, 

1826
MK-1439. See Doravirine
MK-2764. See Omadacycline
MK-3682 (IDX21437), 4630t, 4635–4636
MK-4261. See Surotomycin
MK-8228. See Letermovir
MK-8408, 4630t, 4636
Mobiel genetic elements (MBEs), 1207
Mobiluncus

ciprofloxacin, resistance, 1872
gatifloxacin, 2217
metronidazole, 1808, 1810, 1825–1826
metronidazole metabolites, 1810
nalidixic acid, resistance, 2257
pefloxacin, resistance, 2277
rifaximin, 2458

Mobiluncus curtisii, tinidazole, resistance, 1850
Mobiluncus mulieris, tinidazole, 1850
Modafinil, interactions with daclatasvir, 4464
Molds. See Fungi, filamentous (molds)
Molecular adsorbent recirculating system (MARS) 

therapy, 327–328
Mollicutes. See also Mycoplasma

solithromycin, 1184
Molluscicides, niclosamide as, 3408
Molluscum contagiosum, cidofovir, 3533t, 3557
Moloney murine sarcoma virus

didanosine, 3699
ribavirin-didanosine, 4369

Mometasone, interactions with lopinavir-ritonavir, 
4093, 4095, 4095t

Monarch Pharmaceuticals, 3627
MONET studies, 3930, 4136
Monic acid, 1462
Monistat. See Miconazole
Monkeypox virus

brincidofovir, 3538
cidofovir, 3533t, 3538, 3541t, 3557

Monoamine oxidase inhibitors, drug interactions
furazolidone, 3189–31990
linezolid, 1313, 1314, 1318

Monobactams. See also Aztreonam
chemical structure, 49f
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definition of, 644
mechanism of action, 645

Monocytosis
lomefloxacin, 2249
peramivir, 4619
pyronaridine-artesunate, 3014

Monomycin A. See Paromomycin
Monsonella spp. (mansonellosis)

albendazole, 3324
mebendazole, 3335

Mood disorders, drugs causing
efavirenz, 3921
zidovudine, 3670t, 3673

Moraxella
amoxicilin-clavulanic acid, 269
cefoperazone-sulbactam, 418
ceftazidime, 566
ceftazidime-avibactam, 566
ceftizoxime, 532
cefuroxine, 386
chloramphenicol, 1517
fleroxacin, 2181, 2181t
fusidic acid, 1409
gentamicin, 965
linezolid, resistance, 1293
penicillin G, 24t, 33
telithromycin, 1158

Moraxella catarrhalis
amoxicillin-clavulanic acid, 255, 257t, 261, 263, 

267
amoxillin-clavulanic acid, 268
ampicillin, 104

resistance, 104
ampicillin-sulbactam, 228, 281, 281t
avarofloxacin, 2159t
azithromycin, 1123t, 1124, 1130, 1131
azithromycin, resistance, 1125
beta-lactamases, 254, 255, 428t, 469t

BRO-1 and BRO-2, 540
biapenem, 773, 775t
cefaclor, 377, 380
cefazolin, 348
cefdinir, 536
cefepime, 580, 580t, 586
cefixime, 540
cefotaxime, 427, 428t, 438, 444, 446
cefpodoxime, 532
ceftaroline, 606
ceftazidime, 551t
ceftobiprole, 622t, 625, 627
ceftriaxone, 469t, 470, 480, 491, 494
cefuroxime, 385t, 389, 390
cephalexin, 362t

resistance, 362, 366
cephalothin, 348
cethromycin, 1173, 1173t, 1175t
ciprofloxacin, 1868t, 1870, 1924
clavulanic acid, 234
clinafloxacin, 2314
clindamycin, 1496
cloxacillin, 145t
delafloxacin, 2133, 2133t, 2137
doripenem, 725, 727t
enoxacin, 2172, 2172t
ertapenem, 745, 746t, 747
erythromycin, 1066, 1076
erythromycin A, 1173t
faropenem, 766, 767t
finafloxacin, 2139, 2140t
garenoxacin, 2195, 2196t, 2197, 2205, 2207

resistance, 2200
gatifloxacin, 2214t, 2215–2216
gemifloxacin, 2112t, 2113, 2115
grepafloxacin, 2312
iclaprim, 1775, 1780

imipenem, 665, 669t
lefamulin, 1556, 1557, 1557t
levofloxacin, 2055, 2056t, 2068, 2073
linezolid, resistance, 1298
lomefloxacin, 2245, 2246t
macrolide, resistance, 1124
minocycline, 1231t, 1232
moxifloxacin, 2085, 2086t, 2094
mupirocin, 1461
nafcillin, 163t
ofloxacin, 2005t, 2007
omadacycline, 1267, 1268t, 1270
pefloxacin, 2277, 2284
penicillin G, resistance, 33
penicillin V, 93t
piperacillin-tazobactam, 230, 320t
pristinamycin, 1390
quinopristin-dalfopristin, resistance, 1376t
roxithromycin, 1088, 1088t, 1091
rufloxacin, 2290, 2291t
solithromycin, 1181t, 1182, 1187
sparfloxacin, 2294, 2295t
spiramycin, 3176t
tedizolid, 1358t, 1359
telithromycin, 1156, 1158, 1161–1162, 1173t
temocillin, 218
ticarcillin-clavulanic acid, 227, 301
trimethoprim-sulfamethoxazole, 1630, 1660–1661

resistance, 1632–1633
trimethoprim-sulfomethoxazole

resistance, 1636t
trovafloxacin, 2310–2311
zabofloxacin, 2159t, 2165

Morganella
ampicillin-sulbactam for, 281t
cefotaxime for, 428t
ciprofloxacin, 1867, 1868t
gatifloxacin, 2213
nalidixic acid, 2256
prulifloxacin/ulifloxacin, 2148t
tigecycline resistance, 1250, 1251

Morganella morganii
amoxicillin-clavulanic acid, resistance, 226, 255
AmpC beta-lactamases, 430
ampC genes, 324
ampicillin, 175
ampicillin-sulbactam, 281

resistance, 228
apalcillin, 188t
avarofloxacin, 2159t
azlocillin, 188t
aztreonam, 644
beta-lactamases, 209, 665
biapenem, 773, 775t
carbenicillin, 175
carfecillin, 182
carindacillin, 182
cefazolin-resistant, 348
cefepime, 579
cefoperazone-sulbactam, 416t
cefotaxime, 532
cefotiam, 399t
cefoxitin, 404t
cefpodoxime, resistance, 532
cefprozil, resistance, 377
ceftaroline, 606–607
ceftaroline-avibactam, 614t, 615
ceftazidime, 551t, 552
ceftazidime, resistance, 550
ceftazidime-avibactam, 564, 565t
ceftizoxime, 532
ceftraxone, 468t
cefuroxime, 385t
cephalexin, resistance, 362
cephalothin, resistance, 348

ciprofloxacin, 1868t
delafloxacin, 2132–2133
faropenem, 766, 767t
finafloxacin, 2139, 2140t
fosfomycin, resistance, 1394, 1394t
garenoxacin, 2195, 2196t
gatifloxacin, 2214t
imipenem, 665
mecillinam, 207, 208t, 209
mezlocillin, 188, 188t
nalidixic acid, resistance, 2259
norfloxacin, 1986
ofloxacin, 2005t, 2006
ofloxacin, resistance, 2008
pefloxacin, 2283
piperacillin, 188t
piperacillin-tazobactam, 230, 320t
sitafloxacin, 2122, 2123t
tazobactam, 228–229
temocillin, 219t
ticarcillin, 175, 188t, 227
ticarcillin-clavulanic acid, 300t

resistance, 301
tigecycline, resistance, 1253, 1259
trimethoxazole-sulfamethoxazole, 1664

Morphine, drug interactions
ampicillin, 115
rifampicin, 2385
teicoplanin, 850
zidovudine, 3669

Mortalities, drugs associated with
abacavir, 3783, 3785
amphotericin B, 2635
bedaquiline, 2546
isoniazid, 2331
lopinavir-ritonavir, 4096
melarsoprol, 3246
metarsoprol, 3237
metronidazole, 1823
peramivir, 4620
poisoning, 3431
rifampicin, 2390
temafloxacin, 2309, 2310
tigecycline, 1257
tipranavir-ritonavir, 4169t
trimethoprim-sulfamethoxazole, 1649
trovafloxacin, 2311

Motif BioSciences, 1775
Motilin, 1130
Motion sickness, miltefosine, 3298
MOTIVATE (Maraviroc Versus Optimal Therapy in 

Viremic Antiretroviral Treatment Experienced 
Patients) studies, 4303, 4312, 4314–4315, 4315t

Mouse hepatitis virus, nitazoxanide, 3165
Moxalactam, chemical structure, 420–421
Moxidectin, 3362–3365

administration mode, 3363
adverse reactions and toxicity, 3364–3365
antimicrobial activity, 3362
chemical structure, 3362, 3362t
dosage, 3363
drug interactions, 3364
mechanism of action, 3362–3363
pharmacokinetics/pharmacodynamics, 3355t, 

3363–3364
resistance and cross-resistance, 3362
veterinary applications, 3362

Moxifloxacin, 2085–2109
administration modes, 2088
adverse reactions and toxicity, 759, 1188, 

2092–2094
cardiac toxicity, 1911, 2064
in children, 2088
hyperglycemia, 2205
QT prolongation, 2151
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Moxifloxacin (continued)
antimicrobial activity, 2085–2088, 2256

anaerobic bacteria, 2087
AUC/MIC ratio, 2091
Clinical and Laboratory Standards Institite 

criteria, 2087
clinically important features, 2091
excretion, 2091
Gram-negative bacteria, 2085, 2086t
Gram-positive bacteria, 2085–2087, 2086t
minimum inhibitory concentrations, 2085, 

2086–2087, 2086t, 2090, 2091
mycobacteria, 1873, 1987, 2007, 2087
Streptococcus pneumoniae, 1885–1886

chemical structure, 2085, 2085f, 2254f
clinical uses, 2094–2102

acute bacterial sinusitis, 2094–2095
anthrax, 1497
bone infections, 2101
bronchitis, 1131
community-acquired pneumonia, 1091, 1108, 

1189, 2096–2097
conjunctivitis, 2085
COPD exacerbations, 2095–2096
dental infection prophylaxis, 2098
genital infections, 2098
H. pylori infections, 1832, 2101
immune modulation, 2102
intra-abdominal infections, 243, 336, 759, 2085, 

2097
joint infections, 2101
meningitis, 1930
mycobacterial infections (non-tubercular), 2100
ocular infections, 2100–2101, 2231–2232
pelvic inflammatory disease, 2098
pneumonia, 1926
prophylaxis in neutropenic patients, 2098
pyrazinamide/moxifloxacin combination 

tuberculosis therapy, 2366
Q fever, 2096–2097
skin and soft-tissue infections, 336, 2097
tuberculosis, 1935, 2031, 2085, 2087, 2091, 

2092, 2098–2100, 2392
UTIs, 2098

in combination with rifapentine, 2468
development and availability chronology, 2256t
dosages, 2088–2089
drug interactions, 2091–2092

antacids, 2091
cycloserine, 2524
rifampicin, 2091, 2385
rifapentine, 2466
warfarin, 2091–2092

mechanism of action, 2085–2086, 2088, 2220
pharmacokinetics/pharmacodynamics, 2089–2092

bioavailability, 2089
distribution, 2089–2091

as replacement for ofloxacin, 2004
resistance and cross-resistance, 2009, 2087–2088

Moz-Bite. See Crotamiton
MRSA. See Methicillin-resistant Staphylococcus 

aureus
MTRR gene, 430
Mucocutaneous side effects, zidovudine, 3673
Mucor (mucormycosis; zygomycosis)

amphotericin B, 2570–2571, 2622
amphotericin B-lipid complex, 2637, 2639–2640, 

2639t
caspofungin, 2674
isavuconazle, 2865, 2866
isavuconazole, 2859, 2861t
ketoconazole, resistance, 2732t, 2733
micofungin, 2689–2690
miconazole, resistance, 2813t, 2814
posaconazole, 2843, 2844, 2845t, 2852–2853

ravuconazole, 2877, 2879t
voriconazole, resistance, 2824t, 2825

Mucorales (mucormycosis; zygomycosis)
anidulafungin, resistance, 2694t, 2697
caspofungin, 2665
isavuconazole, 2859
terbinafine, 2711

Mucorales circinelloides, isavuconazole, 2859
Mucor corcinelloides, amphotericin B, 2573t
Mucormycosis. See Mucor; Rhizopus
Mucormycosis. See Rhizopus (mucormycosis)
Multicentre AIDS Cohort Study, 3672
Multidrug and toxin extrusion transporter 1 

(MATE1), 4258
Multidrug resistance-related proteins (MRPs), 

neivirapine-related inhibition, 3870
Multidrug resistance. See also under specific bacteria 

and disorders; e.g., Mycobacterium tuberculosis 
(tuberculosis), multidrug-resistant

aquaculture-related, 13
multidosing regimens for, 5

Multidrug-resistant bacteria. See also under specific 
bacteria

in cirrhotic patients, 441
efflux pumps of, 1253

Multidrug transporters, 1253
Multilocus sequence typing (MLST), of methicillin- 

resistant S. aureus, 137
Multiple myeloma, zidovudine, 3682
Multiple sclerosis, roxithromycin, 1093
Multivitamin supplements, mineral-containing,  

2221
Mumps virus, ribavirin, 4368, 4368t
mup gene mutations1461
Mupirocin, 1460–1467

administration mode, 1460, 1462
antimicrobial activity, 1460–1461
chemical struccture, 1460, 1460f
clinical uses, 1462–1463, 1463t
dosage, 1462
resistance and cross-resistance, 1416, 1460, 1461, 

1562
MurA enzyme, 1396, 1397
MurA gene, 1396
Murein hydrolases, 41
Murine cytomegalovirus

brincidofovir, 3534
cidofovir, 3533t, 3537t

Murine Harvey sarcoma virus, zidovudine, 3658
Murine leukemia virus

adefovir dipivoxil, 4336
amantadine, 4525

Murine Moloney sarcoma virus, zalcitabine, 3723
Murine polyomavirus, cidofovir, 3533t
mur Ma allele, 101
Muscle, antimicrobial distribution in

amphotericin B, 2579
azithromycin, 1127
clindamycin, 1484
fleroxacin, 2185
fluconazole, 2763
fosfomycin, 1398
fusidic acid, 1412
garenoxacin, 2202
gentamicin, 974
itraconazole, 2793
linezolid, 1311
metronidazole, 1819
minocycline, 1235
moxidectin, 3363
pyrazinamide, 2363

Muscle relaxants, drug interactions
amphotericin B, 2634
capreomycin, 2516
clindamycin, 1489

polymyxins, 1435
streptomycin, 2477–2478

Musculoskeletal disorders, dolutegravir, 4271
Musculoskeletal procedures prophylaxis, cephalexin, 

367
Musculoskeletal toxicity

daptomycin, 887
fleroxacin, 2187
itraconazole, 2797–2798
ofloxacin, 2021t, 2022–2023
polymyxins, 1447

Mutagenesis
famciclovir, 3498
furazolidone, 3190
ganciclovir, 3513
lamivudine, 3737
metrifonate, 3401–3402
metronidazole, 1816, 1824
nifurtimox, 3214, 3215
nitrofurantoin, 1792
rufloxacin, 2292
zidovudine, 3673

Mutant prevention concentration (MPC), of 
levofloxacin, 2062

Mutant selection window hypothesis, 871, 883, 1876
Myalgia, drugs causing

antimonial agents, 3286
diethylcarbamazine, 3374
ivermectin, 3356
nalidixic acid, 2265
nitrofurantoin, 1790
pegylated interferon, 4466
praziquantel, 3389
pyronaridine-artesunate, 3013
quinupristin-dalfopristin, 1382, 1383

Myasthenia gravis, quinine-related diagnosis, 3065
Myasthenia gravis excerbations

ciprofloxacin, 1907
corticosteroids, 2117
gatifloxacin, 2228
kanamycin, 958
levofloxacin, 2063
moxifloxacin, 2092
ofloxacin, 2022
pefloxacin, 2283
polymyxins, 1435
prulifloxacin/ulifloxacin, 2151
quinine, 3065
streptomycin, 2479
telithromycin, 1164, 1188

Myasthenia gravis-like syndrome, chloroquine,  
3039

Mycatin. See Miconazole
Mycetoma (Madura foot)

amikacin-co-trimoxazole, 1019
amikacin-co-tromoxazole, 1019
ravuconazole, 2880
trimethoprim-sulfamethoxazole, 1671

Mycetoma. See also Actinomadura madurae
Mycobacterium

amikacin, 410, 1010
resistance, 1011–1012

amoxicillin-clavulanic acid, 270
azithromycin, 1122, 1123t, 1124
bedaquiline, 2543, 2547–2548
beta-lactam, resistance, 258
beta-lactamases, 258
cefazolin-resistant, 348
cefoxitin, 406, 407, 410
ceftriaxone, resistance, 472
cephalexin, resistance, 362
cephalothin, resistance, 348
cephamycins, 406, 410
cephamycin susceptibility testing of, 406
ciprofloxacin, 1873
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clarithromycin, 1099, 1102, 1106–1107, 1107t
clavulanic acid, resistance, 227
clofazimine, 2534
delamanid, 2550, 2551t
doxycycline, 1207, 1219
erm genes, 1099, 1100
fleroxacin, 2181t, 2182
gatifloxacin, 2217
gentamicin, resistance, 965–966
gramicidin, 1456
imipenem, 699
kanamycin, 950
levofloxacin, 2057, 2057t

resistance, 2057, 2057t
linezolide, 1295, 1296t–1297t, 1297

resistance, 1300
moxifloxacin, 2007, 2087
multidrug-resistant, 788
ofloxacin, 2004, 2005t, 2007–2008
para-aminosalicyclic acid, resistance, 2488
penicillin, resistance, 34
phthiocerol dimycocerosates-deprived (PDIM), 

788
pretomanid, 2550, 2551t
prothionamide, 2494
pyrazinamide, resistance, 2361
pyrimethamine-dapsone, 1737
ribosomal RNA methylases, 1069
rifampicin, 2370t
roxithromycin, 1087, 1088
sitofloxacin, 2123t, 2124
sparfloxacin, 2294, 2296
tedizolid, 1358t, 1359–1360
telithromycin, 1159
ticarcillin-clavulanic acid, 302
tigecycline, 1253
tobramycin, resistance, 993
trimethoprim-sulfamethoxazole, 1673
vancomycin, resistance, 788

Mycobacterium abscessus
amikacin, 1010, 1014, 1015t, 1020

resistance, 1010
azithromycin, 1124
bedaquiline, 2543–2544, 2547–2548
cefoxitin, 232
cefoxitin-amikacin, 410
ceftaroline-avibactam, 232
cephamycins, 406
ciprofloxacin, resistance, 1873
clarithromycin, 1099, 1110
clarithromycin, resistance, 1099, 1100, 1110
clofazimine, resistance, 2534
doripenem, 739
doripenem/rifampicin, 2380
doxycycline, 1219
ethambutol, resistance, 2347–2348
imipenem, 232, 667
isepamicin, 1040
linezolid, resistance, 1295, 1297t, 1303
meropenem, resistance, 699
moxifloxacin, 2100
multidrug-resistant, rifabutin combination 

therapy, 2436
ofloxacin resistance, 2007
sulfamethoxazole, resistance, 1574
tedizolid, 1360
tigecycline, 1253

Mycobacterium africanum
rifabutin, 2434
rifampicin, 2371
rifapentine, 2463
thiacetazone, resistance, 2503, 2504

Mycobacterium asiaticum
ethambutol, 2346–2347, 2355
rifampicin, 2372

Mycobacterium avium-intracellulare complex, 2197t, 
2199

amikacin, 1010, 1014, 1016–1017, 1020
azithromycin, 1122, 1123t, 1124, 1126

dissemininated infections, in AIDS patients, 
1135

as prophylaxis, 1135
for pulmonary infections, 1134–1135

bedaquiline, 2543, 2547–2548
capreomycin, 2511
ciprofloxacin, resistance, 1868t
ciprofloxacin-ethambutol, 1887
ciprofloxacin resistance, 1873
clarithromycin, 1101, 1106–1107, 1109–1110
clarithromycin, resistance, 1099, 1100
clofazimine, 2534, 2537–2538
cycloserine, 2521
dapsone, 1747, 1757–1758
delafloxacin, 2133t, 2134
disseminated infection

clarithromycin, 1109
ethambutol, 2354
rifabutin, 2441, 2442t

enoxacin, 2172t, 2173
erythromycin, 1068
ethambutol, 2346, 2348, 2350, 2352, 2353–2354
ethionamide, resistance, 2494
fleroxacin, resistance, 2181t, 2182
gatifloxacin, 2215t, 2218, 2231
in HIV-infected patients, clarithromycin 

prophylaxis, 1109
isepamicin, 1040
isoniazid, 2321–2323
kanamycin, resistance, 950
ketoconazole, 2734
levofloxacin, 2057, 2057t
linezolid, 1295, 1296t, 1297
lomefloxacin, 2246t
mefloquine, 3076
moxifloxacin, 2086t, 2087, 2100
ofloxacin, 2005t, 2007
paromomycin, 3149
penicillin G, 34
rifabutin, 2393, 2434, 2436, 2439, 2441, 2442t
rifampicin, 2371, 2382, 2393, 2439, 2441

resistance, 2376
synergistic with ethambutol, 2379

rifapentine, 2463
roxithromycin, 1088
sitofloxacin, 2123t, 2124
sparfloxacin, 2300

resistance, 2295t, 2296
streptomycin, 2472, 2480
sulfadiazine, 1574
sulfadimethoxine, 1574
sulfamethizole, 1574
sulfamethoxazole, 1574
sulfisoxazole, 1574
sulfonamides, 1574
tedizolid, 1360
thiacetazone, 2504
tigecycline, resistance, 1253
tosufloxacin, resistance, 2305t
trimethoprim-sulfamethoxazole, 1574, 1673

Mycobacterium avium-intracellulare complex
azithromycin, 1936
ciprofloxacin, 1935–1936
clarithromycin, 1936

Mycobacterium bohemicum
ethambutol, 2346–2347
rifabutin, 2434–2435
rifampicin, 2372

Mycobacterium bolletii
clarithromycin, resistance, 1099
linezolid, resistance, 1295

Mycobacterium bovis
amoxicillin-clavulanic acid, 258
ethambutol, resistance, 2347
fleroxacin, 2182
multidrug-resistant, 2347
pefloxacin, 2278
pyrazinamide, resistance, 2361, 2362
rifabutin, 2434
rifampicin, 2323, 2371

synergistic with statins, 2380
rifapentine, 2463

Mycobacterium bovis Bacille Calmette-Guérin
cycloserine, resistance, 2521
rifabutin, 2434
thiacetazone, 2505

Mycobacterium celatum
azithromycin, 1124
clarithromycin, 2355
ethambutol, 2347, 2355
rifabutin, 2444

resistance, 2435, 2436
rifampicin, resistance, 2372

Mycobacterium chelonae
amikacin, 1010, 1020
azithromycin, 1124
cefoxitin-ciprofloxacin, 410
cephamycins, 406
ciprofloxacin, resistance, 1873
clarithromycin, 1099, 1110
doxycycline, 1207, 1219
erythromycin, 1068, 1078–1079
ethambutol, resistance, 2347–2348
gatifloxacin, 2218, 2231
imipenem, 667
isepamicin, 1040
kanamycin, 950
levofloxacin, resistance, 2057, 2057t
linezolid, 1303, 1327
meropenem, resistance, 699
ofloxacin, resistance, 2007
rifabutin, resistance, 2435
roxithromycin, 1093
sparfloxacin, resistance, 2296
sulfamethoxazole, resistance, 1574
sulfisoxazole, resistance, 1574
tedizolid, 1360
tigecycline, 1253

as salvage therapy, 1260
trimethoprim-sulfamethoxazole, resistance, 1631

Mycobacterium chelonae-abscessus complex, 
rifampicin, resistance, 2372

Mycobacterium chimaera, sulfonamides, 1574
Mycobacterium conspicuum

ethambutol, 2355
rifampicin, 2395–2396

Mycobacterium fortuitum
amikacin, 1010, 1016, 1020, 1040
aminoglycoside-modifying enzymes of, 950
amoxicillin-clavulanic acid, resistaance, 270
bedaquiline, 2543–2544
capreomycin, 2511
cephamycin, resistance, 410
cephamycins, 406
ciprofloxacin, 1873, 1936
clarithromycin, 1936

resistance, 1099
clofazimine, resistance, 2534
dapsone, resistance, 1747
doxycycline, 1207, 1219
enoxacin, 2176
erythromycin, 1078–1079
ethambutol, resistance, 2347
fleroxacin, 2182
garenoxacin, 2197t, 2199
gatifloxacin, 2218, 2231
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Mycobacterium fortuitum (continued)
imipenem, 667, 699
levofloxacin, 2057, 2057t
linezolid, 1303, 1327

resistance, 1295, 1297t
meropenem, 699
norfloxacin, 1987
ofloxacin, 1936, 2007, 2017, 2072
prothionamide, 2494
rifabutin, resistance, 2435
rifampicin, resistance, 2372
sitofloxacin, 2124
sparfloxacin, 2296
sulfamethoxazole, 1574
sulfisoxazole, 1574
tedizolid, 1360
tigecycline, 1253
trimethoprim-sulfamethoxazole, 1631, 1673
trimethoprim-sulfamethoxazole/sulfonamides, 

resistance, 1635
Mycobacterium genavense

ciprofloxacin, 1873
ethambutol, 2355
rifabutin, 2434–2435, 2444
streptomycin, 2472

Mycobacterium gordonae
ciprofloxacin, 1873
ethambutol, 2355
linezolid, 1295, 1296t, 1297
rifabutin, 2434–2435, 2444
rifampicin, 2372, 2395–2396

Mycobacterium haemophilum
amikacin, 1010
ciprofloxacin, 1873
clarithromycin, 1099
clofazimine, 2534
ethambutol, resistance, 2347
ofloxacin, resistance, 2007
rifabutin, 2434–2435, 2444
rifampicin, 2372, 2395

resistance, 2377
sparfloxacin, 2296
trimethoprim-sulfamethoxazole, resistance, 1631

Mycobacterium immunogenum
amikacin, 1010
ciprofloxacin, resistance, 1873
tigecycline, 1253

Mycobacterium interjectum, rifabutin, 2434–2435
Mycobacterium intracellulare

amikacin, 1020
dapsone, 1747
gatifloxacin, 2215t
linezolid, 1295, 1297, 1297t
ofloxacin, resistance, 2007
sulfonamides, 1574

Mycobacterium kansasii
amikacin, 1014, 1020
amikacin, resistance, 1010
aminoglycoside-modifying enzymes of, 950
amoxicillin-clavulanic acid, resistance, 270
azithromycin, 1124
capreomycin, 2511
ciprofloxacin, resistance, 1873
clarithromycin, 1110
clarithromycin, resistsance, 1099
clofazimine, 2534
dapsone, 1747
delamanid, 2550, 2551t
doxycycline, resistance, 1207
ethambutol, 2346–2347, 2354
ethionamide, 2494
fleroxacin, 2182
gatifloxacin, 2218
kanamycin, 950
levofloxacin, 2057, 2057t

linezolid, 1295, 1296t, 1297
moxifloxacin, 2087
norfloxacin, resistance, 1987
ofloxacin, 2007
pefloxacin, 2278
pretomanid, 2550, 2551t
rifabutin, 2434–2435, 2443–2444
rifampicin, 1110, 2371, 2379, 2395

resistance, 2354, 2377, 2436
rifapentine, 2463
sitofloxacin, 2124
sparfloxacin, 2296
streptomycin, 2472
sulfadimethoxine, 1574
sulfamethizole, 1574
sulfamethoxazole, 1574
sulfisoxazole, 1574
tedizolid, 1360
tigecycline, resistance, 1253

Mycobacterium lentiflavum
cycloserine, 2521
ethambutol, 2347, 2355
rifabutin, 2434–2435, 2444
rifampicin, 2395
tigecycline, resistance, 1253

Mycobacterium leprae (leprosy)
amikacin, 1010
amoxicillin-clavulanic acid, 270
bedaquiline, 2543, 2548
Chaulmoogra oil, 1756
ciprofloxacin, resistance, 1873
clarithromycin, 1088, 1099, 1107, 1110–1111
clinical classification system for, 1756
clofazimine, 2394, 2533, 2534, 2535, 2537
combination therapy, 2393–2394
dapsone, 1746–1747, 1749, 2032

in pregnancy, 1750
resistance, 1747–1748

enoxacin, resistance, 2173
ethambutol, resistance, 2347–2348
ethionamide, 2394, 2494, 2498, 2500
fusidic acid, 1416
fusidic acid, resistance, 1409
gatifloxacin, 2218
genome sequencing of, 1755
history of, 1755–1756
isoprodian, 2500
kanamcyin, 950
lomefloxacin, 2246
minocycline, 1240–1241, 2394
moxifloxacin, 1873, 2100
multidrug therapy, 1746, 1755, 1756–1757
murine and feline, clofazimine, 2533
norfloxacin, resistance, 1987
ofloxacin, 1749, 1873, 2007–2008, 2025t, 

2032–2033, 2072, 2394
pefloxacin, 2072, 2278, 2285
during pregnancy

clofazimine, 2535
rifampicin, 2381

prothionamide, 2394, 2498, 2500
rifabutin, 2434

combination therapy, 2436
rifampicin, 1749, 1756, 1757, 2072, 2371

dosage, 2381
prophylaxis, 2394
resistance, 2376, 2377
synergistic with statins, 2380
treatment, 23932394

rifampicin-clofazimine-ofloxacin regimen, 
2032–2033

rifampicin-ofloxacin-minocycline (ROM) 
regimen, 2032–2033

rifapentine, 2463–2464
roxithromycin, 1088

sitofloxacin, 2124
sparfloxacin, 2296, 2300
streptomycin, 2472
subclinical, 1755
sulfonamides, 1574
thiacetazone, 2507

resistance, 2504
uniform multidrug therapy (U-MDT), 1757, 2394

Mycobacterium lepraemurium, clofazimine, 2533
Mycobacterium malmoense

azithromycin, 1124
ciprofloxacin, 1936

resistance, 1873
clofazimine, 2534
ethambutol, 2346–2347, 2354
ethionamide, 2494
rifabutin, 2434–2435, 2444
rifampicin, 2395

resistance, 2372
synergistic with ethambutol, 2379

Mycobacterium marinum
amikacin, 1010
azithromycin, resistance, 1124
ciprofloxacin, 1873
clarithromycin, 1110
doxycycline, 1207, 1219
ethambutol, 2346–2347, 2354
fleroxacin, resistance, 2182
gatifloxacin, 2218
gemifloxacin, 2114
imipenem, 667
kanamycin, 950
linezolid, 1295, 1297, 1297t
minocycline, 1231t, 1232, 1242
rifabutin, 2434–2435, 2444
rifampicin, 2372, 2395

resistance, 2377
sparfloxacin, 2296
sulfonamides, 1574
thiacetazone, 2505
tigecycline, resistance, 1253
trimethoprim-sulfamethoxazole, 1631, 1673

Mycobacterium massiliense
linezolid, resistance, 1295
minocycline, 1232
sulfamethoxazole, resistance, 1574

Mycobacterium microtii, rifabutin, 2434–2435
Mycobacterium mucogenicum

ciprofloxacin, 1873
clarithromycin, 1099
linezolid, resistance, 1295
rifampicin, resistance, 2372

Mycobacterium novacastrense, bedaquiline resistance, 
2543, 2544

Mycobacterium parascrofulaceum, ethambutol, 2347
Mycobacterium paratuberculosis

ciprofloxacin, 1873
rifabutin, 2434–2435, 2444

combination therapy, 2436
Mycobacterium peregrinum

clarithromycin, 1099
rifabutin, 2435

Mycobacterium phlei, rifabutin, 2434–2435
Mycobacterium porcinum, ciprofloxacin, 1873
Mycobacterium schmoidei, bedaquiline, resistance, 

2543
Mycobacterium scrofulaceum

capreomycin, 2511
clarithromycin, resistance, 1099
fleroxacin, resistance, 2182
ofloxacin, resistance, 2007
rifabutin, 2434–2435
sparfloxacin, 2296
surgical excision treatment, 2354

Mycobacterium septicum, sulfamethoxazole, 1574
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Mycobacterium sherrisii, moxifloxacin combination 
therapy, 2100

Mycobacterium shimoidei
ethambutol, 2346–2347, 2355
rifabutin, 2434–2435, 2444
rifampicin, resistance, 2372

Mycobacterium simiae
azithromycin, 1124
clarithromycin, resistance, 1099
clofazimine, 2534
ethambutol, 2355
ethambutol, resistance, 2347, 2348
rifabutin, resistance, 2435
rifampicin, 2395–2396

synergistic with ethambutol, 2379
Mycobacterium smegmatis

amikacin, 1010
bedaquiline, resistance, 2544
ciprofloxacin, 1873
clofazimine, resistance, 2534
cycloserine, resistance, 2521
ethambutol, 2347
garenoxacin, 2199
linezolid, resistance, 1303
polymyxin B, 1423
rifampicin, resistance, 2372, 2376
tigecycline, 1253

Mycobacterium szulgai
clarithromycin, resistance, 1099
clofazimine, 2534
ethambutol, 2346–2347, 2354–2355
rifampicin, 2372

Mycobacterium terrae
ethambutol, 2346–2347, 2355
rifampicin, 2395
sulfamethoxazole, 1574

Mycobacterium triplex, ethambutol, 2347
Mycobacterium tuberculosis (tuberculosis), 2197t, 

2199
amikacin, 1010, 1011–1012, 1016, 1020
amoxicillin-clavulanic acid, 258
ampicillin-sulbactam, 280
bedaquiline, 2542–2543

resistance, 2544
beta-lactamases, 667
beta-lactams, resistance, 667
capreomycin, 2511

resistance, 2511–2514
chloroquine, 3032
ciprofloxacin, 1868t, 1873, 1887, 1935, 1987

resistance, 1886
clarithromycin, resistance, 1099
clindamycin, resistance, 1471
clofazimine, 2533–2534, 2537

resistance, 2534
co-infection with HIV, 2333

artemether-lumefantrine, 2979
ciprofloxacin, 1935
efavirenz, 3924–3925
nevirapine, 3883–3884
pyrazinamide, 2363
rifampicin, 2382, 2393

cycloserine, 2520–2521, 2526–2527
resistance, 2521–2522

dapsone, resistance, 1747
delafloxacin, 2134
delamanid, 2550, 2551t

resistance, 2552
doxycycline, resistance, 1207
enoxacin, 2172t, 2173
erythromycin, resistance, 1068
ethambutol, 2346, 2348, 2350, 2353, 2479

drug-resistant tuberculosis, 2335–2336
ethionamide, 2493–2494, 2497

resistance, 2494–2495

extrapulmonary, isoniazid, 2336–2337
extremely-drug-resistant

capreomycin, 2516, 2517
cycloserine, resistance, 2522
definition, 2376, 2473, 2511
delamanid, 2556–2557
kanamycin, 951, 952
linezolid, 1326, 1328
para-aminosalicyclic acid, 2488
prevalence, 2377
sulfamethoxazole, 1574

fleroxacin, 2181t, 2182
fluoroquinolones, resistance, 2072
fosfomycin, resistance, 1396
fusidic acid, resistance, 1408t, 1409
gatifloxacin, 2031, 2215t, 2217–2218, 2224, 2231
gemifloxacin, 2114
gentamicin, resistance, 965–966
imipenem, resistance, 667
isepamicin, 1040
isoniazid, 2231, 2321–2322, 2333–2338, 2353

in combination therapy, 2100
kanamycin, 950

resistance, 1012
ketoconazole, 2734
latent

rifabutin, 2443
rifampicin/pyrazinamide combination therapy, 

contraindicated, 2390
rifapentine, 2464, 2467t

levofloxacin, 2031, 2057, 2057t, 2060
linezolid, 714, 1295, 1296t, 1306, 1316, 1326, 

1327–1328
combination therapy, 1304
resistance, 1299, 1302–1303

lomefloxacin, 2246, 2246t
maraviroc, 4317
matrix metalloproteinases in, 1207
meropenem, 699, 714
metronidazole, 1835
moxifloxacin, 1935, 1987, 2031, 2085, 2086t, 2087, 

2092, 2098–2100, 2099, 2100
resistance, 2088

multidrug-resistant, 5
amikacin, 959
amikacin, resistance, 952
amoxicillin-clavulanic acid, 270
bedaquiline, 2542, 2543, 2547
beta-lactam agents, 2380
capreomycin, 2511, 2516–2517
capreomycin, resistance, 952
clofazimine, 2537
combination therapy, 2353
cycloserine, 2523–2524, 2526–2527
cycloserine, resistance, 2521–2522
definition, 2376, 2473, 2511
delamanid, 2556–2557
development of, 2376–2377
doripenem, 739
doxycycline resistance, 1207
ethionamide, 2493, 2494–2496, 2497, 

2499–2500
fluoroquinolones, 1935
gatifloxacin, 2231
gatifloxacin, resistance, 2220
imipenem, 667
isoniazid, 2494–2495
kanamycin, 949, 951, 956–957, 958–959
kanamycin, resistance, 951–953
levofloxacin, 2072
linezolid, 1295, 1326, 1328
linezolid, combination therapy, 1304
linezolid, resistance, 1303
metronidazole, 1835
moxifloxacin, 2088, 2091, 2099, 2100

multidrug treatment regimens, 2031–2032
nemonoxacin, 2162
neonatal, 1912
ofloxacin, 2018, 2025t, 2031–2032
ofloxacin, resistance, 2010
para-aminosalicyclic acid, 2488, 2491
para-aminosalicyclic acid, resistance,  

2488–2489
as percentage of all TB cases, 2377
perchlorozone, 2504
pretomanid, 2557
prothionamide, 2493, 2499–2500
pyrazinamide, 2366
pyrazinamide, resistance, 2361
rifabutin, 2443t
streptomycin, 2479–2480
streptomycin, resistance, 2473
sulfamethoxazole, 1574
sutezolid, 2559, 2562
thiacetazone, 2503
trimethoprim-sulfamethoxazole, 1631

nemonoxacin, 2162
nitazoxanide, 3163t, 3164
norfloxacin, 1987
ocular, moxifloxacin, 2100
ofloxacin, 1935, 1987, 2005t, 2007

resistance, 2009, 2010t, 2031
para-aminosalicyclic acid, 2488, 2491

resistance, 2488–2489
paromomycin, 3149–3150
pefloxacin, 2278, 2278t, 2285
pre-extensively drug-resistant

definition, 2473
streptomycin, resistance, 2473

during pregnancy
ethambutol, 2349, 2381
isoniazid, 2381
rifampicin, 2381

pretomanid, 2550, 2551t, 2557
resistance, 2552

prothionamide, 2493–2494
resistance, 2494, 2495

pyrazinamide, 2333, 2361
in combination therapy, 2099, 2100
drug-resistant tuberculosis, 2325–2326
treatment, 2365–2366

radezolid, 1355
rifabutin, 2375, 2434, 2435–2436, 2441, 2443, 

2443t
rifampicin, 1935, 2099, 2100, 2369, 2370t, 2371, 

2384, 2392–2393
in combination therapy, 2099, 2100
combined with tuberculosis, 2323–2335
dosage, 2381
drug-resistant tuberculosis, 2335–2336
prophylaxis, 2393
resistance, 2375–2377, 2435–2436
synergistic with statins, 2380
treatment, 2392–2393

rifampicin/isoniazid/ethambutol combination 
therapy, 2380

rifampicin/isoniazid/moxifloxacin combination 
therapy, 2380

rifapentine, 2463, 2464, 2465–2466, 2467t, 2468
prophylaxis, 2468–2469
treatment, 2467t, 2468

rifaximin, 2451
roxithromycin resistance, 1088
sitafloxacin, 2123t, 2124

resistance, 2125
sparfloxacin, 2031, 2295t, 2296, 2300
streptocymin, 2475
streptomycin, 2472, 2479–2480

combined with para-aminosailcyclic acid, 2480
resistance, 2472–2473
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Mycobacterium tuberculosis (tuberculosis) 
(continued)

sulfadiazine, 1574
sulfamethoxazole, 1574
sutezolid, 2559, 2562

resistance, 2560
symptom masking in, 2072
tedizolid, 1359, 1367
thiacetazone, 2503–2504

resistance, 2504
tobramycin, resistance, 993
tosufloxacin, resistance, 2305t
trimethoprim-sulfamethoxazole, 1574

resistance, 1631
viomycin, 2531

Mycobacterium ulcerans
bedaquiline, 2543
ciprofloxacin, 1873, 1936
clarithromycin, 1110
clofazimine, 2534
dapsone, 1747
ethambutol, resistance, 2347
ethionamide, 2494
linezolid, 1295, 1297, 1297t
moxifloxacin, 2100
ofloxacin, 2007
rifabutin, 2434–2435
rifampicin, 2372, 2394–2395

resistance, 2376, 2377
rifapentine, 2463
sparfloxacin, 2296
streptomycin, 2472, 2478

Mycobacterium ulcerans. See also Buruli ulcer
Mycobacterium ulcerans subsp. shinshuense, silvazine, 

1574
Mycobacterium xenopi

azithromycin, 1124
bedaquiline, resistance, 2543, 2544
ciprofloxacin, 1873, 1936
clarithromycin, 2338
clofazimine, 2534
ethambutol, 2347, 2354
fleroxacin resistance, 2182
isoniazid, 2322
norfloxacin, resistance, 1987
pefloxacin, 2278
rifabutin, 2434–2435, 2444
rifampicin, 2395
rifapentine, 2463
sparfloxacin, 2300
streptomycin, 2472

Mycolic acid inhibitors
delamanid, 2552–2553
ethionamide, 2496
isoniazid, 2323
pretomanid, 2552–2553
thiacetazone, 2504–2505

Mycophenolate mofetil, drug interactions
aciclovir, 3462t
ganciclovir, 3511, 3511t
isavuconazole, 2864t
norfloxacin, 1990
ribavirin, 4381

Mycophenolic acid, drug interactions
amoxicillin-clavulanic acid, 265
ciprofloxacin, 265

Mycoplasma
amoxicillin, 105
ampicillin, 105
cefazolin, resistance, 348
cefepime, resistance, 586
cefepime-tazobactam, resistance, 586
cefpirome, resistance, 586
ceftazidime, resistance, 554
ceftriaxone, resistance, 472

cephalexin-resistant, 362
cephalothin-resistant, 348
cethromycin, 1172
chloramphenicol, 1518
ciprofloxacin, 1868t, 1873–1874
clindamycin resistance, 1470
doxycycline, 1206
erythromycin, 1066
garenoxacin, 2196t, 2198
gatifloxacin, 2215t, 2217
gramicidin, 1456
josamycin, 1151
ofloxacin, 2004, 2005t, 2008
penicillin G, resistance, 35
piperacillin-tazobactam, resistance, 322
pristinamycin, 1386, 1387t
rifampicin resistance, 2375
rosaramicin, 1151
roxithromycin, 1088

resistance, 1091
solithromycin, 1184, 1189

resistance, 1185
sulfonamide, resistance, 1574
temafloxacin, 2309
tigecycline, 1259
trimethoprim-sulfamethoxazole, resistance, 1631
zidovudine, 3659

Mycoplasma abscessus, tigecycline, as salvage therapy, 
1260

Mycoplasma fermentans, garenoxacin, 2198
Mycoplasma genitalium

azithromycin, 1124, 1134
resistance, 1134

doxycycline, 1206, 1214
erythromycin, 1068
gatifloxacin, 2217, 2232
gemifloxacin, 2114
levofloxacin, 2066
linezolid, resistance, 1299
macrolide, resistance, 1124
moxifloxacin, 2087
rosaramicin, 1154
solithromycin, 1184, 1189

resistance, 1185
sparfloxacin, 2296

Mycoplasma hominis
ciprofloxacin, 1873–1874
clarithromycin, resistance, 1099
clinafloxacin, 1873–1874, 2314
doxycycline, 1206, 1214
enoxacin, 2172t, 2173
erythromycin, resistance, 1068
fleroxacin, 2181t, 2182
fluoroquinolones, 1873–1874
garenoxacin, 2196t, 2198
gatifloxacin, 2215t, 2217, 2233
gemifloxacin, 2114
gentamicin, 966
josamycin, 1151
josamycin, resistance, 1152
linezolid, 1298–1299
lomefloxacin, 2246–2247, 2246t
moxifloxacin, 2087, 2098
ofloxacin, 2008
roxithromycin, 1092
rufloxacin, 2290, 2291t
solithromycin, 1184
sparfloxacin, 1873–1874, 2295t, 2296
tigecycline, 1252
tosufloxacin, 2305, 2305t

Mycoplasma phocacerebrale, tetracycline, 1200
Mycoplasma phocidae, tetracycline, 1200
Mycoplasma pneumoniae

azithromycin, 1124, 1130, 1131
cethromycin, 1173, 1173t, 1175t

as childhood pneumonia cause, 58
ciprofloxacin, 1874
clarithromycin, 1099, 1112

resistance, 1099
clinafloxacin, 2314
delafloxacin, 2133t, 2134
doxycycline, 1205t, 1206, 1212
enoxacin, resistance, 2172t, 2173
erythromycin, 1068, 1076

resistance, 1068
erythromycin A, 1173t
fleroxacin, resistance, 2181t, 2182
garenoxacin, 2196t, 2198
gatifloxacin, 2215t, 2217
gemifloxacin, 2114, 2115, 2117
gentamicin, 966
grepafloxacin, 2312
josamycin, 1153

resistance, 1152
lefamulin, 1556, 1557, 1557t
levofloxacin, 2057, 2068, 2071
linezolid, resistance, 1298–1299
macrolide, resistance, 1124
minocycline, 1231t, 1232
moxifloxacin, 2086t, 2087
nemonoxacin, 2164
ofloxacin, 2008
quinopristin-dalfopristin, 1376t
rosamicin, resistance, 1152
roxithromycin, 1091

resistance, 1088
rufloxacin, 2290, 2291t
sitafloxacinn, 2127
solithromycin, 1184

resistance, 1184
sparfloxacin, 1924, 2295t, 2296
spiramycin, 3175, 3176t
as Stevens-Johnson causal agent, 1588
telithromycin, 1156, 1158, 1173t
tigecycline, 1252
tosufloxacin, 2305, 2305t
tosufoxacin, 22307
trovafloxacin, 2311

Myelopathy, amphotericin B, 2584
Myelosuppressant agents, interactions with 

flucytosine, 2923
Myelosuppression, drugs causing

amphotericin B, 2583
chloramphenicol, 1316
linezolid, 1313, 1314, 1315–1316, 1317, 1368
tedizolid, 1368–1369, 1368t
trimethoprim-sulfamethoxazole, 1772
trimetrexate, 1772

Myelotoxicity, sutezolid, 2561
Myerson’s phenomenon, ribavirin, 4384
Mylan, 3773
Myocardial depressant effects, netilmicin, 1034
Myocardial infarction, drugs causing

abacavir, 3785–3786
lopinavir-ritonavir, 4096
roxithromycin, 1092–1093

Myocardial infection, efavirenz, 3929
Myocarditis, drugs causing

minocycline, 1237
novobiocin, 1452
para-aminosalicyclic acid, 2491
penicillin G, 54
sulfonamides, 1592

Myopathy, drugs causing
clevudine, 4361
daptomycin, 887
minocycline, 1237
nalidixic acid, 2265
raltegravir, 4221
rilpivirine, 4007
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telbivudine, 4349–4350
zidovudine, 3670t, 3671

Myositis, treatment
griseofulvin, 2930
metronidazole, 1827–1828
penicillin G, 55

MYR, 4631t
Myrac. See Minocycline
Myrcludex B, 4631t, 4638
MYSTIC (Meropenem Yearly Susceptibility Test 

Information Collection), 550t, 677
Myxedema, para-aminosalicyclic acid, 2491

N
N2R study, 3935
Naegleria fowleri, 2598. See also Primary amoebic 

meningoencephalitis
amphotericin B, 2573t
amphotericin B-tetracycline, 1201
ketoconazole, 2734
linezolid, 1299
miconazole, 2814
miltefosine, 3294, 3304
rifampicin, 23752375

Nafcillin, 162–172
administration route, 165, 166
adverse reactions and toxicity, 154, 165, 167–168
antimicrobial activity, 162, 163t
bioavailability, 165–166
chemical structure, 162, 162f
clinical uses

bacteremia, 812
beta-lactamase-producing staphylococcal 

infections, 162
coagulase-negative staphylococcal infections, 

155, 169–170
comparison with methicillin, 141
endocarditis, 138, 168–169
MRSA, 164
pediatric Gram-positive infections, 170
S. aureus bacteremia, 168
S. aureus bone and joint infections, 169
S. aureus central nervous system infections, 169
S. epidermidis infections, 141
staphylococcal endocarditis, 154–155

in combination with vancomycin, 164, 792
comparison with isoxazolyl penicillins, 162
description, 162
dosage, 165, 166t
drug interactions, 164–165, 166, 167, 169

aztreonam, 650
daclatasvir, 4464
doxycycline, 1210
isoxazolyl penicillins, 151

excretion, 166t, 167
false-positive urine reaction to, 168
in vitro synergy and antagonism, 1396
mechanism of drug action, 165
minimum inhibitory concentrations (MICs), 162, 

163t, 164, 164t
as oxacillin substitute, 153
parenteral formulations, 162
pharmacokinetics/pharmacodynamics, 165–167
postantibiotic effects, 166–167
staphylococcal penicillinase resistance, 162
subcutaneous extravasation, 168

Naftifine, 2725–2727
mechanism of action, 2721

Nail changes
pigmentation changes

emtricitabane, 3807
zidovudine, 3670t, 3673

voriconazole, 2832
Nail infections, Candida, amphotericin B, 2589–2590
Nail puncture wounds, ciprofloxacin, 1922

Nails, antimicrobial distribution in
amorolfine, 2905–2906
ciclopirix, 2911
itraconazole, 2792t, 2793, 2794
terbinafine, 2713–2714

Nalidixic acid, 2254–2276
administration modes, 2255t, 2263
adverse reactions and toxicity, 2255t, 2265–2267

in infants, 2263
adverse reactions and toxicity, 1907
antimicrobial activity, 2254, 2255t

Gram-negative bacteria, 2256, 2258–2262, 2268
Gram-positive bacteria, 2257
minimum inhibitory concentrations, 2256, 

2257–2259, 2257t
N. gonorrhoeae, 1883

chemical structure, 2254, 2254f
clinical uses, 2255t

Gram-negative systemic infections, 2268
selective decontamination of digestive tract, 

2269
Shigella infections, 2268–2269
UTIs, 2267–2268
UTIs, uncomplicated, 2267–2268

development and availability chronology, 2256t
dosage, 2263
drug interactions, 2263–2264, 2264–2265

chloramphenicol, 1888
rifampicin, 1888

mechanism of action, 2262–2263
metabolites, 2263, 2264
minimum inhibitory concentrations, 2263
pharmacokinetics/pharmacodynamics, 2255t

bioavailability, 2263–2264
clinically important features, 2264
distribution in body, 2264
excretion, 2264
in neonates, 2263

resistance and cross-resistance, 107, 1881, 1882, 
2006, 2067, 2257–2262, 2257t

in Gram-negative bacteria, 2258–2262
in Salmonella, 123

as resistance marker
for ciprofloxacin, 2261
for fluoroquinolones, 2260
for levofloxacin, 2057

Nanoliposomes, 1481
Naphthoquine, chemical structure, 3019f
Naphthyridone, chemical structure, 2254f
Naproxen, drug interactions

aciclovir, 3462t
zidovudine, 3669

Narcotic analgesics, interactions with zidovudine, 
3669

Nasal decolonization, mupirocin, 1461
Nasal irritation, drugs causing

amantadine, 4537
rimantadine, 4538
zanamivir, 4567

Nasal secretions, antimicrobial distribution in
ciprofloxacin, 1896–1897
fleroxacin, 2185
moxifloxacin, 2089
ofloxacin, 2015
peramivir, 4615–4616
rifampicin, 2383

Natamycin, 2653–2655
National Antimicrobical Resistance Monitoring 

System (NARMS), 1881
National Hansen’s Disease Program (NHDP), 1749, 

1757
Natural antibiotics, cephalosporin C as, 347
Nausea and vomiting, drugs causing

aciclovir, 3464
amantadine, 4537

amikacin, 1018
amoxicillin, 117
amoxicillin-clavulanic acid, 265
amphotericin B, 2575, 2577, 2584
ampicillin, 116
ampicillin-sulbactam, 240–241
anidulafungin, 2701
antimonial agents, 3285
artemether-lumefantrine, 2979
artemisinin-naphthoquine, 3024
artesunate, 2969
atovaquone, 3122
atovaquone-proguanil, 3132, 3141, 3142t
avarofloxacin, 2160
azithromycin, 1128–1129, 2118
aztreonam, 651
bacitracin, 1457
bedaquiline, 2547
benznidazole, 3207
brivudin, 3577
capsofungin, 2670
cefaclor, 379
cefepime, 593
cefixime, 379, 543
cefotaxime, 439
cefpirome, 594
cefpodoxime, 536
cefprozil, 379
ceftaroline, 611t
ceftaroline-avibactam, 616t
ceftazidime-avibactam, 569
ceftizoxime, 536
ceftobiprole, 631, 631t, 632t
ceftolozane-tazobactam, 641
ceftriaxone, 483
cefuroxime, 390
cephalexin, 364
chloramphenicol, 1528
chloroquine, 3038
ciprofloxacin, 1906
clarithromycin, 1105
clindamycin, 1486, 1487–1488
clofazimine, 2537t
cobicistat, 4201
dalbavancin, 925t
delafloxacin, 2136
delamanid, 2555
delavirdine, 3965
dihydroartemisinin-piperaquine, 2998–2999, 

2998t
eflornithine, 3257, 3259
enfuvirtide, 4301
enoxacin, 2175
entecavir, 4327t
eravacycline, 1285
ertapenem, 755, 756t
erythromycin, 1073
ethionamide, 2498
famciclovir, 3497
faropenem, 769
fidaxomicin, 1552
finafloxacin, 2143–2144
first-generation cephalosporins, 373
fleroxacin, 2186
fluconazole, 2767–2768
flucytosine, 2923
fosamprenavir, 4114, 4115
foscarnet, 3601
fosfomycin, 1399
fumagillin, 3184
ganciclovir, 3513–3514
garenoxacin, 2204t
gatifloxacin, 2225t
gemifloxacin, 2116, 2117, 2118
grepafloxacin, 2313
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Nausea and vomiting, drugs causing (continued)
griseofulvin, 2929
iclaprim, 1780t
imipenem, 679
iodoquinol, 3200
isavuconazole, 2864
isoxazolyl penicillins, 152–153
itraconazole, 2797
ivermectin, 3357t
kanamycin, 958
ketoconazole, 2742
ketolides, 1188
lefamulin, 1559, 1559t
levofloxacin, 2063
lindane, 3425
linezolid, 1271, 1314, 1314t, 1317, 1317t
lomefloxacin, 2249
lopinavir-ritonavir, 4095, 4096
maribavir, 3643
mefloquine, 3082
melarsoprol, 3246
meropenem, 710, 710t
methenamine, 1802
metronidazole, 1822
micafungin, 2687
miconazole, 2817
miltefosine, 3297–3298
minocycline, 1236
moxifloxacin, 759, 2092
natamycin, 2654
neomycin, 1049
nevirapine, 3876
niclosamide, 3407
nifurtimox, 315
nitazoxanide, 3168
nitrofurantoin, 1789
norfloxacin, 1990
novobiocin, 1452
nystatin, 2646
ofloxacin, 2020, 2021t
omadacycline, 1271
ombitasvir-paritaprevir-ritonavir-dasabuvir, 

4501t, 4503t, 4504t, 5406t
oritavancin, 914t
oseltamivir, 4594–4595, 4596
oxamniquine, 3399
para-aminosalicyclic acid, 2490
paromomycin, 3152t, 3153t, 3155
pefloxacin, 2283
pegylated interferon, 4466
penicillin V, 95
peramivir, 4619, 4620
piperacillin-tazobactam, 333
pivmecillinam, 212
praziquantel, 3389
pretomanid, 2556
primaquine, 3103, 3104
pristinamycin, 1389, 1389t
prulifloxacin/ulifloxacin, 2151
pyrantel pamoate, 3383
pyrazinamide, 2365
pyrimethamine, 1731
pyronaridine-artesunate, 3013, 3013t, 3014
quinacrine, 3201
quinine, 3064t
quinupristin-dalfopristin, 1380, 1380t
raltegravir, 4220
rifampicin, 2389
rifaximin, 2455
rilpivirine, 4006t
rimantidine, 4538
ritonavir, 4202, 4202t
roxithromycin, 1090
rufloxacin, 2292
solithromycin, 1188
sparfloxacin, 2298

spectinomycin, 1544
spiramycin, 3178
sulfonamides, 1587
suramin, 3232
tafenoquine, 3113
tedizolid, 1367
telavancin, 935
telbivudine, 4350t
telithromhycin, 1163
terbinafine, 2714
tetracycline, 1198
thiabendazole, 3339
thiacetazone, 2506
ticarcillin-clavulanic acid, 306
tigecycline, 1257
tinidazole, 1853
tipranavir-ritonavir, 4168–4169, 4169t
triclabendazole, 3349
trifluridine, 3630
trimethoprim-sulfamethoxazole, 1648
trimetrexate, 1772
trovafloxacin (withdrawn from market), 2311
ureido-group penicillins, 197
valaciclovir, 3464
vancomycin, 631, 631t, 811, 1559t
zabofloxacin, 2165
zanamivir, 4567
zidovudine, 3670t

NEAT001/ANRS143 study, 4231
NEAT studies, 4105, 4114, 4116, 4117t, 4118, 4136, 

4154
NebuPent. See Pentamidine
Necator americanus

flubendazole, resistance, 3343
mebendazole, resistance, 3330, 3334
pyrantel pamoate, 3381, 3382, 3384t

Necator duodenale
flubendazole, 3343
mebendazole, 3334

Necrotizing entercolitis
cephalexin, 366
erythromycin, 366

Necrotizing enterocolitis
kanamycin, 959
neonatal

amoxicillin-clavulanic acid-related, 266
antianaerobic antimicrobial therapy, 442
ceftriaxone contraindication for, 501
combination therapy for, 442

Necrotizing fasciitis
clindamycin, 1493
intravenous immunoglobulin, 55
meropenem, 713
minocycline, 1242
penicillin G, 24
polymicrobial, imipenem-cilastatin, 688

NEFA study, 3887
Neisseria

amikacin, 1010, 1010t
amoxicilin-clavulanic acid, 269
bacitracin, 1454
cefazolin, 348
ceftiazidime, 566
ceftiazidime-avibactam, 566
cephalothin, 348
chloramphenicol, 1517
ciprofloxacin, resistance, 1883–1884
erythromycin, 1066
fleroxacin, 2181, 2181t
garenoxacin, 2197
gentamicin, 965
levofloxacin, 2055
linezolid, resistance, 1293
mecillinam, resistance, 207, 208t
nitrofurantoin, 1786
novobiocin, 1450, 1451t

polymyxins, resistance, 1423
pristamycin, 1386, 1387t
quinopristin-dalfopristin, resistance, 1376t
sulbactam for, 228
tobramycin, resistance, 993
trimethoprim-sulfamethoxazole, resistance,  

1630
Neisseria brasiliensis, amikacin, 1009
Neisseria bronchiseptica, ciprofloxacin, 1870
Neisseria elongata subsp. nitroreducens, ampicillin, 

104
Neisseria gonorrhoeae (gonorrhea)

amoxicillin, 61, 63–64, 123
resistance, 104, 255

amoxicillin-clavulanic acid, 255, 270–271
resistance, 255

ampicillin, 61, 63–64, 175
resistance, 104

ampicillin-sulbactam, 228, 281, 294
antimicrobial potency against, 470
apalcillin, 188t, 189
avarofloxacin, 2159t, 2161
azithromycin, 271, 448, 1122, 1123t, 1124, 1134, 

1183, 2118
azlocillin, 188t, 189
aztreonam, 644, 654
beta-lactamases, 32, 38–39, 123, 189, 207, 473, 

531, 1870
biapenem, 773, 775t
carbenicillin, 175
cefaclor, 377
cefadroxil, resistance, 371
cefazolin, 355
cefdinir, resistance, 540
cefixime, 539t, 540, 543

resistance, 1183
cefixime, resistance, 430, 473, 540
cefixime-azithromycin, 543
cefixitme, 540–541, 542
cefofoxitin, 405
cefoperazone-sulbactam, 417
cefotaxime, 427, 428t, 430, 431, 438, 448

resistance, 430, 473
cefotetan, 405
cefotiam, 399t
cefoxitin, resistance, 404t
cefpodoxime, 532, 537
ceftazidime, 551t, 552, 554
ceftizoxime, 531–532, 536
ceftriaxone, 123, 271, 355, 430, 469t, 470, 475, 

481, 497–498, 497t, 959, 1034
resistance, 430, 470, 473, 540, 1183

cefuroxime, 385t, 386, 392
resistance, 38

cephradine, resistance, 371
chloramphenicol, 1515
ciprofloxacin, 1868t, 1870, 1922–1923, 1924

resistance, 1870, 1923, 1992, 2216
ciprofloxacin, resistance, 1870
clavulanic acid, 234
clinafloxacin, 2314
clindamycin, 1470
cloxacillin, 145t
delafloxacin, 2133, 2133t, 2137
doripenem, 739
doxycycline, 1215
enoxacin, 2172, 2172t, 2175
ertapenem, 745, 746t
erythromycin, 1066
faropenem, 766, 767t
finafloxacin, 2139, 2140t
fleroxacin, 2189
fluoroquinolones, 959

resistance, 430, 1883, 2029, 2066, 2067, 2119, 
2232

fosfomycin, 1401
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garenoxacin, 2197
gatifloxacin, 2214t, 2216, 2232

resistance, 2216
gemifloxacin, 2113, 2118
gemifloxacin, resistance, 2114
gentamicin, 981
grepafloxacin (withdrawn from market), 2312, 

2313
iclaprim, 1776t, 1777
imipenem, 664, 669t
isepamicin, resistance, 1040, 1040t
josamycin, 1151, 1151t

resistance, 1151
kanamycin, 959
levofloxacin, 2055, 2056t, 2066, 2067

resistance, 2066
levofloxacin resistance, 2055, 2057
linezolid, resistance, 1297
lomefloxacin, 2250
macrolides, resistance, 1124
mecillinam, resistance, 207
methicillin, 136
metronidazole, 1825
mezlocillin, 188t, 189, 190

resistance, 189
moxifloxacin, 2085, 2086t, 2098
multidrug-resistant, 473
mupirocin, 1461
naficillin, 163t
nalidixic acid, 2256

resistance, 2260
nemonoxacin, 2159t, 2162
netilmicin, 1034
norfloxacin, 1987, 1992

resistance, 1987–1988
novobiocin, 1451t
ofloxacin, 2025t, 2029

resistance, 2005t, 2007, 2008, 2009, 2010t
pencillin, resistance, 39, 270–271
pencillin G, 190

resistance, 255
penicillin, 92, 448

resistance, 430, 473
penicillin-binding protein 2, 430, 540
penicillin G, 61, 189, 959

resistance, 32, 38–39, 123–124
penicillin V, 92
piperacillin, 190
piperacillin-tazobactam, 230
pipercillin, resistance, 190
plasmid-mediated resistance, 32
rifabutin, 2435
rifampicin, 2370t, 2373
rosaramicin, resistance, 1151
roxithromycin, 1088
sitofloxacin, 2123
solithromycin, 1179, 1181t, 1183, 1189

resistance, 1185
spectinomycin, 1542–1543, 1544–1545

resistance, 1543
spiramycin, 3175, 3176t
streptomycin, 2471
sulfonamides, 1596

resistance, 1577
temocillin, 218, 219t, 223
tetracycline, 430, 473
tetracycline, resistance, 1195
thiamphenicol, 1515
ticarcillin, 175
ticarcillin-clavulanic acid, 227, 300t, 301
tigecycline, 1252
trimethoprim-sulfamethoxazole, 1665
trimethoprim-sulfamethoxazole/sulfonamides, 

1635
vancomycin-resistant, animal reservoir of, 10
zabofloxacin, 2159t, 2165

Neisseria lactamica, pencillin G, 68
resistance, 32–33

Neisseria meningitidis
amoxicillin, 104, 255

resistance, 104
amoxicillin-clavulanic acid, 255
ampicillin, 104, 175

resistance, 104
azithromycin, 1122, 1124
azlocillin, 188t, 189
carbenicillin, 175
cefaclor, 377
cefaclor for, 377
cefofoxitin, 405
cefoperazone-sulbactam, 417, 417t
cefotaxime, 32, 39, 417, 427, 428t, 430, 437
cefoxitin, resistance, 404t
cefpodoxime, 532
ceftaroline, 606
ceftazidine, 552
ceftizoxime, 531
ceftriaxone, 32, 39, 417, 430, 467, 469t–469t, 470, 

1242
ceftriaxone, resistance, 467, 470
cefuroxime, 385t, 386, 405

resistance, 391
cephalothin, 405
chloramphenicol, 32, 39, 1524
ciprofloxacin, 1242, 1868t, 1870, 1883, 1888

resistance, 1883–1884
clinafloxacin, 2314
clindamycin, 1470
cloxacillin, 145t
doripenem, 725, 727t
enoxacin, 2172, 2172t
ertapenem, 745, 746t
erythromycin, 1066
garenoxacin, 2197
imipenem, 664
isepamicin, resistance, 1040, 1040t
josamycin, 1151
levofloxacin, 2056t

resistance, 2055
methicillin, 136
mezlocillin, 189
minocycline, 1242
moxifloxacin, 2085, 2086t
mupirocin, 1461
nafcillin, 163t
nalidixic acid, 2256

resistance, 2257
nasopharyngeal carriage eradication

ciprofloxacin, 1595, 1930–1931
minocycline, 1595
ofloxacin, 2034
rifampicin, 1595, 2403
spiramycin, 3180
sulfadiazine, 1595
sulfonamides, 1595

norfloxacin, 1987
ofloxacin, 2005t, 2007, 2016
pencillin G

resistance, 32–33, 39
penicillin, 1242
penicillin G, 24t, 25t

resistance, 31–33, 32, 32t, 104
penicillin V, 92, 93t
plasmid-mediated resistance in, 32
rifabutin, 2435
rifampicin, 32, 1242, 2370t, 2373, 2383, 2403

resistance, 2378–2379, 2403
rosaramicin, 1151
roxithromycin, 1088
solithromycin, 1181t, 1183
spiramycin, 3175, 3176t
streptomycin, 2471

sulfadiazine resistance, 1572
sulfonamides, 1595

resistance, 1577–1578
ticarcillin, 175
ticarcillin-clavulanic acid, 300t
trimethoprim-sulfamethoxazole, 1630, 1664

Neisseria mucosa
ciprofloxacin, 1870
penicillin G, 61

resistance, 33
Neisseria polysaccharea, pencillin G, resistance, 32–33
Neisseria sicca, penicillin G, 61
Nelfinavir, 4075–4086

administration modes, 4076
adverse reactions and toxicity, 4080–4081
anti-tumor activity, 4083
antiviral activity, 4075–4076
chemical structure, 4075, 4075f
clinical uses

cancer therapy, 4083
versus fosamprenavir, 4117t, 4118
HIV-1 virus infection therapy, 4081–4083, 4082t

in combination with
delavirdine, 3963t, 3964t
efavirenz, 4080
lamivudine, 3740
ritonavir, 4079–4080
saquinavir, 4080

dosage, 4076–4077, 4077t
drug interactions, 4079–4080

amiodarone, 4079
azithromycin, 1128t
ergot derivatives, 4079
etravirine, 3976, 3978t
midazolam, 4079
omeprazole, 4079, 4080
pimozide, 4079
quinidine, 4079
rifampicin, 4079
saquinavir, 4034
statins, 4079
St. John’s wort, 4080
triazolam, 4079
trimetrexate, 1771

ethyl methanesulfonate-contaminated, 4075
in vitro synergy and antagonism, 4076
pharmacokinetics/pharmacodynamics

bioavailability, 4078, 4078t
clinically important features, 4079
distribution, 4078–4079
excretion, 4078, 4079

resistance and cross-resistance, 4076
NELSANE cohort, 3885
Nematodes. See also Hooworms; Roundworms; 

individual species
ivermectin, 3351–3362
nitazoxanide, 3170
soil-transmitted, nitazoxanide, 3164

Nemonoxacin, 2161–2164
administration modes, 2161, 2162, 2163
adverse reactions and toxicity, 2163
antimicrobial activity, 2161–2162, 2161–2163
chemical structure, 2161, 2161f, 2161t
clinical uses, 2161, 2163–2164
development and availability chronology, 2256t
dosage, 2162, 2163
drug interactions, 2163
pharmacokinetics/pharmacodynamics, 2162–2163
resistance and cross-resistance, 2161t, 2162

Neocidin®. See Gramicidin
Neocin PG®. See Gramicidin
Neomycin, 1046–1052

administration modes and dosage, 1047
topical administration, 1047, 1048, 1049–1050

adverse reactions and toxicity, 958, 1048–1049
antimicrobial activity, 1046, 1047t
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Neomycin (continued)
bioavailability, 1047–1048
chemical structure, 1046, 1046f
clinical uses, 1050

bladder infections, 1051
colorectal surgery prophylaxis, 1828
hepatic encephalopathy, 1051
hypercholesterolemia, 1051
irritable bowel syndrome, 1050
parasitic infections, 1051
selective gut decontamination, 1050

in combination with
bacitracin and polymyxin B, 1456
gramicidin and polymyxin B, 1456

drug interactions, 1049
mechanism of action, 1047
minimum inhibitory concentrations, 1046, 1047, 

1047t
pharmacokinetics/pharmacodynamics, 1047–1048
resistance and cross-resistance, 1046–1047, 1047t

Neomycin E. See Paromomycin
Neonatal infections

penicillin G prophylaxis, 56–57
Streptococcus agalactiae-related, 25

Neonates and infants
low birth weight

chloramphenicol, 1523
kanamycin, 954, 959
nystatin, 2649

Neonates and infants. See also Premature infants
abacavir, 3778, 3778t, 3782
aciclovir, 3456–3457
adefovir dipivoxil, 4338
albendazole, 3315
amikacin, 1012–1013, 1014, 1015, 1015t, 1016, 

1017t, 1018
aminoglycosides, 2478
amoxicillin, 111, 122
amoxicillin-clavulanic acid, 261
amphotericin B, 2578, 2588
amphotericin B, liposomal, 2613–2614, 2618
amphotericin B-lipid complex, 2630, 2632
ampicillin, 111, 122
ampicillin-sulbactam, 282–283
anidulafungin, 2698
antimonial agents, 3283
artemether-lumefantrine, 2974, 2976
artesunate, 2967
artesunate-amodiaquine, 3050t, 3051
atazanavir, 4145, 4145t
atovaquone, 3119–3120, 3121
atovaquone-proguanil, 3140
azithromycin, 1125, 1132

toxicity, 1130
aztreonam, 645, 648, 649
bactriacin, 1457
bedaquiline, 2544
benznidazole, 3208
beta-lactam allergy in, 122
biapenem, 776
brivudin, 3575–3576
capreomycin, 2515
carbenicillin, 176–177
caspofungin, 2668
cefadroxil, 372
cefazolin, 349–350
cefdinir, 534
cefepime, 587
cefepime-tazobactam, 588
cefixime, 541
cefoperazone-sulbactam, 419
cefotaxime, 431t, 432, 434–435, 444, 445t, 446, 448
cefotiam, 398
cefoxitin, 407
cefpodoxime, 534

ceftaroline, 607
ceftazidime, 555
ceftibuten, 534
ceftizoxime, 533–534
ceftolozane-tazobactam, 639t, 640
ceftriaxone, 475–476, 477t, 479, 482, 494, 498
cefuroxime, 387
cephalexin, 363
cephalothin, 349–350
chloramphenicol, 1520, 1521, 1522, 1523–1524, 

1527–1528, 1529
chloroquine, 3035
cidofovir, 3548
ciprofloxacin, 1889, 1893, 1901, 1909, 1916
clarithromycin, 1100, 1108
clevudine, 4360
clindamycin, 1477, 1479
clofazimine, 2535
colistin methanesulfonate, 1427
crotamiton, 3441, 3442
crystalline penicillin G, 44–45
dapsone, 1750
daptomycin, 875
delamanid, 2553
dicloxacillin, 151
didanosine, 3702, 3702t, 3715
diethylcarbamazine, 3372
dihydroartemisinin-piperaquine, 2994–2995
diloxanide furoate, 3196
doripenem, 731
doxycycline, 1208
eflornithine, 3256
elvitegravir, 4234
emtricitabane, 3803
enfuvirtide, 4300
enoxacin, 2173
ertapenem, 752
erythromycin, 1070, 1077, 1596
ethambutol, 2348
etravirine, 3974, 3974t
famciclovir, 3495
Fansidar (sulfadoxine-pyrimethamine), 1600, 1601
fidaxomicin, 1550
flubendazole, 3341
flucloxacillin, 151, 154
fluconazole, 2761, 2765
flucytosine, 2921
fosamprenavir, 4106–4107, 4109
foscarnet, 3599, 3607
fosfomycin, 1397
furazolidone, 3188
fusidic acid, 1410–1411, 1414
ganciclovir, 3508, 3509, 3521
gatifloxacin, 2220–2221, 2222, 2222t
gemifloxacin, 2115
gentamicin, 971, 973, 975–976, 977, 979
group B streptococcal infections, 56–57
halofantrine, 3092
HCV antiviral drug therapy, 4451
imipenem, 673, 675
indinavir, 4063
isepamicnin, 1041
isoniazid, 2324
ivermectin, 3354–3355, 3354t
josamycin, 1152
kanamycin, 954, 957
ketoconazole, 2736
lamiduvine, 3742
levofloxacin, 2060
lindane, 3425
linezolid, 1306, 1307, 1309t, 1313, 1318, 1326
lomefloxacin, 2247
lopinavir-ritonavir, 4089, 4096
maraviroc, 4309
mebendazole, 3331

mefloquine, 3079
mefloquine-artesunate, 3079
melarsoprol, 3242
meropenem, 704, 704t, 707, 707t, 708
methicillin, 138, 139
metronidazole, 1815–1816, 1819–1820
mezclocillin, 192
micafungin, 2685, 2685t
miltefosine, 3296
nafcillin, 165
nalidixic acid, 2263, 2265, 2266
nelfinavir, 4077
neomycin, 1049
netilmicin, 1031, 1032, 1033
nevirapine, 3862, 3863t, 3867
niclosamide, 3406
nifurtimox, 3213t, 3214
nitazoxanide, 3165
nitrofurantoin, 1787, 1792, 1794
norfloxacin, 1988
novobiocin, 1451, 1452
nystatin, 2647
ofloxacin, 2010–2011, 2011t
oseltamivir, 4588, 4589t
oxacillin, 151
paromomycin, 3151
pefloxacin, 2279
pencillin G, 45
penicillin G, 43, 52, 55, 59–60
penicillin V, 94
pentamidine, 3271–3273
peramivir, 4614
permethrin, 3416
piperacilin-tazobactam, 326–327, 326t
piperacillin, 192
piperaquine, 2994–2995
polymyxin B, 1427
polymyxins, 1426–1427
posaconazole, 2847
praziquantel, 3387
pretomanid, 2553
primaquine, 3101
procaine penicillin G, 46
pyrantel pamoate, 3382
pyrazinamide, 2362
pyrimethamine, 1728, 1730, 1733–1734
pyrimethamine-dapsone (Maloprim), 1758
pyronaridine-artesunate, 3009–3010, 3015
quinine, 3061
raltegravir, 4217
retapamulin, 1563–1564
ribavirin, 4376–4377
rifabutin, 2436
rifampicin, 2381, 2382
rifaximin, 2454
rimantadine, 4531, 4534
ritonavir, 4182–4183
rosaramicin, 1153
roxithromycin, 1089, 1092
rufloxacin, 2291
sitafloxacin, 2125
sparfloxacin, 2296
spectinomycin, 1544
spiramycin, 3176, 3177
spiramyicn, 3178, 3179t
stavudine, 3758–3759
streptomycin, 2476
sulfadiazine, 1583–1584
sulfonamides, 1582, 1592, 1597
sutezolid, 2560
tafenoquine, 3111
teicoplanin, 844, 847, 855
telbivudine, 4347, 4347t
tenofovir, 3828–3829
terbinafine, 2712
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tetracycline, 1198
ticarcillin, 177
ticarcillin-clavulanic acid, 304
tinidazole, 1852
tipranavir, 4163
tobramycin, 995, 997
tosufloxacin, 2306
triclabendazole, 3348
trimethoprim, 1651
trimethoprim-sulfamethoxazole, 1638,  

1663–1664
valganciclovir, 3508–3509, 3521–3522
vancomycin, 798, 802, 806, 807, 809, 811, 

813–814, 815, 816
voriconazole, 2826–2827, 2826t
zalcitabine, 3724
zidovudine, 3664t, 3665, 3667, 3674, 3681–3682
zidovudine exposure, perinatal, 3674

Neoptic®. See Gramicidin
Neosporin®. See Gramicidin
Nephritis, BK virus-associated, cidofovir treatment, 

3561
Nephritis, drugs causing

azithromycin, 1130
cloxacillin, 154
dicloxacillin, 154
flucloxacillin, 154
interstitial

amoxicillin-clavulanic acid, 266
ampicillin, 117
cefotaxime, 440
ceftriaxone-vancomycin, 482
ciprofloxacin, 117, 1909
erythromycin, 1075
ethambutol, 2352
fluoroquinolones, 2126
gentamicin, 977
griseofulvin, 2930
levofloxacin, 2065
linezolid, 1315
methicillin, 139–140, 141
mezlocillin, 197
norfloxacin, 1909, 1991
omeprazole, 117
penicillin G, 50, 53
rifampicin, 2390–2391
sulfonamides, 1591–1592
trimethoprim-sulfamethoxazole, 1654

nafcillin, 154
toxic, capreomycin, 2516

Nephrolithiasis, drugs causing
atazanavir, 4152
ceftriaxone, 484
indinavir, 4068–4069, 4068t

Nephropathy
abacavir, 3786
BK virus-associated, cidofovir, 3561
HIV-associated, zidovudine, 3681
norfloxacin, 1991

Nephroprotective drugs, diltiazem as, 1034
Nephrotic syndrome

griseofulvin, 2930
norfloxacin, 1991

Nephrotoxic drugs, drug interactions
amphotericin B, liposomal, 2616
amphotericin B deoxycholate, 2581

Nephrotoxicity
abacavir, 3784t, 3786, 3789
aciclovir, 3463
adefovir dipivoxil, 4340
amikacin, 1012, 1013, 1018
aminoglycosides, 1399

cefazolin-related aggravation, 353
cephalothin-related aggravation, 353

amoxicillin, 117

amphotericin B, 2578, 2582–2583
amphotericin B, liposomal, 2616, 2636
amphotericin B-lipid complex, 2635–2636
ampicillin, 117
bacitracin, 1456, 1457
capreomycin, 2516
capsofungin, 2670
cefotaxime, 438, 440
cefpirome, 592
ceftaroline, 607, 610, 611t
ceftazidime, 555
ceftazidime-avibactam, 568
ceftiazidime, 561
ceftizoxime, 536
cephalexin, 365
cephaloridine, 373
cephalothin, 352–353
cidofovir, 3251, 3547–3548, 3550–3551
cilstatin, 680
ciprofloxacin, 1909–1910
cisplatin, 1399
clindamycin, 1489
cobicistat, 4201
colistin methanesulfate, 1435–1437
dapsone, 1754
drugs causing

dolutegravir, 4267, 4269–4270, 4270f
erythromycin-ciclosporin, 1073
indinavir, 4068–4069, 4068t
mezlocillin, 197
ritonavir, 4202t
temofloxacin, 2310

ethambutol, 2352
fleroxacin protective effects, 2187
foscarnet, 3599–3600, 3600t
fosfomycin protective effects, 1399
ganciclovir, 3513–3514
gentamicin, 197, 971, 974, 976–977, 980, 995, 

1018, 1033
therapeutic drug monitoring of, 977

griseofulvin, 2930
imipenem-cilstatin, 680
indinavir, 4068–4069, 4068t
isepamicin, 1043
kanamycin, 957–958
levofloxacin, 2065
melarsoprol, 3246
methicillin, 139–140
micafungin, 2687
miconazole, 2817
miltefosine, 3298
nafcillin, 167
neomycin, 1048
netilmicin, 197, 1031, 1033–1034
ofloxacin, 2023
penicillin G, 53
pentamidine, 3275
plazomicin, 1059–1060
polymyxin B, 1435, 1436–1437
polymyxins, 1425
pyrimethamine, 1732
pyrimethamine-dapsone, 1732
RIFLE assessment criteria for, 1435
ritonavir, 4203
streptomycin, 957, 2478–2479
sulfanamides, 1591–1592
suramin, 3229–3230, 3232
teicoplanin, 845, 851
tenofovir, 3833–3834
tenofovir disoproxil fumarate, 4238
tetracycline, 1199
tobramycin, 994–995, 999, 1034
trimethoprim-sulfamethoxazole, 1652–1654
trimetrexate, 1772
vancomycin, 796, 799, 806, 809–810

Nervinex. See Brivudin
Nervousness, drugs causing

amantadine, 4536
trimethoprim-sulfamethoxazole, 1654

Neticonazole
administration modes, 2891t
adverse reactions and toxicity, 2891t
chemical structure, 2887t
clinical uses, 2891t, 2894
excretion, 2891t

Netilmicin, 1028–1038
administration modes and dosage

8-hour, 1030, 1031
once-daily, 1030–1031
pediatric, 1031
in pregnancy and breastfeeding, 1031

adverse reactions and toxicity, 197, 998, 1031, 
1032–1035

antimicrobial activity
Gram-negative bacteria, 1029, 1029t
Gram-positive bacteria, 1029, 1029t

chemical structure, 1028, 1028f
clinical uses, 1034

UTIs, 1400–1401
in combination with

cephalosporins, 1033–1034
clindamycin, 1033–1034
mezlocillin, 197
penicillin G, 1030
penicillins, 1033–1034
ticarcillin, 182
vancomycin, 1034

drug interactions
aminoglycosides, 181
carbenicillin, 179, 181
diltiazem, 1034
furosemide, 1034
penicillins, 1032
sulbactam, 240
ticarcillin, 179, 181

excretion, 1032
invitro synergy and antagonism, 191
mechanism of action, 1030
minimum inhibitory concentrations,  

1029–1030
pharmacokinetics/pharmacodynamics

area-under-the-concentration-time curve,  
1032

bioavailability, 1031–1032
clinically important features, 1032
distribution in body, 1032

resistance and cross-resistance, 1029–1030, 
1029t, 1040

Neuralgia, postherpetic
brivudin, 3577, 3577t, 3578f
famciclovir, 3499
streptomycin, 2482

Neural tube defects, efavirenz, 3925–3926
Neuraminidase inhibitors. See also Lanamivir; 

Peramivir; Zanamivir
laninamivir, 4551, 4551f
mechanism of action, 4552–4553, 4559–4560, 

4560f, 4560t
zanamivir, 4550–4579

Neuritis
optic

capreomycin, 2516
chloramphenicol, 1528
ethambutol, 2351
iodoquinol, 3200

peripheral
ethambutol, 2352
griseofulvin, 2929
nitrofurantoin, 1790

Neurobrucellosis, doxycycline, 1215
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Neurocystercercosis, albendazole, 3321–3322
Neuroleptic agents, drug interactions

atazanavir, 4148t
darunavir, 4132t
fosamprenavir, 4110t
pyronaridine, 3012
tipranavir-ritonavir, 4166t

Neurologic toxicity. See Neurotoxicity
Neuromuscular blockade, drugs causing

amikacin, 1000
clindamycin, 1489–1490
gentamicin, 977–978, 1000
isepamicin, 1043
kanamycin, 958
levofloxacin, 2063
neomycin, 958, 1049
netilmicin, 1034
polymyxins-related, 1437
streptomycin, 2477–2478, 2479
tetracycline, 1199
tobramycin, 1000

Neuromuscular blocking agents, interactions with 
clindamycin, 1486, 1487t

Neuropathy
auditory, linezolid, 1318
axonal, linezolid, 1316
Lyme cranial, 124
nitrofurantoin, 1790
ocular, ethambutol, 2349
optic

ethambutol, 2352
linezolid, 1314, 1316, 1317
tedizolid, 1369

peripheral
amantadine, 4536
amphotericin B, 2584
benznidazole, 3207
didanosine, 3706, 3707–3708
ethionamide, 2498
fluoroquinolones, 2117
griseofulvin, 2929
iodoquinol, 3200
isoniazid, 2330–2331
levofloxacin, 2063
linezolid, 1314, 1316, 1317–1318
lomefloxacin, 2249
melarsoprol, 3245–3246
metrifonate, 3401
metronidazole, 1822
nifurtimox, 315
perfloxacin, 1907
stavudine, 3761–3762, 3763
tedizolid, 1369
telbivudine, 4350, 4350t
trimetrexate, 1772
zalcitabine, 3724, 3725

sensory, metronidazole, 1822
Neuropsychiatric side effects, of antimicrobials

atovaquone-proguanil, 3141, 3142t
azithromycin, 1130
efavirenz, 3919–3920
mefloquine, 3083
nevirapine, 3874t, 3878
oseltamivir, 4595–4596
pegylated interferon, 4466
raltegravir, 4220

Neurosurgery prophylaxis, cefotiam, 401
Neurosyphilis, treatment

ceftriaxone, 65, 498
crystalline penicillin G, 42
doxycycline, 1220
penicillin G, 52, 64–65

in HIV-infected patients, 64–65
Neurotoxic drugs. See also specific drugs under 

Neurotoxicity
drug interactions, 1437

Neurotoxicity
aciclovir, 3463–3464
amantadine, 4536, 4538
ampicillin-sulbactam, 285
artemisinin-naphthoquine, 3023–3024
artemisinins, 2952–2953
artesunate, 2969
azlocillin, 196
carbenicillin, 179, 196
cefazolin, 354
cefepime, 593, 596
cefotaxime, 439–440
cefpirome, 594
ceftriaxone, 485
cephalexin, 365
chloramphenicol, 1528
chloroquine, 3038, 3039
ciprofloxacin, 1907
clarithromycin, 1106
clindamycin, 1489–1490
colistin methansulfate, 1437
cycloserine, 2524, 2525–2526
dapsone, 1754
didanosine, 3707–3708
efavirenz, 3919–3923
eflornithine, 3258–3259
ertapenem, 756–757
ethionamide, 2498
fleroxacin, 2186, 2187
foscarnet, 3601
furazolidone, 3190
gemifloxacin, 2117
gentamicin, 977–978
griseofulvin, 2929
iclaprim, 1780–1781
imipenem, 699
imipenem-cilastatin, 679, 685
kanamycin, 958, 995
levofloxacin, 2063
linezolid, 1293, 1314, 1316, 1317–1318
mefloquine, 3082–3084, 3083t
melarsoprol, 3244–3246
metrifonate, 3401
metronidazole, 1822–1823
mezclocillin, 196
moxifloxacin, 2092
nalidixic acid, 2265
nitrofurantoin, 1790
norfloxacin, 1991
ofloxacin, 2020–2022
oseltamivir, 4595–4596
pefloxacin, 2283
penicillin G, 46, 52–53, 54, 179, 679
peniillin G, 196
piperacillin, 196
piperacillin-tazobactam, 333t, 334
plazomicin, 1060
polymyxin B, 1437
pyrimethamine, 1731–1732
quinine, 3065
quinolone, 2022
rufloxacin, 2290, 2292
sitafloxacin, 2126
streptomycin, 2479
sulfonamides, 1587
suramin, 3232
sutezolid, 2561
tetracycline, 1199
thiabendazole, 3339
thiacetazone, 2507
ticarcillin, 179
ticarcillin-clavulanic acid, 306
trimethoprim, 1654–1655
trimethoprim-sulfamethoxazole, 1654–1655
trimetrexate, 1772
voriconazole, 2832–2833

Neutrexin®. See Trimetrexate
NEUTRINO study, 4478t
Neutropenia

aciclovir, 3464
amodiaquine, 3052
anidulafungin, 2701
arteminsinins, 2953
artesunate, 2969
atovaquone, 3122
azithromycin, 1130
azithromycin-rifabutin, 1128
azlocillin-related, 196
cancer-related

azlocillin, 197
azlocillin-ceftazidime, 197

cefotaxime, 438, 439
ceftiazidime, 561
cephalexin, 365
cidofovir, 3551
decontamination of digestive tract, nalidixic acid, 

2269
drugs causing

carbenicillin, 180
caspofungin, 2671
cefepime, 593
ceftriaxone, 484
ganciclovir, 3509, 3512–3513, 3514
imipenem-cilastatin, 680
isoxazolyl penicillins, 153
mezlocillin, 196
naficillin, 167, 168
oxacillin, 153
penicillin G, 53
piperacillin, 196
piperacillin-tazobactam, 307, 333–334, 333t
rifampicin, 2391
teicoplanin, 852
ticarcillin, 180
valganciclovir, 3514
vancomycin, 852

ethambutol, 2352
etravirine, 3980
fluconazole, 2760t
foscarnet, 3600t, 3601, 3606
griseofulvin, 2930
infection prophylaxis

amphotericin B, 2590
ciprofloxacin, 1993–1994
clotrimazole, 2893
fluconazole, 2772–2773
itraconazole, 2773
levofloxacin, 2098
moxifloxacin, 2098
norfloxacin, 1990, 1993–1994
ocular infections, 1995
ofloxacin, 2034–2035
pefloxacin, 2285
posaconazole, 2773

itraconazole, 2793
ketoconazole, 2737
levofloxacin, 2074–2075
linezolid, 1314t, 1317, 1317t
mebendazole, 3332
metronidazole, 1822
micafungin, 2687
nelfinavir, 4081
ofloxacin, 1092, 2021t
para-aminosalicyclic acid, 2491
pefloxacin, 2283
pegylated interferon, 4466
pentamidine, 3275
peramivir, 4620
pyronaridine-artesunate, 3014
rifabutin, 2438–2439
rifaximin, 2455
roxithromycin, 1092
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suramin, 3232
terbinafine, 2715
trimethoprim, 1650–1651
trimethoxazole-sulfamethoxazole, 1652
valaciclovir, 3464
vancomycin, 811
zidovudine, 3669, 3670

Neutropenia, febrile
amikacin, 1014
amphotericin B, 2692
amphotericin B, liposomal, 2616, 2620–2621
antipseudomonal agents, 450
aztreonam, 310
aztreonam-cefazolin, 652
carbapenem, 337
carbenicillin, 198
caspofungin, 2675
cefepime, 199, 587, 594
cefepime-tazobactam, 588
cefepine, 337
cefixime prophylaxis, 544
cefotaxime combination therapy, 450
cefpirome, 594
ceftazidime, 198, 310, 337
ceftazidime-vancomycin, 198
ceftiazidime, 561–562
ceftriaxone, 504, 505t, 507
ceroperazone-sulbactam, 421
cetiazidime, 561–562
chemotherapy-related

amoxicillin-clavulanic acid for, 269–270
ceftazidime for, 270
cefuroxime for, 269–270
ciprofoxacin for, 269–270

ciprofloxacin, 1927–1928, 1929
ciprofloxacin-clindamycin, 652
ciprofloxacin-penicillin, 199
ciprofloxacin-piperacillin, 199
ciprofloxacin-roxithromycin, 1092
clinafloxacin (withdrawn from clinical trials), 

2314–2315
combination therapy, 310
gatifloxacin, 2233
imipenem, 199, 337, 652, 685, 686t–687t, 

2314–2315
imipenem-cilastatin, 685
imipenem-vancomycin, 685
impenem, 677
infection prophylaxis, amphotericin B, 2590
itraconazole, 2790t, 2803
linezolid, 1335
mecillinam, 214
meropenem, 337, 562, 712t, 715
netilimicin, 450
ofloxacin, 2035
piperacillin, 195, 198–199
piperacillin-amikacin, 198, 421
piperacillin-aminoglycoside, 199
piperacillin-tazobactam, 328, 337, 421, 715
piperacillin-tazobactam/amikacin, 337
piperacillin-tazobactam/aminoglycoside, 337
piperacillin-vancomycin, 198
teicoplanin, 856–857
ticarcillin-amikacin, 198
ticarcillin-aminoglycoside, 182
ticarcillin-clavulanic acid, 309–310
tobramycin, 310
tosufloxacin, 2307
trimethoprim-sulfamethoxazole, 1927–1928
vancomycin, 310, 817–818
vancomycin-ceftazidime, 652
voriconazole, 2833t, 2835

Neutrophil-derived matrix metalloproteinases 
(MMPs), antagonism with doxycycline, 1207

Neutrophils, drugs interacting with
amphotericin B, 2583–2584, 2585

ciprofloxacin, 1896
clindamycin, 1475
dapsone, 1749
roxithromycin, 1090

Nevirapine, 3855–3906
administration modes, 3855, 3862

extended-release formulation, 3881
adverse reactions and toxicity, 3873–3879, 3874t, 

3934
hepatotoxicity, 3874t, 3876–3877, 3878
hyperlipidemia, 3877–3878
neuropsychiatric effects, 3874t, 3878
in pregnancy, 3878
rashes, 3862, 3874–3876, 3874t, 3878
switch studies, 3863–3864, 3886–3887

antiviral activity, 3855–3856
chemical structure, 3855, 3855f
clinical use, HIV-1 virus infection, 3855, 

3879–3891
in antiretrovial-experienced patients, 

3884–3888
long-term safety and efficacy, 3887
simplification strategy studies, 3885–3886
switch studies, 3886–3887

in antiretrovial-naive patients, 3879–3884, 3880t
comparison with efavirenz, 3883–3884
comparison with protease inhibitors, 

3881–3883
in children, 3887–3888
comparison with delavirdine, 3967, 3967t
efavirenz versus, 3934–3936
mother-child transmission prevention, 

3888–3890
perinatal transmission prevention, 3858–3859
postexposure prophylaxis, 3890
in tuberculosis co-infection, 3883–3884

in combination with
abacavir/zidovudine/lamivudine, 3881
bedaquiline, 2546
delavirdine, 3961
didanosine, 3857–3858
emtricitabane, 3811
raltegravir, 3887
resistance associated with, 3857–3858
stavudine, 3857–3858
stavudine/didanosine, 3880, 3881
stavudine/lamivudine, 3765–3766, 3880–3881
tenofovir/didanosine, 3881
tenofovir/lamivudine, 3881
zidovudine, 3857–3858, 3879
zidovudine/didanosine, 3879–3881, 3884
zidovudine/lamivudine, 3880–3881, 3880t, 

3884, 3885
dosage, 3862–3864, 3863t

switch studies, 3863–3864
drug interactions, 3870–3873, 3871t

adefovir dipivoxil, 4340t
antifungal agents, 3871t, 3872–3873
antituberculosis agents, 3871t, 3872
artemether-lumefantrine, 2979
artesunate, 2969
atazanavir, 4150t
caspofungin, 2670
darunavir, 4131t
dolutegravir, 4261t
doxycycline, 1210
ethinyl-estradiol, 3871t, 3872
etravirine, 3976
Fansidar (sulfadoxine-pyrimethamine), 1600
fosamprenavir, 4112
indinavir, 4068
integrase inhibitors, 3871–3872
methadone, 3871t, 3873
miscellaneous drug interactions, 3873
nonnucleoside reverse transcriptase inhibitors, 

3870

ombitasvir-paritaprevir-ritonavir-dasabuvir, 
4467t

protease inhibitors, 3870–3871
rifabutin, 2438, 2440t
rifampicin, 2387, 2388t
saquinavir, 4030t, 4032
St. John’s wort, 3873
trimetrexate, 1771
warfarin, 3871t, 3873

in vitro synergy and antagonism, 3732, 3757, 3861
mechanism of action, 3757, 3861–3862
pharmacokinetics/pharmacodynamics

bioavailability, 3864, 3864t
in children, 3867–3868
clinically important features, 3869
distribution, 3864–3869, 3864t
excretion, 3864, 3869–3870
multiple-dose pharmacokinetics, 3865–3866
in pregnancy, 3866–3867, 3869
in renal impairment and dialysis, 3868
single-dose pharmacokinetics, 3864–3866

resistance and cross-resistance, 3856–3861, 3857t
acquired resistance, 3857–3860
combination therapy-associated, 3857–3858
cross-resistance, 3860–3861
hypersusceptibility, 3861
monotherapy-associated, 3857
mother-child transmission prevention and, 

3858, 3891
non-subtype B HIV-1 strain-associated, 3858
transmitted resistance, 3860
treatment interruption-related, 3859–3860
viral fitness and, 3860

therapeutic drug monitoring, 3873
NEWART study, 3883
Newcastle disease viruses, oseltamivir, 4580–4581
New Delhi metalol-1, 208–209
New York Times, 2471
New Zealand Manuka honey, antistaphylococcal 

activity, 2372
nfs genes, 1786
NIAIDS Synergy study, 4488t
Nicardipine, interactions with tipranavir-ritonavir, 

4167t
Niclocide. See Niclosamide
Niclosamide, 3405–3409

administration mode, 3406
adverse reactions and toxicity, 3407
antimicrobial activity, 3405
chemical structure, 3405, 3405f
clinical uses, 3407–3408
dosage, 3406

overdose, 3407
drug interactions, 3407
excretion, 3407
mechanism of action, 3406
pharmacokinetics/pharmacodynamics, 3406–3407

Nicotinamide adenine dinucleotide (NADH), 1824, 
3206

Nicotinamide adenine dinucleotide (NADH) 
methemoglobin reductase deficiency, 3103

Nicotine, interaction with amantadine, 4535
Nicotine acetylcholine receptors, interaction with 

telithromycin, 1163, 1188
Nifedipine, drug interactions

quinidine, 3063
rifampicin, 2386t

Nifurtimox, 3211–3221
administration mode, 3213
adverse reactions and toxicity, 3215–3216

preclinical studies, 3215
alcohol interaction, 3215, 3216
antimicrobial activity, 3211–3212
clinical uses, 3216–3219

Chagas disease, acute-phase, 3213t, 3216–3217
Chagas disease, chronic-phase, 3213t, 3217
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Nifurtimox (continued)
Chagas disease, intermediate-phase, 3213t, 3217
combination therapy, 3218–3219
eflornithine combination therapy (NECT), 3242
human African trypanosomiasis, 3218–3219
suramin combination therapy, 3228
Trypanosoma cruzi, congenital infection, 3213t, 

3217
Trypanosoma cruzi, prophylaxis, 3213t, 3218
Trypanosoma cruzi, reactivation in immuno-

suppressed patients, 3213t, 3218
combined with eflornithine, 3213–3214, 3249
concentration-dependent activity, 4t
dosage, 3213–3214, 3213t
in vitro synergy and antagonism, 3212–3213
mechanism of action, 3213
nanoparticle-based delivery of, 3216
pharmacokinetics/pharmacodyamics, 3214–3215

bioavailability, 3214
clinically important features, 3214–3215
distribution in body, 3214
excretion, 3215

resistance and cross-resistance, 3212
Nightmares/vivid dreams, drugs causing

atovaquone, 3122
atovaquone-proguanil, 3132, 3141
efavirenz, 3920
fleroxacin, 2187
ketoconazole, 2744
nevirapine, 3878
rilpivirine, 4005, 4006t, 4007
voriconazole, 2832

nim genes, 1811
Nipah virus

chloroquine, 3033
ribavirin, 4368, 4393

Nippon Shinyakyu Co. Ltd., 2147
Nisin, 941
Nisoldipine, interactions with tipranavir-ritonavir, 

4167t
Nitazoxanide, 3162–3174

administration mode, 3165
adverse reactions and toxicity, 3168
antibiotic/Clostridium difficile-associated colitis, 

1829
atimicrobial activity, 3162–3165, 3163t
chemical structure, 3162, 3162f
clinical uses

amebiasis, 3169
cestodes (tapeworms), 3169
Clostridum difficile infections, 3170
cryptosporidiosis, 3166, 3168
giardiasis, 3168–3169, 3172
hepatitis C, 3171
H. pylori infections, 3170–3171
influenza, 3171
isosporiasis, 3169
nematodes (roundworms), 3170
nonspecific infectious diarrheal syndrome, 3172
rotavirus infections, 3171–3172
trematodes (fluke worms), 3170
viral gastroenteritis, 3171–3172

dosage, 3165–3167
drug interactions, 3167–3168
in vitro synergism, 3164
mechanism of action, 3165
pharmacokinetics/pharmacodynamics

bioavailability, 3166
clinically important features, 3167
distribution in body, 3166, 3167
excretion, 3167

resistance, 3165
Nitoxanide, in combination with zanamivir, 

4558–4559
Nitrazoxanide, as trichomoniasis treatment, 1833

Nitric oxode dioxygenases, ketoconazole-induced 
inibition, 2736

Nitrofurans, 1784–1798. See also Furazolidine; 
Furazidine; Nitrofurazone

as UTIs treatment, 1594
Nitrofurantoin

administration mode, 1787, 1789
adverse reactions and toxicity, 153, 1789–1792

gastrointestinal side effects, 1789–1790
hematologic side effects, 1792
hepatotoxicity, 1791–1792
hypersensitivity reactions, 1790
neurotoxicity, 1790
pulmonary reactions, 1790–1791

antimicrobial activity, 1785
Gram-negative bacteria, 1785–1786
Gram-positive bacteria, 1786

chemical structure, 1785, 1785f
clinical uses, 1785

H. pylori infections, 1794
urinary tract infections, 1400, 1594, 1793–1794
UTIs, 391

dosage, 1787, 17889
mechanism of action, 1787
pharmacokinetics/pharmacodynamics, 1788t

bioavailability, 1787–1788, 1788t
clinically important features, 1788
distribution in body, 1788
excretion, 1788–1789
inactivation in the body, 1789

resistance, 1786
use in aquaculture, 11

Nitrofurazone
antimicrobial activity, 1784
clinical uses, 1784

Nitroheterocyclic drugs, 1784–1798. See also 
Nitrofurans; Nitroimidazoles

chemical structure, 1784
Nitroimidazoles

as giardiasis treatment, 1856
use in food animals, 12t

Nitroreductases, in metronidazole resistance, 1813
Nitrozoxamide, as giardiasis treatment, 1856
Nix. See Permethrin
Nizoral. See Ketoconazole
Nobel Prize in Medicine, 3351
Nocardia

cefazolin, resistance, 348
cefotaxime, 427
ceftriaxone, 465
cephalothin, resistance, 348
chloramphenicol, resistance, 1516
ciprofloxacin, resistance, 1872
clindamycin, 1469
doripenem, 725
enoxacin, resitance, 2173
ertapenem, 750
erythromycin, 1066
gatifloxacin, 2216–2217, 2231
gemifloxacin, 2114
grepafloxacin, 2313
imipenem, 664, 666t, 699
kanamycin, resistance, 949
ketoconazole, 2734
linezolid, 1293, 1295, 1297t, 1328

resistance, 1302
meropenem, 699, 725
miconazole, 2814
minocycline, 1231t, 1232, 1240
nemonoxacin, 2162
norfloxacin, reistance, 1987
pefloxacin, resistance, 2278
penicillin G, resistance, 31
rifmapicin, resistance, 2373
sulfonamides, 1572

tigecycline, 1253
tosufloxacin, 2305
trimethoprim, 1627
trimethoprim-sulfamethoxazole, 1572, 1627

resistance, 1627
Nocardia abscessus

ceftriaxone, 465
imipenem, resistance, 664, 666t
minocycline, 1240

Nocardia asiatica, minocycline, 1240
Nocardia asteroides

amikacin, 1009, 1019
amoxicillin, resistance, 226
amoxicillin-clavulanic acid, 226
cefoperazone-sulbactam, resistance, 418
cefotaxime, 427
ceftriaxone, 465
cefuroxime, 386
ciprofloxacin, resistance, 1872
fleroxacin, resistance, 2182
garenoxacin, 2198
gemifloxacin, 2114
gentamicin, resistance, 965
kanamycin, resistance, 950
meropenem, 699
nemonoxacin, 2162
penicillin G, resistance, 226
roxithromycin, resistance, 1087
sulfonamides, 1572
teicoplanin, resistance, 838
tigecycline, 1253
trimethoprim-sulfamethoxazole, 1627, 1671, 1672

Nocardia beijingensis
garenoxacin, 2208
minocycline, 1240

Nocardia brasiliensis
amoxicillin, resistance, 226
carbenicillin, 176
ciprofloxacin, resistance, 1872
clindamycin, 1469
garenoxacin, 2198
gatifloxacin, 2216
gemifloxacin, 2114
gentamicin, 965
imipenem, 664, 666t
isepamicin, 1039
linezolid, 1295, 1304

resistance, 1302
minocycline, 1240
nemonoxacin, 2162
penicillin G, resistance, 226
rifampicin, resistance, 2373
sulfonamides, 1572
tedizolid, 1358t, 1359, 1366–1367
ticarcillin-clavulanic acid, 302
trimethoprim-sulfamethoxazole, 1627, 1671

Nocardia brevicatena/paucivorans complex, 
imipenem resistance, 664

Nocardia carnea, minocycline, 1240
Nocardia caviae

ciprofloxacin, resistance, 1872
gentamicin, 965
trimethoprim-sulfamethoxazole, 1627

Nocardia cyriacigeorgica
ciprofloxacin, resistance, 1872
linezolid, resistance, 1302
sulfonamides, 1572

Nocardia farcinica
amikacin, 1019
broad-spectrum cephalosporins, resistance, 427
ceftriaxone, resistance, 465
ciprofloxacin, resistance, 1872
doxycycline, 1204
imipenem, 664, 666t
meropenem, 699
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minocycline, 1204, 1240
moxifloxacin, 2102
rifampicin, resistance, 2373
sulfonamides, 1572
tigecycline, 1253

Nocardia nova
cefotaxime, 427
ceftriaxone, 465
ciprofloxacin, resistance, 1872
imipenem, 664, 666t
minocycline, 1240
tigecycline, 1253

Nocardia orientalis. See Amycolatopsis orientalis
Nocardia otitidis-caviarum

ceftriaxone, resistance, 465
imipenem, resistance, 664
meropenem, 699
minocycline, 1240
sulfonamides, 1572
tigecycline, 1253

Nocardia transvalensis
ceftriaxone, 465
meropenem, 699

Nocardia veterana, minocycline, 1240
Nocardiosis. See also individual Nocardia species

amikacin, 1596
ceftriaxone, 503–504
corneal, trimethoprim-sulfamethoxazole, 1672
doxycycline, 1220
garenoxacin, 2208
imipenem, 664, 1596
minocycline, 1240, 1596
sulfonamides, 1596
trimethoprim-sulfamethoxazole, 1596, 1671–1672

Non-nucleoside reverse transcriptase inhibitors 
(NNTIs)

blood lipid profile effects, 3926, 3928
in combination with zidovudine, 3678
drug interactions

artemether-lumefantrine, 2978, 2979
cycloserine, 2524
direct-acting HCV antiviral drugs, 4468f
fosamprenavir, 4112–4113
lopinavir-ritonavir, 4093, 4094t
miltesofine, 3297
nevirapine, 3870
rifabutin, 2437–2438, 2440t
rifampicin, 2385, 2387, 2388t

Nonsteroidal anti-inflammatory drugs (NSAIDs), 
drug interactions

aciclovir, 3462t
cidofovir, 3547–3548
fluoroquinolones, 1907
ofloxacin, 2019t, 2020
prulifloxacin/ulifloxacin, 2151
zidovudine, 3669

Norethindrone, itneractions with fosamprenavir, 
4110t

Norfloxacin, 1986–2003
administration mode, 1988
adverse reactions and toxicity, 1907, 1909, 

1990–1991
hematologic side effects, 1910
hepatitis, 1911
rate, 2310

antimicrobial activity, 1986–1988
Gram-negative bacteria, 1986–1987
Gram-positive bacteria, 1987
minimum inhibitory concentrations, 1986, 

1987, 1989
Plasmodium, 1875

chemical structure, 1986, 1986f, 2254f
clinical uses, 1991–1996

Aeromonas carriage eradication, 1920
bacterial diarrhea, 1992–1993

cystitis, 779
enteric fever, 1992–1993
gonorrhea, 1992
malaria, 1995–1996
prophylaxis in neutropenic patients, 1993–1994
prostatitis, 1992
sexually transmitted diseases, 1992
shigellosis, 1915–1916
traveler’s diarrhea, 1918–1919
tularemia, 1996
UTIs, 1991–1992

development and availability chronology, 2256t
dosage, 1988–1989
drug interactions, 1990

warfarin, 1910
mechanism of action, 1986, 1988
pharmacokinetics/pharmacodynamics, 1988–1990

bioavailability, 1988
clinically important features, 1989
distribution, 1986, 1988–1989
excretion, 1989–1990
inactivation in body, 1990

resistance and cross-resistance, 1875, 1987–1988, 
1995

Normeperidine, interactionwith tipranavir-ritonavir, 
4168

Noroviruses, favipiravir, 4632t, 4641
Northindrone, interaction with atazanavir, 4149t
NORTHIV study, 3933
Nortriptyline, interactions with rifampicin, 2386t
Norwich-Eaton Pharmaceuticals, 3187
Nosema apis, fumagillin bicyclohexylammonium 

salt, 3183
Nosocomial infections

doxycycline, 1212
minocycline, 1212
tigecycline, 1212

Notezine. See Diethylcarbamazine
Novartis Pharmaceuticals, 2974, 2976, 3347, 3498, 

3647, 4523, 4630t
Novira Pharmaceuticals, 4631t
Novobiocin, 1450–1453

administration route, 1451
adverse reactions and toxicity, 1451, 1452–1453
antimicrobial activity

Gram-negative bacteria, 1450–1451, 1451t
Gram-positive bacteria, 1450, 1451t

clinical uses, 1452–1453
dosage, 1451
in vitro synergy and antagonism, 1887
mechanism of action, 1450, 1451
pharmacokinetics an pharmacodynamics, 

1451–1452
removal from market, 1452
resistance and cross-resistance, 1450, 1451, 1451t

Noxafil. See Posaconazole
npmA gene mutations, 966, 994
NS3/4A inhibitors. See Protease NS3/4A inhibitors
NS5A assembly inhibitors. See Protein NS5A 

inhibitors
NS5B inhibitors. See RNA polymerase NS3/4A 

inhibitors
Nucleoside reverse transcriptase inhibitors (NRTIs)

adverse reactions and toxicity, 3674
drug interactions

cycloserine, 2524
direct-acting HCV antiviral drugs, 4468f
fosamprenavir, 4112, 4112t
lopinavir-ritonavir, 4094t
rifabutin, 2440t
tipranavir-ritonavir, 4167–4168

perinatal exposure, 3674
NV-02B-015 study, 4351
NVR 3-778, 4631t, 4639
NXL104. See Avibactam

Nystatin, 2646–2652
administration modes, 2647
adverse reactions and toxicity, 2648
antimicrobial activity, 2646–2647
chemical structure, 2646, 2646f
clinical uses, 2648–2650
dosage, 2647
drug interactions, 2648
excretion, 2648
liposomal, 2646–2648, 2650
mechanism of action, 2647
pharmacokinetics/pharmacodynamics,  

2647–2648
synergistic activity, 2647

O
OASIS (Omadacycline in Acute Skin and Skin 

StructuraI Infections Study), 1271
OASIS (Optimizing Intraabdominal Surgery with 

Invanz Study), 757–758
Obese patients

amphotericin B, liposomal, 2614
antimonial agents, 3283
atovaquone-proguanil, 3140
capsofungin, 2669
cefepime, 589
cefotaxime, 434
ciprofloxacin, 1892
clindamycin, 1478
dapsone, 1750
daptomycin, 876
doripenem, 733
ertapenem, 753
ethambutol, 2349
fluconazole, 2765
gentamicin, 971
iclaprim, 1778–1779
kanamycin, 955
linezolid, 1308, 1310
meropenem, 709
micafungin, 2686
miltefosine, 3297
morbidly obese, piperacillin-tazobactam, 328
naficillin, 165
oritavancin, 911
quinopristin-dalfopristin, 1377
telavancin, 933
tigecycline, 1255
tobramycin, 996
vancomycin, 801–802
voriconazole, 2827

Obsessive-compulsive disorders, cycloserine, 2525
Obstetric infections. See also Gynecologic infections

ampicillin-sulbactam, 287–289, 288t
cefepime, 596
cefpirome, 596
clindamycin-gentamicin, 714
ertapenem, 760
grepafloxacin (withdrawn from market), 2313
imipenem-cliastatin, 714
meropenem, 712t, 714
postoperative

amoxicillin-clavulanic acid, 268
cefrtiaxone for, 499

Obstetric surgery prophylaxis
ampicillin-amoxicillin, 122
metronidazole, 1828
tinidazole, 1857

OBV-r/PTV (PrOD) regimen. See Ombitasvir-
paritaprevir-ritonavir-dasabuvir regimen

Ochrobactrum anthropi
ceftazidime, 552
trimethoprim-sulfamethoxazole, 1630

OCTANE 1 trial, 3882
OCTANE 2 trial, 3882
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Octenidine dihydrochloride-phenoxyethanol, 
clinical uses, 1050

Octocrylene, 2064
Ocular administration, gatifloxacin, 2220, 2221
Ocular cicatricial pemphigoid

sulfapyridine, 1603
sulfapyridine-immunosuppressives, 1603

Ocular icterus, ombitasvir-paritaprevir-ritonavir- 
dasabuvir, 4504t

Ocular implants, clindamycin, 1481
Ocular infections, treatment

aciclovir, 3471, 3474–3475
ciprofloxacin, 1932–1933
gatifloxacin, 2231–2232
idoxuridine, 3636, 3637
miconazole, 2819
moxifloxacin, 2100–2101, 2231–2232
norfloxacin, 1995
ofloxacin, 2035–2036

Ocular/ophthalmic toxicity
amantadine, 4537
chloramphenicol, 1526–1527, 1528
clofazimine, 2537, 2537t
didanosine, 3709
diethylcarbamazine, 3374
doxycycline, 1212
ethambutol, 2351–2352, 2351f
ethionamide, 2498
fomivirsen, 3649
gatifloxacin, 2227
griseofulvin, 2929
idoxuridine, 3636
iodoquinol, 3200
itraconazole, 2797
kanamycin, 958
linezolid, 1316
minocycline, 1236
moxifloxacin, 2094
nalidixic acid, 2265
nevirapine, 3878
nitrofurantoin, 1790
ofloxacin, 2021t, 2023–2024
pefloxacin, 2283
polymyxins, 1447
primaquine, 3104
quinine, 3064–3065
rifabutin, 2439
telithromycin, 1163, 1188
thiabendazole, 3339
trifluridine, 3630
trimethoprim-sulfamethoxazole, 1655
voriconazole, 2832

Odalasvir, 4438t, 4630t, 4636
in combination with solfosbuvit, 4494–4495

Odefsey, 3827–3828
ODIN study, 4126, 4130, 4136–4137
Oesophagosomum dentatum, flubendazole resistance, 

3341
Oestreomycins, 1374
Off-label use, of antibiotics, in food animals, 10, 11
Ofloxacin, 2004–2054. See also Levofloxacin

administration modes
extended-release, 2014
intravenous, 2010–2011, 2011t, 2014, 2024
ophthalmic, 2010, 2011, 2011t, 2035–2036
oral, 2010–2011, 2011t, 2014, 2017, 2024
otic, 2010, 2011, 2011t, 2015, 2030–2031, 2036

adminstration modes, 2009–2010, 2011t
adverse reactions and toxicity, 1907, 2020–2024

C. difficile diarrhea, 2023
hepatotoxicity, 2023
hypersensitivity reactions, 2022
musculoskeletal toxicity, 2021t, 2022–2023
neurotoxicity, 2020–2022
ocular toxicity, 2023–2024
overdose, 2024

rate, 2310
renal side effects, 2023

antimicrobial activity, 2004–2009
anaerobes, 2007
Chlamydia, 2008
Clinical and Laboratory Standards Institute 

criteria, 2005, 2006, 2008
EUCAST criteria, 2009
Gram-negative aerobic bacteria, 2004, 2005t, 

2006–2007
Gram-positive aerobic bacteria, 1871, 

2004–2006, 2005t
minimum inhibitory concnetrations, 2004, 

2005, 2005t, 2006, 2007, 2008
mycobacteria, 1873, 1987, 2004, 2005t, 

2007–2008
mycoplasma, 2005t, 2008

chemical structure, 2004, 2004f, 2254f
clinical uses, 2024–2038

bacterial diarrhea, 2028–2029
biliary tract infections, 2036
bioterrorism-related anthrax, 2037–2038
bioterrorism-related brucellosis, 2037
brucellosis, 2026t, 2026t, 2027t, 2036–2037
CAPD-associated peritonitis, 2036
conjunctivitis, 2010
diabetic foot ulcers, 1857
enteric fever, 2028–2029, 2268
febrile neutropenia, 2035
gastric tract infections, 2036
Hansen’s disease (leprosy), 2032–2033
infection prophylaxis in neutropenia, 

2034–2035
intra-abdominal infections, 2036
leprosy, 1241, 1749, 1757, 2025t, 2072, 2394
meningitis, 2016–2017
multidrug-resistant tuberculosis, 2025t
nasal carriage eradication of Neisseria 

meningitidis, 2034
ocular infections, 2035–2036
osteomyelitis, 2033–2034, 2074
otitis and sinusitis, 2030–2031
otitis externa, 2010, 2011
otitis media, 1932, 2010, 2011
prophylaxis in neutropenia, 1092
Q fever, 2037
respiratory tract infections, 2030
sexually transmitted diseases, 2029–2030
soft tissue and skin infections, 2034
sternotomy wound infections, 2033
sternotomy wounds, 2072
traveler’s diarrhea, 1918
tuberculosis, 1935, 2031–2032
typhoid fever, 1917, 2067
UTIs, 2024–2025, 2027t, 2028

in combination with rifampicin, 2032–2033, 2034, 
2036–2037

development and availability chronology, 2256t
dosage, 2004, 2009–2011, 2011t, 2017
drug interactions, 2018–2020, 2019t

antacids, 2012, 2014, 2019t
antiarrhthymic drugs, 2019–2020, 2019t
nonsteroidal anti-inflammatory drugs, 2019t, 

2020
warfarin, 2018–2019, 2019t

mechanism of action, 2009
metabolites, 2018
pharmacokinetics/pharmacodynamics, 

2012–2018, 2013t
AUC/MIC ratio, 2017–2018
bioavailability, 2012, 2013t, 2014
clinically important features, 2017–2018
distribution in body, 2013t, 2014
excretion, 2011–2012, 2018
inactivation in the body, 2018
post-antibiotic effect, 2017

resistance and cross-resistance, 1922, 2009, 2010t, 
2024–2025, 2055, 2056–2060, 2056t, 
2058t–2059t

synergistic activity, 2373–2374
Ofloxacin-N-oxide, 20182018
Olaquindox, 1878
Older adults, 953t, 955

aciclovir, 3456, 3458
amantadine, 4532, 4533t, 4534, 4535, 4537
amikacin, 1013, 1014
amoxicillin-clavulanic acid, 262, 266
amphotericin B, 2578
amphotericin B-lipid complex, 2631, 2636
ampicillin-sulbactam, 283
anidulafungin, 2699
antimonial agents, 3283
atazanavir, 4146
atovaquone, 3120
azithromycin, 1125, 1129
azithromycin/warfarin interaction in, 1128
aztreonam, 649
biapenem, 776
brivudin, 3577, 3578f
capreomycin, 2515
capsofungin, 2668
cefepime, 589
cefepime-tazobactam, 589
cefixime, 541–542
cefoperazone-sulbactam, 419
cefotaxime, 431t, 434, 435, 437, 444
cefotiam use, 400
cefpirome, 589
ceftazidime, 555–556
ceftazidime-avibactam, 568
ceftolozane-tazobactam, 639t
ceftriaxone, 477t, 478
cefuroxime, 387
cephalexin, 363
ciprofloxacin, 1891
clarithromycin, 1100, 1109
clindamycin, 1479
clofazimine, 2535
dalbavancin, 921
darunavir, 4129
delafloxacin, 2135
didanosine, 3703
diloxanide furoate, 3196
dolutegravir, 4254
doripenem, 733
doxycycline, 1208
emtricitabane, 3804
enoxacin, 2173, 2174, 2175
entecavir, 4326
eravacycline, 1281
ertapenem, 753, 759
erythromycin, 1070
famciclovir, 3496, 3577, 3578f
faropenem, 768
fidaxomicin, 1551
fleroxacin, 2183
flucytosine, 2921
foscarnet, 3594, 3595
fosfomycin, 1398
fusidic acid, 1411
garenoxacin, 2201, 2204
gatifloxacin, 2221, 2222
gemifloxacin, 2116
HCV antiviral drugs, 4452t–4453t
imipenem, 675
indinavir, 4063
ivermectin, 3354t
ketoconazole, 2737
lamivudine, 3734
lindane, 3425
linezolid, 1307, 1315, 1327
lomefloxacin, 2247, 2248, 2249
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meropenem, 705, 706t
metronidazole, 1817
micafungin, 2685
moxifloxacin, 2089, 2091
nalidixic acid, resistance, 2267
nitrofurantoin, 1789, 1790
norfloxacin, 1988
ofloxacin, 2011t, 2012, 2020
oseltamivir, 4591, 4594, 4598
paromomycin, 3154
penicillin G, 44, 47
peramivir, 4615, 4616, 4617
piperaquine, 2995
posaconazole, 2847
pristinamycin, 1387
pyronaridine-artesunate, 3010
quinopristin-dalfopristin, 1377
rifabutin, 2437, 2439
rifampicin, 2382
rifapentine, 2465
rifaximin, 2454
rilpivirine, 4007
rimantadine, 4532, 4533, 4533t, 4534, 4541
rimantidine, 4538
roxithromycin, 1089
rufoxacin, 2291
sitafloxacin, 2125
sparfloxacin, 2297
stavudine, 3759, 3759t
streptomycin, 2476, 2478
sulfonamides, 1583
tedizolid, 1362
teicoplanin, 842t
telavancin, 933
telbivudine, 4347t, 4348
telithromycin, 1160
terbinafine, 2713
ticaricillin-clavulanic acid, 304
tigecycline, 1255
tinidazole, 1852
tosufloxacin, 2306
trimethoprim-sulfamethoxazole, 1641,  

1653–1654
trimetrexate, 1771
valaciclovir, 3456, 3458
vancomycin, 809
vancomycnin, 813
zidovudine, 3665

OLE trial, 3741, 4099
Olfactory disturbances, cefpirome, 594
Oligosaccharides, use in food animals, 13t
Oliguria, streptomycin use in, 2476
Olivanic acids, 663
Olmesartan, interactions with sofosbuvir- 

velpatasvir, 4463t
Olysio. See Simeprevir
Omadacycline, 1267–1272

administration mode, 1268
adverse reactions and toxicity, 1270, 1271
antimicrobial activity

Gram-negative bacteria, 1267, 1268t
Gram-positive bacteria, 1267, 1268t

chemical structure, 1267, 1267f
clinical uses, 1271
dosage, 1268–1269
drug interactions, 1270
excretion, 1270
formulations, 1269
mechanism of action, 1267, 1268
pharmacokinetics and pharmacodynamics

bioavailability, 1269
clinically important features, 1270
distibution in body, 1269

resistance, 1268
Omadacycline in Acute Skin and Skin StructureI 

Infections Study (OASIS), 1271

Ombitasvir, 4434t, 4499–4509
antiviral activity, 4441t
chemical structure, 4437f
mechanism of action, 4434t
pharmacokinetics and pharmacokinetics, 4456t

Ombitasvir-paritapervir-ritonavir-dasabuvir (PrOD 
regimen)

adverse reactions and toxicity, 4470t
Ombitasvir-paritaprevir-ritonavir (PrO regimen), 

4499–4500, 4506
administration mode, 4453t
combined with sofosbuvir, 4506–4507
dosage, 4453t
drug interactions

etravirine, 3979t
Ombitasvir-paritaprevir-ritonavir-dasabuvir (PrOD 

regimen), 4499–4509
adverse reactions and toxicity, 4500, 4501t, 4503t, 

4504t, 4506t
combined with sofosbuvir, 4506–4507
drug interactions, 4466, 4467t, 4468f, 4500
excretion, 4456t, 4466
long-term efficacy, 4505
pharmacokinetics/pharmacodynamics, 4465–4466
in special populations, 4503–4505

Omeprazole
adverse reactions and toxicity, 117
drug interactions

artemisinin, 3023
clarithromycin, 1101
dapsone, 1751
etravirine, 3980t
fosamprenavir, 4111–4112
gemifloxacin, 2116
ledipasvir-sofosbuvir, 4462t
metronidazole, 1822
nelfinavir, 4079, 4080
proguanil, 3132
raltegravir, 4219–4220
sofosbuvir-velpatasvir, 4463t

as H. pylori infection treatment, 1092
Omura, Satoshi, 3351
Onchocera gutturosa, rifampicin, 2375
Onchocerca volvulus. See also Onchocerciasis

diethylcarbamazine, 3370, 3374
doxycycline, 1216
ivermectin, 3352t, 3353t

resistance, 3353
suramin, 3226–3227

Onchocerciasis
albendazole, 3324
doxycycline, 2409
ivermectin, 3357, 3360
suramin, 3234

One Health concept, 9
Onycholysis, tetracycline, 1199
Onychomycosis

albaconazole, 2874
amorolfine, 2905
bifonazole, 2893
ciclopirox, 2911–2912
efinaconazole, 2895
fluconazole, 2777
griseofulvin, 2930, 2931
itraconazole, 2790t, 2803–2804
ravuconazole, 2880
terbinafine, 2712, 2715
tioconazole, 2895

OP-1068. see Solithromycin
OP-1118, 1550–1552, 1551t. See also Fidaxomicin
OPC-17116. See Grepafloxaxin
OPC-67683. See Delamanid
Operons, in vancomycin resistance, 789
Ophthalmia neonatorum

erythromycin, 1077
gonococcal, 38

Ophthalmic surgery prophylaxis, ceftiazidime, 557
Ophthalmic toxicity. See Ocular toxicity
Ophthalminc antibiotics, azithromycin, 1125
Ophthalmitis, moxifloxacin prophylaxis, 2101
Ophthalmlogical toxicty. See Ocular/ophthalmic 

toxicity
Opiates, drug interactions

atovaquone, 3122
ciprofloxacin, 1905
furazolidone, 3190
rifampicin, 2385, 2386t
rifapentine, 2466

Opiate screening tests, drugs affecting
fluoroquinolones, 1905
gatifloxacin, 2224
nalidixic acid, 2264
norfloxacin, 1990
ofloxacin, 2019t, 2020

Opioid-substitution therapy patients, grazoprevir- 
elbasvir combination therapy in, 4515t, 4517

Opisthorchiasis. See also individual Opisthorchis 
species

praziquantel, 3391
Opisthorchis

artermisinins, 2942–2943
artesunate, 2965

Opisthorchis felineus, praziquantel, 3385
Opisthorchis viverrini, praziquantel, 3385, 3387t
OPT-80. See Fidaxomicin
Optimer, 1547
OPTIMIST studies, 4483, 4483t
Optimizing Intraabdominal Surgery with Invanz 

Study (OASIS), 757–758
Optimizing Pharmacodynamic Target Attainment, 

677
Optimyxin Plus®. See Gramicidin
optrA gene, 1300
Oral administration. See under specific antimicrobials
Oral cavity, sitafloxaxin, 2125–2126
Oral contraceptives, drug interactions

ampicillin, 115
cefuroxime, 389
darunavir, 4133t
doxycycline, 1210
etravirine, 3980t
griseofulvin, 2929
rifabutin, 2437–2438
rifampicin, 2385, 2386t
ritonavir, 4187
sulfamethoxazole, 1646t
tetracycline, 1198
tigecycline, 1257
trimethoprim, 1646t

Oral hypoglycemic agents, drug interactions
fluconazole, 2767
tipranavir-ritonavir, 4167t
trimethoprim-sulfamethoxazole, 1646t, 1647

Oral infections, metronidazole, 1827
Oral surgery prophylaxis, tinidazole, 1857
Orange juice, drug interactions

clofazimine, 2535
para-aminosalicyclic acid, 2490

Orbactiv. See Oritavancin
Orf virus, cidofovir, 3533t, 3538, 3557–3558
Organ dysfunction prophylaxis, meropenem- 

moxifloxacin combined therapy, 2102
Organ transplant recipients

amphotericin B, 2590
amphotericin B, liposomal, 2616
benznidazole, 3209
dapsone, 1752
famciclovir, 3497
fluconazole prophylaxis, 2774
fumagillin, 3185
ganciclovir, 3518–3521
imipenem use in, 664
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Organ transplant recipients (continued)
linezolid for, 1327
maribavir, 3644
oseltamivir, 4599
trimethoprim-sulfamethoxazole, 1680–1681,  

1687
Orientia tsutsugamushi (scrub typhus)

azithromycin, 1133
doxycycline, 1206, 1216
doxycycline, resistance, 1133
rifampicin, 2374, 2406–2407

Oritavancin, 908–916
administration mode, 909, 911
adverse reactions and toxicity, 913–914, 914t
antimicrobial activity

CLSI criteria, 909–910
comparison with dalbavancin, 923
concentration-dependent, 912–913
Gram-positive aerobic bacteria, 908–909, 909t
Gram-positive anaerobic bacteria, 909, 909t

chemical structure, 908, 908f
clinical uses

bacteremia, 914–915
skin and soft-tissue infections, 911, 913–914, 

914t
concentration-dependent activity, 4t
dosage, 911
drug interactions, 913
excretion, 911, 912
formulations, 909
in vitro synergy and antagonism, 1304
mechanism of action, 909, 910–911
minimum inhibitory concentrations, 909t, 910
pharmacokinetics/pharmacodynamics

bioavailability, 911–912
excretion, 911, 912

resistance, 910
Ornithine decarboxylase, elfornithine-related 

inhibition, 3255
Orphan drugs

cethromycin, 1176
isavuconazole, 2858
temocillin, 218

Orthomyxoviruses, ribavirin, 4368t, 4369
Orthopedic bone cement, vancomycin-impregnated, 

797–798, 808–809
Orthopedic implant infections

DAIR approach to, 2399
linezolid, 1326
ofloxacin, 2034
rifampicin, 2398–2399

Orthopedic infections
ceftriaxone for, 449
temocillin for, 220
tosufloxacin, 2307

Orthopedic surgery prophylaxis
cloxacillin, 155
flucloxacillin, 155
teicoplanin, 858

Orthopoxviruses, cidofovir, 3538
Orwell, George, 2479
Oseltamivir, 4580–4609

administration mode, 4587–4588
adverse reactions and toxicity

cardiac toxicity, 4595
central nervous system toxicity, 4595–4596

antiviral activity, 4552, 4555t, 4580–4581, 4611t
chemical structure, 4580, 4580f
clinical uses

avian influenza A prophylaxis, 4603
avian influenza A treatment, 4601
influenza A (adults), 4596–4599
influenza A in adults, 4596–4598
influenza A prophylaxis, 4601–4603
influenza A virus prophylaxis, 4561

influenza B (adults), 4598
influenza B in adults, 4598
influenza B in children, 4600
influenza in high-risk adults, 4598–4599
influenza in high-risk children, 4600–4601
outbreak control in nursing homes, 4602–4603
postexposure prophylaxis, 4602
seasonal prophylaxis, 4602

combination therapy, 4584–4587
in combination with

ribavirin, 4613–4614
zanamivir, 4559

dosage, 4587–4591
in adults, 4587–4588, 4589t
in liver function impairment, 4591, 4591t
in older adults, 4591
in pediatric patients, 4588, 4588t, 4589t, 4590
in pregnant women, 4590
in renal function impairment, 4589t, 

4590–4591, 4590t
drug interactions, 4593–4594
hydrolysis to ostelamivir carboxylate, 4580f
in vitro synergy and antagonism, 3164, 4585–4587
mechanism of action, 4587
pharmacokinetics/pharmacodynamics, 4592t

bioavailability, 4591–4592
clinically important features, 4593
distribution, 4592–4593
excretion, 4593

resistance and cross-resistance, 4557–4558, 4558t, 
4581–4585

Osteoarticular infections
daptomycin

biofilm models, 895
combination therapy, 895–896
foreign-body models, 895–896

rifampicin, 2403
Osteomalacia, tenofovir, 3834
Osteomyelitis, treatment

amikacin, 223
amphotericin B, 2588, 2589, 2591
aztreonam, 647t, 653
cefepime, 593, 595–596
cefoxitin-amikacin, 410
ceftazidime, 563
ceftriaxone, 501, 502
cephalexin, 366
in children, 154
ciprofloxacin, 1920–1921, 1931, 1938
clarithromycin, 1110
clindamycin, 1495
cloxacillin, 151
daptomycin, 896, 897

experimental combination therapy, 896
dicloxacillin, 151, 154
fleroxacin, 2189
flucloxacillin, 154
fosfomycin, 1401
fusidic acid, 1415
imipenem, 223
imipenem-cilastation, 689
linezolid, 1326
lomefloxacin, 2250
methicillin, 139
metronidazole, 1827
nafcillin, 170
ofloxacin, 2033–2034, 2074
oritavancin, 913
oxacillin, 154
pefloxacin, 2283–2284
penicilin G, 67
penicillin G, 56, 67
prulifoxacin/ulifloxacin, 2154
rifampicin, 2397–2398
roxithromycin, 1093

teicoplanin, 854
temocillin, 223
tigecycline, 1260
tinidazole, 1857
tobramycin, 1000
ureido-penicillins, 196
vancomycin, 797–798, 804

Ostertagia ostertagi, moxidectin, 3362
Ostertagia volvulus, moxidectin, 3365
Othello syndrome, amantadine-related, 4536
Otitis externa

finafloxacin, 2144
fluoroquinolones, 1050
malignant

aztreonam, 654
ciprofloxacin, 1931–1932

neomycin-polymyxin B, 1050
ofloxacin, 2010, 2011, 2030
piperacillin, 181

Otitis media
amoxicillin, 118, 380, 1076
amoxicillin-clavulanic acid, 97, 267–268, 491,  

537
amoxicllin-clavulanic acid, 261
ampicillin, 116, 119, 1594–1595
azithromycin, 267, 268, 1130–1131
cefaclor, 267, 378, 379, 380
cefadroxil, 374
cefixime, 380, 541, 544
cefpodoxime, 537
cefprozil, 380
ceftazidime, 563
ceftriaxone, 491, 494
cefuroxime, 391
ciprofloxacin, 1932
clarithromycin, 1107t, 1108
co-amoxiclav, 380
erythromycin-sulfonamide, 1076
garenoxacn, 2207
gatifloxacin, 2230
josamycin, 1153
malignant

aztreonam, 654
ceftazidime, 654

ofloxacin, 1932, 2030–2031
penicillin, 27, 37
penicillin G, 36
penicillin V, 97
roxithromycin, 1091
sulfisoxazole, 1595
sulfonamides, 1594–1595
suppurative, ofloxacin, 2010, 2011, 2015
trimethoxazole-sulfamethoxazole, 1660–1661

Otoacariasis, crotamiton, 3443
Otomycosis, econazole, 2893
Otoprotective effects, verapamil, 957
Otorhinolaryngological infections, garenoxacin, 

2206t, 2207
Otorrhea, ofloxacin, 2030–2031
Ototoxicity

amikacin, 998, 999, 1013, 1017–1018, 1033, 
1042–1043, 2478, 2516

aminoglycosides, 2477, 2478
artemisinin-naphthoquine, 3023–3024
artemisinins, 2952
artesunate, 2969
azithromycin, 1129
capreomycin, 2516
chloramphenicol, 1048, 1528–1529
chloroquine, 3038–3039
ciprofloxacin, 1911, 1912
clarithromycin, 1106
clindamycin, 1489
daptomycin, 888
eflornithine, 3259
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erythromycin, 1075
gentamicin, 970–971, 975–976, 999, 1017, 1032, 

1033, 1048
of gentamicin, 197
hydroxychloroquine, 3038–3039
isepamicin, 1042–1043
kanamycin, 956–957, 995
metronidazole, 1823
of mezlocillin, 197
neomycin, 1048, 1049–1050
netilmicin, 998, 1032–1033
paromomycin, 3152t, 3153t, 3155
plazomicin, 1059
polymycin B, 1048
pyronaridine-artesunate, 3014
quinine, 3061, 3064

fetal, 3065, 3066
streptomycin, 2476, 2478
teicoplanin, 845, 851
tetracylines, 1048
thiacetazone, 2507
tobramycin, 997, 998–999, 1018, 1032
vancomycin, 810–811

Outpatient parenteral antibiotics therapy (OPAT)
ertapenem, 761
teicoplanin, 853, 855
vancomycin, 810

Ovaries, antimicrobial distribution in
biapenem, 777
ciprofloxacin, 1900
panipenem, 777
pefloxacin, 2281

Ovide lotion. See Malathion
Oxacillin

administration modes, 149t, 150
oral administration, 150
parenteral administration, 150
protein binding, 148

adverse reactions and toxicity, 140, 152–153, 167, 
501, 1314

antimicrobial activity, 144, 146, 147
minimum inhibitory concentrations, 144, 146t, 

152
biliary tract elimination, 152
chemical structure, 143, 144f
clinical uses, 169

comparison with methcillin, 141
prosthetic joint infections, 154
severe staphylococcal infections, 155
staphylocccal bone infections, 154
staphylococcal bacteremia, 154
staphylococcal meningitis, 155
staphylococcal pneumonia, 155
staphylococcal skin infections, 154

in combination with vancomycin, 792, 1380, 1380t
comparison with nafcillin, 162
continuous-infusion, 155
description of, 143
dosage, 149t, 151
drug interactions

daptomycin, 152
methotrexate, 152
phenytoin, 152
synergistic, 151–152
vancomycin, 151–152

false-positive urine reaction to, 168
formulations, 143
inactivation of, 152
in vitro synergy and antagonism, 1396
minimum bacterial killing, 147
as naficillin surrogate susceptibility test agent, 162
pharmacokinetics/pharmacodynamics

bioavailability, 148
distribution, 150–151, 166
excretion, 149f, 149t, 150, 152

resistance and cross-resistance, 1562
borderline-resistant Staphylococcus aureus,  

146
pencillin-tolerant Staphylococcus aureus, 

146–147
relationship to carbapenem resistance, 137
relationship to cephalosporin resistance, 137

serum levels, 150, 151
Oxacillin disk susceptibility tests, for Streptococcus 

pneumoniae, 37
Oxacillin-resistant Staphylococcus aureus

borderline resistant, 137–138
ramoplanin, 940

Oxalobacter formigenes, azithromycin, 1124
Oxamniquine, 3397–3399

administration mode, 3398
adverse reactions and toxicity, 3398–3399
antimicrobial activity, 3397
chemical structure, 3397, 3397t
clinical uses, 3399
dosage, 3398
mechanism of action, 3397–3398
pharmacokinetics/pharmacodynamics, 3398
resistance and cross-resistance, 3397

Oxantel pamoate
adverse reactions and toxicity, 3383
antimicrobial activity, 3382
chemical structure, 3381, 3381t
clinical uses, 3383, 3384t
pharmakokinetics/pharmacodynamics,  

3382–3383
OXA-type, 302
Oxazolidinones. See also Linezolid; Radezolid; 

Tedizolid
chemical structure, 1361
drug interactions, 1486, 1487t
mechanism of action, 1305, 1361
resistance and cross-resistance, 1300, 1360–1361, 

1471–1472
Oxazolidiones, 1293. See also Lienzolid
Oxcarbazepine, drug interactions

ledipasvir-sofosbuvir, 4462t
sofosbuvir-velpatasvir, 4463t

Oxiconazole
administration modes, 2891t
adverse reactions and toxicity, 2891t
chemical structure, 2887t
clinical uses, 2891t, 2894
excretion, 2891t
pharmacokinetics/pharmacodynamics, 2892

Oxidative injury, amphotericin B-lipid complex,  
2629

Oxidative stress
furazolidone, 3190
lindane, 3425, 3428

Oxolinic acid
administration modes, 2255t
adverse reactions and toxicity, 2255t
antimicrobial activity, 2254, 2255t
clinical uses, 2255t
mechanism of aciotn, 2262
pharmacokinetics/pharmacodynamics, 2255t
use in aquaculture, 11

Oxycodone, drug interactions
gatifloxacin, 2221
lopinavir-ritonavir, 4095t
miconazole, 2817
telithromycin, 1163

Oxygen, effect on antibiotic activity
fluoroquinolones, 1888
metronidazole, 1812–1813, 1814

Oxytetracycline, as pertussis treatment, 124
OZ277. See Arterolane maleate
OZ439. See Artefenomel
OzCombo 2 study, 3880

P
P1060 trial, 4099
P1093 study, 4264t
PA-824. See Pretonamid
Pacemaker prophylaxis

isoxazolyl penicillins, 155
linezolid, 1324

paC gene mutations, 2260
Paclitaxel, interactions with clindamycin, 1486,  

1487t
PACTG, 4065
PACTG. See Pediatric AIDS Clinical Trials Group 

(PACTG) studies
PADDLE trial, 3741
Paecilomyces

albaconazole, 2871
amphotericin B deoxycholate, 2573t
anidulafungin, resistance, 2695
posaconazole, 2844, 2845t
ravuconazole, 2877, 2878t
voriconazole, 2824t, 2825

Paecilomyces lilacinus
albaconazole, 2871
amphotericin B, resistance, 2571
natamycin, resistance, 2653

Paecilomyces variotii
albaconazole, 2871
amphotericin B, 2571
caspofungin, 2663

Paenibacillus polymyxa, as polymyxins source, 1420
Paludrine. See Proguanil
Pamaquine, 3097
PanACEA MAMS-TB-01 trial, 2393
Pan American Health Assocation, 3205
Panbronchiolitis

azithromycin, 1124–1125
erythromycin, 1079

Pancreas, antimicrobial distribution in
amphotericin, 2579
cefepime, 591
ceftiazidime, 558
ciprofloxacin, 1899
clofazimine, 2536
ertapenem, 754
moxifloxacin, 2089–2090
ofloxacin, 2016

Pancreas transplant recipients, ganciclovir, 3521
Pancreatic cancer

nelfinavir-chemoradiotherapy, 4083
zidovudine, 3682

Pancreatic fluid/secretions, antimicrobial 
distribution in

ampicillin concentrations in, 113
cephalothin, 351
clindamycin, 1478
linezolid, 1310
meropenem, 1478
pefloxacin, 2281
piperacillin, 1478

Pancreatic tissue, piperacillin-tazobactam, 329
Pancreatitis

acute, meropenem, 713–714
drugs causing

antimonial agents, 3285–3286, 3285t
capsofungin, 2670
ceftriaxone, 484
ciprofloxacin, 1906, 1934
dapsone, 1754
didanosine, 3703, 3706–3707
etravirine, 3981
gatifloxacin, 2226
imipenem-cilastatin, 688–689
lamivudine, 3736
lopinavir-ritonavir, 4096
meropenem, 712t, 713–714
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Pancreatitis (continued)
miltefosine, 3298
nitrofurantoin, 1790
stavudine, 3761, 3764
sulfonamides, 1591, 1593
tigecycline, 1258
trimethoprim-sulfamethoxazole, 1654
zalcitabine, 3724

infection prophylaxis, pefloxacin, 2285
Pancytopenia

amoxicillin, 117
penicillin G, 53
proguanil, 3132
pyrimethamine, 1731
trifluridine, 3630
trimethoprim, 1651
zidovudine, 3670

Panic attacks, chloroquine, 3039
Panipenem

administration mode, 779
adverse reactions and toxicity, 778
bioavailability, 776
chemical structure, 772, 773f
distribution in body, 777–778
dosage, 776, 779
drug interactions, 778
excretion, 778

Pantoea agglomerans, tigecycline, resistance, 1251
Panton-Valentine leukocidin-producing 

 staphylococcal infections
clindamycin, 1491t, 1492, 1496–1497
fusidic acid, 1497
linezolid, 1497
rifampicin, 1497

Papilledema
ketoconazole, 2744
nalidixic acid, 2265
tetracycline, 1199

Papillomaviruses, cidofovir, 3546, 3558–3560
Papulacandins, 2659
Papules, tetracycline, 1199
PAR 101. See Fidaxomicin
para-Aminobenzoate, sulfonamide-related 

inhibition, 1580, 1581f, 1582
para-Aminosalicyclic acid, 2488–2492

administration modes, 2489
clinical uses, 2480, 2488–2492, 2491
desensitization to, 2490
dosage, 2489–2490
drug interactions, 2490
excretion, 2490
mechanism of action, 2489
pharmacokinetics/pharmacodynamics, 2490
resistance, 2488–2489

Parabacteroides
linezolid, 1298
metronidazole, resistance, 1811

Parabacteroides distasonis, metronidazole, 1809t
Paracetamol. See Acetaminophen
Paracoccidioides

isavuconazole, 2859, 2865
posaconazole, 2844, 2845t

Paracoccidioides brasiliensis
amphotericin B, 2570, 2572t
choroquine, 3032
flucytosine, resistance, 2920
ketoconazole, 2732t, 2733

resistance, 2735
micafungin, 2682–2683
miconazole, 2813t, 2814
sulfadiazine, 1575
sulfonamides, 1575
terbinafine, 2711
trimethoprim-sulfamethoxazole, resistance, 2735
trimethoprim-sulfamethoxazole/sulfamethoxazole, 

1631

Paracoccidioidomycosis
amphotericin B, 2594
amphotericin B, liposomal, 2622
itraconazole, 2791t, 2802
ketoconazole, 2746
sulfadiazine, 1575, 1604
voriconazole, 2836

Paragonimiasis, triclabendazole, 3350
Paragonimus, triclabendazole, 3347
Paragonimus westermani

praziquantel, 3385
prazuquantel, 3387t, 3391, 3392t
triclabendazole, 3350

Parainfluenza viruses
investigational drugs

ALS-008112, 4632t
ALS-008176, 4632t
Fludase®, 4632t, 4641

ribavirin, 4392
Paralysis, drugs causing

gentamicin, 2478
praziquantel, 3389
streptomycin, 2479

Paramyxoviruses
amantadine, 4524
favipiravir, 4632t, 4641
ribavirin, 4368, 4368t

Paranoia, nalidixic acid, 2265
Parapneumonic effusion

amikacin, 1016
penicillin G, 45

Parasitic infections. See also specific parasitic 
infections

linezolid, 1299
tigecycline, 1254

Parasomnias, pyronaridine-artesunate, 3014
Paratek Pharmaceuticals, 1267
Paratyphoid fever

ceftriaxone, 485, 486t
chloramphenicol, 1529
mecillinam, 213
nalidixic acid, 2268
ofloxacin, 2025t
trimethoprin-sulfamethoxazole, 1667

Paratyphoid fever. See Salmonella paratyphi 
(paratyphoid fever)

parC gene mutations
finafloxacin, 2141, 2142
gatifloxacin, 2219, 2224, 2229
nalidixic acid, 2259

Parentracin®. See Bacitracin
Paresthesias, drugs causing

anidulafungin, 2701
bacitracin, 1457
benznidazole, 3207
itraconazole, 2797, 2798
micafungin, 2687
permithrin, 3418
pyrantel pamoate, 3383
ritonavir, 4202, 4202t
trimethoprim-sulfamethoxazole, 1655

par gene mutations, 2199
Pargonyl. See Paromomycin
Paritaprevir, 4434t

antiviral activity, 4440t
chemical structure, 4436f
in combination with ombitasvir. See Ombitasvir-

paritaprevir-ritonavir-dasabuvir (PrOD 
regimen)

drug interactions
lopinavir-ritonavir, 4092, 4093t
rilpivirine, 4000t

excretion, 4454t
mechanism of action, 4434t
pharmacokinetics/pharmacodynamics, 4454t
resistance, 4443t

Parkinsonism, amphotericin B, 2584
Parkinson’s disease, amantadine treatment, 4537
Paromomycin, 3149–3161

administration mode, 3151
adverse reactions and toxicity, 1833, 3152t–3153t, 

3155
chemical structure, 3149, 3149f
clinical uses

amebiasis, 1833, 1834, 3149, 3151, 3158
cutaneous leishmaniasis, 3154t, 3156t–3157t, 

3157–3158
giardiasis, 1834, 3155
intestinal bacterial growth reduction, 3158
intestinal cestode infections, 3158
intestinal protozoal infections, 3158
leishmaniasis, 3150
mucocutaneous leishmaniasis, 3158, 3158t
trichomoniasis, 3158–3159
visceral leishmaniasis, 3152t–3153t, 3155, 3157, 

3157t
dosage, 3151–3154, 3152t–3154t
drug interactions, 3155
excretion, 3155
in vitro synergy and antagonism, 3150–3151, 3295
mechanism of action, 3151
pharmacokinetics/pharmacodynamics, 3154–3155
resistance and cross-resistance, 3150

Paronychia, amphotericin B, 2589–2590
Parotid infections, penicillin G, 68
Parotitis

nitrofurantoin, 1790
penicillin G, 45
trimethoprim-sulfamethoxazole, 1655

Paroxetine, drug interactions
linezolid, 1314
telithromycin, 1162t
tipranavir-ritonavir, 4167t

Par Pharmaceuticals, 1547
Parsol 1789, 2064
Parvimonas micra

clindamycin, resistance, 30
metronidazole, 30, 1808, 1827
penicillin, resistance, 30
vancomycin for, 30

PAS. See para-Aminosalicyclic acid (PAS)
Pasteurella

amoxicilin-clavulanic acid, 269
azithromycin, 1124
cephalexin, 362t
ertapenem, 747t, 749
garenoxacin, 2197
gatifloxacin, 2215
moxifloxacin, 2085

Pasteurella mirabilis
cefazolin, 355
cefuroxime, resistance, 391
cephalothin for, 355
ertapenem, 747t
extended-spectrum beta-lactamases, 303
trimethoprim-sulfamethoxazole, resistance, 1633

Pasteurella multocida
amikacin, 1010
aztreonam, 653
cefazolin, 348
cefixime, 540
cefoperazone-sulbactam, 418
ceftaroline, 607, 609
ceftizoxime, 532
ceftriaxone, 471
ceftriaxone for, 471
cefuroxime, 386
cephalexin, resistance, 365
cephalothin, 348
chloramphenicol, 1517
ciprofloxacin, 1871
erythromycin, resistance, 1068



Index I-133

gemifloxacin, 2113
gentamicin, 965
imipenem, 665
linezolid, 1326
meropenem, 699
mupirocin, 1461
norfloxacin, 1986
penicillin G, 24t, 33–34, 67

resistance, 34
penicillin V, 93t
rifampicin, 2374
streptomycin, 2471
sulfonamide, resistance, 1572
temocillin for, 219t
trimethoprim-sulfamethoxazole, 1630

Pasteurella multocida septica, ceftriaxone, 471
Pasteur Institute, 3162
Paucimycin. See Paromomycin
PBPs. See Penicillin-binding proteins (PBPs)
PD127391. See Clinafloxacin
PEARL I study, 4506, 4507
Pearls ACTG 5175 study, 3711, 3713t
PEARLS II-IV studies, 4500, 4500t, 4501–4502, 

4501t, 4502, 4505
Pediatric AIDS Clinical Trials Group (PACTG) 

studies, 394, 3674, 3681–3682, 3742, 3766, 
3811, 3878, 4153, 4155, 4171–4172

Pediatric European Network for the Treatment of 
AIDS, 3778

Pedicoccus pentosaceus, vancomycin, resistance, 787
Pediculus humanus var. capitis (head lice)

crotamiton, 3443
ivermectin, 3352t, 3362
lindane, 3425, 3426t–3427t, 3428

resistance, 3424
malathion, 3430, 3432t–3435t, 3434

resistance, 3429
permethrin, 3413–3414, 3416, 3419

resistance, 3413–3414
Pediculus humanus var. corporis (body lice)

lindane, 3424, 3428
resistance, 3424

malathion, 3429, 3430
permethrin, 3414, 3416

Pediococcus
daptomycin, 870, 870t
linezolid, 1295
nafcillin for, 163t
quinopristin-dalfopristin, 1376t
teicoplanin, resistance, 839
telithromycin, 1158
vancomycin, resistance, 787, 788

Pediococcus asaccharolyticus, daptomycin, 870
Pefloxacin, 2277–2289, 2282

administration modes, 2279
adverse reactions and toxicity, 2064, 2282–2283
antimicrobial activity, 2277–2278, 2278t
chemical structure, 2277, 2277f
clinical uses, 2283–2285

bactermia, 2284–2285
central nervous system infections, 2283
gastrointestinal infections, 2285
infection treatment in neutropenic patients, 

2285
leprosy treatment, 2072
meningitis, 2283
miscellaneous infections and conditions, 2285
osteomyelitis, 2283–2284
peritonitis, 2284–2285
respiratory tract infections, 2284
Schnitzler’s syndrome, 2285
sexually transmitted diseases, 2284
UTIs, 2284

combined with pipercillin, 191
dosage, 2279–2280
drug interactions, 2282

mechanism of action, 2279
minimum inhibitory concentrations, 2263
pharmacokinetics/pharmacodynamics, 2280–2282

bioavailability, 2280
clinically important features, 2282
distribution in the body, 2280–2282
excretion, 2282

resistance and cross-resistance, 2279
Pefloxacin disk assay, 2279
Peliosis, bacillary, erythromycin, 1078
Pellagra, isoniazid-related, 2331
Pellagra-like syndrome, ethionamide-related, 2498, 

2499
Pelvic fluid, clindamycin in, 1482t, 1483
Pelvic infections

ertapenem, 336, 758t, 760
erythromycin, 1077
garenoxacin, 2206t, 2207
piperacillin, 198
piperacillin-tazobactam, 334, 335t, 336, 760

Pelvic inflammatory disease (PID)
ampicillin-sulbactam, 287, 288t
cefotaxime, 448
cefotetan, 287, 288t
cefoxitin, 287, 288t, 1825
ceftriaxone, 498–499, 499t, 1825
ciprofloxacin, 1923–1924
clindamycin, 61, 287, 288t, 1498–1499
clindamycin-gentamicin, 287, 288t
doxycycline, 287, 448, 1214, 1825
levofloxacin, 2066–2067
metronidazole, 61, 287, 288t, 448, 1825, 2029
moxifloxacin, 2098
penicillin G, 61
prulifoxacin/ulifloxacin, 2154
ticarcillin-clavulanate, 288t

Pelvic pain, ciprofloxacin, 1915
Pelvic tissue

enoxacin, 2174
metronidazole, 1819

Pemphigoid nodularis, sulfamethoxypyridazine,  
1603

Pemphigus
chloroquine, 3038
hydroxychloroquine, 3038
rifampicin, 2387
sulfasalazine-pentoxifylline, 1603

Pemphigus vulgaris, dapsone, 1761
penA gene, 430, 473
penB gene, 430
Penciclovir

antiviral activity, 3493–3494, 3494t
chemical structure, 3493, 3493f
mechanism of action, 3494–3495
resistance and cross-resistance, 3494

Penicillin(s)
acylamino, 187
adverse reactions and toxicity, prevalence of, 47
antigonococcal potency, 470
antistaphylococcal

dosage, 167
postantibiotic effects, 166–167
synergy with aminoglycosides, 164

beta-lactams, time above minimum inhibitory 
concentration, 167

broad-spectrum, global consumption patterns, 5f
chemical structure, 49f
clinical uses

gonorrhea, 448
Lyme disease, 449–450
meningococcal infection prophylaxis, 1242
perianal streptococcal dermatitis, 391

in combination with fusidic acid, 1415
crystalline. See Potassium penicillin G; Sodium 

penicillin
degradation products, 48

drug interactions
chlortetracycline, 1197, 1210–1211
gentamicin, 956, 975, 1042
isepamicin, 1042
kanamycin, 956
netilmicin, 1032
tobramycin, 956

extended-spectrum, 299, 299
intrapartum exposure to, 122
in vivo synergism and antagonism, 2472
narrow-spectrum, global consumption patterns, 5f
newer antipseudomonal, 187. See also Apalcillin; 

Azlocillin; Mazlocillin; Piperacillin
oral. See Penicillin V
penicillinase-resistant, 162

beta-lactamase stability of, 136
resistance and cross-resistance, 68, 429, 430, 473

emerging resistance, 35–36
mechanisms, 406
in poultry, 11

semisynthetic production, 92
synthesis, 92
ureido, 187. See also Azlocillin; Mezlocillin

adverse reactions and toxicity, 196
sodium content, 196–197

use in food animals, 12t
Penicillin F, 23
Penicillin G (benzylpenicillin), 23–91, 24t

action mechanism, 39–42, 176
administration modes, 42, 43, 44

adverse reactions to, 54–55
intermittent versus continuous administration, 

46–47
intra-arterial injection, 54–55
intrathecal as contraindicated route, 46

adverse reactions and toxicity, 46, 47–55, 152, 167, 
179, 196, 679, 1134

cation intoxication, 47t, 54
cytotoxic and immune-complex-mediated, 47t, 

50
direct toxicity, 52–53
hematologic side effects, 47t, 53–54
hemolytic anemia, 47t, 53
hypersensitivity reactions, 47–54, 47t, 68
immunoglobulin E-mediated, 47t, 48–50
intra-arterial injection-related, 54–55
Jarisch-Herxheimer reaction, 47t, 52
local reactions, 47t, 50
nephropathy, 47t, 53
nerve and muscle injury, 47t, 54
neurotoxicity, 47t, 52–53
rare side effects, 54
T-cell-mediated, 47t, 50
testing for, 50–51

antimicrobial activity, 23–35, 24t, 25t, 175, 190, 
429, 579

irreversible bactericidal effect, 27
benzathine, 97
bioavailability, 44–45, 47
biosynthesis, 92
chemical structure, 23, 23f, 115

side chains, 48, 49f, 49t
clinical uses

Actinobacillus actinomycetemcomitans 
infections, 68

actinomycosis, 67, 355
anthrax, 52, 66–67
bacteremia, 980
bacterial endocarditis, 60–61
bacterial meningitis, 45, 46, 59
botulism, 68
brain abscess, 60
Capnocytophaga canimorsus infections, 67
Cardiobacterium hominis infections, 68
cellulitis, 154
cerebrospinal shunt replacement, 139
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Penicillin G (benzylpenicillin) (continued)
Clostridium perfringens infections, 66
diptheria carriers, 43
Eikenella corrodens infections, 68
endocarditis, 814
failure in streptococcal pharyngitis, 55–56
Flavimonas oryzihabitans infections, 68
gonococcal meningitis, 53
gonorrhea, 61, 63–64, 959
group B streptococcal endocarditis, 26
group B streptococcal infections, 56–57
group B streptococcal meningitis, 26
group B Streptococcus prophylaxis, 45
Kingella kingae infections, 67
Lactobacillus infections, 31, 67
leptospirosis, 65, 450, 472
Leuconostoc infections, 68
Listeria monocytogenes infecctions, 59, 60
Lyme disease, 66, 503
meningococcal meningitis, 52
meningococcal septicemia, 60
necrotizing fasciitis, 24
Neisseria lactamica infections, 68
neurosyphilis, 42, 52
Pasteurella multocida, 67
pelvic inflammatory disease, 61
penumonia in children, 58–59
pneumococcal meningitis, 41–42
pneumococcal pneumonia, 37, 58, 118, 1076
pneumococcal septicemia, 60
Propionibacterium infections, 68
rat-bite fever, 52, 66
rheumatic fever prophylaxis, 43, 68
Rothia mucilaginosa infections, 67
spontaneous gangrenous myositis, 55
streptococcal group A pharyngitis, 45
streptococcal pharyngitis, 55–56, 374
Streptococcus Group C infections, 57
Streptococcus Group F infections, 57
Streptococcus Group G infections, 57
Streptococcus pyogenes infections, 43, 55–56
syphilis, 43, 52, 64–65
tetanus, 66
toxic shock-like syndrome, 55
treponematoses, 1200
yaws, 52, 65

in combination with
ceftriaxone, 121
clindamycin, 24, 55, 58
gentamicin, 56, 58, 67, 964–965
kanamycin, 950, 956
metronidazole, 58
netilmicin, 1030
protein synthesis inhibitors, 24
streptomycin, 993, 2472
sulfonamides, 1595
vancomycin, 792

comparison with naficillin, 167
cross-allergenicity with penicillin V, 95
crystalline form, 23, 24t

administration routes, 42–43
adverse reactions and toxicity, 54
bioavailability, 44–45
clinical uses, 56
distribution in body, 46
dosage, 42–43, 44–45
for neurosyphilis, 65
renal clearance, 43

degradation in solution, 48
desensitization to, in pregnant patients, 1077
distribution in body, 45–46
dosage, 37, 42–44, 43

altered, 44
massive, 52
suboptimal, 46

drug interactions, 47
gentamicin, 31

effect of penicillin-binding proteins on, 190
excretion, 44, 47, 1155
false-positive urine reaction to, 168
formulations, 23, 24t
history, 23
in vitro synergy and antagonism, 27–28, 31, 

964–954, 993, 1414
mechanism of action, 110
minimum bactericidal concentrations, 31
minimum inhibitory concentrations, 25t, 26, 28, 

31, 33–34, 46
as oxacillin substitute, 153
pharmacokinetics/pharmacodynamics, 44–47
postantibiotic effect, 24
procaine penicillin G, 24t

accidental intravenous administration, 51–52
adminstration modes, 43
adverse reactions and toxicity, 47t, 51–52
bioavailability, 45
clinical uses, 1827
distribution in body, 46
dosage, 43
intra-arterial injection, 54–55

resistance and cross-resistance, 25, 25t, 29–35, 30, 
35–39, 38–39, 1047

multidrug resistance, 35
salts of, 23
serum levels, 42, 43, 44–45, 46, 47

Penicillin allergy, drug cross-sensitivity
aztreonam, 650–651, 653
cefixime, 542
cephalexin, 365
imipenem-cilastatin, 679–680
meropenem, 711
nafcillin, 167
penicillin G, 95
penicillin V, 95

Penicillinase
isoxazolyl penicillin resistance to, 143–144
ketolide, resistance, 1179
naficillin stability and, 162

Penicillin-binding proteins
antibiotics binding with

ampicillin-sulbactam, 282
anaerobic gram-positive cocci, 30
antibiotics inhibiting

ceftolozane, 639
aztreonam binding, 645
biapenem, 774
cefepime, 587
ceftazidime, 567
ceftobiprole, 627
cephalexin, 362–363
nafcillin, 162, 164
of penicillin G-resistant gonococci, 38

in bacterial cell wall synthesis, 362–363
beta-lactam antibiotic resistance-related changes, 41
Clostridium perfringens (welchii), 31
definition of, 40
of gonococci, 136
molecules per bacterial cell, 362–363
second-generation cephalosporins, 398
serial numbers (molecular weight), 41
of Streptococcus milleri, 27
of Streptococcus pneumoniae, 36, 147
of Streptococcus pyogenes, 56
tazobactam inhibition, 636

Penicillin-binding protein 1, antibiotics binding with
faropenem, 768
imipenem, 673
meropenem, 703
mezlocillin, 191
piperacillin, 191

Penicillin-binding protein 1, Clostridium perfringens 
(welchii), 31

Penicillin-binding protein 1a, 1812
antibiotics binding with

ceftobiprole, 627
ertapenem, 751
imipenem, 730
isoxazoyly penicillin, 147
meropenem, 703–704
methicillin, 138

of Escherichia coli, 40
of Streptococcus pneumoniae, 37

Penicillin-binding protein 1b
antibiotics binding with

imipenem, 730
isoxazoyly penicillin, 147
meropenem, 703–704
methicillin, 138

of Escherichia coli, 40
of Streptococcus pneumoniae, 37

Penicillin-binding protein 1c, of Streptococcus 
pneumoniae, 37

Penicillin-binding protein 2
of Acinetobacter, 418
antibiotics binding with

azlocillin, 191
ceftobiprole, 627
doripenem, 730
faropenem, 768
imipenem, 673, 751
isoxazoyly penicillin, 147
meropenem, 703
methicillin, 138
mezlocillin, 191
penicillin G, 23–24, 32–33

of Bacteroides fragilis, 418
of Escherichia coli, 40, 210
piperacillin, 191
of Staphylococcus aureus, 30

Penicillin-binding protein 2a
antibiotics binding with

ceftaroline, 607
ceftobiprole, 619, 627

functions of, 136–137
of MRSA, 322
of Streptococcus pneumoniae, 37

Penicillin-binding protein 2b
of amoxicillin-resistant pneumococci, 101
of Streptococcus pneumoniae, 37, 190

Penicillin-binding protein 2c
of coagulase-negative Staphylococcus, 255
of Staphylococcus aureus, 255

Penicillin-binding protein 2X
antibiotics binding with

ceftobiprole, 627
of group B streptococci, 25–26
of Streptococcus pneumoniae, 37

Penicillin-binding protein 3, 136
antibiotics binding with

azlocillin, 191
beta-lactams, 31
doripenem, 673, 730
ertapenem, 673, 751
faropenem, 768
imipenem, 673
meropenem, 673, 703
mezlocillin, 191
penicillin G, 23–24, 31
piperacillin, 191

beta-lactamase antibiotic inhibition, 40–41
of Escherichia coli, 40
of Listeria monocytogenes, 31
of Streptococcus pneumoniae, 37

Penicillin-binding protein 3 mutations, in 
Pseudomonas aeruginosa, 190
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Penicillin-binding protein 4, 136, 703, 751
Penicillin-binding protein 5

antibiotics binding with
ertapenem, 751
penicillin G, 28

of Clostridium perfringens, 210
of Enterococcus faecalis, 28
of Enterococcus faecium, 28
of Streptococcus pneumoniae, 322

Penicillin-binding protein 7, 28, 103
Penicillin-binding protein mutations, in 

Streptococcus, 190
Penicillin desensitization programs, 95
Penicillin nucleus. See (6)-Aminopenicillanic acid 

(6-APA)
Penicillin-resistant Streptococcus pneumoniae, 429, 

540
cefotiam, 398t
ceftobiprole, 619
clindamycin, 1469
fosfomycin, 1397
garenoxacin, 2196t, 2199, 2203
linezolid, 1294
minocycline, 1230
vancomycin, 815–816

Penicillin-streptomycin combinations, global 
consumption patterns, 5f

Penicillin V (phenoxylmethylpenicillin)
administration modes, 94
adverse reactions and toxicity, 50, 95–96
amoxicillin versus, 94, 96
antimicrobial activity, 92–94
bioavailability, 94, 95f
biosynthesis, 92
clinical uses, 92

cellulitis, 96
group A streptococcal pharyngitis, 118
pneumococcal sepsis, 96–97
rheumatic fever prophylaxis, 27, 97
S. pneumoniae infections, 97
S. pyogenes infections, 96
streptococcal group A pharyngitis, 267
streptococcal pharyngitis, 94, 96, 380
tonsillitis, 94, 96
upper respiratory infections, 94

cross-allergenicity with penicillin G, 95
description of, 92
distribution in body, 94
dosage, 94
drug interactions, 95
excretion, 94, 95
mechanism of action, 94
minimum inhibitory concentration (MIC), 95
pediatric syrup formulation, 94
pharmacokinetics and pharmacodynamics, 94–95
as pollution biomarker, 97
resistance and cross-resistance, 94, 95
routine bacterial susceptibility, 92, 93t
serum levels, 92, 94, 95f

Penicillin X, 23
Penicilliosis

amphotericin B, 2594–2595
amphotericin B, liposomal, 2622
itraconazole, 2791t, 2802
voriconazole, 2835–2836

Penicillium
ciclopirox, 2909
posaconazole, 2843, 2844, 2845t
ravuconazole, 2877, 2878t
terbinafine, 2709–2710
tolnaftate, 2901
voriconazole, 2824t, 2825

Penicillium marneffei
amphotericin B, 2570, 2572t
anidulafungin, 2695

choroquine, 3032
flucytosine, 2920
miconazole, 2813t, 2814
vorconazole, 2835–2836

Penicilloic acid, 47, 48, 179
Penicilloyl derivative, 48
Penicilloyl-polysine (PPL), 48
Penitracin®. See Bacitracin
PENPACT-1 study, 3941–3942
Pentacarinat. See Pentamidine
Pentamidine, 3271–3279

administration modes, 3272, 3274, 3274t
aerosolized, 3272, 3273, 3274, 3274t, 3275,  

3276
adverse reactions and toxicity, 3275, 3276
antimicrobial activity, 3271–3272
chemical structure, 3271, 3271f
clinical uses

cutaneous/mucocutaneous leishmaniasis, 3276
Pneumocystis jirovecii prophylaxis, 3275–3276
Pneumocystis jirovecii treatment, 3275
visceral leishmaniasis, 3276
West African human African trypanosomiasis, 

3276
dosage, 3272–3273
drug interactions, 3275

cidofovir, 3547–3548
foscarnet, 3598, 3601
ganciclovir, 3511t

mechanism of action, 3272
pharmacokinetics/pharmacodynamics, 3274t

bioavailability, 3273
clinically important features, 3274
distribution in body, 3273–3274
excretion, 3273, 3275

resistance and cross-resistance, 3272
Pentam. See Pentamidine
Pentavalent antimonials. See Antimonial agents
Pentostam. SeeSodium stibogluconate
Pentoxifylline, as pemphigus treatment, 1603
Peptic ulcer disease

clarithromycin, 1106–1107
furazolidone, 3191

Peptidoglycans, methicillin-related inhibition, 138
Peptidoglycan synthesis, antibiotic-related inhibition 

of, 41, 42
Peptidyl transferase center (PTC), 1300, 1305, 1360, 

1361, 1558
Peptococci, penicillin G, 24t
Peptococcus

amoxicillin, 103
ampicillin, 103
ampicillin-sulbactam, 281
carbenicillin, 176
cefoperazone-sulbactam, 418
cefotaxime, 426
cephalexin, 362
chloramphenicol, 1516
ciprofloxacin, resistance, 1872
clindamycin, 1470, 1498
erythromycin, 1066
fleroxacin, resistance, 2182
fusidic acid, 1407
imipenem, 664
josamycin, 1151
mupirocin, resistance, 1460
ofloxacin, 2007
pefloxacin, resistance, 2278
penicillin G, 30

resistance, 58
rosaramicin, 1151
roxithromycin, 1087
ticarcillin, 176
ticarcillin-clavulanic acid, 301
tinidazole, 1851

Peptoniphilus asaccharolyticus
linezolid, 1298
tedizold, 1359

Peptoniphilus harei, metronidazole, 1808
Peptostreptococcus

amoxicillin, 103
ampicillin, 103
ampicillin-sulbactam, 281
azithromycin, 1122
biapenem, 775t
carbenicillin, 176
cefazolin, 348
cefepime, 586
cefixime, resistance, 540
cefmetazole, 406
cefotaxime, 426
cefotiam, 398t
cefoxitin, 405t, 406
cefprozil, 377
ceftaroline, 606
ceftazidime, resistance, 554
ceftriaxone, 465, 467
cefuroxime, 386
cephalexin, 362
cephalothin, 348
cethromycin, 1172, 1173t
chloramphenicol, 1516
ciprofloxacin, resistance, 1872
clarithromycin, 1099
clindamycin, 1470, 1491t

resistance, 1470, 1496
dalbavancin, 920
doripenem, 725, 728t
ertapenem, 749t, 750
erythromycin, 1066
fidaxomicin, 1547
finafloxacin, 2141
fleroxacin, resistance, 2182
fusidic acid, 1407
garenoxacin, 2198
gatifloxacin, 2217
gemifloxacin, 2114
imipenem, 664
josamycin, 1151
linezolid, 1327
lomefloxacin, 2246, 2246t
minocycline, 1232
mupirocin, resistance, 1460
nitazoxanide, 3163t, 3164
ofloxacin, 2007
pefloxacin, resistance, 2278, 2278t
penicillin G, 30

resistance, 58
piperacillin-tazobactam, 320t
quinopristin-dalfopristin, 1376t
ramoplanin, 940
rosaramicin, 1151
roxithromycin, 1087
solithromycin, 1181t, 1184
solithromycin, resistance, 1184
spiramycin, 3176t
tedizolid, 1358t
ticarcillin, 176
ticarcillin-clavulanic acid, 301
tigecycline, 1250t, 1252
tinidazole, 1851

Peptostreptococcus anaerobius
garenoxacin, resistance, 2198
oritavancin, 909t
penicillin, resistance, 30
tedizold, 1359
vancomycin, 787

Peptostreptococcus micros
azithromycin, 1124
tedizold, 1359
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PEPTT1 substrate drugs, interactions with 
lomefloxacin, 2249

Peramivir, 4610–4625
administration modes, 4614
adverse reactions and toxicity, 4618–4621
antiviral activity, 4610–4611, 4611t
chemical structure, 4610, 4610f
clinical uses

influenza A virus infection, 4621–4623
influenza B virus infection, 4621–4623

in combination with
oseltamivir, 4613–4614
ribavirin, 4613
rimantadine, 4613

dosage, 4614–4615
drug interactions, 4618
in vitro synergy and antagonism, 4613–4614
mechanism of action, 4614
pharmacokinetics/pharmacodynamics, 4616t

bioavailability, 4615
clinically important features, 4616
distribution, 4615–4616, 4616t
excretion, 4616–4618
plasma elimination half-life, 4616–4618, 4618t

resistance and cross-resistance, 4557–4558, 4558t, 
4611–4613, 4612t

Perchlorozone, as multidrug-resistant tuerculosis 
treatment, 2504

Perfloxacin
adverse reactions and toxicity, 1907
combined with piperacillin, 191
drug interactions

ciprofloxacin, 1905
metronidazole, 1821

in vitro synergy and antagonism, 1396
resistance and cross-resistance, 2279
as typhoid fever treatment, 1917

Pericardial fluid, antimicrobial distribution in
gentamicin, 973
imipenem-cilstatin, 675
methicillin, 139
vancomycin, 803

Pericarditis, penicillin G-related, 54
Peridontal tissue, roxithromycin distribution in, 1089
Perilymph, gentamicin distribution in, 974
Periodontal disease/infections/periodontitis

amicillin-metronidazole, 122
doxycycline, 1207, 1220
matrix metalloproteinases in, 1207
metronidazole, 1827
minocycline, 1242
moxifloxacin, 2098
penicillin G, 68
sitofloxacin, 2128

Perioperative prophylaxis. See also specific surgical 
procedures

cefotiam, 401
Periostat. See Doxycycline
Peripartum infections, ampicillin-sulbactam, 285
Peripheral nerve toxicity, daptomycin, 887
Peripheral vascular disease, roxithromycin, 1093
Periplasmic space, role in antibiotic resistance, 40
periplasmic space content, 40
Peritoneal dialysate, antimicrobials in

amikacin, 1013
ampicillin, 111
clindamycin, 1481
crystalline penicillin G, 43
daptomycin, 874
gentamicin, 973
linezolid, 1307, 1310
minocycline, 1233
moxifloxacin, 2091
ofloxacin, 2017
tobramycin, 996

Peritoneal dialysis
aciclovir, 3457–3458
amoxicillin, 112
amoxicllin-clavulanic acid, 261
azlocillin, 192
carbenicillin, 177
cefazolin, 350
cefepime, 588
cefotaxime, 431t, 433, 434
cefotetan, 407, 407t
cefoxitin, 407, 407t
ceftadizime, 555
ceftiazidime, 558
ceftizoxime, 534
ceftriaxone, 477
cephalothin, 350
cephradine, 372
chloramphenicol, 1521
clindamycin, 1478
elvitegravir, 4234
erythromycin, 1070
ethambutol, 2349
etravirine, 3974
gentamicin, 972–973
imipenem, 674
kanamycin, 955
lamivudine, 3733
linezolid, 1307
mezclocillin, 192
as peritonitis cause

amphotericin B, 2589
ampicillin-sulbactam, 284
aztreonam, 648
cefazolin, 349
cefotaxime, 442
cefrtiaxone, 501
cephalothin, 349
daptomycin, 876, 879
gentamicin, 981
rifampicin, 2400
teicoplanin, 855
tobramycin, 996
vancomycin, 803, 817

piperacillin-tazobactam, 237
quinine, 3062
rufoxacin, 2291
ticarcillin, 177
tobramycin, 996
trimethoprim-sulfamethoxazole, 1648
vancomycin, 799–800
voriconazole, 2827
zidovudine, 3665, 3666t

Peritoneal fluid, antimicrobials in
amoxicillin-clavulanic acid, 263
amphotericin B, 2576, 2579, 2580
cefepime, 590–591
cefoxitin, 408
cefpirome, 591–592
ceftiazidime, 558
cephalothin, 351
ciprofloxacin, 1898–1899
clindamycin, 1482t, 1484
doripenem, 734
meropenem, 707
micafungin, 2686
moxifloxacin, 2089
paromomycin, 3155
pyrimethamine, 1730
sulfonamides, 1585
ticarcillin-clavulanic acid, 305
ticarcillin in, 179
tobramycin, 997

Peritoneum, flucytosine, 2922
Peritonitis

amoxicillin-clavulanic acid, 268

amphotericin B, 2589
ampicillin-sulbactam, 287, 288t
cefazolin, 349
cefotaxime, 435
cefotixin, 409
ceftazidime-avibactam, 244
ceftizoxime, 536
ceftriaxone, 477
cephalothin, 349
ciprofloxacin, 1933
cirrhosis, ampicillin, 105
clindamycin-tobramycin, 536
daptomycin, 882–883
erythromycin, 1076–1077
fluconazole, 2762
gentamicin, 973
isepamicin, 1043
penicillin G, 56, 57, 68
peritoneal dialysis-associated

amphotericin B, 2589
ampicillin-sulbactam, 284
aztreonam, 648
cefotaxime, 442
ceftriaxone, 501
ciprofloxacin, 1891, 1933
daptomycin, 876, 879
gentamicin, 981
levofloxacin, 2068
nafcillin, 165
ofloxacin, 2015, 2036, 2068
pefloxacin, 2284
rifampicin, 2400
teicoplanin, 855
tobramycin, 996
vancomycin, 803, 817, 844
vancomycin-resistant, 790

piperacillin, 193, 198
piperacillin-tazobactam, 243
rufloxacin, 2292
spontaneous bacterial

cefotaxime, 440–441, 441t
cefotaxime-resistant, 440–441
ceftazidime, 713
ceftriaxone, 499–500, 1995
levofloxacin, 2068
meropenem, 712t, 713
multidrug-resistant, 441
norfloxacin, 1994–1995
ofloxacin, 2036
pefloxacin, 2284–2285
sparfloxacin prophylaxis, 2300
trimethoprim-sulfamethoxazole, 1687, 1995

temocillin, 223
vancomycin, 1034

Perkinsus marinus, bacitracin, 1454
Permethrin, 3413–3422

administration mode, 3416
adverse reactions and toxicity, 3417–3419
agricultural use, 3418
antimicrobial activity, 3413–3414
chemical structure, 3413, 3413f
clinical uses, 3419
dosage, 3416
drug interactions, 3417
excretion, 3417
mechanism of action, 3415
pharmacokinetics/pharmacodynamics, 3417
poisoning, 3418
resistance and cross-resistance, 3414, 3415

Pertussis. See Bordetella pertussis (pertussis/
whooping cough)

PET/CT scans, rifaximin-enhanced diagnostic 
accuracy, 2458

Petechiae, peramivir-related, 4621
PFA. See Foscarnet
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Pfizer, 1293, 1318, 3959, 4075, 4307
P-glycoproteins, antimicrobials interacting with

asunaprevir, 4459
azithromycin, 1128
clarithromycin, 1313
daclatasvir, 4464
dolutegravir, 4258
etravirine, 3976
fidaxomicin, 1551–1552
grazoprevir, 4460
HIV protease inhibitors, 4182
isavuconazole, 2864
levothyroxine, 1313
maraviroc, 4311
miltefosine, 3297
posaconazole, 2850
rifampicin, 1313
ritonavir, 4182, 4881
simeprevir, 4458
sofosbuvir, 4461
solithromycin, 1187
tigecycline, 1257
velpatasvir, 4465
venlafaxine, 1313

pH
in ciprofloxacin activity, 2135
in delafloxacin activity, 2134, 2135
in erythromycin activity, 1066
in finafloxacin activity, 2139, 2140t, 2142, 2143
gastric

in atazanavir bioavailability, 4146
in indinavir bioavailability, 4064
in metronidazole activity, 1820
in proton-pump inhibitor use, 47

in ketoconazole absorption, 2737, 2738
in microbial tolerance, 147
penicillin resistance and, 26

PHACS SMARTT study, 3758
Phaeohyphomycosis, treatment

amphotericin B, 2597
amphotericin B, liposomal, 2623
amphotericin B-lipid complex, 2639t, 2640
anidulafungin, resistance, 2695
flucystosine, 2924
terbinafine, 2716–2717

Phagocytes/phagocytosis, antimicrobials affecting
amphogericin B, 2585
benznidazole, 3206
chloramphenicol, 1527
clindamycin, 1475, 1485
fleroxacin, 2185
in hyper-IgE Job syndrome, 898
josamycin, 1152–1153
levofloxacin, 2061
rifabutin, 2437
rifampicin, 2383
tobramycin, 997

Pharmacia, 4158
Pharmacokinetic/pharmacodynamics (PK/PD) 

indices, of antimicrobials, 3, 4t
PharmAdapt study, 3926
Pharmasset, 4359, 4360
Pharyngitis, treatment

aciclovir, 3473
cefixime, 544
cefprozil, 377–378
cefuroxime, 391
erythromycin, 1076
garenoxacin, 2204t
pencillin G, 30
penicillin G, 63
streptococcal

amoxicillin, 118
amoxicillin-clavulanic acid, 267
cefaclor, 380

cefadroxil, 374
cefazolin, 355
cefpodoxime, 533
cefpodoxime proxetil, 537
cefprozil, 380
cephalexin, 363, 366
cephalothin, 355
clarithromycin, 1106–1107, 1107t
clindamycin, 1495–1496
erythromycin, 1076, 1091
penicillin G, 45, 55–56, 57, 118, 374

resistance, 55–56
penicillin V, 94, 96, 267, 380, 537
rifampicin, 2405–2406
roxithromycin, 1091

telithromycin, 1166
Pharyngotonsillitis, treatment

cefixime, 541
clindamycin, 1495–1496

Pharynx, viridans group streptococci in, 27
Phenazacillin (hetacillin), 101t
Phenicol, 1300
Phenobarbital, drug interactions

boceprevir, 4458t
cycloserine, 2524
dicloxacillin, 151
etravirine, 3977
fosamprenavir, 4110–4111, 4111t
ledipasvir-sofosbuvir, 4462t
metronidazole, 1822
ombitasvir-paritaprevir-ritonavir-dasabuvir, 4467t
pyrimethamine, 1731
sofosbuvir-velpatasvir, 4463t
teicoplanin, 850
tipranavir-ritonavir, 4167t

Phenobarbitone,. interactions with quinine, 3063
Phenol-soluble modulins, alpha-type (PSMαs), 137
Phenoxybenzylpenicillin (phenbenicillin), 92, 95f
Phenoxyethylpenicillin (phenethicillin), 92, 95f
Phenoxypenicillins. See also Penicillin V

development of, 92
Phenoxypropylpenicillin, 95f
Phenylacetic acid, 92
Phenylbutazone, interactions with penicillin G, 47
Phenylpropanolamine, interactions with linezolid, 

1313
Phenytoin, drug interactions

aciclovir, 3461–3462, 3462t
artemether-lumefantrine, 2978
atazanavir, 4149t
azithromycin, 1128t
boceprevir, 4458t
capsofungin, 2670
chloramphenicol, 1525
clarithromycin, 1104t
clinafloxacin, 2314
daclatasvir, 4464
dapsone, 1751
dihydroartemisinin, 3012–3013
doxycycline, 1209
fluconazole, 2767
fosamprenavir, 4111t
itraconazole, 2797
ketoconazole, 2741
ledipasvir-sofosbuvir, 4462t
mebendazole, 3332
metronidazole, 1821
miconazole, 2817
nitrofurantoin, 1792
ombitasvir-paritaprevir-ritonavir-dasabuvir, 4467t
oxacillin, 152
praziquantel, 3388
rifabutin, 2437–2438
rifampicin, 2386t
sofosbuvir-velpatasvir, 4463t

sulfamethoxazole, 1646t
sulfaphenazole, 1586
tipranavir-ritonavir, 4167t
trimethoprim, 1646t
trimetrexate, 1771
voriconazole, 2832

Pheochromocytoma, false-positive phentolamine 
tests for, 2352

Phialophora
amphotericin B, resistance, 2570
anidulafungin, resistance, 2695
caspofungin, 2663
ketoconazole, 2733
miconazole, 2813t, 2814

Phialophora verrucosa, 2596. See also 
Chromoblastomycosis

amphotericin B, 2573t
Philophora, flucytosine, 2920
Philophora verrucosa, flucytosine, 2920t
Phisida II trial, 3933
Phlebitis, drugs causing

anidulafungin, 2701
avarofloxacin, 2160
cefepime, 593
cefotaxime, 440
ceftiazidime, 561
ceftriaxone, 485
doripenem, 731
eravacycline, 1284–1285
ertapenem, 756
melarsoprol, 3241–3242
meropenem, 710t
teicoplanin, 851

Phosphodiesterase-5 inhibitors. See also Sildenafil
drug interactions

atazanavir, 4148t, 4149t
clarithromycin, 1105t
darunavir, 4132t
fosamprenavir, 4110, 4111t
lopinavir-ritonavir, 4093, 4095t
ritonavir, 4187
tipranavir-ritonavir, 4167, 4167t

Phosphonoformate. See Foscarnet
Phosphorothioates, 3647. See also Fomivirsen
PHOTON studies, 4479, 4481
Photophobia, itraconazole, 2797
Photopsia, voriconazole, 2832
Photosensitivity/phototoxicity

artemether-lumefantrine, 2981
chloroquine, 3038
ciprofloxacin, 1908
clinafloxacin, 2313–2314, 2315
doxycycline, 1211
enoxacin, 2175
fleroxacin, 2187
flucytosine, 2923
garenoxacin, 2203
gatifloxacin, 2226
gemifloxacin, 2117
halofantrine, 3094
hydroxychloroquine, 3038
imipenem, 2315
isavuconazole, 2865
ketoconazole, 2744
levofloxacin, 2064
lomefloxacin, 2187, 2249
methenamine hippurate, 1802
minocycline, 1238
moxifloxacin, 2092
nalidixic acid, 2265, 2266
norfloxacin, 1990
ofloxacin, 2022
pefloxacin, 2282–2283
pyrazinamide, 2365
rufloxacin, 2290, 2292
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Photosensitivity/phototoxicity (continued)
sitafloxacin, 2122, 2126
sparfloxacin, 2187, 2298
sulfonamides, 1588, 1593
terbinafine, 2714
tetracycline, 1199
tigecycline, 1258
tosufloxacin, 2307
voriconazole, 2832

Phthalylsulfathiazole, dosage, 1582
Phthiocerol dimycocerosates-deprived (PDIM) 

mycobacteria, 788
Phthiriasis. See Phthirus pubis
Phthirus pubis (pubic lice)

lindane, 3424, 3425
malathion, 3430

resistance, 3429
permethrin, 3414, 3416, 3419

resistance, 3414
Pibrentasvir, 4438t, 4507, 4630t, 4635
Pichia, isavuconzole, 2860t
Pichia norvegensis, ketoconazole, 2733
Pichinde virus

amantadine, 4525
ribavirin, 4370

Picornaviruses
amantadine, 4525
ribavirin, 4371
vapendavir, 4632t, 4641

Pigmentation changes. See also Hyperpigmentation
drugs causing

chloroquine, 3038
hydroxychloroquine, 3038
minocycline, 1237–1238
pefloxacin, 2282–2283
zidovudine, 3670t, 3673

thyroid, drugs causing
doxycycline, 1211
minocycline, 1211, 1238

Pill-induced esophagitis
clindamycin, 1488
doxycycline, 1211
tetracycline, 1198

Pilots, mefloquine use contraindicated for, 3084
Pimozide, drug interactions

boceprevir, 4458t
cobicistat, 4186t
darunavir, 4132t
fluconazole, 2765
fosamprenavir, 4110, 4110t
indinavir, 4067t
itraconazole, 2795
lopinavir-ritonavir, 4092
miconazole, 2817
nelfinavir, 4079
ombitasvir-paritaprevir-ritonavir-dasabuvir, 4467t
posaconazole, 2850
ritonavir, 4186t
telaprevir, 4457t
telithromycin, 1162
tipranavir-ritonavir, 4166, 4166t
voriconazole, 2830

Pinta
erythromycin, 1200
penicillin G, 1200

Pinworms. See Enterobius vermicularis (enterobiasis; 
pinworm)

Pioglitazone, interactions with tipranavir-ritonavir, 
4167t

Pipemidic acid
administration modes, 2255t
adverse reactions and toxicity, 2255t
antimicrobial activity, 2254, 2255t
clinical uses, 2255t
pharmacokinetics/pharmacodynamics, 2255t

piperacilin-tazobactam, resistance to, 322–323, 323t
Piperacillin, 187

action mechanism, 191, 319
administration modes, 191–192, 193, 194, 195
adverse reactions and toxicity, 196–197
antimicrobial activity, 187–188, 188t, 189–190, 301
beta-lactamase susceptibility, 190
chemical structure, 187, 187f
clinical uses

bacteremia, 199
cholangitis, 198
febrile neutropenia, 421
Gram-negative infections, 199
hospital-acquired pneumonia, 222
intraabdominal infections, 198
lower respiratory tract infections, 199
meningitis, 195, 199
pelvic infections, 198
peritonitis, 193

in combination with
amikacin, 191, 421
aminoglycosides, 191
ciprofloxacin, 191
gatifloxacin, 191
gentamicin, 191
metronidazole, 198
pefloxacin, 191
tazobactam, 187, 188, 190, 192, 198, 209, 222, 

421
tobramycin, 191

description, 187–188
distribution in body, 194
dosage, 191–192, 193

altered, 193
drug interactions, 195, 197

aminoglycosides, 195–196, 2477
effect of penicillin-binding proteins on, 190
excretion, 193, 195, 240
in vitro synergy and antagonism, 191, 209, 229, 

998, 1396
minimum bactericidal concentrations, 189
minimum inhibitory concentrations, 188t, 189, 

192, 193, 194, 195
penicillin-binding protein-inhibiting activity, 191
pharmacokinetics/pharmacodynamics, 193
postantibiotic effect, 211
as replacement for ticarcillin, 182
resistance and cross-resistance, 27, 189–190, 

190–191, 198, 199
serum levels, 192, 193, 194
sodium content, 197

Piperacillin-tazobactam, 187, 190, 198, 222, 319–343, 
421

aderse reactions and toxicity, 756
administration modes, 236, 325–326, 326t

short intermittent infusion vs. continuous or 
prolonged intermittent dosing, 329–331

adverse reactions and toxicity, 241, 308, 332–334, 
333t

antimicrobial activity, 227t, 228–230, 228t, 231t, 
319, 320t–321t, 321–322

bioavailability, 238, 328–329, 328t
chemical structure, 319, 319f
clinical uses

bacteremia, 336
in critically ill patients, 330
diabetic foot infections, 289, 758t, 760
E. coli bacteremia, 243
febrile neutropenia, 319, 337, 715
hospital-acquired pneumonia, 738
intra-abdominal infections, 243, 319, 334, 335t, 

336, 442, 758, 758t, 759
joint infections, 329
lower respiratory tract infections, 335t, 336
nosocomial pneumonia, 562–563, 652

pelvic infections, 319, 758t, 760
peritonitis, 243
pneumonia, 230
respiratory tract infections, 307–308, 319
skin and soft-tissue infections, 308–309, 319, 

336, 758t
UTIs, 319

in combination with
amikacin, 319
ciprofloxacin, 329, 334
gentamicin, 319, 329
levofloxain, 233
vancomycin, 792

description, 319
distribution in body, 238–239, 328t, 329
dosage, 236, 325–326, 326t

altered, 237
in morbidly obese patients, 331
short intermittent infusion vs. continuous or 

prolonged intermittent dosing
in critically ill patients, 330
in non-ICU patients, 330–331
pharmacodynamic modeling of, 329–330

drug interactions, 331–332, 332t
excretion, 238, 331
formulations, 319
in vitro synergy and antagonism, 329, 2148–2149
mechanism of action, 325
minimum inhibitory concentrations, 320t–321t, 

324, 325, 329, 330, 331
pharmacokinetics and pharmacodynamics, 

328–332, 328t
population target attainment (PTA), 329, 330
resistance and cross-resistance, 233–234, 319, 

322–325
mechanisms of, 323t, 324

serum levels, 238, 329
sodium content of, 334

Piperaquine. See also 
Dihydroartemisinin-piperaquine

administration modes, 2993
adverse reactions and toxicity, 2997–3000
antimicrobial activity, 2990, 2991t

Plasmodium falciparum, 2990, 2991t
Plasmodium vivax, 2990

chemical structure, 2989t
clinical uses, 3000–3002
combination therapy, 2989–2890
in combination with dihydroartemisinin, 1600
dosage, 2994–2995
mechanism of action, 2993
pharmacokinetics/pharmacodynamics,  

2995–2997
bioavailability, 2996
clinically important features, 2996–2997
distribution in body, 2996
excretion, 2997

resistance and cross-resistance, 2990–2991, 
2992t, 2993, 3033

Piperazine, interactions with pyrantel pamoate,  
3383

Piperine, interaction with cefotaxime, 438
Pirenzepine, concomitant administration with 

amoxicillin, 113
Pittsburgh pneumonia agent. See Legionella micdadei
Pityriasis versicolor

bifonazole, 2893
cycloserine, 2527
flutrimazole, 2894
ketoconazole, 2745
naftifine, 2727
sertaconazole, 2894
sulfacetamide, 1603
terbinafine, 2715, 2716

Pitysporum orbicularis, ketoconazole, 2733
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Pivalic acid, as carnitine deficiency cause, 4341
Pivampicillin, 101t, 207
Pivmecillinam

administration modes, 210
adverse reactions and toxicity, 212
bioavailability, 211
clinical uses

bacteriuria, 210
bronchitis, 214
surgical chemoprophylaxis, 214
typhoid fever, 213
UTIs, 212

distribution in body, 211
dosage, 210
resistant bacteria, 208
serum concentrations, 211
susceptible organisms, 207, 208t

Pivmecillinam hydrochloride, 207
Placenta, drugs crossing

abacavir, 3782
amphotericin B, 2580, 2585, 2636
azithromycin, 1127
benznidazole, 3207
caspofungin, 2668, 2671
cefazolin, 351
cephalothin, 351
chloramphenicol, 1521, 1524, 1529
ciprofloxacin, 1912
clarithromycin, 1101
clindamycin, 1484, 1490
clofazimine, 2535
cycloserine, 2523
dapsone, 1750, 1755
didanosine, 3704, 3715
dolutegravir, 4263
doxycycline, 1211
emtricitabane, 3812
erythromycin, 1072
fleroxacin, 2183, 2184
ganciclovir, 3509
griseofulvin, 2930
isepamicin, 1041
itraconazole, 2798
kanamycin, 955
ketonconazole, 2745
lopinavir, 4091
methenamine, 1801
minocycline, 1233
nelfinavir, 4078–4079
nitrofurantoin, 1792
ofloxacin, 2011
pentamidine, 3273
peramivir, 4614–4615
quinine, 3066, 3068
roxithromycin, 1090
solithromycin, 1189
spiramycin, 3176, 3177
stavudine, 3759
tetracycline, 1197
vancomycin, 798–799, 804
zalcitabine, 3724
zanamivir, 4562
zidovudine, 3665, 3668

Plague. See Yersinia pestis and plague
Plasmapheresis

ceftriaxone, 477
doripenem, 733
ertapenem, 753
imipenem, 674
teicoplanin, 845

Plasma protein binding
amantadine, 4532, 4533t
amikacin, 1017t
amoxicillin, 113
ampicillin, 112

amprenavir, 4108
artemether-lumefantrine, 2977
artemisinins, 2947
atazanavir, 4146
atovaquone, 3120, 3121–3122, 3141
atovaquone-proguanil, 3140
azithromycin, 1126t
azlocillin, 193
bedaquiline, 2544, 2545
benznidazole, 3206, 3207
carbenicillin, 177
cefadroxil, 372
cefazolin, 350
cefepime, 589
cefotaxime, 434
cefotiam, 400
cefpirome, 589
cefpodoxime, 535
ceftizoxime, 534
cefuroxime, 388
cephalexin, 363
cephalothin, 350
cephradine, 372
chlorproguanil, 3130
clarithromycin, 1100t, 1102
clevudine, 4361
clindamycin, 1479
clinical significance, 150
cloxacillin, 150
cobicistat, 4184t, 4185
cycloserine, 2523
dapsone, 1750–1751
daptomycin, 879, 882–883
darunavir, 4130
delamanid, 2553, 2554t
delavirdine, 3962
of dicloxacillin, 144
doxycycline, 1210
elvitegravir, 4234
emtricitabane, 3804
eravacycline, 1282
erythromycin, 1071, 1071t
ethambutol, 2350
ethionamide, 2497
etravirine, 3974, 3975
fluconazole, 2762
fusidic acid, 1411
garenoxacin, 2201
gatifloxacin, 2221
gemifloxacih, 2115
gentamicin, 973
halofantrine, 3092
iclaprim, 1779
isavuconazole, 2862
isepamicin, 1042
isoxazolyl penicillins, 148, 150, 151
itraconazole, 2792t, 2793
ketoconazole, 2737, 2739
lanamivir, 4565
lanamivir-octanoate, 4565
levofloxacin, 2062
linezolid, 1309
lomefloxacin, 2247
lopinavir, 4091
mediating factors in, 150
mefloquin, 3080
metronidazole, 1818
miconazole, 2816
nalidixic acid, 2263
nelfinavir, 4078
nemonoxacin, 2162
netilmicin, 1031–1032
nitazoxanide, 3167–3168
novobiocin, 1452
ofloxacin, 1989, 2014

omadacycline, 1269
oritavancin, 911–912
para-aminosalicyclic acid, 2490
pencillin G, 150
pentamidine, 3273
piperacillin, 193
piperacillin-tazobactam, 329
plazomicin, 1058
pretomanid, 2553, 2554t
proguanil, 3130
prulifloxacin/ulifloxacin, 2149
pyrimethamine, 1730
pyronaridine, 3011
rifampicin, 2381–2382, 2383
rifapentine, 2463, 2465
rifaximin, 2455
rimantadine, 4532, 4533t
ritonavir, 4184, 4184t
roxithromycin, 1089t
sparfloxacin, 2297
sulfadimethoxine, 1585
sulfamethoxazole, 1642
sulfamethoxypyridazine, 1585
sulfonamides, 1585
suramin, 3228, 3230
tafenoquine, 3112
tedizolid, 1361, 1362
teicoplanin, 846, 849–850
telavancin, 933
telbivudine, 4348
temocillin, 221
ticarcillin, 177
tigecycline, 1256
tipranavir, 4163
tobramycin, 996–997
trimethoxazole, 1642
voriconazole, 2828
zanamivir, 4563, 4566
zidovudine, 3666t

Plasmid-mediated resistance
amikacin, 1010–1011
AmpC beta-lactamases, 324
ampicillin, 1577
beta-lactamase hyperproduction and, 302
chloramphenicol, 1518
ciprofloxacin, 1877–1878, 1885
cotrimoxazole, 1577
Enterococcus faecalis, 29
Enterococcus faecium, 29
finafloxacin, 2141
fluoroquinolones, 1875, 1877
fosfomycin, 1396
fusidic acid, 1410
gatifloxacin, 2219
gentamicin, 967
kanamycin, 1577
levofloxacin, 2057, 2059t, 2060
linezolid, 1300, 1301
methicillin, 144
metronidazole, 1811
moxifloxacin, 2087
mupirocin, 1461
nalidixic acid, 2259, 2260–2261
nitrofurantoin, 1786
oxacillin, 144
quinolones, 2257
sitofloxacin, 2124
streptomycin, 1577
sulfonamides, 1576, 1577
tedizolid, 1361
tetracycline, 1577
tetracyclines, 1196, 1253
tobramycin, 993
trimethoprim-methoxazole resistance, 1631–1632, 

1632t
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Plasmodium (malaria)
amodiaquine

with amodiaquine-artesunate, 3053, 3053t
monotherapy, 3052
with sulfadoxine-pyrimethamine, 3052–3053

artemether-lumefantrine, 2982
artemisinins, 1598

resistance, 2943
artesunate combination therapy (ACT), 1500, 

1574–1575
atovaquone-proguanil

in pediatric patients, 3140
atovaquone treatment and prophylaxis, 3123
azithromycin, 1124, 1136, 1184
chloroquine, 3039–3040
clindamycin, 1471, 1500
clinical manifestions, 3060
dapsone, 1747, 1749

in pregnancy, 1750, 1755
resistance, 1748

dihydroartemisinin-piperaquine, 3000–3002
doxycycline, 1206–1207, 1208, 1216–1217
eflorthinine, 3264
in endemic areas, mefloquin-artesunate, 3079
folate synthesis in, 1581
halofantrine, 3094–3095
intermittent preventive therapy

amodiaquine, 3054
chloroquine, 3040
dihydroartemisinin-piperaquine, 3001
piperaquine, 3001
pyronaridine-artesunate, 3016

mass drug administration programs
dihydroartemisinin-piperaquine, 3001–3002
primoquine, 3098
tafenoquine, 3115

norfloxacin, 1995–1996
during pregnancy

amodiaquine, 3052
clindamycin, 1500
dihydroartemisinin-piperaquine, 2999–3000, 

3001
quinine, 3065–3066
sulfadoxine-pyrimethamine, 1579

primaquine, 3104–3105, 3106t
mass drug adminisitration strategy, 3098
prophylaxis, 3098
radical cure, 3099–3100
relapse prevention, 3097–3098

prophylaxis
artemether-lumefantrine, 2983
atovaquinone-proguanil, 3141–3143
atovaquone-proguanil, 3132–3133, 3140
chloroquine, 3035, 3040
dapsone-pyrimethamine (Maloprim), 

1600–1601
dihydroartemisinin-piperaquine, 3001
doxycyline, 1601
mefloquin, 3078, 3079, 3080
mefloquine, 1601, 3085, 3086
primaquine, 3100, 3101, 3104–3105, 3106t
proguanil, 3132
pyrimethamine, 1727, 1728
pyrimethamine-dapsone (Maloprim), 1758
sulfonamides, 1599–1601
tafenoquine, 3113–3114
trimethoprim-sulfamethoxazole, 1674–1675

pyrimethamine, 1725, 1727, 1728, 1737, 
1738t–1739t

pyronaridine-artesunate, 3015–3016, 3015t
quinacrine, 3201
rifampicin, 2408
severe

artemisinins, 2945–2946
artesunate, 2966–2967, 2970

clinical presentation, 3060, 3068
quinidine, 3061, 3062, 3069
quinine, 3060–3061, 3068–3069, 3069t

solithromycin, 1184
standby emergency treatment, mefloquine, 

3085–3086
sulfadoxine-pyrimethane, for transfusion-related 

malaria, 1599
sulfonamide-pyrimethamine, 1598
sulfonamides, 1598–1599

as prophylaxis, 1599–1601
resistance, 1575, 1578–1580, 1581
as treatment, 1598–1599

tafenoquine, 3110–3111, 3114–3115
tetracycline, 1195
trimethoprim-sulfamethoxazole, 1631, 1674–1675
trimetrexate, 1773
uncomplicated

artemisinin combination therapy, 3066
artemisinin-naphthoquine, 3025, 3026t, 3027
artemisinins, 2945, 2953–2955, 2954t
artesunate, 2966, 2970
atovaquinone-proguanil, 3143–3144
mefloquin, 3078–3079, 3080
quinine, 3060, 3066

Word Health Organization treatment guidelines, 
2953, 2955

Plasmodium berghei
atovaquone, resistance, 3119
naphthoquine, resistance, 3020–3021
primaquine, 3099
pyronaridine, resistance, 3009
pyronaridine-aresunate, 30012
solithromycin, 1184
tafenoquine, 3110

Plasmodium chabaudi, rifampicin, 2375
Plasmodium cynomolgi, tafenoquine, 3110
Plasmodium falciparum

amantadine, 4525
amodiaquine, 3049–3050, 3052

resistance, 3049–3050
artemether-lumefantrine, 2941, 2974–2975, 

2981–2982
artemisinin-naphthoquine, 3019–3020, 3020t, 

3021, 3025, 3026t
artemisinins, 2942, 2945

resistance, 2943, 2944, 2952
artemisone, 2941
artesunate, 2964, 2965t
artesunate-mefloquin, 3085
atovaquinone-proguanil, 3142–3143
atovaquone, 3117–3118, 3121

resistance, 3119
atovaquone-proguanil, 3136–3137

resistance, 3137, 3138t
azithromycin, resistance, 1184
chloroquine, 3031, 3031t, 3040

resistance, 1471, 1598, 1601, 3030, 3031, 3033
chloroquine, resistance, 1598
chlorproguanil, 3128, 3129
ciprofloxacin, 1875
clindamycin, 1471, 1491t
dapsone, 1747
dihydroartemisinin-piperaquine, 2991t, 3000, 

3001–3002
doxycycline, 1206, 1216

resistance, 1206–1207
enoxacin, resistance, 2173
Fansidar (sulfadoxine-pyrimethamine)

resistance, 1598
folate effect in, 1749
fumagillin, 3184
fusidic acid resistance, 1409
halofantrine, 3091, 3094–3095

resistance, 3091–3092

hydroxychloroquine, 3031
ketoconazole, 2734
MDR protein 1 mutations, 1579
mefloquine, 3075–3076, 3076t, 3080

resistance, 3077
miconazole, 2814
miltefosine, 3294–3295
multidrug-resistant, 1136
nalidixic acid, resistance, 2257
norfloxacin, 1875, 1987, 1995–1996
pefloxacin, 2278
piperaquine, resistance, 2989
piperquine, 2990, 2991t

resistance, 2990–2291, 2992t
primaquine, 3098, 3100, 3105
proguanil, 3128, 3129
pyrimethamine, 1725

resistance, 1726–1727
pyronaridine, 3006, 3007, 3007t, 3009

resistance, 3008–3009
pyronaridine-artesunate, 3006, 3015–3016, 3015t
quinidine, 3059t

resistance, 3059–3060
quinine, 3058, 3059t
rifampicin, 2375, 2408
solithromycin, 1184
sulfadoxine-pyrimethamine, resistance, 

1578–1580, 1587, 1749
sulfonamides, 1574–1575
tafenoquine, 3110, 3114
trimethoprim-sulfamethoxazole, 1580, 1631

Plasmodium fragile, tafenoquine, 3110
Plasmodium knowlesi

artemether-lumefantrine, 2983
artesunate, 2964, 2965t
atovaquone-proguanil, 3137
chloroquine, 3040
dihydroartemisinin-piperaquine, 3001
mefloquine, 3076
naphthoquine, 3021
pyronaridine-artesunate, 3016
quinine, 3058

Plasmodium malariae
amodiaquine, 3054
artemether-lumefantrine, 2983
artesunate, 2964, 2965t
atovaquinone-proguanil, 3142
atovaquone-proguanil, 3136, 3137
chloroquine, 3040
dihydroartemisinin-piperaquine, 3001
mefloquine, 3076
piperquine, 2990
pyronaridine, 3007t
pyronaridine-artesunate, 3016
quinine, 3058

Plasmodium ovale
amodiaquine, 3054
artemether-lumefantrine, 2983
artesunate, 2964, 2965t
atovaquinone-proguanil, 3142
atovaquone-proguanil, 3136, 3137, 3140
chloroquine, 3040
dihydroartemisinin-piperaquine, 3001
mefloquine, 3076
piperquine, 2990
primaquine, 3099, 3100
pyrimethamine, 1725
pyronaridine, 3007t
pyronaridine-artesunate, 3016

Plasmodium vivax
amodiaquine, 3050, 3054
artemether-lumefantrine, 2982–2983
artemisinin-naphthoquine, 3020, 3025, 3027
arterolane maleate, 2941
artesunate, 2964, 2965t
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atovaquone-proguanil, 3136, 3137, 3140, 3142–3143
chloroquine, 3031, 3031t, 3040

resistance, 3030, 3033–3034
chlorproguanil-dapsone resistance, 3131
clindamycin, 1471
dihydroartemisinin-piperaquine, 2992t, 3000, 

3002
doxycycline, 1216–1217
mefloquine, 3076
piperquine, 2990
primaquine, 3097–3098, 3099–3100, 3101, 

3104–3105
resistance, 3098–3099, 3104
tolerance, 3100

pyronaridine, 3006, 3007–3008, 3007t
pyronaridine-artesunate, 3006, 3012, 3015t, 3016
quinine, 3058
rifampicin, 2408
sulfadoxine-pyrimethamine, 1580
sulfonamides, 1574–1575
tafenoquine, 3110, 3112, 3115

Plasmodium yoelii
atovaquone, 3119
ciprofloxacin, 1875

Platelet aggregation inhibitors, tipranavir-ritonavir, 
4170–4171

Platelet function inhibitors, sulfasalazine, 1581
Plazomicin, 1028, 1053–1062

administration modes, 1058
adverse reactions and toxicity, 1059–1060
antimicrobial activity

Gram-negative aerobic bacteria, 1053
Gram-negative bacteria, 1054–1055, 1054t, 

1056t–1057t
Gram-positive bacteria, 1054, 1054t, 1056t

chemical structure, 1053, 1053f
clinical uses, 1058

Enterobacteriaceae infections, 1060
UTIs, 1060

excretion, 1059
in vitro synergy and antagonism, 1059
mechanism of action, 1053, 1057–1058
minimum inhibitory concentrations, 1054, 1054t, 

1055, 1056t–1057t, 1057–1058
pharmacokinetics/pharmacodynamics

bioavailability, 1058
cllinically important features, 1058–1059
distribution in body, 1058
excretion, 1059

postantibiotic effect, 1058
resistance and cross-resistance, 1055, 1057

Plesiomonas
ofloxacin, 2006
pefloxacin, 2277

Plesiomonas shigelloides
amoxicillin, resistance, 226
amoxicillin-clavulanic acid, 226
azithromycin, 1124
aztreonam, 653
ciprofloxacin, 1869
enoxacin, 2172
fleroxacin, 2181
imipenem, 665
norfloxacin, 1986
telithromycin, resistance, 1158
trimethoprim-sulfamethoxazole, 1627

Pleural cavity. See also Pleural fluid
amoxicillin distribution in, 114

Pleural effusion
aciclovir, 3465
ceftiazidime, 557–558
ceftriaxone, 480
maligant, tetracycline, 1200–1201
quinacrine treatment, 3201
radezolid, 1355

Pleural fluid, antimicrobial distribution in
amphotericin B, 2579–2580
amphotericin B, liposomal, 2614
anidulafungin, 2699
bacitracin, 1457
cefotaxime, 436
cefuroxime, 388
chloramphenicol, 1524
ciprofloxacin, 1897–1898
clindamycin, 1482t, 1483
cycloserine, 2523
doxycycline, 1209
erythromycin, 1072
gentamicin, 973
imipenem, 675
kanamycin, 955
methicillin, 139
mezcloxillin, 194
novobiocin, 1452
oxacillin, 151
rifampicin, 2383
sparfloxacin, 2297
streptomycin, 2477
sulfonamides, 1585
tetracycline, 1197
ticarcillin, 179
ticarcillin-clavulanic acid, 305
vancomycin, 803

Pleuromutilins, 1561. See also Lefamulin; Retapulin
antimicrobial activity, 1556
chemical structure, 1556
resistance, 1300
use in food animals, 13t

Pleuropulmonary infections
netilmicin, 1034
penicilin G, 67

Pleurotus mutilis, as pleuromutilin source, 1556
Pleurotus passekeranius, as pleuromutilin source, 

1556
Pneumococcal vaccine, 473, 1076

effect on penicillin resistance, 37–38
Pneumococci. See Stretpcoccus pneumoniae
Pneumococcus. See Streptococcus pneumoniae
Pneumocystis jirovecii (carinii), 1759

anidulafungin, 2695
atovaquone, 3117, 3118, 3119, 3121, 3123
caspopfungin, 2664
clindamycin, 1491t, 1500–1501
clindamycin-primaquine, 1471
dapsone, 1746, 1747, 1749–1750, 1759–1761

resistance, 1748
differentiated from Pneumocysitis carinii, 1676
eflornithine, 3264
furazolidone, 3192
micafungin, 2683
pentamidine, 3271, 3272–3273, 3275–3276
pyrimethamine, 1726, 1736–1737

resistance, 1727
pyrimethamine-sulfadoxine, resistance, 1748
sulfanilanlides, 1575
sulfonamides, 1575, 1580, 1601
terbinafine, 2711–2712
tipranavir, 4159
trimethoprim-sulfamethoxazole, 1500–1501, 1601, 

1759, 1760–1761
trimetrexate, 1769, 1770, 1773

Pneumonia
amicillin, 119
amodiaquine-related, 3052
amoxillin-clavulanic acid, 268
ampicillin-sulbactam, 242, 286t
aspiration

ampicillin-sulbactam, 286t, 287
clindamycin, 286t, 287, 1496
imipenen-cilastatin, 286t, 287

moxifloxacin, 2096
penicillin G, 58
ticarcillin-clavulanic acid, 307

atypical
doxycycline, 1204
levofloxacin, 2071

azithromycin, 1129
biapenem, 779
cefepime, 594–595
cefepime, resistance, 681
cefepime-tazobactam, 587, 588
cefixime, 541
cefotaxime, 437–438
cefotaxime, resistance, 490
cefpirome, 595
cefpodoxime, 533
ceftazidime, 595
ceftazidime-avibactam, 244
ceftizoxime, 536
ceftriaxone, 478–479, 491
chlamydial

erythromycin, 1596
levofloxacin, 2071
sulfasoxazole, 1596

ciprofloxacin, 1925, 1926
colistin methanesulfate, 1438t–1439t, 1442
community-acquired

amoxicillin, 97, 118–119
amoxicillin-clavulanic acid, 543, 1091
ampicillin-sulbactam, 286t, 287
azithromycin, 1108, 1131–1132
beta-lactam antibiotics, 1108
British Thoracic Society treatment guidelines, 

390
cefixime, 543, 1091
cefotaxine, 446–447
ceftaroline, 612
ceftobiprole, 631, 633
ceftriaxone, 490–491, 492t–493t, 612, 758t, 898
clarithromycin, 1106–1107, 1107t, 1108, 1112, 

1131–1132
clindamycin, 1496
daptomycin, 898
delafloxacin, 2137
doripenem, 738
doxycycline, 1212, 1213t
enoxacin, 2176
ertapenem, 758t
erythromycin, 1076
feropenem, 769
garenoxacin, 2205, 2206t, 2207
gatifloxacin, 1108, 2228–2229, 2229t
gemifloxacin, 2115, 2117–2118
glycopeptides, 1323
grepafloxacin (withdrawn from market), 2313
Infectious Diseases Society of America 

treatment guidelines, 390
lefamulin, 1559–1560
levofloxacin, 1131, 1189, 2061, 2068–2071, 

2071t
linezolid, 1323
meropenem, 714
moxifloxacin, 1091, 1108, 1131, 1189, 

2096–2097
nemonoxacin, 2161, 2163–2164
ofloxacin, 2026t, 2030
omadacycline, 1271
penicillin V, 97
piperacillin, 199
pristinamycin, 1389, 1390
radezolid, 1355
roxithromycin, 543, 1091, 1108
sitafloxacin, 2127–2128
solithromycin, 1188–1189
sparfloxacin, 2299
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Pneumonia (continued)
sparofloxacin, 1091
telithromycin, 1158, 1161, 1165–1166
tigecycline, 1259–1260
tosufloxacin, 2307
trovafloxacin (withdrawn from market), 1108, 

2311
doxycycline, 1210
enfuvirtide-related, 4301
eosinophilic

daptomycin-related, 888
mefloquine-related, 3084
sulfonamides-related, 1592

erythromycin, 1076
fleroxacin, 2189
giant cell interstitial, nitrofurantoin-related, 1791
Haemophilus influenzae

amoxillin-clavulanic acid, 268
ceftriaxone, 491
in children, 58
piperacillin, 199
piperacillin-tazobactam, 222, 243
temocillin, 222

imipenem, 242
imipenem-cilastatin-related, 680
josamycin, 1153
levofloxacin, 2071
mecillinam, 214
mezlocillin, 197
nafcillin, 170
necrotizing, clindamycin, 1496–1497
neonatal, erythromycin, 1077
nosocomial (hospital-acquired)

ampicillin-sulbactam, 287
cefepime, 590, 758t
cefepime-tazobactam, 595
cefoperazone-sulbactam, 422
cefotaxime, 422, 447
ceftazidime, 557–558, 562–563, 714
ceftazidime-avibactam, 244
ceftobiprole, 628, 631, 633
ceftoloazone-tazobactam, 239
ceftolozane-tazobactam, 640
ceftriaxone, 491, 494t, 758t, 759
ciprofloxacin, 1925
clinafloxacin (withdrawn from clinical trials), 

2315
doripenem, 733t, 735, 737–738
ertapenem, 758t, 759–760
iclaprim, 1781
imipenem, 677
imipenem-cilastatin, 680–681, 682t–683t, 

737–738
levofloxacin, 2071–2072
linezolid, 1322, 1323
meropenem, 712t, 714
meropenem for, 244
metronidazole, 758t
piperacillin-taozbactam/imipenem, 336
piperacillin-tazobactam, 330, 562–563, 652, 738
quinupristin-dalfopristin, 1383–1384
tedizolid, 1369, 1371
telavancin, 930–931, 932, 935–936, 936–937
temocillin, 222
ticarcillin-clavulanic acid, 307
tigecycline, 1254, 1255, 1256, 1257, 1259–1260
trovafloxacin (withdrawn from market), 2311
vancomycin, 805

ofloxacin, 2030
pefloxacin, 2284
piperacillin, 199
piperacillin-tazobactam, 243
pneumococcal

amoxicillin, 97, 118
ampicillin, 118
cefotaxime, 58, 431, 437, 490

ceftriaxone, 58
cefuroxime, 390
clindamycin-primaquine, 1471
erythromycin, 1076
penicillin G, 37, 58, 118, 490, 1076
penicillin V, 97
signs and symptoms of, 58
sparfloxacin, 2299
sulfonamides, 1595

polymyxin B, 1425
post-measles prophylaxis, trimethoprim- 

sulfamethozaole, 1688
primaquine, 3105–3106, 3106t
pseudomonal

azlocillin, 197
cefotaxime-resistant, 490
ceftiazidime, 556
ceftolozane-tazobactam, 243–244
ceftriaxone contraindication in, 491
imipenem-cilastatin, resistance, 681
piperacillin, 181, 199
piperacillin-tazobactam, 230
temocillin, 222
ticarcilln, 182

pyramethamine-sulfadiazine, 1597
Q fever-related, doxycycline, 1217–1218
radezolid-related, 1355
ritipenem, 779
roxithromycin, 1091
staphylococcal

ceftriaxone, 491
in children, 58
linezolid, 1323
methicillin, 155
oxacillin, 155
penicillin, resistance, 491

streptococcal
amoxillin-clavulanic acid, 268
cefazolin, 355
ceftriaxone, 268
cephalothin, 355
in children, 58
clarithromycin, 268
levofloxacin, 2068–2071, 2071t
linezolid, 1323
oxacillin, 147
penicillin G, 56, 57
piperacillin-tazobactam, 243
temocillin, 222

sulfonamides, 1575
sulfonamides-related, 1592
temocillin, 223
tigecycline, 1254, 1255, 1256, 1257, 1259–1260
trimethoprim-sulfamethoxazole, 1661–1662, 

1674–1675, 1675–1679, 1675–1684, 1678t, 
1679–1684

tularemia-associated , doxycycline, 1218
ventilator-associated

ampicillin-sulbactam, 293–294
cefepime, 594
cefotaxime, 447
ceftazidime-avibactam, 234, 244
ceftiazidime, 558
clarithromycin, 1112
colistin methanesulfate, 1438t, 1439t, 1443
doripenem, 735, 736, 737–738
ertapenem, 760
iclaprim, 1781
imipenem-cilastatin, 680–681, 682t–683t
levofloxacin, 2071–2072
meropenem, 709
piperacillin-tazobactam, 330
tedizolid, 1369, 1371
telavancin, 930–931, 935–936
tigecycline, 1254, 1257
vancomycin, 806, 1322–1323

Pneumonia Patient Outcomes Research (PORT) 
scores, 1189

Pneumonitis
drugs causing

dapsone, 1754
ethambutol, 2352
mefloquine, 3084
miltefosine, 3298
nitrofurantoin, 1790–1791
novobiocin, 1452
trimethoprim, 1655
trimethoprim-sulfamethoxazole, 1655

treatment
cytomegalovirus-related, 3517, 3518
eosinophilic, roxithromycin, 1091

Pneumopent. See Pentamidine
Pneumoviruses, ribavirin, 4368
PNU-100480. See Sutezolid
PNU-101603. See Sulfoxide
PNU-140690. See Tipranavir
PNU-142586, 1313
Polyarteritis nodosa, drugs causing

minocycline, 1237
sulfonamides, 1592

Polyarthralgias, drugs causing
pyrazinamide, 2365
rifabutin, 2439

Poly(lactide-co-glycolide) (PLGA) ocular implants, 
1481

Polymerase inhibitors, for HCV. See RNA polymerase 
NS3/4A inhibitors

Polymicrobial infections, ertapenem, 757
Polymorphonuclear leukocytes, antimicrobial 

distribution in
azithromycin, 1127
cephalothin, 353
cethromycin, 1174
chloramphenicol, 1524
clarithromycin, 1101
erythromycin, 1072
gemifloxacih, 2115
gentamicin, 974
moxifloxacin, 2089
penicillin G, 46
quinupristin-dalfopristin, 1379
rifampicin, 2391
sparfloxacin, 2297

Polymorphous light eruption, treatment
chloroquine, 3042
hydroxychloroquine, 3042

Polymyxins, 1420–1449
administration modes and dosage, 1423–1425

parenteral/intravenous, 1424, 1434–1435, 
1437–1442, 1438t–1441t

adverse reactions and toxicity, 1425, 1435–1437
antimicrobial activity, 1421–1423, 1422t

Gram-negative bacteria, 1421–1423, 1422t
minimum inhibitory concentrations, 

1421–1423, 1422t
chemical structure, 1420, 1420f, 1421, 1421f
clinical uses

as last line of therapy, 1437, 1442
selective decontamination of digestive tract, 

1424
concentration-dependent activity, 4t
dosage, 1424–1428
drug interactions, 1435, 1437
global consumption patterns, 5f
in vitro synergy and antagonism, 1635
mechanism of action, 1423–1424
pharmacokinetics/pharmacodynamics, 1428–1435

bioavailability, 1428–1433
clinically important features, 1433–1434
distribution, 1433
excretion, 1434–1435

resistance and cross-resistance, 1422–1423
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Polymyxin B
administration mode, 1420, 1421, 1424, 1425

parenteral, 1424, 1434–1435
adverse reactions and toxicity, 1399, 1435, 

1436–1437
contact dermatitis, 1049
ototoxicity, 1048

antimicrobial activity, 1421–1422, 1421–1423, 
1422t

in vitro synergy and antagonism, 1456
minimum inhibitory concentrations, 

1421–1422, 1422t
chemical structure, 1420f
clinical uses

inhalation therapy (off-label), 1425
pneumonia, 1425

in combination with
neomycin, 1049, 1050
neomycin and gramicidin, 1456

dosage, 1425
drug interactions, 1435

capreomycin, 2516
fosfomycin, 1399
vancomycin, 807

generic brands, 1424–1425
pharmacokinetics/pharmacodynamics, 1428, 1428f

bioavailability, 1429–1430
clinically important features, 1434
excretion, 1428f, 1435

resistance and cross-resistance, 1421–1423, 1422t, 
1434

synergistic activity, 2373–2374
Polymyxin E. See Coliston
Polyneuropathy, drugs causing

melarsoprol, 3245
nitrofurantoin, 1790
suramin, 3232
trimethoprim-sulfamethoxazole, 1655

Polyomaviruses. See also BK virus; JC virus
brincidofovir, 3563
cidofovir, 3533t, 3539, 3542, 3546, 3560–3563

Polypeptides, use in food animals, 12t
Polyradiculopathy, ganciclovir-related, 3516
Polysorbate 80, in combination with

dalbavancin, 917
oritavancin, 909–910

Polyvinylchloride catheters, naficillin minimum 
bacterial concentrations with, 162

Population target attainment (PTA), 329, 330
porB gene mutations, 38
Pore formation, by amphotericin B deoxycholate, 

2571, 2574
Poria, 14
Porin protein channels

in Acinetobacter baumannii, 703
in cefepime resistance, 586
in ertapenem resistance, 750, 751
in fluroquinolone resistance, 1876–1877, 1878
imipenem diffusion through, 673
in Klebsiella pneumoniae, 703
in Pseudomonas aeruginosa, 672

Porin-resistant mutants, 410
Pork tapeworm. See Taenia solium
Porphyria cutanea tarda, hydroxychloroquine, 3042
Porphyrin metabolism, effect of griseofulvin on, 2930
Porphyromonas

amoxicillin-clavulanic acid, 256t, 269
azithromycin, 1124
ceftaroline-avibactam, 615t
ceftriaxone, 472
ciprofloxacin, 1871
clindamycin, 1470, 1491t

resistance, 1496
delafloxacin, 2133t
doripenem, 728t, 730
ertapenem, 750

erythromycin, 1068
fidaxomicin, resistance, 1547
garenoxacin, 2197
gatifloxacin, 2216
gemifloxacin, 2113
linezolid, 1297t, 1298
metronidazole, 1808, 1826, 1827
penicillin G, resistance, 34
piperacillin-tazobactam, 230, 322
ramoplanin, 940
retapamulin, 1562t, 1563
solithromycin, 1181t, 1184
telithromycin, 1158
tigecycline, 1252

Porphyromonas gingivalis, metronidazole, 1827
Porphyromonas intermedia, metronidazole, 1827
Posaconazole, 2843–2857

administration modes, 2843, 2846–2847, 
2848–2849

adverse reactions and toxicity, 2850–2851
antimicrobial activity, 2844–2846, 2845t
bioavailability, 2849t
chemical structure, 2843, 2843f
clinical uses

aspergillosis, 2852
coccidioidomycosis, 2853
cryptococcosis, 2854
fusariosis, 2852
invasive fungal infection prophylaxis, 

2851–2852
mucormycosis, 2852–2853
mucosal candidiasis, 2853–2854
neutropenic patients, prophylaxis, 2773

dosage, 2846–2847
drug interactions, 2850, 2851t

antacids, 2848
cimetidine, 2848
etravirine, 3977, 3979t
rifampicin, 2385, 2386t
ritonavir, 4188t
saquinavir, 4037t, 4038

mechanism of action, 2846
pharmacokinetics/pharmavodynamics, 2847–2850

bioavailability, 2847–2848
clinically important features, 2849–2850
distribution in body, 2848–2849
excretion, 2850

resistance and cross-resistance, 2844, 2846
POSITRON study, 4480–4481, 4480t
Postantibiotic effect (PAE)

amikacin, 1016–1017
ampicillin, 211
ampicillin-sulbactam, 284
ceftaroline, 610
ceftobiprole, 629
ciprofloxacin, 1902
clindamycin, 1485
clofazimine, 2536
definition, 2224
ethambutol, 2350
fidaxomicin, 1551
finafloxacin, 2139
fleroxacin, 2185
fusidic acid, 1413
garenoxacin, 2203
gatifoxacin, 2224
gentamicin, 970, 974
imipenem, 677
isepamicin, 1042
kanamycin, 956
linezolid, 1312
meropenem, 709
metronidazole, 1820
ofloxacin, 2017
plazomicin, 1058
pyronaridine-arsunate, 3011

quinuprostin-dalfopristin, 1379
rifabutin, 2437
rifapentine, 2466
sitafloxacin, 2123–2124, 2126
solithromycin, 1187
streptomycin, 2477
telithromycin, 1161–1162
tetracycline, 1197
tobramycin, 970, 997
trimethoxazole, 1645
trimethoxazole-sulfamethoxazole, 1645

Postantibiotic sub-MIC effect (PA-SME),  gatifloxacin, 
2224

Postantifungal effect
amphotericin B, 2580, 2633
ketoconazole, 2740

Postoperative infections. See also Surgical-site 
infections

gyncecological/obstetric, amoxicillin-clavulanic 
acid, 268

mixed anaerobic-aerobic, amoxicillin-clavulanic 
acid, 269

Postpartum infections
Clostridium perfringens, penicillin, 66
endometritis

ampicillin-sulbactam, 287, 288t
ticarcillin-clavulanic acid, 309

erythromycin, 1077
group B streptococcal, penicillin G, 56
mezclocillin, 193
piperacillin, 193

Post-traumatic stress disorder, cycloserine adjunct 
therapy for, 2525

Potassium intoxication, 96
Potassium penicillin. See Benzylpenicillin 

(penicillin G)
POTENT trial, 4174
Pouchitis

ciprofloxacin, 1832, 1934
metronidazole, 1832
tinidazole, 1857

Povidone iodine, as surgical prophylaxis, 1050
POWER studies, 4126, 4130, 4134, 4136, 4174, 

4196, 4301, 4302, 4303
Poxviruses, 3557–3558

brincidofovir, 3538
brivudin, 3574
cidofovir, 3533t, 3538–3542, 3540t–3541t
ribavirin, 4368t

PPI-668. See Ravidasvir
PPI-0903M. See Ceftaroline
PPI-0903. See Ceftaroline fosamil
PPL, 51
Pravastatin, interactions with rifampicin, 2386t
praziquantel, 3387t
Praziquantel, 3385–3396

adminnistration mode, 3387
adverse reactions and toxicity, 3389–3390

preclinical studies, 3389
antimicrobial activity, 3385–3386
chemical structure, 3385, 3385f
clinical uses

clonorchiasis, 3391
echinococcosis, 3393
foodborne trematode infections, 3391–3392, 

3392t
hymenolepiasis, 3392–3393
opisthorchiasis, 3391
schistosomiasis, 3390–3391, 3390t
taeniasis, 3392

in combination with
albendazole, 3318
artemether, 2964–2965
artesunate, 2964–2965

dosage, 3387–3388, 3387t
drug interactions, 3388–3389
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Praziquantel (continued)
mechanism of action, 3386–3387
pharmacokinetics/pharmacodynamics, 3388–3389
resistance and cross-resistance, 3386
veterinary applications, 3385

PREDICT-1 study, 3787
Prednisolone

clinical uses
Bell’s palsy, 3472–3473, 3473t
reactive encephalopathy prophylaxis,  

3244–3245
in combination with sulfasalazine, 1601
drug interactions

atovaquone, 3122
isoniazid, 2327

for methicillin-related interstitial nephritis, 140
Prednisone, interactions with lopinavir-ritonavir, 

4094t
PREGACT Study Group, 2946, 2976, 2980
Pregnancy

abacavir, 3778, 3778t, 3788, 3789
aciclovir, 3457, 3460, 3465, 3466–3476, 3636
adefovir dipivoxil, 4338
amantadine, 4537
amikacin, 1013, 1016
amodiaquine, 3052
amoxcillin, 118
amoxicillin, 111–112, 114, 115, 122
amoxicillin-clavulanic acid, 261, 266, 270
amphotericin B, 2578, 2580, 2581, 2585, 2630, 

2636
amphotericin B, liposomal, 2614
amphotericin B-lipid complex, 2630, 2636
ampicillin, 111–112, 114, 122
ampicillin-sulbactam, 241, 283, 285
anidulafungin, 2698
artemether-lumefantrine, 2976, 2977, 2977t, 2978, 

2979, 2982
artemisinin combination therapy, 2946, 2967
artemisinin-naphthoquine, 3021, 3025
artemisinins, 2949, 2953, 2970
artesunate, 2949, 2955, 2967, 2968
atazanavir, 4145, 4152
atovaquone, 3122–3123
atovaquone-proguanil, 3121, 3122–3123, 3132, 

3140, 3141
azithromycin, 1125, 1127, 1130, 1133, 1134, 1135, 

1200
azlocillin, 195
aztreonam, 648
bacitracin, 1457
bedaquiline, 2544
butenafine, 2722
capreomycin, 2515
carbenicillin, 177
caspofungin, 2668, 2671
category 3 drugs, delavirdine, 3961
category A drugs, methanemine, 1801, 1802
category B drugs

aciclovir, 3476
amphotericin B, 2585
atazanavir, 4152
azithromycin, 1125, 1130
bedaquiline, 2544
clindamycin, 1477, 1490
cobicistat, 4184
daptomycin, 889, 899
didanosine, 3702–3703
dolutegravir, 4254, 4263
elvitegravir, 4238
enfuvirtide, 4300, 4301
erythromycin, 1070, 1072, 1075
etravirine, 3974
famciclovir, 3495, 3497–3498
HCV antiviral drug therapy, 4451, 4452t–4453t

maraviroc, 4309
mefloquine, 3079
nevirapine, 3878–3879
niclosamide, 3407
nitazoxanide, 3168
nitrofurantoin, 1787, 1792
ombitasvir-paritaprevir-ritonavir-dasabuvir, 

4451
rifabutin, 2436
rilpivirine, 3999
ritonavir, 4183–4184, 4204
roxithromycin, 1089
sofosbuvir, 4451
sofosbuvir-ledipasvir, 4451
telbivudine, 4347, 4347t, 4354
tenofovir, 3831, 3833
terbinafine, 2715
vancomycin, 799

category B1 drugs
emtricitabane, 3808
praziquantel, 3389–3390

category B3 drugs
adefovir dipivoxil, 4338
moxifloxacin, 2088
zidovudine, 3665

category C drugs
abacavir, 3788, 3789
adefovir dipivoxil, 4338
amantadine, 4531
anidulafungin, 2698
atovaquone-proguanil, 3141
bacitracin, 1457
butenafine, 2722
capreomycin, 2515
caspofungin, 2668, 2671
chloramphenicol, 1521
cidofovir, 3548
ciprofloxacin, 1889
clarithromycin, 1100, 1106
clofazimine, 2535
cycloserine, 2523
dalbavancin, 921
dapsone, 1750
echinocandins, 2698
entecavir, 4325–4326
ethionamide, 2496
fosamprenavir, 4107
foscarnet, 3594
furazolidone, 3191
gatifloxacin, 2221
gemifloxacin, 2115, 2117
indinavir, 4063
isavuconazole, 2862
itraconazole, 2798
levofloxacin, 2060, 2065
methanemine, 1801
micafungin, 2685
miconazole, 2815, 2817–2818
nalidixic acid, 2263, 2266–2267
norfloxacin, 1988
oritavancin, 911
para-aminosalicyclic acid, 2490
peramivir, 4614–4615
posaconazole, 2847
pyrazinamide, 2362
raltegravir, 4215, 4217
rifampicin, 2381
rifaximin, 2454
rimantadine, 4531–4532
stavudine, 3759
telavancin, 933
telithromycin, 1160
tinidazole, 1852
tipranavir, 4163
trifluridine, 3630

vancomycin, 799
zanamivir, 4562

category D drugs, 1640
amikacin, 1013
doxycycline, 1211
eflornithine, 3257
fluconazole, 2761
gentamicin, 972
kanamycin, 954
minocycline, 1233
netilmicin, 1031
sulfonamides, 1582
tobramycin, 995
trimethoprim-sulfamethoxazole, 1640
trimetrexate, 1770, 1772–1773
voriconazole, 2827

category X drugs, HCV antiviral drug therapy, 
4451

cefaclor, 378
cefazolin, 350, 354
cefepime-tazobactam, 588
cefixime, 541, 544
cefoperazone-sulbactam, 419
cefotaxime, 431t, 432, 435, 436, 440
cefotetan, 407
cefotiam, 398
cefoxitin, 407
cefprozil, 378
ceftaroline, 607
ceftazidime, 555
ceftazidime-avibactam, 241, 567–568
ceftobiprole, 628
ceftolozane-tazobactam, 639t, 640
ceftriaxone, 476, 477t, 485, 498

for gonorrhea, 497
for pyelonephritis, 495
for urinary tract infections, 496t

cefuroxime, 387, 391
cephalexin, 363, 365, 366
cephalothin, 350
cephradine, 372
chloramphenicol, 1521, 1529
chloroquine, 1599, 3035, 3039
chlorproguanil, 3132
cidofovir, 3548
ciprofloxacin, 1889, 1892–1893, 1912–1913, 1917, 

19081909
clarithromycin, 1100, 1106
clindamycin, 1471, 1477, 1484, 1490, 1499, 1500
clindamycin-sulfadiazine, for toxoplasmosis, 1598
clofazimine, 2535
cobicistat, 4184, 4204
colistin methanesulfonate, 1427
contraindicated drugs. See also category X drugs

albendazole, 3315
amantadine, 4531
amikacin, 954
antimonial agents, 3283
benznidazole, 3207
brivudin, 3576
capreomycin, 954
clevudine, 4360
diethylcarbamazine, 3374
enoxacin, 2173
flubendazole, 3341, 3342
griseofulvin, 2930
halofantrine, 3094
idoxuridine, 3636
ivermectin, 3354t
kanamycin, 954
malathion, 3430
mebendazole, 3331, 3332–3333
melarsopol, 3232
miltefosine, 3296, 3298
nifurtimox, 3214
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novobiocin, 1451
ribavirin, 4377
rimantadine, 4531–4532
sitaflloxacin, 2125
sparfloxacin, 2296
thiabendazole, 3339–3340
tosufloxacin, 2306

contraindicated drugs. See also category X drus
rufloxacin, 2291

crotamiton, 3441
cycloserine, 2523
dapsone, 1750, 1755
daptomycin, 875, 889, 899
darunavir, 4128–4129, 4130, 4137
delamanid, 2553, 2555
didanosine, 3702–3703
diethylcarbamazine, 3372
dihydroartemisinin-piperaquine, 2999–3000, 3001
diloxanide furoate, 3196, 3197
doltegravir, 4254, 4263
doripenem, 731
dosage, 2928
doxycycline, 1208, 1211, 1601
echinocandins, 2698
efavirenz, 3911, 3918, 3925–3926
eflornithine, 3257
eflornithine-nifurtimox, 3264
elvitegravir, 4238
emtricitabane, 3803, 3808, 3812
enfuvirtide, 4300, 4301
entecavir, 4325–4326
eravacycline, 1281
ertapenem, 752, 757
erythromycin, 1070, 1072, 1075

in penicillin-allergic patients, 1077
ethambutol, 2349, 2362, 2381
ethionamide, 2496
etravirine, 3974
famciclovir, 3495
Fansidar (sulfadoxine-pyrimethamine), 

1599–1600, 1604
fidaxomicin, 1550
finafloxacin, 2142
fleroxacin, 2183, 2184
fluconazole, 2761
flucytosine, 2921, 2923
folic acid supplementation, 1593
fomivirsen, 3648
fosamprenavir, 4107, 4109, 4120
foscarnet, 3594
fosfomycin, 1397
furazolidine, 3191
fusidic acid, 1411
ganciclovir, 3509
garenoxacin, 2201
gatifloxacin, 2221
gemifloxacin, 2115, 2117
HCV antiviral drug therapy, 4451, 4452t–4453t
hydroxychloroquine, 3039
iclaprim, 1778
imipenem, 674
imipenem-cilastatin, 680
indinavir, 4063, 4065, 4071
iodoquinol, 3200
isepamicnin, 1041
isoniazid, 2362, 2381
itraconazole, 2798
ivermectin, 3357
josamycin, 1152
kanamycin, 955

precautions regarding, 954
ketoconazole, 2736, 2745
lamivudine, 3733, 3734–3735, 3741, 3746
laninimivir, 4570
levofloxacin, 2060, 2065

linezolid, 1307, 1317, 1369
lomefloxacin, 2247
lopinavir, 4090, 4091
lopinavir-ritonavir, 4090, 4095, 4096, 4099
malathion, 3433–3434
maraviroc, 4309
mecillinam, 210
mefloquine, 1601, 3079, 3081, 3086
melarsoprol, 3246
meropenem, 704, 711
methenamine, 1801, 1802
methicillin, 138
metrifonate, 3402
metronidazole, 1816, 1820, 1824, 1833
mezclocillin, 192
micafungin, 2685
miconazole, 2815, 2817–2818
minocycline, 1233
moxifloxacin, 2088
nafcillin, 165
nalidixic acid, 2263, 2266–2267, 2268
nelfinavir, 4076, 4077–4078, 4079
netilmicin, 1031
nevirapine, 3862, 3863t, 3874, 3878–3879, 

3888–3890
adverse reactions and toxicity, 3878
for mother-child HIV-1 transmission 

prevention, 3884
for perinatal HIV-1 transmission prevention, 

3858–3859, 3862
pharmacokinetics, 3866–3867, 3869
resistance, 3891

nitazoxanide, 3168
nitrofurantoin, 1787, 1792, 1794
norfloxacin, 1988, 1990
nystatin, 2646
ofloxacin, 2011, 2011t
omadacycline, 1269
oseltamivir, 4598–4599
oxantel pamoate, 3383
para-aminosalicyclic acid, 2490
paromomycin, 3155
pefloxacin, 2279, 2281
penicillin G, 44, 45, 46, 56
penicillins, 43
penicillin V, 94
peramivir, 4614–4615
permethrin, 3416, 3418
piperacilin-tazobactam, 326t, 327
piperaquine, 2995, 3001
pivmecillinam, 210, 212
polymyxin B, 1427
polymyxins, 1437
posaconazole, 2847
praziquantel, 3387, 3389–3390
pretonamid, 2553
primaquine, 3101, 3104, 3105
pristinamycin, 1387
proguanil, 3130, 3132
prulifloxacin/ulifloxacin, 2149
pyrantel pamoate, 3383
pyrazinamide, 2362
pyrimethamine, 1733
pyrimethamine-sulfadiazine, 1597–1598
pyrimethamine-sulfadoxine, 1579, 1728, 1729
pyronaridine-artesunate, 3010, 3015
quinine, 3061–3062, 3065–3066, 3068
quinupristin-dalfopristin, 1377, 1381
raltegravir, 4217
retapamulin, 1564
rifabutin, 2436
rifampicin, 2362, 2381
rifapentine, 2464–2465
rifaximin, 2454
rilpivirine, 3999

ritonavir, 4183–4184, 4204
roxithromycin, 1089
solithromycin, 1186, 1189
spectinomycin, 1544, 1545
spiramycin, 1733, 3176, 3177, 3178–3179, 3179t
stavudine, 3759, 3760, 3764, 3766
streptomycin, 2476, 2478
sulfadoxine, 1584
sulfonamides, 1582, 1593, 1597
suramin, 3229
sutezolid, 2560
tafenoquine, 3111, 3113
tedizolid, 1362
teicoplanin, 844–845
telbivudine, 4347, 4347t, 4354
telithromycin, 1160
temocillin, 221
tenofovir, 3831, 3833
tenofovir diphosphate, 3829
terbinafine, 2712, 2715
tetracycline, 1198
thiacetazone, 2505
ticarcillin-clavulanic acid, 304, 307
ticarcillin use in, 177
tigecycline, 1254
tinidazole, 1852
tipranavir, 4163
tobramycin, 995, 997
topical azoles, 2885
triclabendazole, 3348, 3349
trifluridine, 3630
trimethoprim-sulfamethoxazole, 1640, 1674–1675
trimetrexate, 1770, 1772–1773
valaciclovir, 3466–3476
valganciclovir, 3509
vancomycin, 798–799, 811
voriconazole, 2827
zanamivir, 4562, 4568–4569
zidovudine, 3665, 3667, 3673–3674, 3681–3682

Pregnane xenobiotic receptor (PXR), rifaximin-re-
lated inhibition, 2453

Pregnane X receptor, interactions with rilpivirine, 
4005

Premature infants
abacavir, 3778
aciclovir, 3457
amikacin, 1012, 1015t
amoxicillin, 111
amoxicillin-clavulanic acid, 261
amphotericin B, 2579, 2588
amphotericin B-lipid complex, 2632
ampicillin, 111
ampicillin-sulbactam, 283
aztreonam, 645, 648, 649
cefoperazone-sulbactam, 419
cefotaxime, 432
cefotiam, 398
ceftiazidime, 557
ceftriaxone, 476
chloramphenicol, 1521–1522, 1523, 1527–1528
cilastatin, 673–674
clindamycin, 1477
erythromycin, 1070, 1075
fluconazole prophylaxis, 2774
fusidic acid, 1414
gatifloxacin, 2221
gentamicin, 971–972
imipenem, 673
kanamycin, 957
lindane, 3425
linezolid, 1298, 1306–1307, 1309t
meropenem, 707
metronidazole, 1816, 1819
mezclocillin, 192
nafcillin, 165, 166t
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Premature infants (continued)
nalidixic acid, 2263
nitrofurantoin, 1787, 1794
oxacillin, 151
penicillin G, 43, 59–60
piperacilin-tazobactam, 326, 326t
piperacillin, 192
streptomycin, 2476
sulfonamides, 1582, 1583
temocillin, 220
tetracycline, 1198
ticarcillin-clavulanic acid, 304
tobramycin, 995
vancomycin, 798, 802–803
zidovudine, 3665

Premature ventricular contractions, amphotericin B, 
2584

Premovir. See Brivudin
Presatovir, 4632t, 4640
President’s Emergency Fund for AIDS Research 

(PEPFAR), 3755
Presyncope, zabofloxacin, 2165
Preterm labor and delivery. See Labor and delivery, 

preterm
Preterm prelabor rupture of the membranes

amoxicilin-clavulanate, 309
amoxicillin-clavulanic acid, 266
cefotaxime, 436
cephalexin, 366
solithromycin, 1189
ticarcillin-clavulanic acid, 309

Pretomanid, 2550–2558
administration mode, 2553
adverse reactions and toxicity, 2555–2556
antimicrobial activity, 2550, 2551t
chemical structure, 2550, 2550f
clinical uses, 2557

pyrazinamide/moxifloxacin combination 
tuberculosis therapy, 2366

dosage, 2553
drug interactions, 2554
excretion, 2553, 2554t
in vivo synergy and antagonism, 2550
mechanism of action, 2552–2553
pharmacokinetics/pharmacodynamics, 

2553–2554, 2554t
PREVENT-TB study, 2467, 2467t
Prevotella

amoxicillin-clavulanic acid, 256t, 258, 269
azithromycin, 1124
biapenem, 775t
cefamandole, 397
cefepime, resistance, 586
cefmetazole, 406
cefoperazone-sulbactam, 418
cefotaxime, 429
cefoxitin, 405t
cefprozil, 377
ceftaroline, resistance, 607, 609t
ceftaroline-avibactam, 232, 615, 615t
ceftazidime, 554
ceftolozane-tazobactam, 232, 637, 638t
ceftriaxone, 472
cephalexin, 362
cethromycin, 1172, 1173t
chloramphenicol, 1518
ciprofloxacin, 1871
clavulanic acid, 34
clindamycin, resistance, 1496
delafloxacin, 2133t, 2134
doripenem, 725, 729t, 730
doxycycline, 1206
ertapenem, 750
erythromycin, 1068
fidaxomicin, resistance, 1547, 1552

finafloxacin, 2141
garenoxacin, 2197, 2198
gatifloxacin, 2216
imipenem, 665, 671t
linezolid, 1297t, 1298
metronidazole, 1808, 1809t, 1825, 1826, 1827
minocycline, 1232
moxifloxacin, resistance, 2087
ofloxacin, resistance, 2007
penicillin, 30
penicillin G, resistance, 34
piperacillin-tazobactam, 230, 320t, 322
polymyxins, 1423
quinopristin-dalfopristin, 1376t
ramoplanin, 940
retapamulin, 1562t, 1563
solithromycin, 1181t, 1184
telithromycin, 1158
ticarcillin-clavulanic acid, 301–302
tigecycline, 1252
tinidazole, 1850
vancomycin, 1552

Prevotella bivia
cefuroxime, 385t
imipenem, 665, 671t
piperacillin-tazobactam, 230

Prevotella buccae
imipenem, 665, 671t
tedizolid, 1359

Prevotella disiens
amoxicillin-clavulanic acid, 227
ceftizoxime, 533
cefuroxime, 385t
clindamycin, 1470
imipenem, 665
piperacillin-tazobactam, 230

Prevotella gingivalis, clindamycin, 1470
Prevotella heparinolytica, minocycline, 1232
Prevotella intermedia

amoxicillin-clavulanic acid, 227
cefuroxime, 385t
imipenem, 665
metronidazole, 1808
tedizolid, 1359

Prevotella loescheii, metronidazole-resistant, 1811
Prevotella (Bacteroides) melaninogenica

amoxicillin, resistance, 227
amoxicillin-clavulanic acid, 227
carbenicillin, 175
cefazolin, 348
cefprozil, 377
ceftizoxime, 533
cefuroxime, 385t
cephalothin, 348
clarithromycin, 1099
clindamycin, 1470, 1496, 1498
fusidic acid, 1409
gentamicin resistance, 965
metronidazole, 1810

resistance, 1811
metronidazole metabolites, 1810
pefloxacin, resistance, 2277
penicillin G, 24t
piperacillin-tazobactam, 230
ticarcillin, 175
ticarcillin-clavulanic acid, 300t

Prevotella nucleatum, cefuroxime, 385t
Prevotella oralis

amoxicillin-clavulanic acid, 227
metronidazole, 1810
metronidazole metabolites, 1810
tedizolid, 1359

Prevotella oris, imipenem, 665, 671t
Prezcobix. See Darunavir
Prezista. See Darunavir

Prfizer, 3397
Priftin. See Rifapentine
primaquine, 3098, 3099, 3100
Primaquine, 3097–3109

administration mode, 3099
adverse reactions and toxicity, 3103–3104
antimicrobial activity, 3097–3098
chemical structure, 3097, 3097f
clinical uses

malaria prophylaxis, 3098
malaria relapse prevention, 3097–3098
malaria treatment, 3104–3105
mass drug administration strategy, 3098

in combination with clindamycin, 1471
contraindications to, 3101, 3104
dosage, 3098–3101, 3103

overdose, 3104
drug interactions, 3102–3103
in G6PD, 3099–3100, 3101–3102, 3102t, 3103, 

3104, 3105
mechanism of action, 3099
pharmacokinetics/pharmacodynamics, 

3101–3103, 3102t
bioavailability, 3101
clinically important features, 3101–3102
distribution in body, 3101
excretion, 3102

resistance and cross-resitsance, 3098–3099
Primary amoebic meningoencephalitis

amphotericin B, 2598
amphotericin B, liposomal, 2623
rifampicin, 2408
tetracycline, 1201

Primate polyomavirus, cidofovir, 3533t
PR interval prolongation, atazanavir, 4151t
Pristam®. See Pristinamycin
Pristinamycin, 1374, 1386–1391

administration mode, 1387
adverse reactions and toxicity, 1389
antimicrobial activity, 1386–1387, 1387t
chemical structure, 1386, 1386f
clinical uses

respiratory tract infections, 1390
skin and soft tissue infections, 1389–1390

dosage, 1387
drug interactions, 1389
excretion, 1388
mechanism of action, 1387
pharmacokinetics/pharmacodynamics, 1388–1389
resistance and cross-resistance, 1387

PRIST-L-01684 study, 1390
Prixina. See Prulifloxacin/ulifloxacin
PRO-140, 4630t, 4633–4634
Probenecid

adverse reactions and toxicity, 3551
drug interactions

amoxicillin, 115, 240
amoxicillin-clavulanic acid, 264
ampicillin, 115
ampicillin-sulbactam, 285
azlocillin, 195
carbenicillin, 176, 177, 179
cefaclor, 379
cefazolin, 352
cefoperazone, 420
cefotaxime, 438
cefoxitin, 408
cefpirome, 593
cefpodoxime, 536
ceftazidime-avibactam, 569
ceftizoxime, 535
cefuroxime, 389, 392
cephalexin, 364
cephalothin, 352
cephradine, 373
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cidofovir, 3547, 3550
cilstatin, 679
cloxacillin, 152
dapsone, 1751
doripenem, 735
drug interactions, 166, 167

aciclovir, 3462t, 3463
amoxicillin, 113, 114
cephalosporins, 47
ciprofloxacin, 1904
ertapenem, 755
faropenem, 769
ganciclovir, 3511t
gemifloxacin, 2116
for gonorrhhoea, 123
imipenem, 679
imipenem-cilastatin, 679
isoxazolyl penicillins, 150, 152
levofloxacin, 2063
mecillinam, 210
methicillin, 139
mezlocillin, 195
nalidixic acid, 2263–2264
nemonoxacin, 2163
ofloxacin, 2019, 2019t
oseltamivir, 4593
para-aminosalicyclic acid, 2490
penicillin G, 47, 52, 139
piperacillin, 195, 240
piperacillin-tazobactam, 332t
pivmecillinam, 210
prulifloxacin/ulifloxacin, 2150
pyrazinamide, 2364, 2365
rifampicin, 2384
tazobactam, 240
ticarcillin, 176, 177, 178, 179
zidovudine, 3669, 3669t

effect on penicillin V excretion, 95
Probiotics, in combination with tinidazole, 1855
Procainamide, drug interactions

ciprofloxacin, 1904–1905
levofloxacin, 2063
ofloxacin, 2019–2020, 2019t
sulfamethoxazole, 1646t
trimethoprim, 1646t

Procaine penicillin G. See Penicillin G, procaine
PrOD regimen. See 

Ombitasvir-paritaprevir-ritonavir-dasabuvir
Progressive multifocal leukoencephalopathy, 

cidofovir, 3561–3562
PROGRESS study, 4230
Proguanil, 3127–3139. See also 

Atovaquone-proguanil
adverse reactions and toxicity, 3132
antimicrobial activity, 3128
chemical structure, 3127, 3127f, 3136, 3136f
clinical uses, 3132
dosage, 3129–3130
drug interactions, 3131–3132
excretion, 3141
mechanism of action, 3128–3129, 3138–3139
pharmacokinetics/pharmacodynamics

bioavailability, 3130
clinically important features, 3131
distribution in body, 3130–3131
excretion, 3131

resistance and cross-resistance, 3128–3129
Proguanil-dapsone, 3127
Proguinal-atorvaquine. See Atovaquone-proguanil
Proheart 6, 3365
Proinflammatory cytokines

interaction with benznidazole, 3206
solithromycin inhibition, 1186

Prokinetic agents, combined with amoxicillin- 
clavulanic acid, 265

Promacetin, 1756
Promin, 1756
PROMISE study, 759, 2097
PROMOTE Pediatrics trial, 4099
Prontosil rubrum, 1571
Propafenone, drug interactions

fosamprenavir, 4110t
pyronaridine, 3012
rifampicin, 2386t

Prophyrins, interactions with methenamine, 1802
Propiconazole, 13–14
Propionibacterium

amoxicillin, 104
amoxicillin-clavulanic acid, 257t
ampicillin, 104
azithromycin, 1122
carbenicillin, 176
cefepime, 586
cefoperazone-sulbactam, 418
cefoxitin, 406
ceftaroline, 606
ceftobiprole, 626
cefuroxime, 386
chloramphenicol, 1516–1517
ciprofloxacin, resistance, 1872
clarithromycin, resistance, 1099
clindamycin, 1470
dalbavancin, 920
doripenem, 725
ertapenem, 749t, 750
erythromycin, 1066

resistance, 1068
fidaxomicin, 1547
fleroxacin, resistance, 2182
gatifloxacin, 2217
imipenem, 664
josamycin, 1151

resistance, 1152
linezolid, 1297t, 1298
macrolide, resistance, 1124
metronidazole, resistance, 1809, 1811
minocycline, resistance, 1232
ofloxacin, 2006
penicillin G, 24t, 31, 68
piperacillin-tazobactam, 320t
ramoplanin, 940
retapamulin, 1561
rosaramicin, 1151

resistance, 1152
roxithromycin resistance, 1088
teicoplanin, 839t
telithromycin, 1158
ticarcillin, 176
ticarcillin-clavulanic acid, 301
tinidazole, esistance, 1851

Propionibacterium acnes
cefepime, 750
cefotaxime, 426
ceftobiprole, 626
ceftriaxone for, 467
clarithromycin, 1099
clindamycin, resistance, 1474
delafloxacin, 2133t, 2134
doxycycline, 1280–1281

resistance, 1207
eravacycline, 1280–1281
ertapenem, 750
erythromycin, 1280–1281
linezolid, 1297t, 1298, 1326
meropenem, 750
metronidazole, 1827
moxifloxacin, 2101
mupirocin resistance, 1460
oritavancin, 909t
penicillin G, 25t

pristinamycin, 1387t
retapamulin, 1562t, 1563
tedizolid, 1359
teicoplanin, 839
tetracycline, 1280–1281
tigecycline, 1280–1281
vancomycin, 786t, 787

Propionibacterium avidum, etapamulin, 1562t, 1563
Propionibacterium granulosum, retapamulin, 1562t, 

1563
Propranolol, interactions with ifampicin, 2386t
Propylene glycol, itonavir content, 4202
PrO regimen. See Ombitasvir-paritaprevir-ritonavir
Prospective Antifungal Therapy alliance, 2769
Prospective Resistant Organism Tracking and 

Epidemiology for the Ketolide Telithromycin 
(PROTEKT) project, 1157, 1159

Prostaglandin synthesis inhibitors, iclopirox, 2910
Prostate cancer, ketoconazole, 2743–2744
Prostatectomy prophylaxis

ampicillin-sulbactam, 284
cefepime, 591
cefpirome, 592
ciprofloxacin, 1900
nitrofurantoin, 1794

Prostate gland, antimicrobial distribution in, 3
ampicillin-sulbactam, 284
ceftiazidime, 558–559
clindamycin, 1482t, 1483
doripenem, 734
doxycycline, 1209, 1209t
enoxacin, 2174
fusidic acid, 1412
levofloxacin, 2062
minocycline, 1234, 1235
norfloxacin, 1989
tinidazole, 1853

Prostate infections, prulifloxacin/ulifloxacin, 2153
Prostatic fluid, antimicrobial distribution in

clarithromycin, 1101
fleroxacin, 2185
gatifloxacin, 2223
ofloxacin, 2017
panipenem, 777
trimethoxazole, 1644–1645

Prostatic surgery prophylaxis. See also Transrectal 
prostate biopsy prophylaxis

norfloxacin, 1992
Prostatic tissue, antimicrobial distribution in

aztreonam, 649
cefotaxime, 435–436
cefpirome, 592
cephalothin, 351
ciprofloxacin, 1900
fosfomycin, 1398–1399
levofloxacin, 2065
lomefloxacin, 2248
moxifloxacin, 2090
pefloxacin, 2281
piperacillin levels in, 194
prulifloxacin/ulifloxacin, 2150
roxithromycin, 1089
rufloxacin, 2292
sparfloxacin, 2297
tosufloxacin, 2306

Prostatitis
ceftriaxone, 495–496
cephalexin, 366
ciprofloxacin, 1915
fosfomycin, 1401
gatifloxacin, 2231
levofloxacin, 2065–2066
lomefloxacin, 2250
nalidixic acid, 2267
norfloxacin, 1992
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Prostatitis (continued)
ofloxacin, 2025, 2028
prulifloxacin/ulifloxacin, 2152t, 2153
rosaramicin, 1153
roxithromycin, 1093
temofloxacin (withdrawn from market), 2309
trimethoprim-sulfamethoxazole, 1659–1660

Prosthetic device-associated infections. See also 
Endocarditis, infective, prosthetic valve

caspofungin, 2661–2662
ceftriaxone, 502
levofloxacin, 2074
rifampicin, 2074

Prosthetic joint infections
aztreonam, 653
cephalexin, 366
clindamycin, 1495
daptomycin, 896–897
dicloxacillin, 154
flucloxacillin, 154
fusidic acid, 1415
oxacillin, 154
vancomycin, 797–798

Prosthetic material infections, rifampicin, 2398–2399
Prosthetic vascular graft infections, penicillin G, 67
Prosthetic vascular surgery prophylaxis, teicoplanin, 

858
PROTCOL study, 4231
Protease Inhibitor-Induced Lipodystrophy Reversal 

(PIILR) study, 3886
Protease inhibitors, of HIV

comparison with nevirapine, 3881–3883
dihydropyrone sulfonamides, 4158. See also 

Tipranavir
drug interactions

artemether-lumefantrine, 2978
delavirdine, 3963–3964, 3963t–3964t
direct-acting HCV antiviral drugs, 4466, 4468f, 

4469
efavirenz, 3915–3916, 3916t
fosamprenavir, 4113
gentamicin, 970
in vitro synergy and antagonism, 3662
lopinavir-ritonavir, 4093, 4094t, 4096
maribavir, 3643
miltesofine, 3297
nevirapine, 3870–3871
ombitasvir-paritaprevir-ritonavir-dasabuvir, 

4467t
quinine, 3063
rifabutin, 2438, 2439, 2440t
rifampicin, 2385, 2387, 2388t, 2406, 2438
rifapentine, 2466
rilpivirine, 4000t
saquinavir, 4030t
statins, 4115
tipranavir-ritonavir, 4166, 4166t

efavirenz versus, 3932–3934, 3942–3943
Protease NS3/4A, of HCV

function, 4433
inhibitors of. See Protease NS3/4A inhibitors, of 

HCV
Protease NS3/4A inhibitors, of HCV, 4434t. See also 

Asunaprevir; Boceprevir; Grazeprevir; 
Paritaprevir; Simeprevir; Vaniprevir

ABT-493, 4501–4508
ABT-530, 4507
administration mode, 4452t, 4553t
antiviral activity, 4435, 4440t–4441t
dosage, 4452t, 4553t
function, 4433
mechanism of action, 4448
pharmacokinetics/pharmacodynamics, 4454t, 

4455–4460
resistance, 4441, 4442, 4443t

PROTEA study, 4126, 4137
Protein binding, by antimicrobials. See Plasma 

protein binding
Protein NS5A, of HCV

function, 4433
inhibitors of. See Protein NS5A inhibitors,  

of HCV
Protein NS5A inhibitors, of HCV, 4434t. See also 

Daclatasvir; Elbasvir; Ledipasvir; Ombitasvir; 
Velpatasvir

administration mode, 4452t–4453t
antiviral activity, 4435, 4440t–4441t
mechanism of action, 4450–4451
pharmacokinetics/pharmacodynamics, 4451, 

4456t, 4461, 4464–4464
resistance and cross-resistance, 4442, 4444–4445, 

4446t–4447t
Protein synthesis inhibition, by antimicrobials

bacterial
aminoglycosides, 970
cadazolid, 1349–1350
cethromycin, 1173–1174
chloramphenicol, 1515, 1520
clindamycin, 1471, 1475, 1498
doxycycline, 1206
flucytosine, 2921
fusidic acid, 1410
gentamicin, 970
isepamicin, 1041
ketolides, 1174
lefamulin, 1556, 1557, 1558
lincosamides, 1475
linezolid, 1317
minocycline, 1233
nalidixic acid, 2262–2263
neomycin, 1046
netilmicin, 1030
nitrofurantoin, 1787
novobiocin, 1451
omadacycline, 1268
oxazolidinones, 1305
penicillin G, 42
plazomicin, 1053
quinupristin-dalfopristin, 1376
retapamulin, 1561
sutezolid, 2559, 2560
telithromycin, 1157, 1159
tetracycline, 1196, 1233
tigecycline, 1253–1254

mammalian mitochondrial
chloramphenicol, 1520
linezolid, 1305
oxazolidinones, 1305
tedizolid, 1366
tetracycline, 1196, 1199

Proteinuria
capreomycin, 2516
peramivir, 4619
suramin, 3229, 3230, 3232

PRO-TEKT (Prospective Resistant Organism 
Tracking and Epidemiology for the Ketolide 
Telithromycin) project, 1157, 1159, 1634

Proteus
amikacin, 1009
amoxicillin, resistance, 104
ampicillin, resistance, 104
ampicillin-sulbactam, 281t
apalcillin, 189
azithromycin, resistance, 1124
aztreonam, 644
biapenem, 773
carbenicillin, 176
cefoperazone-sulbactam, 416t
cefotaxime, resistance, 442–443
cefotiam, resistance, 399t

chloramphenicol, 1517
ciprofloxacin, 1867, 1895
clinafloxacin, 2314
colon content, 1825
cycloserine, resistance, 2521
enoxacin, 2171, 2172t
erythromycin, resistance, 1066
extended-spectrum beta-lactose-producing, 322
faropenem, 766, 767t
furazolidone, 3187
garenoxacin, 2195, 2196t
gatifloxacin, 2213, 2214t
gentamicin, 965
imipenem, 665
isepamicin, 1039, 1040t
kanamycin, 950
mecillinam, 212
metronidazole, 1814
nalidixic acid, 2256

resistance, 2257t
neomycin, resistance, 1046
nitrofurantoin, 1794

resistance, 1785, 1786
nitrofurazone, 1784
ofloxacin, 2006
penicillin G, resistance, 33
piperacillin-tazobactam, 230, 322
plazomicin, 1055
polymyxins, resistance, 1423
prulifloxacin/ulifloxacin, 2148t
rifampicin, resistance, 2373
roxithromycin, resistance, 1088
spectinomycin, 1542
streptomycin, 2471

resistance, 2474
sulfonamides, 1572
temocillin, 223
ticarcillin, 175, 176, 182–183
tigecycline, resistance, 1250, 1251, 1253
tinidazole, 1851
tobramycin, 993
trimethoprim, 1627
trimethoprim-sulfamethoxazole, 1627, 1660
trovafloxacin, 2310

Proteus bulgaris, ticarcillin, 188, 188t
Proteus mirabilis

amoxicillin, 104
resistance, 255

amoxicillin-clavulanic acid, 255
ampicillin, 104
ampicillin-sulbactam, 228, 281
avarofloxacin, 2159t
aztreonam, 644, 646t, 647t, 653
cefaclor, 377
cefadroxil, 371, 371t
cefazolin, 348
cefoperazone-sulbactam, 416t, 417–418
cefotaxime, 428t
cefotetan, 404–405, 404t, 405
cefotiam, 397, 399t
cefoxitin, 404t
cefpodoxime, 532, 537
cefprozil, 377, 377t
ceftaroline, 606–607
ceftaroline-avibactam, 614t, 615
ceftazidime, resistance, 551t
ceftobiprole, 625
ceftolozane-tazobactam, resistance, 642
ceftriaxone, 468t, 481
cefuroxime, 385t
cephalothin, 348
cephradine, 371, 371t
ciprofloxacin, 1902, 1930
delafloxacin, 2132–2133, 2133t
eravacycline, 1277t, 1280



Index I-149

extended-spectrum beta-lactamase-producing
ampicillin-sulbactam, 281
cefotaxime, 428t
ceftriaxone-resistant, 468t

finafloxacin, 2139, 2140t
fosfomycin, 1394, 1394t, 1399

resistance, 1400
fosfomycin, resistance, 1396
garenoxacin, 2196t
gatifloxacin, 2231
gentamicin, resistance, 968t
imipenem, 677
isepamicin, 1040t
kanamycin, resistance, 951
mecillinam, 207, 208t
nalidixic acid, resistance, 2259
norfloxacin, 1986
ofloxacin, 2005t, 2006
omadacyline, 1267, 1268t
piperacillin-tazobactam, 320t
rifampicin, 2373
sitafloxacin, 2122, 2123t
spectinomycin, 1542
temocillin, 219t
ticarcillin-clavulanic acid, 227, 300t, 301
trimethoprim, 1628t

Proteus rettgeri
avarofloxacin, 2159t
beta-lactamases, 665
imipenem, 665
ofloxacin, resistance, 2008

Proteus stutzeri, aztreonam, 645
Proteus vulgaris

ampicillin, 175
ampicillin-sulbactam, 281
avarofloxacin, 2159t
carbenicillin, 175
cefazolin, resistance, 348
cefoperazone-sulbactam, 416t, 417–418
cefotiam, 399t
cefotiam, resistance, 399t
cefoxitin, 404t
cefpodoxime, 532
ceftazidime, resistance, 550, 551t
ceftobiprole, resistance, 627
cephalexin, resistance, 362
cephalotin, resistance, 348
ciprofloxacin, 1867, 1868t
delafloxacin, 2132–2133
enoxacin, 2171, 2172t
faropenem, 768
fosfomycin, 1397
fosfomycin, resistance, 1394, 1394t
isepamicin, 1040t
mecillinam, 207, 208t
norfloxacin, 1986
ofloxacin, resistance, 2008
piperacillin-tazobactam, 320t
sitafloxacin, 2122
temocillin, 219t
ticarcillin, 175
ticarcillin-clavulanic acid, 227, 300t
trimethoprim, 1629t

Prothionamide
adverse reactions and toxicity, 2498–2499, 2524
antimicrobial activity, 2493–2494
chemical structure, 2493, 2493t
clinical uses

leprosy, 2394, 2500
tuberculosis, 2499–2500

drug interactions
cycloserine, 2524
thiacetazone, 2506

pharmacokinetics/pharmacodynamics,  
2497–2498

resistance and cross-resistance
ecological cutoff for, 2493, 2494–2496
ethionamide, 2493
isoniazid, 2494

Prothrombin time, drugs affecting
ceftriaxone, 485
chloramphenicol, 1528
metronidazole, 1822
oritavancin, 913
tigecycline, 1257

Protocheca, nystatin, 2646
Protocol 003, 4220
Protocol 004, 4219, 4221, 4222t, 4225, 4228–4229, 

4228f
Protocol 005, 4223t
Protocol 0017 study, 3967t
Protocol 0021 study, 3967t
Proton-pump inhibitors

clinical use, Helicobacter pylori infection, 124, 
1109, 1135, 1200, 1812, 1832, 1858

drug interactions
atazanavir, 4144, 4146
clarithromycin, 1103, 1105t
delavirdine, 3961, 3962
fosamprenavir, 4111–4112, 4111t
ledipasvir-sofosbuvir, 4462t
penicillin G, 47
raltegravir, 4220
rilpivirine, 3999, 4000t, 4005
sofosbuvir-velpatasvir, 4463t

PROTON study, 4478t
Protoplasts, 42
Prototheca, miconazole, 2814
Protozoal infections. See also specific protozoa

cefazolin, resistance, 348
cephalothin, resistance, 348
metronidazole, 1810
metronidazole, resistance, 1812–1813
miltefosine, 3292–3295, 3293t
minocycline, 1232
penicillin G, resistance, 35
rifaximin, resistance, 2451
sulfonamides, resistance, 1578–1580
tinidazole, 1850

Provamicina. See Spiramycin
Providencia

amikacin, 1009
aminoglycoside-modifying enzymes, 1040
amoxicillin, resistance, 104
amoxicillin-clavulanic acid, resistance, 226
ampC genes, 324
ampicillin, 175

resistance, 104
apalcillin, 189
aztreonam, 644, 646t
beta-lactamase-producing, 209
biapenem, 773
carbenicillin, 175
cefotaxime, 532
cefotiam, resistant, 399t
cefoxitin, 404t
cefprozil, resistance, 377
ceftazidime, resistance, 550, 551t
ceftizoxime, 532
cephalexin, resistance, 362
chloramphenicol, 1517
ciprofloxacin, 1867
delafloxacin, 2133t
finafloxacin, 2139, 2140t
fosfomycin, resistance, 1394, 1394t
gentamicin, 965
imipenem, 665
isepamicin, 1039, 1040t
kanamycin, 949t, 950
mecillinam, 207, 208t, 209

moxifloxacin, 2085, 2086t
nitrofurantoin, resistance, 1785
ofloxacin, resistance, 2008
penicillin, resistance, 33
piperacillin-tazobactam, 230
prulifloxacin/ulifloxacin, 2148t
rifampicin, resistance, 2373
spectinomycin, resistance, 1542
streptomycin, 2471
sulfonamide, resistance, 1572
ticarcillin, 175
tigecycline, resistance, 1250, 1251, 1253
tobramycin, 993
trimethoprim-sulfamethoxazole, 1627

Providencia rettgeri
ampicillin-sulbactam, 281

resistance, 228
cefazolin, resistance, 348
cefoperazone-sulbactam, 416t
cefpodoxime, 532
cephalothin, resistance, 348
ciprofloxacin, 1868t
delafloxacin, 2132–2133
fosfomycin, 1397
lomefloxacin, 2246t
mecillinam, 207, 208t
moxifloxacin, 2086t
norfloxacin, 1986
ofloxacin, 2006
temocillin, 219t
ticarcillin-clavulanic acid, 300t

Providencia stuartii
aminoglycoside-modifying enzymes, 1057
amoxicillin-clavulanic, resistance, 255
ampicillin-sulbactam, 281

resistance, 228
avarofloxacin, 2159t, 2160
cefazolin, resistance, 348
cefpodoxime, 532
cephalothin, resistance, 348
ciprofloxacin, 1868t
enoxacin, 2171
fleroxacin, 2180
garenoxacin, 2195
gentamicin, 965
kanamycin, resistance, 951
nalidixic acid, resistance, 2256, 2257t
ofloxacin, 2006
temocillin, 219t
tobramycin, resistance, 993

Prulifloxacin/ulifloxacin, 2147–2156
administration modes, 2149
adverse reactions and toxicity, 2151
antimicrobial activity, 2147–2149, 2256

anaerobic bacteria, 2148t, 2149
EUCAST criteria, 2147–2148, 2148t
Gram-negative bacteria, 2148–2149, 2148t
Gram-positive bacteria, 2148, 2148t, 2149

chemical structures, 2147, 2147f
clinical uses, 2151–2154

chronic bacterial prostatitis, 2152t, 2153
gastrointestinal infections, 2154
miscellaneous uses, 2154
respiratory tract infections, 2153–2154
UTIs, complicated, 2153
UTIs, prophylaxis, 2152t, 2153
UTIs, uncomplicated, 2151, 2152t, 2153

development and availability chronology, 2256t
dosage, 2149
drug interactions, 2150
in vitro synergy and antagonism, 2148–2149
mechanism of action, 2149
pharmacokinetics/pharmacodynamics,  

2149–2150
resistance and cross-resistance, 2149



I-150 Index

Pruquin. See Prulifloxacin/ulifloxacin
Pruritus, drugs causing

amorolfine, 2906
anidulafungin, 2701
atovaquone, 3122
atovaquone-proguanil, 3141
butenafine, 2722
caspofungin, 2670
cefepime, 593
chloroquine, 3038
ciclopirox, 2911
clindamycin, 1487
clofazimine, 2537t
crotamiton, 3442
diethylcarbamazine, 3374
iodoquinol, 3200
ivermectin, 3356, 3357t
kanamycin, 958
ketoconazole, 2744
lindane, 3425
melarsoprol, 3246
minocycline, 1238
naftifine, 2726
ombitasvir-paritaprevir-ritonavir-dasabuvir, 

4501t, 4503t, 4504t, 4506t
para-aminosalicyclic acid, 2491
primaquine, 3104
pyrantel pamoate, 3383
pyronaridine-artesunate, 3015
ravuconazole, 2880
rifampicin, 2387
ritonavir, 4202t
roxithromycin, 1091
spiramycin, 3178
suramin, 3232
terbinafine, 2714
tigecycline, 1258
tinidazole, 1853

Pruritus ani, niclosamide, 3407
Prusoff, William, 3634
Pruvel. See Prulifloxacin/ulifloxacin
Pseudoallescheria boydii

albaconazole, 2872t
amphotericin B, 2573t

resistance, 2571
ciclopirox, 2909
ketoconazole, 2732t, 2733
natamycin, 2653, 2654
terbinafine, 2711

Pseudocowpox virus, cidofovir, 3538
Pseudocyst, pancreatic, cefepime concentrations,  

591
Pseudoephedrine, interactions with linezolid, 1313
Pseudojaundice, rifabutin, 2439
Pseudomeningoceles, linezolid, 1327
Pseudomonas

beta-lactamases, 254
cefixime, resistance, 540
cefpodoxime, resistance, 532
ceftazidime, 549

resistance, 549
ciprofloxacin, 1869
clindamycin, resistance, 1470
efflux pumps in, 220
fidaxomicin, resistance, 1547
fosfomycin, resistance, 1394, 1394t
as fosfomycin source, 1392
linezolid, resistance, 1293
nalidixic acid, resistance, 2256
norfloxacin, 1995
ofloxacin, resistance, 2008
piperacillin, 301
piperacillin-tazobactam, 324
quinupristin-dalfopristin, resistance, 1376t
rufabutin, resistance, 2435
silvazine, 1572

silver sulfadiazine, 1602
spiramycin, resistance, 3175
temocillin, resistance, 220
ticarcillin, resistance, 301
ticarcillin-clavulanic acid, 227, 301, 307, 310
trimethoprim-sulfamethoxazole, 1660

Pseudomonas acidovorans
ciprofloxacin, 1869
ticarcillin-clavulanic acid, 227

Pseudomonas aeruginosa
acylamino penicillins, 187
amikacin, 1010

resistance, 993, 1011
aminoglycosides, resistance, 1869
amoxicillin, resistance, 105
ampicillin, resistance, 105
ampicillin-sulbactam, resistance, 228
ampicillin-sulbactam-resistant, 281
apalcillin, resistance, 189
avarofloxacin, 2159t
azithromycin, 1137

resistance, 1124
azlocillin, 188t, 189, 195, 197–198

resistance, 198
aztreonam, 644, 651, 652, 653

resistance, 190, 644–645
aztreonam-avibactam, resistance, 645, 647t
beta-lactamases

AmpC depression, 234
extended-spectrum, 554
Klebsiella pneumoniae carbapenemases, 554
metallo-beta-lactamases, 554
narrow-spectrum, 554

biapenem, 773, 775t
biofilm-forming, 994, 1112
biofilm inhibitory concentrations (BICs), 308
carbapenems, resistance, 672, 699, 703
carbenicillin, 173–174, 176, 177, 188, 189

resistance, 173, 174–175, 182, 189
carfecillin, 182
carindacillin, 182
cefaclor, resistance, 377
cefazolin, resistance, 348
cefepime, 548–549, 579, 580t

resistance, 579, 585t, 594–595
cefoperazone, 415, 417t, 532
cefoperazone-sulbactam, 418
cefotaxime, 428t, 429
cefotaxime, resistance, 426, 442–443
cefpiramide, 532
cefpirome, 578

resistance, 582t, 586
cefpodoxime, resistance, 532
cefprozil, 377
cefsulodin, 530–531, 532, 533
cefsulodin, resistance, 533
ceftaroline, resistance, 607
ceftaroline-avibactam, resistance, 615
ceftazidime, 230, 324, 548, 551t, 563, 644

resistance, 554
ceftazidime-avibactam, 232

resistance, 564, 565t, 566, 569
ceftazidime-avibactam, resistance, 234
ceftiazidime, 548, 562

resistance, 548, 551t, 552t
serum bactericidal titers (SBTs), 560

ceftiazidime, resistance, 190
ceftiazidime-avibactam, resistance, 567
ceftizoxime, resistance, 532
ceftobiprole, 623t, 625
ceftolozane, 636
ceftolozane-tazobactam, 230, 636, 637, 638t, 639, 

640–641
resistance, 637, 638t, 639, 642

ceftolozane-tazobactam, resistance, 234
ceftriaxone, 469t, 475

ceftriaxone, resistance, 471
cefuroxime, 385t

resistance, 386
cephalexin, resistance, 362
cephalothin, resistance, 348
cephamycins, resistance, 405
cethromycins, resistance, 1173
chloramphenicol, resistance, 1517
chlorhexidine-silver sulfadiazine, 1604
ciclopirox, 2910
ciprofloxacin, 324, 1868t, 1869, 1895, 1896, 1898, 

1902, 1914, 1915, 1920–1921, 1922, 1925, 
1926, 1927, 1929–1930, 1931, 2024

resistance, 1875, 1878, 1879–1880, 1901, 1902, 
1925, 1926

ciprofloxacin-dexamethasone, 1050
clarithromycin, 1112
clavulanic acid, 234
clavulanic acid, resistance, 227
clinafloxacin, 2314
colistin, 230

resistance, 1434
colistin methanesulfate, 1438t–1439t
cumulative fraction of response, 325
delafloxacin, 2132, 2133, 2133t, 2135
doripenem, 729, 734, 735

combined with polymyxin, 738
resistance, 729, 730, 737, 738

efflux pumps, 40, 703, 1040
endotoxin release from, 673
enoxacin, 2172, 2172t

resistance, 2172, 2172t
eravacycline, 1286

resistance, 1277t, 1279, 1280
ertapenem, 743, 745, 747t, 757

resistance, 747t, 749, 750, 751
erythromycin, resistance, 1066
extended-spectrum beta-lactamases, 235
faropenem, resistance, 766, 767t
finafloxacin, 2140, 2140t, 2144

resistance, 2141, 2142
fleroxacin, 2187–2188

resistance, 2181, 2181t, 2182
fosfomycin, 1397, 1398
garenoxacin, 2195, 2196t, 2197, 2203
gatifloxacin, 2213, 2215

post-antibiotic effect, 2224
gemifloxacin, 2113
gentamicin, 324, 965, 970

combination therapy, 978–979
resistance, 966–967, 969t, 993, 1869

gentamicin, resistance, 234
gramicidin, 1456
grepafloxacin, 2312
iclaprim, resistance, 1777
imipenem, 324, 665, 674, 729

postantibiotic effect, 677
resistance, 665, 672, 729

imipenem-cilastatin, 683
resistance, 681

imipenem-cilastatin-relebactam, 244
imipenem-relebactam, 233, 236
isepamicin, 1039, 1040t

resistance, 1040–1041
kanamycin, resistance, 950
lefamulin, resistance, 1556
levofloxacin, 2071, 2074

resistance, 2055, 2056t, 2057, 2060
lomefloxacin, 2246t
mecillinam, resistance, 207, 208t
meropenem, 324, 698, 707–708, 729

postantibiotic effect, 709
resistance, 698, 708, 709, 729

metallo-beta-lactamases, 672, 702
metronidazole, 1810, 1827
mezlocillin, resistance, 188
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moxifloxacin, 2085, 2086t
resistance, 2085, 2086t

multidrug-resistant, 230, 324–325, 1421
amikacin, 1016
ceftolozane-tazobactam, 244
colistin, 1434
colistin methanesulfate, 1434

nalidixic acid, resistance, 2256, 2259
nemonoxacin, resistance, 2159t, 2162
neomycin, 1047

resistance, 1046
netilmicin, 1030–1031
nitrofurantoin, 1794

resistance, 1785
nitrofurazone, resistance, 1784
norfloxacin, 1986–1987

resistance, 1987–1988
novobiocin, resistance, 1450
ofloxacin, 2005t, 2006, 2017, 2024, 2030

resistance, 2004, 2033
omadacycline, resistance, 1268
pefloxacin, 2277, 2283, 2284
penicillin, resistance, 33
penicillin-binding proteins, 191
penicillin-binding protein 1a, 730
penicillin-binding protein 2, 730
penicillin-binding protein 2b, 730
penicillin-binding protein 3, 475, 533, 730
piperacilin-tazobactam, 326
piperacillin, 189, 195, 199, 532

resistance, 190–191, 199
piperacillin-aminoglycoside, 191
piperacillin-gatifloxacin, 191
piperacillin-tazobactam, 320t, 324

cumulative fraction response (CFR), 329–330
resistance, 230, 233, 234

piperacillin-tazobactam-resistant, 321
plazomicin, 1055, 1059
plazomicin, resistance, 1055
polymyxin B, 1434, 1440t–1441t

resistance, 1434
polymyxins, 1422, 1422t, 1437

resistance, 1423
prulifloxacin/ulifloxacin, 2148, 2148t
quinolone, resistance, 190–191
quinupristin-dalfopristin, 1384

resistance, 1374–1375
resistance mechanisms, 174, 234
ribosomal RNA methylases, 1057
rifampicin, resistance, 2373
roxithromycin, resistance, 1088
rufloxacin, 2290, 2291t
S-649266, 658, 658t, 659
sisomicin, 1028
sitofloxacin, 2123
sparfloxacin, 2299
spectinomycin, resistance, 1542
streptomycin, 2471–2472

resistance, 2472
sulfadiazine, resistance, 1578
sulfonamide, resistance, 1572
tazobactam, 228–229
telithromycin, resistance, 1158
temocillin, 218, 222

resistance, 218, 219t
ticarcillin, 173–175, 174t, 176, 178, 188, 188t

resistance, 174, 182
ticarcillin-clavulanic acid, 300t, 301, 303, 308

resistance, 303, 310–311
ticarcillin-clavulanic acid for, 305–306
ticaricillin, 177
tobramycin, 965, 993, 997–998, 1000–1002, 1001t, 

1019
in vitro synergy, 998
resistance, 993, 994, 1001–1002

tosufloxacin, 2304, 2305t

trimethoprim-sulfamethoxazole, 1660
resistance, 1630

trimethoprim-sulfamethoxazole/amikacin 
resistance, 1635

trovafloxacin, 2310
zabofloxacin, 2158t, 2165

Pseudomonas alcaligenes
aminoglycosides, resistance, 965
gentamicin, resistance, 965
trimethoprim-sulfamethoxazole, 1660

Pseudomonas diminuta
cefsulodin, 532
temocillin, 219t

Pseudomonas fluorescens
amikacin, 1010
apalcillin, 189
cefepime, 579
ceftazidime, 549, 551t
ceftizoxime, resistance, 532
ciprofloxacin, 1869
garenoxacin, 2197
gatifloxacin, 2214t, 2215
gentamicin resistance, 965
imipenem, 665
as mupirocin source, 1460, 1461
temocillin, 219t
trimethoprim-sulfamethoxazole, resistance, 1630

Pseudomonas luteola, piperacilin-tazobactam, 326
Pseudomonas mesophilica. See Methylobacterium
Pseudomonas mirabilis

ampicillin, 175
beta-lactamase-producing, 209
carbenicillin, 175
mecillamin, 209
piperacillin, 189
ticarcillin, 175

Pseudomonas multivorans, gentamicin resistance,  
965

Pseudomonas oryzihabitans
cefepime, 579
ceftazidime, 549
imipenem, 665
trimethoprim-sulfamethoxazole, 1630

Pseudomonas paucimobilis, cefsulodin, 532
Pseudomonas pseudomalei. See Burkholderia 

pseudomallei
Pseudomonas putida

apalcillin, 189
carbenillin, 175
cefepime, 579
ceftazidime, 549
ceftizoxime, resistance, 532
ciprofloxacin, 1869
enoxacin, resistance, 2172, 2172t
gentamicin, resistance, 965
imipenem, 665
ticarcillin, 175
trimethoprim-sulfamethoxazole, resistance,  

1630
Pseudomonas putrefaciens

ciprofloxacin, 1869
gentamicin resistance, 965

Pseudomonas rettgeri
carbenicillin, 188
carfecillin, 182
carindacillin, 182
mezlocillin, 188
ticarcillin, 188

Pseudomonas rhodos. See Methylobacterium
Pseudomonas rodiora. See Methylobacterium
Pseudomonas stutzeri

amikacin, 1010
ciprofloxacin, 1869
garenoxacin, 2197
gentamicin, resistance, 965
imipenem, 665

temocillin, 219t
tobramycin, 993
trimethoprim-sulfamethoxazole, 1630

Pseudomonas syringae, fosfomycin-kinases in, 1396
Pseudomonas vulgaris

carfecillin, 182
carindacillin, 182

Pseudomonic acid A. See Mupirocin
Pseudotumor cerebri, minocycline, 1236
Psittacosis

doxycycline, 1208, 1213
sulfonamide, resistance, 1596

Psoriasis
HIV-associated, zidovudine, 3681
rifampicin, 2409
sulfasalazine-pentoxifylline, 1603

Psoroptes, moxidectin, 3362
Psychiatric side effects. See also Neuropsychiatric 

side effects
aciclovir, 3465
anidulafungin, 2701
atovaquone-proguanil, 3132
chloroquine, 3039
ciprofloxacin, 1907
clarithromycin, 1106
cycloserine, 2524, 2525–2526
dolutegravir, 4270
efavirenz, 3920–3923
ganciclovir, 3513
iclaprim, 1780t
as mefloquine contraindication, 3082, 3084
micafungin, 2687
minocycline, 1242–1243
oxamniquine, 3399
pefloxacin, 2283
piperaquine, 2997, 2998
primaquine, 3103

Psychoactive medications, interactions with 
furazolidone, 3190

Psychological side effects. See also Psychiatric side 
effects

ketonconazole, 2745
Psychosis, antimicrobials causing

chloroquine, 3039
eflornithine, 3259
ethionamide, 2498
ganciclovir, 3513
garenoxacin, 2205
gatifloxacin, 2227
gentamicin, 978
isoniazid, 2331
levofloxacin, 2063
as mefloquine contraindication, 3084
metronidazole-disulfiram, 1821
nalidixic acid, 2265
nifurtimox, 315
pefloxacin, 2283
quinacrine, 3201
tobramycin, 1000
trimethoprim-sulfamethoxazole, 1655

Psychosis, ofloxacin-related, 2020, 2021t
Psychotropic drugs, drug interactions

rifampicin, 2386t
ritonavir, 4187

PTK0796. See Omadacycline
Pubic lice. See Phthirus pubis (pubic lice)
Puerperal sepsis, penicillin G, 67
Pulmonary embolism, radezolid-related, 1355
Pulmonary infiltration, tetracycline, 1199
Pulmonary surfactant, daptomycin inhibition by, 

879–880
Pulmonary surgery, ceftiazidime prophylaxis, 557
Pulmonary toxicity, of drugs. See Respiratory tract 

side effects
Puncture wounds, amoxicillin-clavulanic acid, 269
Punto Toro virus, ribavirin, 4368t, 4370



I-152 Index

Pus, antimicrobial distribution in
ethambutol, 2350
fusidic acid, 1412
metronidazole, 1818–1819
nalidixic acid, 2264

Pyelonephritis
amphotericin B, 2588
ampicillin, 113
carbenicillin, 178
carfecillin, 182
carindacillin, 182
cefepime, 563
cefixime, 544
ceftazidime, 563
ceftazidime-avibactam, 244, 570
ceftizoxime, 536
ceftolozane-tazobactam, 243–244, 642
cerufoxime, 391
ciprofloxacin, 1914
daptomycin, 899
doripenem, 736–737
ertapenem, 761
fosfomycin, 1400
gentamicin, 974, 979
isepamicin, 1043
levofloxacin, 2065
lomefloxacin, 2250
netilmicin, 1034
nitrofurantoin, 1793
norfloxacin, 1992
peramivir-related, 4619
in pregnancy

cefazolin, 354
ceftriaxone, 495

temocillin, 220
tosufloxacin, 2307

Pyloric stenosis, clarithromycin-related, 1108
Pyoderma

isoxazolyl penicillins, 154
levofloxacin, 2073
sulconazole, 2894

Pyoderma gangrenosum, dapsone, 1761
Pyostacine®. See Pristinamycin
Pyramax. See Pyronaridine-artesunate
Pyrantel pamoate, 3381–3384

administration modes, 3382
adverse reactions and toxicity, 3383
antimicrobial activity, 3381–3382
chemical structure, 3381, 3381t
clinical uses, 3383, 3384t
dosage, 3382, 3384t
drug interactions, 3383
mechanism of action, 3382
pharmacokinetics/pharmacodynamics, 3382–3383
resistance, 3382

Pyrazinamidase, 2362
Pyrazinamide

administration modes, 2362
adverse reactions and toxicity, 2364–2365
chemical structure, 2361, 2361f
clinical uses, tuberculosis, 2031, 2099, 2100, 2361

drug-resistant tuberculosis, 2336
pretomanid/moxifloxacin combination therapy, 

2366
pulmonary tuberculosis, 2333
tuberculosis prevention, 2366
tuberculosis treatment, 2365–2366

combined with moxifloxacin, 2366
dosage, 2362–2363
drug interactions

delamanid, 2555t
ofloxacin, 2020
probenecid, 2364, 2365
rifampicin, 2364, 2365, 2390
rilpivirine, 4000t

in vitro synergy and antagonism, 1304, 2362
mechanism of action, 2361, 2362, 2363
metabolites, 2363–2364
pharmacokinetics/pharmacodynamics

bioavailability, 2363
clinically important features, 2363
distribution in body, 2363
excretion, 2362–2364

resistance and cross-resistance, 950, 2361, 2362
Pyrazinamide, combined with rifampicin, 2393
Pyridoxine (vitamin B6)

in combination with ethionamide, 2496, 2498
as isoniazid overdosage antidote, 2331

Pyrimethamine, 1625, 1725–1745
administration mode, 1727
adverse reactions and toxicity, 1731–1732
antimicrobial activity, 1625

Cystoisospora belli, 1726
Plasmodium, 1725
Pneumocystis jirovecii (carinii), 1726
Toxoplasma gondii, 1726

chemical structure, 1725, 1725f
clinical uses

cystoiososporiasis, 1737
malaria, 1737, 1738t–1739t
malaria prophylaxis (adults), 1727
malaria prophylaxis (children), 1728
malaria treatment (adults), 1727
malaria treatment (children), 1728
mycobacterial infections, 1737
Pneumocystis jirovecii pneumonia, 1736–1737
toxoplasmosis, 1597, 1727–1728, 1732–1736

in combination with
artesunate, 1575
doxycycline, 1735
sulfadiazine, 1575
zidovudine, 1731

dosage, 1727–1729
drug interactions, 1730–1731
folic acid interaction, 1728
in vitro synergy and antagonism, 1758
mechanism of action, 1727
pharmacokinetics/pharmacodynamics

bioavailability, 1729–1730
distribution, 1730
excretion, 1730

resistance and cross-resistance, 1726–1727, 1758
Pyrimethamine-dapsone (Maloprim), 1729, 1731, 

1732, 1758, 1761
malaria prophylaxis, 1600–1601, 1758, 1761
resistance, 1600–1601

Pyrimethamine-sulfadiazine
clinical uses, 1595
encephalitis, 1597

Pyrimethamine-sulfadoxine-mefloquine. See 
Fansimef

Pyrimethamine-sulfadoxine. See Fansidar 
(pyrimethamine-sulfadoxine)

Pyronaridine
administration modes, 3009
chemical structure, 3006, 3006f
in vitro synergy and antagonism, 3012
mechanism of action, 3009
pharmacokinetics/pharmacodynamics,  

3010–3013
bioavailability, 3010–3011
distribution in body, 3011, 3013
excretion, 3012
post-antibiotic effect, 3011

resistance and cross-resistance, 3008–3009
Pyronaridine-artesunate, 3006–3018

administration mode, 3009
adverse reactions and toxicity, 3013–3015, 3013t
clinical uses, 3015–3016
dosage, 3009–3010

drug interactions, 3012–3013
pharmacokinetics/pharmacodynamics, 3011–3012

Pyrosequencing, 952–953
Pyruvate:ferredoxin oxidoreductase

in metronidazole resistance, 1811, 1812, 1813
nitazoxanide-related inhibition, 3165

Pyruvate oxidoreductase complex, in metronidazole 
activity, 1814

Pythium insidiosum
amphotericin B, 2573t
azithromycin, 1122
ketoconazole, 2732t
linezolid, 1299

Q
QDMARK study, 4218
Q fever. See Coxiella burnetii (Q fever)
Qinghao (Artemisia annua) derivatives. See also 

Artemisinins; Artesunate
Qinghaosu. See Artemisinins
qnr genes, 1877, 1879, 2260
QT interval prolongation, drugs causing

amoxicillin-clavulanic acid, 266
antimonial agents, 3285, 3285t
arteminsinins, 2953
artemisinin-naphthoquine, 3023, 3024
avarofloxacin, 2160–2161
azithromycin, 1106, 1129
bedaquiline, 2545, 2546–2547
chloroquine, 3037, 3039
ciprofloxacin, 1911, 2313
clarithromycin, 1102, 1105–1106
delamanid, 2553–2555, 2555t
dihydroartemisinin-piperaquine, 2998t, 2999
efavirenz, 3930
erythromycin, 1073, 1075, 1106
fluconazole, 2765, 2768
fluoroquinolone, 2019
fluoroquinolones, 1911
garenoxacin, 2204
gatifloxacin, 2221, 2226
gemifloxacin, 2116
grepafloxacin, 2312, 2313
halofantrine, 3094
hydroxychloroquine, 3037, 3039
iclaprim, 1781
isavuconazole, 2864, 2865
itraconazole, 2795, 2798
ketoconazole, 2741–2742
levofloxacin, 2064
lopinavir-ritonavir, 4096
mechanism of, 2313
mefloquine, 3081, 3082
metronidazole, 1824
moxifloxacin, 1911, 2064, 2092, 2093, 2151, 2313
nemonoxacin, 2163
pefloxacin, 2283
pentamidine, 3275
peramivir, 4619
piperaquine, 2997, 2999
posaconazole, 2851
quinine, 3064, 3064t
roxithromycin, 1091, 1106
sitofloxacin, 2127
sparfloxacin, 2064, 2298, 2313
sulfonamides, 1592
telavancin, 935, 936
telithromycin, 1163–1164
terfenadine, 2741–2742
tosufloxacin, 2307
voriconazole, 2833
zabofloxacin, 2165

QUAD study, 3943
Qualified Infectious Disease Products, tedizolid,  
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QUANTUM study, 4479, 4480t
QUARTZ II and III studies, 4507
Quellada. See Lindane
Quellada. See Permethrin
Quercetin, interactions with moxidectin, 3364
Quetiapine, drug interactions

atazanavir, 4148t
clarithromycin, 1104t
rifampicin, 2386t

Quinacrine, 3200–3202
drug interactions, 3104
as giardiasis treatment, 1834

Quinidine
clinical uses, 3069
cobicistat, 4186t
dosage, 3061, 3062
drug interactions

amantadine, 4535–4536
atazanavir, 4149t
fosamprenavir, 4111t
ofloxacin, 2019–2020, 2019t
posaconazole, 2850
rifabutin, 2437–2438
rifampicin, 2385, 2386t
ritonavir, 4186t
voriconazole, 2830

excretion, 3063
Quinine, 3058–3074

administration and dosage, 3060–3062
babesiosis, 3061
combined with antibiotics, 3061
severe malaria, 3060–3061
uncomplicated malaria, 3060, 3061

administration modes, 3060
intravenous, 3061, 3062t
rectal, 3061, 3062, 3068–3069

adverse reactions and toxicity, 3064–3066
antimicrobial activity, 3058–3059, 3059t
chemical structure, 3058, 3058f
clinical uses

antibiotic-quinine malaria treatment, 3060, 
3066, 3067t, 3068

babesiosis, 1132–1133, 1499–1500, 3069–3070
malaria, 1598
malaria in pregnancy, 3068
severe malaria, 3068–3069, 3069t
uncomplicated malaria, 3066

in combination with clindamycin, 1471
drug interactions, 3063

amantadine, 4535–4536
sofosbuvir-velpatasvir, 4463t
synergistic, with azithromycin, 1124

mechanism of action, 3060
pharmacokinetics/pharmacodynamics, 3062t

bioavailability, 3062
clinically important features, 3063
distribution in body, 3062–3063
excretion, 3063

Quinolone carboxylic acids. See also Nalidixic acid; 
Quinolones

definition, 2254
Quinolone resistance-determining-region (QRDR) 

mutations, 2141–2142, 2199, 2200, 2218, 2219, 
2220, 2260, 2262, 2279

Quinolones, 3058. See also Fluoroquinolones; 
Nalidixic acid

adverse reactions and toxicity, 354, 2022
chemical structure, 2254, 2254f
clinical uses, 255, 257
co-administration with ampicillin, 103
definition, 2254
development and availability chronology, 2256t
drug interactions, 2978
hydrophilic, 2258
newer derivatives. See Fluoroquinolones

older derivatives, 2254, 2255t
resistance and cross-resistance, 27, 190–191, 470
use in food animals, 12t

Quinoxalines, use in food animals, 13t
Quinsy, 96
Quinupristin, chemical structure, 1374, 1375f
Quinupristin-dalfopristin

administration mode, 1376–1377, 1377t
adverse reactions and toxicity, 1380–1381, 1380t, 

1382, 1383
antimicrobial activity, 31

CLSI criteria, 1374
Gram-negative aerobic bacteria, 1374–1375, 

1376f
Gram-positive aerobic bacteria, 1374, 1376f
minimum inhibitory concentrations, 1374
vancomycin-resistant enterococci, 1239

clinical uses
catheter-related infections, 1383
nosocomial respiratory tract infections, 

1383–1384
skin and skin structure infections, 1383
vancomycin-resistant Enterococcus faecium 

infections, 1381–1383
in combination with rifampicin, 2372
dosage, 1376–1377

overdose, 1381
drug interactions, 1379–1380, 1380t

trimetrexate, 1771
in vitro synergy and antagonism, 1303
mechanism of action, 1375, 1376
pharmacokinetics/pharmacodynamics, 

1378–1380, 1378t
bioavailability, 1378
clinically important features, 1379
distribution in body, 1378–1379
excretion, 1379

postantibiotic effect, 1379
resistance, 1152, 1374–1375, 1376t

cross-resistance, 1300
Quisnon. See Prulifloxacin/ulifloxacin
Quixin. See Levofloxacin
Quorum sensing, 1112

R
R165335. See Etravirine
R207910. See Bedaquiline
Rabbitpox virus

brincidofovir, 3538–3539
cidofovir, 3538

Rabeprazole, as Helicobacter pylori infection 
treatment, 1239–1240

Rabies vaccine, interactions with chloroquine, 3038
Rabies virus/rabies

favipiravir, 4632t, 4641
minocycline contraindication in, 1232
ribavirin, 4396

Radanil. See Benznidazole
RADAR study, 4136, 4231
Radezolid, 1354–1355, 1355f
Radiation bowel disease, sulfasalazine, 1602
Radiation dermatitis, silver sulfadiazine, 1603
Radiation proctitis, metronidazole, 1828
Radicular pain, amphotericin B, 2575, 2584
Ragonil. See Benznidazole
Ralstonia pickettii

ceftazidime, 552
trimethoprim-sulfamethoxazole, 1630

Raltegravir, 4215–4241
administration mode, 4217
adverse reactions and toxicity, 4220–4221
antiviral activity, 4215–4216
chemical structure, 4215, 4215t
clinical use, HIV-1 virus infection

cART regimens, 4237–4238

combination therapy, 4222t–4223t, 4228–4230, 
4230–4235, 4231–4234

dolutegravir versus, 4275–4276, 4275f
efavirenz versus, 3938–3939
intensification studies, 4237
monotherapy, 4221, 4222t, 4224t, 4228
in NRTI-sparing regimens, 4230–4231
switch studies, 3939, 4235–4237
in treatment-experienced patients, 4231, 

4234–4235
in treatment-naive patients, 4228–4230

in combination with
emtricitabane, 3811
lamivudine, 3729
tenofovir-emtricitabane, 4221

dosage, 4217–4218
drug interactions, 4219–4220

antacids, 4219–4220, 4220t
atazanavir, 4150t, 4219
darunavir, 4131t
efavirenz, 4219
etravirine, 3978t
omeprazole, 4219–4220
proton pump inhibitors, 4220
rifampicin, 2387, 2389t, 4219, 4220t
rilpivirine, 4000t
ritonavir, 4187
saquinavir, 4031t, 4035
tenofovir, 4219

mechanism of action, 4216–4217
pharmacokinetics/pharmacodynamics

bioavailability, 4218
clinically important features, 4218–4219
distribution, 4218
excretion, 4219

resistance and cross-resistance, 4216
Ramfaximin, as Clostridium difficile-associated 

diarrhea treatment, 817
Ramoplanin, 940–943

administration mode, 942
adverse reactions and toxicity, 942
antimicrobial activity

Gram-negative bacteria, 940
Gram-positive bacteria, 940

chemical structure, 940, 941f
clinical uses, 942
dosage, 942
mechanism of action, 941–942
pharmacokinetics/pharmacodynamics, 942
resistance and cross-resistance, 940, 941–942

Randomized Evaluation IntraVenous Iclaprim 
Vancomyin TrEatment (REVIVE) trial, 1781

Ranitidine
co-administration with amoxicillin, 113
drug interactions

chloroquine, 3037–3038
enoxacin, 2173–2174
etravirine, 3980t
fosamprenavir, 4112
ketoconazole, 2737

Ranolazine, drug interactions
darunavir, 4132t
fluconazole, 2765

Rapamycin, drug interactions, 3977
Rapivab. See Peramivir
Rashes, drugs causing

amantadine, 4537
amoxicillin, 116, 240
amoxicillin-clavulanic acid, 240, 265, 267
amphotericin B, 2585
ampicillin, 115–116
ampicillin-sulbactam, 285
anidulafungin, 2701
atazanavir, 4151t
atovaquone, 3122
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Rashes, drugs causing (continued)
atovaquone-proguanil, 3141, 3142t
azithromycin, 1130
azlocillin, 196
aztreonam, 651
bacitracin, 1457
benznidazole, 3207
biapenem, 778
caspofungin, 2670
cefepime, 593
cefoperazone-sulbactam, 420
ceftaroline, 611, 611t
ceftaroline-avibactam, 616, 616t
ceftobiprole, 631, 631t
ceftriaxone, 483
cefuroxime, 390
cephalexin, 365
chloroquine, 3038
ciprofloxacin, 1907–1908
clavulanic, 240
clinafloxacin, 2314
clindamycin, 1487, 1495
clofazimine, 2536, 2537t
crotamiton, 3442
cycloserine, 2526
dapsone, 1753
daptomycin, 886, 886t, 888
darunavir, 4133–4134
delavirdine, 3965
doltegravir, 4263
efavirenz, 3923–3924
enfuvirtide, 4301
enoxacin, 2175
ertapenem, 755, 756t
erythromycin, 1075
ethambutol, 2352
etravirine, 3977, 3980, 3981, 3981t
first-generation cephalosporins, 373
fluconazole, 2767
flucytosine, 2923
foscarnet, 3600t, 3601
fosfomycin, 1399
ganciclovir, 3513–3514
gemifloxacin, 2116–2117
gentamicin, 978
griseofulvin, 2929
indinavir, 4069–4070
iodoquinol, 3200
isavucoanzole, 2865
isoniazid, 2365
isoxazolyl penicillin, 154
itraconazole, 2797
ivermectin, 3356, 3357, 3357t
josamycin, 1153
kanamycin, 958
ketoconazole, 2744
levofloxacin, 2064, 2065
lindane, 3425
linezolid, 1314t, 1315, 1317t
maribavir, 3643
melarsoprol, 3246
methicillin, 139
metronidazole, 1823, 1824
micafungin, 2687
miltefosine, 3298
minocycline, 1236–1237, 1238
moxifloxacin, 2092
nafcillin, 167
nalidixic acid, 2265–2266
nelfinavir, 4081
nevirapine, 3862, 3874–3876, 3874t, 3878
niclosamide, 3407
norfloxacin, 1990
novobiocin, 1452
ofloxacin, 2020, 2021t, 2022

ombitasvir-paritaprevir-ritonavir-dasabuvir, 4503t
oxacillin, 167
para-aminosalicyclic acid, 2491
pentamidine, 3275
peramivir, 4619
piperacillin, 196
piperacillin-tazobactam, 333, 333t
pivmecillinam, 212
polymyxins, 1447
posaconazole, 2850–2851
praziquantel, 3389
pristinamycin, 1389, 1389t, 1390
prulifloxacin/ulifloxacin, 2151
pyrazinamide, 2365
pyrimethamine, 1731, 1732
pyronaridine-artesunate, 3015
quinine, 3065
quinupristin-dalfopristin, 1380, 1380t
raltegravir, 4221
ravuconazole, 2880
ribavirin, 4384
rifabutin, 2439
rifampicin, 2365, 2387
rifapentine, 2466–2467
rifaximin, 2455
rilpivirine, 4005, 4006t, 4007
ritonavir, 4202t
sitafloxacin, 2126
spectinomycin, 1544
spiramycin, 3178
streptomycin, 2479
sulfonamides, 1587–1588
teicoplanin, 850, 851–852
telavancin, 935
telbivudine, 4350t
terbinafine, 2714
thiacetazone, 2506
ticarcillin, 179
tigecycline, 1258
tinidazole, 1853
tipranavir-ritonavir, 4171
tobramycin, 1000
tosufloxacin, 2307
trimethoprim-sulfamethoxazole, 1648
trimetrexate, 1772
trovafloxacin (withdrawn from market), 

2311–2312
vancomycin, 809
voriconazole, 2832

RASTA study, 3939
Rat-bite fever, 34

penicillin G, 52, 66
Rat cytomegalovirus

brincidofovir, 3534
cidofovir, 3533t, 3537t

Rat tapeworm. See Hypenolepsis diminuta
Rauscher murine leukemia virus, ribavirin- 

didanosine, 4369
Ravidasvir, 4438t, 4630t, 4636
Ravuconazole, 2876–2882

administration modes, 2879
adverse reactions and toxicity, 2880
antimicrobial activity, 2876–2877
chemical structure, 2876, 2876f
clinical uses, 2880
dosage, 2879
drug interactions, 2880
excretion, 2880
mechanism of action, 2877, 2879
pharmacokinetics/pharmacodynamics, 2879–2880
resistance and cross-resistance, 2877

rdxA gene, 1812, 1814
Reactive oxygen species

clofazimine-induced, 2533, 2534
miconazole-induced, 2815

Real-life SimSof study, 4484
RECLAIM 1 and 2 studies, 569–570
Recreational and illicit drugs. See also specific drugs

drug interactions
dolutegravir, 4261t
linezolid, 1314
ritonavir, 4200–4201

Rectal tissue
emtricitabane, 3805
maravoric, 4311

Recurrent respiratory papillomatosis, cidofovir, 
3559–3560

Red blood cells, drugs interacting with
atovaquone-proguanil, 3140
ketoconazole, 2739
pyrimethamine, 1730
quinine, 3062–3063

Red cell aplasia
thiacetazone, 2506–2507
zidovudine, 3670

Red-man syndrome
teicoplanin, 850
vancomycin, 804, 807–808

Regaglinide, interactions with tipranavir-ritonavir, 
4167t

Regulus Therapeutics, 4630t
Relapsing fever. See Borrelia hermsii (relapsing fever); 

Borrelia recurrentis (relapsing fever)
Relebactam. See also Imipenem-relebactam

action mechanism, 235
beta-lactamase-inhibiting activity, 226
chemical structure, 225f, 226

Relenza. See Zanamivir
RELIEF study, 2097
Renal clearance. See also ‘excretion’ under specific 

drugs
augmented, 94

of amoxicillin, 112
of ampicillin, 112
of cefazolin, 350, 352
of cephalothin, 352
definition, 352

Renal dysfunction, drug-associated. See 
Nephrotoxicity

Renal dysfunction/failure, drug use in
abacavir, 3778–3779, 3778t, 3789
aciclovir, 3457–3458, 3458t, 3459–3460
adefovir dipivoxil, 4338, 4339t, 4340
albendazole, 3315
amantadine, 4532, 4537
amikacin, 1013–1014, 1015t, 1017
amodiaquine, 3051
amoxicillin, 112
amoxicillin-clavulanic acid, 236–237, 261
amoxicllin-clavulanic acid, 261, 262, 262t
amphotericin B, 2578, 2580, 2584, 2630
amphotericin B, liposomal, 2614
amphotericin B-lipid complex, 2630–2631
ampicillin, 112, 116
ampicillin-sulbactam, 283, 284
anidulafungin, 2698
antimonial agents, 3283–3284
artemether-lumefantrine, 2976
artemisinin-naphthoquine, 3021
artesunate, 2967
atazanavir, 4145
atovaquone, 3120
atovaquone-proguanil, 3130, 3140
azithromycin, 1125
azlocillin, 192
aztreonam, 648, 649t, 651
bedaquiline, 2544
biapenem, 776, 778
capreomycin, 2515
capsofungin, 2668
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carbenicillin, 177, 179, 181
aminoglycoside inactivation by, 182

carfecillin, 176
carindacillin contraindication in, 176
cefaclor, 378
cefadroxil, 372
cefazolin, 350
cefdinir, 534
cefditoren, 534
cefepime-tazobactam, 588
cefixime, 541
cefoperazone-sulbactam, 419
cefotaxime, 431t, 432–433, 434
cefotetan, 408
cefotiam, 398–399
cefoxitin, 407, 407t, 409
cefpirome, 588
cefpodoxime, 534
cefprozil, 378
cefsulodin, 534
ceftaroline, 610
ceftazidime-avibactam, 237
ceftibuten use in, 534
ceftizoxime, 534
ceftobiprole, 628
ceftolozane-tazobactam, 237, 639t, 640
ceftriaxone, 476, 477t, 484, 485
cefuroxime, 387, 390
cephalexin, 363, 363t, 365
cephalothin, 350
cephamycins, 407
cephradine, 372, 373
cethromycin, 1174
chloramphenicol, 1521, 1524–1525
chloroquine, 3035–3036, 3130
cidofovir, 3548, 3548t
cilastatin, 674, 675, 675t, 677
ciprofloxacin, 1890–1891, 1893–1894, 1899
clarithromycin, 1100
clindamycin, 1478, 1479
clofazimine, 2535
cobicistat, 4183, 4184
cycloserine, 2522, 2523
dalbavancin, 921
dapsone, 1750
daptomycin, 875–876
darunavir, 4129
delafloxacin, 2134
delamanid, 2553
delavirdine, 3961
dicloxacillin protein binding in, 148
didanosine, 3703, 3703t
diethylcarbamazine, 3372
diloxanide furoate, 3196
dolutegravir, 4254
doripenem, 731
dosage, 2928
doxycycline, 1208, 1210
efavirenz, 3911
elvitegravir, 4234
emtricitabane, 3804, 3804t
enfuvirtide, 4300
enoxacin, 2173
entecavir, 4326, 4326t
eravacycline, 1281
ertapenem, 752–753, 752t, 756–757
erythromycin, 1070, 1075
ethambutol, 2349, 2351
ethionamide, 2496
etravirine, 3974
famciclovir, 3495–3496, 3496t
faropenem, 768
fidaxomicin, 1550
finafloxacin, 2142
fleroxacin, 2183, 2184

fluconazole, 2761–2762
flucytosine, 2921, 2922, 2923
fomivirsen, 3648
fosamprenavir, 4107
foscarnet, 3594–3595, 3596t, 3598
fosfomycin, 1398
fusidic acid, 1411
ganciclovir, 3507t, 3509
garenoxacin, 2201
gatifoxacin, 2221
gemifloxacin, 2115
gentamicin, 972, 973, 975, 977, 979

interaction with carbenicillin, 181
HCV antiviral drugs, 4452t–4453t
iclaprim, 1778–1779
imipenem, 674, 675, 675t, 677

contraindication in pediatric patients, 673
imipenem-relebactam, 237
indinavir, 4063
isavuconazole, 2862
isepamicin, 1041, 1042
isoniazid, 2324
itraconazole, 2791
ivermectin, 3354t
kanamycin, 953, 953t, 954–955, 959
ketoconazole, 2737
lamivudine, 3733, 3734t
laninamivir, 4565
letermovir, 3623
levofloxacin, 2060–2061, 2061t
linezolid, 1307, 1313, 1315, 1317
lomefloxacin, 2247, 2248
lopinavir-ritonavir, 4090
maraviroc, 4309
maribavir, 3642
mebendazole, 3331
mecillinam, 210–211
mefloquine, 3079
melarsoprol, 3242
meropenem, 704–705, 705t, 706t
methenamine, 1801
methicillin, 138, 140
metronidazole, 1816–1817
mezclocillin, 192
micafungin, 2685
miconazole, 2815–2816
miltefosine, 3296–3297
minocycline, 1233
moxifloxacin, 2085, 2088
naficillin, 165, 166
nalidixic acid, 2263, 2264, 2265
nelfinavir, 4078
neomycin, 1047, 1049
netilmicin, 1031, 1041
nevirapine, 3863, 3863t, 3868
niclosamide, 3406
nifurtimox, 3214
nitazoxanide, 3166
nitrofurantoin, 1787, 1788, 1790
norfloxacin, 1988
novobiocin, 1451
ofloxacin, 2011–2012, 2011t, 2012, 2014–2015
omadacycline, 1269
ombitasvir-paritaprevir-ritonavir-dasabuvir, 

4503–4504
oritavancin, 911
oseltamivir, 4589t, 4590–4591, 4590t
oxacillin accumulation in, 152
panipenem, 776
para-aminosalicyclic acid, 2490
paromomycin, 3151, 3154
pefloxacin, 2279–2280
penicillin G, 43, 44, 47, 138
penicillins, 975
penicillin V, 96

pentamidine, 3273
peramivir, 4615, 4617–4618, 4618t
piperacilin-tazobactam, 326t, 327
piperacillin, 193, 196
piperacillin-tazobactam, 237
piperaquine, 2995
plazomicin, 1058, 1059
polymyxin B, 1427–1428, 1429–1430
posaconazole, 2847
praziquantel, 3388
pristinamycin, 1387
proguanil, 3130
prulifloxacin/ulifloxacin, 2149
pyrazinamide, 2362–2363
pyrimethamine, 1728–1729
pyronaridine-artesunate, 3010
quinine, 3062
quinopristin-dalfopristin, 1377
radezolid, 1355
raltegravir, 4217–4218
ribavirin, 4377–4378
rifabutin, 2437
rifampicin, 2381–2382
rifapentine, 2465
rifaximin, 2454
rilpivirine, 4001
rimantadine, 4532
ritipenem, 776
ritonavir, 4183, 4184
roxithromycin, 1089
rufoxacin, 2291
sitafloxacin, 2125
sparfloxacin, 2296–2297
spiramycin, 3177
stavudine, 3759, 3759t
streptomycin, 2476
sulbactam, 242
sulfadiazine, 1583
sulfadimidine, 1583
sulfamethoxazole, 1583, 1641
sulfapyridine, 1583
sulfasalazine, 1583
sulfonamides, 1582–1583
suramin, 3229–3230
tedizolid, 1362, 1363t
teicoplanin, 845
telavancin, 933, 935–936, 937
telbivudine, 4347, 4347t
telithromycin, 1160
temocillin, 221
tenofovir, 3829
terbinafine, 2713
tetracycline, 1196, 1197, 1199
thiacetazone, 2505
ticarcillin, 177, 179, 180, 182
ticarcillin-clavulanic acid, 237, 304, 306
tigecycline, 1254
tinidazole, 1852
tipranavir, 4163
tobramycin, 995–996, 997, 998
tosufloxacin, 2306
triclabendazole, 3348
trimethoprim-sulfamethoxazole, 1639t, 

1640–1641, 1652–1653
trimetrexate, 1770
valganciclovir, 3507t, 3509
vancomycin, 798, 799–800, 803, 807
voriconazole, 2827
zanamivir, 4562–4563, 4564, 4568
zidovudine, 3664t, 3665, 3666t, 3667

Renal failure, drugs causing
ampicillin, 117
ceftaroline, 611
cephalothin, 353
ciprofloxacin, 1909–1910, 2227
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Renal failure, drugs causing (continued)
clindamycin, 1486, 1487, 1489
ethambutol, 2352
foscarnet, 3600t, 3601
garenoxacin, 2205
gentamicin, 976
micafungin, 2687
minocycline, 1236–1237
nevirapine, 3878
norfloxacin, 1991
ofloxacin, 2023
para-aminosalicyclic acid, 2491
prulifloxacin/ulifloxacin, 2151
rifampicin, 2390–2391
roxithromycin, 1090
streptomycin, 2478–2479
sulfonamides, 1591
telithromycin, 1165
trimethoprim-sulfamethoxazole, 1649,  

1652–1653
Renal infections, penicilin G, 67
Renal replacement therapy. See also Continuous 

renal replacement therapy (CRRT); Dialysys; 
Hemodialysis

doripenem, 731, 733
fluconazole, 2762
peramivir, 4618

Renal side effects. See Nephrotoxicity
Renal tissue, carbenicillin in, 179
Renal toxicity. See Nephrotoxicity
Renal transplant recipients

amoxicillin-clavulanic acid prophylaxis, 269
BK virus, ciprofloxacin, 1936
ciprofloxacin, 1910
cyclosporin, 1910
cytomegalovirus infections

ganciclovir, 3518–3519
valganciclovir, 3519

fluconazole, 2768
foscarnet, 3606
Legionella pneumonia, erythromycin, 1077
letermovir, 3625
levofloxacin prophylaxis, 2075
miltefosine, 3305
minocycline, 1240
ofloxacin prophylaxis, 2025
trimethoprim-sulfamethoxazole, 1648, 1652,  

1654
bacterial infection prophylaxis, 1687
Pneumocystis pneumonia prophylaxis, 1680

valaciclovir side effects in, 3465
Reovirus, ribavirin, 4371
REP-2139, 4631t, 4638–4639
Repaglinide, drug interactions

rifampicin, 2386t
sulfamethoxazole, 1646t
telithromycin, 1162
trimethoprim, 1646t

Replicor, 4631t
REPRISE trial, 570
Reproductive toxicity. See also Fetal toxicity; Sperm/

spermatogeneis abnormalities; Teratogenicity
cidofovir, 3548

Reproductive tract, antimicrobial distribution in
ciprofloxacin, 1900
pefloxacin, 2281
tinidazole, 1853

Rescriptor. See Delavirdine
Resistance, antimicrobial. See also resistance and 

cross-resistance under specific drugs and 
organisms

adaptive
efflux pumps in, 966–967
to isepamicin, 1041
to netilmicin, 1030

agriculture-related
in aquaculture, 11, 13
in dairy cattle, 25–26
in food animals, 10–11
in horticulture and crop production, 13–14
methods to control, 14, 16

colonization and, 1050
emerging, 6–7
extensively resistant strains, 5
genetic factors in, 9, 11
macrolide-lincosamide-streptogramin cross- 

resistance phenotype, 1471–1473, 1474
mechanisms of, 5, 9
One Health concept of, 9
role of pharmacokinetic/pharmacodymanic  

(PK/PD) relationships, 3, 5
RESIST studies, 2377, 4160, 4169, 4171, 4172–4174, 

4173t, 4301, 4302–4303
Resochin. See Chloroquine
Respiratory depression, streptomycin-related, 2479
Respiratory failure

clindamycin-related, 1487
gentamicin-related, 977

Respiratory secretions, cefotaxine in, 436
Respiratory side effects

amphotericin B, 2584
cefpirome, 594
furazolidone, 3190
iclaprim, 1780t
miltefosine, 3298
nitrofurantoin, 1790–1791
pyrimethamine-dapsone, 1732
ribavirin, 4381t, 4383
sulfonamides, 1592

Respiratory surgery prophylaxis, ampicillin- 
amoxicillin, 122

Respiratory syncytial virus (RSV) infections
in children, 58
investigational drugs, 4632t

ALS-008112, 4632t, 4640
ALS-008176, 4632t, 4640
BTA585, 4632t, 4640
presatovir, 4632t, 4640

ribavirin, 4368, 4385–4387
Respiratory syndrome, rifampicin, 2390
Respiratory tract disease

clarithromycin, 1111–1112
mycobacterial

azithromycin, 1134–1135
clarithromycin, 1109–1110

Respiratory tract infections
amoxicillin, 118–119
amoxicillin-clavulanic acid, 257t, 260–261, 

267–268
atypical, trovafloxacin (withdrawn from market), 

2311
cefamandole, 400–401
cefoperazone-sulbactam, 419
cefotiam, 400–401
ceftaroline, 607
ceftriaxone, 480
cefuroxime, 390
cephalexin, 366
cephradine, 374
ciprofloxacin, 1924–1927

in bronchiectasis, 1927
in cystic fibrosis, 1926–1927

clindamycin, 1495–1496
colistin methanesulfate, 1438t–1439t, 1443
daptomycin, 898
doxycycline, 1212–1213
enoxacin, 2176
fleroxacin, 2189
fluoroquinolones, 1091
garenoxacin, 2205–2207, 2206t

gatifloxacin, 2228–2230, 2229t
isepamicin, 1043
josamycin, 1153–1154
levofloxacin, 2068–2072, 2069t, 2070t
lomefloxacin, 2250
metronidazole, 1826
ofloxacin, 2030
penicillin G, 67, 68
piperacillin-tazobactam, 307–308
pristinamycin, 1390
prulifloxacin/ulifloxacin, 2153–2154
Pseudomonas aeruginosa-related, 174
quinupristin-dalfopristin, 1383–1384
ritipenem, 779
rosaramicin, 1153
roxithromycin, 1091
rufloxacin, 2292
sparfloxacin, 2299
spiramycin, 3177
sulfonamides, 1594–1595
tedizolid, 1371
temocillin, 222
temofloxacin, 2309
temofloxacin (withdrawn from market), 2309
ticarcillin-clavulanic acid, 307–308
tosufloxacin, 2307
undifferentiated, amoxicillin, 119
upper

azithromycin, 1130–1131
cefaclor, 380
cefdinir, 536
clarithromycin, 1107–1108
erythromycin, 1075–1076
penicillin V, 94, 96
spiramycin, 3179
tinidazole, 1857

Respiratory tract inflammation, erythromycin, 1079
Restanza. See Cethromycin
Restless leg syndrome

clindamycin, 1489
rifaximin, 2457

Retapamulin, 1561–1567
administration mode, 1561, 1563
adverse reactions and toxicity, 1564–1565
antimicrobial activity, 1561–1563
bioavailability, 1564
clinical uses

impetigo, 1561, 1565–1566, 1565t
secondarily infected traumatic lesions, 1561, 

1566
cutaneous absorption, 1564
dosage, 1563–1564
drug interactions, 1564
excretion, 1564
mechanism of action, 1561, 1563
pharmacokinetics/pharmacodynamics, 1564
resistance and cross-resistance, 1563

Reticuloendothelial system
amphotericin B, liposomal, 2614, 2615, 2616
suramin, 3231

Retinal necrosis, varicella-zoster, aciclovir, 3476
Retinal toxicity

chloroquine, 3038
ciprofloxacin, 1911–1912
didanosine, 3706
ganciclovir, 3514
hydroxychloroquine, 3038
levofloxacin, 2064–2065
ofloxacin, 2024
quinine, 3064

Retinitis, CMV
cidofovir, 3547, 3548
fomivirsen, 3648, 3650–3651, 3650t
foscarnet, 3516, 3594
ganciclovir, 3514–3516, 3515f
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Retinochoroiditis, Toxoplasma, trimethoprim- 
sulfamethoxazole, 1675

Retinoid-like effects, indinavir, 4069
Retinopathy

bull’s eye, clofazimine, 2537, 2537t
didanosine, 3709
hydroxychloroquine, 3035

Retrovir. See Zidovudine
Retroviruses. See also HIV infection and AIDS

amantadine, 4525
ribavirin, 4368t, 4369–4370
tenofovir, 3824, 3824t

Reverse transcriptase inhibitors. See also Abacavir; 
Amdoxovir; Apricitabane; Didanosine; 
Emtricitabane; Lamivudine; Stavudine; 
Tenofovir; Zalcitabane; Zidovudine

non-nucleoside. See Non-nucleoside reverse 
transcriptase inhibitors

nucleoside. See Nucleoside reverse transcriptase 
inhibitors

Reviro. See Tenofovir
REVIVE (Randomized Evaluation IntraVenous 

Iclaprim Vancomyin TrEatment) trial, 1781
Reyataz. See Atazanavir
Rezolsta. See Darunavir, cobicistat-boosted
RG-101, 4438t, 4630t, 4637
Rhabdomyolysis, drugs causing, 1904

azithromycin, 1128
ciprofloxacin, 1909, 1910
daptomycin, 887
didanosine, 3710
raltegravir, 4221
rifaximin, 2455
telbivudine, 4350, 4350t
tosufloxacin, 2307

Rhabdoviridae, amantadine, 4525
Rhesus rhadinovirus, cidofovir, 3533t
Rheumatic fever prophylaxis

erythromycin, 1077
penicillin G, 43, 45, 68
as penicillin G resistance cause, 27
penicillin V, 96, 97
with penicillin V, 27
sulfonamides, 1595

Rheumatoid arthritis
choroquine, 3041
clarithromycin, 1112
doxycycline, 1220–1221
hydroxychoroquine, 3041
minocycline, 1243
roxithromycin, 1093
sulfasalazine, 1601, 1602
trimethoprim-sulfamethoxazole, 1655

Rheumatologic conditions, chloroquine, 3041
Rhinitis, fosfomycin, 1399
Rhinorrhea, amantadine-related, 4537
Rhinoscleroma. See Klebsiella rhinoscleromatis 

(rhinoscleroma)
Rhinoviruses, vapendavir, 4632t, 4641
Rhizomucor (mucormycosis), 2595

isavuconzole, 2861t
itraconazole, 2787t, 2788
ravuconazole, 2877

Rhizomucor pusillus, amphotericin B, 2573t
Rhizopus (mucormycosis)

amphotericin B, 2570–2571
anidulafungin resistance, 2694t
caspofungin, 2674
isavuconazole, 2865–2866

resistance, 2859
itraconazole, 2787t, 2788
ketoconazole, 2733

resistance, 2732t
miconazole, resistance, 2813t, 2814
miltefosine, 3293t

posaconazole, 2843, 2844, 2845t
ravuconazole, 2877, 2879t
voriconazole, resistance, 2824t, 2825

Rhizopus arrhizus (oryzae), amphotericin B, 2573t
Rhizopus microsporus

amphotericin B, 2573t
isavuconazole, 2861t, 2863
terbinafine, 2711

Rhizopus oryzae
caspofungin, 2665, 2667
terbinafine, 2711

Rhizopus pusillus, terbinafine, 2711
Rhodococcus, nafcillin, 163t
Rhodococcus equi

aminoglycosides, 31
chloramphenicol, 31, 1516
erythromycin, 31, 1066, 1076
garenoxacin, 2198
gatifloxacin, 2216
imipenem, 664, 666t
ketoconazole, 2734
linezolid, 1295, 1326
meropenem, 699
nitrofurantoin, resistance, 1786
penicilin G, resistance, 31
rifampicin, 2373, 2406
sparfloxacin, 2295
teicoplanin, 837–838
trimethoprim-sulfamethoxazole, 1627
vancomycin, 31, 787

Rhodotorula
amphotericin B, 2570, 2572t
nystatin, 2646
posaconazole, 2844, 2845t
ravuconazole, 2876, 2878t

Rhodotorula glutinis, albaconazole, 2871
Rhodotorula mucilaginosa, isavuconazole, 2860t
Rhône-Poulenc Research Laboratories, 1807
Riamet. See Artemether-lumefantrine
Ribapharm, 4367
Ribavirin, 4367–4408

administration modes, 4367, 4375–4377
administration into CSF, 4376, 4379–4380
aerosol, 4375, 4376, 4376f, 4379
intradermal, 4376
intravenous, 4375–4376, 4377, 4379
oral, 4375, 4376–4377, 4379

adverse reactions and toxicity, 4381–4385, 4381t, 
4466

cardiovascular effects, 4381t, 4383
in children, 4384–4385
environmental exposure toxicity, 4385
hematologic effects, 4381–4382, 4381t
immunologic effects, 4381t, 4382–4383
respiratory effects, 4381t, 4383
teratogenicity, 4381t, 4383
thyroid dysfunction, 4381t, 4383–4384

antiviral activity, 4368–4372
adenoviruses, 4368t, 4371
arenaviruses, 4368t, 4370
equine morbillivirus, 4368t
filoviruses, 4368t, 4371
flaviviruses, 4368t, 4371
hantaviruses, 4368t, 4370
Hendra virus, 4368
herpesviruses, 4368t, 4371
HIV, 4368t, 4369–4370
influenza viruses, 4368t, 4369
measles virus, 4368, 4368t
mumps virus, 4368, 4368t
Niphah virus, 4368
orthomyxoviruses, 4368t, 4369
paramyxoviruses, 4368, 4368t
picornaviruses, 4371
pneumoviruses, 4368

pox viruses, 4368t
retroviruses, 4368t, 4369–4370
togaviruses, 4370–4371

clinical uses
adenovirus infections, 4394
HBV infection, 4395
HCV-related leukemia and lymphoma, 4391
hemorrhagic fevers, 4393–4394
hepatitis C virus/HIV co-infection, 4390
HIV infection, 4394–4395
HSV infection, 4395
human metapneumovirus infections, 4387
human papillomavirus infection, 4396
influenza A and B, 4391–4392
measles, 4392–4393
Nipah virus infection, 4393
parainfluenza virus infections, 4392
rabies virus infection, 4396
respiratory syncytial virus infections, 

4385–4387
severe acute respiratory syndrome (SARS), 4395
vaccinia virus infection, 4396
West Nile virus infection, 4395–4396

in combination with
OBV-r/PTV (PrOD) regimen, 4500, 4501, 

4501t, 4502, 4503, 4503t, 4504t, 4505
ribavirin, 4613
sofosbuvir, 4468f

combined with sofosbuvir, in HCV therapy, 
4479–4482, 4480t

for genotype 1, 4479–4480, 4480t
for genotype 2, 4480–4481, 4480t
for genotype 3, 4480t, 4481–4482
for genotype 4, 4480t, 4482

dosage, 4375–4378
drug interactions, 4380–4381

didanosine, 3705t, 3706
pegylated interferon, 4383
stavudine, 3757
zidovudine, 3669t, 3670

in vitro synergy and antagonism, 4369
mechanism of action, 4372–4375

direct mechanisms, 4372, 4373–4375, 4373f, 
4374t

indirect mechanisms, 4372–4373, 4373f, 4374t
pharmacokinetics/pharmacodynamics, 4378t

bioavailability, 4378
clinically important features, 4380
distribution, 4378–4380
excretion, 4380

resistance and cross-resistance, 4372
Ribosomal gene mutations

in gentamicin resistance, 966
in tobramycin resistance, 994

Ribosomal interactions
cethromycin, 1173–1174
clindamycin, 1471–1472
ketolides, 1185
lefamulin, 1556
nitrofurantoin, 1787
omadacycline, 1268
retapamulin, 1561, 1563
solithromycin, 1185
tedizolid, 1360, 1361
tigecycline, 1253–1254

Ribosomal methylation, in linezolid resistance, 1301
Ribosomal protection genes, in tetracycline 

resistance, 1232, 1253
Ribosomal protection proteins

in eravacycline resistance, 1279–1280
in linezolid resistance, 1301
in tetracycline resistance, 1196

Ribosomal RNA methylases
in erythromycin resistance, 1068–1069
in plazomicin resistance, 1057
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Ribosomal subunit binding
aminoglycoside, 953
clindamycin, 1471
doxycycline, 1280–1281
eravacycline, 1280–1281
eravamycin, 1280–1281
erythromycin, 1280–1281
oxazolidinones, 1305
quinupristin-dalfopristin, 1376, 1376t, 1379
radezolid, 1354
streptogramins, 1387
tetracyclines, 1280–1281
tigecycline, 1280–1281

Rickettsia
amoxicillin, 105
ampicillin, 105
cefazolin, 348
cefepime, resistance, 586
cefepime-tazobactam, resistance, 586
cefotaxime, resistance, 429
cefpirome, resistance, 586
ceftazidime, resistance, 554
cephalothin, 348
chloramphenicol, 1518
ciprofloxacin, 1874
doxycycline, 450, 1204, 1205t, 1206, 1208, 1216
penicillin G, resistance, 34
rifampicin, 2374, 2381, 2406–2407
roxithromycin, 1088
sulfonamide resistance, 1574
tetracycline, 1196

Rickettsia australis, doxycycline, 1206
Rickettsia conorii

clarithromycin, resistance, 1099
doxycycline, 1206
erythromycin, 1068
josamycin, 1151
as Mediterranean spotted fever causal agent, 1154
ofloxacin, 2008
rifampicin, 2374
spiramycin, 3175

Rickettsia equi, rifampicin, resistance, 2379
Rickettsia honei, doxycycline, 1206
Rickettsia israeli, clarithromycin, resistance, 1099
Rickettsia prowazekii

doxycycline, 1206
erythromycin, 1068
penicillin G, 34
rifampicin, 2374

Rickettsia rickettsii
chloramphenicol, 1518
clarithromycin, resistance, 1099
doxycycline, 1206
erythromycin, 1068
josamycin, 1151
ofloxacin, 2008
rifampicin, 2374
spiramycin, 3175

Rickettsia tsutsugamushi
ciprofloxacin, 1874
doxycycline, 1206

Rifabutin, 2434–2449
administration mode, 2436
adverse reactions and toxicity, 2438–2439
antimicrobial activity, 2375, 2434–2435
chemical structure, 2434, 2434f
clinical uses

cryptosporidiosis, 2444
H. pylori infection, 2444
M. avium complex infection prophylaxis, 2441
M. avium complex infections, 2393
M. avium complex infection treatment, 2439, 

2441, 2442t
miscellaneous Mycobacterium infections 

treatment, 2444

M. kansasii infection treatment, 2443–2444
M. tuberculosis infection treatment, 2441, 2443, 

2443t
Toxoplasma gondii infection, 2444

cobicistat, 4186t
dosage, 2436–2437
drug interactions, 2437–2438

antiretroviral drugs, 2438, 2440t–2441t
atazanavir, 4149t
azithromycin, 1128
darunavir, 4131t
elvitegravir, 4236
erythromycin, 1073
etravirine, 3977, 3979t
fluconazole, 2767
fosamprenavir, 4111t
ledipasvir-sofosbuvir, 4462t
lopinavir-ritonavir, 4094t
nevirapine, 3871t, 3872
posaconazole, 2850
rilpivirine, 4005
ritonavir, 4188t
roxithromycin, 1090t
saquinavir, 4037t, 4038
sofosbuvir-velpatasvir, 4463t
tipranavir-ritonavir, 4166, 4167t
trimetrexate, 1771
voriconazole, 2830

in vitro synergy and antagonism, 2124, 2436
mechanism of action, 2436
pharmacokinetics/pharmacodynamics, 2437–2438
resistance and cross-resistance, 2375, 2435–2436

Rifamixin, as hepatic encephalopathy treatment, 
1051

Rifampentine, interactions with ledipasvir- 
sofosbuvir, 4462t

Rifampicin, 238–2381, 2369–2433
administration modes, 2381, 2382
adverse reactions and toxicity, 2365, 2387, 

2389–2392, 2526
C. difficile infection, 2391
cutaneous reactions, 2387
drug-induced lupus erythematosus, 2390
flu-like syndrome, 2390
gastrointestinal side effects, 2389
hematologic toxicity, 2391
hepatotoxicity, 2330, 2389–2390
hypersensitivity reactions, 2389
renal toxicity, 2390–2391
respiratory syndrome, 2390

antimicrobial activity, 32, 1110, 2369–2375
Aspergillus, 2375
Bacillus anthracis, 31
Bartonella, 2374
Chlamydia, 2374
CLSI criteria, 2369, 2370t, 2371, 2372, 2374, 

2379
Ehrlichiae, 2374–2375
EUCAST criteria, 2369, 2370t
fungi, 2375, 2381
Gram-negative bacteria, 2370t, 2373–2374,  

2381
Gram-positive bacteria, 2370t, 2381
Gram-positive cocci, 2370t, 2372–2373
Leishmania, 2375
M. avium complex, 2371
minimum inhibitory concentrations, 2369, 

2370t, 2371
M. kansasii, 2371
M. leprae, 2371
M. tuberculosis, 2369, 2370t, 2371
M. ulcerans, 2372
for multidrug-resistant pneumococci, 35
mycobacteria, 2370t
Naegleria, 2375

non-tuberculous mycobacteria, 2371–2372, 
2379–2380

chemical structure, 2369, 2369f
clinical uses

Bartonella infections, 2408
catheter-associated infections, 1239
C. difficile-associated diarrhea, 2406
cerebrospinal fluid shunts and drains infections, 

2399
endocarditis, 1415
granulomatous amoebic encephalitis, 2408
Haemophilus influenzae type b carriage 

clearance, 2404
H. pylori infections, 2408
Legionella infections, 2404–2405
leprosy, 1241, 1749, 1756, 1757
leprosy prophylaxis, 2394
leprosy treatment, 2072, 2393–2394
malaria, 2408
M. avium complex infections, 2393, 2439,  

2441
M. conspicuum treatment, 2395–2396
meningococcal carriage clearance, 2403
meningococcal infection prophylaxis, 1242, 

1595
M. gordonae treatment, 2395–2396
M. haemophilum treatment, 2395
miscellaneous infections, 2408–2409
M. kansasii treatment, 2395
M. lentiflavum treatment, 2395
M. malmoense treatment, 2395
M. marinum treatment, 2395
M. simiae treatment, 2395–2396
M. terrae treatment, 2395
M. ulcerans treatment, 2394–2395
M. xenopi treatment, 2395
non-fermentative Gram-negative bacterial 

infections, 2407–2408
Panton-Valentine leukocidin-producing 

staphylococcal infections, 1497
pneumococcal infections, 2405
primary amoebic meningoencephalitis, 2408
prosthetic device-related infection, 2074
prosthetic joint infections, 366
prosthetic valve endocarditis, 2399
Q fever, 2406
Rhodococcus equi infections, 2406
rickettsial infections, 2406–2407
rifampicin-impregnated implanted material, 

2401–2402
scrub typhus, 2406–2407
staphylococcal bacteremia, 2397
staphylococcal endocarditis, 2396–2397
staphylococcal infections, 2396–2400
staphylococcal infections of implanted 

prostheses, 2398–2399
staphylococcal osteomyelitis, 2397–2398
Staphylococcus aureus carriage clearance, 2400
Streptococcus pyogenes infections, 2405–2406
trachoma, 1596
tuberculosis, 1935, 2031, 2099, 2100

dosage, 2381
tuberculosis prophylaxis, 2393
tuberculosis treatment, 2392–2393

in combination with
amoxicillin or ampicillin, 104
ampicillin, 104
ciprofloxacin, 1931
cobicistat, 4186t
colistin (polymyxin E), 1442
daptomycin, 896
efavirenz, 3911
fusidic acid, 1416
novobiocin, 1451–1452
ofloxacin, 2032–2033, 2034, 2036–2037
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trimethoprim-sulfamethoxazole, 1688
trimmest-sulfamethoxazole, 1635
vancomycin, 792, 793

concentration-dependent activity, 4t
desensitization to, 2389
dosage, 2381–2382, 2383–2384
drug interactions, 2384–2387, 2386t

anidulafungin, 2701
anticoagulants, 2385, 2386t
anticonvulsants, 2385, 2386t
antimicrobial agents, 2385, 2386t
antiplatelet agents, 2385, 2386t
antiretroviral agents, 2406
antiretrovrial agents, 2385, 2387, 2388t–2389t
artemether-lumefantrine, 2978
atovaquone, 3122
atovaquone-proguanil, 3141t
azithromycin, 1128t
bedaquiline, 2546
boceprevir, 4458t
bronchodilators, 2386t
cardiovascular agents, 2385, 2386t
caspofungin, 2669–2670
cethromycin, 1175
ciprofloxacin, 1888
clindamycin, 1485–1486, 1487t, 1495
daclatasvir, 4464
dapsone, 1751
daptomycin, 884, 892–893
darunavir, 4131t
delamanid, 2555t
dihydroartemisinin, 3012–3013
doltegravir, 4259
doxycycline, 1209, 1210
elvitegravir, 4236
erythromycin, 1073
etravirine, 3979t
fleroxacin, 2186
fluconazole, 2765
grazoprevir, 4460
hormone therapy, 2385, 2386t
immunosuppressive agents, 2385, 2386t
indinavir, 4066–4067, 4067t
isavuconazole, 2864, 2864t
isoniazid, 2389, 2390
itraconazole, 2797
ketoconazole, 1313, 2741
ledipasvir, 4464
ledipasvir-sofosbuvir, 4462t
linezolid, 1313, 1315–1316
lipid-lowering drugs, 2385, 2386t
lomefloxacin, 1888
lopinavir-ritonavir, 4092, 4093, 4093t
mefloquine, 3081–3082
moxifloxacin, 2091
nalidixic acid, 1888
nelfinavir, 4079
nevirapine, 3871t, 3872
norfloxacin, 1888
novobiocin, 1452
ofloxacin, 1888
ombitasvir-paritaprevir-ritonavir-dasabuvir, 

4467t
opioids and opioid replacement therapy, 2385, 

2386t
pefloxacin, 1888, 2282
praziquantel, 3388
psychotropic drugs, 2385, 2386t
pyrazinamide, 2364, 2365, 2390
quinine, 3063
raltegravir, 4219, 42120t
ravuconazole, 2880
rilpivirine, 4000t, 4005
ritonavir, 4187, 4188t
roxithromycin, 1090t

saquinavir, 4037t, 4038–4039
sofosbuvir-velpatasvir, 4463t
sulfamethoxazole, 1646t
sulfonylureas, 2385, 2386t
synergistic and antagonistic, 1256
telaprevir, 4457t
telithromycin, 1162, 1162t
terbinafine, 2714
trimethoprim, 1646t
trimethoprim-sulfamethoxazole, 1646t, 1647
trimetrexate, 1771
voriconazole, 2830, 2832
zidovudine, 3670

early bactericidal activity, 2350
in vitro synergy and antagonism, 751, 1303–1304, 

1454, 1887, 2348, 2372, 2373–2374, 
2379–2380, 2383

pharmacokinetics/pharmacodynamics
AUC/MIC ratio, 2383, 2384
bioavailability, 2382–2383
clinically important features, 2383–2384
distriution in body, 2383
excretion, 2384

resistance and cross-resistance, 35, 950, 2372, 
2374, 2375–2379, 2495

Brucella, 2379
C. difficile, 2378
Chlamydia, 2379
H. influenzae, 2379
Legionella, 2379
M. haemophilum, 2377
M. kansasii, 2377
M. leprae, 2377
M. marinum, 2377
M.tuberculosis, 2375–2377
Neisseria meningitidis, 2378–2379
pneumococci, 2378
Rickettsia, 2374, 2379
staphylococci, 2377–2378
streptococci, 2378

Tropheryma whipplei, 2375
Wolbachia, 2375

Rifampicin/isoniazid/pyrazinamide combination, 
interactions with gatifloxacin, 2224

Rifampicin-ofloxacin-minocycline (ROM) regimen, 
2032–2033

Rifampicin resistance-determining region (ERRDR), 
2375

Rifampin. See Rifampicin
Rifamycins, 2369. See also Rifabutin; Rifampicin; 

Rifapentine; Rifaximin
clinical uses, 169
global consumption patterns, 5f

Rifapentine, 2463–2470
administration mode, 2464
adverse reactions and toxicity, 2466–2467, 2467t
antimicrobial activity, 2463–2464
chemical structure, 2463, 2463f
cobicistat, 4186t
in combination with

isoniazid, 2466, 2467t, 2468–2469
moxifloxacin, 2468

dosage, 2464–2465, 2465–2466, 2468
drug interactions, 2466

bedaquiline, 2546
etravirine, 3979t
saquinavir, 4037t, 4039
sofosbuvir-velpatasvir, 4463t

excretion, 2466
mechanism of action, 2464
pharmacokinetics/pharmacodynamics,  

2465–2466
postantibiotic effect, 2464, 2466
resistance and cross-resistance, 2463, 2464

RIFAQUIN study, 2467t, 2468

Rifaximin, 2450–2462
administration modes, 2453

extended-release formulation, 2454
adverse reactions and toxicity, 2455
antibiotic/C. difficile-associated colitis, 1829
antimicrobial activity, 2450–2451
chemical structure, 2450, 2450f
clinical uses

bacterial vaginosis, 2458
C. difficile infection, 2457
celiac disease, 2458
hepatic encephalopathy, 2456–2457
H. pylori infections, 2458
inflammatory bowel disease, 2457–2458
irritable bowel syndrome, 2454, 2456
skin infections, 2458
small intestinal bacterial overgrowth, 2454
small intestine bacterial overgrowth, 2457
traveler’s diarrhea, 2456

dosage, 2453–2454
drug interactions, 2455
mechanism of action, 2453
pharmacokinetics/pharmacodynamics,  

2454–2455
clinically important features, 2455
distribution in body, 2454–2455
excretion, 2455

resistance and cross-resistance, 2451, 2452t,  
2453t

Rift Valley fever virus, ribavirin, 4368t, 4370
Rilopirox, 2914–2915
Rilpivirine, 3989–4017

administration modes, 3989, 3999
adverse reactions and toxicity, 4005–4008

long-term, 4007–4008
short-term, 4005–4007, 4006t

antiviral activity, 3990
chemical structure, 3989, 3989f
clinical use, HIV-1 virus infection, 3989, 

4008–4013, 4010t–4011t
efavirenz versus, 3936–3938
long-acting rilpivirine, 4013
relevant clinical trials, 4008, 4010t–4011t
switch studies, 3937–3938, 4012–4013
in treatment-naive patients, 4008–4009, 4012

in combination with
emtricitabane, 3811
emtricitabane and tenofovir disoproxil 

fumarate, 4005, 4006t, 4007
tenofovir and emtricitabane (Eviplera), 3989, 

3995, 3999, 4002, 4003, 4008, 4012–4013
dosage, 3999, 4001
drug interactions, 3999, 4000t–4001t, 4004–4005

atazanavir, 4150t
darunavir, 4131t
etravirine, 3978t
ombitasvir-paritaprevir-ritonavir-dasabuvir, 

4467t
proton pump inhibitors, 3999
rifabutin, 2440t
saquinavir, 4030t, 4032

in vitro synergy and antagonism, 3998
long-acting, 4629, 4630t
mechanism of action, 3998–3999
pharmacokinetics/pharmacodynamics, 4002t

bioavailability, 4001–4002
clinically important features, 4003
distribution in body, 4002–4003
excretion, 4003–4004
long-acting rilpivirine, 4004, 4004f

resistance and cross-resistance, 3972, 3990–3998, 
3990t, 3992t–3993t, 3994t, 3996t

prevalence, 3996–3998
recommendations regarding, 3998
switch studies, 3995–3996
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Rilpivirine (continued)
in treatment-naive patients, 3993–3995
as virologic failure cause, 3997–3998
in vitro development and assessment, 3991

Rimantadine
administration modes, 4531
adverse reactions and toxicity, 4537–4538
antiviral activity, 4524–4525, 4524t

dengue virus, 4525
influenza viruses, 4524, 4524t
Sindbis virus, 4525

chemical structure, 4523, 4523f
clinical uses, 4531, 4531t
in combination with

ribavirin, 4613
zanamivir, 4558, 4559

dosage, 4531–4532, 4531t
for prophylaxis, 4531, 4531t

drug interactions, 4536
mechanism of action, 4530
pharmacokinetics/pharmacodynamics, 4533t

bioavailability, 4532
distribution, 4534, 4535
excretion, 4535

Ringworm. See Trichophyton tonsurans (tinea capitis)
Ritipenem

administration mode, 774, 776, 777
adverse reactions and toxicity, 778
bioavailability, 776
chemical structure, 772, 772f
clinical uses, 779
distribution in body, 772, 777
dosage, 774, 776
excretion, 778

Ritonavir, 4180–4206
administration mode, 4181
adverse reactions and toxicity, 4201–4204, 4202t

common side effects, 4201, 4202t
potentially serious side effects, 4201–4204, 

4202t
boosting

atazanavir, 4182t, 4183t, 4201, 4204–4205, 4205t
darunavir, 4182t, 4183t, 4201, 4205, 4205t
elvitegravir, 4205, 4205t, 4233t, 4234, 4235t, 

4237t, 4238
fosamprenavir, 4182t, 4205t, 4206
indinavir, 4182t, 4205t, 4206
limitations in children, 4182–4183
lopinavir. See Lopinavir-ritonavir
nelfinavir, 4079–4080, 4205t, 4206–4207
in pregnancy, 4183
saquinavir, 4182t, 4205t, 4206
tipranavir, 4182t, 4205t, 4206

chemical structure, 4087, 4180, 4180f
clinical uses

HCV, as protease booster, 4204
HIV-1 virus infection (full-dose), 4204
HIV-1 virus infection, as booster, 4204–4207, 

4205t
in combination with

efavirenz, 3915, 3916t
lamivudine, 3740
ombitasvir. See Ombitasvir-paritaprevir-

ritonavir-dasabuvir (PrOD regimen)
dosage, 4181, 4182t, 4183t
drug interactions, 4185–4191, 4185–4201, 4186t

albendazole, 4188t
alternative/complementary medicines, 4190, 

4200
ambrisentan, 4189t
anticonvulsants, 4187
antifungal drugs, 4188t
antihelminthics, 4188t
antimycobacterial drugs, 4188t–4189t
antiretroviral drugs, 4187, 4190, 4196t–4198t

apixaban, 4189t
aripiprazole, 4189t
artemether-lumefantrine, 4189t
artesunate, 2969
atorvastatin, 4189t
atovaquone, 4189t
bedaquiline, 4188t
bosentan, 4190t
budesonide, 4190t
buprenorphine-naloxone, 4190t
calcium channel blockers, 4187, 4190t
carbamazepine, 4190t
clarithromycin, 4188t
clopidogrel, 4190t
clozapine, 4190t
colchichine, 4191t
contraindicated drugs, 4186–4187, 4186t, 4187
corticosteroids, 4191t
cyclophosphamide, 4191t
cyclosporin, 4191t
dabigatran, 4191t
daclatasvir, 4464
dadatasvir, 4189t
darunavir, 4130
delamanid, 2555t
digoxin, 4191t
docetaxel, 4191t
dolutegravir, 4197t
efavirenz, 4196t
elbasvir, 4189t
elvitegravir, 4197t, 4236
etoposide, 4191t
etravirine, 4196t
fentanyl, 4192t
fluticasone, 4192t
grazoprevir, 4189t, 4460
hepatitis C therapies, 4189t
hepatitis C therapy, 4189t
ifosfamide, 4192t
isavuconazole, 2864t
itraconazole, 4188t
ivabradine, 4192t
ivacaftor, 4192t
ketoconazole, 2742, 4188t
lamotrigine, 4192t
levothyroxine, 4194t
linagliptin, 4192t
maraviroc, 4198t
mebendazole, 4188t
mefloquine, 3081, 4189t
methadone, 4192t
midazolam, 4192t
mycophenolate, 4192t
nevirapine, 4196t
olanazepine, 4192t
ombitasvir-paritaprevir-ritonavir, 4189t
ombitasvir-paritaprevir-ritonavir-dasabuvir, 

4467t
oral contraceptives, 4193t
oxycodone, 4193t
paclitaxel, 4193t
pethidine, 4193t
phenytoin, 4193t
phosphodiesterase-5 inhibitors, 4187
posaconazole, 4188t
prasugrel, 4193t
quetiapine, 4193t
quinine, 3063
raltegravir, 4197t, 4200
recreational drugs, 4190–4191, 4200–4201
regaglinide, 4193t
rifabutin, 4188t
rifampicin, 4188t
rilpivirine, 4005, 4196t
risperidone, 4193t

rivaroxaban, 4193t
rosuvastatin, 4193t
salmeterol, 4194t
saquinavir, 4033–4034
saxagliptin, 4194t
selective serotonin reuptake inhibitors, 4194t
sildenafil, 4194t
simeprevir, 4458
sitagliptin, 4194t
statins, 4187
tacrolimus, 4194t
tadalafil, 4194t
ticagrelor, 4194t
tyrosine kinase inhibitors, 4195t
vardenafil, 4194t
vinblastine, 4195t
vincristine, 4195t
vorapaxar, 4195t
voriconazole, 4188t
warfarin, 4195t

excretion, 4185
liquid formulation, 4187
liver enzyme interactions, 4185, 4186t
as lopinavir booster. See Lopinavir-ritonavir
mechanism of action, 4180–4181
pharmacokinetics/pharmacodynamics, 4183, 

4183t
bioavailability, 4184–4185, 4184t
distribution, 4184t, 4185
excretion, 4184t, 4185

Rivaroxaban, interactions with rifampicin, 2385, 
2386t

River blindess. See Onchocerciasis
rmtA gene mutations, 966, 994
rmtB gene mutations, 966, 994
rmtC gene mutations, 994, 1057
rmtD gene mutations, 994
RNA, antibiotic-related inhibition of, 42
RNA gene mutations

in eravacycline resistance, 1279
in linezolid resistance, 1300

RNA methylase enzymes
in isepamicin resistance, 1040–1041
in netilmicin resistance, 1030

RNA methylase genes
in amikacin resistance, 1011
in aminoglycoside resistance, 994
in gentamicin resistance, 966

RNA polymerase inhibitors
gramicidin, 1456
HCV. See RNA polymerase NS5B inhibitors, 

of HCV
ribavirin, 4372, 4373–4374, 4373f, 4374t
rifabutin, 2435, 2436
rifampicin, 2380–2381
rifapentine, 2464
structure, 4450f

RNA polymerase NS5A inhibitors, of HCV, 4434t
in combination with sofosbuvir

ACH-3102 (odalasvir), 4494–4495
in cirrhotic patients, 4482–4485, 4483t, 4486
daclatasvir, 4484–4487, 4485t
for genotype 1, 4484–4486
for genotype 2, 4486
for genotype 3, 4485t, 4486
for genotype 4, 4482, 4483t, 4484, 4486–4487
ledipasvir, 4487–4493, 4488t–4489t
triple combinations, 4494

RNA polymerase NS5B
function, 4433
inhibitors of. See RNA polymerase NS5B 

inhibitors, of HCV
RNA polymerase NS5B inhibitors, of HCV, 4434t

antiviral activity, 4435, 4440t–4441t
mechanism of action, 4448–4449, 4450f
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pharmacokinetics/pharmacodynamics, 4455t, 
4460–4461

resistance, 4442–4444
RNA synthesis inhibitors

bacitracin, 1456
fidaxomicin, 1547
fumagillin, 3184
pentamidine, 3272
ribavirin, 4382
rifaximin, 2453

RNA viruses, ribavirin-related mutagenicity, 4372, 
4374–4375, 4374f

Ro 23-6240. See Fleroxacin
RO 48-2622. See Iclaprim
RO 63-9141. See Ceftobiprole
RO 65-5788. See Ceftobiprole medocaril
Rochagan. See Benznidazole
Rochalimaea quintana. See Bartonella quintana
Roche, 1775, 3723, 4075
Roche OnLine assay, 1990
ROCnRAL ANRS 157 study, 4227t, 4236
Rodogyl, 3175, 3177, 3179
Rolitetracycline, 1195, 1196
Rolitetracycline nitrate, 1195

dosage, 1196–1197
ropB gene mutations, 2375–2376, 2377, 2378,  

2379
Rosacea

azelaic acid, 1220
crotamiton, 3443
doxycycline, 1220
ivermectin, 3361–3362
metronidazole, 1220, 1815, 1835
rifaximin, 2457
sulfacetamide, 1603

Rosamicin. See Rosaramicin
Rosaramicin, 1150–1155

administration mode, 1152
chemical structure, 1150, 1150f
clinical uses, 1153–1154
drug interactions, 1153, 1153t
mechanism of action, 1152
pharmacokinetics and pharmacodynamics, 

1152–1153, 1152t
resistance to, 1152

Rosiglitazone, drug interactions
sulfamethoxazole, 1646t
trimethoprim, 1646t

Rosoxacin
administration modes, 2255t
adverse reactions and toxicity, 2255t
antimicrobial activity, 2254, 2255t
clinical uses, 2255t
pharmacokinetics/pharmacodynamics, 2255t

Rossignol, Jean François, 3162
Rossman fold domain, 1461–1462
Rosuvastatin, drug interactions

ledipasvir-sofosbuvir, 4462t
lopinavir-ritonavir, 4095t
sofosbuvir-velpatasvir, 4463t
tipranavir-ritonavir, 4167t

Rotavirus
nitazoxanide, 3163t, 3164–3165, 3171–3172
ribavirin, 4372

Rothampstead Experimental Station, U.K., 3413
Rothia dentocariosa

garenoxacin, 2198
gatifloxacin, 2216
linezolid, 1294
penicillin G, 29, 31
sulfonamides, 1572

Rothia mucilaginosa, penicillin G, 67
Roussell Laboratories, 1046
Rovamycine. See Spiramycin
Rovamycin. See Spiramycin

Roxithromycin, 1087–1096
administration mode, 1088
adverse reactions and toxicity, 1090–1091

cardiotoxicity, 1106
antimicrobial activity

CLSI criteria, 1088t
EUCAST criteria, 1088t
Gram-negative anaerobic bacteria, 1088
Gram-negative bacteria, 1088
Gram-positive anaerobic bacteria, 1087
Gram-positive bacteria, 1087

chemical structure, 1087, 1087f
clinical uses

anti-inflammation, 1093
community-acquired pneumonia, 543, 1091, 1108
immunomodulation, 1093
Lyme disease, 1092
mandibular osteomyelitis, 1093
prophylaxis in neutropenic patients, 1092
respiratory tract infections, 1091
sexually transmitted diseases, 1092
skin infections, 1091–1092
vascular disease prevention, 1092–1093

cross-reactivity, 1106
dosage, 1089

once-daily, 1087
drug interactions, 1090

astemizole, 1090t
benzodiazepines, 1090t
bromocriptine, 1090t
cisapride, 1090t
digoxin, 1090t
ergotamine, 1090t
fentanyl, 1090t
rifabutin, 1090
rifampicin, 1090
tenfenadine, 1090t
theophylline, 1090t

excretion, 1090
mechanism of action, 1088
minimum inhibitory concentrations, 1087, 1088, 

1088t, 1091
pharmacokinetics/pharmacodynamics, 1089t

AUC/MIC ratio, 1090
bioavailability, 1089, 1089t
clinically important features, 1090
distribution in body, 1089–1090, 1089t

resistance and cross-resistance, 1087, 1088, 1090
with clarithromycin, 1099
with erythromycin, 1124

R plasmid-mediated resistance
Staphylococcus aureus, 30
Staphylococcus epidermidis, 30

R plasmids, 107
rplC gene mutations, 1300, 1302–1303, 1361, 1563
rplD gene mutations, 1300, 1303, 1361
rpoB gene mutations, 2397, 2435, 2436, 2451, 2463
rpsU gene, 1812
RPV-LA. See Rilpivirine, long-acting
RPV. See Rilpivirine
RPX7009. See Vaborbactam
RSV. See Respiratory syncytial virus
RTCA. See Ribavirin
rtmA gene, 1011
rtmB gene, 1011
Rubella, amantadine, 4525
Rufloxacin

adverse reactions and toxicity, 2290, 2292
antimicrobial activity, 2290, 2291t
chemical structure, 2290, 2290f
clinical uses, 2292
dosage, 2291
mechanism of action, 2291
pharmacokinetics/pharmacodynamics, 2291–2292
resistance and cross-resistance, 2290, 2291t

Rupatadine, drug interactions, 1127
Rust diseases, of plants, 13–14
Ruzasvir, 4438t
Rx-01-667. See Radezolid
Rx-01-1741. See Radezolid
RX-3341. See Delafloxacin

S
S-4661. See Doripenem
S-649266, 658–659
Saccharomyces cerevisiae

amphotericin B, 2570
caspofungin, paradoxical reactions, 2662
isavuconzole, 2860t
ketoconazole, 2733
miconazole, 2813t
miltefosine, resistance, 3295, 3296
rifampicin, 2375

SAILING studies, 4224t, 4233, 4251–4252, 4264t, 
4268t, 4269, 4270–4271, 4281

St. John’s wort, drug interactions
artemether-lumefantrine, 2978
atazanavir, 4148t
boceprevir, 4458t
cobicistat, 4186t
daclatasvir, 4464
darunavir, 4132t
dihydroartemisinin, 3012–3013
dolutegravir, 4261t
efavirenz, 3915t, 3919
etravirine, 3977, 3980t
fosamprenavir, 4110t, 4111
indinavir, 4067t, 4068, 4200
isavuconazole, 2864
ledipasvir, 4464
ledipasvir-sofosbuvir, 4462t
lopinavir-ritonavir, 4092, 4093t
nelfinavir, 4080
nevirapine, 3873
ombitasvir-paritaprevir-ritonavir-dasabuvir,  

4467t
protease inhibitors, 4200
sofosbuvir, 4461
sofosbuvir-velpatasvir, 4463t
telaprevir, 4457t
tipranavir-ritonavir, 4166t

Saksenaea, 2595
Salazosulfapyridine, bioavailability, 1584
Saliva, antimicrobial distribution in

aciclovir, 3460
ciprofloxacin, 1896
clindamycin, 1482, 1482t
delavirdine, 3962
doxycycline, 1209, 1209t
emtricitabane, 3805
enoxacin, 2174
fleroxacin, 2185
fluconazole, 2763
furazolidone, 3189
gatifloxacin, 2222
kanamycin, 955
ketoconazole, 2739
linezolid, 1309
lomefloxacin, 2248
metronidazole, 1818, 1852–1853
miconazole, 2816
minocycline, 1234, 1235
moxifloxacin, 2089
nevirapine, 3869
oxfloxacin, 2015
pefloxacin, 2280
prulifloxacin/ulifloxacin, 2150
rifampicin, 2383
sparfloxacin, 2297
sulfonamides, 1585
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Saliva, antimicrobial distribution in (continued)
telithromycin, 1160
tinidazole, 1852–1853
trimethoprim-sulfamethoxazole, 1644

Salivary glands, quinupristin-dalfopristin in, 1378
Salmeterol, drug interactions

atazanavir, 4148t
darunavir, 4132t
ritonavir, 4186t

Salmonella (salmonellosis)
amikacin, 1009
amoxicillin, 100

resistance, 104, 106
amoxicillin-clavulanic acid, 255

resistance, 259
AmpC beta-lactamases, 427
ampicillin, 100, 115–116, 175, 443

resistance, 104, 106, 209
azithromycin, 1124
aztreonam, 653
beta-lactamase-producing, 209
biapenem, 773
carbenicillin, 175
carrier state eradication

ciprofloxacin, 1918
mecillinam, 213
neomycin, 213, 1050
pivmecillinam, 213

cefixime, 540
cefotaxime, 428t
cefoxatime, 443
cefoxitin, 404t
cefpodoxime, 532
cefprozil, 377
ceftazidime, 551t
ceftriaxone, 485–486
ceftriaxone, resistance, 469t, 470, 486
cephalexin, 362
chloramphenicol, 1517, 1529

resistance, 1518, 1519
ciclopirox, 2910
ciprofloxacin, 1868t, 1869, 1899, 1916–1918, 2200

resistance, 1869, 1881–1882, 1916
resistance marker for, 2261

ciprofloxacin, resistance, 486
delafloxacin, 2132, 2133t
didanosine, 3699
ertapenem, 747, 747t
erythromycin, resistance, 1066
extended-spectrum beta-lactamases, 427
finafloxacin, 2139
fluoroquinolones, resistance, 11, 2067
food animal-human transmission, 11
furazolidine, 1784, 3187
fusidic acid, resistance, 1409
garenoxacin, 2195, 2196t

resistance, 2200
gatifloxacin, 2213, 2214t

resistance, 2119
gemifloxacin, 2112t, 2113
gentamicin, 965
imipenem, 665
isepamicin, 1039
kanamycin, 949t, 950
levofloxacin, resistance, 2057
mecillinam, 207, 208t, 213

resistance, 208, 209
mezlocillin, 188
multidrug-resistant, 470
nalidixic acid, resistance, 1881, 2195, 2196t, 2256, 

2257, 2257t, 2260, 2261, 2262, 2269
nitrofurantoin, 1786
nitrofurazone, 1784
norfloxacin, 1993
novobiocin, resistance, 1450

ofloxacin, 2005t, 2006
pefloxacin, 2285
penicillin, resistance, 33
piperacillin, 189
piperacillin-tazobactam, 320t
plazomicin, 1055
polymyxins, 1423
prulifloxacin/ulifloxacin, 2148t
quinolones, resistance, 470
roxithromycin, resistance, 1088
sitafloxacin, 2122, 2123t
solithromycin, 1181t
sparfloxacin, 2295t
spectinomycin, 1542

resistance, 1543
streptomycin, 2471

resistance, 2474
sulfonamides, 1572

resistance, 1577
third-generation cephalosporins, resistance, 428t
ticarcillin, 175
tigecycline, 1251

resistance, 1251, 1253
tobramycin, 993
tosufloxacin, 2304, 2305t
trimethoprim, 1627, 1629t

resistance, 1636t
trimethoprim-sulfamethoxazole, 443, 1627

resistance, 1633, 1636t
trovafloxacin, 2310

Salmonella cholerasuis, nalidixic acid resistance,  
2260

Salmonella dysenteriae
ampicillon, 123
ofloxacin, resistance, 2029

Salmonella enterica
avarofloxacin, 2159t
cefotaxime, 427
ceftriaxone, 470, 474–475
cephalosporins, resistance, 474–475
chloramphenicol, 1529
ciprofloxacin, 1917

resistance, 1881–1882
fluoroquinolones, resistance, 123, 2279
KPC-carbapenemases, 701
multidrug-resistant, 2067
nalidixic acid, resistance, 2067, 2260–2261
sulfonamides, resistance, 1577

Salmonella enterica serotype heidelberg
cephalosporin-resistant, 11
penicillin-resistant, 11

Salmonella enteritidis
amoxicillin-clavulanic acid, resistance, 259
ciprofloxacin, 1916
mecillinam-ampicillin, 213
nalidixic acid, resistance, 2260

Salmonella flexneri, ofloxacin, resistance, 2029
Salmonella gallinarum, furazolidone, resistance, 3188
Salmonella hadar, aztreonam, 653
Salmonella heidelberg

ciprofloxacin, 1916
nalidixic acid, resistance, 2260

Salmonella java, ciprofloxacin, 1918
Salmonella Kentucky, multidrug resistance in, 13
Salmonella krefold, multidrug resistance in, 106
Salmonella newport, antimicrobial resistance in, 106
Salmonella paratyphi (paratyphoid fever)

azithromycin, 1135
chloramphenicol, 107, 1519
ciprofloxacin, 1916–1917
cotrimoxazole, 107
floxacin, 2005t, 2006
fluoroquinolones, 107
nalidixic acid, resistance, 2006, 2260
norfloxacin, 1993

ofloxacin, 2025t, 2028
resistance, 2010t, 2029

trimethoprom-sulfamethoxazole, 1667
Salmonella typhi (typhoid fever), 2028–2029

amoxicillin, resistance, 106–107
amoxicillin for, 122
ampicillin, resistance, 106, 213
azithromycin, 123, 485, 544, 1135, 1917, 

2028–2029, 2268
aztreonam, 653
beta-lactamase-producing, 107
carriers of, 123
carrier state, 123
cefixime, 541, 544
ceftriaxone, 485
chloramphenicol, 107, 122–123, 1524, 1529

resistance, 106–107, 1518, 1519
ciprofloxacin, 443, 1916–1917, 1916–1918

resistance, 1917–1918
cotrimoxazole, 107
enoxacin, 2176
fleroxacin, 2188
floxacin, 2005t, 2006
fluoroquinolones, 107, 122, 123, 443, 485

resistance, 2119
gatifloxacin, 2232–2233
mecillinam, 210, 213

resistance, 213
mecillinam-amoxicillin, 213
mecillinam-ampicillin, 213
multidrug-resistant, 443, 485, 1519

chloramphenicol, 1529
nalidixic acid, 2268

resistance, 2006, 2028–2029, 2261, 2268
norfloxacin, 1993
ofloxacin, 1917, 2025t, 2026t, 2028, 2067

resistance, 2008, 2010t, 2029
pefloxacin, 2285
perfloxacin, 1917
pivmecillinam, 213
quinolone, resistance, 443, 2261
sparfloxacin, 2300
sulfonamide, resistance, 1577
third-generation cephalosporins, 443
third-generation cephalosporins, resistance, 443, 

485
trimethoprom-sulfamethoxazole, 1666–1667

Salmonella typhimurium
amoxicillin, resistance, 106
ampicillin, resistance, 104, 106
ciprofloxacin, 1916

resistance, 1881, 1882
multidrug resistance, 106
nalidixic acid, resistance, 2260
trimethoprom-sulfamethoxazole, 1667

Salmonella wien, antibiotic resistance
amoxicillin, 106
ampicillin, 106

Salpingitis
ampicillin-sulbactam f, 287, 288t
Neisseria gonorrhoeae-related, 38

SALT study, 3740–3741, 4154
Sanctuary sites, 3
Sandfly fever virus, ribavirin, 4368t, 4370
Sanofi-Aventis, 1156, 1164, 1386
Santaris Pharma A/S, 4630t
SAPPHIRE I and II studies, 4470t, 4500–4501, 

4500t, 4501t, 4505
Saprochaete, posaconazole, 2844
Saprochaete (Blastoschizomyces) capitata, 

 amphotericin B, 2572t
Saquinavir, 4019–4060

administration mode, 4021
adverse reactions and toxicity, 4052–4053
chemical structure, 4019, 4019f
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clinical use, HIV/AIDS infection
double-boosted protease inhibitor regimens, 

4054–4055
HBC co-infection, 4055
HBV co-infection, 4055
ritonavir-boosted, 4054
unboosted saquinavir, 4053–4054

coadministration with nelfinavir, 4080
dosage, 4021–4022
drug interactions, 4027–4052

adefovir, 4035, 4036t
adefovir dipivoxil, 4340t
amodiaquine, 3052
antifungal agents, 4037t, 4038
antimalarial agents, 4038
antiretrovirals, 4030t–4031t
arsunaprevir, 4038
atazanavir, 4150t
bedaquiline, 4035
boceprevir, 4038
clarithromycin, 4035
daclatasvir, 4038
dapsone, 1752, 4035, 4036t
darunavir, 4031t, 4034, 4035, 4131t
dasaprevir, 4038
delavirdine, 4032
didanosine, 4030t, 4031t
efavirenz, 4032
elvitegravir, 4031t
enfurvirtide, 4031t
erythromycin, 4035
etravirine, 3976, 3978t, 4032
fluconazole, 4038
fosampernavir, 4034
fosamprenavir, 4113
indinavir, 4034, 4035
indivir, 4035
integrase inhibitors, 4031t, 4035
ketoconazole, 2742
ledipasvir-sofosbuvir, 4037t
lopinavir, 4033
lopinavir-ritonavir, 4032–4033
maraviroc, 4031t, 4035
mefloquine, 3081, 4037t
nelfinavir, 4034, 4080
nevirapine, 3870, 4032
nonnucleoside reverse transcriptase inhibitors, 

4030t, 4032
nucleoside/nucleotide analog reverse 

transcriptase inhibitors, 4030t, 4032
ombitasvir-paritaprevir-ritonavir-dasabuvir, 

4467t
posaconazole, 4037t
raltegravir, 4031t, 4035
rifabutin, 4038
rifampicin, 4038–4039
rifapentine, 4039
rilpivirine, 4032
ritonavir, 4027
in ritonavir-boosted protease inhibitor 

regimens, 4032–4034
simeprevir, 4037t, 4038
sodium fusidate, 4037t, 4039
tenofovir, 4031t, 4038
tipranavir-ritonavir, 4031t
trimethoprim-sulfamethoxazole, 4035, 4036t
trimetrexate, 1771
in unboosted double protease inhibitor 

regimens, 4034–4035
voriconazole, 4037t, 4038

in vitro synergy and antagonism, 3724, 3732, 3757
pharmacokinetics/pharmacodynamics, 4022–4027

bioavailability, 4022–4023
boosted regimens, 4032
clinically important features, 4026–4027

comparison of boosted regimens, 4025–4026, 
4029t

distribution, 4023–4026
double-boosted regimens, 4029t, 4034–4035
entry and fusion inhibitors, 4035
excretion, 4027
in HIV-infected patients, 4024–4025
integrase inhibitors, 4035
once-daily boosted regimens, 4029t
in pregnancy and postpartum, 4023–4024
ritonavir-boosted oral saquinavir, 4024–4035
unboosted oral saquinavir, 4023

ritonavir-boosted, 4024–4026, 4028t–4029t, 
4032–4034, 4054

Sarcoidosis, treatment
chloroquine, 3042
choroquine, 3041
hydroxychloroquine, 3042

Sarcoma virus, adefovir dipivoxil, 4336
Sarcoptes. See Scabies mites
SatR study, 3937
SB252263. See Tafenoquine
SB-275833. See Retapamulin
Scabicin. See Crotamiton
Scabies mites (Sarcoptes scabiei)

crotamiton, 3440, 3442–3443
resistance, 3440

ivermectin, 3351, 3352t, 3353t, 3361
resistance, 3353

lindane, 3424–3425, 3426t, 3428
resistance, 3424

malathion, 3430, 3433t, 3434
moxidectin, 3362
permethrin, 3414, 3416, 3419

in pregnancy, 3418
resistance, 3414

Scarlet fever
cefazolin, 355
cephalothin, 355
erythromycin, 1075

Scarlet fever, penicillin V for, 96
Scars, minocycline-related discoloration, 1237
SCAR (severe cutaneous adverse reactions) 

syndromes, penicillin G-related, 50
SCCmec gene, 30
Scedosporium (scedosporiosis), 2596

amphotericin B, 2596
anidulafungin, resistance, 2694t, 2695
caspofungin, 2665
itraconazole, 2787t, 2788
ketoconazole, 2732t
miltefosine, 3292
voriconazole, 2596, 2824t, 2825, 2833t,  

2834–2835
Scedosporium angiospermum, miltefosine, 2596, 

3293t
Scedosporium apiospermum

amphotericin B, 2573t
amphotericin B-lipid complex resistance, 2629
caspofungin, 2663, 2667
isavuconazole, 2859, 2861t, 2865–2866
miltefosine-voriconazole, 3295
ravuconazole, 2877, 2878t
voriconazole, 2825

Scedosporium inflatum, amphotericin B resistance, 
2571

Scedosporium prolificans
albaconazole, 2870, 2871, 2872t, 2874
amphotericin B, 2573t

resistance, 2571
amphotericin B-lipid complex, resistance, 2629
caspofungin, 2663
isavuconazole, 2859, 2861t, 2865–2866
miltefosine, 3293t
miltefosine-voriconazole, 3296

ravuconazole, resistance, 2877, 2878t
terbinafine, 2711
voriconazole, 2825

SCH-56592. See Posaconazole
Schalz,Albert, 2478
Schering-Plough, 2195
Schistosoma (schistosomiasis)

oxamniquine, 3399
praziquantel, 3390–3391, 3390t

Schistosoma haematobium
artemether, 2943
artesunate, 2943
mefloquine, 3077
metrifonate, 3399, 3400, 3400t, 3402
oxamniquine, resistance, 3397
praziquantel, 3385, 3387t
prazuquantel, 3387t, 3390t, 3391

Schistosoma japonicum
artemether, 2943
artermisinins, 2942
artesunate, 2943, 2964, 2965t
oxamniquine, resistance, 3397
praziquantel, 3385, 3387t, 3390t

Schistosoma mansoni
artemether, 2943
artemether-lumefantrine, 2975
artemisinin-naphthoquine, 3020
artermisinins, 2942
artesunate, 2943, 2964, 2965t
mefloquine, 3077
oxamniquine, 3397, 3399
praziquantel, 3385, 3387t
prazuquantel, 3387t, 3390t, 3391

Schizophrenia
cycloserine adjunct therapy for, 2525
minocycline, 1242–1243

Schnitzler’s syndrome, pefloxacin, 2285
Sciatic nerve injury, penicillin G injection-related, 54
Sclerae, novobiocin-related discoloration, 1452
Scleral icterus, atazanavir-related, 4147
Scleroderma, sulfasalazine, 1602
Scopulariopsis

amorolfine, 2904
fluconazole, 2710t
griseofulvin, 2710t
itraconazole, 2710t

Scopulariopsis brevicaulis
ciclopirox, 2909
terbinafine, 2715

Scrub typhus. See Orientia tsutsugamushi (scrub 
typhus)

Scytalidium
albaconazole, 2871
amorolfine, 2904
amphotericin B, 2573t
fluconazole, 2710t
griseofulvin, 2710t
itraconazole, 2710t

Seal finger, tetracycline, 1200
SEAQUAMAT trial, 2955, 3065
Seborrheic dermatitis

bifonazole, 2893
ciclopirox, 2910
ketoconazole, 2745–2746
rilopirox, 2915

Sebum, ketoconazole in, 2739
Secondarily infected traumatic lesions, retapamulin, 

1561, 1565t, 1566
SECOND-LINE study, 4234
SECURE study, 2864–2865, 2865–2866
Sedation, terbinafine-related, 2715
Sedatives/hypnotics, drug interactions

darunavir, 4133t
indinavir, 4067t
tipranavir-ritonavir, 4166t
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See-saw effect, 152
Seizure disorders, mefloquine contraindication in, 

3082
Seizure patients, pyridoxine supplementation for, 

2330
Seizures, drugs causing

aciclovir, 3464
amantadine, 4536
amodiaquine, 3052
amoxicillin, 117
amoxicillin-clavulanic acid, 266
ampicillin-sulbactam, 285
anidulafungin, 2701
atovaquone-proguanil, 3141, 3142t
carbenicillin, 179
cefotaxime, 439–440
ceftiazidime, 561
ceftriaxone, 485
cephalexin, 365
cephalosporins, quinolone potentation of,  

354
ciprofloxacin, 1907
cycloserine, 2525
doripenem, 735–736
efavirenz, 3930
eflornithine, 3258–3259
enoxacin, 1907, 2175
ertapenem, 756
fleroxacin, 2186
fluoroquinolones, 1907
foscarnet, 3600t, 3601
ganciclovir, 3513
garenoxacin, 2205
gatifloxacin, 2226–2227
imipenem, 699, 735–736
imipenem-cilastatin, 679, 685
iodoquinol, 3200
isoniazid, 2331
levofloxacin, 2063
lindane, 3425
as lindane contraindication, 3425
lomefloxacin, 2249
as mefloquine contraindication, 3084
meropenem, 710–711, 710t
metronidazole, 1822, 1823
micafungin, 2687
miconazole, 2817
nalidixic acid, 1907
nifurtimox, 315
norfloxacin, 1907, 1990
ofloxacin, 1907, 2020
oxamniquine, 3399
pefloxacin, 2283
piperacillin-tazobactam, 756
polymyxins, 1447
pretomanid, 2556
prulifloxacin/ulifloxacin, 2151
pyrazinamide, 2365
pyrimethamine, 1731–1732
rufloxacin, 2292
sitafloxacin, 2126
temofloxacin, 1907
ticarcillin-clavulanic acid, 306
ticarcillin-related, 179
trimetrexate, 1772
vancomycin, 808
zidovudine, 3673

Selective decontamination of the digestive tract. 
See Gastrointestinal tract decontamination

Selective serotonin reuptake inhibitors, drug 
interactions

furazolidone, 3189–3190
linezolid, 1313–1314
pyronaridine, 3012
tipranavir-ritonavir, 4167t, 4168

Selenomonas
chloramphenicol, 1518
metronidazole, 1827

Self-injury, oseltamivir-induced, 4595
Selzentry. See Maraviroc
Semen, antimicrobial effects on

aciclovir, 3460
clindamycin, 1482t, 1483
darunavir, 4130
delavirdine, 3962
efavirenz, 3912
nevirapine, 3869
zidovudine, 3666t

Seminal fluid, antimicrobial distribution in
ciprofloxacin, 1900
didanosine, 3704
etravirine, 3975
fleroxacin, 2185
gatifloxacin, 2223
ketoconazole, 2739
maravoric, 4311
metronidazole, 1818
raltegravir, 4218
trimethoprim-sulfamethoxazole, 1644
zidovudine, 3668

Semliki Forest virus
amantadine, 4525
chloroquine, 3033
ribavirin, 4370

SENC study, 3935
Sennetsu disease, 1874. See also Ehrlichia senetsu
SENSE study, 3926, 3938
Sensory disturbances, nalidixic acid, 2265
SENTRY Antimicrobial Surveillance Program, 465, 

472, 481, 550t, 621, 789, 837, 867, 870, 1294, 
1422, 1472–1473, 1634, 2157, 2200, 2215, 2218, 
2372–2373, 2377, 2378

Sepsis/septicemia (bloodstream infections). See also 
Bacteremia; specific bacteria

amikacin, 1019
amoxicillin-clavulanic acid, 264
amoxicillin-mecillinam, 210
azlocillin, 197
aztreonam, 652
in burn patients, ticarcillin-clavulanic acid, 

310–311
cefazolin, 355
cefotaxime, 437, 444
cefpirome, 595
ceftazidime-avibactam, 244
ceftizoxime, 536
ceftolozane-tazobactam, 640
ceftriaxone, 475, 478, 490
cephalothin, 354, 355
chloramphenicol, 183
ciprofloxacin, 1934
clinafloxacin (withdrawn from clinical trials), 

2314, 2315
clindamycin, 183
daptomycin, 876, 891
dog bite-related, 34
doxycycline, 1210
erythromycin, 1078
fusidic acid, 1414–1415
gentamicin, 183, 971, 979
imipenem, 677t
isepamicin, 1043
mecillinam, 210, 213, 214
meningitis associated with, 354
mezlocillin, 197
neonatal

ampicillin-aztreonam, 653
cefazolin, 354
gentamicin, 979

netilmicin, 1034

penicilin G, 67
penicillin G, 55, 56, 57, 60, 66, 67
piperacillin, 181
teicoplanin, 853
temocillin, 223
ticarcillin, 183
ticarcillin-gentamicin, 182
ticarcillin-tobramycin, 182
ticarcilln, 182
tinidazole, 1857
trimethoprim-sulfamethoxazole, 1660, 1664
vancomycin, 798–799, 801, 813

in neonates, 803
Septal murein synthetase. See Penicillin-binding 

protein 3
Septic arthritis

amphotericin B, 2589, 2591
ciprofloxacin, 1921
clindamycin, 1495
metronidazole, 1827
temofloxacin, 1921

Septicemia, neonatal, 122
Septic joint effusions

ampicillin, 113
methicillin, 139

Septic shock
cefepime, 588
vancomycin, 805

Sequential therapy, for H. pylori infections,  
1858

Serenoa repens, as nutritional supplement,  
2153

Serotonin reuptake inhibitors. See Selective 
serotonin reuptake inhibitors

Serotonin syndrome, linezolid, 1313–1314
Serratia

amikacin, 1009
resistance, 1019

aminoglycoside-modifying enzymes, 1040
amoxicillin, resistance, 104
amoxicillin-clavulanic acid, resistance, 226
ampicillin, resistance, 104
ampicillin-sulbactam, 281t
apalcillin, 189
azithromycin, resistance, 1124
aztreonam, 644
beta-lactamases, 209, 254
cefazolin, resistance, 348
cefotaxime, 428t, 532
ceftizoxime, 532
ceftolozane-tazobactam, 230
cephalothin, resistance, 348
chloramphenicol, resistance, 1517
ciprofloxacin, 1867, 1895, 1930
faropenem, 766, 767t
gentamicin, resistance, 969t
imipenem, 665, 677
mecillanam, resistance, 209
moxifloxacin, 2085, 2086t
nalidixic acid, 2256

resistance, 2257t
nitrofurantoin, resistance, 1785
nitrofurazone, 1784
norfloxacin, 1986
ofloxacin, 2006

resistance, 2008
penicillin G, resistance, 33
prulifloxacin/ulifloxacin, 2148t
rifampicin resistance, 2373
spectinomycin, 1542
streptomycin, 2471
tigecycline resistance, 1250
tobramycin, 993
trimethoprim-sulfamethoxazole, 1627, 1664

resistance, 1632
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Serratia liquefaciens
sitafloxacin, 2122
temocillin, 219t

Serratia marcescens
amikacin, 175
amoxicillin-clavulanic acid, 267

resistance, 254
ampicillin-sulbactam, 281

resistance, 228
azlocillin, 189
aztreonam, resistance, 645, 646t
beta-lactamases, 430, 665
biapenem, 773
carbenicillin, 175
cefepime, 579, 580t
cefoperazone-sulbactam, resistance, 416t
cefotiam, resistance, 397, 399t
cefoxitin, resistance, 404t
cefpodoxime, resistance, 532
cefprozil, resistance, 377
ceftaroline, 606–607
ceftazidime, resistance, 550, 551t
ceftriaxone, 468t–469t
cefuroxime, resistance, 386
cephalexin, resistance, 362
ciprofloxacin, 1868t, 1902

resistance, 1875
cycloserine, resistance, 2521
delafloxacin, 2132, 2133t
enoxacin, 2171, 2172t
faropnem, 768
finafloxacin, 2140t
fleroxacin, resistance, 2180
fluoroquinolones, resistance, 1876
fosfomycin, 1399

resistance, 1396
garenoxacin, 2195, 2196t
gatifloxacin, 2213, 2214t
gentamicin, 175
imipenem, 665
isepamicin, 1040t
KPC-carbapenemases, 701
mecillinam, resistance, 207, 208t
meropenem, postantibiotic effect, 709
mezlocillin, 188, 188t
moxifloxacin, 2086t
multidrug-resistant, mecillinam-cefoxitin, 213
nalidixic acid, resistance, 2259
netilmicin, 175
penicillin G, resistance, 33
piperacillin-tazobactam, 320t
polymyxins, resistance, 1423
sitafloxacin, 2122, 2123t
tazobactam, 228–229
temocillin, 219
ticarcillin, 175, 182–183, 188, 188t

resistance, 227
ticarcillin-clavulanic acid, 300t

resistance, 227, 301
tigecycline, 1251–1252, 1256

resistance, 1253
tobramycin, 175
trimethoprim-sulfoxazole/amikacin, 1635

Sertaconazole
administration modes, 2891t
adverse reactions and toxicity, 2891t
chemical structure, 2887t
clinical uses, 2891t, 2894
excretion, 2891t
mechanism of action, 2885
pharmacokinetics/pharmacodynamics, 2892

Sertraline, drug interactions
clarithromycin, 1104t
linezolid, 1314
tipranavir-ritonavir, 4167t

Serum bactericidal tests, of endocarditis, 61
Serum glutamic oxaloacetic transaminase (SGOT), 

drug-induced elevation
carbenicillin, 180
clindamycin, 1478
gentamicin, 978
mezclocillin, 196
netilmicin, 1034
oxacillin, 153
piperacillin-tazobactam, 333
ticarcillin, 180
tobramycin, 1000

Serum protein binding. See Protein binding
Serum sickness, drugs causing

cefaclor, 379
cefazolin, 352
cephalexin, 365
cephalothin, 352
furazolidone, 3190
griseofulvin, 2929
penicillin G, 47t, 48, 54
tartrazine, 3190

Serum sickness-like reactions
cefuroxime, 483
minocycline, 1237

Serum sickness-like reactions, drugs causing
ceftriaxone, 483

Severe acute respiratory syndrome (SARS), ribavirin, 
4395

Severe respiratory syndome (SARS)-related 
coronavirus

nelfinavir, 4076
ribavirin, 4371

Sexual assault victims, sexually transmitted disease 
prophylaxis in

cefixime, 541
ceftriaxone, 497

Sexually transmitted infections, treatment
azithromcyin, 1129
azithromycin, 1133–1134
cefotaxime, 448
ciprofloxacin, 1922–1924
doxycycline, 1214–1215
enoxacin, 2175–2176
erythromycin, 1077
gatifloxacin, 2232
levofloxacin, 2066–2067
norfloxacin, 1992
ofloxacin, 2029–2030
pefloxacin, 2284
rosaramicin, 1154
solithromycin, 1189
sparfloxacin, 2299–2300
spiramycin, 3180
streptomycin, 2482
temofloxacin (withdrawn from market), 2309
trimethoprim-sulfamethoxazole, 1665–1666

Shampoo, antifungal
bifonazole, 2893
ciclopirix, 2910
ketoconazole, 2744, 2745–2746

SHIELD study, 4230
Shiga toxin, 1910
Shigella (shigellosis)

amikacin, 1009
amoxicillin, resistance, 104, 123
amoxicillin-clavulanic acid, 255
ampicillin, 175

resistance, 209, 1518
ampicillin, resistance, 104, 107, 123
avarofloxacin, 2159t
azithromycin, 443, 544, 1124, 1135

resistance, 1135
aztreonam, 644, 646t
beta-lactamase-producing, 209

biapenem, 773
cefazolin, 348
cefixime for, 541, 544
cefotaxime, 443
cefoxitin, 404t
cefpodoxime, 532
ceftriaxone, 469t, 470–471, 486–487
cephalexin, 362
cephalothin, 348
chloramphenicol, 1517, 1529

resistance, 1518–1519
chloramphenicol, resistance, 107
ciprofloxacin, 1868t, 1869, 1915–1916

resistance, 1869, 1881
co-trimazole, resistance, 1518
cotrimoxazole, resistance, 107
delafloxacin, 2132, 2133t
in developing countries, 107
enoxacin, 2171, 2172t, 2176
ertapenem, 747, 747t
erythromycin, resistance, 1066
extended-spectrum beta-lactamases, 303
fleroxacin, 2188
fluoroquinolones, 443, 486
fluoroquinolones, resistance, 443
furazolidone, 1784, 3187
garenoxacin, 2197
gatifloxacin, 2213, 2214t, 2233
gemifloxacin, 2112t, 2113
gentamicin, 965
imipenem, 665
isepamicin, 1039
kanamycin, 950
levofloxacin, resistance, 2067
mecillinam, 207, 208t, 209
mezlocillin, 188
minocycline, 1239
moxifloxacin, 2085, 2086t
multidrug-resistant, 470–471
nalidixic acid, 2268–2269

resistance, 1881, 2256, 2257, 2257t, 2260, 
2261–2262

nalidixic acid, resistance, 107
nitrofurantoin, 1786
nitrofurazone, 1784
norfloxacin, 1915–1916, 1986, 1993
novobiocin, resistance, 1450
ofloxacin, 2005t, 2006
penicillin, resistance, 33
piperacillin, 189
piperacillin-tazobactam, 320t
plazomicin, 1055
polymyxins, 1423
prulifloxacin/ulifloxacin, 2148t
quinolones, resistance, 104
roxithromycin, resistance, 1088
sitafloxacin, 2122, 2123t
solithromycin, 1181t
sparfloxacin, 2295t
spectinomycin, 1542
streptomycin, 2471

resistance, 1518, 1519
streptomycin, resistance, 104
sulfonamides, 1572, 1595

resistance, 104, 1577
temocillin, 219t
tetracycline, resistance, 1518, 1519
tetracyline, resistance, 104
third-generation cephalosporins, 443, 486

resistance, 443, 487
tigecycline, resistance, 1251
tobramycin, 993
tosufloxacin, 2304, 2305t
trimethoprim, 1627, 1629t

resistance, 1636t
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Shigella (shigellosis) (continued)
trimethoprim-sulfamethoxazole, 1627, 1667–1668

resistance, 1633, 1636t, 1667–1668
Shigella boydii

amoxicillin, resistance, 104
ampicillin, resistance, 104
multidrug-resistant, 470

Shigella dysenteriae
absorbable antibiotics, 1050
amoxicillin, resistance, 104
ampicillin, resistance, 104
ceftriaxone, 469t
ceftriaxone, resistance, 471
chloramphenicol, 1529

resistance, 1518, 1519
ciprofloxacin, 1881, 1916
cotrimoxazole, resistance, 1595
doxycycline, 214
multidrug-resistant, 470
nalidixic acid, 2268

resistance, 2261
ofloxacin, resistance, 2008
pefloxacin, 2285
pivmecillinam, 213–214
sulfonamides, 1595
tetracycline, resistance, 1195
trimethoprim-sulfamethoxazole, 1595

Shigella dysenteriae type 1
ampicillin, resistance, 107
chloramphenicol, resistance, 107
clotrimoxazole, resistance, 107

Shigella flexneri
amoxicillin, resistance, 104
ampicillin, 123
ampicillin, resistance, 104, 107
carbapenmases, 672
ceftriaxone, 469t
ceftriaxone, resistance, 471
chloramphenicol, resistance, 1519
ciclopirox, 2910
ciprofloxacin, resistance, 1881
mecillinam, resistance, 209
multidrug-resistant, 470
norfloxacin, resistance, 1987–1988
quinolone, resistance, 1877
rifaximin, 2456
streptomycin, resistance, 107, 2474
sulfonamides, resistance, 107
tetracyclines, resistance, 107

Shigella flexneri serotype 3a, antibiotic resistance in, 
107–108

Shigella sonnei
ampicillin, 123
ampicillin, resistance, 107
chloramphenicol, 1519
ciprofloxacin, 1881
enoxacin, 2171
multidrug-resistant, 470
nalidixic acid, resistance, 2261
neomycin, resistance, 1047, 1050
sparfloxacin, 2294
streptomycin, resistance, 107, 2474
sulfonamides, resistance, 107
tetracyclines, resistance, 107
trimethoprim-sulfamethoxazole, 1595

Shingles. See Zoster
Shin Phoong Pharmaceuticals, 3006, 3009, 3387
Shionogi, Inc., 658, 723
Shock-like state, rifampicin-related, 2389
Sho-saiko-to, drug interactions, 4463t
SHP620. See Maribavir
Shunt infections

teicoplanin, 844, 855
trimethoprim-sulfamethoxazole, 1684

SHV, 208

Sickle cell disease, chemoprophylaxis in
cefixime, 544
penicillin G, 97
penicillin V, 96–97

Sildenafil, drug interactions
boceprevir, 4458t
cobicistat, 4186t
etravirine, 3977, 3980t
indinavir, 4067
ketoconazole, 2742
ombitasvir-paritaprevir-ritonavir-dasabuvir, 4467t
telaprevir, 4457t
tipranavir-ritonavir, 4167, 4167t

Silvazine, antimicrobial activity, 1572
herpes simplex viruses, 1574
mycobacteria, 1574

Silver nitrate, clinical uses, 1602
Silver sulfadiazine, clinical uses

burns, 1602–1603
catheter-related bloodstream infections, 

1603–1604
radiation-induced dermatitis, 1603
umbilical cord care, 1603

Silver sulfasalazine, antimicrobial activity, 1571–1572
Simeprevir, 4434t

administration mode, 4452t
adverse reactions and toxicity, 4458
antiviral activity, 4440t
chemical structure, 4436f
combined with sofosbuvir, in HCV therapy, 

4482–4484, 4483t
dosage, 4452t
drug interactions, 4458, 4468f

darunavir, 4131t
etravirine, 3979t
ledipasvir-sofosbuvir, 4462t
lopinavir-ritonavir, 4092, 4093t
rilpivirine, 4000t
saquinavir, 4037t, 4038

excretion, 4454, 4457–4458
mechanism of action, 4434t
pharmacokinetics/pharmacodynamics, 4454t, 

4457
resistance and cross-resistance, 4443t

Simethacone, drug interactions, 4220
Simian/human immunodeficiency virus

stavudine, 3756
tenofovir diphosphate, 3838–3839
zidovudine, 3658

Simian immunodeficiency virus (SIV)
adefovir dipivoxil, 4336
didanosine, 3699
emtricitabane, 3801, 3802

resistance, 3802
etravirine, 3971
lamivudine, 3730
nevirapine, 3856
stavudine, 3756
tenofovir, 3824, 3824t, 3825
tenofovir diphosphate prophylaxis, 3838–3839
zidovudine, 3658

Simian type D retrovirus strain SAIDS-D/WA, 
zalcitabine, 3723

Simian varicella virus, cidofovir, 3533t, 3536t
Simian virus 40, amantadine, 4525
Simvastatin, drug interactions

azithromycin, 1128
boceprevir, 4458t
cobicistat, 4186t
drug interations

telithromycin, 1162, 1162t
fosamprenavir, 4110
fusidic acid, 1413
grazoprevir, 4460
indinavir, 4067t

itraconazole, 2795
ketoconazole, 2742
lopinavir-ritonavir, 4092, 4093t
nelfinavir, 4079
ombitasvir-paritaprevir-ritonavir-dasabuvir, 4467t
posaconazole, 2850
rifampicin, 2386t
rifaximin, 2455
ritonavir, 4186t
telaprevir, 4457t
tipranavir-ritonavir, 4166

Sindbis virus
amantadine, 4525
chloroquine, 3033
rimantadine, 4525

SINGLE studies, 3740, 3923, 3940, 4266, 4268t, 4269, 
4277

Sin nombre virus, ribavirin, 4370, 4393
Sinus arrhythmia, pyronaridine-artesunate-related, 

3014
Sinus bradycardia, arteminsinins-related, 2953
Sinuses, antimicrobial distribution in

fleroxacin, 2185
garenoxacin, 2202
minocycline, 1234
moxifloxacin, 2089
norfloxacin, 1989
pefloxacin, 2280
prulifloxacin/ulifloxacin, 2150
sitafloxaxin, 2125–2126
sparfloxacin, 2297
spiramycin, 3177
tosufloxacin, 2306

Sinusitis, treatment
acute

garenoxacin, 2206t, 2207
moxifloxacin, 2094–2095

amoxicillin, 118
amoxicillin-clavulanic acid, 257, 1131
azithromycin, 1131
cefaclor, 257
cefixime, 541, 543
cefpodoxime, 257, 537
ceftazidime, 563
cefuroxime axetil, 257
ciprofloxacin, 1932
clarithromycin, 257, 1107–1108, 1107t, 1111
clindamycin, 1496
econazole, 2893
erythromycin, 1076, 1079
feropenem, 769
gatifloxacin, 2229t, 2230
levofloxacin, 2061, 2072–2073, 2073t
penicillin V, 97
pristinamycin, 1389, 1390
roxithromycin, 1091
sparfloxacin, 2299
spiramycin, 3179
telithromycin, 1166
tinidazole, 1857
trimethoxazole-sulfamethoxazole, 1661

SIRIUS studies, 4488t
Sirolimus, drug interactions

atazanavir, 4149t
etravirine, 3977
fosamprenavir, 4111t
isavuconazole, 2864t
ketoconazole, 2741
posaconazole, 2850
tipranavir-ritonavir, 4167t
voriconazole, 2830, 2831

Sisomicin. See also Netilmicin
chemical structure, 1028, 1028f
description, 1028
resistance to, 1030
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Sitofloxacin, 2122–2131
administration mode, 2125
adverse reactions and toxicity, 2126–2127
antimicrobial activity, 2122–2125

anaerobic bacteria, 2123t, 2124
Gram-negative bacteria, 2122–2123, 2123t
gram-positive bacteria, 2123–2124, 2123t
minimum inhibitory concentrations, 

2122–2123, 2123t
mycobacteria, 2123t, 2124

chemical structure, 2122, 2122f
clinical uses, 2127–2128

cervicitis, 2128
community-acquired pneumonia, 2127–2128
H. pylori infections, 2125, 2128
MRSA, 2128
peridontal infections, 2128
urethritis, nongonococcal, 2125, 2128
urinary tract infections, 2128
vancomycin-resistant bacterial infections,  

2128
development and availability chronology, 2256t
dosage, 2125
drug interactions, 2124, 2126
in vitro synergy and antagonism, 2124
mechanism of action, 2125
pharmacokinetics/pharmacodynamics

bioavailability, 2125
clinically important features, 2126
distribution in body, 2125–2126
excretion, 2126
post-antibiotic effect, 2126

post-antibiotic effect, 2123–2124
resistance, 2124–2125

Sjögren-Larsson syndrome, miltefosine contra-
indication in, 3298

Sjögren’s syndrome, treatment
chloroquine, 3042
hydroxychloroquine, 3042

Skeletal growth, tetracycline-related depression of, 
1198, 1199

Skeletal malformations, gatifloxacin-related, 2228
Skin, antimicrobial distribution in

aciclovir, 3461
amorolfine, 2905
biapenem, 776–777
butenafine, 2721
ceftiazidime, 559
ciclopirix, 2911
clindamycin, 1480
clofazimine, 2534, 2536
dalbavancin, 922
fluconazole, 2763
fusidic acid, 1412
griseofulvin, 2929
itraconazole, 2793, 2794
ivermectin, 3354
meropenem, 708t
minocycline, 1234, 1235
moxidectin, 3363
naftifine, 2726
oritavancin, 912
panipenem, 777
permethrin, 3417
roxithromycin, 1089
sparfloxacin, 2297
tigecycline, 1256

Skin cancer, voriconazole-related, 2832
Skin discoloration, drugs causing

clofazimine, 2535, 2536, 2537t
sulfonamides, 1593, 1594

Skin eruptions
azithromycin, 1129
clarithromycin, 1106
minocycline, 1236–1237

Skin infections. See also Soft tissue infections
amoxicillin-clavulanic acid, 268–269, 309, 770, 

2097
amphotericin B, 2589, 2590
ampicillin-sulbactam, in children, 293
avarofloxacin, 2157, 2160, 2161
azithromycin, 1132
aztreonam, 651–652
bacitracin, 1458
cefaclor, 380
cefataxime, 291t, 292
cefazolin, 291t, 292, 355
cefepime, 594–595, 596
cefepime-tazobactam, 587, 588
cefotaxime, 437–438, 448
cefotiam, 401
cefoxitin, 291t, 292
cefpirome, 587
cefprozil, 380
ceftaroline, 607, 612
ceftazidime-avibactam, 244
ceftobiprole, 628, 631
ceftriaxone, 475–476, 501

in children, 293
cefuroxime, 391

in children, 293
cephalexin, 363, 365–366, 367
cephalothin, 401
cephradine, 374
ciprofloxacin, 448, 1921–1922
clarithromycin, 1106–1107, 1109, 1110
clindamycin, 291t, 292, 1490–1493, 1491t
dalbavancin, 924–927, 926t, 1324
daptomycin, 875, 876, 889–890
delafloxacin, 2136–2137
doxycycline, 1204
ertapenem, 760
erythromycin, 380
feropenem, 770
fleroxacin, 2189–2190
fusidic acid, 1415–1416
garenoxacin, 2206t, 2207
gatifloxacin, 2233
grepafloxacin (withdrawn from market), 2313
iclaprim, 1781
imipenem-cilastatin, 711
isepamicin, 1043
isoxazolyl penicillins, 154
ketoconazole, 2745–2746
lefamulin, 1556, 1559
levofloxacin, 309, 2073–2074
linezolid, 925–927, 926t, 1306, 1781
meropenem, 711, 712t, 713
mezlocillin, 197
miconazole, 2819
moxifloxacin, 2097
mupirocin, 1462–1463, 1463t
nafcillin, in children, 170
nemonoxacin, 2161, 2163
omadacycline, 1271
oritavancin, 911, 913–914, 914t
oxazolidinone tedizolid, 1324
penicillin G, 56, 57
piperacillin-tazobactam, 308–309, 336
pristinamycin, 1389–1390
quinupristin-dalfopristin, 1383
rifaximin, 2458
roxithromycin, 1091–1092
tedzolid, 1361–1362, 1367–1368, 1369–1370,  

1371t
teicoplanin, 854–855
telavancin, 930, 936
temofloxacin (withdrawn from market), 2309
ticarcillin-clavulanic acid, 308–309
tigecycline, 652, 1258, 1260

trimethoprim-sulfamethoxazole, 1663, 1684–1685
trovafloxacin (withdrawn from market), 2311
vancomycin, 652, 890, 1324, 1781

Skin necrosis, chloramphenicol, 1529
Skin procedures, cephalexin prophylaxis, 367
Skin reactions. See also Cutaneous toxicity; 

Hypersensitivity reactions; Rashes
drugs causing

linezolid, 1315
moxifloxacin, 2092
nafcillin, 168
norfloxacin, 1990–1991
rifampicin, 2387
suramin, 3232
tigecycline, 1258
vancomycin, 809

Skin tests
amoxicillin, 115, 116
amoxicillin-clavulanic acid, 115
meropenem, 711
ofloxacin, 2022
penicillin, 48
penicillin allergy, 680
penicillin G, 50–51

Sklice. See Ivermectin
Sleep disturbances. See also Insomnia

drugs causing
efavirenz, 3920
pegylated interferon, 4466
zidovudine, 3673

Sleeping sickness. See Trypanosoma brucei
Sleep talking, pyronaridine-artesunate, 3014
SLOAT study, 4154
Small intestinal bacterial overgrowth, rifaximin, 

2454, 2457
Smallpox virus. See Variola virus
SMART study, 3706, 3785, 3786
Smith Kline and French, 3313
Snail vector control agents, niclosamide, 3408
Sneddon-Wilkinson syndrome, 1761
Sobelin®. See Clindamycin
SOCA-ACTG study, 3553
SODAPI study, 4495
Sodium amoxicillin, 111, 113
Sodium ampicillin, 111
Sodium benzoate, adverse reactions and toxicity, 265
Sodium benzylpenicillin. See Penicillin G
Sodium content

piperacillon-tazobactam, 334
ureido-penicillins, 196–197

Sodium fusidate. See Fusidic acid
Sodium hydroxide, 1374
Sodium overload

carbenicillin-related, 182
para-aminosalicyclic acid-related, 2491
ticarcillin-clavulanic acid-related, 306

Sodium penicillin G. See Penicillin G
Sodium stibogluconate

adverse reactions and toxicity, 3284, 3286
bioavailability, 3284
chemical structure, 3280, 3280f
dosage, 3282
in vitro synergy and antagonism, 3150–3151, 3295
resistance, 3282

Sofosbuvir, 4434t, 4477–4498
administration mode, 4452t
antiviral activity, 4440t, 4477
chemical structure, 4436f
dosage, 4452t
drug interactions, 4461, 4468f

darunavir, 4131t
etravirine, 3979t
rilpivirine, 4000t

excretion, 4461
mechanism of action, 4434t
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Sofosbuvir (continued)
pharmacokinetics/pharmacodynamics, 4455t, 

4460–4461
resistance, 4443–4444, 4445t

Sofosbuvir combination therapy, for HCV, 4477–4498
with daclarasvir and simeprevir, 4495
with grazoprevir and elbasvir, 4495
with ledipasvir

administration mode, 4452t
adverse reactions and toxicity, 4470–4471, 

4471t, 4492–4493
in cirrhotic patients, 4488t, 4489–4490, 4491
dosage, 4452t
drug-drug interactions, 4492
drug interactions, 4461, 4462t, 4468f
for genotype 1, 4451, 4487–4491, 4488t
for genotype 2, 4491
for genotype 3, 4489t, 4491
for genotype 4, 4489t, 4491
for genotype 5 and 6, 4489t, 4490t, 4491–4492
in HIV co-infected patients, 4488t, 4489
sofosbuvir resistance, 4492
treatment-experienced patients, 4487, 4488t, 

4489
treatment-naive patients, 4487, 4488t

with ombitasvir-paritaprevir-ritonavir (PrO 
regimen), 4506–4507

with pegylated interferon-alpha and ribavirin, 
4477–4479, 4478t

in cirrhotic patients, 4477, 4478, 4479
cohort studies, 4479
for genotype 1, 4477, 4478–4479, 4478t
in genotype 1 patients, 4478–4479
in genotype 2 or 3 patients, 4478
for genotype 3, 4477, 4478, 4478t
for genotype 4, 4477, 4478t
for genotype 5, 4477
for genotype 6, 4477, 4478t
in treatment-experienced patients, 4478, 4478t
in treatment-naive patients, 4477–4478, 4478t

with ribavirin, 4479–4482
in cirrhotic patients, 4479, 4480t, 4481, 4482
for genotype 1, 4479–4480, 4480t
for genotype 2, 4480–4481, 4480t
for genotype 3, 4480t, 4481–4482
for genotype 4, 4480t, 4482

with RNA polymerase (NS5A) inhibitors
ACH-3102 (odalasvir), 4494–4495
in cirrhotic patients, 4482–4484, 4483t
daclatasvir, 4484–4487, 4485t
for genotype 1, 4484–4486
for genotype 2, 4486
for genotype 4, 4482, 4483t, 4484, 4486–4487
ledipasvir, 4487–4493, 4488t–4489t, 4493t
triple combinations, 4494

with simeprevir, 4482–4484, 4483t
with velpatasvir, 4493–4494, 4493t

administration mode, 4452t
adverse reactions and toxicity, 4471–4472, 4472t
dosage, 4452t
drug interactions, 4465, 4468f

with velpatasvir and GS-9857, 4495
Soframycin. See Framycin
Soft tissue, antimicrobial distribution in

ciprofloxacin, 1900
levofloxacin, 2061–2062
tigecycline, 1256

Soft tissue infections
amoxicillin-clavulanic acid, 268–269, 336, 2097
ampicilin-sulbactam, 290, 291t, 292
aztreonam, 651–652
cefataxime, 291t, 292
cefazolin, 291t, 292, 854–855
cefepime, 596
cefotaxime, 437–438, 448–449

cefoxitin, 291t, 292
cefpirome, 587
ceftaroline, 612
ceftazidime-avibactam, 244
ceftobiprole, 628, 631
ceftriaxone, 475–476, 501, 504
cefuroxime, 391
cephalexin, 365–366, 367
cephradine, 374
ciprofloxacin, 1921–1922
ciprofloxacin for, 448
clarithromycin, 1110
clindamycin for, 291t, 292
dalbavancin, 924–927, 926t
daptomycin, 854, 875, 876, 889–890
doxycycline, 1204
ertapenem, 760
ertapenem for, 336
fleroxacin, 2189–2190
garenoxacin, 2206t, 2207
gatifloxacin, 2233
imipenem-cilastatin, 711
isepamicin, 1043
isoxazolyl penicillins, 154
levofloxacin, 2073–2074
meropenem, 711, 712t, 713
mezlocillin, 197
moxifloxacin, 336, 2097
nemonoxacin, 2161, 2163
ofloxacin, 2034
oritavancin, 911, 913–914, 914t
penicillin G, 68
piperacillin-tazobactam, 308–309, 336
sparfloxacin, 2300
teicoplanin, 854–855
telavancin, 930, 932, 933, 936
temocillin, 223
temofloxacin (withdrawn from market), 2309
temofoxacin, 2309
ticarcillin-clavulanic acid, 308–309
tobramycin, 1000
trovafloxacin (withdrawn from market), 2311
vancomycin, 890
vancomycnin, 854

SOLAR studies, 4488t
Solid tumors, trimetrexate, 1769, 1773
Solid tumor-targeted gene therapy, ganciclovir, 3522
SOLITAIRE-IV study, 1188, 1189
SOLITAIRE-ORAL study, 1188, 1189
SOLITAIRE-U trial, 1189
Solithromycin, 1179–1191

administration mode, 1186
adverse reactions and toxicity, 1188
antimicrobial activity

AUC/MIC ratio, 1187
CLSI criteria, 1179, 1182
EUCAST criteria, 1182, 1183
Gram-negative bacteria, 1179, 1181t, 

1182–1183, 1182–1184
Gram-positive anaerobic bacteria, 1181t, 1184
Gram-positive bacteria, 1179–1182, 1180t
minimum inhibitory concentrations, 1179, 

1180t, 1181–1182, 1181t, 1183, 1184, 1186
chemical structure, 1179, 1179f
clinical uses

community-acquired pneumonia, 1179, 
1188–1189

intrauterine infections, 1189
malaria, 1184
sexually transmitted infections, 1189
skin and skin structure infections, 1179

dosage, 1186
drug interactions, 1187–1188

solithromycin, 1182
synergistic, 1182

mechanism of action, 1179, 1185–1186
metabolites, 1187
pharmacokinetics/pharmacodynamics,  

1186–1188
bioavailability, 1186
clinically important features, 1187
distribution, 1186–1187
excretion, 1187

postantibiotic effect, 1187
resistance and cross-resistance, 1184–1185

Solodyn. See Minocycline
SOLO studies, 912, 913–914, 914t, 4117t, 4118
Somnolence, drugs causing

efavirenz, 3920
garenoxacin, 2204t, 2205
ivermectin, 3357t
sitafloxacin, 2126
zabofloxacin, 2165
zidovudine, 3673

Soolantra. See Ivermectin
Sorafenib, drug interactions, 2864
Sore throat. See also Pharyngitis

atovaquone-proguanil, 3142t
SOS response, in bacteria, 1810
Sotalol, drug interations, 1162t
Sovaldi. See Dasabuvir
SPARE study, 4227t, 4236–4237, 4479
Sparfloxacin, 2294–2303

administration modes, 2296
adverse reactions and toxicity, 2019, 2187, 2294, 

2298–2299
cardiac toxicity, 2064

antimicrobial activity, 2256, 2294–2296, 2295t
mycoplasma, 1873–1874

chemical structure, 2254f, 2294, 2294f
clinical uses, 2299–2300

community-acquired pneumonia, 1091
development and availability chronology, 2256t
dosage, 2296–2297
drug interactions, 2298
in vitro synergy and antagonism, 1303, 1396
mechanism of action, 2296
pharmacokinetics/pharmacodynamics,  

2297–2298
resistance and cross-resistance, 2296
withdrawal from U.S. market, 2294

SPARTAN study, 4154–4155, 4230
Spasticity, amodiaquine-related, 3052
Spectinomycin, 1542–1546

administration mode, 1543
adverse reactions and toxicity, 1544
antimicrobial activity, 1542–1543
bioavailability, 1544
chemical structure, 1542, 1542f
clinical uses, 1544–1545
distribution in body, 1544
dosage, 1543–1544
excretion, 1544
mechanism of action, 1543
pharmacokinetics/pharmacodynamics, 1544
resistance and cross-resistance, 1543

Sperm/spermatogenesis abnormalities
cidofovir, 3551–3552
ganciclovir, 3509, 3513
griseofulvin, 2930
valganciclovir, 3509

Spheroplasts, 42
Sphingomonas paucimobilis

ceftazidime, 552
trimethoprim-sulfamethoxazole, 1630

Spinal cord, aciclovir in, 3460
Spinal cord injury

amphotericin B intrathecal administration, 2584
ciprofloxacin, 1914

SPIRAL study, 4226t, 4235
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Spiramycin, 1150, 3175–3182
administration mode, 3176
adverse reactions and toxicity, 3178
antimicrobial activity, 1151, 3175
chemical structure, 3175, 3175f
clinical uses, 1733

congenital toxoplasmosis, 3176
cryptosporidiosis, 3180
dental infections, 3179
gingivitis, 3179
lower respiratory tract infections, 3179–3180
pertussis, 3179
sexually transmitted diseases, 3180
Toxoplasma chorioretinitis, 3179
toxoplasmosis in pregnancy, 3176, 3178–3179, 

3179t
toxoplasmosis maternal-fetal transmission, 1597
trachoma, 3180
upper respiratory tract infections, 3179

combined with metronidazole (Rodogyl), 3175, 
3177, 3179

concentration-dependent activity, 4t
cross-sensitivity to, 3178
dosage, 3176–3177
drug interactions, 3177
excretion, 3177
mechanism of acton, 3176
pharmacokinetics/pharmacodynamics, 3177
postantibiotic effect, 3177
resistance and cross-resistance, 3175–3176
veterinary uses, 3176, 3178

Spiramycine Coquelusedal. See Spiramycin
Spirillum minus, penicillin G, 24t, 34, 66
Spirochetes

cefuroxime, 385t
ciprofloxacin, 1874–1875

resistance, 1886
doxycycline, 1206
erythromycin, 1068
penicillin G, 34
spiramycin, 3175

Spirolactone, drug interactions
sulfamethoxazole, 1646t
trimethoprim, 1646t

SPIRT study, 3998
Spleen, antimicrobial distribution in

amodiaquine, 3051
amphotericin B, 2579, 2633f
amphotericin B, liposomal, 2614
amphotericin B-lipid complex, 2632
anidulafungin, 2699–2700
azithromycin, 1126
caspofungin, 2669
chloroquine, 3037
clofazimine, 2536
fluconazole, 2763
miltefosine, 3297
oritavancin, 912
pentamidine, 3273
pyrazinamide, 2363
pyronaridine, 3011
pyronaridine-artesunate, 3013
quinupristin-dalfopristin, 1378
rifabutin, 2437
terbinafine, 2714

Splenectomy, pneumococcal sepsis prophylaxis, 
96–97

Splenomegaly, pyronaridine-artesunate, 3013
Spondyloarthropahy, undifferentiated, rifampicin, 

2409
Sporanox. See Itraconazole
Sporothrix, albaconazole, 2871, 2872t
Sporothrix brasiliensis

miltefosine, 3293t
voriconazole, resistance, 2836

Sporothrix cruzi, albaconazole, 2871
Sporothrix schenckii (sporotrichosis)

amphotericin B, 2570, 2572t, 2597
amphotericin B, liposomal, 2623
butenafine, 2721
fluconazole, resistance, 2757t, 2758
flucytosine, resistance, 2920
itraconazole, 2787t, 2788, 2791t, 2805
ketoconazole, 2747
miconazole, 2813t, 2814
natamycin, 2653
posaconazole, 2844, 2845t
terbinafine, 2711, 2716
voriconazole, 2824t, 2825, 2836

Spotted fever, doxycycline, 1206, 1216
SPRING studies, 268t, 3940, 4229–4230, 4263, 

4264t, 4266, 4277, 44269
Sputum, antimicrobial distribution in

biapenem, 776–777
ceftiazidime, 558
ciprofloxacin, 1891–1892, 1897
clarithromycin, 1101
clindamycin, 1482t, 1483
colistin, 1434
cycloserine, 2523
enoxacin, 2174
erythromycin, 1072
fluconazole, 2763
linezolid, 1310
lomefloxacin, 2248
netilmicin, 1032
rifampicin, 2383
sparfloxacin, 2297, 2299
tetracycline, 1197
tobramycin, 997
tosufloxacin, 2306
trimethoxazole, 1644
trimethoxazole-sulfamethoxazole, 1644
zanamivir, 4563

Sputum discoloration, clofazimine, 2536, 2537t
SQ26,992, 650
Squamous intraepithelial lesions, cidofovir, 3559
Squibb and Roche Laboratories, 2321
Squibb Institute for Medical Research, 644, 2569
Squibb Research Laboratories, 2646
SSD. See Silvazine
SSG. See Sodium stibogluconate
STACCATO trial, 3819
Stanford University HIV Resistance Database, 3991
Staphylococcal cassette chromosome mec (SCCmec), 

137
staphylococcal. See Penicillinase
Staphylococcus

beta-lactam antibiotic, resistance, 164
beta-lactamases, serologic subtypes, 255
cefpiramide, 531
ceftaroline, 603, 604t, 605–606
ceftazidime, 548, 549t
ciprofloxacin, 1902, 1921
clarithromycin, resistance, 1099
clindamycin, 1469

resistance, 1472–1473
erythromycin, resistance, 1068, 1185
fosfomycin, 1401
furazolidone, 3187
gramicidin, 1456
isepamicin, resistance, 1040
josamycin, resistance, 1152
linezolid, 1293–1294, 1312
macrolides, resistance, 1124, 1152
methacillin, 168
methicillin, 136, 140–141
mezlocillin, 189
multidrug-resistant, linezolid, 1293
nafcillin, 162, 163t, 168, 169–170

nemonoxacin, 2161
netilmicin, 1029–1030
nitazoxanide, 3163t, 3164
plazomicin, resistance, 1055
pristinamycin, 1386
quinopristin-dalfopristin, resistance, 1376
rifampicin, 2369, 2383

resistance, 2377–2378
rosaramicin, resistance, 1152
roxithromycin, resistance, 1088
solithromycin, resistance, 1185
sulconazole, 2894
teicoplanin, resistance, 839
telithromycin, resistance, 1159
tetracycline, resistance, 1195
tinidazole resistance, 1851

Staphylococcus agalactiae, dalbavancin, 917
Staphylococcus aginosus, dalbavancin, 917
Staphylococcus aureus

amikacin, 1009, 1010t
amoxicillin-clavulanic acid, 225, 254–255, 263, 269

resistance, 255
ampicillin, resistance, 103
ampicillin-sulbactam, 280
apalcillin, resistance, 189
avarofloxacin, 2160
azithromycin, 1122, 1123t, 1132

resistance, 1125, 1126
azlocillin-ciprofloxacin, 1887
bacitracin, 1454
beta-lactamases, 254

type A, 225, 321
type B, 225
type C, 225, 321
type D, 225

biofilm models, 895
carrier state eradication

erythromycin, 1154
fusidic acid, 1415
josamycin, 1154
mupirocin, 1463, 1463t, 1464–1465
rifampicin, 2400

cefazolin, 355
cefepime, 595–596
cefixime, resistance, 539, 539t
cefoperazone-sulbactam, 416t
cefotaxime, 427t, 464
cefotiam, 397, 398t
cefotixin, 403–404, 404t
cefotixin, resistance, 403–404
cefpirome, 578, 579, 583t
cefpodoxime, 531
cefprozil, 376
ceftaroline, 610
ceftaroline, resistance, 607
ceftaroline-avibactam, 613, 613t
ceftazidime, 550t
ceftazidime-avibactam, 564
ceftizoxime, 531, 531t
ceftobiprole, 620t, 621, 623, 625, 627, 629
ceftolozane-tazobactam, 637, 638t
ceftriaxone, 464, 466t, 480, 481–482
cefuroxime, 384t, 386, 389
cephalexin, 365, 366
cephaloridine, resistance, 370
cephalothin, 355
cethromycin, 1173, 1173t, 1175
chloramphenicol, 1516
chlorhexidine-silver sulfadiazine, 1604
chlormphenicol, 1515
chloroquine, 3032
ciclopirox, 2909–2910
ciprofloxacin, 1871, 1895, 1896, 1920, 1925, 

1929–1930, 1931
resistance, 1875, 1884–1885, 1920, 1922, 1930
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Staphylococcus aureus (continued)
clarithromycin, 1097, 1109
clindamycin, 1475, 1485, 1498

resistance, 1496
cloxacillin, 144, 145t, 154, 155
cycloserine, 2520

resistance, 2521
dalbavancin, 917, 918t, 919, 923, 924
daptomycin, 867, 871, 881, 889–890

resistance, 872, 883, 895
delafloxacin, 2133, 2133t, 2135
dicloxacillin, 144, 154
doripenem, 734, 738
doxycycline, 1210

resistance, 1204
eravacycline, 1273, 1279, 1286
erythromycin, 1066, 1078

resistance, 1562
erythromycin A, 1173t
exotoxin production, 1305–1306
faropnem, 768
fidaxomicin, 1549
finafloxacin, 2140, 2140t, 2142, 2144

resistance, 2141
fleroxacin, 2189, 2190
flucloxacillin, 144, 154, 155
fluoroquinolones, resistance, 1884–1885
fosfomycin, 1394, 1394t, 1399
furazolidine, 1784
fusidic acid, 1407, 1408t, 1413t, 1415

resistance, 1409, 1410, 1415–1416, 1562
garenoxacin, 2196t, 2200, 2205, 2207
gatifloxacin, 2224
gemifloxacin, resistance, 2114
gentamicin, 964, 965t, 971, 974

resistance, 964, 992, 1009
resistance mechanisms, 967

glycopeptide-intermediate-resistant
fosfomycin, 1394
tigecycline, 1256

glycopeptides, resistance, 839, 840
resistance mechanisms, 789, 790

gramicidin, resistance, 1456
grepafloxacin, 2312
haloprogrin, 2933
iclaprim, 1775, 1776, 1776t, 1779–1780

resistance, 1777–1778
imipenem, 663–664, 677
isepamicin, 1039, 1040t, 1042
isoxazolyl penicillins, 143–144, 155
josamycin, 1151, 1151t
kanamycin, 949, 949t
ketoconazole, 2734
lefamulin, 1556, 1557, 1557t, 1559
levofloxacin, 2060, 2062, 2073, 2074

resistance, 2062
lincosamide resistance, 1472
linezolid, 1294, 1296t, 1299, 1305, 1312, 1322

resistance, 1299, 1300–1301, 1303, 1360, 1361
mecA gene, 164
mefloquine, 3076
methicillin, 140–141, 155
miconazole, 2814
miltefosine, 3292
minocycline, 1239
moxifloxacin, 2086, 2086t, 2089, 2096, 2097

resistance, 2087
multidrug-resistant, 1047
mupirocin, 1460, 1462–1463

resistance, 1562
nafcillin, 163t, 164t, 165, 166–170, 169

resistance, 164
nafcillin-rifampicin, 169
nafcillin-vancomycin, 164
nalidixic acid, resistance, 2257

nemonoxacin, 2162
neomycin, 1046, 1047t

resistance, 1047
netilmicin, 1029, 1029t
nitrofurantoin, 1786, 1793
nitrofurazone, 1784
norfloxacin, 1987
novobiocin, resistance, 1451
ofloxacin, 1871, 2004–2005, 2005t, 2017, 2018, 

2035, 2190
resistance, 2033, 2034

omadacycline, 1267, 1268t, 1270
oritavancin, 909t, 911
oxacillin, 144, 145t, 146t, 154, 155

borderline resistance, 146
resistance, 1562

Panton-Valentine leukocidin-producing, 1491t, 
1492, 1496–1497

clindamycin, 1491t, 1492
pencillin G, 42

tolerance, 41
penicillin-binding proteins, 30, 136–137, 138, 627
penicillin G, 25t

resistance, 29–30
penicillin-tolerant, 146–147

nafcillin tolerance in, 162
penicillin V, 93t
phagolysosome localization of, 1126
piperacillin for, 188t, 190
piperacillin-tazobactam, 227t, 229, 320t, 321
plazomicin, resistance, 1055
pristinamycin, 1387t, 1390
prulifloxacin/ulifloxacin, 2148t, 2149
quinopristin-dalfopristin, 1374, 1376t, 1379

resistance, 1375
ramoplanin, 940, 942

resistance, 941
retapamulin, 1562–1563, 1562t, 1562t, 1566
rifabutin, 2435
rifampicin, 2370t, 2372, 2373, 2383, 2396, 2397

resistance, 2377
rifampicin-oxacillin, 169
rifamycin-nafcillin, 169
rosaramicin, 1151, 1151t
roxithromycin, 1087, 1091–1092
RpoB gene mutation, 872
severe infections

cloxacillin, 155
flucloxacillin, 155
methicillin, 155
oxacillin, 155

silvazine, 1572
silver sulfadiazine, 1602
sitofloxacin, 2123, 2123t
sitofloxacinn, 2127
solithromycin, 1179, 1180t, 1181, 1183, 1187

resistance, 1185
spectinomycin, 1542
spiramycin, 3176t, 3177
streptomycin, resistance, 2472, 2474
sulfonamides, 1571, 1603

resistance, 1576
surotomycin, 944
susceptibility testing, 162
sutezolid, 2559–2560
synergistic antimicrobial therapy for, 165
tedizolid, 1357, 1358t, 1360, 1365–1366

resistance, 1360–1361
teicoplanin, 837, 841, 848–849, 854, 859

resistance, 839, 840
telavancin, 930, 932, 934, 937

resistance, 932
telithromycin, 1173t, 1179
temafloxacin, 2309
thiamphenicol, 1515

thymidine-releasing activity, 1775–1776, 1777
ticarcillin-clavulanic acid for, 227
tigecycline, 1251, 1258, 1260

resistance, 1253, 1254
tobramycin, 992

resistance, 993
trimethoprim, 1626, 1779–1780

resistance, 1637t, 1777–1778
trimethoprim-sulfamethoxazole, 1626, 1662–1663, 

1687
resistance, 1637t

vancomycin, 786, 786t, 794, 804, 811, 812, 
814–815, 889, 1779–1780

in combination therapy, 792–793
zabofloxacin, 2158t, 2164–2165

Staphylococcus capitis
linezolid, resistance, 1300, 1301
oxacillin, 146t

Staphylococcus cohnii, linezolid resistance, 1300,  
1301

Staphylococcus cohnii subsp. cohnii, fusidic acid 
resistance, 1409

Staphylococcus cohnii subsp. urealyticus, fusidic acid 
resistance, 1409

Staphylococcus epidermidis
amikacin, 1009, 1010t
amoxicillin-clavulanic acid, 225
amoxicllin, resistance, 103
avarofloxacin, 2158t
biofilm models, 895
cefotaxime, 427t
cefotiam, 398t
cefotiam, resistance, 398t
cefprozil, 376
ceftobiprole, 620t
cephalexin, 366
chloramphenicol, 1516
chlorhexidine-silver sulfadiazine, 1604
ciprofloxacin, 1871

resistance, 1884
cloxacillin, 146t
dalbavancin, 923
daptomycin, 891
delafloxacin, 2133, 2133t
fidaxomicin, 1549
fleroxacin, resistance, 2181t, 2182
fosfomycin, resistance, 1396
fusidic acid, 1407, 1408t

resistance, 1409
gemifloxacin, 2110, 2111t
gentamicin

resistance mechanisms, 967
gentamicin, resistance, 964, 978, 992
isepamicin, 1039, 1040t
isoxazolyl penicillins, 141, 143–144, 155
kanamycin, 949

resistance, 959
ketoconazole, 2734
linezolid, 1326

resistance, 1299–1300, 1301–1302, 1324
mefloquine, 3076
methicillin, 141
methicillin resistance, 138, 141
mupirocin, 1460
nafcillin, 141, 164t
nafcillin, resistance, 163t
nemonoxacin, 2158t, 2161–2162
neomycin, 1046

resistance, 1047
netilmicin, 1029
nitrofurantoin, 1786, 1793
norfloxacin, 1987
oritavancin, 909t
oxacillin, 145t, 146t
penicillin G, resistance, 30
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piperacillin-tazobactam, 225, 227t, 229, 320t, 321, 
326

resistance, 227t, 229
rifabutin, 2435
rifampicin, 2372

resistance, 980
spectinomycin, 1542
teicoplanin, 848

resistance, 840, 855
telavancin, 932
telithromycin, resistance, 1158
ticarcillin-clavulanic acid, 227

resistance, 300
tiegcycline, 1251
tobramycin, 992

resistance, 992
trimethoprim-sulfamethoxazole, 1626

resistance, 1626, 1633
vancomycin, 141, 787, 787t, 804

resistance, 790
zabofloxacin, 2158t, 2164

Staphylococcus gallolyticus (bovis)
ceftriaxone, 495
penicillin G, 29

Staphylococcus haemolyticus
cefprozil, resistance, 376
ciprofloxacin, 1871

resistance, 1884
ertapenem, resistance, 743
gemifloxacin, 2110–2111
linezolid, 1326

resistance, 1301
methicillin, resistance, 138
mupirocin, 1460
nafcillin, resistance, 163t
oxacillin, 145t, 146t
penicillin G, resistance, 30
rifampicin, 2372
sulfonamides, resistance, 1576
teicoplanin, resistance, 840
vancomycin, 786t, 787

resistance, 790
Staphylococcus hominis

cefprozil, resistance, 376
ciprofloxacin, 1871
linezolid, resistance, 1301
methicllin, resistance, 138
mupirocin, 1460
oxacillin, 146t
rifampicin, 2372
vancomycin, 787

Staphylococcus lugdunensis
gentamicin, 170
linezolid, 1299, 1326
nafcillin, 169–170
oxacillin, 144, 146t

resistance, 30
penicillin G, 25t, 30, 144

resistance, 30
rifampicin, 170, 2372
teicoplanin, resistance, 840
vancomycin, 30

Staphylococcus pettenkoferi, linezolid, resistance, 1301
Staphylococcus sanguinis, linezolid, resistance, 1302
Staphylococcus saprophyticus

ampicillin, 103
ampicillin-sulbactam, 280
cefpodoxime, 537
ceftobiprole, 623
ciprofloxacin, 1871
enoxacin, resistance, 2175
fleroxacin, resistance, 2181t, 2182
fosfomycin, 1392, 1394t

resistance, 1400
fusidic acid, resistance, 1409

gatifloxacin, 2231
gemifloxacin, 2111
gentamicin, 964
mecillinam, 208, 208t

resistance, 208, 208t
methicillin, resistance, 30, 138
mupirocin, 1460
nafcillin, resistance, 163t
nalidixic acid, resistance, 2257, 2267
nitorfurantoin, 1786
non-beta-lactamase-producing, 92
norfloxacin, 1987, 1991
oxacillin, 146t
penicillin G, 30

resistance, 30
penicillin V, 92, 93t
rifampicin, 2372
sulfonamides, 1571
trimethoprim, 1626
trimethoprim-sulfamethoxazole, 1626
vancomycin, 786t, 787

Staphylococcus schleiferi, rifampicin, 2372
Staphylococcus simulans, linezolid, resistance, 1301
Staphylococcus warneri

ciprofloxacin, 1871
oxacillin, 146t
rifampicin, 2372
vancomycin, 787

Staphylococcus xylosus, oxacillin, 146t
STAR (Surveillance of Tedizolid Activity Resistance) 

program, 1357, 1360
STaR study, 3994, 4008–4009, 4011t, 4012
STARTMRK studies, 3923, 3938–3939, 4216, 

4220–4221, 4222t, 4229
START studies, 3765
Statins. See also specific statins

CYP3A4-metabolized, 1128
drug interactions

atazanavir, 4148t, 4149t
azithromycin, . 1128, 1128t
clarithromycin, 1102, 1104t
daptomycin, 885, 887
darunavir, 4132t
erythromycin, 1074t
etravirine, 3979t
fosamprenavir, 4110t
indinavir, 4067t
ledipasvir-sofosbuvir, 4462t
lopinavir-ritonavir, 4092, 4093t, 4095t
nelfinavir, 4079
norfloxacin, 1990
posaconazole, 2850
protease inhibitors, 4115
quinupristin-dalfopristin, 1380t
rifampicin, 2380, 2386t
rilpivirine, 4001t
ritonavir, 4187
sofosbuvir-velpatasvir, 4463t
telithromycin, 1163
tipranavir-ritonavir, 4166, 4166t

Status epilepticus
amantadine, 4536
penicillin G-related, 52–53
phenytoin, 152
piperacillin-tazobactam-related, 333t, 334

Stavudine, 3755–3771
administration modes, 3757–3758
adverse reactions and toxicity, 3758, 3761–3764

bone marrow toxicity, 3764
hepatotoxicity, 3763–3764
hypothyroidism, 3764
metabolic toxicities, 3762–3763
mitochondrial toxicity, 3760
pancreatitis, 3761, 3764
peripheral neuropathy, 3761–3762, 3763

antiviral activity, 3755–3756
chemical structure, 3755, 3755f
clinical use, HIV/AIDS therapy

combination therapy, 3765–3766
dual therapy, 3578
monotherapy, 3578, 3764–3765
mother-child transmission prevention, 3766
in pedatric patients, 3766
pregnancy/perinatal period, 3766

in combination with
didanosine, 3578, 3710, 3766
emtricitabane, 3765–3766
lamivudine, 3578, 3765–3766
lamivudine/nevirapine, 3765
protease inhbitors, 3578

dosage, 3757–3759, 3759t
drug interactions

didanosine, 3761
hydroxyurea, 3761
methadone, 3761
ribavirin, 3757
zidovudine, 3669–3670, 3669t, 3672, 3757

in vitro synergy and antagonism, 3732, 3757
mechanism of action, 3757
pharmacokinetics/pharmacodyanmics, 3760t

clinically important features, 3761
distribution in body, 3759–3760
excretion, 3761

resistance and cross-resistance, 3756–3757
Steatorrhea

kanamycin, 958
neomycin, 958
para-aminosalicyclic acid, 2490

Steatosis, stavudine, 3763
Stem cell transplant recipients

amphotericin B, liposomal, 2615–2616
amphotericin B-lipid complex, 2639
BK virus, ciprofloxacin, 1936–1937
brincidofovir, 3563
cidofovir, 3553–3554, 3555–3556
ciprofloxacin prophylaxis, 1928
fluconazole prophylaxis, 2772
foscarnet, 3606
letermovir, 3625
maribavir, 3644
meropenem prophylaxis, 708
micafungin prophylaxis, 2773
moxifloxacin prophylaxis, 2087
norfloxacin prophylaxis, 1994
oseltamivir use in, 4599
pentamidine, 3272–3273
ravuconazole prophylaxis, 2880
ribavirin, 4394
valganciclovir, 3510

Stenotrophomonas maltophilia
amikacin, resistance, 1010
ampicillin-sulbactam, resistance, 228, 281
apalcillin for, 189
avarofloxacin, 2159t
aztreonam, resistance, 645
biapenem, resistance, 774, 775t
carbapenems, resistance, 699
carbenicillin, 175
cefaclor, resistance, 377
cefixime, resistance, 540
cefoperazone-sulbactam, 418

resistance, 417t
cefoperazone-sulbactam, resistance, 417t, 418
cefotaxime, 429
cefoxitin, resistance, 404t
cefpodoxime, resistance, 532
cefprozil, resistance, 377
cefsulodin, 532
ceftaroline, resistance, 607, 609t
ceftazidime, resistance, 552
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Stenotrophomonas maltophilia (continued)
ceftazidime-avibactam, 651
ceftiazidime-avibactam

resistance, 566
ceftizoxime, resistance, 532
ceftolozane-tazobactam, resistance, 637, 638t
ceftriaxone, resistance, 469t, 471
cefuroxime, resistance, 386
cephamycins, resistance, 405
ciprofloxacin, 1926, 1930
ciprofloxacin, resistance, 1869, 1884
clinafloxacin, 2314
co-trimoxazole, 301
delafloxacin, 2133, 2133t
doripenem, resistance, 727t, 729–730
doxycycline, 1205t, 1206, 1211
enoxacin, resistance, 2172, 2172t
ertapenem, resistance, 747t, 749
finafloxacin, 2140, 2140t
fluoroquinolones, resistance, 1877
garenoxacin, 2196t, 2197
gatifloxacin, 2214t, 2215
gemifloxacin, 2112t, 2113
gentamicin, 175

resistance, 965
imipenem, resistance, 665
imipenem-cilastatin, reistance, 685
imipenem-cilastatin, resistance, 681
isepamicin, resistance, 1039
lomefloxacin, resistance, 2245, 2246t
meropenem, resistance, 715
minocycline, 1231t, 1232
nemonoxacin, resistance, 2159t, 2162
norfloxacin,resistance, 1987
ofloxacin, resistance, 2008
ofloxacin resistance, 2005t, 2006–2007
piperacillin-tazobactam, resistance, 319, 320t, 321
plazomicin, resistance, 1055
prulifloxacin/ulifloxacin, 2148t
quinopristin-dalfopristin, resistance, 1376t
resistance to

piperacillin-tazobactam, 230
rifampicin, 175

resistance, 2373
S-649266, 659
sitofloxacin, 2123
sparfloxacin, 2294, 2295t
streptomycin, 2471–2472
superinfections, 685
temocillin, 219t
ticarcillin, 174t, 175
ticarcillin-clavulanic acid, 300t, 301, 302, 310

resistance, 301
ticarcillin-clavulanic acid, resistance, 227
tigecycline, 1250t, 1252
tobramycin, 993
tosufloxacin, 2304, 2305t
trimethoprim-sulfamethoxazole, 310, 1660, 1664

resistance, 1630
triple therapy, 175
zabofloxacin, 2158t, 2165

Sternotomy wound infections, ofloxacin, 2033,  
2072

Sterptomyces natalensis, as natamycin source, 2653
Stevens-Johnson syndrome, drugs causing

amoxicillin-clavulanic acid, 265
atazanavir, 4151
atovaquone-proguanil, 3142t
caspofungin, 2670
cefixime, 542
cefotaxime, 439
cefpirome, 594
ciprofloxacin, 1908
clarithromycin, 1106
clindamycin, 1487

as contraindication to trimethoprim- 
sulfamethoxazole, 1641

darunavir, 4133–4134
delavirdine, 3965
didanosine, 3710
doripenem, 736
doxycycline, 1212
efavirenz, 3923
erythromycin, 1075
ethionamide, 2498–2499
etravirine, 3980
fluconazole, 2767
fluoroquinolones, 2126
fosamprenavir, 4115
indinavir, 4069–4070
isoniazid, 2332
itraconazole, 2797
linezolid, 1315
mebendazole, 1821
metronidazole, 1821
micafungin, 2687
miltefosine, 3298
minocycline, 1237
nalidixic acid, 2266
nevirapine, 3862, 3874, 3874t, 3875, 3877, 3878, 

3934
nitrofurantoin, 1790
norfloxacin, 1990–1991
novobiocin, 1452
nystatin, 2646
ofloxacin, 2021t, 2022
pegylated interferon-ribavirin, 4469
pencillin G-related, 50
penicillin G-related, 47t
rifaximin, 2455
streptomycin, 2479
sulfadoxine-pyrimethamine, 1599
sulfonamides, 1587–1588, 1589
teicoplanin, 852
terbinafine, 2714
thiabendazole, 3339
thiacetazone, 2506
ticarcillin-clavulanic acid, 306
tipranavir, 4171
vancomycin, 809

Still’s disease, clarithromycin, 1112
Stocrin. See Efavirenz
Stomach, antimicrobial distribution in

aciclovir, 3461
rifampicin, 2383

Stomatitis
aphthous, zalcitabine, 3724
chloramphenicol, 1528
ethionamide, 2498
griseofulvin, 2929
proguanil, 3132
ulcerative, hydroxychloroquine, 3042

Stomatococcus mucilaginosus. See Rothia dentocariosa
Stool, antimicrobial distribution in. See excretion 

under specific antimicrobials
Stoxil. See Idoxuridine
Strabismus surgery prophylaxis, lomefloxacin,  

2250
Strand-transfer inhibitors. See Integrase strand- 

transfer inhibitors
STRATEGY-BBRTI trial, 3940
STRATEGY-PI study, 4245
Stratum corneum, antimicrobial distribution in

itraconazole, 2794
ketoconazole, 2739
miconazole, 2816
naftifine, 2726
terbinafine, 2713

Streptobacillus moniliformis, penicillin G, 24t, 34
Streptococcal pyrogenic exotoxin A (SPE A), 1306

Streptococcal toxic shock syndrome, intravenous 
immunoglobulin, 55

Streptococcus
carbenicillin, 176
ciclopirox, 2909–2910
ciprofloxacin, 1921
clarithromycin, resistance, 1099
clindamycin, resistance, 1472, 1473–1474
cycloserine, 2520
dalbavancin, 918t–919t, 919
daptomycin, 867
eravacycline, 1286
erythromycin, resistance, 1068
fidaxomicin, resistance, 1547–1548
furazolidone, 3187
gramicidin, 1456
josamycin, resistance, 1152
linezolid, 1293
macrolides, resistance, 1124
metronidazole, resistance, 1808
miltefosine, 3292
M phenotype, 1152
multidrug-resistant, linezolid, 1293
nasopharyngeal eradication, clarithromycin,  

1107
nemonoxacin, 2161
nutritionally variant. See Abiotrophia
oritavancin, 909t, 910
penicillin-binding protein mutations in, 190
penicillin G, 24t
piperacillin, 190
pristinamycin, 1386
ribosomal protein mutations, 1069
rifapentine, 2464
rosaramicin, resistance, 1152
roxithromycin, resistance, 1088
telithromycin, 1157–1158
tetracycline, resistance, 1195
ticarcillin, 176
tinidazole, resistance, 1851

Streptococcus, alpha-hemolytic
cefotixin, 403–404
chloramphenicol, 1516
doripenem, 723, 725t
gentamicin, resistance, 964
solithromycin, 1181
tobramycin, resistance, 992

Streptococcus, β-hemolytic
cefepime, 579
ceftaroline, 606
ceftazidime, 550t
cefuroxime, 383, 386
clindamycin, resistance, 1473–1474
dalbavancin, 918t, 919t
daptomycin, 867
doripenem, 723, 725t
ertapenem, 745
garenoxacin, 2196t
gatifloxacin, 2214t

resistance, 2218
group A

carrier state, 96, 380
cefixime, 539
cefpodoxine, 531
cefuroxime, 391
clarithromycin, resistance, 1109
dalbavancin, 917
doripenem, 723, 725t
enoxacin, resistance, 2173
fosfomycin, 1394
gentamicin-ampicillin, 964–965
gentamicin-penicillin G, 964–965
iclaprim, 1777
kanamycin, resistance, 950
lack of beta-lactamase production in, 280



Index I-173

linezolid, 1293–1294, 1306
mupirocin, 1460
ofloxacin, 2005–2006
ofloxacin, resistance, 2009
penicillin G, 23–24, 25t
pristinamycin, 1389, 1390
quinopristin-dalfopristin, 1381
rifampicin, 2406
rosaramicin, 1151
solithromycin, 1182
streptomycin, resistance, 2472
tedizolid, 1357, 1359
teicoplanin, 837
telithromycin, 1158
telithromycin, resistance, 1182

group B
ampicillin, 189
ampicillin-amoxicillin, 101
azithromycin, 1122
bacitracin, resistance, 1454
cefixime, 539
cefoperazone-sulbactam, 415
cefotixin, 403–404
cefpodoxine, 531
cefprozil, 376–377
ceftizoxime, 531, 531t
chloramphenicol, 1516
clarithromycin, 1097
clindamycin, 1469, 1499
clindamycin, resistance, 57, 1473
dalbavancin, 917
doripenem, 723, 725t
enoxacin, resistance, 2173
erythromycin, 1066
erythromycin, resistance, 57
fosfomycin, 1394
gentamicin, resistance, 964
gentamicin-ampicillin, 964–965
iclaprim, 1777
kanamycin, resistance, 950
lack of beta-lactamase production in, 280
linezolid, 1293–1294
mezlocillin, 189
minimum bactericidal concentrations  

(MBCs), 26
mupirocin, 1460
norfloxacin, resistance, 1987
ofloxacin, 2005
pefloxacin, resistance, 2278
penicillin G, 23–24, 25, 25t, 45, 56–57
penicillin G, resistance, 25–26
roxithromycin, 1087
solithromycin, 1182
streptomycin resistance, 2472
tedizolid, 1357, 1359
teicoplanin, 837
tobramycin, resistance, 992

group C, 57
azithromycin, 1122
bacitracin, 1454
cefpodoxine, 531
cefprozil, 376–377
clarithromycin, 1097
clindamycin, 1469
dalbavancin, 917
doripenem, 723, 725t
enoxacin, resistance, 2173
erythromycin, 1066
fluoroquinolone, resistance, 1885
lack of beta-lactamase production in, 280
linezolid, 1293–1294
mupirocin, 1460
norfloxacin, resistance, 1987
ofloxacin, 2005
pefloxacin, resistance, 2278

penicillin G, 23–24, 25t, 26–27
pristinamycin, 1389
quinopristin-dalfopristin, 1376t
retapamulin, 1562t, 1563
roxithromycin, 1087
tedizolid, 1357, 1359
teicoplanin, 837

group D
kanamycin, resistance, 950
pefloxacin, resistance, 2278
penicillin G, 29
streptomycin, resistance, 2472

group E, cefprozil, 376–377
group F, 57

cefpodoxine, 531
doripenem, 723, 725t
penicillin G, 26

group G
azithromycin, 1122
bacitracin, 1454
cefotaxime, 427t
cefpodoxine, 531
cefprozil, 376–377
clarithromycin, 1097
clindamycin, 1469
dalbavancin, 917
doripenem, 723, 725t
enoxacin, resistance, 2173
erythromycin, 1066
fluoroquinolones, resistance, 1885
kanamycin, resistance, 950
lack of beta-lactamase production in, 280
mupirocin, 1460
norfloxacin, resistance, 1987
ofloxacin, 2005
oxacillin, 145t
pefloxacin, resistance, 2278
penicillin G, 25t, 26, 27
pristinamycin, 1389
quinopristin-dalfopristin, 1376t
retapamulin, 1562t, 1563
roxithromycin, 1087
streptomycin, resistance, 2472
tedizolid, 1357, 1359
teicoplanin, 837

group R. See Streptococcus suis
linezolid, 1299
penicillin, 867
penicillin G, resistance, 26–27
piperacillin-tazobactam, 320t
solithromycin, 1181, 1182
tedizolid, 1357, 1359
teicoplanin, 837, 838t
telithromycin, 1181

resistance, 1159
tigecycline, 1251
vancomycin, 787

Streptococcus agalactiae
azithromycin, 1132
cefotaxime, 427t, 465
cefotaxime, resistance, 429–430
ceftobiprole, 624
ceftriaxone, 465
ceftriaxone, resistance, 473
cefuroxime, 384t
cephalexin, 361, 362t
clindamycin, 1491t

resistance, 1473
daptomycin, 868t
finafloxacin, 2140, 2140t
fluoroquinolones, resistance, 1885
fosfomycin, 1394
garenoxacin, 2198
iclaprim, 1776t, 1777
imipenem, 664

infections caused by, 24–25
linezolid, 1294, 1296t
miconazole, 2814
moxifloxacin, 2086
nafcillin, 163t
oritavancin, 909t
oxacillin, 145t
penicillin-binding protein 1a, 430
penicillin-binding protein 2X, 430
penicillin G, 24–25, 24t, 25t
penicillin V, 93t
piperacillin-tazobactam, 320t
prulifloxacin/ulifloxacin, 2148t
quinopristin-dalfopristin, 1376t
retapamulin, 1562, 1562t, 1563
solithromycin, 1180t, 1182
streptomycin, resistance, 2475
tedizolid, 1357, 1358t, 1359
telavancin, 932
tigecycline, 1250t
vancomycin, 787

Streptococcus anginosus
ceftolozane-tazobactam, 232
fidaxomicin, resistance, 1548t
linezolid, resistance, 1294
metronidazole, 1826
oritavancin, 909t
penicillin G, 25t, 27

resistance, 27
sitofloxacin, 2124
tedizolid, 1357
telavancin, 932
telithromycin, 1158
tigecycline, 1251, 1259

Streptococcus beta-hemolytic
group B

ampicillin-amoxicillin, 122
penicillin G, 189

Streptococcus bovis
azithromycin, 1122
clindamycin, 1469
daptomycin, 867, 868t, 870
erythromycin, 1066
linezolid, resistance, 1294
mupirocin, resistance, 1460
penicillin G, 25t, 61
roxithromycin, 1087
teicoplanin, 837, 856
telithromycin, resistance, 1158
vancomycin, 814

Streptococcus constellatus
ceftolozane-tazobactam, 232
fidaxomicin resistance, 1548t
linezolid, 1327
penicillin G, 25t
sitofloxacin, 2124
tedizolid, 1357
tigecycline, 1251

Streptococcus dysagalactiae
oritavancin, 909t
tedizolid, 1359
tigecycline, 1251

Streptococcus epidermidis
biapenem, resistance, 773
cefoxitin, 404t
gentamicin, 964
linezolid, resistance, 1360
minocycline, 1239
ofloxacin, 2018
ofloxacin, resistance, 2005
rifampicin, 2399
solithromycin, 1186
tedizolid, 1358t, 1360

resistance, 1360, 1361
Streptococcus equisimilis, tigecycline, 1251
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Streptococcus gallolyticus
gentamicin combination therapy, 980
tigecycline, 1251

Streptococcus hemolyticus, solithromycin resistance, 
1185

Streptococcus intermedius
linezolid, 1327
penicillin G, 25t

resistance, 27
tedizolid, 1357
tigecycline, 1251

Streptococcus milleri group. See also Streptococcus 
constellatus; Streptococcus intermedius; 
Streptococcus anginosus

azithromycin, resistance, 1125
garenoxacin, 2198
penicillin G, 25t, 27

resistance, 27
trimethoprim, 1626
trimethoprim-sulfamethoxazole, 1626

Streptococcus mitis
cefotaxime, resistance, 473
ceftriaxone, 465
ceftriaxone, resistance, 473
daptomycin, 868t
garenoxacin, 2199
penicillin G, 25t

resistance, 27
spiramycin, 3176t
telithromycin, resistance, 1158
tigecycline, 1251

Streptococcus moniliformis (Actinobacillus muris), 
penicillin G, 61, 66

Streptococcus mutans
mecillinam, 210
penicillin G, 25t
spiramycin, 3176t

Streptococcus oralis
cefotaxime, resistance, 473
ceftriaxone, 465
ceftriaxone, resistance, 473
linezolid, 1323
penicillin G, 25t

resistance, 27
tigecycline, 1251

Streptococcus parasanguinis, penicillin G, 25t
Streptococcus pneumoniae

amikacin, resistance, 1009, 1010t
amoxicillin, 100

resistance, 100–101
amoxicillin-clavulanic acid, 257t, 261, 267
amoxillin-clavulanic acid, 268
ampicillin, 100, 176, 189
ampicillin-sulbactam, 280, 281t
avarofloxacin, 2157, 2158t, 2160
azithromycin, 1122, 1123t, 1126, 1130, 1131,  

1132
azithromycin, resistance, 1125
aztreonam, resistance, 652
carbenicillin, 176
carriage eradication, rifampicin, 2405
cefaclor, 377, 377t
cefamandole, 397
cefdinir, 536
cefepime, 579
cefixime, 539–540
cefixime, resistance, 539–540
cefoperazone-sulbactam, 415, 416t
cefotaxime, 426, 427t, 438, 444, 446, 465

resistance, 465, 606
cefotaxime, resistance, 427t, 429
cefotiam, 397, 398t
cefoxitin, 404t, 407
cefpiramide, resistance, 531
cefpirome, 579

cefpodoxime, 531
ceftaroline, 604t, 606, 607, 610
ceftaroline-avibactam, 613, 613t
ceftazidime, 548, 549t, 550t
ceftizoxime, 531, 531t
ceftobiprole, 619, 623–624 620t, 625, 627

postantibiotic effect, 629
resistance, 627

ceftolozane-tazobactam, 637, 638t
ceftriaxone, 268, 465, 466t–467t, 472–473, 480, 

481, 491, 494, 495
resistance, 627

ceftriaxone, resistance, 472–473
cefuroxime, 383, 384t, 389, 390

resistance, 390
cephalexin, resistance, 361, 362t
ceprozil, 377
cethromycin, 1172, 1173t, 1174, 1175, 1175t
chloramphenicol, 1515, 1516, 1524
ciprofloxacin, 1896, 1898, 1925, 1930, 2124

resistance, 1868t, 1871, 1885, 1886, 1924
clarithromycin, 268, 1097, 1098t

resistance, 1107, 1109
clinafloxacin, 2314
clindamycin, 1469, 1491t, 1496

resistance, 1473, 1496
clofazimine, 2534
cloxacillin, 145t
dalbavancin, 918t–919t, 919, 923
daptomycin, 868t, 881
delafloxacin, 2133, 2133t, 2135
doripenem, 723, 725t, 734
doxycycline, 1210, 1212

resistance, 1204, 1207
enoxacin, resistance, 2172t, 2173
ertapenem, 744t, 745
erythromycin, 1066, 1071

resistance, 606, 1473
faropenem, 765, 766t
faropnem, 768
finafloxacin, 2140, 2140t
fleroxacin, 2189
fleroxacin, resistance, 2181t, 2182
fluoroquinolones, resistance, 1885, 1886
fosfomycin, 1397, 1398
fusidic acid, 1407, 1408t, 1416
garenoxacin, 2195, 2196t, 2198, 2199, 2202, 2203, 

2205, 2207
resistance, 2199

gatifloxacin, 2214t, 2216, 2220, 2223, 2224
resistance, 2218

gatifoxacin, 2230
gemifloxacin, 1885–1886, 2111–2112, 2111t

resistance, 2114–2115, 2116
grepafloxacin, 2312
iclaprim, 1777, 1780
imipenem, 664, 677
isepamicin, resistance, 1039, 1040t
josamycin, 1151, 1151t
kanamycin, resistance, 949
lefamulin, 1557, 1559
levofloxacin, 2056, 2056t, 2062, 2068, 2069, 2070t, 

2071, 2073, 2073t, 2124
resistance, 606, 2057, 2062, 2071

linezolid, 1293–1294, 1299, 1312, 1319
resistance, 1299, 1303

lomefloxacin, 2246, 2246t, 2250
macrolides, resistance, 1108, 1159
mefloquine, 3076–3077
methicillin, resistance, 164
mezlocillin, 188t, 189
miltefosine, 3292
moxifloxacin, 1885–1886, 2085, 2086, 2086t, 2089, 

2090, 2094, 2095, 2096, 2100–2101, 2220
resistance, 2087, 2096

multidrug-resistant, 35
avarofloxacin, 2157
delafloxacin, 2137
linezolid, 1294
solithromycin, 1181–1182
tedizolid, 1359
telithromycin, 1161

mupirocin, 1460
mutant prevention concentration (MPC), 2199
mutant selection window, 2199
nafcillin, resistance, 163t, 164
nalidixic acid, resistance, 2257
nemonoxacin, 2158t, 2162, 2163, 2164
nitrofurantoin, 1786
norfloxacin, 1987

resistance, 1987–1988
ofloxacin, 2005, 2005t, 2017, 2030, 2035

resistance, 2005, 2008, 2009, 2010t, 2030
omadacycline, 1268t, 1270
oritavancin, 909t, 910
oxacillin, 145t

resistance, 37
pbp1a mutations, 624
pbp2a mutations, 624
pbp2x mutations, 624
pefloxacin, 2284
pefloxacin, resistance, 2278, 2278t
pencillin-binding proteins, 147
pencillin G, resistance, 230
pencillin-susceptibillity screening in, 147
penicillin, resistance, 627, 1357, 1358t, 1359, 1374
penicillin-binding proteins, 36, 37, 190, 322, 429, 

472, 627, 730
penicillin G, 24t, 25t, 61, 176, 189, 579

resistance, 27, 35–38, 36, 37–38, 46, 100, 190
tolerance, 41

penicillin-intermediate, garenoxacin, 2196t, 2199, 
2203

penicillin-resistant. See Penicillin-resistant 
Streptococcus pneumoniae

penicillin V, 92, 93t, 97
piperacillin, 188t, 190, 199

resistance, 190, 199
piperacillin-tazobactam, 243, 320t

resistance, 230
pristinamycin, 1390
prulifloxacin/ulifloxacin, 2148t, 2149
quinopristin-dalfopristin, 1374, 1376t, 1379
radezolid, 1354
ribosomal RNA methylases, 1069
rifampicin, 2369, 2370t, 2372–2373, 2405

resistance, 2378
rosaramicin, 1151
roxithromycin, 1087, 1091
sitafloxacin, 2124, 2124t, 2127–2128

resistance, 2124–2125
solithromycin, 1179, 1181–1182, 1186, 1187, 1189

resistance, 1185
sparfloxacin, 2294, 2295, 2295t, 2299
spectinomycin, 1542
spiramycin, 3175–3176, 3176t

resistance, 3175–3176
sulfathiazole, resistance, 1576
sulfonamides, 1571

resistance, 1595
sutezolid, 2559–2560
tedizolid, 1357, 1358t, 1359
teicoplanin, 837, 838t, 848–849
telithromycin, 1156, 1157, 1157t, 1165–1166,  

1182
resistance, 1157, 1158, 1159

temafloxacin, 2309
temocillin, 222
tetracycline-resistant type 6, 35
thiamphenicol, 1515
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ticarcillin, 176
ticarcillin-clavulanic acid, resistance, 300, 300t
tigecycline, 1259, 1260
tobramycin, resistance, 992
tosufloxacin, 2304–2305, 2305t
trimethoprim, 1626

resistance, 1626, 1637t
trimethoprim-sulfamethoxazole, 1626, 1660–1661, 

1664
resistance, 1626, 1632–1633, 1633–1634, 1637t, 

1662
trovafloxacin, 2310, 2311
vancomycin, 787

combination therapy, 793–794
zabofloxacin, 2158t, 2164–2165

Streptococcus pyogenes
amikacin, resistance, 1009, 1010t
amoxicillin, 100
ampicillin, 100, 176, 189
ampicillin-sulbactam, 280
azithromycin, 1126, 1132
bacitracin, 1454
carbenicillin, 176
carriage eradication

clindamycin, 1496
cefamandole, 397
cefazolin, 355
cefoperazone-sulbactam, 415
cefotaxime, 415, 427t, 465
cefotiam, 398t
cefotixin, 403–404
cefoxitin, 404t
cefpiramide, 531
cefprozil, 376–377
ceftazidime, 548
ceftizoxime, 531, 531t
ceftobiprole, 621t, 624
ceftriaxone, 465, 467t, 494
cefuroxime, 384t, 389
cephalexin, 361, 362t, 365
cephalothin, 355
cethromycin, 1172–1173, 1173t
chloramphenicol, 1516

resistance, 1516
ciprofloxacin, resistance, 1871
clarithromycin, 1109
clarithromycin, resistance, 1107
clinafloxacin, 2314
clindamycin, 1475, 1491t, 1493–1494, 1495–1496, 

1498
resistance, 1474

cloxacillin, 145t
dalbavancin, 917, 923
daptomycin, 868t, 889–890
delafloxacin, 2133, 2133t
erythromycin, 1066, 1071, 1076, 1077

resistance, 1294
erythromycin, resistance, 426, 465
fidaxomicin, resistance, 1548t
finafloxacin, 2140, 2140t
fleroxacin, resistance, 2181t, 2182
fluoroquinolone, resistance, 1885
fosfomycin, 1398–1399
fosfomycin, resistance, 1394
furazolidine, 1784
fusidic acid, 1407, 1408t, 1412
garenoxacin, 2196t, 2198
gatifloxacin, 2214t, 2216
gentamicin, resistance, 964
haloprogrin, 2933
iclaprim, 1776t, 1777
imipenem, 664
isepamicin, resistance, 1039, 1040t
isoxazolyl penicillins, 154
josamycin, 1151, 1151t

kanamycin, resistance, 949, 949t
lefamulin, 1557
levofloxacin, 2073
levofloxacin, resistance, 465
linezolid, 1294, 1306, 1319
mezlocillin, 188t, 189
miconazole, 2814
moxifloxacin, 2086, 2086t
mupirocin, 1462–1463
nafcillin, 163t
nitrofurazone, 1784
norfloxacin, 1987
oritavancin, 909t
oxacillin, 145t
pefloxacin, resistance, 2278, 2278t
penicillin-binding proteins, 56
penicillin G, 23–24, 24t, 25t, 25t, 43, 55–56, 176, 

189
penicillin V, 96
piperacillin, 190
piperacillin-tazobactam, 320t
prulifloxacin/ulifloxacin, 2148t
quinopristin-dalfopristin, 1376t, 1381
retapamulin, 1562, 1562t, 1563, 1566
ribosomal RNA methylases, 1069
rifabutin, 2435
rifampicin, 2370t, 2373, 2405–2406

resistance, 2378
rosaramicin, 1151
roxithromycin, 1087, 1091–1092
sitafloxacin, 2123t, 2124
solithromycin, 1180t, 1182, 1186

resistance, 1185
sparfloxacin, 2295, 2295t
spectinomycin, 1542
spiramycin, 3175, 3176t
sulconazole, 2894
sulfonamides, 1571, 1594

resistance, 1576
tedizolid, 1357, 1358t, 1359
telavancin, 932
telithromycin, 1161–1162

resistance, 1159
ticarcillin, 176
ticarcillin-clavulanic acid, 300t
tigecycline, 1250t, 1251, 1258
tobramycin, resistance, 992
tosufloxacin, 2304, 2305t
trimethoprim, 1626
trimethoprim-sulfamethoxazole, 1626, 1663
trovafloxacin, 2310
vancomycin, 787
zabofloxacin, 2158t, 2164

Streptococcus pyogenes, penicillin V for, 92, 93t
Streptococcus salivarius

ceftolozane-tazobactam, 232
penicillin G

resistant, 27
penicillin G for, 25t
tigecycline, 1251

Streptococcus sanguis
cefotaxime, resistance, 473
ceftriaxone, 465
ceftriaxone, resistance, 473
garenoxacin, 2199
pencillin G

resistance, 27
penicillin G

tolerance, 42
spiramycin, 3176t

Streptococcus suis, penicillin G, 26–27
Streptococcus vestibularis, penicillin G, 25t
Streptococcus viridans

amoxicillin, 100
ampicillin, 100, 189, 190

ampicillin-sulbactam, 280
azithromycin, 1122
azlocillin, resistance, 27
cefamandole, 397
cefepime, 579
cefoperazone-sulbactam, 415
cefotaxime, 427t
cefotaxime, resistance, 429, 473
cefoxitin, 404t
ceftazidime, 548, 550t
ceftizoxime, 531, 531t
ceftobiprole, 621t
ceftriaxone, 465, 467t
ceftriaxone, resistance, 429, 465, 473
cefuroxime, 383, 386
cephalosporin, resistance, 27
cephradine, resistance, 374
ceprozil, 377
clarithromycin, 1097
clinafloxacin, 2314
clindamycin, 1469, 1469t

resistance, 1474
dalbavancin, 918t, 919
daptomycin, 867, 870, 889–890
enoxacin, resistance, 2173
ertapenem, 744t, 745, 745t
ertapenem, resistance, 743
erythromycin, 1066

resistance, 1077
garenoxacin, 2196t, 2198, 2199
gatifloxacin, 2214t

resistance, 2218
gentamicin, 971

resistance, 964
synergistic activity, 964–965

gentamicin combination therapy, 980
kanamycin, resistance, 949, 950
levofloxacin, resistance, 2074
linezolid, 1294, 1299
mezlocillin, 189
mezlocillin, resistance, 27
moxifloxacin, 2086
nafcillin, resistance, 163t
novobiocin, 1450
nutritionally variant, 27
ofloxacin, 1092, 2005–2006
oxacillin for, 145t
pefloxacin, resistance, 2278
pencillin G, 189
penicillin, 190, 867
penicillin-binding protein mutations in, 190
penicillin G, 25t, 27–28

resistance, 27
penicillin V, 92, 93t
piperacillin, 190

resistance, 27
piperacillin-tazobactam, 320t
prulifloxacin/ulifloxacin, 2148t
retapamulin, 1563
rifampicin, 2370t
roxithromycin, 1087, 1092
spectinomycin, 1542
spiramycin, 3175, 3176t
sulfonamides, 1571
tedizolid, 1358t, 1359
teicoplanin, 837, 856
tigecycline, 1251
tosufloxacin, 2304
trimethoprim, 1626
trimethoprim-sulfamethoxazole, 1626
vancomycin, 27, 814

Streptogramins. See also Pristamycin; 
Quinupristin-dalfopristin

cross-resistance to, 1471–1472
definition of, 1374
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Streptogramins (continued)
group A, 1374, 1376, 1386

mechanism of action, 1387
resistance, 1300, 1386–1387

group B, 1374
mechanism of action, 1387

interaction with clindamycin, 1486, 1487t
Streptolysin O, 1306
Streptomyces

cephamycin-producing, 403
fosfomycin, 1396
imipenem, 664
ketoconazole, 2734

Streptomyces ambofaciens, as spiramycin source, 
1150, 3175

Streptomyces aureofaciens, as demeclocycline source, 
1195

Streptomyces avermitilis, as ivermectin source, 3351
Streptomyces capreolus, as capreomycin source, 2510
Streptomyces cattleya, 663
Streptomyces coeicolor, vancomycin, resistance, 795f
Streptomyces cyanogriseus, as moxidectin source, 

3362
Streptomyces erythreus, as erytheomycin source, 1065
Streptomyces fradiae

as fosfomycin source, 1392
as neomycin source, 1046

Streptomyces garyphalus, as cycloserine source, 2520
Streptomyces griseus

as amikacin source, 1009
as imipenem source, 664
as streptomycin source, 2471

Streptomyces kanamyceticus, as kanamycin source, 
949

Streptomyces lavendulae, as cycloserine source, 2520
Streptomyces lincolnensis, as lincomycin source, 1468
Streptomyces narbonensis var. josamyceticus, as 

josamycin source, 1150
Streptomyces niveus. See Streptomyces spheroides
Streptomyces nodosus, as amphotericin B source, 2569
Streptomyces noursei, as nystatin source, 2646
Streptomyces orchidaceus, as cycloserine source, 2520
Streptomyces orientalis. See Amycolatopsis orientalis
Streptomyces priseus, as streptomycin source, 2478
Streptomyces pristinaespiralis

as pristamycin source, 1386
as streptogramin source, 1374

Streptomyces rimosus var. paromomycins, as 
paromomycin source, 3149

Streptomyces roseosporus, as daptomycin source, 866
Streptomyces somaliensis, streptomycin, 2472
Streptomyces spectabilis, as spectrinomycin source, 

1542
Streptomyces spheroides, as novobiocin source, 1450
Streptomyces tenebrarius, as tobramycin source, 992
Streptomyces venezuelae, as chloramphenicol source, 

1515
Streptomyces virginiae

as streptogramin source, 1374
as virginiamycin source, 1386

Streptomycin, 2471–2487
administration mode, 2475–2476, 2477
adverse reactions and toxicity, 958, 2476, 

2478–2479
antimicrobial activity

anerobic bacteria, 2472
bacterial dependence, 2475
Gram-negative bacteria, 2471–2472
Gram-positive bacteria, 2472
mycobacteria, 2472

chemical structure, 2471, 2471f
clinical uses

bacteremia, 2476
bacterial endocarditis, 2481
brucellosis, 2471

Buruli ulcer, 2471, 2480
endocarditis, 2471, 2476
M. avium complex infections, 2471, 2480
Ménière disease, 2482
plague, 1218, 2471, 2481–2482
post-herpetic neuralgia, 2482
sexually transmitted diseases, 2482
tuberculosis, 2471, 2479–2480
tularemia, 2471, 2482

in combination with
penicillin G, 993, 2472
vancomycin, 792

concentration-dependent activity, 4t
desensitization to, 2479
dosage, 2475–2476
drug interactions, 2477–2478

thiacetazone, 2506
as horticultural spray component, 13
impurities in, 2476
in vivo stnergism and antagonism, 2472
mechanism of action, 2471, 2475
patent for, 2471
pharmacokinetics/pharmacodynamics

bioavailability, 2477
clinically important features, 2477
distribution in body, 2477
excretion, 2477
postantibiotic effect, 2477

resistance and cross-resistance, 106, 107, 950, 
1046–1047, 1518, 1519, 1577

high-level, 2474–2475
Vibrio cholerae, 2262

resistsance and cross-resistance, 2472–2475
use in aquaculture, 11

Streptonivicin. See Novobiocin
Streunex. See Lindane
Stribild, 4233–4234, 4233t
Strides Arcolab, 3773
Stroke rehabilitation, cycloserine adjunct therapy for, 

2525
Stromectol. See Ivermectin
Strongyloides stercoralis (strongyloidiasis)

albendazole, 3321
flubendazole, 3344
ivermectin, 3352t, 3361
nitazoxanide, 3164
thiabendazole, 3340

Studies of OLaparib in Ovarian cancer (SOLO) trials, 
912, 913–914, 914t

Study 145, 4233
Study for Monitoring Antimicrobial Resitance Trends 

(SMART), 747, 748
Subcorneal pustular dermatosis, dapsone, 1761
Subcutaneous tissue, moxifloxacin in, 2089, 2090
Substance abusers. See also Intravenous drug users

efavirenz use in, 3920
Succinimonas, clindamycin, 1470
Succinivibrio, chloramphenicol, 1518
Sucralfate, drug interactions

gemifloxacin, 2116
ketoconazole, 2738, 2741
pefloxacin, 2282
sparfoxacin, 2298

Sudden cardiac death, grepafloxacin-related, 2313
Suicidality, drugs causing

ciprofloxacin, 1909
clofazimine, 2536
cycloserine, 2525
doltegravir, 4270
efavirenz, 3920–3921
mefloquine, 3083
nevirapine, 3878

Sulbactam. See also Ampicillin-sulbactam
action mechanism, 235, 282
antimicrobial activity, 190, 225, 228

beta-lactamase-inhibiting activity, 225
chemical structure, 225f, 280, 280f
clinical uses, 241–242
in combination with

ampicillin, 190
mezlocillin, 187

distribution in body, 238
dosage, 235–236
drug interactions, 240
effect on methicillin minimum inhibitory 

cocentrations, 138
excretion, 240
in vitro synergy and antagonism, 2373–2374

Sulconazole
administration modes, 2891t
adverse reactions and toxicity, 2891t
chemical structure, 2887t
clinical uses, 2891t, 2894
excretion, 2891t

Sulfacetamide
adverse reactions and toxicity, 1594
antimicrobial activity, 1572
clinical uses

acne vulgaris, 1603
meibomian gland dysfunction, 1604
pityriasis versicolor, 1603
rosacea, 1603

Sulfacetamide derivatives, antimicrobial activity, 
1575–1576

Sulfachlorpyridazine, clinical uses, 1601
Sulfadiazine

adverse reactions and toxicity, 1587, 1588, 1590, 
1591, 1592

antimicrobial activity
dermatophytes, 1576
free-living amebae, 1576
fungi, 1575
mycobacteria, 1574
protozoa, 1575

clinical uses
amebic encephalitis, 1604
cerebral abscess, 1604
paracoccodioidomycosis, 1575, 1604
rheumatic fever prophylaxis, 1595
toxoplasmosis, 1597

in combination with pyrimethane, 1575
desensitization to, 1589
dosage, 1581
pharmacokinetics/pharmacodynamics

bioavailability, 1583–1585
distribution, 1585

resistance, 1578, 1748
resistance and cross-resistance, 1572, 1580

Sulfadimethoxine
adverse reactions and toxicity, 1593
bioavailability, 1584
clinical uses, cryptosporidiosis, 1595, 1596
dosage, 1582
drug interactions, 1586
inactivation in liver, 1586
mechanism of action, 1581

Sulfadimidine
adverse reactions and toxicity, 1587, 1591, 1593
bioavailability, 1584
clinical uses, endophthalmitis, 1604
dosage, 1581
drug interactions, 1586–1587
inactivation in body, 1586

Sulfadoxine
adverse reactions and toxicity, 1588, 1599
bioavailability, 1583, 1584, 1585
clinical uses

cholera, 1595–1596
malaria, 1598
toxoplasmosis, 1598
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in combination with pyrimethamine. See  
Fansidar

dosage, 1582
Sulfafurazole

adverse reactions and toxicity, 1587
antimicrobial activity, 1572, 1575
bioavailability, 1584
clinical uses, 1595
clinical uses, urethritis, 1596
dosage, 1581
resistance, 1577

Sulfaguanidine, clinical uses, 1601
Sulfalene. See Sulfametopyrazine
Sulfameter, clinical uses, 1601
Sulfamethazine. See Sulfadimidine
Sulfamethizole

adverse reactions and toxicity, 1582, 1587, 1593
dosage, 1581–1582

Sulfamethoxazole, 1573t
adverse reactions and toxicity, 1587, 1589, 

1590–1592, 1593
antimicrobial activity, 1572, 1628t–1629t

Chlamydia, 1574
EUCAST criteria, 1628t–1629t
Gram-negative aerobic bacteria, 1627, 

1628t–1629t, 1630
mycobacteria, 1574
protozoa, 1575

bioavailability, 1584
chemical structure, 1572f, 1625, 1625f
clinical uses

chronic granulomatous disease, 1603
Pneumocysits jirovecii pneumonia, 1601

in combination with trimethoprim. See 
Trimethoprim-sulfamethoxazole

dosage, 1582
drug interactions, 1646, 1646t, 1647
excretion, 1641
in vitro synergy and antagonism, 1634–1635
pharmacokinetics/pharmacodynamics, 1643t

bioavailability, 1641–1642
distribution, 1642–1645
excretion, 1645–1646

resistance and cross-resistance, 1574, 1578
Sulfamethoxydiazine. See Sulfadimethoxine
Sulfamethoxypyridazine

bioavailability, 1584
clinical uses

in artesunate combination therapy (ACT), 
1574–1575

bullous pemphigoid, 1603
dermatological conditions, 1603
malaria, 1599

Sulfamethylpyrimidine. See Sulfadimidine
Sulfametopyrazine

bioavailability, 1584
clinical uses, 1574–1575

Sulfamoxole, antimicrobial activity, 1575
Sulfanilamide, 1571

adverse reactions and toxicity, 1590
antimicrobial activity, 1574
carbonic anhydrase-inhibiting activity, 1581
clinical uses

Pneumocysits jirovecii pneumonia, 1601
trichomoniasis, 1604

dihalogenated, antimicrobial activity, 1575
Sulfaphenazole. See Sulfadimethoxine
Sulfapyridine

adverse reactions and toxicity, 1589–1590, 1592, 
1593

bioavailability, 1584
clinical uses

bullous pemphigoid, 1603
dermatitis herpetiformis, 1603
dermatological conditions, 1603

dosage, 1582
mechanism of action, 1581

Sulfapyrimidine. See Sulfadiazine
Sulfaquinoxaline

antimicrobial activity, 1575
clinical uses, 1601

Sulfasalazine
adverse reactions and toxicity, 1588, 1589, 1590, 

1591, 1592, 1602
anti-inflammatory activity, 1581
bioavailability, 1584
clinical uses

Crohn’s disease, 1601, 1831
familial Mediterranean fever arthritis, 1604
inflammatory arthritis, 1602
inflammatory bowel disease, 1601–1602
pemphigus, 1603
rheumatoid arthritis, 1601, 1602
ulcerative colitis, 1601
urticaria, 1604

in combination with prednisolone, 1601
dosage, 1582
drug interactions, 1586

digoxin, 1602
immunomodulatory activity, 1581
inactivation in body, 1586
mechanism of action, 1581

Sulfasoxazole, clinical uses, 1596
Sulfathiazole, resistance, 1576
Sulfonamide allergy, darunavir use in, 4133
Sulfonamides, 1571–1624

administration mode, 1581
adverse reactions and toxicity, 1583, 1587–1594

drug fever, 1587
gastrointestinal side effects, 1587
hematological toxicity, 1589–1590
hepatic toxicity, 1590–1591
hypersensitivity reactions, 1587–1589
kernicterus, 1638
miscellaneous reactions, 1593–1594
neonatal jaundice and kernicterus, 1592
neurotoxicity, 1587
polyarteritis nodosa, 1592
pulmonary toxicity, 1592
renal toxicity, 1591–1592
systemic lupus erythematosus, 1592
teratogenicity, 1592–1593

antimicrobial activity, 1571–1576
free-living amebae, 1576
fungi, 1575–1576
Gram-positive bacteria, 1571–1572
protozoa, 1574–1575

classification, 1571, 1573t
long-acting, 1571, 1573t, 1582, 1584, 1585,  

1588
medium-acting, 1571, 1573t, 1582
poorly absorbed, 1571, 1573t, 1582
short-acting, 1571, 1573t, 1581–1582, 

1583–1584
ultra-long-acting, 1571, 1573t, 1582, 1584

clinical uses, 1594–1605
burns, 1602–1603
chancroid, 1596
chlamydial infections, 1596
chronic granulomatous disease, 1603
dermatological conditions, 1603
gastrointestinal infections, 1595–1596
inflammatory arthritis, 1602
inflammatory bowel disease, 1601–1602
malaria prophylaxis, 1599–1601
malaria treatment, 1598–1599
meningitis, 1595
meningococcal infection prophylaxis, 1595
nocardiosis, 1596
Pneumocystis jirovecii pneumonia, 1601

respiratory tract infections, 1594–1595
rheumatic fever prophylaxis, 1595
toxoplasmosis, 1596–1598
umbilical cord care, 1603
urethritis, 1596
UTIs, 1594

in combination with
chloramphenicol, 1595
erythromycin, 1076
penicillin G, 1595
trimethoprim. See 

Trimethoprim-sulfamethoxazole
desensitization to, 1588–1589
dosage, 1581–1583
drug interactions, 1586, 1587, 1589

cross-sensitivity, 1753–1754
methenamine, 1802
penicillin G, 47
zidovudine, 3669

galactofuranose-based, 1574
in vitro synergy and antagonism, 1634–1635,  

1780
mechanism of action, 1580–1581
pharmacokinetics/pharmacodynamics,  

1583–1587
bioavailability, 1583–1585
distribution in body, 1585
excretion, 1585–1586
inactivation in body, 1586

resistance and cross-resistance, 1046–1047, 
1576–1580, 1596

in fungi, 1580
Gram-negative bacteria, 1576–1578
Gram-positive bacteria, 1576
protozoa, 1578–1580
Salmonella typhimurium, 106
Shigella flexneri, 107

use in aquaculture, 11
use in food animals, 12t

Sulfone, 2560
Sulfonylureas, drug interactions

metronidazole, 1822
miconazole, 2817
sulfamethoxazole, 1646t
trimethoprim, 1646t
trimethoprim-sulfamethoxazole, 1646t, 1647

Sulfoxide, 2559, 2560–2561
Sulfoxone sodium, 1756
Sulfur-allergic patients, aztreonam use in, 653
Sulfur-sodium sulfacetamide, for Demodex 

folliculitis, 1693
sul I and II genes, 1576, 1577
Sulopenem

bioavailability, 776
chemical structure, 773, 773f
excretion, 778

Sulopenem, adverse reactions and toxicity, 778
Sultamicillin, 235–236

bioavailablity, 283
dosage, 282

Sun Pharmaceuticals, 3657, 3773
Sunscreens, 2064

sulfur-based, 1603
Sunvepra. See Asunaprevir
SUPPRESS study, 3554
Suppurative infections, viridans group streptococci- 

related, 27
Suramin, 3225–3236

admininstration mode, 3228–3229, 3230
adverse reactions and toxicity, 3231–3232
antimicrobial activity, 3225–3227

antiviral activity, 3227
human African trypanosomiasis, 3225–3226
novel or emerging activity, 3227
Onchocerca volvulus, 3226–3227
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Suraminm (continued)
chemical structure, 3225, 3225f
clinical uses

combination therapy, 3228, 3234
human African trypanosomiasis, 3229, 

3232–3234
onchocerciasis, 3229, 3234

dosage, 3228–3230, 3229t
test dosages, 3229, 3231

drug interactions, 3231
in vitro synergy and antagonism, 3227–3228, 3254
mechanism of action, 3228
pharmacokinetics/pharmacodynamics

bioavailability, 3230
clinically importatn features, 3231
distribution in body, 3230–3231
excretion, 3231

resistance, 3227
Surgery prophylaxis. See also specific types of surgery

amoxicillin-clavulanic acid, 269
ampicillin-amoxicillin, 122
ampicillin-sulbactam, 294
cefazolin, 349, 354–355

in pediatric patients, 350
cefotaxime, 450–451
cefotetan, 409
cefotiam, 396
cefoxitin, 409
ceftriaxone, 475, 506t–507t, 507–508
cephalothin, 354–355
clindamycin, 1499
daptomycin, 899
fluconazole, 2760t
fosfomycin, 1401–1402, 1402t
isoxazolyl penicillins, 155
metronidazole, 1828
nafcillin, 165
neomycin, 1050

adverse effects, 1049
piperacillin, 198
teicoplanin, 842t, 857–858
ticarcillin-clavulanic acid, 311
tigecycline, 899
tinidazole, 1852, 1857
vancomycin, 899

Surgery-site infections
first-generation cephalosporins, 409
meropenem, 713
teicoplanin, 857–858

Surotomycin, 944–946, 944f
Surveillance of Tedizolid Activity Resistance (STAR) 

program, 1357
SURVEYOR studies, 4507–4508
Susceptibility testing. See also Clinical and 

Laboratory Standards Institute (CLSI) 
breakpoint criteria; European Committee on 
Antimicrobial Susceptibliity Testing (EUCAST) 
breakpoint criteria

Oxoid IsoSensitest, 1626
VITEK 2 system, 1251

Sustained slow-efficiency dialysos (SLOW)
meropenem, 705

Sustiva. See Efavirenz
Sutezolid, 2559–2563

administration mode, 2560
adverse reactions and toxicity, 2561–2562
chemical structure, 2559, 2559f
clinical uses, 2562
dosage, 2560
excretion, 2561
mechanism of action, 2560
pharmacokinetics/pharmacodynamics, 

2560–2561, 2561t
Sutterella wadsworthensis, linezolid, 1298
Sweat discoloration, clofazimine, 2536, 2537t

Sweat/sweating
atovaquone, 3122
fleroxacin, 2185
griseofulvin, 2929
ketoconazole, 2739
niclosamide, 3407

Swedish Adverse Drug Reaction Advisory 
Committee, 117

Sweet’s syndrome
clindamycin, 1487
minocycline, 1237
norfloxacin, 1990–1991
ofloxacin, 2022
sulfonamides, 1594

Swimming pool granuloma, imipenem, 667
Swiss HIV Cohort, 3934
SWITCH-ER study, 3939, 4220, 4227t
SWITCHMRK studies, 4098t, 4099, 4226t, 4235
Sword. See Prulifloxacin/ulifloxacin
SWTICH-ER study, 4236
Symmetrel. See Amantadine
Symmetrical drug-related intertriginous and flexural 

exanthema (SDRIFE), 1824
Sympathomimetics, drug interactions, 3190
Syncephalastrum racemosum, amphotericin B, 2571
Syncope, drugs causing

amodiaquine, 3052
garenoaxin, 2204
nalidixic acid, 2265
telithromhycin, 1163

Syndrome of inappropriate antidiuretic hormone 
secretion syndrome

ciprofloxacin, 1910
demethylchlortetracycline, 1195

Synercid. See Quinopristin-dalfopristin
Synergistic interactions. See in vitro synergy and 

antagonism under specific drugs
SYNERGY study, 4488t
Synovial fluid, antimicrobial distribution in

amphotericin B, 2576, 2580, 2589
aztreonam, 650
cephalothin, 351
ciprofloxacin, 1900
clindamycin, 1494
erythromycin, 1072
flucytosine, 2922
fusidic acid, 1412
gentamicin, 974
isoxazolyl penicillins, 151
linezolid, 1311
paromomycin, 3155
sulfonamides, 1585
tetracycline, 1197
tigecycline, 1255–1256
tobramycin, 997
trimethoxazole, 1645
vancomycin, 803

Synovial tissue, antimicrobial distribution in
piperacillin-tazobactam, 329
roxithromycin, 1089

Synriam. See Arterolane maleate
Synthetic pyrethroid cutaneous sensation, 3418
Syphilis. See Treponema pallidum (syphilis)
Systemic infections, nalidixic acid, 2268
Systemic lupus erythematosus

as contraindication to griseofulvin, 2930
nitrofurantoin, 1792
sulfonamides, 1592
treatment

choroquine, 3041
hydroxychoroquine, 3041

T
T20-205 study, 4302
T-20. See Enfuvirtide

T-20 versus Optimized Regimen Only (TORO) trials, 
4301, 4302

T-91825. See Ceftaroline
Tachycardia, drugs causing

amphotericin B, 2584
oritavancin, 914t
vancomycin, 914t

Tachypnea, amphotericin B-related, 2585
Tacrolimus, drug interactions

adefovir dipivoxil, 4340t
amphotericin B, liposomal, 2616
atazanavir, 4149t
azithromycin, 1127–1128, 1128t
caspofungin, 2670
ertapenem, 755
etravirine, 3977
fluconazole, 2766
fosamprenavir, 4111t
fumagillin, 3184
isavuconazole, 2864t
itraconazole, 2797
ketoconazole, 2740–2741
letermovir, 3624
maribavir, 3643
metronidazole, 1821–1822
posaconazole, 2850
rifampicin, 2385, 2386t
rifapentine, 2466
tipranavir-ritonavir, 4167t
voriconazole, 2830, 2831

Tadalafil, drug interactions
boceprevir, 4458t
cobicistat, 4186t
telaprevir, 4457t
tipranavir-ritonavir, 4167, 4167t

Taenia
albendazole, 3321
artermisinins, 2943
paromomycin, 3149
praziquantel, 3385

Taenia crassiceps
nitazoxanide, 3163
praziquantel, 3392

Taenia saginata
niclosamide, 3405, 3406, 3407
nitazoxanide, 3169
paromomycin, 3158
praziquantel, 3387t, 3392

Taenia solium (cysticercosis)
flubendazole, 3344
niclosamide, 3405, 3406, 3407
paromomycin, 3158
praziquantel, 3387t, 3392

Tafenoquine, 3110–3116
administration mode, 3111
adverse reactions and toxicity, 3112–3113
antimicrobial activity, 3110–3111
chemical structure, 3110, 3110f
clinical uses, 3113–3115
dosage, 3111
drug interactions, 3112
mechanism of action, 3111
pharmacokinetics/pharmacodynamics, 3111–3112
resistance and cross-resistance, 3111

TAF. See Tenofovir alafenamide
TaiGen Biotechnology Co. Ltd., 2161, 2164
Taigexyn. See Nemonoxacin
TaiMed Biologics, 4630t
TAK-599. See Ceftaroline fosamil
TAK-652. See Cenicriviroc
Takayasu arteritis, minocycline, 1243
Takeda Pharmaceuticals, 4630t
Talampicillin, 101t
Tamiflu®. See Oseltamivir
Tamoxifen, interaction with rifampicin, 2385, 2386t
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Tanabe Seiyaku, 772
TANGO trials, 715–716
Tapeworms. See Cestodes (tapeworms)
TARGET 3 trial, 2456
Target modification, in erythromycin resistance, 

1068–1069
TARGET study, 4479, 4480t, 4483t, 4484, 4489t
Tartrazine, as serum sickness cause, 3190
Tartrazine, as tinidazole coloring agent, 1854
Taste disturbances, drugs causing

amphotericin B, 2577
anidulafungin, 2701
cefpirome, 594
ceftobiprole, 630–631, 631t
cethromycin, 1176
chloramphenicol, 1520, 1521
clindamycin, 1486
ethionamide, 2498
garenoxacin, 2204t
grepafloxacin, 2313
linezolid, 1314
maribavir, 3643
metronidazole, 1822
miconazole, 2817
niclosamide, 3407
ritonavir, 4202, 4202t
telavancin, 935
terbinafine, 2714
tigecycline, 1257
tinidazole, 1853
vancomycin, 811
zidovudine, 3672

Tatlockia micdadei. See Legionella micdadei
Tazobactam. See also Ceftolozane-tazobactam; 

Piperacillin-tazobactam
antimicrobial activity, 228–232
chemical structure, 225f
clinical uses, 243

beta-lactamase-producing bacteria, 282
cholangitis, 198
hospital-acquired pneumonia, 222

excretion, 240
in vitro synergism and antagonism, 209, 229
mechanism of action, 235, 636

TBR-652. See Cenicriviroc
T cell-mediated reactions

to penicillin G, 50
to penicillin V, 50

TD-6424. See Telavancin
Tears, antimicrobial distribution in

erythromycin, 1072
fleroxacin, 2185
ofloxacin, 2015–2016
rifampicin, 2383
roxithromycin, 1089

Tebuconazole, 13–14
Technivie. See 

Ombitasvir-paritaprevir-ritonavir-dasabuvir
Tedizolid, 1356–1373

administration mode, 1361
adverse reactions and toxicity, 1367–1369
antimicrobial activity

activity in biofilms, 1360
CLSI criteria, 1357
EUCAST criteria, 1357, 1358t, 1359
Gram-negative anaerobic bacteria, 1357, 1358t, 

1359
Gram-negative bacteria, 1357, 1358t
Gram-positive anaerobic bacteria, 1358t, 1359
Gram-positive bacteria, 1356–1357, 1358t,  

1359
minimum inhibitory concentrations, 1357, 

1358t, 1359–1360, 1361
mycobacteria, 1358t, 1359 1358t, 1359–1360

chemical structure, 1356, 1356f, 1361

clinical uses
hospital-associated pneumonia, 1356
immunomodulatory effect, 1371
nosocomial pneumonia, 1369, 1371
respiratory tract infections, 1371
skin and skin structure infections, 1324, 

1361–1362, 1367–1368, 1369–1370,  
1371t

ventilator-associated pneumonia, 1369, 1371
dosage, 1361–1362
drug interactions, 1367
excretion, 1367
in vitro synergy and antagonism, 1366–1367
mechanism of action, 1356, 1361
pharmacokinetics/pharmacodynamics

antibacterial effect, 1364–1366
bioavailability, 1362
clinically important features, 1364
distribution in body, 1362–1363, 1363t
in liver dysfunction, 1362, 1363–1364, 1363t, 

1364t
in murine lung infection models, 1365–1366
in murine thigh infection models, 1364–1365, 

1365f
penetration into specialized sites, 1364
in renal impairment, 1362, 1363, 1363t
toxicity, 1366

resistance and cross-resistance, 1360–1361
Tedizolid phosphate, 1356
Teeth discoloration, drugs causing

ciprofloxacin, 1909
doxycycline, 1208, 1211
eravacycline, 1281
linezolid, 1318
minocycline, 1233, 1237
tetracycline, 1198
tigecycline, 1254, 1257

Teicoplanin, 836–865
administration modes, 841–844, 846

intravenous, 841, 843–844
intraventricular, 844, 855
oral, 841

adverse reactions and toxicity, 850–851
cross-reactivity with vancomycin, 851–852

antimicrobial activity
CSLI criteria, 837
enterococci, 787
EUCAST criteria, 837, 838t, 839t
Gram-positive aerobic bacteria, 838t
Gram-positive anaerobic bacteria, 839t
Gram-positive bacteria, 837–839, 838t–839t, 

854
Gram-positive cocci, 837, 838t

antiviral activity, 836
chemical structure, 836, 836f
clinical uses

animal studies, 858–859
antibiotic-associated colitis, 857
antibiotic-associated diarrhea, 857
bacteremia, 843, 853, 855
bone infections, 841, 842t, 843, 844
C. difficile-associated diarrhea, 816–817, 1831
central venous catheter infections, 855–856
endocarditis, 844, 853, 855, 856
febrile neutropenia, 856–857
Gram-positive infections, 852
joint infections, 841, 842t, 843, 844
meningitis, 853–854, 856
methicillin-resistant Staphylococcus aureus, 

852–854
methicillin-susceptible Staphylococcus aureus, 

852–853
neurosurgical shunt infections, 855
osteomyelitis, 853
septicemia, 853

shunt infections, 844
surgical prophylaxis, 857–858

in combination with
cyclosporin A, 851
fluoroquinolones, 841
fosfomycin, 841
gentamicin, 840–841

concentration-dependent activity, 4t
dosage, 841–844, 842t
drug interactions

morphine, 850
phenobarbital, 850
vancomycin, 809

in vitro synergy and antagonism, 841, 858–859, 
1303

mechanism of action, 841
minimum inhibitory concentrations, 837, 

838t–839t, 849
pharmacokinetics/pharmacodynamics, 846–850

bioavailability, 846
distribution in body, 845, 846–848, 850

protein binding, 849–850
relationship to ramoplanin, 941
resistance and cross-resistance, 839–841
therapeutic drug monitoring, 843–844, 849, 850

Teicoplanin-associated operon, 840
Teladorsagia circumcincta,. moxidectin resistance, 

3362
Telaprevir, 4434t

administration mode, 4452t
adverse reactions and toxicity, 4469t
antiviral activity, 4440t
chemical structure, 4436f
dosage, 4452t
drug interactions, 4455, 4457t

darunavir, 4131t
rilpivirine, 4000t

mechanism of action, 4434t
pharmacokinetics/pharmacodynamics, 4454t

bioavailability, 4451
distribution, 4455
excretion, 4455

resistance, 4443t, 4444f
Telavancin, 930–939

administration mode, 930, 932, 933
adverse reactions and toxicity, 935–936
antimicrobial activity

CLSI criteria, 932
FDA criteria, 932
Gram-positive bacteria, 931–932, 931t
vancomycin-resistant enterococci, 910

area-under-the-time-concentration curve, 934
chemical structure, 930, 930f
clinical uses

bacteremia, 937
endocarditis, 934, 937
hospital-acquired pneumonia, 930–931, 932, 

935–936, 936–937
skin and soft-tissue infections, 930, 932, 933, 

936
ventilator-associated pneumonia, 930–931, 

935–936
concentration-dependent activity, 4t
dosage, 930, 931, 932–933, 934t
drug interactions, 164, 935
mechanism of action, 932
minimum inhibitory concentrations, 931t, 932
pharmacokinetics/pharmacodynamics, 933–936

distribution, 933–934
excretion, 935

resistance and cross-resistance, 932
Telbivudine, 4345–4355

administration mode, 4347, 4347t
adverse reactions and toxicity, 4349–4351, 4350t
antiviral activity, 4345
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Telbivudine (continued)
chemical structure, 4345, 4345f
clinical uses

HBV, 4352t–4353t
HBV de novo combination therapy, 4354
HBV monotherapy, 4351
HBV perinatal transmission prevention, 4354
HBV roadmap approach, 4351, 4354

dosage, 4347–4348, 4347t
drug interactions, 4349
mechanism of action, 4346–4347
pharmacokinetics/pharmacodynamics

bioavailability, 4348, 4348t
clinically important feature, 4348t
drug distribution, 4348, 4348t
excretion, 4348t, 4349

Telithromycin, 1156–1171
administration mode, 1159
adverse reactions and toxicity, 1156, 1163–1164, 

1188
antimicrobial activity, 1156–1159

CLSI criteria, 1156, 1157, 1157t
Etests® of, 1156–1157
EUCAST criteria, 1156, 1157
minimum inhibitory concentrations, 

1156–1157, 1157t, 1158, 1173t
chemical structure, 1156, 1156f
clinical uses

anthrax, 1158–1159
anti-inflammatory effects, 1159
asthma, 1167
bronchitis, acute exacerbations, 1156
chronic bronchitis, exacerbations of,  

1166–1167
community-acquired pneumonia, 1156, 1158, 

1161, 1165–1166
controversy regarding, 1164–1165, 1164f
FDA approval for, 1164–1165, 1164f
leptospirosis, 1159
pharyngitis, 1166
sinusitis, 1156, 1166
tick-borne diseases, 1159
tonsillopharyngitis, 1156
tularemia, 1159

dosage, 1159–1160
drug interactions, 1162–1163, 1162t
mechanism of action, 1156, 1159
pharmacokinetics and pharmacodynamics, 1161t

bioavailability, 1160
clinically important features, 1161–1162
distribution in body, 1160
drug interactions, 1162, 1162t
excretion, 1162

postantibiotic effect, 1161–1162
resistance, 1069, 1159

TEM-1 gene, 1517
Temafloxacin

adverse reactions and toxicity, 2309–2310
antimicrobial activity, 2309
chemical structure, 2254f, 2309, 2309f
development and availability chronology, 2256t
withdrawal from market, 2309

TEM beta-lactamases, 190, 401, 404–405
TEM-like beta lactamase, apalcillin inactivation by, 

189
Temocillin, 218–224

action mechanism, 220
administration modes, 218, 220
adverse reactions and toxicity, 222
antimicrobial activity, 218–220, 219t
beta-lactamase activity, 219–220
bioavailiability, 221
chemical structure, 218, 218f
clinical uses, 218, 222–223
combined with amoxicillin, 222

distribution in body, 221–222
dosage, 220–221

altered, 221
excretion, 222
formulations, 218
in vitro synergy or antagonism, 220
minimum inhibitory concentrations (MICs), 218, 

219, 219t, 220, 221, 222
pharmacokinetics and pharmacodynamics, 

221–222, 221t
resistance and cross-ressitance, 218–220, 219t

Temofloxacin
adverse reactions and toxicity, 1907
clinical uses, septic arthritis, 1921

Temofloxacin syndrome, 2227, 2309, 2310
Temsavir, 4630t, 4633
Tendenadine, drug interactions, 1090t
Tendinopathy/tendinitis, drugs causing

ciprofloxacin, 1909, 2064
corticosteroids, 2117
fleroxacin, 2187
fluoroquinolones, 2117
garenoxacin, 2204
gatifloxacin, 2227
levofloxacin, 2064
moxifloxacin, 2092–2093
norfloxacin, 1991
ofloxacin, 2021t, 2022–2023
pefloxacin, 2064, 2282
tosufloxacin, 2307

Tenofovir, 3823–3824, 3823–3846
administration mode, 3827–3828
adverse reactions and toxicity

animal studies, 3831
bone toxicity, 3834
hepatotoxicity, 3834
human studies, 3831, 3833–3835
lactic acidosis, 3834
nephrotoxicity, 3833–3834

antiviral activity, 3824–3825, 3824t
chemical structure, 3823, 3823f
clinical uses

HBV infections, 3828
HIV infections, 3828–3829
HSV-2 infection, 3841

in combination with, 3710, 3711
atazanavir, 4144
didanosine, 3710
emtricitabane (Truvada), 3806–3807, 

3817–3818, 3823–3846
emtricitabane-efavirenz (Atripla), 3823–3846
emtricitabane-efavirenz (Eviplera/Complera), 

3823–3846
lamivudine, 3729

dosage, 3828–3829
drug interactions, 3831

abacavir, 3783
aciclovir, 3462, 3462t, 3831
adefovir dipivoxil, 4340t
atazanavir, 4150t
cidofovir, 3831
didanosine, 3701, 3705–3706, 3705t
dolutegravir, 4258
etravirine, 3976, 3978t
ganciclovir, 3831
indinavir, 4068
raltegravir, 4219
saquinavir, 4030t, 4038
valaciclovir, 3831
valganciclovir, 3831

mechanism of action, 3827
pharmacokinetics/pharmacodynamics

bioavailability, 3829, 3830t
distribution in body, 3829–3830
excretion, 3831, 3833

resistance and cross-resistance, 3802, 3825–3827, 
3826t, 4338t

as vaginal and rectal microbicide, 3830
Tenofovir alafenamide

adverse reactions and toxicity, 3833t
antiviral activity, 3825, 3825t
chemical structure, 3823, 3823f
in combination with

elvitegravir-cobicistat-emtricitabane (Genvoya, 
3823, 3827

emtricitabane (Descovy), 3828
emtricitabane-rilpivirine (Odefsey), 3823, 

3827–3828
drug interactions, 3832t

darunavir, 4131t
HIV/AIDS therapy, 3835, 3838, 3838t
in vitro synergy and antagonism, 3831
pharmacokinetics/pharmacodynamics, 3830t

Tenofovir diphosphate
administration mode, 3827
adverse reactions and toxicity, 3831, 3833–3834, 

3833t
antiviral activity, 3824, 3825t
chemical structure, 3823, 3823f
in combination with emtricitabane, 3827
dosage, 3828–3829
drug interactions, 3832t
HBV infection therapy, 3839–3841

in HIV co-infection, 3839
in pregnancy, 3829

HIV/AIDS therapy, 3836t–3837t
as chemoprophylaxis, 3838–3839, 3838t
in hepatitis B virus co-infection, 3839
switch studies, 3838
in treatment-experienced subjects, 3838
in treatment-naive subjects, 3835

pharmacokinetics/pharmacodynamics, 3830t
resistance and cross-resistance, 3827

Tenofovir disoproxil fumarate
adverse reactions and toxicity, 4238
drug interactions

darunavir, 4131t
ledipasvir-sofosbuvir, 4462t

Tension-free vaginal tape (TVT) surgery, 
 prulifloxacin/ulifloxacin prophylaxis, 2153

Tequin. See Gatifloxacin
Teralogic Pharmaceuticals, 4631t
Teratogenicity

abacavir, 3788
aciclovir, 3465
albendazole, 3315
amantadine, 4537
azithromycin, 1130
bacitracin, 1457
caspofungin, 2668
clarithromycin, 1106
delamanid, 2553, 2555
efavirenz, 3925
ethionamide, 2496
flubendazole, 3341, 3343
fluconazole, 2761
ganciclovir, 3509
imipenem-cilastatin, 680
isavuconazole, 2864
ketonconazole, 2745
laninimivir, 4570
malathion, 3433–3434
mebendazole, 3331, 3332–3333
melarsoprol, 3246
metrifonate, 3402
miltefosine, 3298
posaconazole, 2847
pyrimethamine, 1728
pyronaridine-artesunate, 3010
ribavirin, 4375, 4381t, 4383, 4466
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rifapentine, 2464–2465
stavudine-didanosine, 3758
sulfonamides, 1582, 1592–1593
suramin, 3229, 3232
teicoplanin, 844–845
telavancin, 933
tetracycline, 1199
thiabendazole, 3339–3340
trimethoprim, 1655–1656
trimethoprim-sulfamethoxazole, 1655–1656
trimetrexate, 1770, 1772–1773
valganciclovir, 3509
vancomycin, 811
voriconazole, 2827

Terbinafine, 2709–2719
administration modes, 2712

polymeric film-forming solution, 2716
adverse reactions and toxicity, 2714–2715
antimicrobial activity

dermatophytes, 2709, 2709t, 2711t
dimorphic fungi, 2711
filamentous fungi, 2709–2710, 2710t
Mucorales, 2711
Pneumocystis jirovecii, 2711–2712

chemical structure, 2709, 2709f
clinical uses

candidiasis, cutaneous, 2712, 2716
chromoblastomycosis, 2716–2717
dermatomycosis, 2715–2716
maduromycosis, 2716–2717
mucormycosis, 2716–2717
onychomycosis, 2712, 2715
phaehyphomycosis, 2716–2717
pityriasis versicolor, 2715, 2716
sporotrichosis, 2716
tinea capitis, 2715, 2716
tinea corporis, 2712, 2715, 2716
tinea cruris, 2712, 2715, 2716
tinea pedis, 2712, 2715, 2716

dosage, 2712–2713
drug interactions, 2713–2714
excretion, 2714
in vitro synergy and antagonism, 2710–2711, 

2736, 2905
mechanism of action, 2712
pharmacokinetics/pharmacodynamics, 2713–2714
resistance, 2712

Terconazole
administration modes, 2891t
adverse reactions and toxicity, 2891t
chemical structure, 2887t
clinical uses, 2891t, 2894
excretion, 2891t
pharmacokinetics/pharmacodynamics, 2892

Terfenadine, drug interactions
azithromycin, 1128t
fluconazole, 2765
fosamprenavir, 4110, 4110t
itraconazole, 2795
posaconazole, 2850
voriconazole, 2830

Terizidone
chemical structure, 2520, 2520t
as cycloserine alternative, 2520

TEST (Tigecycline Evaluation and Surveillance 
Trial), 472–473

Testicular atrophy, miltefosine-related, 3298
Testosterone, drug interactions

fluconazole, 2768
miconazole, 2817
zidovudine, 3669

Testosterone synthesis inhibitors, ketoconazole,  
2743

Tetanus hyperimmune immunoglobulin, 66. See also 
Clostridium tetani (tetanus)

Tetanus. See Clostridium tetani (tetanus)
tet genes, 1279, 1280
tet(M) genes, 1254, 1268
tet(O) genes, 1254
Tetracyclines, 1195–1203. See also Doxycycline; 

Minocycline; Tigecycline
administration mode, 1195, 1196
adverse reactions and toxicity, 52, 1198–1199

ototoxicity, 1048
antigonococcal potency, 470
antimicrobial activity, 34, 449, 1195
chemical structure, 1195, 1195f
clinical uses

acne, 1132, 1198
brucellosis, 52
Chlamydophilia psittaci, 1196
cholera, 1199–1200, 1596
cholera transmission, 1595–1596
diabetic foot infections, 289
ehrlichiosis, 1196
H. pylori infection, 1200, 1832–1833
Lyme disease, 66, 124
malignant pleural effusion, 1200–1201
primary amoebic meningoencephalitis, 1201
rickettsial disease, 1196
seal finger, 1200
trachoma, 1195, 1197, 1200, 1596
tropical sprue, 1200
tularemia, 52
Vibrio cholerae-related diarrhea, 443
yaws, 1200

in combination with
artemisinins, 2954–2955
novobiocin, 1451
quinine, 3060, 3066, 3067t, 3068

cross-sensitization, 1258
dosage, 1196–1197
drug interactions

atovaquone, 3122
atovaquone-proguanil, 3141t
digoxin, 1198
doxycycline, 1210
halofantrine, 1197, 3094
lithium, 1198
mefloquine, 1197
oral contraceptives, 1198

global consumption patterns, 5f
mechanism of action, 1195, 1196, 1232–1233, 

1234, 1280–1281
pharmacokinetics/pharmacodynamics

bioavailability, 1197
clinically important, 1197
distribution, 1197
excretion, 1197
post-antibiotic effect, 1197

resistance and cross-resistance, 35, 106, 107, 430, 
473, 1046–1047, 1195–1196, 1199, 1207, 
1357, 1518, 1519, 1577

mechanisms of, 1232, 1253
multidrug-resistant, 36

use in aquaculture, 11
Tetraphase pharmaceuticals, 1273
Tetroxoprim, 1689

withdrawal from market, 1625–1626
TetX gene, 1253
TFV. See Tenofovir
TG-873870. See Nemonoxacin
Thalassemia, artesunate use in, 2968–2969
THELEP trials, 2393
Theophylline, drug interactions

cefotaxime, 438
ciprofloxacin, 1905, 1906, 1907
clinafloxacin, 2314
dihydroartemisinin, 3012
erythromycin, 1073

garenoxacin, 2203
ketoconazole, 2741
norfloxacin, 1990
ofloxacin, 2018, 2019t
pefloxacin, 2282
prulifloxacin/ulifloxacin, 2150
rifabutin, 2437–2438
rifampicin, 2386t
roxithromycin, 1090t
sitafloxacin, 2126
telithromycin, 1162t
tosufloxacin, 2306

Therapeutic drug monitoring
cefepime, 587, 588
cycloserine, 2522, 2523–2524
efavirenz, 3913, 3914t
flucytosine, 2921
isavuconazole, 2863
itraconazole, 2794
meropenem, 709
nevirapine, 3873
pyronaridine, 3012
voriconazole, 2826t, 2830, 2832, 2833

Thiabendazole, 3338–3340
administration mode, 3338
adverse reactions and toxicity, 3339–3340
antimicrobial activity, 3338
chemical structure, 3338, 3338f
clinical uses, 3340
concentrations in citrus fruit, 3339
dosage, 3338–3339, 3339t
mechanism of action, 3338
pharmacokinetics/pharmacodynamics, 3339
resistance and cross-resistance, 3338
veterinary use, 3338

Thiacetazone, 2503–2509
administration mode, 2505
adverse reactions and toxicity, 2503, 2506–2507

vitamin K supplementation for reduction of, 
2507

antimicrobial activity, 2503–2504
chemical structure, 2503, 2503f
clinical uses

leprosy, 2507
tuberculosis, 2507

concentration-dependent activity, 4t
dosage, 2505, 2507
drug interactions

ethionamide, 2506
isoniazid, 2505
prothionamide, 2506
streptomycin, 2506

excretion, 2506
mechanism of action, 2504–2505
pharmacokinetics/pharmacodynamics,  

2505–2506
resistance and cross-resistance, 2503–2504

Thiamphenicol
chemical structure, 1515, 1515f
clinical uses, 1515–1516

Thiazide diuretics, drug interactions, 47
Thienamycin, 663
Thioacetazone. See Thiacetazone
Thioredoxin reductase, 1814

in metronidazole resistance, 1813
Thioridazine, drug interactions, 2765
Thiosemicarbazones, 2503
Thirst, griseofulvin-related, 2929
Thoracic surgery prophylaxis, ticarcillin-clavulanic 

acid, 311
Thoracotomy prophylaxis, ertapenem, 754
THRIVE study, 3920, 3923, 3936, 3937, 3993, 3993f, 

3994, 3999, 4001, 4006t, 4007, 4008–4009, 
4010t, 4012

Throat dryness, pyrimethamine-related, 1732
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Thrombocytopenia
drugs causing

amoxicillin-clavulanic acid, 266
amphotericin B, 2583
ampicillin, 117
anidulafungin, 2701
antimonial agents, 3285t, 3286
caspofungin, 2671
cefotaxime, 439
cephalexin, 365
cephalothin, 353
chloramphenicol, 1527
cipropfloxacin, 1910
clarithromycin, 1105, 1106
clindamycin, 1490
daptomycin, 888
ethambutol, 2352
famciclovir, 3498
fluconazole, 2768
flucytosine, 2923
fumagillin, 3184, 3185
ganciclovir, 3513, 3514
itraconazole, 2797
ketonconazole, 2745
lindane, 3428
linezolid, 1314t, 1315, 1317t
lomefloxacin, 2249
methicillin, 140
micafungin, 2687
minocycline, 1237
moxifloxacin, 2094
nalidixic acid, 2266
para-aminosalicyclic acid, 2491
pefloxacin, 2283
pegylated interferon, 4466
pentamidine, 3275
peramivir, 4621
piperacillin-tazobactam, 334
proguanil, 3132
pyrazinamide, 2365
pyrimethamine, 1731
pyronaridine-artesunate, 3013
quinine, 3065
rifabutin, 2439
rifampicin, 2391
spiramycin, 3178
sulfonamides, 1590
suramin, 3232
teicoplanin, 851
thiacetazone, 2506–2507
ticarcillin-clavulanic acid, 307
trimetrexate, 1772
vancomycin, 811, 1315, 1316
zidovudine, 3671

treatment
CMV-associated, foscarnet, 3006–3607
HIV-associated, zidovudine, 3680–3681
immune, dapsone therapy, 1762

Thrombocytopenic purpura, drugs causing
benznidazole, 3207
clarithromycin, 1106
rifampicin, 2387
tosufloxacin, 2307

Thrombocytosis, miconazole-related, 2817
Thrombophlebitis

aciclovir, 3465
amphotericin B, 2582
clindamycin, 1486
erythromycin, 1075
foscarnet, 3600t, 3601
fusidic acid, 1414
miconazole, 2817
pentamidine, 3275
vancomycin, 809

Thrombotic microangiopathy, aciclovir, 3464

Thymidine
diaminopyrimidine inhibitory effects, 1775–1776
effect on streptococcal antibiotic susceptibility, 

1626
Thymidine kinase (TK) gene mutations

aciclovir resistance and, 3451, 3451t, 3453–3454, 
3494

penciclovir resistance and, 3494
Thymidine kinase-herpes simplex virus-1, adefovir 

dipivoxil, 4336, 4336t
Thyroid

black pigmentation
doxycycline, 1211
minocycline, 1211, 1238

minocycline, 1234
pyronaridine, 3011

Thyroid dysfunction, drugs causing
para-aminosalicyclic acid, 2491
ribavirin, 4381t, 4383–4384
sulfonamides, 1593

Thyroxine, drug interactions
chloroquine, 3037
ciprofloxacin, 1904

Tibione. See Thiacetazone
Tibotec, 3970, 3976
Ticagrelor, drug interactions, 2385, 2386t
Ticarcillin

6-alpha-methoxy derivative of. See Temocillin
action mechanism, 176
adverse reactions and toxicity, 179–181
aminoglycoside inactivation by, 182
antimicrobial activity, 173–176, 175, 188, 188t,  

190
chemical structure, 173, 173f
clinical uses, 173, 182–183

in cystic fibrosis patients, 197–198
endocarditis, 198
febrile neutropenia, 198
Pseudomonas aeruginosa, 175, 187

in combination with
amikacin, 182
clavulanate, 190
clavulanic acid, 173, 175, 182
gentamicin, 182
tobramycin, 182, 999

description, 173
distribution in body, 178
dosage, 176, 177

altered, 177
drug interactions, 179

amikacin, 181, 182
aminoglycosides, 181, 182, 2477
gentamicin, 181, 182
kanamycin, 181
netilmicin, 181
tobramycin, 181, 182

excretion, 179–180
gentamicin inactivation by, 182
in vitro synergy and antagonism, 175, 182, 229, 

998, 1396
minimum bactericidal concentrations, 189
minimum inhibitory concentrations, 173, 176, 

188t
nephroprotective effects, 999
pharmacokinetics/pharmacodynamics, 177–179

bioavailability, 177, 178, 179
as replacement for carbenicillin, 182
resistance and cross-resistance, 173–176, 175, 182, 

227
resistance mechanisms, 299

tobramycin inactivation by, 182
Ticarcillin-clavulanic acid, 299–318

action mechanism, 303–304
administration modes, 299, 304
adverse reactions and toxicity, 306–307

antimicrobial activity, 227, 299–302
Gram-negative bacteria, 300f, 301–302
Gram-positive bacteria, 299–301, 300f
in vitro activity, 300f, 302

biofilm inhibitory concentrations (BICs), 308
chemical structure, 299, 299f
clinical uses, 307–311

bone infections, 310
in burn patients, 310–311
ear, nose, and throat infections, 311
endocarditis, 310
febrile neutropenia, 309–310
gynecologic infections, 309
intra-abdominal infections, 289, 308
joint infections, 310
lower respiratory tract infections, 243, 285, 

286t, 336
meningitis, 310
pelvic inflammatory disease, 288t
respiratory tract infections, 307–308
skin infections, 308–309
soft tissue infections, 308–309
surgical prophylaxis, 311
UTIs, 309

description, 299
dosage, 235, 304–305, 305–306
drug interactions

aminoglycosides, 306
amphotericin B, 306
tobramycin, 306

in vitro synergy and antagonism, 227, 300–301, 
303

minimum inhibitory concentrations, 300f, 301, 
302, 305–306

pharmacokinetics/pharmacodynamics, 305–306
bioavailability, 238, 305
distribution, 238, 304–305
excretion, 304

resistance and cross-resistance, 299–300, 300f, 
302–303, 310–311, 324

mechanisms of resistance, 302–303
Tick-borne infections. See Babesiosis; Ehrlichiosis; 

Lyme disease
Tigecycline, 1249–1266

administration mode, 1254
adverse reactions and toxicity, 1254, 1257–1258
antimicrobial activity, 1249–1253, 1250t

anaerobic bacteria, 1250t, 1252
atypical bacteria, 1250t, 1252–1253
CLSI breakpoint criteria, 1249, 1251
EUCAST breakpoint criteria, 1249–1250, 

1250t, 1251, 1252, 1254, 1256
Gram-negative bacteria, 1250t, 1251–1252
Gram-positive bacteria, 1249, 1250t, 1251
minimum inhibitory concentrations, 1249, 

1250–1253, 1250t
chemical structure, 1249, 1249f
clinical uses

bacteremia, 1260
catheter-related bloodstream infections, 1260
Clostridium difficle infections, 1259
diabetic foot infections, 1258
endocarditis, 1260
intra-abdominal infections, 1259, 1260
nosocomial infections, 1212
osteomyelitis, 1260
parasitic infections, 1254
pneumonia, community-acquired, 1259–1260
pneumonia, hospital-acquired, 1254, 1255, 

1256, 1257, 1259–1260
skin and skin structure infections, 1258, 1260
surgical prophylaxis, 899
urinary tract infections, 1254, 1256, 1260

in combination with rifampicin, 2372
concentration-dependent activity, 4t
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dosage, 1254
drug interactions

daptomycin, 884
digoxin, 1257
ethylenediamone tetra-acetic acid (EDTA),  

1256
oral contraceptives, 1257
P-glycoprotein inhibitors, 1257
synergistic and antagonistic, 1256
warfarin, 1257

excretion, 1256–1257
formulations, 1254
mechanism of action, 1253–1254, 1280–1281
pharmacokinetics and pharmacodynamics

AUC/MIC ratios, 1256, 1257
bioavailability, 1255
clinically important features, 1256
distribution in body, 1255–1256

resistance, 1253
skin infections, 652
susceptibility testing, 1250–1251
synergistic activity, 2373–2374

Tigecycline Evaluation and Surveillance Trial 
(TEST), 472–473

Timentin. See Ticarcillin-clavulanic acid
Tinea barbae, griseofulvin, 2930
Tinea capitis. See Trichophyton tonsurans (tinea 

capitis)
Tinea corporis

butenafine, 2721, 2723, 2723t, 2724
griseofulvin, 2930, 2931
haloprogin, 2934
naftifine, 2727
terbinafine, 2712, 2715, 2716
tioconazole, 2894

Tinea cruris
butenafine, 2721, 2722, 2723, 2723t, 2724
griseofulvin, 2930, 2931
naftifine, 2726, 2727
tioconazole, 2894

Tinea cruruis
terbinafine, 2712, 2715, 2716

Tinea nigra palmaris, miconazole, 2819
Tinea pedis

butenafine, 2721, 2723, 2723t
ciclopirox, 2910
griseofulvin, 2930, 2931
haloprogin, 2934
lanoconazole, 2894
naftifine, 2726, 2727
neticonazole, 2894
terbinafine, 2712, 2715, 2716
tioconazole, 2894

Tinea unguium. See Onychomycosis
Tinea (pityriasis) versicolor

butenafine, 2721, 2723–2724, 2723t
ciclopirox, 2912
miconazole, 2819
oxiconazole, 2894
rilopirox, 2915

Tinidazole, 1850–1862
administration mode, 1851–1852
adverse reactions and toxicity, 1853–1854
antimicrobial activity, 1850–1851
chemical structure, 1850, 1850f
clinical uses

amebiasis, 1834, 1856
amebic liver abscess, 1852, 1856
anaerobic bacterial infections, 1856–1857
bacterial vaginosis, 1855
C. difficile infections, 1857
diabetic foot ulcers, 1857
giardiasis, 1852, 1855–1856
H. pylori infections, 1857–1858
other uses, 1858

surgical prophylaxis, 1852, 1857
trichomoniasis, 1833, 1854

concentration-dependent activity, 4t
cross-reactivity with metronidazole, 1854
desensitization to, 1854
dosage, 1851–1852
drug interactions, 1824, 1853
mechanism of action, 1851
pharmacokinetics/pharmacodynamics

bioavailability, 1852
clinically important features, 1853
distribution in body, 1852–1853
excretion, 1853

resistance and cross-resistance, 1813, 1851
Tinnitus, drugs causing

ciprofloxacin, 1911
itraconazole, 2797
ketoconazole, 2744
lefamulin, 1559t
metronidazole, 1823
minocycline, 1236
pyronaridine-artesunate, 3014
quinine, 3064, 3064t
teicoplanin, 851
thiacetazone, 2507
vancomycin, 810, 811

Tioconazole
administration modes, 2891t
adverse reactions and toxicity, 2891t
chemical structure, 2887t
clinical uses, 2891t, 2894–2895
excretion, 2891t
pharmacokinetics/pharmacodynamics, 2892

Tipranave, drug interactions, 3052
Tipranavir, 4158–4179

administration mode, 4163
antimicrobial activity, 4158–4159
chemical structure, 4158, 4158f
dosage, 4163
drug interactions

antacids, 4163
etravirine, 3978t
fosamprenavir, 4113
mefloquine, 3081
saquinavir, 4035

in vitro synergy and antagonism, 4162
mechanism of action, 4162–4163
pharmacokinetics/pharmacodynamics

bioavailability, 4163
clinically important features, 4164–4165
excretion, 4165

resistance and cross-resistance, 4158–4162,  
4160t

ritonavir-boosted. See Tipranavir-ritonavir
Tipranavir-ritonavir

adverse reactions and toxicity, 4168–4172
in children, 4171–4172
cutaneous reactions, 4171
hepatotoxicity, 4169–4170, 4169t
hyperlipidemia, 4171
immune reconstitution syndrome, 4171
intracranial hemorrhage, 4170–4171
platelet aggregation impairment, 4170–4171

clinical uses, HIV-1 virus infection, 4172–4176
in pediatric populations, 4175–4176, 4176t
in treatment-experienced adults, 4172–4174, 

4173t
in treatment-naive adults, 4174–4175, 4175t

drug interactions, 3705t, 3976, 4165–4168, 4166t, 
4167t

dolutegravir, 4259
saquinavir, 4031t

Tissue, antimicrobial distribution in
azithromycin, 1126
erythromycin, 1072

TITAN study, 4098–4099, 4098t, 4126, 4129, 4130, 
4136

Tizanidine, drug interactions, 3462
Tizoxanide, 3166–3168, 3166t, 3167t
Tizoxanide glucuronide, 3166–3167, 3166t, 3167t
TK gene mutations

aciclovir, 3471
brivudin, 3574
idoxuridine, 3635

TMB-355. See Ibalizumab
TMC125. See Etravirine
TMC207. See Bedaquiline
TMC278. See Rilpivirine
TMP. See Trimethoprim
Tobira Therapeutics, 4630t
Tobramycin, 992–1008

administration modes
inhalation, 992, 994, 996, 997, 999, 1000, 

1001–1002, 1001t
intraperitoneal, 996
intraventricular, 994

adverse reactions and toxicity, 994–995, 997, 
998–1000, 1032, 1033

nephrotoxicity, 1034
antimicrobial activity

EUCAST criteria, 992
Gram-negative bacteria, 993
Gram-positive bacteria, 992–993, 992t

chemical structure, 992, 992f
clinical uses

bacteremia, 1000
bronchiectasis, 1001
catheter-related infections, 994
chronic obstructive pulmonary disease, 1001, 

1002
conjunctivitis, 1932
cystic fibrosis, 973
cystic fibrosis-associated respiratory exacerba-

tions, 652
in cystic fibrosis patients, 197–198
endocarditis, 995, 1000
Gram-negative aerobic bacterial infections, 

1018–1019
intra-abdominal infections, 442, 713
keratitis, 2035–2036
neutropenia, 1000
osteomyelitis, 1000
P. aeruginosa infections, 1000–1002, 1001t
peritonitis, 855
soft-tissue infections, 1000
staphylococcal endocarditis, 155
surgical prophylaxis, 155
UTIs, 1000

in combination with
ceftazidime, 998
heparin, 994
imipenem, 998
piperacillin, 998
ticarcillin, 175, 182, 998, 999

dosage
8-hour, 995
once-daily, 994–995
pediatric, 995

drug interactions
amoxicillin, 101
ampicillin, 101
carbenicillin, 179, 181
ceftazidime, 555
cephalothin, 349
miconazole, 2817
penicillins, 998
piperacillin, 196
sulbactam, 240
ticarcillin, 179, 181
ticarcillin-clavulanic acid, 306
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Tobramycin (continued)
formulations, 992
in vitro synergy and antagonism, 182, 471, 993, 

998, 1396–1397, 2373–2374
mechanism of action, 994
minimum inhibitory concentrations, 996, 998
pharmacokinetics/pharmacodynamics, 996–998

area-under-the-concentration-time curve, 
997–998

bioavailablity, 996–997
clinically important features, 997–998
distribution in body, 997
excretion, 995, 998

postantibiotic effect, 970, 997
resistance and cross-resistance, 992, 993–994, 

1030, 1040, 2060
sodium content, 306

Tocainide, drug interactions, 2386t
Togaviruses

amantadine, 4525
ribavirin, 4370–4371

Tolbutamide, drug interactions
pyrimethamine, 1731
rifampicin, 2386t
sulfaphenazole, 1586
terbinafine, 2714
tipranavir-ritonavir, 4167t

Tolerance
definition of, 41
effect of pH on, 147

Tolevamer, 1829
Tolnaftate, 2901–2903
Tongue discoloration/hyperpigmentation

emtricitabane, 3807
griseofulvin, 2929
ketoconazole, 2742
linezolid, 1318
ribavirin, 4384

Tonic water, interaction with quinine, 3065
Tonsillectomy prophylaxis

azithromycin, 1130
cefprozil, 379
ticarcillin-clavulanic acid, 311

Tonsillitis
amoxicillin, 96
amoxiclav, 96
cefixime, 544
cefpodoxime proxetil, 537
cefuroxime, 96, 391
erythromycin, 1075–1076
garenoxacin, 2207
josamycin, 1153
penicillin V, 94, 96, 537
spiramycin, 3179

Tonsils, antimicrobial distribution in
azithromycin, 1126
biapenem, 776–777
clarithromycin, 1101
clindamycin, 1483
erythromycin, 1072
faropenem, 768–769
garenoxacin, 2202, 2207
minocycline, 1234
moxifloxacin, 2089
norfloxacin, 1989
prulifloxacin/ulifloxacin, 2150
roxithromycin, 1089
spiramycin, 3177
tosufloxacin, 2306

TOPAZ I and II studies, 4505, 4506t
Topical administration. See administration modes 

under specific drugs
Topoisomerase II. See DNA gyrase
Topoisomerase inhibitors

avarofloxacin, 2160
cadazolid, 1350

nalidixic acid, 2257
prufloxacin/ulifloxacin, 2149

Topoisomerase IV gene mutations, 1875–1876, 
1877, 2218

Topoisomerase IV. See also parC gene mutations
inhibitors

delafloxacin, 2134
finafloxacin, 2139, 2141–2142
fluorquinolones, 1887–1888
garenoxacin, 2199, 2200
gatifloxacin, 2213, 2220
gemifloxacin, 2110, 2114–2115, 2116
moxifloxacin, 2085–2086, 2087, 2088
nalidixic acid, 2262
novobicin, 1451
sitafloxacin, 2122, 2124–2125

Torcitabane, 4356–4358
chemical structure, 4356, 4356f
discontinuation of development, 4356

Torezolid. See Tedizolid
TORO (T-20 versus Optimized Regimen Only) trials, 

4301, 4302
Torsades de pointes, drugs causing

ciprofloxacin, 1911
clarithromycin, 1102, 1106
efavirenz, 3930
erythromycin, 1073, 1075
garenoxacin, 2204
gatifloxacin, 2226
grepafloxacin, 2313
halofantrine, 3094
itraconazole, 2798
ketoconazole, 2741–2742
levofloxacin, 2019
lopinavir-ritonavir, 4096
pentamidine, 3275
roxithromycin, 1091
telithromycin, 1164
terfenadine, 2741–2742
voriconazole, 2833

Tosufloxacin, 2304–2308
action mechanism, 2306
administration modes, 2306
adverse reactions and toxicity, 2307
antimicrobial activity, 2304–2305, 2305t
chemical structure, 2254f, 2304, 2304f
clinical uses, 2307
dosage, 2306
pharmacokinetics/pharmacodynamics, 2306
resistance and cross-resistance, 2305t, 2306

Total body water
erythromycin, 1071
roxithromycin, 1089

Total hip replacement prophylaxis
cefepime, 591
ertapenem, 754
teicoplanin, 857–858

Total knee arthroplasty prophylaxis, teicoplanin, 857
Tourette syndrome, ofloxacin-related, 2020–2022
Toxic epidermal necrolysis (Lyell’s syndrome)

ampicillin-sulbactam, 285
atovaquone, 3122
clarithromycin, 1106
as contraindication to trimethoprim- 

sulfamethoxazole, 1641
dapsone, 1753
darunavir, 4134
doripenem, 736
efavirenz, 3923
ethambutol, 2352
ethionamide, 2498–2499
etravirine, 3980
fluconazole, 2767
foscarnet, 3601
furazolidone, 3190
griseofulvin, 2929–2930

itraconazole, 2797
lomefloxacin, 2249
mebendazole, 1821
metronidazole, 1821
micafungin, 2687
nevirapine, 3874, 3874t
nitrofurantoin, 1790
norfloxacin, 1990–1991
pegylated interferon-ribavirin, 4469
penicillin-related, 50
quinine, 3065
rifampicin, 2387
sulfadoxine-pyrimethamine, 1599
sulfonamides, 1588
telithromycin, 1164
thiacetazone, 2506
ticarcillin-clavulanic acid, 306
tosufloxacin, 2307
trimethoprim-sulfamethoxazole, 1649

Toxic megacolon, sulfadiazine-related, 1587
Toxic psychoses, sulfonamides, 1587
Toxic shock-like syndrome

clindamycin, 1493–1494
penicillin G, 55

Toxin inhibitors, fidaxomicin, 1550
Toxin-producing bacterial infections, clindamycin, 

1498
Toxins, antibiotic-related inhibition

linezolid, 1305–1306
tedzolid, 1361

Toxocariasis
albendazole, 3324
flubendazole, 3344
mebendazole, 3333t, 3335
tinidazole, 1858

Toxoplasma gondii (toxoplasmosis)
atovaquone, 3118, 3120, 3122, 3123

resistance, 3119
azithromycin, 1122, 1124, 1126, 1133
cerebral

cotrimoxazole-pyrimethamine, 1581
sulfadiazine-pyrimethamine, 1582
sulfonamides, 1597
trimetrexate, 1769

clarithromycin, 1111
clindamycin, 1471, 1491t
congenital

pyrimethamine, 1733–1734
spiramycin, 3176, 3178, 3179t
sulfadiazine-pyrimethamine, 3178

dapsone, 1746, 1747, 1750, 1761
resistance, 1748

doxycycline, 1207
extraneural, non-ocular, pyrimethamine, 1735
gatifloxacin, 2218
in immunocompromised patients

nontreatment, 1596–1597
sulfonamides, 1597

maternal-fetal transmission, spiramycin, 1597
minocycline, 1232
in neonates, sulfonamides, 1597
nontreatment, in immunocompromised patients, 

1596–1597
ocular

azithromycin, 1133
clindamycin, 1502
clindamycin-sulfadiazine, 1598
trimethoprim-sulfamethoxazole, 1598, 1675

during pregnancy
pyrimethamine, 1733
pyrimethamine-sulfadiazine, 1597, 3176
pyrimethamine-sulfadoxine, 1728
spiramycin, 1733, 3176, 3178–3179, 3179t
sulfonamides, 1597–1598

prophylaxis
pyramethamine-sulfadiazine, 1597
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pyrimethamine, 1735–1736
trimethoprim-sulfamethoxazole, 1597

prophylaxis (mother-child transmission)
pyrimethamine, 1733

pyrimethamine, 1597, 1726, 1727–1728, 
1732–1736

pyrimethamine-sulfadiazine, 1597, 1598
during pregnancy, 1597

pyrimethamine-sulfadoxine, 1728, 1750
rifabutin, 2444
rifapentine, 2464
roxithromycin, 1088
rufabutin, 2435
spiramycin, 3175, 3177, 3178–3179, 3179t
sulfadiazine, 1575, 1584, 1597–1598

resistance, 1580
sulfamethoxazole, 1575
sulfisoxazole, 1575
sulfonamides, 1596–1598, 1597
trimethoprim-sulfamethoxazole, 1598, 1675, 1750
trimetrexate, 1773
trovafloxacin, 2311
worldwide prevalence, 1471

Toxoplasma gondii (toxoxplasmosis)
clarithromycin, resistance, 1099

Toyama Chemical Co., Ltd, 2195
TP-434. See Eravacycline
TR-700. See Tedizolid
Tracheobronchitis, fleroxacin, 2189
Trachoma

azithromycin, 1136
rifampicin, 1596
spiramycin, 3180
tetracycline, 1195, 1197, 1200, 1596

Tramadol, interactions with linezolid, 1314
Translationally controlled tumor protein homolog 

(TCTP), 2945
Transpeptidation inhibition, oritavancin, 911
Transrectal prostate biopsy prophylaxis

isepamicin-levofloxacin, 1043
levofloxacin, 2075
ofloxacin, 2025, 2028
pivmecillinam, 214
tinidazole, 1857
tosufloxacin, 2307

Transsphenoidal surgery, cefuroxime prophylaxis, 
391

Transurethral prostatectomy prophylaxis
ciprofloxacin, 1914
methenamine hippurate, 1803
methenamine mandelate, 1803
sulfonamides, 1594

Transurethral surgery prophylaxis
fleroxacin, 2188
fosfomycin, 1402, 1402t
lomefloxacin, 2250

Travelers, to malaria-endemic countries, 2982
Travelers’ diarrhea. See Diarrhea, travelers’
Trazodone, drug interactions

atazanavir, 4149t
fosamprenavir, 4111t
linezolid, 1314
tipranavir-ritonavir, 4167t

Trematodes. See also individual species of trematodes
artemisinins, 2942–2943
foodborne infections, praziquantel, 3391–3392, 

3392t
niclosamide, 3408
nitazoxanide, 3170
praziquantel, 3385, 3387t

Tremor, drugs causing
aciclovir, 3464
clarithromycin, 1106
foscarnet, 3600t, 3601
ivermectin, 3357t
lindane, 3425

mefloquine, 3083
melarsoprol, 3246
miconazole, 2817
pyrimethamine, 1731–1732
teicoplanin, 851
trimethoprim-sulfamethoxazole, 1654

Trench fever, 1078
Treponema

doxycycline, 1219–1220
sulfonamide, resistance, 1574

Treponema pallidum (syphilis)
azithromycin, 1124, 1134
cefazolin, 348
ceftriaxone, 498
cefuroxime, 386
cephalothin, 348
chloramphenicol, 1518
clarithromycin, resistance, 1099
congenital, clindamycin, 1470
diagnostic tests for, 64
doxycycline, 1206, 1219–1220
erythromycin, 1068, 1077
fluoroquinolones, 1923

resistance, 1875
levofloxacin, 2060
macrolides, resistance, 1124
minocycline, 1242
penicillin G, 24t, 43, 52, 64–65

resistance, 64
silvazine, 1574
tetracycline, 64, 1206

Treponema pertenue (yaws)
azithromycin, 1132
doxycycline, 1220
erythromycin, 1200
penicillin G, 65, 1200
tetracycline, 1200

Treponematoses, pencillin G, 1200
TRI-001 study, 4301–4302
TRI-002 study, 4302
Triangle Pharmaceuticals, 3801
Triatomid bugs, as Trypanosoma cruzi vector, 3211
Triazines, use in food animals, 13t
Triazolam, drug interactions

boceprevir, 4458t
clarithromycin, 1104t
cobicistat, 4186t
fluconazole, 2766–2767
fosamprenavir, 4110, 4110t
indinavir, 4067t
itraconazole, 2795
lopinavir-ritonavir, 4092, 4093t
nelfinavir, 4079
ombitasvir-paritaprevir-ritonavir-dasabuvir, 4467t
telaprevir, 4457t
tipranavir-ritonavir, 4166, 4166t
voriconazole, 2831

Triazoles
agricultural use, 13–14
concentration-dependent activity, 4t
drug interactions, 4131t
resistance, 14

Tribavirin. See Ribavirin
Trichinella spiralis (trichinosis)

albendazole, 3323–3324
flubendazole, 3344
mebendazole, 3333t, 3335
pyrantel pamoate, 3382
thiabendazole, 3340

Trichomonas
clotrimazole, 2893
furazolidone, 3187
metronidazole, 1833

Trichomonas vaginalis (trichomoniasis)
atovaquone, 3119
azomycin, 1807

clindamycin, 1489
clotriamzole, 1604
doxycycline, 1214
erythromycin, 1077
fenticonazole, 2894
furazolidone, 1784, 3192
ketoconazole, 2734
metronidazole, 1810, 1814, 1820, 1823, 1833, 1850

resistance, 1813, 1833, 1850, 1851, 1854
resistant, 1813

miconazole, 2814
miltefosine, 3295, 3305
minocycline, 1232
nitazoxanide, 3163, 3163t, 3165, 3169
paromomycin, 3158–3159
sulfanilamide, 1604
tinidazole, 1850, 1851, 1854

resistance, 1813, 1850, 1854
Trichophyton

albaconazole, 2871
amorolfine, 2905
amphotericin B, resistance, 2571
ciclopirox, 2909
flucytosine, resistance, 2920
griseofulvin, 2927, 2927t
haloprogrin, 2933
ketoconazole, 2732t, 2733–2734
miconazole, 2813t, 2814
naftifine, 2725
natamycin resistance, 2653
nystatin, 2646
ravuconazole, 2879t
sulfadizine, 1576
terbinafine, 2716

Trichophyton balcaneum, miconazole, 2813t
Trichophyton concentricum, miconazole, 2813t
Trichophyton erinacei, miconazole, 2813t
Trichophyton interdigitale

itraconazole, resistance, 2789t
miconazole, 2813t

Trichophyton mentagrophytes
albaconazole, 2873t
amorolfine, 2904
amphotericin B, 2573t
butenafine, 2720
ciclopirox, 2909, 2911
griseofulvin, 2927, 2927t
ketoconazole, 2745
miconazole, 2813t, 2814, 2819
miltefosine, 3293t
naftifine, 2725, 2726
ravuconazole, 2877, 2879t
terbinafine, 2709t
tolnaftate, 2901

Trichophyton phaseoliforme, miconazole, 2813t
Trichophyton rubrum

albaconazole, 2873t
amorolfine, 2904, 2905
amphotericin B, 2573t
butenafine, 2720
ciclopirox, 2909, 2911, 2912
griseofulvin, 2927, 2927t
isavuconazole, 2859, 2861t
itraconazole, resistance, 2788, 2789t
ketoconazole, 2735, 2745
miconazole, 2813t, 2814, 2819
miltefosine, 3293t
naftifine, 2725, 2726, 2727
ravuconazole, 2877, 2879t
terbinafine, 2709t, 2715

resistance, 2712
tolnaftate, 2901

Trichophyton schoenleinii
miconazole, 2813t
tolnaftate, 2901

Trichophyton simii, miconazole, 2813t
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Trichophyton tonsurans (tinea capitis)
griseofulvin, 2930–2931
ketoconazole, 2745
miconazole, 2813t
miltefosine, 3293t
terbinafine, 2715, 2716
tolnaftate, 2901

Trichophyton verrucosum, miconazole, 2813t
Trichophyton violaceum

miconazole, 2813t
terbinafine, 2716

Trichosporon
amphotericin B, 2596
caspofungin, 2674

resistance, 2662
isavuconzole, 2860t
nystatin, 2646
posaconazole, 2844, 2845t

Trichosporon asahii
albaconazole, 2871
amphotericin B, 2572t, 2596

resistance, 2570
ketoconazole, 2733

Trichosporon beigelii
amphotericin B-lipid complex, resistance, 2629
miconazole, 2813t
terbinafine, 2710

Trichosporon cutaneum, amphotericin B, 2596
Trichostrongyliasis

mebendazole, 3333t, 3334
pyrantel pamoate, 3382

Trichuris muris, nitazoxanide, 3170
Trichuris trichura (trichuriasis)

albendazole, 3320–3321
diethylcarbamazine, 3370
flubendazole, 3343
ivermectin, 3361
nitazoxanide, 3164, 3170
oxantel pamoate, 3382, 3384

Triclabendazole, 3347–3350
administration mode, 3348
adverse reactions and toxicity, 3349
antimicrobial activity, 3347
chemical structure, 3347, 3347f
clinical uses, 3349–3350
dosage, 3348
mechanism of action, 3347–3348
pharmacokinetics/pharmacodynamics, 3348–3349
resistance, 3347
veterinary use, 3338, 3347

Triclorfon, as Down syndrome cause, 3402
Tricyclic antidepressants, drug interactions

pentamidine, 3275
pyronaridine, 3012

Trifluorothymidine. See Trifluridine
Trifluridine, 3627–3633

administration modes, 3629
adverse reactions and toxicity, 3630
anticancer activity, 3628
chemical structure, 3627, 3627f
clinical uses, 3630–3632

herpes simplex keratoconjunctivitis, 3630–3631
dosage, 3629
mechanism of action, 3628–3629
pharmacokinetics/pharmacodynamics, 3629–3630
resistance, 3628

Triiodothyronine (T3), interaction with netilmicin, 
1032

Trimethoprim, 1625–1724
administration modes, 1637
adverse reactions and toxicity

hematological side effects, 1650–1652
neurotoxicity, 1654–1655
pneumonitis, 1655
teratogenicity, 1655–1656

antimicrobial activity, 1628t–1629t
EUCAST criteria, 1628t–1629t
Gram-positive aerobic bacteria, 1626–1627, 

1629t
in vitro synergy and antagonism, 1396

chemical structure, 1625, 1625f
clinical uses

urinary tract infections, 267
UTIs, 1658–1659

co-admininstration with dapsone, 1746
combination therapy, 1688–1689
in combination with

methenamine hippurate, 1689
rifampicin, 1688
sulfamethoxazole. See Trimethoprim- 

sulfamethoxazole
drug interactions

dapsone, 1751
ganciclovir, 3511t

excretion, 1641
global consumption patterns, 5f
in vitro synergy and antagonism, 1780
mechanism of action, 1625, 1635, 1637
resistance and cross-resistance, 106, 177–1778, 

1631–1634, 1632t, 1636t–1637t
Trimethoprim-sulfadiazine

clinical uses, 1688
withdrawal from market, 1625

Trimethoprim-sulfadimidine, clinical uses, 1688
Trimethoprim-sulfamethoxazole

administration modes, 1637–1640
intramuscular, 1638
intravenous (adults), 1638
intravenous (children), 1640
intravitreal, 1638
oral (adults), 1637–1638
oral (children), 1638

adverse reactions and toxicity, 1587, 1588, 1590, 
1591, 1593, 1648–1656, 1772

central nervous system effects, 1654–1655
gastrointestinal side effects, 1648
hematological side effects, 1650–1652
hepatotoxicity, 1654
in HIV-infected patients, 1683–1684
immunosuppression, 1655
miscellaneous side effects, 1655
nephrotoxicity, 1652–1654
pneumonitis, 1655
teratogenicity, 1655–1656

antimicrobial activity, 107, 1572, 1580
EUCAST criteria, 1628t–1629t
free-living ameba, 1576
fungi, 1575
Gram-negative aerobic bacteria, 1627, 

1628t–1629t, 1630
Gram-negative bacteria, 1572
Gram-positive aerobic bacteria, 1626–1627, 

1629t
Gram-positive bacteria, 1626–1627, 1629t
in vitro versus in vivo activity, 1626
mycobacteria, 1574

clinical uses
acne, 1688
bacterial meningitis, 446
bacterial pneumonia, 1661–1662
bronchitis, 1661
brucellosis, 1670
cat-scratch disease, 1673
cerebral abscess, 1604
chancroid, 1665–1666, 2189
childhood gastroenteritis, 1669–1670
Chlamydia, 1665
cholera, 1668
chronic granulomatous disease, 1603, 

1687–1688

Cyclospora infections, 1669, 1920
diabetic foot infections, 289
diarrhea of unknown etiology, 1919–1920
dysentery, 123
encephalitis, 1597
for endocarditis, 310
enteric fever, 1666–1667
gonorrhea, 1665
gram-negative bacterial infections, 1660
Gram-positive bacterial infections, 1663
granulocytopenia prophylaxis, 1685–1687
granuloma inguinale, 1596
granulomatosis with polyangiitis, 1688
granuloma venereum, 1666
histoplasmosis, 1673
HIV-infected patients, bacterial infection 

prophylaxis, 1684
HIV-infected patients, pneumonia prophylaxis, 

1681–1684
HIV-infected patients, pneumonia treatment, 

1676–1679
infantile gastroenteritis, 214
Isospora belli infections, 1669, 1920
lower urinary tract infections, 1793–1794
malaria, 1674–1675
melioidosis, 270, 422, 1672–1673
meningitis, 1663–1664
MRSA, 365
mycobacterial diseases, 1673
neutropenia, 1927
nocardiosis, 1596, 1671–1672
nontyphoidal salmonellosis, 443
otitis media, 1660–1661
peritonitis prophylaxis, 1995
peritontis prophylaxis, 1687
plague, 1672
Pneumocystis pneumonia, 1500–1501, 1601, 

1675–1676, 1759, 1760–1761
Pneumocystis pneumonia prophylaxis, 

1679–1684
Pneumocystis pneumonia treatment, 1676–1679
post-measles pneumonia prophylaxis, 1688
prostatitis, 1659–1660
Q fever, 1674
Salmonella infections, 1666–1667
septicemia, 1660
sexually transmitted diseases, 1665–1666
Shigella infections, 1667–1668
sinusitis, 1661
skin and soft-tissue infections, 1663
Staphylococcus aureus infections, 1662–1663
surgical prophylaxis, 1684–1687
toxoplasmosis, 1598
traveler’s diarrhea, 1668–1669, 1918–1919
typhoid fever, 1666–1667
urethritis, 1596
UTIs, 266–267, 294, 391, 1594, 1625, 

1656–1658, 1913–1914
Vibrio cholerae, 213
Vibrio parahaemolyticus, 213
Whipple disease, 1572, 1574, 1673

in combination with
amikacin, 1019, 1635
aminoglycosides, 1660
ceftazidime, 422
colistin, 1635, 1660
daptomycin, 892
gentamicin, 1635
ketoconazole, 1664
polymyxin, 1660
rifampicin, 1635
sulfonamides, 1634–1635

desensitization to, 1649–1650
dosage, 1637–1640

renal function impairment, 1639t, 1640–1641
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drug interactions, 1646–1648, 1646t
adefovir dipivoxil, 4340t
azathioprine, 1652
ciprofloxacin, 1647–1648
cyclosporine, 1587, 1646t, 1647
Fansidar (sulfadoxine-pyrimethamine), 1600
fluconazole, 1654
ganciclovir, 3511
indinavir, 4069
lamivudine, 3736
methotrexate, 1646t, 1647
oral hypoglycemic agents, 1646t, 1647
pentamidine, 3275
phenytoin, 1586
rifampicin, 1646t, 1647
saquinavir, 4035, 4036t
warfarin, 1646t, 1647
zidovudine, 3669, 3669t, 3671

in vitro synergy and antagonism, 1304, 1634–1635
mechanism of action, 1635, 1637
pharmacokinetics/pharmacodynamics

bioavailability, 1641–1642
clinically important features, 1645
distribution, 1642–1645

postantibiotic effect, 1645
resistance and cross-resistance, 35, 443, 1518, 

1577, 1595, 1596, 1631–1634, 1632t, 
1726–1727, 2189, 2219, 2735

Gram-negative bacteria, 1576, 1577, 1578
H. influenzae, 1596
multidrug-resistant, 36
in Salmonella, 123
Salmonella typhi, 107
Vibrio cholerae, 2262

resistance and cross-resitance, 1636t–1637t
Trimethoprim-sulfametopyrazine, clinical uses,  

1688
Trimethoprim-sulfametrol, 1688
Trimethoprim-sulfamoxole, 1688
Trimethoxazole

drug interactions, 1646–1648, 1646t
pharmacokinetics/pharmacodynamics

bioavailability, 1641–1642
clinically important features, 1645
distribution, 1642–1645
excretion, 1645–1646
inactivation in the body, 1646

postantibiotic effect, 1645
Trimetrexate, 1769–1774

administration mode, 1770
adverse reactions and toxicity, 1772–1773
antimicrobial activity, 1769
clinical uses, 1773

dental infections, 1769
malaria, 1769, 1773
Pneumocystis jiroveci infections, 1769, 1770, 

1773
solid tumors, 1769, 1773
Toxoplasma gondii infections, 1773
trypanosomiasis (Chagas disease), 1769

co-administration with leucovorin, 1769, 1770, 
1771, 1772

dosage, 1770–1771
drug interactions, 1771–1772

miconazole, 2817
as folic acid antagonist, 1772–1773
mechanism of action, 1769–1770
pharmacokinetics/pharmacodynamics

bioavailability, 1771
clinically important features, 1771
distribution in body, 1771
excretion, 1771

resistance and cross-resistance, 1769
Trimoxazole-sulfamethoxazole-carbenicillin-

rifampicin, 175

TRIO study, 4478t, 4479, 4480t, 4483t, 4484, 4489t
Triple antibiotic ointments, 1456
Trizivir. See Abacavir, in combination with 

zidovudine/lamivudine
Trofile assay, 4313–4314
Tromantadine, antiviral activity, 4525
Trometamol. See Fosfomycin
Tropheryma whipplei (Whipple disease)

chloroquine, 3032, 3041
ciprofloxacin resistance, 1875
doxycycline, 1220, 3041
hydroxychoroquine, 3035
rifampicin, 2375
sulfadiazine resistance, 1572, 1574
trimethoprim-sulfamethoxazole, 1572, 1574, 1673

Tropical sprue
doxycycline, 1220
tetracycline, 1200

Trovafloxacin, 2310–2312
adverse reactions and toxicity, 2311–2312
antimicrobial activity, 2310–2311
chemical structure, 2254f, 2310, 2310f
clinical uses

community-acquired pneumonia, 1108
development and availability chronology, 2256t
prodrug (alatrofloxacin), 2311
withdrawal from market, 2309

Trumeq. See Abacavir, in combination, with 
lamivudine/dolutegravir

TRUST bacterial resistance surveillance program, 
1634

Trypanosoma
artesunate, 2966
tafenoquine, 3113

Trypanosoma brucei (African human trypano-
somiasis; sleeping sickness)

eflornithine, 3255–3256
eflornithine-melarsoprol therapy, 3240
melarsoprol, resistance, 3238–3239
miltefosine, 3294, 3294t
niclosamide, 3408
nifurtimox, 3218–3219
suramin, 3225–3226, 3229, 3229t, 3232–3234

combination therapy, 3234
Trypanosoma brucei gambiense (West African human 

trypanosomiasis), 3226, 3226t
combination therapy, 3248–3250
eflornithine, 3253, 3254, 3259–3264, 3262t
melarsoprol, 3237, 3238, 3242, 3244–3245, 

3246–3250, 3247–3248, 3247–3250, 3247t, 
3253

combination therapy, 3248–3249
resistance, 3238, 3239

nifurtimox, 3212
overview, 3226, 3226t
pentamidine, 3271–3272, 3276
pentamidine, resistance, 3272
suramin, 3226, 3232–3233, 3233t

Trypanosoma brucei rhodesiense (East African 
human trypanosomiasis), 3226, 3226t

arsenic oxide, 3238t
artermisinins, 2943
dimercaprol, 3238t
eflornithine, resistance, 3253, 3254
melamine, 3238t
melarsen, 3238t
melarsoprol, 3237, 3238t, 3242, 3244, 3245–3246, 

3247
resistance, 3238, 3239, 3240

miltefosine, 3294t
overview, 3226, 3226t
phenylarsen, 3238t
suramin, 3226, 3229, 3233, 3233t, 3234

resistance, 3227
Trypanosoma congolense, niclosamide, 3408

Trypanosoma cruzi (Chagas disease)
acute-phase

chronic symptomatic, 3213t, 3217
intermediate phase, 3213t, 3217
nifurtimox, 3216–3217

albaconazole, 2870, 2874
artermisinins, 2943
artesunate, 2965t
benznidazole, 3205, 3207–3208

in immunocompromised patients, 3208–3209
resistance, 3205–3206

congenital, 3211, 3212
benznidazole, 3208
nifurtimox, 3213t, 3217

in immunocompromised patients, benznidazole, 
3208–3209

intermediate-phase, 3212
benznidazole, 3208
nifurtimox, 3213t

ketoconazole, 2734
miltefosine, 3294, 3294t, 3296, 3305

combination therapy, 3295
nifurtimox, 3211–3212, 3214–3215, 3216–3217

resistance, 3212
pentamidine resistance, 3276
prophylaxis (post-exposure), benznidazole, 3209
pyronaridine, 3008
ravuconazole, 2877, 2880
reactivation in immunocompromised patients, 

nifurtimox, 3211, 3212, 3213t, 3218
transmission, 3211

Trypanosoma cruzi Old Yellow Enzyme (TcOYE), 
3205, 3206

Trypanosoma evansi, suramin, 3227
Trypanosoma lewisi

melarsoprol, 3238
suramin resistance, 3227

Tsetse fly, as trypanosomiasis vector, 3212, 3226
Tuberactinomycins, 2514
Tuberactinomycins, 2514. See also Capreomycin; 

Viomycin
Tuberculosis. See Mycobacterium tuberculosis 

(tuberculosis)
Tuberculosis Trials Consortium (TBTC), 2468
Tularemia. See Francisella tularensis (tularemia)
Tumor necrosis factor

linezolid, 1305
miltefosine, 3296

Tumor necrosis factor-alpha
amphotericin B, 2574
chloroquine, 3035
minocycline, 1243
tedizolid, 1361
telithromycin, 1159

Tumors. See also Anti-tumor activity; Cancer  
patients

fumigating, metronidazole, 1828
Turicella otitidis, linezolid, 1295
Turkey herpesvirus, aciclovir, 3451
TURQUOISE II and III studies, 4500, 4502–4503, 

4503t, 4504, 4504t
Tybost. See Atazanavir, cobicistat-boosted
Tygacil®. See Tigecycline
Tylosin, use animals, 10
Tympanostomy tubes, oxafoxacin prophylaxis and 

treatment, 2011, 2030–2031
Typhoid fever. See Salmonella typhi (typhoid fever)
Typhoid vaccine, drug interactions

cefotaxime, 438
ceftriaxone, 483
mefloquine, 3082

Typhus fever
doxycycline, 1206, 1215–1216
murine, ciprofloxacin, 1935
scrub, azithromycin, 1935
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Tyramine, drug interactions
furazolidone, 3190
linezolid, 1313
tedizolid, 1367

Tyrosine kinase inhibitors, interactions with 
ciprofloxacin, 1905

U
U-90152. See Delavirdine
UAMC01398. See Dapivirine
uhpT gene, 1395, 1396
UK-109,496. See Voriconazole
UK-427,857. See Maravoric
UK HIV Collaborative Cohort, 3934
Ulcerative colitis

flucytosine, 2923
metronidazole, 1817
rifaximin, 2457, 2458
sulfasalazine, 1601

Ulcers
corneal, ofloxacin, 2010
decubitus, clindamycin, 1484
diabetic. See Diabetic foot infections/ulcer
esophageal

clindamycin, 1488
doxycycline, 1211
zalcitabine, 3724
zidovudine, 3672

genital
azithromycin, 1133
foscarnet-induced, 3600t, 3601
rosaramicin, 1154

infected, iclaprim, 1781
ischemic, clindamycin, 1484
oral

atovaquone-proguanil, 3142t
foscarnet-related, 3601
proguanil-related, 3132
pyronaridine-artesunate-related, 3015

Ulex. See Crotamiton
Ulifloxacin. See Prulifloxacin/ulifloxacin
Umbilical cord, antimicrobial distribution in

amphotericin B, 2585
clindamycin, 1484
darunavir, 4130
ethambutol, 2349
lopinavir, 4091
norfloxacin, 1989

Umbilical cord care, silver sulfadiazine, 1603
Unasyn. See Ampicillin-sulbactam
Uncinaria stenocephala, subdermal larval infections 

with. See Cutaneous larva migrans
Unconsciousness, telithromycin-related, 1163, 1188
Unidrox. See Prulifloxacin/ulifloxacin
Uniform Multidrug Therapy Regimen, for leprosy, 

1757
United Kingdom Medicine and Healthcare Products 

Regulatory Agency, 1787
United States President’s Emergency Plan for AIDS 

Relief (PEPFAR), 3907
United States Veterans’ Affairs Cohort, 3934, 3936
University of Birmingham, 3572
Upjohn, 1293, 4158
Upjohn Company, 1479
Upjohn Research Laboratories, 1450, 1542, 3959
Uprifosbuvir, 4438t
UR-9825. See Albaconazole
Uracin. See Crotamiton
Ureaplasma

delafloxacin, 2134
gatifloxacin, 2217
ofloxacin, 2004

resistance, 2029
pristinamycin, 1386, 1387t
solithromycin, 1184, 1189
sparfloxacin, 2300

spiramycin, 3175
trimethoprim-sulfamethoxazole, resistance,  

1631
Ureaplasma parvum

gemifloxacin, 2114
linezolid, resistance, 1299
ofloxacin, 2008
solithromycin, 1184, 1189

Ureaplasma urealyticum
azithromycin, 1124
cefixime, resistance, 543
ciprofloxacin, 1874, 1922
clarithromycin, 1099
clinafloxacin, 2314
clindamycin, resistance, 1470
delafloxacin, 2133t
doxycycline, 1214

resistance, 1206
enoxacin, resistance, 2172t, 2173
erythromycin, 1068, 1075, 1077
fleroxacin, 2181t, 2182
garenoxacin, 2196t, 2198
gatifloxacin, 2215t
gemifloxacin, 2114
josamycin, 1151
levofloxacin, 2066
linezolid, resistance, 1298–1299
lomefloxacin, 2246–2247, 2246t
minocycline, 1231t, 1232
moxifloxacin, 2087
norfloxacin, resistance, 1987
ofloxacin, resistance, 2008
rosaramicin, 1151
roxithromycin, 1088, 1092
solithromycin, 1184
sparfloxacin, 2295t, 2296
spectinomycin, 1543, 1545
sulfonamides, 1596

resistance, 1574, 1596
telithromycin, 1158
tigecycline, 1252

Ureido group, 187
Uremia

ampicillin half-life in, 179
carbenicillin half-life in, 179
cefazolin use in, 352, 354
methenamine, 1801
penicillin G half-life in, 179
ticarcillin half-life in, 179

Urethritis
azithromycin, 1111
chlamydial

azithromycin, 1133
doxycycline, 1133
sparfloxacin, 2300
spiramycin, 3180
sulfonamides, 1596

ciprofloxacin, 1922
clarithromycin, 1111
doxycycline, 1111, 1133, 1206, 1213t, 1214
gonococcal

fleroxacin, 2189
norfloxacin, 1992
pefloxacin, 2284
sparfloxacin, 2296, 2299–2300
trimethoprim-sulfamethoxazole, 1665

levofloxacin, 2066
nongonococcal

azithromycin, 2232
erythromycin, 1077
gatifloxacin, 2232
roxithromycin, 1092
sitafloxacin, 2125, 2182
sparfloxacin, 2300
spiramycin, 3180
tosufloxacin, 2307

solithromycin, 1189
sparfloxacin, 2300
sulfonamides, 1596

Urex. See Methenamine hippurate; Methenamine 
mandelate

Uric acid
elevations. See Hyperuricemia
excretion, 2364–2365

Uridine diphosphate glucuronosyltransferase (UGT), 
drugs affecting

dolutegravir, 4257, 4258, 4259
indinavir, 4068
ombitasvir-paritaprevir-ritonavir-dasabuvir, 4466
raltegravir, 4219
ritonavir, 4185–4186
tipranavir-ritonavir, 4167

Urinary catheters, rifampicin-impregnated, 2402
Urinary excretion, of drugs. See excretion under 

specific drugs
Urinary porphyrin testing, ofloxacin, 2019t, 2020
Urinary tract infections

amikacin, 1019
amoxicillin, 118
amoxicillin-clavulanic acid, 266–267
amoxicillin-clavulanic acid, resistance, 255, 257
amphotericin B, 2588
amphotericin B, liposomal, 2618
ampicillin, 118
ampicillin-sulbactam, 294
aztreonam, 651
biapenem, 779
carfecillin, 182
carindacillin, 182
catheter-associated, cefotaxime, 447
cefaclor, 266, 377, 380
cefadroxil, 373–374
cefazolin, 355
cefdinir, 380
cefepime, 596
cefepime-tazobactam, 587
cefixime, 544
cefotaxime, 437–438, 447–448
cefotiam, 401
cefpirome, 587, 596
cefpodoxime, 537
ceftazidime-avibactam, 244, 569, 570, 685, 687
ceftolozane-tazobactam, 243–244, 636, 641–642
cefuroxime, 391
cephalexin, 266, 267, 361, 363, 366
cephalosporins, 255, 257
cephalothin, 355, 401
cephradine, 374
cinoxacin, 2255t
ciprofloxacin, 267, 1913–1914
clindamycin-related, 1489
colistin methanesulfate, 1435
complicated/recurrent

gatifloxacin, 2229t, 2231
lomefloxacin, 2249–2250
prulifloxacin/ulifloxacin, 2153

co-trimoxazole, 266–267
cycloserine, 2526
dalbavancin-related, 925t
doripenem, 570, 616, 723, 735, 736–737
doxycycline, 1210
enoxacin, 2175
eravacycline, 1287
ertapenem, 758t, 760–761
extended-spectrum beta-lactamases, 212–213, 391
faropenem, 770
finafloxacin, 2144
fleroxacin, 2187–2188
fluconazole, 2772
flucytosine, 2924
flumequine, 2255t
fosfomycin, 266, 391, 1396, 1400–1401
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gatifloxacin, 2229t, 2230–2231
gentamicin, 979, 1034
hospital-acquired

cefotaxime for, 447
imipenem-cilastatin, 570, 685, 687, 688t
imipenem-cilastatin-relebactam for, 236, 244
levofloxacin, 243–244, 736–737, 770, 2065, 2066t
lomefloxacin, 2249
lower

amoxicillin, 1793
fluoroquinolones, 1793
fosfomycin, 1793
nitrofurantoin, 1793
trimethoxaole-sulfamethoxazole, 1793–1794

mecillinam, 209, 210, 212
mecillinam-cefoxitin, 213
meropenem-vaborbactam, 715–716
mezclocillin for, 191
mezlocillin, 197
moxifloxacin, 2098
multidrug-resistant, fosfomycin, 1401
nalidixic acid, 2255t, 2267
netilmicin, 1034
nitrofurantoin, 391, 1400, 1793–1794
norfloxacin, 1991–1992
ofloxacin, 2024–2025, 2027t, 2028
oxolinic acid, 2255t
pediatric

cefixime, 541, 544
ceftrazidike-avibactam, 236
ceftriaxone, 495, 496t
cephradine, 372
fosfomycin, 1400–1401
netilmicin, 1400–1401

pefloxacin, 2284
penicillin G, 56
pipemidic acid, 2255t
pivmecillinam, 212–213
pivmecillinam, resistance, 208, 209
plazomicin, 1060
during pregnancy

amoxicillin-clavulanic acid, 266
cefixime, 544
ceftriaxone, 496t
daptomycin, 899
fosfomycin, 1397
nalidixic acid, 2267
nitrofurantoin, 1794

prophylaxis
ampicillin-sulbactam, 284
cefaclor for, 380
cephalexin, 366
cephradine, 374
nitrofurantoin, 1794, 1802–1803
norfloxacin, 1992
postcoital, ofloxacin, 2025
prulifloxacin/ulifloxacin, 2152t, 2153

prulifloxacin/ulifloxacin, 2151, 2152t, 2153
pseudomonal

azlocillin, 197
carbenicillin, 176
carfecillin, 182
carindacillin, 182
cefsulodin, 533
in children, 176
ticarcillin, 176, 182

quinolones, 255, 257
in renal transplant recipients, trimethoprim- 

sulfamethoxazole, 1687
ritipenem, 779
rosoxacin, 2255t
second-generation cephalosporins, 391
sitafloxacin, 2128
sparfloxacin, 2299
sulfonamides, 1594
temocillin, 223

temofloxacin (withdrawn from market), 2309
ticarcillin-clavulanic acid, 309
tigecycline, 1254, 1256, 1260
tobramycin, 1000
trimethoprim, 267
trimethoprim-sulfamethoxazole, 294, 391, 

1656–1658, 1658–1659, 1687, 1913–1914
Urine, drug excretion in

acidification, effect on methenamine activity, 
1799, 1800, 1801

alkalinization, effect on methenamine activity, 
1801–1802

bedaquiline, 2544
capreomycin, 2515, 2516
chloroquine, 3037
ciprofloxacin, 1900
cobicistat, 4184t
conductivity, 209
cycloserine, 2523, 2524
doripenem, 734
enoxacin, 2174–2175
finafloxacin, 2142, 2143, 2144
fleroxacin, 2185–2186
fluconazole, 2763
foscarnet, 3601
itraconazole, 2792t, 2794
ketoconazole, 2739
levofloxacin, 2062, 2065
lomefloxacin, 2248
mecillinam, 208
metronidazole, 1821
nalidixic acid, 2264
nitrofurantoin, 1787
norfloxacin, 1989
ofloxacin, 2017, 2018
osmolality, 209, 979
peramivir, 4616–4617
pH

effect on drug clearance, 1586
in methenamine conversion, 1800, 1801

posaconazole, 2849
prulifloxacin/ulifloxacin, 2150
pyrazinamide, 2363–2364
pyrimethamine, 1728–1729
rifabutin, 2437
rifampicin, 2384
rifaximin, 2454
ritonavir, 4184t
rufloxacin, 2292
sitafloxaxin, 2125
sparfloxacin, 2298
temocillin, 222
tenofovir, 3831
tosufloxacin, 2306

Urine discoloration
metronidazole, 1824
sulfonamides, 1593
tinidazole, 1854

Urine glucose testing, effect of ampicillin-sulbactam 
in, 285

Urine odor, thiabendazole, 3339
Urolithaisis, ceftriaxone-related, 484
Urosepsis

fleroxacin prophylaxis, 2188
fluoroquinolone-resistant, 2025

Urotropin (methenamine), 1799. See also 
Methenamine hippurate; Methenamine 
mandelate

Urticaria, drugs causing
amphotericin B, liposomal, 2616
anidulafungin, 2701
artemether-lumefantrine, 2981
artesunate, 2953, 2970
atovaquone-proguanil, 3141
ciprofoxacin, 1908
clindamycin, 1487

dihydroartemisinin-piperaquine, 2999
famciclovir, 3498
fluoroquinolones, 2126
iodoquinol, 3200
ketoconazole, 2744
melarsoprol, 3246
minocycline, 1238
proguanil, 3132
pyrantel pamoate, 3383
pyronaridine-artesunate, 3015
quinine, 3065
rifaximin, 2455
sulfasalazine, 1604
sulfonamides, 1587–1588
suramin, 3232
tafenoquine, 3113
terbinafine, 2714
tetracycline, 1199
tinidazole, 1853–1854
triclabendazole, 3349

Uterus, antimicrobial distribution in
ceftiazidime, 559
ciprofloxacin, 1900
clindamycin, 1483
minocycline, 1234
moxifloxacin, 2090
ofloxacin, 2017
panipenem, 777

UTIs. See Urinary tract infections
Uveitis

cidofovir, 3551
moxifloxacin-related, 2094
rifabutin, 2439

V
Vaborbactam

action mechanism, 235
beta-lactamase-inhibiting activity, 226
chemical structure, 225f, 235
combined with

carbapenems, 233
meropenem, 236

combined with meropenem, 715–716
Vaccines

drug interactions
aciclovir, 3462t
doxycycline, 1212

pneumococcal, 391, 1076
Vaccinia virus

adefovir, 4335t, 4336
brincidofovir, 3538
cidofovir, 3533t, 3540t–3541t, 3546

resistance, 3543
idoxuridine, 3635
ribavirin, 4368t, 4396

Vagina, group B streptococcal colonization, 56
Vaginal creams and ovules, clindamycin, 1477, 1479, 

1480, 1488–1489
Vaginal discharge, clindamycin-related, 1489
Vaginal fluid, antimicrobial distribution in

aciclovir, 3460
tenofovir, 3830
trimethoxazole, 1644

Vaginal infections
clindamycin-related, 1489
metronidazole, 1855
tinidazole, 1855

Vaginal tissue, antimicrobial distribution in
emtricitabane, 3805
ketoconazole, 2739
tinidazole, 1852–1853

Vaginitis
ceftiazidime, 561
clindamycin-related, 1489
clotrimazole, 2893
fluconazole, 2772
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Vaginitis (continued)
fosfomycin-related, 1399, 1400
moxifloxacin, 2098
neomycin, 1050
octenidine dihydrochloride-phenoxyethanol, 1050

Vaginosis, bacterial
amoxicillin-clavulanic acid, 271
clindamycin, 1498, 1826
fenticonazole, 2894
metronidazole, 1815, 1825–1826, 1828
rifaximin, 2458
tinidazole, 1855

Valaciclovir
admininstration modes and dosage, 3454–3458, 

3455t
adverse reactions and toxicity, 3463t, 3464
chemical structure, 3449, 3449f
clinical uses

cytomegalovirus infections, 3477–3478
genital herpes, 3466–3468, 3468f
herpes encephalitis, 3472
herpes labialis, 3468–3469
mucocutaneous herpes simplex virus, 3470

drug interactions
lomefloxacin, 2249
tenofovir, 3831

pharmacokinetics/pharmacodynamics
bioavailability, 3459–3460, 3459t
distribution in body, 3461

Valcyte. see Valganciclovir
VALENCE study, 4480–4481, 4480t
Valganciclovir

administration modes and dosage, 3507t, 3508
adverse reactions and toxicity, 3512t, 3513–3514
chemical structure, 3502, 3502f
drug interactions, 3511–3512, 3511t

tenofovir, 3831
pharmacokinetics/pharmacodynamics, 

3510–3512, 3510t
distribution in body, 3510–3511

Valproic acid/valproate, drug interactions
aciclovir, 3461–3462, 3462t
cycloserine, 2524
doripenem, 735
ertapenem, 755
imipenem, 677
meropenem, 710
panipenem, 778
tipranavir-ritonavir, 4167t, 4168

Valsartan, drug interactions, 4463t
Valtocitabane, 4356–4358

discontinuation of development, 4356
Valtrex. See Valacyclovir
VanA gene, 789
Vancocin®. See Vancomycin
Vancomycin, 785–835

administration modes
aerosol, 798
continuous infusion, 796, 806–807, 810
intraperitoneal infusion, 797, 803, 811
intrathecal infusion, 797
intraventricular infusion, 797, 814–815
intravitreal, 797
oral administration, 794, 802
orthopedic bone cement, 797–798, 808–809
parenteral administration, 794, 796–797, 802

adverse reactions and toxicity, 611t, 796, 807–811, 
814, 1314, 1315, 1559t

comparison with ceftobiprole, 631, 631t, 632t
comparison with oritavancin, 913–914, 914t
cross-reactivity with teicoplanin, 851–852

adverse reactions and toxocity, 804
antimicrobial activity, 27, 30, 31, 35, 164

AUC/MIC ratio, 797, 798, 804, 805–806, 810
CLSI criteria, 786

comparison with dalbavancin, 923
EUCAST criteria, 786, 786t
Gram-negative bacteria, 788
Gram-positive bacteria, 786–788, 786t

chemical structure, 785, 785f, 794
clinical uses, 811–821

Bacillus anthracis meningitis, 67
bacteremia, 806, 812–813, 893
bacterial meningitis, 446
brain abscess, 803–804
catheter-related infections, 927–928
C. difficile-associated colitis, 816–817
C. difficile-associated diarrhea, 1831
C. difficile-associated infections, 1829, 

1830–1831, 1830t
C. difficile infections, 1348, 1349, 1349t, 1351, 

1352, 1352t, 1552–1553
C. difficile-related colitis, 786
coagulase-negative staphylococcal infections, 

155
coagulase-negative staphylococci, 813–814
diabetic foot infections, 289
dialysis-associated peritonitis, 817
endocarditis, 806, 812–813, 814, 1414–1415
endopthalmitis, 797
enterococcal infections, 814
febrile neutropenia, 198, 652
hospital-acquired Staphylococcus epidermidis 

infections, 141
infections in neutropenic patients, 817–818
infective endocarditis, 633–634
meningitis, 596, 814–816
MRSA, 812–813
MRSA airway colonization, 798
neonatal group B streptococcal infections, 57
neonatal necrotizing enterocolitis, 442
osteomyelitis, 797–798, 804
pneumococcal meningitis, 36, 59
pneumonia, ventilator-associated, 1322–1323
prostehetic valve endocarditis, 813
prosthetic joint infections, 797–798
sepsis, 798–799, 801, 1414–1415
septic embolism, 813
skin and soft-tissue infections, 854, 890, 1324, 

1781
streptococcal infections, 814
surgical prophylaxis, 354, 899
ventilator-associated pneumonia, 806

in combination with
ampicillin, 793
aztreonam, 611t, 648
beta-lactam antibiotics, 792–793
cefazolin, 793
cefotaxime, 442
ceftazidime, 652
ceftobiprole, 792–793
ceftriaxone, 815–816
cephalothin, 793
daptomycin, 896
dexamethasone, 793–794
floxacillin, 793
fusidic acid, 1414–1415
gentamicin, 793, 965
imipenem, 685, 793
nafcillin, 792
naficillin, 164
ndetilmicin, 1034
oxacillin, 792
penicillin, 793
penicillin G, 793
piperacillin-tazobactam, 792
rifampicin, 792, 793
streptomycin, 793

concentration-dependent activity, 4t
cross-reactivity with teicoplanin, 851–852

dosage, 794, 796–799
altered, 799–802
pediatric, 798, 807
suboptimal, 873

drug interactions, 164, 169
aminoglycosides, 8–09–810, 807
amphotericin B, 807
anesthetic agents, 807
bacitracin, 807
cefepime, 807
ceftazidime, 807
ceftriaxone, 482
cisplatin, 807
colistin, 807
flucloxacillin, 807
fosfomycin, 1396
furosemide, 807
gentamicin, 976
heparin, 807
imipenem, 807
methylprednisolone, 807
moxifloxacin, 807
oxacillin, 151–152
phenytoin, 807
piperacillin-tazobactam, 807
polymyxin B, 807
propofol, 807
synergistic, 151–152
synergistic in vivo, 965
teicoplanin, 809
temocillin, 807
theophylline, 807
valproic acid, 807
viomycin, 807

excretion, 807
formulations, 785, 786
in vitro synergy and antagonism, 751, 792–793, 

792–794, 1303, 1304, 1396
mechanisms of action, 794, 795f
minimum inhibitory concentrations, 786–788, 

786t, 789–790, 791
MIC creep phenomenon, 789, 871, 872

as pencillin G alternative, 27
pharmacokinetics/pharmacodynamics, 802–807

bioavailability, 802–803
distribution in body, 803–804, 880–881

relationship to ramoplanin, 941
resistance and cross-resistance, 105–106, 604t, 

605, 787–788
coagulase-negative staphylococci, 790
enterococci. See Vancomycin-resistant 

Enterococci
mechanisms of, 789–790, 795f
Staphylococcus aureus. See Vancomycin-resistant 

Staphyococcus aureus
skin infections, 652
telavancin derivate of. See Telavancin
therapeutic drug monitoring, 794, 796–797
tolerance, 804–805

Vancomycin-intermediate-resistant Staphylococcus 
aureus, 786–787, 786t, 788

fosfomycin, 1394
heterogenous, 786–787, 786t, 788–789

dalbavancin, 919
resistance mechanisms, 790
screening tests, 790
telavancin, 932

oritavancin, 908–909, 910
resistance mechanisms, 789–790
teicoplanin, 839
telavancin, 931–932, 934
vancomycin-oxacillin, 151–152

Vancomycin-intermediate Staphylococcus aureus
chloramphenicol, 1516
daptomycin, 867, 889, 890
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heterogenous
daptomycin, 867
solithromycin, 1179, 1181
vancomycin combination therapy, 793

iclaprim, 1775, 1776t, 1777
linezolid, 1294, 1296t
nafcillin, 164

linezolid, 1327
linezolid combination therapy, 1304

nemonoxacin, resistance, 2162, 2163
retapamulin, 1562, 1562t
rifampicin, resistance, 2397, 2400
sitafloxacin, 2123
solithromycin, 1179, 1181
vancomycin combination therapy, 792–793

Vancomycin-intermediate Staphylococcus aureus, 
daptomycin, 882

Vancomycin-resistant enterococci (VRE), 790–792
bacitracin, 1457
cadazolid, 1349
ceftriaxone-metronidazole, 325
chloramphenicol, 1239, 1516
clinafloxacin, 2314
cross-resistance, 790
dalbavancin, 910

resistance, 920
daptomycin, 867, 869t, 893–894

in vitro synergy, 883–884
ertapenem, 325
fidaxomicin, resistance, 1349
hospital-acquired, vancomycin, 790–791
lefamulin, 1557
linezolid, 894, 1294, 1319, 1321t, 1322, 1325

combination therapy, 1304
resistance, 1299–1300

linezolid resistance, 1299
meropenem, resistance, 697–698
metronidazole, resistance, 1830
minocycline, 1230, 1239
multidrug-resistant, linezolid, 1325
nitrofurantoin, 1786

resistance, 1785t
oritavancin, 908–909, 909t, 910
piperacillin-tazobactam, 325

resistance, 321t
quinupristin-dalfopristin, 1239
ramoplanin, 940, 942
resistance mechanisms, 789, 791–792

van gene complex, 791–792
resistance mechanisms of, 789
rifampicin, resistance, 884
sitafloxacin, 2122, 2128
teicoplanin, 837
telavancin, 910, 931–932, 931t
ticarcillin-clavulanic acid-related acquisition, 307
tigecycline

resistance, 1250t, 1251
Van A-type resistance, 837
Van B-type resistance, 837
vancomycin resistance, 1830

Vancomycin-resistant Gram-positive bacteria, 
787–788

Vancomycin-resistant Staphylococcus aureus 
(MRSA), 786–790, 786t

ceftaroline, 605t, 606
chloramphenicol, 1516
dalbavancin, 919

resistance, 920
daptomycin, 867
iclaprim, 1775, 1776–1777, 1776t
linezolid, 606, 1294, 1296t
MIC creep phenomenon, 789
oritavancin, 908–909
ramoplanin, 940
resistance mechanisms, 789–790

retapamulin, 1562
solithromycin, 1179, 1181
telavancin, 931–932

Vancomycin-resistant Streptococcus pneumoniae, 
gentamicin, 965

Vancomyin-resistant Staphylococcus aureus (MRSA), 
786–788, 786t, 788–790

van der Linden, Teunis, 3423
Van gene complex, 791–792
Vaniprevir, 4434t

antiviral activity, 4440t
chemical structure, 4436f
mechanism of action, 4434t
resistance, 4443t

Vanishing bile duct syndrome
ceftriaxone, 511
ciprofloxacin, 1911
tetracycline, 1198

Vansil. See Oxamniquine
Vapendavir, 4632t, 4641
Vardenafil, drug interactions, 4167, 4167t
Varicella virus vaccine, drug interactions, 3462t
Varicella-zoster immunoglobulin, 3476
Varicella-zoster virus (VZV) and infections. See also 

Zoster
aciclovir, 3450–3451, 3451t, 3453–3454, 3455, 

3455t, 3456, 3457, 3473–3477, 3476–3477
congenital or neonatal, 3476
in immunocompromised patients, 3473–3477
resistance, 3452–3453, 3477

adefovir dipivoxil, 4335t, 4336
brincidofovir, 3533t, 3535
brivudin, 3572–3573, 3573t, 3574–3575, 3575f, 

3578
resistance, 3574

chloroquine, 3033
cidofovir, 3533t, 3535
congenital or neonatal, aciclovir, 3476
famciclovir, 3495, 3499
foscarnet, 3587, 3587t, 3593t, 3607

resistance, 3591–3592, 3591t, 3607
ganciclovir, 3503, 3503t
idoxuridine, 3635–3636, 3635t
ocular infections, aciclovir, 3456
penciclovir, 3493, 3494t

resistance, 3494–3495
trifluridine, 3628
valaciclovir, 3455, 3455t, 3456
vidarabine, 3582

Variola virus (smallpox)
as bioterrorism weapon, cidofovir, 3557
cidofovir, 3533t, 3538, 3541t
treatment development animal rules for, 3539

Vascular grafts, rifampicin-impregnated, 2402
Vascular surgery prophylaxis

amoxicillin-clavulanic acid, 269
cefoxitin, 269
ticarcillin-clavulanic acid, 311

Vasculitis
cutaneous

fluoroquinolones, 2126
rifampicin-related, 2387

isoniazid, 2332
leukocytoclastic

efavirenz, 3930
zidovudine, 3673

minocycline-related, 1237
ofloxacin, 2022
penicillin G-related, 54
teicoplanin, 851
trimethoprim-sulfamethoxazole, 1655

Vasculitis, gastrointestinal leukocytoclastic, 
naficillin-assocated, 167

Vasodilators, drug interactions, 1314
vat(D) gene, 1387

vat(D) genes, 1375
vat(E) genes, 1375, 1387
VDB. See Vidarabine
VDRL test, 64
Vectrin. See Minocycline
Vedoprevir, 4630t, 4635
Vedroprevir, 4438t
Vegetable production, antimicrobials/antifungals 

used in, 13
Veillonella

amoxicillin-clavulanic acid, 257t
azithromycin, resistance, 1124
cephalexin, 362
chloramphenicol, 1518
ciprofloxacin, 1871
clindamycin, 1470
fidaxomicin, resistance, 1547
gatifloxacin, 2217
gemifloxacin, 2113
imipenem, 667, 671t
metronidazole, 1808, 1811, 1827–1828
penicillin G, 24t, 33

resistance, 33
pristinamycin, 1387t
quinopristin-dalfopristin, 1376t
ramoplanin, resistance, 940
tigecycline, 1252
tinidazole, 1850

Veillonella parvula, metronidazole, 1827
Velpatasvir, 4434t

antiviral activity, 4441t
chemical structure, 4437f
in combination with sofosbuvir, 4493–4494, 4493t, 

4495
adverse reactions and toxicity, 4471–4472, 4472t
dosage, 4452t
drug interactions, 4463t, 4468f

drug interactions, 4465
mechanism of action, 4434t
pharmacokinetics/pharmacodynamics, 4456t, 4465

Ventricular arrhythmias, drugs causing
azithromhycin, 1128
grepafloxacin, 2312
telithromycin, 1164

Ventricular drain and shunt infections
amphotericin B, 2588
rifampicin, 2399

Ventricular fibrillation, drugs causing
clarithromycin, 1106
erythromycin, 1075
itraconazole, 2798
roxithromycin, 1091

Ventricular tachycardia, drugs causing
azithromycin, 1129
clarithromycin, 1106
garenoaxin, 2204
grepafloxacin, 2313
roxithromycin, 1091

Ventriculitis
ciprofloxacin, 1930
daptomycin, 880t, 897
nafcillin, 166

Ventriculoencephalitis, CMV
foscarnet, 3604
ganciclovir, 3516

Ventriculoperitoneal shunt infections
cefuroxime, 389
linezolid, 1326
vancomycnin, 803

VER002. See Anidulafungin
Verapamil

drug interactions
clindamycin, 1486, 1487t
rifampicin, 2386t
sofosbuvir-velpatasvir, 4463t
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Verapamil (continued)
tipranavir-ritonavir, 4167t
trimetrexate, 1771

otoprotective effect, 957
Vercuronium, drug interactions, 332t
Verdinexor, 4632t, 4640
Vermox. See Mebendazole
Verruca vulgaris, cidofovir, 3559, 3560
Verruga peruana, rifampicin, 2408
Vertigo, drugs causing

atovaquone, 3122
atovaquone-proguanil, 3132, 3141
clarithromycin, 1106
fumagillin, 3184
furazolidone, 3190
griseofulvin, 2929
ivermectin, 3357t
mebendazole, 3332
nifurtimox, 315
rilpivirine, 4005, 4006t, 4007
streptomycin, 2478
thiacetazone, 2507
tigecycline, 1258
tinidazole, 1853
trimethoprim-sulfamethoxazole, 1655

VESD study, 3713t
Vesicoureteral reflux, cephalexin contraindication in, 

366
Vesicular stomatitis virus, ribavirin, 4372, 4373–4374
Vestibular toxicity

minocycline, 1236
streptomycin, 2478

Veterans Health Administration Clinical Case 
Registry, 3672–3673

Veterinary medicine, drugs used in
bactriacin, 1458
cephapirin, 371
furazolidone, 3187

Veteusan. See Crotamiton
Vfend. See Voriconazole
vgb gene, 1387
vgb genes, 1375
Vibativ. See Telavancin
Vibramycin. See Doxycycline
Vibrio

aztreonam, 653
cefotaxime, 427, 429
doxcycline, 443, 449, 1219
fleroxacin, 2181
lomefloxacin, 2245
moxifloxacin, 2085
nalidixic acid, 2256
norfloxacin, 1986
telithromycin, resistance, 1158
tosufloxacin, 2304

Vibrio alginolyticus, doxycycline, 1205
Vibrio cholerae (cholera)

amoxicillin, resistance, 104
ampicillin, resistance, 104
antibiotic resistance and, 104–105
azithromycin, 1124, 1135, 1200, 1919
cefazolin, 348
cefotaxime, 427, 429, 443–444
ceftriaxone, 487
cephalothin, 348
ciprofloxacin, 1869, 1919
cotrimoxazole, 213o

resistance, 2262
doxycycline, 1200, 1216
erythromycin, 1196
fleroxacin, 2188
fluoroquinolones, resistance, 2006
furazolidine, 1784
furazolidone, 3187

resistance, 3188

furazolidone, resistance, 3192
garenoxacin, 2197
mecillinam, 213
minocycline, 1232
multidrug-resistant, 1577, 2262
nalidixic acid, 2269
nalidxic acid

resistance, 2262
non-O1 strain, ceftriaxone, 471
norfloxacin, 1986, 1993
O1 strain, ceftriaxone, 471
ofloxacin, 2006
penicillin, resistance, 33
polymyxins, 1423

resistance, 1423
rifaximin, 2450–2451
sitafloxacin, 2122
sparfloxacin, 2294
streptomycin, resistance, 2262
sulfadoxine, 1595–1596
sulfisoxazole, resistance, 1577
tetracycline, 1195, 1196, 1199–1200, 1205, 1596

resistance, 1196
trimethoprim-sulfamethoxazole, 1668

resistance, 1632, 1633
Vibrio cholerae vaccine, drug interactions, 3038
Vibrio parahaemolyticus

amoxicillin-resistant, 104–105
ampicillin-resistant, 104–105
cefotaxime, 427, 429
ceftriaxone, 487
chloramphenicol, 1517
ciprofloxacin, 1869
cotrimxazole, 213
doxycycline, 1205
enoxacin, 2172
fleroxacin, 2188
mecillinam, 213
norfloxacin, 1986
trimethoprim-sulfamethoxazole, 1627, 1668

Vibrio vulnificus
cefotaxime, 427, 429, 449, 501
ceftriaxone, 501
ciprofloxacin, 449, 1869
doxycycline, 449, 1205
gatifloxacin, 2216
minocycline, 1242
minocycline for, 449
susceptibility testing of, 471
tetracycline, 449
trimethoprim-sulfamethoxazole, 1627

Victrelis. See Boceprevir
Vidarabine, 3582–3585

adverse reactions and toxicity, 3582, 3583
antiviral activity, 3582–3583
chemical structure, 3582, 3582f
clinical uses, 3583

neonatal herpes simplex virus, 3472
mechanism of action, 3583
pharmacokinetics/pharmacodynamics, 3583
withdrawal from market, 3582

Videx EC. See Didanosine
Videx. See Didanosine
Viekira Pak, 4146
Viekira Pak. See Dasabuvir
Viekira Pak. See Ombitasvir
Viekira Pak. See 

Ombitasvir-paritaprevir-ritonavir-dasabuvir
Viekira Pak. See Paritaprevir
Vietnamese National Malaria Control Program, 2989
Vigamox. See Moxifloxacin
ViiV Healthcare, 3657, 3729, 3959, 4104, 4262t, 4263, 

4307, 4630t
VIKING studies, 4252, 4265t, 4268t, 4269, 4271, 

4279, 4280, 4303

Vinblastine, drug interactions
ganciclovir, 3511
zidovudine, 3669

Vinca alkaloids, drug interactions, 2795
Vincristine, drug interactions

ganciclovir, 3511
itraconazole, 2795, 2796t, 2798
ofloxacin, 2019t, 2020

Viomycin, 2531–2532
adverse reactions and toxicity, 2516
chemical structure, 2531, 2531f
clinical use, 2531
drug interactions, 807
mechanism of action, 2514

Viramidine
antiviral activity, 4372
chemical structure, 4367, 4367f
discontinuation of development, 4367–4368, 4372
excretion, 4380
as prodrug of ribavirin, 4367–4368

Viramune. See Nevirapine
Viread. See Tenofovir
Virginiamycins, 1374
Virginiamycin S, 1386
VIRGO study, 3881
Virocid. See Brivudin
Viroptic. See Trifluoridine
Virudox. See Idoxuridine
Visceral larva migrans, thiabendazole, 3340
Vision disturbances. See Ocular/ophthalmic toxicity
Visna-maedi virus, adefovir dipivoxil, 4336
Visna virus

didanosine, 3699
ribavirin, 4373
stavudine, 3756
zidovudine, 3658

Visual acuity testing, in ethambutol patients, 2351
VITAL study, 2859, 2862, 2865–2866
Vitamin A, drug interactions

clofazimine, 2536
minocycline, 1235

Vitamin D deficiency
efavirenz, 3929–3930, 4008
rilpivirine, 4008

Vitamin E, co-administration with daptomycin, 874
Vitamin K, drug interactions

chloramphenicol, 1528
linezolid, 1313

Vitamin K deficiency
cefoperazone use in, 420–421
ceftriaxone use in, 485

Vitamin K supplementation
to reduce thiacetazone side effects, 2507
for rifampicn-exposed neonates, 2381

Vitamin K therapy
interaction with cefamandole, 400
prophylactic, in cefotetan use, 408

Vitektak. See Elvitegravir
Vitiligo

chloroquine, 3038
hydroxychloroquine, 3038

Viton. See Lindane
Vitrectomy prophylaxis, ofloxacin, 2018
Vitreous humor, antimicrobial distribution in

amphotericin B, 2580
cefepime, 590
cefotaxime, 436
ceftiazidime, 557
ceftriaxone, 479
ciprofloxacin, 1900–1901
foscarnet, 3598–3599, 3600t
ganciclovie, 3510–3511
gatifloxacin, 2223
itraconazole, 2792t, 2794
ketoconazole, 2739
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levofloxacin, 2062
linezolid, 1311
methicillin, 151
minocycline, 1235
oxacillin, 151
pefloxacin, 2281
piperacillin, 194
sparfloxacin, 2297
teicoplanin, 847
voriconazole, 2829

Vittaforma corneae, fumagillin, 3183
Vomiting. See Nausea and vomiting
von Willebrand syndrome, cipropfloxacin, 1910
Voriconazole, 2823–2842

administration modes, 2823, 2826
adverse reactions and toxicity, 2832–2833
antimicrobial activity, 2823–2826

dimorphic fungi, 2824t, 2825
filamentous fungi, 2824t, 2825
pathogenic yeasts, 2823, 2824t, 2825

chemical structure, 2823, 2823f
clinical uses

aspergillosis, 2833–2834, 2833t, 2835
blastomycosis, 2836
candidiasis, 2833t, 2834
coccidioidomycosis, 2836
cryptococcosis, 2836
febrile neutropenia, 2833t, 2835
fungal keratisis, 2836
fusariosis, 2833t, 2834, 2835
histoplasmosis, 2836
invasive fungal infection prophylaxis, 2833t, 

2835
paracoccidioidomycosis, 2836
penicilliosis, 2835–2836
scedosporiosis, 2596, 2833t, 2834–2835
sporothricosis, 2836

in combination with fluconazole, 2770
dosage, 2826–2827, 2826t
drug interactions, 2830, 2831t, 2832

atazanavir, 4149t
cobicistat, 4186t
etravirine, 3977, 3979t
fluconazole, 2767
fosamprenavir, 4110t
indinavir, 4067
rifampicin, 2385, 2386t
ritonavir, 4188t
saquinavir, 4037t, 4038
tipranavir-ritonavir, 4167t

in vitro synergy and antagonism, 2595–2596
mechanism of action, 2826
pharmacokinetics/pharmacodynamics, 2827–2832

bioavailability, 2827–2828
clinically important features, 2829–2830
distribution in body, 2828–2829
excretion, 2829, 2830

resistance and cross-resistance, 2825–2826
therapeutic drug monitoring, 2826t, 2830, 2832, 

2833
Voxilaprevir, 4438t, 4630t, 4636–4637
VP41263. See Maribavir
Vulvar intraepithelial neoplasia, cidofovir, 3559
Vulvovaginitis, Candida

amphotericin B, 2589
clotrimazole, 2589
fluconamazole, 2589
myconamazole, 2589
nystatin, 2589

W
Waksman and Lechevalier, 1046
Wakunaga Pharmaceuticals Co., 2132
Waldenström’s macroglobulinemia, clarithromycin, 

1112

Walter Reed Army Institute of Research, 3091
Wangiella dermatitidis, amorolfine, 2904–2905
Warfarin, drug interactions

amoxicillin-clavulanic acid, 264
atazanavir, 4149t
atovaquone-proguanil, 3141t
azithromycin, 1128, 1128t
cefazolin, 352
ciprofloxacin, 1904, 1910
clinafloxacin, 2314
cloxacillin, 152
darunavir, 4132t
dicloxacillin, 152
efavirenz, 3919
erythromycin, 1073
etravirine, 3977
flucloxacillin, 152
fluconazole, 2767
fosamprenavir, 4112
garenoxacin, 2203
gatifloxacin, 2224
gemifloxacin, 2116
griseofulvin, 2929
isoniazid, 2328
itraconazole, 2797
levofloxacin, 2063
lopinavir-ritonavir, 4094t
metronidazole, 1821
miconazole, 2816–2817
moxifloxacin, 2091–2092
nafcillin, 152
nalidixic acid, 2264
nevirapine, 3873
norfloxacin, 1910
nystatin, 2648
ofloxacin, 2018–2019, 2019t
oritavancin, 913
proguanil, 3131
quinidine, 3063–3064
rifabutin, 2437–2438
rifampicin, 2385, 2386t
rifapentine, 2466
rifaximin, 2455
sulfamethoxazole, 1646t
sulfaphenazole, 1586
suramin, 3231
telithromycin, 1162t, 1163
terbinafine, 2714
tigecycline, 1257
tipranavir-ritonavir, 4167t
trimethoprim, 1646t
trimethoprim-sulfamethoxazole, 1646t, 1647
voriconazole, 2831–2832

Warts
cutaneous, cidofovir, 3559
genital, cidofovir, 3558

Water
antibiotic contaminants, 11, 13, 2180
resistant bacteria contaminants, 9

WAVES study, 4242
Weeksella (Bergeyella) zoohelcum, gatifloxacin,  

2215
Weight gain, itraconazole, 2798
Weight loss

ethionamide, 2498
nifurtimox, 315
rifaximin, 2455
thiacetazone, 2506

Weissella confusa, linezolid, 1295
Wellcome Research Laboratories, 1625, 3449
West Nile virus, ribavirin, 4371, 4375, 4395–4396
Wheezing, tobramycin-related, 1000, 1001
Whipple disease. See Tropheryma whipplei (Whipple 

disease)
White piedra, amphotericin B, 2596

Whooping cough. See Bordetella pertussis (pertussis/
whooping cough)

Wick effect, 2929
Wnt-signaling pathway, 2910
Wolbachia

doxycycline, 1216
minocycline, 1232
rifampicin, 2375, 2409

Wolbachia (nematode infections)
ciprofloxacin, 1874
doxycycline, 1232, 2409, 3353

Wolinella, chloramphenicol, 1518
Woodchuck hepatitis B virus, clevudine, 4359–4360
Woodchuck hepatitis virus

telbivudine, 4345
tenofovir, 3824–3825

Wood preservatives, 14
Working Group on Civilian Biodefense, 4394
Wound exudates/fluid, antimicrobial distribution in

azlocillin, 194
clindamycin, 1482t, 1484
mezclocillin, 194
piperacillin, 194

Wound infections
doxycycline, 1210
erythromycin, 1078
iclaprim, 1781
levofloxacin, 2073–2074
penicillin G, 56, 57
prophylaxis

bacitracin, 1458
mezlocillin, 197
mupirocin, 1462, 1463t, 1465

tinidazole, 1857
Wounds, delafloxacin, 2136–2137
WQ-3034. See Delafloxacin
WR 238605. See Tafenoquine
Wuchereria bancrofti. See also Filiariasis, lymphatic

diethylcarbamazine, 3370, 3371, 3371t, 3372
ivermectin, 3358t, 3360

Wyeth, 1249

X
Xanthomonas maltophilia, fleroxacin resistance, 2181, 

2181t
Xerostomia. See Dry mouth
Ximelagatran, 1128
Xpert MTB/RIF test, 2375–2376
Xtoro. See Finafloxacin
Xydalba. See Dalbavancin

Y
Yale University, 4359
Yarrowia lipolytica, ketoconazole, 2733
Yaws. See Treponema pertenue (yaws)
Yeasts, pathogenic

albaconazole, 2872t
amorolfine, 2904
amphotericin B, 2570
anidulafungin, 2693–2695, 2694t
butenafine, 2720–2721
ciclopirox, 2909
endemic, micafungin, 2683t
fluconazole, 2756, 2757t, 2758
flucytosine, 2919
gentamicin, resistance, 966
isaconazole, 2860t
itraconazole, 2786, 2788, 2788t

resistance, 2788, 2789t
ketoconazole, 2732t, 2733
micafungin, 2682, 2683t
miconazole, 2812, 2813t, 2814
miltefosine, 3292, 3293t
posaconazole, 2844, 2845t
ravuconazole, 2876–2877
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Yeasts, pathogenic (continued)
rilopirox, 2914
terbinafine, 2710–2711
voriconazole, 2823, 2824t, 2825

Yellow fever virus, ribavirin, 4371, 4372–4373
Yersinia (yersiniosis)

amikacin, 1009
cefotaxime, 444
cefpodoxime, resistance, 532
ceftriaxone, 487
ciprofloxacin, 1870
finafloxacin, 2140t
gemifloxacin, 2113
imipenem, 665
mecillinam, 207, 208t
penicillin, resistance, 33
rifampicin, resistance, 2374
sulfonamides, 1572
tobramycin, 993

Yersinia enterolitica
amoxicillin, resistance, 104
amoxicillin-clavulanic acid, 255
ampicillin, resistance, 104
azithromycin, 1124
aztreonam, 653
biapenem, 773
cefazolin, resistance, 348
cefotaxime, 428t, 444, 471, 532
ceftizoxime, 532
ceftriaxone, 471, 487
cephalothin, resistance, 348
chloramphenicol, 1517
ciprofloxacin, 1868t, 1870, 1920
enoxacin, 2172, 2172t
garenoxacin, 2197
gatifloxacin, 2215
gentamicin, 965
mecillinam, 209
meropenem, 699
moxifloxacin, 2085
nalidixic acid, 2256

resistance, 2262
norfloxacin, 1986
ofloxacin, 2005t, 2006, 2036
pefloxacin, 2277
sitafloxacin, 2122, 2123t
sparfloxacin, 2294, 2295t
streptomycin, 2471
ticarcillin, 175
trimethoprim-sulfamethoxazole, 1627, 1660, 

1669–1670
Yersinia pestis and plague

aminoglycosides, 487
azithromycin, resistance, 1124
as bioterrorism agent, 1055
cefotaxime, 444
cefoxatime, 444
ceftriaxone, 471, 487
cethromycin, 1176
chloramphenicol, 1517
ciprofloxacin, 1934
delafloxacin, 2133, 2133t
doxycycline, 487, 1205, 1205t, 1208, 1218, 1219
eravacycline, 1279, 1283
finafloxacin, 2139, 2140t
gatifloxacin, 2216
gentamicin, 965, 981, 1218
ofloxacin, 2007
plazomicin, 1055
rifampicin, resistance, 2374
streptomycin, 1218, 2471, 2472, 2481–2482

resistance, 2472
Yersinia pseudotuberculosis

cefotaxime, 444
ceftriaxone, 487

ciprofloxacin, 1870, 1921
gentamicin, 965
streptomycin, 2471
trimethoprim-sulfamethoxazole, 1627

Yomesan. See Niclosamide
Youlifu. See Crotamiton

Z
Zabofloxacin

adverse reactions and toxicity, 2165
antimicrobial activity, 2158t–2159t, 2164–2165
clinical uses, 2164, 2165
development and availability chronology, 2256t

Zacolante. See Zabofloxacin
Zadorin. See Doxycycline
Zalcitabine, 3723–3728

administration mode, 3724
adverse reactions and toxicity, 3724, 3725
antiviral activity, 3723–3724
chemical structure, 3723, 3723f
clinical uses, 3725
dosage, 3724
in vitro synergy and antagonism, 3724, 3757
mechanism of action, 3724
pharmacokinetics/pharmacodynamics, 3724
resistance and cross-resistance, 3723–3724
withdrawal from market, 3723, 3725

Zanamivir, 4550–4579
administration modes

inhaled, 4560–4562, 4561f, 4563–4564
inhaled (adverse effects), 4566–4569
intravenous, 4562, 4564–4565, 4566, 4573
intravenous (adverse effects), 4569
nebulized, 4562

adverse reactions and toxicity
in asthma and COPD patients, 4567–4568,  

4573
of inhaled zanamivir, 4566–4569
of intravenous zanamivir, 4569
in pediatric patients, 4568
postmarketing experience, 4569
in pregnant patients, 4568–4569

antiviral activity, 4552–4554, 4611t
influenza A virus (avian), 4553–4554, 4553t
influenza A virus (human), 4552–4553, 4553t
influenza B virus, 4552, 4553t, 4554

chemical structure, 4550, 4550f
clinical uses

influenza A virus prophylaxis (adults), 4561
influenza A virus prophylaxis (children), 4561, 

4562
influenza A virus treatment, 4561
influenza B virus prophylaxis, 4561
influenza B virus treatment, 4561

clinical uses, influenza
in epidemics and pandemics, 4568–4569, 4573
outbreak control in institutions, 4571–4572
postexposure prophylaxis, 4570–4571
prophylaxis (adults), 4570–4572
prophylaxis (children), 4573–4574
seasonal prophylaxis, 4571
treatment (adults), 4572–4573
treatment (children), 4574
treatment in chronic respiratory disease, 4573
treatment in high-risk populations, 4573

in combination with
nitazoxanide, 4558–4559
oseltamivir, 4559
rimantadine, 4558, 4559

dosage, 4560–4563
drug interactions, 4566
in vitro synergy and antagonism, 3164,  

4558–4559
mechanism of action, 4550, 4559–4560, 4560f

resistance, 4550–4551

pharmacokinetics/pharmacodynamics
bioavailability, 4560–4561, 4563, 4564
clinically important features, 4564
distribution, 4563, 4564
excretion, 4563, 4564–4565
of inhaled zanamivir, 4563–4564
of intravenous zanamivir, 4564–4565

polyvalent conjugates
antiviral activity, 4554–4555, 4555t
chemical strcture, 4551, 4552f
mechanism of action, 4556–4560
poly-L-glutamine polymers, 4554–4555

resistance and cross-resistance, 4556–4558
ZAPPS (Zyvox Annual Appraisal of Potency and 

Spectrum) program, 1294
Zecovir. See Brivudin
Zentel/Eskazole. See Albendazole
Zepatier. See Elbasvir
Zepatier. See Grazeoprevir-elbasvir
Zerbaxa. See Ceftolozane-tazobactam
Zerpex. See Brivudin
®Ziba-rx. See Bacitracin
Zidovudine, 3657–3697

administration modes, 3663–3665, 3664t
intravenous, 3664, 3664t, 3666–3667
oral, 3663–3664, 3664t

adverse reactions and toxicity, 3670–3675
bone marrow suppresion, 1600
following perinatal exposure, 3674
in HIV-uninfected adults, 3674–3675

antibacterial activity, 3659
anticancer activity, 3682
antiviral activity, 3657–3659
chemical structure, 3657, 3657f
clinical uses

cancer, 3682
HBV, 3682
HCV, 3682
HIV/AIDS transmission prevention, 3674, 

3681–3682
HIV/AIDS triple therapy, 3676t, 3679–3680
tropical spastic paraparesis, 3682

in combination with
abacavir (Trizivr), 3729, 3773, 3780
abacavir/lamuvidine (Trizivir), 3773
delavirdine, 3961
lamivudine (Combivir), 3729
lamivudine/abacavir (Trizivir), 3729
pyrimethamine, 1731

desensitization to, 3673
dosage, 3663–3665, 3664t, 3666t

overdose, 3675
drug interactions, 3668–3670, 3669t

aciclovir, 3462–3463
adefovir dipivoxil, 4340t
atovaquone-proguanil, 3141t
dapsone, 1752
didanosine, 3701, 3705, 3705t
Fansidar (sulfadoxine-pyrimethamine),  

1600
flucytosine, 2923
foscarnet, 3598
ketoconazole, 2742
pyrimethamine, 1731
ribavirin, 4381
stavudine, 3757
tipranavir-ritonavir, 4167, 4167t

HIV/AIDS dual therapy, 3676t
aciclovir, 3678
colony-stimulating factors, 3679
didanosine, 3678
foscarnet, 3678
interferon-alpha, 3679
interleukin-2, 3679
nevirapine, 3678
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nonnucleoside reverse transcriptase inhibitors, 
3678

nucleoside analogs, 3677–3678
protease inhibitors, 3678
saquinavir, 3678

HIV/AIDS monotherapy, 3675–3677, 3675t, 3676t
asymptomatic infection, 3677
comparison with didanosine, 3677
HIV-associated complications, 3680–3681

in vitro synergy and antagonism, 3659, 3661–3662, 
3661t, 3662t, 3701, 3724, 3732, 3757, 4369

mechanism of action, 3662–3663, 3663f
pharmacokinetics/pharmacodynamics, 

3665–3668, 3666t
bioavailability, 3666
clinically important features, 3668

distribution, 3666–3668, 3666t
excretion, 3666t, 3668

resistance and cross-resistance, 3659–3661
Zika virus, ribavirin, 4371
Ziprasidone, interactions with fluconazole, 2765
ZODIAC study, 3932
Zolpidem, interactions with ketoconazole, 2742
Zonavir. See Brivudin
Zoster

aciclovir, 3456–3457, 3474–3476
brivudin, 3575, 3577
famciclovir, 3495t, 3499
valaciclovir, 3456

Zoster ophthalmicus
aciclovir, 3474–3475
famciclovir, 3499

Zoster vaccine, interactions with aciclovir, 3462t
Zostevir. See Brivudin
Zostex. See Brivudin
Zostydol. See Brivudin
Zovudex. See Brivudin
Zutracin®. See Bacitracin
Zygomycetes

amphotericin B, 2573t
anidulafungin, 2695
ketoconazole, 2732t, 2733
miltefosine, 3292

Zygomycosis. See Mucor (mucormycosis; 
zygomycosis)

Zyvox Annual Appraisal of Potency and Spectrum 
(ZAAPS) program, 1294

Zyvox. See Linezolid
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